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Run3 2022-26 
 ℒ ∼ 320 fb−1

s = 13 TeV
Run2 2015-18 

 ℒ ∼ 140 fb−1

s = 13 TeV

average pileup up to <μ> 60
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Figure 11. Tag-and-probe results for the muon efficiency erec+id in data compared to simulation. Given that
a tracker track exists, the plots show the efficiency as a function of muon pT for Soft Muons (left), Particle-
Flow Muons (middle), and Tight Muons (right) in the barrel and overlap regions (top), and in the endcaps
(bottom). The measurement is made using J/y! µ+µ� events for pT < 20GeV/c and Z! µ+µ� events for
pT > 20GeV/c. For pT < 3GeV/c, to reduce the background, only tracks with MIP signature are considered.

⇡10GeV/c in both regions. The values of efficiencies at the plateau region obtained using
J/y ! µ+µ� and Z! µ+µ� events in data and simulation are given in table 3. The efficien-
cies are high, and data and simulation are generally in good agreement. The plateau efficiency for
Soft Muons is 1–2% higher in data than in simulation, again due to a difference in the widths of
the track-to-segment pulls. The Particle-Flow and Tight Muon selections are much less affected by
this difference because they use looser matching criteria between tracks and muon segments. The
efficiency at the plateau for the Particle-Flow Muon selection is very close to 100% because the
algorithm applies relaxed selection criteria to the high-pT muon candidates if they are isolated.

The dependency of the plateau efficiency on the pseudorapidity is measured using Z! µ+µ�

events and is shown in figure 12. The data and simulation agree to better than 2%.

To estimate the effect of pile-up on muon identification performance, the efficiency at the
plateau is measured for both J/y ! µ+µ� and Z! µ+µ� events as a function of the number
of reconstructed primary vertices. No loss of efficiency is observed for events containing up to
six reconstructed primary vertices, the maximum multiplicity for which a measurement could be
made with a statistical uncertainty below 10%.

Trigger efficiencies obtained by a similar tag-and-probe technique are described in section 9.
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Run 3 
 
inclusive di-muon trigger

 pT > 3,4 GeV,  
~full η coverage 
mμμ < 8 GeV
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Figure 11. Tag-and-probe results for the muon efficiency erec+id in data compared to simulation. Given that
a tracker track exists, the plots show the efficiency as a function of muon pT for Soft Muons (left), Particle-
Flow Muons (middle), and Tight Muons (right) in the barrel and overlap regions (top), and in the endcaps
(bottom). The measurement is made using J/y! µ+µ� events for pT < 20GeV/c and Z! µ+µ� events for
pT > 20GeV/c. For pT < 3GeV/c, to reduce the background, only tracks with MIP signature are considered.

⇡10GeV/c in both regions. The values of efficiencies at the plateau region obtained using
J/y ! µ+µ� and Z! µ+µ� events in data and simulation are given in table 3. The efficien-
cies are high, and data and simulation are generally in good agreement. The plateau efficiency for
Soft Muons is 1–2% higher in data than in simulation, again due to a difference in the widths of
the track-to-segment pulls. The Particle-Flow and Tight Muon selections are much less affected by
this difference because they use looser matching criteria between tracks and muon segments. The
efficiency at the plateau for the Particle-Flow Muon selection is very close to 100% because the
algorithm applies relaxed selection criteria to the high-pT muon candidates if they are isolated.

The dependency of the plateau efficiency on the pseudorapidity is measured using Z! µ+µ�

events and is shown in figure 12. The data and simulation agree to better than 2%.

To estimate the effect of pile-up on muon identification performance, the efficiency at the
plateau is measured for both J/y ! µ+µ� and Z! µ+µ� events as a function of the number
of reconstructed primary vertices. No loss of efficiency is observed for events containing up to
six reconstructed primary vertices, the maximum multiplicity for which a measurement could be
made with a statistical uncertainty below 10%.

Trigger efficiencies obtained by a similar tag-and-probe technique are described in section 9.
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 decaysb → sℓℓ
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EFT for  decaysb → sℓℓ
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The differential  decay rate is written as a 
function of the angular variables  

• expressed in terms of the set of clean (reduced impact of form factor 
uncertainties) observables  which are related to the Wilson 
coefficients as in JHEP 01 (2013) 048

B0 → K*( → Kπ)μμ
(cos θK, cos θl, Φ)

P(′￼)
i

 angular decay rateB0 → K*( → Kπ)μμ
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Fig. 1. Sketch showing the definition of the angular observables θl (left), θK (middle), and φ (right) for the decay B0 → K∗0(K+π−)µ+µ− .

(0.4% of the events have a correctly reconstructed B0 that is not 
matched to a generated B0) and a purity of 99.5% (0.5% of the 
matched candidates are not a correctly reconstructed B0). Efficien-
cies are determined for both correctly tagged (the K and π have 
the correct charge) and mistagged (the K and π charges are re-
versed) candidates.

4. Analysis method

This analysis measures AFB, FL, and dB/dq2 of the decay B0 →
K∗0µ+µ− as a function of q2. Fig. 1 shows the angular observ-
ables needed to define the decay: θK is the angle between the kaon 
momentum and the direction opposite to the B0 (

B0) in the K∗0
(
K∗0) rest frame, θl is the angle between the positive (negative) 

muon momentum and the direction opposite to the B0 (
B0) in the 

dimuon rest frame, and φ is the angle between the plane contain-
ing the two muons and the plane containing the kaon and pion. 
As the extracted angular parameters AFB and FL do not depend on 
φ and the product of the acceptance and efficiency is nearly con-
stant as a function of φ, the angle φ is integrated out. Although 
the K+π− invariant mass must be consistent with that of a K∗0, 
there can be a contribution from spinless (S-wave) K+π− combi-
nations [24,38–40]. This is parametrized with two terms: FS, which 
is related to the S-wave fraction, and AS, which is the interfer-
ence amplitude between the S-wave and P-wave decays. Including 
this component, the angular distribution of B0 → K∗0µ+µ− can be 
written as [24]:

1
$

d3$

d cos θK d cos θl dq2

= 9
16

{
2
3

[
FS + AS cos θK

](
1 − cos2 θl

)

+ (1 − FS)
[

2FL cos2 θK

(
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(

1 − cos2 θK

)(
1 + cos2 θl
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1 − cos2 θK

)
cos θl

]}
. (1)

For each q2 bin, the observables of interest are extracted from 
an unbinned extended maximum-likelihood fit to three variables: 
the K+π−µ+µ− invariant mass m and the two angular variables 
θK and θl . For each q2 bin, the unnormalized probability density 
function (PDF) has the following expression:

PDF(m, θK, θl) = Y C
S

[
SC (m) Sa(θK, θl)ϵ

C (θK, θl)

+ f M

1 − f M S M(m) Sa(−θK,−θl)ϵ
M(θK, θl)

]

+ Y B Bm(m) BθK(θK) Bθl (θl), (2)

where the contributions correspond to correctly tagged signal 
events, mistagged signal events, and background events. The pa-
rameters Y C

S and Y B are the yields of correctly tagged signal events 
and background events, respectively, and are free parameters in 
the fit. The parameter f M is the fraction of signal events that are 
mistagged and is determined from MC simulation. The signal mass 
probability functions SC (m) and S M(m) are each the sum of two 
Gaussian functions and describe the mass distribution for correctly 
tagged and mistagged signal events, respectively. In the fit, there 
is one free parameter for the mass value in both signal functions, 
while the other parameters (four Gaussian σ parameters and two 
fractions relating the contribution of each Gaussian) are obtained 
from MC simulation, which has been found to accurately repro-
duce the data. The function Sa(θK, θl) describes the signal in the 
two-dimensional (2D) space of the angular observables and cor-
responds to Eq. (1). The combination Bm(m) BθK (θK) Bθl (θl) is ob-
tained from B0 sideband data and describes the background in the 
space of (m, θK, θl), where the mass distribution is an exponen-
tial function and the angular distributions are polynomials ranging 
from second to fourth degree, depending on the q2 bin and the 
angular variable. The functions ϵC (θK, θl) and ϵM(θK, θl) are the ef-
ficiencies in the 2D space of −1 ≤ cos θK ≤ 1, −1 ≤ cos θl ≤ 1 for 
correctly tagged and mistagged signal events, respectively. The ef-
ficiency function for correctly tagged events is obtained from a fit 
to the 2D-binned efficiency from simulation and is constrained to 
be positive. There are 30 bins (5 in cos θK and 6 in cos θl), and the 
efficiency fit function is a polynomial of third degree in cos θK and 
fifth degree in cos θl (and all cross terms), for a total of 24 free pa-
rameters. This procedure does not work for the mistagged events 
because of the much smaller number of events (resulting in empty 
bins) and a more complicated efficiency. For mistagged events, the 
2D efficiency is calculated in 5×5 bins of cos θK and cos θl , and 
an interpolation is performed. This interpolation function is used 
to generate a new binned efficiency (in 120 × 120 bins), with all 
bin contents constrained to be nonnegative. The efficiency function 
uses this finely binned efficiency, with linear interpolation between 
bins. The efficiencies for both correctly tagged and mistagged 
events peak at cos θl near 0 for q2 < 10 GeV2, becoming flat for 
larger values of q2. The efficiency for correctly tagged events tends 
to decrease with increasing cos θK , and for q2 > 14 GeV2 a small 
decrease is seen for cos θK near −1. The efficiency for mistagged 
events is maximal near cos θK = 0, with an increase as cos θK ap-
proaches +1 that becomes more pronounced as q2 increases.

The fit is performed in two steps. The initial fit uses the data 
from the sidebands of the B0 mass to obtain the BθK (θK) and 
Bθl (θl) distributions (the signal component is absent from this fit). 
The sideband regions are 3σm < |m − mB0 | < 5.5σm , where σm is 
the average mass resolution (≈45 MeV), obtained from fitting the 
MC simulation signal to a sum of two Gaussians with a common 
mean. The distributions obtained in this step are then fixed for the 
second step, which is a fit to the data over the full mass range. The 
free parameters in this fit are AFB, FL, FS, AS, the parameters in 
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probability functions SC (m) and S M(m) are each the sum of two 
Gaussian functions and describe the mass distribution for correctly 
tagged and mistagged signal events, respectively. In the fit, there 
is one free parameter for the mass value in both signal functions, 
while the other parameters (four Gaussian σ parameters and two 
fractions relating the contribution of each Gaussian) are obtained 
from MC simulation, which has been found to accurately repro-
duce the data. The function Sa(θK, θl) describes the signal in the 
two-dimensional (2D) space of the angular observables and cor-
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12 Contents

O(1 GeV). To overcome this deficit an algorithm, based on the analysis of the invariant mass302

of the two hadrons has been used. Both the p and K mass hypothesis is considered for each303

of the two hadrons of the decay: the hypothesis with an invariant mass for the two-hadrons304

closer to the nominal K⇤(892) one is retained. The algorithm has an intrinsic percentage of fail-305

ure which is referred to as mistag fraction, f M
i , defined as the ratio of mistagged signal events306

divided by the total signal events. The mistag fraction is determined from simulated events,307

comparing the results of the algorithm to the MC truth. The mistag fraction is determined by308

counting the number of correctly and wrongly tagged events, where only truth-matched events309

are considered: results for each bin are shown in Table 3.310

Table 3: Number of correctly and wrongly CP-tagged events determined with signal and con-
trol channel simulation samples for each q2 bin in Table 1.

q2 bin index Correctly tagged Wrongly tagged Mistag fraction ( f M
i ) Error

0 30518 4312 0.124 0.002
1 64438 9542 0.129 0.001
2 51149 7892 0.134 0.001
3 91065 13845 0.132 0.001
4 472326 75157 0.1373 0.0005
5 119644 18256 0.132 0.001
6 30808 5013 0.140 0.002
7 69773 10623 0.132 0.001
8 72769 11523 0.137 0.001

The mis-tag fraction is fixed in the final fit considering it is small. The MC estimation of mis-tag311

fraction may have some differences with respect to the real data case. The contribution of this312

effect to the systematic uncertainty, evaluated from the data, is discussed in Sect. 8.5.313

4.3 The decay rate description in full angular variables314

The angle ql is defined as the angle between the direction of the µ+ (µ�) and the direction op-
posite that of the B0 (B̄0) in the dimuon rest frame; the angle qK is defined as the angle between
the direction of the kaon and the direction opposite that of the B0 (B̄0) in the K⇤0 rest frame; the
angle f is the angle between the plane containing the µ+ and µ� and the plane containing the
kaon and the pion from the K⇤(892) decay in the B0 rest frame. Using the notation of [16], the
differential angular distribution can be written as:

1
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dq2d cos qld cos qKdf
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⇤

(2)

where the q2 dependent observables Pi and P0

i are optimized observables built via combinations315

of the K⇤0 decay amplitudes, as defined in [17]; FL is the longitudinal polarization fraction of316

the K⇤0 and FT = (1 � FL).317

=d4ΓP−wave

dq2d3Ω

FL is the fraction of  
longitudinally polarised K*

(and FT = 1 - FL)

P2 is related to AFB, the muon forward 
backward asymmetry

 is the base of optimised observables P(′￼)
i
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The  system can also be in S-wave configuration, modifying angular distribution asKπ

we treat S-wave 
pars as nuisance

d4Γtotal

dq2d3Ω
= (1 − FS)

d4ΓP−wave

dq2d3Ω
+ FS

d4ΓS/SP−wave

dq2d3Ω

The differential  decay rate is written as a 
function of the angular variables  

• expressed in terms of the set of clean (reduced form factor 
uncertainties) observables  which are related to the Wilson 
coefficients as in JHEP 01 (2013) 048 

B0 → K*( → Kπ)μμ
(cos θK, cos θl, ϕ)

P(′￼)
i

 angular decay rateB0 → K*( → Kπ)μμ

9

12 Contents

O(1 GeV). To overcome this deficit an algorithm, based on the analysis of the invariant mass302

of the two hadrons has been used. Both the p and K mass hypothesis is considered for each303

of the two hadrons of the decay: the hypothesis with an invariant mass for the two-hadrons304

closer to the nominal K⇤(892) one is retained. The algorithm has an intrinsic percentage of fail-305

ure which is referred to as mistag fraction, f M
i , defined as the ratio of mistagged signal events306

divided by the total signal events. The mistag fraction is determined from simulated events,307

comparing the results of the algorithm to the MC truth. The mistag fraction is determined by308

counting the number of correctly and wrongly tagged events, where only truth-matched events309

are considered: results for each bin are shown in Table 3.310

Table 3: Number of correctly and wrongly CP-tagged events determined with signal and con-
trol channel simulation samples for each q2 bin in Table 1.

q2 bin index Correctly tagged Wrongly tagged Mistag fraction ( f M
i ) Error

0 30518 4312 0.124 0.002
1 64438 9542 0.129 0.001
2 51149 7892 0.134 0.001
3 91065 13845 0.132 0.001
4 472326 75157 0.1373 0.0005
5 119644 18256 0.132 0.001
6 30808 5013 0.140 0.002
7 69773 10623 0.132 0.001
8 72769 11523 0.137 0.001

The mis-tag fraction is fixed in the final fit considering it is small. The MC estimation of mis-tag311

fraction may have some differences with respect to the real data case. The contribution of this312

effect to the systematic uncertainty, evaluated from the data, is discussed in Sect. 8.5.313

4.3 The decay rate description in full angular variables314

The angle ql is defined as the angle between the direction of the µ+ (µ�) and the direction op-
posite that of the B0 (B̄0) in the dimuon rest frame; the angle qK is defined as the angle between
the direction of the kaon and the direction opposite that of the B0 (B̄0) in the K⇤0 rest frame; the
angle f is the angle between the plane containing the µ+ and µ� and the plane containing the
kaon and the pion from the K⇤(892) decay in the B0 rest frame. Using the notation of [16], the
differential angular distribution can be written as:
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⇤

(2)

where the q2 dependent observables Pi and P0

i are optimized observables built via combinations315

of the K⇤0 decay amplitudes, as defined in [17]; FL is the longitudinal polarization fraction of316

the K⇤0 and FT = (1 � FL).317

=d4ΓP−wave

dq2d3Ω
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• Run2 dataset (2016-2018), L = 140 fb-1 

• trigger: 2 mu + a track, fitted to a common displaced 
vertex


• resonant J/Ψ and Ψ(2S) modes standard candles, 
validation etc…


• background from mass sidebands 

• BDT for background reduction


•  disambiguation based on mass assigned → 
pick hypothesis with mass closest to  

• 13% mistag rate


• “diagonal”  vs  cut to eliminate leakage 
from resonant modes 

Kπ
K*0(892)

q2 m(Kπμμ)

 analysis in a nutshellB0 → K*( → Kπ)μμ
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4D unbinned ML fit to  in each  bin(cos θK, cos θl, Φ, mKπμμ) q2

Fit model

11

66

6 Analysis strategy
The angular parameters are extracted through an unbinned fit to four variables, the K+p�µ+µ�

invariant mass and the three angular variables, using an extended maximum likelihood esti-
mator.

A blinding procedure has been used for this analysis, to avoid any bias due to human decisions
during the set up of the analysis strategy.

During the steps of event selection, fit strategy definition and validation, and efficiency mea-
surement, only the MC samples and data from the mass sidebands have been used, while the
distributions of the events in the signal region were not considered.

In the next sections, a description of the probability density function (pdf) used in the fit, and
of the methods used to estimate its parameters, is given. Detailed explanations and studies
about the different pdfs components are reported in the following sections.

6.1 Probability density function

The probability density function used in the fit has the following expression:

pdf(m, cos qK, cos ql , f) = YS


SC(m) Sa(cos qK, cos ql , f) eC(cos qK, cos ql , f)

+R · SM(m) Sa(� cos qK,� cos ql ,�f) eM(cos qK, cos ql , f)

�

+ YB Bm(m) Ba(cos qK, cos ql , f)

(13)

where its three terms correspond to the pdfs for correctly-tagged signal, mis-tagged signal,
and background events, respectively.

The pure-physics information about the angular distribution, derived from the theoretical de-
scription of the decay presented in Section 2.1, are contained in Sa(cos qK, cos ql , f). This term
is defined as the differential decay distribution, which has been formulated in Equation 5.

In order to describe the data collected in the collisions, we should adapt the theoretical differ-
ential distribution to the experimental conditions. They include the finite resolution of the mea-
sured kinematical variables and the distortion of the angular distributions introduced by the
geometric acceptance of the detector and the selection criteria. All these effects are taken into
account by multiplying the decay distribution by the efficiency function eC(cos qK, cos ql , f).
The structure of this function, along with the procedure used to derive it, is presented in Sec-
tion 7.

As explained in Section 5.3, there is a non-negligible probability that the wrong flavour-state
is assigned to the decay and the wrong mass hypothesis is assigned to the hadrons. How-
ever, these mis-tagged events still contain information about the decay distribution and their
contribution can be taken into account in the pdf. The choice of the wrong K and p mass hy-
pothesis and flavour-state causes some differences in the angle definition; using the definitions
in Section 2.1, one can obtain that the correct term to use in the pdf, as a function of the re-
constructed variables, is Sa(� cos qK,� cos ql ,�f). The efficiency function for the mis-tagged
events has been computed separately: eM(cos qK, cos ql , f).1 The values of the two efficiency

1eM is defined as a function of the reconstructed variables, so there is no need to correct the signs of the angles.

background component

signal 
component

 is the decay rate   
formula shown earlier
Sabkg yield

mistagged signal 
~13%R = ratio of average mistag 

fraction on data and on MC

signal yield

ingredients: 

• mass shapes (signal and background) 
• signal efficiency  from simulation
• angular distributions of the background  from data sidebands

SC(m), SM(m), Bm(m)
ϵC, ϵM

Ba(cos θK, cos θl, Φ)
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Fit projections
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<latexit sha1_base64="nSVPUzeoRufM8qULCdqm/bVxsdQ="></latexit>

Bin index Yield
0 792 ± 34
1 1903 ± 55
2 1572 ± 51
3 2693 ± 69

4 (J/ ) 2655410 ± 3047
5 4967 ± 91

6 ( (2S)) 179671 ± 562
7 3330 ± 67

<latexit sha1_base64="2fYoSNmCf5c+8xN3FXXi8nqsQGg="></latexit>

bin index q2 range [GeV2]
0 1.1 - 2
1 2 - 4.3
2 4.3 - 6
3 6 - 8.68
4 J/ : 8.68 - 10.09
5 10.09 - 12.86
6  (2S): 12.86 - 14.18
7 14.18 - 16

<latexit sha1_base64="nSVPUzeoRufM8qULCdqm/bVxsdQ="></latexit>

Bin index Yield
0 792 ± 34
1 1903 ± 55
2 1572 ± 51
3 2693 ± 69

4 (J/ ) 2655410 ± 3047
5 4967 ± 91

6 ( (2S)) 179671 ± 562
7 3330 ± 67

* trigger problem → too few events in bin 8 , not considered16 < q2 < 23.04 GeV2
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statistically limited

Systematic uncertainties
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• FLAVIO: local form-factors from Lattice QCD and Light-Cone Sum Rule, QCDF 
for non-local form-factors  
EOS: local form-factors derived from combination of LQCD and LCSR, novel 
parametrisation of non-local form-factors (JHEP 09 (2022) 133)  


• good compatibility with the SM predictions for most parameters, some 
tensions in the q2 region below the J/ψ for the P5′ and P2 parameters


• competitive precision, observed trends remarkably similar to LHCb’s

Results
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B0s rest frame
Á rest frame

K¡ K¡¹+
¹+

¹+¹¡rest frame

¹¡

µK

¹¡

PB0s PB0s

µl

• full Run2, 138 fb-1 

• selections and analysis philosophy similar to 

• BDT selection, anti radiation “diagonal” cut


• combinatorial bkg from sidebands,  from MC with  input


• 3D fit to mass, and two angles  and 


• measure both  and reduced set of angular observables  and  

• decision driven by limited statistics, angle  integrated out


• normalization to reference  carries overall 3.9% uncertainty

B0 → K*μμ

B0 → K*0μμ fs /fd
θl θK

dℬ(Bs → ϕμμ)/dq2 FL A6

Φ

ℬ(Bs → J/ψϕ)

Bs → ϕ(KK)μμ
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Fit projections
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• angular observables consistent with SM expectations and LHCb 
• statistical error dominates


• differential branching fraction below various expectations 
across all  bins 

• confirms trend observed by LHCb, undershot in bins 1 and 3

q2

Results
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• performed in conjunction with  

• uses BParking dataset, tag side (backup), μ pT > 9 GeV


• L = 33.6 fb-1, only a fraction of Run2 stats


• BDT to reduce backgrounds 

• simultaneous fit to several  bin 

• bkg composition varies in different bins


• as opposed to before no “diagonal cut” applied  
“leakage” noticeable


• normalize to resonant  mode


• ratio  for validation, control of 

R(K)

q2

J/ψ

ℬ(ψ(2S))/ℬ(J/ψ) A × ϵ

analysis overview
Measurement of dℬ(B± → K±μ+μ−)/dq2

18

2

4

6

8

310×

C
an

di
da

te
s 

/ 1
2 

M
eV

CMS  (13 TeV)-133.6 fb

Total fit
+(2S)Kψ→+B

Other B & Comb.
*0/+(2S)Kψ→0/+B

+π(2S)ψ→+B
Data

2 [12.6, 14.4] GeV∈ 2q

 500±Signal: 68300 

5 5.1 5.2 5.3 5.4 5.5 5.6
) [GeV]−µ+µ+(Km

2−
0
2

Pu
ll

10

20

30

40

50
310×

C
an

di
da

te
s 

/ 6
 M

eV

CMS  (13 TeV)-133.6 fb

Total fit
+KψJ/→+B

Other B & Comb.
*0/+KψJ/→0/+B

+πψJ/→+B
Data

2 [8.4, 10.24] GeV∈ 2q

 1000±Signal: 728000 

5 5.1 5.2 5.3 5.4 5.5 5.6
) [GeV]−µ+µ+(Km

2−
0
2

Pu
ll

J/ψ

ψ(2S)

ROPP 87 (2024) 077802

http://dx.doi.org/10.1088/1361-6633/ad4e65


• data sit at the lower edge or below theory predictions 

• similar to LHCb, 


• competitive uncertainty

Results
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q2 range Signal yield Branching fraction
[GeV2] [10→8]
0.1–0.98 260 ± 20 2.91 ± 0.24
1.1–2.0 197 ± 19 1.93 ± 0.20
2.0–3.0 306 ± 23 3.06 ± 0.25
3.0–4.0 260 ± 21 2.54 ± 0.23
4.0–5.0 251 ± 23 2.47 ± 0.24
5.0–6.0 264 ± 27 2.53 ± 0.27
6.0–7.0 267 ± 21 2.50 ± 0.23
7.0–8.0 256 ± 23 2.34 ± 0.25

11.0–11.8 207 ± 19 1.62 ± 0.18
11.8–12.5 172 ± 16 1.26 ± 0.14

14.82–16.0 272 ± 20 1.83 ± 0.17
16.0–17.0 246 ± 17 1.57 ± 0.15
17.0–18.0 317 ± 19 2.11 ± 0.16
18.0–19.24 242 ± 19 1.74 ± 0.15

19.24–22.9 158 ± 19 2.02 ± 0.30
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• as before, this measurement is statistically limited 
• only 33.6 fb-1, Run2 + Run3 > 300 fb-1 already

Uncertainties
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• Highly suppressed FCNC, CKM  
in the SM:    
	     
	 → sensitive new physics


• In EFT, contributions from to , ,  
	 currently, significant anomaly observed 
	 in  from angular analyses [2508.09986]


• best limit by LHCb ,  
	 considered only one signal at a time 

ℬ(B0 → 4μ) = (0.4 − 4.0) × 10−12

ℬ(B0
s → 4μ) = (0.9 − 1.0) × 10−10

𝒪7 𝒪9 𝒪10

𝒪9

ℬ(B0 → 4μ) = 1.8 × 10−10 ℬ(B0
s → 4μ) = 8.6 × 10−10

Search for Bs(B0) → 4μ
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2

lepton) transitions are described by three operators, O(→)
7 , O(→)

9 , and O(→)
10 , defined as20

O(→)
7 =

mb

e
(s̄σµνPL(R)b)F

µν ,

O(→)
9 = (s̄εµPL(R)b)(l̄εµ

l) ,

O(→)
10 = (s̄εµPL(R)b)(l̄εµε5l) ,

(1)

where s, b, and l represent the strange, bottom, and lepton fields, respectively, F
µν is the electro-21

magnetic field tensor, σµν = i/2[εµεν], mb is the bottom quark’s mass, e is the electromagnetic22

coupling, and PL(R) = (1 ↑ ε5)/2 is the left (right) chiral projector. The operators O7, O9,23

and O10 describe radiative, vector, and axial-vector currents, respectively. Right-handed quark24

currents, represented by the primed operators O→
7,9,10, are suppressed in the SM.25

The effective Hamiltonian is, therefore,26

Heff(b ↓ sω+ω↔) ∝ V
↗
tsVtb ∑

j=7,9,10
C

j
O

j
, (2)

where the Wilson coefficients Cj multiply each operator in the sum. Deviations from their SM27

values C
SM
j

are related to new physics contributions with specific current structures.28

Constraints on anomalous C7,9,10 are obtained through global fits [11–20] to measurements of29

b ↓ sω+ω↔ transitions that comprise distributions of angular observables, such as those of30

the B0 ↓ K↗(892)0µ+µ↔ and B0
s ↓ ϱµ+µ↔ decays [21–24], and branching ratios, notably31

B(B0
s ↓ µ+µ↔) [1–3, 25, 26], a process closely related to that studied in this work.32

Recent global fits indicate a preference for a non-SM value of C9, with a reported significance33

of about 5 standard deviations, which decreases to 2.3 standard deviations when more con-34

servative assumptions on QCD factorization uncertainties are adopted [27]. This deviation is35

predominantly driven by discrepancies in the distributions of angular observables, as the de-36

cay B0
s ↓ µ+µ↔ is insensitive to C9 given the vanishing of the O9 (and O7) contribution [28]. In37

contrast, B0
s(B0) ↓ 4µ decays retain sensitivity to C9, making the present analysis a compelling38

and complementary probe into the observed anomaly.39

To date, B0
s(B0) ↓ 4µ decays are yet to be observed and the SM branching ratios are B(B0 ↓40

4µ) = (0.4–4.0) ↘ 10↔12 and B(B0
s ↓ 4µ) = (0.9–1.0) ↘ 10↔10 [29]. The current most strin-41

gent upper limits at 95% confidence level, obtained by the LHCb Collaboration, are B(B0 ↓42

4µ) < 1.8 ↘ 10↔10 and B(B0
s ↓ 4µ) < 8.6 ↘ 10↔10 [30], where the latter is approaching the SM43

expectation.44

A search for an excess at the B0 or B0
s mass in the four-muon invariant mass distribution over45

small and non-resonant backgrounds is presented in this Letter. This analysis is performed46

using proton-proton collision data collected by CMS at a center-of-mass energy of 13.6 TeV47

between 2022 and 2024, corresponding to an integrated luminosity of 170.7 fb↔1. The two48

B0
s(B0) ↓ 4µ signals are normalized using the B0

s ↓ J/ψ(µµ)ϱ(µµ) decay channel, which has49
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The CMS apparatus [31, 32] is a multipurpose, nearly hermetic detector, designed to trigger on53

and identify electrons, muons, photons, and (charged and neutral) hadrons [33–35]. A global54

2

lepton) transitions are described by three operators, O(→)
7 , O(→)

9 , and O(→)
10 , defined as20

O(→)
7 =

mb

e
(s̄σµνPL(R)b)F

µν ,

O(→)
9 = (s̄εµPL(R)b)(l̄εµ

l) ,

O(→)
10 = (s̄εµPL(R)b)(l̄εµε5l) ,

(1)

where s, b, and l represent the strange, bottom, and lepton fields, respectively, F
µν is the electro-21

magnetic field tensor, σµν = i/2[εµεν], mb is the bottom quark’s mass, e is the electromagnetic22

coupling, and PL(R) = (1 ↑ ε5)/2 is the left (right) chiral projector. The operators O7, O9,23
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currents, represented by the primed operators O→
7,9,10, are suppressed in the SM.25
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Heff(b ↓ sω+ω↔) ∝ V
↗
tsVtb ∑

j=7,9,10
C

j
O

j
, (2)

where the Wilson coefficients Cj multiply each operator in the sum. Deviations from their SM27

values C
SM
j

are related to new physics contributions with specific current structures.28
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• ParkingDoubleMuonLowMass - HLT_DoubleMu4_3_LowMass 
	 2022 + 2023 + 2024→ L = 171fb-1 
• per-year dataset lumped together


• per-year MC samples added with weights corresponding to relative integrated luminosities 


• “bump hunt” (double) peak on smooth background 

• consider also both  and  signals simultaneously


• background form data sidebands (or wrong sign)


• object-level selection + BDT 

• data-driven normalization using  

• maximal cancellation of systematics


• data/MC validation and corrections using  

• very similar distributions between signals, control and normalization processes


• events categorized in 6 classes, based on 4μ mass resolution and BDT score 
• BDT WP optimization on independent dataset to avoid bias


• 95% CL upper limits obtained from fitting the 4μ mass distributions in 6 categories

B0
s B0

B0
s → J/ψ(μμ)ϕ(μμ)

B0
s → J/ψ(μμ)ϕ(KK)

Analysis design
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• observed (expected) 95% upper limits  
	

 
	




• 30% improvement over previous best, by 
LHCb

ℬ(B0 → 4μ) < 1.3 (1.4) × 10−10

ℬ(B0
s → 4μ) < 5.7 (6.0) × 10−10

Results

23

• 2D limits obtained for the first time 
• more realistic scenario, possible NP likely to 

influence both processes

• correlation comes from both mass resolution 

and from sideband background estimation


• analysis is almost background free 

• scale faster than ℒ
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• update/extend meas. of  of 
	 	 ,  
	 		  


• of the above, update angular analyses (including full angular),  
add new channels 

• potentially, can do the same with electrons, at least in some channels.  
For sure much less precise. Is it worth it?


• update  with full Run3 statistics 

• first attempts at  ongoing 

• besides , can do  and 

dℬ(Hb → Hsμμ)/dq2

B+ → K+μμ B+ → K*+μμ B0 → Ksμμ
B0 → K*0μμ Bs → ϕμμ Λ0

b → Λ0μμ

Bs → μμ

b → sττ

Bs(B0) → 4μ Bs(B0) → 2μ2e B+ → 2μeνe

Discussion

24



Lepton Flavour 
(Universality) Violation

25



Lepton flavour universality (LFU) 
accidental symmetry,  
identical couplings  
of leptons to , 


• broken by Higgs Yukawa


• LFUV → NP

W Z
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68% CL contours
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HFLAV

Prelim. CKM2025

HFLAV
CKM2025ℳ(Hb → Hcℓν) ∝ VcbLμHμ

 parametrized by Form Factors


measure ratios  




• ratios cancel , partially cancel FF


• precise theory calculations

Hμ

R(Hc) =
ℬ(Hb → Hc τντ)
ℬ(Hb → Hc μνμ)

Vcb

HFLAV 2025

 tension in > 3σ R(D(*))

https://hflav-eos.web.cern.ch/hflav-eos/semi/ckm25/html/RDsDsstar/RDRDs.html


•  only accessible at LHC,  complementary to  

• SM prediction  Phys. Rev. Lett. 125, 222003


• recently updated LHCb  
 seminar 

	 	  deviation


• three muon final state,  and 

Bc R(J/ψ) R(D(*))
R(J/ψ) = 0.26

R(J/ψ) = 0.51 ± 0.12 (stat.) ± 0.08 (syst.)
2σ

J/ψ → μμ τ → μνμντ

LFUV test: measurement of R(J/ψ)

27
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Measurement of LFUV with R(J/ )ψ
Introduction

13

R(J/ψ) = ℬ(B+
c → J/ψτ+ντ)

ℬ(B+c → J/ψμ+νμ)
• SM prediction =  0.2582(38) 


• Previous Measurement:  LHCb  


• Leptonic channel   

• Similar final state ( ), → same reconstruction and simultaneously fit


• Collinear approximation to infer  4-momentum 


• The analysis aims to separate  (num.) vs  (den.) decays leveraging on 
kinematical observable: 

→ 0.71 ± 0.17(stat) ± 0.18(syst)

→ τ+ → μ+νμν̄τ

3μ + νs

B+
c pBc = mB

mreco
pBc

reco

3ν 1ν
q2 = (pB − pJ/ψ)2

Num: B+
c → J/ψτ+ν

Den: B+
c → J/ψμ+ν

PhysRevLett.125.222003

PhysRevLett.120.121801

2018: ℒ = 59.7 fb−1

NEW

2  from SMσ

CMS-BPH-22-012 
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R(J/ψ) =
ℬ(Bc → J/ψ τ ντ)
ℬ(Bc → J/ψ μ νμ)

Phys. Rev. D 111 (2025) L051102

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.222003
https://indico.cern.ch/event/1685950/attachments/3277204/5855756/26-04-23_ejiang_CERN_seminar.pdf
http://dx.doi.org/10.1103/PhysRevD.111.L051102


• 2018 dataset  

• same  +  final state for numerator  (denominator ) 
	 undetected neutrino(s) → missing momentum


• simultaneous ML binned template fit  
	 parameter of interest 


• collinear approximation to infer full  momentum  
	  


• distinguish  vs.  via kinematic variables e.g.  
 mass of the leptonic system


• J/Ψ + μ trigger, basic kinematic/ID selections on 3μ candidate  
 also required to be isolated 

ℒ = 59.7 fb−1

3μ 1(3)ν τ μ

R(J/ψ)

Bc
pBc

= mPDG
Bc

/mvis
3μ ⋅ pvis

3μ

1 ν 3 ν
q2 = (pBc

− pJ/ψ)2

μ3

Analysis at a glance

28

Phys. Rev. D 111 (2025) L051102

http://dx.doi.org/10.1103/PhysRevD.111.L051102


• two options considered, opted for collinear approximation 

• better tau/mu discrimination


•  four momentum crucial to define key kinematic observables e.g. pBc

q2 = (pτ/μ + pντ/νμ
)2

 momentum reconstructionBc

29

Bc

J/ψ

μ /τ
νμ/τ

⃗pBc
= | ⃗pJ/ψ+μ | ⋅

mBc

mJ/ψ+μ
⋅ ̂eBc

pBc
=

mBc

mJ/ψ+μ
⋅ pJ/ψ+μ

Bc

PV

SV
̂eBc

Bc

PV

SV

J/ψ + μ
νμ(ντν̄τ)

Collinear approximation

Phys. Rev. D 111 (2025) L051102

http://dx.doi.org/10.1103/PhysRevD.111.L051102


6 7 8 9 10
 

10

210

310

410

 E
ve

nt
s 

/ b
in

τν
+τψ J/→ +

cB X(*)
(s) Dψ J/→ +

cB
µν

+µ(2S)ψ → +
cB  µν+µ) c (c→ +

cOther B
 +µComb. dimuon +  B mesons

b baryons µν
+µψ J/→ +

cB
misID Data
Stat. + syst. unc.

 (13 TeV)-159.7 fbCMS

5.5 6 6.5 7 7.5 8 8.5 9 9.5 10

)2 (GeV2q

0.9
1

1.1

D
at

a/
ex

p 

• signals  
	  (num) 
	  (den)


• fake muon background 
	  + misID had 


•  background 
	  from b-hadron +  
	 (98% combinatorial)


• , ,  



• combinatorial dimuon + X

Bc → J/ψτν
Bc → J/ψμν

J/ψ

Hb
J/ψ μ

Bc → J/ψ + D(*)
(s) Bc → (cc̄)μν

Bc → ψ(2S)μν

30

simulation 
+ 

control region

data driven

data driven

simulation

Phys. Rev. D 111 (2025) L051102

Signal and background processes

http://dx.doi.org/10.1103/PhysRevD.111.L051102
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• combinatorial dimuon + X

Bc → J/ψτν
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J/ψ

Hb
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Signal and background processes

•  measured in region adjacent to signal 
region (inverted  ID)


•  fitted using NN classifiers to model 
multidimensional dependencies  
(kinematics, topology…)

frISO
μ3

frISO

Federica Riti

• application in SR: iso fakerate 
weights applied to events in B to find 
fakes in A


ISO ! ISO

ID

! ID

A B

C D

SR

Fakes 
Measurement 

Region

Measurement of LFUV with R(J/ )ψ
Muon Fakes bkg
• Four regions defined on  features:  isolation (ISO) and ID


• measurement of iso fakerate ( ) in !ID: fit in multiple 
dimensions using NN classifiers; outputs interpreted as 
event-by-event weights

μ3 μ3
friso

15

iso fakerate

Fakes(SR) = friso ⋅ Data(B) − friso ⋅ MC(B)

In-situ estimation in the fit model
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Measurement of LFUV with R(J/ )ψ
Fit Model
• Total of 14 categories 


• To control background


• To optimise S/B 

18

NEW
CMS-BPH-22-012 
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• binned maximum likelihood template fit 7(x2) categories


•  parameter of interest 

• fit to four observables, distinguish , ,  and fakes 

• in situ estimate of fake muon background

R(J/ψ)
Bc → J/ψτν Bc → J/ψμν Hb

Phys. Rev. D 111 (2025) L051102
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uncertainties incorporated in ML fit 
as nuisance parameters, profiled 

 and  norm. free floating,  
	 constrained in control regions

Hb Bc

Uncertainties
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dispersive BLG form factors  
[Cohen, et al. 2019]

implemented with


[Hammer]

dominant uncertainty 

large impact on key kinematic 
observable  

 
recent LQCD FF 10x more 
accurate [Harrison 2025]
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Table 1: Summary of the category pair definitions and respective observables used in the fit.
Each pair is also divided by passing or failing the isolation criterion. The first four category
pairs are enriched in B+

c → J/ψ τ+ετ , the following two enriched in B+
c → J/ψ µ+εµ , and the

last one enriched in misID and Hb background events.

Category pair definitions Fit observable
m(3µ) q

2 IP3D/ϱIP3D

<mB+c >5.5 GeV2

< ↑2

q
2↑2 – 0

0 – 2
>2

<mB+c <4.5 GeV2 <0
Lxy/ϱLxy>0

>mB+c
— — Lxy/ϱLxy

to account for the impact of the limited-size sample used for the misID background estimate
validation.

Uncertainties due to the limited number of events in the simulated samples are implemented
as bin-by-bin shape variations. An uncertainty of 5% in each of the topological quantities
IP3D/ϱIP3D and Lxy/ϱLxy

, estimated from discrepancies between data and MC in CRs, is also
implemented as a shape uncertainty and applied to all MC-based distributions. The former
results in an event migration between the four categories with higher signal sensitivity, thus
explaining its sizable impact.

Uncertainties in trigger, muon ID, and isolation efficiencies (6.6%) are also considered in the fit.
Other considered systematic uncertainties are found to be negligible.

From the maximum likelihood fit to the data, we measure

R(J/ψ) = 0.17+0.18
↑0.17 (stat)+0.21

↑0.22 (syst)+0.19
↑0.18 (theo),

where the statistical, experimental systematic, and form factor uncertainties are reported sepa-
rately. A further breakdown of the systematic uncertainties is given in Table 2.

Table 2: Leading systematic uncertainties for the measurement of R(J/ψ). The second column
reports the uncertainty type: shape (S) or normalization (N). The last column shows the result-
ing uncertainty in the R(J/ψ) measurement.

Contribution Type Unc. (10↑2)
Form factor (theory) S 19

misID statistical S (bin-by-bin) 13
misID systematic N, S 8, 0.7

Finite MC size S (bin-by-bin) 9

Topological S 9

Efficiencies N 6
Total systematic uncertainty 28

The observed yields of the B+
c → J/ψ τ+ετ and B+

c → J/ψ µ+εµ processes are 430 ± 570 and
43100± 4900 events, respectively. The distributions where the nuisance parameters, R(J/ψ) and

http://dx.doi.org/10.1103/PhysRevD.111.L051102
http://dx.doi.org/10.1103/PhysRevD.100.094503
http://dx.doi.org/10.1140/epjc/s10052-020-8304-0
https://arxiv.org/pdf/2503.15090


• first LFUV result in  transitions at CMS 
on partial Run2 dataset


• in agreement with both SM 0.26  
and LHCb 0.51 ± 0.12 ± 0.08 within less than 1σ 


• sensitivity expected to significantly improve in coming iterations

b → cℓν

Results
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R(J/ψ) = 0.17 ± 0.33

R(J/ψ) = 0.17 +0.18
−0.17 (stat.) +0.19

−0.19 (theo.) +0.21
−0.22 (syst.)

Phys. Rev. D 111 (2025) L051102

http://dx.doi.org/10.1103/PhysRevD.111.L051102


current result statistically and systematically limited 
where to go from here? 

• statistical uncertainty  
320 fb-1 collected in Run3, 80 fb-1 still not analyzed from Run2 → 
potentially up to 10x data for full Run2 + Run3  
(trigger, acceptance, efficiency vary year by year)


• systematic uncertainty 
fake background estimate uncertainties extremely conservative 
several systematic uncertainties scale with stats 

• theory uncertainty (form factors) 
we used Phys. Rev. D 100, 094503, more recent LQCD FF available now 
(LHCb uses Harrison 2503.15090)

R(J/ψ) = 0.17 +0.18
−0.17 (stat.) +0.19

−0.19 (theo.) +0.21
−0.22 (syst.)

Leptonic  prospectsR(J/ψ)

35

http://dx.doi.org/10.1103/PhysRevD.100.094503
https://arxiv.org/pdf/2503.15090


• collinear approximation for  momentum reconstruction 
pros:	 chosen because of higher  boost in CMS and better  	  
	 separation in  
cons:	 all  kinematic variables, e.g. , , , …  
	 100% correlated, no gain in combining them / multidim fit


• simultaneous fit of pass/fail  isolation region 
pros: 	 in situ estimate, let data constrain fakes, robust and reliable  
cons: 	 too much leeway, penalises performance 
	 introduces strong correlations between uncertainties 

Bc
Bc μ/τ

q2

Bc q2 m2
miss E*μ

μ3

R(J/ψ) = 0.17 +0.18
−0.17 (stat.) +0.19

−0.19 (theo.) +0.21
−0.22 (syst.)

Leptonic  prospects - segueR(J/ψ)
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• focus on  hadronic tau decays


• combine with leptonic analysis, common denominator 


• in this analysis, full Run2 dataset ~137 fb-1

τ+ → π+π+π−(π0)

Hadronic R(J/ψ)
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Analysis  Performed in 2 channels

4

Fully leptonic analysis: BPH-22-012 
Same final state (3 muons + ν(s)) for both num. and den.  
Performed with 2018 data due to the trigger availability

Hadronic analysis:
 BPH-23-001 

Different final states in the numerator and denominator (taken from BPH-22-012).

Numerator includes full Run 2 : 2016, 2017, and 2018.

Combination between the leptonic and hadronic channels is performed.

Signal Extraction:ρ-mass

13

3 prong tau decays have a good chance to produce an 
intermediate ρ(770MeV)-resonance (→2π) 

• We ordered pions based on its pT

• Then, we try to find OS pion pairs

(i.e. ρ candidate) sequentially in the

following order:

1 + 2

1 + 3

2 + 3

The first one we find is called ρ1,

the second ρ2.

The unrolled ρ1-ρ2 distribution is used as 
discriminating variable in the fit for the signal

PV

SV

μ-
π± π± π∓ 

Bc

μ+

J/ψ

1)pions are 
ordered by pT 

2) OS pairs as 
possible ρ(770MeV) 
combinations
π1+π2; π1+π3; 
π2+π3

ρJ ρk
Good discrimination + not used in the BDT training!

Analysis  Performed in 2 channels

4

Fully leptonic analysis: BPH-22-012 
Same final state (3 muons + ν(s)) for both num. and den.  
Performed with 2018 data due to the trigger availability

Hadronic analysis:
 BPH-23-001 

Different final states in the numerator and denominator (taken from BPH-22-012).

Numerator includes full Run 2 : 2016, 2017, and 2018.

Combination between the leptonic and hadronic channels is performed.

2510.21559, accepted by PRD

https://arxiv.org/abs/2510.21559


• statistical uncertainty 

• 320 fb-1 collected in Run3


• trigger breakthrough, dropped extra track overtaxing condition

• this demands a profound revision of the analysis strategy


• potential is hard to quantify precisely, but certainly major boost


• theory uncertainty (form factors) 
the same considerations made for the leptonic channel hold here.  
In addition, the hadronic channel is much less sensitive to FF

Hadronic  prospectsR(J/ψ)
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• dedicated low pT tau reconstruction 

• BDT to suppress backgrounds, mostly J/Ψ from B decay plus 
combinatorial 3 tracks


• J/Ψ + X background estimated from data


•  background from simulation


• dominant decay  


• signal extraction from binned ML fit to “unrolled” 2D 
 distribution

Bc → J/ψ + D(*)
(s)

τ → a1(1260) → ρ0( → π+π−)π+

m(ρ1) × m(ρ2) = m(π+
1 π−) × m(π+

2 π−)

Analysis strategy
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2510.21559, accepted by PRD

https://arxiv.org/abs/2510.21559
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Results
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R(J/ψ) = 0.49 ± 0.09 (stat.) ± 0.25 (syst.)

combined

2510.21559, accepted by PRD

https://arxiv.org/abs/2510.21559


• significantly better triggers in Run3 
inclusive dimuon, as opposed to dimuon plus track with vertex 
conditions (works against tau decay being displaced)


• in light of the above, increase in statistics much larger that Run3 / 
Run2 luminosity ratio of about 2 

• less sensitive to form factors 

• … but large combinatorial bkg challenging

Hadronic  prospects R(J/ψ)
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Lepton Flavour Violating (LFV)  
decays strongly suppressed in the SM


• allowed by neutrino oscillations  
at lowest BR (SM BR (τ ⟶ 3µ) ~ 10-55 [1])


• New Physics  
some NP model predict BR ~ 10-9 [2,3]


• strong indirect bounds on NP scale


Observed upper limits on  (x10-8 90% CL) 
• Belle II	 	 	 < 1.9	 	                10.1007/JHEP09(2024)062 
• Belle		 	 	 < 2.1	 	                10.1016/j.physletb.2010.03.037 
• BaBar 	 	 	 < 3.3 	                10.1103/PhysRevD.81.111101 
• LHCb Run2 	 < 1.9 	 		            2601.20785 
• ATLAS Run1 	< 38 		               10.1140/epjc/s10052-016-4041-9

ℬ(τ → 3μ)
ee → ττ
ee → ττ
ee → ττ
HF → τX
W → τν

42

[1] 10.1140/epjc/s10052-020-8059-7 
[2] 10.1393/ncr/i2018-10144-0 
[3] 10.1007/JHEP10(2018)148

Part III.

Where we are and 
where we could go

2026 ESPPU – Open Symposium (Venice, June 2025)                     G. Isidori - Status and open questions in Flavour Physics 27

[ From agnostic bounds to 
flavour-EW-Higgs interplay 

in concrete cases ]

VCKM determination ΔF = 1 LFV EDM

LFV in τ → 3μ

μ

μ

μ

τ

?

http://10.1140/epjc/s10052-020-8059-7
http://10.1393/ncr/i2018-10144-0
http://10.1007/JHEP10(2018)148
https://doi.org/10.1007/JHEP09(2024)062
http://10.1016/j.physletb.2010.03.037
http://10.1103/PhysRevD.81.111101
https://arxiv.org/abs/2601.20785
http://10.1140/epjc/s10052-016-4041-9
http://10.1140/epjc/s10052-020-8059-7
http://10.1393/ncr/i2018-10144-0
http://10.1007/JHEP10(2018)148


• CMS 2022-2023 Run3 analysis (63 fb-1) follows 
full Run2 analysis (~137 fb-1) 

• “bump hunt” 
resonant signal at known mass,  
smooth and non resonant backgrounds from data 
sideband


• two production modes 

• ,  
high momentum, very low background


• , where  comprises primarily , 
,  

and direct as well as cascade  decays 
softer, more backgrounds, larger cross section


•  normalized by ,  
 normalized in data using  

• BDT for background suppression

W → τν Z → ττ

HF → τX HF Ds → τν
D → τν

B

W → τν σ ⋅ ℒ
HF → τX Ds → ϕ(μμ)π

Analysis strategy
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CMS-PAS-BPH-24-010

Br(τ→3μ) < 6.7 (4.7) x 10-8 @ 90% CL (HF+V)

https://cds.cern.ch/record/2957462


CMS limit at 90% CL  obs.(exp.) 
expect to reach below  that with full Run3 statistics

ℬ(τ → 3μ) = 2.8(2.2) × 10−8

2 × 10−8

Run2 + partial Run3 combination
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CMS-PAS-BPH-24-010

https://cds.cern.ch/record/2957462


• double ratio relative → substantial cancellation of systematics 

• BParking dataset electron (muon) channel from probe (tag) side 
• primary vertex determined by trigger muon


• electron channel split in two categories depending on ID quality 

• BDT discriminator(s) for background rejection 

•  veto: reject events if the mass of the kaon an its opposite sign 
lepton is < 2 GeV, when the kaon/pion mass is assigned to the potentially 
misidentified particle 

• simultaneous UML fit to  in bins of  to extract  
• combinatorial, partial reco, leakage PDFs modelled from sidebands / MC

D0 → Kπ

m(Kℓℓ) q2 R−1(K)

FLUV using the  ratioR(K)

46

2

collect a large unbiased sample of ⇠10 billion b hadron decays. We also report a measurement
of the branching fraction of the B+!K+µ+µ� decay, both differentially over the dimuon mass
squared q

2 and integrated over two different q
2 ranges. The numeric values corresponding to

figures and tables in this paper can be found in the HEPDATA database [22].

This paper is organized as follows. After discussing the measurement strategy in Section 2,
followed by the detector description in Section 3, we introduce the data and simulated samples
in Section 4, and event reconstruction in Section 5. We discuss the maximum likelihood fit to the
K+`+`� invariant mass distributions in Section 6, followed by the description of the systematic
uncertainties in Section 7. The results are presented in Section 8, followed by the summary of
the paper in Section 9. Additional plots and details of the R(K) measurement formalism can
be found in Appendix A.

2 Measurement strategy
To maximize the sensitivity to LFUV in b ! s`+`� decays, it is advantageous to use an ob-
servable that minimizes the theoretical uncertainty in its prediction. Given that the absolute
b ! s`+`� rates are poorly understood because of the potentially large long-range correc-
tions [18], a more robust variable is the ratio of muon to electron decays within a certain range
of the dilepton mass squared, q

2
min < q

2 < q
2
max:

R(K)theory[q
2
min, q

2
max] =

B(B+!K+µ+µ�)[q2
min, q

2
max]

B(B+!K+e+e�)[q2
min, q2

max]
. (1)

This ratio is very close to unity in the SM [23–26] and known to a precision of about 1%. Fur-
thermore, the experimental systematic uncertainties related to signal reconstruction and selec-
tion can be reduced by measuring R(K) as a double ratio normalized to the corresponding
B+! J/yK+ decay channels:

R(K)(q2)[q2
min, q

2
max] =

B(B+!K+µ+µ�)[q2
min, q

2
max]

B(B+! J/y(µ+µ�)K+)

�B(B+!K+e+e�)[q2
min, q

2
max]

B(B+! J/y(e+e�)K+)
. (2)

This definition of R(K) benefits from the fact that the branching fractions B(J/y ! µ+µ�)
and B(J/y ! e+e�) are measured to be the same within a precision of about 0.7% [4], which
ensures that this extra normalization does not change the value of R(K) with respect to the def-
inition in Eq. (1). Additionally, since the leptons from the nonresonant B+ !K+`+`� and the
resonant B+ ! J/y(`+`�)K+ decays occupy a similar phase space, with a similar acceptance
and efficiency after the final selection, most of the systematic uncertainties related to the lep-
ton momentum scale and identification cancel in Eq. (2), making it an excellent experimental
observable directly related to R(K)theory.

The R(K) ratio in Eq. (2) is measured in the q
2 region from 1.1 to 6.0 GeV2, referred to as the

“low-q2” region, which is free of dilepton resonances. This choice is optimized to exclude the
contributions of the f(1020) and lighter resonances at the lower end of the q

2 spectrum, and
the tail of the J/y resonance at the higher end. In addition, the chosen lower boundary reduces
the kinematic difference between the muon and electron decay channels due to the differences
in their masses.

For the differential branching fraction measurement in the B+!K+µ+µ� channel, the q
2 range

is extended downward by adding a q
2 < 0.98 GeV2 bin, below the f(1020) resonance, and

upward by introducing nine bins up to the kinematic limit of q
2 = 22.9 GeV2, excluding the

ROPP 87 (2024) 077802

http://dx.doi.org/10.1088/1361-6633/ad4e65


• resonant channels show good mass 
resolution FWHM < 5%

• using standard CMS electron energy calibration

• comparable to LHCb


• reasonably small radiative tail 
• better than LHCb


• decent S/B but low stats 

• negligible contamination (O(%)) from 
peaking background / double electron fakes 

• measured using D0 → Kπ

Mass fits in electron channel
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R(K) = 0.78+0.46
−0.23

R(K) measurement 
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• di-electron triggers in Run3 

• significantly larger statistics, orders of magnitude leap


• but… is it still interesting after the anomaly disappeared? 

• see Olcyr Sumensary’s talk at BEAUTY 2026

 prospectsR(K)
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LFV 

•  will be updated to full Run3 statistics 

• besides experimental advancements, should we refine the aim?  
e.g. intermediate resonances?


• LHC-wide combination


• ongoing work on other LFV channels, e.g. 


LFUV 

• lessons learnt, gained experience with first analyses in Run2 

• ongoing update of 


• update  with full Run3 statistics 

• potential measurements 
	  [see LHCb’s]    other     angular     fit FF 	  
	 other semileptonic e.g. , 	

τ → 3μ

X → Yeμ

R(K )

R(J/ψ)

Vcb R(Hc) B → Dμν
Λb → Λ(*)

c μν Ξb → Ξ(*)
c μν

Discussion
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https://inspirehep.net/literature/1774910


Lifetimes
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• CMS (and LHCb) most precise 
measurements from Run2


• CMS Run3 statistics 15x, cross section 2x 

• potential breakthrough


•  lifetime complementary constraint of 
LFUV in  [see refs in Blanke]
Bc

R(D(*))

EPJC 78 (2018) 457 [Erratum]

https://indico.mitp.uni-mainz.de/event/460/contributions/6023/attachments/4285/5627/MITP-May2026.pdf
http://dx.doi.org/10.1140/epjc/s10052-018-5929-3
http://dx.doi.org/10.1140/epjc/s10052-018-6014-7


• CMS (and LHCb) most precise 
measurements from Run2


• CMS Run3 statistics 15x, 
cross section 2x


• potential breakthrough

 lifetimeΛb
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 mesons produced in strong eigenstates /  but propagate as heavy/
light mass eigenstate /  with different lifetimes  

, 


Effective lifetime 

   

where  and 

B0
s B0

s B̄0
s

B0
s,L B0

s,H
ΔΓ Δτ = (1.624 − 1.431) ps

τeff ≡
τBs

1 − y2 [ 1 + 2yAΔΓ + y2

1 + yAΔΓ ] =
∫ t [Γ(Bs) + Γ(B̄s)] dt

∫ Γ(Bs) + Γ(B̄s)dt

AΔΓ =
Γ(Bs,H) − Γ(Bs,L)
Γ(Bs,H) + Γ(Bs,L)

y = τBs
ΔΓ/2

 effective lifetimeB0
s → J/ψK0

s
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 sensitive to BSM physics 
complementary to, e.g., 
τeff

ℬ(B0
s → μμ)  quasi CP-odd B0

s → J/ψK0
s

τSM
J/ψKs

= (1.62 ± 0.02) ps ≃ τB0
s,H

 exactly CP-odd  B0
s → μμ

τSM
μμ = (1.624 ± 0.009) ps ≡ τB0

s,H
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τobs
J/ψKs

= 1.59 ± 0.07 (stat) ± 0.03 (syst) ps

• Full Run2 dataset at 13 TeV, 140 fb-1 

• using  high pT trigger, , 727 (68k)  events


• 2D UML fit to mass and decay length 

J/ψ → μμ K0
s → ππ Bs(Bd) → J/ψK0

s

 effective lifetimeB0
s → J/ψK0

s
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in agreement with SM 1.62±0.02 ps 
improved accuracy relative to world best from LHCb

in  mass windowBs

JHEP 10 (2024) 247

>20x larger stats in Run3 
see , 16k vs 727 

total uncertainty becomes comparable to SM
J/ψKs

https://doi.org/10.48550/arXiv.1304.4500
https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-22-001/index.html


Some sort of 
conclusions
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• all the flagship measurements/searches will be updated 
, angular P5’, ,  

• these are mostly statistically limited, will improve significantly


• competitive FCNC  program 

• angular analyses and differential  in various channels


• expand CPV program / CKM metrology beyond , 
including CPV in charm 

• systematic coverage of rare decays in 

Bs → μμ τ → 3μ Bs → J/ψϕ

b → sℓℓ
dℬ/dq2

Bs → J/ψϕ

≥ 2μ

what to expect
CMS Flavour in Run3
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• more LFUV tests in  transitions, and update  

• expand LFV searches beyond  

• several LFV decays accessible thanks to new triggers,  
what to prioritize?


• exotic hadron / spectroscopy very lively and on a growth 
trajectory 

• enriching the search for associated production with DPS/TPS 
interpretation


• opportunities in cross section and lifetimes measurements, 
currently only partially covered

b → cℓν R(K)

τ → 3μ

what to expect
CMS Flavour in Run3
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Backup
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2015.04.16 Gion, Kyoto 3

architecture of the CMS Trigger

Trigger System
● reduce the number of events from the LHC collision

rate (40 MHz) to the data rate that can be stored, 
reconstructed and analysed O�ine (~1 kHz)

● maximising the physics reach of the experiment

L1 Trigger
● coarse readout of the Calorimeters and Muon detectors 

● implemented in custom electronics, ASICs and FPGAs

● 3 event types, 128 “physics” bits + 64 “technical” bits

● output rate limited to 100 kHz by the readout electronics

High Level Trigger
● readout of the whole detector with full granularity

● based on the CMSSW software, running on O(15k) Xeon cores

● organised in O(2500) modules, O(400) trigger paths, O(10) streams

● output rate limited to an average of ~1 kHz by the O0ine resources

LHC

40 MHz

O�ine

~1 kHz

full readout

100 kHz

L1 Trigger

High Level Trigger

credit Andrea Bocci

O(few kHz)

O(few kHz)

O(few kHz)

>100 kHz in Run3

trigger often the bottleneck for “soft” physics at CMS

https://indico.cern.ch/event/304944/contributions/1672383/attachments/578592/796744/Bocci_-_The_CMS_High_Level_Trigger.pdf


• decay rate be positive definite implies conditions on  and  parameters


• not analytically solvable, ultimately obtained from numerical scan


• boundaries implemented as penalty terms in the likelihood

P(′￼)
i FL

Physical boundaries of  and P(′￼)
i FL

61

2. Angular parametrisation 11

used in a multi-variate analysis and to tag the flavour of the B meson. Considering the limited
impact of this parameter on the analysis, the value of 0.9, reported in the reference for a P-wave
dominated mass window of ±100 MeV around the K⇤ mass, is used for Ftheo.

2.2.2 Multi-dimensional requirements

In order to produce a set of requirements on the parameters which could identify the physical
region, we start from the general condition we need to satisfy:

1
dG/dq2

d4G
dq2d cos qld cos qKdf

� 0 8(cos ql , cos qK, f) (8)

This requirement can be partially solved by removing the dependency on some angular vari-
ables. The full calculations that have been made to derive this solution are reported in Ap-
pendix A.

Here are the resulting requirements:

CTL4 � 0 AND 8f :


CTL1(f) � 0 OR CTL5p(f) � 0 OR CTL5m(f) � 0
�

(9)

where the functions CTL* are defined as follows:

CTL4 =2 � P02
4 � P02

5 � P02
6 � P02

8 � 2 · |2P2 � P0
4 · P0

5 + P0
6 · P0

8|
CTL5p(f) =(P02

8 � 1 � P1 + 2P2 + P0
6P0

8) sin2(f)+

(P02
4 � 1 + P1 + 2P2 � P0

4P0
5) cos2(f)+

(2P0
4P0

8 � 4P3 � P0
4P0

6 + P0
5P0

8) sin(f) cos(f)

CTL5m(f) =(P02
8 � 1 � P1 � 2P2 � P0

6P0
8) sin2(f)+

(P02
4 � 1 + P1 � 2P2 + P0

4P0
5) cos2(f)+

(2P0
4P0

8 � 4P3 � P0
4P0

6 + P0
5P0

8) sin(f) cos(f)

CTL1(f) =(1 � P2
1 � P02

6 (1 + P1)� P02
8 (1 � P1)� 4P2

2 � 4P2P0
6P0

8) sin4 f+

(4P3P02
8 � 4P3P02

6 � 8P1P3 + 2P0
5P0

6(1 + P1)� 2P0
4P0

8(1 � P1)� 4P2P0
4P0

6 + 4P2P0
5P0

8) sin3 f cos f+

(2 + 2P2
1 � 8P2

2 � 16P2
3 � (P02

4 + P02
6 )(1 � P1)� (P02

5 + P02
8 )(1 + P1)+

4P2P0
4P0

5 � 4P2P0
6P0

8 + 8P3P0
4P0

8 + 8P3P0
5P6 p) sin2 f cos2 f+

(4P3P02
4 � 4P3P02

5 + 8P1P3 + 2P0
5P0

6(1 � P1)� 2P0
4P0

8(1 + P1)� 4P2P0
4P0

6 + 4P2P0
5P8 p) sin f cos3 f+

(1 � P2
1 � P02

4 (1 + P1)� P02
5 (1 � P1)� 4P2

2 + 4P2P0
4P5 p) cos4 f

(10)

The full analytic solution (i.e. transforming the inequality of Equation 8 in a set of requirements
not dependent on the angular variables) has not been found, and the requirements contain the f
variable. To check the validity of a point of the parameter space, a numerical scan is performed
on 500 values of f in the range [0,p] (the requirements are symmetrical for the other half of the
variable’s range) and for each point, at least one among the three conditions (5p, 5m, 1) has to
be satisfied.

B. Slices of the physical boundary 187

B Slices of the physical boundary
To give an idea of the shape of the 7D boundary, 2D slices have been produced for any com-
bination of two parameters, with the non-represented parameters fixed to the generation-level
values in the official MC samples used in the analysis, as extracted with a fit to the generation-
level distribution, reported in Table 26.
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Figure 157: Two-dimensional slices of the physical boundary (gray line) and parameters ex-
tracted with fits to generation-level distributions of the signal MC sample (red star), repre-
sented for each pair of parameters in q2-bin 0. The slices are evaluated fixing the values of
non-represented parameters to the MC generation-level values.
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much larger statistics 

excellent S/B and 
resolution

Mass fits in muon channel
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Motivations

● CP violation measurements are an extremely powerful
probe to test the SM and search for new physics

● The Bs system allows us to measure the mixing-induced
CPV and several other interesting parameters:
○ CPV parameters: ϕs, |λ|
○ Bs parameters: ΔΓs, Γs, Δms

● The CPV phase is predicted very precisely by the SM to be

    ϕs ≈ -2𝛃s ≈ -37 ± 1 mrad     [CKMfitter, UFfit]

● New physics can change the value of ϕs up to ∼100% via new 
particles contributing to the   mixing

4/63

ACP(t) ∝ Γ(B̄s → J/ψϕ) − Γ(Bs → J/ψϕ) ∝ ηfs sin ϕs sin(Δmst)

CPV mixing

flavour 
oscillation

final state CP 
eigenstate

Phys.Rev.Lett. 136 (2026) 18, 181801

• measure mixing-induced CPV phase 
  

in the  system and several other parameters 

• accurate theoretical predictions CKMfitter, UTfit  
 

• sensitive to deviations induced by new physics 



• CMS uses 2017 + 2018 dataset, 13 TeV, 96.5 fb-1 

• J/Ψ+μ & J/Ψ+φ(KK) triggers

ϕs ≈ − 2βs = − 2 arg(−VtsV*tb/VcsV*cb)
B0

s

ϕs = − 37 ± 1 mrad

βexp = βSM,tree + Δβpenguin + ΔβNP

https://doi.org/10.1103/ctqx-vxrj
http://ckmfitter.in2p3.fr/www/results/plots_summer23/ckm_res_summer23.html
http://www.utfit.org/UTfit/


time-and flavour-dependent angular analysis,  
7D UML fit  

• angular analysis: to separate CP eigenstates

angular efficiencies


• flavour tagging: to infer /  flavour at production

tagging decision and mistag probability


• time analysis: to model flavour oscillations

time efficiency and resolution

m, ct, σct, ωtag, cos θT, cos ψT, φT

B0
s B̄0

s
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→

→

Enrico Lusiani (UNIPD) Approval of CPV in Bs ➜J/ψϕ

CP asymmetry visualized

● Due to the mixture of CP eigenstates and experimental dilutions it is 
very difficult to see the asymmetry on data

● The provided plot shows the effect of direct and interference CPV on 
the               system for a CP-even final state

○ No experimental effect assumed
○ For a CP-odd state the two curves flip position
○ Note: |λ| = 1 in the SM, a value different from zero is plotted for 

visualization purposes
○ In fact, the plot has been generated with the parameters values obtained 

from this analysis

● Note: these are not the (standard) flavor mixing oscillations 
● Note: in a pure CP eigenstate one could “just” fit the difference 

between the two curves to extract the weak phase

10/63

|λ| ≠ 1 ϕs ≠ 0

2π/Δms

PV
SV

𝘣 → 𝜇−𝘟SV

same side
opposite side

𝑏
𝑏

𝐽/𝜓𝜙𝑠
𝑠𝑢

𝑥 𝑙−

𝐵0𝑠 ⇌ 𝐵0𝑠
mixing

ℎ𝑏 OS muon
OS electron

SS charge

OS jet charge

transversity basis

period 350 fs

Phys.Rev.Lett. 136 (2026) 18, 181801

Mixing-induced CPV in B0
s → J/ψ(μμ)ϕ(KK)

https://doi.org/10.1103/ctqx-vxrj
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• 4 separate DNN-based taggers: 3 opposite side 
(e, μ, jet), 1 same side (first at exp w/o PID) 

• decision : ,  or untagged


• designed to be flavour invariant


• (mis-)tagging efficiency ( )  determine 
effective statistics 

• tagging power  


• 491k signal events → 28k effective

ξtag B0
s B̄0

s

ωtag εtag

Ptag = εtag(1 − ωtag)2 = 5.59 %

Flavour tagging

67

8

Table 2: Calibrated flavor tagging performance as measured in the B0
s data sample. The effective

dilution is obtained from the measured #tag and Ptag. The uncertainties are statistical only.

Category #tag [%] D2
eff Ptag [%]

Only OS muon 6.07 ± 0.05 0.212 1.29 ± 0.07
Only OS electron 2.72 ± 0.02 0.079 0.214 ± 0.004
Only OS jet 5.16 ± 0.03 0.045 0.235 ± 0.003
Only SS 33.12 ± 0.07 0.080 2.64 ± 0.01
SS + OS muon 0.62 ± 0.01 0.202 0.125 ± 0.003
SS + OS electron 2.77 ± 0.02 0.150 0.416 ± 0.005
SS + OS jet 5.40 ± 0.03 0.124 0.671 ± 0.006

Total 55.9 ± 0.1 0.100 5.59 ± 0.02

nomial are left free to float, while for the OS jet and SS tagger, the constant term is set to zero283

to preserve symmetry between the two flavor hypotheses. The calibration of DeepSameSide is284

further corrected to account for potential differences between B0
s and B+ by using the calibra-285

tions obtained in simulated B0
s ! J/y f and B+ ! J/y K+ events. The size of this correction286

is found to be of the order of 10%. When both an OS algorithm, designed to be orthogonal287

to one another, and the SS tagger provide tagging inferences, xtag and wtag are recalculated by288

combining the available information.289

The calibrated flavor tagging performance is evaluated in the B0
s data sample by integrating290

the D2 ⌘ (1 � 2wtag)
2 distribution for the signal events and is reported in Table 2. A tagging291

efficiency of ⇡56% and a tagging power of ⇡5.6% are achieved in the B0
s data sample used for292

the measurement reported in this Letter. Note that the tagging performance is affected by the293

trigger strategy, data set overlap logic, and the specific taggers applied to each dataset.294

The flavor tagging framework is validated with extensive studies on simulations and the B0 !295

J/y K⇤(892)0 ! µ+µ� K+p� control data sample (“B0 control data sample”). Using this296

sample, several ancillary measurements are performed to ensure that the tagging inference297

is reliable and does not introduce significant biases. To probe the robustness of the tagging298

framework in mixing contexts, B0 meson flavor oscillations are studied. The oscillation fre-299

quency Dmd is measured to Dmd = 0.5081 ± 0.0046 }ps�1, where the uncertainties are statis-300

tical only. This corresponds to a precision ten times higher than the one achieved for Dms in301

this Letter. The obtained value is found in excellent agreement with the world-average value302

Dmd = 0.5065 ± 0.0019 }ps�1 [43]. The time-integrated mixing asymmetry in the B0 control303

data sample is also examined, to investigate possible issues with the overall tagging calibration304

scale. The study is conducted by comparing the relationship between the measured mixing305

asymmetry and the estimated tagging dilution. All validation studies are conducted using306

each tagger independently and in each tagging category defined in Table 2, as well as using the307

tagging inference by the overall framework. Moreover, the CPV measurement in B0
s ! J/y f is308

repeated four additional times, each using only one of the four tagging algorithms, and com-309

paring the obtained results. No evidence of bias relevant to flavor-sensitive analyses has been310

found in any of the conducted studies. In particular, the SS tagger is found to produce results311

in excellent agreement with those obtained using the other algorithms in all cases investigated.312

• calibration: on self tagging 


• validation: measure  meson 
oscillations, 4 different CPV analyses, one 
per tagger, …

B+ → J/ψK+

B0

SS-tagger on B+

 mixing asymmetryB0

(1 − ωtag)2

Phys.Rev.Lett. 136 (2026) 18, 181801

Mixing-induced CPV in B0
s → J/ψ(μμ)ϕ(KK)

https://doi.org/10.1103/ctqx-vxrj


3.2 σ evidence of   
in  decays 

results in agreement with SM and other 
experiments


still statistically limited,  
competitive with other measurements

ϕs ≠ 0
B0

s → J/ψϕ

Results

68

combined with 8 TeV analysis

Parameter Value Uncertainty
φs [mrad] →74 ± 23
∆Γs [ ps→1] 0.0780 ± 0.0045
Γs [ ps→1] 0.6633 ± 0.0029
∆ms [⊋ps→1] 17.759 ± 0.038
|λ| 1.011 ± 0.019
|A0|2 0.5273 ± 0.0044
|A↑|2 0.2417 ± 0.0036
|AS|2 0.0072 ± 0.0032
ε↓ [rad] 3.152 ± 0.077
ε↑ [rad] 2.940 ± 0.098
εS↑ [rad] 0.45 ± 0.14

Phys.Rev.Lett. 136 (2026) 18, 181801

Mixing-induced CPV in B0
s → J/ψ(μμ)ϕ(KK)

http://dx.doi.org/10.1016/j.physletb.2016.03.046
https://doi.org/10.1103/ctqx-vxrj


• first full reconstruction of the vector mesons , ,   

• using  conversion in material


• lower acceptance, but cleaner  
signature than low energy photons 


• energy calibration with  in 
rapidity/momentum bins


• previously: at LEP b-jet + converted  
	     at LHCb  mass diff


• precise measurements of  

B*+ B*0 B*s
γ* → e+e−

π0 → γγ

γ
Bs2

*(5840)0

m(B*) − m(B) 45 − 49 MeV

Exclusive reco of excited  and mass measurementB*
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• L = 7.5 × 1034 cm−2 s−1,  up to 200 pileup, target lumi up to 4 ab−1 

• CMS detector upgrades beneficial for flavour physics 

• tracking at L1 → trigger on hadronic signatures


• ~30ps timing layer → enable particle identification


• pixel, tracker, muon system resolution and coverage


• only preliminary studies on effect of timing on flavour tag  

CMS provided four projection studies in the document above, 
Bs→μμ, τ→3μ, B→K*μμ and Bs→J/Ψφ

European strategy report 2503.24346 ATLAS + CMS + LHCb + Belle II
Flavour at HL-LHC
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https://arxiv.org/abs/2503.24346
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Experiment ATLAS CMS LHCb Belle II

Assumed data sample 3000 fb
→1

3000 fb
→1

300 fb
→1

50 ab
→1

CKM angles

β — — 0.08
↑

0.3
↑

α — — — 0.6
↑

ε — — 0.3
↑

1.0
↑

ϱs [mrad] (4 → 9) 3 3 —

CP violation in loop-dominated decays

S(B0 ↓ η↔K0

S
) — — — 0.015

ϱs(B0
s ↓ ϱϱ) [mrad] — — 9 —

ϱs(B0
s ↓ K↗0K↗0) [mrad] — — 8 —

CP violation in B0

(s)–B0

(s) mixing

as
sl

— — 3 —

ad
sl

— — 2 6.2

CP violation in the charm sector

∆ACP [10
→5

] — — 3.3 60

ACP(D+,0 ↓ π+,0π0) [10
→5

] — — 100, — 130, 70

AΓ(KK, ππ) [10
→5

] — — 1.2 —

∆x(D0 ↓ K0

S
π+π→) [10

→5
] — — 1.6 40

Semileptonic B decays

|Vub| — — 1% 1.2%

|Vcb| — — — 1.0%

R(D), R(D↗) — — 3.3%, 3.0% 1.4%, 1.0%

Leptonic B decays

B(B0
s ↓ µ+µ→) [10

→9
] (0.33 → 0.40) 0.22 0.16 —

B(B0 ↓ µ+µ→) [10
→10

] (0.32 → 0.48) 0.12 0.12 —

τeff(B0
s ↓ µ+µ→) [ps]

+(0.07→0.11)
→(0.05→0.08) 0.05 0.05 —

S(B0
s ↓ µ+µ→) — — 0.2 —

B(B+ ↓ τ+ντ) — — — 6%

B(B+ ↓ µ+νµ) — — — 5%

Flavour-changing neutral current b → sωω decays

P↔
5
(B0 ↓ K↗0µ+µ→) [10

→3
]

† (47 → 82) 23 12 —

B(B+,0 ↓ K+,↗0νν) — — — 8%, 23%

B(B+,0 ↓ K+,↗0τ+τ→) [10
→4

] — — — < 0.9, < 1.5

Flavour-changing neutral current b → sγ decays

B(B ↓ Xsε; Eε > 1.6 GeV) — — — (4.7 → 8.8)%
S(B0 ↓ K0

S
π0ε) — — — 0.04

S(B0
s ↓ ϱε) — — 0.025 —

A(2)
T

(B0 ↓ K↗0e+e→; very low q2) — — 0.016 0.08

αε(Λ0

b ↓ Λ0ε) — — 0.038 —

Lepton flavour violation in τ decays

B(τ+ ↓ µ+ε) [10
→8

] — — — < 0.7

B(τ+ ↓ µ+µ+µ→) [10
→8

] < (0.13 → 0.64) < 0.39 < 0.26 < (0.02 → 0.17)
†

The sensitivity for the P↔
5

variable is quoted for the range q2 ↘ [4.0, 6.0] GeV
2

for ATLAS

and LHCb and q2 ↘ [4.3, 6.0] GeV
2

for CMS.

CMS can contribute or 
is already contributing 
to several measurements  
currently marked “—”



• rare, double Dalitz SM decay 

• q2-dependent form factors (same used for  g-2) cannot be computed exactly 

• experimental input needed


• prediction , previous limits 2 order of mag away


• normalized to same final state  
• invert photon conversion veto, di-ele mass veto

μ

ℬ(η → 2e2μ) = 2.4 × 10−6

η → 2μγ( → ee)conv

Observation of η → 2e2μ
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observed ℬ(η → 2e2μ) = (2.2 ± 0.7) × 10−6

BPH-24-001

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-24-001/index.html


• produced via single- and 
double-parton scattering 
• exp. input to LDME and NRQCD


• constrain bkg in rare Higgs decays 
analyses


• Run2 137 fb-1,  final state, 
normalized in situ to 


•  established at  

• DPS fraction 

4μ
Z → 4μ

Υ(1S) + Z > 5σ
(95 ± 25) %

Measurement of   
production cross section

Υ(1S) + Z
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BPH-23-007

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-23-007/index.html


• production fractions  key input for normalization of , 

•  uncertainty in  leading systematic


•  measured at 13 TeV by both LHCb and CMS 

• complementary in  and , observed  dependency at low 


• can we measure absolute  ratios? 

• not with , ,  as PF are implicitly included in 
 measured by LHCb [Phys. Rev. D 104 (2021)]


• but abundant statistics allows to accurately measure trends and dependencies


• → use open charm  decays , ,  

• 2018 B-parking dataset probe side

( fd, fu, fs) Bs → μμ

fs /fu

( fd, fu, fs)

pT η pT pT

( fd, fu, fs)

B0 → J/ψK* B+ → J/ψK+ Bs → J/ψϕ
ℬ(Bs → J/ψϕ)

B B0 → π+D− B+ → π+D̄0 Bs → π+Ds

B meson production fraction ratios in 
hadronic open-charm decays
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BPH-21-007

http://Phys.%20Rev.%20D%20104%20(2021)
http://dx.doi.org/10.1103/PhysRevLett.131.121901
http://dx.doi.org/10.1103/PhysRevD.104.032005
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-007/index.html
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Hadronic open-charm - Absolute PFR measurement

1/14/2025 BPH21-007 Approval

• Channels:
• B+ → π+ ഥD0 K+π−

• Bs
0 → π+Ds

− π−φ(K+K−)
• B0 → π+D− K+π−π−

• Key Equation:

• fs
fd

= ℬ(B0→π+D−) 
ℬ(Bs

0→π+Ds
−)

ℬ(D−→ K+π−π−) 
ℬ(Ds

−→ π−φ(K+K−))
Ncorr(Bs

0)
Ncorr(B0)

         = ℬ(B0→K+D−) 
ℬ(Bs

0→π+Ds
−)

ℬ(B0→π+D−) 
ℬ(B0→K+D−)

ℬ(D−→K+π−π−) 
ℬ(Ds

−→ π−φ(K+K−))
Ncorr(Bs

0)
Ncorr(B0)

 

         = Ф𝐏𝐒
𝐕𝐮𝐬
𝐕𝐮𝐝

𝟐 𝐟𝐊
𝐟𝛑

𝟐 𝛕𝐁𝟎

𝛕𝐁𝐬𝟎

𝟏
𝐍𝐚𝐍𝐅

𝓑(𝐁𝟎→𝛑+𝐃−) 
𝓑(𝐁𝟎→𝐊+𝐃−)

𝓑(𝐃−→𝐊+𝛑−𝛑−) 
𝓑(𝐃𝐬

−→ 𝛑−𝛗(𝐊+𝐊−))
𝐍𝐜𝐨𝐫𝐫(𝐁𝐬

𝟎)
𝐍𝐜𝐨𝐫𝐫(𝐁𝟎)

• Prediction of ℬ(B0 → K+D−)/ℬ(Bs
0 → π+Ds

−) with external theory inputs
1) ℬ(Bs

0 → π+Ds
−) also dominated by LHCb studies (and dependent on fs/ fd)

2) ℬ(B0 → K+D−) has a more theoretically clean prediction than B0 → π+D−, but Cabibbo-suppressed
3) N(B0 → π+D−) used as a proxy to improve statistics

▪ ℬ(B0 → K+D−)/ ℬ(B0 → π+D−) = 0.0819 ± 0.0020, measured with a good precision

Inputs Description Value

ФPS The difference in phase 
space of two channels 1.003 [PDG]

|Vus|fK

|Vud|fπ

Product of CKM matrix 
and decay constant 
ratios

0.2768 [PRD 100 (2019) 034514]

τBs
0/τB0

Lifetime ratio between 
B0 and Bs

0 1.002 ± 0.004 [HFLAV]

1/N𝑎

The ratio of correction 
accounting for non-
factorizable effect

1.0048−0.0022
+0.0046

[EPJC 80 (2020) 347 and 951]

1/N𝐹
The ratio of form 
factors

1.002 ± 0.042
[EPJC 80 (2020) 347 and 951]

12

the master equation



• absolute  and  are 
measured  

• no evidence of  dependency 
at high momentum


• confirmed independence vs η 


• in addition


• relative ratios measured with 
charmonium decays


• test of isospin invariance 

fs/fd fs/fu

pT

fd /fu = 1?

76



• inclusive di-muon trigger up to   
pT > 3,4 GeV, ~full pseudorapidity coverage 

• in Run2, either di-mu + track low pT + displacement,  

or di-mu inclusive high pT

• significant increase in acceptance, (re-)opens new avenues

mμμ < 8 GeV

Inclusive dimuon triggers 

77

PR 1115 (2025) 678

http://dx.doi.org/10.1016/j.physrep.2024.09.006


• inclusive di-muon trigger up to   
pT > 3,4 GeV, ~full pseudorapidity coverage 

• in Run2, either di-mu + track low pT + displacement,  

or di-mu inclusive high pT

• significant increase in acceptance, (re-)opens new avenues

mμμ < 8 GeV

Inclusive dimuon triggers 
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10x higher acceptance  
wrt Run2

covers decay length  
down to 0.
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•  in baryons complementary to mesons 

• CMS Run1 
• stat limited (~6000 candidates), not full angular


• as before, in Run3 15x lumi and 2x cross section

b → ℓℓ

 angular analysis and Λb → Λ0μμ dℬ/dq2
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ẑ1

ŷ1
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 lifetimeBc
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• CMS (and LHCb) most precise measurements 
from Run2


• CMS Run3 statistics 15x, cross section 2x 

• potential breakthrough


•  lifetime complementary constraint of 
LFUV in  [see refs in Blanke]
Bc

R(D(*))

EPJC 78 (2018) 457 [Erratum]

https://indico.mitp.uni-mainz.de/event/460/contributions/6023/attachments/4285/5627/MITP-May2026.pdf
http://dx.doi.org/10.1140/epjc/s10052-018-5929-3
http://dx.doi.org/10.1140/epjc/s10052-018-6014-7


• CMS (and LHCb) most precise 
measurements from Run2


• CMS Run3 statistics 15x, 
cross section 2x


• potential breakthrough

 lifetimeΛb
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• cited yesterday by Biplab


• LHCb exclusion already in the 10-7 - 10-8 range, close to SM exp.


• with Run 3 data, CMS can access these decays, potentially 
competitive

 in  decaysb → sℓℓ Bc → Dsμμ
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Figure 1: The leading diagrams for the decays: (a) B0
(s) → D0µ+µ→, (b) B+

(c) → D+
s µ

+µ→,

(c) B+
c → D+

s µ
+µ→, (d) B0

(s)→ D0J/ω, (e) B+
(c)→ D+

s J/ω and (f) B+
c → D+

s J/ω. Dashed lines
represent the charged weak current, and a gluon exchange with unconnected quark lines is implied.
Where two quark currents are indicated, the quark in parenthesis leads to a CKM-suppressed
process.

been reported for such decays.
The B→ Dµ+µ→ decays depicted in Fig. 1 represent eight independent decay modes

whose search is reported in this paper, namely:

• B0 decay modes: B0
→ D0µ+µ→, B0

→ D0J/ε,

• B+ decay modes: B+
→ D+

s µ
+µ→, B+

→ D+
s J/ε,

• B0
s decay modes: B0

s → D0µ+µ→, B0
s → D0J/ε,

• B+
c decay modes: B+

c → D+
s µ

+µ→, B+
c → D+

s J/ε.

The decay modes B+
→ D+µ+µ→ and B+

c → D+µ+µ→, either proceeding directly to
µ+µ→ or through a J/ε intermediate state, are not included here. There are large Cabbibo
suppression factors associated with these modes with respect to the B+

→ D+
s µ

+µ→ and
B+

c → D+
s µ

+µ→ modes, and as such are significantly below our current sensitivity.
The searches are performed using proton-proton collision data collected by the LHCb

experiment at centre-of-mass energies of 7, 8 and 13TeV, corresponding to a total integrated
luminosity of 9 fb→1. The D0 meson candidates are reconstructed in the D0

→ K+ϑ→

channel, and the D+
s meson candidates in the D+

s → K+K→ϑ+ channel. The J/ε
candidates are reconstructed in the J/ε→ µ+µ→ decay mode. For the non-J/ε modes,
the square of the dimuon invariant mass, q2(µ+µ→), is selected within the range 0.044–
8.0GeV2/c4, which excludes the J/ε region. The selection, e!ciency and background
corrections are finalised before the signal measurements are performed, following a strategy
of blinding to ensure unbiased results.

For normalisation, kinematically similar decays with higher branching fractions are
also reconstructed. The B0

→ J/ε (→ µ+µ→)K↑0 (→ K+ϑ→) decay is used to normalise
the neutral B0 and B0

s signal modes, while the B+
→ J/εK+ decay is used to normalise

the two B+ signal modes and the B+
c → D+

s J/ε measurement. The B+
c → D+

s µ
+µ→ decay

is normalised with respect to the observed B+
c → D+

s J/ε decay mode.

2

LHCb 
10.1007/JHEP02(2024)032

https://doi.org/10.1007/JHEP02(2024)032


• thanks to single muon triggers, CMS 
can also access e.g.


• 


• 


• …


• time an person power limited

Λb → Λ(*)
c μν

Ξb → Ξ(*)
c μν

Other semileptonic?
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|η|<1.5

|η|<2.4

Tag B

Probe B

μ



Exotica and 
spectroscopy
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• Gell-Mann and Zweig’s (1964) quark model  
allowed for “exotic” tetra and pentaquarks 
• first confirmed in 2003 discovery  

of  PRL 91 (2003)


• tens more at the LHC  
(survey by P. Koppenburg)


• tightly-bound states of diquark+diantiquark  
or loosely-bound meson molecules (or other)? 
• insight into QCD potential,  

confinement, strong force 

• all-heavy tetra quarks particularly interesting 

• excited hadron in  sector have large widths, overlaps, hard to handle


•  and  quark resonances more tractable and, in particular, 
 (and possibly ) are clean experimental signature in CMS

X(3872) → J/Ψ ππ

(u, d, s)

c b
J/Ψ → μμ Υ → μμ

Tetraquarks - motivations

85

Figure 2: Illustration of exotic hadron experimental studies.

5

credit 2410.06923

https://doi.org/10.1103/PhysRevLett.91.262001
https://www.koppenburg.ch/particles.html
https://arxiv.org/abs/2410.06923


Observation of structures at , 
, and  

• each confirmed at  level 
•  observed initially by LHCb and later 

by ATLAS too 
other structures seen with lower significances


• interference between three structures 
established by CMS at   
preferred by other experiments too


• implies same  quantum numbers, 
family of states with different radial 
excitation 

•  follow Regge trajectory for radial excitation


• backgrounds include DPS, NRSPS, feed 
downs, and "empirical” threshold 
enhancement


• update of Run2 analysis, to include 
2022-2024 data, more than double 
statistics
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Family of all-charm tetraquarks in X → J/Ψ Ψ(2S) → 4μ
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Observation of  at  
evidence of  at  

• near-threshold enhancement in this 
channel first observed by ATLAS


• interference assumed 
analogous to 


• effect of below-threshold  
as systematic


• masses and widths of  
and  agree well with those 
measured in  

X(6900) > 5σ
X(7100) 4σ

J/Ψ J/Ψ → 4μ

X(6600)

X(6900)
X(7100)

J/Ψ J/Ψ → 4μ

BPH-22-004
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measure  and  of the family of three full-charm tetraquarks 
observed by CMS (  from  final state) 

• based on Run2 version of the analysis  
presented before, 


• build a likelihood ratio discriminant   
between two spin-parity hypothesis,  
using angular variables in the helicity basis


• 2D fit mass and  → pairwise hypothesis testing  
for all considered models

J P
C = + J/Ψ J/Ψ

ℒ = 135 fb−1

𝒟ij

𝒟ij

Determination of of all-charm tetra quarksJPC

88

6.5 7 7.5 8 8.5 9
 [GeV]µ4m

0

50

100

150

200

250

300

350

C
an

di
da

te
s 

/ 0
.0

5 
G

eV

 (13 TeV)-1135 fbCMS
Data Signal

Full model X(6600)

Background X(6900)

Nonresonant X(7100)

BPH-24-002 - accepted by Nature

μ−

μ+

zX
ψ2

ψ1

μ+

μ− pp

z′ 

Φ

θ*
θ1

θ2

Φ1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
−0+

m2D
0

200

400

600

800

1000

1200

1400

1600

1800

C
an

di
da

te
s 

/ 0
.2

Data +
m2Model  

Signal −
m & 2−0Model  

 (13 TeV)-1135 fbCMS

100− 50− 0 50 100
)+

m2L/ −0L2ln(− = q
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

N
or

m
al

iz
ed

 e
ve

nt
s

Observed
−0
+
m2

 (13 TeV)-1135 fbCMS
⃗Ω = (cos θ * , Φ1, Φ, cos θ1, cos θ2)

𝒟ij( ⃗Ω |mJ/Ψ J/Ψ) =
𝒫i( ⃗Ω |mJ/Ψ J/Ψ)

𝒫i( ⃗Ω |mJ/Ψ J/Ψ) + 𝒫j( ⃗Ω |mJ/Ψ J/Ψ)
MELA

PRL 132 (2024) 111901

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-24-003/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-24-002/index.html
https://spin.pha.jhu.edu
http://dx.doi.org/10.1103/PhysRevLett.132.111901


cc
c̄c̄

Ω1

μ−μ+

μ+
μ−

J/ψJ/ψ

z1
z2

cc
c̄c̄

Ω2
λ1

λ2

cc

c̄c̄
X

X

focus on the two more popular tetraquark models to determine 
which  hypothesis to testJPC
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“compact” tetraquark  
tightly-bound state, color exchange 
diquark + diantiquark

“molecule” model 
loosely-bound state 
similar to pion exchange in nucleus, 
but much weaker ( ) mπ ≪ mcc̄

 and  have  
ground state  most likely 

 
 
from P and D wave

 possible 
but disfavoured/unlikely

(cc) (c̄c̄) S = 1
L = 0

L = 0 (nS), S = 0, 2 ⟹ JP = 0+, 2+

JP = 0−, 1−, 2−, 1+, 3+…

 not restricted to  
more  states allowed including 

, but reasonable to expect 
low  preferred 

(cc̄) S = 1
JP

JP = 1+

L
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9

Since we are interested in the T4c tetraquark, where the diquarks are composed of two charm quarks with spin 1 in
the antitriplet color configuration, for the S-wave states we have the following possibilities:

|0++
〉

T4c
= |Scc = 1, Sc̄c̄ = 1, ST = 0, LT = 0

〉

JT=0

|1+→
〉

T4c
= |Scc = 1, Sc̄c̄ = 1, ST = 1, LT = 0

〉

JT=1

|2++
〉

T4c
= |Scc = 1, Sc̄c̄ = 1, ST = 2, LT = 0

〉

JT=2

(26)

Note that all the S-wave tetraquarks described above have positive parity. The introduction of the first orbital
excitation will bring a factor (→1) in both parity and charge conjugation. Then all the P -wave states (with LT = 1)
will have odd parity and the opposite charge conjugation in comparison with the S-wave states. In Table I we list
the JPC quantum numbers of the 10 possibilities which we consider for the S-wave and P -wave all-charm tetraquarks
built with spin 1 diquarks (also in accordance with Refs. [66] and [15]).

TABLE I: Results for the JPC quantum numbers of the T4c with [Sd = Sd̄ = 1 → ST = 0, 1, 2]⊗ LT = 0, 1.

ST LT JT JPC

0 0 0 0++

1 0 1 1+−

2 0 2 2++

0 1 1 1−−

1 1 2 2−+

1 1 1 1−+

1 1 0 0−+

2 1 3 3−−

2 1 2 2−−

2 1 1 1−−

III. RESULTS

In this section we present the results of the calculations with the formalism outlined in the previous section. We use
the following notation in our tables: the principal quantum number isN (N = 1 for the ground state, N = 2 for the first
radial excitation and so on), ! is the orbital angular momentum, S is the total spin and J the total angular momentum.
In spectroscopy notation the states are usually labeled by N2S+1!J , with ! = 0, 1, 2, 3, . . . ↑ S, P, D, F, . . . , for
example 13S1 for J/ψ.

A. Charmonium

In order to get good estimates of diquark and tetraquark properties, we first study the spectrum of the conventional
charmonium states to observe how well we can fit the experimental data. In our model we considered the zeroth-order
potential of the form Coulomb plus linear plus smeared spin-spin interactions. We separate the spin triplet (S=1) and
spin singlet (S=0) before solving the Schrödinger equation. Using κs = →4/3, S1 = S2 = 1/2 and S = 0 or S = 1,
we replace the operator S1 · S2 by the constant [S(S + 1)→ S1(S1 + 1)→ S2(S2 + 1)]/2 and we find the wavefunction
y(r) and the eigenvalue E. In Fig. 3 we show the zeroth-order potential for total spin 0 or 1. Later the spin-orbit
and tensor corrections are included, splitting orbitally-excited states.

 from decay 
 is conserved in QCD

C = +
C Decay: Helicity Amplitudes

10Zhiyuan Huang, JHU

amplitudes are computed analytically → can 
determine angular distribution from any JP

λ1 λ2

 spin-projectionsλi

symmetry constraints 
reduce d.o.f.

 Aλ1λ2
= (−1)J Aλ2λ1

Aλ1λ2
= P(−1)J A−λ2−λ1

JPC Models JP
i Contributing amplitudes

0→+ 0→ A++ = →A→→
0++ 0+m and 0+h A++ = A→→ and A00
1→+ 1→ A+0 = →A0+ = A→0 = →A0→
1++ 1+ A+0 = →A0+ = →A→0 = A0→
2→+ 2→m and 2→h A++ = →A→→ and A+0 = A0+ = →A→0 = →A0→
2++ 2+m A++ = A→→, A00, A+0 = A0+ = A→0 = A0→, and A+→ = A→+

fully determined

remaining d.o.f.  
assume model  and  
scan for different proportions

h m

arXiv:1706.07553v3



 strongly favoured 
 minimal model favoured 

 established 
 

 excluded at  
 excluded at 

JP = 2+

2+
m

P = +
JP = 0+ > 95 % CL
JP = 1+ 99 % CL

Results
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L = 2 S = 0, 1
S = 1 J = 2
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metrology
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• large time dependent CPV effect 
, modulated by the slow  

flavour oscillations 

• BSM contribution estimation limited by 
penguin pollutions

aCP(t) B0

The angle  in β B0 → J/ψ(μμ)Ks(ππ)

93

can be constrained

by LHCb Run1 +2

LHCb Run1

• Precise measurements of the CKM elements allow 
indirect constraints on generic BSM scale

• Better constraints then direct searches!

• 𝐁𝟎 →J/ψK0
S is a clear signature for the β angle of CKM 

unitarity triangle

• Penguin contributions can be constrained with SU(3) 
partners such as 𝐁𝐬𝟎 →J/ψK0

S , S = sin(2βs)
• Current results for 𝐁𝟎 →J/ψK0

S dominated by LHCb Run1 +2 
• For 𝐁𝐬𝟎 →J/ψK0

S only 1 result from LHCb Run1[JHEP06(2015)131]

Motivation

13CMS-PAS-BPH-26-005

[PRL132(2026)021801]
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tree-level penguin

 mixing-induced CPVS  direct CPVC S2 + C2 + D2 = 1



• time-dependent CPV in  

• simultaneous extraction of  and  from 
the same final state 

• : golden precision channel


• : penguin control channel  
[De Bruyn 2501.09414, talk at BEAUTY2026]


• Run3  2022-2025 (274 fb⁻¹) [2026 (25 fb⁻¹) being added] 
1.5M , 16k  candidates


• Particle Transformer based flavour tagging, using 𝓁 
and jet both opposite (+ same side for ) 

for the  
for the 


• per-event bkg subtraction via Custom Orthogonal 
Weight (generalize sWeight)

B0 → J/ψKs

sin 2β sin 2βs

B0

Bs

B0 Bs

Bs
𝒫tag = 1.5 − 1.9 % B0 → J/ψKs
𝒫tag = 7.5 − 8.2 % B0

s → J/ψKs

Measurement of  in β B0 → J/ψ(μμ)Ks(ππ)
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• comparable to LHCb

• stat. limited with non-

negligible systematics

• slightly below SM

95

Two measurements in one

Results

● B⁰ mode: precision comparable with the LHCb Run 2 result, 
statistically limited with non-negligible systematics (ΔΓ, Aprod, 
tagging calibration)

○ The measured value continues the longstanding pattern of 
sitting below the SM prediction 

● Bs mode: twice as precise as the previous best 
measurement, strongly statistically limited 
○ Should greatly improve constrain on loop contributions to sin(2β)

● All results consistent with SM predictions and world 
averages 

25/28A. Bragagnolo (CERN)                                         CKM matrix and CP violation

BPH-26-005

CPV in B⁰ ➜ J/ψ KS

These results

CPV in Bs ➜ J/ψ KS
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CPV in up-quark sector not as well studied as in down-quark 

• first observation LHCb 



• direct CPV in decay  predicted of O(%), 
experimentally accessible and larger than other channels


• previous results: 


Belle 


LHCb 


first CPV measurement in charm sector at CMS 
2018 data, 41.6 fb-1 BParking dataset Phys. Rept. 1115 (2025) 678, 
contains O(1010) semileptonic B decays, most of type 


use sign of soft pion from  to (self-)tag flavour 
time integrated

ACP(D0 → KK) − ACP(D0 → ππ) = (−15.4 ± 2.9) × 10−4

D0 → K0
SK0

S

ACP(D0 → K0
SK0

S) = (−0.02 ± 1.53 ± 0.02 ± 0.17) %

ACP(D0 → K0
SK0

S) = (−1.86 ± 1.04 ± 0.41) %

B → Dμν
D* → Dπ±

s

Search for direct CP violation in  
 
decays  D0 → K0

SK0
S
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leverage topologically similar, high stats, and non-CPV (CDF)  
 channel to cancel  and D0 → K0

Sππ Apro
CP Adet

CP

Extraction of ACP
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Figure 1: The decay of neutral charm meson D0 (top) or D0 (bottom) to two neutral kaons:
exchange diagram (left) and penguin annihilation diagram (right).

momentum) positive pions emitted in the D⇤+ ! D0p+ decay and soft negative pions from44

the charge conjugate D⇤� ! D0p� decay. Because these three asymmetries are all small, the45

following relation can be written:46

ACP =Araw
CP � Apro

CP � Adet
CP , where (2)

Araw
CP =

N(D⇤+ ! D0p+ ! K0
SK0

S p+)� N(D⇤� ! D0p� ! K0
SK0

S p�)

N(D⇤+ ! D0p+ ! K0
SK0

S p+) + N(D⇤� ! D0p� ! K0
SK0

S p�)
, (3)

Apro
CP =

spp!D⇤+X � spp!D⇤�X

spp!D⇤+X + spp!D⇤�X
, and (4)

Adet
CP =

e(D⇤+ ! D0p+ ! K0
SK0

S p+)� e(D⇤� ! D0p� ! K0
SK0

S p�)

e(D⇤+ ! D0p+ ! K0
SK0

S p+) + e(D⇤� ! D0p� ! K0
SK0

S p�)
t

ep+ � ep�

ep+ + ep�
. (5)

When measuring the difference of ACP between the signal and reference channels, Apro
CP and47

Adet
CP cancel out:48

DACP ⌘ ACP(K
0
SK0

S)� ACP(K
0
Sp+p�) = Araw

CP (K0
SK0

S)� Araw
CP (K0

Sp+p�). (6)

The reference channel was chosen to be as similar as possible in kinematics, topology, and final-49

state signature to the signal channel, to ensure that the reconstruction efficiency asymmetries50

cancel in the measured difference of asymmetries, DACP.51

The analysis uses pp collision data recorded by the CMS detector during the LHC Run II in52

2018, at
p

s = 13 TeV. It utilizes the so-called B parking dataset [29], collected using a set of53

single-muon triggers with different minimum thresholds on the transverse momentum (pT) of54

the muon and its impact parameter with respect to the beamline. Different triggers were en-55

abled depending on the instantaneous luminosity: as the luminosity decreased, less restrictive56

triggers were enabled, as allowed by the limited event rate to be processed by the data acqui-57

sition system and recorded on tape. The collected integrated luminosity was approximately58

ACP = Araw
CP (K0

SK0
S) − Araw

CP (K0
Sππ) − ACP(K0

Sππ)

Search for direct CP violation in  
 
decays  D0 → K0

SK0
S

ACP = Araw
CP − Apro

CP − Adet
CP

 can be broken down into different components:  
difference of raw yields,   production, detector 
ACP

D0/D̄0

Eur. Phys. J. C 84 (2024) 1264
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Search for direct CP violation in  
 
decays  D0 → K0

SK0
S
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Araw
CP (K0

SK0
S) = (7.1 ± 3) %
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Table 2: Results of the simultaneous fit to the selected D⇤+ ! D0p+ and D⇤� ! D0p� can-
didates, where D0 (D0) ! K0

Sp+p�. The D⇤± signal yields N given in the second column are
used in the evaluation of Araw

CP . The uncertainties are statistical only.

Charge of pion N c2 with 100 bins
p+ 944 800 ± 3 500 78
p� 930 150 ± 3 400 93

6 ACP measurement: signal channel161

The statistical uncertainty in the signal channel is the dominant uncertainty of this analysis. In162

order to reduce this uncertainty, the signal extraction is performed using a two-dimensional163

unbinned maximum-likelihood fit to the distribution of m(Dp±) vs. m(K0
SK0

S). The fit function164

consists of the following components:165

• D0 ⇥ D⇤+, the signal component;166

• D0 ⇥ bkg, for events containing real D0 and background pion combinations;167

• bkg ⇥ bkg, for the background in both dimensions.168

Each component is a product of two one-dimensional functions. For the D⇤± signal, the John-169

son function is used with all signal shape parameters fixed to those found in the fit to the refer-170

ence channel. This approach is verified to be accurate using the simulated event samples. The171

D0 signal is modeled with a sum of two Johnson functions, as determined from the simulation.172

All parameters are fixed from those measured in simulation, except a single free parameter that173

is used to scale the width. The background in m(Dp±) is modeled with the same function as174

in the reference channel. The background in K0
SK0

S invariant mass is described with an expo-175

nential function exp(y · b), where b is floating in the fit, plus a Gaussian with free parameters176

to describe the partially-reconstructed background from the D±
s ! K0

SK0
Sp± decay producing177

an excess at about 1.83 GeV in the K0
SK0

S invariant mass distribution.178

The full projections of the simultaneous 2D fit on both axes are shown in Fig. 3, additional179

projections in sub-ranges are given in Appendix A. The fit results are listed in Table 3.180

The measured raw asymmetry is Araw
CP (K0

SK0
S) = (7.1 ± 3.0)%, and in combination with the181

results of Section 5 the ACP difference is measured to be DACP = (6.3 ± 3.0)%, where the182

uncertainties are statistical only.183
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7 Systematic uncertainties184

The measured difference in the asymmetries is largely insensitive to many systematic uncer-185

tainties that would affect a measurement of ACP in a single channel, such as the hardly measur-186

able production and detection asymmetries that would need a dedicated calibration procedure.187
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fit range to be m(K0
SK0

S) > 1.83 GeV. The 2D fit in the signal channel returns the value for208

Araw
CP in this case 0.04% different than for the nominal one, which is included as a systematic209

uncertainty.210

The value of DACP was calculated from MC simulated events, where its input value is zero.211

Both pT- and h-dependent asymmetries, as well as the integrated value of (�0.13 ± 0.34)%,212

were found to be consistent with zero. An uncertainty of 0.13% is assigned to the DACP mea-213

surement based on these studies, to cover potential non-cancellation of production and detec-214

tion asymmetries.215

If multiple candidates in the same event are removed by keeping only the one with the highest216

D⇤± vertex fit probability, the resulting DACP changes negligibly and no corresponding sys-217

tematic uncertainty is assigned. Pion charge misidentification was shown to have a negligible218

effect, as well.219

To assess the systematic uncertainty related to the pT reweighting, we vary the parameters of220

the reweighting function within their uncertainties. As an alternative, we consider the weights221

depending on the pT of the low-momentum pion that is used for the flavor tagging instead of222

pT(D⇤±). The largest change in the measured DACP of 0.09% is taken as a systematic uncer-223

tainty related to the reweighting.224

All systematic uncertainties described above are summarized in Table 4 together with a total225

systematic uncertainty, calculated as the sum in quadrature of the different contributions.226

Table 4: Absolute systematic uncertainties in the measurement of DACP.

Source Uncertainty, %
m(Dp±) signal model 0.10
m(Dp±) background model 0.02
m(K0

SK0
S) signal model 0.04

m(K0
SK0

S) background model 0.02
m(K0

SK0
S) fit range 0.04

Reweighting 0.09
DACP in MC 0.13

Total 0.20

8 Results227

A new measurement of CP violation in D0 decays is reported, using proton-proton collision228

data collected at
p

s = 13 TeV with a novel high-rate data stream. The difference in the CP229

asymmetries between D0 ! K0
SK0

S and D0 ! K0
Sp+p� is measured to be:230

DACP ⌘ ACP(K
0
SK0

S)� ACP(K
0
Sp+p�) = 6.3 ± 3.0 (stat) ± 0.2 (syst) %. (2)

Using the world-average value of ACP(K0
Sp+p�) = (�0.1 ± 0.8)% [19, 27, 45], we report a231

value for ACP(K0
SK0

S) of232

ACP(K
0
SK0

S) = 6.2 ± 3.0 (stat) ± 0.2 (syst) ± 0.8(ACP(K
0
Sp+p�))%. (3)

The measured value is consistent with no CP violation within 2.0 standard deviations. Like-233

wise, it is consistent with the LHCb measurement [25] at the level of 2.7 standard deviations234
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