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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]:
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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
SM (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 SM (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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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]:
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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:
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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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Introduction

• In CMS, b→sll decays are extensively studied to measure possible NP contributions, via: 

• differential BRs 

• angular observables  

• Lepton Flavor Universality tests 

• Studies are performed in integrated ranges of di-lepton mass  
square, q2, as different q2 regions probe different processes

• In this talk we will focus on analyses with two  
muons in the final state

• experimentally “easy” to trigger thanks  
to the two muons in the final state 
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6 Analysis strategy687

The angular parameters are extracted through an unbinned fit to four variables, the K+p�µ+µ�
688

invariant mass and the three angular variables, using an extended maximum likelihood esti-689

mator.690

A blinding procedure has been used for this analysis, to avoid any bias due to human decisions691

during the set up of the analysis strategy.692

During the steps of event selection, fit strategy definition and validation, and efficiency mea-693

surement, only the MC samples and data from the mass sidebands have been used, while the694

distributions of the events in the signal region were not considered.695

In the next sections, a description of the probability density function (pdf) used in the fit, and696

of the methods used to estimate its parameters, is given. Detailed explanations and studies697

about the different pdfs components are reported in the following sections.698

6.1 Probability density function699

The probability density function used in the fit has the following expression:700

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)

(12)

where its three terms correspond to the pdfs for correctly-tagged signal, mis-tagged signal,701

and background events, respectively.702

The pure-physics information about the angular distribution, derived from the theoretical de-703

scription of the decay presented in Section 2.1, are contained in Sa(cos qK, cos ql , f). This term704

is defined as the differential decay distribution, which has been formulated in Equation 5.705

In order to describe the data collected in the collisions, we should adapt the theoretical differ-706

ential distribution to the experimental conditions. They include the finite resolution of the mea-707

sured kinematical variables and the distortion of the angular distributions introduced by the708

geometric acceptance of the detector and the selection criteria. All these effects are taken into709

account by multiplying the decay distribution by the efficiency function eC(cos qK, cos ql , f).710

The structure of this function, along with the procedure used to derive it, is presented in Sec-711

tion 7.712

As explained in Section 5.3, there is a non-negligible probability that the wrong flavour-state713

is assigned to the decay and the wrong mass hypothesis is assigned to the hadrons. How-714

ever, these mis-tagged events still contain information about the decay distribution and their715

contribution can be taken into account in the pdf. The choice of the wrong K and p mass hy-716

pothesis and flavour-state causes some differences in the angle definition; using the definitions717

in Section 2.1, one can obtain that the correct term to use in the pdf, as a function of the re-718

constructed variables, is Sa(� cos qK,� cos ql ,�f). The efficiency function for the mis-tagged719

events has been computed separately: eM(cos qK, cos ql , f).1 The values of the two efficiency720

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

Analysis strategy overview

• Analysis is binned in q2 intervals

• In each q2 bin, we perform an unbinned maximum likelihood fit to (m, θk, θl, ϕ) with 

4

background component

signal component

YS and YB are the signal and background yields, respectively
 

the angular shape of the bkg component is estimated using the angular 
distributions of the data sidebands  

angular bkg shape

using the B0 → K*µµ case as example of a typical angular analysis



Binning choice: motivations

• Due to the small BR, even after Run2 the analyses are still statistically limited

• Binning choice driven by the available statistics 

• obviously the signal yield must be above a certain amount in order to “meaningful” have 
statistic uncertainties

• given that our samples are not background free, we should also retain a sufficient number 
of events in the sidebands to be able to model the angular distribution of the bkg in the 
signal region

• also, the dimuon resonances should be removed from the signal sample → expected 
contamination influences the boundary choice

• finally, historical reasons have played a role in the current adopted binning schemes

• ease of comparing to previous results
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Binning schemes 

• Choices currently adopted by the various (angular) analyses in CMS
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Resonant contamination

• Almost all analyses implement a “diagonal” selection in order to reject 

• a fraction of events from the control channels still leaks into the adjoining q2 bins

• mainly due to the presence of an unreconstructed photon from the charmonium decay

• This contamination is removed from the signal region by applying combined requirements on 
q and the B0 candidate invariant mass

• usually tuned independently for the dimuon mass regions below the J/ψ, between the J/ψ 
and the ψ(2S), and above the ψ(2S)
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Comparison to other experiments

• The comparison among the results from different Collaborations is currently very difficult as 
the bin definitions are overlapping

• Similarly, theory predictions shown on such plots are only coherent with one set of 
measurements

• It’s crucial to agree on common bin boundaries among the experiments 
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Prospects for Run3

• We expect to collect around 250 fb-1 at the end of Run3 → factor ~1.8 x Run2 stat

• The trigger strategy has been further improved

• the main HLT path used for the b→ sµµ analyses will have better reconstruction efficiency 
for low pT muons, as well as no requirement on the presence of an additional track 

• large increase in the signal yield per fb−1 compared to the Run2 dimuon+track triggers is foreseen 
for final states like B0→J/ψK0S

• smaller improvement for decay chains where all the final particles come from a common vertex

• The analyses will still be statistically dominated, even with the current binning

9
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Conclusions and more specific questions

• We need to agree on a recommended binning scheme common among the experiments 

• Does it make sense to go close to the resonances? 

• if theory predictions are not valid there, there’s no reason for the experiments to go as 
close as possible

• About the region above the ψ(2S), flavio authors report that their predictions are not valid 
below 15 GeV. Is this caveat valid also for other predictions? 

• again, this could impact the choice of the lower edge of the first bin above the ψ(2S) 

• About the region above the ψ(2S), we understand that large bins are preferred.  
Could you confirm/better define what large means in this case?
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Yellow Report studies on binning

• For the YR exercise, we studied a possible splitting 
of the current bins in narrower ones with the HL-
LHC expected statistics

• to better constrain, e.g., the P5’ shape at low q2 

• Criteria: statistical uncertainty of the order of the 
total systematic uncertainty in the same bin 

• with additional constraint width > 5σµµ

• 14 bins between 2 and 6 GeV2

• Main caveats: based on Run1 analysis

• not full angular analysis

• selection in Run2 has already improved wrt Run1  
by a factor of 30%
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Figure 3: Projected statistical (hatched regions) and total (open boxes) uncertainties on the P0
5

parameter versus q
2 in the Phase-2 scenario with an integrated luminosity of 3000 fb�1. The

CMS Run I measurement of P0
5 is shown by circles with inner vertical bars representing the

statistical uncertainties and outer vertical bars representing the total uncertainties. The vertical
shaded regions correspond to the J/y and y0 resonances. The two lower pads represent the
statistical (upper pad) and total (lower pad) uncertainties with the finer q

2 binning.
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