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CMS Objective in Flavor Physics
Understand the underlying QCD processes
- Measure the spectrum of standard quarkonia production, 

polarization, and heavy flavor productions.
- Look for new exotic quarkonia states and new heavy baryons.

Test the Standard Model with high precision measurements
- Measurement of decay rates, lifetime,  

and CP phases of B hadrons.
Look for new physics in the loop
- Study of rare decays:  

Bs,d→μμ, B→K*μμ, τ→3μ, etc.
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If these particles cannot be observed 
in the direct searches, this is the place 

one shall still look for!
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THE CMS 
DETECTOR

Total weight: 14000 t  
Overall diameter: 15 m  
Overall length: 28.7 m 

Magnetic field: 3.8 Tesla

The CMS experiment at the CERN LHC,  
J. Instrum. 3 (2008)



CMS Muon Reconstruction
CMS muon system: 
- 3 different devices installed, with a large coverage up to |η|<2.4.
- Good dimuon mass resolution  

~0.6-1.5% (depending on |y|).
Reconstruction algorithms:
- standalone muon:  

reconstructed in muon system only
- global muon:  

standalone muon ⇒ inner track
- tracker muon:  

inner track ⇒ muon system
Excellent muon identification
- Fake rate ≤0.1% for π,K; ≤0.05%for proton
- MVA-based ID for B→μμ analysis.
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Dimuon invariant mass spectrum

CMS Collaboration Plots with 2018 data - 5

CMS Dimuon Triggers

CMS trigger system: 
- Fast hardware trigger (L1)
- Software trigger with full tracking & vertex reconstruction (HLT).
- Specific triggers were developed for various analyses.
- Trigger requirements tightened with the increased luminosity.
- ~15% of CMS bandwidth is given to flavour physics.
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Most flavour physics analyses  
rely on displaced/non-displaced 
quarkonia (J/ψ, ψ’ & Υ), B(s), and 
non-resonant DIMUON triggers. CMS dimuon triggers



6



Excited Bc States: Introduction
The known Bc

+ meson is the lowest state of 
bottom+charm bound state family. 
Experimental studies are limited by its lower 
production rate, which is only ~1/1000 
comparing to other B mesons. 
As an analogy to ψ/Υ system, ATLAS has 
observed an excited state Bc

+(2S) decaying 
in Bc

+π+π− with full Run-1 data [PRL 113 (2014) 
212004]:
- LHCb did not confirm this state with the 

analysis of Run-1 data [JHEP 01 (2018) 138].
- Suspects of different rapidity coverage; 

has to be checked by CMS.

7

) [MeV]π)-2m(c)-m(Bππcm(B
0 100 200 300 400 500 600 700

Ev
en

ts
 / 

20
 M

eV

0

5

10

15

20

25

30

35

40

 -1 Ldt = 19.2 fb∫
 = 8 TeVs

ATLASATLAS

   Data
   Wrong-charge
   combinations

 5 MeV± = 288 ππcBQ
 4 MeV ± = 18 ππcBσ
 13± = 35 ππcBN

]2c) [MeV/−π+π+cB(M
6600 6800 7000 7200

)2 c
C

an
di

da
te

s /
 (2

8 
M

eV
/

0

50

100

150

200

250

300

350 1−LHCb  2 fb
 = 8 TeVs

 CMS carried out the searches for excited Bc states, using 
the data collected in full Run-2 period of 140 fb−1.
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Multiple excited Bc states might be 
accessible by  
Bc*

+(2S) → Bc*
+π+π– → Bc+π+π– + γ 

Bc
+(2S) → Bc

+π+π– 

Since the soft photon is not detected, 
both decays can end up with the 
same final state  
of Bc

+π+π−. 
 
 
 

A mass splitting is expected to be 
∆M = ∆M1 – ∆M2 ~ 20 MeV.

Excited Bc States: Decays
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Figure 2: The invariant mass distribution of the Bc
+ candidates. The vertical dashed lines in-

dicate the mass window retained for the reconstruction of the Bc
+(2S) and Bc

⇤+(2S) candidates.
The vertical bars on the points represent the statistical uncertainty in the data. The contribu-
tions from various sources are shown by the stacked distributions. The solid line represents the
result of the fit.

the vector joining the PV with the Bc
+ decay vertex. Studies based on simulation show that the

probability of selecting a wrong vertex is less than 1%. The decay length of the Bc
+, denoted

by l, is computed as the (three-dimensional) distance between the PV and the J/y p+ vertex
(assumed to be, respectively, the Bc

+ production and decay vertices). To avoid biases in the
determination of l, the PV is refitted without the tracks associated with the muons and the
pion.

Similarly to what has been previously done in Refs. [27, 28], the Bc
+ candidates are required to

have pT > 15 GeV, rapidity |y| < 2.4, l > 100 µm, and a kinematic fit c2 probability larger than
10%. If several Bc

+ candidates are found in the same event, only the one with the highest pT is
kept. The invariant mass distribution of the selected Bc

+! J/y p+ candidates, shown in Fig. 2,
is fitted to the expected Bc

+ signal peak, modeled as a sum of two Gaussian functions with a
common mean, superimposed on a background composed of three sources of events: i) the
combinatorial background resulting from associating the J/y with uncorrelated charged parti-
cles, parametrized by a first-order Chebyshev polynomial function; ii) partially reconstructed
Bc
+ decays, Bc

+ ! J/y p+ X, only relevant for mass values below 6.2 GeV, described by a (gen-
eralized) ARGUS function [29] convolved with a Gaussian resolution function; iii) a small con-
tribution from Bc

+ ! J/y K+ decays, with a shape determined from simulation studies and a
normalization fixed relative to the Bc

+ ! J/y p+ yield, using the ratio of their branching frac-
tions [30] and the ratio of the reconstruction efficiencies. The unbinned maximum-likelihood
fit gives a Bc

+ signal yield of 7629 ± 225 events, a Bc
+ mass of M(Bc

+) = 6271.1 ± 0.5 MeV, and
a mass resolution of 33.5 ± 2.5 MeV, where the uncertainties are statistical only. The measured
mass resolution is consistent with the value expected from the simulation studies. The qual-
ity of the fit was evaluated by computing the c2 between the binned distribution and the fit
function, the result being c2 = 35 for 30 degrees of freedom.

The Bc
+(2S) and Bc

⇤+(2S) candidates are reconstructed by performing a kinematic fit, combin-
ing a Bc

+ candidate with two opposite-sign tracks and imposing a common vertex. Only Bc
+

candidates with invariant mass in the range 6.2–6.355 GeV are selected. This mass window,

Event Reconstruction & Selection
Reconstruction of Bc

+
:

- Triggering with two muons from J/ψ 
plus a track, with a common vertex 
displaced from the interaction point;

- Muons pT > 4 GeV, track pT > 3.5 GeV;  
Bc

+
 transverse momentum > 15 GeV;

- Common vertex with displacement > 
100 μm;

Reconstruction of Bc*
+
(2S):

- Adding two tracks with opposite 
charges from primary vertex to a Bc

+
 

candidate;
- Bc

+
 & π

+
π

–
 common vertex is required;

- If multiple candidates in an event –– 
the one with largest pT is selected.
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Partially reconstructed 
background, from  

Bc+→J/ψπ++X processes.

Peaking background from  
Bc+→ J/ψK+ decay, modelled 

with simulated sample

N(Bc+) =  
7629 ± 225

Ref. CMS PRL 122 (2019) 132001
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indicated in Fig. 2, reflects the measured Bc
+ mass and resolution, with a low-mass edge that,

while corresponding to a smaller peak coverage than the high-mass edge, suppresses the con-
tamination from partially reconstructed decays. The lifetimes of the Bc

+(2S) and Bc
⇤+(2S) are

assumed to be negligible with respect to the measurement resolution, so that the production
and decay vertices essentially overlap. Therefore, the daughter pions are required to be tracks
used in the refitted PV (a procedure previously followed in Refs. [31, 32]). One of the pion can-
didates must have pT > 0.8 GeV and the other pT > 0.6 GeV. The Bc

+ p+p� candidates must
have |y| < 2.4 and a vertex c2 probability larger than 10%. If several Bc

+ p+p� candidates are
found in the same event, only the one with the highest pT is kept. Studies with simulated signal
samples (providing S) and measured sideband events (providing B) have shown, through the
S/

p
S + B figure of merit, that these are optimal event-selection criteria.
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Figure 3: The M(Bc
+ p+p�) � M(Bc

+) + mBc
+ distribution. The Bc

+(2S) is assumed to be the
right-most peak. The vertical bars on the points represent the statistical uncertainty in the data.
The contributions from the various sources are shown by the stacked distributions. The solid
line represents the result of the fit.

Figure 3 shows the M(Bc
+ p+p�)� M(Bc

+)+mBc
+ distribution, where M(Bc

+ p+p�) and M(Bc
+)

are, respectively, the reconstructed invariant masses of the Bc
+ p+p� and Bc

+ candidates, and
mBc

+ is the world-average Bc
+ mass [25]. This variable is measured with a better resolution than

M(Bc
+ p+p�) and is, hence, advantageous when searching for peaks in the mass distribution.

The measured distribution is fitted to a superposition of two Gaussian functions, representing
the Bc

+(2S) and Bc
⇤+(2S) signal peaks, plus a third-order Chebyshev polynomial, modeling the

continuum background, with all parameters left free in the fit. The two contributions arising
from Bc

+ ! J/y K+ decays are also considered; they have shapes identical to the signal peaks,
neglecting a shift to lower mass values that should be smaller than 1 MeV, and normalizations
constrained by the ratio of the Bc

+! J/y K+ and Bc
+! J/y p+ signal yields, as previously men-

tioned. The unbinned extended maximum-likelihood fit gives 67 ± 10 and 51 ± 10 events for
the lower-mass and higher-mass peak, respectively. Since these yields are not corrected for
detection efficiencies and acceptances, they cannot be used to infer ratios of production cross
sections. The two signals are well resolved, their mass difference being DM = 29.1 ± 1.5 MeV,
where the uncertainty is statistical only. The widths of the peaks are consistent with the value
expected from simulation studies, which is approximately 6 MeV. The c2 between the binned
distribution and the fit function is 42 for 39 degrees of freedom.

Observation of Excited Bc States
Clear two-peak structure seen!
Fits to the mass distribution with 
- Gaussians for signal and  

Bc
+
→ J/ψK+ peaking background;

- 3rd order polynomial for the 
combinatorial background.

Exceeding 6σ for observing two 
peaks rather than just one; each peak 
has a significance >5σ. 
Results are consistent with predicted 
narrow widths [50-90 keV], smaller 
than the detector resolution.
Also confirmed by new LHCb 
analysis with Run1+Run2  
[arXiv:1904.00081].
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Measured mass difference:   
∆M = 29.1 ± 1.5(stat) ± 0.7(sysy) MeV 

Measured Bc+(2S) mass:  
6871.0 ± 1.2(stat) ± 0.8(stat) ± 0.8(Bc+) MeV

Bc(2S)
51±10 evt

Bc*(2S)
67±10 evt

Ref. CMS PRL 122 (2019) 132001
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Event selection 

kinematic requirements

pT(π1) > 3.5 GeV
Bc  prob(vtx) > 0.1
pT(Bc) > 15  GeV
Bc decay length > 0.01 cm

6.2 < M(Bc) < 6.35 GeV
Bc π π  prob(vtx) > 0.1
pT(π2) > 0.8,  pT(π3) > 0.6 GeV 
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Event display of reconstructed candidate
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A nice Bc+(2S) → Bc+π+π– candidate event!
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Measurement of B+→J/ψΛp
First example of B meson decaying into a 
charmonium state and baryons, first seen by B 
factories; world average in PDG: (11.8 ± 3.1)×10–6.

Additional motivation to search for possible new 
intermediate resonances in the J/ψΛ, J/ψ p and 
Λp systems.

Several similar decays have been probed by 
LHCb recently: Bc

+
→J/ψ pp̄π+ [PRL 113 (2014) 152003],  

B0, Bs→J/ψ pp̄ [JHEP 09 (2013) 006], and Λb→J/ψ pK− 
[PRL 115 (2015) 072001; arXiv:1904.03947].
- In Λb decays new multiquark states found in  

J/ψp distribution, and are consistent with 
pentaquark.

CMS analysis is performed with data collected at 
8 TeV, corresponding to 19.6 fb–1. 
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Selection & Reconstruction
Triggering by a J/ψ→μμ candidate and the 
vertex is displaced from the interaction point.
Offline selections:
- Muons pT > 4 GeV, J/ψ pT > 7 GeV, pT of 
Λ and p > 1 GeV. 

- Pointing angle of B+; vertex with 
displacement significance > 3σ;

- Λ candidates originate from KS are 
rejected.

Branching fraction is calculated by 
normalizing to B+

→ J/ψK*+(→KSπ
+):
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B(B+ ! J/ ⇤p)

B(B+ ! J/ K⇤+)
= 1.054± 0.057(stat.) ± 0.028(syst.) ± 0.011(B)%

<latexit sha1_base64="hmw4fSXNKqRotD0LsqLHydmFH0Q="></latexit>

B(B+ ! J/ ⇤p) = 15.07± 0.81(stat.) ± 0.40(syst.) ± 0.86(B) ⇥ 10�6
<latexit sha1_base64="FeyfNIQHsOnPvj4/tQYyRKbcLLg="></latexit>
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Study of Two-body Mass Spectra
A model independent approach / moment analysis  has been introduced. 

There are at least three known K* resonances that can decay to Λp; these broad 
excited kaon states can contribute to the two-body invariant mass distributions.

The formulation –– in each M(Λp) bin,  
the cos(θK*) distribution can be expressed  
as an expansion with Legendre polynomials:

Lmax = 8 is twice of the maximum spin [K4*(2045), J=4] state in the 
consideration; <Pj

U
> are the unnormalized Legendre moments.

Then re-weight the sample according  
to the observed angular structure.
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Two-body Mass Spectra (cont.)

Compare efficiency corrected sPlot from data, with pure phase-space, 
simulation corrected by the moments in pΛ system, and reweighting with 
1D cos(θK*).
- The spectra can not be modeled with a phase space distribution satisfactory.

Description of the M(J/ψΛ) and M(J/ψp) has been improved after accounting 
for considering the angular and invariant mass structure in the Λp system.
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The model with moments sufficiently described the data 
(within 3σ), no clear sign of new resonance yet.

Ref. CMS-PAS-BPH-18-005



Search for τ→3μ: Introduction
A charged lepton flavor violating (CLFV) decay of τ 
to 3 muons, no missing neutrinos.
Allowed by neutrino oscillations, but with 
extraordinarily small branching fractions beyond 
experimental accessibility.

The rate can be strongly enhanced with New 
Physics scenarios; experimentally the three-muon 
final state is accessible and clean.
Searches have been performed by Belle, BaBar, 
LHCb, ATLAS, no hint of signal yet.
Best limit from Belle: < 2.1×10–8 (@ 90% C.L.)  
[PLB 687 (2010) 139143]
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CMS performed a search for the τ → 3μ, where
τ leptons produced in D and B hadron decays, using the 

data collected in 2016 of 33 fb−1.
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Event Selection
For τ candidate:
- Triggering with two muons plus a track, with 

vertex and mass requirement;
- Requiring 3 global muons offline and sum of 

charges should be ±1.
For normalization:
- Select Ds

+
→φπ+

→μ+μ–π+ with the same trigger 
and very similar momentum thresholds. 

- The fraction of (non-)prompt Ds estimated from 
a fit to the proper decay length distribution.
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D→τ Signal B→τ Signal Data
Production 4.4×105 1.5×105

3μ in fiducial volume 6.6×103 2.3×103

Trigger 214 114
3μ pT>2GeV 88 47 1×107

3μ candidate 64 29 1×105

Yields for 
BF(τ→3μ)  

= 10–7

M(μμπ)

prompt vs.  
non-prompt

Ref. CMS-PAS-BPH-17-004



Event Categorizing
#1 Categorized by mass resolution:
- 3-μ mass resolution has been 

evaluated event-by-event, 
ranging from 0.4 to 1.5%, 
depending on the muon rapidity;

- Divided into 3 categories: <0.7%, 
0.7–1%, >1%.

#2 Categorized by BDT score:
- BDT trained with vertex/muon 

quality variables;
- Further divided into 3 categories, 

2 to be included, 1 dropped. 
- Resulting 6 categories in total.
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Extraction of Limit
Simultaneous maximum 
likelihood fit are performed with 
6 resolution-BDT categories.
Dominant systematic 
uncertainties: Ds normalization 
(10%) on, Ds→φπ branching 
fraction (8%).
No hint of signal found, 
observed (expected) limits are 
evaluated as 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𝓑(τ→3μ) < 8.8 (9.9) × 10–8 @ 90% C.L.
𝓑(τ→3μ) < 1.1 (1.2) × 10–7 @ 95% C.L.

M(μμμ)

Signal if BF(τ→3μ) = 10–7
Ref. CMS-PAS-BPH-17-004



Summary
Observation of Excited Bc states
- Signals consistent with the Bc

+
(2S) and Bc

∗+
(2S) states have been 

observed for the first time; the study improves to the understanding of 
heavy meson spectroscopy and provide information on QCD 
processes that bind heavy quarks into hadrons.

Study of the B→J/ψΛp decay
- The branching fraction ratio B→J/ψΛp/B→J/ψK*

+
 has been 

measured. The two-body mass spectra can not be modeled with just 
the phase-space distribution satisfactory, while a model-independent 
approach can improve the agreement significantly.

Search for τ→μμμ decay
- Search of CLFV decay τ→3μ has been conducted at CMS. Using the  
τ leptons decaying from D and B mesons, no excess above the 
expected background is observed. Upper limits have been set.
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More results are in the pipeline! Stay tuned!
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