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charmonium and bottomonium spectrum

Charmonium spectrum is pretty well know. Bottomonium spectrum as well. 

Rev. Mod. Phys. 90, (2018) 015003 Experiment
Theory
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B meson spectrum

Phys.Rev. D94 (2016) 054025

Contrary to that, for B mesons, and in particular for Bs or Bc the knowledge is limited

Phys. Rev. D 49 (1994) 5845

Bs spectrum

Bc spectrum

1S

2S

1P
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CMS has accumulated ~5 fb-1 at 7 TeV,  ~20 fb-1 at 8 TeV, and 
~140 fb-1 at 13 TeV of data for  physics

Run 1

Run 2
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CMS-BPH-16-003: 

Studies of B∗
s2(5840)0 and Bs1(5830)0 mesons 

including the observation of the B∗
s2(5840)0→ B0K0

S 
decay in pp collisions at √s = 8 TeV

Eur. Phys. J. C 78 (2018) 939



The decay Bs1 → B+K– corresponds to (in JP) 1+ → 0–0–  and is forbidden

The decay Bs1 → B*+K– corresponds to (in JP) 1+ → 1–0–  and 3/2
– → 1/2

+ 0–  in jp
In HQET jp is also conserved ⇒ it cannot proceed in S-wave; but can proceed in D-wave.

Similarly, B*
s2→B+K– and B*

s2→B*+K– decays are expected to proceed in D-wave.

(need L=1 to conserve J, but 
then P is not conserved)

L=1

j = 1 + 1/2 = 3/2 

j = 1 – 1/2 = 1/2 

Orbital momentum 
L

Total angular momentum of 
light subsystem j
j =  L ± 1/2

Total angular momentum
J =  j ± 1/2

J = 3/2 + 1/2 = 2 

J = 1/2 + 1/2 = 1

J = 3/2 – 1/2 = 1

J = 1/2 – 1/2 = 0 

Unobserved
Predicted 
masses are 
usually below 
B+K– threshold
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Introduction (P-wave B0
s states)



P-wave B0
s states were observed and studied only by CDF, D0, and LHCb in B+K– channel. No neutral 

final state has been observed up to now.

Phys. Rev. D 
90, 012013 
(2014)

Phys. Rev. 
Lett. 110, 
151803 
(2013)
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Introduction (P-wave B0
s states)

CDF



8

CMS has collected ~22 fb-1 of data at 8 TeV of which ~20 fb-1 are good for  
physics

Run 1



2012 dataset (19.6 fb−1), trigger optimized to select B → J/ψX decays, where J/ψ → μ+μ−

B+ (B0) candidates obtained combining J/ψ with 1(2) tracks:  B+ → J/ψ K+  and B0 → J/ψ K*0(K+π−)
B meson vertex required to be displaced from the PV in the transverse (xy) plane
B meson momentum required to point to the PV in the xy plane
Branching Fraction for B* → B𝛄  is assumed 100%, and the soft 𝛄 is not reconstructed
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B+K– channel:  
Prompt K– selected to come from the same pp interaction as the B+

B0  K0
S channel:
M(K+π–) in ±90 MeV from K*(892) mass, 
M(K+ K–) > 1.035 GeV to cut out B0

s → J/ψ φ
K/π mass assignment: choose the candidate closer to K*(892) mass
K0

S is build from displaced 2-prong vertices
K0

S
 momentum required to point to PV in the xy plane 

Data and event selection



Fitted with a triple Gaussian function with common mean for the signal, an exponential for the background

In  B+  a very small contribution to account for the Cabibbo suppressed B+ → J/ψ π+ decay
Invariant mass resolution is consistent between data and MC
Effective resolution is about 24 MeV                           
A small difference in resolution ~3% is used in  systematic uncertainty determination

For B0 the resolution parameters and the shape of K↔π swapped component are fixed from simulation
Fraction of swapped component with respect to signal = (18.9±3.0)%  in the signal region of ±2σ
Gaussian for partial reconstred B → J/ψ K*0 X  decays 10

B+ and B0 invariant mass distributions



B+h– invariant mass distributions

To describe the B+K– invariant mass distribution, 
we obtain the yields of the reflections from 
excited B0 to B+π– decays using data 
(fitting the B+π– invariant mass distribution) 
and their shapes using MC
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B+K– invariant mass distribution

fit B+K– invariant mass distribution:

3 D-wave relativistic Breit-Wigner functions 
convolved with resolutions

+ (x-x0)
a • Pol6(x) for background, 

x0 is threshold value

+ contributions from excited B0 

(shapes fixed to MC, yields fixed to the fit results 
to the B+π– invariant mass distribution)
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B0K0
S invariant mass distribution

Fit:
o 3 D-wave relativistic Breit-Wigner functions 

convolved with resolutions

o (x-x0)
a • Pol1(x) for bkg,

    x0 is threshold value

o 3 contributions from K↔π swap
 (yields fixed relative to signal: S*0.189) 

6.3σ 
First observation !
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First evidence!

3.9σ



What else can be measured?
Ratio of the signal 
yields in data

Ratio of total 
efficiencies from MC

Known branching 
fractions from PDG
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Measuring Branching Fraction 
ratios



Sources of systematic uncertainty
Systematic uncertainties related to the branching fraction ratios and mass differences:

Choice of the fit model
separate uncertainties related to the fits of B+π–, B+K– and B0K0

S invariant mass distributions; largest 
deviation of the results under changes of the fit model is used 

Track reconstruction efficiency 
           (3.9% per extra track) 7.8% since 2 more tracks to reconstruct in B0KS

0  final state
Mass resolution

largest change of the resulting ratios under simultaneous variations of resolution by ±3%
Fraction of K↔π swapped component

largest change of the resulting ratios under variations of this fraction by ±3%
Uncertainty on mB*-mB

largest change of the resulting ratios under variations of mB*-mB by ± PDG uncertainty 
Non-K* contribution in B0→J/ψK+π− decay

estimated by fitting background-subtracted K+π− invariant mass distribution
Finite size of the simulation samples

statistical uncertainties from ratio of efficiencies are added to the systematic uncertainties

Detector misalignment
18 different geometries were tested, maximum deviation were included as systematics uncertainties

Shift reconstruction
variations observed from reconstructed MC simulations are taken as systematic uncertainties
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Results

LHCb 0.093±0.013±0.012
CDF    0.10±0.03±0.02

LHCb 0.232±0.014±0.013

Results are in agreement with existing measurements of LHCb and CDF

Theory: 0.43,
arXiv:1607.02812

Theory: 0.23
2.5σ
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CMS 2018:   doi:10.1140/epjc/s10052-018-6390-z
LHCb 2013:  doi:10.1103/PhysRevLett.110.151803 
CDF 2014:    doi:10.1103/PhysRevD.90.012013 

new

new

new

new

Uncertainties here are, respectively, statistical, systematic, related to PDG 

arXiv:1202.1224



Results

17

CMS 2018:   doi:10.1140/epjc/s10052-018-6390-z
LHCb 2013:  doi:10.1103/PhysRevLett.110.151803 
CDF 2014:    doi:10.1103/PhysRevD.90.012013 

1st  and 3rd are consistent with 
existing measurements of LHCb 
and CDF 

new

new

We also measure the mass differences between neutral and charged B(*) mesons: 

The first mass difference is known with much better precision: (0.31±0.06) MeV [PDG] while there are no measurements 
for the second one.  

We present a new method to measure these mass differences! It may become very precise with more data

new

only in B+K− 

MeV

MeV
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CMS-BPH-18-007:

Observation of two excited Bc
+ states and 

measurement of the Bc
+(2S) mass in pp collisions 

at √s = 13 TeV

Submitted to Phys. Rev. Lett. (arXiv:1902.00571)
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Particle Predicted M(MeV)

Bc 6247-6286

Bc* 6308-6341

Bc(2S) 6835-6882

Bc(2S)* 6881-6914

PRD 49 (1994) 5845

Introduction
The Bc meson was discovered in 1998 by CDF.  PRL 81 (1998) 2432
It is the lowest-mass bound state of the family of mesons composed of a charm quark and a bottom anti-quark.

Experimental information is limited by rare production
 rate, ɑs

4 : qqbar, gg → (c-bbar) b-cbar.

Given the different heavy quark flavors, the only allowed 
transitions are through photons or pion pairs 

PRD 49 (1994) 5845,  PRD 51 (1995) 3613, PRD 52 (1995)  5229, PRD 53 (1996) 
312,  PLB 382 (1996) 131, PRD 160 (1999) 074006, PRD 67 (2003) 014027, PRD 
70 (2004) 054017, PRL 104 (2010) 022001, PRD 86 (2012) 094510, PRL 121 
(2018) 202002



Observation of an excitate Bc meson state by ATLAS

PRL 113, 212004 (2014)

They report the observation of a new 
state whose mass is consistent with 
predictions for the Bc(2S)

The Bc(2S) is reconstructed from the 
decay

Bc
 π+ π-  followed by Bc

 
 → J/ψ π

with a local significance of  5.4 σ
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7 TeV

8 TeV



Search for excited Bc states by LHCb
JHEP 01 (2018) 138

With 3325 ± 73 Bc events : 
“No significant signal is found” in the search for the excited states Bc(2S) and Bc(2S)*
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kinematic ranges pT in [0, 20] GeV/c and rapidity in  [2.0, 4.5]



Reconstruction of the Bcππ
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Bc*

Bc = 6275

Bc(2S)*

Bc(2S)

The solid and dashed lines 
indicate the emission of 

photons and pion pairs, respectively

55 MeV

35 MeV
The Bc(2S)* decays to the Bc ground state through the emission 

of two pions and a soft photon (around 55 MeV in rest frame) :

Bc(2S)* → Bc*
 π+ π-    followed by   Bc*

 
 → Bc  ɣlost  

Since the photon is not detected, we end up seeing

Bc(2S)*  → Bc
 π+ π-  plus “missing energy”

Same final state as 

Bc(2S)  → Bc
 π+ π-

So, we see a two-peak structure in the Bc
 π+ π-  mass distribution, 

with the Bc(2S)* peak at a mass shifted by

ΔM = [ M(Bc*) - M(Bc) ] - [ M(Bc(2S)*) - M(Bc(2S) ]

which is predicted to be around 20 MeV. 

One have to notice:

 [ M(Bc(1S)*) - M(Bc(1S)) ]  >  [ M(Bc(2S)*) - M(Bc(2S) ]

20 MeV

π+ π-

ɣ

ɣ
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CMS has collected ~163 fb-1 of data at 13 TeV
of which ~140 fb-1 are good for  physics

Run 2



Monte Carlo generation details

For resolution studies, background shape determination, and validation of the analysis selection 
criteria; we have used BCVEGPY 2.2 to generate the (b cbar) state plus bbar and c partons. The 
LHE output is passed to PYTHIA 8.230 for hadronization and to EVTGEN 1.6 for decaying the Bc 
states. FSR is simulated using PHOTOS 3.61

The Bc, Bc*, Bc(2S) and Bc(2S)* masses are set to 6.2749, 6.3400, 6.8630, and 6.9030 GeV, 
respectively

The simulated events include multiple proton-proton interactions in the same or nearby beam 
crossings (pileup), with a distribution matching that observed in data.
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Event selection criteria

● Bc meson momentum required to point to the PV in the xy plane
● The PV is re-fitted excluding the three Bc decay tracks (two muons and one pion (π1))
● π2  and π3  are tracks in that PV, e.g. they are prompt tracks, which are combined with Bc
● tracks and muons  satisfy high-quality requirements
● When multiple Bc π π candidates are found in the same event, we only keep the one with the 

highest pT value
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μ- μ-

p

μ+

Bc
+

p

𝞬

π1
+

π2
+

π3
-

π2
+

π3
-

π1
+

μ+

Bc
+

p p
Bc(2S) → Bc

 π+ π- Bc(2S)* → Bc*
 π+ π-



Reconstruction of Bc  in data: 2016 vs  2017 vs 2018
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Bc reconstruction across periods is consistent

Fit details:  Unbinned ML; the signal is modeled using a double 
Gaussian with common mean and the background as a 
polynomial. Additional background contributions from Bc  → J/ψ K  
decay is modeled from the simulated sample,  while the partially 
reconstructed Bc  → J/ψ π X decays are modeled with an ARGUS 
function convolved with a Gaussian.

2016

2017

2018

CMS Supplementary CMS Supplementary

CMS Supplementary



Reconstruction of Bc  in data: 2016 + 2017 + 2018
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Fit details: 
Unbinned ML; the signal is modeled using a double Gaussian with common mean and the background as a polynomial.
Additional background contributions from Bc  → J/ψ K  decay is modeled from the simulated sample, 
while the partially reconstructed Bc  → J/ψ π X decays are modeled with an ARGUS function convolved with a Gaussian.

7495 ± 225  candidates

~34 MeV mass resolution



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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μ+

μ-

π1
+

π2
+

π3
-

π2
+

π3
-

π1
+

μ+

Bc
+

p p
Bc(2S) → Bc

 π+ π-

Event display of reconstructed candidate



The mass difference between the two states in the Bc
 π+π- mass distribution is predicted to be M(Bc(2S)) - ΔM, where

                                                ΔM = [ M(Bc
*) - M(Bc)] - [ M(Bc(2S)*) - M(Bc(2S))]     →     ~ 20 MeV

Mass distribution fitted with Gaussian functions for the peaks 
and a 3rd order polynomial for the background.

Mass resolution agrees with MC expectations ~ 6 MeV 

Two-peak structure observed (well resolved) : 
ΔM = 29.0 ± 1.5 (stat) MeV

Local significance exceeding six σ for observing two peaks 
rather than one, evaluated through the ratio of likelihoods 
(including syst.). Each of them above five σ

Mass of Bc(2S) measured to be:
M(Bc(2S)) = 6871.0 ± 1.2 (stat) MeV

Natural widths : (50-90 keV  predicted)
measurements consistent with zero, e.g. smaller than 

the resolution
29

Observation of the two-peak structure

Bc(2S)
Bc(2S)*

2016+2017+2018



The systematic uncertainties come from:  Bc(2S) fit modeling, J/ψ K uncertainties, partially reconstructed decays, and alignment 
of the detector.

Fit modeling:
alternative functions for the signal and the backgrounds
signal peaks: changed from two Gaussians to two Breit-Wigner functions
background: changed from a polynomial to a threshold function used in previous CMS analyses 
observed differences in M and ΔM are quoted as systematic uncertainties: 0.8 and 0.7 MeV respectively

J/ψ K background contamination: 
difference seen when its yield is varied by 10% (PDG BFs uncertainty): the difference is negligible

Alignment of the detector:
the possible misalignment of the detector biases the measured masses, however for studies with major detector changes (2016 
vs 2017), was found to be negligible

Partially-reconstructed decays:
the low-mass edge of the signal mass window was varied from 6.2 to 6.1 GeV, to increase (by 8%) this contamination; 
the variations in the results are smaller than the uncorrelated stat. uncertainty: no systematic uncertainty is considered
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Systematic uncertainty evaluation

In summary, the total systematic uncertainty is 0.8 MeV for  M and  0.7 MeV for ΔM, 
fully determined by the choice of the fitting model for the signal peaks
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Summary



First observation (6.3σ) of the Bs2
*
 →B0KS

0 decay

First evidence (3.9σ) for the Bs1→B*0KS
0  decay 

Measure 4 BF ratios:    ,                   ,             ,                         ,                                       ,

Measure 2 BF x σ ratios                     ,    ,                                     ,    

Measure 6 mass differences and the Bs2
*
  natural width

• M(Bs2
*)–M(B+)–M(K–)

• M(Bs1)–M(B*+)–M(K–)

• M(Bs2
*)–M(B0)–M(KS

0)            

• M(Bs1)–M(B*0)–M(KS
0) 

• M(B*+)–M(B+)

• M(B*0)–M(B0)                                          

• Γ(Bs2
*)

Summary (1)
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We also report the mass measurements M(Bs2
*) 

and M(Bs1) 

The results are in agreement with previous 
measurements, if they exist

The measurements in blue have been done for the first time
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How do we compare with ATLAS observation?

Bc(2S)

Bc(2S)*



Signals consistent with the Bc(2S) and Bc(2S)*  states have been separately observed for the first time by investigating 
the Bc

 π+ π- invariant mass spectrum measured by CMS

The analysis is first LHC result based on the full usable Run 2 data  of proton-proton collisions  at  a  center-of-mass 
energy of  13 TeV, corresponding to a total integrated luminosity of 140 fb-1 

The two-peaks are very well resolved with a measured mass difference of  ΔM = 29.0 ± 1.5 (stat) ± 0.7 (syst) MeV 

Both peaks have local significance exceeding five standard deviations 

The mass of the Bc(2S) state is measured to be M(Bc(2S)) = 6871.0 ± 1.2 (stat) ± 0.8 (syst) ± 0.8 (Bc) MeV

The mass of the Bc(2S)* state remains unknown because the Bc*
  decays to Bc

 ɣ and the photon is not reconstructed

Additionally two mass differences unaffected by the uncertainty of Bc world-average-mass, have been determined

M(Bc(2S) - M(Bc) - 2mπ = 317.0  ± 1.2 (stat) ± 0.8 (syst) MeV    and   M(Bc(2S)* - M(Bc
*) = 567.1 ± 1.0 (stat)  MeV

These measurements contribute significantly to the detailed characterization of the Bc family and provide a rich source 
of information on the non-perturbative QCD processes that bind heavy quarks into hadrons.
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Summary (2)
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Bonus information



36

Event display of Bc ππ candidate

μ-

π1
+

π2
+

π3
-

μ+
μ+

μ-

π1
+

π2
+

π3
-



What have we measured in the Bcππ spectrum?
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Bc*

Bc = 6275

Bc(2S)*

Bc(2S) = 6871
29 MeV

π+ π-

ɣ

ɣ

Bc(2S) = 6871Bc(2S)*

29 MeV

CMS-BPH-18-007
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Relative systematic uncertainties in percent in the ratios R0±
2, R

0±
1, R

±
2∗, R

0
2∗,       

R±
σ and R0

σ

Eur. Phys. J. C 78 (2018) 939
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Systematic uncertainties in the measured mass differences and natural width

all numbers are in MeV

Eur. Phys. J. C 78 (2018) 939
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Properties of Bc family - PRD 49 (1994) 5845



Reconstruction of Bc  in data: 2016 vs  2017 vs 2018

41

Bc reconstruction across periods is consistent

Fit details:  Unbinned ML; the signal is modeled using a double 
Gaussian with common mean and the background as a 
polynomial. Additional background contributions from Bc  → J/ψ K  
decay is modeled from the simulated sample,  while the partially 
reconstructed Bc  → J/ψ π X decays are modeled with an ARGUS 
function convolved with a Gaussian.

2016

2017

2018

~ 34.6 MeV

~ 33.6 MeV

~ 34.2 MeV

CMS Supplementary

CMS Supplementary

CMS Supplementary


