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INTRODUCTION

¢ LHC delivered large amount of collisions
during Run 2 (~ 6 times Run 1)

¢ CMS detector had a very high efficiency in data
collection (> 90%)

¢Some analyses in B-physics suffer from the low 
statistic -> can benefit from the increasing amount 
of data.

¢ High luminosity also means new challenges:
� New and smarter trigger algorithms
� Sophisticated analysis techniques 
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INTRODUCTION AND OVERVIEW

¢ LHC delivered large amount of collisions 
during Run 2 (~ 6 times Run 1)

¢ CMS detector had a very high efficiency in data
collection (> 90%)

¢Some analyses in B-physics suffer from the low 
statistic -> can benefit from the increasing amount 
of data.

¢ High luminosity also means new challenges:
� New and smarter trigger algorithms
� Sophisticated analysis techniques 
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The latest results from B-physics will be discussed:

¢ Observation of the χb1(3P) and χb2(3P) states

¢ Observation of Bc
+ (2S) and Bc

+* (2S) states

¢ Search for 𝜏 → 3𝜇

¢ Properties of 𝐵&' → 𝜇 + 𝜇 − and search for 𝐵' → 𝜇 + 𝜇 −

¢ Observation of Λ+ → 𝐽/𝜓ΛΦ decay

New

New



OBSERVATION OF THE 𝜒 B1(3P) AND 𝜒 B2(3P) STATES

¢ The bottomonium family (b2b) plays a special
role in understanding how the QCD 
binds quarks into hadrons

¢ The 𝜒b(3P) state is especially interesting 
since its properties could be affected 
by the proximity of the open-beauty 
threshold

¢ Unresolved 𝜒b(3P) state was observed 
by ATLAS[1], D0[2] and LHCb[3] 

¢The 𝜒b(3P) state is reconstructed though the decay:
𝝌𝒃 → 𝜰(𝒏𝑺)𝜸 → 𝟐𝝁𝜸 where n = 1,2,3

CMS performed the analysis using 2015, 2016, 2017 data (L = 80 fb-1 ) and 
observed for the first time the resolved states 𝝌b1(3P) and 𝝌b2(3P) 

4

PHYSICAL REVIEW LETTERS 121, 
092002 (2018)

[1] Phys. Rev. D 86, 031103(R)
[2] Eur. Phys. J. C (2014) 74: 3092
[3] High Energ. Phys. (2014) 2014: 88



OBSERVATION OF THE 𝜒 B1(3P) AND 𝜒 B2(3P) STATES
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PHYSICAL REVIEW LETTERS 121, 
092002 (2018)Selection 

of 𝜰(nS) 
candidates

Selection 
of 𝝌𝒃(nP)
candidates

2 OS muons with inv mass in 8.5-11.5 GeV, 
common vertex
𝜰 candidates : pT > 14 GeV and |y| < 1.2
Dimuon mass resolution from 60 MeV (y=0) to 
120 MeV (y=1.2)  

Photons reconstructed from the conversion 𝛾 →ee
𝜸 candidates : pT > 500 MeV and |𝜂| < 1.2 
Photons energy scale calibrated in a control 
sample and applied event by event 
Dimuon and photon are combined and constrained 
to have a common vertex with prob > 1%

If multiple candidates -> best fit taken



OBSERVATION OF THE 𝜒 B1(3P) AND 𝜒 B2(3P) STATES

¢ Υ(3S)γ invariant mass described by
an unbinned maximum likelihood fit

¢ Mass resolution of 2.18 ± 0.32 MeV
for the lower peak -> in agreement
with the simulations

¢ Systematic uncertainty sources:
� fit parameters fixed in signal and bkg (0.05 MeV)
� Photon energy correction (0.16 - 0.17 MeV) 
-> dominant
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PHYSICAL REVIEW LETTERS 121, 
092002 (2018)

𝝌𝒃(3P) yield: 372±36



OBSERVATION OF THE 𝜒 B1(3P) AND 𝜒 B2(3P) STATES

¢ Υ(3S)γ invariant mass described by
an unbinned maximum likelihood fit 

¢ Mass resolution of 2.18 ± 0.32 MeV
for the lower peak -> in agreement
with the simulations

¢ Systematic uncertainty sources:
� fit parameters fixed in signal and bkg (0.05 MeV)
� Photon energy correction (0.16 - 0.17 MeV) 
-> dominant

This is the first observation of resolved 𝝌𝒃𝟏(3P) and 𝝌𝒃𝟐(3P) states with masses:

M(𝝌𝒃𝟏(3P)) = 10513.42 ± 0.41 (stat) ± 0.18 (syst) ± 0.5 (Υ(3S)) MeV
M(𝝌𝒃𝟐(3P)) = 10524.02 ± 0.57 (stat) ± 0.18 (syst) ± 0.5 (Υ(3S)) MeV

∆M = 10.60 ± 0.64 (stat) ± 0.17 (syst) MeV
compatible with the theoretical expectations 7

PHYSICAL REVIEW LETTERS 121, 
092002 (2018)

𝝌𝒃(3P) yield: 372±36



OBSERVATION OF BC
+ (2S) AND BC

+* (2S) STATES

¢ The Bc mesons (b ̅𝑐) family is predicted to be 
very populated but the spectroscopy and property
studies are still scarces

¢ The b ̅𝑐 exited states decay to the ground states via the 
cascade emission of 𝛾 and 𝜋 pairs -> total width of 
O(100KeV)  -> hard to detect

¢ ATLAS Collaboration observed a peak with Run 1 data,
maybe the superimposition of Bc

+(2S) and Bc
*+(2S) [1]

¢ LHCb didn’t confirm the observation with Run 1 
data [2] but they saw the double peaks adding 
Run 2 data [3]

CMS performed the analysis using 2015, 2016, 2017, 2018 data (L = 143 fb-1 ) and 
observed for the first time the resolved states Bc

+(2S) and Bc
*+(2S) 
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PHYSICAL REVIEW LETTERS 122, 
132001 (2019)

[1] Phys. Rev. Lett. 113, 212004 (2014)
[2] J. High Energ. Phys. (2018) 2018: 138
[3] Phys. Rev. Lett. 122 (2019) 232001



OBSERVATION OF BC
+ (2S) AND BC

+* (2S) STATES
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PHYSICAL REVIEW LETTERS 122, 
132001 (2019)

2 OS muons with inv mass within 2.9-3.3 GeV, 
pT > 4 GeV, + a track with pT > 3.5 GeV
Common displaiced (> 100 𝜇m) vertex
Bc

+ candidates with pT > 15 GeV, |y| < 2.4 

- Partially reconstructed bkg, 𝐵HI → 𝐽/𝜓 + 𝜋 + 𝑋
-> ARGUS function

- Peaking bkg from 𝐵HI → 𝐽/𝜓 + 𝐾 –> shape 
from simulation

- Combinatorial bkg -> first-order Chebyshev
polynomial

- Signal peak -> sum of 2 gaussians

Bc
+ yield: 7629 ± 225

Bc
+ mass = 6271.1 ± 0.5 MeV with a resolution of 33.5 ± 2.5 MeV 

Selection of Bc
+

candidates

Bc
+ invariant 
mass fit



OBSERVATION OF BC
+ (2S) AND BC

+* (2S) STATES
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PHYSICAL REVIEW LETTERS 122, 
132001 (2019)

Combine two OS charged tracks to the Bc
+ 

candidate (range 6.2 – 6.335 GeV)  
Pion with pT > 0.6 and 0.8 GeV
Common vertex between Bc

+ and 𝜋𝜋

If more candidates found -> the one with 
highest pT is taken

Selection of 
Bc

+(2S) and Bc
+*(2S) 

candidates



OBSERVATION OF BC
+ (2S) AND BC

+* (2S) STATES
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PHYSICAL REVIEW LETTERS 122, 
132001 (2019)

Bc
+*(2S)

Bc
+(2S)

M(Bcππ) and M(Bc) are reconstructed
invariant masses of the Bcππ and Bc
candidates, and mBc is the world-average
Bc mass

- Peaking bkg from 𝐵HI(𝐽/𝜓 + 𝐾)𝜋𝜋 –> 
gaussian

- Combinatorial bkg -> 3-order
Chebyshev polynomial

- Signal peak -> sum of 2 gaussians

Bc
+(2S) invariant 

mass fit

Combine two OS charged tracks to the Bc
+ 

candidate (range 6.2 – 6.335 GeV)  
Pion with pT > 0.6 and 0.8 GeV
Common vertex between Bc

+ and 𝜋𝜋

If more candidates found -> the one with 
highest pT is taken

Selection of 
Bc

+(2S) and Bc
+*(2S) 

candidates



OBSERVATION OF BC
+ (2S) AND BC

+* (2S) STATES

M(Bc
+(2s)) = 6871.0 ± 1.2 (stat) ± 0.8 (syst) ± 0.8 (Bc

+) MeV

ΔM = ΔM1 – ΔM2 = 29.1 ± 1.5 (stat) ± 0.7 (syst) MeV  
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PHYSICAL REVIEW LETTERS 122, 
132001 (2019)

Bc
+*(2S)

yield=67±10
Bc

+(2S)
yield=51±10

Emitted 𝛾 not detectable (effi < 1%)
-> mass of Bc

+*(2S) not measured

Main systematic source: peak modelling
(0.7/0.8 MeV)

Significance of 2 peaks instead of 1 is  
6.5 𝜎

First observation of two exited 
states

ΔM1

ΔM2



SEARCH FOR 𝜏 → 3𝜇, WITH 𝜏 COMING FROM D AND B MESONS

¢ Search for lepton flavour violation (LFV) in the decay 𝜏 → 3𝜇
� Very clean final state for CMS

¢ Allowed by neutrino oscillation with very small BR

¢ Some NP models foresees appreciable branching fractions

¢ So far only upper limit set by Belle [1], BaBar [2], 
ATLAS [3], LHCb[4]

¢ The best limit comes from Belle: BR < 2.1 N 10-8

(90% CL)
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CMS-PAS-BPH-17-004

The CMS analysis searches for the 𝜏 → 3𝜇 decay, with the 𝜏
produced in D and B hadron decays,

using the data collected in 2016, corresponding to 33 fb-1

[1] Phys. Lett. B 687 (2010) 139
[2] Phys. Rev. D 81 (2010) 111101
[3] JINST 3 (2008) S08005
[4] JINST 3 (2008) S08003



SEARCH FOR 𝜏 → 3𝜇, WITH 𝜏 COMING FROM D AND B MESONS
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CMS-PAS-BPH-17-004Selection of  
𝜏 candidates

Normalisation
sample

Muon pT > 2 GeV, muon |𝜂| < 2.4
Muons with a common displaced vertex
𝝉 candidates: 3 muon with all the muon pairs 
with |ΔR| < 0.8 and |Δz| < 0.5 cm.
total charge ±1
trimuon mass range [1.61 - 2] GeV 

𝐷&± → 𝜙𝜋± → 𝜇I𝜇R𝜋± decays used as normalisation 
channel
Events selected with the same signal trigger and 
momentum requests
Used to measure the production rate of D and B 
mesons in the kinematic phase space relevant for 
the search, directly from data



SEARCH FOR 𝜏 → 3𝜇, WITH 𝜏 COMING FROM D AND B MESONS

Mass resolution changes [0.4 – 1.5 %] 
according to the muon rapidity: 3 categories 
identified

CMS-PAS-BPH-17-004

A

B

C
A B C
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SEARCH FOR 𝜏 → 3𝜇, WITH 𝜏 COMING FROM D AND B MESONS

Mass resolution changes [0.4 – 1.5 %] 
according to the muon rapidity: 3 categories 
identified
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CMS-PAS-BPH-17-004

A

B

C
A B C

A BDT has been used to separate 
signal and bkg, using as input 
variables vertex-quality and 
muon-quality variables
-Signal is taken from simulation
-Bkg from data sb

BDT output used to identify 3 more 
subcategories. 2 used and 1 rejected 



SEARCH FOR 𝜏 → 3𝜇, WITH 𝜏 COMING FROM D AND B MESONS

¢ Maximum likelihood fit performed on the six 
categories simultaneously (backup)

¢ The 6 categories are then combined with the 
appropriate weights

¢ Several systematic uncertainties considered:
Ds normalization dominates (10%)

¢ No excess observed -> limit set
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CMS-PAS-BPH-17-004

Expected limit 90% CL : BR (𝜏 → 3𝜇) = 9.9 N 10-8

Observed limit 90% CL : BR (𝜏 → 3𝜇) = 8.8 N 10-8



PROPERTIES OF 𝐵&' → 𝜇 + 𝜇 −
AND SEARCH FOR 𝐵' → 𝜇 + 𝜇 −

¢ Leptonic B meson decays offer excellent opportunities to perform precision tests of 
the SM because there are minimal hadronic uncertainties. 

¢ In the SM:
BR(𝐵&' → 𝜇 + 𝜇 −) = (3.57 ± 0.17)*10-9 and BR(𝐵' → 𝜇 + 𝜇 −) = (1.06 ± 0.09)*10-10

¢ The BR(𝐵&' → 𝜇 + 𝜇 −) has been measured by CMS [1], LHCb [2] and ATLAS [3]
¢ The BR(𝐵' → 𝜇 + 𝜇 −) has been only measured by CMS and LHCb combined [4]

¢ Results on BR(𝑩𝒔𝟎 → 𝝁 + 𝝁 −)  and BR(𝑩𝟎 → 𝝁 + 𝝁 −)  are reported together with the 
first measurement in CMS of the 𝑩𝒔𝟎 → 𝝁 + 𝝁 − effective lifetime

¢ Used data from 2011, 2012 and 2016 at 3 different center of mass enegies: 
7, 8, 13 TeV -> L= 5 + 20 + 36 fb-1
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[1] Phys. Rev. Lett. 111 (2013) 101804
[2] Phys. Rev. Lett. 118 (2017) 191801
[3] JHEP 04 (2019)738 098
[4] Nature 522 (2015) 68

CMS-PAS-BPH-16-004New



PROPERTIES OF 𝐵&' → 𝜇 + 𝜇 −
AND SEARCH FOR 𝐵' → 𝜇 + 𝜇 −

Two OS muons from a common vertex 
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Signal

Background

¢ Combinatorial
¢ Rare single B decay

Main improvement from the Run1 analysis: better muon identification (via MVA) 
with a 5% improvement on muon efficiency and a misidentification rate about 10 
times lower for global muons

Trigger: dedicated B0
s trigger with 2 OS muons with 4.8 < |m𝜇𝜇| < 6 GeV

Several control sample used for the validation and for the BR calculation

CMS-PAS-BPH-16-004



PROPERTIES OF 𝐵&' → 𝜇 + 𝜇 −
AND SEARCH FOR 𝐵' → 𝜇 + 𝜇 −

¢ A BDT has been used for the signal – bkg separation
� Same variables as run1 analysis: B candidates/tracks, vertexing and isolation

¢ Run1 data are analysed with the old BDT, run2 data with a new one
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CMS-PAS-BPH-16-004



PROPERTIES OF 𝐵&' → 𝜇 + 𝜇 −
AND SEARCH FOR 𝐵' → 𝜇 + 𝜇 −
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CMS-PAS-BPH-16-004



PROPERTIES OF 𝐵&' → 𝜇 + 𝜇 −
AND SEARCH FOR 𝐵' → 𝜇 + 𝜇 −
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CMS-PAS-BPH-16-004

The 𝑩𝒔𝟎 peak is clearly visible with 
an observed significance of 5.6 𝜎

BR (𝐵&' → 𝜇I𝜇R) = [2.9R'.ZR'.[ ± 0.2(]̂]_)] N 10
Rb

No significant signal observed 
for the B0

-> upper limit set on the BR
BR (𝐵' → 𝜇I𝜇R) < 3.6 N 10Rc'

at 95% CL 

The 𝐵&' lifetime is evaluated with a 2D 
unbinned maximum likelihood fit

𝝉𝝁d𝝁e = 𝟏. 𝟕𝟎R𝟎,𝟒𝟒I𝟎.𝟔𝟏 ps



OBSERVATION OF Λ+ → 𝐽/𝜓ΛΦ DECAY

¢ The study of b baryon decays is important to understand the dynamic of heavy 
flavour decay process

¢Several studies have been carried out by ATLAS, CMS and LHCb on the Λ+'
� mass measurement of ground [1] and exited [2] states, lifetime[3], polarization [4] 
mostly in Λ+' → 𝐽/𝜓Λ

� from the decay of the Λ+' new pentaquarks states have been observed by LHCb [5]

¢CMS performed the first observation of the decay 𝜦𝒃𝟎 → 𝑱/𝝍𝜦𝝓 with the 
measurement of the branching ratio fraction as:

op(qr
s→t/uqv)

op(wr
s→u(xy)w)

= z(qr
s→t/uqv)

z(wr
s→u(xy)w)

op(u(xy)→t/u{d{e)
op(v→|e|d)

}(wr
s→u(xy)w)

}(qr
s→t/uqv)

2018 data collected at 13 TeV have been used-> L ~ 60 fb-1
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CMS-PAS-BPH-19-002

[1] Phys. Rev. Lett. 119 (2017) 062001
[2] Phys. Rev. Lett. 109 (2012) 172003
[3] Phys. Rev. D 87 (2013) 032002
[4] Phys. Rev. D 97 (2018) 072010
[5] Phys. Rev. Lett. 122 (2019) 222001

New



OBSERVATION OF Λ+ → 𝐽/𝜓ΛΦ DECAY
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Object 
selection

Muon: pT(µ ±) > 4.0 GeV, |η(µ ±)| < 2.4
J/𝝍: |mJ/ψ-3096.9 MeV|< 100 MeV, pT (J/ 𝜓) > 7.0 GeV, vtx prob(𝐽/𝜓) >10%, 
𝐽/𝜓 L/𝜎 > 3.0

Charged tracks: pT(tracks) > 0.8 GeV, |mKK – 1.02| < 0.03 GeV for signal, 
|mJ/ψ𝜋𝜋-mψ(2S)

PDG| < 15 MeV for norm
Λ selection: pT Λ > 1 GeV, vtx prob(𝛬)>1%, 
|mΛ − mV0|<7,5 MeV
Λb selection: pT Λb > 10 GeV, L/𝜎 > 3, vtx prob(𝛬b)>1%, 1 candidate per event, 
cosPV(𝛼) >0.99 

Signal channel Control channel

CMS-PAS-BPH-19-002



OBSERVATION OF Λ+ → 𝐽/𝜓ΛΦ DECAY
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Signal channel Control channel

N= 380 ± 32

N= 884 ± 37

op(qr
s→t/uqv)

op(wr
s→u(xy)w)

= 8.26 ± 0.90 𝑠𝑡𝑎𝑡 ± 0.68 𝑠𝑦𝑠𝑡 ± 0.11 𝐵𝑅 ×10-2

Main syst uncertainties: data/simulation difference in Λ0
b resolution for the 

𝛬+' → 𝐽/𝜓𝛬𝜙 decay (6.6%)

The first observation of the 𝜦𝒃𝟎 → 𝑱/𝝍𝜦𝝓 decay

CMS-PAS-BPH-19-002



SUMMARY

Very important results have been recently produced in the B-physics group in CMS:

¢ First observation of the resolved 𝝌 b1(3P) and 𝝌 b2(3P) states: 

¢ First observation of the resolved Bc
+ (2S) and Bc

+* (2S) states:

¢First results in CMS for the search for 𝝉 → 𝟑𝝁, with 𝜏 coming from D and B mesons; 

¢ Properties of 𝑩𝒔𝟎 → 𝝁 + 𝝁 − and search for 𝑩𝟎 → 𝝁 + 𝝁 − superseding the old CMS 
results;

¢ First observation of 𝜦𝒃 → 𝑱/𝝍𝜦𝜱 decay:

Interesting results from the B-physics -> more has to come!
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THANK YOU FOR 
THE ATTENTION
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BACKUP
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OBSERVATION OF THE 𝜒 B1(3P) AND 𝜒 B2(3P) STATES
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Photon energy correction



OBSERVATION OF B+
C (2S) AND B+*

C (2S) STATES

LHCb results:
𝑠=7,8,13 TeV -> L = 8.5 fb-1

First peak with mass 6841.2±0.6(stat)±0.1(syst)±0.8(B+
c) MeV/c compatible with 

the B+*
c (2S) state

Second peak with a global (local) statistical significance of 2.2σ (3.2σ) and mass 
of 6872.1±1.3(stat)±0.1(syst)±0.8(B+c) MeV/c2, consistent with the B+

c (2S) state
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SEARCH FOR 𝜏 → 3𝜇, WITH 𝜏 COMING FROM D AND B MESONS

BDT training:
signal = signal simulation with 
mixed the D and B meson
samples
background = data events from 
the trimuon mass sb.

10 variables divided in 2 groups:
¢Signal with trimuon system from a 
common vertex displaced from the 
primary IP (better discriminating)

¢Background dominated by muons
coming from charged pion/kaon
decays in flight or (semi-)random 
matching between hadron tracks in 
the tracker and track segments
reconstructed in the muon system
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SEARCH FOR 𝜏 → 3𝜇, WITH 𝜏 COMING FROM D AND B MESONS
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SEARCH FOR 𝜏 → 3𝜇, WITH 𝜏 COMING FROM D AND B MESONS
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SEARCH FOR 𝜏 → 3𝜇, WITH 𝜏 COMING FROM D AND B MESONS
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SEARCH FOR 𝜏 → 3𝜇, WITH 𝜏 COMING FROM D AND B MESONS
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𝑁&��(�) = 𝑁
ℬ 𝐷𝑠 → 𝜏𝜈

ℬ 𝐷𝑠 → 𝜙𝜋 → 𝜇𝜇𝜋
𝒜3𝜇 𝐷
𝒜2𝜇𝜋

𝜖��H�
��

𝜖��H�
x�{

𝜖����,&��
x�

𝜖���� ��{
x� ℬ(𝜏 → 3𝜇)

𝑁&��(o) = 𝑓
ℬ 𝐵 → 𝜏 +⋯

ℬ 𝐵 → 𝐷𝑠 +⋯ ℬ 𝐷𝑠 → 𝜏𝜈
𝒜3𝜇 𝐵
𝒜3𝜇 𝐷

𝑁𝑠𝑖𝑔𝑛(𝐷)

Signal from Ds

Signal from B



SEARCH FOR 𝜏 → 3𝜇, WITH 𝜏 COMING FROM D AND B MESONS
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PROPERTIES OF 𝐵&' → 𝜇 + 𝜇 −
AND SEARCH FOR 𝐵' → 𝜇 + 𝜇 −
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PROPERTIES OF 𝐵&' → 𝜇 + 𝜇 −
AND SEARCH FOR 𝐵' → 𝜇 + 𝜇 −
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PROPERTIES OF 𝐵&' → 𝜇 + 𝜇 −
AND SEARCH FOR 𝐵' → 𝜇 + 𝜇 −
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PROPERTIES OF 𝐵&' → 𝜇 + 𝜇 −
AND SEARCH FOR 𝐵' → 𝜇 + 𝜇 −
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PROPERTIES OF 𝐵&' → 𝜇 + 𝜇 −
AND SEARCH FOR 𝐵' → 𝜇 + 𝜇 −
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PROPERTIES OF 𝐵&' → 𝜇 + 𝜇 −
AND SEARCH FOR 𝐵' → 𝜇 + 𝜇 −
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PROPERTIES OF 𝐵&' → 𝜇 + 𝜇 −
AND SEARCH FOR 𝐵' → 𝜇 + 𝜇 −

From Run1 analysis:

BR(Bs to mu+ mu-) = (3 +1.0/-0.9)E-9. 
An excess of B(s) to mu+ mu- events with respect to background is
observed with a significance of 4.3 standard deviations. 

For the decay B0 to mu+ mu- an upper limit of 
BR(B0 to mu+ mu-) < 1.1E-9 at the 95% confidence level is determin

CMS + LHC measured BR(B0 to mu+ mu-) = 3.9+1.6
-1.4 *10-10 and 

BR(Bs to mu+ mu-) = 2.8+0.7
-0.6 *10-9
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OBSERVATION OF Λ+ → 𝐽/𝜓ΛΦ DECAY

To extract the yield of Λ0+ → 𝐽/𝜓ΛΦ decay the background-subtracted
distribution of M(K+K-) is fitted with the convolution of a Gaussian and a 
relativistic Breit–Wigner functions for the Φ signal and with a first-order
Bernstein polynomial for the non-Φ background.
The natural width of the Φ meson is fixed to the world-average value since
it is measured with a good precision
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OBSERVATION OF Λ+ → 𝐽/𝜓ΛΦ DECAY
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