
V. Chiochia (Zürich University) – New Heavy Flavor results at CMS - 4 December 2014 1

Vincenzo Chiochia 
Physik-Institut - University of Zurich 

New Heavy Flavour 
results at CMS

4 December 2014 
KRUGER-2014

m+

m-



V. Chiochia (Zürich University) – New Heavy Flavor results at CMS - 4 December 2014

Why heavy flavour physics?
Physics of beauty and charm quarks in p-p collisions 
Research area with rich of phenomenology: 

Heavy flavor production measurements 
• Tests of QCD (hard scattering, fragmentation, NRQCD, etc.) 

Spectroscopy and particle properties 
• Heavy baryon spectroscopy 
• Spectrum of standard and exotic quarkonium states 
• Particle lifetimes, masses, decays, etc. 

Rare beauty decays 
• Complementary to direct searches: access multi-TeV energy 

scales through loop contributions
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsBPH
CMS published 28 journal articles in the heavy flavour area

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsBPH
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In this talk

Recent selected CMS highlights in heavy flavours: 
Combined CMS+LHCb search for Bs,d→mm decays 
CP violation in Bs→J/cf decays 
Production of J/c, c(2S) and xb 
Bc decays, observation of a new B+ rare decay
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The CMS detector
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SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

PRESHOWER
Silicon strips ~16m2 ~137,000 channels

SILICON TRACKERS
Pixel (100x150 μm) ~16m2 ~66M channels
Microstrips (80x180 μm) ~200m2 ~9.6M channels

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

STEEL RETURN YOKE
12,500 tonnes

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

CRYSTAL 
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO4 crystals

Total weight
Overall diameter
Overall length
Magnetic field

: 14,000 tonnes
: 15.0 m
: 28.7 m
: 3.8 T

CMS DETECTOR

Variable Resolution

Dimuon mass 32 MeV/c (barrel) - 75 MeV/c (endcap)

Impact parameter 10 mm (100 GeV/c) - 20 mm (10 GeV/c)

~3.6m
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2010: ~40/pb at Linst~1032 cm-2s-1  
2011: ~6/fb at Linst<4x1033 cm-2s-1  

2012: ~23/fb at Linst<7.5x1033 cm-2s-1 

Steady increase of Linst in 2011 
Rather stable in 2012

2010

2011

2012

Integrated luminosity

Peak luminosity
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b quark production at the LHC

Enormous b quark production 
rate at the LHC Run 1 
Expected to more than double 
in Run 2 
High rates imply very selective 
requirements at trigger level to 
store interesting b decays
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LHC RUN 1

~ 2 MHz at  
7.5x1033 cm-2s-1
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Triggers for heavy flavor physics

Trigger requirements tightened following the increase in instantaneous luminosity. 
About 10% of CMS bandwidth assigned to heavy flavor physics 
Single muon trigger efficiencies measured from data (tag&probe), di-muon correlations from MC

7

Trigger selections based on: 
• pT and |η| of dimuons 
• dimuon invariant mass 
• secondary vertex probability 
• impact parameter 
• flight length significance 
• pointing angle
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Quest for rare B decays:  
the LHC Run 1 heritage
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Why searching for Bs,d→m+m- ?
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Decays highly suppressed in SM 
Forbidden at tree level 
b →s(d) FCNC transitions only through Penguin or 
Box diagrams 
Cabibbo (|Vtd|<|Vts|) and helicity suppressed 

Standard Model predictions 
B(Bs→mm)=(3.65±0.23)×10-9 [1] 

• ~10% corrections from Bs mixing when 
comparing to experiments included [2] 

• CKM best fit: (3.6+0.2-0.3)×10-9 [3] 

B(B0→mm)=(1.07±0.10)×10-10 [1] 

Sensitivity to new physics, e.g. extended 
Higgs sector and SUSY particles: 

2HDM branching ~(tanb)4 and m(H+) 
MSSM branching ~(tanb)6 

Leptoquarks 
4th generation top

Motivation: search for new physics
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• Decays highly suppressed in Standard Model
⇥ effective FCNC, helicity suppression

⇥ SM expectation:

B(B0
s ⌅ µ+µ�) = (3.2 ± 0.2) ⇥ 10�9

B(B0 ⌅ µ+µ�) = (1.0 ± 0.1) ⇥ 10�10

⇥ Cabibbo-enhancement (|Vts| > |Vtd|)
of B0

s ⇥ µ+µ� over B0 ⇥ µ+µ�

only in MFV models

• Indirect sensitivity to new physics
⇥ 2HDM: B ⇤ (tan�)4,mH+; MSSM: B ⇤ (tan�)6

⌅ sensitivity to extended Higgs boson sectors

⌅ constraints on parameter regions

• B0
s ⇥ µ+µ� considered as golden channel
⇥ high sensitivity to new physics and small theoretical uncertainties

⌅ especially in connection with B0 ⇥ µ+µ�

Urs Langenegger Search for B0
s(d) ⌅ µ+µ� with the CMS experiment (2011/07/22) 2
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[1] PRL112, 101801 (2014) 
[2] JHEP 1307 (2013) 77, PRL 109, 041801 (2012), arXiv:1208.0934 
[3] Phys. Rev. D85: 033005, 2011

http://prd.aps.org/abstract/PRD/v84/i3/e033005
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A 30-years quest!

10
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A 30-years quest!
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Various exclusive and inclusive decays of B mesons have been studied using data taken with the
CLEO detector at the Cornell Electron Storage Ring. The exclusive modes examined are mostly de-
cays into two hadrons. The branching ratio for a B meson to decay into a charmed meson and a
charged pion is found to be about 2%. Upper limits are quoted for other final states PE, m.+m
pox, p+p, e+e, and p +—e+. We also give an upper limit on inclusive g production and im-
proved charged multiplicity measurements.

I. INTRODUCTION

Weak decays of 8 mesons provide a unique testing
ground for both electroweak theory and quantum chromo-
dynamics (QCD). 8 mesons are composed of a b anti-
quark and a light quark, either a d (8 ) or a u (8+). In
the standard electroweak model' the b quark can decay
into the c quark or the u quark by emitting a virtual in-
termediate vector boson. The possible decay schemes of
B and B are shown in Fig. 1 for both the b~e and
b~u cases. In the "spectator" diagrams the Bmeson de-
cays when the b quark decays. In the "annihilation" and
"exchange" diagrams the light antiquark is directly in-
volved in the decay of the heavy meson. Since measure-
ments, made at the Cornell Electron Storage Ring, of the
shape of the lepton spectrum from 8 decays have limited
the ratio of branching fractions of b~ulb~c to be

&4/o at 90% confidence level, a charmed particle should
be present in almost all 8-meson decays.
Even if we assume that the spectator model (Fig. 1) de-

scribes 8 decay, there are still many possible ways to
describe how hadrons might form. In one model, the four
final-state primary partons interact with each other
without regard to color or charge and produce hadron
states proportional to the available phase space. An alter-
native model is based on the fact that QCD requires had-
rons to be color singlets. In this model, which we call the
"spectator model without color mixing, " the quarks from
the 8' may mix with the other quarks only when they
have the same color as the initial b quark (Fig. 2). The
amount of this mixing can be measured by examining in-
clusive g production from 8 decay, which will be dis-
cussed in this paper. The spectator-antiquark and
charmed-quark system, minimally, gives rise to a D

30 2279 1984 The American Physical Society

Measurement of the B0
s ! !þ!" Branching Fraction and Search

for B0 ! !þ!" with the CMS Experiment

S. Chatrchyan et al.*

(CMS Collaboration)
(Received 18 July 2013; published 5 September 2013)

Results are presented from a search for the rare decays B0
s ! !þ!" and B0 ! !þ!" in pp collisions

at
ffiffiffi
s

p ¼ 7 and 8 TeV, with data samples corresponding to integrated luminosities of 5 and 20 fb"1,

respectively, collected by the CMS experiment at the LHC. An unbinned maximum-likelihood fit to the

dimuon invariant mass distribution gives a branching fraction BðB0
s ! !þ!"Þ ¼ ð3:0þ1:0

"0:9Þ & 10"9,

where the uncertainty includes both statistical and systematic contributions. An excess of B0
s ! !þ!"

events with respect to background is observed with a significance of 4.3 standard deviations. For the decay

B0 ! !þ!" an upper limit ofBðB0 ! !þ!"Þ< 1:1& 10"9 at the 95% confidence level is determined.

Both results are in agreement with the expectations from the standard model.

DOI: 10.1103/PhysRevLett.111.101804 PACS numbers: 13.20.He, 12.15.Mm

In the standard model (SM) of particle physics, tree-
level diagrams do not contribute to flavor-changing
neutral-current (FCNC) decays. However, FCNC decays
may proceed through higher-order loop diagrams, and this
opens up the possibility for contributions from non-SM
particles. In the SM, the rare FCNC decays B0

s ðB0Þ !
!þ!" have small branching fractions of BðB0

s !
!þ!"Þ ¼ ð3:57' 0:30Þ & 10"9, corresponding to the
decay-time integrated branching fraction, and BðB0 !
!þ!"Þ ¼ ð1:07' 0:10Þ & 10"10 [1,2]. Charge conjuga-
tion is implied throughout this Letter. Several extensions of
the SM, such as supersymmetric models with nonuniversal
Higgs boson masses [3], specific models containing lep-
toquarks [4], and the minimal supersymmetric standard
model with large tan" [5,6], predict enhancements to the
branching fractions for these rare decays. The decay rates
can also be suppressed for specific choices of model
parameters [7]. Over the past 30 years, significant progress
in sensitivity has been made, with exclusion limits on the
branching fractions improving by 5 orders of magnitude.
The ARGUS [8], UA1 [9], CLEO [10], Belle [11], BABAR
[12], CDF [13], D0 [14], ATLAS [15], CMS [16], and
LHCb [17] experiments have all published limits on
these decays. The LHCb experiment has subsequently
shown evidence, with 3.5 standard deviation significance,
for the decay B0

s ! !þ!" with BðB0
s ! !þ!"Þ ¼

ð3:2þ1:5
"1:2Þ & 10"9 [18].

This Letter reports a measurement of BðB0
s ! !þ!"Þ

based on a simultaneous search for B0
s ! !þ!" and

B0 ! !þ!" decays using a data sample of pp collisions

corresponding to integrated luminosities of 5 fb"1 atffiffiffi
s

p ¼ 7 TeV and 20 fb"1 at 8 TeV collected by the
Compact Muon Solenoid (CMS) experiment at the Large
Hadron Collider (LHC). For these data, the peak luminos-
ity varied from 3:5& 1030 to 7:7& 1033 cm"2 s"1. The
average number of interactions per bunch crossing (pileup)
was 9 (21) at

ffiffiffi
s

p ¼ 7ð8Þ TeV.
The search for the B ! !þ!" signal, where B

denotes B0
s or B0, is performed in the dimuon invariant

mass regions around the B0
s and B0 masses. To avoid

possible biases, the signal region 5:20<m!!<5:45GeV
was kept blind until all selection criteria were
established. For the 7 TeV data, this Letter reports a
reanalysis of the data used in the previous result [16],
where the data were reblinded. The combinatorial
dimuon background, mainly from semileptonic decays
of separate B mesons, is evaluated by extrapolating the
data in nearby mass sidebands into the signal region.
Monte Carlo (MC) simulations are used to account for
backgrounds from B and !b decays. These background
samples consist of B ! h!#, B ! h!!, and !b !
p!# decays, as well as ‘‘peaking’’ decays of the type
B ! hh0, where h, h0 are charged hadrons misidentified
as muons, which give a dimuon invariant mass distribu-
tion that peaks in the signal region. The MC simulation
event samples are generated using PYTHIA (version
6.424 for 7 TeV, version 6.426 for 8 TeV) [19], with
the underlying event simulated with the Z2 tune [20],
unstable particles decayed via EVTGEN [21], and the
detector response simulated with GEANT4 [22].
A normalization sample of Bþ ! J=cKþ ! !þ!"Kþ

decays is used to minimize uncertainties related to the
b "b production cross section and the integrated luminos-
ity. A control sample of B0

s ! J=c$ ! !þ!"KþK"

decays is used to validate the MC simulation and to
evaluate potential effects from differences in fragmenta-
tion between Bþ and B0

s . The efficiencies of all samples,

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.

PRL 111, 101804 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

6 SEPTEMBER 2013

0031-9007=13=111(10)=101804(17) 101804-1 ! 2013 CERN, for the CMS Collaboration
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Event characteristics

12

Signal characteristics: 
Two muons from a well reconstructed decay vertex 
Mass compatible with Bs (or B0) 
Dimuon momentum aligned with B flight direction 

Background sources: 
Two semi-leptonic B decays (e.g. from gluon splitting) 
One semi-leptonic B decay + misidentified hadron 
Hadronic B decays  

• Peaking: Bs→K-K+ 
– More problematic within the B0 mass window 

• Rare semileptonic: Bs→K-m+n, Lb→pmn

Analysis overview

B

µ
_ µ
B

B

µ

B

_

µ

• Signal B0
s ⇥ µ+µ�

⇤ two muons from one decay vertex
mass around mB0

s

long-lived B

well reconstructed secondary vertex
momentum aligned with flight direction

• Background
⇤ two semileptonic (B) decays (gluon splitting)

⇤ one semileptonic (B) decay and one misidentified hadron

⇤ rare single B decays
peaking (B0

s ⇥ K+K�)

non-peaking (B0
s ⇥ K�µ+⇥)

⇥ mass resolution

⇥ not well-reconstructed secondary vertex

⇥ pointing angle

⇤ High signal efficiency and high background reduction

Urs Langenegger Search for B0
s(d) ⇥ µ+µ� with the CMS experiment (2011/07/22) 5
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Key ingredients: 
Good dimuon vertex, correct B mass assignment,  
isolation, momentum pointing to interaction point 
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Discriminating variables
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Signal selection 
!  Mass windows: 5.2-5.3 GeV for     and 5.3-5.45 GeV for  
!  Split into barrel (both |"!| < 1.4) and endcap channels 
!  l3D > 15 or 20 �, #3D < 0.050 or 0.025 
!  pT! > 4.5 or 4.0 GeV, pTB > 6.5 GeV,  
!  B fit $2/dof < 1.6, dca min > 0.15 mm (endcap only), isolation (next slide) 
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Boosted decision tree (BDT) selection 
12 input variables: kinematic, Tracker only, Muon only,Tracker+Muon variables  
Trained on signal MC sample and dimuon mass sidebands from data 

Same BDT for normalisation (B+→J/cK) and control (Bs→J/cf) channels 
Robustness studies 

Insensitive to invariant mass using MC signal events with shifted mass 
Output independent on high- or low-mass sideband 
Insensitive to multiple collisions (pileup) 

Flight length  
significance

Pointing 
angle

Impact parameter 
significance

B-vertex reduced 
chi2

Examples of background separation variables
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Branching ratio measurement
BDT output divided into 4 (2) bins for 2012 (2011) data and barrel/endcap categories 
Simultaneous UML fit of Bs and B0 candidates: 

Bs and B0 decays signal 
Peaking backgrounds (e.g. B0→Kp, Bs→KK) 
Rare s-l backgrounds (e.g. Lb→pmn) 
Combinatorial background 

Event-per-event mass resolution included

14

BR(BS → µµ) = 3.0−0.8
+0.9  (stat)−0.4

+0.6  (syst)( )×10−9

BR(Bd → µµ) = 3.5−1.8
+2.1  (stat+syst)( )×10−10

Significance: 
Bs→µµ: 4.3 σ (exp. median 4.8 σ)  

B0→µµ: 2.0 σ

PRL 111 (2013) 101804 
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Combined CMS+LHCb analysis
Combined analysis of CMS and LHCb data submitted very recently [arXiv:1411.4413] 

Combines 25/fb (CMS) and 3/fb (LHCb) collected in 2011-12 
A total of 20 event categories defined by: 

•  BDT ranges (LHCb,CMS), √s and detector region (CMS) 
Br(Bs,d→mm), the hadronisation fraction ratio fd/fs, and Br(B+→J/ψK+) treated as 
common parameters.  

Updates to CMS analysis since PRL paper: 
Lb→pmn branching ratio updated to recent prediction: (4.94 ± 2.19)×10−4 

Semileptonic phase space used for Lb→pmn decay mode 
Introduce decay time bias correction to signal acceptance in each category
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Extended Data Figure 1 | Distribution of the dimuon invariant mass in each of the
20 categories. Superimposed on the data points in black are the combined fit (solid blue)
and its components: the B0

s

(yellow shaded) and B0 (light-blue shaded) signal components; the
combinatorial background (dash-dotted green); the sum of the semileptonic backgrounds (dotted
salmon); and the peaking backgrounds (dashed violet). The categories are defined by the range
of BDT values for LHCb, and for CMS, by centre-of-mass energy, by the region of the detector
muons are detected in, and by the range of BDT values. Categories for which both muons are
detected in the central region of the CMS detector are denoted with “CR”, those for which at
least one muon was detected into the forward region with “FR”.
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Extended Data Figure 1 | Distribution of the dimuon invariant mass in each of the
20 categories. Superimposed on the data points in black are the combined fit (solid blue)
and its components: the B0

s

(yellow shaded) and B0 (light-blue shaded) signal components; the
combinatorial background (dash-dotted green); the sum of the semileptonic backgrounds (dotted
salmon); and the peaking backgrounds (dashed violet). The categories are defined by the range
of BDT values for LHCb, and for CMS, by centre-of-mass energy, by the region of the detector
muons are detected in, and by the range of BDT values. Categories for which both muons are
detected in the central region of the CMS detector are denoted with “CR”, those for which at
least one muon was detected into the forward region with “FR”.
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See dedicated talk by M.Schlupp in parallel session
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Extended Data Figure 1 | Distribution of the dimuon invariant mass in each of the
20 categories. Superimposed on the data points in black are the combined fit (solid blue)
and its components: the B0

s

(yellow shaded) and B0 (light-blue shaded) signal components; the
combinatorial background (dash-dotted green); the sum of the semileptonic backgrounds (dotted
salmon); and the peaking backgrounds (dashed violet). The categories are defined by the range
of BDT values for LHCb, and for CMS, by centre-of-mass energy, by the region of the detector
muons are detected in, and by the range of BDT values. Categories for which both muons are
detected in the central region of the CMS detector are denoted with “CR”, those for which at
least one muon was detected into the forward region with “FR”.

34

Barrel Endcap

New!

LHCb: most sensitive categories



V. Chiochia (Zürich University) – New Heavy Flavor results at CMS - 4 December 2014

CMS candidate event

16

CMS experiment
Run: 208307     Event: 997510994
Date: 30 Nov 2012 Time: 07:19:44 GMT 

b
Extended Data Figure 3 | Schematic of the CMS detector and event display for
a candidate B0

s ! µ+µ� decay at CMS. The CMS detector and its components are
illustrated on panel (a), Ref. 20 should be consulted for more details. A candidate B0

s

! µ+µ�

decay produced in proton-proton collisions at 8TeV in 2012 and recorded in the CMS detector
is shown on panel (b). The red arched curves represent the trajectories of the muons from the
B0

s

decay candidate.
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V. Chiochia (Zürich University) – New Heavy Flavor results at CMS - 4 December 2014

Combined CMS+LHCb analysis
Results: 

Observed (Expected) significance 
Bs: 6.2s (7.4s) 
B0: 3.2s [WT], 3.0 [FC]s (0.8s)
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Figure 2 | Weighted distribution of the dimuon invariant mass for all categories.
Superimposed on the data points in black are the combined fit (solid blue) and its components:
the B0

s

(yellow shaded) and B0 (light-blue shaded) signal components; the combinatorial back-
ground (dash-dotted green); the sum of the semileptonic backgrounds (dotted salmon); and the
peaking backgrounds (dashed violet).

parameters in the fit are considered as nuisance parameters. Those for which additional
knowledge is available are constrained to be near their estimated values by using Gaussian
penalties with their estimated uncertainties while the others are free to float in the fit.
The ratio of the hadronisation probability into B+ and B0

s

mesons and the branching
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the two branching fractions.
The combined fit result is shown for all 20 categories in Extended Data Fig. 1. To

represent the result of the fit in a single dimuon invariant mass spectrum, the mass
distributions of all categories, weighted according to values of S/(S + B), where S is the
expected number of B0

s

signal and B is the number of background events under the B0

s

peak
in that category, are added together and shown in Fig. 2. The result of the simultaneous
fit is overlaid. An alternative representation of the fit to the dimuon invariant mass
distribution for the six categories with the highest S/(S + B) value for CMS and LHCb,
as well as displays of events with high probability to be genuine signal decays, are shown
in the Extended Data Figs. 2–4.

The combined fit leads to the measurements
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where the uncertainties include both statistical and systematic sources, the latter con-
tributing 35% and 18% of the total uncertainty for the B0
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and B0 signals, respectively.
Using Wilks’ theorem28, the statistical significance in unit of standard deviations, �, is
computed to be 6.2 for the B0
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! µ+µ� decay mode and 3.2 for the B0 ! µ+µ� mode.
For each signal the null hypothesis that is used to compute the significance includes all
background components predicted by the SM as well as the other signal, whose branching
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fraction is allowed to vary freely. The median expected significances assuming the SM
branching fractions are 7.4 � and 0.8 � for the B0
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and B0 modes, respectively. Likelihood
contours for B(B0
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! µ+µ�) versus B(B0 ! µ+µ�) are shown in Fig. 3. One-dimensional
likelihood scans for both decay modes are displayed in the same figure. In addition to
the likelihood scan, the statistical significance and confidence intervals for the B0 branch-
ing fractions are determined using simulated experiments. This determination yields a
significance of 3.0 � for a B0 signal with respect to the same null hypothesis described
above. Following the Feldman–Cousins29 procedure, ±1 � and ±2 � confidence intervals
for B(B0 ! µ+µ�) of [2.5, 5.6] ⇥ 10�10 and [1.4, 7.4] ⇥ 10�10 are obtained, respectively
(see Extended Data Fig. 5).

The fit for the ratios of the branching fractions relative to their SM predictions yields
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. Associated likelihood contours and one-dimensional
likelihood scans are shown in the Extended Data Fig. 6. The measurements are compatible
with the SM branching fractions of the B0

s

! µ+µ� and B0 ! µ+µ� decays at the
1.2 � and 2.2 � level, respectively, when computed from the one-dimensional hypothesis
tests. Finally, the fit for the ratio of branching fractions yields R = 0.14 +0.08

�0.06

, which is
compatible with the SM at the 2.3 � level. The one-dimensional likelihood scan for this
parameter is shown in Fig. 4.

The combined analysis of data from CMS and LHCb, taking advantage of their full
statistical power, establishes conclusively the existence of the B0

s

! µ+µ� decay and
provides an improved measurement of its branching fraction. This concludes a search that
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s ! µ+µ�). The dark and light (cyan) areas
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R predicted in the SM, which is the same in BSM theories with the minimal flavour violation
(MFV) property, is denoted with the vertical (red) band.
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“The combined analysis of data from CMS and LHCb, […] establishes conclusively the existence 
of the Bs0 → μ+μ− decay and provides an improved measurement of its branching fraction.”
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Future sensitivity
Extrapolations using Phase I/II detector setups and L1 triggers 
Invariant mass resolution from full GEANT4 simulation 
Restrict analysis to barrel region

18
CMS Collaboration 7CMS BPH ECFA Slides

Results of toy experiments
● The two plots below show the results of the toy experiments on the two scenarios

● The toy experiments also give the following estimates 7leI 300 fb–1; right 3000 fb–1):

● d�(� !""): 13%

● d�(�'!""): 48%

● d[�(�*!"")/�(� !"")]: 50%

● �'!"" significance: x2.2 a

● d�(� !""): 11%

● d�(�'!""): 18%

● d[�(�*!"")/�(� !"")]: 21%

● �'!"" significance: x6.8 a

Mass resolution dBr[Bs(mm)] dBr[B0(mm)] dR B0(mm) Sign.

Phase 1 (300/fb) 42 MeV 13% 48% 50% 2.2s

Phase 2 (3000/fb) 28 MeV 11% 18% 21% 6.8s

New!

ECFA 2014 - FTR-14-015
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CP Violation in  
Bs→J/cf decays 
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CP violation in Bs decays

Bs mesons mix with relatively large decay width difference (∆Γs) between the two mass 
eigenstates  
Final state of the Bs → J/ψ(mm)φ(KK) decay is accessible by both Bs and Bs  
The weak phase fs arises from the quantum interference between direct and mixing-
mediated decays  

Precise SM predictions for fs (4% uncertainty) and experimentally clean final state 
(mmKK) with low background 
Several new physics scenarios predict enhanced values of fs 

Final state with two vector mesons: mixture of CP-even and CP-odd states

20

CP-VIOLATION IN BS ! J/y f DECAYS

Bs mesons mix via box diagrams with relatively large decay width difference (DGs) between the two
mass eigenstates

Final state of the Bs ! J/y f decay is un-flavoured and therefore accessible by both Bs and Bs

+

The weak phase fs arises from the quantum interference between direct and mixing-mediated
decays

fs ' �2bs , bs = arg(�VtsV ⇤
tb/VcsV ⇤

cb)

2bs = 0.0363+0.0016
�0.0015 rad in the SM

Theoretically clean decay channel with precise SM predictions [PRD 84, 033005 (2011)]

Sensitive to New Physics in mixing ! many NP scenarios predict enhanced values of fs

fs = f

SM
s + Df Df = arg(M12/MSM

12 ) (1)

J.PAZZINI – CP VIOLATION IN BS ! J/y f WITH THE CMS DETECTOR (CKM2014) 2

φs ≃ −2βs,  βs = arg(−VtsVtb∗ /VcsVcb∗) 

2βs = [0.0363+0.0016-0.0015] rad in the SM 1

1 [PRD 84, 033005 (2011)] 
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Decay analysis
Time dependent and flavour tagged angular analysis to disentangle CP states 
Opposite-side lepton tagger to determine Bs flavour at production time: Ptag=e(1-2v)=(0.97±0.04)%

21

BS ! J/y f ANALYSIS

Experimentally clean fully renconstructed (µ+
µ

�K+K�) final state, with low background
Two vector mesons final state: mixture of CP-even and CP-odd states
Tagged angular analysis to disentangle the two CP components

d4G(Bs)
dQdt

= X (Q, a, t) =
10

Â
i=1

Oi (a, t) · gi (Q)

Q ! decay angles defined in the transversity basis
⇤ (qT, jT,yT)

t ! Bs proper decay time

a ! physics parameters to be determined
⇤ fs, DGs, ct, |A0|2, |AS|2, |A?|2, dk, dS?, d?

Oi ! time dependent functions
⇤ bi , di terms dependent to cos fs and sin fs

Oi (a, t) µ e�Gs t


ai cosh(
1
2

DGst) + bi sinh(
1
2

DGst) + ci cos(Dmst) + di sin(Dmst)
�

Opposite side tagger used to infer the Bs flavour at production time
⇤ Modify ci , di terms to take into account the tagger response
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physics parameters 
to be determined

depend on cosfs and sinfs

RECONSTRUCTION AND EVENT SELECTION

Displaced vertex di-muon trigger (J/y!µ

+
µ

�)

pT (µ) > 4 GeV, pT (µµ) > 7 GeV
���M

µµ

� MPDG
J/y

��� < 150 MeV

pT (K) > 0.7 GeV, at least 5 tracker hits
���MKK � MPDG

f

��� < 10 MeV

Kinematic fit to the 4 track vertex (µ+
µ

�K+K�)
candidate
⇤ µµ mass contstrained to J/y

⇤ c

2-probability > 2%

Fit ranges:
⇤ Bs candidate proper decay length [0.02, 0.3] cm
⇤ Bs candidate invariant mass [5.24, 5.49] GeV

KK invariant mass [GeV]ψJ/
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20 fb�1 at 8 TeV (full 2012 dataset)

Nsig (Bs) ⇠ 49000

Nbkg ⇠ 21000

S/B ⇡ 6.8 in [5.33 � 5.40] GeV
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49’000 
signal  
candidates

PROPER DECAY TIME RESOLUTION

Estimated on a per-event basis from the Bs decay vertex proper time uncertainty, scaled by a
k (ct) factor to take into account the differences wrt the resolution
⇤ Cross checked with a prompt J/y sample
⇤ Bs proper decay length resolution ⇠ 21 µm (70 fs)
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proper decay time 
resolution ~21 mm (70 fs)

EFFICIENCIES AND RESOLUTIONS

Key elements for the fs/DGs measurement: resolution and efficiency modeling for proper time and Q.

Angular efficiency:
⇤ Evaluated using MC simulations, parametrized with a 3D function of decay angles

# (Q) = # (cos qT, cos yT, jT) in order to take into account the angular cross terms

Angular resolution:
⇤ From MC. Not included in the fit model but considered as systematic uncertainty
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Proper time efficiency:
⇤ From MC and cross-checked in data. Flat in the fitting range [0.02, 0.3] cm, variations

included as systematic uncertainties
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CMS PAS BPH-13-012 
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Fit results and uncertainties

22

LIKELIHOOD AND FIT RESULTS

Extended maximum likelihood fit applied
⇤ Tagged signal model
⇤ Gaussian constraint on Dms to the PDG value 17.69 ± 0.08}/ps

L = Lsig + Lbkg

Lsig = Nsig · [X (Q, t; a)⌦ G (t, st ) · # (Q)] · Psig (mBs ) · Psig (st) · Psig (x)

Lbkg = Nbkg · Pbkg (cos qT, jT) · Pbkg (cos yT) · Pbkg (t) · Pbkg (mBs ) · Pbkg (st) · Pbkg (x)

Bs mass range [5.24, 5.49]GeV; proper time range [0.02, 0.3] cm

Parameter Fit result

|A0|2 0.511 ± 0.006
|AS|2 0.015 ± 0.016
|A?|2 0.242 ± 0.008
dk 3.48 ± 0.09 rad
dS? 0.34 ± 0.24 rad
d? 2.73 ± 0.36 rad
ct 447.3 ± 3.0 µm
DGs 0.096 ± 0.014 ps�1

fs �0.03 ± 0.11 rad
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SYSTEMATIC UNCERTAINTIES

Source |A0|2 |AS |2 |A? |2 DG
s

[ps�1] dk [rad] dS? [rad] d? [rad] f
s

[rad] ct [µm]

Statistical uncertainty 0.0058 0.016 0.0077 0.0138 0.092 0.24 0.36 0.109 3.0

Proper time efficiency 0.0015 - 0.0023 0.0057 - - - 0.002 1.0
Angular efficiency (*) 0.0060 0.008 0.0104 0.0021 0.674 0.14 0.66 0.016 0.8
Model bias (**) 0.0008 - - 0.0012 0.025 0.03 - 0.015 0.4
Proper time resolution 0.0009 - 0.0008 0.0021 0.004 - 0.02 0.006 2.9
Background mistag modelling 0.0021 - 0.0013 0.0018 0.074 1.10 0.02 0.002 0.7
Flavour tagging - - - - - - 0.02 0.005 -
PDF modelling 0.0016 0.002 0.0021 0.0021 0.010 0.03 0.04 0.006 0.2
Free |l| fit (***) 0.0001 0.005 0.0001 0.0003 0.002 0.01 0.03 0.015 -
Kaon pT re-weighting (****) 0.0094 0.020 0.0041 0.0015 0.085 0.11 0.02 0.014 1.1

Total systematics 0.0116 0.022 0.0117 0.0073 0.684 1.12 0.66 0.032 3.5

(*) evaluated from the statistical uncertainty of the model

(**) determined from toy MC bias tests

(***) let |l| as a free parameter in the fit

(****) propagated from discrepancy between data and simulations
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RESULTS
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φs = −0.03 ± 0.11(stat.) ± 0.03(syst.) rad 

∆Γs = 0.096 ± 0.014(stat.) ± 0.007(syst.) ps−1 

DGs confirmed to be non zero 
Very competitive fs determination 
Good agreement with SM 
Statistical uncertainties dominant
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World summary
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Φs (world average)   

HFAG private/unofficial 
world average yields 
 

ATLAS and CMS also study 
Bs→J/ψ ϕ →µµKK  

ϕs = -0.015±0.036 rad 
HFAG world average, unofficial 

Experiment 

Lumi. (fb-1) 4.9 20.0 

ΔΓs
  (ps-1) 0.053±0.021±0.010 0.096±0.014±0.007 

Φs (rad) 0.12±0.25±0.05 -0.03±0.11±0.03 
 CMS-PAS-BPH-13-012 arxiv.org/abs/1407.1796 

18 

Experiment DGs (ps-1) fs (rad)

ATLAS (4.9/fb) 0.053±0.021±0.010 0.12±0.25±0.05 

CMS (20/fb) 0.096±0.014±0.007 −0.03±0.11±0.03

LHCb (3/fb) 0.0805±0.0091±0.0032  −0.058±0.049±0.006 

Notes:  
1) LHCb contour from combination of J/cf and J/cpp channels 
2) Grey contour: HFAG unofficial Fall-2014 combination
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Recent results  
on Quarkonium

Q Q

g
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Quarkonium production

Study of quarkonium (cc and bb) production tests key aspects of QCD phenomenology: 
Perturbative QCD, hadron formation, non-relativistic QCD (NRQCD), factorisation, etc. 

CMS has released a set of production and polarisation measurements for s-wave and p-
wave quarkonium states

25

See dedicated talk by I.Kratschmer in parallel session

Ilse Krätschmer (HEPHY Vienna)4th December 2014

NRQCD factorization approach

Non Relativistic Quantum ChromoDynamics (NRQCD) is an effective 

theory that factorizes quarkonium production into 2 steps

1. production of the initial quark-antiquark pair (perturbative QCD)

2. hadronization of the initial pair into a bound state (non-

perturbative QCD)

5

n =2S+1 L[C]
J Quantum number of the heavy quark pair (C = 1,8)

S, L, J = spin, orbital and total angular momentum

�(Q) =
X

n

S[qq̄(n)] ⌦OQ(n)
↵

Ilse Krätschmer (HEPHY Vienna)4th December 2014

Motivation

2

an#$
blue$

green$

quarkonium*
produc.on*

an#$
red$

red$

• Quarkonia are bound states of a heavy quark and its antiquark 
(cc, bb)

• Quarkonium production is ideal probe to study hadron formation, 
part of the non-perturbative QCD sector

• Fundamental question: How do quarks combine into a bound state?

• Properties of QCD can be probed through several quarkonium 
production measurements, including production cross sections
and polarizations

_ _

Ilse Krätschmer (HEPHY Vienna)4th December 2014

NRQCD factorization approach

Non Relativistic Quantum ChromoDynamics (NRQCD) is an effective 

theory that factorizes quarkonium production into 2 steps

1. production of the initial quark-antiquark pair (perturbative QCD)

2. hadronization of the initial pair into a bound state (non-

perturbative QCD)

5

n =2S+1 L[C]
J Quantum number of the heavy quark pair (C = 1,8)

S, L, J = spin, orbital and total angular momentum

�(Q) =
X

n

S[qq̄(n)] ⌦OQ(n)
↵Perturbative 

QCD
Long-distance 

matrix elements

[C]=1,8

Conjecture: long-distance matrix elements are independent on momentum and production 
process 
Constrained by cross section and polarisation measurements
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Prompt J/c and c(2S) production
New results based on 2011 data extend pT reach to 120 GeV (100 GeV) for J/c (c’) 
Yields extracted from combined fit to the mass and proper decay length distributions

26

chris.ferraioli@cern.ch Quarkonium Workshop 2014 4

J/ψ and ψ(2S) Yields
Yield determined using an unbinned maximum  

likelihood fit to dimuon mass-lifetime distribution
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J/ψ and ψ(2S) Efficiencies
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J/ψ and ψ(2S) Acceptances
A(pT , y;�✓) =

Ndet(pT , y;�✓)

Ngen(pT , y;�✓)

Acceptance similar 
for J/ψ and ψ(2S) 
!
Negligible rapidity  
dependence within  
|y| < 1.2
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talk by Ilse Krätschmer
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J/c and c(2S) production
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6 5 Results

5 Results

After correcting the prompt signal yields for the detection efficiencies, the dimuon acceptance,
the integrated luminosity, and the widths of the pT and |y| bins, one obtains the double differ-
ential cross sections of promptly produced charmonia in the dimuon channel, B ⇥ d2s/dpTdy,
where B stands for the J/y or y(2S) branching fraction in the dimuon decay channel. Figure 5
shows the obtained results, for both charmonia, taking the acceptance corrections calculated in
the unpolarized scenario. The cross sections in the 0.6 < |y| < 0.9 bin are only ⇡ 5% smaller
than in the most mid-rapidity bin, |y| < 0.3, while in the 0.9 < |y| < 1.2 bin the drop reaches
⇡ 15%. The relative systematic and statistical uncertainties are displayed in Fig. 6, for each
rapidity bin and charmonium state.

The charmonium production cross sections have also been measured in the integrated rapid-
ity range, |y| < 1.2, the advantage being that this result has an increased statistical accuracy,
so that the measurement can be further extended towards higher pT values, where compar-
isons with theory calculations should be particularly informative. Figure 7 shows the obtained
rapidity-integrated cross sections, after correcting for the branching fraction of the dimuon de-
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Figure 5: The J/y and y(2S) production cross sections, in the dimuon decay channel, as a
function of pT and in four rapidity bins (left) or integrated in the range |y| < 1.2 (right).
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Figure 6: Quadratically added systematic uncertainties, shown on the positive side, compared
to the statistical uncertainty, shown on the negative side, for the J/y (left) and y(2S) (right), and
for each of the four rapidity bins.
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7

cay channels [21], together with the results previously published by CMS [17], based on the
much smaller data sample collected in 2010. The figure also includes results released by the
ATLAS experiment, for the J/y from a published analysis of 2010 dimuon data [16] and for the
y(2S) from a preliminary analysis of J/y p+p� decays based on 2011 data [27].

 [GeV]
T
p

0 20 40 60 80 100 120
 [n

b 
/ G

eV
]

yd Tp
 / 

d
σd

-510

-410

-310

-210

-110

1

10

210

ψJ/
 = 7 TeVspp

-1CMS Preliminary, |y| < 1.2, 4.9 fb
-1CMS, |y| < 0.9, 37 pb

-1ATLAS, |y| < 0.75, 2.3 pb

 [GeV]
T
p

0 20 40 60 80 100 120

 [n
b 

/ G
eV

]
yd Tp

 / 
d

σd

-510

-410

-310

-210

-110

1

10

210

(2S)ψ
 = 7 TeVspp

-1CMS Preliminary, |y| < 1.2, 4.9 fb
-1CMS, |y| < 1.2, 37 pb

-1ATLAS, |y| < 0.75, 2.1 fb

Figure 7: Rapidity-integrated production cross sections of the J/y (left) and y(2S) (right)
mesons, as a function of pT. Measurements previously released by CMS [17] and ATLAS [16, 27]
are also shown. The global uncertainties from the integrated luminosity and from the branch-
ing fractions are not shown.

6 Summary

The cross sections of the J/y and y(2S) mesons promptly-produced in pp collisions at
p

s =
7 TeV have been measured as a function of pT in four |y| bins, as well as integrated in the
|y| < 1.2 range, extending up to or beyond pT = 100 GeV. This measurement, based on the
dimuon event sample collected by CMS in 2011 and corresponding to an integrated luminosity
of 4.9 fb�1, represents a very significant improvement over previous results, in terms of accu-
racy and pT reach. Given that the theoretical calculations of quarkonium production, at fixed
order in perturbative QCD, are most reliable at high pT, these results will certainly contribute
to an improved understanding of quarkonium production in the scope of non-relativistic QCD
or of other theoretical approaches to hadron formation.
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P-wave bottomonium
Υ(1S, 2S, 3S) resonances and ratios well studied, much less known about P–waves  

P-wave states provide complementary information about NRQCD, as they depend on 
long distance matrix elements of the color octets  
Quarkonium polarization measurements so far are limited to S-wave states 
Decays from P-wave states non-negligible effects on measurements.  

CMS has the most precise differential measurement in of s(xb2(1P))/s(xb2(1P)) at the LHC  
Experimentally quite challenging, small mass difference (19.4 MeV) 
Use photon conversions to reconstruct Y(1S)+g final state in four pT bins
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Figure 1: Invariant-mass distributions of the µµg candidates for each of the four U(1S) pT bins
considered in the analysis. The fitted cb1 and cb2 signals are parameterized with double-sided
CB functions determined using simulated events. The combinatorial background is described
by the product of an exponential and a power-law function. The solid line gives the result of
the overall fit, with the dashed and dashed-dotted lines showing the cb1 and cb2 contributions,
respectively. The dotted line represents the background contribution.

the resulting Ncb2 /Ncb1 distribution is fitted with a Gaussian function, the standard deviation
of which is taken as the systematic uncertainty corresponding to the “signal parameters”.

To account for possible discrepancies between the simulated and measured events regarding, in
particular, the energy scale calibration and the measurement resolution, alternative data-fitting
schemes are used, leaving some of the signal shape parameters free in the fit to the measured
mass distributions. A Chebyshev polynomial function is also used as an alternative model for
the shape of the mass distribution of the background. The maximum variation in the Ncb2 /Ncb1

ratio with these different fitting strategies is taken as the “signal and background modelling”
systematic uncertainty. The fitting procedure is found to be unbiased, as judged using pseudo-
experiments where a certain Ncb2 /Ncb1 value is injected; the fitted results deviate on average
from the input values by less than 10% of the statistical uncertainty. It has also been verified
that the Ncb2 /Ncb1 ratio is insensitive to the addition of a signal term describing the cb0 state.
The possible influence of multiple primary vertices in the event (“pileup”) on the Ncb2 /Ncb1

xb2(1P)

xb1(1P)
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P-wave bottomonium

Data do not exhibit strong pTY dependence and closer to color-singlet predictions 
xb three times heavier than xc and relative velocity of QQ pair is 3 times smaller 
Impact of color octet is expected to be smaller than in xc case 
No cross section data available yet to extract xb  NRQCD parameters. Simple scaling from xc 
fits is used

29

7

Table 4: The cross section ratio s(cb2) / s(cb1) measured in four pU
T bins before and after mul-

tiplying by the cb ! U(1S) + g branching fractions [13]. The second column gives the average
pT value for each bin. The first uncertainty is statistical, the second is systematic, and the third
reflects the uncertainty in the branching fraction.

pU
T [GeV] hpU

Ti [GeV] s(cb2) / s(cb1)⇥ B(cb2) /B(cb1) s(cb2) / s(cb1)
7–11 8.7 0.56 ± 0.10 ± 0.06 0.99 ± 0.18 ± 0.10 ± 0.09

11–16 12.9 0.47 ± 0.06 ± 0.04 0.83 ± 0.10 ± 0.08 ± 0.07
16–20 17.5 0.45 ± 0.07 ± 0.04 0.80 ± 0.13 ± 0.08 ± 0.07
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Figure 2: The ratio of the cb2 and cb1 production cross sections, as a function of pU
T, before (left)

and after (right) multiplying by the ratio of the U(1S) + g branching fractions, as measured
by CMS and LHCb [12] (right only). The vertical bars represent the statistical (inner bars) and
total (outer bars) experimental uncertainty, respectively. The horizontal bars show the width
of each bin. The dashed line in the right plot is a fit of a constant to the CMS measurements,
and the horizontal band is the total uncertainty in the fit result. The 9% uncertainty in the
ratio of branching fractions, which applies to all bins of pU

T, is not included. The curved band
represents the result of a theoretical calculation [24].

this calculation the LDMEs are extracted from experimental data on the s(cc2)/s(cc1) cross
section ratio [7, 9, 10] and extrapolated, using NRQCD scaling rules, to the case of P-wave
bottomonium. The dashed line in Fig. 2 (right) gives the result of a fit of the CMS measurements
to a constant, corresponding to 0.85 ± 0.07, where the uncertainty includes both statistical and
systematic uncertainties, but not the uncertainty in the ratio of the cb branching fractions. A
constant behavior is expected in the case of color-octet dominance. The measurements do not
seem to indicate the large increase in the ratio at low pU

T and are only marginally consistent with
the asymptotic value at high pU

T predicted by the theory. More precise measurements may be
needed in order to thoroughly test the validity of NRQCD in the P-wave bottomonium sector.

7 Summary

The production cross section ratio s(cb2(1P))/s(cb1(1P)) has been measured in pp collisions
by detecting the radiative decays to an U(1S) and a photon, with the U(1S) decaying to two

(NRQCD)

8 References

muons. Events are selected where the U(1S) and photon are emitted in the phase-space region
defined by |yU| < 1.5 and |hg| < 1.0, in four bins of U(1S) pT, spanning the range 7–40 GeV.
The measurement has been performed using a data sample collected by the CMS experiment in
2012, at

p
s = 8 TeV, corresponding to an integrated luminosity of 20.7 fb�1. The cross section

ratio averaged over the U(1S) pT range is measured to be 0.85 ± 0.07 (stat+syst) ± 0.08 (BF),
where the first uncertainty is the combination of the experimental statistical and systematic
uncertainties and the second is from the uncertainty in the ratio of the cb branching fractions.
The ratio does not show a significant dependence on the U(1S) pT. This is the most precise
measurement to date of the cb2 and cb1 relative production cross sections in hadron collisions.
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Bc decays
Bc is the lightest meson with two heavy quarks of different flavour 

Excellent laboratory to study heavy quark dynamics, unprecedented rates at LHC  
CMS confirms the Bc→J/cppp decays and measures the ratio to J/cp and B+→J/cK
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discussed below.

4 B+
c ! J/yp+p+p�

decay

The selection criteria have been optimized by maximizing S/
p
(S + B) as a figure of merit,

where S is the signal yield obtained from a Gaussian fit to the MC reconstructed events and
B is the amount of background extrapolated from the J/yp+p+p� invariant mass sidebands
in the data. The two sideband regions are defined as being between 5sm(Bc) and 8sm(Bc) of
the world-average Bc mass [22], where sm(Bc) is the resolution of the signal as determined in
simulation. The optimized selection requirements are: pT(Bc) > 15 GeV; |y(Bc)| < 1.6; c2

probability of the five-track kinematic fit >20%; cos a0 > 0.99, where a0 is the angle between
the candidate Bc momentum vector and the displacement between the beam spot and the de-
cay vertex evaluated in the plane transverse to the beam; pT(p1) > 2.5 GeV; pT(p2) > 1.7 GeV;
pT(p3) > 0.9 GeV, where the three pions are referred to as p1, p2, and p3 from highest to lowest
pT; and DR(J/y, pS) < 0.5, where DR is the distance in the (h, f) plane between the J/y mo-
mentum vector and the sum of the momentum vectors of the three pions (pS). The resulting
B+

c ! J/yp+p+p� invariant mass distribution is shown in Fig. 1. A fit is performed with an
unbinned maximum likelihood estimator. The signal is parametrized as a Gaussian distribu-
tion and the background as a second-order Chebyshev polynomial. The signal yield is 92 ± 27
events and fitted mass and resolution values are 6.266 ± 0.006 GeV and 0.021 ± 0.006 GeV, re-
spectively, where the uncertainties are statistical only. Possible contamination from other B+

c
decay modes in the B+

c ! J/yp+p+p� channel has been investigated. No B+
c ! J/yK+K�p+

decays are observed in the data with the applied selection cuts. The effect from a possible un-
detected p0 in the decay B+

c ! J/yp+p+p�p0 has been modeled with a dedicated MC sample.
The partially reconstructed J/yp+p+p� mass spectrum obtained from the simulated events
has been fit with an ARGUS function [23] convolved with a Gaussian function describing the
detector resolution. The resulting parametrization, added to a linear polynomial function, has
been used to describe the background on the left of the signal peak in the fit of the J/yp+p+p�

mass spectrum in data. No significant variation in the B+
c ! J/yp+p+p� signal yield is found.
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Figure 1: The J/yp+p+p� invariant mass distribution. The result of the fit is superimposed;
the lines represent the signal-plus-background fit (solid) and the background-only component
(dashed).
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Bc→J/cppp

4 5 B+
c ! J/yp+

and B+ ! J/yK+
decays

5 B+
c ! J/yp+

and B+ ! J/yK+
decays

The same figure of merit S/
p
(S + B) is maximized in the selection of the B+

c ! J/yp+ sig-
nal with the same kinematic phase space as defined for the B+

c ! J/yp+p+p� decay (i.e.,
pT(Bc) > 15 GeV and |y(Bc)| < 1.6). The procedure results in the following requirements: B+

c
vertex probability >6%, cos a0 > 0.9, pT(p) > 2.7 GeV, and DR(J/y, p) < 1. The B+

c ! J/yp+

invariant mass distribution is shown in Fig. 2 (left). The B+ ! J/yK+ signal is obtained with
the same selections and is shown in Fig. 2 (right). The B+

c ! J/yp+ and the B+ ! J/yK+

invariant mass distributions are fit with an unbinned maximum likelihood estimator. The B+
c

signal is fit with a Gaussian distribution and the background with a second-order Chebyshev
polynomial. Contamination from other B+

c decay modes in the B+
c ! J/yp+ channel has been

investigated. A possible reflection of the Cabibbo-suppressed B+
c ! J/yK+ mode in the J/yp+

mass spectrum has been modeled with a simulated sample of B+
c ! J/yK+ events and its con-

tribution constrained using the value of the relative branching fraction to J/yp+ [9]. Further-
more, the effect due to a possible undetected p0 from B+

c ! J/yp+p0 decay has been modeled
from a dedicated MC sample. The partially reconstructed J/yp+ mass spectrum obtained from
the simulated events has been fit with an ARGUS function convolved with a Gaussian function
describing the detector resolution. The resulting parametrization, added to a linear polynomial
function, has been used to describe the background on the left of the signal peak in the fit of
the J/yp+ mass spectrum in data. No significant variation of the B+

c ! J/yp+ signal yield is
found. The B+

c ! J/yp+ signal yield is 176 ± 19, its mass 6.267 ± 0.003 GeV, and its resolution
0.025 ± 0.003 GeV (statistical uncertainties only).

The B+ invariant mass distribution is fit with a sum of two Gaussian distributions with a com-
mon mean for the signal and a second-order Chebyshev polynomial for the background. Ad-
ditional contributions from partially reconstructed B0 and B+ decays are parametrized with
functions determined from inclusive B+ ! J/yX and B0 ! J/yX MC samples.
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Figure 2: The J/yp+ (left) and J/yK+ (right) invariant mass distributions. The result of the fit is
superimposed. The lines represent the signal-plus-background fit (solid) and the background-
only component (dashed).

Bc→J/cp~90 candidates

~175 candidates
5

6 RBc measurement

The ratio RBc is defined as

RBc =
B(B+

c ! J/yp+p+p�)

B(B+
c ! J/yp+)

=
YB+

c !J/yp+p+p�

YB+
c !J/yp+

, (1)

where YB+
c !J/yp+p+p� and YB+

c !J/yp+ are the signal yields extracted from the efficiency-corrected
invariant mass distributions for the B+

c ! J/yp+p+p� and B+
c ! J/yp+ channels, respec-

tively, in the kinematic region pT > 15 GeV and |y| < 1.6. Efficiency corrections of the B+
c !

J/yp+p+p� and B+
c ! J/yp+ data include geometrical acceptance, reconstruction, selection,

and trigger effects. The efficiencies for the two channels are evaluated from MC simulations.

The simulation of the two-body B+
c ! J/yp+ decay takes into account the spins of the particles.

The efficiency for this channel is evaluated as a function of the candidate’s pT and is computed
in pT bins, the size of which are determined by the number of available simulated events. Data
are corrected event-by-event according to the candidate’s pT and the corresponding MC effi-
ciency. The data efficiency-corrected invariant mass is fit with a function consisting of a Gaus-
sian distribution for the signal and a second-order Chebyshev polynomial for the background.
An unbinned maximum likelihood estimator is used to extract the YB+

c !J/yp+ yield.

The B+
c ! J/yp+p+p� decay can involve intermediate resonant states; indeed, the p+p+p�

and p+p� invariant mass projections from data show evidence for the presence of a1(1260) and
r(770) in the decay (Fig. 3). No hint of either y(2S)(! J/yp+p�) or X(3872)(! J/yp+p�) is
detected in the µ+µ�p+p� mass projections. The quantitative determination of the resonant
contributions and their interferences in the decay requires a sophisticated amplitude analysis
which is not feasible with the available amount of data. However, the reconstruction efficiency
for this five-body decay could be affected by the decay dynamics; thus, a model-independent
efficiency treatment is needed.
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Figure 3: Background-subtracted invariant mass projections for p+p+p� (left), (p+p�)high
(center), and (p+p�)low (right) from the B+

c ! J/yp+p+p� candidate events. Since two same-
sign pions are present in the final state, we indicate with (p+p�)low the p+p� pair with the
lower invariant mass and with (p+p�)high the higher invariant mass combination.

A five-body decay of a spinless particle can be fully described in its center-of-mass frame by
eight independent mass combinations of the type m2

ij (i 6= j), where m2
ij is the squared invariant

mass of the pair of particles i and j in the final state (Dalitz plot representation). In the present

6 6 RBc measurement

case, the additional J/y mass constraint reduces the number of independent m2
ij to seven. The

following seven mass combinations have been chosen: x = m2(µ+p+)low, y = m2(p+p�)high,
z = m2(µ+p�), w = m2(p+p+), r = m2(µ�p+)low, t = m2(µ�p+)high, and v = m2(µ�p�); the
“low” and “high” subscripts refer to the lower and higher invariant mass combination where
a p+ is involved. A B+

c ! J/yp+p+p� nonresonant MC has been produced to access all the
phase-space configurations. The efficiency is parametrized as a linear function of these seven
mass combinations:

e = |p0 + p1 · x + p2 · y + p3 · z + p4 · w + p5 · r + p6 · t + p7 · v|, (2)

where pi are free parameters to be determined via an unbinned maximum likelihood fit to the
generated events in the seven-dimensional space using a binomial probability density function.
The absolute value is required to prevent the function from assuming negative values. The
resulting efficiency function is used to weight the data event-by-event. The data efficiency-
corrected invariant mass is fit with a function consisting of a Gaussian distribution for the
signal and a second-order Chebyshev polynomial for the background. An unbinned maximum
likelihood estimator is used to extract the YB+

c !J/yp+p+p� yield. The resulting measurement of
the branching fraction ratio is RBc = 2.55 ± 0.80, where the uncertainty is statistical only.

Possible systematic uncertainties introduced by different trigger and pileup conditions and
analysis selections have been investigated by dividing the data and evaluating the statistical
consistency [22] of the independent samples; the resulting systematic uncertainties are found
to be insignificant. Uncertainties from the different signal and background fit functions and
fit ranges have been evaluated through a “fit variant” approach [24] and account for a 9.4%
uncertainty. The finite size of the MC samples introduces a systematic uncertainty of 4.1%. The
efficiency for the B+

c ! J/yp+ channel is computed as a function of the B+
c candidate pT; the

choice of the pT binning gives a systematic uncertainty of 1.9%.

An additional contribution is considered coming from the choice of the seven-dimensional effi-
ciency parametrization of Eq. (2). To estimate this contribution, data are alternatively weighted
according to the efficiency distribution directly obtained from the MC samples, binned in the
seven two-body submasses. The difference between the ratio measured using the binned effi-
ciency distribution and the function in Eq. (2) is taken as a systematic uncertainty (1.0%). In
the evaluation of RBc , two different multiplicity final states are compared. Assuming a tracking
efficiency uncertainty for each pion track of 3.9% [25], a global 7.8% uncertainty is included
in the final systematic evaluation. The total systematic uncertainty in the ratio, obtained by
adding all the contributions in quadrature, is 13.1%.

Recently, the LHCb Collaboration published a new, more precise B+
c lifetime measurement [26],

which is significantly higher than the previous world average [22]. The B+
c ! J/yp+ and B+

c !
J/yp+p+p� reconstruction efficiencies have a dependence on the B+

c lifetime. To determine
the systematic uncertainty associated with the uncertainty in the B+

c lifetime, the efficiencies
are evaluated while changing the B+

c lifetime in the simulation to cover the range from the
world average minus its one standard deviation uncertainty, to the new LHCb measurement.
The resulting variation in the RBc ratio is quoted separately as a lifetime systematic uncertainty
(s(tBc)) and is +1.6

�0.4%. The sources of systematic uncertainty are summarized in Table 1.

The resulting ratio, including all uncertainties, is

RBc = 2.55 ± 0.80 (stat) ± 0.33 (syst) +0.04
�0.01 (tBc). (3)

7

Table 1: Systematic uncertainties in the measurement of RBc

.

Systematic source %
Fit variant 9.4
MC sample size 4.1
Efficiency fit function 1.0
Efficiency binning 1.9
Tracking efficiency 7.8
Total uncertainty 13.1
Lifetime +1.6

�0.4

7 Rc/u measurement

The ratio Rc/u of the production cross sections times branching fractions is obtained from the
relation

Rc/u =
s(B+

c )B(B+
c ! J/yp+)

s(B+)B(B+ ! J/yK+)
=

YB+
c !J/yp+

YB+!J/yK+
, (4)

where YB+
c !J/yp+ and YB+!J/yK+ are the signal yields extracted from the efficiency-corrected

invariant mass distributions for the B+
c ! J/yp+ and B+ ! J/yK+ channels, respectively, in

the kinematic region pT > 15 GeV and |y| < 1.6. The efficiencies for the two channels are
evaluated from MC simulations and include geometrical acceptance, reconstruction, selection,
and trigger effects.

The efficiencies are evaluated as a function of the B+ or B+
c candidate’s pT and computed in

pT bins, whose sizes are determined by the available size of the two-body B+
c ! J/yp+ and

B+ ! J/yK+ MC samples. Data are corrected event-by-event according to the candidate’s pT
and the efficiency determined using the simulation.

The same sources of systematic uncertainties considered in Section 6, have been evaluated for
this measurement and yield a total systematic uncertainty of 6.5% in the ratio. The systematic
uncertainty from the B+

c lifetime uncertainty is quoted separately in the result; it is estimated
by varying the B+

c lifetime in the simulation from the world average value [22] minus its one
standard deviation uncertainty, to the new LHCb measurement [26], resulting in a value of
10.4%. The different contributions to the systematic uncertainty are listed in Table 2.

Table 2: Systematic uncertainties in the measurement of Rc/u.

Systematic source %
Fit variant 5.3
MC sample size 2.1
Efficiency binning 3.1
Total uncertainty 6.5
Bc lifetime 10.4

The measurement of the ratio, including all the uncertainties, is

Rc/u = [0.48 ± 0.05 (stat) ± 0.03 (syst) ± 0.05 (tBc)]%. (5)

8 Summary

An analysis of the B+
c ! J/yp+p+p� decay mode has been presented based on pp collision

data at a center-of-mass energy of 7 TeV collected by the CMS experiment and corresponding

covers lifetime  
uncertainty
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to an integrated luminosity of 5.1 fb�1. The ratio of the B+
c ! J/yp+p+p� and B+

c ! J/yp+

branching fractions has been measured to be

RBc = 2.55 ± 0.80 (stat) ± 0.33 (syst)+0.04
�0.01 (tBc), (6)

which is in good agreement with the result from the LHCb experiment, 2.41 ± 0.30 (stat) ±
0.33 (syst) [10]. This measurement can be compared with the theoretical predictions, which
assume factorization into B+

c ! J/yW+⇤ and W+⇤ ! np+ (n = 1, 2, 3, 4). In particular,
Ref. [27] predicts 1.5 for the ratio, whereas Ref. [28] predicts three different values, 1.9, 2.0, and
2.3, depending on the chosen set of B+

c meson form factors. More precise measurements are
needed to determine if one of the predictions is favored by the data.

A measurement of the ratio of the cross sections times branching fractions for B+
c ! J/yp+ and

B+ ! J/yK+

Rc/u = [0.48 ± 0.05 (stat) ± 0.03 (syst) ± 0.05 (tBc)]%, (7)

has been presented for B+
c and B+ mesons with pT > 15 GeV and in the central rapidity region

|y| < 1.6. A similar measurement from LHCb in the kinematic region pT > 4 GeV, 2.5 < h < 4.5
gives [0.68 ± 0.10 (stat) ± 0.03 (syst) ± 0.05 (tBc)]% [29]. The two measurements, performed in
different kinematic regions, are expected to vary because of the softer pT distribution of the B+

c
with respect to that of the B+, implying a lower value of the ratio at higher pT. The measure-
ments are consistent with this expectation. Measurements of the production cross section times
branching fraction for B+

c ! J/y`+n relative to that for B+ ! J/yK+ are also available from
the CDF experiment [4] in the kinematic region pT > 4 GeV and |y| < 1. With the present B+

c
(pT,|y|) coverage, these experimental results can give guidance to improve the theoretical cal-
culations still affected by large uncertainties and constrain the various B+

c production models.
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New decay: B+→c(2S)fK+

Study of  resonant structures in B+→J/cfK+ decays lead to the first 
observation of the rare decay B+→c(2S)fK+ 
Ongoing: measurement of branching ratio
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Summary

The excellent performance of the CMS detector and LHC have 
allowed key contributions to the field heavy flavor physics 

The CMS and LHCb collaborations have finally nailed down 
the Bs→mm rare decay and will keep hunting for the even 
rarer B0→mm during run 2. No surprises so far. 
CMS has the second most precise determination of the CP 
violating fase fs and lifetime difference in Bs decays. Amazing 
agreement between experiments and with SM. 
Prompt charmonium measurements have been extended 
beyond pT=100 GeV. P-wave quarkonium studied 
differentially. 
New measurements of Bc production will help understanding 
heavy quark dynamics 
New B+ rare decay discovered! 
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Thanks to the 
organizers 
for this  
wonderful 
experience!
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BACKUP SLIDES

35



V. Chiochia (Zürich University) – New Heavy Flavor results at CMS - 4 December 2014

Isolation variables

36

Relative isolation of muon pairs 
Cone with DR=0.7 around di-muon momentum 
Include all tracks with pT>0.9 GeV from same PV or 
dCA<500 mm from B vertex 
Dip at ~0.97 from minimum track pT requirement
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Signal normalization

37

Branching ratios calculated w.r.t. normalization channel B+→J/c(m+m-)K+ 
Many systematic uncertainties cancel in ratio 
No need for absolute luminosity and b-quark cross section 
Large B+ yield and well known branching ratio to J/cK+ (3% uncertainty) 
Ratio of b-quark fragmentation fractions to Bs/B+: fs/fu=(256±20)×10-3  [JHEP 04 (2013) 001]
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Bs(mm) BDT validation

38

Use differences between data and MC for systematics 
B±→J/ψ K±  3% ; Bs →J/ψ ϕ   9.5% (2011) and 3.5% (2012)
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