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Why heavy flavor 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, etc. 

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

energy scales through loop contributions

!2

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsBPH
CMS published 24 journal articles in the heavy flavor domain

Recent  
results!

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsBPH
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The Large Hadron Collider
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Our “toys”. 

General 

Purpose, 
pp, heavy ions 

pp, B-Physics, 
CP Violation

Heavy ions, pp
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LHC performance - pp run
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LHC : Performance Limitations 

Parameter/Effects Limitations Now 
Beam energy  
limited by maximum dipole field. Industrially 
available technology.  

7 TeV 3.5 -> 4 TeV 

Bunch and total beam intensity  
beam-beam effect (tune spread), small allowed 
space in Q-space, collimators (impedance, 
collective instabilities), electron cloud, radiation  

N < 1.7 1011 

Nnom = 1.15 1011 

I < 0.85 A 

N ~ 1.5 1011 

Normalized emittance 
Limited by injectors and main dipole aperture  εn<3.75 µm 1.9 - 2.4 µm 

Beam size at IP ( β* )  

Limited by (triplet) quadrupole aperture 
0.55 m <  β* < 1 m 

σ ~ 17 µm 
0.6 m 

σ ~ 20 µm 

Crossing angle  

Limited by (triplet) quadrupole aperture 300 µrad 290 µrad 

Number of (colliding) bunches  

Limited by stored beam energy, electron cloud eff. 2808 1368 

Luminosity 
1 1034 7.5 x 1033 

 Legend:

N : particles/bunch

n : nr. of bunches

I : current / beam

εn=εγ,  ε : emittance

β* : β at IP

Beam size σ2=βε

Q : tune (number of�
     trans. oscil./turn)

Courtesy: G.Tonelli
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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

COMPACT

SOLENOID
MULTI-PURPOSE!



V. Chiochia (Zürich University) – Heavy flavour physics with the CMS experiment - 19-20/11/2013

CMS: Tracker
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CMS is equipped with a full-silicon tracking detector 
Three layers and two disks of pixel sensors (~66M channels) 
Ten barrel layers and 3+9 endcap wheels of strip sensors (~10M channels) 
Pseudorapidity coverage up to 2.4. Transverse momentum resolution 2-3%.

Tracker inner barrel during  
final integration

Insertion of the CMS  
pixel detector
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CMS: Pixel detector

!8

~98% operational during data taking 
Hit efficiency >99% 
Excellent understanding of detector resolution:  

Hit position, impact parameter, vertices
Hit resolution vs. cluster size 
Transverse ~ 10 mm 
Longitudinal ~ 20 mm

3.2 Track Impact Parameter Resolution 9

scriptions of track selection can be found in Reference [8]) are illustrated. Figure 5 shows a
comparison of data and simulation (Pythia8 Tune 1) for the following distributions: (a) trans-
verse momentum, pT; (b) pseudorapidity, �; (c) transverse impact parameter, dxy, with respect
to the primary vertex; and (d) longitudinal impact parameter, dz, with respect to the primary
vertex.

3.2 Track Impact Parameter Resolution

The analysis described in this section is based on the 7 TeV data collected by CMS up to the
27th of May 2010 and corresponding to 10.9 nb�1. In addition to the general selection detailed
in Section 1.1, the events used for the measurement of the IP resolutions are required also to
pass the uncorrected 6 GeV jet trigger. The usage of a common trigger ensures that the tracks
used in both data and simulation are comparable in terms of track multiplicity and distribu-
tion of particle kinematic variables. The measurement of the impact parameter resolution starts
from the selection of high quality tracks that have a high probability of having been produced
promptly in the pp collision: a track must have its pT greater than 0.3 GeV/c and valid measure-
ments on at least 7 consecutive layers of the tracker, including a measurement on the innermost
pixel layers (either the barrel or one of the endcap disks). Simulation studies predict that this
simple selection is expected to reduce the fraction of fake tracks to the per mil level. For trans-
verse momenta smaller than 4 GeV/c (20 GeV/c), the fraction of non-prompt tracks that are
selected is less than 2% (10%) of the total.
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Figure 6: Measured resolution of the track transverse (a) and longitudinal (b) impact parameter
as a function of the track pT. Only central tracks with |�| < 0.4 are considered. Black and red
symbols correspond to results from data and simulation, respectively.

For each track passing these criteria, the unbiased position of the collision point is determined
using all and only the other tracks in the event with the vertex fitter described in Section 2. The
uncertainty on the position is estimated from the vertex fit and it is used to filter the newly
reconstructed vertexes. If the errors on the x and y (z) coordinates of the vertex position are
within 15–37 µm (20–36 µm), a vertex-track pair is created and used in the next step of the
analysis. These cuts on the position error have been chosen as a trade-off between selecting
vertexes that are very precisely reconstructed and having enough vertexes passing the selec-

Excellent modeling 
of pixel hit resolution, 
multiple scattering, 
alignment

4 2 Primary Vertex Reconstruction

(a) (b)

(c)

Figure 2: Primary vertex resolution in x (a), y (b), and z (c) as a function of the number of tracks
for different average transverse momentum pT. The Pythia8 Tune 1 is used in the simulation.

ple the primary vertex efficiency from the fake rate of reconstructed tracks, we suppress fakes
by requiring all tracks to have a transverse momenta of 0.5 GeV.

In the split method, the tracks used in the primary vertex in an event are ordered first in de-
scending order of pT and then split into two different sets, with 2/3 (1/3) of the tracks assigned
to the tag (probe) track sets. The asymmetric splitting is used to increase the number of ver-
texes with low numbers of tracks. The tag and probe track sets are then fit independently with
the adaptive vertex fitter to extract the primary vertex reconstruction efficiency.

The efficiency is calculated by how often the probe vertex is matched to the original vertex
given that the tag vertex is reconstructed and matched to the original vertex. A tag or probe
vertex is considered to be matched to the original vertex if the tag or probe vertex position in
z is within 5� from the original vertex. The � is chosen to be the larger value of the vertex fit

Vertex resolution vs. 
number of tracks and 
average pT
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CMS: Muon system

!9

Tracks:  
Excellent pT resolution ≈ 2-3% 
Efficiency above 99% for central muons 
Impact parameter resolution ~15 mm 

Muon candidates:  
Match between muon segments and a silicon 
track 

Large pseudorapidity coverage: |η| < 2.4 
Muon efficiencies evaluated with  

MC methods 
Data-driven methods: Tag & Probe 

Muon misidentification rates from data: 
D*→D0p, D0→Kp 
Ks→pp 
L→pp

DT coverage

CMS-PAS-MUO-10-002
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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 implies very 
selective requirements at 
trigger level to store 
interesting b decays

!10

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), dimuon correlations from MC

!11

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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Understanding the rates: 
Production 
measurements
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JHEP 04 (2012) 084 
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EPJ Web of Conferences

Process p

T

range (Pseudo)-rapidity Cross section NLO QCD Ref.
[GeV/c] range [µb] [µb]

pp! bX ! µX 6 �1 |⌘| < 2.1 1.32 ± 0.01 ± 0.30 ± 0.15 0.95+0.41
�0.21 [1]

pp! bb̄X ! µµX 4 �1 |⌘| < 2.1 (26.18 ± 0.14 ± 2.82 ± 1.05) ⇥ 10�3 (19.95+4.68
�4.33) ⇥ 10�3 [4]

pp! b jet X 30 �1 |y| < 2.4 2.14 ± 0.01 ± 0.41 ± 0.09 1.83+0.64
�0.42 [5]

pp! B

+
X 5 �1 |y| < 2.4 28.3 ± 2.4 ± 2.0 ± 1.1 25.5+8.8

�5.4 [9]
pp! B

0
X 5 �1 |y| < 2.2 33.2 ± 2.5 ± 3.1 ± 1.3 25.2+9.6

�6.2 [10]
pp! B

s

X ! J/ �X 8 � 50 |y| < 2.4 (6.9 ± 0.6 ± 0.5 ± 0.3) ⇥ 10�3 (4.9+1.9
�1.7) ⇥ 10�3 [11]

Table 1. Summary of measured b-quark cross sections in inclusive (top) and exclusive (bottom) channels and comparison with NLO
QCD expectations. The experimental uncertainties indicate (from left to right) the statistical, systematic and luminosity. Theoretical
uncertainties are obtained from scale variations.

functions [29]. The uncertainty on the predicted cross
section is calculated by varying the renormalization and
factorization scales by a factor of 2, mb by !0:25 GeV,
and by using the CTEQ6.6 parton distribution set. For
reference, the prediction of PYTHIA is also included, using
a b-quark mass of 4.8 GeV, CTEQ6L1 parton distributions
[29], and the D6T tune [30] to simulate the underlying
event. The total integrated cross section for pB

T > 5 GeV
and jyBj< 2:4 is calculated as the sum over all pB

T bins and
is found to be 28:1! 2:4! 2:0! 3:1 !b, where the
first uncertainty is statistical, the second is systematic
(including the branching fraction uncertainty), and the
last is from the luminosity measurement. This result lies
between the predictions of MC@NLO, 25:5þ8:8

#5:4ðscaleÞþ2:5
#1:8 &

ðmassÞ ! 0:8ðPDFÞ !b, and PYTHIA (48:1 !b).
In summary, first measurements of the total and

differential cross sections for charged B production in pp
collisions at

ffiffiffi
s

p ¼ 7 TeV using the decay B! ! J=cK!

have been presented. The measurements cover the
range jyBj< 2:4 and pB

T from 5 GeV to greater than
30 GeV. The result is in reasonable agreement with the

predictions of MC@NLO in terms of shape and absolute
normalization.
We wish to congratulate our colleagues in the CERN

accelerator departments for the excellent performance of
the LHC machine. We thank the technical and administra-
tive staff at CERN and other CMS institutes, and acknowl-
edge support from: FMSR (Austria); FNRS and FWO
(Belgium); CNPq, CAPES, FAPERJ, and FAPESP
(Brazil); MES (Bulgaria); CERN; CAS, MoST, and
NSFC (China); COLCIENCIAS (Colombia); MSES
(Croatia); RPF (Cyprus); Academy of Sciences and
NICPB (Estonia); Academy of Finland, ME, and HIP
(Finland); CEA and CNRS/IN2P3 (France); BMBF,
DFG, and HGF (Germany); GSRT (Greece); OTKA and
NKTH (Hungary); DAE and DST (India); IPM (Iran); SFI
(Ireland); INFN (Italy); NRF and WCU (Korea); LAS
(Lithuania); CINVESTAV, CONACYT, SEP, and
UASLP-FAI (Mexico); PAEC (Pakistan); SCSR (Poland);
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FIG. 2 (color online). Measured differential cross sections
d"=dpB

T (top) and d"=dyB (bottom) compared with the theory
predictions. The error bars are the statistical uncertainties, while
the (yellow or light gray) band represents the sum in quadrature
of statistical and systematic uncertainties, excluding the common
branching fraction and luminosity uncertainties. The solid and
dashed blue lines are the MC@NLO prediction and its uncertainty,
respectively. The solid red line is the PYTHIA prediction.
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Figure 1: Projections of the fit results in (a) mB and (b) ct for pB
T > 5 GeV and
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of all backgrounds (purple dot-dashed).
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Figure 2: Measured differential cross sections (a) d�/dpB
T and (b) d�/dyB compared to the theo-

retical predictions. The inner error bars correspond to the statistical uncertainties and the outer
error bars represents the uncorrelated systematic uncertainties added in quadrature to the sta-
tistical uncertainties. Overall uncertainties of 4% for the luminosity and 3.8% for the branching
fractions are not shown. The solid and dashed (blue) lines are the MC@NLO prediction and its
uncertainty, respectively. The dotted (red) line is the PYTHIA prediction.

pB
T (

��yB
��) bins, and take into account bin-to-bin migrations (< 1%) due to the resolution on the

measured pB
T and

��yB
��.

The cross section is affected by systematic uncertainties on the signal yield and efficiencies,
which are uncorrelated bin-to-bin and can affect the shapes of the distributions, and by un-
certainties on the branching fractions and luminosity, which are common to all bins and only
affect the overall normalization. The uncertainty on the signal yield arises from potential fit
biases and imperfect knowledge of the PDF parameters (4–7%), and from effects of final-state
radiation and mismeasured track momenta on the signal shape in mB (1%). Uncertainties on
the efficiencies arise from the trigger (2–3%), muon identification (1%), muon tracking (1%),
K0

S (5%) and B0 (3%) candidate selection requirements, acceptance (2–3%), dimuon correlations
(1–5%) and pB

T and
��yB

�� mismeasurement (1%). The first five efficiency uncertainties are de-
termined directly from data, while the last three are determined by simulation. The largest
uncertainties on the efficiency arrise from the K0

S reconstruction, which is dominated by the
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Figure 1: Projections of the fit results in MB (a) and ct (b) for 8 < pB
T < 50 GeV/c and

��yB
�� < 2.4.

The curves in each plot are: the sum of all contributions (solid line); signal (dashed); prompt J/�
(dotted); and non-prompt J/� (dot-dashed). For better visibility of the individual contributions,
plot (a) includes the requirement ct > 0.01 cm.

Fig. 1. Invariant mass distributions of the decays B

+ ! J/ K

+ (left), B

0 ! J/ K

0
s

(center) and B

s

! J/ � (right). The CMS data points
are represented by the full dots. The solid lines are fits to the data.

matic regions, are in agreement with the NLO QCD ex-
pectations although NLO predictions are often below the
measurements. Theoretical uncertainties are always larger
than the experimental ones and are dominated by scale un-
certainties.

V. Chiochia (Uni. Zürich) – Heavy flavor physics with the CMS experiment - HCP Symposium - Paris, 17 November 2011

CMS summary of b cross sections
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cross-section ratio
0 0.5 1 1.5 2

| < 2.1µη > 4 GeV, |µ

T
Y; pµµ → bbX →pp 

-0.22
+0.241.00 PAS BPH-10-015
 0.14±1.31 

| < 2.4jet > 30 GeV, |yjet
T

 X; pµ → bX →pp 

-0.24
+0.351.00 PAS BPH-10-008

 0.22±1.17 

| < 2.4B > 8 GeV, |yB
T

; pφ ψ J/→ sB

-0.48
+0.511.00 arXiv:1106.4048 [hep-ex]

 0.18±1.50 

| < 2.2B > 5 GeV, |yB
T

; ps Kψ J/→ 0B

-0.25
+0.381.00 PRL 106 (2011) 252001

 0.17±1.32 

| < 2.4B > 5 GeV, |yB
T

; p+ Kψ J/→ +B

-0.23
+0.361.00 PRL 106 (2011) 112001

 0.12±1.10 

CMS / MC@NLO

MC@NLO uncertainty

Includes BR(Bs→J/cf) 
uncertainty

PRD 84 (2011) 052008

Fig. 2. Ratio of measured and predicted b-quark cross sections.

3 Measurements of B hadron angular
correlations

In the lowest order perturbative QCD momentum conser-
vation requires the b and b̄ quarks to be emitted in a back-
to-back topology. However, higher order subprocesses with
additional emitted partons, such as gluons, give rise to dif-
ferent topologies of the final state b quarks. Consequently,
measurements of bb̄ angular and momentum correlations
provide information about the underlying production sub-
processes and allow for a sensitive test of leading-order and

NLO QCD cross sections and their evolution with event
energy scales.

The angular correlations of B hadron pairs were re-
cently measured with the CMS experiment using a novel
technique based on secondary vertices and accessing for
the first time the region of collinear b-quark pair produc-
tion [8]. An inclusive secondary vertex finding (IVF) tech-
nique, completely independent of jet reconstruction, is ap-
plied for this purpose. This technique reconstructs secon-
dary vertices (SV) by clustering tracks around the so-called
seeding tracks characterized by high three-dimensional im-
pact parameter significance. The four-momentum of the
reconstructed B hadron candidate is then identified with
the SV four-momentum. The angular separation between
B candidate pairs is measured for three di↵erent regions
of the leading jet p

T

in the event. The ratios of measured
and simulated cross sections over the PYTHIA predictions
are shown in Figure 3. The data lie between the MADGRAPH
and the PYTHIA MC predictions. Neither the MC@NLO nor
the CASCADE calculations describe the shape of the �R dis-
tribution well. In particular the collinear region at small
values of �R, where the contributions of gluon splitting
processes are expected to be large, is not adequately de-
scribed by any of the predictions. In addition, the fraction
of cross section in this collinear region is found to increase
with the leading jet p

T

.

4 Searches for rare B hadron decays

The rare decays B

0
s,d ! µ+µ� are extremely interesting

for new physics searches. The decays are flavour-changing
neutral current processes which are forbidden in the SM
at a tree level, occurring only via higher order diagrams.
The SM-predicted branching fractions, Br(B

s

! µ+µ�) =
(3.2 ± 0.2) ⇥ 10�9 and Br(B0 ! µ+µ�) = (1.0 ± 0.1) ⇥

Source: http://arxiv.org/abs/1201.6677

http://www.springerlink.com/content/q73556783722j6j2/?MUD=MP
http://www.springerlink.com/content/p26v7t8755p0556l/?MUD=MP
http://arxiv.org/abs/1201.6677


V. Chiochia (Zürich University) – Heavy flavour physics with the CMS experiment - 19-20/11/2013

B hadron production

!14

8 6 Results

used in the fits. The T parameter represents the inverse slope parameter of an exponential,
which dominates at low pT. Since our data do not constrain that region well, T is fixed to the
mean value found from fitting the B+ and B0 distributions, where the pT threshold is lowest.
The result of T = 1.10 GeV is used to obtain the following values of the n parameter, which
controls the power-law behavior at high pT: n(B+) = 5.5 ± 0.3, n(B0) = 5.8 ± 0.3, n(B0

s) =
6.6 ± 0.4, and n(Lb) = 7.6 ± 0.4. The larger n value for Lb indicates a more steeply falling pT
distribution than observed for the mesons, also suggesting that the production of Lb baryons,
relative to B mesons, varies as a function of pT, with a larger Lb/B ratio at lower transverse
momentum. The right plot of Fig. 3 shows the pLb

T spectrum shape compared to B+ and B0,
where the distributions are normalized to the common bin with pT = 10�13 GeV.
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Figure 3: Comparison of production rates for B+ [6], B0 [7], B0
s [9], and Lb versus pT. The left

plot shows the absolute comparison, where the inner error bars correspond to the total bin-to-
bin uncertainties, while the outer error bars represent the total bin-to-bin and normalization
uncertainties added in quadrature. Fits to the Tsallis function [43] for each distribution are
also shown.The overall uncertainties for B0

s and Lb are dominated by large uncertainties on
B(B0

s ! J/yf) and B(Lb ! J/yL), respectively. The right plot shows a shape-only comparison
where the data are normalized to the 10�13 GeV bin in pT and the error bars show the bin-to-
bin uncertainties only. B0

s is omitted because the 10�13 GeV bin is not available for the common
normalization.

The ratio s(Lb)/s(Lb) is calculated in bins of pLb
T or |yLb | as

s(Lb)/s(Lb) =
nLb

sig

nLb
sig

⇥ e(Lb)

e(Lb)
, (4)

where nLb
sig and nLb

sig are the antiparticle and particle yields in a given bin, and e(Lb) and e(Lb)
are the particle and antiparticle efficiencies for a given bin, always considering only baryons
produced with |yLb | < 2.0 for pLb

T bins and pLb
T > 10 GeV for |yLb | bins. The results versus pLb

T
and |yLb | are shown in Fig. 4 and Table 2. The ratio s(Lb)/s(Lb) is found to be consistent with
unity and constant as a function of both pLb

T and |yLb |, within the uncertainties, as predicted
by POWHEG and PYTHIA. Therefore, no evidence of increased baryon production at forward

b]µB Hadron Production Cross Section [
0 50-0.25

4.8

 Xφ ψ J/→ X s B→pp  0.3± 0.7  ± 0.4 ±6.9 
<50 GeV, |y|<2.4 (x1000)T8<p )-1(40 pb

 X0 B→pp  3.6± 3.1  ± 2.5 ±33.3 
>5 GeV, |y|<2.2TP )-1(40 pb

 X+ B→pp  3.1± 2.0  ± 2.4 ±28.1 
>5 GeV, |y|<2.4TP )-1( 6 pb

 XΛ ψ J/→ X b Λ →pp  2.0± 1.2  ± 0.6 ±11.6 
>10 GeV, |y|<2.0 (x10000)TP )-1(1900 pb

=7 TeV                        Spring 2012sCMS Preliminary, 
 lum. error± syst. ± stat. ±value 

(luminosity)

Theory: MC@NLO / POWHEG
=4.75 GeVb, m1/2)2

T
+p2

b
=(mµCTEQ6M PDF, 

Power low behavior from Tsallis fit 
n(B+,B0) = 5.7±0.3 
n(Lb) = 7.6±0.4 (4.7s tension)

7

PYTHIA 6.422 [28] for the parton hadronization. The uncertainty on the predicted cross sec-
tion is calculated by varying the renormalization and factorization scales by factors of two and,
independently, mb by ±0.25 GeV. The largest variation in each direction is taken as the uncer-
tainty. The data are also compared to the PYTHIA 6.422 prediction, using a b-quark mass of
4.80 GeV, CTEQ6L1 parton distribution functions, and the Z2 tune [37] to simulate the under-
lying event. No attempt has been made to quantify the uncertainty on the PYTHIA predictions.
The measured pT spectrum falls faster than predicted by POWHEG and PYTHIA, while the |y|
spectrum shape is in agreement with the predictions within uncertainties, as illustrated in the
data-to-POWHEG ratio plots shown in the lower panels of Fig. 2. The integrated cross section
s(pp ! LbX) ⇥ B(Lb ! J/yL) for pLb

T > 10 GeV and |yLb | < 2.0, calculated as the sum
over all pT bins, is 1.16 ± 0.06 ± 0.12 nb, where the first uncertainty is statistical, and the sec-
ond is systematic. For the total cross section result, the highest pLb

T bin is fit without an upper
bound and has a yield of 97.0 ± 13.2 events. The total cross section measurement is in good
agreement with the prediction from PYTHIA of 1.19 ± 0.64 nb and higher than the prediction
from POWHEG of 0.63+0.41

�0.37 nb, where the uncertainties are dominated by the 54% uncertainty
on B(Lb ! J/yL) [24].

This result can be compared to previous CMS measurements of B+ [6], B0 [7], and B0
s [9] pro-

duction at
p

s = 7 TeV. To facilitate the comparison, the B+ and B0 results are taken for the
range pB

T > 10 GeV. Simulated events are generated with MC@NLO [38] with mb = 4.75 GeV
and CTEQ6M parton distribution functions to determine the fraction of B+, B0, and B0

s events
within the pB

T and |yB| ranges used for their respective measurements with the pT > 10 GeV
and |y| < 2.0 requirements used in this analysis. Scaling by the appropriate ratio and using
the world-average values of B(Lb ! J/yL) = (5.7 ± 3.1)⇥ 10�4 and B(B0

s ! J/yf) = (1.4 ±
0.5) ⇥ 10�3 [24], we determine the following cross sections for pB

T > 10 GeV and |yB| < 2.0:
s(pp ! B+X) = 6.7 ± 1.0 µb; s(pp ! B0X) = 6.7 ± 0.8 µb; s(pp ! B0

s X) = 2.5 ± 1.0 µb
and s(pp ! LbX) = 2.1 ± 1.1 µb, where the uncertainties are the quadrature sum of the
statistical and systematic components. No uncertainty has been included for the phase-space
extrapolation based on MC@NLO [38]. The large systematic uncertainties for s(pp ! B0

s X) and
s(pp ! LbX) are dominated by the poorly known branching fractions B(Lb ! J/yL) and
B(B0

s ! J/yf), respectively. The ratios among the four results are in good agreement with the
world-average b-quark fragmentation results [24].

The world-average b-quark fragmentation results assume that the fractions are the same for b
jets originating from Z decays at LEP and directly from pp collisions at the Tevatron. However,
measurements of fLb performed at LEP [39, 40] and at the Tevatron [41] show discrepancies. A
recent result [42] from the LHCb Collaboration measures a strong pT dependence of the ratio of
Lb production to B-meson production, fLb /( fu + fd), with fLb ⌘ B(b ! Lb) and fq ⌘ B(b !
Bq). Larger fLb values are observed at lower pT, which suggests that the discrepancy observed
between the LEP and Tevatron data may be due to the lower pT of the Lb baryons produced at
the Tevatron.

A comparison of this and previous CMS results for b-hadron production versus pT is shown in
the left plot of Fig. 3, where the data are fit to the Tsallis function [43],

1
N

dN
dpT

= C pT

2

41 +

q
p2

T + m2 � m

nT

3

5

�n

. (3)

Here C is a normalization parameter, T and n are shape parameters, m is the mass of the b
hadron and N is the b-hadron yield. The statistical and bin-to-bin systematic uncertainties are

Lb baryon production 
suppressed at high pt

NLO predictions compatible with data  
but tendency to be below data

Phys. Rev. Lett.106 (2011) 112001 
Phys. Rev. Lett. 106 (2011) 252001 

Phys. Rev. D84 (2011) 052008 
Phys. Rev. D85 (2012) 032008 

Phys. Lett. B714, 136

M. Pappagallo HADRON 2013 
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[LHCb, PRD 85 (2012) 032008] [CMS, PLB 714 (2012) 136] 
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!  LHCb: Measurement of fΛb/fu+fd by studying semileptonic decay 
modes B#DμνX and Λb#ΛcμνX. 2-D fit: m(D) or m(Λc) vs IP 

!  CMS: Measurements of Λb production in bins of pT and y by 
using an exclusive decay mode Λb#J/ψ(μ+μ-)Λ(pπ) 

Significant dependence of 
fΛb/fu+fd upon pT(Λcμ) 

pT(Λb) distribution falls 
faster than predicted by 

POWHEG  

http://www.sciencedirect.com/science/article/pii/S0370269312006223
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Spectroscopy: 
A new heavy baryon 
and other peaks
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On the media
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May 1st, 2012
First particle discovery at CMS!
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Q value: M(Jb*0)-M(Jb-)-M(p+)≈11-29 MeV 

Width < 1MeV	


“Heavy neutron” with u-s-b quarks

(known)

?

?

B=-1

B=-2

Ernest Aguiló (HEPHY) June 26th 2012

• B-baryon multiplets:

• Charm sector cousin:

• Expected Q(Ξb*0) = M(Ξb*0) − M(Ξb−) − M(π+) ~ 11-29 MeV

• Given the predicted Q, Γ(Ξb*0) < 1 MeV.
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!18

Ernest Aguiló (HEPHY) June 26th 2012

• Ξb*0 decay chain:

Introduction

6
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Observation of the Jb*0 baryon
21 events observed, 3.0±1.4 

background expected 
Resolution from MC: sMC=1.9±0.1 MeV
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Exotic mesons
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Possible Speculations
Many new charmonium(–like) do not fit into 
quark model spectrum easily.  Theoretical 
speculations include:

• Molecular states: loosely bound states composed of a 
pair of mesons, probably bound by the long-range color-
singlet pion exchange

• Tetraquarks: bound states of four quarks, bound by 
colored-force between quarks, decay through 
rearrangement, some are charged or carry strangeness, there 
are many states within the same multiplet 

• Hybrid charmonium: bound states composed of a 
pair of quarks and one excited gluon

• Conventional charmonium: quark model spectrum 
could be distorted by the coupled-channel effects

9Courtesy: S.Zhu
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TABLE 9: As in Table 4, but for new unconventional states in the cc̄ and bb̄ regions, ordered by mass. For X(3872), the values
given are based only upon decays to ⇡+⇡�J/ . X(3945) and Y (3940) have been subsumed under X(3915) due to compatible
properties. The state known as Z(3930) appears as the �c2(2P ) in Table 4. See also the reviews in [81–84]

State m (MeV) � (MeV) JPC Process (mode) Experiment (#�) Year Status

X(3872) 3871.52±0.20 1.3±0.6 1++/2�+ B ! K(⇡+⇡�J/ ) Belle [85, 86] (12.8), BABAR [87] (8.6) 2003 OK

(<2.2) pp̄ ! (⇡+⇡�J/ ) + ... CDF [88–90] (np), DØ [91] (5.2)

B ! K(!J/ ) Belle [92] (4.3), BABAR [93] (4.0)

B ! K(D⇤0D̄0) Belle [94, 95] (6.4), BABAR [96] (4.9)

B ! K(�J/ ) Belle [92] (4.0), BABAR [97, 98] (3.6)

B ! K(� (2S)) BABAR [98] (3.5), Belle [99] (0.4)

X(3915) 3915.6± 3.1 28±10 0/2?+ B ! K(!J/ ) Belle [100] (8.1), BABAR [101] (19) 2004 OK

e+e� ! e+e�(!J/ ) Belle [102] (7.7)

X(3940) 3942+9
�8 37+27

�17 ??+ e+e� ! J/ (DD̄⇤) Belle [103] (6.0) 2007 NC!

e+e� ! J/ (...) Belle [54] (5.0)

G(3900) 3943± 21 52±11 1�� e+e� ! �(DD̄) BABAR [27] (np), Belle [21] (np) 2007 OK

Y (4008) 4008+121
� 49 226±97 1�� e+e� ! �(⇡+⇡�J/ ) Belle [104] (7.4) 2007 NC!

Z1(4050)
+ 4051+24

�43 82+51
�55 ? B ! K(⇡+�c1(1P )) Belle [105] (5.0) 2008 NC!

Y (4140) 4143.4± 3.0 15+11
� 7 ??+ B ! K(�J/ ) CDF [106, 107] (5.0) 2009 NC!

X(4160) 4156+29
�25 139+113

�65 ??+ e+e� ! J/ (DD̄⇤) Belle [103] (5.5) 2007 NC!

Z2(4250)
+ 4248+185

� 45 177+321
� 72 ? B ! K(⇡+�c1(1P )) Belle [105] (5.0) 2008 NC!

Y (4260) 4263± 5 108±14 1�� e+e� ! �(⇡+⇡�J/ ) BABAR [108, 109] (8.0) 2005 OK

CLEO [110] (5.4)

Belle [104] (15)

e+e� ! (⇡+⇡�J/ ) CLEO [111] (11)

e+e� ! (⇡0⇡0J/ ) CLEO [111] (5.1)

Y (4274) 4274.4+8.4
�6.7 32+22

�15 ??+ B ! K(�J/ ) CDF [107] (3.1) 2010 NC!

X(4350) 4350.6+4.6
�5.1 13.3+18.4

�10.0 0,2++ e+e� ! e+e�(�J/ ) Belle [112] (3.2) 2009 NC!

Y (4360) 4353± 11 96±42 1�� e+e� ! �(⇡+⇡� (2S)) BABAR [113] (np), Belle [114] (8.0) 2007 OK

Z(4430)+ 4443+24
�18 107+113

� 71 ? B ! K(⇡+ (2S)) Belle [115, 116] (6.4) 2007 NC!

X(4630) 4634+ 9
�11 92+41

�32 1�� e+e� ! �(⇤+
c ⇤

�
c ) Belle [25] (8.2) 2007 NC!

Y (4660) 4664±12 48±15 1�� e+e� ! �(⇡+⇡� (2S)) Belle [114] (5.8) 2007 NC!

Yb(10888) 10888.4±3.0 30.7+8.9
�7.7 1�� e+e� ! (⇡+⇡�⌥(nS)) Belle [37, 117] (3.2) 2010 NC!

no D⇤0-mass constraint, and measured a mass value of
3875.2 ± 0.7+0.3

�1.6 ± 0.8 MeV.) Belle [95] fit to a conven-
tional Breit-Wigner signal shape convolved with a Gaus-
sian resolution function. BABAR [96] fit the data to an
ensemble of MC samples, each generated with di↵erent
plausible X masses and widths and assuming a purely
S-wave decay of a spin-1 resonance. The BABAR X mass
from D⇤0D̄0 decays is more than 3 MeV larger than the
world average from ⇡+⇡�J/ , which engendered specu-
lation that the D⇤0D̄0 enhancement might be a di↵erent
state than that observed in ⇡+⇡�J/ , but the smaller
value observed by Belle in D⇤0D̄0 seems to make that
possibility unlikely. The two X mass measurements us-

ing D⇤0D̄0 decays are inconsistent by 2.2�, and are 1.8�
and 4.7� higher than the ⇡+⇡�J/ -based mass. How-
ever, important subtleties pointed out by Braaten and
co-authors [121, 122] appear to explain at least qualita-
tively why masses extracted in this manner are larger
than in ⇡+⇡�J/ .

Measuring theX mass with theD⇤0D̄0 decay is consid-
erably more challenging than with ⇡+⇡�J/ for several
reasons [121, 122]. If conceived as a bound or virtual
D⇤0D̄0 state [123], the X lineshape in this decay mode
is determined by the binding energy, the D⇤0 natural
width, and the natural width of the X itself, which is
at least as large as the D⇤0 width [121]. Because the

Well established  
at CMS

Seen also at D0

Seen also at  
D0, Belle
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FIG. 1: (a) The mass distribution of J/ψ φK+; the solid blue
line is a fit to the data with a Gaussian signal function and
linear background function. (b) The K+K− mass distribu-
tions inside the B mass window (black solid) and in the B
sidebands (red dotted).

m(µ+µ−K+K−) − m(µ+µ−) for events in the B+

mass window. Events from reference [12] and from new
data are shown in (a) top and bottom. In the Y (4140)
signal region (∆M < 1.07GeV/c2), the new data agree
within 1σ of the expectation (6 events compared to 7.3
expected). Over the entire examined region the two
data sets are consistent at the 7% probability level. We
have investigated the consistency of particle ID for the
two data sets using the B+ → J/ψK+ channel and
see no discrepant effects. In (b) and (c), we display
∆M distributions for the events in the B signal and
sideband in the combined data sample. We restrict our
study to events with ∆M smaller than 1.56 GeV/c2 to
avoid appreciable combinatorial backgrounds from
misidentified B0

s → ψ(2S)φ→ (J/ψ π+π−)φ decays [12].
An enhancement is observed near the J/ψ φ threshold
from the B+ signal while there are no events in the
∆M range below 1.1 GeV/c2 from the combinatorial
background estimated from B sideband events.
We model the observed threshold structure by an S-

wave relativistic Breit-Wigner (BW) function [21] con-
voluted with a Gaussian resolution function with the
RMS fixed to 1.7 MeV/c2 obtained fromMC. Three–body
phase space [1] is used to describe the background shape.
There is still a small B0

s contribution (3.3±1.0 events)
in the ∆M distribution up to 1.56 GeV. The MC shape
of the B0

s contribution is normalized to this area and
added to the three-body phase space. The parameters
from an unbinned likelihood fit to the ∆M distribution,
as shown in Fig. 2(b), are given in Table I. To test the
hypothesis that the structure has zero width (weak de-
cay), we also fit the ∆M distribution to a zero-width
peak, using a single Gaussian with RMS given by the
expected mass resolution (1.7 MeV/c2), plus phase space
background. The statistical significance for a non-zero
width determined by the likelihood ratio between these
two fits is 3.7σ, favoring a strong decay (non-zero width)
rather than a weak decay for this structure.
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FIG. 2: (a) The mass difference, ∆M , between µ+µ−K+K−

and µ+µ−, in the B+ mass window. Top–data from Ref. [12],
bottom–new data. (b) A fit to the combined data assum-
ing Y (4140) only. (c) A fit to the combined data assuming
two structures. This fit, including the second peak, lowers
the 3–body phase space background under the first peak and
increases its yield and significance with negligible effect on
its resonance parameters. The shaded histogram is the data
from the B sideband. The dotted blue curve is the predicted
background contribution, the dash-dotted black curve is the
predicted B0

s contamination, and the solid red curve is the
total unbinned fit.

The combinatorial background contains primarily
misidentified φ candidates, as can be seen in Fig. 1 (b).
These two tracks with a φ-like mass will be combined
with a real J/ψ, and an additional kaon candidate, all
having a common vertex and forming a B mass. We
model this component with phase space. To check this
assumption, we performed several studies in which we re-
laxed cuts that would not influence the mass-difference
distribution of events from the B mass region: loosened
vertex requirements or loosened Lxy cuts. These studies
show that the combinatoric background from the B side-
band region is consistent with 3–body phase space. We
can now conclude that the flat background hypothesis
used in the previous paper [12] was overly conservative.
We determine the significance of the structure at the

J/ψ φ threshold based on simulation. We generated
8.4× 107 mass spectra (119 events for each, correspond-
ing to the number of observed events) drawn from a
three–body phase-space-like distribution, and search for
the most significant fluctuation in each spectrum in the
mass range of 1.02 to 1.56 GeV/c2, with widths in the
range of resolution up to 120 MeV/c2 [12]. We evaluate
2∆lnL = −2ln(L0/Lmax) value for each generated spec-
trum, where L0 and Lmax are the likelihood values for
the null hypothesis fit and signal hypothesis fit. Both
fits use three-body phase space to describe the back-
ground. There are 19 generated spectra with a 2∆lnL
value greater than or equal to the value (34.9 obtained
in the data assuming the Y (4140) structure only [23])
obtained in the data. The resulting p-value, taken as
the fraction of the generated spectra with a 2∆lnL value
greater than or equal to the value obtained in the data,

First evidence (3.8s) for a near-threshold 
narrow peak in the J/cf system, reported by 
CDF in B+→J/c(mm)f(KK)K+ decays in 2009, 
based on 2.7 fb-1. 
Result updated in 2011 with 6 fb-1, significance 
over 5s. Assuming relativistic BW: 

M1=4143.0+2.9-3.0(stat)±0.6(syst) MeV 
G1=15.3+10.4-6.1(stat)±2.5(syst) MeV 

Evidence (3.1s) for a second structure: 
M2=4274.4+8.4-6.7(stat)±1.9(syst) MeV 
G2=32.3+21.9(stat)±7.6(syst) MeV 

Could be cc bound state but well above open-
charm threshold (3740 MeV). Some models: 

Molecular (Ds Ds) state 
Hybrid particle (qqg) 
Four-quark combination (ccss) 

No significant first structure from Belle in 
exclusive B decays. 3.2s evidence for second 
structure at 4350 MeV in gg→J/cf 

Exclusion limits on partial width disfavor 
molecular scenarios with 0++, 2++
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FIG. 1: (a) The mass distribution of J/ψ φK+; the solid blue
line is a fit to the data with a Gaussian signal function and
linear background function. (b) The K+K− mass distribu-
tions inside the B mass window (black solid) and in the B
sidebands (red dotted).

m(µ+µ−K+K−) − m(µ+µ−) for events in the B+

mass window. Events from reference [12] and from new
data are shown in (a) top and bottom. In the Y (4140)
signal region (∆M < 1.07GeV/c2), the new data agree
within 1σ of the expectation (6 events compared to 7.3
expected). Over the entire examined region the two
data sets are consistent at the 7% probability level. We
have investigated the consistency of particle ID for the
two data sets using the B+ → J/ψK+ channel and
see no discrepant effects. In (b) and (c), we display
∆M distributions for the events in the B signal and
sideband in the combined data sample. We restrict our
study to events with ∆M smaller than 1.56 GeV/c2 to
avoid appreciable combinatorial backgrounds from
misidentified B0

s → ψ(2S)φ→ (J/ψ π+π−)φ decays [12].
An enhancement is observed near the J/ψ φ threshold
from the B+ signal while there are no events in the
∆M range below 1.1 GeV/c2 from the combinatorial
background estimated from B sideband events.
We model the observed threshold structure by an S-

wave relativistic Breit-Wigner (BW) function [21] con-
voluted with a Gaussian resolution function with the
RMS fixed to 1.7 MeV/c2 obtained fromMC. Three–body
phase space [1] is used to describe the background shape.
There is still a small B0

s contribution (3.3±1.0 events)
in the ∆M distribution up to 1.56 GeV. The MC shape
of the B0

s contribution is normalized to this area and
added to the three-body phase space. The parameters
from an unbinned likelihood fit to the ∆M distribution,
as shown in Fig. 2(b), are given in Table I. To test the
hypothesis that the structure has zero width (weak de-
cay), we also fit the ∆M distribution to a zero-width
peak, using a single Gaussian with RMS given by the
expected mass resolution (1.7 MeV/c2), plus phase space
background. The statistical significance for a non-zero
width determined by the likelihood ratio between these
two fits is 3.7σ, favoring a strong decay (non-zero width)
rather than a weak decay for this structure.
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FIG. 2: (a) The mass difference, ∆M , between µ+µ−K+K−

and µ+µ−, in the B+ mass window. Top–data from Ref. [12],
bottom–new data. (b) A fit to the combined data assum-
ing Y (4140) only. (c) A fit to the combined data assuming
two structures. This fit, including the second peak, lowers
the 3–body phase space background under the first peak and
increases its yield and significance with negligible effect on
its resonance parameters. The shaded histogram is the data
from the B sideband. The dotted blue curve is the predicted
background contribution, the dash-dotted black curve is the
predicted B0

s contamination, and the solid red curve is the
total unbinned fit.

The combinatorial background contains primarily
misidentified φ candidates, as can be seen in Fig. 1 (b).
These two tracks with a φ-like mass will be combined
with a real J/ψ, and an additional kaon candidate, all
having a common vertex and forming a B mass. We
model this component with phase space. To check this
assumption, we performed several studies in which we re-
laxed cuts that would not influence the mass-difference
distribution of events from the B mass region: loosened
vertex requirements or loosened Lxy cuts. These studies
show that the combinatoric background from the B side-
band region is consistent with 3–body phase space. We
can now conclude that the flat background hypothesis
used in the previous paper [12] was overly conservative.
We determine the significance of the structure at the

J/ψ φ threshold based on simulation. We generated
8.4× 107 mass spectra (119 events for each, correspond-
ing to the number of observed events) drawn from a
three–body phase-space-like distribution, and search for
the most significant fluctuation in each spectrum in the
mass range of 1.02 to 1.56 GeV/c2, with widths in the
range of resolution up to 120 MeV/c2 [12]. We evaluate
2∆lnL = −2ln(L0/Lmax) value for each generated spec-
trum, where L0 and Lmax are the likelihood values for
the null hypothesis fit and signal hypothesis fit. Both
fits use three-body phase space to describe the back-
ground. There are 19 generated spectra with a 2∆lnL
value greater than or equal to the value (34.9 obtained
in the data assuming the Y (4140) structure only [23])
obtained in the data. The resulting p-value, taken as
the fraction of the generated spectra with a 2∆lnL value
greater than or equal to the value obtained in the data,
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arXiv:1101.6058

CDF 2011 
L=6 fb-119±7 

candidates

22±8 
candidates

B+→                  K+→ J/cf K+

?

X(4140) 
X(4270)

115±12 B+ 
candidates

CDF 2011 
L=6 fb-1



V. Chiochia (Zürich University) – Heavy flavour physics with the CMS experiment - 19-20/11/2013

Search for X(4140)

!23

Search based on 5.2 fb-1 in B+→J/cfK+ decays: 
Largest sample so far: 2480±160 B+ candidates 

Fitted Dm distribution corrected for detector 
efficiency 

Efficiency fairly uniform over mass spectrum (<20%) 

Fit model: S-wave relativistic BW for signal, and 
three-body phase space 

Event mixing used as cross check 

First peak observed with significance exceeding 5s 
M1 =4148.0±2.4(stat.)±6.3(syst.) MeV 
G1 =28+15-11(stat.)±19(syst.) MeV 

Evidence for a second peak: 
M2 =4313.8±5.3(stat.)±7.3(syst.) MeV 
G2 =38+30-16(stat.) ± 16 (syst.) MeV 

Parameters of the second structure my be affected 
by fK+ reflections 
Analysis performed with tighter B+ signal selection 
gives consistent results
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Figure 3: The number of B+ ! J/yfK+ candidates as a function of Dm = m(µ+µ�K+K�)�
m(µ+µ�). The solid curve is the global unbinned maximum-likelihood fit of the data, and the
dotted curve is the background contribution assuming three-body PS. The band is the ±1s un-
certainty range for the background obtained from the global fit. The dashed and dash-dotted
curves are background curves obtained from two different event-mixing procedures, as de-
scribed in the text, and normalized to the number of three-body PS background events. The
short dashed curve is the 1D fit to the data.

The J/y and f vector meson decays are simulated using their known angular distributions. The
measured efficiency is fairly uniform, varying by less than 25% over the entire allowed three-
body PS. Assuming a uniform PS distribution, the efficiency for each Dm bin is taken to be the
average of the efficiencies over the full kinematically allowed m(fK+) range. To estimate the
systematic uncertainty in the efficiency caused by its dependence on the unknown quantum
numbers of the structures, and hence on their unknown decay angular distributions, the effi-
ciency is evaluated under the assumption of both a cos2 q and sin2 q dependence, where q is
the helicity angle, defined as the angle in the J/yf rest frame between the direction of the boost
from the laboratory frame and the J/y direction. Since the efficiency tends to be lower towards
the edge of the Dalitz plot, the cos2 q dependence gives a lower average efficiency than the
default efficiency, while the sin2 q dependence gives a slightly higher average efficiency. This
variation (10%) is taken as the systematic uncertainty in the efficiency from our lack of knowl-
edge of the quantum numbers of the structures and the effects of interference with possible
two-body resonances.
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Figure 1: The J/yfK+ mass distribution with the standard event selection (left) and the tighter
requirements (right). The solid curves show the result of fitting these distributions to a Gaus-
sian signal and a second-degree polynomial background while the dashed curves show the
background contribution.

corrected J/yf mass spectrum, as described below. With the exception of this cross-check, all
results are obtained with the less-restrictive criteria.

Figure 2 shows the K+K� invariant-mass distribution for J/y K+ K� K+ candidates that have
an invariant mass within ±3s of the B+ mass. We define events in the range [�12, �6]s and
[6, 12]s of the B+ mass as sidebands. The f mass restriction has been removed and a side-
band subtraction has been performed in Fig. 2. We fit this distribution to a P-wave relativis-
tic Breit–Wigner (BW) function convolved with a Gaussian resolution function. The width of
the Gaussian is fixed to 1.3 MeV, obtained from MC simulation. The fit has a c2 probabil-
ity of 23% and returns a mass of 1019.4 ± 0.1 MeV and a width of 4.7 ± 0.4 MeV, consistent
with the f meson [24]. The good fit to only a f component in Fig. 2 indicates that after the
J/y and f mass requirements are made and the combinatorial background is subtracted, the
B+ ! µ+µ�K+K�K+ candidates are consistent with being solely J/yfK+, with negligible con-
tribution from J/yf0(980)K+ or nonresonant J/yK+K�K+.

As seen in Fig. 1, there are two main components to the J/yfK+ invariant-mass spectrum:
the B+ signal and a smooth background. Possible contributions from other B-hadron decays
are examined using MC simulations of inclusive B+, B0, and B0

s decays. Based on this study,
the mass-difference region (Dm > 1.568 GeV) is excluded from the analysis to avoid potential
background from B0

s ! y(2S)f ! J/yp+p�f decays, where one pion is assumed to be a kaon
and the other is not reconstructed.

To investigate the J/yf invariant-mass distribution, rather than fitting the distribution itself
with its large combinatorial background, the J/yfK+ candidates are divided into 20 MeV-wide
Dm intervals, and the J/yfK+ mass distributions for each interval are fit to extract the B+ signal
yield in that interval. We use a second-degree polynomial for the combinatorial background
and two Gaussians for the B+ signal. The fit is performed separately for each data set. The
mean values of the two Gaussians are fixed to the B+ mass [24], and the width values of the
Gaussians, as well as their relative ratio, are fixed to the values obtained from MC simulation
for each specific Dm interval in each data set. The results of all the fits are good descriptions of
the data distributions with an average c2 per degree of freedom (dof) close to 1. The resulting
Dm distribution for the combined data sets is shown in Fig. 3. Two peaking structures are
observed above the simulated phase-space (PS) continuum distribution shown by the dotted

arXiv:1309.6920
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3

event generator, and the particle decays are modeled using the EVTGEN package [23], assum-
ing that the U(2S) and Xb states have the same production mechanism and are both produced
unpolarized. The unpolarized assumption for the U(2S) is supported by a recent CMS mea-
surement [24]. In the event generation, the Xb state is assumed to be a narrow resonance with
the same quantum numbers as the U(2S). Generated events are processed through a full detec-
tor simulation based on GEANT4 [25]. The simulated U(2S) events are reweighted according
to the dipion invariant-mass spectrum in U(2S) ! U(1S)p+p� decays measured by the CLEO
experiment [26]. The kinematic distributions in the simulated U(2S) sample are compared with
the corresponding distributions in the data and found to be in good agreement. The Xb events
are assumed to have the same dipion mass distribution as the U(2S) events, which is very sim-
ilar to the dipion mass distribution of the X(3872) [8]. Other possible Xb decay models are
considered as systematic uncertainties, as described in Sec. 4.1.

Significant mass resolution and background level differences are observed for the U(1S)p+p�

candidates in the barrel (|y| < 1.2) and endcap (1.2 < |y| < 2.0) regions. Therefore, the events
are separated into these two classes. Figure 1 shows the reconstructed invariant-mass dis-
tributions of the U(1S)p+p� candidates in the barrel and endcap regions. Apart from the
peaks corresponding to the U(2S) ! U(1S)p+p� and U(3S) ! U(1S)p+p� decays, the mass
spectrum does not show any other outstanding structure. Unbinned maximum-likelihood fits
are performed on the invariant-mass distributions using single Gaussian functions to describe
the U(2S) and U(3S) states, and third-degree polynomials to describe the combinatorial back-
ground, whose parameters were left free in the fit. The means and widths of the Gaussian
functions are allowed to float in the fit. The resulting fit values of the widths are consistent
with the mass resolutions obtained from the simulated events. The centers of the Gaussian
functions are consistent with the world-average values [14] for the two U masses. The resulting
numbers of U(2S) ! U(1S)p+p� events are 7100 ± 150 and 3840 ± 160 for the barrel and end-
cap regions, where the uncertainties are statistical. The invariant-mass distributions around
the U(2S) resonance are shown in Fig. 2 for the barrel and endcap regions, with the results of
the fits superimposed.

 [GeV]-π+π(1S)ΥM
9.8 10 10.2 10.4 10.6 10.8 11

C
an

di
da

te
s 

/ 6
 M

eV

2000

4000

6000

8000
(2S)Υ (3S)Υ CMS barrel

 = 8 TeVs
-1L = 20.7 fb

 > 13.5 GeV
T

p
|y| < 1.2

 [GeV]-π+π(1S)ΥM
9.8 10 10.2 10.4 10.6 10.8 11

C
an

di
da

te
s 

/ 6
 M

eV

2000

4000

(2S)Υ (3S)Υ CMS endcap
 = 8 TeVs

-1L = 20.7 fb
 > 13.5 GeV

T
p
1.2 < |y| < 2.0

Figure 1: The reconstructed invariant-mass distributions of the candidates in the barrel (left)
and endcap (right) regions. Peaks corresponding to U(2S) ! U(1S)p+p� and U(3S) !
U(1S)p+p� decays are indicated with the arrows.

4 Results

The search for the Xb is performed in the mass regions 10.06–10.31 and 10.40–10.99 GeV, ex-
cluding the mass intervals around the U(2S) and U(3S) resonances. Fits are performed to the

Search for the X(3872) counterpart in the 
bottomonium sector - called here Xb 

Decay channel Y(1S)p+p- 
Mass predicted close to the BB or BB* 
threshold. Search scans 10-11 GeV mass 
range 
Search in two rapidity regions due to 
different mass resolution 
Dipion mass distribution assumed to be as 
for Y(2S) and similar to X(3872) 

“R” ratio of observed Xb and Y(2S) 
candidates corrected for detector efficiency 

R=6.56% motivated by X(3872) case 
would yield >5s observation over the full 
mass range 

No excess observed. 95% CL upper bounds 
on R within (0.9 - 5.4)%. 

First upper limit on possible Xb state at 
hadron collider

6 5 Summary

regions. The systematic uncertainties mentioned above are implemented as nuisance parame-
ters in the fit, assuming log-normal or flat priors. The expected discovery potential is estimated
by injecting various amounts of signal events into the fits and evaluating the resulting p-values.
The expected signal significance for the assumption R = 6.56%, motivated by the ratio of pro-
duction cross sections times branching fractions for X(3872) and y(2S) reported in Ref. [8], is
larger than five standard deviations (s) across the explored Xb mass range, as shown by the
dashed curve in Fig. 3. The observed p-values displayed in Fig. 3 by the solid line show no
indication of an Xb signal. The smallest local p-value is 0.004 at 10.46 GeV, corresponding to
a statistical significance of 2.6s, which is reduced to 0.8s when taking into account the “look-
elsewhere effect” [29]. The expected and observed 95% confidence level upper limits on R,
derived using a modified frequentist approach (CLS) [30, 31], are shown in Fig. 4 as a function
of the Xb mass. The observed upper limits on R are in the range 0.9–5.4% at 95% confidence
level. The expected upper limits, which are derived for a pure background hypothesis, are less
stringent than those obtained from the p-value calculations. This is because the p-value calcu-
lations are only concerned with the probability of the background fluctuating to a signal-like
peak in the invariant-mass distribution, while the upper limits on R also include the system-
atic uncertainties in the signal normalization from the signal decay model and Xb polarization
assumptions.
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Figure 3: Observed (solid curve) and expected for R = 6.56% (dotted curve) local p-values, as
a function of the assumed Xb mass.

5 Summary

A search for an exotic bottomonium state in the decay channel Xb ! U(1S)p+p�, followed by
U(1S) ! µ+µ�, in pp collisions at

p
s = 8 TeV at the LHC has been presented. This analysis

was performed using data collected by the CMS experiment, corresponding to an integrated
luminosity of 20.7 fb�1. Candidates were reconstructed from two identified muons and two
additional charged tracks assumed to be pions. The search was conducted in the kinematic
region pT(U(1S)p+p�) > 13.5 GeV and |y(U(1S)p+p�)| < 2.0. The U(2S) ! U(1S)p+p�

process was used as a normalization channel, canceling many of the systematic uncertainties.
Excluding the known U(2S) and U(3S) resonances, no significant excess above the background
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Figure 4: Upper limits at the 95% confidence level on R, the production cross section for the Xb
times its branching fraction to U(1S)p+p�, relative to the U(2S), as a function of the Xb mass.
The solid curve shows the observed limits, while the dashed curve represents the expected
limits in the absence of a signal, with the two shaded regions giving the ±1 and ±2 standard
deviation uncertainties on the expected limits. The measured value for the analogous X(3872)
to y(2S) ratio of 6.56% is shown by the dotted line.

was observed for Xb masses between 10 and 11 GeV. The expected sensitivity of the analysis
was greater than five standard deviations for the explored Xb mass range, if the relative signal
strength is comparable to the corresponding value for the X(3872) of 6.56%. The resulting
95% confidence level upper limit on the ratio s(pp ! Xb ! U(1S)p+p�)/s(pp ! U(2S) !
U(1S)p+p�) is in the range 0.9–5.4%, depending on the assumed Xb mass. These are the first
upper limits on the production of a possible Xb at a hadron collider.
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Looking outside the box: 
Rare B decays
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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)=(3.56±0.18)×10-9 [1] 

• ~10% corrections from Bs mixing when 
comparing to experiments included [1,2] 

• 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�
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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.
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Event characteristics
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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
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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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Isolation variables
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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

Isolation =

pT(µ+µ�)
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P
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B-vertex isolation 
either tracks not associated to any primary vertex or 
tracks associated to the same B candidate 
Distance of the closest track to SV (dca) 
Number of close tracks in dca<300 µm and pT>0.5 GeV 

Muon isolation 
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Signal normalization
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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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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

!32

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

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

B0→µµ: 2.0 σ

CMS: Phys.Rev.Lett. 111 (2013) 101804 
LHCb: Phys. Rev. Lett. 08 (2013) 117 
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0 1 2 3 4 5 6 7

 preliminary
CMS+LHCb

1−
CMS 25fb

1−
LHCb 3fb

SM

(2.9±0.7)×10-9

CMS+LHCb combination 
(~24% precision)

CMS-PAS-BPH-13-007

https://cds.cern.ch/ejournals.py?publication=Phys.+Rev.+Lett.&volume=08&year=2013&page=117
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Exclusion limits on B0→m+m-

!33

No significant excess observed in the B0 mass window 
Upper limit on BR computed using CLs method

BR(Bd → µµ)<1.1×10−9 @95% CL 
(expected 6.3×10−10  in presence of SM+background)

BR(Bd → µµ)< 9.2×10−10 @90% CL 

The quest goes on!!
My call: use Run2 data to increase the precision on Bs branching 

(SM precision ~5%), keep on hunting the B0 decay,  
measure ratio of the two decays  

Perhaps surprises are still around the corner?
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Future sensitivity
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4 References

Table 1: Number of expected events for B0
s ! µ+µ� and B0 ! µ+µ� at different integrated

luminosity values. We also report the expected uncertainty in the branching fraction measure-
ment for the B0

s ! µ+µ� and B0 ! µ+µ�, the range of significance of B0 ! µ+µ� (the range
indicates the ±1s of the distribution of significance), and the relative uncertainty on the B0 to
B0

s branching fractions.

L (fb�1) No. of B0
s No. of B0 dB/B(Bs

0 ! µ+µ�) dB/B(B0 ! µ+µ�) B0 sign. dB(B0!µ+µ�)
B(B0

s!µ+µ)

20 16.5 2.0 35% >100% 0.0–1.5 s >100%
100 144 18 15% 66% 0.5–2.4 s 71%
300 433 54 12% 45% 1.3–3.3 s 47%
3000 2096 256 12% 18% 5.4–7.6 s 21%
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Figure 1: Fit results of the invariant mass distribution for 300 fb�1 and 3000 fb�1. The improvement in
the mass resolution for the 3000 fb�1 projection is expected from an improved inner tracker system and
removing endcap candidates.

5 Summary
In the coming years, the LHC accelerator and the CMS detector will undergo a series of up-
grades in two major steps. The first will result in a data sample corresponding to 300 fb�1

of integrated luminosity and the second to 3000 fb�1. With the increased data sample sizes it
will be possible to reduce both systematic and statistical errors leading to high precision mea-
surements of B(B0 ! µ+µ�) and B(B0

s ! µ+µ�), which would allow stringent tests of the
Standard Model. At 3000 fb�1 it will be possible to measure the B0 ! µ+µ� with more than 5s
significance.
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New physics in b→s transitions?
Described by effective hamiltonian in operator product expansion  

b→s transitions sensitive to O(‘)7,9,10

!35

Heff = �4GFp
2

VtbV
⇤
ts

2

4
6X

i=1

C(µ)O(µ) +
X

i=7,. . . ,10,P,S

(C(µ)O(µ) + C0(µ)O0(µ))

3

5

i=1,2 Tree 
i-3-6,8 Gluon penguin 
i=7 Photon penguin 
i=9,10 Electroweak penguin 
i=S Higgs (scalar) penguin 
i=P Pseudoscalar penguinLH LH RH

b → s Transitions
General description of Hamiltonian in operator product expansion:

b → s transitions are sensitive toO(′)
7 ,O(′)

9 ,O(′)
10

B0 → K∗ℓ+ℓ− is the most prominent (large statistic and flavour specific) candidate
Studies in statistical limited Bs → φµ+µ−, Λb → Λµ+µ− started ...

Stephanie Hansmann-Menzemer 18

Decay B0→K*l-l+ provides 
samples sufficiently large to 
measure observables sensitive to 
effective coefficients. E.g:

Angular analysis

One very famous variable:
AFB ∝ −Re[(2Ceff

7 + q2

m2
b

Ceff
9 )C10]

forward backward

Introduce 3 relative angles to describe angular distribution of final state particles.
Folding φ→ φ+ π if φ < 0 increase sensitivity for some coefficients.

New: alternative folding give access to form factor independent parameters
(arXiv:1106.3283, arXiv:1106.3283, arXiv:hep-ph/050206, arXiv:0807.2589, arXiv:1105.0376)

e.g. AFB = 3
4
(1 − FL)ARe

T

Stephanie Hansmann-Menzemer 19

4 4 Analysis method

The reconstruction and selection efficiency is the ratio of the number events that pass all the
selections and have a reconstructed B0 compatible with the generated B0 in the event relative
to the number of events that pass the acceptance criteria. The compatibility of generated and
reconstructed particles is enforced by requiring the reconstructed K+, p�, µ+, and µ� to havep
(Dh)2 + (Dj)2 < 0.3 for hadrons and 0.004 for muons, where Dh and Dj are the differences

in h and j between the reconstructed and generated particles, and j is the azimuthal angle in
the plane perpendicular to the beam direction. The efficiency and purity of this compatibility
requirement are greater than 99%.

4 Analysis method

The analysis measures AFB, FL, and dB/dq2 of the decay B0 ! K⇤0µ+µ� as a function of q2.
Figure 1 shows the relevant angular observables needed to define the decay: qK is the angle
between the kaon momentum and the direction opposite to the B0 �

B0� in the K⇤0 �
K⇤0� rest

frame, ql is the angle between the positive (negative) muon momentum and the direction op-
posite to the B0 �B0� in the dimuon rest frame, and f is the angle between the plane containing
the two muons and the plane containing the kaon and pion. Since the extracted angular param-
eters AFB and FL and the acceptance times efficiency do not depend on f, f is integrated out.
Although the K+p� invariant mass must be consistent with a K⇤0, there can be contributions
from a spinless (S-wave) K+p� combination. This is parametrized with two terms related to
the S-wave fraction, FS, and the interference amplitude between the S-wave and P-wave de-
cays, AS. Including this component, the angular distribution of B0 ! K⇤0µ+µ� can be written
as [18]:
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Figure 1: Sketch showing the definition of the angular observables for the decay B0 !
K⇤0(K+p�)µ+µ�.

The main results of the analysis are extracted from unbinned extended maximum-likelihood
fits in bins of q2 to three variables: the K+p�µ+µ� invariant mass and the two angular variables
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Cieff are linear combinations of C(m)
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f-integrated angular distribution

q2 = dimuon invariant mass
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B0→K*mm angular analysis

Angular fit of the Kpmm system in bins of dimuon invariant mass q2 
Signal yields ranging from 23 to 103 events in each bin 
Vertical shaded bands correspond to J/c and c(2S) resonances 
Results consistent with SM predictions and previous 
measurements 
World’s most precise measurement of AFB and FL at high q2
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K* longitudinal polarization Muon F-B asymmetry Differential branching fraction

CMS data: arXiv:1308.3409 
SM: Phys. Rev. D 87 (2013) 034016

Next: analyze 2012 samples and measure more angular variables 
see the localized excesses observed by LHCb [arXiv:1308.1707] and interpretations 
[e.g.: arXiv:1308.1501, arXiv:1309.2466, ...]

http://arxiv.org/abs/1308.3409
http://arxiv.org/abs/arXiv:1309.2466
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Summary

The excellent performance of the CMS detector and LHC 
have allowed key contributions to the field heavy flavor 
physics 
Wide range of topics covered: Standard Model physics 
and the great beyond 
Several aspects of heavy flavor production are not yet 
well understood and spectroscopy is not a closed chapter! 
No sign of physics beyond the Standard Model yet, but we 
keep on searching! 
Analysis of the large datasets collected in 2012 is in 
progress. Expect new results (and perhaps surprises?) at 
the forthcoming conferences!

!37
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BACKUP SLIDES

!38
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Future upgrades
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At HL-LHC ~140 events/bx spread over ±15 cm (3 σ)
~3000 fb-1 expected in 10 years running

Excellent opportunity to search for (rare) and new phenomena

F. Palla INFN Pisa

The HL-LHC scenario

2

PHASE 1 PHASE 2

40 fb-1/year 
13/14 TeV

End of Phase 1
300-500 fb-1

>50 fb-1/year 
13/14 TeV

HL-LHC
14 TeV
>250 fb-1/year

LHCb Upgrade
ATLAS/CMS Upgrades phase 1

ATLAS/CMS 
Upgrades phase 2

Tuesday, September 10, 2013

~3000 fb-1 expected in 10 years running
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Phase 1: CMS Pixel upgrade

Four barrel layers and three endcap 
disks on each side 
Carbon fibre structure, CO2 
evaporative cooling, first layer closer 
to interaction point (2.9 cm) 
Analog readout with on-chip 
digitization 
New (Old): 79 (48) million pixel cells 
distributed over 1184 (768) detector 
modules 

!40

2.1. Simulation Setup and Reconstruction 17

Table 2.2: Total material weight for the pixel barrel and forward pixel detectors, and for the car-
bon fiber tube outside of the pixel barrel that is needed for the TIB and for beam pipe bakeout.

Volume Mass (g)

Present Detector Phase 1 Upgrade Detector

BPIX |h| < 2.16 16801 6686

FPIX |h| < 2.50 8582 7040

Barrel Outer Tube |h| < 2.16 9474 9474

black points. Note that the “barrel outer tube” mentioned above and in Table 2.2 is included in
the material budget for both present and upgrade pixel detectors for the comparisons shown
in Figure 2.2.
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Figure 2.2: The amount of material in the pixel detector shown in units of radiation length (left),
and in units of nuclear interaction length (right) as a function of h; this is given for the current
pixel detector (green histogram), and the Phase 1 upgrade detector (black points). The shaded
region at high |h| is outside the region for track reconstruction.

2.1.2 Pattern Recognition and Track Reconstruction

The normal pattern recognition and track reconstruction use an iterative procedure [10] con-
sisting of a number of steps where the idea is that better tracks are reconstructed first and their
hits removed before other tracks are reconstructed from the remaining hits. The “best” tracks
are those that are less likely to be fake tracks. Each of the tracking steps starts with a collection
of “seeds” formed from 2 (a pair seed) or 3 (a triplet seed) pixel hits consistent with some mini-
mum track pT, and coming from some region of the beam spot. The first step uses triplet seeds
and higher minimum track pT, these are followed by steps using pair seeds and/or lower pT.
The later steps use seeds that contain or only consists of hits from the silicon strip detector to
find detached tracks, e.g. from decay products of K0

s mesons or L0 baryons. For the studies
presented in this chapter the later steps used to reconstruct detached tracks have been omitted
to speed up the reconstruction and reduce memory usage that can be an issue for the largest
pileup scenario studied.

With the additional barrel layer and end cap disks, the upgraded pixel detector will have excel-
lent four-hit coverage over its whole h range. This allows for the creation of four-hit (“quadru-

Radiation lengths

16 Chapter 2. Expected Performance & Physics Capabilities

used non-template pixel positions and errors for the simulation studies of both detectors. Note
that this causes the pixel hit position resolutions in this simulation study to be slightly worse
for the current detector than what is currently achievable with the 2011/2012 data. Details for
the configuration of the track reconstruction used is given in Section 2.1.2.

2.1.1 Pixel Detector Geometry

Figure 2.1 shows a conceptual layout for the Phase 1 upgrade pixel detector. The current 3-layer
barrel (BPIX), 2-disk endcap (FPIX) system is replaced with a 4-layer barrel, 3-disk endcap
system for four hit coverage. Moreover the addition of the fourth barrel layer at a radius of
16 cm provides a safety margin in case the first silicon strip layer of the Tracker Inner Barrel
(TIB) degrades more rapidly than expected, but its main role is in providing redundancy in
pattern recognition and reducing fake rates with high pile-up.

=0 =1.0=0.5 =1.5
=2.0

=2.5

=2.5

=2.0
=1.5=1.0=0.5=0

50.0 cm

Upgrade

Current

Outer rings

Inner rings

Current

Upgrade
4 barrel layers

3 barrel layers

Figure 2.1: Left: Conceptual layout comparing the different layers and disks in the current and
upgrade pixel detectors. Right: Transverse-oblique view comparing the pixel barrel layers in
the two detectors.

Since the extra pixel layer could easily increase the material of the pixel detector, the upgrade
detector, support, and services are redesigned to be lighter than the present system, using an
ultra-lightweight support with CO2 cooling, and by relocating much of the passive material,
like the electronic boards and connections, out of the tracking volume.

Table 2.2 shows a comparison of the total material mass in the simulation of the present pixel
detector and of the Phase 1 upgrade pixel detector. Since significant mass reduction was
achieved by moving material further out in z from the interaction point, the masses are given
for a limited range in h that covers most of the tracking region.

Also shown in Table 2.2 is the mass of the carbon fiber tube that sits outside of the pixel de-
tector and is needed by the Tracker Inner Barrel (TIB) and for bakeout of the beampipe. By
convention, the material for this tube is usually included as part of the pixel system “material
budget”; this tube is expected to remain unchanged for the Phase 1 upgrade.

Another comparison of the “material budget” for the current and Phase 1 pixel detectors was
done using the standard CMS procedure of simulating neutrinos in the detector and summing
the radiation length and nuclear interaction length along a straight line at fixed values of h
originating from the origin. Figure 2.2 shows a comparison of the radiation length and nuclear
interaction length of the present and upgrade pixel detectors as a function of h. The green
histogram are for the current pixel detector while the Phase 1 upgrade detector is given by the

2.2. Tracking Performance 23

pileup, the average tracking efficiencies were determined for a number of scenarios and shown
in Table 2.3. Comparing the efficiencies at zero pileup with and without the dynamic ROC data
loss expected for 2 ⇥ 1034 cm�2s�1 (25 ns crossing time), the dynamic data losses cause a only
3.5% (4.0%) loss of tracking efficiency for muons (tt̄) with the current pixel detector. However
at the pileup conditions for 2 ⇥ 1034 cm�2s�1 (25 ns crossing time) simulations show that the
expected loss in efficiency due to the dynamic data loss increases to 8.6% (5.2%) for muons (tt̄).
With much lower dynamic data loss for the upgrade pixel detector, the resultant loss in tracking
efficiency is less than 0.5% in both pileup conditions. The track fake rate is hardly affected by
the dynamic data loss.

To isolate the effects of high pileup, we can compare the performance at zero pileup with those
at high pileup without any ROC dynamic data loss simulated. The results in Table 2.3 for which
the ROC data loss was not implemented show that the pileup conditions for 2 ⇥ 1034 cm�2s�1

(25 ns crossing time) by itself would cause a 7.3% (4.7%) loss of tracking efficiency for muons
(tt̄) in the current pixel detector. The extra pixel layer in the upgrade detector adds information
that reduces this loss in efficiency by more than half to 3.2% (1.3%) for muons (tt̄), and decreases
the fake rate by about a factor of two.

With both the effects of dynamic data loss and the high pileup expected for 2 ⇥ 1034 cm�2s�1

(25 ns crossing time), the loss in tracking efficiency for the current detector is 15.9% (9.9%) for
muons (tt̄), while for the upgraded detector it is reduced by more than a factor of 4 (6) to 3.7%
(1.5%) for muons (tt̄). Although this is not catastrophic, the degradation is worse than linear
and is expected to become unacceptable at moderately higher pileup as illustrated in Figure 2.6.
The track fake rate also rapidly increases with pileup but is about a factor of two lower for the
upgrade pixel detector.
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Figure 2.6: Average tracking efficiency (a) and average track fake rate (b) for the tt̄ sample as
a function of the average pileup. Results were determined using the expected ROC data loss
expected for each given average pileup, and for the current pixel detector (blue squares) and
for the upgrade pixel detector (red dots).

2.2.2 Track Impact Parameter Studies

The track impact parameter resolution was studied in the Phase 1 upgrade detector and com-
pared to the current detector. The track sample used for the impact parameter resolution mea-
surements were from a muon Monte Carlo generated flat in energy (instead of flat in pT). Fig-
ures 2.7 and 2.8 show respectively the transverse and longitudinal impact parameter resolu-
tions for the current and upgrade pixel detectors as a function of the track (total) momentum
for zero pileup. The ratio of the impact parameter resolutions show that the impact parameter

Tracking efficiency
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Figure 2.13: Transverse (top) and longitudinal (bottom) primary vertex resolutions as a function
of the the number of tracks in the vertex for a tt̄ sample with (left) zero pileup, and (right) with
an average pileup of 50. The resolutions are shown for the current pixel detector (black circles)
and the Phase 1 upgrade detector (red squares). The lower part of each plot shows the ratio of
the current detector resolution to the upgrade resolution.

Primary vertex resolution
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Bs(mm) BDT validation
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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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Lifetime measurements
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Lb baryon lifetime in J/cL decays 
Theoretical predictions in tension with earlier 
measurements 
Use dimuon trigger without lifetime 
significance cut.  
Lifetime from combined maximum-likelihood 
mass and proper decay time fit 

About 1000 signal events 
t(Lb)=1.503 ± 0.052(stat.) ± 0.031(syst.) ps 
World average: 1.425 ± 0.032 ps  

B0 lifetime determined in J/cKs decays as 
cross check compatible with PDG 
Dominant systematic uncertainty from proper 
decay time efficiency 
Compatible with ATLAS determination and 
world average
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Bs lifetime difference
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Figure 3: Proper decay length projection of the five-dimensional maximum likelihood fit to
the data. The points are the data distribution, the solid blue line shows the full fit, the green
dash-dotted line is the signal model component, with the CP-even (odd) component shown
in blue short dashed line (magenta dash-dot-dotted line), and the red long dashed line is the
background component. The pull between the proper decay length distribution and the fit is
shown in the histogram below.

uncertainty is evaluated by generating pseudo-data with the modified scale factor and fitting
with the nominal value.

To evaluate the effect of assuming fs to be zero in the fitting model, pseudo-experiments have
been generated with fs = �0.04 rad, which is the Standard Model expected value. Similarly,
the systematic uncertainties due to non-inclusion of S-wave components in the signal PDF is
estimated using pseudo-experiments by adding the model components of the S-wave by setting
the |As|2 to 0.03 and the phase equal to previous measurements. In both cases, the pull mean
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Figure 4: The angular projection of the five-dimensional maximum likelihood fit to the data.
The plots show the projections on the angular variables cos(yT), cos(qT) and the angle f. The
various fit components are represented as in Fig. 3.

1

1 Introduction

The decay of a Bs meson is characterized by the possibility that it may go through the mix-
ing between its two flavour eigenstates (Bs � B̄s). The resulting mass eigenstates from mixing
are expected to have sizeable mass and decay width difference. Since the CP-violating mixing
phase is expected to be small in the Standard Model, the two mass eigenstates are approxi-
mately equal to CP eigenstates. The light mass eigenstate is expected to be a CP-even state
with a shorter lifetime than the heavy mass eigenstate which is a CP-odd state [1]. The decay
width difference of the two Bs eigenstates is found to be several percent of the mean decay
rate [2]. In the decay Bs ! J/yf with J/y ! µ+µ� and f ! K+K�, the final state is an admix-
ture of the CP-even and CP-odd eigenstates. A measurement of the lifetime difference (DGs) of
the two mass eigenstates can be performed using the proper decay time distribution of Bs me-
son [2, 3]. The additional information required to separate the light and heavy mass eigenstates
can be obtained from the angular distribution of the final decay products.

Since the Bs is a pseudo-scalar meson while the J/y and f are vector mesons, the orbital angular
momentum of the two decay products can have the values L = 0, 1, and 2. The two CP
components can be statistically disentangled by measuring the angular distributions of the
final decay products. A set of three angles Q = (qT, yT, jT) in the transversity basis [4], as
illustrated in Fig. 1, is used to describe the decay topology. Here, qT and jT are the polar and
azimuthal angles of the µ+ in the rest frame of the J/y respectively, where the x-axis is defined
by the direction of the Bs and the xy-plane by the decay plane of f ! K+K�. The helicity angle
yT is the angle of the K+ in the f rest frame with respect to the negative Bs flight direction.

T

T

T

Figure 1: Definition of the three angles, (qT, yT and jT), used for the description of the decay
topology.

The decay of vector mesons is further described by the time evolution of three different ampli-
tudes with different angular dependencies. The amplitudes at time t = 0 are defined using the
longitudinal component A0(0) for L = 0, which is CP-even, and the transverse components
A?(0) for L = 1 and A||(0) for L = 2 which are CP-odd and CP-even, respectively. In addition,
the two strong phases are denoted by d|| and d?. The differential decay rate as a function of the
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Summary of CPV in Bs decays
Rather consistent picture from Tevatron and LHC experiments 
Closing on the SM value also in this case 
CMS currently working on the determination of the CP violating phase fs
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Baryon and meson 
spectroscopy
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Heavy baryons with beauty
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In heavy quark effective theory an heavy baryon is made of 
Static color field from heavy quark 
Cloud corresponding to the light di-quark system

Q

Lattice QCD Workshop, Dec. 11 2007Thomas Kuhr, EKP, Uni KA page 4

B baryon spectrum

q q

Antisymmetric flavor configuration [q1,q2]: L-type baryons    Lb0=|bdu> 
Symmetric flavor configuration {q1,q2}: S-type baryons    Sb=|buu> 
qi is a strange quark: Jb family - both qi are strange quarks: Vb- 

“Hydrogen atom of QCD”

This talk
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Jb- selection

!48Ernest Aguiló (HEPHY) June 26th 2012

• Full 2011 dataset (5.3 fb−1)

• Ξb− reconstruction:

• Displaced + prompt J/ψ trigger. 
Muons matched to trigger objects.

• Two tracks forming a very displaced 
vertex. Proton: highest |p| track.

• Mass constrained kinematic fit

• J/ψ mass constr. kinematic fit

• Same track                                    
not used twice

• Choose closest PV, in 3D,               
to Ξb− trajectory.

⌅�

⇤0

J/�

Ξb− selection

8

PV

µ+

µ�

p+

⇡�⇤

PDG: 5790.5 ± 2.7 MeV 

20 MeV Ks mass veto
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Jb- selection

!49Ernest Aguiló (HEPHY) June 26th 2012

To save CPU time, before the 
kinematic fit:

• |Minv(Λπ) −MPDG(Ξ)| < 50 MeV

• 5.5 GeV < Minv(J/ψΞ) < 6.2 GeV

• Full 2011 dataset (5.3 fb−1)

• Ξb− reconstruction:

• Displaced + prompt J/ψ trigger. 
Muons matched to trigger objects.

• Two tracks forming a very displaced 
vertex. Proton: highest |p| track.

• Mass constrained kinematic fits

• J/ψ mass constr. kinematic fit

• Same track                                    
not used twice

• Choose closest PV, in 3D,               
to Ξb− trajectory.
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Jb- selection

!50Ernest Aguiló (HEPHY) June 26th 2012

• Full 2011 dataset (5.3 fb−1)

• Ξb− reconstruction:

• Displaced + prompt J/ψ trigger. 
Muons matched to trigger objects.

• Two tracks forming a very displaced 
vertex. Proton: highest |p| track.

• Mass constrained kinematic fits
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to Ξb− trajectory.
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X(3872) production
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Figure 3: Ratios of the X(3872) and y(2S) cross sections times branching fractions, without
(Rfiducial, left) and with (R, right) acceptance corrections for the muon and pion pairs, as a
function of pT. The inner error bars indicate the statistical uncertainty and the outer error bars
represent the total uncertainty. The data points are placed at the centre of each pT bin.

Table 4: Relative variations, in percent, of the integrated cross section ratio R for different
X(3872) and y(2S) polarization hypotheses: transversely (longitudinally) polarized J/y are
denoted as CST (CSL) in the Collins–Soper frame and HXT (HXL) in the helicity frame. Unpo-
larized scenarios (labelled unpol) are also included.

Polarization Relative Polarization Relative
X(3872) y(2S) shifts (%) X(3872) y(2S) shifts (%)
CST CSL �28 CST unpol �8
CSL CST +31 CSL unpol +22
HXT HXL +86 HXT unpol +28
HXL HXT �49 HXL unpol �31
CST CST �1 unpol CST +8
CSL CSL �5 unpol CSL �22
HXT HXT �6 unpol HXT �27
HXL HXL �1 unpol HXL +25

The “pseudo-proper” decay length `xy is defined in the plane transverse to the beam direc-
tion as the distance between the vertex formed by the four tracks of the J/yp+p� system and
the closest reconstructed primary vertex along the beam direction, corrected by the transverse
Lorentz boost of the J/yp+p� candidate. An event sample enriched in X(3872) candidates
from B decays is selected by requiring that `xy be larger than 100 µm. This selection retains
about 80% of the nonprompt X(3872) candidates, while the contribution from prompt X(3872)
is smaller than 0.1%, as determined from simulation. The simulated `xy distribution is veri-
fied using the corresponding distribution from the y(2S) data sample. The nonprompt fraction
is then obtained from the ratio between the signal yields in this B-hadron-enriched sample
and the signal yields in the inclusive sample, after correction for the efficiencies of the decay-
length-selection criteria, as determined from simulations of prompt and nonprompt X(3872)
states. The signal yields are extracted from fits to the J/yp+p� invariant-mass spectrum, as
described in Section 4. In the fits to the B-hadron-enriched sample, the fit parameters for the

Important measurement to better constraint the particle nature 
Measured at central rapidities using J/c(mm)pp decays and assuming JPC=1++  
Total cross section largely dominated by prompt production (~75%) 
Ratio to c(2S) cross section and non-prompt fraction independent on pT 

NRQCD underestimates the measured cross section
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Figure 6: Measured differential cross section for prompt X(3872) production times branching
fraction B(X(3872) ! J/yp+p�) as a function of pT. The inner error bars indicate the statistical
uncertainty and the outer error bars represent the total uncertainty. Predictions from a NRQCD
model [11] are shown by the solid line, with the dotted lines representing the uncertainty. The
data points are placed where the value of the theoretical prediction is equal to its mean value
over each bin, according to the prescription in [28].

these results, the measured integrated cross section for prompt X(3872) production times branch-
ing fraction is:

sprompt(pp ! X(3872)+ anything) · B(X(3872) ! J/yp+p�) = 1.06± 0.11 (stat.)± 0.15 (syst.) nb.

This result assumes that the X(3872) and y(2S) states are unpolarized. The NRQCD prediction
for the prompt X(3872) cross section times branching fraction in the kinematic region of this
analysis is 4.01 ± 0.88 nb [11], significantly above the measured value.

7 Measurement of the p+p�
invariant-mass distribution

The decay properties of the X(3872) are further investigated with a measurement of the p+p�

invariant-mass distribution from X(3872) decays to J/yp+p�. Here, the same event selection as
described in Section 3 is applied. The event sample 2011a is used, with a transverse momentum
threshold of 7 GeV for the muon pair, within the kinematic range 10 < pT < 50 GeV and |y| <
1.25 for the J/yp+p�. In this sample, the X(3872) yield with the p+p� invariant mass larger
than 0.5 GeV is determined from a fit to the J/yp+p� invariant-mass spectrum to be 6302 ±
346, where the uncertainty is statistical only. The m(p+p�) > 0.5 GeV criterion is imposed to
remove events with low efficiency owing to the requirement on the Q value of the decay.

To extract the dipion invariant-mass spectrum from X(3872) decays, the event sample is di-
vided into twelve intervals of dipion invariant mass in the range 0.5 < m(p+p�) < 0.78 GeV.
In each interval, a maximum-likelihood fit to the J/yp+p� invariant-mass distribution is per-
formed, where the signal is modelled with a single Gaussian. The position and width of the
X(3872) signal are fixed to the values obtained in the fit to the full sample, except for the last

Prompt cross section = 
NRQCD = 

Non-prompt fraction = 
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Figure 6: Measured differential cross section for prompt X(3872) production times branching
fraction B(X(3872) ! J/yp+p�) as a function of pT. The inner error bars indicate the statistical
uncertainty and the outer error bars represent the total uncertainty. Predictions from a NRQCD
model [11] are shown by the solid line, with the dotted lines representing the uncertainty. The
data points are placed where the value of the theoretical prediction is equal to its mean value
over each bin, according to the prescription in [28].

these results, the measured integrated cross section for prompt X(3872) production times branch-
ing fraction is:

sprompt(pp ! X(3872)+ anything) · B(X(3872) ! J/yp+p�) = 1.06± 0.11 (stat.)± 0.15 (syst.) nb.

This result assumes that the X(3872) and y(2S) states are unpolarized. The NRQCD prediction
for the prompt X(3872) cross section times branching fraction in the kinematic region of this
analysis is 4.01 ± 0.88 nb [11], significantly above the measured value.

7 Measurement of the p+p�
invariant-mass distribution

The decay properties of the X(3872) are further investigated with a measurement of the p+p�

invariant-mass distribution from X(3872) decays to J/yp+p�. Here, the same event selection as
described in Section 3 is applied. The event sample 2011a is used, with a transverse momentum
threshold of 7 GeV for the muon pair, within the kinematic range 10 < pT < 50 GeV and |y| <
1.25 for the J/yp+p�. In this sample, the X(3872) yield with the p+p� invariant mass larger
than 0.5 GeV is determined from a fit to the J/yp+p� invariant-mass spectrum to be 6302 ±
346, where the uncertainty is statistical only. The m(p+p�) > 0.5 GeV criterion is imposed to
remove events with low efficiency owing to the requirement on the Q value of the decay.

To extract the dipion invariant-mass spectrum from X(3872) decays, the event sample is di-
vided into twelve intervals of dipion invariant mass in the range 0.5 < m(p+p�) < 0.78 GeV.
In each interval, a maximum-likelihood fit to the J/yp+p� invariant-mass distribution is per-
formed, where the signal is modelled with a single Gaussian. The position and width of the
X(3872) signal are fixed to the values obtained in the fit to the full sample, except for the last

0.263±0.028
(10 < pT < 30 GeV, |y| < 1.2) (>3s larger than data)

http://link.springer.com/article/10.1007%2FJHEP04%282013%29154
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Summary of X(4140) searches

!52

M1 (MeV) G1 (MeV) M2 (MeV) G2 (MeV)

Belle - - 4350+4.6-5.1±0.7 13+18-9±4

CDF 4143.0+2.9-3.0±0.6 15.3+10.4-6.1±2.5 4274.4+8.4-6.7±1.9 32.3+21.9±7.6

CMS 4148.0±2.4±6.3 28+15-11±19 4313.8±5.3±7.3 38+30-16±16

D0 4159.0±4.3±6.6 19.9±12.6+1.0-8.0 4328.5±12.0 30 (constrained)

LHCb - - - -

>5s >3s N.A.


