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• After Sep. 2008 a long effort to 
repair, consolidate and 
commission the LHC

• Nov-Dec 2009 - startup: 
- established collisions at 0.9 TeV 

and 2.36 TeV
• 2010:

- New machine protection and 
ramp commissioning

- Established collisions at 7 TeV 
(30th March): 
✓ system/beam commissioning 

continued
✓ squeeze beams
✓ increase beam intensities

- Full machine protection 
qualification

The LHC Accelerator Schedule

Plan for ~ continuous running up 
to the end of 2011. The challenge:
• O(100) pb-1 by the end of 2010
• ~ 1 fb-1 by the end of 2011
• luminosities up to 10+33 cm-2s-1

ℒ ~ 51027 cm-2s-1

ℒ ~ 51028 cm-2s-1

ℒ ~ 2 1029 cm-2s-1
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Total weight         14000 t

Overall diameter   15 m

Overall length       21.6 m

3.8T Solenoid

!"#$ 76k scintillating 
PbWO4 crystals

%"#$ Scintillator/brass
interleaved
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3456,7#88!$
Drift Tubes (DT) and

Resistive Plate Chambers (RPC)
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Cathode Strip Ch. (CSC)
Resistive Plate Ch. (RPC)
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Pixels (100x150 m2)
~  1 m2 66M channels

Silicon Microstrips
~ 210 m2 9.6M channels

"3Bhttp://cms.cern.ch
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The muon detection

The CMS Muon System

� Three types of gaseous particle detectors for muon identification

- Drift Tubes (DT) in the central barrel region: position and momentum
measurements

- Cathode Strip Chambers (CSC) in the endcap region: position and
momentum measurements

- Resistive Parallel Plate Chambers (RPC) in both the barrel and endcaps: fast
information for the Level-1 trigger
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Muon identification efficiency

Andrey Starodumov Flavor Physics with CMS at LHC 5 / 26

• Large rapidity coverage: |η| < 2.4
• Excellent muon momentum 

resolution
• Redundant trigger system
• Three types of reco muons:
- stand alone muons:
✓muon spectrometer only

- global muons
✓ reconstruction initiated in muon detector 

and matched to a track in the silicon 
tracker

- tracker muons
✓ tracks in the tracker matched to segments 

in the muon chambers
✓ enhance the acceptance for low pT muons 

(down to pT ~ 3GeV in the barrel region)

Drift Tubes (DT): 
position, momentum 
and Lv-1 Trigger

Cathode Strip Chambers 
(CSC): position, momentum 
and Lv-1 Trigger

Resistive Parallel 
Plate Chambers: fast 
info for the Lv-1 trigger

4
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The CMS Silicon Tracker
• Pixel:

✓66M channels
✓100x150 µm2 pixels
✓3 layers + 2 disks at each end

• Strips:
✓9.6M channels (198m2)
✓pitches: 80-180 µm
✓10-12 layers

• Rely on robust and precise point 
determination along the tracks:
✓ |η| < 1.5
✓  σ(pt)/pt ~ 1-2% (pt~100 GeV)
✓ IP resolution: ~10-20µm 

(pt = 100-10 GeV)

Barrel
(BPIX)

Endcap
(FPIX)

L ~ 90 cm
rmin = 4.4 cm

rmax = 10.2 cm

5
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Very good tracker performance

6

• Tracking is well understood
- good agreement with MC

• High S/N
• > 98% of detector active
• powerful secondary vertex 

ID and b-tagging

Jets: pT > 40 GeV
TRKs: pT>1GeV
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B Physics program at LHC
• O( 1 pb-1)

- Measure σ(pp →bb + X)
• O( 10 pb-1)

- Exclusive B decays:
✓production σ
✓lifetime ratios

• O( 100 pb-1)
- Bc meson
- Mixing in the Bs sector

• O( >~1 fb -1)
- More advanced Bs physics:
✓∆Γs

✓Bs → µ+µ- FCNC → New 
Physics

7

~ 300 µb

7 TeV
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b production at the LHC
• bb pair production is the dominant source of b at the LHC
• Theory-experiment comparison of cross-sections not always 

straightforward:
- NLO contributions are important
- sensitivity to the adopted b-fragmentation models
- control of exp. systematics and backgrounds
✓always look for new physics !

• Main contributions come from one LO and two NLO processes:

flavor creation: gluon 
fusion (dominant). 
Back-to-back high-pT b

flavor excitation 
Asymmetric transverse 
momentum for the two 
b quarks

gluon splitting.
b at low pT and close 
in direction

8
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Study of the b production at LHC
• The angular correlation between 

b and b quarks is sensitive to 
the contribution of main NLO 
processes

• The measurement of the B 
production cross section using 
exclusive B decays can test b 
production theory

• Both studies may be performed 
at LHC with the first few tens of 
pb-1 of data

!"#$%&#$"'

()*+),-*- ./0123$%456574&8 9

LHC experiments may integrate 
over a larger rapidity range and 

explore higher pT regions
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bb azimuthal correlations
• CMS plans to measure ∆φ 

correlation in bb events:
- b (b)→ J/ψ + X  with J/ψ → µ+µ-

- b (b) → µ + X

• “clean” 3 µ signature 
accessible right from LHC 
startup

• keep good efficiency and 
granularity in the small ∆φ 
region where NLO processes 
dominate

10
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Figure 3: J/ψ − µ ∆φ distribution after all the selection criteria. The different truth-matched
components are stacked and shown in different colors.
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Figure 4: Impact parameter distributions for muons from bottom and cascade decays (red-
solid), fake muons from hadronic punch-through (magenta-dashed), and DIF muons (blue-
dotted). All the distributions are normalized to unit area.

sample, from which we can estimate an effective cross-section for these decays of about 1 pb.

6 Signal Extraction
The bb̄ yield in the different ∆φ intervals is obtained by a simultaneous, unbinned maximum-
likelihood fit to the dimuon invariant mass Mµµ, transverse flight length Lxy, and the impact

5

Simulation
CMS PAS BPH-08-004

Events with µ + J/ψ → µ+µ- in the 
final state are selected and 
analyzed in bins of ∆φ(J/ψ,µ)

• Analysis requirements:
- Good vertexing for J/ψ → µ+µ-

- High quality reconstruction for 
third muon

- Pt > 3 GeV and |η|<2.4 for all 
three muons



Simone Paoletti - INFN Firenze - Capri 2010 Workshop

- Mµ+µ- : the reconstructed J/ψ 
mass

- Lxy: the J/ψ vertex displacement 
from PV in the transverse plane

- dxy: the µ impact parameter in 
the transverse plane

11

- Prompt J/ψ → “non flying” J/ψ 
- Fake Muon → low dxy

✓µ not from b: mis-reconstructed 
muons (“punch through”) or K,π 
decays in flight (DIF)

- Fake J/ψ → flat Mµ+µ-

✓These include real bb~ events 
where the wrong µ combination is 
used to reconstruct the J/ψ

on the basis of 
these variables:

These background 
categories:

Probability Density Functions for 
Mµ+µ-, Lxy and dxy are worked out 
on MC for the signal and each 
background category

µ − ψ J/φ ∆
0 0.5 1 1.5 2 2.5 3

Ev
en

ts

0

200

400

600

800

1000

1200

1400

1600

1800

2000
ψfake J/

µ + fake ψreal J/
ψprompt J/

Flavor Creation
Flavor Excitation
Gluon Splitting

CMS Preliminary

Figure 3: J/ψ − µ ∆φ distribution after all the selection criteria. The different truth-matched
components are stacked and shown in different colors.
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Figure 4: Impact parameter distributions for muons from bottom and cascade decays (red-
solid), fake muons from hadronic punch-through (magenta-dashed), and DIF muons (blue-
dotted). All the distributions are normalized to unit area.

sample, from which we can estimate an effective cross-section for these decays of about 1 pb.

6 Signal Extraction
The bb̄ yield in the different ∆φ intervals is obtained by a simultaneous, unbinned maximum-
likelihood fit to the dimuon invariant mass Mµµ, transverse flight length Lxy, and the impact

5

Simulation

CMS PAS BPH-08-004
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Perspective:
In each ∆Φ(J/ψ,µ) bin the yield 
for the signal process is derived 
through a simultaneous 
unbinned Max Likelihood fit to 
Mµ+µ-, Lxy and dxy .

MC study @ √s = 10 TeV and 
Lint = 50 pb-1 (CMS PAS BPH-08-004)

Unfolding required:    
∆Φ(J/ψ,µ) → ∆φ(b,b)

12

• > 7000 signal events
• dσ/d∆φ measured with 15-25 % 

accuracy in each ∆φ bin.
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Figure 5: Results of the three-dimensional fit for a typical Monte Carlo sample. The Monte
Carlo distributions (points with error bars) are compared to the results of the overall fit (solid
line, blue color). The PDFs for the different fit components are shown in different colors.
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Figure 6: Detector response matrix showing the reconstructed ∆φJ/ψ−µ as a function of the
generated ∆φbb̄ obtained on simulated signal events.
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Analysis wih 7 TeV data is 
ongoing
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Measurement of the differential production 
cross section for B+ and B0 mesons 
• B+ →J/ψ K+  and B0 →J/ψ K0* channels

- Br(B → J/ψ K) ~ O(10-3)
✓branching, mass, lifetime, decay dynamics known very 

accurately 
✓systematics reduced w.r.t inclusive B →J/ψ X
✓dominant background processes (prompt J/ψ + incl. b) are 

identified using MB and proper decay length of the 
reconstructed B.

• Also measure the lifetime ratio: τB+/τB0

✓sensitive tests of the CMS detector commissioning with very 
early data

• Feasibility of this measurement with first Lint~ 10 pb-1 
demonstrated via a MC study @ √s = 10 TeV
CMS PAS BPH-09-001

- Expected 100-200 evts/pb-1

13
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Acceptance and trigger

• Dimuon trigger: pt > 3 GeV
• µ-acceptance: Ptµ>2.5 GeV, |η|<2.4

At present LHC 
luminosities HLT rate 
sustainable also with 

Single_Mu_3

Acceptance x ϵTrigger ~ 2.2 %

14
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Figure 1: Trigger L1 + HLT efficiency for B+ (left) and B0 (right) events in various trigger
scenarios as a function of pB

T. The single muon triggers are unprescaled when making this plot.
This analysis uses the HLT DoubleMu3 trigger.

selection and having an invariant mass within 150 MeV/c2 of the nominal value. Candidate
K∗0 mesons are reconstructed from pairs of oppositely charged tracks passing quality require-
ments and having pT > 0.5 GeV/c. We compute the invariant mass of the track pair for the
two possible mass assignments and choose the one that results in the Kπ mass closest to the
nominal value. We then retain all K∗0 candidates with invariant masses within 120 MeV/c2 of
the world average.

Candidate B+ mesons are reconstructed by combining a J/ψ candidate with a track having
pT > 0.8 GeV/c and passing the same quality requirements as the K∗ daughters. Figure 2
shows the kaon pT distributions for signal, prompt J/ψ, and combinatorial B backgrounds,
which shows clearly that the pT spectrum of the prompt J/ψ events is steeply falling. Since we
use ct as a discriminating variable in the fit to determine signal yields, we are able to maintain
a loose selection on the kaon pT that optimizes the statistical precision of the analysis without
increasing significantly the systematic uncertainty.

After selection of the kaon track, we perform a kinematic fit to the J/ψ – track combination,
where the kaon mass is assigned to the track and the mass of the dimuon pair is constrained
to the nominal J/ψ mass. Candidate B0 mesons are reconstructed by combining J/ψ candi-
dates with K∗0 candidates and performing a kinematic fit using the same method as in B+

reconstruction: the mass of the dimuon pair is constrained to the nominal J/ψ mass, while no
mass constraint is applied to the Kπ combination. We select one unique B+ and/or B0 candi-
date per event based on the best vertex probability, and use only selected B candidates in the
mass window 4.95 < MB < 5.55 GeV/c2 for final analysis. This selection identifies the correct
B+ → J/ψK+ (B0 → J/ψK∗0) candidate 95% (91%) of the time in events with a true signal de-
cay at generator level that also have at least one reconstructed B candidate. The total efficiency
of the above selection is 11.6% (8.6%) for B+ (B0) decays.

We calculate a two-dimensional proper decay length ct for the selected B candidates from the
measured distance Lxy between the primary and B-decay vertices projected on the transverse
momentum, and the boost of the reconstructed B meson in the transverse plane,

ct =
MB

pB
T

Lxy, (2)

where MB and pB
T are the mass and transverse momentum of the B candidate, respectively. The

transverse flight length Lxy is the projection of the vector �s pointing from the primary to the

Simulation
CMS PAS BPH-09-001
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B Reconstruction

• J/ψ → µ+µ-:
- muon vertexing
- opposite charge
- tracker matching
- M(µ+µ-) = MJ/Ψ ± 150 MeV

• K+:
- good quality track

- Nhits > 3, χ2/ndf < 5
- pt > 0.8 GeV

• K0* → K π:
- two good quality tracks
- opposite charge
- pt > 0.5 GeV
- M(K π) = M(K0*)±120MeV

• Kinematic fit of J/ψ + track(s)
- M(µ+µ-) constrained to the J/ψ mass

• One B candidate per event selected 
based on the best vertex probability
- 4.95 < M(B) < 5.55 GeV required

• Selection efficiency:
- 11.6% for B+→ J/ψ K
- 8.6%  for B0 → J/ψ K0*

15

4 4 Reconstruction of B+ and B0 Candidates
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Figure 2: Distribution of kaon pT in B+ → J/ψK+ candidates reconstructed in the various data
samples.

secondary vertex onto the transverse momentum,

Lxy =
�s ·�pB

T���pB
T
�� . (3)

The rms of the ct residual distribution in truth-matched signal events is approximately 30 µm.

4.1 Sample Composition

Table 2 lists the number of selected truth-matched signal events and different categories of iden-
tified background candidates passing the selection criteria in the b → J/ψX and pp → J/ψX
samples, and scaled to an integrated luminosity of 10 pb−1. We use generator-level information
to identify five general sources of background events in the samples listed in Table 1:

• B → J/ψπ – Cabibbo-suppressed analog of the the B+ → J/ψK+ decay. The fraction
of this mode relative to the Cabibbo-allowed mode scales like |Vcd/Vcs|2 ∼ 5% and
has been measured with a relative precision better than 10% [11]. We include this
component as a fixed fraction of the signal in the fit, and vary it as a systematic
uncertainty.

• Peak B – feeddown and feedup from misreconstructed B decays that peak in MB.
For B+ → J/ψK+ the feeddown is dominated by B0 → J/ψK∗0 events where the
pion from the K∗ decay is lost, and B → χcX decays where the χc decays to J/ψ
and a random track is added. For B0 → J/ψK∗0 there is feedup from B+ → J/ψK+

events with an added track, and feeddown from B → J/ψK1 and χcX decays with
one or more lost particles. Finally, in B0 → J/ψK∗0 we observe a non-negligible
contribution from misreconstructed Bs decays that peaks near the nominal B mass.

• Comb B – pure combinatorial background from bb events that contain a real J/ψ at
generator level, but do not peak in the B mass. This component is dominated by a
non-prompt contribution from misreconstructed b-hadron decays, but also includes
a non-negligible contribution from “prompt-like” events that peak at zero lifetime.

Simulation

CMS PAS BPH-09-001
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Background categories based on inv. mass 
and vertex displacement:

• B → J/ψ π
- constant fraction of B → J/ψ K 

(|Vcd/Vcs|2 ∼ 5%)

•  “Peaking” B
- deriving from partially or mis-

reconstructed B decays, mis-
reco Bs, decays with a χc, …

• “Combinatorial” B
- b →J/ψ X + track
✓ can be either displaced or close 

to primary vertex)

• Prompt J/ψ→ µ+µ- decays
• QCD background:

- µ+µ- pairs not from a J/ψ decay
✓b,c semi-leptonic, decays in flight, 

punch through ...

16

6 5 Fitting Procedure
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Figure 3: Distributions of reconstructed MB (top) and ct (bottom) for all major background
components in the selected samples of B+ (left) and B0 (right) candidates.

for each event j:

L = exp

�
−∑

i
ni

�

∏
j

�

∑
i

niPi(MB; �αi)Pi(ct; �βi)

�
. (4)

The probabilities Pi are the probability density functions (PDFs) with shape parameters�αi for
MB and �βi for ct, evaluated separately for each of the i fit components. The yields ni and
lifetime for each sample are then determined by maximizing the quantity lnL while keeping
the PDF parameters (�αi and �βi) fixed.

The analysis proceeds in two steps: first we fit the entire sample for pB
T > 9 GeV/c floating

yields and the B lifetime (λ = cτ), then we fix the λ and fit for yields in bins of pB
T. This

procedure minimizes the potential effect on the yields of statistical fluctations in the lifetime
for each bin of pB

T, while also minimizing the total error on the fitted lifetime by using every
event to determine its best value. For the yield fits in bins of pB

T, we select bin ranges that result
in roughly the same relative statistical error on the signal yield in each bin.

The PDFs are constructed from common functions (Gaussian, exponential, etc) and the pa-
rameters are determined on one-half of the available data samples. The guiding principle we
follow in designing the PDFs is to use the simplest function with the least number of parame-
ters necessary to adequately describe the observed distribution of events in MB and ct for each
component. We determine systematic uncertainties on yields and lifetimes due to our (poten-
tially) incomplete knowledge of the true distributions by varying the PDF parameters within
their uncertainties. Note that for the analysis on real data the momentum and mass scales, as
well as the ct resolution, can be calibrated using the tens of thousands of inclusive J/ψ events

Simulation

CMS PAS BPH-09-001
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B lifetime and global yield determination 
• The proper decay length in the transverse plane is measured by 

projecting the 2-d distance between the primary and secondary 
vertices onto PtB:

• Yield and B lifetime are obtained through a simultaneous fit to 
mass and proper decay length distributions for the whole 
sample with ptB > 9GeV

ct =
MB

pB
t

· Lxy

6 5 Fitting Procedure
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Figure 3: Distributions of reconstructed MB (top) and ct (bottom) for all major background
components in the selected samples of B+ (left) and B0 (right) candidates.

for each event j:

L = exp

�
−∑

i
ni

�

∏
j

�

∑
i

niPi(MB; �αi)Pi(ct; �βi)

�
. (4)

The probabilities Pi are the probability density functions (PDFs) with shape parameters�αi for
MB and �βi for ct, evaluated separately for each of the i fit components. The yields ni and
lifetime for each sample are then determined by maximizing the quantity lnL while keeping
the PDF parameters (�αi and �βi) fixed.

The analysis proceeds in two steps: first we fit the entire sample for pB
T > 9 GeV/c floating

yields and the B lifetime (λ = cτ), then we fix the λ and fit for yields in bins of pB
T. This

procedure minimizes the potential effect on the yields of statistical fluctations in the lifetime
for each bin of pB

T, while also minimizing the total error on the fitted lifetime by using every
event to determine its best value. For the yield fits in bins of pB

T, we select bin ranges that result
in roughly the same relative statistical error on the signal yield in each bin.

The PDFs are constructed from common functions (Gaussian, exponential, etc) and the pa-
rameters are determined on one-half of the available data samples. The guiding principle we
follow in designing the PDFs is to use the simplest function with the least number of parame-
ters necessary to adequately describe the observed distribution of events in MB and ct for each
component. We determine systematic uncertainties on yields and lifetimes due to our (poten-
tially) incomplete knowledge of the true distributions by varying the PDF parameters within
their uncertainties. Note that for the analysis on real data the momentum and mass scales, as
well as the ct resolution, can be calibrated using the tens of thousands of inclusive J/ψ events

probability density functions for MB 
and ct are modeled “a-priori” for 
signal and each background source 
on independent MC samples

yields for signal and individual 
background sources and B 
lifetime are floated in the fit

The effect of the “QCD” 
background is negligible and is 
included in the systematic error
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Table 6: Summary of fit results for the B+ and B0 samples, integrating over pB
T bins. The as-

sumed sample size corresponds to 10 pb−1.

Component B+ → J/ψK+ B0 → J/ψK∗0

Signal 1731± 46 890± 39
λ ( µm) 495± 13 449± 18
J/ψπ fixed NA

Feeddown bb 595± 44 651± 97
Feedup bb NA 170± 36
Bs decays NA fixed
Comb. bb 613± 66 1710± 149

Prompt J/ψ 4408± 70 4000± 68

Table 7: Fit results for signal and background yields in bins of pB
T in the B+ sample correspond-

ing to 10 pb−1.

Bin # Signal Comb bb Peak bb Prompt J/ψ
9–13 443± 24 367± 44 188± 26 2879± 56

13–15 255± 17 40± 23 129± 18 703± 28
15–17 276± 18 44± 19 79± 14 365± 20
17–20 276± 17 48± 21 73± 16 248± 17
20–24 201± 15 29± 19 66± 14 126± 12
24–32 182± 15 24± 18 51± 13 68± 10
> 32 114± 11 23± 14 29± 10 22± 6

Table 8: Fit results for signal and background yields in bins of pB
T in the B0 sample correspond-

ing to 10 pb−1.

Bin # Signal Comb bb Feeddown bb Feedup bb Prompt J/ψ
9–14 246± 24 966± 104 150± 66 43± 24 2786± 56

14–18 296± 23 422± 84 166± 60 35± 16 850± 32
18–23 249± 19 231± 65 96± 48 30± 12 267± 18
> 23 224± 18 232± 64 83± 49 46± 12 100± 13
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Figure 4: Distributions of MB and ct for the B+ (top) and B0 (bottom) fits integrating over all
pT bins. Individual contributions from the various components are shown in different colors
(refer to legend in the plots).

7 Systematics
We have considered several sources of systematic uncertainty on the cross section and lifetime
measurements. We describe here the various contributions:

• Branching fractions – we use the errors on the branching fractions for the B+,0 and
J/ψ decays as reported in the PDG [1].

• PDF shapes – we perform ensembles of fits varying the PDF parameters individ-
ually according to their statistical uncertainties. The resulting variation in yields is
taken as an estimate of the systematic uncertainty coming from imperfect knowledge
of the PDF shapes. We have also considered different assumed functional forms for
the PDFs, but the resulting changes in signal yields and lifetimes are less than what
we obtain from the PDF parameteric changes. For example, rather than using an ex-
ponential to describe the non-peaking background shape in MB, we tried first- and
second-order polynomials. For the peaking B background we tried a single Gaus-
sian (instead of double) plus an exponential, or three Gaussians and no exponential.
Finally, for the lifetime we considered a single Gaussian resolution function in place
of the default double Gaussian. In all cases the resulting change in signal yields was
0.5% in the first pB

T bin, and much less in the other bins.
• B+ → J/ψπ+ and Bs → J/ψX – we include a PDF for these events in the nominal

fit with the yield fixed according to the rate observed in the simulation. The system-
atic uncertainty is then evaluated by varying the yield up and down by the error on
the measured branching fractions (for Bs we use the error on J/ψφ).

Simulation
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Figure 4: Distributions of MB and ct for the B+ (top) and B0 (bottom) fits integrating over all
pT bins. Individual contributions from the various components are shown in different colors
(refer to legend in the plots).

7 Systematics
We have considered several sources of systematic uncertainty on the cross section and lifetime
measurements. We describe here the various contributions:

• Branching fractions – we use the errors on the branching fractions for the B+,0 and
J/ψ decays as reported in the PDG [1].

• PDF shapes – we perform ensembles of fits varying the PDF parameters individ-
ually according to their statistical uncertainties. The resulting variation in yields is
taken as an estimate of the systematic uncertainty coming from imperfect knowledge
of the PDF shapes. We have also considered different assumed functional forms for
the PDFs, but the resulting changes in signal yields and lifetimes are less than what
we obtain from the PDF parameteric changes. For example, rather than using an ex-
ponential to describe the non-peaking background shape in MB, we tried first- and
second-order polynomials. For the peaking B background we tried a single Gaus-
sian (instead of double) plus an exponential, or three Gaussians and no exponential.
Finally, for the lifetime we considered a single Gaussian resolution function in place
of the default double Gaussian. In all cases the resulting change in signal yields was
0.5% in the first pB

T bin, and much less in the other bins.
• B+ → J/ψπ+ and Bs → J/ψX – we include a PDF for these events in the nominal

fit with the yield fixed according to the rate observed in the simulation. The system-
atic uncertainty is then evaluated by varying the yield up and down by the error on
the measured branching fractions (for Bs we use the error on J/ψφ).

Simulation
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where nsig is the fitted number of signal events in the given bin, fbin is the correction factor for
pT smearing, ∆pB

T is the bin size, and the extra factor of 2 accounts for our choice of quoting
B+ and B0 cross sections (rather than B±, etc). All efficiencies and the correction factor are
calculated separately in bins of pB

T. We define the factors for pT smearing as the fraction of
reconstructed and truth-matched candidates in a given bin that were also generated in that
bin. The filter efficiency �filt is calculated as the fraction of true signal decays generated in a
given bin of pB

T(gen) that pass the generator-level filter. 3

The differential cross section as a function of pB
T is shown for B+ and B0 decays in Fig. 6, and

the quantitative results are summarized in Table 12. We find excellent agreement between the
generated and measured cross sections.

Table 12: Summary of differential cross sections dσ/dpB
T ( µb/ GeV/c) in bins of pB

T from the
B+ and B0 samples. We list both the measured, with statistical (first) and systematic (second)
uncertainties included, and the generated values in each bin listed in ascending order (ie, bin
1 is the lowest pB

T bin). The last bin in each sample is unbounded on the upper end, so it is
quoted as an integrated cross section σ (in µb) above the pB

T threshold.

B+ → J/ψK+ B0 → J/ψK∗0

Bin # Measured Generated Measured Generated
1 5.94± 0.32± 0.79 6.15 6.36± 0.63± 0.92 6.53
2 2.76± 0.18± 0.36 2.74 1.91± 0.15± 0.26 1.96
3 1.67± 0.11± 0.22 1.65 0.74± 0.06± 0.10 0.71
4 0.87± 0.05± 0.11 0.86 2.0± 0.2± 0.3 2.0
5 0.42± 0.03± 0.05 0.43
6 0.12± 0.01± 0.02 0.12
7 0.8± 0.1± 0.1 0.8

Finally, for a more precise comparison of the lifetime with data, we calculate the ratio

R+0 =
τ(B+)
τ(B0)

= 1.10± 0.05± 0.01, (6)

where we assume that the misalignment and ct resolution uncertainties cancel exactly.

In summary, we have demonstrated with a detailed feasibility study that the differential cross
sections and lifetime ratio for the exclusive decays B+ → J/ψK+ and B0 → J/ψK∗0 can be
measured to a statistical precision of less than 10% on the cross section and 5% on the lifetime
ratio using as little as 10 pb−1 of calibrated data. Even with this small amount of data the mea-
surement of the cross section is dominated by systematics, for which the largest contributions
are expected to come from the luminosity. The lifetime ratio is dominated by the statistical
uncertainty, and will provide a sensitive test of the pixel calibration and alignment with early
data.

References
[1] Particle Data Group Collaboration, C. Amsler et al., “Review of particle physics,” Phys.

Lett. B667 (2008) 1. doi:10.1016/j.physletb.2008.07.018.
3Note that the filter efficiency is purely a Monte Carlo number that would not appear in a real measurement on

data.

(current PDG value: 1.071 ± 0.009)
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Figure 4: Distributions of MB and ct for the B+ (top) and B0 (bottom) fits integrating over all
pT bins. Individual contributions from the various components are shown in different colors
(refer to legend in the plots).

7 Systematics
We have considered several sources of systematic uncertainty on the cross section and lifetime
measurements. We describe here the various contributions:

• Branching fractions – we use the errors on the branching fractions for the B+,0 and
J/ψ decays as reported in the PDG [1].

• PDF shapes – we perform ensembles of fits varying the PDF parameters individ-
ually according to their statistical uncertainties. The resulting variation in yields is
taken as an estimate of the systematic uncertainty coming from imperfect knowledge
of the PDF shapes. We have also considered different assumed functional forms for
the PDFs, but the resulting changes in signal yields and lifetimes are less than what
we obtain from the PDF parameteric changes. For example, rather than using an ex-
ponential to describe the non-peaking background shape in MB, we tried first- and
second-order polynomials. For the peaking B background we tried a single Gaus-
sian (instead of double) plus an exponential, or three Gaussians and no exponential.
Finally, for the lifetime we considered a single Gaussian resolution function in place
of the default double Gaussian. In all cases the resulting change in signal yields was
0.5% in the first pB

T bin, and much less in the other bins.
• B+ → J/ψπ+ and Bs → J/ψX – we include a PDF for these events in the nominal

fit with the yield fixed according to the rate observed in the simulation. The system-
atic uncertainty is then evaluated by varying the yield up and down by the error on
the measured branching fractions (for Bs we use the error on J/ψφ).

Simulation
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Figure 4: Distributions of MB and ct for the B+ (top) and B0 (bottom) fits integrating over all
pT bins. Individual contributions from the various components are shown in different colors
(refer to legend in the plots).

7 Systematics
We have considered several sources of systematic uncertainty on the cross section and lifetime
measurements. We describe here the various contributions:

• Branching fractions – we use the errors on the branching fractions for the B+,0 and
J/ψ decays as reported in the PDG [1].

• PDF shapes – we perform ensembles of fits varying the PDF parameters individ-
ually according to their statistical uncertainties. The resulting variation in yields is
taken as an estimate of the systematic uncertainty coming from imperfect knowledge
of the PDF shapes. We have also considered different assumed functional forms for
the PDFs, but the resulting changes in signal yields and lifetimes are less than what
we obtain from the PDF parameteric changes. For example, rather than using an ex-
ponential to describe the non-peaking background shape in MB, we tried first- and
second-order polynomials. For the peaking B background we tried a single Gaus-
sian (instead of double) plus an exponential, or three Gaussians and no exponential.
Finally, for the lifetime we considered a single Gaussian resolution function in place
of the default double Gaussian. In all cases the resulting change in signal yields was
0.5% in the first pB

T bin, and much less in the other bins.
• B+ → J/ψπ+ and Bs → J/ψX – we include a PDF for these events in the nominal

fit with the yield fixed according to the rate observed in the simulation. The system-
atic uncertainty is then evaluated by varying the yield up and down by the error on
the measured branching fractions (for Bs we use the error on J/ψφ).
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Table 6: Summary of fit results for the B+ and B0 samples, integrating over pB
T bins. The as-

sumed sample size corresponds to 10 pb−1.

Component B+ → J/ψK+ B0 → J/ψK∗0

Signal 1731± 46 890± 39
λ ( µm) 495± 13 449± 18
J/ψπ fixed NA

Feeddown bb 595± 44 651± 97
Feedup bb NA 170± 36
Bs decays NA fixed
Comb. bb 613± 66 1710± 149

Prompt J/ψ 4408± 70 4000± 68

Table 7: Fit results for signal and background yields in bins of pB
T in the B+ sample correspond-

ing to 10 pb−1.

Bin # Signal Comb bb Peak bb Prompt J/ψ
9–13 443± 24 367± 44 188± 26 2879± 56

13–15 255± 17 40± 23 129± 18 703± 28
15–17 276± 18 44± 19 79± 14 365± 20
17–20 276± 17 48± 21 73± 16 248± 17
20–24 201± 15 29± 19 66± 14 126± 12
24–32 182± 15 24± 18 51± 13 68± 10
> 32 114± 11 23± 14 29± 10 22± 6

Table 8: Fit results for signal and background yields in bins of pB
T in the B0 sample correspond-

ing to 10 pb−1.

Bin # Signal Comb bb Feeddown bb Feedup bb Prompt J/ψ
9–14 246± 24 966± 104 150± 66 43± 24 2786± 56

14–18 296± 23 422± 84 166± 60 35± 16 850± 32
18–23 249± 19 231± 65 96± 48 30± 12 267± 18
> 23 224± 18 232± 64 83± 49 46± 12 100± 13
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Table 8: Fit results for signal and background yields in bins of pB
T in the B0 sample correspond-

ing to 10 pb−1.

Bin # Signal Comb bb Feeddown bb Feedup bb Prompt J/ψ
9–14 246± 24 966± 104 150± 66 43± 24 2786± 56

14–18 296± 23 422± 84 166± 60 35± 16 850± 32
18–23 249± 19 231± 65 96± 48 30± 12 267± 18
> 23 224± 18 232± 64 83± 49 46± 12 100± 13
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Differential cross section
• The same fit procedure is 

repeated dividing the sample into 
bins of the pT of the B candidate 

• Only signal and background yields 
are floated
✓The B lifetimes are fixed to the 

global fit values

• dσ(pp → B + X)/dpTB can be 
measured up to pTB ~ 30 GeV with 
a statistical error lower than 10% 
(the systematic error dominated by 
the luminosity determination at 
startup) with Lint = 10 pb-1.
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Figure 6: Summary of the measured differential cross sectcion dσ/dpB
T vs. pB

T for the B+ (top)
and B0 (bottom) samples, compared with the generated (true) distributions.

Simulation
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Simulation

CMS PAS BPH-09-001

B0 → J/ΨK0∗

CMS PAS BPH-09-001

B+ → J/ΨK+
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• Measurement with data at √s = 7 TeV ongoing
✓factor ~ 0.75 in cross section w.r.t. √s = 10 TeV
✓substantial yield gain using lower trigger thresholds

• Also: B0→ J/ψ K0s, Bs → J/ψ φ, Λb → J/ψ Λ0

Perspective
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NB→J/Ψ+H = Nb→J/Ψ+X · Br(B → J/Ψ + H) · Prob(b→ B)
Br(b→ J/Ψ + X)

· �(B → J/Ψ + H)
�(b→ J/Ψ + X)

O(10-15%)O(1-5%)

Nb→J/Ψ+X) = fb · NJ/Ψ

few events expected in 
data collected so-far

21

See talk by A.Lanaro 
this workshop

fb � 0.15



CMS	
  experiment	
  at	
  LHC,	
  CERN
Run	
  136100	
  /	
  Event	
  256858438
2010-­‐25-­‐5	
  	
  03:43:48	
  CEDT
B-­‐	
  → J/ψK-­‐	
  	
  candidate

We start to see interesting candidates ...



CMS	
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  at	
  LHC,	
  CERN
Run	
  136100	
  /	
  Event	
  256858438
2010-­‐25-­‐5	
  	
  03:43:48	
  CEDT

B-­‐	
  → J/ψK-­‐	
  	
  candidate

All	
  other	
  tracks:	
  
pT	
  >	
  1.0	
  GeV/c

Measured	
  parameters:

√s	
  =	
  7	
  TeV
∫ℒ	
  dt	
  =	
  16	
  nb-­‐1
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The tools are there ... V0 reconstruction

24

12 7 Reconstruction of V0 Resonances
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Figure 10: Fitted π+π− mass for data (left) and simulation (right). Uncertainties shown are
statistical only.
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Figure 11: Fitted pπ− (+ charge conjugate) mass for data (left) and simulation (right). Uncer-
tainties shown are statistical only.

12 7 Reconstruction of V0 Resonances

)2 invariant mass (MeV/c-!+!
420 440 460 480 500 520 540 560 580

2
C

an
di

da
te

s 
/ 1

 M
eV

/c

0

200

400

600

800

1000

1200 CMS Preliminary
 = 900 GeV and 2360 GeVs

 mass:0
SPDG K

2 0.022 MeV/c±497.614 

 153±Yield: 17375 
2 0.06 MeV/c±Mean: 497.68 

2 0.12 MeV/c±: 4.53 "Core 
2 0.41 MeV/c±: 11.09 "Tail 

 0.03±Core fraction: 0.58 

)2 invariant mass (MeV/c-!+!
420 440 460 480 500 520 540 560 580

2
C

an
di

da
te

s 
/ 1

 M
eV

/c

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000
CMS

Simulation

 mass:0
SPDG K

2 0.022 MeV/c±497.614 

 592±Yield: 270829 
2 0.01 MeV/c±Mean: 498.11 

2 0.04 MeV/c±: 4.47 "Core 
2 0.11 MeV/c±: 10.49 "Tail 

 0.01±Core fraction: 0.58 

Figure 10: Fitted π+π− mass for data (left) and simulation (right). Uncertainties shown are
statistical only.

)2 (+ c.c.) invariant mass (MeV/c-!p
1080 1100 1120 1140 1160 1180

2
C

an
di

da
te

s 
/ 1

 M
eV

/c
0

100

200

300

400

500

CMS Preliminary
 = 900 GeV and 2360 GeVs

 mass:0"PDG 
2 0.006 MeV/c±1115.683 

 68±Yield: 3334 
2 0.06 MeV/c±Mean: 1115.97 

2 0.26 MeV/c±: 1.00 #Core 
2 0.14 MeV/c±: 3.25 #Tail 

 0.05±Core fraction: 0.15 

)2 (+ c.c.) invariant mass (MeV/c-!p
1080 1100 1120 1140 1160 1180

2
C

an
di

da
te

s 
/ 1

 M
eV

/c

0

1000

2000

3000

4000

5000

6000 CMS
Simulation

 mass:0"PDG 
2 0.006 MeV/c±1115.683 

 244±Yield: 36558 
2 0.02 MeV/c±Mean: 1115.93 

2 0.05 MeV/c±: 1.71 #Core 
2 0.09 MeV/c±: 3.71 #Tail 

 0.03±Core fraction: 0.44 

Figure 11: Fitted pπ− (+ charge conjugate) mass for data (left) and simulation (right). Uncer-
tainties shown are statistical only.

CMS PAS TRK-10-001 CMS PAS TRK-10-001



Simone Paoletti - INFN Firenze - Capri 2010 Workshop

21

Figure 20: dE/dx versus p in data collected at 900 GeV during December 2009 (left) and sim-
ulation (right); red line: fit with proton mass assumption, in a restricted p range; black lines:
extrapolations.

Figure 21: Mass distribution, as defined from Eq. 3, for tracks with p < 2 GeV/c and dE/dx >
4.15 MeV/cm for 900 GeV data (dots with error bars) and simulation (solid).

Φ → K+K-

• the Si-strip analog readout allows to 
reconstruct the charge deposited on 
hits forming a track

• individual channel calibration is 
performed via MIP signal

• a correction for the crossed path 
length is applied

• Particle mass is estimated from p 
and dE/dx

25
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24 10 Reconstruction of Photon Conversions
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Figure 24: Fit to the mass distribution of kaon candidate pairs in simulation (left) and in data
(right). The natural width is fixed to the generated value for simulation and to the current
value, Γφ = 4.26 MeV/c2, for data.
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Figure 25: Mass distribution of kaon candidate pairs in simulation (blue area) and in data
(points), when at least one track fails the dE/dx requirement.
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• pT > 0.5 GeV/c;
• normalized χ2 < 2.0;
• at least 5 hits;
• |η| < 2.0;
• |dxy| < 0.3 cm;
• p > 1 GeV/c or dE/dx → MK ± 200 MeV
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also D reconstruction

D+ →K- π+ π+ (+ c.c.)

D* →D0(Kπ) πs

Inclusive D0 production
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 0.002 GeV±: 1.867 µ
 0.002 GeV±: 0.016 "

  45±N:  493 
: 13.1S+BS/ 

• Information:

� Contact: Andrey Starodumov

starodum@mail.cern.ch

� Presented for approval: May 4
http://indico.cern.ch/
conferenceDisplay.py?confId=93495

• Selection criteria

� ‘good’ runs: 132440 - 133038

� transverse momentum cuts

p⊥(K) > 1.25GeV

p⊥(π) > 1.0GeV

p⊥(D0) > 3.0GeV

� Vertexing cuts

d(K, π) < 0.025 cm

χ2 < 4.5

3 < lxy/σ(lxy) < 20

σ(lxy) < 0.03 cm

� D0
momentum vs. PV-SV direction

∠(�pD0, PV : SV ) < 0.1

• MC expectations

� Peak: 1.863± 0.002GeV
� Width: 0.014± 0.002GeV

D0 → K- π+ (+c.c.)

• Clear evidence of mass peaks
- 7 TeV collisions
- O(107) minimum bias events

• mass and σM in good agreement with MC
- validate the tracker pattern recognition, 

momentum resolution,B-field and p 
scale, secondary decay vertex quality
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… and J/ψ → e+e-

27

Studies in this channel limited by:
- higher trigger thresholds
- bremsstrahlung in the tracker material
- charged hadrons combinatorial background
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Reconstruction of Bs → J/ψ Φ decays
• The BS0 meson at LHC:

- measure ∆ms, ∆Γs  
- weak phase ΦCKM  → possible hints 

for NP
• MC study performed by CMS

(see V. Ciulli et al., CMS NOTE-2006/121. 
See also: T. Speer, Capri2006, 
A.Starodumov, M. Biasini, Capri 2008):
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precision with ∫ℒ = 1.3 fb-1 @14 TeV 

• Updated study for first few pb-1 @ 7 TeV ongoing
• Max Likelihood. fit to inv. mass and lifetime distributions for 

signal and background processes (like for the B → J/ψ K )
- MBs and τBs measurements possible since the first pb-1 of data
- ~ 500 evts. after 10 pb-1 of data

- selection based on Pt, 
vertexing, inv. mass

- unbinned max-like fit to the 
time evolution of the angular 
distibution:

! "#
$%
!&'(!)**+!,!-.!#+/.!0-112

/31!415'(!!"! !#$ !6!/31!78'9($:$

;8<:8814!='>:=?=!9:@19:3AA4!B:%!A8!A<$12C14!%:=1!1CA9?%:A8!AB!%31!'8D?9'2!

4:$%2:<?%:A8!E"!'8D91$!F!-2A-12!415'(!918D%3G6

%!H! E&'! G!I!BE J!&G

K:$%A2%:A8!4?1!%A!'551-%'851J!$1915%:A86! E&'! G!H! E&G!I! E G
E G!6!K:$%A2%:A8!AB!%31!'8D?9'2!4:$%2:<?%:A8$!4?1!%A!@:81='%:5!21L?:21=18%$6

E&G!6!/:=1,41-18418%!1BB:5:185(!4?1!%A!MN/!21L?:21=18%$

K'%'$1%J!AB!#."!B<,#J!O:%3!1>-15%14!!"$!(!$:D8'9,%A,<'5@D2A?84!2'%:A

NAO!8?=<12!AB!<'5@D2A?84!1C18%$J!%A!B1O!:859?41!<'5@D2A?84!4:$%2:<?%:A8!:8!)(*
P8C'2:'8%!='$$!21L?:21=18%6!Q&E ++G,!&E!" Q!!R!"+!&1ST5

)

E!(G!H!U#V

E!"G!H!WX.#V

efficiency diff. decay rate



Simone Paoletti - INFN Firenze - Capri 2010 Workshop

Search for the Bc meson
• unique properties of the Bc±:

- two heavy quarks of different 
flavor

- only weak decays possible
- τc < τBc  < τb

• still large the theoretical 
uncertainties 
✓σ(Bc) ~ 10-3 σ(B+)
✓τBc~0.46 ps

29

B±c → J/Ψπ±

� Measure mass and life time of Bc in decay
- 120 J/Ψπ± selected in 1 fb−1

- mass resolution 15 MeV/c2 (M(Bc) ∼ 6.4 GeV/c2)
- lifetime error 45 fs (τ(Bc) ∼ 460 fs)

Andrey Starodumov Flavor Physics with CMS at LHC 21 / 26

• Based on a MC study @ 14 TeV
- CMS has the possibility to observe 

the Bc → J/ψ π decays
- ~ 120 events in 1 fb-1

- 15 MeV mass resolution
- τBc measured with 0.045 ps error

X.W. Meng, J.Q. Tao, G.M. Chen 
CMS NOTE- 2006/118

(See also: T. Speer, Capri2006, A.Starodumov, M. Biasini, Capri 2008)

1 fb-1

Study for 7 TeV ongoing 

CMS Simulation
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Conclusions
• LHC is delivering proton-proton collisions at √s = 7 TeV

- luminosity is constantly increasing
✓up to ~ 1 fb-1 integrated luminosity may be expected by the end of 2011

• The CMS experiment is collecting data with excellent quality:
- exclusive B decays into a J/ψ offer clean experimental  signatures well 

suited for the startup phase
- Monte Carlo studies at √s=10-14 TeV are being ported to the present 

LHC energy regime of 7 TeV
✓generally lower trigger thresholds w.r.t. 14 TeV studies are applied

• A rich physics program with exclusive B decays is envisaged:
- Exclusive B mass peaks (since the first ~1 pb-1 of data)
- b production cross section with exclusive B states and bb correlations 

(requiring order of 10 pb-1 of data)
- Bc observation, mass and lifetime measurements ( ~ 100 pb-1 )
- Bs mixing sector and ∆Γs with ~ 1 fb-1 .



Reserve
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FCNC: Bs → µ+µ-

• highly suppressed in the SM
- Br(Bs0 → μ+μ−)= (3.42 ± 0.54) × 10−9

• sensitive probe of NP
- MSSM rate proportional to tan6 β 

• analysis at MC level performed by CMS
- yield normalized to the B± → J/ψ K±  channel
- with 1 fb-1 luminosity and √s = 14 TeV it is expected to pose a 

95% c.l. limit: Br(Bs0 → μ+μ−) ≤ 1.9 × 10−8.

32

B0
s → µ+µ−

b

−l

+l
~lt,c,u v

−W , χ0

χ0

~d

~

~+W ,

s(d) +l

−l+W
h , ...0H ,0Z ,0

−W ,

b

χ0~s(d)

� Highly suppressed in SM: B(B0
s → µ+µ−)= (3.42± 0.54)× 10−9

� Sensitive to NP:

- New particles contribute in decay diagrams

- MSSM: B ∝ (tan β)6 or 2HDM: B ∝ (tan β)4

- Constraints on masses (m0, m1/2 etc) and tan β

� Current best limit (Tevatron, 2 fb
−1

):

- D0: B ≤ 9.3× 10−8 at 95% C.L.

- CDF: B ≤ 5.8× 10−8 at 95% C.L.

Andrey Starodumov Flavor Physics with CMS at LHC 14 / 26
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  CERN
Run	
  136100	
  /	
  Event	
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2010-­‐25-­‐5	
  	
  03:43:48	
  CEDT
B-­‐	
  → J/ψK-­‐	
  	
  candidate



Event	
  Selec=on	
  and	
  Measured	
  Parameters	
  

• Selec=on
– Two	
  muons	
  (global	
  or	
  tracker)	
  sa=sfying	
  
	
  	
  	
  	
  	
  quality	
  criteria,	
  passing	
  the	
  trigger,	
  making
	
  	
  	
  	
  	
  a	
  good	
  vertex,	
  and	
  having	
  pT	
  >	
  3.0	
  GeV.

– Charged	
  track	
  with	
  pT	
  >	
  900	
  MeV,	
  at	
  least
	
  	
  	
  	
  	
  three	
  hits,	
  and	
  χ2/ndof	
  <	
  5

– Require	
  a	
  good	
  3-­‐trk	
  vertex	
  with	
  mass
	
  	
  	
  	
  	
  constraint	
  on	
  the	
  dimuon

• Parameters
– Prob(χ2)	
  =	
  probability	
  of	
  3-­‐trk	
  vertex

– Lxy	
  =	
  transverse	
  decay	
  length	
  of	
  3-­‐trk	
  vertex

	
  	
  	
  	
  	
  rela=ve	
  to	
  primary	
  vertex

– σ(Lxy)	
  =	
  error	
  on	
  transverse	
  decay	
  length

Measured	
  parameters:
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Nov-Dec 2009
• √s=900 GeV @ LHC injection energy

- 300K events 
- First LHC collisions December 2009 (~15 μb-1/10μb-1) 

• √s=2.36 TeV3
- 20K events 
- Delivered/recorded ~ 1.2μb-1/0.4μb-1



D+	
  search
• Informa=on	
  	
  	
  	
  	
  	
  

– Data:	
  ~24M	
  events
– Search	
  for	
  D+	
  →	
  K-­‐	
  π+	
  π+	
  (and	
  c.c.)	
  

• secondary	
  vertex	
  formed	
  by	
  	
  3	
  tracks	
  with	
  total	
  
charge	
  ±1

• topological	
  approach:	
  	
  L/S	
  and	
  D+	
  poin=ng	
  to	
  the	
  
primary	
  

• Momentum	
  cuts	
  on	
  tracks:	
  
– p	
  	
  >	
  1.5	
  GeV	
  
– pT	
  >	
  0.1	
  GeV	
  

– Binned	
  ML	
  fit	
  (Minuit)
• Signal	
  =	
  Gaussian
• Bkg	
  =	
  2nd	
  order	
  polynomial
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Inclusive D0 production
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• Information:

� Contact: Andrey Starodumov

starodum@mail.cern.ch

� Presented for approval: May 4
http://indico.cern.ch/
conferenceDisplay.py?confId=93495

• Selection criteria

� ‘good’ runs: 132440 - 133038

� transverse momentum cuts

p⊥(K) > 1.25GeV

p⊥(π) > 1.0GeV

p⊥(D0) > 3.0GeV

� Vertexing cuts

d(K, π) < 0.025 cm

χ2 < 4.5

3 < lxy/σ(lxy) < 20

σ(lxy) < 0.03 cm

� D0
momentum vs. PV-SV direction

∠(�pD0, PV : SV ) < 0.1

• MC expectations

� Peak: 1.863± 0.002GeV
� Width: 0.014± 0.002GeV

Inclusive D0



• Data: ~37M events
• Reconstruct D* → D0πS , D0 → Kπ

– Kinematic selection:
• pT > 600 MeV/c for K and π 

• pT > 250 MeV/c for πS 

• pT > 5.0 GeV/c for D*

– Select D* candidate with highest pT if there is 
more than one in an event

– Track quality: 
• Nhit > 5 (except for πS)
•  χ2 / ndof < 2.5
• |dxy| < 1mm; |Δz| < 1cm

– Mass windows
• |M(Kπ) – PDG| < 25 MeV/c2

– Unbinned extended ML fit (RooFit)
– Signal = Gaussian
– Bkg = threshold function for ΔM and 

quadratic for M(Kπ)


