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OutlineOutline

The B0
s J/ψ φ decay

Trigger selection
Offline selection
Angular analysis with the method of 
moments
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ss
BB00

ss BB00
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BB00
s s oscillationsoscillations

BBss are too heavy to be produced atare too heavy to be produced at B factoriesB factories
studied at studied at hadron collidershadron colliders

Standard Model predictions
∆mS < 22.2 x 1012 s-1 @ 95% CL , ∆Γ∆Γss/Γ/Γss ∼ 0.09 ∼ 0.09 

PDG Experimental limits @ 95% CL
∆mS > 14.4 x 1012 s-1, ∆Γ∆Γss/Γ/Γss < 0.54< 0.54

Latest result by CDF : : ∆Γ∆Γss/Γ/Γss = 0.54= 0.54

ss
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BBs s →→ J/J/ψψ φφ →→ µµ++µµ--KK++KK--

BR(Bs→J/ψ φ)=(9.3±3.3)x10-4

J/ψ→µ+µ- (BR≈6%)
φ→K+K- (BR≈49%)

CP violation weak phase 
φs= 2δγ = 2λ2η

SM predicts φs ~ O(0.03) 

Angular distributions of decay 
products depend on Γs, ∆Γs, ∆Ms
(B0

s mixing) and φs (CP Violation)

ℓ+

ℓ-

K+

K-

p p
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BBss→→ J/J/ψψ φφ

BBss decay products are both decay products are both JJPCPC = 1= 1---- statesstates
The final state hasThe final state has CP = +1CP = +1 ifif L = 0,2L = 0,2 andand CP = CP = --11 ifif L = 1L = 1

The two contributions with opposite CP can be separated with an The two contributions with opposite CP can be separated with an angular angular 
analysisanalysis of the final decay productsof the final decay products

ℓ+

ℓ-

K+

K-

p p
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Angular distributionsAngular distributions

Time evolution is a function of the transversity 
amplitudes A0(t), A||(t) (CP = +1) and A⊥(t) (CP = -1)

Known functions of the 
three helicity angles
θ1,θ2,ϕ describing decay 
product kinematics
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Angular distributionsAngular distributions

The distributions depend on

8 independent parameters

• Amplitudes |A||(0)|,|A⊥(0)|

• Strong phases δ1, δ2

• Width difference ∆Γs = (ΓH - ΓL)

• Average width Γs = (ΓH+ΓL)/2

• Weak phase φs

• (Mass difference ∆Ms = xsΓs)
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GeneratorGenerator
Generator used: 
SIMUB

Developed by Dubna 
CMS group (Bel’kov, 
Shulga)
Needed to reproduce 
angular distributions 
of decay products 
(flat in PYTHIA)



XVII IFAE, Catania
31st March 2005

BB00
ss J/J/ψ φψ φ in CMSin CMS Nicolò Magini 9

Main backgroundsMain backgrounds
σ at LHC

Signal B0
s J/ψ φ µ+µ− K+K- 167 fb

Exclusive bkg BB00
dd J/J/ψψ K*K* µ+µ− Kπ 900 fb

Inclusive backgrounds :
b b J/J/ψ ψ XX 51.4 nb
Prompt pp Prompt pp J/J/ψ ψ XX 310 nb

In all samples : pT µ > 2 µ > 2 GeV/c
In signal + Bd bkg : pT µ > 0.5 µ > 0.5 GeV/c
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Main backgroundsMain backgrounds
Signal B0

s J/ψ φ µ+µ− K+K- 200k ev
Exclusive bkg BB00

dd J/J/ψψ K*K* µ+µ− Kπ 50k ev
Generated with SIMUB full angular distributions

Inclusive backgrounds :
b b J/J/ψ ψ XX 200k ev
Combinatorial bbCombinatorial bb µµµµ with M(µµ)µµ) 2.5-3.5 GeV/c2 100k ev

Generated with PYTHIA no angular distributions
Prompt pp Prompt pp J/J/ψ ψ XX 50k ev

Generated with modified PYTHIA tuned on CDF J/J/ψ ψ production cross 
sections

In all samples : pT µ > 2 µ > 2 GeV/c
In signal + Bd bkg : pT µ > 0.5 µ > 0.5 GeV/c
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The CMS detectorThe CMS detector
4 Tesla Solenoid4 Tesla Solenoid

Muon Muon system in return yokesystem in return yoke

Staged Scenario for startStaged Scenario for start--up up 
1. ME4 staged
2. 3rd forward pixel disks missing 
3. Descoped HCAL (reduced no. of 

longitudinal samplings)
4. Descoped ME1/1a (3 ch in one, 

muon trigger up to |η| = 2.1)

ECALECAL & HCAL & HCAL 
inside solenoidinside solenoid

22 m long, 15 m diameter,22 m long, 15 m diameter,
14.000 ton Detector14.000 ton Detector

Tracker (Pixel + Silicon Tracker (Pixel + Silicon MicrostripMicrostrip))
|η||η| < 2.4< 2.4



XVII IFAE, Catania
31st March 2005

BB00
ss J/J/ψ φψ φ in CMSin CMS Nicolò Magini 12

B Physics at CMS B Physics at CMS 
b production atb production at LHCLHC

Starting luminosity: Starting luminosity: 
2x102x1033 33 cmcm--22ss--11

σ = σ = 0.5 0.5 mbmb ⇒⇒ about about 101066 b b 
pairs/secpairs/sec
onlyonly 100 100 evev/sec on tape /sec on tape 
for ALL interesting for ALL interesting 
physics channelsphysics channels

The trigger strategy is The trigger strategy is 
a great challengea great challenge
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Trigger & DAQ Trigger & DAQ 
architecturearchitecture

Two level trigger: Two level trigger: LvlLvl--1 and HLT1 and HLT
40 MHZ40 MHZ

100 kHz100 kHz

100 Hz100 Hz

Several staging Several staging 
scenarios possible.scenarios possible.
Each slice allows  Each slice allows  

12.5 kHz12.5 kHz
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CMS Trigger & DAQCMS Trigger & DAQ
Two level trigger: Two level trigger: LvlLvl--1 and HLT1 and HLT

40 MHZ40 MHZ

50 kHz50 kHz

100 Hz100 Hz

HW

SW
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Level 1 Level 1 MuonMuon Trigger ratesTrigger rates
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Low Lumi

η < 2.1

16 kHz DAQ16 kHz DAQ
3.6 kHz for 3.6 kHz for µ, µµµ, µµ

14 ; 3,3
2.7+0.9=3.6 kHz
εW =90%
εZ =99%
εBs→µµ =15%BBs s J/J/ψψ φφ efficiency 33.3%

LvlLvl--1 thresholds 1 thresholds 
optimized for optimized for 

discovery physicsdiscovery physics

High High -- ppTT
processes are processes are 

selected selected 

bb--jets are jets are 
selected mainly byselected mainly by
1µ and 2µ trigger  trigger  
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 threshold [GeV/c]µ
Tp
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generator
L1
L2
L2 + isolation (calo)
L3
L3 + isolation (calo + tracker)

(a)

L1 TriggerL1 TriggerL1 TriggerL1 Trigger
L1 Global Muon Trigger – double µ cut pt

µ ≥ 3 GeV/c

Rate = 0.9 kHz

DAQ TDR - Chapter 15

2µ extended to |η| < 2.4

+ Request that muons
have opposite charge :

Signal efficiency 26.0%
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Using the Tracker at HLTUsing the Tracker at HLT

Muon HLT stream optimized for high pT isolated muons
use the Silicon Tracker instead to reconstruct the decay 
chain at HLT
HLT track reconstruction has to be fast but does not need 
to be global as the offline one, therefore it can be:

Regional
Restricted to some phase-space region defined from 
external Lvl-1 information (e.g. a cone around 
muon/jet direction or the set of tracks coming from a 
vertex or above a PT threshold )

Partial 
Stopped after a number of hits have been assigned to 
the track 

Conditional  
Stopped when enough resolution is reached or on 
other condition
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HLT selectionHLT selection
L2 J/ψ reconstruction

Definition of Regions of Interest in Tracker
PV reconstruction
Direction from L1 muons

Fast reconstruction of tracks in pixel detector 
+ first 2 layers of microstrip detectors

L3 full decay chain reconstruction
Fast track reconstruction around J/ψ
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HLT PV reconstructionHLT PV reconstruction

Resolution σz = 80 µm

Z rec – Z sim (cm)

y

x z

10-30

4cm

7cm

z0

y

• Hit pairing with a straight line in rz
– IP ≤ 1 mm 
– pT > 1 GeV/c

• Matching with 3rd layer → track 
candidate

• PV candidate if ≥ 2 track cross z-axis
• Signal vertex from the highest Σ pT  →

eff. 96.9%
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L2 Tracking regionsL2 Tracking regions
Muon direction from L1 muon candidates

||∆η∆η| < 0.3| < 0.3 ||∆φ∆φ| < 0.5| < 0.5

Resolution on 
the direction 
of L1 muon 
candidates
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Partial reconstructionPartial reconstruction
Reconstruction of muon tracks in RoI

Sufficient track parameter resolutions with 5 hits 
Half the time for full reconstruction needed 

Full tracker Full tracker 
performanceperformance

Time Time vs vs hits in hits in 
100 100 GeVGeV/c b/c b--jets jets 

IPIP

ppTT
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L2 resolutionsL2 resolutions

± 150 MeV/c2 around  
J/ψ mass

σσ = 53 = 53 MeVMeV/c/c22

Secondary vtx fit : Transverse 
decay length resolution 111 µm

σσ = 111 = 111 µµmm
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L2 L2 bkgbkg rejectionrejection

Rate = 10 Hz,  <t> ~ 190 ms
~ 80% of L2 J/ψ are from b

Signal x 10Signal x 1033

b b J/J/ψψ XX

promptprompt J/J/ψψ

χ2 < 10 and LT/σ(LT) > 3
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HLT L3 strategyHLT L3 strategy
Fast tracking  with pT min = 0.5 GeV/c around 

J/ψ direction 

||∆η∆η|<1.0, ||<1.0, |∆φ∆φ|<1.0|<1.0

Eff. for  φ reco WRT L2 is 46.8%
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L3 reconstructionL3 reconstruction
HLT BHLT B00

ss mass resolution 61 mass resolution 61 MeVMeV/c/c22

φφ mass mass ±± 20 20 MeVMeV/c/c22

BB00
ss mass mass ±± 200 200 MeVMeV/c/c22

++
Vertex selection repeated on Vertex selection repeated on 

4 track vertex4 track vertex

bkg rate 0.05 Hz

Fast tracking  around 
J/ψ direction 
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Offline reconstructionOffline reconstruction

Full reconstruction of tracks in tracker
pT min = 0.5 GeV/c

Combinatorial decay chain reconstruction
µ/K mass assignment
Loose mass/pT cuts to reduce number of 
combinations

Kinematic fitting
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Kinematic fittingKinematic fitting
Constraints applied

Common 4 track vertex
J/ψ mass constraint
Vertex pointing constraint

Mass resolution improvement

σM (core) = 24 MeV/c2

σM (tail) = 42 MeV/c2 σM (core) = 20 MeV/c2

σM (core) = 9 MeV/c2
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Kinematic Kinematic fit : vertexfit : vertex
28 µm/c (core)

σ proper time 28 – 57 µm/c (93 – 190 fs) vs. η
Will be investigated for improvements

70 µm/c (tail)
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Offline selectionOffline selection
Selection cuts optimized to minimize the 

statistical error on the angular observables

Stat + syst
No gain from additional vtx cut
∆m B0

s < 33 MeV/c2

∆m φ < 8 MeV/c2
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ResultsResults

Events selected per 10 fb-1

Estimated S/B = 4/3, but very 
limited stat. for backgrounds

No additional vtx cut
∆m B0

s < 33 MeV/c2

∆m φ < 8 MeV/c2
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Analysis
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Method of momentsMethod of moments
In very few words: observables 
extracted from the average of a 
function on data, e.g.: 

assume differential  cross section is:

b/a can be obtained as 
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Angular distributionsAngular distributions

Time evolution is a function of the transversity 
amplitudes A0(t), A||(t), A⊥(t) which contain the 
parameters of interest

Known functions of the 
three helicity angles
θ1,θ2,ϕ describing decay 
product kinematics
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The angular distributions of interest are much more 
complicated:

A set of 6 weighting 
functions wi(θ1,θ2,ϕ ) is 
defined to separate the 6 bi(t)
components



XVII IFAE, Catania
31st March 2005

BB00
ss J/J/ψ φψ φ in CMSin CMS Nicolò Magini 34

Method of momentsMethod of moments

The angular distributions of interest are much 
more complicated: define a set of 6 weighting 
functions wi to separate the 6 bi components
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Statistical ErrorStatistical Error
Results on 64k generator level events

number of events selected per L = 10 fb-1

but no selection bias on kinematics and MC 
truth used

S/B=4/3 ⇒ σ(∆Γ/Γ) = 0.036 for 10 fb-1
SS

S 9.6=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Γ

∆Γσ
S
BS

S

S +=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Γ

∆Γ 9.6σB≠0
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Statistical ErrorStatistical Error
Results on 64k generated events

( = number of events selected per L = 10 fb-1)

“Optimal” statistical error:
Background = 0
Detector resolution not included
No selection bias on kinematics



XVII IFAE, Catania
31st March 2005

BB00
ss J/J/ψ φψ φ in CMSin CMS Nicolò Magini 37

Experimental effectsExperimental effects

Background contamination

S/B = 4/3 ⇒ σ(∆Γ/Γ) = 0.028 0.036
Detector resolution

negligible compared to statistical error
Selection efficiency bias

Strongly correlated to decay length cuts
Could be taken into account reweighting the 
events

tmin = 0.2 mm/c ⇒ σ(∆Γ/Γ) = 0.036 0.043
(comparable with the predicted final result of 

CDF/D0 at Tevatron Run II)

SS

S 9.6=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Γ

∆Γσ
S
BS

S

S +=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Γ

∆Γ 9.6σB≠0

The previous “ideal” error is increased by
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Comparison with other Comparison with other 
experimentsexperiments

••
Tevatron Tevatron Run II potential (2 Run II potential (2 fbfb--11))

CDF 4k events CDF 4k events σσ = 0.04= 0.04
D0  6k eventsD0  6k events••

First year of LHC (20 First year of LHC (20 fbfb--11))
CMS 180k CMS 180k evt evt σσ = 0.03= 0.03

ATLAS 200k ATLAS 200k s = s = 
LHCb LHCb 100k 100k evt evt ((22 fbfb--11)) σσ = = 

0.0180.018
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Detector resolutionsDetector resolutions

Analytical propagation of average resolutions on  
angles and proper time:

Scales with statistics 
Negligible compared to statistical error
Cross-checked with toy Monte Carlo
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Detector resolutions Detector resolutions -- 22
Cross check using a 
toy MC with 100k 
events
86 µm random 
smearing applied to 
decay length in r-φ
σ(∆Γ/Γ) = 0.007 
instead of 0.003

factor 2 acceptable 
given the method 
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Reconstruction efficienciesReconstruction efficiencies
Almost flat for angles

Statistical fluctuation or real effect? To be investigated…
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Efficiency Efficiency vs vs proper timeproper time
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ConclusionsConclusions

A statistical precision of 0.018 on ∆Γs/Γs
is expected with 60 fb-1

Please note : a detailed estimate of 
systematics will be performed when larger MC 
statistics is available

CMS can compete with other experiments 
on selected B physics channels
Low pT di-muon trigger and fast tracking 
at HLT are essential
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Generated BGenerated Bs s J/J/ψψ φφ

J/J/ψ ψ µµ++ µµ--

• pt
µ > 2 GeV/c

• lηµl < 2.5

φφ →→ KK++KK--

•pt
K > 0.5 GeV/c

• lηKl < 2.5

200k events generated with SIMUB

σ = 167000 fb
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JPsi2muJPsi2mu
PYTHIA (color 
singlet) 
underestimates pp
J/ψ X cross section 
by orders of 
magnitude (ref. CDF)

Modified PYTHIA 
version including 
color octet 
processes
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Transverse IPTransverse IP resolution  resolution  
~ 20 ~ 20 µµm for tracks withm for tracks with

PPt t ~ 10GeV~ 10GeV

CMS TrackerCMS Tracker
Pixel detector: 3 layers Pixel detector: 3 layers 

4.2 4.2 –– 15 cm15 cm radii radii 
++-- 60 cm in z 60 cm in z 

z view

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800

Radius ~ 110cm, Length/2 ~ 270cmRadius ~ 110cm, Length/2 ~ 270cm

3 disks TID

6 layers
TOB

4 layers
TIB

9 disks TEC

Occupancy ~ 10-4

Pixel is used for seeding

Silicon strip : σRϕ = 10-60 µm, cell size ~ 10 cm2

Pixel: σRϕ, z = 10-20 µm, cell size ~ 150 µm2


