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sin2sin2 ss at TeVatronat TeVatron

Other BOther Bss mixing phase mixing phase 
related measurementrelated measurement

OutlookOutlook

More BMore Bss physics topicsphysics topics
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Flavor Flavor eigenstateeigenstate Hamiltonian Hamiltonian eigenstateeigenstate
transitiontransition between meson and antibetween meson and anti--meson meson existsexists

Simplified Simplified SchroedingerSchroedinger equation describing mixing and decayequation describing mixing and decay
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MM1212 and and 1212 are the focus of CDF & Dare the focus of CDF & DØØ experiments in the Bexperiments in the Bss systemsystem
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The mass and lifetime The mass and lifetime eigenstateseigenstates (with (with 1212/M/M1212 < < 1)< < 1)
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1212 ss
Oscillation observed at CDF in 2006 Oscillation observed at CDF in 2006 
with 1fbwith 1fb--11 of data of data 

mmss known with great precision:known with great precision:
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33 significance (stat. only)  significance (stat. only)  
obtained at Dobtained at DØØ (2.4 fb(2.4 fb--11))

DDØØ note 5618:note 5618:

Consistent with CDF resultConsistent with CDF result

Comparision with SM prediction Comparision with SM prediction 
limited by lattice QCD uncertainty!limited by lattice QCD uncertainty!

1-)(30.0)(90.053.18 pssyststatms
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•• In the SM phase of the mixing amplitude In the SM phase of the mixing amplitude 
connected to the phase of CKM elements:connected to the phase of CKM elements:

MM=arg(VtbVts*)=arg(VtbVts*)22

•• In the Wolfenstain Parametrization (expandingIn the Wolfenstain Parametrization (expanding
in terms ofin terms of =sin(=sin( cc)~0.23 to O()~0.23 to O( ))

•• responsible for CP Violationresponsible for CP Violation 0 0 
implies CPVimplies CPV

Standard Model does not predict values for CKM elements:

CKM hyerarchy implies small CP violation in Bs mixing
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0=VV+VV+VV *
tbtd

*
cbcd

*
ubud

0=VV+VV+VV *
tbts

*
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*
ubus

Triangle not closing or large s would signal NP
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Unitarity Triangle

Bs Unitarity Triangle Not to scale

determines CP violation in interference of 
mixing and decay in b ccs Bd transition

s determines CP violation in Bs case
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• Phase of the mixing amplitude is
poorly determined

• Both are needed to constrain New Physics:

sM 2i
12

i
1212 e|M|=e|M|=M ß-F

Large value of CP Violation phase M
is a clear sign of New Physics!

ss

MSM

MNP

MSM+MNP

Re M12

Im

•New Physics could likely contribute to 
B=2 transitions 

•CKM fit including ms/ md 
(unfortunately) very successful

•But the picture is not complete until also 
the phase has been constrained
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•If New Physics present in mixing amplitude:

•

• Phase s can be measured directly using charge asymmetry in 
Bs semileptonic decays or through s measurement

]004.0~[F~FFF radSM
s

NP
s

NP
s

SM
ss

ss

• Same New Physics phase would add to s

• if NP dominates
Large CP violation phase in Bs J/ decay is unequivocal sign of

physics beyond the Standard Model 

NB: CDF and DØ use different notations   2 s(CDF) = - s(DØ)

s-Fß =2 s

NP
sF NP

s
SM
ss 2=ß2 F-ß

sFß-F i
12

2i
12

i
1212 e|M|=e|M|=e|M|=M sM

•CP violation phase s is also expected to be small in the Standard Model:

• rad02.0~
VV
VV

arg= *
cbcs

*
tbts-ßs
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Looking for CP violation in Looking for CP violation in 
interference of decay with/without interference of decay with/without 
mixingmixing

sin2sin2 analoganalog

Contrary to the sin2Contrary to the sin2 case Bcase Bs s mixes mixes 
much faster much faster cannot fit the cannot fit the 
asymmetry directlyasymmetry directly

““SignalSignal”” appears as a time and CP appears as a time and CP 
dependent modulation of the dependent modulation of the 
exponential decayexponential decay

In the SM the modulation is In the SM the modulation is 
extremely tiny, the figure is extremely tiny, the figure is 
exageratedexagerated

Imperfect Tagging and Imperfect Tagging and 
experimental resolution on proer experimental resolution on proer 
time makes life very hard time makes life very hard 

(typical dilution and no proper time (typical dilution and no proper time 
smearing here)smearing here)

J/J/ is a mixture of CP eigenstate is a mixture of CP eigenstate need to be statistically separated need to be statistically separated 
through angular analysisthrough angular analysis
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• collisions at 1.96 TeVcollisions at 1.96 TeV

•• Excellent Performance Excellent Performance 

•• PeakPeak Initial Initial Luminosity recent record:Luminosity recent record: 3.153.15
x 10x 1032 32 cmcm--2 2 ss--11

•• Challenge for Detectors, Triggers andChallenge for Detectors, Triggers and
ReconstructionsReconstructions

pp

•• TevatronTevatron detectors are the only detectors are the only 
one to have currently access to one to have currently access to 
sizeable numbers of Bsizeable numbers of Bss mesonsmesons

•• The analyses presented in thisThe analyses presented in this
talk span from 1.35 to talk span from 1.35 to 2.8 fb2.8 fb--11

•• Currently on tape Currently on tape > 3> 3 fbfb--11
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CDF II Detector

• Tracker:  Tracker:  -- Silicon Vertex DetectorSilicon Vertex Detector
-- Drift ChambersDrift Chambers

•• Excellent Momentum ResolutionExcellent Momentum Resolution
•• Particle IDParticle ID: TOF and : TOF and dE/dxdE/dx

•• Triggered Muon Triggered Muon Coverage |Coverage | |<1|<1

D Detector

• New L00New L00 installed in 2006!installed in 2006!

•• Solenoid: 2T, Solenoid: 2T, weekly reversed  polarityweekly reversed  polarity

•• Excellent Calorimetry and electron IDExcellent Calorimetry and electron ID

•• Triggered Muon CoverageTriggered Muon Coverage 22< .||
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1 Reconstruct decays from stable products:

• Bs J/ [ + -] [K+K-]

• Bd J/ [ + -] K*0[K+ -]  (control sample)

2. Measure lifetime ct = mB * Lxy/pT
•Proper time resolution essential to resolve 
oscillations

3. Measure decay angles in transversity base:

4. Identify  at production time:

•Flavor Tagging (Tag decision )

5. Perform maximum likelihood fit:

• Likelihood in m, ct,  w , 

ss BB /
),F,( TTw



M.Rescigno M.Rescigno -- CERN Theory Institute CERN Theory Institute 1212

Trivial (?) trigger:Trivial (?) trigger:
Dimuons with invariant mass Dimuons with invariant mass 
cuts around J/cuts around J/ mass:mass:

PPtt >1.5 GeV at low >1.5 GeV at low 
luminosityluminosity
Increasingly restrictive at Increasingly restrictive at 
higher luminosityhigher luminosity

Significant bandwidth needed Significant bandwidth needed 
at high lumi (2E32 cmat high lumi (2E32 cm--22ss--11))

5 KHz (L1), 100 Hz (L2), 10 5 KHz (L1), 100 Hz (L2), 10 
Hz (3)Hz (3)

Offline selection:Offline selection:
CDF: Neural Network CDF: Neural Network 
selectionselection
DDØØ: cut based selection: cut based selection

NN Variables:

Bs: pT and vertex quality

J/ : pT and vertex quality

F: mass and vertex quality

K+ /K-: pT  and PID (TOF, dE/dx)
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Signal Candidates:

•~2000 in 1.35 fb-1 (Tagged analysis)

•~2500 in 1.7 fb-1 (Untagged analysis) 

S/B~2

Signal Candidates:

•~2000 in 2.8 fb-1 (Tagged analysis)

S/B~0.5
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• Bs decays into admixture of CP eigenstates (L=0,2 CP even; L=1 CP odd); 
3 independent decay amplitude

•Using transverse polarization basis: A0, A// CP even ; A CP odd

interference terms allow sensitivity to CP violation in untagged (or 
poorly tagged) sample

• fi (i=1,…,6) encode the different angular distributions
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Sensitivity to |sin(2 s)| remain in 
CPeven -CPodd interference terms 
in triple differential decay rate

CP conserving strong 
phases
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Terms with ms dependence
flip sign with initial Bs flavor

Disappear summing Bs+Bs

(untagged strategy)
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•• MonteMonte Carlo Carlo used toused to determine determine acceptance in transversity angles, two acceptance in transversity angles, two 
different approaches attempted:   a) fitting to analytical modeldifferent approaches attempted:   a) fitting to analytical model b) binned b) binned 
acceptance. Obtained equivalent results.acceptance. Obtained equivalent results.

Efficiency in cos( ) Efficiency in Efficiency in cos( )

uncorrected for detector sculpting
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• Results for BResults for B00 J/J/ KK*0*0 in good agreement with in good agreement with BaBar, competitive uncertainties!BaBar, competitive uncertainties!
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Babar: 
Phys. Rev. D 76, 031102 (2007)

•• Acceptance corrected fit projectionsAcceptance corrected fit projections validatesvalidates treatment of detector acceptance!treatment of detector acceptance!

dd
* 0* 0

CDF
www-cdf.fnal.gov/physics/new/bottom/070830.blessed-BdPsiKS
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Lifetime:

Decay Width:

ps)syst()stat(08.0±52.1= 01.0+
03.0s -t

108.0+
12.0s ps)syst(02.0±)stat(12.0= -

-G

ps)syst(02.0±)stat(04.0±52.1=st
1

s ps)syst(01.0±)stat(06.0±08.0= -G

World Best s , s PRL 100, 121803 (2008)

P
R

L 98, 121801 (2007)

ss ss

pssyststats )(01.0)(06.053.1t
1-01.0

02.0 )()(07.014.0G pssyststats

Superseeded by recent 2.8 fbSuperseeded by recent 2.8 fb--11 result:result:

Nicely consistent with Nicely consistent with dd(PDG) = 1.530(PDG) = 1.530±± 0.009 ps0.009 ps
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• Symmetry in the likelihood 4-fold ambiguity

• D quotes a point estimate:

• CDF observes irregular likelihood and biases in fit

Feldman-Cousins confidence region: SM probability pvalue=22% (1.2 )

--- Log(L)=1/2 (39% CL)

1
s ps)syst(02.0±)stat(09.0±17.0= -G

rad)syst()stat(56.0±79.0=2= 14.0+
01.0ss --ß-F

PRL 100, 121803 (2008) [arXiv:0712.2348] PRL 98, 121801 (2007)

ss
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•• TaggingTagging improves sensitivity to CP violation phase improves sensitivity to CP violation phase s s 

(provided oscillation can be resolved)(provided oscillation can be resolved)

•• Removes two of the 4Removes two of the 4--fold ambiguityfold ambiguity

•• Still two exact mirror solution due to strong phase Still two exact mirror solution due to strong phase 
ambiguity remainambiguity remain

d-pd

d-p2d

G -G

ß2-pß2

||||

ss

ss

• Likelihood: with tagging, gain sensitivity toLikelihood: with tagging, gain sensitivity to
both both |cos(2b|cos(2bss)|)| and and sin(2bsin(2bss)), rather than  , rather than  
only only |cos(2b|cos(2bss)|)| and and |sin(2b|sin(2bss)|)| (note absolute   (note absolute   
value)value)

•• ss -- ss nono longer a longer a symmetry thanks to symmetry thanks to 
sin(sin( mmsst) terms:t) terms:

44--fold ambiguity reduced to fold ambiguity reduced to 22--foldfold

2 lnL = 2.31 (68% CL)

2 lnL = 5.99 (95% CL)

2 s- s likelihood profile
from a single pseudo-exp

Untagged
Tagged

Untagged 

Tagged
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• Soft Lepton Taggers

• Jet Charge Tagger

OST’s perform identically in Bu,d,s:
Calibrated in high statistics B+/B0 data

• Combined Performance:

EfficiencyEfficiency:            :            = 0.96 = 0.96 0.010.01
AverageAverage Dilution: D= 0.11 Dilution: D= 0.11 0.020.02

• Most powerful tagger available:

times more effective than combined OSTtimes more effective than combined OST

SSKT is different for B0, B+ and Bs:
SST needs to rely on MC simulation

• Performance:

EfficiencyEfficiency:            :            = 0.50 = 0.50 0.010.01
Average Dilution: D= 0.27 Average Dilution: D= 0.27 0.040.04

OST and SST combined independently
Overall D2 ~ 4%

Opposite Side TaggingOpposite Side Tagging

Same Side Same Side KaonKaon TaggingTagging

DØ performance similar D~ 
0.21  ~ 1
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strong phases ambiguity:

0)d-dcos(

0)dcos(

||

Standard Model pvalue
= 15% (1.5 )

Standard Model Standard Model 
expectations:expectations:

s=0.096 0.039 ps-1

2 s = 0.04 0.01 rad

Perform an unbinned maximum likelihood fit to mass, ct and anglePerform an unbinned maximum likelihood fit to mass, ct and angles: 27 parameters total ! s: 27 parameters total ! 

•• Symmetries of the problem and low statistics means the likelihooSymmetries of the problem and low statistics means the likelihoodd contour does contour does notnot
have the correct have the correct coverage. coverage. 
•• Quoted confidence region is based on a modified Feldman Cousin Quoted confidence region is based on a modified Feldman Cousin profileprofile--likelihood likelihood 
ratio ordering with inclusion of systematic uncertainties.ratio ordering with inclusion of systematic uncertainties.

arXiv:hep-ph/0612167

PRL 100, 161802 (2008)
arXiv:0712.2397 [hep-ex]

0)d-dcos(

0)dcos(

||

Favored by factorization 
and Bd analog
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)'ˆ,,G(
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ss

ss
s

L

L
R s

^ = parameters that maximize likelihood L

’ = nuisance parameters which maximize
L for a specific choice of s s

Use pseudo experiments to calculate:

RdRfp
Rdata

value ),G,( ss Plug-In
Method

Guarantees the frequentistic coverage of 
the quoted C.L. 
Takes into account non-asymptotic 
behaviour of likelihood, i.e. log(L) non-
parabolic, and possibility of large 
fluctuation of likelihood shape from 
experiment-to-experiment

Include systematics via an additional 
coverage adjustment varying nuisance 
parameters within 5 of their 
uncertainties and choosing worst case 
(higher P-value) to define the confidence 
regions
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s is theoretically constrained: 

•Input s = 2| 12|cos s 2| 12|cos(2 s):
[ 12=0.048 0.018 - Nierste, Lenz, hep-ph/0612167]

0
2 s2 s in [0.24, 1.36] U [1.78, 2.90] at 68% C.L.
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Contraint Contraint 
ss== dd ±± 1%1%

Constraint strong Constraint strong 
phase to Bphase to Bdd J/J/ K*K*

BothBoth

Largest effect on Largest effect on s s ,and near ,and near ss== /4 ,likelihood near /4 ,likelihood near ss= 0 not = 0 not 
very sensitive (too bad)very sensitive (too bad)

2 s in [0.40, 1.20] at 68% C.L. 0
2 s
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•D : ~2000 Bs events with 2.8 fb-1

• Assume strong phase as measured in Bd J/ K* decays
•Combined Tagging Power D2 = (4.68 0.54)%    (NEW)

Standard Model pvalue = 
6.6%

arXiv: 0802.2255 [hep-ex]

rad)syst()stat(57.0=2=

ps)syst()stat(07.0±19.0=
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24.0+
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t
FIT inputs:

ms fixed to 17.77 ps-1

Gaussian constraint on Strong phases:

||=-0.46 ( )
=+2.92 ( /5)

Standard Model 
expectations:

s = 0.04 0.01 rad

(arXiv:hep-ph/0612167)

90% C.L. contours:

1
s

s

ps30.0<<06.0

rad06.0<2<20.1
-G

ß-

CDF 68% CL:

Constraining lifetime, 
strong phases and s




