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A Brief History of Mixing

We have known that Bs oscillates since the ARGUS 
observation of B0 mixing in 1987.

It took 19 years to get a measurement of the 
frequency from 1 experiment.

Argus observes B0 mixingGell-Mann & Pais predict 
kaon oscillations

Lederman observes kaon 
oscillations at 
Brookhaven

Fitch & Cronin observe 
CP violation in kaons

UA1 sees evidence of B0 

mixing 
CLEO confirms Argus' 

observation

1st time-dependent 
measurement of Δmd from 

ALEPH

1st lower limit on Δms from 
ALEPH

D0 sets 1st 2-side bound 
on Δms: 17-21 ps-1

CDF measures Δms=17.8 +-
0.1 ps-1

1955 1957 1960 1963 1966 1969 1972 1975 1978 1981 1984 1987 1990 1993 1996 1999 2002 2005



1/30/07 FNAL 3

The CKM Matrix
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The CKM Matrix

j
L

iji
LW dVuJ μμ γ

2
1

=+

Charged Current

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛
=

tbtstd

cbcscd

ubusud

VVV
VVV
VVV

VCKMCKM

Re

Im (ρ,η)

*

*

cbcd

tbtd

VV
VV

−*

*

cbcd

ubud

VV
VV

−

1
γ

α

β

*

*

*

*

1
cbcd

tbtd

cbcd

ubud

VV
VV

VV
VV

−=−

Unitarity

 

Constraint on 1st

 

and 3rd

 

Columns
≈1

Want this



1/30/07 FNAL 5

Feynman Diagrams
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Unitarity
 

Triangle

|Vub/Vcb|

•Charmless/charmed
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Δmd
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Unitarity
 

Triangle

|Vub/Vcb|

•Charmless/charmed
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Unitarity
 

Triangle

|Vub/Vcb|

•Charmless/charmed

sin(2β) [B0→J/ψKS]

γ [B→D(*)K]

Δmd

Δms

εK [CPV in kaons]

α [B→ππ(ρρ)]
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Mixing Formalism
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Mixing Formalism II
Under the assumption of no CP violation in mixing, |q/p|=1, 

and no lifetime difference, ΔΓ=0, we get:
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The Plan

Use flavor tagger to measure Δmd.
•

 
Certify tagger by measuring well-known 
oscillation frequency.

•
 

Calibrate tagger by measuring dilution in bins 
of tagger output variable dpr

 

.
Apply event-by-event flavor tagging in 
search for Δms.
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The DØ
 

Detector
Multipurpose detector 
located at Tevatron: pp 
collisions at 1.96 TeV
Muon detector in 1.8 T 
toroid extends to 
|η|<2.0.
•

 
Single muon –

 
main 

trigger for these 
analyses.

Silicon & fiber tracker in 2 T solenoid with 
coverage up to |η|<3.0

σ(IP)=35 μm @ pT>5 GeV
Calorimeter (EM+hadronic)

•Used for electron flavor tagging in this 
analysis.
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Data Set

How do we measure luminosity?

Run IIa: 1.2 fb-1

•Analyses presented 
today use full Run 
IIa dataset.
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DØ
 

Luminosity Monitor

Two forward arrays of scintillators.
Inelastic collisions identified by in-time 
coincidence of two arrays.
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Run II VME Readout

Separate discriminator 
for each channel.

On-board calibration.

Early hits removed 
channel-by-channel.
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Calibration Procedure
1.

 
Calibrate charge on each card using on-board 
DAC.

2.
 

Global time calibration:

∑ ∑∑ +⎟
⎠
⎞

⎜
⎝
⎛ −−=

Events CountersHitsEvents

v
SN T

Nc
zTT λχ

2
2 2

Tracker vertex position

Calibration constants stored on flash Calibration constants stored on flash 
RAM sitting on RAM sitting on ““CAFCAFÉ”É” ADC cards on TDC ADC cards on TDC 
boards.boards.

CAFCAFÉ’É’ss have 8 ranges, 4 integration have 8 ranges, 4 integration 
capacitors per range capacitors per range →→ large dynamic large dynamic 
response.response.

2 CAF2 CAFÉÉ cards per LM channel: cards per LM channel: 
•• time & charge (slewing correction).time & charge (slewing correction).
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Lumonisty
 

Calibration Results

σ(T)=2 ns.
•

 

Hits within ±6.4 ns (3.2σ) defined as “in-time”.
Blue curve→discriminator fired (3 pC threshold).
•

 

MIP peak seen at ≈

 

10 pC.

Q (pC)



1/30/07 FNAL1/30/07 FNAL 1818

Part I:Part I:
 Flavor TaggingFlavor Tagging

 
& Measuring& Measuring

 
ΔΔmmdd
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Initial State Flavor Tagging
We use opposite-side flavor tagging. 

Bs

Ds

μ

ν

μ or 
e

Secondary vertex

Opposite 
Side

total

tagged

N
N

=ε

Efficiency

incorrectcorrect

incorrectcorrect

NN
NND

+
−

=

Dilution

2 taggers are used.  Data/MC crosscheck.
•

 
Derived from B+→XμD0→Kπ data; no correlations 
taken into account.

•
 

Derived from B±→J/ψK±

 

MC; correlations taken into 
account.
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Tagging Discriminant
 

Correlations

ρ(qpT

 

,imp. sig.) 
improves tagger

qpT

 

shape different 
for B and non-B 

muons

b/σb

 

different for B 
and non-B muons

Put Correlations into Put Correlations into 
Tagging AlgorithmTagging Algorithm
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Flavor Tagging Discriminants

Bs

Ds

μ

ν

μ or e

Secondary vertex

Opposite Side

All discriminants are kinematic variables 
associated with opposite-side objects.
•

 
Muons

•
 

Electrons
•

 
Secondary Vertices
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Flavor Tagging Discriminants
pp TT

μμ
)(μTp>



1/30/07 FNAL 23

Flavor Tagging Discriminants
)(μTp>

φμ μ sin)( pprel
T =>μμ
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Flavor Tagging Discriminants
)(μTp>

φμ μ sin)( pprel
T =>

)(/ bb σμ>

Primary VertexPrimary Vertex

μμ

bbμμ



1/30/07 FNAL 25

Flavor Tagging Discriminants
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Flavor Tagging Discriminants
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Flavor Tagging Discriminants
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Flavor Tagging Discriminants
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Likelihood-Based Flavor Tagging

Define the predicted dilution for a given event as

);();(
);();(
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xBLxBL
xBLxBLd pr rr

rr

+
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=
BB+ + MCMC↔↔LL((BB00) {) {BB+ + = = bubu

 
& & BB0 0 = = bqbqd,sd,s

 

}}

BB--

 

MCMC↔↔LL((BB00) {) {BB--

 

= = bubu
 

& & BB0 0 = = bqbqd,sd,s

 

}}

MC tagger is multidimensional       x is a vector 
of kinematic discriminants. 

xx11

xx22

In practice, simply an       
n-dimensional histogram
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Δmd
 

: Data Samples 

2 samples fitted simultaneously for Δmd.
•

 
B0→D*μX; D*→D0π; D0→Kπ

•
 

B+→D0μX; D0→Kπ
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Δmd
 

: Fitted Asymmetries

Binned χ2 fit to asymmetry:

mixedunmixed

mixedunmixed

NN
NNA

+
−

=
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Δmd
 

: Results

Δmd agrees w/ W.A. (0.507±0.004 ps-1) for both taggers.
Consistent between B+ & B0 samples.
•

 

Taggers

 

independent of reco

 

side.

MC Tagger Data Tagger

Du 0.363±0.012 0.419±0.012

Dd 0.395±0.022 0.443±0.022

εD2 (1.90±0.41)% (2.48±0.21)%

Δmd

 

(ps-1) 0.486±0.021(stat.) 0.506±0.020(stat.) 
±0.016(syst.)
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Tagger Calibration
Measure dilution in Δmd in bins of tagger output 
dpr.
•

 
Get D(dpr

 

) and use in event-by-event Δms

 

analysis.
Multidimensional tagger is more linear, as 
expected.

DataData--BasedBased MCMC--BasedBased



1/30/07 FNAL1/30/07 FNAL 3434

Part II:Part II:
 Searching forSearching for
 

ΔΔmmss
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New Bs
 

Mixing Channel 

We have been studying semileptonic decays 
involving a Ds so far at DØ:

•
 
semi-muonic

 
(Bs

 

→Ds

 

μX) w/ Ds

 

→φπ
•

 
semi-electronic (Bs

 

→Ds

 

eX)
 

w/ Ds

 

→φπ
•

 
semi-muonic

 
(Bs

 

→Ds

 

μX)  w/ Ds

 

→K*K
There are 3 main decay modes of the Ds:

1.
 

Ds

 

→φπ; BR=1.8%
2.

 
Ds

 

→K*K; BR=3.3%
3.

 
Ds

 

→K0
S

 

K; BR=1.2%

We will add this mode 
(semi-muonic).

Reco
 

efficiency is lower 
because cτ(Ks

 

)=2.7 cm
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Δms
 

: Step-by-step

Lxy

Opposite Side Reconstructed Side

ν

μ

μ

e

SVSV

π

π

K

K
SBs Ds

Reconstuct Signal Bs.

Flavor at decay given by q(μ).

Flavor at production given by 
opposite-side (OS) flavor tagger.

Uses μ, e, and secondary 
vertices as OS object.

Measure Visible Proper Decay 
Length (VPDL) of B candidate,

( ) ( )
s

ss
B

D
T

D
xyxy MppLVPDL ⋅⋅=

2μμrr

Classify event as oscillated or 
non-oscillated.  Is flavor(t0) = 
flavor(tdecay)?

Put event into mixing likelihood.  Inputs needed:

VPDL, VPDL, σσ

 

VPDLVPDL

 

, , ddprpr

 

(from flavor tagger), (from flavor tagger), m(Dm(Dss

 

))
Flavor, dpr

? 
  

? 
  

Flavor Flavor 
TaggerTagger

inputs
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Total (Untagged) Data Sample

m(KsK) spectrum shows multiple peaks.

Ds

 

→Ks

 

K & D-→Ks

 

π &
Λc

 

→KS

 

p

D-→Ks

 

K

D-→Ks

 

πX
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Mass Fitting Procedure
We have developed a 2-dimensional mass fitting 
technique to separate the signal Ds candidates 
from the reflections.
By Taylor expanding, we can write the mass of a 
misidentified system as

( ),
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2)( 2222
trkKX MMMM −⎟
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+=

λ
λ

for decays X→KS

 

+track
 

where 
Mtrk

 

is the true track mass.

(e.g. D-→KS

 

π & Λc

 

→KS

 

p
 

)

Momentum 
asymmetry between 

track & KS

trkK
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PP
PP

s

s
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−
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Validity of Analytical Form

( ) baMMMM pKc
+⎟

⎠
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⎝
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λ
1
1

1
2)( 2222 Correction 

terms

D+→KS

 

π Λc

 

→KS

 

p

Taylor expansion doesn’t work as well for 
Λc because of large proton mass.
•

 
Put in ad-hoc correction terms:
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Mass Likelihood

We end up with a 2-dimensional joint PDF 
for the mass.

⎥
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⎦

⎤
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⎣

⎡
⎟⎟
⎠

⎞
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⎝

⎛ −
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20 )()(
2
1exp

2
1)()|(

σ
λ

πσ
λλ is

i
kin
i

MKKMPmL

Taken from MC

D+→KSπ & Λc→KSp have Mi(λ).
Other components’ Mi don’t depend on λ− free 
parameters.
•

 

No misidentified track.
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Yields
Total Sample Flavor Tagged Sample

Component N(Untagged) N(Tagged)
Ds

 

→KS

 

K 2603 ±

 

110 593 ±

 

67
D+→KS

 

π 4481 ±

 

106 914 ±

 

64
Λc

 

→KS

 

p 2244 ±

 

86 490 ±

 

42
D(0,-,*)→KS

 

πX 8314 ±

 

187 1828 ±

 

112

S/B(3σ) =0.16
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Unbinned
 

Likelihood
We minimize L = -2 lnP,

where P=Π(Psig

 

*fsig

 

+ (1-fsig

 

)*Pbg

 

).
For a given event the probability is given by:

y
ii

m
i

d
iiprx

Mx
ii PPmPPPdxPP prMx

M

M λσ
λσ ),(),,(=

VPDL(xM) PDF:

Cond. Variables –
 

σx

 

,dpr

Mass PDF:

Cond. Variable –
 

λ

Output variable of flavor tagger
Selection 

Variable PDF
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Resolution Scale Factor

The per-event VPDL error, σx, needs to be 
scaled by a scale factor.
We determine this scale factor using

decays.
•

 
decay chain has a KS

 

.
•

 
easy to estimate background through charge 
correlation of pion from D* and pion from D0

–
 

q(πslow

 

)×q(π)<0: right sign correlation (SIGNAL)
–

 
q(πslow

 

)×q(π)>0: wrong sign correlation (BG) 

XKDDD s
+−++∗ →→ μππ 000 ;
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Scale Factor Results
Fit the negative tail of the pull, 
PDL(D*)/σPDL(D*), to a double Gaussian.
•

 
negative side of distribution dominated by 
reconstruction errors→pull

 
should have width 

of 1 if errors are correct.

SF=0.967 for 85% of eventsSF=0.967 for 85% of events

SF=2.482 for 15% of eventsSF=2.482 for 15% of events
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Efficiency vs. VPDL

We use lifetime-dependent cuts to improve 
S/B.
Use MC to get the efficiency as a function 
of VPDL for all sources.

•
 

εmax

 

= 74.4% compare to  
εmax

 

(φπμ) = 98.8% 

•effect of long-lived KS
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Lifetime Fit

Fit for lifetime of sample to set it as an input to 
oscillation fit and to verify fitting procedure.

•cτBs

 

=498 ±
 

39 μm.

•1.5σ
 

from WA.

•Fixed to WA as 
systematic error.
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Amplitude Method
Add a term to the oscillation probability,

Scan Δms and fit for A.
The 95% CL limit is given by the value of Δms
where fitted A could fluctuate to 
1→→AA(Δ(Δmmss)+)+1.645σ1.645σAA(Δ(Δmmss) =1) =1.
The sensitivity is given by the value of Δms
where A=0 could fluctuate to 1→→1.645σ1.645σAA =1=1.

PPu,mu,m

 

(t(t)=0.5)=0.5××ΓΓexp(exp(--ΓΓt)[1t)[1±±ADAD(d(dprpr

 

)cos()cos(ΔΔmmss

 

t)]t)]
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Expected Sensitivity

Using

we compute an expected upper limit on the 
sensitivity by assuming errors are linear w.r.t. 
Δms

 

and
 

σt

 

(φπ)=σt

 

(Ks

 

K).
•

 
Time resolution is actually worse in Ks

 

K.

( ) 2/
2

2

2
)( tsm

s e
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SDmSig σε Δ−

+
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)()(

−− =•=

•
+

+
<

psps

Sen
S

BS

BS
S

KKSen
KKKK
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s

ss
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Fits for Δms
Flavor Blind Unblinded

•
 

Sensitivities between blinded and 
unblinded

 
result are similar and conform to 

simple expectation given on previous slide.
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Combined DØ
 

Result
4 modes in result:
1.

 
φπμ

2.
 

φπe
3.

 
K*Kμ

4.
 

KS

 

Kμ

95% C.L. = 14.9 ps-1

Sensitivity = 16.5 ps-1
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Conclusions and Outlook
Calibrated DØ luminosity → important part of 
Run II LM upgrade.
We have developed OS flavor tagging and 
measured Δmd.
We have searched for Bs oscillations in a sample 
of 593 tagged Bs→DsμX (Ds→KSK) events
•

 
95% C.L. = 1.09 ps-1; Sensitivity = 1.90 ps-1

The combined DØ result is now
•

 
95% C.L. = 14.9 ps-1; Sensitivity = 16.5 ps-1

Future improvements: adding new data, more 
channels, new silicon, bandwidth upgrade.
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BACKUPS
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Trigger Rates
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Muon Flavor Tagging

If event contains μ+SV Tag(μ+SV)
•

 
Tag(μ+SV)={Qjet

μ; pT
rel; QSV

 

}
If event contains μ without SV        Tag(μ)
•

 
Tag(μ)={Qjet

μ; pT
rel; pT

 

; imp. Sig}

Binnings
Nbins(QJ

μ)=6: {-1, -0.5, -0.25, 0, 0.25, 0.5, 1}
Nbins(QSV

 

)=6: {-1, -0.5, -0.25, 0, 0.25, 0.5, 1}
Nbins(pT

rel)=3: {0, 1.5, 3.5, >3.5}
Nbins(pT

 

)=3: {0, 5, 10, >10}
Nbins(imp. sig.)=2: {0, 2, >2}
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Secondary Vertex Flavor Tagging

Tag(SV without μ)={QEV; QSV; pT
SV}

Binnings
Nbins(QEV

 

)=6: {-1, -0.5, -0.25, 0, 0.25, 0.5, 1}
Nbins(QSV

 

)=6: {-1, -0.5, -0.25, 0, 0.25, 0.5, 1}
Nbins(pT

SV)=3: {0, 5, 10, >10}
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Base Selections I
μ

•
 

>3 hits in 
tracker

•
 

must pass 
through at least 
2 layers of 
muon detector

• pT

 

> 2.0 GeV

• |p| > 3.0 GeV

K0
S

• >3 hits in tracker

•q(track
 

1)*q(track
 

2)<0

•
 

460 MeV
 

< m(ππ) < 525 
MeV

• m(e+e-) > 25 MeV

• pT

 

> 650 MeV

• dxy

 

> 0.3 cm

K

•
 

>3 hits in 
tracker

• Jet(K)=Jet(μ)

• pT

 

> 1.5 GeV
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Base Selections
DS

•
 

χ2 < 16

•
 

lxy

 

sig. > 4

•
 

cos(θ) > 0.9

BS

• χ2

 

< 9

• 2.6 GeV
 

< m(B) < 5.4 GeV

• if lxy

 

(B) > lxy

 

(D):  lxy

 

sig.(B→D) < 2

• if cos(θ) < 0.95: lxy

 

sig.(B) < 4

• q(μ)*q(K)<0

• Iso
 

> 0.3
∑

<Δ

+
=

5.0
)(

)(

R
is

s

pDp
DpIso

μ
μ
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Likelihood Ratio Selections I

We define signal and background regions,
•

 
S: 1.90 < M(Ds

 

) < 2.02 GeV, q(μ)×q(K)<0
•

 
B: 1.90 < M(Ds

 

) < 2.02 GeV, q(μ)×q(K)>0,
and construct likelihood ratios
using the discriminants: )(

)(
xPDF
xPDF

y
sig

bg=

• pT

 

(K) • pT

 

(Ks

 

) • lxy

 

(Ks

 

) 

• m(π1

 

,π2

 

) • χ2(Ds

 

) • Iso(B) • m(μDs

 

) 
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Likelihood Ratio Selections II

All ratios are combined using
•

 
final cut is on log10

 

Y
maximize S/B

∏=
i

iyY

ar
bi

tra
ryFinal Cut

log10

 

Y < -0.08

S/B increases from 0.06 
to 0.17 through 
application of 

Likelihood Ratio 
Selections.
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Likelihood Ratio Discriminants
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PDF’s
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K-Factors

We must correct the measured decay 
length for the effect of the missing 
neutrino.

( ) ( )
s

ss
B

D
T

D
xyxy MppLVPDL ⋅⋅=

2μμrr

KVPDLcppK
s

ss
B

B
T

D
T ⋅== τμ

Obtain K-factors 
from MC in 4 bins of 
M(μDs).
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VPDL Resolution

σ(weighted)=254 μm
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Background Probability
The following components were used for the background 

xM

 

PDF:
1.

 
Quasi-vertices distributed around the primary vertex.

cc fake verticescc fake vertices
2.

 
Negative exponential to account for outliers in the 
negative xM

 

tail.
3.

 
Long-lived background insensitive to tagging.

B decay product B decay product combinatoricscombinatorics
4.

 
Non-oscillating long-lived background sensitive to 
tagging.

Charged B mesonsCharged B mesons
5.

 
Long-lived background sensitive to tagging and 
oscillating at Δmd

 

.
Neutral B mesonsNeutral B mesons
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Amplitude Method: Introduction
Time-dependent oscillation signal.

Fourier transformFourier transform

[ ] ∫
∞+

∞−

−== dtetfgtfFT tiν

π
ν )(

2
1)()(

BreitBreit--WignerWigner
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Fits for Δmd
We have 3 components oscillating at Δmd:
•

 
D+→KS

 

K+,D+ →KSπ+, & long-lived background 
component (#5 on slide 38).

Convert to ΔL∞

Δmd

 

=0.50 ±
 

0.13 →
 agrees w/ W.A.

Verifies correct dilution, 
signal separation, ability to 

detect oscillation signal.



1/30/07 FNAL 67

Sample Composition

Bs

 

→Ds

 

μν 20.9%
Bs

 

→D*
s

 

μν 57.6%
Bs

 

→D*
s0

 

μν 1.45%
Bs

 

→Ds1

 

μν 3.32%
Bs

 

→Ds

 

τν 1.99%
Bs

 

→Ds

 

Ds

 

X 0.99%
Bs

 

→Ds

 

DX 1.6%
B0→Ds

 

DX 6.35%
B-→Ds

 

DX 5.77%

83% 83% 
signalsignal

Effect of 
increased pT

 

(μ) 
from trigger turn-

 on is considered 
in systematic 

errors.
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Systematics
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