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CKM Triangle

Vector sum
in complex plane:

Unitarity

•

Does it return to zero?•
Measure lengths of all sides•
Measure all three angles•
Consistent?•
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CKM Triangle

Normalize one
   side:

1

( ),
•

Area of the triangle
indicates CP violation
in the SM due to the
CKM matrix

Want precision
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CKM Triangle
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B-B  Mixing and Oscillations0 0
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B  oscillation frequency:

Large uncertainties!
15–20%

Measured well
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Want!

Better Precision
(only ~3% theory
   systematic)
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B-B  Mixing and Oscillations0 0
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Then       and        are eigenstates with

masses: and lifetimes:

... measurement at D   , see
D. Zieminska's talk, Wine & Cheese,
  18 March 2005 
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Mass Eigenstates
(and CP eigenstates

if ignore CP violation)

Weak Eigenstates
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B-B  Mixing and Oscillations0 0
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B-B  Mixing and Oscillations0 0
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Extract
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B-B  Mixing and Oscillations0 0

Take asymmetry of two: A =

Different proper time scale
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Analysis Outline Signal Selection
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Analysis Outline Signal Selection

D Æ fp
Æ K K

Moriond 2005
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Analysis Outline Flavor at decay time
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Analysis Outline Flavor at time of production

b hadron B0
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jet charge including   , secondary vertex charge, etc.
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Analysis Outline Flavor at time of production

b hadron

e
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Analysis Outline Proper decay time, asymmetry

e

b hadron

Reconstructed or
signal-side

Measure (xy) decay length,
  take into account missing 
    neutrino to form 
     Visible Proper Decay Length (VPDL)

Plus important to know VPDL uncertainty

Form asymmetry, A = 

s

in bins of VPDL,

compare with expected asymmetry for a given Dm
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Muon Triggers Single inclusive muons, 
  |h| < 2.0, p  > 3, 4, 5 GeV

Muon + track match at Level 1 
     and a muon at Level 2 

T

Dimuons: other muon for flavor
                  tagging

e.g., at low luminosity,
  15–20 x 10    cm  s,  

~25 Hz of 50–60 Hz at Level 3

(...and no rate problems at L1/L2)

–30 –2 –1

Unbiased; prescaled or turned
  off depending on inst. lumi.
      Used for this analysis

B physics triggers at all lumi's:
   extra tracks at medium lumi's,
   impact parameter requirements,
     associated invariant mass 
      track selections at Level 3 
        when higher



6 barrels: 4-layers, single/double-sided
  2/90 deg. stereo, radius: 2.7 – 10 cm
12 central F disks: double-sided, ± 15 deg. stereo

4 forward H disks: single-sided, ±7.5 deg. stereo,
  |z| = 1.2 m, radius: 9.5 – 20 cm

Single hit resolution of 10 mm, S/N > 10
Tracking out to h ~ 3 (q ~ 6 deg. )

Rad. hard to 1 MRad  ("Layer 0" at r ~ 1.7 cm to be installed)

Silicon Microvertex Tracker (SMT)



Impact Parameter Resolution
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Signal Selection

Cut on combined variable, 
product of likelihood ratios 
(PDF for background
         and PDF for signal):

Set of discriminating variables
    constructed for each event

Further improvement in S/B following
  initial vertex, lifetime & mass window cuts:

For
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Signal 

Impressively large semileptonically decaying      sample (~34k)!

Nasty reflections!
  (recall: no p/K identification,
    misid a p as a K) use MC
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Initial Flavor Tagging Reconstructed or
signal-side

Opposite
side

If muon found with
cos f(p  ,p  ) < 0.8...
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Initial Flavor Tagging Reconstructed or
signal-side

If muon found with
cos f(p  ,p  ) < 0.8...

Muon jet charge:
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Initial Flavor Tagging Reconstructed or
signal-side

If muon found with
cos f(p  ,p  ) < 0.8...jet axis,

closest track jet

Transverse momentum of
muon w.r.t. nearest track-jet

pT
rel

±

B

B

0
s

n
Ds

( )–
m

m

m



Initial Flavor Tagging Reconstructed or
signal-side

Opposite
side

If (soft) electron found with
cos f(p  ,p  ) < 0.5
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calorimeter
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electron track

First use of electrons by D    
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Initial Flavor Tagging Reconstructed or
signal-side

If muon found with
cos f(p  ,p  ) < 0.8...

also even if no muon found, but
cos f(p   ,p  ) < 0.8...

Secondary Vertex Charge:
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Initial Flavor Tagging

Each flavor discriminating variable    as used described previously,

likelihood ratio: From data,

wrong-sign subtracted,
at short lifetimes
(non-oscillated)Form single 

flavor-tag variable
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Proper Decay Length

Measure decay length in x-y plane (and error from track parameter 
  errors),  need boost, but due to escaping neutrino, 
    can only reconstuct partially:

Measured visible proper 
   decay length, VPDL

"K Factor" Measured
Proper Decay Length

From MC, each
  decay mode

Also takes into
account other 
missing particles
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Proper Decay Length

Measure decay length in x-y plane (and error from track parameter 
  errors),  need boost, but due to escaping neutrino, 
    can only reconstuct partially:

Measured visible proper 
   decay length, VPDL

"K Factor" Measured
Proper Decay Length

From MC, each 
decay mode

Also takes into
account other 
missing particles

Kxct M
Bs

=ss B
T

D
T ppK /. == m( ) ( )

s

ss
B

D
T

D
xyxy

M mppLx
2

/ mmvv v

(B)T)/psDm(Tp
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3

ev
en

ts

0

100

200

300

400

500

600

700

800

900
D    Run II Preliminary

 B  Æ D  D  X 
m n X  Æ 

s
0 – +

s s



Signif
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Initial Flavor Tagging

Measuring Dilution with Data
Make B  oscillation measurement with same 
opposite-side tagger as for B

(since signal and opposite-side B species 
uncorrelated. Same-side tagging does depend
of specific species fragmentation, will need MC
to get dilutions, more uncertainty.)

, use as inputs

0
d

0
s

d

d
–1

In
cr

ea
si

ng
 p

ur
ity

, d
ilu

tio
n

Take |d| > 0.3, amplitude gives dilution,    ,
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Flavor-tagged Signal 

Flavor-tagging efficiency for combined opposite-side tag, e = 12.3% 

~4.2k total flavor-tagged candidates

D    Run II Preliminary
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Measured Asymmetry

Fit for D  (+m) yield in bins of VPDL

Untagged

Non-osc.

Oscillated

e.g., 0.06 < VPDL < 0.08 cm
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Measured Asymmetry

Fit for D  (+m) yield in bins of VPDLs

Form asymmetry, A = 
in each bin
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Measured Asymmetry

Fit for D  (+m) yield in bins of VPDL

Untagged

Non-osc.

Oscillated

e.g., 0.06 < VPDL < 0.08 cm

s

1.7 1.75 1.8 1.85 1.9 1.95 2 2.05 2.1 2.15 2.2

)2
Ev

en
ts

/(0
.0

1 
G

eV
/c

0

50

100

150

200

250

300

350

400

450

21.7 1.75 1.8 1.85 1.9 1.95 2 2.05 2.1 2.15 2.2

)2
Ev

en
ts

/(0
.0

1 
G

eV
/c

0

5

10

15

20

25

)2(GeV/c
p(KK)M

1.7 1.75 1.8 1.85 1.9 1.95 2 2.05 2.1 2.15 2.2

)2
Ev

en
ts

/(0
.0

1 
G

eV
/c

0

5

10

15

20

25

30

Fl
av

or
 t

ag

Form asymmetry, A = 
in each bin

Also observed/consistent in

 N non-osc. N osc.–
 N non-osc. N osc.+

D=0.384
0.10±=0.46dD

sDm

sDm

sDm

sDm

±Dm

±Dm

±Dm

±Dm
VPDL(cm)

0 0.05 0.1 0.15 0.2 0.25

A
sy

m
m

et
ry

-1
-0.8
-0.6
-0.4
-0.2
  0

0.2
0.4
0.6
0.8

1 D    Run II Preliminary

 B  Æ D  m  n
  K*K

s
0 – +

s

Æ 



Expected Asymmetry

Ideal no. expected (for signal), as function of true visible proper decay length, 

VPDL 
Resolution

Due to 
lifetime

cuts

K-factor
Distributions

Dilution, 

Number expected as function of measured visible decay length, 
    for each decay mode 

Integrate over VPDL bins, sum over sample composition Br's
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Sample Composition

So what's in that signal peak? (m+D ) 
  Estimate using MC simulation, PDG Br's, Evtgen exclusive Br's:

For , is similar

Useful signal fraction 88.3%

Decay Mode Sample Fraction
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VPDL Resolution Essential to understand to be able to 
determine expected asymmetry for given Dms

Use charged tracks in data to find impact parameter (IP) resolution
   depending on:

Tune MC and data to ensure:

Describe VPDL resolution
    using 3 Gaussians

One resolution scale factor 
  of 1.142 ± 0.020 

for all three
1.168 ± 0.024

(
( )

)

Track momenta and angles

Data track IP errors match data IP resolution
MC IP resolution matches data IP resolution 

Silicon detector hit configuration and 
     cluster width

 (cm)gen - VPDLrecVPDL
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VPDL Resolution Essential to understand to be able to 
determine expected asymmetry for given Dms

Use charged tracks in data to find impact parameter (IP) resolution
   depending on:

Tune MC and data to ensure:

Track momenta and angles

Data track IP errors match data IP resolution
MC IP resolution matches data IP resolution 

Silicon detector hit configuration and 
     cluster width
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Resolution depends on VPDL
(large VPDL correlated with large 
boost, i.e. with more collimated 
decay products; also
lifetime signficance cuts)

Use a VPDL-dependent
  resolution scale factor



Signal Efficiency vs. VPDL
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...due to lifetime and impact parameter significance cuts in selection:

Done for each decay mode, similar turn-on curves 
                               for different decay modes in signal region
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cc  Contamination-

When from gluon splitting, charm hadrons close to each other

e.g., 
c D K p XX Æ0

sD p  X sp  X0D* K mnX Æ Æc-

Flavor-tagging surpressed contribution by factor ~3

Estimated fraction of (3.5 ± 2.5)%, VPDL from MC, added in

g



Amplitude Method

If mixing signal with , amplitude 

Insert

otherwise   =1   = 0

  ± D
, for each value, minimize c   between expected and 
   measured asymmetry vs. VPDL and find 
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Amplitude Method

If mixing signal with , amplitude 

Insert

otherwise   =1   = 0

  ± D
, for each value, minimize c   between expected and 
   measured asymmetry vs. VPDL and find 
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Limits and Sensitivities
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 -195% CL limit: 4.9 ps
 -1sensitivity: 7.4 ps
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Sensitivity: value where  
with experimental error could fluctuate up to 

  = 0
  = 1

Limit: value where actual fitted value of  
with experimental error could fluctuate up to   = 1

Verified with Toy Monte Carlos

Factor 1.7 better than Winter 05 result New result since Winter 05



Systematic Errors

Example point, 8 ps   ,   –1

s     = 0.593stat

s     = 0.197syst

s     = 0.625tot

Done for each value of Dms

Dominant ones:

Purity/dilution uncertainty

Level of cc contamination

Uncertainty in fit to reflection modes

–

Inclusive Br(                    ) = (7.9 ± 2.4)%

Resolution scale factor uncertainty

K-factor uncertainties

, add:

  = 1.150
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Limits and Sensitivities

Combine: values in steps of Dms
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New World Average
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Future Improvements

Analysis techniques
Add more decay channels: 
Improve opposite-side tag and boost estimate, add same-side tagging
Unbinned likelihood fit: event-by-event resolution and tagging purity

Bandwidth increase
Current limit for B physics triggers is rate to tape
L3 bandwidth increase from 50 to 100 Hz (tests successful)
Proposal to process extra 50 Hz of B physics data at remote institutes
                         (matching funds commitment from Indiana U., Oklahoma U.) 

Hadronic B  decays0
s

Trigger on flavor-tagging muon, working on verifying yields
Excellent decay length resolution (full reconstruction)

D 3pÆ  K  K,   K* K*,   0
 Ss



Future Improvements

New Layer 0 silicon detector
Radius of 1.7 cm inside
  current detector

Improve decay length resolution
  by ~30% even if lose Layer 1

More data!
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Conclusions

Impressive work by a large team of people

sLimit: Dm   > 7.3 ps @ 95% C.L.

New preliminary result from D    based on 610 pb–1

–1

sSensitivity: Dm   > 9.5 ps @ 95% C.L.–1

Already competitive (second best sensitivity after ALEPH inclusive lepton)

Excellent prospects in future with analysis & hardware improvements
  plus more data

Can potentially cover the entire SM-predicted range;
   if oscillations not observed, new physics at some C.L.!
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cut used to study
Bs/Bs mixing

Initial Flavor Tagging

Individual Tagger Performance



Systematic Errors



Following slide from Ian Stewart's talk from
Lepton-Photon 2005



 Constraints with Unquenched  LQCD∆ms & ∆md

Assume            was measured.∆ms

ξ = 1.21± 0.022+0.035
−0.014

fB

√
B̂d = (246± 11± 25)MeV

JLQCD (‘03)
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}

New lattice errors on  
reduced the width of the 
green band by 

ξ

∼ 50%
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