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The “indirect” strategy:

study the known puzzle pieces;
see what’s missing or what doesn’t fit

Are neutron decay 
and lambda baryon 
decay the same 
fundamental 
process as muon
decay?

× 0.95 ?

× 0.05 ?



Cabibbo mixing angle was the missing piece
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VCKM CP



VCKM CP

An Arbitrary Choice
•I will not touch several other ways of 
exploring the edges of our jigsaw puzzle:

•Charm decays

•Rare B decays

•Several other CKM measurements

•Some of those will give results sooner than Bs
mixing studies

•In fact some of the results are already public: 
I will use them in my discussion to clarify some 
points



Mixing 101
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P(Bs) - P(Bs)

∆m = Γx = x/τ



Mechanical analogue

B
B B

B

Piano tuner uses 
the same trick

You can measure a
frequency difference
extremely precisely,
by measuring beats.

If x=25, then 
∆m/m ~ 2⋅10-12

Weak interaction couples 
states, splits frequencies of 
normal modes. Weak decay 
also damps the motion.



Bs flavor oscillations
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∆ms has never been measured: only lower bounds exist.

CDF expects to make the first measurement, soon!
To get there, we need lots of ingredients



Towards Bs Mixing
• Measurement of ∆∆ms helps improve 

our knowledge of CKM triangle.
• Combined world limit on Bs mixing

– ∆ms>14.4ps-1 @95%CL
– Bs fully mixes in <0.15 lifetime!!!

• Bs oscillation much faster than Bd
because of coupling to top quark:  
Re(Vts)≈0.040 > Re(Vtd)≈0.007
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•
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•

Vtb~1 Re(Vts)≈0.04

Combined limit comes from 13 Combined limit comes from 13 
measurements from LEP, SLD measurements from LEP, SLD 
& CDF Run I& CDF Run I
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∆∆ms/∆∆md



Mixing 101

• Significance (in number of standard 
deviations) is “average significance”
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Event yield

Flavor tagging
Signal-to-noise

Proper time resolution



Event Collection
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Why do you need a trigger?
Haystack

Vast  majori ty  of  col l is ions ;  a  democrat ic
trigger would see only this

Needle

×× 1 0 * * 1 0  l e s s  f r e q u e n t :  t o p  q u a r k  p a i r  
p r o d u c t i o n

R-Z view



A “0 to 100” example: SVT for B0 → π+π−

•SVT reduces the background rate 
by a factor of 1000
– data recording possible 

by DAQ
– This means going from 0 events 

in 110pb-1 (CDF I) to 300 events 
in 65pb-1 (CDF II) SVT

1 MHz

20 Hz

1 Hz

1 kHz

pic
ob

arn
s

280±26 events
µ = 5.252(4) GeV/c2

σ = 41.0(4.0) MeVc2

M(ππ)



A salient property of b,c decays: lifetime

primary vertex

secondary vertex

impact parameter

d > 0

track

~ 1 mmTransverse view



Introducing …  S V T

CDF Note 1421
by L. Ristori

May 1st, 1991

Both the name and the details of the physics
goals have evolved over time ...

“trigger”



Problem synopsis

Impact 
parameter

Beam 
spot

1mm

3cm15cm150cm

Outer
drift

chamber

Silicon
µstrip

detector
Silicon

close-up

Zoom-inInput (every incoming event):
outer drift chamber trajectories
silicon pulse height for each channel

Output (about 20 microseconds later):
trajectories that use silicon points 

impact parameter: σ(d)=35um



10-step assembly line
(“pipelining”)

10 people paint 1 house

1 line, 10 bank tellers

Three different ways 10 people finish a 
job every ∆t that 1 person would do in 10∆t

Dividing the tasks among
specialized components

Dividing up the detector

Dividing up the events



SVT data volume requires parallelism
2
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Reduces gigabytes/second to megabytes/second
Chicago, Geneve, Pisa, Roma, Trieste

0,1

2,3
4,5

6,7 8,9

10,11fan-out fan-in

20 (0.5) GB/s 100 (1.5) MB/sPeak (avg):



Each 1/12 of detector is processed in its own assembly line

ADC counts hit coordinates

roads ( = “patterns” )

Outer track

Fitted tracks: P = (c, φ, d, χ2)

couter, φouter

x3

x2

x1

x0

Pi =
Σ Vij xj



2nd trick: streamlined track finding

1 2 3 4 5 6Road #

• The way we find tracks is a 
cross between 
– searching predefined roads
– playing BINGO

• Time ~ A*Nhits + B*Nmatchedroads

?



Trick #3: linear fit

Fitted tracks: P = (c, φ, d, χ2)

couter, φouter

x3

x2

x1

x0

Circle(P) ∩∩ Planes at points x
x not in general linear in P

Pi =
Σ Vij xj

But for P > 2 GeV, d < 1 mm,
linear fit biases d ~ few %

⇒ no problem for trigger

We derive Vij by linear 
regression to Monte Carlo data

Trick #3a: use road as a hint
precompute Vij Xj

road

⇒ 250 nsec per fit !

example
Xj vs Pi



Success !

35µm ⊕ 33µm
resol ⊕ beam

⇒ σ = 48µm

4 orders of magnitude 
faster than software

0       10     20     30     40    50
Silicon trigger latency (µµs)

24 µs

comparable resolution

-500       -250           0            250        500
silicon trigger impact parameter (µm)



• CDF will reconstruct about 107 

charm decays in a few years’ 
data (2 fb-1) 

– year 2002 (0.07 fb-1) already 
3x sample of FOCUS 
experiment

– already collecting more per 
year than B factory 
experiments

451000
in 2002

data

Large charm signals
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standard model rate ~ 10-3 standard model rate ~ 10-13
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Reference channel:
~ 1350 events in
search window

Search channel:
0 events in

search window

Feb 2002 - Jan 2003 data



– Putting the numbers together,

– Previous experiment’s limit was 4.1×10-6 @ 90% CL.
– We should at least ~ triple our data sample this year

D0 → µ+ µ−

63 104.2104.1
1350

3.2 −− ×=××

CLDBR %90@104.2)( 60 −−+ ×<→⇒ µµ

Poisson statistics

Reference branching ratio

Reference event count

New limit
B.R.  <



We finally see it!

New measurement !
Previous limit set by OPAL: BR (Bs à Ds π± ) < 13%

BR(Bs àà Ds ππ ±± ) = ( 4.8  ± ± 1.2  ± ± 1.8  ± ± 0.8  ± ± 0.6) ××10-3

(Stat)  (BR)  (sys) (fs/fd)



Resolutions
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Strategies
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Fully reco’d σ

τ(Bs)=1.33±0.14(stat.) ±0.02(syst.) ps
@ ~120 events



Semileptonic σ

σct≈±0.07 ps @ ~1000 events

D±±
sD±±

Sys?!??



Tagging
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Mixing in the laboratory

• To resolve the oscillations, we need to 
measure
– Bs vs Bs at t=0
– Bs vs Bs at decay
– proper decay time

• for large numbers of events

(at production)
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Measuring Bs vs Bs at t=0
• This is an art called “flavor tagging”

Several methods, none is perfect !!!

Fragmentation

product

B meson

Reconstructed decay
“Same Side”

“Opposite Side”



•Pick a sample where flavor does not 
change (e.g. B+ →l+νlX decays)

•Apply your algorithm

•Measure efficiency

•Count RS and WS tags

Building a Tagger
• Pick your favorite algorithm

WSRS

WS
mistag NN

N
P

+
=

tot

taggable

N

N
=ε



(some year ~2000 projections)

Performances

And the algorithm can’t be 
applied to the whole sample:

mistag
WR

WR

truemeas

NN
NN

P21D

DAA .

−=
+

−
=

=

Due to mistagging effects:

N
meas 2.

1

D
A

ε
δ ∝ Let’s stay on the safe 

side: we assume εD2 = 4%

(this is ~ what we have 
at hand right now)

εD2 is mostly a tool for back of the 
envelope calculations: in reality you 
use all the events, weighted by 
their individual D



• Strategy:  use data for 
calibration (e.g. B±→J/ψK±, 
B→lepton) 
– “know” the answer, can 

measure right sign and wrong 
sign tags.

CDF Results:

lSame-side (B+) εD2=(2.1±0.7)%
(B+/B0/Bs correlations different)
lMuon tagging       εD2=(0.7±0.1)%

DØ Results:
lJet charge εD2=(3.3±1.1)%
lMuon tagging  εD2=(1.6±0.6)%

Current Performances



Conclusions



• Current performance:
– S=1600 events/fb-1 (i.e. σeffective for produce+trigger+recon)
– S/B = 2/1
– εD2 = 4%
– σt = 67fs

2σ sensitivity for ∆ms =15ps-1 with ~0.5fb-1 of data
• surpass the current world average

• With “modest” improvements
– S=2000 fb   (improve trigger, reconstruct more modes)
– S/B = 2/1  (unchanged)
– εD2 = 5% (kaon tagging)
– σt = 50fs  (event-by-event vertex + L00)

5σ sensitivity for ∆ms =18ps-1 with ~1.7fb-1 of data
5σ sensitivity for ∆ms =24ps-1 with ~3.2fb-1 of data

ü ∆ms=24ps-1   “covers” the expected region based upon indirect 
fits.

• This is a difficult measurement.
• There are ways to further improve this sensitivity…

CDF Bs Sensitivity Estimate
hadronichadronic mode onlymode only



• Current performance:
– S=1600 events/fb-1 (i.e. σeffective for produce+trigger+recon)
– S/B = 2/1
– εD2 = 4%
– σt = 67fs

2σ sensitivity for ∆ms =15ps-1 with ~0.5fb-1 of data
• surpass the current world average

• With “modest” improvements
– S=2000 fb   (improve trigger, reconstruct more modes)
– S/B = 2/1  (unchanged)
– εD2 = 5% (kaon tagging)
– σt = 50fs  (event-by-event vertex + L00)

5σ sensitivity for ∆ms =18ps-1 with ~1.7fb-1 of data
5σ sensitivity for ∆ms =24ps-1 with ~3.2fb-1 of data

ü ∆ms=24ps-1   “covers” the expected region based upon indirect 
fits.

• This is a difficult measurement.
• There are ways to further improve this sensitivity…

CDF Bs Sensitivity Estimate
hadronichadronic mode onlymode only



Estimates based current performance plus modest improvements.
Further gain is possible on all of these pieces:
• σt

– Event-by-event vertex
– Additional Si layer at ~1cm from the beam pipe (Layer 00)

• Flavor tagging
– Kaon tagging (same-side and opposite-side)

• Yields
– Other Bs modes (hadronic and semileptonic)
– Other Ds modes
– Triggering

• Improved use of available bandwidth
• Improve available bandwidth
• Improve SVT efficiency

Work In Progress

Matters most for going to ∆∆ms > 20 ps-1

Trigger improvements

matter most for yields

It’s doable!  It will take time, luminosity and more hard work!It’s doable!  It will take time, luminosity and more hard work!



Interplay between direct and indirect discoveries

Often, many properties of new
particles are known, indirectly,
well before direct discovery.



To address these questions, we continue to build 
the large, specialized tools of the energy frontier



I hope that our knowledge and our creativity will make our 
culture worth studying, 1000 years from now


