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Outline

> Precision bottom and charm studies as an
indirect path to discovering new physics

> A new, high-speed tool that allows the CDF
experiment (at the energy-frontier Fermilab
Tevatron collider) to collect large, inclusive
bottom and charm samples

» What CDF can measure with these samples

> A brief look at a future high-rate experiment
that may allow the Tevatron collider to become
a super-B-factory, once its energy-frontier
days are over



Particle physicists are the ultimate reductionists:
What are Nature's most basic building blocks?
What rules do they obey?
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We've come a long way |

Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Model summari|
theory of weak and electrol

www. parti cl eadventure. org

fynamics or QCD) and the unified
part of the "Standard Model.”

force carriers

matter constituen
FERMIONS spin = 1/2, 3/2, 5/Z, ...

muon
neutrino

muon

tau
neutrino

tau
Spin is the intrinsic angular momentum of particles. Spin is given in units of K, which is the
quantum unit of angular momentum, where h= hiZr = 6.58<10°25 GeV s = 1.05x10°3 ) ¢

Electric charges are given in units of the proton's charge. In 51 units the electric charge of
the proton is 1.60=10-"% coulombs.

The energy unit of particle physics is the electronvolt (eV), the energy gained by one elec-
tron in crossing a potential difference of one volt. Masses are given in GeVic? (remember
E = mc?), where 1 GeV = 10% eV = 1.60x10'% joule. The mass of the proton is 0.938 GeVic?
= 1672107 kg

Structure within
the Atom
Quark

Electron
Size < 108 m

Neutron
and
Proton
Size - 10-13

f the protons and mewtrons i this pictuse were 10 ¢m scross,
then the quarks and ebectrons would be bess than 0.1 mm in.
size and the entire atom would be about 10 km across

spin=20,1, 2, ...

Color Charge
Each quark carries one of three types of
*strong charge,* also called “color charge.®
These charges have nothing to do with the
cotors of visible light. There are eight posible
types of color charge for gluons. Just as electri-
cally-charged particles interact by exchanging photons, in strong interactions color-charged par-
ticles interact by exchanging gluons, Leptons, photons, and W and Z bosons have no strong
interactions and hence no color charge.

Quarks Confined in Mesons and Baryons

One cannot isolate quarks and gluons; they are confined in color-neutral particles called
hadrons. This confinement (binding) resufts from multiple exchanges of gluons among the
color-charged constituents. As color-charged particles (quarks and gluons) move apart, the ener-
gy in the color-force field between them increases. This energy eventually is converted into addi-
ticnal quark-antiquark pairs (see figure below). The quarks and antiguarks then combine into
hadrons; these are the particles seen 1o emerge. Two types of hadrons have been observed in
nature: mesons gg and baryons goq.

Residual Strong Interaction

The strong binding of color-neutral protons and neutrons to form nuclei is due to residual
strong interactions between their color-charged constituents. 1t is similar to the residual elec-
trical interaction that binds electrically neutral atoms to form molecules. It can also be
viewed as the exchange of mesons between the hadrons.

PROPERTIES OF THE INTERACTIONS

Gravitational

Hadrons
Mesons
25 Not applicable
to quarks

&0
Not applicable

to hadrons 20
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pPp—> 2020 + sssorted hadrons The Particle Adventure
Matter and Antimatter | - Visit the award-winning web feature The Particle Adventure at
For every particle type there is a corresponding antiparticle type, denot- httpe//ParticleAdventure.org
ed by a bar over the particle symbol (unless + or — charge is shown)
Particle and antiparticle have identical mass and spin but opposite
charges. Some electrically neutral bosons (e.g.. 2% v, and n_= ¢, but not
K% = df) are their own antiparticles
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Figures

These diagrams are an artist's conception of physical processes, They are
not exact and have no meaningful scale. Green shaded areas represent
the cloud of gluons or the gluon field, and red lines the quark paths,
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I hope that our knowledge and our creativity will make our
culture worth studying, 1000 years from now




While big discoveries are often made at the energy frontier,
even pioneers don't head out to the frontier blindly

neutral currents in vN scattering pointed
the way to Z (and W) boson discovery

T)H\I/ \_/M T)H\I/ !,,L+
: 70 W
" “neutral " "charged d

b discovery told us that top should exist

> we knew what its charge and spin should be, and
how it should decay, before we found it

same weak mixing angle, 6y, relates
measured W,Z masses and W,Z couplings

> we expect to find the Higgs particle
responsible for this mechanism



The "indirect” strategy:

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

x 0.95 7

b 2>Vv,e Vv,

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




Cabibbo mixing angle was the missing piece

lcosO|* = 0.95

0“‘
g oW

u—\
d’

d = dcosfc + ssinfg

sinf[2 = 0.05




Indirect approach anticipates charm quark discovery

~1970: known quarks & leptons y o oW
u Ve VY, ;M
d s e u .
I o
. -
Study K’ meson = sd &

0 .
rare decay mode K% — p'p d = dcosfo + ssinfp

g_gsmecg-_ T
il T v . But measured K° — pru-

geosde g decay rate much smaller
than calculation

oc sinf. cosO g*
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Proposed solution: there must be another quark!

S-———— lllllll e — LL+
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Aot M

oc sinO. cosH- g*

Destructive interference!
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K%K oscillation rate = predict charm quark's mass

_ gcosb. gcosO. _ — gsinB.  gcoshH. —
S=——punnnnn Pl —_— S=——punnnnsn Pl
KO C u KO KO u u KO
Ll S  d——ssssuas — S
-gsinO.  gsinf d gcosB  gsind.

Destructive interference not perfect, because m, # m,
2 amplitudes o —94 sin” Oc cos” QC(m(Q: - mi)/M%v

predict m.~ 1.5 GeV (1973)

c € meson (mass 3.1 GeV, ~ 2x1.5 GeV) discovered in 1974,
in high-energy collisions at BNL and SLAC

= 1976 Nobel prize



Today, there are many more puzzle pieces to study

\
—sinfg (‘0%9@} 1\ S |

L !

ELEMENTARY (d) [ cosbp sinfc)(d
PARTICLES T

!fdf\! {Vud Vs Vub\!{fd\g
isfizivrd Ves Vpb;;S;
V) (Via Vis Vio ) ()

6 quarks, 3 euler angles, 1 phase
6 leptons

lots and lots of amplitudes to check,
some very small
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To make progress, you pick an unfinished region of the
puzzle, and study the shapes carefully. Bottom and charm
decays are a promising region to study.

 § — "
BS t \Y%
q—husnnuns — 1L
C——punnnns —nu’
DY S \%
J—hesnnns — 1L

Analogues of KO — p*
Small amplitudes

gV 8Vis —
B t t B.
S S ———— D EEEN -_b S
ths thb
_Sbeaad q
BO t t B0
dq—hennnns —Db
gVid gVip -

Analogues of K% <> KO
Precision measurements

Let's put the indirect approach to work, by collecting
lots of b and c decays. Maybe we'll find new clues.




Fermilab's Tevatron collider produces lots of b's, c's

Very large Tevatron bb rate:

» about 1 kHz of bb pairs, at nominal luminosity
B o(bb) ~ 100ub ( 10 kHz @ 1032 cm=2s!), 10% "“usable”

» compare: about 5 Hz of bb pairs at Y(45),
typical BABAR/BELLE luminosity
E o(bb) ~ 1Inb (5 Hz @ 5x1033 cm=2s!)

Produce all states: B, B*, Bs, Ag, B,

cC rate also large (~ a few x bb rate)

15



CDF, an existing Tevatron collider experiment, can already
exploit this potential

“general-purpose” experiment at the
energy frontier

> facility, like large telescope: many
researchers divide bandwidth

» traditional mission: top, W, Z, SUSY, ...

Can we adapt CDF for b,c physics?
> Yes, we did -- had to build the tools

Caveats:
> "general-purpose” - not fully optimized for b physics
» CDF can only record about 50 Hz to tape
» proton collider is a challenging place to work

16



Challenge #1: proton = "broad-band beam of quarks & gluons”

4 numbers describe O—=—©@
bb C.O.M. frame:

Px, Py, Pz, M

>~ | a
2 of themwe don't § |
know at all £ bb. E
30 _
the other 2 we 2 z t ]
know very poorly 810 l 5
m106¥|“|||llll|lll

0 100 200 300 400 500 600 700 800 900

C.0.M. energy of collision (GeV) 7




Challenge #2: messy events

The BB pair at CDF is accompanied by O(10) charged particles
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Solenoid provides
<] 1.4 Tesla B field for
5‘\*2:\ SpecTromCTer

> Al -

Calorimeter measures
electron, photon, and

Muon Chambers
detect

i peneTraﬂng
par'TiCles

U

[~ ﬁ%
/ Dr|fT Chamber

measures Char,ged

‘A\‘:‘ il . = 2y
Silicon vertex detector
measures Char'ged
particle production
points, b & c lifetimes




Particle signatures at CDF

M detect
oo Transverse
Te° Hadron calorimeter . f
Electromagnetic VIEW O
H+ salorimeter deTeC'l'or'

14T

—~ Solenoid
Silicon Drift

Vertex ' Chamber
Detector




A salient property of b,c decay: lifetime

gxe’

x pore
_ Sipo”
d - \
%'

———————— ——=

Proton-antiproton \ B decay vertex

collision point

Impact parameter (d)

Transverse view
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Position measurement ("hit") for charged particle

Charged
particle

trajectory
/X /) N\
/7 P — \ \\\
,/’/,//? "\ Z '/‘a‘ “\‘.7;\\ S \\\ \
¢ / /,/ / / / / - : N \§ \\ Q \\\
W % 2 R AR} =
ST AL 7/
\\‘ \ \ §\\\\~~ ,e/ "a"”//‘,,// ///
\ 7 //// )
\ N '// /

+\- silicon
\_ detector

<+ =

60um

“hit" = charge centroid ’



Why do you need a trigger?

Haystack Needle
D@
q b
q b
Vast majority of collisions; without a x1000 less frequent: bottom

trigger, we would see only this quark pair production 23



Recap

Tevatron produces O(1kHz) of B's "usable” by CDF
Tevatron produces 2.5 MHz of uninteresting events
CDF can write out 50 Hz total

To maximize the fraction of that 50 Hz that
contains B's, we select very quickly, based on
lifetime information.

In the trigger (tens
Use silicon microstrip of microseconds).

detector to measure each
particle's impact
parameter.

Nobody has solved this problem
at this rate before. 24




Division of labor: 3-step selection

Maximum b+c
rates purity
2.5 MHz ~0.1%
Level 1. ~ 5.5 psec (pipeline ~14 beam crossings deep)
l » drift chamber tracks (charged particle trajectories) l
> look for 2 tracks with momenta > 2 GeV
25 kHz "'lo/o
Level 2: ~30 usec ("Silicon Vertex Trigger")
» fast silicon tracking (measure lifetime info)
> look for 2 tracks with impact parameters > 120 um
250 Hz ~50%
Level 3: ~ 1 second (using ~250 PCs in parallel)
» full-precision tracking
» confirm the fast hardware tracking measurements

50 Hz ~90%

25



Input (every time Level 1 says "yes"):

silicon pulse height for each channel

Output (about 20 microseconds later):

trajectories that use silicon points
improved azimuth and curvature

impact parameter: ¢(d)=35um

Suhcon ’rrackmg problem

synopsns

E‘ \ o Slllcpn
: c ose up

ul L

\ ]

Z@om in

' Beam N v Impact ]
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\<\ 2 \'i._
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i ;
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[/

/
i

{ A m
P ]
A ITmm ]

. /
TR R S A
—-0.1 -04075 -0.05 -0.025 0 ‘ . 0.7
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Three of SVT's key techniques ...

How do we measure particle trajectories in about
20 microseconds per event, when software takes
typically ~ one second?

> (1) Do everything you can in parallel and in a pipeline.

» (2) Streamlined pattern recognition
B Bin coordinate information coarsely into roads.
B Examine all possible patterns in parallel (of course).
B This is done in a custom VLST chip.
> (3) Linearize the fitting problem.
B ie. solvable with matrix arithmetic

The wisest are the
most annoyed by the

loss of time. -Dante 27



Trick #1: symmetry allows parallelism

Symmetric, modular
geometry of silicon
vertex detector lends
itself to parallel
processing

Note "wedge” symmetry



SVT data volume requures par'allellsm

2 meters

Reduces glgaby‘res/second to megaby’res/lscond
Peak (avg): 20 (0.5) GB/s — 100 (1.5) MB/s

29



Each 1/12 of detector is processed in its own assemb:r line

_t ——

A II I

ADC counts

@D | outer track

Couter: (I)ou’rer' () _*\
- I
%‘3

Fitted tracks: P =(c, ¢,d, x?) roads ( = “"patterns” ) 30



2nd trick: streamlined track finding

The way we find tracks is a
cross between

» searching predefined roads
> playing BINGO

. ~ * *x
Time ~ A NhiTs+ B Nma‘rchedr‘oads

B I N G O
2 17 35 | 48 | 61
10 21 39 53 | 66
14 20 |free 55 65
8 | 25 41 52 | 62
6 16 37 | 46 | 67

31




Trick #3: lmear' 'fl'|'

Curcle(P) M Planes at points X
% not in general linear in P

But forP>2 GeV,d <1 mm,
linear fit biases d ~ few %
—= no problem for trigger

Couter: (I)ou‘rer' D
-\

*"3

Fitted ’rracks:?z (c, ¢, d, x?)

-_ example

XjvsP, F

We derive V,-J- by linear
regression to Monte Carlo data




Least squares fit is performed in programmable logic

The 6 scalar products are
computed in barallel

Each fit done in 250nsec

- U, Chicago
Track Fitter Board




Success |

| Run Number = 149484 Last Updated at = 2002/08/06 15:53:08

[ FROMGBboard | o= TRETT
ol 35um @ 33pum
3 resol ® beam
imi |24 ps = o =48um
51"""['; 6000 —
::E— 5000%—
- ]
0 10 20 30 40 50 J 000"
Silicon trigger latency (us) ,o00E
10005—
4 orders of magnitude oo o o T e k00

faster than software

™~

comparable resolution

silicon trigger impact parameter (um)
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First year's results

Building a lifetime trigger for a proton
collider experiment is a new approach.

After one year of data taking at CDF,
we're still learning, but we're already able
to do some new things.

I'll illustrate one charm measurement we've
already done and one bottom measurement
we're working on.

35



Large charm signals

CDF Runll Preliminary

CDF will reconstruct about 107 N%mm‘_Doe Krn

charm decays in a few years'’ Np. = 451000 1400
data (2 fb1)

451000
in 2002
data

Events/0.4 M
&
[
[

6000

> year 2002 (0.07 fb!) already 3x
sample of FOCUS experiment

4000

> already collecting more per year 2000
than B factory experiments i

] | ] | 1 | 1 | ] | ] | 1 | 1
‘E82 183 184 1.85 1.86 1.87 1.88 189 1.9

Kz Invariant Mass [GeWcz]

Some are born to discover J/V¥,
some achieve photoproduction of charm,
and some have charm physics thrust upon 'em



D —

Analogous to K° — p* u search that led us to charm
Previous searches: Branching Ratio < 4.1 x 10-¢ @ 90% CL

C——punnnnsn Hn
DO S \Y%

ﬁ— ------- — “-

Suppressed in Standard Model: B.R.~ 3 x 1013

C N pn* New particle(s)
O

u

B.R. as large as 3 x 10-° in some supersymmetry models
37



Key: inclusive trigger selection

Trigger uses only lifetime information:
treats reference and signal equally

We distinguish them only at the final stage.

reference

Different decay modes, but identical kinematics 38



100

events/MeV

75

50

25

G

standard model rate ~ 103

CDF Run Il Preliminary

|

Reference channel:
~ 1350 events 1n
search window

||l|l Illllln
[
/ |
\ A

IIlI

L
o

N
18 1.85 1.9 1.95

mass(nt",m7) (GeV

+
T
W ’<
.0
L 4

R

T

Feb 2002 - Jan 2003 data

> 3
2 Search channel:
2 0 events 1n
2 search window
1
0 1.8 1.85 19 1.95
mass(u*,u’) (GeV)
|| IW—II—I |’ M_'_
DY s,d,b\ \%
E B EEEEN u-

standard model rate ~ 1071339



D —
» Putting the numbers together,

rd

@ / Reference branching ratio
-3
- S New limit

Reference event count

= BR(D" — u" 117) <2.4x10"° @90%CL

» Previous experiment's limit was 4.1x10-¢ @ 90% CL.
» We should at least ~ triple our data sample this year 4



B, & B,

Analogous to KO <> KO measurement, with which charm
quark mass was predicted

b s L. B B B BN N | II_§ _
Bs t t S
S_ IIIIIII ll_b

B, <> B, transformation rate

X, =
B, decay rate

Experimental bound: X, > 19 @ 95% CL
Standard Model: X, < 31

Currently, B, measurements can be done only at the Tevatron,



Mixing 101

Two-state system: |Bg) and | B) T E(Bs) - P(By)
Without mixing, degenerate states: \ ﬂ ﬂ ﬂ (m

[(t)) = [sh)e Ml T2

{\/\ﬂﬂﬂ/\/\ﬂﬂﬂuﬁu*t

W T

[f we measure |¢)g) = |Bg), then

\‘ m—z2) [(Bslp(t) > =

Mixing splits the states:

;(l—l—cos(Amt)) -l
B4) £ [By)
B =" (Bl (O) =+ (1~ cos(Ame)) T

Epgp=m=*Am Am =Tx = x/t o



Mixing in the laboratory

To resolve the oscillations, we need
to measure

>B. vs ES at =0 (at production)
>B, vs B, at decay

»>proper decay time

for large numbers of events
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Measuring B, vs B, at =0

This is an art called “flavor tagging”

Several methods, none is perfect

44



Measuring B, vs B, at decay

For most decay modes, this comes for
free, from spectrometer charge

measurements _
’<E TC+ < u T

“0” d “o” d
b K C ~- = b ol C N+
B, _ D, B, - Dy

D-, decay D+, decay
daughters %daugh‘rers

45



Measuring proper decay time

t = L/YB - LmB/PB

+

B, T
D-, decay
L daughters ‘,_-5 _y |—D>
° J

Measure deca
length L ’ Measure B,

momentum Pg

NB: If B daughters include neutrinos, v is poorly measured,



CDF's first BY,B, — D= signals (2002 data)

B® —» Drn mass spectrum

180

160

=

140

120

100

80

II|III|III|III|II"|—I'jI—|—|| III|III

11

60
- Yield: 413 + 40 events

— Uncorr. Mean: 5.271 +0.002 GeV
20+ 2 MeV

10

2 CSigma:

45

40

35

30

25

20

15

10

5

5.2 4 35

B, > Dt mass spectrum

‘56 08

BO Candidate mdss (GeV)

= D; Yield: 65 + 20 events D; Yield: 40 + 10 events
i Uncorr. Mean: 5160 + 20 MeV Uncorr. Mean: 5360 + 5 MeV

i Sigma: 67 +21MeV Sigma: 20 + 4 MeV

()
1 Bs—;’ DS T
— Do on
= 1 } ¢ > KK
- } + -’;5 j
— / +
= Missi ng+ : - Jf |}
=~ photon R e
| | | | | | | | | | | I| | | | I‘ | ;P | | ’{&‘ I%I | |
4.6 4.8 5 5.2 54 5.6 5.8

B, Candidate mass (GeV)

A good start. But 1000s of events are needed.
— Use more D, decay channels
Continue to optimize trigger

Continue to run experiment

47

Continue to optimize accelerator



B, flavor oscillations: recap

5 gVip  2Vig 3 Amg VtS 2
— EEmEEs — X
B, t t B, Am, g Vtd 2
S —b
thS thb
iV g (@) (Vg Vas Vi) [
B0  t t B0 s i=1 Vg Vs Vip 11 s
S R — /
d gV gVip i kb H k@ Vth kb;

Am, has never been measured: only lower bounds exisf.

CDF expects to make the first measurement, next year.
To get there, we need lots of B's.
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The future??
Dedicated, high-rate b,c experiments at Tevatron, LHC

€ Lifetime-based trigger a key @ Calorimeter & particle ID

feature -- as in CDF optimized for B physics
€ Huge (1 kHz) output rate -- € "Forward" detector -- B's get
keep more of the B's large Lorentz boost
Toroids Magnet Cerinkov

>

\ Chamber

Silicon Strips \ ﬁ
f Electromagnetic
Pixel Detectors Calorimeter

<  e—— 49
25 meters



Summary

» In the indirect approach to discovery, we aim to
study the known puzzle pieces closely.

> To do this, we build tools, of ten making use of
existing facilities, existing technology, and our
Instincts as experimenters.

» CDF's new lifetime trigger is already producing
competitive measurements, with more to follow

> The lifetime trigger concept may be extended
by future proton collider experiments.

50
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SUSY

dark
ma’r‘rer'

-: gravity{ :



The End

Everything past this point is backup, notes, etc.
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Interplay between direct and indirect discoveries

Spin 3/2 baryons (u,d,s quarks only)

A AO ¥ &+ A—H—
- e » 1232 MeV

Often, many properties of new

particles are known, indirectly, | e e e S
well before direct discovery.
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Three different ways 10 people finish a
job every At that 1 person would do in 10At

Dividing the tasks among 10-step assembly line

specialized components ("pipelining")

Dividing up the detector 10 people paint 1 house

Dividing up the events 1 line, 10 bank tellers
_evel 1 uses mostly the 1st (some 2nd),

Leve
_Leve

2 uses mostly the 2nd (some 1st), and
3 uses exclusively the 3rd.
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Introducing ... SV T

Both the name and the details of the physics

CDF/DOC/TRIGGER/PUBLIC/1421

“tr1

SVT .

THE SILICON VERTEX

Luciano Ristori

This note describes the architecture of a device we believe we can
build to reconstruct tracks in the Silicon Vertex Detector (SVX) with
enough speed and accuracy to be used at trigger level 2 to select
events containing secondary vertices originated by B decay. We name
such a device Silicon Vertex Tracker (SVT).

The use of SVT as part of the CDF trigger would allow us to collect
a large sample of B's (> 107 events) in a 100 pb™! run.

B production at 2 TeV in the c.m. is abundant: Isajet predicts that, in
the central region, 6.5% of two-jet events with Pt>20 GeV/c contain
a B pair. Thus we nced a trigger with a relatively modest rejection

factor (10 + 20) not necessarily requiring the presence of very high
P tracks.

INTRODUCTION

It turns out that the simple requirement of a single track with an
impact parameter greater than a given threshold might do the job.
The possibility to use the output of SVT to actually reconstruct
secondary vertices is left open and it's not discussed here.

In Section 1 we report the results of some simple simulations we have
done to show the efficacy of the impact parameter cut, in Section 2
we overview the overall architecture of SVT, in Section 3 we
describe the different parts SVT is made of and how they relate to the
different stages the track finding process goes through.

1. SIMULATION RESULTS
1.1 Impact Parameter Cut

The impact parameter 5 of each track is defined as the minimum

gg

goals have evolved over time ...

29
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Our friends invested years in this Bingo game!
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Onward!

Now that the heavy lifting is done, let's
see what we can do with this device ...

Silicon installation




Mechanical analogue

/ N
® | 1 B
B ®) v

el L ik, pDPIY
You can measure a 7
frequency difference / \

by measuring beats.

If x=25, then
Am/m ~ 2E-12

Piano tuner uses
the same trick .



Mixing: simplifications

Two important things that I will completely ignore:

(1) CP violation, i.e. that the two pendula may not
be precisely interchangeable

(2) that the two normal modes may decay at
different rates (e.g. energy is dissipated when the
spring stretches and compresses)
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Measuring B, vs B, at 1=0

This is an art called “flavor tagging”

Efficiency e = B:W
total

Purity ("dilution”) D = R=W
urity ("dilution”) ReW

1+ cos(Amt) —» 1 + Dcos(Amt)

N - €D2N
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Statistical significance of mixing signal

Sig(z) = ¢ Herlr)? | NP [

2 S+ DB

1 IIIIIIIII|III|III|III|III|III|III|III
0.5

So important ingredients are: o perfect tag, 0.10 76 smearing 3

0.4

> Event yield N °

0

> Clean signals (S/B) Egz

» Vertexing resolution o, ¢
» Flavor tagging: eD?

IIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIII:
oo 0z 04 06 08 1 1.2 14 16 18 2

unmixed - mixed vs 1/t

— We want as many “fully reconstructed”

(no neutrinos) events as we can get
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