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Theory and some History



Matter in the Standard Model
Matter build of families of fermion doublets

Leptons ( Ve ) ( Vu ) ( r )
€ L I'l L { L
u C t
Quarks ( , ) ( , ) ( ,
d L S L b L

Weak interaction through W* bosons

S d
C C
e \/\/\/L‘/\Vil\i'\lL - \/\/Hj/\\/i/;_LLL

In general: weak eigenstates # strong eigenstates
[1 mixing between families possible
[1 lower quark doublet components absorb difference

[1 neutrinos also mix
i




Cabibbo—Kobayashi—Maskawa Matrix

Example: two families of quark pairs — one mixing angle

d’ cosf sinB d . .
- . rotation matrix
S —sin@ cosé S

Matrix has to be unitary: V1V =1

Describe mixing between three quark-pair families

d’ d Vud Vus Vb
s’ =V X S with V = Ved Ves Vb
b’ b Vie Vis Vi

V is Cabbibo—Kobayashi—-Maskawa matrix

Three families - 4 degrees of freedom

] 3 angles
| 1 complex phase - CP violation
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CKM Matrix
Matrix structure d S b

[ mostly diagonal

[1 crossing of families suppressed

[1 the further the less probable

[] values not predicted C

Particles are conserved:
ViV =1 {
- unitarity condition

Wolfenstein parametrization (A =0.2272 + 0.0010):

1-A2/2 A AX3(p-in)
V = | - 1-A2/2 A ? | +0(AY)
AA3(1-p—-in) -AA? 1

Least known parameters: p and n




Unitarity Triangle

Vud Vus Vub \
Unitarity condition: VTV =1 V=] Veg Ves Veb
Vie Vis Vi |

— VuquDb + Vg VCDb + Vg VtE =0
- 1+ VuquDb/VCd VCDb + Vg VtE/VCd VCDb =0

Vig Vi 5 Vi




Neutral B Meson Mixing

t Vs

(c,: u)

W

(¢, u)
t

Quark mixing — non diagonal Hamiltonian for [B|H|BL

Lo M M T T

My, M 2. T T

Diagonalizing the Hamiltonian results in

[] two masses: myg and mg and Am =my —m,
[] two decay widths: T and ', and Al =Ty —-T',
0 remember: I =1/t

Mass and decay width (lifetime) are measurable!!
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Theoretical Predictions - Am
Theory prediction for B%/B? mix through box diagram

A 2
Amg o mBqBququ\thVtg q=s,d

Lattice QCD calculations
Bp,f2 = (246 + 11 + 25) MeV*

t Ms
> > > S
(c, u)
+ a
&5 § < >
> — b

In ratio theory uncertainties are reduced

Ams — MBs ¢2 |Vts|2 ' — +0.047
Amg ~ mg, ¢ Nop With ¢ =1.21 Z535

Hadronic uncertainties limit
|Viq| determination to = 11%

Determine ¥l to = 3.4%
Vigl



Unitarity Triangle - Status EPS 2005

Apex (ﬁ) ﬁ) | [ excluded areall has CL>0.95 l

Squeezing along
side b

[1 sin2p

0 Vu/Veb

0.5

Squeezing along _ |
side ¢

L1 Amy -
-0.5
|:| Ams i
Ly
_1_ A
CKM fit result: - [ /

_ 65 ne-1  qeleciiu i .
AmS 18.3 -1.5 PS -1 -0.5 0 0.5 1 1.5 2
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First Measurement of B Mixing from UA1

Signature: like sign high pt leptons PLB 186 (1987) 247

Result

[1 time integrated
X =0.121 £ 0.047

7
6
> s
14 8 O implied heavy top
10 - 20 1,
2 FOF BS
1
\I_/ 0

LIKELIHOGD RATIO
|
a

[ too fast: xs = 0.5

X = Fraction of Wrong Sign
Beauty Hadron Decays

Later Argus/Cleo/LEP/SLD/Tevatron/BaBar/Belle ....
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Historic Review: A 20-Year Effort

1987

[1 first evidence of B mixing from UA1 PLB 186 (1987) 247

0 Argus observes B® mixing: UA1 implies large Bs mixing, m; > 50 GeV/c?

PLB 192 (1987) 245

1989

[ CLEO confirms Argus result PRL 62 (1989) 2233
1990s

0 inclusive measurements of B® mixing from LEP establish Bs mixing
1993

(] first time dependent measurement of Amy from Aleph PLB 313 (1993) 498

O first lower limit on Amg from Aleph: Amg > 12 [10~* eV/c? PLB 322 (1994) 441
1999

[0 CDF Run | result on Amg: Amg > 5.8 ps™ PRL 82 (1999) 3576
2005

0 D@ first result on Amg: Amg > 5.0 ps™
[0 CDF Run Il first result on Amg: Amg > 7.9 ps™

2006

0 DO reports interval: Amg [ 17,21] ps at 90% CL PRL 97 (2006) 021802
[J CDF Run Il first measurement Amg = 17.31 *933 + 0.07 ps™ prL 97 (2006) 062003
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The Method



A Picture Book Event

opposite side same side (vertexing)

opposite
side lepton

- fragmentation

opposite
side kaon

B jet B hadron Al

Collision Point

Ly typically 1 mm
Creation of bb

| »3

m
ct=L B

Xy
Ingredients to measure mixing

[] proper decay time ct, B rest frame

[1 B flavor at decay, final state

[1 B flavor at production, flavor tagging
v 13



An Event Display

Run 204720, Event 109026

y [em]

— SSKT Track

— Tag Muon

—— Other Track
- Candidate Track
) Beam Line

. Primary Vertex
. B Vertex

. D Vertex

---- Path
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B Mixing Phenomenology

0.8-

unmixed
mixed
total

O
o)

Behavior in proper time
P(t)go_go = 3-€7V7(1 + cos Amt)
P(t) = e (1 - cos Amt)

BO_BO ~

probability density
o o
N SEN

VATAVAN

proper decay time, t [psS]

o .
o P T T R TR ST S NN ST S S N S

1_: Perfect tag D=1

Determine asymmetry g
€ 0.51
— N unmixed "N (ODmixed — - ]
Ao(t) - N(t)unmixzd+N(t)mix§d - C0s Amt ? O-:
s
2-0.5-
=
-1

In a perfect world )

proper decay time, t [pS]
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What Do We See In the End?

Flavor tagging Vertex Vertex and Momentum
]Realistic tag D=0.2 ] Realistic resolution: ] Rcatal_i%t(i)c resolutions:
1-: 1-: vtx: 50 pm 1-: \ét):('o(p)%m: 504
2051 2051 2051
o) ] () | O |
S S S
-0.57 -0.57 -0.57
-1_:""I""I"" -1_:""I""I"" -1_:""I""I""
0 1 2 3 0 1 2 3 0 1 2 3
proper decay time, t [pS] proper decay time, t [ps] proper decay time, t [ps]

/ 2 2
1/GA _ nSZD /nSnJrSnB exp(_(Amszact) )
— 03\2 + Op .
Oct = 1/(0g) ct =




Perfect to Realistic

1 Perfect tag and resolutions {Realistic tag D=0.2
1__\ ﬂ (\ n (\ {\ ﬂ {\ (\ 1- Rvetf(\h%t(l)c rﬁ]solutlons:
Z 1 pt: o(p)/p 5%
£0.5- 20.5-
) ] ) ]
E E
P ] > ]
3 3y
-0.5- -0.5-
R R e

0o 1 2 3 0 1 2 3
proper decay time, t [ps] proper decay time, t [psS]

Unbinned likelihood fit: p Uexp(-t/7)(1 £ AD cos Amt)
[1 scan Am for signal: determine amplitude, A
[1 measure Ams with A =1



Status: Scanning for Bg Osclllation Signal
Before this analysis

D I L N B L L L BN B
E E_Averagefor PDG 2006 %33 - {datailo D@ Run |
£ P smymuy = A datas 1645 0 stat) l |\
LB it aony H 1 £ | [Edata+ 16450 (stat. Dsyst) ||| php-
N ) H < 2 lﬁ ] ]”
[ 1
( ] OporwssswviggithibHipy ] “
| M%%WH | L
: ; ok
-0.5 — 3 i . 1fb1
1 F Q|- $95% CL limit: 14.8ps
g ﬁ - --o- Expected limit: 14.1ps”
L e 5 225 25 0 é — '1'0' - '1'5' - '2'0' o

Am, (ps™)

Am [ps’]

before Spring 2005 recent D@ result

PRL 97 (2006) 21802
17 ps™t < Amg < 21 ps™ at 90% CL
p-value about 5.0%
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Last CDF Result rrL o7 (2006) 062003

CDF Run |l L=1.0fb*

| - dataz 1o A 95% CL limit 16.7 ps®
1.6450 O sensitivity  25.8 ps™

data+ 1.645 o
data + 1.645 o (stat. only) U\

N
|

Amplitude

I B2 - I'D, X, B, -~ D_ T, B, - D] Tt Tt" Tt

0o 10 20 o 30
Am [ps ]

A = 1.03 * 0.28(stat) compatible with 1 for Amg [017.3 ps™
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Last CDF Result rrL o7 (2006) 062003
Signature: minimum of log(z (A = 1)) —log(z (A = 0))

,0,CDF Run Il Preliminary 1 fb?
= — hadronic Minimum: -6.7/5
8) i — semilgptonic
a 2k —— combined p-value: 0.2%

Analysis was blinded

Amg = 17.31 *333(stat) + 0.07(syst) ps™
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Plan After April

Close box again
Refine analysis methods

Go for 50



What We Improved
Unchanged

[] same data: 1 fb™

Improvements
[1 flavor tagging

[1 added opposite side kaon tagger
[1 applied NN to combine all opposite side taggers
[1 applied NN to same side tagger
[ signal yields
[1 added partially reconstructed decays
used particle identification in selection
used NN for hadronic selection
added trigger path in /Dg

I

Added effective statistics of factor of 2.5
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Equipment Used for the
Measurements



CDF Il Detector




CDF Il Detector - Key Features

'Deadtimeless’ trigger system

[1 3 level, pipelined, flexible system
0 Silicon Vertex Trigger (SVT) at 2" level (=25 kHz)

Charged particle reconstruction
1 redundancy for pattern reco in busy environment

] excellent momentum resolution: R =1.4m,B =1.4T

1 excellent vertex resolution: LOO at 1.5¢cm

Particle identification

1 energy loss in drift chamber (dE/dx)
1 Time-of-Flight system at 1.4 m radius
| electron and muon identification
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Our Samples



4y

b
N
)
)
o

=
a N
o O
o O

)
o
o

Total Luminosity (p
N O N O

o1 o1

= <

250 |

Sample Luminosity

500

Year2002 2003 2004 2005 2006
Month1 4 7 10 1 4 7101 4 7 14 710
o
_ ~ Deli

1000 1500 2000 2500 3000 3500 4000 4500

Store Number

Bs Mixing Analysis uses: 1 fb™
now: 1.8 fb™* delivered, 1.6 fb™ on tape
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Samples Used in the Analysis

Sample to tune flavor taggers (largest)
[1 ¢+track sample (track Is required to be displaced)

Calibration samples (taggers, vertex resolutions)

B* _ .
BO _ .

BS_)‘:

JWK* D 1 (it ), D 0*X,
WKL, D~ (), D7 ¢*X, DY /X
Y@

with D - D%, DY - K ('), D™ - K

Signal samples

hadronic: Bs —» Dyt ()
semileptonic: Bs - Dg¢™X
with D7 - @7, KK ™, "

28



Samples - Semileptonic Versus Hadronic

CDF Run Il L=1fb?

—— data
— fit
B, —» D, /K"

2
N
o
o

T | T

300l Bs -~ Do’

I B, — D /K"
b - DX

e -Dm

. N, - N\ Tt

. comb. bkg.

candidates per 10 MeV/c

L @

5.2 5.4 5.6 5.8
mass(@r,m) [GeV/cZ]

Hadronic Dgrt(rT )

[] reconstruct: ct = XY pE

T
[1 great ct, mass resolution
[1 sample is clean

[1 small branching ratio
i

2000+ data K
N it gsooo}
O -1 =0 . i E
S ' ] B; signal 20000
Q_ L
%1500 —— false lepton & physics 51000
o C
g _ || comb. bkg. 8 I e
= - o b : ++ 1.941.96 1.98 2.00 _
B dulpp st BT T mass [GeV/c
21000/ ' ™y (Gevic]
%) i AW
le) *
b
©
=
S - —~ /4
S500- [/ N\~
O - / 555 0 N
-/ N
0 A A A s s 22 s
3 4 5

@ 17-I mass [GeV/c’]
Semileptonic /DgX
] reconstruct: ct"= Xyg
[1 large branching ratio

[1 Inferior ct, mass resolution
[1 sample composition issue
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b Flavor Tagging



Flavor Tagging Introduction

opposite side | same side (vertexing)

opposite
side lepton

fragmentation

opposite
side kaon

B jet B hadron M- - -
| 0
/ | Bs
Collision Point_ . Ly typically 1 mm
Creation of bb 1 " |
— B
Ct=L,y—

Crucial parameters
[1 efficiency: g, dilution: D =1-2p,, (pw prob. for wrong decision)
(] eD? expresses statistical power
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Flavor Tagging Introduction

Tagging algorithms used
[1 opposite side: electron, muon, jet charge, kaon
[0 same side: pion (B*, BY), kaon (Bs)

Tuning the algorithm
[1 based on huge heavy flavour rich /+track sample
[1 find dependencies and determine parametrizations
[1 find optimal point for the algorithm

Calibration of the tagger
O verify algorithms on B® and B* semileptonic/hadronic samples
[] determine scale factor S In
B*:p Oexp(-t/1)(1 = SD)
B : p Oexp(-t/1)(1 + SD cos Amgyt)
[1 use single scale factor: should be consistent with 1

Scheme for combination of taggers
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OST Flavor Taggers

Individual performance and combination (¢+track sample)

tagger [%] efficiency  dilution eD?

Muon 46+00 34.7x05 0.58 +£0.02
Electron 3.2+0.0 30.3x0.7 0.29x0.01
JOT 955+0.1 9.7x0.2 0.90 £0.03
Kaon 18.1+0.1 11.1+0.9 0.23£0.02

OSTold 956+0.1 11.9+0.1 1.34%+0.03
OSTNN 95.8+0.1 12.7+£0.2 1.54+0.04

Opposﬂe Side Taggers

new kaon tagger

not mutually exclusive — hierarchical scheme
new NN combination: tag decisions as input
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OST Flavor Taggers - Neural Network

CDF Run Il Preliminary

S o3f combined OS tagger .
S F $=099¢0.01
5 0.25
— - 0=96 %
€ o2f
3 -
N u
g n
Q 0.15F
£ L
0.1
0.05
O; | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3

predicted dilution

Linear parametrization works well

Improvement of eD?

[1 hadronic 1.81 £ 0.10% from 1.51%
[] semileptonic 1.82 + 0.04% from 1.54%
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Same Side Kaon Tagging

Fragmentation
[0 Bgqyu likely accompanied by /™
[0 Bs likely accompanied by a K™
[1 processes differ
[1 no direct transfer B*,B° — Bq
[1 need MC to measure tagger dilution

Strategy

[0 tune MC with B* and B®
[1 apply PID to de-weight pions
[1 use MC to parametrize dilution

ParticlelD very important
0 significantly improves eD?
[1 reduces systematic uncertainty

- TOF (dE/dx) very important!

——
@

oC

CcC C|1 o 9O T
)
=
e

n unl

c <C1 T
—r
o

——
:+
~

=+

o O
nw wnl

} BL

o
=

EinEn

cC C1 nw wnw T

o o
—
x|
I
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Flavor Tagging - SSKT Calibration: B*, B®

CDF Run Il Preliminary L=355pb”
B+ - -J/'.IJ K+ ] --- data _._. .
_ { = MC
B" D 1 =
syst.
B+ - BO 3T[ 1 n '.
B®  JYK® . °
B Dm | —
B - D3 | . -
5 10 15 20 25 30

max PID dilution D [%)]

[] find good agreement: particle Id and kinematic variables
[1 use kinematic variables to improve tagger



entries per bin

dilution [%] (agreement)

= =
e 2 °

400

200

S 9

N W b OO O
S S 9

e

SSKT Particle Id Algorithm

CDF Run Il Preliminary L=1fb?

- Bs - Dy [] Pythia
1 .~ Data
T MC pions

- B MC kaons
i MC protons

-20 -10 0 10 20

log(LH(PID))

CDF Run Il Monte Carlo
B, -> Dt

T+

-20 -10 0 10
log(LH(PID)) of tagging track

CDF Run Il Preliminary L=1fb?
B; -~ Dy [] Pythia

| T MC pions
% | B MC kaons
5 ‘ MC protons
o
0
9
S 100 {
c
(M)

0 L
0

p; [GeVic]

Pid algorithm works well
Kinematic of tag track not

used

CDF Run Il Preliminary L=1fb?

Bs -~ Dy [] Pythia
- Data
204 MC pions
= B MC kaons
5 MC protons
o
[2]
Q
£ 10
[}
O L L I I (1 D] I
0 1 2 3
GeV/c
PID>1 Pr [ ]
CDF Run Il Monte Carlo
205 |
o °
& S
Q04 I
S |
8 o
C 1
2 0.3
=) L]
S 7
0.2{
[/]
|
01]
-¢' — B, - D, T (MC)

1 2 3 4 5 6
tagging track p, [GeV/c] (max p;° algorithm)

ex.: max. p/® algorithm shows dependencies - use it
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Neural Network SSKT
Algorithm

0 variables: pid, AR, pr, p{®, p*, b (bool tags have same charge)
[1 train: signal - RS kaons, bg - WS kaons, pions and protons
[1 decision: track charge of highest NN tag candidate

CDF Run Il Monte Carlo

= 1
Expected improvement 5 _‘_
. 20.8-
[ MC = 6% relative 8 ‘l‘
- 206 A+
Measured improvement ¢ 1+
0 0% relative hadronic 204 '[‘_H_
~ eD?=35% | ++++“
[ 8% relative semileptonic 0.2-
~ now eD? = 4.8% | +-l-
o=

0 02 04 06 08 1
Neural Network output
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Results per Sample



Samples - Semileptonic Selection

Use of particle identification in selection

[1 standard practice at B factories
[1 applied in hadronic and semileptonic analyses
[1 using combined Time-of-Flight and dE/dx (see SSKT)

Effe CtS |+ data ~o6000-
gs00q
: [0 - — fit o
[l strongestin Dg - K—K 04000 L1 & signa = sooq
(1 no explicit D+ - K~ n‘"‘ n‘"‘ % — false lepton & physics 8 |
_ ] = - -- D" reflection tcjzooo-'

rejection (+35%) 0| [ comb. bkg. S AR

. . o R TOWUTIE TR A ) = .I
0 combinatorial background & H T 00K mass [GeVIC]

dominated by 2000/
Yields: 62k (was 37Kk) E
1 S/Bx2 for D — KK~ @1
[1 added trigger paths 0 3;//34/;/.,;/;/:/z//"/::%w;////;;///' 5 o

K'® K*-I mass [GeV/c’]
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Semileptonic Amplitude Scan

4 i
1 | = datatlc A 95% CLlimit 16.5 ps™ i
E 3—: 1.6450 O sensitivity  19.3 ps™
% 2] M data 16450 I
< ] data = 1.645 o (stat. only) Il
1 AI||||+|H\ . oL
O ...... L i W OT' I
-1 il ..
- AP
] T. I
_3__ 0 + _
] Be - I' Dy X
-4 - =
0 5 10 15 20 25 30 35
1
Amg [ps ]

A compatible with 1 for Amg 017.75 ps™
Aloa(Amg = 17.75 ps™) = 2, can set two sided 95% CL limit
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Semileptonic Likelihood Profile

Minimum .
17.89 ps™t =
sk

Depth o

[1 sets 95% CL interval
(1 1o equiv. to+ 0.3 ps™

15' - '16' - '17' '18' - '19' - '20
-1
Am, [ps ]
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Samples - Hadronic:

Bs Modes Signal S/B
(pn)m 2000( +13%
partial 3100( -
(KPK)mr  1400( +35%
(3mm 700( +22%
(pm)3m 700( +92%
(KPK)3m  600( +110%
(3m3m 200( -
total 8700( -

Golden signature
[0 Bs » Dg(m)m

Improvements:

2

candidates per 10 MeV/c

Bs - D (Tt )

CDF Run Il

L=1fb*

4001

3001

—— data

— fit
B, - D, /K"
B, - Dyp’
B, » D /K"
b - DX

Be-Dmw

N, - N\TT

comb. bkg.

|5.4| I- 56J 58 N
mass(@r,m [GeV/cZ]

[1 partial reconstruction, particle Id, NN in selection
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How Good are Partially Reconstructed Decays?

CDF Run i
I allBY — DO v (\
10 1 eeeeee 2.0 <mp, < 3.1 GeV/c?
> F 4.3 <mg, < 4.5 GeVic?
D i s
=S 4.9<my,£5.1Gevic® |
© B ~0 * ] -
é i BS — DS T[
= o0
-% 5 — Bs - Dsp
O
o
o | " H
_ T S
et IS |
04 0.6 O 8 1.0B
Reconstructed s
K = p; o

Proper decay time resolution [fs]

CDF Run |l
200l B2 - DO v, 20<mD|s3lGeV/c2
L B2 - D) Iv, 43 <my, < 4.5 GeV/c?
0 B - DY Iv, 4.9 <my, < 5.1 GeV/c’
600+ BO .Dn/iDgp
: Bg—’ DST[ ““““““
00 Osc. /18 ps™
.
O_ | L |
0 1 2 3

Proper decay time [ps]

Decay modes: Bs — DZ (Dsy(r°)) ", Bs — DZp*(r°m)
[] need to correct for missing momentum, as semileptonic
[1 large reconstructed mass — missing momentum small

Partial reco almost as good as full reco
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Amplitude Scan Partial Reconstruction Only
CDF Run Il Preliminary L =fb?

| = datat1c A 95% CL limit 17.0 ps™*
1.6450 O sensitivity  18.3 ps™

AN

data+ 1.6450
data + 1.645 o (stat. only)

Amplitude

N
P R

| i
: ® 0‘.““

41 B - D_p",D.TT
o""1'o""2'o"":i,o
Am, [ps ]

A = 1.02 + 0.57(stat)
consistent with 1 for Amg 017.75 ps™
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Amplitude Scan Golden Mode Only

Amplitude

2 |

CDF Run Il Preliminary

L = fo

| = datat1c A 95% CL limit 17.0 ps™

1.6450 O sensitivity  22.7 ps™

data + 1.645 o (stat. only)

| - ' ’
0 Wwwﬁm#

2|

data+ 1.6450

1 BY = D_1v",D_p*,D, T

' *WMMW‘H.

0

0° 20

A = 1.27 + 0.34(stat)

30
Am, [ps]

consistent with 1 for Amg 017.75 ps™
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Likelihood Curves - Golden Channel Only

Golden Likelihood
Minimum: =7.4
p-value: 0.15%

N 3.20

Spring analysis

Golden sample

Ams = 18.01 315 ps™

In(L)

14
12E == Total golden
10 - «++ Part.Reco’d
g - - - Full.Reco’d
Ja
ap
2F
OF
2F
AE
-6F
N

Am [ps’]

Consistent results: full and partial reconstruction



Non-Golden Channels, B —» Dgrt

P rt I Id x>/ NDF = 83.54 / 60, Prob = 2.40% x>/ NDF = 71.40 / 64, Prob = 24.55%
a IC e | - data 1091 - data
[0 opt. D" rejection % 0] — it E — i
p J g B, —~ D U E | B - Dyt
[ relax ki c = : o
Felax |nemat|C 5 100 I background 5 - | ' background
cuts % Be.pDn % | WA= AT
S S
Neural Net 0

54 5.6 5.8 54 5.6 5.8

[1 larger signal at K'(K' 1) Ky mass [Gevic’ Tt 1 1 1, mass [GeV/c]
Sam e b g X? / NDF = 46.61/ 29, Prob = 2.04% X%/ NDF = 35.48 / 25, Prob = 7.99%
. - d - d
[1 add new mode e - e
£ 1071 £
B N D (37-[)37-[ g- B - Dyt g‘ B, - Dy
> > g — background g — background
2 2 WA - AT
g 10 g 10
2 =) l
S S ‘
r | A
0 0.2 0.4 0 0.2 0.4
proper time [cm] proper time [cm]
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Candidates per 5 MeV/c?

10 -

Candidates per 50 um

100

a1
o

10 1

Non-Golden Channels, B - D371t

X* / NDF = 41.73 / 45, Prob = 61.14%

U ~ data
I — fit
B, - D, 31

background
BB D3n
N, - N\ 31T

satellites

5.8
oK' K) T 3m, mass [GeV/c’]

X* / NDF = 28.01 / 26, Prob = 35.82%

- data

— fit
B, - D, 31
background

BB D3n
N, - N\ 31T

a
|

0.4
proper time [cm]

Candidates per 5 MeV/c?

Candidates per 50 um

100

a1
o

10° |

10 |

X* / NDF = 41.67 / 39, Prob = 35.54%

- data

— fit
B, —» D, 31
background

BB D3n
N, - N\ 31T
satellites

5.4 5.6 5.8

K'(K" 1) K~ 31, mass [GeV/c’]

X* / NDF = 40.82 / 24, Prob = 1.74%

- data
— fit
B, - D, 31

background
BB D3n
N, - N\ 31T

0.4
proper time [cm]

0 0.2

Candidates per 5 MeV/c?

Candidates per 50 ym

X* / NDF = 24.54 / 24, Prob = 43.13%

w
o

N
o

[EEN
o

- data
— fit
B, - D, 3m

background
A, — N\ 3T

satellites

5.4 5.6 5.8
D (3m 1 1" T mass [GeV/cz]

X* / NDF = 19.38/ 18, Prob = 36.86%

10

- data

— fit
B, » D, 3m
background
A, — N\ 3T

proper time [cm]
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Performance of Neural Network Selection

CDF Run Il Preliminary L=1.0fb"
330005 Neural Network - Cut Based
= 2500} :
o
2000
)
01500
N C
(0] C
£21000]
=) C
S 500}
©
NO
L C s
23000E  Neural Network, but Cut Based, but
= 2500- not Cut Based = not Neural Network

r2
Rer s
g O
o O
o O

=

ga o
o O
o O O

e v b gy |l
54 56 58 6

48 5 52 54 56 58 6 48 5 5
candidate mass [GeV/c’]  candidate mass [GeV/c’]

candidates pe




Amplitude Scan Non-Golden Modes

3
% < datax 1o A 95% CL Iimit 17.1 ps'l
E 5] 16450 O sensitivity 283 ps™
S | Mdaaz16450
< .| datazx1.645 o (stat. only)
1 . || {|||
; Wy

W " W MH’H | H 'W;Tl J““‘-.‘ |

A = 1.29 + 0.29(stat)
consistent with 1 for Amg 017.75 ps™
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Likelihood Curves - Non-Golden Channels

Non-Golden Likelihood CDF Run Il Preliminary L=1.0fb"
Minimum: -9.6 N

A log(L)
G

Spring analysis

Non-Golden sample
Amg =17.66 +0.11 ps™

Consistent result with Golden Only
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Combined Amplitude Scans
Semileptonic Hadronic

41 , v 2f
3 | = datat1o 4 95% CLlimit 16.5 ps™ Y H .v | S [ e datatlc A 95% CLlimit 17.1 ps™
§ 3': 16450 O sensitivity 19.3 ps™ L A %_1.5 = 16450 O sensitivity 30.7 ps™ ‘
g' o] W datat 16450 , = 1f M data+ 16450 * A A o g
< data + 1.645 o (stat. only) A M /\ ’IL‘ J < s data + 1.645 o (stat. only) | . v '
14 w_*;l \/ 05F | ‘
] gl » ] ’. { v . e 2 o l ‘
| il TRl Al | 1l [
O I ’ o | 0 ‘ i!l \ !!| Py
-1 ‘m [8rel \ 05 | el
2] 1F
-3 ' 1.5F
| BY - I'D, X -
4 : . 'S . . . 'S """"""""""""""" _2 n L L L L | L L L L | L L L L | L L L L | L L L L | L L L L | L L L L
5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

am, [ps’] Amy [ps ]

Signal at = 17.75 In hadronic analysis

Note
[1 world best semileptonic analysis: 19.3 ps™!
[0 hadronic analysis in different league: 30.7 ps™
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Combined Amplitude Scan

2
S | - dataxlo 4 95%CLIimit 17.2 ps'l
E 1.5—: 1.6450 O sensitivity 1.3 ps™
g 11 M data+ 16450 1+ d
< data + 1.645 o (stat. only) ? +
0.51
hemmnsea WAL AR
; SR ARt
-0.51
-1 |
15
2]

Am; [ps’]
A =1.21 + 0.20(stat) compatible with 1 for Amg 017.75 ps™
Alox(Amg = 17.75 ps™t) = 6.05, but what is the p-value?
i
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Likelihood Profile

0 r
. 6 30__ — data
leference’ _Alog(l-) CED E — expected no signal
20—
|Og(L(A — 1)) _log(L(A — O)) E — expected signal
10—
Minimum: —-17.26 0
-103—
-203—
300
SN EFRPRNEN NNV AT AT AR RN PR
0 5 10 20 25 30 35
Am [ps’]

Key question:
How often can random tags produce a minimum at least as deep?
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Likelihood Significance

14 e
e randomly tagged "
- signal Am=17.77
e g 20
I T I
min 10 -5 0
A log(L) A Iog(L) min

28 trials out of 350 million
p-value = 8 x 1078 corresponding to 5.40
(5 standard deviations is = 5.7 x 107)

— passed observation criterion
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Ams Measurement
Amg =17.77 +0.10(stat) * 0.07(syst) ps™

was submitted to PRL on Monday

S) R —— combined .
\g/) _ —— hadronic SyStema’[IC
E 20: — semileptonic 1 well behaved

[1 ct scale uncertainty
[1 rest: small

Agrees with SM

_10: 18.3 J_r?g ps~t EPS 2005

E e e 1o 30 Agrees with 18t result
Am, [ps ] 17.31 1333(stat) + 0.07(syst) ps™

PRL 97 (2006) 62003
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Visualizing the Result
Ams =17.77 +0.10(stat) + 0.07(syst) ps™

CDF Run Il Preliminary L=1.0fb"

T
: Vi
E—-—data

oL — cosine with A=1.28

Covve b b b b bvv i b oy
0O 0.05 0.1 0.15 0.2 0.25 0.3 035

Decay Time Modulo 2r/Am, [ps]

H

Fitted Amplitude
O

| —

Proper decay time folded onto a 2 interval
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Direct Measure of |Viq/Vis|
Relation between Amg and Vg

Ams —_— mBS éZ‘E‘Z

Amd o de th
Inputs
| ::—id = 0.98390 PRL 96 (2006) 202001
] ¢ =1.21 fg:ggg M.Okamoto hep-lat/0510113
| Amgq =0.507 +£0.005 PDG 2006
1l =0.2060 + 0.0007(exp) X3 0085(theo)
Best so far Belle: PRL 96 221601 (2006)

Vidl — + +0.
Val = 0.199 *9928(exp) T593(theo)
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Conclusions

Long journey ended
19 years of search to see Bs-B oscillations

found signal consistent with Bs-B oscillations
significance: 5.40 correspondingto p =8 x 1078

2-
S | = dataxlo a 95%CLIimit 17.2 ps’
21.5] 164506 O sensitivity  31.3ps®
& 1] Mdatax16450 /i , ,\M
< | data+1.6450 (stat only) | + vv
0.5 + /v |
or At el i Ay | I 3
: i ; Sl
2
5 10 15 20 25 30 35
-1
Amg [ps ]

Amg =17.77 +0.10(stat) + 0.07(syst)
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Accomplishments in the Course of the Analysis

PhD Theses
C.Chen UPenn Charm Cross Section Measurement
|.LFuric MIT Reconstruction of Bs - DS
A.Bolshov MIT Reconstruction of Bs — D 3m
S.DaRonco Padova Lifetimes from Exclusive Reconstruction
J.Piedra Cantabria B Mixing and Tagger Calibration
G.Giurgu CMU Muon Tagging
V.Tiwari CMU Electron Tagging
D.Usynin UPenn Charged Particle Composition Around B Mesons
G.Salamanna Rome | Opposite Side Kaon Tagging
A.Belloni MIT SSKT and Neural Network for Hadronic Decays
N.Leonardo MIT Likelihood Framework
J.Miles MIT Proper Time Resolution and Partial Decays
G.Di Giovanni  Paris Same Side Kaon Tagging (next gen. analysis)
B.Casal Cantabria Neural Network (next gen. analysis)

2006 Tollestrup Award
G.Ceballos (Cantabria), I.Furi¢ (Chicago), S.Menzemer (MIT/Cantabria)
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The End



New Physics In Loops?
~ from Murayama e~t al. hep-ph/0212180

SR

3 (023)rR E > MpHtang (323, ¢
: 4 d E
; gR bR : % (323055 mblltanBE
SR T bg s Xz b
(633)RR R Sr  bg b, )
AMBSVS S(pK
500 - . :
K=-0.7"
Supersymmetry model _ cor ]
0 gluino in loop 400 | | =20,
[1 squarks in loop g 300'
[1 describes all data I
0 allows very high Amg = 2%
[ Amg excludes models I . |
- Amg sensitive to " SM Expectation /
. ! L e TN A
New Physics 0% K 1
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Observables: Neutral B Meson Mixing

For Bs no imaginary matrix element involved

IBs 1 F %(|BSD+ IBs[) CP odd

Initial particles and anti-particles

|BSD: %(lBs,H [+ |Bs,Lm

Behavior In proper time
P(t)go_go = =€/7(1 +cos Amt)
e (1 - cosAmt)

P (t)BO BO

Determine asymmetry

— N()unmixed "N (Omixed —
AO(t) B N(t)anmixgilI +N (t)mixz:

= cos(Amt)

probability density
O O O O
N NAN o oo

o .
P S T R S T T N S S T H S T

IBs  [F %QBSD— IBs[) CP even

|§SD: %(lBS,H L+ |Bs,Lm

unmixed
mixed

1 2
proper decay time, t [pS]
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Accelerator Setup at Fermilab

B

Complex accelerator system

MAIN INJECTOR
\
RECYCLER - \
TEVATRON A\ \
f’:ﬂ:p“\ | Booster ;
/ -“‘—-'L"“-\.Ht\“'.; . “-..“ - - i
(\ DZERO S - TARGET HALL e N ;
A\ \\ \ ANTIPROTON TR A S S
SOURCE i
\ COF \\Q NTL .
ol \ﬁ BOOSTER
LA < ; .r,, LINAC T AR T
o 3 = e
COCKCROFT-WALTON :

Main Injedtnf
and Recycler

Tevatron Collider

[1 Tevatron 1 km ring radius, CM energy /s = 1.96 TeV
[0 36x36 colliding p, p bunches, 10*1(10%°) p(p) per bunch
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pened Up

_
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O
a
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b Production: Tevatron versus B Factories

Disadvantages Advantages
[ Ngq = 1000 X Ny 0 larger cross section x10°
[1 hostile environment [1 larger boost x10

[1 second b often outside fiducial [0 b hadrons: B*, BY, Bg, B, Ay, ..
AL S S S D R, AR L ot L

Jﬁﬂ"&m m:
B
.\'l'llllﬂlll*l.'.ﬁli‘illIllllh

M e

Conclusion

[1 fast event selection necessary, we call this trigger
[1 typical rejection factors are 1/50,000



Upgrades: Displaced Track Trigger
Sketch of a B Decay B Signatures

[1 electrons, muons
(1 high momentum tracks
[1 displaced tracks

P> 2 GeV/c; Xo, <25
E 180001 >_ SYE Xovr = Includes
3 160000-_ 47|J.m 33 Hm
2 14000 beamspot
| § 12000
Lo 10000
/ \ B Production Point -
, 8000|
dO — impact parameter c000F
4000/
Challenge: :
2000| J
[1 fast readout : \ \\g

—0600 -400 -200 0 200 400 600

[1 track above 25 kHz SVTd, (um)
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Vertexing - Key Detector

—~ 200
E
= 180
B L
3 160

|.P resolution

/ without LOO
i.}i
iii

140
120 :—
100
BUf— o
60~ %o,

40—

000 (oFYe] (o] Q {)0
ol [8]'s} GQQQQUQGGQ 8 (%)

20F

Sgs%SaBin

I | | i i I -X1 03 A -I- “_.;__ _'-2

I S B

Layer 00

O

r Sy A ..{-_, ) -
A
| V0T S =
4 EJ e . o * \i‘ =
e — A Y,
| R - LI

1 iInnermost silicon layer: mounted on beampipe
| at distance of about 1.5 cm from the beamline
1 significant boost for vertexing resolution
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Flavor Tagging - Key Detector

CDF Run Il Preliminary L ~ 355 pb™

B® - I"D X : TOF fitfor 1 < P, < 1.5GeV/c

—Data

1000}

800 _

600+
400+

200}

0.5
To Texp(:rr), ns

Time-of-Flight Detector

[1 distinguish pions/kaons to p = 1.5 GeV/c, 100 ps resolution
[1 most important information for same side tagger
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Unbiased Analysis Upgrade

Upgrade power estimated in an unbiased fashion

Signal Improvements
[1 fits of mass spectra provide estimate of S/ S+B

Flavor tagging

[ OST improvement measured in calibration samples:
¢+track, BY/B*
[ SSKT improvement obtained from Monte Carlo
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Proper Time Resolution



Proper Time Resolution - Basics

Significance revisited

_ ngeD? Ng _ (Amg0Ogt)?
/o = 2 Ng+ng exp( 2 )

Reconstructed proper decay time
ct = Lg, mB hadronic

B
ct = LKD% P L semileptonic
Xy p B LED

Understanding of resolution
[1 irrelevant for lifetime measurements
[1 critical piece for Bg oscillations
[1 the faster the more important
[1 calibration on data needed

asymmetry
©
o o1

o
&)

asymmetry
©
o o1 =

o
&)

-1

-1

1 Realistic resolution:

7 vix: 50 pm
..............

0 1 2 3

proper decay time, t [ps]

1Realistic resolutions:

4 vtx: 50 Vm
1 pt: a(p)/p = 5%

0 1 2 3
proper decay time, t [ps]
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Proper Decay Time Resolution- Calibration

Use prompt D" and track

[0 large sample of prompt D*
[1 most tracks from PV

[1 same topology as signal

[1 measure of ct resolution

prompt track trigger tracks

[
/7
L~ Dg vertex
//
}’ ‘B vertex
P.V.

CDF Run Il Preliminary

| —~ D 1t data
10*4 — fit
s .
| f
g 103_ ++
P E prompt
o) j )
T i}
o 107
S r Z\y
C | ° 2///1 II'l*'
@ ' b | T
© [T |||"|1+lr| fgfg Illr”{ |||I ubty |
10 4Pt T Tt L TR
ol U |1 T
iU o Hl
' i

-0.2 -0.1 0.0 0.1 0.2
proper time [cm]

Calibrated on our data
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Proper Decay Time Resolution - Results

CDF Run Il Preliminary L=1fb*

Optimal use of data

[1 PV per candidate
[1 resolution per candidate

B, - Dy (3)m

o
N
ol
T

<0,>=26.0um

o

)

o
|

. Superior resolution

[1 access to high Amg
[1 CDF plays In a new

o.osj L‘ league
0_00: | | o g ley o ol

0 20 40 60 80 100
proper time resolution [ um]
- =
one oscillation at A my = 18/ps

Probability per 5 um
o o
= =
Easst
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Proper Decay Time Resolution - Results

i all B2 - D v
10 - e 2.0 <my, < 3.1 GeV/c’
=N 43<my <45 GeV/c?
7))
qcJ ....... 4.9 < Mp, < 5.1 GeV/c?
© i LY *
2 | BY - D,
S 5 BY » D, p
@)
e -
Q -
.‘1"“-: ‘‘‘‘‘ ! ) ! [ ! ! l\;: | | ‘
0.4 0.6 0.8 1.0
K = pReconstructed/sz
- Mt T

Hadronic B —» Ds(3)71T
[ gg 026 um, 87 fs; a,/p < 1%
Semileptonic Bs - /DgX

Proper decay time resolution [fs]

e BY . D) Iv, 2.0 <m, < 3.1 GeV/c?
gooR = ° :
I B . DO v, 4.3 <m < 4.5 GeV/c?
| oo BY o DO 1y, 4.9 <m,, < 5.1 GeV/c?
600_‘ BY - DT/ D,p ‘
- ——BY . D, T
400
200}~
O_ | L |
0 1 2 3

Proper decay time [ps]

[ gy 1030-70 um, 100-230 fs; gp/p 03-20%
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Flavor Taggers - Overview

opposite side | same side (vertexing)

opposite |
side lepton ‘ -
. fragmentation
oppo% - kaon «*
side kaon -
X D meson
B jet B hadron

Collision Point
Creation of bb_

Tl

Production flavor tagging
[1 combine same side and opposite side tags
[1 opposite side: muon, electron, kaon and jet charge taggers
jet selection algorithms: vertex, jet probability and highest p+

[1 same side: particle ID based Kaon Tagger
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Flavor Taggers - Maximize Performance

Parametrize tagger performance in dependent variables:
here muon tagger and _prTe'

: . [_CDF Run Il Preliminary | u from b decay
jetaxis _so; /,
p’[rel ..’.-".#’ 540—; Isolated tracks _+/___H___,.f--f“‘ {r___
;s..,-" g BD-E / P *_/"f}
104 }”\
o/ ufrom cdecay
10 5

Tune on large B*, BY samples: transfers directly to B
— each event has predicted dilution
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Flavor Taggers - Fit for Tagger Performance

CDF Run Il Preliminary L=355pb”

Flt B+ a.nd BO 0-3‘2 _ Soft Lepton Taggers
1 (D and Dm(mn) are fit %27 T
separately 01 T~
(1 parameters: D and Amg ;
[ depicted: combined (D ° °y -
samples with combined ““1 8 contribution
|ept0n tagS -0.3 B* contribution B e/uDX

asymmetry
o

0.05 0.1 0.15 0.2
proper decay-length [cm]

B Mixing Result
0.536 + 0.028(stat) + 0.006(syst) ps™ hadronic

0.509 +0.010(stat) + 0.016(syst) ps™*  semileptonic
0.507 + 0.005 ps™ PDG 2006
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Flavor Taggers - Results

Usage of flavor taggers

[1 OST: selection of best available OS tag

[ OST and SST use disjunct input information
[1 simple uncorrelated OST/SST combination algorithm

eD?[%] Hadronic Semileptonic
Muon 0.48+0.06 0.62 +0.03
Electron 0.09+0.03 0.09x0.01
JQ/Vertex 0.30+0.04 0.28 £0.02
JQ/JetCharge 0.46 £ 0.05 0.34 +0.02
JQ/highPt 0.14+£0.03 0.11 £0.01
OST 1.47+0.10 1.44+0.04
SSKT 342+096 4.00+1.12

SSKT improves tagging by factor of 3
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Unbinned Likelihood Fit Overview

For each sample component and event

Most complex Is proper decay time description

e 171+ ASpD cos(Amgkt’)

T 2
R(t —t'; Sg 01) CE(L)

F (k)

1
Lt:\K
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Amplitude

Amplitude Scan Method - Using B

CDF Run Il Preliminary

CDF Run Il Preliminary

L=355pb™

| = datat1lo A 95%CLlimit 0.4 ps™
16450
data = 1.645 o (stat. only)

O sensitivity ~ 27.5 ps™

Unbinned likelihood fit

[J p L( 1+ AD cos(Amt))
[1 scan fixed values of Am

[1 record A and ag(A)

Amplitude

L=355pb™

: - datat 1o A 95% CL limit 0.3 ps™
2 1] - 1.645 ¢ sensitivity > 2.0 ps™
1 data + 1.645 o (stat. only)
: Amyx1lo
1: +-+++~lrr | TT++
ettt 'ﬂ}+ ......................
0 S — +fk++ """"""""""""""""""""""""""""""""
| s
T
0 0.5 1 1.5 2
Amy [ps]

Signal = unit amplitude

[1 else A consistent with O

[1 exclude Am @95%CL for
(1-A)>1.6450(A)
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Systematic Uncertainties on Amplitude

Hadronic Semileptonic
0.45- o
| —— Total P
0.4{ —— Non-Gaus o, ° total
035 Cabibbo D 0.2
N ConSST ]
03] = OST+SST Corr I
. SGct 015'
0.251 — AT /T |
| - —
0-2_E O.l_-
0.151 :
0.1 0.05 - prompt dil.
005- /’ A / fprompt
0 5 10 15 20 25 30 0 10 20 30 40
A mg[ps’] Amg [ps’]

Systematic uncertainties [0.15-0.20 at high Amg:
— analysis is statistically limited
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Probabilities of Uncertainties

Positive Unc. Golden Mode
F':.‘L’
. 0,

S 107 Prob: 43%
‘G—) C
o
12]
[
e
= 10
(¢D)
O
X
LLl

' H

Il 1 1 l 1 1 Ll I 1l 1 |_|
0 0.2 0.4

Uncertainty on Am, [ps'l]

Positive Unc. Other Hadronic Positive Unc.
H'JL’ i b H'..@

- Prob: 38%
9! 5 ; 102§
g 10F a
o N 0
@Q IS
: :
e =
o 10F 8_ 10?
o r X r
X C N L
L i

i HLLJ T
:\ 1 |71 l 1 1 1 l 1 |1_| 1 11 |-|‘ 1 1 \I-I : 1 1 1 1 ‘ 1 1 1
0.3 0.4 0

Negative Unc.

—

Experiments per 10 fs’

Hadronic + Golden

Y Prob: 37%

|

0.2 0.5 0
Uncertainty on Am, [ps ]

0.05

1 1 1 1 1 1 1 |
0.1 0.15 0.2
Uncertainty on Am, [ps ]

Hadronic + Golden

Other Hadronic  Negative Unc.

Prob: 18%

ﬂ

‘0
. 0 =
Prob: 38% Y102k
[T
o
@
C
()
£
o 10
o E
> L
L
xlxxxl,,,x,,l,l-l_t_l-ll-l_l_t_l-l\\ :\\\\‘111
0.3 0.4 0

0.2 0.5 0
Uncertainty on Am, [ps ]

0.1 0.05

1 l 1 1 1 1 il il 1
0.1 0.15 (2.2
Uncertainty on Am, [ps ]

Uncertainties as expected for this sample

Negative Unc. Golden Mode
“.'H(Q F l ]
Prob: 37%
S 10°
E L
o
a
[
8}
£ 10
(5}
T
x
i
1
C L L llll 1 1 1 l 1 1 1 1 l 1 L 11
0 01 02 03 04 05
Uncertainty on Am, [ps ]
Iii
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Systematic on Amg

Relevant systematic uncertainties

[1 all related to ct scale
[1 common for hadronic and semileptonic samples

Source Value [ps™]
SVX alignment 0.04
Track fit bias 0.05
P.V. bias from tagging 0.02
Others <0.01
Total 0.07
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