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B. Mixing in The Standard Model
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Measurement Principle in a Perfect World
1 _% nomix_ mix
P(t) |, =--e (xcos(amt) A= TN _cogamy)
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Rather than fit for frequency
B; vs. By oscillation  perform a 'Fourier transform
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B lifetime Am. [pst
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Road Map to Am, Measurement
Opposite Side

sjetcharge - fragmentation :
'\ "“-3‘_ particle: =, K... Same Side
b 1. Final state
N “c'?/ reconstruction

3. Tag B flavor at
production time

2. High resolution on
proper decay length
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Adding all the realistic effects

15 Mixing Asymmetry = 1.5,
%1 0 A(t) = cos(Am,t) < 1.03_
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Road Map to Am, Measurement

Opposite Side

charge - :
fﬁ]ﬂa-ﬂlﬁi fragmentation _
. “‘*’h par‘ricle ., K... Same Side

” ;
K / 1. Final state
" B
NG _ = reconstruction

3. Tag B flavor at

production time

2. High resolu’rion on
proper decay length
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Triggers Used

CDF: DO:
Two tracks displaced from PV

» Single inclusive muons
P+>3,4,5 GeV

cocond » Dimuons:

Vertex.” B Other muon for

s flavor tagging

1000

d = impact ,
parameter [

o~ 48 um

includes ~|
33 umof |
beam spot |
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B, Data sample

B > D x" U~ - Signal B,»D t D, »¢n
_ W+ g,, CDF Run Il Preliminary / L=1fb"
BF} [b {?ﬁDS‘ I —— data
Ly §- o | — fit
= 600
% L B, —» D, n*
BS—)DSTC K | satellites
DS —)(I)TC (I)—)KK E’_ 4001~ | combi bkg
D, »>KOK K0 »Kn g D
. R A A m
DS —3n PGF‘TIGIIY 5200 W As = A
S
B,—D¢3m reconstructed |©
Dy >¢m B mesons
D, S K*OK 0 5.5 6.0
BO —)D'ﬂ Mass(¢(K+K' ,t) [GeWczj

Combinatorial background
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CDF Hadronic B, yields summary

Decay channel Yield CDF Run Il Preliminary
1 —— data

B,~>Dyn Dy —»¢m  |1570£43 | | %) e
B.»>D.st D, >KOK |857+32 O B, — D, (3)r

E o0 . random bkg.
B.—»D. D, —>3m 612+37 5 W0 o
B,»De3n D, —»¢n  |493:37 | 8% W A=A
B.—»D.3n D, K™K | 204+26 :'%
Total 3736+79
B >D%r ~ 26,000 | | mas:;. [GeV!cE]

BO D ~ 22,000
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CDF Semileptonic samples
B — DIy +
P> DI, , B,—D,IX
wr . V, D, »>¢n d—>KK
— o — * *
o[ : o D, ->KOK K0 —-Kn
5 [ JDE D. —>3n
AY A S
Decay S/B g COF Run Il Preliminary L =11h
DO 3.8 | 409,600 + 970 v —— Dala
uDt 1.3 | 218,500 + 940 =N B — ;”q_ |
" = T TErE i - I0na
”D _ E o0 53’900 = 230 - | e Combinatorial + False Lepton
pDg (™) 2.1 | 24,100 + 240 =
pD(K*°K~=) | 0.4 | 8,000 + 160 o
pDg(nta—n7) | 0.2 | 7,500 + 210 § 5000
eD0 3.7 | 142,300 + 540 =
eD*t 1.3 | 79,500 + 630 3 y,
eD* > 50 | 21,000 + 150 .
ﬁDs(qur‘) 2.1 | 8,200 + 130 194 196 198 2
eD(K*°K=) | 04 | 2,900 + 90 X D mass [GeV/c’]
eDs(nTn~w~) | 0.2 2.600 + 130 S
D.® ~ 53,000
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DO Semileptonic samples

Decay channel:
B.ouD X Ngs = 26,710 + 556(stat)

D, —¢nand p—>K*K- S Fpo RunllA 1fb-

® 6000

© L q

S

© 4000

@ 3

-

- Q2000F

wr
Cuts selected maximize e RN R
S/JS+B M, [GeV.
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Road Map to Am, Measurement

Opposite Side

jet charge - :
rJet charge ~ fragmentation _
| ! particle: «, K.. Same Side

3. Tag B flavor at
production time

May 31, 2006

) ;'
\Y m K / B

— -
P T e
-
A A X by
[

» 1. Final state
reconstruction

2. High resolution on
proper decay length
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Proper decay time reconstruction

> Fully reconstructed events ct = L, ®ME/P,®
» Semileptonic decay ct = L, /"M8/P,/>-K

CDF = )0 \
K=(P,®/P,B.L, B/L,, 1) K=(P,I>/P.B)

It is needed to:
> Measure the lifetime to establish the time scale
> Determine the time resolution
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B Lifetime measurement

CDF Run Il Preliminary L=1fb"
,.”]3_ data D0 Fuall Prelimndnasy
] —— da
] 100 =
— it =
E B, — O (3)n* L
2 107 I
@ : B random bkg. 107
E ] . E':'—.z-l::l'[Sl:l:F:+ =
E 1 Bl A AL B B
6]
- 10 0
2 -
8 P
1 1 T
) 2 L L s | SFTITHSITE | aTHY
0.0 0.2 0.4 N - b 0.1 0.2 03 DA 0.5
A A VPDL, cm

proper time [cm]

ct(B,)=1.538:0.040(stat) ps Central value ct(B,)=404-416 pm
Statistical error ~10 um
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"—
Proper time resolution, o,
= Lifetime measurement not very sensitive

= In the Am, fit each event weighted by its resolution
» Dedicated calibration needed

+, .-
Prompt Charm + track sample J/y—p - sample
COF Run | Preliminarny period 3 D@ Run Il Preliminary
| — D data -
1o r — fit 5000 [
£ I — :
SRl 1 N :
;5;';"' ; 1& [ ] prompt :mu:—
B 107 ! [
= Bm-_ +
g - ; -
10 \ | m:_ -
02 01 0.0 0.1 0.2 a 2 4 €| POy

proper time [cm)
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Proper time resolution, o,

CDF Run Il Prellminary L=1fb" VPDLEW;FDE sig\d

DO Run Il Preliminary

B, - D; (3)r :

<0y~ = 26.0 um

o

]

N
|IIIIIIIII

S
A
=

Period of oscillations @ 19ps-1

g
[T T

Probability per 5 um
o
o

=
—
=
IIII|IIIIIIIIIIIIII
g

.I.
. .

0.05
0.000 =1 | g | 1004
0 20 40 60 80 100 >
proper time resolution [um] il liviluidd :
0 001 0015 002 0.025 0.03 0035 0.04 0.045 0.05

— — 0, [cm]
one oscillation at A my = 18/ps
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Road Map to Am, Measurement
Opposite Side

rJetcharge ~ fragmentation _
| R particle: «, K... Same Side

ek / . ju 1. Final state
N e reconstruction

D

e

3. Tag B flavor at 1. Mg

production time

. o 2. High resolution on
measure efficiency ¢, dilution D proper decay length

_ Nright-Nwrong
~ Nright+Nwrong
gD? gives the “effective” number of events
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Opposite Side Taggers

= Use data to calibrate the taggers and to evaluate D
= Fit semileptonic and hadronic B, sample to measure: D, Am,

N = 5601 + 102 (stat) -lepton (electron or muon)
DO Runll A 1fb" | @5 =2ia'vr/ 2 ivy
12000 ) - Secondary Vertex

Qsv = 2i(a'pp)"") ()™

800 - Event Charge
; Qev = X 4"/ i vy
400 +/_ Tags combined
- L > by ! 5 +0.08 o
0C.. 1 , eD? =2.48+0.21(stat.) . (syst.)%

18 19 20
’V{KK]H [GeV]
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Same Side Tagger

’ ! F BO/B: likely to have © nearby
4 _yxx" B likely to have K
E ne
. Use PID to separate pion from kaon
B b _
——a 1B Tune Monte Carlo to reproduce
e il I - O _ ° . .
S BY B-distributions then apply to B,
ds CDF Run Il Preliminary L = 355 pl:'-
T —_
’ 'f }' ]_-J'{: 2 = Me ——
,.- 5 syst
,_;‘ ; } K_f_([- B =0" ——
d B — iy K¥ N ——
8D —
=D e ——
5 10 15 20 25 30

max PID dilufion D [%]
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Flavor Taggers performances

eD? Hadronic (%) eD? Semileptonic (%)

Muon 0.48 = 0.06 (stat) 0.62+ 0.03 (stat)
Electron 0.09 £ 0.03 (stat) 0.10 = 0.01 (stat)
JQ/Vertex 0.30 £ 0.04 (stat) 0.27 = 0.02 (stat)
JQ/Prob. 0.46 £ 0.05 (stat) 0.34 == 0.02 (stat)
JQ/High p+ 0.14 = 0.03 (stat) 0.11 £ 0.01 (stat)
Total OST 1.47 + 0.10 (stat) 1.44 + 0.04 (stat)
SSKT 3.42 + 0.49 (syst) 4.00 + 0.56 (syst)

= Exclusive combination of tags in OST
= SSTK-OST combination assumes independent tagging
information
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Amplitude Scan notation

t

Al infroduced: PO, =-¢ (+Acos(am,0)
= A=1 when Amsmeasured - Am true
In the figure: B mixing in hadronic decay
= Points: A+c(A) from Likelihood  coF Runli Prefiminary L = 355 pb’”
fit for different Am ! St Ml
o A+1.6456(A) | Moisas oty
« Dashed line: 1.6450(A) vs. Am '} 1 |"... Y
» Am excluded at 95% C.L. gl T, o i ||“|' i i
if Axl6456(A)] K 'W il
= Measured sensitivity: E
1.6456(A)=1 0 10 20 30

. -1
wide Am_ range  AMulps |
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DO Results

d
e . S [ |datas1
S he D@ Run I, 1 fb E 4-_| aaxlo BgRun I ’\
I . = - [__Jdata+ 1.645 ¢ (stat.)
x £ I [ldata+1.645c (stat. ® syst) ”I \/
4 < 2 by
e e g 4
* ot
2_ # e f .. \
NGl N 2 T
- (two-sided) _4:_ ¢ 95% CL limit: 14.8ps” v
0 e e e creriEipagedlt s’ |
10 Z 18 22 26 30 0 5 10 15 20 25
Ams [ps ] Am, [ps’]

v
“favored value” = 19 pst| Am=19 ps:

A/cA=2.5 and A-1/cA=1.6
Sensitivity = 14.1ps!
Am>14.8 at the 95% C.L.
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‘ Choice of Procedure

Before un-blinding: p-value probability that observed effecT
is due background fluctuation. No search window.

p-value<17%?
In[L(A=1)/InL(A=0)] yes

make d;u\bk\%ded confidence set 95% C.L. based
interval from A(In(L)), measure Am, on Amplitude Scan

CDF Bun Il Preliminary

2500[

—h

Probability of random
tag fluctuation
estimated

on data (randomized
tags) and checked
with toy Monte Carlo

-
LLL} T T TTTTm

2000

significance
o,

1500

Tk
=

1000

500[

o

o J P
T 1T 1T T T

-
]
I

0 2 4 6 8 10 12 14
|0g(L)max

b
=

R R R U A

/ Miax
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CDF Amplitude Scans

CDF Run Il Preliminary L=1fb" CDF Run Il Preliminary
] ©
- datat1c A 95% CLIimit 159 ps’ I «~ datat 1o & 95% CLlimit 18.7 ps”
S- 1645 a0 O sensitivity 17.3ps’ .'E- - 1645 ¢ 0 sensitivity 250ps’
| M datat 16456 E 2] @ datas 16455 A .
! i
data + 1.645 o (stat. only) < data + 1.645 o (stat. only) N ._,-p A M
[0 1'|L“-I e 1 N )
=] nll
= ’
= . -HTH. ‘
Q -
E 4
{ W

B, — D,n/ Dnnn

am.{ siﬁ o 10 20 30
M, [P Am, [ps]

=718 - D; I X

SensiTiviTy: 17.3 PS;I SensiTivi‘ry: 2K pS'l
Amg> 15.9 ps1 @ 95% CL Amg> 16.7 ps1 @ 95% CL
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CDF Combined Amplitude Scan

CDF Run Il Preliminary

)
g | edatatic A 95%CLIimt 16.7 ps’
% o | 16450 O sensitvity 253 ps! .
| I datat+ 16456 A
< data + 1.645 o (stat. only) -ﬁ- . ' Y
Sensitivity B
better q ‘h
than the W A. AP
20.1 ps™! vV
Rare casell
o 10 20 30
How significant is this result? Am, [ps 1]
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_ikelihood Profile & significance .

=20 @
‘g; - — data <
= 155 “== mixing T
v L --- NO mixing ‘E
N o
1D_— '.‘ G_'J
5;
ni uw)mﬂ&%m
o . |
E ‘.*: 10“‘....|....|....|....|....|....|....|5....|....|..
40 b bl L b b b b L 10 1 2 3 4 5 6 7 8
0 5 10 15 20 25 30 35 40 45 50 Aloa(L )"
am, (ps’) og(L)
Probabili :
How often random tags "o Ia gé;f fake
produce a likelihood p-vaiue=y.97%

deep this dip? i B
Measure Am Il
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Measurement of Am,

50 CDF Run Il 1fb"
= — hadronic
(=2 — semileptonic
—? 15 — combined

Am,=17.337055 £ 0.07 ps-!

17.00 < Am,<17.91 pstat 90% CL. 16.94 < Am,<17.97 pstat 95% C.L.
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|V.4l/|V,;| Determination
v

IS

Vm‘

Ams _ mBS 2

d—

-2

Am m,,

Used as inputs:

- mBs/de = 0.9830 PDG 2006
" £2=1.210°057 (M. Okamoto, hep-lat/0510113)
- Amy = 0.507+0.005 PDG 2006

IV.4l/|V,s|=0.208 ‘Gcor (stat.+syst.)

Latest Belle result b—sy (hep-ex/050679):
[Vial/| Vil = 0.199 ‘5055 (stat) “gors (syst)
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Conclusions
» 1 fb! of data used for Bs oscillation study

> DO:
= 2.50 deviation from O in the Amplitude Scan
at Am,=19 ps-!
=90% C.L. interval for Am_: 17-21 ps!

o For the summer:
* Include D.—~>K*K, D.—~K.K D.—~37 and e+D,
* Include hadronic decays
* Include Same Side Tagging
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" SN

Conclusions cont'd

> CDF:
= experimental signature for B.-B, oscillations
= Probability of random fluctuation is 0.5%
= First direct measurement of:

Am, =17.33703% + 0.07 ps-t

IV.4l/|V,.|=0.208 3565 (stat.+syst.)

o Future:
* Include other decays (Partially recon. D, —D.y/p)
- Combine efficiently flavor tags
* Improve ct resolution
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The Accelerator

e

Tevatron

Ry

Main Injedtof
& Recycler

—_— T
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Detector for the measurement: CDF

Central Calorimeter (EH)

Central Muon

Tr‘igger': Wall Calorimeter (H) . \/// =

displaced fracks , .
(SVT)

Tagging Power:

TOF & dE/dX (COT)

Proper time
Resolution:
SVX Gr\d LOO Forward Calorimeter (E)

Luminosity Monitor |

Time of Flight

entral Outer Tracker
Silicon Vertex Detector
Intermediate Silicon
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Detector for the measurement: DO

Fine segmentation Three layers Fiber and Silicon
Liquid Ar Calorimeter system & absorber trackers in 2T
& Preshower Solenoud field

[m

SHTH—dnks S rs 5 .S’If(i"bnrlre:"

| I |
|||||||||||| ||||||||

|I||||I|||:I||||I||||I.__u N 45 ,m a5
-1 -5 g s | i=sEsESSSSSSESESESEESESESNESESEEEENESESEENEEEEEEEEEEE H

Her'me‘rlc de’rec’ror
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Tevatron Luminosity

“Data Taking Period 1” 23T
L el ol
Year 2002 2003 2004 2005 _ 2006
_ Monthl 4 7 10 1 4 7101 _4 7 14710
:E_m{rﬂ;-
_,a._-mnnf—
-El’mﬂ? 1fb-!
Elﬂﬂﬂ -
E 200 :
= 600} I Used in the
400 | | analysis
i Delivered
200} To tape |
ol _

1000 1500 2000 2500 3000 3500 4000 4500
Store Number
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Parametrizing tag decision

i from b decay Opposite Side Taggers calibrated in our

[ COF Fun Il Preliminary |

e !" very high statistics £+ SVT samples
€ 40 Isolated tracks |- ot Dependence on several variables used
Swl  / T to Increase the tagging power
20- ,sif .
. J( Overall scale factor measured on B%*
K / \ f g candidates to take care a possible
~ Hiromcdecay overall (small) shift
B I N (- R DA )RR - RRRE
P [GeVie']

Similar  performace of semileptonic
hadronic modes
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Calibrating SSTK

Systematic studies cover:

+

+ 4+ + + + +

Fragmentation Model

bb Production Mechanisms
B** content

Detector/PID resolution
Multiple interactions

PID content around B
Data/MC agreement

Small discrepancies covered
by systematics

COF Bun 11 Preliminary L = 355 pl::n"
150 N ] Pyinia
c
0
100 | ﬁ
ik
S =of q_k
[ :t:t+ *i
0 :"ﬁ | C L e
=20 =10 o 10 A0
log(LH(PID))

Select the most likely kaon track (PID *) as tagging track
SS(K)T performance estimated from MC:
eD?(Bs — Ds(om)m) = 4.075% (1rst period of the data)
") TOF & dE/dx are used for particle identification

May 31, 2006
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| ichlibm’ring SSTK

B — J/¢v K Monte Carle

< 4 CDF Run Il Preiminary L= 255 pb
:': + 4 ¥
= 038 B .*‘.+¢+‘1‘ B = My K - data -
= MC
0.3 3 § & E $ $ S ——
3 syst
0.25 only n= tags
: ﬂ b g =0 _— —a
a.z ; .’ *Bn L b * ‘ 1
015 "
. . B‘:Narmﬂ' Togging % [y —
& B" Normal Tagging
- 0 B’ Pion=only Tags & [ 3
o B* Pion—only Taas :
| ST T T T T T T 5 W 15 20 25 3D
¢ 0X 09 OB D& 1 12 14 1.8
pASETY Threshald  (GeV./c) max PID dilufion D [%]

Tune MC to reproduce B%:dilution and then measure it
for SSTK
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DO Procedure

PO (1, K, dyag) =

K .
exp
CTgo CTRo

J[1 + Pldiag) cos(Am, - Klfec)]/2
Correction factor due to missing neutrino

Several effects taken into account:

= Resolution scale factor for detector mismodeling

= Reconstruction efficiency as function of decay length
= Physical and combinatorial background contributions
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Systematic Uncertainties Amplitude Scan

Hadronic Semileptonic
0.45, i}
] —— Total Z< |
0.4 —— Non-Gaus o, = total

] , 0.2]
] Cabibbo D ]
0.35 ConSST ;
[ + {
0.3- gch.T SST Corr 0.15]
025] — AT/T ] k
0.2 0.1;
0.15- :
f / 0.05. prompt dil.

0.1 o~ \\ physics bkg
0.05] ' ] prompt
] 1 o lails

0 5 10 15 20 25 20 0 10 20 30 40_
A m, [sz] ﬂtl’ﬂs [pS 1]

Related to absolute value of A important when setting a limit
Cancel out in A/c,
Very small compared to statistical error
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Combined Amplitude Scan: an other view

CDF RUN Il Preliminary 110"

amplitude A
-Alog(L)

I DA = TP G TR 2 R S

I T R R

12 14 16 18 20 %E
Am, (ps )
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Systematic Uncertainties on Am,

Syst. Unc | Fit Model: negligible

SVX Alignment 0.04 ps!

Track Fit Bias 0.05 ps™

Relevant only lifetime scale
PV bias from tagging 0.02 ps!

All Other Sys < 0.01ps™

Total 0.07 ps
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