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Flavor Oscillations

neutral mesons undergo particle-antiparticle oscillations
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In the Standard Model

* Mixing occurs via 2" order flavor changing weak transitions

* Ratio of Bs" and B oscillation frequencies

Ams _ mpg, 52 |‘/;55|2
Amg  mpo |Vigl?

allows precise determination of CKM elements

» Amg measured to high precision
» Ams not been measured until now



Flavor Parameters ckm Matrix

CKM Matrix
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The Beauty Unitarity Triangle
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N. Leonardo, MIT ANL Seminar, June 2006



Full UT/CKM Fit
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Probe of New PhysiCS

* Additional virtual particles
change Ams from SM expected value

* Measured value can be used
to restrict model parameters

Examples:
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Scope & Overview
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Analysis Ingredients

Final State Reconstruction

opposite | b-flavor at decay

side lepton
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B jet B hadron - -------
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b-Flavor Taggin l
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b-flavor at production

In B rest frame

Opposite Side Trigger Side



Realistic Effects oscillation dampening

2 VBHS (aman?)
eD? S

OA —

resolution of a mixing signal determined by
* signal yield, S
* purity, S/B
* flavor tagging power, €D?

* proper decay time uncertainty, O

» decay-length resolution

» effective momentum resolution



Getting the Bs samples



The CDF Detector

Key features for Am;

* excellent momentum and
vertexing resolution

Muon Detectors .

» drift chamber, silicon
* particle identification

» lepton id in calorimeters = =
and muon chambers ™ /CY

‘.'\. & -

C
E

» time of flight Miniplug i o

» dE/dx in drift chamber

* ‘deadtimeless’ trigger system



Triggering on Displaced Tracks

* Heavy flavor decays |
. Primay Vertw
displaced from the Q

AY , )
.~ Secondary Vertex
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Y X
primary vertex impact o7
parameter
d
» daughter tracks tend to :
have large impact parameter e P2V 28 ncludes
. . 2 16000 O = 47Mm 33 um
* trigger on displaced tracks . beamspot

-
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* requires precision tracking
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Fully Reconstructed Decays
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* relatively small BR’s

* all daughters reconstructed
momentum completely
contained in tracker
*superior sensitivity at

higher Am;
* signal yield: 3,600
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Partially Reconstructed Decays

Bs — DylX, Dy — ¢on/K*K/mmm

.

* large branching ratios

* missing neutrino and neutrals
'need to correct for missing
momentum on average
*superior sensitivity in lower
Ams range

* signal yield: 37,000

Semileptonic
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Proper Decay Time
B Lifetime measurement



Proper Decay Time

Decay time in B rest frame:

t-distribution determined by

.
.
.
ws®
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- B decay
* B meson lifetime production position
vertex
* decay distance resolution N
* trigger/selection sculpting . t-efficiency
B €(Y)

» trigger (SVT) requirements on |do|
and event selection criteria on Lt
modify PDF shape

1_- [

» described by t-efficiency functio "

Pt =

N _
from Monte Carlo, €(t) /
. 0

Pt) x e t'T @Rt —t';00) - E(¢)
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proper decay distance [cm]



Calibrating Resolution in Data

CDF Run Il Preliminary

prompt track | ~ D =" data
10* — fit
= ]
8 103*3
U
] 2 |
,~ D - vertex S
’ © 5 .
/u 9 % | b ‘Iu'
B ” vertex O IAPND = k
10 4 i
P.V.

-0.2 -0.1 0.0 0.1 0.2

proper time, ct [cm]
* use large prompt D meson sample

to construct B-like topologies of prompt D+track
* compare reconstructed decay point to interaction point
* calibrate t-resolution by fitting prompt t-distribution



Bs Decay Time Resolution

CDF Run Il Preliminary L~1fb"’

0.25) B, — D] (3)v* * candidate specific decay
0.00 <Og>=26.0 um time resolution used in
likelihood fit

* average uncertainty
~26 Um or 87 fs

about 1/4 oscillation period at Ams=18ps"!

Probability per 5 um
o o
CR

o.osj
0.00L ' ' ST :
0 20 40 60 80 100 for hadronic decays

proper time resolution [um]

- >
one oscillation at A m, = 18/ps

Superior decay time resolution gives CDF sensitivity
at much higher frequencies than previous experiments



Kinematics correction in Semileptonics

* correct for missing momentum

Lp ppi
Lp; pB

with K-factor distribution (MC)

t — tKk K

* explore dependence on

lepton-D invariant mass

* effectively worsens t-resolution

atHag@t?

limits semileptonics sensitivity
at high Am

probability density

Proper decay time resolution [ps]
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Proper decay time [ps]



candidates per 30 um
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Lifetime Fits
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CDF Run Il Prefiminary  L~1fb CDF Run Il Preliminary L =1 b
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1.54£0.04 ps/(stat) 1.48+0.03 ps™! (stat)

Good agreement with World Average 1.469+0.059 ps’!



b Flavor Tagging

Amg measurement



Tagging B Production Flavor

produced B(b) or B(b)?

use combined flavor taggers
» Opposite-side

» Same-side

quantify performance with

> efficiency, € = fraction of tagged events
» dilution,D = | - 2 X mistag probability

» effective statistics for mixing becomes
N = N eD?

for limit on Ams must know D




Opposite-Side Tagging

* soft lepton
from semileptonic decay of opposite b

* jet charge

momentum-weighted charge average
of tracks in opposite side b jet

H from b-decay

/

* use event specific dilution
» dependence on p®, jet charge

(o)
o

Isolated tracks

Dilution [%]
N
o

W
o
R N

e other b not always in the acceptance

N
o
—

* independent of B species i
» performance calibrated in high 0 A A A
statistics samples of B* and BY BT S S

» results applicable directly to Bs



asymmetry

BY Mixing Fit

* Semileptonic:

CDF Run Il Preliminary L ~355pb’
0.3 - - Soft Lepton Taggers P~
02 ] T+,
0.1 ] \
0 -
‘0.1 o data
_0.2_5 — fitoprojec-:tior.\
] B- contribution
-0.3 - B* contribution B—e/uDX
005 01 015 02
proper decay-length [cm]
* Hadronic:

6—t/7'

5 (1—Sp-D-cosAmgt)

OST tagging power €D? [%]

.47 £ 0.10
(hadronic modes)

|.44 + 0.04
(semileptonic modes)

Amg = 0.536 + 0.028 (stat) = 0.006 (syst) pS'I
Amg = 0.509 £ 0.010 (stat) £ 0.016 (syst) pS'I
* World average: Amg = 0.505 £ 0.005 ps-!



Same-Side Tagging

exploit b quark fragmentation v
» B/ B* likely accompanied by 11"/ 1T
> B likely accompanied by

- identify charge of leading track

E E1 R T
Ny
=]

<

7] » |

particle ID improves performance

> separate from pions
» time-of-flight (TOF) & dE/dx

s 1 T

=V =¥
17,] 7, M|

dependent on B species
» results in BY/B* not applicable to Bs

dilution for B needs to be
estimated from Monte Carlo

NEinE

E =1 »v w7

e R



B* — Jip K*
B* - D" n*

B* =D’ 3

B® — Jy K? .
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SS(K)T Performance
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25 30 T30 -0 0 10
log(LH(PID)) of tagging track

max PID dilution D [%]

3.42 + 0.96 % (Hadronic)

Tagging power for B, €D? |

4.00 £ .12 % (Semileptonic)

v overall tagging performance enlarged by x3-4!



Fit Procedure



candidates per 30 um
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Fit Strategy frequency/amplitude

Time domain Frequency domain

P(t) ~ 1£ D cos Amst P(t) ~ 1£ A D cos Amst

30.8: 9 1.5F
‘0 0.7 ) ] ] 2 | frequency domain analysis
S time domain analysis 3 |
'50.65 51_0
Eo_5f — total I
- — unmixed i
© 0.4 — mixed 0.5
0 : i
g_ 0.3 _
0.1
ot o5 . .
0 8.0 0.5 1.0 1.5 2.0 0 10 20 30

decay time, ps flavor oscillation frequency



Amplitude

Amplitude Scan Notation

* procedure: repeat Amplitude fit for different Ams probe values

» A~1 < true Amg value

» A~0 < frequencies away from the true value
e frequency values where A + 1.645 ga< 1 are excluded at 95% CL

e sensitive in Ams range where 1.645 oa< 1

»examples: & recent D@ result: 14.1 ps-!

Example: CDF Amg scan

—

o

- datat 16 A 95% CLlimit 0.3 ps”
- 164506 sensitivity > 2.0 ps’
data + 1.645 o (stat. only)
Amy*+ 1o
7 +‘}+++AT+#++ 7 +
Loyt
T4
0 0.5 1 15 2

Amplitude

« average PDG 2006: 18.6 ps!

Example World Average Ams scan
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The Ams Results



Amplitude Scan: Hadronic Decays

CDF Run Il Preliminary L=1.0fb"
@
8 | e dataz1c A 95%CLIlimit 16.7 ps’
%_ | 16450 O sensitivity 25.4ps™
E 21 [ data= 16450
<< |

data + 1.645 o (stat. only) “

| RO -+ RO QP S
B — D, n*, B, = D, ntt w* nt

o 10 20 130




Amplitude Scan: Semileptonic Decays

CDF Run Il Preliminary L=1.0fb"
)
8 | +datax1c A 95%CLIimit 159 ps”
%_ | 16450 O sensitivity = 17.3 ps”
E 21 Wdatax1.6450 |
< data + 1.645 o (stat. only) !
| T o*..*. e Tme
& | m ;
2. ‘
B) — I' D, X
0 10 20 30

Am, [ps'1]



Amplitude

)\
. | .

Combined Amplitude Scan

CDF Run Il Preliminary L=1.0fb"

| - datax 1o A 95% CLIlimit 16.7 ps™
1.6450 O sensitivity  25.8 ps”

data + 1.645 ¢
data + 1.645 o (stat. only) u\

o
j;
=
==ail]
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Amplitude

Results: Amplitude Scan

CDF Run Il Preliminary [1 fb-']

{1 - datax1o

30
Am, [ps'1]



Measured Value of Ams

o0 CDF Run Il Preliminary 1o’
g - —— hadronic
o> — semileptonic
i 15 — combined

confidence intervals

90% CL
[17.01, 17.84] ps-!

95% CL
[16.96, 17.91] ps-’

Ams = 17.31 +8:13§ (stat) + 0.07(syst) ps



2500

2000

1500

1000

500

Significance

CDF Run Il Preliminary 1o

randomized tags

expected for Am =18 ps'1

observed
value

Probability of Fluctuation

* probability of random
fluctuation determined
from data

» randomize tags many times

» find how often max-Alog(L)
is larger than observed
maximum for signal

= 0.2% (3.70)



Impact on CKM

matrix elements determination



Determination of [Vid/Vi|

Ams L mBs 52 ‘%3’2
Amg  mpo - Vg2 | Vid 10.001 10.008
v |~ 0.208Z5 092 (exp) Zg 006 (theo)
ts
other inputs:
9 4+0.047
& = 12175035 EPS’05 + CDF measurement

mpo/mp, = 0.983

0.5

Amg = 0.505 + 0.005 ps~*

previous best result:

0

Via/Vis| = 0.199F9-928 (exp) o015 (th) : _

—_



impact on Unitarity Triangle Fit

after

1,5 ,,,,'llll!llll ll||||lll|ll||- |:

1

0.5

- [T 0 | : -1

| EPS05+CDF g /
Y- NPV RV R PRV R S
-1 -0.5 0 0.5 1 15 2
P
CKM Fit, with CDF measurement UT Fit, with CDF measurement

N. Leonardo, MIT ANL Seminar, June 2006



Measurement vs SM Expectation

/UT Fit (SM) without Ams constraint

CDF Ams Measurement

0.0015—

Probability density
:

0.0005—

‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ \7 0 |III|I
0 225 25 275 30 325 35 0 10

L1 1 ‘ L1 L1l
125 15 175 2
-1

Amg A mgps 1]



Summary

* first direct measurement of Ams

Ams = 17.31?82?2 (stat) £ 0.07(syst) ps

» precision: 2% level

» probability of random fluctuation: 0.2%

* impact on CKM fit

» most precise measurement of |Vil|/| Vi

* publication just submitted

» to Physical Review Letters | hep-ex/0606027



Amplitude

CDF Run Il

L=1.0fb"

1 - datax1o




CDF Run I L=1.0fb"
L | A e ot
©O ‘H uﬂo 104 0‘
_-13 N | | 7 | lH l "To ‘o..
o ! .
€ | - datax1o +ﬂ| T| &Tﬁ ‘ I ..
<L 4] m datax 16450 Tﬁ :
1 data = 1.645 o (stat. only)
1 ---1.6450
2 O sensitivity: 25.8 ps~
30 — data
20_2 ---- significance=1%
E— AV S—————
0 ) 10 15 20 25 %30



Additional Slides for Reference



Systematic Uncertainties Amplitude

Hadronic
0.45-
] — Total
0.44 —— Non-Gaus o,
E Cabibbo D
0'35': ConSST

0.3-
0.25-
0.2
0.15]
0.1

0.05-

* evaluated on toy MC

syst.

0.1{

0.05{

Semileptonic

total

prompt dil.
] prompt
Z__,/—></ o tails

0 10 20 30 40
Am [ps]

 total systematic uncertainites very small compared to statistical
* relevant only for exclusion limits (cancel in ratio A/Ga)



Systematic Uncertainties Am.

syst. unc.

Silicon alignment 0.04 ps"!

track fit bias 0.05 ps!
primary vertex 0.02 ps’!
all other syst. <0.01 ps’!
total 0.07 ps’!

* evaluated on toy MC

* common between hadronic and semileptonic
 have negligible impact

» relevant systematic uncertainties from proper time scale



Tevatron Luminosity Data Taking Periods

“Data Taking Period 1” 27 37
< > €<—> %
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21600 L ]
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2 .
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=1000 |
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Store Number
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Amplitude Scans Data Taking Periods

CDF Run Il Preliminary

L =0.355fb"

CDF Run Il Preliminary

L=0.410fb"

CDF Run Il Preliminary L =0.230 fo

~ datax10 A 95%CLIimit 55 ps”
1.6450 O sensitivity — 18.5ps”
data + 1.645 ¢
data = 1.645 o (stat. only) ‘H‘

~ datax 10 A 95% CLIimit 16.7 ps™
1.6450 O sensitivity  20.2 ps”
data + 1.645 ¢
data = 1.645 o (stat. only)
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1.6450 O sensitivity  14.9 ps’

data = 1.645 o l
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e
—&——5— |
———e]
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Same Side Tagglng simulation validation

* systematic variations covered . .
small discrepancies covered

» fragmentation model by systematic variations

» bb production mechanisms

» B™ content

CDF Run Il Preliminary L ~ 355 pb”

. 150 - D Pythia
» detector/PID resolution ; -« Data
» multiple interactions 5 | 1L
= 100 - Ji
» PID content around the B e - i
'q:) i _T_ |
» Data/MC agreement S 5l ]
« select most likely kaon track as tag track | 44 +
» use combined PID: TOF & dE/dx o L e
-20 -10 0 10 20
e SST performance estimated from MC log(LH(PID))

» €D2B.~D(dbmm) = 4.0 %



Fourier Transform amplitude peak shape

unbiased proper time

FT

g

Fae

4 5 6 7 8
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Fourier Transform amplitude peak shape

biased proper time
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