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B Mesons




o Nutral B Meson system

1B >= (bs); |B >= (bs)

mixture of two mass eigenstates (No

CP violation case):

BH>:%QB>+‘E>)

5.)=—(5)-5)

e By, and B, may have different
mass and decay width

- Am=M,-M_
(>0 by definition)
- AI'=T,-T

B Mixing

0.8 Production Flavor = Decay Flavor
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e Thecaseof AI'=0

p(t) = 2—1 eV 1+cos(Amt)]

—t/T
p(B — B) = = (1 4+ cos Amt)
T
—t/T
p(B — B) = € (1 — cos Amt)

T



Standard Model Prediction

o KM Matrix Wolfenstein parameterization
v. Vv, 1-21/2 A AL (p—-in)
V. V, |= -2 1-22/2 AL +O(1)
v. V., |APA-p-in) -AX 1 )
u,c.t Vi Ratio of frequencies for B® and B,

N
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2
Wé %W Am —_ mBs stBBs ‘/IS — mBs 52 ‘/ts
2 2 2
s ) Am,  mg, fg,Bg, ‘th‘ Mg, ‘th‘

= §=1.210+33! from lattice QCD
(hep/lat-0510113)

s MAIL——— ] V’[S ~ 7\.2, th "‘7\.3, A=0.224+0.012




Unitarity Triangle

CKM Matrix Unitarity Condition
Vud VI/;) T Vcd ch T th VIZ — O

(P,M)




Unitarity Triangle Fit

. just for illustration, other fits exist

o CKM Fit result Am 18 3+%2 (1o0) :+1J4(2 ps.1
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Measurement Principle



The “Blg” Picture

vertexing (same) side

fragmentatmn
D meson

oy

b hadrnn

“opposite” side

e reconstruct B, decays — decay flavor from decay products
e Mmeasure proper time of the decay (very precisely)
e Infer B, production flavor (production flavor tagging)



“Right Sign”

“Wrong Sign”

Decay Time [ps]

Measurement .. In a Perfect World

rdction Flavor = Decay Flavor
So7t p(t) = 21 eV [1+cos(Amyt)]
0.6 §
0.5§
0.4f
0.3f 15 Mixing Asymmetry
(()).-21 4 1_0' A(t) = cos(Am(t)
0.0 Sy 05l
Decay Time [ps] A(t) . NRS — NWS 005
:-_;.O.SZPrOdUCtion Flavor = Decay Flavor R NRS _I_ NWS _0-5\/ \/ \/ \/ \/ \/ \/ \/ \
S o7t 1 Tl
0-6; p(t) 5¢ € [1-cos(Am(t)] _1.0;_
0.5F PN A T
04} L B A
0_33 Decay Time [ps]
0.2}
0.1
0.0 A VMV A
0 1 2 3 what about detector effects?



Realistic Effects

flavor tagging power, displacement momentum
background resolution resolution
=15 =150 =157
< 1.0 mis-tag rate 40% < 1-0§ o(L) ~ 50 um < 1.0, o(p)/p = 5%
iy TAAAAAAAD
0ol AL AL 00 TATATAVATATATATA O_OXV/\U/\V/\V/\UA
_0_5;_ -0.5 —0.5%
-1.0f 7
B I 4
Decay Time [ps]
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Mixing Asymmetry

A(t) = cos(Amt)

i

Decay Time [ps]
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Mixing Asymmetry
E’ A(t) = cos(Amt)

AL

[3)]

(=N /Time

o

S

I R R
Decay Time [ps]

scan for signal:

A(Am =15 ps)=?

measure frequenV
Amg="7?

Endplug

b {/_

4_Silico

Detect

\.Centra) Drift

- | Chamber

Calorimeter =

/

momentum resolution

displacement resolution

flavor tagging power

Unbinned
Likelihood
Fitter

p ~ eV [1+AD cosAmt] ® R(t)

Data

1 2 3
Decay Time [ps]
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Scanning for Signals

CDF Run Il Preliminary L=~ 355 pb’

-« datatic & 95%CLImit 03ps’

5 | - 16456 sensitivity > 2.0 ps”
data + 1.64% ¢ (stat. only)
Am,tlo
% 4 ‘+ IS I
= R T
g +_+++
s
-
0 0.5 1 1.5 2

fixed value of Am, fit for Amplitude

repeat for different values of Am,

Signal: A ~ 1, Background: A ~ 0

If a signal is found, fit for mixing frequency!
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Amplitude

World Knowledge on Am,

> A verage ror PDG 2006 T 18 [ foazto DGR 4
2 r + data*+1oc A % CL lim 44ps'l s 3 4— \
T Sisc 0 -5 semsitivity 822 ps ~1E - [_Jdata + 1.645 o (stat.) [\
1.5 - mm d:: +1.645 s ‘ I - = 2_ :data t 1.645 o (stat. @ syst.) : l I' I e
: (Rl < 2 i
" / :w - A— =..--i--"""'"-,-,- ' I k \
N : 3 Ofesmvswswiy it it td i riidd AR : [ 1111
FE I I ' [ e HTT*: - I
-0. : i = - 1 1 fb : YV
- -4 ¢95% CL limit: 14.8ps
1 E Il Hﬁ - --e-- Expected limit: 14.1ps™
: 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
L e e I 5 10 15 20 25
Am (ps™) Ams [ps-1]

PDG 2006 Recent DO Result
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Samples of B, Decays
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The CDFII Detector

CDF Il Detector

multi-purpose detector

excellent momentum
resolution o(p)/p<0.1%

Yield:

— SVT based triggers
Tagging power:

— TOF, dE/dX in COT
Proper time resolution:
— SVXII, LOO
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Tevatron Luminosity

“Data Taking Period 1” “27 37
- > € > <>
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e Delivered Lum. >1 fb"'

1500 2000 2500 3000 3500 4000 4500
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e This analysis: Feb 2002 — Jan 2006 — 1 fb-"
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Celebration of the first 1 fb Delivered to CDF!

N e

Thank You Accelerator Division
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d, = impact parameter - “P> 2 GeVic; x2; < 25

£ 18000~ Includes
. 2 o O= 47TUMI| 33m
o trigger extracts 20 TB /sec & Lsoco- beamspot
e “unusual” trigger requirement: § 12000
o two displaced tracks: ‘°°°°/'
(pr > 2 GeV/c, 120 um<|dy|<1mm) 7
e requires precision tracking in SVX = .
2000;* IIIII 4‘+/// N \H\+‘#7II o
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o relatively small signal yields (few thousand decays)
e momentum completely contained in tracker
e superior sensitivity at higher Am,



Example Mass Spectrum

_ CDF Run Il Preliminary L=1fb" :
partially : / Elg_n)aé) ]
reconstructed T /+a¢b/ =l
B mesons L ool | — fi s %K?ﬁ’-
(satellites) 2 | B,»>Drr| O —
SN satellites
g 400\ combi bkg
t i : :
AN M 8’0 | combinatorial
S 200\ + A=A~ hackground
@
O

0 1 1 | /-.I-_I_ | ] 1 1 1 1 1 1 1
0 5.5 6.0

Mass(¢(K+K')wr,n*) [Gerczj

BO— Dt decays
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Yield

B.— D (0m) 1600

B.— Dt (K" K) 800
B.— D, m (3m) 600

B.— D37 (¢ m) 500
B.— D3n (K'K) 200
Total 3700

e high statistics light B meson samples:

B+ ( D%t ): 26k events
BO(Dm): 22k events

Candidates per 20 MeV/c’

600

I
o
o

200

Signal Yield Summary: Hadronic

CDF Run Il Preliminary L=1fb"
T
oscill_fit range ., yata
— fit
B, — D, n*
satellites
combi bkg
BB 5D
Ao AT
_ ] -
0 | | | | | | | | | | | | | |
5.0 5.5 6.0

Mass(o(K K n*) [GeVic]
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B, - D l"v, [
W+ ““/l/l
1—7 “““ 2
O —
B [ D
\) \)

o relatively large signal yields (several 10’s of thousands)
e correct for missing neutrino momentum on average

e l0Ss in proper time resolution

e Superior sensitivity in lower Amg range



CDF Run Il Preliminary L=1fb"

Candidates per 1 MeV/c”

B, — 1D, X

10000-

5000 -

—— Data
— Fit
B, Signal

- Combinatonal + False Lepton

1 94 1 96 1 98 2
D mass [GeWcz]

~53 K events

Semileptonic Samples: Dy I*

(D.:D.,~ on | 32K
(D.:D, - K*K| 11K
(D, D,—-> 7w | 10K
[DO: D% > Kn | 540 K
[(D:D°->Krn | 75K
[(D:D - Krr | 300 K
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B Lifetime Measurements
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pp collision

mass+lifetime fit
e signal probability:

Psignai(t) = €@ R(t,1)

e background py,.4(t) modeled from

sidebands

B decays

e reconstruct B meson mass, p, L,
o calculate proper decay time (ct)
e extract ct from combined

2

“Classic” B Lifetime Measurement

CDF Run Il Preliminary

L F B'>JiyK' = data
% [ 3386168 sig. _
= soof- candidates B m(sig)
B i - o,

ﬂ - Fit prob: 86.9% m(J/ym)
. 4oof
@ [
a [
3 300f,
® [
T -
T 200
2 2008
< B
o [

100

c: 1 | 1 1 | 1 1 1 | 1 1 1
5.20 5.25 5.30 5.35 2
(LK) mass, GeV/c
CDF Run Il Preliminary

g- J BT oJdwK = data
% 10
E B ctisig)
% 1(.'!3 = Ct(Bkg all)
3 — cH(BKg 5)
2 40k
'g E Fit prob: 44.2%
m :
8 &

10 E

1F

]

ct,cm

£0



Hadronic Lifetime Measurement

“trigger” turnon
o SVT trigger, event selection -\

sculpts lifetime distribution - \ 4
e correct for on average usings

efficiency function:
p = e"® R(t,t)

o efficiency function shape 0-5f+

pattern limit
|dg] <1 mm

contributions: 1} e
. . 0.0 o los! lanass
— event selection, trigger - ; : |
. o 0.0 0.2 0.4
o details of efficiency curve proper time (cm)

— important for lifetime measurement
— Inconsequential for mixing measurement
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candidates per 30 um

Hadronic Lifetime Results

CDF Run [l Preliminary L=1fb" Tt
103_5 —— data Mode © © [pS]
; o (stat. only)
B, — D (3)n* B - D &t 1.508 £ 0.017
1074
- D B-— DO 1.638 £ 0.017
B B8°-D @
Ap = A B) B, — D, n(nr) 1.538 + 0.040
10 A '
: ' r e World Average:
RUtl || oorsassoneme
‘ . . B+ — 1.653 £+ 0.014 ps™T

0.0 0-2 04 B, — 1.469 =+ 0.059 ps!
proper time [cm]

Excellent agreement!



Semileptonic Lifetime

Measurement

1.5

e neutrino momentum not reconstructed
D L(B
« _ Pr(D) L(B)

pr(B) L(ID)

e correct for neutrino on average

CDF Run Il Preliminary L=1fb"

o —— Data

%’ 3000 — Fit

g B, Signal

«© — Physics Background

‘ﬂ:) 20004 Combinatorial + False Lepton
a

) 4

2

S

2 10001

|

[

Q

0
B, - 1D, X lepton-D mass [GeV:’cz]

Lepton SVT Track

probability density

o
w

o
—
1

e
~

o
(N}
I N T

CDF Run Il Monte Carlo B—I1D,
all 3
...... 4.9 <mp, <5.1 GeVic?
....... 4.3 <mp <4.5 GeVic?
...... 2.9 <mg <3.1 GeVic?
04 0.6 0.8 10
k-factor

Proper decay time resolution [ps]

—
-+~
~—
<

0.5
OOS\/\/\/\/\I\AA

1.00

-0.5
-1.0p
1.5
0 1 2 3
Decay Time [ps]
1.0
- s B, — 1D X, 2.0 < my, <3.1 GeV/e?
C e B, — 1D, X, 4.3 <m <4.5GeV/c’
0.8L wwen B, — 1D, X, 4.9 <mp £5.1 GeVic’
R I— BS — DS | : ‘v“"l
065
04
0.2
F 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
D'OD 1 2 3 4

Proper decay time [ps]



1.~

CDF Run Il Preliminary L=1fb"

—— Data
] — Fit
g 3000- B. Signal
< '} —— Physics Background
D ------- Combinatorial + False Lepton
L {4
o 20001
3
©
9 1t
'n ] .I
& 1DDUi
(_) L J
D_Iljj-IJJJJJJJJ‘JJJ‘JJJ‘.}':T_FH__ HI I I I

0.1 0.2 0.3

B,—1D,X proper decay-length [cm]

Lepton SVT Track

k

ID, ct* Projections

_ L(D) - m(B)

pr(lD)

Lepto
)

e

Dy vertex

.,' B, vertex
P.V.

B, lifetime in 355 pb1: 1.48 4 0.03 (stat) ps
World Average value: 1.469 + 0.059 ps
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Proper Time
Resolution

31



Proper Time Resolution

 Reminder,

2

measurement  Gjgnif = \/NGD 6—(Am§%) S

significance: S+ B
e significant effect ,..1.5\

| =, \
e fitter has to correctly account for it o5t

ool AAANANANN

e lifetime measurements not very _0_5\/ VUV YV VA
sensitive to resolution o
e a dedicated calibration is needed! Decay Time [ps]
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Calibrating the
Proper Time Resolution

_ CDF Run Il Preliminary period 3
prompt track trigger tracks ; | — D data
10% 4 o — fit
i _ H 1,
5 10° o an
= : ] I1T [ | prompt
e fle
/ o
L Dg vertex E
4 D
/ &
‘B vertex
P.V. 02 01 00 01 02

proper time [cm]

o utilize large prompt charm cross section
o construct “BO-like” topologies of prompt D- + prompt track

o calibrate ct resolution by fitting for “lifetime” of “BO-like” objects
33



CDF Run Il Preliminary L=1.00fb"

i 0_253 B, — D; (3)r*
3= <o,> =259 um
‘0 0.20;
O
Q
20.15 n
S osc. period at Am, = 18 ps™
80107 m -
o
a ]

0.05]

0-8%60 0.002 0.004 0.006 0.008 0.0

proper time resolution [cm]

10

B, Proper Time Resolution

e event by event
determination of primary
vertex position used

e average uncertainty
~ 26 um

o this information is used
per candidate in the
likelihood fit

34



—~ 200
€ F
= 180
o - .
b 160F |.P resolution
140
: / without LOO
120
1oof—
802_ % —‘°°o
60:— Oo o ......... e0®0® T
403_ OOOOOOOOOOOOOO00000888;e 83,809359%
20
of ; g ;

Layer“OO”

e layer of silicon placed directly on beryllium beam pipe
e radial displacement from beam ~1.5 cm
e additional impact parameter resolution, radiation hardness
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Flavor Tagging
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Tagging the B Production Flavor

el vertexing (same) side
i m*
fragmentation
i i kaon +
“& ' :
D meson
e : "
. E P V Bg ! N - - K_
“opposite” side 3
L D ™

m
ct= L“—B
T

use a combined same side and opposite side tag!

use muon, electron tagging, jet charge on opposite side

jet selection algorithms: vertex, jet probability and highest p+
particle ID based kaon tag on same side
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Parametrizing Tagger Decisions

e Uuse characteristics of tags themselves to increase their

tagging power, example: muon tags
u from b decay

. . | _CDF Run Il Preliminary |
jet axis s : //

' E
\d
‘0

Isolated tracks

Dilution [%
5

w
o

0"
rel K
0‘.
t K
0“
‘0
*

N
o
— e

—_
o
A TR R NI T

\

u from c decay

o
wl

4
o

o tune taggers and parametrize event specific dilution
o technique in data works with opposite side tags
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Unbinned Likelihood Am, Fits

II . 1
v |W =)
I""-u._ \ J
il J_L | .~
el -

o fit separately in hadronic and  $e€mileptonic, ID-, muon tag
semileptonic sample CDF Run Il Preliminary L ~ 355 pb”
e per sample, simultaneously — °°1 4, Soft Lepton Taggers
measure gy T A
e tagger performance ok T~

e
e projection incorporates R I
] — fit projection
several classes of tags B8 e Bcombulion
63 - B* contribution B—e/uDX

0.05 0.1 0.15 0.2
proper decay-length [cm]

hadronic: Am, = 0.536 + 0.028 (stat) & 0.006 (syst) ps
semileptonic: Amg = 0.509 4+ 0.010 (stat) £ 0.016 (syst) ps’’
world average: Amqg = 0.507 + 0.005 ps™
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exploit b quark fragmentation
signatures in event

BY/B+ likely to have a w/n nearby
B, likely to have a K+

use TOF and COT dE/dX info. to
separate pions from kaons

problem: calibration using only B°
mixing will not work

tune Monte Carlo simulation to
reproduce BY, B- distributions,
then apply directly to B.°
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Time Of Fllght System

CDF Run Il Preliminary

B’ — "D X : TOF fitfor 1 < P; < 1.5GeV/c

L —Data
10001 |—Fi
- _K+i
800F | e
600}
400}
200}
=05 = 00 05
To - Texp(m), Ns

e timing resolutlon ~100 ps — resolves kaons from plons
uptop~ 1.5 GeV/c

o TOF provides most of the Particle ID power for SSKT
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Kaons Matter in Light B's!

B —> J/¥ K Monte Carlo

c 0.4r
(@) L
ED + b b =0
2 0.35] ¢ ¢! :
2 035 B+ REE ¢ ) = }E
0.3F » e
: $$$$$$ﬁ X 'f_}n‘}ﬂi
0.25) onlyn tags L
i 5 ‘o 1o
i . "
0.2E . " RO ! P . ;
0.15 " y i} b } —
it _ B
= B° Normal Tagging u
oTr e B* Normal Tagging (] - ]{:‘
0,05; o B® Pion—only Tags —3d s } I
; o B* Pion—only Tags d s
0"H\.Hm.m”m.“m”mH\Hm

0O 02 04 06 08 1 1.2 14 1.6
p+(SST) Threshold  (GeV/c)

o kaons participate differently in tagging B+, B°

e Monte Carlo simulation has to have correct kinematics
AND particle content to get the dilution right!
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Calibrating SSKT

o Analogous to transfer scale factor in Opposite Side Tags

o Check dilution in light B meson decays

COF Run Il Preliminary L = 355 |::u|::-.
B = Jip K | - data _—
= MC
B =D —
syt

8" =0 —_—
B = Jy K* -
Bf=DOrx* | —_—
=Dk ’

§ 1M 15 20 25 30

max PID dilufion D [%]

Data/MC agreement is the largest systematic uncertainty — O(14%)
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Tagger Performance

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 4+ 0.04 (stat)
3.42 + 0.49 (syst) 4.00 £ 0.56 (syst)

e Uuse exclusive combination of tags on opposite side
e Ssame side — opposite side combination assumes independent tagging

information
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The Procedure
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Amplitude Scans

example: B° Mixing signal in hadronic decays
points: A+c(A) from likelihood fit for different Am

e yellow band: A + 1.645 c(A)
e Am values where A+1.645 6(A) < 1 are excluded at 95% C.L.

dashed line: 1.645 c(A) as function of Am
measurement sensitivity: 1.645 c(A) = 1

CDF Run Il Preliminary L~ 355 pb’ CDF Run Il Preliminary L~355pb"
< datatic & 95%CLIimit 03ps’ - datat 16 A 95%CLlimit 0.4 ps”
5] w1 BAS & sensitivity > 2.0 ps” 24 164506 O sensitivity  27.5ps”
data + 1 645 ¢ (stat. only) data * 1.645 o (stat. only)
Amtic
in o) 1_,# | gt
ER a++++++%+++ 3 :, A A N Iﬁ —
e Ty
O 1 fMlely N L L1
<< o s ++ S —— o < iy RIE SRR |
HHHHHHH 1
I MU S : T
0 0.5 1 1.5 2 0 10 20 30
. -1
Amgips 1 wide Am_ range ~ Amulps]
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Measurement Sensitivity

30

25 -

20 -

15

10 ~

w0
£
>
=
=
=
o\
c
O
7))
1
@
N
O
o

World Avg 2006 DO1fb” CDF 1 fb’

e estimated from data

e unusual situation — one single measurement more
sensitive than the world average knowledge!
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A Priori Procedure

o decided upon before un-blinding the 1 fb-! of data
e p-value: probability that observed effect is due to
background fluctuation

e p-value to be estimated using A(In L) method

e no search window to be used

p-value < 1%?

YES NO

make double-sided
confidence interval from
A 'log(L), measure Amg

set 95% CL limit
based on Amplitude Scan
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p-value Estimation

CDF Run Il Preliminary CDF Run Il Preliminary
2500 3
randomized tags - =
S .
L xpected f =18 ps’' —t L
2000/ expecte orAmS ps E i
- 210 &
» o E
15001
1000~
5001 -
0_ 111 111 L1 '|J|||||||||| 10‘4 IIII|IIII|IIII|IIII|IIII|IIII|IIII|;IIII|IIII|II
0246810121:“ -1 01 2 3 4 5 6 7 8
A|Og(L) Alog(L)max

e Alog(L) =log[ L(A=1) / L(A=0) ] — likelihood “dip” at signal
e more powerful discriminant than A/c(A)
e probability of random tag fluctuations evaluated on data

( with randomized tags ) — checked that toy Monte Carlo gives same answer
49



Systematic Uncertainties

Hadronic Semileptonic
0.45, ”
] —— Total B
0.4y —— Non-Gaus o, = total
0a5]  CabibboD oy
B ConSST 1
03] = OST+SST Corr :
" So., 0.151
025{ — AT/T j
0.15 ]
0.1 0.05- prompt dil.
005- " /74 prur‘n:ut
e P outan
0 5710 15 20 25 30 0
Ams[ps ] Am, [ps1]
o related to absolute value of amplitude, relevant only when setting
limits

— cancel in A/c,, folded in in confidence calculation for observation
— systematic uncertainties are very small compared to statistical
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Systematic Uncertainties on Amg

Syst. Unc
. — i -1
e systematic uncertainties SO AgITE: 0.04 ps
from fit model evaluated Track FEit Bias 0.05 ps!
on toy Monte Carlo
. : ' ' -1
o have negligible impact PV bias from tagging 0.02 ps
e relevant systematic unc. All Other Sys <0.01ps™
from lifetime scale
Total 0.07 ps!

All relevant systematic uncertainties are common
between hadronic and semileptonic samples
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The Data
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Amplitude Scan: Hadronic Period 1

CDF Run Il Preliminary L~0.355fb"
@
S , ] +=datat1c 4 95%CLIlimit 139 ps™
- 4_ ] - - - -1
1— ] | 645 @ O sensitivity 18.9 ps
fEl _
< 5 1 data £ 1.645 g (stat. only) “

'4'_ B, = Dt/ Dnnn

D""'I'o""z'u"":;o
Am, [ps ]




Amplitude Scan: Hadronic Period 2

CDF Run Il Preliminary L =0.41fb"
'ﬂ‘é 4 ] = datat1c a4 95%CLIlimit 92 ps”
r— 16456 O sensitivty 196 ps’
D_ -
qE: 5 _ data + 1.645 o (stat. only) m
- - - | .
he M M "ﬁ'l < il
0 Jt ittt '*LWWH*”'”" | \ |
1 ot % f W } I thld
D | \H
-4 | B — D/ Dnnne
o 10 20 30
Am, [p5'1'
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Amplitude Scan: Hadronic Period 3

CDF Run |l Preliminary L =0.23 0"
Q
9 4_' - datat 1o A 95%CLIlimit 37 ps”
= 7 1.645 O sensitivity  14.9 ps™
D_ -
€ |
<C > |

data + 1.645 ¢ (stat. only) J
| S |M i iRy :
0 &rw%%ﬂw#w Wml + + H _|| | w i |

| B — D/ D nr

D""1'D""2'o"":?o
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Semileptonic Scan: Period 1

CDF Run Il Preliminary L ~ 355 pb’

| - datat1c A 95% CLIimit 185 ps’
16450 O sensitivity 142 ps’

datat 1645 ¢

data + 1.645 o (stat. only)
il
ol

N
L

Amplitude
(-
j:
‘!
¥

1
on
| 1

| B =D, I" X
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Semileptonic Scan

CDF Run Il Preliminary

: Period 2

L ~410 pb’

| = datat1c a4 95% CLImit 14.4 ps’

16450 O sensitivity  12.8 ps’

datax 1645 ¢
data + 1.6435 o (stat. only)

Amplitude
(-

-10 -
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Semileptonic Scan: Period 3

CDF Run Il Preliminary L ~ 230 pb’
| ~datatic 4 95% CLImit 12.0ps’
10 - 1645 ¢ O sensitivity 12.7 ps”
data+ 1645 g
data + 1.645 o (stat. only) m_‘-
@
E i | il "'Fé‘_
_-I:L D A *
=
'::I: L]
10 -
1B > D.I" X
0 10 20 30

Am_ [ps’]
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Hadronic Scan: Combined

CDF Run Il Preliminary L=10fb"

| = data+1c 4 95% CLIimit 16.7 ps”
16456 O sensitivity  25.0 ps”

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

| & #
0 P ++"'ﬂq_w"f+ ++ i | ||

| Bi = Dt/ Dgnnne

Amplitude

N

o 10 20 30
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Semileptonic Scan: Combined

CDF Run [l Preliminary L~1fb"

| = datat1c A 95% CLIimit 159 ps’
91 164506 O sensitviy  17.3ps’

datat 1645 ¢

data + 1.645 ¢ (stat. only)

Amplitude

| B = D, I" X

Am, [ps’]
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Combined Amplitude Scan

CDF Run Il Preliminary L=1.0fb"

| = datat1c A 95%CLIlimit 16.7 ps”
| 164506 O sensitivity 25.3 ps’’

'datat 1.645¢c

data + 1.645 o (stat. only) IH' A A
N /| Lty | I
R | v ‘ sio [0

Amplitude
AW

Alc, (17.25 ps') = 3.5

o 10 20 30
Am, [ps’

How significant is this result?



Amplitude

N

Combined Amplitude Scan

CDF Run Il Preliminary

L=1.0fb"

| = data+ 16

Alc, (17.25 ps') = 3.5

I B> I'D, X,B, > D, n*, B, > D, n* n*

10 20

How significant is this result?

30

Amy [p5‘1j
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~20
S — data
i 15 --- mixing
v L h --- N0 Mixing
10— )
of MMM
.5__ ‘d‘;‘"
_10_IIII|IIII|IIII‘TtIIII|IIII|IIII|IIII|IIII|IIII|IIII
0 5 10 15 20 25 30 35 40 45 50
-1
Amg (ps )

Q: How often can random tags produce a likelihood dip this deep? o



Likelihood Significance

@
2500+ O
randomized tags c =
S -
L expected for Am_=18 ps’ = B
2000 =R
_ D10 ¢
i n E
15001 -
10001
- observed L
500~ value -
O_ L1 1 L 11 | ||J|||||||||| 10‘4IIII|IIII|IIII|IIII|IIII|IIII|IIII|!IIII|IIII|II
0 2 4 6 8 10 12 14 -1 01 2 3 4 5 6 7 8
max max
Alog(L) Alog(L)

e randomize tags 50 000 times in data, find maximum Alog(L)
o In 228 experiments, Alog(L) > 6.06

e probability of fake from random tags = 0.5% — measure Am_/
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Measurement of Am,

5,0 CDF Run i 1 b
g - —— hadronic
=) — semileptonic
—? — combined

15}

Am, = 17.33 +0-42 (stat) + 0.07 (syst) ps™

the measurement is already very ~ Amgin [17.00, 17.91] ps' at 90% CL
precise! ( at 2.5% level ) Am, in [16.94, 17.97] ps™ at 95% CL
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Vigl 7 Vil

2

Am, My £ ‘Vm
| Am, My, ‘th ‘2
e INpuis:
> m(B%/m(B,) = 0.9830 (PDG 2006)
> & =1.21 84 (M. Okamoto, hep-lat/0510113)
> Amy=0.507 £ 0.005 (PDG 2006)

Vil 7 |V = 0.208 +3998 (stat + syst)

e compare to Belle b—sy (hep-ex/0506079):
|Vigl / |Vig| = 0.199 +2-226 (stat) +0-912 (syst)
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Conclusions

o found signature consistent with B - B, oscillations
e probability of fluctuation from random tags is 0.5%

 presented first direct measurement of the B, - B, oscillation
frequency:

Am, = 17.33 *§4¢ (stat) &= 0.07 (syst) ps

Vig/ Vis = 0.208 +3-058 (stat + syst)
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Backup Slides
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"".__ 1 i y /.-'
“____1.__ J_|. |~

efficiency function is derived from Monte Carlo
the Monte Carlo is derived with an input lifetime
does the input lifetime bias the fit outcome?

test: fit many Monte Carlos
CDF Run Il Monte Carlo

with various input lifetimes F 55 me
derive efficiency function ook b
using one lifetime (500 ym) § _ ¢ ﬁﬂff
compare fit result to input ~ § _ s
lifetime 3 | 2
observe no bias for 50 pym * m_ ;"ﬁ fit = e+ BX
measurement stat error ~7u zlf v
i T T T S T T SR TR
450 500 550

Input MC ct [um]
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D, — o

CDF Run |l Preliminary 355 pb’'

D, — K'K

CDF Run Il Preliminary 355 pb”

£ 3| £ 3
210% B.—IvD,(Ds—5¢) 2 B.> VD, (D,—3m)
(=] C . . i
- Semileptonic B, Signal e ; ; :
= Combinatrial Background S Semileptonic B, Signal
Q. Real D, Background o 10° Combinatorial Background
3 10° 3 i Real D, Background
£ | £
. " o 4
10¢ +
: 1
| =%
~N
1 F | PR TR A N T T T ek . T | Y [ e ) | x
0 0.1 0.2 03 . 04 0 0.1 02 03. 04
ct (cm) ct (cm)

Entries per 100 um

-
()
w

—
(e»]
™o

—_
o

Semileptonic Lifetime Fits
(Winter '05)

Do —

CDF Run Il Preliminary 355 pb’’

B.— WD, (D,—~3n)

Semileptonic B, Signal
Combinatorial Background
h Real D; Background

%

g

e,
0.4

ct’ (cm)

0 0.1 02 03

T =455.9411.9 um ct=413.8420.1 um ct = 422.6425.7 um

o BY B+ lifetimes within 20 um of world average values
e combined ID. lifetime fit result: 445 4+ 9.5 (stat) um
e world average value: 438 + 17 um
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Candidates per 2 MeV/c?

data - fit/ error

1004

- data
— it - data
1500 L — 1l
£ background = 7 signal
= A
L prompt é“ s background
5 i 10
o 1000 2
o 8
¥ £
S S
c c
S 500 3
0 _ — 10
5 5
& 2 o
© 2
[v] =l
T

1.90
K* 7w mass [GeV/c?] proper time [cm]

proper time [cm]

due to fake leptons, reconstruct some amount of prompt
charm (D-, D9 D™) as B signal (in D mass signal region)

can not disentangle from signal in any variable
need to account for in lifetime, mixing fits
extract shape from wrong-sign I'D- sample, use in fit
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Number of Entries

Number of Entries

Xz / NDF = 58.32 / 62, Prob = 60.92%

2000

#

_k
a
o
s

1000+

5004

04
2 3 4 5 6
Signal -u D -B Trigger, m(ID)

%>/ NDF = 32.49 / 51, Prob = 97.98%

150

100

@
e

0+
2 3 4 5 6
Physics Backgrounds-u D -B Trigger, m(ID)

Number of Entries

Number of Entries

1504

1004

[
2

m(ID) f

xz / NDF = 56.47 / 63, Prob = 70.66% °

Ly ®

Fakes

4 b 6
-u D -B Trigger, m(ID)

%? / NDF = 195.63 / 160, Prob = 2.89%

e
J} /

Fit on Data

4 5 6
-u D -B Trigger, m(ID)

is

signal distribution from
Monte Carlo

distribution for “fake”
leptons from data

physics background
distribution from MC

fit inear combination
to sideband
subtracted data to
extract fractions

72



problem:

ID-, IDY are a mixture
of B+, BO

when fitting for
lifetimes and mixing
amplitude, account for
this effect in fitter

Cross-Talk
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Tagger Calibration

taggers are parametrized in |+track sample

kinematically different from final (D, x, [+Dy’)

final tagger calibration:

perform B% mixing fit in hadronic and semi-leptonic sample
use per-event dilution, extract tagger scale factor:
p~12[1+SyD,cos(Ampt)]

use per-event corrected dilutions in A m fit

for hadronic sample, final calibration in D°x, J/Ay K

for semileptonic sample, final calibration in D0 |, D™ |
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N ]| L~

semileptonic, ID-, muon tag

A my Fits

hadronic, all channels, all tags

CDF Run Il Preliminary L =355 pb”
0.6
1 e [ata
] = it projection
044 . e B contribution
1 + B* contribution
g D
i
= 0 N B
o> | Sa,
0 S
{ _02 j ............
0.4
B—IDX
-06 - = L L & 1 = X o x T ~ L 2 & 1 v L . A 1 it = o 2
0.05 0.1 0.15 0.2
proper time [cm]
hadronic:

Asymmetry

0.3 1

CDF Run Il Preliminary L~ 355 pb”
B* = Jy K, B* D x*
B° 5> JwK® B’ 5D n
L— “"K‘{.
 Data
— Fit projection
-~ B* contribution
- B? contribution
0 005 01 015 02

proper time [cm]

A my=0.503 £ 0.063 (stat) £ 0.015 (syst) ps™
semileptonic: A my = 0.497 + 0.028 (stat) £ 0.015 (syst) ps™
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Kaon Tagging

no straight way to determine tagger dilution from data

unless B, mixing is observed

must use MC to
measure dilution
tune MC on B9, B+
predict B,

bUt we need tO knOW ‘ CDF Run Il Preliminary | +*INDF = 20.84 / 25, Prob = 70.14 %
$ F
= I B> Dgm
0.25—
gk « Data
& - _
- n
S C
50.15—
£
D.‘I}
0.05—
o

(=]

p; (Tracks inA R = 0.7 cone) [GeV/c]
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Roadmap of B, Mixing Analysis

Samples:

— reconstruct B, signals in samples triggered by SVT

— optimize for S/,/(S+B)

Lifetimes:
— SVT trigger sculpts lifetime distribution
— develop method to correct for lifetime sculpting effects
— fit for lifetimes in B, B*, B,— D=n

Taggers
— calibrate opposite side taggers to parametrize tagger D
— use calibrated tagger D in fit for mixing

Amplitude scan for B mixing - unbinned likelihood fit, utilizes:
— per candidate estimate of proper decay time resolution
— per candidate estimate of tagging power
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SVT based Triggers

hadronic channel

require two SVT tracks

— p>2GeV/c

Pri+P7> > 5.5 GeV/c
opposite charge

120 um < SVT IP <1 mm
Lxy > 200 um

A

SVT track

’Q
*
*
“
*

L]
.
(]
.....
°®

SVT track

e semileptonic channel
o require 1 Lepton + 1 SVT track
— 1 muon/electron p>4 GeV
— 1 additional SVT track with
* pr>2GeV
e 120um < SVTIP <1 mm

T Lepton
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Calibrating Opposite Side Tags

CDF Run-Il Prelminary

o Statistical Power of the tag: eD? 250

L ] [ ] [ ] 0 | -1
— NS ; ;
Tagging efficiency (€) S [ muonsdisplaced track trigger (63 pb )
— Tagging dilution (D = 1-2w) 000
i = Datad(track)>0 - (track)<0
* W = mistag rate 5 I
Q 7 b+c MC d(track)>0 - o (track)<0
“B. d T » a B XYY
e DINNEd lagger Y500 8 b MO (track)>0 -8 track)<0
—Taqgl:e,=50%, D,=0.5 i
ag . 81 —50 O, 1 —_ . W :
. (o) L
— Tag2: €,=50%, D, =0.1
gc: & , o 1000
- N |
— <D> = (D, + D,)/2 = 0.3 -
' R XX [
2 - GAIITIIN
—J <D?>=0.36 N i)
. foddggagaaasasesss TR
500+ NI IIIIIIIIIIININIIN |
ividing events into differen g |
« Dividing ts into different : i
. - BB !
classes based on tagging power S o LW
B s W
R R e A o D

. 5 -
|mprolveS. eD s 1 5 2 25 3 35 4 4s 5
o Calibration the tagger M(u.rack) (GeVic °)

performance requires high e inclusive B —track+lepton

statistics e 1.4 M events of flavor specific B
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Hadronic vs Semileptonic Signals

T Lepton e Semileptonic decays:
e part of B momentum “missing”
...... e signature: | + mass of D decay
et e correct |,D charge correlations
“hidden” contributions from:
— real D meson + fake lepton

— real D meson + unrelated
P.V. lepton

e hadronic trigger sample:

o require lepton ID on decay track
“B Trigger” — lepton triggered SVT

o “D Trigger” — D daughters trigger

o Hadronic decays:
e full B momentum available
e signature: mass of B decay

e BY, B+ decays: high statistics, calibrate lifetimes, taggers
e B, decays: low statistics, Bs mixing sample
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candidates / 20 um

Non-Gaussian Tails

10 fw

1

COF Run Il Preliminary xbhd0i

1T [r ™ data
10% 3 o — fit

] l” o f+

] ! JJ: f+

107 |

: I \ [ | prompt

_ f
'“3‘23 F“: | \

e amplitude corrected for effects of non-Gaussian tails

. []ﬂ L

proper time [cm]

01 02

candidates / 20 um

—
o
n
|

CDF Run Il Preliminary

xbhdOh

Y —
O o
[y} B

—k
o
M3

T
\\\\‘-——

%

0.05

proper time [cm]

e correction derived from toy Monte Carlo, tuned to reproduce data
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Lifetime Measurement:
Semileptonic Subsample

— B — I' D" X, D' — K*m'n CDF Run-ll MC CDE Runll Monte Carlo

By correction
Q
8
0.003- 0 + My - T
] ) B"-IDX,D—-K'nn
> @ 40004 ’
S =
z T
L0.002] =
2 :
o <]
g £ 2000+
@000 M 3
D =
=
Ll
o 1
0 : .

0 01 02 03 0.4 04 06 / 08 1
ct (cm) I:>|TD LEy/ P'Br le[x)/

e in addition to SVT bias, correct for missing energy (K-factor)

e bin K-factor in 1+D invariant mass to obtain narrow K-factor
distributions
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B Mixing Measurement

0.1 i
ct - p/m
- — - — - - - - X
B dec

1By mixing Am,=0.5 ps~
pp collision ays

1 B, mixing am =20 ps™"

] rl-' Ny
[
| v
'y
""l
- "'l

bl
=
n

Mixed Asymmetry
. =3

=
=
en
Fdl
I
_—
[
I
i
[
Lt
LY
o
L —

o determine decay flavor :
o identify B, production flavor Sia Sateiaas - aas:
« Mmeasure proper decay time proper decay ime, t [ps]
A . Nunmzx(t> — Nmiaz(t)
mix(t) —
Nunmiaz(t) + Nmi:p(t)
e oscillation amplitude D = 1 — 2w, w = mistag rate

o Moser, Roussarie it \/NGDQ _(Amésat)z S
: ignif = e

(NIMA 384 491): g > S+ B
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Fourier Analysis

+ two domains for mixing fit: z
S "' time domain analysis
— time: fit for cosine wave 505 |
_ 20.5} — total
— frequency: examine spectrum B4 — unmixed
e Time Domain Approach: 20.3;
. . 0.2}
— fit for Amg in p(t)~(1 &= D cos Am.t) o

— good for measuring Am, 085~ 05 10 oy B, 20
o Frequency Domain Approach: |
— fit for Ain p(t)~(1 £ A D cos A m_t)

— “scan” through different values of Am,

| frequency domain analysis

amplitude

— signal: Am, for which A = 1 "9
— good for exclusion, combining 0.0AAAS oo
measurements 3 | | |
0390 20 30

flavor oscillation frequency 84



pE Calibrating SSKT (1)

combined PID likelihood, select most “kaon-like” track as
tagging track

parametrize dilution based on maximum PID likelihood value

verify kinematic distributions (p+, tagging track p;, multiplicity,
isolation) of light B mesons in Pythia simulation

verify particle ID simulation CDF Run Il Prefminary L ~ 355 pb’
test for dependences on: 150 | [ Pye
— fragmentation model .|

— bb production mechanisms ~ § 100} ol

— detector/PID resolution g

— multiple interactions 50 | B

— pid content around B meson :fh_i_iﬁ +,

— data/MC agreement 0 B e
log(LH(PID))

Final test: cross-check tagging power against high statistics light B
decays
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e Within the SM u c,t

— B¢ mixing: box diagram

2 2 2 2 W+ W
Am, = GFmWﬂS(Tt [y ) 8gJ 5B Vt th — _
q 67T qJ Bqg*Bq |’ 1q S ) L ‘ ,
e Amy=0.510+0.005 ps™ W
(HFAG 2005) b ———— VAN S
— Lattice QCD calculation 3 B
V.| determination limited at ® M P
_~15°/ ° « Many theoretical uncertainties
o Ratio between Am, and Am, are cancelled in the ratio
Am, _my f2By Vil my o VI — £=1.2140.04+0.05
A, my fEBa Vi, v, — Determine |V,|/|Vy|~5%
precision
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Unitarity Triangle

CKM Matrix (Wolfenstein parameterization)

Unitarity of CKM Matrix

Vud Vuz + Vcd ch + th VIZ — 0

Unitarity Triangle
(P,M)

v, v. V. 1-22/2
- Vcd Vcs Vcb = - /1
Vo VgV, AX(1-p—in)

(1,0)

A Al(p-in)
1-A/2 AL +O(1Y)

- AL 1
¢ |Vcb | = | Vts|
‘/td th “/td ‘
Vcd Vcb ‘ cd

e |V is known to ~5% precision
— 0.224=0.012
e Primary goal: precise

determination of one side of the
Unitarity Triangle
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Semileptonic Lifetime Results

Lifetime (ps)

B.:D, = ¢ | 1.5120.04 stat. on
B.:.D, = KK | 1.38=0.07 stat. on
B..D, = nnx | 1.40=0.09 stat. on
B, combined | 1.48£0.03 stat. on

< KK I

o lifetimes measured on first 355 pb-
e compare to World Average: B.: (1.46910.059) ps



Introduction

e matter — antimatter oscillation

o extremely fast process: ~2.8 trillion Hz

e process speed makes it challenging

e Tevatron experiments are the current world authority

e quark flavor mixing process — measurement contributes
to our understanding of the CKM matrix
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