Measurement of the B? - B?
Oscillation Frequency

Guillelmo Gomez-Ceballos

Instituto de Fisica de Cantabria

On behalf of the CDF Collaboration

FPCP 2006, Vancouver, Canada



A Brief History of the Amg Search at CDF

Just a few “old” results to start with...

Date Sensitivity (ps™) | 95% C.L. Limit (ps™)
Run | 5.1 6.0
February 2005 8.4 7.9
October 2005 13.0 8.6
Now! ?7?7? ?7?7?
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Neutral B Meson Mixing

Two-state mixing system
+ “heavy” and “light” weak eigenstates
+ B and B mass eigenstates
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+ mixing par. Am = my—mg proper decay time, t [ps]
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Theoretical Predictions for Am

BY/B2 mix through box diagram:

5 2 0|2 \
Amg o< Mg, Bg,f5 [VioVig L Ms
g=s,d e
Uncertainties cancel in ratio: " a5 "
, U
Ams — Mpg 52 |Vts|2 Vis
Amd de |th |2 ~
- _ +0.047 daaaaanaannY o W/ /
with ¢ = 1.21 %5035 05 2 % my Y tn, o, [ |
(Okamoto, Lattice 2005) 0_5;_\%5\\\\?\ /\\\
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+ measure 20 [J find ML t0 2.5% @807, ane e
Amyg . MVl .. 02 ¥ " A
+ Amgy measured to high precision & [
0.1 :5 ub' ¥ ch ‘:
+ Amg not measured yet A | A
+ Standard Model CKM fit: S e e
— +6.5 -1
Amg = 18.3 32 ps
+ potential new physics discovery
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Understanding Single B2 Meson Candidate

opposite side | same side (vertexing)

opposite |
side lepton

. fragmentation
! +
| K
—_ D meson 3
B jet - -

T[+
1 0 ~
// Bs 1 T~

K
Collision PoirE L,y typically 2 mm D~ ~
Creation of bb ~ - - n
Analyze B properties: T

+ flavor at decay: from final state
+ proper decay length ct: in B rest frame
+ flavor at production: from flavor tagging
+ other properties (mass, etc). minimize backgrounds
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Ams Measurement

0.1 — - S
1By mixing  Amy=0.5ps
Why is this measurement so difficult?: > |Bgmixing Amg=20ps*
B Mesons Mix much faster than By 30-05 THHL
Mesons! E
In order to measure: 2 0
o f
Nunmix (t) = Nmix (t) o ] JIEH
Amix () 2-005
Nunmix(t) + Nmix(t) ]
= D [cos(Amst) 0l
0 2.5 5 7.5 10

_ proper decay time, t [ps]
Key elements of the analysis:
+ Statistics: 1o =VSeD?2 \@ Amsof 2
+ hadronic modes
+ semileptonic modes
+ Proper decay time resolution: fully reconstructed modes provide better
accuracy
+ Production flavor (the -key- problem in a hadron collider!): effective
statistics, SeD?
Efficiency: & = —wene Mgt pyijytion: 9 = 1 — 2. wong

N Nwrong +Nright
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CDF Detector: Critical Components for Amg

+ Reconstruct Bs signal: low background, high statistics

+ Trigger system: displaced Track Trigger

+ Central Outer Chamber (COT): momentum resolution
+ Silicon tracker (SVX/ISL/LOO)

+ Muon Chambers and Calorimeters: lepton identification

+ Proper decay time resolution:

+ LOO (mounted on beam pipe): [110-20% improvement in
the impact parameter resolution of tracks

+ b flavor tagging: separation of kaons versus pions

+ dE/dx information from the COT
+ Time-Of-Flight detector:

+ significantly improves Same-Side Kaon Tagging
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Data

Year 2002 2003 2004 2005 _ 2006
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Reconstructing Bs Mesons
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Reconstruct By signal

« Fully reconstructed modes: Bs — Dg(rtm)m, Ds — @K K /3m

— relatively small branching ratios
— all daughters reconstructed
— “Two Displaced Track Trigger” used to collect those events

« Semileptonic modes: Bs — Dg/X,Ds — @rKK/3m

— large branching ratios

— missing momentum (neutrino & neutrals)

— “Two Displaced Track Trigger” & “lepton + Displaced Track
Trigger” used to collect those events
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Fully Reconstructed Decays

CDF Run Il Preliminary L=1fb™
—— data
g 6001 — fit
> B, - D,
=
Decay Candidates | N satellites
Bs — Ds7T,Ds — Q1T 1600 |2 combi bkg
Bs — DST[,DS — K[I< 800 % . B .Dm
Bs - Dsmt,Ds — mmmm 600 o A, - A, TO
©
Bs - Ds3m,Ds —» @11 500 S
Bs - Ds3m,Ds - KK 200 ©
Total 3700 oM
ol L |

I5.OI | | I5.5I | I6.OI | | |
Mass(@(K KTt [GeVic]

Low background under
Bs mass peak
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Semileptonic Decays

CDF Run Il Preliminary  L=1fb* o |
. CDF Run Il Preliminary L=1fb

N _ —— Data
S 4000/ — Fit o — Dam
é’ : | B Signal S ! —— Fit
@ 3000 — Physics Background % 10000+ | BySignal
- : Combinatorial + False Lepton — - Combinatorial + False Lepton
g 5
2000 o |
© " 0
S § 5000
T - e _
¢ 1000 T
5 T
| O |
0+ _
o P . /////// /11 /1111
B _ 1D X lepton-D mass [GeV/cz] 194 19 198 2 ,
S 5 1D X D mass [GeV/c ]

m(¢Ds)
New powerful variable used in
the unbinned likelihood fit

Bs - Dg/X
[ b3K Candidates
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Proper Decay Time

&
Proper Decay Time Resolution



Proper Decay Time Reconstruction

+ Fully reconstructed decays: CDF Run Il Prefiminary L =1 b’
— | B mMp
ct = nyﬁ ' —— Data
: : _ . —— Fit
+ Semileptonic decays: £ 4000. — B, Signa
ct = LKD% o ® —— Physics Background
XY ptb o Combinatorial + False Lept
T E pton
pr LB Q
k=( 55 ) fromMC 8 |
PT =y S 2000-
Model from well studied B*° £
semileptonic decays ©
(1) e ——

0.1 0.2 0.3
Lifetime measurements consistent with &, - 1D, x proper decay-length [cm]

PDG (see other CDF talks)
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Proper Decay Time Resolution (1)

Critical aspect of the analysis, limiting factor at high Amq

CDF Run Il Preliminary

—- D 1t data
10*4 — fit
g —h
o 3 f++
~ 107 n
~ 1 | prompt
0 i
S 10%-
O F |
- oy | g,
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|”l| I ] '“lm”hl " T, “'I‘hu I
10 uquf |"||l'II i o il ""iﬁl'ﬂlﬁ'l'uf"
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| g |

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

Calibrated on our data

Use prompt D™ and track

+

+
+
+

large sample of prompt D*
most tracks from PV
same topology as signal
measure of ct resolution
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Proper Decay Time Resolution (l1)

Critical aspect of the analysis, limiting factor at high Amq
CDF Run Il Preliminary L=1fb™

B, - Dg (3)t
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one oscillation at A m; = 18/ps

o
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Proper Decay Time Resolution (l1)

CDF Run Il Monte Carlo B - | Dg

2
0] 10 an
Oct — (0-8[)2 + (Ct D_p> 044 .. 4.9 <mp <5.1 Gev/c®

p ‘% ........... 43<mp =45 GeV/c?
3 0387 ... 2.9<mg <3.1Gev/ic?
. > ]
Hadronic Bg - Dg(3) 1T = o2

+ 08 026 um (87 fs) S I =
+ 0plp <1% [ 3
- - i 0.4 06 0.8 1.0
Semileptonic By - Dg/X: < facior

+ gg 030-70 um (100-230 fs) 1.0 s —siswuic

+ op/p 03-20% £ Os_EfDBn X, 39 = mp 251 Gevic?
Variation of k-factor with m(¢D) & o
significantly improves decay time £ o
resolution in semileptonic S oapT

T ool

Proper decay time [ps]
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b Flavor Tagging
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b Flavor Tagging (I)

Opposite Side Tagging:

« Jet-Charge-Tagging
sigh of the weighted average charge of
opposite B-Jet

e Soft-Lepton-Tagging
identify soft lepton (e, u) from semileptonic
decay of opposite B: b - I™X (BR = 20%),

Dilution duetob - ¢ — I”X and oscillation

- Applicable to both B® and Bs: can use high
statistics /D samples to calibrate the taggers

- Other b not always in the acceptance
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b Flavor Tagging (Il)

Same Side (Kaon) Tagging : (recently added)

; S

e By IS likely to be accompanied close CZ } e

by a /T v pIrK

« B, is likely to be accompanied close s

by aK™ b > g

o

Particle ID helps a lot to improve £D?: e K

TOF and dE/dx are very important! a9

There is no straightforward way to RN

measure the tagger dilution on data G _S_OE
e _ . }KK

unless we observe Mixing, we need to CE 3 }

rely on MC (detalls given in J. Piedra’s
talk last Sunday)
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b Flavor Tagging (llI)

Hadronic | Semileptonic
£D?*(SMT) (%) | 0.48+0.06 | 0.62 +0.03
eD?*(SET) (%) | 0.09+0.03| 0.09+0.01
eD?(JVX) (%) | 0.30+0.04 | 0.28 +0.02
eD?(JIP) (%) | 0.46+0.05| 0.34+0.02
sD?*(JPT) (%) | 0.14+0.03 | 0.11+0.01
eD?(OST) (%) | 1.47+0.10 | 1.44 +0.04
eD?(SSKT) (%) | 3.42+0.96 | 4.00+1.12

More details about b flavor tagging and Amy measurement already

given in J. Piedra’s talk
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Bs Osclillation Analysis
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Fourier analysis

: : . >0.8
Two domains to fit for oscillation: D07 .. . |
c time domain analysis
- 0.6
2'0.5f — total
. . 504 —upmixed
Time domain: §0'3 — mixed
+ fit for Amg in P(t) (1 £ D cosAmgt) oo
0.1
: : 0.0 ce M N
Frequency domain: amplitude scan 8o~ 0s tecay time. ps.
+ Introduce amplitude: 3157 _ _
2 | frequency domain analysis
P(t) U(1 = 4D cos Amgt) s |

fit for 4 at different Amg

obtain frequency spectrum

trueAms 1 2=1,else 2=0

traditionally used for B mixing search |

easy to combine experiments ol
flavor oscillation frequency

O+ + O+
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+ + + + + +

Amplitude scan notations

amplitude error bars: come from unbinned likelihood fit
yellow: 1.6450 around data points defines 95% CL region
Am values where 4 +1.6450 < 1 are excluded at 95% CL
dashed line: 1.6450 as a function of Am

sensitivity: the Am where 1.6450 =1

on average, we expect to observe mixing within sensitivity

L 25 T T T T T T T [ T T T T T T [T T T T T ]
= - Aver age for PDG 2006 .
= 2k o N A
= - + data+= 1 o A 9O5% CL limit 14.4 ps L'
< [ ----~- 16450 -&- sensitivity 18.2 ps* ]
1.5 - mm ata+ 1.645 o /,'" ]
r [ datazx1.645 0 (stat only) H
1 r o \H ‘ PL s
C 1) 0 7
: /. - ’I—_ L ¥ 3 :
0.5 :— _.—%++ o 3 —:
JE L LA | - :
: UL PN il :
-0.5 -
-1 . E
B T |
(o) 2.5 5 7.5 10 12.5 15 17.5 20 225 25

amg (ps™h)
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Sensitivity

- Average PDG 2006: 18.2 ps™
- Latest D@ analysis: 14.1 ps™

- New CDF analysis: 25.3 ps™

One single experiment has more sensitivity than the world average
combination!

Be prepared for measurement (finally !!)
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Procedure

Before un-blinding the full data sample, we decided what to do:

+ to be estimated using Alog(LR) method:
Alog(LR) =log[L(A = 1)/L(A = 0)]

+ p-value: probability that background (random tags) could
fluctuate to mimic such a signature

- If p-value > 1%

* use the usual amplitude scan
* set 95% C.L. limit on Amg

- If p-value < 1%
* make double-sided confidence interval on Amg from

Alog(LR)
* measure Amg
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Likelihood Ratio

25001

randomized tags

expected for Am =18 ps'l

20001—

significance

1500}
10001

500

! ol Ly T
0 2 4 6 8 10 12 14
Iog(L)maX

Alog(LR) =log[L(A = 1)/L(A = 0)]
p-value: probability that background (random tags) could fluctuate
to values greater than a given value
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The Data
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Amplitude

Amplitude Scans

Hadronic
CDF Run Il Preliminary

L=1.0fb?

| - datat1c A 95% CL limit 16.7 ps™

1.6450 O sensitivity  25.0 ps™

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

++ﬂ++ ++++
| ¥ ++++H+ W *

| B2 - D, BY = D, 1T T

— 1 e—
. 5

_.__

P v —

—— o f——

0o 10

.2,0.

30
Am [ps™]

Amplitude

24 W data+1.6450

Semileptonic
CDF Run Il Preliminary

L=1.0fb?

- data+10 A 95% CL limit 15.9 ps™
1.6450 O sensitivity  17.3 ps®

data + 1.645 o (stat. only) |

BY - I'D; X

=== MQWWW%W%WMKH“.

0o 10 20

30
Am [ps’]

Note that they have the best (hadronic) and 2nd best

(semileptonic) sensitivity!
4 compatible with 1 for Amg 017.25 ps™!
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Combined Amplitude Scan

CDF Run Il Preliminary L=1.0fb"

| - datat1c0 A 95% CL limit 16.7 ps*
1.6450 O sensitivity  25.3 ps™

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

Amplitude

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

0 10 20 30
Am [ps’]
4 compatible with 1 for Amg 017.25 ps™!
alo,(Ams = 17.25 ps™t) 03.5, but what is the p-value?
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Amplitude

Combined Amplitude Scan

CDF Run Il Preliminary

L=1.0fb"

| - data+x1o

B2 - I'D, X,B. - D, 1", B] - D, T T*' Tt

10

20 o 30
Amg [ps ]
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Likelihood Profile

CDF Run Il Preliminary 1 fb*
S 1O data
U 30:_ ------ mIXIn-g-
—Shutd S U A N Nno Mmixing
— N
S 20"
o> [
o n
. 10
of
10—
—20__r | | | | | | | | | b’l | | | | | | | | | | | | | | | | | | | | | |
O 5 10 15 20 25 30 ]1_35
Amg (Ps )

How often can random tags produce a likelihood minimum this deep?
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Likelihood Significance

F ()]
2500 &)
- randomized tags C
qv]
A &
L expected for Am,=18 ps )
2000 c
- =y
7p)
1500/
10001
- observed
500~ value
. L

p-value 10.5%
Very small probability of being background fluctuation
-~ —» —» Measure Amgq
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Ams Measurement

50 CDF Run Il 1fb?
= —— hadronic
o> — semileptonic
5,) 15+ — combined

Amg in [17.00, 17.91] ps™ at 90% C.L.
Amg in [16.94, 17.97] ps™ at 95% C.L.

Amg = 17.33334(stat.) £ 0.07(syst.)ps™
Systematic dominated by the ct scale, any other effect very small
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IViq[/[Vis| Measurement

Input Value Source
m(Bq)/m(Bs) |  0.98320 PDG
&? 1.21 7593 | Okamoto, Lattice 2005
Amyg 0.505 + 0.005 PDG
Amg 17.330 5959 This analysis

Vial/|Vis| = 0.208 13965

Belle measurementb - dy: [Vyl/[Vis| = 0.199 22922(exp.) 015(theo.)
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Summary

- Found a signature consistent with B2 — B oscillations

- Probability of random tag fluctuation [J0.5%
- First direct measurement of the B2 — B? oscillation frequency

Ams = 17.33%555(stat.) £ 0.07(syst.)ps™
|th |/|Vts| =0.208 “_L888573

CDF Run Il Preliminary L=1.0fb"

-~ datatlo

Amplitude

2

0 W‘W’”‘W%MW%HHM 'l
A

-2

BY - I'D, X, B ~ D, 1, BY — D ¢ " T
""""""" 30

Am [ps’]
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Back Up Slides

36, G. Gomez-Ceballos, April 2006, FPCP, Vancouver, Canada



CKM Matrix

What is the origin of flavor symmetry breaking?
— quark mixing, CKM matrix

guark lin_afs ei%_enstz_;ltes o b —» u transitions B, oscillation
weak interaction eigenstates
d\ [V Ves Vi /d T )(v :
/ _ Vud Vub td Vtb
S = | Veda Ves Vob S
b’ Via Vis Vi b
Im
viovi=1 :
_ / Vcd Vcb
CKM elements not predicted by SM B lifetimes

Re CPviolationin B4
Goal: Measure sides/angles of CKM triangle sides in all possible ways
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B-Physics at Hadron Colliders

+ Large production rates 60 MD = mmmmmmmmm e -

Total Inelastic Cross—Section
o(pp - bX,ly| <0.6) = 18ub

103 higher than at Y(4S)
+ Heavy and excited B states
currently uniquely at Tevatron: Bp-»b+

0 0 CDF: PRD 71, 032001 (2005)
Bs,Bc,/\b,:b,B ’BS y wus

- 5000 x

18 ub
+ But QCD background is 103 2
higher than signal §
Triggers are critical i
+ Event signature polluted by many & .

fragmentation tracks; s
High precision vertex tracker Tji‘i
+ dedicated reconstruction :

algorithms needed

do,
dp-
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B Triggers

+ B decaystoJ/{ - u*u~ - Di-muon trigger

+ easy trigger
+ clean signature

+ Semileptonic B decays - lepton + displaced track trigger

+ large branching ratio
+ missing momentum (neutrino & neutrals)

:, _GeV/C: Xg\/'rs o |nC|UdeS
o=47pmj| 33pm
beamspot

Prl may Verw 1:222%:
O .+ Secondary Vertex |
\ NG 4000
’ 7 20000 ‘
|mpact v"\/ 9% J e K‘ S
parameter SVT d,, (um)

+ Fully hadronic B decays — Two Track trigger

+ requires displaced track trigger
+ requires fast online tracking
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Proper Decay Time Reconstruction

ct distribution of all combined fully reconstructed modes
CDF Run Il Preliminary L=1fb?

3
10 E —— data

— fit

=
o

g B, — D; (31
2
& 1074 random bkg.
=3 B B° - D (3T
D A, — AL (3)TT
S
=)
&)
-
@
(&)

IR [
0.0 0.2 0.4
proper time [cm]
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Opposite Side Taggers

Combined Tagger:

Dilution

+ Soft Muon Tagger

+ Soft Electron Tagger

+ Jet Charge Tagger

o
oS

©
\‘

o
fe))

o
o

©
~

o
w

o
(V)

©
[

'
o

©
[

o
(N

CDF Run-Il Preliminary

= lepton+displaced track trigger (64 pb'l)

Isolated tracks

rel 4
pT (K) (GeVic)

5

Opposite Side Taggers calibrated in our
very high statistics £+ SVT samples
Dependence on several variables used
to increase the tagging power

Overall scale factor measured on B%*
candidates to take care a possible
overall (small) shift

Similar performace of semileptonic
hadronic modes
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Systematic studies cover:

+

+ + + + + +

Same Side Kaon Tagger ()

Fragmentation Model

bb Production Mechanisms

B"Y content
Detector/PID resolution
Multiple interactions
PID content around B
Data/MC agreement

Small discrepancies covered
by systematics

CDF Run Il Preliminary L =355 pb™
150 || Pythia
i -o— Data
s | 1l
s 100 |- 11
Q I
0 - o
= [ |
S 50| il
- e =
N ii" e
O ;¢=\7+\=’=\ ‘ | | | | ‘ | | 70_1':.:‘—' r-| |
-20 -10 0 10 20

log(LH(PID))

Select the most likely kaon track (PID *) as tagging track
SS(K)T performance estimated from MC:
eD?(Bs — Ds(@m)m) = 4.0795% (1rst period of the data)

*) TOF & dE/dx are used for particle identification
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Same Side Kaon Tagger (Il)

Have to rely on Monte Carlo for prediction of SS(K)T performance

for Bg decays!

+ Extensive data/MC comparisons on all tagging related quantities
+ Different tagging algorithms probe different aspects of the fragmentation

Very good agreement in high statistics B* and B® modes in all

checks!
B" - JiyK*

B D m

B" . D 3m |

B - J/YK® |

B . D

B . D 3m

CDF Run Il Preliminary L= 355 pb™
| - data -
= MC
T.—
syst.
>
@
T.—
@
5 10 15 20 25 30

max PID dilution D [%]
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Amy Measurement

Combined all taggers, all semileptonic modes, all datasets:
Amg = 0.509 + 0.010 (stat.) + 0.016 (syst.) ps—
We cannot be competitive with B factories, but result is compatible

But already systematic limited!

Results consistent with world average (Amgy = 0.505 £+ 0.005)
The whole framework ready to fit for Bg Oscillations...
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Two Types of Semileptonic Candidates

CDF Run Il Preliminary L=1 fb™

—— Data
—— Fit
£ 3000 \ [ B,Signal
(C\DI % —— Physics Background
5 1 Combinatorial + False Lepton
o ]
S 2000
& ]
©
S ]
'-g |
S 1000
O I
0 b
0.1 0.2 0.3
B. - 1D, X proper decay-length [cm]

Lepton SVT Track

Lepton SVT Track

CDF Run Il Preliminary L=1 fb™

2000 —— Data
" —— Fit
g_ % ] B Signal
Q 1500+ —— Physics Background
— ' Combinatorial + False Lepton
5,
- Z
& 1000
= |
i)
i :
© i
S 500 _
0 b————=
0.1 0.2 0.3
B, - 1D, X proper decay-length [cm]

Lepton No SVT Track

Lepton no SVT Track
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Crucial Test of the Whole “Machinery”. B4 Mixing

+ For setting limit on Amg, knowledge of tagger performance is crucial —
measure tagging dilution in kinematically similar B®/B* samples (for OST)
+ Amg and Amg fits are very complex

+ combining several B flavor and several decay modes
+ combining several taggers
+ mass and lifetime templates for various backgrounds

Amy measurement is very important to test the fitter

CDF Run Il Preliminary L~355pb” CDF Run Il Preliminary L ~355pb”
034 L] | 0.3 -
i S ]
0r h\F-h:’E.:\ 0.2
] | ]
2 01 ‘ — 2 Olfdpey,
3] : 3] ] $=== —
E 1 E ) ®
e 0 E
7} ] 7} ]
< -0.1 . e data < -0.1 . e data
0.2 ] —fit projec.:tior.l 0.2 ] —fit projec.:tiorll
; B° contribution ] B° contribution
-0.3 - B* contribution B~ e/uD, SMT -0.3 ] B* contribution B - e/uD, JJP
0.05 0.1 0.15 0.2 0.05 0.1 0.15 0.2

proper decay-length [cm]

Soft Muon Tagger

proper decay-length [cm]

Jet Charge Tagger-Jet Probability
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Amplitude vs. Amg

CDF RUN Il Preliminary 1fb*

;e . 2
2 D

g . : 2
S 3 <
&
g 2 0

0
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12 14 16 18 20 %2
Amg (ps )

Clear deep in 2 01 and Amg [017.25 ps™
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Amplitude Scan per Period, Semi/Had

CDF Run Il Preliminary L =355 pb’1 CDF Run Il Preliminary L =410 pb'l
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Systematic Uncertainties on A

Hadronic Semileptonic
0.45- ,
| — Total A
0.4y — Non_—Gaus Oy 021 total
0.35. Cabibbo D
T ConSST
1 OST+SST Corr
0.3: S, 0.151
0254 — AT/T p— _—*% 'S,
0.2 0.1-
] 0.05 prompt dil.
] eeeeerererrerrerrr et ee e ee e e ennannnnnssensane s en forom
0.05 Z/-»——></ 0. tails
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0 5 10 15 20 25 30 Am, [ps’]
A ms[ps ]

Systematic uncertainties [1.15-0.20 at high Amg
Analysis Is statistical limited

49, G. Gomez-Ceballos, April 2006, FPCP, Vancouver, Canada



Systematic on Amg

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

All relevant systematic uncertainties:

+ related to ct scale
+ common between hadronic and semileptonic samples
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