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Tevatron

Jevatron

'__t_‘.- T —

Main Injector
I

~ pp collisions at /s = 1.96 TeV observed by two experiments
CDF & DO
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B Physics @ Hadron Colliders

+ Large cross section
o(pp — bX) ~ 100 ub
«— B factories: ~ 1 nb
+ High center-of-mass energy
+ Heavy & excited B'’s,
€.d. B, BC, Ab, Eb; B**, B;k*,

400 © UsAS

- o(pp — X) O(10?) higher
— require excellent trigger
- High track density
- Boost in longitudinal direction
— less opposite side B’s
— lower (OS) tagging performance

event @ BABAR

-p.3/37



B Mesons

D G
2@ GO
G

JaNeN  JaNeN-huY




Neutral 5 Meson Mixing

Two-state mixing system:
e “heavy” and “light” mass eigenstates

e B (bs)and B (b5) weak eigenstates:

Production Flavor = Decay Flavor
Bs) = %(‘BSJU +|Bs,1)) %3'33 1
__ 1 5 p(t) =2—te‘”f[1+cos(AmSt)]
Bs) = ﬁ(\Bs,Iﬂ — |Bs.1)) 0.6
e B and By, may have different mass g.ii
and decay width 0.3l
o Am:MH—ML 0'22_
0.1F
o A' =Ty -1t N RV EYAVA
0 1 2 3
e Solution in proper time (AI' = 0) Decay Time [ps]

P(t)p,p. = %e_t/T(H—COS Amyt)
Plt)p 5 = %e_t/T(l—COS Amt)
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Standard Model Prediction

CKM Matrix: transformation from mass to weak quark eigenstates

d/ Vud Vus Vub d
s | =|Via Ves Vi S
b Vie Vis Vi b

Am. — G%Mwns(m?/m%v)

- - - - - VS 2
e Hadronic uncertainties cancel in ratio: ﬁ%z — Zzﬁ 52 ||Vfd||z
d

improved lattice QCD: £ = 1.210 fg:gég (hep/lat-0510113)
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Unitarity Triangle

CKM Matrix Unitarity Relation
ViuaVig, + VeaViy, + VidVy, =0

(P, M)

ViaVi o 1
Ved Vc}l; ‘ Ved ‘

VudVp
VeV,

Am d
(0,0) (1,0)
Am




Unitarity Triangle Fit

e Many measurements from kaon and bottom physics
constraint the triangle — indirect measurements of Amg

o CKM fit result: Amyg: 18.3 702 (1), 13%:4(20) ps~!

0.7 ¢

0.6 &

EPS 2005 -

0.5 E

0.4
= B sol. w/ cos 23<0

(excl. at CL >0.95)

excluded area has CL >0.95 \ }

-0.4 -0.2 0 0.2 0.4 0.6 0.8 1

o from Amy

Lower limit —p»<a——p= fromAm/A m
onAm



@ 2.5 [Ty T T ]
= Average for PDG 2006 ]
=2 ]
= 2 | B ]
= + data+t1c A % CL limit 14.4 ps 7
- ---- 1.645c -© sensitivity 182ps'/ Y ]
1.5 F @ data+1.645c / Pst .
[ ] data+1.645G ( nly) |||m‘ ‘H n
|

10 125 15 17.5 20 225 25
-1
Amg (ps )

e Limit: Amg > 14.4 ps~!

e Sensitivity:
Amg =182 ps~!

Direct Am, Measurements

Amplitude

4: +datai1c DG Run I
- [__Jdata + 1.645 o (stat.)
2 :_|!data * 1.645 o (stat. @ syst.) lll -
0-Cnt..oo;n-.Qii***}ﬂ*i-f"*-- H, R ¢
% 167 |
_4 ¢ 95% CL limit: 14.8ps” b
[ --e-- Expected I|m|t 14. 1ps
L | P TR RN TR TR T T NN T S T
0 5 10 15 20 25
Am [ps’]

e Limit: Amg > 14.8 ps~!

e Sensitivity:
Amg=14.1ps™ !

e Boundaries from direct fit:

17 < Amg <21 ps~! @ 90% CL
(hep-ex/0603029)
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B — B Mixing Analysis

opposite side , signal side

1) B, selection & reconstruction
2) Measurement of proper decay time ct & ct resolution
3) Flavor tagging (main challenge at hadron colliders)
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Why is it so difficult?

. |
Bs Mixing is very very fast! 0.1 TG iing Ama= 05 ps’
> 1B, mixing Am¢=20ps*
Challenges: = 0.05
e High vertex resolution E :
> ] I ¥
o . V) 07 \\ /’
e High momentum resolution < :
re) 1 N 2
= = G) i A I ////
e Large statistics §—0-05
e Good tagging o0l
| 0 2.5 5 75 10
Very complex analysis! proper decay time, t[ps]

. . 2 _(Amsact)2
significance = 4/ SEQD SfBe 2

eD?: tagging performance (efficiency € and dilution D = 1-2*Py;5¢44)

o(ct): proper time resolution, for high Amy, o(ct) is crucial!

S,B: signal and background yields
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The CDF |l Detector

multi-purpose detector CDF || Detector

excellent momentum
resolution % < 01% Muon Delecto — . Mnn Detectors

Yields:
- SVT based trigger

Tagging Power:
- TOF, dE/dX In COT

Proper time resolution:
- SVXIl, LOO
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Tevatron Performance

Collider Run Il Integrated Luminosity
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On tape (2002-2005): 1.2 fo~ !

- . —1.
Used for this analysis: 1 fb ; Celebrating first 1 i1
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Signal Reconstruction

SeD?2 S (Amszact)Q
2 S+B°



Hadronic Bg Decays

Fully reconstructed B, decays (Two Displaced Track Trigger)

CDF Run Il Preliminary

L =1fb?

'Bs — Dg(¢m)m

(o))

o

o
I

Decay Candidates
Bs — Dgm,Dgs — o7 1.500
Bs — Dgn,Ds — K*K 800
Bs — Dgm,Ds — 600
Bs — Ds3m,Dg — om 400
Bs —- D3, Dg — K*K 200

I

o

o
\

200

Candidates per 20 MeV/c”

~ 3.600 B4 candidates

5.0 5.5

—— data
— fit
B, - D, v
satellites
. combi bkg
BB .Dn

./\b—>/\cn

6.0

Mass(@(K K)r,) [GeVic]

Low background

under

Bs mass peak
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Bs — £Ds.X Decays

CDF Run Il Preliminary L=1fb*
N Data
L — Fit
>
% 10000 - | B, Signal
S Combinatorial + False Lepton
]
o
(%)
(O]
< 5000
S
©
e
5
O A
1.94 1.96 198 2
2
B, - 1D, X D mass [GeV/c]

o

decay time resolution, ps
o
=

0

c o o 9
w

o

D
T T T T

N
T 1T

(®))
TlTT

a1
T‘TTT

semileptonic

hadronic

ol S

0

2 3
decay time, ps

~ 37.000 semileptonic B4 candidates

High statistic, but worse ct-resolution:

ct =

Lay
v

pr(B)

_ LeyM(B) _ LuyM(B)

* /{ (K from Monte Carlo);

pr(¢D)
(T2 4 (T2 x ct)?
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Proper Decay Time Resolution

SeD?2 S (AmSQUczt)Q
> S5+B°¢




ct Resolution

Critical aspect of the analysis, limiting factor at high Am
o+ 1S determined from data

D decay daughte| CDF Run Il Preliminary

—— D 1t data
prompt track ) f.
104 — fit
= —f
> f
& 10°%1 | +
7 | prompt
2
/ -cgd 102’
e]
c
(U Lol b 7,
.- D vertex 10- AN
/" B like vertex | | o

02 -01 00 0.1 0.2

primary vertex _
proper time [cm]

e Use prompt charm sample (huge cross-section)
e Prompt D + track(s) mimic B4 decay topology

e Calibrate ct resolution as function of several variables
(isolation, vertex x2, B momentum ...)
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Proper Time Resolution

CDF Run Il Preliminary L =1.00 fb"

e average uncertainty
hadronic sample ~ 26 um

B, — D, (3)=*

o
N
N LR

<5 > = 25.9 ym

o
N
P

e average uncertainty

osc. perjod at Am_ = 18 ps- semileptonic sample ~ 40 um

B I i T T T — >

Probability per 5 um
o =
S, ..,

e use ct resolution per candidate
& valuable events get higher

09%06 0.002 0.004 0.006 G008 0.010 weight assigned
proper time resolution [cm]

0.05'

Very good performance thanks to innermost silicon layer (LOO)!
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Flavor Tagging

SeD?2 S (Amszact)2
> 5+B°¢



Opposite Side Tagging

B mesons produced in pairs — production flavors correlated
e Jet Charge Tagging (nigh efficiency, low purity)
Weighted sum of fragmentation and decay
tracks of the opposite side B

e Lepton Tagging (high purity, low efficiency)
Semileptonic decay of opposite side B
(~ 20% B'’s mix before the decay)

e Kaon tagging (not yet used)
Favored transition: b — ¢ — s

Often opposite side B not in detector acceptance
Additional gain in tagging performance:

+ Classification of events (dilution parameterization)

+ Combination of all opposite side tagging information
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Effect of Imperfect Tagging

Dilution dampens the observed oscillation!

dilution = 0.25

— total
— unmixed
— mixed

0.8 0.8
> > -
i 0.7¢ perfect tagging O 0.7%
S 0.6} So.6F
®) - © r
>0.5 — total >0.50
= — unmixed =
-c% 0.4 — mixed -c% 0.4
O - 0
©0.3[ ©0.3
o i o

0.2} 0.2

0.1 0.1

080 10 15 20 80—

D = 25% — 62.5% of the events are correctly tagged.

decay time, ps

N(t)mixed+N(t)unmixed

PR S NN NN SO SRR NS M
0.5 1.0 1.5 2.0
decay time, ps

= D cos(Amgt)

(in this example: Amg = 2.5 ps ~ 1)
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OSTin BT & BY

e |Important test of the fitter (complex unbinned Likelihood Fit)

e Calibration of opposite side taggers
(opposite side B independent of signal side)

CDF Run Il Preliminary L =355 pb™
0.3 1 Soft Lepton Taggers
02] "M==,

| l

0 ]

asymmetry

-0.1-: e (data
] — fit projection
B° contribution
0.3 _ B" contribution B e/uDX

0.2 1

0.05 0.1 0.15 0.2
proper decay-length [cm]

eD?(semil.) = 1.44 & 0.04 % eD?*(hadr.) = 1.47 £+ 0.10 %
Amg(semil.) =0.509 £ 0.019 ps~ 1 Amyg(hadr.) = 0.536 4= 0.029 ps~*

Amy consistent with PDG, B factories perform way better
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Same Side Tagger (I)

CDF Run Il Preliminary L =355 pb™

: Bs - Ds Ly [ ] pythia
‘ -e— Data
|

MC pions

100

1 . MC kaons

l MC protons

entries per bin

- Candidatetrack R,

cl

-20m | ‘-10‘ | 0 10 20
log(LH(PID))

e Charge of closest fragmentation track correlated to B
production flavor

e Particle identification helps to select tagging kaons (for ;)

e SSKT performance can NOT be determined on data
(till B oscillation can be resolved)
Understanding of Monte Carlo crucial!
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Same Side Tagger (1)

e Data Monte Carlo comparison of B candidate and tagging

track candidate quantities (momentum, track multiplicity, ..

e Different tagging algorithms test different fragmentation

properties (select by momentum, by kaon probability track ... )

Very good agreement in all algorithms and decay modes!

B" - JYK*

B* D

B* . D 3m |

B® - JYK?® |

B . Dt

B _ D 3m

CDF Run Il Preliminary L=355pb™"
— —

| - data T

| = MC

{ — syst.

———
pgr——
_._...__
= =

5 10 15 20 25 30
max PID dilution D [%]

entries per bin

entries per bin

300 [
200 |-

100 [

600

400 |-

B, - D, Tt
| Pythia
+ - Data

4
I —+
ol 1 e e 1

CDF Run Il Preliminary L= 355 pb'1

0 2 4 6 8 10
tag candidates... number of tracks

CDF Run Il Preliminary L =355 pb'1
'PID>1 B, - D¢
% PPPPPP
——
L e L

0 2 4 6 8 10
tag candidates... number of tracks

dld uo N2 o/m pue yum Auaidnjnw yoen

)

LY — °g
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In

entries per b

In

entries per b

CDF Run Il Preliminary L =355 pb™
1500 1 [ ] pythia
-e— Data
MC pions
[ MC kaons
1000+ MC protons
500
0- 2240004 o0s o oo
4 6
p® [GeVic]
CDF Run Il Preliminary L =355 pb™
B . D [ ] Pythia
—-e— Data
MC pions
1000 [ MC kaons
MC protons
500
0 VY 'YV L & la yvwwal
0 2 3

p*' [GeVic]

Same Si

de Tagger (lII)

CDF Run Il Preliminary L =355 pb™
200 &
B+ - D D Pythia
‘ —-e— Data
150 4 I MC pions
._% l . MC kaons
5 1] MC protons
o
o 100] [
Q s !
E’ ||
o |
501 !
bl |
[ \‘o‘ -
0 i VOO
0 2 4 6

p® [GeVic]

CDF Run Il Preliminary L = 355 pb™
150 | Bs - Dy 1T || pythia
i —e Data
£ 4
. 100 1T
o
" - bl
2 i 1
& 50 il
: e [ |
L 4 e
O :.-; f \ I I \ I \-.-ﬂ.=\—i y -l '_":
-20 -10 0 10 20

log(LH(PID))
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Same Side Tagger (1V)

Tagging dilution as function of

Systematic studies: kaon probability

CDF Run Il Monte Carlo
B, -> D.IT"

e Fragmentation

e

e Production mechanisms

2.2

+

e Particle ID resolution

2.8

dilution [%] (agreement)

N W b~ O O N
o

e

e kaon/proton/pion rates

e B** rates (for BT, BY)

H
it

—H

|
Q9

20 10 0O 10
® Data/MC ag I’eement log(LH(PID)) of tagging track

Dilution: D = 28. 3+4 5 %0

Tagging performance: eD? = 4.0775 %
Tagging performance enlarged by X 3 4]

(results based on first 365 pb™!)
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Analysis Methods & Results



Fourier Analysis

Two domains to fit for oscillation:

time domain analysis

Time domain: g\

— total

® F|t for Ams in Egj — unmixed
S 0.4f — mixed
P(t) ~ (1 + D cos Amgt) Soal
0.2}
Frequency domain: amplitude scan o1
e Introduce amplitude: "go 05" L ey e e
P(t) ~ (1 £ AD cos Amgt) o157 —
ER frequency domain analysis
e Fit for A at different Am £10

o
\m\\

= Obtain frequency spectrum

e True Am;=A=1,else A =0 00 AAAN ] A A

e Traditionally used for Bs mixing search .oss oo oo
flavor oscillation frequency

= Easy to combine experiments
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Amplitude Scan Notation

Test of amplitude scan on BY data

CDF Run Il Preliminary L=355pb” 2006 world combined B scan
- datat 1o A 95% CL limit 0.3 ps-l = 2.5 ¢ T T T T T
16450 sensitivity > 2.0 ps™ = Average for PDG 2006
21 s 2r datatlc A 95% CL limit 14.4 e e
data + 1.645 o (stat. only) 5; : + 1.645 . zensi:i:vity 18. 21‘; 1Ly ’\}% T
Amyt 1o 1.5  mmm data+1.645c ﬂ “m 3
- [] data+ 1.645 o (stat only g
8, - N e |\H|\‘ I
"3 TT] I TTI E ] g
=3 ++ q— +++ 0.5 | o w/ M\Aﬂ-j T 4 ]
: Tl "
< . | o Bt Ml A fll
0 130 LLdELL @ i AN
JULETITVITTION | \
-1
-1_(') 0‘5 i 1‘5 2' S e e e T R s T R S T B0 225 25

Amg (ps'l)

Am, [ps'l]

e Amplitude uncertainties from unbinned likelihood fit
e Yellow: 1.6450 around data points defines 95% CL region
e Am values, where A + 1.6450 < 1 are excluded at 95% CL

e Dashed line: 1.6450 as a function of Am

¥8€ V "UYIBN “ISU| [9NN ‘BLeSSNoY 'Y I8SON 'O

e Sensitivity: Am, where 1.6450 = 1 first _pausr



Predefined Unblinding Procedure

Before un-blinding the data sample, we decided what to do:
e Figure of merit: log(L) = log|L(A =1, Amg)/L(A = 0)]

e P-value: probability that random tags mimics such a signature

e If P-value > 1%: use amplitude scan & set 95% C.L. on Amg

e If P-value < 1%: fit for Amg

2500/

2000

P-value

1500

1000|—

500
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Amplitude Scans

Semileptonic

Hadronic
CDF Run Il Preliminary L=1.0fb" CDF Run Il Preliminary L=1.0fb"
Q Q
S <« datat1lo A 95% CLlimit 16.7 ps* S <~ datat1lo A 95%CLlimit 159 ps* /
%_ 16450 O sensitivity 254 ps* %_ 16450 O sensitivity  17.3ps* '
€ 21 Wdatat16450 € Z1{ P datat1.6450
< data + 1.645 o (stat. only) < data + 1.645 o (stat. only)
| / *++ A + R
0 ; + ] the
W ¢ w
2
_ 0 _
B, - D, 1%, B, -~ D, " ' Tt
0 10 20 :
Am, [ps’] Am [ps’]
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Combined Amplitude Scan

A compatible with 1 for Amg ~ 17.25 ps~ 1!

CDF Run Il Preliminary L=1.0fb"

| - datat1c A 95% CLIlimit 16.7 ps™
-~ 1.6450 O sensitivity 25.8 ps*

Amplitude

2 - I data+1.6450
data £ 1.645 o (stat. only)

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

30

0 10 20 1
Amg [ps]

AJoa(Amg =17.25ps™1) ~ 3.7
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Likelihood Scan

CDF Il Preliminary

—~ 20
2 I
> - — data
= e Nt mixin (]
< 15 9 S
' I ¥ A SR INEEEES no mixing o
B =
10(- 2l

! e :
: /-»""' - )
: 'lf" 10 ?
-57 ":'" E

- 7\\\\‘\\\\‘\\\\L'l"\\\\‘\\\\‘\\\\‘\\\\ \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\I\\
510 15 20 25 30 35 10 1 2 3 4 5 6 7 8

Am, (ps']) log (L)max

How often can random tags produce a LH minimum this deep?
— P-value(6.75): 0.2 %
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Am s Measurement

Amg in [17.01, 17.84] ps—! @ 90% C.L.
Amg in [16.96, 17.91] ps—! @ 95% C.L.

-0, CDF Run Il Preliminary 1fb™
g i —— hadronic
8’ — semileptonic
— 15 — combined
<

Amg = 17.317023(stat.) £ 0.07(syst.)ps ™

Systematic dominated by uncertainties on ct.
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1'V;q|/| Vis| Measurement

Input Value Source
0
e 0.98320 PDG
& 1.21f8:8§g Lattice 2005
Amy 0.505 4+ 0.005 PDG
Amg 17.3101_8:?3 this analysis
“/td‘/“/ts‘ — : a sol. w/ cos 2B<0 ' ]
+0001 +0008 -1 _— (excl. at CL>0.95) —_
0.208 _0.002(exp-) _0.006 (theo.) : m y
15|||||.
-1 -0.5 0 0.5 1 15 2

Belle measurement b — d:

Vial/|Vis| = 0.199 0050 (exp.) 11015 (theo.)
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Summary & Outlook

e Amg measurement — important test of CKM mechanism

e First direct Amg measurement from CDF:

Amg = 17.317023(stat.) £ 0.07(syst.)ps~

Vial/|Vis| = 0.208 F0005(exp.) T0:006(theo.)

(probability for random fluctuation < 0.2%)

e Potential for further improvements:

CDF Run Il Preliminary L =355 pb'1

e partial reconstructed hadronic B 200 ~ data
~ ] — fit

e combined OST (NN) = signal

: = 1501 satellites

® Improved SS(K)T % W background
o BB -.Dmn

e .. %100 WA AT
g 50

5 55 6
K" K) 1 1, mass [GeV/c’]
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