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Mass & Energy

Composition of Universe:

Don't know 95% of
content of universe

Dark energy <=>
Dark matter <=>

?
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Neutrinos: 0.1% — 5%
Baryons: 4 1%

CMB: 0.01%

o —

Cold Dark Matter:
29 + 4%

Dark Energy: 67 £ 6%
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Mass & Energy

® Particle Physics:

fermion masses
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The 5. Quark: Bottom or Beauty a7

® 1977. Discovery of b quarks in hadronic collisions
at Fermilab (Lee-on)

® Yresonance = bound |bb) state

® Today established B meson states:

Mesons: B° = |bd), B~ = |bu), B = |b3) |
B~ — |bo) i

Baryons: A} = |bdu)

® Rest mass: 5.3 - 6.5 GeV (~6 x mass of proton)

® All B hadrons decay via weak interaction
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Neutron beta decay: 72 — P € U, B meson decay: q, lep
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A Brief History of Time

First fully reconstructed
B mesons:

CLEO 1983
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First fully reconstructed
B mesons at a hadron
collider:
CDF 1992
B* > J/p K*
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Quark Transitions

Quark spectrum: Quark transition described
0=2/3 0=-1/3 by CKM matrix Veeu:

. [ ! (Vud Vus Vub\
T L N Vekm = | Ved Ves Vb
AN =7 \ Via Vis Vip
=3 @ o -
= Vexkm| = | o @ -

&0 -
= I S J
4
1—A%/2 A AX3(p — in)
Wolfenstein: Vekm = —A 1 —AZ/2 AN? + O
AN{(1 —p—in) —AN 1

Particular importance of b quark: Couples
to all other quarks directly or via loops
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Quark Transitions

® Individual CKM matrix elements are not Via Vis |Vis
predicted by SM => have to be measured V=| Vg Ve |V
® B decays determine 5 CKM matrix elements Via Vis Vi

® Unitarity of CKM matrix (VT V =1
VudVyy + VedVy + ViaVyy = 0

® CKM triangle:

b->u transitions B mixing, radiative decays

Im V.aVus

— CP violation

. —
Re V.aVes \
B lifetimes
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Our Program Today

© B Hadron Lifetimes
@ B Oscillation Measurement

€ CP Violation: B -> hh
@ Discovery of 2, Baryon
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CKM Unitarity Triangle ;

Overwhelming success | !
of Standard Model!

Y

07 T T I T T T | T T T _ . -
S sin2B Am, | v A ,
0.6 A d ‘ 1
d\ / EPS 2005
0.5 £~ -
= E \\ sol. w/ cos 2B <0 uE 1
0.3 | % \A\G‘ (excl. at CL > 0.95) ' i
| & ‘)Q
02 5 i/ « ) 05 1 15 2
| \ ] =
0.1 j ‘B |Vub/V bl \ y \ ] P
O 1 I 1 | 1 1 / ‘ 1 | 1 1 1 | |
-0.4 -0.2 0 0.2 0.4 0.6 0.8 1
p

Manfred Paulini - HEP Seminar, DESY, Hamburg, 1/23/07 -12-



Fermilab, Tevatron and CDF
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The CDF Experiment o
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Tevatron Performance

From Record to Record

® Dec. 2006: Best TeV month:
- Record monthly int. lumi 136.3 pb-*
- Record weekly int. lumi 39.6 pb-
® Record initial luminosity: _
27.8 x 103 sectcm2 (Jan 19, 2007) 100
® >1.8fb!on tape (~ 2.3 fbl delivered) :
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Production of B Hadrons

Tevatron: pp — bbX

e Lowest order @(a?) diagrams for bb production
(a)-(c) gluon-ghion fusion

(d) quark-antiquark annihilation

y [em]

CDEF:

) un 204720, Event 109026

|
(c) (d)

Current Players:
CDF & DO

The Future: LHCb, B7<V ;
(Atlas, CMS) —_— ﬂ\
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—— SSKT Track

— Tag Muon

—— Other Track
—— Candidate Track
@ BeamLine

. Primary Vertex
@ B Vertex

. D Vertex
---- Path
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B Physics at the Tevatron

~60mb----------—------ ,
_ Total Inelastic Cross—Section
Advantage of B Physics at the Tevatron:
® All B hadrons are produced: . 5000 x
0 0 -
B~, B+, B;, B:, Ab
® Enormous cross section: ) - Bp_» b+
- B Factory: (Y (4S) - BB) ~ 1 nb : e
18 pb

- Tevatron: e |

- 2 1o
o(pp — b, |y| <0.6) ~20ub -
_g 3— o~ P B 1.
£ 10F - 10.54 10.58 10.62
However: a .
L
® Total inelastic cross section: & 4ot s
o(total)/a(b) > 103 5’5
<
. . . 8 éd__10 3
> Need to enrich events with B's "¢

2 |t's all about the trigger!

pi" (GeVic)
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Trigger for B PhySiCS Dimuon trigger data

CDF Preliminary: ~360pb'1
Z ; !
o 1 . 10 7 Sy 2 7M "‘sgigers‘"m
Lepton Trigger: €13 el
. . 5 ] W(2S): BBbar
2 Dilepton trigger: J/Y -> u oy {({2S): 100K Upsilon
<2 Single lepton: Semileptonic B decays 104;%\\rd
. ) ] Y(1S): 18K
2 Lepton+displaced track: Semilept. B's ] o (29 38K
® Hadronic track trigger: CDF (DO) . e Y i o
(exploit 'long' B lifetime) ° ) ‘ ° ® Di-Muon Mass(GeV)
SVT impact parameter resolution:
518000:_P,22Ge\ﬂc; Yovr <35 InCIUdeS
?1@003(5: 47um 33 um
gmnof_ beamspot
§12000;
10000:
Level 1: Fast track trigger (XFT) finds charged smi 1
track with p; > 1.5 GeV/c jzz_ \
Level 2: Link tracks into silicon; require track 2000l
impact parameter > 100 um (SVT) - j O
. —%00 -400 -200 0 200 400 600
Access to hadronic B decay modes SVT d, (um)
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Used in 2, and

Trigger for B Physics B ->hh
analyses!
One displaced track + ¢
Di-muon lepton (e, W) Two displaced
J/P -> pp B ->1vX tracks
B -> LLL Lepton: B -> hh
Two muons with: p-(e) > 4.0 GeV/c, Two tr2acks W|/th:
> 2.
0.(1) > 1.5 GeV/c p-(1) > 1.5 GeV/c By = 210 G
Track: 2p;>95.5 GeV/c
| Jly Mass Silicon Selection | >
e I p;>2GeV/c,d,>120 um d, > 100 pm
B 120] 4 N 4 . 1
= | < N, =~2x10° CDF Run Il Preliminary L~1fb CDF Run Il Preliminary L~ 355 pb
Ny .t ox14MeV I ~, 2200 ————
n 100 . 6000 |~ data S 2000 i .icombinatorics
2 ~ |- fit 2 physics continuunﬂ NB°)= 8122 + 116
S - "->('3- Eﬁgsignal o 1800/ mE° > D', D'p
w 8o g |- false lepton & physics ~ 1600 MB° > DK
sol — 4000] ©™ P9 8 1400, gbfgaf
- g 5 1200
40l : b 5 1000} P
' ;. g 3§ 800}
20} P ?2000__ é 600
____J | 8 400 |
obloas bbb biasa el 200
295 3 3.05 3.1 3.45 32 325
0

e PR B
JIy Mass (GeV/c?) B,— | D?q:rr)x 194 196 198 2.00
o« mass [GeV/c))

Thu Aug § 20:26:38 2004
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Recent CDF Results: B Lifetimes
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B Hadron Lifetimes édu

® | ifetimes of b hadron study interplay
between strong and weak interaction

® Important testbed for understanding
non-perturbative effects in QCD

® Heavy quark expansion predicts { é%; WM bts

0
0.95 1 1.05 1.1 1.15 1.2

Yo
\
Yyo

-- NLO theory
-- experiment

values for weakly decaying hadrons T(B*) /T (Bs) nio
G%m; Noc 2 Aorer\ > 50

F=—= g“ wl? [ Ao+ A | T2 ) 4 Ay (—===) +-. 40
1927 mpy mgy 30

Theoretical lifetime predictionS' “5EE 65 09T 1 Teb I
D4 /(DO T (Bs) /T (Ba)uro
e 7(B7)/7(B"Y) =1.06 £ 0.02
o 7(BY)/7(B") =1.004£0.01
e 7(A}))/T(BY)=0.884+0.05
C. Tarantino et al hep-ph/0310241

O . ! . . . :
0.650.70.750.80.850.50.95 1

T(Ap) /T (Ba)wnwo
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B Hadron Lifetimes

Compreh. analysis of B lifetimes w "

® Use 1.0 fb* dimuon trigger data %
® Measure lifetime in fully
reconstructed B -> J/ X decays

,

lifetime info
from here Y /1|f

* B+ — 'J/L‘Iir—'— (13k) . @ =vertex constraint
e BY — J/p K (4.8k)
® BD N .]/L‘Iir[; (36k) > . CDF Il Preliminary 1.0fb™
B : = 3000/ « Data
L/\_[E_: — o]/?‘j\_ (O-5k) ‘%"25(1);_ Egi:t:afrrfagion
® B L] — .J / L‘O (1.lk) E : N(J/y K*)=12878

® Fully reconstructed decay
- No missing momentum

® Take lifetime info from J/Y vertex

° 518 52 522 524 526 528 53 532 524 536 538

® | arge B hadron signals Mass(J/y K*) [GeV]
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B°B* Lifetimes

1(B")/t(B") ratio measurements

. ) L . +\ —
L ACCIARKLES) 1.09020.0700.030 ps 1 (B ) -
COFABEZSQ) :l.llﬂiB.DSG (:0.033-0.030) ps (1630 + 0016 8 0011) pS
. : : 0y —
OPAL (REBIERDESD 1.07920.06420.041 ps ! (B ) —
el 1 08520.059:0.018 ps (1.551 £ 0.019 £ 0.011) ps
HABSGERECEOR) EEU.DZGiD.UlZ ps T (B+) / T (BO) —
R 1.09320.06620.028 ps (1.051 £ 0.023 + 0.004)
DLPH (ABDALL. 04E) ——
1.060+0.021+0.024 ps
BELL (ABE 05B) -
1.066+0.008+0.008 ps _
DO (ABAZOV 05D) e Very good agreement with
1.080+0.016+0.014 ps -
CDF Run II Prelim. —o—i world average and with
. theoretical predictions
World Average 1.071+0.009 ps €0 p
0.76 0.88 1 1.12 1.24

1(B*)/1(B%)
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CDF Il Preliminary 1.0fb™

C « Data
300 — Data fit

- [ Signal region
250 [l Bkg region

N(J/y p)=1133

BSO Lifetime

B". :JVw ¢ lifetime measurements

Events/4 MeV

CTOF { ARF 98R) ¥ -+ ]
1540 (+0.230-0. 190 0,050 ps

HFIRIASS 1400 (10.150-0.1300 +0.023 ps . 528 53 532 534 536 538 54 542 544 546 548
i Mass(J/y ¢) [GeV]

[0 | ADATOA OFD —a—
1444 (=0 098-0 09d0) +0 020 ps

T(B.") =

(1.494 £ 0.054 £ 0.009) ps
T(B.")/T(B°) =

(0.963 + 0.047 + 0.005)

Do Py Wi Ttl]
1. 49020 .08 (+<0.010-0.03 ps

CIOT Wen M Frolis ol
1w =0 (=0 (09 ps

PDME Warld Aversge [.J,E'I]ﬁ]ﬂﬂ

FIMI Haver specific i
1.442:0.06640.000 ps
T : v v = Very good agreement with

BY. Jiw o lifetime [pe] world average and with
theoretical predictions
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/\b Lifetime

Ap lifetime measurements

CDF (ABE 96M) ey
1.320+0.150+0.070 ps
ALEP (BARATE 98D) e
1.210+0.110+0.000 ps
OPAL (ACKER. 98G) —_——

1.290 (+0.240-0.220) £0.060 ps

DLPH (ABREU 99W) | bty
1.110 (+0.190-0.180) £0.050 ps

DO (ABAZOV 05C) | e e |
1.220 (+0.220-0.180) +0.040 ps
DO (D0 5179-Conf) ——
1.298+0.137+0.050 ps
DO (Run Il Semilep) ——

1.280 (+0.120-0.110) 0,090 ps

CDF (hep-ex/0609021) =
1.593 (+0.083-0.078) +0.033 ps
CDF Run 11 Prelim. =
1.580+0.077+0.012 ps
World Average 1.230+0.074 ps
0 05 1 15 2 2.5

Ay lifetime [ps]

Manfred Paulini - HEP Seminar, DESY, Hamburg, 1/23/07

CDF Il Preliminary 1.0fb™

« Data
— Data fit

[ signal region
[ Bkg region

Ny A)=532

160

Events/4 MeV
Iy
T

t

5.65 57 575
Mass(J/y A) [GeV]

T(A) =
(1.580 + 0.077 + 0.012) ps

T(A)/T(B) =
(1.018 + 0.062 + 0.007)

Surprise: ~30 above
world average and above
theoretical predictions
=> Measure A_lifetime in

hadronic mode /\IO -> /\Cn
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Observation of B¢ Oscillations
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Bs Meson Oscillations

Two-State Quantum Mechanical System

B%(bs) & B?(bs) Common decay modes! => 2-state QM system

Eigenstates of 2-state system (neglect CP violation)

- ] 0 \ _ |BJ)—IB]) -
Light (CP-even) Bs,L> — O\/i - myr, ', mass& width
B)+|B

Heavy (CP-odd) BS,H) = |Bas \/§| < my, Ty
_ MH T mr 2 T = 2 ~ 1.5 ps
my = 5 ~ 5.37TGeV/c T, + Ty p

AmszmH—mL AFS:FL—FH

Start (t=0) with _ 0N _ Bsr—Bsnu _
particle m=p |¢(O)> — |Bs> — V2 (AF — O)

R0 2 _ TeTtr Antiparticle
(Bslp(@)]F =5 D/@iA_mst)] €+ istsat timet!
Am¢ is oscillation frequency
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b Via

Why are we interested in B mixing?

- _
e Y . . S/ ol | 7 —0
0.6 gsin2B Am, v Am_& Am, m_ Bs ______ Bs
o y EPS 2005 1 s Ve W b
0.5 £ &8 \ ’ E
0.4 F E P E V.
g : l. w/ ]
= SANRY, T _-/.| tal
0.2 % 8K , ‘v \ 5 E |W3|
0.1 ‘i &|Vub/vcb| E /‘ ‘\ _;
0 i . x.\ P P R . .
-0.4 -0.2 0 0.2 0.4 0.6 0.8 1
® Theory: In Standard Model CKM element

G- GG G
@ 672 m%v

Experiment Lattice QCD _— 62
Better to measure: Amg - mBmWSP |atg§;nQCD

Amg mBWVédP
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Analysis Strategy

What do we need for measurement of B mixing?

(1) B signal reconstruction (semileptonic & fully reconstructed)

(2) Determination of B decay time from decay length and momentum
(3) Determination of B production flavour ("flavour tagging")

opposite side = same side (vertexing)

opposite |~
side lepl .
R fragmentation y DECEY MeiE
‘\\\ kafn < tags b flavour
> at decay
D meson
: K
B jet Bhadron @@ ~~~~--=-< @ -
/ B! “" - il K
Collision Point L typically 1 mm 0 _-_‘
Creationofbb -3 i .
4 — m£ Proper decay time
2" B tags production flavour o D from displacement (L)

and momentum (p)
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=

— Time Domain
oy

IRRRA
Frequency domain: . =
® Fourier transform F{w) = Jor [ ftye ™ dt

asymmetry

ot
h

® Two domains to measure oscillation:
Time domain:
e Fit for Am_in Pmix(t) ~ (1 — D cos Am, t)

o
™

» b
= T T T T
-

(=]
= o
I I
B

o
® -

o
o

® "Amplitude scan" method 24 — e
Introduce amplitude A :
-0.. F D H
Puix(t) ~ (1 —DAcos Amgt) ot 200
E | i Ams[ps'1]
- Fit for JA at different Am,: g

- A =1 for mixing at true Am

i~
o

- A =0elsein case of no mixing

In reality: *IAAAA]- o

expected [
. 0.5% 10 20 30
am p I |tu d e flavor oscillation frequency
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Some History

Beqginning of 2006: Published results on Bg mixing:

Resultsfrom LEP, SLD, CDF | Am,>14.4 pst 95% CL

regrrrpre |||!||||||||1|I=".”“l.u* { snailivilly) -§2--. :A"eTra elrm- IDG T ﬁI T T T T :
ALEPH| (1o 050+ 0.79£0.16 (1AL " = & 1
(VE-05, me D |, 3el punind ) = 2 g
Al lt:l-l :l_l i __— I3t 1L 9t0R (TEm g‘ - ¢ datatlo A 95% CL Hmit 14.41:'5'1 W' 3
oL : " - [ L6dS o - sensitivity 18.2 ps’ Y )
ALEPHE - DATLLISEOL (BEp L 7' ]
14 ) LS " Bl datatLédSc Fe: ‘ 3
DELPHI Fd;gkhl e | 045+ 358+ 193 (A1 data + L645 o (stat enly) .- |
DELPHI D, 1441 | L2S L3720 (Sam’ il .
@153) ; ' Ui .‘“'h. ]
DELPHI vtx P—’—| 0.23+304+0.5 (4% " 1
(92.00) ; ’
DELPHI 1 b——H D96LLISLOTL (L) . —
9200) 5 5 . ]
"_lli_l'I - 3 A2B+234+1091 (1ip” "
OPALD) || . JBLM05°%0 (arp’ i ull | B
H o 4
‘::ffll:'f - 1‘.311-”*‘.:?1 { A3 ) ¢ ' )
SLD dipale L4 0441100705 (%7’ ' I '
SLUELE H .
01412001051 (S 1k e
i -
Average for PDG 2006 H 048+ 043 L2 pu Ilu
4 I I 1} | 1 LAl . Ii i -u ’
S D S e e Gy o 0 25 S 75 10 125 15 175 20 225 25§

Heavy Flavour

-1
Averaging Group amplitude at Am_ = 15.0 p'l .&ms (ps )
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Some History

CReported at DESY in summer '06)

April 2006: Result from CDF Collaboration

CDF Run I

A = 1.03 £ 0.28 (stat)

L=1.01fb"

g, "'
o datat 1o w“‘

1] B data+ 1 B45g

data £ 1 6450 (stat. only)
--1.8450

sensitivity: 25.8 ps”’

.

|II ||||¢| ulu I||l

-2
301 —data
20 --+- significance=1%
" 10+

0 5 10 15 20 25 %u

I Am, (ps
_ +0.33 _

Amg, = 17.317 75 (stat.) -

A. Abulenciaet al., Phys. Rev. Lett., 97, 062003 (2006)

Probability that random
fluctuations mimic this

signal 1s0.2% (30)

Assuming signal hypothesis:
measur e Am,

- 0.07 (syst.) ps!

Sincethen goal has been to observe signal with > 50 significance

Manfred Paulini - HEP Seminar, DESY, Hamburg, 1/23/07
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Improvements since then

e Same data set (1 fb?)

* Proper decay time resolution unchanged

* Signal selection
— Neural network selection for hadronic modes
— Add partially reconstructed hadronic decays

— Use particle id (TOF, dE/dx) (separate kaons from pions)
 Looser kinematic criteria possible due to lower background

— Additional trigger selection criteria allowed
* Production Flavor tag

— Opposite-side tags combined using neural network
* Also added opposite-side kaon tag

— Neural network combines kinematics and PID in same-side
Kaon tag

Manfred Paulini - HEP Seminar, DESY, Hamburg, 1/23/07
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Improvements since then

Example: Fully reconstructed signal Bg — D;ﬂ-Jr

1

CDF Run Il Preliminary L=1.0fb
Cleanest decay sequence
y —-— data
Bg — D;I_Tl'_ "o 400} ﬂ —
— > BY - D; /K
—|_ —l— = = 4+ -
DT — om Sl B - D;'mK
© B! - Dip
(Df - KK+, ntn—nt) ; b DX
200 —
= Bc-onr
Add partially reconstructed decays: - i
g 100 comb. bkg.
D*"’ B D"‘ B . . OU . g
s s P missing v or m"—fal

0

52 54 5.6 5.8
Also use 6 body modes: on'-n mass [GeV/c]

B? - Dfn~wntn~, DY — ¢nt, KK+, ntn—nt

Hadronic signal increased from 3600 to 8700

Manfred Paulini - HEP Seminar, DESY, Hamburg, 1/23/07
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Improvements since then

Semileptonic Signals: BY — D_£*tv

6000

2

4000

= 2000

candidates per 1 MeV/c

B,— | D?lilj‘t}lx

BY — DWWt~

L=1fb"

CDF Run Il Preliminary

L+ data

| — fit

iz Efj signal

- false lepton & physics
|| comb. bkg.

\
$e N

p——

p \
~
W

i "
i .
_,,,;?Ac.,,,, o,
>
P RN i AA Ay, L e |

194 196 198 200
o mass [GeV/c’]

2000

2

1500

ki
o
(o=
o

500

candidates per 35 MeV/c

Df — ¢nt, KK, ntn— T

L=1fb"

pDF Run |l Preliminary

_« data

— fit

iz B! signal

- false lepton & physics
1 comb. bkg.

¢ 7-I mass [GeV/c]

Semileptonic signal increased from 37000 to 61500

Manfred Paulini

- HEP Seminar, DESY, Hamburg, 1/23/07



Result: Amplitude Scan

. . . . Sensitivity:
Hadronic & Semileptonic: Combined 31 3 ps‘}/
CDF Run |l Preliminar L=1.0fb"
o 2 Y v
S.:F Alo=61 /
ol 1.5 - \’ﬂi
g 1r o
0.5 f— {' {'{_ Iy
: tr Ml |
0 e Miealenilll. 0
| gl T A
0.5 | F'll
AE |
15
_25.A(¢ma=.1?-.75)1=1-21.i.Q-Z.U. T | T
0 5 10 15 20 25 30 35

Manfred Paulini - HEP Seminar, DESY, Hamburg, 1/23/07

Am, [ps‘1]

- 37-



Result: Fit for Oscillation

Measured Value of Am_

Alog(L)

10

30F

20

CDF Run Il Preliminary L=1.0fb"
~~ 30
- — data = —— combined
\/\1 —— expected no signal 8) s — hadronic
- :] 20 — semileptonic
— expected signal .
o N i
10}
- -10F
; | | L1 | L | | L | | | | 1 | | | | 1 | I‘.I'- | | | | 1 | | | 1 1
0 10 25 30 35 15 16 17 18 19 20
Am, [ps’} Am, [ps’]

Amg = 17.77 4 0.10 (stat.) -

- 0.07 (syst.) ps™!

Corresponds to frequency of 3 trillion times a second

Manfred Paulini - HEP Seminar, DESY, Hamburg, 1/23/07

Hypothesis of A=1 compared to A=0
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Significance of Result

Probability of Fluctuation:

10°

*

CDF Run Il Preliminary

L=1.07"

14

12

10

randomly tagged

—— signal Am=17.77

=
o

Manfred Paulini - HEP Seminar, DESY, Hamburg, 1/23/07

Probability of
random fluctuation
deter mined from data

28 of 350 million
random trials
havelL <-17.26

Probability =

8 x 10°¢ (5.40)

Have exceeded
standard threshold
to claim observation



Oscillation in Time Domain " BABAR "

CDF Run Il Preliminary L=1.0fb"

—
T T T T [JIfpT T T ]

Fitted Amplitude

OF f
-1
| —e— data
o[ — cosine with A=1.28

0O 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Decay Time Modulo 2rn/Am, [ps]

2006: B¢ oscillation: ~0.3 ps

Manfred Paulini - HEP Seminar, DESY, Hamburg, 1/23/07

0.5

o
N =]
.

U
—

S ——r—

5 10 15

20

|Atl (ps)

2002: B°oscillation: ~10 ps

Charge Asymmetry inthe Decays K° — =+ et v
eoglk- | © SR ‘
Z 0.04
= .
P ol et ]
Z, I :
Z —0.04 |
-0.08 |- AR AT NNy T W .;
0 10 20
AP K® Decay Time T (107 'Ysec)

1974: K°oscillation: ~1000 ps
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Measurement of CKM Matrix Elements

Am, By g2 |Visl® | Vis|?

Amg  mpg, - |Via|?

v
V—td — 0.2060 = 0.0007 (exp.) 20! (theo.)
ts

Determination of |Vi| / [Vl :

1

A
i sol. w/ cos 2B < 0 \
-1+ (excl. atCL>0.95) ' /

= !|tter T
EPS05+CDF

The new world order: L2 0 Lol

-1 -0.5 0 0.5 1 1.5 2

Manfred Paulini - HEP Seminar, DESY, Hamburg, 1/23/07
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CP Violation: B -> hh

Manfred Paulini - HEP Seminar, DESY, Hamburg, 1/23/07
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Charmless B -> hh

® CDF performed comprehensive ——
analysis of charmless 2-body ’
decays B -> hh (1 fb! of data)
B~ KK

e Joint study of B° and B decays

Dominant

Subdominant

Into TiKT/KK can shed light on SU(3) symmetry breaking

® Important to disentangle tree versus penguin contributions
® Remember: Direct CP violation in B decays first

observed in BY-> K 1t
® CDF uses 2-track hadronic trigger to
collect large dataset of B -> hh

® Observe signal with offline confirmation
of trigger cuts:

~8500 B -> hh events in 1 fb-1 of data
® Primary analysis goals:

- Measure A.,(B° -> K*m)

- Measure rare decays: BR(B.°-> K1)

Manfred Paulini - HEP Seminar, DESY, Hamburg, 1/23/07

CDF Run Il Preliminary Lim=1 fb

)]
=]
=]
(=]
IO

5000 ',
- +

Events per 20 MeV/c?
k3

—

=

=]

[=]
I

| |

¥ P

-~

il R | I | R | |

4

6 48 5 52 54 56 58 6 6.2 64

Invariant tn-mass [GeV/c?]
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Charmless B -> hh

® Optimize cuts using signal MC and sideband backgrounds:
2 sets: - Measure CP asymmetry in B -> K 1t (loose selection)
- Search for rare decays B, -> Kt& measure BR (tighter select.)

® Despite excellent mass resolution (~22 MeV) modes overlap
® BR measurements sensitive to
shape of mass resolution: o 1600[
radiative tails :

CDF Run Il Preliminary Lint=1 fb™

~6500 signal
events total

CDF Run |l Monte Carlo

1400}

1200

B’ Kn

1

FSR tail on the

Candidates per 20 MeV/c
8
T

Expected rare

left of each peak modes:
affects BR 800~ 0
measurements BY% - KT,
— mo.—
1§ [ BO__, 1T,
100} /\Ob—> pTr/pK.
[ Combinatorial
50/ B% - K bagkg.
i / Posaadiasbhi b lvbhoalinnalines
&1 82 53 SA 55 28 &7 50

%551 52 53

54 55

Manfred Paulini - HEP Seminar, DESY, Hamburg, 1/23/07

56 57 58
Invariant mt mass[GeV/c?]

Physics backg.

Invariant tn-mass [GeV/c?]
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Charmless B -> hh

® Disentangle overlapping modes by
- Invariant mass information: m(mum)
- Kinematic discriminates
= (1-Pin/Pma)dmin SIgNEd momentum imbalance
- PID through dE/dx
® Use 1.5 mio D* -> DO, DY -> KTTto accurately
calibrate dE/dx over tracking volume & time

0.09

0.08

0.a7

006

0.05

004

003

0.2

o1

CDF

Run

preliminan

K

<dE/dx> [ns]

Momentum [E)e\'ﬂc]

2 0 2 [ ¢ 8 10
dE/du pull

Manfred Paulini - HEP Seminar, DESY, Hamburg, 1/23/07

CDF Run Il Monte Carlo

300
: BB Kn

|||||||

52 53 54 55 5.7

5.8

Invariant 7t mass[GeV/c?]

o
>
'CD

< i " B ontw
> 5.35/ * B"5K'm
O i T 3

» 0

v

©

&

&

=

gy
L
Ittt

) 1
LSt
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CP Violation: B -> K* 1T

Measurement of "raw" assymetry A_,(B°-> K*'m)

CDF Run Il Preliminary Lim=1 fb™

Uncorrected fractions

K
other signals 3 100 e kw
+ e L
R O, %Y B° — K*m = t00F B«
19% el N - [ IsiB, »KK
g 1000:_ - BOFED — ﬂ:"ﬂ:'_o
0 - - Bg - Kn*+B, » K'r
16% £ soof [ A2 pr+ Ky - B
BY _, 32% o - ] A% pK+ R, - PK
-E 600 [ | Combinatorial backg.
8 e - Three-body B decays
parameter fraction vield 400
BY 5 gtg— +cc.  (0.160 £0.009) 1121 £ 63 200
BY 5 K*n~ +cc (0577 £0.010) 4045 + 84 m——

51 52 53 54 55 56 57 58
Invariant nr-mass[GeV/c?]

B?-> h*h-yield like B factories, and unique large sample of
B.°-> h*h-

B 5 K*K— +cc (0.186 £ 0.009) 1307 % 64

—0

Niaw(B" = K~%) = Nppo(B® - K¥7~) ;
—" e - e . —0.092 + 0.023
B = K n%)+ Naw(BY - K+tr™)

Manfred Paulini - HEP Seminar, DESY, Hamburg, 1/23/07 - 46 -



CP Violation: B -> K* 1T

After correcting for K*/K- interaction rate asymmetry and evaluating
systematic effects, find:

N(B" - K-z*) - N(B® > K+r™)

Acp = ——5 = —0.086 + 0.023 (stat.) +0.009 (syst.)
N(B - K-z#%t)+ N(B" - K+r—)
0 ¢ -
Acpl B'—K'r)
CDF Run Il Preliminary L._ =1 o™

Cleo ° 0,040+ 0.160 £+ 0.020 < int

=)
BaBar —— 10.108 + 0,024+ 0.008 g

7]

% 0 + .
Belle . 0093+ 0018+ 0.008 z e

§ (| B > Kn'

-0.058 + 0,039 + 0.007 | |background

HFAG 2006 R 0093+ 0015
CDF 1 b’ . -0.086 + 0.023 + 0.009
New Average - 0.095+0013
[un-o"lclal . : g : g : 2 %IIIlo“\llIo\lzll\olla\llol‘illélsl\I0I|6III0\‘7II\I0|8I\I6‘9III\1
(speakefs -0.2 0.1 0 0.1 Probability ratio ACP(Bu — K+rt‘)
calculation)

Second best single measurement of A (B° -> K*T)!

Manfred Paulini - HEP Seminar, DESY, Hamburg, 1/23/07 - 47 -



BO->Tr T & B_0-> K*K-

CDF Run Il Preliminary L_=1 fb"

1400 @ u B = K'r
=0
- B - Knt
1200
[ 18%E »kK
- BO/E0 -

1000 :
- Bg - Knt+B, - K'm
[ A pre il B
Ay = pr+A, — pr
L] Ap = pK'+ KZ - pK*
D Combinatorial backg.
- Three-body B decays

800

600

Candidates per 20 MeV/c?

52 53 56 5.7 58
Invariant tr-mass[GeV/c?]

Using HFAG (Aug'06):
BR(B? - KtK™) =
BR(B®* - ntn™) =

B, -> K*K-

19%

Uncorrected fractions

other signals

0_ +
2% BY-> K*1T

26%

16% oo BY-> KT
BY-> 11T "
parameter fraction yield
BY w72tz +cc.  (0.160 £ 0.009) 1121 £ 63
BY 5 Ktg— 4+ cc (0577 £0.010) 4045+ 84
BY - Kt*K— + cc.  (0.186 £ 0.009) 1307 + 64

BR(B — 7t77)

BR(B - K+r-)

= 0.259 £ 0.017 (stat.) £ 0.016 (syst.)

fs-BR(BY —» KTK™)
fa+ BR(BY — K+77)

0.324 £ 0.019 (stat.) & 0.041 (syst.)

(24.4 + 1.4 (stat.) £ 4.6 (syst.)) x 107°
(5.10 £ 0.33 (stat.) £ 0.36 (syst.)) x 107° (good agreement with B factories)

BR(B% - K*K") and BR(B°- 11" 1) are becoming high precision measurement.
Theoretical expectations are not completely in agreement.
[Matias et al. PRL97, 061801, 2006] BR(B®,->K'K")/ BR(B°- K*1T)~1

[Khodjamirian et al. PRD68:114007, 2003] predict large SU(3) breaking ~2 <--- Disfavored by CDF.

Manfred Paulini - HEP Seminar, DESY, Hamburg, 1/23/07
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Charmless B -> hh

Search for rare modes:

CDF Run Il Preliminary Lint=1 fb’

. o i
Uncorrected fractions S @
2 1000
= L
= i
0->K P 800/
- ) > KT F- -
BO. -> K'1r 4% 3% 2% B 56% 3 :
18% @ i
BO, -> K*K- T %000
g i
'g E
15% 8 400
BO-> K-1T 200

- ENSS
| |:geen
[ IB%B sk
[

B/B —»n'n
- Bl - Kn +E§§ =K'
:I A)— pn'+KS — prt
|:| Al = pK+ KE —pK”
,:_l Combinatorial backg.
- Three-body B decays

-

05 51 52 53 54 55 56 57

5.8

Invariant tr-mass[GeV/c?]

New rare modes observed

- Nraw(Bg — K~ %) = 230434 (stat.) £ 16 (syst.) (80’)
Niaw (A} = pr~) = 110 £ 18 (stat.) + 16 (syst.) (60)

Neaw(A] = pK™) = 156 +20 (stat.) & 11 (syst.) (110)

Manfred Paulini - HEP Seminar, DESY, Hamburg, 1/23/07
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Charmless B -> hh

First observation: BSO > K- 11t Neaw(B? — K—n%) = 230 + 34 (stat.) & 16 (syst.)

fs- BR(BY - K—xt)

—  0.066 £ 0.01 ) 40.01 ,
f,- BR(BY = K+n-) 0.066 £ 0.010 (stat.) £ 0.010 (syst.)

Using HFAG: BR(B? - K—7%) = (5.0 £0.75 (stat.) & 1.0 (syst.)) x 107°

[Beneke&Neubert NP B675, 333(2003)]: ~[7-10] -10%
[Yu, Li, Yu, PRD71: 074026 (2005) |: ~[6-10]-10°
[Williamson, Zupan. PRD74 (2006) 014003]: ~4.9 -10

Upper limits: B.?-> 1t & BY -> K*K-
| Both modes are

. 0 +
fo BRB, 5 7077) 4 007 +0.004 (stat.) £ 0.005 (syst.) 15g annihilation-
fa: BR(BY - Ktn—) . -

| dominated decays.

BR(B' - KTK™) BO same resolution
BR(BY o Ktn—) — 0.020 + 0.008 (stat.) £ 0.006 (syst.) :!__5 O a5 B factories.

Using HFAG:
BR(B® 5 KTK™) = (0.39 £0.16 (stat.) £ 0.12 (syst.)) x 107 (<0.7 [10°* @ 90% C.L.)
Expected [0.01 - 0.2] -10° [Beneke&Neubert NP B675, 333(2003)]
BR(BY = ntn7) = (0.53 £0.31 (stat.) £0.40 (syst.)) x 107®  (<1.36 (10®* @ 90% C.L.)

Expected: [0.007 - 0.08] -10% [Beneke&Neubert NP B675, 333(2003)]
Expected: 0.42 + 0.06 [Ying Li et al. hep-ph/0404028]

Manfred Paulini - HEP Seminar, DESY, Hamburg, 1/23/07 - 50-



Charmless B -> hh

First observations: A°->pm & AL->pK-

CDF Run Il Preliminary L_=1fb"

CDF Run Il Preliminary L =1 fb"

51

52 53 54 55 56 57

Invariant nn-mass[GeV/c?]

o F N [
3] i C .
3 @ S | PIDvariable
g 1000F = B°— K'x g 50__
: Eﬂ—i K=t (/)] 0 a$
@ anu-— [ e® —xx % 40— A b-m
8- - - B"-‘ED—'I*E' -9 i r%l On
s : - B - K'rr*-iﬂi—a K'r -g i
3 600 B ¢ -prm - S W
° I B A - pe Ay - I
'E aiat [ ] Combinatonial badkg. 20k
8 L Bl hiee body B decays r
10F

5.8 05

Nraw(A? 5 pK~) = 156 £20 (stat.) £ 11 (syst.) | 11O
Npaw (AY = pr™) = 110 £ 18 (stat.) £ 16 (syst.) 60
BR(AE — pn7)
66 +£0.14 ) £0. .
BR(AY = pK ) 0.66 + 0.14 (stat.) £ 0.08 (syst.)

Manfred Paulini - HEP Seminar, DESY, Hamburg, 1/23/07

- BE=Kr+ce
B A= pr v
B A2 pK +ce

I: Combinatorial backg.
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Observation of 2, Baryon

Manfred Paulini - HEP Seminar, DESY, Hamburg, 1/23/07
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S-wave -‘—- 3/2;

I 62 ;
Observation of 2, Baryon 5 ¥
> O
Motivation: & co
e A, only established B B 5ol |7
£

baryon 581

* Next accessible baryons:/, = 3/2+(%,%) 5-;_— Kwave
>, b{qa}, g =u,d; P =S, + s, s
\ = 1/2+ (Zb) 550 A - type . - type

- HQET well tested for meson systems; check predictions for Qqqg systems
- Baryon spectroscopy tests Lattice %™

world's largest 200
sample of A,: ~2800

- s Total Fit
> ¢ ﬂ .
. 1400 (=g 0 | [ Partially-reconstructed A,
QCD & potential quark models i /5 00 | oy vt
5 1200 :_ Partially-reconstructed B
1000 Fake A,
2 N ®* Data
8 800
th 1.1 o, 8
CDF with 1.1 fb+ :
’ 400 N\, Mass Plot
3

4 =]

°x m{AE: ) GeVic

Manfred Paulini - HEP Seminar, DESY, Hamburg, 1/23/07 - 53-



Observation of 2, Baryon

Search Strateqy:

Use 2 track trigger to reconstruct: Ag — /\er—
® > decays at primary vertex Aér N pK_7T+

® Combine A, with a prompt track
to form a 2, candidate

® Separate 2,-and 2. *:
3] R A~ — Adm ™
Z;E*H — At — Afrat

® Search for resonances in mass diff.:
Q=mA, 1) -mA) - m,

® Optimize %, cuts with Z, signal
region blinded: 30 < Q <100 MeV/c?

Manfred Paulini - HEP Seminar, DESY, Hamburg, 1/23/07

2, backgrounds:

e A, hadronization + underlying
event — Dominant!

* B meson hadronization
e Combinatorial background

Fix background contributions
from data or PYTHIA MC
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Observation of 2, Baryon

* Observe signals consistent with
lowest lying charged 2, states

e With unbinned likelihood fit,
measure number of events

N(y) = 607155 (stat) Tig (syst
N(Zy) =29%3%¢ (stat) 123 (syst
NS ) = T () S (o)
N(Z5") = 7411635 (stat) T57° (sy:

Determine mass difference values:

Candidates per 5 MeV/c?

Fit Prob. = 76%

CDE Il Preliminary, L = 1.1 fb'

50

40

— Total Fit
— Background
— 5 oA
— X5 Alr

30|
20|

10|

— Total Fit

— Background
— I - Adm
— Lt Al

1

.10

m(Ay) -

0.05

Q = m(An) -

P R
0.15 0.20

m, (GeV/c)

) (stat
| ; (stat

m(Z; ) - m(A}) - m; = 55.977
m(X;) - m(Ap) - m, = 48.4%5!
m(E:) - m(%;) = 21.3+43 (:-at.dt) 0.

)
An

+0.1 (syst) MeV /c?
0.1 (syst) MeV /c?
(syst) MeV /c?

Manfred Paulini - HEP Seminar, DESY, Hamburg, 1/23/07
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Conclusions

® Tevatron offers rich heavy flavour program

® Some recent results include
- Lifetimes: A° lifetime measured ~3o higher than world avg.

- Mixing: Observation of Bg? oscillations

- CP violation:
* New results from charmless B -> hh decays
* Competitive measurement of A_,(B? -> K*m)

* Observation of rare charmless A,° decay modes

- Observation of 2, baryon states

the philosophers club initiated
a food for thought program,

Tomes
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