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Outline

> Lecture 1

o Requirements for time-dependent CPviolation measurements
and implementation at the asymmetric energy e*e- B Factories

o Y(45) as a source and design of BABAR and Belle detectors

> Lecture 2

o Reconstruction of 2 mesons

o Determination of proper decay time differences and
measurement of Blifetimes

o Methods for tagging the state of the recoil 2 meson at time of
its decay and measurement of the & oscillation frequency

> Lecture 3

o CPasymmetries in the golden charmonium modes
o Measuring sin2fin other channels

o Asymmetries in 2-body neutral modes

o Brief word on future prospects and plans
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Lecture 1: Asymmeftric Energy
B Factories and Their Detectors

o Reguirements for time-dependent
asymmeftry measurements at the Y(4S)

Brief review of PEP-II and KEKB colliders

Review of design and performance of
BABAR and Belle detectors, with emphasis
on vertexing and PID
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Seeds of an Idea: B Lifetimes
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b-jet as the B hadron direction

> Lifetime implies V_, small
o MAC: (1.81£0.6 +0.4) ps
o Mark II: (1.2+0.4 £0.3) ps

> Integrated luminosity at ——
29 Gel: 8 {mm)

o 109 (92) pbt ~ 3,500 bb MAC, PRL 51, 1022 (1983)
pairs MARK I, PRL 51, 1316 (1983)
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Seeds of an Idea: B°B° Oscillations

> Reconstructed Y(4S) event

Y(45) > B°B° — R°AR’
B >0 mwv, 0 —»D°r
B >0 v, O 5D x
> Time-integrated 21%
mixing rate
o 25 (270) like (opposite) sign
dilepton events

o 4.1 lepton-tagged
semileptonic B decays

> Integrated 1(4S)
luminosity 1983-87: X4 =017£0.05
o 103 pb ~ 110,000 B pairs ARGUS, PL B 192, 245 (1987)
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Expect CP Violation in the B System

> CPV through interference A '
of decay amplitudes 2

o)
> CPV through interference B ffp
of mixing diagram

> CPV through interference /1/112 —
between mixing and

_/.wf
.« 2/ N O AC’Pe
decay amplitudes /e ' B

Directly related to CKM angles
for single decay amplitude
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Golden Channel: B° — J / yK?,

b —@————C
W\ P c IV CP Eigenstate:
B° = -1
\ _ Ner =
S KO N KO
d d >
CP parameter

VLV Vil VoV, A .
ImA.  =n, Im<-cs| B71dly"cd’cs\L — . TIm-19 =n, sin2p
e I A ) e e

cd”c

W\

Quark B KO
subprocess mixing mixing

t) > f, I'(B f,
. ( ;())hys( )_) CP) ( ,zc))hys( )_) CP) __Imﬂ«fcp SlnAm t
(Bphys(t)_)fCP)_I_r(B (t)_)fCP)

phys
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CPV and Unitarity Constraints for CKM

CPV inB° - J/yk?

>

(0,0 |

(1,0)

r,and T(b — clv)

b — c¢cs channels

®» Theoretically clean way to measure sin2p
» Clear experimental signatures
» Relatively large branching fractions
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Sample Reguirements: Snowmass Study 1988

Asymmeftric

Y(4S) collider
o(bb) [nb] 1.2
B° fraction 0.43 " Assumes:
Reconstruction efficiency 0.61 o
Tagging efficiency 0.48 (I, K) . 8'_3256;;‘ 5 ?3nge from
Wrong-tag fraction 0.08 + BF(B—>J/ \;st)=5X10'4
Integrated Luminosity for 30| 0.45-16 Lpeqx at full efficiency
measurement [x10% cm2] * for 107 s

Conclude: Asymmetric energy e*e- collider has
discovery capability at £, ~ 3-10x103 cm-2s-! in
2-5 years of running
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Genesis of Wor'/a'mde Effarf

=)

Primary Goal

Precision measurements of
charged weak interactions
as a test of the CKM sector
of the Standard Model and a
probe of the origin of the
CP violation
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Producing B Mesons

25— L B LN L B A B L T
5. YA Y States =
T | (bb) resonances
= 15[ n ]
8 + t Y(2S) ’
I i | *
NECI PGS
L gL R S, Y (4S) Energy Scan
b [ ¢ Loy I A —
Oi‘ P [ B P B R B I B l ] . i PEP'II
944 946 10001002 1034 1037 1054 . " BABAR
Mass (GeV/c?) i

Cross Sections at Y(4S):
bb~1.1nb
cc~1.3nb

dd, ss ~0.3nb
uu ~1.4nb e'e” > Y(4S5) > BB
L =1 state
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Time Evolution for Coherent Source

» L=1 BOBY system requires antisymmeftric initial-state
wave function in Y(4S) frame:

5(t.1,)=1/2| BS, .(1..0,0)B (1,7~ 0,0+ )

-8, (,,0,0)B5, (1,7 — 0,0+ ) |sing
(0,p) are wrt e~ beam direction;
(7,b) are the forward (backward) going B meson,

with (6, <7 /2) and #, =7, until one B meson decays

> Consequently BOB° evolves coherently until one B
mesons decays

o At any given time, until one of the B mesons decays, there is
exactly one £ and one & including at time At= 74~ #,,,= 0

o CP/Mixing oscillation clock only starts ticking at the time of
the first decay, relevant time parameter is At

o Half of the time the CPeigenstate B decays first (At< 0)
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Golden Channel Asymmetry on Y (4S)

b € I/v [BBUAL)BE° or
W+
Q(fCP) _ C'P( f) phys(A f)
O- S L0
d K.
° AT = fC'P - f‘rag
Y Antisymmetric —
(45{ wave function mg( 1'09) B°
L = —
state V' Inclusively tagged with
¢ decay product(s):
fag - 4 , W, or K signal
At) > T I At) > T
A (At)= L(Bs (A1) = fop) = [ (B (A1) = o) =sin2 4 sinAm At
- 1_‘(Bphys(At) — fCP ) T 1—‘( phys(At) — fCP)
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Neutral B Time Evolution
Evolution for 8°(8°) state att, =0

Incoherent Coherent
l :_ I I I I | I [ I _: 1 :_ [ [ I I | I I [ I _:
075 - J4 075 F ,-: -
05 [ 4 o5 L / -
025 — 0.25 —
0 - | | |‘ F-+ . 0 - | o .
-8 0 8 -3 0 8
1 [ps] At = Tep- tl'ag [ps]

For coherent source, integrated asymmetry 7 _+°° _
is zero: must do a time-dependent analysis j F(AT)dAT = I F(at)dAt
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Experimental Technigue for B Factories

=B, = B°(r) Exclusive
B Meson
Brgc Reconstruction
Y(45)
> |
C Cc A0
e+ Brag I I
& anti B | |
e S Az ~ 260me K~
Y(45) produces I /

coherent B pair:

- At At=Az/<By>c
Time-integrated asymmetries are zero B-Flavor Tagging

B.. =B, (flavor eigenstates) = lifetime, mixing analyses
B.. =B, (CPeigenstates) % CPanalysis
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PEP-IT Asymmetric B Factory

QO GeV e x 316GeV e
Y(45) boost: gy =0.55
Head - on collisions Luw.':%?'lgr

F;:‘Sn? &LEE'] —

1 %Gﬁﬁ-‘ \.‘
[ ] Pasitran Retum Line Positron Source PIEIPEII
&-gun =
._.|.£ — e — ! Detector
Linac _ -
200 IE':.['IE'IJ' FEF Il High Enengy Bypass (HEB)
injactor
South Damping S nioctor i BRI
I ner
1.15 GaV ray B d E
[ | FEF I| Low Enargy Bypass {LEB) Hl“g fHE { :
Sactor-4 PEP I [© GeV]
et injsclor
- 3k -

Located in the 2.2 km PEP tunnel
at the Stanford Linear Accelerator Center
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PEP- II Ar'c Sec f/an
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PEP-IT HER RF Cavities

HER Cavities Region 12
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PEP-II Parameters

Design Achieved

e e’ e e’
Beam energies [GeV] 9 3.1
Currents [A] 075 214 | 1.05| 2. .14
Number of bunches 1658 830
Luminosity [x10°% cm2s1] 3.0 4.6
Bunch spacing [m] 1.26 2.52
Bunch currents [mA] 0.45 | 1.29 | 1.28 | 2.20
Beam stored energy [kJ] 49 49 69 41
Beam power [GW] 6.7 | 6.7 | 94 | 5.6
Beam rf power [MW] 1.8 | 1.7 | 25 | 1.4

Aug 5-7, 2002
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PEP-II Interaction Region

PEP-II Interaction Region
T 5 " T "~ " TT

Centimeters

Meters
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KEKB Storage Ring Layout

;f! HER : High Energy Ring
8 GeV e x 35GeV e’ %— FER RowEnerayRing
Y(45) boost: By =0.425 Located in the 3 km
+11mrad crossing angle Electron ﬁ"‘“““’" Target Tristan tunnel
Source at KEK
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KEKB Arc Section

g

=
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KEKB RF Section

23

D.MacFarlane at SSI 2002

Aug 5-7, 2002




KEKB Parameters

Design Achieved

e e’ e e’
Beam energies [GeV] 8 3.5
Currents [A] 1.1 2.6 | 0.92| 1.37
Number of bunches 5000 1223
Luminosity [x10°% cm2s1] 10.0 7.35
Bunch spacing [m] 1.2 2.4
Bunch currents [mA] 0.22| 0.52 | 0.71 | 1.14
Beam stored energy [kJ] 90 92 73 49
Beam power [GW] 9 9 7 5
Beam rf power [MW] 40| 45 | 3.2 | 24

%) Aug 5-7, 2002
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KEKB Interaction Region

KEKB Interaction Region
W T T

Centimeters

Meters
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BABAR Collaboration

Gathering at SLAC, July 2002

9 Countries
76 Institutions

550 Physicists

July 2002
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BABAR Detector

1.5 T solenoid

& Electromagnetic Calorimeter

Cerenkov Detector
(DIRC)

e (9 GeV)

Instrumented Flux Return

e* (3.1 GeV)

E

-~ Drift Chamber

Silicon Vertex Tracker
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Belle Collaboration

12 Countries
54 Institutions ' ¥ : Ky . b PO HQ
285 Physicists [ M sl L & S e =

July 2002
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Belle Detector

D
/S Belle Detector

e

BELLE Aerogel Cherenkov cnt.

n=1.015~1.030

g
SC solenoid =350,
s

3.5GeV e™

157 i
!

CsI(TI) 16X,

TOF counter
8GeV e~

u/ K, detection

3 lyr. DSSD 14/15 lyr. RPC+Fe
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Reguirements: Geometric Acceptance
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Reguirements: Tracking and PID

Kaon spectra
from Y(4S)
decays

£00 .
Tagging Kaons
00
400

200

IIII'IIIIIIIIIIII

N RN NN

Tagging Kaons

Relatively soft,
ms dominated

IIIIIIIrI'

25 3

(=
o[
L

2.0 4

L) for tracking
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200 B —> T
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Reguirements: Photons
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BABAR Detector
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Impact of Boost

Detector Pro1rAacTOR - Y's

BACKWARD 80° 0° 80° FORWARD
POLAR ANGLES POLAR ANGLES

350mrad
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Vertex Detector Design

> Reguirements
o Transverse and longitudinal vertex resolution

» Resolution on Az must be small compared to oscillation
distance

o Polar and azimuthal angles at IP

o [Stand-alone tracking and O* detection]

o High background tolerance and hence segmentation

o Tolerance and longevity in high radiation environment

> Constraints
o IP geometry sets acceptance (magnets occlude below 350mrad)
o Shielding of SR backgrounds sets minimum radius
o Cost sets outside radius
> Implementation
o Double-sided AC-coupled silicon microstrip detectors
o Custom radiation-hard readout chip

. Aug 5-7, 2002 D.MacFarlane at SSI 2002 35




Vertex Resolution
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10 2
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2 2
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MC simulation (b)
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>
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0 1 2

3

p; (GeV/c)

Typical single point resolution
for silicon microstrip detectors

0.014-JX

Ops = [p in GeV/c]

5/20

pepsin

~50 um at 1 GeV/c €——

rgp = 2.9cm
1.13% X, in Be+H,0
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Vertex Resolution
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PEP-IT IR SR fans: LER Beam

Incoming &

Interaction Region

20

I T I T T T T I T T T T I
1 :
[ :
[ r

‘Il_l ollrf
i Orl
Q D 1 ll\ ‘y,l ,." Q D 1

Outgoing
Dipole SR
E
Outgoing Incoming
Quadrupole Quadrupole
SR SR
[ QD1 QD1 |
[ | ar |
20 I | j I I I
-3 -2 -1 0 1 2 3
Meters 29‘.:;‘3%.;
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PEP-IT IR SR fans: HER Beam

Interaction Region

7 7 7 1
i / ar2 | ]
- QD1 ‘ § QD1 _
Incoming [ i
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SR Outgoing
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SR Fans in KEKB Design

KEKB Interaction Region
30— ——

Incoming
beams on
axis:
No SR

Centimeters

; Detectllt?r a
1, I A B R Smaller ry possible:
-5 —2.5 0 25 smaller boost as well
Meters —
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Silicon Vertex Detector at BABAR

Kevlarfcarbon-fiber support rib
Carbon-fiber endpiece

Si detectors A

e

20

Carbon-fiber

Cooling ring

Lpilex fanouts

support cone

Hybrid/freadout |Cs

> 5 Layer AC-coupled
double-sided silicon detector

> Located in high radiation area

40 cm =

SV Hit Resolution vs. Incident [tack Angle
~ T T \ T T T ‘ 1 T T T
= Layer]-Z View BABAR -
2 :

-0 Daa-Run 7935

m @ Monte Carlo - SP2 ]
I —+

o Radiation hard readout electronics b
(4-5Mrad) ) ety ¢+"' _-
> 97% hit reconstruction efficiency ; =t ;
> Hit resolution ~15 ym at 90° .
(deg)
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Completed SVT Detector

=

Beam pipe Foprz = 25 mm

— Layer 12 2 x Be walls =

I Layer 3 0.83+0.53 mm T
L 1.5 mm H,O
ayer 4

Layer 5 cooling gap
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Resolutions and Efficiencies

z Resolution (LLm)
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Reguirements: Low p, Tracking

Common Yo reconstruct D™ — D%* with very soft n*
Advantage: Excellent resolution for mass difference
Disadvantage: Small bending radius, difficult to track

150 lllll[lll‘l"‘[TT‘llllll l-z

125 — 1.0

0.8 -
100 [— — 0.8

>~ |
g !
» o
< w4 Jos O 7| ~ 85% at
> 1 L
¥ t - 100 MeV/c
o ‘ § S ot
50— — 04 Y—
3 ' - w
] L
‘E 25:-{ _:0_2 0z |
ts : [ [
0 Vtl1 s ol Jli....*lc.h:.;.-o'o o bt b b b b e b b e i
0 50 100 150 200 250 0 005 01 015 03 . 035 04 045 05 | 1

02 025
fit eff vs P* slow pi

momentum [GeV/c]

Transverse Momentuin [MeV/c)
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Silicon Vertex Detector at Belle

SVD sideview
SVD endview \ CDC

rep 1r = 20 mm
2xBe walls = 2x0.5 mm T
2.5 mm Helium cooling gap
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Drift Chamber Design

> Reguirements
o Pp; measurement over maximum possible solid angle
o 5 track parameters for secondary tracks
o Track projections onto DIRC (angle) and EMC
o dE/dx measurements for tagging (low momentum)
o Fast L1 input to tracking trigger

> Constraints
o Machine elements define angular acceptance
o Outside radius balances cost (EMC) and p;, resolution o(p,) ~ BR?
o Minimize material in front of EMC, DIRC

> Implementation

o Small-cell design for large number of tracks, low momentum

o Aluminum field wires, helium-based gas to minimize multiple
scattering contribution to resolution

. Aug 5-7, 2002 D.MacFarlane at SST 2002 46




BABAR Drift Chamber

> 40 layers of wires (7104 cells) in 1.5 Tesla magnetic field

> Helium:Isobutane 80:20 gas, Al field wires, Beryllium inner
wall, and all readout electronics mounted on rear endplate

> Particle identification from ionization loss (776 resolution)

% ~ 0.13%x p. +0.45%

16 axial, 24 stereo layers

) Aug 5-7,2002 D.MacFarlane at SSI 2002 47




Belle Drift Chamber

> 50 layers of wires (8400 cells) in 1.5 Tesla magnetic field

> Helium:Ethane 50:50 gas, Al field wires, CF inner wall with
cathodes, and preamp only on endplates

> Particle identification from ionization loss (5.6-7% resolution)

o
2204 O'(pr) ° O 30 /o
; 702.2 e 1501.8 . O 19 /
790.0 e 1589.6
150%. ] ‘ 747.0 . e L
K N , 19 layers:
3
-~ e il / ’>( \ . 8.8-22.4
S N e . R (/. \ W I di
paln \ gPlakeln cm radius
e- et
Interaction Point
10
, -_Backward [Forward | ,
L, L.
100mm 100mm
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Hadron PID Detector Design

> PID Reguirements
o Inrange 0.6-2 GeV/c for kaon tagging
o Up to 4.4 GeV/c in forward direction for 2-body B decay modes

> Constraints

o Inside radius set by need to maximize tracking volume; outside
by cost of calorimeter

o Magnetic field limits photon detector choices in active volume
o Minimal material degradation of calorimeter performance

> Implementation

o dE/dx covers part of kaon tag spectrum

o For BABAR, novel ring-imaging Cherenkov detector (DIRC) based
on quartz radiators and phototube imaging of rings

o For Belle, time-of-flight (TOF) and threshold Cherenkov
counters based on low-density materials and fine-mesh
phototubes in active volume (ACC)
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Principle of the DIRC

i

Quartz

\
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Side View
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Particle Trajectory

|
N3 / :
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s v~ avava

N3 |
|
|

Plan View

0

Detector
Surface O

5-94
7172A5

UV Cherenkov light generated in
quartz with characteristic 1/p
opening angle

Light tfransmitted length of bar by
internal reflection, preserving angle
information due to precision surfaces

Rings projected in water-filled

standoff box (best match to quartz
index), where photons are detected
with an array of 10K PMTs
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Elements of DIRC System

PMT + Base
~11,000
PMT's

Purified Water

Light
Catcher

17.25 mm Thickness
(35.00 mm Width)

Track
Trajectory

]

—/—490m —

4x1.225m
Synthetic Fused Silica
Bars glued end-to-end
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comparing Hits with Cherenkov Signature
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Control samp/es far 7 and K
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Kaon ID at BABAR

o NN based on likelihood ratios
in DCH and SVT (dE/dx), and
in DIRC (compare single hits
with expected pattern of
cherenkov light)

o > 3s K/p separation for 0.25 <
p<3.46eV/c

K eff = 857%, = misid = 5%

tion

ICa

Pion misidentif

0.8 1

0.6

0.4 -

0.2 1
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Kaon Spectra from Y(4S) Decays
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PID System at Belle

n=1028 Barrel ACC n=1.013 TOF/TSC
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TOF and TSC Modules

o BC408 (4 x6 x255cm Tx W xL)
o TOF: Fine-mesh PMT's (both ends)

o TSC = Trigger Scintillator Counter
(0.5 cm T): one FM-PMT

o 64 modules (128 TOF and 64 TSC)
Achieves 80 ps timing resolution

Backward LP (Z=0)
-91.5 - 80.5 -72.5 l 182.5 190.5
I — T S ——— :
1 1
L NPT ———;u;—,v- TOF_ 4.0t x 6.0W x 2550 L [~PMT 1,
: e L ___________ . — e . _'::':_'—_'::_.:
X | TSC 0.5t x 120W x 263.0L RN 5
| 282.0 ’
\ | 287.0

Light guide \ ! / '

= - R=117.5 - R=117.5

D.MacFarlane at SSI 2002 57




Aerogel Cherenkov Counters (ACC)

o Hydrophobic silica-aerogels sf:fg;!e

o n=101~1.028 (barrel), 1.03 (endcap)

o 960 modules (barrel) ->1560 PMT's N

o 228 modules (endcap) -> 228 PMT's ' e

4.5 \ Q

Cher‘enkov 4 I'\ ISi: silica I F=(Si02)n

Ilght J.5 Aluminum container
thresholds l 3 Finemesh FMT (0.2mm thick)

120 mm

Momentum (GeV/c)

0 B8 fed/o

| 1.01 1,02 1.03
Refractive index
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Separation Capability of ACC
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Measuring Kaon ID Performance

Use a kinematics selection to tag clean K,n sample [N g
D" 5 D°(—» K n )"

Compute kaon probability from K and = likelihoods
obtained from dE/dx TOF and ACC

N R

~0 for =«
Momentum [GeV/c]
kJ

04 06 08 1

Prob(K) = L(K)/(L(K) + L(n))
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Components of Kaon ID Performance
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Combined Performance

Efficiency
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Kaon Spectra from Y(4S) Decays

200
Gl
400
200

200
i30
oo

s0

300

200

ito

Tagging Kaons

ACC barrel
ACCendcap |~ .

25 3

3.5 q 4.5 5
Kaon Momenturn Gev/e

Tagging Kaons

II‘IIIII1

3.3 4 4.5 o
Pign Mgmenturn GaV/ ¢

II‘IIIII1I|IIII|IIIIIIIIIIIIIIIIIIIIIII

0 0o 1 1.5 & 25 3

B > nn

ACC barrel
ACC endg

IFIIIIIIIIIIIIIIIIalpllllll‘lllill
1.5 & s 3 ] 4 4.5 ]

Kaon Momenturn Gev/c

i .5 1

B —» DK

') Aug 5-7, 2002

D.MacFarlane at SSI 2002

63



Calorimetry Design

> Reguirements
o Best possible energy and position resolution
» 11 photons per (4S) event; 507% below 200 MeV in energy

o Acceptance down to lowest possible energies and over large

solid angle
o Electron identification down to low momentum

> Constraints
o Cost of raw materials and growth of crystals

o Operation inside magnetic field
o Background sensitivity
> Implementation

o Thallium-doped Cesium-Iodide crystals with 2 PID photodiodes

per crystal for readout
o Thin structural cage to minimize material between and in front

of crystals
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Electromagnetic Calorimeter at BABAR

» 6580 CsI(TI) crystals with e b .
photodiode readout

> About 18 X0, inside solenoid
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Electromagnetic Calorimeter at Belle

> 8736 CsI(T]) crystals with

photodiode readout

> About 16.2 X0, inside solenoid
\|» Coverage from 12 to 155

noew in hadronic events
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Instrumented Flux Return/KIM

> Up to 21 layers of resistive-
plate chambers (RPCs) between
iron plates of flux return

o Muon identification > 800 MeV/c

o Neutral Hadrons (K;) detection;
also with EMC/ECL

> Bakelite RPCs at BABAR

o Problems with QC, dark current,
and stability

o Forward endcap replacement this
summer; barrel in 2005

N > Glass RPCs at Belle

o Possible problems with neutrons
in forward endcap

Iron assembly with RPCs at BABAR o Probably problems at higher
background rates
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BELLE

First collisions May,

Completed Feb 1999
First collisions May, 1999

Aug 5-7, 2002 D.MacFarlane at SST 2002 68




PEP-II Integrated Luminosity

2002/07/05 18.4

PEP-II Records 132 /j
—— — Ne—| BABAR
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Typical ’ I/ery Good” Day at PEP-II
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KEKB Integrated Luminosity

KEKB Records §
Peak luminosity | 7.25x10%3 %

cm?2 s1 :
Best shift 129.5 pb-! ;g-
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I e S——————
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Typical "Good Day” at KEKB
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Summary

> Dream of exploring CP violation has now been realized

o PEP-II/BABAR and KEKB/Belle operating with high efficiency
and record luminosities

o Detectors have been optimized for £Pstudies, with
demonstrated capability for vertex separation measurement,
tagging, and B meson reconstruction

o Data samples are in hand: about 88 million B8 pairs at BABAR,
85 million at Belle

Luminosity at PEP-II and KEK-B is the key
factor in reaching samples that are capable of
decisive CP asymmetry measurements

> Tomorrow:

o How to extract lifetimes, the A° oscillation frequency, and
mixing-induced P asymmetries from the time-dependent
development of B mesons in these samples
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