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Particles:

* leptons (e,ve), (1), (T,v.)
* quarks (u,d), (¢,s), (t,b)

Interactions:
e Electromagnetic (y)
e Weak (W+, W-, Z0)
e Strong (g)

Higgs field

Standard Model: content
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Flavour physics

B factories main topic: flavour physics

... 1S about
e quarks

and
e their mixing
e CP violation
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Flavour physics and CP violaton

Moments of glory in flavour physics are very much related to CP violation:
Discovery of CP violation (1964)

The smallness of K, — u*u~ predicts charm quark

GIM mechanism forbids FCNC at tree level

KM theory describing CP violation predicts third quark generation

Am, = m(K;) — m(Ks) predicts charm quark mass range

Frequency of BOBO mixing predicts a heavy top quark

Proof of Kobayashi-Maskawa theory (sin2¢,)

Tools to find physics beyond SM: search for new sources of flavour/CP-
violating terms
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CP Violation

Fundamental quantity: distinguishes matter from anti-matter.

A bit of history:

First seen in K decays in 1964

Kobayashi and Maskawa propose in 1973 a mechanism to fit it
into the Standard Model = had to be checked in at least one
more system, needed 3 more quarks

Discovery of B anti-B mixing at ARGUS in 1987 indicated that the
effect could be large in B decays (1.Bigi and T.Sanda)

Many experiments were proposed to measure CP violation in B
decays, some general purpose experiments tried to do it

Measured in the B system in 2001 by the two dedicated
spectrometers Belle and BaBar at asymmetric ete" colliders -
B factories
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What happens in the B meson system?

Why is it interesting? Need at least one more system to
understand the mechanism of CP violation.

Kaon system: hard to understand what is going on at
the quark level (light quark bound system, large
dimensions).

B has a heavy quark, a sm

t m

interpreting the ex

First B meson studies were carried out in 70s at ete

colliders with cms energies ~20GeV, considerably
above threshold (~2x5.3GeV)
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B mesons: long lifetime

x103 I | I
Isolate samples of high-p; louz - (a) | : MIACI
leptons (155 muons, 113 electrons) ol n
wrt thrust axis lepton 195 EVENTS
Measure impact parameter & I : 1983
wrt interaction point ° ;
primary verter e |
I secondary E 2 | l,_’.‘
S N W
gL (b) | .
Lifetime implies V_, small 6l || 12 EVENTS
MAC: (1.8+0.6+0.4)ps A :
Mark II: (1.2+0.4+0.3)ps L |
ol L 1 i L
Integrated luminosity at & -4 "23 (?nm)z 4+ 6

29 GeV: 109 (92) pb1~3,500 bb pairs
MAC, PRL 61, 1022 (1983)
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Systematic studies of B mesons: at Y(4s)

Y States =

T (4S) Energy Scan
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Cross Sections at Y(4S):
bb~1.1nb
cc~13nb

dd, ss ~0.3nb
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June 5-8, 2006

Ecm —Myus

ee —Y(4S)-> BB
L =1 state
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80s-90s: two very successful
experiments:

*ARGUS at DORIS (DESY)
*CLEO at CESR (Cornell)

Magnetic spectrometers at ete
colliders (5.3GeV+5.3GeV beams)

Large solid angle, excellent
tracking and good particle
identification (TOF, dE/dx, EM
calorimeter, muon chambers).

June 5-8, 2006

Systematic studies of B mesons at Y(4s)
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Mixing in the BY system

T(4S)—pB'g®
L
Reconstructed Bl —D; v,
event '
Yo = 0.17+0.05

ARGUS, PL B 192, 245 (1987)
cited >1000 times.

Time-integrated mixing rate: 25 'Iike sign, 270 opposite sign dilepton events
Integrated Y(4S) luminosity 1983-87: 103 pb1 ~110,000 B pairs

June 5-8, 2006 S Peter Krizan, Ljubljana



Mixing in the BY system

_ - Am
U, C, 1
b | i d
Lo Vi VP e omg
B
P I N R LT U
>
u,c,t

Large mixing rate = high top mass (in the Standard Model)

The top quark has only been discovered seven years later!
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Systematic studies of B mesons at Y(4s)

ARGUS and CLEO: In addition to mixing many important discoveries or
properties of

* B mesons
D mesons
7~ lepton

 and even a measurement of v, mass.

After ARGUS stopped data taking, and CESR considerably improved the
operation, CLEO dominated the field in late 90s (and managed to
compete successfully even for some time after the B factories were
built).

June 5-8, 2006 - Peter Krizan, Ljubljana



Studies of B mesons at LEP

90s: study B meson properties at the Z% mass by exploiting

e[ arge solid angle, excellent tracking, vertexing, particle
identification

eBoost of B mesons - time evolution (lifetimes, mixing)

eSeparation of one B from the other - inclusive rare b>u

June 5-8, 2006 Ljubljana



Studies of B mesons at LEP and SLC

02-95 data

B = anti-B% mixing, time
evolution

Fraction of events with like
sign lepton pairs

 DELPHI

Almost measured mixing in the B, system (bad luck...)

Large number of B mesons (but by far not enough to do the
CP violation measurements...)
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Mixing - expect sizeable CP Violation
(CPV) in the B System

CPV through interference of
decay amplitudes

CPV through interference of CP
mixing diagram \
e—21(|)M B A

CPV through interference

between mixing and dec
amplitudes ’ év\ Directly related to CKM

parameters in case of a single
amplitude

June 5-8, 2006 i - Peter Krizan, Ljubljana



Golden Channel: B 2 J/y K¢

Soon recognized as the best way to study CP violation in the
B meson system (I. Bigi and T. Sanda 1987)

Theoretically clean way to one of the parameters (sin2¢,)
Clear experimental signatures (J/y > utu-, ete~, K-> nrn)
Relatively large branching fractions for b->ccs (~10-3)

- A lot of physicists were after this holy grail

June 5-8, 2006 i - Peter Krizan, Ljubljana



Genesis of Worldwide Effort

=3

BELLE
1999

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




Time evolution in the B system

An arbitrary linear combination of the neutral B-meson flavor
eigenstates B
a/B°)+b|/B”)
is governed by a time-dependent Schroedinger equation

EAR ey
dtib) \b 2 (b

M and I" are 2x2 Hermitian matrices. CPT invariance >H,;=H,,

M M M, e I I,
M, M) I, T diagonalize >
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Time evolution in the B system

The light B, and heavy B, mass eigenstates with

eigenvalues m,,I',,m I}
B,)=p|B°)+0
B, )= p|B°)—c

are given by
B°)

B°)

With the eigenvalue differences
Amg=m, —-m Al =1, -1}

They are determined from the M and I matrix elements
1 o 1 2
(AmB)2 _Z(AFB)2 :4(“\/'12‘ _Z‘Flz‘ )

AM_ AT, =4Re(M,,T,, )
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The ratio p/q is i i
AmB _EAFB 2(M12 _Erlz )

| i
P 2(M12_§ 12) Amg _EAFB

What do we know about Amg and AI'g?
Amgz=(0.502+-0.007) ps well measured

AI'g/T'g not measured, expected O(0.01), due to decays
common to B and anti-B - O(0.001).

2> Al'g << Amg
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Since Al'y << Amg AL — Z\M ‘
B 12

AT, =2Re(M,I3,) /My,

and
M
4q_ _‘ 12‘ = a phase factor
P M,
or to the ﬂ:_‘Mlz‘ 1_£|m Ly,
next order P M, 2 1

Peter Krizan, Ljubljana



BY and B° can be written as an admixture of the states B, and B,

)= (B)+[8)

B8%)=—(B,)-|B.))

2

Peter Krizan, Ljubljana



Time evolution

Any B state can then be written as an admixture of the states B,, and B,
and the amplitudes of this admixture evolve in time

aH (t) _ aH (O)e—iM Hte—FHtIZ

aL (t) _ aL (O)e—iM Lte—FLt/Z
A BO state created at t=0 (denoted by B°_, .) has

a,(0)= a(0)=1/(2p);
an anti-B at t=0 (anti-B°,, ) has

ay(0)=-a,(0)=1/(2q)

phys

At a later time t, the two coefficients are not equal any more because of the
difference in phase factors exp(-iMt)

—initial B? becomes a linear combination of B and anti-B
—>Mixing
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Time evolution of B’s

Time evolution can also be written in the B in B° basis:

phys(t)> d. (t)‘|30>+(q/p)g (t) §O>
By, (1) =(p/Q)g (1) B®)+ 9, (t)B°)

with g, (t)=e™e"* cos(Amt/ 2)
g (t)=e™e"*isin(Amt/2)

M = (M,+M,)/2
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If B mesons were stable (I'=0), the
time evolution would look like:

g, (t) =e™ cos(Amt/2)
g_(t) =e™isin(Amt/2)
—>Probability that a B turns into its anti-particle ~beat

2 _ |

_ 2 _
<B°‘thys(t)>‘ =|q/ p|2|g_(t)| _|q/p|23|n2(Amt/2)
—>Probability that a B remains a B

2
‘<BO‘ B orys (t)>‘ = g+(t)\2 =cos*(Amt/ 2)

> Expressions familiar from quantum mechanics of a two level system



B mesons of course do decay =

1.0
N/No |

05

BO at t=0
Evolution in time
eFull line: BO

edotted: BY

T: in units of T=1/T
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Decay probability

2
Decay probability P(B° > f ,t) ‘<f ‘H‘ thys(t)>‘
Decay amplitudes of B and anti-
B to the same final state £ Aq =(f[H ‘ BO>
Ar = <f ‘H ‘ §O>

Decay amplitude as a function of time:
(f|H|Bg () =g, (t)(f[H|B®)+(a/ p)g_(t)(f |H|B®)
=g, (A +(a/ p)g_(t) A

... and similarly for the anti-B

Peter Krizan, Ljubljana



CP violation: three types

Decay amplitudes of B and anti-B A — < f ‘H ‘ Bo>
to the same final state f f
Ar =(f|H|B")
. g A
Define a parameter A A=——
p A

Three types of CP violation (CPV):
2P in decay: |A/A| = 1
IA] = 1

P in mixing: |qg/pl|l = 1

2P in interference between mixing and decay: even if
IA] =1 if only Im(A) = O

Peter Krizan, Ljubljana



CP violation in the interference between decays
with and without mixing

CP violation in the interference between mixing and decay
to a state accessible in both B® and anti-B° decays

For example: a CP eigenstate f, like t" 7t~

Ap
BV i
CP
21 Oy —
S — A _
B X 1-9A
p A
We can get CP violation if Im(A) = 0, even if |A] = 1

Peter Krizan, Ljubljana



=  CP violation in the interference between decays
L i with and without mixing

Decay rate asymmetry: P(B° —» f.,,t)-P(B° = f_.,1)
d; =—=
fep P(BO —> fCP’t)+ P(BO —> prst)

2
Decay rate: P(B° = f.p,t) OC‘ cp ‘H‘ ohys (t)>‘

Decay amplitudes vs time:

(fep [H|Bos (1) = 9. (1){ fep [H|B®)+(a/ p)g_(t)( fep |H|B®)
=g, (DA, +(a/P)g_(D)Ar

(fep [H|Bpe () = (p/a)g_(1)( fep |H|B)+ g, (t)( fcp |H|B®)
=(p/A)g_(t)A,_ +9,()Ar,

Peter Krizan, Ljubljana



_P(B? - fg,t)—P(B” - fg,t)

d, = — =
e P(BY > o, )+ P(BY > fo,t)

(p/a)g (A, +9. [1)Ar,

2

9. (A, +(a/ p)g_(t)Ax,

(p/a)g_(H)A, +9, 1) A,

@2

fep |

2

?Ycos(Amt) —2Im(A

_|_

fep

g.(t)A,_ +(a/ p)g_(t)Ax,

)sin(Amt)

1+ | Ai
= C cos(Amt) + S sin(Amt)

|2

Non-zero effect if Im(A) = O,

even 1f |[A|] = 1

If Al =1 >

a;  =-—Im(4)sin(Amt)

Detailed derivation = backup slides Peter Krizan, Ljubljana



with and without mixing

One more form for A q A q A

ﬂ/ p— —
fep p A nfcp p A

fop

fop

nfcp=+-1 CP parity of fep

- we get one more (—1) sign
asymmetries in two states wi

en comparing
opposite CP parity

a;  =-Im(4; )sin(Amt)

fep

Peter Krizan, Ljubljana
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B and anti-B from the Y(4s)

B and anti-B from the Y(4s) decay are in a L=1 state.

They cannot mix independently (either BB or anti-B anti-B states are
forbidden with L=1 due to Bose symmetry).

After one of them decays, the other evolves independently ->

-> only time differences between one and the other decay matter
(for mixing).

Assume
eone decays to a CP eigenstate f., (e.g. nrw or J/yKs) at time t; and

ethe other at tg,, to a flavor-specific state f,,, (=state only accessible
to a B? and not to a anti-B° (or vice versa), e.g. B® -> D%, DY ->Kr*)

also known as ‘tag’ because it tags the flavour of the B meson it
comes from

Peter Krizan, Ljubljana



Decay rate to fp

Incoherent production coherent production
(e.g. hadron collider) at Y(4s)

N/ | | e

d 0.5}
05 =

0.0 2.0 4.0 T—t/r 6.0

At Y(4s): Time integrated asymmetry = 0

Peter Krizan, Ljubljana



CP violation in SM

consequence of the X q.
Cabibbo-Kobayashi-Maskawa W= *
uark mixing matrix
q g v, . a,
Vud Vus Vub

Vekm = Vea Ves Ve
Via Vis Vi

Peter Krizan, Ljubljana



VCKM

i 10
=| 7 S12C13 712523556 C12C03 = 515523556 523013

CKM matrix

3x3 ortogonal matrix: 3 parameters - angles

3x3 unitary matrix: 18 parameters, 9 conditions = 9 free
parameters, 3 angles and 6 phases

6 quarks: 5 relative phases can be transformed away (by
redefinig the quark fields)

1 phase left -> the matrix is in general complex

/ . . amid))
C1,Ci3 512C13 S13€

io i5
\ S12523 7 C120235,56 ~ C125p3 7 5120235,56 C23Ci3 )
S{,=sin®,,, ¢;,=C0sO,, etc.

Peter Krizan, Ljubljana



pe CKM matrix

L

Transitions between members of the
same family more probable
(=thicker lines) than others

-> CKM: almost a diagonal matrix,
but not completely ->

Peter Krizan, Ljubljana



CKM matrix

Almost a diagonal matrix, but not completely ->

Wolfenstein parametrisation: expand in the parameter
A (=sin6.=0.22)

A, p and n: all of order one

2 A
( 1—% A AL (p—in)
2‘2
V = —A 1—? AN +0(1")
AV(-p—in) —AX 1
\ )

Peter Krizan, Ljubljana



Unitary relations

Rows and columns of the V matrix are orthogonal

Three examples: 1st+2nd 2nd43rd {st43rd columns

V V. +V V. +V V., =0,
V.V, +V .V, +V.V, =0,

us

V4V Y, Ve +thth =0.

Geometrical representation: triangles in the
complex plane.

Peter Krizan, Ljubljana



Unitary triangles

/ (a)

Vudvus* +Vcdvcs* +thvts* = O’
V.V, +V.V, +VV, =0 —

us ¥ ub cs'ch

VidVio VeV +VigVyp =0. }
O,
702 {E}} T204A4

All triangles have the same area 1/2 (about 4x10~)

2 =
J =C;,C,3C35,,5,35;3 SIN O Jarlskog invariant
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Unitarity triangle

th vt:t:;-

THE unitarity triangle:

Vudvub* +Vchcb* +thth* =0

(a)
A
Two notations: ; A
__________ |
0 [ - i
¢,=p NV /1 ViaVib
chvéb | : chvgb |
h,=0 |
|
|
— |
b;=y ) | 5
0 | >
0 P ]
-2 (b} 720445
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Angles of the unitarity triangle

*
V.V
a5¢25arg td tb*
uqub
* VudVLTb
_ _ Vcdvcb
p= ¢1 =arg *
V (a)
td tb
A
_ _ Vud\'/ub _ ! _""T""I'O\ |
Y = ¢3 = arg ~ | =T —U— ,B VudVib o VigVib
Vcdvcb Ve Ve | VeaVebl
o/ i PN,
0 P 1

Peter Krizan, Ljubljana



b decays

ds w :
free . QCD penguin
b Vq3b M
> . _ V
V¥ q2q1 a, d
W..
b a
qu
Z,y \
EW penguin 92
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Why penguin?

Example: b—>s transition

Peter Krizan, Ljubljana



Decay asymmetry predictions — example =+ =~

_TETE u E ATETE
b v, / b v*u/
=W Wy
V*ud < ) V4 <
d (a/p) A/A d
A = n th th ] Vud Vub] .
ViVie | VuaVio a=¢, =arg ViV .
Im(4_,) =sin 2¢, ViaVin

N.B.: for simplicity we have neglected possible penguin amplitudes
(which is wrong as we shall see later, when we will do it properly).

Peter Krizan, Ljubljana



p My,
Amg =2|M,,
Am o
B V*tb th d_
| 7+ |
3O —0
| B : ‘2m ~ \6m
| ¢ ] b Ved me
d v o > )
td tb

Peter Krizan, Ljubljana



Decay asymmetry predictions — example J/yKs

b » ccs: | Take into account that we measure the w* 7
component ofK; - also need the (q/p), for the K

system
; A/A
«a/p) (a/p)«
l _ th th Vcs Vcb Vcd *Vcs _
GERC (EVAVIES EVEVIRE VRV BN
th ¥ td cs cb cd " cs

tb ¥ td cb cd
IM(A,,) = Sin 24 Beg arg[vcdvcb:J
thth

Peter Krizan, Ljubljana



b > canti-cs
CP=+1 and CP=-1 eigenstates

a;_ =-—Im(4;_)sin(Amt) X
Asymmetry sign depends on the CP parity of ) . q fep
the final state fop Mgp=+-1 fep 77fCP A

fep

J/w Kg (n+ n): CP=-1
oJ/y: P=-1, C=-1 (vector particle J?¢=1-): CP=+1

oK. (->n* n~): CP=+1, orbital ang. momentum of pions=0 ->
P(ntn)=(n=n*), C(n ") =(n* n°)

eorbital ang. momentum between J/y and K¢ L=1, P=(-1)!=-1

J/w K (3n): CP=+1
Opposite parity to J/y K¢ (n* n~), because K, (3n) has CP=-1

Peter Krizan, Ljubljana



How to measure CP violation?

Principle of measurement
Experimental considerations
Choice of boost
Spectrometer design

Babar and Belle spectrometers

Peter Krizan, Ljubljana



Principle of measurement

Principle of measurement:
eProduce pairs of B mesons, moving in the lab system

eFind events with B meson decay of a certain type (usually B -> f -
CP eigenstate)

eMeasure time difference between this decay and the decay of the
associated B (fi,,) (from the flight path difference)

eDetermine the flavour of the associated B (B or anti-B)
eMeasure the asymmetry in time evolution for B and anti-B

Restrict for the time being to B meson production at Y(4s)

Peter Krizan, Ljubljana



B meson production at Y(4s)

T (4S) Energy Scan

- PEP-11

25 L ) B B R B
2,0 nas) Y\ States = |
ER (bb) resonances |
=R ER ]
= b Y(2S) ]
=
T 10F o s Y(3S)

K5} [ ‘J' . oy .
+ | 4 ) ol
2 st g b R
L + N L] »
© + tﬁ—{ #%ﬂ !-ti-h.¢ PR, '.J,rt -
0 TR T T B SR T T A T N P T T T T N N [ N1 T T N R B R
944 946 1000 10.02 10.34 10.37 10.54

Mass ( GeV/c? )

Cross Sections at Y(4S):
bb~1.1nb
cc~13nb

dd, ss ~0.3nb
uu~1.4nb

[ BABAR

Off
yt

=

-50 4]

4

Ecm —Myus

ee —Y(4S)-> BB
L =1 state

Peter Krizan, Ljubljana



Principle of measurement

+

. — P Fully reconstruct decay
B or B 1/ 2 _:>to CP eigenstate

Bep | T
fu? ----- -C‘ I‘D____..l:::........l..(. ........ <’TC+ ""V = Tag -F-I avor
I el tee——— | 7 1 of other B
>_ Bta | T, _.r/ K_ from

~ g: At=Az/BycC charges
determined+ === s =aau palababe | E . of typical
BO(B") _ — decay

Determine time between decays products

Peter Krizan, Ljubljana



Experimental considerations

What kind of vertex resolution do we need to measure the asymmetry?

P(B°(B") — f.p,t) =e " (LFsin(24,)sin(Amt))

Want to distinguish the
decay rate of B

: (dotted) from the decay
N/No | rate of anti-B (full).
-> the two curves should
not be smeared too much

05}

Integrals are equal, time
information mandatory!
(true at Y(4s), but not for
incoherent production)

Peter Krizan, Ljubljana



B decay rate vs t for different vertex resolutions in units of

typical B flight length o(z)/ByzC
o(z)/Bytc=0 of o(z)/Pyrc=0.5

Experimental considerations

-4 -2 2 4

o(z)/pyrc=1

1.6 -
1.4 -

1.2 -

0.8 -
0.6 -

0.4 -
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Experimental considerations

Error on sin2¢,=sin2p as function of vertex resolution in
units of typical B flight length o(z)/pytc

For 1 event for 1000 events
E rror r n - "

ia-'m forimeum g error for 1000 events

% including diluli % "

I E‘“"S " ingluding dilutio

fect taggin eLr
; /ﬂql : Pﬂ'ﬂﬂﬂi lﬂﬂgiﬂg
LOs P

ﬂ 'l Il ' 'l 'l 'l 'l I '] ﬂ 'l i ' i 'l 'l Il i ']
] 25 s 0TE 1 125 LE 178 2 115 LS5 1] 025 s 07s 1 125 LE L7582 225 LS
&
sigma dz / mean flight path sigma dz / mean flight path
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Experimental considerations

Choice of boost By:
Vertex resolution vs. path length
Typical B flight length: zg;=pyzc

Typical two-body topology: decay products at 90° in cms; at
O0=atan(1/By) in the lab

Assume: vertex resolution determined by multiple scattering
in the first detector layer and beam pipe wall at r,

/ c,=15 MeV/p y/(d/sinoX,)
N 1 To 5(2) = ry o, /Sin20
m) c(z) ary/sin>’20

Peter Krizan, Ljubljana



Experimental considerations

Choice of boost By:
Vertex resolution in units of Bytc/o(2)

typical B flight length

Boost around By=0.8 seems {
optimal
However....

Peter Krizan, Ljubljana



Which boost...
Arguments for a smaller boost:

Larger boost -> smaller
acceptance ->

Larger boost -> it becomes
hard to damp the betatron
oscillations of the low energy
beam: less synchrotron
radiation at fixed ring radius
(same as the high energy
beam)

Five fold acceptance

Experimental considerations

0.3
. Snowmass 1988
0,5:

0.5 1

&4 7
0.3 4

Q.24

[a)

-

0.1~ l
v T

8

0.0

T r L T T

10 12 14 16

Positron seam momenium [GeVv/c)

~ Figure 4. The acceptance of a detector covering -

lcos 6145} < 0.95 for five uncorrelated particles as
a function of the energy of the more energetic
beam in an asymmetric collider at the Y {48).

1 ” ”



Experimental considerations

Detector form: symmetric for symmetric energy beams; slightly
extended in the boost direction for an asymmetric collider.

cms lab
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How many events?

Rough estimate:

Need ~1000 reconstructed B-> J/y K¢ decays with  J/y -> ee or
up, and Ke-> -

12 of Y(4s) decays are B? anti-B° (but 2 per decay)
BR(B-> J/w K°)=8.4 10

BR(J/w -> ee or uu)=11.8%

/2 of K0 are K¢, BR(Ks-> t+ 17)=69%

Reconstruction effiency ~ 0.2 (signal side: 4 tracks, vertex, tag side
pid and vertex)

N(Y(4s)) = 1000 / (V2 * V2 * 2 * 8.4 104*0.118 * 0.69 * 0.2) =
= 140 M

Peter Krizan, Ljubljana



How to produce 140 M BB pairs?

Want to produce 140 M pairs in two years

Assume effective time available for running is 107 s per year.

- need a rate of 140 109/ (2 10’s) = 7 Hz

Observed rate of events = Cross section x Luminosity d_N — Lo
dt

Cross section for Y(4s) production: 1.1 nb = 1.1 1033 cm?

- Accelerator figure of merit - luminosity - has to be

L=6.5/nb/s =6.5103cm2s1

This is much more than any other accelerator achieved before!

Peter Krizan, Ljubljana



Colliders: asymmetric B factories

Belle I E 8%

Based B Factory:

. Js=10.58 Gev

o e :
— Y(4s) - Y(4s)
BaBar p(e™)=9 GeV p(e*)=3.1 GeV fw=0.56
Belle p(e)=8 Gev p(e*)=3.5 GeVv By=0.42

Peter Krizan, Ljubljana
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Interaction region: BaBar

Head-on collisions
PEP-II Interaction Region

Centimeters

Detect-:ﬁr
1 4 1 1 1 1 1 1 1 1 I-I 1 I 1 III 1 1 1
-7.5 -5 -25 0 25
Meters — )

. _ = . _ ljana




Collisions

30—

Centimeters
o

20}

—
(=]

Interaction region: Belle

at a finite angle +-11mrad
KEKB Interaction Region

7.5



Belle spectrometer at KEK-B

u and K; detection system

(14/15 layers RPC+Fe) Aerogel Cherenkov Counter

(n=1.015-1.030)

Silicon Vertex De ect
(4 layers DSSD

Electromag. Cal.

_ - - (CsI crystals, 16X,)
8GeVe
N Central Drift Chamber
(small cells, He/C,H;)
\ ToF counter
1.5T SC solenoid

Peter Krizan, Ljubljana



BaBar spectrometer

at PEP-11

e (9GeV) g

EMC
6580 CsI(TI) crystals
+
1.5T solenoid e* (3.1GeV)
DIRC (PID) .
144 quartz bars
11000 PMs
| Drift Chamber
| 40 layers

Silicon Vertex Tracker

Instrumented Flux Return .

iron / RPCs (muon / neutral hadrons)

5 layers, double sided strips

Peter Krizan, Ljubljana



N D
Silicon vertex detector (SVD) </

p+ electrode

| . . / R Pitch
n substrate ' Py
%J 3 : .

charged
particle

Two coordinates measured
at the same time; strip pitch:
50 um (75 um); resolution
about 15 um (20 um).

Peter Krizan, Ljubljana



Silicon vertex detector (SVD)

‘ladders’

4 layers covering polar angle from 17 to 150 degrees

Peter Krizan, Ljubljana



Flavour tagging

Was it a B or an anti-B that decayed to the CP eigenstate?

Look at the decay products of the associated B
e (Charge of high momentum lepton

Peter Krizan, Ljubljana



Flavour tagging

Was it a B or anti-B that decayed to the CP eigenstate?

Look at the decay products of the associated B

Charge of high momentum lepton
Charge of kaon

Charge of ‘slow pion’ (from D**=> D%xn* and D™ = D9 x
decays)

Charge measured from curvature in magnetic field,
- need reliable particle identification

Peter Krizan, Ljubljana



Tracking: 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 (7% resolution)

AP\

% _ 0.13%x p. + 0.45%

lagpoote®



Identification

Hadrons (=, K, p):

e Time-of-flight (TOF)

e dE/dx in a large drift chamber

e Cherenkov counters

K. : chambers in the instrumented magnet yoke

Electrons: electromagnetic calorimeter

Muon: chambers in the instrumented magnet yoke

Peter Krizan, Ljubljana



PID coverage of kaon/pion spectra

Tagging Kaons Tagging Kaons

DIRC

|| ||||||rl-|-|

0 G 1 1.5 z 25 3 3.9 4 4.5 3
Kaon Momentum G&V/ o

B - nn

U IIII|II|I|IIIIIIIIIIIIIlIIIIIIIIIIIIII |r|||||1

i) 0.5 1 1.5 z 5 3 3.3 4 4.3 &
PFion Mcmenturn GaV/c

B > DK

D III|I|1I|I|III IIFIIIIIIIlIIIIIIIII IIIIIII‘III'I!

i G5 1 1.5 2z 25 3 3.8 4 4.5 a
Kaon Momenturn Gev/c
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PID coverage of kaon/pion spectra

Fon .
Tagging Kaons

Tagging Kaons

200

400

S0 ACC barrel

IACC endcap
0 0.5 1 1.5 Z 25 3 3.8 4 4.5 5
Kaon Momentum Geve o

200 B -
150
100
o ACC endcap
Yo 65 1 15 2z 25 3 35 4 45 5
Fion Mementurm GsV/c
o0
L B — K B —» DK
00 £ ACC barrel
D:Illililll L1l LB || IIIIIATgCIIIeIr!alpllllll‘lllili
a [ER 1 1.5 2 258 K] 3258 4 4.5 ]

Kaon Momentumn Geyv/e
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Cherenkov counters

Essential part of particle identification systems.
Cherenkov relation: cos6 = ¢/nv = 1/Bn

Threshold counters - count photons to separate particles below
and above threshold; for § < 3, = 1/n (below threshold) no
Cerenkov light is emitted

Ring Imaging (RICH) counter = measure Cerenkov angle and count

Peter Krizan, Ljubljana



Belle ACC (aerogel Cherenkov counter): [l *q
threshold Cerenkov counter

</[O

K (below thr.) vs. n (above thr.): adjust n

-
3 aerogel n=1.010
= o
3
",_:3 me
, K
g 0.4
g measured for 2 GeV < p < 3.5 GeV
" expected, measured ph. yield
o [L%-] 1 L3 2 1.5 L A5 ;}{(;;Vf()ﬁ LEH: f =
Detector unit: a block of aerogel 0.9 n=1.010 (A)
=
and two fine-mesh PMTs 0.8 * K
Finemesh PMT Alumi"“m."f,‘.:l';f:iﬂ?’ “:%0‘? A T
0.6 histo:MC
=0.5
504
0.3
0.2
(0.1
()

o 10 20 30 40



Belle ACC (aerogel Cherenkov counter): Pl 4
threshold Cherenkov counter

</[O

K (below thr.) vs. n (above thr.): adjust n for a given
angle kinematic region (more energetic particles fly in
the ‘forward region’)

~

AN LA

¥
bl o
4
L p Vvs. 0
i,i:
: - acrrel ACC n=1.013 TOFITSC
:-: ©n=1.020 n=hNgS ! = <
'sll 240mod. erWOd.
s

g s L nfor K thresh, = momentum of pi from B-pipi

“l nvs. 0

0 I
polar angle ix the leb

Peter Krizan, Ljubljana



DIRC: Detector of Internally
Reflected Cherekov photons

Use Cherenkov relation cos6 = ¢/nv = 1/Bn to determine velocity
from angle of emission

DIRC: a special kind of RICH (Ring Imaging Cherenkov counter)
where Cerenkov photons trapped in a solid radiator (e.q. quartz)
are propagated along the radiator bar to the side, and detected as
they exit and traverse a gap.

PHOTON DETECTCR

WATER

RADIATOR TANK

Peter Krizan, Ljubljana



DIRC

Support tube (Al)

Quartz Barbox

Compensating coil [

Assembly flange
y flang . PMT + Base

Standoff box

Air
Water

17.25 mm Ar
(35.00 mm rAd)

Bar Box
Track [
Trajectory 1
- £ = L : -

. | —91 mm-— 10mm |
L. I'i_Ell'l'j '._: - i . 1.1?m h|

Water

/Stand off Box (SOB)

4 x 1.225 m Bars
glued end-to-end



DIRC event

Babar DIRC: a Bhabha event et e --> e* e-

Peter Krizan, Ljubljana



<NY>

60 -
40 |-

20 -

BABAR Z

¢ Data (di-muon tracks)

— Monte Carlo Simulation

2000

!
N
o
o

entries per mrad
—
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=

500
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DIRC performance

Performance
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e Data (di-muon tracks) B AB AR
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DIRC performance

}'a 1__F T T+f T | T I I I | | IHI

cé L @ —— —f—

o 09 F*

2 0sL * BABAR

YA D sample

P | | i’

8 0.6 ° : : —

N

M :I I | | I T [ [ I:

@ 020 =

% 0.1 [ - I_:

5 F e g z

(=4 O ——. | 1_.|_'_|.—|_._| | I | | | 1=
1 2 3

Momentum (GeV/c)

To check the performance, use kinematically selected decays:
D** = nt DY, DO -> K &+

Peter Krizan, Ljubljana



Calorimetry Design

Requirements

eBest possible energy and position resolution: 11 photons per Y(4S) event;
50% below 200 MeV in energy

eAcceptance down to lowest possible energies and over large solid angle
eElectron identification down to low momentum

Constraints

eCost of raw materials and growth of crystals

eOperation inside magnetic field

eBackground sensitivity

Implementation

Thallium-doped Cesium-Iodide crystals with 2 photodiodes per crystal
Thin structural cage to minimize material between and in front of crystals

Peter Krizan, Ljubljana



Calorimetry: BaBar

6580 CsI(TI) crystals with
photodiode readout

About 18 X,, inside solenoid

() _(2.32+0.03+0.3)%

@®
E JE
(1.85+0.07 +0.1)%
§ 5000
g BaBar

4000
Jto-mass =135.0 MeV

3000 °-width = 6.8 MeV

2000

o =5.0%

I l I TTT | T T 17 | | R B I [0 - | |
=
o

1000

o b b o by o by e by s by e by e by s by s 1y

006 0.08 01 0.12 014 0.16 0.18 02 022 0.24
mw(GeV)
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Muon and K, detector

Separate muons from hadrons (pions and kaons): exploit the fact
that muons interact only e.m., while hadrons interact strongly - need a
few interaction lengths (about 10x radiation length in iron, 20x in CsI)

Detect K, interaction (cluster): again need a few interaction lengths.

Some numbers: 3.9 interaction lengths (iron) + 0.8 interaction length (CsI)
Interaction length: iron 132 g/cm?, CsI 167 g/cm?
(dE/dX) in: iron 1.45 MeV/(g/cm?), Csl 1.24 MeV/(g/cm?)

> AE ., = (0.36+0.11) GeV = 0.47 GeV - reliable identification of muon
above ~600 MeV

Peter Krizan, Ljubljana



Muon and K, detector

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

Bakelite RPCs at BABAR
Glass RPCs at Belle

(better choice)




Example:

event with

etwo muons and a
K,

and a pion that partly
penetrated into the
muon chamber system

Muon and K, detector

BHILE




Muon and K, detector
performance

Muon identification >800 MeV/c
efficiency fake probability

1 I
I _,_—C--._—l—.—"'—f_':.—ﬂ—l—'._ﬂ_.‘.i
ool
T * 0.04
0.75 i v
j +
g( ) +
é 0.5 JJ' % .+. E(TC)
m I + ] 0.02 o ++ |
S A R I | Myt |1 -
0_'"'i”"i""i""i"”i""_ Onlllb?'"1"'}5"'2"'E§"'1
0 0.5 1 1.5 2 2.5 3 - " ” )
P(GeV/e)
P(GeV/c)

Fig. 110. Fake rate vs. momentum in KLM.
Fig. 109. Muon detection efficiency vs. momentum in KLM.

Oct. 15-16, 2008 Liebenzell Workshop 2008 Peter Krizan, Ljubljana



Muon and K, detector
performance

K, detection: resolution in :
direction > or
50F
. 40 -
S
3():— L
% I o
K, detection: also with possible ot 1 . [
with electromagnetic calorimeter :
(0.8 interactin lengths) OIS0 50 050 oo 150
db(deg)

Fig. 107. Difference between the neutral cluster and the
direction of missing momentum in KLM.

Peter Krizan, Ljubljana
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Introduction to CP

Initial condition of the universe Ny;-Ng = 0

Today our vicinity (at least up to ~ 10 Mpc)
i1s made of matter and not of anti-matter

nb. baryons «—— N — N —
-10 -9
(matter) & B :10 —10 Nb of photons

Ny » (microvawe backg)

In the early universe B + B - y o N = N, + N,

How did we get from
(one out of

_ B . B 1010
N B N B _ 0 to N B N B _ 10‘10 _10_9 ? baryons did

anihillate)

Peter Krizan, Ljubljana



Introduction to CP

Three conditions (A.Saharov, 1967):

- baryon number violation
- violation of CP and C symmetries
- non-equillibrium state

| » baryon
X-f, (Ng2,r) X-f, (Ng°,1-r) number £,
—_ — —_ decay
X-£, (-Ng*,r) X-£f, (-Ng°,1-r) probability

Change in baryon number in the decay of X:
AB=rNZ+@A-rN2+7(-N)+(1-F)(=N2) =
=(r-T)(Ng - Ng)

June 5-8, 2006 Course at University of Tokyo Peter Krizan, Ljubljana



Introduction to CP

NB - N§ :ABnX = X decays to states with N # Ng°
. — a b -> baryon number violation
— (I’ - r)(NB o NB)nX

r#r ->
> violation of CP in C

In the thermal equilibrium reverse

processes would cause AB=0 ->

-— e e i e > vw

need an out-of-equilibrium state
For example: X lives long enough ->

Universe cools down -> no X production
possible

June 5-8, 2006 Course at University of Tokyo Peter Krizan, Ljubljana



Introduction to CP

C: charge conjugation C|B%> = |B%>
P: space inversion P|B%> = -|B%
CP: combined operation CP|B°> = -|B°>

June 5-8, 2006 Course at University of Tokyo Peter Krizan, Ljubljana



Introduction to CP

Example: weak decay 1™ —>n"v,

| P
T — T O U; Vo «5— T — 7T
< |
forbidden
1C IC
+ + — P — 4 + +
T — T = U, Vrp 49— T — 7@
<

forbidden

C or P transformed processes: forbidden.

CP transformed process: allowed
June 5-8, 2006 Course at University of Tokyo Peter Krizan, Ljubljana



CP violation in decay

2P in decay: |A/A| =1

(and of course also |A] = 1)

_ (B > f,)-T(B > f,t)

a. = —
' I(B* > f,t)+T(B” — f,1)
1-| A/ AP
1+| Al AP

Also possible for the neutral B.

Peter Krizan, Ljubljana



CP violation in decay

CPV in decay: |A/A| = 1: how do we get there? B i(5,+0))
Af_ZAie

In general, A is a sum of amplitudes with '
strong phases 3; and weak phases ¢;. The 2&_::221/¥6K&—¢O
amplitudes for anti-particles have same f :
strong phases and opposite weak phases -> '

ZAiei(éi_(pi)

Api(5i+§0i)
Y | ‘iv

> M>|

A -[A] = 3 AR sin(g —¢)sin(d, -5)

CPV in decay: need at least two interfering amplitudes
with different weak and strong phases.

Peter Krizan, Ljubljana



CP violation in mixing

eP in mixing: |q/p| = 1 (again [A]| = 1)

In general: probability for a B to turn into an anti-B can
differ from the probability for an anti-B to turnh into a B.

B (1)) =9, (tW B°)
Boye (D))= (p/Q)g_(1)]B°)+g, ()| B°)

Example: semileptonic decays:

(VX |H[Bj,. (1)) = @/ p)g_ (A
(IFVX [H| B (1) = (p/a)g () A

Peter Krizan, Ljubljana



CP violation in mixing

T(BY, (1) = 1'VX) ~T (B, (t) > 1'WX)

q. —_ - _PWs phys _
T (B (t) = 1'VX) + (B, (1) = 17VX)

4

_Ip/al -la/pl _1-|q/p
p/qlF+|q/p° 1+|q/p

4

-> Small, since to first order |q/p|~1. Next order:

q_ M| 1_1|m[ I, ﬂ
b My 2 (Mg

Expect O(0.01) effect in semileptonic decays

Peter Krizan, Ljubljana



CP violation in the interference between decays
with and without mixing

. _P(B’ > )-P(B" > fep 1) _ -
= P(B° > e, t)+ P(B° > fep,t) A=—=

(/I _OA, +9,OA| —|9.OA_ +(a/ p)g_(t) A,

2 2

— 2 — 2
(p/a)g (DA +9, (A +(9,O)A_ +(a/p)g_(t)Ax,

(p/q)isin(Amt/2)A,_ +cos(Amt/2)Ax, : —‘cos(Amt/Z)AfCP +(q/ p)isin(Amt/2) A,

2

(p/qQ)isin(Amt/2)A,_ +cos(Amt/2)Ax, 2 +\cos(Amt/2) A, +(q/ p)isin(amt/2) A, 2

(p/ )2 Ay, isin(Amt/2) +cos(Amt/2)|" ~|cos(Amt/2) + 4, isin(Amt/2)]

(P/0)* A, isin(Amt/2) +cos(Amt/2)| +|cos(Amt/2)+ 2, isin(Amt/2)[ )
(1-| A I?)cos(Amt) —21m(4,_ )sin(Amt)

B 1+ 2, [

= C cos(Amt) + S sin(Amt)

Peter Krizan, Ljubljana



Time evolution for B and anti-B from the Y(4s)

The time evolution for the B anti-B pair from Y(4s) decay

2

T (tag i) 2
R(ttag ’tfcp) =e 7 ‘AfCP

A
[1+ ‘/Ifcp ‘2 + (:os[Am(ttag —t )](1— ‘/lfcp
—25in(Am(ttag —tfcp))lm(/lfcp )]

)

with lfCP B A

- in asymmetry measurements at Y(4s) we have to use
trao-ticp instead of absolute time t.

Peter Krizan, Ljubljana



CP violation in SM

L :IliﬂLTiyﬂ (1-75)DW, +|V_i;i5i7/ﬂ 1-7)UW,
g CP
Lep =VyDir" A=7s)U W, +V;U 7 (1= y5)DW,

If V,;=V;,;" » L[=L, » CP is conserved

Peter Krizan, Ljubljana



CKM matrix

define Sip =4,53 = AX, sl3e‘i5 =AY’ (p—17)
Then to O(A°) V. =4V, =AX,

V,, = AX(p—in),
Vg = AZ(L-p—in),

ImV_, =—ASn,
ImV, =—AX'7,
2 22

p= p(l——) "= 77(1——)

June 5-8, 2006 Course at University of Tokyo Peter Krizan, Ljubljana



Decay amplitude structure

Quark diagrams: classified in tree (T), penguin and
electroweak penguin contributions (P).

Measure the angles: need a pair of quark and anti-quark
qq in the final state.

Describe the weak-phase structure of B-decay amplitude
for the trasition b—=>qgqgq”: sum of three terms with definite

CKM coefficients:

A(qqq') :thvtq'*Pqt' +V ch ( ccq' qc + P )+Vubvuq ( uug' qu + Pqu)

Peter Krizan, Ljubljana



Decay amplitude structure: ggs and ggd
e decays

Use the unitarity condition to simplify the expressions for individual
amplitudes:

A(CCS) :Vcbvcs* (TcCs T I:)sc o Pst) +Vuqus*(Psu - Pst)’

A(UUS) :Vcbvcs*(PsC B Pst) +Vuqus* (TuUs + I:)su B Pst)’

A(S§S) :Vcbvcs*(PsC - Pst) +Vuqus*(Psu - Pst)'

Nice feature: penguin amplitudes only come as differences.

A(ccd) =V, V4 ] ( Pdt —-Py)+V Vi, ) (Tea +Py = P)),
A(utd) =V, V4 ) ( Pdt —Py) + ViV ’ (Tga + Py — Pdt ),
A(sSd) =V, V4 ) ( Pdt —-P)+V Vi, ) (P, —Py).

Peter Krizan, Ljubljana



Decay asymmetry predictions - overview

Five classes of B decays.

Classes 1 and 2 are expected to have relatively small direct CP
violations -> particularly interesting for extracting CKM parameters
from interference of decays with and without mixing.

In the remaining three classes, direct CP violations could be
significant, decay asymmetries cannot be cleanly interpreted in terms
of CKM phases.

1. Decays dominated by a single term: b->ccs and b-> sss. SM cleanly
predicts zero (or very small) direct CP violations because the second
term is Cabibbo suppressed. Any observation of large direct CP-
violating effects in these cases would be a clue to beyond Standard
Model physics. The modes B* ->]/yK* and B*->¢K* are examples of
this class. The corresponding neutral modes have cleanly predicted
relationships between CKM parameters and the measured asymmetry

from interference between decays with and without mixing.
Peter Krizan, Ljubljana



Decay asymmetry predictions - overview

2. Decays with a small second term: b->ccd and b->uud. The
expectation that penguin-only contributions are suppressed compared
to tree contributions suggests that these modes will have small direct
CP violation effects, and an approximate prediction for the relationship
between measured asymmetries in neutral decays and CKM phases can
be made.

3. Decays with a suppressed tree contribution: b->uus. The tree
amplitude is suppressed by small mixing angles, V V. . The no-tree
term may be comparable or even dominate and give large interference
effects. An example is B->pK.

Peter Krizan, Ljubljana



Decay asymmetry predictions - overview

4. Decays with no tree contribution: b->ssd. Here the interference
comes from penguin contributions with different charge 2/3 quarks in
the loop. An example is B->KK.

5. Radiative decays: b->sy . The mechanism here is the same as in
case 4 except that the leading contributions come from
electromagnetic penguins. An example is B->K"y .

Peter Krizan, Ljubljana



Decay asymmetry predictions — overview
b->qqgs

B — ¢gs Decay Modes

Quark Process Leading "Lerm Secondary ‘lerm Sample By Modes | By Angle | Sample Bg Modes | B, Angle
VapVir = AX? Vs Vir, = AN (p — i) by
b — s o o J/ K 8 _ Bs
tree — penguin (¢ —¢) | penguin only (u — 1) DD
VeVt = AN? Ve VE = AN p —1a)
b— &35s T s / ) ¢ Kg [J' g"rff ]
penguin only (¢ — 1) penguin only (v —¢)
b — uTs VpVE = AN? ViV, = AN p — ) 7 K competing ¢n! competing
b — dds penguin only (¢ —1t) | tree — penguin (u —t) PKs ters KqKg terns
b— cus VoV = AN? 0 DK ™ common v D% i common Y
b — ugs ViV = AN (p — i) DK 7 modes D’p # modes
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Decay asymmetry predictions — overview

b->qqd

b — ggd Decay Modes

Quark Process

Leading "Term

Secondary Terin

Sainple By Modes

By Angle
* (leading tenins only)

Samnple £, Modes

By Angle

* (leading terin)

ViVl = —AN

ViV = AN — p— i)

b— dod . _ DD~ * ¥ Ks s

free — penguin (¢ — u) penguin only (¢ —wu)

Vi Vi = AN (L — p— i) VeV = AN Pm competing competing
b — s5d o dKs

penguin ouly (¢ — 1) penguin only (¢ —u) KKy terus terns
b — und ViVig = AN p—dn) | VgV = AN (L = p - i) T T ‘e Ky colpeting
b — ddd tree — penguin (uc) penguin only (1 —¢) Ty ;;UK g tenns
b—r cud VooV g = AN 0 D%%° i cormmon DPKs i connnon
_ ) 0w el ki , . 7

b — wicd VaVily = —ANHp — in) D'r? 7 wodes DK 7 wodes
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Tracking: Belle central drift chamber

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

eHelium:Ethane 50:50 gas, Al field wires, CF inner wall with

cathodes, and preamp only on endplates

eParticle identification from ionization loss (5.6-7% resolution)

D

/O

o
2204 U(p’;—) o 0.30 /o
D 702.2 e 1501.8 - I 019 /o X pT (‘D
5 r
790.0 e 1589.6 3
150U‘-.‘ - 747.0 . 17°
~. | | | T > 15 layers:
i
- e A X Y, 8.8-22.4
T — T T iF::" """"""""""""""""""" -— BGCH R I ¥ --- cm r'qdius
e- et
Interaction Point
* Cathode part
L. L.,
100mm

100mm



Requirements: Photons
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Identification with dE/dx measurement

dE/dx performance in a
large drift chamber.
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dE/ctx
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Essential for hadron R AR
identification at low
momenta.
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