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B-factory:
ete™ collider running on T45S

T4S (made of bb quark pairs) — B9B°, BTB~

Main goal:
Study of CP violation.



< ete~ B-factory accelerators>
ete” — T45(10.58GeV) — BB or BT B~
B pairs nearly at rest in 745

Symmetric energies
(CESR at Cornell)

M
E, =FE, = ;45 — 5.20GeV

Asymmetric energies
(PEP-II at Stanford, KEK-B at Tsukuba)

Ee_ Ee+

\
A

T4S (and B's) is moving in the lab frame.
— B decay time measurements (Why? Later.)

Ecm = 2\ Ee+ Ee- = Mras
{ Exvas = Ee- + Ee+
Prss = Ee- — Eet

e Byas = Pras _ Ee- — B+
E’Y‘4S Ee* + Ee+




Beam separation

Charge in each beam bunch cannot be too large
— many bunches

Want collision to occur only at one location
— beam separation
(avoid parasitic crossings)

CESR: Pretzel orbit
Interweaving ete~ orbits within a single ring
Crossing angle = +2.3 mrad

PEP-II: Separation by bending magnet
E. #*= E.-

— et, e~ beams bend differently

Head-on collision

KEK-B: Finite-angle crossing
Crossing angle = +11 mrad
LLarge crossing angle

Beam instability
Luminosity reduction (geometrical)

Looks OK for now.



Crab crossing
(KEK-B: installation in a few years)

In case finite-angle crossing causes problems

O Without crab cavities

O With crab cavities

= - Crab cavities —_—
‘
o e
e N
Collision

— complete overlap of beams
(No geometrical luminosity loss.
Suppresses beam-beam instability)



PEP-II (SLAC)

PEP-II _

Rings ™

Pasitrans

Lew Energy Ring
BaBar Detector




KEK-B (KEK, Japan)




machine CESR PEP-II KEK-B
detector CLEO BaBar Belle
circumference (km) 0.768 2.199 3.016
# of rings 1 2 2
E.+(GeV) 5.3 3.1 3.5
E. (GeV) 5.3 9.0 8.0
Bras ~ 0 0.49 0.39
E/E 6x107% 7x107% 7x 1074
Atounch 14ns 4.2ns 2ns
bunch size(w) 500u 181u T
" (h) 10u 5.4u 1.9u
" (D 1.8cm 1.0cm 0.4cm
crossing angle(mrad) +2.3 0 +11

Luminosity(ecm=2s71)
#BB/s

1.5 x 1033 3 x 1033 10 x 1033
1.5 3 10

achievements so far

Lum(peak)
[ Ldt (fb™1)

12 x 1032 31 x 103238 x 1032

TLL 31.0 24.0

1 fb~1 ~ 10° BB pairs
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Benchmarks

B BaBar L Bdle

. 6/16 HER stored —

<— 7/16 LER stored |

< 7/23 1st collision -

B <« 12/11 HER stored
~— 1/13 LER stored

< 5/10 BaBar installed
~—5/26 1st event recorded

~—9/13 >10"/cm’s

~— 2/5 1st collision

~— 5/1 Belleinstalled
~— 6/1 1st Hadronic event

<~—2/18 >10%/cm’s
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Introduction to CP violation

Symmetry in physical laws
- Parity (mirror inversion) as an example -

mirror

AT SO
A \ B
e Suppose motion A satisfies a law of physics.
e Reflect A in the mirror, and think that the mo-

tion in the mirror (B) is actually happening.
e Does B satisfy the same law of physics?

If YES, and so for all motions that satisfy the law,
then the law of physics is symmetric under parity,
or it conserves parity.

Symmetry — Conservation
(Naether's theorem)



Parity symmetry and conservation of parity
(Quantum mechanics)

Transition amplitude Sy; from state ¢ to state f:

St = (fIS|7)
Parity inverted states:

Pi) = Pli), |Pf)=Plf).

If S operator is invariant under (commute with) P

PSP =8
— Spspi = (f|PT = Pli) = (f|S]i) = Sy
PSPf

Namely, the parity-inverted process occurs at the same
rate, and the physics is thus symmetric under parity.

If PSPT= S and i and f are eigenstates of P:
Pliy =nili),  Plf)y =mnglf), (niy==+1)

Sti = (f] X ) = nni(fIS]i) = nmiSyi
PSPT
Namely, Sy; = 0 unless n; = ny:
— parity quantum number is conserved.

PSP(L)zS

P conservation Symmetry under P




CP symmetry: similarly formulated.

KO9-K9 system: the only place CPV (CP Violation)
have been seen (before B° meson).

1964, K (as well as Kg) — nta=(CP+)

This is CPV because:

Br(Kg — ©r) ~ 1 = natural to identify

Ks = Ki(CP+), K= K2(CP-)

o If K; = K5 really,
K>(CP-) — ntn (CP+)

(CPV in decay- or - direct CPV)
o If Ki # Ko, — CP+ component in Kj,

K>(CP-) = K| — e0Kg
=, c1Kr + coKgs (CP mixture )

(CPV in mixing- or - indirect CPV)

Either case, both K;&Kg — w7~ is CPV




A neutron is a physical state and not a CP
eigenstate. But it does not mix (evolve) as
far as we know.

\ = not CPV )

All CPV effects so far are consistent with the
hypothesis that

CPV in the K9-KO9 system is purely indirect
(mixing) with

e0 = (2.26 x 1073) ¥

Direct CPV in K found by:

KTeV (Fermilab) NA48(CERN)

Hypothetical intereaction that causes indirect CPV:
‘Superweak’ (Wolfenstein, 1964)

We now have a ‘real’ theoretical model of CPV:
the Standard Model



Standard-Model quark-W Interaction

Lin(®) = [ (Lo () + £l ()

g —
Low(x) = ﬁ Z Vij Ui yu(1 —vs)D; WH

1,7=1,3

u(z) d(z)
U(z)=| c(z) | , Djlx) =1 s(z)
t(z) b(x)

Vud Vus Vub

V=1 Va Ve Vu

Vie@ Vis Vi

Cabibbo-Kobayashi-Masukawa (CKM) matrix
(Unitary)

Experimentally, V has a hierarchical structure.
Approximately,

1 X X3
Vijl~ | A 1 X2
A3 N2 1

A~ 0.22



Transformation of L+ under CP

exchanges particle (n) « antiparticle (i)
CP: flips momentum sign (p < —p) (a)
keeps the spin z-component (o) the same

Such CP operator in Hilbert space is not unique:

CPa! . Pict =n,al

n,p,o na_ﬁao-
. 'CP phase’: arbitrary, depends on n
(for antiparticle: nz = (—)?/n*, J =spin)

The choice of n, amounts to choosing a specific
operator in Hilbert space among those satisfying (a).

Then, a pure algebra leads to

CP u(x)v,(1 —~vs5)d(x)WH(z) pict T
= nuninjy (A(a)7#(1 = 15)d(2 )W (a))

' = (t,—%)



L,w transforms as (taking ny = 1)

CP Lgw(z) PiCt
_ T
- \/ié > b Vai (D) 4(1 = 95) Dy ) Wo(a))
1,7=1,3

IF nymp, can be chosen such that

Nunp,Vii = Vi,

then, CP Low(z) Pict = £l ()
Namely,
Lo & szW

— Lint(t) becomes invariant under CP:

CP Lint(t) PicCt
= / &z CP[Low(z) + ﬁjgw(a;)]P’ch
— / >z [/;jlw(x’) + Low (2')]
= Lint(2)

— S matrix is invariant under CP



Condition for CP Invariance

The CP invariance condition (2) is equivalent to

rotate the quark phases to make V;; all real.

Can the CKM matrix be made real
by rotating quark phases?

Count the degrees of freedom

3 x 3 complex matrix 18
Unitarity condition VIV =171 -9
Quark relative phases -5
Eular angles (real) -3
Complex phase 1

One irreducible complex phase — CP violation
(Kobayashi, Masukawa)



One complex phase — Unitarity Triangle

e.g: orthogonality of d-column and b-column:

VuaVip + VeaV + ViaViy = O

a
0 = arg —
d b

Y

3 ( ViV ) _ < VeV, ) _ ( VY )
a=arg | ————— , 3 = arg — - |, y=arg ”
(Another notation: a=¢2, B=¢1, V= ¢3 )

If the CKM matrix is real, the triangle is a line.



How does the CKM unitarity triangle look?

Experimental inputs:
L. [Vup/Ve| (BYy b — uev)

BY-B° mixing — |Vi4|
3. ex (from Kaon system)

N

Many people have performed a fit.
One recent example: Ciuchini et.al.:

0.8

4

A
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0.2

B
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IV ~
TS BT ORI b i P
0—1 -08 -06 -04 -02 O 02 04 06

Normalized to the bottom length of the triangle.
(two bands for each are 68% and 95% c.l.)

Three bands cross at one point
— already a triumph of the standard model.



If the K-M model of CP violation is correct,
— CP Violation (CPV) in B meson decays

1. CPV in mixing. (neutral B)
Particle-antiparticle imbalance in physical neutral B
states (Ba,b): |<BO|Ba,b>|2 # |<BO|Ba,b>|2
Expected to be small.

2. CPV in decay. (neutral and charged B)
Partial decay rate asymmetries.

|Amp(B — f)| # |[Amp(B — f)|

(Amp(B° — f): instantaneuous decay amplitude.)
Difficult to analyse — 2nd-round measurements.

3. CPV by mixing-decay interference. (neutral B)
When both B9&B° can decay to the same final
state f:

BO BO
SN _ /N
B — f B — f
the inteference results in
Mpop(t) # T po_ (%) .
Most promissing.



Mixing-decay interference

Eigenstates of mass & decay rate (assume CPT):

B, = pB°% 4 ¢B°
(*) — 0O_ ,RrO0>
By, =pB qB

B, (mass: m,, decay rate: ~,)
B, (mass: my, decay rate: )

In good approximation, v, = v (= 7v)
— decay rate decuople from the arguments below.
(Also, p,q becomes pure phases)

Time evolution:

B, — Bge Mt By — Bpe "™t

Solving (*) for B° and B9,
the time evolutions of pure B° or B° at t = 0 are

o) _ 1)
BY — B%cos 2% — 450 sin 2
52 D 52
B9 — B%cos 2% — PRoisin 2
q

Y

(6m = mg — my)



Amplitude for pure B9 or B% at t =0
to decay to f at t:

9 _ 9
Apo_f(t) = Acos oy 9 Aisin 22y
2 P 2

_ 0 om
Apo_¢(t) = Acos Ty _PAisin
2 q 2

A=Amp(B° = f), A= Amp(B° = f).

The probability that a pure B°(B%) at t = 0 decays to
a final state f at ¢: (for f: CP eigenstate):

A
r o( RO t) = 7t A2 1:‘:0 q— Sin5 t
B°(B )ﬁf( ) = e |pA| [ ~ (pA) m ]

— C'PV by def.

The Time-dependent asymmetry is

A
Acp(t) = S (q—) sin dm t
pA




How to prepare (‘tag’) pure B°/B° on 17457
Since BY decays to e~ + X but not et + X
(X: something), look at the other side:

BO—>f

T4S_>{BO—>€X

If the other side decays to e~, then f came from BO - ?

In reality, B°BO pair is created in a coherent L =1
state which is asymmetric. The time evolution in the
T4S system is (with a simple algebra)

T45 — (B°B° — B°B?)
N e—’yt(BOBO L BOBO)

If one finds one side to be B° at ¢, then the other side
is pure B9 at the same time ¢,
then it will evolve as before.

— [ po¢poy—¢(t) applies to T4S with

t — At = t(f) — t(tag) )

(and et — e AL



The gold-plated mode f = WVKg

cy
C
b Ve~ .5
BO Ves K= Ks
9 ~d

What is %g—j for this mode~?

q/p is obtained by diagonzlizing

_ ((B°|H|B% (B°|H|B°
o (<BO|H\B°> <BO\H|BO>)

b Vi t Vt’é d

(B°|H|B°) : Bo V\é ?N BO

d Vtﬁ t Vio b ]

g _ (BYH|B) _ VY
p [(BYH[BO) ViV

—




f=WVKjg

(Ks|RO)(WKO|H|B%) _ —qj ViV
(Ks|KO)(WKCO|H|BY  pj V;iVes
With a similar procedure to the B case,

A—
~ =

ax _ VeV
PK VoiVes
Combinig all,

qgA _ ( VeV )/( VedV )
pA —ViaVy —ViaVy
With the definition of the angle g:

VeaVy
B3 = arg (—d Cb*>
—ViaVy,

A
=3 = _sin23  (WKy)
pA




B — WKg (t1)

T4S—+{BQ_HﬁX_@g

[exwi,(At) = N(1 Fsin28sin dmAt)

(At =t1 —t2)

—q -2 0 2 g
t_ [unit = B lifetime)

BY=e¢" tag, BY=et tag,

Total area is the same for B%/BO
— need to measure At
= Asymmetric B-factory
(moving B's — decay vertexes — At)

[At CLEO, B°B° are nearly at rest]



Belle Defec

. [q,,::l -
fors For the KEK B factory

SVD: Silicon vertex detector.

resolution ~ 100 pm (B lifetime = 200 um)
CDC: charged particle tracking

PID: n/K separation

TOF: n/K separation

Cal: electron/photon detection

KL/u: Kr/muon detection



<Full reconstruction on 745§ >

B— fi--fn
Energy and absolute momentum of B in the 745
frame are known:
Ep = Epeam = 5.290 GeV
|Pg| = \/E2,,, — M2 =0.34 GeV/c

beam

—Move to the 745 rest frame and require that
candidates satisfy

Etot = Epeam ) |ﬁtot| — |ﬁB|

where
n n
Eiot = E Ei, Pioot= Z P;
i=1 i=1

Instead of Eiot and |Piot|, we often use

AFE = FEiot — Ep (energy difference)

— 2 52 i
Mpe = \/Ebeam — Pz, (beam-constrained mass)



50 T T T T T T T T T 0.20 T T LI T

.00 — - iR

Events/(10 MeV)
A Energy (GeV)

1|_r|_|—‘ n0s
0 1 1 1 1 | 1 1 1 1 0.20 L 1 1 L. |

-0.20 0.00 0.20 5.200 5.250 5.300
A Energy (GeV) Beam Constrained Mass (Gev/cz)
50 1 1 1 1
|

Events/(2 MeV/c?)

0 r|r|I I|-|'||-!r|lr|r||l—|ll'|

5.200 5.250 5.300
Beam Constrained Mass (Gev/cz)

Also use
o V'Kg, xc1Ks, n:Ks (§f = —1)
o Wrd WK (& = +1)
e Tagging by u*, K+, n*
£r: CP of the final state (sign in front of sin243)



Result on sin28 (=sin2¢1)

(a) 20_ T
[ ' - g=-l

16} . -- &=+l
- ) — Combined
_IE
3
b=<3
D)

(b) 2y
g1
£
3 | ——
S_H L
g |
c |
0 —1_— —_—
286 4 20 2 4 6
At (ps)
sin28 = 0.58—_Fg"§’f(stat)__'_g_'f§(sys)




In terms of the unitarity triangle)

c 1p
0.8 7 AmJAm,
0.6 -
0.4 JJL‘LLW €
0.2 |3 :
-1 -08 -06 -04 -02 0 02 04 06 08 1

The Belle result is consistent with the standard model.

Other experiments:

Experiment year sin 23
BaBar 2001 0.34 +£0.224+0.05
CDF (pp) 2000 0.7910 M
Aleph (Z°) | 2000  0.93F0:84+036




Prospects for Belle

Reduce the beampipe size — x2 improvement of
vertex resolution (2002).

Collect ~ 30 fb~1 per year for a few years.
Installation of crab cavities, ante-chambers (20047)

Measure angles a/¢> and ~/¢s.
(#T7n~, DK, D*r modes etc.)

Measure the sizes of the unitarity triangle better.
General prospects in B-physics

CDF /DO (Fermilab pp) will join the game in 2002.

HERA-B may join the game soon.

LHC detectors (LHC-b and ATLAS, CMS) will start
in 2006.

BTeV (Fermilab) will start in 2008



si mM2bet aLr esol uti on

EXtrapolation of sin 23 sensitivities
(rough, irresponsible guesses)

Eventrate year =1|i near

B-factory ]
0.5¢ 10.5

Her a- B

0.2r

0. 057

0. 027

LHC B
0.01r 10.01

2000 2002 2004 2006 2008 2010
Year

Assumed linear increase of luminosity with time.



