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The Quark Model e us

(1964)
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M. Gell-Many

Three « guarks » and their antiparticles (« antiquarks »)

Strange “s”

Each quark carries a charge of « color »

Each antiguark carries a charge of « anticolor »
Antired  Antiblue

guark-antiquark (« meson ») integer

Only the -pin

« white »

are physical

combinations three quarkS (« bar‘yon ») l/o mt@ger‘

three antiquarks (« antibaryon ») spin




Mesons

spn O =0

mesons
mass The strange guark « 5 »

KO K_|_ carries a charge
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The « 5 » guark 1S
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Quantum
Chromodynamics (QCD)

* guarks & gluons
e force of « color »

ﬁ * Conﬂnement
| O

+ | e asymptotic freedom

\D
-
\D
N}
-
)
<
N
@)

Is05pIN




The Electroweak Theory I

S. Glashow,

S. Weinberg,
u A. Salam
(~1969)

M. Veltman,
G. ‘t Hooft
(1970-72)

unification of
electromagnetic and weak interactions

Three intermediate vector bosons
of weak interactions

Weak Charged Currents : W* & W- M ~ 80 GeV

Weak Neutral Currents Z0 M ~ 90 GeV
.. and the photon M = 0O



The Standard Model

Particles of matter
(fermions, spin V2)

* three « families » of quarks
* three « families » of leptons

... and as much antimatter!

Particles mediating

Interactions
(vector bosons, spin |)

Electroweak theory

* the photon

* the three bosons W+, W & Z + one spinless particle
(unknown mass)

Quantum Chromodynamics (QCD)




U C . ’
: s +2/3 MESsOoNS

Q=-2/3 Q=+1/3

masses

m(u) ~ 5 MeV

m(c) ~ 1.5 GeV

m(t) ~ 175 GeV

m(d) ~ 10 MeV
m(s) ~ 0.3 GeV

m(b) ~ 4.5 GeV

1/3 Q=+2/3

Q=-







The Prediction of Charm I

|1 967-1970, problem with
the GWS electroweak theory:
* Strange particles decay
only through Charged Currents
* Flavor Changing
Neutral Current (FCNC)
are very suppressed

— prediction of the 1 970, Glashow-lliopoulos-Maiani (GIM)
charm quark ¢ * up-type quark (charge + 2/3)
* four quarks <> four leptons
* suppression of FCNC at lowest order (AS=0)

d S
two-family .
quark flavor u cost. sinv.
mixing
t L .
from rate of K° mixing: (CZI;;{: o) ¢ —sinde cos e

M(charm) ~ | .5GeV

A =sinv. ~ 0.22



| 974, the November Revolutlonl

¥ B. Richter  G. Goldhaberf

| 974: discovery of
« charmonium »

| 976: discovery of
« open charm »

: -’t///
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p+Be — ete+X ete annihilation open charm
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A Third Generation of Leptons |
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Threshold
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1977 discovery of the tau lepton 200 | : detection of the tau-neutrino

* heavy lepton (~1.77 GeV)

* hadronic decays
* short lifetime ?/290 fs)

I DONUT
42232817 (Fermilab)
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Discovery of the Bottom Quark

| 977, Fermilab: observation of an excess
of muon pairs around 9.4 GeV of mass,
resolved 1n three resonances

p+Cu > utu + X

Spring 77:
~7000 mu-pairs
above 4 GeV

Leon ®
Lederman

The Upsilon family
(bottomium):
interpreted as
b-bbar bound states,
first manifestation of

the b-quark!
Drell-Yann T
b-quark: down-type continuum '
quark (charge - 1/3) |

M(b) ~ 4.5 GeV

FERMILAB di-muon experiment

ron
Absorber
\

“Electronicl—"
Detectors

September 77:
~30000 mu-pairs

82 86 90 94 98 102 106 1.0 1.4
Mass (GeV)




Discovery ot the Top Quark I

Tevatron Top Quark Mass Measurements

the search for the top electroweak fits
lasted for | & years! Lep+ S
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T T T T :
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CP Violation in the Kaon System

Before 1964 :
Charge-Parity (CP ) 15
a Good Symmetry
for Weak Interactions

Number of events

| 964 : Christenson, Cronin, Fitch & Turlay

establish experimentally that 10 LCP-LEAR (1992-96)
CP symmetry 15 violated in the weak S e 5 10 12 1 161 20
disintegration of long-lived neutral kaons Neutral-kaon decay time [tq]

* A CF-violating process offers an absolute way of distinguishing a world

of anti-matter from a world of matter
* Cosmology : CP Violation 1s one of the three necessary conditions to a

global excess of matter in the Universe

CP violation in mixing:  Proba(K° — K°) > Proba(K" — K°)

CP violation in the kaon system 1s a very small effect: 2 Re(e) ~ 0.3%



The Kobayashi & Maskawa Modeél

1972, M. Kobayashi & T. Maskawa :

introduction of CF violation in electroweak theory

Condition : at least three families of guarks |

Origin of CP violation :
the CKM matrix ( « quark flavor mixing matrix » )

3 families — A single CP-violating parameter

Flements of the CKM matrix:

« couplings » between
Down-type quarks
and Up-type quarks
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The Unitarity Triangle

* sine of Cabibbo angle

A ~0.22

* b > ¢ transition
(in units of A2)

_ A ~0.83
ViaVio + VeV + ViaViy = 0
* 2 coordinates

of the apex of the
Unitarity Triangle

The CMK matrix 15 complex unitary:
determined by 4 real parameters

Unitarity
Triangle







Dawn of B Physics

| 960 : Discovery of the Y(49) at Cornell

expected natural width < | MeV
but measured width ~ |1 3 MeV

+ T r..‘ II]II

Elecironic R- Meter

CUSB (Feb-Mor1980) — Y(4S5) mass just above the
CUSB B-meson pair production threshold...

at CESR (Cornell)

T" T,e.30:.04
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| 987 : exclusive reconstruction
of b - ¢ decay modes
with a charm or charmonium meson
summing over several different modes

Product of branching fractions
typically of the order 104 to 10

Mass (=5.278 GeV) and spin (=0)
of B mesons determined

MeV /c2

0 (Desy, 90)

N / 3

M (GeV/c?) M (GeV,/c?)



Physics at the Y(45) Resonance |

Y (4S) Energy Scan

0t PEP-II
- BABAR

BB threshold 1

o (e+e‘ — Hadrons)(nb)

LN
T

07\..\\\.\\..\\..\\I..\..I....I... P T S T T | s L X
944 946 10.00 10.02 10.34 10.37 10.54 10.58 ’ —50
7
Mass (GeV/c™)

Electron-positron collisions at E=10.58 GeV
ete” — T(4S) — BB (purity ~ 25%)

ete” — 1(4S) — BB’
B mesons at the Y(49) JPC _ {--
produced by pair
In a P-wave (anti-symmetric)
In a coherent flavor state
almost at rest At =ty — 1)




Semileptonic B Decays

Lepton spectrum at the Y(49)

ARGUS
9.73 £0.50 +0.39

i g

N/(0.1 GeV/c)

BABAR (breco)
10.40 £ 0.50 £ 0.46

BELLE (i tag)
10.94 £ 0.12 + 0.50

BABAR (e tag)
10.89 + 0.18 + 0.29

BELLE (breco)
11.19 £ 020+ 0.31

CLEO (I tag, 2003)
10.88 £ 0.08 £ 0.30

Average
10.89 + 0.23

HFAG

Ve USING

exclusive

B > D*fv
decays

(thanks to
development of
the Heavy Quark
Effective Theory
HQET)
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Charmless Semileptonic Decays I

Lepton spectrum (end-point)
| 990, CLEO & ARGUS:
Observation of charmless SL decays

(b)

beyond the end-point of the 6 — ¢ spectrum

b — v rate consistent with expectation
— first test of the KM framework
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Recent techniques to measure V, :
Increase phase space region
50 to decrease
the large extrapolation uncertainties




“Penguin” Decays

Run: 47779 CLEO XD Event: 16528 -_+ CLEO, I 993:
Observation
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— Powerful probes of physics
beyond the SM

through virtual effects




Charmless Two-Body Decays

CLEO, 1993 : first evidence for
charmless two-body decays

>
L
=
e
o
e
W
bl
=
o
=1
(W

NE(MeV)

CLEO, 1998 : observation of * penguin contribution 15 important
a “large” rate of B — Ktsm  * 1t may also contribute to B - 77




Penguins at Work

BABAR, 2004:
Observation of Direct CF Violation

B QU B K+’ﬂ'_
B - K rn™
- 1 606=9 | 04+696

entries / 2.5 MeV

O e e .
52 522 524 526 528 53
MEs (GeV)

Arr = —0.133 = 0.030 £ 0.009
(a 4.2 sigma effect)

>
)
=
O
=~
€
0
S
s
O

Spectacular
manifestation of

Br(B — K) tree-penguin interference
Br(B — 7r)

One can not ignore

based on 227M B-meson pairs penguin amplitudes in B -7 |







B Litetime & BB Mixing ‘

MAC-MARKII, 19862 : ARGUS, [987: Observation BB mixing
long Iifetime of B mesons (~17% of like-sign di-lepton events)
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1987
xqa = 0.17+£0.05 100,000 B pairs

Boom of B Physics at LEP around | 994
* silicon vertex detectors

— time-dependent analyses
* particle identification

— exclusive & inclusive reconstruction

(like—sign)/(like—sign + unlike—sign)




Beauty Oscillations

asymmetry mixed/unmixed
—

unmixed

Events /(0.4 ps )

unmixe

Events /(0.4 ps)

At (ps)
A(At) ~ {(1 — 2w) x cos (Amg At)} @ R(At)

15
3

, bbbl o—w

2 period ~ 6 ps
~ 4 B-meson lifetimes




Limit on the Bs Osclillations I

e_t/TBs

{1— A cos(Amst) }

TB,
World average (prel.)

+ datat1G A 95% CLlimit 15.0ps’
- 16450 < sensitivity  18.0 ps™

. Am, 20
predicted region in SM ,
LogndlataboutZde ...

Present 95%C.L limit

L
predicted region in SM

evolution
of the Imit

92 93 94 95 96 97 98 99 00

year



CP Viola




Prediction of Large CP Vlolatlonl

| 975, Pais & Treiman:
expect small CP violation effects in Heavy Flavors (charm and beauty)
(They were only considering CP violation in flavor mixing)

19861, Bigl, Carter & Sanda:
prediction of large CF violation
In interference in B decay to J/y Ks

with or without mixing;
possibility of measuring sin2f3
with small uncertainty

Need to measure time evolution:
impossible at symmetric Y(45) machine
(B mesons travel only ~20 microns in | ps)

| 9867, P. Oddone # al:
e * energy-asymmetric
~) Y Y(4S) machine
4
Ny — measure of At
* ultra high luminosity

7 —> probe rare decays

uoijelbaquisip




Accelerators at the Y(49) ‘

First-generation at the Y(45)

e CESR at Cornell (US), CLEO detector(s) (1 960 — 2002)
* DORIS at DESY (Germany), ARGUS detector (1962 — 1992)

Energy-asymmetric B-Factories

* KEK-B at KEK (Japan), BELLE detector (since 2000)
* PEP-Il at SLAC (US), BABAR detector (since 2000)

KEK '
PEP 1I
e

1980 * 1985+ 1990 +1 995 2000 * 2005

< kA e




High Lummnosity at B Factories |

ARGUS LUMI Five years

at the
o Ten years at B-Factories:

| Lat = 514/pb DORIS: ~8620 /ﬂ? (sum)

~Q0.5 /ib

Observation
of direct CF violation
in the B — Kt decays

Lumi/Month (1/ph)

time-dependent
CF asymmetries
In b= s decays
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Observation
of CFP violation
In the B meson
Peal Luminosity 15,784 [fribysec] @22:03 5y5t6m

Integrated Lumincsity  1182.50 [/pb]

1999 2000 2001 2002 2003 2004 2005

Beam Current [A]

® [L=500f" IEAL

1 [ed] aInssarg [uu] awagry

November 2005 :
more than
500 /tb delivered
to Bellel

pa8io] 3¢ paRAlRp
[q)/] wurry “Boou

Luminosity [fb/sec]

12/6/2008




B— JUK,

signal sample

signal events
(out of

230 millions
B-meson pairs)

. L . e .
5.22 5.24 5.26 5.28

mass (GeV)




Precision Measurement of sin2f3 ‘

A(At) ~ {(1 — 2w) x sin23 x sin (Amg At)} ® R(At)

bJ
=
=

A
=
=
Z
E
>
=

=
tn

Raw asymmetry
=

=)
tn

sin 23 = 0.722 4+ 0.040 (stat) 4+ 0.023 (syst)
PRL 94, 161803 (2005), (hep-ex/0408 | 27)




Evolution of sin23 measurements

e CDF
e Aleph
e BaBar
e Belle

o
600 ,,

500

400 3
=

300 2

200 =

100

0

>
N
Ql
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Ll 0 it e W
2000 2001

BABAR
Belle

1 | | 1|1 11 1l | | 1| | | | |
2002 2003 2004 2005 2006

sin 26 = 0.722 £+ 0.040 (stat) £ 0.023 (syst)
sin 23 = 0.652 + 0.039 (stat) 4 0.020 (syst)




Precision Test of the Standard Model

BABAR+DBELLE
(2004)

A. Hocker et al.



A New Era tor CP Violation

sol. w/ cos 2B <0
(excl. at CL>0.95)

% CP-violating

EPS 2005

-0.5 : 1.5

| | | | | | | | | | /I /"f

|
—
M

2005: Apex of the Unitanty Triangle with CP-violating quantities only!



40 Years of
Heavy Flavors and CP Violation

Heavy Flavors: study of the three generations of quarks € leptons
and of the transitions between them

One of the pillars of the Standard Model of particle physics

Fundamental guestions:
* Why three generations of quarks € leptons?

* Why 15 CP symmetry violated in the quark sector?

* How 15 flavor affected the physics beyond the Standard Model?
* What 15 the connection with the cosmic asymmetry?

In 40 years, a lot has been learned on the phenomenology of
Heavy Flavor Physics and CF violation...
... expect much more in the coming years on these fascinating subjects!

y¢ Today : BABAR ¢ BELLE (also CLEO-c, CDF & DO,...)
yr Tomorrow : LHCb (CERN, 2007 +)

o Longer term :
Study of CP Violation in the neutrino sector?







Three Families of Light Neutrinos

n BB g LEP -1 (CERN, 1989-94)
et o | ALEPH, DELPHI, L3, OPAL
experiments

HADRONS

Ny=2
Ny=3

Ny =4

Z resonance

89 90 91 92 93 94 95 96

Collision Energy (GeV)



Flavor Osclillations I

Three very different situations:

Kaon system B-meson system Bs-meson system

/ Ts ~ 90 ps

T7, ~ 52 1ns f"
.

1.5 ps
—

Am = 0.5ps~! Am > 15ps™ 1

Am =5x10""ps™

Am = 27 x frequency
of ﬂavor oscillations
(I ps! > 160 GHz)



T Neutral Kaon

| Semileptonic
ol Asymmetry
K9
0.0 2.0 4I.0 t/leS 6.0
N
0.0 I 2I.0 I 4I.0 t/éTS 610

Gjesdal et al. (CERN, 1974)



Charmonium

Crystal Ball
at SPEAR

radiative transitions

Background _
Subtracted

entries / 5 MeV/¢?

BABAR 2003

- 2-photon

. ‘ : NPT I R BRI B SR B R

60 80 100 200 400 600 26 28 3 32 34 36
Photon Energy (MeV) +o

m( KKt~ + cc.)

0




25 Years of Progress
in Particle Physics

o0
-
S
S

D’ — Knr BABAR

| (2001)

: SPEAR
(1976)

SEg

1.8 1.9 20 2.1 2.2

()

60 m
< £
L O
& =
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= bt
\Q) N Q,)
= >
O D
AN AN
0 0
S S
S =
&) o)
< c

0 _
1.804 1.844 1.884 1.924

m(Kr) (GeV) m(Kn) (GeV)

| 976 : discovery of 2001 : Dezosciel i

the charmed meson D-zero ] at BABAR
at SPEAR thousands of events

¢ excellent mass resolution
* no background




CP Analysis at B Factories I
€+

« Beauty »
Tagging

ﬂ.+
Measurement T
of the £ > H
« Proper Time Complete
Différence » « Reconstruction »

of the B-Meson
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