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Predicting 2008 Prize

9/30/2008

Ling-Fong Li gave first colloquium of Fall semester @ NTU, on “Higgs Particle”.

At the end, | commented on Higgs Mechanism ..., that SBGT is already verified,

and that it does not require a physical Higgs boson. Then | said (abbreviated),
“There should be enhanced chance for Japanese receiving the Prize this year,
because former KEK Director General, Totsuka, passed away in July.”
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from Kobayashi’s Nobel Lecture slides
Lepton Flavor Mixing

Discovery of neutrino oscillation
at Super-Kamiokande
using atmospheric neutrinos
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J.Raaf, Talk at Neutrino 2008
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Predicting 2008 Prize

9/30/2008

Ling-Fong Li gave first colloquium of Fall semester @ NTU, on “Higgs Particle”.

At the end, | commented on Higgs Mechanism ..., that SBGT is already verified,

and that it does not require a physical Higgs boson. Then | said (abbreviated),
“There should be enhanced chance for Japanese receiving the Prize this year,
because former KEK Director General, Totsuka, passed away in July.
Second, BaBar shut down in April, marking a transition for the B Factory era.
Therefore, as we await LHC era to dawn, Cabibbo, Kobayashi and Maskawa
have good chance this year.”

Turning around to my colleague, Yeong-Chuan Kao, a Nambu fan, | said to him,
“Could it be Nambu and Goldstone ?! Nambu well deserves, and he’s really old !”
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Nambu was already an old guy
over 20 years ago !

Progress of Theoretical Physics Supplement No. 86, 1986 i

Preface

To honor Yoichiro Nambu on the occasion of his 65th birthday, January 18 1986,

some of his friends, colleagues and students have contributed the papers contained in this
volume.,

Nambu ig one of the major figures in postwar theoretical physics. Fundamental ideas
such as spontaneous symmetry breaking, color, relativistic strings and many others are
connected with his name. In many instances, his thinking was years ahead of its time,
Beyond his manifest brilliance, he has consistently behaved with dignified modesty.

Nambu’s activity has always provided a sturdy bridge connecting two major tradi-
tions in theoretical physics. We find it therefore most appropriate that this volume is
being published in Japan, where his scientific personality was formed, while a Symposium
in his honor was held in Chicago, where he has worked for over thirty years.

Along with our sincere admiration, we ask him to accept our very best wishes for
many more productive years.

Chicago, January 1986

Peter G. O, Freund and Reinhard Oehme
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Predicting 2008 Prize ({42

9/30/2008

Ling-Fong Li gave first colloquium of Fall semester @ NTU, on “Higgs Particle”.

At the end, | commented on Higgs Mechanism ..., that SBGT is already verified,

and that it does not require a physical Higgs boson. Then | said (abbreviated),
“There should be enhanced chance for Japanese receiving the Prize this year,
because former KEK Director General, Totsuka, passed away in July.
Second, BaBar shut down in April, marking a timeline for the B Factory era.
Therefore, as we await LHC era to dawn, Cabibbo, Kobayashi and Maskawa
have good chance this year.”

Turning around to my colleague, Yeong-Chuan Kao, a Nambu fan, | said to him,
“Could it be Nambu and Goldstone ?! Nambu well deserves, and he’s really old !”

10/2/2008
| gave seminar at Murayama'’s Institute (IPMU), and stated after showing CKM fit

“Could this be the Year of CKM ? "
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Predicting 2008 Prize ’(

9/30/2008

Ling-Fong Li gave first colloquium of Fall semester @ NTU, on “Higgs Particle”.

At the end, | commented on Higgs Mechanism ..., that SBGT is already verified,

and that it does not require a physical Higgs boson. Then | said (abbreviated),
“There should be enhanced chance for Japanese receiving the Prize this year,
because former KEK Director General, Totsuka, passed away in July.
Second, BaBar shut down in April, marking a tlmellne for the B Factory era.
Therefore, as we await LHC era to dawn Kobayashi and Maskawa
have good chance this year.”

Turning around to my colleague, Yeeng-Chuan Kao, a Nambu fan, | said to him,
“Could it be|[Nambu stone ?! Nambu well deserves, and he’s really old !”

10/2/2008
| gave seminar at Murayama'’s Institute (IPMU), and stated after showing CKM fit

“Could this be the Year of CKM ? "

Murayama responded that announcement should be tomorrow. He was wrong, but
it did prompt me to check the date ...

In evening of 10/7, a little tired and bored, | recalled the date and went on line, and
was exhilarated to withess the announcement. And the genius of Nobel Committee.
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"for the discovery of | "for the discovery of the origin of the . .
the mechanism of | broken symmetry which predicts the CP VlOIatlon
spontaneous broken | existence o&at least three familiesdf ;

symmetry in quarks in nature" IN SM
subatomic physics"

naturenew

7 October 2008

Photo: Universtity of Chicago Photo: KEK Photo: Kyoto University The ;BE“E detector in Japan FEIPE';:;;
confirm the symmetry breaking effects
predicted by theoretical physicists.

Yoichiro Nambu Makoto Kobayashi Toshihide Maskawa KEE

@ 1/2 of the prize @ 1/4 of the prize @  1/4 of the prize B FaCtO rl eS
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Chicago, IL, USA Tsukuba, Japan Kyoto University F :

Kyoto, Japan

b. 1921
) b. 1944 b. 1940 :
(in Tokyo, Japan) [ % ‘ 4
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| ""ﬁ"f' The Nobel Prize in Physics 2008 I

SSB

“for the discovery of
the mechanism of
spontaneous broken

symmetry in
subatomic physics"

Photo: Universtity of Chicago

Yoichiro Nambu
@ 1/2 of the prize

USA

Enrico Fermi Institute,
University of Chicago
Chicago, IL, USA

b. 1921
(in Tokyo, Japan)

“for the discovery of the origin of the
broken symmetry which predicts the
existence of at least three families of

guarks in nature"

Photo: KEK
Makoto Kobayashi
@ 1/4 of the prize
Japan

High Energy Accelerator
Research Organization
(KEK)

Tsukuba, Japan

b. 1944

Photo: Kyoto University

Toshihide Maskawa
@  1/4 of the prize

Japan

Kyoto Sangyo University;
Yukawa Institute for
Theoretical Physics (YITP),
Kyoto University

Kyoto, Japan

b. 1940
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The Nobel Prize in Physics 2008
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SN the Charge [N

... a talk describing the theoretical insights of those honored (and
the one who wasn't) and how this has led to all the physics we
have been doing over the last couple of decades etc...

Sources

* phyadv.pdf of Nobel webpage

* Nambu and Kobayashi Nobel Lecture slides

* “From Yukawa’s Pion to Spontaneous Symmetry
Breaking” by Nambu, J. Phys. Soc. Japan (2007)

* “From BCS to the LHC” by Weinberg at BCS@50
(published in CERN Courier)
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- N Outline W—_—

0. Prologue: Predicting 2008 Prize

. Intro: the Trouble of Mass[es]
N, =, and Fermi-Yang/Sakata; Quark Model

IlI. Squalid State to the Rescue — Nambu’s Insight

my as BCS Energy Gap
t aS Nambu-Goldstone Boson

[I1. Spont. Symm. Breaking and SU(3)xSU(2)xU(1)
(Ginzburg-Landau-)Higgs Mechanism; xPT and QCD

V. Gell-Mann-Lévy-Cabibbo and GIM 3 > 4 Quarks
V. Insight of Kobayashi-Maskawa: 6 Quarks for CPV
VI. Richness of KM: from tau to top; FPCP

VII. Epilogue: KM-N Redux? A Perspective
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. Intro: the Trouble of Mass[es]

N ~ isospin doublet (m, ~ m,, why?)
n ~ Isospin triplet  (m_ << my, why?)

Chadwick; Heisenberg; Yukawa; Powell ...

| Nobel 2006 - B FactorytorLRC  George W.>. Aou (NITU)  FPCP, June 1, 2009 10 |



‘- Fermi-Yang Suggestion -‘
THE

PHYSICAL REVIEW

oA journal of experimental and theoretical physics established by E. L. Nichols in 1893

Seconp Series, Vor. 76, No. 12 DECEMBER 15, 1949

E. Ferur avp C. N. Yanc* T — N N f)
Institute for Nuclear Studies, University of Chicago, Chicago, Illinois

(Received August 24, 1049)

The hypothesis that w-mesons may be composite particles formed by the association of a nucleon with
an anti-nucleon is discussed. From an extremely crude discussion of the model it appears that such a meson
would have in most respects properties similar to those of the meson of the Yukawa theory.

but m_ << 2m,!

I. INTRODUCTION We assume that the m-meson is a pair of nucleon and
IN recent years several new particles have been anti-nucleon bound in this way. Since the mass of the
y

covered which are currently assumed to be 7-meson is much smaller than twice the mass of a

Celementary, Dthat is essentially CStructureless> The nucleon, it is necessary to assume that the binding
¥ ¥

probability that all such particles should be really C€Mergy is so great that its mass equivalent is equal to

elementary becomes less and less as their number the difference between twice the mass of the nucleon and
increases. the mass of the meson.

| Nobel 2008 — B FactorytolHC  George W.S. Hou (NTU) FPCP, June 1, 2009 16 |




- Sakata Model: p, n, A -

Prog. Theor. Phys. 16 (1956) 686

Name Model Isotopic Spin Strangeness Ordinary Spin

R 1/2 0 1/2

On a Composite Model for N 1/2 0 1/2
the New Particles* 4 0 -1 1z?
A 0 1 1/22

Shoichi Sakata = m""% 1 0 0
&(r) N4+ 4 1/2 1 o?
Institute for Theoretical Physics, Nagoya 0(T) M4 A 1/2 -1 0?
University, Nagoya b2 N+R+4 1 -1 1/2?
= N+A+4 1/2 —2 1/27

September 3, 1956 —
Here N and 9 denote nucleon and antinu- So far as the internal structure is not

cleon respectively, whereas and A denote concerned, our model for new particles is

. f ain . _ » 1y
Recently, Nishijima-Gell-Mann’s rule A and anti-A° respectivel identical with that of Nishijima and Gell-

for the systematization of new particles

has achieved a great success to account 3) Markov (Rep. Acad. Sci. USSR, 1955) pro-
f'ur' various .facts OW from ‘thf ex- posed also a composite model which is very
periments with cosmic rays and with high similar to ours. It should be remarked that
energy accelerators. Nevertheless, it would our model may be considered as a generalization

of the w-meson model proposed by Fermi and
Yang (Phys. Rev. 76 (1948), 1739), and that

N.B. Early indicator of nucleon structure is 1933 measurement of anomalous
magnetic moment of proton by Otto Stern. At time of Sakata paper,
Hofstadter was uncovering nucleon structure at Stanford w/ e-beam.
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copied from Kobayashi’'s

Nobel Lecture slides
— - B

Courtesy of Sakata Memorial
Archival Library

Shoichi Sakata Anniversary
1911-1970 25-26 November 2006, Nagoya, Japan
PHYSICS LETTERS 1 February 1964

E

A SCHEMATIC MODEL OF EARYONS AND MESONS

M. GELL-MANN
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Can one understand m_ << 2my?

Where Does Proton Mass Come From ?
— Where does Mass come from 1?

Nambu Guided the Way.

I Nopel ZUVUo — b Factory 1o LH( Leorge VW.o>. Hou (N1 U) -PCP, June 1, ZU0UY 1Y |



Il. Squalid State to the Rescue — Nambu’s Insight

~
quip by Gell-Mann

| Nopel 200o — b FactorytorLnC  George W.o. nou (NIU) FPCP, June 1, 2008 20 |



Nambu's backgrou nd from Nambu’s Nobel Lecture slides
Y. Nambu, preliminary Notes for the Nobel Lecture

I will begin by a short story about my background. |
studied physics at the University of Tokyo. | was Sc.D., 1952
attracted to particle physics because of the three famous (age:31)
names, Nishina, Tomonaga and Yukawa, who were the
founders of particle physics in Japan. But these people
were at different institutions than mine. On the other
hand, condensed matter physics was pretty good at
Tokyo. | got into particle physics only when | came back
to Tokyo after the war. In hindsight, though, | must say

that|my early exposure to condensed matter physics|has
been| quite beneficial to me.

| Nopel ZUVUo — b ractorytoL,pntC  George vw.o. Aou(NIU) FPCF, June 1, ZU0UY ~Z1 |




SCIENTIFIC

AMERICAN

Features - October 7, 2008

Profile: Yoichiro Nambu in 1995
Strings and gluons--T he seer, this year's physics Nobel laureate, saw them all

Edward Witten of the Institute for Advanced Study in Princeton, N.J.,
"People don't understand him, because he is so farsighted."

"W "Over the years," remarks Murray Gell-Mann of the Santa Fe Institute,
| "you could rely on Yoichiro to provide deep and penetrating insights

on very many questions."

In 1952 Nambu was invited to visit the Institute for Advanced Study.

There he found many brilliant and aggressive young men.
"Everyone seemed smarter than I. I could not accomplish
what I wanted to and had a nervous breakdown." Nambu

wrote decades later.

In 1957, after having moved to Chicago, he proposed a new particle and met
with ridicule. ("In a pig's eye!”, Richard Feynman shouted at the conference,

Laurie Brown recalls. The omega was discovered the next year, in an accelerator.)

Nobel 2008 — B Factory to LHC George W.S. Hou (NTU FPCP, June 1, 2009 22




"Give it another month, or a month and a half. Wait 'til | get back
and keep working. Maybe something’ll happen.”

With these parting words to Bob Schrieffer, John Bardeen left for Sweden
in late November of 1956 to accept the Nobkel Prize in Physics, his first,

DEPARTMENT OF PHYSICS
UNIVERSITY OF ILLINOIS
URBANA, ILLINOIS, USA

October 10-13, 2007

Triumf of
Squalid
State
Physics |

Theory of Superconductivity*
J. Barpren, L. N. Coorer,t anp J. R. Scurierreei
Department of Physics, University of Illinois, Urbana, Illinois
(Received July 8, 1957)




BCS, Spontaneous Symmetry Breaking, and Gauge Inv.

Autobiography in

One day before publication of the BCS paper, Bob
Schrieffer, still a student, came to Chicago to give a

SEE‘%EHY seminar on the BCS theory in progress. ...I was very Schrief g
much disturbed by the fact that their wave function did C(f:ucr;eggrffa?:lﬂﬁy
not conserve electron number. It did not make sense.

. At the same time | was impressed by their boldness
and tried to understand the problem.
PHYSICAL REVIEW VOLUME 117, NUMBER 3 FEBRUARY 1, 1960

Quasi-Particles and Gauge Invariance in the Theory of Superconductivity*

YOICHIRO INAMBU
The Envico Fermi Institute for Nuclear Studies and the Department of Physics, The University of Ckzmgﬂ, Chicago, Illinois

(Received July 23, 1959)
6. THE COLLECTIVE EXCITATIONS

The gauge invariance, to the first order in the external electro- In order to understmg et;-% Tﬁcha;lﬂm;l tF*:f “;hi_ch
magnetic field, can be maintained in the quasi-particle picture by ~ §7 ¢ MVATARCe was Testored in tae caicuation ot t1e

= ) . Meissner effect, and also to solve the integral equations
taking into account a certain class of corrections to the charge-

current operator due to the phonen and Coulomb interaction. In [We interpret this as describing a pair of a particle and
fact, generalized forms of the Ward idenrity are obtained between  |an antiparticle interacting with each other to form a

certain vertex perts and the self-energy. The Meissner effect col- | ound state with zere energy and momentum g=p'—2
culation is thus rendered strictly gauge invariant, but essentially —L——
keeping the BCS result unaltered for transverse fields.

ACKNOWLEDGMENT
We wish to thank Dr. R. Schrieffer for extremely
helpful discussions throughout the entire course of the
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Nambu-Goldstone Boson and Higgs Mechanism

From Yukawa’s Pion to Spontaneous Symmetry Breaking

Y. Nambu, J. Phys. Soc. Japan 76, 111002 (2007)

T'he BCS theory assumed a condensate of charged
pairs :::r" e!ectmns or holes, hence the medium was not

—that restored broken

AT TIES <

theplasmons by mixing with the Coulomb fie

~ Higgs Mechanism

NR

— Anderson (1958; 1963)

Englert & Brout (1964)
Higgs (1964; 1966)

[Guralnik, Hagen, Kibble (1964)

Ginzburg & Landau
(1950)

Nambu uses the term
Ginzburg-Landau-Higgs
“effective" field

ere—were found intrinsically massies
iclive excitations of pairs (Nambu-Goldstone m

e they turned Ir

Effect

Wolf Prize

A Mexican hat illustrates the Gold-
stone theorem. Though the hat is
invariant under rotations about a
vertical axis, a small ball will come
to rest off the axis of symmetry, some-
where on the brim of the hat, but it can

move freelv with no resioping

around the brim_Broke w

symmetry is illustrated by stightly
tiltine the hat: this produces a small

resioring force, analogous to the small
mass af the pion.

Nambu;

Goldstone (1961);

Goldstone, Salam &
Weinberg (1962)
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Nambu’s comment on Higgs Mechanism

Nambu's comment
Y. Nambu, preliminary Notes for the Nobel Lecture

In hindsight | regret that | should have explored in
more detail the general mechanism of mass generation for

the gauge field. But | thought the plasma and the
Meissner effect had already established it. | also should
have paid more attention to the Ginzburg-Landau theory
which was a forerunner of the present Higgs description.

Other examples of BCS type SSB

» 3He superfluidity

» Nuleon pairing in nuclei
» Fermion mass generation in the electro-weak sector of the
standard model

Nambu calls the last entry
my biased opinion, there being other interpretations as to
the nature of the Higgs field

| Nobel 2006 - B FactorytorLRC  George W.>. Aou (NITU)  FPCP, June 1, 2008 20 |



‘ my as “BCS Energy Gap” I‘
7t aS Nambu-Goldstone Boson

VoLUME 4, NUMBER 7

PHYSICAL REVIEW LETTERS

Aprir 1, 1960

AXIAL VECTOR CURRENT CONSERVATION IN WEAK INTERACTIONS®

Yoichiro Nambu
Enrico Fermi Institute for Nuclear Studies and Department of Physics
University of Chicago, Chicago, Illincis

V-A 1958

In analogy to the conserved vector current in-
teraction in the beta decay suggested by Feynman
and Gell-Mann, some speculations have been
made about a possible conserved axial vector
current.’”® One can formally construct an axial
vector nucleon current, which satisfies a con-
timuity equation,

A F — 4, - 2 —

where p and p' are tﬁ/ initial and final nucleon

Goldberger-Treiman
Relation

(Received February 23, 1960)

This situation may be understood by making an
analogy to the theory of superconductivity origi-
nated by Bardeen, Cooper, and Schrieffer,” and
refined by Bogoliubov.'® There|gauge invariance

energy gap,| and th llective excitatio re

ically related to each other as #as shown by

0Y|y, invariance

heCmesons) In fact, the mathe
ercon i ay be taken over

to study the self-energy problem of elementary

particles. It is interesting that pseudoscalar

mesons automatically emerge in this theory as
bound states of barvon pairs. The nonzero TT

meson masses and baryon mass splitting would

indicate that the v, invariance of the bare baryon
field is not rigorous, possibly because of a small
bare mass of the order of the pion mass.




The Penetrating Analogy @

ca. 1960
Superconductivity Strong Interactions
troe electrons hypothetical fermions u, d

with small mass quarks
phonon interaction unknown interaction QCD
energy gap observed nucleon mass My
collective excitations mesons, bound states T
charge chirality
gauge invariance chiral invariance,

possibly approximate

Yukawa’s pion
@ @ @ /~ as NG boson
@ \a /of Spontaneous
~ Chiral Symmetry
Breaking

proton neutron pion
Nobel 2008 — B Factory to LHC George W.S. Hou (NTU FPCP, June 1, 2009 28




Beyond Analogy: Dynamical ySB, NJL Model, xPT

electrons and holes Y1 and ¥ eigenstates of
coherent mixture near the Fermi surface: chirality operator ys
Eppr=epfpr+W_p ", Eyr=o- Py | n,
By _p *=—eb_p "+ s, Eyo=—o-plostmf,
: Eiﬂ:é(fpﬁ‘l' '1*-’2)%' Ey== @E"' m?}‘}:

€, 15 the kinetic energy (from Fermi surface)

¢ is the gap parameter Dirac:mass m
As the energy gap ¢ in a superconductor is created by -
the interaction, let us assume that the mass of a Dirac ||[||:> Nambu-Jona-Lasinio
particle is also due to some interaction between massless Model
bare fermions.

It 1s perhaps not a coincidence that there exists such| ==) vPT
an entity in the form of the pion. For this reason, we
would like to regard our theory as dealing with nucleons Works when
and mesons, The implication would be that the nucleon QCD doesn't
mass 1= a manifestation of some unknown primary inter-
action between originally massless fermions, the same
interaction also being resporsible for the binding of

e . = LtRL L B - 50 Cutoff takes place
nucleon pairs into pions,.

of Fermi Surface
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I[I1. Spont. Symm. Breaking and SU(3)xSU(2)xU(1)
— SSB /sintegral part of SM!

| Nopel 200oc — b FactorytorLpnC  George W.o. nou (NIU) FPCP, June 1, 2008 oU |



SSB Phenomena in Standard Model Dynamics

SU(2)xU(1) iﬁi Uo(1) SU(3)

Weinberg (1967) Han & Nambu (1965)

e? We usually argument of statistics

uge theories to used integer quark charges
tor-meson mass
W L mesons get
eous breaking of

ass term put in Gross & Wilczek (1973)

¢ model Lagrang- i
bly renormalizable, [also Fritzsch and Gell-Mann (1972)]

do not expect non-Abelian
be renormalizable if the v
is not zero, but our £, an
their mass from the spont
the symmetry, not irom a
at the beginning. Indeed,
ian we start from is prob

so the question is whether|this renormalizabil-
ity ig lost in the reorderi

of the perturbation i
~ > QCD

Breakthru: SBNAGT]/[ renormalizable

't Hooft (1971); 't Hopft & Veltman (1972) SUL(B)XSUR(B) %X(%B)' SUV(B)

Asymptotic Freedom ...

N.B. Need only 6-L-H effective field, yPT as effective FT

Does. nof require fundamental H. sod in conunction v LQCD
[Longitudinal W, Z are NG bosons] etc.




V. Gell-Mann-Lévy-Cabibbo and GIM )

3 — 4 quarks

... (and the one who wasn't)

| Nopel 200oc — b FactorytorLnC  George W.o. nou (NIU)  FPCP, June 1, 2008 oZ2 |



N Cabibbo Theory

VoLUME 10, NUMBER 12 PHYSICAL REVIEW LETTERS 15 JusEe 1963

UNITARY SYMMETRY AND LEPTONIC DECAYS

Nicola Cabibbo 2+
CERN, Geneva, Switzerland
(Received 29 April 1963)

We then rewrite J | ast HC = 1 30

J =costj Wig Migind(j] Vg W) (2)
" Tu TE T e

4
where tanf=b/a. Since JH, as well as the baryons /Wvd
and the pseudoscalar mesons, belongs to the oc- c, d

tet representation of SU,, we have relations (in
which ¢ enters as a parameter) between process-

es withl AS =0Jand processes withm d’ = d COSG + S Sillﬁ
C C
Strangeness conserving changing

T[+ ; \ f\, Val <Ll >0 f\ W\ <Ll u
CcOS 6, siné@.

To determine ¢, let us compare the rates for g
K*—put+vand 7t = put+u; we find

DK™ = ww)/Cla* = uw) J . W_

—ta,n'*’-aMK{ *;’M E}‘!M (1-M “HM ’}I12 (3)

From the experimental data, we then get®*

g=0,257. (4)




" Cabibbo Theory [

VoLuME 10, NUMBER 12 PHYSICAL REVIEW LETTERS 15 June 1963

UNITARY SYMMETRY AND LEPTONIC DECAYS

Nicola Cabibbo 2+
CERN, Geneva, Switzerland
(Received 29 April 1963)

We then rewrite J | ast 00 = 1 30

J =costj Wiy Disind(j Vg W) (2)
m Tp Ty T Ty

4
where tané=b/a. Since J,,,» as well as the baryons /W'd
and the pseudoscalar mesons, belongs to the oc- c, d

tet representation of SU,, we have relations (in
which ¢ enters as a parameter) between process-

L p es with AS=0 an-d processes with AS=1, d’ o d COSGC + S Sinﬁc
4 uduy Fa
e
u
v g
cos 6. = 0.97, slight reduction _ Ju ‘W™

in amplitude

“1" Measuredin O™ > F¥+e+v




What may have done Cabibbo in

VoLuMe 10, NUMBER 12

PHYSICAL REVIEW LETTERS

15 JunEe 1963

UNITARY SYMMETRY AND LEPTONIC DECAYS

Nicola Cabibbo
CERN, Geneva, Switzerland
(Received 29 April 1963)

(3) J,, has “unit length, i.e., at+h*=1.

We then rewrite J“ a

J =cost(ji Wiy Disind(j Vg W) (2)
p Ty "8y T 7€

n

where tané=b/a. Since J,,, as well as the baryons
and the pseudoscalar mesons, belongs to the oc-
tet representation of SU,, we have relations (in

which ¢ enters as a parameter) between process-

es with| A5 =0]and processes with
W
TE \u!‘\;’ / \ K > \; \, \<

CcOoS 6, sin@

To determine &, let us compare the rates for
K'—=yu%+vand 7%= p+v; we find

LK™ = p)/Cln* = pv)
*EM “}’HM (1-M ’;’W B2, (3)

+

+Uu

=tan HMK{

From the experimental data, we then get®*

g=0,257. (4)

imilar considerations are forwarded in M, Gell-
Miann and M. Lévy, Nuove Uimento 18, 705 {1988).

I, NUOVD CIMENTO VoL. XVIL. N. 4 16 Maggio 1960

The Axial Vector Current in Beta Decay

708 M, GELL-MANN and M. LEVY

this number, the experimental value, and the conserved vector current hypo-
thegis, we obtain /67, = 0.97 £ 0.01 rather than umity (*).

n
(*} Note udded in proof. - Should this discrepaney be real, it would probably indi.

cate a total or partial failure of the conserved vector eurrent idea. It might also mean,
however, that the current is conserved but with «7/6;,< 1. Such a situation it consi-
stent with universality if we conzider the vector current for [AS=0 and[ A8 = 1] toge-

ther to be something like: Already Unitary Form
s

and likewise for the axial vector enrrent. 1L-¢%)-4=0.97, then ¢ =.08>which is
of the right order of magnitude for explaining the low rate of i decay of the A par-
ticle. There is. of course, a renormalization factor for that decay, so we eannot be sure

that the low rate reallv fits in with such a picture.

(7, 4 (VA=Y — @ oo lin + eA) (L4 ¢
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What may have done Cabibbo in ...

VoLuME 10, NUMBER 12 PHYSICAL REVIEW LETTERS 15 June 1963

UNITARY SYMMETRY AND LEPTONIC DECAYS

Nicola Cabibbo

CERN, Geneva, Switzerland
(Received 29 April 1963)

(3) J,, has “unit length, i.e., at+h*=1.
We then rewrite J“ a

J =cost(ji Wiy Disind(j Vg W) (2)
p Ty "8y Tu "8y

“Gell-Mann-Lévy-Cabibbo”

Gell-Mann remembers in
Quark Model paper

Volume 8, number J PHYSICS LETTERS 1 February 1964

M. GELL-MANN

| constructed if we allow non-integral values for the

| charges. We can dispense entirely with the basic

| baryon b if we assign to the triplet t the following

| properties: spin 3, & = -7, and baryon number 3.

| We then refer to the members u3, d-3, and s—7 of |

Lthe triplet as 'quarks" 6) g and the members of the|
anti-triplet as anti-quarks q. Baryons can now he
constructed from quarks by using the combinations
(qaa), {gaaqqd), ete., while mesons are made out
of (qd), (qqgq), etc. It is assuming that the lowest
baryon configuration (qqq) gives just the represen-
tations 1, 8, and 10 that have been observed, while
the lowest meson configuration (gq) similarly gives
just 1 and 8.
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A formal mathematical model based on field
theory can be built up for the quarks exactly as for
p, n, A in the old Sakata model, for example 3)
with all strong interactions ascribed to a neutral
vector meson field interacting symmetrically with
the three particles. Within such a framework, the
electromagnetic current (in units of ) is just

{iUygu=fdy, d=- 18y, s

or ¥4, +Fg,//3 in the notation of ref. 3). For the
weak current, we can take over from the Sakata
model the form suggested by Gell- Mann and Lévy"?],
namely i By o (1+¥5)(n cos 8 + A sin 9);‘ which gives
in the quark scheme the expression

iuyy(l+yg)(dcos 6+ s sin 9)

We thus obtain all the features of Cabibbo's picture 8)



d’ “Neutral” Current
u Charged Current
Z
J z"
m g
W
h JH VW
d1
Glashow-Weinberg-Salam Electroweak Theory d
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- GIM Mechanism -

PHYEICAL REVIEW D YVOLUME 2, NUMEBER 7 1 OCTOBER 1970

Weak Interactions with Lepton-Hadron Symmetry*
S. L. III:I‘W:, I,mtﬂmums, awp L, @‘IJA.NI"'

Lyman Laboralory of Physics, Harvard University, Cambridge, Massachusells 02139
(Received 5 March 1970)

We propose a model of weak interactions in which the currents are constructed out of four basic quark
fields and interact with a charged massive vector boson. We show, to all orders in perturbation theory,
that the leading divergences do not violate any strong-interaction symmetry and the next to the leading
divergences respect all observed weak-interaction selection rules. The model features a remarkable symmetry
between leptons and quarks, The extension of our model to a complete Yang-Milis theory is discussed.

d' =d cosf, + s sind,

'l d “Neutral” Current >.\n/\/\<“

sin@.

J° 70

s’ d’

s’ =—d sinf, +s cosb,




N GIM Mechanism 8

PHYEICAL REVIEW D YVOLUME 2, NUMEBER 7 1 OCTORER 1970

Weak Interactions with Lepton-Hadron Symmetry*
S. L. E.m:lw, I,mtﬂpm:rms, awp L, @A.mmi'

Lyman Laboralory of Physics, Harvard University, Cambridge, Massachusells 02139
(Received 5 March 1970)

We propose a model of weak interactions in which the currents are constructed out of| four basic quark |
fields and interact with a charged massive vector boson. We show, to all orders in perturbation theory,
that the leading divergences do not violate any strong-interaction symmetry and the next to the leading
divergences respect all observed weak-interaction selection rules. The model features a remarkable symmetry
between leptons and quarks. The extension of our model to a complete Yang-Milis theory is discussed.

d=d c?zeft "l' iSin? A Fourth Charge +2/3 Quark !
'l d’ eutral” Curren
C u Charged Current
. 0
J, Z RN
= J, W

s'| d’
s’ =—d sinf, + s cosb s'| d
Nobel 2008 B Faciory to LHC George W.s. Hou




GIM Mechanism Completes 2 x 2

Sy ' S

d’= dcosf.+ssinf

[ e
/W'd' s’ =—d sinf, +s cos 6, —d’
C. <,
d d
C u Charged Current
\ (¢ g
/ W
d) J, VWS

2x2 Rotation !

s’ d’
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V. Insight of Kobayashi-Maskawa: 6 Quarks for CPV
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Experimental Discovery of CP Violation

VoLUME 13, NUMBER 4

PHYSICAL REVIEW LETTERS

27 Jury 19064

EVIDENCE FOR THE 27 DECAY OF THE K,° MESON*

J. H. Christenson, J. W. Croni

Princeton University,

T v, L. Fiteh,¥ and R. Turlay$
rinceton, New Jersey

(Received 10 July 1964)

This Letter reports the results of experimental
studies designed to search for the 27 decay of the
KED meson. Several previous experiments have
served!*? to set an upper limit of 1,300 for the
fraction of K,"'s which decay into two charged pi-
ons. The present experiment, using spark cham-
ber techniques, proposed to extend this limit,

In this measurement, K," mesons were pro-
duced at the Brookhaven AGS in an internal Be
target bombarded by 30-BeV protons. A neutral
beam was defined at 30 degrees relative to the
circulating protons by a 13-in.X 13-in. % 48-in,
collimator at an average distance of 14.5 ft. from

The analysis program computed the vector mo-
mentum of each charged particle observed in the
decay and the invariant mass, m*, assuming
each charged particle had the mass of the
charged pion. In this detector the Kg3 decay
leads to a distribution in m * ranging from 280
MeV to ~536 MeV; the K;3, from 280 to ~516; and
the Kg3, from 280 to 363 MeV. We emphasize
that m * equal to the K" mass is not a preferred
result when the three-body decays are analyzed
in this way. In addition, the vector sum of the
two momenta and the angle, #, between it and the
direction of the K.” beam were determined. This

2x1072: Too Small .... for Sakharov !

| Nobel 2008 — B FactorytolHC ~ George W.S. Hou (NTU)
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(1967)

CPV & BAU (& U): The Sakharov View

e Baryon Number V iolation

e CP Violation

e Deviation from Equilibrium
N\ 10-° Matter left!

Pair
Annihilation

~
Equal Matter
-Antimatter



GIM 2x2

PHYEICAL REVIEW D YVOLUME 2, NUMEBER 7

1 OCTORER 1970

Weak Interactions with Lepton-Hadron Symmetry*
5. L. w, I.m.tuml:rms, axp L, i-

Lyman Laboralory of Physics, Harvard University, Cambridpe, Massachuseils 02139
(Received 5 March 1970)

We propose a model of weak interactions in which the currents are constructed out of{four basic quark |
ficlds and interact with a charged massive vector boson. We show, to all orders in perturbation theory,
that the leading divergences do not violate any strong-interaction symmetry and the next to the leading
divergences respect all observed weak-interaction selection rules. The model features a remarkable symmetry
between leptons and quarks. The extension of our model to a complete Yang-Milis theory is discussed.

]

theless, ﬁlnf'n-gh]g redefnitions of .1__h:: relative phases of Dld not
the quarks may be performed in order to make [7 real
and orthogonal, so without loss of generality we write pursue CPV

()

: —sinf  co
U=|:

cosfl  sinf '

tribute to Sakata

We_begi rnduci ark ﬁeids v The
uarks @, M, and A form an SU(3 >and
the fourth, ®', has the same electric charge as @ but

differs fru-m the triplet by one unit of a new quantum
number @ for charm. The strong-interaction Lagrangian
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| Kobayashi-Maskawa I

Progress of Theoreti ics, Vol. 49, No, 2, February 1973
CP-Violation in the Renormalizable Theory s/ S“
of Weak Interaction Purely Real
Makoto KOBAYASHI and Toshihide MASKAWA Rotation

Department of Physics, Kyoto University, Kyoto

(Received September 1, 1972)

In a framework of the renormalizable theory of weak interaction, problems of CP-viclation

are studied. It is concluded that no realistic models of CP-violation exist in the guartet
scheme without introducing any other new fields. Some possible models of CP-violation are

also discussed. consider the quartet model +
did not refer GIM v p, n, A and £, respectively
Sakata

field corresponding to U(1) which is irrelevant to our discussion. With an ap-

propriate phase convention of the guartet field we can take U as k
, cosfl sind 9u
U= .

—sinfl cosf

Charged Current

(6)
Therefore, if ["=0,no CP-violations occur in this case| It should be notg fN g VW T
however, that this argument does not hold when we introduce one more fermi{ = M

doublet with the same charge assignment. This is because all phases of elemen
of a 3X3 unitary matrix cannot be absorbed into the phase convention of §, _,
fields. This possibility of CP-violation will be discussed later on. s] 1d
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KM Development : from 2 x 2 to 3 x 3| (&

b

/ S N

| i
3x3 Rotation ! | PLUS ... '

u) (c) [t g
,kr},

ponents, respectively. Just as the case of (A,C), we have a similar expression

for the charged weak current with a 3% 3 instead of 2x2 unitary matrix in Eq. d
(5). As was pointed out, in this case we cannot absorb all phases of matrix d’
elements into the phase convention and can take, for example, the following

expression: 3 “Generations”

cos 0, —sinf, cos @, —sin f), sin f;

¢ k,ll Charged Current

cos fl, cos 0y sin G+ sin 0, cos Ge*)|.
cos 0, sin B sin 6 — cos 6, sif ")

the phase counting is called Iwasawa decomp. “%(13) g

W _
Then, we have CP.violating effects through the interference among these different J v ‘W
current components. An interesting feature of this model is that the CP-violating
effects of lowest order appear only in 450 non-leptonic processes and in the
semi-leptonic decay of meutral strange mesons (we are not concerned with higher | |’ s,”d’

sinfl; cosfly cos 0, cos B, cos f;—sin f, sin G

sinf, sinfl, cos 6, sin , cos s+ cos G sin fye

states with the new quantum number) and not in the other semi.leptonic, 45=0

non-leptonic and pure-leptonic processes. : FPCP: June 1: 2009 46 |



1' § The Nobel Prize in Physics 2008

"for thediscovery of the origifdof the

broken symmetry which predicts the
existence of&t least three familiesbf

guarks in nature"

Nobel 2008 — B Factory to LHC

ca. 1973
George W.S. Hou (NTU
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VI. Richness of KM: from tau to top; FPCP
KM is Flavor part of SM!
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The Fundamental Fermions
Heavy Flavor

. 4910
©L® 0

six leptons six quarks
d-e se
(large angle MSW)
Vi— &8V, 80V
= @
> 3 < o
< < - < < <




KM'’s Impact, and our pay-back

Experimental Verification at B-Factories

Kobayashi slides

1-5 I TF A | L | I | | T 1 Sl e | | I T T 1
i '...eesfi'siieé.iail'_'lﬁit_a_s?_?ﬁ ! e_%__ ! il
; ) : &\ il
= g e\ <

1.0 - : % —
. - ]

05
ek

IS 00 e

[

-0.5 — 1

10 [ N
- | fitter i () s0l, W'cos 20 <0 -
- ICHEP 08 : 3 (excl. alCL=0.95)

_1 5 i L1 11 I L1 1 1 I 11 1 I D ey I L1 1 1 ] |l 11 1]

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

P
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Experimental Verification at B-Factories
e ] |

Kobayashi slides

Present Status of CP Violation

B-factory results show that quark mixing is the

E e e et @

dominant source of CP violation

B-factory results allow room for additional
source from new physics

Matter dominance of the Universe seems
requiring new source of CP violation
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CPV so far only observed in KM ...
* Nontrivial CPV Phase

- . * % %
Nontrivial  V V0 + V. V.5 + ViV =0

o All like-charge quark pairs nondegenerate,

Otherwise -> Back to 2-gen. and CPV vanish.

D S SN By D 2y D By gD I T -
J={(m; —my)(m; —m_)(m. —m,)(my, —mg)(my —m;)(m; —my A

Jarlskog’s Invariant for CPV

RN SR |
Im det [m WMy, My md}
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Experimental Verification at B-Factories
e ] |

Kobayashi slides

Present Status of CP Violation

B-factory results show that quark mixing is the

dominant source of CP violation

B-factory results allow room for additional

source from new physics

Matter dominance of the Universe seems
requiring new source of CP violation

J seems short by at least 101"
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VII. Epilogue: KM-N Redux? A Perspective

I'm a born-again 4th generationist!
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IAA :AK+TCO _AK+TE_ ~15% and PEb\;S

LO PQCD D 4th Gen WSH, Nagashima, Soddu, prL'05

0.05
O Dg : AA ~ 12% vs 15% (data)

8 -0, m,, =300 GeV p _
~0.15 RN . . d
ool 1 | (illustration) S
O TR A B- b W S

0 S0 180 270 360 w K-
ds U u
W
. (c, u)
B, W' W B5
_ (c. u) b
5 + * *
Ys
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W

An Updated Measurement of the CP Violating Phase ﬁ;rf"‘*!"i’ 3@

-

The _( DF (b“nhut‘u[iulll Sy
CDF/ANAL/BOTTONM/PUBLIC /9455

Version 1.0
Aunzust 7, 2008

[t is interesting to note that the Belle and BABAR collaborations have observed an asvimmetry between direct C'F
asvinmetries of charged and neutral B — K« decayvs with 5 significance [5, 6], In the absence of an under-estimation
of the contribution from color-suppressed tree decays, it is difficult to explain this discrepancy without some source
of new physics contributing to the electroweak penguin which governs the b — s transition.In the standard model.
this sospin-violating diagram should be highly suppressed. but if a new source of physics 1s indeed present in these
transitions it mayv be enough to cause the different C'F asyvmmetries that have heen observed.. In the Hg — J/ib e
decay. the b — s transition oceurs through the mixing box diagram shown in Fig. 1. It 18 possible that new particles
could enter this transition through the b — s quark transition. While there are surely a number of possible sources
of new physies that might give rise to such discrepancies, George Hon predicted the presence of a ¢ quark with mass
hetween ~ 300 and 1,000 GeV/e? in order to explain the Belle result and predieted a priori the observation of a large
C'P-violating phase in BY — .J/4¢ ¢ decays 7. 8], Another result of interest in the context of these measurements is
the excess observed at ~ 350 GeV /2 in the recent ¢ search at CDF using 2.3 th=1 of data [9]. In thig direct search for
a fourth generation up-tvpe quark. a significance of less than 2« is obtained for the discrepancy hetween the data and
the predicted backgronnds, so that the effect, while intrigning, is presently consistent with a statistical fluctuation.
_jajfw I

A updated search with more data would also clearly be ol interest, particularly if a large value of ersists with

the addition of more data.

b W V. 5§

0 =0
T 4
BS u,c, u,c, BS

s Vi, W b
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S

, WSH, Nagashima, Soddu, PRD’07 (already in 05)
~ PRL'08
arXiv:0712.2397 [hep.ex] PRL'08
L=135 fbt arXiv:0802.2255 [hep.ex]

,7\0.4

CDF Run Il Preliminary

0.6 — 95% cC.L.
I — 68% C.L.
£ 0.4 — SM prediction

-0.41 M AT = AT,
o b b L
Y€ 15 1 05 05 1 15

O (radian)

Ngos(0,)|
l 1 1 1 1

Observable 68% Prob. 95% Prob.
¢B.[°] -19.9 & 5.6| de¥ems==smm—| sin2®@p = -0.64| = ?
: -68.2 + 4.9 [-78.45,—58.2]
UTfit ; R
Incredible !!!

arXiv:0803.0659 [hep.ph]
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B.A.U. from Electroweak Baryogenesis ?

CPV (\
To _ (5.1:93)x1071° KM ~)\102°
K WMAP Too Small in SM

If shift by One Generation in SM4  (need 3 gd

J = (-m? _ .ﬂg‘?)(;-m — ??af](gi)(.??lg _ b,@ *_
ﬂ U

.]r'“.'f.,'_]] ~ (_m:f_, —m?)(m? —m?)(m? — mf_)(_mf; — mf_)(_mf; — mﬁ)(;rs{ —m?) {ﬁ

m2 [ m? m;,
~ =L J 0O+15
3 ‘ P~
m2 \ m? mam? 1 Gain

\\ J :
Y Only fac. 30 in CPV per seé

‘ Gain mostly in Large Yukawa Couplings | ‘

—— -

Nature would
likely use this !?




Thoughts on the other 1/2 Nobel Prize

-
::}
s

T
- I V‘b
Vs b,
- g
f 3
5
3 e
.r"i- &, f“vﬁ
i":. Fd

“d

.
“H-.'M-i-o’?"*

SSB

Nobel 2008 — B Factory to LHC

“for the discovery of
the mechanism of
spontaneous broken
symmetry in
subatomic physics"

Photo: Universtity of Chicago

Yoichiro Nambu
@ 1/2 of the prize

USA

Enrico Fermi Institute,
University of Chicago
Chicago, IL, USA

b. 1921
(in Tokyo, Japan)

George W.S. Hou (NTU

(@Q) can Condense
by Large Yukawa

Could EWSB be
duetob’ and t’
above unitarity bound ~ 500-600 GeV ?

bf

Bob Holdom: N—J-L O
&

[Bardeen, Hill, Lindner t th

Gustavo Burdman: “Holographic” 4th gen.
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S KM-N Redux [

s = (mi —m2)(mi —mi)(m; —m?)(mg, —m?)(m;, — mi)(mi —m?) A5,

m2 [ m? mo
. t' i 1 b }7 15 s
[ ; : —_— - - ~
m2 .”!.,f _‘.,”Esz 10+ Gﬂln

2

A sh
'_12:3.-'1

A

\\§ _J
e Even if O(1
m,, m,=300Gev 10+13 2 Enough CPV
~600GevV 10*10 for B AU
Sin?..d)Bs
Maybe there is a 4th Generation! @ Tevatron
by 2010(1)

Will Really Know in ~ 3-5years!| @ LHC

> Heaven on Earth?
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- My first B paper -

WSH. Willey. Soni

VOLUME 58, NUMBER 16

PHYSICAL REVIEW LETTERS

20 APRIL 1987

an by Inami and Lim,® and we follow their notation. The effective Lagrangean arising from Fig. 1 is

LG =226 predCi 5y, Lb) Ty, L1 — s (Fy +2C7) 5y, Lb ) (Ty, 1)

L= —=22G 0, D; (5y,Lb) (vy,Lv),

where ¥ =g?%/16n% v, =V} Vy, i is summed from 2 to n (where n is the number of generations),'? s is the sine of the

Weinberg angle, and we exhibit'!

—swFhl5io,.(q./q?) (m L +my R)B) Ty, DY, (1)
(2)
dimensions
2
= = FZ 4 Fhox o 3| _X 3
Ci=C7+C 4Im—1 Inx =3 5 4 / (3)
=~ _ AZ.4 Fbox 3 xi{x; —2) L3 X 2 2
D, =D?+D, =D Inxi+ 5~ aGF < GFmt (4)

whcrand m; is the internal quark mass. The important feature of Egs. (3) and (4) is the term x;/4,°

<l
<l

BRof b—+s0'l",sv#

1073 as -
E — b—s'0” L
—af - b—ssvi P~
0 " F by
? L
: f..f{
m'&r Ry
. :
P nondecoupling
o R o _J
25 100 500

my (GeV)




Decoupling Thm: Heavy Masses are decoupled in QED/QCD
" Appear in Propagator

O
Nondecoupling: Yukawa Couplings Aq Appear in Numerato({\;(\@((\\O

Subtlety of Spont. Broken Gauge Theory
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B.A.U. from CPV in KM ? The Lore.

=‘&|=
I
o

Y

y AP
— Too Small in SM
Jarlskog Invariant in SM3 (need 3 generation in|[KM)

y 2 2 2 D ; 7 D 2 . 2
J = {m; —m,)(m; —m)(( vy, — my)(my, — m, IS — |

Normalize by T ~ 100 GeV =——=> |.J/T"? ~ 10~

EW Phase Transition Temperature Masses too Small
~ V.e.V.
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CPV Phase
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