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Milestones towards the SM (1)

1

1897
1905
1905
1912
1914
1917
1923
1925
1926
1928
1929
1930
1931
1932
1933

EX discovery or TH breakthrough

electron

photon

relativity

cloud chamber

beta decays

proton (u + d quarks)
Compton scattering
QM (matrix)

QM (wave)

Dirac equation
Abelian gauge symmetry
neutrino hypothesis
cyclotron

neutron

positron

Main contributors (x Nobel laureates)

J.J. Thomson %
A. Einstein %

A. Einstein
C.T.R. Wilson x
J. Chadwick

E. Rutherford
A.H. Compton % (1st US laureate)
W. Heisenberg %, M. Born, P. Jordan

E. Schrodinger x

(a TH prediction)

P.A.M. Dirac x

H. Weyl (foreshadowing)
W. Pauli (weak, isn't he?)
E.O. Lawrence %, M.S. Livingston

J. Chadwick x

C.D. Anderson x



Titbit 1: do you belong to a school? 2

Hydrogen
electron + photon

Go

proton

¢ 1897: 1.J. Thompson electron
¢ 1917: E. Rutherford proton
¢ 1932: J. Chadwick neutron

¢ 1905: A. Einstein photon

Four renowned schools in particle physics:
¢ J.J. Thomson ¢ A. Sommerfeld
¢ H. Yukawa ¢ E. Fermi

$.S. Chern: You must always put yourself amid people
who are better than you, so you can become better.

FREskE: “ ﬁi—iiﬁttfﬁ(!l?EGAET)E, RARFHD,




Titbit 2: why was Pauli unhappy? 3

The energy crisis in B decays
J. Chadwick 1914, C. Ellis 1920~1927

2-body Helium-3 (1, 2)

decays ‘
Tritium (2, 1)
Lepton
—— number
violation
Q &
2 Observed Expected
= spectrum of electron
ks energies energy
()
©
[ ,CS
E p\NS‘
E nNe
Z
Ener
= Endpoint of
spectrum

Wolfgang Pauli’s new idea (1930) Enrico Fermi’s B-theory (1933)
3-body Three-Body Final State

decays Helium-3 (1, 2)

Tritium (2, 1) . Elect ;
ectron an
. : T neulrinp share

Neutron Beta Decay

p
n—> GF/)/ _ Final

the available
A& T energy.
@ O
Electron Antineutrino n->p+ e+ vV
Lepton . .
(N,2)— (N—1,Z+1)+e +V . number “I will be remembered for this paper!”
conservation

il

1933 Fermi 1
j 7

‘ Heiseanerg

e

Schrodinger Leitner

't \ 7‘ W g " &

Bohr Paul Langevin Broylle




Titbit 3: how QED arises from U(1) 4

The Lagrangian of a free electron keeps invariant under a global phase transformation:

v — 619¢ > | LDirac = ihcaf}/“('?”w — mc? Ew (@: arbitrary real )

Weyl: what happens if the phase factor is spacetime-dependent? The Lagrangian of a
free electron under a local phase transformation changes as

w — eie(m)w —> ‘CDiraC — ‘CDiraC — he (8“9) Ew

To recover the Lagrangian’s form invariance as a guiding principle, the electron is not free anymore,
but has to interact with the electromagnetic field:

3 T - 1 v aly
Loyt = [Ihe "y = me* g | = |- —F"F,, + Quy'v A,

electron electromagnetic field

6 0@l + [A, 5 A, T 9N with |Mx) = —%9(33)




Milestones towards the SM (2)

1933
1935
1936
1946
1947
1947
1947
1948
1948
1952
1954
1955
1956
1956
1957

EX discovery or TH breakthrough

Main contributors (x Nobel laureates)

EFT for beta decays

Yukawa meson theory

muon

QED

pion

kaon (s quark)

Lamb shift

magnetic moment of electron
QED + Feynman diagrams
bubble chamber

non-Abelian gauge symmetry
antiproton

electron antineutrino

parity violation (TH)

parity violation (EX)

E. Fermi (1t EFT of the SM)
H. Yukawa % (1st work = Nobel)
C.D. Anderson, S.H. Neddermeyer

S. Tomonaga *

C. Powell *, et al.

G.D. Rochester, C.C. Butler

W.E. Lamb %, R.C. Retherford

H.M. Foley, P. Kusch %

J. Schwinger x; R. Feynman %

D.A. Glaser %

C.N. Yang, R. Mills
0. Chamberlain %, E. Segre %, et al.
C.L. Cowan, F. Reines *, et al.

T.D. Lee %, C.N. Yang x

C.S. Wy, et al,; L. Lederman, et al.

(publishing is king)



Titbit 4: behind Fermi’'s imagination 6

It's S. Weinberg who untied E. Fermi’s knot (1934) by introducing a new degree of freedom (1967):

Neutron Beta Decay Neutron (921 £ 9\ Proton
d u
~N
Initial l ™
e
state > N e~ Electron
Gp g

Ve Electron
antineutrino

V2 8My
gauge seesaw

Fermi coupling constant Weak interaction coupling constant
Gp ~ 1.166 x 107° GeV* g~0.65 VS My ~80.4 GeV

A good lesson: some effective quantities at low energies are very likely to originate from new heavy
degrees of freedom in a more fundamental theory at much higher energy scales.



Titbit 5: the Yukawa interactions

The Yukawa interaction between 2 nucleons (1935):

In the SM a Yukawa coupling measures the strength
of a fundamental fermion interacting with the Higgs
field, from which it gets its finite mass.

:

ATLAS Run 2
I K. =K;

E K. is a free parameter

SM prediction

Leptons
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Titbit 6: birth of Yang-Mills theory 3

The 2 x 2 unitary matrix can always be expressed as the product [/ = ¢?¢'"2 with 6 a real phase, =
the vector of Pauli matrices, and “a” a real vector.

Global SU(2) transformation: ¢ — ¢'™ 2

Local SU(2) transformations: i) — St , § = ¢ 147 @)/he Az) = ——=
proton-neutron isospin symmetry

‘C’Dirac - ihca’wﬁu@b T mCQ Ew

This free term isn’t invariant under the local transformation 0,,v» — 59,1 + (0,,S) 1, but it will be
invariant after the derivative is replaced by a covariant derivative and the gauge fields are assigned
to simultaneously transform in a proper way:

i

Oy — D, =0, —|—IQT A, A, — A, with T-AL:S(T-A)S —|—1 (85)51 ]|

hc Q A9

1954 &

A complete SU(2) Yang-Mills Lagrangian: it

v " i)
FHY — GRAY — Y AM — 2hQ (A" x AY) Ly = Lpirac — 16—7TF“' Fu, + (Quraty) - ALl e
¢ #




Milestones towards the SM (3) 9

1958
1960
1961
1962
1963
1964
1964
1964
1967
1968
1969
1969
1970
1971
1973

EX discovery or TH breakthrough

V-A structure of weak interactions
pioneering idea of flavor mixing
Nambu-Goldstone boson

muon neutrino

Cabibbo flavor mixing angle

SU(3) quark model

CP violation in kaon decays

BEH mechanism

electroweak theory

multiwire proportional chamber
DIS of electron on protons
Bjorken scaling + Feynman'’s partons
GIM mechanism

renormalization of EW theory

weak neutral-current interactions

Main contributors (x Nobel laureates)

G. Sudarshan, R. Marshak; R. Feynman, M. Gell-Mann
M. Gell-Mann, M. Levy
Y. Nambu %, G. Jona-Lasinio; J. Goldstone

L. Lederman %, M. Schwartz %, J. Steinberger x, et al.
N. Cabibbo

M. Gell-Mann x; G. Zweig

J.W. Cronin %, V.L. Fitch %, et al.

R. Brout, F. Englert x; P. Higgs %

S. Weinberg %, A. Salam x  (epitomize all knowns)
G. Charpak %, et al.

J.1. Friedman %, H.W. Kendall %, R.E. Taylor x, et al.

(milestones’ milestone)

J. Bjorken; R. Feynman
S. Glashow x, J. Illiopolous, L. Maiani
G. 't Hooft %, M. Veltman x (killing all divergence)

Gargamelle Collaboration



Titbit 7: an invaluable footnote

M. Gell-Mann, M. Levy: the axial current in beta decay (Nuovo Cim. 16, 705, 1960):

(*} Note added in proof. — Should this discrepancy be real, it would probably indi-
cate a total or partial failure of the conserved vector current idea. It might also mean,
however, that the current is conserved but with //Gf,<1. Such a situation is consi-
stent with universality if we consider the vector current for AS=0 and AS=1 toge-
ther to be something like:

(V, 4+ GVAS=D = @ py (n + eAd) (14 274 ..,
and likewise for the axial vector current. If (1+¢%)-%=0.97, then «=.06, which is
of the right order of magnitude for explaining the low rate of decay of the A par-

ticle. There is, of course, a renormalization factor for that decay, so we cannot be sure

Neutron Proton Proton

€ Electron AN e~ Electron

V, Electron

R - _ V, Electron
2 2 e
P(n—p+ e +7v,) o cosch, e PA—p+ e +7,) < sin<g,

antineutrino

hibbo 1963 /. |




Titbit 8: Basic structures of the SM 11

¢ Foundations: quantum mechanics + special relativity.

¢ Local gauge symmetry groups SU(3), xSU(2), xU(1), : strong + weak + electromagnetic forces.
¢ BEH mechanism: electroweak gauge symmetry breaking.

¢ Renormalizability: to make infinities disappear and predictions reliable.

;g Lsyv = Lyauge T Lttiges T Leermion T Lyukawa

e 1 1Ny 1 v

f L = —Z(W” Wi, + B BW)

g -
¥ S
€ | £, = (D“H) (D, H) - (PH'H — \(H' H)’ nosare
=

ﬁ 0 ; P T T~ 9/ T . A/

B | Lr = O, iDQ; + £ iD6 + U,id' Uy + Dyid' Dy + E id Ey

R

e _

E 'LY o _QLYuHUR o QLYdHDR - €LYIHER + h.c.




Titbit 9: what is renormalizability?

U
The bare particle
+ virtual particle
(quantum) cloud

A great success of the SM in fitting precision data—it is a renormalizable theory.
Hos k! A real particle {}

Richard P. Feynman
2
(M2 + 2 M2 + M2 - 4 M2)

MZ =Mz, +
= 16 72 v2
Planck

Julian Schwinger

Sin-ltiro Tomonaga

125 GeV

ClLl'ﬂfugs
//\\?\ =
e,

Wave-life
~"
a naturalness issue?

Particle-like

A trouble from the point-like particles in QF theories




Milestones towards the SM (4) 13

1973
1973
1973
1974
1975
1977
1979
1983
1995
2000
2001
2012

EX discovery or TH breakthrough

KM mechanism of CP violation
asymptotic freedom of Yang-Mills theory
QCD

charmonium (charm quark)
tau

bottomonium (bottom quark)
gluons

W and Z bosons

top quark

tau neutrino

CP violation in b-quark decays

Higgs boson

Main contributors (x Nobel laureates)

M. Kobayashi %, T. Maskawa *x (nontrivial CPV phase)
D. Gross %, F. Wilczek %; D. Politzer %

H. Fritzsch, M. Gell-Mann, H. Leutwyler

S.C.C. Ting %, et al.; B. Richter %, et al.

M.L. Perl %, et al. (Sarma-Xing theorem)
L. Lederman, et al.

TASSO Collaboration; et al.

C. Rubbia %, S. van der Meer *, et al.

CDF Collaboration; DO Collaboration

DONUT Collaboration

BaBar Collaboration; Belle Collaboration

ATLAS Collaboration; CMS Collaboration

+ I am sorry for having missed some milestones, especially in accelerator + detector technologies.
+ Some of the milestones listed above are more or less a reflection of my personal favorites.



Titbit 10: the only phase of the SM 14

In QFTs: ¢ non-observable phase — a possible symmetry; e observable phase — symmetry breaking.

In 1973, M. Kobayashi and T. Maskawa proposed a mechanism of CP violation in the SM.
Progress of Theoretical Physics, Vol. 49, No. 2, February 1973

2
~
f.l "‘

Inspiration from bathtub

CP-Violation in the Renormalizable Theory Ry &
of Weak Interaction {ﬁmlwqpi}tsﬁ

i !

Makoto KOBAYASHI and Toshihide MASKAWA

Department of Physics, Kyoto University, Kyoto

(Received September 1, 1972)

In a framework of the renormalizable theory of weak interaction, problems of CP-violation
are studied. It is concluded that no realistic models of CP-violation exist in the quartet
scheme without introducing any other new fields. Some possible models of CP-violation are
also discussed.

It is the nontrivial KM phase that determines all the phenomena of CP violation in the quark sector.
This is the only phase parameter in particle physics that has so far been observed. More to be seen?



Titbit 11: the Sarma-Xing theorem 15

In the 1980s and 1990s, many theorists published many papers on the possibilities of 4 G fermions.

when will the 4% charged lepton be discovered?

NOBEL LEPTONS !

arXiv:hep-ph/9512420v1 25 Dec 1995

K. V. L. Sarma
Tata Institute of Fundamental Research
Homi Bhabha Road, Bombay 400 005, India
(E-mail: kvis@theory.tifr.res.in)

The 1995 Nobel Prize in Physics is shared equally by the American physicists Frederick J.

Reines and Martin L. Perl for their pioneering experimental contributions to lepton physics.

Following is a brief account of their discoveries.

A summary of the discoveries made in the world of leptons is given in Table 1. We see that

the third generation has started getting Nobel prizes. It is amusing that the charged-leptons crop

up with a 39-year gap and may be the 4th one would show up in the yearl21 14] For the present,

the available experimental information implies that there are no charged leptons which are heavier

than tau and lighter than 45 GeV.

¢ 1897: BM BF
¢ 1936: &I =7
¢ 1975: B [9F

fi=1975 + 39 = 2114: KM 4G

BAEFETXMERNXER, At
BTkt =5, HEARAEE
BEIh2gaY? 1975 + 39 = 2014,
fEEISFERE, BERgENeX...



Beyond the SM: massive neutrinos

1937
1957
1962
1967
1968
1974
1977
1986
1987
1998
2001
2002
2002
2011
2012

EX discovery or TH breakthrough

Majorana fermion
neutrino-antineutrino transitions
neutrino flavor mixing

formulation of neutrino oscillations
solar neutrino deficit

SU(5) GUT + proton decays
Minkowski (seesaw) mechanism
leptogenesis

supernova neutrinos

atmospheric neutrino oscillations
solar neutrino oscillations

reactor long-baseline oscillations
accelerator disappearance oscillations
accelerator appearance oscillations

reactor short-baseline oscillations

Main contributors (x Nobel laureates)

E. Majorana

B. Pontecorvo

Z. Maki, M. Nakagawa, S. Sakata
B. Pontecorvo

R. Davis %, et al.

H. Georgi, S.L. Glashow
P. Minkowski

M. Fukugita, T. Yanagida
M. Koshiba *, et al.

T. Kajita %, et al.

A.B. McDonald %, et al.
KamLAND Collaboration
K2K Collaboration

T2K Collaboration

Daya Bay Collaboration

(who was motivated?)

(most likely to v mass)

16



Titbit 12: search for proton decays 17

¢ The GUT idea (1974) was motivated by a proof of asymptotic freedom of Yang-Mills theory (1973)

gamma

+ proton decays: ——i_

Positron
P ‘ u "

! " Proton

| M. Koshiba
| @™
o
o MEERIBE (BFRFFE) BREGS—E. hRRFE? Kamiokande (supernova y ™)

- Super-K (atmospheric v’s)
¢ NEBENRAITRZ —ERERIREIEICHR —RE, IRERE, Hyper-K (leptonic CPV?)



Titbit 13: the Minkowski mechanism

¢ Neutrinos surely have the right to be right (-handed) to keep Up | o— U
a similar kind of left-right symmetry as charged leptons and ( d ) — (]
quarks — small animals’ fair play? L R

Hp e— L
¢ Then neutrinos are allowed to couple to the SM Higgs doublet er,

—_—cn O
— the Yukawa interactions. Why not?

+ But the gender of neutrinos (neutral) makes it very fair to add
a Majorana mass term with N and N¢ which is fully harmless to
all the fundamental symmetries of the SM.

¢ Then we are led to the Minkowski/seesaw mechanism (1977).

consistent with S. Weinberg’'s SMEFT (1979) —» Seesaw EFT

{ “unique” I 7T - -
| djs 0 (L HHT¢¢ | o tiny neutrino masses !
! operator A « the Majorana nature ?




Conclusions 19

EitifrmamAiHe, RZIA:

(& 2 mg BINFLL 0.2 m/s RIEE €17, Hahgé
£979 4X10-8 J ~ 250 GeV, £9%F CEPC RIRL
BEE. KEETEASCIINTFRIIEE CITHIMNHE,

leptons

Kw\

quarks

photon

Higgs boson

SCISTHIRIC
fHER&H
(BN 2R weak bosons
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