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« Car, enfin, qu’est-ce que I'homme dans la nature ?
Un néant a lI'égard de l’infini, un tout a I'égard du
néant, un milieu entre rien et tout. Infiniment
éloigné de comprendre les extrémes, la fin des
choses et leur principes sont pour lui invinciblement
cachés dans un secret impénétrable, également
incapable de voir le néant d’ou il est tiré, et l'infini
ou il est englouti. » (Blaise Pascal, Pensées, 1669)

Blaise Pascal 400 ans (1623-1662)
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AAfter all, what are humans in Nature? A nothingness
with respect to infinity, a whole with respect to
nothingness, a middle ground between nothing and
everything . Infinitely far from comprehending extremes, :
the end of things and their principle are for him invincibly - .
hidden in an impenetrable secret, equally incapable of
seeing the nothingness  from which he is drawn, and the %‘3\,};;‘35_‘&5‘-“
infinity  into  which he is engulfed .0 Blaise Pascal [ ¥

(Thoughts, 1669 )
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Disérete Syamtgh yesb ot h.er |

Among the ~ 20 Nobel Prizes in/around particle physics since WW/II,
seven are related to flavor transitions:

1957
1980
1933
2002
2008
2013
2015

Onecoul

Lee & Yang (theory of parity violation in weak currents)
Cronin & Fitch (discovery of CP violation) P

Lederman (discovery of v,, and parity violation)

Koshiba (discovery of neutrino oscillations)
Kobayashi & Maskawa (mechanism of CP violation)
Englert & Higgs (EW symmetry breaking)

Kajita & McDonald (neutrino oscillations)
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https://www.refletsdelaphysique.fr/articles/refdp/pdf/2022/03/refdp202273p5.pdf

Discrete Symmetries (CPT)

| Parity: Is an event seen in a mirror as realistic as the original one?
] Time reversal: watching the film of an event backwards results in a realistic event?
] Charge conjugation: can we distinguish matter from antimatter?

Antmatt er reactorls/ contai ner s
Ti me rever s all ma (
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J]Parity STEVEN WEINBERG Robert Cainan Gerson Godhaber
. Winner of the 1979 Nobel Prize for Physics : . e
J] TI me rever ¥ The Experimental Foundations of C Bess
L1 Char ge c on| Particle Physics | = == o
sreonn =T | The Physics of the
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Introduction
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Discrete Symmetries (CPT)

INTEANATIONAL SERIES OF MONOGRAPHS

Discrete and Global Symmetries in Particle ONEHYSICS 103
Physics

JParity
J]Ti me reverisal
J]Charge conj ui

CP Violation

R. D. Peccei

(a)}

Department of Physics and Astronomy, UCLA, Los Angeles, CA 90095-1547

GUSTAVO CASTELO BRANCO
LUIS LAVOURA
JOAO PAULO SILVA

Abstract. | begin these lectures by examining the transformation properties of quan-
tum [ields under the discrete symmeliries ol Parity, I’, Charge Conjugation, C, and

‘ Time Reversal, T. With these results in hand, I then show how the structure of the
Standard Model helps explain the conservation /violation of these symmetries in varions
scctors of the theory, This discussion is also used to give a qualitative proof of the CPT
Theorem, and some of the siringent tests of this theorem in the neutral Kaon sector
are reviewed. In the second part of these lectures, global symmetries are examined.
Tlere, after the distinction between Wigner-Weyl and Nambu-Goldstone realizations
of these symmetries is explained, a discussion is given ol the various, approximate or
real, global symmetries of the Standard Model. Particular attention is paid to the role
that chiral anomalies play in altering the classical symmetry patterns of the Standard
Maodel. To understand the differences between anomaly effects in QCD and those in the
clectroweak theory, a discussion of the nature of the vacuum structure of gauge theories
is presented. This naturally raises the issue of the strong CP problem, and | present a
brief discussion of the chiral solution to this problem and of its ramifications for astro-
An | ntrod uction physics and cosmology. T also touch briefly on possible constraints on, and prospects
for, having real Nambu-Coldstone bosons in nature, concentrating specilically on the OXFORD SCIENCE PUBLICATIONS

Some r ead

Lecture Notes in Physics

Tatsuo Kobayashi - Hiroshi Oki -
Hiroshi Okada - Yusuke Shimizu -
Morimitsu Tanimoto

arXiv:hep-ph/9807516v1 27 Jul 1998

to NO Abelia n simplest example of Majorons. I end these lectures by discussing the compatibility of

having global symmetry in the presence of gravitational interactions. Although these

: S . interactions, in general, produces small correetions, they can alter significantly the
D |S(rete ym m etrles Nambu-Coldstone sector of theories,

for Particle Physicists

Second Edition

MEMEE R INE 5 Discrete Symmetries
IN

| PARTICLE
) Springer PHYSICS

by

Prof.dr Ing. J. F. J. van den Brand

EDITED BY ;
Itzhak Bars \ Vrije Universiteit
Alan Chodos Amsterdam, The Netherlands

Chia-Hsiung Tze

www.nikhef.nl/ jo

A A Includes problems and solutions e
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https://arxiv.org/pdf/hep-ph/9807516.pdf
https://www.nikhef.nl/~jo/CP_course.pdf
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Just after T.-D.Yang & C.-N.Lee

The experiments of Particle -Nuclear physicist
C-S. Wu (657) and

that weak interactions are not P-invariant.

The Tau-Theta puzzle(60s), R.Dalitz, N. Ca b i b robang s
anglel ( 06 3) & Evidence for
neutral K-mesonsobserved
byJ. Cronin & V.
J.H. Christenson, & R. Turlay
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Anti -matter exits !

A1 nl929P.AM. Dirascol vebdree
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The radius of curvature is smaller above
the plate. The particle is slowed down in
the lead - the particle is incoming from the
bottom.

The magnetic field direction is known:
-> positive charge

From the density of the drops one can
measure the ionizing power of the
particle=> minimum ionizing particle. ‘

Similar ionizing power before and after the
plate - same particle on the 2 sides.

Curvature measurement after the lead:
particle of ~23MeV - it is not a non-
relativistic proton because it would have
lost all its energy after ~5mm (a track of

A . . J Y
2801 |5 absanied). Momenuz 1cm R
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Theé& P, ahsdy mmetr i..es

The Standard Model has been defined without imposing by hand global
nor discrete symmetries; still, these symmetries are present, e.g. baryonic
and leptonic global continuous symmetries, and CPT discrete symmetry
from general properties of local and Lorentz-invariant Quantum Field
Theories (Schwinger, Luders & Pauli).

C is the charge conjugation transformation particle <+ antiparticle
P is the spatial parity transformation (t,x) — (t, —x)

T is the time reversal transformation (t,x) — (—t, x)

the product CPT is a mathematical exact invariance of any ‘“viable”

quantum field theory

The precise transformation rules for the fields can be found in textbooks.
Intuitively the distinction between left and right could be thought as a
human invention, and so fundamental physics was postulated to be
P-invariant. _‘

V. T., LHCIZKMfitter, LPC Clermont FD o wm



Parity violation in Cobalt weak decay

This is however not true (not even macroscopically: there are chiral
molecules with chirality-dependent biological properties): weak
interactions are chiral.

Mi I .
i e Wu experiment 1956-57
Original Mirror-reversed : =3 - -
arrangement arrangement : o v

| I

Foy
R

Predicted direction
of beta emission if
parity were conserved

Preferred direction
of beta ray emision

Cobalt-60
nuclei

Observed direction ) _. i )

Direction of electron of beta emission in | mmedi ad enfyi rbnye@ der m
.\ flowthroughthe /. mirror-reversed - . ;
F it H arrangement & Gar wi mpi odne c dymeasur i

muomagnemboment s

£ 0 (@07 )/T (T $T,)=(1.230 +0.004)x10 -4
C V-A interactions (helicity suppression) [LINK]

0 +1 I
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https://www.hep.phy.cam.ac.uk/~thomson/lectures/partIIIparticles/Handout9_2009.pdf
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* C.S. Wu experiment (1957) . Goldhaber experiment (1958)

0Co — PONi* +vy + 152Fy (J=0) + e — 152Sm* (J=1) + v

102 =
TS5 J=4 | <_<:}_<:|.. —>i92Sm (J=0) +y+ v
The spins of all final state particl ec

with 8%m are selected and their polari

|3 AR o a Y v
|\ e_
Both decays <*_l/ 5 <‘l:'_>

are not 3 S
possibl e!e‘Mv

T 1 T T T | | Gl
12 B ASYMME TRY (AT PULSE —
H‘ HEIGHT 10V)
EXCHANGE
110 - GAS| IN

COUNTING RATE
<COUNTING RATE Nuasus

09 -
9] @D
19 o Phys. Rev. 10271413- I Phys. Rev. 109, 1015
1414 (1957) (1958)
070 L~ 1 1 1 1 |

O 2 4 6 8 10 122 14 16 8

TEMPS (minutes) Neutrinos are definitely left -handed!

Lee, Yang Nobel 1957  Weak interaction maximally violates Ca d P
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P:(x)=-r
P:(L=rxp)=+L
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MI XIONNG neutr al me S_0\1cs

“ L(H) p|F0>iq‘Fo>

SR RS QD[FO(t) S F°]=QD[F°(;) —>F°] =|g_(t)|2 CP is conserved in mixing
- ) eer]F)
2 2 q : |FL>= \/—?j
af +|pf =1 = L-e and Jg|-|p|-1/V2 Y= ] )
S |F H>= N2
The physical states are eigenstates of the CP operator (and orthogonal)
(CP)2 | i > =\f > = eigenvalues : o, = +1 Ar.bitrary phase in the CP operator
CP|F*) =" |F*) My CP|F,)=+|F,) ;
R [CP,H] -0
CP|F*)=e™|F°) CP|F,)=-|F,)
Experimentally : ( K" : +(4.448+0.024)x10°
Slight CP-violation is observed in K° mixing g : =
No CP-violation observed in B° and B, mixing |- 5 =1 B 1 H1.0=0.8)x10

B :-(03=14)x10
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Cronin, Fitch (1964 — Nobel 1980) [] Phys. Rev. Lett. 13, 138 (1964)
AGS — Brookhaven National Laboratory without target !
: Water
insertable tar.get ScintilatonCEFENKOY t . 484<m* <494 1o
Sat for regeneration -7
N30
K;— mhn-

VENTS

(CP violation

45 anomalous events from a total of
22,700 detected decay events (~1/500)

494 < m¥*< 504
K;— ntnd

=
57 Fi.lg == N

WA o \ —
internal forget ' Scintilletor. A 7T 504<m*< 5|4 Lo

o ALy il
Fig. 9a. Set-up used to detect Xy~ntn. Cj fo)
0.9996

9997 0.9998 0.9999 1.0000
cos 8

FiG. 2.3. Forward angular distributions for three ranges of m*, found by Christenson et
(1964).

{‘- 20

UMBE

K, regeneration experiment (insertable target)

g:> n — K°n (mostly elastic scattering)

e KO is absorbed faster than K° in matter
[&,)~(|K°)-[&)) /42

(destroying K; coherence) — K° remains
— K, 1s back (mixed with K;j) .

n — An° =
V. T., LHCHZKMfitter, LPC Clermont FD T



DI scov e&€rPy va foil m tMh&hoNG neutr

Physical states CP cigenstates : If CPis conserved :

(denoted Short and Long)
K.—am T, ~89ps \/E‘KC +l>=|K°>+|I?O> . Ky=Kep,, >0
S K, =K

K, >amw T, ~5lns \/_‘ o >=|K0>_‘Kr0> Gl LT
crie) =) I e

AK) = n'n)

b CP is (slightly) violated in K° system L -
AK,—=r'n)

=(2.232+0.011)x107

T

Are CP-eigenstates mixed in physical states ?
e, IR EERE R

K)=p|K")+q|R%) = (|K o )+ 2 [ K /,/1+
frofn

g
K,)=p|K)-q|K") = (|K )+, | Ko /\/1+ £, p l+e || & cpv i

mi Xi ng

le|=(2.22820.011)x107 =|n, || cPis (slightly) violated in K° mixing

V. T., LHCHZKMfitter, LPC Clermont FD Cwm M T




Summary on Discovery of - CP violation inthe MIXING
of neutral kaons

If P is not conserved, why not postulate that CP is the “correct”
interpretation of the left-right symmetry ?
CP was also found to be violated in 1964 (Cronin & Fitch) in kaon decays.

K% =35d, |K° = CPIKY) =sd
CP-eigenstates

Ky) = (1/v2)(|K®) £ |K9))

If CP were conserved, only K. — 77t and K. — 7ttt would be allowed
Ki =Ks, T(Ks)<T(KL)

but K; — 717t was observed at the 1073 level |

CP-asymmetries ex ~ (K, — mt) /(Ks — 7)),

e ~ (K - nt) — (K, — %)

ek is indirect CP, while ¢’ comes from direct CP-violation in decay (found
different from zero in 1999). Se K Te V@F N&nd MNSCERN e

V. T., LHCIZKMfitter, LPC Clermont FD =My



Discrete Symmetries (CPT): a bit of history - (how was this built ?)
o A.Sakahcroonvdi t i ons (boasrnyool nogggthdeas
S WAl A Bar yon Bumbkati on.
A Csymmetry-sgmmeCPy .vi
A lnteractions out of
+KuzmRombak®hwaposhB8bkov

M.K. Gaillard & B.W. Lee rare kaons( 0 7 4)

C a VIP (very important paper,
a must read)
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