Elementary Particles I

1 — Symmetries

Mostly C,P, T
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Classical Particle Dynamics

Lagrangian formalism Hamiltonian formalism

0|O0L| OL ' . i OH . .
—|—|———=0 Lagrange's equations p.=——— Hamilton's equations
ot\0q,) Oq, Rl

%zoeg % =0— ,-Ea—lfzconst — H not depending on ¢, = p, = const
dq. ot | g, 9q,

Symmetry = Irrelevance of ... to the dynamics of a closed system

Simmetry Invariance Conservation

Frame origin Space translation Total momentum

Time origin Time translation Total energy

Total angular

Frame orientation Space rotation
momentum
. Lorentz .
Frame velocity transformation CM velocity

Spring 2010 E.Menichetti - Universita' di Torino



Extension to Classical Fields

Take any physical system, including fields: Can describe its motion
by the same methods (Lagrangian or Hamiltonian) in terms of a
Principle of Minimum Action

Then Noether’s Theorem states that

For every continuous transformation of the field functions and
coordinates which leaves the action unchanged, there is a definite
combination of the field functions and their derivatives which is
conserved

This is called a conserved current

Main point to stress:

Conservation laws must include contributions from the fields, besides
particles
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Continuous vs Discrete Symmetry

Previous examples: Continuous symmetry operations

Any given operation S depends on a number of continuous parameters

Any given operation S can be thought as continuosly evolving from the
identity operation

Example: S = Shift by a of the frame origin
Depends on 3 parameters a,,a,,a,

Sa) — 1

a..a,,a,—0

What are discrete symmetry operations?

They do not depend on any parameter
They are intrinsically separated from the identity operation

Example: S = Axis inversion x—-—x,y—>-y,7—>—2
No parameter, no continuous evolution from identity
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Quantum Mechanics - 1

Link between invariance and conservation in QM
For any observable Q:

(@)=tvlol)~ 2 = (%o} + (1124w} +(vlo|22)

From Schrodinger equation:

122 = o)~ 22| =l

400 _ (%ot} + (1L Jv)+(vle|22)

= i(u]11'0] ) + (0| 2| ) —igH|v)
[1,0]=0

HT:H%dé{z@:iw‘[[H’QH%_?J‘WH aQOlH<Q>constant
ot
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Quantum Mechanics - II

y y'=y
x X
y(x)=y'(X)

Just meaning:
One and same state
Different coordinates x, x”in L.X’

->y(x)=y/(x")

One state, two wave functions
in XX’

Coordinate transformation S induces
a transformation in function space

Example:

S:x—x'=S5(x)

s :x'—>x:S_1(x')=x'—|—a
|

I
s
|
Q

Indeed, forxpxample:
— Np 20
¢ (.X') =e _(x'+a)2 _(x—a+a)2
¢'(x'):¢[S_l(x')]:Ne 22° |=Ne 2
(x'—i—a)z 2

¢'(x'):Ne_ 20° ¢N€_2i'22¢<x')

Not the only possible point of view...

2

X
— Ne 2
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Quantum Mechanics - III

Unitary transformatlon

U:y(x )egy [ T_ uly(x)] Because scalar products must be

In term of state vectors: preserved by U. .
Actually too restrictive:

[¥)=Ul|¢y)—U unitary: U'=U" U can also be anti-unitary
Take A = Any operator (see later)

(| Aly)=(v'|A'|¢") defining transformed operator
(WAl)=(|UTAU|¢)

(]| Alp) = (| A"\ ) =(p|UTA'U |¢p) > A=U'A'U — A'=UAU"
When A invariant wrt U

A=A

—UAU" = A

—[U,A]=0 when U is a symmetry operator for A

T EE T e
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Quantum Field Theory

Take FT Course!
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Summary

Coordinate transformation S (possibly including internal coordinates)
Continuous, Discrete
Examples:
Space translation (C)
Axis inversion (D)

Corresponding ‘Relativity Principles’
Example:
The laws of physics are the same for all the observers, irrespective of the
chosen origin of their reference frames

Induced transformation U on state space
Unitary, Antiunitary

<U> = constant of motion
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Discrete Symmetries

Coordinate transformations not evolving continuously from identity

Very important in Particle Physics:

Space Inversion
Time Reversal
Charge Conjugation

Leading to:

Quantum Numbers
Laws of Conservation

Selection Rules
Constraints on Properties of Interactions
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Parity in Classical Physics - I

Two, non equivalent ways of

In 3D: 3 axis inversions equivalent to 1
choosing a Cartesian frame in 3D

axis (= mirror) inversion * Rotation

-
S e T

Non equivalent = Not connected by a rotation
Connected by 3 axis inversions
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Parity in Classical Physics - II

Define coordinate symmetry operation | Corresponding ‘Relativity Principle’
The laws of physics are the same

for all the observers, irrespective of
the chosen chirality of their reference
frames

P:r—r'=-r

Transformations of physical quantities follow:

r— —r position

t—t time

p——p 3-momentum
E—E energy

L—L angular momentum

Hamilton’s equations: form invariant wrt inversions « H(q,p)=H(—q,—p)

No conservation law!
P not connected to identical transformation
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Parity in Classical Physics - III

General taxonomy of physical quantities (observables):
O With respect to rotations
O With respect to reflections

‘Parity’ of corresponding Hermitian operator:

True Pseudo

Scalar +1 -1
Vector -1 +1
Rank N Tensor (-1)N (-1)N+1
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Parity in Classical Physics - IV

Parity behavior of selected electromagnetic quantities:

j(r,t) = —j(-r,r) current density
p(r,t) — p(-r,t) charge density
E(r,t) — —E(-r,r) electric field

B(r,t) — B(-r,r) magnetic field

Note
All of this is indeed conventional, as based on our definition of the
electric charge as a scalar.

What actually matters is that force is a polar vector

Then
F =qgE s s
either ¢ scalar, E polar, B axial
F=qgqvxB{— :
or g pseudoscalar, E axial, B polar
F.,v polar
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Parity in Quantum Mechanics - I

Coordinate transformation as before:P:r —r'=P(r)=-r
Induced transformation in state space: U, unitary operator

A) Commutation relations with position, momentum, angular momentum

Upr|)=U,rp |r)(r[v)=U, ) r|r)(r[e) =) U,r|r){r|v)
=2 _(r)=r){=r[v) =(-x)U, [¢) = U, |¢)
—U,xU, '=—r—U,yr=-rU,

Summary:
U,U,(ér)=U,(1—p-ér)

_ nticomm ith
U (1—p-61‘)—(1—|—p-61‘)UP Uy io;cwgcnoﬁutesu\t/\?iihwllt e
—=U,p-or=p-orU, — -U,p=pU,

U L=1U,
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Parity in Quantum Mechanics - II

B) Action of U, on states

Up:|$) = [$)=U, |v)

Same physical state described by two different kets in the two frames
Take position eigenstate:

Up:|r)—|r)=U,|r)=n|-r), n arbitrary phase = ¢"

Take generic state:
Would yield similar results by expanding

Up:|th) =) =U, [9) into momentum eigenstates
Expand into position eigenstates: |¢)= "|r)(r|v)

r

Up|)=Up 3 ) 0) = 2 U, r)r|U, Uy iy = 31U, e U U, )

r

=2 PR U9y = 0 | ) =99 =0 Jl=riter @)
= () ={r[9) = {rlo) =(=r[¥)

Talking wave functions: ¢'(r)=1(-r) (as shown before)
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Parity in Quantum Mechanics - III

C) Fundamental property of parity operator

Pir—>r'=P(r)=-r,P:ir'>r"=P(r')=-1'=r— P’ =1

Up[9) =[0).U, [0 =U, (U, |4)) =Us |$) = Up =l

Ul=U,", U, unitary
U, =1

— U, eigenvalues are real

} —U.=U,U,=1=U,U,'=U,U, —-U.=U, U, Hermitian

—n=¢€" =41 =n, parity quantum number

— U, eigenstates: U,|a)==*|a)

Consequences:

|H,U,|=0— stationary states have definite n,- when not degenerate
|H,U,|=0—n, =constant of motion

Spring 2010 E.Menichetti - Universita' di Torino
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Parity in Quantum Mechanics - IV

Parity for a composite system (just meaning with several degrees of freedom)
|a> compound state of subsystems 1 and 2, parity eigenstate

v\, u? parity operators for 1,2

U |a) = | ). U |a) = | a)

U=t

U

77?)|a>}=?7§3)77§)|a>—>np multiplicative quantum number

Quantum numbers (i.e., conserved quantities) are usually additive: ???
Reason: For continuos symmetries the unitary operators are not Hermitian

U unitary - U =™ ~1+iaH, H Hermitian; lim U = 1— Use infinitesimal generators
a—0
Example for translations:

U ~1+iap” .U ~1+iap® — U (U

)= (1+iap™ |1+ iap")| )]
— U (U 9)) = (14 iap® +iap )| ) =[1-+ia(p® +p")]| )

U Hermitian— Constant of motion = U — Multiplicative
U not Hermitian— Constant of motion ~ “Logarithm” of U...— Additive
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The Parity Quantum Number

As a quantum number, parity may or may not be conserved

Experimental fact:

All interactions, except weak interaction, do conserve parity

To the extent we can neglect weak interaction, all stationary, non
degenerate states must be parity eigenstates

Scattering states: similar but not identical to stationary states
Being ~ momentum eigenstates [p.U.|=0 — Parity not defined

Stable particles and resonances: bound states
Angular momentum eigenstates [L,UP]:O — Parity defined
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Orbital Parity

Parity quantum number introduced by making reference to orbital
motion.

For angular momentum eigenstates, take position representation:

(r)=Nf (r)¥" (6,%)
Pir—-r=Y" (0,¢>—>Y,m (Q—W,SO‘HT):(—UI v" (8’90>

Therefore
(orb)

Mp = <_1)l

This is known as orbital parity.

Orbital parity, like angular momentum, is frame dependent
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Intrinsic Parity - I

Orbital parity not sufficient to deal with relativistic processes
Reason: Particles are created and annihilated

Best clarified first by a non relativistic example

Take a reaction between 2 nuclei, ignore nucleon spin
A+B—-C+D, AB=C,D

Angular momentum conservation:

L (CH-4) | p (M- LI § CM AB) L, L, originated by internal nuclear motion
ror L,, orbital motion

(in) CM A) CM B) CM AB)

PTlgT:( 1) T:( 1

(out) (CM=C) (CM — D) CM CD) i
Lior @ Same for final state
( CM

/-\
y—a
v
/-\
)_a

C)

—1) (= 1)L “(1

PC PD PORB

out

P = (-1 =

-/—\

If we don't know A,B,C,D are composite systems, ‘intrinsic’ nuclear parity cannot be
ignored, or the process would violate parity whenever L., # L,,
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Intrinsic Parity - II

Just a drop of QFT to show the origin of intrinsic parity

1) One component (boson) field g0<r,t)
Expand ¢(r) into creation+annihilation operators

Zm[a e "’”—I—azT +””], p-rz(E,p)-(t,r):Et—p-r

/Int”nS'C parity of ¢ operator
U 1
o TrPSO Z N2EV

U Cl U P —i(Et— pr)+U Cl U 1 +1(Et pr)
Expand ¢=r) into creat|0n+ann|hllat|on operators

. Creation/Annihilation
g B | gt g tiEP '(_’))} operatprs for -p

p

77P§0 =1Tp Z m

() P UalU-'= Intrinsic parity!
e npa_je T g at MECR | e  +1 Scalar
» N2EV UpapUp = - 1 Pseudo

U U, fU U, |0 10 U, |lp=0 —0
- P|p> e D|lf)Jer>entns?a e|=s> l p> P|p§an>1e t>
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Intrinsic Parity - III

2) Multi-component, Boson fields
Same as one component field
E.g. Vector/Pseudo-vector field

In all cases:
n., =mn, — Same parity for particle,antiparticle

3) Multi-component, Fermion fields
Field satisfying Dirac’s equation:

Upp(r.t)U," =npy'p(—r.1)
Uptp (r.1)U," = (—1.2)y’

— |n,| =1—n, =+1,&i — Opposite parity for particle,antiparticle

Spring 2010 E.Menichetti - Universita' di Torino
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Intrinsic Parity - IV

Absolute intrinsic parity not defined for most particle states
1) Fermions

Cannot be singly created/annihilated

Even more trouble: Consider 2z rotation of a J=1/2 state

Uy (8,0)]4) = "™ |4) — Uy (8. 2m)|)) = ¥ [) =€ [1)) =)
So:

[=U,(Z,47)=U; (2,2
2 s (Bdm) =0 (&, 2m) —1=U, for FermionS—Wlp:il@
U,=U,(Z,2n)

2)  Charged BOSO?S Funny result! Not relevant
As above —I=U, for Bosons—n, =+l in the Standard Model

(Maybe relevant beyond..)

3) Really neutral particles (Photon, 7%, J/y, ...)

Have all additive quantum numbers (charge, baryonic/leptonic number,
strangeness, charm, ...) = 0, like vacuum state

—Absolute parity is defined upon defining vacuum state parity
(usually= +1)

Spring 2010 E.Menichetti - Universita' di Torino 24



Intrinsic Parity of Dirac Particles

(e-p+Bm)y = EY—(a-(=p)+ Bm) v, = Ev, Reminder:
B(a-(—p)+Bm) v, = EBY, fe :[(’) 01]
Ba=—a3 — ((—a)-(—p)+ Bm) B, = EBy),
— (a-p+ Bm) B, = EBY, — By, satisfies Dirac eq.
Take plane wave solutions:
br)=| op | r)=| ap | F T (rt)=| BErm® e, (rr) = | Eam X[ E
E+m90 E+mX ¥ X
Go to rest frame: p=0, E=m
_ 90 —imt 0 SO —imt __ SO —imt __ |
=10 T o) _[oe —% o
- Intrinsic parity = +1 Remark:
Y, = X gmim — "’ X |grim —| X | gmim =1, Absolute parity not
0 0 0 , defined for fermions
0) oy o[0) —icwy [ O —imp Only defined relative
Py = o nEAmE ol AL =~ fermion-antifermion
Intrinsic parity = -1
0 —i(—m)t 0 0 —i(—m)t 0 —i(—m)t
v, =| |e — 7y e = e =—,
X X —X ]
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Intrinsic Parity - Photon

Classical EM field
Standard convention:

P:E— —E
P‘B_;;i P:A——A
- —
E=——-Vp P:p—p
ot
B=VxA

A: Vector field
¢: Not needed for radiation field

Quantum EM field

A: Vector field

Photon spin = 1

— Negative intrinsic parity

Interesting question: EM interactions conserve parity
— Photons from reactions, decays should have defined, total parity
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Photon Total Parity

What is the photon parity in a given state? Can expand any A into creation &
annihilation operators

2P 4 gl (ke )

A(r, r)—zzm

But: a,(k) do not commute with parity. Can also expand into J,m C&A operators

J+1

A(r, t)—z Z ZW[ J L,m eYL (9 gp)—|—a (JLm)syL <9 go)]

J.m L=J—-1 i=1

Photon states with defined total parity: states with given J,L,m. Indeed:

J:L+_.S;—>J:L,L:I:1—>L:J,J:I:1

== =

(-1)"  Electric 2 kinds of photons
(— for any given J

1)"*' Magnetic

Spring 2010 E.Menichetti - Universita' di Torino

27



Intrinsic Parity - Scalars

Really neutral states decaying into two photons

Example: 79, spin = 0

T — Yy

Parity conserved by EM interaction

Final state: 2 creation operators « g, , &,

Can determine parity by looking at distribution of the angle between ¢, , &,

Observe: Double Dalitz decays 7° — e¢te ete Pseudoscalar  sin’y
Scalar cos’ ¢
| T T T T 1
- z : il /_
z- stopping in lig. H, 201~ 1
F=(1-.75COS 2 ¢)
T +p— 2°+n — etecetern | v\ /’ ]
g dplane,(p,,p.) y ]
“&-Lplane,(p.,p.) i i
@TBA @TBA I ! i 1

15¢ 30°  45° 60° 75 90°
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Intrinsic Parity- Vectors

Most interesting result:
Yang Theorem

A vector (s=1) state cannot decay to 2 photons
Consequence of;

Angular momentum conservation

Parity conservation

Bose symmetry for identical photons

Gauge invariance of QED (transversality of photons)

Examples:

p.o¢ Iy Y 29 ..

Spring 2010 E.Menichetti - Universita' di Torino
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Intrinsic Parity — Baryons

States with different charge, baryon number (absolutely conserved
quantities) cannot be superposed <« Limitation to the principle of
superposition, also called Superselection Rule

In other words: No transition can violate Q,B conservation
Relative parity unmeasurable, must be fixed by convention

Also true for states with different strangeness, charm, ..when weak
interaction is neglected.

But: While weak transitions can connect states with different S,C,.., they
do violate parity!

Remembering that a particle+antiparticle state has -ve intrinsic parity,
state our general convention for Leptons & Quarks

+ve parity to particles -ve parity to antiparticles
Quarks Antiquarks
Leptons Antileptons

NB -ve parity baryons actually exist, with higher mass and spin:
Include quark orbital degrees of freedom
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Intrinsic Parity — Mesons

Particles singly produced in parity conserving reactions — Parity can be
determined

Examples Hypernucleus
One nqutroneAO

Charged Pion Charged Kaon
7 +d —->n+n at low energy K +*He > r’ @ at low energy

_ 2 2 ; - 4y, E 5 E
m () (=) =(m) (=1)° 7 M (=1) =mdmp" [=1)
Initial state: L=0—J=0®1=1 Initial state: L=0,5, =0—J=0
Final state: J'=1, two identical fermions Final state: /'=0, S, =0—>L'=0
L =0(symm) — S =1(symm) — Symm KO S .1.(_1)0 _ (_1)'1'(_1)0 Sk =1

O(antisymm) — Symm KO 5

1(symm) — Antisymm OK = (+1)*4 (-1)° = +1
Ground state L=0

L =1(antisymm) — S = {

— P-wave,triplet - L'=1

—np (-1) =(=1) =77 =-1
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Two-Particle States

Fermion-Antifermion: CM frame

np =(=1)(=1) =(=1)"

intrinsic orbital

Boson-Antiboson: CM frame

ny =) (=1) =(=1)

intrinsic orbital

Photon-photon: CM frame

Take single photon states with defined helicity:
U,|k,R;—k,R)=|-k,L:k,L) nota U, eigenstate
U,|k,L;—k,Ly=|-k,R;k,R) nota U, eigenstate

U, k,R;—k,Ly=|-k,L;k,R)=|k,R;—k,L) U, eigenstate, n, =+1, J,=+2
U,k,L;—k,R)=|-k,R;k,L)=|k,L;—k,R) U, eigenstate, n, =+1 J,=-2
k,R;—k,R)+|k,L;—k,L) U, eigenstates,n, ==+1,J,=0
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Fall of Parity — I

“Co— “Ni" +e +v, 5 decay: Weak process
If weak interaction is parity invariant,

—> Ampl(@) = Ampl(w—@)

Otherwise:

Expect 5 direction anisotropy

J J

Require nuclear polarization:
n— For an unpolarized sample, by
P averaging over J z-projections any
— possible anisotropy is washed out
60 CO 60 CO

@TBA

Spring 2010 E.Menichetti - Universita' di Torino
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Fall of Parity — II

The *°Co Experiment: Polarization

VACUUM
CONNECTION

LUCITE ROD

eeman: )

INDUCTANCE
ColL
Boltzmann:
n(M’) Gg_{}%l (M—M"gpy B

= £ kT

n(M) — ~E(M’
o

Magnetic field amplification in
cerium-magnesium-nitrate crystal
0.05T — 10-100T

The %°Co polarizes at a tempera-
ture of about 10 mK.

@TBA
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Fall of Parity — III

|
To measure nuclear polarization:

v anisotropy in °Ni* -0 Ni + ~(E2)

Electric quadrupole transition

 W(n/2) — W(0)
T T W(n/2)

1 | T T ] T T
CAMMA-ANISOTROPY
a) EQUATORIAL COUNTER

By 5 b} POLAR COUNTER

L

I 1 | | | | 1 |

1.3
2
E L
F
E A
e 0
&l
9 =4
Zha ol
2|2
2=
<2 0B
(]
v
ol d o
Q3
€y sl
(018 o

I 1 ] | i I | I
GAMMA- ANISOTROFY GALGULATED FROM (a)&(b)
5 Wi )- WD)

W

FOR BOTH POLARIZING FIELD
UP & DOWH

Y counter

Mol

MUTUAL INDUCTANCE
THERMOMETER GCOILS
SPECIMEN——_

HOUSING OF

i
CeMg NITRATE=— ——{

@TBA

LUCITE ROD

. _-PUMPING TUBE FOR
b

vACUUM SPACE

RE-ENTRANT
VACUUM SPACE

ANTHRACENE CRYSTAL

46 cm——=

Yy counter

Fra. 1. Schematic drawing of the lower part of the eryastat
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Fall of Parity — IV

COUNTING RATE

0Co —60 Ni* + e~ + 7,

T =9.27year

Emer = 2,824 MeV

[ | 1 | | 1 1 | 1
i i T | i | I T
GAMMA-ANISOTROPY CALCULATED FROM (a) B.(b)
= W(h )~ W(O) 5
€ =%
E]" ast- =
FOR BOTH POLARIZING FIELD
UP B DOWN
Qi -
o | | T | | 1
T T B T T T T
120} ASYMMETRY (AT PULSE -
z \ HEIGHT 10V)
3 o EXCMANGE
110 | -4
& e ‘5“51 N
< ¢
* 100 9 B - —
[ w
=
= g =
= 090 =
S
v osol-% -
SRR iSRS T, VI sl | | 1
Q0532 @ :  h T T B
TIME IN MINUTES

@TBA

Nel

41,5 ¢m

MUTUAL INDUCTANCE
THERMOMETER COILS

SPECIMEN—- =

HOUSING OF
CaeMg NITRATE~ *

LUCITE ROD

PUMPING TUBE FOR
vACUUM SPACE

RE-ENTRANT
VACLUM SPACE

ANTHRACENE CRYSTAL

L— 46 cm

Nal’

Fia. 1. Schematic drawing of the lower part of the eryastat
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Another Fall of Parity

+ +
—
7 p+v,

B85 MEV

"PION"BEAM
G, P, U_;Gu ’ _pu> =—90,'P, | Pseudoscalar observable cARGON AssoRSER-  mmmmmm—— ___‘
O P, =0 if parity is a good symmetr
n ‘ ‘ = parity g Y Y
'u‘ =
pt—et 4+, +u, s
= Yl P
Gu -pe U—P>Gu ‘ (_pe) = _GM -pe PseUdoscalar Observable ~ -;,« - ‘ﬁjécmaou TARGET
”Ef’f:v; C 3 l_._‘_‘::._._.
GM ‘pe . . . @TBA X5 UNre, “MAGNETIC SHIELD
— =0 if parity is a good symmetry
= e Eee———————
EI.! T H+i —
If parity is violated: — ! |
T =+, Expect u polarization along p, | ' \ﬂ_ / | )
i —e" +v, +v, Expect ¢" direction correlated with's, +. : N E/I' -
In order to detect ¢" correlation: > o NS 1
1 spin precession in B s | LT
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Charge Conjugation - I

Charge conjugation operation: similar to parity
But: Operating on ‘internal’, rather than spatial, coordinates

Change sign of all additive quantum numbers 0,B,S,C,...
Like parity, unitary transformation in state space:
C:|¢)=|x0,B,S,C,.) — ) =U.|¢) =|a;—0,—B,—S,—C,..)

[a: All other quantum numbers, like energy, position, momentum, angular
momentum, ... ]

Corresponding ‘Relativity Principle’ (to be checked by experiment)

The laws of physics are the same for all the observers, irrespective of the
chosen positive direction of their ‘charge axis’

Experimental fact:
All interactions, except weak interaction, do conserve charge parity
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Charge Conjugation - II

A. Commutation relations with observables

U- commutes with all observables, except those yielding additive quantum
numbers :

[Uc’r]:[Uc’p]:[Uc’L]:O

uv.0o=-0u,.U.B=-BU_,U.S =-SU,,..

B. Action on states

U.:|0)—|0Y=U.|0)=n|-0), n arbitrary phase = ¢“
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Charge Conjugation - III

C. Fundamental property of charge conjugation operator

C:0—0'=C(Q)=-0,C:0'-0"=C(Q')=—0'=0—-C" =1

Ucl9)=|).Ucld) =Uc(Uc|))=Ue|$) > Uz =

U.=U_Z', U_. unitary
Us=1

— U, hermitian

U =UU.=1=UU.'=UU.—-U.=U,

— U, eigenvalues are real
—n=e€“=41 =n. charge parity quantum number
— U, eigenstates: U,|a)==|a)

Very few particles are U eigenstates: Must have
Q=B=5=C=...=0
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Applications - I

J.=(p.d)=(=p.=J)==,
A, =(p.A)o—(pA)=—A, = Uc|7)=(-1)]7)
I A2 JA,

Uc|ny)=(=1)"|nv)

Boson-antiboson: CM frame
Uc|bb)=U,|bb)=(—1)|bb) — 1. =(-1)
Fermion-antifermion: CM frame

[

U.=U,U, Parity * Spin exchange

Up|f F)=(=1)"| F)

U1L=1D)=[11=11)==[1L=11), UL +1ID=[11+11)=[11+11),
U 11)=|11).U |11 =|11)

—Uc|f F)=(=1"|F)

I+1
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Applications - II

wn,... n.=(=1) =+1 2 photons decays
States f f decaying to n photons:
; = +1 singlet
C:(—1)" — s state le ="+ 5INg
ne =—1 triplet
2 photons n,. =+1
hotons: 7. =(—1) — ¢
= e = (=1) {3 photons 5. =—1
{singlet—>2 photons

triplet — 3 photons

Meson: Fermion-Antifermion bound state

States decaying to 2 pions

L 5=0 5=1 J PC = ++ PC = +-,-+,--
0 o 1-- o OK Ko
1 1*- o, 1+, 2** 1 KO KO,KO, Ok
2 2 1= 2,3 2 oK Ko
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Fall of Charge Conjugation

Fundamental question:
Is charge parity conserved by all interactions?

HU.|=0 ?

Answer: Experiment

Same experiments probing spatial parity:

Charge conjugation is violated by weak interaction
First predicted by Lee, Oheme and Yang in 1957:
CPT symmetry requires both CT and P violation

Since T is ~ good, C must be violated

Observed by Garwin, Lederman and Weinrich in their parity violation
experiment with muons

Spring 2010 E.Menichetti - Universita' di Torino
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Time Reversal

Need to make clear:
These considerations are relevant to physical systems with a (very) small number of

degrees of freedom
Do not apply to complex systems, whose time evolution is driven by the II Law of
thermodynamics. For them, a time arrow can be defined with no ambiguities. Or so we

believe... (A very hard subject)

Can state another ‘relativity principle’, about the choice of the positive
direction of the time coordinate of physical events:

The laws of physics are the same for all the observers,
irrespective of the chosen positive direction of their ‘time axis’

Experimental fact:

All interactions, except weak interaction, are invariant wrt to time
reversal
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Classical Physics

General behavior of physical quantities wrt to time reversal:

I — —t:

r—r

v:£—> dr
dt  d(—t)

azd—zi—>a,F—>F
dt

L=rxp—-L

E—E

p—p

J=pv—-j

Y —@

A——A

E—E

B——-B

_V,p —_—

—P

Observe: Ohm’'s law is not TR invariant
j=o0E — —j=0E, take o as TR invariant

Example of a macroscopic law...

Spring 2010
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Schrodinger Equation

T:t—t'=—t

First guess...

() =) ={(=1"]¥)

() =)

— 1'(t)=1p(~t)

U, :|¢) = |9) =U, |9)
U,:|t)—|t)=U,|t)=n|—t) Wrong!
Indeed:

O(t o|(—t
A S Ty SRS
Redefine:

T:t—>—t}
, i+, U, =KT
K:i— —i

(e)) = Ur[o(6) =[o" (1)) =|w" (—1)) OK
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Time Reversal

Take a plane wave:

e_,-(Et_p.r) . e—H(E(—t)—p-r) _ e—i(Et—l—pr)

UT
Quite natural...:
U, sends a progressive plane wave
into a regressive one

Take a particle with s=1/2:

ol
(1)]_ [ (8)]_

<>??bfuﬂ (-
Apply U, a second Eime:
o0 -

¢ (1)

V.
S
V.
(8

~

)= (=)

=4 (1)) (o)

Puzzled? Think of it in this way:

U; inverts the positive direction of time
for the 2nd observer. Therefore, the
2nd observer has a clock which is
running backwards.

Then the same wave which is seen as
progressive by the first observer, is
seen as regressive by the second..

_w_V£G4q:[w3—ﬂ] —

T B
_>[¢+ <[)J:M[w:< t)] Must take into account that s is reversed by T

0 —i : 0 +1
o, = — M =—ic =
Yl 0 =1 0

Spin-reversing operator

=¥, (t)J :@Fb*(t)}Similar to parity for spin 1/2
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Applications

Basic remark:

U, is not a unitary operator
U, is not a Hermitian operator

Therefore:

No real eigenvalues

No (conserved) observables
—No 'time parity’

Nevertheless:

Quite useful to establish
properties of fundamental
interactions

Because is not linear, rather it is antilinear

Up(aly)+bliy))=a'U, |4)+bU, |1,)

Complex conjugation
K:az— (az)* —az

is @ non-linear operation. Proof:

b i

: : R B :
a=ae¥,z=pe’ —a =ae W

sk —
?. 7 =pe

—i((p-i-l/i) ER—"

i) (az>* = ape = Z

az=ae”pe" = ape
But:

a'z"=az" —Non linear whenever a= o !!
Indeed, a linear operator must satisfy:
A:(az)— Alaz)=aA(z)

Spring 2010 E.Menichetti - Universita' di Torino




Kramers Degeneracy etc

Wave functions:

by (%)= (x|e) = (x|U, |9y = (x|$p) =" (x) C.Conjugate

If H|)=E|v),[H,U,;]=0, |¢) non-degenerate
_>H‘¢T>:HUTW>:UTHW>:EUTW>:EWT>_>WT>:W>

— (x) real

Degeneracy of fermion states:

Uz [¥) =—|v)
ﬁ<w\wT>=<wT\w>*=<w\U;\w>=—<w\v;v§\w>=—<w\mw>
— (¢ ) =0

— |¢),]1,) orthogonal, independent

Example (trivial): Spin Y2 particle in rest frame
— 2 independent states (up & down)

_<¢WT>

Spring 2010 E.Menichetti - Universita' di Torino
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Effect on Scalar Products

{li).i=1...} complete set of states

(i) =28,

—(U,i|U, j)=¢, norm is U, —invariant
[9) =D 1){i4) = [Urh) = YU i)
(= D i) = (U | =D () (U]
— (U, |Urt) = 3 (0| J) (U 2| Unidila)

=>(waliy <UTJ;S.\.UTi><i ) = 2\t i (i)

i,j

=> (i|,) (¥ |i)=(w|¢,) U, swaps states in any scalar product

i
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Matrix Elements

Matrix element for a transition: Initial < Final
H T-invariant — Same matrix element for direct and reversed transition

= A
14¢2—>3+4 2-body process / d
z ! )T

Reciprocity Theorem: <

<pf,sf‘Spi,si>:<—pi,—si S‘ Py Sf> d
Tlp;s;) T<pf,sfl G ¥ b

Detailed Balance Theorem: 4 f

dal.f =

dQ _ | Py (25, +1)(2s, +1)

dog, | p,| (25,+1)(2s, +1)

ds)

OK for Strong, E.M., KO for Weak
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Example: Test of the Detailed Balance

Nuclear reactions

(1) a+ Mg — p+ Al
(2) p+ Al - a+ Mg

E,/MeV £,/ MeV Ep/MeV
742 744 B 7.58 7.62 761 7.62
: , e i SRR £ — Sl — S
L ¢“Mg{u,pojzl| ol a“Mg(u,pD}Hm sl ¢ **Mgla,p Al 03
. 4t e — Alpag) Mgds —~ o~ —“ Al (p.ay)’ Mg - — T Al p.ag)” Mg -
b L i %, <8 »:177.77¢ @ B <8 _ >:177.77° Fo& <8_ »:177.77° | &
== 0 CM B b CM — — TM -
o { o a M2 & o L o
E | E E 30} £ E o.6f 1 | E
3 q2L / 3 3 = 3 " /;'0'2 3
° f T 3 3 ¢ o
s | ¢ | 8 = dos 8 8 / B
P‘Q . Ua = 3@ 2.0 / Eo 30 0.41 Eo
o o o a o
g / g = f s = doqr &
o 104 = g 0.4 « E <
< 't g 10 w3 oo >
Ei,,..._l M P L 73 o] S TR — | L8] .D-_ 1 1 0
1020 10.22 10.24 10.38 10.42 10.46 1043 10.44
E./MeV E./MeV E,/MeV
@TBA
Full line: Reaction (1)
Circles: Reaction (2)
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T-Violating Correlations

Example (many more exist):

A — p+n
| o1 Decay amplitude = Sum of S,P waves
— == @0 L ' ==L S,P waves do interfere because of
2 2 2 — L=0,1 AR )
L Lol parity violation. So:
+ =+ - - (1)7=(-]) Angular distribution has a term « cos @

Most general form of angular distribution:

%:”A(h”p)'f’w+B(JA><JP)-1%+C<JA-JP)+<1—C><JA-m)(u-ﬁﬁ)

(JuxJ,) B, U_T><<_JA>X(_JP>)'(_IA’W>: —(J,xJ,)-p, T-Violating term
— Expect B=0

Must correct for final state interaction: pr scattering
— Get an upper limit of a few %
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Electric Dipole Moments - 1

Warning: This is true in the absence of a degenerate ground state
E.g., polar molecules do have degenerate ground states...

Elementary particle can only have a permanent electric dipole moment
If both parity and time reversal symmetries are broken:

TS

@TBA

S

T

P
O D

S—S S—+ -S

d —» —-d d—d *S
. f& i, © & d//S, otherwise there would be an
H=90 = 50 extra degree of freedom which is not

seen
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Electric Dipole Moments - II

For a particle with both magnetic and electric dipole moments:

H'=—n-B—d-E Interaction energy

Can observe in external E:

Level shift
Spin precession

Spring 2010 E.Menichetti - Universita' di Torino
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Status of the EDM

{e.cm)

Experimental Limit on d
I |

HP™ -

NEWron: «

electron: o

T
1)

@TBA

] 1 ] I
19N 10 180 _ 2000
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C, Pand T in Quantum Field Theory

Just a few, oversimplified remarks:

A. Observables are (functions of) field operators

B. Just as in Quantum Mechanics, one finds different kinds of operators:
Scalars, Spinors, Vectors, ...

Fields of each kind have their own ‘parity’ built-in

States of a given field do inherit field ‘parity’, which is called intrinsic
parity

D
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C,P and

1) Spin =0

in QF

¢(t,r> = Nfd3p[b<p>e—ipx L4t (p)e-i-ipx]

|
|

Upo (l‘,l’)U; = 1p (t, —l‘)
U,¢' (1,x)U} =

Uc¢(t’r>Ug =19’ (t,r> -
U (t,r)US =

General:
Observables depend on ¢¢'
VU b(p) Ut — b(-p) Any observable yields a factor
Pdf() P 77Pd-1-<_> - -
P P +ipx +ipx Npllp = 1’ Nelle = 1
s (t,—T) y e, . b'(p) — 1,7, Unobservable
"dp) " "d(p) ¢ Hermitian:
[ b(p d(p ¢ =o'
00 gy 418 |
(p) <p> e:i:ipx . e:i:ipx - 77C = T]C’ 77P - :I:l
e (t.x b' .d"(p) —+1
cHlr) Uc <p>U2 =1 (p) e Observable
| " d(p) b(p) ne = %1
717 b(p) —. b(-p) n, unobservable
%Qb(_t,r) ' d? (p) d? (_p> +ipx Fipx
=1 Al 9 — e
_ ~ d(p) - _d(-p)
_qbf —t,r U i
S5 | b'(p) " b (-p)
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C,Pand Tin QFT - II

2) Spin 1/2

@D(I,r) = Zs:de3p[b(p,s)u(p,s)e+ipx +dt (p,s)v(p,s)efipx]

Y’ (1,r) = zs:chﬁp[bT (p.s)i (p. s)e ™" +d(p’s)v(p’s)e+ipx}

( b(p,s b(—p,s
+ . Up d( )U; =Tp d< )
{UP?O"I.)UP = nPZ @D(f,—r) o ] (p,S) (—p,S) N ei,'px
U 0(t,0)UL =npp(t,—1)r° U cﬂ(p,s)UT . d'(—p.s)
& P bT (p,S) p=1Tp bT (-p,S)
) y 2Es) _ d(ps)
{Uczb(t,r)Ug = N, ¥ (t,r) | pt (p,s) c ¢ gt (p,s) i "
Ut (tx)UL =ncap(t.r)ingy, d(p.s) . . b(ps)
UC + UC =1MNc i
| d'(p.s) b'(p.s)
_ _ (— b(p.s) . b(-p.~s)
O (00 = )b tr) | g o) T (pms)
2,1—4 Py . . +ipx . e;sz
T(0) T =B (~tr) () |g,” Ps)gy b (p=s)
| d(p.s) T d(-p.—)
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CPT

Fundamental theorem applying to all field theories, including
our beloved Standard Model:

Lorentz invariance
Micro-causality (whatever it means...)
Spin-statistics

— The product transformation CPT is a good symmetry

Consequences:
m particle — mantiparticle
Tparticle — Tantiparticle
‘ll particle - ‘ll antiparticle

....more quantum numbers
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Good Old QED Test: Muon Anomaly

10°

Counts per 150 ns

=
=
e IR g 1T

PMANVVANAAAAA A A Also an excellent test

of CPT in EM interaction

e a . =(11659203+8)x10 "
g o1Aa, =(11£12)x10"
3 a_=(11659214+£9)x10°
L
g 3000x103 2
£ 3000F 2120
3 2500F 2100 .thhl ! 'hJ«H
5 2000F 5 e 9 G
2 1500} ) S 60 {#h &Ii'lr R M
£ 1000p £ a0r W it
S 500F S a
%2738 36 38 40 07692 694 696 698
{@TBA time (us) time (us)
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CPT Tests

mass
Am

Just a flash on the general
status of CPT tests...
...very comfortable

magnetic
moment
A9
a

mean
life

L3k

@TBA

[==]

o+

X Se=0 @ X

+ o+

ks

=

baryon
lepton
meson
boson

+

MT E®

A=

+

GG

==

R I TR T N T T [N T
.I[}-15 .1[]-E
fractional accuracy

R
107

10"
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Symmetries: Summary

Conserved quantity Interaction

Strong EM. Weak

4-momentum OK OK OK

Charge OK OK OK

Ang. Momentum, CM speed OK OK OK

Baryonic humber OK OK OK
Leptonic numbers (3) OK OK ~0OK

Parity OK OK KO

Charge parity OK OK KO

(Time reversal) OK OK KO

CP OK OK KO

(CPT) OK OK OK

Flavor oK OK KO
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