


Fundamental symmetries and SM interactions

o reminder: parity transformation
e QED, QCD and parity conservation
o experimental observation of parity violation: Wu experiment

@ structure of weak interaction
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Parity
o the parity operator performs spatial inversion:
V(3 1) = PY(,t) = (-1, 1) (1)
e applying P twice: . .
esoPP=] — P 1=P
@ to preserve the normalization of the wave-function:

(Wlp) = (W'|[v') = (P Ply) (3)
PP =1 — P unitary 4)

@ but since PP = I then also P = P! — P hermitian

This implies parity is an observable quantity. If the interaction Hamiltonian commutes

with P, parity is an observable conserved quantity.
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Parity

e if ¢ (¥, t) is an eigenfunction of the parity operator with eigenvalue P:
Py(T,t) = PY(T,t) = PPY(&t) = PPY(T,t) = PXp(Z,t) (5
since PP = I then P2 =1
o — Parity has eigenvalues P = +1

o QED and QCD are invariant under parity

o experimentally observe that Weak interactions do not conserve parity
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Intrinsic Parities of fundamental particles
Spin-1 Bosons:

o from gauge field theory get that gauge bosons have P = —1:
P, =P, =Py+ =Py =Pz =-1

Spin-% Fermions:
@ from Dirac equation: spin—% particles have opposite parity to spin—% antiparticles
@ convention: spin-% particles have P = +1:
P-=P, =P -=P, =P =+1
and antiparticles have opposite parity, i.e.:
Pyw=Pp=P+=F=P=-1

@ for Dirac spinors the parity operator is

10 0 0
o o1 0 o
P=7v"=10 0 -1 o0

00 0 -1

(6)

(N

®

C))
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Parity conservation in QED and QCD

From QED Feynman rules for the QED process e ¢ — e ¢:

_ DN p3
e i) e
= o —UGuw .y
—iM = [tie(p3)iev"ue(p1)] —5— [Uq(pa)ier uq(p2)] (10)
4 p2 p4
q vV q
which can be expressed in terms of the electron and quark 4-vector currents:
2 2
e . e” . .
M = —?g,wjéﬁg == @le e (1n

with je = @e(p3)y*ue(p1) and Jg = Te (pa) Y ue(p2)
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Parity conservation in QED and QCD
Under parity transformation:

. P
spinors transform as u — Pu = 7'u

o
@ adjoint spinors transform as
p NN
a=ufy? L (P ) 70 = ufy%190 = 44090 = 40 (12)
_ P _
== U — uy (13)
. _ P _
o hence je = tie(p3) V" ue(p1) — e (p3)y 7" ue(p1)
@ its components:
0 :jg i ﬂvoyo'you =y = jg, since 7070 =1 (14)
k=1,2,3 :jf N a’yofykfyou = —wykfyofyou = —u’}/ U = —je, (15)
since 109F = —~F40 (16)

the time-like component remains unchanged and the space-like components change 7/38



Parity conservation in QED and QCD

o similarly for the quark vector current: jg —p> jg, j[’; —p> —jg, k=1,2,3
o consequently for the four-vector scalar product:
Je - Ja = 3250 = GE3E = 3239 = (=3E)=38) = e - Ja
QED Matrix elements are parity invariant
= Parity is conserved in QED

The QCD vertex has the same form and thus:

—> Parity is conserved in QCD
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Vectors and axial vectors

o the parity operator P corresponds to a discrete transformation z — —z, etc

@ under the parity transformation:

@ vectors change sign:

(17)
(18)

(19)
(20)
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Parity violation in 5-decay

P-conservation was widely accepted by physicists in
1920-50s, and was experimentally verified in QED and QCD

however, in mid-1950s some kaons decays could not be
explained by a P-conserving theory:
o there seemed to be 2 types of K: decaying either to 27 or to 37
o known as 7 — 6 puzzle (7 and 0 referred to types of kaons)
theorists Tsung-Dao Lee and Chen-Ning Yang after a literature

review concluded that there was no experimental evidence
about parity conservation in weak decays

they approached Chien-Shiung Wu, who was an expert on beta
decay spectroscopy, with ideas on an experiment

and finally decided to use °Co nuclei and carry out an
experiment in a low-temperature laboratory of the National
Bureau of Standards
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Parity violation in 5-decay

@ in 1956 Chien-Shiung Wu et al studied Scintillator (for
B-decay of polarized 60C0 nuclei: measurement of

Photomultiplier
gamma ray /

polarization)

. _ _ Light pipe
0Co »Ni* +e” +7. (21 Dewa, —
60Ni* _>60 Ni + 2,}/ (22) CeMg-nitrate +%°Co specimen
Scmtlllator : / Solenoid (for specimen
11 polarization)

@ atoms that were aligned by a uniform scintillator (for
magnetic field and cooled to near = B ;e'::‘l‘::‘ve“t of
absolute zero so that thermal motions polarization)
did not ruin the alignment )

Magnet (for cooling by

@ photons are emitted due to QED — adiabatic demagnetization)
conserve parity and can be used as a liquid helium \}\"quid nitrogen
control!
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Parity violation in 5-decay

@ anisotropy in photons was measured as roughly 40:60

o and observed electrons emitted preferentially in direction opposite to applied
magnetic field:

i

(E,P)

wof]
|~
wof]

more e-in ,cf.  »
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Parity violation in 5-decay

if parity were conserved: expect equal rate for producing e~ in directions along and
opposite to the nuclear spin

conclude parity is violated in weak interaction

the results shocked the physics community

Wolfgang Pauli: “That’s total nonsense!”, and then “Then it must be repeated!”
the experiment was repeated by other teams, and results were confirmed

—> weak interaction vertex is not of the form @.vy"u,,
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Bilinear covariants

o the requirement of Lorentz invariance of the matrix element severely restricts the
form of the interaction vertex

@ QED and QCD are vector interactions:
G =yt (23)
This combination transforms as a 4-vector

@ in general, there are only 5 possible combinations of two spinors and «y-matrices that
form Lorentz-invariant currents, called “bilinear covariants’:

Type Form Components “Boson Spin”
¢ SCALAR Vo 1 0
¢+ PSEUDOSCALAR VY0 1 0
¢ VECTOR vrte 4 1
¢ AXIALVECTOR  UY*pP¢ 4 1
* TENSOR vy =7 v)e e 2

14/38



V-A structure of the weak interaction

o the most general form for the interaction between a fermion and a boson is a linear
combination of bilinear covariants

o for an interaction corresponding to the exchange of a spin-1 particle the most
general form is a linear combination of vector and axial-vector

o the form for weak interaction is determined from experiment to be vector —
axial-vector or V-A (V minus A)

_ P P3
e u Ve

JH o< my, (PH —7’“'}’5)”6
W V-A
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V-A structure of the weak interaction

Can this account for parity violation?

o parity transformation of a pure axial-vector current j4 = 1[)7“75&
u P .
Iy = —Jjap (24)
o the space-like components remain unchanged and the time-like components change
sign
o this is opposite to the parity properties of a vector current

0oL 0 L 0 e 6 g f g
Ja »—Jas  Ja dan Jv = It > —Jy
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V-A structure of the weak interaction
to describe an interaction, one needs to look at the matrix element

consider matrix elements for two currents:
3
M o< gugt'is = 3138 = i1db
k=1
for the combination of a two axial-vector currents:

R 3
. . P -0 .0 -k -k . .
JAL - JA2 — (—Jl)(—h) - Z <J1> (Jg) = JA1 - JA2
k=1
hence parity is conserved for both pure vector and pure axial-vector interactions
but the combination of a vector and an axial-vector currents
R 3
Jvi - jaz — O?)(_JS)“EE:(_Ul)(]2>::‘_]V1’3A2
k=1

changes sign under parity =—> can give parity violation!

(25)

(26)

27
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V-A structure of the weak interaction

@ now consider a general linear combination of vector and axial-vector (relevant for the
Z boson vertex)

1} L ¢ (1= 0 (gvy* +aa? )y = gv il +gajt
Suv
Z—m?
v2 v ¢ U jp=0,(gvy* + 2" V) v = gvjy +gajh

Myi o< ji.j2 = gy J) -5 + 84t -3 +evea(iy -js + /113 )
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V-A structure of the weak interaction

o consider the parity transformation of this scalar product:
.. P Voo A Voo A
uedz = gvdt gy +gAdt g —gvea (it g3+t a) (28)

o if either g4 or gy is zero, parity is conserved, i.e. parity is conserved in pure vector
or pure axial-vector interaction

gvgA

o relative strength of parity violating part oc — 3
9y + 92

Maximal parity violation for V-A or for V+A
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Chiral structure of QED

o chiral projection operators:

(1-7°)

N | =

1
Pp=5(1+7°); Pr=

project out chiral right- and left-handed states
@ in the ultrarelativistic limit, chiral states correspond to helicity states

@ any spinor can be expressed as:

1

Y= (L+77)6+ 5 (1 =°)0 = Prv+ Pub = Yn+

|

o the QED vertex v)y*¢ in terms of chiral states:
Yo = YRy R + YRV DL + VLV OR + YL OL

conserves chirality, as Y ry" b1 = Yy dr = 0

(29)

(30)

3D
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Chiral structure of QED

@ in the ultra-relativistic limit only two helicity combinations are non-zero

Vi v U8 oy
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Helicity structure of the weak interaction

o the charged current (W*) weak vertex is:

—igw 1

€. H Ve

W
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Helicity structure of the weak interaction

@ since %(1 — 75) projects out left-handed chiral particle states:

57 (1= 77)6 = dror (33)
o writing 1) = ¥ + v, and from discussion of QED, ¥ ry* ¢, = 0 gives

P57 (1=7)0 = durtor (34)

o — Only the left-handed chiral components of particle spinors and
right-handed chiral components of antiparticle spinors
participate in charged current weak interactions
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Helicity structure of the weak interaction

@ at very high energy (E > m), the left-handed chiral components are helicity
eigenstates:

¢ LEFT-HANDED PARTICLES
-7 = — Helicity = -1
T — RIGHT-HANDED ANTI-PARTICLES
(1-ry=s —— Helicity = +1

o — In the ultra-relativistic limit only left-handed particles and right-handed
antiparticles participate in charged current weak interactions

o e.g. in the relativistic limit, the only possible electron - neutrino interactions are:
e~ + - Ve
B~ e Ve  eia 2T, \ W

w w
o

24/38



Helicity structure of the weak interaction

o the helicity dependence of the weak interaction < parity violation

ed. V,+e — W™ p
—
RH anti-particle LH particle RH particle  LH anti-particle
V,— = = o = v,
Pv, Pe —Pe —DPv,

Valid weak interaction Does not occur
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Helicity in pion decay

o the decays of charged pions provide a good demonstration of the role of helicity in
the weak interaction

W Ve
T T
-
EXPERIMENTALLY: - Y
EXPERIMENTALLY:  [(7” —e7Ve) _ | 5 o4
Ien (1 W)

o while might’ve expected the decay to electrons to dominate - due to increased phase
space...

o the opposite happens, the electron decay is helicity suppressed
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Helicity in pion decay

Consider decay in pion rest frame:
@ pion is spin 0: so the spins of the 7 and y are opposite
o weak interaction only couples to RH chiral antiparticle states
@ since neutrinos are (almost) massless, they must be in RH helicity state
o therefore, to conserve angular momentum, muon is emitted in a RH helicity state:

— PR — _
v‘u < . :[,L

@ but only left-handed chiral particle states participate in weak interaction

27/38



Helicity in pion decay

@ using explicit form of the RH helicity to the Dirac equation, can split it in two parts:
left-handed chiral and right-handed chiral

uyi= Py + Py = 4 (14 25 Y+ 4 (1 - 22 Y

RH Helicity LH Chiral

o in the limit £/ > m, RH helicty = RH chiral
o although only LH chiral particles participate in the weak interaction the contribution
from RH helicity states is not necessarily zero!

— e s _
\’ﬂl < ‘I' > LL

m, = 0: RH Helicity = RH Chiral | m, # 0: RH Helicity has
LH Chiral Component
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4

Helicity in pion decay

expect matrix element to be proportional to LH chiral component of RH helicity
electron/muon spinor:

4 Dl nd o R from the kinematics
fi 2 E+m of pion decay at rest
My +my p y

hence because the electron mass is much smaller than the pion mass the decay
T~ — e~ e is heavily suppressed
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Evidence for V-A

The V-A nature of the charged current weak interaction vertex fits with experiment:
@ Example: charged pion decay

o experimentally measure

D(r~ — e 1)
[(m= = p= o)

o theoretical predictions depend on Lorentz structure of the interaction:
IN(n~—eVv,)

-A (W},ﬂ(l_’ys)(p) or V+A (yyH(l1 ’}’5 -le.3X]O_4

Scalar (¥¢) or Pseudo-Scalar (¥y’¢) — M
T(r =1V,

= (1.230 £ 0.004) x 1074 (35)

=55
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Evidence for V-A

@® Example: muon decay
o measure electron energy and angular distributions relative to muon spin direction
\%
u

no Ve % ou

o results expressed in terms of general S+P+V+A+T form in “Michel Parameters”

]

e.g. TWIST expt: 6 x 10! i decays Phys. Rev. D 85 (2012) 092013
o measurement: p = 0.74977 £ 0.00012(stat.) £ 0.00023(syst.);
o V-A prediction: p = 0.75
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https://inspirehep.net/literature/1081543

Weak charged current propagator

o the charged-current weak interaction is different from QED and QCD since it’s
mediated by massive W-bosons (80.3 GeV)

o this leads to a more complicated form for the propagator:

o for the exchange of a massive particle:
1 1 .
— (massless) — ——— (massive) (36)
q g —m

o in addition, the sum over W boson polarizations modifies the numerator
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Weak charged current propagator

o W boson propagator:

. . 2 TR v
l[guv QuQV/mW}
> NNNNJ
q nyy,

o in the limit where ¢ is small compared to myy = 80.3 GeV, the interaction takes a
simpler form:
I8uv u v
mi,

o the interaction appears point-like (i.e. no ¢> dependence)
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Fermi theory

o in 1934, before the discovery of parity violation, Fermi proposed, in analogy with
QED, that the invariant matrix element for $-decay was of the form:

My = Grguv[Wy* w][wy v

where G = 1.166 x 1075 GeV 2
Note the absence of a propagator: i.e. this represents an interaction at a point

o after the discovery of parity violation in 1957 this was modified to
My = s [07(1 = 77)¥] [99" (1 =) Y] (37)

the factor /2 was included so the numerical value of G5 did not need to be changed
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Fermi theory
o we can compare this to the prediction for W-boson exchange:

— m2
Myy = (ST (1 — Py 2 0 w1y

g% — miy
which for ¢* < m¥, becomes:
2

g — —

Mpi = 5w [0 (1= )0 [977 (1 =7°)¢] (38)
myy

2

o — @ _ 9w
V2 8mi,

o still usually use G to express strength of weak interaction as this is the quantity that
is precisely determined in muon decay
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Strength of weak interaction

o strength of weak interaction most precisely measured in muon decay

here ¢ < my, (0.106 GeV)
to a very good approximation the W-boson propagator can be written

]

[

—t [glw - quqv/m%v} W

2 ~ 2
q* — miy myy

(39)

o in muon decay measure g?,[, / m%,v
o in muon decay G = 1.16639(1) x 107" GeV 2
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Strength of weak interaction

to obtain the intrinsic strength of weak interaction need to know mass of W boson
my = 80.403 £ 0.029 GeV

2 0 2

gy SmiyyGF 1
— = = —— = — 41()
W n 42r 30 “0)

the intrinsic strength of the weak interaction is similar to, but greater than, the EM
interaction!
it is the massive W-boson in the propagator which makes it appear weak

for ¢? > m%/v weak interactions are more likely than EM
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Summary

weak interaction is of form Vector — Axial-vector (V-A)

_ig;wl m 5
ZAM(1 — 41
5 27 (1-=7°) (41)

consequently only left-handed chiral particle states and right-handed chiral
antiparticle states participate in the weak interaction

—> maximal parity violation (42)

weak interaction also violates Charge Conjugation symmetry

at low ¢> weak interaction is only weak because of the large W-boson mass

Gr _ g
V2 8711/%4,

(43)

intrinsic strength of weak interaction is similar to that of QED
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