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Miscellaneous info

Lectures on Wednesday 10-12 and Thursday 14-15

Exam:
@ solve one of the exercises listed on the webpage (written part)
e discuss one subject from the syllabus (oral part)

@ sacrifice a chicken to Yog-Sothoth
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Weak interactions: one of the four fundamental interactions in Nature

@ Responsible for

v

B-decays of nuclei and other hadronic decays (pions, kaons, hyperons)
» decays of elementary particles (muons and taus)

» reactions of astrophysical relevance involving neutrinos

> parity-violating effects, including in atomic spectra
>

@ All elementary particles (quarks and leptons) interact weakly, in an
essentially universal manner

@ Least symmetric of interactions, violate P, C, CP, T, and most
flavour symmetries

@ Only symmetries fully respected: Poincaré, CPT, baryon and lepton
number
Lepton family number also a good symmetry if neutrinos were massless

Tiny nonperturbative effects leave only B — L as a symmetry
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Introduction (contd.)

Modern perspective: weak interactions unified with electromagnetism in
terms of a spontaneously broken gauge theory of the group SU(2)xU(1)

@ EM part = exchange of massless, electrically neutral photons
@ weak part = exchange of massive intermediate vector bosons
» charged W* bosons (my, ~ 80 GeV),
mediate charged weak interactions
» neutral Z% boson (mz ~ 90 GeV),
mediates neutral weak interactions

Low energy approximation (sufficient for most phenomenology at low
energy): four-fermion interaction
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1896, H. Becquerel: discovery of radioactivity
1899, E. Rutherford: classification of a, 8 and ~ rays as radiation of
increasing penetrating power

1900, H. Becquerel: measures mass and charge-to-mass ratios of the g
rays, shows that they are electrons (discovered in 1897 by J. J. Thomson)

o rays= helium nuclei 4He; ~ rays= highly energetic photons
1913, N. Bohr: suggests [3-rays originate from atomic nucleus (discovered
by E. Rutherford in 1911)
1914, J. Chadwick: continuous energy spectrum of (3-rays
1927, C. D. Ellis and W. A. Wooster: missing energy in 210B1—>210Po

energy release of the reaction in a calorimeter # max. energy of -rays, only = average energy

1930, W. Pauli: neutrino hypothesis — new spin—% particle emitted in
[-decay, which goes undetected and carries away the missing energy

1932, J. Chadwick: discovery of neutron
1933-34, E. Fermi: first theory of 5-decay based on reaction n — pe~ e
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Fermi theory of (5-decay

Inspiration: QED + Heisenberg's nucleon (p and n ~ same particle)
In QED the interaction couples two vector: EM current and photon field

Replace the proton electric current with a neutron-proton current, and
gauge field with neutrino-electron current

Hits = 6 [ 6 (L2 n00) () v(0) + e

Fermi concluded neutrino massless or very light, and G ~ 0.3-1075 GeV 2
(Fermi constant, modern value: G ~ 1.1 1075 GeV_2)

Neutrinos worked phenomenologically, but detected only in 1956
(Reines and Cowan, studying the inverse reaction Ve +p — n+e™)
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Fermi theory of $-decay (contd.)

1936, Gamow: generalisation of Fermi's Hamiltonian
(most general four-fermion non derivative couplings)

HE"' = — / d*x LF(x)
5

£5'(x) = = Y g (PxIM; n(x)) (2(x)M v(x))

j=1

+ &/ (p(x)M; n(x)) (B(x)Mj7° v(x)) + h.c.

M/ =1,4% 4" 4#4® o and gj, g/ (generally complex) couplings

Terms differing by a permutation of the fields can be reduced to these by Fierz transformations
T invariance = gj,gjf € R, P invariance = ng =0

These seemed perfectly reasonable requirements at the time
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Muon and universality of the weak interactions

1936, Anderson and Neddermayer: discovery of muon in cosmic rays
(mistaken for Yukawa's meson)

1947, Powell, Occhialini and Lattes: discovery of pion in cosmic rays, was
actually Yukawa's meson, and decays into muon

muon does not interact strongly, decayed weakly u= — e~ e v,

1962, Lederman et al.: two types of neutrino

1947, Pontecorvo: suggests that weak interactions couple muons and
electrons to hadrons in the same way (u-e universality)

1948, Puppi: approximate equality of couplings in muon decay and in
[-decays

= universality of weak interactions, i.e., they affect equally leptons and
nuclei
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Parity violations

0-1 puzzle:

0" s> atata™ o at g0

@ scalar particles

@ decays suggest different parity Pp = —1 and P, = +1...

@ ...but same mass and lifetime!
1956, T. D. Lee and C. N. Yang: they are the same particle, § =7 = K,
but weak interactions do not conserve parity

1957, Wu et al.; Garwin et al.: experimental confirmation of parity
violations in weak processes

Parity violations seen but not recognised in Cox (1928) and Chase (1930)
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V — A structure of the interaction

1956-57: accepting P breaking led to understand V — A structure

o P breaking = g/ # 0 allowed (10 couplings)

@ two-component neutrino hypothesis (Salam; Landau; Lee & Yang):
neutrinos have definite helicity = 5 couplings, specific
definite-handedness part of the v field in £

@ extended to all fields (Feynman & Gell-Mann; Sudarshan & Marshak):

£ = = S (P00 (1~ 89°) 1) (B(7a(L ~ 1) () + hc
L3 = =2 (7(x) 7*(1 = 7°) vu(x)) (B(x)7a(1 = 7°) ve(x)) + hoc.
V—-A

Gs, G,,: dimensions M~2, Gg/G,, ~ 0.98; gv/ga real dimensionless

@ same coupling for p (pointlike) and n (extended) ~ electric charge
(same for e™ and p) = conserved vector current (CVC) hypothesis
(conservation of hadronic current: 1956, Gershtein; 1958, Feynman)
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Hadronic currents and the quark model

1950s-1960s: hadron “zoo” — many new hadrons, often decaying weakly,
w/ leptons in the final state (semileptonic) or w/out (nonleptonic decay)
Should a new hadronic current be added to £ for each new hadron?

1958, Feynman: only a few hadronic currents with the appropriate
quantum numbers suffice; have to be assumed since no fundamental
description available for hadrons

1964, M. Gell-Mann; G. Zweig: quark hypothesis — hadrons are bound
states of quarks, and quark currents appear in the weak Lagrangian

Nuclear 5-decay and charged-pion decay ~ same decay process of the d
quark, d — ue™ e, with quark current

iy (1-1°)d
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Hadronic currents and the quark model (contd.)

Incomplete since strangeness-changing processes not allowed
K* — ptv, (semileptonic)
Kt = ntrta=, KT — 7t70 (nonleptonic)
1963, Cabibbo: “rotate” the d quark
(1 —-~°)d — oy*(1 —~°) d’ d' = cosfcd +sinfcs

O¢: Cabibbo angle
cosfc = Gg/G, ~ 0.98 from 5 and muon decays
sinf¢c ~ 0.21 from KT semileptonic decays

cos? O + sin? 0c ~ 1, consistent
@ explains strangeness-changing processes

@ explains the difference between G, and Gg retaining universality of
the charged current (with d — d’)
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Neutral currents and the charm quark

1973, Hasert et al. (Gargamelle experiment): observation of weak neutral
currents in antineutrino-electron scattering v, e~ — D €~ and elastic
(anti)neutrino scattering on nuclei

Neutral currents expected in unified electroweak theory (see below)
1974, B. Richter/S. Ting: J/1 resonance and charm quark ¢ (November
revolution)

Proposed by Glashow, lliopoulos and Maiani (1970, GIM mechanism) to
explain the suppression of certain weak processes
@ support for unified electroweak theory

@ support for Quantum Chromodynamics (QCD), microscopic theory of
strong interactions emerged from quark model

‘:> Standard Model of Particle Physics‘
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Electroweak theory

1935, Yukawa: weak interactions mediated by exchange of intermediate
boson instead of four-fermion coupling

Yukawa's idea: same boson for weak and strong interactions

@ EM interaction: massless photon, long range interaction

@ weak interaction: very massive boson, very short range interaction

g 62 g g2 —myr
VCoulomb(r) = m VYukawa(r) = m €

g coupling, my mass of intermediate boson

If mw — 0, Vukawa — Voulomb; if mw — oo

2
VYukawa(r) — gT 5(3)(F)

myy — 00 mW

T : . . 2
Point-like interaction with coupling G = £
w
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Electroweak theory (contd.)

Equivalently: exchange of a massive boson in relativistic QFT =
2
factor gpr in scattering amplitude — —2 if £ < 1

W W
Assuming equal strength g2 ~ e
2 2
5 g e®  rna
=2~ _ = 90 GeV
my =g =g =g ~(90CeV)

modern measurements: my, ~ 80 GeV

e Four-fermion theory badly behaved at high energy (cf. the mass
dimension of G), partly cured by massive intermediate boson

@ Further trick needed: boson masses generated via spontaneous
symmetry breaking — Higgs mechanism
(1964, Higgs; Brout & Englert; Guralnik, Hagen & Kibble)

@ Intermediate vector boson + Higgs mechanism = unified electroweak
theory (1961, Glashow; 1967, Weinberg; 1968, Salam)

—> well-behaved theory, phenomenologically very successful
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Overview of weak interactions at low energy

Low-energy limit of electroweak theory — W, Z-boson exchanges replaced
by four-fermion local interaction

@ excellent approximation in many cases of interests
@ avoids technicalities of the full theory

In the low-energy limit LI} = LI reed + LW neutral
int _ G int _ G
‘61\;\1/, charged — _% JaTJOé 'CIJIV, neutral — _75 JgJOQ

Charged current J* = J* + Jg A e
(leptonic + hadronic)
J/Oé = E Of Vy PN _

z—z s ~

=&u,T Ve N

o _ gl =/ o T m«o

Jh = d L U+5 L C+b OL t (EuOf,u)(é(’)Laye)
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Overview of weak interactions at low energy

Low-energy limit of electroweak theory — W, Z-boson exchanges replaced
by four-fermion local interaction

@ excellent approximation in many cases of interests

@ avoids technicalities of the full theory

int
W, neutral

int

In the low-energy limit £ = LW chargea T £

int _ G jaft int _ G |a
‘CW, charged — ~ /5 NS ‘CW, neutral — T /5 JO Joa

Charged current J* = Ji* + Jp
(leptonic + hadronic)

Jr = g 1 O0% vy,
ZZe»,u‘)T
o _ gl =/ o I o
Jh = d L u—+s L c + b OL t (ﬁuof,uz)(éOLaVe)
it sy | 102




Charged current

Charged current = sum of left-handed currents 152(92‘1/11

V — A current, left chirality only @ = %1 —1~°)

4" Dirac matrices, 1) = 1)T4°: Dirac adjoint

Lorentz/colour (for quarks) indices are suppressed; Of is trivial in colour space

“Rotated” negative-charge quark fields

d’ Vud Vus Vub d d ’ 1

S| =V Ve Vo s|=VckuMm | s — (d/) = ( cosfc  sin GC) (d)
b th Vts th b b 2-gen. approx. \ S —Ssin GC cos 9(: S

Veoka: unitary Cabibbo-Kobayashi-Maskawa matrix

d’,s', b (= eigenstates of weak-interaction flavour) are linear
superpositions of mass eigenstates of quarks d, s, b (= eigenstates of
strong-interaction flavour) — not definite-mass fields
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Neutral current

Neutral current: both left- and right-handed currents

Jy =) gff O} f+gfFORF  Ofg=7"(1F°)
f'

%, f=veur 0, f=veur
i - 1+¢, f=epnrt R £, f=eurt
& = %—%f, f=uc,t & = —%f, f=urct
—2+%¢, f=d,s,b ¢, f=d,s,b

You don’t have to remember them by heart — for now. ..

&€ =sin® Oy, Oy weak or Weinberg angle
...introduced by Glashow: cf. Arnol'd principle
No flavour-changing neutral currents

Flavour-changing currents also change electric charge
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Free fermion field

Free field operator for spin—l fermion of mass m = /P2 + m?)
/dQ Z IpX+d IpX}
5= :i:1
bs(ﬁ), ds(p): fermion/antifermion annihilation operators
bs(B)T, ds(p)T: fermion/antifermion creation operators
{bs(B) by (B")T} = 05w (21)*2p°6) (B~ B')  {bs(B). bsr(B")} = 0

1)
—~
T

), vs(P) (bispinors): positive/negative-energy sol.s of Dirac equation
(p—m)us(p) =0 (p+m)vs(B) =0
Us’(p)us(/_j) =2mbys Vs’(ﬁ)Vs(ﬁ) = —2migss
d3p
(2m)32p°
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Dirac matrices

Clifford algebra: {+*,~"} = 2n

{A, B} = AB + BA, Minkowski metric tensor n*¥ = diag(1, —1,—1,—1)

’YO _ ((1) _()1> ,yi — <—00i ‘B) i=1,2,3 o': Pauli matrices

; 01
_ _ 123 _ in0.1.2.3 _
V= eV YT = —ico123n M2y = iy tePd = (1 0
Euvpo is the totally-antisymmetric tensor with o103 = —1
Anticommutation property: {7°,4*} =0

1

Generators of s = 5 irrep of Lorentz transformations: o#”

= 51" 7"
U(/\)Tw(X) U(/\) = S(A)qb(/\*lx) S(eéww,J(‘“’)) _ ei'w;wa-;w

{1, 4#, 0", ixSy#,45}: basis of the vector space of complex 4 x 4 matrices
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Weak interactions are chiral: different chirality are treated differently
For any bispinor ¥ = 14 + %_, ¥1: chiral components

4 eigenvectors of >, 7%5 = &1, with chirality £

Use chiral projectors P+, 2Py = +P., so ¢+ = P11:

1+4°
= 27, Py=Pl=pP2, PP =0, P +P =1

Py

Notice y*Py = Pv*
@ OF contains only P_, charged current only involves fields with
negative chirality, £~ = P_f (notice f_ = fP})
@ neutral current has different couplings for the terms involving f_ and
f_|_ — P_|_f
Chirality conflated with helicity= spin projection in direction of motion
@ coincide only for massless fermions
@ nonetheless customary to denote L, R the negative/positive chirality
components (left/right refers to “handedness”, i.e., helicity)
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Neutrinos

For massless fermions chirality and helicity coincide,

Neutrinos will be massless almost until the end of the course = drop one
of the two helicity components (appears nowhere in L13%)

{@,7°} = 0 = can choose definite-chirality solutions of massless Dirac eq.

idhe =0 i =F¢s
Positive-energy solutions ¢ = ue™ P> = pu=20
u(p) =+IP| (IA) ,£5£> fo =1 ‘_J'YOU = 2p0 =2|p|

Definite helicity solutions p - 6ér,1 = £&r L

i) = VB (SEL) P umelp) = umap)

Particle w/ positive helicity = right-handed, and positive chirality
Particle w/ negative helicity = left-handed, and negative chirality
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Neutrinos (contd.)

Negative-energy solutions 1) = ve’P* = pv =20

V(ﬁ)zx/ﬁ<ﬁ_%§~) BE=1 vy =20 = 2|

Lorentz transformation properties of fermion field impose that if

u(&)=particle, spin s along i, v(&§)=antiparticle, same spin s along same 7
then we must choose { = —i02&* = for definite helicity (g = —io28R

p-3érL =P G(—io2)h, = ioa(p- FEr L) = F(—io2)h = FériL

veL(B) = VIB] (igi) Y’vr.1(B) = Fvr,.L(P)

Antiparticle w/ positive helicity = right-handed, and negative chirality
Antiparticle w/ negative helicity = left-handed, and positive chirality

Helicity Lorentz-invariant only for m = 0 (for m # 0 can always find
ref. frame where particle flips p and so h), better quantum number as
energy increases (particle closer to behaving as massless)
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