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Parity violation in weak decays

1956 Wu et al.: correlation between spin vector ~J of polarized 60Co and
direction p̂e of outgoing β particle

Parity leaves spin (axial vector) unchanged P : ~J → ~J

Parity reverses electron direction P : p̂e → −p̂e

Correlation ~J · p̂e is parity violating

Parity links left-handed, right-handed ν,

P ←− νR/\⇐
νL −→⇐

⇒ build a manifestly parity-violating theory with only νL.
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Parity violation in 60Co decay

LETTE RS TO THE ED I TOR

l.3

I.I

w A
ld I.O

K

+ Z 0'9
Z Z

I—
P Z

O.8o
V

0.7—

0.3

O.I

GAMMA-AN I SOTROPY

0) EQUATORIAL COUNTER

b) POLAR COUNTER

x g
~

x , X 4 ' „
~ x x

I I

I I I

OPY CALCULATED FROM (a) 8(b)
~i~ )

—W(0)

W(~up)

0TH POLARIZING F I ELD
DOWN

I.20
X

u n,

cf
I.OO

Z Q

&z O3O0~ o
O

0.80

I I

METRY
I I I

(AT PULSE
HEIGHT IOV)

EXCHANGE
GAS IN

I I I I I I I

0 2 4 6 8 IO l2 I4
T I ME I N M I NU TES

I

16 I8

FIG. 2. Gamma anisotropy and beta asymmetry for
polarizing field pointing up and pointing down.

one unit and no change of parity, it can be given only
by the Gamow-Teller interaction. This is almost im-
perative for this experiment. The thickness of the
radioactive layer used was about 0.002 inch and con-
tained a few microcuries of activity. Upon demagnetiza-
tion, the magnet is opened and a vertical solenoid is
raised around the lower part of the cryostat. The
whole process takes about 20 sec. The beta and gamma
counting is then started. The beta pulses are analyzed
on a 10-channel pulse-height analyzer with a counting
interval of 1 minute, and a recording interval of about
40 seconds. The two gamma counters are biased to
accept only the pulses from the photopeaks in order to
discriminate against pulses from Compton scattering.

A large beta asymmetry was observed. In Fig. 2 we
have plotted the gamma anisotropy and beta asym-
metry vs time for polarizing field pointing up and
pointing down. The time for disappearance of the beta
asymmetry coincides well with that of gamma ani-
sotropy. The warm-up time is generally about 6 minutes,
and the warm counting rates are independent of the
field direction. The observed beta asymmetry does not
change sign with reversal of the direction of the de-
magnetization field, indicating that it is not caused by
remanent magnetization in the sample.

The sign of the asymmetry coeAicient, o., is negative,
that is, the emission of beta particles is more favored in
the direction opposit. e to that of the nuclear spin. This
naturally implies that the sign for Cr and Cr' (parity
conserved and pa. rity not conserved) must be opposite.
The exact evaluation of o. is difficult because of the
many eA'ects involved. The lower limit of n can be
estimated roughly, however, from the observed value
of asymmetry corrected for backscattering. AL velocity
v(c=0.6, the value of n is about 0.4. The value of
(I,)/I can be calculated from the observed anisotropy
of the gamma radiation to be about 0.6. These two
quantities give the lower limit of the asymmetry
parameter P(n P(=I,)/I) approximately equal to 0.7.
In order to evaluate o, accurately, many supplementary
experiments must be carried out to determine the
various correction factors. It is estimated here only to
show the large asymmetry effect. According to I-ee and
Yang' the present experiment indicates not only that
conservation of parity is violated but also that invari-
ance under charge conjugation is violated. 4 Further-
more, the invariance under time reversal can also be
decided from the momentum dependence of the asym-
metry parameter P. This effect will be studied later.

The double nitrate cooling salt has a highly aniso-
tropic g value. If the symmetry axis of a crysial is not
set parallel to the polarizing field, a small magnetic
field vill be produced perpendicular to the latter. To
check whether the beta asymmetry could be caused by
such a magnetic field distortion, we allowed a drop of
CoC12 solution to dry on a thin plastic disk and cemented
the disk to the bottom of the same housing. In this way
the cobalt nuclei should not be cooled su%ciently to
produce an appreciable nuclear polarization, whereas
the housing will behave as before. The large beta asym-
mef. ry was not observed. Furthermore, to investigate
possible internal magnetic effects on the paths of the
electrons as they find their way to the surface of the
crystal, we prepared another source by rubbing CoC1&

solution on the surface of the cooling salt until a
reasonable amount of the crystal was dissolved. AVe then
allowed the solution to dry. No beta asymmetry was
observed with this specimen.

3lore rigorous experimental checks are being initi-

ated, but in view of the important implications of these
observations, we report them now in the hope that they
Diay stimulate and encourage further experimental
investigations on the parity question in either beta or
hyperon and meson decays.

The inspiring discussions held with Professor T. D.
Lee and Professor C. N. Yang by one of us (C. S. Ku)
are gratefully acknowledged.

* YVork partially supported by the U. S. Atomic Energy
Commission.
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Left-handed Charged-current Interaction
Polarized e±p → (ν̄, ν) + anything — no RHCC
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Effective Lagrangian for the Weak Interactions

LV−A =
−GF√

2
ν̄γµ(1− γ5)e ēγµ(1− γ5)ν

with GF = 1.166 378 7(6)× 10−5 GeV−2. ν̄e scattering:

where Fermi’s coupling constant is GF = 1.16632×10−5 GeV−2. This is often
called the V −A (vector minus axial vector) interaction. It is straightforward
to compute the Feynman amplitude for antineutrino-electron scattering,n

M = − iGF√
2
v̄(ν, q1)γµ(1− γ5)u(e, p1)ū(e, p2)γµ(1 − γ5)v(ν, q2) , (25)

where the c.m. kinematical definitions are indicated in the sketch.

ein : p1

νin : q1

eout : p2

νout : q2

θ∗

The differential cross section is related to the absolute square of the amplitude,
averaged over initial spins and summed over final spins. It is

dσV −A(ν̄e→ ν̄e)

dΩcm
=
|M|2
64π2s

=
G2

F · 2mEν(1− z)2

16π2
, (26)

where z = cos θ∗. The total cross section is simply

σV −A(ν̄e→ ν̄e) =
G2

F · 2mEν

3π
≈ 0.574× 10−41 cm2

(
Eν

1 GeV

)
; (27)

it is small! for small energies.
Repeating the calculation for neutrino-electron scattering, we find

dσV −A(νe→ νe)

dΩcm
=
G2

F · 2mEν

4π2
, (28)

and

σV −A(νe→ νe) =
G2

F · 2mEν

π
≈ 1.72× 10−41 cm2

(
Eν

1 GeV

)
. (29)

It is interesting to trace the origin of the factor-of-three difference between
the νe and ν̄e cross sections, which arises from the left-handed nature of the
charged current. In neutrino-electron scattering, the initial state has spin
projection Jz = 0, because the incoming neutrino and electron are both left
-handed. They can emerge in any direction—in particular, in the backward
direction denoted by z = +1—and still satisfy the constraint that Jz = 0.

nSee Ref. 37 for conventions and tricks for calculating amplitudes.

TASI 2000 Lectures on Electroweak Theory: FERMILAB–CONF–01/001–T 18

M = − iGF√
2

v̄(ν, q1)γµ(1− γ5)u(e, p1)ū(e, p2)γµ(1− γ5)v(ν, q2)
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LV−A Consequences

dσV−A(ν̄e → ν̄e)

dΩcm
=
|M|2
64π2s

=
G 2

F · 2mEν(1− z)2

16π2
; z = cosθ∗

σV−A(ν̄e → ν̄e) =
G 2

F · 2mEν
3π

≈ 0.574× 10−41 cm2

(
Eν

1 GeV

)

Repeat for νe scattering:

dσV−A(νe → νe)

dΩcm

=
G 2

F · 2mEν
4π2

σV−A(νe → νe) =
G 2

F · 2mEν
π

≈ 1.72× 10−41 cm2

(
Eν

1 GeV

)
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Problem 6

Trace the origin of the factor-of-three difference between
the νe and ν̄e cross sections, which arises from the
left-handed nature of the charged-current weak
interaction. Analyze the spin configurations for forward
and backward scattering for the two cases, and show how
angular momentum conservation accounts for the
different angular distributions.
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The Two-Neutrino Experiment
Lederman, Schwartz, Steinberger, 1962

Make a beam of high-energy ν from π → µν

Observe νN → µ + X
not νN → e + X

⇒ neutrino produced in π → µν decay is νµ
Suggests family structure(

νe
e

)

L

(
νµ
µ

)

L

Generalize the effective Lagrangian:

L(eµ)
V−A =

−GF√
2
ν̄µγµ(1− γ5)µ ēγµ(1− γ5)νe + h.c.
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(Inverse) Muon Decay

Γ(µ→ eν̄eνµ) =
G 2

F m5
µ

192π3

σ(νµe → µνe) = σV−A(νee → νee)

[
1− (m2

µ −m2
e)

2meEν

]2
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Partial-wave Unitarity (Probability Conservation)
PW unitarity constrains the modulus |MJ=0| < 1 for an
s-wave amplitude.

Equivalently, the contribution to the cross section is
bounded by σ0 < π/p2

cm.

M0 =
GF · 2meEν

π
√

2

[
1− (m2

µ −m2
e)

2meEν

]

Satisfies unitarity constraint for
Eν < π/GFme

√
2 ≈ 3.7× 108 GeV,

or Ecm . 300 GeV

Physics must change before
√

s = 600 GeV
Chris Quigg (FNAL) The Standard Model . . . Fermilab · 11–14.8.2014 60 / 164



Problem 7

Using the measured lifetimes of the muon and the tau
lepton, τ` = ~/Γ`, and the branching fractions into the
eν̄eν` channel to determine the Fermi couplings for muon
and tau interactions, Gµ and Gτ . Compare these two
values with each other and with the standard value of GF.

The equality of Gµ, Gτ , and GF and supports the notion
that the leptonic (charged-current) weak interactions are
of universal strength.

Introduction: J. R. Patterson, “Lepton Universality,” SLAC Beam
Line (Spring 1995).
Recent BaBar study, Phys. Rev. Lett. 105, 051602 (2008).
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Electroweak theory antecedents
Lessons from experiment and theory

Parity-violating V − A structure of charged current

Cabibbo universality of leptonic and semileptonic
processes

Absence of strangeness-changing neutral currents

Negligible neutrino masses; left-handed neutrinos

Unitarity: four-fermion description breaks down at√
s ≈ 620 GeV νµe → µνe

νν̄ → W +W−: divergence problems of ad hoc
intermediate vector boson theory
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Formulate electroweak theory
Three crucial clues from experiment:

Left-handed weak-isospin doublets,
(
νe
e

)

L

(
νµ
µ

)

L

(
ντ
τ

)

L(
u
d ′

)

L

(
c
s ′

)

L

(
t
b′

)

L

;

Universal strength of the (charged-current) weak
interactions;

Idealization that neutrinos are massless.

First two clues suggest SU(2)L gauge symmetry
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A theory of leptons

L =

(
νe
e

)

L

R ≡ eR

weak hypercharges YL = −1, YR = −2
Gell-Mann–Nishijima connection, Q = I3 + 1

2
Y

SU(2)L ⊗ U(1)Y gauge group ⇒ gauge fields:

weak isovector ~bµ, coupling g

b`µ = b`µ − εjk`αjbk
µ − (1/g)∂µα

`

weak isoscalar Aµ, coupling g ′/2 Aµ → Aµ − ∂µα
Field-strength tensors

F `
µν = ∂νb`µ − ∂µb`ν + gεjk`b

j
µbk

ν , SU(2)L

fµν = ∂νAµ − ∂µAν ,U(1)Y
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Interaction Lagrangian

L = Lgauge + Lleptons

Lgauge = −1
4F `

µνF `µν − 1
4fµνf µν,

Lleptons = R iγµ
(
∂µ + i

g ′

2
AµY

)
R

+ L iγµ
(
∂µ + i

g ′

2
AµY + i

g

2
~τ · ~bµ

)
L.

Mass term Le = −me(ēReL + ēLeR) = −me ēe
would violate local gauge invariance

Theory: 4 massless gauge bosons (Aµ b1
µ b2

µ b3
µ);

Nature: 1 (γ)
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Symmetric law need not imply symmetric outcome

Buckling rod (L. Euler) spontaneous symmetry breaking

radius R , moment of inertia I = πR2/4, elastic modulus E

Critical point: Fcr = π2IE/`2

symmetric solution unstable, ground state degenerate
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Symmetric law need not imply symmetric outcome
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Massive Photon? Hiding Symmetry
Recall 2 miracles of superconductivity:

No resistance . . . . . . Meissner effect (exclusion of B)

Ginzburg–Landau Phenomenology (not a theory from first principles)

normal, resistive charge carriers . . . . . . + superconducting charge
carriers

Order Parameter  ψ

Fr
ee

 E
ne

rg
y

T  > Tc

Fr
ee

 E
ne

rg
y

T  < Tc

Order Parameter  ψ

ψ0

B = 0: Gsuper(0) = Gnormal(0) + α |ψ|2 + β |ψ|4

T > Tc : α > 0 〈|ψ|2〉0 = 0
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Order Parameter  ψ

ψ0

B = 0: Gsuper(0) = Gnormal(0) + α |ψ|2 + β |ψ|4

T < Tc : α < 0 〈|ψ|2〉0 6= 0
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In a nonzero magnetic field . . .

Gsuper(B) = Gsuper(0) +
B2

8π
+

1

2m∗

∣∣∣∣−i~∇ψ −
e∗

c
Aψ

∣∣∣∣
2

e∗ = −2
m∗

}
of superconducting carriers

Weak, slowly varying field: ψ ≈ ψ0 6= 0, ∇ψ ≈ 0

Variational analysis ;

∇2A− 4πe∗2

m∗c2
|ψ0|2 A = 0

wave equation of a massive photon

Photon – gauge boson – acquires mass
within superconductor

origin of Meissner effect
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Hiding EW Symmetry

Higgs mechanism: relativistic generalization of Ginzburg-Landau
superconducting phase transition

Introduce a complex doublet of scalar fields

φ ≡
(
φ+

φ0

)
Yφ = +1

Add to L (gauge-invariant) terms for interaction and propagation of
the scalars,

Lscalar = (Dµφ)†(Dµφ)− V (φ†φ),

where Dµ = ∂µ + i g
′

2 AµY + i g2~τ · ~bµ and

V (φ†φ) = µ2(φ†φ) + |λ| (φ†φ)2

Add a Yukawa interaction LYukawa = −ζe
[
R(φ†L) + (Lφ)R

]
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Unique and degenerate vacuum states

(a) (b)
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Arrange self-interactions so vacuum corresponds to a
broken-symmetry solution: µ2 < 0
Choose minimum energy (vacuum) state for vacuum expectation value

〈φ〉0 =

(
0

v/
√

2

)
, v =

√
−µ2/ |λ|

Hides (breaks) SU(2)L and U(1)Y
but preserves U(1)em invariance

Invariance under G means e iαG〈φ〉0 = 〈φ〉0, so G〈φ〉0 = 0

τ1〈φ〉0 =

(
0 1
1 0

)(
0

v/
√

2

)
=

(
v/
√

2
0

)
6= 0 broken!

τ2〈φ〉0 =

(
0 −i
i 0

)(
0

v/
√

2

)
=

(
−iv/

√
2

0

)
6= 0 broken!

τ3〈φ〉0 =

(
1 0
0 −1

)(
0

v/
√

2

)
=

(
0

−v/
√

2

)
6= 0 broken!

Y 〈φ〉0 = Yφ〈φ〉0 = +1〈φ〉0 =

(
0

v/
√

2

)
6= 0 broken!
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Examine electric charge operator Q on the (neutral) vacuum

Q〈φ〉0 = 1
2
(τ3 + Y )〈φ〉0

= 1
2

(
Yφ + 1 0

0 Yφ − 1

)
〈φ〉0

=

(
1 0
0 0

)(
0

v/
√

2

)

=

(
0
0

)
unbroken!

Four original generators are broken, electric charge is not

SU(2)L ⊗ U(1)Y → U(1)em (will verify)

Expect massless photon

Expect gauge bosons corresponding to

τ1, τ2, 1
2
(τ3 − Y ) ≡ K to acquire masses
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Expand about the vacuum state

Let φ =

(
0

(v + η)/
√

2

)
; in unitary gauge

Lscalar = 1
2
(∂µη)(∂µη)− µ2η2

+
v 2

8
[g 2
∣∣b1
µ − ib2

µ

∣∣2 + (g ′Aµ − gb3
µ)2]

+ interaction terms

“Higgs boson” η has acquired (mass)2 M2
H = −2µ2 > 0

Define W±
µ =

b1
µ ∓ ib2

µ√
2

g 2v 2

8
(
∣∣W +

µ

∣∣2 +
∣∣W−

µ

∣∣2)⇐⇒ MW± = gv/2
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(v 2/8)(g ′Aµ − gb3
µ)2 . . .

Now define orthogonal combinations

Zµ =
−g ′Aµ + gb3

µ√
g 2 + g ′2

Aµ =
gAµ + g ′b3

µ√
g 2 + g ′2

MZ 0 =
√

g 2 + g ′2 v/2 = MW

√
1 + g ′2/g 2

Aµ remains massless
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LYukawa = −ζe
(v + η)√

2
(ēReL + ēLeR)

= −ζev√
2

ēe − ζeη√
2

ēe

electron acquires me = ζev/
√

2

Higgs-boson coupling to electrons: me/v (∝ mass)

Desired particle content . . . plus a Higgs scalar

Values of couplings, electroweak scale v?

What about interactions?
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Interactions . . .

LW -` = − g

2
√

2
[ν̄γµ(1− γ5)eW +

µ + ēγµ(1− γ5)νW−
µ ]

+ similar terms for µ and τ

e

ν

λ −ig

2
√

2
γλ(1− γ5)

W

=
−i(gμν − kμkν/M

2
W )

k2 −M2
W

.
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Compute νµe → µνe

σ(νµe → µνe) =
g 4meEν
16πM4

W

[1− (m2
µ −m2

e)/2meEν ]2

(1 + 2meEν/M2
W )

Reproduces 4-fermion result at low energies if

g 4

16M4
W

= 2G 2
F ⇒

g

2
√

2
=

(
GFM2

W√
2

)1
2

Using MW = gv/2, determine the electroweak scale

v = (GF

√
2)−

1
2 ≈ 246 GeV

⇒ 〈φ0〉0 = (GF

√
8)−

1
2 ≈ 174 GeV
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W -propagator modifies HE behavior

σ(νµe → µνe) =
g 4meEν
16πM4

W

[1− (m2
µ −m2

e)/2meEν ]2

(1 + 2meEν/M2
W )

lim
Eν→ ∞

σ(νµe → µνe) =
g 4

32πM2
W

=
G 2

F M2
W√

2

no asymptotic growth with energy!

Partial-wave unitarity respected for

s < M2
W [exp (π

√
2/GFM2

W )− 1]
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Problem 8

(a) Write the cross section given on the preceding page
for σ(νµe → µνe) in terms of GF, rather than g .
(b) Now put aside the threshold factor that results from
the muon–electron mass difference. Plot the cross section
for 1 GeV ≤ Eν ≤ 10 TeV. Also plot the point-coupling
expression over the same range.
(c) At what value of Eν does the W -boson propagator
begin to have a perceptible effect on the cross section?
(d) How well would you have to determine the cross
section to derive a useful estimate of MW ?

A. Aktas, et al. (H1 Collaboration), Phys. Lett. B 632, 35 (2006);
Z. Zhang, Nucl. Phys. Proc. Suppl. 191, 271 (2009).
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W -boson properties
No prediction yet for MW (haven’t determined g)
Leptonic decay W− → e−νe

e(p) p ≈
µ

MW

2
;
MW sin θ

2
, 0,

MW cos θ

2

¶

ν̄e(q) q ≈
µ

MW

2
;−MW sin θ

2
, 0,−MW cos θ

2

¶W−

M = −i
(
GFM

2
W√

2

)1
2
ū(e, p)γµ(1− γ5)v(ν, q) εµ

εµ = (0; ε̂): W polarization vector in its rest frame

|M|2 =
GFM

2
W√

2
tr [/ε(1− γ5)q/(1 + γ5)/ε∗p/] ;

tr[· · · ] = [ε · q ε∗ · p − ε · ε∗ q · p + ε · p ε∗ · q + iεµνρσε
µqνε∗ρpσ]
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tr[· · · ] = [ε · q ε∗ · p − ε · ε∗ q · p + ε · p ε∗ · q + iεµνρσε
µqνε∗ρpσ]

decay rate is independent of W polarization; look first at longitudinal pol.
εµ = (0; 0, 0, 1) = ε∗µ, eliminate εµνρσ

|M|2 =
4GFM

4
W√

2
sin2 θ

dΓ0

dΩ
=
|M|2
64π2

S12

M3
W

S12 =
√

[M2
W − (me + mν)2][M2

W − (me −mν)2] = M2
W

dΓ0

dΩ
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GFM
3
W

16π2
√

2
sin2 θ Γ(W → eν) =

GFM
3
W

6π
√

2
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Other helicities: εµ±1 = (0;−1,∓i , 0)/
√

2

dΓ±1

dΩ
=

GFM
3
W

32π2
√

2
(1∓ cos θ)2

Extinctions at cos θ = ±1 are consequences of angular momentum
conservation:

W− ⇑
e−

⇓

ν̄e

⇓ (θ = 0) forbidden

ν̄e

⇑

e−

⇑ (θ = π) allowed

(situation reversed for W+ → e+νe)
e+ follows polarization direction of W+

e− avoids polarization direction of W−

important for discovery of W± in p̄p (q̄q) C violation
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UA1 W → eν decay angular distribution
1/
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