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The Weak Interaction

* By the 1930’s it was clear there was a “weak” interaction
responsible for beta decay and other decays involving
Pauli’s neutrino:

n-o>pt+e +0
T—>U+V
u— e+ 2v
* Fermi’s explanation was a 4-fermion contact interaction

n e

o -

Vy Ve >~

* Where the coupling strength is the Fermi constant G
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374 The Weak Interaction

* Neutrino-neutron scattering in the Fermi theory
* The differential cross section

. . n p
(remember the Born approximation):
do _ _E* M)
dQ  (2m)?

¢ And the matrix element:
| Mi|* ~ 4GS,

* So the differential cross section reads:
do _ GpE
dS) 2

* Fermi theory breaks down at high energies
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Parity in QED and QCD
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* Remember that the parity operator for the Dirac
spinors is the y* matrix:

A

PR 0
u— Pu=vyu

A

_ P _
u— uy

* So the electron current in the eq — eq process,
transforms as:

. P
JH = u(pa)y u(pr) — u(p3)y y*yu(py)
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Remember that the parity operator for the Dirac spinors
is the y° matrix:

So the electron current in the eq — eq process, transforms
as:

_ P
M= u(pa)yru(pr) — u(p3)y y*yu(py)

The time component: 0 £, - 000 _ -0 _ .0

The spatial component: i =, ﬁ,yoyk,you = Ty = —sytu = — ¥
€
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* Remember that the parity operator for the Dirac spinors
is the y° matrix:

PR 0
u— Pu=vyu
_ P _
u— uy

* So the electron current in the eq — eq process, transforms
as:

o — P _
ji = u(p3)y u(pr) — u(p3)y y*y u(p)
* So the four-vector product of the QED matrix element:
.. .0.0 kk P .0, . . oo
Je-rdq = Jode = JEj& = s = (i) =j¥) = je+ Jq
remains unchanged
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{#] Parity in QED and QCD

* So the four-vector product of the QED matrix element:
.. .0.0 k.k P .0, . . oo
Je-rdq = Jode = J8 i = jeia = (—iS=j¥) = je- Jq
remains unchanged
* The QED matrix element is invariant under a Parity
transformation
* The same applies to the Hamiltonian and therefore,
Parity is conserved in QED
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% Parity in QED and QCD

* So the four-vector product of the QED matrix element:
.. .0.0 k.k P .0, . . oo
Je-rdq = Jode = J8 i = jeia = (—iS=j¥) = je- Jq
remains unchanged
* The QED matrix element is invariant under a Parity
transformation
* The same applies to the Hamiltonian and therefore,
Parity is conserved in QED
* The form of the QCD vertex is the same except for colour
factors: Parity is conserved in QCD
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74 Wu’'s experiment

* In 1957 Wu and collaborators studied the beta decay of
polarised cobalt-60:

oK _ —_—
0Co —» ONi" +e™ + V.

* For a fixed magnetic field, the nuclear magnetic moment
of the cobalt was aligned

* Electrons were detected at different angles with respect
to the direction of the field

* The rate at which electrons were emitted on either
direction of the field, should be the same (if parity were
conserved)
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7] Wu’s experiment

In 1957 Wu and collaborators studied the beta decay of
polarised cobalt-60:

oK _ —_—
0Co —» ONi" +e™ + V.

For a fixed magnetic field, the nuclear magnetic moment
of the cobalt was aligned

Electrons were detected at different angles with respect
to the direction of the field

The rate at which electrons were emitted on either
direction of the field, should be the same (if parity were
conserved)

However, more electrons were observed in the direction
opposite the magnetic field — Parity Violation of Weak
Interactions
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Q Weak interaction structure

* From the observation of parity violation, it is clear the
weak interaction vertex must have a different form to the
QED and QCD vertices:

JH = u(p" )y u(p)

* We need a Lorentz Invariant Matrix element, and there

are only 5 such bilinear covariants :

Type Form Components  Boson spin
Scalar o 1 0
Pseudoscalar Uy’ b 1 0
Vector Uy e 4 1
Axial vector Uy y b 4 1
Tensor y'y =y y*)é 6 2
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<> Weak interaction structure

* The most general Lorentz Invariant form for the
interaction between a fermion and a boson is a linear
combination of the bilinear covariants

* If the boson has spin 1

J* o u(p)gvy* + gay*y  u(p) = gv jb + gajl

where the current has been split into vector and axial
components

LA-CoNGA physics iSUENA BIEN!



/] Weak interaction structure

* The most general Lorentz Invariant form for the
interaction between a fermion and a boson is a linear
combination of the bilinear covariants

* If the boson has spin 1

J* o u(p)gvy* + gay*y  u(p) = gv jb + gajl

where the current has been split into vector and axial

components
* Parity transformation for axial current:
=5 Po— 0 us50 _ =0 0.5
Jao =wy'yu — uyyty yiu = —uy yHy yu
. P 0.0.0.5 — 0.5 _
* Time component: ja = —wy’Y’yY’yu = -uw’yu=-jj
k_ P — 0 k0.5

— k.S &
* Spatial component: J4 = WYY Yy u= Yy u =+
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Weak interaction structure

The vector and axial currents under a parity
transformation:

0o P 0o a P % 0o P 0 P

Jy — +jys Jy — —Jy, and  jg— —j,,  jg — +u
The product of two vector or two axial currents is
invariant under parity, but not the product of vector and
axial currents

* This structure could therefore explain the parity violation

observed in the weak interaction
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<> Weak interaction structure

* Consider the inverse beta decay process:

Ve o

Jhe = W(Pp3)gvyH + gay" Y u(p1) = gy jve + gajae

Jia = WP gvy” + 94y’ Y u(p2) = gvjy, + 9a iy, by

.. R A 7 A . V. A -
M & juejdu = Gvive Juy T Tadee Jau + 9vgalive iy + Joo  jn)

Po
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<> Weak interaction structure (V-A)

* Consider the inverse beta decay process:

Jhe = WPDGvy* + gay Y Iup1) = gvive + gajve :
v - | | )
Jaw = WP gvy” + g2y Y u(p2) = gvjg, + 9aja, 2 Ps

g ; 2 O 3 Y : ; ; g :
My & jue jau = G jve jo + Gafoe Ton + av9iQe oy + o By W
not invariant under Parity P2 P4
* From experiments, we know the weak

charged current due to the exchange of
W bosons has the vertex factor:
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{>] Chiral structure of the weak interaction

* Remember the Chiral projection operators:

* Any Dirac spinor can be decomposed into left and right
handed chiral components through projection operators:

Pr=3(1+7)
PL=3(1-7)

* Py projects the right handed chiral Prug = ug
particle states and the left handed Pru; =0
chiral antiparticle states Prog =0

PRUL =L

* P, projects the left handed chiral Prug =0
particle states and the right handed — Fruc=u
chiral antiparticle states Prog = vg

PLUL =10
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3/] Chiral structure of the weak interaction

* Remember the Chiral projection operators

* We also saw that in QED, only two combinations of spinors
give non-zero currents (chiral nature of QED)

* For the weak interaction vertex:

IgW —

S ur(p " (1—y5>uR<p>

U
JRR
IgwW —

=5 U ur(p )y"Prug(p) =

the only non-zero current for particle spinors involves
only left-handed chiral states
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7] Chiral structure of the weak interaction

* Remember the Chiral projection operators

* We also saw that in QED, only two combinations of spinors
give non-zero currents (chiral nature of QED)

* For the weak interaction vertex:

IgW —

S ur(p " (1—y5>uR<p>

1
JRR
= <5 ur(p' )y PLur(p) =
the only non-zero current for particle spinors involves
only left-handed chiral states
* For anti-particle spinors, PL projects the right-handed
chiral states, so only right handed chiral anti-particle
states interact with the charged weak interaction
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Chiral structure of the weak interaction

* Going back to the Wu experiment:

RH antiparticle LH particle RH particle LH antiparticle

_ — — - /3 - e m—p -
‘Ve > < (2] H: e > < Ve
Pv Pe —Pe —Pv

allowed not allowed

* So Parity violation implies we see more electrons in one
direction than the opposite
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<> Chiral structure of the weak interaction

* Charge conjugation is also violated in the weak

interactions
* However: Charge conjugation AND Parity could* be
conserved
* This is called the combined CP symmetry
R A (b) e
V“ == o —_—h w i) U ® .Y,
¢l N ¢l
© w U— 5 ? — T w
Vi o w5 e O 2

*CP violation is necessary to explain the difference in matter and anti-matter in the
Universe. QED and QCD conserve CP, so the only place for CP violation in the Standard
Model is the weak interaction. CP violation has been observed in meson systems, but this
is not sufficient to account for the matter-antimatter asymmetry in the Universe
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N4 The W boson

* For massive bosons have an additional degree of freedom
of a longitudinal polarisation state:

A dudv
qu €& = ~Gu 2
2 W

so the Feynman rule for the propagator of the W boson:

—7 (g B Q,u%/)
1A%
q> —myy iy

* In the limit g% < mi:

_ig,uv

q> —m

2
\\4
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<> Fermi theory revisited

* Atlow energies the propagator can be approximated by:

Guv

2
A\

l
m

* This would correspond to an interaction that occurs at a
single point (Fermi theory):
My = G gy gy ol
* Including the V-A structure to account for parity violation:

Mii = 55 Gr g3y (1 =y W llbay" (1 = ¥ )l
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At low energies the propagator can be approximated by:

Guv

l
W

This would correspond to an interaction that occurs at a
single point (Fermi theory):

My = Gr g3y i gy 2]
Including the V-A structure to account for parity violation:

Myi = \/% Gr g3y (1 =Y Wi llway' (1 = ¥ )]
And comparing to the full expression in the limit g? < m¥,:

2
M = ;%gw[%wa Wl (- 7]
W
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{3] Fermi theory revisited

* Atlow energies the propagator can be approximated by:

Guv

2
A\

l
m

* This would correspond to an interaction that occurs at a
single point (Fermi theory)

* We can relate both coupling constants:

G _ 9w
T Q2
V2 8my,
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] Strength of the weak interaction

* The strength of the weak interaction is most precisely
determined from low-energy measurements
* Muon lifetime (mj < mg):
1 G%mfL

T, 19273

[(w™ — e vyve) =

with the measurements of the muon mass and lifetime:
my, = 0.105 658 371 5(35)GeV 7, = 2.196 981 1(22) x 10™°s

we can have a precise measurement of the Fermi constant:

Gg = 1.166 38 x 10> GeV 2
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Strength of the weak interaction

* The strength of the weak interaction is related to the Fermi
constant by the mass of the W boson:

my = 80.385 + 0.015 GeV

- g%v - Sm%vGF 1
aw — = ~

Y A\2r 30

* The coupling constant itself is larger than the QED
constant

* However: the presence of the mass of the W boson in the
propagator, makes the weak interaction weaker than QED
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? Pion decays

* Pions are the lightest mesons formed by the lightest
quarks

* They can not decay via the strong interaction

* Pions decay via the weak interaction into leptons

<l

1

* Pions are found to decay much more frequently into muons
than electrons:

['(m™ > e V)

=~ = 1.230(4) x 1074
['(m™ — uvy)
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Pr = (Mz,0,0,0), pe=p3=(E,0,0,p) and py=ps=(p,0,0,-p)

Y

ji = 2Eu(p3) 3y (1 = y)u(ps)
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Pr = (Mz,0,0,0), pe=p3=(E,0,0,p) and py=ps=(p,0,0,-p)

Y

ji = 2Eu(p3) 3y (1 = y)u(ps)

* The pion current has to be a four-vector: pion four-
momentum: u
JaDx

where { is a constant associated with the decay
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Pr = (Mz,0,0,0), pe=p3=(E,0,0,p) and py=ps=(p,0,0,-p)

* The matrix element:

Y —
Mii = | B4 fupk | x| 25 x | 25apay 51 = ¥ utpo)
My
pion current Propagator (approx. Fermi) lepton current

LA-CoNGA physics iSUENA BIEN!



Pr = (Mz,0,0,0), pe=p3=(E,0,0,p) and py=ps=(p,0,0,-p)

* The matrix element:

Guv - v
Myi = ["W ‘fnp.n] —m%v X [%u(ps)y 3 (1= y)u(pa)
gW — v 1 5
= —Gufapzu(p3)y 51 =y )v(pa),
Am?
W

where we will only have the time-like component
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Pr = (Mz,0,0,0), pe=p3=(E,0,0,p) and py=ps=(p,0,0,-p)

* The matrix element:

g
Myi = —— fromai(p3)yY° 2 (1 = ¥ )o(ps)
4m

9
Myi = == famzu (p3)5(1 = ¥)v(ps)
4m

LA-CoNGA physics iSUENA BIEN!



g
Myi = ﬁ et (p3) (1 = y7)u(pa)

* For the neutrino the helicity eigenstates are the same as
the chiral states (m < E):

9
Myi = == famgtt' (p3)v1(ps)
4m

LA-CoNGA physics iSUENA BIEN!



2
g
Mg = —W Mt (p3)vr(pa)
4m
* The explicit form of the spinors for the lepton and
neutrino:

1
0

ur(p3) =V E¢+my P u (p3)=+vE¢+my
+

Ep+my
0 - Epo+mye

only one combination is not zero

LA-CoNGA physics

v1(pa) =P

O = O

|

-1
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fnmn\/E£+m£\/_( E€+m)
* Which can be re-written using: my, + m; my — m;
E{ = —f pg =
2My 2My
to get: 2 1
gw =
Myi = (m) fnmg(mi - m?)z
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* The matrix-element squared and corresponding decay

rate:
<|Mf,’|2> — I/\/(f,-l2 = 2G12: J%m%(mjzt — m%)
47 G2 2
— Mal?y = — £ lmp(m? — m?
o U 8m%fn[ (m2 —m})|
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* The matrix-element squared and corresponding decay

rate:
(AMsil*y = IMpl* = 2Gefoms(ms — m7)
4r 2
2 — —
= o P M) = 5 E 12 o2 = m)|

[(m™ > e ve) [me(mi —m?)

L= » wv) [ my(mi —m?)

] =126%x 107*
M

* Finally, the ratio:
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* Finally, the ratio:

2
=1.26x 1074

[~ —>eVe) [me(m?t — m?2)

L= = wv) | my(m2 —m?)

this is evidence of the V-A structure of the weak interaction
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{?] Muon decay

* Muons do not decay via QED (the photon does not change
flavour)
* Only the charged weak interaction changes lepton type

p it
3
©)~(w 5

_ 1 GyG 3
(W — e vevy) = = & w p; q P2 ©

Tj) 19273
W

in principle the coupling to different P4

leptons could vary
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Tau decay

* Taus are sufficiently massive that they can decay into light

quarks
V1 V1 Vo
= e_ — “—— d
T T T
Ve Vi u
_ [(t > e Vv _ __
Br(tm > e vevy) = ( r V) =T'(tT" > e Vevy) X Tq
G(C)G(T)mS
['(t7 > e Vevp) = i
19273
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Lepton Universality

* We can compare the lifetimes to obtain the ratio of the

couplings
pUng Gg) marM

G m

Br(t — e VeVy)
* Measuring masses, lifetimes, and decay fractions:

Br(t™ — e Vevy) =0.1783(5)  Br(t™ — w vy =0.1741(4)
my = 0.1056583715(35)GeV Ty = 2.1969811(22) x 10™° s

me = 1.77682(16) GeV 7, = 0.2906(10) x 107",
* We get a ratio for the couplings:
G\ G
—— =1.0023 £ 0.0033 —— = 1.000 £ 0.004
G;“) G;“)
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{?] Weak interactions of quarks

* Consider the underlying process for beta decay

2 (e) ~(B)
IM|* < GGy

From observed decay rates,and d—» G©
comparing to the lepton coupling:
G = (1.1663787 + 0.000 0006) x 107> GeV 2,
G = (1.1066 + 0.0011) x 107 GeV~2.

* The coupling to ud quarks is 5% smaller

* Itis also found that the decay rate of K~ (us) = uv,
is much smaller than for a(ud) — u7v,

* The coupling to quarks does not seem to be universal
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{p] Quark mixing

* Cabibbo hypothesis: weak interactions of quarks have the
same strength as the leptons, but the weak eigenstates of
quarks differ from the mass eigenstates

(d’)_ cos@, sind,. \[d
" | —sinf,. cosO,. J\ s

2]

* The differences in the decay rates can be explained by a
Cabibbo angle of 13°
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7] CKM matrix

* The Cabibbo mechanism can be extended to three
generations (the charm had not been discovered when
Cabibbo proposed his hypothesis):

(d’W (Vud Vs Vub\(d\

s’ Ved Ves Vb || S

b)) \ Vi Vis Vo J\b)

which is known as the Cabibbo-Kobayashi-Maskawa (CKM)

matrix
* The weak charged current vertices are then:

gw _ Vud Vus Vub d
_iT (u, c, t)')"u%(l _75) Ved Ves Veb S
) Va Vis Vo J\b

LA-CoNGA physics iSUENA BIEN!



CKM matrix

* If the down-type quark is the adjoint spinor

in the matrix element, the CKM element is the Vi (ITV% -
complex conjugate
* The CKM matrix is unitary and can be written
in terms of 3 rotation angles and a complex
W

phase

1 0 O ciz3 O S13e_i6, ci2 s12 0 . gw
. Vid == d
Vekm =10 c23 8§23 | X 0 1 0 X| —=s12 ¢c12 0 V2

0 —823 (23 —S13€i5 0 C13 0 0 1

Sij = sin¢,-j
Cij = COS¢ij
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{p] CKM matrix

* From nuclear [ decay:
|Vud| = cos 8. = 0.974 25(22)

e From K — n-e*v.ay: |Vis| = 0.225 2(9)

d B d
KO o

A
A

* Similarly, from B meson decays:
2T T Y [Vwl=4.15+049)x 107
b —=& Kﬂ{u
Vib
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] CKM matrix

* From D mesondecays : |V | = 1.006 + 0.023
DY — u'v,

* From semi-leptonic B meson decays:
Vep| = (40.9 + 1.1) x 1073

* From neutrino-nucleon scattering:

M n

Veal = 0.230(11)

W

Vcd
d c

Forthe top: \ \ _ 94+06)x 103 [Vi| = (42.9 + 2.6) x 10~
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3/] CKM matrix

* The CKM matrix is unitary, so:
Vadl® + [Vas* + [Vpl* = 1

|Vcd|2 + |Vcs|2 + |Vcb = |

Veal® + |Visl* + [V |* = 1

* Summarising:

(Vudl Vasl IVl ) (0.974 0.225 0.004 )
|Vedl |Vesl 1Ven 0.225 0.973 0.041
Vil Vsl [Vl ) 1 0.009 0.040 0.999

%

¢12 = 13° ¢3 =2.3° ¢33 = 0.2°
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{7] CKM matrix

* Between the same family: Cabibbo allowed

d S b
u C t | |
D60 R a—
u z ;

* Between quarks differing one family: Cabibbo suppressed

S d b S
( Z' \l l/ - \l u/ Z ) wW- W~<” wW- v\/\<”" wW- W\<u‘ W~ V"‘<u
vl “ | | |

* Between quarks differing two families: Doubly Cabibbo

suppressed b d
u & t :

( d M b ) W-— A~\<‘y\ oy 3 W= ’V‘"{H",//
u t
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