Introduction to Particle Physics

Sreerup Raychaudhuri
TIFR

Lecture 5

Weak Interactions
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Physikalisches Institut Pauli’s neutrino hypOtheS|S

der Eidg. Technischen Hochschule
Gloriastr.

Ziirich Ziirich, 4 December 1930

Dear Radioactive Ladies and Gentlemen,

As the bearer of these lines, to whom I graciously ask you to listen, will explain to
you in more detail, how because of the ‘wrong’ statistics of the N and °Li nuclei
and the continuous g-spectrum, I have hit upon a desperate remedy to save the
‘exchange theorem’ of statistics and the law of conservation of energy. Namely,
the possibility that there could exist in the nuclei electrically neutral particles, that
[ wish to call neutrons, which have the spin % and obey the exclusion principle and
which further differ from light quanta in that they do not travel with the velocity
of light. The mass of the neutrons should be of the same order of magnitude
as the electron mass and in any event not larger than 0.01 proton masses.—The
continuous #-spectrum would then become understandable by the assumption that
in f-decay, a neutron is emitted in addition to the electron such that the sum of
the energies of the neutron and electron is constant. . . ...

So, dear Radioactives, examine and judge it.—Unfortunately I cannot appear in
Tubingen personally. since I am indispensable here in Zirich because of a ball
on the night of 6/7 December—With my best regards to you, and also Mr Back,
your humble servant,

W Pauli



Fermi’s theory of beta decay

on — 1P + _1e + o7

The decay must take place through weak interactions (t = 887 s).
Can we write down an interaction vertex?

First attempted by Fermi (1934)



Denote the Diracfields: ¥, =n, ¥, =p, ¥, =e and¥;

Fermi’s first attempt: try a four-fermion vertex

n pt

iGp

Weak interaction Hamiltonian:

H; :%Tm ev,

dimension of Gy is M~ : Fermi coupling constant
Simplest possible form of a four-fermion coupling



With this interaction, the probability for the transition, in the rest-
frame of the neutron, comes out to be

|M|* ~ 4GEM, M,EZ(1 — cos 0,y)

i.e. the electron and the antineutrino should tend to come out back-to-
back...

Actual experiment showed that, instead, the electron and the
antineutrino tended to come out in the same direction!

More as if we have |M|? « (1 + cos 6.7)

Fermi’s second attempt: try a vertex modelled on e.m. interactions,

Gr _ _ G 1
H; = ﬁ py‘n ey, v, = ﬁjﬁad uep

Current-current form of the weak interaction



With this interaction, the probability for the transition, in the rest-
frame of the neutron, comes out to be

|M|* ~ 8GEM, M, EZ(1 + cos 6,5)
This fits the experimental data much better...
Total decay width (rough estimate):
GE A° 1

~y

~ 8073  887s

I3 where A=M, — M,

From this we can estimate
Gr ~1.8%x 107> GeV 2
Given the crudeness of the approximation, this is not a bad estimate...

Current value: Gr = 1.166 X 107> GeV 2



More important:
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Fermi’s theory is spectacularly successful in explaining beta energy spectrum



In 1937, the muon was discovered... it decays to electron...

Decay must be through weak interactions (tracks are seen)...
- e + Vet vy

Fermi’s guess: universality of weak interactions

u v

iGp

<
aQ
Q)



Use this to calculate the muon lifetime:

192 73

~y

T
U 2 V5
Gr My,

~ 2.25%x 107 % s

Spectacular agreement with the experimental value 2.197 x 107 % s

Vindicates Fermi’s hypothesis about universality of weak interactions...
today we have many more proofs...

Interestingly, Fermi could have written several forms of the interaction,

e.g.
Gr — _ Gr — _
Hy = ZDr'ysn €yysve or H;=-7po"n éoyv,
The choice of the vector-vector form turned out to be a stroke of
genius, for that is exactly what we predict in the gauge theory of weak

interactions — which is what the Fermi theory ultimately leads to...



Weak scattering processes: the unitarity problem

If we have a vertex U Vu

V, e
as Fermi postulated, then, by universality, we should also have

e Ve

<
(4]
Q)
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and it should be possible to have a scattering process

e+ V,—> e +V,

Gf < M§>
o~ —s|1——
T S

Cross-section:

where s = (p, + pve)z = EZ .
Clearly,ass 1,0 T...

unitarity violation

Perhaps this arises because we took only the LO diagram... ?

... inclusion of higher orders may soften the growth with energy...

...but this leads to a new problem: renormalisability
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Consider the simplest one-loop contributiontoe™v, - e v, :

The effective coupling due to this would be
iGr iGp . (iGp)? ( d*k 1 1
ﬁ
V2 W2 2 Qm)* k—M, k+p, +p,

Since k is integrated over all values, the dominant contribution will
come from k — oo, i.e.




iGr G (iGF)Zj‘”ZnZk?’dk 1
0

S5+
V2 W2 2 (2m)* Kk
iGr  (iGp)? (*2rn%k3dk 1
7z 2 fo 2m)* k2
_Lr (iGF)Zfook dk
V2 o lém?

This extra contribution is quadratically divergent, i.e. if we put a
momentum cutoff k < A then,

Gr iG Gr)?
r 1 F (iGr) j I di
V2 167‘[2

+ (lGF)Z
\/E 32m?

If the NLO contribution >> LO contribution, perturbation theory fails...

12
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Such problems arise in QED as well for e, but there the divergences are
logarithmic, i.e. proportional to log A. Moreover, in every order (NLO,
NNLO, NNNLO, ....) we always get a similar logarithmic divergence.

These can be summed up, and the result absorbed into the definition
of e -- this process is called renormalisation

In the Fermi theory, however, higher and higher powers of A% keep
coming with higher and higher orders, and there is no scope for
renormalisation...

Does this mean that the Fermi theory is wrong?
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Such problems arise in QED as well for e, but there the divergences are
logarithmic, i.e. proportional to log A. Moreover, in every order (NLO,
NNLO, NNNLO, ....) we always get a similar logarithmic divergence.

These can be summed up, and the result absorbed into the definition
of e -- this process is called renormalisation

In the Fermi theory, however, higher and higher powers of A% keep
coming with higher and higher orders, and there is no scope for
renormalisation...

Does this mean that the Fermi theory is wrong?

Correspondence Principle: every new theory should reduce to the old
theory in the range of parameters where that theory was successful

Fermi theory must be a low-energy effective theory...
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Intermediate Vector Bosons (IVB):

Schwinger (1953): if renormalisation is possible in QED, can we make it
possible in weak interactions by copying the same form?

Consider the following process in QED: e~ +e™ » u~ +u™

-
Taking Fermi’s
idea a step
further...

ut

iIM = v(pp) leyHu(p,

e’ G e?
=7 7(pp) y*u(p,) u(pl)yﬂv(pz) = - =
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Intermediate Vector Bosons (IVB):

Schwinger (1953): if renormalisation is possible in QED, can we make it
possible in weak interactions by copying the same form?

Consider the following weak process: e~ + v, = u~ +v,

Taking Fermi’s

idea a step
further...
iM = v(pp) igy*u(p,
2 - ,
g P
k2 U(pb)y U(pa) u(pl) )/Mv(pz) ﬁ — ﬁ
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Intermediate Vector Bosons (IVB):

Schwinger (1953): if renormalisation is possible in QED, can we make it
possible in weak interactions by copying the same form?

Consider the following weak process: e~ + v, = u~ +v,

¢ U
Taking Fermi’s
W boson vertex idea a step
further...
V, 7,
IM = 17(Pb(pa
. 2 G 2
g P
kz U(pb) )4 U(pa) u(pl) )/Hv(pz) ﬁ — ﬁ
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Intermediate Vector Bosons (IVB):

Schwinger (1953): if renormalisation is possible in QED, can we make it
possible in weak interactions by copying the same form?

Consider the following weak process: e~ + v, = u~ +v,

© U
Taking Fermi’s
W propagator idea a step
further...
Ve 17#
IM = v(pb) lg)/“u(pa.(pl) igy'v(p;)
GF . gz
kz U(pb)y U(pa) u(pl) )/Hv(pz) ﬁ — ﬁ



Objection: The Fermi coupling constant does not Gr  g*
show significant variation with energy as k* — 0 ﬁ ~ k2
Schwinger’s solution: make the W boson massive W:
_ig,uv N _ig,uv + k,ukv/MlgV
k? k% — My,

, _ , —igy +kyky /MG _ _
iM = 5(pp) igy*u(pa) =02 A1) igy" v(ps)

— : U — :

= v(p,) igr'u(p,) mor wlpy) i9v'v(p,)
igz — — @ — gz
= v (py) v'ulp,) ulp,) v,o(p,) V2 k2o M
g2

In the low energy limit, k? — 0 we get: — —<_ constant!!

F
V2 Mj

19



Q. How does this help?

20



Rewrite the loop integral...

d*k 1 1 (d*k 1 1 1 1
J— % —_—
Q2m)* kk+ - J Cm)*k kZ-MZ k+-- k2— Mg
[ 13
e [ dk finite!
) %3 inite!

As it would be in QED...



Rewrite the loop integral...

d*k 1 1 rd*k 1 1 1 1
J— % —_—
m)* kk + - J Cm)*k kZ-MZ k+-- k2— Mg
[ 13
e [ dk finite!
= inite!

As it would be in QED...

—igu —i9uv +k,u kv/MIgl/
. 2

fd4k 1 kuk, 1 k,k, Jkgdk 1 k* jkdk
— X — — X
2m)* k k- Mz k+- kZ— Mg k2 k4

But we have cheated...

Only way to make IVB work is to get rid of the k, k, /MZ term...

22



What does the propagator couple to?

23



What does the propagator couple to?

M «ji ig

The offending term will go away if ji’flk# = 0 and/or k,jS,: =0

To have conserved currents, there must be a gauge symmetry...

24
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But this cannot be a U(1) gauge symmetry, like QED

Why not? Because the W boson is charged,
i.e. there are two W bosons

1 .
W = E(Wf +iW;")

__1 _I_ . +
W, _E(Wl —iW;")

i.e. the group of gauge symmetries must have at least two generators

In fact, if we have a four-fermion theory with the vertex

e V,

there is nothing, in principle, to
1Gp prevent a process like

e"+et - v, + v,

<l
aQ
()



How will this look in the IVB theory?

e

So, perhaps we have a neutral W boson also —a I/I{P
This VI{P cannot be the photon because it couples to neutrinos...
i.e. the group of gauge symmetries must have three generators

after U(1), the next unitary group is SU(2), which has 3 generators...

26
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Parity violation : the 8 — 7 puzzle

Consider the Fermi form of the current-current interaction:

G
H; = Tg (BYHn) (€Y, ve)

Under parity:
(py#n) - — (py#n)
(e_)/,uve) - _(e_y,uve)

i.e. parity is conserved in the Fermi theory

Before the 1950s, it was thought that parity is as sacred as energy,
momentum and angular momentum...

But it was known that some particle are pseudoscalars,

e.g. pions and Kaons have intrinsic parity P = —1

This led to the famous 8 — 1 puzzle
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Through the early 1950s, cosmic ray experiments showed the existence
of two degenerate particles 6 and 7, each with mass around 483 MeV

and lifetime around 12 ns.
However, it was seen that
0t - nt + ¥
tTont+n +n’
indicating that P = +1and P, = —1.
Note that the phase space for these decays is very different:
MOt —M(m*t) —M(@®) =493 — 140 — 135 = 218 MeV
M) —M@*Y) —M(n~) — M(nt) = 493 — 3 X 140 = 73 MeV

Since the lifetimes are identical, the strength of weak interactions must
be different for these different decays = universality is violated
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Yang & Lee (1956)

Maybe parity is not conserved in weak interactions, i.e.
0t -t + ! isreally KT -t + n*
parity-violating channel
ttont+n +nt isreally Kt > nt+n +n*
parity-conserving channel

They also showed that none of the earlier experiments had really
tested intrinsic parity violation...

Suggested that if the mean value of a party-odd variable, e.g. S. D
could be found to be nonzero, this would be a ‘smoking gun’ signal for
parity violation

Experiment was actually performed by Wu et al (1957)...
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Maximal parity violation:

In 1956, Marshak & Sudarshan, and separately, Feynman & Gell-Mann,
assumed the parity-violating weak interactions to be of the form

Gr _ _
H; = e py* (1 — Ays)n. ey, (1 — Ays)v,

Parity is conserved when 4 = 0 (V current), 4 — oo (A current)

Parity is maximally violated when A = 1 (V-A currents)

Parity is partially violated for other values of A....

Rewrite the leptonic current as
]]lép = e_yy (1 _ AVS)Ve
= (1 + /1)3_[,]/'“1/3[, + (1 o A)%V,uveR
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If we can measure the chirality of neutrinos emitted in beta decay,
then we should have

(1 + 1)?

Plvel) = G e v (1= 2
. 2
O JE

1+ 212+ (1 —-21)?
and hence

P(v.g) 1—1\*
P(v..) B (1—4-/1)
Goldhaber et al did an experiment in 1957 with the electron capture
process
e + 222Eu — 2225m* + v,
and found that the neutrino is always left-chiral... It follows that 4 = 1.
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Thus the weak interactions do have the form V — A and the W boson
vertex for electrons is of the form

g
e 1 =yo)v, W, + —v,y*(1 — yg)eW, "

We will have similar interactions for the muon

H =

g
——=ay* (1 —ys)v, W, + “(1—ys)uW,’

24/2

and for the nucleons

}[I: 2\/—;1]/

g
—py*(1 —ys)nW, + —=nay*(1 — ys5)pW,"

H; =
1= 2

2\/_

and for the quarks

—dy*(1 —ys)ulW, + Luy (1 —ys)dW,*

H, =
1= 2

2x/—



