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The weak interactions

We want to explain these processes

e muon decay (lifetime: 7 ~ 107 %s)
 neutron decay (lifetime: 7 ~ 877 s)

- charged pion decay (lifetime: 7 ~ 1073 5)

How can one interaction be responsible
for such different life-times?
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Muon decay

We observe a muon decaying into an electron: u —e +X

(0)

X is something undetected.

On the right you see the electron spectrum
Can X be just one particle?

ja———6.62 KGAUSS ——f{

F ju—5.35 K GAUSS —f

NUMBER OF EVENTS PER 0.625 MeV/c
T
1

No, because in two-body decays
pe would be fixed! I

..4‘
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(electron momentum)
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47.4.2. Two-body decays :

p{,my
P,M

Py, My

Figure 47.1: Definitions of variables for two-body decays.

In the rest frame of a particle of mass M, decaying into 2 particles labeled 1 and 2,

M? —m2 +m?
El = )
2M

o1l gy LO47= (ma - ma)?) (M2 — (1 —my)?)]

2M
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Muon decay (1st draft)

. pu —e +y,+u,

T
H , 0
Ay Wiy, <Uﬂ> (10, = 8 <Vu>)<
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Muon decay (1st draft)*
* chiral structure will

pu-—e +u,+u, come later.

Use non-abelian gauge theory template to
A/ e- describe this:

> Plan: replace colors (7, g, b) with (Uﬂ,,u)

Z =y (x) r#(id, — g, A, ()T —m) yi(x)
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Muon decay (1st draft)*

* chiral structure will

pu-—e +u,+u, come later.
DPu
Use non-abelian gauge theory template to
A/ describe this:
,,7' Plan: replace colors (7, g, b) with (v , 1)

Z =y (x) r#(id, — g, A, ()T —m) yi(x)

\4

_ ("N 0 W/ Y _ -
ff—<ﬂ> ;/L(10/1—(g<w/1 0 +... p =guyiWin+...
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Muon decay (1st draft)

“Charged current” (the W boson carries electric charge) =

interactions for the muon and electron

A\ i 0 W Y _ -
fZ-(ﬂ) y;(i0, — g W 0 ) M = gu, yiWu+ ...

Since this is an non-abelian theory, this is universal!
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Muon decay (1st draft)

“Charged current” (the W boson carries electric charge) =

interactions for the muon and electron

A\ i 0 W Y _ -
fZ-(ﬂ) y;(i0, — g W 0 ) M = gu, yiWu+ ...

Since this is an non-abelian theory, this is universal!
U 0 W/ v e
< = € ’1(16 — ) < e> = QU AW+€ + ... L/e-
< 5 }/L 12— 8 W/I_ 0 e 8V yL y! i
W_
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Muon decay “calculation”

pe k< m‘%,
o-
2
.- — o2( A —l 8T
7W = 8" W v 55 Werne) ® i (B y ) el 1€)
- w w

Four-fermi interaction is an effective field theory for weak decays.

(Fermi theory)

We can now use dimensional analysis to estimate the decay width 1.
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Dimensional analysis estimate of muon life-time

I' = UT!ifetime has dimensions of Energy

I DL P2
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Dimensional analysis estimate of muon life-time

I' = UT!ifetime has dimensions of Energy
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Dimensional analysis estimate of muon life-time

I' = UT!ifetime has dimensions of Energy

. 2
s 4 4
e- g _g 5
Coc| Jas|mr B T
myy My
7
4 3 )
g my, o M
Full calculation: ['(p) = =G
ull calculation (1) (32’””%/) 19273 F19273
= G2

Muon lifetime: '~ 1071%GeV oo 1=1/T ~ 100
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Muon decay vs. neutron decay

gt \ M m,
totime: () = = G;
Muon lifetime () omt | 19222~ F o2

'~ 10717 GeV or r=1/T ~ 107 %

neutron lifetime: What replaces m, ?  The energy released in neutron decay!

p
uduy
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Muon decay vs. neutron decay

gt \ M m,
totime: () = = G;
Muon lifetime () omt | 19222~ F o2

'~ 10717 GeV or r=1/T ~ 107 %

neutron lifetime: What replaces m, ?  The energy released in neutron decay!

ugu . U 0) W
D, _ Ay A uwy _  _
- Z= <J> yL(ldl—g< - >) (d) =gy Wid+ ...

(mn - mp)s 3
['(n) ~ £ G2 - ~ 10728 GeV t=1/"~ 10°s
T
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Muon decay vs. neutron decay

gt \ M m,
e () = = G;
Muon lifetime: (1) omt | 19222~ F o2
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neutron lifetime: What replaces m, ?  The energy released in neutron decay!
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The weak interactions

We want to explain these processes

e muon decay (lifetime: 7 ~ 107%)
 neutron decay (lifetime: 7 =~ 877 s))

- charged pion decay (lifetime: 7 ~ 1073 5)
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The weak interactions

We want to explain these processes

e muon decay (lifetime: 7 ~ 107%)

 neutron decay (lifetime: 7 =~ 877 s))

« charged pion decay ( lifetime: 7 & 10‘@
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Charged pion decay

Ve

cl
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The paradox: charged pion decay

We measure a lifetime: r ~ 1085

Two contributions:

How important do we expect each one to be?
Using dimensional analysis, we predict

I'(z= —>e7p,) (m,— me)S ['(z" —>e77,)

- 3 i ~ 10_4
10° vs. experiment [ — p0,) | exp

Dz~ = p,)  (my—m,)°
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Chirality of weak interactions

Why is pion decay different than to muon & neutron decays?
Pion is a scalar! Muon and neutron are spin 1/2 fermions.
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Chirality of weak interactions

Why is pion decay different than to muon & neutron decays?
Pion is a scalar! Muon and neutron are spin 1/2 fermions.

—> — Conservation of momentum and spin
direction of momentum direction of spin |mposes to have a right_handed e_ ]
P
< > - ~imal i : )
— — If the original interaction was left-handed

‘7 then we need a mass term insertion!
e e-
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Chirality of weak interactions

Why is pion decay different than to muon & neutron decays?
Pion is a scalar! Muon and neutron are spin 1/2 fermions.

—> — Conservation of momentum and spin
direction of momentum direction of spin |mposes to have a right_handed e_ ]
P
< > - ~imal i : )
— — If the original interaction was left-handed

‘7 then we need a mass term insertion!
e e-

Lpirac = Yy 0ubr + Yy 0utbr + m(?ZL%bR -+ %ER%bL)
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Chirality of weak interactions

Why is pion decay different than to muon & neutron decays?
Pion is a scalar! Muon and neutron are spin 1/2 fermions.

—> — Conservation of momentum and spin
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Chirality of weak interactions

Why is pion decay different than to muon & neutron decays?
Pion is a scalar! Muon and neutron are spin 1/2 fermions.

—> — Conservation of momentum and spin
direction of momentum direction of spin |mposes to have a right_handed e_ ]
P
< > - ~imal i : )
— — If the original interaction was left-handed

‘7 then we need a mass term insertion!
e e-

Lpirac = Yy 0ubr + Yy 0utbr + m(?ZL%bR -+ %ER%bL)

T(r~ — e 1, 2
(T2 eT0e) (M 51075 ~ 1050
D(r= = pu~v,)  m3 1

phase space factor included
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Chirality and Dirac equation

Right-handed: Left-handed:
. p . p
= A

Z =G0 0, - my®) () =V (s) + Vr(z)

Lpirac = Yy 01 + Yy 0ur + m(Pr¥r + Yrtr)

L and R chirality do not talk to each other if fermion is massless (m=0)!
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Lbirac = YrY*0u81 + Py 0,r + m(Pr¥r + Prir)

\'\

momentum
massive right-handed
spinor

(velocity < c)

picture curtesy Gian Giudice



LDirac = Y7001 + V"0, ¥R + m(¢L¢R +Ypir)

spin boost to o 20
L ot ‘ new frame —
—1B ) | -
B momentum » *l
‘ momentum
massive right-handed right-handed massive
spinor spinor

(velocity < c)

picture curtesy Gian Giudice



Lbirac = YrY*0u81 + Py 0,r + m(Pr¥r + Prir)

'\

spin boost to
Bl ‘B new frame
— b)
B C momentum »
‘ momentum
massive right-handed right-handed massive
spinor spinor

(velocity < c) Conclusion: If our theory is able to distinguish

left-handed and right-handed fermions, then we
must have me = 0 (or give up on theory?).

picture curtesy Gian Giudice
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Muons are polarized

Clever idea by Lederman/Garwin (57)

Decay pion to muon and investigate the muon decay products

The angular distribution of the electrons reveals the chirality of the interaction.
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Chirality and handedness

Right-handed: Left-handed:
. p . p
= NE

The weak interactions only talk to left-handed particles!

Historically found this in decay of Cobalt (C.S. Wu ’56) — ,‘

57Co — SNi+ e~ + 7, only left-handed (LH) e- produced

94-2



Weak interactions: neutral boson

Wsis charge neutral

Let’s extend this to SU(2) 01:(2 (1)> "2:<? Bl> "3:<; _01>
+ I

(@ . WD W qu
77 (J) 1 g(W; —Wj>) <d>

Could the W3 be the photon?
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Weak interactions: neutral boson

Wsis charge neutral

Let’s extend this to SU(2) 01:(2 (1)> "2:<? Bl> "3:((1) _01)
+ I

U : W/% W; U
7= (5) sy ") (0

Could the W3 be the photon?
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Weak interactions: neutral boson

Wsis charge neutral

Let’s extend this to SU(2) o= (2 ;) (O _1) (0 _1)

. 2
i WP Wi y
z = (") /o, )()
<d> T\ —wp ) \d

=ocl tic
Could the W3 be the photon?

No. Would e.g. predict +1 charge for up, -1 charge for down.

New massive neutral gauge boson: this will turn into the Z-boson!
This was also called “a new neutral current process”, discovered at CERN.
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You have already seen the Z boson!

91.2 GeV

E | | 1T 11 | | o || | | | | | L lR ‘ E
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- & - 3-loop pQCD 1
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You have already seen the Z boson!

91.2 GeV
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1 E]
!

Discovered at CERN: Gargamelle bubble cham@/
| Wil | '//// g .
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Weak interactions paradoxes

We need non-abelian gauge theory, but gauge bosons need to be massive!
Not SU(2) gauge invariant?

M2 WTWH + lMZZ 7+

Since the weak interactions are chiral (only the left-handed particles are charged),
the left-handed and right-handed particles are fundamentally different.
How can they have a mass term?

SUE) <Z,> Up dp
L

Vs. m(U;Up + Upll;)  not SUE) invariant |
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Next lecture
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