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the decoy width of the top quark .

✗ 1Mt →but + 1Mt→ swtt 1Mt →dwtTt → anything
✗ lVtoT ✗ Utd

"
✗ that

Experimentally, Vt , → Vts
,
Ved

,
so the top quark decays essentials

100% of the time into 6 quarks . We can calculate f- → now and

it will be straightforward to extend this to the remaining to flavors .

IM trow
= thy = É÷wVtoñG)V(¥)ucp)E:(K )

p WI
'

k

we have to be a bit careful conjugating the spinor product
with Vs ;

•

( ñWrY¥)ucñ)= utep ) / 'F.) intron
-

Hermitian
,

so no daggers

As with QED, use ( yn)+8° = TV, but to
more V0 past V5, we have to

anticomuti.CI )r°= V0 (1+-15) . These signs are tricks, and

show up everywhere in electroweak
calculations !

= > 4mi> =%?¥¥ITr[ lunar 'll - v7 let - +111hr ' )V]f%u+÷÷)
where we used the result for sums

over massive
vector polarizations

from last week .
Since no =P GeV but mt = 173 GeV, moan+ and

we can set no -_ 0 in the trace .

There are a couple more trace tricks involving 89 !

these are also helpful for evaluating
Tdrs )=O

Trotters )=O

Trlrrrrsrrrs , =
-gien.no

) ?p?anP
""'" using projects,

instead of left - or right - handed



It will be simpler to first anticommie one of the vs factors :

Tr[&V( 1- vs) (pltmtlltr ' )V]=Tr[¢rTptm+) (Krs)
-

r
"

]

%~# = ztrcqr
-

Cpt-f) (Hrs)V]
3 anticommutations = I sign Flip

so the four traces we
need are

trcqrnpr
'

] = t(qnputqupn-y~q.pl

T- [qlrm.ru ]
-

- O

Ttqrmprsrv] = fi
C-
""

q✗p,

Tr(¢r^mfHV) = 0 (anticommuter
"

three times and cycle
back through

trace, comes
back to minus itself

=> must vanish)

But this is contracted into a term which is symmetric in a ⇒ v
,

so the totally antisymmetric
term vanishes and we are left with

< 1mi> = %¥¥-w [q-pvi-qvpr-y~q.pk-z~+kI⇒
= I¥:÷( qp +49*1=1")

Using p=q+k and 5=0, k-=mñ, p
"
-mi, we have

lp-qf.li => q -p
-

- Elmi-mi)

p~=(qt let = > q - k = I Cnt --mi)

(p -ki
-
- 9- =3 p

- k = Elm itmi )

⇒ unis
-
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Recall formula for 2-bods decays : T = In
,

Id -11,4Mt> = É:< 1mi>
when < Imf> is isotropic as it is here

.
Ifl il th outgoing momentum of one of

the decay products : since Ifl -- E, , enemy conservation gives me = F-
c.
+ EFF

,

solving sires E. =lFl= mt . Plugging ii. T = ;L¥÷¥ ^¥wliÉÑi+2I;) .



Now it's easy to sun over the other decay channels ! 3L
F-
, tot

-

- F-
→ out f- → swtftsdw-c.gg??-iio--wllVtot+lVtsT+lVtdT)?Iui(1- ^÷÷Ñ1t2~⇒

Plugging in experimentally - measured values :

e = 0.303
,

Sinton
= 0-231

,
Ntd = 0-88

,
Nts / = 0.039, lvtd

1=0.0084
,

mt= 173 GeV, mw=
80.4 GeV

⇒ ft
,
tot

= 1. 38 Gev

Experimentally, ftp.t
--1.421%75 GeV , so matches within error bars! Though, note

the fact that both
e and sinew

run with energy ( like as),

and here we used e at 05=0 and sinew at a-=mi : important Fo-

precision
measurements . Regardless, this is a large width ! Tae

,
= = 4.8×10-4 g.

shorter lifetime
than era strongly - interacting hadrons ! The weak

interaction isn't really that
weak at high energies

,
and the top

is so heavy that the decoy phase space is huge : it decays

before it hadroizes, so it's the closest thing to a free

quark we can see in the SM .

( HW : more practice on 2
and Higgs decays

,
using same techniques )

-

Neutrino oscillation
-

While direct evidence of neutrino masses from kinematics does not yet exist
,

there is overwhelming evidence for neutrino masses From oscillator

experiments. We have seen that neutrinos are produced through
a W- boson vertex in flavor eigenstates : an electron is always

accompanied by a ve , etc . Similarly
,
a process where a neutrino is

converted into a chased lepton also preserves Flavor
,
for example

"ni e- + Vn → n
-

+ ve
. Experiments have been performed

e
✗

ve



where only ve are produced, yet (1) fewer electron events are

detected than expected , and (2) sometimes muon events are observed !

This can occur if the massIKs (which determine the

propagating states) are rotated
From the flavor eigenstates (which

determine the interactions) : Ivi>
= Uwe> when U is the Pmws

matrix
.

The oscillation probabilities will then depend on the mass

differences between different states
,
as we will now see

.

For simplicity, let's restrict to the oscillation of only two neutrino

species: five
>

f. (
cos 0 sine

- Sino cos
e) (

"">

in)
in

a
flavor

mass

mixing basis
basis angle

Let's consider an experiment where Ñe are produced from neutron decay
,

n → p + e- 1- Je
,
and detected a distance L away . QFT tells us

that ① For antineutrinos is the same as G for neutrinos
.

The

propagating eigenstates
are plane waves

,
1J

,
, ,
> = e- iP"i×

,
so the

electron neutrino component at spacetime point ✗ is

Held> = e-
IP' "

cos 0-15
,
> + e-ipi

✗

sinotvis

If we take ✗ = (T
, 0,0, L) (measure attire T

and distance L)
,

and use the
fact that the average velocity of the neutrino

wave packet is v_ = ☒ +pit
rw

we can set 1- = E- = LIE,f=p÷, ) .

For pi parallel to Fi , this just means ✗ = HE;p÷n, 90,1 ) = ¥+µlPitpD
( proportional to sun of 4-

vectors )
. Essentially what we are saying

is that the neutrino
warepackets begin to separate during propagation

because they travel at slightly different speeds, but for sufficiently
small L they still overlap at a fixed spacetime point .



This gives lie (4) = e-
IP' " [ Cosatu

,
> + ÉCA

-P" "
sin c- luis] £

= e-iPi×[(o, o /uj> + ei ¥-ñl(Pint
- (Atr)

sing , _up]

= e- in
"

[cosatu, > + exp (i ¥+µlni-mil ) sine Tvp)
=ÉPi×[cosatu, > + exp (i ¥-1m ,

-
-mil)Sirohi]

In the last step we used the fact that in the kinematics of neutron

decay
,
neutrinos are effectively massless, so If,tp, / = F-it E- and F-FEE F-

.

( Experimentally, F- ~ MeV and m
, , mz Kev) . Note that we

did not make

the approximation pips since we wanted to keep track
of the masses

m
,
and ~ in the exponent; if 7--2=0, the effect we are looking

for would vanish
.
Let Dm:-. mi-mi for future convenience

.

Finally
,
he compute the overlap of this stale with

the Floro- eigenstates
'

.

< Jette (D) = e- in
" (cos-0 + exp (i EE Ami) Sina)

Linfen > = e-
""✗ (- sine cos e) ( I - exp ( i Eesñw ))

go pe detection probabilities are (after some trig identities)

Plvi - Te ) = kv-elv-eCLDT-al-siizo-siifI-EA.mn)

Plvi → Tn ) = Kinmen>T = sii20-sinYI-EDn.it

These probabilities sun to 1 (as they should)
,

and PCIe → Tn ) = 0 if DÑ,- = 0
,

so observation of Tm appeared o- Je disappearance is evidence For

nonzero mass differences among neutrino species.

Numerically
,
independent of G we can maximize the oscillation probability :

sin
-

( Dni ) = sin
-

( 1.27×103 %÷ LEY-n.eu )
so a defector 1 km away is most sensitive to mass -squared differences

of Dni, = to
-3 er? Drives design considerations for neutrino experiments !


