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Some examples: x= =y=z L
· weinkeg operator (li-t*(t*LaaHs)((*Lcx(d)

+ h.c

..

candeur-completed with a heavy right-handed neutrin v.

c=Y("Arm-aves
↑ajorana mass

for UR

p ↓ M -> N *
L

S Yo......it ....
H

H I

Up propagato-im = i +oC

=> identity E +(
=(y)

If neutrinos get mass from the Weinbeg operator the value or

the mass suggests a mass for a new heavy right-handed neutrino:

the lighter the SM neutrinos, the heavie Up is ("season mechanism").
-

-

(Recall from HW 3 now: in <0gev for cosmologs -> A10"GeV)
·Proton decay. In the Son, ↑otons are absolutely stable because
--

they are the lightest bayon, and baryon number is conserved.

But baryon number is an accidental symmetry, and is

generically violated in the SMEFT.

Consider (lo)- ArEQiQjQuL, where tick is the
6

color artisymmetric tensor and all just and Ferrion indices
are contracted with the appropriate (CP. This leads to

u

-etP S a --i 3 ↑O peetpo
u-u



LsExperiments such as super - Kamiokande have been searching
for this decay for decades : all null results so far !

Tp > 1
.

67×1034 yr from Ti et channel
.

⇒ Tp → poet < 1. 2×10-5 > eV

Let's use this to bound A
,
!

Lint> t ⇒ ✗ [E)
•

9 to calculate this exactly requires non -perturbative
QCD: the largest scale in the problem is mp

,so let's just set F- =
mp .

Tt Imp ¥, 2;÷= MI
16795

⇒ A
,
> 1.0×1016 Ger ! !

What physics could possibly arise at that scale?
Grand Unified Theories (Guts) try to combine such

,
such
,

and UCI) into a single gauge group, where the SM arises

from spontaneous symmetry breaking at the Guise
of ~ 1016 Gev

.

ex. SUCH→ SUCH ✗ SUCH ✗ Ucl)

The analogues of the V12 are 12 new gauge bosons X
,

which can mix quarks and leptons
.

Q

→ -1¥ is. 'nT=÷ ,
are¥÷÷

k h
m× > 1016 GeV

.

⇒ observation of proton decay would tell us about

enormously large energy scales!



" Back-of- the- envelope QFT
" £

While we're doing tilde - level estimates
,

itwill be good to

summarize some rules of thumb for estimating cross

sections o- decays .

• Phase space : for every extra particle in the final state
,

factor of in rate. Comes from d Tin = ᵈ¥ 1- dim .

CHT)
' ZEN

SÑpn~4T F-I
,
matrix element has an extra power of En to have

right dimensions
.

We saw this Fo- e
'-

e-→nti Cr) : facto- of e-

in /MT combined with ¥, gives correction egg, = 0 (E)
• Loops ? for every loop, add a facto- in M

.
Here
,
the Tris

come from S %÷p .

We also saw this factor in g-2 :

÷, = ÷ .

These quick order-of-magnitude estimates are good for

guessing the answer 6ef you start a long calculation !

Also good for understanding the patterns in rare decay
branching ratios CHW]
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