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so far in this course we have considered almost exclusively

dimension -A operators . There is a good reason for this : in QFT
,

field theories with scalar,
fermions

,
and gauge bosons with interactions

up to dimension 4 are rero-za6K, meaning that ay apparently

infinite quantities from loop diagrams can be consistently removed
.

However, this is not the case for higher- dimension operators,

which are called non - reno-reliable . In general, field theories

with these operators require an infinite
series of ever -higher

dimension open
to-s to cancel would- be infinities

. The coefficients

of these operators are
related to measurable quantities,

so these theories are still predictive .

We saw an example in the 4- Fermi theory of how a reno-rateable

Lagrangian at high energies gives a non -reno-malrzable one at

low energies . Let's make that precise with
a toy example :
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This describes a fermion of mass m interacting with a scalar of mass M

through a Yukawa coupling .

Consider TI scattering ?
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suppose scatting takes place at
center -of-mass energies is ←M.

Then we can expand the amplitude using
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The first term looks like a 4-fermion interaction with 8L

Coefficient ÷
'

. Leaf ] ÷, I + It .

The interpretation is that

at very low energies
,
much less than M

,

the 0 particle cannot be

produced on
-shell . The amplitude for its propagation becomes very

small

the father off
-shell it is

,
so the propagator in the original

matrix element shrinks to a point :

F- → X

However
,
this is just the leading -order contribution . Theother terms

in the expansion represent Lagrangian terms like

[ ) ÷, 2nF d-+ It + ¥, LILY
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with increasing numbers of derivates , which become factors of momenta

in the Feynman rules . We say that
we have integrated out the
-

¢ particle and encapsulated
its effects in an intricacies of

operators containing only to .

Another perspective
"

. the equation of
motion for 0 is

( ☐ + Mt ) ¢ = - y It. We can
"

solve
"
Fo- ¢ as a formal power series :

= ☐¥~(yIt ) . By replacing ¢ with its solution in the equations

OF motion for + and eapcnding for small
momenta

,
he obtain the same

series of operators we got before :
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This manipulation ( replacing a field with its classical solution
) is also

referred to as integrant a field .
(In path integral formalism

in QFT
, we compute tie path integral exactly over the heavy

Field D . In fact, nothing here needs quantum mechanics lsetl
,

this works perfectly fine for classical nonlinear fields like GR .



we can also run this procedure in reverse : for a given 9L

higher - dimensional operator , what
additional heavy particles would

we have to add to the theory to give our desired operator

once they are integrated out? This is known as a Urconpwtron ,
and is in general not unique, though

it can
point to where to look

for new physics responsible for
that operator . NO-n-rnormalizal.ie

the:iÉe !

ex . Chiral Lagrangian "s QCD

L=FETr(DnED^Et) Naco L= -1-+656" - + Irxnt

violates unitarily
+200mV Becomes non -perturbative

at Naas = 200 MeVat S - Fa Fat Toomer

we can systematically account for new physics at high energy
scales with the Standard Model Effective Field Theo

>

(SMEFT ) ; all Sul 3) ✗Such ✗ UCI) - invariant operators of

any dimension built out
of SM fields

Ncd)

a- s
¥ Eci

" q.cm£5MEET = É q
i 9 operators of mass dimension d

9 Wilson
mass scale

coefficients
where urcompletion
is required

Any measurement of nonzero Ci is by construction proof of physics
beyond the 9M ! However

, Combinatorics and avoiding double - counting is

very tricky
.

D= g ; N'
"
=L ( Weinberg operator and its conjugate)

v16)= 84, N'
7)
= 30, N'81=993

,
. . - . (see arxiv : 1512.03433 if you're curious)



Some examples : f- f-I 10L
• Weinberg operator
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If neutrinos get mass from the Weinberg operator, the value of

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

the lighter tie SM neutrinos
,
the heavier Up is (

"

seesaw mechanism
"),

-

-

• Proton decay . In the SM
, protons are absolutely stable because

they the lightest baryon, and baryon number is conserved
.

But baryon number is an accidental symmetry
,
and is

generically violated in the SMEFT
.

Consider O'" = É"Qi Q; QKL ,
where Eiik is the

6
Color antisymmetric tensor and all such and Fermion indices
are contracted with the appropriate C- ^^

. This leads to !
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Experiments 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 → + • et < 1. 2×10-5 > eV

Let's use this to bound % :

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
167nF

⇒ Af > 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¥ , so IT = ÷ ,
are¥÷÷

k h
m× > 1016 GeV

.

⇒ observation of proton decay would tell us about

enormously large energy scales!



• Electroweakpecisron
At dimension 6 we can also write down terms involving the

£

SUCH generators . Recall Tr( Www
"

) is gauge - int. because Wnu

is in the adjoint rep .

, so Trl ✗ WW) is also gauge - invt.

Consider ✗ = H+ T' H
.

Under SUCH
,

It → i ✗
"

IAH
,
H+→ - i✗ aAtta

JX = - i ✗
a Httatb It + i ✗ a H

+ Tbt" It = i✗
a H+[ Tb

,
c-a) It

,

So this transforms in the adjoint

=> Ht ta H WI is gauge - int. To contract Lorentz indices
,

Use Bnv
,
which is gauge - int. 6

>
itself :
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,
It → ¥1 :)

,
Atta H → -Tgv
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⇒ O'¥w → Ia÷g Wn? B
"

,
correction to gauge boson propagates !

In particular, this operate- affects the
"

S-parameter
"

,
a combination

of Z and V propagators .

Consistent with zero => NEW 2 Tev.


