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(No need to take notes - Just lay back and hear me blab)
1. Scales in QFT (What does it mean when we say “High energy

physics”) From 4-gravitons blog, just a very cool blog.
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« ‘High’ vs ‘Low’ classifies what kind of Physics you are dealing with
o ‘High energy physics’ also corresponds to ’very small distance scale physics’ A op 21
o ‘Low energy physics’ also encompasses to larger structures ®
+ Why and how? Heuristically -
o From QM : HUP tells you that the more certain you are of a particle’s position, the more and more
uncertain you are about it’s momentum and hence energy, i.e. it can have large energies.
o Classically : If you hold two things very close together - at extremely small scales, it generally takes a lot
of force to keep them from flying away, so such bonds will have more energy
* Terminology
o IR means low energy - IR has longer wavelength, so less energy
o UV means high energy - UV has shorter wavelength so more energy
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Fig. 1: Simplified cartoon showing the network of EFTs behind our understanding of subatomic physics.

We can have few limits from lowest energies to highest :

1. IR limit : Lowest of “low energy”, limit of infinitely low energy. One may compare it to “absolute zero”, it
means very little energy compared to other energies in your calculation/system, that you might as well take it
zero

2. Low energy physics : From absolute zero to atoms, Once you have enough energy to break up atoms, you
get,

3. High energy physics :

A. Also known as ‘particle physics’. Subatomic particles (Not strings or Branes)

B. If you leave nuclear physics out, then its MeV and higher energies (Neutrinos are many times taken into
low energy physics cause they don’t have enough energy to break up atoms and are quite feeble -
again this is just nomenclature, nothing set in stone)

C. So in terms of chemistry, electrons in atoms are at eV energies, so HEP regime is atleast a million times
more energetic than the characteristic energy of chemistry. (Again, | am generalizing as a typical
theoretical physicist, surprise surprise, just be glad | am not giving energies of spherical chickens)

4. TeV scale:

A. This is a bit special, as if you are working in collider physics, MeV is these days considered low energy
scales as we have achieved energies of TeV at the Tevatron lets say.

B. Quarks which are MeV scale are often taken as massless in when you are dealing with GeV, TeV
energies.

5. String / GUT scale:

A. Strings : Flexible but with enormous tension that keep them EXTREMELY short.

B. How short? Planck scale, so this is the scale where Gravity effects become important



C. The corresponding energy of Planck scale : 10728 eV, this is absolute bonkers amount of energy!
a. Atleast about 10000000000 times more energy than what | called “High energy or TeV”

D. When people talk about curled up dimensions, extra dimensions, its at these scales. The main issue is,
these all will stay theories till we reach those energies, or find a way to probe so early in the universe
where these energies according to our standard model of cosmology were common (This is actually an
active field, superstring cosmology and primordial gravitational waves)

6. UV Limit: Formal limit of infinitely high energy.

(Remember, IR and UV light are not accurate in terms of these scales, both are around meV to eV scale,
its just NOMENCLATURE)



+ Let us put everything that we did into examples, without even getting into too much math or details, we
will just keep it physically relevant right now.
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+ In the spirit of EFT, this means that Einstein’s gravity - not fundamental - but effective theory at energies
valid below its natural energy scale set by the dimensional gravitational constant “Planck scale”:
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+ GR cannot be quantized is not entirely a correct statement, the above action can be consistently quantized as
long as we operate at E<C-Ap _
o In this regime Quantum fluctuations of the background metric as suppressed as E/ A

In other words, below the Planck energy scale quantum gravity is just a theory of weakly coupled gravitons
propagating on a regular background spacetime.

+ What about when we start approaching the Planck scale?
o NOT an expert, but from what | know - They become strongly coupled and they cease to be the correct
degrees of freedom for Quantum Gravity.

What is the right statement to make about QG then?
o Experimentally we have nothing - but we do have a consistent theory of quantum gravity low energies,
but lack one which remains valid at arbitrarily high energies.

+ The difference is crucial - latter kind of theory needed to analyze - what happens close to spacetime
singularities, where quantum effects are so large as to override the semiclassical description provided by GR

Viewed as an EFT, Einstein’s (quantum) gravity is expected to be subsumed near A Pl into another theory, its
ultraviolet (UV) completion, which presumably remains valid to arbitrarily high energies - like string theory.



# RN and UV divergences (Quick note)

+ All QFTs that describe SM physics, give us infinities when computing quantum corrections of (hbar or higher)
to the original classical results
o The origin of these infinites is - Quantum fluctuations of very small wavelength (high energies) dominate
the result ending in Divergences
+ This was addressed in 1940s, goes by the name Renormalization! (This is not really cutting off infinities but
much much more important)

Three steps of RN

» Regularize : Put a cutoff, so fluctuations of wavelength Lambda”-1 are ignored
o This makes results finite, but artificially as all physical observables depend on the cutoff scale you
choose Lambda

+ The main observation is that now, the physical parameters (masses, couplings, etc) in action need to be
‘rescaled’ appropriately (I am not sure if rescaled is the perfect word, but we will go along with it)
o give a quick example of the electron bare mass if time permits else move on - will be addressed in the
next tutorial)

+ Put together 1+2 (along with counterterms which come as a part of the package), we get rid of this artificial
cutoff dependent results. (Understand carefully, we are not saying that the physics is the same at all
energies, we are saying if we are operating the theory at 1 eV and the cutoff is 100 GeV , then even if |
choose the cutoff to be 90 GeV or 110GeV, we should get results that are the same at that low energies.

While going through this procedure there are two things that can happen

+ (1) Divergences are removed with a finite number of operators ‘counterterms’ - most of the times, one for
each present in the classical theory
o These are Renormalizable theories - Example : SM

* (2) Infinite counterterms are needed to get rid of all the divergences,
o Non-renormalizable theories - Example : GR

(Quick rule of thumb ) : - Theories with operators having dimension <= 4 are RN (in 3+1 dimensions).
- Presence of higher operators are indicators of Non RN theories when working in
Perturbation theory

+ For a long time Renormalizbility of a theory was crucial for a theory to be ‘physical’ (EW is a very good
exmaple where it was only taken seriously when it was mathematically proven to be RNable)

+ MODERN PERSPECTIVE?

o Needing to be RNable is too restrictive, equivalent for it to be valid at all all energies.
o We don’t exclude non-RNable theories off the bat.
o They are EFTs whose natural energy scale is set by cutoff Lambda, they give accurate results for
E<<Lambda
o From this perspective, the cutoff gets a PHYSICAL RELEVANCE - its not a just a mathematical artifact
anymore.
> What is its Physical significance?
+ It is the energy threshold of the unknown physics encoded in the HDO of our EFTs
+ Summary? NonRNability is basically a hint that there is some unknown physics hiding at high energies



« DEMONSTRATE T w/  QCD - fitwadion oF Quark, & Gluons.

Gravity GR
Strong nuclear force SAR i 9
Weak nuclear force Fermi’s theory ’
Electromagnetism | QI:]D
. A(;CD Agw

- Ap,  emergy
Fig. 1: Simplified cartoon showing the network of EFTs behind our understanding of subatomic physics.
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