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What is quantum field theory?

1

1
from damtp.cam.ac.uk/user/tong
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What is quantum field theory?

+ =

Special relativity (classical field theory) + quantum mechanics

Modern language/framework for particles

(Much more!)

Example: Standard Model

Amazingly successful: agreement to within 10−12!a

agabrielse.physics.harvard.edu/gabrielse/overviews/TestQED/TestQED
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But what is quantum field theory?

Aim
Compute transition amplitudes!

The action: (compare to Lagrangian mechanics!)

S =

∫
R4

d4x L[φ(x), ∂φ(x)], =⇒ Euler-Lagrange: ∂L
∂φ
− ∂ ∂L

∂(∂φ)
= 0

The path integral:

Z =

∫
Dφ e−

i
~S[φ], Dφ“ =

∏
x

∫
dφ(x)” (makes the “quantum” in QFT)

The correlation functions:

〈O(x1) · · · O(xn)〉 =

∫
Dφ e−

i
~S[φ]O(x1) · · · O(xn)

The transition amplitudes: A ∼ | 〈O1 . . .On〉 |2!
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But what is quantum field theory?

Example: Standard model

...easy, right?
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Any problems?

Yes.

Exact solutions... usually impossible.

Perturbation theory? Just very hard! Leads to Feynman
diagrams

(Non-perturbative effects?)

No gravity!

Path integral not well-defined: infinite dimensional

Dφ =
∏
x

∫
dφ(x) ∼

∫
d∞φ

In fact, no general, precise definition of QFT... but still useful!
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Symmetry — what is it? why do we care?
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Symmetry — what is it? why do we care?

A change in description, but same observables

Exists! ... almost

Makes life much easier

e.g. in QFT classifies particles

Tied to beautiful mathematics
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Symmetry — Description?

Example: rotations
x → x ′ = Rx ,
S → S ′ =

∫
R4 d

4x L[φ(x ′), ∂′φ(x ′)] =
∫
R4 d

4x ′ L[φ(x ′), ∂′φ(x ′)] = S

This is general: symmetries ⇔ δS = 0
In QM: symmetries −→ operators + commutation relations.

Example: rotations in QM

[L̂i , L̂j ] = i~εijk L̂k

Abstractly: symmetries ⇔ Lie algebras

Example: Poincaré algebra

Rotations L̂i + boosts K̂i + translations P̂0, P̂i = Poincaré algebra
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Supersymmetry

Theory with bosons (even spin) and fermions (odd spin)
L = L[φ, ψ, . . .].
Poincaré maps |Boson〉 → |Boson〉, |Fermion〉 → |Fermion〉

Extension: Supersymmetry Need Lie super-algebras!

{Q, Q̄} = P

Q, Q̄ fermionic, Q2 = 0 = Q̄2.

Q |Boson〉 = |Fermion〉 , Q |Fermion〉 = |Boson〉

Quite natural from theoretical perspective!

Alexander Tabler (LMU) December 20, 2018 6 / 12



Supersymmetry

Theory with bosons (even spin) and fermions (odd spin)
L = L[φ, ψ, . . .].
Poincaré maps |Boson〉 → |Boson〉, |Fermion〉 → |Fermion〉
Extension: Supersymmetry Need Lie super-algebras!

{Q, Q̄} = P

Q, Q̄ fermionic, Q2 = 0 = Q̄2.

Q |Boson〉 = |Fermion〉 , Q |Fermion〉 = |Boson〉

Quite natural from theoretical perspective!

Alexander Tabler (LMU) December 20, 2018 6 / 12



Supersymmetry — Why?

Super rigid

#bosons=#fermions

Cancellations in perturbation theory

Exact results

Alexander Tabler (LMU) December 20, 2018 7 / 12



Supersymmetry — Why?

Super rigid

#bosons=#fermions

Cancellations in perturbation theory

Exact results

Alexander Tabler (LMU) December 20, 2018 7 / 12



Once again, goals:

Recall, want to compute:

〈O〉 =

∫
DφDψ Oe−S[φ,ψ]

This was

Infinite dimensional

Exact results impossible for most theories

Very hard even in perturbation theory
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Can supersymmetry help?

Yes!
For certain theories S [φ, ψ] and certain observables O:

1 The infinite integral “localizes” to a finite dimensional integral2

2 The result is exact!

This is highly non-trivial; small glimpse of a full QFT...

2Details in last slide
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This is active research
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This is active research
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Summary

QFT is the modern language of theoretical physics;

It’s exceptionally hard; Z, 〈O〉 are impossible or very hard to
compute

Symmetries help simplify problems; supersymmetry is another
symmetry

For certain SUSY theories and certain observables, we can
compute results exactly

This has been enormously successful in the literature
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Thank you
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Some details on localization

If
1 Q · S [φ, ψ] = 0 “theory is supersymmetric”,
2 Q · O = 0 “O is Q-closed”

then, for any fermionic V :

Z =

∫
DφDψ Oe−S[φ,ψ] =

∫
DφDψ Oe−S[φ,ψ]−tQ

∫
V

t parameter, V [. . .] any fermionic functional.
Proof: Fact: Q is a differential operator:
Q(AB) = (QA)B + (−1)|A|A(QB)

d
dt

∫
DφDψ Oe−S[φ,ψ]−tQ

∫
V =

∫
DφDψ O(Q

∫
V )e−S[φ,ψ]−tQ

∫
V

=

∫
DφDψ Q

[
O
∫
Ve−S[φ,ψ]−tQ

∫
V
]

= 0
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Some details on localization

So,

〈O〉 =

∫
DφDψ Oe−S[φ,ψ] =

∫
DφDψ Oe−S[φ,ψ]−tQ

∫
V

and for t →∞:

lim
t→∞
〈O〉 =

∫
DφDψ Oe−S[φ,ψ]−tQ

∫
V =

∫
{QV=0}

[stuff we can compute]

Integral localizes on {QV = 0}!
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