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TX, USA.  
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undergrad. 
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boring, math 
difficult. 
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Advisor: David 
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Undergrad research 
working on CMS for 
LHC.  

Went to Berkeley 
wanting to do 
particle physics. 

Experiment was 
hard, chose thoery.
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QUANTUM FIELD THEORY
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Combination of quantum mechanics 
and special relativity. 

All objects represented as fields 
(e.g. electric and magnetic field). 

Particles are excitations in the field. 

David Tong
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PERTURBATIVE QFT
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QFT is hard.  

Most successful tool is 
perturbation theory.  

Terms in series represented 
by Feynman diagrams.  

Electron scattering: 

ℳ ∼ e2

σBorn ∼ e4
e− e−

e−e−

γ
t
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PERTURBATIVE QFT

10

QFT is hard.  

Most successful tool is 
perturbation theory.  

Terms in series represented 
by Feynman diagrams.  

Electron scattering: 

ℳ ∼ e2

σBorn ∼ e4

ℳ ∼ e2 + e4

σNLO ∼ e4 + e6

e− e−

e−e−

γ
t
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Electron magnetic moment: 

g = 2 Dirac, 1928 (iγμ∂μ − m)ψ(x) = 0
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Electron magnetic moment: 

g = 2 Dirac, 1928

g = 2 (1 + α
2π ) Schwinger, 1948

(iγμ∂μ − m)ψ(x) = 0

gth = 2(1 + 0.0011596521816)
Kinoshita et al, 2014
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ELECTRON MAGNETIC MOMENT

12

Electron magnetic moment: 

g = 2 Dirac, 1928

g = 2 (1 + α
2π ) Schwinger, 1948

(iγμ∂μ − m)ψ(x) = 0

gexp = 2(1 + 0.0011596521806)

gth = 2(1 + 0.0011596521816)
Kinoshita et al, 2014

Fan et. al. 2023
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Quantum electrodynamics 

characterized by charge of electron: .e

Often use dimensionless fine structure 

constant: α = e2

4π
1

ϵ0ℏc
≈ 1

137
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Quantum electrodynamics 

characterized by charge of electron: .e

Often use dimensionless fine structure 

constant: α = e2

4π
1

ϵ0ℏc
≈ 1

137

Fun fact: the fine structure constant is 
not a constant, it “runs” with energy.

E
dα
dE

≈ 2α2

3π

Venus Collaboration, 1998.
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QED (electromangetic force) 
expansion parameter is 

e2

4π
≡ α ≈ 1

137 ≪ 1

What about theories where 
expansion parameter is ~ 1?
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NON-PERTURBATIVE QFT

14

QED (electromangetic force) 
expansion parameter is 

e2

4π
≡ α ≈ 1

137 ≪ 1

What about theories where 
expansion parameter is ~ 1?

Strong force (QCD) is such a 
theory!

Feynman diagrams are unhelpful.

Most of our understanding of strong 
force is from data.
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Things we know about the strong 
force from data:

1. Confinement: do not see free 
quarks, only see heavy bound 
states. 
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STRONG FORCE (QCD)

16

Things we know about the strong 
force from data:

2. Spontaneous symmetry 
breaking: symmetry of 
bound states different than 
that of physical laws.

V(ϕ) = − m2 |ϕ |2 + λ |ϕ |4
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1. Confinement: do not see free 
quarks, only see heavy bound 
states. 

Two things are actually deeply connected.

2. Spontaneous symmetry 
breaking

STRONG FORCE (QCD)
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1. Confinement: do not see free 
quarks, only see heavy bound 
states. 

Two things are actually deeply connected.

2. Spontaneous symmetry 
breaking

π

STRONG FORCE (QCD)
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Like electromagnetism, strong 

coupling  changes with energy. αs

E
dαs

dE
≈ − 7α2

s

2π
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Like electromagnetism, strong 

coupling  changes with energy. αs

Coupling gets weaker at high energy: 
asymptotic freedom. 

Theory of strong interactions.

• Exponentially separated scales from the choice of an 
order one number    .

• A strong coupling results in bound (composite) states.

gstrong

g0

ΛUV

gstrong(µ)

µ
ΛQCD

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...

Asymptotic freedom

Thursday, August 9, 12

Politzer PRL ’73. Gross & Wilczek PRL ’73.

E
dαs

dE
≈ − 7α2

s

2π
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VERIFIED BY DATA

19

Like electromagnetism, strong 

coupling  changes with energy.  

Coupling gets weaker at high energy: 
asymptotic freedom. 

αs

E
dαs

dE
≈ − 7α2

s

2π

PDG
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SPHERICAL COW

22

Supersymmetric theories are 
the spherical cows of quantum 
field theory. 

Double number of particles.  

SUSY version of many QFTs can 
be solved.  

Deform away from SUSY. 

Keenan Crane, Wikipedia. 

Seiberg, mostly. 
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Does a spin up electron have the same energy as a spin down electron?

< ↑ |H | ↑ > = < ↓ |H | ↓ >
?
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SYMMETRY AND ENERGY

24

Does a spin up electron have the same energy as a spin down electron?

< ↑ |H | ↑ > = < ↓ |H | ↓ >
?

Of course it does. If I just rotate the physicist, I turn 

into .

| ↑ >
| ↓ >

Laws of physics are invariant under rotation. 

Can separate the energy with a magnetic field, but that 
would be an explicit breaking of rotational symmetry. 
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Supersymmetry relates bosons to fermions. 

Q | fermion > = |boson >

In supersymmetric theories, for every fermion, there is a boson with the 
exact same mass (energy) and charge.

Q |boson > = | fermion >
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spin mass
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ɣino 1/2 0
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Supersymmetry relates bosons to fermions. 

Q | fermion > = |boson >

In supersymmetric theories, for every fermion, there is a boson with the 
exact same mass (energy) and charge.

Supersymmetric electromagnetism:

Q |boson > = | fermion >

spin mass
e 1/2 511 keV
se 0 511 keV
ɣ 1 0
ɣino 1/2 0

Not our universe!
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BREAKING SUPERSYMMETRY

26

To break supersymmetry, give mass to some spins and not others. 

Electromagnetism with broken 
supersymmetry.

spin mass
e 1/2 511 keV
se 0 1 TeV?
ɣ 1 0
ɣino 1/2 1 TeV?
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26

To break supersymmetry, give mass to some spins and not others. 

Electromagnetism with broken 
supersymmetry.

spin mass
e 1/2 511 keV
se 0 1 TeV?
ɣ 1 0
ɣino 1/2 1 TeV?Could be our universe!
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ANOMALY MEDIATED SUSY BREAKING

27

In general, new mass parameter for every particle. 

A simple mechanism to break SUSY is called 
anomaly mediation (AMSB). 

All new masses controlled by one parameter:  . 

Breaking mechanism is extremely predictive!

m3/2

Randall, Sundrum, hep-th/9810155. 
Giudice, Luty, Murayama, Rattazzi, hep-ph/9810442.
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ASIDE: AMSB FOR SQED
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m2
se ∝ − dα

dE

Consider supersymmetric electromagnetism coupled to AMSB:

  for electromagnetism. 

Partner of the electron becomes a tachyon 
and gives mass to the photon! 

SSM + AMSB does not describe our universe.

dα
dE

> 0
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31

Two dimensionful parameters: 

•   - mass of bound states 

•   - size of SUSY breaking

Λ

m3/2

m3/2
Λ

0

1
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SMALL VS. LARGE SUSY BREAKING

31

Two dimensionful parameters: 

•   - mass of bound states 

•   - size of SUSY breaking

Λ

m3/2

m3/2
Λ

0

1
???????

Murayama & friends.
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GENERALIZED QCD
Quantum Chromodynamics (QCD) described 

by  colours and  light flavours. 

Promote  and   to variables. 

 has a particularly nice SUSY 

description.  

Nc = 3 Nf = 3

Nc Nf

Nf = Nc + 1

32
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 AND Nc = 2 Nf = 3

33

V = M 4 + 27
1024π4 |M |2 − 9

32π2 M3

QCD with 2 colours is different. Can calculate potential for Meson field:

This potential has a minimum at  .M = 0

Hassan Easa PhD thesis,   
Csaki et. al., arXiv:2212.03260.  
de Lima, DS, arXiv:2307.13154.

Theory does not have spontaneous symmetry breaking!

Non SUSY theory must have SSB. 

V(M)

M
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Most robust tool to analyze strong 
interactions is ’t Hooft anomaly 
matching. ’t Hooft ’80.

Energy

Weakly coupled 
high energy 
theory

Strong dynamics
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’T HOOFT ANOMALY MATCHING

35

Most robust tool to analyze strong 
interactions is ’t Hooft anomaly 
matching. 

If theory at very high energy is tractable 
(perturbative), get consistency condition 
for low energy spectrum.

NB: ’t Hooft anomaly matching  

anomaly mediated SUSY breaking

≠

’t Hooft ’80.

Energy

Weakly coupled 
high energy 
theory

Strong dynamics

Weakly coupled 
low energy 
theory
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ANOTHER THEORY

36

Simplest Grand Unified Theory of the 
SM is SU(5) GUT. 

Can describe all (gauge) forces and all 
matter of SM. 

Georgi, Glashow, PRL ’74.
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Simplest Grand Unified Theory of the 
SM is SU(5) GUT. 

Can describe all (gauge) forces and all 
matter of SM. 

What if we do not break it to SM, and 
just let it evolve?

Georgi, Glashow, PRL ’74.

E
dα
dE

= − 43
3

α2

2π
< 0
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36

Simplest Grand Unified Theory of the 
SM is SU(5) GUT. 

Can describe all (gauge) forces and all 
matter of SM. 

What if we do not break it to SM, and 
just let it evolve?

Georgi, Glashow, PRL ’74.

Theory of strong interactions.

• Exponentially separated scales from the choice of an 
order one number    .

• A strong coupling results in bound (composite) states.

gstrong

g0

ΛUV

gstrong(µ)

µ
ΛQCD

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...

Asymptotic freedom

Thursday, August 9, 12

E
dα
dE

= − 43
3

α2

2π
< 0
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’T HOOFT ANOMALY MATCHING

37

Compute anomalies at high energy. A [SU(3)3
A] = 10

A [SU(3)3
F̄] = 5

A [grav2 × U(1)B] = − 15

A [U(1)3
B] = − 375

A [SU(3)2
A × U(1)B] = 10

A [SU(3)2
F × U(1)B] = − 15
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’T HOOFT ANOMALY MATCHING

37

Compute anomalies at high energy.

Can use ’t Hooft anomaly matching to 
determine light bound states (baryons) 
of the theory. 

Boils down to solving linear equations 
over integers.

A [SU(3)3
A] = 10

A [SU(3)3
F̄] = 5

A [grav2 × U(1)B] = − 15

A [U(1)3
B] = − 375

A [SU(3)2
A × U(1)B] = 10

A [SU(3)2
F × U(1)B] = − 15
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IR ANOMALY MATCHING

38

Solutions are quite 
complicated.  

A relatively simple example:

The gauge symmetry is asymptotically free and expected to confine. The IR theory has been

studied in Ref. [? ] and is very likely to have a unique vacuum with no spontaneous global

symmetry breaking. The ’t Hooft anomaly matching conditions are satisfied with a massless

fermionic gauge invariant bound state of the original fields given by AF F . This vacuum is

further supported by the large Nc analysis in Ref. [? ], which indicates that the global baryon

number symmetry (the only gauge-anomaly free global symmetry for the one-generation theory)

is not spontaneously broken, and also by an analysis using anomaly-mediated SUSY breaking [?

].

1 Three-generation confining SU(5) theory

The three-generation SU(5) chiral gauge theory with three flavors of A in 10 and F in 5 of

SU(5) has the gauge-anomaly-free global symmetry SU(3)A ⇥ SU(3)F ⇥ U(1)B. The matter

content and representations under the global symmetry are listed in Table 1.

[SU(5)] SU(3)A SU(3)F U(1)B

A 10 3 1 1

F 5 1 3 �3

Table 1: Matter content of the three-generation SU(5) chiral gauge theory. Here and throughout
we use square brackets [SU(5)] to denote gauge symmetries.

[SU(3)] SU(2)L SU(2)R U(1)B

QL = (uL dL) 3 2 1 1

QR = (uR dR) 3 1 2 �1

Table 2: QCD

1.1 Phase without any global symmetry breaking

Similar to the one-generation case, the IR vacuum could have no global symmetry breaking.

One looks for a consistent IR spectrum to match the ’t Hooft anomaly of the UV theory. For

the UV theory, there are six anomalies to be matched. They are

A(SU(3)A)3 = 10 , A(SU(3)F )3 = 5 , A(SU(3)A)2⇥U(1)B = 10 ,

A(SU(3)F )2⇥U(1)B = �15 , A(U(1)B)3 = �375 , Agrav.2⇥U(1)B = �15 .

1

[SU(5)] SU(3)A SU(3)F U(1)B

(AF F )† 1 3 3 5

AF F 1 3 6 -5

A5 1 6 1 5

F
5

1 1 15 -15

A3F
†4

1 1 6 15

A3F
†4

1 1 15 15

2⇥ (A3F
†4
)† 1 1 3 -15

Table 5: One possible solution to the anomaly matching conditions.

[SU(5)] SU(3)A SU(3)F U(1)B

(F
5
)† 1 1 3 15

A5 or (A4F
3
)† 1 6 1 5

F (A2)† 1 3 3 -5

(A3)†F
4

1 1 3 -15

Table 6: A second possible solution to the anomaly matching conditions. Note that the F
5
state

requires an orbital angular momentum among the constituents.

The attractiveness of a channel with condensation in the pattern r1 ⌦ r2 ! rc is given by

�C2 ⌘ C2(r1) + C2(r2)� C2(rc) . (1)

C2 values for di↵erent representations are given in App. A. The MAC for the theory (for any

number of generations) is 10⇥10 ! 5, with the next MAC is 10⇥5 ! 5. Under both the gauge

and global symmetry, the order parameter for the MAC is (5, 6, 1)2.

Motivated by the complimentary conjecture [? ], the symmetry breaking can be equivalently

achieved by the Higgs mechanism with H† 2 (5, 6, 1)2. We label the order parameter field as Ha
ij

with a = 1, · · · 5 as the gauge index and i, j = 1, 2, 3 as symmetric flavour indices. Unlike the

the one-generation case, there is no unique symmetry-breaking pattern. One could write down

the most general renormalizable potential for Ha
ij and vary the parameters. Here, we list a few

interesting possible vacua as well as the subsequent IR spectra.

MAC-I: hHa
iji = �a5�ij f , which leads to the unbroken symmetry as [SU(4)]1 ⇥ SO(3)A ⇥

1
As above, square brackets denote gauge symmetries.

3

Bai, DS, arXiv:2111.11214.
qu

ar
ks

M
as

sl
es

s 
ba

ry
on

s
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Another example:

The gauge symmetry is asymptotically free and expected to confine. The IR theory has been

studied in Ref. [? ] and is very likely to have a unique vacuum with no spontaneous global

symmetry breaking. The ’t Hooft anomaly matching conditions are satisfied with a massless

fermionic gauge invariant bound state of the original fields given by AF F . This vacuum is

further supported by the large Nc analysis in Ref. [? ], which indicates that the global baryon

number symmetry (the only gauge-anomaly free global symmetry for the one-generation theory)

is not spontaneously broken, and also by an analysis using anomaly-mediated SUSY breaking [?

].

1 Three-generation confining SU(5) theory

The three-generation SU(5) chiral gauge theory with three flavors of A in 10 and F in 5 of

SU(5) has the gauge-anomaly-free global symmetry SU(3)A ⇥ SU(3)F ⇥ U(1)B. The matter

content and representations under the global symmetry are listed in Table 1.

[SU(5)] SU(3)A SU(3)F U(1)B

A 10 3 1 1

F 5 1 3 �3

Table 1: Matter content of the three-generation SU(5) chiral gauge theory. Here and throughout
we use square brackets [SU(5)] to denote gauge symmetries.

[SU(3)] SU(2)L SU(2)R U(1)B

QL = (uL dL) 3 2 1 1

QR = (uR dR) 3 1 2 �1

Table 2: QCD

1.1 Phase without any global symmetry breaking

Similar to the one-generation case, the IR vacuum could have no global symmetry breaking.

One looks for a consistent IR spectrum to match the ’t Hooft anomaly of the UV theory. For

the UV theory, there are six anomalies to be matched. They are

A(SU(3)A)3 = 10 , A(SU(3)F )3 = 5 , A(SU(3)A)2⇥U(1)B = 10 ,

A(SU(3)F )2⇥U(1)B = �15 , A(U(1)B)3 = �375 , Agrav.2⇥U(1)B = �15 .

1

[SU(5)] SU(3)A SU(3)F U(1)B

(AF F )† 1 3 3 5

AF F 1 3 6 -5

A5 1 6 1 5

F
5

1 1 15 -15

A3F
†4

1 1 6 15

A3F
†4

1 1 15 15

2⇥ (A3F
†4
)† 1 1 3 -15

Table 5: One possible solution to the anomaly matching conditions.

[SU(5)] SU(3)A SU(3)F U(1)B

(F
5
)† 1 1 3 15

A5 or (A4F
3
)† 1 6 1 5

F (A2)† 1 3 3 -5

(A3)†F
4

1 1 3 -15

Table 6: A second possible solution to the anomaly matching conditions. Note that the F
5
state

requires an orbital angular momentum among the constituents.

The attractiveness of a channel with condensation in the pattern r1 ⌦ r2 ! rc is given by

�C2 ⌘ C2(r1) + C2(r2)� C2(rc) . (1)

C2 values for di↵erent representations are given in App. A. The MAC for the theory (for any

number of generations) is 10⇥10 ! 5, with the next MAC is 10⇥5 ! 5. Under both the gauge

and global symmetry, the order parameter for the MAC is (5, 6, 1)2.

Motivated by the complimentary conjecture [? ], the symmetry breaking can be equivalently

achieved by the Higgs mechanism with H† 2 (5, 6, 1)2. We label the order parameter field as Ha
ij

with a = 1, · · · 5 as the gauge index and i, j = 1, 2, 3 as symmetric flavour indices. Unlike the

the one-generation case, there is no unique symmetry-breaking pattern. One could write down

the most general renormalizable potential for Ha
ij and vary the parameters. Here, we list a few

interesting possible vacua as well as the subsequent IR spectra.

MAC-I: hHa
iji = �a5�ij f , which leads to the unbroken symmetry as [SU(4)]1 ⇥ SO(3)A ⇥

1
As above, square brackets denote gauge symmetries.

3

Bai, DS, arXiv:2111.11214.
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Another example:

Looks simpler, but  state 

is problematic.
(F̄5)†

The gauge symmetry is asymptotically free and expected to confine. The IR theory has been

studied in Ref. [? ] and is very likely to have a unique vacuum with no spontaneous global

symmetry breaking. The ’t Hooft anomaly matching conditions are satisfied with a massless

fermionic gauge invariant bound state of the original fields given by AF F . This vacuum is

further supported by the large Nc analysis in Ref. [? ], which indicates that the global baryon

number symmetry (the only gauge-anomaly free global symmetry for the one-generation theory)

is not spontaneously broken, and also by an analysis using anomaly-mediated SUSY breaking [?

].

1 Three-generation confining SU(5) theory

The three-generation SU(5) chiral gauge theory with three flavors of A in 10 and F in 5 of

SU(5) has the gauge-anomaly-free global symmetry SU(3)A ⇥ SU(3)F ⇥ U(1)B. The matter

content and representations under the global symmetry are listed in Table 1.

[SU(5)] SU(3)A SU(3)F U(1)B

A 10 3 1 1

F 5 1 3 �3

Table 1: Matter content of the three-generation SU(5) chiral gauge theory. Here and throughout
we use square brackets [SU(5)] to denote gauge symmetries.

[SU(3)] SU(2)L SU(2)R U(1)B

QL = (uL dL) 3 2 1 1

QR = (uR dR) 3 1 2 �1

Table 2: QCD

1.1 Phase without any global symmetry breaking

Similar to the one-generation case, the IR vacuum could have no global symmetry breaking.

One looks for a consistent IR spectrum to match the ’t Hooft anomaly of the UV theory. For

the UV theory, there are six anomalies to be matched. They are

A(SU(3)A)3 = 10 , A(SU(3)F )3 = 5 , A(SU(3)A)2⇥U(1)B = 10 ,

A(SU(3)F )2⇥U(1)B = �15 , A(U(1)B)3 = �375 , Agrav.2⇥U(1)B = �15 .

1

[SU(5)] SU(3)A SU(3)F U(1)B

(AF F )† 1 3 3 5

AF F 1 3 6 -5

A5 1 6 1 5

F
5

1 1 15 -15

A3F
†4

1 1 6 15

A3F
†4

1 1 15 15

2⇥ (A3F
†4
)† 1 1 3 -15

Table 5: One possible solution to the anomaly matching conditions.

[SU(5)] SU(3)A SU(3)F U(1)B

(F
5
)† 1 1 3 15

A5 or (A4F
3
)† 1 6 1 5

F (A2)† 1 3 3 -5

(A3)†F
4

1 1 3 -15

Table 6: A second possible solution to the anomaly matching conditions. Note that the F
5
state

requires an orbital angular momentum among the constituents.

The attractiveness of a channel with condensation in the pattern r1 ⌦ r2 ! rc is given by

�C2 ⌘ C2(r1) + C2(r2)� C2(rc) . (1)

C2 values for di↵erent representations are given in App. A. The MAC for the theory (for any

number of generations) is 10⇥10 ! 5, with the next MAC is 10⇥5 ! 5. Under both the gauge

and global symmetry, the order parameter for the MAC is (5, 6, 1)2.

Motivated by the complimentary conjecture [? ], the symmetry breaking can be equivalently

achieved by the Higgs mechanism with H† 2 (5, 6, 1)2. We label the order parameter field as Ha
ij

with a = 1, · · · 5 as the gauge index and i, j = 1, 2, 3 as symmetric flavour indices. Unlike the

the one-generation case, there is no unique symmetry-breaking pattern. One could write down

the most general renormalizable potential for Ha
ij and vary the parameters. Here, we list a few

interesting possible vacua as well as the subsequent IR spectra.

MAC-I: hHa
iji = �a5�ij f , which leads to the unbroken symmetry as [SU(4)]1 ⇥ SO(3)A ⇥

1
As above, square brackets denote gauge symmetries.

3

Bai, DS, arXiv:2111.11214.
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Another example:

Looks simpler, but  state 

is problematic.
(F̄5)†

Color     =  anti-symmetric 
Flavour = anti-symmetric 
Spin       = ? 
Not enough states to satisfy 
Fermi statistics.

The gauge symmetry is asymptotically free and expected to confine. The IR theory has been

studied in Ref. [? ] and is very likely to have a unique vacuum with no spontaneous global

symmetry breaking. The ’t Hooft anomaly matching conditions are satisfied with a massless

fermionic gauge invariant bound state of the original fields given by AF F . This vacuum is

further supported by the large Nc analysis in Ref. [? ], which indicates that the global baryon

number symmetry (the only gauge-anomaly free global symmetry for the one-generation theory)

is not spontaneously broken, and also by an analysis using anomaly-mediated SUSY breaking [?

].

1 Three-generation confining SU(5) theory

The three-generation SU(5) chiral gauge theory with three flavors of A in 10 and F in 5 of

SU(5) has the gauge-anomaly-free global symmetry SU(3)A ⇥ SU(3)F ⇥ U(1)B. The matter

content and representations under the global symmetry are listed in Table 1.

[SU(5)] SU(3)A SU(3)F U(1)B

A 10 3 1 1

F 5 1 3 �3

Table 1: Matter content of the three-generation SU(5) chiral gauge theory. Here and throughout
we use square brackets [SU(5)] to denote gauge symmetries.

[SU(3)] SU(2)L SU(2)R U(1)B

QL = (uL dL) 3 2 1 1

QR = (uR dR) 3 1 2 �1

Table 2: QCD

1.1 Phase without any global symmetry breaking

Similar to the one-generation case, the IR vacuum could have no global symmetry breaking.

One looks for a consistent IR spectrum to match the ’t Hooft anomaly of the UV theory. For

the UV theory, there are six anomalies to be matched. They are

A(SU(3)A)3 = 10 , A(SU(3)F )3 = 5 , A(SU(3)A)2⇥U(1)B = 10 ,

A(SU(3)F )2⇥U(1)B = �15 , A(U(1)B)3 = �375 , Agrav.2⇥U(1)B = �15 .

1

[SU(5)] SU(3)A SU(3)F U(1)B

(AF F )† 1 3 3 5

AF F 1 3 6 -5

A5 1 6 1 5

F
5

1 1 15 -15

A3F
†4

1 1 6 15

A3F
†4

1 1 15 15

2⇥ (A3F
†4
)† 1 1 3 -15

Table 5: One possible solution to the anomaly matching conditions.

[SU(5)] SU(3)A SU(3)F U(1)B

(F
5
)† 1 1 3 15

A5 or (A4F
3
)† 1 6 1 5

F (A2)† 1 3 3 -5

(A3)†F
4

1 1 3 -15

Table 6: A second possible solution to the anomaly matching conditions. Note that the F
5
state

requires an orbital angular momentum among the constituents.

The attractiveness of a channel with condensation in the pattern r1 ⌦ r2 ! rc is given by

�C2 ⌘ C2(r1) + C2(r2)� C2(rc) . (1)

C2 values for di↵erent representations are given in App. A. The MAC for the theory (for any

number of generations) is 10⇥10 ! 5, with the next MAC is 10⇥5 ! 5. Under both the gauge

and global symmetry, the order parameter for the MAC is (5, 6, 1)2.

Motivated by the complimentary conjecture [? ], the symmetry breaking can be equivalently

achieved by the Higgs mechanism with H† 2 (5, 6, 1)2. We label the order parameter field as Ha
ij

with a = 1, · · · 5 as the gauge index and i, j = 1, 2, 3 as symmetric flavour indices. Unlike the

the one-generation case, there is no unique symmetry-breaking pattern. One could write down

the most general renormalizable potential for Ha
ij and vary the parameters. Here, we list a few

interesting possible vacua as well as the subsequent IR spectra.

MAC-I: hHa
iji = �a5�ij f , which leads to the unbroken symmetry as [SU(4)]1 ⇥ SO(3)A ⇥

1
As above, square brackets denote gauge symmetries.

3

Bai, DS, arXiv:2111.11214.
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Another example:

Looks simpler, but  state 

is problematic.
(F̄5)†

Color     =  anti-symmetric 
Flavour = anti-symmetric 
Spin       = ? 
Not enough states to satisfy 
Fermi statistics.

The gauge symmetry is asymptotically free and expected to confine. The IR theory has been

studied in Ref. [? ] and is very likely to have a unique vacuum with no spontaneous global

symmetry breaking. The ’t Hooft anomaly matching conditions are satisfied with a massless

fermionic gauge invariant bound state of the original fields given by AF F . This vacuum is

further supported by the large Nc analysis in Ref. [? ], which indicates that the global baryon

number symmetry (the only gauge-anomaly free global symmetry for the one-generation theory)

is not spontaneously broken, and also by an analysis using anomaly-mediated SUSY breaking [?

].

1 Three-generation confining SU(5) theory

The three-generation SU(5) chiral gauge theory with three flavors of A in 10 and F in 5 of

SU(5) has the gauge-anomaly-free global symmetry SU(3)A ⇥ SU(3)F ⇥ U(1)B. The matter

content and representations under the global symmetry are listed in Table 1.

[SU(5)] SU(3)A SU(3)F U(1)B

A 10 3 1 1

F 5 1 3 �3

Table 1: Matter content of the three-generation SU(5) chiral gauge theory. Here and throughout
we use square brackets [SU(5)] to denote gauge symmetries.

[SU(3)] SU(2)L SU(2)R U(1)B

QL = (uL dL) 3 2 1 1

QR = (uR dR) 3 1 2 �1

Table 2: QCD

1.1 Phase without any global symmetry breaking

Similar to the one-generation case, the IR vacuum could have no global symmetry breaking.

One looks for a consistent IR spectrum to match the ’t Hooft anomaly of the UV theory. For

the UV theory, there are six anomalies to be matched. They are

A(SU(3)A)3 = 10 , A(SU(3)F )3 = 5 , A(SU(3)A)2⇥U(1)B = 10 ,

A(SU(3)F )2⇥U(1)B = �15 , A(U(1)B)3 = �375 , Agrav.2⇥U(1)B = �15 .

1

[SU(5)] SU(3)A SU(3)F U(1)B

(AF F )† 1 3 3 5

AF F 1 3 6 -5

A5 1 6 1 5

F
5

1 1 15 -15

A3F
†4

1 1 6 15

A3F
†4

1 1 15 15

2⇥ (A3F
†4
)† 1 1 3 -15

Table 5: One possible solution to the anomaly matching conditions.

[SU(5)] SU(3)A SU(3)F U(1)B

(F
5
)† 1 1 3 15

A5 or (A4F
3
)† 1 6 1 5

F (A2)† 1 3 3 -5

(A3)†F
4

1 1 3 -15

Table 6: A second possible solution to the anomaly matching conditions. Note that the F
5
state

requires an orbital angular momentum among the constituents.

The attractiveness of a channel with condensation in the pattern r1 ⌦ r2 ! rc is given by

�C2 ⌘ C2(r1) + C2(r2)� C2(rc) . (1)

C2 values for di↵erent representations are given in App. A. The MAC for the theory (for any

number of generations) is 10⇥10 ! 5, with the next MAC is 10⇥5 ! 5. Under both the gauge

and global symmetry, the order parameter for the MAC is (5, 6, 1)2.

Motivated by the complimentary conjecture [? ], the symmetry breaking can be equivalently

achieved by the Higgs mechanism with H† 2 (5, 6, 1)2. We label the order parameter field as Ha
ij

with a = 1, · · · 5 as the gauge index and i, j = 1, 2, 3 as symmetric flavour indices. Unlike the

the one-generation case, there is no unique symmetry-breaking pattern. One could write down

the most general renormalizable potential for Ha
ij and vary the parameters. Here, we list a few

interesting possible vacua as well as the subsequent IR spectra.

MAC-I: hHa
iji = �a5�ij f , which leads to the unbroken symmetry as [SU(4)]1 ⇥ SO(3)A ⇥

1
As above, square brackets denote gauge symmetries.

3

Can work with orbital angular 
momentum, but weird. Bai, DS, arXiv:2111.11214.
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If there are no solutions to anomaly matching conditions, theory must 
exhibit spontaneous symmetry breaking. 

WHAT HAPPENS?
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If there are no solutions to anomaly matching conditions, theory must 
exhibit spontaneous symmetry breaking. 

This theory probably exhibits spontaneous symmetry breaking. 
Difficulty of ’t Hooft anomaly matching is one piece of evidence. 

Breaking pattern:

WHAT HAPPENS?

SU(3)L × SU(3)R → SO(3)V
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If there are no solutions to anomaly matching conditions, theory must 
exhibit spontaneous symmetry breaking. 

This theory probably exhibits spontaneous symmetry breaking. 
Difficulty of ’t Hooft anomaly matching is one piece of evidence. 

Breaking pattern:

WHAT HAPPENS?

SU(3)L × SU(3)R → SO(3)V

Different than QCD: SU(3)L × SU(3)R → SU(3)V
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This theory also has a nice supersymmetric description. 

The SUSY preserving F -terms and the SUSY breaking A-terms can both be written in terms

of the derivatives of the superpotential with respect to the fields:

dW�

dMai
=

3

18
� fabc✏ijkM bjM ck ,

dW⇣

dMai
= ⇣✏↵�� B��

2 (T a)↵� B
�
1 i ,

dW⇣

dB��
2

= ⇣ ✏↵��Mai(T a)↵� B
�
1 i ,

dW⇣

dB�i
1

= ⇣ ✏↵�� B��
2 Mai (T a)↵� . (44)

The supersymmetric potential is

Vsusy =

✓
dW�

dMai
+

dW⇣

dMai

◆✓
dW�

dMai
+

dW⇣

dMai

◆⇤

+
dW⇣

dB�i
1

✓
dW⇣

dB�i
1

◆⇤

+
dW⇣

dB��
2

✓
dW⇣

dB��
2

◆⇤

. (45)

The soft terms are

V /susy =

✓
A1

18
� fabc ✏ijk Mai M bj M ck + A2 ⇣ ✏

↵�� B��
2 Mai(T a)↵� B

�
1 i + h.c.

◆

+m2
1

X

�i

|B�
1 i|2 +m2

2

X

��

|B��
2 |2 +m2

3

X

ai

|Mai|2 (46)

=

✓
1

3
A1 M

ai dW�

dMai
+ A2 B

��
2

dW⇣

dB��
2

+ h.c.

◆
+m2

1

X

�i

|B�
1 i|2 +m2

2

X

��

|B��
2 |2 +m2

3

X

ai

|Mai|2 ,

where the Ai and mi parameters can be read from Eq. (27). The sum of the two potentials can

be rewritten as

Vsusy + V /susy =

����
dW�

dMai
+

dW⇣

dMai
+

1

3
A⇤

1M
ai⇤
����
2

+

����
dW⇣

dB��
2

+ (A⇤
2 �

1

3
A⇤

1)B
��⇤
2

����
2

+

����
dW⇣

dB�i
1

����
2

+m2
1

X

�i

|B�
1 i|2 +

 
m2

2 �
����A2 �

1

3
A1

����
2
!
X

��

|B��
2 |2 +

 
m2

3 �
����
1

3
A1

����
2
!
X

ai

|Mai|2 . (47)

The su�cient condition for no symmetry breaking is then

m2
1 � 0 ,

m2
2 �

����A2 �
1

3
A1

����
2

� 0 ,

m2
3 �

����
1

3
A1

����
2

� 0 . (48)

Plugging in the formulae for m1,2,3 and A1,2 from Eqs. (19)–(21) and (24)–(26), the inequalities

22

Seiberg, hep-th/9402044, hep-th/9411149. 
Csaki, Schmaltz, Skiba, hep-th/9610139.

Can compute the scalar potential:

Bai, DS, arXiv:2111.11214.
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This theory also has a nice supersymmetric description. 

The SUSY preserving F -terms and the SUSY breaking A-terms can both be written in terms

of the derivatives of the superpotential with respect to the fields:

dW�

dMai
=

3

18
� fabc✏ijkM bjM ck ,

dW⇣

dMai
= ⇣✏↵�� B��

2 (T a)↵� B
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1 i ,

dW⇣

dB��
2

= ⇣ ✏↵��Mai(T a)↵� B
�
1 i ,

dW⇣

dB�i
1

= ⇣ ✏↵�� B��
2 Mai (T a)↵� . (44)

The supersymmetric potential is

Vsusy =

✓
dW�

dMai
+

dW⇣

dMai

◆✓
dW�

dMai
+

dW⇣
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+
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dW⇣
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1

◆⇤

+
dW⇣
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2

✓
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2

◆⇤

. (45)

The soft terms are

V /susy =

✓
A1

18
� fabc ✏ijk Mai M bj M ck + A2 ⇣ ✏
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2 Mai(T a)↵� B
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1 i + h.c.

◆
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1
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1 i|2 +m2

2

X
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=

✓
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|Mai|2 ,

where the Ai and mi parameters can be read from Eq. (27). The sum of the two potentials can

be rewritten as

Vsusy + V /susy =
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dW�

dMai
+

dW⇣

dMai
+

1

3
A⇤

1M
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2

+
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+
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The su�cient condition for no symmetry breaking is then

m2
1 � 0 ,

m2
2 �

����A2 �
1

3
A1

����
2

� 0 ,

m2
3 �

����
1

3
A1

����
2

� 0 . (48)

Plugging in the formulae for m1,2,3 and A1,2 from Eqs. (19)–(21) and (24)–(26), the inequalities

22

Sufficient condition for 
no symmetry breaking:

The SUSY preserving F -terms and the SUSY breaking A-terms can both be written in terms

of the derivatives of the superpotential with respect to the fields:

dW�

dMai
=

3

18
� fabc✏ijkM bjM ck ,

dW⇣

dMai
= ⇣✏↵�� B��

2 (T a)↵� B
�
1 i ,

dW⇣

dB��
2

= ⇣ ✏↵��Mai(T a)↵� B
�
1 i ,

dW⇣

dB�i
1

= ⇣ ✏↵�� B��
2 Mai (T a)↵� . (44)

The supersymmetric potential is

Vsusy =

✓
dW�

dMai
+

dW⇣

dMai

◆✓
dW�
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+
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. (45)

The soft terms are

V /susy =
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|B��
2 |2 +m2

3

X

ai

|Mai|2 (46)

=

✓
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where the Ai and mi parameters can be read from Eq. (27). The sum of the two potentials can

be rewritten as
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The su�cient condition for no symmetry breaking is then

m2
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Plugging in the formulae for m1,2,3 and A1,2 from Eqs. (19)–(21) and (24)–(26), the inequalities
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Seiberg, hep-th/9402044, hep-th/9411149. 
Csaki, Schmaltz, Skiba, hep-th/9610139.
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This theory also has a nice supersymmetric description. 

The SUSY preserving F -terms and the SUSY breaking A-terms can both be written in terms

of the derivatives of the superpotential with respect to the fields:
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The soft terms are
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The su�cient condition for no symmetry breaking is then

m2
1 � 0 ,

m2
2 �

����A2 �
1

3
A1

����
2

� 0 ,

m2
3 �

����
1

3
A1

����
2

� 0 . (48)

Plugging in the formulae for m1,2,3 and A1,2 from Eqs. (19)–(21) and (24)–(26), the inequalities
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The soft terms are
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where the Ai and mi parameters can be read from Eq. (27). The sum of the two potentials can
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The su�cient condition for no symmetry breaking is then

m2
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Plugging in the formulae for m1,2,3 and A1,2 from Eqs. (19)–(21) and (24)–(26), the inequalities

22

in Eq. (48) can be written in terms of the unknown couplings in the superpotential. We get:

69|⇣|4 + 4|⇣|2|�|2 � 0 ,

19|⇣|4 + 4 |⇣|2|�|2 � 0 ,

1161|⇣|4 + 216|⇣|2|�|2 + 80|�|4 � 0 , (49)

which are all satisfied for any values of ⇣ and �. This completes the proof that potential in

the AMSB scenario cannot have global symmetry breaking including U(1)B or the B1 and B2

directions.
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PHASE DIAGRAM
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Figure 1: Left panel: schematic plot to show the phase diagram of the theory in terms of the
squark mass meq and the gaugino mass mfW for ||2  81�3m2 (this condition is satisfied for
anomaly-mediated SUSY breaking.). A phase boundary separating the symmetry-breaking and
symmetry-preserving phases exists when both meq and mfW are of order the confinement scale ⇤.
The detailed parameter dependence for the phase boundary is unknown. The SUSY-I vacuum
with SO(3)V ⇥U(1)B vacuum symmetry and described around Eq. (8) is conjectured to be the
global vacuum for the non-supersymmetric theory in the upper right corner. Right panel: the
same as the left but for ||2 > 81�3m2. No phase transition is anticipated for this case.

gaugino, fW , one could replace the fermionic quark A by AfW with the scalar contraction under

spin, which is still 10 under [SU(5)] and has U(1)R charge zero. The fermionic state (AfW )3F

has the right quantum number (8, 3)0,�1/3. So, for the small gaugino mass limit, the global-

symmetry-unbroken vacuum is smoothly connected to the UV non-supersymmetric theory with

an additional massless fermion fW ↵ in the adjoint of [SU(5)]. This cross over is denoted at the

bottom right part of the left panel in Fig. 1. Note that the axes of the phase digram are the soft

terms in the UV theory, but the condition in Eq. (15) is in terms of IR soft terms. Because of

non-perturbative strong dynamics, we do not know the exact relation between UV and IR soft

terms.

In the other corner of the parameter space (left and upper corner of the left panel in Fig. 1)

with meq/⇤ ⌧ 1 and as we increase the gaugino mass mfW , we also anticipate no phase boundary

because the IR spectrum can still contain (8, 3)0, (3, 3)�5 and (6, 1)5 and has the anomaly

matched without a good U(1)R symmetry. For this case, light scalars can help constructing a

fermionic state with the right quantum number as (8, 3)0.

Around the diagonal direction in the left panel of Fig. 1, when one increases both mfW and

meq, the situation is di↵erent and a phase boundary must exist. The reason is that when both

gauginos and squarks decouple, there is no fermionic state with (8, 3)0 constructed from fermionic

13

Can draw qualitative phase 
diagram in theory space. 

Have some control at the 
corners. 

Must have a phase transition 
in going to large SUSY 
breaking. 

Bai, DS, arXiv:2111.11214.
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bottom right part of the left panel in Fig. 1. Note that the axes of the phase digram are the soft
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non-perturbative strong dynamics, we do not know the exact relation between UV and IR soft
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In the other corner of the parameter space (left and upper corner of the left panel in Fig. 1)

with meq/⇤ ⌧ 1 and as we increase the gaugino mass mfW , we also anticipate no phase boundary

because the IR spectrum can still contain (8, 3)0, (3, 3)�5 and (6, 1)5 and has the anomaly

matched without a good U(1)R symmetry. For this case, light scalars can help constructing a

fermionic state with the right quantum number as (8, 3)0.

Around the diagonal direction in the left panel of Fig. 1, when one increases both mfW and

meq, the situation is di↵erent and a phase boundary must exist. The reason is that when both
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DIFFERENT NUMBER OF FLAVOURS?
Analyzed SU(5) model with 3 flavours.  

1 flavour dynamics are well known. 

What about 2 flavours? 

Dimopoulos, Raby, Susskind, NPB ’80.
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2 FLAVOUR RESULTS
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Non-SUSY model:  
anomaly matching solutions 

SUSY model: proof of spontaneous 
symmetry breaking.  

J. Ponnudurai MSc thesis. 
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What is the phase diagram of QCD?

Fukushima and Hatsuda, ’11. 

Longstanding difficult 
problem with only partial 
results.

Focus on  for now. T = 0
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PHASE DIAGRAM
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Steps: 

1. Supersymmetrize QCD 

2. Break SUSY with AMSB 

3. Turn on baryon density 

Find some new phases that do 
not exist in the literature!

Preliminary

Work in progress with Bai and de Lima. 
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HOLOGRAPHY?
AdS/CFT correspondence says certain 4 
dimensional theories are dual to 5 
dimensional theories.
Maldacena, hep-th/9711200. Witten, hep-th/9802150.

Work in progress with Cyrus Robertson Orkish. 

Very supersymmetric theories fall in this 
category.

What is gravitational dual of Anomaly 
mediation?

48
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SUMMARY
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Non-perturbative quantum field theories pose interesting and 
important open problems.  

Supersymmetry + anomaly mediation gives useful new tool to 
analyze these theories.  

Found two theories that violate conjecture that this tool can be 
used to analyze original theory.  

Various ongoing directions of this research.
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