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Symmetry	has	been	a	powerful	guiding	principle	in	particle	physics.

Symmetry in Particle Physics

Chiral	Perturbation	TheoryStandard	Model	of	

Elementary	Particles



In	recent	years,	there	has	been	a	revolution	in	our	understanding	of	symmetries.


The	notions	of	global	symmetries	have	been	generalized	in	different	directions.


These	generalized	symmetries	have	broad	applications	and	connections	across		
quantum	field	theory,	particle	physics,	quantum	gravity,	condensed	matter	physics,	
quantum	information,	and	mathematics.


Generalized Global Symmetry

Recommended	References:

Brennan-Hong	‘23	(review	for	particle	physicists)

Gaiotto-Kapustin-Seiberg-Willett	‘14	(higher-form	symmetry)

Cordova-Dumitrescu-Intriligator	‘18	(higher-group	symmetry)

Shao	‘23	(non-invertible	symmetry)

GenSym2025	KITP	program

Maxwell	theory	of	electromagnetism,	quantum	electrodynamics,			
Ising	model,	continuum	and	lattice	gauge	theory,	sigma	models,	
quantum	code,	anyons,	axions,	supergravity,	string	theory,	…
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Axion Electrodynamics



Let	us	start	with	the	axion	electrodynamics

ℒ =
f2

2
∂μθ∂μθ +

1
4e2

FμνFμν +
Kθ

32π2
εμνρσFμνFρσ

Axion Electrodynamics



Let	us	start	with	the	axion	electrodynamics

ℒ =
f2

2
∂μθ∂μθ +

1
4e2

FμνFμν +
Kθ

32π2
εμνρσFμνFρσ

The	axion-photon	coupling	has	to	be	quantized	 . K ∈ ℤ
It	is	such	that	the	path	integral	is	invariant	under	

       θ ↦ θ + 2π

 eiS ↦ e2πiK neiS

Axion Electrodynamics

instanton	numbern =
1

32π2 ∫ d4x εμνρσFμνFρσ ∈ ℤ

= eiS
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When	axion	and	photon	decouples	( ),	the	complete	symmetries	include
K = 0

List of Global Symmetries

shift	0-form

electric	1-form

magnetic	1-form

winding	2-form

symmetry conserved	current charged	operators

Jμ = f2∂μθ

Jμν =
1
e2

Fμν

Jμν =
1

2π
εμνρσFρσ

Jμνρ =
1

2π
εμνρσ∂σθ axion	string	worldsheet

’t	Hooft	line

Wilson	line

exp(iθ)
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The	non-invertible	shift	0-form	symmetry	generates	the	magnetic	1-form	symmetry.

Hierarchy	of	Symmetry	Breaking:	If	the	magnetic	symmetry	is	broken,	the	non-invertible	
shift	symmetry	has	to	be	broken.

To	break	an	ordinary	symmetry,	we	add	a	symmetry	violating	operator	to	the	action.

In	contrast,	higher-form	symmetries	act	trivially	on	local	operators	so	they	can	never	be		
broken	by	deforming	the	Lagrangian.

To	break	a	higher-form	symmetry,	one	needs	monopoles	to	screen	the	’t	Hooft	lines.
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The	non-invertible	shift	symmetry	forbids	an	axion	potential.	
(No	abelian	instanton	in	flat	spacetime)

Dynamical	magnetic	monopoles	break	the	magnetic	symmetry	as	well	as	the	shift	
symmetry	via	the	hierarchy	of	symmetry	breaking	mechanism.
Indeed,	monopoles	generate	a	natural	exponentially	suppressed	axion	potential	

Monopole	loops	activate	abelian	instantons.[Garcia	Garcia-Kongsore-van	Tilburg	to	appear]

Similar	mechanism	has	been	used	to
•solve	the	axion	domain	wall	problem	[Cordova-Hong-Wang	’23]
•generate	a	naturally	small	Dirac	mass	for	neutrino	[Cordova-Hong-Koren-Ohmori	’22]
•propose	a	massless	quark	solution	to	the	strong	CP	problem	[Cordova-Hong-Koren	‘24]
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Non-Invertible One-form Symmetry

Choi-HTL-Shao	’22



,       Jμν = e−2Fμν ∂μJμν = −
1

8π2
εμνρσFρσ∂μθ

Non-Invertible One-form Symmetry

Choi-HTL-Shao	’22



,       Jμν = e−2Fμν ∂μJμν = −
1

8π2
εμνρσFρσ∂μθ

Similar	to	the	shift	0-form	symmetry,	the	electric	1-form	symmetry	becomes	a									
non-invertible	1-form	symmetry	after	turning	on	the	axion-photon	coupling.

Non-Invertible One-form Symmetry

Choi-HTL-Shao	’22



,       Jμν = e−2Fμν ∂μJμν = −
1

8π2
εμνρσFρσ∂μθ

Similar	to	the	shift	0-form	symmetry,	the	electric	1-form	symmetry	becomes	a									
non-invertible	1-form	symmetry	after	turning	on	the	axion-photon	coupling.

Non-Invertible One-form Symmetry

Choi-HTL-Shao	’22

𝒟e
2π/N = exp ( 2πi

N ∮Σ
J0i dσi) ×

∫ [Da][Dϕ] exp (∮ ε0i
jk ( iN

2π
ϕ∂jak +

i
2π

ϕ∂jAk −
i

2π
θ∂jak) dσi)



,       Jμν = e−2Fμν ∂μJμν = −
1

8π2
εμνρσFρσ∂μθ

Similar	to	the	shift	0-form	symmetry,	the	electric	1-form	symmetry	becomes	a									
non-invertible	1-form	symmetry	after	turning	on	the	axion-photon	coupling.

Non-Invertible One-form Symmetry

Choi-HTL-Shao	’22

𝒟e
2π/N = exp ( 2πi

N ∮Σ
J0i dσi) ×

∫ [Da][Dϕ] exp (∮ ε0i
jk ( iN

2π
ϕ∂jak +

i
2π

ϕ∂jAk −
i

2π
θ∂jak) dσi)

The	non-invertible	1-form	symmetry	annihilates	states	created	by	’t	Hooft	lines	and	
probe	axion	string	worldsheets.
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broken,	the	non-invertible	electric	symmetry	has	to	be	broken.

Consider	UV	completions	of	axion	electrodynamics	where	the	symmetries	are	emergent

Mass	 	of	the	lightest	electrically	charged	particle	is	less	than	mass	 	of	the	lightest	
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me mm
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[Cordova-Freed-HTL-Seiberg	’19] 	has	an	upper	bound	by	conformal	bootstrap

[Benjamin-Dyer-Fitzpatrick-Kachru	’16]
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We	now	move	on	to	consider	the	simplest	model	for	QCD	axion.

A	single	axion	field	coupled	to	the	Standard	Model	(SM)	gauge	fields:

(F3, F2, F1) ∈ su(3) × su(2) × u(1)Y

ℒ ⊃
1
2

f2(∂μθ)2 +
K3

16π2
θ Tr(Fμν

3 F̃3,μν) +
K2

16π2
θ Tr(Fμν

2 F̃2,μν) +
K1

16π2
θ Fμν

1 F̃1,μν

The	axion-gauge	couplings	 , , 	should	be	quantized.	K1 K2 K3

However,	there	is	a	twist	due	to	an	ambiguity	in	the	SM	gauge	group.

Axion Standard Model

* * F̃μν =
1
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[Alonso-Dimakou-West’24]

[Li-Xu	’24]


[Koren-Martin	’24]

SM matter content
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The	axion-gauge	couplings	enter	into	physical	observables.

Below	the	electroweak	scale,	the	axion-gauge	couplings	reduce	to

																																					axion-gluon	coupling:			N = K3/2
bare	axion-photon	coupling:			E = (K1 + 18K2)/36

Below	the	QCD	scale,	an	axion	mass	is	generated	by	QCD	instantons	[Weinberg	’78]	
and	the	axion-photon	coupling	is	modified	by	the	mixing	between	axion	and	pions					
[Grilli	di	Cortona-Hardy-Pardo	Vega-Villadoro	’15]

,      mθ = 5.70(6)(4)μeV ( 1012GeV
f/N ) gθγγ =

α
2πf/N

E
N

−1.92(4)
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The	axion-gluon	coupling	determines	the	number	of	degenerate	vacua	in	the	axion	
potential	generated	by	QCD	instantons.

Axion	Domain	Wall	Problem:	
When	 ,	multiple	axion	domain	walls	can	end	on	an	axion	string	and	form	a	
stable	configuration.	If	these	domain	walls	are	formed	after	inflation,	they	quickly	
dominate	the	energy	density	of	the	universe	and	are	in	tension	with	the	cosmic	evolution.

NDW > 1

Axion Domain Wall Problem

NDW = 3 NDW = 1NDW = 2N
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For	the	minimal	SM	gauge	group	( ),	the	quantization	conditions	areΓ = ℤ6

,    ,     N ∈ ℤ/2 E ∈ ℤ/3 4N + 3E ∈ 3ℤ

The	number	 	closest	to	1.92	subject	to	the	quantization	conditions	and	the	domain	
wall	constraint	is	 ,	which	lower	bounds

E/N
E/N = 8/3

gaγγ ≥ 0.15(1) GeV−2 × ma
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Choi-Forslund-HTL-Shao	’23,	Reece	‘23

Axion Domain Wall Problem 
for Γ = ℤ6

DFSZ	Model,	 	Grand	Unified	TheorySU(5), SO(10), E6



Quantization of Axion-Gauge Coupling
Global	
Structure

Quantization	of	

axion-gauge	coupling

Quantization	of						
and	

K3, K2, K1 ∈ ℤ

6K2 + K1 ∈ 9ℤ

K3, K2 ∈ ℤ, K1 ∈ 2ℤ
2K2 + K1 ∈ 4ℤ

K3, K2 ∈ ℤ, K1 ∈ 6ℤ

K3, K2 ∈ ℤ, K1 ∈ 3ℤ

24K3 + 18K2 + K1 ∈ 36ℤ

N ∈ ℤ/2, E ∈ ℤ/36

N ∈ ℤ/2, E ∈ ℤ/9

N ∈ ℤ/2, E ∈ ℤ/12

N ∈ ℤ/2, E ∈ ℤ/3
4N + 3E ∈ 3ℤ

4N + 12E ∈ 3ℤ

Γ = ℤ6

Γ = ℤ2

Γ = ℤ3

Γ = ℤ1

N E

Choi-Forslund-HTL-Shao	’23,	Reece	‘23



Neutrino	mass	[Cordova-Hong-Koren-Ohmori	’22]

Axion	[Choi-HTL-Shao	’22,	Choi-Forslund-HTL-Shao	’23,	Reece	’23]

Cosmic	String	[Brennan-Hong-Wang	’23]

Axion	Domain	Wall	[Cordova-Hong-Wang	’23]

Non-invertible	PQ	symmetry	[Cordova-Hong-Koren	’24,	Delgado-Koren	’24]

Non-invertible	CP	symmetry	[Choi-HTL-Shao	’22]

Higher-flavor	symmetry	and	unification	[Cordova-Koren	’22]

Standard	Model	Gauge	Group	[Alonso-Dimakou-West’24,	Li-Xu	’24,	Koren-Martin	’24]

Yukawa	textures	[Kobayashi-Otsuka-Tanimoto	’24,	Liang-Yanagida	’25,	…]

Fermion-monopole	scattering	[Kitano-Matsudo	’21,	Csaki-Dong-Telem-Terning-
Tankielowicz	’22,	van	Beest-Smith-Delmastro-Komargodski-Tong	’23,	Brennan	’23,	…]

…
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Conclusion

Think Topologically and Thank you!

Axion
Higher	Symmetry
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