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Symmetry in Particle Physics

Symmetry has been a powerful guiding principle in particle physics.

Standard Model of Chiral Perturbation Theory
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Generalized Global Symmetry

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
, particle physics, quantum gravity, condensed matter physics,

guantum information, and mathematics.

Maxwell theory of electromagnetism, quantum electrodynamics,

Ising model, continuum and lattice gauge theory, sigma models, } Math
quantum code, anyons, axions, supergravity, string theory, - QG
Recommended References: HEP > M
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In this talk, | will discuss the implications of these generalized symmetries in particle
physics with a special focus on axion physics.

Axions are periodic scalars 8 ~ 60 + 2x that couple to instanton density of gauge fields
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Axion Electrodynamics

Let us start with the axion electrodynamics
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What are the Global Symmetries?

flat connection

First, consider the case when the axion and photon decouples (K = 0). a[///Iu] =0
& KO e electric symmetly
00— 0+« e Po A—->A+4
conserved EOM of @ FOM of A conserved Z2-form current
_ 2 _ _ 2 _
J,=179,0, 0°J,=0 Gauss Law Jy,=€e"F,, dJ,=0
conserved conserved & topological
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Gauss Law Operator
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Higher-Form Symmetry

The electric symmmetry is an example of higher-form symmetries - symmetries for
extended operators.

g-tform symmetry g-dim charged operators
ordinary (O-form) symmetry point operator
(axion shift symmetry) (create particles)
1-form symmetry ine operator
(electric symmetry) (worldlines of probe particles)

surface operator

2-form symmetr '
y y (worldsheets of probe strings)

« Characterize confinement
« Constrain the phase diagrams of strongly-coupled gauge theories

» High quality extra-dimensional axion [(Craig-Kongsore 25)
Gaiotto-Kapustin-Seiberg- Willett 14
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More Higher-Form Symmetries

There are more higher-form symmetries:

magnetic 1-form symmetry winding 2-form symmetry
conserved 2-form current conserved 3-form current
1 [)lo] 1 9
J,uv — 2—ﬂeﬂyp6F J,MI/,O — 2—ﬂ8ﬂypga v

0"J,, =0 «— Bianchi ldentity — 0"J,,, =0

charged line operator charged surface operator

t Hooft line | |
| — | worldsheet of probe axion string
worldline of probe magnetic monopole



List of Global Symmetries

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

Ssymmetry

shift O-form

electric 1-form

magnetic 1-form

winding 2-form

conserved current
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charged operators
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axion string worldsheet
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What happens when we turn on the axion-photon coupling (K =1)7

The magnetic 1-form & winding 2-form symmetry arising from Bianchi identity persists.

However, the symmetries arising from equations of motion are modified

shift O-form symmetry electric 1-form symmetry
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What happens when we turn on the axion-photon coupling (K =1)7

The magnetic 1-form & winding 2-form symmetry arising from Bianchi identity persists.

However, the symmetries arising from equations of motion are modified

shift O-form symmetry electric 1-form symmetry
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Response of Fractional Quantum Hall Effect

't seems that there are no operators that are both conserved and gauge invariant --



Fractional Quantum Hall State

Choi-HTL-Shao 22, Cordova-Ohmori 22



Fractional Quantum Hall State

1
Hy — uvpo
0 JM = 327[28 Fqupa

Choi-HTL-Shao 22, Cordova-Ohmori 22



Fractional Quantum Hall State

)

Pyy (H/E?

|
(o))
P (k)

|
aﬂ]ﬂ = 3271.2 er g F,MI/F,OG

Fractional Quantum Hall State comes to rescue

DN = J[Da] eXp ( %[;]0 dv+<Jg ik (—aaa + —a@Ak) )

Choi-HTL-Shao 22, Cordova-Ohmori 22



Fractional Quantum Hall State

1
Hy — uvpo
0 Jﬂ = 3272_28 Fqupa

Fractional Quantum Hall State comes to rescue

9271./]\7 — J[Da] eXp ( %FJO dV"‘ # ik <_a 0 Clk + LCL '

anyons on the operator
path integral only on the operator

Choi-HTL-Shao 22, Cordova-Ohmori 22



Fractional Quantum Hall State

1
Hy — uvpo
0 Jﬂ = 3272_28 Fqupa

Fractional Quantum Hall State comes to rescue

DN = J[Da] eXp ( %[;JO dv+ﬂg ik ( a,0:a;, + 2—a6Ak) dv)
l T

anyons on the operator iInteger \eve\ — gauge Invariant
path integral only on the operator

Choi-HTL-Shao 22, Cordova-Ohmori 22



Fractional Quantum Hall State

1
Hy — uvpo
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Fractional Quantum Hall State comes to rescue

DN = J[Da] eXp ( %[;]0 dv+ﬂg ik ( a,0:a;, + z—aﬁAk) dv)
l T

anyons on the operator iInteger \eve\ — gauge Invariant
path integral only on the operator

e =

The operator is conserved and gauge invariant! wa

Choi-HTL-Shao 22, Cordova-Ohmori 22
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Explicit Symmetry Breaking

QZ;/N X D, = (magnetic 1-form symmetry) # 1

The non-invertible shift O-form symmetry generates the magnetic 1-form symmetry.

Hierarchy of Symmetry Breaking: If the magnetic symmetry is broken, the non-invertible
shift symmmetry 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 heeds monopoles to screen the 't Hooft lines.

current conservation: z—aﬂ(gwde »6) =J, — monopole current
T

Choi-HTL-Shao 22, Cordova-Ohmori 22
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Axion Potential from Magnetic Monopoles

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
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Axion Potential from Magnetic Monopoles

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

—87°nlg? |
V(0) ~ Z a,c€ ® & cos(nod) (Fan-Fraser-Reece-Stout '21)
n
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)
e propose a massless quark solution to the strong CP problem (Cordova-Hong-Koren ‘24)

Cordova-Ohmori 22
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J :€_2F ) 0”JW=—

ULPO
» W ghtPoF p(,a/ﬂ

72

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

, 27Tl
@ZE/N = exp 7 Jy; do; | X
5

J[Da] (D] exp ( fl;gol']k (;—ﬂqsajak + ZiﬂgbajAk _ 2%90].@ dai)
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Non-Invertible One-form Symmetry

J :6_2F ) 0”JW=—

ULPO
W W ghtPoF pgaﬂe

72

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

, 27Tl
@MN = exp 7 Jy; do; | X
5

|Dal[D¢] exp g0~ iﬂ¢a-ak + qud-Ak — Lé’d a, | do;
2n " 2n " /

27

The non-invertible 1-form symmetry annihilates states created by t Hooft lines and
probe axion string worldsheets.

Choi-HTL-Shao 22
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’r (magnetic 1-form symmetry)
Doy X Doy = X 7 1
(winding 2-form symmetry)

The non-invertible electric 1-form symmetry generates the magnetic 1-form symmetry
and winding 2-form symmetry.

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

Consider UV completions of axion electrodynamics where the symmetries are emergent

inequality in the symmetry breaking scale: £, < min{E , E, }
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Constraint on UV Completion

(magnetic 1-form symmetry)

T _
Doy X Doun = X 7 1

(winding 2-form symmetry)

The non-invertible electric 1-form symmetry generates the magnetic 1-form symmetry
and winding 2-form symmetry.

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

Consider UV completions of axion electrodynamics where the symmetries are emergent

inequality in the symmetry breaking scale: £, < min{E , E, }

Mass m, of the lightest electrically charged particle ‘Aass m,, of the lightest
magnetic monopole  mass scale ﬁ set by the smallest axion string tension 1
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Constraint on UV Completion

(magnetic 1-form symmetry)

T _
Doy X Doun = X 7 1

(winding 2-form symmetry)

The non-invertible electric 1-form symmetry generates the magnetic 1-form symmetry
and winding 2-form symmetry.

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

Consider UV completions of axion electrodynamics where the symmetries are emergent

inequality in the symmetry breaking scale: £, < min{E , E, }
Mass m, of the lightest electrically charged particle is less thart mass m,, of the lightest
magnetic monopole or mass scale \ﬁ’ set by the smallest axion string tension 7.

Choi-HTL-Shao 22
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The inequalities of symmetry breaking scale can be understood as a consequence of
anomaly Inflow to topological defects and excitations.

Choi-HTL-Shao 22



Anomaly Intlow
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The inequalities of symmetry breaking scale can be understood as a consequence of
anomaly Inflow to topological defects and excitations.
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Anomaly Intlow

E,~m,Smin{k 6 ~ ﬁ,Em ~m, }

The inequalities of symmetry breaking scale can be understood as a consequence of
anomaly Inflow to topological defects and excitations.

1
[Lornr
I
1
J —0OdA ~ /
27 compactify

internal rotor
degrees of freedom

monople becomes dyon
when @ — 0 + 2z (\Witten effect)

(Cordova-Freed-HTL-Seiberg '19)
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Anomaly Intlow

E,~m,Smin{k 6 ~ ﬁ,Em ~m, }

The inequalities of symmetry breaking scale can be understood as a consequence of
anomaly Inflow to topological defects and excitations.

J 1 / \c?mpa;:tify

- ZHF AF J4—AdA
U
[
27 compactify
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when @ — 0 + 2z (\Witten effect)
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Anomaly Intlow

E,~m,Smin{k 6 ~ ﬁ,Em ~m, }

The inequalities of symmetry breaking scale can be understood as a consequence of
anomaly Inflow to topological defects and excitations.

1 / \c?mpalctify
| |

: 29F AF 4—AdA
T T
|
J 20 — f ©
internal rotor " “ompactiy internal gapless
degrees of freedom degrees of freedom
monople becomes dyon axion strings supports
when 8 — 0 + 2z (Witten effect) electrically charged states

(Cordova-Freed-HTL-Seiberg '19)
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Anomaly Intlow

E,~m,Smin{k 6 ~ ﬁ,Em ~m, }

The inequalities of symmetry breaking scale can be understood as a consequence of
anomaly Inflow to topological defects and excitations.

1 / \c?mpalctify
| |

” 26’F AF 4—AdA
T T
1 %
2 AT . >
. T ti .
internal rotor e internal gapless
degrees of freedom degrees of freedom
monople becomes dyon axion strings supports
when 8 — 0 + 2z (Witten effect) electrically charged states
(Cordova-Freed-HTL-Seiberg *19) A has an upper bound by conformal bootstrap
(Benjamin-Dyer-Fitzpatrick-Kachru "16)
_ ~1
£~ my, E=TL+AL" = E~VAT (1 5020
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Axion Standard Model

We now move on to consider the simplest model for QCD axion.

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

(F5, Fy, Fy) € su(3) Xsu(2) Xu(l)y

&L 3l (0 0)* + 23 O Tr(F'F, )+ 22 O Tr(FYF, )+ ad OF*E
2 OO Te® T o) + pem O T ) + 7m0
"F,, = ESMUPO"F o

The axion-gauge couplings K, K,, K5 should be quantized.

However, there is a twist due to an ambiguity in the SIM gauge group.
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Standard Model Gauge Group

't is commonly stated that the SIM gauge group is
G = SUB) x SUQ2) x U(1),
However, a Z, center acts trivially on all of the SM fields:

2mi/3 27i/6
€ 1, ® -1,,®e¢

Possible SM gauge group (-, Tong 2017, -]

SU3) x SU(2) x U(1
G=—() r() Dy [=27,7,7,7Z,

Which one describes our world?
What is the difference between different choices of 1 ? How to probe them??
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The global structure of SM gauge group depends on the UV completion of SM.

Different global structure corresponds to different UV completion.
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UV Dependence of Gauge Group

The global structure of SM gauge group depends on the UV completion of SM.

Different global structure corresponds to different UV completion.

['=Z,:SU(5),50(10), E, Grand Unified Theory Z ¢-Charged particle
['=27,:8U4)%xSUQ2); Xx SUQ2)p (Pati-Salam) ®
['=27,:8UQ3)-XxSUQ3); X SUQ3)p (Trinification)
"= Z,: no Zs-charged particles

SM matter content

[Alonso-Dimakou-West 24 )
3 SUB) X SU2) X U(l)y (Li-Xu "24)

G T [ = Zl» Zz, Z3, Z6 (Koren-Martin 24 )
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Axions! Axion are sensitive the global structure of SM gauge group.
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QQuantization of Axion-Gauge Coupling

How to probe the global structure of SM gauge group?

Axions! Axion are sensitive the global structure of SM gauge group.

I'= 27, I'=2Z¢
integral instanton fractional instantons
mesZ nesZ ne”Z n, € /213, n, € Z12, ny € Z/36

n,—24n, € Z, n,— 18n, € Z
2n;+n,+6n, € Z
independent quantization condition correlated quantization condition
K,K,,Ky €/ K, €67, K,,K,€”
24K5 + 18K, + K| € 36Z

Choi-Forslund-HTL-Shao 23, Reece ‘23
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Physical Observables

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 = (K, + 18K,)/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-Viladoro '15) \

5.70(6)(4)ueV 107°Ge - ——1.92(4)
nmy = J. C , — —1.
9 g fIN 00 T DafIN | N
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Axion Domain Wall Problem

The axion-gluon coupling determines the number of degenerate vacua in the axion
potential generated by QCD instantons.

!
\NDW o Now = 3 Noyw = 1

Axion Domain Wall Problem:

When Npw > 1, 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.
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To avoid the domain wal problem, we want N, = 2N = 1.
Since E is quantized, it sets a lower bound on the axion-photon coupling 8ary

For the minimal SM gauge group (I" = Z,), the quantization conditions are
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|.ower Bound on Axion-Photon Coupling

5.70(6)(4)ueV 107GeV * |E_, 02(4)
my=5. e , = — — 1.
0 . fIN Sory 27fIN | N

To avoid the domain wal problem, we want N, = 2N = 1.
Since E is quantized, it sets a lower bound on the axion-photon coupling 8ary

For the minimal SM gauge group (I" = Z,), the quantization conditions are

NeZl2, Ee7Z/3, AN+ 3E € 37

The number E/N closest to1.92 subject to the quantization conditions and the domain
wall constraint is E/N = 8/3, which lower bounds

8ayy = 0.15(1) GeV ™ X m,

Choi-Forslund-HTL-Shao 23, Reece ‘23
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QQuantization of Axion-Gauge Coupling

Global Quantization of Quantization of
Structure | axion-gauge coupling N and E
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Generalized Symmetries Phenomenology

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, -]



Conclusion

AXion

Higher Symmetry Non-invertible Symmetry
Symmetry for extended operators Symmetry without inverse

New symmetry brings in new perspective into particle physics.

Rich physics associated with topological defects and excitations that carry internal
degrees of freedom: magnetic monopoles, and axion strings.

Many to be explored!
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Think Topologically and Thank you!



