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Global Symmetries

Symmetry: most essential and powerful concept in the pursuit of 
                     fundamental physics

Every discovery of new symmetry or new properties of known 
symmetry led to radical leap in the progress of fundamental physics.

e.g. Meson spectrum from spontaneous symmetry breaking
        CP violation of QCD from realization of anomalies
        Unitarization of Standard Model from Higgs Mechanism
        Understanding of phases of QFT by 't Hooft anomaly matching
        Tachyon stabilization via supersymmetry
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New symmetries: new ideas in QFT and many excitements
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Generalized Global Symmetries!

Advent of Generalized Global Symmetries (GGS)

New symmetries: new ideas in QFT and many excitements

New anomalies and deeper understanding of phases of QFT

GGS in Particle Physics

(Q1) Are there generalized symmetries in (3+1)d QFTs
         relevant for particle physics?

(Q2) Can there be observable signals (even in principle) 
         associated with (due to) the presence of those 
         generalized symmetries?

(Q3) Can generalized symmetry provide novel or meaningful
          solutions to problems in particle physics?

      



Generalized Global Symmetries!

Problems in Particle Physics

I. Naturalness Problem
  

   Hierarchy Problem
   Strong CP Problem
   Naturally small neutrino mass
   Cosmological Constant Problem
   Flavor Structure/Hierarchy

II. Dark Matter

III. Baryon-antibaryon asymmetry

IV. ଴ and ଼

V. Global Structure of ௌெ ஼ ௅ ௒     ଶ,ଷ,଺

VI. Confinement of QCD
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Problems in Particle Physics

I. Naturalness Problem
  

   Hierarchy Problem
   Strong CP Problem
   Naturally small neutrino mass
   Cosmological Constant Problem
   Flavor Structure/Hierarchy

II. Dark Matter (e.g. axion and axion domain wall problem)

III. Baryon-antibaryon asymmetry

IV. ଴ and ଼

V. Global Structure of 𝑺𝑴 𝑪 𝑳 𝒀     𝟐,𝟑,𝟔

VI. Confinement of QCD
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Higher-form symmetries

Various extended objects appear in broad class of theories.

Local operator
e.g. particle

0-form 
symmetry

Line operator
e.g. Wilson line
      't Hooft line

1-form 
symmetry

Surface operator
e.g. Cosmic string
2-form symmetry

Volume operator
e.g. Domain Wall
3-form symmetry
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Consider 4d two Weyl fermions 

(can be gauged)
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Higher-form symmetries

1. 0-form symmetry

Consider 4d two Weyl fermions 

(can be gauged)

మ

"Symmetry Defect Operator"

ଷ
ଷ ଴

 

ஊయ

ଵ

 

ஊయ

ଷ
௜ఈொ(ஊయ)

ଷ
௜ఈ

Δ𝑄 = න 𝑑 ∗ 𝐽ଵ = 0
 

ஊ෡ర

𝑈(𝛼, Σଷ) = topological

      



Higher-form symmetries

2. p-form symmetry

       0-form   local op (particle) p-form   p-dim op
       0-form   p-form   
       0-form   p-form   
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Higher-form symmetries

2. p-form symmetry

       0-form   local op (particle) p-form   p-dim op
       0-form   p-form   
       0-form   p-form   

     

భ ೛శభ

E.g.) 0- and 1-form symmetry in 3d

      



Higher-form symmetries

2. p-form symmetry

2-1.    with  

EoM:

charged op: Wilson భ ,  SDO మ

Bianchi id:

                          charged op: 't Hooft భ ,  SDO మ

          మ
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Non-Invertible Symmetry

1. From Instanton
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2. From Fractional  Instanton  
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஼ ு ଷ

SM

Start with only ௨ ௗ

ଷ
ௗത NIS from fractional CFU instantons

ௗ protected by NIS

unphysical 

௎௏ ௨ ௨
∗ ି

ଶగ
ఈవ
⎯⎯⎯

Yukawa texture and CKM CPV (+possible )
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(i) Two ு adjoint scalar ଵ,ଶ ு

    Complete breaking  ଵ ଶ
ൣஊ⟊,ஊ൧
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(ii) Textures of ௨ ௗ generated by structure of ଵ,ଶ

Generate complete ௨ ௗ but in a way that is maintained.

     Our mechanism:  generate Hermitian Yukawas 
                                         (I) all CPV in scalar sector  
                                          (II) CPV transferred to SM fermions via bosonic mediation 
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Color-Flavor Unification

3. : Flavor Structre and CKM CPV

(iii) Generate CKM CPV phase ஼௄ெ (without destabilizing )

      Field-redefinition invariant definition of CKM CPV phase

       ௨
⟊

௨ ௗ
⟊

ௗ ஼௄ெ "Jarlskog invariant"

"misalignment" of ௨ and ௗ

So far, we have

௨ ௧
⟊ ସ

ௗ ௧
ି

ଶగ
ఈవ
⎯⎯⎯ ⟊ ସ

𝒅 𝒖 as a matrix

       

We need extra ingredients to misalign 𝒅 vs 𝒖 : 'down-philic' interactions 
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We need extra ingredients to misalign 𝒅 vs 𝒖 : 'down-philic' interactions 

      



Color-Flavor Unification

3. : Flavor Structre and CKM CPV

(iii) Generate CKM CPV phase ஼௄ெ (without destabilizing )

      ொି௨ഥାௗത

(3S)

ଵ,ଶ (adj)

ఘఞ ௗ ଵ
⟊

ଶ
⟊ ⟊

                      ଵ
⟊

ଶ
⟊

Use rotation to set ௗ○

ଵ,ଶ○

ଵ,ଶ ଵ
ଶ

ଶ
⟊

ଵ
⟊

ଶ
ଶ :  new CPV source○

ଵ,ଶ   if  ସ
ஊ is imposed○

     (again, our mechanism works regardless)
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Color-Flavor Unification

3. : Flavor Structre and CKM CPV

(iii) Generate CKM CPV phase ஼௄ெ (without destabilizing )

ఘఞ ௗ ଵ
⟊

ଶ
⟊ ⟊

                      ଵ
⟊

ଶ
⟊

Without "down-philic" interactions 

௨ ௧
⟊ ସ

ௗ ௧
ି

ଶగ
ఈవ
⎯⎯⎯ ⟊ ସ

      



Color-Flavor Unification

3. : Flavor Structre and CKM CPV

(iii) Generate CKM CPV phase ஼௄ெ (without destabilizing )

ఘఞ ௗ ଵ
⟊

ଶ
⟊ ⟊

                      ଵ
⟊

ଶ
⟊

With "down-philic" interactions ( ଵ,ଶ )

௨ ௧
⟊ ସ

ௗ ௧
ି

ଶగ
ఈవ
⎯⎯⎯ ⟊ ସ ⟊

ଶ ସ ⟊ ⟊ସ ⟊ ି
ଶగ
ఈవ
⎯⎯⎯

⟊ ସ ⟊ ଷ ଶ ⟊ ଶ

ଷ ⟊

      



                                    Outline

I. Generalized Global Symmetries

I-1. Higher-form symmetry
I-2. Non-invertible symmetry

II. Strong CP Problem-I: IR to UV

II-1. Non-invertible Peccei-Quinn symmetry
II-2. Massless quark solution

III. Strong CP Problem-II: UV to IR

III-1. Color-Flavor unification
III-2. Flavor structure and CKM CPV phase

      



Solving Strong CP with Non-Invertible Symmetry 

஼ ு ଷ

SM

Start with only ௨ ௗ

ଷ
ௗത NIS from fractional CFU instantons

ௗ protected by NIS

unphysical 
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Solving Strong CP with Non-Invertible Symmetry 

஼ ு ଷ

SM

Start with only ௨ ௗ

ଷ
ௗത NIS from fractional CFU instantons

ௗ protected by NIS

unphysical 

௎௏ ௨ ௨
∗ ି

ଶగ
ఈవ
⎯⎯⎯

Yukawa texture and CKM CPV (+possible )
(Hermitian Yukawa + down-philic interactions)
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