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Opening Remarks

Naturalness Problems and Global Symmetries

1. Electroweak Hierarch Problem

(Gravity) _ ( v )2 _ (100 GeV)2 ~1073% « 1

weak My 1019 Gev
A source of challenge: no apparent symmetry acting on (generic) scalar @
Exception-1) Shift symmetry: Higgs = PNGB = Composite Higgs / Little Higgs
Exception-2) Chiral symmetry (scalar < fermion): SUSY = (N)MSSM

In these cases, hierarchy problem becomes Technical Naturalness Problem.



Opening Remarks

Naturalness Problems and Global Symmetries

2. Strong CP Problem

J = Imdet[y}y,, yiya] < sindcgy ~ 0(1) vs 6 =arge O det(y,y,) <1

"Jarlskog invariant”

source of challenge 1: no clean symmetry structure

CP (=T), Anomalous U(1)p, , flavor symmetry, ...
renormalization of @ from other CPV sources

source of challenge 2: the limit 8 — 0 does not enhance the symmetry of QFT

Strong CP problem = Dirac Naturalness Problem



Opening Remarks

Naturalness Problems and Global Symmetries

3. Flavor Problem [e.g. m, ]

Standard model fermion mass spectrum -2
neutrinos tau bottom M v~ 1 0 eV
X0 Bl
|<_. strange li}i)
| . P Requires
up muon charm .
X me Dynamical
- electron down ]
Explanation!
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https://www.researchgate.net/figure/Mass-spectrum-of-standard-model-fermions-Charged-leptons-up-type-quarks-and-downtype figl 361578459

Several attractive theories exist.

(1) Seesaw models based on U(1),
(2) Extradimension, clockwork: localization

(3) ...
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Naturalness Problems and Global Symmetries

3. Flavor Problem [e.g. m, ]

Standard model fermion mass spectrum -2
neutrinos tau bottom M v~ 1 O eV
X0 Bl
|<—.' strange li}i}
| . P Requires
up muon charm .
X me Dynamical
- electron down ]
Explanation!
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A source of challenge: ultimate mechanism still to be confirmed.

=> more feasible, testable, and motivating theoretical ideas should be laid out.
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Opening Remarks

Generalized Global Symmetries in Physics

Well-motivated and timely to think about new ideas and breakthrough
Generalized Global Symmetry can provide.
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Generalized Global Symmetries in Particle Physics
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l. Generalized Global Symmetries

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

Il. Strong CP Problem-I: IR to UV

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

lll. Strong CP Problem-Il: UV to IR

I1I-1. SU(9) Color-Flavor unification
I11-2. Flavor structure and CKM CPV phase
I11-3. Quality Problem
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l. Generalized Global Symmetries

I-1. Higher-form symmetry



Higher-form symmetries

Various extended objects appear in broad class of theories.

°
p &
Local operator  Line operator Surface operator Volume operator
e.g. particle  e.g. Wilson line e.g. Cosmic string e.g. Domain Wall
0-form 't Hooft line 2-form symmetry 3-form symmetry
symmetry 1-form

symmetry



Higher-form symmetries

1. p-form symmetry

O-form < local op (particle) p-form < p-dim op
O-form & j; (]'M) p-form o j,.4
O-form & A; (4,) p-form o A,
S o fd* A jH = | Ay Ax jy S O pr+1 N* Jpiq

U(a,X3) = e " U(“’ Zd—p—l) = el@]*ip



Higher-form symmetries

1. p-form symmetry
O-form < local op (particle) p-form < p-dim op
O-form < j; (ju) p-form o j,.4
O-form & A; (4,) p-form o A,

' 52 pr+1 A* Jp+1

S D fd4XAu]'“ = [ Ay Ay
U(,Zg—p-q) = eI ps1

U(a,X;) = e'® J*i1

Symmetry Defect Operator _—
3 0 ;
QZ3) = | d°xJ° = | *]; E . < o
% B E- & qmc § e VY)
23 ; 7

U(a,23) = ei@Q(a)
(U(a, Z)P(x)) ~ e (x)



Higher-form symmetries

1. p-form symmetry
O-form < local op (particle)

O-form & j; Uu)
O-form & A; (4,)

S D fd4xAﬂj“ = [ Ay Ay
U(a,23) = e

"Symmetry Defect Operator"

Q(E3) = d3x]0=f * J1
s 38 b

3

U(a,Z3) = e'*(s)

(U(a, Z3)W(x)) ~ e"*P(x)

p-form < p-dim op
p-form & jyiq
p-form & A,.4

52 pr+1 A* Jp+1

AQ = f d+J; =0
Z,
U(a,X;) = topological



Higher-form symmetries

1. p-form symmetry

O-form < local op (particle) p-form < p-dim op
O-form & j; () p-form o j,.4
O-form < A; (4,) p-form o A,

S o[ d*x A " = | Ay M+ S D J Aps1 M jpsa
U(a,X3) = el i U(“' Zd—p—l) = '@ J*pn

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




Higher-form symmetries

1. p-form symmetry

1-1. SU(N) YM (either pure YM or with only adj matter)

27T

3 Zlg,l) (e) : under O-form center ¥ —» e N " @
— Wilson line with charge = 0,1, ---, (N — 1) not screened

A mag 1-form : TI; (SU(N)) = ¢



Higher-form symmetries

1. p-form symmetry

1-1. SU(N) YM (either pure YM or with only adj matter)

27T

3 Zlg,l) (e) : under O-form center ¥ —» e N " @
— Wilson line with charge = 0,1, ---, (N — 1) not screened

A mag 1-form : TI; (SU(N)) = ¢

SUN) ZIE,D (e) is gauged (electric states projected out)

1-2. PSU(N) =
A electric 1-form
32" (m) 0, (PSUNN)) =Zy or "N *% =1

= éGz — 27T/N ) ftr(Gz N Gz) 2 % sz /\W2 Fractional

Instanton
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l. Generalized Global Symmetries

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



Non-Invertible Symmetry

From Fractional Instanton

e.g. G = SU(N) electric 1-form: Z
magnetic 1-form: none



Non-Invertible Symmetry

From Fractional Instanton

eg. G =SUN)/Z, electric 1-form: Zy
magnetic 1-form: Z;



Non-Invertible Symmetry

From Fractional Instanton

eg. G =SUN)/Z,

U(1), with @ ==,

electric 1-form: Zy
magnetic 1-form: Z;

S-S5+

21tKi
Z

GNG
fM4 82

€/

_|_

21K1 (L—l) f W2/\W2
L My 2

Z
€7,




Non-Invertible Symmetry

From Fractional Instanton

eg. G =SUN)/Z, electric 1-form: Zy
magnetic 1-form: Z;

: 2T 21K GAG 2K (L-1 Wy AW
U(1), with @ =25, §—>Ss+Z0[ S04 TR (0) [ 22

Z 4 812 A L 2

€Z €7,

Global U(1) 4




Non-Invertible Symmetry

From Fractional Instanton
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Non-Invertible Symmetry

From Fractional Instanton

eg. G =SUN)/Z, electric 1-form: Zy

magnetic 1-form: Z;

_|_

L-1

. 2T 21K GAG 21K
U(1), with a=—, S-S+ fM

4 812 VA

€/

Z

Global U(1) 4

— Z Instanton

— Z; (fractional) Instanton

(

L

)szL

Wo /\Wz
2

€7,




Non-Invertible Symmetry

From Fractional Instanton

eg. G =SU(N)/Z;

electric 1-form: Zy

magnetic 1-form: Z;

21tKi
Z

U, with @ ==, S5+

Global U(1) 4

Non-invertible

GNG
fM4 812

€/

— Z Instanton

_|_
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Non-Invertible Symmetry

From Fractional Instanton

UM, : @y se@W, | W sel®W = dxj, wy Aw,

S - S+ f

K L 2
21l ,
exp K j{)*h
L 7
N

21
Ulx %3



Non-Invertible Symmetry

From Fractional Instanton

UM, : @y se@W, | W sel®W = dxj, wy Aw,

2miKe (L — 1 Wy AWy, 21D (W AW,
> 7o <L>f2_Lj2_)

K

2mli
exp( ) 5£*11>xcfzhp(w2)
7

~
N

21
Ulx %3

L [
SBd:E L3a1/\da2 +%L3G1AW2 (fOI‘ p:l)



Non-Invertible Symmetry

From Fractional Instanton

UM, : @y se@W, | W sel®W = dxj, wy Aw,
2miKe (L — 1 Wy AWy, 21D (W AW,
S 7t g < L )f 2L j 2

2Ll , L
D,(X3) = exp e 5{“‘]1 X AP (wW;)

L __
N

21
Ulx %3

Dp(Z3) X Dy(Z3) ~ 25(5) exp <_Lf ) *1

iL L
S3d=——-ja1/\da2+— a, Aw, (for p=1)
o 21

A1 o
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l. Generalized Global Symmetries

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

Il. Strong CP Problem-I: IR to UV

lI-1. Non-invertible Peccei-Quinn symmetry



Strong-CP Problem

1. Strong CP Problem

Standard Model

Electroweak

W, Z, A Strong

2, v,H Q_D 5




Strong-CP Problem

1. Strong CP Problem

Standard Model

Electroweak

,GP'Q_Dg




Strong-CP Problem

1. Strong CP Problem

Standard Model

Electroweak

”QDW?

Expectation based on general rules
of effective field theory

10
SQCD D) @ TT'(G N G)

6 ~0(1



Strong-CP Problem

1. Strong CP Problem

Standard Model

Electroweak

LP Io>cp

Expectation based on general rules
of effective field theory

SQCD ) ——= 87‘[2 TT'(G N G)

Neutron Electric Dipole Moment

d, ~3x101%0 > 0 < 10710



Strong-CP Problem

. Strong CP Problem

Standard Model

Electroweak

LP Io>cp

Expectation based on general rules
of effective field theory

l
SQCD ) ——= 87‘[2 TT'(G N G)

Neutron Electric Dipole Moment

d, ~3x101%0 > 0 < 10710

J = Imdet[y!,y,, ¥iya] « sinScxy

"Jarlskog invariant”

VS

0 = arge 9 det(y,yy)




Strong-CP Problem

2. Non-invertible Peccei-Quinn Symmetry

Conclusion:

We start with £ 2y, HQu + y,HLé but y; =0 (y,HQd)
So, new symmetries appearing below are approximate symmetries

and y, is the symmetry breaking spurion (parameter).



Strong-CP Problem

2. Non-invertible Peccei-Quinn Symmetry

Conclusion:
We start with £ 2y, HQu + y,HLé but y; =0 (y,HQd)

So, new symmetries appearing below are approximate symmetries

and y, is the symmetry breaking spurion (parameter).
(1) SU3) ¢ X SUB)y/Zs : Z9 NiS

(2) SU3)¢ X U(1)y/Zs, H = By + B, — 2Bs - 7274 s

NUE?

i I~ [ g
Q O O
CHOCH SH

s
1l

Qi —uU; — d;

SU(3)cl




Strong-CP Problem

2. Non-invertible Peccei-Quinn Symmetry

Conclusion:
We start with £ 2y, HQu + y,HLé but y; =0 (y,HQd)

So, new symmetries appearing below are approximate symmetries

and y, is the symmetry breaking spurion (parameter).

(1) SUB) ¢ X SUB)y/Z3 : N. = N, zZ9 Nis
(2) SU3)¢ X U(1)y/Zs, H = By + B, — 2Bs - 7274 s
SUB)y
i ¢t B; = Q; —u; — d;
SU(B)CJ/ U C f
u ¢ t




Strong-CP Problem

2. Non-invertible Peccei-Quinn Symmetry

Conclusion:
We start with £ 2y, HQu + y,HLé but y; =0 (y,HQd)

So, new symmetries appearing below are approximate symmetries

and y, is the symmetry breaking spurion (parameter).

(1) SU3) ¢ X SUB)y/Zs : Z9 NiS
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Strong-CP Problem

2. Non-invertible Peccei-Quinn Symmetry

Conclusion:
We start with £ 2y, HQu + y,HLé but y; =0 (y,HQd)

So, new symmetries appearing below are approximate symmetries

and y, is the symmetry breaking spurion (parameter).

(1) SU3) ¢ X SUB)y/Zs : Z9 NiS

NUE?

B; =Q; —u; — d;

i I~ [ g
Q O O
CHOCH SH

SU(3)cl




Solving Strong CP with Non-Invertible Symmetry

(D)
= Start withonly y, HQT  (y4 = 0)
n Zé_l NIS from fractional CFU instantons
SU)e X SU(3)u/2Zs _
" y,HQd protected by NIS

= 9 = unphysical

(2)



Solving Strong CP with Non-Invertible Symmetry

SU(9)

with

(D)

= Start withonly y, HQT  (y4 = 0)

= Z§_l NIS from fractional CFU instantons
SU)e X SU(3)u/2Zs _

" y,HQd protected by NIS

= 9 = unphysical

(2)



Solving Strong CP with Non-Invertible Symmetry

SU(9)

with

(D)
= Start withonly y, HQT  (y4 = 0)
n Z§_l NIS from fractional CFU instantons
SU)e X SU(3)u/2Zs _
" y,HQd protected by NIS

= 9 = unphysical

(2)

SM Yukawa texture and CKM CPV (+possible 8)
with 8=0o0r 0«1



Strong-CP Problem

2. Non-invertible Peccei-Quinn Symmetry

(1) SUB) X SUR)y/Zs:  Z2 NIS
SUBR)e SURy U)p UMa gz
Q 3 3 +1 0
ﬁ § § —1 O yu = Cu]I3,
d 3 3 -1 +1

(flavor-diagonal/universal)

Cy = humber



Strong-CP Problem

2. Non-invertible Peccei-Quinn Symmetry

(1) SUB) X SUR)y/Zs:  Z2 NIS
SUB)c SUB)y U(1)p U(1)g L~ y,HQu; (flavor-diagonal/universal)
Q 3 3 10
1:; % % —1 0 y, = cyl3, ¢y = number
d 3 3 —1 +1

CFU Fractional Instanton (cru=color-(non-abelian)Flavor-u(1))

Quotient by Z3: (i) [Z3 € SU(B)¢] = [Z5 € SU(3) 4]

(ii) Under "diagonal" Z; entire fields are neutral, more magnetic states

(iii) 3Z3 magnetic 1-form: $ w,(C) = Pw,(H) = 0,1,2 (€ Z3)

(iv) CFU instanton: IV, = %fwz(C) Aw,(C), Ny = %fWZ(H) Aw,(H)



Strong-CP Problem

2. Non-invertible Peccei-Quinn Symmetry

(1) SUB) X SUR)y/Zs:  Z2 NIS
SUB)c SUB)y U(1)p U(1)g L~ y,HQu; (flavor-diagonal/universal)
Q 3 3 10
1:; % % —1 0 y, = cyl3, ¢y = number
d 3 3 —1 +1

CFU Fractional Instanton (cru=color-(non-abelian)Flavor-u(1))

Quotient by Z3: (i) [Z3 € SU(B)¢] = [Z5 € SU(3) 4]

(ii) Under "diagonal" Z; entire fields are neutral, more magnetic states
(iii) 3Z3 magnetic 1-form: $ w,(C) = Pw,(H) = 0,1,2 (€ Z3)
(iv) CFU instanton: IV, = %fwz(C) Aw,(C), Ny = %fWZ(H) Aw,(H)

Ar = Yy, qilw, = 3(Ve + Vi) (290 + 93 + q2)



Strong-CP Problem

2. Non-invertible Peccei-Quinn Symmetry

(1) SUB) X SUR)y/Zs:  Z2 NIS
SUBR)e SURy U)p UMa gz
Q 3 3 +1 0
ﬁ § § —1 O yu = Cu]I3,
d 3 3 -1 41
U(Dg U()g
SU(3)c]* 0 Ng
SU(2),]* NNy 0
U(1)y]* —18N.N; 4NN,
SU3)u]? 0 N
(CH] 0 2

(flavor-diagonal/universal)

Cy = humber



Strong-CP Problem

2. Non-invertible Peccei-Quinn Symmetry

(1) SU(R) ¢ X SUR)y/Z3: Z% NIS
1 . .
SUB)e SUB)y U)p UL L ~y,HQ'u; (flavor-diagonal/universal)
Q 3 3 +1 0
u 3 3 -1 0 Yy = cullz, ¢y = number
d 3 3 -1 +1
U(D)p  U)g — 2Ymmetry
SU(3)]? 0 N, (i) Without including [CH | instanton:
_ 5 _
SU@)LI" NeNg 10 “B U (1)g - 28 x 7§
[U(1)y]* —18N.N;, 4NN, 3
SU3)4]2 0 N, non-abelian instantons dominant - No NIS
(CH] 0 2
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2. Non-invertible Peccei-Quinn Symmetry

(1) SUB) X SUR)y/Zs:  Z2 NIS

SU@3)c SU(3 1 1); ~
(3)e SUB)m U ULg L ~y,HQ'u; (flavor-diagonal/universal)
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u 3 3 -1 0 Yy = cullz, ¢y = number
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U(D)p  U)g — 2Ymmetry
SU(3)]? 0 N, (i) Without including [CH | instanton:
: 5 _
SU@)LI" NeNg 10 “B U (1)g - 28 x 7§
[U(1)y]* —18N.N;, 4NN, 3
SU3)4]2 0 N non-abelian instantons dominant - No NIS
i c
CH| 0 2 (i) With [CH] instanton:

7B x 7% > ZB x ¢
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Strong-CP Problem

2. Non-invertible Peccei-Quinn Symmetry

(1) SUB) X SUR)y/Zs:  Z2 NIS

SUB)¢c SUB)y U()p U(1)g L ~y,HQ'u; (flavor-diagonal/universal)
Q 3 3 +1 0
u 3 3 -1 0 Yy = cullz, ¢y = number
d |3 3 —1 +1
Global U(1)4 2ymmetry

(i) Without including [CH | instanton:

U(1) i
i 7o XUMg — 723 x 23

non-abelian instantons dominant > No NIS
- Zy

~ssgma— (ii) With [CH | instanton:

ZBx 7% > 7Bx 0 = Z% NIPQSymmetry



Strong-CP Problem

2. Non-invertible Peccei-Quinn Symmetry

(1) SUB) X SUR)y/Zs:  Z2 NIS

1 1); ~ i
SUB)c SUB)y U()p U(1)g L ~y,HQ'u; (flavor-diagonal/universal)
Q 3 3 +1 0
u 3 3 -1 0 Yy = cullz, ¢y = number
d 3 3 —1 +1
Global U(1)4 Symmetry

(i) Without including [CH | instanton:

U(1) i
i 7o XUMg — 723 x 23

non-abelian instantons dominant > No NIS
- Zy

rep—— (ii) With [CH] instanton: | N. = N,

ZBx 7% > 7Bx 0 = Z% NIPQSymmetry
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l. Generalized Global Symmetries

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

Il. Strong CP Problem-I: IR to UV

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



Strong-CP Problem

3. Massless Quark Solution to the Strong CP Problem
(1) SUB) X SUR)y/Zs: ZL NIS

L ~ dech term is forbidden by Zg non-invertible Peccei-Quinn symmetry

Down quarks (d, s, b) are massless if Z§ is exact.
(y4 = non-invertible Z§1 breaking spurion (paramter) )



Strong-CP Problem

3. Massless Quark Solution to the Strong CP Problem
(1) SUB) X SUR)y/Zs: ZL NIS

L ~ dech term is forbidden by Zg non-invertible Peccei-Quinn symmetry

Down quarks (d, s, b) are massless if Z3a is exact.
(yq = non-invertible Z$ breaking spurion (paramter) )

Massless Quark Solution:

1. Loy 2 ¥, AQU+y,HQd + ——GG
. _ . — 9 ~
= mye'Puvuu + myet¥ddd + po— GG

u-e%u ¢@,->@,+a, 6-0+a
d—-efd, o;->ps+8 6-0+p



Strong-CP Problem

3. Massless Quark Solution to the Strong CP Problem

(1) SUB) X SUR)y/Zs: ZL NIS

L ~ dech term is forbidden by Zg non-invertible Peccei-Quinn symmetry

Down quarks (d, s, b) are massless if Z3a is exact.
(yq = non-invertible Z$ breaking spurion (paramter) )

Massless Quark Solution:

1. Loy 2 ¥, AQU+y,HQd + ——GG
. _ . — 9 ~
= mye'Puvuu + myet¥ddd + po— GG

u-e%u ¢@,->@,+a, 6-0+a
d—-efd, o;->ps+8 6-0+p

0 = arge 9 det(y,y,)

Neutron electric dipole momentd,, ~ 3 x 100 — 6 < 10719



Strong-CP Problem

3. Massless Quark Solution to the Strong CP Problem
(1) SUB) X SUR)y/Zs: ZL NIS

L ~ dech term is forbidden by Zg non-invertible Peccei-Quinn symmetry

Down quarks (d, s, b) are massless if Z3a is exact.
(yq = non-invertible Z$ breaking spurion (paramter) )

Massless Quark Solution:

2. In the presence of massless chiral fermion, e.g. mg = 0, "0 is unphysical"

7]
32712

6

3272 GG

Loy D v, HQU + GG = mye'Prun +

Field redefinition: d — efd = 6S = #(9_ + ,B)f tr(G, A G,)



Strong-CP Problem

3. Massless Quark Solution to the Strong CP Problem
(1) SUB) X SUR)y/Zs: ZL NIS

L ~ dech term is forbidden by Zg non-invertible Peccei-Quinn symmetry

Down quarks (d, s, b) are massless if Z3a is exact.
(yq = non-invertible Z$ breaking spurion (paramter) )

Massless Quark Solution:

2. In the presence of massless chiral fermion, e.g. mg = 0, "0 is unphysical"

7]
32712

6

3272 GG

Loy D v, HQU + GG = mye'Prun +
Field redefinition: d — efd = 6S = #(9_ + ,B)f tr(G, A G,)
Note: M = e~? det(y,y4) € C and CP:Im(M) —» —Im(M)
M behaves smoothly as [M| — 0

CP-invariance & M € R,



Strong-CP Problem

3. Massless Quark Solution to the Strong CP Problem
1) SUR) e X SUBR)y/Zs: Z% NIS

L ~ dech term is forbidden by Zg non-invertible Peccei-Quinn symmetry

Down quarks (d, s, b) are massless if Z§ is exact.
(y4 = non-invertible Z§1 breaking spurion (paramter) )

Massless Quark Solution:

2. In the presence of massless chiral fermion, e.g. , "8 is unphysical"

~

Loy D v, H elPuyli + - -GG
T A M
Field redefinition: d — efd = 6S = —(9 + ,8) h
Note: M = e~? det(y,y4) € C and CP:Im(M) — - g —
CP-invariant
M behaves smoothly as [M| — 0 J
CP-invariance & M € R,




Strong-CP Problem

3. Massless Quark Solution to the Strong CP Problem
1) SUR) e X SUBR)y/Zs: Z% NIS

L ~ dech term is forbidden by Zg non-invertible Peccei-Quinn symmetry

Down quarks (d, s, b) are massless if Z§ is exact.
(y4 = non-invertible Z§1 breaking spurion (paramter) )

Massless Quark Solution:

2. In the presence of massless chiral fermion, e.g. , "8 is unphysical"

~

elPuyn + GG

Loy D
sm 2 Wl 3272

A

Field redefinition: d — e'fd = &S = —(9 + ,3) /\
Note: M = e~? det(y,y4) € C and CP:Im(M) — - Qy

M behaves smoothly as [M| — 0

CP-invariance & M € R,

>

CP-invaria

nt



Strong-CP Problem

3. Massless Quark Solution to the Strong CP Problem
(1) SUB) X SUR)y/Zs: ZL NIS

L ~ dech term is forbidden by Zg non-invertible Peccei-Quinn symmetry

Down quarks (d, s, b) are massless if Z3a is exact.
(yq = non-invertible Z$ breaking spurion (paramter) )

Massless Quark Solution:

3. In SM, "massless up quark solution" tried.

In nature, up quark seems to be massive

e.g. Chiral-PT + observed hadron mass : m,;/m; ~ 0.6
QCD instanton calculation not under analytic control

Lattice QCD : QCD instanton not sufficient in size



Solving Strong CP with Non-Invertible Symmetry

SU(9)

with

(D)
= Start withonly y, HQT  (y4 = 0)
n Z§_l NIS from fractional CFU instantons
SU)e X SU(3)u/2Zs _
" y,HQd protected by NIS

= 9 = unphysical

(2)

SM Yukawa texture and CKM CPV (+possible 8)
with 8=0o0r 0«1



Solving Strong CP with Non-Invertible Symmetry

Small (G /H) Instanton

SU(9)
LUV D) yuHQﬂ + y;e_%-HQd_ + o
with 0=0

(D)
= Start withonly y, HQT  (y4 = 0)
n Z§_l NIS from fractional CFU instantons
SU)e X SU(3)u/2Zs _
" y,HQd protected by NIS

= 9 = unphysical

(2)

SM Yukawa texture and CKM CPV (+possible 8)
with 8=0o0r 0«1



Outline

l. Generalized Global Symmetries

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

Il. Strong CP Problem-I: IR to UV

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

lll. Strong CP Problem-Il: UV to IR

I1I-1. SU(9) Color-Flavor unification



Color-Flavor Unification

1. SU(9) Unification and the Strong CP phase 0

SUB3)y

= 9 (O) of SU(9)

s I ] i g
ap O &
CHOCH SR,

SU(B)Cl




Color-Flavor Unification

1. SU(9) Unification and the Strong CP phase 0

SU3)y
7 ¢ t | = 9@ of SUO
SU(g)Clﬂ e (@) of SU(9)
u ¢ t
SU) U)oz UM
Q= (udt 9 +1 0
u 9 —1 0
d 9 0 +1
H 1 0 0




Color-Flavor Unification

1. SU(9) Unification and the Strong CP phase 0

SU(3)y SUQ9) U(l)Q—ﬁ+&

> ) 165 (39)
SU(B)Cl Z (C:_' g =9 (D) of SU(9) 29 80 (adj)

i ¢ t p 9

X 1
SUM) UM)g-z UD)g

Q=(ud)t 9 +1 0
u 9 —1 0
d 9 0 +1
H 1 0 0




Color-Flavor Unification

1. SU(9) Unification and the Strong CP phase 0

SUQ3)y SU) UM)g_guia

2 d 165 (3S)
SU(B)Cl o § = 9(@ of SUO) 5. 80 (ad)

u ¢ t P 9

X 1
SU9) UWg_z U(Dg A

Q=Wwd)t9 +1 0 SU(9)
u 9 —1 0 (D)
d 9 0 +1 SU3)?/2,
H 1 0 0




Color-Flavor Unification

1. SU(9) Unification and the Strong CP phase 0

SU(9)

165 (3S)
80 (adj)
9

1

SU(9)

SU3),
i ¢ t | =9(O) of SU(9
sumclu c (D) of SU(9)
i ¢ t
SU9) UD)g-z U()g
Q=wud?'9 +1 0
u 9 -1 0
d 9 0 +1
H 1 0 0

(D)
SU(3)?/Z4

(Z1,2)
SU(3)¢ (SM)




Color-Flavor Unification

1. SU(9) Unification and the Strong CP phase 0

SU3)y SU(9) U(l)Q—ﬁ+a
— ® 165 (3S) 0
SU(B)ClZ . § = 9(@) of SUO) 3, 80 0
u ¢ t P 9 -1
X 1 0
SU9) U)g_gz U(Dg A
Q= (ud) 9 +1 0 SU(9)
u 9 -1 0 (D)
d 9 0 +1 SUGR)?/Z,
H 1 0 0
(Z1,2)
SU(3)¢ (SM)
J = Imdet[y}y,, yiya ]




Color-Flavor Unification

1. SU(9) Unification and the Strong CP phase 0

SUB)u
¢t | = 9 (O) of SU(9
u ¢ t
~ 16, -
SU@) UDg-z UMg Lo =y HQu+h.c.+ o jFF
Q=(ud!9 +1 0
u 9 -1 0 ye~ 0(1)
d 9 0 +1 yq perturbatively protected by U(1)3
H 1 0 0




Color-Flavor Unification

1. SU(9) Unification and the Strong CP phase 0

SUB)u
¢t | = 9 (O) of SU(9
u ¢ t
~ 16, -
SU@) UDg-z UMg Lo =y HQu+h.c.+ o jFF
Q=(ud!9 +1 0
u 9 -1 0 ye~ 0(1)
d 9 0 +1 yq perturbatively protected by U(1)3
H 1 0 0

U(1)o-zlSU9)]* =U)4z[SUM)I* =1

= [Anomaly Free] U(1)p—g_5-g
[Anomalous| U(1)y_gz1+g or U(1)g



Color-Flavor Unification

1. SU(9) Unification and the Strong CP phase 0

SU3)y
7 ¢ t | = 9@ of SUO
SU(g)Clﬁ ¢ 0 (@) of SU(9)
u ¢ t
SU) U)oz UM
Q=d!9 +1 0
u 9 —1 0
d 9 0 +1
H 1 0 0

U(1)g-alSU@]? = U1);[SU@)* = 1

= [Anomaly Free] U(1)p—g_5-g
[Anomalous| U(1)y_gz1g or U(1)g

~ 104 -
= vy.HQu . C. FF
Lo =1Y; Qu+hc+32ﬁzj

2T

+ yiet%e wHQd

21T
~ v*plB9p ag(Ac
Ya ~ yreoe @)



1. SU(9) Unification and the Strong CP phase 0

Color-Flavor Unification

SU3)y
0 c | = 9 (O) of SU(9
SU(B)Clﬂ o (O) (9)
u ¢ t
SUO9) U)oz U)g
Q= (ud?!o9 +1 0
u 9 —1 0
d 9 0 +1
H 1 0 0

~ 10,
= vy.HQu . C. FF
Lo =1Y; Qu+hc+32ﬁ2J

2T

+ yiet%e wHQd

21T
~ v*plB9p ag(Ac
Ya ~ yreoe @)

6 = arge % det(y,y;) = =0y +arg|y,[2e® =0



Color-Flavor Unification

2.SU(9) » SUB) s X SU(3)y/Zs

- ABC\ _ bc ijk
SU(9) U(l)Q—ﬁ+c_l (i) SSB by ((I) ) = Nge’CeY
@ 165 (3S) |0 (i)9(Qu,d,p) » (3,3)
212 80 (adj) 0 (iii) Z3 Quotient: Q — g, Q g},
p 7 -1 (iv) 165 - (10,10) + (8,8) + (1,1)
X 1 0 (@raipjciy~ Pravey * Prijig + Plavic - Prijie + Pravey - Prijry)

(v) 80 — (8,8) + (8,1) + (1,8)



Color-Flavor Unification

2.SU(9) » SUB) s X SU(3)y/Zs

5U(9) U(l)Q—ﬁ+c_l
) 165 (3S) 0
212 80 (adj) O
P 9 —1
X 1 0

Lo=v.HQu + y;e'%e «HQd +

21T
- yHQuU + y;e'%e 360 HQd +

2T

(i) SSB by (PABC) = Age®Celik
(i)9(Qu,d,p) » (3,3)
(iii) Z3 Quotient: Q = g- Q g}

(iv) 165 — (10,10) + (8,8) + (1,1)
(Paibjcky™~ Pravey * Prijiy + Pravic * Prijie + Prave) - Prijiy)

(v) 80 — (8,8) + (8,1) + (1,8)

i0g
3212

fFF (Yukawa=single number)

;2?2 f(GG + KH) (Yukawax I3, Flavor-diag)

Index of embedding

G - H: (1-H -instanton) = (n - G - instanton)




Color-Flavor Unification

2.SU(9) » SUB) s X SU(3)y/Zs

SUO) UWg_geq | SSBby (@45) = Agebrelt
@ 165 (3S) |0 (i)9(Qu,d,p) » (3,3)
212 80 (adj) 0 (iii) Z3 Quotient: Q — g, Q g},
p 7 -1 (iv) 165 — (10,10) + (8,8) + (1,1)
X 1 0 (@raipjciy~ Pravey * Prijig + Plavic - Prijie + Pravey - Prijry)

Lo=v.HQu + y;e'%e «HQd +

- yHQuU + y;e'%e 360 HQd +

(v) 80 — (8,8) + (8,1) + (1,8)

2T

SizezszF' (Yukawa=single number)

2T

;zigz f(GG + KK) (Yukawax I3, Flavor-diag)

6 = —30, + argdet|y,|?ei® = —-30,+30,=0



Color-Flavor Unification

2.SU(9) » SUB) s X SU(3)y/Zs

_ ABC\ g
SU(9) U(l)Q—ﬁ+c_l (i) SSB by ((I) B ) = AgEabCEl]k

@ 165 (3S) |0 (i)9(Qu,d,p) » (3,3)

212 80 (adj) 0 (iii) Z3 Quotient: Q — g, Q g},

p 7 -1 (iv) 165 - (10,10) + (8,8) + (1,1)

X 1 0 (@raipjciy~ Pravey * Prijig + Plavic - Prijie + Pravey - Prijry)

(v) 80 — (8,8) + (8,1) + (1,8)

2T

Lo =y HQu + yie®e aHQd + -2

3212

fFF (Yukawa=single number)

2T

- y.HQu + y;e'%e 3300 HQd +

;zigz f(GG + KK) (Yukawax I3, Flavor-diag)

6 = —30, + argdet|y,|?ei® = —-30,+30,=0

From now on, we set 89 = 0 and take real yuakwas.



Outline

l. Generalized Global Symmetries

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

Il. Strong CP Problem-I: IR to UV

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

lll. Strong CP Problem-Il: UV to IR

I1I-1. SU(9) Color-Flavor unification
I11-2. Flavor structure and CKM CPV phase



Solving Strong CP with Non-Invertible Symmetry

SU(9)

with

(D)
» Start withonly y, HQu (y4; = 0)
n ng_l NIS from fractional CFU instantons
SU@3)¢ X SU3)y/Z3 )
" yv,HQd protected by NIS

= 9 = unphysical

(2)

SM Yukawa texture and CKM CPV (+possible 8)
with 8=0o0r 8«1




Strong-CP Problem

. Strong CP Problem

Standard Model

Electroweak

LP Io>cp

Expectation based on general rules
of effective field theory

l
SQCD ) ——= 87‘[2 TT'(G N G)

Neutron Electric Dipole Moment

d, ~3x101%0 > 0 < 10710

J = Imdet[y!,y,, ¥iya] « sinScxy

"Jarlskog invariant”

VS

0 = arge 9 det(y,yy)




Color-Flavor Unification

3.5U3) XSU@3)y/Z3 — SU(3) : Flavor Structre and CKM CPV

SU9) U@g-u+a (i) Two SU(3)y adjoint scalar 2, , : SU@3)y —» @
d 165 (35) 0
S, 80 (adj) 0
P 9 —1
X 1 0

(ii) Textures of y,,, y; generated by structure of (X, ;)

(iii) Required CKM CPV phase from V (2)




Color-Flavor Unification

3.5U3) XSU@3)y/Z3 — SU(3) : Flavor Structre and CKM CPV

SU(9) U(l)Q—a+&
) 165 (3S) 0
212 80 (adj) 0
P 9 —1
X 1 0

(i) Two SU(3)y adjoint scalar £, , : SU(3)y = @
(ii) Textures of y,,, y; generated by structure of (X, ;)

(iii) Required CKM CPV phase from V (2)

Combine X =X, +iX, (U(1)y)

Consider a simple case with Z, invariant potential V (X)
(our mechanism works regardless of this simplifying assumption)

2 2
V) = Tr(Z*) + 1, (Tr(ZZ)) + h.c.+ ETr(Z*%)” + - (terms with real coeffs)



Color-Flavor Unification

3.5U3) XSU@3)y/Z3 — SU(3) : Flavor Structre and CKM CPV

SU9) U(M)g-u+a (i) Two SU(3)y adjoint scalar £, , : SU3)y — @

O 165 (3S) 0 (ii) Textures of y,,, y; generated by structure of (X, ;)

21,2 20 (adj) 0 : (iii) Required CKM CPV phase from V (X)
0 _

X 1 0 Combine X =%, +iX, (U(1)s)

Consider a simple case with Z, invariant potential V (X)
(our mechanism works regardless of this simplifying assumption)

2
V) = Tr(Z*) + 1, (Tr(ZZ)) + h.c.+ €Tr(2+2)2 + .-+ (terms with real coeffs)
Field redefinition invariant CPV : 1741,

Y — e /4% |n et Tr(Z4) + |n,|et?2 (Tr(ZZ))Z = ¢ |Tr(Z*) + |n,|ei(@2=91) (Tr(ZZ))Z



Color-Flavor Unification

3.5U3) XSU@3)y/Z3 — SU(3) : Flavor Structre and CKM CPV

(i) Two SU(3)y adjoint scalarX; , : SU(3)y — @

_ 3]

=— %0
21

Complete breaking & [Z{,2,]

(ii) Textures of y,,, y; generated by structure of (X, ;)



Color-Flavor Unification

3.5U3) XSU@3)y/Z3 — SU(3) : Flavor Structre and CKM CPV

(i) Two SU(3)y adjoint scalar X, : SU(3)y = @

_ 3]

== %0
21

Complete breaking & [Z{,2,]

(ii) Textures of y,,, y; generated by structure of (X, ;)
Generate complex 3 X 3 y,, ¥4 butinawaythat @ = 0 is maintained.

= Our mechanism: generate Hermitian Yukawas
(1) all CPV in scalar sector
(11) CPV transferred to SM fermions via bosonic mediation



Color-Flavor Unification

3.5U3) XSU@3)y/Z3 — SU(3) : Flavor Structre and CKM CPV

(i) Two SU(3)y adjoint scalar X, : SU(3)y = @

Complete breaking & [Z{,2,]

_ =43

== %0
21

(ii) Textures of y,,, y; generated by structure of (X, ;)

Generate complex 3 X 3 y,, ¥4 butinawaythat @ = 0 is maintained.

= Our mechanism: generate Hermitian Yukawas

(1) all CPV in scalar sector
(I1) CPV transferred to SM fermions via bosonic mediation

\\ET/ET
g =
7 | \ZJ' . .
R m < + diagram with h.c. (77 g n+,2 © Z+)
Ay S
»io
7 U




Color-Flavor Unification

3.5U3) XSU@3)y/Z3 — SU(3) : Flavor Structre and CKM CPV

(i) Textures of y,,, y; generated by structure of (X ;)

Generate complex 3 X 3 y,, ¥4 butinawaythat @ = 0 is maintained.

2\ \ET/éT
PR . .
Q - m < + diagram with h.c. (77 « T]+,Z < Z+)
Ag AR
————— @
H u U




Color-Flavor Unification

3.5U3) XSU@3)y/Z3 — SU(3) : Flavor Structre and CKM CPV

(i) Textures of y,,, y; generated by structure of (X ;)

Generate complex 3 X 3 y,, ¥4 butinawaythat @ = 0 is maintained.

2\ \ET/éT
PR . .
Q - m < + diagram with h.c. (77 « T]+,Z < Z+)
Ag AR
————— @
H u U

as (242} oo ni()" +nb(z) (2’
410 2A3 41 A% *

Hermitian Real Complex J

h.c.

(yu); ~ Vel 1+



Color-Flavor Unification

3.5U3) XSU@3)y/Z3 — SU(3) : Flavor Structre and CKM CPV

(i) Textures of y,,, y; generated by structure of (X ;)

Generate complex 3 X 3 y,, ¥4 butinawaythat @ = 0 is maintained.

2\ \ET/éT
PR . .
Q - m < + diagram with h.c. (77 « T]+,Z < Z+)
Ag AR
————— @
H u U

as (242} oo ni()" +nb(z) (2’
410 2A3 41 A% *

Hermitian Real Complex J

h.c.

(yu);.' ~ Vel 1+

Yu, Vg = real eigenvalues = 0 = arg e~ det(y,y4) =argdet(y,y ) =0 v



Color-Flavor Unification

3.5U3) XSU@3)y/Z3 — SU(3) : Flavor Structre and CKM CPV

(iii) Generate O(1) CKM CPV phase 8.k (without destabilizing @ = 0)

Field-redefinition invariant definition of CKM CPV phase

J = Imdet|yty,, yhya| « sin Scxm "Jarlskog invariant”



Color-Flavor Unification

3.5U3) XSU@3)y/Z3 — SU(3) : Flavor Structre and CKM CPV

(iii) Generate O(1) CKM CPV phase 8.k (without destabilizing @ = 0)

Field-redefinition invariant definition of CKM CPV phase

J = Imdet|yty,, yhya| « sin Scxm "Jarlskog invariant”

"misalignment” of y,, and y,



Color-Flavor Unification

3.5U3) XSU@3)y/Z3 — SU(3) : Flavor Structre and CKM CPV

(iii) Generate O(1) CKM CPV phase 8.k (without destabilizing @ = 0)

Field-redefinition invariant definition of CKM CPV phase

J = Imdet|yty,, yhya| « sin Scxm "Jarlskog invariant”
\_—-Y—~.n
"misalignment" of y,, and y,

N ET//J[

So far, we have : \/‘ ET

s o TNY

Yu ~ye(1+{ZLE}+ @2t + hoc) + ) Q 2

_2_7T A9 ET\\
va~yie (1+{ZHZ}+ 2t + hc) + )




Color-Flavor Unification

3.5U3) XSU@3)y/Z3 — SU(3) : Flavor Structre and CKM CPV

(iii) Generate O(1) CKM CPV phase 8.k (without destabilizing @ = 0)

Field-redefinition invariant definition of CKM CPV phase

J = Imdet|yty,, yhya| « sin Scxm "Jarlskog invariant”
\_—-Y—~.n
"misalignment" of y,, and y,

\ ET ’
So far, we have 5 \/‘ st
RN
Vo ~ve(1+{ZLZ}+ 0zt + hoc) + ) Q “m
2T A9 ZT\ -

Vo ~yie @1+ {ZHE + @ + h.c) + )




Color-Flavor Unification

3.5U3) XSU@3)y/Z3 — SU(3) : Flavor Structre and CKM CPV

(iii) Generate O(1) CKM CPV phase 8.k (without destabilizing @ = 0)

Field-redefinition invariant definition of CKM CPV phase

J = Imdet|yty,, yhya| « sin Scxm "Jarlskog invariant”

"misalignment” of y,, and y,

So far, we have

Vo ~Ve(1+{ZH2}+ 2t + hoc) + ) Ya X Yy asa matrix

2T

va~vyie ®(1+{ZH2}+ m2* + h.c.) + ) > J=0



Color-Flavor Unification

3.5U3) XSU@3)y/Z3 — SU(3) : Flavor Structre and CKM CPV

(iii) Generate O(1) CKM CPV phase 8.k (without destabilizing @ = 0)

Field-redefinition invariant definition of CKM CPV phase

J = Imdet|yty,, yhya| « sin Scxm "Jarlskog invariant”

"misalignment” of y,, and y,

So far, we have

Yu ~ yt(l + {ZJr; 2} + (7’]24 + h. C.) + ) Yda XYy, asa matrix
2T ~
va~vyie ®(1+{ZH2}+ m2* + h.c.) + ) > J=0

We need extra ingredients to misalign y, vs y,, : 'down-philic' interactions



Color-Flavor Unification

3.5U3) XSU@3)y/Z3 — SU(3) : Flavor Structre and CKM CPV

(iii) Generate O(1) CKM CPV phase 8.k (without destabilizing @ = 0)

SU(9) U(l)Q—ﬁ+&
D 165 (3S) 0
212 80 (adj) |0
P 9 —1
X 1 0

L,y ~ Agdpx + p(c1ZE + ¢, 254 p?

+ a;p2pt + a,pript + h.c.



Color-Flavor Unification

3.5U3) XSU@3)y/Z3 — SU(3) : Flavor Structre and CKM CPV

(iii) Generate O(1) CKM CPV phase 8.k (without destabilizing @ = 0)

SU9) U(l)Q—a+&
() 165 (3S) 0

L,y ~ Agdpx + p(c1ZE + ¢, 254 p?

P 9 -1
X 1 0 o Use y rotationtoset 4; € R
° ¢ ER

0 a;, €C - afay,nia3 : new CPV source
o ay,=0if Z% is imposed

(again, our mechanism works regardless)



Color-Flavor Unification

3.5U3) XSU@3)y/Z3 — SU(3) : Flavor Structre and CKM CPV
(iii) Generate O(1) CKM CPV phase 8.k (without destabilizing @ = 0)
L,y ~ Agdpx + p(c1Z'E + ¢, 254 p!

+ apZpt + a,pEipt + h.c.

\ /
N Without "down-philic" interactions
0 NGRS
ANy v ~ye(L+{ZH 2+ 2+ hoc) + )
A % \
— — — —(sv) & » , _2_7-[ + ,
H ~d x g ya ~yie @(1+{Zh3}+ Z* + hoc) + )
|
P ]~ —0
@ i
P s NP
/ \
_—— - —SU® & \.




Color-Flavor Unification

3.5U3) XSU@3)y/Z3 — SU(3) : Flavor Structre and CKM CPV
(iii) Generate O(1) CKM CPV phase 8.k (without destabilizing @ = 0)
L,y ~ Agdpx + p(c1Z'E + ¢, 254 p!

+ apZpt + a,pEipt + h.c.

\ /
ET\\ // S With "down-philic" interactions (a, , = 0)
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Small (G/H) Instanton
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(D)
= Start withonly y, HQ (y4 = 0)
n Z§_l NIS from fractional CFU instantons
= y,HQd protected by NIS
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SM Yukawa texture and CKM CPV (+possible 8)
(Hermitian Yukawa + down-philic interactions)
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