Non-Invertible Peccei-Quinn Symmetry
and
the Massless Quark Solution
to the Strong CP Problem

Sungwoo Hong
KAIST

2211.07639: C Cdordova, SH, S Koren, K Ohmori
2306.00912: T.D Brennan, SH
2402.12453: C Cérdova, SH, S Koren

EFT in EFT at IPMU



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



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
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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

|. Naturalness Problem

Hierarchy Problem

Strong CP Problem

Naturally small neutrino mass
Cosmological Constant Problem
Flavor Structure/Hierarchy

Il. Dark Matter

Ill. Baryon-antibaryon asymmetry

IV. Hy and Sg

V. Global Structure of Gy = SU(3)¢ X SU(2), X U(D)y/T, T=1,Z,354

VI. Confinement of QCD
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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
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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. 0-form symmetry
Consider 4d two Weyl fermions W,,W_: U(1), X U(1)_

U(l)y: WV, >e®*Y, , Y_-e '®P_  (can be gauged)
UD),: W, »e®W, | W_oseldy = dxj, =8‘%FZAF2



Higher-form symmetries

1. 0-form symmetry
Consider 4d two Weyl fermions W,,W_: U(1), X U(1)_
U(l)y: WV, >e®*Y, , Y_-e '®P_  (can be gauged)

U1),: P, »el@W, | W_oeldy = d*jA=8K?F2AF2

"Symmetry Defect Operator"

Q(23)=J d3x10=j2 * J1

U(a,X;) = e®Q(Es)

| 23
(U(a, Z3)P(x)) ~ e'“P(x)



Higher-form symmetries

1. 0-form symmetry
Consider 4d two Weyl fermions W,,W_: U(1), X U(1)_
U(l)y: WV, >e®*Y, , Y_-e '®P_  (can be gauged)

U1),: P, »el@W, | W_oeldy = d*jA=8K?F2AF2

"Symmetry Defect Operator"

Q(23)=J d3x]0=jz * J1

U(a,23) = et@@(Z3)
(U(a, Z3)W(x)) ~ e (x)

U(a,X3) = topological



Higher-form symmetries

2. 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

2. 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

2. p-form symmetry

2-1. U(1) gy with ¥,, W_

EoM: d«F,=jy (d+F=0= UDD())

charged op: Wilson W; = el A1 , SDOU(X,) = eifﬁ*Fz
Bianchiid: dF, =0 = U(l)(l)(m)

charged op: 't Hooft T; = e$41 SpO Uz, = el 9 F2

UD© - w, selty, Yo selty o d*jA:SLFZ/\Fz

Tt



Higher-form symmetries

2. p-form symmetry

2-2. 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

2. p-form symmetry

2-2. 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)

2-3. 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

1. From U(1) Instanton

Consider again U(1)gp with W, W_

FoM: d*Fy = jy (d s F, =0 = U(1)(1>(e))

charged op: Wilson W, = e 41 SDO Uiz, = ol $*F2
Bianchiid: dF, =0 = U(1)®(m)

charged op: 't Hooft T} = P , SDOU(Z,) = pl 9 F2

UD©, Wy el®W, , W5 el@W_ o dxj,=-—FAF

= H3(U(1)) =@ and U(1), turnsinto non-invertible symm



Non-Invertible Symmetry

1. From U(1) Instanton

Consider again U(1)gp with W, W_

Bianchiid: dF, =0 = UM (m)
charged op: 't Hooft T} = P , SDOU(Z,) = pl 9 F2

UD©, Wy el®W, , W5 el@W_ o dxj,=-—FAF

= H3(U(1)) =@ and U(1), turnsinto non-invertible symm
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1. From U(1) Instanton

Half-spacing gauging construction
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Non-Invertible Symmetry

1. From U(1) Instanton

Half-spacing gauging construction

[Gauge Z,E,l)(m) c U(D)Dm)]
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Non-Invertible Symmetry

1. From U(1) Instanton

Half-spacing gauging construction

[Gauge Z,E,l)(m) c U(D)Dm)]

T (0 — 311?) (kp=1 mod N)

€ o wn o D en ab o o ee e G




Non-Invertible Symmetry

1. From U(1) Instanton

Half-spacing gauging construction

[Gauge Z,E,l)(m) c U(D)Dm)]

_E@) _
S 1 T(B N (kp=1 mod N)
4e’ 1 [
+ = 5=@sz/\ FﬁﬁfFZ/\FZ+——fBZ/\F2
N kKN
+;—7;f32/\dcl+‘7“—{f32/\32

€ o wn o D en ab o o ee e G

[Anomalous Field Redefinition]

U(Dp: W - e?™/2y

S—>S+2—nifd*j1+2ninFAF <—> [T(H)—> T(9+3%I£)]

z z 812




Non-Invertible Symmetry

1. From U(1) Instanton

Half-spacing gauging construction

> TJ(0)
S = iz [Gauge Z,E,l)(m) c U(1)D(m)]
4e
L [Anomalous Field Redefinition]

s

K
z

o an oD en P o e e o




Non-Invertible Symmetry

1. From U(1) Instanton

Half-spacing gauging construction

[Gauge Z,E,l)(m) c U(D)Dm)]

_E@) _
S 1 T(B N (kp=1 mod N)
4e’ 1 [
+ = 5=@sz/\ FﬁﬁfFZ/\FZ+——fBZ/\F2
N kKN
+;—7;f32/\dcl+‘7“—{f32/\32

€ o wn o D en ab o o ee e G

[Anomalous Field Redefinition]

U(Dp: W - e?™/2y

S—>S+2—nifd*j1+2ninFAF <—> [T(H)—> T(9+3%I£)]

z z 812




Non-Invertible Symmetry

1. From U(1) Instanton

Half-spacing gauging construction

[Anomalous Field Redefinition]

U(Dp: W - e?™/2y

S—>S+2—mfd*j1+2ninFAF <—> [:T(H)—> T(9+E%I£)]

z z 812




Non-Invertible Symmetry

1. From U(1) Instanton

Half-spacing gauging construction

[Gauge le,l)(m) c U(D)Dm)]

1 i
S=EIF2/\ Fz"'ﬁfFZAFZ-I__IBZAFZ
+;—]ZfBzAdcl +i£,:_7,;,fB2 -
ﬁg) [Anomalous Field Redefinition]
g
Uy W - Jomifz
21l . N
S—>S+7fd*]1+ 2 f81t2 . LT(H)_) T(O-I__;_




Non-Invertible Symmetry

1. From U(1) Instanton

Half-spacing gauging construction

[Gauge le,l)(m) c U(D)Dm)]

[Anomalous Field Redefinition]

U(Dp: W - e?™/2y

S—>S+2—mfd*j1+2ninFAF <—> [T(H)—> T(9+E%I£)]

z z 812




Non-Invertible Symmetry

1. From U(1) Instanton

Half-spacing gauging construction

[Anomalous Symmetry]

U(1)y: W - e?mi/zy

2miK  FAF
S-S+ [ =
z 8m




Non-Invertible Symmetry

1. From U(1) Instanton

Half-spacing gauging construction

[Anomalous Symmetry] X [ANP(F,/N)]
U(Dp: ¥ - /2y

2miK  FAF 2mip  FAF
S—=>5+ f 2 f 2
Z 81t N 8m




Non-Invertible Symmetry

1. From U(1) Instanton

Half-spacing gauging construction

> TJ(0)

[Anomalous Symmetry] X [ANP(F,/N)]
U(Dp: ¥ - /2y

2miK  FAF 2mip  FAF
S—=>5+ f 2 f 2
Z 81t N 8m




Non-Invertible Symmetry

1. From U(1) Instanton

Summary:

UWD©, Wy s e, W5 el o dxj,=-—F AR,

Tr2

S - S+

A 812




Non-Invertible Symmetry

1. From U(1) Instanton

Summary:

UWD©, Wy s e, W5 el o dxj,=-—F AR,

Tr2

S S —
oot A j 812 N sz

271
exp( 79 *jl) x ANP(F,/N)
> 4

2T
U 7,23




Non-Invertible Symmetry

1. From U(1) Instanton

Summary:

U, P, sy, , Yoy o d*ja=17 Fz/\Fz

2K (F>, AF 211 F>NANF
S 5 oS4 jz 2 PJZ 2

A 8m2 N 812
211 _ N
Dan(Z5) = exp( Py | X ANP(F/N)
“ [\ N __

2T
U 7,23

Dy (Z3) X Dy (23) ~ z £(S) exp <§—7V‘JF2> *1



Non-Invertible Symmetry

2. From Fractional Instanton

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



Non-Invertible Symmetry

2. From Fractional Instanton

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



Non-Invertible Symmetry

2. 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

2. 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

2. From Fractional Instanton

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

: 2 2mKi GAG 2nKi|(L—1 A
U(1), with a=":2 S-S+ nlfM 4 ”‘( )fM4Wz Wy

z '’ A 4 812 A L 2

€Z €7,

Global U(1) 4

— Z Instanton




Non-Invertible Symmetry

2. 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

2. 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

_|_

21Ki

L-1

Z

— Z; (fractional) Instanton

(

L

)szL

Wo /\Wz
2

€7,




Non-Invertible Symmetry

2. From Fractional Instanton

eg. G =SUN)/Z,

U1, with @ ==,

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

S-S5+

21tKi

Z

fM4 812 T z ( L )fM4 2
€7 € 7,
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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

2. Non-invertible Peccei-Quinn Symmetry

Conclusion:

We start with £ > y, HQu + y,HLé but y; =0
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 £ > y, HQu + y,HLé but y; =0
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 £ > y, HQu + y,HLé but y; =0
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)
SUB) ¢ X SUB)y/Zs = Start with only y, HQu (y4; = 0)
. Zé_l NIS from fractional CFU instantons
= y,HQd protected by NIS
= 9 = unphysical
()

SM



Solving Strong CP with Non-Invertible Symmetry

SU9)
_ 2z
Lyy D y,HQu + y, e “HQd + -
(D)
SUBR) xSUB)y/Z; = Start withonly y, HQu (y; = 0)
. Z§_l NIS from fractional CFU instantons
= y,HQd protected by NIS
= 9 = unphysical
(X)

SM



Solving Strong CP with Non-Invertible Symmetry

SU9)
_ 2z
Lyy D y,HQu + y, e “HQd + -
(D)
SUBR) xSUB)y/Z; = Start withonly y, HQu (y; = 0)
. Zé_l NIS from fractional CFU instantons
= y,HQd protected by NIS
= 9 = unphysical
(X)

SM Yukawa texture and CKM CPV (+possible 8)



Strong-CP Problem

2. Non-invertible Peccei-Quinn Symmetry

(1) SUB)c X SU3)y/Z5 : Z§ NIS
SU3)¢ SUB)y U1 U(1)g . Py |
Q 3 3 +1 0 L ~y,HQ'u; (flavor-diagonal/universal)
l:l % ? — Yu=1X1 number
d 3 3 -1 41




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(D)g L~ y,HQu; (flavor-diagonal/universal)
Q 3 3 10
l:l ? ? —1 0 Yy =1X1 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(D)g L~ y,HQu; (flavor-diagonal/universal)
Q 3 3 10
l:l ? ? —1 0 Yy =1X1 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)e X SUB)y/Zs:  Z% NIS
5 iU(3)c gU(3)H :]_(11)3 g(l)& L~ y,HQu; (flavor-diagonal/universal)
l:l ? ? —1 0 Yy =1X1 number
d 3 3 —1 +1
U(Dg U(1)g
SUB)c]* 0 Ng
SU(2)]* NN 0
[U(1)yl* —18N.N, 4NN,
SUB)yl? 0 Nc
CH] 0 2




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
l:‘ % % -1 |0 Yy =1X1 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




Strong-CP Problem

2. Non-invertible Peccei-Quinn Symmetry

(1) SUB)c X SU3)n/Zs5 :

d
7Z¢ NIS

SU3)- SUQ3 1 1)5 ~
(3)e SUB)m U ULg L ~y,HQ'u; (flavor-diagonal/universal)
Q 3 3 +1 0
l:‘ % % -1 |0 Yy =1X1 number
d 3 3 -1 +1
U(1)g U(1); Symmetry
SU(3)]? 0 N, (i) Without including [CH | instanton:
i 5 _
SU@)LI" NeNg 10 “B U (1)g - 28 x 7§
(U(1)y]? —18N.N, 4N.N, 3
SU3)4]2 0 N non-abelian instantons dominant - No NIS
i (o
CH| 0 2 (i) With [CH] instanton:

7B x 7% > ZB x ¢



Strong-CP Problem

2. Non-invertible Peccei-Quinn Symmetry

(1) SUB)c X SU3)n/Zs5 :

d
7Z¢ NIS

SU3)- SUQ3 1 1)5 ~
(3)e SUB)m U ULg L ~y,HQ'u; (flavor-diagonal/universal)
Q 3 3 +1 0
l:‘ % % -1 |0 Yy =1X1 number
d 3 3 -1 +1
U(1)g U(1); Symmetry
SU(3)]? 0 N, (i) Without including [CH | instanton:
i 5 _
SU@)LI" NeNg 10 “B U (1)g - 28 x 7§
(U(1)y]? —18N.N, 4N.N, 3
SU3)4]2 0 N non-abelian instantons dominant - No NIS
i (o
CH| 0 2 (i) With [CH] instanton:

7B x 7% > ZB x ¢



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
t:l % % -1 0 y, =1x1 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

~ssgma— (ii) With [CH] instanton:

ZBx 7% > 7B x 9 = 7% NIPQSymmetry



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
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—-elu ¢@,->@,+a, 6-0—a
d—-ed, @s->ps+a 6-0—-«a



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:
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Neutron electric dipole momentd,, ~3x 1016 - 6 <1010
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3. Massless Quark Solution to the Strong CP Problem
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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. , "8 is unphysical"
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Field redefinition: d — e'*d = §S = 8—;2 (6 —a)f tr(G, A Gy)
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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.
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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

SU9)
_ 2z
Lyy D y,HQu + y, e “HQd + -
(D)
SUBR) xSUB)y/Z; = Start withonly y, HQu (y; = 0)
. Zé_l NIS from fractional CFU instantons
= y,HQd protected by NIS
= 9 = unphysical
(X)

SM Yukawa texture and CKM CPV (+possible 8)
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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
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I1I-1. SU(9) Color-Flavor unification
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1. SU(9) Unification and the Strong CP phase 0
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1. SU(9) Unification and the Strong CP phase 0
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1. SU(9) Unification and the Strong CP phase 0

Color-Flavor Unification

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

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

2T

+ yiet%e wHQd

21
_ v*pll9p ao(Ac
ya ~ yie'Pe ag(Ag)

6 = arge % det(y,y;) = —09 + arg|y,le®o =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)
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2.SU(9) » SUB) s X SU(3)y/Zs
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Color-Flavor Unification

2.SU(9) » SUB) s X SU(3)y/Zs

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

Lo=v.HQu + y;e'%e «HQd +

2T

2T

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

6 = —30, + argdet|y,|? %

(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)

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

=—-30,+30,=0

From now on, we set 89 = 0 and take real yuakwas.
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Solving Strong CP with Non-Invertible Symmetry

SU9)
_ 2z
Lyy D y,HQu + y, e “HQd + -
(D)
SUBR) xSUB)y/Z; = Start withonly y, HQu (y; = 0)
. Zé_l NIS from fractional CFU instantons
= y,HQd protected by NIS
= 9 = unphysical
(X)

SM Yukawa texture and CKM CPV (+possible 8)



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 Z — 21 + lZZ

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

V() =nTr(C*) + nz(Tr(Zz))z + h.c.+ €Tr(2+2)2 + .-+ (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)
D _

X 1 0 Combine X =2X2; +iX,

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

V() =nTr(C*) + nz(Tr(Zz))z + h.c.+ €Tr(2+2)2 + .-+ (terms with real coeffs)
Field redefinition invariant CPV : 1741,

5 - e 94 |, ]ei1Tr(EY) + [n2ei2(Tr(22))” - [na|Tr(E®) + [nalei@2=90 (Tr(z2))"
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(i) Two SU(3)y adjoint scalarX; , : SU(3)y — @
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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 complete 3 X 3 y,,,y; butin awaythat 8 = 0 is maintained.

= Our mechanism: generate Hermitian Yukawas
(1) all CPV in scalar sector
(I1) 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 complete 3 X 3 y,,,y; butin awaythat 8 = 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 complete 3 X 3 y,,,y,; butin awaythat 8 = 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 complete 3 X 3 y,,,y,; butin awaythat 8 = 0 is maintained.

2\ \ET/éT
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Ag AR
————— @
H u U
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410 2A3 41 A%
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Hermitian Real Complex



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 complete 3 X 3 y,,,y,; butin awaythat 8 = 0 is maintained.

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

i

| sty HeD) + b (2D (s
)j ~ ye 1+a9{ }+<a9n1( ) +n2(2) () +h.c.>

410 2A3 41 A%
e  ® j
Hermitian Real Complex

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”
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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 ~y:(1+EL2 4+ 2% + hoc) + )

2T

Vo~ vee @(1+ {5+ Z* + 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”

"misalignment” of y,, and y,

So far, we have

Vo ~Ve(1+ L2+ 2+ hoc) + ) Ya X Yy asa matrix

2T

Va~yee ®(1+{ZH2}+ 2% +hoc)+ ) > 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

Yo~y (1 + {2+ 2+ hoe) + ) Y4 X Yy as a matrix
21 ~
Va~yee ®(1+{ZH2}+ 2% +hoc)+ ) > 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
21 80 (adj) |0
P 9 —1
X 1 0

L,y ~ Agdpx + p(c1Z'E + ¢, 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)o—_zu+a _
©) (Do-u+a L,y ~ Agdpx + p(c1Z'E + ¢, 254 p?
D 165 (3S) 0
212 80(ad) O +a;,pZp’ + apIip’ + h.c.
P 9 -1
X 1 0 o Use y rotationtoset 4; € R

° ¢ ER

2.4 4 2,
©a;, €C - ajazmniaj : 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
o R yu ~ye(1+ 25} + MZ* + hoe) + )
A % \
— — — —(sv) & » _2_7-[ + ,
H~d x g  Ya~ye @(1+{E I+ +he)+ )
|
Yl ]~ —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.

\ /
s With "down-philic" interactions (a, , = 0)
N/
Q
ey Yu~ye(1+ELD+ 0+ hoe)+ )
N\ / \
— — — —(sv) & o _2_7'[ + . +
H i X i Va~yee @1+ {2+ M+ hoc) + -+ c2'2)
|
>l . _2n
Q A J ~ Imdet(4r2[nz* + n'ztt, c2tx]), r~e @
P s NP
- - — —(w) d/ \‘o « Imdet|( n 2 227 4 2[E, T + 293, 220 —h.c
H d X g +23[2, 2] h
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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

(D)
SUB) ¢ X SUB)y/Zs = Start with only y, HQu (y4; = 0)
. Zé_l NIS from fractional CFU instantons
= y,HQd protected by NIS
= 9 = unphysical
()

SM



Solving Strong CP with Non-Invertible Symmetry

SU9)
_ 2z
Lyy D y,HQu + y, e “HQd + -
(D)
SUBR) xSUB)y/Z; = Start withonly y, HQu (y; = 0)
. Z§_l NIS from fractional CFU instantons
= y,HQd protected by NIS
= 9 = unphysical
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Solving Strong CP with Non-Invertible Symmetry

SU9)
_ _2n
Lyy D y,HQU + y,e *HQd + -
(D)
SUBR) xSUB)y/Z; = Start withonly y, HQu (y; = 0)
. Z§_l NIS from fractional CFU instantons
= y,HQd protected by NIS
= 9 = unphysical
() _
SM Yukawa texture and CKM CPV (+possible 6)

(Hermitian Yukawa + down-philic interactions)
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