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L = ✓GG̃+ yuHQuc + ydHQdc

Two�SM�CP�Violating�Phases:

Strong�CP�
(non-perturbative)

CKM�Phase�O(1)

VCKM � ei�CKM

Puzzle: ✓̄ . 10�10but
(neutron�EDM)

Sequestering?
SM�is�special �✓̄ ⌧ �CKM

CKM

✓̄ = ✓ �Argdetyu �Argdetyd



L = ✓G̃µ⌫G
µ⌫ muuu

c mddd
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ddc ! ei�d0dc0

✓ ! ✓ + ↵+ �

+�h.c.

Chiral��
rotation:

Axial�anomaly:

Invariant�CP�Phase}[ ]

Two-Flavor�(single�generation)�QCD:

mu = 0 No�Strong�CP�violationU(1)PQ

Anomalous
Non-perturbative�QCD�
generates�up�mass mu 6= 0?

✓̄ = ✓ �Argmu �Argmd

Dine et. al. 1410.8505,  
Choi et. al. 1988, Georgi et. al. 1981 
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Dilute�Instanton�Gas�Approximation
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�SM�QCD��
~100�GeV

�SM�QCD��
~2�GeV

3-flavor�lattice�—>�massless�up�quark�solution�fails

Leading�Chiral�Lagrangian: mu ⇡ 0.5 md



⇤QCD

⇤UV

⇤QCD

⇤UV

Normal

Non-perturbative�effects�
important�again

unsequestered�
CP�violation

unsequestered�
CP�violation

UV�Instanton�
solutions

⇤0
QCD

CP-violation�remains�
sequestered }�mu ⇠ m⇤

de
i�

mu ⇡ 0mu ⇡ 0

(m�=�0�not�viable)u

SM,�m���nonvanishingu



⇤0
QCD

⇤QCD

⇤UV

SM�+�Extra�Matter

SU(3�+�N)

Higgsing

u uc
h

yd

yc

ys

yt

yb

�yu
yd

⇠ D(⇤0
QCD)

ytybysyc
(16⇡2)2

(+�any�extra�chiral�
symmetries�strongly�
broken)

too�small
(extra�breaking�of�SM�chiral�

symmetries�typically�introduces�phases,�
extra�matter�leads�to�further�

suppressions)

Axions:�Holdom�’81,�Holdom�&�Peskin�’85.�Dine�&�Seiberg�’86,�Randall�&�Flynn�‘87

6-flavor�instanton:

New�colored�
states



⇤0
QCD

⇤QCD

⇤UV

SM

SU(3)�x�SU(3)�x�SU(3)�(x…)�

Higgsing

u uc
h

yd

(+�any�extra�chiral�
symmetries�strongly�
broken)
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h
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s sc
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yt

Coincidence�of�scales?



SU(3)1 SU(3)2SU(3)3 U(1)(B-L),2
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�yb/yt ⇡ 1/35 �ys/yc ⇡ 1/10�yu/yd ⇡ 1/2

↵s ⇠ 0.1� 0.2



SU(3)1 SU(3)2SU(3)3 U(1)(B-L),2
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SU(3)’1
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0
1 m = 0

�m = D(gv01)⇥ (gv1)

e.g.�vector-like�
matter�w/PQ ⇠ 10�6⇤QCD0

…�repeat�as�necessary
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Spurion/radiative:

only�1�phase
(depends�on�4�elements)

(Qiy
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j)H (Qiy
ij
d dcj)H

†
Anomalous�U(1)’s�
remove�theta

Higher�dim�~�
h⌃13ih⌃32i
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Why�this�structure?

Need�at�least�3�orthogonal�anomalous�U(1)�to�remove�phases
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16⇡2
(⇠ y2bV31V32+ ⇠ y2cs✓12c✓12)

(background�fields)
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Need�at�least�3�orthogonal�anomalous�U(1)�to�remove�phases
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~1/100
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Looks�a�lot�like�the�SM…
BUT�SU(3)xSU(3)xSU(3)�breaks�many�of�the�flavor�symmetries.
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�mu =

Z ⇢1
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⇢
⇥D(⇢)⇥md(⇢)

⇤e�i✓

running�CP�phase�of�mass?

Threshold�effect:

⇠ 10�10
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SU(3)1 ⇥ SU(3)2
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⇤QCD

⇤0
QCD

⇤QCD

⇤UV

⇤QCD

⇤UV

Normal Dangerous UV�Instanton�

⇤UV

solutions

unsequestered�
CP�violation

unsequestered�
CP�violation

unsequestered�
CP�violation

[flavor:��>~�100�TeV]

[Hierarchy?:��<<������]�⇤UV

(m�=�0�not�viable)u ✓̄ ⇠ 10�10
✓̄ ⇠ 1



⇤0
QCD

⇤QCD

⇤UV

SM�+�Extra�Matter

SU(3�+�N)

⇤0
QCD

⇤QCD

SM�+�Mirror�Sector

SU(3�+�N)�or�SU(3)xSU(3)xZ2

SU(3)�x�SU(N)

⇤UV

Run�Strong

SU(3)xSU(3)x…

⇤UV

SM

⇤0
QCD

SM SM�+�…

Mirror Product

⇤QCD

Rubakov et al. hep-ph/9703409, 
Gianotti et. al. hep-ph/0009290, 

Hook et al. 1411.3325, … 
Yanagida et. al. 1504.06084,…

Holdom ’81,  
Holdom & Peskin ’85.  
Dine & Seiberg ’86,  
Randall & Flynn ‘87





⇤QCD

⇤UV

unsequestered�
CP�violation

md

m0
d = ei�md

�m0
u ⇠ D(⇤�1

UV)m
⇤
de
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�mu ⇠ D(⇤�1
QCD)m

⇤
d
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UV)

|md|
|mu|

⇥ �

�mu =

Z ⇢1

⇢0

d⇢

⇢
⇥D(⇢)⇥md(⇢)

⇤e�i✓

running�CP�phase�of�mass?

}
mu = �mu +�m0

u

—>�phase�mismatch

Suppression�of�extra�PQ�Breaking?

mu = �mu +�m0
u +m0

u �✓̄ ⇠ |m0
u|/|mu|



instanton�“density” D(⇢) =

�SM�QCD��
~100�GeV

Dilute�Instanton�
Breakdown?

�SM�QCD��
~2�GeV
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SU(3)1 SU(3)2SU(3)3 U(1)(B-L),2
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yu = 0 yb = 0 ys = 0

V (⌃13) = (|⌃13|2 � v213)
2 V (⌃32) = (|⌃32|2 � v232)

2

U(1)(B-L),1

SU(3)1 ⇥ SU(3)2 ⇥ SU(3)3 ! SU(3)QCD

Strongly�Coupled weakly�coupled

⇤0
QCD ⇠ gv13, gv32

[Higgsing

(remove�extra�link�
goldstone)

(remove�extra�link�
goldstone)

PQ�
x�3[
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soft�flavor? M . ⇤QCD0

�⌃13

M
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⇤0
QCD

⇤QCD

⇤UV

UV�Instanton�

⇤QCD

Nelson-Barr

⇤UV

⇤CPV

(spontaneous�CPV)

No�approx�PQ

solutions

CP�conserving

unsequestered�
CP�violation

controlled�BSM�
CP�violation



0

@
0 ycs✓12 0
0 ycc✓12 0
0 0 yt

1

A

0

@
yd 0 V31ybei�0
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yd ! ys, s✓12 ! c✓12 , V31 ! V32

�yu ⇠ ys,�yd ⇠ yc light�quark�masses�from�instantons!

�✓̄ ⇠ 3⇥ 10�9 —>�soft�flavor�or�tuning�


