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More work needed to scan the landscape of models : when 
do those setups really fulfill the strong constraints from
the neutron EDM + flavor physics ? What is the interplay 
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of soft breaking of CP ? Etc.
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couplings
<latexit sha1_base64="opBWlD23AARZbgsGVn7sSONjaGc="></latexit>

QL,3

couplings<latexit sha1_base64="4gqxQVfUyHsJiSKCl5AknZR2a/Y="></latexit>uR,1



Example 2 : mirror worlds

[Pendlebury et al ’15]



Example 2 : mirror worlds

[Pendlebury et al ’15]

<latexit sha1_base64="NXIOVZilGx0vrxnBFnC66+tjhBU="></latexit>

t
<latexit sha1_base64="C/QJrYXC6nymaks6MOC6cP4FBME="></latexit>x <latexit sha1_base64="C/QJrYXC6nymaks6MOC6cP4FBME="></latexit>x

<latexit sha1_base64="NXIOVZilGx0vrxnBFnC66+tjhBU="></latexit>

tSM SM
’P

<latexit sha1_base64="sA2PaslTxnpf0akLvcy88jAbUoI="></latexit>g

<latexit sha1_base64="xSGBP/R4k9lVo5gQtip0LCt60wo="></latexit>

SU(3) SU(2)L U(1)Y SU(3)0 SU(2)0 U(1)0

Q 3 2 1/6 1 1 0
u
c 3 1 -2/3 1 1 0

d
c 3 1 1/3 1 1 0
L 1 2 -1/2 1 1 0
e
c 1 1 -1 1 1 0
H 1 2 1/2 1 1 0
Q

0 1 1 0 3 2 -1/6
u
0c 1 1 0 3 1 2/3

d
0c 1 1 0 3 1 -1/3
L
0 1 1 0 1 2 1/2

e
0c 1 1 0 1 1 1

H
0 1 1 0 1 2 -1/2

<latexit sha1_base64="xSGBP/R4k9lVo5gQtip0LCt60wo="></latexit>

SU(3) SU(2)L U(1)Y SU(3)0 SU(2)0 U(1)0

Q 3 2 1/6 1 1 0
u
c 3 1 -2/3 1 1 0

d
c 3 1 1/3 1 1 0
L 1 2 -1/2 1 1 0
e
c 1 1 -1 1 1 0
H 1 2 1/2 1 1 0
Q

0 1 1 0 3 2 -1/6
u
0c 1 1 0 3 1 2/3

d
0c 1 1 0 3 1 -1/3
L
0 1 1 0 1 2 1/2

e
0c 1 1 0 1 1 1

H
0 1 1 0 1 2 -1/2

<latexit sha1_base64="xSGBP/R4k9lVo5gQtip0LCt60wo="></latexit>

SU(3) SU(2)L U(1)Y SU(3)0 SU(2)0 U(1)0

Q 3 2 1/6 1 1 0
u
c 3 1 -2/3 1 1 0

d
c 3 1 1/3 1 1 0
L 1 2 -1/2 1 1 0
e
c 1 1 -1 1 1 0
H 1 2 1/2 1 1 0
Q

0 1 1 0 3 2 -1/6
u
0c 1 1 0 3 1 2/3

d
0c 1 1 0 3 1 -1/3
L
0 1 1 0 1 2 1/2

e
0c 1 1 0 1 1 1

H
0 1 1 0 1 2 -1/2

[Babu/Mohapatra ’89, ’90, Barr/Chang/Senjanovic ’91,  
Hall/Harigaya ’18, +Dunsky ’18, Craig/Garcia Garcia/

Koszegi/McCune ’20, … ]



Example 2 : mirror worlds

[Pendlebury et al ’15]

<latexit sha1_base64="NXIOVZilGx0vrxnBFnC66+tjhBU="></latexit>

t
<latexit sha1_base64="C/QJrYXC6nymaks6MOC6cP4FBME="></latexit>x <latexit sha1_base64="C/QJrYXC6nymaks6MOC6cP4FBME="></latexit>x

<latexit sha1_base64="NXIOVZilGx0vrxnBFnC66+tjhBU="></latexit>

tSM SM
’P

<latexit sha1_base64="sA2PaslTxnpf0akLvcy88jAbUoI="></latexit>g

<latexit sha1_base64="xSGBP/R4k9lVo5gQtip0LCt60wo="></latexit>

SU(3) SU(2)L U(1)Y SU(3)0 SU(2)0 U(1)0

Q 3 2 1/6 1 1 0
u
c 3 1 -2/3 1 1 0

d
c 3 1 1/3 1 1 0
L 1 2 -1/2 1 1 0
e
c 1 1 -1 1 1 0
H 1 2 1/2 1 1 0
Q

0 1 1 0 3 2 -1/6
u
0c 1 1 0 3 1 2/3

d
0c 1 1 0 3 1 -1/3
L
0 1 1 0 1 2 1/2

e
0c 1 1 0 1 1 1

H
0 1 1 0 1 2 -1/2

<latexit sha1_base64="xSGBP/R4k9lVo5gQtip0LCt60wo="></latexit>

SU(3) SU(2)L U(1)Y SU(3)0 SU(2)0 U(1)0

Q 3 2 1/6 1 1 0
u
c 3 1 -2/3 1 1 0

d
c 3 1 1/3 1 1 0
L 1 2 -1/2 1 1 0
e
c 1 1 -1 1 1 0
H 1 2 1/2 1 1 0
Q

0 1 1 0 3 2 -1/6
u
0c 1 1 0 3 1 2/3

d
0c 1 1 0 3 1 -1/3
L
0 1 1 0 1 2 1/2

e
0c 1 1 0 1 1 1

H
0 1 1 0 1 2 -1/2

<latexit sha1_base64="xSGBP/R4k9lVo5gQtip0LCt60wo="></latexit>

SU(3) SU(2)L U(1)Y SU(3)0 SU(2)0 U(1)0

Q 3 2 1/6 1 1 0
u
c 3 1 -2/3 1 1 0

d
c 3 1 1/3 1 1 0
L 1 2 -1/2 1 1 0
e
c 1 1 -1 1 1 0
H 1 2 1/2 1 1 0
Q

0 1 1 0 3 2 -1/6
u
0c 1 1 0 3 1 2/3

d
0c 1 1 0 3 1 -1/3
L
0 1 1 0 1 2 1/2

e
0c 1 1 0 1 1 1

H
0 1 1 0 1 2 -1/2

Mirror particles

Mirror forces

[Babu/Mohapatra ’89, ’90, Barr/Chang/Senjanovic ’91,  
Hall/Harigaya ’18, +Dunsky ’18, Craig/Garcia Garcia/

Koszegi/McCune ’20, … ]



Example 2 : mirror worlds

[Pendlebury et al ’15]

<latexit sha1_base64="NXIOVZilGx0vrxnBFnC66+tjhBU="></latexit>

t
<latexit sha1_base64="C/QJrYXC6nymaks6MOC6cP4FBME="></latexit>x <latexit sha1_base64="C/QJrYXC6nymaks6MOC6cP4FBME="></latexit>x

<latexit sha1_base64="NXIOVZilGx0vrxnBFnC66+tjhBU="></latexit>

tSM SM
’P

<latexit sha1_base64="sA2PaslTxnpf0akLvcy88jAbUoI="></latexit>g <latexit sha1_base64="tSHhOGa2yy8D4bBO5527oye/IuA="></latexit>

VCKM

<latexit sha1_base64="bsvUkCJKkSRyAM3f1LB/enWn9No="></latexit>

V ⇤
CKM

<latexit sha1_base64="XhY4ei9UoV33K/FnzhKkM8DkmVA="></latexit>

✓̄
<latexit sha1_base64="0TuLXHfv8XQgHIUyVog7YJjvaM4="></latexit>

�✓̄

<latexit sha1_base64="xSGBP/R4k9lVo5gQtip0LCt60wo="></latexit>

SU(3) SU(2)L U(1)Y SU(3)0 SU(2)0 U(1)0

Q 3 2 1/6 1 1 0
u
c 3 1 -2/3 1 1 0

d
c 3 1 1/3 1 1 0
L 1 2 -1/2 1 1 0
e
c 1 1 -1 1 1 0
H 1 2 1/2 1 1 0
Q

0 1 1 0 3 2 -1/6
u
0c 1 1 0 3 1 2/3

d
0c 1 1 0 3 1 -1/3
L
0 1 1 0 1 2 1/2

e
0c 1 1 0 1 1 1

H
0 1 1 0 1 2 -1/2

<latexit sha1_base64="xSGBP/R4k9lVo5gQtip0LCt60wo="></latexit>

SU(3) SU(2)L U(1)Y SU(3)0 SU(2)0 U(1)0

Q 3 2 1/6 1 1 0
u
c 3 1 -2/3 1 1 0

d
c 3 1 1/3 1 1 0
L 1 2 -1/2 1 1 0
e
c 1 1 -1 1 1 0
H 1 2 1/2 1 1 0
Q

0 1 1 0 3 2 -1/6
u
0c 1 1 0 3 1 2/3

d
0c 1 1 0 3 1 -1/3
L
0 1 1 0 1 2 1/2

e
0c 1 1 0 1 1 1

H
0 1 1 0 1 2 -1/2

<latexit sha1_base64="xSGBP/R4k9lVo5gQtip0LCt60wo="></latexit>

SU(3) SU(2)L U(1)Y SU(3)0 SU(2)0 U(1)0

Q 3 2 1/6 1 1 0
u
c 3 1 -2/3 1 1 0

d
c 3 1 1/3 1 1 0
L 1 2 -1/2 1 1 0
e
c 1 1 -1 1 1 0
H 1 2 1/2 1 1 0
Q

0 1 1 0 3 2 -1/6
u
0c 1 1 0 3 1 2/3

d
0c 1 1 0 3 1 -1/3
L
0 1 1 0 1 2 1/2

e
0c 1 1 0 1 1 1

H
0 1 1 0 1 2 -1/2



Example 2 : mirror worlds

[Pendlebury et al ’15]

<latexit sha1_base64="NXIOVZilGx0vrxnBFnC66+tjhBU="></latexit>

t
<latexit sha1_base64="C/QJrYXC6nymaks6MOC6cP4FBME="></latexit>x <latexit sha1_base64="C/QJrYXC6nymaks6MOC6cP4FBME="></latexit>x

<latexit sha1_base64="NXIOVZilGx0vrxnBFnC66+tjhBU="></latexit>

tSM SM
’P

<latexit sha1_base64="sA2PaslTxnpf0akLvcy88jAbUoI="></latexit>g

<latexit sha1_base64="uCKa4bqihwm7WIJIaq2e7Uy/bDs="></latexit>

✓̄QCD = 0

<latexit sha1_base64="tSHhOGa2yy8D4bBO5527oye/IuA="></latexit>

VCKM

<latexit sha1_base64="bsvUkCJKkSRyAM3f1LB/enWn9No="></latexit>

V ⇤
CKM

<latexit sha1_base64="XhY4ei9UoV33K/FnzhKkM8DkmVA="></latexit>

✓̄
<latexit sha1_base64="0TuLXHfv8XQgHIUyVog7YJjvaM4="></latexit>

�✓̄



Example 2 : mirror worlds

[Pendlebury et al ’15]

<latexit sha1_base64="NXIOVZilGx0vrxnBFnC66+tjhBU="></latexit>

t
<latexit sha1_base64="C/QJrYXC6nymaks6MOC6cP4FBME="></latexit>x <latexit sha1_base64="C/QJrYXC6nymaks6MOC6cP4FBME="></latexit>x

<latexit sha1_base64="NXIOVZilGx0vrxnBFnC66+tjhBU="></latexit>

tSM SM
’P

<latexit sha1_base64="sA2PaslTxnpf0akLvcy88jAbUoI="></latexit>g

<latexit sha1_base64="uCKa4bqihwm7WIJIaq2e7Uy/bDs="></latexit>

✓̄QCD = 0

<latexit sha1_base64="0UPzUob9KIW3j90E223YxKwN5CY="></latexit>

hHi
<latexit sha1_base64="1E60z940HPkiXFIrqsS0V41MnQI="></latexit>

6= hH 0i

<latexit sha1_base64="tSHhOGa2yy8D4bBO5527oye/IuA="></latexit>

VCKM

<latexit sha1_base64="bsvUkCJKkSRyAM3f1LB/enWn9No="></latexit>

V ⇤
CKM

<latexit sha1_base64="XhY4ei9UoV33K/FnzhKkM8DkmVA="></latexit>

✓̄
<latexit sha1_base64="0TuLXHfv8XQgHIUyVog7YJjvaM4="></latexit>

�✓̄

: broken parity



Example 2 : mirror worlds

[Pendlebury et al ’15]

<latexit sha1_base64="NXIOVZilGx0vrxnBFnC66+tjhBU="></latexit>

t
<latexit sha1_base64="C/QJrYXC6nymaks6MOC6cP4FBME="></latexit>x <latexit sha1_base64="C/QJrYXC6nymaks6MOC6cP4FBME="></latexit>x

<latexit sha1_base64="NXIOVZilGx0vrxnBFnC66+tjhBU="></latexit>

tSM SM
’P

<latexit sha1_base64="sA2PaslTxnpf0akLvcy88jAbUoI="></latexit>g

<latexit sha1_base64="uCKa4bqihwm7WIJIaq2e7Uy/bDs="></latexit>

✓̄QCD = 0

<latexit sha1_base64="0UPzUob9KIW3j90E223YxKwN5CY="></latexit>

hHi
<latexit sha1_base64="1E60z940HPkiXFIrqsS0V41MnQI="></latexit>

6= hH 0i

Can have TeV scale pheno
(colored vector-like fermions,
RH-coupled gauge fields, …)

[D’Agnolo/Hook ’15, 

Craig/Garcia Garcia/Koszegi/McCune ’20]



Example 2 : mirror worlds

[Pendlebury et al ’15]

<latexit sha1_base64="NXIOVZilGx0vrxnBFnC66+tjhBU="></latexit>

t
<latexit sha1_base64="C/QJrYXC6nymaks6MOC6cP4FBME="></latexit>x <latexit sha1_base64="C/QJrYXC6nymaks6MOC6cP4FBME="></latexit>x

<latexit sha1_base64="NXIOVZilGx0vrxnBFnC66+tjhBU="></latexit>

tSM SM
’P

<latexit sha1_base64="sA2PaslTxnpf0akLvcy88jAbUoI="></latexit>g

<latexit sha1_base64="uCKa4bqihwm7WIJIaq2e7Uy/bDs="></latexit>

✓̄QCD = 0

<latexit sha1_base64="0UPzUob9KIW3j90E223YxKwN5CY="></latexit>

hHi
<latexit sha1_base64="1E60z940HPkiXFIrqsS0V41MnQI="></latexit>

6= hH 0i

Can have TeV scale pheno
(colored vector-like fermions,
RH-coupled gauge fields, …)

But the mechanism works even 
when          is quite high … 
experimental probes ? 

Generically : only a (computable) 
large-ish neutron EDM.

<latexit sha1_base64="1oKyIaUkHznNZ0DW5ULRl/beJEk="></latexit>

hH 0i

[D’Agnolo/Hook ’15, 

Craig/Garcia Garcia/Koszegi/McCune ’20]



Example 2 : mirror worlds

[Pendlebury et al ’15]

<latexit sha1_base64="NXIOVZilGx0vrxnBFnC66+tjhBU="></latexit>

t
<latexit sha1_base64="C/QJrYXC6nymaks6MOC6cP4FBME="></latexit>x <latexit sha1_base64="C/QJrYXC6nymaks6MOC6cP4FBME="></latexit>x

<latexit sha1_base64="NXIOVZilGx0vrxnBFnC66+tjhBU="></latexit>

tSM SM
’P

<latexit sha1_base64="sA2PaslTxnpf0akLvcy88jAbUoI="></latexit>g

<latexit sha1_base64="uCKa4bqihwm7WIJIaq2e7Uy/bDs="></latexit>

✓̄QCD = 0

<latexit sha1_base64="0UPzUob9KIW3j90E223YxKwN5CY="></latexit>

hHi
<latexit sha1_base64="1E60z940HPkiXFIrqsS0V41MnQI="></latexit>

6= hH 0i

There is a dark matter candidate 
here, the mirror electron

[Dunsky/Hall/Harigaya ’19]



Example 2 : mirror worlds

[Pendlebury et al ’15]

There is a dark matter candidate 
here, the mirror electron

To produce it thermally, need to 
embed into<latexit sha1_base64="NXIOVZilGx0vrxnBFnC66+tjhBU="></latexit>

t
<latexit sha1_base64="C/QJrYXC6nymaks6MOC6cP4FBME="></latexit>x <latexit sha1_base64="C/QJrYXC6nymaks6MOC6cP4FBME="></latexit>x

<latexit sha1_base64="NXIOVZilGx0vrxnBFnC66+tjhBU="></latexit>

tSM SM
’P

bicolored mediator
with a vev

<latexit sha1_base64="xSGBP/R4k9lVo5gQtip0LCt60wo="></latexit>

SU(3) SU(2)L U(1)Y SU(3)0 SU(2)0 U(1)0

Q 3 2 1/6 1 1 0
u
c 3 1 -2/3 1 1 0

d
c 3 1 1/3 1 1 0
L 1 2 -1/2 1 1 0
e
c 1 1 -1 1 1 0
H 1 2 1/2 1 1 0
Q

0 1 1 0 3 2 -1/6
u
0c 1 1 0 3 1 2/3

d
0c 1 1 0 3 1 -1/3
L
0 1 1 0 1 2 1/2

e
0c 1 1 0 1 1 1

H
0 1 1 0 1 2 -1/2

[QB/Hall/Manzari/

Scherb ’23, + McCune ’23]



Example 2 : mirror worlds

[Pendlebury et al ’15]

There is a dark matter candidate 
here, the mirror electron

To produce it thermally, now not 
all          work ! <latexit sha1_base64="NXIOVZilGx0vrxnBFnC66+tjhBU="></latexit>

t
<latexit sha1_base64="C/QJrYXC6nymaks6MOC6cP4FBME="></latexit>x <latexit sha1_base64="C/QJrYXC6nymaks6MOC6cP4FBME="></latexit>x

<latexit sha1_base64="NXIOVZilGx0vrxnBFnC66+tjhBU="></latexit>

tSM SM
’P

bicolored mediator
with a vev

<latexit sha1_base64="1oKyIaUkHznNZ0DW5ULRl/beJEk="></latexit>

hH 0i

Viable region, with 
colored particles in 
the TeV - 100 TeV range



Outlook

[Pendlebury et al ’15]

The strong CP problem is usually associated to low-energy 
probes (or very high-energy ones, usually in cosmology)

Not the case for « UV » solutions to the problem, which may 
manifest themselves around the TeV: the strong CP problem 
can thus be investigated at those scales

A lot of work remains to be done regarding this (old) non-
axion paradigm ! Rich interplay with collider and flavor 
physics, but also cosmology, the hierarchy problem, etc


