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The strong CP problem
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All known CPV phenomena : CKM-driven. Where is 0 ?




The strong CP problem
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QL 3 1 1 1 1

Y. 3 3 1 1 1

Y, 3 1 3 1 1

Y. 1 1 1 3 3

; 3 _

J, = Im Tr [Yuyj, Yde} 0 = 0 + arg det (Y, Yy)

[Jarlskog ’85]



The strong CP problem

UV po ,Ya a
3272 ‘ GG pa

All known CPV phenomena : CKM-driven. Where is 0 ?

otal derivative : invisible In perturbation theory
But non-perturbative effects !

In particular; neutron electric dipole moment (EDM)
[ Baluni ’79, Crewther/Di Vecchia/Veneziano/Witten ’79]

predicted to be 40y, — L, measured to be
~ 10720 eGeV ! MQ R <1072 eGeV!

[Pendlebury et al ’15]




The strong CP problem

S UV po ,Ya a
3272 ‘ GG pa

All known CPV phenomena : CKM-driven. Where is 0 ?

otal derivative : invisible In perturbation theory
Strong CP problem :

But non-perturbatiy

| N < —10
In particular, neut 0 ~ 10 ent (EDM)
mem Veneziano/Witten ’79]

predicted to be 40y, — L, measured to be
~ 10720 eGeV ! MZ R <1072 eGeV!

[Pendlebury et al ’15]




Solutions to the strong CP problem

"G, GY, How toset 6~ 07

An effective field theorist’s nightmare !
- non-decoupling contributions at all scales

- barely regenerated by renormalization group flow
[ Ellis/Gaillard ’79]
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Solutions to the strong C

UV pT G a
€ GWGPJ

An effective field theorist’s nightmare ! IR so

Make 1t unphysical

° problem

How to set @ =~ (0 ?

utions.

Make 1t dynamical

0 =0+ argdet(Y,Yy)

2
ED gS

a

GG

Massless quark : ambiguous !
[’t Hooft ’76]

Relaxes

Ruled out by lattice [Aoki et al ’16]

1672 f,

[Peccei/Quinn ’77,
Weinberg ‘78, Wilczek 78]

to zero |
[ Vafa/Witten ’84]

Also DM !



Solutions to the strong CP problem

"G, GY, How toset 6~ 07

?

An effective field theorist’s nightmare o
- non-decoupling contributions at all scales
- barely regenerated by renormalization group flow

Make 1t zero

By symmetry: (C)P !



arrty solutions to the strong CP problem

(C)P is not a symmetry of the SM ! Spontaneous breaking

CP <¢> c C [Nelson ’84, Barr ’84]



Parity solutions to the strong CP problem

P is not a symmetry of the SM ! Spontaneous breaking



arity solutions to the strong CP problem

P is not a symmetry of the SM ! Spontaneous breaking

New fermions ?

3,2.1/6)
@ @2/3

dR( 1/3)

l QR(gv 2, 1/6)
same + dr(3,1,—1/3)
uL(S, 1, 2/3)
L U
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arity solutions to the strong CP problem

P is not a symmetry of the SM ! Spontaneous breaking

New fermions ¢! New gauge fields !

2/3 ' QRE<“R> (3,1,2,1/6)
dR( @ 1/3) dR SU(3) x SU(2)p, @)RX@

Higgsed

l QR(gv 2, 1/6)
same + dr(3,1,—1/3)
uL(S, 1, 2/3)
Higgs couplings :too light |



arity solutions to the strong CP problem

P is not a symmetry of the SM ! Spontaneous breaking

New fermions ¢! New gauge fields !

3 2 1/6 QL(3727171/6)
@ @2/3 e =<“R> (3,1,2 1/6)> P
dR( R=\ g 1,2,

1/3) SU(3) x SU(2)r x SU(2)g x U(1)
"
P

l QR(gv 2, 1/6)
same + dr(3,1,—1/3)
uL(S, 1, 2/3)
Higgs couplings :too light |



arity solutions to the strong CP problem

P is not a symmetry of the SM ! Spontaneous breaking

New fermions ¢! New gauge fields !

@3 2.1/6) Qr(3,2,1,1/6)
@2/3 " On E@R) (3,1,2,1/6)
dR( 1/3) K SU(3) x SU(2)1. @)RXU(D

&/

Higgsed : broken parity

l QR(gv 2, 1/6)
same + dr(3,1,—1/3)
uL(S, 1, 2/3)
Higgs couplings :too light |



arity solutions to the strong CP problem

P is not a symmetry of the SM ! Spontaneous breaking

New fermions ¢! New gauge fields !
Dim-5 masses :

@3 2,1/6) Qr(3,2,1,1/6) needasee-saw !
dR( @2/13/3) Cr E(Zi) (3,1,2,1/6)

SU(3) x SU(2)r, x SU(2)r x U(1)
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uL(S, 1, 2/3)
Higgs couplings :too light |



arity solutions to the strong CP problem

P is not a symmetry of the SM ! Spontaneous breaking

New fermions ¢! New gauge fields !
Dim-5 masses :

@3 2,1/6) Qr(3,2,1,1/6) needasee-saw !
dR( @2/13/3) Cr E(Zi) (3,1,2,1/6)

SU(3) x SU(2)r, x SU(2)r x U(1)

l 1,2 In practice, both !
QR (3,X 1/6) [ Babu/Mohapatra ’89, ’90,
Barr/Chang/Senjanovic ’91,
+ _
>ame dr (3’ 1, 1/3) Hall/Harigaya ’18, + Dunsky ’18,
ur (37 1, 2/ 3) Craig/Garcia Garcia/Koszegi/

Higgs couplings :too light | McCune ’20, ... |



arrty solutions to the strong CP problem

?

¢ Need 0 ~ 0 even below the scale of parity breaking
Similar to the SM case [Ellis/Gaillard *79]

Not in all extensions [de Vries/Draper/Patel *21]



arity solutions to the strong CP problem

P is not a symmetry of the SM ! Spontaneous breaking

New fermions ¢! New gauge fields !
Dim-5 masses :

@3 2 1/6 QL(37 27 ]—, 1/6) need a see-saw |
2/3) —> _(ur
dR!\3® 1/3) Qr _<dR> (3,1,2,1/6)

SU(3) x SU(2)r, x SU(2)r x U(1)
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arrty solutions to the strong CP problem

? Need § ~ 0 even below the scale of parity breaking

Similar to the SM case [Ellis/Gaillard ’79]

Not In all extensions [de Vries/Draper/Patel *21]

—asier In « mirror models » [Barr/Chang/Senjanovic ’91]



arity solutions to the strong CP problem

P is not a symmetry of the SM ! Spontaneous breaking

New fermions ¢! New gauge fields !
Dim-5 masses :

@3 2,1/6) Qr(3,2,1,1/6) needasee-saw !
dR( @2/13/3) Cr E(Zi) (3,1,2,1/6)

SU(3) x SU(2)r, x SU(2)r x U(1)

xU(1)
1,20,1/6 In practice, both !
QR('?”X ] /6) [ Babu/Mohapatra ’89, ’90,
B Barr/Chang/Senjanovic ’91,
same dL(g’ 1’ 1/3) Hall/Harigaya ’18, + Dunsky ’18,
ur (37 1, 2/ 3) Craig/Garcia Garcia/Koszegi/

Higgs couplings :too light | McCune ’20, ... |



Parity solutions to the strong CP problem

-

Mirror worlid




Parity solutions to the strong CP problem

Mirror world and strong CR Need shared color (P-invariant on its

9

own) |

(H)# (H')

Aocp = 0



Our parity solution to the strong CP problem

We notice that
bicolored mediator

Medlator vev




Our parity solution to the strong CP problem

We notice that
bicolored mediator

Medlator vev

« Complete »
mirror world



Our parity solution to the strong CP problem

We notice that
g bicolored mediator

Mediator vev

P —

With the same starting point :
bicolored mediator bicolored mediator

Parity
breaking

. — —




Our parity solution to the strong C

bicolored mediator

° problem

SU@3) | SU©). | UQ)y | SUBY | SU@) | U@y

3 2 1/6 1 1 0
w | 3 1 2/3 1 1 0
| 3 1 1/3 1 1 0
L 1 2 1/2 1 1 0
e’ 1 1 -1 1 1 0
H| 1 2 1/2 1 1 0
Q’ 1 1 0 3 2 -1/6
we |l 1 1 0 3 1 2/3
de | 1 1 0 3 1 -1/3
i 1 1 0 1 2 1/2
e’c 1 1 0 1 1 1
H | 1 1 0 1 2 1/2

9 = —¢ _
é@’
Y,=Y {




Our parity solution to the strong C

bicolored mediator

Bicolored mediator here:
vifundamental order

barameter ()
(32) o< v3l
2y /2
— 93GG = ‘along QcpI3

° problem

SU@3) | SU©). | UQ)y | SUBY | SU@) | U@y
Q 3 2 1/6 1 1 0
w | 3 1 2/3 1 1 0
| 3 1 1/3 1 1 0
L 1 2 1/2 1 1 0
e’ 1 1 -1 1 1 0
H| 1 2 1/2 1 1 0
Q’ 1 1 0 3 2 -1/6
we |l 1 1 0 3 1 2/3
de | 1 1 0 3 1 -1/3
i 1 1 0 1 2 1/2
e’c 1 1 0 1 1 1
H | 1 1 0 1 2 1/2

' =~
Y, =Y}

€:>9’:—9

G'G" = fgcp =0

T —

——




Our parity solution to the strong CP problem

| | SUB) | SUQ)L | Uy | SUEBY | SU©) | U
bicolored mediator 3 2 1/6 1 1 0
uc 3 1 2/3 1 1 0
de 3 1 1/3 1 1 0
L 1 2 1/2 1 1 0
e’ 1 1 -1 1 1 0
H 1 2 1/2 1 1 0
Q| 1 1 0 3 2 -1/6
we | 1 1 0 3 1 2/3
d' 1 1 0 3 1 -1/3
I 1 1 0 1 2 1/2
e’c 1 1 0 1 1 1
H | 1 1 0 1 2 1/2

Below V3, colored mirror

quarks : need (H") > (H) P _
(hence P-breaking) XX

&/

_ i
e v > 107 GeV Yo=1Y,




Our parity solution to the strong CP problem

| | SUM) | SU@)L | Uy | SUEBY | SU©@) | U1
bicolored mediator 3 2 | 6 1 B
w | 3 1 2/3 1 1 0
de 3 1 1/3 1 1 0
L 1 2 1/2 1 1 0
e’ 1 1 -1 1 1 0
H 1 2 1/2 1 1 0
Q| 1 1 0 3 2 | -1/6
we |l o1 1 0 3 1 2/3
d' 1 1 0 3 1 -1/3
I 1 1 0 1 2 1/2
e’c 1 1 0 1 1 1
| H | 1 1 0 1 2 1/2
Below v3, colored mirror Y~ A Y
quarks :need (H") > (H) W
(hence P-breaking) \%&,
Achieved through soft breaking vyt
or radiative corrections L (H)
q
[ Babu/Mohapatra ’89, — — J2L
Hall/Harigaya ’18] Mq’ < >




Our parity solution to the strong CP problem
| | SUM) | SU@)L | Uy | SUEBY | SU©@) | U1
bicolored mediator Q| 3 2 1/6 1 1 0
uc 3 1 2/3 1 1 0
de 3 1 1/3 1 1 0
L 1 2 1/2 1 1 0
e’ 1 1 -1 1 1 0
H 1 2 1/2 1 1 0
’ 1 1 0 3 2 1/6
we | 1 1 0 3 1 2/3
d' 1 1 0 3 1 -1/3
I 1 1 0 1 2 1/2
e/c 1 1 0 1 1 1
o H | 1 1 0 1 2 1/2
Very predictive Y~ A Y
model, two BSM W
scales : vgand v’
Different pheno on the Y — YT
/ qQ — T q’
barameter space. For vy < v’ m, < H>
colored bosons as ligshtest — —
5 Mg’ (H')

BSM states !




Our parity solution to the strong CP problem

Bicolored mediator : a scalar or strongly interacting fermions.

® ¥ in(3,3)of SU(3) x SU(3)" with potential
V(E) =—m?Tr(ZX") + T (287)
+ &Tr(BX1)? 4 (mdet(X) + h.c.)

/.

3ord

Breaking to the diagonal SU (3)in a large fraction of parameter
space (but no (C)P breaking)

[ Bai/Dobrescu ’17]

® SU(N) | SU(N) | SU@3) | SU(3)  Breaking to the
Y, N 1 3 1 diagonal SU(3)a la
YR N 1 1 3 technicolor
A 1 N 3 1
?%z 1 N 1 3/ [ Weinberg ’76, Susskind *78]




Our parity solution to the strong CP problem

Bicolored mediator : a scalar or strongly interacting fermions.

® ¥ in(3,3)of SU(3) x SU(3)" with potential
/ _ V(E) =—m?Tr(ZX") + T (287)
3ord

+ &Tr(BX1)? 4 (mdet(X) + h.c.)

Breaking to the diagonal SU (3)in a large fraction of parameter

space (but no (C)P breaking) [Bai/Dobrescu *17]
® SU(N) | SUN) | SU(3) | SU(3)’

YL N 1 3 1

VR N 1 1 3’ :> P for

v 1 N 3 1 P for 3=3

Wi 1 N 1 3 3'=3




Our parity solution to the strong CP problem

9

& Need 0 ~ 0 even below the scale of parity breaking

Only mediators: gluons, bicolored mediator or heavy Higgs. Only
CP phase: CKM. Very small contributions (at least 3-loops)
to Oqcp . Effect of small instantons also suppressed



Our parity solution to the strong C

B Heavy Quarks excl.

[GeV ]

V !

/
- -

(V')

Dangerous — corrections

SU(3)"' Confinement

Heavy Gluons excl.

5x103

104
V3

| GeV ]

1.5x10%

2x10%

D

problem

(scalar
mediator)




Our parity solution to the strong CP problem

/
77
1015 4////////// // 7
g 7, ! Z
. _/_/ e Ll L s A A
103t N |- Dangerous % corrections
=
8 SU(3)' Confinement (Sca|al”
L 11 I '
- 10 Heavy Gluons excl. med latO r)
g
e \Heavy Quarks excl.
107+ \

5x103 104 1.5x )
vy [GeV] g% TrGG
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Our parity solution to the strong CP problem

[GeV ]

V !

1013 N e

(v')2 .
Dangerous — corrections

SU(3)' Confinement

(scalar

10*y

0.14

0.12F

0.1}

5x1073 101 o.0sl

0.06




Our parity solution to the strong CP problem

[GeV ]

V !

103}

10*y

10°}

B Heavy Quarks excl.

(v')2 .
Dangerous — corrections

SU(3)' Confinement (Sca|al”
Heavy Gluons excl. m ed |atO r)

5:10° 10°
L HC searches for heavy
vector octets (decay

to quarks)

1.5x10% 2104

| HC searches for stable

colored neutral particles
(hadronize and ionize)




Our parity solution to the strong CP problem

1015

10%3¢  _——— | eeee- Dangerous — correctlons
pI
>
9 SU(3)' Confinement (Scalar
— 10 11 :
- Heavy Gluons excl. med lato r)
o
. \ B Heavy Quarks excl.
10 :
10’
5x103 104 1.5x10* 2x10*
Model-dependent seV]

bounds on colored
scalars




Dark matter from the mirror worla

Many new particles, mirror B and L quantum numbers...
dark matter candidates !

Only one viable : mirror electron
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Dark matter from the mirror worla

Many new particles, mirror B and L quantum numbers...
dark matter candidates !

Only one viable : mirror electron

Strong bounds on the stable mirror up quark relic densrity
| Goodman/Witten ’85,

—14,—8
Yu’ < 10[ ]YDM Kawamura/Okawa/Omura/Tang ’18,

Dunsky/Hall/Harigaya ’19]
— v3=10° GeV  ----- vy = 107 GeV

Masses are fixed by parity !

T, /me/

1 |GeV]



Dark matter from the mirror worla

Many new particles, mirror B and L quantum numbers...
dark matter candidates !

Only one viable : mirror electron

Strong bounds on the stable mirror up quark relic densrity
| Goodman/Witten ’85,

—14,—8
Yu’ 5 10[ ’ ]YDM Kawamura/Okawa/Omura/Tang ’18,
Dunsky/Hall/Harigaya ’19]
Masses are fixed by parity | Cannot do freeze-out (w/ or w/o dilution)

Earlier Iiterature : non-thermal mechanisms (inflaton decays), other

DM candidates (mirror neutrinos), extended spectra
| Dunsky/Hall/Harigaya ’19, +Dror ’20,
Kawamura/Okawa/Omura/Tang ’18]



Dark matter from the mirror worla

Many new particles, mirror B and L quantum numbers...
dark matter candidates !

Only one viable : mirror electron

Strong bounds on the stable mirror up quark relic density
| Goodman/Witten ’85,

—14,—8
Yu’ 5 10[ ’ ]YDM Kawamura/Okawa/Omura/Tang ’18,
Dunsky/Hall/Harigaya ’19]
Masses are fixed by parity | Cannot do freeze-out (w/ or w/o dilution)

Sequential freeze=in from the mirror photon

[Hambye/Tytgat/Vandecasteele/Vanderheyden ’18,
Bélanger/Delaunay/Pukhov/Zaldivar ’19]

then v'v' — €'é Inflation ? Reheating to
the SM and Tmax ~ Alrh




Dark matter from the mirror worla

B DM region for central m,,
o DM region for m, + 20%
B Higgs parity region

B Excluded by DD

B Excluded by ¥ DWs

No appropriate
reheating temperature



Dark matter from the mirror worla

—
1
o8l 1 h

= 1012 m DM region for central m,,

8 o DM region for m, + 20%

B Higgs parity region
TN m Excluded by DD
: m Excluded by ¥ DWs

10% 10 10?2 10

(25 [GBV]

—

First interest of
low v3



Dark matter from the mirror worla

B DM region for central m,,
o DM region for m, + 20%
e B Higgs parity region

4 a Excluded by DD

B Excluded by ¥ DWs

10% 10 10?2 10

(25 [GBV]

—

Main interest of
low V3
(kinetic mixing)



Dark matter from the mirror worla

..........

B DM region for central m,,
o DM region for m, + 20%
O B Higgs parity region

B Excluded by DD

m Excluded by ¥ DWs

10% 10 10?2 10

Us [GGV]

—
My < V3

/

q q

Main interest of

o4 g
low V3

(klhEth mlxmg) [ Dunsky/Hall/Harigaya ’19]




Dark matter from the mirror worla

..........

B DM region for central m,,
o DM region for m, + 20%
e, B Higgs parity region

B Excluded by DD

m Excluded by ¥ DWs

10% 10 10?2 10

v3 [GeV]

—
My < V3

My’ > V3

q q
Main interest of | ) <
8
ow U3 7' % 7

(klhEth mlxmg) [ Dunsky/Hall/Harigaya ’19]



Outlook

First study of a parity solution to the strong CP
problem (a « UV solution ») in a « complete » mirror

world

Many lessons left to learn. Ex : there Is room for a thermal
dark matter candidate

~ew free parameters, but quite different physics in the
barameter space ! Ex : colored bosons, possible (companion)

DM signals




