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Abstract: Theories which spontaneously break spacetime parity can solve the strong CP problem. They usually have few free parameters and are
therefore very predictive, but their landscape remains quite unexplored. | will present a construction based on a complete mirror copy of the standard
model, linked to our world by colored portal fields. Those induce the partial spontaneous breaking of the color groups, yielding a vanishing theta
angle at low energies. The lightest BSM fields could be found at colliders, and are either colored (pseudo-Goldstone or vector) bosons, or some of
the vectorlike fermions predicted by parity. The lightest of the latter can actually play the role of thermal dark matter in our model, unlike what was
previously found in similar constructions.

Thistalk isvirtual, but will also be broadcast in the Sky Room.

Zoom link

Pirsa: 24040075 Page 1/49



iPH C Université
@dscmhgggﬁ d e gt ra S b 0 U rg

Hubert C
STRASBOURG

A colorful, yet dark, mirror solution
to the strong CP problem

Quentin Bonnefoy
University of Strasbourg & IPHC

Perimeter Institute
April 2nd, 2024

2303.06 156 [hep-ph] (PRL) with L. Hall, C. A. Manzari & C. Scherb
+ 2311.00702 [hep-ph] (PRD) with the same people & A. McCune

irsa: 24040075 Page 2/49



The strong CP problem

1
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The strong CP problem

Lsy D QY dH + QY uH

929 -+ h.C.
S UV PO Ya a
+ 39,2 € G JLWG B
UBa | UBW| UBa| UBL| U®).

Qr 3 i 1 1 1

VL 3 3 1 1 1

Y, 3 1 3 1 1

Y. 1 1 1 3 3

3 _

Ji=ImTr |V, ¥}, YoY]| 0 = 0 + arg det(Y, Yy)

[Jarlskog ’85]
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The strong CP problem

g0
3272

Lsm D o €O £

All known CPV phenomena : CKM-driven. Where is 6 ?
Total 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 dp, y
020 ¢ Goy -1 #5BPT D 5 WY
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The strong CP problem

27
g
s Gin G

ESM D)

All known CPV phenomena : CKM-driven. Where is 6 ?

Total derivative : invisible In perturbati heor

But non-perturbatiy Strong CP problem :

7] —10
In particular, neutn 0 SJ 10 lent (EDM)

[.my,—crmrmm Veneziano /W itten ’79]

predicted to be Ay — ,  measured to be
~ 10720 eGeV‘lM g MISTw T 012 ey~

~J

[Pendlebury et al ’15]

irsa: 24040075 Page 6/49



Solutions to the strong CP problem

920
3272

Lsm D S o & = How toset @~ 07

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

- barely regenerated by renormalization group flow
[Ellis/Gaillard ’79]

w

W
R‘gmL
v _TXK RN a5
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Solutions to the strong CP problem

g50 ;
S Voo a a ~
3,3 Gqupcr Howtoset 8 ~0Q°?

CSM D)

An effective field theorist’s nightmare ! IR solutions.

Make 1t unphysical Make it dynamical
— gz a ~
0 =0 + argdet(Y, Y, L 2 GG

g det(YuYa) = 1672 f,

[Peccei/Quinn 77,

Massless quark : ambiguous !
9 2 Weinberg ‘78, Wilczek ’78]

[’t Hooft ’76]

Ruled out by lattice [Aoki et al ’16]
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Solutions to the strong CP problem

920
3272

Lsm D PGy, Go, How toset @~ 07

An effective field theorist’s nightmare ! IR solutions.

Make 1t unphysical Make it dynamical
_ K 92 a o
0 =0 + argdet(Y,Y. )i 2 GG
rg det(YuYa) = 1672 f,

[Peccei/Quinn 77,

Massless quark : ambiguous !
9 2 Weinberg ‘78, Wilczek ’78]

[’t Hooft ’76]

Relaxes to zero !
[Aoki et al ’16] [Vafa/Witten '84]

Also DM !

Ruled out by lattice
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Solutions to the strong CP problem

920
3272

Lsm D PG, GY, How toset § ~ 07

?

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

Make It zero
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Parity solutions to the strong CP problem

P is not a symmetry of the SM ! Spontaneous breaking

New fermions ! New gauge fields ?

uR(3®2/3 I Qr E(ZR) (3,1,2,1/6)
dr(3 1/3) R/ su(s)x su(2), »

Higgsed : br‘;oken parity

l Qr(3,2,1/6)
same + dr(3,1,—1/3)
ur (3: 1: 2/3)
Higgs couplings : too light !
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Parity solutions to the strong CP problem

P is not a symmetry of the SM ! Spontaneous breaking

New fermions ! New gauge fields ? ]
Dim-5 masses :
6@3 2,1/6) Q5(3,2,1,1/6) needa see-saw !

UR(3®2/3 — QRE@;) (3,1,2,1/6)

dr(3 1/3) SU(3) x SU(2)1, x SUQ2)r x U(1)

l Qr(3,2,1/6)
same + dr(3,1,—1/3)
ur, (3: 1: 2/3)
Higgs couplings :too light !

Pirsa: 24040075 Page 12/49



Parity solutions to the strong CP problem

P is not a symmetry of the SM ! Spontaneous breaking

New fermions ! New gauge fields ?

Dim-5 masses :

C@:S 2,1/6) Qr(3,2,1,1/6) need a see-saw |
g:g@?f;g) Qr E(Z’g) (3,1,2,1/6)

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

l 1,2 In practice, both !
QR(3:X 1/6) [Babu/Mohapatra ’89, ’90,
K7 Y . Barr/Chang/Senjanovic 91,
same + (dr(3, 1, 1/3) Hall/Harigaya ’18, +Dunsky 18,
ur, (33 1: 2/3)

Craig/Garcia Garcia/Koszegi/
McCune ’20, ... ]

Higgs couplings :too light !
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Parity solutions to the strong CP problem

P is not a symmetry of the SM ! Spontaneous breaking

New fermions ! New gauge fields ?

Dim-5 masses :

6@3 2,1/6) Q.(3,2,1,1/6) needa see-saw !
ur(312/3) = ¢ =(“R) (3,1,2,1/6)
dR( 1/3) R = dR et )

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

l 1,2 In practice, both !
QR(3,X ] //gf)') [Babu/Mohapatra ’89, ’90,
. Barr/Chang/Senjanovic 91,
same + dL(3’ 1’ 1/3) Hall/Harigaya ’18, +Dunsky ’18,
ur, (33 1: 2/3)

Craig/Garcia Garcia/Koszegi/
McCune ’20, ... ]

Higgs couplings :too light !
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Parity solutions to the strong CP problem

Mirror worlid
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Parity solutions to the strong CP problem

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

own) !
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Parity solutions to the strong CP problem

Mirror world and strong CP. Need shared color (P-invariant on its
own) !
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Our parity solution to the strong CP problem

We notice that

bicolored mediator

With the same starting point :
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Our partty solution to the strong CP problem

We notice that

bicolored mediator

Mediator vev

With the same starting point :

Parity
breaking
+—
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Our partty solution to the strong CP problem

We notice that
bicolored mediator

Mediator vev

With the same starting point :

bicolored mediator k bicolored mediator

Par‘i’ty
breaking
. — +—
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Our parity solution to the strong CP problem

| . SU@3) | SU@). | ULy | SU@BY | SU@Y | U@y
bicolored mediator 3 2 1/6 | 1 1 0
uwt | 3 1 -2/3 1 1 0
d° 3 1 17 1 1 0
i 1 2 1/2 1 1 0
P e° 1 1 -1 1 1 0
H 1 2 1/2 1 1 0
& 1 1 0 3 2 -1/6
u' 1 1 %) 3 1 2/3
d'c 1 1 0 3 i | -1/3
L 1 1 0 1 2 1/2
gt 1 1 0 1 1 1
H| 1 1 0 1 2 -1/2

@
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Our parity solution to the strong CP problem

| _ SU@3) | SU@). | Uy | SU@BY | SU@Y | vy
bicolored mediator Q| s 2 /6 | 1 1 0
ut | 3 1 273 1 1 0
| 3 1 1/3 1 1 0
E 1 2 1 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
u' 1 1 0 3 1 2/3
d’c 1 1 0 3 1 -1/3
L 1 1 0 1 2 i
e'c 1 1 0 1 1 1
H| 1 1 0 | 1 2 -1/2
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Our partty solution to the strong CP problem

| . SU@3) | SU@). | ULy | SU@BY | SU@Y | U@y
bicolored mediator Q| s 2 /6 | 1 1 0
ut | 3 1 23 1 1 0
d° 3 1 1/3 1 1 0
iy 1l 2 1/2 1 1 0
P - e® 1 1 -1 1 1 0
H 1 2 1/2 1 1 0
Q’ 1 1 0 3 2 “1/6
u' 1 1 0 3 1 2/3
de| 1 1 0 3 1 Lk
L 1 1 0 1 2 1/2
e'c 1 1 0 1 1 1
H | 1 1 0 1 2 -1/2

Bicolored mediator here: Y A Y
bifundamental order \E/

parameter (32)
Al g — ¢ =0
Yo=Y, -
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Our parity solution to the strong CP problem

| _ SU@3) | SU@). | Uy | SU@BY | sU@Y | U1y
bicolored mediator Q| s 2 1/6 | 1 1 0
ut | 3 1 213 1 1 0
| 3 1 1/3 1 1 0
5 1 2 142 1 1 0
e’ 1 y -1 1 1 0
H 1 2 1/2 1 1 0
Q 1 1 0 3 2 “1/6
u' 1 1 0 3 1 2/3
d'c 1 1 0 3 1 -1/3
L 1 1 0 1 2 1/2
e'c 1 1 0 1 1 1
H | 1 1 0 1 2 2

Bicolored mediator here: Y A
bifundamental order \E_/

parameter (32)
0 — _p _ _
y,=yl{ = ¢ =0
(¥) x v3l “
— g§GG — klalong QCDQ?GIG’
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Our partty solution to the strong CP problem

| . SU@3) | SU@). | ULy | SU@BY | SU@Y | U@y
bicolored mediator Q| 3 2 /6 | 1 1 0
ut | 3 1 2/3 1 1 0
d° 3 1 15 1 1 0
5 il 2 -1/2 1 1 0
P e° 1 1 -1 1 1 0
H 1 2 1/2 1 1 0
Q’ 1 1 0 3 2 “1/6
u' 1 1 0 3 1 2/3
de| 1 1 0 3 1 i3
L 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)
(hence P-breaking)

@
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Our partty solution to the strong CP problem

| . SU@3) | SU@). | ULy | SU@BY | SU@Y | U@y
bicolored mediator Q| 3 2 /6 | 1 1 0
ut | 3 1 2/3 1 1 0
d° 3 1 15 1 1 0
E 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
u' 1 1 0 3 1 2/3
d'c 1 1 0 3 i1 -1/3
L 1 1 0 1 2 1/2
e'c 1 1 0 1 1 1
H | 1 1 |y O 1 2 -1/2

Below v3, colored mirror Y A Y
quarks :need (H') > (H)

(hence P-breaking) X

G

g//
Achieved through soft breaking vy, — vt
or radiative corrections 4 m (H)
[Babu/Mohapatra ’89, = L =

Hall/Harigaya ’18]
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Our parity solution to the strong CP problem

| . SU@3) | SU@). | ULy | SU@BY | SU@Y | U@
bicolored mediator Q| s 2 1/6 | 1 1 0
ut | 3 1 23 1 1 0
d° 3 1 1/3 1 1 0
iy 1l 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
u' 1 1 0 3 1 2/3
de| 1 1 0 3 1 /3
L/ 1 1 0 1 2 1/2
e'c 1 1 0 1 1 1
H | 1 1 0 1 2 -1/2

Very predictive Y A Y
model, two BSM \E/

/
scales: vgand v
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Our partty solution to the strong CP problem

. . SU@3) | SU@)L | UQ)y | SU@B)Y | SU(2y | vy
bicolored mediator Q| 3 2 1/6 | 1 1 0
u® 3 1 -2/3 1 1 0
d° 3 1 1/3 1 1 0
i) 1 2 12 1 1 0
S 1 ! -1 1 1 0
H 1 2 1/2 1 1 0
Q' 1 1 0 3 2 -1/6
u'c 1 1 0 3 ik 2/3
d'° 1 1 0 3 1 -1/3
T 1 1 0 1 2 1/2
et 1 1 0 1 1 1
o H' 1 1 0 1 2 Sl
Very predictive o e AL Y s
model two BSM \E/
scales : vgand v’
Different pheno on the v, — vt
S !
parameter space. For vz < 'U', = < My <H>
colored bosons as lightest mg  (H')

BSM states ! I
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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(EEH) + cTr2 (=2
or
+ ETr(ZE)? + ( det(XZ) + 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) | SUB) | SU(3)’ Breaking to the

YL | N 1] 3 1 diagonal SU(3)a la

Yr| N 1 1 3 technicolor

(s 1 N 3 1

w}{ 1 N 1 3/ [Weinberg 76, Susskind 78]
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Our partty 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(Z) = — m2Tr(ZE) + cTr?(Z2F)

3or3
+ ETr(ZE1)? + (M det(XZ) + h.c.)

Breaking to the diagonal SU(3)in a large fraction of parameter
Space (but no (C)P breaking) [Bai/Dobrescu ’17]

o SU(N) | SUNY | SU(3) | SU(3)
VL N 1 3 1 )
YR N 1 1 3’ P lor
v 1 N 3 1 P for 3'=3
W 1 N 1 3 3=3
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Our partty solution to the strong CP problem

?

& Need =0 even below the scale of parity breaking
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Our partty solution to the strong CP problem

? Need 6 ~ 0 even below the scale of parity breaking

Only mediators: gluons, bicolored mediator or heavy Higgs. Only
CP phasexCKM. Very small contributions (at least 3-loops)

to Oqcp . Effect of small instantons also suppressed
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Our parity solution to the strong CP problem

10 15}
1013} Dangerous % corrections
E SU(3)' Confinement (scal al
.: 0% Heavy Gluons excl. mediator)
P Heavy Quarks excl.
107} k

5x103 104 1.5x10% 2x104
vy [GeV]
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Our partty solution to the strong CP problem

1015 7 __ :
1013 / Dangerous T]IZ corrections
E SU(3)' Confinement (scal al
.: 10% Heavy Gluons excl. mediator)
e “Heavy Quarks excl.
1 09 I

5x103 104 1.5x
vy [GeV] TrG'G (
167r MT2

)\|H|2 X|HI|2)

(93: Ga b 93: G’: H’)
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Our partty solution to the strong CP problem

1015 L

.-4-""”‘-'__

2
1013} Dangerous ;:—JE corrections

pl
.
8 <5 SU(3)' Confinement (scalar
&= 11| .
10 — v3=10° GV ----- v3 = 107 GeV
o>
1 053_
0.12}
107} 0.1 Q'QCD
- :
510 101 o.08} —
0.06 — %
103 104 lU’i -106 107 ]Uh' 109
i [GeV]
Page 35/49
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Our parity solution to the strong CP problem

1015) 7 ' | | ,
1013 / Dangerous % corrections
E SU(3)' Confinement (scal alr
.: 10% Heavy Gluons excl. mediator)
P Heavy Quarks excl.
1 09 I

SLLE 10° 1.5x10% 2101
LHC searches for heavy eV LHC searches for stable
vector octets (decay colored neutral particles
to quarks) (hadronize and ionize)

Pirsa: 24040075
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Our partty solution to the strong CP problem

1013} Dangerous % corrections
E SU(3)' Confinement (scal al
.: 10% Heavy Gluons excl. media‘tor)
P Heavy Quarks excl.
1 09 I

55103 104 1.5x10? 2x104

Model-dependent N
bounds on colored
scalars
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Our parity solution to the strong CP problem

| . SU@3) | SU@). | ULy | SU@BY | SU@Y | U@y
bicolored mediator Q| s 2 1/6 | 1 1 0
uwt | 3 1 -2/3 1 1 0
d° 3 1 1/3 1 1 0
i 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
u' 1 1 0 3 1 2/3
de | 1 1 0 3 1 -1/3
L 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 ' W Y
quarks :need (H') > (H)
(hence P-breaking)

G

Y, =Y!
! q:>kmq . <H>
My a (H')
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Dark matter from the mirror world

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

(—14,—8§] [Goodman/Witten ’85,
Y. S 10 " YpMm Kawamura/Okawa/Omura/Tang ’18,
8
Dunsky/Hall/Harigaya ’19]
Masses are ﬂxed by parlty ! — v3 = 10" GeV  --aan vy = 10" GeV
2N
18 T \
g 1.6 \\hk- .
E: 1.4 i N
1.2 b e
1 : i : . >
10* 10° 10° 107 10° 107
i [GeV]
Page 39/49
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Dark matter from the mirror world

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,

Yu" S 10[_14’H8] YDM Kawamura/Okawa/Omura/Tang ’18,
Dunsky/Hall/Harigaya ’19]
Masses are fixed by parity | Cannot do freeze-out (w/br w/o dilution)
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Dark matter from the mirror world

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,

Yu’ S_, 10{_14’_8] 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 literature : non-thermal mechanisms (inflaton decays), other

DM candidates (mirror neutrinos), extended spectra
[Dunsky/Hall/Harigaya ’19, +Dror ’20,
Kawamura/Okawa/Omura/Tang ’18]
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Dark matter from the mirror world

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,

Yu’ S_, 10[_14’_8] 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

g u' y' [Hambye/Tytgat/Vandecasteele/Vanderheyden ’18,
Bélanger/Delaunay/Pukhov/Zaldivar ’19]

i ! then v’ — e’é’

g u y:k
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Dark matter from the mirror world

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,

Yu" S 10{_14’_8] 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

) u' y' [Hambye/Tytgat/Vandecasteele/Vanderheyden ’18,
Bélanger/Déeiaunay/Pukhov/Zaldivar *19]

then v'y" = €€ Inflation ? Reheating to
g Uu the SMand Taes Tp

u' u
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Dark matter from the mirror world

10" — —

ll‘}]ii
e 12 1 DM region for centr: .
= 10*4} m DM region for central m,,
é DM region for m, + 20%
“e 10" m Higgs parity region

B Excluded by DD
1
10™ m Excluded by & DWs

107

No appropriate
reheating temperature

Pirsa: 24040075 Page 44/49



Dark matter from the mirror world

10" — —
113
1077} L
\‘.
:_:_ ][_]12| m DM region for central m,
é DM region for m, + 20%
~ 10 L ® Higps parity region
Gl 2 ® Excluded by DD
"
107 B Excluded by £ DWs

104

First interest of
low v3
(ratio My / Me!)
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Dark matter from the mirror world

10™ — —
l[‘}]:‘il ‘
n\: ‘
12 | \ ; DM ion f |
\ -, m DM regio - central m
= 10 : 3 ] region for central m,
fj - DM region for m, + 20%
=~ B Higgs parity region
B Excluded by DD
® Excluded by ¥ DWs
’+%\mmz/
Main interest of / \ o

ARV VON

| oW Vs \ */lusmm,\ /

(klnet“: m"“ng) [Dunsky/Hall/Harigaya ’19]
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Dark matter from the mirror world

10" — —

m DM region for central m,,
DM region for m, + 20%

B Higgs parity region

B Excluded by DD

®m Excluded by £ DWs

) 10° 10® 1010 1012 10
vy [GeV]

mu’ < (03

q q
>

Main interest of / \mm/ \a, :
rvvvv»{ .

'.]/f

low v \ PMJ‘ [ s *\
k. . oW .3 . \ 4/,@95&21\__* / . 1S by
( inetic mIXIng) [Dunsky/Hall/Harigaya ’19] %&\4/
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QOutlook

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

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

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 !

Few free parameters, but qurte different physics in the
parameter space ! Ex : colored bosons, possible (companion)

DM signals
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