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Total derivative : invisible In perturbation theory
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Solutions to the strong CP problem

PG G oo How to get @ ~ (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 !
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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 !

masses !
@3 2.1/6) Qr(3,2,1,1/6)
 —
@2/3 Qr E@R) (3,1,2,1/6)
dR( 1/3) 1 SU(3) x SU(2)1, x SU(2)g x U(1)
l In practice, both !

QR(3, 2, 1/6) [ Babu/Mohapatra ’89, ’90,
B Barr/Chang/Senjanovic ’91,
same +  dr (3’ 1 1/3) Hall/Harigaya ’18, +Dunsky ’18,
100 |ight | ur, (37 19 2/ 3) Craig/Garcia Garcia/Koszegi/

McCune ’20, ... ]
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Mirror world and strong CR Need shared color (P-invariant on its

9

own) |

(H)# (H')

Aocp = 0

Few parts of that landscape are explored !
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? 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]

[ Barr/Chang/Senjanovic ’91]

—asier In mirror models



Our parity solution to the strong CP problem




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
bicolored mediator

Medlator vev

With the same starting point :
bicolored mediator




Our parity solution to the strong CP problem

We notice that
g bicolored mediator

Mediator vev

P —

With the same starting point :
bicolored mediator

Parity
breaking

—




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 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 CP problem

We notice that
g bicolored mediator

Mediator vev

JAn effectlve field theorist’s nightmare (bis)
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Bicolored mediator here:
bifundamental order
barameter ()

(3) ox vzl

/2
along QCDg3

= Dl
problem
SUB) | SU@). | UMy | SUBY | SU©2Y | UQ)
3 2 1/6 1 1 0
uc 3 1 -2/3 1 1 0
dc 3 1 1/3 1 1 0
L 1 2 -1/2 1 1 0
ec 1 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 1 2/3
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e’c 1 1 0 1 1 1
H' 1 1 0 1 2 -1/2
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| | 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’ < >
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Very predictive

model, two BSM
scales : vgand v’

° problem
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3 2 1/6 1 1 0
w | 3 1 2/3 1 1 0
| 3 1 1/3 1 1 0
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| | 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 !
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diagonal SU(3)a la
technicolor
[ Weinberg ’76, Susskind *78]
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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)
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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(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
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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
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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
| Kawamura/Okawa/Omura/Tang ’18,
Dunsky/Hall/Harigaya ’19]

Masses are fixed by parity | Cannot do freeze-out

Sequential freeze-in from the mirror photon

g u' Y’ [Hambye/Tytgat/Vandecasteele/Vanderheyden ’18,
Bélanger/Delaunay/Pukhov/Zaldivar ’19]
u' U
then fy’fy/ — e
g Y vy
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Outlook /X
%

problem in a « complete » mirror world (a <
solution »)

Corrections to fqcp very much under control

-ew free parameters, but quite different physics in the
barameter space |

Colored bosons could be the first accessible signal

There 1s room for a thermal dark matter candidate !
Possible companion signals



Solutions to the strong CP problem

Need for UV input for the axion solution :

axion quality problem [Georgi/Hall/Wise *81, Barr/Seckel ’92,
Holman/Hsu/Kolb/Watkins/Widrow ’92,

No global symmetries : Kamionkowski/March-Russell ‘92]

2
5ma 9

_ : 2 N a —10
Lpo = 5 0 with dm; YR 0 Need s < 10

Lro-= ~2PY + h.c. ,
-1 gb 7.l » could be [QB ’22]

MpAR—™ 4
Need to understand physics all the way to Mp
... without IR impact

An effective field theorist’s nightmare (bis)




