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.fy dn <1026
e CIn

at odds with the SM:

s

0
Y167

P Ge, G, + (Y, QHU + YyQH* D + h.c)

0 =0y+argdetY,Yy

physical combination CP violating
two contributions related by a field redefinition
Y

d 0
n_ < —26
e cm ™ 10 8 10—10
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QCD axion s rest of the world ?

QCD axion:

= |R solution g quality 1ssue
= DM candidate = nseen so far

can we solve strong CP and find that DM is not an axion?
identity a model that solves the strong CP based on discrete symmetry
— > with spontaneous breaking
— > with a dark matter candidate

— > with the ingredients for baryogenesis
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cosmology of parity solutions of the strong CP problem

with Michele Redi, arXiv: 2307.03161

recently also:

[Craig et al "20);
Hisano et al 23;
Bonnetoy et al ‘23]
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IP) - P Z [Babu and Mohapatra;
- X 2 Barr, Chang, Senjanovic '90s]

fundamental symmetry of an extended sector

~ parity exchange SM with its copy~

5/22



P symmetric world + color interactions

[ Bonnefoy, Hall, Manzari, Scherb, 2303.06156]

IP) - P Z [Babu and Mohapatra;
- X 2 Barr, Chang, Senjanovic '90s]

fundamental symmetry of an extended sector

~ parity exchange SM with its copy~

~——

S M SM

5/22



P symmetric world + color interactions

[ Bonnefoy, Hall, Manzari, Scherb, 2303.06156]

IP) - P Z [Babu and Mohapatra;
- X 2 Barr, Chang, Senjanovic '90s]

fundamental symmetry of an extended sector

~ parity exchange SM with its copy~

~——

S M SM

= for example:

q~ (3,2,1/6)
q ~ (37 2, _1/6)

5/22



P symmetric world + color interactions

[ Bonnefoy, Hall, Manzari, Scherb, 2303.06156]

IP) - P Z [Babu and Mohapatra;
- X 2 Barr, Chang, Senjanovic '90s]

fundamental symmetry of an extended sector

~ parity exchange SM with its copy~

~——

S M SM

= for example: = Higgs and its copy

5/22



P symmetric world + color interactions

[ Bonnefoy, Hall, Manzari, Scherb, 2303.06156]

IP) - P Z [Babu and Mohapatra;
- X 2 Barr, Chang, Senjanovic '90s]

fundamental symmetry of an extended sector

~ parity exchange SM with its copy~

~——

S M SM

= for example: = Higgs and its copy
~ (3,2,1/6 ~ ~

1~ (3,2,1/6) (Hy=v (H)=1
i~ (3,2,—1/6)

SM | SU(3) | SU@2) | U(1) SM | SU(3) | SU(2) | U(1)

Q 3 2 1/6 Q 3 2 16

U 3 2 —2/3 U 3 1 2/3

D 3 2 1/3 D 3 113

L 1 1 —1/2 L 1 2 1/2

E 1 1 1 “E 1 1 =1
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acts non trivially on the gauge fields

theta-terms 1n the two sectors are equal and opposite*

Q3
1067

n | &3 Vpo
v 16—71'6“ P GMVGPO'

Voo ~

* in the frame where all the angle 1s in the topological term

6/22



P symmetric world + color interactions

P=P x Z5

acts non trivially on the gauge fields

theta-terms 1n the two sectors are equal and opposite*

3 ~ ~
ULV po
6n¢  CGuGro

Vpo

and of course also:

Y,QHU + Y*QHU + h.c.

* in the frame where all the angle 1s in the topological term
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P symmetric world + color interactions

[ Bonnefoy, Hall, Manzari, Scherb, 2303.06156]

crucial ingredient is the breaking of the two color factors to our QCD

Y~ (3,3 A
SM SM

<E> ~ ]|  the breaking set a boundary condition where 6 = 0

~ | as a3

LV po o LV po ~ __
g3 G,u::Fg?) Gu
b1 4+ ! low energy as in
9:(Ms)  g3(Ms) = g5(Ms) [ Barr, Chang, Senjanovic '90s]
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G
mg = 800 GeV (108 GeV)

= [_HC constraints on colored particles

17y > 2TeV

Y

= need parity breaking

~

(H) < (H)
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spectrum and constraints

the new sector 1s colored below E

[big difference with the

“mirror world literature”] = all the mirror quarks are colored

4
N v
SN S ma = 800 GeV  —
" boundary conditions: P symmetric 1 O Gev
T e
— = [_HC constraints on colored particles
Ve | SUB) x SU) x U(1) x SU(3) x T(1)em mg 2 2TeV
E “””””””i);;;léélz};éc;r;(iit'i(;;ls':;;l’o} ................
SU(3). x SU(2) x U(1) X U(1)em
= need parity breaking
v _ ~
— H) < (H)

two massless photons
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aim of our work was to show the following results

O Spontaneous breaking of P
O© Dark Matter candidate

O Viable neutrino physics
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https://arxiv.org/abs/1605.03178

spontaneous breaking of [P

spontaneous breaking possible by inspecting the SM Higgs effective potential

SM Higgs has instability at high field value

can the new field Y and the mirror sector
generate a minimum before Mp1?

~

= above all the thresholds potential is parity symmetric V(H) =V (H) E>m,m

= cffective potential w/ corrections from X Ve (h) = ht, g (h) + Ng(h)h =0

= |ook for new minimum before Mp1, consistent with low energy boundary conditions

similar ideas 1in

[ Blinov and Hook, 1605.03178]
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https://arxiv.org/abs/1605.03178

spontaneous breaking of [P

spontaneous breaking possible by inspecting the SM Higgs effective potential

A

SM x SM
boundary conditions: P symmetric gz (/ﬁ) — gz (é})

oooooooooooooooooooooooooooooooooooooooooooooooo

-

boundary conditions: color

SU(3). x SU(2) x U(1) x T(L)en g2(Mz) ~ 2(Ms) | R(Ms)

[SM equations from: Buttazzo et al ‘13]

11/22



higgs potential with two minima before the Planck scale

we found that the parity symmetric scenario allows for a second minimum

A

g

the ftull effective potential of the theory (at two loops) allows for spontaneous breaking
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higgs potential with two minima before the Planck scale

we found that the parity symmetric scenario allows for a second minimum

A

g

the ftull effective potential of the theory (at two loops) allows for spontaneous breaking

= domain wall problem: symmetry must be broken during inflation
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spontaneous breaking for SM measured parameters
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exploiting renormalizable portal couplings — larger parameter space
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cosmology In a symmetric world

any modification to the model potentially spoils the strong CP solution:

O Dark Matter

= need to be discussed within the same symmetry
O Neutrinos

we find that the DM abundance is

linked to the cosmology of neutrinos from the mirror world

see also ‘Higgs parity’
[ Dunsky, Hall, Harigayal]
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neutrino masses and sterile neutrinos

right handed neutrinos respect the P symmetry

N;

SM/ \N

SM
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neutrino masses and sterile neutrinos

right handed neutrinos respect the P symmetry

N;

YR

in the limit where the see-saw scale is the largest one:

SM

visible and sterile neutrinos are majorana

~ . ~ ~ . ~

A,
5ZJLZHL=7H + = Wi LA+ 2 LRI 4 he
U
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right handed neutrinos respect the P symmetry

AN

N;

SM SM

in the limit where the see-saw scale is the largest one:

visible and sterile neutrinos are majorana

~ . ~ ~ . ~

Ni ‘ ; ~7j AZ N . ~ . ~
M sy L HLH + 25 DAL + 29 [ HETH + he.
(V) (V) (V)
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neutrino masses and sterile neutrinos

right handed neutrinos respect the P symmetry

AN

SM SM

N;

in the limit where the see-saw scale is the largest one:
visible and sterile neutrinos are majorana

~ . ~ ~ . ~

n; - A,
oL HL H + S DAL + 29 LI+ e
(V) (V)

inverted or normal ordering affects the mass spectrum




cosmology of sterile neutrinos
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cosmology of sterile neutrinos

in the right ballpark, sterile neutrinos at the GeV scale

) - 4
T an ~ 4.5 x 10° s~ ! (m”’hght')( My ) A2
—SM S 0.008ev/ \10Gev/)

they can be long lived and inject entropy in the SM thermal bath

matter dominated phase that can reheat the universe

mv,hght_ =0.008 eV

102

I T TTTTTH

MMy licht. my
~ 0.04 A lig ( )
' \/0.0leV GeV

—
A

entropy dilution

-
o
o

color keeps the two sectors

lightest mirror neutrino mass [GeV]

in thermal equilibrium

Tﬁm@

107"k
1073 1072 107" 10

A
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dark matter candidates

the mirror sector has several stable states

© Baryon number
O Lepton number
O FElectric charge -

g

= mirror up quark 0.5TeV

Q)

= mirror electron >

+ massless dark photon

we focus on the mirror electron as DM

DM freeze out in a dark sector with a massless mediator

17/22



dark electron + dark photon

[ Agrawal, Cyr-Racine, Randall, Scholtz
1610.04611]

interestingly, DM with a massless

A
dark photon is not excluded 102+ 0\@\@?9?/
s | ey
10-3_ B T
= (O(100 GeV) and typical coupling allowed 10~ ’/
. e
10" 10 10° 10°

my [GeV]
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dark electron + dark photon

[ Agrawal, Cyr-Racine, Randall, Scholtz
1610.04611]

interestingly, DM with a massless xS ]
. [ 0 ]
dark photon 1s not excluded 102. i
s P |
107 2 ]
= (O(100 GeV) and typical coupling allowed 1040
i &05 |
: | * subject to caveats (see text) !
10— |55 N PR | n P | " PR | N |

10" 10? 10° 10

my [GeV]

1400 | ]

f >
= 1200~ abundance from freeze-out i cﬁ
(O} + (/)]
O, ; (w/ sommerfeld-enh.) 2
@ 1000 - 2 =
g i Qpym for m,=0.05eV =
S 800~ 5 . . . ..
= i Jam2 2 = dilution from sterile neutrinos critical
3 : 110% <
T 600 1 E
S I ] =
£ 400 ) 7
I - <
’ 15TeV =210 =
2001 Tr<5 MeV Thy= =0 1€
[ | 1
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the absence of free parameters besides DM and lightest neutrino mass

mirror electron mass [GeV]

cosmology and neutrino physics

gives us sharp predictions for the parameter space

1400

1200

1000

800

600

400

200

l\ [ T T TTTI1 [T T T TTI [T T TTTI1
- \ Tr <5\ \

: A=001

B \ \ \ m, > 50 meV
o dilution .
_ my< 1.5 TeV

| | [ Ll | [ Ll | [ Ll
1074 1073 1072 10"

lightest SM neutrino mass [eV]
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O Dark Matter direct detection

- kinetic mixing of visible and dark photon — > milli-charged DM
- suppressed by four loops and limited running [ Dunsky, Hall, Harigaya]

2
me 2= 10TeV (106_9) | Xenonlt]

O Traces of dark matter with colored constituents

- strong bounds depending on mechanism of acceleration in the galaxy

[ Dunsky, Hall, Harigaya]

u q¢ ¢ = hadron = these are not the deepest bound states,

crucial to compute their abundance

bounds from MAJORANA, MACRO, ICRRR depending upon By >1
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0 Massive dark photon

- We explored massive dark photon with P symmetry
- Via breaking U(1) x U(1) = U(1)y ¥~ (3,3),

= all mirror particles acquire electric-charge as their copies
= only dark matter candidates are sterile neutrinos
0 my

10-5 ~ 10keV

1 = constraints from LHC on mirror up

O in conclusion, some other directions

- completely dark mirror copy (need extra structure)
- generic portals and larger parameter space for spontaneous breaking of P
- leptogenesis (all the ingredients available, connection with neutrino masses)
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thank you!

22/22



