Dark Matter hinting to Mirror World?
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Current understanding of the
Universe

Quantum Field Theory:
the Standard Model of
particle physics (SM)

General Relativity:
the A Cold Dark Matter
model (ACDM)




The Standard Model

of particle physics
All charged particles
(besides y, g, H & 2)
comes with the

corresponding Strange
antiparticles

<@— baryons

electron e-neutrino

Since 2012, we have discovered all of them.

Source:
https://atlas.cern/discover/physics
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observationally

The Standard Model

of particle physics
All charged particles
(besides y, g, H & 2)
comes with the

corresponding
antiparticles

Modifications to the
SM or GR or both?

Universe is made of

only matter (particles)

@ <@— baryons

bottom

¢ <— leptons
The matter we observe is u Onlyy, g
only 5%! The rest: G Seme-otthem are massless!
20% dark matter
75% dark energy G | N v oscillations (1998): tiny m # 0
? ?
Since 2012, we have discovered all of them.
Evidences only from gravitational effects
olavk = unknown Source:

https://atlas.cern/discover/physics



Outline

How/What we know about dark matter?

Dark matter = mirror universe?
Higgs portal

Kinetic mixing
Neutrino portal



What is the cosmic energy content?

* Using Standard Candle: Type la supernovae

Depends on the cosmic energy content ;=

<=



What is the cosmic energy content?

la supernovae
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What is the cosmic energy content?

* Observations of Type la supernovae
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History of the Universe
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<~ 7 /-\ r~ - SN

i n ,’\\ i X l/'\\ /f‘\ [N al i % X % # ™\ &
Inflation \\ AR ’: s ! Ax 1 AN /\‘\ ! AN NN N / /\_‘\ ! /\_‘ e / o o /\\
Generates O A A AV A VAT ARVAYAN N ANVN S \ NS 1 AVAVEANA VY
Two Types of< A B RS W & Sy e \_/ e N N s g
Waves Waves Imprint Characteristic

Density Waves Polarization Signals

4

Free Electrons Earliest Time

Scatter Light Visible with Light/’/

Fluctuations

<« Quantum

Nuclear Fusion Begins
Nuclear Fusion Ends
Neutral Hydrogen Forms
Modern Universe

v
(7]
™
v

.2
c

D

9

0

A

3 B
v

£
wd

Y
(<)
(7]

OE

<]
o

o

T~ MeV
0.01s 3 min 380,000 yrs 13.8 Billion yrs
Age of the Universe

http://bicepkeck.org/visuals.html




History of the Universe

baryon density (,h?
10-2 o

Generates
Two Types of

[Cooke et al.

Fluctuations
L 11 IIIIII

<« Quantum

o4
Q

Inflation
viogern universe

s

(]
v
S
(]
.2
c
>
9
e
.
>
(]
=
wid
[
o
(7]
.E
©
]
o

I,

VA

13.8 Billion yrs

baryon—to—photon ratio 7

http://bicepkeck.org/visuals.html



History of the Universe

Gravitational Waves

<~ 7 /-\ r~ - SN

i n ,’\\ i X l/'\\ /f‘\ [N al i % X % # ™\ &
Inflation \\ AR ’: s ! Ax 1 AN /\‘\ ! AN NN N / /\_‘\ ! /\_‘ e / o o /\\
Generates O A A AV A VAT ARVAYAN N ANVN S \ NS 1 AVAVEANA VY
Two Types of< A B RS W & Sy e \_/ e N N s g
Waves Waves Imprint Characteristic

Density Waves Polarization Signals

IIE W I T =

[Cooke et gl.,, 1710.11129] )}, (BBN) ~ 0.048

Free Electrons Earliest Time

Scatter Light Visible with Light/’/

4

Fluctuations

<« Quantum

) :'.

Nuclear Fusion Begins
Nuclear Fusion Ends
Neutral Hydrogen Forms
Modern Universe

v
(7]
™
v

.2
c

D

9

0

A

3 B
v

£
wd

Y
(<)
(7]

OE

<]
o

o

T~ MeV
0.01s 3 min 380,000 yrs 13.8 Billion yrs
Age of the Universe

http://bicepkeck.org/visuals.html




History of the Universe

Gravitational Waves

M\ i /7N s o 7o
I

AR AT . \ i N\ e S N

MO A A A A/ A AN A WA AA A A A L A
Inflation ‘\,f\\/f\\'f f\\,/ AN AAN NN NN NANLINANL INANY INSANY S /\‘
Generates WA A AV AT AV AV O ANV ANV ANV ANV SN
Two Types of< A B RS W & Sy e \_/ e N N s g
Waves Waves Imprint Characteristic

Density Waves Polarization Signals

IIEE I I T E 5

[Cooke et gl.,, 1710.11129] )}, (BBN) ~ 0.048

Free Electrons Earliest Time

Scatter Light Visible with Light/f/

\ \
\

4

Fluctuations

<« Quantum

Nuclear Fusion Begins
Nuclear Fusion Ends
Modern Universe

' Neutral Hydrogen Forms

(]
v
S
(]
.2
c
>
9
e
.
>
(]
=
wid
[
o
(7]
.E
©
]
o

T~ MeV T~eV
0.01s 3 min 380,000 yrs 13.8 Billion yrs
Age of the Universe

[Planck, 1807.06209] )},(CMB) ~ 0.049

http://bicepkeck.org/visuals.html




Inflation
Generates

Two Types of <

Waves

[Cooke et &

(]
v
S
(]
.2
c
>
9
e
.
>
(]
=
wid
[
o
(7]
.E
©
]
o

<« Quantum

Fluctuations

\

\ /"
(AVE

History of the Universe

Gravitational Waves

N
[}

\ ,’\\ \
AN VALY AA

A ;
I

\ R 7\ 7\ N
\ / \‘ / \ I/ \\ / \ / \
AN NANNAN NN INANY NN

A\

2N

r~

-

/.

77
INANY S

/

7\

/

-~

Density Waves

\ J T
A YA YR
\ \JI \Jl

N
Y

\/

4

\
L\
I
VY
\/

v
1} T T Y ) 7 7 A}
A A AN A AN AT ANV AT ANV AY I ANV AV ANV
\// \// L / \ X\ 7 . o X
\ ~

-

\_/ N4

N_/ Moo SNe-

Waves Imprint Characteristic
Polarization Signals

1., 1710.11129] €, (BBN) ~ 0.048

Free Electrons
Scatter Light

Earliest Time

Visible with Light/’/

Nuclear Fusion Begins
Nuclear Fusion Ends

' Neutral Hydrogen Forms

1us

T~ MeV
0.01s 3 min
Age of the Univers

T~eV

380,000 yrs

Modern Universe

13.8 Billion yrs

[Planck, 1607.06209] ()1, (CMB) ~ 0.049
Both with precision alt the subpercent level:

http://bicepkeck.org/visuals.html




History of the Universe

Gravitational Waves
INT) I /

\ R 7\ 7\ N Y
\ ,\‘ [\ /\ L\ /0 \\
AN NAN NAN NN NANS INANY INAANY

/-\ =~ -

/. /

7\

A \

Inflation W VALY AN AN
Generates WA A AV AY
Two Types of < N N A W
WEVES
Density Waves

| ;
¥ 1 7 ) ) 7 4 A
I A A AN A AN A AN AN ANV AY ANV AN I ANV
\\// \ / / \ \ / \ J \

\/ ./ N 57 .~ N

-

Waves Imprint Characteristic
Polarization Signals

IIEE I I T E 5

[Cooke et gl.,, 1710.11129] )}, (BBN) ~ 0.048

Free Electrons Earliest Time

Scatter Light Visible with Light/f/

Fluctuations

<« Quantum

(]
v
S
(]
.2
c
>
9
e
.
>
(]
=
wid
[
o
(7]
.E
©
]
o

QM (SNIa) ~ 0.28

"~

Nuclear Fusion Begins
Nuclear Fusion Ends
Modern Universe

e

' Neutral Hydrogen Forms

1us

Both with precision al the

T~ MeV T~eV
0.01s 3 min 380,000 yrs 13.8 Billion yrs

Age o the lanck. 1807.06200] Qp, (CMB) ~ 0.049

subpercent level:

http://bicepkeck.org/visuals.html




History of the Universe

Gravitational Waves

\ I/"\‘ ,’\\\ i \\\ l/'\\\ /,-\\ { \\‘ 7\ I/’\\\ L\ ‘% d ’\\\ 3
Inflation WARY MY AN AAYAAN AAN AN AANS NANSNAN L NN/ AN A
Generates \\'/ \\If ‘\ \i/ ‘\ ¥ ‘\ ,I/ N/ \\ \,’/ \ \,’/ \\ N /XN \,’ s LA N \\ \/ rd gt
Y W U \_/ \\/l \_/ \_/ \‘/ \\_,/ \\_/ N 17 \\_,

Two Types of v
Waves < . Waves Imprint Characteristic
Density Waves Polarization Signals

IIEE I I T E 5

[Cooke et gl.,, 1710.11129] )}, (BBN) ~ 0.048

Free Electrons Earliest Time

Scatter Light Visible with Light/f/

QM (SNIa) ~ 0.28

"~

/

Fluctuations

<« Quantum

Nuclear Fusion Begins
Nuclear Fusion Ends
Modern Universe

e

(]
v
S
(]
.2
c
>
9
e
.
>
(]
=
wid
[
o
(7]
.E
©
]
o

' Neutral Hydrogen Forms

T~ MeV T~eV
1us 0.01s 3 min 380,000 yrs 13.8 Billion yrs

Age o the lanck. 1807.06200] Qp, (CMB) ~ 0.049

Both with precision alt the subpercent level:

Dark Maﬁev QDM — QM _ Qb ~ 0.23 http://bicepkeck.org/visuals.html




History of the Universe

Gravitational Waves

\ I/"\‘ ,’\\\ i \\\ l/'\\\ /,-\\ { \\‘ 7\ I/’\\\ L\ ‘% d ’\\\ 3
Inflation WARY MY AN AAYAAN AAN AN AANS NANSNAN L NN/ AN A
Generates \\'/ \\If ‘\ \i/ ‘\ ¥ ‘\ ,I/ N/ \\ \,’/ \ \,’/ \\ N /XN \,’ s LA N \\ \/ rd gt
Y W U \_/ \\/l \_/ \_/ \‘/ \\_,/ \\_/ N 17 \\_,

Two Types of v
Waves < . Waves Imprint Characteristic
Density Waves Polarization Signals

IIEE I I T E 5

[Cooke et gl.,, 1710.11129] )}, (BBN) ~ 0.048

Free Electrons Earliest Time

Scatter Light Visible with Light/f/

QM (SNIa) ~ 0.28

"~

/

Fluctuations

<« Quantum

Nuclear Fusion Begins
Nuclear Fusion Ends
Modern Universe

e

(]
v
S
(]
.2
c
>
9
e
.
>
(]
=
wid
[
o
(7]
.E
©
]
o

' Neutral Hydrogen Forms

T~ MeV T~eV
1us 0.01s 3 min 380,000 yrs 13.8 Billion yrs

Age o the lanck. 1807.06200] Qp, (CMB) ~ 0.049

Both with precision at the subpercent level: O (CMB) ~ 0.315

Dark Maﬁev QDM — QM _ Qb ~ 0.26 http://bicepkeck.org/visuals.html




What we know about dark matter?

« Matter power spectrum

5(7) = p(Z) — pl p Mean cosmic mass density

A%(k) ~1 Order ot one density tluctuations



What we know about dark matter?

« Matter power spectrum
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What we know about dark matter?

« When the mode entered the horizon (- %
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What we know about dark matter?

* Couple weakly to the SM If any (nothing beyond
gravitational is observed)

* BBN & CMB: energy density similar to that of
baryon

e Form halos

Oy, ~ 0.05
Qpm ~ 0.26

PDM ~ Dph,




Standard paradigm

* Cold dark matter (colisionless, dissipationless)

 However, some challenges at smaller scale:

- Predict more peaked distribution at galactic center
than observed

- Predict more dwarf galaxies than observed
- Observed dwarf galaxies seem to orbit in a plane



Types of dark matter

* Almost “anything”

Mass scale of dark matter

(not to scale)

QCD axion WDM limit unitarity limit

102eV  Wos keV GeV  100Tev  Mp 10 Mg
— - i : | —

“Ultralight” DM “Light” DM WIMP  Composite DM Primordial
(Q-balls, nuggets, etc) black h()les

non-thermal dark sectors
bosonic fields sterile v
can be thermal

[Lin, 1904.07915]



Coincidence of energy densities?

* From observations

PDM ~ Opp <

~
Pb = Mpnyp

-

PDM = MDMNDM

myp 1 GeV

mpwm ~7

np/s ~ 10710

nDM/S ~7



Production mechanisms

e From freeze-out

* From freeze-in
e Axionlike
 Asymmetric

* Others

~ pp = mpny, my ~ 1 GeV ny/s ~ 10710
PDM ~ OpPL =<

PDM = MDMNDM mpn ~7 npm/s ~7
-



Production mechanisms

[From freeze-out

e From freeze-In

e Axionlike

 Asymmetric

e Others

PDM ™~ DPp

<

-

-

log1oY

_12L

P = MpnNp

PDM = MDMNDM

—10L

_14L

_1igl

e, TDM
[Bernal et al., 1706.07442] - — s
mpwm
4 ~/ 2
! g“ Mp
Yr 1
00 05 10 15 20 25 - mpwM
logyox o T
mp ~ 1 GeV ny/s ~ 1071
10—13
mpm ~~ TeV nDM/s ~

*‘Miracle”: Weak mass scale & coupling




Production

From freeze-out

From freeze-In

Axionlike

log10Y

Asymmetric

Others

-

PDM ~ OPb =

-

Pb = Mpnp

PDM = MDMNDM

mechanisms

_s. [Bernal et al., 1706.07442] AT

] ]
logigx T

mp ~ 1 GeV ny/s ~ 10710

mpum ~ keV — PeV npwm/s ~ 107% —1071¢

Very weakly coupled, appear rather funed




Production mechanisms

From freeze-out

From freeze-In

Axionlike

Asymmetric

Others

-

PDM ~ Opp <

-

Pb = MpNp

PDM = MDMNDM

mpwm Ja 2
Qg ~ H-
DM (10—3 eV) (1012 GeV ) :

mp ~ 1 GeV ny/s ~ 10710

mpum ~ 1073eV  npm/s ~ 100

Small strong CP violation

Behaves like a classical field




Production mechanisms

From freeze-out
From freeze-In
Axionlike

Asymmetric

Others

o~
Pb = MpNp

PDM ~ Opp <

PDM = MDMNDM
.

1f dark interactions are fast
enough to annihilate the
symmetric component

npM ~ Np
~ 1GeV 10~ 1
mp e np/s ~
mpmM ~ My nDM/SNnb/S

Then why 1S mpy ~ my, *




Production mechanisms

From freeze-out
From freeze-In
Axionlike

Asymmetric

Others

o~
Pb = MpNp

PDM ~ Opp <

PDM = MDMNDM
.

Perhaps DM is very similar to baryon like ..

1f dark interactions are fast
enough to annihilate the
symmetric component

npm ~ Np

mp ~ 1 GeV ny/s ~ 10710

mpmM ~ My nDM/SNnb/S

Then why 1S mpy ~ my, *

mirror baryon




Mirror world

* SM has a mirror SM’ (restores parity)

/;%L ’

Mirror Einstein




Mirror world

* SM has a mirror SM’ (restores parity)

the question could still be raised whether there could
not exist corresponding elementary particles exhibiting
opposite asymmetry such that in the broader sense
Mirror Einstein there will still be over-all right-left symmetry. If this
is the case, it should be pointed out, there must exist

two kinds of protons pr and pz, the right-handed one
and the lett-handed one. Furthermore, at the present

/ ; L right and the left. If such asymmetry is indeed found,

[Lee & Yang, Phys.Rev. 104 (1956) 254-258]



Mirror world

[Foot, Lew & Volkas, Phys.Lett. B272 (1991) 67-70]

L= Lsm + Lsw + Lix

€

Lmix = QFWF[W +AH'HH'H'  1pteractions beyond gravity
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[Foot, Lew & Volkas, Phys.Lett. B272 (1991) 67-70]
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* Mirror symmetry (conserved parity):

v = Vg, g =YL, Vo V!



Mirror world

[Foot, Lew & Volkas, Phys.Lett. B272 (1991) 67-70]

L= Lsm + Lsw + Lix

€

Loix = QFWF[W +XH'HH""H'  1pferactions beyond gravity

* Mirror symmetry (conserved parity):
VY = YR, Yr =YL, V=V

e Most restrictive model: exact mirror special case of
generic hidden

only Two addifional parameters ¢, A sectfor DM

v, v, e — AN, ~6.14
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Mirror world

[Foot, Lew & Volkas, Phys.Lett. B272 (1991) 67-70]

L= Lsm + Lsw + Lix

€

Lmix = QFWF[W +AH'HH'H'  1pteractions beyond gravity

* Mirror symmetry (conserved parity):
VY = YR, Yr =YL, V=V

e Most restrictive model: exact mirror special case of
generic hidden

only Two addifional parameters ¢, A sectfor DM

BEN T'/T <06  cMB T'/T<0.3

Bvoke&miwov &/ ov Colder mirror




Higgs portal coupling

* The complete Higgs potential

V(H,H)=—p*(H'H+ HTH") + \o (H'H)? + (H"H')?| + \H'HH''H’

Parity conserving vacuum Ao >0, [A] < 2Xo

2
(Hy = (H') = v =/ 2>\M+ | = 174CeV
0

Mirror summelry sponfaneously broken — Ao >0, A > 2),

(H) = v, (H') =0

Agep
QAL — <Hl> ~ 2

mH/

NexT to mimima\ moole\s <H><< <H’> ete, See review: [Foot, 1401.3965]



Higgs-mirror Higgs oscillation

[Foot, Kobakhidze & Volkas, 1109.0919]

e Parity conserving vacuum

Hy + Hy Hy — H,
H — , H p—
A A
m%ll = 4p? ()\0 + 5) : m%b = 4p? ()\0 — 5)
i, —m) = Oy <A
Hy — Mo, | = —F~= <
1 2 \/)\—0 | | 0

* Coherent Higgs production  |my, —mu,| STy ~4MeV

, t
P(HQ%H(,)):SIHQ (2 ) tosc:1/|mH1 — M,

OSC



Higgs-mirror Higgs oscillation

[Foot, Kobakhidze & Volkas, 1109.0919]

* Higgs Iinvisible decay width

o0 ¢ 1 1
P(Hy — H) =T dte Lat gip? - _
\P(Ho = Hy)) =T /0 © M o) T 2\

OSsC

e Cross-sections Into visible channels are
reduced by

1 1 2 t2
—1—(P(Hy — H))) == + = H _osc
ot P = i) z*z(urztzsc)

Br(H — inv) < 0.23 = |\ < 7.7x107°

1t veheatng is above 100 GeV, in order not to thermalize
SM and the mirvor sector through HH — H'H'

Al < 1078 [Lew, hep-ph/9303252]  [Ignatiev &Volkas, hep-ph/0005238]



Mirror world: kinetic mixing

 Even If we assume 7' <71 after (asymmetric)
reheating, the final temperature will depend on
the kinetic mixing

€
Induced minicharge =ece

for mirror electron and
mirror proton

(dp'/p) 2 Ne—Neq (OV) 2ma’e

[Ciarcelluti & Foot, 0809.4438] T = Ol (ov) = 3T




Mirror world: kinetic mixing

 Even If we assume 7' <71 after (asymmetric)
reheating, the final temperature will depend on
the kinetic mixing

[Foot, 1401.3965]

N T 0.25 ”
osf | T T (T/MeV)1/4\ 10-9

=

I
* 02t

0.1}

0

01 D 10 T 100
T, (MeV)

(dp'/p) _ 2 Ne_MNet {ov) (ov) = 2ma’e
dar T pH 3T

[Ciarcelluti & Foot, 0809.4438]



Mirror world: mirror BBN

[Ciarcelluti & Foot, 1003.0880]

 Assuming initial conditions 7'« T

* Mirror neutrinos already decoupled, kinetic
mixing only heat up mirror electron and mirror
photon T, <T T =T, ~T.

* Relevant reactions
n +et —p + 7 p4+e —n+
n —p +e¢~ +7  Negligible since mirror BBN happens earliey

when expansion is tasfer Theoe > Tireere

dX/ Ty
no— I _yp! 1 — n') — An/ 1 Xy Xn/ =
= Ao (1 — X)) — A X o 1




Mirror world: mirror BBN

[Ciarcelluti & Foot, 1003.0880]

Y/ N He’ M He

* Hellum mass fraction oy e———
* All the neutrons go to Helium Y ~2X,/(c)

° Large Yp’%().9 for e~ 1077

1

[Foot, 1401.3965]

09}

0.6 -

0.5 : —
Te-10 1e-09



Mirror world: mirror BBN

[Ciarcelluti & Foot, 1003.0880]

Y/ N He’ M He

* Hellum mass fraction oy e———
* All the neutrons go to Helium Y ~2X,/(c)
° Large Yp’%().9 for e~ 107"

1

[Foot, 1401.3965]

09+t
NHe' MHe T nyg/my

NHe! + NH/ T T/

0.6 -

0.5 : —
Te-10 1e-09



* All the neutrons go to Helium
° Large Yp’%().9 for e~ 107"

Mirror world: mirror BBN

[Ciarcelluti & Foot, 1003.0880]

e Helium mass fraction

NHe M He
NHe' MHe + NH/TNMH

Y] ~2X,(c0)

1

09}

0.6 -

[Foot, 1401.3965]

NHe' MHe T nyg/my
NHe! + NI/ + T/

Ylﬁ ~09 — m~1.1GeV

0.5
1e-10

" 1e-09



Mirror matter halo

[Foot & Volkas, astro-ph/0407522]

* |t IS necessary for mirror matter to form
spheroidal halos around spiral galaxies to
explain the rotation curves

* For the mass of the halo dominated by Helium,
It IS estimated to be  Thuo = 1006V

* So Helium is completely ionized since the
lonization energy of the 2nd electron is ~55 eV.

e |Interactions of mirror electrons with mirror ions
will produce mirror photons which will escape

the galaxy. All the energy will be removed In
tcool ~ 0, 3 billion years Too fast:



Mirror matter halo

[Foot & Volkas, astro-ph/0407522]
* The energy radiated from the halo

FEout ~ 10* erg/s ~ 10°! erg/year

e Galatic heating sources
- Mirror supernovas ~ 10°' erg/explosion  Ejected materials

—> 10°" erg/year Rate fwo orders of magnitude
higher than ordinary supernova

- Ordinary supernovas
~ 10°! erg/explosion  Ejected materials

FEiotal ~ 10°% erg/explosion Mainly neufrinos in the SM

e~10"2 eTe™ = ete/™  Escape the core as €F.,4 and
could be absorbed and heat up the halo



Mirror matter and structure

[Foot & Vagnozzi, 1602.02467]

* Dark recombination happens earlier due to
colder temperature

— Dark acoustic oscillation before dark recombination

- Dark photon diffusion damping
T ——
10000 | LI T~ Halo mass function
1000 | = st Vi X i

- 100 |+ | ,.;,'=‘ A |

2 ‘ s.zﬁ.f\
= 1f B

x | § 8r
. €~ 2 x 10710 N Fasl
0.001 4
0.0001 | . . ' . Ph -4.5

0.001 0.01 0.1 1 10

k [h Mpc™]



First direct detection constraint

[LUX Collaboration, 1908.03479]

e Liguid xenon time projection chamber

* Mirror halo is a completely ionized plasma with
local mirror electron temperature 7~ 0.3kev

* Mirror electron — electron Coulomb scattering

2

2 - . ;
do _ 2o " E orthopositronium decays
dEr  m.E%v? -
105
It positronium - mirvor N
(39 10 g_

positronium mixing were 1o :
occur, decay to missing 10
photons would leave a :
missing enerqy signal

ved’

10




The only explaination of DAMA?

[Foot, 1804.11018]

* Mirror electron — electron Coulomb scattering

do 2me? o2 0.05 ¢

dEr ~ m.E%0?

0.04 |

o
=)
@

dR/dER [cpd/kg/keV]
S
]

0.01

See however [Roberts & Flambaum, 1904.07127]



Neutrino mass

* To get nonzero neutrino mass, one can
consider dimension five operators

[Akhmedov, Berezhiani & Senjanovic, hep-ph/9205230] [Foot & Volkas, hep-ph/9505359]
[Berezhiani & Mohapatra, hep-ph/9505385] [Barbieri, Hall & Harigaya, 1609.05589]

YD 2 YD ;71 171\2 Yy I 11/
—Leg=<(LH)"+=(L'H")*"++—(LH)(L'H
o= 2 (L) Y2

Neufrino porial

« After EW & EW’ symmetry breaking

Mz/ Mw/’
M= ( MITV’ MV' )

Parity conserving vacuum (H)=(H') = M, = M,



Neutrino mass

* Mostly Majorana u > m

,U/
My ~ (?) m, my ~m,  Parify conserving vacuum
| . | . M,
Neutrino—mirror neutrino mixing  |Uyur| ~ i
 Mostly Dirac m > m
My ~m, Parity conserving or violating vacuum

Mirror neufrinos are the right—handed partners

To be consistent, mass splitting should be very small Am ~ M,



21 cm line

* During the “dark ages”, we have a unique probe
of 21 cm line from atomic hydrogen

T, [eV
102 102 2" 10" L 102 103 10*

103
10 T = 10—2
102
104 E 10—1
10! L P
— 5 Matter ii’eii]ie;lmu l(}
- ramme':ldt*i! : ‘th_lhuiluztt‘ii T
E 10—1 i EG|OV\|23T|OV] l(}g 'f'
. 102 complete |
i [Lin, 1904.07915] 1 10°
T2 e
H+ H CMB — H(Z}/(l 4 Z) | J'(}
10_4 P 0 TR R (N | N - ...|r. PR .,LIHL =
10" 101 102 10°3 16 10” 108 19 10°
\\ J

g 142
*‘dark age*



21 cm line

* During the “dark ages”, we have a unique probe
of 21 cm line from atomic hydrogen

v = 1420 MHz, AE ~ 5.9 ueV

Ts(2)

Spin temperafure defines
the velative ppulation of
Triplet fo singlet stafes

v(z) = 1420/(1 + z) MHz

¥

When CMB photon is hotter than the neutral hydrogan gas

This was observed by EDGES: Experiment fo Defect the
Global Epoch of Reionization Signafure [Bowman etal, Nature 555, 67 (2018)]



21 cm line

* After recombination, remaining small ionization
fraction Xe=rne/n

* Compton scatterings keep baryonic gas and
radiation at the same temperature until =~ 150
when they decouple, the gas becomes colder

* When early stars formed, their photons couple
the spin 7. and gas temperatures 7,

Onset of absorption z ~ 20

* The gas becomes hotter than the radiation 7cus

End of absorption ~~ 15



21 cm line

* The change In the brightness temperature is

=i (55)(55°) (5) [~ "985

* The evolution of the CMB and gas temperature
are well calculated 7Tcus(17) =18 x 2.7K ~ 49K

ConservaTively Ty(17) = Tpas(17) ~ 7K — T;(17) = —0.2K

« EDGES measured more absorption

T51(17)EDGES = —0-5J_r8:§ K

000000
T T

3.80 deviation

[Bowman et al., Nature 555, 67 (2018)] : o




Imprint from mirror neutrinos?

* The change In the brightness temperature is

e (55) (55°) (5) [ "5

e Possibilities

- Higher T

J - ToMB - Epnanced by a facfor of 2
- Lower T, and T, 1s
- Others

We consider the decay on wneutrino fo photons through magnetic &
electric moment v —uvi+7y
1

Lo = 5 Vi0 (pij + €i57v5) v F'HY [Aristizabal Sierra & CSF, 1805.02685]



Imprint from mirror neutrinos?

[Aristizabal Sierra & CSF, 1805.02685]

* |In conflict with astrophysical bound s = Viul? + e

Astrophysical bounds from stars — peg <3.0 x 1072 g

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

dn,/dx [cm™]

CN‘B il Peff = 8 X 107° UB

\
IIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIII|IIII|IIII|IIII

v

|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIII|IIII|IIII|IIII
\

—\

0.5 1.0 1.5 2.0 2.5 3.0
(E/Tcus)x10°




Imprint from mirror neutrinos?

[Aristizabal Sierra & CSF, 1805.02685]

* Decay of mirror neutrinos = VIR +1¢?

Astrophysical bounds from stars — euls <3.0 x 10712 g
CMB €<10°° Zmz + Zm;(n;/ny) < 0.68eV

Vi — v+ v =y resonant conversion
3-0: | | I | | | I | I | | | I | | | I | | | I I I .I"J E
= ‘,-"’ | T//T — 04
25__ "'1\"‘ =
= - | / -5
- e 5 =3 x 10
g 20__ m, = mnt, "’f" m,, -3 m: /'Leff /’LB
o - e ] 7
__ _ t"’ | — 10
S150n, ~ 4 x 107 0ey.~ |
& 1.0- . ‘LQS,..-""* My 222 Toég eV—j Mirror symmetry
o5E B e - - | breaking is required
0.0: f:-r"'r"'l'-'[—-T'T--l-‘-r'| e 1
0 5 10 15 20 25

R = m},/(0.05eV)



SM and Mirror Genesis

UV neutrino sector

L = iN;ON; — M;N;N; — yoj Lo HPrN; — yl,; L' o H' PRNY + h.c.

— Loff = —MiQ(LH)(L’H’) Dirac neufrinos  Absence of 0vA8

e Conserved (B-L)- (B -L)
— Yp_ 1 =Yg _p Dirac lepltogenesis

- From decay [Gu, 1209.4579]  [Earl, CSF, Gregoire & Tonero, 1903.12192]

- From Scattering [Bento & Berezhiani, hep-ph/0107281]
Yg =Yg ExacT mirror

Y #Yn  Broken mirror



SM and Mirror Genesis

UV neutrino sector

L = iN;ON; — M;N;N; — yoj Lo HPrN; — yl,; L' o H' PRNY + h.c.

— Loff = —%(LH)(L’H’) Dirac neufrinos  Absence of 0vA8

e Conserved (B-1)-(B' -L)

— Yp_ 1 =Yp _p Dirac leptogenesis

[Gu, 1209.4579]
[Earl, CSF, Gregoire & Tonero, 1903.12192]

— From decay Tieneating > M;

_ FI’Om SCatterlng Treheatjng < M, [Bento & Berezhiani, hep-ph/0107281]
Yg =Yg ExacT mirror

Y #Yn  Broken mirror



Outlook

* Existence of a whole zoo of hidden sector
particles like mirror world Is as exciting as ever

* Even the most restricted case of exact mirror
(but colder) is quite complicated, might solve
some puzzles and definitely not excluded
(much work to be done)

* Perhaps mirror physicists are asking the same
guestions as we do
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