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Standard Cosmological Paradigm

Precision data on BBN, CMB, LSS, etc. lead to Standard Paradigm:

.

» Colncience Proens The early Universe:

OB e Mmulti-stage: Inflation — (re)heating — Friedmann epoch ...
e Unification

st = Universe is flat and homogeneous ...

. = Adiabatic perturbations with nearly flat spectrum ...

g

o Todays Universe:

; anon e Mmulti-component: visible matter, dark matter, dark energy ...
les n O~ 1 Universe is flat: pior = per ...

e Neutron

Qp ~ 0.04 visible (Baryon) matter is a small fraction ...
Qp ~ 0.20 dark matter: WIMPS? Axions? ....
Qp ~0.75  dark energy: A-term? 5th-essence? ....
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Standard Cosmological Paradigm

Precision data on BBN, CMB, LSS, etc. lead to Standard Paradigm:

.

» Colncience Proens The early Universe:

D e multi-stage: Inflation — (re)heating — Friedmann epoch ...
st = Universe is flat and homogeneous ...

. = Adiabatic perturbations with nearly flat spectrum ...

e BBN constraint

e Diagrams

o Todays Universe:

; anon e multi-component: visible matter, dark matter, dark energy ...
les » Ot &1 Universe is flat: piot = per ..

e Neutron

Qp ~ 0.04 visible (Baryon) matter is a small fraction ...
Qp ~ 0.20 dark matter: WIMPS? Axions? ....
Qp ~0.75  dark energy: A-term? 5th-essence? ....

Some unified picture?
Well, not yet ... the origin and nature of DM and DE remain open !
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Coincidence & Fine Tuning Problems

Cosmic coincidence of matter (Q2\=Qp+£2g) and dark energy (24) :

e Present Cosmology QM/QA ~ 03

e Coincidence Problems

e Visible & dark matter o Why pM //OA ~ 1

e BvsD

e Unification

e Mirror World

e Mirror Particles
e Interactions

e See-Saw

e BBN constraint
e Diagrams

e Boltzmann Egs.
e Eaxct parity

e VM and DM

e Epochs

e CMB

e LSS

e Neutron
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pPM ~ A .
— just Today?

pa ~ Const.,
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Coincidence & Fine Tuning Problems

Cosmic coincidence of matter (2 =Qp+{2g) and dark energy (24) :
O /24 2030 pa ~Const.,,  py ~ a3,
e Why pn/pa ~1  —just Today?

Well, if not Today, then it would be Yesterday or Tomorrow ...

— Anthropic principle or Voltairian response
"We are just lucky to live in the best time of the best world ..."
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Coincidence & Fine Tuning Problems

Cosmic coincidence of matter (Q2\=Qp+£2g) and dark energy (24) :

On/Qa ~0.3:  pr~Const,, py~a>.
e Why pn/pa ~1 —just Today?

Well, if not Today, then it would be Yesterday or Tomorrow ...

— Anthropic principle or Voltairian response
"We are just lucky to live in the best time of the best world ..."

Miracle Fine Tuning between visible (€2g) and dark (2p) matter :

Op/Op ~02: pg~a>, pp~a >

e Whythen pp/pp ~1 - Yesterday, Today and Tomorrow?

Visible matter — pg — from primordial Baryogenesis

(GUT, Lepto-B, Affleck-Dine, EW, ...)

Dark matter — pp — emerges from quite a different mechanism
(Axion, Wimpino, Penta-Wimp, Wimpzilla, gravitino ...)
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Coincidence & Fine Tuning Problems

Cosmic coincidence of matter (Q2\=Qp+£2g) and dark energy (24) :

e Present Cosmology QM/QA =~ 03 /OA ~ COﬂSt! IOM ~ a’_3

:

e Visible & dark matter [ Why pM//OA ~ 1 - JUSt TOday’)

*itor Well, if not Today, then it would be Yesterday or Tomorrow ...
:gfe%niﬁfes — Anthropic principle or Voltairian response

« BN constain "We are just lucky to live in the best time of the best world ..."
PP Miracle Fine Tuning between visible ({2g) and dark (2p) matter :
S Op/Op ~02: pg~a>, pp~a >

" Newtor e Whythen pg/pp ~1 - Yesterday, Today and Tomorrow?

Visible matter — pg — from primordial Baryogenesis

(GUT, Lepto-B, Affleck-Dine, EW, ...)

Dark matter — pp — emerges from quite a different mechanism
(Axion, Wimpino, Penta-Wimp, Wimpzilla, gravitino ...)

— Finest conspiracy across the Particle Physics and Cosmology?
— How Baryon Asymmetry knew about Dark Matter Nature ?
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Visible & dark matter

e Visible matter: pg = ngMy,

e Present Cosmology MN =~ 1 Gev - nUCIeon maSS)
Ys = np/s ~ 10~ 1Y — Baryon number/entropy density ratio.
e BvsD

T (GUT, Lepto)-Baryogenesis: Yg ~ (ecp/g«) X D(k) ,
st ecp — CP violation parameter,

e Mirror Particles

e g. — effective number of particle degrees of freedom at T’ = T,
[ oo constan k =T/H - out-of-equilibrium parameteratT = Tp

e Boltzmann Egs.
e Eaxct parity

e VM and DM

e Epochs

e CMB

e LSS

e Neutron
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Visible & dark matter

e Visible matter: pg = ngMy,

My ~ 1 GeV — nucleon mass,
Ys = np/s ~ 10~ 1Y — Baryon number/entropy density ratio.

(GUT, Lepto)-Baryogenesis: Yp ~ (ecp/g«) X D(k) ,

ecp — CP violation parameter,

g, — effective number of particle degrees of freedom at 7' = Tz,
k =T/H - out-of-equilibrium parameteratT = Tp

e Dark matter: PD = nx Mx ~ 5,03, . but Mxy =7, nx =7
Axion: My ~ 107 °eV:

LSP: My ~1TeV,

Wimpzilla: My ~ 10'* GeV
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BvsD

Cosmological evolution of Baryon and dark matter densities:

e Present Cosmology

e Coincidence Problems
e Visible & dark matter 40 L

e Unification

B-genesis (ecp...) 1 40+ B-genesis (ecp...)

e Mirror World
e Mirror Particles 20+t 20+
e Interactions i

Lo DM-freezing (oan...)
e BBN constraint
e Diagrams

e Boltzmann Egs.

e Eaxct parity

Log (p/GeV*)
o

Log(p/GéV“)
o

e VM and DM
e Epochs
e CMB - 207 - 207
e LSS
e Neutron
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Unified origin of VM and DM?

40+ B-genesis (ecp...)

20+

Log (p/GeV*)
o

-20¢

-40r o,

\§

.60/ Today" -

.25  -20 -15  -10 °5 0
Log (a/ag)

e DM properties are similar to VM properties: Mx ~ My

px/pB = Man/MNnB ~17?

e both fractions are generated by same mechanism: nx ~ ng
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Mirror World

Imagine a parallel hidden "Mirror" sector of particles, an exact

+ erecent Coamony duplicate of the observable sector. [Lee & Yang '56]
" Coneidence provens [Kobzarev, Okun, Pomeranchuk '66]
*BvSD. [Blinnikov, Khlopov '83]
[Kolb, Seckel, Turner '86]

e Mirror Particles
e Interactions

e See-Saw

e BBN constraint
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e Boltzmann Egs.
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Mirror World

Imagine a parallel hidden "Mirror" sector of particles, an exact

+ erecent Commolons duplicate of the observable sector. [Lee & Yang '56]
" Comeidence Frobens [Kobzarev, Okun, Pomeranchuk '66]
soveD [Blinnikov, Khlopov '83]
[Kolb, Seckel, Turner '86]
e Two identical gauge factors, G x G’, with the identical field contents

[ oo constan and Lagrangians: L., = L+ L+ Lix  (exact parity under G — G’)
Sy SMxSM’:  SU(3) x SU(2) x U(1) x SU(3) x SU(2) x U(1),
ey or GUTxGUT: SU(5) x SU(5), SO(10) x SO(10Y, etc.

* Newtor e Can naturally emerge in string theory context:

O & M matter fields are localized on two parallel branes (or on brane
& antibrane) while gravity propagates in bulk (Es x Eg etc.)

e Mirror matter is dark for us, but we know all particle physics
properties there — no unknown parameters!
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Mirror World

Imagine a parallel hidden "Mirror" sector of particles, an exact
duplicate of the observable sector. [Lee & Yang '56]
[Kobzarev, Okun, Pomeranchuk '66]
[Blinnikov, Khlopov '83]
[Kolb, Seckel, Turner '86]

Two identical gauge factors, G x G’, with the identical field contents
and Lagrangians: Lot = L+ L' + L.« (exact parity under G < G’)

SMxSM’": SU(3) x SU(2) xU(1) x SU(3) x SU(2) x U(1),
or GUTxGUT: SU(5) x SU(5)", SO(10) x SO(10)', etc.
e Can naturally emerge in string theory context:

O & M matter fields are localized on two parallel branes (or on brane
& antibrane) while gravity propagates in bulk (Es x Eg etc.)

e Mirror matter is dark for us, but we know all particle physics
properties there — no unknown parameters!

e Spontaneously broken G «— G": M, # Mw [Z.B. & Mohapatra '95]
shadow dark matter with rescaled spectrum [Z.B., Dolgov & Mohapatra '96]
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Mirror Particles and Mirror Parity

SU(3) x SU(2) x U(1)
gauge (g, W, Z, )
& Higgs (¢) fields

e Present Cosmology

e Coincidence Problems
e Visible & dark matter
e BvsD

e Unification

SU3) x SU((2) x U(1)
gauge (¢, W', Z",+')
& Higgs (¢') fields

e ols quarks (B=1/3) leptons (L=1)

quarks (B'=1/3) leptons (L'=1)

et qr, = (u,d)7, L= (ve);,
e BBN constraint
e Diagrams UR dR BR

i, = (.0 i

l,L — (Vlve )L
up dp R

e Boltzmann Egs.
e Eaxct parity

o quarks (B=-1/3) leptons (L=-1) quarks (B’=-1/3)  leptons (L'=-1)
e ir=(0,d)y  In=("08} qR—de lp = (7, @)%
i, dr ér 0l &

o Lvu=frYfro+ frY " fro

Lo = [LY' f10" + FRY ™ [/
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Mirror Particles and Mirror Parity

SU(3) x SU(2) x U(1) X SU3) x SU((2) x U(1)

e Present Cosmology gauge (g’ W) Z? ’}/) gauge (g,’ Wl? Zl? f)/,)
» Coneidence Prolens & Higgs (¢) fields & Higgs (¢') fields
o v quarks (B=1/3) leptons (L=1) quarks (B'=1/3) leptons (L'=1)
e w=(wdy L= (e =W, d), =€)
Eg%ﬂjtrzm up dp en u'p dp e
S quarks (B=-1/3) leptons (L=-1) quarks (B’=-1/3) leptons (L'=-1)
- ir = (a,d)f Ir = (7,6)4 i = (u dVy, 1= (7,8,

fLL dL éL d’ 6L

o Lvu=[fLY[Lo+RY frd | Lha = fLY' [0 + [RY" frd/
— D-parity: L— L, R~ R, ¢o—¢ —- oY =Ye




Mirror Particles and Mirror Parity

SU(3) x SU(2) x U(1) X SU3) x SU((2) x U(1)
e Present Cosmology gauge (g’ W) Z? ’}/) gauge (g,’ Wl? Zl? f)/,)
» Coneidence Prolens & Higgs (¢) fields & Higgs (¢') fields
o v quarks (B=1/3) leptons (L=1) quarks (B'=1/3) leptons (L'=1)
e = (wd), = (e ay = (W, d) =),
EE;;;?TZM up dp en u'p dp e
S quarks (B=-1/3) leptons (L=-1) quarks (B’=-1/3) leptons (L'=-1)
- ir = (a,d)f Ir = (7,6)4 i = (u dVy, 1= (7,8,
INLL dL éL d’ 6L
o Lvu=[fLY[Lo+RY frd | Lha = fLY' [0 + [RY" frd/
— D-parity: L— L, R~ R, ¢o—¢ —- oY =Ye
— M-parity: L—R,R—L, ¢—¢ — oY =Yl




O & M interactions besides gravity

= Higgs-Higgs’ quartic:  \(¢T¢)(¢'T¢’);  BBN: X < 1078
B .. safein SUSY : W = 5 (¢uda) ()9}

e Visible & dark matter
e BvsD

e Unification

e Mirror World

e Mirror Particles
e See-Saw

e BBN constraint
e Diagrams

e Boltzmann Egs.
e Eaxct parity

e VM and DM

e Epochs

e CMB

e LSS

e Neutron
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O & M interactions besides gravity

= Higgs-Higgs’ quartic:

... safe in SUSY :

= Photon-photon’ kinetic mixing:

... safe in GUT :

Zurab Berezhiani, DSU 2006, Madrid June 21, 2006
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A M2

eFH* E!

agXy Nyal
G G/w

BBN: )\ <1078
W = 3 (duda)(d)d))

pv

BBN:

£<3-107°
[Glashow '86]

Mirror World: ... - p. 9/19




e Present Cosmology
e Coincidence Problems
e Visible & dark matter
e BvsD

e Unification

e Mirror World

e Mirror Particles

e See-Saw

e BBN constraint

e Diagrams

e Boltzmann Egs.

e Eaxct parity

e VM and DM

e Epochs

e CMB

e LSS

e Neutron

O & M interactions besides gravity

Higgs-Higgs’ quartic:  \(¢T¢)(¢'T¢’); BBN: X< 1078

..safein SUSY: W = L (¢uga)(9),0))

Photon-photon’ kinetic mixing:  eF*“F,; BBN: <3 108
[Glashow '86]

i . agXy U
..safeinGUT: L~ 9e55G"G,

neutrino-neutrino’ mixing: A llgp + AUV ¢ + Lil'py
[Foot and Volkas '95]
M-parity: A’ = A*, D = D1 [2.B. and Mohapatra '95]

. . . My My . Av? Duvv’
active-sterile mixing . X = 37 T
my,,, My D*vv"  A'vv

e if v = v/ — maximal mixing 6,,, = 45°
olfv/ >v,my ~Cmy,and b, ~Ct; (=v/v~100;
¢ ~10%: ~ keV sterile neutrinos (WDM)  [Z.B. Dolgov, Mohapatra '96]

olf A, A" =0 (L — L' conserved) naturally light Dirac neutrinos
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See-saw:. heavy singlet neutrinos as messengers

= Introduce heavy gauge singlet fermions N,, a=1,2,3, ...
< resent Cosmaoay with large Majorana mass terms %(MabNaNb + M NoNp),
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e Coincidence Problems
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e BvsD

" o v Yiali No@ + y,/b-a)\fL-Nagb/ + %gabNaNb + h.c.; (y = yT)
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See-saw:. heavy singlet neutrinos as messengers

= Introduce heavy gauge singlet fermions N,, a=1,2,3, ...
< resent Cosmaoay with large Majorana mass terms %(MabNaNb + M NoNp),
e Coincidence Problems

o Visible & dark matter = They can equally talk with both O and M leptons

e BvsD

*itor YialiNa® + Vi NiNad' + 29 NoNy + hec.; (/ =y

- = After decoupling heavy neutrinos, effective operators

/

Lllpp + SU'¢'¢ + L£11'¢¢ are generated,

e Diagrams

ey where A =yg~'y', A =y'g " D=yg'y"

et generate O (active) and M (sterile) neutrino masses and mixings
s

e Neutron
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See-saw:. heavy singlet neutrinos as messengers

Introduce heavy gauge singlet fermions N,, a=1,2,3, ...
with large Majorana mass terms %(MabNaNb + M NoNp),

They can equally talk with both O and M leptons
YialiNa® + Yo NiNad' + 2 gapNoNy + hec.;
After decoupling heavy neutrinos, effective operators
Allpy + AU1¢'¢ + Li'pe’ are generated,
where A = yg— !¢, D =yg~'y"
generate O (active) and M (sterile) neutrino masses and mixings

v =y")

A/ — y/g—ly/t

They generate also processes like l¢p — I'¢'(I'¢’) (AL = 1) and
lp — 1o (AL = 2) , which

A. violate L (and so B — L)
B. violate CP
C. should be out-of-equilibrium

[Sakharov '67]

e and thus can generate B-L#0 ( — B=£0 by sphalerons)
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BBN constraint

= At the BBN epoch, T ~ 1 MeV, g, = ¢>™ =10.75
+ Present Cosmoloy (as contributed by the ~, e* and 3 v species)
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BBN constraint

= At the BBN epoch, T ~ 1 MeV, g, = ¢>™ =10.75

« Present Cosmology (as contributed by the ~, e* and 3 v species)

e Coincidence Problems . . . . .
Ve & gkt = Mirror world with 77 = T would give the same contribution:
e BvsD

e g« =2 x g°M = 21.5 —equivalentto AN, = 6.14
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BBN constraint

= At the BBN epoch, T ~ 1 MeV, g, = ¢>™ =10.75

« Present Cosmology (as contributed by the ~, e* and 3 v species)

e Coincidence Problems . . . . .
Ve & gkt = Mirror world with 77 = T would give the same contribution:
e BvsD

e g« =2 x g°M = 21.5 —equivalentto AN, = 6.14

e Mirror World

::\Aitrror?articles [ | If T, < T, g* A ng(l —|— :L'4>, €Tr = T//T eqUIVa|ent tO
AN, = 6.14 - z*.

:

e E.g. AN, <0.4requiresx < 0.5; forz=0.3 AN, < 0.05.

e Boltzmann Egs.
e Eaxct parity

e VM and DM

e Epochs

e CMB

e LSS

e Neutron
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BBN constraint

= At the BBN epoch, T ~ 1 MeV, g, = ¢>™ =10.75
« Present Cosmology (as contributed by the ~, e* and 3 v species)
Vit & e et = Mirror world with 7/ = T would give the same contribution:
« Unitor g = 2 x ¢5M = 21.5 — equivalent to AN, = 6.14
Iﬁ!ﬁiﬁilﬂies s f T < T, g, ~g>M(1+2*), z=T'/T: equivalent to
:'sn;eer.lj'ﬁns AN, = 6.14 - z*.
E.g. AN, <0.4requiresx < 0.5; forz=0.3 AN, < 0.05.
:EZ'XT ;z:r:lyEqs' m A paradigm:
et — After inflation O and M worlds are (re)heated in non-symmetric
s way, T/ < T;

e Neutron

— The processes between O and M particles are slow enough and
are out-of-equilibrium

— both sectors evolve adiabatically, without significant entropy
production, and x = T /T remains nearly constant at later epochs
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CP violation in AL=1 and AL=2 processes

e Present Cosmology
e Coincidence Problems N
e Visible & dark matter I l—, I l,
e BvsD
e Unification ,
I
e Mirror World ¢ ¢ ¢ (ZS ¢ ¢ ¢ QZ_S QZ ¢

e Mirror Particles \

e Interactions
e See-Saw ‘ N -’ \
e BBN constraint l

e Diagrams
e Boltzmann Egs.
e Eaxct parity QS Q_ﬁl ¢ ¢/
e VM and DM N ’ s y ¢
e Epochs N l N ’ A l /l
N N

=
=
3
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Boltzmann EqQs.

Evolution for (B-L) and (B-L) Tr < M
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* Interactions [' n’eq /M? is the effective reaction rate of AL’ =1 and AL = 2

e See-Saw

e BBN constraint pI’OCGSSGS
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e Eaxct parity F//F ~ n/eq/neq ~ :EB , €Tr = T//T
e VM and DM
e Epochs

. /I _ 3ecp S
Ao =—A0 = gy

e Neutron

dnB I3

+3Hnly_, +T'npy_ = $A0" nZ,

where S ~ 1672 is the c.m. energy square,
= Tm Tr[(yTy)* g~ (v'Ty)g 2 (vTy)g™]
Ypr = D(k) 'YESOL); Ygr = D(ka?) - Yf(foL)

Y(O) ~ 92 % 103 501;5\24PZT
g’ M4
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Exact M-parity: My = My

0.8¢

0.6

0.4

0.2+

nB/njg = D(k), k= [FeH/H]T:TR :

Depletion factor D(k) = 2 e " F (k) + 2 G(k);
F(k) = 7L [(2k — 1)3 + 6k — 5 + 6= 2] -
Gk) =35 [2— (K* + 2k +2)e *]; T <Tg

Heating: AN, ~k/g, x = (k/6g,)'/* < 0.2:

Zurab Berezhiani, DSU 2006, Madrid June 21, 2006

k<2,

QB/Q/ ~(0.15—-1

fork <1,D(k)=1
T > 15,

(LSS)
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Broken M parity: M, > My ?

17.5@
15
12.5@
£
S 75
5
2.5@
1 102 164 166
u/ GV
n'y ~npg k < 1 (robust non-equilibrium)

~/My ~ (A'/A) changes slowly with My,
m. /m. ~ My, /My, changes fastly with My .

— Properties of MB’s get closer to CDM : My,
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~ 10 TeV ?
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Redshifts
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Z'dec ~ 71 Z4ec
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Ag ~ 555244(55/55'6(1)3/2(QMh2>_3/4 Mpc

Zurab Berezhiani, DSU 2006, Madrid June 21, 2006

Mirror World: ... - p. 16/19




CMB & LSS power spectra
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LSS power spectra

P(k)h* (Mpc)

_________ Q,=0.30,,,=0.001,h=0.70,n=1.00

_ 9Q,=0.30,w,=0.02,h=0.70,n=1.00

L, Q,=0.30,0,=0.02,h=0.70,x=0.2,no CDM,n=1.00
_ _ __ 9,=0.30,w,=0.02,h=0.70,x=0.1,no CDM,n=1.00
________ Q,=0.30,0,=0.02,h=0.70,x=0.2,0,"=Wm,N=1.00
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k/h (Mpc™)
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Neutron - Mirror neutron oscillation

B-genesis is possible via
¢ o
. u_/
N N
[ !

[Z.B. and L. Bento '06]

d
a_ UM

/\

> >
d \715,/ N N \\S\( d
Uu u’
ﬁ(udd)(u’d’d’) + %(qqd)(q’q’d’) +he —
om

~ (—10};16\/)5 x 10715 eV

om (mn’ +7n'n)
M sm—! =71, ~ 1secis allowed !l .

Anomalous Neutron Loses, Lifetime measurements, UHECR, ...
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