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Idea of the talk:

Since we got no signals of Physics beyond the SM (so far...)

@ And yet have phenomenological problems to deal with. ..

@ There is a handful of very different models with (simple low energy
phenomenology
and) different dark matter candidates:
differenet production mechanisms, different strategies of searches
for

@ When WIPS passed, there is no obvious favorite, hence keep your
eyes open
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Outline:

Outline

6 New Physics

@ Dark Matter
@ WIMPs
@ gravitino

e Starting from R2-inflation: no new interactions
e Starting from Higgs-inflation: no new fields
e Dark Matter in vMSM

G Starting from inflation: no new scales

ﬂ Summary
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0 New Physics

e Dark Matter
@ WIMPs
@ gravitino

@ Starting from R2-inflation: no new interactions
e Starting from Higgs-inflation: no new fields
© Dark Matter in vMSM

e Starting from inflation: no new scales
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New Physics

Neutrino oscillations: vy <+ Ve, vy <> V¢, Ve <> V¢
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New Physics

Universe content from astrophysics

Rotational curves Gravitational lensing
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New Physics

Universe content from cosmology

Standard candles Angular distance Nucleosynthesis
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New Physics

Astrophysical and cosmological data are in agreement

20

2N 2
a 2, 8T energy
(E) =H ()= 3 Gpdensity

energy __ ordinary dark
Pdensity = Pradiation +Pmatter - TPrmatter TPA

Pradiation 1/34(t) o< T4(t) ,  Pmatter & 1/aa(t)

pp = const
< 3HS energ 5 GeVc?
e :pdensiti(to)zpcz0.53>< 10 om?
radiation: Q,=%2-05x10"*
Baryons (H, He): Qs = ’;—‘g =0.05
Neutrino: Q, = % < 0.01
Dark matter: Qg = pETM =0.25
Dark energy: Q= =07
v
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New Physics
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New Physics

Physics beyond the SM ... @ EW scale (LHC)?

neutrino oscillations: masses are needed
the only direct evidence, but the NP-scale is hidden: m, ~ M5 /My

baryon asymmetry of the Universe: baryogenesis
requires NP, but the scale is hidden 100 GeV < E < Mp,
Hot Big Bang problems: inflation

new scalars or interactions,
but the scale is hidden 100 GeV < E < Mp,

strong CP-problem: axion
requires NP @ E > 100 GeV... hierarchy problem?

dark matter phenomena: Why Qg ~ Qpy? neutral stable particle
a lack of gravity is observed: WIMPs @ EW? modified gravity?
gauge hierarchy problem: NP @ EW-scale
a) no new fields — no problem! b) already have to cancel A
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New Physics

Physics beyond the SM: no any signs in

@ direct production of new particles: superpartners, KK-excitations,
techno-resonances, etc

@ rare processes: quantum correction from new (heavy) particles
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Dark Matter

Outline

9 Dark Matter
@ WIMPs
@ gravitino
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Dark Matter

Dark Matter Properties p=0

(If) particles:

@ stable on cosmological time-scale

@ nonrelativistic long before RD/MD-transition (either Cold or
. Vapyup < 1079)

© (almost) collisionless

© (almost) electrically neutral

If were in thermal equilibrium: My = 1 keV

If not: for bosons
A =2n/(Myv), in a galaxy v ~0.5-107% — M, >3-10"22 eV
for fermions

Pauli blocking: M, = 750 eV
__p
po) =2 o | < I
X (\/EMXVX> p=0 (27)
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Dark Matter

Dark Matter Candidates

@ WIMPs (neutralino, ...)

@ sterile neutrinos

@ gravitino

@ Heavy and not so heavy relics
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Dark Matter WIMPs

Weakly Interacting Massive Particles

Assumptions:
@ no X — X asymmetry Ny = Ny
@ @ T < My in thermal equilibrium with plasma

3/2
nX:n;(:gX (MXT) eiMX/T

n

XX — light particles

freeze-out temperature T M3 = Mp;/1.66,/9.
1 1 M
— :H*1(Tf)—>Tf:—x*.
My (Gann V) in (2t
(271,)3/2
Bethe formulae: s-wave: Oann = 2
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Dark Matter WIMPs

Weakly Interacting Massive Particles

2
nx( Tf) == M*Ifo.o

density after freeze-out:

11

3
present density:  ny(Tp) = (2&3) ny(T¢) = (S(s%)> M(Tr) o< 7 o< g1

X + X contribution to critical density:

gx Mg Mx oo
Mxnx(TO) 7630"'1( (2m)%/? >

Oy =2— 2 7
" Pc PcooMein/9:(T)

(10 TeV) 2\ 0.3 HoMiMoo\ 1
= 01 . |n 3/2 . 72
Go 9(Tr) \ (2n)*% ) 2h

natural dark matter: o5 ~ 0.01 x oy
naturaly “light” oo < ;‘ﬂ’g — My <100 TeV
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Dark Matter WIMPs

Supersymmetric extensions

@ stability of gauge hierarchy (feature)

@ gauge coupling unification (feature of MSSM)
@ dark matter (natural)

@ baryogenesis (untestable)

New problems

some massive parameters (i) or scales (Myeax) are still adhoc

°
@ supersymmetric CP-problem: Mg > 20 TeV

@ large FCNC: ...or a special mechanism
°
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Dark Matter WIMPs

Split SUSY: My > M,

Whether it is possible in SUSY: Yes, moreover, even natural

@ In many (simple) models where SUSY is broken spontaneously
gauginos are light (massless), that was the problem
@ the hierarchy Mg > M) is stable with respect to quantum
corrections (RG-evolution)
aM,,
L o oiM),
dlog Q2 G,
2
dMC~2
dlog @2
dA;
dlog @2

o YEME + -+ M5,

o< y2A,'+ ce +OC,'M}W.
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Dark Matter WIMPs

Split SUSY: M > M

@ 1 TeV: gauginos + higgsinos + SM-like Higgs boson
@ dark matter (natural)
@ gauge coupling unification (feature of Split MSSM)
@ no FCNC (natural)

@ stability of gauge hierarchy (LOST)

» Though...in MSSM is (partially) lost as well:
(100 GeV)? < (1 TeV)?

» Slring theory: Mg > M, is natural, as either
small A and large Msysy
or
large A and small Mgysy
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Dark Matter WIMPs

Sxs
nZz-

Why NMSSM ?
° u-problerp o o
MSSM: W = uH,Hy NMSSM: W = NH, H,4
@ testable mechanism of baryogenesis:
MSSM: Affleck-Dine NMSSM : Electroweak

EWB does not work in SM:
@ CP-violating processes are too weak
@ crossover, so no departure from termal equilibrium

MSSM: new sources of CP-violation
NMSSM: the strongly first order phase transition as well

Electroweak baryogenesis is appealing:
both machanisms can be directly tested
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Dark Matter WIMPs

Description of the model

Start with the most general NMSSM: D.G., S.Demidov (2007)
~ ~ AA A 1 - A A o
Lsusy = W| +h.c., W:)LNHueHd+§kN3+uHust+rN
02
where & = &+ /200 + F,62. u=3(u)

3
+ MG HyHy + maHS Hg + m3 |NJ2.

Veott = (Ml NHyeHy+ kAN + 11 BHyeHy + AN + h.c.>

and the rest is like in MSSM
Splitting: Mg, ~ Mg ~ Bu ~ M& ;< M,
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Dark Matter WIMPs

Dark Matter

X = Ny B+ Nog W + Nsg Fly + Nog Flg + Nes
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Dark Matter gravitino

Gravitino production: strong fine-tuning

- - ) M
&= %8“w~JEUSY , Gu— Gu+i 4%%8”1;/
Y -
3/2 3 Mp
1TeVSVFSMp, 2-107*eV<mgn < Mg
LSP in low scale SUSY breaking models
2:107* eV < mgy <100 GeV — VF $10'0 GeV ’

Thermal equilibrium is forbidden:
Mmzj2-N3;2 0.2 Mg (G932 210 L
Pc ~ 7200eV \ 2 9:(Ts) ) 2h?

Xi—G+Xi, Xi+X— Xc+G

Q30 =
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Dark Matter gravitino

Gravitino non-thermal production
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Dark Matter gravitino
Gravitino: cold or warm
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decay contribution is at dashed lines;
A= 33/2mz:;f/o > 1, where Q=p/c® Q=5x10"3(M, /pc®)/(km/s)3

D.G., A.Khmelnitsky, V.Rubakov (2008)
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Starting from R2-inflation: no new interactions

Outline

e Starting from R2-inflation: no new interactions
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Starting from R2-inflation: no new interactions

Inflation: R? term

F_ M3 4 R
S :—7/«/—gd x| R—- 6u +Smatter7
Jordan Frame — Einstein Frame A.Starobinsky (1980)

Guv = Guv = X Guv Z:eXp<\/2/3¢/MP>-

Smatter ’

4y P HUV “2MI23 1 §
7= [Vaat { g a0a0 -0 (125

VM3

0.20
generation of (almost) scale-invariant
scalar perturbations from exponentially
stretched quantum fluctuations 10f

.15

8p/p ~ 1072 requires ops}
p=my~13x10"°Mp

L L L L L LM
2 4 6 8 10 12
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Starting from R2-inflation: no new interactions

Post-inflationary Reheating: provided by gravity

S;jn,;tter =S(9uv, 0, Ay, -..) = Srﬁgtter = S(qu,(f),/z\“,...)
Guv = Guv=29uv, 2 =x0(V/2/30/Mp) .
for free (in the Jordan frame) scalar ¢ and fermion v fields
mZ(P + ik 9"V 9y 90y + \f(p guvau(Pavd’)

¢ 12M3

EF 4 oy _
SE /\/ Gax < 6" b0~ 5
EF _ [ /% 4y =§ My

SW 7/ gax (W Ve \/> )

D G=x129

~ - o _ .,—3/4
p—=o=x""20, yoGu=yxy,
New scale my ~ u is screened:
2
oJF _ Mp 2 pEF
8.7 _ZMZR — L5 <1/ Mp 5
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Starting from R2-inflation: no new interactions

Reheating: decay of scalarons

o :/-12‘7)2/2:.“’% — Prag o< T* U=> Mg, My
u?
r = ————
0700 T 192 M2
2
wms

foomv = Jga”

3\ 1/2
Treh%4.5><102><g;1/4.<,\l30a’a’3'u> ’
Mp

for the SM with 4 scalar degrees of freedom: A Starobinsky (1980,1981)

Tren ~ 3 x 10° GeV

D.G., A.Panin (2010)
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Starting from R2-inflation: no new interactions

Dark Matter production in scalaron decays

The same universal messenger: gravity D.G., A-Panin (2010)
2
Py = I ¢2/2 = UNy — Ppm = Mpy Npum

Fonons o =
ARRRT 7 V- ATV YV

1/2 1/4
mgos?ker(Nsca/ars) ( 9: ) ;

4 106.75
107 GeV x (Nosatas ) V® (108.75 V%
14 4 g+

Heavier stable particles are excluded!
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Starting from R2-inflation: no new interactions

Dark Matter production in scalaron decays

The same universal messenger: gravity D.G., A-Panin (2010)
2
Py = I ¢2/2 = UNy — Ppm = Mpy Npum

Fonons o =
ARRRT 7 V- ATV YV

1/2 1/4
m¢s7ker(Nsca/ars) ( 9: ) ;

4 106.75
107 GeV x (Nosatas ) V® (108.75 V%
14 4 g+

Heavier stable particles are excluded!

Scalars are overheated: Py ~ 10'3 GeV at T,ep ~ 3 x 10° GeV

Still too fast for proper structure formation at 1 eV epoch. .. @
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Starting from R2-inflation: no new interactions

Dark Matter production in scalaron decays

The same universal messenger: gravity D.G., A-Panin (2010)

Py = 1292 /2 = 1Ny — ppm = Mpy Npw
N Lo L., 2
ARRRT 7 V- ATV YV

1/2 1/4
l@ ~ Nscalars 9+
not Dark Matter me~ 7 keV x 4 (106.75) ’
1/6 1/12
Cold Dark Matter (S my~ 107 GeV x (%) (102'75) '
%

Heavier stable particles are excluded!

Py ~ 10'3 GeV at T,ep ~ 3 x 10% GeV

©

SAl, Moscow, Russia 30/55

Scalars are overheated:

Still too fast for proper structure formation at 1 eV epoch. ..
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Starting from R2-inflation: no new interactions

Scalar Dark Matter: other ways out

Two options within our paradigm of
AVOIDING NEW INTERACTIONS IN PARTICLE PHYSICS:

@ switch on nonminimal (conformal) coupling to GRAVITY: gl-?q)z
@ consider a SUPERHEAVY dark matter candidate: my, > p1/2
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Starting from R2-inflation: no new interactions

1: Light scalar with nonminimal coupling to gravity

1 1
S = /,/7gd4x (§ 9" 0u0dve— 5 m5e® + gﬁ'(p2> ,
introducing no new scales, not interfering with inflation: 0<é<A

Guv = Guv =X Guv x:exp<\/%¢/Mp>, o= p=x"%¢.

for free (in the Jordan frame) scalar field ¢:

o
2R(p 7—m2

1 ¢ . -
5 (*‘5) 2gﬂvau¢avq)+\[( 5) A?Pg”vauq)av(p} .

guvau Py +

S(l;‘F _ /'\/jgd4

2 2 3

u
Fomgp = (165 +2 S
ooe < o u2> 1922M3
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Starting from R2-inflation: no new interactions

1: Warm or Cold scalar dark matter

m2\? 3
_ [ H
Topp = <1 —65+2 2] To2nnz 9271/\/’3 .

scalar 3-momentum @ production: Pe =/ U2/4— m , then redshifting p = p. 5 _at)

([reh)
Spectrum of produced dark matter particles:

1 3
f(p) =< 032 ) (Tren) = 5Ps > Tren

Ultrarelativistic @ reheating must be conformal “with 20%-accuracy”

To be (vpm ~ 1072 @ equilibrium, T ~ 1 eV) we need:
, then {~1/6—-0.019, or £~1/6+0.019.

To be Cold (vpy < 1073 @ equilibrium, T ~ 1 eV) we need:
1/6-0.019<&<1/6+0.019, my=my (&) >0.7MeV
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Starting from R2-inflation: no new interactions

2: Superheavy dark matter candidate, my > /2
Particle production in the expanding Universe

ds? = &% (n) (dn2 —d7(2) . ¢=s/a(n),

Main effect: production at the end of inflation e~0/Mr m2 52
22 9% 1 1 a VBa? aV(9)
T I - - - A X)=0

{an2 ety @M (5¢ +M,2,+ My a0 ) (S(1X)=0
Calculation of Bogolubov’s transformation coefficients: vacuum initial conditions
) 1 \ B st B .
s(n,%) = W/ d®p (apsp(n)e Ipx +a;sp(n)e’p") , sp—1/V20, s,— —ios,.
DM particle density in post-inflationary Universe mgy ~ 106 GeV to explain DM
_ 1 3 2 2 IspP+a?spl 1
o = oy | CPIBRP 1Bl = P o
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Summary on scalar Dark Matter:

m,, (GeV)

le+16
Se+15

w2
le+12

le+10

le+08

le+06
le+04
le+02
1e+00

le-02

mp, min

Starting from R2-inflation: no new interactions

Qpu < 0.2

le+10 | | j
le+09 b fid A

le+08 | 17

om < 0.
16-1e7  1/6+ le-T

1

hot component, % py < 0.2

0

0.05 0.1 1/6 0.2
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0.25

D.G., Panin, 1201.3539

Minimal coupling to gravity,
E=0:

Superheavy DM:

my =1.3x10"8GeV

Conformal coupling to
gravity, & = 1/6:
Superheavy DM:

my =2.8x10"° GeV

Heavy DM: my > 10° GeV is
forbidden

due to production @ H ~ my
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Starting from Higgs-inflation: no new fields

Outline

e Starting from Higgs-inflation: no new fields
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Starting from Higgs-inflation: no new fields E'g
Higgs-driven inflation
F.Bezrukov, M.Shaposhnikov (2007)
S= /d“x\ﬁ( PR gHTHR+zSM>
In a unitary gauge H” = (O,(h—i— v)/\@) (and neglecting v = 246 GeV)
M2 h? oy h)? h*
3—/d4xm< AL T L
2 2 4
slow roll behavior due to modified kinetic term even for A ~ 1 .
Go to the Einstein frame: (M2+ER)R— MZR
~ &R
Guv =92 2guv QP=14+27 M2
with canonically normalized y:
dy  MpyMZ+(6E+1)5H )= AME B (%)
dh M2+ E P PV T A M ER())

we have a flat potential at large fields: U(x) — const @ h> Mp/\/E
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log(x)

Mp/¢

Starting from Higgs-inflation:

\/3/2¢n? ‘Up

Vitls 2h/Mp) -

Mp/€ Mp/VE
log(h)

Dmitry Gorbunov (INR)

no new fields

U(x)

AM*E?/4

AMY/E2/16

0

0 Xend XwmAP X

exponentially flat potential! @ h> Mp//E:

4 2
)

coincides with R2-model!
But NO NEW d.o.f. 0812.3622, 1111.4397

from WMAP-normalization: & ~ 47000 x v/A
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Starting from Higgs-inflation: no new fields

log(x)

Mp/¢

h —
33eh? M,
\ﬁil\o/g(T gh/{up};

Mp/¢ Mp/E
log(h)

Reheating by Higgs field

after inflation: ~ Mp/E < h< Mp/\/E

J

effective dynamics:  h° — g

1 2 M2
— _ Mo TP 2

Advantage: NO NEW interactions to
reheat the Universe
inflaton couples to all SM fields!

Dmitry Gorbunov (INR)

U(x)

AM*E2a

AMYE16 |

0 Xend XwmAP X

exponentially flat potential! @ h> Mp//E:

2
AMA
Ux)="2F [1-exp| - v2y
48 V3Mp
coincides with R2-model!
But NO NEW d.o.f. 0812.3622, 1111.4397

from WMAP-normalization: & ~ 47000 x v/A
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Starting from Higgs-inflation: no new fields

F.Bezrukov, D.G., M.Shaposhnikov, 0812.3622
2 Mplx (1)
2 g° Mp|x(t
m ==— ">
% W(x) 2\/6 5
) Melx ()]
Mp/¢ . mi(x) =yt —=—signx(t
- () er Sonx()
NG 1,»,F {h/M,)
Mp/¢ Mp/VE reheating via W+ W~, ZZ production at zero crossings
log(h)

then nonrelativistic gauge bosons scatter to light fermions

WwW- — ff

Reheating by Higgs field
after inflation: ~ Mp/é < h< Mp/\/EJ

Hot stage starts almost from T = Mp/& ~ 104 GeV:
effective dynamics:  h? — x

1/4
1 AME 3.4x10"%GeV < T, <9.2x 10" (ﬁ) GeV J
- _ w2 7P .
L= 50"~ ¢ gz X
Advantage: NO NEW interactions to
reheat the Universe
inflaton couples to all SM fields!  from WMAP-normalization: & ~ 47000 x VA
Dmitry Gorbunov (INR)
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Starting from Higgs-inflation: no new fields

Strong coupling in Higgs-inflation

Jordan frame

E ><><><><><><><><><><><><><><><><><><><><><><§><><><><><><><><><><><><

Me
Mp/g Weak coupling
Mg/ MpE h
gravity-scalar sector:
% ,mmgf,
s for Me < p< Me
/\g_s (h) =~ Mp > g ~ f
VEh, forhz M.
1008.5157

Dmitry Gorbunov (INR)
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Einstein frame

E ><><><><><><><><><><><><><><><><><><><><><><><><><><><><><><><><><><><><>

e KRR
%] strong COUP"”Q RIXRRHRRRIIRRHIIRRHIRKS
RRRITIIIIKIIRIRLIRXIAIRHLIXRILILIRAXLHKRS
O O R RIS
e R R e RIS
RRRHRRIRIKA A RRHLRILILRAXLHLRAXLHLRS
RIRIRXINXKN Plangk KIIIEXIIRIIIRRRXRRRKS
R RS IRIIIEIIRIIIRS
Mo ERHERRLHLRLLRHILRLRAIK:

P RXHEHLRILHLRIRHLRK
RRRLIRRIRRLHLRRLHKL

Mp/g Weak coupling

Mp/é Mp/VE h

gravitons: A3, ~ M3+ EH
gauge interactions:

Mo, forhs ™,
Noauge (M)~ ho, forte<h,
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Starting from Higgs-inflation: no new fields

What can nonrenormalizable operators do?

F.Bezrukov, D.G., Shaposhnikov (2011)

B
4N

ﬁ7N TING bLa_ cL
+2AH HNEN + A Lo(DN)°H +--- |

+ anFos La HHTL/CB + l/igobaryon violating + - - +h.C.

Lq are SM leptonic doublets, o = 1,2,3, N stands for right handed sterile neutrinos potentially
present in the model, Ha = e2pHj, a,b=1,2;

and

AN=A(h)= {Ag,s(h) , Ngauge (h) , /\Planck(h)}

couplings can differ significantly in different regions of h:
today h< Mp/é&, at preheating Mp/& < h< Mp/\/E
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Starting from Higgs-inflation: no new fields

Dark matter: an example of sterile fermion

HYH Bn M o
Zint = By 2/\NN_ 4A(h)N

can be produced at preheating or at the hot stage

DM fermion has to be light! (WDM?)
Indeed, today

My
o« A :
So, N is unstable with the yv partial width of the order

fo ~ by

QbEaaG,z_— VZMI&;’I
Now ™ Thjogd A2

EGRET gives 7y, 2 1027 s, hence

forA=Mp: My <200MeV, forA=Mp/é& :

Dmitry Gorbunov (INR) 22 April, 2013

b T o (DN)H

0709.2299

My < 4MeV
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o New Physics

e Dark Matter
@ WIMPs
@ gravitino

@ Starting from R2-inflation: no new interactions
e Starting from Higgs-inflation: no new fields
e Dark Matter in vMSM

e Starting from inflation: no new scales

0 Summary
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Dark Matter in vMSM

vMSM

@ Use as little “new physics” as possible
@ Require to get the correct neutrino oscillations
@ Explain DM and baryon asymmetry of the Universe

Lagrangian

Most general renormalizable with 3 right-handed neutrinos N,

. _ M,—
=%WM;ﬁmﬁNMM—%HM@—%NMHhQ

Extra coupling constants:
3 Majorana masses VM;

15 new Yukawa COUpIIngS T.Asaka, M.Shaposhnikov (2005)
(Dirac mass matrix MP = f,,(H) has 3 Dirac masses,

6 mixing angles and 6 CP-violating phases)
Dmitry Gorbunov (INR) 22 April, 2013

T.Asaka, S.Blanchet, M.Shaposhnikov (2005)
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Dark Matter in vMSM

v Masses and Mixings:  “seesaw” from fj,HN L

M; > MP = fv says nothing about M, ! dangerous: §m? o< M?
h o< Mj

3 heavy neutrinos with masses M; similar to quark masses )

1 V2
; ; vV _ _(MD\T D f2
Light neutrino masses MY = —(M") M,M fM,

my 0 0
umu=(0 m 0

0 0 ms

Mixings: flavor state vy = UyiV; + 0/Nf

v
Active-sterile mixings Oy = ——H o fM <1
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Dark Matter in yYMSM

Lightest sterile neutrino Ny as Dark Matter

10 T
. -7 | —
Non-resonant production b .
. A L. . 10° X-ray constraints —
(active-sterile mixing) is ruled out Wb =
g0 gg
Resonant production (lepton L
asymmetry) requires N
AMy 3 <1076 GeV o
arXiv:0804.4542, 0901.0011, 1006.4008 10718 b L oL L
1 5 10 50
M, [keV]
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Starting from inflation: no new scales

Outline

@ Starting from inflation: no new scales

Dmitry Gorbunov (INR) 22 April, 2013

SAl, Moscow, Russia
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Starting from inflation: no new scales

Inflation & Reheating: simple realization

Y
Sx = /d4x\/jg {gTauxaVX— V(X)} ds? = dt® — aZ(t)dXZ _ guvdx/,ldxv
X+3HX+V'(X)=0
S\ 2
2_(2)" _ 87 115
H? = (a) - {zx +V(X)}
Xe> MP/

generation of scale-invariant scalar (and
tensor) perturbations from exponentially
stretched quantum fluctuations of X X

8T/T ~8p/p ~10~* requires Chaotic inflation, A.Linde (1983)
V=BX*:p~10"13

reheating ? renormalizable? larger a larger Tren

the only choice: aHTHX? quantum corrections o< a® < 8
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Starting from inflation: no new scales

Inflation & Reheating: the model

1 1 B ; a,0\2
_ ! m T 2oy2 Pya ity Oy2
Lan = 5 XX+ 3 mEXP = 7 X A (HH lx)
The SM-like vacuum of the scalar potential SM sector is scale-invariant
2a

vV =

BA
Higgs-inflaton (h— x) mixing angle

0— 2o /2 Vo108« (100 MeV)
my

my =246GeV, mp=v2Av, m,=my 2%

A my
Amplitude of primordial perturbations: g ~ 1.5 x 10~13 FBezrukov, D.G. (2009)
Only one free parameter! 50 MeV < my < 1.8 GeV
study of reheating: Tren > 100 GeV, my < 130 GeV
A.Anisimov, Y.Bartocci, F. Bezrukov (2008) Landau pole above inflation scale
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Starting from inflation: no new scales

Phenomenlogy: Higgs-inflaton mixing!

0.0001
1e-05
1e-06

» le-07
& 1e-08
1le-09
le-10
le-11

0.1

Branching

0.001

m, < 250 MeV is excluded !

1e-08

Br(K->Tty)

1e-09

le-10

0.1

my, GeV

le-11
10

T
e

o

1e-08

le-10

. le-12
Bo
le-14

le-16

0.1

Dmitry Gorbunov (INR)

1e-06

1607 foe

P —
. K E787 ——
K™ expected =-===--
K expected --------

A —

005 01 015 02 025 03 035
my, GeV

CHARM |

1

005 0.1 015 0.2 025 03 035 04
my, GeV

from K=y and pN—...x(x—yy,eTe utu™)

22 April, 2013
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Starting from inflation: no new scales

Inflaton Phenomenlogy: direct searches

% |2 4 2 2
Br(B > yXo)~ 0.3 | sVl (m’) (1 - m") 62

’Vcb’2 Mw mg
2

~10-5 - m <3oo |\/|ev>2

- m2 my
Recent sensitivity: Belle, LHCb
Br(B— K®It1-)>10"7 250 MeV < m, < 1.8 GeV
Expectation for the Inflaton:
scalar channel B— Ky
displaced decay vertex €ty ~3-30cm
peaks at a given energy for utu-, ntn, KTK-
This INFLATIONARY model can be directly and fully explored

thanks to B-physics!
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Starting from inflation: no new scales

Straightforward completion of vMSM

@ Use as little “new physics” as possible
@ Require to get the correct neutrino oscillations
@ Explain DM and baryon asymmetry of the Universe

Lagrangian
Most general renormalizable with 3 right-handed neutrinos N,

. _ M,—
Lomsw = Lusm + NjidN; — fi HN Lo — ?'NfN/ +h.c.

Extra coupling constants:
3 Majorana masses VM; T.Asaka, S.Blanchet, M.Shaposhnikov (2005)

15 new Yukawa couplings T.Asaka, M.Shaposhnikov (2005)
(Dirac mass matrix MP = f,,(H) has 3 Dirac masses,
6 mixing angles and 6 CP-violating phases)
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Starting from inflation: no new scales

Lightest sterile neutrino Ny as Dark Matter

10
Non-resonant production )
(active-sterile mixing) is ruled out b =
gt 2
Resonant production (lepton L -
asymmetry) requires N
AMo3 <1076 GeV ot L
arXiv:0804.4542, 0901.0011, 1006.4008 107

Dark Matter production

from inflaton decays in plasma at T ~ m,

Can be “naturally” Warm

Dmitry Gorbunov (INR)

MNIN;:N/ — f/XN/N/

m
< X
My 515 (300 MeV>

22 April, 2013

M, [keV]

M.Shaposhnikov, |.Tkachev (2006)

F.Bezrukov, D.G. (2009)

keV
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o New Physics

@ Dark Matter
@ WIMPs
@ gravitino

e Starting from R2-inflation: no new interactions
e Starting from Higgs-inflation: no new fields
e Dark Matter in vMSM

e Starting from inflation: no new scales

@ summary
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Summary

Conclusions on DM after LHC results

@ Let’s wait for a while. ..
@ If we shall prove the SM @ 1TeV...
— Baryogenesis happened not @ EW-scale
— DM-particles apparently are not WIMPs
(axion — ADMX, sterile neutrinos — X-ray telescopes, mirror
baryons — OPs—nothing, etc)
— May be, the minimal principle is at work (to be tested @ LHC):
e.g., for DM: V=miX2+BX2H'H
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Neutrino oscillations: masses and mixing angles

Solar 2 x 2 “subsector”

103

all solar 95%

Am? [eV?]

10°°

10—9 L

|
10 102

tan0

http://hitoshi.berkeley.edu/neutrino/

my > 0.008 eV

DAYA-BAY, RENO: sin? 26,3 ~ 0.1

Dmitry Gorbunov (INR)

22 April, 2013

Atmospheric 2 x 2 “subsector”

4.0

o
=)

jam?| (10 %8V?)
N
(4]

N
o

3sf"

®  MINOS best oscilation fit

[ MINOS 90% ---- Super-K 90%" N
15 —— MINOS68% o Super-K L/EQO%.%
r -m K2K 90% 1
C. e
1056 o7 o8 o9 1
sin%(26)

arXiv:0806.2237

m> > 0.05eV
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%2000 E cMs Preliminary +— S/B Weighted Data
(1800 1s=7TeV,L=5.11"

~ [ (s=8Tev,L=531"

©1600

14000y
P I

51 200}

|.L>.I1 0005;
B 800;

2 E
.—E, 600:7
L 400}

+++++ Bikg Fit Component
s1a

200+

120 1<I10
m,, (GeV)
@ LEPIl: mp > 114GeV

@ fit to EW data:
mp ~90 < 114 GeV

@ TeVatron: not in

156 < mp < 177 GeV
@ CMS: notin

127 < mp < 600 GeV

@ ATLAS: notin 114-115,
131-237, 251-453 GeV

QCD-background, QCD-corrections, ...

Dmitry Gorbunov (INR)

VA
2]
1.5
1 =174 GeV,
05 my=126.3 GeV
10 1055 Mo

my = V240

22 April, 2013

H, GeV

g 10 NSSN—"7
L 10"
2-103 \\ 3
©
N/
Jiu] 105 e, \J i
10°® . 355
107 -
108 | [— Combined obs. . 4
JgO T B st e e
1o 10— How CMS Preliminary ™+
PN i Vs=7TeV.L=5.11b"
10| o Vs=8TeV,L-531b"
10" = 76
0

2 b e
116 118 120 122 124 126 128 1

Higgs boson mass (GeV)

2\ 2
fy_ U
(o)

- %h“—&-/lvth

Ly = Yihif/V2

@ renormgroup equation

o +HAZ—H Y]

d
dlogu

@ 126 GeV: Looks as the

SM Higgs. .. ?
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MUltlple pOint prinCipIe: D.Bennett, H.Nielsen (1993), C.Froggatt, H.Nielsen (1995)

AV AV

0 0
= NN

Fermi Planck Fermi Planck

AN~0  V(oew) = V(dpianck) =0 A (Lpianck) =0
dA(u)

dlogu
It gives my ~ 173 GeV and m, ~ 129 GeV

Planck scale enters  V'(¢ew) = V' (@pianck) = 0 (KpPranck) =0
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Critical point: where EW-vacuum becomes unstable

sign()V [ A | Strong coupling

Zero

- Scdes
Mremi T S

F.Bezrukov, M.Shaposhnikov (2009)

F.Bezrukov, D.G. (2011)

F.Bezrukov, M.Kalmykov, B.Kniehl, M.Shaposhnikov (2012)
G. Degrassi et al (2012)

me > 129.0 2.2 056 GeV

present measurements at CMS and ATLAS:

Dmitry Gorbunov (INR) 22 April, 2013

Higgs mass M,=124 GeV
0.06

0.04
0.02r

A

0.00

-0.021

100 10° 108 10 10“ 10V 10%
Scale y, GeV

Higgs mass Mp=127 GeV

0.06
0.04
0.02

0.00

-0.02
100 10° 10 10" 10“ 10V 107
Scale u, GeV
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Upper limit on the Higgs boson mass

F.Bezrukov, M.Shaposhnikov (2009)

Higgs mass Mp=125 GeV

F.Bezrukov, D.G. (2011) 0.121F ; T
F.Bezrukov, M.Kalmykov, B.Kniehl, M.Shaposhnikov (2012) / E
G. Degrassi et al (2012) =~ 01201 ,L/','—— -
GeV (Mz)—0.1181 s : A\
or my—172.9Ge _ as(Mz)-0. o> 0119 \
my > 1129.04 T1GaV x2.2 0.0007 x0.56| GeV g X \
=1 |
=} |
8 0118} //
o D
critical value refers to A(h—Mp)—=0 § >
) ) ) @ 0117} S
May be important for pre-Big-Bang history. . . —
say, at inflation naturally h~ H 0116 L ‘ ‘ ‘ ]
May be important for pre Higgs mass M;,=127 GeV 170 171 172 173 174 175 176

Hot-Big-Bang History Pole top mass M;, GeV

dA > a4 ~ Experimental uncertainties: 2-3 GeV
dl =+HAT Vi tow Theoretical uncertainties: 1-2 GeV
ogu
100 10° 10° 10% 10 10Y 107 i .
Can end up in Wrong vacuum. .. « 1503;‘6; w7 10® |mportant for further improvement:
@ 3-loop matching and QCD for t
. ) - ("] t of o, d
errors in My, give uncertainties < 0.2 GeV ztef:ér(%r)nen ot As, My and Mmp
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