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Our present knowledge of particle physics and the Universe Standard Model

Standard Model - describes nearly everything that
we know

Gauge theory SU(3) x SU(2) x U(I)

Describes (fogether with Einstein e enrtes
gravity) 0000

@ all laboratory experiments - | U = C mt .
electromagnetism, nuclear o e
processes, efc. g d o b .

@ all processes in the evolution r;/ vy [V 2 . “H
of the Universe after the Big mh | e 7 o
Bang Nucleosynthesis e | H 2T $. o
(T <1MeV, t > 1sec)
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Sz
Standard Model has experimental problems

@ Laboratory
@ Neutrino oscillations

@ Cosmology

o Baryon asymmetry of the Universe
@ Dark Matter
o Inflation

@ Horizon problem (and flatness, entropy, ...)
@ Initial density perturbations

o Dark Energy
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SM problems in laboratory and in cosmology
Neutrino oscillations

Oscillation parameters

Am3, 7.59+0.20 X 107° eV?
SAGE neutrino sin® 20, 0.87 £0.03
observatory |Am3,| | 2.431013 x 1077 eV?
. in% 20 92
(solar oscillations SIne¥as > 0.9
. sin 2013
evidence
Ve — V)
SuperKamiokande
(atmosferic os-
cillations
Vy — Vr)
Reactor neutrinos, accelerator neutrinos

tan’Q
htp:itosh berkeley.ecuneutrino
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http://hitoshi.berkeley.edu/neutrino/

SM problems in laboratory and in cosmology
Baryon asymmetry of the Universe

j% o ) :;O,Bigéung 1 hisi
@ Current universe contains T e G g,
baryons and no antibarions | w — N i

= WI//
@ Current baryon density WwoE %Z
wE .

ng —10 3 : T
— ) A 3
’I']B = n— = 6.1 X 10 \D/Hlp D é k|
g 1074 i ; e

[ 3HeH], :./’

@ Does not fit into the SM (too sk
weak CP violation, too smooth

g /

phase transition) iy ‘ <
i 7
NS AZ

el

k 3 3 4 5 6 7 8910

Baryon-to-photon ratio 1 x 10"
Figure 20.1: The abundances of 'He, D, *He, and TLi as predicted by the standard
‘model of Big-Bang mucleosynthesis [11] — the bands show the 95% CL range. Boxes
indicate the obscrved light element. abundances (smaller boxes statistical
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Our present knowledge of particle physics and the Universe SM problems in laboratory and in cosmology
Dark Matter

Gravitational lensing
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CMB fluctuations “Bullet” cluster

QDM ~0.21
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Our present knowledge of particle physics and the Universe SM problems in laboratory and in cosmology

CMB gives measured predictions from inflation
CMB spectrum
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SM problems in laboratory and in cosmology
Inflationary parameters from CMB

@ Spectrum of primordial scalar density perturbations is just a bit
not flat ng — 1= 9NR

. . . P,
@ Tensor perturbations are compatible with zero r = 73—“7;"

0.4

0.3

0.2

Tensor—to—Scalar Ratio (r)
°

=4
o

0.94 0.96 0.98 1.00 1.02

Primordial Tilt (n,) (WMAPO7 results)
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Our present knowledge of particle physics and the Universe SM problems in laboratory and in cosmology

Dark Energy

T

T
75 SNe from low-z sample (Riess et al. 2004)
A 16 SNe from Riess et al. 1998

0 8 SNe from Tonry et al. 2003

< Supernova type Ia redshifts

X 19 SNe from Barris et al. 2004

Q |0 4 New SNe (This Work)

i accelerated expansion of the
E ol o Universe today
wesze = V|5 Qr~0.74

Different from inflation
@ Much lower scale
@ No need to stop it

Can be explained “just” by a

cosmological constant (invented
already by Einstein)

Ap[mag]
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Universe history

27K TODAY 14 Gyr
accelerating expansion
41K matter dominated expansion 71 Gyr
0.26 eV recombination .37 Myr

matter dominated expansion

0.76 ev radiation dominated expansion

7 kyr

50 keV MMMMMMMM 5 min
? Bang Nucleosynfhems
(IR S SR [

1 MeV ls
2.5 MeV neutrino decoupling 0.1s

200 MeV QCD phase transition 10 ps
~

2J3Y 30 SHJOM [2pO\N pIDpUD}S

inflation
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Let us expand the model in a minimal way

I will follow a “Minimal” approach

Explain the experimental facts with
@ minimal number of new particles
@ no new physical scales

Different situation in usual approaches

Solve hierarchy problems first
@ Supersymmetry, Extra } New physics at TeV energies -
dimensions ... “masks” us from early Universe
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Minimal extension approach

Several examples of minimal extensions leading to
inflation

@ Inflation with light inflaton [Shaposhnikov, Tkachev'0é]
[Anisimov, Bartocci, FB'09]
[FB, Gorbunov’10]

(Introduces new particle)

@ Higgs boson inflation [FB, Shaposhnikov'08]
[FB, Gorbunov, Shaposhnikov'09]
[FB, Magnin, Shapshnikov'09]
(Modifies Higgs-gravity interaction, new scales Mp/&, Mp/+/€)
@ R? (scalaron) inflation [Starobinsky’80]
[Gorbunov, Panin’10]
(Modification only in the gravity sector)
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LD 020 LS
Common prediction: Higgs mass window

The model should be valid up to
inflationary scale:

Radiative corrections to the Higgs
potenital may spoil this

Higgs mass bounds

126 GeV < my < 190 GeV

interaction strength

VI
2
1.5
1 my = 190 GeV -
0. S\W:‘% Gev
u, GeV

T .o P T
inflationary scale

Energy scale
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The Light inflaton model

Let us try to do everything just within standard particle physics

Just add the inflaton! J
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Inflating with a light inflaton [ GUFETSE AL LIl

Light inflaton model adds one scalar particle to the
SM

L= + aHTHX? +

Standard Model Interaction Inflationary sector

(where 3 ~ o = 1.5 x 10713 - inflationary requirement)

g

My =Mhy/ 5 - the inflaton mass is defined by «

The Higgs-inflaton scalar potential is

2 1
V(H, X) = A (HTH - %xz) + gx"—zuzxz +Vo

[Anisimov, Bartocci, FB'09, FB, Gorbunov’10]
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i Gl R T [TV S Bounds from cosmology - inflation and reheating

Radiative corrections require a small SM-inflaton
coupling

Radiative corrections induce quartic coupling which should not spoil
the flatness of the potential

X X X X
should be
= allog < 0
X X X X

This leads to an upper bound on the SM-inflaton interaction

a <1077 (roughly: o < /)
Lower bound for the inflaton mass

m, > 90 MeV J
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i Gl R T [TV S Bounds from cosmology - inflation and reheating

Radiative corrections require a small SM-inflaton
coupling

Radiative corrections induce quartic coupling which should not spoil
the flatness of the potential

m*(X) . m2(X) should be B s
652 19 e < Vinflaton = 7 X
mZ(X) = 4aX? (Higgs boson)

oV =

This leads to an upper bound on the SM-inflaton interaction

a <1077 (roughly: o < /)
Lower bound for the inflaton mass

m, > 90 MeV J
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Bounds from cosmology - inflation and reheating
Preheating requires large SM-inflaton coupling

Parametric resonance?

t t te the Hi
@ After inflation: empty & cold Not so easy to create the Higgs

Inflaton
® Needed: hot, T, > 150 GeV (to > P
get baryogenesis) 2 /
Equating H production rate (x a?) 2" i Higgs
to Hubble expansion rate (o T2) 2 4 o
Ew p/
Mxx—shH ~ H 3L
= 200 400 600 800 0’07:*0
Lower bound on « Time
10
a7 x10 }The large Higgs self interaction

destroys coherence and spoils
paramefric resonance.

[Anisimov, Bartocci, FB'09]

April 18, 2011 Fedor Bezrukov Minimal inflation - cosmology and experiment 18 / 27



Bounds from cosmology - inflation and reheating
Inflaton is in the experimentally explorable range

Inflaton mass window (from Cosmology) J

90 MeV < m, < 1.8 GeV

Lower bound: radiative corrections

Upper bound: sufficient reheating

Also possible: 2my < m, < 600 GeV
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Experimental detection of the inflaton
Inflaton-SM Interactions

As the Higgs boson, but light and suppressed by 6 = /25v/m, J

@ Created: in meson decays
@ Decays: the heaviest particle pairs (ee, mm, p1, KK)
@ Interacts with media: extremely weakly

me = me <
Lz :97FXFF:\/ﬁm—;XFF

Lyrr = 26\/20 - mi . (%8M°8*‘7r° + 6H7T+(9’J'7T_)
X

1
—(3k+1)y/208- X -m2 . <—7r°71'° +7r+7r_> (/1 = 2/9)
m, 2
F.a /203 Fagas /283
L ~ F VF/,LV L ~ 99 GaVGa,uz/
X R _mx XFu x99~ 8 my XBpu
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Experimental detection of the inflaton
Inflaton is relatively long lived
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Experimental detection of the inflaton
Produced in meson decays and in beam dumps

Br (K" —» atx)~23x107?
)~

-8
Br(KL_>7TX 1.0 x 10 X(ﬁ)‘<100MeV)2.k(mX )
Br (77 — T X) ~ 18 X 10712 Po My Mmeson
Br(B — Xsx) = 1075
tevld ‘Meson Hecay NuTeV ‘
In a p-beam dump (via meson ler12 x o S—
decays), ideal luminosity _ leviof Meson decay, ToK .
& 1e+08 gg fusion, T2K
E, GeV  Npor, 10” 'g,_ 16406
NuTeV 800 1 z L0000
CNGS 400 4.5 100
NuMi 120 5
T2K 50 100 1 0z ] . : : }
m,, GeV
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Experimental detection of the inflaton
Hadron decays cons’rraln inflaton mass

Bound from decay
K™ — 7" + nothing

m, > 120 MeV

1e-06 K E949
Expected , k' E787 ——
1e-07 K* expected === 7
“\ T ( K, expected ----------
B 16:08 e e
= 1e-09 / N
1e-10 L -
Excluded
le-11
005 01 015 0.2 025 03 0.35
m,, GeV
1le-08
le-10
,
1e 12 st
B s
..
le-14 -
I 'k
le-16 -

0.05 0.1 015 0.2 025 03 035 04

m,, GeV

Bound from X decay into efe™,
phuT
m, > 270 MeV
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Experimental detection of the inflaton
B-meson decays - search for the inflaton!

2
B 100 MeV m
< () - (o5e=)” K (m)

LHCb: events with offset vertex

le+14 Iy o Moy -
. 3 eson decay, Nule
In a p-beam dump (via meson le+12 x v T
decays), ideal luminosity L letlor Meson decay, T2K - ]
§ 16408 gg fusion, T2K
E, GeV  Npor, 10” Zg 1e+06
NuTev 800 1 10000
CNGS 400 4.5 100
NuMi 120 5
T2K 50 100
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(i GO R R T [TV Experimental detection of the inflaton

Dark matter - add vMSM and stir

Three Generations
of Matter (Fermions) spin %
| I n
mass - [ 2awev T27Gev 7126e

charge - | % u % C

nnnnn up charm top

SHaGev
0
o
Higas
boson

[<0:0001 ev £10 ke [ =001 eV / ~Gev| [ 0082V ] ~Gev
o\ oV, o

€
electrgn sterile sterié| heliting St len
AESho sl ] |nelio Siie | e

0,511 Mev 1057 Mev 1777 Gev.

spin 0

Bosons (Forces) spin 1

,,e 71” 71T

electron muon tau

Leptons

Light inflaton  + /@ |I'S "B . +FIXNCN

[Asaka, Blanchet, Shaposhnikov'05, Shaposhnikov, Tkachev'06]

@ DM sterile neutrinos are produced in inflaton decays
@ BAU via leptogenesis with two heavier sterile neutrinos

DM neutrino mass bound from production mechanism

M; < 80keV
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Inflating with a light inflaton Experimental detection of the inflaton

Possible search for yMSM neutrino in the lab and in
the Universe

@ DM sterile neutrino N;, M; ~ 1 — 80keV
@ X-ray line from the DM radiative decay
Ny — vy
o Neutrinoless double beta decay
Mee < 50 x 1073 eV

[FB'05]

@ Lepton asymmetry generating N2 3, M3 ~ GeV

@ Neutrino production hadron decays: kinematics
@ Missing energy in K decays
@ Peaks in momentum of charged leptons for two body decays

o Neutrino decays into SM particles: “nothing” to leptons and

hadrons
@ Beam target experiments with high intensity proton beam, detector
(preferably not dense) after the shielding.

[D. Gorbunov, M.Shaposhnikov'07]
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Summary

Start from:
@ Explain every experimental fact
@ Expand the Standard Model in a minimal way

Arrive to:
@ Predictions for low energy experiments!

Examples:
@ Model with additional scalar inflaton
e Light inflaton reachable in particle physics experiments
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Non-minimal coupling to gravity solves the problem
Quite an old idea

Add h?R term (required by renormalization) to of the usual MpR
term in the gravitational action

@ A.zee'78, L.Smolin79, B.Spokoiny’84

@ D.Salopek J.Bond J.Bardeen'89

Scalar part of the (Jordan frame) action

2 2 Uin AV
SJ—/d4X1/ { h SR+g 8 ho”h —%(hz—vz)z}

2

@ h is the Higgs field; Mp = \/8;76'1 = 2.4 x 108 GeV

@ SM higgs vev v < Mp/+/€ and can be neglected in the early
Universe

April 18, 2011
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Potential - different stages of the Universe

AME U
_452' _________________________________________________
&) 4
J 2 (1 - ez vaw) 2
2 4€2
Mo/¢ Mp Xwmap =~ 5.4Mp X
~ v ~
2 2 Slow roll inflation
S =
[aa] o] -5 . .
o Q dT/T ~ 10~ normalization
— <
© o ¢
5 Q —— ~ 47000
e s
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CMB parameters are predicted
0.4 T T T

WMAPS

m2e2 o | O _
SM+Eh’R

+ 0.2

0.1

0.0k
094 096 098 100 102
nS
spectral index n~1-— Zﬁﬁ'fg?g ~0.97
tensor/scalar ratio r ~ (4;97)2 ~ 0.0033

_ 3
ST/T~107°> = —= ~ 47000
/ VA
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Scalaron (¢) generation of fermionic CDM

1 -
SEF /\/_d4 g"0,$0,¢ — i WMP Z(p

@°
12M2

= /\/—_Qd"x (nﬁ)ij — md,e_f%'% lle}) .

P = PP
o7 T 1920 M2 o T 48 M2

Ns 1/2 g* 1/4 QDM
My ~ 6.9 keVx (T) (oe7s) (o225

NoV/8 /g /12 [ Qpm VY3
- , Ny i} DM
my ~1.2x10° GeV X (4) (106.75> (0-223)

v P .
gﬂ au¢8ud) \/ZMp gpyaﬂwa’/(p) 5
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Light inflaton
WMAP-5 bounds

0.3 = . . 0.3
0.25 f WMAP=5year 1 0.25
02 B E=o_001 b i 0.2
- 0.15 \ 0.15 -
0.1 \ 0.1
0.05 0.05
———
0 . 0
092 094 096 098 1 0 0.02 0.04 0.06 0.08 0.1
Ns 3
Message

With non-minimal coupling it is very natural for 3¢* inflation to be
compatible with observations!
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Parametric enchancement

Let us suppose again that there is an inflaton X coupled to some

particle ¢. Then, during inflaton oscillations, for the ¢ modes with
momentum k we have

2

b + 3Hdy + ( k( ) + g2X(t)? ) =0

@ Important - X(t) oscillates

@ Let us neglect the Universe expansion, and say that
X(t) = Asin(wt), then

Mathieu equation

Pk
W + (Ak - Zq cos 217)

where Ay = k%/w? 4 2q, q = g2X3/4w?, n = wt.

April 18, 2011
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CEEUER PSS Light inflaton

Temperature estimate for the reheating

o?_ \ith the Hubble rate

ﬂ—puvg

_¢(3)a? [90
e~ =3 g_*mPl

Requiring Tr > 150 GeV we can obtain the lower bound on o
a>73x10"8,

Equating mean free path nozr_o4v ~ n

_ T2 /7,
= \ 90" We get
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Temperature estimate for the reheating II
However, Pavg ™ T, the cross-section is enhanced S0

¢(3)a® T

3
Q pavg

MPI

For this estimate the bound is weaker
a>7x10710

Upper bound for the inflaton mass

my B
<15 i/ Vv
Mx < (150 Gev> 15x100 °°
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Dark matter - add vMSM and stir
A vMSM inspired model with inflation x [Shaposhnikov, Tkachev'06]

L=(Lsm+ Nlial/}/”’NI — FaIEaNICD — F—ZIN‘I:NIX + h.c.)+

50,207 = V(®.%)

0. _ Lef(my) 8 M \? /100 Mev)?
NT s T 15x10° 8\ 10keV My ’

DM sterile neutrino mass should be

1/3 1/3
my S 0.9
My ~ 13 <3oo MeV) (4) (F(mx)> keV'.
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Ov(3 effective Majorana mass is small

l<m>| [eV]

2
Mee = ‘Z m,Ve|
i

0.01
my, [eV]

@ contribution from N is negligible [M16%| < 107> eV

@ For heavier active neutrinos the contribution is always negative
Mee < |3, MV ] smaller prediction

Mee < 50 x 103 eV J

[FB'05]
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