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Inflation

Inflationary solution of Hot Big Bang problems

Temperature
fluctuations
OT/T ~ 1—5

WMAP 5-year
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Universe is uniform!
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Inflation
Chaotic inflation: simple realization

((9 X) Chaotic inflation, A.Linde (1983)

S— /d“x\ﬁ < Mep, S BX“)
)"<+3HX+ V' (X)=0
"32

?:HZ M2 V(X), a(t)e<eM

slow roll conditions get satisfied at 3 =
Xe > Mp, MI% = ME,I/(BH) X

generation of scale-invariant scalar (and 8p/p ~ 107° requires
tensor) perturbations from exponentially == V=BX*:B~10"
stretched quantum fluctuations of X

Dmitry Gorbunov (INR) 31 October 2012 ULB, Belgium 3/22



Inflation
Chaotic inflation: simple realization

((9 X) Chaotic inflation, A.Linde (1983)

S— /d“x\ﬁ < Mep, S BX“)
)"<+3HX+ V' (X)=0
"32

?:HZ M2 V(X), a(t)e<eM

slow roll conditions get satisfied at 3 =
Xe > Mp, MI% = ME,I/(BH) X

generation of scale-invariant scalar (and 8p/p ~ 107° requires
tensor) perturbations from exponentially == V=BX*:B~10"
stretched quantum fluctuations of X

We have scalar in the SM! The Higgs field!
In a unitary gauge H™ = <07(h+ v)/\@) (and neglecting v =246 GeV) A~0.1-1

MZ 2 4
PR
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Higgs-inflation

Higgs-inflation
F.Bezrukov, M.Shaposhnikov (2007)
S= /d4xr< PR EH' HH+25M>

In a unitary gauge H” = (O,(h—i— v)/\@) (and neglecting v = 246 GeV)

2 2 2 4
s_/d4xN<MPzéh Ry (%) “)

2 4

slow roll behavior due to modified kinetic term even for A ~ 1 .
Go to the Einstein frame: (M2+ER)R— MZR

with canonically normalized y:

dy  Mp\/Mp+(65+1)S 1P U AME B (%)

dh ~ ME+E P Y=g e

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

Mp/¢

\/3/2¢n? ‘Up

ﬂlng Eh/Mp) =

Mp/¢ Mp/E
log(h)
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Higgs-inflation

U(x)

AM*E?/4

AMY/E216

0 Xend XwmAP X
exponentially flat potential! @ h> Mp/\/E:

4 2
R E)

coincides with R2-model!

But NO NEW d.o.f. 0812.3622, 1111.4397
Different reheating temperature. ...

from WMAP-normalization: & ~ 47000 x v/A
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log(x)

Mp/¢

h —
V/3/2¢h? /M
VENRlNALS -

Mp/¢ Mp/\E
log(h)

Reheating by Higgs field J

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

effective dynamics:  h° — g

AMp o

6 22

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

aﬂxﬁ”x
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Higgs-inflation

U(x)

AM*E2a

AMYE16 |

0 Xend XwmAP X
exponentially flat potential! @ h> Mp/\/E:

4 2
U(x )—% <1exp <\/\/§§A;CP>>

coincides with R2-model!

But NO NEW d.o.f. 0812.3622, 1111.4397
Different reheating temperature. ...

from WMAP-normalization: & ~ 47000 x v/A
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Higgs-inflation

F.Bezrukov, D.G., M.Shaposhnikov, 0812.3622

R, (x) = 9> Mplx (1)

log(x)

2v6 &
M M B .
M/ eXact - my (x) =Vt M S|gnx(t)
VT Vs
/6 log( {/L/M,)
Mele log(hf””/f reheating via W+ W~, ZZ production at zero crossings
n n n then nonrelativistic gauge bosons scatter to light fermions
Reheating by Higgs field )
x— WTW— = ff
after inflation: ~ Mp/&E < h< Mp/+/E
) ) 5 Hot stage starts almost from T = Mp /& ~ 10" GeV:
effective dynamics:  h° — x
M2 13 i A\
«3’:13“%3“% &ixz 34x10°GeV<T,<9.2x10 (0125> GeV J
2 6 &2
Advantage: NO NEW interactions ns =0.967 ,r =0.0032 FBezrukov, D.G.,
to reheat the Universe

inflaton couples to all SM fields! WMAP-normalization: & ~ 47000 x VA 1111.4397
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Higgs-inflation

True Extension of the Standard Model should

@ Reproduce the correct neutrino oscillations

@ Contain the viable DM candidate

@ Be capable of explaining the baryon asymmetry of the Universe
@ Have the inflationary mechanism operating at early times

Guiding principle:

use as little “new particle physics” as possible }

Why? No any hints observed so far!

No FCNC

g No WIMPs

= No...

= Nothing new at all

/w/ (apart of QCD...)

» E) w0 F)
10° x BR(B; - ")
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Higgs-inflation

Straightforward renormalizable completion: vMS

@ 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,—
N;N;+h.c.

Lomsm = Lusm + Niid Ny — fio, HN Lo, — ?I

T.Asaka, S.Blanchet, M.Shaposhnikov (2005)
T.Asaka, M.Shaposhnikov (2005)

Extra coupling constants:
3 Majorana masses VM;

15 new Yukawa couplings
(Dirac mass matrix MP = f,,(H) has 3 Dirac masses,
6 mixing angles and 6 CP-violating phases)
31 October 2012 ULB, Belgium
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Higgs-inflation

The extension is remarkably simple:

It explains
@ inflation without introducing a new scalars
@ post-inflationary reheating without new interactions with SM fields

It may be further modified (e.g. by vMSM) to resolve other
phenomenological problems of the SM:

@ neutrino oscillations
@ dark matter
@ baryon asymmetry of the Universe
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Higgs-inflation

Naively a” We need iS V ~ A/ ¢4 > 0.-- (here in the Einstein frame)

A A
\/\ H 1l
Fermi Planck Fermi Planck }
AV AV
o ¢
Fermi Planck Fermi Planck }
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Higgs boson mass

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 my, ~ 129 GeV

Planck scale enters  V'(¢ew) = V' (@pianck) = 0 (KpPranck) =0
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Higgs boson mass

Critical point: where EW-vacuum becomes unstable

sign()V [ A | Strong coupling

M=y

Zero

Mo T e e
F.Bezrukov, M.Shaposhnikov (2009)
F.Bezrukov, D.G. (2011)
F.Bezrukov, M.Kalmykov, B.Kniehl, M.Shaposhnikov (2012)
G. Degrassi et al (2012)
H my—172.9GeV _ as(Mz)—0.1181
my >{129.04+ T1GeV x2.2 0.0007 x0.56| GeV

present measurements at CMS and ATLAS:
mp~1255+1 GeV

Dmitry Gorbunov (INR) 31 October 2012

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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Higgs boson mass

Upper limit on the Higgs boson mass

Higgs-inflation: selfconsistency, h ~ Mp,

F.Bezrukov, M.Shaposhnikov (2009)
F.Bezrukov, D.G. (2011)

F.Bezrukov, M.Kalmykov, B.Kniehl, M.Shaposhnikov (2012)

G. Degrassi et al (2012)

m; —172.9GeV

H
mp >[129.0+ 11GeV

critical value refers to

Recall:

50 hints at CMS, ATLAS: my, ~ 125.5GeV

errors in My, give uncertainties < 0.2 GeV

Dmitry Gorbunov (INR)

A(h— Mp)—0

Higgs mass Mp=125 GeV
0121 AR

/ ;o
0120} e -
0119}

GeV
0.118

Strong coupling as(Mz)

0.117

0.116 g

&~47000x VA —0 ? 170 171 172 173 174 175 176

Pole top mass M;, GeV

Experimental uncertainties: 2-3 GeV
Theoretical uncertainties: 1-2 GeV
Important for further improvement:

@ 3-loop matching and QCD for t

@ measurement of o, m; and my,
at LHC(?)
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Higgs boson mass

The SM Higgs boson (?) found @ 125 GeV

When the digit matters...!!
Smooth incorporation of gravity @ Mp,?
— Great desert up to Gravity scale (asymptotic safety?)
(no gauge hierarchy problem: all NP we need

is either @ EW-scale or in gravity sector)
— viable (v, DM, BAU) SM extensions: R2-inflation with vMSM, Higgs-inflation
(can S2H'H help?), ...
It's another scale: e.g. PQ-scale, or Leptogenesis, etc
Just a coincidence, e.g. as GUT

— gauge coupling unification — (gauge hierarchy problem, then not at a single
point) — SUSY

— there are other “hints”:
m2~mzm,  mpxv/2~3mz/2,  A(mp=125GeV)~0.125
Is Nature aware of GeV and decimal system?
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Dmitry Gorbunov (INR)

Strong coupling

U(x)

AMYEZa |

w¥e2ite

0 Xend AWMmAP X

exponentially flat potentiall @ ~ h>> Mp/+/E:

4 2
0= (o0 (- i)

coincides (apart of T, ~ 10'* GeV) with R2-model!
But NO NEW d.o.f. 0812.3622

ns=0.967, r=0.0032, N=57.7
from WMAP-normalization: & ~ 47000 x v/A
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Fine theoretical descriptions both in

UV: x>Mp, U=
const+ ¢ (exp (—\/éx/\/ﬁMp»

and in
. Ag
IR: h<Mp/é&, U:Zh

no gravity corrections at inflation!
(Unlike BX*) Al inflationary
predictions are robust

Obvious problem with QFT-description
of IR/UV matching at intermediate
X < Xena and h< Mp/\/&

Hence no reliable prediction for the
SM Higgs boson mass mj, = V24 v
except the absence of Landau pole
and wrong minimum of Higgs potential
(well) below Mp/&

130GeV < mp < 190GeV

Dmitry Gorbunov (INR)

Strong coupling

U(x)

AMYEZa |

AMéE2/16 |

0 Xend AWMmAP X

exponentially flat potentiall @ ~ h>> Mp/+/E:

4 2
o= (1-o0 55

coincides (apart of T, ~ 10'* GeV) with R2-model!
But NO NEW d.o.f. 0812.3622

ns =0.967, r=0.0032, N=57.7
from WMAP-normalization: & ~ 47000 x v/A
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Strong coupling

Strong coupling in Higgs-inflation: scatterings

Jordan frame

Me

00000 %% %
8K
LRI,
RRRRELIREIRELRS
EREEREKREIREE
RSKRSEKEK,
RSEREKKLK,
QLEIKK:

Mp/g Weak coupling

E XXXXXXXXXXXXXXXXXXXXXX?X%XXXX%?XXXX

Me

Mp/E

Mg/ MpE
gravity-scalar sector:
Mp

o
Mp >

VE

Ag_s(h) ~

1008.5157

Dmitry Gorbunov (INR)
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Einstein frame
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX>

o e O oot eto 0
XK S“Oﬂg COUP"”Q RIXRRHRRRIIRRHIIRRHIRKS
XXX RRRRILIRIHLHKIAXLRHKRS

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX R
RSKREKEKKLE: poee RSREBRREEEIEKEIRRR
REKREEREKEAKE: B EREEREERREEEIREKREIEREL
XXXXXXXXXX4 Plangk KX X XXX RRRRX XXX XXRRXX
XXXXXXXXXXXXXXXXXXX A
RSEREREREERREEIEIEK, g-s
SRR,

REREIRRLLLELILELIREIREL,

Weak coupling

Mp/é Mp/VE h

gravitons: A3, ~ M3+ EH

gauge interactions:

M M

A (h) ~ TP’ forhgf”,

S for%gh,
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Strong coupling

Strong coupling at Mp/¢& ...

Can it change the initial conditions of the Hot Big Bang?
@ reheating temperature

@ baryon (lepton) asymmetry of the Universe
© dark matter abundance

Let’s test these options adding all possible nonrenormalizable
operators to the model

Dmitry Gorbunov (INR) 31 October 2012 ULB, Belgium
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BAU, neutrino oscillations from UV-physics?

What can nonrenormalizable operators do?

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

Be
4N\

ﬁ7N WTING b, 7 cf
+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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BAU, neutrino oscillations from UV-physics?
LFV, BV nonrenormalizable operators today

Neutrino masses: easily

BLV ocﬁ =

(8) _
Hw = 4N 2

avﬁJrhc

hence

1/2
-3 2
A~3x10™GeV x B, x (3X1°ev>

Amgtm
when
A= /\gp ~0.6x 10" GeV

can explain with

BL~02
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BAU, neutrino oscillations from UV-physics?

LFV, BV nonrenormalizable operators today

Neutrino masses: easily Proton decay: probably
) _ BLv® Fap 6 /35
LN =4 VaVithe. 28 « B QaaL
hence then from experiments

2
Amaltm

B 1/2 1/4

3x103eV? Tpondet /
A 10" GeV 3x107°eV® > 16 _ pomer
3x10™Ge XﬁLX< ) A2 V/Bg x10'°GeV x 1.6 x 1033 years

when with the same

A=Mp _06x10MGev /\:%~0.6><1014Gev

S

can explain with one needs

B ~02 Bg<04x10*
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BAU, neutrino oscillations from UV-physics?

LFV, BV nonrenormalizable operators today

Neutrino masses: easily Proton decay: probably
) _ BLv® Fap 6 /33
LN =4 VaVithe. 2 « 22 QeaL
hence then from experiments

B 1/2 1/4

3x103eV? Tpondet /
A 10M GeV 3x107°eV® > 16 _ pomer
3x10™Ge XﬁLX< ) A2 V/Bg x10'°GeV x 1.6 x 1033 years

2
Amaltm

with the same

when
M _ Mp 14
A= g’ ~0.6x 10" GeV A—?~0.6x10 GeV
can explain with one needs
BL~0.2 Bs<0.4x1074

Either B and L, are significantly different
or we will observe proton decay in the next generation experiment
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BAU, neutrino oscillations from UV-physics?

Leptogenesis, Ag~ A, /3: can be successful

d A s 4
’EQL: [/'IinhOL] , Anp=ng—np=(Qy)

Ly = Y(xzrzHEa +hc., Y‘(VE) = %Faﬁ Z(,/:/H%Lz +h.c.
4 i f 4 4
dAn, /dt = Im <ﬁL Tr (FF FYYF YY)) o< Biy4-Im (FBBF 5Fe 3,:33)
for the gauge cutoff A = h one has

o/ Yo \4[025)\%* 10 ¥r \4/0.25 "
ﬁL(o.m)(x 10 <AL<ﬁL< 01) x )10

for gravity-scalar cutoff A = & h?/Mp

a( Yo \4(025\"%* 13 Yo \4(0.25\2 10
BL<0.01) ( . x63x1078 <A, </3L< 01) =) x24x10
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BAU, neutrino oscillations from UV-physics?

Leptogenesis, Ag~ A, /3: can be successful

d A s 4
’EOL: [/'IinhQL] , Anp=ng—np=(Qy)

Ly =—YolyHEq +hec., £ = %\ FapLaFH'LS +h.c.

dn, /dt o< Im (BT (FFTFYYFT YY) ) o Biy21m (Fag Fip FasFia)

for the gauge cutoff A = h one has

ol Yo \4[025\%* 4/ Y \4[0.25 "
ﬁL(o.m)(x x10 <AL<ﬁL(o.o1) x )10

for gravity-scalar cutoff A = & h?/Mp

4 13/4 4 2
Bt (o) <%> x6.3x107"% < Ay < b () <%> x2.4x10710

0.01 A 0.01 A
In both cases the asymmetry can be (significantly) increased with operator
HYH
84" =y L. HE; +/3yLTHEf? +oe-
one can fancy the hierarchy gives a factor up to 108 |

1~By>y.~1072.
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BAU, neutrino oscillations from UV-physics?

Dark matter: an example of sterile fermion

H'H
F= b o= B

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) 31 October 2012

NeN

b T o (DN)H

0709.2299

My < 4MeV
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Summary

Summary

LHC hints at 125 GeV may point at:
@ Multiple point principle ...?
@ No new particle physics upto gravity scale
@ Higgs-inflation: 129 GeV < my, < 195 GeV
needs better precision in measurement of my,, my, y;, os
may ask for UV-completion... asymptotic safety?

Some other inflationary models also point at my, ~ 125 GeV (e.g. hill-top potential in simple
tensor-scalar gravity I.Masina, A.Notari (2012))

@ Higgs-inflation may be easily completed to account for

> neutrino oscillations
» dark matter
» baryon asymmetry of the Universe

Examples: vMSM, nonrenormalizable operators at strong coupling UV-scale
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Absence of the Landau pole upto
inflationary scale ~ 10'® GeV and
stability of the Higgs potential at large  RG-evolution with energy scale pu:
post-inflationary values of the Higgs

boson field h ~ Mg, dr

dlogu?

o« A2 — - yt4
129GeV < my <195GeV

F.Bezrukov, D.G. (2010) VA

Lower bound refer to the case of
2 (Mpy) =0 2
Message: Zero 1.5
Planck-scale corrections 1 =174 GeV.
from gravity? 0.5
PAST: gauge coupling unification. . . \n].,:126. 3 GeVv Gev
Message: A(125 GeV) =0.125 w w T — My
Naturegknows ( : 10° 10 10 My o?°
GeV and decimal system !! @
/ h—s Wrw-, zZ
THIS MODEL HAS ALREADY
BEEN CORNERED BY LHC !! Treh ~ 3 x 1013 GeV F.Bezrukov, D.G., M.Shaposhnikov (2009)
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Models without NEW scalar(s) in PARTICLE PHYSICS SECTOR
A.Starobinsky (1980) R-inflation Higgs-inflation F.Bezrukov, M.Shaposhnikov (2007)

M2 R? M2
§F=-7" [V=gd*x (R— 672> +Satter» ST = /ng“x (;RéH* HR | + Sifatter

In this two models “inflatons” couple to the SM fields in different ways

R-inflation: gravity, .2 = ¢ /Mp Higgs-inflation: finally, at ¢ < Mp/& like in SM
D.G., A.Panin (2010) F.Bezrukov, D.G., M.Shaposhnikov (2008)
Tren ~ 3 x 10° GeV Tren~6x 103 GeV
with different length of the post inflationary matter domination stage: F.Bezrukov, D.G. (2011)

@ somewhat different perturbation spectra
ns =0.965, r=0.0032 ns =0.967, r=0.0036
break in primordial gravity wave spectra at different frequencies
@ in R? perturbations 10~5 enter nonlinear regime:
gravity waves from inflaton clumps
@ SM Higgs potenial is OK up to the reheating scale:
my 2 116 GeV my 2> 120 — 129 GeV
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The power spectra of primordial perturbations

The same potential, the same ¢ at the end of inflation
V/uPME

e.g. F.Bezrukov, D.G., M.Shaposhnikov (2008) 0.20

8(4N+9) 192 150

Mo anaR ' @NTap

.10+

But WMAP observes different N in the two models:
k/ag = 0.002/Mpc exits horizon at different moments

/ . . . . . "
/ag) VJ 2 2 4 6 8 10 2 ™

N= 1Iog il —log (k +log —— -
-3 30v27 T g1 /3 v mp
ViAo 10‘3Gev 3 ‘

_ e __ insid ' d id
3 log 1013Gev 3 log Troh Lntfrliz%n ! t) ﬁglt'isz‘oﬁ :’?L)SI!IZ?)I'\
The difference is F.Bezrukov, D.G. (2011)
1. 108GeV
N. ~57— ~log ——— Ny =54.37, Ny =57.66.
3 Tre/'r A

R2-inflation: ns = 0.965, r=0.0036,
Higgs-inflation: ng = 0.967, r=0.0032.

I
1
1
1
!
inflation t

RD, MD epochs t

Planck(?), CMBPol(1-2)
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Upper limit on the Higgs boson mass

R2-inflation: stability while the Universe evolves
from Q = T,ep ~ 3 x 10° GeV

J.Espinosa, G.Giudice, A.Riotto (2007) F.Bezrukov, D.G. (2011)

my—172.9GeV o
1.1GeV

_ as(Mz) —0.1181

"2
my - >|116.5+ 0.0007

26 x 0.5| GeV

Higgs-inflation: stability while the Universe evolves
from Q= T,en ~ 6 x 1013 GeV

F.Bezrukov, M.Shaposhnikov (2009) F.Bezrukov, D.G. (2011)

1 -172.9GeV . as(Mz) 01181

" m
my > 1200+ =3 5ey 0.0007

0.5 GeV

stability while the Universe evolves
right after inflation h~ 103 GeV

mi >[129.04...] GeV
present limit from CMS: my, < 127 GeV @ 95%CL

Dmitry Gorbunov (INR) 31 October 2012

VX

my=126.3 GeV

M 020

u, GeV

1010 1015

;
10°

Uncertainties: about 2 — 3 GeV
due to unknown QCD-corrections

Important for further improvement:
@ (N)NLO corrections in QCD
coupling

@ measurement of my and my, at
LHC
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