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The Higgs inflation in brief

Big Bang within GR and SM: problems

Dark Matter

Baryogenesis
Dark Energy 0£NK MR, My, Nyop. etc?
Coincidence problems: Qg ~ Qpu ~ Q0 ,

ng=ng/ny~(8T/T)?,
T4 ~ (mp—mp),

ACDM tensions: lack of dwarfs? cusps?

Horizon, Enthropy, Flatness, ... problems

IHO//H,r(tO) ~ m ~ 30

Singularity at the beginning

Heavy relics

Initial fluctuations 8T/T ~8p/p ~ 1074, scale-invariant
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The Higgs inflation in brief

27K TODAY 14 by
accelerated expansion
44K matter domination 7.7 by
0.26eV recombination 370ty e+p—H+y
086V ma.tt.er domm.at/o.n 50ty
radiation domination
OkV NFF T AT R T RAAT LA AL T [ Omin 3t + *He - TLi+y
\ primordial nucleosynthesis / 2H1+2H s n+3He
PR/ V2001 N N N s p+p—2Hyy
2.5 MeV neutrino decoupling 0.1s
200 MeV QCD transition 10 us confinement«: free quarks
<
100 GeV Electroweak phase transition 0.1 ns\\

baryogenesis = [T~ -=
N

hot Universe
b b B0 bR R R

, dark matter production
reheating ~ -7

inflation ——7
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The Higgs inflation in brief

Inflationary solution of Hot Big Bang problems

@ no initial singularity in
dS space n

[0}

@ all scales grow g L particle
exponentially, — ;
including the radius of g horizon
the 3-sphere 5
the Universe becomes c
exponentially flat 8w casually

@ any two particles are 0 \ connected
at exponentially large
dista,ﬂ’ces v © A" space coordinate regions
no heavy relics -g,no
no traces of previous T
epochs! e

—

@ no particles in o
post-inflationary 5 inflationary
Universe © expansion
to solve entropy o

problem we need
post-inflationary
reheating

space coordinate x
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The Higgs inflation in brief

Chaotic inflation at large fields

. . . Chaotic inflation, A.Linde (1983), A.Linde (1984)
in all domains of Planck size
each of the form of inflaton energy

fluctuates similarly

1., 1
592~ 5(00)F ~ V(0) S M,

If V(¢) dominates by chance

O —No/@+3H+ V' (¢)=0
“slow roll” solution

for power-law potential at ¢ > Mp, 81

2_ O o oHt
H _SM,% V(g), a(t)<e
V ~ const
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The idea is great,

but is not verifiable
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The Higgs inflation in brief

The idea is great,

but is not verifiable

except the flatness. ..
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The Higgs inflation in brief

Unexpected bonus: generation of perturbations

Quantum fluctuations of wavelength A of a free massless field ¢ (inflaton and gravitons !!)
have 3-momenta g ~ 1/A and an amplitudes of §¢; ~ q

Evolution at inflation

@ inside horizon: g > H inside \ | outside linside
g 1/3 N 5(p,1 o qos 1/a horizon ; H(t) horizon :honzon
/NN~

@ outside horison: g < H
geca= d¢), =const = Hjpy/2m 1!

YAVA S RN

@ got “classical” fluctuations:

1
1
[}
1
1
_ quantum Ne
o9 = 5(p)L xe inflation t RD, MD epochs t

e
scalar modes 8¢, ~ Hipg Later at normal stage
tensor modes g,y ~ h~ Hipn/Mp He<1/t,q/H 7, modes “enter horizon”
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The Higgs inflation in brief

Inflationary solution of Hot Big Bang problems

Temperature
fluctuations n
8T/T~1075 g ,
/ T é Mo particle
: : I horizon
£
Rl
5
S casually
Universe s n'f;rm' i ;- connected
ivi is uni ! . ;
GE) N space coordinate regions
< IS
o 4 —
[ o
i ] 5 inflationary
: ] © expansion
I P space coordinate ¥
8p/p~107°
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The Higgs inflation in brief

Probing the matter power spectrum

Wavelength A [h! Mpc]
10¢ 1000 100 10

inside \ ! outside linside
horizon \ | horizon ihorizon

1000 /

100 £

®5DSS galaxies

# Cluster abundance

= Weak lensing

Current power spectrum P(k) [(h~! Mpc)?]

+Lyman Alpha Forest

1,

1

1

1

1

1
i Lol Lol Lol M | . . t
0.001 0.01 0.1 1 10 inflation t RD, MD epochs
Wavenumber k [h/Mpc]

2 2
V/3/2 V4 v/ A %
A5—>ﬁ, n3_>7’<7) ) _—Tg (7)
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The Higgs inflation in brief

Chaotic inflation: simple realization

o X Chaotic inflation, A.Linde (1983)
S—= /d4x /7< PF{-{-(# ) ﬁx4>
X+3HX+V'(X)=0
1
H? = W2 V(X), a(t)ee

slow roll conditions get satisfied at

Xe > Mpy MI% = M,%I/(877,') X
~ -5 i
generation of scale-invariant scalar (and op/p 20 reqU|r1e35
— V=BX*:p~10

tensor) perturbations from exponentially
stretched quantum fluctuations of X
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The Higgs inflation in brief

Chaotic inflation: simple realization

o X Chaotic inflation, A.Linde (1983)
S—= /d4x /7< PF{-{-(# ) ﬁx4>
X+3HX+V'(X)=0
1
H? = W2 V(X), a(t)ee

slow roll conditions get satisfied at

Xe > Mpy M2 = MZ,/(87) %
. o 8p/p ~ 1072 requires
eneration of scale-invariant scalar (and
2 ( = V=BX*:p~10"13

tensor) perturbations from exponentially
stretched quantum fluctuations of X

We have scalar in the SM! The Higgs field!
In a unitary gauge H = (O,(h+ v)/\@) (and neglecting v =246 GeV) A~0.01-1

2 4
S— /d“xﬁ( +(32h) —’T)
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The Higgs inflation in brief

Planck 2015 favors flat inflaton potentials

S T T \ Planck TT+lowP
B Planck TT+lowP+BKP
\ W Planck TT-+lowP+BKP+BAO
I Natural inflation
\ Hilltop quartic model
« attractors
\ 4] — - Power-law inflation
N —  Low scale SB SUSY
\ —  R? inflation
\ i V x ¢?
\ — Vox¢?
4/3

Tensor-to-scalar ratio (r9.002)

\ — Vx¢
A\ \ Vx ¢

‘ \ — Vx¢¥?

) \ N, =50

{ ' [ \|| @ N.=60

0.94 0.96 0.98 1.00
Primordial tilt (ng)

Ar  ¢P (V’)2
f = — o< —— o< | — <<1
As  H2MZ v
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The Higgs inflation in brief

Inflaton potential is apparently concave

V/i’M3
0.20 |-

0.15 -

10+

S R Ry ¥
12
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The Higgs inflation in brief

Higgs-driven inflation

F.Bezrukov, M.Shaposhnikov (2007)

. 2
SUF = / d*xy/ g (A’;F’ngH"'HH+$SM>

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

MZ h2 h)2 4
S=/d4X\/jg* P+€ R+(aﬁ)7ﬂ
2 2 4
slow roll behavior due to modified kinetic term even for 4 ~ 1
Go to the Einstein frame: (M2 + & h?) RR — M2 REF
JF _ o—2%EF 2 s
v =270,y Q:1+W
P
with canonically normalized x: interval ds? changes !
dy  MpyMg+(6E+1)EH )= AME (%)
dh M2+ & h? ' AME+ER(x))?

we have a flat potential at large fields: U(x) — const @ h> Mp/\/E
Dmitry Gorbunov (INR) Curing Higgs inflation with R2-term 05.09.2018, CSI 15/34



log(x)

Mp

Mp/€
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The Higgs inflation in brief

U(x) T

AM*/e2/4

3/2¢h? /M p
f@gémp)

Mp/é Mp/VE

log() AM4E2/16

ol

0 Xend

AWmMAP X
exponentially flat potential! @ h>> Mp/\/E:

4 2
)

NO NEW d.o.f.

0812.3622
from WMAP-normalization: & ~ 47000 x v/A
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The Higgs inflation in brief

U(x)

Mp

AM¥e2ia t

log(x)

Mp/¢

)
3/2¢h? /M,
\/ﬁh)g@%ﬁ/{upﬁ .
Mp/¢ Mp/VE
log(m) we2e b

0 Xend Xwmap X
after inflation: ~ Mp/E <h< Mp/\/E

Reheating by Higgs field J ol

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

2
i ics : 2 AME
effective dynamics:  h? — x ) =M (1 exp [ - V2y
48 V3Mp
1 A M2
—— Mo Z7P 2
2= 50uxdx 62X
NO NEW d.o.f. .
Advantage: NO NEW interactions © d-o 08129622
to reheat the Universe from WMAP-normalization: & ~ 47000 x v/A

inflaton couples to all SM fields!
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The Higgs inflation in brief i
F.Bezrukov, D.G., M.Shaposhnikov, 0812.3622
similar result J.Garcia-Bellido, D.Figueroa, J.Rubio, 0812.4624

2 9° Mp|x(1)]
P m =
M w(x) 26 &
2 M Bl .
E me(x) =yt 7;%‘; W sign (1)
Mr/¢ XACE wrevnnens
h —
g h2 /Mp H H + — H H
mé;{&%’h/f‘}i) reheating via W+ W™, ZZ production at zero crossings
Mr/ Me/VE then nonrelativistic gauge bosons scatter to light fermions

log(h)

x— WHW- = ff

Reheating by Higgs field

after inflation: Mp/E < h< M, J
I P/ P/VE Hot stage starts almost from T = Mp /& ~ 10'4 GeV:

effective dynamics:  h? — g

3

1/4
2= Loty 2 34x10%GeV < T, <9.2x10" (L> GeV
= 59 -z

0.125

Advantage: NO NEW interactions
to reheat the Universe
inflaton couples to all SM fields!
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The Higgs inflation in brief

Mp

log(x)

Mp/€
—

3/2¢60% /M,
\ﬁsl‘({g(T gﬁ/f\f,ﬁ

Mp/¢ Mp/VE
log(h)

dy  Mey/MB+(65+1)5 2

dh ~ M2+ E P
MR
V0= 30+ ey

@ renormalizable except gravity
frame-dependent renormalization scale

@ strong coupling (¢-dependent)
save for inflation
but reheating is questionable

U(x)

AM*E?/4

AMY/E2/16

0 Xend AWMAP X
exponentially flat potentiall @ ~ h>> Mp/+/E:

4 2
)

F.Bezrukov et al (2008) Vo~ 10712 M3,

from WMAP-normalization: & ~ 47000 x v/A
F.Bezrukov, D.G., M.Shaposhnikov (2008,2011)

Dmitry Gorbunov (INR) Curing Higgs inflation with R2-term 05.09.2018, CSI 18/34



The Higgs inflation in brief

Strong coupling in Higgs-inflation

Jordan frame

E XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX

ootele Strong COUP“"Q Potototototototororeroress
O AKX IAK LRI RKIEEES
><><><><><><><><><><><><><><><><><><><><><><><><><><
S EEROBIIELEKS

OO tate ool IS

RSREKEKEK: 4 %0 %
XXXXXXXXXXXXXXXXXXX
EREREIREIRER: XXXX?X

Mp

Mp/g Weak coupling

Mp/% MpAE h
gravity-scalar sector:

Me | forng e,

h2
Ag_s(h)Ci %m; )

VEh,

for ¥e < h < Y

I

=

for h > Me

N
1008.5157

Dmitry Gorbunov (INR)

Mp

Mp/E

Curing Higgs inflation with R2-term

Einstein frame

G I
RHRRRLRLHRERHRERIRLRRRRLIRLILIKIHILILIKIIKS
1200908 Stron couDling  SRRRRRRXXXIXXKKKKKKS
XXX, g COUPIING 588X XNRXNHNLXNAILXNAKS
KR, RHRRHRLHLRRILRLHRRRRRS
O RO IR
R RSN

RSB A, ERREEIRREEIERIREEIRREELIR
SRR, PE&&>XXXXXXXXXXXXXXXXXXX>
REREIRRREERLLRELIRLIRELIRE,
REREREREERERREIRELIREK AQS
XX?XXXX??XXXX?XX

RSREREEREIREIREKEK

REREIREREELIRLELIREK

REREIREREEIRELEE
RRREEIRREEIRRR:
SRS

REEREIREKAEKAK:
REREILEAKK
REIREIRLK,
RREEEIRGS
e deSede 0%

Agauge

Weak coupling

Mp/é Mp/VE h

gravitons: A3, ~ M3+ EH

gauge interactions:

%, forhg%,
h for%gh,

Agauge(h):ﬁ
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The Higgs inflation in brief

Then we have problems. . .

@ During inflation and preheating we are always below A
@ However, both parametrically and numerically

M,
T,:?P:/\

@ Recent more detailed studies 1609.05209, 1610.08916
of reheating in multi-scalar inflationary models indicate
amplification of inflaton decays

Tr>NA

so the reheating may be out of control
@ On top of that: it may be that 1 <O0...

Dmitry Gorbunov (INR) Curing Higgs inflation with R2-term 05.09.2018, CSI 20/34



The Higgs inflation in brief

LHC: ... Higgs of 125 GeV

o 2
%2000? CMS Preliminary +— S/B Weighted Data 2 10'E SSS\—"7
(51800 Vs=7TeV,L=511"  — S*BFt 4 ’
s =8TeV,L=531"

E Q
&1600 = g 10°F \\ //Wi%
- | o 4
10%E q
E _ 9 \J 40

Bkg Fit Component
st

VX 10°F T 3
10°F 156
2 107k
1078 f[— Combined obs. E
1.5 JgOE | it oo
1] mi-174 GeV, 1o1of| —How CMS Preliminary ™+
10 o Vs=7TeV.L=511" 7
o ) 0.5 Mh-126.3 GeV 1072 —Hozz Ve=8TeV,L=531" 3
120 140 i - . . 1, GeV 116 118 120 122 124 126 128 130
m,, (GeV) 10° 10° 10 Mg Higgs boson mass (GeV)
mp = V2.0 2\ 2
@ LEPI:: m, > 114GeV ;L<,_,-1-H,U
] 2

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

@ TeVatron: not in
156 < mp < 177 GeV

@ CMS & ATLAS:

—>%h4+lu2h2

Ly o< Yihff/\2

@ renormgroup equation

mp ~125GeV di

dlogu

o +H#AP-# Y]
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The Higgs inflation in brief

Running of the SM Couplings 1305.7055
1.5;‘ - - ]
i me2/l ]
@ ]
1.0* Yt ]
[ (7]
O.5j —

Oy 1
A \

00, po—ce—on

u

logn——
glOGeV
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The Higgs inflation in brief

Higgs potential with quantum corrections

¢ ¢

Fermi Planck Fermi Planck
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The Higgs inflation in brief

How weird to live with 125 GeV Higgs. . .

Top pole mass M; in GeV

180

178

176

174

172

170

168
120

Dmitry Gorbunov (INR)

e B e e e e I A e s p o o v e

200
3
O 150
£ 0
o o 4
= 7 1
£ 100 g B
2 r o 1
g i 2 -
o r <. -
o F <
F sl Stability -
Stability H -
Oh ; ; ; ;
122 124 126 128 130 132 50 100 150 200
Higgs pole mass My, in GeV Higgs pole mass M;, in GeV
1307.7879
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The Higgs inflation in brief

All'in all

It would be nice to modify the model

@ Introducing as little new physics as possible

@ Keeping cosmological observables determined by the Higgs
sector parameters

@ Possibly avoiding the negative selfcoupling for the Higgs
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Adding R?-term

Natural Comple’[ion with RZ D.G., A.Tokareva 1807.02392

EM?R induces R?-term

hep-th/9510140

2 2
30=_/d4xﬁ<—“@+f’za+{j92+(a“2”’ —ﬁ(hZ—v2)2>.

introduce a Lagrange multiplier L and auxiliary scalar %

2 M2 h2
sz/d“x\/fg <(‘9”2h) _l(h2_v2)2—P+5,%+ﬁ%2—L%+m>.

4 2

integrate out #

S— /d4xr<(a“h) %(h2 )+LF?——(L+ éjh2+ M2)>

&%/
with

everything here look healthy
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Adding R2-term

Strong coupling: the lowest scale is in the gauge sector

Jordan frame Einstein frame

E BRI
XXXHXXHKAXAKAXXX ><><><><><><><><>< ?X 2,
03

0200 2K
8% RIS

XK
A

E LR NS

o000s0 00 ete% % ete% % RRRIRIRAIRLIRIKXIKNS
1200908 Stron couDling  SRRRRRRXXXIXXKKKKKKS
XXX, g COUPIING 588X XNRXNHNLXNAILXNAKS
KR, RHRRHRLHLRRILRLHRRRRRS
O RO IR
e O IR

RREEEIRREEE: BREERRREEIRREEIERREELEIRRRER
><><><><><><><><><>< Planck (KX XX XX RRRRRIHIHXHX XXX

XXXXXXXXXXXXXXXXXXX REREIRRREERLLRELIRLIRELIRE,
><><><><><><><><><><><><><><>< gauge ><><><><><><><><><><><><><><
RRERREIREIREIREIRE, REREIREREEIRELEE
SEREREEIRREELEIS: REREIERELREEIIK,
00005625626 % %% %% Ag
REEREIREKAEKAK: auge
REREILEAKK
REIREIRLK,

0000606 % % %%
RRIRHK
Mp/§ Weak coupling Mp/g Weak coupling

Mp/% MpAE h Mp/é Mp/VE h
gravity-scalar sector:
gravitons: A3, ~ M3+ EH

Me | forn< M, . .
£ Mp <§ - Me gauge interactions:
/\g_s(h)z Vs for?NhNﬁ’ . )
VE for h> Me A )~ &, forhs 72,
) ~ e gauge()— h fOF%Sh,

¢

1008.5157
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Adding R2-term

Further transformations. . . D.G., A.Tokareva 1807.02392

introducing scalaron ¢

with m = Mp/./3B

2L 2
2 2 _ — 2
Quv = Qguv, Q= I%,L—up—Mp\/;logQ.

and setting Mp = 1/6

S= /d“x\ﬁ (—ﬁ+12e‘2¢(3h) +5(20)7 - zo74 ()Lh“

both gravity and scalar sector are weakly coupled up to Mp

Dmitry Gorbunov (INR) Curing Higgs inflation with R2-term

with B > £2/(4x)
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Adding R2-term

And one more... D.G., A.Tokareva 1807.02392

h=e®tanhH, ¢ = e®/coshH,
The scalar sector becomes

L 2 1 2 A4, A o6 21 pEainn2 12
szcosh H(09®) +2((9H) 4slnh H 144[3(1 e <7 cosh® H—6& sinh H)<.

and the Higgs coupling to gauge bosons, e.g.,

2
Lgauge = ﬂe-% Wi W, = i sinh® H W, W, .

w W
h 2
WWW N W P

of ~ gf 2 dmmH) —1 o o p—z
mW g MP
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Adding R2-term

Cosmological spectra D.G. ATokreva 1807.02392

Scalar perturbations: 1701.07665

£ 9

At small B like in the Higgs-inflation
heavy scalaron is integrated out

2 2

2 > 13 15
47r<B<A — 5x10°GeV<m<1.5x107°GeV
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Adding R2-term

Bonus: stable for a bit heavier top-quark

B=§%2

0.08-
170.2
171.3
172.4
1735

0.06

0.04-

0.02-

10° 10 1614 1018

-0.02+
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Conclusions

Conclusions

@ Higgs inflation is a viable cosmological model unique in minimality:
no new d.o.f., no new interactions to reheat the Universe
@ however it suffers from the stong coupling problem:
predictivity p/p <+ A is lost
@ R2-term with heavy scalaron cures the model:
it seems minimal, natural, Higgs-inflation predictions remain intact
(the same remedy for Higgs-dilaton)
@ to refine them we must study the reheating
and improve the accuracy of Y;, (my, as, etc) to convince it works indeed
... ILC, FCC, etc
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Horizon problem /(1)
a distance covered by photon emitted at t =0

size of the causally connected part, that is the visible part of the

Universe (“inside horison”) J
ds? = dt? — a° (t)dx? = &% (n) (dn? — dx?) ds? =0
/
/dx alt /dn alt / Cdt) t o1 /H(t)
n

L R

a(t)e<t*, 0<a<1, Lppso<a

ne)|-

X

Ing /r(to) ~ Iy /hr (tr) &(tr) /@0 ~ Hr /Ho a(tr)/ao ~ 1+ 2- ~ 30
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Chaotic inflation at large fields: initial conditions

X —AX/@+3HX+V'(X)=0

slow roll: Xe > Mp,

8p/p ~ 1075 requires
Vo~ 10712 x M4

X
inflation starts in a relatively

uniform domain of Planck size
Chaotic inflation, A.Linde (1983), A.Linde (1984)

1., 1 5 4 looks rather natural:
§¢’ ~ E(ai‘i’) ~ V(9) ~ Mg each of the form of inflaton energy
fluctuates similarly
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Is the Higgs-inflation realy unlikely ??

Start with the Jordan frame

D.G., A.Panin (2014)
Higgs-scalaron mixture

L

. M2+§h2
JF _ 4 _AJF | TP
S 7/dx\/ g ( 5 R

Go to the Einstein frame:

— a2 e_q 80 o
O =G, D=1t G

“chaotic initial conditions”  effective Mp,
Higgs noncanonical kinetic term

Q2 M3 RF ~ ERP ~ E(9ih)2 ~ Ah* ~ M,
hence

RJF ~ Mgl/QZ
CMB-amplitude VEF ~ 10712 x M}, fixes Q2 ~ 10°

%uh2 At
2 4

(M3+ER)R— MER

|92t a8nE2m2 /MR
=
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Is the Higgs-inflation realy unlikely ??

D.G., A.Panin (2014)

Start with the Jordan frame Higgs-scalaron mixture
i M2+ & h? (duh)® AH
JE— [ gtxy/—gdF [ - 2P why—
ST = / d'xy/~g ( > At5 4
Go to the Einstein frame: M2+ ERYR— M2R
P P

a2 o ER do QZ+48n«§2h2/MS|
Juv =2 “Quv , Q _1+M7,%7 N T

“chaotic initial conditions”  effective Mp .
Higgs noncanonical kinetic term  Hence in the EF

O MG RV ~ EIF ~ £ ~ A1 ~ M 162~ (000 ~ M/~ 10712

hence all terms in EF

JF 2 102
R ~ Mg,/ happen to be of the same order !!

CMB-amplitude VEF ~ 10712 x M, fixes Q2 ~ 108
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The first inflationary model: ... from modified gravity!

M2 R Q Q2
JF_ Mp — 14 1 v _ v
SF——F [Vad'x |R- g1z | - <1 3#2) (R-0)+(a-57 )| -
Jordan Frame — Einstein Frame  get reed <1 - %) =Q? A.Starobinsky (1980)

gl gl =Q2gl, Q2 =exp(V2/39/Mp) .

M2 1 3uZM2 1V
EF _ 4 P pEF EF P
s/ ‘QEF‘”{‘z’? 0w 90970 - (“W) ’

V/uPM3
0.20
5L

generation of perturbations ~ 10~°

.10+

requires Vo~ 1012 M3,

L L L L L LM
2 4 6 8 10 12
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Inflationary models and quantum corrections

@ inflationary predictions are robust

@ but we cannot test them with low energy particle physics experiment

@ including physics at reheating number of e-foldings N
@ similar observation for many other models: Higgs-inflation, a-attractor, etc

@ large fields: VIueME
exponentially flat |20
protected by r
the shift invariance

1 2,2 _4o/M
¢ — ¢ +const  PIST 3M3pu /4<1—e #9/ P)

@ small fields: [
polynomial potential ¢ ;[
protected by r
the renormalizability t
92 +9*  obs|
@ no way to match them at [ Ju292/2

o~ Mp [

T S RS ] V8
2 4 6 8 10 12
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