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Outline

0 How to inflate with the Higgs boson — tree level

e What can we say then about the Higgs — radiative corrections

Based on:
FB, M.Shaposhnikov, Phys. Lett. B 659, 703 (2008)

FB, D.Gorbunov, M.Shaposhnikov, JCAP 06, 029 (2009)

FB, A.Magnin, M.Shaposhnikov, Phys. Lett. B 675, 88 (2009)

FB, M.Shaposhnikov, JHEP 0907 (2009) 089
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http://arxiv.org/abs/0710.3755
http://arxiv.org/abs/0812.3622
http://arxiv.org/abs/0812.4950
http://arxiv.org/abs/0904.1537

“Standard” chaotic inflation
Scalar part of the action

M2 *ho'h 2
S :/d“x\/—_g{ —TPR+guVT—Zh4}

Required to get §T /T ~ 107°

A~10"13

The SM Higgs boson
o A~1
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http://dx.doi.org/10.1103/PhysRevD.40.1753

Non-minimally coupled chaotic inflation
Scalar part of the action

M3 +Eh? d*hovh A

2
. v
Required to get 6T /T ~ 107> %
A~ 10—1052
The SM Higgs boson
@ A ~ 1 possible, provided
& ~ 50000 0 Mp 5Mp X

@ Rather old idea: [A.Zee'78, L.Smolin’79, B.Spokoiny’84]
[D.Salopek J.Bond J.Bardeen’89]

@ SM Higgs vev v < Mp/+/E, can be neglected in the early Universe’
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http://dx.doi.org/10.1103/PhysRevD.40.1753

Scale invariance at large Higgs field values

For large Higgs field background h > Mp/\/f
e “Effective” Planck mass is M3, = M3 +£h2 0 h?
@ All other masses M?2,M3,,mZ 0 h?

No scale (h) dependence—flat potential, scale invariant spectrum, etc. J

Exactly what is needed for inflation.

Another way to see that
Conformal transformation J
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Conformal transformation

It is possible to get rid of the non-minimal coupling by the conformal
transformation (change of variables)

gh?

guv:QZQMV7 92:1—1- |V|2

Redefinition of the Higgs field to get canonical kinetic term

dy  [Q2+652h2/M2 h=y forh <Mp /¢
dh — Q4 - QZNexp(\fM) for h > Mp /&

Resulting action (Einstein frame action)

2 I
SE—/d4x\/_{ MR Juxdtx Ah(%)}

2 4Q(x)*

Fedor Bezrukov (MPI&INR) Inflation and the Higgs boson COSMO 09 5/15



Potential—different stages of the Universe
amgelo
4¢2

2 (1- e—ZacNéMp>2

Mp Mp XWMAP =~ 54Mp X
. — .
2 2 Slow roll inflation
< =
© N 2 4 " _ 2
g 2 SZMT'g(UU) ~ge Ve =M3~—%e VoV
o g
° & - -
° 8T /T ~ 10> normalization (or
U/e = (0.0276Mp)*)
g
—— ~ 47000
Va

w =
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CMB parameters—spectrum and tensor modes

0.4

m2¢? o | O E
SM+ERR ]
HZ
L~ 02

0.1

oot
0.94 0.96 0.98 1.00 1.02
Ns
spectral index n=1-6e+2n~1— m’igj’g ~ 0.97
tensor/scalar ratio r = 16¢ ~ % ~ 0.0033
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Preheating
@ Background evolution after inflation y < Mp (h < Mp /+/£)

» Quadratic potential U ~ %sz with @ = \/g% x
» Matter dominated stage a [ t2/3 N
@ Stohastic resonance
; 2 2Mp x| iy
» Particle masses mg, (x) ~ 9 " \
» W bosons are created (non-relativistic) ?
t
* /(x?) 2 23(o5s 25) 5P non-resonant creation/W boson decay — slow
* /(x2S 23(m) % resonant creation/W boson annihilation — fast

» Higgs creation — relativistic, less efficient \/(x2) ~ 2.6(%)1/2%

@ Radiation dominated stage starts

t

1/4
3.4x108GeV < T; < (025) 1.1x 10 GeV

» At Higgs amplitude /(x2) < '\—"53 —exact SM. Tyep > 1.5 x 1013 |

[FB, Gorbunov, Shaposhnikov’'09], [J.Garcia-Bellido, D.Figueroa, J.Rubio’09]
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History of the Universe

Ahd at3/2

loga
[
I
B

Inflation

1053GeV
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Validity of SM up to Planck scale

NN
2
1.5
1 my=174 GeV
0.5
~— M4=126.3 GeV
\5 \10 \15 T \20 Hy GV
10 10 10 M1o
Usual SM result
126.3GeV < my < 174GeV J
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Corrections to the potential

1-loop effective potential

m*(x)

AU(x) ~ log

m?()

m*(x)

log

m?()

6472

particles

‘u2

6472

u2/Q%(x)

In Einstein frame: m?(yx) ~ g?h?(x)/Q%(x)

@ Correct by RG running

@ Ambiguity in the theory definition in UV

Cutoff frame dependence and choice

choice | choice |l
Jordan frame | M3 +&h? Mé
M
Einstein frame M2 S —

4

[FB, Magnin, Shapshnikov’08]
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Higgs mass bounds

@ Prescription | (A 0 Mp in Einstein frame)

1712 o —0.1176
1261+ M =2122 41 B 0220 15| Gev
M = [ °. 21 0.002 5] ce
- m—171.2 o —0.1176
mmax_[193.9+ S x06- B ><o.1} GeV

@ Prescription Il (A O Mp in Jordan frame)

m; —171.2 05 —0.1176
ml. = [126 T X A5 e 1.7] GeV J

@ overall error 6m ~ 2GeV

[FB, Shaposhnikov'09]. See also [A.De Simone, M.Hertzberg, FWilczek'09,
A.Barvinsky, A.Kamenshchik, C.Kiefer, A.Starobinsky, C.Steinwachs’09]
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Future experiments—clue on Planck scale physics?

normal i zati on prescription

0.96+

" 0.95} m=171.2 GeV, as=0.1176
' normal i zation prescription |

0.94! QP

LHC & PLANCK preci si ons

127 128 129 130 131
m-l, &V
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Assumptions and future work

@ No new physics (except for vMSM, i.e. 3 sterile neutrinos) up to
the Planck scale

@ UV completion leading to higher dimensional operators
suppressed at least by Mp

» [S.Sibiryakov’'08, private communications]
» [C.Burgess, H.Lee, M.Trott'09]
» [J.Barbon, J.Espinose’09]
@ Specific substraction rules (c.f. difference between prescriptions |
and I1)

@ Proper 1/& corrections to the calculation of the radiative
corrections during inflationary stage
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Conclusions

@ Adding non-minimal coupling EHTHR of the Higgs field to the
gravity makes inflation possible without introduction of new fields
@ Predicted for CMB

» spectral index ng ~ 0.97
» tiny tensor perturbations r ~ 0.0033

@ Successful inflation requires
» Higgs mass in the interval 126 GeV < my < 194GeV
» No new physics up to the Planck scale, except for vMSM (three
singlet neutrinos allowing for oscillations, DM&baryosynthesis)
@ Precision measurements of PLANCK and LHC may shed light on
the Planck scale physics
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Thank you!
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Possible operators in the SM (+gravity)

S:/d4X\/—_g[
v |D#H|2 1 U [
TH(FuvF*Y) + =5 =V (H) + VBV + YHV Wp+mNCN
f "
MP
27
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Possible operators in the SM (+gravity)

@ Dimension <4

S:/d4X\/—_g[
v |D#H|2 1 U [
TH(FuvF*) + =5 —V(H) + VBV + YHV Wp+mNCN
auf "
_Mp
2
—EHTHR

+RZ+ Ry R*Y + Ry 2, R¥YP + OR
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Possible operators in the SM (+gravity)

@ Dimension <4
@ No new degrees of freedom (no higher derivatives)

S:/d4x\/—_g[
v |DﬂH|2 1 U [
TH(FuF*Y) + =5 =V (H) + VBV + YHW, Wp+mNCN
auf "
MP
—-—PR
2
—EHTHR
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Note about R? terms

Starobinsky inflation [Starobinsky’80]

S= /d"’{ PR+aR2}

is equivalent to the theory with a scalar field

M3 CLI ! __ze \?
4 F’ o NGY]
S= /d { > 16a (1 e P)

Leads to: ng ~0.97,r ~0.0033

8T /T ~ 107> normalization

a~05x10°
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Non-minimally coupled A¢* and WMAP-5

0-3 T E_Ol T T 0.3
025 1 WMAP=5year T 0.25
02} £=0.001 1 0.2
- 015 | 0.15 -
01} \ 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 A¢* inflation to be
compatible with observations!

[S.Tsujikawa, B.Gumjudpai’04], [FB’08]
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RG improvement

2
Ua(2:10) = 4o 510) (0., g0y (010g ( T ) + weindependent

2 \2
f) =g (1-¢ 5% )

ad [ A 1 3
2,2 (= 2 2 | 422
167 Has (€2> 52( 6y, + (29 +(9"“+9°) ))
u is a function of y defined by

u?=mé(x)
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Spectral index—Higgs mass relation

nor malji zatign prescriptijon |
0.97 — A
0. 96
T~—_m =173.3 Ge\ B
C—
Ns ) i

0. 95 [~ m=171.2 GeV, as=0. 1172‘25
@ —
q:\m -169. 1 GeV N
0.94 I — 0s=0.1156 E[=
. e Es
T 05-0.1196 gg

130 140 150 160 170 180 190
M, Gev
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Tensor perturbations r and non minimal coupling &

0. 003 —==z==se=
0.0025 :" s

0. 002+
= 0.0015 4
0. 001 i

0. 0005} ~

130 140 150 160 170 180 190 g

ny, GeV //
£ 10* 7
l
10° o

my, GeV
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10° /7’
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4
£ 10 77 1
[}
( 0.8 -
3 —
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1301401501601701801{ <«
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~ /
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o [
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< I 130 140 150 160 170 180
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0.97
0. 968 »
0.966/ ~ -

® 0964
0.962
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Comparison with other works

This work: mll. - = [126.7 +MoLL2 g5 %5016 1.7] GeV+s
[A.De Simone, M.Hertzberg, FWilczek'09]

m¢ —171GeV as —0.1176

where 6 ~ 2 GeV

Ns
§ § § § &
r x 10°

EEE M O T

T R N RN I

my my
[A.Barvinsky, A.Kamenshchik, C.Kiefer, A.Starobinsky, C.Steinwachs’09]

124GeV < my < 180GeV

c

g4 5 5 8§ §
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Comparison with other works
[A.De Simone, M.Hertzberg, F.Wilczek’'09]

0.990,

L) L)
1 1
| 3|1
ol G 4 2! [FB, Shaposhnikov'09]
Dl =1 i
CU) 0975F @Z \\ %“ ‘3
S\ (& [ nor malli zat i an
o970L 0. 97 ——
0.965" . . . . . . .
122 124 126 128 130 132 134 136 L
my Oo. 96
L \ m =
N | [ j
o. 95 - m =
T E—— -
[ S
O. 94 —
E—
130 140
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Note about fourth family

400

300

200

100

My GeV

T T T T T T

2 loop
— — — m.=2100CeV

m, = 200 CeVv

e—e—e—e M, = 190 GeV

,,,,,,,, m, = 200 GeVv

———————
,,,,,
e

L | L | L |

2 4 6

\g(/\/GeBV)

Disallowed by vacuum metastability
or strong coupling before Mp.
@ With three families —
m; > 250GeV means no
inflation.
@ PDG bound: m{ > 256 GeV

@ With 4 families — see pictu
[Pirogov Zenin'98]
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