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Standard slow-roll Inflation
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@ We need p ~ —p dominating energy density

Introduction @ Simple approach: a new scalar field
;2 ;2
p=V+ S p=-V+ S )

(@?/2 < V)
Hubble friction dominates:

¢ +3Hd + Vy(¢) =0 2)
(¢ < 3H9)

@ = Slowly rolls for (%) — N > ¢80
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Introduction

@ Then fast roll and decay to other particles ("Reheating”)
@ It also fluctuates = Density fluctuations

@ May be also “multi-field"
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Slow-roll Inflation: simple but...

Higgs &
Inflation

Unknown V

Introduction

@ Unusually flat V

@ Unknown couplings and Reheating process

Unseen Inflaton particles

Difficult to test:

o Usually at very high-energy

@ Thermalization
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Introduction

@ Can we slow down ¢ by dissipation?
(no flat potential)

@ Can Inflation end with a phase transition?
(additional signatures)

@ Can we link to Standard Model and experiments?
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Dissipation: the Rehating case

Infition @ Qualitatively reheating is described by:

¢+ 3Ho + Vy(6) +Td =0
Dissipation with ' > H coming from decay into other particles:
¢ —2¢
I

@ ¢ oscillates with frequency w — Ey = w/2.
@ Is it possible already during inflation?
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Dissipation during Inflation?

Higg§&
Inflation @ During inflation:

¢+ 3Hp+ Vy(¢p) +Tdp=07?

Dissipation

with ' > H coming from creation of other particles?

@ Odd under time reversal T: only effective term!
@ Difficult: Inflation does not oscillate (w ~ 0)
@ If it works: decay product must be massless

® Lint = App? — my = A(g) +m, does NOT work
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A concrete realization
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@ ¢ coupled to U(1) gauge fields:

Dissipation

¢

1 1
S= / d*xy/=g ( 50,00"¢ + V(¢) + - Fu, F* + -
2 4 4f,

F,WF'W)
(Sorbo and Anber '2009)

® F,=0,A —0,A

@ F,,F* odd under CP (and so T)

@ Photons are massless (¢ coupled derivatively)
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A concrete realization
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@ (sorboaAnber'09): iN @ time dependent ¢ and in FLRW (with
conformal time adr = dft):

/
i"‘(kz:ka(b)Ai:O?
Y

Dissipation

(] (ZS/ = a(é 75 0 (and =+ positive (negative) helicity)
@ One helicity is unstable: (Fl:'> becomes quickly large

@ Assumed that its backreaction slows down ¢:
¢+3Hop+ Vy(9) +-——=0,

@ Found inflationary solution
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A concrete realization

Higgs &
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@ (soo & Ancer o) @assumed: ¢ = const and a(t) = e = — -

=
Dissipation

@ Solution at 7 = +oo:

1

an __

1/4
_ (2;/—/> omE—2+/2¢k/(aH) 4)
B v2k a

@ "Almost" going to vacuum fluctuations A, = €*7/2k at
T=—00
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A concrete realization

Higgs & ;
Inlf?gt?on o (Sorbo&Anber ’09) estimated:

ARGV k

(FF) 1 Bk d[|ALP—]A_]?]

Dissipation 4 g (271')3 dr
4
<ﬂ> 627?5
£

@ And used (FF) into:

Q

¢+ 3He + V,¢(¢)+Ff—=o,
Y

= b
o—>§:m~const

@ — ¢~ 26fH

)
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A concrete realization

Higgs &

Inflation @ Valid for any V(¢)!

(¢ depends only logarithmically on V() )
Dissipation o % = % ~ f7 — NTOT ~ %

@ £, much smaller than the field excursion A¢
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Questions/Doubts

Higgs &
Inflation

@ The above estimate assumes friction domination:

Dissipation
@ Can the instability develop quick enough to lead to
Inflation?

@ What is the flat spacetime, H — 0 limit? (infinite
friction??)

@ Do we actually get ¢ ~ const and H ~ const ?

@ Cosmological Perturbations?
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Our work

Higgs &
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@ We solved numerically for A from an initial condition:
Dissipation
A0) =

$(0) = ¢o,  ¢(0)=0. (5)

@ For discrete values of k (O(100) modes)
@ Approximated the integral as a sum
@ Solved the coupled system for ¢ and AL

@ For k < £, (cutoff of the effective theory)
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Flat spacetime case

Higgs &
Inflation

@ The simplest case H = 0:

Dissipation

i+ (¢)+@=0 6)

lz\j: + <k2 k¢> AL =0 (7)

i / d3k A [AL 1A
~ 2 dt
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Flat spacetime case: Results
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e ¢ evolution

Flat spacetime, Quadratic potential (m=4.5x10", ¢y=1)

w “M\/\[‘HU\W”w‘\(\/‘m[\(\w[\

I
il

\
Dissipation " Etlil! V “‘H‘ == ‘H“H‘ H_‘T:?
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“'THMTH{ u“ 1
o M MU U ‘\ ]
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Plus oscillations
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A_ Mode evolution

Dissipation Flat spacetime, V(¢)= ng? (m=4.5x10™, =1, =002, knin=F,/300. kax=1y)

t/m
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Flat spacetime case: Results
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E-B, pr=

Spectra for: (FF) =

Dissipation <ﬁF> = fPB(k)%
PR = f Pp(k)%

Flat spacetime, V(¢)=} m?¢? (m=4.5x10~%, ¢o=1, £,=0.02)

- AN i N AN

. ) // s \ 0 S BTN N
o AT S WOV AR v A A\,
) A A My / e
' / / i / g :

Flat spacetime, V(#)=+ n*¢* (m=4.5x10"*, ¢o=1. f,=0.02)

Pp,(k)

Pg(k)
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FLRW case: Results

Higgs &
Inflation

e If the scale of the potential V,, > H® and for a time
Dissipation t < 1/H, we can neglect the expansion

@ So we are back to the previous case:

@ The A_ and (FF) grow faster than the free evolution if
f, < Ag

@ Independently on V(¢)
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FLRW case: Results

Higgs &
Inflation

@ If the field is friction dominated Inflation starts:
H ~ const

Dissipation
@ The modes are redshifted away
@ New modes are excited

@ After about 1 efold we enter in the regime described
before ¢ ~ f,H

@ So, we confirm Nyor ~ %‘7)
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¢ evolution

Curved space, quadratic potential: m/Mp;=4.5x 1074

Dissipation
0.95
0.90 x|
&=
= 085
A
0.80
0.75
(!47()( 10
N
— ¢olf,=1024 — ¢o/f,=512 bo/fy=256
Bolfy=128 — ¢o/f,=64

¢~ f,H
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Inflation Oscillations in o:

Curved space, quadratic potential: m/Mpi=4.5x10"* (dy=Mp=1)

L =
Dissipation 2 )
= .
£ .
Eow e
'
®
\ j’
< \
\
"\
096
0 2 4 6 8
N

— Gilfy=1024 — olfy=512
Qulh=256 — dolf,=128
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Oscillations in ¢:

Curved space, quadratic potential: m/Mpi=4.5x10"* (dy=Mp=1)

Dissipation

Amplitude

— Glf,=1024 — ¢u/f,=512

d/f,=256 dolf,=128

@ Period of about 4 efolds
@ Amplitude o fy
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A_ Mode evolution
Dissipation FLRW, quadratic poten‘tial: m/Mpl‘=4.5><IO’4‘. dolfy= 1924

10°

1A~

1000




FLRW case:Results

Higgs &
Inflation

(FF) = E-Band pp = E2 spectra:
Dissipation

FLRW, V(m:§ m2¢? (m=5x10-4, do=4 Mp, do/f,=1024) FLRW, V(m):% m2¢? (m=5x10* Mp|, 6o=4 Mp1. do/f,=1024)
A N ] -
ST <N

v

Py(k)
\\\

7| e \
4 | z /
7| < =
a | = Vs

| / |
/ | oy |
“ / |

5 5 & =

k k
Nes NoB T2 Nl o Nes NoB N2 Nl

k* behavior (suppression on large scales)
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Energy densities:

— FLRW, V(¢)=1 m2¢? (m=5x10~4, do=1, do/f,=1024)
Dissipation -

V> pr> ¢?/2
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Reheating

Higgs &
Inflation
@ There is no separation between reheating and inflation

@ Model independent reheating
Dissipation

End of Inflation, V(#)="5% (8=Mp1. m=F,=0.01 Mp)

End of Inflation, V(¢)= % (m=0.01 Mp)

P/

¢Mp)

|

A
\\f
Iy

n 1
W
6 El E] 7
N =Npu
— £,=001 My — no friction
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Perturbations??

Higgs &
Inflation

@ Very involved: ¢ + A, + metric

Dissipation

@ Sorbo & Anber 2010

@ Estimated the curvature perturbation using ¢ ~ %&;ﬁ
(spatially flat gauge)

@ Estimated d¢p

@ Found too large density fluctuations
(unless a large number N of gauge fields is invoked)
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é V,
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@ Also: must include metric fluctuations (coupled to
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Perturbations??

Infiaion @ Obijections:

° (# %&ﬁ
Dissipation @ In fact: ¢ = H% (spatially flat gauge) and s ~ pip
(dominated by radiation)

k) V,
OSO,C:Hm%%ﬁ(SQS

@ Also: must include metric fluctuations (coupled to
radiation)

@ Moreover: soro & Anber’2010 CONsidered:
@ Assumed (FF), = %Mﬁp + (FF)plsp=o

@ A dissipative term and a source term
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Perturbations??

Higgs &
Inflation

So they wrote:
1 O<FF> 1
@ d¢p+ (BH — 50 )odp + 5(/’;3— f_( F)plss=0
@ Dissipation and source ("inverse decay")

Dissipation

@ Objections:

e Dissipation must be p-dependent: only on large scales
d¢p oscillates with large Amplitude (larger than £,)

e At high p the mode oscillates and can decay into gauge
fields ("direct decay")

o On small scales: aterm Vi¢p A A’ is present
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Slow-roll parameters

Higgs &
inftion @ We did not attempt yet a complete study of

perturbations

— 42 .

Dissipation @ Usual slow-roll parameters related to ¢ = S—H and its
time variation

@ We defined "radiation slow roll parameters": eg = 4/
and its time variation

- 2 - 1dloges
2 1dlo
€ER = - i nR = 2ep + = hdi
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Slow-roll parameters

Higgs &
Inflation

FLRW, quadratic potential: m/Mp=5x10"*, ¢o=Mp|, do/f,=256
1
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Dissipation = €
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Summary on dissipation

Higgs &
Inflation

@ If £, < d¢ the system is slowed down

Dissipation
@ Even ignoring the expansion it slows down: if not
relaxed to 0 in §t < H~' it can then inflate.

o NtOt ~ A(ﬁ/ffy
@ Perturbations still have to be carefully understood

@ Oscillations with about 4 efolds period should be
present in all spectra




Comment on f, < Ag

Higgs &
Inflation

@ If ¢ is an Axion

° %F‘F naturally present

Dissipation



Comment on f, < Ag

Higgs &
Inflation

@ If ¢ is an Axion

° %F‘F naturally present

Dissipation

@ And also - GG (non-abelian) ...



Comment on f, < Ag

Higgs &
Inflation

@ If ¢ is an Axion

° %F‘F naturally present

Dissipation
@ And also - GG (non-abelian) ...
@ The non-abelian breaks the symmetry ¢ — ¢ + c to

¢ — ¢ + 2rfg and induces a periodic potential
V(¢) ~ A*cos(357)



Comment on f, < Ag

Higgs &
Inflation

@ If ¢ is an Axion

° %F‘F naturally present

Dissipation
@ And also - GG (non-abelian) ...
@ The non-abelian breaks the symmetry ¢ — ¢ + c to

¢ — ¢ + 2rfg and induces a periodic potential
V(¢) ~ A*cos(357)



Comment on f, < Ag

Higgs &
Inflation

@ If ¢ is an Axion

° %F‘F naturally present

Dissipation

@ And also - GG (non-abelian) ...

@ The non-abelian breaks the symmetry ¢ — ¢ + c to
¢ — ¢ + 2rfg and induces a periodic potential
V(¢) ~ A*cos(357)

° Soweneed%>> f‘—G!



Comment on f, < Ag

Higgs &
Inflation

@ If ¢ is an Axion

° %F‘F naturally present

Dissipation
@ And also - GG (non-abelian) ...

@ The non-abelian breaks the symmetry ¢ — ¢ + cto
¢ — ¢ + 2rfg and induces a periodic potential

V(¢) ~ A*cos(zr)
@ Soweneed > !
vy G

@ ltis possible: independent parameters. ; l does not

induce corrections to (would break the shift
symmetry)
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Inflation in a False Minimum

Higgs &
Inflation

@ Can we end Inflation with a tunneling from a False
Metastability vacuum?

@ ...It was the first way to introduce Inflation ("Old”
Inflation, Guth, 1982).

@ Old Inflation does not have Graceful Exit:
non-successful Bubble Nucleation



Nucleation of Bubbles
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Metastability bubble nuclsation
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What is the problem of False Vacuum Inflation?

Higgs &
Inflation

Requirements:

Metastability @ For sufficient inflation I < H*
@ For transition to radiation I ~ H*
@ Either Inflation too short or never ends.

Way-out:

@ Start with I <« H*
@ Andthen T ~ H*
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Get a Graceful exit

Higgs &
Inflation

If a field x is trapped in a false vacuum:

@ Need additional degree of freedom ¢ to set time
dependence in ' /H*

Metastability
@ Extra Scalar ¢
@ Two possibilities

o Make H variable (couple ¢ to gravity)

e Make I variable (couple ¢ to x)



Variable H

Higgs &
Inflation

Metastability
@ If H decreases with time

@ At some point I'/4 = H



Modifying Lg...

Higgs &
Inflation

Adding a Non-Minimally coupled scalar field (¢)

Metastability
= Graceful exit

F.Di Marco & A.N., Phys.Rev.D ’05,
T. Biswas & A.N. Phys.Rev.D '06
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An initial Lagrangian

Higgs &
Inflation

@ As a starting point we take the action

Si = [d*xy=g [-30,00"¢ — f($)R+ V(x0)]
Metastability + [U(¢)] ,

@ We assume . ;
f(¢) = M? + B¢ + i + 6 + -

@ Two cases: g dominant or v, dominant

@ Assume U(¢) to be negligible (U < V(xo)) in the Early
Universe.
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Metastability

Early Time Evolution

Si = [d**y/=g |sMPR+ Ly

¢I7

Mn—2

R — 10,00"¢ + V(xo)

where v > 0, n > 2.

1. Start with small ¢ =
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IMPR + 3y 25 R — 39,00 + V(xo)| ,

i = [d*xy=g

Metastability where v >0, n > 2.

1.| Start with small ¢ = f(¢) ~ M? = Exponential Inflation:

H? = o) R = 12H?

2. ¢ grows due to driving force 'yM,, sR.
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Early Time Evolution

Higgs &
Inflation

Sy = [ d*xy=g | sMPR + 1y R — 10,006 + V(xo)|

Metastability where v >0, n > 2.

1.| Start with small ¢ = f(¢) ~ M? = Exponential Inflation:

H? = o) R = 12H?

2. ¢ grows due to driving force 'yM,, sR.

3. When fden’n,z ~ M?  power-law expansion a ~ t3/4 .

4. H o } and when H = I'"/4 = Graceful Exit.
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Evolution of H

Higgs &
Inflation

. Crucially

N @ Phase I. Perturbations
00001 N that we see
- N @ If Phase Il short enough
Lx10* \ @ When H~T14 =
Graceful Exit )

M
1000 100000. 1,x 10" 1.x10°
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General Lagrangian

iaion @ If we regard M as the fundamental scale of the theory

@ The full theory has operators like
Metastability ¢4 ¢6
S= /d“x\/—g [Mz + Bg? + Vg t 6yt R,

@ Higher order operators important at ¢ > M

@ The transition is strong enough (decelerated
expansion), for any f(¢) > ¢?!

@ Without knowing exactly f(¢) (...an infinite number of
couplings)!
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Transition to radiation and Stabilization

Higgs &
Inflation

@ When H* ~ I many bubbles of your < xo are nucleated

Metastabily @ They collide producing a nearly homogeneous field xout

@ x rolls down, produces radiation and relaxes to true
minimum

@ During radiation ¢ slows down:

R=6(2H?>+ H)~0.
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Stabilization of ¢

Higg§ &
infation @ Nonetheless we need to stabilize ¢ at late times:

@ variation of Gy during matter domination.

th R
Metastability o 5" force constraints

@ ...We can reintroduce the potential U(¢) in the original
Lagrangian

@ Assumed to be irrelevant before (U < V(xo))-

@ Any potential which drives ¢ to a minimum (¢ — 0) is
good
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Flat spectrum of ¢ fluctuations

Higgs &
Inflation

@ Fuctuations in ¢ that ends inflation.
@ In Einstein frame there is a potential = almost flat

Metastability spectrum
_ & m
~ 1-2v( = .
V'~ V(xo) [ % ( M) ]
ng—1=2n—6e

A2 — H 2 4
R M 872e

$=p(N~Nggo0n-1 Mpc)
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@ We predicted the spectral index:

(7) Foss =6
3000h— 1 Mpc n-2

Metastability

B~ 2Tt
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@ Forlarge n: ng~0.94 — 0.95 (central value by
WMAP)
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Gravity waves at LISA

Higgs &
Inflation

@ Reheating proceeds through bubble collisions.

@ Produces a lot of relic gravity waves (GW)? peaked at
horizon scale (set by Try ~ V(¢g)'/4)

Metastability

@ If V(¢p)!/* is some TeV = e ~ mHz (close to best
sensitivity of LISA)
@ Amplitude at the peak is big enough to be detectable:

Expected value at peak Qgwh? ~ 107
LISA sensitivity Qgwh® ~ 10"

2M. S. Turner and F. Wilczek, A. Kosowsky, R. Watkins, M. Kamionkowskii(1990-1995).



GW detectors
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Higgs Potential?

Higgs &
Inflation

Metastabilty @ Can we use Higgs potential to source such an Inflation?

from Higgs
potential?

@ Link to Standard Model and experiments
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Close look to Higgs potential

Higgs &
Inflation

1
Vhiggs(x) = QA(X2 — v?)?

Metastability

oot @ \(u) depends on the scale . ~ x:

Vhigas(x) = g A0OE — V22 = M)

@ RGE equations dlog(ﬂ) = ..
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Higgs & The Higgs couples mostly through:

Inflation

—A(t)
Metastability dt

%h(t)

d
E%(t)

d
Egz(t)

d
Egs(t)

@ Gauge couplings, guy(1), 9su(2), 9su(3) and higp

Br(A h, 91,92, ),
Bn(X, h, g1, 92, 9s) .
Bgi (A h, g1, 92, 95) ,
Ba (A h, 91,92, ),

/Bgs()‘v ha g1 ) g27 g3)

t=log(p/mz)  p=~x
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Running

Higgs &

Inflation Y )\(O) given by m;2./ & )\(O)VZ

@ Theoretical uncertainties
3-loop RGE: Bednyakov et al. arXiv:1303.4364, Chetyrkin - Zoller JHEP 2013.

2-loop matching: Bezrukov et al. 2012, Degrassi et al. 2012, S. Alekhin et al. 2012
@ Largest experimental uncertainties:
Metastability . h(O) .
o top X

from Higgs
e g5(0)

potential?

lambda

Log10 mu [GeV]



Instability & False Vacuum

Higgs &
Inflation

Metastability
from Higgs
potential?

Log,o(V(x)4/M)

=25 =20 -15 -10 -05 00

5 10 5
Log,(x/M)

e my = 125.2,125.158, 125.157663 GeV,
my = 171.8 GeV
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Higgs False vacuum Inflation?

Higgs &
Inflation

@ In this minimum: p = —p

Metastability

from Higgs @ And V1/4 ~ 1016 — 1017 GeV !

potential?

@ "Minimal"? Need another scalar!

@ Experiments can decide!




Requirements on Higgs and top mass

e @ Having a metastable vacuum =
@ Fixes a line in the plane my, — my

o R R o
L . - R N ,
1761 instability i stability ]
r A ]
S
Metastability [ ',","' 1
from Higgs p— 174 - /}:’/ 7
potential? > [ R 7
172 W 4
Ay S
E [ 0 1
170 - e 8
S
[ S
168 |- R B
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110 120 130 140 150 160

my [GeV]

A.N., I.Masina, PRL, PRD, 2012



Requirements on Higgs and top mass

Hi & .
infiaton @ Having a metastable vacuum =

@ Fixes a line in the plane my, — my

176 - instability stability 1

Metastability I m; @ 20
from Higgs 174 s ]

ial? — L S
potential? > m, @ lo i
[ i ]
O 12 b i
— * g 1
g S

70! :
168 - ]
L n n ’IK'I n L n n n n L n n n n L n n n n L n n n n L ]
110 120 130 140 150 160

my [GeV]



Requirements on Higgs, s and top mass

Higgs &

Inflation @ Having the right Amplitude of tensors r

173F—

172
Metastability [
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Requirements on Higgs, s and top mass

Higgs &
Inflation

@ With updated (doubled) error on world average of as:
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potential? 8 .
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2 168 0119
A
164 0118
16.2 ! : " 0.117L Lo nnilnn 02 .
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my [GeV] my [GeV]

G.lacobellis and A.Masina, arXiv:1604.06046




Requirements on Higgs and top mass

E @ From Bezrukov et al. JHEP '2012:

Higgs mass M,=124 GeV Higgs mass M,=127 GeV
0.06 0.06
Metastability 004¢ 004¢
0.00 = 0.00
002 NSSTTITT oo =
100 105 10° 10% 104 107 71%020 100 165 168 1611 1614 1617 1620
Scale u, GeV Scale u, GeV

Figure: Dashed (dotted) line corresponding to the
experimental uncertainty in the top mass M; (strong coupling
constant ), and the shaded yellow (pink) regions correspond
to the total experimental error and theoretical uncertainty,
with the latter estimated as [1.2]GeV ([2.5]GeV)



Requirements on Higgs and top mass

E @ From Bezrukov et al. JHEP '2012:

Higgs mass Mp=124.7 GeVV

Higgs mass Mp=125.3 GeVV

0.121 0.121
/
s
= 0.120 R _ 4 = o.a=zof . — q
= S = . -
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Z — \ Z . d
= o.119f . ] = oaisf v
= ) - : )
5 ) 3 . { E )
8 o.118 > /4 8 oaisf > J 1
e = y = \ . 4
Metastability g S > g
from Higgs & o117 et 1& oaa7l s = ]
potential? 0.116 . d o.116 L § d
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& o.aa7| 41 & oaizf, , q
/ _
0.116 . 4 o116 L/ { J
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FlgU '€ Tevatron 68% and 95% experimentally allowed regions for and M are given by shaded
areas. The dashed (dotted) lines correspond to [1]GeV ([2]GeV) uncertainty in the M, theoretical
determination. Red lines in the center: expected precision from a et e~ collider.



Requirements on Higgs and top mass

Higgs & From Bezrukov et al. JHEP ’2012:

Inflation

M; — [172.9]GeV —-0.1184
Mnin = |128.95 + [ 1]GeV x 2.2 — —ooea7 X 0.56| GeV.

Metastability

from Higgs

FOEniTER Source of uncertainty Nature of estimate AMuin, GeV
3-loop matching A Sensitivity to i 1.0
3-loop matching y; Sensitivity to u 0.2
4-loop to y; educated guess 0.4
confinement, y; educated guess ~ Aqcp 0.5
4-loop running My — Mp educated guess <02
total uncertainty sum of squares 1.2
total uncertainty linear sum 2.3

Table: Theoretical uncertainties in the present My, evaluation.



Requirements on Higgs and top mass

Higgs &

Inflation @ From Degrassi et al. JHEP '2012:
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Figure: RG evolution of X varying My and o by +3c.



Requirements on Higgs and top mass

Higgs &

Inflation @ From Degrassi et al. JHEP '2012:

1807 /////”’/; 100
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potential? % L o (- e
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§ wor T T e 1
© E e
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Figure: The three boundaries lines correspond to
as(Mz) = 0.1184 £ 0.0007.




Requirements on Higgs and top mass

Higgs &
Inflation

@ From Degrassi et al. JHEP ’2012:

Mp [GCV] >
129.4+1.4 (—Mf [GeV] _173.1 ) —05 <—as(“’(’)2.gggf”84) +1.04, .
Metastability
from Higgs
potential? Type of error Estimate of the error Impact on M
M; experimental uncertainty in M; +1.4 GeV
Qs experimental uncertainty in as +0.5 GeV
Experiment Total combined in quadrature +1.5 GeV
A scale variation in A +0.7 GeV
Vi O(Aqcp) correction to M; +0.6 GeV
Vi QCD threshold at 4 loops +0.3 GeV
RGE EW at 3 loops + QCD at 4 loops +0.2 GeV
Theory Total combined in quadrature +1.0 GeV




Requirements on Higgs and top mass

Higgs &
Inflation

@ From Degrassi et al. JHEP '2012:

SM Higgs potential, My, = 124 GeV' SM Higgs potential, M, = 125 GeV' SM Higgs potential, M,, = 126 GeV'
01 o1, o1,
il M = 170489 Gov V- 17081 Gev M= 1714 Gev
Metastgbll ity - 01184 M) = 01184 My = 01184
from Higgs £ £ £
potential? ] g ]
2 oo 2 o 2 o
: kS ES
oo oot oan
o3 1 B o3 T 3 03 T 3
Higgs vy hin Plnck unts Higgsvev hin Flanck s Viggsves i Fanck units

Figure: Higgs potential around the critical top mass. The
various curves correspond to variations in M; by 0.1.
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Flat potential

Higgs & . 0
Inflation @ Require: almost flat potential

@ Otherwise too suppressed tunneling rate

Metastability
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Potential Height

Higgs & :
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Potential Height

mohs @ In any case: strictly an upper bound
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Tensors from Inflation
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Bound on my — my

Higgs & @ r $0.2WMAP, r < 0.11 Planck

Inflation
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Correlating my — my — r

ags & my = 125.3 &+ 0.4(stat) + 0.5(sys)GeV (CMS) ,
my = 126.0 &+ 0.4(stat) + 0.4(sys)GeV (ATLAS)
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Correlating my — my — r

e @ Theoretical errors: Amy ~ 3GeV, Am; ~ 1GeV (?).

Inflation
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Correlating my — my — r

Inflation

Higgs & @ Improved errors: Amy ~ 1GeV, Am; ~ 1GeV.
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Figure: arxiv:1403.5244 based on De Grassi et al.

Sarxiv:1403.5244
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Shallow barrier

Higgs &
Inflation

@ Requirement:

Metastability
from Higgs
potential?

o > H: ~10-%GeV

e = S<380



Small action

infiston only if potential almost flat

~2.8080 ; . . ; ;
my=123.283226 GeV , m;=170.9 GeV

—2.8085 -
Metastability g a=ap=9x10"""
from Higgs T as0f —
potential? = '

k]
~2.8095 | z
®=0, S=10’
~2.8100
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Log,(x/Mp)

@ Strong tuning!

® Mpjggs = 125.2,125.158,125.157663 GeV,
my = 171.8 GeV
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Going to the Einstein frame

Higgs &
Inflation

@ It is convenient to transform
Q;w = f(d))g;w y

Metastability @ Get canonical gravity:
from Higgs

potential?

1 - _
Se =5 [ d*xv/=GIMR - K(9)(8)) + So.
and the false vacuum energy, in this frame

_® = / d*x ﬁ‘){z(éf)) = / d*x\/g V(xo, ).

becomes a potential (but it disappears after tunneling)
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Phase . o < M

Higgs &
Inflation

@ Expand
o)~ 1+(57) -

Metastability
from Higgs
potential?

@ Therefore:

K(8) =1, V= Vi) [1 -2 (EH .

@ it looks like slow roll on top of a hill
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Phase . o < M

Higgs &
Inflation

@ So in slow-roll approximation:

1 dVv|? o [ 6\°
—3274<M) )

Vo

Metastability M 2
from Higgs €
potential? 2

@ When ¢ of order M: end of slow-roll
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Infition @ In this phase:

f(¢) + SMPF2(p) _ 3MP [f\? _ V(xo0)
27(p) 2 (7) - o

K(g) = 2
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Phase ll: ¢ > M

Infition @ In this phase:

_ 2f(9) + 3MPF3(¢)  3M? ﬁ)z oo Vi)
O=""2r  ~2 \7) > YO TRep
Metastability @ So we introduce a canonical variable via

from Higgs
potential?

® = \/gMIn f(4),

@ The kinetic term is canonical and the potential

becomes:
V() = V(xo) exp (2@;) :
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Phase ll: ¢ > M

Higgs &
Inflation

@ The exponential potential is well-known to lead to
power-law expansion

Metastability
from Higgs = = .
potential? a~ tP with P = Z .

@ The end of this phase when

R~ F1/2
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