SuperCool Inflation

A graceful exit from old inflation at LHC scales
and below.

Douglas Spolyar
(FermiLab & University of Chicago)
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Features
¥Gracefu| exit for old inflation (No Rolling field).

¥TeV Scale Inflation-Searchable at colliders

¥Re|ate cosmological parameters with particle
parameters: mass, branching ratios, etc...

¥Technically Natural in the same way as QCD

¥Can easily avoid eternal inflation

¥Generate interesting levels of Non-Gaussianities
and isocurvature perturbations




Basic Scenario

¥ The Universe starts off hot
and radiation dominated
sitting in the symmetric
minima of a scalar potential

¥ The true vacuum appears as
the Universe Cools. The
universe continues to sit in
the symmetric minima
stabilized by the finite
temperature.
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¥ The Universe starts off hot
and radiation dominated
sitting in the symmetric
minima of a scalar potential

¥ The true vacuum appears as
the Universe Cools. The
universe continues to sit in
the symmetric minima
stabilized by the finite
temperature.

In our toy model: scale of inflation | TeV




Solving Cosmological
problems

¥ The Universe then
supercools generating a
sufficient number of
effolds to solve the
standard cosmological
problems: flatness and
horizon Problem.




¥ Graceful exit

¥ We note as the Universe inflates, the temperature falls
exponential
—1
al! T

¥ At a critical temperature a non-Abelian gauge group
becomes strongly coupled which generates a tadpole
term in the inflaton potential due to a Yukawa coupling
to quark like fermions

¢ * qrqr, — ¢ * (qrRAL)

Mechanism used by Witten to drive the Electro-Weak phase transition 198




¥The tadpole (linear term
in ¢ ) removes the barrier
trapping the field.

¥The universe then
rapidly transitions to the

true vacuum converting
the vacuum energy into
radiation.




¥Fina|ly, a spectator field generates adiabatic
density perturbations consistent with the CMB
(similar to a Curvaton)

¥Can also generate interesting levels of non-

Gaussianities and isocurvature perturbations

P




Qutline

¥Old inflation vs new inflation
¥Partic|e physics model- SM redux
¥Stabi|ity of false vacuum
¥Ending inflation

¥Reheating

¥ Perturbations

¥Take Away




Old Inflation

Old Inflation =Tunneling

A

Universe sits in a false vacuum, inflates,
and solves the Flatness and Horizon problem
then tunnels.




Old Inflation

Old Inflation —Tunneling

Universe sits in a false vacuum, inflates,
and solves the Flatness and Horizon problem

then tunnels.
But model fails

No Graceful Exit Guth 8|
due to the Swiss Cheese Problem




Solution to Graceful exit:
New Inflation

New Inflation— Rolling
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Extended Inflaton (Steinhardt)
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Solution to Graceful exit:
New Inflation OR

Generate a graceful exit
scalar dynamics

Double Field (Freese,Adams,Linde)
Extended Inflaton (Steinhardt)
Chain Inflation (Freese,Spolyar; Liu)

Instead use a thermal effect

Thermal Inflation (Lyth,Stewart)-does not solve cosmological problems

Supercool inflation does




SuperCool inflation
-SM Redux

Lagrangian is the SM without SU(2)
weak and EM

¥ Chiral QCD like fermions
charged under a hidden sector
U(l)x and a QCD like
non-Abelian gauge group.

Leptons

¥ Higgs sector (our inflaton) is an
abelian Higgs model charged

under U(I)x with a
Coleman-Weinberg
potential
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potential.




Effective Scalar Potential

V() = (1/8)T? 62 + 33%@‘4(111 (%) ) i)

+ Z ¢ * (qrqr); + h.c. + A* + non-renormalizable
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Effective Scalar Potential
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Effective Scalar Potential

Finite temperature component (effective mass) stabilizes
the false vacuum to arbitrarily low temperatures

/ Toy Model

1

Vo) = a8 6+ 20t (1w (195) - 1)

\N:i 1] # 10 TeV
+ Z yi® * (qrqr )i + h.c. + A4 on-renormalizable

Coleman-Weinberg potential
generate true vacuum vev

Yukawa term ends inflation




Effective Scalar Potential

Finite temperature component (effective mass) stabilizes
the false vacuum to arbitrarily low temperatures

/ Toy Model

1

Vo) = a8 6+ 20t (1w (195) - 1)

_ N 1" # 10 TeV
+ Z y;® * (qrqr); +h.c. + A on-renormalizable Gy ~ 0.4
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Effective Scalar Potential

Finite temperature component (effective mass) stabilizes
the false vacuum to arbitrarily low temperatures

/ Toy Model

Vi(g) = (1/8) T2 ¢ + ;’57%2 W(ln (W) N D

_ N 1" # 10 TeV
+Zyiq§* (qrqr )i + h.c. —I—A\\onrenormahzable gy ™ 0.4
yi ~ O(1)

Coleman-Weinberg potential A ~ 1 Tev
generate true vacuum vev

Yukawa term ends inflation

Scale of inflation could be
lower or higher




Stable false Vacuum

Tunneling is dominated by
O(3) thermal instanton.

3/2
I‘NT4(S3(T’¢)> exp| S3

_T]
Linde 82

2T

B 42 T

S = 19
73 g3 In(Mx/T)




Stable false Vacuum

Tunneling is dominated by
O(3) thermal instanton.

3/2
I‘~T4(S3(T’¢)> exp| S3

_T]
Linde 82

2T

B 42 T

S = 19
73 g3 In(Mx/T)

Other instantons are subdominant




Stable false Vacuum

Tunneling is dominated by
O(3) thermal instanton.

3/2
I’NT4(S3(T’¢)> exp| S3

_T]
Linde 82

2T

B 42 T

Sa = 19
73 g3 In(Mx/T)

Other instantons are subdominant

The universe only transitions
to the true vacuum only if

3 =T/H* > 9/41 = g,

Guth,Weinberg 1983




Stable false Vacuum

Tunneling is dominated by
O(3) thermal instanton.

3/2
I‘NT4(S3(T’¢)> exp| S3

_T]
Linde 82

2T

B 42 T

S = 19
73 g3 In(Mx/T)

Other instantons are subdominant

The universe only transitions
to the true vacuum only if

3 =T/H* > 9/41 = g,

Guth,Weinberg 1983

Check the tunneling
rate of the field




Stable false Vacuum

Tunneling is dominated by
O(3) thermal instanton.

3/2
I‘NT4(S3(T’¢)> exp| S3

_T]
Linde 82

2T

B 42 T

S = 19
73 g3 In(Mx/T)

Other instantons are subdominant

The universe only transitions
to the true vacuum only if

3 =T/H* > 9/41 = g,

Guth,Weinberg 1983

Check the tunneling
rate of the field

b < Be




Stable false Vacuum

Tunneling is dominated by
O(3) thermal instanton.

3/2
I’NT4(S3(T’¢)> exp| S3

_T]
Linde 82

2T

B 42 T

S = 19
73 g3 In(Mx/T)

Other instantons are subdominant

The universe only transitions
to the true vacuum only if

3 =T/H* > 9/41 = g,

Guth,Weinberg 1983

Check the tunneling
rate of the field

b < Be

Hence, No Tunneling




Inflation (Toy Model)

¥WVith TeV scale inflation, inflation begins: T ~ 300 GeV

After 30 effolds of inflation,
the temperature of the
Universe falls to 102 ev. We
have solved the standard T~T,=102ev

cosmological problems

And

Universe Reaches the critical
Temperature




Ending Inflation

At the critical temperature T, the hidden QCD (HQCD) gauge
group becomes strongly coupled

qrar ' V" |HgrqS! M [ =" 1]

We can write an effective inflationary potential near the
origin as

T* 303 M
ex ol glol - slolt (m (5) + o)




Barrier goes away

With:

T 305 M
ex ol gl - a5 lol (1 (5 ) + o)

Rewrite l

1 1 -~
(e +h.c.) + 5 e |4 — T Ao

Barrier Removed




Barrier goes away

With:

T 305 M
ex ol gl - a5 lol (1 (5 ) + o)

Rewrite 1

1 1 -~
(e +h.c.) + 5 e |4 — T Aol

Barrier Removed > T~Te ~ 1072 eV,

The inflaton quickly goes to the minimum of the
potential converting the vacuum energy into scalar
particles which decay into SM particles




Reheating

¥In general, 3 renormalizable and gauge
invariant couplings to SM: Scalar, Vector
(Kinetic Mixing), and scalar-fermion.

¥focus on Kinetic Mixing

1 1 X
LB —__-B,  B*" — X, XM 42
KE 4 K 4 K + 2




Reheating

¥In general, 3 renormalizable and gauge
invariant couplings to SM: Scalar, Vector
(Kinetic Mixing), and scalar-fermion.
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1 1
LBX = 2B, B — ZX,, X" + %BWXW

/ |

Hypercharge
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Reheating

¥In general, 3 renormalizable and gauge
invariant couplings to SM: Scalar, Vector
(Kinetic Mixing), and scalar-fermion.

¥focus on Kinetic Mixing

1 1
LBX = 2B, B — ZX,, X" + %BWXW

il N

Hypercharge  Hidden U(l)x  mixing parameter




Decay into Z bosons

T , vV1—=zx
Lyzz = EM¢(QX sin 0, nAz)* >

r = 4M2/M? M, (~ 300 GeV)"

3z = (MZO/M)()Z N = X/\/ ]‘_XZ
Ox = 0.4 X = .9

My ' My (% 4 TeV)

(32 — 4x + 4)




Decay into Z bosons

T . v1—=x
F¢—>ZZ — EM(p(gX S111 HwnAZ)4 $2

r = 4M2/M? M, (~ 300 GeV)"

3 2 = (Mg, /My)? n = x/v1—x*
Ox = 0.4 X = .9

MZ’ ' MX (%4T€V)

(32 — 4x + 4)

Instantaneous reheating

Ty .zz = 0.03eV>H=~ 107" eV
could be slower

T.=500 GeV




Decay into Z bosons

T ] 4V 1 — XL
Lozz = £ Mo(gx sinbunAz)’— Avoid present

v = 4 M3 /M2 M, (~300Gev)  collider constraints on Z

§ 2= (Mg /My) n = v/v1- X2 and new scalars.
LHC and future fixed

gx = 04 X =9 target experiments
My ' My (% 4 TeV) could provide interesting
constraints

(32 — 4x + 4)

Instantaneous reheating

Ty .zz = 0.03eV>H=~ 107" eV
could be slower

T.=500 GeV




Spectator Toy

Introduce a psuedo-scalar with a U(l) symmetry which is broken and
model the fields potential as the angular variable of a mexican hat
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Spectator Toy

Introduce a psuedo-scalar with a U(l) symmetry which is broken and
model the fields potential as the angular variable of a mexican hat

Explicit Breaking  Spontaneous Breaking Scale
Scale ~(decay constant f,)




Aulos Mechanism

During inflation the mass m, and decay constant
f. are small and become large at the end of inflation
since we couple the inflaton field with the psuedo-scalar

2 )\a¢<¢>2
Ay |
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During inflation the mass m, and decay constant
f. are small and become large at the end of inflation
since we couple the inflaton field with the psuedo-scalar

2 )\a¢<¢>2

10-! ev /’V W T 10 TeV




Aulos Mechanism

During inflation the mass m, and decay constant
f. are small and become large at the end of inflation
since we couple the inflaton field with the psuedo-scalar

V2 > )\aqﬁ<¢>2<\
10-'ev _— Ay 10 TeV

And with a constrained instanton

mass is proportionate to SSB scale

9 9 9
¢Hooft 76 and Affleck 8| m;, = 16A;v° = 128\, f




Match CMB

First,cosmological

constraints require that
m, and f, are SMALL
DURING inflation

———




Match CMB

First,cosmological

constraints require that
m, and f, are SMALL
DURING inflation

———

Second, aulos field must be
an important fraction of the _
energy density of the
universe when it decays

maand f,are Large
AFTER inflation
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Take Away message

¥ Generate a successful period of inflation solves standard
cosmological problems and matches cosmological data

¥ Inflation does not need to take place at high scale and
could take place the TeV scale and below. These scales
are accessible at present and future colliders

¥ Second a hidden sector which is very similar to the SM
can drive a successful period of inflation. There can in
fact be a connection between model building and
inflation.

¥ The model avoids fine tuning generally found in rolling
models since the end of inflation is due to the
logarithmic running of a non-Abelian gauge group
coupling constant.




¥Not attempted to connect to a more

fundamental theory but one could see a

framework in Brane World such as
ArXiv: 1104.4/91







