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why are we here?



the higgs field

∙ Scalar field in the SM.

∙ Potential V(H) = λh

(
H†H− ν2

2

)2
.

∙ Unitary gauge H = 1√
2

(
0
h

)
.

∙ Couples to weak gauge bosons
via g2

2 h
2W+

µW−µ, g2+g′2
4 ZµZµ and to

fermions via yf√
2hψ̄ψ.

∙ Obtains a vacuum expectation value ⟨h⟩ = ν ≈ 246 GeV.

∙ Particle masses:
MH = 125.09± 0.32GeV

Mtop = 173.34± 0.76GeV
...
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running of the couplings

∙ Renormalization group evolution:

µ2 dλh
dµ2 ≡ βλh =

1
16π2

(
12λ2 + 6λy2t − 3y4t

)
+ ...

µ2 dyt
dµ2 ≡ βyt =

1
16π2 yt

(
9
4y

2
t − 4g2s

)
+ ...

µ2 dgs
dµ2 ≡ βgs =

1
16π2 g

3
s

(
−11

2 +
nf
3

)
+ ...

∙ Couplings run with energy.

∙ At high energies the RG
improved effective
potential V(h) ≃ λh(h)

4 h4.
102 104 106 108 1010 1012 1014 1016 1018 1020

0.0

0.2

0.4

0.6

0.8

1.0

RGE scale Μ in GeV

S
M

co
u
p
li

n
g
s

g1

g2

g3yt

Λ
yb

m in TeV

3



running of the couplings

∙ Renormalization group evolution:

µ2 dλh
dµ2 ≡ βλh =

1
16π2

(
12λ2 + 6λy2t − 3y4t

)
+ ...

µ2 dyt
dµ2 ≡ βyt =

1
16π2 yt

(
9
4y

2
t − 4g2s

)
+ ...

µ2 dgs
dµ2 ≡ βgs =

1
16π2 g

3
s

(
−11

2 +
nf
3

)
+ ...

∙ Couplings run with energy.

∙ At high energies the RG
improved effective
potential V(h) ≃ λh(h)

4 h4.
102 104 106 108 1010 1012 1014 1016 1018 1020

0.0

0.2

0.4

0.6

0.8

1.0

RGE scale Μ in GeV

S
M

co
u
p
li

n
g
s

g1

g2

g3yt

Λ
yb

m in TeV

3



running of the higgs self-coupling

µ2 dλh
dµ2 ≡ βλh =

1
16π2

(
12λ2 + 6λy2t − 3y4t

)
+ ...

∙ The Higgs self-coupling
becomes negative at
µc ∼ 1010 GeV.

∙ Veff(h) ≃ λh(h)
4 h4 has a

deeper minimum at high
energies.

∙ Universe occupies an
energetically disfavoured
state.
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why are we here?

1. Why are we still here?

∙ Quantum effects → tunnelling into the true vacuum.

∙ Why does the universe remain in the false EW vacuum?

2. How did we end up here?

∙ Why did we end up in an energetically disfavoured state?

5



why are we here?

1. Why are we still here?

∙ Quantum effects → tunnelling into the true vacuum.

∙ Why does the universe remain in the false EW vacuum?

2. How did we end up here?

∙ Why did we end up in an energetically disfavoured state?

5



why are we here?

1. Why are we still here?

∙ Quantum effects → tunnelling into the true vacuum.

∙ Why does the universe remain in the false EW vacuum?

2. How did we end up here?

∙ Why did we end up in an energetically disfavoured state?

5



why are we here?

1. Why are we still here?

∙ Quantum effects → tunnelling into the true vacuum.

∙ Why does the universe remain in the false EW vacuum?

2. How did we end up here?

∙ Why did we end up in an energetically disfavoured state?

5



why are we here?

1. Why are we still here?

∙ Quantum effects → tunnelling into the true vacuum.

∙ Why does the universe remain in the false EW vacuum?

2. How did we end up here?

∙ Why did we end up in an energetically disfavoured state?

5



why are we here?

1. Why are we still here?

∙ Quantum effects → tunnelling into the true vacuum.

∙ Why does the universe remain in the false EW vacuum?

2. How did we end up here?

∙ Why did we end up in an energetically disfavoured state?

5



stability of the electroweak vacuum

∙ Precision calculations suggest our vacuum is metastable:
tdecay ≫ tuniverse

Buttazzo et al. ’13

∙ No immediate problem.

6



where did we come from? inflation.

∙ An almost-exponential expansion of
the universe a ∼ eHt.

∙ Driven by a scalar field ϕ slowly
rolling down a flat potential slope:

M2
P
2

(
V′
V

)2
, M2

P
V′′
V ≪ 1

∙ Once inflation ends the field starts to oscillate around the
minimum of its potential and eventually decays into radiation.

∙ Simplest model: V = 1
2m

2ϕ2.

7



inflation

∙ Meanwhile, quantum fluctuations
are stretched beyond the
horizon.

∙ Consider fluctuations
ϕ(x) = ϕ̄(t) + δϕ(x):

δ̈ϕ+3H ˙δϕ+

[
k2
a2 + V′′(ϕ̄)

]
δϕ = 0

∙ Inside the horizon (k ≫ aH):
δ̈ϕ+ k2

a2 δϕ = 0. Solution

δϕ ≃ 1√
2k/a

e−i
∫ k

a dt

∙ Outside the horizon (k ≪ aH): δ̈ϕ+ 3H ˙δϕ = 0. Solution

δϕ ≃ constant ≃ H∗√
2k3

8
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higgs during inflation

∙ The SM Higgs is light during inflation.
∙ Stochastic formalism: field averaged on superhorizon scales
obeys Langevin equation

Starobinsky ’82

ḣ+
V′(h)
3H = f(t); ⟨f(t)f(t′)⟩ = H3

4π2 δ(t− t′).

∙ Equilibrium probability distribution at the end of inflation

P(h) ∝ exp

(
−2λπ2h4

3H4

)
.

∙ Equilibrium value of the field
√
⟨h2⟩ ∼ λ−1/4H.

∙ If H > µc the field is driven into the true vacuum during inflation!

9



how to resolve this?



solutions

∙ Scale of inflation must be low: Hinf < 1010 GeV.

∙ However, Hinf up to 1013 GeV still consistent with observations.

∙ Critical scale must be high.

∙ Top mass is lower than its central value.

∙ New physics stabilizes the potential during inflation.

1. Higgs inflaton coupling

δL = −
λhϕ
4

ϕ2h2 −
σhϕ
2

ϕh2

this talk

2. Non-minimal coupling to gravity
δL = −ξRh2

eg. 1407.3141, 1602.00483, 1703.04681
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coupling to the inflaton

Vhϕ =
λhϕ
4 ϕ2h2 +

σhϕ
2 ϕh2

∙ Quantum corrections must not spoil the flatness of the inflaton
potential:

λhϕ < 10−6.

∙ New instability scale

µ̃c ∼

√
λhϕϕ2 + 2σhϕϕ

|λh|
.

∙ ϕ,m,H Can be obtained from cosmological observatiobs.
∙ λh can be calculated from SM RG running.
∙ Higgs is stabilized for λhϕ > 10−10, |σhϕ| < λhϕMP.

Enqvist E., Karciauskas M., Lebedev O., SR, Zatta M., 2016
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what happens after inflation?



reheating

∙ Once inflation ends the inflaton starts to oscillate around the
mimimum of the potential.

ϕ(t) = Φ0
a3 sin(mt).

∙ Can be thought of as a condensate of massive particles at rest;
perturbative decay

Γ(ϕ→ hh) =
σ2
hϕ

32πm .

∙ Reheating when H ∼ Γ with reheating temperature T ∼
√
ΓMP.

∙ Not the whole story!

14



preheating: parametric resonance

∙ The equation of motion for the (rescaled) Higgs modes (σhϕ = 0)

ḧk +

[
k2
a2 + 4q(t) sin2(mt) + 3λha−3⟨h2⟩

]
hk = 0

∙ Mathieu-type equation.
∙ Characterised by resonance
parameter q(t) = λhϕΦ

2(t)
2m2 .

∙ Within the blue bands modes are
amplified hk ∼ eµt.

∙ In white regions oscillating
modes hk ∼ ei

∫
ωkdt.

15



preheating: parametric resonance

∙ The particle number density nj+1
κ = |βj+1

k | ≃ e2πµj
κnj

κ with Floquet
index

µj
κ ≡ 1

2π ln

[
1+ 2Wj

κ − 2 sin θtotj

√
Wj

κ(1+Wj
κ)

]
, W = e−πκ2

∙ The Higgs evolves as

⟨h2⟩ = 3jm2κ3max
25/2eπ3/2a3√q

∙ Production ends when
q ∼ 1/4.

ΛΦ4

m 2 Φ 2
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effect of the self-coupling

∙ Naively: vacuum is safe if the resonance shuts down before
⟨h2⟩ ∼ µ̃2

c.
∙ After only a single zero-crossing

√
⟨h2⟩ > µSM

c .
∙ λh(

√
⟨h2⟩) < 0 throughout the resonance.

∙ 3λh⟨h2⟩ contributes a tachyonic mass term. This is larger than
the inflaton contribution for a time ∆t near the zero-crossing

∆t =

√
6|λh|⟨h2⟩
λhϕΦ2m2 .

∙ Condition for stability
√
3|λh|⟨h2⟩|∆t| < 1.

∙ Bound on the Higgs-inflaton coupling λhϕ < 3× 10−8.

Enqvist E., Karciauskas M., Lebedev O., SR, Zatta M., 2016
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amplification of the higgs

∙ The higgs is rapidly amplified during the resonance.

ΛhΦ = 1. ´ 10 - 8

ΛhΦ = 2. ´ 10 - 8
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∙ Analytic bound λhϕ . 3× 10−8.

Enqvist E., Karciauskas M., Lebedev O., SR, Zatta M., 2016

18



constraints on inflationary models
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non-minimally coupled inflaton



non-minimally coupled inflaton

∙ Jordan frame action

S =

∫
d4x
√

−gJ

[
M2

pl
2 Ω2(ϕJ)RJ −

1
2g

µν
J ∂µϕJ∂νϕJ − V(ϕJ)

]

Ω2(ϕJ) = 1+ ξ
ϕ2J
M2

pl
, V(ϕJ) =

λ

4ϕ
4
J

∙ Define new, “Einstein frame”, metric gEµν ≡ Ω2gJµν .
∙ Einstein frame action

S =

∫
d4x

√
−gE

[
M2

pl
2 RE −

1
2g

µν
E ∂µϕE∂νϕE − VE(ϕE)

]

dϕE ≡

√
1+ ξ(1+ 6ξ) ϕ2

J
M2

pl

Ω2 dϕJ, VE ≡
λ

4

(
ϕJ
Ω

)4
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non-minimally coupled inflaton

∙ Einstein frame field

ϕE
Mpl

=
√

1+6ξ
ξ

arsinh
(√

ξ(1+ 6ξ) ϕJ
Mpl

)
−

√
6 arsinh

(√
6ξ2

1+ξϕ2
J /M

2
pl

ϕJ
Mpl

)

ϕM

ϕJ

3

2
ξϕϕJ

2

3

2
Log(1+ξϕϕJ

2)

ϕJ >> ξ-1/2ϕJ << ξ-1 ξ-1 <<ϕJ << ξ-1/2

6ξ>>1
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∙ When 6ξ ≫ 1

ϕE
Mpl

≃


ϕJ
Mpl
, ϕ2J ≪

M2
pl

6ξ2ϕ

sign(ϕJ)
√

3
2ξϕ

(
ϕJ
Mpl

)2
,

M2
pl

6ξ2ϕ
≪ ϕ2J ≪

M2
pl

ξϕ

sign(ϕJ)
√

3
2 log

[
1+ ξϕ

(
ϕJ
Mpl

)2]
, ϕ2J ≫

M2
pl

ξϕ
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∙ When 6ξ ≫ 1

ϕE
Mpl

≃


ϕJ
Mpl
, ϕ2J ≪

M2
pl

6ξ2ϕ

sign(ϕJ)
√

3
2ξϕ

(
ϕJ
Mpl

)2
,

M2
pl

6ξ2ϕ
≪ ϕ2J ≪

M2
pl

ξϕ

sign(ϕJ)
√

3
2 log

[
1+ ξϕ

(
ϕJ
Mpl

)2]
, ϕ2J ≫

M2
pl

ξϕ

22



non-minimally coupled inflaton

∙ Einstein frame potential

VE(ϕE) ≃



λ
4ϕ

4
E, ϕ2J ≪

M2
pl

6ξ2ϕ
λM2

pl
6ξ2ϕ

ϕ2E,
M2

pl
6ξ2ϕ

≪ ϕ2J ≪
M2

pl
ξϕ

λM4
pl

4ξ2ϕ

(
1− e−

√
2
3
|ϕE|
Mpl

)2
, ϕ2J ≫

M2
pl

ξϕ

∙ Flat potential for large field
values ⇒ inflation.

∙ Spectrum fixes λ
ξ2 ∼ 5× 10−10.

∙ Gives the right spectral index ns.
∙ Negligible tensor-to-scalar ratio
r.
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spectator dynamics

∙ Consider a spectator field χ coupled to the inflaton. In the
Jordan frame

Sχ =

∫
d4x
√
−gJ

[
− 1
2g

µν
J ∂µχ∂νχ− 1

2g
2ϕ2Jχ

2
]
.

∙ In the Einstein frame this becomes

Sχ =

∫
d4x

√
−gE

[
− 1
2Ω

−2gµνE ∂µχ∂νχ− 1
2g

2Ω−4ϕ2Jχ
2
]
.

∙ Equation of motion for canonical variable X ≡ a3/2
Ω χ

Ẍk+ω2
kXk = 0, ω2

k =
k2
a2 + g2

(
ϕJ
Ω

)2
+∂2t log

Ω

a3/2
−
(
∂t log

Ω

a3/2

)2
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higgs during inflation

− Ω2
√
−gM

∂µ

(√
−gM
Ω2 gµνM ∂νh

)
+Ω−2V′h − ξhΩ

−2RJh = 0

∙ Ricci scalar

RJ = Ω2
(
RM + 3� log Ω2 − 3

2∂µ log Ω
2∂µ log Ω2

)
∙ Stability during inflation

m2
eff

H2
M

= 12
[
λhϕ
λϕ

(
ϕJ
Mpl

)−2
− ξh

]
≫ 1

∙ Stabilized by inflaton if(
λhϕ
ξϕ

)
≫ λϕ(3N− 4)

48ξ2ϕ
≈ 1.3..1.9× 10−9
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constraints from preheating

∙ Einstein frame potential for the inflaton

VE(ϕE) ≃



λ
4ϕ

4
E, ϕ2J ≪

M2
pl

6ξ2ϕ
λM2

pl
6ξ2ϕ

ϕ2E,
M2

pl
6ξ2ϕ

≪ ϕ2J ≪
M2

pl
ξϕ

λM4
pl

4ξ2ϕ

(
1− e−

√
2
3
|ϕE|
Mpl

)2
, ϕ2J ≫

M2
pl

ξϕ

∙ After inflation is over the field
starts to oscillate around zero.

∙ The potential is effectively
VE ≃ 1

2m
2ϕ2E.

∙ Inflaton mass m2 ≡ λM2
pl

3ξ2 .

∙ Field evolution ϕE ≃ Φ0
mt sin(mt).
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constraints from preheating

∙ Mapping between frames

ϕE
Mpl

≃


ϕJ
Mpl
, ϕ2J ≪

M2
pl

6ξ2ϕ

sign(ϕJ)
√

3
2ξϕ

(
ϕJ
Mpl

)2
,

M2
pl

6ξ2ϕ
≪ ϕ2J ≪

M2
pl

ξϕ

sign(ϕJ)
√

3
2 log

[
1+ ξϕ

(
ϕJ
Mpl

)2]
, ϕ2J ≫

M2
pl

ξϕ

∙ In the intermediate regime ϕ2J ≃
√

2
3
Mpl
ξ |ϕE|, Ω2 ∼ 1.

∙ Then the fluctuations of χ evolve according to

Ẍk+ω2
kX = 0, ω2

k =
k2
a2+

g2
ξ
Φ2(t)| sin(mt)|

+∂2t log
Ω

a3/2
−
(
∂t log

Ω

a3/2

)2

∙ Compared to the minimally coupled case: g2 → g2/ξ,
sin2(mt) → | sin(mt)|.

27



constraints from preheating

∙ Mapping between frames

ϕE
Mpl

≃


ϕJ
Mpl
, ϕ2J ≪

M2
pl

6ξ2ϕ

sign(ϕJ)
√

3
2ξϕ

(
ϕJ
Mpl

)2
,

M2
pl

6ξ2ϕ
≪ ϕ2J ≪

M2
pl

ξϕ

sign(ϕJ)
√

3
2 log

[
1+ ξϕ

(
ϕJ
Mpl

)2]
, ϕ2J ≫

M2
pl

ξϕ

∙ In the intermediate regime ϕ2J ≃
√

2
3
Mpl
ξ |ϕE|, Ω2 ∼ 1.

∙ Then the fluctuations of χ evolve according to
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non-minimally coupled inflaton

∙ Particle production

nj+1
k ≃ e2πµ

j
knj

k, µj
k ≡

1
2π log

[
1+ 2Cjk + 2 cos θj

√
Cjk
(
1+ Cjk

)]
.

with

Cjk(z) ≡ π2 [Ai (−z2
)
Ai′
(
−z2

)
+ Bi

(
−z2

)
Bi′
(
−z2

)]2
, z2 ≡

κ2j

q2/3
j

∙ Dispersion of fluctuations

⟨h2⟩ ≃ 5× 10−2
√qm2

a3

( √
a√

a− 1

)3/2(5
3

)j

∙ Constraints from stability
λhϕ
ξϕ

< 4× 10−9Mpl
Φ0
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higgs-inflaton mixing



higgs-inflaton mixing

V(ϕ,h) = λh
4 h4 −

µ2
h
2 h2 +

λhϕ
2 h2ϕ2 + σh2ϕ+

λϕ
4 ϕ

4 +
b3
3 ϕ

3 −
µ2
ϕ

2 ϕ
2 + b1ϕ

∙ Low energy mass eigenstates
h1,h2:

2λhν2 = m2
1 cos

2 θ +m2
2 sin

2 θ,

λhϕν
2 − µ2

ϕ = m2
1 sin

2 θ +m2
2 cos

2 θ,

σν = sin 2θ
4
(
m2

1 −m2
2
)

∙ Higgs-inflaton mixing lifts the
value of higgs self-coupling.

∙ Stability ensured with
moderate values of sin θ, m2.

pure SM

m2 = 500 MeV,
sinθ = 0.1
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1-loop running

Ema Y., Karciauskas M., Lebedev O., SR, Zatta M., 2016

30



inflation

∙ For inflation run the parameters to the inflationary scale.

∙ We require that no vacua deeper than the EW one develop at
higher energies.

∙ We also require:

1. overall stability:
λhϕ > −

√
λhλϕ

2. unitarity λϕξ
2
ϕ . 1

3. perturbativity
λi > 4π -0.002 -0.001 0.000 0.001 0.002

-6

-4

-2

0
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4
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λhϕ(Mt )

b
' 3
(M

t
)
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e
V
]

u
n
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in
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b
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EW vacuum not global

Enqvist E., Karciauskas M., Lebedev O., SR, Zatta M., 2016
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inflation

∙ For inflation run the parameters to the inflationary scale.

∙ We require that no vacua deeper than the EW one develop at
higher energies.

∙ We also require:

1. overall stability:
λhϕ > −

√
λhλϕ

2. unitarity λϕξ
2
ϕ . 1

3. perturbativity
λi > 4π
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higgs-inflaton mixing

∙ Within the allowed regions inflation proceeds as before.

∙ Higgs is stable both during inflation and preheating due to the
mixing-induced running of λ.
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∙ The model is viable for mixing of sin θ ∼ O(0.1) and
m2 ∼ O(100GeV) , offering prospects of collider detection.

Ema Y., Karciauskas M., Lebedev O., SR, Zatta M., 2016
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summary

∙ High scale inflation pushes the higgs into the true vacuum.
∙ In order to avoid this need to couple higgs to something else:
inflaton or spacetime curvature.

∙ This results in non-perturbative, resonant amplification of the
higgs during preheating and may lead to destabilization.

∙ Thus preheating puts new constraints on such models and
significantly reduces the available parameter space in this
scenario.

∙ In non-minimally coupled inflation, the mixing between the
higgs and the inflaton provides a viable model which could be
accessible to collider searches in the near future.
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Thank you!
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what about perturbative decay?

∙ Higgs may decay between inflaton zero-crossing through

Γ =
3y2tmeff
16π .

ΛhΦ =10 - 8 H G = 0 L
ΛhΦ =10 - 7 H G = 0 L
ΛhΦ =10 - 8 H G ¹ 0 L
ΛhΦ =10 - 7 H G ¹ 0 L
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preheating: tachyonic resonance

∙ If σhϕ ̸= 0 then the inflaton contributes a tachyonic mass to the
higgs every other oscillation while 2σhϕ > λhϕΦ.

ḧk+

[
4k2
a2 + 2qm2 + 2p cos 2mt+ 2qm2 cos 4mt+ 3λha−3⟨h2⟩

]
hk = 0

∙ Whittaker-Hill-type equation.
∙ Again there are oscillating and
exponentially growing solutions.

∙ Evolution of the number density
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preheating: tachyonic resonance

∙ Field evolution (λh = 0)
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destabilization with trilinear couplings

∙ Critical scale at late times µ̃c ≃
2|σhϕ|Φ
|λh| .

∙ Can evaluate the Higgs as before

⟨h2⟩ ≃ m2

2a3
eµ∗mt√
|σhϕ|Φ

.

∙ Constraint on the coupling |σhϕ| . 109 GeV.
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coupling to gravity

∙ Alternatively the Higgs may be stabilized during inflation via a
non-minimal coupling to gravity

−δL =
1
2ξRh

2.

∙ Critical scale µ̃2
c =

2ξR
λh

.
∙ During inflation R ≃ 12H2 so ξ ∼ O(0.1) can stabilize the
potential.

∙ During preheating R = 6(Ḣ+ 2H2) oscillates ⇒ similar dynamics
as in the tachyonic preheating case.

∙ Constraint ξ < 2.5
(√

2MP
Φinf

)2
(Ema et al. ’16).
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combination of higgs-inflaton and higgs-gravity couplings

Ema et. at ’17

∙ If Higgs couples to both gravity and the inflaton

−δL =
1
2λhϕϕ

2h2 +
1
2ξRh

2.

∙ In the Einstein frame

−δL =
1
2 (λhϕ + 2ξm2)ϕ2h2

c.

∙ Stability during inflation

10−10 < λhϕ + 2ξm2 < 10−6

∙ Resonance parameter q = (λhϕ + 3ξm2)Φ2m−2.
∙ Suppression of resonance for λhϕ ≃ −3ξm2.
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combined case: vacuum stability
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combined case: vacuum stability
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