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Standard Model Higgs potential

V(¢)
0‘
0 v v I
@ Minimumat ¢ =v @ Sensitive to M), and M,

@ A vacuum at ¢ # v incompatible with observations

@ Metastable at 99% CL [1]
e Lifetime much longer than 13.8 - 10° years

[1] Buttazzo et al. (2013); Spencer-Smith (2014)
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Standard Model Higgs potential

V(¢)
O‘
0 v v I
@ Minimumat ¢ =v @ Sensitive to M), and M,

@ A vacuum at ¢ # v incompatible with observations

@ Metastable at 99% CL [1]
e Lifetime much longer than 13.8 - 10° years

@ Is this also true for the early Universe (inflation, reheating)?
@ New physics needed to stabilize the vacuum? J

[1] Buttazzo et al. (2013); Spencer-Smith (2014)
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Inflation and the Standard Model

@ In principle we can assume the SM to be valid
e Energy-density is dominated by decoupled physics

@ Inflation induces fluctuations to the Higgs field A¢ ~ H

e Important if Ay < H B
e State of the art calculations [2]: Ay ~ 10''GeV

V(9)

Vmax

\ A max

[2] Degrazzi et. al.(2013); Buttazzo et. al. (2013)
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@ Inflation induces fluctuations to the Higgs field A¢ ~ H

e Important if Ay < H B
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Inflation and the Standard Model

@ In principle we can assume the SM to be valid
e Energy-density is dominated by decoupled physics

@ Inflation induces fluctuations to the Higgs field A¢ ~ H

e Important if Ay < H B
e State of the art calculations [2]: Ay ~ 10''GeV

V(¢)
¢ BICEP2/Keck/Planck
v H < 10GeVv

0

BICEP2:
H ~ 103A pax

\ A max

[2] Degrazzi et. al.(2013); Buttazzo et. al. (2013)
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9 Higgs stability during inflation (QFT in Minkowski)
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Potential during inflation

@ Fluctuations may be treated as stochastic variables [3]

@ Probability density P(z, ¢) from the Fokker-Planck equation
. 19 ) H 0?
P(t,¢) = @%[P(ﬂ ¢)Verr(9)] + W@TSZP(I’ )

@ V() is the quantum corrected effective potential

[3] Starobinsky (1986); Starobinsky & Yokoyama (1994)
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Potential during inflation

@ Fluctuations may be treated as stochastic variables [3]
@ Probability density P(z, ¢) from the Fokker-Planck equation

. 19 ) H 0?
P(t,¢) = @%[P(ﬂ ¢)Verr(9)] + W@TSZP(I’ )
@ V() is the quantum corrected effective potential

@ Example: self-interacting scalar field
effective mass

L 0 TR 3
Veff(¢) = §m2¢2+ $¢4 4 M(¢) |:10g < (gi)) ) _:|

6472 1 2
cIa;gicaI quantum
A
T M()* =m” + Eﬁbz

[3] Starobinsky (1986); Starobinsky & Yokoyama (1994)
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Potential during inflation

@ Fluctuations may be treated as stochastic variables [3]
@ Probability density P(z, ¢) from the Fokker-Planck equation

. 19 ) H 0?
P(t,¢) = @%[P(ﬂ ¢)Verr(9)] + W@TSZP(I’ )
@ V() is the quantum corrected effective potential

@ Example: self-interacting scalar field
effective mass

L 0 TR 3
Veff(¢) = §m2¢2+ $¢4 4 M(¢) |:10g < (gi)) ) _:|

6472 1 2
cIa;gicaI quantum
A
T M()* =m” + Eﬁbz

@ . is the renormalization scale
[3] Starobinsky (1986); Starobinsky & Yokoyama (1994)
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Potential during inflation Il

Effective potential for the SM Higgs )

Vert(¢) = —> 2¢2+ Ao M} () [1og M;(d’) —c,]
;Miz(@ = K¢ — K

P i n Ki Kl Ci

Wt 1 6 g2 /4 0 5/6
%12 3 (£+g%)/4 0 5/6
t || 3-12 2/2 0 3/2
|4 1 3\ m* 3/2
Xi |5 3 A m>  3/2
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Potential during inflation Il

Effective potential for the SM Higgs )

Vert(¢) = —> 2¢2+ Ao M} () [1og M;(d’) —c,]
;Miz(@ = K¢ — K

P i n Ki Kl Ci

Wt 1 6 g2 /4 0 5/6
%12 3 (£+g%)/4 0 5/6
t || 3-12 2/2 0 3/2
|4 1 3\ m* 3/2
Xi |5 3 A m>  3/2

@ Explicit ependence on p problematic
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Callan-Symanzik equation for massless \¢* theory

@ Renormalization by Ao — \g(1), ¢ — Z(p)'/?¢
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Callan-Symanzik equation for massless \¢* theory

@ Renormalization by Ao — \g(1), ¢ — Z(p)'/?¢
@ However, the physical result must not depend on p:

d 0 0
@Veff@s) =0 < {M@LJrBAa + 749

gy = 2 _ 0z

¢} Veri(¢) = 0
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Callan-Symanzik equation for massless \¢* theory

@ Renormalization by Ao — \g(1), ¢ — Z(p)'/?¢
@ However, the physical result must not depend on p:

d 0 0
@Veff@s) =0 < {M@LJrBAa + 749

gy = 2 _ 0z

¢} Veri(¢) = 0

@ Leads to running parameters

Markkanen Higgs Stability



Callan-Symanzik equation for massless \¢* theory

@ Renormalization by \g — Ar(1), ¢ — Z(p)/?¢
@ However, the physical result must not depend on p:

0 0 0
?Veff(@ =0 < {'u(?,u + BAﬁ + ’Y¢¢%

By = OA _ dlnZz'/?

}Veff(¢) =0

@ Leads to running parameters
@ We can choose p arbitrarily [4]

optimal choice, if ¢ > m

p~ 9 = Ver(¢) = = ~¢"
No large logarithms!

[4] Ford et. al. (1993)
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SM running (1-loop)
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Stability results (Minkowski)

4107*r ]

4
max

Veri(d) / A

2.1074¢ 1

-2107*} ‘ ‘ ‘ ‘ ‘ ‘ ]
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¢ | Amax

@ Forlarge H (~ 10°A . ), the SMis not stable [5]

[5] Kobakhidze & Spencer-Smith (2014); Hook et. al. (2014); Fairbairn & Hogan (2014);
Enqvist, Meriniemi & Nurmi (2014); Zurek, Kearney & Yoo (2015)
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Stability results (Minkowski)

41074¢ 1

4
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Veri(d) / A
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@ Forlarge H (~ 10°A . ), the SMis not stable [5]

Does including spacetime curvature in the
quantum calculation change this? }

[5] Kobakhidze & Spencer-Smith (2014); Hook et. al. (2014); Fairbairn & Hogan (2014);
Enqvist, Meriniemi & Nurmi (2014); Zurek, Kearney & Yoo (2015)
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@ Higgs stability during inflation (QFT in curved space)
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QFT in curved space

@ What is meant by "curved space QFT"?
e No loops with gt

@ Loops generate new terms, in particular oc R’
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QFT in curved space

@ What is meant by "curved space QFT"?
e No loops with gt

@ Loops generate new terms, in particular oc R’
@ Modes in FRW space

R R 3
— O+ M(9) + £R} =0 o= a‘ét)‘i‘/t [ + al),

1 prtwar o
fi = e if Wdtelkx

VW
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QFT in curved space

@ What is meant by "curved space QFT"?
e No loops with gt

@ Loops generate new terms, in particular oc R’
@ Modes in FRW space

Bkl o
s ot ]

1 prtwar o
fi = e if Wdtelkx

VW

—D+M(¢>2+£R}¢S=O; ¢3=/

2
w? = % +M(¢)* + (5 — é) R+O(k?)
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QFT in curved space

@ We can now repeat the stability calculation in FRW
o All effective masses acquire shifts o« R [6]

[~ ¢* +R

[6] Jack & Parker (1985)
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QFT in curved space

@ We can now repeat the stability calculation in FRW
o All effective masses acquire shifts o« R [6]

p*~ ¢* +R
= Spacetime curvature induces running of the constants ! [7]

@ Also, include a non-minimal ¢-term in the Lagrangian
e Generated by loops in curved space
e Virtually unbounded by the LHC, &ew < 1015 [8]

[6] Jack & Parker (1985)
[7] Zurek, Kearney & Yoo (2015); TM (2014)
[8] Atkins & Calmet (2012)
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QFT in curved space

@ We can now repeat the stability calculation in FRW
o All effective masses acquire shifts o« R [6]

p*~ ¢* +R
= Spacetime curvature induces running of the constants ! [7]

@ Also, include a non-minimal ¢-term in the Lagrangian
e Generated by loops in curved space
e Virtually unbounded by the LHC, &ew < 1015 [8]

= Veir(9) = @& + 5(2“)1%2

[6] Jack & Parker (1985)
[7] Zurek, Kearney & Yoo (2015); TM (2014)
[8] Atkins & Calmet (2012)
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1-loop Effective potential in curved space
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Stability results (curved space) |

@ First attempt, set égw= 0 and H ~ 10'°GeV (~ 103 Ay )
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Stability results (curved space) |

@ First attempt, set égw= 0 and H ~ 10'°GeV (~ 103 Ay )
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0
-2.10°
-4.10°
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Vet (@) / A

@ Potential negative everywhere
o Clearly unstable (worse than with Minkowski QFT)
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Stability results (curved space) |

@ First attempt, set égw= 0 and H ~ 10'°GeV (~ 103 Ay )

4.10% 1
2103}
0
-2.10°
-4.10°
-6-10°
-8-10°

4
max

Vet (@) / A

@ Potential negative everywhere
o Clearly unstable (worse than with Minkowski QFT)
@ What causes this?
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Stability results (curved space)

@ In curved space A(u) < 0 if H is large
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Stability results (curved space)

@ In curved space A(u) < 0 if H is large
@ ¢ Can become positive or negative depending on &gy

E(p)

1/6

107 10° 108 10t 10™
RGE scale u [GeV ]

0, 0.05, 0.12, 1/6,
0.22, 0.28, 0.33
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Stability results (curved space) Il

@ Now choosing {gw = 0.1 [9]

[9] Espinosa, Giudice & Riotto (2008)
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Stability results (curved space) Il

@ Now choosing &gw = 0.1 [9

9l LR I
) 610j --------------- : A H 1725 1/2
T<§ 4.10% " M
S 20 : S (697
I 5 S
-210%: E \

0 500 1000 1500

¢/Xmax

@ Vpax(curved) >> Viux(flat) (and at a higher scale)

[9] Espinosa, Giudice & Riotto (2008)
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Stability results (curved space) Il

@ Now choosing &gw = 0.1 [9

9l LR I
) 610j --------------- : A H 125 1/2
T<§ 4.10% " M
S 20 : S (697
I 5 S
-210%: E \

0 500 1000 1500

¢/Xmax

@ Vpax(curved) >> Viux(flat) (and at a higher scale)

P ~ exp[ — 8% (Vmax/3H*)] = Stable! J

[9] Espinosa, Giudice & Riotto (2008)
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6 Higgs stability during reheating
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Reheating

@ Equation of state w = p/p changes, wint = —1 — Wen

@ Energy of inflation is transferred to SM degrees of
freedom, which (eventually) thermalize T = 0 — Ten

@ The crucial moment is right after inflation, but before
thermalization
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Reheating

@ Equation of state w = p/p changes, winr = —1 — Wrep

@ Energy of inflation is transferred to SM degrees of
freedom, which (eventually) thermalize T = 0 — Ten

@ The crucial moment is right after inflation, but before
thermalization

@ A very complicated and dynamical process [10]

@ The Higgs feels the dynamics of reheating via gravity
(even without a direct coupling to the inflaton)

[10] Kofman, Linde & Starobinsky (1997)
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Reheating

@ Equation of state w = p/p changes, winr = —1 — Wrep

@ Energy of inflation is transferred to SM degrees of
freedom, which (eventually) thermalize T = 0 — Ten

@ The crucial moment is right after inflation, but before
thermalization

@ A very complicated and dynamical process [10]

@ The Higgs feels the dynamics of reheating via gravity
(even without a direct coupling to the inflaton)

= New stability constraints ! |

[10] Kofman, Linde & Starobinsky (1997)
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Reheating Il

@ (R acts as a large mass for £ > 1/6,
(no stability issues during inflation)

fl/(n) + [kZ + mgurv] f(n) =0; mgurv = <§ — ) a’R
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Reheating Il

@ (R acts as a large mass for £ > 1/6,
(no stability issues during inflation)

1
f//(n) + [k2 + mgurv] f(n) =0; mgurv = <§ — 6) a’R
@ Change in curvature AR = 3(1 — 3Aw)H?

A rapidly changing "mass" may result in a large fluctuation
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Fluctuation from a drop in mass

@ We can model a changing mass with tanh(£o0) = +1 [11]
m2(,,7) — mi2n ";mgut _ mizn _ngut tanh v1).

e Exitations quantified by the occupation number, ny, = aa,
sinh? [ (wout — win) / (2)]

2 _y 2, 2
Tk sinh(mwiy /v) sinh(Twey/v) ' © m

[11] Bernard & Duncan (1977)
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Fluctuation from a drop in mass

@ We can model a changing mass with tanh(£o0) = +1 [11]

2 2
m + mout My T Moy

2 2
e Exitations quantified by the occupation number, ny, = aa,
sinh? [ (wout — win) / (2)]

2 _y 2, 2
Tk sinh(mwiy /v) sinh(Twey/v) ' © m

m?(n) = tanh v7).

@ In the radiation-dominated case (w, = 1/3) for a fast
transition and k — 0

M f\m

@ Potentially a large effect,
Ap 2 A

For modes with k < aH
2
=  A¢® =a/3¢ (;)
T

[11] Bernard & Duncan (1977)
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Oscillating mass (example)

@ In general the inflaton ® oscillates during reheating
2
Vint(®) ~ %@2 = ~ D cos (t minf)

@ For example for a coupling Ly o< g®2¢?

Oscillating mass for Higgs

2
mif m2 ~ g®F cos® (¢ ming)
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Oscillating mass (example)

@ In general the inflaton ® oscillates during reheating
2
Vint(®) ~ %@2 = D ~ Dgcos (tminf)

@ For example for a coupling Ly o< g®2¢?

Oscillating mass for Higgs

mfi m2 ~ g®3 cos® (1 min)

0

@ Parametric resonance via the Mathieu equation
&’f(2)
dz?

= Exponential amplification, nx(N) o exp {uxN'}
e May result in a very large fluctuation [12]
[12] Kofman, Linde & Starobinsky (1997)

+ [Ak —2q cos(2z)]f(z) =0, 7 = I Mipf
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Oscillating R

@ The curvature also oscillates during reheating

e oo ()]

pl

Curvature mass &R
oscillates to negative
values
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Oscillating R

@ The curvature also oscillates during reheating

g e ()]

Curvature mass &R
oscillates to negative
values

@ Tachyonic resonance [13]
@ Oscillations of R via ¢ provide efficient reheating
e Geometric reheating [14]

[13] Kofman et. al. (2006)
[14] Bassett et. al. (1997)

Markkanen Higgs Stability



Fluctuations from parametric resonance

@ Generically a resonance gives large fluctuations
= May result in instabilities !

@ After one oscillation, with ¢ > 1 and k < aH

nk(1) ~ exp {\/Eﬁ'o}

My,
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Fluctuations from parametric resonance

@ Generically a resonance gives large fluctuations
= May result in instabilities !

@ After one oscillation, with ¢ > 1 and k < aH

@ For a large H one easily generates A¢ > A;

@ However, the resonance may be quickly shut off by
backreaction
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Constraints from backreaction

@ So far we have neglected self-interactions and assumed
PHiggs < Pinf
e For a large (¢?) this may not be true

Self-interactions

M%) < €R PHigas < 3Mp H*
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Constraints from backreaction

@ So far we have neglected self-interactions and assumed
PHiggs < Pinf
e For a large (¢?) this may not be true

Self-interactions

M%) < €R PHigas < 3Mp H*

@ Importantly, A\(H) ~ X\gsign(A; — H)
= For a large H self-interactions amplify the fluctuation

A wide range of parameters
result in a large fluctuation ! J
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Stability results, reheating

10"}
H
Ay 1r

1071+

1072

= ForH > A; ~ 10""'GeV, ¢ is constrained to be ~ 1/6 )
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Stability results, reheating

102
10’
H
Ay 1

107"

1072

3

= ForH > A; ~ 10""'GeV, ¢ is constrained to be ~ 1/6 |

@ Direct couplings to the inflaton may also be problematic !
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Conclusions

@ For a large H, curvature significantly effects the early
universe SM instability
e Running of couplings from H
e A curvature mass x £R¢’ is always generated
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Conclusions

@ For a large H, curvature significantly effects the early
universe SM instability

e Running of couplings from H
e A curvature mass x £R¢’ is always generated

@ Stability during inflation and reheating constrains SM

physics, namely
E~1/6 l
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Conclusions

@ For a large H, curvature significantly effects the early
universe SM instability

e Running of couplings from H
e A curvature mass x £R¢’ is always generated

@ Stability during inflation and reheating constrains SM

physics, namely
E~1/6 ,

(Thank You! )
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Sensitivity to the choice of u

@ A loop calculation is never fully scale invariant
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Sensitivity to the choice of u

@ A loop calculation is never fully scale invariant
@ How dependent is the result on the choice p>=¢*+R ?

Markkanen Higgs Stability



Sensitivity to the choice of u

@ A loop calculation is never fully scale invariant
@ How dependent is the result on the choice p>=¢*+R ?

u? = a¢? + R a, € {0.1---10} J
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Sensitivity to the choice of u

@ A loop calculation is never fully scale invariant
@ How dependent is the result on the choice p>=¢*+R ?

u? = a¢? + R a, € {0.1---10} J

6:10°F
+ & I
£ 4.10%
& 410%
s 210°%
> 0

-210%F \

0 500 1000 1500

¢ / Kmax
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