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Vacuum decay
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Decay rate

“supercooled” state bubble nucleation

ground state

‘quantum jump to the same energy state
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Decay rate

Bubble nucleation rate

v = Ae "

“WKB” in QM
bounce action
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O(4) symmetric classical solution
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Potential

Bounce

Action

Decay rate

Toy model

m? A Q
V:—2 3 4
2qb 2¢+8¢

¥

0°¢ = V'(¢)




Toy model
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Renormalization scale

V(o)
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But, | don't know what is the best scale.

Does it change so much?



How large Is the scale

dependence?
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Renormalization conditions
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How large Is the scale
dependence7
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Calculation of
the 1-loop tactor



Pre-exponential factor

fluctuations around the bounce
~, ASPECTS OF
v SYMMETRY
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Atter a complicated
calculation:-:
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"ODE technique”

function of the bounce solution

= Ae™” /
1 A-2 — 1n det |[—0% + mg + dW|
det [—02 + m¢]

Theorem (Dirichlet BC)  (J. H. van Vleck, '28; R. H. Cameron and W. T. Martin, '45; ...)

The ratio of the determinant of differential operators, I
d2 N COLEMAN
LJ — de I R] (CU) on [ — [O, 1] w/ ?(Ilaiﬂit (|)37Cf<1> o

IS given by the ratio of the solutions of differential equations

Det L4 _ y1(1) Ljyj (,CE) =0
DetLo  yo(1) y;(0) =0, ¥,(0) =1




Proof

_ _ by K. Kirsten and A. J. McKane, ‘03
Differential eaq.

L; —k*) ujp(z) =0
( J ) jike () U (0) = 0, o4 (0) = 1

wj, e () uj k(1) # 0
/\f does not satisfy the boundary conditions
*» k“is not an eigenvalue of L
x =0 1
Uk () ui k(1) =0

/\ /\ satisfies the boundary conditions

=» k'? is an eigenvalue of L;
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Proof
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Proof

eigenvalues
Ly: kK sin(rs) [ o d . uip(])
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Renormalization

,y — A€_B function of the bounce solution
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Analytical calculation (MS-bar) ODE technigue



Analytical calculation
(MS-bar)
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Fourier transform
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How can we match the
analytical and the ODE results?

0+ 1 2 lim ln /- D1
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How can we match the
analytical and the ODE results?
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Comments

The bounce Is calculated with CosmoTransitions,
(C. L. Wainwright)

which can deal with multiple fields.

We correctly subtracted the zero modes
corresponding to the translational invariance.

Fermion determinant becomes more complicated
because of the mixing between different £ states.



SM + stau system



Light stau

Stau can be light
mz > 103.5GeV (LEP)

hy r coupling, co-annihilation with bino, -

But, the potential may become unstable towards the stau direction

T, = y-(A; — ptan 3)

V=T (H ;75 + hec)+m2 |l 2—|—m% Frl? + - -
(T ) BL‘ g e tan 8 = (H,)/(Hy)

Stable Meta-stable / Unstable No EW vac.




Spectrum

we assume only the staus are light

A

other superparticles

O(10 TeV) | |
heavier Higgs bosons
~
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tau-sneutrino

Effective theory

| w/o gauge interactions
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Effective theory

1
Log = Liin — Ye(Hqrt5 +hoc) —my|H|? — ZAH\HE
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Boundary conditions

SUSY scale (10TeV)

M, mz = my, = Mz, = 250 GeV, A(l)(MSUSY) — (92 T 9/2> cos 23,
ST T. = 300 CeV. A (Mgusgy) = 4y? — 2¢% cos 28,
m2 (M) = —%Mf, A®) (Mgusy) = 4y2 — 2¢" cos 25,
A (M) = 2%15 Y (Msusy) = %(92 + "),
£ (Msysy) = —k (Msusy) = 247,



Result
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Summary

. The bubble nucleation rate has often been estimated
without calculating the pre-exponential factor.

- This estimate involves uncertainty in the renormalization
scale, which, we showed, results in O(10%) uncertainty in
the exponent of the bubble nucleation rate.

. To reduce the uncertainty, we explicitly calculated the pre-
exponential factor and showed that it is greatly reduced.

. Scalars and fermions have already been implemented, but
the gauge bosons are now ongoing.



