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The Goal: Information loss problem

@ Apparent violation of unitarity:

Yin , Wout
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collapsing matter black hol Hawking radiation

Pin = |Vin) (Win| = Pour = TraH (|Vext)|VaH) (WBH|(Vext]) 5

Tr(ﬁ?)ut) < 1

S. W. Hawking, 1976
@ Pro-unitary arguments:
e Holography: gauge/string duality (AdS/CFT)
e Islands: unitary Page curve.
1911.12333 [hep-th] Almheiri, 1905.08255 [hep-th] Pennington ...
@ Problems?

o AMPS-firewall: unitarity vs equivalence principle.
o Dynamics: S-matrix derivation.

ArXiv:gr-qc/9607022 't Hooft
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Models w/ linear dilaton vacuum

SLpv = /dzx\/—_g (W(Q)R+ W"(9) (V§)* + %)) + 5™

ArXiv:2005.09479 [hep-th] Banks



Models

Models w/ linear dilaton vacuum

SLpv = /dzx\/—_g (W(Q)R+ W"(9) (V§)* + %)) + 5™

ArXiv:2005.09479 [hep-th] Banks
Field equations

W/((b)R _ 2WN(¢)D(;5 + WW((b) ((V¢)2 _ )\2) ;
gu (W (@)((VO)* = N?) + 2W'(9)06) — 2W'(§) ViV = T ,

where T, = (=2/\/—g)05™ /égh”.

Vacuum solution

dr? M
m, ¢ =—Ar, f(r)=14 ———~

ds® = —f(r)dt® + W)




Models

S= / d’x\/—g [e—2¢(R+4(v¢)2+4A2) —%(Vf)z}

ArXiv:9111056 [hep-th] C. Callan, S. Giddings, J. Harvey, A. Strominger, 1991

In the bulk:

ds? = —e*?dvdu,

f(v,u) = four(u) + fin(v)

e 20 = —X2vu — T (v) — H(uv)

02T = (0yfn)?/2, O2H = (Oufout)?/2




Models

= / d’x\/—g [e‘2¢(R+4(V¢>)2+4)\2) —%(Vf)z} +2 /‘dTe_2¢(K+ 2))
oM

ArXiv:1702.02576 [hep-th] M.F., D. Levkov, Y. Zenkevich, 2017

In the bulk:

ds? = —e??dvdu,

F(v,u) = four(u) + fin(v)

e 2 = —\2vu — T(v) — H(u)

02T = (0yfin)?/2, ?H = (Outour)?/2
On the boundary:

Reflecting condition o, (U(v)) = fin(v)
Weak coupling: gg = e? < e® <1
Minimal BH mass M, = 2\e 2%




Models

Sinh-CGHS model

Ssinh = —2/d2x —gsinh(2¢) (R + 4(V¢)* + 4)\2)

ArXiv:2202.00023 [gr-qc] M.F.
Vacuum solution w/ metric function (fig. a)

M

flr)=1- 4 )\ cosh(2Ar) N

Ricci scalar (fig. b) R = —0f(r) is finite " 7% 2 7H\ |/t 2 3 &~
everywhere. Non-singular black holes: (@)

e 5 5 R/AM
@ Limiting curvature R, .o~ < A“. 0.5
Markov, 2111.14318 [gr-qc] Frolov ... — _3{_1\ /}3 —

@ Other models: Bardeen's black hole,
black bounces, planck stars... -1

1812.07114 [gr-qc] Visser,
1802.04264 [gr-qgc] Rovelli...




Models

Sinh-CGHS model

Ssinh = —2/d2x —gsinh(2¢) (R + 4(V¢)* + 4)\2)

ArXiv:2202.00023 [gr-qc] M.F.

Non-extremal black hole Extremal black hole

M = Mext
M > Mext Gravitational kink

M < Mext
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Thermodynamic properties

Euclidean solution

dr*

fF(r)’

has imaginary time period

dsg? = f(r)dte’+ 0<te<fBu,

ﬁH = TH_l = 47r/f'(rh)

< no conifold singularity at r = n,.
Derive black hole temperature and entropy

T, = MW (¢n)
H= 4o M

| Spu(M) = 47 W(6n) — 47 W(on,ext) |
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Thermodynamic properties

Euclidean solution
M2,
= Ty f1 = Mext
> o, dr’ SeH = /\ Vi Tz

dsg” = f(r)th -l-m R 0<te< 5/-/ s
)\ ngt
has imaginary time period Th= o 1- M2
e Sinh-CGHS reduces to CGHS
P =Tn m/F(m) in Moy, — 0.

< no conifold singularity at r = n,.
Derive black hole temperature and entropy A/Qﬂ

MW (¢n)

T =
H 47 M

‘ SBH(M) = 477W(¢h) - 477W(¢h,ext) ‘ 0 Mo M




Evaporation
°

Entropy from entanglement island

Island formula for black hole entropy

Sgen[R] = rnlin egclt (Sgrav[01] + Sens[R U 1])

Ref. D. Ageev's talk at Friday.
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For linear dilaton gravity

N N
Sgen = 8TW(=Arq) + 3 log(e*(vo — vo)(ug — uo)) + g(ﬂo + 1)

where p is conformal factor: ds®> = —e?’dvdu. Vary Sge, with respect to
to and rg.



Evaporation

Entropy from entanglement island

Island formula for black hole entropy

Sgen[R] = rnlin egclt (Sgrav[01] + Sens[R U 1])

Ref. D. Ageev's talk at Friday.

For linear dilaton gravity

N N
Sgen = 8TW(=Arq) + 3 log(e*(vo — vo)(ug — uo)) + g(ﬂo + 1)

where p is conformal factor: ds®> = —e?’dvdu. Vary Sge, with respect to
to and rg.
Numerically for sinh-CGHS:

27 / szt M — Mext
SESHZTM 1-— I\;2 —|—O(N|Og>\

Diverges at M — Mgy;.




Evaporation

Entanglement entropy on regular geometry

Consider CGHS w/ boundary; coordinates in ds? = —e2°dvii are flat at
infinity: p(Z*) = 0.
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Evaporation

Entanglement entropy on regular geometry

Consider CGHS w/ boundary; coordinates in ds? = —e2°dvii are flat at
infinity: p(Z*) = 0.

S = 2+ og(e (o 7(ar)) 13 log ( G2 (0) )

Unitarity entropy bound S < O(Area)

ArXiv:2003.05546 [hep-th] G. Dvali, 2020 (also plenary talk tomorrow)
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Law of evaporation

2D Stefan—Boltzmann

dM T
dt 12 Th(M)

= averaged mass function

— 2
Mext lo (M(t) Mext> M At

M(t — _ -
(t)+ = M() + Mot T

— Vo

with initial value My > M.
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Law of evaporation

Mean field w/ 1-loop:

(M ()

2D Stefan—Boltzmann

dM T
W == —E TEI(M ) My \\\\\
= averaged mass function _
Mo T
Mext M(t) - Mext )\2t t
M(t I =My —-— 0
( )+ 2 ° (M(t)+Mext 0 481

with initial value My > M.
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Remnants formation

M field 1-l :
2D Stefan—Boltzmann ean field w/ 1-loop

(M(t)1
dM T
i TZ(M) Mo o
= asymptotically ~_
Mo .
At t
M >~ Mey | 1 —_— 0
t ( * &P ( 2477Mext>>

i.e. remnant is formed. io

remnant
. i
) 0



Evaporation
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Remnants fermation decay

w/ q/thermal noise:
2D Stefan—Boltzmann

(M(2))2
dM T
S _ L TX(M Mo |,
dt 12 TH(M)
= asymptotically h
Mext, -
tt
Mo Mg (14 Xt 0 ”
~ Moy xp | ————
’ P\ 247 Mo
i.e. remnant is formed. io
Fluctuations of Hawking flux ' remnant
ATy ) =0) Ty 2) i

on timescale O(M)

gr-qc/9905012 Wu, Ford
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Remnants fermation decay

2D Stefan—Boltzmann w/ g/thermal noise:
dM (M(t))2
T
I = - 12 E/(M) My

= asymptotically

Nt
M ~ Mext (1 + exp <_24ﬂ'/\/,>>
ext

i.e. remnant is formed.

Fluctuations of Hawking flux
ATy )= 0Q)(: T o)

on timescale O(M)

gr-qc/9905012 Wu, Ford
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Remnants fermation decay

From fluctuations theory
w/ q/thermal noise:

o(1) (M(1))2

Mo

IE) N

<(AM)2> - 7% N Mext

assuming AM < Mey.

v (1 22t Mo o
~ ext —+ exp | — W Pt
ext t
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[e]e]e]e] }

Remnants fermation decay

From fluctuations theory
w/ q/thermal noise:

o(1) (M (1))

Mo

IE) N

<(AM)2> - 7% N Mext

assuming AM < Mey.

M~ My (1 At U S
~ ext —+ exp | — W Pt
ext t

Thermal estimate

MCX MCX
tdec == 48T )\zt log < t)

A
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Remnants fermation decay

From fluctuations theory

w/ q/thermal noise:
0(1) (M (@)

Mo |

oE) X

<(AM)2> T 8ﬁ N Mext

assuming AM < Mey.

M M 1 )\2 t M| \, RPN o
~ ext —+ exp | — W tot
ext t

Thermal estimate

MCX MCX
tgec = 487 2 L log < t)

A
Adiabaticity condition

aT oS 22
Tor €T = To2»1 = T o
am ST T a2t T T e,

We need quantum treatment of remnant
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S-matrix from path integral

win
[ | —
AR
collapsing matter black hole Hawking radiation

A . i
Vol §0) = [ DOV, exp(1SI8]} | ® = {guus 0. 1)
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S-matrix from path integral

win
s

collapsing matter black hole Hawking radiation

A . i
Vol §0) = [ DOV, exp(1SI8]} | ® = {guus 0. 1)

@ Semiclassics = %S = 0 = with & with flat asymptotics. Trivial if
E < Ethr.
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S-matrix from path integral

WYin
e
AR
collapsing matter black hole Hawking radiation

i
Vol §0) = [ DOV, exp(1SI8]} | ® = {guus 0. 1)

@ Semiclassics = S 0 = with &4 with flat asymptotics. Trivial if

E < Ethr.
@ Idea: find saddles at E > E;,,. by analytic continuation avoiding

singularities.

e Problem: complexification of spacetime is ambiguous.
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S-matrix from path integral

wln
Xy
/“‘”‘\\

COl

ing matter black hole Hawking radiation

i
Vol §0) = [ DOV, exp(1SI8]} | ® = {guus 0. 1)

@ Semiclassics = S 0 = with &4 with flat asymptotics. Trivial if
E < Ethr.

@ Idea: find saddles at E > E;,,. by analytic continuation avoiding
singularities.

e Problem: complexification of spacetime is ambiguous.

@ Non-singular model can help!



S-matrix
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Example: Point-particle scattering amplitude

CGHS w/ boundary ¢ and matter action
Sm = —m [ dr. EOM follows from Israel

condition

b= o

dr\?
prm + Verr(r) =0

where Veg(r)=1— (4 + 8%6*2’\’)2

3

ArXiv: 2006.03606 M.F., D. Levkov, S. Sibiryakov, 2020



S-matrix

@00

Example: Point-particle scattering amplitude

CGHS w/ boundary ¢ and matter action
Sm = —m [ dr. EOM follows from Israel

condition

oo

)

dr\?
prm + Verr(r) =0

(U4 e’

where Veg(r) =1—
Semiclassical scattering amplitude
As = (W[ OW;) = / DO W [O]V;[0]e [*) ~ F . g

where S;o; = S(tf, t,') + So(t,', 0,) + 50(0+7 tf) —iln V; —iln W3
ArXiv: 2006.03606 M.F., D. Levkov, S. Sibiryakov, 2020
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Example: Point-particle scattering amplitude

How to finds complex trajectory. Let functional T;,; has properties:
o diff. invariant
@ positive—definite for real solutions
o diverges for solutions with eternal black hole and finite for asy. flat
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Example: Point-particle scattering amplitude

How to finds complex trajectory. Let functional T;,; has properties:

o diff. invariant

@ positive—definite for real solutions

o diverges for solutions with eternal black hole and finite for asy. flat
Inserting into path integral a unity

400 400 +ioco d
1= / dTy 5(Tmt[¢] — TO) — / dTo / 2761 e—E(Tint—TO)
n
0 0 —ioco

is equivalent to complexifying the acton:
S:[®] = S[P] + ie Tint[P] — ic T
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Example: Point-particle scattering amplitude

How to finds complex trajectory. Let functional T;,; has properties:

o diff. invariant

@ positive—definite for real solutions

o diverges for solutions with eternal black hole and finite for asy. flat
Inserting into path integral a unity

400 400 +ioco d
1= / dTy 5(Tmt[¢] — TO) — / dTo / 276 e—E(Tint—To)
)
0 0 —ioco

is equivalent to complexifying the acton:
S:[®] = S[P] + ie Tint[P] — ic T

Result: T-functional shifts mass .

Tested on models with collapsing shells.
ArXiv:1503.07181, F. Bezrukov, D. Levkov, S. Sibiryakov, 2015
Consistent with Hamiltonian methods.
ArXiv: 9907001 [hep-th] M. Parikh, F. Wilczek
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Example: Point-particle scattering amplitude

o
Re SLut Sm St()t

m M, oM,

For massless particle

Sup= M= Moo (1 - MEEN Mg Mer
tot = b\ g M., \ g o\

ArXiv: 2006.03606 M.F., D. Levkov, S. Sibiryakov, 2020
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Example: Point-particle scattering amplitude

o
Re SLut Sm St()t

M

m M, oM,

For massless particle

Sup= M= Moo (1 - MEEN Mg Mer
tot = b\ g M., \ g o\

transition probability Ps = |As|? ~ exp (—23m Sior) = exp (—San)
2T
A

where | Sgyy = — (M — M,,) | - entropy in model with stiff boundary.

ArXiv: 2006.03606 M.F., D. Levkov, S. Sibiryakov, 2020



S-matrix
o

Field S-matrix for gravitational scattering

Coherent state formalism. &x|a) = ax|a), where 4k - annihilation operator.
S-matrix elements

<b‘5|3> = /D{fOUtvﬁn7f7¢?g} <b|fOUt>eiS[¢]<ﬁn|a>

can be computed semiclassically.
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Field S-matrix for gravitational scattering

Coherent state formalism. &x|a) = ax|a), where 4k - annihilation operator.
S-matrix elements

<b‘5|3> = /D{fOUtvﬁn7f7¢?g} <b|fOUt>eiS[¢]<ﬁn|a>

can be computed semiclassically.

Multiparticle scattering A, many May be unsuppressed (T /6 boundary
problem)

Rubakov, Son, Tinyakov et al, 1990~
See recent progress on scattering amplitudes Ag*—theory in

Ref. B. Farkhtdinov’s after next talk
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Field S-matrix for gravitational scattering

Coherent state formalism. &x|a) = ax|a), where 4k - annihilation operator.
S-matrix elements

<b‘5|3> = /D{fOUtvﬁn7f7¢?g} <b|fOUt>eiS[¢]<ﬁn|a>

can be computed semiclassically.

Multiparticle scattering A, many May be unsuppressed (T /6 boundary
problem)

Rubakov, Son, Tinyakov et al, 1990~
See recent progress on scattering amplitudes Ag*—theory in
Ref. B. Farkhtdinov's after next talk

But we failed: CGHS model has exact solutions, but S-matrix functional
diverges at E > Eu,..

Next attempt: sinh-CGHS - not as solvable as CGHS /w ¢ but
numerically tractable at least.



Test of unitarity

Check explicitly 1 = STS or in coherent states basis

o dhaibi _ /Dc,’chk e J i e (38T |c) (c|S|b)



Test of unitarity

Check explicitly 1 = STS or in coherent states basis
el #aitr — [ D, eI i 3l cls )

Benchmark tests:
Q free field theory £ = (0¢)? — m?¢? - trivial identity
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Test of unitarity

Check explicitly 1 = STS or in coherent states basis
el #aitr — [ D, eI i 3l cls )

Benchmark tests:
Q free field theory £ = (0¢)? — m?¢? - trivial identity
@ free field with a source +J(x)¢p(x) - manifestly non-unitary
© field with quartic interaction +Am*~P¢* - from unitarity limit
o~ X (E)ZD_IO < OE(21) unitary D < 4 and non-unitary D > 4

m?2

m
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Test of unitarity

Check explicitly 1 = STS or in coherent states basis
el #aitr — [ D, eI i 3l cls )

Benchmark tests:
Q free field theory £ = (0¢)? — m?¢? - trivial identity

@ free field with a source +J(x)¢p(x) - manifestly non-unitary
© field with quartic interaction +Am*~Pg*
o~ ,’7\722 (E)ZD_IO < OE(21) unitary D < 4 and non-unitary D > 4

Q 4-derivative scalar theory £ = ¢[12¢ + g(0$)* - non-unitary
ArXiv:2212.10599 [hep-th], A. Tseytlin, 2023

- from unitarity limit

m




Conclusion
0

Conclusion

@ We introduced linear dilaton models for studying gravitational
S-matrix:
o CGHS with dynamical boundary;
o sinh-CGHS with regular black holes.
@ We studied thermodynamics properties and remnant scenario in
regular model.
@ We proposed a semiclassical path integral method for calculating
S-matrix elements and calculated scattering amplitude for point-like
particle which is consistent with unitarity.

@ New model awaits!
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e-regularization for dilaton gravity

We choose explicitly

T = [ axv=g032 0% - 0,00

where f(¢(r)) has support on r > ry

The metric has form ds? = —e*(Ddt2 + e$(Ddr? and ¢ = —Ar,
complexified field eqgiations, e.g.

O (l—eC)+20(1—e ) + %f(—)\r)e_z’\’ (1- e_<)2 =0,

have solution

-1
e M, ieM ¢

We see that inserting iTjy, is equivalent to imaginary shift M +— M + je.
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How to deform integration contour

)_/ J7T‘J* M > Mer

) ’ e

o (r) = Fv/ = Ver (r)

Th
M < Mcr ———————— >
C,
Smr S —
To Rer
Th N
. Smt
L e iy
- s
To Rer ( 2N | 1y
Smt £ T/2\ )
Ret
ti ty

Sm(ts — t;) = 271'Resﬁ =%
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Calculation of total action S;o;

Semiclassical scattering amplitude
As = (Ve|OV;) = /m Wi [0]w[0]eS 1] o F . efStor

where Sior = S(tr, t;) + So(ti,0-) + So(04, ) —iln W; —iln ¥}
@ S(tr, t;) - interacting action
o Sceus[g, @] - dilaton field and metric
o Sm=—m [ ds - point particle
o Sen =2k [ do e ??(K — Ko) - Gibbons-Hawking term

N A A A |TOO
Q S - free evolutionS = UgU Uy

oo

© V, s ~ e - particle wave functions (in- and out-states)

Smt

S(tfvti)

t;
C
AN

¢/

Ret

So(ti,0-) 0-| 04 So(04,ty)
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Calculation of total action S;o;

Gravitational part
@ CGHS action

ty = const
Scaus = 2/0'2X\/ —gOe g 7
I /
2
e Gibbons-Hawking action / ’
= Il
SeH = 2,.;/ doe ??(K — Kp) SN
< .
\\ t; = const

e Kh=2\, k=1latr— 4+
o Kh=0,k=—-1att— +oo
Field equations of motion = Ser =26 § doe 27K
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Calculation of total action S;o;

flat |<

e Boundary ¢ = ¢g

Spy = 27290 / dr K
P=¢o

=90

[

(n7,n") = (=shy(7), —chip(7)) s

/ dr K = w+ — T/)_
¢=do
K =26(t — 1) (arsh

o Cauchy surfaces t = tr ;
7’§ e
// 7‘/‘

Sy, = —2/dcr e 2K
d M2 — m? ¥

i (ro) — arshy/— Vg (r0) /f ro)

p:

~

Stfzst,'— 2)\a
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Calculation of total action S;o;

i re
e Point particle action S, = —m | [+ [| ———
oo | VT Vert(n)
S m2 In 1 + Mm2 po 2(r,-—|—r,c—2r0)
™ 8M.p®  2p p

o Contributions from in- and out- states
V¢ i = exp(Fiprs)
@ Free point particle action Sp, ¢
So(ti,0-) = p(r——r;) — Mt; , So(04, tr) = p(re—r) + Mts

M(r; + re — 2n
( pf 0)+

tr — t; =
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Calculation of total action S;o;

The result

M — M., M+ ie p M.,
=—In(1-— —(1-1
Stot b\ n( M. )+)\( n 2/\>+
M,

p 1 Mm2 Po 2Mcr 4 cr
Pin( P |
A <2 T, T 2p) T

M In <4M3 —3m>M + (4M? — m*)py = m?(4M? + m2)>
A (p+ M)3 4Me(p + M)3) ’
where py = /(M + m2/4M, )2 — m2.

+

@ The part of action which survives in the limit m — 0 has color.
@ Imaginary part of whole action
T

A

Sm Stot =

(M = M)0(M — M)

contributes to suppression exponent for tunnelling probability.
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Euclidean entropy calculation (naive approach)

Euclidean black hole exterior @ Wick rotate t — t =it =
dsz = f(r)dtz + f(,)

. @ The curvature
> R =4r(1—BTy)2 Xthw)JrzAMe—?M

) is regular at x = xpo, if B =27/
ignores ¢ = ¢o. Therefore, Sg[®s] = MBS — MBy.

Gibbons—Hawking partition functional

Z(B) = / Do %]
b[te]=0[te+4]

Free energy F(8) := =% In Z(8) ~ 4 S£(8)

~ M 2x
= entropy Xgy = 52—&;(;) = o) _ Se(B) = |Xgy = — =
TH A

Parikh and Wilczek: Py ~ e %% = P;(M) has discontinuity at
M = M, (it's unphysical).

—M|
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Euclidean entropy calculation

Argument against Y B

Consider critical collapse of thermal gas

Q Tk Lgray. ~ e

distance~ \~1
Q Yous <2Mor/ Taas, Tgas = \/0Opgas/T;
Q pgas = Mer ),
(%) Zgas hS e <« iBH(MCr) = dge—2%0

Critical black hole entropy is parametrically
small. Does not match with naive answer.

= decays at
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Euclidean entropy calculation

Corrected. @ boundary ¢ = ¢ should persist in path
(=) (+,+) integral
@ since no regular saddle with boundary

DA e J 47 NT)(B(x (1)~ o)

@ = Qo
8

MI M SE(M/,M):MIB*MﬂH+M/ﬂH7
Analogy w/ replica . , /
wormholes? Se(M) = mn Se(M.M) = M =M.

Corrected answer is consistent with point-
particle scattering amplitude

M 2
Ton = - = (M~ M,
BH = T A( )
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Black bounce in sinh-CGHS

Coordinate extension:

(1+ M) tanh(Ar) — 252

r A Tyr
g(r) = (1 + e"t) tanh(\r) + —2’;\7—”
T = +/g(r)sinh(27 Tyt)
R = +/g(r) cosh(2m Tyt)
Metric takes a form
f
ds® = (7? (—dT? + dR?)
A2 Ty g(r)

Maps (Vi,U;)) = (T; + R, T; — R;) are
identified by

Visr = —k/V;, Uis1 = —1/kU;
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Collapsing wave packet

Example: conformal matter

v
1 , 4
T = Vif Vo f = 2 g (VF)?.
2 4
Vaidya ansatz
ds?> = —F(v,r)dv? + 2dvdr with 0l
incident wavepacket f(v) has
solution
—2 4
_ M(v)
Flv.r) = (1 Bl 4/\cosh(2)\r)> T4
with Bondi mass —4 "
v Vaidya solution with coordinates
M) = [ a2 (r. v)
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On mass inflation in sinh-CGHS

For wavepacket tail profile at
late times f(v) ~ fp - (Av)™®
v — +00

CGHS regime M > M,

e’ =e 2 = _X2vu+ g(v) + h(u) ,
M_ 8o

v +o0
g(V) = %/0 dV/ /, dV”(avf(V”))2 , g(V) ~ 5—()\‘/)2(1 s a>0 s
I v .
h(u) _ _5/ du’/ du"(@uf(u”))z 7 After crossing the core
— 00 — o0 f(V) — fo . (7>\V)Ot’

Ricci scalar near Cauchy horizon

gout ( U)
2\

M
R ~ 4)\2e%? <2A + (2a + 1)goo (—AV)** + +

20+ 120g a1
+ a1 X (=Av) Ouh(u)

is finite if & > 1/2.
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Role of negative energy densities

Consider S-matrix elements (coherent states = 4x|a) = ax|a))
(b|Sak) = / dej: deie (bi|Sveglci) (il ai) ~ el eTle

with §reg defined on subspace of topologically trivial spacetimes. Saddle
point equation
.0S or

f— = —
5Ck 5Ck
Role of states w/ negative energy density

@ Typical semiclassical state W - localized wavepacket into remnant
@ For any typical W one can find non-typical V':

(W T ()W) <0
Fulling, Davies (1976)

gr-qc/9711030 Roman, Ford
@ Non-typical W' cause remnant decay.

Common QFT counterpart: tunnelling through sphaleron. Neat example:

0903.3916 [quant-ph] Levkov, Panin
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