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A. ltis a transition from one vacuum to the other in non-Abelian gauge theories,
where two vacua are distinguished by topological winding numbers and
separated by a finite energy batrrier.
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- Yan-Mils Lagrangian (SU(2)): K energy density

1 1
Lym=—Tr F.F*| = &AX)= ST [FFy| >0

F,=0A,-0A,—iglA,A] A, =AIT" T?: generator of SU(2)

- L\ and Ccf?(Aﬂ(X)) are invariant under the gauge transformation:

A0 = UWA, &)U — émx)[aﬂ U] V) = T

Q. What is the lowest energy (vacuum) field configuration?

A. Obviously A, (x) = 0 gives & = 0 (vacuum).

But due to the gauge symmetry, any configuration that is gauge transformed
from A (x) = 0 also gives & = 0 (vacuum)

AY(X) = -~ (X)[0,2(X)] U(x) = O
g

(pure gauge configuration)



- Consider a transition between two vacua, which costs only a finite energy.
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- Consider a transition between two vacua, which costs only a finite energy.

- During the transition, the energy density must vanish at X — X _J

» To discuss the transition physically, one must fix the gauge:

1) Ap(2,X) = 0 (temporal gauge)

S = U, (+00,x,) = 1
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2) time-independent gauge trans doesn’t spoil Ay(x) = 0.

Using this freedom we fix Z___(x) = 1. E>0

time
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map : S'~ U(l) = S!

target space: % = €' = <
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quantum tunnelling process

- tunnelling rate is small at
Zero energy n=>0 n=1 n=>72

4z
[=e¢ @ ~ 10717
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What does the sphaleron/instanton-induced process look like in a lab?

winding number changing process

- a “current” KM carrying the winding number must satisfy:

KA 0= [dxKam)  [axkmew =

W_J
U[0,%,)
- such a current can be found to be as:
K, = — Tr[AY(9°A° + gAPAG)] 0,K* = ——=Tr|F, F"]
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I =4+ o0
- consider the following integral:
Jd“x : Tt|F,, F*| = Jd“xa K* =J &K E>0
1%
1671'2 K 4 S . A,(t,x) = any
Utx,)=1
= [d3x K + [dzdi’oo K| + Jd3x Koy At Xs) =0
[=—00 X I=+00
H_J (. -~ _J) (. _J f = — oo

0 0 n «U__(x) =1



In the sphaleron/instanton-induced process: |€2,) — |€2,)

n= |dx

Ir [F WF”” ]

1672



In the sphaleron/instanton-induced process: |€2,) — |€2,)

re

n= |dx

Tr|F WF””] = AN

1672 / N

anomaly

¢

change of fermion number
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AN,

n = nd4x Tr [F F””] = Ang x 3 flavour
1671'2 ad / Aqul)
anomaly ANy,

For n = 1, all 12 left-handed fermions are produced from the vacuum:

t
éL " Ee
A ‘ A
AB = AL = 3n tr, CL
AB+ L) =6n A )
U7 — n=1 — Ur,
AB—-L)=0
o | »
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The final state:

+ some EW bosons

let +4j+ 17+ 2b+E]

I = 1SS
uu — ottt dessbbb = ut+ 1t +4j+3b+ Ef
U = lut+4j+2f+ b+ E!

1SS

+ some EW bosons

Many particles are produced
Confused with BH events?

Cr, /.
N 4
lr, CL
ur, » n=-—1 < IALL p
Cy, l E,u
r ! tr
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 The inclusive cross-section can be estimated using the dispersion

relations (optical theorem).

[Khoze, Ringwald ’91]
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 The inclusive cross-section can be estimated using the dispersion

relations (optical theorem). Khoze, Ringwald 91]
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exponential suppression
disappears at E ~ Espn?

Cross-section grows
exponentially with energy!




* More recently (2015), it has been pointed out that at zero temperature
iInstanton rate may be able to overcome the exponential suppression for
E > Esph ~ 9 TeV, if the periodicity of the EW potential is taken into

account, due to resonant tunnelling.

Resonant tunneling:

Different paths coherently interfere at

particular energies, forming a conducing

band structure

k(im
-1.0 -05 0.5 1.0 (Mw)

E(TeV)

9.20

9.15

9.10

9.05

Tye, Wong [1505.03690, 1710.07223]
Qiu, Tye [1812.07181]

«—— the band widths are

unsuppressed for E > 9.1 TeV.

Exponentially small widths for

E < 9.1 TeV corresponds to
< the exponential suppression

In instantons



Cross-section Estimate
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Cross-section Estimate
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Phenomenological parametrization
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mW S My aw
1 2
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[Ellis, KS, 1601.03654]
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Search for black holes and sphalerons in high-multiplicity
final states in proton-proton collisions at /s = 13 TeV'
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