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- In pure SU(2) YM theory, there are infinitely many gauge equivalent vacua.

gauge trans.
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AT = ()
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« Some of those vacuum configurations are not continuously connected.
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* These disconnected vacua are characterised by the integer Ncs.
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* One can think of transitions between disconnected vacua.

[Klinkhamer, Manton ’84] sphaleron ‘unstable solution sitting on

Esph ~

/.\ top of the energy barrier

Instanton quantum tunneling

At zero temperature/energy, the instanton rate is exponentially small:

— _ 2m _
<NCS‘NCS+1>instanton ~ € S[ACZ] — e aw ~ € 180

At temperature around TeV, the sphaleron rate is order 1.

- What about the zero-temperature but high energy?

Setting limits on vacuum transitions from the LHC ‘ This talk
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* The change of Ncs is related to the following quantity:

ANq{
7 3 ) Ang
ANC'S — 1672 /TI‘ |:F,LU/F,UJV:| d Q?/: AN . x 3 Havour
q;
anomaly ANy,

» ANcs is related to the change of SU(2) charged fermion numbers.

tr Cr, |ANcsl = 1 transition
creates 12 fermions
u;, —e—{|An|=1}—>—a;  altogether!

CrL £y Party at collider!
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« The LO Matrix Element in the instanton background

M~ /DCIDWD¢Q(ZU1)"'C](ﬂflz)W(yl)"'W(anW(Z’l)"'¢(Znh)eXp(—5E)

LSZ
- Evaluate it at the in on configuration:
pa 2p 771),UJV(3j — xO)y / ~ ($ - 370)2 1/2
Wit = —Uap 5 5 o Pinst (T) =2 V HPRY 2
g (x—20)2(x — 20)% + p2] (x —®g)* +p
orientation position  size
* Integration over orientation, position, size and phase-space:
2
O'(nw,nh) ~ /’./\/l| °dCI)PS
* Result [Ringwald ’90, Espinosa *90]
| o rm+103/12) ] 1
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The cross-section becomes very large for large nw and np!



- The MC Event Generator (HERBVI) was developed by Gibbs and Webber
based on the LO ME formula:
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O(30) EW gauge bosons are produced!

Festival at collider!



 The inclusive cross-section can be estimated using the dispersion

relations (optical theorem).
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 The time evolution of the sphaleron field configuration has been simulated
numerically, and it found O(30) gauge bosons in the final state.
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Fig. 4. Multiplicity distribution 41k 2N(k) of the final-state particles over the momentum & in units

Fig. 1. Radial energy distribution (in units of My, ) of the decaying sphaleron at different times (in units

of My of My,.
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* These studies seem to suggest that many W-bosons are produced in the
instanton BG, which produces a sphaleron-like field configuration at E ~ Espn,
and vacuum transitions occur semi-classically in some sense.

sphaleron/ sphaleron/
instanton . instanton




* More recently (2015), Tye and Wong claims that at zero temperature
instanton rate overcomes 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

b
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* This triggers many theoretical and phenomenological studies:

[Ellis, KS ’16], [Brooijmans, Schichtel, Spannowsky ’16],
[Ellis, KS, Spannowsky ’16], [Spannowsky, Tamarit ’17],
[Cerdeno, Reimitz, KS, Tamarit 18], [Y.Jho, S.C.Park ’18], ...



- CMS has published their search for sphaleron-like events. [CMS-EXO-17-023]

- However, they consider zero-boson final state.

qq — ngq + 3¢ ng=7,9or 11

- How does their simulation compare with (more realistic) multi-boson

events?
nqq + 3¢ (BaryoGEN)
qq —
7q¢ + 3¢ + S ngB  (HERBVI)

We use Delphes to simulate CMS detector.

2
10 Vs =13TeV

« We model the partonic cross-section as:
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Normalized Events

[Ringwald, KS, Webber 1809.10833]
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* In the CMS analysis the cuts impose on St and multiplicity.

j\](}?j” > 7()(:h3\/)

Z Nmin

3.8 < S /TeV < 8

Noyin = 3, ..., 11

[Ringwald, KS, Webber 1809.10833]
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Limits on Sphaleron-like process

5(V3) = ZEO(VE — Egn)

miy,
1.
1 95% CL exclusion HERBVI w Delphes HERBVI w Delphes 95% CL exclusion X
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0.5 ~~o_ 10t{ -~~~ cms 2o
______ X
N
N
N
N
S
0.2 .
S
0.11
0.05 ! ! ! T T T T T T - T T T T T T T T T
8 82 84 86 88 9 9.2 94 96 9.8 10 8 82 84 86 88 9 9.2 94 96 9.8 10
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- The limit on the multi-boson cross-section: Tsph < 0.8 fb™"

« We found that their analysis can be more tuned for multi-boson analysis by
extending their range of Nmin cut for higher energy or luminosity options.



Conclusions

* The rate of zero temperature, high energy instanton-induced process
Is still an open question.

- Many studies suggest that such process may have observably large
rate at collider if multiple gauge bosons are produced together with
fermions.

* We recast CMS analysis and found the limit, 0.8 fb-1

» Their analysis can be more tuned for multi-boson final state by
extending the range of Nmin cut for higher energy or lumi options.
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