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Vacuum Excitation: Virtual qq becomes Real

- [|f a pair of gqq carries vacuum
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they will be in the spin trlplet AA, Iyl <1 1\ Burkardt-Jaffe model

(p,,)=1.35GeVic

« One can even show that the pair -

is in a Bell state with maximal
quantum entanglement.
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Consistent with vacuum excitation, but where does AR
dependence come from ?
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« Vacuum excitation does not tell 0 1 2 3

where the A R dependence come AR = || Ay2+A¢?
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Consistent with vacuum excitation, but where does AR
dependence come from ?

- [|f a pair of gqq carries vacuum T —— -
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they will be in the spin triplet. [ AA lyl<1 |\ Burkardt-Jaffe model

(pTrA) =1.35 GeV/c

« One can even show that the pair
is in a Bell state with maximal
quantum entanglement.
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In this talk, a picture based on quantum decoherence will be introduced.



Let’s do a Thought Experiment: double-slit experiment of

electron

Send a beam of electrons through a
double slit, and record the positions where
eletrons arrive at the screen
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Let’s do a Thought Experiment: double-slit experiment of
electron

Send a beam of electrons through a (a)
double slit, and record the positions where D —

eletrons arrive at the screen
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« One woule expect a interference pattern

* o* * g * et o .
o ® g S 0g ® 4 o8 e fhe,te 0,
Poe 4o LB 0° M § 15 P 2% 8 o 30

« Since electron behaves like a wave, and
one must wave function to describe it.
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Off-diagonal is responsible for quantum interference
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Let’s do a Thought Experiment: double-slit experiment of
electron

But when an observer trys to detect which (b)
slit the electron when through...

* The interference pattern immediately
disapper, the electron behaves like just
classical particle
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Let’s do a Thought Experiment: double-slit experiment of
electron

But when an observer trys to see which slit (b)
the electron when through...

\
- The wave function for electron—-observer ‘ \\
system

e®0) = |L)|01) + |R)|O2)
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Let’s do a Thought Experiment: double-slit experiment of

electron

But when an observer trys to see which slit
the electron when through...

 The wave function for electron—-observer
system

e®0) = |L)|01) + |R)|O2)

» Trace out the observer,

p="Trole ® O)(e ® O]
= |L)(L| + |R)(R| + [L)(R]|

(b)

(02|01)
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Off-diagonal is reduced
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Decoherence is induced by environmental degrees of

freedom

- Observer can be any environmental
degrees of freedom.

« In hadronization, partons produced by
string break dynamics can act as
environmental degrees of freedom.
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Vacuum Excitation, and what next ?
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String breaking dynamics induce quantum decoherence
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Intermediate hadrons serve as observers.
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How well it can describe data?

One can show, with some assumption,
that [*]
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A hyperon spin correlation

—k*AR
PA1A2 =P-ec 0.2

* Fit STAR data to extract the k* at 200 GeV

- Using published data of dN/deta, one can
predict the k* at 13 TeV
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+ Leaving only paramter P free at 13 TeV. Pp colisions bata Mode
-0.2 STAR 200 GeV AA P -
d CMS 13.6 TeV AA A
[ CMS 13.6 TeV AA B
AR
Describe data at 200GeV and 13 TeV remarkly well ! Nature volume 650, pages 65—71 (2026)

[*]17he paper draft is in preparation, and will come out soon. CMS—PAS—HIN-26-002 &
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Summary

- Hadronization can induce quantum decoherence, leading to quantum-
to-classical transition.

 In the context of lambda hyperon spin correlation, the intermadiate
hadrons serve as environmental degrees of freedom.

 This picture can explain the STAR and CMS data quite well.



Vacuum Excitation:
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Abstract

The vacuum is now understood to have a rich and complex structure, characterized by
fluctuating energy fields! and a condensate of virtual quark-antiquark pairs. The
spontaneous breaking of the approximate chiral symmetry2, signalled by the nonvanishing
quark condensate (qq) ,is dynamically generated through topologically nontrivial gauge
configurations such as instantons?. The precise mechanism linking the chiral symmetry
breaking to the mass generation associated with quark confinement* remains a profound
open question in quantum chromodynamics (QCD)—the fundamental theory of strong
interaction. High-energy proton-proton collisions could liberate virtual quark-antiquark
pairs from the vacuum that subsequently undergo confinement to form hadrons, whose
properties could serve as probes into QCD confinement and the quark condensate. Here we
report evidence of spin correlations in AA hyperon pairs inherited from spin-correlated
strange quark-antiquark virtual pairs. Measurements by the STAR experiment at the
Relativistic Heavy lon Collider (RHIC) at Brookhaven National Laboratory reveal arelative
polarization signal of (18 + 4)% that links the virtual spin-correlated quark pairs from the QCD
vacuum to their final-state hadron counterparts. Crucially, this correlation vanishes when the
hyperon pairs are widely separated in angle, consistent with the decoherence of the quantum

system. Our findings provide a new experimental model for exploring the dynamics and

imerElai of iuark confinement and entanﬁlement.
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More environmental hadrons, Stronger Decoherence

One can show, with some assumption,
that [*]

—k*AR
PA1A2 = P-e

* To include more environmental
hadrons, one can increase Delta R.

- k* is proportional to the desnity (per
unit of delta R ) of environmental
hadrons.
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[*17he paper draft is in preparation, and will come out soon.
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