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Outline of the talk

● Pair creation. A bit history and generalities
● Probability. Effective action approach
● Probability. Worldline instantons
● Nonperturbative decay of the particles. Proton 

decay in electric field
● Pair creation in holographic SYM and QCD
● Entanglement in the pair production
● Astrophysics and condmat
● Comparison with the false vacuum decay



  

Some history

● Sauter 1932 vacuum is unstable
● Schwinger 1952 — effective action in the QFT 

electric field - probability evaluated
● Alvarez, Affleck, Manton -1982 worldline 

instanton approach 
● Nikishov-Ritus 1988 «Stable» particles in 

external field are unstable. Proton is the 
example 

● Holographic QCD — calculation of probability at 
strong coupling ~ since 2000



  

Tunneling in QM and QFT

Quantum mechanics. Tunneling through
the barrier .

Energy splitting in two-wall potential

Quantum field theory. Tunneling of the whole system is impossible since infinite
number degrees of freedom.  Therefore the local tunneling takes place.

Two well-known tunneling phenomena in QFT.

Schwinger process in the external field. Different objects can be created
Particles, strings, membranes, Universe  etc

False vacuum decay 



  

Simple physics

The energy required for pair production 2m
It is stolen from a electric field

V(R)

R

Tunneling trajectory



  

Effective action in external field

- Resummation of the  whole series in the electric field is necessary.
- According to unitarity the imaginary part of the effective action yields 
the probability rate for the pair creation 



  

Probability of the pair creation

Parallel electric and magnetic fields

fermions

scalars

Probability is nonperturbative in the coupling constant !



  

Feynman's first quantized picture in terms of sum over  trajectories 



  

Pair production in time-varying  field

Brezin-Itzykson 77
Popov-Marinov 78

Keldysh approach for atom
ionization

Possible interpolation
between two regimes

1964



  

Laser assisted pair production

Two laser beams with very different parameters. Surprizingly strong
enhancement of the pair production!

Schutzhold, Gies, Dunne, Alekofer,Schubert
Monin-Voloshin, Popruzhenko, Narozhnyi       2008- now

Limit case — laser beam + constant field     -    Induced tunneling



  

Laser Induced process

Critical electric field for the Schwinger 
process

Electric field for modern lasers

V(R)

R

At such intensity: 
one shot-one pair

The preexponential factor can be huge.
Drastically depends on the effects
of the laser beam focusing .

Potentially can compensate exponent.

Review Fedotov, Idlerton et al (2023), Physics.Reports.



  

Decay of stable particles

Idea — Ginsburg - 65 ?

Calculation of probability via the overlap of  three exact wave functions 
in the external field                    Nikishov-Ritus 88'

M1 

m2

m3

M1< m2+m3

Particle is stable without the external 
electric field

Composite worldline instantons.
Saraikin,Selivanov, A.G. 2001

Gluing several classical tunneling trajectories
in the Euclidean space-time



  

Proton decay in electric field. 

Composite wordline instanton               Poluboyarinov, A.G.   To appear

Rindler coordinates. Proton is at rest before tunneling .



  

Proton decay in the electric field. 
Strong vertex

Leading exponential factor for the proton decay via strong vertex. The 
pion is heavier then electron hence much more stronger suppression
in comparison with the conventional Schwinger process

Composite worldline instanton
In Euclidean space-time.

The results in Rindler and Euclid spacetime
are the same 



  

Proton decay in the electric field. 
Weak vertex

Idea has been suggested by R.Muller 97' with some model calculation 

We performed two new evaluations of probability

-  via composite worldline instanton similar to the previous slides 

- imaginary part of dressed propagator of proton in the electric field 

p p
p

n

e

Two different calculations yield the same answer. 
Poluboyarinov, A.G. To appear



  

Weak proton decay

The exponential suppression is of the 
same 
order as in  e+ e- pair production due to
small mass difference of proton and 
neutron

The particles are entangled in the final state!  They carry the information about the
spin and momenta correlations at the tunneling time

Small preexponent via the
weak coupling constant



  

Pikalov, A.G. 2024



  

Schwinger process in holography 
SYM

Saraikin, Selivanov, A.G, 2002
 Semenoff, Zarembo 2011           Production of W-bosons in SYM at strong coupling

Evaluation of the Wilson loop at strong 
coupling

Ambjorn Makeenko 2012



  

Pair creation at strong coupling in 
SYM

Critical electric field when the exponential suppression 
disappear at strong coupling

Semenoff,Zarembo

Effective resummation of the
higher loop corrections



  

Pair creation in holographic QCD

Sato, Kawai, Yoshida  2015-2017

Holography — our 4d +
additional coordinate-
scale in our 4d

Geometry — IR wall 
at small temperature

Black hole horizon 
in the deconfined phase



  

Pair creation in holographic QCD

The quark Wilson loop in QCD in electric field has to be evaluated in the particulat geometry

- IR wall in the confinement phase
-BH in the deconfined phase

In confined phase the string between the quark-antiquark pair 
is taken into account via geometry

The direct creation of the baryon-antibaryon pair is possible and the 
production rate was evaluated holographically - strongly suppressed. 



  

Pair creation and entanglement

Karch-Jensen, Sonner 2013



  

Example of ER bridge

There is wormhole on 
the string worldsheet



  

Entanglement entropy of the left and right movers of the created pair coincides with the
Gibbs entropy of the created particles

The entabglement entropy is correlated with the multiplicities of the created jets

Kharzeev, Flavio, Guo, Zahed, Grieniger      -    2021-23  



  

Measuring of the spin correlation between 
quarks 
due to the QCD confinement

Nature, February 2026

Star Collaboration

Correlation through entanglement between final particles.



  

Schwinger near Black Hole

Electric field near BH horizon

Assumption 
Dolgov-Rudenko — 24'

Gravity is stronger then EM for proton

Condition for BH mass



  

511 kev line?

BH with masses     ~ Can partially explain the production 
of positrons via Schwinger mechanism
necessary for the electron-positron
annihilation  in the interstellar
medium → 511 kev photons

The flows of protons via gravity and electrons by EM attraction equalize hence
BH charge stabilizes via combination of proton accretion and the 
Schwinger pair production

There is the additional mechanism of the positron production via 
Non-perturbative decay of the proton in the electric field!
Has to be taken into account!

Dolgov-Rudenko



  

Schwinger process in de Sitter

● De Sitter is unstable with respect to the particle 
creation

● The current is generated by the tunneling 
mechanism

● Combination of the electric field and the 
cosmological constant yields the several 
regimes for the current

Mottola (85), Bousso,Maloney,Strominger (2002), Polyakov(2008).......
Some recent progress in the proper definition of the particle current
Dabrowski,Dunne—2014(special basis)
Tunneling Universe : since Rubakov 84, different approches for pair creation 
In the expanding Universe 



  

Observation of pair creation in 
graphene



  

A. Schmitt et al. / Nature Physics, 2023

Theoretically  predicted
phenomenon since 
graphene has the proper
effective QED description



  

False vacuum decay on the table
In 2d Schwinger process = false vacuum decay 

False vacuum decay — Voloshin,Kobzarev,Okun -75
Coleman -77'

Rydberg atoms array - 2025-26

arxiv.org/pdf/2512.04637



  

Conclusions

● The Schwinger pair production is expected to 
be observed in laser experiments in the near 
future

● Interesting interplay with the condmat 
experiments

● Interesting noperturbative modes of the 
«stable» particles decays. Proton decay



  
Леонид Кац, ст. 275  УК

Спасибо за внимание!
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