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The Pauli Exclusion Principle
In an atom there cannot be two or more equivalent 
electrons for which the values of all four quantum 
numbers coincide. If an electron exists in an atom for 
which all of these numbers have definite values, 
then the state is occupied.
W.Pauli, Über den Zusammenhang des Abschlusses 
der Elektronengruppen im Atom mit der 
Komplexstruktur der Spektren, Zeitschrift für 
Physik 31 (1925) 765. 

Pauli Archive, holding: fierz_0092-064

https://cerncourier.com/wp-content/uploads/2018/02/CCpau2_02_18.jpg
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In an atom there cannot be two or more equivalent 
electrons for which the values of all four quantum 
numbers coincide. If an electron exists in an atom for 
which all of these numbers have definite values, 
then the state is occupied.
W.Pauli, Über den Zusammenhang des Abschlusses 
der Elektronengruppen im Atom mit der 
Komplexstruktur der Spektren, Zeitschrift für 
Physik 31 (1925) 765. 

.. The impression that the shadow of some incompleteness 
[falls] here on the bright light of success of the new 

quantum mechanics seems to me unavoidable.
W. Pauli, Nobel lecture 1945 

Pauli Archive, holding: fierz_0092-064

The Pauli Exclusion Principle

https://cerncourier.com/wp-content/uploads/2018/02/CCpau2_02_18.jpg
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Theories of Statistics Violation 

O.W. Greenberg: AIP Conf.Proc.545:113-127,2004 

“Possible external motivations for violation of statistics include: (a) violation of CPT, 
(b) violation of locality, (c) violation of Lorentz invariance, (d) extra space dimensions, 
(e) discrete space and/or time and (f) non-commutative spacetime......” 

Lüders and Zumino: spin-statistics lays on few, general assumption: 

 Lorentz/Poincaré Symmetry, CPT, unitarity, locality & causality 

Spin-statistic connection:  

half-integer spin particles →  antisymmetric wave function & Fermi-Dirac stat 

Integer spin particles → symmetric wave function & Bose statistics

The Pauli Exclusion Principle (PEP)
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engaging-data.com
based on Joshua Tauberer's Iceberger

STANDARD MODEL 

Dark Matter
Dark Energy

SUSY

Quantum Gravity 
Extra Dimensions

The Pauli Exclusion Principle (PEP)

Strings

https://joshdata.me/iceberger.html
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The Pauli Exclusion Principle (PEP)

engaging-data.com
based on Joshua Tauberer's Iceberger

STANDARD MODEL 

Dark Matter
Dark Energy

SUSY

Quantum Gravity 
Extra Dimensions

PEP

BSM theories embedding extra dimensions, non commutative 
and/or discrete spacetime could have effect on PEP

Strings

https://joshdata.me/iceberger.html
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How to model PEP violations

- Ignatiev & Kuzmin model: Fermi oscillator with a third state 
(Ignatiev, A.Y., Kuzmin, V. , Quarks ’86: Proceedings of the 229 Seminar, Tbilisi, USSR, 1517 April 1986) 

  β quantifies the degree of violation in the transition 

-  Greenberg & Mohapatra: Local Quantum Field Theory, q parameter deforms 
    anticommutators [Phys. Rev. Lett. 1987,59,2507]: 

-  Rahal & Campa: global wave function of the electrons not exactly antisymmetric, 

   PEP holds as long as the number of wrongly entangled pairs is small

aka+l - qa+l ak = δk,l 

All respect the Messiah-Greenberg super-selection rule! 
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Messiah-Greenberg super-selection rule:

Superposition of states with different symmetry are not allowed → 

Transition probability between two symmetry states is ZERO 

VIP-2 Experiment: best limits on PEP violation of an elementary  
particle respecting the Messiah-Greenberg super-selection rule
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PEP Violation Signal
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From VIP to VIP-2
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Silicon Drift Detectors (SDDs) higher resolution (190 eV FWHM at 8.0 →keV), 
faster (triggerable) detectors. 4 arrays of 2 x 4 SDDs 8mm x 8mm each, liquid 
argon closed circuit cooling  170 °C

The VIP-2 Experiment
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2 strip shaped Cu targets ( 25 um x 7 cm x 2 cm ) more compact  
target → higher acceptance, thinner → higher efficiency 
DC current supply to Cu bars

Cu strips cooled by a closed Fryka chiller circuit →higher current  

(100 A) @ 20 °C of Cu target implies 1 °K heating in SDDs

The VIP-2 Experiment
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1400 m rock  
coverage



Low Energy Frontier                   Testing Pauli Exclusion Principle and Fundamental Symmetries in Underground Experiments

15

Sym
m
etry 2022, 14(5), 893;

Results of six months of data taking  https://doi.org/10.3390/sym14050893 

Cu KaPEPV

Ni Ka

https://doi.org/10.3390/sym14050893
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Sym
m
etry 2022, 14(5), 893;

Description spectrum with current 

Description spectrum without current 

Results of six months of data taking  https://doi.org/10.3390/sym14050893 

Cu Ka

Ni Ka

PEPV

https://doi.org/10.3390/sym14050893
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Likelihood

Bayesian Frequentist

 https://doi.org/10.3390/sym14050893 Results of six months of data taking

Priors: gaussian distributions for  
parameters constrained within experimental 
uncertainties; flat distribution for signal 

Experimental uncertainty  
(e.g. energy scale) included via  
additional penalty terms in Likelihood

Data with current Data without current 

https://doi.org/10.3390/sym14050893


Low Energy Frontier                   Testing Pauli Exclusion Principle and Fundamental Symmetries in Underground Experiments

18

Symmetry 2022, 14(5), 893;
 https://doi.org/10.3390/sym14050893 

Bayesian Frequentist

New article in preparation with all the available statistics!

Small under-fluctuation in the ROI

https://doi.org/10.3390/sym14050893
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VIP-2 experimental upgrade: VIP-3
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VIP-2 experimental upgrade: VIP-3
- new vacuum chamber, increase the number of  

SDD detectors, increase the geometrical efficiency, 
higher current up to 400 A 

- New thermal contact between cold finger and SDDs 

- New target cooling system 

- Higher quantum efficiency needed for the SDDs at higher Z:  
use 1 mm thick SDDs, allowing to scan e.g. Ag, Sn and Pd
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VIP-2 experimental upgrade: VIP-3

- 2x4 SDDs, 8x8 mm2 each, in 
production with FBK & politecnico 
di Milano

- Improved charge collection at border 
of the active area 

- Wider than previous chip 

- Reduced charge sharing via focusing 
electrode on the window

Window sideAnode side
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New paradigm for VIP-2
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The Pauli Exclusion Principle (PEP)

engaging-data.com
based on Joshua Tauberer's Iceberger

STANDARD MODEL 

Dark Matter
Dark Energy

SUSY

Quantum Gravity 
Extra Dimensions

PEP

BSM theories embedding extra dimensions, non commutative 
and/or discrete spacetime could have effect on PEP

Strings

https://joshdata.me/iceberger.html
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PEP violation in quantum gravity
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Experimental Setup
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Experimental Setup
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Results

Signal from violating transitions  
in Lead 

Background

First analysis which accounts for the predicted energy dependence of the PEP 
violation probability. Expected rate of Kalpha1 transitions: 

- upper limit on the non-commutativity scale 
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Results

PHYSICAL REVIEW LETTERS 129, 131301 (2022) 

PHYSICAL REVIEW D 107, 026002 (2023) 
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Bonus: investigate a whole class of quantum gravity theories

κ-Poincaré Λ > 4.2 · 1021 Planck scales

Analytical expansion

θ-Poincaré
k=1
k=2

Λ > 5.6 · 10−9 Planck scales.

Λ > 1.6 · 10−1 Planck scales

k=3 Triply special  
relativity*

* Phys. Rev. D 2004, 70, 065020
Kowalski-Glikman and Smolin

https://doi.org/10.3390/universe9070321
Universe 2023, 9, 321
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Bonus: investigate a whole class of quantum gravity theories

κ-Poincaré Λ > 4.2 · 1021 Planck scales

Analytical expansion

θ-Poincaré
k=1
k=2

Λ > 5.6 · 10−9 Planck scales.

Λ > 1.6 · 10−1 Planck scales

k=3 Triply special  
relativity*

* Phys. Rev. D 2004, 70, 065020
Kowalski-Glikman and Smolin

https://doi.org/10.3390/universe9070321
Universe 2023, 9, 321

First constraint!
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Conclusions
• VIP-2 Experiment in data taking: pushing the limit on 

Pauli exclusion principle violations 

• BSM scenario motivate precision tests on PEP  

• VIP-2 set the strongest limit in the MG super selection 
rule 

• Publication of full statistics data soon! 

• Quantum gravity model predict PEP violation in closed 
systems 

• Analyzed with high purity germanium detectors  

• Obtained upper limit on non-commutativity scale 

• Entire class of QG investigated
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Thank you for your attention!  
Questions?


