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. THE VIP2 EXPERIMENT IS LOOKING
"FOR THE REBEL ELECTRON WHICH . |
. COULD VIOLATE THE PAULI

. -EXCLUSION PRINCIPLE
" | Written and Directed by: ’
- Luca De Paolis - ~




" IN A WORLD FULL OF ELECTRONS RULED OUT BY THE PAULI EXCLUSION
PRINCIPLE THERE COULD BE A LITTLE GROUP OF REBEL ELECTRONS - --
WHICH JUMP AMONG ATOMS. ;

,THE NOBEL |4 NVAD FOR PHYSICS W. E. PAULI DECLARED IN 1945: =
“ALREADYIN MY ORIGINAL PAPER I STRESSED THE CIRCUMS TANCE-THAT
I WAS UNABLE TO GIVE A LOGICAL REASON FOR THE EXCLUSION .
PRIN CIPLE OR TO DEDUCE I T FROM MORE GENERAL ASSUMPTIONS.

IHAD ALWAYS THE FEELINGAND ISTILL HAVE IT TODAY THAT THIS IS A

DEFICIENCY.

.wt-THE IMPRESSION THAT T HE 'SHADOW OF S OME INC OMPLE T ENESS
[FALLS] HERE ON THE BRIGHT LIGHT OF SUCCESS OF THE NEW QUANTUM
MECHANICS SEEMS T0 ME UNA VOIDABLE P

IN 2016 A SMALL GROUP OF PHYSICISTS BUILT A STRONG MACHINE WHICH
. COULD GIVE THEM ENOUGH POWER TO IDENTIFY THESE REBELS

THIS EXPERIMENT IS CALLED VIP2 (Violation of Pault)
THE REBEL ELECTRON HUNT CONTINUES -
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The.Pauli Exclusion Principle (PEP)
sl Quantum Mechamos the PEP can be formalized startlng from two- fundamental

' "prln(:lples

1) All states 1nclud1ng those related to identical partlcles are descrlbed in terms of wave -
functlons

.| 2) Bosonic afid fermionic states have a different behavior in relatlon to ‘the

.| application of the exchange transformation (permutatlon) of identical particles: the -
“former are symmetrlcal and the latter are.anti- symmetrical '

¥




The_.P'auli Exclusion Prineiple (PEP)'

- Fermtonic states are-anty- s1mmetrlea1 to the. apphcatlon of the trasformatlon

: of exchange of 1dentlca1 partleles
. (4

T

~ Assuming both electrons independent each other, the wave"function of the state
" describing the two electrons can be Wrrtten as the product of two one- electron |
functlons (orbitals):

where,  are the quantum states of the electrons and . their positions




The Paull Exclusmn Prlnmple (PEP)

. C0n81der1ng the following two properties of the fermions:

= Both electrons are 1ndlst1ngulshable each e}ectron is as
likely to be as in A as in.B ’ ‘

L The overa}l wave functlon is.anti-symmetric respect to the
- exchange of partlcles

Sdllc complete, W'ave function of the system should be written as:

If the-two electrons were 1i the same quantum states ('UL:b),_."~

The wave function vanishes :




The.P'auli Exclusion Principle (PEP)'

~ The quantum state.of an. elec‘tron In an atomic orbltal is described by 4-quantum
numbers - ) i 3 » v Increasing energy

of orbits

The pr;r{cipal quantum number »: the distance between
electfon and nucleus (atomic shells) |

The. orbital angular. momentum /: detérmines the shape of -

“an orbital,-and the angular distribution.

The magnétie, Quantum numbér 77: determines the number of

" orbitals and their orientation W1th1n a subshell (splits

orbitals).

-.The spin quantum number

Orbitale I's (n=1)—



~The Nobel Lecture of Pauli
PEPlacks a eleat’, intuitive_e)'cplanation f .

... Already in my original paper I stressed the

circumstance that I was unable to give a logical

‘reason for the exclusion principle or to deduce it |
* from more general assumptions. '

i3 I had always the feelmg and I still have it today,
that thts is a defi iciency.

. Thei impression that the shadow of some mcompleteness [falls] here on the brlght ‘
llght of success of the new quantum mechanics seems to me unavoidable.

W, f’aultf, Nobel lecture 1945




How it is poss1ble to 1nvest1gate the PEP with VIPZ

. 12) Bosonic and fermlonlc states have a different behavior in rela‘uon to the
{application of the exchange’ transformation (permutatlon) of. identical particles:
the former are symmetrical and the latter are anti- syrnrnetrlcal -

¥

* This superselectlon rulé "does not appear as a necessary feature of the quantum mecharncal ;
~ description of nature". : 7

States of mixed symmetry could, - » that fOllOW a
therefore, in principle, exist . :

Posmble exrstence ofpartrcle states




How it is possible to investigate the PEP with VIP2 .
. The expefimental method of VIP2 is based on the introduction of "new"

' "electrons in a copper bar by applymg an electrlc current,

Asmall violation of PEP can be described in Quantum Mechames as._.
proposed by Greenbergm

O.W.Greenberg, Nucl. Phys. B (Proc. Suppl.)6,83-89(1989):

Whenever an electron is captured by an atom, a new state |-
is formed- that-can have a certain probability of beinga
mixed symmetry state. This state 1S hlghly exmted and from
its decay one could observe a possible transition prohlblted

by the PEP.




How 1t IS poss1ble to investigate the PEP with VIPZ

- Search for X-rays from PEP violating transitions

: MULTIC(_)NFIGURAT-IONAL

; . * DIRAC-FOCK 'METHOD .

PEP forbldden Ka energy ~7.74 keVin Cu Software for muon atoms adapted to non-
transition:. : ‘ ~antisymmetric electrons

. : . » Parametet optimization through a self-
C Cuyrceanu, L. De Paolis et.al., “Evaluation of the X-ray consistent process
transition energy for the Pauli-principle-violating - [k R B ot relatvistic and
atomic transitions in several elements by using Dirac- e e - et
s radiative corrections, lamb-shift, Breit
-Fock method’, 2013, INFN-13-21/LNF-. e — y i

: Energy tr’ansition Koallowed: 8.05 keVinCu

Allowed transition Pauli-forbidden transition AI] c- ln any level n>2, make a tranSItlon to
2p—~>1s (Ka) 2p—~>1s (Ka) 3
level 2P '

The non-Paulian transmon to level-1S
produ.c'_es the emission of a PEP violating X-
ray. ' '




. The VIP2 ’expetim‘ent: purpose and apparatus. ©

.Sche_matiza’tioh- of the VIP2 chamber . - Target of VAP2

scintillators

in a segmented . T gl
) configuration the 2 strips (1()
cmx | cm x 50 pni) are connected to an external
generator by 2 thin copper bars. A current > 100
‘A is circulated on the copper strips. A water
circuit cools them so that the temperature of the”
~ detectors dees not increase by more than 2K: . .

SDDs in
two arrays




The A% | experlment Slhcon Drlft Detectors (SDDs) t

- SDD CELL CROSS SECTION

‘Each array consists of 8 SDD cells with 0.64 cm?
of active area and 450 um thickness each; which

~ ensures a high collection efficiency for X-rays of
energy between-5'keV and 12 keV




The A% | experlment Slhcon Drlft Detectors (SDDS)
- SDD CELL CROSS SEETION

i

anode g / -,
(n+) ! ntial X
/ potential energy

The VIP 2 experlment equips 4 SDD arrays, fora -
g total of 32 SDD cell detectors.
back (p-+) i “Each SDD array has a total active area of 5. 12

~ - Vdepl




The A% | ex-i)'erimént‘: Silicon_Drift Detectors(SDDs) .

. "Wheh a monocromatic beam (energy ) engraves on a detector: -,

. IDEAL CASE: 5 di ‘Dir_ae

. REAL CASE: Gaussian centered in :

_Due to fluctuations in the numbcf Ol

SO : RESOLUTIO
lonizations and deposited energy -

N

AEI1/2




The A% | ex’i)‘erimént‘: Silicon_Drift Detectors(SDDs) .

e . - A TN R —
\Y, 3 tstpanz -
d° 8005 ke 1mn Cu 2. The VIP-Lead experiment: location. v derbunl
O - b g -

The experimentis taing place at National Labaratoris of Gran Sasso (INGS), an
extremely low background environment inide the Gran Sasso mountain - , + = INFros

- E'I_lergy transition Ka allowe

= LNGS con sh.

PEP forbidden Ka energy: - ~7.74 keVin Cu = —= PN Bl

i ridottodiun o
fattoredi~20 )

-“'ﬂ‘ & mertaons: +w
Energy Resolutio

2. The VIP-Lead experiment: lof ~ F WHM Fe Ka line Esperimer
The experiment i taking place at National Laboratg 161 + 1 eV i

extremely low background environment insice the Cremmesemmem
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The VIP2 experlment Slllcon Drift Detectors (SDDS) :

The VIP-2 target and the detectors are placed inside a vacuum chamber, kept at
, providing the best performances in

- of pressure. The SDDs are cooled to
: resolutlon and efficiency.

A passwe shleld was installed.outside the vacuum chamber, oon51st1ng of an inner layer of
copper bricks and an outer layer of lead brlcks

The passive shield w1ll klll most of the background due to
env1ronmental gamma radlatlon.

Veto scintillators plasiiov box

Pl

nitrogen gas

lead blocks

e oo
b

copper | blocks
T

I coppe? strips
copper conductor




The VIP2 experlment Slllcon Drift Detectors (SDDS)

The experlment is taking place at National Laboratorics of Gran Sasso (LNGS) an
- extremely low background env1r0nment 1n81de the.Gran Sasso mountain.

| Graphlc result of a test done with 2 CCD and L - % k
normalized distribution

— LNF no sh.
— LNGS with sh.

e RS model of electron

ansfer under the detector: a
ear series of steps from the
trance to the exit




~ The V1P2 experlment photo of the apparatus

TARGET STRIPS -

TRIGGER LOGIC AND
VME MODULES FOR DAQ

€, x CHILLER FOR WATER

TARGET coouu&v&ﬁ




The V[PZ experlment Results and perspectlves

An analysis was performed on approximately six months of data took by the VIP-2

experiment during December 2019—May 2020 with a current of 180 A 01rcu1at1ng in the
: target for 83 days.

NO 51gns of Vlolatlon was found

—— with current
| | — without currrent

g An upper limit on the probability: of
~ the violation of PEP for electrons in

. copper atoms was determined:

counts/10 eV

VIP-2 is ACTUALLY in data taking Energ;B[OcSV]




- "Ca_lcillation of the limit

Number of possible
violating events..
extrapolated by the - |’
difference among

the spectra

The capture probability of tHe électron' by a
copper atom is more than 1/10 respect to the
scatteting probability. |

The factor of detection efficiency has been -
calculated using a simulation in GEANT4
and.it is about 4% .

The lenght of the electromc path in
-copper 18 7.5 cm

“Mean free path= -

B12 /2 <8.6x107-31

| Confidence level 99.7%"




T_i1e <« Random Walk» model

In the experiment‘VIP the number of scatterings for the single electron was calculated as:

——  Linear length of the target

. ——  Average free electr_on path-

“ In VIP2 the target length 1s 10 cm (~7 5 cin actually crossed by current) and the free
. electron average path in copper is 40 nm. The number of scattermgs of the single electron
- for RS is

Entrance




The <« Random Walk» model

The drlft VCIOClty of the electron in the copper is:
- n is the density of electrons atm 3, and is the
elementary charge, w and z are the width and
: _ thickness of the target _ '
The mean time of crossing the target for the single electron is At=16 seconds

. Average time between two collisions is:

- The number of scattermgs of the smgle electron can be .
“ calculated as: ,'

Following the &Randpm’walk» modél the upper limit -
set by VIP-2 could be brought to a value of: -




. WHY INVESTIGATE PEP?
The Pauli Exclusiofl Principl_e 1s a fundamental corn'est'ore'of the quantum physics.
|'Even a small violation of PEP could have 1mportant effects n VaI'IOU.S ﬁelds of phys1cs
and’ selence and explaln numerous phenomena.

. The number of electrons in the observable universe is (Number of Eddington).

We tested Only a very small fractlon of the electrons in the unlverse'

A VIOlatIOIl of.the PEP could be induced by the space-time non-commutativity, as
. predicted by several models in " Qug | | abeve the Planck Scale

Testing the PEP we pr0V1de fundamental constralnts for these models and test
thelr validity :




WHY INVESTIGATE PEP?

ResidualleV]

*Fe Ka
|
T Ti K
|CU Ka
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- VIP2: MAY THE FORCE
BE WITH YOU =

— e

| :
L e—

" Thank you.all for your attention !!

W.E. PAULI




4. NEW upper LIMIT for the PEP V101at10n probablhty

Subtracting-the spectra got Wlth data taking
-until July2017:

AN= 97 + 91 Normalized to 81days

2
’8_5 1.87 x 10727
2

Confidence Level: 99.73%

A

Wenote how with VIP2 we have managed, in the - | Ramberg and Snow

space of about thiee months of data collection, to | . [ R
- Fdetermine.a value of the upper limit of the PEP | ’

violation slightly better'than that obtained by VIP

in about three vears of measurement.




3. The VIPZ experlment Slllcon Drlft Detectors (SDDs)

Linearity

‘The linearity of the SDDs-aﬂows the use of -
thé formula: :

ResidualfeV]

cahbratlon coefﬁc:lent
A 1S ‘an Offset

AE/E <10-3

IIIHI]]IIIIIHII HII]IIII]IIIIIII

Stability

1 1 1 1 1 1 1
000 5000 6000 7000 8000 9000 10000 11000 12000
EleV]

IS

AE <10-3

|t atemnnis o o S, | I The stablhty of the detectors ensures its.
- precmon during the tl.me

T TRy MMlhuC(:l et al 2021 MeaS Sci. Technol 32'
time [min] 2 Zod 095501




2. Hlstorlcal Goals. Ramberg and SnOW(RS) experlment

[Phys. Lett. B238 (1990) - " 438]

In 1988, Ramberg and Snow- performed a dedlcated eXperlment which sought to 1dent1fy
' anomalous tran31t10n forbidden by PEP of electrons in a copper target crossed by a
current. * . o il y
Schematization of the RS apparatus _ ' Spectra got in 2 month of data taking .

in 2447352 ‘ Final VIP subiracted spectra
gas-tube detector15% 181647 - ; : I ndt 4152

resolution @ 8_9 keV 0.0003019 + 0.0005205 pU 1131 t 647

L With current
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. : _ ' Wifhout current
The upper limit to the probability of violation of PEP for |
_electrons in coppér calculated by RS experiment is:*

L

N
Energy [ev]




. ;{ow 1t 1S poss1ble to 1nvest1gate the Pauh exelus1on
'_ -'-'jarlnelple (PEP) with VIP2

: _Z{1st0r1ea1 goals from Ramberg and Snow(RS) exper1ment
« 1o VIP |

‘..,'The VIP2 expenment purpose and apparatus | ‘

._.The calculation of a NEW upper LIMIT for the PEP
violation probablhty of electrons in copper: get with data
i ,aequlred until, Ju1y2017




2. Historical Goals: The VIPexperiment
- IiMirovbelduds matle ignpaet/toﬂis cKpezimdinfihe |

More sensmve X-ray'detectors covering more- . e
:surface Charge CoupledDewce (CCD) . : ‘
Acleaner andlow-background experlmental area
.(LNGS)
Abetter statistic due to the longer time taken.

Spectrum with éurljént: I=40A

U Py, {"r‘;uﬂwv ‘r"‘lﬁr‘;”vﬂ ”"w%"‘, \m - U




=2, Hlstorlcal Goals: The V[Pexperlment

Subtractmg spectra, the one acquired with current-of:40°Aon target and the other one
. acquired without current on farget, has been possible to extract the number of X-rays -
. measureéd with an energy inside the range of interest (ROI) for a possible violation of PEP.

FWHM=T'= 300 ¢V _
ROI:[7585,7895]

a Il d —y A8 dGSUUCthH Nyto=37% 146

The-VIP experimeﬁt has reduced the experimental limit on the violation of PEP for
electrons in copper, thanks to the CCD detectors more sensitive than RS gas detectors and
to the Gran Sasso:mountain which broke doewn a large amountof background, until...

B

T <47x1077N
2

. Curceanu, C.et al.: J.Phys. 306, 0’12’036(2011)'




- Mbidello di Ignatiey &Kuzntin
| I&Kbullt the simplest algebra of creation and destruction operators which

| 1ncorporates in the parameter plccole the small VIOlatIOIlS of the Pauh exclus10n ,
prln(:lple i '

kil mptmtorﬁaa:bmn and @ﬁnldzir(m mm ud stz(t):s )
9 vudto

-fipstato di sing@azoccupazmne
. n@) stato ngm%mﬁidard di dopna)cmmzmnez(;duenfemmdianmrlassizesmtato) -

attr_aversoje—relazmm:

aoy= 1y alo)-0
=83 ) all)=10)
a*|2%=0 al2)=pB1 )




| T—lﬂb parameter B expr}sses thié degh&d i i hy tragsition
‘mm >_9 ‘:"”:.12. S N Y . »
Non Paulian atoms havmg an abnormal distribution of
electrons on theorbitals .

Note thiatforp—. 0 we find th_é Fermi— Dirac
_ saiicand.the exclusion principle is absolutely valid.




Wh "9 i | |
: y at LNGS ) Test setup with 2 CCD-
INGS?.- ~© " . Normalized distribution

| shielding *
— LNF with shielding

- -The background 1s
reduced of afactor
of |




1. How it is pqSSible to investigate the PEP with VIP2 .

; 0. Greenberg, one of the ploneers of parastatistic studies,
says that a possible violation of the' PEP could be due to: '.

“Possible external motivations for violation of
statistics include: (a) violation of CPT,(b) violation of
locahty, (¢). violation of Lorentz invariance, (d) extra .
space dimensions, (e) discrete space and/or time and
() noncommutatlve spacetlme




VIP2 l’upgrade di

Vﬂ? From C(Dto- SDD Energyresolutlon _
- VIP SIDDHARTA
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'Procedure for extractmg the upper limit on the
probablhty of yiolation of PEP in VIP2.

The detection efficiency factor was.
calculated using a Monte Carlo simulation. °
based onGeant 4.10. The determined Value
‘is around 1.%.

Lenght of the e}ectromc path
— .
boll > (=10 cm)

[/l —> Mean freepath:' ye

-~ The probablhty of electroncapture . =k ﬁz
is greater than 1/10. of theley = 2=, 4 — = 1.87x 10 29

~scattéring probability.

Confidence level: 99.7%




3. Tho_jVIPZ éxperiment:‘ the VET()Sy'stem

bottom s

ulator wra

d the SDDs

cintillators

apped

side scintillators

reamplifiers

Zr and T foils for
energy calibration

Used to select.incident events with h1gh energy RC
unshielded from rock and env1ronmenta1 background

| Composed of 32 plastic sointillators measuring

45x3x3 cm and covering a solid angle > 90%
ctompared to the target. |

The scintillators are read by pairs of SiIPM (With"3x3-' cm2
of active surface each) located at both ends.




3. The VIP2 experlment Silicon Drift Detectors (SDDs)
From GCDto SDD— Energy resolutlon

VIP |  SIDDHARTA
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3. The \Y% 1) experlment Silicon Drift Detectors (SDDs)

In the apparatus the SDDs are-arganized in. 2 chips contarnlng 3 cells'with 100 mm2 of actlve
~area each. Those chips Surround the target to optimize the coverage ofi a solid angle and are
cooled to TN 100 Kby hqurd Argon to get a better performance in terms: of energy resolutron

The ener-gy resolutron was teSted with a Fe—55 source

through a 25 um fthick Ti-plate. The lines of the Kseries of .
. Mn and Ti are used to calibrate the spectrim and measure
_ the energy resolution at 6 keV (rate of about 2 Hz). This test
. resulted in a resolutlon of about 150 eV at 6 KeV. .

Timing of SDD events

. SDDs provide information on radiation
~energy and timing -> . measurement .
- perforrned with respect to the. scintillator

trigger: 400 ns (FWHNI)

SDD timing [ns]




3. T_he VIP2 experiment: future goal

Improvents with regard to VIP:

More compact system — improves acceptan )
anges /

value VIP2 (VIP) expected gain

New target — 2 strips.]10cmx 1 cmx 50 pm’ aeplance
Different cooling system for the target (water) |[ElECgu

12% (~ 1%) 12
100 A (40 A) >
Jem (88 em )

~ Current flowing into the target > 100 A : r(‘(lul('i‘.(l l('ng?h
~Nitrogen flushing t6 reduce radon in barrack e

energy resolution
. New SDD detectors with better- resolutlon I Do

‘cooled with Ilquld Argon (110 K). , better shiclding and veto
Veto system with plastic scintillators read by higher SDI eficiency

O(V (320 (V) @8 keV
6em? (114 em?)

200 - 400

background reducti
, S1PM (Silicon Photomultiplier) | ackground reduction

> 120

overall improvement
Expected data acqulsltlon 3=4 years. .
/’% <4.7x10™% —=107
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The Paull Exelusmn Prlnelple (PEP)

In Quantum Mechanics the PEP can be formahzed starting from two
| -fundamental prrnelples | '

1) All states 1ne1ud1ng those related to 1dent1eal partreles are deserrbed n_.
terms-of wave furictions

2)-Boson1e and fermionic states h_ave a different behavior in relation to
Ithe application 6f the exchange trémsforrnati’on (permutation) of
-|identical patticles: the former are symmetrrcal and the latter are anti-+
symmetrreal .

¥

__This superselectron rule "does not appear as.a neeessary feature ofthe :
quantum-mechanical description ofnature". '




