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Theoretical framework 

• The Pauli Exclusion Principle (PEP) follows from the spin-symmetry connection (SSC).

• There are several proofs of the SSC, like, e.g., the one by Lüders and Zumino, based on 

the following assumptions (Phys. Rev. 110 (1958) 1450):

ü The theory is invariant with respect to the proper  inhomogeneous Lorentz group 
(includes translations, does not include reflections)

ü Two operators of the same field at points separated by a spacelike interval either 
commute or anticommute (Locality)

ü The vacuum is the state of lowest energy
ü The metric of the Hilbert space is positive definite
ü The vacuum is not identically annihilated by a field

Both SSC and PEP arise naturally from the basic axioms of QFT, how could it be otherwise?
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Small violations of PEP

• Straightforward QM model (Ignatiev & Kuzmin, Okun)

Three-level Fermi oscillator:

The model leads to transition probabilities proportional to                and applies to all 

electrons (fermions)  

• Quon-model of Greenberg and collaborators (Greenberg ... )

The model is a true QFT, based on deformed commutators: 

a†|0i = |1i a|0i = 0
a†|1i = �|2i a|1i = |0i
a†|2i = 0 a|2i = �|1i

�2/2
<latexit sha1_base64="yEg3cEWeq+ATo3IHWPENR5I+dnM=">AAACIHicbVDLSgMxFE3qu76qLt0Ei+CqzlRBl0U3LhXsQ9qx3MmkGpqZDMkdoRS/wq1u/Bp34lK/xkw7C6seCBzOua+cMFXSoud90tLc/MLi0vJKeXVtfWOzsrXdsjozXDS5Vtp0QrBCyUQ0UaISndQIiEMl2uHwPPfbD8JYqZNrHKUiiOEukQPJAZ100wsFwm39sN6vVL2aNwH7S/yCVEmBy/4Wpb1I8ywWCXIF1nZ9L8VgDAYlV+Kx3MusSIEP4U50HU0gFjYYTy5+ZPtOidhAG/cSZBP1Z8cYYmtHcegqY8B7+9vLxf+8boaD02AskzRDkfDpokGmGGqWf59F0giOauQIcCPdrYzfgwGOLqSZLfls1FpZNwSiSOZ5gWK5zCZ6uexC839H9Je06jX/qFa/Oq42zor4lsku2SMHxCcnpEEuyCVpEk5i8kSeyQt9pW/0nX5MS0u06NkhM6Bf36YTobc=</latexit>

aka
+
l � qa+l ak = �kl (�1 < q < 1)
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Rare, pairwise violations of PEP (QM only)

 (x1,x2,x3) = | 1(x1), 2(x2), 3(x3)i+ | 1(x1), 3(x2), 2(x3)i+ | 3(x1), 1(x2), 2(x3)i
+| 3(x1), 2(x2), 1(x3)i � | 2(x1), 3(x2), 1(x3)i � | 2(x1), 1(x2), 3(x3)i

<latexit sha1_base64="/YyrlDWi/eaHY683B3J44APD6Ko="></latexit>

Wrong sign. A "small violation" means 
that such wrong signs happen with 
very low probability.

In this case the symmetry of the global wavefunction is 
described by a Young tableau such as the one in the paper by 
Rahal and Campa (PRA, 38 (1988) 3728).

This is a property of given pairs, not a property of the 
individual electrons.
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Both kinds of violations are ruled out by the postulates of QFT 
(they are incompatible with a relativistic QFT)

BUT 

there are subtle differences in the experimental tests.
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The probability of violating Pauli's Principle must be 
exceedingly small, but what are we really  talking about? 

• small violation of Fermi-Dirac statistics; quon theory is the best 
formalization, however, this theory is not relativistically correct (as 
shown by Govorkov); eventually quon theory boils down to the simple 
Ignatiev and Kuzmin's toy model (3-level model of Fermions)
NOT A PROPERTY OF THE ELECTRON, BUT RATHER A TRANSIENT STATE 
THAT CAN BE REVERSED
>>> TRANSITIONS CAN HAPPEN INDEPENDENTLY OF PAST HISTORY

• small number of electron pairs with "wrong" sign in global 
wavefunction; this is forbidden by Pauli's proof of the principle, 
however it is easy to treat and visualize
GLOBAL, PERMANENT PROPERTY OF THE WHOLE SET OF ELECTRONS 
IN THE UNIVERSE
>>> TRANSITIONS DEPEND ON PAST HISTORY OF SAMPLE
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VIP experiment 101
The VIP experiment (and its upgraded version, VIP-2) uses the Ramberg and Snow 
(RS) method to search for violations of the Pauli  Exclusion Principle in the Gran Sasso
underground laboratory. 

The RS method consists in feeding a copper conductor with a high DC current, so 
that the large number of newly-injected conduction electrons can interact with the 
copper atoms and possibly cascade electromagnetically to an already occupied 
atomic ground state if their wavefunction has the wrong symmetry with respect to 
the atomic electrons, emitting characteristic X-rays as they do so. 

In order to evaluate the probability of finding such non-Paulian configurations, we 
need a model for the capture of the “wrong symmetry” electrons.

Ramberg and Snow provided such a model in their original experimental proposal in 
Phys. Lett. 238 (1990) 438.
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A current is useful if one wants to control the anomalous X-ray rate, 
but in principle one can detect remnant signals from the already-
present electrons.

We must analyze in greater detail the behavior of the individual 
electrons in the metal target

First, it is important to observe that the electrons' motion cannot be a 
set of straight lines, but rather a set of random walks
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X-ray
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Considering Cu (Pb) and taking the average scattering time from 
conduction theory t ≈ 2.5 x 10-14 (t ≈ 1.3 x 10-15), one finds about 1.21 x 
1021 (2.42 x 1022) scatterings per year, and therefore it would take at 
least 480 years (25 years) for a single electron to scatter off all of the 
atoms in a mole of Cu (Pb). 

This suggests that it may be possible to detect a remnant 
signal of anomalous X-rays in blocks of metal that have 
been forged as long as several hundreds of years ago.
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VIP test of a remnant violation in Roman lead
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Measured X-ray spectrum (data-taking time ≈ 42 d ≈ 1000 h)
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How many relic X-rays are expected?

... we need a statistical model for the capture process.
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No interaction between electron 
and atom in past history. p = P (0) = exp(�T/N⌧)

<latexit sha1_base64="Yagc1PDH1275NRb6rDhheKV3cBQ=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYhHZhnRFBN4WiG1dSoTfoDCWTZtrQTCYkGbGUuvFV3LhQxK1v4c63MW1noa0/BD7+cw4n5w8Eo0o7zreVWVpeWV3Lruc2Nre2d+zdvYaKE4lJHccslq0AKcIoJ3VNNSMtIQmKAkaaweB6Um/eE6lozGt6KIgfoR6nIcVIG6tjH4hyteAUYRlCjzyIwknt9NbTKCl27LxTcqaCi+CmkAepqh37y+vGOIkI15ghpdquI7Q/QlJTzMg45yWKCIQHqEfaBjmKiPJH0wvG8Ng4XRjG0jyu4dT9PTFCkVLDKDCdEdJ9NV+bmP/V2okOL/0R5SLRhOPZojBhUMdwEgfsUkmwZkMDCEtq/gpxH0mEtQktZ0Jw509ehMZZyTV8d56vXKVxZMEhOAIF4IILUAE3oArqAINH8AxewZv1ZL1Y79bHrDVjpTP74I+szx90gpRU</latexit><latexit sha1_base64="Yagc1PDH1275NRb6rDhheKV3cBQ=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYhHZhnRFBN4WiG1dSoTfoDCWTZtrQTCYkGbGUuvFV3LhQxK1v4c63MW1noa0/BD7+cw4n5w8Eo0o7zreVWVpeWV3Lruc2Nre2d+zdvYaKE4lJHccslq0AKcIoJ3VNNSMtIQmKAkaaweB6Um/eE6lozGt6KIgfoR6nIcVIG6tjH4hyteAUYRlCjzyIwknt9NbTKCl27LxTcqaCi+CmkAepqh37y+vGOIkI15ghpdquI7Q/QlJTzMg45yWKCIQHqEfaBjmKiPJH0wvG8Ng4XRjG0jyu4dT9PTFCkVLDKDCdEdJ9NV+bmP/V2okOL/0R5SLRhOPZojBhUMdwEgfsUkmwZkMDCEtq/gpxH0mEtQktZ0Jw509ehMZZyTV8d56vXKVxZMEhOAIF4IILUAE3oArqAINH8AxewZv1ZL1Y79bHrDVjpTP74I+szx90gpRU</latexit><latexit sha1_base64="Yagc1PDH1275NRb6rDhheKV3cBQ=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYhHZhnRFBN4WiG1dSoTfoDCWTZtrQTCYkGbGUuvFV3LhQxK1v4c63MW1noa0/BD7+cw4n5w8Eo0o7zreVWVpeWV3Lruc2Nre2d+zdvYaKE4lJHccslq0AKcIoJ3VNNSMtIQmKAkaaweB6Um/eE6lozGt6KIgfoR6nIcVIG6tjH4hyteAUYRlCjzyIwknt9NbTKCl27LxTcqaCi+CmkAepqh37y+vGOIkI15ghpdquI7Q/QlJTzMg45yWKCIQHqEfaBjmKiPJH0wvG8Ng4XRjG0jyu4dT9PTFCkVLDKDCdEdJ9NV+bmP/V2okOL/0R5SLRhOPZojBhUMdwEgfsUkmwZkMDCEtq/gpxH0mEtQktZ0Jw509ehMZZyTV8d56vXKVxZMEhOAIF4IILUAE3oArqAINH8AxewZv1ZL1Y79bHrDVjpTP74I+szx90gpRU</latexit><latexit sha1_base64="Yagc1PDH1275NRb6rDhheKV3cBQ=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYhHZhnRFBN4WiG1dSoTfoDCWTZtrQTCYkGbGUuvFV3LhQxK1v4c63MW1noa0/BD7+cw4n5w8Eo0o7zreVWVpeWV3Lruc2Nre2d+zdvYaKE4lJHccslq0AKcIoJ3VNNSMtIQmKAkaaweB6Um/eE6lozGt6KIgfoR6nIcVIG6tjH4hyteAUYRlCjzyIwknt9NbTKCl27LxTcqaCi+CmkAepqh37y+vGOIkI15ghpdquI7Q/QlJTzMg45yWKCIQHqEfaBjmKiPJH0wvG8Ng4XRjG0jyu4dT9PTFCkVLDKDCdEdJ9NV+bmP/V2okOL/0R5SLRhOPZojBhUMdwEgfsUkmwZkMDCEtq/gpxH0mEtQktZ0Jw509ehMZZyTV8d56vXKVxZMEhOAIF4IILUAE3oArqAINH8AxewZv1ZL1Y79bHrDVjpTP74I+szx90gpRU</latexit>

25/06/2019 17



Edoardo Milotti – 3rd Jagiellonian Symposium on Fundamental and Applied Subatomic Physics

1 interaction between electron 
and atom in past history. p = P (1) = (1� Pcpt)

(T/N⌧)

1!
exp(�T/N⌧)

<latexit sha1_base64="w8lMQGMkMc1Gk6JJbC6K1ISs7/k="></latexit><latexit sha1_base64="w8lMQGMkMc1Gk6JJbC6K1ISs7/k="></latexit><latexit sha1_base64="w8lMQGMkMc1Gk6JJbC6K1ISs7/k="></latexit><latexit sha1_base64="w8lMQGMkMc1Gk6JJbC6K1ISs7/k="></latexit>
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p = P (2) = (1� Pcpt)
2 (T/N⌧)2

2!
exp(�T/N⌧)
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2 interactions between electron 
and atom in past history.
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Probability of that the electron pair (free electron, electron bound in atom) meet and the free 
electron is NOT captured a the k-th encounter

Therefore, the probability that the electron is NOT captured during time T is

The time constant is 

The effect causes a gradual reduction in time of the number 
of effectively available electron pairs.

1X

k=0

(1� Pcpt)
k ⇥ (T/N⌧)k

k!
e�T/N⌧ = exp (�PcptT/N⌧)

<latexit sha1_base64="pBN0yx4X01tEM43ARtMHx1m3PfE="></latexit>

(1� Pcpt)
k ⇥ (T/N⌧)k

k!
e�T/N⌧

<latexit sha1_base64="gj67f1xxS7DWMp11lW2Y3R0cXW8="></latexit>

N⌧/Pcpt
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Estimate of the relic signal (average number of expected X-rays in the ROI)

NX = NfreeNintPcpt✏tot
�2

2
exp(�PcptT/N⌧)

<latexit sha1_base64="86KjbzJzhNKLfOGJM+1oU9eIpJo="></latexit>

Total number 
of conduction 
electrons

Number of 
expected
X-rays

Number of 
interactions 
per electron

Total measurement 
time

Nint = �t/⌧
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From the measured excess of X-rays in the region of interest we find an 
estimate of the violation parameter 

However, because of the actual smallness of the excess when compared 
with the statistical fluctuations, finally we obtain only an upper bound 
(e.g., at the 3 sigma level)

�2

2
exp(�PcptT/N⌧) <

N3�

Pcpt✏totNfreeNint
<latexit sha1_base64="XT9SG7Sjc2uYehyiGYHyf4aPc3s="></latexit>

�2

2
exp(�PcptT/N⌧) ⇡ Nm

X

Pcpt✏totNfreeNint
<latexit sha1_base64="FGnMNEy6cpYtOCtF7o7Z7zrjbQk="></latexit>
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Further experimental considerations

• an old metal brick may have been forged so long ago that all the 

existing pairs may already have met

• a new block may be the result of the forging of several old bricks (n) (it 

is reasonable to assume that each brick has roughly the same mass and 

therefore the same number of conduction electrons, and also the same 

age)

• an experiment (such as VIP-Lead) can contain several blocks (n)

This implies a few modifications in the previous equations.
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• Estimate of the relic signal for several independent blocks:

• Effective number of electrons in each block, obtained from n nearly 
identical "spent" bricks. There is a correction factor associated with the 
age of the brick at the time of forging the blocks (all the bricks are 
assumed to have the same age) 

NX =
�2

2
⇥ (NintPcpt✏tot)⇥

"
i=⌫X

i=1

N i
free exp(�PcptTi/N⌧)

#

<latexit sha1_base64="BPOw5G/ttbfIUW0j+08yDFAo0Z8="></latexit>

N i
free,e↵ ⇡ [(n� 1) + exp(�PcptT

i
brick/N⌧)]Nbrick

free
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If the bricks were actually made long before the molding of the block, we 

can neglect the exponentials and simplify the effective number 

The reduction is largest for two same-size bricks, and here we assume, 

conservatively, n=2, so that

N i
free,e↵ ⇡ [(n� 1) + exp(�PcptT

i
brick/N⌧)]Nbrick

free
<latexit sha1_base64="m5C/bNO2il1m+a7NZAt86UFl83Y="></latexit>
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free ⇡ 1

2
N i

free
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Finally, we write

from which we obtain 

NX ' �2
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The whole detector is characterized and all of its components have been put into a validated70

Monte Carlo (MC) code (Ref. [10]) based on the GEANT4 software library (Ref. [11]). This allowed71

determining, via MC simulation, the efficiency for the detection of photons emitted inside the Pb72

target.73

The data analysed in this work correspond to a total acquisition time Dt ⇡ 42d ⇡ 3.6 · 106s,74

collected in summer 2016. The parameters relevant to this paper and specific of our Pb target are75

summarized in Table (1).76

Table 1. Values of the parameters which characterise the Roman lead target.

t ne(m�3) Nfree Dt/t

1.30 · 10�15s 1.33 · 1029 2.89 · 1026 2.78 · 1021

3. Data analysis77

The data analysis proceeds differently if we take the approach of reference [1] or our approach78

in [2]. For the sake of completeness, we start with the analysis of a model like that in [1] where the79

interactions corresponds to those that define the standard conduction model, and then we move on to80

our approach (as described in [2]).81

3.1. Analysis according to the model in [1]82

Since the expected number of interactions of one given electron with neighboring electrons is83

T/t in the time interval T, then the probability that one of these interactions involves the valence84

electrons belonging to a given atom out of the N atoms in the target is just T/Nt. This means that for85

that electron-atom pair the probability of experiencing k interactions in the time interval T is86

P(k) =
(T/Nt)k

k!
exp(�T/Nt), (1)

assuming that scatterings are independent events so that the standard hypotheses for the validity87

of a Poisson model hold. Then, the probability of no interaction during the same time interval is just88

p = P(0) = exp(�T/Nt), (2)

i.e., we obtain an exponential decay in the number of the electrons that did not experience any89

interaction with the given atom that is described by the time constant Nt.90

When we take the capture probability Pcpt into account, so that multiple scatterings without91

capture are possible, the probability that the scattering did not take place or that it did not lead to a92

radiative capture is the sum of many terms:93

p = exp(�T/Nt) +
�
1 � Pcpt

� (T/Nt)
1!

exp(�T/Nt) + · · ·+
�
1 � Pcpt

�k (T/Nt)k

k!
exp(�T/Nt) + . . .

=
k=•

Â
k=0

�
1 � Pcpt

�k (T/Nt)k

k!
exp(�T/Nt)

= exp
⇥
�T/(Nt/Pcpt)

⇤
, (3)

This means that the expected number of X-rays is given by the following formula:94

NX ⇡ etot
b2

2
PcptNfreeNint exp(�TiPcpt/Nt), (4)
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Since the violating Ka transitions are very close to the corresponding normal lines, Elliott and126

coworkers [1] define two optimal Regions Of Interest (ROI) around the forbidden transition energies127

are extracted. For an easier comparison of our data with the data set presented in [1] we adopt the128

same ROI ranges and eROI . This is also motivated by the fact that in our spectrum, the Ka lines barely129

emerge – if at all – over the extremely low continuous background, and a similar minimization would130

make little sense.131

Table 3 lists the ROI intervals for the Ka lines , together with the corresponding efficiency factors132

and the total efficiency (etot): eBR denotes the branching fraction for the Ka line, and ex is the detection133

efficiency, for photons emitted inside the Pb target, at the energy corresponding to the violating Ka134

atomic transition.135

Table 2. Ka atomic transitions positions in Pb resulting from violation of the Pauli Exclusion Principle,
indicated by the column labeled (forb.). For reference the allowed transition energies are also quoted
(allow.). Energies are in eV.

Transitions in Pb forb. allow.

1s - 2p3/2 Ka1 73713 74961

1s - 2p1/2 Ka2 71652 72798

Table 3. The table summarizes the ROI intervals for the forbidden Ka atomic transitions, the
corresponding efficiency factors, the expected number of counts with the average value of b = 4.44
counts/keV, and our X-ray counts in the same regions.

Forb. transitions ROI eROI eBR ex etot expected counts

Ka1 (73.4 ÷ 74.1) keV 0.811 0.47 5.0 · 10�5 1.9 · 10�5 3.1 1

Ka2 (71.3 ÷ 72.0) keV 0.834 0.23 3.6 · 10�5 7.0 · 10�6 3.1 7

The null hypothesis (that there are only background X-rays) has a Poisson statistics in both ROI136

bins, and the corresponding likelihood (the probability distribution of the data) is137

L(z1, z2) =
b

z1

z1!
exp (�b)

b
z2

z2!
exp (�b) (6)

where z1 and z2 are, respectively, the measured counts in the first and in the second ROI. Similarly,138

the probability of obtaining counts that are higher than those actually measured in both ROI’s is given139

by the expression140

p =
•

Â
j=z1+1

b
z1

z1!
exp (�b)

•

Â
j=z2+1

b
z2

z2!
exp (�b) =

"
1 �

z1

Â
j=0

b
z1

z1!
exp (�b)

# "
1 �

z2

Â
j=0

b
z2

z2!
exp (�b)

#
(7)

which evaluates to 0.051 with the measured counts z1 = 1 and z2 = 7. This is a p-value that141

corresponds to 1.95 standard deviations, which is far too low to claim that the null hypothesis has been142

invalidated by data and that there is a violation of the Pauli Exclusion Principle.143

A 3s upper limit on the PEP violation probability b2/2 can be obtained from (5) with the144

approximation exp(�TiPcpt/Nt) ⇡ 1:145

b2

2
<

N3s

etotPcptNfreeNint
(8)
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Data analysis

1. Validity of null hypothesis (no violation)

2. Set a (frequentist) bound to the violation parameter

For the first step we need the Likelihood

L(z1, z2) =
bz1

z1!
exp(�b)

bz2

z2!
exp(�b)

<latexit sha1_base64="xcw5mhVrPh265W2k+FTdYx7AsKk="></latexit>

counts in the ROI's background level
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The p-value corresponding to the observed values can be calculated from 
the Likelihood

p =
1X

j=z1+1

bj

j!
exp(�b)

1X

k=z2+1

bk

k!
exp(�b)

=

2

41�
z1X

j=0

bj

j!
exp(�b)

3

5

2

41�
z2X

j=0

bk

k!
exp(�b)

3

5
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The 3sigma upper limit can be obtained from an approximation of the 
formula derived earlier 
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Is the computed number of scatterings the correct one?

The scatterings have been computed in the approximation of the Lorentz-Drude-
Sommerfeld model of conduction. If we turn to quantum mechanics, we find that a more 
refined description of the electrons in metals is provided by the Bloch wavefunctions. But 
what does a scattering mean in this context? 

An intuitive view was provided by Seitz, as shown in the figure. The motion in periodic 
crystals is mapped onto periodic orbits. The orbits are broken by any imperfection. 

So, in this view scatterings are only interruptions in the periodic motion. We should instead 
resort to close encounters to estimate the probability of capture.
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( )F.A. SadykoÕ et al.rWear 225–229 1999 649–655 651

Ž . Ž .Fig. 1. Microstructure of copper after treatment: a initial state; b cold
Ž .extrusion; c cold extrusion and subsequent annealing at 2008C.

formation of fragments with a fragment size of 0.1–0.2
Ž Ž ..mm Fig. 1 b and increases hardness up to 127 HV.

Annealing at 2008C during 0.2 h after extruding results in
Ž Ž ..a grain size growth to 2–3 mm Fig. 1 c and a decrease

of microhardness to 68 HV.
The distribution of microhardness on a surface layer

after wear shows that the thickness of a hardened surface
Ž .in copper after extruding 10 mm is less than in initial or

Ž .annealed states 20–50 mm .

Thus, the decrease of wear intensity in copper with the
SMC structure as compared with the coarse-grained struc-
ture occurs due to higher values of hardness and strong
hardening of the surface layer after friction. The sharp
increase of wear of deformed specimens after subsequent
annealing is caused by a significant reduction of internal

w xstresses at such temperatures as described in article 16 .

Fig. 2. Morphology of worn surfaces of submicrocrystalline copper after
Ž . Ž . Ž .friction, showing: a ‘granular’ wear scar; b ‘ductile’ wear scar; c fine

equiaxed particles.

The complex microstructure of annealed Cu, from Sadykov, Barykin and Aslanyan, Wear 

225-229 (1999) 649.
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The number of close encounters

The number of close encounters is obviously related to the number density of 

atoms in the sample. Taking the standard values of density and atomic weight of 

copper one finds 

which corresponds to an average atom-atom distance

This distance is traveled in a time

and therefore the frequency of close encounters is about 1016 Hz.

nCu ⇡ 8.5⇥ 1022 atoms/cm3

� ⇡ 2⇥ 10�10 m

�/vF ⇡ 10�16 s
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The electron wavefunction has a significant overlap with the atom during a 
time which has the same order of magnitude

and the radiative capture rate is of the order of the width of the Ka line, i.e. , 

then the radiative capture probability per close encounter is about 1/10.

Then 

�t ⇡ 2⇥ 10�16 s

� ⇡ 2.5 eV ! 6⇥ 10
14

Hz
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• The ancient Roman lead is an important resource for low-background 
experiments, and we have used it to obtain an exceptionally low noise 
measurement and an improvement over a previous bound on the 
violation of the Pauli Exclusion Principle. 

• Because of the comparatively short time since the recast into a new 
shape it was not possible to test the remnant X-ray signal in 
combination with the violation of the Exclusion Principle. 

• In the future it may be interesting to use different Roman lead pieces, 
where at least one piece has not been molten with other lead and 
recast, to find possible differences in their X-ray emission.
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Final conclusions

It is interesting to remark that taking the estimate of the observable mass 
of the whole universe, 

(roughly equivalent to 1028 Earths), and assuming that nearly all of this 
matter is composed of hydrogen atoms, we find that the total number of 
electrons in the observable universe is about 1079

Then, as a consequence, the best bound found here means that less 
than about 1036 electron pairs in the universe can actually have a wrong 
symmetry pairing (a total of about 108 on Earth, about 1 in 6·1016 kg of 
the Earth's mass)

M ⇡ 1.6⇥ 1055 g
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