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Electron and its mass

Seminaf ELI Beamlines Ctvrtek, 17.03.2016 14:00 - 16:00

Prednasejici: Prof. Johann Rafelski (The University of Arizona USA, Department of Physics)
Misto: Prednaskovy sal ELI. Za Radnici 835 252 41 Dolni Bfezany

Jazyk: anglicky

Poradatelé: Sekce realizace projektu ELI Beamlines

Abstract

Electron is the most enigmatic of all elementary particles due to its very small mass that defies understanding for more than a
century. In this lecture I will address the theories of the electron mass from historical perspective, leading to the understanding
that there must at least two phenomena, the Higgs coupling (material mass) and the electromagnetic field (field mass) that
contribute. | will describe the physics phenomena in the early Universe only seconds and minutes after the big-bang that
constrain electron mass value in this early stage and at high temperature. | will pose the question how we can use laser-
electron interaction to further the understanding of electron mass.
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Classical Electron

Maxwell: energy in the EM field distributed in space
H= /d3 [ (E*+B?) — iiﬁ] .
E=E +E& withV-£, =0, VxE =0.

In H no charge source! Coulomb field energy contributes to
mass of a charged particle. Physical reality: Coulomb field &, is
delocalized over the large volume.

1 - 1 1
mCc? = o /d3x 21— 87T//cl3yc'a’3’)cp()c’)’x_,,_)_C,‘,o(x) .

Mathematical convenience: Use the dynamical equations e.g.
insertion of the solution to V - £, = 4mp for £, to ‘localize ’ the
Coulomb energy content.
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Classical Electron

EM field mass magnitude verified for the case of atomic nuclei

MeV Z(Z-1
SMEM = 0.691— <A1 = )
N—_——
Ry~1.12 fmAl/3

e Characteristic Z, A dependence helps understand nuclear
masses.

e Large c26M (53,Pb) = 776 MeV ~ O(myc?)

o SMEMTield o 72 overwhelms for large Z the nuclear binding
scaling with A, stability limit for massive atomic nuclei

e 7> — 7 since we the EM contribution to proton mass
incorporated into definition of n1,,.

Johann Rafelski, March 17, 2016, ELI Electron and its mass 6/23




Classical Electron

Field energy mass unit charge: Begin with proton
A proton can be localized in space with precision
he

Ar = >
myc

=021fm <R, ~0.85fm

OK to evaluate field energy: we take homogeneous charged sphere

of radius R ,
652 _ Z-ahe r

. Z*ahc

RZ R’ & = r2
The two contributions, from within the charge sphere (r < R) and from
outside (r > R) the charge distribution are

Z2ahe
c.2_
m-c R

1
[(5> + 1>] — 0.165MeV + 0.825MeV .
<

Magnetic, and quark mass effects also contribute such that the proton
is slightly lighter §(m,, — m,)c*> = —1.293 MeV compared to its charge
neutral sibling, the neutron.
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Classical Electron

In Maxwell Electromagnetism field mass divergent for r — 0
1 = h e 1 1.4MeV f
mcczz—/d%cgf:gmr/ 1 e
8 8w 102 r ro

origin of problem: for small ry £, — oo Solution proposed by M. Born:
limiting field (that is limiting force, limiting acceleration) theory.
Vacuum is to be a medium such that

. Zaoh D,
V- D=drp—D =8 o6 =
r V1+D2/Eg,

Very elegant reformulation into Born-Infeld nonlinear EM:

& - B?

T = — [d'xy/=det g =5~ — _/d“x(\/—oletG—\/—detg)Ef3I

£2-B  (£-B?
Eg Ey

G/u/: v +F/J,I//EBI) det(G,“,):—l—k
X ——

symmetric  antisymmetric
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Classical Electron

... This is also my humble beginning
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Classical Electron

Going for EM electron mass: No GO

958 Vorums27,Numsir14 PHYSICAL REVIEW LETTERS 4Ocroser 1971

Superheavy Elements and an Upper Limit to the Electric Field Strength*

Johann Rafelski, Lewis P. Fulcher,f and Walter Greiner
Institut fitr Theoretische Physik der Universitit Frankfurt, Frankfurt am Main, Germany
(Received 9 August 1971)

An upper limit to the electric field strength, such as that of the nonlinear electrody-
namics of Born and Infeld, leads to dramatic differences in the energy eigenvalues and
wave functions of atomic electrons bound to superheavy nuclei. For example, the 15/,
energy lovel joins the lower continuum at Z =215 instead of Z =174, the value obtained
when Maxwell’s equations are used to determine the electric field.

IL NUOVO CIMENTO

Superheary El

Vor. 13B, N. 1

and Nonli

11 Gennaio 1973

Electrodynamics

J. Rarenskr W. GREiNer  and I, P, FuLcEer ()
Institut fiir Theoretische Physik der Umiumimz Frankfurt| Hain
Dep of Physics and Ast v, L ity of Maryland
(ricevuto il 5 Aprile 1972) - College Park, Md. (***)

Summary. — Maxwell's vt which underlie el d ics, are
linear equations. Nonlinear effects, such as photon-photon scattering,
are known to arise in quantum electrodynamies, and one might expeet
them to become important in the ease of strong external fields. We
investigate the consequences of a class of nonlinecar Lagrangians, which
includes that of Born and Infeld and whose commen property is that
they lead to upper limits forthe electric-field strength (somewhat analogous
to the upper limit for the velocity of a particle in special relativity).
These nonlinear Lagrangians also lead to a finite electromagnetic seli-
energy for the electron, unlike the case of Maxwellian electrodynamics.
The importance of nonlinear effects of course depends mpon the size of
the upper limit to the electric-field strength. 1f this upper Limit is deter-
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IL NUOVO CIMENTO Vor. 7B, N. 1
A Condition for Vanishing Electromag

in Nonlinear Classical Electrodynamics ().

J. Ra¥erskr, L. P. FuLouer (™) and W. GREINER '
Institut fiir Theoretische Physik der Uni; it Frankfurt - Frankf

S diti

11 Gennaio 1972
Self-Stress

(ricevuto il
26 Luglio 1971)

| Main

1 n 1f-st:

for a
is estab].\shed which also leads to a ﬁmﬁe electromagnetic self-energy.
Maxwell’s theory does not satisfy this A class of i

theories, which includes that of Born and Infeld, satisfies the condition.

PHYSICAL REVIEW A VOLUME 7, NUMBER 3 MARCH 19738

Lower Bound to Limiting Fields in Nonlinear Electrodynamics®

Gerhard Soff, Johann Rafelski, and Walter Greiner
Institut fiir Theoretische Physik der Universitit Frankfurt, Frankfurt am Main, Germany
(Received 31 August 1972)

In view of new high-precision experiments in atomic physics it seems necessary to reexamine nonlinear
theories of electrodynamics. The precise calculation of electronic and muonic atomic energies has been used
to determine the possible size of the upper limit E , to the electric field strength, which has been assumed
to be a parameter. This is opposed to Born’s idea of a purely electromagnetic origin of the electron’s mass
which determines E,,,. We find £ ,,,>1.7X10® V/cm.

COMPARE TO EXPERIMENTS AND
SET LIMIT ON Eg; PARAMETER




Relativistic Quantum Mechanics

1928/29: Beginning of a new scientific epoch
» 1928 Dirac invents the ‘Dirac’ equation

(E—V)U =a- (—ihV — eA)U + Bm¥
» 1929 Oscar Klein and Yoshio Nishina compute the
relativistic ‘Compton effect’ cross section
do 2 X /X N . 5 )
E:EW y-‘-x—zsln QCOSQ[) s
» ve — ~ve has in long wave length (Thompson) limit the total
integrated cross section
8 386 fm
a:665mb:?r(2), ro = 37
The ‘point electron’ in scattering presents itself much

bigger than the strongly interacting proton. Electron is a
point particle that is really not a point at all!
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Relativistic Quantum Mechanics

———————— virtual electron-positron pair is produced and
B later annihilated. This suggests electron is
big because of pair fluctuation in the
vacuum. Introduction of Feynman diagrams
— looses the deep insight that accompanied

— the early interpretation of KN computation.

_“: EH e
Space § _

€

Compton scattering

NON-CANCELING
In Feynman language

CONTRIBUTION TO KN

SCATTERIN . . .
Tass!czﬁl Thompson computation of electron-photon interaction

appears meaningless
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QFT and the electron

AFTER KN

e Vacuum is polarizable: eTe™ vacuum polarization effect screens
charge (renormalization) and balance acts to increase the strength of
the potential of a charge at short distances. (E.A.Uehling, 1935);

et
real bare
photon photon

o

¢ Plane waves travel in vacuum uninhibited. (J. Schwinger 1951)
How come vacuum is not opaque given all these virtual pairs and
huge KN cross section?

GAUGE INVARIANCE AND VACUUM POLARIZATION
We can conclude, without further caleulation, that  fexweu meld, wiich may be simplied further to
the physieal quunlities chamuelerizing the plune wave 2= FusFor= it P (8D (433)
field, the components of the cnCTgy-MOMERtum tensor Tt
Ty, will be entical in form with those of o constant  Thug, Lhere are oo nonlinear vacuun phenomena fora
field that oheys Eq, (£.34). On referring to Eq. (.57, single pline wave, of arhitcary stcength and spectral
we sot that T, for o plune wave is just that of the  eompusition.

672 JULIAN SCHWINGER
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QFT and the electron

IS MASS OF ELECTRON ELECTROMAGNETIC?

e Lambshift: A surprise that was not expected: allows to probe how

electron interacts with a photon at its location.

After introducing mass counter term and renormalizing the electron

mass, QED-Feynman framework provides computational capability, at

a prize (renormalizability in QED (Harvard Lecture 111-7)) !

‘-G\m‘e‘[)ﬁjziﬂ7 ot Salh)

From the bare Green’s function compute the renormalized Green's function as

GH(p) = T o;‘ Ghare(g) == P—mg+ dap— ?:i“t?-g‘*—gg[ﬂ) +

where the .- are formally @(¢') or higher. Then ‘mgy=mp + mpd,.,
. i i
iG(p) = P mptdop— (920, mp + alp) + - - #—mnr+ Er(p)
with Er(p) = Xalp) + dop — (3 +d2)ma + Ole ). To justify such treatment
rewrite the bare free Lagrangian in terms of renonmalized fields
£=i "0 — g V00 =i Zodh "t — ZoZmpd T
using Egs. ([9) and (20) this becomes

L= TP — m G By R syl B — mp(dy + 0, )0 BT
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QFT and the electron

Higgs mass of particles

AN BU,  MUUED VUR SUHONG LHUEHAUILON SYMBSTHY AND LUS BREARLHG
3

Bisl ]

@ sl

of three fuw The aces

brealk up into s Eoch nece

¥ Trastionally

lopted s

. Broken Symmetries and the
8 Masses of Gauge Bosons

Feter W. Higgs
Phys. Rev. Lett. 13, 508 (1964)
Published Octcber 13, 1964

g Nearly 50 years after its prediction, particle physicists
0 : " have finally captured the Higgs boson.

A schematic model of
baryons and mesons
M. Gell-Mann

California Institute of Technology,
Pasadena, California, USA
Received 4 January 1964,

Physics Letters

Volume 8, Issue 3,
1 February 1964, Pages 214-215

Mass

Broken Symmetry and the
Mass of Gauge Vector Mesons

F. Englert and R. Brout
Phys. Rev. Lett. 13,321 (1964)
Published August 31, 1964




QFT and the electron

MASS OF ELECTRON

e EM mass in the field (as described) O(1 — 3) MeV

e Higgs ‘material’ mass due to ‘minimal’ coupling

_ V20.511 MeV
L=guep¥V¥, 8H—e = T046Gev

=29410"°
Coupling exceedingly weak.

e EM acceleration attaches to electron charge but how does this play
out with two mass components?

o What if mass contributions are large and difference is small?
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Cosmology and the electron

OTHER INFORMATION ON ELECTRON MASS

Once upon a time: Universe filled with a dense electron plasma at a
temperature T a few MeV.

t s
101 10% 10'° 10" 10" 10" 10" 10%° 10° 10° 107 10° 10° 10* 10° 10% 10 10° 107 10 10% 10%10°
I T T T T T T T T E T T T T T T
J. Birrelli& J. Rafelski (2014/15)

5

Dark Energy
Dark Matter
Hadrons

Energy Density Fraction

10° 109
b
i
i
{
10 ;:, 10%
i
! ! ! i
10° 102 10t 102 10% 104 TeeN 108 10 Qco
T [eV]
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Cosmology and the electron

Dense Packed Electrons and Positrons in the Early Universe

T/m.
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Cosmology and the electron

Reheating

Once a family ‘i’ of particles decouples at a photon temperature
of T;, a difference in its temperature from that of photons will
build up during subsequent reheating periods as other particles
feed their entropy into photons. This leads to a temperature
ratio at T, < T; of

gi@)l“ |

g3 (T)

This determines the present day reheating ratio as a function of
decoupling temperature T; throughout the Universe history.
Example: neutrinos colder compared to photons.

Reheating ‘hides’ early freezing particles: darkness

R=T;/T, = (
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Cosmology and the electron

Reheating History

3
LatticeQCcD | =
[ |===Ideal Gas Approximation .- Dissppeasings of
251 P top, Higgs, Z. and
. N w
i Disappearance of
bottom, tau,
) ’ and charm
=5 5 '
= ;
=
B disappear .
resonances and muons
e* annihilation, photon
15 reheating, and nentrino
freeze-out
; J. Birrell and J. Rafelski (2014)
I I I I I I I
3 E ) 1 2 3 4 5
10 1 10 1 10 0 10 10

Time 0 0 7
O o M T; [MeV]

Figure: The reheating ratio reflects the disappearance of degrees of
freedom from the Universe as function of T;. These results are for adiabatic
evolution of the Universe. Primordial dark matter colder by factor 3. Particles
decouple at QGP hadronization colder by factor 2.
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Cosmology and the electron

Neutrino count as an observable

The sp[eed of expansion of Universe fine tuned to produce
fluctuations in CMB. This sets limit on how much energy
neutrinos can carry pushing the Universe apart. It so happens
that electron mass directly impacts this.

ScienceDirect

Nuclear Physics B 890 (2015) 481-517

Relic neutrino freeze-out: Dependence on naturalconstants

Jeremiah Birrell “"*, Cheng Tao Yang ", Johann Rafelski®

721, USA

" Department of Physics, Ush
© Department of Physics and Graduate Instiute of Astrophysics, National Tawan University, Taipei, 10617, Taiwan

Received 9 June 2014; eceived in rovis

ember 2014; accepted 22 November 2014
r2014

Editor: Tommy Ohlsson
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s favors an effective number of neutri-
t process. Here we charactrize the
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Cosmology and the electron

Observable neutrino reheating as function of electron mass

4

3.8

3.6

14

3.4

3.2
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Cosmology and the electron

CONCLUSIONS

Unpredictable insight into connection of electrons masses and
charge awaits discovery
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