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Jako hodit Sestkrat za sebou Sestk
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BREAKING NEWS...

Suggestions of a new force echo the ancient quest for
fundamental elements

Results from a particle physics experiment at Fermilab outside
Empedocles, a philosopher from 5th century BCE Greece is thought
to have ...

The 5" Force??? { in 1 minute!

Silny naznak novej fyziky.
Nestabilna castica sa nesprava
tak, ako by mala
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Na nové vysledky ¢akali dvadsat rokov.
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Magnetic moment: introduction

U=—ji-B
classically: / \ QM:
q 7 —

2m m
i.e. the magnetic dipole moment
is proportional to the
of charged particles
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first evidence of the electron g-2

Aj #0 fine structure Dirac equation
5 N
} AV Lamb shift QED
. An # 0 gross structure QM (Bohr model)

g QED



The muon g-2 experiment

First we need to create muons and them

shooting protons on a target we get pions
T U+,
L €+ Ve + Uy,



The muon g-2 experiment
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The muon g-2 experiment




BNL-E821 (1997-2001)
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The magnet on the move in 2013. Cindy
Arnold/Fermilab, via US Department of Energy

A new campus at the Fermilab was built in 2013 to
study muons. Reidar Hahn/Fermilab, via US Department
of Energy
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Extracting a,
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Extracting a,

Fermilab Muon g-2 Collaboration

Production Run 1, 22-25 Apr 2018 ol < T -

PRELIMINARY, no quality cut R 10 50 100 150 200 250 300 350
Phi [deg]

40 -20 0 20

10 20 30 40 50 60 70 80 90 )
time modulo 100 us Transverse Azimuthal

Table 2: Summary of the reported and expected relative uncertainties on the muon
anomaly measurements.

5a,/a, ES21 (BNL) E989 (FNAL)
[ppb] [ppb]

w, statistic 480 140
w, Systematic 180 70
@, systematic 170 70
Total 540
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Status and plans
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Last update: 2021-04-22 00:29 ;

Muon g-2 (FNAL)

Total = 10.85 (xBNL)

e Run-1 results presented on April 7
o 15% smaller uncertainty than BNL
o 3.3 o tension with theory

e Run-4 currently ongoing

e Run-5 will start in fall
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Theory: short historical overview of muon

e 1936: discovery of “mesotron”, C.Anderson, S.Neddermeyer
o 1941- . it cannot be meson (Yukawa's particle),

but rather fermion — u-on
e muons are about 200 times heavier than electron

me = 0.011 MeV, m, = 105.66 MeV

e |.I. Rabi: “Who ordered that?”

15



QED: renormalization

June 1947: Shelter Island Conference (NY)

At this site a small group of theoretical physicists met soon after World War II,
and in a burst of pent up energy after five war years doing military science,

attacked several of the most important problems of the time to achieve dramatic

understanding of some fundamental questions in quantum physics.
HISTORIC PHYSICS SITE, REGISTER OF HISTORIC SITES
AMERICAN PHYSICAL SOCIETY
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QED: historical overview

it took 20 years to realize how to get from Dirac 1928 to Schwinger 1947

~
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Theory prediction

Contributions to anomalous magnetic moment of lepton /=¢, u, 7

g — 2
2

—

SM ED EW had, VP had, LbL
a" =a’’ +a" +a,"" +a
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Theory prediction: QED

QBED = Ay + Ao(mu/me) + As(mu/m-) + As(my/me, my./m:)

/ AN

universal mass dependence due to /
different masses in loops

2
typically expanded in 12 x (4) «
fine structure constant: Al — Al (; + Al ; + ...



LETTERS TO THE EDITOR

APPARENT RANGE mg/em®
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FIG. 2. Feather plot for Ca%,

12,000 counts per minute, and the contribution due to
gamma-rays and other unabsorbed contaminants was less
than one part in 3000 with the strongest source, thus
indicating the absence of any appreciable amount of
gamma-radiation. The absorption curve obtained with the
strongest source is shown in Fig. 1. The Feather plot,
shown in Fig. 2, gives a range of 641 mg/cm?.

Glendenin* has shown that a reliable range-energy curve
for the low energy region can be derived from the data of
Marshall and Ward?® for monoenergetic electrons and beta-
ray spectrograph data on low energy beta-emitters. Glen-
denin’s curve is identical with that of Marshall and Ward
below 0.5 Mev. Using this range-energy curve, we have
found that the Ca® beta-radiation has a maximum energy
of 2605 kev. We have found no evidence of any harder
beta-radiation, or of any gamma-radiation at all in the
course of this investigation.®

Acknowledgments—This work has been supported with
funds from the Office of Naval Research. The authors wish
to express their appreciation to Miss Jacqueline Becker for
her assistance in making the counts.

1 Walke, Thompson, and Holt, Phys. Rev 57. 171 (1940).
and Anfinsen, Phys. 599 ( 72)1097 (1947).

escarch 15, 20 (1939)
ent with a value of 250 kev, given in
Sze List No. 2, revised Septembef, 1947,
pes Branch. United States Atomic Energy Commis-
nfortunately, the Atomic Energy Commission’s result is not
Supported by any pablished experimental evidence.

On Quantum-Electrodynamics and the
Magnetic Moment of the Electron
JULIAN SCHWINGER

Harvard University, Cambridge, Massachuseits
December 30, 1947

TTEMPTS to evaluate radiative corrections to elec-
tron phenomena have heretofore been beset by di-
vergence difficulties, attributable to self-energy and
vacuum polarization effects. Electrodynamics unquestion-
ably requires revision at ultra-relativistic energies, but is
presumably accurate at moderate relativistic energies. It
would be desirable, therefore, to isolate those aspects of the
current theory that essentially involve high energies, and
are subject to modification by a more satisfactory theory,
from aspects that involve only moderate energies and are
thus relatively trustworthy. This goal has been achieved by
transforming the Hamiltonian of current hole theory elec-
trodynamics to exhibit explicitly the logarithmically di-
vergent self-energy of a free electron, which arises from

the virtual emission and absorption of light quanta. The
electromagnetic self-energy of a free electron can be
ascribed to an electromagnetic mass, which must be added
to the mechanical mass of the electron. Indeed, the only
meaningful statements of the theory involve this combina-
tion of masses, which is the experimental mass of a free
electron. It might appear, from this point of view, that
the divergence of the electromagnetic mass is unobjection-
able, since the individual contributions to the experimental
mass are unobservable. However, the transformation of the
Hamiltonian is based on the assumption of a weak inter-
action between matter and radiation, which requires that
the electromagnetic mass be a small correction (~(e?/Ac)mo)
to the mechanical mass mo.

The new Hamiltonian is superior to the original one in
essentially three ways: it involves the experimental elec-
tron mass, rather than the unobservable mechanical mass;
an electron now interacts with the radiation field only in
the presence of an external field, that is, only an accelerated
electron can emit or absorb a light quantum;* the inter-
action energy of an electron with an external field is now
subject to a finite radiative correction. In connection with
the last point, it is important to note that the inclusion of
the electromagnetic mass with the mechanical mass does
not avoid all divergences; the polarization of the vacuum
produces a logarithmically divergent term proportional to
the interaction energy of the electron in an external field.
However, it has long been recognized that such a term is
equivalent to altering the value of the electron charge by a
constant factor, only the final value being properly identi-
fied with the experimental charge. Thus the interaction
between matter and radiation produces a renormalization
of the electron charge and mass, all divergences being
contained in the renormalization factors.

The simplest example of a radiative correction is that
for the energy of an electron in an external magnetic field.
The detailed application of the theory shows that the
radiative correction to the magnetic interaction energy
corresponds to an additional magnetic moment associated
with the electron spin, of magnitude &u/u= (}r)e?/hc
=0.001162. It is indeed gratifying that recently acquired
experimental data confirm this prediction. Measurements
on the hyperfine splitting of the ground states of atomic
hydrogen and deuterium! have yielded values that are
definitely larger than those to be expected from the directly
measured nuclear moments and an electron moment of one
Bohr magneton. These discrepancies can be accounted for
by a small additional electron spin magnetic moment.?
Recalling that the nuclear moments have been calibrated
in terms of the electron moment, we find the additional
moment necessary to account for the measured hydrogen
and deuterium hyperfine structures to be u/u=0.00126
+0.00019 and 5u/us=0.00131-0.00025, respectively. These
values are not in disagreement with the theoretical predic-
tion. More precise conformation is provided by measure-
ment of the g values for the S}, 2P}, and 2Py, states of
sodium and gallium.? To account for these results, it is
necessary to ascribe the following additional spin magnetic

moment to the electron,|8u/x=0.001180.00003.

The radiative correction to the energy of an electron in
a Coulomb field will produce a shift in the energy levels
of hydrogen-like atoms, and modify the scattering of elec-
trons in a Coulomb field. Such energy level displacements
have recently been observed in the fine structures of hydro-
gen,* deuterium, and ionized helium.® The values yielded
by our theory differ only slightly from those conjectured
by Bethe® on the basis of a non-relativistic calculation, and
are, thus, in good accord with experiment. Finally, the
finite radiative correction to the elastic scattering of elec-
trons by a Coulomb field provides a satisfactory termina-
tion to a subject that has been beset with much confusion.

A paper dealing with the details of this theory and its
applications is in course of preparation.

* A classical non-relativistic theory of this type was discussed b
H. A. Kramers at the Shelter Island Conference, held in June 1947
undfr theN au:mces of the National Academy of Sciences.
D.

E. B. Nelson, and I. I. Rabi, Phys. Rev. 914 (1947);
Do Nagel, R. S. Julian, and J. Zacharias, Phys. Rev. 72, 971

1 G. Breit, Phys. Rev. 71, 984 (1947). However, Breit hasnotcorrectly
drawn the consequences of his empirical hypothesis. The effects of a
nuclear magnetic field and a constant, magnetic field do not involve
different combmatwns of pand

SE. H. M. Foley, Phys. Rev. 72, 1256 (1947), and further
unpubhshed work

Lamb, Jr. and R. C. Retherford, Phys. Rev. 72, 241 (1947).
'J E.'Mack and N. Austern, Phys. Rev. 72, 972 (1947).
¢ H. A. Bethe, Phys. Rev. 72, 339 (1947).

with the electron spin, of magnitude é&u/u
=0.001162. It is indeed gratifying that recently
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QED: renormalization

Schwinger Tomonaga

Feynman

Oppenheimer: “other people give talks to
tell you how to do it, but Julian gives talks
to tell you how only he can do it."

1949: QED theory as we know it
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2-loop contributions: 2 years later

PHYSICAL REVIEW VOLUME 77, NUMBER 4 FEBRUARY 15,

Fourth-Order Corrections in Quantum Electrodynamics and the Magnetic
Moment of the Electron

RoBERT KARPLUS* AND NorMAN M. Krorit}
Institute for Advanced Study, Princeton, New Jersey

(Received October 17, 1949)

The covariant S matrix formalism of Dyson has been applied to the calculation of the fourth-order radia-
tive correction to the magnetic moment of the electron. Intermediate results for the covariant A-functions
which describe the interaction of virtual electrons and photons with the vacuum are given to order a. The
addition to the magnetic moment to order o? is found to be finite after the charge of the electron is renor-
malized consistently. This correction amounts to —2.97a%/7* Bohr magneton so that the magnetic moment

of the electron is x=1.001147 Bohr magnetons.

ECENT developments in the techniques of
quantum electrodynamics, and in particular the
general considerations of Dyson,! have shown that the

radiative corrections to the motion of the electron can
be made finite in all orders by the consistent use of the
ideas of charge and mass renormalization. The renor-
malizations are, of course, infinite, so that one is forced
to regard the present form of the theory as provisional.
Still, the fact that one can give an unambiguous, con-
sistent, and sensible prescription for dealing with this
situation, and the excellent experimental verification
accorded the second-order effects already computed,
suggest that an investigation of a fourth-order effect
might be of value: first, in order to make possible a
sensitive test of the agreement of the theory in its
present form with experiment and second, to demon-
strate in a complete calculation of a particular example

* Frank B. Jewett Fellow.
t National Research Council Fellow.
tNow at Columbla University, New York, New Y
F. J. Dyson, Phys, Rev. 75, 486, 1736 (1949), henceforth
ml.led I and II, respectively.

the feasibility of Dyson’s program. The magnetic
moment of the electron was chosen for investigation
because it promised to present the least difficulties of
computation while it does contain those points of
theoretical interest which are relevant to the difficulties
of quantum electrodynamics. Furthermore, in view of
the success already achieved in the measurement of the
anomalous moment of the electron,? it appears that the
fourth-order effect may be accessible to experiment.

METHOD OF CALCULATION

We shall begin with a discussion of the fourth-order
corrections to the elastic scattering of an electron by an
an external electromagnetic field. The question of
isolating that part of the scattering which may be
attributed to an anomalous magnetic moment will be
discussed in a later section.

In evaluating the matrix element describing the
scattering, the methods of Dyson have been followed
quite closely. We, therefore, require the fourth-order

2 P, Kush and H. M. Foley, Phys. Rev. 74, 250 (1948).

_ + 7° — 972 1n2 4+ 28((3)

two independent calculations lead to:

17 47
—3—m?+ 972 In2—18L,——L,
4

N J
Y

—2.97

197 1 , 1

3
— —m?ln2+ - = —(
144+ Sk 57 n +4C(3) 0.33
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2-loop Feynman diagrams
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3-100p: 72 diagrams to calculate

analytical result in [Laporta, Remiddi ‘96] after cracking the triple cross diagram

98259 17101 ., 298 139 239 , 83 215
6 2_ 2 . 4 =Y 2 .
A= et T 0 ™ 9 " M2+ 5 CB) = g1pe™ T g™ $B3) =5 ¢)
100 1 1
T (1/2 —142——2122}:1.181241...
+3{14(/)+z4ﬁ 24"
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Higher order QED

ABSTRACT

I have evaluated up to 1100 digits of precision the contribution of the 891 4-loop Feynman diagrams
contributing to the electron g-2 in QED. The total mass-independent 4-loop contribution is

a4
a, = —1.912245764926445574152647167439830054060873390658725345. . (;)

I have fit a semi-analytical expression to the numerical value. The expression contains harmonic
polylogarithms of argument e, e%l, e'Z, one-dimensional integrals of products of complete elliptic
integrals and six finite parts of master integrals, evaluated up to 4800 digits.
© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

ALY = 6.678(192)
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Table 2. Contribution to a..

contribution value in units of 10~

AP (a/m) 1161 409 733.640 + 0.720
A — 1772 305.065 £ 0.003
A 14 804.203

A — 55.667

Most precise measurement:
Harvard group “11

Jear _ 1,001 159 652 180 73(28) [0.28 ppt]

€

(

]:

(

1

(
1 -

Ail O (a/)’ 0.451 + 0.013 2

Ay

(

2

(

2

(

2

(

2

(

2

4
5
8
1
4

me /My, o/m)? 2.804 gth

( )(
A e/ ~oon I — 1.001 159 652 182 032(13)(12) (720
A, gmé/m#)(u/w)4 0.026 2 ( )( )( )
)
)(
(

)
%)
%)

A (me/m,) (a/)° —0.0002
4_4)(1715/1717 a/T)? 0.010
4~)) (me/m)(a/7)>
ae(hadronic v.p.) .8490 + 0.0108
ae(hadronic v.p.,NLO) 0.2213 £ 0.0012
ae(hadronic v.p.,NNLO) () 0280 + 0.0002
(
(

a; hadronic 1-1 ) .0370 £ 0.0050
€

a.(weak) () 0 3053 £+ 0.00023
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Electroweak corrections: muon g-2
AV

194.82(2) x 10~

153.2(1.0)(1.5) x 107"

—42(2) x 1071

153.6(1.0)

3-loop LL approx 04+02x 101 28



Hadronic contributions

vacuum polarization

Aa,(x10M) = 6845(40)

light-by-light scattering

92(18)
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Summary of theory vs experiments

1011
a, (FNAL) = 116592040(54)

FermilLab

a, (BNL) = 116592089(63)

a, (comb.) = 116592061 (41)

————
average

116591810 116592060

nb. Aa, = 250(60) ~ 1.5 x a/]fW 30



Our group “contributions”

KK, Moussallam ‘09
KK, Novotny ‘11 + Kadavy in prep.
Husek, KK, Novotny,
Sanchez-Puertas, Vasko
Masjuan, Sanchez-Puertas ‘17
KK, Koval

model alrjbyLm x 1011
VMD 57.2
LMD 73.7

LMD+V “on-shell” 58.2
LMD+V “off-shell” 72+12
this work 65.8 £1.2

31



The most precise physical measurement?

e Yes, if physical means in some sense fundamental
e Yes, if we are talking about electron g-2

e Yes, if no “null results” are considered

[pdg] photon mass < 1x1078 eV
[MICROSCOPE] weak equivalence principle ~ 10"°
ratio of electron and proton charge




Conclusion

electron g-2 is the most precise fundamental physical measurement
muon g-2 is a possible window to new physics

both played important role in particle physics development (past 74 years)
NP hint? ->

only one hint? ->

only one (and half) experiment on g-2? ->

m different method: well controlled muon beam
m 2020-2023 construction

THANK YOU!
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