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The muon anomalous magnetic moment is one of the most precisely measured quantities
in particle physics. In a recent experiment at Brookhaven it has been measured with a
remarkable 14-fold improvement of the previous CERN experiment reaching a precision
of 0.54 ppm. Since the first results were published, a persistent “discrepancy” between
theory and experiment of about 3 standard deviations is observed. It is the largest
“established” deviation from the Standard Model seen in a “clean” electroweak observable
and thus could be a hint for New Physics to be around the corner. This deviation triggered
numerous speculations about the possible origin of the “missing piece” and the increased
experimental precision animated a multitude of new theoretical efforts which lead to
a substantial improvement of the prediction of the muon anomaly a, = (g, — 2)/2.
The dominating uncertainty of the prediction, caused by strong interaction effects, could
be reduced substantially, due to new hadronic cross section measurements in electron-
positron annihilation at low energies. Also the recent electron g — 2 measurement at
Harvard contributes substantially to progress in this field, as it allows for a much more
precise determination of the fine structure constant « as well as a cross check of the status
of our theoretical understanding.

In this report we review the theory of the anomalous magnetic moments of the electron
and the muon. After an introduction and a brief description of the principle of the muon
g — 2 experiment, we present a review of the status of the theoretical prediction and in
particular discuss the role of the hadronic vacuum polarization effects and the hadronic
light-by-light scattering correction, including a new evaluation of the dominant pion-
exchange contribution. In the end, we find a 3.2 standard deviation discrepancy between
experiment and Standard Model prediction. We also present a number of examples of how
extensions of the electroweak Standard Model would change the theoretical prediction of
the muon anomaly a,,. Perspectives for future developments in experiment and theory are
briefly discussed and critically assessed. The muon g — 2 will remain one of the hot topics
for further investigations.
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1. Introduction

The electron’s spin and magnetic moment were evidenced from the deflection of atoms in an inhomogeneous magnetic
field and the observation of the fine structure by optical spectroscopy [1,2]. Ever since, magnetic moments and g-values of
particles in general and the g — 2 experiments with the electron and the muon in particular, together with high precision
atomic spectroscopy, have played a central role in establishing the modern theoretical framework for particle physics. That
is relativistic quantum field theory in general and quantum electrodynamics in particular, the prototype theory which
developed further into the so called “Standard Model” (SM) of electromagnetic, weak and strong interactions based on a
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local gauge principle and spontaneous symmetry breaking. The muon g — 2 is one of the most precisely measured and
theoretically best investigated quantities in particle physics. Our interest in very high precision measurements is motivated
by our eagerness to exploit the limits of our present understanding of nature and to find effects which cannot be explained
by the established theory. More than 30 years after its invention this is still the SM of elementary particle interactions, a
SU3). ® SU2). ® U(1)y gauge theory broken to SU(3), ® U(1)em by the Higgs mechanism, which requires a not yet
discovered Higgs particle to exist.

Designed to be a local, causal and renormalizable quantum field theory, quarks and leptons are allowed to come only
in families in order to be anomaly free and not to conflict with renormalizability. So we have as the first family the quark
doublet (u, d) of the up and down quarks accompanied by the lepton doublet (v, e~) with the electron neutrino and the
electron, with the left-handed fields in the doublets and all their right-handed partners in singlets. All normal matter is
made up from these 1st family fermions.

Most surprisingly a second and even a third quark-lepton family exist in nature, all with identical quantum numbers,
as if nature would repeat itself. The corresponding members in the different families only differ by their mass where the
mass scales span an incredible range, from m,, < 1073 eV for the electron neutrino to m; ~ 173 GeV for the top quark. The
existence of three families allows for an extremely rich pattern of all kinds of phenomena which derive from the natural
possibility of mixing of the horizontal vectors in family space formed by the members with identical quantum numbers. The
most prominent new effects only possible with three or more families is CP violation.

The first member of the second family that was discovered was the muon (u). It was discovered in cosmic rays by
Anderson & Neddermeyer in 1936 [3], only a few years after Anderson [4] had discovered (also in cosmic rays) in 1932
antimatter in form of the positron, a “positively charged electron” as predicted by Dirac in 1930 [5]. The © was another
version of an electron, just a heavier copy, and was extremely puzzling for physicists at that time. Its true nature only became
clear much later after the first precise g — 2 experiments had been performed. In fact the muon turns out to be a very special
object in many respects as we will see and these particular properties make it play a crucial role in the development of
elementary particle theory.

The charged leptons primarily interact electromagnetically with the photon and weakly via the heavy gauge bosons
W and Z, as well as very much weaker also with the Higgs. Puzzling enough, the three leptons e, u and t have identical
properties, except for the masses which are given by m, = 0.511 MeV, m, = 105.658 MeV and m, = 1776.99 MeV ,
respectively. As masses differ by orders of magnitude, the leptons show very different behavior, the most striking being the
very different lifetimes. Within the SM the electron is stable on time scales of the age of the universe, while the  has a
short lifetime of r, = 2.197 x 107° s and the 7 is even more unstable with a lifetime 7, = 2.906 x 10~'* s only. Also,
the decay patterns are very different: the .« decays very close to 100% into electrons plus two neutrinos (ev.v, ), however,
the T decays to about 65% into hadronic states 7 ~v;, # 7%y, ... while the main leptonic decay modes only account for
17.36% (v~ v, v; ) and 17.85% (e™ v, v, ), respectively. This has a dramatic impact on the possibility of studying these particles
experimentally and to measure various properties precisely. The most precisely studied lepton is the electron, but the muon
can also be explored with extreme precision. Since the muon turns out to be much more sensitive to hypothetical physics
beyond the SM than the electron itself, the muon is much more suitable as a “crystal ball” which could give us hints about
not yet uncovered physics. The reason is that some effects scale with powers of mﬁ, as we will see below. Unfortunately,
the 7, where new physics effects would be even more visible, is so short lived, that the corresponding experiments are not
possible with present technology.

As important as charge, spin, mass and lifetime, are the magnetic and electric dipole moments which are typical for
spinning particles like the leptons. Both electrical and magnetic properties have their origin in the electrical charges and
their currents. Magnetic monopoles are not necessary to obtain magnetic moments. On the classical level, an orbiting particle
with electric charge e and mass m exhibits a magnetic dipole moment given by

= 1 1

M= (M
where L = mF x ¥ is the orbital angular momentum (7 position, ¥ velocity). An electrical dipole moment can exist due to
relative displacements of the centers of positive and negative electrical charge distributions. Magnetic and electric moments
contribute to the electromagnetic interaction Hamiltonian with magnetic and electric fields

- -

H = —fim-B—d,E, (2)

where Band E are the magnetic and electric field strengths and /i, and ae the magnetic and electric dipole moment operators.
Usually, we measure magnetic moments in units of the Bohr magneton g which is defined as follows

Up = = 5.788381804(39) x 107! MeV T~ 1. (3)

me

Here T as a unit stands for 1 Tesla = 10 Gauss.!

T we will use the SI system of units, where T = V s m~2 and the electric charge e is measured in Coulomb. The Bohr magneton is then defined by
e = eli/2m,, but we will set i = ¢ = €9 = 1 throughout this article.



4 F. Jegerlehner, A. Nyffeler / Physics Reports 477 (2009) 1-110

For a particle with spin the magnetic moment is intrinsic and obtained by replacing the the angular momentum operator
L by the spin operator

S=—, (4)

N Qe

where o; (i = 1, 2, 3) are the Pauli spin matrices. Thus, generalizing the classical form (1) of the orbital magnetic moment,
one writes

- -

N o - g
Um = gQuoE, d. = nQpLoE, (5)

where o = e/2m, Q is the electrical charge in units of e, Q = —1 for the leptons (¢ = e, u, 7), Q = +1 for the antileptons
and m is the mass. The equations define the gyromagnetic ratio g (g-factor) and its electric pendant n, respectively, quantities
exhibiting important dynamical information about the leptons as we will see later. The deviation from the Dirac value
8¢/2 = 1, obtained at the classical level, is

_ 82
)
the famous anomalous magnetic moment and a,, is the quantity in the focus of this review.
The magnetic interaction term gives rise to the well known Zeeman effect: level splitting seen in atomic spectra. If spin is
involved one calls it anomalous Zeeman effect. The latter obviously is suitable to study the magnetic moment of the electron
by investigating atomic spectra in magnetic fields.
The most important condition for the anomalous magnetic moment to be a useful monitor for testing a theory is its
unambiguous predictability within that theory. The predictability crucially depends on the following properties of the
theory:

(6)

ag

- it must be a local relativistic quantum field theory and
- it must be renormalizable.

This implies that g — 2 vanishes at tree level and cannot be an independently adjustable parameter in any renormalizable
QFT. This in turn implies that for a given theory [model] g — 2 is an unambiguously calculable quantity and the predicted
value can be confronted with experiments. Its model dependence makes a,, a good monitor for the detection of new physics
contributions. The key point is that g — 2 can be both precisely predicted as well as experimentally measured with very high
accuracy. By confronting precise theoretical predictions with precisely measured experimental data it is possible to subject
the theory to very stringent tests and to find its possible limitations.

The anomalous magnetic moment of a lepton is a dimensionless quantity, a number, which in QED may be computed
order by order as an expansion in the fine structure constant «. Beyond QED, in the SM or extensions of it, weak and strong
coupling contributions are calculable. As a matter of fact, the interaction of the lepton with photons or other particles induces
an effective interaction term

sLog™ = —%g ﬁ (VL) Fuy YR (%) + YR Fy ) Y1.(%) } 7)
where v and v are Dirac fields of negative (left-handed L) and positive (right-handed R) chirality and F,,, = 9,A, — 9,A,
is the electromagnetic field strength tensor. It corresponds to a dimension 5 operator and since a renormalizable theory is
constrained to exhibit terms of dimension 4 or less only, such a term must be absent for any fermion in any renormalizable
theory at tree level.

The dipole moments are very interesting quantities for the study of the discrete symmetries. A basic consequence of any
relativistic local QFT is charge conjugation C, the particle-antiparticle duality [5] or crossing property, which implies in the
first place that particles and antiparticles have identical masses and spins. In fact, charge conjugation turned out not to be a
universal symmetry in nature. Since an antiparticle may be considered as a particle propagating backwards in time, charge
conjugation has to be considered together with time-reversal T (time-reflection), which in a relativistic theory has to go
together with parity P (space-reflection). The CPT theorem says: the product of the three discrete transformations, C, P and
T, taken in any order, is a symmetry of any relativistic local QFT. Actually, in contrast to the individual transformations C,
P and T, which are symmetries of the electromagnetic- and strong-interactions only, CPT is a universal symmetry and it is
this symmetry which guarantees that particles and antiparticles have identical masses and lifetimes in theories like the SM,
where C, P and T are not conserved.

The properties of the dipole moments under C, P and T transformations may be obtained easily by inspecting the
interaction Hamiltonian in Eq. (2). Naively, one would expect that electromagnetic (QED) and strong interactions (QCD)
give the dominant contributions to the dipole moments. However, both preserve P and T and thus the corresponding
contriblitions to (2) must conserve these symmetries as well. On one hand, both the magnetic and the electric dipole moment
,z}m and d, are axial vectors as they are proportional to the spin vector &. On the other hand, the electromagnetic fields E and
B transform as vector and axial vector, respectively. An axial vector changes sign under T, but not under P, while a vector
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changes sign under P, but not unfler I Hence, in P and/or T conserving theories only the magnetic term — i, - Bis allowed
while an electric dipole term —d, - E is forbidden. Consequently,  in (5) would have to vanish exactly. However, as the
weak interactions violate parity maximally, weak contributions to n cannot be excluded by the parity argument. The actual
constraint here comes from T, which by the CPT-theorem is equivalent to CP. CP is also violated by the weak interactions,
but only via fermion family mixing in the Yukawa sector of the SM. Therefore, electron and muon electric dipole moments
are suppressed by approximate T invariance in the light fermion sector at the level of second order weak interactions (for a
theoretical review see [6,7]). In fact experimental bounds tell us that they are very tiny [8]

|d.] < 1.6 x 107% e cm at 90% CL (8)

This limit also plays an important role in the extraction of a,, from experimental data, as we will see later. A new dedicated
experiment for measuring the muon electric dipole moment (EDM) in a storage ring is under discussion [9].

Berestetskii's argument of a dramatically enhanced sensitivity [ 10] for short distances and for heavy new physics states
attracted new attention for the muon anomalous magnetic moment. One of the main features of the anomalous magnetic
moment of leptons is that it mediates helicity flip transitions. For massless particles helicity would be conserved by all
gauge boson mediated interactions and helicity flips would be forbidden. For massive particles helicity flips are allowed and
their transition amplitude is proportional to the mass of the particle. Since the transition probability goes with the modulus
square of the amplitude, for the lepton’s anomalous magnetic moment this implies that quantum fluctuations due to heavier
particles or contributions from higher energy scales are proportional to

mg
sa, V2 M > my), (9)

where M may be

- the mass of a heavier SM particle, or
- the mass of a hypothetical heavy state beyond the SM, or
- an energy scale or an ultraviolet cut-off where the SM ceases to be valid.

Since the sensitivity to “new physics” grows quadratically with the mass of the lepton, the interesting effects are magnified
in a, relative to a, by a factor (m,,/ me)? ~ 4 x 10% at a given resolution (precision). Yet, the heavier the state, the smaller
the effect (it decouples quadratically as M — o00). Thus we have the best sensitivity for nearby new physics, which has
not yet been discovered by other experiments. This is why a,, is a predestinated “monitor for new physics”. By far the
best sensitivity we would have for a,, if we could measure it with comparable precision. This, however, is beyond present
experimental possibilities, because of the very short lifetime of the 7.2

Until about 1975 searching for “new physics” via a,, in fact essentially meant looking for physics beyond QED. As we
will see later, the SM hadronic and weak interaction effects also carry the enhancement factor (m,, /me)?, and this is good
news and bad news at the same time. Good news because of the enhanced sensitivity to many details of SM physics like
the weak gauge boson contributions, bad news because of the enhanced sensitivity to the hadronic contributions which are
very difficult to control and in fact limit our ability to make predictions at the desired precision. This is why the discussion
of the hadronic contributions will cover a large fraction of this review.

The pattern of lepton anomalous magnetic moment physics which emerges is the following: a, is a quantity which is
dominated by QED effects up to very high precision, presently at the 24 parts per billion (ppb) level! The sensitivity to
hadronic and weak effects as well as the sensitivity to physics beyond the SM is very small. This allows for a very solid
and model independent (essentially pure QED) high precision prediction of a.. The very precise experimental value and the
very good control of the theory part in fact allows us to determine the fine structure constant o with the highest accuracy
in comparison with other methods. A very precise value for « of course is needed as an input to be able to make precise
predictions for other observables like a,,, for example. While a,, theory-wise, does not attract too much attention, although
it requires pushing the QED calculation to high orders, a,, is a much more interesting and theoretically challenging object,
sensitive to all kinds of effects and thus probing the SM to a much deeper level. Note that in spite of the fact that a. has been
measured about 2250 times more precisely than a,,, the sensitivity of the latter to “new physics” is still about 19 times larger.
The experimental accuracy achieved in the past few years at BNL is at the level of 0.54 parts per million (ppm) and better
than the accuracy of the theoretical predictions which are still obscured by hadronic uncertainties. A small discrepancy
at the 2 to 3 o level persisted [12-16] since the first new measurement in 2000 up to the one in 2004 (four independent
measurements during this time), the last for the time being. The “disagreement” between theory and experiment, suggested
by the first BLN measurement, rejuvenated interest in the subject and entailed a reconsideration of the theory predictions.
Soon afterwards, in Ref. [17] a sign error was discovered in previous calculations of the problematic hadronic light-by-light
scattering contribution. The change improved the agreement between theory and experiment by about 1 o. Problems with
the hadronic eTe™-annihilation data used to evaluate the hadronic vacuum polarization contribution led to a similar shift

2 No real measurement exists yet for a,. Theory predicts a, = 117721(5) x 10~%; the experimental limit from the LEP experiments OPAL and L3 is
—0.052 < a,; < 0.013at95% CL[11].
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in the opposite direction, such that a small though noticeable discrepancy persists. Once thought as a QED test, today the
precision measurement of the anomalous magnetic moment of the muon is a test of most aspects of the SM, including
the electromagnetic, the strong and the weak interaction effects. And more, if we could establish that supersymmetry is
responsible for the observed deviation, for example, it would mean that we are testing a supersymmetric extension of the SM
and constraining its parameter space, already now. There are many excellent and inspiring introductions and overviews on
the subject [ 18-45] which were very useful in preparing this article. The reader can find many more details in the book [46].

1.1. History

In principle, the anomalous magnetic moment is an observable which can be relatively easily studied experimentally
from the precise analysis of the motion of the lepton in an external magnetic field. For rather unstable particles like the
muon, not to talk about the 7, obviously problems are more involved. In the case of the electron the observation of magnetic
moments started with the Stern-Gerlach experiment [1] in 1924 and with Goudsmit and Uhlenbeck’s [2] postulate that an
electron has an intrinsic angular momentum % and that associated with this spin angular momentum there is a magnetic
dipole moment equal to e/2m,. The quantum mechanical theory of the electron spin, where g remains a free parameter,
was formulated by Pauli in 1927 [47]. Soon later, in 1928 Dirac presented his relativistic theory of the electron [48].

Unexpectedly but correctly, the Dirac theory predicted g = 2 for a free electron [48], twice the value g = 1 known to be
associated with orbital angular momentum. Already in 1934 Kinster and Houston succeeded in confirming Dirac’s prediction
ge = 2 [49]. Their measurement strongly supported the Dirac theory, although experimental errors were relatively large.
To establish that the electron’s magnetic moment actually exceeds 2 by about 0.12%, required more than 20 years of
experimental efforts [50]. Essentially as long as it took the theoreticians to establish the first prediction of an “anomalous”
contribution Eq. (6) to the magnetic moment. Only after the breakthrough in understanding and handling renormalization
of QED (Tomonaga, Schwinger, Feynman, and others around 1948 [51]) did unambiguous predictions of higher order effects
become possible. In fact the calculation of the leading (one-loop diagram) contribution to the anomalous magnetic moment
by Schwinger in 1948 [52] was one of the very first higher order QED predictions. The result

@0 = L (=e 1) (10)
2

established in theory the effect from quantum fluctuations via virtual electron photon interactions. In QED this value is
universal for all leptons. Before theory solved that problem, in 1947 Nafe, Nelson and Rabi [53] reported an anomalous
value of about 0.26% in the hyperfine splitting of hydrogen and deuterium. The result was very quickly confirmed by Nagle
et al. [54], and Breit [55] suggested that an anomaly g # 2 of the magnetic moment of the electron could explain the effect.
Kusch and Foley [56] presented the first precision determination of the magnetic moment of the electron g, = 2.00238(10)
in 1948, just before the theoretical result had been settled. They had studied the hyperfine-structure of atomic spectra

in a constant magnetic field. Together with Schwinger’s result a£.2> = o/(2m) =~ 0.00116 (which accounts for 99% of
the anomaly) this provided one of the first tests of the virtual quantum corrections, predicted by a relativistic quantum
field theory. At about the same time, the discovery of the fine structure of the hydrogen spectrum (Lamb-shift) by Lamb
and Retherford [57] in 1947 and the corresponding calculations by Bethe, Kroll & Lamb and Weisskopf & French [58] in
1949 provided the second triumph in testing QED by precision experiments beyond the tree level. These events had a
dramatic impact in establishing quantum field theory as a general framework for the theory of elementary particles and for
our understanding of the fundamental interactions. It stimulated the development of QED in particular and the concepts
of quantum field theory in general. The extension to non-Abelian gauge theories finally lead us to the SM, at present
our established basis for understanding the world of elementary particles. All this structure today is crucial for obtaining
sufficiently precise predictions for the anomalous magnetic moment of the muon as we will see.

In 1956 Berestetskii et al. [10] pointed out that the sensitivity of a, to short distance physics scales like Eq. (9) where
M = AisaUV cut-off characterizing the scale of new physics. At that time a, was already well measured by Crane et al. [59],
but it was clear that the anomalous magnetic moment of the muon would be a much better probe for possible deviations
from QED. But how to measure a,,?

The breakthrough came in 1957 when Lee and Yang suggested parity violation by weak interaction processes [60]. It
immediately became clear that muons produced in weak decays of the pion (7 * — ™+ neutrino) should be longitudinally
polarized. In addition, the decay positron of the muon (u* — e' + 2 neutrinos) could indicate the muon spin direction.
Garwin, Lederman and Weinrich [61] and Friedman and Telegdi [62]° were able to confirm this pattern in a convincing
way. The first of the two papers for the first time determined g, = 2.00 within 10% by applying the muon spin precession
principle. Now the road was free to seriously think about the experimental investigation of a,,.

The first measurement of the anomalous magnetic moment of the muon was performed at Columbia University in
1960 [63]. The result a, = 0.00122(8) at a precision of about 5% showed no difference with the electron. Shortly after
in 1961, the first precision determination was possible at the CERN cyclotron (1958-1962) [64,65]. Surprisingly, nothing

3 The latter reference for the first time points out that P and C are violated simultaneously, in fact P is maximally violated while CP is to a very good
approximation conserved in this decay.
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special was observed within the 0.4% level of accuracy of the experiment. This provided the first real evidence that the
muon was just a heavy electron. It meant that the muon was a point-like double of the electron and no extra short distance
effects could be seen. This latter point of course is a matter of accuracy and the challenge to investigate the muon structure
further was evident.

The idea of a muon storage ring was put forward next. A first one was successfully realized at CERN (1962-1968) [66-68].
It allowed one to measure a,, for both 1+ and p~ at the same machine. Results agreed well within errors and provided a
precise verification of the CPT theorem for muons. An accuracy of 270 ppm was reached and an insignificant 1.7 o deviation
from theory was found. Nevertheless the latter triggered a reconsideration of theory. It turned out that in the estimate of the
three-loop O(«®) QED contribution the leptonic light-by-light scattering part (dominated by the electron loop) was missing.
Aldins et al. [69] then calculated this and after including it, perfect agreement between theory and experiment was obtained.

The first successes of QED predictions and the growing precision of the a, experiments challenged many particle theorists
to tackle the much more difficult higher order calculations for a. as well as for a,,. Many of these calculations were strong
motivations for inventing and developing computer algebra codes as advanced tools to solve difficult problems by means of
computers. Also the dramatic increase of computer performance and the use of more efficient computing algorithms have
been crucial for the progress achieved.

Already in 1959 a new formula for measuring a,, was found by Bargmann, Michel and Telegdi [70]. At a particular energy,
the magic energy, which turned out to be at about 3.1 GeV, a number of systematic difficulties of the existing experiment
could be eliminated (see the discussion in Section 2.1). This elegant method was realized with the second muon storage ring
at CERN (1969-1976) [71]. The precision of 7 ppm reached was an extraordinary achievement at that time. For the first time
the mi / mg-enhanced hadronic contribution came into play. Again no deviations were found. With the achieved precision
the muon g — 2 remained a benchmark for beyond the SM theory builders ever since. Only 20 years later the BNL experiment
E821, again a muon storage ring experiment run at the magic energy, was able to set new standards in precision. This will
be outlined in Section 2.1.

Now, at the present level of accuracy, the complete SM is needed in order to be able to make predictions at an appropriate
level of precision. As already mentioned, at present further progress is hampered to some extent by difficulties of including
properly the non-perturbative strong interaction part. At a certain level of precision hadronic effects become important and
we are confronted with the question of how to evaluate them reliably. At low energies QCD gets strongly interacting and
a perturbative calculation is not possible. Fortunately, analyticity and unitarity allow us to express the leading hadronic
vacuum polarization contributions via a dispersion relation (analyticity) in terms of experimental data [72]. The key relation
here is the optical theorem (unitarity) which determines the imaginary part of the vacuum polarization amplitude through
the total cross section for electron-positron annihilation into hadrons. First estimations were performed in [73-75] after
the discovery of the p- and the w-resonances, and in [76], after first ete™ cross-section measurements were performed at
the eTe~ colliding beam machines in Novosibirsk [77] and Orsay [78], respectively. One drawback of this method is that
now the precision of the theoretical prediction of a,, is limited by the accuracy of experimental data. Much more accurate
ete~-data from experiments at the electron positron storage ring VEPP-2M at Novosibirsk allowed a big step forward in
the evaluation of the leading hadronic vacuum polarization effects [79-81] (see also [82]). A more detailed analysis based
on a complete up-to-date collection of data followed about 10 years later [83]. Further improvements were possible thanks
to new hadronic cross section measurements by BES II [84] (BEPC ring) at Beijing and by CMD-2 [85] at Novosibirsk. More
recently, cross section measurements via the radiative return mechanism by KLOE [86] (DA®NE ring) at Frascati and by
BaBar at SLAC became available. This will be elaborated in much more detail in Section 4.

Another important development was the discovery of reliable methods to control strong interaction dynamics at low
energies where perturbative QCD fails to work. At very low energy, the well developed chiral perturbation theory (CHPT) [87]
works. At higher energies, CHPT has been extended to a resonance Lagrangian approach [88], which unifies to some extent
low energy effective hadronic models. These models play a role in the evaluation of the hadronic light-by-light scattering
contribution, which we will discuss in Section 5.

Of course it was the hunting for deviations from theory and the theorists speculations about “new physics around the
corner” which challenged new experiments again and again. The reader may find more details about historical aspects and
the experimental developments in the interesting review: “The 47 years of muon g — 2" by Farley and Semertzidis [33].

1.2. Muon properties

Why the muon anomalous magnetic moment is so interesting and plays a key role in elementary particle physics at its
fundamental level is due to the fact that it can be predicted by theory with very high accuracy and at the same time can
be measured as precisely in an unambiguous experimental setup. That the experimental conditions can be controlled very
precisely, with small systematic uncertainties, has to do with the very interesting intrinsic properties of the muon, which
we briefly describe in the following.

1.2.1. Spin transfer in production and decay of muons
The muon g — 2 experiments observe the motion of the spin of the muons on circular orbits in a homogeneous magnetic
field. This requires the muons to be polarized. After the discovery of the parity violation in weak interaction it immediately
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Fig. 1. In the P violating weak pion decays leptons of definite handedness are produced depending on the given charge. ™ [ T ]is produced with positive
[negative] helicity h = S - p/|p|. The physical ©~ and u* decays are related by a CP transformation. The decays obtained by C or P alone are nonexistent.
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became evident that weak decays of charged pions are producing polarized muons. Thereby the maximal parity violation
of charged current processes provides the ideal conditions. The point is that right-handed neutrinos vg are not produced in
the weak transitions mediated by the charged W™ gauge bosons. As a consequence the production rate of vg’s in ordinary
weak reactions is practically zero which amounts to lepton number conservation for all practical purposes in laboratory
experiments.*

Pions may be produced by shooting protons (accumulated in a proton storage ring) on a target material where pions
are the most abundant secondary particles. The most effective pion production mechanism proceeds via excitation and
subsequent decay of baryon resonances. For pions the dominating channel is the A33 — N isobar.

All muon g — 2 experiments are based on the decay chain

T = u+ty,
L— e+ v+ vy,

producing the polarized muons which decay into electrons which carry along with their direction of propagation the muon’s
polarization (see e.g. [89]).

(1) Pion decay:

The v~ is a pseudoscalar bound state 7~ = (uysd) of a d quark and a u antiquark u. The main decay proceeds via

m—decay
. - . . 2 o miim? m2 —m?
Being a two-body decay, the lepton energy is fixed (monochromatic) and given by E, = ,/mj + p; = T Pe = G

The part of the Fermi type effective Lagrangian which describes this decay reads
Letint =~ Vag (7™ (1 = y5)0,) @1 = p5)d) + hec
elr,int — ui o .
V2 .

where G,, denotes the Fermi constant and V,4 the first entry in the CKM matrix. For our purpose V,4 ~ 1. The basic hadronic

matrix element for pion decay is (0| ayu ysu | (p)) = iF, p,, which defines the pion decay constant F,.. The transition matrix-
element for the process of our interest then reads

S G L
T =out{p™, vyl )in:_ljuivudl:n (uuy (1_V5)vvu) Da-

Since the 7 has spin 0 and the emitted neutrino is left-handed ((1 — y5) /2 projector), by angular momentum conservation,
the u* must be left-handed as well. Only the axial part of the weak charged V-A current couples to the pion, as it is a
pseudoscalar state. In order to obtain the 7~ decay not only do particles have to be replaced by antiparticles (C) but also
the helicities have to be reversed (P), since a left-handed antineutrino (essentially) does not exist. Note that the decay is
possible only due to the non-zero muon mass, which allows for the necessary helicity flip of the muon. How the handedness
is correlated with the charge is illustrated in Fig. 1.

The pion decay rate is given by

G? m2\’
Ti s, = é Vual*F2 mm?, (1 — mfg x (14 8qep) (11)

with dqgp the electromagnetic correction.
4 Only in recent years phenomenon of neutrino oscillations could be established unambiguously which proves that lepton number in fact is not a perfectly

conserved quantum number. Neutrino oscillations are possible only if neutrinos have masses which requires that right-handed neutrinos (vg’s) exist. In
fact, the smallness of the neutrino masses explains the strong suppression of lepton number violating effects.
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Fig. 2. Inp~ [*] decay the produced e~ [e*] has negative [positive] helicity, respectively.

(2) Muon decay:
The muon is unstable and decays via the weak three body decay u~ — e~ v,v,

Uy

p—decay

The p-decay matrix element follows from the relevant part of the effective Lagrangian which reads

G, _ _
Leff,int = —7% @y*(1 = ys)ve) (Muva(1 — ys)u) + hec.

and is given by
_ _ G, ,_ _
T =out(€™, Devulpt ™ )in = % (Tey* (1 = 5)vy,) (Hh, Yo (1 — y5)u1,) -

This proves that the ©~ and the e~ have both the same left-handed helicity [the corresponding anti-particles are right-

handed] in the massless approximation. This implies the decay scheme of Fig. 2 for the muon. Again it is the P violation

which prefers electrons emitted in the direction of the muon spin. Therefore, measuring the direction of the electron

momentum provides the direction of the muon spin. After integrating out the two unobservable neutrinos, the differential

decay probability to find an e* with reduced energy between x, and x. + dx,, emitted at an angle between 6 and 6 + dé,
reads

ers _Gm

= X, (3 —2x, =P, cosf(2x, — 1 12

dx.dcos® ~ 19273"°¢ ( e 2% — 1) (12)

and typically is strongly peaked at small angles. The charge sign dependent asymmetry in the production angle 6 represents

the parity violation. The reduced e* energy is x, = E./W,e with W,, = max E, = (mi + mg)/Zm,L, the emission angle 6 is

the angle between the momentum p, of e* and the muon polarization vector 13,, The result above holds in the approximation
Xo = Me/Wey ~ 9.67 x 1073 ~ 0.

1.3. Lepton magnetic moments

Our particular interest is the motion of a lepton in an external field under consideration of the full relativistic quantum
behavior. It is controlled by the QED equations of motion with an external field added

(ir" 8, + Qey" (A () + AT (%)) — me) Yre(x) = 0,
(g = (1-¢€7")8"0") A(®) = — Qe eyre (Y P (¥).
What we are looking for is the solution of the Dirac equation with an external field, specifically a constant magnetic field,

as a relativistic one-particle problem, neglecting the radiation field in the first step. For slowly varying fields A*®*t = (@, ;\)
the motion is essentially determined by the generalized Pauli equation (W. Pauli 1927)

(13)

2% _ g L G—edy+eo— 6.5 (14)
i— = =(—(@-—ce ed — —o - ,

ot ¢ 2m P 2m ¢
which up to the spin term is nothing but the non-relativistic Schrédinger equation and which also serves as a basis for
understanding the role of the magnetic moment of a lepton on the classical level. ¢ is a non-relativistic two-component
Pauli-spinor. As we will see, in the absence of electrical fields E, the quantum correction miraculously may be subsumed in
a single number, the anomalous magnetic moment, which is the result of relativistic quantum fluctuations.

To study radiative corrections we have to extend the discussion of the preceding paragraph and consider the full QED

interaction Lagrangian

LEPX) = —ey (Y™ Y ()AL (%) (15)
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for the case where the photon field is part of the dynamics but has an external classical component Afl"t(x): ALx) —
Au(x) + A;’“ (x). We are thus dealing with QED exhibiting an additional external field insertion “vertex”:

(2( = —jeqH AZ"“ .

Gauge invariance requires that a gauge transformation of the external field A;’“ x) — Ai’“ (x) — 0,0 (x), for an arbitrary
scalar classical field «(x), leaves physics invariant.

The motion of the lepton in the external field is described by a simultaneous expansion in the fine structure constant
o = €% /4m and in the external field AZ’“ (x) assuming the latter to be weak

et —ﬁ’—Jr Sy e

P11 P2

In the following we will use the more customary graphic representation
Q( = v-<

of the external vertex, just as an amputated photon line at zero momentum.
The gyromagnetic ratio of the muon is defined by the ratio of the magnetic moment which couples to the magnetic field
in the Hamiltonian and the spin operator in units of o = e/2m,,

- e
M= g,uﬁ-q; 8 = 2(1 + a,u) (16)
n

and as indicated has a tree level part, the Dirac moment g/go) = 2 [48], and a higher order part a,, the muon anomaly or
anomalous magnetic moment.
In QED a,, may be calculated in perturbation theory by considering the matrix element

Mx;p) = (1™ (P2, 1) e @)™ (1, 11))

of the electromagnetic current for the scattering of an incoming muon .~ (p1, r1) of momentum p; and 3rd component of
spin r; to a muon i~ (p,, r2) of momentum p, and the 3rd component of spin r5, in the classical limit of zero momentum
transfer ¢> = (p, — p1)?> — 0.In momentum space we obtain

i) = [ e a0l (o1 1)
= 2m)*8“ (@ — p2 + p) (W™ D2 )it OV L™ (D1 1)),
proportional to the §-function of four-momentum conservation. The T-matrix element is then given by
(™ ) iem O™ (p1)) = (—ie)u(p2) I'* (P, @) u(p1), (P = p1+p2).

In QED it has a relativistically covariant decomposition of the form

w(p2)
(9 g,

= (—ie) a(p2) [V Fu(g?) +1i o Fu(g®) | ulpr)
w(p1) " (17)

where ¢ = p, — p; and u(p) denote the Dirac spinors. Fg (qz) is the electric charge or Dirac form factor and Fy(g?) is the
magnetic or Pauli form factor. Note that the matrix " = %[y“, y V] represents the spin 1/2 angular momentum tensor. In
the static (classical) limit we have

F:(0) =1, Fu(0) =a,, (18)

where the first relation is the charge renormalization condition (in units of the physical positron charge e, which by definition
is taken out as a factor), while the second relation is the finite prediction for a,,, in terms of the form factor Fy the calculation
of which will be described below. Instead of calculating the full vertex function I', (P, q) one can use the projection technique
described in [90] and expand the vertex function to linear order in the external photon momentum g:

9
r,(P,q ~rI,P,0+q"

5 1P D],_o = Vi) + 3T p), (19)
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Fig. 3. Spin precession in the g — 2 ring (~12°/circle).

for fixed P. This allows us to simplify the calculation by working directly in the limit ¢ — 0 afterwards. Since a,, does not
depend on the direction of the muon momentum one can average over the direction of P which is orthogonal to q (P -q = 0).
As a master formula one finds

1

W= 8d—2)d - nm,
1

Fa@—om "

Tr {(p +m)y", y 1+ mu)Tvu(p)}

r {[mZy" — (d - Dmp* — dpp* V. @)} ,_ o (20)

p2=m?
where d = 4 — ¢ is the space-time dimension. In the case of UV divergences the choice ¢ > 0 provides a dimensional
regularization. The limit ¢ — 0 is to be performed after renormalization. The amplitudes V,, (p) and T, (p) depend on one
on-shell momentum p = P/2, only, and thus the problem reduces to the calculation of on-shell self-energy type diagrams
as the external photon momentum now can be taken as zero.

Note that in higher orders the form factors in general acquire an imaginary part. One may therefore write an effective
dipole moment Lagrangian with complex “coupling”

11- 1+ ys 1—ys
e L LR A T @1
with i the muon field and
e Nu €
ReD, =a, —, ImD, =d, = ——. 22
M om, TR 2 2m, (22)

Thus the imaginary part of Fy;(0) corresponds to an electric dipole moment. The latter is non-vanishing only if we have T
violation. The existence of a relatively large EDM would also affect the extraction of a,,. This will be discussed towards the
end of the next section.

2. The muon g — 2 experiments

2.1. The Brookhaven muon g — 2 experiment

The measurement of a,, in principle is simple. As illustrated in Fig. 3, when polarized muons travel on a circular orbit
in a constant magnetic field, then a, is responsible for the Larmor precession of the direction of the spin of the muon,
characterized by the angular frequency @,. Correspondingly, the principle of the BNL muon g — 2 experiment involves
the study of the orbital and spin motion of highly polarized muons in a magnetic storage ring. This method has already been
applied in the last CERN experiment [91]. The key improvements of the BLN experiment include the very high intensity
of the primary proton beam from the proton storage ring AGS (Alternating Gradient Synchrotron), the injection of muons
instead of pions into the storage ring, and a super-ferric storage ring magnet [92] (see also the reviews [23,28,33,34,43]).

The muon g — 2 experiment at Brookhaven works as illustrated in Fig. 4 [93-95]. Protons of energy 24 GeV from the AGS
hit a target and produce pions. The pions are unstable and decay into muons plus a neutrino where the muons carry spin
and thus a magnetic moment which is directed along the direcEion of the flight axis. The longitudinally polarized muons
from pion decay are then injected into a uniform magnetic field B where they travel in a circle. The ring® is a toroid-shaped

5a picture of the BNL muon storage ring may be found on the Muon g — 2 Collaboration Web Page http://www.g-2.bnl.gov/.
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Fig. 4. The schematics of muon injection and storage in the g — 2 ring.

structure with a diameter of 14 m, the aperture of the beam pipe is 90 mm, the field is 1.45 T and the momentum of the
muon is p,, = 3.094 GeV. In the horizontal plane of the orbit the muons execute a relativistic cyclotron motion with angular
frequency w,. By the motion of the muon magnetic moment in the homogeneous magnetic field the spin axis is changed in
a particular way as described by the Larmor precession. After each circle the muon’s spin axis changes by 12’ (arc s), while
the muon is traveling at the same momentum (see Fig. 3). The muon spin is precessing with angular frequency ws, which is
slightly bigger than w, by the difference angular frequency w, = ws — w.
eB eB eB eB

, ws = +a, —, wWq =0ay, —, (23)
m,y m,y m, my,
where y = 1/4/1 — v? is the relativistic Lorentz factor and v the muon velocity. In the experiment w, and B are measured.
The muon mass m,, is obtained from an independent experiment on muonium, which is a (£ e ™) bound system. Note that if
the muon just has its Dirac magnetic moment g = 2 (tree level) the direction of the spin of the muon would not change at all.

Inqorder to retain the muons inﬁthe ring an electrostatic focusing system is needed. Thus in addition to the magnetic
field B an electric quadrupole field E in the plane normal to the particle orbit must be applied. This transversal electric field
changes the angular frequency according to

N e > 1 IR
a)a=mﬂ<aﬂB—|:aM—yz_1]v><E). (24)

This key formula for measuring a,, was found by Bargmann, Michel and Telegdi in 1959 [70,96]. Interestingly, one has the

possibility to choose y such thata, — 1/(y? — 1) = 0, in which case w, becomes independent of E. This is the so-called
magic y. When running at the corresponding magic energy, the muons are highly relativistic, the magic y-factor being y =
1+ 1/a, = 29.3. The muons thus travel almost at the speed of light with energies of about Enagic = ym,, 2 3.098 GeV.
This rather high energy, which is dictated by the requirement to minimize the precession frequency shift caused by the
electric quadrupole superimposed upon the uniform magnetic field, also leads to a large time dilatation. The lifetime of a
muon atrestis 2.19711 s, while in the ring it is 64.435 s (theory) [64.378 s (experiment)]. Thus, with their lifetime being
much larger than at rest, muons are circling in the ring many times before they decay into a positron plus two neutrinos:
ut — et + v, + U,. In this decay we have the necessary strong correlation between the muon spin direction and the
direction of emission of the positrons. The differential decay rate for the muon in the rest frame is given by Eq. (12) which
may be written as

We =

1—2x,
dIr =N(E) [ 1+ cosf | ds2. (25)
3 — 2%,
Again, E, is the positron energy, X, is E. in units of the maximum energy m, /2, N(E.) is a normalization factor and 6 the
angle between the positron momentum in the muon rest frame and the muon spin direction. The u* decay spectrum is
peaked strongly for small 8 due to the non-vanishing coefficient of cos 6

1— 2%,
3-2x~
the asymmetry factor which reflects the parity violation.

The positron is emitted with high probability along the spin axis of the muon as illustrated in Fig. 5. The decay positrons
are detected by 24 calorimeters evenly distributed inside the muon storage ring. These counters measure the positron

A(E,) =

(26)
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Fig. 6. Distribution of counts versus time for the 3.6 billion decays in the 2001 negative muon data-taking period [Courtesy of the E821 collaboration.
Reprinted with permission from [92].
© 2007, by the American Physical Society.

energy and allow one to determine the direction of the muon spin. A precession frequency dependent rate is obtained

actually only if positrons above a certain energy are selected (forward decay positrons). The number of decay positrons with
energy greater than E emitted at time ¢ after muons are injected into the storage ring is given by

—t

N(t) = No(E) exp (—

am

)[1 + A(E) sin(wat + ¢(E))], (27)

where Ny (E) is a normalization factor, 7,, the muon life time (in the muon rest frame), and A(E) is the asymmetry factor for
positrons of energy greater than E. Fig. 6 shows a typical example for the time structure detected in the BNL experiment.
As expected the exponential decay law for the decaying muons is modulated by the g — 2 angular frequency. In this
way the angular frequency w, is neatly determined from the time distribution of the decay positrons observed with the
electromagnetic calorimeters [12-16].

The second quantity which has to be measured very precisely in the experiment is the magnetic field. This is accomplished
by Nuclear Magnetic Resonance (NMR) using a standard probe of H,O [97]. This standard can be related to the magnetic
moment of a free proton by

| (28)
21p
where w), is the Larmor spin precession angular velocity of a proton in water. Using ), and the frequency w, together with
ny = (14 a,)e/(2m,), one obtains

a, = where R = wq/wp and A = /4. (29)

A—R
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The quantity A shows up because the value of the muon mass m,, is needed, and also because the B field measurement
involves the proton mass mjp. Here the precision experiments on the microwave spectrum of ground state muonium
(ute™) [98] performed at LAMPF at Los Alamos provide the needed result. The measurements in combination with the
theoretical prediction of the Muonium hyperfine splitting Av [99,100] (and references therein), allowed one to extract the
precise value

A = wu/mp = 3.183 345 39(10) (30 ppb), (30)

which is used by the E821 experiment to determine a,, via Eq. (29).

Since the spin precession frequency can be measured very well, the precision at which g—2can be measured is essentially
determined by the possibility to manufacture a constant homogeneous magnetic field B and to determine its value very
precisely. Important but easier to achieve is the tuning to the magic energy. Possible deviations may be corrected by adjusting
the effective magnetic field appropriately.

Note that one of the reasons why the relativistic motion of the muons is so well understood is the fact that the orbital
motion of charged particles in the storage ring may be investigated separately from the spin motion. The forces associated
with the anomalous magnetic moment are very weak (a, ~ 1.16 x 10~3) in comparison to the forces of the charge of the
particle determining the orbital motion. While the static magnetic field E’(r, z) = (0, 0, By) causes the particles to move on
a circle of radius ro = ym/(eBy) the electric quadrupole field E= (Er, Eg, E;) = (kx, 0, —kz), (which produces a restoring
force in the vertical direction and a repulsive force in the radial direction) leads to a superimposed oscillatory motion

x=Acos(v1—nawt), z =B cos(v/nwct), (31)

of the muons about the central beam (assumed to move along the y-axis) position. Here, x = r — g, k¥ a positive constant

andn = ;;" with 8 = v is the field index. This motion is called betatron oscillation. The amplitudes depend on the initial

condition of the particle trajectory. The betatron frequencies are wygo = /o and wxgo = +/1 — nw, where w, = v/ry is
the cyclotron frequency.
The betatron motion also affects the anomalous magnetic precession Eq. (24), which holds for transversal magnetic field

-B=0.The latter, due to electrostatic focusing, is not accurately satisfied such that the more general formula

- e = 14 ST 1 R
Cl)az—rn#{aﬂB—au (m) (U'B)U—l—(aﬂ—yz_l)EXU}, (32)

has to be used as a starting point. Expanding about v - B = 0 at the magic energy yields the Pitch Correction which for the
BNL experiment amount to Cp =~ 0.3 ppm. Similarly, the deviation from the magic energy (beam spread) requires a Radial
Electric Field Correction, for the BNL experiment typically C; ~ 0.5 ppm. For more details on the machine and the basics of

the beam dynamics we refer to [43,46].
A possible correction of the magnetic precession could be due to an electric dipole moment of the muon. If a large enough

EDM
d =15 (33)
2m,,

would exist, where 7 is the dimensionless constant equivalent of magnetic moment g-factors, the applied electric field
(whlch is vamshmg at the equilibrium beam position) and the motional electrlc field induced in the muon rest frame
E* =y ,B x B would add an extra precession of the spin with a component along E and one about an axis perpendicular to

S

(E +Bx E) (34)

Wq = Wqg0 + WEDM = Wq0 —
n

where @, denotes the would-be precession frequency for = 0. The shift caused by a non-vanishing 7 is
Ad, = ~2d,, (B x B) - 2d, E

which, for 8 ~ 1 and duljf ~ 0, yields

2
wq = B\/<nf# a,t) + (2%)2_ (35)

The result is that the plane of precession in no longer horizontal but tilted at an angle

w
8 = arctan /™ _ arctan ﬁ 1 (36)
Wqo 2a,  2a,
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Table 1
Summary of CERN and E821 results.
Experiment Year Polarity a, x 10%° Pre. (ppm) References
CERN [ 1961 ut 11450000(220000) 4300 [101]
CERN II 1962-1968 ut 11661600(3100) 270 [102]
CERN III 1974-1976 ut 11659 100(110) 10 [91]
CERN III 1975-1976 w- 11659360(120) 10 [91]
BNL 1997 ut 11659251(150) 13 [12]
BNL 1998 ut 11659 191(59) 5 [13]
BNL 1999 ut 11659202(15) 13 [14]
BNL 2000 wt 11659 204(9) 0.73 [15]
BNL 2001 o 11659214(9) 0.72 [16]
Average 11659208.0(6.3) 0.54 [92]

and the precession frequency is increased by a factor

Wg = weo V' 1+ 82, (37)

The tilt gives rise to an oscillating vertical component of the muon polarization and may be detected by recording separately
the electrons which strike the counters above and below the mid-plane of the ring. This measurement has been performed
in the last CERN experiment on g — 2. The result d, = (3.7 &= 3.4) x 1071 e cm showed that it is negligibly small. The
present experimental boundisd, < 2.7 x 10719 e cm while the SM estimate is d, ~32x 1072% e cm. One thus may safely
assume d,, to be too small to be able to affect the extraction of a,,.

2.2. Summary of experimental results

Before the E821 experiment at Brookhaven presented their results in the years from 2001 to 2004, the last of a series of
measurements of the anomalous g-factor at CERN was published about 30 years ago. At that time a,, had been measured for
muons of both charges in the Muon Storage Ring at CERN. The two results,

a,- = 1165937(12) x 1077,

a,+ = 1165911(11) x 107° (38)
are in good agreement with each other, and combine to give a mean

a, = 1165924.0(8.5) x 10~° (7 ppm), (39)

which was very close to the theoretical prediction 1165921.0(8.3) x 1079 at that time. The measurements thus confirmed
the remarkable QED calculation as well as a substantial hadronic photon vacuum polarization contribution, and served as
a precise verification of the CPT theorem for muons. Measured in the experiments is the ratio of the muon precession
frequency w, = ws; — w. and the proton precession frequency from the magnetic field calibration w,: R = wq/w, which
together with the ratio of the magnetic moment of the muon to the one of the proton A = u,, /1, determines the anomalous
magnetic moment via Eq. (29). The CERN determination of a, was based on the value A = 3.1833437(23).

The BNL muon g — 2 experiment has been able to improve and perfect the method of the last CERN experiments
in several respects and was able to achieve an impressive 14-fold improvement in precision. The measurements are
R,- = 0.0037072083(26) and R+ = 0.0037072048(25) the difference being AR = (3.5 & 3.4) x 10~°. Together with
A = 3.18334539(10) [103,104] one obtains the new values

a,- = 11659214(8)(3) x 1071,
a,+ = 11659204(7)(5) x 107°. (40)

Assuming CPT symmetry, as valid in any QFT, and taking into account correlations between systematic errors between the
various data sets, the new average R = 0.0037072063(20) was obtained. The new average value is then given by [92]

a, = 11659208.0(5.4)(3.3)[6.3] x 107'° (0.54 ppm). (41)

The two uncertainties given are the statistical and the systematic ones. The total error in square brackets follows by adding
in quadrature the statistical and systematic errors. In Table 1 all results from CERN and E821 are collected. The new average
is completely dominated by the BNL results. The individual measurements are shown also in Fig. 7. The comparison with
the theoretical result including predictions from SM extensions will be discussed later in Section 7. In the following sections
we first review the SM prediction of a,,.
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Fig. 7. Results for the individual E821 measurements, together with the new world average and the theoretical prediction. The CERN result is shown
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the theory values quoted by the experiments.

3. QED prediction of g — 2

Any precise theoretical prediction requires a precise knowledge of the fundamental parameters. In QED these are the
fine structure constant « and the lepton masses. As the leading order result is % and since we want to determine a, with
very high precision, the most important basic parameter for calculating a,, is the fine structure constant. Its most precise
value is determined using of the electron anomalous magnetic moment

ad®® = 0.00115965218073(28)(0.24 ppb), (42)

which very recently [105,106] has been obtained with extreme precision. Confronting the experimental value with the
theoretical prediction as a series in « (see Section 3.2 below) determines [107,108,106]

o '(a,) = 137.035999084(51)(0.37 ppb). (43)

This new value has an uncertainty 20 times smaller than any preceding independent determination of @ and we will use it
throughout in the calculation of a,,.

Starting at 2-loops, higher order corrections include contributions from lepton loops in which different leptons can
circulate and results depend on the corresponding mass ratios. Whenever needed, we will use the following values for
the muon-electron and muon-tau mass ratios, and lepton masses [37,38,103,104]

m,,/m, = 206.7682838(54),  m, /m, = 0.0594592(97), (44)
m, = 0.5109989918(44) MeV,  m, = 105.6583692(94) MeV,  m, = 1776.99(29) MeV.

The primary determination of the electron and muon masses come from measuring the ratio with respect to the mass of a
nucleus and the masses are obtained in atomic mass units (amu). Therefore the ratios are known more precisely, than the
numbers we get by inserting lepton masses given in MeV. In fact, the conversion factor to MeV is more uncertain than the
mass of the electron and muon in amu.

Note that the mass-dependent contributions in fact differ for a., a, and a., such that lepton universality is broken:
Qe 7é a, 75 as.

More SM parameters will be needed for the evaluation of weak and hadronic contributions. We have collected them
in Appendix together with known polylogarithmic functions needed for the representation of analytic results of the QED
calculations.

Until recently the electron anomaly a, and, until before the advent of the Brookhaven muon g — 2 measurements,
also a,, were considered to provide the most clean and precise tests of QED. In fact the by far largest contribution to
the anomalous magnetic moment is of pure QED origin, and with the new determination of a, by the Harvard electron
g — 2 experiment [105,106] a. together with its QED prediction [108] allows for the most precise determination of the
electromagnetic fine structure constant. The dominance of just one type of interaction in the electromagnetic vertex of the
leptons, historically, was very important for the development of QFT and QED, as it allowed one to test QED as a model theory
under simple unambiguous conditions. How important such experimental tests were we may learn from the fact that it took
about 20 years from the invention of QED (Dirac 1928 [g. = 2]) until the first reliable results could be established (Schwinger
1948 [aéz) = «/2m]) after a covariant formulation and renormalization was understood and settled in its main aspects.

When the precision of experiments improved, the QED part by itself became a big challenge for theorists, because higher
order corrections are sizable, and as the order of perturbation theory increases, the complexity of the calculations grows
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dramatically. Thus experimental tests were able to check QED up to 7 digits in the prediction which requires one to evaluate
the perturbation expansion up to 5 terms (5 loops). The anomalous magnetic moment as a dimensionless quantity exhibits
contributions which are just numbers expanded in powers of o, what one would get in QED with just one species of lepton,
and contributions depending on the mass ratios if different leptons come into play. Thus taking into account all three leptons
we obtain functions of the ratios of the lepton masses m,, m, and m.. Considering a,, we can cast it into the following
form [109,24]

SED = A4 +A2(mp./me) +A2(m//./mr) +A3(mu/me’ mu/mr)- (45)

Here A; denotes the universal term common to all leptons. It also includes those diagrams with closed lepton loops that
have the same mass as the external lepton. The term A, depends on one scale and gets contributions from diagrams with
closed fermion loops where the fermion differs from the external one. Such contributions start at the two loop level: for
the muon as the external lepton we have two possibilities: an additional electron-loop (light-in-heavy) A,(m, /m,.) or
an additional t-loop (heavy-in-light) A,(m, /m.) two contributions of quite different character. The first produces large
logarithms o< In(m,, / m.)? and accordingly large effects while the second, because of the decoupling of heavy particles in
QED like theories, ®produces only small effects of order (mM/m,)z. The two-scale contribution requires a light as well as a
heavy extra loop and hence starts at the three loop order. We will discuss the different types of contribution in the following.
Each of the terms is given in renormalized perturbation theory by an appropriate expansion in «:

o o2 a3 o\4 A
A= AP () a0 (E) A0 (2) a2 (5) a0 (2) 4
T T T T

a

b4
o2 o3 o4 o>
Ay = AP (2) + a0 (2) + AP (2) + A0 () + -
g 14€ 14¢ s
ho = A9 (2 + a9 (2) A (5 5
T b4 b4
and later we will denote by
3
G=Y 4%, (46)
k=1
the total L-loop coefficient of the (a/7)* term. The present precision of the experimental result [16,92]
dai® =63 x 107", (47)
as well as the future prospects of possible improvements [111], which are expected to be able to reach
sal ~ 10 x 107", (48)

determine the precision at which we need the theoretical prediction. For the n-loop coefficients multiplying («/7)" the
error equation (48) translates into the required accuracies: §C; ~ 4 x 1078,8C, ~ 1 x 107%,8C;3 ~ 7 x 1073, 8C, ~ 3 and
8Cs ~ 1 x 10%. To match the current accuracy one has to multiply all estimates with a factor 6, which is the experimental
error in units of 1071°,

3.1. Universal contributions

e According to Eq. (70) the leading order contribution Fig. 8 may be written in the form (see below)

1
o al

a? ¥ == [ dx(1-x ==, (49)
¢ T Jo T2

which is trivial to evaluate. This is the famous result of Schwinger from 1948 [52].
e At two loops in QED there are the 9 diagrams shown in Fig. 9 which contribute to a,,. The first 6 diagrams, which have
attached two virtual photons to the external muon string of lines contribute to the universal term. They form a gauge
invariant subset of diagrams and yield the result
279 57?2 n? 3
AY = T T 2+ 2¢(3).
101-6] 144 12 2 4§( )
The last 3 diagrams include photon vacuum polarization (vap | VP) due to the lepton loops. The one with the muon loop is
also universal in the sense that it contributes to the mass independent correction
119 =2
A(4)

1vap(ml/«/m1Z == ¥ - ?

6 The Appelquist-Carrazone decoupling-theorem [110] implies that in theories like QED or QCD, where couplings and masses are independent
parameters of the Lagrangian, a heavy particle of mass M decouples from physics at lower scales Eq as Eo/M for M — oo.
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Fig. 8. The universal lowest order QED contribution to a;.
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Fig. 9. Diagrams (1-7) represent the universal second order contribution to a,,, diagram (8) yields the “light”, diagram (9) the “heavy” mass dependent
corrections.

The complete “universal” part yields the coefficient A§4) calculated first by Petermann [112] and by Sommerfield [113] in
1957:

@ _ 197 =T +2£(3) = —0.32847896557919378 (50)
i 144 120 2 4> T
where ¢ (n) is the Riemann ¢ -function of argument n (see also [114]).
o At three loops in QED there are the 72 diagrams shown in Fig. 10 contributing to g — 2 of the muon. In closed fermion loops
any of the SM fermions may circulate. The gauge invariant subset of 72 diagrams where all closed fermion loops are muon-

loops yield the universal one-flavor QED contribution Aﬁi)m. This set has been calculated analytically mainly by Remiddi and
his collaborators [115], and Laporta and Remiddi obtained the final result in 1996 after finding a trick to calculate the non-
planar “triple cross” topology diagram (25) of Fig. 10 [116] (see also [117]). The result turned out to be surprisingly compact

and reads

© 28259 17101 , 298 , 139 100 (. (1 1, 1 5.,
B Frer o™ a2 e+ I ik (5) 4 g2 g2
_ 239 s + g712;“(3) - ﬁ4(5) = 1.181241456587 . . .. (51)
2160 72 24

This famous analytical result largely confirmed an earlier numerical calculation by Kinoshita [117]. The constants needed
for the evaluation of Eq. (51) are given in Egs. (A.13) and (A.14).

The big advantage of the analytic result is that it allows a numerical evaluation at any desired precision. The direct
numerical evaluation of the multidimensional Feynman integrals by Monte Carlo methods is always of limited precision
and an improvement is always very expensive in computing power.

o At four loops there are 891 diagrams [373 have closed lepton loops (see Fig. 11), 518 without fermion loops = gauge
invariant set Group V (see Fig. 12)] with common fermion lines. Their contribution has been calculated by numerical methods
by Kinoshita and collaborators. The calculation of the 4-loop contribution to a,, is a formidable task. Since the individual
diagrams are much more complicated than the 3-loop ones, only a few have been calculated analytically so far [118-120].
In most cases one has to resort to numerical calculations. This approach has been developed and perfected over the past
25 years by Kinoshita and his collaborators [121-125] with the very recent recalculations and improvements [108,126,39].
As a result of the enduring heroic effort an improved answer has been obtained recently by Aoyama, Hayakawa, Kinoshita
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considered. The latter contribute to the universal part.
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Fig. 12. 4-loop Group V diagrams. 47 self-energy-like diagrams of M01-M47 represent 518 vertex diagrams (by inserting the external photon vertex on
the virtual muon lines in all possible ways). [Reprinted with permission from [108].
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Fig. 13. Typical tenth order contributions to a, including fermion loops. In brackets the number of diagrams of the given type.

and Nio [108] who find
A® = —1.9144(35) (52)

where the error is due to the Monte Carlo integration. This very recent result corrects the one published before in [127]

and shifts the coefficient of the (%)4 term by —0.19 (10%). Some error in the cancelation of IR singular terms was found in
calculating diagrams Mqg (—0.2207(210)) and Mg (+0.0274(235)) in the set of diagrams Fig. 12. The latter 518 diagrams
without fermion loops also are responsible for the largest part of the uncertainty in Eq. (52). Note that the universal O(a*)
contribution is sizable, about 6 standard deviations at current experimental accuracy, and a precise knowledge of this term
is absolutely crucial for the comparison between theory and experiment.

e The universal 5-loop QED contribution is still largely unknown. Using the recipe proposed in Ref. [37], one obtains the
following bound

A'” = 0.0(4.6), (53)

for the universal part as an estimate for the missing higher order terms.
As a result the universal QED contribution may be written as

o 2
@ = 0.5 ( ) — 0.32847896557919378 . .. (—)
g T

o3 a\4 o>
+1.181241456587 . . . (—) — 1.9144(35) (—) +0.0(4.6) (—)
T 4 4

= 0.00115965217630(43)(10)(31) - - - . (54)

The numerical value is given for « from Eq. (43), as we will use it for the calculation of a,, later.” The three errors given are:
the error from the uncertainty in «, given in Eq. (43), the numerical uncertainty of the «* coefficient and the error estimated

7 It makes no sense to use this number to calculate the contribution to a,, since o has been determined from the latter.
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for the missing higher order terms. Values for a;‘“i evaluated in terms of « from Cs or Rb atomic interferometry are given in
the Table 2.

As we already know, the anomalous magnetic moment of a lepton is an effect of about 0.12%, g,/2 ~ 1.00116- - -. It
is remarkable that in spite of the fact that this observable is so small we know a, and a,, more precisely than most other

precision observables. Note that the first term af) ~ 0.00116141 - - - contributes the first three significant digits of the full
result.

3.2, Electron anomalous magnetic moment and the fine structure constant

The universal terms given in Eq. (54) essentially determine the anomalous magnetic moment of the electron a, and
therefore allow a precise determination of the fine structure constant from the experimentally measured value for a, by
inverting the series in «. This is due to the fact that the effects from heavy leptons (muon, tau) in QED, from hadrons, the
electroweak sector and potential new physics decouple as (m./M)?, where M is some heavy lepton mass or a hadronic,
weak or new physics scale.

The electron magnetic moment anomaly is likely the experimentally most precisely known quantity. Recently, a new
substantially improved result for a, has been available. It was obtained by Gabrielse et al. [105,106] in an experiment at
Harvard University using a one-electron quantum cyclotron. The new results from 2006 and 2008 read

a® = 1.15965218085(76) x 10~ (.66 ppb),

as® = 1.15965218073(28) x 107> (.24 ppb), (55)
the latter with an accuracy 15 times better than the earlier result

a® = 1.1596521883(42) x 1072 (3.62 ppb),

obtained by Dehmelt et al. at Washington University in 1987 [128,37]. The new value shifts a, down by 1.8 standard
deviations.

The measurements of a, not only played a key role in the history of precision tests of QED in particular, and of QFT concepts
in general, today we may use the anomalous magnetic moment of the electron to get the most precise indirect measurement
of the fine structure constant «. This possibility of course hangs on our ability to pin down the theoretical prediction with
very high accuracy. Indeed a, is much safer to predict reliably than a,,. The reason is that non-perturbative hadronic effects as
well as the sensitivity to unknown physics beyond the SM are suppressed by the large factor mi / mg ~ 42753 in comparison
to a,,. This suppression has to be put into perspective with the 2250 times higher precision with which we know a.. We thus
can say that effectively a, is a factor 19 less sensitive to model dependent physics than a,,.

The prediction is given by a perturbation expansion of the form (see also Egs. (45) and (46))

N
0P =" Ca(a/m)", (56)
n=1

with terms up to five loops, N = 5, under consideration. The experimental precision of a, requires a knowledge of the
coefficients with accuracies §C; ~ 1 x 1077,8C; ~ 6 x 107>, 8C4 ~ 2 x 1072 and 86Cs ~ 10. For what concerns
the universal terms one may conclude by inspecting the convergence of Eq. (54) that one would expect the completely
unknown coefficient Cs to be O(1) and hence negligible at the present accuracy. In reality it is one of the main uncertainties,
which is already accounted for in Eq. (54). Concerning the mass-dependent contributions, the situation for the electron
is quite different from the muon. Since the electron is the lightest of the leptons a potentially large “light internal loop”
contribution is absent. For a, the muon is a heavy particle m,, > m, and its contribution is of the type “heavy internal
loops” which is suppressed by an extra power of m2/ mi. In fact the p-loops tend to decouple and therefore only yield small

terms. Corrections due to internal p-loops are suppressed as 0(2(« /) (mg/mi)) ~ 1.1 x 1077 relative to the leading term
and the t-loops practically play no role at all. The fact that muons and tau leptons tend to decouple is also crucial for the
unknown 5-loop contribution, since we can expect that corresponding contributions can be safely neglected.

The result may be written in the form

a¥® = @™ + ae (1) + (7)) + e(it, 7), (57)
with the universal term given by Eq. (54) and

2 3
a.(1) = 5.19738670(27) x 1077 ()" —7.37394165(29) x 107° (),
7 T
a2 a3
a.(t) = 1.83763(60) x 10~ (—) — 6.5819(19) x 107 (7) ,
T T

3
ae(1t, T) = 0.190945(62) x 10~ (E) _
b4



22 F. Jegerlehner, A. Nyffeler / Physics Reports 477 (2009) 1-110

Table 2

Contributions to a,(h/M) in units 105. The three errors given in the universal contribution come from the experimental uncertainty in e, from the a*
term and from the o® term, respectively.

Contribution a(h/Mcs) o (h/Mgp)

Universal 1159.652 168 56(929)(10)(31) 1159.652 178 36(769)(10)(31)
-loops 0.000 002 71 (0) 0.000 002 71 (0)

t-loops 0.000 000 01 (0) 0.000 000 01 (0)

Hadronic 0.000 001 68 (2) 0.000 001 68 (2)

Weak 0.000 000 04 (0) 0.000 000 04 (0)

Theory 1159.652 172 99(930) 1159.652 182 79(770)
Experiment 1159.652 180 73 (28) 1159.652 180 73 (28)

As a result the perturbative expansion for the QED prediction of a, is given by

QED o o2 o3
a;, - = — — 0.32847844400290(60) (—) + 1.181234016827(19) (—)
2 kg b4
o4 o>
— 1.9144(35) (—) +0.0(4.6) (7) . (58)

b4 T

As mentioned before, the completely unknown universal 5-loop term Cs =~ Aﬁm) has been estimated to be bounded by the

last term. The missing 5-loop result represents the largest uncertainty in the prediction of a,.

What is missing are the hadronic and weak contributions, which both are suppressed by the (m./ mu)2 factor relative to
a,. For g, they are small®: a’¢ = 1.676(18) x 1072 and a?'** = 0.039 x 10~ 2, respectively (see the discussion of the
corresponding contributions to a, and Section 6.3). The hadronic contribution now just starts to be significant, however,
unlike in @ for the muon, af* is known with sufficient accuracy and is not the limiting factor here. The theory error is
dominated by the missing 5-loop QED term. As a consequence a, at this level of accuracy is theoretically well under control
(almost a pure QED object) and therefore is an excellent observable for extracting o based on the SM prediction

aM = a¥P[Eq. (58)] + 1.715(18) x 10~ '? (hadronic & weak). (59)

When we compare this result with the very recent extremely precise measurement of the electron anomalous magnetic
moment [106] given by Eq. (42) we obtain

o '(a.) = 137.035999084(33)(12)(37)(2),

which is the value Eq. (43) [106] given earlier. The first error is the experimental one of ag ", the second and third are the
numerical uncertainties of the «* and o’ terms, respectively. The last one is the hadronic uncertainty, which is completely
negligible. The recent correction of the O(o#) coefficient Eq. (52) (from —1.7283(35) to —1.9144(35)) leads to a 7 o shiftin
a(ae). This is the most precise determination of « at present and we will use it for calculating a,,.

Of course we still may use a, for a precision test of QED. For a theoretical prediction of a, we then have to adopt the best
determinations of & which do not depend on a.. They are [129,130]

ofl(Cs) = 137.03600000(110) (8.0 ppb), (60)
o~ (Rb) = 137.03599884(091) (6.7 ppb), (61)
and have been determined by atomic interferometry. In terms of & (Cs) one gets a, = 0.00115965217299(930) which agrees
well with the experimental value ag* — a® = 7.74(9.30) x 10~'%; and similarly, using the value «(Rb) the prediction is

exp

a. = 0.00115965218279(770), again in good agreement with experiment a, aE,he = —2.06(7.70) x 102, Errors are
completely dominated by the uncertainties in « given in Eqs. (60) and (61). Table 2 collects the typical contributions to a,
evaluated in terms of Eqs. (60) and (61).

Obviously an improvement of non-a, determinations of « by a factor 20 would allow a much more stringent test of QED,

New Physics

and therefore would be very important. At present, assuming that ‘Aae ~ m2/ A% where A approximates the scale

of “New Physics”, the agreement between o~ !(a,) and oo~ !(Rb06) probes the scale A < 0(250 GeV). To access the much
more interesting range of A ~ O(1 TeV) would also require a reliable estimate of the first significant digit of the 5-loop QED
contribution, and an improved calculation of the 4-loop QED contribution to agM.

8 The total hadronic contribution to a. is given by al” (vap, had)-+a’® (vap, had)a.(LbL, had) ~ (1.860+0.015—0.22370.002+0.03940.013) x 10~ 12
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3.3. Mass dependent contributions

Since fermions, as demanded by the SM,° only interact via photons or other spin one gauge bosons, mass dependent
corrections at first show up at the 2-loop level via photon vacuum polarization effects. At three loops light-by-light scattering
loops show up, etc. As all fermions have different masses, the fermion-loops give rise to mass dependent effects, which were
calculated at two loops in [131,132] (see also [133-137]), at three loops in [138-146], and at four loops in [118-120,126].
For five loops only partial estimates exist [119,120,147-152].

The leading mass dependent effects come from photon vacuum polarization, which leads to charge screening. Including
a factor e? and considering the renormalized photon propagator (wave function renormalization factor Z,)we have

—ighve’z,
@ (1+ 11, (%))

which in effect means that the charge has to be replaced by an energy-momentum scale dependent running charge

iezD;/’“’(q) = + gauge terms, (62)

2
ez, e

T+, 1+ (T(q) — m,0)

2

e’ — () = (63)

where Z,, is fixed to obtain the classical charge in the Thomson limit g*> — 0.In perturbation theory the lowest order diagram
which contributes to IT), (¢?) is

7 f o) 2 v v /1 2
\/Qf\/w = — (""" —d"q") II(q")

and describes the virtual creation and re-absorption of fermion pairs y* — eTe™, utu™, T, uil, dd, ... (had) — y*.
The photon self-energy function may also be defined by the time-ordered correlator of two electromagnetic currents as

ie? / d*xe ™ (0| Tjl, (X)jiy (0)10) = —(¢* g"* — ¢"q") IT,,(¢), (64)

which is purely transversal by virtue of electromagnetic current conservation 3,J’§m (x) =0.
2
In terms of the fine structure constant o« = j—ﬂ Eq. (63) reads

a(q’) = Aa(q?) = —Re (IT,(¢°) — IT,,(0)) . (65)

a .
1— Aa(q?)’
The various contributions to the shift in the fine structure constant come from the leptons (lep = e, u and t), the 5 light
quarks (u, b, s, ¢, and b) and/or the corresponding hadrons (had). The top quark is too heavy to give a relevant contribution.
The hadronic contributions will be considered later.
The renormalized photon self-energy is an analytic function and satisfies the dispersion relation (DR)

. (k%) ®ds 1 1
yren ’
- = — —Im IT,(s) —. 66
k? /o s V()kz—s (66)

Note that the only k dependence under the convolution integral shows up in the last factor. Thus, in a generic VP contribution

where the “blob” is the full photon propagator, including all kinds of contributions as predicted by the SM or beyond, the
free photon propagator in the 1-loop vertex graph in the next higher order is replaced by

_ig;w/kz g _ig;w/(kz - S)v

which is the exchange of a photon of mass square s. This result then has to be convoluted with the imaginary part of the
photon vacuum polarization. The calculation of the contribution from the massive photon proceeds exactly as in the massless

9 Interactions are known to derive from a local gauge symmetry principle, which implies the structure of gauge couplings, which must be of vector (V)
or axial-vector (A) type.
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case. Again Fy;(0) most simply may be calculated using the projection method which allows one to work at g> = 0. The result
is [153,154]

x*(1—x)
X+ (s/m)(1—x)’

which is the leading order contribution to a,, from an exchange of a photon with square mass s. For s = 0 we get the known
Schwinger result. Utilizing this result and Eq. (66), the contribution from the “blob” to g — 2 reads

1
o o
aff)heavyy = _ I</52) (S) — 7/ dx (67)
T T Jo

o [*ds
a® = = f ?Im X (K (s). (68)
0

If we exchange integrations and evaluating the DR we arrive at [19]

1 o0 ds 1 2
aLX) = oz/ dx(1 —x)/ ~ —Im H;(X)(s)
0 0 ST
1

X
x> 4 (s/m2)(1 —x)

2
X 2

_ ¢ 1X) : _
= ;/0 dx(1 —x) [T (s)],  withs, = T (69)

The last simple representation in terms of H;(X) (sy) follows using
x? 1
= —s5—.
X2+ (s/m2)(1—x) s — s

Formally, this means that we may replace the free photon propagator by the full transverse propagator in the 1-loop muon
vertex [134]:

1
N d o /
agorsmmet — [ an(1 =0 (1= 1% 60 + (T80 4+

1
- 3/ dx(1 — x) (}(X)) (70)
T Jo 1+Hyren(sx)

By Eq. (63) this is equivalent to the contribution of a free photon interacting with dressed charge (effective fine structure
constant). However, since H}’,ren (k?) is negative and grows logarithmically with k? the full photon propagator develops a so
called Landau pole where the effective fine structure constant becomes infinite. Thus resumming the perturbation expansion
under integrals produces a problem and one resorts better to the order by order approach, by expanding the full propagator
into its geometrical progression. In this case Eq. (70) may be considered as a very useful bookkeeping device, collecting
effects from different contributions and different orders.

The running of o caused by vacuum polarization effects is controlled by the renormalization group (RG). The latter
systematically takes care of the terms enhanced by large short-distance logarithms of the type Inm, /m, in the case of
a,. Since in QED one usually adopts an on shell renormalization scheme the RG for a,, is actually the Callan-Symanzik (CS)
equation [135], which in the limit m, < m,,, i.e. neglecting power corrections in m./m,,, takes the homogeneous form

a a m
m +B@a— Ja® 2L, a) =0,
< “om, ple) 8a> o\ m,
where aif’o) (Tn—‘;, a) is the corresponding asymptotic form of a, and B («) is the QED B-function. The latter governs the charge
screening of the electromagnetic charge. To leading order the charge runs according to

o 2w nw
= ——— ~a(14+=—In—+---}). 71
o) 1—22¢n L a( HET AT ) 71

The solution of the CS equation amounts to replacing o by the running fine structure constant «(m,,) in aff’o) (%, o), which
implies taking into account the leading logs of higher orders. If we replace in the 1-loop result o — o(m,,) we obtain

1 2 m
aH:“(1+“1n“), (72)

which reproduces precisely the leading term of the 2-loop result given below. Since 8 is known to four loops [136] and
also a,, is known analytically at three loops, it is possible to obtain the important higher leading logs quite easily. For more
elaborate RG estimates of contributions to a® and a!!” we refer to Ref. [119].
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3.3.1. 2-loop vacuum polarization insertions

The leading mass dependent non-universal contribution is due to the last two diagrams of Fig. 9. The coefficient now
is a function of the mass m, of the lepton forming the closed loop. For actually calculating the VP contributions the 1-loop
photon vacuum polarization is needed. It is given by

1
I}, (q*) = —%/ dz2z(1 —2) In(1 — z(1 — 2)¢*/m})
0

= ¢ /] det?(1 — t*3) ! (73)
N am?/q2 — (1 — 2’
and performing the integral yields
o 8 1 ﬂ@ -1
o (@) =——1-—p+-BB-p)1 , 74
yren(Q) 37 [3 ,3(+2,3£( ,3() nﬂg-i-] (74)
where 8, = ,/1 — 4m%/q2 is the lepton velocity. The imaginary part is given by the simple formula
! (A2 o 2m?
ImIT,(q) = 2 {1+ ra Be. (75)

/
yren

For ¢ < 0 the amplitude IT/ . (q?) is negative definite and what is needed in Eq. (69) is —H;(‘)(—lx—_zx mi) or Eq. (74)

with 8, = \/1 + 4x§ (1 — x)/x?, where x, = m,/m,, and my is the mass of the virtual lepton in the vacuum polarization
subgraph.

Using the representation Eq. (69) together with Eq. (73) the VP insertion was computed in the late 1950s [131] for
my = m, and neglecting terms of O(m,/m,,). Its exact expression was calculated in 1966 [132] and may be written in
compact form as [35]

25 Inx [ 72 1
A;‘,lp(l/x) =% "3 +x? (44 3Inx) + x* % —2InxIn <; —x> - Liz(xz)}

+2(1-50) 7 et (278 — o + Lo
2 |2 1+x : 2

25 Inx 1 .
=—"_ " 4+x@4+3Inx)+x*|2In*(x) —2Inx In (x— ) —|—L12(1/x2)]
36 3 L X
X1 —5¢) [~ inxn <g> +Lip(1/x) — Liz(—l/x)] x> 1) (76)
2 L x+1 '

The first form is valid for arbitrary x. For x > 1 some of the logs as well as Li, (x) develop a cut and a corresponding imaginary
part like that of In(1 — x). Therefore, for the numerical evaluation in terms of a series expansion, it is an advantage to rewrite
the Li, (x)’s in terms of Li; (1/x)’s, according to Eq. (A.11), which leads to the second form.

There are two different regimes for the mass dependent effects, the light electron loops and the heavy tau loops [131,
132]:
e Light internal masses give rise to potentially large logarithms of mass ratios which get singular in the limit mjigp; — 0

v

1, m 25 Me @\ 2
af)(vap,e): [gln m“—%—l—O(m >} (;) .
e o
rl Y v

Here we have a typical result for a light field which produces a large logarithm In 2—‘: =~ 5.3, such that the first term ~2.095
is large relative to a typical constant second term —0.6944. Here the exact 2-loop result is

o2
a’ (vap, e) ~ 1.094 258 3111(84) (—) = 5.90406007(5) x 107°. (77)
b4
The error is due to the uncertainty in the mass ratio (m./m,). The leading term as we have shown is due to the charge
screening according to the RG.
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a i b i c §
Fig. 14. Light-by-light scattering insertions in the electromagnetic vertex.
For comparison we next consider the
e equal internal mass case, which yields the pure number
gl

119 72 /a2
affl)(VaPM): {%—?} <—) ;

w/y v

and is already included in the universal part Eq. (50). The result is typical for these kinds of radiative correction calculation:
a rational term of size 3.3055. .. and a transcendental 772 term of very similar magnitude 3.2899 . . . but of opposite sign
largely cancel. The result is only 0.5% of the individual terms:

2
a'® (vap, 11) ~ 0.0156874219 (5) — 8.46413320 x 10°%. (78)
T
¢ Heavy internal masses decouple in the limit mpeavy — 00 and thus only yield small power corrections

1 /my,\2 m:t  m an 2
(4) == (=£ L e =
a,’ (vap, ) |:45 <m7> +0 (mﬁ In m#>:| <7r> .

v

Wy v
Here we have a typical “heavy physics” contribution, from a state of mass M >>> m,,, yielding a term proportional to mi /M2,

2
This means that besides the order in « there is an extra suppression factor, e.g. 0(a?) — Q (a/? %) in our case. To unveil new
heavy states thus requires a corresponding high precision in theory and experiment. For the t the contribution is relatively
tiny

o\ 2
a¥ (vap, 7) = 0.000078064(25) (—) — 4.2120(13) x 10°1°, (79)
b4
with the error from the mass ratio (m,/m.). Note that at the level of accuracy reached by the Brookhaven experiment
(63 x 10~'1), the contribution is non-negligible. At the 2-loop level a e~ mixed contribution is not possible, and hence
A§4)(mu/me, my/m;) = 0.
The complete 2-loop QED contribution from the diagrams displayed in Fig. 9 is given by

Gy = Al + A (M /me) + ASe)(my, /m.) = 0.765857410(27),

and we have

o2
) ¥P = 0.765857410(27) (—) ~ 413217.620(14) x 107" (80)
b4
for the complete 2-loop QED contribution to a,,. The errors of A§4) (m,/m.) and A;‘D (m,/m;) have been added in quadrature
as the errors of the different measurements of the lepton masses may be treated as independent. The combined error
8C, = 2.7 x 1078 is negligible by the standards 1 x 10> estimated after Eq. (48).

3.3.2. 3-loop: Light-by-light scattering and vacuum polarization insertions

At three loops, in addition to photon vacuum polarization corrections, a new kind of contribution shows up exhibiting the
so called light-by-light scattering (LbL) insertions: closed fermion loops with four photons attached. Note that the physical
process yy — yy of light-by-light scattering involves real on-shell photons. There are 6 diagrams which follow from the
first one in Fig. 14, by permutation of the photon vertices on the external muon line, plus the ones obtained by reversing the
direction of the fermion loop. Remember that closed fermion loops with three photons vanish by Furry’s theorem. Again,
besides the equal mass case mqo, = m,, there are two different regimes for electron and tau loops [143,144], respectively:
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o Light internal masses also in this case give rise to potentially large logarithms of mass ratios which get singular in the limit
Myjghy —> 0

ol m“ 59

+ % —3¢(3)
A8 10 2

o m, m a\3
O € [J. ( 7) .
n 3 + 3 + <m,, Me )} s

This again is a light loop which yields an unexpectedly large contribution

, 2
al?(ble) = {3 2In

3
a'® (Ibl, e) =~ 20.94792489(16) (5) = 2.62535102(2) x 1077, (81)
T

with the error from the (m./m,,) mass ratio. Historically, it was calculated first numerically by Aldins et al. [69], after a 1.7
o discrepancy with the CERN measurement [67] in 1968 showed up.

Again, for comparison we also consider the
e equal internal masses case, which yields a pure number

Y 6 5
bl = |

Ve 3
v’s + §1n42+16a4—§(()—24ﬂ' 1112+931 2+5} (S) ,

I3 54 9 ™

and has already been included in the universal part Eq. (51). The constant ay4 is defined in Eq. (A.14). The single scale QED
contribution is much smaller

3
a® (Ibl, 12) ~ 0.371005293 (5) — 4.64971652 x 1072, (82)
T

but is still a substantial contribution at the required level of accuracy.
e Heavy internal masses again decouple in the limit mpe,y — 00 and thus only yield small power corrections

3 191 (mu\? mh ., m a3
O bl )= ||= - (= Bin? 2 -) .
v’s @, (IbL, 7) HQ 63 16} <m,7-) +O (mﬁ " my, <7r)

Numerically we obtain

v

I

3
a® (Ibl, ) ~ 0.00214283(69) (3) — 2.68556(86) x 10~ (83)
T

This contribution could play a role in a next generation precision experiment only. The error indicated is from the (m,, /m;)
mass ratio.

All other corrections follow from Fig. 10 by replacing at least one muon in a loop by another lepton or quark. The
corresponding mass dependent corrections are of particular interest because the light electron loops yield contributions
which are enhanced by large logarithms. Results for Aés) have been obtained in [ 138-140,142-144], for A§6> in 141,137,145,
146,120]. For the light-by-light contribution, graphs (1) to (6) of Fig. 10, the exact analytic result is known [143], but only
the much simpler asymptotic expansions have been published. At present the following series expansions are sufficient to
match the requirement of the precision needed: for electron LbL loops we have

2 m 59 10 2
(5)
Agp (M /me) = 37T21n mfl: + %”4 —3¢(3) — *772 + 3
m 4 m 196 424
+<—"> [ﬂrzln—“— 72In2 + — 2}
my, 3 me 3 9
2 2
me 2 ,m, b/ 20\, ,m, 16 32 , 61 my
+ [ — ——In"—+4+|———]In — ——=n"+4 3——7( +—|In
(mu> [ 3 me ( 9 3 me 135 ¢G) 3 Me
e - Sy g B 2] (M) 10y e 1
= —r* — — —a°ln— — —m
3 270 ¥ 18 12 my, 9 M, 9
m 41 m 13 517 m 191 13283
2+ 2 (22 2 i 3+ e
+< ) [ me 1 m T\ 9T Ti0s) ", T2 é“()+216 * 502
+O((me/mu) ) — 20.94792489(16), (84)



28 F. Jegerlehner, A. Nyffeler / Physics Reports 477 (2009) 1-110

where here and in the following we use m./m,, as given in Eq. (44). The leading term in the (m./m, ) expansion turns out
to be surprisingly large. It has been calculated first in [ 155]. Prior to the exact calculation in [143] good numerical estimates
20.9471(29) [156] and 20.9469(18) [157] have been available. For 7 LbL loops one obtains

A, jme) = mé [3{3 B 19] m [13§3 161 o 831931 161 , 16189L]
m2 | 2 16 18 1620°° 972000 3240 97200
m$, 17 13 1840256147 4381 ., 24761
mb [%Q T 224%2 7 3556224000 120960° 317520L]
N mj, [ 7 (- 2047 (- 453410778211 5207 , 41940853 L}
820> 54000 1200225600000 189000 952560000
m2 5 1187 86251554753071 328337 , 640572781
m10 [18;3 ~ 24550%% T 287550049248000  14968800° 23051952000L]
+0 ((m,/m;)'*) = 0.002142833(691), (85)

where L = ln(mﬁ/mi), & = ¢(2) = m?/6 and ¢3 = £(3). The expansion given in [143] in place of the exact formula has
been extended in [ 144] with the result presented here.

Vacuum polarization insertions contributing to a®® may originate from one or two internal closed fermion loops. The
vacuum polarization insertions into photon lines again yield mass dependent effects if one or two of the u loops of the
universal contributions are replaced by an electron or a t. Here we first give the numerical results for the coefficients of

(£) [142,145,146]:
gl A (vap,e) = 1.920455130(33),
AP (vap,r) = —0.00178233(48),
T AP (vap,e,7) =  0.00052766(17).

Again the exact results are available [ 142] but the following much simpler asymptotic expansions are adequate at the present
precision: for electron loops replacing muon loops in Fig. 10 one finds

2 ,m 2 1 31\ m
A® (m,/my) = =In? £ 3)— Za?ln2+ -7+ — | In—=£
2ap (M /Me) = me+ (@) -3 Tty m,
1m ., 2, , 8 1., 5, 25 , 1075
—n"—-—n‘ln“2—-a4—-In"2-3¢3)+ -n°In2 — — —_—
Te" 9" 349 (@) + 37 1" * 26
m 13 16 3199
+ (—e> [—n3 — —n*In2+ 712]
m, 18 9 1080
2 -
m 10 ,m, 11 _m, 14 49 131
+( ) 1n2“—1n"—n21n2—2;(3)+n2—]
my, L 3 me 9 me 3 12 54
3 -
m 4 m, 35 16 5771
+ (—e> —miln -t + =7 - —7?In2 - —nz]
m,) | me 12 3 1080
(M) [ () 1369
my, L 9 me 180 me
269 7496\ m
-20(3)+4n?*n2 - —7?— —— |In—~£
* ( (@) + 144 675) m,

43 , 8 , ,_ 80 10, 411 89 , 1061
——a"+-rln“2+ —as+ —mIn"2+ —¢B)+ —7"In2— —=nx
108 9 37479 2% 35 864

274511 5
~ Saon5 +0/((me/m,)”) = 1.920455130(33). (86)

The leading and finite terms were first given in [158], the correct (m./m,,) terms have been given in [141]. In contrast to
the LbL contribution the leading logs of the VP contribution may be obtained relatively easily by renormalization group
considerations using the running fine structure constant [138,135,159].1° In place of the known but lengthy exact result

10 Actually, Ref. [138] has the first practical application of the renormalization group method, by showing that the presence of corresponding In(m,, /m,)
terms is a consequence of charge renormalization at the on-shell muon instead of the on-shell electron. This was applied to derive the leading log terms
in the sixth order contribution to the muon g — 2.
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only the expansion shown was presented in [ 142]. Despite the existence of large leading logs the VP contribution is an order

of magnitude smaller than the one from the LbL graphs. Replacing muon loops in Fig. 10 by tau loops in all possible ways
one obtains

2
m 23 m 2 10117
g\;/?ap(m,u/mr) = (7'“) |:— ln—r _ = 2 + :|

m, 135 'm, 45 ' 24300
4
m 19 ,m, 14233 m 11 2976691
+ (2 7 2 = = ]774_7&-()_72 bttt
m,) 12520 m, 132300 m, ' 768 945 296352000
m,\°®[ 47 ,m, 805489 ~m, 119 128 , 102108163
+ — >~ - ————In— 4+ —¢(3) — 4
m,) |3150  m, 11907000 m, ' 1920 14175 30005640000
+0 ((mu /mt)s) = —0.001782327(484). (87)

Also in this case, in place of exact result obtained in [142] only the expansion shown was given in the paper. As has been
cross checked recently against the exact results in [35], all the expansions presented are sufficient for numerical evaluations
at the present level of accuracy.

Starting at three loops, a contribution to A3 (m,, /m., m,, /m;), depending on two mass ratios, shows up. The relevant term

is due to diagram (22) of Fig. 10 with one fermion loop an electron-loop and the other a t-loop. According to Eq. (70) we
may write

2 2
a® (vap, e, 7)| =< dx(l —x)2 X 2 —r X (88)
14 p.¢ (dia22) — T Jo ylen 1—x H yren \ 4 _y"k >

which together with Eq. (73) leads to a three-fold integral representation. However, since mnt Jren given by Eq. (73) is
analytically known, Eq. (88) represents a 1-dimensional integral. It has been calculated as an expansion in the two mass
ratios in [141,145] and was extended to O((m?, /m?)°) recently in [146]. The result reads

A® (m,/me, m,/my) = ni ilnmi—i
Svap /e TR m2 ) | 135 m? 135

2 —
m?, 1T om o mm 37 om} 1 m g’ 229213
+ ——In——L1In ———In—<+_—Ih—L+ =

420 m2 mi 22050 m2 ' 504 m2 ' 630 12348000
2 02

2 m: mpmy, 199 lmi 1 m  4Ax? 1102961j|

| - ln—=_-

n Hi ——
945 mi mé 297675 m2 4725 m2 2835 75014100

| — b A

4_
+<m> 1 m mm: 391 m* 19 m:  g? 161030983j|

H n n il
m2 594 m2 mi 2058210 m2 31185 m? ' 891 14263395300
5
2m4rtomg M\ g T gy M me M
15m2 45 m?m, 2 m2 4 m2 m?2
= 0.00052766(17). (89)

The result is in agreement with the numerical evaluation [142]. The r-lepton mass uncertainty determines the error. The
leading-logarithmic term of this expansion corresponds to simply replacing «(q> = 0) by «(m?) in the 2-loop diagram
with a 7 loop. The last term, with odd powers of m, and m,, has been included although it is not relevant numerically. It
illustrates typical contributions of the eikonal expansion, the only source of non-analytical terms in masses squared.

With Egs. (51) and (84)-(89) the complete 3-loop QED contribution to a, is now known analytically, either in form of a
series expansion or exact. The mass dependent terms may be summarized as follows:

A®) (m,, /m,) = 22.86838002(20),

AP (m,, /m,) = 0.00036051(21), (90)
Ag?,;p(mﬂ /Me, m, /m,) = 0.00052766(17).

As already mentioned above, the Aés) (m,/m,) contribution is surprisingly large and predominantly from light-by-light
scattering via an electron loop. The importance of this term was discovered in [69], improved by numerical calculation
in [24] and calculated analytically in [143]. Adding up the relevant terms we have

C; = 24.05050964(46)
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Z2 EQ Zl ((1
K la b Ic Id

Fig. 15. Typical diagrams of subgroups la (7 diagrams), Ib (18 diagrams), Ic (9 diagrams) and Id (15 diagrams). The lepton lines represent fermions
propagating in an external magnetic field. ¢; denote VP insertions.

P ue  fome {8
e, S
P T

Fig. 16. Typical diagrams of group II (90 diagrams). The lepton lines as in Fig. 15. 2 and 4, respectively, indicate second (1-loop subdiagrams) and fourth

(2-loop subdiagrams) order lepton-loops.
A

1

Fig. 17. Typical diagrams of group IIl (150 diagrams). The lepton lines as in Fig. 15.
or

o3
a'® %P — 24,05050964(46) (7) ~ 30141.902(1) x 10~ (91)
b4
as a result for the complete 3-loop QED contribution to a,,. We have combined the first two errors of Eq. (90) in quadrature
and the last linearly, as the latter depends on the same errors in the mass ratios.

3.3.3. 4-loop: Light lepton insertions

Also at four loops, the light internal electron loops, included in A;S) (m,/m,), give the by far largest contribution. Here
469 diagrams contribute which may be divided into four gauge invariant (g-i) groups:
Group I: 49 diagrams obtained from the 1-loop muon vertex by inserting 1-, 2- and 3-loop lepton VP subdiagrams, i.e., the
internal photon line of Fig. 8 is replaced by the full propagator at three loops. The group is subdivided into four g-i
subclasses I(a), I(b), I(c) and I(d) as illustrated in Fig. 15. Results for this group have been obtained by numerical and analytic
methods [126,118]. The numerical result [126]

A = 16.720359(20),

has been obtained by using simple integral representations.

Group II: 90 diagrams generated from the 2-loop muon vertex by inserting 1-loop and/or 2-loop lepton VP subdiagrams as
shown in Fig. 16. As for the previous case, results for this group have been obtained by numerical and analytic methods [ 126,
118]. The result here is [126]

A% = —16.674591(68).

Group III: 150 diagrams generated from the 3-loop muon vertex Fig. 10 by inserting one 1-loop electron VP subdiagrams
in each internal photon line in all possible ways. Examples are given in Fig. 17. This is a group which has been calculated
numerically only. The result found in [126] reads

A® = 10.79343(414).

Group IV: 180 diagrams with muon vertex containing LbL subgraphs decorated with additional radiative corrections. This
group is subdivided as shown in Fig. 18 into g-i subsets IV(a), IV(b), IV(c) and IV(d). The calculation of the corresponding
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IVa IVb IVc itwfj vd

Fig. 18. Typical diagrams of subgroups IVa (54 diagrams), [Vb (60 diagrams), [Vc (48 diagrams) and IVd (18 diagrams). The lepton lines as in Fig. 15.

contribution is at the limit of present possibilities. The result has been evaluated by two independent methods in [126] and
reads

AS) = 121.8431(59).
The sum of the results from the different groups thus reads
A® (m,, /m,) = 132.6823(72). (92)

A small contribution to A§8> comes from the diagrams which depend on 3 masses. There are 102 diagrams containing
two or three closed loops of VP and/or LbL type, defined above as the classes I (30 diagrams), Il (36 diagrams) and IV (36
diagrams). The results found in [126] read

A®) (m,, /me, m,,/m.) = 0.007630(01),
A® (m,,/m., m,, /m;) = —0.053818(37), (©3)

A (m,,/me. m, /m,) = 0.083782(75),

and are adding up to the value

AP (m,, /m,, m, /m,) = 0.037594(83). (94)

A rough estimate of the 7-loops contribution performed in [126] yields
AP (m,,/m;) = 0.005(3). (95)

Note that all mass dependent as well as the mass independent O(a*) QED contributions to a,, have been recalculated by
different methods by Kinoshita and collaborators [126,127,108]. There is also some progress in analytic calculations [160].
Adding the A® terms discussed above we obtain

C4 = 130.8105(85),
which yields

4
al® % = 1308105 (85) (=) = 380.807(25) x 10", (96)
V4

the result for the complete 4-loop QED contribution to a,,.

3.3.4. 5-loop and summary of QED contributions

Also at five loops electron loop insertions are the leading contributions (see Fig. 13). Here the number of diagrams is 9080,
a very discouraging number as Kinoshita [39] remarks. This contribution originally was evaluated using renormalization
group (RG) arguments in [24,147]. The new estimate by Kinoshita and Nio [39,149] is

A9 (m,, /m,) = 663(20), (97)

and was obtained by numerically evaluating all Feynman diagrams, which are known or likely to be enhanced. The error
estimate should cover all remaining subleading contributions. The number in Eq. (97) was subsequently cross-checked by
Kataev [150]. A very recent calculation from the class of leading tenth order contributions (singlet (SI) VP insertion diagrams
which includes the last diagram of Fig. 13 with two electron LbL loops) yields Aém) (m,/m,) = —1.26344(14) [151]. This
result has been reproduced at the 3% level by an asymptotic expansion in [152], where the much larger 4-loop non-singlet
(NS) VP insertion with electron loops has also been calculated: Agm)’as(m“/me) = 63.481ys — 1.214295; = 62.2667. Since
the leading terms are included in Eq. (97) already and subleading terms are unknown in general, we will stay with the above
result in the following.
Thus, taking into account Eq. (53), we arrive at

Cs ~ 663.0(20.0)(4.6)
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Table 3
The QED contributions to a,,.
G a@PEL x 107
G 0.5 a® 116140973.289(43)
© 0.765 857 410 (27) a® 413217.620(14)
Cs 24.050 509 64 (46) a® 30141.902(1)
Cs 130.8105(85) a® 380.807(25)
(0 663.0(20.0)(4.6) a0 4.483(135)(31)

2 t

Fig. 19. Leading hadronic contribution to g — 2.
or

5
a1 ¥  663(20)(4.6) (%) ~ 4.483(135)(31) x 10~ 1! (98)
as an estimate of the 5-loop QED contribution.

In Table 3 we collect the results of the QED calculations. In spite of the fact that the expansion coefficients C; multiplying
(a/m)" grow rapidly with the order, the convergence of the perturbative expansion of a§*" is good. This suggests that the
perturbative truncation error is well under control at the present level of accuracy.

The universal QED terms have been given in Eq. (54) and together with the mass dependent QED terms of the 3 flavors
(e, u, T) we obtain

a¥ = 116584718.104(.044)(.015)(.025)(.139)[.148] x 107" (99)

The errors are given by the uncertainties in tiypye, in the mass ratios, the numerical error on o* terms and the guessed
uncertainty of the o> contribution, respectively.

Now we have to address the question what happens beyond QED. What is measured in an experiment includes effects
from the real world and we have to include the contributions from all known particles and interactions such that from a
possible deviation between theory and experiment we may get a hint of the yet unknown physics.

4. Hadronic vacuum polarization corrections

On a perturbative level we may obtain the hadronic vacuum polarization contribution by replacing internal lepton loops
in the QED VP contributions by quark loops, adapting charge, color multiplicity and the masses accordingly. Since quarks
are, however, confined inside hadrons, a quark mass cannot be defined in the same natural way as a lepton mass and quark
mass values depend in various ways on the physical circumstances. Moreover, the running strong coupling “constant” a(s)
becomes large at low energies E = /s. Therefore perturbative QCD (pQCD) fails to “converge” in any practical sense in
this region and pQCD may only be trusted above about 2 GeV and away from thresholds and resonances. The low energy
structure of QCD with confinement and the spontaneous breaking of chiral symmetry in the chiral limit (on a Lagrangian
level characterized by vanishing (current) quark masses) is completely beyond the scope of pQCD. Low energy QCD is
characterized by its typical spectrum of low lying hadronic states, the pseudoscalar pions, the Kaons and the 7 as quasi
Goldstone bosons (true ones in the chiral limit), the pseudoscalar singlet »’, the spin-1 vector bosons p, w, ¢ and by the
order parameters of chiral symmetry breaking, like the quark condensates (qq) # 0 (q = u, d, s). For the calculation of the
hadronic contributions alhj‘d to the g — 2 of the muon, baryons like proton and neutron do not play a big role.

Quarks contribute to the electromagnetic current according to their charge

. 2_ 1- 1_ 2_ 1- 2.,
grgad = Z <§ucyﬂuc - gdc)// d. — 5563’/ Sc + ECCJ/MCC - gbcyﬂbc + gtc)’l tc) . (100)
c

. . .uhad . . . .
The hadronic electromagnetic current jbn'* is a color singlet and hence includes a sum over colors indexed by c. Its

contribution to the electromagnetic current correlator Eq. (64) defines H;had (s), which enters the calculation of the leading
order hadronic contribution to ai‘jd, diagrammatically given by Fig. 19.
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Perturbative QCD fails to be a reliable tool for estimating ai‘[‘d and known approaches to low energy QCD like chiral
perturbation theory as well as extensions of it which incorporate spin-1 bosons or lattice QCD are far from being able to
make precise predictions. We therefore have to resort to a semi-phenomenological approach using dispersion relations
together with the optical theorem and experimental data.

The basic relations are

- analyticity (deriving from causality), which allows one to write the DR
[ ImJT,,(s)
T, (K —H’O:—/ ds —F——. 101
y () y© 7 Jo s(s — k% — ig) (101)

- optical theorem (deriving from unitarity), which relates the imaginary part of the vacuum polarization amplitude to the
total cross section in e*e~-annihilation

IMIT.(5) = —— oe(ete~ — anything) = “) R(s) (102)
mIT),(s) = 47T(¥(S)Ut0t ete anything) := —= R(s),
with
2
R(s) = amt/@. (103)

The normalization factor is the point cross-section (tree level) ., (e~ — y* — p*u ™) in the limits >> 4mi. We obtain
the hadronic contribution if we restrict “anything” to hadrons. The complementary leptonic part may be calculated reliably
in perturbation theory and the production of a lepton pair at lowest order is given by

am? 2m?
Ri@) =y1——\1+— ), U=epn1), (104)
s s

which may be read off from the imaginary part given in Eq. (75). This result provides an alternative way to calculate the
renormalized vacuum polarization function Eq. (73), namely, via the DR equation (66) which now takes the form

2 00 R/ (s
M@ = 5 / as (105)
Y 37 Jam2  s(s— g% — ig)

yielding the vacuum polarization due to a lepton-loop.
In contrast to the leptonic part, the hadronic contribution cannot be calculated analytically as a perturbative series, but
it can be expressed in terms of the cross section of the reaction ete~ — hadrons, which is known from experiments. Via

4 2
Ruaa(s) = o' (e"e~ — hadrons) / %(S) (106)
S

we obtain the relevant hadronic vacuum polarization
7l () = ag /Oo d Rnad (s)
yren 37 Jamz S(s—q* —ie)’

At low energies, where the dominating final state consists of two charged pions,''the cross-section is given by the square
of the electromagnetic form factor of the pion F}TO) (s) (effective 7 Tt~y vertex undressed from VP effects, see below),

(107)

3
1 4m?2\ 2
Rnad(s) = 7 (1 — Tz) FO@s)?, 4m? <s<9m?, (108)

which directly follows from the corresponding imaginary part
o
Im 11,7(g%) = 5 (1 = 4m2/5)*/*

of a pion loop in the photon vacuum polarization. At s = 0 we have F{”(0) = 1, i.e, F?(0) measures the classical pion
charge in units of e. For point-like pions we would have Féo) (s) = 1. There are three differences between the pionic loop
integral and those belonging to the lepton loops:

- the masses are different
- the spins are different
- the pion is composite—the Standard Model leptons are elementary.

11" A much smaller contribution is due to y* — m%, the hadronic final state with the lowest threshold s > mio.



34 F. Jegerlehner, A. Nyffeler / Physics Reports 477 (2009) 1-110

4m2 $
Fig. 20. Graph of weight function K(s) of the g — 2 dispersion integral.

The compositeness manifests itself in the occurrence of the form factor F; (s), which generates an enhancement: at the p
peak, |F; (s)|? reaches values of about 45, while the quark parton model would give about 7. The remaining difference in the
expressions for the quantities R;(s) and Rp,q(S) in Eqs. (104) and (108), respectively, originates in the fact that the leptons
carry spin 1, while the spin of the pion vanishes. Near the threshold, the angular momentum barrier suppresses the function
Rhad () by three powers of momentum, while R, (s) is proportional to the first power. The suppression largely compensates
the enhancement by the form factor—by far the most important property is the mass, which sets the relevant scale.

4.1. Lowest order vacuum polarization contribution

Using Eq. (68) together with Eq. (102), the O(«?) contributions to ai‘fd may be directly evaluated in terms of Rp,q(S)
defined in Eq. (106). More precisely we may write

E2 data o0 pQCD /. >
I < [ BEOKO |, R<>I<<>) (109)
E,

3 m2, 52 2 s2
kg

cut

with a cut E in the energy, separating the non-perturbative part to be evaluated from the data and the perturbative high
energy tail to be calculated using pQCD. The kernel K (s) is represented by Eq. (67) discarding the factor /7. This integral
can be performed analytically. Written in terms of the variable

_]_IB;L _ _
_1+:3u’ Bu=,/1 4m2/s

the result reads'? [154]

2 1 2 1 2 2
Ke) = C@oxty+ IEOOFED (x5 ) S, (111)
2 X2 2 (1—%)
We have written the integral equation (109) in terms of the rescaled function
A 3s
K(s) = —K(s), (112)
my,

which is only slowly varying in the range of integration. It increases monotonically from 0.63... at the w7 threshold s = 4m?
to 1 at s = oo. The graph is shown in Fig. 20.

Note the 1/s>-enhancement of contributions from low energies in a,. Thus the g — 2 kernel gives very high weight to
the low energy range, in particular to the lowest lying resonance, the p°. Thus, this 1/E* magnification of the low energy
region by the a,, kernel-function together with the existence of the pronounced p O resonance in the 7 77~ cross-section are
responsible for the fact that pion pair production ete™ — 777~ gives the by far largest contribution to a}fd. The p is the

lowest lying vector-meson resonance and shows upinz*7~ — p%atm » ~ 770 MeV. This dominance of the low energy
hadronic cross-section by a single simple two-body channel is good luck for a precise determination of a,, although a very
precise determination of the 7 7 ~ cross-section is a rather difficult task. The experimental data for the low energy region
are shown in Fig. 21. Below about 810 MeV amtd () >~ 0, (s) to a good approximation but at increasing energies more and
more channels open and “measurements of R” get more difficult. In the light sector of u, d, s quarks, besides the p there
is the w, which is mixing with the p, and the ¢ resonance, essentially a ss bound system. In the charm region we have the
pronounced cc-resonances, the J /s, ¥s, . . . resonance series and in the bottom region the bb-resonances 7is, 13s, . . ..
Many of the resonances are very narrow as indicated in Fig. 22.

2 The representation Eq. (111) of K(s) is valid for the muon (or electron) where we have s > 4m,2L in the domain of integration s > 4m?, and x is real,
and 0 < x < 1. For the 7 Eq. (111) applies for s > 4m?. In the region 4m? < s < 4m?,where 0 < r = s/m? < 4, we may use the form

K(s) = 1 —-r+ —r(r —2)In(r) — (1 —2r+ %rz) o/w, (110)
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Fig. 21. The dominating low energy domain is given by the channel efe~ — 77~ which exhibits the p-resonance. The p-w mixing, due to isospin
breaking by m, # my, is distorting the ideal Breit-Wigner resonance shape of the p. The ratio |F; (E)|?/|F, (E)|§lt shows the fairly good compatibility of the
newer measurements relative to a CMD-2 fit. Dashed horizontal lines mark 410%.

A collection of eTe™-data at energies >1 GeV is shown in Fig. 22 [161]. The compilation is an up-to-date version of
earlier ones [83,162-168] by different groups. For detailed references and comments on the data we refer to [83] and the
more recent experimental publications by MD-1 [169], BES [84], CMD-2 [85,170], KLOE [86,171], SND [172], BaBar [173,
174]. A list of experiments and references till 2003 is given in [ 168], where the available data are collected.

For the evaluation of the basic integral equation (109) we take R(s) data up to /s = E¢ = 5.2 GeV and for the T
resonance-region between 9.46 and 13 GeV and apply perturbative QCD from 5.2 to 9.46 GeV and for the high energy tail
above 13 GeV. The result obtained is [175] (update including [171])

a$ (vap, had) = (690.30 = 5.26)[(692.37 + 5.58)] x 107 '° (113)
and is based on a direct integration of all relevant e*e~-data available.'* In braces the value before including the new KLOE
result [171].

Note that the different data sets shown in Fig. 21 exhibit systematic deviations in the distribution which are not
yet understood. In contrast, the ai’fd integrals in general are in good agreement.'* A very recent preliminary precision
measurement of the ete™ — w7~ (y) cross-section with the ISR method by BaBar [176] once more reveals large (in
comparison with the claimed experimental errors) discrepancies with respect to previous results. The integrated result
yields a shift Salhfd(nn) ~ 4+13.5 x 107!° and seems to be in much better agreement with corresponding results obtained
from the 7 spectral-functions (see below), however, the spectrum is much steeper (—10% at 0.5 GeV up to +10% at 1 GeV)
than the one from ALEPH, for example. The new e*e™-based result agrees better (at &=5% level) with the more recent Belle
T results. We will say more about the possibility to use t data for the calculation of al‘f‘d, below.

For the eTe™-based result (113), the size of contributions and squared errors from different energy regions are illustrated
in Fig. 23.

Some other recent evaluations are collected in Table 4. Differences in errors come about mainly by utilizing more “theory-
driven” concepts: use of selected data sets only, extended use of perturbative QCD in place of data [assuming local duality],

withw = \/4/r — 1 and ¢ = 2 arctan(w).

13 The corresponding contribution to a, reads at? (vap, had) = (1.860 & 0.015) x 10~'2. Since the kernel equation (112) of the integral equation (109)
also depends on the lepton mass, the result does not scale with (m,/m,,)? but is about 15% larger.

14 Iy the common KLOE energy range (591.6, 969.5) MeV individual contributions for afj” (vap, had) based on the latest [2004/2008] data are:
387.20(0.50)(3.30) [KLOE], 392.64(1.87)(3.14) [CMD-2] and 390.47(1.34)(5.08) [SND].
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Fig. 22. Experimental results for Rf*(s) in the range 1 GeV < E =
quark-antiquark production cross-section is also displayed (pQCD). Parameters: a5(Mz) = 0.118 £ 0.003, M, = 1.6 & 0.15 GeV, M, = 4.75 £ 0.2 GeV

and the MS scale varied in the range u € (3/5/2, 24/5).
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Fig. 23. The distribution of contributions (left) and errors (right) in % for a}f) (vap, had) from different energy regions. The error of a contribution i shown
is 2.,/ ; 82, in %. The total error combines statistical and systematic errors in quadrature.

Table 4

Some recent evaluations of a' (vap, had).

a?) (vap, had) x 10" Data Reference a?) (vap, had) x 10 Data References
696.3[7.2] etem [178] 693.5[5.9] ete [183]
711.0[5.8] ete 4+ 1 [178] 701.8[5.8] ete” +1 [183]
694.8[8.6] etem [179] 690.9[4.4] ete* [184]
684.6[6.4] ete~ TH [180] 689.4[4.6] et [185]
699.6[8.9] etem [181] 692.1[5.6] ete [161]
692.4[6.4] etem [182] 690.3[5.3] eterr [175]

sum rule methods, low energy effective methods [177]. The last four (**) results include the recent data from SND, CMD-2,
and BaBar. The last update also includes the most recent data from BaBar [174] and KLOE [171].
There have been many independent evaluations of aff) (vap, had) in the past!®> and some of the more recent ones are

listed in Table 4. Fig. 24 gives a fairly complete history of the evaluations based on e™e™-data.

15 The method how to calculate hadronic vacuum polarization effects in terms of hadronic cross-sections was developed a long time ago by Cabibbo and
Gatto [72]. First estimations were performed in [73-76,186-189]. As cross-section measurements made further progress much more precise estimates
became possible in the mid 80’s [79-81]. A more detailed analysis based on a complete up-to-date collection of data followed about 10 years later [83].
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Fig. 25. Optical theorem for the hadronic contribution to the photon propagator.

Before we will continue with a discussion of the higher order hadronic contributions, we first present additional details
about what precisely goes into the DR equation (109) and briefly discuss some issues concerning the determination of the
required hadronic cross-sections.

4.1.1. Dispersion relations and hadronic et e~ -annihilation cross sections

To leading order in «, the hadronic “blob” in Fig. 19 has to be identified with the photon self-energy function H;had (s).
The latter we may relate to the cross-section ete~ — hadrons by means of the DR equation (101) which derives from
the correspondence Fig. 25 based on unitarity (optical theorem) and causality (analyticity), as elaborated earlier. Note that
H;had (g%) is a one particle irreducible (1PI) object, represented by diagrams which cannot be cut into two disconnected
parts by cutting a single photon line. At low energies the imaginary part is related to intermediate hadronic states like
7y, p,0,¢,...,nm,3n,4n,..., Yy, ..., KK, KK7 ... which in the DR correspond to the states produced in eTe™-
annihilation via a virtual photon. At least one hadron plus any strong, electromagnetic or weak interaction contribution
counts. ete~-data in principle may be used up to energies where y-Z interference comes into play above about 40 GeV.

Experimentally, what is determined is of the form

Nhad (1 + 8rc) Onorm(S)
Nnormg O, 0(5) '

Riaa () =

where Nj.q is the number of observed hadronic events, Nyorm, is the number of observed normalizing events, ¢ is the detector
efficiency-acceptance product of hadronic events while 8gc are radiative corrections to hadron production. oyom(S) is the
physical cross-section for normalizing events, including all radiative corrections integrated over the acceptance used for the
luminosity measurement, and o,,,, o(s) = 4wa?/3s is the normalization. This also shows that a precise measurement of
R(s) requires precise knowledge of the relevant radiative corrections.

Radiation effects may be used to measure op,4(s’) at all energies /s’ lower than the fixed energy /s at which an
accelerator is running [ 192]. This is possible due to initial state radiation (ISR), which can lead to huge effects for kinematical
reasons. The relevant radiative return (RR) mechanism is illustrated in Fig. 26: in the radiative process ete™ — w7y,
photon radiation from the initial state reduces the invariant mass from s to s’ = s (1 — k) of the produced final state, where
k is the fraction of energy carried away by the photon radiated from the initial state. Such RR cross-section measurements
are particularly interesting for machines running on-resonance like the ¢- and B-factories, which have enhanced event
rates as they are running on top of a peak [193-195]. The first dedicated RR experiment has been performed by KLOE at
DA®NE/Frascati, by measuring the 7w "7~ cross-section [86,171] (see Fig. 21 and Refs. [196,197]).

Results for exclusive multi-hadron production channels from BaBar play an important role in the energy range between
1.4 to 2 GeV. In fact new data became available for most of the channels of the exclusive measurements in this region. In
contrast the inclusive measurements date back to the early 1980’s and show much larger uncertainties.
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Fig. 26. (a) Principle of the radiative return determination of the 7+ ~ cross-section by KLOE at the ¢-factory DA®NE. At the B-factory at SLAC, using the
same mechanism, BaBar has measured many other channels at higher energies. (b) Standard measurement of oyp,4 in an energy scan, by tuning the beam
energy.

It is important to note that what we need in the DR is the 1PI “blob” which by itself is not what is measured, i.e. it is not
a physical observable. In reality the virtual photon lines attached to the hadronic “blob” are dressed photons (full photon
propagators which include all possible radiative corrections) and in order to obtain the 1PI part one has to undress the cross
section by amputation of the full photon lines. The ete~ — hadrons transition amplitude is proportional to e? from the
eTe~y* and the y*qq (hadrons) vertices which in the cross section appears in quadrature o< e* or o2. Due to the running of
the electromagnetic charge the physical (dressed) cross section is « «?(s). Undressing requires one to replace the running
a(s) by the classical «:

2
atot)(e e~ — hadrons) = oy (e*e” — hadrons) <%> (114)
as

and, using Eq. (101) we obtain

), (k) — IT,(0) =

k2 o0 9(ete~ — hadrons
/ T ( ) (115)

4720 (s — k% —ig)
It should be stressed that using the physical cross-section in the DR gives a nonsensical result. In order to get the photon

propagator we have to subtract in any case the effective charge from the external ete~y vertex at the correct scale. Thus if
we would use

k? / ®  g(eTe” — hadrons)
0 (s — k% — ig)

we would be double counting the VP effects. In contrast with the linearly in « /¢ (s) rescaled cross-section

420

| e S 1 owt(ete” — hadrons)
472 J, a(s) (s — kZ —ig)

we obtain the hadronic shift Eq. (70) for the full photon propagator.

Since what we need is the hadronic blob, in processes as displayed in Fig. 26, it is evident that a precise extraction of the
desired object requires a subtraction of all radiative corrections not subsumed in the blob. Thus besides the VP effects, in
particular, the initial state radiation (ISR) has to be subtracted. It is well known that photon radiation leads to infrared (IR)
singularities if not virtual and real (soft) radiation are included on the same footing (Bloch-Nordsieck prescription). Thereby
soft photon radiation has to be included at least up to energies 0 < E < E. where E. is the detection threshold of the
detector utilized. Any charged particle cross-section measurement requires some detector dependent cuts in photon phase
space and the detector dependent radiation effects must be subtracted in order to obtain a detector independent meaningful
physics cross-section. Besides the ISR there is final state radiation (FSR) as well as initial-final state interference effects,
where the latter to leading order drop out in total cross-sections for C symmetric cuts. While ISR from the e*e™ initial state
is calculable in QED to any desired order of precision, the calculation of the FSR for hadronic final states is not fully under
control. In addition, experimentally it is not possible to distinguish ISR from FSR photons. Fortunately the most important
channel contributing to aff) (vap, had) is the two-body 7 Tz~ one and FSR usually is calculated in scalar QED (sQED) which
however is appropriate only for relatively soft photons which see the pions as point particles. In fact a generalized version
of sQED is applied where the point form-factor F}:"i“t = 1 is replaced by the experimentally determined pion form-factor
F, (s). The FSR contribution will be discussed in Section 4.2. On the level of the quarks the leading order FSR contribution
would be given by the diagrams (19) to (21) of Fig. 10 and corresponds to the inclusion of the final state radiation correction
of R(s). The Kinoshita-Lee-Nauenberg (KLN) theorem infers that these fully inclusive corrections are not enhanced by any
logarithms. This also infers that the model dependence of the FSR contribution is at worst moderate. For a more detailed
discussion see Refs. [198-202] and references therein.

(116)

4.1.2. Hadronic t-decays and isospin violations
In principle, the I = 1 iso-vector part of e"e~ — hadrons can be obtained in an alternative way by using the precise
vector spectral functions from hadronic t-decays t — v, 4+ hadrons which are related by an isospin rotation [203,164],
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Fig. 27. t-decay vs. ete~-annihilation: the involved hadronic matrix-elements (out 7 "7~ Uffl (0)]0) and (out 7%z~ Uv,.(0)]0) are related by isospin.

like 7°7~ — mx, as illustrated in Fig. 27 for the most relevant 2z channel. After isospin violating corrections, due to
photon radiation and the mass splitting my — m,, # 0, have been applied, there remains an unexpectedly large discrepancy
between the eTe™- and the t-based determinations of a, [178], as may be seen in Table 4. Possible explanations are so
far unaccounted isospin breaking [179] and/or experimental problems with the data. For example, FSR corrections in the
charged current T-channel are expected to be more model dependent than in the neutral ete™-channel as they exhibit a
much larger short distance sensitivity. Since the e™e™-data are more directly related to what is required in the dispersion
integral, one usually advocates using the eTe™ data only in the evaluation of aff) (vap, had).

Precise t-spectral functions became available in 1997ff from ALEPH, OPAL and CLEO [204-206] and the idea to use

the 7 spectral data to improve the evaluation of the hadronic contributions a‘;j’d was pioneered by Alemany, Davier and

Hocker [164]. More recently a new measurement was presented by Belle [207]. Data sets for |F, |? are displayed in Fig. 28.
Taking into account the t-data increases the contribution to alhj‘d by 2 o (see Table 4 and Fig. 24). The unexpectedly large
discrepancy between isospin rotated t-data, corrected for isospin violations, and the direct e*e™-data remains one of the
unsolved problems. This on one hand means that doubts continue to exist that low energy hadronic cross-sections are
sufficiently well under control, on the other hand a solution of the problem would contribute to reduce hadronic errors on
g — 2 predictions further.

For the dominating 27z channel, the precise relation we are talking about may be derived by comparing the relevant
lowest order diagrams Fig. 27, which for the eTe™ case translates into

2

o
o9 =op(eTe” - 7)) = vo(s) (117)
and for the t case into
1dr 6|Vua|*Sew B(r~ — vee™ D s 2s
—— (" = a 7%, = Vua“Sew B( ! e) 1-— 14+ — ) v_(s), (118)
I ds m2  B(t™ — v, 770 m? m?

where |V,q| = 0.9746 4 0.0006 [103] denotes the CKM weak mixing matrix element and Sgyy = 1.0198 4 0.0006 accounts
for electroweak radiative corrections [209-213,178]. The spectral functions are obtained from the corresponding invariant
mass distributions. The B(i)’s are branching ratios, B(t~ — v;e” ¥,) = (17.810 & 0.039)%, B(t~— — v, 7w 7% =
(25.471 £ 0.129)%. SU (2) symmetry (CVC) would imply

v_(s) = vo(s). (119)
The spectral functions v;(s) are related to the pion form factors Ff, (s) by
BX(S) . .
vi(s) = == IR @F: (=0,-), (120)

where B;(s) is the pion velocity. The difference in phase space of the pion pairs gives rise to the relative factor ﬁ;,no/ﬂ;,ﬂ.

Before a precise comparison via Eq. (119) is possible, all kinds of isospin breaking effects have to be taken into account.
For the w7 channel the most relevant corrections have been investigated in [213,214]. The corrected version of Eq. (119)
may be written in the form

0) — Ka (S) drrnr[y] > RIB(S) (]2])
T KF(S) ds SEw ’
with
G| Vyq|*m? s \2 s To?
Kr(s) = F——"(1- =) (14+2=); K ()= —,
r®) = g m2 e () =5
and the isospin breaking correction
1 BRG]
Ris(s) = x| V) (122)
Gem(s) B _ o 1f+(5)
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Fig. 28. Modulus square of the I = 1 pion form factor extracted from t* — v, 7*7°® which shows the p*-resonance. The ratio

|Fz (E)?(7)/|Fyx (E)|?n(e+e’ [I = 1]) illustrates the missing consistency of the r-data relative to a CMD-2 fit. Dashed horizontal lines mark + 10% (see
also [207,208]). Note that the reference fit line represents the et e~ data only below about 1GeV (see Fig. 21). At higher energies data forete~ — 77~ are
rather poor, but old Orsay DM2 data as well as the new preliminary BaBar radiative return data [ 176] also exhibit the dip at 1.5 GeV, i.e. our “normalization”
above 1 GeV is to be considered as arbitrary.

includes the QED corrections to T~ — v, ~7° decay with virtual plus real soft and hard photon radiation integrated over
all phase space.

Originating from Eq. (120), 82_ . /B>__, is a phase space correction due to the 7= — 7* mass difference. Fy (s) = F2(s)
is the neutral current (NC) vector form factor, which exhibits besides the I = 1 part an I = 0 contribution. The latter p-w
mixing term is due to the SU(2) breaking by the my — m, mass difference. Finally, f, (s) = F is the charged current (CC)
I = 1 vector form factor. One of the leading isospin breaking effects is the p — w mixing correction included in |Fy (s)|%.
The form-factor corrections, in principle, also should include the electromagnetic shifts in the masses and the widths of
the p’s.'® Up to this last mentioned effect, discussed in [179] (also see [215]), which was considered to be negligible in
earlier isospin breaking estimates, all the corrections were applied in [178] but were not able to eliminate the observed
discrepancy between v_(s) and vy (s). The deviation starts at the peak of the p and increases with energy to about 10%-20%.
More precisely, Fig. 28 shows good agreement below about 800 MeV, a 10% enhancement between 800 and 1200 MeV and
a pronounced dip around 1500 MeV. The trend shown by the ALEPH 97 and CLEO data is clearly stressed by the new Belle
measurement [207]. The Belle data differ substantially from the ALEPH 05 data, however, which lie higher by more than 10%
in the intermediate range [+20% relative to e*e™].

We should mention here once more that photon radiation by hadrons is poorly understood theoretically. The commonly
accepted recipe is to treat radiative corrections of the pions by scalar QED, except for the short distance (SD) logarithm
proportional to In My, /m, which is replaced by the quark parton model result and included in Sgw by convention. This SD
log is present only in the weak charged current transition W** — 7+7(y), while in the charge neutral electromagnetic
current transition y* — 77~ (y) this kind of leading log is absent. In any case there is an uncertainty in the correction of

16 Because of the strong resonance enhancement, especially in the p region, a small isospin breaking shift in mass and width between p ° and p*, typically
Am, = myx —m,o ~2.5MeVand AT, = I+ — I',0 ~ 1.5 MeV and similar shifts for the higher resonances p’, p” and the mixing amplitudes of these
states, causes a large effect in the tails by the kinematical shift this implies.
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the isospin violations by virtual and real photon radiation which is hard to quantify. We also should stress that the possible
isospin breaking resonance parameter shifts, like Am, and AT, so far have not been determined unambiguously. Note,
however, that the new Belle results [207] precisely confirm the earlier observed shifts in mass and width of the p [216,179],
which could be part of the source of additional isospin violations.

A reason for the T vs ete™ discrepancy could be the way (incoherent) the pure I = 1 part (given by t-data) is combined
with the missing I = 0 contribution (approximately separated out from the e*e~-data). What is needed and what is
measured in ete™ is the interference |A; (s) + Ao(s)|? which in any case must be smaller than |A;(s)|? 4 |Ao(s)|2. In any case,
one has to keep in mind that isospin breaking can only have two origins: the m, — my mass difference and electromagnetic
effects and the latter require a small positive mass difference m,+ —m,o ~ 1MeV and similar for p" and p”. In fact, a fit of
the data for the p yields a factor of 2 larger result, which maybe is a problem. It should be noted that the fits including several
masses, widths and mixings are not very stable. In Ref. [217] effects of the p-w-¢ mixing on the dipion mass spectrum in
ete~-annihilation and t-decay were analyzed within the HLS effective model and it was suggested that they could explain
the observed isospin breakings. As a possibility one also may consider the case that the r-data based evaluation of alhfd is
the more reliable one. The integrated data in the range m, — 1.8 GeV after applying known isospin violation corrections is
given by

- Belle (7)[207]

ar” = (523.5 & 1.5(exp) = 2.6(Br) & 2.5(is0)) x 1077, (123)
- ALEPH, CLEO, OPAL (7) [178]

a7 = (520.1 & 2.4(exp) = 2.7(Br) & 2.5(is0)) x 1077, (124)

which compares to
- CMD2, SND (ete™)[184]

@™ = (504.6 % 3.1(exp) = 0.9(rad)) x 1077, (125)

where errors are the experimental ones (exp), from the normalizing branching fraction (Br), from isospin breaking
corrections (iso) and from radiative corrections (rad). Including t data shifts the theoretical prediction by (Sa:‘fd ~+4+17.9 x

1071° thus would improve the agreement between theory and experiment for a,, to the 1.2 o level, see Section 7. However,
using the T-data would also increase the “gap” between a too low value of indirect Higgs mass determinations in comparison
with the known direct lower bound. This does certainly not support the idea that the t-data based evaluation is more likely
to be the correct choice [218].

4.1.3. Perturbative QCD contributions

The high energy tail of the basic dispersion integral equation (109) can safely be calculated in pQCD because of the
asymptotic freedom of QCD. The latter property implies that the effective strong interaction constant «;(s) gets weaker the
higher the energy scale E = /s, and we may calculate the hadronic current correlators in perturbation theory as a power
series in «s /. The object of interest is

4

p(s) = %Im I (s) 5 T (q) = (¢"q" — Pg"" ) T (¢7) : "B (126)

The QCD perturbation expansion diagrammatically is given by

14

=

(e
R Do
o et ol o el
ol e

External lines are photons, arrow lines propagating quarks/antiquarks and curly lines propagating gluons. The vertices ®
are marking renormalization counter term insertions. They correspond to subtraction terms which render the divergent
integrals finite.

Perturbative vacuum polarization effects were first discussed by Dirac [219] in QED (for photons and electrons in place of
gluons and quarks) and finally unambiguously calculated at the 1-loop level by Schwinger [220] and Feynman [221]. Soon
later Jost and Luttinger [222] presented the first 2-loop calculation.
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In zeroth order in the strong coupling «s we have

2
2Im M/\QM = \M<

which is proportional to the the free quark-antiquark production cross-section [223] in the so called Quark Parton Model,
describing quarks with the strong interactions turned off. Because of asymptotic freedom this picture should be a good
approximation asymptotically in the high energy limit of QCD. In pQCD, of course, we can only calculate the qq (@ =
u,d, s, ...) production cross-section and not the physical hadron production cross-section oy, (ete~ — y* — hadrons)
itself. In this case the R function corresponding to Eq. (106) is defined by

. q 2m
RGP = yee = PO, (127)
3s

Tt <e+e‘ =y~ 244, q48. - ) s

which for sufficiently large s can be calculated perturbatively. The result is given by [224-227]

v,
R(s)™™ = N Y Q;E" (3—2) O(s — 4m2) {1+ aci(vy) + a’c, + d’cs + a*cs - -} (128)
q

where a = «;(s)/m and, assuming 4m2 « s, i.e.in the massless approximation

=1,
3 3 33 123
o =GR |:—32 Cz(R)—4,30§(3)—48Nq+32N6]
_ %1y — Bo(3) ~ 1.9857 — 0.1153 N
24 121 ”

2
c3 = —6.6368 — 1.2002 Ng — 0.0052N? — 1.2395 (Z Q4> /(3 ZQ<12> :
q q

5
¢4 =—0.010N; 4 1.88N; — 34.4N, + 135.8 — °; <1.9857 —0.1153N, + 6—?) ;
0

in the MS scheme. Ng=>" 1 is the number of active quark flavors. The mass dependent threshold factor in front of

q:4m5 <s

the curly brackets in Eq. (128) is a function of the velocity v, = <] — ﬁ) . and the exact mass dependence of the first
correction term
2m? 72 1
c1(vg) = e — B+ (g - Z)

is singular (Coulomb singularity due to soft gluon final state interaction) at threshold. The singular terms exponentiate [228]:

14x 2Xx N 2mag
i 5 = )
1—e 3y,
s o  2mag )\ 4mag 1
<1+c1(vq)—+---)—> 1+ (v — — .
T T 3 3ug 1 exp {_437?3}
q

In the ranges where we apply pQCD the strength of the coupling is still substantial. This requires renormalization group
improvement of perturbative predictions. Thus, as usual, the coupling «s and the masses m, have to be understood as running
parameters:

2 2 2
R ("Sl"" Ols(So)) —R (m"(s” ),aswz)) L u=4

0

where ,/sq is a reference energy. Mass effects are important once one approaches a threshold from the perturbatively
safe region sufficiently far above the thresholds. They have been calculated up to three loops by Chetyrkin, Kithn and
collaborators [229] and have been implemented in the FORTRAN routine RHAD by Harlander and Steinhauser [230].
Where can we trust the perturbative result? In the complex s-plane, perturbative QCD is supposed to work best in the
deep Euclidean region away from the physical region characterized by a cut along the positive real axis for s > s; = 4m?
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Fig. 29. Hadronic higher order VP contributions: (a)-(c) involving LO vacuum polarization, (d) involving HO vacuum polarization (FSR of hadrons).

where m is the mass of the lightest particles which can be pair-produced. Fortunately, the physical region to a large extent
is accessible to pQCD as well provided the energy scale is sufficiently large and one looks for the appropriate observable.

The imaginary part corresponds to the jump of the vacuum polarization function I7’(q?) across the cut. On the cut we
have the thresholds of the physical states, with lowest lying channels: 7 +7~, #%7*7~, ... and resonances p, w, ¢,J /¥ . . .,
T ...,....QCD confines the quarks inside hadrons. In any case the quarks hadronize, a non-perturbative phenomenon which
is poorly understood in detail. Neither the physical thresholds nor the resonances are obtained with perturbation theory! In
particular, the perturbative quark-pair thresholds in Eq. (128) do not nearly approximate the physical thresholds for the low
energy region below about 2 GeV. At higher energies pQCD works sufficiently far away from thresholds and resonances, i.e. in
regions where R(s) is a slowly varying function. Fig. 22 shows the eTe™-data together with the perturbative QCD prediction.
Less problematic is the space-like (Euclidean) region —g®> — o0, since it is away from thresholds and resonances.

The time-like quantity R(s) intrinsically is non-perturbative and exhibits bound states, resonances, instanton effects
(') and in particular the hadronization of the quarks. In applying pQCD to describe real physical cross-sections of
hadro-production one needs a “rule” which bridges the asymptotic freedom regime with the confinement regime, since
the hadronization of the colored partons produced in the hard kicks into color singlet hadrons eludes a quantitative
understanding. The rule is referred to as quark hadron duality'” [232,233], which states that for large s the average non-
perturbative hadron cross-section equals the perturbative quark cross-section:

o(ete~ — hadrons)(s) ~~ Za(e*e’ — qq, qqg, ...)(s), (129)
q

where the averaging extends from the hadron production threshold up to s-values which must lie sufficiently far above the
quark-pair production threshold (global duality). Qualitatively, such a behavior is visible in the data Fig. 22 above about 2 GeV
between the different flavor thresholds sufficiently above the lower threshold. A glance at the region from 4 to 5 GeV gives a
good flavor of duality at work. Note however that for precise reliable predictions it has not yet been possible to quantify the
accuracy of the duality conjecture. A quantitative check would require much more precise cross-section measurements than
the ones available today. Ideally, one should attempt to reach the accuracy of pQCD predictions. In addition, in dispersion
integrals the cross-sections are weighted by different s-dependent kernels, while the duality statement is claimed to hold
for weight unity. One procedure definitely is contradicting duality reasonings: to “take pQCD plus resonances” or to “take
pQCD where R(s) is smooth and data in the complementary ranges”. Also adjusting the normalization of experimental data to
conform with pQCD within energy intervals (assuming local duality) has no solid foundation. Nevertheless, the application of
pQCD in the regions advocated in [230] seems to be on fairly solid ground on a phenomenological level. A more conservative
use of pQCD is possible by going to the Euclidean region and applying the Adler function [234] method as proposed in
Refs.[235,166,236]. As mentioned earlier, the low energy structure of QCD also exhibits non-perturbative quark condensates.
The latter also yield contributions to R(s), which for large energies are calculable by the operator product expansion of the
current correlator Eq. (64) [237]. The corresponding <mq(']q) /s* power corrections in fact are small at energies where pQCD
applies [235,82] and hence not a problem in our context.

4.2. Higher order hadronic vacuum polarization corrections

At order O(«®) there are several classes of hadronic VP contribution with typical diagrams shown in Fig. 29. They have
been estimated first in [ 188]. Classes (a) to (c) involve leading hadronic VP insertions and may be treated using DRs together
with experimental e*e-annihilation data. Class (d) involves leading QED corrections of the charged hadrons and correspond
to the inclusion of hadronic final state radiation (FSR).

The O(®) hadronic contributions from classes (a), (b) and (c) may be evaluated without particular problems as described
in the following.

At the 3-loop level all diagrams of Fig. 10 which involve closed muon-loops are contributing to the hadronic corrections
when at least one muon-loop is replaced by a quark-loop dressed by strong interactions mediated by virtual gluons.

Class (a) consists of a subset of 12 diagrams of Fig. 10: diagrams (7) to (18) plus 2 diagrams obtained from diagram (22) by
replacing one muon-loop by a hadronic “bubble”, and yields a contribution of the type

a\32 [ ds
®G)(@] _ ( > / [(@] 2
a = R(s)K s/m?), 130
" T 3 4mg S ( ) ( / M) ( )

17 Quark-hadron duality was first observed phenomenologically for the structure function in deep inelastic electron-proton scattering [231].
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where K!®I(s/m?) is a QED function which was obtained analytically by Barbieri and Remiddi [90]. The kernel function is
the contribution to a, of the 14 two-loop diagrams obtained from diagrams (1) to (7) of Fig. 9 by replacing one of the two
photons by a “heavy photon” of mass +/s. The convolution equation (130) then provides the insertion of a photon self-energy
part into the photon line represented by the “heavy photon” according to the method outlined after Eq. (66). While the exact
expressions are given in [90] some sufficiently precise handy approximations have been given by Krause [238] in form of

an expansion up to fourth order in m? /s which reads

K[(a)](s/mZ) S{|:223_2§(2)_3]nn‘:2j|+ 5 [8785_37 ()_3E i

54 1152 216 m?
m? [ 13072841 883 10079 s 141 , s

— | -Z=2) - ——h —1In

2 | 432000 3600 m2 ' 80 @ m?

m® [2034703 3903 6517 s 961 , s

— - r(2) — In— + —In®> — |}.

$3 | 16000 40 1800 m? ' 80 @ m?

(131)

Here m is the mass of the external lepton, m = m,, in our case. The expanded approximation is more practical for the

evaluation of the dispersion integral, because it is numerically more stable in general.

Class (b) consists of 2 diagrams only, obtained from diagram (22) of Fig. 10, and one may write this contribution in the form

a\32 [* ds
a®1on = (2)°2 / © REOKIO (s/m2),
am2 S

w/ 3
with
1 2 2 2
KO (s /m?2) :/ d Xa=% e ™
H o X4+ (1 —xs/m 14 1—xm2 )|’
2
where we have set IT" = % . Using Eq. (74) with z = —1—2 m—’; we have
e

. 8 p? 1 p? g—1 1—xm2
nfz)=--—"+4+(-—=)Bln—— withf= [1+4 .
y @ 9 3+<2 6 ﬁnﬂ—i—l with 5 + X2 me

(132)

(133)

Here the kernel function is the contribution to a,, of the 2 two-loop diagrams obtained from diagram (8) of Fig. 9 by replacing

one of the two photons by a “heavy photon” of mass /5.

In diagram (b) mf /m? = (me/mﬂ)2 is very small and one may expand $ in terms of this small parameter. The expansion

of Eq. (133) to fifth order in m* /s and to first order in m7 /m? is given by

[®)] m? 1 1. m m*( 5 7 5 s 5 m* 1 ,s
K = —{-=+-h=s5 ]|+ —|-——-+—=+-h=S+—-Ih— —-—-In*—
s 18 9 2 m mg m

m2 s\ 48718 9 m 36 6

m“( 112994_712_'_10l s 1l m? 12s_'_12m2>

— | = —+—=In——-—In— —-In"— +In" —

2 2 2 2 2

s 1800 3 3 mf 10 m mg F

mé (6419 14 , 76 m* 14 ,m’* 140 s 14 , s
= |55 o7 +—In—-—In"—5—-——In—5+—In"—

s\ 225 9 45 m 3 m 9 23 m

m® (53350 20 , 592 m’ ,m* 200 s ,
- — —r’+—In— —20In* = — —In— +20In*

st \ 441 3 63 mf m¢ 3 mg mg

2
If we neglect terms (9(%) the x-integration in Eq. (133) may be performed analytically with the result [238]

% [xf(xl —1In (1__)‘;]) —x%(xz - 1)ln<

5 1 m 1
KI®l(s) = — <9+31nmf2) X {2 — (X)) +

(134)

=
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Table 5

Higher order contributions from diagrams (a)-(c) (in units 10~'!). Note that errors between contributions (a) and (b) are 100% anticorrelated, and the
contribution (c) is suppressed. The error of al’ (vap, had) is also close to 100% anticorrelated to the one of the leading term a(” (vap, had).

aff”‘a” af”(b” ajf”“” ajtm (vap, had) References
—199(4) 107(3) 2.3(0.6) —90(5) [79]
—211(5) 107(2) 2.7(0.1) —101(6) [238]
—209(4) 106(2) 2.7(1.0) —100(5) [164]
—207.3(1.9) 106.0(0.9) 3.40.1) —98(1) [182,185]
—207.5(2.0) 104.2(0.9) 3.0(0.1) ~100.3(1.1) [161]

>l rx  — 20— Ly (L) = 22 (8
21 - _ oLyl
122 3T T30 —x) |7 V1T \x ) 2 1-x

(1 1 -
— X(1—x) [le (Xz) -3 In? (1 _Xiz)]] , (135)

withx; , = 5(b =+ +/b> — 4b) and b = s/m?.
Class (c) includes the double hadronic VP insertion, which is given by

31 [ /
a®LO] _ (E) Z %diR(S)R(S,)K[m](s,S,)7 (136)
" 7/ 9 Jamz s

where
1

KOs, 5/):/ dx

o [

x*(1—x)
X2+ (1= x)s/m2][x2 4+ (1 — x)s7/m2]’

This integral may be performed analytically. Setting b = s/m? and ¢ = s'/m? one obtains for b # ¢

_@-ppp b @-4b+P)n (%Q%)
2(b—0) 2(b-c)v—@_bb

Wt
(=240 2 In@e) ¢ (@2—4c+c?)n (E_GT;_E)E)

2((b—-0) 2(b—c)/—@—-0)c

1
KOs, s7) = i b—c

(137)

and forb =c
c(—2+4c—c?

1
K©ls, 51 = 3~ 2c+ % (=24+c—41In(c)+3c In(c)) + 24t o)

2 3 v (=4t0)¢
C (12—42C+22C —3c ) IH(W)

2(-4+0 JAroc

Results obtained by different groups, for so far unaccounted higher order vacuum polarization effects, are collected in
Table 5. We will adopt the estimate'®

+

(138)

a® (vap, had) = (=100.3 + 1.1) x 10~ (139)
"

obtained with the compilation [161].
Class (d) exhibits 3 diagrams (diagrams (19) to (21)) of Fig. 10 and corresponds to the leading hadronic contribution with
R(s) corrected for final state radiation. We thus may write this correction by replacing

R(s) — R(s)n(s)% (140)

in the basic integral equation (109). This correction is particularly important for the dominating two pion channel for which
n(s) may be calculated in scalar QED. The result reads [239,240]

1+ (11— o 1—B
=g, {4L12(1+ﬂn>+2L12 (_1+ﬁn>

18 Our evaluation of the contribution to a is aéc) (vap, had) = (—0.223 £ 0.002) x 10~'2. The result is dominated by the diagram Fig. 29(a) which now
includes the electron loop, while diagram (b) includes the muon loop and is suppressed by a factor (me/m#)z. A similar suppression factor applies for the
other diagrams (see also [238]).
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Fig. 30. The FSR correction factor 1(s) as a function of the c.m. energy +/s.
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and provides a good measure for the dependence of the FSR on the pion mass. Neglecting the pion mass is obviously
equivalent to taking the high energy limit n(s — oo0) = 3 . As sQED treats the pions as point-like particles the hard part
of the spectrum, where photons couple to quarks rather than to the hadron, is certainly not taken into account properly.
Since we are not able to unambiguously calculate radiation from strongly bound systems one should focus much more on
direct measurements of the spectrum [202]. In Fig. 30 the sQED correction 1(s) is plotted as a function of the center of
mass energy. We observe that for energies below 1 GeV the pion mass leads to a considerable enhancement of the FSR
corrections. Regarding the desired precision, ignoring the pion mass would therefore lead to wrong results. As usual, close
to the threshold of charged particle production the Coulomb force between the two final state particles leads to substantial
corrections. In this limit (s ~ 4me) the factor 5(s) becomes singular [1(s) — m%/28,] which means that the O(x) result
for the FSR correction cannot be trusted anymore. Fortunately, the singular terms are known to all orders of perturbation
theory and can be resummed. In fact the leading terms exponentiate and one obtains [239]:

RY)(s) = R(s) (1 + 77(5)g — ﬂ) e |:1 — exp <—Tm>:|1 . (142)
T 2B:) Bx B

While only the exponentiated correction yields the correct answer close to the threshold, the deviation from the non-

exponentiated one is below 1% above /s = 0.3 GeV. The O(a)7 7~y correction calculated in sQED yields

87a®(vap, had) = a¥' @) = (38.6 % 1.0) x 10", (143)

as a contribution to a,,. Here, we added a guesstimated error which of course is not the true model error, the latter remaining
unknown.'? In the inclusive region above typically 2 GeV, the FRS corrections are well represented by the inclusive photon
emission from quarks. However, since in inclusive measurements experiments commonly do not subtract FSR, the latter
is already included in the data and no additional contribution has to be taken into account. In more recent analyses this
contribution is usually included as the w7~y channel in the leading hadronic VP contribution, in particular in the value
given in Eq. (113).

5. Hadronic light-by-light scattering contribution

The most problematic set of hadronic corrections is that related to hadronic light-by-light scattering, which for the first
time show up at order O(«®) via the diagrams of Fig. 31. We already know from the leptonic counterpart Fig. 14 that
such contributions can be dramatically enhanced and thus represent an important contribution which has to be evaluated
carefully. The problem is that even for real-photon light-by-light scattering, perturbation theory is far from being able to
describe reality, as the reader may convince himself by a glance at Fig. 32, showing sharp spikes of 7°,  and »’ production,
while pQCD predicts a smooth continuum (see Fig. 33).

19 One could expect that due to y-p ° mixing (VMD type models [241], see below) the sQED contribution gets substantially reduced. However, due to the
low scales ~ m,,, m, involved here, in relation to M, the photons essentially behave classically in this case. Also, the bulk of the VP contribution at these
low scales comes from the neutral p °-exchange, while the FSR is due to the dissociated charged 77 ~ intermediate state as assumed in sQED. Fig. 30
shows that the main contribution comes from very low energies.
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Fig. 32. The invariant yy mass spectrum obtained with the Crystal Ball detector [242]. The three spikes seen represent the yy — pseudoscalar (PS)
— yy excitations: PS = 7%, , n'.
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Fig. 33. Hadronic light-by-light scattering is dominated by 77 °-exchange in the odd parity channel, pion loops etc. at long distances (L.D.) and quark loops
including hard gluonic corrections at short distances (S.D.). The photons in the effective theory couple to hadrons via y — p° mixing.

As a contribution to the anomalous magnetic moment three of the four photons in Fig. 31 are virtual and to be integrated
over all four-momentum space, such that a direct experimental input for the non-perturbative dressed four-photon
correlator is not available. In this case one has to resort to the low energy effective descriptions of QCD like chiral perturbation
theory (CHPT) extended to include vector-mesons. Note that early evaluations assumed that the main contribution to
hadronic light-by-light scattering comes from momentum regions around the muon mass. It was later observed in Refs. [243,
244] that the higher momentum region, around 500-1000 MeV, also gives important contributions. Therefore, hadronic
resonances beyond the Goldstone bosons of CHPT need to be considered as well. The Resonance Lagrangian Approach (RLA)
realizes vector-meson dominance model (VMD) ideas in accord with the low energy structure of QCD [88]. Other effective
theories are the extended Nambu-Jona-Lasinio (ENJL) model [244] (see also [245]) or the very similar hidden local symmetry
(HLS) model [243,246]; approaches more or less accepted as a framework for the evaluation of the hadronic LbL effects. The
amazing fact is that the interactions involved in the hadronic LbL scattering process are the parity conserving QED and QCD
interactions while the process is dominated by the parity odd pseudoscalar meson-exchanges. This means that the effective
7%y interaction vertex exhibits the parity violating y;5 coupling, which of course in yy — 7% — yy must appear twice
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(an even number of times). The process indeed is induced by the parity odd O(p*) Wess-Zumino-Witten (WZW) effective
Lagrangian term [247,248]

@ _ o N f o 1 2. \& puv
£ 2 e 2./ Zno | FunF™. 144
WZW s IZFH ( + ﬁUS + 3770 " ( )

The latter reproduces the AB] anomaly [249] on the level of the hadrons. ° is the neutral pion field, F, the pion decay
constant (F, = 92.4 MeV). The pseudoscalars g, g mix into the physical states 7, n'. However, the constant WZW form
factor yields a divergent result, applying a cut-off A one obtains the leading term

N2 m?2 A
¢ M2 4

(6) 0y — | e B
a,.” (bl ) |:487r2 F? my,

with an universal coefficient € = N?m?, /(487 *F}) [17,250]; in the VMD dressed cases My represents the cut-off A — My if

My — 00.29 For the case of w%-exchange, a two-dimensional integral representation for a7’ has been derived in Ref. [17]
(in terms of the moduli of the Euclidean loop momenta |Q;| and |Q|) for a certain class of form factors including the VMD
dressed case. The universal weight functions multiplying the model-dependent form factors clearly show the relevance of
momenta of order 500-1000 MeV.

A new quality of the problem encountered here is the fact that the integrand depends on 3 invariants q%, q%, q%, where
g3 = —(q1 + ¢2). In contrast, the hadronic VP correlator, or the VVA triangle with an external zero momentum vertex
(which enters the electroweak contribution, see Section 6), only depends on a single invariant ¢2. In the latter case, the
invariant amplitudes (form factors) may be separated into a low energy part g> < A? (soft) where the low energy effective
description applies and a high energy part g > A? (hard) where pQCD works. In multi-scale problems, however, there are
mixed soft-hard regions, where no answer is available in general, unless we have data to constrain the amplitudes in such
regions. In our case, only the soft region q3, g3, 3 < A? and the hard region ¢2, g3, g5 > A? are under control of either the
low energy effective field theory (EFT) and of pQCD, respectively. In the other domains operator product expansions and/or
soft versus hard factorization “theorems” a la Brodsky-Farrar [251] may be applied.

Another problem of the RLA is that the low energy effective theory is non-renormalizable and thus has unphysical UV
behavior, while QCD is renormalizable and has the correct UV behavior (but unphysical IR behavior). As a consequence
of the mismatch of the functional dependence on the cut-off, one cannot match the two pieces in a satisfactory manner
and one obtains a cut-off dependent prediction. Unfortunately, the cut-off dependence of the sum is not small even if one
varies the cut-off only within “reasonable” boundaries around about 1 or 2 GeV, say. Of course the resulting uncertainty
just reflects the model dependence and so to say parametrizes our ignorance. An estimate of the real model dependence is
difficult as long as we do not know the true solution of the problem. In CHPT and its extensions, the low energy constants
parametrizing the effective Lagrangian account for the appropriate S.D. behavior, usually. Some groups however prefer an
alternative approach based on the fact that the weakly coupled large-N, QCD, i.e., SU(N;) for N. — oo under the constraint
asN. = constant, is theoretically better known than true QCD with N, = 3. It is thus tempting to approximate QCD as an
expansion in 1/N, [252-254].

Of course, also applying a large-N, expansion one has to respect the low energy properties of QCD as encoded by CHPT.
In CHPT the effective Lagrangian has an overall factor N., while the U matrix, exhibiting the pseudoscalar fields, is N,
independent. Each additional meson field hasa 1/F, o 1/+/N..In the context of CHPT the 1/N, expansion thus is equivalent
to a semiclassical expansion. The chiral Lagrangian can be used at tree level, and loop effects are suppressed by powers of
1/N,. Note, however, that for instance the low-energy constants L; which appear at order p* in the chiral Lagrangian have
different weights in the N. counting.

The various hadronic LbL contributions in the effective theory are shown in Fig. 34 and the corresponding 1/N, and chiral
O(p) counting is given in Table 6 [245]. Note that the chiral counting refers to the contribution to the 4-point function (VVVV)
and not to a,, itself. Based on this classification it was argued in Ref. [245] that the (constituent) quark-loop represents the
irreducible part of the 4-point function and should be included as a separate contribution (although maybe with dressed
couplings of the constituent quarks to the photons, which arises naturally in the ENJL model employed in Ref. [245]), in
addition to the exchanges or loops of resonances. Within the CHPT approach, this irreducible part can be viewed as a local
counterterm contribution yo*"F,,, to a,.In particular, it was argued in Ref. [245] that the (constituent) quark-loop should
not be used as a substitute for the hadronic contributions (exchanges and loops with resonances), as was done in earlier
evaluations of the hadronic light-by-light scattering contribution to g — 2 in Refs. [188,79].

Based on refined effective field theory models, two major efforts in evaluating the full a;” contribution were made
by Hayakawa, Kinoshita and Sanda (HKS 1995) [243], Bijnens, Pallante and Prades (BPP 1995) [244] and Hayakawa and

LbL

20 since the leading term is divergent and requires UV subtraction, we expect this term to drop from the physical result, unless a physical cut-off tames
the integral, like the physical p in effective theories which implement the VMD mechanism.
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u,d, s

(a)[LD.]. (b) [LD.]. (c)[S.D.].

Fig. 34. Hadronic light-by-light scattering diagrams in a low energy effective model description. Diagrams (a) and (b) represent the long distance [L.D.]
contributions at momenta p < A, diagram (c) involving a quark loop which yields the leading short distance [S.D.] part at momenta p > A with
A ~ 1to2 GeV an UV cut-off. Internal photon lines are dressed by p-y mixing.

Table 6

Orders with respect to 1/N, and chiral expansion of typical leading contributions shown in Fig. 34.

Diagram 1/N, expansion p expansion Type

Fig. 34(a) N. p° 7°, 1, n exchange

Fig. 34(a) N, p® ai, p, w exchange

Fig. 34(b) 1 p* Meson loops (7%, K*)
Fig. 34(c) N, p® Quark loops

Kinoshita (HK 1998) [246] (see also Kinoshita, Nizic and Okamoto (KNO 1985) [79]). Although the details of the calculations
are quite different, which results in a different splitting of various contributions, the results are in good agreement and
essentially given by the 7%-pole contribution, which was taken with the wrong sign, however. In order to eliminate the
cut-off dependence in separating L.D. and S.D. physics, more recently it became favorable to use quark-hadron duality, as
it holds in the large N, limit of QCD [252,253], for modeling of the hadronic amplitudes [245]. The infinite series of narrow
vector states known to show up in the large N, limit is then approximated by a suitable lowest meson dominance (LMD)
ansatz [255], assumed to be saturated by known low lying physical states of appropriate quantum numbers. This approach
was adopted in a reanalysis by Knecht and Nyffeler (KN 2001) [17,250], in which they discovered a sign mistake in the
dominant 7%, n, n’ exchange contribution (see also [256,257]), which changed the central value by +167 x 107! a 2.8
o shift, and which reduced a larger discrepancy between theory and experiment. More recently Melnikov and Vainshtein
(MV 2004) [258] found additional problems in previous calculations, this time in the short distance constraints (QCD/OPE)
used in matching the high energy behavior of the effective models used for the 7°, , n’ exchange contribution. Most
evaluations have adopted the pion-pole approximation which, however, violates four-momentum conservation at the
external w%y *y vertex, if used too naively, as pointed out in Refs. [258,44,46]. In the following we will attempt an evaluation
which avoids such manifest inconsistencies. Maybe some of the confusion in the recent literature was caused by the fact
that the distinction between off-shell and on-shell (pion-pole) form factors was not made properly.

Let us start now with a setup of what one actually has to calculate. We will closely follow Ref. [17] in the following.
The hadronic light-by-light scattering contribution to the electromagnetic vertex is represented by the diagram Fig. 31.
According to the diagram, a complete discussion of the hadronic light-by-light contributions involves the full rank-four
hadronic vacuum polarization tensor

My (q1, G2, G3) = / d*x;d*xpd*x; e @NTR2TEX) (0| T, (x1), (X)) (X3),(0)} | 0). (145)

The external photon momentum k is incoming, the ¢;’s of the virtual photons are outgoing from the hadronic “blob”.
Herej,(x) = (Y Qy,¥)X® (Y = (u,d,s), Q = diag(2, —1, —1)/3 the charge matrix) denotes the light quark part of
the electromagnetic current. Since j, (x) is conserved, the tensor I7,,,,,(q1, g2, q3) satisfies the Ward-Takahashi identities
{d}; a5: 45 kP M T,0000 (41, G2, 43) = O, with k = (q1 + g2 + g3) which implies

ITp(G1, G2, k — g1 — q2) = —k° (3/0k") T35 (1, G2, k — q1 — q2), (146)

and thus tells us that the object of interest is linear in k when we go to the static limit k* — 0 in which the anomalous
magnetic moment is defined. As a consequence the electromagnetic vertex amplitude takes the form I1,(p’,p) =
ke IT,,(p’, p) and the hadronic light-by-light contribution to the muon anomalous magnetic moment is given by (see
also [158])

Fu(0) =

28m, Tr {(F+m)ly”, y71F+ mu) T, (p.p)} - (147)

The required vertex tensor amplitude is determined by

M, (p',p) = —ie® / d'a: d'e, ! ! 1
P Cm* 2 @@+ —k? @' —q)?—m (p—q —q)> —m

I vV 8
xyH(p' = +m)y'(F— di— b2 + mu))ﬂw 06 (@1, G2, k — g1 — q2), (148)
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b C

Fig. 35. Leading hadronic light-by-light scattering diagrams. In accord with Eq. (151), here all photon momenta are chosen incoming to the pion transition
form factors. Internal photon lines are dressed by p-y mixing.

where now k = 0 such that p’ = p and g3 = —(q1 + ¢). After performing the trace (see below) we have what we actually
need to calculate. The integral to be performed is 8 dimensional. Thereof 3 integrations can be done analytically. In general,
one has to deal with a 5 dimensional non-trivial integration over 3 angles and 2 moduli.

The hadronic tensor I7,,,,5(q1, g2, kK — g1 — q2) in Eq. (145) or (148) is a very complicated object, because it has an
unexpectedly complex structure as we will see, in no way comparable with the leptonic counterpart. The general covariant
decomposition involves 138 Lorentz structures of which 32 can contribute to g — 2 [244]. Fortunately, this tensor is
dominated by the pseudoscalar exchanges 7°, , i/, ... (see Fig. 32), described by the WZW effective Lagrangian (144)
at lowest order in the chiral expansion. This fact raises hope that a half-way reliable estimate should be possible. Generally,
the perturbative QCD expansion only is useful to evaluate the short distance tail, while the dominant long distance part
must be evaluated using some low energy effective model which includes the pseudoscalar Goldstone bosons as well as the
vector mesons as shown in Fig. 33.

5.1. Pseudoscalar-exchange contribution

Here we discuss the dominating hadronic contributions which are due to the neutral pseudoscalar-exchange diagrams
shown in Fig. 35.

We first concentrate on the exchange of the neutral pion. The key object which enters the Feynman diagrams is the off-
shell 7%y y form factor F0:,+,« ((q1 +q2), 47, g5) which is defined, up to small mixing effects with the states  and ', via
the Green’s function VVP in QCD

/}ﬁxawe@ﬂ+%”<mruﬂunxwp%onw>

= es 0 i(yr) i
mel T2 T T (g + 2)? —m2

Froeyrye (@1 4 42)%, 63, 43), (149)

where P? = 1/_fiy5§1/f = (miysu — diysd) /2. Note that we denote by (1) the single flavor bilinear quark condensate.

The form factor is of course Bose symmetric ¥ 0x«,« ((q1 + 02)%, 4%, q3) F 05,5, ((q1 + 42)%, 43, g3), as the two photons
are indistinguishable. We will later also use the following notation

A’ = y*y*) = i/d4xeiq‘x(OlT{iu(X)ju(0)}I7T0(P))

= S/Lva,ﬂ qotpﬂ ?noy*y* (mzzrv qZ’ (p - q)2)’ (150)
where now the pion is on-shell, but the photons are in general off-shell.

We would like to stress that the identification of the pion-exchange contribution in the full hadronic light-by-light
scattering amplitude in g — 2 according to Fig. 35 only makes sense, if the pion is on-shell (or nearly on-shell). If one is
(far) off the mass shell of the exchanged particle (here the pion), it is not possible to separate different contributions to
the g — 2, unless one uses some particular model where for instance elementary pions can propagate. In this sense, only
the result for the pion-pole contribution to g — 2 with on-shell form factors is model-independent. On the other hand,
the pion-pole contribution is only a part of the full result, since in general the form factors will enter the calculation with
off-shell momenta. Although the contribution in a particular channel will then be model-dependent, the sum of all off-shell
contributions in all channels will again lead, at least in principle, to a model-independent result.

Apart from the 7%y y form factor everything is known and may be worked out (see e.g. [ 17]) with the result

aLbL;nO — —66 d4q1 d4Q2 1
" Qm)* 27)* @51 + 42020 + q1)? — m2][(p — q2)? — m?2]
Frrris (@3, G2, G3) Fox e, (@5, G5, 0)
x | T U By T T T T (G 2 )
a; —mg

+ ‘?zo*y*y* (CI§, Q%y q%) ﬁno*y*y(q:zsv q%, O)

SRR T2(q1,q2:p) | » (151)
43 —my
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with
16 16
T1(q1,q2;p) = —(p-qo(p-qz)(m-qz)——(p-qz) q1—f(p q1) (q1 - 42) 45

16 , , 16 5
+8(- 0247 G5 — (p~qz)(q1 32)° +f q1q2—§mu(q1-qz),

16 16 2 2
T2(q1,q2;p) = —(p-qo(p-qz)(q]-qz)——(p-ql)

8
(p a1) (g - Q2)fb+ (P-andid+ 3 S 2 PR A IR (152)

The first and the second graphs in Fig. 35 give rise to identical contrlbutlons, leading to the term with T;, whereas the third
graph gives the contribution involving T,. The factor T, has been symmetrized with respect to the exchange q; <> —q,. Note
that now the external photon has zero four-momentum (k" = 0) such that g3 = —(q; + q2).

The result in Eq. (151) does not depend on the direction of the muon momentum vector p such that we may average in
Euclidean space over the directions P:

1 .
) = ﬁ/d:z(P) (153)

using the technique of Gegenbauer polynomials (hyperspherical approach), see Ref. [259]. Since all p dependent terms are
independent of the pseudoscalar form factors one may perform the integrations in general. After reducing numerators of
the amplitudes T; against the denominators of the propagators one is left with the following integrals ((4) = (P+ Q)%+ mi

and (5) = (P — Q)* + m?, with P = —m?))

<1 1> 1 ) < zX )
@G| " mRr, 1)

_ 2
<< Q1>>=—(Q1-Qz>“’?2),

(5) 8m
<(P Qz)>— Q- Qz)ﬂ,
(4)
1\ 1—Rm
<«T>>__ 2m2
L P 154
<6>“ 2m2 (154

where Ry = /14 4mi/Q,~2 and (Q; - Q;) = Q; Q, t with t = cos 8, 0 the angle between the two Euclidean four-vectors Q;
and Q,. Denoting x = +/1 — t2, we have Rj; = Q; Q; x and

QuQ

zZ =
2
4mu

(1 =Rm1) (1 = Rm2) -

We have thus eliminated all momentum dependencies up to the three which also show up in the hadronic form factors le,

sz, and Q32 or equivalently on (Q; - Q2) = Q1Q; cosf and end up with a 3-dimensional integral over Q; = |Q;], Q2 = |Q>|
andt = cos6:

LbL: 70 203 [

+1
T dQ1sz/ dt v1—-12Q7 Q5 [FiPs1(Q1, Q. 1) + F2 P (Q1, Q, 1)], (155)
-1

where Ps = 1/(Q+m?2),and P; = 1/(QZ+m2) denote the Euclidean single particle exchange propagators. The integration
kernels I and I,, which factorize from the dependence on the hadronic form-factors in F; and F,, are given by

[1(Q1, Q2 1) = X(Q1, Q2. 1) (8131 P, (Qi-Qa) — 2Py Ps (Q)/m}, —2QF)
—2P1 (2 - Q3 /m’, +2(Q; - Q) /m’) + 4P, P3Q]
—4P, —2P3(4+ Q7 /m} —2Q7 /m’) + 2/mi>

— 2P Py (1+ (1 = Rt) (Q1 - Q) /m%) + Py P3 (2 — (1 = Ry1) Q5 /m2) + Py (1 — Rpy) /0,
+P, P32+ (1—Rm)* (Q1 - Q) /m’) 4 3P3 (1 — Ryn)/m?,
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L(Q1, Q. 1) = X(Q1, Q. 1) <4P1 Py (Q- Q) + 2P PsQ) — 2Py + 2P, P3Q] — 2P, — 4P5 — 4/m,i>
—2P; P, — 3Py (1= Rya)/(2m%) — 3Py (1 — Ryn)/(2m2)
+P1P3(243(1—Rp) QF/Q2m) + (1 = Rin)? (Q1 - Qo) /(2m7))
+PyPs (243 (1 —Rn1) Q7/2m}) + (1 — Ru1)? (Q1 - Qo) /(2m2)))
—P3 (2 = Rt — Rp)/(2m), (156)

where we used the notation P = 1/ le, P, =1 /sz, and P; = 1 /Q32 for the Euclidean propagators and introduced the
auxiliary function

X(Q1,Q, 1) =

1 zX
arctan , (157)
Q:1Qxx 1—zt

which has the following asymptotic expansion for small x, near the forward and backward points:

1 -3
d <1 MX2>+O(X3) fort > 0

1 1—z 6 (1—2)2
X(Q17Q25t):
0,0, z 12(2—!—3)2 3
1+z<1+67(1+z)2x +0(x*) fort <o.

Eq. (155) provides the general set up for studying any type of single particle exchange contribution as a 3-dimensional
integral representation. The non-perturbative factors according to Eq. (151) are given by

F] = }‘no*y*y* (_sza _lea _Q32) ?no*y*y(_Q227 _Q227 0)7
FZ = }vno*y*y* (_Q327 _Q]Z’ _Q22) fdr[o*y*y(_Q?,27 _Q?,27 0)7 (158)

and will be considered next. Note that F, is symmetric under the exchange Q; <> Q,. We used this property to write
1,(Q1, Q2, t) in Eq. (156) in a symmetric way.

5.1.1. The n% y transition form factor: Experimental and theoretical constraints

Above we have formally reduced the problem of calculating the 7 °-exchange contribution diagrams in Fig. 35 to the
problem of calculating the integral equation (155). The non-perturbative aspect is now confined in the form-factor function
Fp0x e, (q%, q%, q%) defined in Eq. (149), which is largely unknown. For the time being we have to use one of the hadronic
models mentioned above together with pQCD as a constraint on the high energy asymptotic behavior. Fortunately some
experimental data are also available. The constant ]—’now(mfr, 0, 0) is determined well by the 7° — yy decay rate. The
on-shell transition amplitude in the chiral limit follows from the WZW-Lagrangian equation (144), and is given by

, e’N. a O
Mo, = =€ F10,,(0,0,0) = 15t = - ~ 0025 GeV, (159)

and with F; ~ 92.4 MeV and quark color number N, = 3, rather accurately predicts the experimental result

MY | = /647 I, /m3 = 0.025 £ 0.001 GeV ™. (160)

Note that the amplitude M defined to be finite in the chiral limit, in terms of the conventional amplitude M0, =

4
VV’Z = mT”MnOyV'z'

Additional experimental information is available for #,0,+, (m%, —Q?, 0) coming from experiments e*e™ — e*e~7°.
Note that the production of an on-shell pion at large —q% = Q2? is only possible if the real photon is highly energetic,
ie., qg = || large. This is different from the g — 2 kinematical situation at the external photon vertex, where the
external photon has zero four-momentum. By four-momentum conservation thus only .'Fno*y*y(—Qz, —Q2,0) and not
Fr0¢,+, (M5, —Q?, 0) can enter at the external vertex.

Oyy»
—e? A (10 — yy) e*(q1, A1) € (g2, X2) follows (up to a phase) via DI ‘Mﬂo

For the internal vertex both photons are virtual, and luckily, experimental data on Tnoy*y(mfr, —Q?2,0) is available
from CELLO [260] and CLEO [261], which provides a crucial constraint on this form factor. Fortunately, this constrains the
border domain of one of the problematic mixed soft-hard regions at the internal vertex. Experiments fairly well confirm
the Brodsky-Lepage [262] evaluation of the large Q2 behavior

2F.
lim Fo,, (Mm%, —Q%,0) ~ ——.. (161)
Q%2—o0 Q?
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In this approach the transition form factor is represented as a convolution of a hard scattering amplitude (HSA) and the soft
non-perturbative meson wave function and the asymptotic behavior follows from a pQCD calculation of the HSA. Together
with the constraint from 7 decay, limgz_, o 0, (m2, —Q?, 0) = -, an interpolating formula

-1 1
472F, 1+ (Q¥/372F2)

was proposed, which in fact gives an acceptable fit to the data. Refinements of form factor calculations/models were
discussed and compared with the data in [261] (see also [263-266]).

Apart from these experimental constraints, any satisfactory model for the off-shell form factor # o«,,+,,+ ((q1 +q,)2, qf, q%)
should match at large momentum with short-distance constraints from QCD that can be calculated using the OPE. In
Ref. [267] the short-distance properties for the three-point function (VVP) in Eq. (149) in the chiral limit and assuming
octet symmetry have been worked out in detail (see also Ref. [268] for earlier partial results). At least for the pion the chiral
limit should be not too bad an approximation.?! However, for the 5 and, in particular, for the non-Goldstone boson 7’ further
analysis will be necessary.

It is important to notice that the Green’s function (VVP) is an order parameter of chiral symmetry. Therefore, it vanishes
to all orders in perturbative QCD in the chiral limit, so that the behavior at short distances is smoother than expected from
naive power counting arguments. Two limits are of interest. In the first case, the two momenta become simultaneously large,
which in position space describes the situation where the space-time arguments of all the three operators tend towards the
same point at the same rate. To leading order and up to corrections of order O («;) one obtains the following behavior for
the form factor??

(162)

Fo,s, (M2, —Q%,0) =~

llITl Frponys,x (MG +2q2)%, (Aq1)?, (Aq2)?) =

F 1 2 1
Fo 1qi+a+ (@ +a) +0<7> (163)

32 R A4

The second situation of interest corresponds to the case where the relative distance between only two of the three
operators in (VVP) becomes small. It so happens that the corresponding behaviors in momentum space involve, apart from
the correlator (AP) which, in the chiral limit, is saturated by the single-pion intermediate state,

/ d*xe®*(0|T{AS, (x)P"(0)}|0) = 6 (Y )o ’;—’; (164)

(we denote by (), the single flavor bilinear quark condensate in the chiral limit) the two-point function (VT) of the
vector current and the antisymmetric tensor density,

ab _ 4., A1p-X a )“
) (HVT)/LpG(p) - d*xe 0 T{VM(X) Ilfgpa (O)} (]65)

witho,, = %[yp, ¥, ] (the similar correlator between the axial current and the tensor density vanishes as a consequence of
invariance under charge conjugation). Conservation of the vector current and invariance under parity then give

(HVT)MJU(p) = (ppn;w - panﬂp) HVT(pZ)- (166)

The leading short-distance behavior of this two-point function is given by (see also [270])

l1m yr((Ap)?) = 2 ij? +0 (}34) . (167)
The short-distance behavior of the form factor then reads
lim Froe,, (g5, (Aq1)% (G2 — Aq1)*) = Foll o <i> , (168)
A—00 3 A2 q% A3
when the space-time arguments of the two vector currents in (VVP) approach each other and
1 o1+ 027, G ) = =3 o M@ +0 (1) (169)
3o A

when the space-time argument of one of the vector currents approaches the one of the pseudoscalar density.

21 ps pointed out in Ref. [269], the integrals in Eq. (151) are infrared safe for m, — 0. This can also be seen within the EFT approach to light-by-light
scattering proposed in Refs. [250,257] to be discussed later in Section 5.3.

22 I the chiral limit, the relation between the off-shell form factor and the single invariant function #, which appears in (VVP) is given by F 0+« « ((q1 +
42)%, a1, 43) = —(2/3)(Fo/ (¥ ¥)0) (a1 + 42)* Hy (a3, 43, (1 + 42)*), see Ref. [267] for details.
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In particular, at the external vertex in light-by-light scattering in Eq. (151), the following limit is relevant [271]

lim %00, (A1)2, (Aq1)2, 0) = 2_F
0%y % 1) 1)5,0)=—-—=
A—00 rr 3 (Yo

Note that there is no fall-off in this limit, unless ITyr(0) vanishes. As pointed out in Ref. [272], the value of ITy;(p?) at zero
momentum is related to the quark condensate magnetic susceptibility y of QCD in the presence of a constant external
electromagnetic field, introduced in Ref. [273]

My (0) + O (%) . (170)

<0|(_]J/qu|0>F =eeg X <$1ﬁ)o F//.m (171)

with e, = 2/3 and e; = —1/3. With our definition of [Tyt in Eq. (165) one then obtains the relation (see also Ref. [274])

(Y¥)o
2

Myr(0) = — X (172)

Unfortunately there is no agreement in the literature what the actual value of x should be. In comparing different results
one has to keep in mind that x actually depends on the renormalization scale w. In Ref. [273] the estimate x (u = 0.5 GeV) =
—(8.161?3?) GeV~2 was given in a QCD sum rule evaluation of nucleon magnetic moments. This value was confirmed by

the recent reanalysis [275] which yields x = —(8.5 & 1.0) GeV~2. A similar value x = —NC/(4712F§) = —8.9 GeV?
was obtained by Vainshtein [276]. From the explicit expression of y it is not immediately clear what should be the relevant
scale u. Since pion dominance was used in the matching with the OPE below some higher states, it was argued in Ref. [276]
that the normalization point is probably rather low, u ~ 0.5 GeV. Calculations within the instanton liquid model yield
x"™M( ~ 0.5-0.6 GeV) = —4.32 GeV~2 [277], where the scale is set by the inverse average instanton size p~'. The value
of x (¥)o = 42 MeV at the same scale obtained in Ref. [277] agrees roughly with the result 35-40 MeV from Ref. [278]
derived in the same model. On the other hand, assuming that ITyr(q?) is described well by the multiplet of the lowest-lying
vector mesons (LMD) and satisfies the OPE constraint from Eq. (167), leads to the ansatz [279,272,267]

1

H\];TMD(QZ) =—(Y¥)o m (173)

Using Eq. (172) then leads to the estimate y"MP = —2/M2 = —3.3 GeV~2 [279]. Again, it is not obvious at which scale this
relation holds. In analogy to estimates of low-energy constants in chiral Lagrangians [88], it might be at & = My . This LMD
estimate was soon afterwards improved by taking into account higher resonance states (o', p”) in the framework of QCD
sum rules, with the results x (0.5 GeV) = —(5.7 & 0.6) GeV~2 [272] and x (1 GeV) = —(4.4 + 0.4) GeV~2 [280]. A more
recent analysis [281] yields, however, a smaller absolute value x (1 GeV) = —(3.15 % 0.30) GeV~2, close to the original
LMD estimate. For a quantitative comparison of all these estimates for x we would have to run them to a common scale, for
instance 1 GeV, which can obviously not be done within perturbation theory starting from such low scales as . = 0.5 GeV.??
Finally, even if the RG running could be performed non-perturbatively, it is not clear what would be the relevant scale u in
the context of hadronic light-by-light scattering.

Further important information on the (on-shell) pion form factor in Eq. (150) has been obtained in Ref. [283] based
on higher-twist terms in the OPE and worked out in [284]. We consider the 7% — yy transition amplitude Eq. (150)
with j, = %ﬂyﬂu - %dyﬂd the relevant part of the electromagnetic current. In the chiral limit, the first two terms of

Fr0,4,+(0, —Q?, —Q?) for large Euclidean momentum Q> — oo read [283]

9o 3 _ 8 Gu =)

v '1 Vi
AP (7'[0 N V*)/*) =1§£V' Ulﬁ<0 q2 JSﬂ 9q4]ﬁ

n°<p>>, (174)

wherejfjf = Y3y sy and]’ff) = g Y3y T9G%,, . The matrix elements are parametrized as follows: (O[jéi) ©)|7%(p)) =

2i Fop,, and (Oﬁf) (0)|7°(p)) = —2i Fyp,, 5. For the pion form factor this implies

fnoy*y* (0, _Qz, _Qz) _ 87_[21:2 1 8 &2 + ... (175)
©,0,0) 370

P
J'noyy

and the sum rule estimate performed in [284] yields 8% = (0.2 #+ 0.02) GeV?2.

23 A further complication arises in comparisons with papers from the early 1980’s because not only © = 0.5 GeV was frequently used, but also 1-loop
running with a low AanC:D3 = 100-150 MeV, whereas more recent estimates yield A"ML? = 346 MeV (at 4-loop) [282].
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5.1.2. Hadronic light-by-light scattering and the triangle anomaly
In this subsection we present the additional QCD short-distance constraints which have been derived by Melnikov and
Vainshtein in Ref. [258], closely following their notations. The light-by-light scattering amplitude is written as follows

M = &N, Tr[Q*] A = o®N.Tr[Q?] A ionsys €1 €x2 el f7°

= —¢ / d*xd*ye 7192 1l 23 (0T (i, (X0, V)iis ()} ), (176)

with the photon momenta g; (incoming, Y  ¢; = 0) and the photon polarization vectors ¢;. The first three photons are
virtual, while the fourth one represents the external magnetic field and can be regarded as a real photon with vanishingly
small momentum qy4. The field strength tensor of the external soft photon is denoted by f*® = qZ eﬁ — qie{ . Since for a,,
only terms linear in q4 are needed, see Eq. (146), one can set g4 = 0 in the amplitude #,, 1, .5ys-

The authors Ref. [258] then consider the momentum region g7 ~ q% > q%, with the well-known OPE result (see also Eq.
(174))

o . 2i Y
i/ d4Xd4ye_lq1X_'q2yT{jm (x)juz W} = / d4ze_l(q1+q2)zf]7 Ep1padpo th]é? @+, (177)

wherejg = Jézy”ysw is the axial current and § = (q; — ¢2)/2 = q; &~ —¢;. Only the leading term for large Euclidean ¢
has been retained in the OPE. The momentum q; + q; = —qs flowing through jg is assumed to be much smaller than . In
this way the matrix element in Eq. (176) can be related in the particular kinematical limit q; ~ q% > q% to the amplitude

1O —i / 'z (O[T {5 @)jus O}y, 178)

if the current jg’ is expressed as a linear combination of the isovector, ]S)) = E)Lgyp ysYr, hypercharge ]éi) = J)\gypySw,

and the SU(3) singlet, jgj)) = ¥y, sy, currents. The amplitude T;(L?p involves the axial current jg‘ﬁ and two electromagnetic

currents, one with momentum g3 and the other one (the external magnetic field) with vanishing momentum. The triangle

amplitude for such kinematics was studied in Ref. [276], see also Refs. [285-287]. It was found that Tlﬁ";ﬂ can be written in

terms of two independent functions w.% (¢3)

ieN Tr[1,Q?] . . . .
Ty =—— s — {w{") (@385 fous + w1 (@) (—qifm + 3,03 fp — quqifa#3)] : (179)

where ng = %6UM30¢/3 P The first (second) amplitude is related to the longitudinal (transversal) part of the axial current,
respectively. In terms of hadrons, the invariant function wyr, describes the exchanges of the pseudoscalar (axial vector)
mesons.

In perturbation theory these invariant functions are completely fixed by the AB] anomaly and one obtains for massless
quarks from the triangle diagram

2
w” (@) =20 @) = — . (180)

In the chiral limit, the result for wf"s) is exact to all orders in perturbation theory [288] and there are also no nonperturbative

contributions [289]. As shown in Ref. [276], in the chiral limit, the relation (180) is true to all orders, however, w?’s) receives

nonperturbative corrections. The poles in wf’s) at g> = 0 are identified with the poles of the Goldstone bosons, 7° in wf)

and 7 in wL(g).

For q ~ q% > q%, one can therefore write the hadronic light-by-light scattering amplitude as follows

8 -
5 ~8 § : (@, 2
‘A’/nuz/tgyéfy = afzfmuzépq W(a) {wL (Q3)q§ngrr/L3
a=3,8,0

+ wi® (@) (=3, + s 55 — 5o )|+ (181)

where the weights W@ are givenby W® = ;, W® = Land w©® = 2,
The expression in Eq. (181) is then extrapolated to arbitrary values of q%, q% by writing A = sps + #4y + permutations,
with the ansatz?*
_ (@ 4@, .2 2 (a), 2 WY FVILN (Fpo £O P
Aps = Z W ¢, (a1, a3) w (q3) K iU, (182)
a=3,8,0

24 Erom now on we only consider the pseudoscalar exchanges and use Euclidean space notation as in Ref. [258].
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where f*’ = q"'¢” — g€ denote the field strength tensors. The form factors ¢* (¢2, g2) account for the dependence of the

amplitude on q%ﬂz, i.e. the internal interaction vertex in a,, with two virtual photons, whereas the meson propagator and the
external interaction vertex form the triangle amplitude described by the functions w{“) (q%).

For the pion one obtains, outside the chiral limit,
2

(32
w(q3) = 5——> (183)
P gm
whereas the ABJ anomaly fixes ¢£3) (0,0) = N/(4n°FZ). Defining the 7°y*y* form factor as follows Fyo,+,«(q3, 43) =
(@, 42)/¢> (0, 0), one finally obtains the result

NeW® Fro,eye (@3 03) vz
c Oy &) o 7Y f; ) + permutations. (184)
2 i 3

AT T gam
By relating the (VVV|y) matrix element to the triangle amplitude (AV|y), in particular to the invariant function wf’) (q%),
Melnikov and Vainshtein deduce that no form factor F o, «, (q%, 0) should be used at the external vertex, but only a constant
factor, see Eq. (184). They rightly point out that such a form factor violates momentum conservation at the external
vertex and criticize the procedure adopted in earlier works [244,243,246,17]. However, it is obvious from their expressions
(reproduced above), that they only consider the on-shell pion form factor ,0,+,+(q, G3) = Fyo,«,« (M2, q7, 3) (e.g. at the
internal vertex) and not the off-shell pion form factor #ox, «, (q%, q%, q%). Therefore, contrary to the claim in their paper,
they only consider the pion-pole contribution to hadronic light-by-light scattering. Actually, also a second argument by
Melnikov and Vainshtein in favor of a constant form factor at the external vertex was based on the use of on-shell form
factors. Since ¥,0,+,(q3,0) = Fro,+,(m%, q3,0) ~ 1/g3, for large g3, according to Brodsky-Lepage, the use of a (non-
constant) on-shell form factor at the external vertex would lead to an overall 1/ q‘3l behavior which contradicts Eq. (184).
Translated into our notation employed in Eq. (151), Refs. [17,290] and maybe also earlier works, considered, e.g. for the
first diagram of Fig. 35, the form factors in the pion-pole approximation

Frnoeyr (M2, 3, G3) - Fro,s, (M2, G5, 0). (185)

Although pole-dominance might be expected to give a reasonable approximation, it is not correct as it was used in
those references. The point is that the form factor sitting at the external photon vertex in the pole approximation
[read Fro,+,(m3, q3,0)] for g3 # m2 violates four-momentum conservation k” = 0 [258,44,46]. The latter requires

Froxy sy (q%, q%, 0). In order to avoid this inconsistency, Melnikov and Vainshtein proposed to use

. 2 2 P 2

Frpo, i+ (M5, G5, G3) + Fro,,, (M2, m2, 0), (186)
i.e. a constant (WZW) form factor at the external vertex. The absence of a form factor at the external vertex in the
pion-pole approximation follows automatically, if one carefully considers the momentum dependence of the form factor.
This procedure is also consistent with any quantum field theoretical framework for hadronic light-by-light scattering, for
instance, if one uses a (resonance) Lagrangian to derive the form factors, and where a different treatment of the internal
and external vertex (apart from the kinematics) is not possible. On the other hand, taking the diagram more literally, would
require

Frot e, (@3, @3, G3) - Frovyn, (€55 45, 0), (187)

as the more appropriate amplitude, see Eq. (151). In fact, we advocate the consistent use of off-shell form factors on both
vertices as explained earlier. As will be shown in more detail in Section 5.1.4, the use of appropriate off-shell form factors
within the framework of large-N, QCD does lead to a short-distance behavior which qualitatively agrees with the OPE
constraints which were derived in Ref. [258] albeit with a different constant cyy = —0.274 vs. ¢y = —0.092 (factor 3
lower).?

5.1.3. The n°yy transition form factor in different models

After the presentation of the experimental and theoretical constraints we now turn to some of the ansitze for the 7%y
form factor, which have been used in the literature to evaluate the pion-exchange (or pion-pole) contribution and which
are based on or are motivated by different models for low-energy hadrons. All these ansadtze have certain drawbacks, thus
leading to different results with inherent model-dependent uncertainties which are difficult to estimate.

25 The large momentum behavior of the full light-by-light scattering amplitude for other momentum regions was also derived in Ref. [258] by evaluating
exactly the massless quark loop. Although the ansatz with a constant form factor at the external vertex in Eq. (184) does not satisfy all of these constraints,
it was argued in Ref. [258] that the effects of these other short-distance constraints on the final numerical result is negligible.
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The simplest model is the constant WZW form factor (recall that g3 = —(q; + q2))

c

‘?WZW
1272F,

*(Q3’ ql,qZ) = (]88)
which leads, however, to a divergent result in the integral in Eq. (151),%° since there is no damping at high energies. One
can use some momentum cutoff around 1-2 GeV, but this procedure is completely arbitrary. Nevertheless, the WZW form
factor serves as a physical normalization to the 7% — yy decay rate and all models satisfy the constraint

N¢
127%F,

One way to implement a damping at high momentum is the VMD prescription (y — p mixing) which works reasonably
well in many applications to low-energy hadronic physics. It follows automatically in the HLS model which was used in

Refs. [243,246] to evaluate the full hadronic light-by-light scattering contribution. The HLS models implement VMD in a
consistent way, respecting chiral symmetry and electromagnetic gauge invariance. It leads to the form factor

(m2,0,0) = ~WZW(m 0,0) = (189)

77]’1’

Ne M M?
127%F; (g7 — M) (65 — Mj)’

F oty (3. 01 03) = — (190)
Note that the on- and off-shell VMD form factors are identical, since they do not depend on the momentum q% which
flows through the pion-leg. The problem with the VMD form factor is that the damping is now too strong as it behaves
like F0,,«,«(m2, —Q%, —Q?) ~ 1/Q*, instead of ~ 1/Q? deduced from the OPE, see Eq. (168).

Another model for the form factor #,0«,«,» which was for instance used in Refs. [243,246,291] is the constituent quark
model (CQM). The off-shell form factor is given by a quark triangular loop

Cl
FSM . (q%,p}.p3) = 2MZCo(Mg, Mg, Mq: ¢*, P}, P3)

HO*V y

2

= /[da] 5 > My > = (191)
Mg — azo3py — a1 p; — a2

where [da] = dojda,dosd(1 — a1 — @y — a3) and My is a constituent quark mass (¢ = u, d, s). For p% = p% =q¢>=0

we obtain F C&M* .(0,0,0) = 1, which is the proper ABJ anomaly. Note the symmetry of Cy under permutations of the

arguments (pl, pz, q?). For large P1 at p2 ~0, ¢> ~0or P] ~ p2 at g ~ 0 the asymptotic behavior is given by

CQM (0 p1,O) ~rin?r, CQ;’LV*(O pl,pl) ~2rinr, (192)
where r = % The same behavior follows for g> ~ p% at p% ~ 0. Note that in all cases we have the same power

1
behavior ~ 1 /pi2 modulo logarithms. However, also this model has some drawbacks. It is possible to reproduce the correct
OPE behavior (up to the logarithmic factors) by choosing the constituent quark mass as My = 27 F;/ +/N; ~ 335 MeV,
which is close to M, = My = 300 MeV often used in the literature. However, the same mass leads to a coefficient in
the Brodsky-Lepage limit, which is too small by a factor of 6. Fitting instead the Brodsky-Lepage behavior would lead
to the unrealistic value M; = JﬁnFn/ /N: ~ 820 MeV . In general, the description of the data with the CQM form
factor is rather poor, since the log? in Eq. (192) distorts the power law for the values of pf probed in the experiment, see
Ref. [246]. Furthermore, the permutation symmetry of the arguments in FeM (q3, ql, qz) is not based on any symmetry

0%y *

of the original QCD Green’s function (VVP) in Eq. (149). Therefore there is also a damping in the other OPE limit studied

above, Fi&'\;* (¢%, ¢>, 0) ~ 1/q?, which does not agree with the result from Eq. (170), unless ITyr(0) = 0. The vanishing

of ITy1(0) contradicts, however, the relation between ITyr(0) and the magnetic susceptibility x in Eq. (172). Finally, it was
argued in Ref. [245] that maybe one has to dress the coupling of the photons to the constituent quarks a la VMD which leads
to a further damping at high momenta. Of course, all of this is very model dependent. A more complicated ansatz for the
form factor, based on the nonlocal chiral quark model, was employed recently in Ref. [292] to evaluate the pion-exchange
contribution. See that paper and references therein for a description of the model and the explicit expression for the form
factor.

In Ref. [244] the ENJL model was used to evaluate the pseudoscalar exchange diagrams. This calculation was cross-
checked in Ref. [243] by using a simplified version where the momentum dependence of some parameters, like F,, M,,
was neglected. The off-shell form factor #o«,«,« in the ENJL model is essentially given by a CQM-like form factor, see
Ref. [244] and references therein for more details. In the ENJL model the dressing of the coupling of the constituent quarks

26 Actually, the contribution involving the term T, in Eq. (151) is finite even for a constant form factor, see Refs. [246,17]. The numerical value is in fact
always much smaller, less than 5%, than the results obtained for the part with T; with more realistic form factors.
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to the photon arises automatically via the summation of chains of quark bubble diagrams. As for the CQM form factor,
not all QCD short-distance constraints are fulfilled in the ENJL model. In general, the ENJL model is only valid up to some
cutoff of order 800-1200 MeV. Therefore, in Ref. [244] a modified version of the ENJL form factor was finally used for
the numerical evaluation of the pion-exchange contribution. In this way some of the short-distance constraints could be
satisfied, in particular to reproduce the Brodsky-Lepage behavior (161) and the experimental data for the on-shell form
factor j‘fﬂoy*y(mi, —Q2,0).

The results for the form factor 0+, «,« obtained in different low energy effective hadronic models as usual do not satisfy
all the large momentum asymptotics required by QCD. Using these form factors in loops thus leads to cut-off dependent
results, where the cut-off is to be varied between reasonable values (~1-2 GeV) which enlarges the model error of such
estimates. Nevertheless it should be stressed that such approaches are perfectly legitimate and the uncertainties just reflect
the lack of precise understanding of this kind of non-perturbative physics.

In order to eliminate (or at least reduce) this cut-off dependence, other models for ¥ o«,+,« were proposed later in
Ref. [267] and then applied to hadronic light-by-light scattering in Ref. [17]. These models are based on the large-N,
picture of QCD, where, in leading order in N, an (infinite) tower of narrow resonances contributes in each channel of a
particular Green’s function. The low-energy and short-distance behavior of these Green'’s functions is then matched with
results from QCD, using CHPT and the OPE, respectively. Based on the experience gained in many examples of low-energy
hadronic physics, and from the use of dispersion relations and spectral representations for two-point functions, it is then
assumed that with a minimal number of resonances in a given channel one can get a reasonable good description of the QCD
Green'’s function in the real world. Often only the lowest lying resonance is considered, lowest meson dominance, LMD, as
a generalization of vector meson dominance VMD. Note that it might not always be possible to satisfy all short-distance
constraints, in particular from the high-energy behavior of form factors, if only a finite number of resonances is included,
see Ref. [293]. Ideally, the matching with the QCD constraints and other information, e.g. from decay of resonances, then
determines all the free parameters in these minimal hadronic ansiatze (MHA).

In this spirit, on-shell %0+« (M2, g3, g3) and off-shell form factors #,0:,+,+ (g3, 47, q5) were constructed in Ref. [267]
which contain either the lowest lying multiplet of vector resonances (LMD) or two multiplets, the p and the p’ (LMD + V).
Both ansatze fulfill all the OPE constraints from Egs. (163), (168) and (169), however, the LMD ansatz does not reproduce
the Brodsky-Lepage behavior from Eq. (161). Instead it behaves like 32 (m2, —Q?, 0) ~ const. The 1/Q? fall-off can

O * *
be achieved with the LMD + V ansatz with a certain choice of the free parameters (for more details see below). The on-shell
form factors where later used in Ref. [ 17] to evaluate the pion-pole contribution, see also Ref. [290]. However, as mentioned
earlier, taking on-shell form factors at both vertices violates four-momentum conservation.

5.1.4. New evaluation of the pseudoscalar-exchange contribution
As stressed above, we advocate to use consistently dressed off-shell form factors at both vertices, using for our new
numerical evaluation of the pion-exchange contribution the LMD + V off-shell form factor [267]

P(q3, 43, p2)
3 Q(q3, q%)

P75, P2) = 41 ¢ (q1+q2 +pﬂ)+h1 (@3 +93)° +haqi g5+ hs (@] + @3) P2 + hapi
+hs (g7 + q5) + hg p% + hy,

Qi @) = (47 — My (@f — My) (@3 — My) (a3 — My), (193)

withp2 = (q1 + g2)*

We would like to point out that using the off-shell LMD + V form factor at the external vertex leads to a short-
distance behavior which qualitatively agrees with the OPE constraints derived by Melnikov and Vainsthein in Ref. [258].
As a matter of fact, taking first qf ~ q% > q§ and then q% large, one obtains, together with the pion propagator in Eq.
(151),an overall 1/ q% behavior for the pion exchange contribution, as expected from Eq (184), since, according to Eq. (170),

;gﬁlﬁ?f;'(qy q2,0) ~ const for large g2. This also qualitatively agrees with the 1/¢2 fall-off obtained for the quark-box
diagram in light-by-light scattering derived in Ref. [258].

Before we can apply the above form-factor we have to pin down as far as possible the additional parameters h;, which
come in when the pion is far off-shell. A detailed analysis of these constraints, as well as a new calculation of the 7 °-exchange
contribution based on the off-shell LMD + V form factor, has been performed recently by one of the authors (A.N.) [271] and
we closely follow the discussion presented there.

o LMD+V

2
Frouene D 0. 65) =

)

The constants h; in the ansatz for LthV* in Eq. (193) are determined as follows. The normalization with the WZW form
factor in Eq. (189) yields h; = —N:My, M4 ,/(4°F}) — hgm’ — hym(.. Note that in Refs. [267,17] the small corrections

proportional to the pion mass were dropped assuming that the h; are of order 1-10 in appropriate units of GeV. The
Brodsky-Lepage behavior Eq. (161) can be reproduced by choosing h; = 0 GeV2. Furthermore, in Ref. [267] a fit to the
CLEO data for the on-shell form factor & LSAD*W (m”, —Q?, 0) was performed, with the result hs = 6.93+0.26 GeV* — h3m

Again, the correction proportional to the p10n mass was omitted in Refs. [267,17]. As pointed out in Ref. [258], the constant
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Table 7

0
Results for atPli®

m x 10! obtained with the off-shell LMD + V form factor for some selected values of x, h3[h4] (imposing the constraint (196) with
h; = 0 GeV?) and hg. The values of the other model parameters are given in the text.

he = 0 GeV* he = 5 GeV* he = 10 GeV*
X = —4.4GeV2 hspa) = —10 GeV? 69.8 [66.9] 75.7 [72.5] 81.9[78.4]
hspa = 0 GeV? 67.8 [68.9] 73.4[74.7] 79.4[80.8]
hspg = 10 GeV? 65.8 [71.0] 71.2[76.9] 77.0 [83.3]
X = —3.3GeV 2 h3ay = —10 GeV? 68.4 [65.3] 74.1(70.7] 80.2 [76.5]
hapa) = 0 GeV? 66.4 [67.3] 71.9[72.8] 77.8 [78.8]
hspg = 10 GeV? 64.5 [69.2] 69.7 [75.0] 75.4[81.2]
[4]
X = —2.2GeV2 hsjg = —10 GeV? 67.1[63.8] 72.7 [69.0] 78.7 [74.7]
hspa = 0 GeV? 65.2 [65.7] 70,5 [71.1] 76.3 [77.0]
hspa = 10 GeV? 63.3 [67.6] 68.4[73.3] 74.0 [79.3]

h, can be obtained from the higher-twist corrections in the OPE. Comparing with Eq. (175) yields the result h, = —4 (M&1 +

My,) + (16/9) §* ~ —10.63 GeV?, where we used My, = M,, = 775.49 MeV and My, = M,y = 1.465 GeV [294].
Within the LMD + V framework, the vector-tensor two-point function discussed earlier reads [267]

TR0V () = — () P o (194)
= - 0 5
Vi (P* — Mg )(p* — M)
M2 M2
o = %VZX (195)

where we fixed the constant cyt using Eq. (172). As shown in Ref. [267] the OPE from Eq. (169) for f'””LO“ﬂ?:;/* leads to the
relation

h1 + h3 + h4 = 2CyT. (]96)

As noted above, the value of the magnetic susceptibility y (i) and the relevant scale u are not precisely known. Adopting
the estimate presented in Ref. [271] we will use x = —(3.3 £ 1.1) GeV 2 in our numerical evaluation, which implies the
constraint h; + hy = —(4.3 & 1.4) GeV2. We will vary h; in the range £10 GeV? and determine h, from Eq. (196) and vice
versa.

The coefficient hg is undetermined as well. Direct phenomenological constraints are not available. Model estimates within
the resonance Lagrangian and/or large-N, inspired approaches are given in [271]. In accordance with these estimates we
will vary hg in the range 5 & 5 GeV*.

Of course, the uncertainties of the values of the undetermined parameters hs, hs and hg and of the magnetic susceptibility
x (n) are a drawback when using the off-shell LMD + V form factor and will limit the precision of the final result. Before
presenting our estimate we note that as a check we have reproduced with our 3-dimensional integral representation for

. . . . . . . 70 .
a7° in Eq. (155) the results for various form factors obtained earlier in the literature, e.g. aimp = 57 x 107" with the

value for M,, = 775.49 MeV given above.

The results for ahb“”O for some selected values of x, hs, hy and hg, varied in the ranges discussed above, with fixed
hy = 0 GeV?, hy = —10.63 GeV? and hs = 6.93 GeV* — hym? are collected in Table 7.

Varying x in the range —(3.3 £ 1.1) GeV 2 changes the result for abbL‘”O by at most 2.1 x 10~!!. The uncertainty in

he affects the result by up to +6.4 x 10!, The variation of a}f“”o with hs (with hs determined from the constraint in Eq.

(196) with h; = 0 GeV? or vice versa) is much smaller, at most 2.5 x 10", The variation of hs by +0.26 GeV* only leads
to changes of £0.6 x 10~!! in the final result.

Within the scanned region, we obtain a minimal value ofa/LLbL”T0 =63.3x10""for y = —2.2GeV~2, h; = 10GeV?, hg =

0 GeV* and a maximum of a}f’“”o = 83.3 x 107" for x = —4.4GeV 2, hy = 10 GeV?, hg = 10 GeV*. In the absence of
more information on the precise values of the constants hs, hy and hg, we take the average of the results obtained with
he = 5 GeV* for h; = 0 GeV?,i.e.71.9 x 10~"!, and for hy = 0 GeV?, i.e. 72.8 x 10~ "', as our central value, 72.3 x 1071,
To estimate the error, we add all the uncertainties from the variations of y, hs (or hy), hs and hg linearly to cover the full
range of values obtained with our scan of parameters. Note that the uncertainties of y and the coefficients hs, hy and hg do
not follow a Gaussian distribution. In this way we obtain our final estimate [271] (see also [175])

a7’ = (72+£12) x 1071, (197)

Unless one can pin down the ranges of x and hg more precisely, we get a larger error than previous estimates based e.g. on
the on-shell LMD 4V form factor (which has less free parameters). We would like to stress that although the central value of
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our result in Eq. (197) is rather close to ath?”O = (76.5+6.7) x 10~ !! given by Melnikov and Vainshtein [258],%’ this is pure
coincidence. We have used off-shell LMD + V form factors at both vertices, whereas Melnikov and Vainshtein evaluated the
pion-pole contribution using the on-shell LMD + V form factor at the internal vertex and the constant WZW form factor at
the external vertex.?®

As far as the contribution to a, from the exchanges of the other light pseudoscalars,  and #’, is concerned, it is not so
straightforward to apply the above analysis within the LMD + V framework to these resonances. In particular, the short-
distance analysis in Ref. [267] was performed in the chiral limit and assumed octet symmetry. For the 7 the effect of nonzero
quark masses has definitely to be taken into account. Furthermore, the 1 has a large admixture from the singlet state and
the gluonic contribution to the axial anomaly will play an important role. We therefore resort to a simplified approach
which was also adopted in other recent works [243,246,244,17,258] and take the VMD form factor Eq. (190), normalized to
the experimental decay width I"(P — yy), P = n, n’. We can fix the normalization by adjusting the pseudoscalar decay
constant. Using the latest values I'(n — yy) = 0.510+£0.026 keVand I' (" — yy) = 4.30£0.15 keV from Ref. [294], one
obtains F,, . = 93.0 MeV withm,, = 547.853 MeV and F;; .t = 74.0 MeV with m,, = 957.66 MeV. We have seen above that
the pion exchange contribution evaluated with off-shell form factors is not far from the pion-pole contribution. Of course,
only a more detailed analysis will show, whether this approximation works well for 5 and »’. It should also be kept in mind
that the VMD form factor has a too strong damping for large momenta. From the experience with the pion contribution, it
seems, however, more important to have a good description of the relevant form factors at small and intermediate energies
below 1GeV, e.g., by reproducing the slope of the form factor #p,+, (m?,, —Q?, 0), at the origin. The CLEO Collaboration [261]
has made a fit of the (on-shell) form factors ?’,W*y(m%, —Q2,0) and ?n/y*y(mf]/, —Q2, 0) using an interpolating formula
similar to Eq. (162) with an adjustable vector meson mass Ap. Taking their values A,y = 774+£29MeV or A,y = 859428 MeV
as the vector meson mass My in the expression of the VMD form factor in Eq. (190), we get alLLbL;" = (145+4.8) x 1071

and alleL;”/ = (12.544.2) x 107!, where we assumed a relative error of 33%. Note that these values are somewhat smaller

than aP"7P°¢ = 18 x 107" and alﬁbL;”/‘PO'e = 18 x 10" given in Ref. [258], where the constant WZW form factor was
used at the external vertex. Adding up all contributions from the pseudoscalars, we finally obtain the estimate

aPt’ = (99 + 16) x 107", (198)
given in [271] (see also [175]).

5.2. Summary of the light-by-light scattering results

We are now ready to summarize the results obtained by the different groups for the hadronic light-by-light scattering
contribution. A comparison of the different results also sheds light on the difficulties and the model dependencies in the
theoretical estimations achieved so far. Very recently, a joint effort to summarize the results obtained by various groups has
been presented by Prades, de Rafael and Vainshtein [PdRV] [295]. The values advocated by them are included in our tables.
Pseudoscalar exchanges

According to Table 6 the diagram Fig. 34(a) with the exchange of pseudoscalars yields the most important contribution
in the large-N, counting, but requires a model for the ¥ o« «,« form factor for its evaluation. Although it is subleading in the
chiral expansion in comparison to the loop with charged pions and Kaons (Fig. 34(b)), it turns out that this is the numerically
dominating contribution, see the numbers collected in Table 8. The dominance of the pseudoscalar exchange contributions
in view of Fig. 32 after all is an experimental fact.

BPP [244] work within the context of the ENJL model, however, they take the model only seriously for scales below a
few hundred MeV. At higher momenta, they modify the corresponding ENJL form factor with VMD dressing or consider a
pure VMD form factor. In particular, they try to find a phenomenological parametrization that interpolates between the ENJL
form factor, which works well below 0.5 GeV, and the measured (on-shell) form factor #,o vy (mfr, —Q?2, 0) for Euclidean
momenta above 0.5 GeV and with its asymptotic behavior predicted by QCD (Brodsky-Lepage). The results for n and
are obtained by using a VMD form factor normalized to the experimental decay rate P — yy and rescaled with the ENJL

27 Actually, using the on-shell LMD + V form factor at the internal vertex with h, = —10 GeV? and hs = 6.93 GeV* and a constant WZW form factor at
the external vertex, we obtain 79.8 x 10!, close to the value 79.6 x 10~!' given in Ref. [41] and 79.7 x 10~'! in Ref. [292].

28 Note that at the external vertex

3 LMD--V q,—>0<> hy + h3 + hy 20yt
F T.,o*;y(q] q] 0) M2 M2 = = V2 M2 =X
k4 v My, v My,

while }‘V[]\:{Ai”a"g'e(% 3, 0)|mg=0 = TWZW(O 0,0) = }'LMD+V(0 0, 0) utilized in Ref. [258] means

3 h N
3 T,l'éwmv(o 0,0) = % =_ ZC 5 =~ —89 Gev—2,
Fy 124 My, My, 4mFz

i.e. with Vainshtein’s [276] value of y we would precisely satisfy the Melnikov-Vainshtein [258] short-distance constraint.



F. Jegerlehner, A. Nyffeler / Physics Reports 477 (2009) 1-110 61

Table 8

Results for the 70, n and 1’ exchange contributions.

Model for Fpx,xy» a, (7% x 10" a, (7 n,n) x 101
Point coupling +00 +00

ENJL (modified) [BPP] [244,41] 59(9) 85(13)

VMD [ HLS [HKS, HK] [243,246] 57 (4) 83(6)

Nonlocal x QM (off-shell) [292] 65 (2) -

LMD + V [KN] (on-shell, h, = 0 GeV?) [17] 58 (10) 83(12)

LMD + V [KN] (on-shell, h = —10 GeV?) [17] 63(10) 88(12)

LMD + V [MV] (on-shell, constant FF at external vertex) [258] 77 (7) 114(10)

LMD + V [PdRV] (on-shell, constant FF at external vertex) [295] - 114(13)

LMD + V [N] (off-shell, x = —(3.3 & 1.1) GeV 2, hg = (5 & 5) GeV*)[271] 72 (12) 99 (16)

Table 9

Results for the axial-vector (ay, f; and f;) exchange contributions.

Model for Fyx,»y= a,(ar) x 10" a,(ar, fi,f]) x 10M
ENJL-VMD [BPP] (nonet symmetry) [244] 2.5(1.0) -

ENJL-like [HKS, HK] (nonet symmetry) [243,246] 1.7(1.7) -

LMD [MV] (ideal mixing) [258] 5.7 22 (5)

LMD [PdRV] [295] - 15 (10)

result for 7°. HKS, HK [243,246] work with the HLS model which leads to a VMD form factor, but also studied the effects of
various other kinds of form factor: (dressed) CQM, ENJL-like,?® mixed versions. At the end, they choose a VMD model where
the normalization is fixed by the experimental two-photon decay width. Furthermore, the rather small error estimate is
derived from fitting the (on-shell) form factor .(}‘pr*y(mlz;,, —Q?2, 0) to the available data. This procedure might, however,
underestimate the intrinsic model dependence, in particular, for off-shell values of the form factor. In Ref. [292] off-shell
form factors were used at both vertices, following the suggestion in Ref. [44]. These authors use the nonlocal chiral quark
model which shows a strong, exponential suppression for large pion virtualities. This is very different from what is observed
in all the other models. Finally, we note that all the LMD + V estimates in Table 8 only apply to the pion. For the n and " a
VMD form factor is used, normalized to the experimental decay width.

Axial-vector and scalar exchanges

Next in Table 6 are the exchanges of other resonances, like axial-vectors and scalars in a diagram analogous to Fig. 34(a).
They are also leading in N¢, but of higher order in the chiral counting, compared to the pseudoscalars. The results for the
axial-vector contribution are collected in Table 9 and those for the scalars in Table 10. Since the masses of these resonances
are higher 3 in comparison with the pseudoscalars, in particular the %, the corresponding suppression by the propagator
leads in general to smaller results, unless the coupling to photons is extraordinary large.

In Ref. [258] it was argued that again a constant form factor should be used at the external vertex to reproduce QCD
short-distance constraints, similarly to the procedure adopted for the pseudoscalars in the same reference. Using a simple
VMD ansatz they also derive the first term in a series expansion in powers of m,, /M, where M denotes the axial-vector mass
(assuming nonet-symmetry were they are all treated as equal as done in Refs. [244,243,246]). They observe that the result
strongly depends on the exact choice of this mass, e.g. with M = M,, they obtain 28 x 10~!!. The results shown in Table 9
have been obtained by using a more sophisticated ansatz for the form factor at the external vertex which was first proposed
inRef. [285]. Note that the form factor now includes a dressing with respect to the one off-shell photon at the external vertex.
In this way they treat the resonances ao, fi, f; separately. Since the dressing leads to lower effective axial-vector masses and
since the states fp and f; have an enhanced coupling to photons (similarly to » and 7’), the final result is a factor of 10 larger
than those obtained earlier in Refs. [244,243,246]. The result for the sum of all resonances in Ref. [258] does not depend too
much on the value of the mixing angle between fy and f; (treating f; as pure octet and f{ as pure SU(3) singlet, they obtain
the result 17 x 10~ '), We think the procedure adopted in Ref. [258] is an important improvement over Refs. [244,243,246]
and we will therefore take the result for the axial-vectors from that reference for our final estimate for the full hadronic
light-by-light scattering contribution below, despite the fact that only on-shell form factors have been used in Ref. [258].
As we argued above for the pseudoscalar exchanges, we think that one should use consistently off-shell form factors at the
internal and the external vertex.

The contribution from scalar resonances with masses around 1 GeV was first studied in Ref. [79], but found to be negligible
(0.1 x 10~'1), compared to the dominating 7° exchange contribution. Within the ENJL model used in Ref. [244], this scalar
exchange contribution is related via Ward identities to the (constituent) quark loop. In fact, Ref. [246] argued that the effect
of the exchange of (broad) scalar resonances below several hundred MeV might already be included in the sum of the

29 By ENJL-like we denote the fact that the authors of Refs. [243,246] took for a cross-check of the evaluation in Ref. [244], the expressions for the form
factor in the ENJL model, however, they neglected the momentum dependence of f,;, My and the parameter g4 in this model.

30 Apart from the contribution of a potentially light, broad o -meson f,(600).
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Table 10

Results for the scalar exchange contributions.

Model for Fsx, = a, (scalars) x 10"
Point coupling —00

ENJL [BPP] [244,41] —7(2)

ENJL [PdRV] [295] —7(7)

Table 11

Results for the (dressed) 7 *, K* loops.

Model 7t~ y*(y*) a, (7%) x 10" a, (=, k%) x 101
Point coupling (sQED) —453 —49.8

VMD [KNO, HKS] [79,243] —16 -

Full VMD [BPP] [244] —18(13) —19(13)

HLS [HKS, HK] [243,246] —4.45 —45(8.1)

[MV] [258] = 0(10)

Full VMD [PdRV] [295] = —19(19)

(dressed) quark loop and the dressed pion and Kaon loop. Such a potential double-counting is definitely an issue for the
broad sigma meson f;(600). Furthermore there is some ongoing debate in the literature, see the PDG [104] and references
therein, whether the scalar resonances f3(980) and aq(980) are two-quark or four-quark states (meson molecules).

The parameters of the ENJL model used in Ref. [244] have been determined in Refs. [296-298]. In particular, in [296]
a fit was performed to various low-energy observables and resonance parameters, among them a scalar multiplet with

mass Ms = 983 MeV. However, with those fitted parameters, the ENJL model actually predicts a rather low mass of
MsENJL = 620 MeV. This would then correspond more to the light sigma meson f,(600). We note that within a very simple

model of a scalar meson S coupled to photons via a term S F,,, F/*", together with a simple VMD-dressing, there arises again
a leading log? term for M, — oo. If the coupling in the above Lagrangian is the same as for the 70 in the WZW term,
i.e.aN. /(12 F;), then the coefficient of the log-square term is identical to the universal coefficient found for the pion, except
for the negative sign, see Ref. [256]. The question is whether the usually broad scalar resonances can really be described by
such a simple resonance Lagrangian which works best in the large-N, limit, i.e. for very narrow states.

Charged pion and Kaon loops

Third in Table 6 are the charged pion- and Kaon-loops Fig. 34(b) which yield the leading contribution in chiral counting,
but are subleading in N.. The results are given in Table 11.

The result without dressing (scalar QED) is finite, see the EFT analysis discussed in Section 5.3, in contrast to the
pseudoscalar exchanges. There was some debate between the authors of Refs. [243,246] (using the HLS model) and [244]
(using full VMD), on how the dressing of the point vertex has to be implemented without violating gauge and chiral
invariance. This explains the numerical difference between the two evaluations. The difference of the two values also
indicates the potential model dependence of the result. The most important fact, however, is that the dressing leads to
a rather huge suppression of the final result compared to the undressed case, so that the final result is much smaller than
the one obtained for the pseudoscalars. This effect was studied for the HLS model in Ref. [258], in an expansion in (m,, /M,)?
and § = (m, — my)/m,, with the result (L = In(M,/m))

ath;ﬂi — (i)3gﬁ(5’L) (T/é) = (%)3 (—0.0058)

= (—46.37 +35.46 + 10.98 —4.70 — 0.3+ ---) x 1071 = —4.9(3) x 1071, (199)

where the functions f;(§, L) have been calculated fori = 0, ..., 4 in Ref. [258] and are explicitly given fori = 0, 1, 2 there.
The subsequent terms in the last line correspond to the terms in the expansion in the first line. As one can see, there occurs a
large cancelation between the first three terms in the series and the expansion converges only very slowly. The main reason
is that typical momenta in the loop integral are of order u = 4m, ~ 550 MeV and the effective expansion parameter is
w/M,,. The authors of Ref. [258] took this as an indication that the final result is very likely suppressed, but also very model

dependent and that the chiral expansion loses its predictive power. The pion and Kaon loop contribution is then only one

.NO
among many potential contributions of @ (1) in N, and they lump all of these into the guesstimate abbL'NE = (0+10)x 10711,

However, since this estimate does not even cover the explicit, although model-dependent, results for the pion and Kaon loops
given in Refs. [244,243], we think this procedure is not very appropriate.
Dressed quark loop

Finally, the last entry in Table 6 is the (constituent) quark loop Fig. 34(c) which appears as short-distance complement
of the ENJL and HLS low-energy effective models used in Refs. [244,243,246]. It is again leading order in N, and of the
same chiral order as the axial-vector and scalar exchanges in (VVVV). As argued in Ref. [245] such a quark-loop can be
interpreted as an irreducible contribution to the 4-point function and should be added to the other contributions, although
a dressing of the coupling of the constituent quarks with the photons might occur. According to quark-hadron duality,
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Table 12

Results for the (dressed) quark loops.

Model a, (quarks) x 10"
Point coupling 62(3)

VMD [HKS, HK] [243,246] 9.7(11.1)

ENJL + bare heavy quark [BPP] [244] 21(3)

Bare c-quark only [PdRV] [295] 23

Table 13

Summary of the most recent results for the various contributions to ahb": had 10, The last column is our estimate based on our new evaluation for the
pseudoscalars and some of the other results.

Contribution BPP HKS KN MV BP PdRV N/JN
7%, 0 85+ 13 827+64 83+ 12 114+ 10 - 114+ 13 99 + 16
7, K loops —19+13 —4.5+ 8.1 - - - —194+19 —19+13
7, K loops + other subleading in N, - - - 0+10 - - -

Axial vectors 25+ 1.0 1.7 £17 - 22+5 - 15+ 10 22+5
Scalars —6.8+£2.0 - - - - —7+7 —7+2
Quark loops 21+3 9.7+ 111 - - - 2.3+ 21+3
Total 83+32 89.6 + 154 80 + 40 136 £+ 25 110 £ 40 105 £ 26 116 £+ 39

the (constituent) quark loop also models the contribution to a,, from the exchanges and loops of heavier resonances, like
7', ag, fg, p. n, ... which have not been included explicitly so far. It also “absorbs” the remaining cutoff dependencies of
the low-energy effective models. This is even true for the modeling of the pion-exchange contribution within the large N,
inspired approach (LMD + V), since not all QCD short-distance constraints in the 4-point function (VVVV) are reproduced
with those ansdtze. Some estimates for the (dressed) constituent quark loop are given in Table 12.

We observe again a large, very model-dependent effect of the dressing of the photons. HKS, HK [243,246] used a simple
VMD-dressing for the coupling of the photons to the constituent quarks as it happens for instance in the ENJL model. On the
other hand, BPP [244] employed the ENJL model up to some cutoff « and then added a bare quark loop with a constituent
quark mass My = u. The latter contribution simulates the high-momentum component of the quark loop, which is non-
negligible. The sum of these two contributions is rather stable for © = 0.7, 1, 2 and 4 GeV and gives the value quoted in
Table 12. A value of 2 x 10~ for the c-quark loop is included by BPP [244], but not by HKS [243,246].

Summary

The totals of all contributions to hadronic light-by-light scattering reported in the most recent estimations are shown in
Table 13. We have also included some “guesstimates” for the total value. Note that the number aILLbL;haUl = (80+40) x 10~
written in the fourth column in Table 13 under the heading KN was actually not given in Ref. [17], but represents estimates
used mainly by the Marseille group before the appearance of the paper by MV [258]. Furthermore, we have included in the
sixth column the estimate a;”*" = (110 £ 40) x 10~ given recently in Refs. [299,41,43]. Note that PdRV [295] (seventh
column) do not include the dressed light quark loops as a separate contribution. They assume them to be already covered
by using the short-distance constraint from MV [258] on the pseudoscalar-pole contribution. PARV add, however, a small
contribution from the bare c-quark loop.

As one can see from Table 13, the different models used by various groups lead to slightly different results for the
individual contributions. The final result?!

@t = (116 +39) x 107" (200)

for the hadronic light-by-light scattering contribution is dominated by the pseudoscalar exchange contribution, which
we have recalculated from scratch and beyond the pion-pole approximation which has been used frequently. The other
contributions are smaller, but not negligible [244,41]. Furthermore, they cancel out to some extent. Since the variation of
the results for these individual contributions reflects our inherent ignorance of strong interaction physics in hadronic light-
by-light scattering, it has become customary to take the difference between those values as an indication of the model
uncertainty and to add the errors in Table 13 linearly (note, however, that PARV [295] add the errors in quadrature). Maybe
this error estimate is too conservative. For instance, the sum of the dressed pion and Kaon loops and the dressed quark
loops is almost identical for the two evaluations by BPP [244] and HKS [243,246] using different models. But maybe this
is a pure numerical coincidence, since these contributions have a different counting in N; and p?, see Table 6. Unless one
can obtain for instance a more precise and reliable determination of the pion-loop contribution, it will be difficult to claim

31 For the electron we obtain a7 = (2.98 £0.34) x 10~ with the off-shell LMD +V form factor. This number supersedes the value given in Ref. [17].

e
Note that the naive rescaling agbL?”O (rescaled) = (m./m, )Zah"“”0 = 1.7 x 10~ yields a value which is almost a factor 2 too small. Estimates for the
other pseudoscalars are (0.49 £ 0.16) x 10~ [5] and (0.39 £ 0.13) x 10~ '4[5']. Since the other contributions are smaller and/or largely cancel, we arrive

at an estimate al*%M9 ~ (3.9 £ 1.3) x 10~'*, where we assumed a relative error of 33% to be conservative.
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Fig. 36. The graphs contributing to a; at lowest order in the effective field theory.

that we really control this kind of hadronic physics. At the moment, one cannot argue that either the ENJL/full VMD model
employed by BPP or the HLS model used by HSK is superior compared to the other approach.

We also want to stress again that the identification of individual contributions in hadronic light-by-light scattering
(like pion-exchange or the pion loop) is model dependent as soon as one uses off-shell form factors. Keeping this caveat
in mind, we think that some progress has been made in recent years in understanding the pseudoscalar and axial-vector
exchange contributions, following Refs. [17,258,41] and our new evaluation for the pseudoscalar-exchange contribution
in Section 5.1.4. Also the effective field theory analysis of Refs. [250,257], which yields the leading log terms in the pion
exchange contribution, agrees roughly with the numerical values obtained with different models, although the EFT approach
cannot give a precise number in the end, see Section 5.3. Apart from the numerical differences between BPP and HKS for the
dressed pion loop and the dressed quark loop, there is the issue of the scalar exchange contribution, see also the discussion
above. We think that a priori such a contribution is likely to be there and the numerical value given in Ref. [244] looks
reasonable, therefore we have included it in our final estimate. In view of the relatively large contribution of the axial-
vector mesons with masses around 1300 MeV, it should finally be kept in mind that other states in that mass region could
also contribute significantly to the final result. It is not clear at present, whether all of these contributions are appropriately
modeled by the dressed quark loop. We will discuss some prospects for improving the estimate of the hadronic light-by-light
scattering contribution to a, and for reducing its theoretical error in Section 8.

5.3. An effective field theory approach to hadronic light-by-light scattering

In Ref. [250] an EFT approach to hadronic light-by-light scattering was presented based on an effective Lagrangian that
describes the physics of the Standard Model well below 1 GeV. It includes photons, light leptons, and the pseudoscalar
mesons and obeys chiral symmetry and U (1) gauge invariance.

The leading contribution to a.”*", of order® p®, is given by a finite loop of charged pions, see Fig. 34(b), however,
with point-like electromagnetic vertlces, i.e. without the dressing of the photons (scalar QED). The numerical value is
alLf;gQED(ni, K*-loops) ~ —48 x 10!, Since this contribution involves a loop of hadrons, it is subleading in the large-
N, expansion, see Table 6.

At order p® and at leading order in N, we encounter the divergent pion-pole contribution, diagrams (a) and (b) of Fig. 36,
involving two WZW vertices. The diagram (c) is actually finite. The divergences of the triangular subgraphs in the diagrams
(a) and (b) are removed by inserting the counterterm x from the Lagrangian® £© = (a?/47%F,) x ¥y, ys¥ 947 + -
leading to the one-loop diagrams (d) and (e). Finally, there is an overall divergence of the two-loop diagrams (a) and (b) that
is removed by a magnetic moment type counterterm, diagram (f). Since the EFT involves such a local contribution, we will
not be able to give a precise numerical prediction for ahb““d. Nevertheless, it is interesting to consider the leading and next-
to-leading logarithms that are in addition enhanced by a factor N. and which can be calculated using the renormalization
group [250]. The EFT and large-N, analysis tells us that

2
. a3 My+ Mg+ ms N
ahbl"had _ (7) f( = Tk )+Nc n e |:1 2 Fo + n e +%i|
b1 m, m, 1672F2 3 m, m,

m? m?
+ 0 (’2‘ X log‘s) +0 (ZNC X log‘s)} , (201)
Mo Ho
where f(m,+/m,, mgx/m,) = —0.038 represents the charged pion and Kaon-loop that is formally of order one in the

chiral and N, counting and /4o denotes some hadronic scale, e.g. M,. The coefficient ¢ = (NZm?)/(487*F7) ~ 0.025 for
N. = 3 of the log? term is universal [17,250] and of order N, since F; = O (y/N;).

32 Note that here we count directly the chiral order of the contribution to a,,, in contrast to the counting used in Table 6 and Ref. [245]. In the EFT approach
of Ref. [250], the chiral power counting is generalized by treating e, m and fermion bilinears as order p.

3 The low-energy constant x in this effective Lagrangian should not be confused with the magnetic susceptibility discussed earlier.
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b

Z

Fig. 37. The leading weak contributions to a, ; diagrams in the physical unitary gauge.

Unfortunately, although the logarithm is sizeable, In(M,/m,,) ~ 1.98, in af}’“md there occurs a cancelation between the
log-square and the log-term. In Ref. [300] the result for the VMD form factor for large M, was fitted to an expression as given
in Eq. (201), with the outcome (taking only the diagrams in Fig. 34(a) and (b) into account, which diverge for M, — oo)

. a3 M M
abhn) = (7) e [ln2 —L foin =2+ co]
: T my, my,

. 3
fit (E) C[3.94—3.30+1.08] = [123 — 103+ 34] x 107" =54 x 107" (202)
T

This behavior is confirmed by the analytical result derived in Ref. [256] in terms of a series expansionin § = (mfr - mi)/mi

and mi /Mﬁ. Collecting all terms proportional to log-square and log, separately, one obtains ahb&,{\f[; =[136 — 112 4+ 30] x

10~ = 54 x 10~'". Note that the coefficient of In*(M,/m,,) in the expansion given in Ref. [256] also contains corrections
of order mi / Mf,, which are not included in the universal term proportional to € in Eq. (201). This cancelation between the
different logarithmically enhanced contributions is also visible in Ref. [257]. In that paper the remaining parts of c¢; have
been calculated: ¢; = —2 (110)/3 + 0.237 = —0.9370:57, with our conventions for x and x (M,)ex, = 1.7571 25 [301].
Finally, the EFT analysis shows that the modeling of hadronic light-by-light scattering by a constituent quark loop, as
suggested in Refs. [302,303] (see also [304]), is not consistent with QCD.>* The latter has a priori nothing to do with the full
“quark loop” in QCD which is dual to the corresponding contribution in terms of hadronic degrees of freedom. Eq. (201) tells
us that at leading order in N, any model of QCD has to show the behavior ai?“" ~ (a/7)>Nc[N.m? /(487%F2)] In* A, with a
universal coefficient, if one sends the cutoff A to infinity. From the analytical result given in Ref. [ 143], one obtains the result
ath;CQM ~ (a/m)*Nc(m?, /MZ)+- - for Mg >> m,,, if we interpret the constituent quark mass M, as a hadronic cutoff. Even

though one may argue that N./ (48712F§) can be replaced by 1/Mé, the log-square term is not correctly reproduced with this
model. Therefore, the constituent quark model (CQM) cannot serve as a reliable description for the dominant contribution to
abbL;had, in particular, its sign. Note that the contribution of the quark-loop (within the CQM) to a,, starts at order p8, ie.itis
of the same chiral order as the pseudoscalar-exchanges and not @ (p?) higher as suggested by the counting in Table 6 based
on Ref. [245].

6. Electroweak corrections

The contribution of weak virtual processes to g — 2 has been of interest long before one was actually able to
unambiguously calculate them and before they were playing a role in a comparison with the experiment. After the
renormalizability of the electroweak SM had been established by 't Hooft in 1971 [305] it was possible to make convincing
predictions for a, beyond QED [306]. The sensitivity of the last CERN experiment was far from being able to check the
prediction and the weak contribution actually was one of the motivations to think about a new muon g — 2 experiment.
The test of the weak contribution is actually one of the milestones achieved by the Brookhaven experiment E821. The weak
contribution now is almost three standard deviations, and without it the deviation between theory and experiment would
be at the 6 o level.

6.1. 1-loop contribution

The leading weak contribution diagrams are shown in Fig. 37 in the unitary gauge. As a,, is a physical observable one can
calculate it directly in the non-renormalizable unitary gauge. In the latter only physical particles are present and diagrams
exhibiting Higgs ghosts and Faddeev-Popov ghosts are absent. The first diagram of Fig. 37 might be of particular interest as
it exhibits a triple gauge vertex. The coupling of the photon to the charged W boson is of course dictated by electromagnetic
gauge invariance.

34 n any case, any kind of quark loop fails to explain the observation reproduced in Fig. 32, which requires an effective description in terms of hadrons
as illustrated in Fig. 33.
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Fig. 38. Electroweak two-loop diagrams exhibiting fermion loops in the unitary gauge, f = (ve, v, 7, )e, i, 7, u, ¢, t, d, s, b with weak doublet partners
f'= (e, i, T,)Ve, vy, v, d, s, b, u, c, t. The neutrinos (in brackets) do not couple directly to the photon and hence are absent in the triangular subgraphs.

In the approximation where tiny terms O(me /Ma/, ) are neglected, the gauge boson contributions are given by [306]

V2G,m? 10
(2)EW _ wt ~ —11
aPW Wy = Z 1 7~ 1388.70(0) x 1077,
wo W) 62 3 T ©
V2G,m? (—1+44s%)2 —5
a®W(z) = uIy (14 4Sy) ~ —193.89(2) x 107", (203)
" 1672 3

For the Higgs exchange one finds

2
APV () = V/26,m}, / 4 2 —yy?
" a2 Jo T y? 4+ (A —y)(my/my)?
2 mz
V26, m? m—’; In—L formy > m,
ST |3
3 formy < my,
<5x 107" formy > 114 GeV, (204)

and taking into account the LEP bound equation (A.4), this is a negligible contribution. Using the SM parameters given in
Egs. (A.1) and (A.2) we obtain

a?™ = (194.82 £ 0.02) x 107", (205)

where the error is due to the uncertainty in s3,.

6.2. 2-loop contribution

Typical electroweak 2-loop corrections are the electromagnetic corrections of the 1-loop diagrams Fig. 37 (part of the
bosonic corrections) or fermionic loop insertions as shown in Fig. 38. All these corrections are proportional to

\/icumlzt o
7 16n2

A first incomplete calculation was presented by Kukhto, Kuraev, Schiller and Silagadze [307] in 1992. Corrections found
turned out to be enhanced by very large logarithms In Mz /m;, which mainly come from fermion triangular-loops like in
Fig. 38(a). Note that due to Furry’s theorem in QED, loops with three photons attached do not contribute and the yyy-
amplitude vanishes. This is different if the parity violating weak interactions come into play. Contributions from the two
orientations of the closed fermion loops do not cancel and the y yZ, yZZ and y WW amplitudes do not vanish. In fact in the
y WW triangle charge conservation only allows one orientation of the fermion loop.
Diagrams (a) and (b), with an internal photon, appear enhanced by a large logarithm. While contributions from diagram
(b) mediated by y-Z-mixing are suppressed by small vector coupling coefficients® (1 — 4sa,) ~ 0.1 (quark loops) or

~ 2.70866237 x 107 2. (206)

35 The Zff vector and axial-vector neutral current (NC) coupling coefficients are given by
vf:T3f—2Qfsa,, ag = Ty,

where Ty is the weak isospin (:I:%) of the fermion f.
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(1-4 sﬁ,)2 ~ 0.01 (lepton loops), the individual triangle fermion loops contributing to the y yZ-vertex of diagram (a) lead
to unsuppressed corrections

MZ
f/

in which mp = m,, if mf < m, and mp = my if my > m,, and

5/2 formy < my,
G =1{11/6 —8/9n> form; = m,,
—6 formy > m,,.

The individual fermion f contribution is proportional to NCfo2af. This is the coefficient of the triangular subdiagram which
exhibits the Adler-Bell-Jackiw (ABJ) or VVA anomaly [249], which must cancel if all fermions are included [308]. As we
know, the anomaly cancelation enforces the known lepton-quark family structure of the SM. In [307] only lepton loops were
taken into account and thus terms due to the quarks of similar size and structure were missed. The anomaly cancelation
condition of the SM reads

Zf NgrQfar =0, (208)

and hence the leading short distance logarithms proportional to In Mz are expected to cancel as well. This has been checked
to happen on the level of the quark parton model (QPM) for the 1st and 2nd fermion family [309-311].

Assuming that we may use the not very well defined constituent quark masses from Eq. (A.8) with M,,, My > m,, the QPM
result for the first family reads [310]

M8 17
(9EW ~ u ~ -11
a e,u,d ~ —X,|In + ~ —4.00x 107", 209
([ Darm 2 |: oM 2 :| (209)

for the second family, with M, M. > m,,, we obtain

M3 47  8x? i
et — ——— [ = —465x 107" (210)
mi, M 6 9

af:l)EW([l/v, ¢, SDopm = — K> |:|T1

For the heavy quarks of the third family perturbation theory is applicable and the straightforward calculation yields the

result [312,309,310,313]
8 m? 2M; m? 5 M? M2 8
—In n—=+4+_-)+h—=5+4+3n—=— -+
m 3
b

(4EW
a T,b, t
G ({7, b, t]) wit3

I

|

=
[\S)

—

—_

|

I

T
~ — X, x 30.3(3) ~ —8.21(10) x 107 (211)

Terms of order m”, /m?, m; /M7, My /mj are small and have been neglected.

While the QPM results presented above, indeed confirmed the complete cancelation of the In M; terms for the 1st and
2nd family, in the third family, with the given mass hierarchy, the corresponding terms In Mz /m, and In Mz /m; remain
unbalanced as m, is larger than M; as first pointed out in Ref. [312].

We want to stress that the fermionic loops with light-quarks (u, d, s) in Fig. 38 are only meant as a symbolic
representation of another, genuinely non-perturbative hadronic contribution to the muon g — 2, similar to the hadronic
vacuum polarization and the hadronic light-by-light scattering contributions considered earlier. Below we will discuss the
more and more sophisticated approaches that have been used over the years in the literature to control these hadronic
uncertainties, going beyond the naive QPM shown in Fig. 38.

Improving on the constituent quark model used above, one can also look at the Zy y contribution in Fig. 38(a) from a
purely hadronic point of view, using chiral perturbation theory (CHPT) as the low-energy effective field (EFT) theory of QCD.
This approach was proposed in Ref. [309] and the corresponding Feynman diagrams are shown in Fig. 39(a) and (b). To
the lowest order in the chiral expansion, the hadronic Zy y interaction is dominated by the pseudoscalar meson (the quasi
Goldstone bosons) exchange. The corresponding effective couplings are given by

Fr 0 (no + in - ir; )z“ (212)
7Y% \/§ 8 \/6 0 s
which is the relevant part of the O(p?) chiral effective Lagrangian, and the effective O(p*) WZW Lagrangian equation (144).
The [u, d, s] contribution is obtained with a long distance (L.D.) part (E < M,) evaluated in the EFT and a short
distance (S.D.) part (E > M,) from Fig. 39(c) evaluated in the QPM. The cut-off for matching L.D. and S.D. part typically

2@ — _ €
2 sin Oy cos Oy
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(a)[LD.]. (b) [L.D.]. (c)[s.D.].

Fig. 39. The two leading EFT diagrams (L.D.) and the QPM diagram (S.D.). The charged pion loop is subleading in N, and will be discarded.

isMy, =mp ~ 1GeVtoM, = M; ~ 2 GeV. The diagrams from Fig 39, together with their crossed versions in the unitary
gauge, yield, in the chiral limit and up to terms suppressed by m /M2 36
MZ
a?™ ([u, d, sl; p < Ma)err = Ko 71 -4 + ~2.10x 1071
3 m? o3
MZ
a?™([u, d,sl; p > Ma)gpm = K [2 In g] ~4.45 x 1071,
M3
In Section 6.2.1, we will learn that the last diagram of Fig. 39 in fact takes into account the leading term of Eq. (221) which
is protected by Vainshtein's relation (Eq. (219)).
Above a divergent term has been dropped, as the latter cancels against corresponding terms from the complementary
contributions from e, u and ¢ fermion-loops. Including the finite contributions from e, . and c:

M? MZ 37 8
a;(f)EW([e, M, Dopm = — K> |:6 In mfi —4In—Z2 4 = — 712]
y7s

~ — X, x 51.83 ~ —14.04 x 101,

the complete answer for the 1st plus 2nd family reads [309]

14 M? MZ2 35 8
gomw (|ewdly g 1 B, A g4 T 2
w U, C,S 3 m? M? 39

m

2

>~ —Ky x 27. ~ —7. x 107 .
27.58(46) 7.47(13) x 1071 (213)

In Eq. (213) the error comes from varying the cut-off M, between 1 GeV and 2 GeV. Below about 1 GeV, the calculation
within the EFT can be trusted, above 2 GeV we can use pQCD. Fortunately the result is not very sensitive to the choice of the
cut-off. Nevertheless, the mismatch of the cut-off dependencies of the L.D. and the S.D. parts is a problem and gives raise
to worries about the reliability of the estimate. Therefore, a refined treatment of these effects is discussed in the following,
beginning with a consideration of the general structure of these contributions.

6.2.1. Hadronic effects in weak loops and the triangle anomaly

In order to discuss the contribution from VVA triangle fermions loops, following [285], one has to consider the Z*y y*
amplitude

T =i / d*xe® (01T [, (03 (0}l (), (214)

which we need for small k up to quadratic terms. The corresponding covariant decomposition

T = =g | 0r @ o + 00T — 6:0F) + wi@a T ] 215)

exhibits two terms, a transversal amplitude wr and a longitudinal one w;, with respect to the axial current index A.

36 The simplest way to implement the cut-off M, of the low energy effective field theory is to write for the Z-propagator
1 _ 1 " 1 1
M;+Q?  M;+Q2 M;+Q Mi+Q?
—_— — —
EFT QM

and by using the QPM for the second term. The first term corresponds to Eq. 20 of [309], later corrected in the constant term. In the first term M; is replaced
by M,, in the second term constant terms drop out in the difference as the quark masses in any case have values far below the cut-offs M, and M. For the
actual calculation we may use Eq. (217).
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The g — 2 contribution a/’™ ([f])yva of a fermion f in the Z*yy* amplitude, in the unitary gauge with Z propagator
(=g +4,9./M2)/(@* — M3), is given by’

. 1 1 2(qp)* ( M ) M7
Kol diq————| - [1+ W, — —5———=Wr | + —5——=w
2 / qq2+2qp[3< qzmi L Mg_qz T Mg_qz T

~ 2‘l QZ 2 2 2
chfo do GmZ{wL(Q ) ((Q%/m2 —2) (1~ R) +2)

m

aff)EW([f])va

2

M
—wr(Q?) WZQz (@%*/m? +4) (1 —Rm)+2)}, (216)
A

in terms of the two scalar amplitudes wy 1 (q%). A is a cutoff to be taken to oo at the end, after summing over a family. We
have performed a Wick rotation to Euclidean space with Q> = —¢?> andR,, = /1 + 4mi/Q2. For leading estimates we

may expand in mi /Q? « 1. For contributions from the heavier states it is sufficient to set p = 0 except in the phase space
where it would produce an IR singularity. Including the leading corrections the result takes the simple form

A? 4
aP™ ([ Dwa > X /2 sz{wL(Qz) (1 ~3 m,/Q% + - )
M? 2
+wT(Q2)WZQ2 (1—3mi/Q2+~-'>}. (217)

Interestingly, the Adler-Bardeen non-renormalization theorem valid for the anomalous amplitude w; in full QCD
(considering the quarks ¢ = u, d, s, c, b, t only):

-loo 2N,
wL(Q2)|m=O = wL] l p(QZ)‘m—O - Z(ZTquZ)@, (2]8)
- q

carries over to the perturbative part of the transversal amplitude. In fact, Vainshtein [276] has shown that in the chiral limit
the relation

2 1 2
wr(Q*)pacp |,y = 3 wi Q)] _, (219)

is actually valid to all orders of perturbative QCD in the kinematical limit relevant for the g — 2 contribution. This means
that in the chiral limit the perturbative QPM result for wr is exact in pQCD. This looks puzzling, since in low energy effective
QCD, which specifies the non-perturbative strong interaction dynamics, this kind of term seems to be absent. The non-
renormalization theorem has been proven independently in [287] and was extended to the full off-shell triangle amplitude
to 2-loops in [314]. Note that corrections to Vainshtein’s relation (Eq. (219)) must be of non-perturbative origin.

A simple heuristic proof of Vainshtein’s theorem proceeds by first looking at the imaginary part of Eq. (214) and the
covariant decomposition Eq. (215). In accordance with the Cutkosky rules the imaginary part of an amplitude is always
more convergent than the amplitude itself. The imaginary part of the one-loop result is finite and one does not need a
regularization to calculate it unambiguously. In particular, it allows us to use anti-commuting ys to move it from the axial
vertex y,.ys to the vector vertex y,,. In the limit my = 0, this involves anti-commuting ys with an even number of y-matrices,
no matter how many gluons are attached to the quark line joining the two vertices. As a result Im T, must be symmetric
underv <> A, q < —q:

Im [wr(qz)(—quu + 400" four — G0 Far) + wL(qz)qu“fau] o v q*for. + 9.0 Fvv

which, on the r.h.s., requires that ¢> = 0, to get rid of the antisymmetric term proportional to fm, and that wr is proportional
to wy: w; = cwr; the symmetry follows when ¢ = 2. Thus the absence of an antisymmetric part is possible only if

2Im wr(q%) = Im w.(¢°) = constant x 8(q°), (220)
where the constant is fixed to be 27 - 2T3Jchfo2 by the exact form of w;. Both w; and wy are analytic functions which fall
off sufficiently fast at large > such that they satisfy convergent DRs
1 % Imwr(s)

/ ds—————

wr.(q?) = - s— ¢

3

37 Since the result does not depend on the direction of the external muon momentum p we may average over the 4-dimensional Euclidean sphere which
yields the exact 1-dimensional integral representation given.
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which together with Eq. (220) implies Eq. (219). According to the Adler-Bardeen non-renormalization theorem and by the
topological nature of the anomaly (see [248]), w; given by Eq. (218) is exact beyond perturbation theory. Vainshtein’s non-
renormalization theorem for wr in the chiral limit implies

2T3NgQF
QZ
Coming back to the calculation of Eq. (217), we observe that the contribution from w; for individual fermions is
logarithmically divergent, but it completely drops for a complete family due to the vanishing anomaly cancelation
coefficient. The contribution from wr is convergent for individual fermions due to the damping by the Z propagator. In
fact it is the leading 1/Q? term of the w; amplitude which produces the In Mz terms. However, the coefficient is the same
as the one for the anomalous term and thus for each complete family also the In M; terms must drop out. Since the leading
perturbative contributions have to cancel the non-perturbative contributions to wr which are not constraint by the anomaly
cancelation condition require special attention. Non-perturbative effects are accessible in a systematic manner via the OPE.

wr(q®) = + non-perturbative corrections. (221)

6.2.2. Non-perturbative effects via the OPE
In order to study further the matrix element Eq. (214) we need to look at the OPE of the two currents

A

Ty = if d*xe"™T{j, (x)j5,.(0)} = ZCL,\M”_%, (@O,
i

where the operators ( are local operators constructed from the light fields, the photon, light quarks and gluon fields. The
operator matrix elements describe the non-perturbative long range strong interaction features while the perturbatively
calculable Wilson coefficients c¢' encode the short distance properties. We are concerned with the matrix element

T = OFaly (0) = D chigy o, @ (010 (k) (222)

in the classical limit k — 0. The leading contribution is linear in f, the dual of f,5 = ky&s — kg&,. Therefore, only those
operators contribute which have the structure of an antisymmetric tensor

I
0107 |y (k) = —i—5Kif*F. (223)
4
The constants «; depend on the renormalization scale w. Given the tensor structure equation (215), the operators
contributing to T,; are of the form

T =Y {c(@)(~q0}, +a.4°0L, — 6:4°0},) + c1(@)4:4" O}, } . (224)

1

Consequently, we may write

wr i (q®) =Y cf (@ 1) (225)

In this expansion for large Q> = —g? the relevance of the terms is determined by the dimension of the operators, the
low dimensional ones being the most relevant, unless they vanish or are suppressed by small coefficients due to exact or
approximate symmetries, like chiral symmetry. The functions we expand are analytic in the g?-plane and the asymptotic
expansion for large Q? is a formal power series in 1/Q?2 up to logarithms. This implies that operators of odd dimension
produce terms proportional to the mass my of the light fermion field from which the operator is constructed. Thus, in the
chiral limit only antisymmetric operators of even dimensions contribute.

In the following discussion of the different terms we will include the factors T3 at the Z*j5,.(0) vertex (axial current
coefficient), Qr at the A”j, (x) vertex (vector current coefficient) and the color multiplicity factor N.. An additional factor Qf
(coupling to the external photon) comes in via the matrix elements «; of fermion operators 1/_ff -+ - Y. Coefficients «; which
go with helicity flip operators %R -+ -Yp or &ﬂ -+ - Yz are proportional to my.

The leading operator is of dimension dy = 2 and corresponds to the parity odd dual electromagnetic field strength tensor

N 1 - 1
(QFﬂ — mI;ozﬁ — ﬁgaﬂwapAa.
The normalization here is chosen such that < = 1 and hence wf ; = ¢/ ;. The coefficient for this leading term is given by
the one-loop triangle diagram and yields ’ ’

4T3 N QP2 2m? 2 m?
Cf[f]=2c¥[f]=3szfo[1—szlniz+o<Qﬁ>] (226)
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Again, the leading 1/Q? term cancels family-wise by quark-lepton duality. We know that in the chiral limit this is the only
contribution to wy.
The next to leading term is the dy = 3 operator given by

_ 1 _
0ff = —ifoPysf = &P fo’ .

Such helicity flip operators only contribute if chiral symmetry is broken and the coefficients must be of the form ¢/ o my/ Q4
The coefficients are determined by tree level Compton scattering type diagrams and again contribute equally to both
amplitudes

dIf1 = 2d1f1 = %ﬂ.

For the sake of illustration, not taking into account soft strong interaction effects, we may calculate the soft photon quark
matrix element in the QPM. The result is UV divergent and in the MS scheme given by

MZ
Kf = —Q;chmf In ?

When inserted in the dy = 3 contribution to wr one gets

8
do=3 do=3
A( o )wL = ZA( o )wT = @ Ef T3fomef

and thus recovers precisely the 1/Q* term of Eq. (226). While this illustrated the use of the OPE we have just reproduced
the pQCD result. However, in contrast to the leading 1/Q? term which is not modified by soft gluon interactions, i.e., kp = 1
is exact, the physical k; cannot be obtained from pQCD. So far it is an unknown constant, in fact it is proportional to the
magnetic susceptibility x of QCD [273], which we have discussed in Section 5.1.1 before. Here again, the spontaneous
breakdown of the chiral symmetry plays a key role. It implies the existence of the quark condensates (i} ¥r)o # 0, which
are non-vanishing in the chiral limit.*® Now, unlike in perturbation theory, x; need not be proportional to m. In fact it is
proportional to (¥ )o. As the condensate is of dimensionality 3, another quantity must enter carrying the dimension of a
mass and which is finite in the chiral limit. In the u, d quark sector this is either the pion decay constant Fy or the p mass
M 0. Since «y is given by the matrix element Eq. (223) it must be proportional to Ny Qy such that

= Ny WrVih lﬁf Iﬁf

and hence [313,276]

f\ﬁf) .

A0=3) gy = 2 A0=3) = = o ZNCfT3fo myp L2 (227)

The overall normalization is chosen such that it reproduces the expansion of the non-perturbative modification of w;, which
becomes proportional to the pion propagator beyond the chiral limit:

2 2 2ml
Q2+ m? Qz Q4
We will come back to that point below.
All operators of dy = 4 yield terms suppressed by the light quark masses as mf /Q* and vanish in the chiral limit.

Similarly the dimension dy = 5 operators are contributing to the 1/Q°® coefficient but require a factor my and thus again
are suppressed due to close-by chiral symmetry.

Interestingly the dimension d¢ = 6 operators play a more important role. There is a term which is proportional to the
quark condensates and behaves like 1/Q® and which gives a non-vanishing contribution in the chiral limit. Such terms only
contribute to the transversal amplitude, and using estimates presented in [255] one obtains

16,2 o (Yy)?
——x?
9 F2 T QS

wp =

A=) 1y (Q?)np , (228)

for large enough QZ, the p mass being the typical scale. This NP contribution breaks the degeneracy wr(Q?) = %wL(QZ)
which holds for the perturbative part only.

38 Typically they take values (/)q =~ —(240 MeV )3.
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As a result the consequences of the OPE for the light quarks u, d and s in the chiral limit may be summarized in the
relations [285]:

wr[u, dlm, =0 = —3wi[S]m—0 = é7
1 2w (Yy)}
Q@ 9%Q° F
The condensates are fixed essentially by the Gell-Mann-0Oakes-Renner (GOR) relations
(my 4 ma) (Y r)o = —Fgm?,
m (Yo =~ —F3Mg,
and the last term of Eq. (229) numerically estimates to
wr(Q)np ~ —a5(0.772 GeV)*/Q8,

i.e., the scale is close to the p mass.

As a result non-perturbative corrections to the leading 7°, 1, n’ exchange contributions in w; require the inclusion of
vector-meson exchanges which contribute to wr. More precisely, for the transversal function the intermediate states have
to be 17 mesons with isospin 1 and 0 or 1~ mesons with isospin 1. The lightest ones are p, w and a;. They are massive also
in the chiral limit.

In principle, the incorporation of vector-mesons, like the p, in accordance with the basic symmetries is possible using the
Resonance Lagrangian Approach (RLA) [88], an extended form of CHPT. Like in the light-by-light scattering case discussed
before, the more recent analyses are modeling the hadronic amplitudes [245] in the spirit of large N, QCD [252,253] where
quark-hadron duality becomes exact. The infinite series of narrow vector states known to show up in the large N, limit is
then approximated by a suitable lowest meson dominance (LMD), i.e., amplitudes are assumed to be saturated by known
low lying physical states of appropriate quantum numbers. This approach was adopted in an analysis by the Marseille
group [313]. An analysis which takes into account the complete structure Eq. (229) was finalized in [285]. In the narrow
width approximation one may write the ansatz

Imwr =7 Zigis(s —m?), (230)

where the weight factors g; satisfy

Y&=1, ) am =0, (231)

in order to reproduce Eq. (229) in the chiral limit. Corrections which show up beyond the chiral limit may be implemented
by modifying the second constraint such that they match the coefficients of the corresponding terms in the OPE.
While for leptons we have the amplitude

wr(u, dlm, 3=0 = —3wr[slm=o0 +0(Q7®). (229)

2
wi[€] = o
the hadronic counterparts get modified by strong interaction effects as mentioned: a sufficient number of states with
appropriate weight factors has to be included in order to be able to satisfy the S.D. constraints, obtained via the OPE. Since
the Z does not have fixed parity both vector and axial vector states couple (see Fig. 39(a)). For the 1st family 7°, p(770) and
a1(1260) are taken into account

2 (1 m
wL[U,d]=m—2 @—@4—'“ )

1 M2 —m2 M2 —m? 1 m
o ] = 1 WM (o m ) 232
wrle, di %—W[@+W oM |\ o (232

for the 2nd family n'(960), 7(550), ¢(1020) and f; (1420) are included
o 2 2 1 2(1 M N
wils] = —= — ~—|==-=+-],
L 3 Qz +M72]’ Qz + m?] 3 QZ Q4

1 1 M2 _ m2 MZ _ mZ 1 1 mZ
wrls] = —3 -3 M[f 7o | = 3lor it ) (233)
R —Mg | Q*+My  Q*+Mj Q* Q
with 1\715 = ZM;, — m?. The expanded forms allow for a direct comparison with the structure of the OPE and reveal that the
residues of the poles have been chosen correctly.

£ =e,u,1),
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While the contributions to a,, from the heavier states may be calculated using the simplified integral equation (217), for
the leading 7 ° contribution we have to use Eq. (216), which also works for m, ~ m,,. The results obtained for the 1st family
reads [285]%°

1 4 r
a?™ (e, u, d]) ~ —X; [3 (rn (rr +2),/——1 [HFCSiH (1 - %) + %] +rplnry — 2 — 3)
s

M? M? M2 5
+ lnig - %ln azl +7
m Ma1 —Mp Mp 2

"

~ — XK, x 8.49(74) = —2.30(20) x 10711, (234)

withr, = me /mi. This may be compared with the QPM result (Eq. (209)), which is about a factor of two larger and once
more illustrates the problem of perturbative calculations in the light quark sector. For the 2nd family after adding the u and
the perturbative charm contribution one obtains

2 M2 2 M}
— K> |: ¢ — —=1In 1

—1In
3 Mf]/ 3 m?

aP™ ([, c,s]) ~
n

2 2 2 2
IMGom ME ML MG sr? 59
3M2 —M?2  M? M? m?2 9 6
i ¢ ¢ ¢ m
~ — X, x 17.25(1.10) >~ —4.67(30) x 107!, (235)

which yields a result close to the one obtained with the QPM equation (210). For the 2nd family the QPM estimate works
better due to the fact that the non-perturbative light s-quark contribution is suppressed by a factor of four relative to the ¢
due to the different charge.

Altogether, for the 1st plus 2nd family, the large N. QCD inspired LMD result is

g VW ([e ‘2 ‘ZD ~ _ K, x 25.74~ —6.97 x 1071, (236)
wes|) o

and turns out to be rather close to the very crude estimate Eq. (213) based on separating L.D. and S.D. by a cut-off in the
range 1-2 GeV.

Note that numerically the differences of the different estimates (QPM, EFT, large N, ) are not substantial. Following [285],
we adopt the specific forms discussed last in the following.

39 Up to the common factor X for pseudoscalar exchanges like w; (Q2) = 1/(Q2 + m2) — 1/(Q* + M2) (Pauli-Villars regulated) one obtains the exact
result

2

1 m
F(x) =~ 2 —x*1 2x+3)— In—%£,
(%) 6<x(x+ )f(x) —x“Inx + 2x + ) nMZ2

where

oo = —/4/x—1 (arcsin (1 - %) + %) forx <4 (x =x;),
v/1—4/x1n (—2/(x‘/1 —4/x—x+2)) forx > 4 (x = x,),

with x, = m2 /m,zl, X,y = m%/mﬁ etc. and M; as a cut-off. For vector exchanges like wr(Q?) = 1/(Q? + Mﬁ) one obtains

M2 oam (M2 )
2 2 P /4 2 2
Fr(m /M) = —In g = 5 3 In o 41 +0((m2/m2)°).
P w

Up to terms O(m?. /M3) the result reads

1 1

Fr (;> = 3 {(& —6x,) Inx, —2x, —6 Ina+9—x,1, In(=2/(r, —x, +2))
13

— 1, In((X) =1, (€ — 6% + 10x, — 4) — 8x> +20x; — 16X, +2)/2)} ,

withx, = M2/m2,r, =  [x2 — 4x, and a = m? /M3.
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6.2.3. Residual Fermion-loop effects

So far unaccounted are sub-leading contributions which come from diagrams (c), (d), (e) and (f) in Fig. 38. They have
been calculated in [310,311] with the result

1 [5m? m: 7
a/(jl)\ll:}_‘;_vz_JCZ{ [ ‘+1nf+3]+Ac‘”}

2s%, [ 8 Mg, Mg,
~ —4.15(11) x 107" — (1.133) x 107", (237)

where ACH is the coefficient from diagram (f)

16, mt 104

n — m m 9
9 mﬁ 57 <L my
32 1
AC{‘H — ? 1— EC]Q (7'[/3) my = mg,

1? 8+§7-[2_|_§ lnﬁ_ i m
2 2 H > Mg,
my 9 3 mg

with typical values ACH = (5.84, 4.14, 5.66) contributing to Eq. (237) by (—1.58, —1.12, —1.53) x 10~!!, respectively,
for my = (100, m;, 300) GeV. The first term in Eq. (237) is for AC* = 0, the second is the AC* contribution for my = m;
with uncertainty corresponding to the range my = 100 GeV to my = 300 GeV.

6.2.4. Bosonic contributions

In approximate form, the full electroweak bosonic corrections have been calculated by Czarnecki, Krause and Marciano
in 1995 [315]. At two loops, in the linear 't Hooft gauge, including fermion loops, there are 1678 diagrams to be considered,
and the many mass scales involved complicate the exact calculation considerably. The calculation [315] has been performed
by asymptotic expansions in (m,,“/MV)2 and (My/my)?, where My = My, or Mz and my >> My. The heavy mass expansion
of course substantially simplifies the calculation. As a further approximation an expansion in the NC vector couplings was
used. The latter are suppressed like (1 — 45\24/) ~ 0.1 for quarks and (1 — 4sa,)2 ~ 0.01 for leptons. As a result a two-loop
electroweak correction

2 2
aff)EW(bosomc) X ( E [az,' (s2) + —m‘g/ b (sﬁv)‘] + O(ssv))
H

i=—1

1

214773 x 107" (238)

was found for Myy = 80.392 GeV (s3, = 1 — Mj,/M7) and my = 250 GeV ranging between my = 100 GeV and
my = 500 GeV. The expansion coefficients are given in [315]. The on mass-shell renormalization prescription has been
used and the one-loop contributions in Eq. (203) were parametrized in terms of the muon decay constant G,,. This means
that part of the two-loop bosonic corrections have been absorbed into the lowest order result. For the lower Higgs masses
the heavy Higgs mass expansion is not accurate and an exact calculation has been performed by Heinemeyer, Stockinger
and Weiglein [316] and by Gribouk and Czarnecki [317]. The result has the form

2
m
a$’™ (bosonic) = X (chS’ZL In —M’; + c305’2L> , (239)
w

2
where the coefficient of the large logarithm In m—; ~ —13.27 is given by the simple expression
MW

1
C{)os,ZL — E[107 + 23(] _ 455‘/)2] ~ 5.96.

While the leading term is simple, the Higgs mass dependent function c3°s‘2L in its exact analytic form is rather unwieldy
and therefore has not been published. The numerical result of [316] was confirmed in [317]. The 2nd Ref. also presents a
number of semi-analytic intermediate results which give more insight into the calculation. Considering a Higgs mass range
my = 50 GeV to my = 500 GeV, say, one may expand the result as a function of the unknown Higgs mass in terms of
Tschebycheff polynomials defined on the interval [—1, 1]. A suitable variable is x = (2my — 550 GeV) /(450 GeV) and with
the polynomials t; = 1, t; = x, tjy o = 2xt;11 — t;,i = 1,..., 4, we may approximate Eq. (239) in the given range by

6
a$P"" (bosonic) ~ Z aiti(x) x 1071°, (240)
pt
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Fig. 40. Exact result for the bosonic correction vs. the asymptotic expansion Eq. (238) minus a correction 0.88 x 10~'! and the LL approximation (first
term of Eq. (239)).

Table 14

Summary of weak 2-loop effects in units 10~'", Fermion triangle loops: 1st, 2nd and 3rd family LO, fermion loops NLL and bosonic loops (with equation
numbers).

[eud] LO (Eq. (234)) [msc] LO (Eq. (235)) [tht] LO (Eq.(211)) NLL (Eq. (237) Bosonic (Eq. (241))
—2.30402 —467 403 —82140.1 —-5.319} —21.6773

with the coefficients given by a; = 80.0483, a, = 8.4526, a3 = —3.3912, ay; = 1.4024, as = —0.5420 and ag = 0.2227.
The result is shown in Fig. 40, which may be translated into

a$’™ (bosonic) = (—21.561]42) x 107", (241)

and applies for my = 100 GeV to my = 300 GeV . The central value is obtained for my = m, . Note that the exact result
exhibits a much more moderate Higgs mass dependence at lower Higgs masses. This also implies that the uncertainty caused
by the unknown Higgs mass is reduced considerably.
Summary of the results for the weak contributions

As a rough estimate the perturbative 2-loop leading logs may be summarized in compact form by [315,309-311,285]

215 31 M,
(HEW 2 \2 Z
Q. = —JCZH:Q + ) (1—4sy) ]ln —mu

8 M.
- NQ [12Tf3 Q — = (TP —2Qss3,) (1— 45@)] In Z}. (242)
FeF 9 my

Electron and muon loops as well as non-fermionic loops produce the In(Mz/m,,) terms in this expression (the first line)
while the sum runs over F = 7, u, d, s, ¢, b. The logarithm In(Mz /my) in the sum implies that the fermion mass my is larger

than m,,. For the light quarks, such as u, d and s, whose current masses are very small, m; has a meaning of an effective

hadronic constituent mass. In this approximation affL)LEW ~ —36.72 x 10~'!, which is to be compared with the full estimate

Eq. (243). Note that the (1 — 4sa,) suppressed LL terms from photonic corrections to diagram Fig. 37(b) [23/9 of the 31/9]
and Fig. 38(b) [for e and 2 x 4/9 and corresponding terms (2nd term) in the sum over f € F] only account a negligible
contribution —31.54 x 107'3, The unsuppressed LL terms from Fig. 38(a) [2 x 54/9 of the 215/9 for e and w plus the
corresponding terms (1st term) in the sum f € F] in the above expression cancel for the 1st and 2nd fermion family. What
survives are the terms due to the virtual photon corrections (bosonic) of the 1-loop diagrams Fig. 37(a), (b) [120/9(W)-
13/9(Z) of the 215/9] and the incomplete cancelation in the 3rd fermion family resulting as a consequence of the mass
separation pattern m,, M < M; < my, relative to the effective cut-off M.

The hadronic effects required a much more careful study which takes into account the true structure of low energy QCD
and as leading logs largely cancel a careful study of the full 2-loop corrections was necessary. The various weak contributions
are collected in Table 14 and add up to the total weak 2-loop contribution

a’™W ~ (—42.08 + 1.5[my, m:] + 1.0[had]) x 107" (243)
The high value —40.98 corresponds to low my = 100 GeV, the central value to my = m; and the minimum —43.47 to a
high my = 300 GeV (see Eq. (A.4)).
Three-loop effects were studied by RG methods first in [311]. The result
ai" ~ (0.4£0.2) x 107" (244)

was later confirmed by [285]. The error estimates uncalculated 3-loop contributions.
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By adding up Egs. (205), (243) and (244) we find the result*

a = (153.2 + 1.0[had] & 1.5[my, m, 3-loop]) x 107", (245)
based on [285,316,317].

6.3. 2-loop electroweak contributions to a,

The dominant electroweak 1-loop contributions Eq. (203) scale with high precision with an overall factor X, =

(me/m,,)%, up to terms which are suppressed with higher powers up to logarithms, like the contribution from the Higgs
equation (204). Thus

aP™ = x(epy aP™ = 45.57(0) x 107",

At two loops various contributions do not scale in this simple way [307,310,315]. We therefore present a set of modified

formulae, which allow us to calculate aff)EW. Apart from the overall factor

Ky — Xew Kz =~ 6.3355894 x 10777, (246)

the logarithmically enhanced as well as some constant terms change according to Eq. (207), adapted for the electron. We
only present those terms which do not scale trivially. The QPM results (Egs. (209) and (210)) are modified to

M8 47  8n?

afP™ ([, u, d])opm = — 2 [m e 9] ~—236x 107", (247)
e d
M8

a£4)EW([’u’ ¢, SDopm = — K3 |:1n m61i42:| ~—1.15x 1075, (248)
w's

for the 1st and 2nd family, respectively. The EFT/QPM estimates used in Eq. (213) now read
2

4 M 2
aff)EW([u, d,sl;p < Mp)grr = Ko | = In 44 21~139x107"5,
3 m2 3

MZ
aP (u, d, 51 p > Ma)o = K [2 In % } = 1.04x 1077,
A

and together with
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m2 m M2 6 9
~ — Ky x 75.32 ~ —4.77 x 1071,

yield the complete estimate for the 1st plus 2nd family

5 M? M2 M: 19 8
alVEW e u,d =—J|-In—2 +3In—2 —4ln—2 + — — —x*
m,c,s 3 mg mi M? 6 9
~ —J, x 36.85(46) ~ —2.33(3) x 1075, (249)
The large-N. QCD inspired LMD result (Eq. (234)) for the 1st family translates into

1 4 -2
adP™W(le,u,d)) ~ —Ky3 = | 12w +2) /1= — | In
3 Tn TeJ1— 2 = +2

M? M? MZ  8x? 11
+ r2lnry —2r, =3 |+ —-2 - —*2 _In—2 - —_
T m2 M2 -M2 M2 9 6

~ — K, x 29.41(2.56) = —1.86(16) x 107", (250)
40 The result is essentially the same as
i = (154 « 1[had] £ 2[my, my, 3-loop]) x 107"
of Czarnecki, Marciano and Vainshtein [285], which also agrees numerically with the one
@ = (152 £ 1[had]) x 107"
obtained by Knecht, Peris, Perrottet and de Rafael [313].
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Table 15

Summary of weak 2-loop effects contributing to a, in units 10~'°. Fermion triangle loops: 1st, 2nd and 3rd family LO, fermion loops NLL and bosonic loops

(with equation numbers, last 3 entries rescaled as described in the text).

[eud] LO (Eq. (250)) [msc] LO (Eq. (251)) [tht] LO (Eq. (211)) NLL (Eq. (237)) Bosonic equation
((239) and (241))

—1.86 4+ 0.16 —1.15 4+ 0.07 —1.91+ 0.02 —1.09 4 0.19 —1.02733

with r, = m2 /m2. For the 2nd family equation (235) reads
2 MZ 2 MZ/ 1 MZ _ mZ MZ M2 MZ
(HEW ~ [ n ¢ n f1 c ¢
a ,C,8]) ~ —Kp| =1In ——1In ———In—+4+4In— +3In—+2
e (. csh 2 [3 MZ 3 m2 3MZ M2 M2 M2 m2
n n fi ® ¢ [ W
~ — K, x 18.19(1.16) ~ —1.15(7) x 10~ ', (251)
The LL approximation equation (242) for a, is given by
161 27 M,
(HEW 212 z
ay = —JCZH:Q + E(l —4sy) :|lnme
8 M,
- S [ere - § (17 - 205) (1-45) | n 2
feF mg
~ —14.62 x 1071, (252)

where the sum extends over F = u, t,u,d, s, c, b.
Note that the contributions (Eqs. (211) and (237)) scale with X,,,). The bosonic contributions only depend on the external

fermion mass and we may use the full 2-loop result (Eq. (241)) together with Eq. (239) to calculate CEOS’ZL which is equal for
 and e and we obtain a£4)EW(bosonic) = —1.02f8:3§ x 10713, Results are collected in Table 15.
As a result we obtain the total weak 2-loop contribution
alP®W ~ (-7.03 £ 0.35[my, m;] £ 0.23[had]) x 10~ ™. (253)
The total weak contribution thus is given by
at"V ~ (38.54 £ 0.35[my, m;] £ 0.23[had]) x 107", (254)

Note that the leading log approximation in Eq. (252) utilizing constituent quarks in this case is quite far off from the result
in Eq. (253). Using this approximation we would get the smaller value aSW ~ 30.95 x 10~'%, which was used frequently in
the past.

7. Muon g — 2: Theory versus experiment

A new stage in testing theory and new physics scenarios has been reached with the BNL muon g — 2 experiment,
which was able to reduce the experimental uncertainty by a factor of 14 to ~63 x 10~'!. We already have summarized
the experimental status in Section 2.2. The world average experimental muon magnetic anomaly, dominated by the very
precise BNL result, is now [92]

as® = 1.16592080(63) x 107> (255)
(relative uncertainty 0.54 ppm), which confronts the SM prediction (see Table 16)

a = 1.16591790(65) x 107>, (256)

Theoretical predictions of different groups are in fair agreement now. They differ somewhat by using different estimates of
the LO hadronic vacuum polarization (see Table 4), and/or by adopting different results for the hadronic LbL contribution
(see Table 13). As ever before, but on an order of magnitude higher level, the anomalous magnetic moment of the muon
provides one of the most precise tests of quantum field theory as a basic framework of elementary particle theory and of
QED and the electroweak SM in particular. But not only that, it also constrains physics beyond the SM severely. In fact the
3.20 deviation between theory and experiment

day” = a5 — ajf® = (290 £ 90) x 107", (257)

could be a hint for new physics. Before we discuss possibilities to explain this deviation assuming it to be a clear indication
of something missing, we first will summarize the SM prediction and recall what are the most relevant effects.
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Table 16
Standard model theory and experiment comparison [in units 10~'].
Contribution Value Error Equation References
QED incl. 4-loops + LO 5-loops 116584718.1 0.2 (99) [318]
Leading hadronic vacuum polarization 6903.0 52.6 (113) [175]
Subleading hadronic vacuum polarization —100.3 11 (139) [161]
Hadronic light-by-light 116.0 39.0 (200) [319]
Weak incl. 2-loops 153.2 1.8 (245) [320]
Theory 116591790.0 64.6 -
Experiment 116592 080.0 63.0 (41) [92]
Exp. - The. 3.2 standard deviations 290.0 90.3 -
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Fig. 41. Sensitivity of g — 2 experiments to various contributions. The increase in precision with the BNL g — 2 experiment is shown as a gray (blue)

vertical band. New Physics is illustrated by the deviation (a}® — affe)/afj‘p.

7.1. Standard model prediction

In the previous sections, we have discussed in detail the various contributions which enter the theoretical prediction of
a,,. We summarize them in Table 16. Input parameters were specified in Section 3 and Appendix. What we notice is that a
new quality of “diving into the depth of quantum corrections’ has been achieved: the 8th order QED [~381x 10~ '], the weak
correction up to 2nd order [~153 x 10~'!] and the hadronic light-by-light scattering [~116 x 10~!!] are now in the focus.
The hadronic vacuum polarization effects which already played a significant role for the last CERN experiment now is a huge
effect of more than 11 SD’s. As a non-perturbative effect it still has to be evaluated largely in terms of experimental data with
unavoidable experimental uncertainties which yield the biggest contribution to the uncertainty of theoretical predictions.
However, due to substantial progress in the measurement of total hadronic e e~ -annihilation cross-sections, the uncertainty
from this source has been reduced to a remarkable ~53 x 10~ only. This source of error is now only slightly larger than the
uncertainty in the theoretical estimates of the hadronic light-by-light scattering contribution [~39 x 10~!!]. Nevertheless,
we have a solid prediction with a total uncertainty of ~65 x 10~!!, which is essentially equal to the experimental error of
the muon g — 2 measurement.

Fig. 41 illustrates the sensitivity to various contributions and how it developed in history. The high sensitivity of a,, to
physics from not too high scales M above m,,, which is scaling like (mu/M)Z, and the more than one order of magnitude
improvement of the experimental accuracy has raised many previously negligible SM contributions to relevance. We also
have reached an exciting level of sensitivity to New Physics. “New Physics” is displayed in the figure as the ppm deviation of
Eq. (257) which is 3.20. We note that the theory error is somewhat larger than the experimental one. It is fully dominated
by the uncertainty of the hadronic low energy cross-section data, which determine the hadronic vacuum polarization and,
partially, from the uncertainty of the hadronic light-by-light scattering contribution.

In any case we now have a much more detailed test of the present established theory of the fundamental forces and the
particle spectrum than we had before the BNL experiment. At the same time the muon g — 2 provides insight to possible
new physics entering at scales below about 1 TeV. For what concerns the interpretation of the actual deviation between
theory and experiment, we have to remember that such high precision physics is extremely challenging for both experiment
and for theory and it is not excluded that some small effect has been overlooked or underestimated at some place. To our
present knowledge, it is hard to imagine that a 3 ¢ shift could be explained by known physics or underestimated systematic
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uncertainties, theoretical and/or experimental. Thus New Physics seems a likely interpretation, if it is not an experimental
fluctuation (0.27% chance).

It should be noted that the result (Eq. (256)) is obtained when relying on the published e™e™-data for the evaluation
of the hadronic vacuum polarization. If isospin rotated hadronic r-decay spectral functions, corrected for known isospin
violations, are included, a substantially larger value for a" results: da, (+t) ~ 150 x 107! and the “discrepancy”, Eq.
(257) reduces to about 1.4 o only, which would mean that there is agreement between theory and experiment. However, as
pointed out in Ref. [218] recently, an increase of the hadronic vacuum polarization would also increase the value of o (M)
and as a consequence lower the indirect Higgs mass bound from LEP precision experiments. In fact the indirect upper Higgs
mass bound, my < 153 GeV would move down to my < 133 GeV, closer to be in conflict with the direct exclusion bound
of my > 114 GeV. This possibility in any case would lead to an interesting tension for the Standard Model to be in conflict
with experimental facts.

Note that the theoretical predictions obtained by different authors in general differ by the leading order hadronic vacuum
polarization contribution listed in Table 4 and/or by a different choice of the hadronic light-by-light scattering contribution
which we have collected in Table 13. The deviation between theory and experiment then ranges from 0.7 to 4.2 ¢’s. The

smallest difference is obtained when including the isospin rotated t-data in calculating afj‘d, as in [178], together with the

LbL estimate [258], the largest using the azad estimate [185] together with the LbL estimate [17] (also see Figure 7.1 in
Ref. [46]).

7.2. New physics contributions

Although the SM is very well established as a renormalizable QFT and describes essentially all experimental data of
laboratory and collider experiments, it is well established that the SM is not able to explain a number of fundamental facts.
The SM fails to account for the existence of non-baryonic cold dark matter (at most 10% is normal baryonic matter), the
matter-antimatter asymmetry in the universe, which requires baryon-number B and lepton-number L violation at a level
much higher than in the SM, the problem of the cosmological constant and so on. Also, a “complete” theory should include
the 4th force of gravity in a natural way and explain the huge difference between the weak and the Planck scale (hierarchy
problem). So, new physics is there but how is it realized? What can the muon g — 2 tell us about new physics?

New physics contributions, which we know must exist, are part of any measured number. If we confront an accurately
predictable observable with a sufficiently precise measurement of it, we should be able to see that our theory is incomplete.
New physics is due to states or interactions which have not been seen by other experiments, either by a lack of sensitivity
or, because the new state was too heavy to be produced at existing experimental facilities or, because the signal was still
buried in the background. At the high energy frontier LEP and the Tevatron have set limits on many species of possible
new particles predicted in a plenitude of models which extend the SM. The Particle Data Group [104] includes a long list of
possible states which have not been seen, which translates into an experimental lower bound for the mass. In contrast to the
direct searches at the high energy frontier, new physics is expected to change a,, indirectly, by virtual loop-contributions.
In general, assuming Eq. (257) to be a true effect, the result allows one to constrain the parameter space of extensions of the
SM.

The simplest possibility is to add a 4th fermion family of sequential fermions, where the neutrino has to have a large
mass (m,, > 45 GeV) as additional light (nearly massless) neutrinos have been excluded by LEP. The present bounds read
m; > 100 GeV for a heavy lepton and m > 200 GeV for a heavy quark.

Similarly, there could exist additional gauge bosons, like from an extra U(1)’. This would imply an additional Z boson,
a sequential Z’ which would mix with the SM Z and the photon. More attractive are extensions which solve some real
or thought shortcomings of the SM. This includes Grand Unified Theories (GUT) [321] which attempt to unify the strong,
electromagnetic and weak forces, which correspond to three different factors of the local gauge group of the SM, in one big
simple local gauge group

Geur D SUB): ® SU2), ® U(Dy = Gsm
which is assumed to be spontaneously broken in at least two steps
Geur = SUB)c @ SU2) ® U(1)y — SU3)c ® U(Dem.

Coupling unification is governed by the renormalization group evolution of o1 (1), @ (i) and a3(w), corresponding to the
SM group factors U(1)y, SU(2); and SU(3),, with the experimentally given low energy values, typically at the Z mass scale,
as starting values evolved to very high energies, the GUT scale Mgyr where couplings should meet. Within the SM the three
couplings do not unify, thus unification requires new physics as predicted by a GUT extension [322]. Also extensions like the
left-right (LR) symmetric model are of interest. The simplest possible unifying group is SU(5) which, however, is ruled out
by the fact that it predicts protons to decay faster than allowed by observation. GUT models like SO(10) or the exceptional
group Eg not only unify the gauge group, thereby predicting many additional gauge bosons, they also unify quarks and
leptons in GUT matter multiplets. Now quarks and leptons directly interact via the leptoquark gauge bosons X and Y which
carry color, fractional charge (Qx = —4/3, Qv = —1/3) as well as baryon and lepton number. Thus GUTs are violating B
as well as L, yet with B — L still conserved. The proton may now decay via p — etz or many other possible channels.
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The experimental proton lifetime Tproton > 2 X 10%° years at 90% CL requires the extra gauge bosons to exhibit masses of
about Mcyr > 10'® GeV and excludes SU(5) as it predicts unification at too low a scale. Note that the stability of the proton
requires Mcyr to lie not more than a factor 1000 below the Planck scale. In general GUTs also have additional normal gauge
bosons, extra W’s and Z’s which mix with the SM gauge bosons. Present bounds here are Mz y+ > 600-800 GeV depending
on the GUT scenario. Contributions from such extra gauge bosons may be estimated from the weak one-loop contributions
by rescaling with (MW/ngM)Z ~ 0.01 and hence 1% of 19.5 x 10~'° only, an effect much too small to be of relevance.

In deriving bounds on New Physics it is important to respect constraints not only from a, and the direct bounds
from the particle data tables, but also from other precision observables which are sensitive to new physics via radiative
corrections. Important examples are the electroweak precision observables [323,324]: My, = 80.392(29) GeV, sin? @fff =
0.23153(16) , and py = 1.0002‘_ng88&71 , which are all precisely measured and precisely predicted by the SM or in extensions
of it. The SM predictions use the very precisely known independent input parameters «, G, and Mz, but also the less precisely
known top mass m; = 172.6 & 1.4 GeV, [325] (the dependence on other fermion masses is usually weak, the one on the
unknown Higgs is only logarithmic and already fairly well constrained by experimental data). The effective weak mixing
parameter essentially determines my = 114J_r‘31§ GeV at 68% CL (not taking into account My ). The parameter pq is the
tree level (SM radiative corrections subtracted) ratio of the low energy effective weak neutral to charged current couplings:
© = Gnc/Gee where Gee = G, This parameter is rather sensitive to new physics. Equally important are constraints by the B-
physics branching fractions [326] BR(b — sy) = (3.5540.2470%+0.03) x 1074, BR(B; — u*u™) < 1.0x1077 (95%CL) .

Concerning flavor physics, in particular the B factories Belle at KEK and BaBar at SLAC have set new milestones in
confirming the flavor structure as inferred by the SM. In the latter FCNC are absent at tree level due to the GIM mechanism
and CP-violation and flavor mixing patterns seem to be realized in nature precisely as implemented by the three fermion-
family CKM mixing scheme. Many new physics models have serious problems to accommodate this phenomenologically
largely confirmed structure in a natural way. Therefore, the criterion of Minimal Flavor Violation (MFV) [327] has been
conjectured as a framework for constructing low energy effective theories which include the SM Lagrangian without spoiling
its flavor structure. The SM fermions are grouped into three families with two SU(2); doublets (Q; and L;) and three
SU(2), singlets (Ug, Dg and Eg) and the largest group of unitary transformations which commutes with the gauge group
is Ge = U(3)” [328]. The latter may be written more specifically as

Gr=SU®), ®SUB); ®U(1); @ U(1), @ U(1)y ® U(1)pg ® U(1)

with SUB3); = SU3)q, ® SU3)y; ® SU3)p, and SU(3); = SU(3), ® SU(3)g,. The SM Yukawa interactions break the
subgroup SU (3)3 ® SU (3)? ® U(1)pg ® U(1)g,. However, one may introduce three dimensionless auxiliary fields

Yy~ 3, i 1)5[}(3)3, Yp~ (3,1, é)SU(3)3’ Y~ (3, é)su(3)§

which provide a convenient bookkeeping for constructing MFV effective theories. Formally the auxiliary fields allow one
to write down MFV compatible interactions as G invariant effective interactions. The MVF criterion requires that a viable
dynamics of flavor violation be completely determined by the structure of the ordinary SM Yukawa couplings. Most of
the promising and seriously considered new physics models, which we will consider below, belong to the class of MFV
extensions of the SM. Examples are the R-parity conserving two doublet Higgs models, the R-parity conserving minimal
supersymmetric extension of the SM [329] and the Littlest Higgs model without T-parity.

One important monitor for new physics is the electric dipole moment which we briefly discussed towards the end of
Section 1. The EDM is a direct measure of T-violation, which in a QFT is equivalent to a CP-violation. Since extensions of the
SM in general exhibit additional sources of CP violation, EDMs are very promising probes of new physics. An anomalously
large EDM of the muon d,, would influence the a,, extraction from the muon precession data as discussed earlier. We may
ask whether d,, could be responsible for the observed deviation in a,,. In fact Eq. (37) tells us that a non-negligible d,, would
increase the observed a,,, and we may estimate

1e
d,| = 5—,/(af}")2 — (@M)? = (2.42£0.41) x 10"Pecm. (258)
m

m

This also may be interpreted as an upper limit d, < 2.7 x 10719 e cm. Recent advances in experimental techniques will
allow one to perform much more sensitive experiments for electrons, neutrons and neutral atoms [330]. For new efforts to
determine d,, at much higher precision see [9,331]. In the following we will assume that d,, is in fact negligible, and that the
observed deviation has other reasons. As mentioned after Eq. (37), in the SM and viable extensions of it d,, is expected to be
much smaller that what could be of relevance here (see [6,7]).

As mentioned many times, the general form of contributions from states of mass Myp >> m,, takes the form

2
n

m
2
MNI’

NP __
a’=c (259)
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Table 17

Typical New Physics scales required to satisfy Aafl”’ = da, in Eq. (257).

e 1 a/m (a/m)?
Myp 2.0104 Tev 100721 Gev 571 Gev

a b C S
H- H*
mu /X M[SP] N M Mo[V,A] P S

Fig. 42. Possible New Physics contributions. Neutral boson exchange: (a) scalar or pseudoscalar and (b) vector or axialvector, flavor changing or not. New
charged bosons: (c) scalars or pseudoscalars, (d) vector or axialvector.

where naturally € = O(«a/7) (~ lowest order a,, ), like for the weak contributions Eq. (203), but now from interactions and
states not included in the SM. New fermion loops may contribute similarly to a t-lepton by

1 (my\? @\ ?
F

(260)

which means € = O((«/7)?). Note that the T contribution to a, is 42 x 10~ only, while the 3 o effect we are looking
for is 290 x 107!, As the direct lower limit for a sequential fermion is about 100 GeV such effects cannot account for the
observed deviation.*!

A rough estimate of the scale Myp required to account for the observed deviation is given in Table 17. An effective tree
level contribution would extend the sensibility to the very interesting 2 TeV range, however, we know of no compelling
scenario where this is the case.

7.2.1. Generic contributions from physics beyond the SM

Common to many of the extensions of the SM are predictions of new states: scalars S, pseudoscalars P, vectors V or
axialvectors A, neutral or charged. They contribute via one-loop lowest order type diagrams shown in Fig. 42. Here, we
explicitly assume all fermions to be Dirac fermions. Besides the SM fermions, 1 in particular, new heavy fermions F of mass
M may be involved, but fermion number is assumed to be conserved, like in ALs = f,,¥¢S-+h.c., which will be different in
supersymmetric (SUSY) extensions discussed below, where fermion number violating Majorana fermions necessarily must
be there. Note that massive spin 1 boson exchange contributions in general have to be considered within the context of a
gauge theory, in order to control gauge invariance and unitarity. We will present corresponding contributions in the unitary
gauge calculated with dimensional regularization. We first discuss neutral boson exchange contributions from diagrams (a)
and (b). Exotic neutral bosons of mass My coupling to muons with coupling strength f would contribute [19,333]

2 mz 1
YR R 1/ dx QW , (261)
o An? Mg 2o (1—=x)(1 =A%) + (er)%x

where Q (x) is a polynomial in x which depends on the type of coupling:

Scalar: Qs = x*(1+€ —x)

Pseudoscalar: Qp = x*(1 — € — x)

Vector: Qy = 2x(1 —x)(x — 2(1 — €)) + A% (1 — €)Qs
Axialvector: Qq = 2x(1 —x)(x — 2(14+¢€)) + 2> (1 4+ €)?Qp

41 It should be noted that heavy sequential fermions are constrained severely by the p-parameter (NC/CC effective coupling ratio), if doublet members
are not nearly mass degenerate. However, a doublet (v, L) with m,, = 45 GeV and m; = 100 GeV only contributes Ap =~ 0.0008 which is within the limit
from LEP electroweak fits [323]. Not yet included is a similar type of contribution from the 4th family (t’, b") doublet mass-splitting, which also would add
a positive term

V26 o
Ap = 162 3my —my | +---.

In this context it should be mentioned that the so called custodial symmetry of the SM which predicts py = 1 at the tree level (independent of any parameter
of the theory, which implies that it is not subject to subtractions due to parameter renormalization) is one of the severe constraints to extensions of the
SM (see [332]).
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AaNP x 1010

—++— (g-2) constraint

—— (g-2) constraint

T T T T T T T T T T T T T T

0.4 0.6 0.8 1.0 1.2 0.4 0.6 0.8 1.0 1.2
M, (TeV) M, (TeV)
(a)Case:m, =M < M. (b) Case: m,, « My = M.

Fig. 43. Single particle one-loop induced NP effects from Eq. (261) for f?/(47?) = 0.01 (Note, a typical EW SM coupling would be e? /(472 cos? Oy) =
0.003). S,P,V,A denote scalar, pseudoscalar, vector and axialvector exchange. Panel (a) uses Eq. (262) for M = m,,, panel (b) the chiral combinations in Eq.
(263) for M = M, with the large combinations Ls — Lp and Ly — L, rescaled by the muon Yukawa coupling m,, /v in order to compensate for the huge
pre-factor M /m,, (see text).

with e = M/m, and A = m, /M. As an illustration we first consider the regime of a heavy boson of mass My and
m,,, M < My for which one gets

M My, 3 1 wm=m, My 7
Ls = —(In— — - =" In——-—,
my, M 4 6 m, 12
M My 3 1 mM=m, My 11
==y )T = ", T
m m
Ly = "2 M=m, 1 ' (262)
Yo m, 3 -3
M 2 M=m, 5
p = —— -2 = —-.
m, 3 3

In accordance with the MFV requirement it is more realistic to assume a flavor conserving neutral current M = m,, as given
by the second form. Typical contributions are shown in Fig. 43. Taking the coupling small enough such that a perturbative
expansion in f makes sense, we take f /(27r) = 0.1, only the scalar exchange could account for the observed deviation with a
scalar mass 480 GeV < My < 690 GeV. Pseudoscalar and axialvector yield the wrong sign. The vector exchange is too small.

As we will see later, in SUSY and littlest Higgs extensions the leading contributions actually come from the regime
m,, < M, Mo with M ~ My, which is of enhanced FCNC type, and thus differs from the case just presented in Eq. (262). For
the combinations of fixed chirality up to terms of order O(m,, /M) one gets

L5+Lp:;[2+32—622+z3+621nz]:lFC(z)
6(1—2)* 12
-M M
Ls—Ilp=— [3—4z+22+2Inz] = — FS(2),
s —Lp 2mﬂ(1—z)3[ +2° + ] 3m, 5 (2)
-1 13
Ly +Ly = — [8—138z + 3922 — 1423 + 5z* — 182%Inz| = —— F{(2),
v 6(1—2)4[ + + ] nh®
LV—LA:L [4—3z—z3+6z1nz]:ﬂFC(z) (263)
2m, (1—2)3 m, *

where z = (M/My)* = 0(1) and the functions F{ are normalized to (1) = 1. The possible huge enhancement factors
M/m,,, in some combination of the amplitudes, typical for flavor changing transitions, may be compensated due to radiative

contributions to the muon mass (as discussed below) or by a corresponding Yukawa coupling f o y, = ﬁmu/v, as it
happens in SUSY or littlest Higgs extensions of the SM.

The second class of possible new physics transitions due to charged S, P, V and A modes are represented by the diagrams
(c) and (d) in Fig. 42. It amounts to replace L in Eq. (261) according to

2 m2 1 1
Aal\ip — LiL L= 7/ dx QW , (264)
! 4r? M? 2o (e —x)(1—€e2x)+x
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where again Q (x) is a polynomial in x which depends on the type of coupling:

Scalar: Qs = —x(1—x)(x+¢€)

Pseudoscalar: Qp = —x (1 —x)(x — €)

Vector: Qy =2x*(14+x—2¢) — 22 (1 —€)2Qs
Axialvector: Q4 = 2x% (14 x4 2¢) — A% (14 €)?Qp.

Again, results for V and A are in the unitary gauge calculated with dimensional regularization. For a heavy boson of mass My
and m,, M < M one finds

L — 1M 1 M=m, 1 _ 1M 1 M:_m,L 1
*~ am, 12~ 3  TTam, 12 = 6 265
L M5 wem 1 M5 w11 (265)
V" m, e 6 T my, e T 6

The second form given is for a flavor conserving charged current transition with M = m,,.
Also for the charged boson exchanges the regime m, <« M, My with M ~ M is of interest in SUSY and littlest Higgs
extensions of the SM and we find

Ls+Lp = ﬁ [1-6z+32% +22° — 622 Inz] = —% F (),

Ls—Lp = 2m,;17M—z)3 [1-22+2zInz] = —61:11” N (2),

Ly +Ly= ﬁ [10 - 432 +782° —492° +4z* + 182° Inz] = gF;V(z),

Ly — Ly = m,%fzp [4—152+ 122 —= 2> —6Z%Inz] = _i%[ Fy (2), (266)

where z = (M/Mp)? = 0(1) and the functions F" are normalized to F¥(1) = 1.
At O((a/m)?) new physics may enter via vacuum polarization and we may write corresponding contributions as a
dispersion integral equation (68):

a [*Fds1

Ady = = f ——Im ATT)F (5)K (s).
T Jo ST

Since, we are looking for contributions from heavy yet unknown states of mass M >> m,,, and Im AH}’,\”’ (s) # 0fors > 4M?

2
only, we may safely approximate K (s) =~ %mT“ fors > mi such that, with 2Im AT (s) = ? RNP(s)
la /my\2 L a [*ds
ad? = -2 (i) L, —=2 ZRv).
H 37\ M M?  3m J, s?
An example is a heavy lepton given by Eq. (260). A heavy narrow vector meson resonance of mass My and electronic width
I'(V — e*e™) (which is O(«?)) contributes Ry (s) = 2—’; My I'(V — ete™) 8(s — M2) such that L = m‘ng‘jrf) and hence

2 - 2,22
w M TV —eten)  da’yimy

@ — g _ iy (267)
" 7™, 3M;

For yy = 0.1 and My = 200 GeV we get Aa, ~ 2 x 10713, The hadronic contribution of a 4th family quark doublet
assuming my = my = 200 GeV would yield Aa, ~ 5.6 x 10~ only. Unless there exists a new type of strong interaction
like Technicolor®? [334-336], new strong interaction resonances are not expected, because new heavy sequential quarks
would be too short-lived to be able to form resonances. As we know, due to the large mass and the large mass difference
m; > my, the top quark is the first quark which decays, viat — Wh, as a bare quark before it has time to form hadronic
resonances. This is not so surprising as the top Yukawa coupling responsible for the weak decay is stronger than the strong
interaction constant.

New physics effects here may be easily buried in the uncertainties of the hadronic vacuum polarization. In any case, we
expect O((a/m)?) terms from heavy states not yet seen to be too small to play a role here.

In general the effects related to single diagrams, discussed in this paragraph, are larger than what one expects in a viable
extension of the SM, usually required to be a renormalizable QFT and to exhibit gauge interactions which typically cause
large cancelations between different contributions. But even if one ignores possible cancelations, all the examples considered

42 Searches for Technicolor states like color-octet techni-p were negative up to 260-480 GeV depending on the decay mode.
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My[S,P] Mo[V,A] H* X+
My My JP,V\ILQ er’Lé
oM f M x° x°

Fig. 44. Lepton self-energy contributions induced by the new interactions appearing in Fig. 42 may generate m,, as a radiative correction effect.

Mo[S,P] |~ Mo [V,A] H* X*
i )_,\/\3:{ S )"\M’CZ
My, rJJ e
fu M S M X° X

Fig.45. . — ey transitions by new interactions (overall flavor changing version of Fig. 42).

so far show how difficult it actually is to reconcile the observed deviation with NP effects not ruled out already by LEP or
Tevatron new physics searches, and if we adopt the phenomenologically preferred MFV restriction. The latter means to try to
avoid conflicts with other experimental facts. Apparently a more sophisticated extension of the SM is needed which is able
to produce substantial radiative corrections in the low energy observable a,, while the new particles have escaped detection
at accelerator facilities so far and only produce small higher order effects in other electroweak precision observables. In fact
supersymmetric extensions of the SM precisely allow for such a scenario, as we will discuss below.

7.2.2. Flavor changing processes

We already have seen that flavor changing processes could give large contributions to a,,. As pointed out in [27] taking
into account just the vertex diagrams could be very misleading. The argument is that the same interactions and heavy
states which could contribute to a"* according to Fig. 42 would contribute to the muon self energy, via the diagrams
Fig. 44. By imposing chiral symmetry to the SM, i.e. setting the SM Yukawa couplings to zero, lepton masses could be
radiatively induced by flavor changing f, V¢S + h.c. and fv, i ys¥¢P + h.c. interactions (F a heavy fermion, S a scalar
and P a pseudoscalar) in a hierarchy m, < M¢ < Ms, Mp. Then with m,, o f>Mr and a,, fzm,LMF/M;,, one obtains
a, =206 mi /M; p With € = 0(1), and the interaction strength f has dropped from the ratio. The problem is that a convincing
approach of generating the lepton/fermion spectrum by radiative effects is not easy to accommodate. Of course it is a very
attractive idea to replace the Yukawa term, put in by hand in the SM, by a mechanism which allows us to understand or
even calculate the known fermion mass-spectrum, exhibiting a tremendous hierarchy of about 13 orders of magnitude of
vastly different couplings/masses [from m,, to m;]. The radiatively induced values must reproduce this pattern and one has
to explain why the same effects which make up the muon mass do not contribute to the electron mass. Again the needed
hierarchy of fermion masses is only obtained by putting it in by hand in some way. In the scenario of radiatively induced
lepton masses one has to require the family hierarchy like fesze/ lfMFM >~ me/my, fp = fs in order to get a finite cut-off

2 2

f’;gfz‘* In % which is positive provided Ms > Mp .

Another aspect of flavor changing transition in the lepton sector is the following: after neutrino oscillations and herewith
right-handed singlet neutrinos and neutrino masses have been established, also lepton number violating transitions like
ut — ety, see Fig. 45, are the focus of further searches. The corresponding contributions here read

independent answer, and My — Ms # Mp, such that m, =

1 1 2 2
L‘;:g, L{,‘:E, L\’fzg, Lﬁ:—g,
m M 3 m M 3 m m
L§:—“<ln—o—7>, Lf,:——“(ln—o—f>, A
me m, 4 me m, 4 me me

The latter flavor changing transitions are strongly constrained, first by direct rare decay search experiments which were
performed at the Paul Scherrer Institute (PSI) and second, with the advent of the much more precise measurement of
a.. For example, for a scalar exchange mediating e — u — e with f2/(47?) ~ 0.01 and My =~ 100 GeV we obtain
Aal? ~ 33 x 107! which is ruled out by ag"* — a™® ~ 1 x 107!, Either My must be heavier or the coupling smaller:
f2/(4n?) < 0.0003. The present limit for the branching fraction Br(i — ey) is 1.2 x 10~'!, which will be improved to
1073 at PSI by a new experiment [337] (see also [338]).

At present the most important constraints from flavor changing transitions are the ones obtained with quarks [326]. In
particular the b — sy branching fraction given before provides an interesting constraint for the SUSY parameter space as
we will discuss below. Note that models exhibiting tree level FCNCs are not in the class of MFV theories, nevertheless a, and
a, can provide useful constraints on such processes.

7.2.3. Two-Higgs doublet models
One possibility of extending the SM is to modify the Higgs sector where one could add scalar singlets, an additional
doublet, a Higgs triplet and so on. From a theoretical point of view the case with two Higgs doublets is very attractive.
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General two Higgs doublet models (2HDM) are interesting as they predict 4 additional physical spin 0 bosons. In terms of
the components of the two doublet fields @; (i = 1, 2) of fixed hypercharge Y; = (—1, 41), the new physical scalars are the
two scalars h and H, the pseudoscalar A and the charged Higgses H:

h=—sina n; +cosw 1, , A= —sinf y;+cosB xa2 ,
H =cosa ny + sina 1, , H* = —sinB qﬁ]i—i—cosﬂ ¢2i.

Two Higgs doublets are needed in Minimal Supersymmetric extensions of the SM (MSSM). One reason is supersymmetry
itself, the other is anomaly cancelation of the SUSY partners of the Higgses. In the minimal SUSY models the masses of the
extra Higgses at tree level are severely constrained by the following mass- and coupling-relationships:

1
mi =M}, +mi, m,= 3 (M22 +mi+ \/(MZZ —m2)2 + AM2m3 sin? 2,3) ,

A+M2 m, Mz —m}

tan(2e) = tan (Zﬁ) v anyy2 sin®(a — B) =

m2 M2 +m2 —2m2’

Only two independent parameters are left, which we may choose to be tan 8 and my,. In the phenomenologically interesting
region of enhanced tan § together with a light Higgs for the CP-even part of the Higgs sector we have « ~ S, which we
assume in the following.

In 2HDMs many new real and virtual processes, like W*H¥y transitions, are the consequence. Present bounds on scalars
are my+ > 80 GeV and m4 + m;, > 90 GeV. In general, in type I models, fermions get contributions to their masses from
the vev’s of both Higgs scalars. Phenomenologically preferred and most interesting are the type Il models where a discrete
symmetry guarantees that the upper and the lower entries of the fermion doublets get their masses from different vev’s
(m¢ o vy, mp o vyq)in order to prevent FCNC's [339]. Only the type Il models satisfy the MFV criterion. Such models are
also interesting because one easily may get m; >> my, without having vastly different Yukawa couplings. Notice, however,
that the experimental bounds on Ar = 1 — wa/(+/2G, M2 cos? Oy sin® Oy), with cos? Oy = M2,/M2 and Ap, seem to
require a top with a large Yukawa coupling, not just a large top mass. In addition if tan 8 = v,/v; ~ m;/m,; the bottom
Yukawa coupling is about equal to the top Yukawa coupling and would practically cancel the top quark contribution.*?
Anyway, the possibility of two Higgs doublets is an interesting option and therefore has been studied extensively [339-345]
in the past.

The SM Higgs contribution (Eq. (204)) is tiny, due to the fact that the Hip Yukawa coupling y, = V2 m, /v is very
small because the SM Higgs VEV is large: v = 246.221(1) GeV. In 2HDM: s of type Il the Yukawa couplings may be enhanced
by large factors tan 8 = v, /v;. This is particularly important for the heavier fermions. The relevant couplings read

- mp Ccos m; sin
Hff,f = bt _& (M a77t'7a
2 \ My cos B My sin B
- mp sin m; Cos
Wi f=be —% (-T2 00 T ERE
2 My cos B My sin

m m (268)
Aff.f=b,t — ys‘% (M—b tanﬁ, L cot,8>
g

- m 1
Htbht == (—b tan 8 +y5
\/i MW 2

tﬂi) Vip.

The couplings for the other fermions are given by analogous expressions. For example, the coupling for the T may be obtained
by substituting m; — 0, m, — m,.
For the contributions from the diagrams Fig. 46(a), using Eqs. (261) and (262) for M = m,, and My = mj,, m4 and coupling
= ﬁcﬂmi tan? B we obtain, assuming my,, ms 3> m,

ﬁG m m? m? 7
a22HOM () ~ 1 tan® B —’2‘ In—2—~) >0,
m, my; 6

 4mg?
V2G, m? m? m2 11
(2)2HDM o 2 Iz A
a A ——tan“f—|—-In—=+—] <0. 269
" @ 472 p m3 m2 % (269)

43 The virtual top effect contributing to the radiative corrections of p = 14 A p allowed a determination of the top mass prior to the discovery of the top by
V26,
1672
of Z resonance parameters yields m; = 172. 3f;°62 GeV in excellent agreement with the direct determination m; = 172.6(1.4) GeV [325] at the Tevatron.

direct production at Fermilab in 1995. The LEP precision determination of Ap =

3 |mf — mgl (up to subleading terms) from precision measurements
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Fig. 46. Leading 2HDM graphs (a) and (b) contributing to a,,. Diagrams (c) and (d), with H — h, H, A, are examples of subleading bosonic contributions
which are modified with respect to the SM weak bosonic contributions due to the extended Higgs structure.

At 2-loops the Barr-Zee diagram Fig. 46(b) yields an enhanced contribution, which can exceed the 1-loop result. The
enhancement factor mﬁ/mi actually compensates the suppression by « /7 as (/) x (mlz,/mi) ~4>1

\/EG mz o
(4)2HDM _ M 2 2
a h,A) = —————4 tan E Ny Qs Fi(zy), 270
m ( ) 1672 7 B Lt o i( lf) ( )

with zy = mf /m? (i = h, A) and

1 _ _ _
Fu(z) = z/ W ZXA=0 =1 XA 242+ 2z — DEG).
0

x(1—x)—z z
1 z x(1—x 2z 1— 1
FA(z)=/ dx =0 _ 2z =y (- N 271)
0 x(1-x)—z z y 2z 2z
with y = 4/1 — 4z. The non-observation of processes like T — H + y sets stringent lower bounds on the scalar

masses. Together with the LEP bounds this prevents large 2HDM contribution to a,,. As an illustration we present values
for tan 8 = 10[40], m;, = 100 GeV and m4 = 100[300] GeV in units of 10~

(mp, my, tanB)  aP(h) aP @A) aP () aP@A) Sum

(100, 100, 10) 0.65 —-062 —2.31 2.88 0.61
(100, 100, 40) 10.45 —-9.89 —36.90 46.09 9.74
(100, 300, 10) 0.65 —-0.08 —2.31 0.55 —1.18
(100, 300, 40) 10.45 —130 —36.90 8.85 —18.90

If my ~ my the contributions largely cancel. Assuming mj, to be in the 100 GeV region, to get a large m4 —m; mass splitting
requires a large m,, which however yields a large contribution of the disfavored negative sign. This means that the muon
g — 2 constraint gives a bound on my4 which, however, strongly depends on tan 8 (see e.g. [343-346] for a more detailed
discussion). Besides the dominant 2-loop contributions form Fig. 46(b) a 2-loop calculation of the 2HDM contributions,
including diagrams like Fig. 46(c), (d), within the context of the MSSM has been presented in [316]. If one identifies my with
my of the SM the correction is found to be small: a';OS'ZL(MSSM — SM) < 3 x 107! in the parameter range m, > 50 GeV
and tan 8 < 50. In fact, in the LL approximation, the 2HDM sector in the MSSM at 2-loops does not change the SM result.
The reason is that at the 1-loop level the electroweak SM result numerically remains practically unchanged, because the
additional 2HDM diagrams all are suppressed by the small Yukawa coupling of the p (like the SM Higgs contribution).

7.2.4. Supersymmetry

The most promising theoretical scenarios for new physics are supersymmetric extensions of the SM, in particular the
minimal supersymmetric Standard Model. This “minimal” extension of the SM, which doubles the particle spectrum of the
SM equipped with an additional Higgs doublet, is the natural possibility to solve the Higgs hierarchy problem of the SM. It
predicts a low lying Higgs close to the current experimental bound and allows for a GUT extension where Ggyr is broken to
Gsy at a low scale, in the phenomenologically interesting region around 1 TeV.

Supersymmetry implements a symmetry mapping

Q .
boson <> fermion

between bosons and fermions, by changing the spin by 4-1/2 units [347]. The SUSY algebra [graded Lie algebra] {Qa, 6ﬁ} =
=2 (¥")gp Pus Pu = (H, P), P, the generators of space-time translations, Q, four component Majorana (neutral) spinors
andQ, = (Q*yo)a the Pauli adjoint, is the only possible non-trivial unification of internal and space-time symmetry in
a quantum field theory. The Dirac matrices in the Majorana representation play the rgle of the structure constants. The
SUSY extension of the SM associates with each SM state X a supersymmetric “sstate” X where sfermions are bosons and

sbosons are fermions. The superpartners for leptons, quarks, gauge and Higgs bosons are called sleptons, squarks, gauginos
and higgsinos, respectively. In addition there must be at least one extra Higgs doublet which also has its SUSY partners. Thus
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it is the 2HDM (II) extension of the SM which is subject to global supersymmetrization. The minimal SUSY extension of the
SM assumes that the SM is “completed” by adding Majorana fermions and scalars, with no new spin 1 bosons and no new
Dirac fermions.

We restrict ourselves to a discussion of the MSSM which usually is thought as a renormalizable low energy effective
theory emerging from a supergravity (SUGRA) model which is obtained upon gauging global SUSY. SUGRA must include the
spin 2 graviton and its superpartner, the spin 3/2 gravitino. Such a QFT is necessarily non-renormalizable [348]. Nevertheless,
it is attractive to consider the MSSM as a low energy effective theory of a non-renormalizable SUGRA scenario with
Mpianck —> 00 [349]. SUSY is spontaneously broken in the hidden sector by fields with no SU(3), ® SU(2); ® U(1)y quantum
numbers and which couple to the observable sector only gravitationally. Msysy denotes the SUSY breaking scale and the
gravitino acquires a mass

2
ms;p ~ Msusy/MPlanck

with Mpjanek the inherent scale of gravity.

SUSY is not realized as a perfect symmetry in nature. SUSY partners of the known SM particles have not yet been observed
because sparticles in general are heavier than the known particles. Like in the SM, where the local gauge symmetry is broken
by the Higgs mechanism, SUGRA is broken at some higher scale Msysy by a super-Higgs mechanism. The Lagrangian exhibits
global supersymmetry softly broken at a scale Msysy commonly taken to coincide with the “new physics scale” Ayxp >~ 1TeV,
where the SM is expected to lose its validity. If one assumes the sparticles all to have masses below Msysy, then relatively
light sparticles around 100 GeV are expected in the spectrum. The MSSM scenario is characterized by the following features:

- the gauge group is the SM gauge group with couplings g = e/ cos Oy, g2 = e/sin Oy and g3 = /4mag and no new
heavy gauge bosons besides the W and Z exist;

- there are no new matter fields besides the quarks and leptons and two Higgs doublets which are needed to provide
supersymmetric masses to quarks and leptons;

- itfollows that gauge- and Yukawa-couplings of the sparticles are all fixed by supersymmetry in terms of the SM couplings;

- in spite of some constraints, masses and mixings of the sparticles remain quite arbitrary.

In general, SUSY extensions of the SM lead to Flavor Changing Neutral Currents (FCNC) and un-suppressed CP-violation,
which are absent or small, respectively, in the SM and known to be suppressed in nature. Therefore one assumes that

- flavor- and CP-violation is as in the SM, namely coming from the (now supersymmetrized) Yukawa couplings only.

This implies that at some grand unification scale My there is a universal mass term for all scalars as well as a universal
gaugino mass term, i. e. the SUSY-breaking Majorana masses of the gauginos are equal at M. Note that an elegant way to
get rid of the mentioned problems is to impose that

- R-parity, even for particles, odd for sparticles, is conserved.

This is a strong assumption implying that sparticles must be produced in pairs and that there exists an absolutely stable
lightest supersymmetric particle (LSP), the lightest neutralino. Thus all sparticles at the end decay into the LSP plus normal
matter. The LSP is a Cold Dark Matter (CDM) candidate [350] if it is neutral and colorless. From the precision mapping of the
anisotropies in the cosmic microwave background, the Wilkinson Microwave Anisotropy Probe (WMAP) collaboration has
determined the relic density of cold dark matter to [351]

Qcpmh? = 0.1126 = 0.0081. (272)

This sets severe constraints on the SUSY parameter space [352-354] and defines the constrained MSSM (CMSSM) scenario
(see also [355]). Note that SUSY in general is providing a new source for CP-violation which could help in understanding
the matter-antimatter asymmetry ng = (n, — nz)/n, >~ 6 x 1010 present in our cosmos. Low energy precision tests
of supersymmetry and present experimental constraints are reviewed and discussed in [356]. For a topical review on
supersymmetry, the different symmetry breaking scenarios and the muon magnetic moment see [357].

A question is: what should cause R-parity to be conserved? It just means that certain couplings one usually would
assume to be there are excluded. If R is not conserved, sparticles may be produced singly and the LSP is not stable and would
not provide a possible explanation of CDM. Mechanisms which mimic approximate R-parity conservation are known and
usually based on a supersymmetric Froggatt-Nielsen model which assumes a spontaneously broken horizontal local U (1)x
symmetry [358-365].

The SUGRA scenario leads to universal masses for all SUSY partners:

- S-matter: mg = m; = my = My ~ M3
- gauginos: M3 = M, = M; = mg ~ m3;
where M3, M, and M; are the mass scales of the spartners of the gauge bosons in SU(3)., SU(2), and U(1)y, respectively.

The non-observation of any sparticles so far requires a mass bound of about m3,, ~ 100 <+ 1000 GeV , which is of the order
of the weak scale 246 GeV.
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In general one expects different masses for the different types of gauginos:

M’ the U(1)y gaugino mass,
M the SU(2); gaugino mass,
- mg the SU(3), gluino mass.

However, the grand unification assumption
5 o
" 3c0s? Oy as

/ 5 2
M = § tan® Oy mg
leads back to the minimal SUGRA (mSUGRA) scenario.** A very attractive feature of this scenario is the fact that the known
SM Yukawa couplings now may be understood by evolving couplings from the GUT scale down to low energy by the
corresponding RG equations. This also implies the form of the muon Yukawa coupling y,, o tan g, as
m, m, &
U1 V2My, cos B
where 1/ cos B ~ tan B. This enhanced coupling is central for the discussion of the SUSY contributions to a,,. In spite of
the fact that SUSY and GUT extensions of the SM have completely different motivations and in a way are complementary,
supersymmetrizing a GUT is very popular as it allows coupling constant unification together with a low SUSY breaking
scale which promises nearby new physics. Actually, supersymmetric SU(5) circumvents the problems of the normal SU (5)
GUT and provides a viable phenomenological framework. The extra GUT symmetry requirement is attractive also because
it reduces the number of independent parameters.

While supersymmetrizing the SM fixes all gauge and Yukawa couplings of the sparticles, there are a lot of free parameters
to fix the SUSY breaking and masses, such that mixings of the sparticles remain quite arbitrary: the mass eigenstates of
the gaugino-Higgsino sector are obtained by unitary transformations which mix states with the same conserved quantum
numbers (in particular the charge):

Yu= (273)

Xi+ = Vij j+v Xi = Uij j,’ Xio = NWJ-O (274)
where wj” denote the spin 1/2 sparticles of the SM gauge bosons and the two Higgs doublets. In fact, a SUSY extension of the
SM in general exhibits more than 100 parameters, while the SM has 28 (including neutrino masses and mixings).

The main theoretical motivation for a supersymmetric extension of the SM is the hierarchy or naturalness problem. In
the SM the Higgs mass is the only mass which is not protected by a symmetry, which implies the existence of quadratic
divergences in the Higgs self-energy.*® If we assume that, like in the SM, the Higgs boson is not a (quasi-) Goldstone boson,
then the only known symmetry which requires this scalar particle to be massless in the symmetry limit is supersymmetry.4®
Simply because a scalar is now always a supersymmetric partner of a fermion which is required to be massless by chiral
symmetry. Thus only in a supersymmetric theory it is natural to have a “light” Higgs, in fact in a SUSY extension of the SM,
the lightest scalar h®, which corresponds to the SM Higgs, is bounded to have mass m;0 < M; at tree level. This bound
receives large radiative corrections from the t /f sector, which changes the upper bound to [367]

26 m;, m;
mhos<1+f“ 3mi‘ln< t12t2)+~~~> M; (275)

in2
272 sin” B m;

which in any case is well below 200 GeV. For an improved bound obtained by including the 2-loop corrections we refer
to [368].

It is worthwhile mentioning that in an exactly supersymmetric theory the anomalous magnetic moment must vanish, as
observed by Ferrara and Remiddi in 1974 [369]:

tot __ SM SUSY __
a, =a, —|—au =0.

Thus, since aZM > 0, in the SUSY limit, in the unbroken theory, we must have

)

However, we know that SUSY must be drastically broken. All super-partners of existing particles seem to be too heavy to
be produced up to now. If SUSY is broken a,, may have either sign. In fact, the 3 standard deviation (g, — 2)-discrepancy
requires aS%SY > 0, of the same sign as the SM contribution and of at least the size of the weak contribution [~200 x 10~ !1]

(see Fig. 41).

44 The difference between CMSSM and mSUGRA is that in the latter one fixes the Higgsino mixing mass parameter x by demanding a radiative breaking
of the EW symmetry.

45 In the SM the quadratic divergence in the Higgs mass counterterm at 1-loop is smp ~ 6(A/v)*(mf; + MZ + 2Mj, — 4m}) and is absent if the Higgs
mass is tuned to my >~ (4(m? + m2) — M2 — 2M2,)/? ~ 318 GeV [366], which can be considered to be ruled out by experiment.

46 Other “solutions” of the hierarchy problem are the little Higgs models, in which the Higgs is a quasi-Goldstone boson which attains its mass through
radiative corrections, and the extra dimension scenarios where the effective cut-off can be low.
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b

Fig. 47. Leading SUSY contributions to g — 2 in a supersymmetric extension of the SM. Diagrams (a) and (b) correspond to diagrams (a) and (b) of Fig. 42,
respectively.

The leading SUSY contributions, like the weak SM contributions, are due to one-loop diagrams. Most interesting are
the ones which get enhanced for large tan 8. Such supersymmetric contributions to a,, stem from sneutrino-chargino and

smuon-neutralino loops, see Fig. 47, and yield?’

SUSY (1) __
a, = aﬁ + a , (276)
2 2
+ &5 . 1 MW
ak sign(uM,) tan 8 |:1 +0 ( >:| , (277)
" 327{2 MSZUSY tan ,3 Msysy
2
0 g1 gz m . 1 Mw
al’ = sign(uM,) tan 8 |:1 +0 (—, , (278)
" 19272 MSZUSY tan B Msusy

where as usual we expanded in 1/ tan 8 and in My /Msysy because we expect that SUSY partners of SM particles are heavier.
Parameters have been taken to be real and M; and M, of the same sign.*® The couplings g; and g, denote the U(1)y and
SU(2), gauge couplings, respectively, and y,, is the muon’s Yukawa coupling equation (273). The interesting aspect of the
SUSY contribution to a,, is that they are enhanced for large tan 8 in contrast to SUSY contributions to electroweak precision
observables, which mainly affect Ap which determines the p-parameter and contributes to Myy = My (o, G, Mz, ...). The
anomalous magnetic moment thus may be used to constrain the SUSY parameter space in a specific way. Altogether one
obtains

sign(uM,) a (M) (5 + tan® @ m?
LUy . I8 (1My) a(Mz) ( w) m tanﬂ(l— 4o susv) (279)

T 8rsin? Oy 6 M2,y my,
with Msysy a typical SUSY loop mass and the sign is determined by the Higgsino mass term u. Here we also included the
leading 2-loop QED logarithm as an RG improvement factor [311], which amounts to parametrizing the one-loop result
in terms of the running o (Msysy). Note that Msysy in the logarithm is the mass of the lightest charged SUSY particle. In
Fig. 48 contributions are shown for various values of tan 8. Above tan 8 ~ 5 and u > 0 the SUSY contributions from the
diagrams Fig. 47 easily could explain the observed deviation equation (257) with SUSY states of masses in the interesting
range 100-500 GeV.
In the large tan § regime we have

100 GeV'\ 2

a3 ~ 123 x 1071 [ ——— ) tang. (280)

"
Msysy

a’Y%Y generally has the same sign as the j.-parameter. The deviation equation (257) requires positive sign(u) and if identified

as a SUSY contribution

Msysy =~ (655 GeV)\/ tan ﬂ (28])

7 The precise result may be easily obtained from the generic 1-loop results of Section 7.2.1 with the appropriate choice of couplings (see Eq. (274)). One
obtains [370,371]

Xk

m Uu

+ m
a4 = 16;2 > [ 12m = (Il + Icg1%) Fr () + Re [cici] cm(xk)]»
k

at’ = m“z [ 2 (Inlm\ + [ ) Y (tim) + % Re [nf,n,] Fé"(xim)} ,
1672 — 12m 3111“”1

where k = 1,3andi = 1, ..., 4 denote the chargino and neutralino indices, m = 1, 2 is the smuon index, and the couplings are given by cf = —g> Vi1,
& = YuUe = 75 @Na + &N2) Upy ™ — yuNia Up, ™ and nff, = v/2giNi Up, + N3 Uy The kinematical variables are the mass ratios
X = mii/mgl , Xim = mf(o/mf1 ,and the one-loop vertex functions are given in Egs. (263) and (266).

k o i m
48 [ the MSSM the parameters p Ar and uM, ; 3 in general are complex. However, not all phases are observable. In particular, one may assume M, to be
real and positive without loss of generality.
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Fig. 48. Constraint on large tan 8 SUSY contributions as a function of Msysy.

Negative ;. models give the opposite sign contribution to a, and are strongly disfavored. For tan § in the range 2-40 one
obtains

Msysy =~ 93-414 GeV, (282)

precisely the range where SUSY particles are often expected. For a more elaborate discussion and further references we refer
to [27,357].

A remarkable 2-loop calculation within the MSSM has been performed by Heinemeyer, Stockinger and Weiglein [372,
316]. They evaluated the exact 2-loop correction of the SM 1-loop contributions Figs. 8 and 37. These are all diagrams where
the p-lepton number is carried only by u and/or v,,. In other words SM diagrams with an additional insertion of a closed
sfermion- or charginos/neutralino-loop. These are diagrams like the electroweak ones Fig. 38 with the SM fermion-loops
replaced by closed ¥ -loops plus diagrams obtained be replacing W* with H*. Thus the full 2-loop result from the class of
diagrams with closed sparticle loops is known. This class of SUSY contributions is interesting because it has a parameter
dependence completely different from the one of the leading SUSY contribution and can be large in regions of parameter
space where the 1-loop contribution is small. The second class of corrections is the 2-loop corrections to the SUSY 1-loop
diagrams Fig. 47, where the p-lepton number is also carried by fi and/or v,. This class of corrections is expected to have
the same parameter dependence as the leading SUSY 1-loop ones. From this class the leading 2-loop QED corrections are
known [311] as already included in Eq. (279). Results which illustrate our brief discussion are shown in Fig. 49. More recently,
also the tan? B enhanced contributions have been calculated [373].%° They arise from the tan 8 enhanced shift A, « « tan 8
in the on mass-shell muon mass renormalization:

my,

m, — m, + ém, = ——— + non-tan B-enhanced terms. (283)
1+4,
In the case where all SUSY masses are equal and much larger than My, the correction reads
A, ~ —0.0018 tan f sign p. (284)

Extracting tan g from a7}, the resulting value would be smaller by about 10% when tan 8 ~ 50. Corrections can be even
larger in certain regions of SUSY parameter space. Typically, for large tan 8 they are larger than other 2-loop contributions.
The contributions of the 2HDM sector of the MSSM have been discussed earlier in Section 7.2.3.

The results for the SUSY contributions to a,, up to the two-loops is given by [357,373]°

4o M. 1 z
SUSY SUSY, 1L SUsY (xvH) (fyH)
a =a 1——1o +a +a
" " ( s & my, ) (1 AM) . .

49 The highest power in tan § at a given order L in the loop expansion is * tan” 8. As a correction only the leading one of order & tan? 8 is numerically
significant.
50 Aj leading terms come from Barr-Zee type diagrams. In terms of the functions Eq. (271) the results read [341,342,374-376]

\/EG mz o
(xyH) — He = AqA 2 2 545§ 2 2
ar = — 5 — Y | Re DA IR fmY) + Y Re (35 1 Fa(m? o /m) |
k=1,2 S=h,H
" V26,m? o
G =t D 2o | D (N Re L AT Fr(mi /md) |
T T iliheimt2 Ls=hH

with Ff- (z) =z (2 +Inz — F4(2))/2 and couplings (see Eqs. (268) and (274))
hHA _ .
Ay " = (—sina/cos B, cosa/ cos B, tan B),

A';f"‘ = ﬁMw/mX; (U1 Vi (cos a, sin e, — cos B) + Uy Vi1 (— sine, cos o, — sin B)),
k
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Fig. 49. Allowed values of MSSM contributions to a,, as a function of the mass of the Lightest Observable SUSY Particle M;osp, from an MSSM parameter
scan with tan 8 = 50. The 3¢ region corresponding to the deviation (257) is indicated as a horizontal band. The light gray region corresponds to all input
parameter points that satisfy the experimental constraints from b-decays, m; and A p. In the middle gray region, smuons and sneutrinos are heavier than
1TeV. The dashed lines correspond to the contours that arise from ignoring the 2-loop corrections from chargino/neutralino- and sfermion-loop diagrams.
Courtesy of D. Stockinger [357].

_’_aLxlw,Z}H) + al(f{W,Z}H) + aZUSY,fermJL + aiuSY,bole T (285)

The labels (x y H) etc identify contributions from Fig. 46(b) type diagrams which would be labeled by (thy), with possible
replacements y — V = y,Z, W& h — H = h,H,A, H¥ and t¥ — X = x¥, x°, f. Contributions (XVV) correspond to
Fig. 38(a), (d) with corresponding substitutions. The remaining terms a>"-*"™ 2" and a5 *Y***2 denote small terms like the
fermionic contribution Fig. 46(b) and the bosonic contributions Fig. 46(c), (d), which differ from the SM result due to the
modified Higgs structure. The ellipsis denote the known but negligible 2-loop contributions as well as the missing 2-loop
and higher order contributions.

For the potentially enhanced Barr-Zee type contributions the following simple approximations have been given [372,
316,357]:

tan 100 GeV \ 2
af"™ ~ 11 x 107" <ﬁ> (7> sign(uMs), (286)
50 Msusy
= t.
d@M ~ 13 % 10710 (BB (M) () ganxo), (287)
z 50 ) \m: ) \20m,
& t t A
a7~ 39 5 10-10 (@A) (Mutanp ) sign(u). (288)
" 50 my 20My,

The parameter X; is determined by the SUSY breaking parameter Ay, 1 and tan g by X; = A; — u* cot . As for the leading
1-loop case, the first approximation applies if all SUSY masses are approximately equal (e.g. u ~ M, ~ my) (but the
relevant masses are different in the two cases), and the second and third are valid if the stop/sbottom mixing is large and
the relevant stop/sbottom and Higgs masses are of similar size. We refer to the review by Stéckinger [357] for a more detailed
presentation of the higher order SUSY effects.

In comparison to g,, — 2, the SM prediction of My, [377], as well as of other electroweak observables, as a function of m;
for given «, G,, and Mg, is in much better agreement with the experimental result (1 o), although the MSSM prediction for
suitably chosen MSSM parameters is slightly favored by the data [378]. Thus large extra corrections to those of the SM are
not tolerated. The leading radiative shift of My, by SUSY contributions enters via Ap. As we know, Ap is most sensitive to
weak isospin splitting and in the SM is dominated by the contribution from the (t, b)-doublet. In the SUSY extension of the
SM these effects are enhanced by the contributions from the four SUSY partners f g, BL,R of t, b, which can be as large as the
SM contribution itself for mq/,, <« m;, [light SUSY], and tends to zero for my,, > m, [heavy SUSY]. It is important to note
that these contributions are not enhanced by tan §. Thus, provided tan 8 enhancement is at work, it is quite natural to get a
larger SUSY contribution to g,, — 2 than to My, otherwise some tension between the two constraints would be there as My,
prefers the heavy SUSY domain.

Assuming the very restricted CMSSM scenario, besides the direct limits from the LEP and Tevatron, presently, the most
important constraints come from (g — 2),,, b — sy and from the dark matter relic density (cosmological bound on CDM)

AH = 2m, /(m2 cos B) (—u* (cosar, sina) + A, (—sina, cos@)) (UT) U™,

T

The last expression given for the 7 applies to the b with t — b everywhere, and for the { with T — t together with (u, cos B,cosa, sina) —
(—pm, sin B, sina, — cos «).
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Fig. 50. The (mg, my,,) plane for u > 0 for (a) tan 8 = 10 and (b) tan 8 = 40 in the constrained MSSM scenario (which includes mSUGRA). The allowed
region by the cosmological neutral dark matter constraint Eq. (272) is shown by the black parabolic shaped region. The disallowed region where m;z, < m,
has dark shading. The regions excluded by b — sy have medium shading (left). The g, — 2 favored region at the 2 o [(290 = 180) x 10~'!] (between
dashed lines the 1 o [(290 4 90) x 10~''] band) level has medium shading. The LEP constraint on my,+ = 104 GeV and m, = 114 GeV are shown as near
vertical lines. Plot courtesy of K. Olive updated from [352].

given in Eq. (272) [352,353]. Due to the precise value of 2cpy, the lightest SUSY fermion (sboson) of mass my is given as a
function of the lightest SUSY boson (sfermion) with mass m,, within a narrow band. In fact only a part of the relic cold dark
matter need be neutralinos, such that £2cpy is an upper bound only. This is illustrated in Fig. 50 together with the constraints
from g, — 2 (Eq. (257)) and b — sy. Since mj, for given tan 8 is fixed by m, ;, via Eq. (275) with min(mg; i = 1, 2) ~ my 3,
the allowed region is to the right of the (almost vertical) line m, = 114 GeV which is the direct LEP bound. Again there is an
interesting tension between the SM like lightest SUSY Higgs mass my, which in case the Higgs mass goes up from the present
limit to higher values requires heavier sfermion masses and/or lower tan 8, while a,, prefers light sfermions and large tan g.
Another lower bound from the LEP is the line characterizing m,+ > 104 GeV. The CDM bound gives a narrow hyperbola like
shaped band. The cosmology bound is harder to see in the tan 8 = 40 plot, but it is the strip up the x — T degeneracy line,
the border of the excluded region (dark) which would correspond to a charged LSP which is not allowed. The small shaded
region in the upper left is excluded due to no electroweak symmetry breaking (EWSB) there. The latter must be tuned to
reproduce the correct value for Mz. The tan 8 = 40 case is much more favorable, since g,, — 2 selects the part of the WMAP
strip which has a Higgs above the LEP bound. Within the CMSSM the discovery of the Higgs and the determination of its
mass would essentially fix mg and mj ,.

Since the SM prediction [379] for the b — sy rate BR(b — sy) = (3.15 % 0.23) x 10~* is in good agreement with
the experimental value, only small extra radiative corrections are allowed (1.5 o). In SUSY extensions of the SM [380], this
excludes light my,, and mg from light to larger values depending on tan . Ref. [379] also illustrates the updated b — sy
bounds on My+ (>295 GeV for 2 < tan 8) in the 2DHM (Type II) [381].

It is truly remarkable that in spite of the different highly non-trivial dependencies on the MSSM parameters, with g — 2
favoring definitely . > 0, tan 8 large and/or light SUSY states, there is a common allowed range, although a quite narrow
one, depending strongly on tan .

In general less constrained versions of the MSSM or other SUSY extensions of the SM (see e.g. [382]) are much harder to
pin down or even to disprove. Certainly, the muon g — 2 plays an important role for the upcoming LHC searches. Note that the
3 o deviation (if real) requiring sign(u) positive and tan 8 preferably large, poses constraints which hardly can be obtained
from a hadron collider. In any case, the muon g — 2 would yield important hints for constraining the SUSY parameter space,
if SUSY would show up at the LHC.

7.2.5. Little Higgs models

The Higgs mass in the SM is not protected by any symmetry and turns out to be quadratically sensitive to the cutoff A.
This leads to the well-known hierarchy or fine-tuning problem, in particular, if the SM is embedded in some grand unified
theory or if gravity (and thus the Planck scale) enters.

Less known is the the so-called “little hierarchy problem” [383]. We can view the SM as an effective field theory (EFT) with
a cutoff and parametrize new physics in terms of higher-dimensional operators which are suppressed by inverse powers
of the cutoff A. Precision tests of the SM at low energies and at LEP/SLC point to a small Higgs mass of order 100 GeV and
have not shown any significant deviations from the SM. This in turn translates into a cutoff of about A ~ 5 — 10 TeV which
is slightly more than an order of magnitude above the electroweak scale and thus requires fine-tuning at the percent level
only.



F. Jegerlehner, A. Nyffeler / Physics Reports 477 (2009) 1-110 93

An attractive set of solutions to this little hierarchy problem are the little Higgs models [384,385]. In these models,
the Higgs boson is a pseudo-Goldstone boson of a global symmetry which is spontaneously broken at a scale f. This
symmetry protects the Higgs mass from getting quadratic divergences at one loop, even in the presence of gauge and
Yukawa interactions. The electroweak symmetry is broken via the Coleman-Weinberg mechanism [386] and the Higgs mass
is generated radiatively, which leads naturally to a light Higgs boson my ~ (g2/4m)f A~ 100 GeV, if the scale f ~ 1 TeV.>!
In contrast to supersymmetric theories, here the new states at the TeV-scale which cancel the quadratic divergences arising
from the top quark, gauge boson and Higgs boson loops, respectively, have the same spin as the corresponding SM particles.
The little Higgs model can then be interpreted as an EFT up to a new cutoff scale of A ~ 4w f ~ 10 TeV.

Among the different versions of this approach, the littlest Higgs model [388] achieves the cancelation of quadratic
divergences with a minimal number of new degrees of freedom. The global symmetry breaking pattern is SU(5) —
SO(5) and an [SU(2) x U(1)]?> gauge symmetry is imposed, that is broken down at the scale f to the diagonal subgroup
SU(2); x U(1)y, which s identified with the SM gauge group. This leads to four heavy gauge bosons Ay, WHi, Zy with masses
~f in addition to the SM gauge fields. The SM Higgs doublet is part of an assortment of pseudo-Goldstone bosons which
result from the spontaneous breaking of the global symmetry. The multiplet of Goldstone bosons contains a heavy SU(2)
complex triplet scalar @ as well. Furthermore, a vector-like heavy quark that can mix with the top quark is postulated. It
turns out, however, that electroweak precision data put very strong constraints on the littlest Higgs model. Typically one
obtains the bound f > 3 — 5 TeV in most of the natural parameter space, unless specific choices are made for fermion
representations or hypercharges [389]. Since f effectively acts as a cutoff for loops with SM particles, this reintroduces a
little hierarchy between the Higgs boson mass and the scale f.

These constraints from electroweak precision data can be bypassed by imposing a discrete symmetry in the model, called
T-parity [390]. In the littlest Higgs model with T-parity (LHT) [391], this discrete symmetry maps the two pairs of gauge
groups SU(2); x U(1);,i = 1, 2 into each other, forcing the corresponding gauge couplings to be equal, with g; = g and
g1 = &. All SM particles, including the Higgs doublet, are even under T-parity, whereas the four additional heavy gauge
bosons and the Higgs triplet are T-odd. The top quark has now two heavy fermionic partners, T, (T-even) and T_ (T-odd). For
consistency of the model, one has to introduce additional heavy, T-odd vector-like fermions u},, di,, e}, and v}, (i = 1,2, 3)
for each SM quark and lepton field. For further details on the LHT, we refer the reader to Refs. [391-394].

In the LHT there are no tree-level corrections to electroweak precision observables and there is no dangerous Higgs triplet
vev v’ that violates the custodial symmetry of the SM grossly. This relaxes the constraints on the model from electroweak
precision data and allows a relatively small value of f in certain regions of the parameter space. As shown in Refs. [393,
395,396], a scale f as low as 500 GeV is compatible in the LHT with electroweak precision data. Furthermore, if T-parity
is exact, the lightest T-odd particle, typically the heavy, neutral partner of the photon, Ay, is stable and can be a good dark
matter candidate [392,395,397]. The LHT can thus serve as an attractive alternative to supersymmetric or extra-dimensional
models.

a, in the Littlest Higgs model: The contribution to the muon g — 2 in the Littlest Higgs model has been calculated in
Refs. [398-400]. The relevant diagrams are of the generic type shown in Fig. 42(c), (d). Ref. [398] only considered the effect
of loops containing the new heavy gauge bosons Ay, Wy and Zy and found that even the contribution from the lightest of
them, Ay, which could have a mass as low as 200 GeV, is very small. Typically, they obtain ajj' < 1 x 107" in all of the
allowed parameter space, assuming that the symmetry breaking scale fulfills f > 1 TeV. Soon afterwards it was, however,
pointed out in Ref. [399] that this calculation was incomplete. In fact, the couplings of the ordinary SM gauge fields W and
Z to SM fermions are modified in the Littlest Higgs model by factors (1 +0OW?*/f 2)) and thus lead to a modification of the
usual one-loop SM electroweak contribution to the muon g — 2. This leads in general to a bigger effect than loops involving
new heavy particles. For instance, for f = 1 TeV, they obtain in some region of the allowed parameter space a contribution
of about

LH —11
a; ~10x 107", (289)

i.e. a factor 10 larger than the value quoted above. Nevertheless, even this larger value cannot explain the observed
discrepancy between the measured value and the SM prediction of a* — @ = (290 + 90) x 10~'! from Eq. (257).
Furthermore, as mentioned above, electroweak precision data actually constrains the value of the symmetry breaking scale
f to lie above 3-5 TeV [389]. For such high values of f, the corrections to the W and Z couplings are much smaller and the
contribution to a,, becomes again tiny. In addition, for higher values of f, the new heavy particles also become heavier and
thus their contribution in loops is even more suppressed.

In Ref. [400] a slightly modified version of the Littlest Higgs models was studied, which included lepton number violating
terms. These terms which involve the complex Higgs triplet field @ were first introduced in Ref. [401] to generate neutrino
masses. The corresponding new Yukawa couplings Y,,, where a, b denote different generations, and the vev v’ of the
Higgs triplet have to satisfy the relation Ygv' ~ 1071° GeV in order to lead to neutrino masses in the expected range.
Assuming that v’ is of the order of 10~'° GeV, which requires, however, a substantial amount of (unnatural) fine-tuning,

5T Ifone implements the Coleman-Weinberg mechanism directly in the SM, the Higgs mass would be fixed at about 10 GeV [387] which as we know is
ruled out by experiment.
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one could in principle have Y, ~ ©(1). The contribution to the anomalous magnetic moment then reads, in the limit
my > m,i=e, U1,

aLNV*LH _ Z 3 m7/21~|y ‘|2 (290)
" T 6mrmy M
i=e, i, T

Thus for my ~ 1TeV and Y,; ~ 1 — 3 one can obtain a;' ™" ~ (60 — 600) x 10" and thus “explain” the observed

discrepancy. On the other hand, in the same paper [400], the authors study the lepton number violating decay =~ — ete~e™
which is also induced by the new terms in the Lagrangian. From the bound BR(u~ — eTe"e™) < 1 x 107'2 on the
corresponding branching ratio they then obtain bounds on the Yukawa couplings Yq. For instance, for mgy ~ 1 TeV, the
relation YiY,. < 0.2 x 107 has to hold in order not to violate the bound on the branching ratio. It therefore seems
questionable whether one can really obtain the above quoted large value for a, where Yy, ~ 1 is needed. In any case a
perturbative treatment would be obsolete.

a, in the Littlest Higgs model with T-parity: The value of the muon g — 2 in the Littlest Higgs model with T-parity
(LHT) was studied in Refs. [402-404]. Leading contributions are given by 1-loop diagrams of the type shown in Fig. 42c, 42d.
While the conclusions of the papers concerning the anomalous magnetic moment agree qualitatively, Ref. [404] disagrees
with the analytic expressions for the contributions given in the earlier two papers.

The main difference to the Little Higgs model without T-parity is, that in the LHT the couplings of the SM gauge bosons
W, Z to SM fermions are unchanged. Therefore only loops involving new heavy particles contribute to a,. In addition to
diagrams involving the (T-odd) heavy gauge bosons, the new T-odd heavy “mirror leptons” EL and neutrinos v,’;, (i=1,2,3)
can now appear in the loops. Assuming that bounds on slepton searches at LEP apply roughly also to these leptons in the LHT,
they could be as light as 200-300 GeV. Furthermore, since the electroweak precision tests allow scales as low as f ~ 500 GeV,
the “heavy” photon can be rather light, Ms, ~ 65 GeV (also Wy and Zy will be around 300 GeV). Nevertheless, in both
Refs. [403,404] it was found that>?

aim<12x 107", (291)

even for such choices of the parameters at the boundary of the region allowed by EW precision test and direct searches.
Therefore, the discrepancy between the experimental value and the SM prediction for a,, cannot be explained within the
LHT. In fact, it was pointed out in Ref. [404] that the muon g — 2 is actually one way to discriminate the LHT from the MSSM.
The main reason for the relatively small value of a,ﬁ"” compared to the MSSM is the absence of any enhancement factor, like
a large tan 8.

On the other hand, the small value of a/LlHT also implies that one cannot, at present, obtain any strong new bounds on the
parameters of the LHT. This is in contrast to many lepton number violating processes which were also discussed in Refs. [403,
404]. Some of these processes could be detectable with new experiments in the coming years. These potentially large effects
are due to the fact that the LHT, in contrast to the Littlest Higgs model without T-parity (or the MSSM), does not belong to
the class of Minimal Flavor Violation (MFV) [327] models.

7.2.6. Extra dimensions

String theory requires at least 6 extra spatial dimensions (beyond the 3 we know). The extra dimensions are assumed to
be curled up (compactified). The compactification radius R is not (yet) predictable from string dynamics and thus must be
considered as a free parameter which phenomenologically could be as low as R~! ~ 300 GeV [405-410]. Phenomenological
bounds on extra dimensions have been reviewed in [411]. Originally proposed by Kaluza and Klein [412], the rejuvenation
of theories with extra dimensions came with the observation [407] that such scenarios could provide an alternative solution
(besides supersymmetry or little Higgs models) of the hierarchy problem, as for phenomenological reasons 1/R can be low
and pretty close to the electroweak scale. A true solution of the hierarchy problem would require a dynamical explanation
for the low value of 1/R, of course. Extra dimension models projected down to the 4-dimensional Minkowski space are non-
renormalizable effective theories and in general require a cut-off, usually identified with the effective Planck constant, which
will be defined below.>* Naive momentum cut-off truncation of the excitation spectrum usually spoils gauge invariance [413,
414] and more sophisticated constructions are necessary. However, as we will see, some quantities in theories with one extra
dimension, in particular the anomalous magnetic moment, are actually finite.

52 In terms of the generic functions given in Eqgs. (263) and (266) the results reads

V2G,m2 2 Sy 2 1
LHT _ [ 2 : ‘ m‘ ) N,
a;’ = V L —L Li(y;
m 327_[2 fz - He |: l(yx) 20’1) + 5 1(_y,):|
where L;(z) = —BF{(2) and [,(2) = —3F)(2) withy; = mzi /My, and y; = ay; where a = 5/tan? Oy and V! are the couplings (denoted by f in
H

Fig. 42).
5 mnD>a4a coupling constants like gauge couplings carry a dimension m*P and therefore the D-dimensional field theories with extra dimensions are
non-renormalizable.



F. Jegerlehner, A. Nyffeler / Physics Reports 477 (2009) 1-110 95

If particles are created they can disappear into the extra dimension and become invisible except, in some scenarios,
from missing energy and momentum, which would be observable in laboratory experiments. On a phenomenological level
there are many possibilities concerning the number of dimensions, the size of the compactified directions and the type of
particles which may move into them. The prototype mechanism has been proposed by Kaluza-Klein (KK), noticing that a
5-dimensional theory is able to describe simultaneously gravitational and electromagnetic interactions. In extra dimension
scenarios one considers a D dimensional spacetime with A = D — 4 extra space dimensions. The space is factorized into
Minkowski space times a A-dimensional torus of radius R: M* x T4. The torus has finite volume V, = (27 R)2. The SM
fields are fields on M*, which is called the brane or “the wall”. Spacetime vectors are of the form z* = (x*, y') and a scalar
field, for example, takes the form

(ﬁ) - -

) n-y

o y) = E exp <17> (292)
— Va4 R

and the sum is discrete because the extra dimensions are of finite size R. When compactified on a circle of radius R, the m*

fields ™ are the KK excitations and represent particles propagating in M* with masses m?;, = [i]*/R* + mg. mg is the

mass of the zero mode. The masses of the KK states depend on the geometry of the extra dimensions. Gravity extends over
D dimensions and the Einstein action reads

—2+A

M
Sc = ; /d“diy\/—Detg R(g) (293)

where g is the metric, R the scalar curvature and M the reduced Planck mass of the D-dimensional theory. Integrating out
the extra coordinates under the hypothesis of factorization one obtains Mp = Mp;/+/87 = (/87 Gy)~! = 2.4 x 10'® GeV
(Gy Newton’s gravitational constant) from the relation
My =My Vy =My 4 QR4 = MZHRA. (294)

Here, by a redefinition, factors 27 have been absorbed into Mp which is to be considered as a fundamental D-dimensional
Planck mass.

The most direct consequence of extra dimensions is due to the graviton (G) excitations, if we assume that SM fields are
confined to the brane and do not propagate in the additional dimensions [415]. The KK gravitons then couple to ordinary
matter like the muon via the energy-momentum tensor T#" with coupling proportional to /Gy such that

Gym? S, R?
Nwma /dssA/z’1 w(mi,s),

2
Ad(G) = Gy, Z w(m?, m*) ~
" - w2 () 277

2T 5
where we have replaced the sum by an integral, because the mass splittings are tiny especially for the heavier states which
dominate the integral. S, = 27 4/2/I"(A/2) is the surface of the A-dimensional sphere. While the contribution from a KK
state is finite the integral is divergent due to the fact that the heavier states appear with increasing multiplicity. One can
show that w(mi, s) — cass — oo with ¢ = 5[415]. With a cut-off A = A M, one obtains
cAd AR m2
- - £ (295)
472 AT'(A/2) M3

In addition there exists a radion field due to the fluctuation of the radius, a spin 0 field which couples to the trace T*,. This
radion yields a tiny contribution only [415] and will not be considered further. Using Eq. (295), we in principle can get a
constraint on Mp which strongly depends on A, however. For A = 2 severe constraints from cosmology and astrophysics
exist, requiring Mg > a few TeV [411].If A = 6 (as required by string theory) the bound is much weaker and actually comes
from the colliders LEP and Tevatron M;p, > 600-700 GeV. The bound equation (257) interpreted as 8a, < 380 x 10~
requires Mo > 980 GeV [for M5 one gets 610 GeV as a limit].

Another simple extra dimensions scenario is the one where only the gauge bosons propagate into the extra dimensions,
while fermions and the Higgs remains in ordinary space. The Lagrangian in M4 reads

o0
L= Y il (Am+ﬁ ZAEZ?) (296)

i=A,Z,W n=1

Ad(G) =

where gi = /7R gi(D) are the 4-dimensional effective couplings, rescaled from the D-dimensional theory. The fields AZI,-)
denote the KK excitations, the zero mode Lagrangian is the SM one. The masses M), of the gauge-boson KK excitations are
related to the masses My of the zero-mode gauge bosons (i.e. the normal SM gauge bosons) by

A
M; = Mg +n*/R* withn®> =) " n? (297)
i=1



96 F. Jegerlehner, A. Nyffeler / Physics Reports 477 (2009) 1-110

and their couplings g, are given by g, = V2 g, where g is the standard coupling of the zero mode. Relative to the SM, the
2
extra effects aﬁK to g — 2 from a KK-tower of states are proportional to a factor ) , D, E—’é where D,, is the degeneracy of the

nth KK mode [415-422]. For A = 1 we have D, = 1 and thus

m?, 5 D, 1 1 7
;D"M,f/(m“m B Xn: (MoR)2 +n% ; (MoR? + 12 Xn: n 6 (298)
In general all SM particles propagate into the extra dimensions and affect physics in the D = 4 subspace. In the Appelquist,
Chang and Dobrescu model [409] with one universal extra dimension (UED) compactified as S'/Z, (even number of
additional dimensions are compactified as T?/Z, ) there is only one new parameter 1/R the compactification scale. Universal
refers to the property that all SM fields propagate into the extra dimensions. The interaction of all KK modes among
themselves and with the SM fields are all expressed in 1/R and the SM parameters. One thus obtains the prediction [420,
421]

g2 3—-452+ A/2(3+85%) ZD m?,
-5 9 n

AadPK = —£ 299
’ 8m2 12¢? — M2 (299)

using s*> = sin? ®y = 0.231 one obtains
AaP* = —248 x 107" (14 1.2 4) Sk (300)

n g2 M,
smallest value allowed for 1/R is about ~300 GeV, giving Sxx & 1 and one finds

2
with S = 3 %n [@] . This sum is convergent only for a single extra dimension where D, = 1 and where the

AaP* = —0.276 - aP*V = —53.7[-24.8] x 107" (301)
which differs numerically from the value —12.8 x 10~'! given in [421] and is closer to the —40 x 10~'! estimated
in [420]. Given in brackets the value when scalar modes are not included, which corresponds and essentially agrees with
the result in Eq. (303) [at 1/R = 300 GeV the result is —20.4 x 10~'!] below. Note that the A scalar components of the
D dimensional gauge fields for D = 5 enhance the effect by a factor 2. Another interesting scenario proposed by Barbieri,
Hall and Nomura [408] assumes an extension of the SM to D = 5 dimensions, with N = 1 supersymmetry, compactified on
M*x S'/(Z, x Z5) with a compactification scale 1/R ~ 370 & 70 GeV. Again, the model allows for unambiguous predictions
depending on R and the SM parameters only. The modification of g — 2 has been worked out in [422] and reads

2 11— 18s?
ok _ & 2
Aa;™ = 192 122 (my R)*. (302)

Numerically, for 1/R = 370 4= 70 GeV, it is given by
AdP* = —0.077005 - PP = —(13.67]5) x 107" (303)

which again for any sensible value of R yields a result well inside the uncertainties of the SM prediction.

A number of authors has obtained results of similar size but of opposite sign [415-418]. The corrections of large extra
dimension scenarios are rather small, below 1o, for sensible values of the compactification radius R, typically 10%-25% of
the weak SM contribution and inside the uncertainties of the hadronic contribution. In more than one extra dimension a
second cut-off Ms >> 1/R must come into play in a calculation of a,, and the predictive power is reduced in general. The
positive graviton KK contribution also for D = 5 requires a cut-off. Using Mp ~ 1.2 x 10'3 for D = 5 and 1/R ~ 300 GeV a
contribution is practically absent; a phenomenological cut-off Ms ~ 3 TeV, however, would yield Aa{(G) ~ 15 x 10~
which would compete with other type of extra dimensions contributions.

7.2.7. Anomalous gauge couplings

It is a common belief that the SM is a low energy effective theory which results from an expansion in E/ A, where E
is a laboratory energy scale and A is the intrinsic cut-off of nature at the “microscopic” level. In this case it is natural to
ask for corrections to the SM as a renormalizable low energy effective theory by operators of higher dimension. But also
compositeness scenarios would lead to the same structure of effective interactions. Here we only consider P-conserving
anomalous interactions of the WW y -type as an illustration. It is a correction to the weak 1-loop contribution from diagram
Fig. 37a. The most natural non-standard couplings correspond to an anomalous magnetic dipole moment (see [423] and
references therein)

e
Hw = ﬁm +r+A) (304)
w
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and an anomalous electric quadrupole moment

e
2myy,

Qv = — (K = 2A). (305)

In the SM, local gauge symmetry, which is mandatory for renormalizability of the SM, requires k = 1and A = 0. These
anomalous couplings yield the following contribution to a,, [424]:

(K, A) G (kK — 1)1 A Loy (306)
a,(k,)) ~ k—1In— —-A|.
g 4y/272 my 3

Actually, the modification spoils renormalizability and one has to work with a cut-off A in order to get a finite answer as usual
in an effective theory. For A >~ 1 TeV LEP data from e*e~ — W™ W~ production find bounds x — 1 = —0.027 4= 0.045,
A = —0.028 £ 0.021 [104,425]. Applying the LEP bounds we can get not more than a, (k, 0) ~ (—=3.3 £ 5.3) x 10710,
a,(1,1) =~ (0.2£1.6) x 1010, and thus the observed deviation cannot be due to anomalous WWy couplings. The constraint
on those couplings from g — 2 is at least an order of magnitude weaker than the one from LEP. This also illustrates that a,,
is not per se the most suitable observable for testing physics at the high end of scales.

8. Outlook and conclusions

The measurement of a,, is one of the most stringent tests for “new physics” scenarios, thanks to the current impressive
precision. The Brookhaven muon g — 2 experiment marks a new milestone in precision physics, with a 14-fold improvement
over the previous CERN experiment. The precision achieved by the experiment E821 at BNL at the end was still statistics
dominated and just running the experiment a little longer could have reduced the error down to the original goal of
+40 x 107!, The recent result of the Brookhaven experiment has highlighted a 3¢ discrepancy with the present SM
prediction and hence makes comparisons with reliable predictions from extensions of the SM very interesting. Most
interestingly, there is now a high tension between the g — 2 constraints and other precisely measured observables, which
provides very useful hints for where to look for the “new physics” at the upcoming high energy frontier experiments at the
Large Hadron Collider (LHC) at CERN. This is a strong motivation for a next-generation g — 2 experiment [426].

8.1. Future experimental possibilities

As a possible follow-up experiment of E821 a proposal for an upgraded experiment E969 has been submitted some
time ago [111,427]. Considerations aim at ~15 x 10~'! experimental precision. The BNL storage ring would remain the
key element. Different options are discussed for Brookhaven and for Fermilab in the USA and for JPARC in Japan. A higher
rate and lower background would be important and this requires several changes in the experiment. At JPARC with a high-
intensity 30 GeV proton beam one could realize a backward decay beam which allows a better separation of muons and
pions. A similar effect could be achieved using backward muons together with a muon accumulator ring at Fermilab or with
a longer beam line. At FNAL statistics could be increased by a factor of 25 due to the higher repetition rate of muon fills in
the ring.

In order to further reduce the systematic errors one would also require a more uniform magnetic field and an improved
centering of the muon beam and an improvement of the calibration. For the detection and analysis of the precession signal
one could use a complementary method of determining w, by measuring the energy versus time in place of events versus
time. The monitoring detectors would be improved by a better segmentation. A reduction of the pileup and muon losses
(better kicker) would allow for further improvements.

This all looks very promising and will likely happen in the not too distant future. For the theory side this represents a
tremendous challenge. Some possible improvements and open problems will be discussed in the following outlook.

8.2. Theory: Critical assessment of theoretical errors and open problems

8.2.1. QED

A first type of problems concerns the extremely complex four- and five-loop calculations, so far almost exclusively done
by Kinoshita and his collaborators, which require cross checks by independent groups. Indeed new more effective numerical
methods are being developed at present [428]. The 5-loop calculations are just at the beginning [149,151,152]. Here the
problem is to master the exponentially growing complexity with increasing order of perturbation theory. Only a very high
level of automatization of such calculations will allow us to get reliable results within a reasonable time. Of course the
increasing computational power available will also be a key factor. As such kinds of calculation are needed in many other
branches of particle physics, like for understanding and analyzing LHC data or for future precision experiments with an
ete linear collider like the ILC or at CLIC, there is little doubt that big progress will be made in all kinds of challenging
perturbative calculations.
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8.2.2. Hadronic vacuum polarization

The main conceptual problems remain with the hadronic contributions which are limiting the theoretical precision.
The hadronic vacuum polarization requires substantial improvement and will depend very much on new improved ete™ -
annihilation experiments in particular in the range up to 2.5 GeV. A serious effort in improving calculations of radiative
corrections to these hadron production processes will be urgently needed. In the region including many-hadron final states
inclusive versus exclusive approaches can provide important cross checks for estimating the true uncertainties. A major
step in the reduction of the uncertainties are expected from VEPP-2000 [429] and from a possible “high-energy” option
DAFNE-2 at Frascati [430]. Also important are forthcoming hadronic cross section measurements at BES III (Beijing) [431],
CLEOc (Cornell/USA), and last but not least, additional very useful results from radiative return measurements are expected
from the B-factories BaBar and Belle.

Since hadronic T-decay spectra and ete~ — hadrons data should be related by isospin symmetry one expects to be able
to further reduce the errors by including the t data. However, one observes substantial yet unexplained deviations between
these data, and therefore usually one does not include the t data. A solution of this e*e™ vs. T puzzle also would help to
improve the determination of ",

A better theory supported method in determining in particular the dominating low energy 7 channel is possible. The
theory of the pion form-factor, based on exploiting analyticity, unitarity and the low energy chiral expansion, looks very
promising for future improvements [ 177]. This interesting framework systematically takes into account the constraints from
the experimentally well determined v 77 -scattering phase shifts. However, in order to be able to fully exploit this approach
one has to reduce the presently existing inconsistencies between the different measurements of the modulus of the pion
form factor. Furthermore, in such a theory-driven approach to the lowest order hadronic vacuum polarization contribution,
higher order corrections shown in Fig. 29(d) would then have to be added “by hand” using some hadronic models for the
corresponding 4-point function (VVVV). In this context it is important to recall that future experiments must attempt to
actually measure these final state radiation effects [432,433].

With more precise values for the QCD parameters, in particular the quark masses m. and m; [434-439], one will be able
to make more precise pQCD calculations of the photon self-energy in the Euclidean region, at Q? = —q? > (2.5 GeV)?, say.
There, the light quarks are essentially massless and also can be treated perturbatively. This will allow us to calculate a?j‘d
via the Adler function [235,236,175], by exploiting more extensively and in a well controlled way pQCD. This would provide
determinations of azad in a manner which is less dependent on experimental data and their uncertainties.

An important long term project is non-perturbative calculations of the vacuum polarization function in lattice QCD [440].
Since we know that the hadronic vacuum polarization is dominated by the contribution from the p-resonance, it is crucial
to have the physical p “in the box”, i.e. it requires simulating at the physical values of the parameters (quark masses) and
in full QCD including the u, d, s and c quarks. The advantage is that for calculating ai‘[‘d the photon vacuum polarization is
needed at Euclidean momenta only, which is directly accessible to lattice simulations. The aim of a precision at the 0.5%
level needed in future, is certainly very hard to reach. But also less precise results would be very important in view of the
existing problems, which we have discussed in Section 4. Note, however, that again higher order radiative effects are not
included in a lattice study of the two-point function (VV).

8.2.3. Hadronic light-by-light scattering

In contrast to the hadronic vacuum polarization contribution to a,, no direct connection with experimental data can be
made for hadronic light-by-light scattering and, very likely, we have to rely on models in the foreseeable future. Because of
the increased accuracy of a potential future g — 2 experiment and the expected substantial reduction of the error of the other
hadronic contributions to a,, in particular the hadronic vacuum polarization, also a reconsideration of the hadronic light-by-
light contribution is certainly needed. Whereas some control over the pseudoscalar and axial vector contributions has been
achieved by implementing many experimental and theoretical constraints, this is not the case for the other contributions,
like the dressed pion loop, the scalar exchanges and the dressed quark loop. Unless one succeeds in getting a much better
control on the corresponding model uncertainties, it will be very difficult to reduce the final overall error of the hadronic
light-by-light scattering contribution below the “guesstimate” of 40 x 10! quoted in Section 5.2.

In view of recent and foreseeable progress in computer performance, and using recently developed much more efficient
computer simulation algorithms, we expect that lattice QCD will be able to provide a useful estimate in coming years.
Exploratory studies [441,442] actually look rather promising. Recall that one has to integrate the relevant QCD four-point
function (VVVV) over the full phase space of the three off-shell photons, which is much more complicated than what has
been done in the lattice studies for the hadronic vacuum polarization contribution to g — 2 [440]. However, even a number
for the light-by-light scattering contribution with an error of 50% (but “reliable” !) would be very helpful to complement
the other approaches.

In the following, we suggest some potential ways of improvement. Probably only a collaborative effort of all interested
people (maybe in the form of a hadronic light-by-light scattering working group) can lead to real progress and to a final
estimate for the central value and its error, which is trustworthy.

The first, most important point is that one has to have one consistent framework (model) for all contributions, since
the splitting into different contributions is model dependent as stressed in Section 5. A priori this was already the case for
the two existing full evaluations by Bijnens et al. [244] using the ENJL model and Kinoshita et al. [243,246] employing the
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HLS model, but only to a certain extent. In both cases the general framework had to be adjusted for some contributions, in
particular for the pseudoscalar exchange and the charged pion loop. However, as soon as one tries to “improve” (“repair”)
the model for one contribution, one has to make sure that this is consistent for the other contributions.

One purely phenomenological approach would be to use some resonance Lagrangian which contains the lowest lying
and possibly heavier states, where all the couplings have been determined by some physical processes (e.g. from resonance
decays or from the contribution of these resonances to the production of a certain number of pions in eTe™ scattering [443-
445], etc.). It should be kept in mind with such an approach that for instance different formalisms can be used to describe
vector mesons (vector field, antisymmetric tensor field, massive Yang-Mills, etc.). Even imposing chiral and gauge invariance
does not uniquely fix the corresponding Lagrangian and certain couplings might be absent in one particular model, unless
one adds terms with more derivatives or more resonance fields. Furthermore, there is no consistent chiral counting to discard
certain terms as higher order in p? in such a resonance Lagrangian.

Note that even if all parameters in such a resonance Lagrangian can be fixed by some decay or scattering processes, this
does not guarantee that integrating over the photon momenta in hadronic light-by-light scattering, or by performing loops
with resonances, will lead to ultraviolet finite results. In general, these resonance Lagrangians are non-renormalizable and
we will need some momentum cutoff or some new counter-terms with a priori unknown finite coefficients. The question
is whether varying the cutoff in some “reasonable” range, like 1-2 GeV, will lead to a stable result, if the high momentum
region is modeled by a (dressed) quark loop. Note, however, that Ref. [295] does not include the dressed light quark loops
as a separate contribution. It is assumed to be already covered by using the short-distance constraint from Ref. [258] on the
pseudoscalar-pole contribution. This issue certainly needs to be clarified.

Another approach is based on the large-N,. framework advocated in Ref. [255]. One tries to write ansdtze in terms of
exchanged resonances for all the relevant QCD Green'’s functions and matches them with QCD short distance constraints and
the chiral Lagrangian at low energies. In principle, also in this case one can use some chiral and gauge-invariant resonance
Lagrangian and then fix (some of) the coefficients by matching with QCD at high energies. The advantage of the Lagrangian
approach, in contrast to the LMD or LMD + V ansdtze used in Refs. [17,258], is that for instance crossing symmetry is
automatically fulfilled and that the connection between the parameters which enter in different Green'’s functions is explicit.
Also in this case one has to fix the other parameters in the Lagrangian using some experimental input. The problem is
that in such an approach one has to start with the most general effective Lagrangian and this will lead to many unknown
parameters. This is in contrast with the above phenomenological approach, where only those couplings are introduced,
which are “needed” to describe a particular process.

For both approaches it is crucial to have as much experimental information as possible, e.g. data for various form factors
(on-shell and off-shell), to constrain these model Lagrangians or to check their consistency, if some parameters are fixed
by QCD short-distance constraints. A new important constraint for the internal 7%y y-vertex would be a measurement of
Frr0xyny (m2, —Q?%, —Q?), which should be possible at future high luminosity machines.

One problem with the resonance Lagrangian approach is how to go beyond the leading order in N.. In most cases, such
resonance Lagrangians are only used at tree-level, which corresponds to the leading order in N.. How can one consistently
include loops with resonances (some progress has been made, see Refs. [446,445]) and how can we account for finite width
effects? Maybe the latter point is not so relevant for hadronic light-by-light scattering, since one can always evaluate the
contribution to g —2 in Euclidean space in order to avoid physical poles and thresholds. A somehow related problem concerns
the scalars. Can we really use a simple resonance Lagrangian, which usually assumes narrow states ? Often the scalar states
are very broad or it is not clear, whether they are really some qq bound states or rather some four quark states or meson
molecules. Furthermore, how can we constrain the scalar sector theoretically, i.e. by matching with QCD short-distance
constraints, since the scalars directly couple to the non-perturbative vacuum of QCD.

One important step within such a resonance Lagrangian framework would then be to check that the so far neglected
contributions from heavier states, like 77’ or some tensor mesons, are really small. Furthermore, one should check how
stable the final result is, if we include such heavier resonance states and, at the same time, integrate in the (dressed) quark
loop only the high-momentum region above all those resonances, e.g. from 1.5 GeV upwards (quark-hadron duality). One
problem might be that the quark loop also serves as some sort of counterterm to absorb the cutoff dependence of the
integrals including the resonances. If there is no matching between low and high momenta, the final result will likely be
very dependent on the exact choice of the cutoff.

The same four-point function (VVVV) which is relevant for hadronic light-by-light scattering also enters at higher order
in the hadronic vacuum polarization (hadronic blob with an additional photon attached to itself, see Fig. 29(d)), although of
course in a different kinematical region. It would be a good cross-check on all models for hadronic light-by-light scattering,
if they could successfully predict this contribution. In the more recent 7 v cross-section measurements, this contribution is
usually included in the data for e"e~ — hadrons. In fact experiments always have to apply cuts to the photon spectrum
and the missing hard final state radiation is added “by hand”, assuming sQED to provide a reasonable approximation.

Finally, it might be useful to complement these approaches using resonance models with a more theoretical framework,
where one tries to identify different contributions in the full light-by-light scattering amplitude in a dispersive framework,
looking for the one-pion cut, the two-pion cut, etc., in the spirit of the theory of the pion form factor developed in
Refs.[177,447].1t might also be interesting whether one could make some model-independent statements (exact low-energy
theorems) in some particular limits, e.g. to identify the dominant contribution, if m,, — 0, m; — 0 with the ratio m, /m,
fixed to its physical value. For instance, can one prove without resorting to some particular Feynman diagram with model-
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dependent form factors, that the leading term is completely given by the (undressed) “charged pion loop”. Even if one might
not be able, with such an approach, to obtain precise numerical predictions for the light-by-light scattering contribution in
the real world, the knowledge of the result in some limits could help to check the consistency of calculations within some
models or on the lattice, e.g. the size and sign of different contributions, like from scalar exchanges. Some progress in this
direction has been achieved in the effective field theory approach described in Section 5.3, where the leading logarithmically
enhanced terms for large N, have been identified.

It remains to be seen, whether such a concerted effort can reliably predict the light-by-light scattering contribution to a,,
with an error comparable with the final goal of a future experiment, i.e. about +15 x 10~'!. Of course, the corresponding
contribution to the electron aéb": had should also be evaluated at the same time. We hope that some progress can be achieved
by taking into account the issues which have been brought up in this Section and in the recent literature [17,258,41]. If not,
hadronic light-by-light scattering might be the future roadblock to strongly constrain new physics models, in case a new
muon g — 2 experiment is carried out in the future.

Another possibility, proposed by Remiddi some time ago, would be to increase the precision of independent
measurements of « by a factor 20 and then use a, together with improved QED and SM calculations and determine
a, (unpredicted) assuming that it is proportional to m%: thus from

a, = a,(predicted) + a, (unpredicted),
a. = a.(predicted) + (me/m#)2 x a,(unpredicted),

we could determine a, (unpredicted). This quantity would, however, not only include the hard to pin down hadronic
contributions, but also unaccounted new physics effects which scale with m2. Unfortunately, the leading hadronic
contributions are due to the p° resonance in the hadronic vacuum polarization or to light states like 7w °-exchange in light-
by-light scattering, which do not scale in this simple manner in general. Nevertheless, such attempts to constrain whatever
kinds of physics would be certainly very interesting.

8.3. Conclusions

The BNL muon g — 2 experiment has stimulated significant progress in theory as well as in hadronic cross-section
measurements. QED and electroweak contributions are well established at the required level of precision. Fortunately,
substantial experimental improvements of the e™e™-annihilation data allowed to reduce the uncertainties of the theoretical
prediction to match the experimental precision, although there remain some as yet not understood deviations in particular
between different 7w 77 cross-section measurements. Here a clarification of the e*e™ vs. T puzzle also seems to be crucial for
a better understanding of possible experimental and/or theoretical problems. The main problem at present is the limited
precision of the e*e™ data in the range between 1 and 2 GeV. We expect further improvements by about a factor 2 in
accuracy of ai‘fd after VEPP-2000, DA®NE-II, CESRc and ¢ — t-factories [Beijing], as well as further results from radiative
return measurements at DA®NE and the B-factories, will be available. The hadronic light-by-light scattering contribution
will then be limiting further progress in the prediction of g, — 2. The actual 3.2 o deviation between a;"P and aLhe opens
plenty of room for speculations about its origin and we hope it is a true effect, due to physics beyond the Standard Model.

Even if there are some serious limitations in controlling the hadronic effects (see also [218]), the current very precise SM
prediction of the muon anomalous magnetic moment is pretty safe and a real triumph for the SM, which incorporates, except
from gravity, all particle interactions within the unifying framework of a spontaneously broken SU(3), ® SU(2), ® U(1)y
gauge theory with 3 families of leptons and quarks. The muon anomalous magnetic moment is a pure quantum observable,
unambiguously predicted by the SM, and known at a precision which unfolds the whole spectrum of physics incorporated
in the SM. Only the Higgs boson, due to its tiny coupling to light fermions, is far from playing a relevant role. The muon
anomaly’s sensitivity to new physics is the largest to nearby new states or new effective interactions, while too heavy states
yield too small effects to be seen. At the same time light states are severely constrained in particular by the LEP and Tevatron
new physics searches. In any case the muon g — 2 with its 30 disagreement/agreement between theory and experiment
provides important constraints to parameters of new physics models as outlined in some detail above. It certainly also helps
to disentangle the plentitude of possibilities we have to go beyond the SM and can complement upcoming new physics
searches at the LHC.

An improved muon g — 2 experiment would challenge new efforts to improve the accuracy of the theoretical prediction
and corroborate the existence of physics beyond the SM which we believe must be there in any case.
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Appendix. Some standard model parameters, { values and polylogarithms

For calculating the weak contributions we need the Fermi constant
G, = 1.16637(1) x 107> GeV 2, (A1)
the weak mixing parameter (here defined by sin* ®y = 1 — M2,/M2)
sin® Oy = si, = 0.22276(56) (A2)
and the masses of the intermediate gauge bosons Z and W (see [104,323])
Mz = 91.1876 £ 0.0021 GeV, My, = 80.398 & 0.025 GeV. (A3)
In the SM the Higgs particle the mass is constrained by LEP data to the range [323]
114 GeV < my < 144 GeV(at 95% CL). (A4)
In calculations of hadronic contributions we will use the charged pion mass
m,+ = 139.570 18 (35) MeV , (A5)
and the neutral pion mass m_o which has the value
m,o = 134.9766 (6) MeV . (A.6)

In some cases quark masses are needed. For the light quarks ¢ = u, d, s we give my = my(u = 2 GeV), for the heavier
q = ¢, b the values at the mass as a scale mq = mq(u = mg) and for g = t the pole mass:

m, = 3+ 1MeV myg = 6 £ 2MeV ms; = 105 £ 25 MeV

me. = 1.25 = 0.10 GeV mp = 4.25 + 0.15 GeV m; = 172.6 & 1.4GeV. (A7)
When using constituent quark masses we will adopt the values
M, = My = 300 MeV , M; = 500 MeV , M: = 1.5GeV, My = 4.5GeV. (A.8)

It should be noted that for u, d and s quarks such large effective light quark masses violate basic chiral Ward-Takahashi
identities of low energy QCD. The latter requires values like those in Eq. (A.7) for the so called current quark masses to
properly account for the pattern of chiral symmetry breaking.

Typically, analytic results for higher order terms may be expressed in terms of the Riemann zeta function

21
tm =) — (A9)

n
k=1 k

and of the polylogarithmic integrals

i (=1 /1 In"2(t) In(1 — tx) 2 xk
Li,(x) = dt =) =, A.10
in(x) \ Z (A.10)

(n—2)! t
where the dilogarithm Li, (x) is often referred to as the Spence function. The series representation holds for |x| < 1. The
dilogarithm is an analytic function with the same cut as the logarithm. Useful relations are

2
Li(x) = —Lip(1 — x) + 5~ InxIn(1 — x),

1 2 1
Liy(x) = —Li, (;> - % — 5 In*(=x).

Lip(x) = —Lip(—x) + %Liz(xz). (A11)
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Special values are:

w? w? 1 7% 1
Li;(0) =0, Lix(1)=—, Libo(-1)=—-—, Lib|(=)==-=(n2)> A12
2(0) 2(1) 5 2(=1) 3 2<2) 3 2( ) (A12)
Special ¢ (n) values we will need are
7 at
() = rak ¢(3) = 1.202056903 - - -, @4 = 30" ¢(5) = 1.036927755 - - -. (A13)
Also the constants
Lin(1) =¢(m),  Lia(—=1) =—[1-2""]¢(n),
1 o0
az = Lig <5> = Z 1/(2"n4) = 0.517479061674 - - -, (A.14)
n=1

related to polylogarithms, will be needed for the evaluation of analytical results.
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