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Abstract

A study of hadron production by photons opens unique ways to address a number of funda-
mental problems in strong interaction physics as well as fundamental questions in Quantum
Field Theory. In particular, an understanding of two-photon processes is of crucial importance
for constraining the hadronic uncertainties in precision measurements and in searches for new
physics. The process of v*v* fusion (by quasi-real photons «y or virtual photons v*) into leptons
and hadrons has been observed and studied in detail at nearly all high-energy colliders. From
the theoretical point of view two-photon processes are very complicated. One of approaches
which may be efficiently used to study non-perturbative features of two-photon production is
based on a dispersion theory. Using general properties of relativistic quantum field theory we
relate in this work the forward light-by-light scattering to energy weighted integrals of the ~v*~
fusion cross sections. The first type of new relations derived in this work have the form of exact
super-convergence sum rules. The second type involves the effective constants of the low-energy
photon-photon interaction and allow to define them in terms of two-photon production cross
sections.

We subsequently test and verify these sum rules exactly at tree and one-loop level in scalar
and spinor QED. Furthermore, we test the criterium of the tree-level unitarity imposed by the
sum rules on the example of the massive spin-1 QED. Next, we apply the sum rules for the
forward light-by-light scattering process within the context of the ¢* quantum field theory.
Within this theory, we present a stringent causality criterion and apply it to a particular
non-perturbative resummation of graphs. Applied to the v*vy production of mesons, the super-
convergence sum rules lead to intricate relations between the vy decay widths and the ~*~
transition form factors for (pseudo-) scalar, axial-vector and tensor mesons. We discuss the
phenomenological implications of these results for mesons in both the light-quark sector and
the charm-quark sector.

In the second part of this thesis we develop the formalism to provide an improved estimate
for the hadronic light-by-light (HLbL) correction to the muon’s anomalous magnetic moment
a,, by considering single meson contributions beyond the leading pseudo-scalar mesons. This
is motivated by the present 30 deviation between the measurement of a, and its estimate
in the Standard Model. Furthermore, a forthcoming new experiment at Fermilab aims to
improve the experimental precision by a factor of 4 which also requires a similar theoretical
improvement. We incorporate available experimental input as well as constraints from light-
by-light scattering sum rules to estimate the effects of axial-vector, scalar, and tensor mesons.
We give numerical evaluations for the HLbL contribution of these states to a,. The presented
formalism allows to further improve on these estimates, once new data for such meson states
will become available. In the last part of this work, we present a new dispersion formalism
developed for the HLbL contribution to a, and test the formalism for the case of scalar field
theory. The new framework opens a unique possibility for a consistent incorporation of data
from e*e™ colliders for single- as well as multi-meson contributions. Furthermore, it allows to
systematically control the HLbL uncertainty in the a, which is a crucial step in searches of
new physics using this precision quantity.






Zusammenfassung

Die Studie der Hadronproduktion in Photon induzierte Prozesse erlaubt es um eine Reihe funda-
mentaler Fragestellungen in der starken Wechselwirkung sowie allgemeine Fragen in der Quan-
tenfeldtheorie zu untersuchen. Insbesondere sind die Photon-Photon induzierte Prozesse von
wesentlicher Bedeutung um hadronische Korrekturen in Prézisionsmessungen und in der Suche
nach neuer Physik jenseits des Standardmodells der Teilchenphysik zu bestimmen. Der Prozess
der v*4* Fusion durch quasi-reelle () oder virtuelle (v*) Photonen in Leptonen und Hadronen
wurde an fast allen Hochenergiebeschleunigern vermessen und untersucht. Eine theoretische
Beschreibung der zwei-Photon Prozesse ist im allgemeinen kompliziert. Ein Zugang der benutzt
werden kann um solche Prozesse im nicht-perturbativen Bereich der starken Wechselwirkung zu
beschreiben basiert auf die Dispersionstheorie. Ausgehend von allgemeinen Eigenschaften der
relativistischen Quantenfeldtheorie wird in dieser Arbeit die Licht-Licht Streuung in vorwérts
Richtung verkniipft mit Integrale der ~*~v Fusionswirkungsquerschnitte. Es werden vorerst
eine Reihe von superkonvergenz Summenregeln hergeleitet, sowie Summenregeln welche die
Niederenergiekonstanten der vy Wechselwirkung verkniipfen mit vy Wirkunsgquerschnitten.

Die hergeleiteten Summenregeln werden in der Arbeit getestet fiir Baumgraphen sowie Ein-
schleifengraphen in der skalaren und spinor Quantenelektrodynamik (QED), sowie am Beispiel
der massiven Spin-1 QED. Im weiteren werden die Summenregeln fiir die vorwérts Licht-Licht
Streuung angewandt im Rahmen der ¢* Quantenfeldtheorie. Innerhalb dieser Theorie leiten
wir ein Kausalitdtskriterium her und wenden es auf eine nicht-perturbative Resummation von
Graphen innerhalb dieser Theorie an. Wir zeigen dass als Folge solcher Resummation nicht-
perturbative, gebundene Zustdnde dynamisch erzeugt werden. Angewandt auf die v*v Pro-
duktion von Mesonen, wird gezeigt dass die Summenregeln zu Beziehungen zwischen v+ Zer-
fallsbreiten und ~*v Formfaktoren fiir pseudo-skalare, axiale, sowie tensor Mesonen fiihren.
Die phéanomenologische Relevanz dieser Resultate wird sowohl im leichten wie auch im Charm
Quark Sektor diskutiert.

Im zweiten Teil der Arbeit wird der Formalismus entwickelt fiir eine verbesserte Abschétzung
der hadronischen Licht-Licht Korrektur (HLbL) zum anomalen magnetischen Moment des
Myons, a,. Wir betrachten dabei den Beitrag von Mesonen, iiber diesen der fithrenden pseudo-
skalare Mesonen hinaus. Dies ist motiviert durch die derzeitige 30 Diskrepanz zwischen der
direkten Messung von a, und seinen theoretischen Wert im Standardmodell. Eine neue Mes-
sung, die geplant ist am Fermilab um den experimentellen Wert von a, um ein Faktor 4 zu
verbessern, motiviert auch eine verbesserte theoretische Beschreibung von a,, insbesondere
der HLbL Korrektur. In den Abschitzungen in dieser Arbeit verwenden wir die verfligbaren
Daten, sowie die Einschrankungen der hergeleiteten Summenregeln, um den Beitrag der axi-
alen, skalaren, und tensor Mesonen zu a,, zu bestimmen. Der hier hergeleitete Formalismus wird
es auch erlauben um die Abschéatzungen zu verbessern wenn neue Daten fiir solche Mesonen
verfiigbar werden. Im letzen Teil der Arbeit wird ein neuer Dispersionformalismus entwickelt
fiir die HLbL Korrektur zu a,, und wird getestet am Beispiel der skalaren Feldtheorie. Dieser
neue Formalismus 6ffnet die Moglichkeit um Daten von ete™ Beschleunigern konsistent zu
benutzen in der Abschétzung der HLbL Korrektur zu a,, sowie um die systematische Unsicher-
heiten in a, besser zu kontrollieren, was wesentlich ist in der Suche nach neuer Physik in dieser
Préazisionsgrosse.
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Chapter 1
Introduction

With discovery of the electron in the end of the nineteenth century several new phenomeno-
logical disciplines, including physics of elementary particles as well as physics of atoms and
nuclei were born. Early theoretical studies in these fields gave rise to the establishment of
quantum mechanics and general relativity which allowed to successfully explain a vast range
of microscopic phenomena within atomic and nuclear physics and laid the foundation of the
theory of elementary particles. In the beginning of the twentieth century the known content of
the microscopic world was very limited and the prevalent view was that the existing picture of
the microscopic physics is complete. In 1930, Max Born, after learning of the Dirac equation,
said, "Physics as we know it will be over in six months."

The discovery of new particles in cosmic rays marked the beginning of a new era in particle
physics. This revelation unveiled the real complexity of the microscopic world and stimulated
the development of particle accelerators. The progress on accelerator technology provided in-
tense and controlled beams of particles with known energy which opened a wide spectrum of
possibilities for systematic study of the microscopic physics and led to a plethora of fundamen-
tal discoveries and theoretical developments. The quark substructure of hadrons and the gauge
nature of fundamental interactions were revealed and with the development of quantum field
theory (QFT) in the 70’s, the subject was put on a sound quantitative basis. The accumulated
experimental information was embodied in the theoretical framework in the first complete phe-
nomenological model of particles and fundamental interactions, the Standard Model (SM). It
gave predictions and explanations of many fundamental effects which were successively con-
firmed in experiments, for a review, see [1] and references therein.

The continuous improvement of the theoretical and experimental tools deepened our under-
standing of the structure of matter and the laws it obeys at the microscopic level. We reached
the scales where we can test very fine predictions of theory and tune its parameters to an un-
precedented accuracy. This stimulates further improvement of the experimental techniques and
construction of more and more advanced and sophisticated machines, accessing unprecedented
scales. More than twenty years of work of over 10,000 scientists and engineers from over 100
countries, as well as hundreds of universities and laboratories, have finally been crowned with
the creation of "one of the great engineering milestones of mankind" [2|: the Large Hadron
Collider (LHC), a fascinating triumph of the forefront synergy between technology and science
of nowadays. Being the highest-energy particle collider ever made, it allows us to get insight
into the structure of matter to the depths which were formerly hard to conceive. Already after
the first few years of operation, the machine justified the efforts put in its construction. It
made possible an experimental discovery [3, 4] of the Higgs boson [5, 6, 7| and confirmation
of the mechanisms of mass generation, a crucial constituent of the Standard Model. To make
this discovery possible a huge amount of information at all-time high 7 — 8 TeV center-of-mass
energies equivalent to an integrated luminosity of about 12 fb~! had to be collected and an-
alyzed, which was unrealizable with previous facilities. To compare, the same luminosity was
collected by its predecessor — Tevatron — during 26 years of operation. The high statistics
reached by LHC is indispensable, as the processes with a direct involvement of the Higgs boson
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are extremely rare compared to other background processes which makes it extremely difficult
to detect. Remarkably, the first signs of the Higgs boson were observed in the two-photon decay
process (Fig. 1.1). This occurrence may be attributed to the fact that though being electro-
magnetically suppressed compare to other channels, this process can be clearly separated from
a large background originating from the strongly interacting particles. Being free from strong
interactions, the two-photon channel is therefore of a crucial importance in present searches for
new heavy particles, whose main interaction with the visible matter is through electromagnetic
interaction (e.g. Dirac’s monopoles, heavy leptons etc.). In addition, the energy and momen-
tum of photons can be measured very precisely, giving an accurate reconstruction of the mass
of the decaying particle. For these reasons photons perfectly match the role of a clean probe
of strongly interacting systems and and hence provide an important tool for studying hadronic
effects.

p 9 Y

Figure 1.1: Feynman diagrams showing the cleanest channels associated with the low-mass,
~ 125 GeV, Higgs candidate observed by ATLAS and CMS at the LHC. The
dominant production mechanism at this mass involves two gluons from each proton
fusing to a top-quark loop, which couples strongly to the Higgs field to produce a
Higgs boson. It subsequently decays into 2y ray photons by virtual interaction with
a W boson loop or top-quark loop. Experimental analysis of this channel reached
a significance of 5o [3].

An early interest in the two-photon processes had risen after the discovery of the positron by
Anderson in 1932 and experiments on fast particle interaction with matter [8]. There appeared
to be a necessity to find out the process in which positrons are generated. Studying eTe™
pair production in the collision of fast particles, Landau and Lifshitz |9] ascertained that,
although being suppressed by four orders of the electromagnetic constant o = 1/137, the two-
photon channel is dominant for the experiments with colliding e™e™ beams. With a subsequent
development of ete™ colliders a study of this process gained a tremendous importance. The
present interest in the two-photon production is due, first of all, to the study of the reaction
vy — h (hadrons). The electromagnetic interaction provides a clean probe and the two-
photon state allows to produce hadrons with nearly all quantum numbers (with C' = +1,
see Fig. 1.2), in contrast to the well studied single-photon scattering or production, which
only accesses the vector states. A study of hadron production by photons opens unique ways
towards the solutions of a number of fundamental problems in strong interaction physics and
also fundamental questions in Quantum Electrodynamics (QED).

As we have already mentioned, another essential advantage of this process is the possibility of
studying the reaction dependence on not only energy, but also on the "masses" of both colliding
particles (photons). When producing exclusive final states such as in the y*y* — meson process,
one accesses meson transition form factors (FFs), which are some of the simplest observables
where the approach to the asymptotic limit of Quantum Chromodynamics (QCD) is studied
along with the quark content of mesons described by distribution amplitudes (DAs). The non-
perturbative dynamics of QCD is also playing a profound role in these FFs at low momentum
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transfers. For example, the transition FFs of the 7 and 1’ mesons depend on the interplay of
various symmetry breaking mechanisms in QCD, i.e.: U4 (1) symmetry breaking [12], dynamical
and explicit chiral symmetry breaking [13].

In recent years, new experiments at high luminosity e™e™ colliders such as BABAR and Belle
have vastly expanded the field of 4 physics. The result of a measurement of the y*y — 7°
FF at large momentum transfers by the BABAR Collaboration [14| came as a surprise, as this
form factor seems to rise much faster than the perturbative QCD predictions for momentum
transfers up to 40 GeV2. A new 77 physics program is being realized now by the BES-III
Collaboration [15]. It will yield high-statistics results at intermediate momentum transfers for
a multitude of v*y* — hadron observables (see Chapter 2).

Despite the recent development in the two-photon phenomenology, our understanding of the
hadronic production is still very limited. On the experimental side, only pseudo-scalar meson
production was studied in detail in processes involving two quasi-real photons, or one real and
one virtual photon (see [16] and references therein). Besides that, a very few measurements
involving the axial-vector mesons were carried out. Finally, no measurements involving two
virtual photons have so far been performed. On the theoretical side, a quantitative description
of two-photon processes is presently available only in the asymptotic regimes of the process,
where perturbative expansions hold. Some well studied approaches include expansions in the
coupling constant (pQCD), low momenta (Chiral Perturbation Theory), heavy quark mass
(HQFT) or the number of colors N,. In the non-perturbative regime, very few model-dependent
frameworks exist. A big disadvantage of model-dependent approaches is that, they do not allow
for a systematic control of uncertainties unlike in perturbative expansions. Of course, lattice
QCD provides ab initio calculation of hadron structure formulated within an Euclidian space-
time framework. However, a general description of light-by-light processes on the lattice still
entails a huge challenge at present. One of the very few model independent frameworks in
the non-perturbative regime is provided by dispersion theory, which is based on fundamental
principles of analyticity and unitarity.

In this work we use the dispersion theory to relate the two phenomena of the elastic scattering
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of photons on photons (or light-by-light scattering (LbL) )and ~*~ fusion, and express the low-
energy LbL scattering as integrals over the ~v*~-fusion cross sections, where one photon is real
while the second may have arbitrary (space-like) virtuality. These integrals, or ‘sum rules’,
lead to interesting constraints on v+ decay widths or v*~ transition FFs of qq states, and more
general meson states. The first sum rule of this type involves the helicity-difference cross-section
for real photons and reads as:

o

/cis [02(3) —oo(s)| =0, (1.1)

S0

where s is the total energy squared, sg is the first inelastic threshold for the vy~ fusion process,
and the subscripts 0 or 2 for the «v cross sections indicate the total helicity of the state of
two circularly polarized photons. This sum rule was originally! inferred [18, 19] from the
the Gerasimov-Drell-Hearn (GDH) sum rule [20, 21|, using the fact that the photon has no
anomalous moments.

Parameterizing the lowest energy LbL interaction by means of an effective Lagrangian (which
contains operators of dimension eight at lowest order) as

L) = ¢)(F FH)? 4 ey(F,, F*)?, (1.2)

with F and F being the electromagnetic field strength and its dual, one finds sum rules for the
LbL low-energy constants (LECs) [22]:

o0

1 [ o) _ 1 o (s)
c = 87r/ds ot Ccy = & dsT, (1.3)
S0 S0

where the subscripts || or L indicate if the colliding photons are polarized parallel or perpen-
dicular to each other. While the GDH-type sum rule provides a stringent constraint on the
polarized ~+ fusion, the sum rules for the LECs allow one in principle to fully determine the
low-energy LbL interaction through measuring the linearly polarized v fusion.

In Chapter 2 we will extend the GDH type sum rule to the case where one of the colliding
photons is virtual, with an arbitrary (space-like) virtuality. Furthermore, we will find additional
sum rules, involving the longitudinally polarized v* cross sections. All the derived sum rules
will be studied and verified in field theory and applied to the real process of v*v* fusion to
mesons in Chapter 3. Using the available data, we will quantitatively study the new sum rules
for the case of production of light quark mesons as well as mesons containing charm quarks,
both by real photons and by virtual photons.

There is another reason to investigate two-photon processes motivated by precision mea-
surements. The idea of the latter approach is, instead of producing heavy particle directly in
collisions, to measure a particular SM observable with very high precision. This allows to mea-
sure contributions from virtual processes with heavy particles by observing subtle deviations
in the measured parameters. Historically, precision experiments provided the first direct tests
of QFT and subsequently took their place among the key experimental approaches in particle
physics. The simplest observables to study in the precision experiments are the static electro-
magnetic properties of charged particles. A big advantage of the electromagnetic phenomena

! An earlier version of this sum rule had been proposed in Ref. [17], where a contribution from 0 production
appears on the right-hand side (rhs) of Eq. (2.58), while integration on the lhs starts at the 27 production
threshold. That version would be fully compatible with Eq. (2.58), if it were not for the sign of the 7°
contribution obtained in [17].



is that they may be successfully described by perturbation theory in the experimentally acces-
sible region, and thus can be defined to needed accuracy. However, higher-order corrections to
electroweak processes become contaminated by hadronic contributions as well. The hadronic
corrections originate from the vacuum polarization effects which couple to QED diagrams via
photons. In particular, leading two- (propagator of photon) and- four-photon (or light-by-light
scattering) correlation functions play a key role in this context.

The most familiar and best studied electromagnetic property of particles is the magnetic
dipole moment?. The magnetic moment is a quantity which is responsible for the interaction
of a charged particle with the magnetic field. This interaction is defined by the Hamiltonian

Hy=—p-B. (1.4)

where p denotes the magnetic moment operator and B states for the magnetic field strength.
The magnetic moment of a particle is related to its spin similarly how the orbiting charge
exhibits a magnetic dipole moment proportional to its orbital angular momentum:

u=gQuo%- (1.5)

In the above equation o is the Pauli matrix originating from the spin operator S = ho /2, Q
is the electric charge in units of e and py = ehi/2mc is the Bohr magneton and g denotes the
so-called gyromagnetic ratio (g-factor). The latter defines the absolute value of the magnetic
moment and exhibits important information about the dynamics of leptons. For a free lepton
the relativistic theory predicts g = 2, as was shown by Dirac in 1928 |25, 26]. However
due to quantum fluctuations via virtual photon electron interactions the actual observable
value deviates from the Dirac prediction. This deviation is defined as the anomalous magnetic
moment g—2

ap = o (1.6)

In a local renormalizable relativistic quantum field theory g—2 vanishes at tree level and thus
is not a renormalizable parameter. This implies that g—2 can be unambiguously prdicted in the
theory and confronted with experiments. At the same time the anomalous magnetic moment
is an observable which can be relatively easily observed experimentally from the motion of the
lepton in an external magnetic field. These aspects of ¢ — 2 open a vast field for testing the
SM predictions and searches for new physics. For the first time the precision determination
was made for the anomalous moment of the electron, a.. The electron is a stable particle and
exists in atoms which opens a possibility to study it by atomic spectroscopy. The original
precision measurement for a. was performed by a study of the hyperfine-structure of atomic
spectra in a constant magnetic field in 1948 [27]. This result had a tremendous significance
verifying the prediction of the leading quantum correction /27 (see Fig. 1.3) in the framework
of newly-developed perturbative QFT made by Schwinger [28]. A continuous development of
the experimental techniques over last 50 years resulted in a fascinating 10° fold improvement
of the precision compared to the first experiments. At the present moment a. is experimentally
known to the accuracy of .66 parts per billion (ppb) supported by a profound theoretical
understanding of the phenomenon.

The theoretical framework required to reach such accuracy becomes sensitive to suppressed
higher order quantum corrections and requires a deep understanding of the microscopic pro-
cesses. Despite the remarkable success of the Standard Model in a description of a wide range
of phenomena, a number of observed discrepancies still remain unexplained. This arouses sus-
picion that the microscopic world is going beyond the known content. In light of existing

2Other exemples of properties studied in precision experiments are the weak mixing angle [23] and the proton
charge radius [24].
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Figure 1.3: The leading one-loop correction to the magnetic moment of a lepton in QED.

experimental information it seems rather plausible that the expected new physics appears at
scales sizably higher than what is reachable within the present hadron colliders. Compared to
direct measurements, precision experiments allow to access much larger scales indirectly, by
studying possible effects of new physics at the level of virtual quantum corrections. A special
place in this field is assigned to the anomalous magnetic moment of the muon a, which is the
main subject of the second part of this dissertation. It is one of the most precisely measured
quantities in particle physics and has been playing a vital role in testing the framework of QFT
since its development more than half a century ago, as well as in searching for new physics
beyond the Standard Model, for a comprehensive review see [29] and references therein. A
crucial distinction of the muon compared to the electron is its larger mass. In 1956 it was
pointed out by Berestetskii et al. [30, 31| that the sensitivity of a; to a heavy mass M scales as

Sa;  m?

o T MY
where m; and M are the masses of the lepton and the heavier SM particle or a hypothetical
state beyond SM. It means that the effects of higher masses are magnified in a, relative to
ae by a factor (my/m.)? ~ 4 x 10*, which makes it more suitable for testing of SM at small
distances. Contrary to the electron, which is a stable particle on the Universe lifetime scale,
the muon lives only 2.197 x 107% seconds which complicates its experimental studies. This
problem is resolved by using highly relativistic muons in the storage ring which was realized at
CERN [32] and BNL [33]. The present experimental world average for a,, is (34, 33]:

a,(exp) = (116592089 £ 63) x 10711, (1.8)

(1.7)

which corresponds to a relative precision of 0.54 parts per million.

From the theoretical point of view, in the SM a, is defined by electromagnetic (QED),
electroweak, and hadronic contributions. The dominant QED contribution, which at present
has been calculated including all terms up to fifth-order in the fine structure constant [35, 36|,
is known to an impressive theoretical precision of da,(QED) = 8 x 107!3. The much smaller
electroweak contribution, which has been calculated up to 2-loop order [37, 38, 39, 40|, is also
known with good accuracy da,(weak) = 2 x 107!, which is more than a factor of 30 smaller
than the present experimental precision. Within the Standard Model, the largest source of
uncertainty is given by the hadronic contribution, which contains two parts: the hadronic
vacuum polarization (HVP) and the hadronic light-by-light scattering (HLbL), see Fig. 1.4.
The HVP has been estimated based on data for ete™ — hadrons, eTe™ — ~ + hadrons, as
well as 7 decays, by several groups [41, 42, 43, 44, 45, 46, 47, 48, 49, 50|. A recent evaluation
of the leading order HVP has found [50] :

a,(l.o. HVP) = (6886.0 4 42.4) x 10~ 1. (1.9)
The next-to-leading order HVP has been estimated as [48]:
a,(n1.o. HVP) = (-98.4 £ 0.7) x 1011, (1.10)
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The HLDbL, although much smaller in size than the HVP, has a similar theoretical uncertainty.
It has been estimated by different groups as :

a,(HLbL) = (116 £39) x 107" Ref. [29], (1.11)

a,(HLbL) = (105 £26) x 107" Ref. [51]. (1.12)

When comparing theory with experiment for a,, the difference has recently been evaluated
as [50]

ay(exp) — a,(theory) = (312.5 + 57.6 (theory) & 63 (exp)) x 10~ (1.13)

which corresponds with a 3.70 discrepancy. The different analyses for the l.o. HVP and HLbL
contributions, give results which all agree within 1o [52].

Figure 1.4: The hadronic contributions to the anomalous magnetic moment of the muon. Left
panel: hadronic vacuum polarization (HVP). Right panel: hadronic light-by-light
contribution (HLbL). The grey blobs denote hadronic intermediate states.

In order to conclude whether this discrepancy is a sign of new physics beyond the standard
model, new experiments are planned in the near future both at Fermilab [53| as well as at
J-PARC [54] to further improve on the precision. The Fermilab experiment aims to reduce
the experimental uncertainty by a factor 4 to da, ~ 16 x 107, Such improvement also calls
to improve on the theoretical accuracy by at least a factor of 2 in order to obtain a definitive
test for the presently observed discrepancy. As the theoretical uncertainty is totally dominated
by the knowledge of the HVP, Eq. (1.9), and the HLbL, Eq. (1.11), the main effort on the
theoretical side will be to improve on both estimates. For the HVP, new data from ongoing
experiments at Novosibirsk and BES-III will provide valuable experimental input to further
constrain this contribution. It was estimated in Ref. [52]| that such data will allow to reduce
the uncertainty in the HVP to da,(l.o. HVP) = 26 x 107!1. For the HLbL scattering, new
data are expected from KLOE-2 for the v*y — 7° transition form factor at very low photon
virtualities, and from BES-III for the reactions v*y — X, where X = 7°,n,7/,27. Such data
do require a theoretical analysis in order to further constrain the HLbL evaluation.

In Chapter 4 we provide an improved estimate for the HLbL contribution, by considering
single meson contributions beyond the leading pseudo-scalar mesons (7°,7,7) and incorpo-
rating available experimental input as well as constraints from light-by-light scattering sum
rules [22, 55]. The framework which will be presented will also allow to further improve on
the estimate, once new data, in particular from BES-III, for such meson states will become
available. Subsequently in Chapter 5, we will present a new dispersion formalism developed
for HLbL contribution to (g — 2),. We will discuss the details of this approach and will see
how it fundamentally affects the determination of the hadronic contributions to the anomalous
magnetic moment of the muon. The new framework opens a possibility for a consistent in-
corporation of data from eTe™ colliders and allows to systematically control the hadronic LbL
uncertainty in the (g — 2),.
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Chapter 2
Two-photon physics and sum rules

The processes of v*4* fusion (by quasi-real photons 7 or virtual photons 7*) into leptons
and hadrons and two-photon decays have been observed at nearly all high-energy colliders.
These processes are a rich source of information on strong interaction physics and are crucial
for a number of fundamental questions in QED. On the other hand the light-by-light (LbL)
elastic scattering which is a prediction of the quantum theory [56, 57| has thus-far not been
directly observed, mainly due to smallness of the cross section. The two processes of elastic and
inelastic photon-photon scattering can be related by dispersion relations giving a strict non-
perturbative constraint on the energy behavior of the fusion cross-sections and the low-energy
forward scattering amplitudes. To start with, we will discuss how the two-photon processes
can be studied experimentally and review the methods for extracting information on the two-
photon transition from experimental data. We will show how the transition amplitudes for
single meson production can be phenomenologically described in terms of non-perturbative
form factors, while the tensor structure can be fixed by the Lorentz invariance. The sum
rules for light-by-light scattering involving the measurable correlation functions will be derived
subsequently.

2.1 Experimental approaches in two-photon physics

The experimental studies of the electromagnetic decays of hadrons is complicated by the fact
that being of higher orders in QED coupling constant these processes are suppressed. As a
consequence, they have relatively low probability compare to the background, requiring very
sensitive high-intensity experiments with simultaneous detection of all secondary decay prod-
ucts (both charged particles and v quanta) for a reliable elimination of numerous background
processes. Important information on the electromagnetic decay width and the transition form
factors of some mesons has been obtained by studying such subtle effects as the production of
particles in the Coulomb field of a nucleus (Primakoff effect) or in vy collisions. In the first case
experiments have to be conducted with very high energy primary beams of 7 and K mesons
in order for the Coulomb processes to be reliably singled out. In the second case one needs
high-energy high-luminosity eTe™ colliding-beam storage rings. Another type of experiments
which became feasible only relatively recently are hadronic decays to two photons and eTe™
radiative annihilation production of hadrons. The two-photon radiative transitions to mesons
have been widely studied in the past years. The formalism as well as the state-of-the-art of
this work and a detailed bibliography are found in a number of review papers and conference
talks (e.g., see [58, 16]), so that here we only very briefly touch on the relevant point.
The main object to study in these processes is the matrix element

(" (q1)7"(g2)| X (px)) (2.1)

with q1 + g2 = px. Experimentally only the information for the on-shell mesons is available. It
is not clear how to separate and to define the hadronic resonant states off their mass shell. At
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Chapter 2 Two-photon physics and sum rules

the same time the virtualities of photons ¢? and ¢3 may be varied depending on the set up of
the experiment. Physically we can distinguish two regimes of the process depending on whether
the photons’ virtualities are space-like or time-like. There are several reasons for that. The
main distinction between two regimes is that, as the virtuality of a photon ¢? increases in the
region of space-like momentum the form factors decrease: if the momentum transfer is large, the
virtual photon is sensitive only to the "inner part" of a hadron. Contrary to that in the time-
like region we come across another phenomenon: the resonance interaction between photons
and hadrons. The time-like domain includes the physical region of a single photon production,
e.g. pair production v* — w7 ~. Therefore, the analytical structure of the corresponding
matrix element possesses singularities and is substantially different from the space-like domain
in this way. The second reason is that the two regimes are accessed experimentally in different
processes. The time-like processes appear in a Dalitz decay and inclusive production where for
the first case a meson decays to two-photons and in the second case an eTe™ pair annihilates
with emission of a time-like virtual photon which then creates a system of hadrons and a
single photon. The processes involving space-like photons are studied in eTe™ scattering and
Primakoff reaction. Here the final state is produced by two virtual photons which are emitted
by colliding leptons. Another process involving the two-photon-meson transition amplitude is
a very rare direct dilepton decay 7° — eTe~. Two photons emitted in this process convert to
a dilepton by lepton exchange, see Fig. 2.1 and Ref. [59]. The meson transition amplitude
enters the corresponding "QED loop"; see, e.g., Ref. [60].

—_—

—

Figure 2.1: Dilepton rare decay of mesons.

As we already mentioned, the main fundamental distinction of the time-like processes is
that they involve the physical processes of a single-photon production. In this case the photo-
production amplitudes posses singularities in the complex Q2-plane. In a widely used Vector
Meson Dominance (VMD) approach and its modifications, the source of these singularities
are intermediate vector states produced by virtual photons which then decay into hadrons, so-
called hadronization of photons (Fig. 2.2). This regime is particularly involved in the dispersive
analysis of the process, therefore is of a substantial importance, especially for the dispersion
determination of (¢ — 2), where the hadronic light-by-light tensor is related by dispersion
relations and unitarity to the meson transition amplitudes.

Figure 2.2: Two-photon production in the VMD model. The double lines represent the vector
meson states.

In this thesis, we mostly pay attention to the processes involving a single meson which
are also the best studied at the moment. The two-photon multi-hadron production has been
studied at different facilities for the final states nmr, 47, 67 (for review see [61, 62, 63, 64], and
references therein). At BES-III an extensive program underway to access these channels down
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2.1 Experimental approaches in two-photon physics

to threshold and for one or both virtual photons. These channels are both of importance for
understanding non-perturbative regime of QCD and for determination of the hadronic LbL
contribution to (g — 2),, see [64, 29]. Including the multi-hadron states to the analysis is the
logical continuation of the presented in this document work. In the following we discuss the
details of the experimental observables and their relation to hadron transition amplitudes.

2.1.1 Electromagnetic decays of mesons.

In the direct detection of electromagnetic decays particles under study are produced either in
hadron collisions or in electromagnetic interactions (meson photoproduction, their resonance
production in eTe™ colliding beams, etc.). As a rule to select rare electromagnetic decays it
is necessary to detect all decay products — charged particles as well as photons — to measure
their momenta and to reconstruct the effective mass of the decay particles. The kinematical
constraints in this procedure are very important for the suppression of background processes.

When two real photons are detected, i.e. in process my — 27 one can measure the meson
decay width. It is well described by the chiral anomaly encoded in the Wess-Zumino-Witten
action, see, e.g., Refs. [65], [66]. The transition amplitudes as functions of the photons’
four-momenta squared can be studied in the processes with the detection of the dilepton pair
produced by a time-like virtual photon, i.e. in processes 70 — vete™ and 7° — ete"eTe™, as
an illustration, see Fig. 2.3.

Figure 2.3: Single and double Dalitz decays. The momenta of the photons are ¢; and g

The momenta of the virtual photons q% and q% for the conversion (Dalitz) decays in Fig. 2.3,
are equal to the invariant mass squared of the lepton-antilepton pair, and m?\/[ > q%’Q > 4m12
(time-like virtual photons). The amplitude of the single conversion decay of a pseudoscalar
meson P (which is presently the only studied channel) is given by

M(P — Il v) = ieFp(qi, O)EMVUTe‘fequ(JlQ[U”yTu], (2.2)
1
where 1/ q% is the photon propagator and the last term is the leptonic current. The function
Fp(q?,q3) is the form factor of a particle. The form factor characterizes the particle as an
extended object. The analysis of the decays of mesons with spin is more complicated, although
the pattern remains qualitatively the same. Now there are more configurations of the pro-
cess allowed by the the angular momentum conservation which can be described by helicity
amplitudes and cross sections. Each helicity amplitude has a spatial distribution which is char-
acterized by its own form factor. For instance, a description of the two-photon transition of
scalar mesons, which are spin-0 particles, requires two different form factors to be introduced.
The form factors of higher spin mesons are currently measured only in two-photon fusion at
ete -colliders and will be discussed in detail further on.
Experimentally, the time-like form factor can be extracted from the ¢> = ¢? distribution
given by

2 1 Am?2 2m? 2\?
AD(P — IT17y) = 22 = 1—ml<1+;”21> (1 q > Ep(2, 02 (2.3)

- T2
3m g2 q? M3,
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Chapter 2 Two-photon physics and sum rules

It was measured mostly for 7 mesons at MAMI [67] and VEPP-2M [68] experiments. The
example of the distribution for n Dalitz decay is presented in Fig. 2.4. The distributions for

dr/dm [eV/(EeV/cz)]
o

l L | I \
0 01 02 03 04 05

m(e*e) [GeV/c?]

Figure 2.4: dT'(n — ete vy)/dm(ete™) distributions for the single Dalitz decays of the 7 me-
son (here m? = ¢?) from [67]. The solid line corresponds to n — eTe™v with
F,(m?,0) = 1; the dashed line shows the n — eTe™v with the VMD form factor
with A™2 = 1.95 GeV 2.

the eTe™ final states are peaked at 4ml2 due to the 1/¢?> QED term. The form factor can be
obtained by dividing out the QED dependence (see Fig. 2.9 further on). To extract the form
factor slope, a dependence on the ¢ variable is often fitted with a VMD inspired single-pole
formula, which can be defined as follows:

A2

2 —

(2.4)

2.1.2 Two-photon production of mesons

Let us now consider the possibilities of studying the transition form factors of the neutral
mesons in ete” colliding beam experiments. These experiments can yield information on the
form factors in a wider kinematic region in contrast to those on conversion decays. In addition,
since in this case the dominant hadrons’ coupling to leptons is via photons, a complicated
question about the origin of the produced hadrons does not arise. In particular, while studying
resonances no special hypothesis about the production mechanism would be necessary for
separating a resonance from background are required as, e.g. in an analysis of 7p collisions. The
fact that there are no other hadrons but those produced by photons makes the interpretation
of results transparent. All this makes electron colliding beams (ete™ or e”e”) the main
instrument for the study of vy — h processes presently.

When studying two-photon processes at ete™-colliders the main research objects are the
amplitudes for the vy — h process, for both space- and time-like off-mass shell as well as for
almost real photons. The processes of main interest are the radiative one-photon annihilation
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2.1 Experimental approaches in two-photon physics

ete”™ — hy or ete™ — hete™ on Fig. 2.5 and the two-photon particle production ete™ —
heTe™ on Fig. 2.6.

Figure 2.5: eTe™ radiative one-photon annihilation.

We will firstly discuss the radiative annihilation process. It allows to study the process in the
time-like region. In the process of the radiative one-photon annihilation the colliding leptons
annihilate to a time-like virtual photon which than decays to a system of hadrons and a single
virtual (real) photon. The information on vy — h reaction in the time-like region may be
extracted from the measured cross section by

s— M2\*
o(ete” — hy) = 4mal’,, () |F(q* = 5,0) (2.5)
s

where all non-perturbative information is contained in the form factor F'. The time-like data
on the light pseudo-scalar meson transition form factors was measured by SND [68] and CMD-2
[69] collaborations and is summarized in Fig. 2.9.

The main two processes to study the two-photon production in a space-like region are e*e™
and Primakoff effect Figs. 2.7 and 2.6. The Primakoff effect is the resonant production of
neutral pseudoscalar mesons by high-energy photons interacting with an atomic nucleus. In the
two-photon production two colliding leptons emit virtual photons which fuse to form a system
of hadrons. The colliding photons are space-like and may have both a transverse polarization
and a longitudinal one. The experiments can be carried out in the single-tag mode, i.e. by
tagging one of the two scattered leptons at large polar angle and by requiring that the second
is scattered at small polar angles or the double-tag mode when both leptons are detected. Only
the single-tag mode has been realized so far and the double-tag experiments are planned in the
nearest future, particularly at BES-III [15].

Ze
Figure 2.7: Two-photon production of hadrons
Figure 2.6: Two-photon production of in the heavy nucleus field (Pri-
hadrons. makoff effect).

The differential distributions of the process eTe™ — eTe”™ X may be written in such a way
that the contributions from vertices and transition amplitudes vy — h are factorized. When
using two-photon production processes the main research objects are the amplitudes of the
process

Y (AL, q1) + 7 (A2, g2) — X(px), (2.6)

for the case of both off-shell photons as well as for almost real photons. Here the colliding
photons with momenta ¢; and ¢y are space-like (%2 < 0). The produced system X is C-even
and its invariant mass is s = (q1 + ¢q2)?. The observed ee™ — ete™ X differential cross
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Chapter 2 Two-photon physics and sum rules

section is expressed in terms of the off-shell v*v* — X helicity cross sections depending on the
virtualities of photons ¢7 and ¢3 and a crossing invariant variable v = (s — ¢ — ¢3)/2:

. a? 2vVX d*p]  d*p}
1671 Q? Q3 s(1—4m?/s) E| E|
x {4pi* 3T orr + 2 030 o + 207 p30 o + 28 p3 T orr
+2 (o7 1) (o = 1) (cos26) 7o (2.7)

/2
0+ () 17
W o) (8

by 4 (o0 +1) (68 + 1] iy
£ hha8 [(oF —1) (o+ 1] (cosd) 78}

do

+38

here h1 = +1 and hy = +£1 are both lepton beam helicities and the kinematical factors p?b are
expressed in a known way in terms of the momenta p; and ¢; and are given in the Appendix.
The cross sections denoted by og(o2) are the v*v* — X cross sections for total helicity 0 (2)
respectively, and o) (o) are the cross sections for linear photon polarizations with both photon
polarization directions parallel (perpendicular) to each other respectively. The remaining cross
sections (positive definite quantities o) involve either two longitudinal photon polarizations
orL, or one transverse (T') and one longitudinal (L) photon polarization o7 and o7y, related
as :
orr(v,Q1,Q3) = orr(v, @3, Q). (2.8)
Besides, the result involves four additional interfering terms 7rr, 78, 7rr,, 7%, (which are not
sign-definite) with either both photons transverse (T7'), or for one transverse and one longi-
tudinal photon (T'L), where the superscript a indicates the combinations which are odd in v.
For instance, the quantity 77 is the difference between cross sections for scattering transverse
photons with linear polarizations: 7y = o) — o 1. Analogously, the quantity 77 is the differ-
ence between the cross sections for scattering of transverse photons with circular polarizations
T = 00 — 02.
This quantities can be connected to the absorptive part of the v*v* — v*~* forward scattering

amplitudes Myrxy Ax and to the amplitudes My, of the v*y* — X transition. Denoting
the absorptive part as

Wiixyaane = Abs My x 3 a,s (2.9)

the optical theorem yields:

1 *
Wainae = 2/dl“x(27r)454(q1 + a2 = px) Mo, (a1, @25 px) My (a1, 250x),  (2.10)
where My, 1, (¢1, g2; px) denotes the invariant amplitude for the process

Y (A, q1) + 77 (A2, q2) = X(px). (2.11)

As a result, the absorptive parts are related to eight independent v*~v* — X cross sections by
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2.2 Two-photon coupling to mesons

the relations (see Ref. [58| for details):

Wit e +Wo o

20X (o0 +09) = 20X (U” + O'L) = 4\/XO'TT, (2.12a

Wit00+Wor—0o = 4VX7rp,
Witoo—Wor—o = 4VX 7,

)

Wig o —Wi v = 2VX (00— 02) = 4VX 74, (2.12b)
Wip_ - = 20X (a” — O'J_) = 2VX 77, (2.12¢)

Woooo = 2VXorr, (2.12d)

Wioo = 2VXorp, (2.12¢)

Woror = 2VXorr, (2.12f)

)

)

where the virtual photon flux factor is defined through

X =(q@)?-de=v - Qi3 (2.13)

The response functions extracted from differential distributions (2.3, 2.5, 2.7) allow to study
meson transition amplitudes. The Lorentz structure of these amplitudes can in general be
constructed on the basis of the relativistic invariance and the non-perturbative information can
be isolated in the meson form factors. The general structure of these amplitudes is developed
further.

2.2 Two-photon coupling to mesons

In this section we detail the formalism and the available data for the v*v* — meson transition
form factors (FFs), and successively discuss the C-even pseudo-scalar (JF¢ = 0=%), scalar
(JPC = 0F), axial-vector (JF¢ = 1*1), and tensor (JF¢ = 2++) mesons.

2.2.1 Pseudo-scalar mesons

The process v*(q1, A1) + 7*(g2, \2) — P, describing the transition from an initial state of two
virtual photons, with four-momenta ¢1,qgs and helicities A1, A2 = 0,=£1, to a pseudo-scalar
meson P = 70, 0,7, 1, ... (JF¢ =0"1) with mass mp, is described by the matrix element :

MM, A2) = =i €2 pap €(a1, M) €7 (02, \2) 48 @ Fyers (Q3,Q3), (2.14)

where €%(q1, A1) and £5(gg, A2) are the polarization vectors of the virtual photons, and where the
meson structure information is encoded in the form factor (FF) Fp.«.+, which is a function of
the virtualities of both photons, satisfying Fp«+(Q%, Q3) = Fpy«y+(Q3, Q?). From Eq. (2.14),
one can easily deduce that the only non-zero v*y* — P helicity amplitudes, which we define
in the rest frame of the produced meson, are given by :

M =+L =+1) = -MM\ = -1 = —1) = > VX Fp»r (Q1,Q3) . (2.15)

The FF at Q% = Q3 = 0, Fp++(0,0), describes the two-photon decay width of the pseudo-
scalar meson :

7'('0(2

77)’133 ‘F'P’Y*’Y*(Ovoﬂzv (216)

F’Y’Y (73) = 4

with mp the pseudo-scalar meson mass, and a = e?/(47) ~ 1/137.
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Chapter 2 Two-photon physics and sum rules

In this document, we study the cross sections for one real photon and one virtual photon.
For one real photon (Q3 = 0), the only non-vanishing cross sections in Eq. (2.12) are given by :

[UO]Qg:o = [UL]ngo =2 [UTT]Qg:O - [TTT]ngo
T.(P) @\ [Fryrr (@3.0)77 (2.17)
= (s —m%) 1612 2 (1+21> M} .
mp m7 Fp++(0,0)

For massless quarks, the divergence of the isovector axial current, A5 = % (ay*ysu—dyHvysd),
does not vanish but exhibits an anomaly due to the triangle graphs which allow the 7% to couple
to two vectors currents (Wess-Zumino-Witten anomaly). For the 70, the chiral (isovector axial)
anomaly, predicts that its transition FF at Q% = Q3 = 0 is given by :

1

FWO'Y*'Y* (O, O) - m, (218)

where the pion decay constant f; is defined through the isovector axial current matrix element :
(0145(0) [ (p)) = § (V2 fi) P (2.19)

When using the current empirical value of the pion decay constant f, ~ 92.4 MeV to evaluate
the chiral anomaly prediction of Eq. (2.18), one obtains the value Fyo.,.(0,0) ~ 0.274 GeV 1,
which yields through Eq. (4.39) a 27 decay width in very good agreement with the experimental
value.

Ap
[MeV]|
70 776 + 22
n 774 4+ 29
n 859 + 28
ne(1S) 2920 4 160

Table 2.1: Experimental extraction of the monopole mass parameter in the v*y — P form
factors, according to the fit of Eq. (2.20). The measured value of Ap for P = 70, n, 7’
is from the CLEO Collaboration [70]. For the 7.(1S) state, the measured value is
from the BABAR Collaboration [71].

Being the lowest excitations in the ~+-production spectrum (Fig. 1.2) the three pseudo
scalar mesons 7, 1, )’ are the best studied channels in the «~ fusion process. The form factors
FpW*W*(Q%,O) for one virtual photon and one real photon have been measured for 7°, n, 1’
by the CELLO [72] , CLEO [70], and BABAR [14, 73] Collaborations, and for 7.(15) by the
BABAR Collaboration [71]. Available data on Fy«s(Q%,0) for low Q? values are presented
in Fig. 2.8. For theoretical calculations of the pion form factor see, e.g., Refs. |74, 75, 76, 77|
and references therein. The models either use strict vector meson dominance Ref. [78] , or, as,
e.g., in Ref. [76], include point interactions in addition. For a review on vector mesons and
their interactions, see also Ref. [79]. In the Q% range up to 10 GeV?, a good parameterization
of the data is obtained by the monopole form :

FP’Y*W* (Q%’O) _ 1
Fpyey+(0,0) 1+ Q%/A%D’

where Ap is the monopole mass parameter. In Table 4.2, we show the experimental extraction
of Ap for the 7% n, 7', and 7.(15) mesons.

(2.20)
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Figure 2.8: Single off-shell 7° meson transition form factor in the low Q2 region from SND [68]
and CMD-2 [69] data on the reaction ete™ — 7%y and CELLO data on the reaction
efe” — ete y*y* — ete 0 [72]. Figure from Ref. [16].

Due to the approximate SU(3) flavor symmetry, the pion transition form factor is closely
related to the corresponding transition form factor of the  meson and, via 7 — 1’ mixing, also
to the transition form factor of the . In fact, the whole discussion of n — 7’ mixing, interesting
in its own right, is strongly based on these transition form factors [80, 81, 82|. Both processes
70 — 44* and 7 — yy* can be described by vector meson dominance [59]. For the 7 this is
illustrated with the available low ¢* data on F,(¢?,0) in Fig. 2.9. Note that this does not
necessarily mean that the double-virtual processes 7°/n — v*y* would also be well described
by vector meson dominance. Indeed, some theories show deviations [76, 83].

2.2.2 Scalar mesons

We next consider the process v*(q1, A1) + 7" (g2, A2) — S, describing the transition from an
initial state of two virtual photons, with four-momenta ¢, g2 and helicities A1, Ao = 0, £1, to
a scalar meson S (J'¢ = 0%%) with mass mg. Scalar mesons can be produced either by two
transverse photons or by two longitudinal photons [85, 86]. Therefore, the v*v* — S transition
can be described by the matrix element :

M1, A2) = (a1, M) €” (g2, o) (WZS) {=R" (01, 42) F§,-- (@1, Q3)

y ) 02 (2.21)
v v L 2 2
+§ <Qf + qu£‘> <QQ + V2ﬂh> Fg e (Q1, Q2)} )
where we introduced the symmetric transverse tensor R* :
174 4 1 14 14 14 v
R™(q1,00) = =" + 5 {v (' &5 + d af) + QT df a5 + Q3 ¢t a7 }, (2.22)

which projects onto both transverse photons, having the properties :

au R (q1,02) =0, quR"(q1,q2) =0,
@2u R (q1,42) = 0, g2 R*™ (q1,42) = 0.
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Figure 2.9: Figure 6: Single off-shell n meson transition form factor from NA60 data on n —
vt~ decay [84]; from SND [68] and CMD-2 [69] data on the reaction ete™ — 0y
reaction, and CELLO data on the reaction ete™ — ete ™ v*y* — ete™n[72]. Figure
from Ref. [16].

In Eq. (2.21), the scalar meson structure information is encoded in the form factors F, g,y*,y* and

F ‘57*7*, which are a function of the virtualities of both photons, where the superscripts indicate
the situation where either both photons are transverse (') or longitudinal (L). Note that the
pre-factor v/mg in Eq. (2.21) is chosen such that the FFs are dimensionless. Furthermore,
both form factors are symmetric under interchange of both virtualities :

T, T,
FS'y*'y* (Q%? Qg) = FS’y*fy* (Q%? Q%) (223)
From Eq. (2.21), one can easily deduce that the only non-zero v*v* — S helicity amplitudes
are given by :
v
MM =+, =+1) = MM =1 =-1)=¢ m—SFSTW*,Y*(Q%,Qg),
Q1Q2

MAL=0,X=0) = —¢
mgs

The transverse FF at Q% = Q3 = 0, ng*v* (0,0), describes the two-photon decay width of the
scalar meson :

7TO(2

T 2
F’Y’Y(S) = TmS |F87*'y* (0,0)[". (2.25)

In this paper, we study the sum rules involving cross sections for one real photon and one
virtual photon. For one real photon (Q3 = 0), the only non-vanishing cross sections in Eq. (2.12)

are given by :

[Uo]ngo = [UH]ngo =2 [O'TT]ngo = [TTT]ngo

2
_ 5(s — m2) 1672 Lr2(S) QY | sy (@1,0) (2.26)
=0(s—mg) 167 1+ -2 il
ms msg FL. .(0,0)
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2.2 Two-photon coupling to mesons

Presently, there is no experimental data on scalar transition amplitudes. It is expected in
the nearest future to measure these processes at BES III by an analysis of the v*4* — =
channels.

2.2.3 Axial-vector mesons

We next discuss the two-photon production of an axial vector meson. Due to the symmetry
under rotational invariance, spatial inversion as well as the Bose symmetry of a state of two
real photons, the production of a spin-1 resonance by two real photons is forbidden, which is
known as the Landau-Yang theorem [87|. However the production of an axial-vector meson
by two photons is possible when one or both photons are virtual. The matrix element for the
process v*(q1, A1) +7*(g2, \2) — A, describing the transition from an initial state of two virtual
photons, with four-momenta ¢, g2 and helicities A\, A\ = 0, %1, to an axial-vector meson A
(JP¢ = 1) with mass m4 and helicity A = 41,0 (defined along the direction of ), is
described by three structures [85, 86|, and can be parameterized as :

M1, Ag; A) = e®eu(qr, M) e (g2, A2) € (py, A)

- vo r VvV
X 1 €pora {R“”(qLCJz)R (a1,2) (1 — @2)" —5 F/(&)W(Q%Q%)
A

Q7 I a
+ R"(q1, q2) (q’f +=tdh ) ai 65 WF,(LW)*V*( 1,Q3)
A

Q3

1
+ R (q1,q2) <QS + VQT) 65 4i — Fi. (@3, Q?)} : (2.27)
A

In Eq. (2.27), the axial-vector meson structure information is encoded in the form factors FJ(L&)* .

and FJ%)W*, where the superscript indicates the helicity state of the axial-vector meson. Note

that only transverse photons give a non-zero transition to a state of helicity zero. The form
factors are functions of the virtualities of both photons, and FJ(L&)* - is symmetric under the
interchange Q% — Q%. In contrast, FJ%)* i does not need to be symmetric under interchange
of both virtualities, as can be seen from Eq. (2.27).

From Eq. (2.27), one can easily deduce that the only non-zero v*v* — A helicity amplitudes
are given by :

./\/l()\l =41, = +1;A = 0) = —./\/l()\l =—1, = —1;A = 0) (2.28)
v
= ¢ (QF - Q) — FULL(Q1.Q3).
my

X
MM =0 =+1;A=—1) = —e2Q, < 2) FU (@303, (2.29)
I/mA
- _ A — 1) — 2 X (1) 2 M2
M =10 =0A=-1)= Qs (5 | L. .(Q3.Q). (2.30)
I/mA

Note that the helicity amplitude with two transverse photons vanishes when both photons are
real, in accordance with the Landau-Yang theorem.

(

The matrix element F' Alw)* A/(O, 0) allows to define an equivalent two-photon decay width for
an axial-vector meson to decay in one quasi-real longitudinal photon and a (transverse) real
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Chapter 2 Two-photon physics and sum rules

photon as

~ . m2 my 1 Ta? 1 (1) 2
Ly (A) = Ql%rgo Q2 DA =) = —mag [me*(ov 0)] : (2.31)
where we have introduced the decay width I' (A — ~7~vr) for an axial-vector meson to decay in
a virtual longitudinal photon, with virtuality Q?, and a real transverse photon (Q3 = 0), as

2 2 2\ 3

e’ 1Q 1 2

DA = "5 ma g 5 (1+2) [rL. @] (2.32)
In this work, we will study the sum rules involving cross sections for one real photon and

one virtual photon. For one quasi-real photon (Q3 — 0), we can obtain from the above helicity

amplitudes and using Eq. (2.10) the axial-vector meson contributions to the response functions

of Eq. (2.12) as

[UO]ngo = [Ui]ngo =2 [UTT]Qg —0= — [TTT]Qz -0 (2.33)
4
e 2y, 32 @1 Q1 2
= §(s —m%) 4 mf‘4< mA> [FAM Q2 )] ,
3T & () Q) [ (@10 :
[orr]g2—g = 0(s —m%) 16 7> — == (1 + ;) (”)'Y— : (2.34)
: ma my My FAw*v* (0,0)
o 3T, (A) 0@,
[TTL]ngo - — [TTL]Q%:() = 5(5 — m124) 871'2 ;/ZA mA
M) (2 (1) 2
<1+ Q2> P (Q1,0) Fige- (0, G1) (2.35)
my) | PO 0,00 FY.(0,0)

Ay*y Axy*y

Extracting the FFs F() | and F(© separately from experiment requires the measurements of
orr and opr respectively. As experiments to date have not achieved this separation, one is so
far only sensitive to the quantity opr + €1 o, where € is a kinematical parameter (so-called
virtual photon polarization parameter) defined as €1 = p{°/2p{ ™, see Appendix A. Note that
in high-energy collider experiments, one typically has ¢; ~ 1. From Eq. (2.35) one then obtains
for this experimentally accessible combination :

|:O'LT <1+1JTT>} 5(s—mA)16 2731177( )Q2 (1+§>
Q%=0

E10LT ma A my
(1) 2 (0) 2
F.A'y*'y* ( %7 0) i Q% F.A'y*'y* ( %7 0) (2 36)
1 2 1 ) :
F. . (0,0) e 2mi | FY.(0,0)

We can compare the above general formalism for the two-photon production of an axial-
vector meson with the description of Ref. [90], which is commonly used in the literature, and is
based on a non-relativistic quark model calculation leading to only one independent amplitude
for the v*v* — A process as :

MM A) = e (g1, M) € (g2, A2) € (ps, A) igpwra (—QT 3 + Q3 q]) A(QT, Q3),
(2.37)

In defining the equivalent two-photon decay width for an axial-vector meson, we follow the convention of
Ref. [86], which is also followed in experimental analyses [88, 89]. Note however that the definition for I',,
adopted here is one half of that used in Ref. [90].
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2.2 Two-photon coupling to mesons

where the independent form factor A satisfies : A(Q?,Q3) = A(Q3,Q%). In such a non-
relativistic quark model limit, we can recover Eq. (2.37) from Eq. (2.27) through the identifi-
cations :

FOQ,Q3) = m%AQLQ3),

FO@Q3) = —<(v+Q3)m% AQ},Q3).
FO@3.QD) = —5 v+ QDhmiAQL Q3. (2.39)

in which 2v = mi + Q% + Q3. In such model, the experimentally measured two-photon cross
section combination of Eq. (2.36), where Q3 = 0, is proportional to :

= 2
[ULT <1+1UTT)] = §(s —m?) 1672 30 (A) Q—;
Q3=0 ma- My

@Y (1,1 @) [A@L0)
(o) (e dang) o)

To apply this formula to experimental results where the axial-vector meson has a finite width,
one commonly replaces the delta-function in Eq. (2.39) by a Breit-Wigner form, yielding :

(2.39)

1 orT F'y*y (A) Ftotal Q%
|:O'LT <1+6O'):| :4871' _ 212 2F2 9
1017 ) | Q2=0 (s —m%)? +m3 1 A

tota
Q3 1 Q2 [4@30)]°
(i) (o) e

where o141 18 the total decay width of the axial-vector meson.

(2.40)

Phenomenologically, the two-photon production cross sections have been measured for the
two lowest lying axial-vector mesons : f1(1285) and f;(1420). The most recent measurements
were performed by the L3 Collaboration [88, 89] (Fig. 2.10).

In those works, the non-relativistic quark model expression of Eq. (2.40) in terms of a single
FF A has been assumed, and the resulting FF has been parameterized by a dipole :

A(Q3%,0) 1
A0,0) (14 @3/02)"

(2.41)

where Ay is a dipole mass. By fitting the resulting expression of Eq. (2.40) to experiment
(for which €1 ~ 1, and for a Q% range which extends up to 6 GeV?), one can then extract the
parameters fw and Ay. Table 4.3 shows the present experimental status of the equivalent 2y
decay widths of the axial-vector mesons f;(1285), and f;(1420), which we use in this work.

2.2.4 Tensor mesons

The process v*(q1, A1) +7"(q2, A2) = T (A), describing the transition from an initial state of two
virtual photons to a tensor meson 7 (JF¢ = 2+) with mass ms and helicity A = £2, +1,0
(defined along the direction of G1), is described by five independent structures [85, 86], and can
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Chapter 2 Two-photon physics and sum rules

do/dQ® (pb/GeV?)

102 L3
® Datann'm
] --f, A=M(,)
------- —f, T, A fit
.............. =t AN
102? ............ 1
10 A IR
1 ‘ ‘
-1
10 1
Q® (GeV?)

Figure 2.10: Experimental differential cross section do/Q? compared to calculations of the
GaGaRes Monte Carlo (dashed line) and to the calculations of [90] and [91] (dot-
ted line). The full line is a fit of the data with the GaGaRes model, with A and

Iy, as free parameters. Figure from Ref. [88]

be parameterized as :

M()\l, )\Q;A)

= e”eulqr, M) en (g2, A2) €5 (py, A)

X {[R“Q(QL(D)RW(QLCD) (2.42)
S o v

tox R (q1,q2)(q1 — q2)* (1 — %)B} ET(Q)(Q%,Qg)

1 2{e Q2 1
+ R"(q1,q2)(q1 — q2)? <Qf + g ) —1WQ2,Q3)
v mr
1
R (g, ) (g — 01)° (a8 + Qcﬁ) Loz
14 mr
, 1
+ R"™(q1,q2)(q1 — q2)* (q1 — q2)” s TOT)(Q2,Q3)
2 2
12 Q % [0
+ (q’f + Cilqé‘) (q2 + ;ql) (1 — @2)%(q1 — @)

1
X W T(OVL) (Q%v Q%)} )

T

where e,3(pf, A) is the polarization tensor for the tensor meson with four-momentum py and
helicity A. Furthermore in Eq. (2.43) T™ are the 4*y* — T transition form factors, for tensor
meson helicity A. For the case of helicity zero, there are two form factors depending on whether
both photons are transverse (superscript 7') or longitudinal (superscript L).
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2.2 Two-photon coupling to mesons

maA Fvﬁf AA
[MeV] [keV] [MeV]
f1(1285) 1281.8 £ 0.6 3.5+£0.8 1040 £ 78
f1(1420) 1426.4 + 0.9 3.2£0.9 926 £+ 78

Table 2.2: Present values [1] of the f1(1285) meson and f;(1420) meson masses my4, their
equivalent 2y decay widths ffyw defined according to Eq. (2.31), as well as their
dipole masses A4 entering the FF of Eq. (2.41). For f‘w, we use the experimental
results from the L3 Collaboration : f1(1285) from Ref. [88], f1(1420) from Ref. [89].

Note that for the f1(1420) state, only the branching ratio I'vy X I'x iy /Tiotar is
measured so far, which we use as a lower limit on I',.

From Eq. (2.43), we can easily calculate the different helicity amplitudes as :

MM =+ = -1A=+2) = M\ = -1, 2 = +1;A = -2) (2.43)
_ 2 Y 71@n2 2
€ mTT (Q17Q2)7
A 2 1 [(2X 1) n2 A2
M()\l =0, =+1LA= *1) = —e" (1 ﬁ M T (Qlan)a (244)
A 2 1 [2X 1) (A2 A2
MO =LA =08 = -1) =" Qs 5 (5 ) TV (5.0 (2.45)
M()\l =+, =41A= O) = M(/\l =—1,A=—-1A= 0) (2.46)

=2 (2 100 @y,
3 \myp

M\ = 0,0 = 04 = 0) = —® Q1@ \/g ( X ) TODQ2Q3).  (247)

2,10
vemop

The transverse FFs T2 and T©1) at Q? = Q3 = 0 describe the two-photon decay widths of
the tensor meson with helicities A = 2 and A = 0 respectively :

2

Ly (T(A=2)) = % mr % 173 (0,0))?, (2.48)
2

Ly (T(A=0)) = % mr % 70T (0,0)[%. (2.49)

In this work, we study the sum rules involving cross sections for one real photon and one
virtual photon. For one quasi-real photon (Q% — 0), we can obtain from the above helicity
amplitudes and using Eq. (2.10) the tensor meson contributions to the response functions of
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Chapter 2 Two-photon physics and sum rules

Eq. (2.12) as :

[o2] g2 = (s — m7)

16 7r25rw(7-(A - 2)) (1 + %)

2
(2) (2
T(Q1,0) 1’0)] , (2.50)
mr

7(3)(0,0)

21162 S0 (T(A = 0)) N [10D@20)]
[UO]Q%ZO = (5(8 — mT) 167 my <1 + ,rn%> W(O’O) N (251)
1
= |= 2.52
[UH] Q%:O |:202 + O'U:| Q%:O ) ( )
0] F } (2.53)
O] |n2—ng = | 702 5 .
Q3=0 2 Q%:O
rurlggo = (s~ mpysrar b (14 91 [700(g2,0)]" (2.54)
LT Q5=0 T m% m% 1 ) .
[ ! TTL:| :5(5—7712)87r30z2L (14—%)
Q1Q2 " "] g2 4 m2. m2.
2 Q3 \’ (0,T) (2 (0,1) (2
33 1+W T (Q1,0) T (QF,0)— (2.55)
T
1
ST@0TW (0, Q%)} :
[17“ } :6(5;—7712)871'3042i <1—|—%>
Q1Q2 " Q2=0 T m2. m2
2 Q3 \’ (0,T) (2 (0,1) (2
X g 1+W T (Q170)T ’ ( 1,0) (256)
T
1
+ ST 0TI,
[oLLlgz—o =0 (2.57)

The experimental information on the Q? dependence of the tensor form factor is not available
at the moment. As we will see later, one can learn a lot about these form factors using
constraints imposed by the sum rules for light-by-light scattering which are the subject of the
following sections.

2.3 Sum rules for light-light scattering

We can use the dispersion theory to relate the two phenomena of LbL scattering and ~* fusion,
and express the low-energy LbL scattering as integrals over the v*~y-fusion cross sections, where
one photon is real while the second may have arbitrary (space-like) virtuality. These integrals,
or ‘sum rules’, lead to interesting constraints on v decay widths or v*v transition FFs of qq
states, and more general meson states. The first sum rule of this type involves the helicity-
difference cross-section for real photons and reads as:

/ % [o2() — o0()] =0, (2.58)

where s is the total energy squared, sg is the first inelastic threshold for the «+ fusion process,
and the subscripts 0 or 2 for the 7 cross sections indicate the total helicity of the state of
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2.3 Sum rules for light-light scattering

two circularly polarized photons. This sum rule was originally? inferred [18, 19] from the
Gerasimov-Drell-Hearn (GDH) sum rule, using the fact that the photon has no anomalous
moments.

Parameterizing the lowest energy LbL interaction by means of an effective Lagrangian (which
contains operators of dimension eight at lowest order) as

L® = ¢ (F, F*)? + cy(F,, F*)?, (2.59)

with F and F being the electromagnetic field strength and its dual, one finds sum rules for the
LbL low-energy constants (LECs) [22]:

o

o0

1 oy(s) 1 o1(s)

_ 1 _ L 2.

c1 87r/d8 SR =g ds 2 (2.60)
S0 S0

where the subscripts || or L indicate if the colliding photons are polarized parallel or perpen-
dicular to each other. While the GDH-type sum rule provides a stringent constraint on the
polarized ~ fusion, the sum rules for the LECs allow one in principle to fully determine the
low-energy LbL interaction through measuring the linearly polarized 4 fusion. In the follow-
ing we subsequently derive and give a detailed description of already known sum rules for real
photons as well as their generalization and a set of new sum rules for the case of one (quasi-)real
and one virtual photon.

2.3.1 Forward ~*~v*- scattering

We start from a discussion of the elastic forward scattering of photons. In the most general
case we consider the forward scattering of virtual photons on virtual photons:

Y (AL @) +7 (A5 @2) = (AL 1) + 77 (A, q2), (2.61)

where ¢1, g2 are photon four-momenta, and Aj, Ao (A}, \;) are the helicities of the initial
(final) virtual photons, which can take on the values £1 (transverse polarizations) and zero
(longitudinal). The total helicity in the v*y* c.m. system is given by A = A; — Ao = \| — \,.
To define the kinematics, we firstly introduce the photon virtualities Q2 = —¢?, Q3 = —¢3, the
Mandelstam invariants: s = (q1 + ¢2)%, u = (¢1 — ¢2)?, and the following crossing-symmetric
variable:

v= i(s—u):ql-qQ, (2.62)

such that s = 2v — Q% — Q3, u = —2v — Q? — Q3.
The v*v* — v*v* forward scattering amplitudes, denoted as Mys s y,.,, are functions of v,
1N\2HNLAN2
2 Q3. Parity invariance (P) and time-reversal invariance (T) imply the following relations

among the matrix elements with different helicities :
P My = Moy_x,-—x-x (2.63)
T: Myxan = My, (2.64)

which leaves out only eight independent amplitudes [92]:

Myypq, Moo oy My ——, Moooo, Myo,40, Moo+ Myt 00, Mot,—o- (2.65)

2An earlier version of this sum rule had been proposed in Ref. [17], where a contribution from 7% production
appears on the right-hand side (rhs) of Eq. (2.58), while integration on the lhs starts at the 27 production
threshold. That version would be fully compatible with Eq. (2.58), if it were not for the sign of the 7°
contribution obtained in [17].
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Chapter 2 Two-photon physics and sum rules

We next consider the constraint imposed by crossing symmetry, which requires that the
amplitudes for the process (2.61) equal the amplitudes for the process where the photons with
e.g. label 2 are crossed:

V(A @) + (=X, —2) = 7 (AL @) + 7 (<A, ). (2.66)

As under photon crossing v — —v, one obtains
M »Q1,Q3) = M (-1, Q1, Q3) (2.67)
NS A Vs W o N=Xo =2 TV &, W), .

it becomes convenient to introduce amplitudes which are either even or odd in v (at fixed Q?
and Q3). One easily verifies that the following six amplitudes are even in v :

(Mg 4 + My o), Myg——, Moo, (2.68)
Mio+0,  Moto+, (Mit00+ Mot —0), (2.69)

whereas the following two amplitudes are odd in v :
(Mg = My 4-), (M4+,00 — Mo+,—0) - (2.70)

2.3.2 Dispersion relations

The principle of (micro-)causality is known to translate into exact statements about analytic
properties of the scattering amplitude in the complex energy plane. In our case this principle
translates into the statement of analyticity of the forward 4*~* scattering amplitude in the
entire v plane, except for the real axis where the branch cuts associated with particle production
are located. Assuming that the threshold for particle production is vy > 0, one can write
down the usual dispersion relations, in which the amplitude is given by integrals over the
non-analyticities, which in this case are branch cuts extending from +1y to +oo. Finally, for
amplitudes that are even or odd in v we can write (for any fixed values of Q?, Q3 > 0):

2 [, v ,
feven(l/) = ; [/0 dl/ mAbS feven(y ), (271&)
- 2 T ! Ab / 2.71b
foda(v) = = VT2 0+ S foad(V), (2.71b)

vo

where 0T is an infinitesimal positive number.

These dispersion relations are derived with the provision that the integrals converge. If they
do not, subtractions must be made; e.g., the once-subtracted dispersion relation for the even
amplitudes reads:

02 [ 1
even = even - A even /- 2.72
foven) = SewenO) 4 2 [ e KOs @), (272

We are thus led to examine the high-energy behavior (v — oo at fixed Q2, Q3) of the absorptive
parts given by Eq. (2.12). In Ref. [92], a Regge pole model assumption for the high-energy
asymptotics of the light-by-light forward amplitudes yielded:

0
(Woisos +Wer 1), Whoso, Worors Woeo — ~ v

Wogis = Wi )y, Wi~ 2O (2.73)
(Wis00 +Wot—0), (Wit00— Wot,—0) N Vaﬁ(o)flj

Y
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2.3 Sum rules for light-light scattering

where ap(0) ~ 1.08 is the intercept of the Pomeron trajectory, and a,(0) ~ —0.014 is the
intercept of the pion trajectory. This means that for all the even amplitudes, except M4y oo +
Mo, —o, one can only use the subtracted dispersion relation Eq. (2.72). We therefore need
the information about these amplitudes at zero energy v. Anticipating the discussion of the
low-energy expansion of the LbL scattering, we can state that at v = 0 these amplitudes vanish
when one of the photons is real [cf. Eq. (2.77)]. Using Eq. (2.12) then to substitute the cross
sections in place of the absorptive parts, we obtain the following sum rules for the case of one
real and one virtual photon (when the virtual photon flux factor becomes X = v/?):

ﬁ /Oody, o (V') + o)

My (V) + My y(v) = (2.74a)

T V2 — 2 0t

w2 (> o) —or(v)
My, _(v) = — / dv' —, (2.74b)
Vo V2 — 2 —q0t

0

77
4% (> opr(V)

Mot o+(v) = W/uo dv T2 0t (2.74c¢)
4u% [ orr (V')

M = — dv —— . 2.74d

+0,40(V) . /1/0 v U2 2 0t ( )

We cannot write such a subtracted sum rule for Mg oo, since it trivially vanishes when one
of the photons is real. Instead, considering an unsubtracted dispersion relation, we find the
following sum rule:

T /2_V2_Z()+’

Moyooo(v) = / dv VX o (V) (2.74e)

with X’ = /2 —Q2Q3. At least in perturbative QED calculations (cf. Appendix B), the above
integral converges which seems to validate this sum rule in a renormalizable, perturbative field
theory. We emphasize however that this observation is in contradiction with the expectation
of non-convergence from the Regge pole model shown above. A validation of this sum rule in
non-perturbative field theory, particularly in QCD, is therefore an open issue.

For all the remaining amplitudes the asymptotic behavior of Eq. (2.74) justifies the use of
unsubtracted dispersion relations which, upon substituting Eq. (2.12), lead to the following
sum rules, valid for both photons virtual:

dv [ VX' |oo(V) — o2(V)
My (v) =My y(v) = 7T/ dv' ,[ T 0F } 7 (2.74f)
8v , VX'13, (V)
Mit00(v) = Mot,—o(v) = — : v BT R et (2.74g)
o0 /
_ VX T (V)
Mivo0(v) + Moy —o(v) = — /VO ey pp (2.74h)

where the dependence on virtualities Q%, Q3 is tacitly assumed.

The above sum rules, relating all the forward v*~* elastic scattering amplitudes to the energy
integrals of the v*~v* fusion cross sections, should hold for any space-like photon virtualities in
the unsubtracted cases, and for one of the virtualities equal to zero in the subtracted cases. In
the following we examine the low-energy expansion of these sum rules.

2.3.3 Low-energy expansion via effective Lagrangian

To obtain more specific relations from the sum rules established in Eq. (2.74), we parametrize
the low-energy (small v) behavior of the y*v* — ~*y* forward scattering amplitudes M,
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Chapter 2 Two-photon physics and sum rules

appearing on the left hand side of Eqs. (2.74) At lowest order in the energy, the self-interactions
of the electromagnetic field are described by an effective Lagrangian (of fourth order in the
photon energy and/or momentum, and fourth order in the electromagnetic field):

L = ¢)(F FM)? 4 c(F,, F*)?, (2.75)

where F,, = 0,A, — 0,A,, Frv — ghvaf 0aAg, and where c1, cp are two low-energy constants
(LECs) which contain the structure dependent information. It is often referred to as Euler-
Heisenberg Lagrangian due to the seminal work [56].

At the next order in energy, one considers the terms involving two derivatives on the field
tensors, corresponding with the sixth order in the photon energy and/or momentum. Writing
down all such dimension-ten operators and reducing their number using the antisymmetry of
the field tensors, the Bianchi identities, as well as adding or removing total derivative terms,
we find that there are 6 independent terms at that order, which we choose as :

LU = 30 Fu ) (0 F ) Fy,F*° 4 c4(0a Fyu ) (02 FH) Fy,
+ c5(0%Fan) (0 FP)Fr, F + ¢6(000"Fy) FN Fy, FFP
+ 7(0a0“F ) FH Fy,F 4 c3(8% Fop) (95 FPN ) F o FPF, (2.76)
where cs, ..., cs are the new LECs arising at this order. Only ¢3 and ¢4 appear in the case of

real photons.
We can now specify the low-energy limit of the light-by-light scattering amplitudes in terms
of the LECs describing the low-energy self-interactions of the electromagnetic field:

Mg s+ Moo = QIQ3[64(c1 — c2)
+ 4(@% + Q%)(—c;), — 8¢y —4cs + 8cr — ¢g) + (’)(Q4)]
+ 8%[8(c1 + c2)
+ (@1 +Q3) (—c3 + 3¢ + 4er) + O(QY)] + O(v?), (2.77a)

Mo _— = QIQ3 [64c; +4QF + @3)(—c3 + 2c6 — cs) + O(QY)]
+ 807 [8(c1 — c2) + (QF + Q3) (c6 +4c7) + O(QY)] + O(v*), (2.77b)
Moyor = QFQ3[—32¢1 +4Qics
+  4QT + Q3)(cs + 4ea + 2e5 — 2¢6 — der) + O(QY)]
+ 1 [4Qics + O(QY)] + O, (2.77¢)
Myoto = QiQ3[—32¢1 +4Q3cs
+ 4(@% + Q%)(Cig +4cqg + 2¢5 — 2¢c6 — 4er) + O(Q4)]
+ V2 [-4Q3cs + O(QY)] + O, (2.77d)
Moo = Q3Q3[96c
+ 4(Q% + Q3)(—2c3 — des — 25 + Geg + 1207 — cs) + O(QY)]
+ 02, (2.77e)
Miy iy —My_ o = 8vQiQ3 [—c3 —4es +cs + O(Q?)]
+ VP [—6des + O(Q%)] + O(°), (2.77f)
Myt 00— Moy 0 = vQi1Qz[—64c; + (Q% + Q%) (4e3 — 16¢6 — 32¢7 + 4cg) + 0(Q4)]
+ O, (2.77g)
Mito0+ Moy -0 = QiQ3 [4cs — 12c5 + O(Q?)]
+ 4°Q1Qs [2¢3 + 16¢4 + des + cs + O(Q?)]
+ o). (2.77h)
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2.3 Sum rules for light-light scattering

These expressions can be treated as a simultaneous expansion in v and the virtualities Q? of
the lhs of the sum rules Eq. (2.74). Concerning the @) dependence, it is important that the
leading in v term, in any of the amplitudes, is proportional to Q1Q)2 and hence vanishes for at
least one real photon. The latter statement is valid for any values of virtualities, not just when
they are small. For example, let us show for the amplitude (M4 44 — My _ ) its leading
term in v is proportional to the combination Q3Q3, to all orders in Q1 and Q.

Since all photons are transversely polarized the only non-vanishing structures involving po-
larization vectors of photons e(\;) are their mutual scalar products e(\;) - €(\;). Due to gauge
invariance, the electromagnetic fields enter the Lagrangian through the field tensor F},,, which
contributes to the amplitude as g,&, —q,€,. Thus an arbitrary term in the effective Lagrangian
contributes to (Myy 14 — M,_ ;) as:

My oy — My~ 'R BT, (2.78)

where the tensor T),,, is constructed from four-vectors g; and the metric tensor. Since this
amplitude is odd with respect to v, it is required to be proportional to at least v!. Assuming
that one factor v comes from contraction of two of the ¢’s in Eq. (2.78), we are left with ¢{'q5.
Now, if we suppose that ¢; is contracted with g we obtain an extra power of v, and such an
amplitude vanishes when taking the limit ¥ — 0. Thus, both ¢; and g2 must be contracted
with another ¢; and g2 respectively, giving a global factor Q2Q3.

We are now in position to examine the sum rules in Eq. (2.74) order by order in v. For this
we expand the rhs of Eq. (2.74) using 1/(v'2 —v?) = 1/v/2 +v2/v/* + O(v*). As the result we
obtain from Eqs. (2.74f,2.74g,2.74h) the following set of super-convergence relations, valid for
at least one real photon (e.g., Q1 > 0, Q% = 0):

R S
0 = s/ds(s_’_Q%) TTT(S7Q1’O)7 (2793‘)
0 = S/ds 7(5+Q%)2 |:U|| +ULT+(SQ1Q21)TTL ngo, (2.79b)
B T TTL(&Q%Q%)]
0 = /ds {Qle o (2.79¢)

S0

and the following set of sum rules for the LECs of the dimension-8 (Euler-Heisenberg) La-
grangian, valid when both photons are quasi-real:

1 0Oals
cp = 87‘(‘/520”(5’0’0)’ (280&)
S0
_ 1 / ds [%@%@%)} (2.80b)
8w ) s Q1Q:2 Q=20
S0
e 2 2
1 s {ULL(S,QQE»%} , (2.80c)
8 Q1Q2 Q?=Q3%=0
S0
1 Oods
2 = g ?UL(&O’O% (2.80d)

S0
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Chapter 2 Two-photon physics and sum rules

where sp = 219 — Q7 — Q3. We emphasize again that, unlike the other sum rules, the sum rule
of Eq. (2.80c) is only shown to hold in perturbative field theory.
There are as well the sum rules for the LECs of the dimension-10 Lagrangian, most notably:
o0

1 [d
cr = /;T%T(s,o,()), (2.81)

47
S0

but presently they are of far lesser importance and we do not write them out explicitly here.
Let us remark again that the relation of Eq. (2.79a), obtained by combining Eqs. (2.74f) and
(2.77f), is essentially a GDH sum rule for the photon target, see [18, 19, 17]. For large virtuality
2, it leads to the sum rule for the photon structure function g] [93]: fol dzg] (z, Q%) = 0.
The sum rules in Egs. (2.80a) and (2.80d), first established in [22], are obtained by combining
Egs. (2.74a) with (2.77a) and Egs. (2.74b) with (2.77b), respectively. All the other relations
presented above are new. In the following section we will sequentially discuss applications of
these sum rules in field theory and hadronic phenomenology.
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Chapter 3

Applications of the sum rules

The sum rules derived in the previous chapter can be rigorously tested in field theory and in
consistent model calculations. In this case the sum rules can be interpreted as consistency
conditions that constrain low-energy behavior of the theory, i.e. constrain the parameters of
an effective action. Conversely, when the low-energy structure is fixed by the gauge invariance,
dispersion relations give constraints on the ultraviolet behavior of the theory. Starting from
perturbative examples we will subsequently discuss the impact of the sum rules in field theory.
When applied perturbatively these sum rules must hold exactly for each order of the perturba-
tion expansion. All of the new relations will be verified exactly at leading and one-loop order
in scalar and spinor QED. Subsequently, we will discuss the transition to the non-perturbative
regime on the example of applying the sum rules to a study of bound states in a scalar ¢* theory.
On the other hand as their derivation is based on general principles they must be satisfied as
well for the observable hadronic cross-sections. When applied to the v*v production of mesons
they lead to intricate relations between the vy decay widths or the v*v transition form factors
for (pseudo-) scalar, axial-vector and tensor mesons. We will proceed to the phenomenological
applications for the production of hadrons in the last part of this section.

3.1 Sum rules in perturbation theory

We start from two-photon particle production in perturbative field theory. First, we will
consider tree-level processes in scalar QED (e.g., Born approximation to v*y* — w7 ~), spinor
QED (7v*y* — qq where ¢ stands for a charged lepton or a quark) and vector QED (y*y* —
W*TW~ with spin-1 point-like particles). After that we discuss a pair-production in a model
field theory, the ¢* scalar QED at one-loop level.

3.1.1 Tree-level pair production

Scalar QED. At leading order the process is defined by Feynman graphs in Fig.(3.1) represent-
ing the production of a pair. In the Lorentz gauge (i.e. g,e(q) = 0) the process y*v* = ¢*¢,
describing the transition from an initial state of two virtual photons with four-momenta ¢i, go
and helicities A1, A2 = 0, £1 to a pair of charged scalar particles with four-momenta p; and
p2 is described by the matrix element:

2p1p2v 2p2up1y
(1 —p1)2—m? (g2 —p1)? —m?

iMP) = 2ie%e (g1, M)e (a2, A2) + G| - (3.1)

From Eq. (3.1) we can easily compute v*v* — ¢*¢ polarized cross sections involving trans-
verse and longitudinal photons to leading order in « in the limit where one of the photons
becomes real (Q3 = 0) or quasireal (Q3 ~ 0) :
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Chapter 3 Applications of the sum rules

ANNS — - - -—- A

( 7 s s 2
2 9m2 2
_8<1_m_1)L}’ (3.2)
s s s
2 2 2 4
9 s 4dm= (2m 1
2 /02 2
i (m+Q1>L}, (3.3)
s s s
s 4m? 2 8m?
[0 — 02]g2g = 47T(5+Q%)2 {— 1—S<1—51>+8L , (3.4)
1 9 s 4m? s 2 >
1— _ X1
[Q% g"“] giy T Q2 { s (8 T 2 ( s

1 ] 2 s? 4m? < 2Q%)
S = a%87 1—— (1—
[Qle L] 20 (s +Q?)* s s
1 2\? 42
— = (1-=L — | Ly, 3.8
[2 ( s > s } (38)
with
Vs 4m?

We firstly study the three sum rules of Eqgs. (2.79a, 2.79b, 2.79¢) for the case of one real or
quasi-real photon (Q3 — 0) and for arbitrary space-like virtuality (Q% > 0) of the other photon.
To better see the cancellation which must take place in these sum rules between contributions
at low and higher energies, we show the integrands of the three sum rules in Figs. 3.2-3.4
multiplied by s. In this way, when plotted logarithmically, one can clearly see how the low and
high energy contributions cancel each other. For the sum rule of Eq. (2.79b), we denote the
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3.1 Sum rules in perturbation theory

integrand as :

1 s+Q3
I:W U||+O'LT+(QIC§221)T%L 3:0. (3.10)
All three sum rules of Eqs. (2.79a, 2.79b, 2.79¢) are exactly verified in scalar QED for arbitrary
space-like values of Q%. One notices from Figs. 3.2, 3.3, 3.4 that for larger values of Q% the zero
crossing of the integrands shifts to larger values of s, requiring higher energy contributions for
the cancellation to take place. For the helicity difference sum rule of Eq. (2.79a), one notices
that at low energies o9 dominates while with increasing energies oo overtakes.

Besides exactly verifying the sum rules which integrate to zero, we can also use the above
derived sum rules to study the low-energy coefficients for light-by-light scattering in scalar
QED. Using Egs. (2.80a, 2.80d), we obtain for the tree-level contributions to the lowest order
coefficients ¢; and ¢y in scalar QED:

a? 7 a? 1

_ o _o 1 311
mA 1440 “ = A 1440 (3.11)

C1

Spinor QED. Analogously to the previous case the response functions in spinor QED to lowest
order in the electromagnetic coupling in the limit where one of the virtual photons becomes
real (Q% = 0) or quasi-real (Q3 ~ 0) are given by :

2 2 2\ 2 2
o s 4m 1 4m
[0||+0ﬂgg:o—0‘8”(5+@)3{ 1—S[—< —S) _5]

4 2 8 4 4
+2<1+m—m+1)L}, (3.12)
S

L 8m? <m2 n %> L}, (3.13)

S S S
on = lego = oSy { (D) (- ) L} SNCARY
[Q;Q%JLL_ o oz21287r(8+52%)5 {— 1— 47:2 + L} , (3.15)
[1%0”— o a216”<s+8%>3{ b 47:2 - 47:2 L}7 (3.16)
[QllQQ i Gimo 0, (3.17)
[QllQﬁL- a1 ¥ 2) {_W (1 B 2?)

N <_ZQ% n W) L}, (3.18)

with

1+ 1—47”2]). (3.19)
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Figure 3.2: The v*y — w77~ tree level result Figure 3.3: The v*y — 777~ tree level result
(scalar QED) for the integrand in
the 7rr, sum rule of Eq. (2.79¢)
multiplied by s, where one of the
photons is quasi-real. The defini-

tions of the curves are as in Fig.
3.4.

(scalar QED) for the integrand
in the Ao = 09 — op sum rule
of Eq. (2.79a), multiplied by s,
where one of the photons is real.
The definitions of the curves are
as in Fig. 3.4.

s/(s+Q2)2- I mz/a/2

Figure 3.4: The v*y — 77~ tree level result (scalar QED) for the integrand I in the sum rule
of Eq. (2.79b) multiplied by s, with I given by Eq. (3.10), where one of the photons
is quasi-real. The different curves are for different virtualities for the other photon :
Q? = 0 (short-dashed red curve), Q2 = m? (dashed purple curve), Q% = 4m? (solid
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3.1 Sum rules in perturbation theory

We again study the three sum rules of Eqgs. (2.79a, 2.79b, 2.79¢) for the case of one real or
quasi-real photon (Q3 — 0) for different space-like virtualities of the other photon. As the
tree level contribution to 77y, in spinor QED vanishes for one quasi-real photon, one notices
that the sum rule of Eq. (2.79c¢) is trivially satisfied. For the sum rules involving the helicity
difference of Eq. (2.79a), and involving the integrand I of Eq. (3.10), we show the corresponding
integrands multiplied by s in Figs. 3.5, 3.6 for the case of one real or quasi-real photon and for
different virtualities of the other photon. We again verify that the sum rules involve an exact
cancellation between low and high energy contributions.

Using Egs. (2.80a, 2.80d), we obtain for the tree-level contributions to the lowest order
coefficients ¢ and ¢y for light-by-light scattering in spinor QED :

2 2
a1 a7
_ — - 3.20
T mi90 27 mA 360 (3:20)
In these case we also are able to verify the sum rule in Eq. (2.81), yielding
a? 1

= —— 3.21
R ETES (3:21)

in agreement with the result obtained in Ref. [94] for the low-energy photon-photon scattering.

0.5f 0.020
(o
3 oot oy 0015¢
(o] ~~
5 °% 0010}
5 -05 =
< o 0005
N -10f Re
9 ? 0.000
B &
< 15t > —0.005}
X0 S v N - ~0.010 b — -
5 10 50 100 500 5 10 50 100 500
s/m? s/m*

Figure 3.5: The v*y — eTe™ tree level result Figure 3.6: The v*y — eTe™ tree level result

(spinor QED) for the integrand (spinor QED) for the integrand
in the Ac = 09 — 09 sum rule I in the sum rule of Eq. (2.79b)
of Eq. (2.79a), multiplied by s, multiplied by s, with I given by
where one of the photons is real. Eq. (3.10), where one of the pho-
The definitions of the curves are tons is quasi-real. The definitions
as in Fig. 3.4. of the curves are as in Fig. 3.4.

Vector QED Now we will discuss two-photon production of a spin-1 massive pair described
by a complex vector field W, (x). A spin-1 particle with mass M may have an electric charge
(e), magnetic dipole (u), and an electric quadrupole moment (Q), and thus to describe its
interaction with the electromagnetic field (A,) we ought in general to write the following
Lagrangian density :
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Chapter 3 Applications of the sum rules

1 1, .
L= FuF" = Wi, W — MAW W

+ W, APWY — ie A, WiWH + 2 AW W (3.22)
+ielh WiW, F* + ely [(DEW )W 0o FM + Wi(D,W, )0 FH] /(2M?)

where D,, = 0, +1ieA,, W, = 0,W, — 0,W,,, and the electromagnetic moments are given in
terms of parameters [; as follows :

p= (1410,
2M (3.23)
Q = (l2 - ll)w-

The previous studies show that the feature of the tree-level unitarity® is maintained for theories
with so-called 'natural’ values of electromagnetic moments. In such theories the particles are
structureless from electromagnetic point of view and their charge distribution is pointlike.
According to previous findings, the natural values for a spin-1 particle electromagnetic moments
are: u=-e/M, Q = —e/M, and hence we deduce the natural values for our model parameters:
l; =1 (corresponding with a g-factor g = 2), lo = 0.

For this case we study the helicity-difference sum rule of Eq. (2.79a) with both real or quasi-
real photons (Q? — 0). The v*v* — W*W cross sections to lowest order in « in the limit
where both of the virtual photons become real (Q3 = 0) are given by :

4’ 4M? 5M? 4M?
Ao = 2 [_19 1— +8 (2 - ) arctanhy/1 — ] (3.24)
S S S S
47’ 4 5 9 4 M2
Otot = Jzg3 [3(12M +3M?s +4s°)4/1 — .
4M?2
—24M*(s — 2M?)arctanhy/1 — ] (3.25)
S
2ma? 4 5 9 4M?
4M?2
—24M*(s — 3M?)arctanhy/1 — ] (3.26)
S
2ma’ 4 5 5 4M?
UL:W[S(ﬁM +3M S+43) 1-— S

2
—24M*(s — M*)arctanhy/1 — 4]\54 ] (3.27)

For the sum rules involving the helicity difference of Eq. (2.79a) we show the corresponding
integrand multiplied by s in Fig. 3.7. We observe that the expected cancellation between low
and high energy contributions occurs only for natural values of electromagnetic moments. This
can be related to the unitarity violation for a theory with non-point like fields. The tree-level
contributions to the lowest order coefficients ¢; and cg for light-by-light scattering in spin-1
QED are given by

!Tree-level unitarity provides a criterion for the renormalizability of a model at a given energy scale. [95]
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3.1 Sum rules in perturbation theory

290/ 2702

T TeoMmt 2T 160M°

(3.28)

When comparing Egs. (3.11), (3.20) and (3.28) we observe another curious pattern for the
values of the difference of low-energy constants ¢y — ¢; when considering different spins. From
the cases of spin 0, 1/2 and 1, it seems, that this value can be related to a spin by a very simple
formula :

(_1)(2l+1) (2 +1)a? (3.29)

@-a= 240M~

Again this relation is valid only in the case of natural moments, i.e. point-like particles. One can
suppose that such a rule holds for any spins. It would be interesting to check this assumption
for the spin-3/2 fields which is the only remaining consistent theory of higher spin fields.

510 50100 500
s/m?

Figure 3.7: The vy — W*W tree level result (vector QED) for the integrand in the Ao = o9—0y
sum rule of Eq. (2.79a), multiplied by s (where both of the photons are real).

3.1.2 Loop corrections in scalar QED

To examine the sum rules at higher orders of perturbation theory we will study the two-photon
production process in a specific model quantum field theory. We take one of the simplest
examples: a self-interacting scalar field ¢(z) with charge e and mass m as described by the
following Lagrangian density,

A 1
L= (D"9) Dy = m*¢"6 — 2 (6°0)° = JF" Fy, (3.30)

where \g is the self-interaction coupling constant, while the covariant derivatives and electro-
magnetic field-strength tensor are given as usual by D, = 9, +ieA, and F),, = 0, A, — 0, A,.

We already discussed the two-photon production of a scalar pair at leading order in o. Now
we consider vy~-fusion at the order of O(Aa) which is described by a set of one-loop Feynman
graphs in Fig.(3.8). First two diagrams include correction to the propagator giving rise to
the ultraviolet divergence, which is absorbed by renormalization of mass. The four diagrams
including the vertex correction vanish. In the end the non-vanishing contribution comes from
the three graphs in the last row on Fig. 3.8. The explicit expression for the one-loop production
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Figure 3.8: Pair production in scalar QED with self-interaction at one-loop order.

process is given by:

M = —idrado 2 e (g1 Ar) €u (a2, M)

i (204 q1)u(2l — g2)u
X / (2m)d { (g1 + D2 —m?)((g2 — )2 — m2) (12 — m2) (3.31)

_ G }
(2 =m?) (1 +q2—1)*—m?) |’

where €#(g, A) denotes the photon polarization vector, with helicity A = £1. In Eq. (3.31), the
first term describes the contribution of the first and the second diagrams and the second term
corresponds to the contribution of the third graph in the last row in Fig. 3.8. Note that all
three diagrams contribute only to M, and My, i.e. helicity-0 amplitudes, because we have
only s-wave rescattering. Helicity-2 contributions would necessarily involve the d-waves and
higher due to conservation of the angular momentum. For exactly the same reason we have
no angular dependence of the loop contribution. The sum of the 3 diagrams is finite because
it is proportional to g1 ¢o, i.e, the two external momenta. This happens indeed due to current
conservation. In this case the superficial divergence of the result is less then the superficial
divergence of each diagram.

For the considered theory the one-loop amplitude for the case when one of photons has zero
virtuality has the following covariant decomposition :

[z‘M(;l)AQ]QLO =ie’e"(q1, M)e” (g2, \2) | Pr(s, Q, Q3) (@1 - @29 — qouq1v) +
2—
3.32
Q3 . . (332)
+ X [FL(Sle’Q2) *FT(SleaQQ)] q2u491v ’
Q3=0

F(s) denotes the (dimensionless) form factor describing the transition of photons to a scalar
pair at one-loop order and the subscripts 7' and L stand for transverse and longitudinal photons
respectively.
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3.1 Sum rules in perturbation theory

The explicit expressions for form factors are given by :

1
FT(s,Q3%,0) = 5 {s + Q¥+ 4m2arctanh25+

1
(2m)%(s + Q1)

3.33
9 1 9, g k+1 9 k+1 ( )
+2Qlﬁarctanh5 —m“In" —— — Q7K 1n 1(

k—1 K —

1
4(2m)%(s + Q2)2

k+1 k+1
— (s—@%)ln2 . +4(3—Q%)nln },

K — k—1

FL(s,Q3%,0) = {8(5 +Q7) + 4arctanh; [—4sﬁ + (s — Q%)arctanh;] —

(3.34)

with k = /1 + 4m?2/Q?.
Next-to-leading order corrections to the cross-sections are given by an interference of the
tree-level amplitudes with the one-loop :

™

= [ dcosf <ME\11)A2M(AO);,2 + ME\(?AQM(U* ) ) (3.35)

1)
w!
i NG

/\/1 )\/2)\1 )\2 327T
0

which can be related to cross sections using Eqgs. (2.12). The cross sections o9, 0, oy, vanish
at this order according to previous discussion. The non-vanishing response functions for the
case when one photon is (quasi-)real are given by

1 1
78] g0 = |71 g = oAmBErRe P (5,01, 0,

i) 2 B ) . (3.36)
0103 - =« )\ﬂ'm [ELFr(s,Q1,0) — &rFr(s, QF,0)],

where we used the notation:

§r = 5(8-12-62%) [ﬁQ% + 4m2arctanhﬁ] ,
9 , (3.37)
§L = m [—253 + (s — Ql)arctanhﬁ] .

We firstly study the sum rules Egs. (2.79a), (2.79b) and (2.79¢c) for the case of one real
or quasi-real photon Q3 — 0 and for arbitrary space-like virtuality of the other photon. As
the one-loop contribution to 77, vanishes for one quasi-real photon, one notices that the sum
rule of Eq. (2.79b) is trivially satisfied. For the sum rules of Egs. (2.79a) and (2.79¢) the
corresponding integrands multiplied by s for the case of one real or quasi-real photon and for
different virtualities of the other photon are shown on Fig. 3.9 and Fig. 3.10. One can clearly
see how the low and high-energy contributions cancel each other. Thus all three sum rules of
Eqgs. (2.79a), (2.79b) and (2.79c) are exactly verified for arbitrary space-like values of Q2. One
notices from Figs. 3.9 and 3.10 that for larger values of 2 the zero crossing of the integrands
shifts to larger values of s, requiring higher energy contributions for cancellation to take place.
For the helicity difference sum rule of Eq. (2.79a) one notices that analogously to the leading
order result, g dominates at low energies while with increasing energies o9 overtakes. For the
one-loop contribution, it was verified both analytically and numerically that the sum rule is
obeyed at the one-loop level.
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Figure 3.9: The integrand of the SR (2.79a) Figure 3.10: The integrand of the SR (2.79¢)

in one-loop approximation in the for the scalar QED in one-loop
scalar QED. The definitions of approximation. The definitions
the curves are as in Fig. 3.4. of the curves are as in Fig. 3.4.

Finally using Eqs. (2.80a, 2.80d), we obtain for the O(a?)) contributions to the lowest order
coefficients ¢; and c3 :

1 [  o0(s0,0 2\ 1 [ ,0,0
Cl:/ dS II( 5 ) = — @ 517 Cy) = — C].Sioj_(s2 ) :0,
8T Jumz2 S 4608mm 8T Jumz2 s (3.38)
1 [ | 00(s,0,0) a?\ .
4 =—— ds = .
AT g2 53 864072mS
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3.2 Sum rules in non-perturbative field theory

ol Dol 3

Figure 3.11: The contribution to the «y-fusion process within the ¢* field theory considered in
this work. The solid lines denote the charged scalar fields.

3.2 Sum rules in non-perturbative field theory

We already demonstrated how the sum rules are realized in a perturbation theory for the tree
level amplitudes as well as for the one-loop corrections. Now we are going to examine the sum
rules at higher orders of perturbation theory and study how they apply in the non-perturbative
regime.

Being based on general assumptions about analytic structure of the amplitude and unitar-
ity, sum rules apply also outside the regime where perturbative expansions hold. As sum
rules are consequences of such general principles as analyticity and unitarity, they allow to
establish rigorous relations between physical observables, even when the underlying theory is
non-perturbative in nature and cannot be solved exactly at the moment.

Studies of causality constraints on the basis of different sum rules were carried out in the
past in a number of different contexts. Especially the realization of the well-known GDH sum
rule within perturbative field theory was analyzed for spin-1/2 targets at the lowest nontrivial
order [96] as well as at higher orders in QED [97]. In Refs. [98, 99| consequences of the sum
rules within asymptotically free theories were considered. In more recent years, they have also
been discussed within the context of quantum gravity [100, 101].

In the following, we will use light-by-light scattering sum rules as a tool to study causality
constraints within a model field theory, the ¢* scalar theory. We will consider a bubble-chain
resummation and demonstrate it to be consistent with causality to all orders of perturbation
theory. Furthermore, it is shown that the sum rule strictly defines the non-perturbative struc-
ture of the solutions which arise dynamically within this approximation. In a particular regime
of the coupling constant the spectrum of solutions contains a dynamically generated bound
state and a K-matrix pole. For another domain the solution possesses an unphysical pole with
negative invariant mass being a direct sign of the inconsistency of the approximation.

3.2.1 Bubble-chain sum

A class of diagrams naturally arises when one analyzes how the sum rules are realized at higher
orders in perturbation theory, and in fact beyond perturbation theory. In the following, we
discuss the contribution of the bubble-chain type diagrams to the yy-fusion process as shown on
Fig. 3.11, where the shaded blob now denotes a bubble-chain contribution to the four-particle
vertex, as shown in Fig. 3.12. The bubble-chain approximation arises in many contexts, but
most notably as the leading large-N result of the O(N) models. The interest in such an
approximation is due to the fact that it preserves much of the non-linear structure of the exact
theory [102, 103].

The bubble-chain only contributes to the helicity-0 amplitude M, with the n-bubble con-
tribution being given by

M (s) = dra Xg [~ Ao B(s)]" 2F (). (3.39)

In the dimensional regularization scheme the one-loop corrections to the four-particle vertex,
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>00- (X

Figure 3.12: The bubble chain corection to the four-point vertex function arising in the scalar
¢* theory.

corresponding with a single bubble in Fig.C.16, can be expressed through the scalar integral:

d4 1
B(s) = —i(4 24d/ : 3.40
(8) = =i (4m)°n @m) (g1 + g2 + )2 — m2 + ic] 12 — m? + ie] (3.40)

This integral has the explicit form:
2 1+5 . 2

B(s) = —Lg(p*)+2— 5 In -5 +imB0(s — 4m*). (3.41)
Here Ly = —2/(4 — d) + g + log(m? /4w p?) is the dimensional regularization factor and p is
the corresponding dimensional regularization scale, g = —I"(1) ~ 0.5772 is Euler constant.

We define a renormalized coupling constant A by the equation
A7) = Nt = La(p?) + 2. (3.42)

This gap equation allows to renormalize the calculated contribution to each order perturba-
tively. Using such renormalization, leads to the renormalized (subtracted) one-loop four-point
function:

B(s) = B(s) — B4m?) = =8 In 1—‘_? +imB0(s — 4m?). (3.43)
We notice that our renormalization procedure is conveniently chosen so as to make a subtraction
at threshold: B (4m?) = 0. We show the real and imaginary parts of the renormalized function
B(s) versus s in Fig. 3.13.

The interference of two chain diagrams with total number of (n — 1) bubble loops gives rise
to a cross-section correction of the order (’)(5\”) For the helicity-difference cross-section, which
in the given case is equal to the helicity-0 cross section, we obtain as correction beyond the
tree-level:

n—2
A0(s) = (3" g {5Re F)B(s)] — PP Y BiGs) [B72(s)] } - (349)
1=0

S

We note that the renormalized mass m, which enters the cross-section of Eq. (3.44) is also p
dependent such that the full result is not. A very nice discussion of the renormalization scale
dependence in this model can be found in Section II of Ref. [103].

We checked explicitly that the expression of Eq. (3.44) satisfies the helicity-difference sum
rule exactly in each order of perturbation theory, i.e.

[e.e]

~ (n)
M) = / s 2700) g, (3.45)
S
4m?2

In Fig. 3.14, we plot the integrands of the sum rule at different orders of perturbation theory.
One sees that in all cases the low- and high-energy contributions cancel.
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3.2 Sum rules in non-perturbative field theory

B(s)

Figure 3.13: Real and imaginary part of the renormalized one-loop correction to the four-point
function of Eq. (3.43), as function of s.

It is well-known in quantum field theory that when trying to sum the different orders of
perturbation theory, the resulting series is mostly divergent and has at best a meaning as
an asymptotic series, a notable exception being the case of theories which have the property
of asymptotic freedom [104, 105, 106]. As a result, the perturbation theory often can not
determine the solution uniquely. If we are only interested in perturbative phenomena, it is not
a problem to deal with it in the region of small coupling constants. However if we are interested
in non-perturbative phenomena then we are faced with the problem to give a meaning to a
divergent series.

For example, the photon propagator calculated in the leading logarithmic approximation
possesses an unphysical pole associated with negative invariant mass and negative probability,
usually called the "Landau ghost" [107, 108]. In QED, however, due to the smallness of the
coupling constant the ghost appears at an extremely high energy scale, and the results at
the energy scales accessible in experiment are not influenced by it. However, in contrast to
the QED case, in the theory under consideration the coupling constant is not constrained to
small values, and we are faced with the need to regularize our solution. The appearance of
the Landau singularity is usually attributed to non-Borel-summability of the considered series,
where some individual Feynman amplitudes are positive and grow like the factorial of the
number of vertices producing a singularity on the real positive axis of the Borel transform of
the perturbative series [109]. A similar situation arises also in the context of our model. We can
easily see how non-Borel-summability manifests itself in the context of sum rules, by analyzing
the contribution from the high-energy region to the sum rule integral. In the example under
study, the cross section Eq. (3.44) in the n-bubble approximation behaves at large s as:

<. (Ins/m?)n=2

Ac™(s) ~ A" (3.46)

S

The contribution of the high-energy region to the sum rule integral can then be approximated
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Figure 3.14: The integrand of the sum rule Eq. (3.45) for the scalar QED with four-particle
self-interaction. The (red) fine-dashed line corresponds with the one-loop approx-
imation, the (purple and blue) medium- and large-dashed lines correspond with
two- and three-loop approximations respectively, the (black) solid line corresponds
with the non-perturbative sum of loop diagrams. The integrands are shown for

A= -4
by:
OOAU(")(S) Oo~n(ln s/m?)n—2 “n 1 A?
/SdSN/)\ Tds:)\ (n—2)!p <1+lnm2+(’)(1/n)> . (3.47)
A2 A2

where A2 > m2. As we see for positive A the high-energy contribution to the sum rule integral
is positive definite and grows factorially with the order of perturbation theory, which amounts
to the non-Borel summability of the series

I\ = ilw(ﬂ) = i / A”(:)(S) ds . (3.48)
n=0 n=0

As a result we can consider > 7 Ag(™ (s) only in the sense of an asymptotic series. According
to Poincaré [110], a divergent series is an asymptotic expansion of a function f(A) if

FO) =Y fidt
k=0

lim [1 ] =0, forn > 0. (3.49)
[A|=0 | A™

This definition implies that an asymptotic series does not define a function uniquely. The
expansion coefficients of a function of the type e=1/* > r—o fr\F being identically zero, such a
function can be added to f(\) without changing Eq. (3.49)[111].

Thus it is natural to expect that in order to obtain the correct behavior of I (:\) for positive A,
one has to modify a formal resummation of the geometric series of renormalized bubble-chain
corrections to the cross section in Eq. (3.44), which is given by:

2
} , (3.50)

F(s) F(s)
Ty B<SJ * ’x—l L B(s)

Ao(s) = Z Ao (s) = Agltree) — a24£ﬁ {fRe [5\
n=0
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3.2 Sum rules in non-perturbative field theory

where the tree-level cross section satisfies the sum rule by itself. As was discussed above, due
to the non-Borel-summability of the series of Eq. (3.48), we do not have any reasons to expect
that the sum rule integral will vanish for the resummed theory. In Fig. 3.15 we show the
dependence of the sum rule integral for the cross section of Eq. (3.50) on the value of A We
indeed notice from Fig. 3.15 that the sum rule is only valid for negative values of (denoted
by region I), but is violated for positive values of A (regions IT and IIT on Fig. 3.15), showing
that the naive procedure of the resummation is not applicable. In order to preserve validity of
the sum rules beyond the region I, we need to find a way to evaluate the cross section correctly.
We will discuss the physical situation for the three regions of X in the following.

0.7' 1 |
0.6 l l
= 0.5F :
5 o4 N
2w perturbative || 7 instability
T 0.3F regime | E
S} i B
s 02 |
= 1|
E o
0.0 Sttt ittt
I I U 111
Y () [ S P P B 1 P R 1
-4 =2 0 2 4 6 8 10

Figure 3.15: The dependence of the sum rule integral for the helicity difference cross section of
the vy — X process on the inverse coupling A~ 1.

3.2.2 Discussion of the results
Region | : convergent perturbative expansion

Though the sum of Eq. (3.48) is formally undetermined, we can still use a naive resummation
at least in the region of negative \, as one can see from Fig. 3.15. For A~! < 0 (region I) the
series is alternating-sign, since ReB (s) < 0, and one can expect the series to be resummable.
Alternatively we can interpret such a resummation at the level of photon-photon-fusion ampli-
tudes by summing up contributions of bubble-chain diagrams at different orders, which yields
the amplitude :

2F (s)
M,y (s,0) = Mitree) $,0) +4drox ——=— 3.51
++(s,0) = M (s,0) it B0 (3.51)
with tree-level amplitude given as in Eq. (3.1). Squaring the amplitude of Eq. (3.51) then
yields the cross section of Eq. (3.50). In the region I, the amplitude (3.51) has no poles for all
complex values of s, and the series is conventionally convergent for all values of s. Thus the

formal resummation of Eq. (3.50) satisfies the sum rule.

Region Il : Bound state and K-matrix pole

Now we proceed to the discussion of the second domain, denoted by region II on Fig. 3.15. In
the range of 0 < A~! < 2 the sum rule is not valid for the naive cross section, given by Eq. (3.50).
It is easy to see that the amplitude of Eq. (3.51) acquires additional singularities below the
two-particle production threshold. Indeed from Fig. 3.13 we can see that the imaginary part
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of B (s) vanishes for s < 4m? and monotonically increases for s > 4m?2. The real part satisfies
the inequality }
—oo < ReB(s) <0, (3.52)

for 0 < s < 0o, with the upper limit attained for s = 4m2. Thus we see that for \™! > 0 there
is always a S-matrix pole for s < 4m?2. Above the two-particle threshold, there is a value of s
where A™! = —ReB (s), corresponding with a K-matrix pole as will be discussed below.

We firstly discuss the S-matrix pole below the threshold. Such a pole is usually interpreted
in a relativistic field theory as s bound state with a propagator given by :

1

Pgp(s) = -y

(3.53)

One notices from Fig. 3.13 that the mass of the bound state varies continuously from M]23 = 4m?
for \™1 =0 to M% =0 for A=} = 2 as we sweep over the bound state region on Fig. 3.15. In
general, the position of the bound state pole is defined by the equation :

A= —B(M3). (3.54)

It is important to note that the bound state singularity is not described by perturbation theory
being essentially of non-perturbative nature. The (effective) coupling of the ¢p¢* to the bound
state is defined by the residue of the pole as :

1 ~ 2 d ~

_ , 3.55
B (359)

2
Geft
and the coupling of the bound state to two photons is given by €22F(s). Then the second term

in Eq. (3.51) corresponds to a Feynman graph on Fig. 3.16 where the dashed line denotes the
propagation of the bound state and the bubble loops define the mass correction.

OO <

Figure 3.16: The ~~v-fusion amplitude corresponding with the dynamical generation of a bound
state.

The agreement with the sum rule can now be remedied by treating the bound state as a new
asymptotic state of the theory and thus including the channel of its production in v+ collisions,
see Fig. 3.17. The total helicity cross-section for the case of the single particle final state can
be defined as follows:

4
Ao(s) = % / (if)’g 5(p — g1 — 0)(2m) 6 (s — M2)|M]2. (3.56)

Figure 3.17: The amplitude of the bound state production in the yvy-fusion process.
The contribution of the bound state production to the helicity-0 cross section is:

2
Jeft

Mg,

g7 (s) [F(M3)[6(s — MB). (3.57)

= 4o
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3.2 Sum rules in non-perturbative field theory

It is not difficult to see now that its contribution to the sum rule integral:

4 2
| e ) = ama® S PP, (3.58)
0 S MB

exactly counter-balances the contribution of the vy — ¢¢* channel shown in Fig. 3.15. Thus
the causality is restored in this region of A

We now turn to the position of the singularity above the two-particle threshold. To describe
the elastic ¢¢ scattering in the bubble-chain approximation in the ¢* theory, we only need to
consider S-wave scattering. The (dimensionless) elastic forward scattering amplitude f(s) is
expressed through a real phase shift d(s) as:

f(s) = € siné(s), (3.59)

or through the K-matrix amplitude K(s) = tand(s) as:

f(s) = Kl(ls) — (3.60)
Since the imaginary part of the loop function is
Im B(s) = 780 (s — 4m?), (3.61)
for s > 4m? we can define the elastic amplitude as :
-1
f(s) :77,85\113(8) = <—5;B+ilniﬁ—i> , (3.62)
and hence
K (s) = Ly Bpits (3.63)

In Fig. 3.18 we show plots of the phase shift for different values of the coupling constant. Note
that for positive A the phase-shift starts from 7 which indicates the presence of one bound state.
Also for positive A the phase shift crosses 7/2 at s > 4m? satisfying the following equation:

A= —ReB(M2Z). (3.64)

This is the location of the K-matrix pole, corresponding with a scattering amplitude which
becomes purely imaginary. Usually this behaviour is attributed to a resonance. However,
above the threshold, the imaginary part of B(s) is not zero for all complex s and \ is real, the
amplitude (3.51) does not possess a S-matrix pole for s > 4m?. Hence there is no resonance
associated with this K-matrix pole. Note that on the left side of region II on Fig. 3.15,
corresponding with A1 =0, the K-matrix pole merges with the bound state and is defined by
the position M?( = 4m?. When reaching the right side of region II on Fig. 3.15, corresponding
with A~! = 2, the mass is obtained from ReB(M%) = 0, which implies M# ~ 13.1m?.

Region Ill : Ground state instability and tachyonic solution

If A1 becomes larger than +2 (corresponding with region III on Fig. 3.15), the binding energy
of the bound state exceeds 2m, and the pole crosses the point s = 0, moving into the unphysical
region s < 0, and producing a tachyonic solution (a pole with negative invariant mass). The
occurrence of a pole for negative values of s signals that the ground state of the theory is
unstable [102, 103]. We could formally still include this pole in the yy-production channel as
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Figure 3.18: Phase shift for different values of .

an asymptotic state and add its contribution to the total cross section in the same way as we
did for the bound state, which restores the validity of the sum rule. For small positive values
of A, i.e. A1 — 400, corresponding with the right asymptotic edge of the region III in Fig.
3.15, the contribution of the tachyon pole is vanishingly small and the sum rule is satisfied
approximately. This is consistent with the observations in other models, for example, in the
leading logarithmic approximation in QED, where the position of the Landau pole appears
at very large scales due to the smallness of the fine structure constant. The position of the
tachyon pole in this limit is defined by

M2~ —el/A, (3.65)

which shows explicitly the non-perturbative structure of this contribution. The contribution
of this pole in this sum rule is asymptotically defined as

Ac(s) ~1/M?* ~ —e~ VA (3.66)

and vanishes when A™' — +oo. However such a procedure has a number of inconsistencies.
Being required by the sum rule such extra contribution spoils the general principles of field
theory. The cross section of Eq. (3.66) is negative, thus indicating that the appearance of a
tachyon ghost state contradicts the usual quantum mechanical probabilistic interpretation and
spoils unitarity. Moreover, the delta function is located at a space-like squared four momentum
—M? indicating the occurrence of a tachyonic instability and spoiling the analyticity principle.
All these facts show that the bubble-chain approximation is essentially inconsistent in region
IIT of the coupling constant. For the full theory, such unphysical state will not appear among
the exact eigenstates.
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3.3 Meson production in vy collision

3.3 Meson production in v collision

In the previous section, the sum rules of Egs. (2.79a, 2.79b, 2.79¢) integrating to zero have been
shown to hold exactly in perturbative calculations (e.g., in QED or QCD in the perturbative
regime) and in the non-perturbative regime. As their derivation is general, their realization
in QCD, in its non-perturbative regime, allows to gain insight in the y*y — hadrons cross-
sections. This was illustrated in Ref. [22] for the sum rule of Eq. (2.79a). In the following,
we will elaborate on the discussion of Ref. [22| and extend it to the other sum rules presented
above. The required non-perturbative input for the absorptive parts of the sum rules are the
~v*~ — hadrons response functions. We will perform an analysis by estimating the hadronic
contributions to these response functions by the corresponding v*y* — M (with M a meson)
production processes, which are described in terms of the y*y* — M transition form factors.

3.3.1 Real photons

We first consider the helicity sum rule of Eq. (2.79a) with two real photons producing a meson,
as well as the sum rules of Eq. (2.80d) for the mesonic contributions to the low-energy constants
c1 and co describing the forward light-by-light scattering amplitude. When producing mesons,
the sum rules will hold separately for states of given intrinsic quantum numbers. Therefore, we
will separately study the sum rule contributions for light quark isovector mesons (Table 3.1),
for light quark isoscalar mesons (Table 3.2), as well as ¢¢ mesons (Table 3.3). For the isoscalar
mesons, one could in principle separate the contributions according to singlet or octet states
(or alternatively according to (u@ + dd)/v/2 or s5 states). The corresponding mesons involve
mixings however which complicate such separation, as this mixing is not known well enough for
some of the states. We will postpone such a separation for a future work and add all isoscalar
meson contributions in the present work.

The pseudo-scalar mesons contribute to the helicity-0 cross section only, given by Eq. (2.17).
The corresponding contributions to the helicity sum rule of Eq. (2.79a) as well as the ¢; and
co sum rules are shown for the 7¥ in Table 3.1, for the 7,7’ in Table 3.2, and for the 7.(15)
state in Table 3.3.

Besides the pseudo-scalar mesons, also scalar mesons can only contribute to og. We show
the contributions of the ap(980) in Table 3.1, for the fp(980) and f;(1370) in Table 3.2, and
for the xq0(1P) state in Table 3.3. For the scalar mesons, mainly the f}(1370) state gives a
sizable contribution due to its large 27 decay width. An analogous analysis for the contribution
of the fp(500) may yield a sizable although largely uncertain contribution. The uncertainty
mainly comes from the relatively large range in the extracted values for the 2v decay width
I'y, as well as the mass of the fy(500), as listed by the PDG [1|. Furthermore, given the
large width of the fy(500), a strong interference with the 4y — 77 non-resonant background
contribution is expected here. Estimating such contribution goes beyond the narrow resonance
analysis performed in this work, and will require to perform the sum rule analysis directly
for multi-meson channels (77, KK, ...). Such an analysis is certainly an interesting topic for
future studies.

For the helicity sum rule, one notices that in order to compensate the large negative con-
tribution from the pseudo-scalar mesons, and to lesser extent from the scalar meson states,
an equal strength is required in the helicity-2 cross section, oo. For light quark mesons, the
dominant feature of the helicity-2 cross section in the resonance region arises from the multiplet
of tensor mesons f2(1270), a2(1320), and f}(1525). For c¢ tensor mesons, the dominant tensor
contribution is given by the yx.2(1P) state.

Measurements at various eTe~ colliders, notably the recent high statistics measurements
by the BELLE Collaboration of the v cross sections to 777, 7%7%, nx?, and KT K~ chan-
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nels [112, 113, 114] have allowed to accurately establish their parameters. For the light quark
mesons, the experimental analyses of decay angular distributions have found [115] that the
tensor mesons are produced predominantly (around 95% or more) in a state of helicity A = 2.
We will therefore assume in all of the following analyses that I'y, (7T (A =0)) =~ 0, and that
I'yy (T(A=2)) = I',y(T) in Tables 3.1, 3.2, 3.3. We show all tensor meson contributions to
the helicity difference sum rule as well as the ¢y, co sum rules for which the 2y decay widths
are known.

For the isovector meson contributions to the helicity sum rule, shown in Table 3.1, we con-
clude that the lowest isovector tensor meson composed of light quarks, a2(1320), compensates
to around 70% the contribution of the 7, which is entirely governed by the chiral anomaly.
Including the a¢(980) and a2(1700) meson contributions, one notices from Table 3.1 that the
deviation from zero for the helicity sum rule is at the 3 o level. This is most likely due to
additional, yet unmeasured, two-photon strength at higher energies in the tensor channel, con-
tributing to oo. The perturbative calculation for the vy — ¢g cross sections indeed shows that
at higher energies o9 dominates over o, see Fig. 3.5. Using a duality argument, one can then
expect additional strength from tensor mesons at higher energies.

For the isoscalar states composed of light quarks, the cancellation is even more remarkable:
the sum of f2(1270) and f5(1525), within the experimental accuracy, nearly entirely com-
pensates the combined contribution of the 7 and 7’ mesons. Also here, one may expect the
remaining strength to arise from tensor mesons at higher energies.

mar F’W f % Ao C1 C2
[MeV] [keV] [nb] [107% GeV~4] | [107* GeV 4]
0 134.9766 4 0.0006 | (7.8 +0.5) 10~ [ —195 + 13 0 10.94 £0.70
ao(980) 980 £ 20 0.340.1 —20£8 | 0.021 +£0.007 0
az(1320) | 1318.3+0.6 1.00 £ 0.06 134£8 | 0.039+0.002 | 0.039 =+ 0.002
a(1700) 1732 £ 16 0.30 & 0.05 18+3 | 0.003+0.001 | 0.003+ 0.001
| Sum | | | —63£17 | 0.06+0.01 | 10.98+0.70 |

Table 3.1: vy sum rule contributions of the light quark isovector mesons based on the present
PDG values [1] of the meson masses (mys) and their 2y decay widths I',. Fourth
column: o9 — og sum rule of Eq. (2.79a). Fifth, sixth columns: ¢;, cy sum rules of
Egs. (2.80a, 2.80d) respectively.

For the cc states, one notices that the known strength in the tensor channel from the y.2(1P)
state only compensates about 20% of the strength arising from the 7.(15) and x.o(1P) states.
We can however expect a sizable contribution to this sum rule from states above the nearby DD
threshold, which we denote by sp = 4m% ~ 14 GeV?, using the D-meson mass mp ~ 1.87 GeV.
So far, the helicity cross sections have not been measured above DD threshold. To estimate
this continuum contribution to the helicity sum rule, which we denote by I.,.:, we use a
quark-hadron duality argument [116] , which amounts to replacing the integral of the helicity
difference cross section for the vy — X process (with X any hadronic final state containing
charm quarks) by the corresponding integral of the helicity difference cross section for the
perturbative vy — c¢ process :

7o 7o
Lot = / s ~ [o — o0] (17— X) ~ / ds ~ [oa — o0] (7 = c@), (3.67)
Sp SD

where the perturbative cross section is given in Appendix B.2. The duality expressed by the
approximate equality in Eq. (3.67) is meant to hold in a global sense, i.e. after integration over
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3.3 Meson production in vy collision

mar F’Y’Y f % Ao C1 (6))
[MeV] [keV] [nb] [1074GeV~4] | [107%GeV ]
n 547.853 +0.024 | 0.510 +0.026 | —191 + 10 0 0.65 + 0.03
7 957.78 4 0.06 | 4.2940.14 | —300=+10 0 0.3340.01
£0(980) 980 + 10 0.29+0.07 | —19+5 | 0.020+0.005 0
f4(1370) | 1200 — 1500 38+ 1.5 —91 436 | 0.049 4 0.019 0
f2(1270) | 12751 +1.2 3.034+0.35 | 449+52 | 0.141+0.016 | 0.141 +0.016
f5(1525) 1525+ 5 0.081 =+ 0.009 7T+1 0.002 4 0.000 | 0.002 =+ 0.000
f2(1565) 1562 + 13 0.704+0.14 | 56411 | 0.01240.002 | 0.012 4 0.002
| Sum | \ | —89+66 | 022+0.03 | 1.14+0.04

Table 3.2: vy sum rule contributions of the light quark isoscalar mesons based on the present
PDG values [1] of the meson masses (mas) and their 2y decay widths I'y,. Fourth
column: o9 — o sum rule of Eq. (2.79a). Fifth, sixth columns: ¢, co sum rules of
Egs. (2.80a, 2.80d) respectively.

myy Iy S/ % Ao c1 ca
[MeV] [keV] [nb] [1077GeV™4] | [1077GeV Y
n:(15) 2080.3+1.2 | 6.7+09 | —15.6+2.1 0 1.79+0.24
Xco(1P) 3414.75+0.31 [ 232+£0.13 | —3.6+0.2 | 0.31 £0.02 0
Xe2(1P) 3556.24+0.09 | 0.50+0.06 | 3.4+04 | 0.144+0.02 | 0.14+0.02
| Sum resonances | | | -15.8+£2.1 | 049+0.03 | 1.97£0.24 |
‘ continuum ‘ ‘ ‘ 15.1 ‘ ‘ ‘
resonances
+ continuum —0.7£21

Table 3.3: vy sum rule contributions of the lowest ¢¢ mesons based on the present PDG val-
ues [1] of the meson masses (mys) and their 2y decay widths I'y,. Fourth column:
the o9 — 0¢ sum rule of Eq. (2.79a), for which we also show the duality estimate of
Eq. (3.70) for the continuum contribution above DD threshold (/5 > 2mp), as well
as the sum of resonances and continuum contributions. Fifth, sixth columns: ¢y, co
sum rules of Egs. (2.80a, 2.80d) respectively.

the energy of the helicity difference cross section above the threshold sp. As we have verified
in Section 3.1 that the perturbative cross section satisfies the helicity sum rule exactly, i.e.

[e. o]

0= / dsé (02 — 00] (77 — 2, (3.68)

4m?2
with m,. the charm quark mass, we can re-express Eq. (3.67) as:

SD

1
Tont =~ — / ds B [0 — 0o (yy — c@). (3.69)

2
4mz

Using Eq. (3.14) for the v — c¢ helicity difference cross section, we finally obtain:

SD
1 4m? Am2
Loomt ~ —87 a2 / dssQ{—ZS 1- T:c +21n<2‘/g 14+4/1— TCD} (3.70)

4m2 ‘
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Chapter 3 Applications of the sum rules

Using the PDG value m. = 1.27 GeV [1], we show the duality estimate for —I .y, in Fig. 3.19,
as function of the integration limit sp (solid red curve). Using the physical value of the DD
threshold, sp ~ 14 GeV?, we obtain: I.,n: ~ 15.1 nb. We notice that within the experimental
uncertainty, this fully cancels the sum of the 7.(1S5), xc0(1P), and x.2(1P) resonance contri-
butions to the g9 — 0¢ sum rule, as is shown in Table 3.3. This cancellation quantitatively
illustrates the interplay between resonances with hidden charm (c¢ states) and production of
charmed mesons in order to satisfy the sum rule. It will be interesting to further test this exper-
imentally by measuring the 7y production cross sections above DD threshold, where a plethora,
of new states (so-called XY Z states) have been found in recent years, see e.g. Ref. [117] for a
review.

[nb ]

- Icont

=20

0 10 20 30 40 50 60 70
sp [GeV?]

Figure 3.19: Solid (red) curve: duality estimate for the negative of the continuum contribution
of Eq. (3.70) to the helicity difference sum rule for charm quarks as function
of the integration limit sp, which represents the threshold for charmed meson
production (DD threshold). For reference, the dashed (blue) horizontal curve
indicates the sum of the 7.(15), xc0(1P), and x.2(1P) resonance contributions to
the o9 — 0 sum rule, as listed in Table 3.3. The intersection between both curves
near the physical DD threshold, sp ~ 14 GeV? indicates a perfect cancellation
between these resonance contributions and the duality estimate for the continuum
contribution.

We have also computed the meson contributions to the forward light-by-light scattering
coefficients ¢; and ¢ (fifth and sixth columns respectively in Tables 3.1, 3.2, 3.3). The di-
mensionality of these coefficients requires them to scale with the meson mass my; as 1/m};.
Therefore, the higher mass mesons contribute very insignificantly to these coeflicients. One
notes that the coefficient c¢1, which involves the cross section o, does not receive any con-
tributions from pseudo-scalar mesons, and is dominated by the tensor mesons a2(1320) and
f2(1270), with smaller contributions from the scalar states around 1 GeV. On the other hand,
the coefficient co, which involves the cross section o , is totally dominated by the contributions
from pseudo-scalar mesons, especially the light 7°, with contributions of 1 and 7’ at the 10%
level of the ¥ contribution.
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3.3 Meson production in vy collision

3.3.2 Virtual photons

We next discuss the sum rule of Eq. (2.79b) when both photons are quasi-real. One immediately
observes that pseudo-scalar mesons do not contribute to this sum rule. However scalar, axial-
vector and tensor mesons will contribute to this sum rule. The sum rule will therefore require
a cancellation mechanisms between scalar, axial-vector and tensor mesons, which we will study
subsequently. According to Eq. (2.26), scalar mesons (with mass mg) can only contribute to
the o term in the sum rule, and their contribution is given by:

1 2 T'1(S)
/dssz [Ull]Q§: 3_o = 167 e, (3.71)

mg

In contrast, Eq. (2.35) shows that axial-vector mesons (with mass my4) can only contribute
to the 7¢; term in the sum rule as:

/ds1 [ L ] = —8r? M, (3.72)
s | Q1Q2 Q2=Q2=0 my

where we introduced the equivalent 2y decay width T (A) of Eq. (2.31).

The tensor mesons in general contribute to both terms of the sum rule of Eq. (2.79b). For
the oy contribution, we will use the experimental observation that light tensor mesons are
produced predominantly (around 95 % or more) in a state of helicity A = 2, as discussed
above. Neglecting therefore the much smaller og term, we obtain from Eq. (2.57):

! 11 2 5T(T)
/d‘s 2 71 g2—g3=0 = /ds 25 2lg—q3—0 =81 — 5—, (3.73)

mp

with tensor meson mass mp. For the 7§, contribution to the sum rule of Eq. (2.79b), one
sees from Eq. (2.57) that it involves a helicity-1 amplitude for tensor meson production by
quasi-real photons, which unfortunately is not known experimentally for any tensor meson. It
is reasonable to assume that for quasi-real photons this amplitude is much smaller than the
helicity-2 amplitude which is known to dominate in the real photon limit. We will therefore
neglect the helicity-1 contribution in the following analysis.

One notes from Eqs. (3.71, 3.72, 3.73) that only axial-vector mesons give a negative contribu-
tion to the sum rule of Eq. (2.79b), whereas scalar and tensor mesons contribute positively. As
the sum rule has to integrate to zero, one therefore obtains a cancellation mechanism between
axial-vector mesons on one hand, and scalar and tensor mesons on the other. In Table 3.4,
we show the contributions of the lowest lying scalar, axial-vector and tensor mesons, for which
the 2y widths are known experimentally. One sees from Table 3.4 that the two lowest lying
axial-vector mesons f1(1285) and f1(1420) are entirely cancelled, within error bars, by the con-
tribution of the dominant tensor meson f»(1270). Using the experimentally known 2+ widths,
the deviation of the (zero) sum rule value is at the 20 level, which hints at a moderate contri-
bution of either another higher mass axial-vector meson state or a non-resonant contribution
with axial-vector quantum numbers.

At finite Q?, for Q3 = 0, the three sum rules of Eqgs. (2.79a, 2.79b, 2.79¢) imply relations
between the transition form factors for the contributing mesons. To date, experimental results
for the v*y — meson FFs only exist for the pseudo-scalar mesons 7°, 7,7/, and 7.(15), as
well as for the axial-vector mesons f1(1285), and f1(1420). For other mesons, in particular
the tensor mesons, the corresponding form factors still wait to be extracted. We have seen
from Table 3.2 that for real photons the dominant contributions to the helicity sum rule of
Eq. (2.79a) come from 7,7/, and f5(1270) mesons, where the f2(1270) contribution cancels
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Chapter 3 Applications of the sum rules

ma Lo | J%oy) | Jds [2gi] . | s oo
[MeV| [keV] [nb / GeV?] [nb / Ge\/z]z [nb / GeV?|
£1(1285) [ 1281.8 0.6 | 3.5+0.8 0 —93£21 —93£21
£1(1420) | 1426.4+0.9 |  3.240.9 0 —50 + 14 —50 & 14
fo(980) [ 980+10 [ 0.29+0.07 20+ 5 0 20+ 5
£4(1370) | 1200 — 1500 | 3.8+15 48 + 19 0 48 + 19
£2(1270) [ 1275.1+£1.2 | 3.03£0.35 | 138+16 >0 138 £ 16
£5(1525) | 1525+5 | 0.081£0.009 | 1.5+0.2 >0 1.5+0.2
f2(1565) | 1562+13 | 0.70 +£0.14 12£2 >0 12£2
| Sum | \ \ \ | 76+36

Table 3.4: Light isoscalar meson contributions to the sum rule of Eq. (2.79b) based on the
present PDG values [1] of the meson masses (mp) and their 2y decay widths I',.
For the axial-vector mesons, we quote the equivalent 2y decay width f’y'y of Table 4.3.
Fourth column: o contribution, fifth column: 77, contribution, sixth column: total
contribution to the sum rule of Eq. (2.79b).

to 90% the contribution from the 1 and 1’ mesons. We will therefore use the corresponding
sum rule of Eq. (2.79a) at finite Q? to estimate the v*y — f5(1270) helicity-2 FF from the
measured 1 and 7’ FFs, given by Eq. (2.20). Assuming that the helicity sum rule of Eq. (2.79a)
is saturated by the 7, 1/, and f2(1270) mesons, we then obtain:

@n2 m1?
5T T ;0 1 1
T’:;g(fQ) f2(2)( 1 ) ~ e s i ey . (3.74)
ro | T(0,0) (1+Q3/A2) (1+@3/n2)
where we have introduced the shorthand notation:
T
cp = @ (3.75)
mp

For Q? = 0, the f»(1270) meson contribution cancels to 90% the 7 + 1’ contributions to the
helicity sum rule. We can therefore use
5T
M ~ ¢y + (3.76)
M
which allows us to express Eq. (3.74) as:
- 1/2
2
15 QL0 | e : i ! (3.77)

0.0 " |ater Qe er (14 gy

We can obtain a second estimate for the T FF for the f5(1270) meson from the sum
rule of Eq. (2.79b). We have seen from Table 3.4 that for quasi-real photons the dominant
contributions to this sum rule come from f;(1285), f1(1420), and f2(1270) mesons, where the
f2(1270) contribution cancels to 95 % the contribution from the f;(1285) and f;(1420) mesons.
We can then also use the corresponding sum rule of Eq. (2.79b) at finite Q% to estimate the
vy = f2(1270) helicity-2 FF from the measured f;(1285) and f;(1420) FFs, using Egs. (2.38,
2.41). Assuming that the helicity sum rule of Eq. (2.79b) is saturated by the f1(1285), f1(1420),
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3.4 Conclusions

and f2(1270) mesons, which we denote by fi, f], and fa respectively, and retaining only the
supposedly dominant A = 2 FF for the tensor mesons, we obtain:

(2) 2 2
r 1 T ;0 1 1

5 ;35<f2> 2 f2(2)<1 | .., . .

% (1+Q21> 74%(0,0) (1+@3/83) (1+@3/%)

mfz 1

where
CAEMI (3.79)
my

For Q? = 0, the f»(1270) meson contribution cancels to 95% the f1(1285) + f1(1420) contribu-
tions to the sum rule of Eq. (2.79b), which implies:

50,,(f2)
# ~ cp, +cpy. (3.80)
2

This allows to obtain a second estimate for the T FF for the f»(1270) meson as:

()2 1/2 1/2
Tn QLO) <1+ QZ{) “h ! + A ! (3.81)
P e 2 , 1 : ARG
ng (0,0) me cp + Cr (1 + Q%/A?fl> cf + Crl (1 + Q%/A%)

In Fig. 3.20 we show the two sum rule estimates of Eqs. (3.77) and (3.81) for the FF T
for the tensor meson f(1270) using the known experimental information for either n,n" in
Eq. (3.77), or f1(1285), f1(1420) in Eq. (3.81). When taking the ratio of both estimates, one
sees that it is larger than 80% below 1 GeV? and around 65% around Q2 = 2 GeV?2. It will
be interesting to confront these estimates with a direct measurement of the 73 FF for the
f2(1270) tensor meson.

In an analogous way, we can provide an estimate for the az(1320) FF from the 7 FF. We
have seen from Table 3.1 that 7 and a2(1320) provide the dominant isovector contributions
to the helicity sum rule of Eq. (2.79a), where the a2(1320) contribution cancels to 70% the
contribution from the 7°. We can therefore use the sum rule of Eq. (2.79a) for one virtual
photon to estimate the helicity-two FF T(?) for the a2(1320) meson in terms of the 7% FF,

given by Eq. (2.20), as:

T2 (Q3,0) 1

70,00 (1+QF/A2) (382

As empirically the v*y — 70 FF is the best known meson transition FF, it will be interesting
to test the above prediction for the as(1320) FF experimentally.

3.4 Conclusions

We have studied the forward light-by-light scattering sum rules which involve energy weighted
integrals of y*v fusion cross sections, measurable at ee™ colliders, which integrate to zero
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Figure 3.20: Sum rule estimates for the form factor T2 (Q?,0)/T(3)(0,0) with helicity A = 2
for the tensor meson f2(1270). Red solid curve: sum rule estimate from Eq. (3.77),
using the experimental input from the n and 1’ FFs. Blue dashed curve: sum rule
estimate from Eq. (3.81), using the experimental input from the f1(1285) and
1(1420) FFs.

(super-convergence relations):

o0

1

50
[ 1 (s + Q%)

0 = ds ————= |oy + o + ———>7% ,
/ (s +Q3)? [ A @2=0
50

B TTL
0= /ds [Qle]ngo'

S0

In these sum rules the v*v fusion cross sections are for one (quasi-) real photon and a second
virtual photon which can have arbitrary (space-like) virtuality. The first of the sum rules
generalizes the GDH sum rule for the helicity-difference vy~ fusion cross section to the case of
one real and one virtual photon. The two further sum rules are for v* fusion cross sections
which involve longitudinal photon amplitudes.

These sum rules were tested and verified exactly at tree and one-loop level in scalar and spinor
QED for the case of two (quasi-)real and one virtual and one (quasi-)real photons. We have
observed that for larger values of the photon’s virtuality the higher energy contributions are
required for cancellations to take place. Another observation is that for the helicity difference
sum rule of Eq. (2.79a) the o cross section dominates at lower energies while with increasing
energies g9 overtakes. Similar pattern is observed in the production of the hadronic states
showing deep relation between perturbative production of ¢ pairs and hadronic resonances.
Furthermore, we have tested the criterium of the tree-level unitarity imposed by the sum
rules on the example of the massive spin-1 QED. We have observed that when applied to the
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processes of higher spin particles production the sum rules hold for the natural values of the
corresponding electromagnetic moments only.

Next, we have studied consequences of causality constraints imposed by the helicity-difference
sum rule for the forward light-by-light scattering process within the ¢* scalar quantum field
theory. Within this theory, we have performed a non-perturbative resummation of bubble
graphs. We have demonstrated that depending on the value of the renormalized self-interaction
coupling of the ¢* theory, three different regimes emerge. In a first regime, the perturbative
series is convergent and the sum rule as calculated from the continuum states in the theory
holds exactly. In a second regime for the renormalized coupling, the resummed amplitude
acquires additional singularities: a dynamically generated bound state below the two-particle
production threshold and a K-matrix pole above the two-particle production. Is was shown
that when evaluating the light-by-light sum rule, the bound state contribution exactly cancels
the continuum contribution, so as to verify the sum rule. Furthermore, we found a third regime
of the renormalized coupling where a tachyonic solution with negative invariant mass appears,
signaling that in this regime the vacuum is unstable and that the considered non-perturbative
resummation is essentially inconsistent.

The results within the considered model relativistic quantum field theory have demonstrated
that such sum rules provide a very powerful tool to quantitatively connect dynamically gener-
ated bound states with the continuum region of the theory. As such this can be a first step,
to apply such a tool e.g. to the study meson bound states produced in the y~v-fusion process
presently under study at different eTe™ collider facilities.

Finally, we have performed a detailed quantitative study of the new sum rules for the case
of the production of light quark mesons as well as for the production of mesons in the charm
quark sector. Using the empirical information in evaluating the sum rules, we have found that
the helicity-difference sum rule requires cancellations between different mesons, implying non-
perturbative relations. For the light quark isovector mesons, the 7% contribution was found to
be compensated to around 70% by the contribution of the lowest lying isovector tensor meson
a2(1320). For the isoscalar light quark mesons, the n and 7' contributions were found to be
entirely compensated within the experimental accuracy by the two lowest-lying tensor mesons
f2(1270) and f5(1525). In the charm quark sector, the situation is different as it involves the
narrow resonance contributions below DD threshold, and the continuum contribution above
DD threshold. For the narrow resonances, the 7. was found to give by far the dominant
contribution. When using a duality estimate for the continuum contribution, we found that
it entirely cancels the narrow resonance contributions, verifying the sum rule, and pointing to
large tensor strength (helicity 2) in the cross sections above DD threshold. It will be interesting
to test this property experimentally.

The helicity difference sum rule has also been applied for the case of one real and one virtual
photon. In this case the y*~v fusion cross sections depend on the meson transition form factors
(FFs). We have reviewed the general formalism and parameterization for the v*y — meson
transition FFs for (pseudo-) scalar, axial-vector, and tensor mesons. Because for scalar and
tensor mesons the y*v transition FFs have not yet been measured, a direct test of the sum
rules for finite virtuality is not possible at present. However, we were able to show that the
helicity-difference sum rule allows to provide an estimate for the f»(1270) tensor FF in terms
of the n, and 7’ FFs, and for the a3(1320) tensor FF in terms of the 7° FF. Since empirical
information on pseudo-scalar meson FFs is available, these relations provide predictions for
tensor meson FFs which will be interesting to confront with experiment.

The sum rules involving the oy, o7, and 77, 7"y response functions, have also been tested
for the case of quasi-real photons. As pseudo-scalar mesons cannot contribute to this sum
rule, a cancellation between scalar and tensor mesons on one hand and axial-vector mesons
on the other hand is at work. Using the existing empirical information for quasi-real photons,
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the contribution of the two lowest lying axial-vector mesons f1(1285) and f1(1420) was found
to be entirely cancelled, within error bars, by the contribution of the dominant tensor meson
f2(1270). When applying this sum rule to the case of one virtual photon, it again allows one
to relate the f2(1270) tensor FF, this time to the transition FFs for the f;(1285) and f;(1420)
mesons, which have both been measured. The predictions from the two different sum rules for
the f(1270) FF were found to agree within 20% for a virtuality below 1 GeV?2, and within 35%
up to about 2 GeV2. The sum rules which express the coefficients in a low-energy expansion
of the forward light-by-light scattering amplitude in terms of v*y — X cross sections may be
used as a cross-check for models of the non-forward light-by-light scattering which are applied
to evaluate the hadronic LbL contribution to (g — 2),,.

On the experimental side, the ongoing vy physics programs by the BABAR, Belle and BES-
IIT Collaborations, will allow to further improve the data situation significantly. In particular,
the extraction of the ~*v response functions through their different azimuthal angular de-
pendencies, and the measurements of multi-meson final states (77, 77, ...) promise to access
besides the pseudo-scalar meson FFs also the scalar, axial-vector and tensor meson FFs, thus
allowing direct tests of the sum rule predictions presented in this work.

62



Chapter 4

Hadronic light-by-light contribution to the
anomalous magnetic moment of the muon

In previous chapters we discussed in detail the process of light-by-light scattering and in par-
ticular, the hadronic contribution to this process. The subject of the second part of this work
is related to the contribution of the hadronic light-by-light scattering to the anomalous mag-
netic moment of the muon. The following chapter is devoted to the hadronic light-by-light
correction to (g — 2), via the single meson exchange. To carry out our computation we will
use a phenomenological description of the meson transition amplitudes. The two-loop integrals
appearing in the calculation are treated by first performing the angular integration analytically,
followed by a numerical evaluation of the remaining integrals. The values obtained, are the
first estimates for the contributions of the scalar, axial-vector and tensor mesons based on the
phenomenological information on the form factors and significantly disagree with other recent
calculations. Our result completes a list of relevant single meson contributions to the hadronic
light-by-light part of the muon’s anomalous magnetic moment.

4.1 Introduction

Similarly to polarization effects in a dielectric medium, a charge in vacuum is continually
emitting and reabsorbing virtual particles producing a shielding effect, the so-called vacuum
polarization. As a result, due to virtual corrections the effective strength of interactions is sub-
stantially dependent on the interaction distance. This feature of the relativistic quantum field
theory plays a fundamental role for an understanding and description of interaction processes.
When the force is weak, or in other words, when the coupling is small the processes may be well
described by the perturbation theory. While electromagnetic and weak interactions allow to
apply perturbation expansions in a wide range of energy scales up to a Landau pole [107, 108],
strong interaction coupling becomes small only at high energies as inferred by the property of
asymptotic freedom. In particular, quantum chromodynamics (QCD) acquires the form of a
perturbation theory (pQCD) only at energies above about 2 GeV, which as we will see, does not
apply in the regime of interest to us. As we approach lower energies the strength of the strong
coupling constant increases dramatically and the low-energy QCD becomes non-perturbative in
character. This is the reason why the processes involving hadrons are usually hard to describe
from first principles. To handle the phenomena of the non-perturbative nature one is compelled
to resort to different approximations and model descriptions, which result is a substantial in-
crease of the uncertainties. As a consequence, it is not surprising that the dominant part of
the Standard Model (SM) uncertainty in the calculation of the anomalous magnetic moment
of the muon originates from hadronic effects.

The strong interaction effects in the (g — 2),, show up by virtue of the hadronic vacuum
polarization in the photon propagator (0|7"A*(x1)AY(22)|0) and in the light-by-light scattering
four-point Green function (0T A*(z1)A¥ (x2) AN w3) AP (24)[0). Being the leading in the electro-
magnetic coupling constant hadronic correction (i.e. starting at O(a?)), the photon polarization
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type diagrams (hereinafter vacuum polarization) shown in Fig. 4.1 are covering a major part
of the hadronic contribution. The non-perturbative effects appearing in the hadronic vacuum
polarization (VP) may be reliably described by exploiting causality (analyticity) and unitarity
(optical theorem) in terms of experimental low energy data on electron-positron annihilation
to hadrons. In particular, the VP has been estimated based on data for eTe™ — hadrons,
ete™ — y+hadrons, as well as 7 decays, by several groups [41, 42, 43, 44, 45, 46, 47, 48, 49, 50].
It is expected, that the new data from ongoing experiments at Novosibirsk and BES-III
will provide valuable experimental input to further constrain this contribution. It was es-
timated in Ref. [52] that such data will allow to reduce the uncertainty in the HVP to
da,(l.o.HVP) = 26 x 10711, compared to the most recent evaluation of the leading order
VP [50] which sets it to the accuracy da,(HVP) = 42.4 x 10711,

Figure 4.1: The hadronic vacuum polarization contribution to the anomalous magnetic moment
of the muon

A much more problematic type of hadronic corrections are those related to hadronic Light-
by-Light scattering (LbL). Though it sets in at order O(a?) only, experience shows that this
contribution can be dramatically enhanced as happens in the leptonic counterpart [118|. Being
a constituent of a loop diagram as shown in Fig. 4.2 it implies that three of the four photons®
have off-shell momenta to be integrated over full four-momentum phase space. Obviously,
perturbation theory can not give a satisfactory description of the strong interactions in such
conditions, especially in the low-energy region, where the spectrum of the two-photon produc-
tion shows sharp spikes of 7, 7 and 7’ mesons while pQCD predicts a smooth continuum (Fig.
1.2). Moreover, it is believed that the process is even dominated by the low-energy region
which makes a consistent calculation from the first principles unrealizable at the moment. Un-
fortunately, the direct experimental input for the non-perturbative dressed four-photon matrix
element available at present is also very limited and the lattice QCD is still far away from the
calculation of such objects with the required precision.

The early calculations were based on the assumption that the process is entirely dominated by
the region around the muon mass. Within such an assumption it is suitable to apply Chiral Per-
turbation Theory (ChPT), which is limited to the low energy tail only. As would be expected,
the applicability of the effective field theories (EFT) possesses the traditional limitations. The
first kind of problem we face when dealing with the EFTs is their non-renormalizability. It
means that the effective expansions are well-defined at low energies, however possess unphys-
ical ultra-violet behavior in contrast to the underlying QCD, which is renormalizable at high
energies, but has not well-defined infra-red behavior. Such an inconsistency in the cut-off de-
pendence of two frameworks results in the fact that the predictions we obtain when trying to
match low- and high-energy pieces acquire dependence on the cut-off scale. In the EFTs such
dependence is usually absorbed in model parameters, which are then tuned to fit the appro-

'One of the photons is external in the considered diagram. Moreover the evaluation of the (g — 2), as we will
see further implies setting the limit & — 0
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Figure 4.2: The hadronic light-by-light scattering contribution to the anomalous magnetic mo-
ment of the muon

priate short distance behavior. However, an estimate of the real model dependence is very
difficult in the considered case as long as the exact solution of the problem is not known.

Another kind of complication we face when applying the EFTs to estimate the hadronic light-
by-light correction is related to the absence of a clear distinction between different asymptotic
regimes. As was mentioned before the loop integration implies the dependence of the integrand
on three photon virtualities which run over the entire range of values. In the case of the
hadronic vacuum polarization the two-point correlator is a function of a single variable, which
allows to make a clear separation between low- and high- energy regions and accordingly to
apply the low-energy effective theory and perturbative QCD consistently. In contrast, in multi-
scale problems it is not possible to carry out such a separation to the full extent. We can still
safely use the effective field theory and perturbative QCD in the soft and hard regions (where
all the scales are either small or large), respectively. However, in the mixed soft-hard regions
the effective and perturbative expansions are not valid any more. The approaches agreed as
a framework for the evaluation of the hadronic light-by-light effects in such regions are for
instance, operator product expansions and soft/hard factorization theorems [119].

At long last, all the attempts to apply the low-energy effective description of strong interac-
tions in its pure form hardly meet with success. In such a situation one may naturally resort
to phenomenological facts to ascertain some empirical patterns and constraints. First of all,
although it was originally assumed that the process under study is low-energy in character, it
was later observed that this assumption does not hold in general and the contributions from
higher momentum region, around 0.5 ~ 1 GeV are relevant as well. It means that the hadron
resonances beyond the Goldstone bosons of ChPT may also play an important role in this pro-
cess and have to be taken into account. Note that in photon-hadron interactions the photon
mixes with hadronic vector-mesons like the p°. From the hadronic VP, we know that the p
meson is indeed expected to play an important role in the game. It thus looks natural to apply
a vector-meson dominance (VMD) like model. The naive VMD model attempts to take into
account this hadronic dressing by replacing the photon propagator as

igh” ig"  m;
92 ... L
q

7z mg_q2+... (4.1)
Of course real photons ¢> — 0 in any case remain undressed and the dressing would go away
for m? — co. The main effect is that it provides a damping at high energies with the p mass as
an effective cut-off (physical version of a Pauli-Villars cut-off). However, the naive VMD model
does not respect chiral symmetry properties. The combination of correct low-energy structure
of QCD with the vector-meson dominance (VMD) principles was realized in a consistent way in
the resonance lagrangian approach [120, 121], as an extension of ChPT. Other effective theories
which may be to some extent successfully used for the estimates of the hadronic light-by-light

65



Chapter 4 Hadronic light-by-light contribution to the anomalous magnetic moment of the
muon

effects are the Extended Nambu-Jona-Lasinio (ENJL) model [122] or the very similar hidden
local symmetry (HLS) [123, 124, 125] and massive Yang-Mills models |79, 126].

An alternative approach commonly used for an effective description of QCD is the one based
on the large-N, limit. In this approach QCD is considered as SU(N.) for N. — oo and a true
theory is approximated by an expansion in 1/N, [127, 128, 129, 130, 81|. It turns out that
the loop corrections appearing in the perturbative expansion are suppressed by powers of 1/N,
when the number of colors becomes large. In the context of chiral perturbation theory it means
that the leading order contributions are covered by the tree-level effective Lagrangian assuming
the scalar QED for the interaction of the photon with the charged pseudoscalars.

Based on EFT models, two major estimates of the full aﬁbL contribution exist. The BPP
estimate [131, 132| is based on an extended Nambu-Jona-Lasinio model in which both a 1/N,
and chiral counting was used. The HKS estimate [133, 134, 135| was based on a hidden local
gauge symmetry model. It is remarkable that despite considerable differences (which results
in a different splitting of long and short distance physics), the results of two approaches are
in a good agreement. It provided to be essentially dominated by the 7-meson exchange,
which was taken with the wrong sign, however. In order to eliminate the cut-off dependence in
separating long distance and short distance physics when modeling the hadronic amplitudes,
the arguments based on a quark-hadron duality, which holds exactly in the large-N. limit of
QCD [136, 137, 138], may be used successively. The spectrum of the large- N, which amounts to
an infinite series of narrow vector states may be fairly well approximated by a suitable lowest
meson dominance (LMD+V) ansatz [139]. In this approximation the hadronic amplitudes
assumed to be saturated by known low lying physical states of appropriate quantum numbers.
This approach was adopted in a reanalysis of [140] in 2001, in which a sign mistake was
discovered in the previous estimates of the dominant 7°, 7,7’ exchange contribution. This
correction changed the central value of a, by +167 x 1071, a 2.80 shift, and reduced a larger
discrepancy between theory and experiment. More recently [141] additional problems were
found 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°, 7,7 exchange
contribution. In addition, most of the evaluations do not take into account the dependence
of the 7%y~ vertex on the pion virtuality. Such an assumption may be interpreted as a pole
approximation of the hadronic production amplitude. In this case, however, to calculate the
pole contribution consistently one has to respect the energy-momentum conservation in the
external vertex, which is violated when trying to evaluate the on-shell pion contribution in the
approaches used before. We will discuss this issue in more detail further on and present a new
approach based on dispersion techniques which allows to avoid such inconsistencies in the next
chapter. Nevertheless, experience shows that the corrections arising when taking into account
the off-shell effects are suppressed and despite the defects of such approach adopted in the past
it may still be considered as a first approximation and give us an idea about the order of the
dominant effects.

Though the contributions of the pseudo-scalar mesons are expected to be dominating in
the hadronic light-by-light scattering, there are signs that the corrections from other meson
states may also be relevant in this context. As we saw from the sum rules there is a sizable
contribution to the low-energy light-by-light effective constants originating from a sequence of
scalar, axial and tensor states. At finite virtualities of the photons the contributions of these
states may be even enhanced as compared to the real-photon scattering (e.g. the axial vector
meson, which due to Landau-Yang theorem gives a vanishing contribution to the real-photon
scattering, but is non-zero when the photons are virtual), giving a sizable corrections to the
(9 — 2), which were not yet taken into account consistently. The increasing accuracy of the
experiments and the substantial reduction of the uncertainty of other hadronic contributions
spurs us to include other hadronic states in such evaluation.
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There were a number of attempts to make model estimates for the single meson corrections.
Their predictions for axial-vector mesons differ quite a lot. The before mentioned BPP es-
timate [131, 132] and the HKS estimates [133, 134, 135] for axial-vector meson give results
concordant within the uncertainty. It has been argued by PARV [51] that the errors in the
BPP and HKS calculations were underestimated, and an intermediate estimate with larger
error has been suggested. The MV estimate [142], which was also adopted in JN [29] and uses
a constant Wess-Zumino-Witten form factor is an order of magnitude larger than the BPP and
HKS estimates.

For the scalar mesons, BPP has performed an estimate, which was adopted by N/JN and
PdRV (by increasing the error bar to 100 %). The contribution of the tensor mesons has never
been estimated before and will be presented in this work for the first time.

axial-vectors scalars tensors
BPP [131, 132] 25+1.0 —7+2 -
HKS [133, 134, 135] 1.7+1.7 - -
MV [142] 22+5 - -
PdRV [51] 154+ 10 = -
N/JN [29] 22+5 —7+2 -

Table 4.1: HLbL contribution to a, (in units 10~!) due to axial-vector, scalar, and tensor
mesons obtained in this work, compared with various previous estimates.

We can see that except for the pseudo scalar exchange these results vary considerably from
one group to another. This is not a surprise as all these estimates are strongly dependent
on model assumptions and, as a result have a large not well controlled uncertainty. Our aim
is to provide an improved estimate for the HLbL contribution, by considering single meson
contributions beyond the leading pseudo-scalar mesons (7°,7,7’), which have been evaluated
in the pioneering work of [140]. We will incorporate available experimental input as well as
constraints from light-by-light scattering sum rules |22, 55| to estimate the effects of axial-
vector, scalar, and tensor mesons to the HLbL contribution. The framework which will be
presented will also allow to further improve on the estimate, once new data, in particular from
BES-III, for such meson states will become available.

4.1.1 General formalism and definitions

In quantum field theory a, may be calculated perturbatively by considering a scattering of
a muon in a static electromagnetic field. In momentum space this process is described by
a vertex matrix element of the electromagnetic current between an incoming p~(p) and an
outgoing i~ (p') states:

(= ()35 (0) 1~ (p)) = (—ie)alp")T*(p', p)u(p). (4.2)

The vertex T'*(p/, p) has a relativistically covariant decomposition of the form

Hv g
TH(p,p) = 4* Fa (k) + i7"
(',p) =" F1(k*) +1i o

By (k?), (4.3)

where k = p’ —p is the photon momentum, u(p) denote the Dirac spinors and the matrix o, =
2 [, 7] represents the spin 1/2 angular momentum tensor. F(k?) is the Dirac form factor
and in the static (classical) limit corresponding to zero momentum transfer (p’ —p =k — 0)
defines the charge renormalization:

Fi(0) =1, (4.4)

67



Chapter 4 Hadronic light-by-light contribution to the anomalous magnetic moment of the
muon

in units of the physical positron charge e. F5(k?) is the Pauli form factor and at k — 0
FQ(O) = Qu, (4.5)

giving the finite prediction for the anomalous magnetic moment of the muon. Experience shows
that the straightforward calculation of the electromagnetic form factors turns out to be quite
tedious at the one-loop level already. In particular, it happens due to the occurrence of higher
order tensor integrals. Alternatively, one may project out the form factors directly from the
vertex function using a projection operator technique which appears to be a much more clever
set up for such calculations. In particular, the desired Pauli form factor may be extracted by
using relation

B(k*) = Tr [(p+m)Au (0, p) (8 +m)T* (0, p)] , (4.6)
with the help of projector

m? k% + 2m?
Au(p',p) = PEm? — 1) Vot m(p, +P)ul - (4.7)

To obtain the muon anomaly we need to work out the classical limit of the form factor
Fg(k‘2)1

a, = lim Fy(k?). 4.8

k50 2( ) (4.8)

It is important to briefly remark some peculiarities of the limiting procedure in Eq. (4.8).

One has two ways to proceed. One way is to perform angular integration in the loop integrals

assuming finite £ and then, when all the angular dependence in the remaining expression is

eliminated to take the limit k? — 0 directly.

Alternatively, one can use the fact that the trace under consideration projects to a scalar,

which allows to average the k dependence over all spacial directions without changing the
result:

/d(}h(rk) au(k) = ay (4.9)

As a result now the limit may be taken even before the loop integration. In some cases when
the integrand has a simple polynomial expansion in k£ a simplified limiting procedure may be
implemented. Such a method was adopted in previous calculations [140] and will be pursued
in details further in the next section by applying to the case of pseudo scalar and axial vector
exchanges. However, for most of the simplified procedure can be applied only after carrying
out the loop integration explicitly. Such a technique is described later on the example of a
scalar and tensor meson exchange contribution.

4.1.2 Hadronic light-by-light correction to the (g —2),

The hadronic light-by-light contribution to the electromagnetic vertex I'*(p/, p) arises from a
diagram in Fig.4.3. According to this diagram, the vertex matrix element is given by

SNy / d* d* —i)°
(—ie)u(p")Lp(p', p)u(p) :/ (2:)14 / (27?)24 q%q%(k(— q)l — q2)?

Pra)l—m(ptk— )’ —m?
x(—ie)*u(p )y (B — d2 + m)V” (p + d1 + m)y u(p) x
X(ie)4HuVAp<QI7 k—q —q,q),

X (4.10)
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Figure 4.3: The LbL scattering contribution to the anomalous magnetic moment of the muon

where

(g1, 92, 63) :/d4$1/d4902/d4x3 ellar-a1tazatesas)
X (QT{du (1) (22) 3 (23)7,(0) }| 2)

is the fourth-rank quark hadronic vacuum polarization tensor with |Q2) denoting the QCD
vacuum. The external momentum £ is incoming and momenta of the virtual photons are
outgoing from the hadronic "blob". The j,(z) = (¥Qv,%)(x) (with ¢ = (@,d,5) and the
charge matrix Q = diag(2/3,—1/3,—1/3)) denotes the light quark part of the electromagnetic
current.

By virtue of electromagnetic current conservation, the tensor II**A% satisfies the Ward iden-
tities

(4.11)

(&5 0583 (@1 + g2 + 43) M1, 42, g3) = 0, (4.12)
which entail that

0

ka%ﬂ“m’(ql, k—aq1—q,q2) = 11" (q1, k — q1 — g2, q2). (4.13)
P

Inserting the definition of the vertex correction from Eq. (4.10) into Eq. (5.2) we obtain a
master formula for the hadronic light-by-light contribution to the anomalous magnetic moment

oI — 1im 2-66/ d*qy / dq, 1 1 1
k0 @2m)* ) Cm)taig(k—q —q)? (p+q)? —m?(p) —q2)? —m?  (4.14)
x TH2 (g1, k — q1 — g2, @) o (@1, k — @1 — a2, 2)

with
TH (g1, k — g1 — g2, ¢2) = Tr (B +m)A° (P, p) (' +m)

N . (4.15)

XY (P = d2 +m)y (B + o +m)V|

As mentioned before, the hadronic tensor II,,, s (g1, k —q1 — ¢2,q2) we have to deal with, has

a very complicated structure and no general approach which allows to define it in a consistent

way exists. Fortunately, as we saw there are a number of considerations which indicate that

this matrix element is dominated by the long distance interaction, in other words the process

is dominated by the exchanges of light quark single mesons and meson pairs. The subsequent

discussion is devoted to a survey of the single meson contribution to the anomalous magnetic
moment of the muon.
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4.1.3 Single meson contributions to the hadronic light-by-light scattering

In this work, we will consider the contributions of a single meson with an arbitrary spin to II,
which have the general form:

. s PlebABY (e —

(ie) Muwae (a1, k — q1 — g2, 42) = My (ar (@1, k — a1 — q2) = q2)2( — Ajz)/\/lxg,{g}(qm —k)
iPledABY(k — ¢qp)
(k—q1)? — M?
ZP{Q}W{B} (ql _|_ q2)
(g1 + q2)? — M?

+ Mo () (@1, —k) Mor sy (b — @1 — @2, q2) (4.16)

+ Mxfar (015 G2) Moy (b — @1 — g2, —k).

where the three terms correspond with the three topologies shown in Fig. 4.4.

A S S

Figure 4.4: The single meson contributions to the hadronic light-by-light scattering.

In Eq. (5.11), the Lorentz amplitude M, 14}(q1, g2) describes the transition from the initial
state of two virtual photons with momenta ¢; and g to a C-even (J P *) meson with mass M.
Depending on the spin .J of the meson, the amplitude M, (4} has different Lorentz structures:
for the case of a pseudoscalar (J7¢ = 07%) and a scalar (J7¢ = 07+) meson the amplitude
is a rank two tensor, for the case of an axial-vector (J©¢ = 17+) and a tensor (JF¢ = 27+)
meson it is a rank three tensor and a rank four tensor respectively. The projector P for spin J
entering the meson propagator is defined by the spin sum

J
plerBp) = 3 )l ), (4.17)
o=—J
where the e;{,a} denote the corresponding polarization tensors.

The transition amplitudes are defined in such a way that the non-perturbative physics is
contained in the meson transition Form Factors (FFs). It is important to note that these FFs
depend on three invariants in the general case [29, 143|. However, mainly due to the absence
of reliable information about the off-shell dependence on the virtuality of the exchanged meson
we will assume, for the following estimates, the pole-dominance approximation for the FFs:

F(qi,63, (01 + 42)°) = F(ai, 43, M?) = Fvtyeo (a1, 63): (4.18)
where ¢?, g3 denote the two photon virtualities, and (q; + g2)? denotes the meson virtuality.

Given a particular parametrization of the FFs, the loop integrals may be partially performed
analytically. In this work, we will use simple VMD-inspired monopole (mon) and dipole (dip)
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parameterizations of the form :

Figte (afa3) 1 1 (4.19)
Fpgyenys (0,0) (1 - q%/A?non) (1 B q%/AIZHOH) ,
F (R I I
Fptyey (0,0) 242 ) 202 ) 20
(1 - ql /Adip) <1 - q2/Adip>

where Amon (Agip) are the monopole (dipole) mass parameters respectively, which are to be
determined from phenomenology. It should be noticed that the behavior of fitting functions
for the form factors at large and small momenta ensures ultraviolet and infrared convergence
to the loop integrals.

In the following section we shall proceed to work out in details the particular cases of scalar,
pseudo scalar, axial vector and tensor meson exchanges.

4.2 Four-dimensional angular integration approach

We now begin our first calculation of a single meson contribution to the anomalous magnetic
moment of the muon, the pseudo scalar and axial vector exchanges. These two cases are
traditionally considered to be a dominant source of the single meson light-by-light correction.
As we saw this assumption is supported by low-energy effective models and quark-hadron
duality arguments.

In contrast to the case of a scalar and a tensor meson the pseudo scalar and the axial
vector transition amplitudes can be constructed as local operators (i.e. without involving the
projectors of Eq. (2.22)). This allows to implement the simplified ¥ — 0 limiting procedure.
In the subsequent computation we will follow the traditional approach adopted in [144].

The classical limit & — 0 of Eq. (5.2) may be worked out in the following way. Because of
the singular factor 1/k? in the projector A, we are required to expand the amplitude I',(p, k)
to first order for small k,

L., p) =~ Tu@'p)lk=0 + k”a(zyfu(p’,p)lko =TI(p) + k" Tuu(p), (4.21)
Other factors of k come from expanding the trace by setting p’ = p+ k explicitly. We note that
due to the on-shell condition p? = (p + k)? = m? we have (p- k) = —k?/2. The only relevant
k, dependence left are the terms linear and quadratic in k, proportional to k, and k,k,. Since
the trace under consideration projects to a scalar, we may average the residual k dependence
over all spatial directions without changing the result. Since p and k are two independent and
in the limit £ — 0 orthogonal vectors, the averaging is relative to the direction of p. For the
linear term we have

— Q
= /d(p’k)/c“ =0, (4.22)
47
since the integrand is an odd function, while
— dQ(p, k HpY
Tk = /m)k“k” = ag + gL (4.23)
4 p?

must be a second rank tensor in p. Since (p- k) = O(k?), the contraction with p,, is vanishing,
which requires

B=—a (4.24)
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The other possible contraction with g, yields k2

dQ(p, k dQ(p, k
/(p’ )k2=k2/(p’ ) 12— 4o+ 8 =3a (4.25)
47 47
and hence
K 4.26
a=g (4.26)
therefore 2 .
pp”
krky = — ny X 4.27
3 (g p? > (#27)
Using these averages we may work out the limit explicitly, which yields
1 v
=g T+ m) 7,916 + m)Tou(p)}
(4.28)
2 c
+ T2m2 Te{[m*y" — 3mp" — 4pp"] L (p) }p2—m2

as a master formula for the calculation of a,, [144, 145|. The form of the first term is obtained
upon anti-symmetrization in the indices [uv]. The amplitudes I'y;(p) and I',,(p) depend on one
on-shell momentum p, only.

We now exploit the electromagnetic current conservation and write the Ward-Takahashi
identity for the derivative vertex: kk7u(p")Tpo(p/, p)u(p) = 0, which implies that the light-
by-light contribution to the Dirac form factor vanishes or I',(p/, p)|x=0 = I'°(p) = 0. Recalling
Eq. (4.14) and Eq. (4.13) the hadronic light-by-light contribution to the muon anomalous
magnetic moment for the considered case reads

_—ieb [ d'q / dqy 1 1 1
a48m ) 2m)t ) (2m)*qig3(k —q1 — q2)? (p+ q1)? — m? (p — g2)? — m?

ST [(p 4 m) [,97) () + )y (6 — g + mr” (5 + g+ m)n”

aﬁbL = F»(0)

0
x %me(ql, k—aq1—q2,q2)

k—0
(4.29)

4.2.1 Pseudo scalar meson exchange.

According to Eq. (2.14) the amplitude of the two-photon production of the pseudoscalar meson
(P) is taken as

M a1, a2) = —i€’eapafcs Fr(at, 63 (a1 + 02)°). (4.30)
The spin projection operator for J = 0 has a trivial form
P(p) =1. (4.31)

The contribution of the pseudo-scalar meson to the light-by-light scattering may then be
written in terms of the meson form factors, as

P
HEAV&U(QM k—q1 — qo, QQ) =
iFPw*v* (7, (k= q1 — 42)°) Fpyey (43, 57)

€uua6q(11(k —q1— q2)B€AU'y5QQk6

(g2 — k)> — M3
kﬁ o ke — . )
" (1 — k)2 — M} Enoapdi K Exnsds (K — a1 — q2)

_H-FPW*V* (q%, Q%) Fpysy ((‘h +q2 — k)7, kQ)
(1 + q2)? — M3

Eunap i dy Evons(k — a1 — q2) K.
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For the calculation we need
FP’Y 7* (q%, (¢ + QQ)Z) Fpysqyr (q%, 0)
_ M}%
_Z.FPq/*'y* (Q%a 0) FP’y*'y* ((QI + Q2)2a Q%)
_ M}%
_Z'FPW*W* (q%, q%) Fpysy ((QI + @)?, 0)
(@1 + @2)? — M]%

0
B (g1, k—q1 —q,q2) =

Qkp  HrAo E,uuaBQ?((h + QQ)ﬁngpr;

5;},0'01/7(]?8)\1/’76(]; (Q1 + Q2)6

5;1)\046(](11 Q2ﬁ‘51/0’yp (Q1 + g2 )7

+O(k).
(4.33)

Inserting the last expression into Eq. (4.29) and computing corresponding Dirac traces, we
obtain

QP — / d*q / d4f12 1 1 1
T ’m P aiig (@ + @) 0+ q)? —m? (p— q2)? —m?

FP’Y*’Y* (qla (ql + QZ) ) FP'y*ﬂ{* (QQ7 0)
— Mf—,

Tl(QlaQZap) (434)

+FP7*7* (47, 63) Fryrys (@1 + 42)%,0)

T>(q1,q2,p
(@1 + q2)? — M} ( )

with

1 16 16
—Ti(q1,q2,0) = o (p-01)(p- @) (1 - @) — - (p- @)

48m 3 3
16
- g(P cq)(q1-q2)q5 +8(p- @2)d5 a5 — 3(]9 @) (q1 - g2)? (4.35)
16 16
+ gmztﬁqg - gmz(m : QQ)Z,
1 6 16
T - . . cago) — — 2
B 5(q1,92,p) = 3 —-a)p-e)(a- ) 3 (p-q1)*g
8 8
+ 30 a)(a ®)a5 + S @)aia (4.36)

+ §m2qfq§ - §m2(ql “q2)%.

In deriving Eq. (4.34), we have used the fact that, upon a trivial change of variables in the
two-loop integral (4.29), the two first terms of Eq. (4.33) lead to identical contributions. Fur-
thermore, in writing T(q1, g2, p) we have taken into account the invariance of the remaining
factors of the corresponding integrand under the exchange ¢q; <> —qo.

According to mentioned before (we take the on-shell form factor) the form factors Fp«+ (g7, 0)
for one virtual photon and one real photon are well known experimentally and a good param-
eterization of the data is obtained by the monopole form:

FP’y*'y* (Q%’(ﬁ) _ 1 1
FP”/*’y*(())O) 1_q/A21_Q/A2’

(4.38)
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where A p is the monopole mass parameter. The normalization of the form factor at ¢ = ¢5 = 0
is fixed by

WQZ

PVW(PU 4

M} | Fpyers(0,0) 2, (4.39)

Within the introduced parametrization Eq. (4.34) becomes

oLbL.PS _ a(4ﬂ)2A?3fw(P) / d'q / dlgo 1
a 3m M3, @2m)* ) 2m)* ¢tai(af — AB)(a5 — AD)
1
x (4.40)
(q1 + q2)* [(Ch +q2)% — Afv]
1 1

X
(p+q)* —m? (p — q2)? — m?

T5(q1,92,p)

X | 5——=T1(q1,q2,p) +
[q% — M3 (@1 + q2)? — M3

4.2.2 Axial-vector meson exchange.

We next proceed to compute the contribution of the axial vector meson. Although the pro-
duction of an azial-vector meson (A) by two real photons is forbidden by the Landau-Yang
theorem [87|, an axial-vector meson can be produced in two-photon processes when one or
both photons are virtual. Existing phenomenological analyses have used an expression for the
transition amplitude derived from a non-relativistic quark model calculation [90, 88, 89]:

. 1
M (a1, @) = i€epra (@19 — da1,) @5 — (B9- — d502,) @] —5Faye(di,a3).  (4.41)

M?2
Note that a general discussion of the Ay*~y* vertex, has to allow for three independent Lorentz
structures [85, 86]. However, as no phenomenological information is available at present to
disentangle the three helicity structures, we will use the simplified vertex of Eq. (2.37) in the
present work. The form factor Fy«,« is Bose symmetric Fax(q7,q3) = Fayeyr(43,4%) of
course, as the two photons are indistinguishable. According to the definition of Eq. (4.17) the
projection operator for spin J =1 is

1

o8
PB(p) =3 ea(p)el(p) = g — pﬂé . (4.42)

o=—1

The the axial vector-exchange contribution to the light-by-light scattering in three diagrams
of Fig. (4.4) reads

Al , .
(a1 k= — g2,02) = — i {evvralag) — q16)) (@1 + g2 — )

+ Epvra [(91 +q2 — k)2911/) (1 +q2 =kl +q— k)v] QI}
X {enoxs (G393 — 42243 )k + expxs (K29 — kok") a3 }
X Fpyens (3, (@1 + @2 = k)?) Fayeye (63, K7)
9° — (g2 — k)*(q2 — k)’ /M3
(g2 — k)? — M} ’

X

(4.43)
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ny(i)a(qb k—aq1— q2,q2) = — i {evora(alg), — @uad))E™ + pvra (K295 — kok?) ¢f }
< {enuns(B9] — a2203) (@1 + g2 — k)
+exps (@ +a -k — (@ +a—Fko(a+a—k)") e}
X Fapeye (@1, k) Faney (a3, (@1 + g2 — k)7)
9°% = (@ — k)* (@ — k)P /M3

X )
(= k)2 = M3

(4.44)

) @1,k — a1 — 42, 42) = — i [Foxrs (@) — 0100805 — €porp (B8 — @2208)d]]
X [_5noxa(((h +q — k)Qgg (@1 +q@ — k(g1 + g — k)")kX
=+ 5m7x04(k293 —kok")(q1 + g2 — k)x]
X Fpyeys (q%, q%)FAW*’Y*((Q1 +q2 — k)zv kz)
" 9°% = (@1 + @2)* (91 + g2)° /M3
(g1 +q2)? — M3

(4.45)
and the full light-by-light scattering tensor is given by the sum of three terms:
_ 74 A(2) A(3)
HMV/\U H;,LV)\O' + Hul/)\a + H,ul/)\a (446)
To compute a, we need
(91—1()( kE— o — )Z—i{é‘ (2v_ v)( + )’T+
T A 41— g2, 92 vwra\d19y — q1p91)\41 T G2
+ cpvra [(@1 + ©2)°90 — (@1 + @)v(ar + @2)] ¢f }
Xenopp (G595 — 2243) X (4.47)
a,B 2
— ¢8q5 /M3
XFAw*v* (q%7 (QI + Q2)2)FA7*7* (Q%y 0) 2]\;2
A
+ O(k)
iHA(Q)( ke — _ ):—iE (21}_ U)
ofp Ao \qL a1 — 42,92 vopa\d19y — d1p91
x {enns(639] — qaxa3) (@1 + 32)'+
+ e (a1 +@2)°g) — (a1 + @)u (a1 + a2)") a5 } (4.48)
9" — g} /M3
XFA’y*’y* (Q% O)FA'y*'y* (q%, (Q1 + QZ)2) 1]\}2 A
A
+ O(k)
0 3
e ,“fﬁ,(ql, k—aqu— g2, q2) = — i [—eonep(@ 9}, — 01007) 05 + €10 8(a395 — @2005) ] |

X Engpa [((h +3)%9) — (1 + @2)u(q + (I2m X
X Fpye (47, 43) Faye (@1 + ¢2)%,0) (4.49)
9* — (@ + )" (01 + @2)° /M3
(1 + q2)% — ME;
+0O(k)
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Similarly to the pseudo scalar exchange considered before the contributions of (4.47) and
(4.48) are equal. Now it only remains to insert Eqs. (4.47-4.49) into Eq. (4.29) which then
results in

QLA _ —e® [ diq / dtgo 1 1 1
" 48m | (2m)* | 2m)* qidd (g1 + ¢2)? (p+ @1)? —m? (p — q2)? — m?
FA’y*'y* (Q%y (Q1 + q2)2) FA'y*'y* (Q§7 0)
Tl(q1>Q27p)+ 4.
g5 — M3 (4.50)
Fpens (G2, q3) Fpyens +¢2)2,0
4 A (at. 42) - ((qu @) )Tz(qlm,p) :
(1 +q2)* — M3
with

Ti(q1,42.p) = = 2T | (5 +m) [17,77) (6 + M)y (b — a +m)y” (b + da +m)r* |

X {evral @iy, — qudt) (@1 + g2)7
+ cpvra [(@ + ©2)°90 — (@1 + @)v(ar + 42)"] ¢f } (4.51)

2
Xenops (6595 — @2243)

X (go‘ﬁ - qS‘qg/fo)

Ta(q1,q2,p) = = Tr [(zé +m) [77,77] (B +m)y B — gp +m)y (P + di +m | x

X [—eonrs (@19 — @1pdd) B + pors(@595 — 42205 a1

) (4.52)
XEnopa [(QI + Q2) gg - (QI + QQ)V(QI + Q2)n] X
X (90“8 — (@1 +g2)%(q1 + Q2)6/M31>
For the form factor with both virtual photons we use the double pole parametrization:
FA’Y*'Y* (q%,q%) _ 1 1 (453)
Fayey+(0,0) (1 —ai/A%) (1 —af/A%) (1 —a3/A%) (1 —a3/A%,)
with the normalization fixed by
, 12 1 -
[Fayey (0,0)]" = 7ol M0, v (4) (4.54)
With the account of the introduced parametrization Eq. (4.50) becomes
2 4 4
oA @m) a0 3z d*q1 d*q2
ay - mMg (AAIAA2) F’Y’Y(A)/ (2ﬂ)4 / (27r)4
1
X
aias (Mg — af) (M — af) (A% — a3) (A%, — 63)
« ! ! (4.55)
(p+q1)? —m? (p — g2)* — m? '
1
X
(@1 +¢2)° [A% — (@1 + ¢2)?] [A%, — (@1 + ¢2)?]
1
x Ti(q1.q2,p) + T»(q1, 92, p)

(q%—Mfl) (Q1+Q2)2—M34
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4.2 Four-dimensional angular integration approach

4.2.3 Angular integration

To evaluate Egs. (4.40) and (4.55) the basic approach is to perform the integrations directly in
momentum space, without introducing Feynman parameters. To do this, we analytically con-
tinue the loop momenta to the Euclidean region, and then introduce four-dimensional spherical
(hyperspherical) coordinates. After that we perform the resulting angular integrations analyti-
cally. As we shall show in this section, for form factors that have a form of a rational function,
it is possible to perform all angular integrations in the two-loop integral of Eqgs. (4.40, 4.55)
using the technique of Gegenbauer polynomials (hyperspherical approach); see [146, 147|. In
order to do so we temporarily discard the constant p? = m? and perform the Wick rotation
with p spacelike: p? = —P?. It is easily accomplished by letting the energy associated with
each external line acquire the same phase ¢, which is then varied from 0 to 7/2 and making
change of variable pg = —iFy. We either implement the Wick rotation of the loop momenta ¢;
and ¢o and denote corresponding Euclidean momenta by capital letters, with Q? = —qi2 . We
may set P2 = —m? in the explicit expressions after angular integration. Since the external
momentum P flows only through the massive fermion propagators, we will not need to deform
the integration contour for the radial integrals over Q% and Q2 (see the discussion in [147, 148]).

For a start, we briefly summarize some basic properties of the Gegenbauer polynomials; see
also [149, 150]. We introduce the measure of the four-dimensional sphere as follows

d*Q = Q*dQAn(Q), / dQ(Q) = 2x2. (4.56)

With the account of Wick rotation expressions for the pseudo scalar and axial vector contri-
butions in Eqgs. (4.40, 4.55) modify as follows

rLp @ A6Fw df2 Ql dQ(Qz)
e T @) 3mMp /dQ /dQ/ / o2

|Q1]|Q2|
CAL 4 Q2) (A2 1 Q2) (Q1 + Q) [A2 + (Q1 + Q2)7] (4.57)
1 1
x (P+Q1)2+m?2 (P — Q)% +m?
. 1

T1(Q1,Q2, P) + T2(Q17Q27P)}

(Q3 + M2) (Q1+ Q2)? + M3

for the pseudo scalar exchange, and

LA _ @ AS AT (A dQ( Ql dQ(Q2)
"z -~ (27)2 m M3 /dQl/dQ / / 272
|Q1]|Q2]

(A% +QF) (A%, + Q1) (/1\,241 +@Q3) (A%, + Q)
Q1+ Q2 [A%, + (@1 + Q27 [AR, + (@1 + Q2]
P Q11)2 Tm? (P Q21)2 e

D G TR

(4.58)

TQ(Qh QQa P)

for the axial vector exchange. The generating function of the Gegenbauer polynomials Cfll)(:c)
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(hereinafter we use notation Cél)(x) = Cy(z)) is given by

1 =~ .
- = Zz Cp(z), —1<z<1,|z]<1. (4.59)
z 20z + 1 o

From Eq. (D.1) we immediately obtain the following property under parity transformations
Cn(—x) = (—=1)"Cp(z). Furthermore we get Cy, (1) = n+1. The Gegenbauer polynomials obey
the orthogonality conditions

[ AARIC@n - RIC(F - Qa) = 2622 Q) (4.00)
[ U@ RICE - Q) = 2675, (4.61)

where, for instance, (Ql ‘K ) is the cosine of the angle between the four-dimensional vectors
Ql and K.

From the generating function, we obtain the following representation of the propagators in
Euclidean space:

1
= (Z¥, (K-L 4.62
1 M & .
= 44 (K- L 4.63
(K+L)2+ M |K|L| & Z xn) Cu(K- L) (4.63)
oM K2+L2 +M2 — V(K2 + L2 + M?)? — 4K?L? (4.64)
e 2| K| L] '

Note that we have to choose the negative sign in front of the square root in Z%L in order that
| Z 5 L] < 1. For a massless propagator these expressions simplify as follows:

ﬁ e Z <|‘]L<|‘) K- L), for |[K| > |L| (4.65)

Let us introduce the following abbreviations for the propagators in the loop integral in
Eqgs. (4.57, 4.58):

D1=Q%,  Dy=Q3, D3 =(Q1+ Q@)%  Dy=(P+Q1)*+m? (4.66)
Ds = (P — Q2)* + m?, Dy = (Q1 + Q2)? + M?

By rewriting the scalar products P-Q1, P-Q2 and Q)1 -Q2 in terms of the propagators Dy, Dy
and Ds, respectively we can remove some of the terms in the numerator of T,, /(D1 D2 D3D4Ds),
n = 1, 2, in Eqgs. (4.57, 4.58). If we multiply by the form factors, taking into account their
general form from Eqs. (4.8) and (4.9), and using a partial fraction decomposition, we finally
obtain the following basic angular integrals. Apart from the trivial one [ dQ(Ql)dQ(Qg) = 472,
they can all be performed using the method of Gegenbauer polynomials (from now on, we write
Q1 instead of |Q1], etc.). For the sake of demonstration of the technique we will work out
explicitly one example and list the remaining integrals in the Appendix.

Let’s consider integral:

_ [d(Q) [dR(Q2) )
= / 272 / 212 [(P+ Q1)2 +m?] [(Q1 + Q2)% + A?] (4.67)
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First, we express the integrand in terms of the polynomial series using expansion (D.14):

! i = o Bo0s S5 S () (230,)"
(P+Q1)?+m? (Qu+ Qo2 + A% PQi QuQp i I VT (4.68)
x Co(P - Q1)Cr(Q1 - Q2)
We can see that the angular dependence is now contained in the Gegenbauer polynomials. Now
we can apply the orthogonality relation (D.2) with the result that

/dQ(Ql)/dQ(Q2)Cn(PQl)Ck(QlQQ) = n05m0 (469>

2m? o2m2

Applied to Eq. (4.68), it gives
ZPa %5:q
1= ZPaiee: (4.70)
PQ1Q2

4.3 Three-dimensional angular integration approach

As we saw in Chapter 2 the general Lorentz covariant decomposition of the meson transition
amplitudes for higher spins involve the projectors of Eq. (2.22). Unlike the case of the axial
vector where thanks to a model approximation we could combine the Lorentz structures in such
a way that the projectors are eliminated?, for the scalars and tensors such a parametrization is
not known. As a result, the simplified averaging scheme used in the previous section can not
be applied in this case. To overcome this complication we may however apply the averaging
formula Eq. (4.9) directly to the Eq. (4.29) without expanding the vertex function. The second
peculiarity of the case under consideration is that the particular form of the projectors of
Eq. (2.22) does not allow simple Gegenbauer polynomial expansion of the integrand after the
averaging as was done in the previously. Thus, the analytical integration by means presented
in the previous section is not possible as well. However, the situation is not hopeless. It turns
out that the integrals over the spatial directions of the loop momenta can still be performed
analytically using properties of Legendre polynomials.

4.3.1 Scalar meson exchange

As was mentioned before, A scalar meson (S) may be produced either by two transverse or by
two longitudinal photons [85, 86]. As the main contribution to the magnetic moment comes
from the region of small photon virtualities, the contribution of the transverse amplitude is
dominating. Furthermore, there is no empirical information on the structure of the longitudinal
FFs at present. Thus in this work, we will only consider the transverse part of the scalar meson
production amplitude which is described by:
(q1-q2)

ME:Z) (q1’ QQ) = _GQTSFS’YW* (Q%) Q%)Rm/(%a QZ)' (4'71)
As there is no phenomenological information on the scalar FFs available at the moment, for
simplicity, we assume a simple monopole behavior of the form factor with the pole mass Ag
being a free parameter :

FSy*'y* (Q%a 0) 1

- , 472
Forrr(0,0) ~ 1= /A 472

2Tt should be noticed that the case of the full transition amplitude for the axial vector involving three inde-
pendent structures may be treated similarly, using the framework presented in this section.
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The normalization of the transverse form factor at ¢? = q3 = 0 is defined by Eq. (2.25).
According to Eq. (4.14) a scalar meson contribution to the anomalous magnetic moment may
be written as :

a,;”” = lim —66/ dlg, / dgo =
ko @m* ) Mt aa(k—a —@)? [+ a)? —m?[(p+k — g2)* — m?]
X |:FS’Y*’Y* (q%, (k—q — QZ)Q)FS’Y*’Y* (k27 q%)
(]{2 — QQ)2 — Mg
Fgyeq (Q%a qg)FS’Y*’Y*((k —q1 — 6]2)2’ kg)

Ti(q1, k—q1 — q2,42)

T k—q —
+ (g1 + )2 — M2 2(q1, @ — G2,92)
(4.73)
with
Ti(q, k —q1 — g2, q2) = —2T"* (q1,k — q1 — g2, ¢2) (4.74)
(q1-(k—q1 —q)) (q2 - k)
X Vs Ry (q1,k —q1 — q2) M Ry, (q2, k)
To(q, k — q1 — g2, q2) = —T" (q1,k — q1 — g2, q2) (4.75)
(q1-q2) (k=g —q2) - k)
7}% Rl/a k - - 7k .
X M (915 92) Ms (k—q1 —q2, k)

We again used the fact that the first two topologies give equal contributions.

The next step in our calculation is to perform the angular averaging over the spatial directions
of k. Firstly, we simplify the expression by keeping the leading terms in k. We omit all the
terms of first order in k in the trace and expand the denominators of the propagators by using

relation ) ) 2k - )
_ - q 2
(k+q)2—m2_q2—m2 (1—q2_m2+(’)(k )> (4.76)

Next, we make a change of variables in the two-loop integral. We replace g1 <> g2 and
p <> —p—k in the second and g2 <+ k—q1 — g2 in the third term. After such change of variables
the hadronic matrix element has the same form for all three diagrams. As we will see further it
significantly simplifies the calculation especially for diagram (¢). In addition, we again notice
that the first and the second terms give equal contributions. As a result, the two-loop integral
for the anomalous moment modifies as follows:

(16m)2al'y, A8 / d*q; / d*qe 1
@2m)* ) (2m)* qia3(af — A%) (@ — A%) (g5 — M3)
1
X
(1 +q2)? [(fh +q2)% — A%} [(p+ q1)* — m?]
[2 Ti(qi, k—q1 —q2,q2) . To(q1,92,k — q1 — q2)
[(p — g2)* — m?] [(p+ @1 + q2)% — m?]

LbL :
a = lim —
# k—0 M S

(4.77)

Computing the Dirac traces (for which we used the computer algebraic system FORM [151]),
we find that 77 and 75 contain a set of structures of three types :

(q1- k) (g2 - k) (q1- k) (g2 - k)
(2 k)2 —a3k*" [(go- k)2 — g2k

(q1- k)" (g2 - kY, (4.78)

Before proceeding to further steps we will discuss the remaining case of the tensor mesons
(T") exchange.
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4.3.2 Tensor meson exchange

For the light quark tensor mesons, the experimental analyses of decay angular distributions for
47y cross sections to 7™, 7070, nr®, and KK~ channels have shown [115] that the J = 2
mesons are produced predominantly (around 95% or more) in a state of helicity A = 2. We will
therefore assume in all of the following analyses that the hadronic light-by-light amplitude for
tensor states is dominated by the helicity A = 2 exchange. Therefore, the two-photon decay
rate is 'y, (T'(A = 2)) = I'1,(T), and we will safely neglect the contribution of the remaining
four helicity amplitudes. The relevant part of the Lorentz amplitude for the dominant process
v*(q1) + v*(q2) — T(A = 2), can be parameterized as [55]

(T) _ ola-q) 2 2
Muyaﬁ(QbQZ) =€ TTFTWW* (a1, 43) %

X {R;wc((ha Q2)RVB(Q17 Q2)+

1
+ Ryu(q1,q2) %
8(q1 + Q2)2 (@1 )2 — 3] "

[ q1 + Q2 (1 — 2)a (Q% - q%)((h + QQ)a] X
(a1 + @)% (a1 — @2)s — (4 — B) (a1 + 42)8] } =
(

D42 r (2 2N a).

(4.79)

X

X

We consider a dipole parametrization for the form factor and use our estimates for the mass
parameters described in the previous chapter. The projector operator for J = 2 has the form

1 1
Papas = 5 (KayKps + KasKgy) = g KagKas, (4.80)

with o
Kog = —gap + ‘; = (4.81)

In the remaining the calculation completely parallels the scalar case. The difference is in
the additional structures appearing in the tensor exchange and a large number of terms in
the expressions as compared to the scalar case. The intermediate expression become rather
lengthy and we use the computer algebraic system FORM to carry out algebraic manipulations,
contractions and to calculate the traces.

4.3.3 Angular integration

In the following we will discuss the averaging procedure in details. The only dependence on
the direction of k is incorporated in three structures in Eq. (4.78).

First we briefly summarize the main properties of the Legendre polynomials (see [149, 150]).
The Legendre polynomial expansion of the propagators is based on series

1

m—ZQn-i- )Qn(A)P,(K - L), (4.82)

n=0

The second crucial property we will intensively exploit in our calculations is an orthogonality
which reads

dQ(K . " P,(Q - G
/ 4; ) po(Qy - K)Po(K - C) _5’““(231?2) (4.83)
and
dQ Ai A A A A 5nm
/4(7?)1%((% - Q2)Pn(Q1- Qo) = 1 (4.84)
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where, for instance, (Ql ‘K ) is the cosine of the angle between the four-dimensional vectors
Ql and K.

It is convenient to perform the calculation in the muon’s rest reference frame: p = (m,0,0,0).
We assume that the external photon has a finite space-like virtuality so k? = —K? which is
due to a scattering nature of the process. Using mass-shell conditions for the muon p? = m?
and (p+ k)% = m? the components of four-vector k = (k% k) can be defined in the muon’s rest

frame as :
K2 K?
=" and |k|=K4\/1+—. (4.85)
2m 4m?

Using these relations one can expand the scalar products (g; - k) in the vicinity of a small K:
(g k) = k" —q; - k= —q; - k + O(K?). (4.86)

Thus, in the following we always keep only the leading terms in K.

At this point it is convenient to continue the two-loop integral to the Euclidean region. After
deforming the contour we make the change of variables ¢¥ = —iQ?, where QY are the Euclidean
zero components of the corresponding four-momenta and denote the modulus of the Euclidean
loop momenta by capital letters ¢ = —Q% and ¢3 = —Q3. This allows to change to the angular
coordinates with the result that the loop integration domain becomes finite. Experience shows,
that this is a big advantage for a numerical evaluation. In addition, by doing this analytical
continuation we limit the integration to space-like values of the photons’ virtualities which
keeps us away from production thresholds of the form factors (in the case of monopole form
factor, these correspond with vector meson poles).

Now we proceed to work out the averaging integrals explicitly. First, by rewriting the scalar
products in terms of the propagators we can remove some of the terms involving Q1 - Q2 in
the numerator. The scalar products p - @1 and p - Q2 which occur in the fermion propagators
don’t imply angular dependence in the muon’s rest reference frame. The denominators can be
simplified using a partial fraction decomposition and we finally obtain a set of angular integrals,
which can all be performed using properties of the Legendre polynomials.

As a demonstration of the angular averaging procedure let’s consider the integral

dQ(k) k2
I= . 4.87
/ A (g2 - k)% — k2q3 (4.87)

After rotating the momenta and expanding the scalar products we simplify the integrand by
using a rational fraction decomposition, which yields :

_ K [dQ(k) 1 - |
I= 2Q2 / 4 [—(Q2 ‘K)+KQ; —(Qz-k)— KQ2:| . (4.88)

Using the Legendre polynomial expansion for propagators (4.82) and the orthogonality rela-
tion (D.40) we obtain

1 |Q2|>_ <_!Qzl>}: L <Q2+Qz|>
! 2Q2| Q2| [QO<|Q2| @o Q2| 20Q2|Q2| n Qs — Qal ) (4.89)

Now we can judge the benefit from the change of variables we did before. In the case of
direct averaging without the change of variables the expression for the third diagram would
involve the sum of two momenta Q)1 + 2 instead of 2 in the argument of logarithm and the
following analytical integration would be significantly complicated. The full list of the integrals
appearing in the calculation is given in Appendix.
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The next step is the integration over loop momenta. The loop integration can be partially
done analytically and the remaining integrals can be evaluated using numerical algorithms.
The integration technique based on the properties of Gegenbauer polynomials widely used in
two-loop calculations does not lead to analytical results in a general case. Due to the structure
appearing after angular averaging the three-dimensional angular integral can not be performed
analytically for all appearing structures [152]. However, it is possible to perform analytical
integration over two-dimensional spherical angles Q(Q;) and 2(Q;) with subsequent numerical
evaluation of the remaining four-dimensional integral. We notice that the only dependence on
the relative angle between vectors Q; and Q, in the resulting expression is in the Legendre
polynomials. It allows us to integrate it out analytically in a similar way to how we did the
averaging over k. The details of the integration are given in Appendix D.

Due to the reasons mentioned before, it is convenient to carry out the numerical integration
in polar coordinates. In particular, we make the change of variables :

Q) = Q; cos 1, |Qi| = Q;sin ;. (4.90)

The resulting four-dimensional integral for the case of a scalar meson with a monopole FF
takes the form :

[e.e] s o0 ™
160l AS
LbL,S __ Y
ppes —— 0 [ag [av [ aqu [ dve
0 0 0 0
sin? ¢y sin? 1y 1 1 1 (4.91)

Q1 + 2imcos vy Q2 + A% Q3+ A% Q3 + M2

T1(Q1, Qa, Y1, 12)
Q2 — 2im cos Ys

2

+ Q2T2<Q17 Q27 wlv ¢2)] )

where in the third diagram we have absorbed a factor [(Ql + Q2)? 4 2im(cos ¥y + cos —H/Jg)] !

in the expression for T 2(Q1,Q2,%1,12). Reproducing again all the steps as was done for the
scalar exchange we arrive to a similar four-dimensional integral representation for the tensor
meson contribution to the muon’s anomalous moment,

T T

6 AG
aﬁbL’T =— SOQF;ZJ\j;;lATQ /dQ1 /d?lll /dQ2 / dipo
0 0 0 0
sin® 1 sin® ¢y 1 1 1 1 1 (4.92)
Q1+ 2imcos Yy QF + A7y Q5 + A%y QF + A%, Q5 + A%, Q3 + M3
T1(Q1, Q2,v1,12)
Q2 — 2im cos Yo

2

+ szz(QbQ%%,%)] :

The remaining integrals in Eqs. (4.91, 4.92) can not be performed analytically. To accomplish
the integration we use numerical algorithms.
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4.4 Results and discussion

The integrands in four-dimensional representations of Eqs. (4.91, 4.92) as well as in two-
dimensional integrals of Eqs. (4.57, 4.58) are composed of rational functions, square roots and
logarithms. The numerical evaluation of the two- and four-dimensional integral representations
therefore possesses no real problems. We have used the following input values for the physical
constants: o = 1/137.03599976 and the mass of the muon m = m, = 105.66 MeV. The remain-
ing values of meson masses and their decay constants as well as the form factor parameters are
given further in tables. Where it is possible, we will use the available experimental information
to define the mass parameters of the form factor fitting functions. Otherwise, we will exploit
the constraints obtained from the sum rules to set the mass parameters or vary their values in
a certain range. In the end we will compare our predictions with the previous calculations.

4.4.1 Pseudo-scalar mesons

To test the formalism based on three-dimensional angular integration, we have firstly applied
it to the case of pseudo-scalar meson poles. This case had been worked out analytically in
Ref. [140] and reproduced previously in this work using the Gegenbauer polynomial technique,
where for monopole parametrizations of the FFs the HLbL contribution to a, had been given
by a two-dimensional numerical integral over @)1 and (2. We can alternatively obtain this
two-dimensional representation by using the three-dimensional angular integration technique
with subsequent two-dimensional numerical integration over ¢; and . We checked that using
e.g. a monopole FF, the result obtained from the analogous to Eq. (4.91) representation for the
pseudo scalar mesons is in exact agreement with the result of Ref. [140]. It is shown in Table
4.2. The errors from the numerical integration are much smaller than the last digits given in
the table below and the total errors are dominated by the phenomenological uncertainties.

M Loy Adip Qp
MeV] [keV] [MeV] [10-1)
70 134.9766 4+ 0.0006 (7.8 +0.5) x 1073 1040 £ 78 58 £ 10
n 547.853 4+ 0.024 0.510 £ 0.026 774+ 29 1341
n 957.78 + 0.06 4.29+0.14 859 £ 28 12+1
| Sum | | \ 83+ 12 |

Table 4.2: Present values [62] of the 7°. 1 and 7’ meson masses M, their equivalent 2y decay
widths Ty, defined according to Eq. (4.39), as well as their monopole masses Amon
entering the FF of Eq. (4.38).

In order to have a better understanding which region of virtualities in the axial-vector meson
FFs is contributing mostly to this result, it is instructive to define a density function p as :

au:/o dQl/O szpgp)(Ql’Qz)%-/o dQl/O Qs o7 (@1, Qs). (4.93)

For the four-dimensional integral representation the density function may be obtained by two-
dimensional integration over polar angles ¥; and 5. We show the dependence of pgg) on the
photon virtualities @1 and @2, which enter the HLbL scattering diagram, for the 7° meson in
Fig. 4.5.

First of all, we can see that for the pseudo scalar mesons the second distribution function
is highly suppressed compare to the first one. It turns out that the corresponding integral

converges even for a constant form factor as in the WZW model [140]. It means that it is
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less sensitive to the short-distance physics and the contribution is defined by the region of low
momenta. As a result the magnitude of this contribution is very stable with respect to the
various form factors [140]. Finally, one notices that the dominant contribution arises from the
region around Q1 ~ Q3 ~ 0.5 GeV.

Figure 4.5: The densities pgg) as defined in Eq. (4.93), in units 1071% GeV~2, for the 7" meson.
Left panel corresponds with left two diagrams of Fig. 4.4, right panel corresponds
with right diagram of Fig. 4.4.

As we discussed due to the more complicated vertex structure for scalar and tensor mesons,
the Gegenbauer polynomial technique cannot be easily extended, which is why we resort to the
four-dimensional expression of Eq. (4.91). Using this formalism, we subsequently discuss our
estimates for the HLbL contribution to a, due to axial-vector, scalar and tensor mesons.

4.4.2 Axial-vector mesons

Phenomenologically, the two-photon production cross sections have been measured for the two
lowest lying axial-vector mesons : f1(1285) and f1(1420). The most recent measurements were
performed by the L3 Collaboration [88, 89]. In those works, the non-relativistic quark model
expression of Eq. (2.37) in terms of a single FF F4,«,« has been assumed, and the resulting
FF has been parameterized by a dipole form as in Eq. (4.20). Table 4.3 shows the present
experimental status of the equivalent 2 decay widths for f;(1285), and f1(1420), as well as
the phenomenological values for the dipole mass parameters Agjp,.

Using these values, we can calculate the HLbL contributions of f1(1285) and f1(1420) to ay,
which are shown in Table 4.3. Both contributions sum up to a value of 6.4 x 10~!, which is
roughly one order of magnitude smaller than the dominant HLbL contribution to a, due to
the 70 [140]. We like to emphasize that our estimate for the two dominant axial-vector meson
contributions is based on available experimental information. In this way, we are also able to
provide an error estimate, which derives from the experimental uncertainties in the equivalent
2+ decay widths and from the FF parameterization.

We show the dependence of distribution functions pgg) on the photon virtualities ()1 and
(2, which enter the HLbL scattering diagram, for the axial-vector meson f;(1285) in Fig. 4.6.
One notices that the dominant contribution arises from the region around Q1 ~ Q2 =~ 0.5 GeV.
One also sees that the contribution beyond @12 > 1.5 GeV becomes negligible.
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M Loy Adip Op
[MeV] [keV] [MeV] [10~ 1]
f1(1285) 1281.84+0.6 | 35£08 | 1040+78 | 5.0£2.0
f1(1420) 14264409 | 32409 926 + 78 1.4+07
| Sum | \ \ | 6.4£20 |

Table 4.3: Present values [62] of the f1(1285) meson and fi(1420) meson masses M, their
equivalent 2y decay widths I'y,, defined according to Eq. (2.31), as well as their
dipole masses Aqip entering the FF of Eq. (2.37). For Iy, we use the experimental

results from the L3 Collaboration : f;(1285) from [88|, f1(1420) from [89].
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Figure 4.6: The densities pg‘;), in units 1071% GeV~2, for the axial-vector meson f1(1285). Left
panel corresponds with left two diagrams of Fig. 4.4, right panel corresponds with
right diagram of Fig. 4.4.

4.4.3 Scalar mesons

When going to virtual photons, unfortunately no empirical information is available at present
for the S~*~* transition FFs. We will assume a simple monopole behavior of the FF. The
monopole mass Anon is considered as a free parameter, which we will vary in the expected
hadronic range Apon = 1 —2 GeV, in order to obtain the numerical estimates for a,. We show
our results for the HLbL contribution to a, due to the leading scalar mesons fy, f{), and ag in
Table 4.4. We find a negative contribution of the scalar mesons to a, which is in the range —1
to —3 (in units 10™11), when varying Apyon in the range 1 to 2 GeV. The opposite to the other
contributions sign can clearly seen from the density plots on Fig. 4.7

4.4.4 Tensor mesons

In this work, we also estimate the HLbL contribution to a, due to tensor mesons. The dominant
tensor mesons produced in two-photon fusion processes are given by : f2(1270), a2(1320),
f2(1565), and a2(1700), see Table 4.5. At the present moment there is unfortunately no direct
experimental information about the Q? dependence of the tensor meson transition FFs. One
can however resort to other phenomenological information based on exact forward sum rules
for the light-by-light scattering. For y*y — X fusion cross sections, with one real photon (7)
and one virtual photon (v*), three super convergence sum rules were derived in Refs. [22, 55].
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M Iy ay (Amon = 1 GeV) | ay (Amon = 2 GeV)
[MeV] [keV] [10~ 1] [10~ 1]
f0(980) 980 =+ 10 0.29 £ 0.07 —0.19 £ 0.05 —0.61£0.15
f6(1370) | 1200 — 1500 38+15 —0.54£0.21 ~1.84£0.73
ao(980) 980 = 20 0340.1 —0.20 £ 0.07 —0.63 £ 0.21
| Sum | —0.940.2 —3.1408 |

Table 4.4: Scalar meson pole contribution to a, based on the present PDG values [62] of the
scalar meson masses M and their 2 decay widths I'y,.

0.00
+10.000
—0.01, ~0.005
| 00 | | . ~0.010
15 1.5 I AN J—0.015
1.0 ~1-003 1.0 | AN
0, [GeV] 1.5 0, [GeV] 1.5
0.5 0, [GeV] 0.5 0, [GeV]
0.0 0.0

(5)

Figure 4.7: The densities p; 5, In units 10710 GeV~2, for the scalar meson for monopole mass
A =1 GeVx. Left panel corresponds with left two diagrams of Fig. 4.4, right panel
corresponds with right diagram of Fig. 4.4.

Applied to the v*y production of mesons, this leads to intricate relations between transition
FFs of pseudo-scalar, axial and tensor mesons. In order to saturate these sum rules, one obtains
approximate expressions for the dominant tensor meson transition FFs, given the knowledge
of the transition FFs for the pseudo-scalar mesons. In particular, it was shown in Ref. [55]
that the 1, and 7 transition FFs constrain the transition FF for f»(1270) and the 7° transition
FF constrains the corresponding transition FF for the a2(1320) state. We found that in the
relevant range of virtualities these relations can approximately be expressed by choosing a
dipole form for the tensor meson transition FF with dipole mass parameter Agj, = 1.5 GeV.
We use this estimate in calculating the HLbL contribution to a, due to tensor mesons, which
is shown in Table 4.5. We see that the four dominant tensor meson contributions add up to
a contribution to a, of around 1 (in units 1071). The density plots for the case of ... meson
are shown on Fig. 4.8. A curious fact emerges here, the contribution of the tensor meson is
cancelled by the contribution of a scalar meson. Similar cancellation we already observed when
analyzing of the meson production in the sum rules.

4.4.5 Comparison with previous works

Our results can be compared with previous estimates for axial-vector and scalar mesons, which
are shown in Table 4.6 and were mentioned previously. For tensor mesons, our results are the
first estimates.
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(S)

Figure 4.8: The densities p; 5, in units 10710 GeV~2, for the scalar meson. Left panel cor-
responds with left two diagrams of Fig. 4.4, right panel corresponds with right
diagram of Fig. 4.4.

M FWW CLM (Adip =1.5 GeV)
[MeV] [keV] [10~ 1]
f2(1270) 1275.1 £1.2 3.03+£0.35 0.79 4 0.09
f2(1565) 1562 + 13 0.70 £0.14 0.07 £0.01
a2(1320) 1318.3+ 0.6 1.00 & 0.06 0.22 +0.01
a2(1700) 1732 + 16 0.30 +0.05 0.024+ 0.003
| Sum | 1.140.1 |

Table 4.5: Tensor meson pole contribution to a, based on the present PDG values [62] of the
tensor meson masses M and their 2y decay widths I'y,.

The MV [142] and JN [29] estimates are an order of magnitude larger than our estimate,
while the BPP [131, 132], HKS [133, 134, 135] and PdRV [51] estimates are enhanced by
around a factor 3. The large value of Ref. [142] was obtained because a constant FF was used
at the external vertex to reproduce the QCD short-distance constraints. Although such short-
distance constraints are surely important for the large Q? behavior of the FFs, one can see
from Fig. 4.6 that using the empirical information for the f;(1285) transition FF, the region
which dominates the HLbL contribution to a,, is for virtualities around and below 1 GeV2. An
intermediate estimate of PARV [51] is in agreement within 1o with our estimate.

For the scalar mesons, BPP has performed an estimate, which was adopted by N/JN and
PdRV (by increasing the error bar to 100 %). Compared with the result of BPP, our result
also has the negative sign, but is around a factor of 2 smaller in magnitude. Given that there
is no empirical information at all on the scalar meson transition FFs, future data from BES-III
would be mostly welcome here to better constrain this contribution.
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axial-vectors scalars tensors
BPP [131, 132] 2.5+1.0 —7+2 -
HKS [133, 134, 135] 1.7+£1.7 - -
MV [142] 22+5 - -
PdRV [51] 15+ 10 —7+7 -
N/JN [29] 22+5 —7+2 -
y this work | 64+£20 | -31408 1.14+0.1 |

Table 4.6: HLbL contribution to a, (in units 107!1) due to axial-vector, scalar, and tensor
mesons obtained in this work, compared with various previous estimates. For our
scalar meson estimate, we have quoted the value corresponding with Aoy = 2 GeV.

4.5 Conclusions

In this chapter we have presented the formalism to calculate the HLbL contribution to the
muon’s anomalous magnetic moment a, due to axial-vector, scalar and tensor meson poles. In
this way, we have extended the framework of Ref. [140], where the leading HLbL contribution
due to pseudo-scalar mesons was evaluated. To allow for the different Lorentz structures of
the v*+* — meson vertex, we have performed a combined analytical and numerical technique,
where the angular integrals over the virtual photon momenta were performed analytically using
the Legendre polynomial technique, and where the resulting four-dimensional integral for a,
was performed numerically. We validated our method by reproducing the known result for
pseudo-scalar mesons. To estimate the HLbL contribution to a, from axial-vector, scalar and
tensor mesons, we incorporated available experimental input as well as constraints from light-
by-light scattering sum rules. For those mesons which have the largest known couplings to two
virtual photons, we obtained as estimates :

a,(fi, 1) = (6.4+2.0)x 107,
au(fo, fora0) = [(—0.9+£0.2) to (=3.1+£0.8)] x 1011,
a,(fa, f5,a9,ah) = (1.1£0.1) x 1071,

The size of such contributions is about an order of magnitude smaller than the dominant 7°
HLbL contribution. Given a new muon g — 2 experiment at Fermilab, which aims to reduce
the experimental uncertainty to da,, ~ 16 x 1071, it is however crucial to further constrain the
theoretical uncertainty due to the HLbL contribution. In this respect, it would be particularly
helpful to have y*4* — meson transition form factor measurements with one and two virtual
photons for axial-vector, scalar and tensor states. As such information will become available,
in particular from future measurements from BES-III, the here developed formalism can be
used to further improve on the estimate of the HLbL contribution to ay.

The estimates worked out in this chapter shed the light on the hadronic contributions to
the (¢ — 2), giving an important information about the relevance of different intermediate
states. However, as we already mentioned there is one issue which should not be dismissed. In
order to avoid the inconsistency related to the momentum conservation and due to the absence
of the phenomenological information we had to assume constant form factors in the meson
mass. This, of course, might be a source of a larger uncertainty of our estimates compare to
errors given above. In order to overcome this complication and to define hadronic contributions
rigorously we refer to the analytical structure of the hadronic vacuum polarization tensor and
develop a novel dispersion technique for the evaluation of the HLbL contribution to the (g—2),
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Chapter 5

Hadronic light-by-light contribution to
(9 —2), in a dispersion approach

In the previous chapter we have estimated the single meson LbL contributions to the anoma-
lous magnetic moment of the muon by the direct computation of loop integrals in Feynman
diagrams. However, our results possess significant limitations. A weak point of the used ap-
proach is the on-shell approximation for the meson form factors, while in the loop integral
the exchanged meson is significantly off-shell. To overcome this inconsistency we develop a
dispersion representation for the two-loop HLbL contribution to (¢ — 2),. The aim is to ex-
press the HLbL correction to the anomalous magnetic moment in terms of on-shell hadronic
amplitudes which in this case can be directly determined from the experimental data. The
integrals appearing in (g — 2), can be generally decomposed in a sum of scalar integrals. As
a first step we will develop the formalism for a dispersive representation of the scalar two-loop
functions. The general dispersive framework for the muon’s anomalous magnetic moment will
be discussed subsequently.

5.1 Introduction

When dealing with the strong interactions especially in the non-perturbative regime it is often
prohibitive to find a consistent theoretical solution. The background processes involving strong
forces are usually a source of large uncertainty which in many situations defies their systematic
theoretical control. In such a situation to constrain the hadronic uncertainties one can refer to
experimental data. To make such an implementation one needs to express the quantity in terms
of on-shell hadronic matrix elements as outside of the mass shell they are highly suppressed
and can not be measured experimentally.

The rigorous incorporation of the data into a theoretical analysis can be carried out by means
of the dispersion framework. We already showed how, by analyticity and unitarity, the elastic
scattering amplitude at low energy may be related to the two-photon fusion cross-sections by
sum rules. Similarly, one can apply such an idea for the calculation of loop corrections where
the non-perturbative hadronic correlators may be related to measurable cross sections or other
observables. An example of such an approach is the determination of the VP correction to
(9 — 2)u. The energy scale for the virtual hadrons in this process is of order mucz, well
below the perturbative region of QCD. Using the dispersion representation for the photon
polarization, the VP contribution is expressed in terms of measurable e™e™ — h cross sections,
shown pictorially in Fig. 5.1,

2 T te” —h
R (amu) ds ott(eTe — adrons)7 (5.1)

—K(s)R h R =

K 3 52 (s)R(s),  where olete = ptu)
mz

where K(s) is a kinematic factor ranging from 0.4 at s = m2 to 0 at s = oo (see Ref. [153]).

Because the integrand contains a factor of s72, the values of R(s) at low energies (the p
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Chapter 5 Hadronic light-by-light contribution to (g — 2),, in a dispersion approach

resonance) dominate the determination of al‘fp , however at the level of precision needed, the
data up to 2 GeV are very important. Using this approach, the HVP which is the dominating
hadronic contribution in (g — 2),, is presently determined to a much higher relative precision
than the HLbL contribution.

e+

.
'\N@\/\A/ ~
! e- X

Figure 5.1: The HVP contribution to the anomalous magnetic moment of the muon: cuts in a
vertical projection

Up to a present moment, a commonly accepted belief was that the HLbL contribution to
(9 —2),, cannot be defined in a dispersive framework. Attempts to define the dispersion repre-
sentation for the HLbL matrix element directly in the loop integral fail due to the kinematical
constraints. It may be explained by the following arguments. In a general case, a four-point
function may be defined in terms of six invariant variables, e.g. squared masses of the external
particles ¢?, ¢2, ¢2, ¢2 and Mandelstam variables s = (q1 + ¢2)? and ¢t = (q1 — g3)?. The fact
that all six variables can be varied independently allows to perform the analytical continuation
of the amplitude in each of these parameters for given values of the remaining invariants. How-
ever, when considering the loop integral in the limit of the classical external field, i.e. g — 0
(see Fig. 5.2), the hadron invariant mass s and the photon virtuality ¢ are not independent
any more: s = (g1 + q2)® — q%, and the dispersion integral can not be written independently.
However, it turns out, that it is not the only possible way of the calculation. In the following
we present the novel dispersive approach developed specifically for the calculation of the HLbL
correction to (g — 2), which allows to overcome this inconsistency.

> > > >

Figure 5.2: The LbL scattering contribution to the anomalous magnetic moment of the muon:
cuts in a vertical projection

In the previous section we defined the anomalous magnetic moment as a classical limit of the
Pauli form factor Fy(k?), which in general may be calculated using the projection operator as

By(k*) =Tr [(p + m)A (0, p)(p + m)T" (¢, )], (5.2)
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with the projector A, defined by
m? k? 4 2m?

M) = g [ gy ] >

If one knows the vertex I'V(k?), the a, can be defined straightforwardly by the limit k& — 0.
Alternatively, using the dispersion relation in the virtuality of the external photon k% = ¢ we can
relate F5(0) to the absorptive part of the form factor for the time-like process of v* — putpu™:

1 dt
Fy(0) = — ¢ —Abs Fy(k?). (5.4)
2mi t
Disc
The absorptive part of the form factor is directly related to the absorptive part of the QED
vertex function':

Abs Fp(t) = Tr [( + m)A,(p', p) (P + m)AbsT*(p', p)] (5.5)

Subsequently, using analytical continuation and unitarity relations the absorptive part of the
vertex function I'* can be expressed in terms of measurable on-shell hadron production matrix
elements. In practice, the unitarity method is realized by means of Cutkosky rules. They can
be graphically represented as a cut of a Feynman diagram which crosses all intermediate states
allowed in the considered channel by quantum numbers and kinematics. When the cut crosses
the propagator it means that the corresponding virtual intermediate state is put on its mass
shell. This can be done by a simple substitution of the crossed propagators by delta-functions:

—— — —2mid(¢® — m?). 5.6
T (¢~ m?) (56)
When the non-perturbative matrix element is crossed by the cut, the discontinuity in the
corresponding invariant energy flowing through the cut is implied

M(m?,s;) — DiscsM(m?, s;). (5.7)

where m; and s; are the masses of external legs and energy invariants of the matrix element
and s is the squared c.m. energy flowing through the discontinuity.

For better visualization it is convenient to depict the cut diagrams for the HLbL contribution
in a 3D image which can be considered as a three-dimensional projection of the four-dimensional
momentum phase-space. In this representation each intermediate state appearing in the uni-
tarity relation is represented by an on-shell slice of a phase-space. For example, one of the
cuts appearing in ['* is shown in Fig. 5.3. The cut plane is represented by a grey box in the
illustration. It crosses the HLbL blob and two virtual muon lines. The absorptive part cor-
responding to this diagram is defined as a product of p*u~ — pu*tu~X (below the cut plane)
and v* — putpu~ X (above the cut plane) amplitudes.

To systematize all possible cuts appearing in the considered case it is convenient to use the
vertical projection of the 3D Feynman diagrams (see Fig. 5.4). The red curve defines the
projection of a cut, thus all the intermediate states which cross this line are on-shell. The black
spot depicts the incoming external photon. In terms of Fig. 5.3 the part of the diagram inside
the red circle lies above the plane and the outside part lies below. One can notice that the 3D
diagram in Fig. 5.3 corresponds with the third graph in the first row of Fig.(5.4).

LA seeming kinematical singularity ¢ = 4m? form the projector does not contribute to the discontinuity. It is
cancelled against the numerator after performing all the phase space integrals in the unitarity relation.
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Figure 5.3: The 3D projection of a cut diagram in LbL scattering contribution to the anomalous
magnetic moment of the muon.

In a general case (in the absence of the before mentioned kinematical constraints) the HLbL
matrix element may be defined via dispersion representation through its discontinuities. The
analytical structure of this matrix element is very complicated and has not been widely studied
in the past. The intermediate states which contribute to the discontinuities of the HLDbL
tensor (grey blob in Fig. 5.4) can be separated in two types, the C-positive and C-negative
states. They correspond to two types of cuts of the HLbL four-point function. The C-positive
intermediate hadronic states contribute to the v*v* production channels and appear as poles
and branching points in the complex plane of the squared total energy of initial photons. They
include a series of single meson intermediate states, i.e. pseudo scalar mesons 7°,  and 1’ and
heavier scalar, axial vector and tensor mesons. Furthermore, they include multi-particle states
with the dominant channel y*y* — 7+t7~. These intermediate states explicitly contribute to
unitarity diagrams 2, 3, 4, 5 and 6 in Fig. 5.4. The C-negative states contribute to the ’corner’
cuts and are originating from the ’hadronization’ of the photon. These discontinuities result
in poles and branching points in the complex plane of the virtualities of the corresponding
photons. A prominent contribution of this kind originates from the fluctuation of a photon to
a vector meson, such as p® or w. They explicitly contribute to the three diagrams in the last
row in Fig. 5.4.

One notices that in the dispersion relation of Eq.(5.4) the contribution of the discontinuities
with the branch points located at higher scales are suppressed due to expansion of the phase
space. In view of this argument and the fact that the HLbL tensor is weighted by the QED prop-
agators it makes sense to start constraining the uncertainty by systemizing the contributions
of the lowest lying singularities. The general idea is to incorporate the experimentally observed
behavior in the non-analyticities of the amplitude. For instance, the resonant behavior (a single
particle, a resonance or a bound state exchange) corresponds to poles in a complex plane, the
logarithmic behavior which originates from multi-particle production channels is related to the
branch points located at the production threshold, etc. The parameters (i.e. position of poles
and branch points, the residues, etc.) of the introduced singularities are obtained by a fit of
the data. This procedure can be formally called the analytical parametrization’.

The dominant contributions to the two-photon production discontinuity are originating from
the intermediate states related to the lightest hadronic state, a single neutral pion (X = 70).
This C-positive intermediate state can contribute to the v+ decay (or 4y — 77) channel which

2In principle, one can involve the experimental data directly. This can be done by using partial wave decom-
position and analytical continuation of the partial wave amplitudes.
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Figure 5.4: The LbL scattering contribution to the anomalous magnetic moment of the muon:
cuts in a vertical projection

explicitly appears in unitarity diagrams 2, 3, 4, 5 and 6 in Fig. 5.43. Defining the Mandelstam
variables

s1= (@ +q@)? s2=(q—@)? s3=(qn—qu) (5.8)

the contribution of the meson pole to the light-by-light scattering amplitude discontinuity is
given by

Disc,oIlx xoxgn (41:85, 45 43 51, 52, 53)
= Moo (67,63, 51)270 (51— M?) Miga, (63, 45, 51)
+ Mo, -2 (65, 43, 52)276 (82 — M?) My,_», (43, q3. 52) (5.9)
+ My, on (63,43, 83)276 (s3 — M?) My, —x, (45, G5, 53)

where for a pseudo-scalar state the v*v* — M helicity amplitude is given by:
M 2 2 2y A e A a.bp 2 2 2 5.10
M (415 a2, (@1 + 42)7) = —ie" (g1, M)€” (a2, \2)epvapdi' @ Fryy (a1, @, (@1 + q2)7). (5.10)

In the last equations €(g;, A\;) stands for the polarization vectors of photon, subscripts A; denote
their helicities and M is a meson mass. The analytical continuation from the scattering to the

3We do not discuss the QED corrections, e.g. processes v* — v*m — 37 as they are suppressed by electro-
magnetic coupling constant a.
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decay channel is trivial in this case*. Hence, the pole contribution to the light-by-light scattering
amplitude is

0 2 2 2 2
HZ\T1A2A3/\4(QI7QQaq3aQ4751a52783)

M 27 273/ M 2, 2,8/
_ /d31 M2 (45 9 311) S/x\3/\4(q3 94 1)5(3’1 — M?)
!

2 2 o 2 2 o
+ dso M)\l—)\;; (Q17Q3a 52)Ml)\2—>\4 (Q2a 4y, 52)5 (5/2 B MQ) (5'11)
52 — So
Mir—x (q%> qia 85) Moy (q%, qg? s5) / 2
+/d53 2524 5 (s — M?)
373

As a result of the latter transformation the non-perturbative part of the pion-pole contribution
to the HLbL tensor is defined through the on-shell pion transition form factors:

0 2 2 2 2 m0(1) 2 2 2 2
H§1>\2/\3)\4(q17q27q37q4781782753) :H,\1A2A3A4(q17Q27Q37Q47 81)

02 2 2 9 9

+H§\rl§\2))\3)\4 (Q1 ’ q27 Q37 q41 32) (512)
°(3 2 9 9 9

+H§1§\2)A3)\4(q1 »42,43,4y, 83)

where we introduced notation

T 22 2 2y M (ad g M) Mo, (65, f, M?)
/\1/\2)\3)\4(QI7QQ7Q3,Q4,81) = - e
~ 0]
_ Hi\rlgz)xg)%(Q%aqgaq%,qz,sl)
51— M? ’
I, | (o ) = 20885 MO Mo, 05, 4, M)
A1 A2 A3\ q17q27Q37Q4732 = - M2
i (2) 2 9 2 9
_ )\1/\2)\3)\4((1176]27Q37Q4,82) (5 13)
SS9 — ]\42 ’ .
H7r0(3) 2 2 2 9 . M,\l—M(Q%aQE,M2)MA27A3(Q%7Q§’M2)
A1 A2 A3\ (QDQQ’ q3,94, 83) = - Ve
~70(3) 9 9 9 9
_ H>\1)\2)\3)\4(Q17QQ,Q3,q4,53)
s3 — M? :

Subsequently, the structure of the form factors is defined by the C-odd intermediate hadronic
states which contribute to the corner (single-photon) discontinuities. Although the lowest
threshold in the C-odd channel corresponds to two-pion production we will consider a simplified
picture for this channel where we take into account only the lowest resonant part of the vector-
isovector spectrum. Moreover, we assume it to be an exchange of a stable isovector state. This
can be conformed with a single pole of the on-shell meson form factor in the complex planes
of photons’ virtualities q% and q% located at A? (the monopole mass parameter). Physically, it
corresponds to the effect of photon hadronization, or conversion of the photon to a vector (e.g.
p meson) state. The chosen structure of the form factor is motivated by the presently available
phenomenological description. Furthermore, it is closely connected to the VMD model for
meson form factors widely used in previous calculations and allows direct comparison with the

4For the cases of higher-spin meson exchanges or multi-meson intermediate states it can be done separately
for each partial wave.
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latter. Similarly to the case of the C-even channel the isovector-pole contribution to the meson
form factor gives rise to

1 1
Fpoens (62,62, M?) = Fpoypery (0,0, M2 (5.14)
77(1 2 ) 77( )1*q%/A21*qg/A2
with the residue defined by the normalization in the limit of quasi-real photons
4T
2V12 _ alel

The generalization to include the non-resonant part of the v* — X spectrum is also possible
in our approach and in fact, is the next step together with including of the C-even vy —
77~ channel. In practice, the account of multi-particle inelastic thresholds is rather involved
technically, due to the multi-particle phase space integration and a complicated structure of
the LbL scattering matrix element. The contribution of two-pion intermediate states to the
LbL matrix element has been recently discussed in detail in [154].

Among the C-odd singularities, there is also the isovector pole in the external photon vir-
tuality k? = A%. To minimize the efforts we will calculate the vertex multiplied by k%/A% — 1,
which rids us from the before mentioned singularity. In other words we re-define the vertex as

T, — (K*/A* - 1)T,,. (5.16)

From one side, calculations shows that the discontinuity of the vertex I' decreases faster than
1/t. Thus, the before mentioned modification does not threaten the convergence of the disper-
sion integral, where it is additionally suppressed by another factor 1/t. From the other side,
in the limit of & — 0 the modified vertex coincides with I' and gives the same value of the
projection on F5(0).

The discussed analytical structure may be graphically represented by diagrams in Fig. 5.5
where the dashed line represents the exchanged meson pole and the double solid line stands
for the resonant part of the isovector spectrum (i.e. exchange of a p-meson pole). The three
diagrams originate from the contributions of the three terms '@ in Eq. (5.12). The discon-
tinuities of the corresponding amplitudes can now be easily computed by exploiting Eq. (5.6).
Due to symmetry the first two diagrams in Fig. 5.5 give identical contributions. Hence, we
will explicitly compute the contributions of the second and the third graphs.

LK L
q1JAH \q2 Q,/ qu q,/

Figure 5.5: The meson-pole contributions to the hadronic light-by-light scattering in (g — 2),.

The contribution to the vertex function in Eq. (5.2) corresponding with the second diagram
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in Fig. 5.5 may be defined as

d*qq d*qgy 11 1 1

2 6 2\12

T1p(K) = =€ Fpy (0,0, M7)) / (2m)4 / (2m)4 ?q? (k—q—q2)? (k—q1)? — M?
1
Q) —

. 1
L L e e SRy N o
X Eupapdi kP evns(k — a1 — q2)7a) . : !
e i q%/AQ—lq%//W—l(k—ql—q2)2/A2—1( |
5.17
whereas the third diagram gives rise to
d*q d¢ 1 1 1 1
r I<:2:—6F**OOM22/ / ==
2P( ) (& | Pry*y ( s Y )| (27T)4 (27‘() %q (k,_ql _q2)2 (q1 +Q2)2 — M2
1 1
A v
XY (P +k—d2+m)y (¢+¢1+m)7“(p+q )2 —m2 (p+k — q2)2 —m?
1 1 1
aB 1)
X 5upaﬁ(k —q1 — C]2) k 5u/\75QYQ2 (k‘ —q - QQ)2/A2 1 q%/AQ 1 q%/AQ -1
(5.18)

Exploiting Eq. (5.2) we can define the corresponding contributions to the Pauli form factor as

d*q d'q
FyV(t) = OAO Fpoens (0,0, M) / (27r)14/ (27r>24

y i 1 i 1 1 1 1 (5 19)
CP-N@EE-Nk—qg—@)?k—g-—q@)?k-—qg—q)?— A '
1 1 1
X T 9 ) 7k7
T =2 k= @ = (b= q)? = M2 )
for the first topology and
4 4
2) 676 oy [ A [ dige
F, =e’N°Fp (0,0, M
=m0, [ b [ G
1 1 1 1 1 1 1
X — — 5.20
Gai—ANggg—N(k—q—q)?k-—qg-—q)?(k-—q—qg)—A (5.20)
1 1 1
(QIan7p7 k)a

X
(p+aq@)? —m? (p+k—q2)* —m? (q1 + g2)* — M?
for the second topology. Here we introduce notation
Ti(a1,42, 9, %) = T [(9+ E+ m)Ap(p + b, p) (5 + my (B K = o + )" (b + g + )

X 5,upa6‘]?(_k)6€u/\76(k —q1 — q2)’ng~
(5.21)

and
T3(q1, g2, p, k) = Tr [(115 +E+m)A(p+ k,p) (B +m)IVNP+ K — do + m)V (P + g1 + m)y*

X Eupap(k —q1 — QZ)Q(_k)65VM5q¥q(2;-
(5.22)

Applying Cutkosky rules to the vertex functions in Egs. (5.17, 5.18) we can compute their
discontinuities and with the help of Eq. (5.4) evaluate the corresponding contribution to the
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anomalous magnetic moment. From Fig. 5.5 as well as Eqs. (5.17, 5.18) we can see that in this
case the discontinuity originates from two- and three-body cuts. The two-particle cuts include
the ones with 7%y and 7% intermediate states. In total there are four cut diagrams, two for
each topology. They are depicted in Fig. 5.6. The full two-particle discontinuity is obtained
by the sum of contributions from two cuts:
Disc®T%(t) = Discro, 7 (t) + Discyo, L7 (t) (5.23)
The three-particle cuts include one of each 3 and 3p and two of each 2yp and 2p~, in total
8 different cut diagrams for each topology. They may be explicitly represented as shown in
Figs. 5.7, 5.8. In addition, there is one cut diagram corresponding with the 2um discontinuity
for the second topology, see Fig. 5.9.

\ \
~7 T \" \
\ e

Figure 5.6: The two-body cuts of the second and the third diagrams in Fig. 4.4.

Similarly to the two-particle cut, the full three-particle discontinuity is obtained by the sum
of contributions from all cuts. For the first diagram it is

Disc®T%(t) = Discyyy D] () + Discyq, I (t) + Discypy I (¢)
+Disc,y I (£) + Discy oI (£) + Discpy I () (5.24)
+ Disc,p, '] (t) 4 Discpp, I ().
and for the second topology
Disc®T(t) = Discyy, (1) + Discyq, L5 (t) + Disc, o (t)
+Discy 5 (t) + Discy, 5 (¢) + Discpy, I () (5.25)
+Disc,py [ (t) 4+ Disc,pp L' (t) + Discpur L (¢).
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Chapter 5 Hadronic light-by-light contribution to (g — 2),, in a dispersion approach

Figure 5.7: The three-body cuts of the second diagram in Fig. 4.4.
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Figure 5.8: The three-body cuts of the third diagram in Fig. 4.4.
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Chapter 5 Hadronic light-by-light contribution to (g — 2),, in a dispersion approach

Figure 5.9: The muonic three-body cut of the third diagram in Fig. 4.4.

Using the projection technique and Eq. (5.6) one can explicitly define the corresponding
contributions to the discontinuity of the Pauli form factor. For instance, the 7%y cut for the
first topology contributes to the discontinuity as

. (1) 616 o [ d'a [ d'g 2 2\ 50,2
Disco, Fy ' (t) = €? A" Fpx+ (0,0, M) —=0((k —q1)* — M?)d(q7)

Gt ) o)t
1 1 1 1 1
" 1 5.26
F-NEE-N (g —af k- —q) - (526)
1 1

T1<q17 q2, D, k)

X
(p+q1)? —m? (p+k — q2)? — m?

In practice, it turns out that it is more convenient to perform the calculation in a slightly
different way. One can notice that the used parametrization of the form factors allows to
simplify the integrand using rational fraction decomposition, e.g.

1 1 1 ( 1 1 >

aiai — A A\ - A g
As a result, the expression for the Pauli form factor in Egs. (5.19, 5.20) may be transformed
into a simpler form. For the contribution of the first topology:

F(l)(t) _ €6A6|F(O 0 M2)|2/ d4Q1 1 1
2 - 7 4 2 _ 92 _ 2 _ 2
x| — = ) (98" = 530 — S§* 4+ 590)
(fﬁ — A2 fﬁ) (557 = $57 = 57+ 557)

Regarding the second topology it is convenient to make a change of variables for the momenta
q <k —q1 — q2. As a result, we can write

B (1) = A% F (0,0, M?)Q/ i ;
: ()t (= a)? = M2 (5.25)
1 1 AN GO GOA | GO0 .
X | 5—=5——=5 (S =S, =S5 +5;).
(tﬁ—/\z Q%>(4 &)
In the latter equations we explicitly isolated the one-loop integrals
, d*g T1(q1, 42, p, k)
isAZAd((p+ Q1)2,p2, (k - Q1)2) _ / s 42, P,
’ (2m)* [g3 — A3] [(k — g1 — q2)* = A3] [(p — g2 + K)? . m?|
5.29)
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5.2 Two-loop scalar vertex functions

and

d4QQ 1

(2m)* [(k —q1—q2)? — A%] [q% - A%]
To(k — q1 — 2,92, p, k)

(p+k—q —q)?—mi| [(p+k—q2)? —m3]
(5.30)

IS (0 )2, K, @2 ( — @) P (p + k)?) = /

Finally, we can write
F{P () = FMN () = FMO (1) — FAM )+ FAO(8) — FPM (1) + BP0 (1) + FOM 1) - F™ (1) (5.31)

where

d4(11 1 1 1 oA
53278 (5.32
(277)4 (p+q1)2_m2 (k_ql)Q_MQ q%—A% 3 ( )

FR(0) = 010,002

and

a4 1 1

F2A1A2A3(t) = 66‘F(0707M2)’2/ (27;])14 (]{7 _ QI)2 — M2 q% _ A%S£2A3' (5'33)
For each of Egs. (5.32, 5.33) the dispersion integral is divergent by itself as it would be in the
case with constant form factors, for instance. However the sum of all eight terms is convergent
as the divergent terms in each of the dispersion integrals are not dependent on masses A;. One
can do the evaluation regularizing the integral over ¢ by a cutoff and keeping in mind that
the integrals over infinite contour for both terms are the same and cancel each other, thus the
resulting sum is finite and definite.

The dispersive computation of the two-loop integrals in Eqgs. (5.32, 5.33) can be illustratively
demonstrated on the example of the evaluation of two-loop scalar functions. In fact, the latter
possess the same analytical structure and can be straightforwardly generalized to the case of
interest.

5.2 Two-loop scalar vertex functions

In this section we will calculate the two-loop scalar graphs depicted in Fig. 5.10. This calcula-
tion is relevant for the computation of the single meson contribution to the HLbL correction in
(9—2), as the diagrams appearing there are topologically similar to the ones considered in this
section. In the latter the tensor loop integrals can be decomposed in a sum of scalar integrals
among which also those appear which correspond to a scalar ¢? theory. Since in the above
decomposition the considered type of integrals have the maximum number of propagators (here
six) they are the most difficult ones to compute and therefore we present their calculation here.
The remaining integrals which contain less propagators than those given by the diagrams in
Fig. 5.10 are easier to compute and can be calculated in the analogous way. We will discuss the
general case where the scalars corresponding to photons have all different masses (motivated
by the integrals which appear when using monopole form factors for the M~y*~* vertex in the
HLbL contribution (g —2),).

The scalar two-loop amplitude corresponding with the first diagram in Fig. 5.10 can be
written as

Iy (t) = / d*q / d*¢s 1 1 1 1
@m* ) @m)t(k—q1 —q)* = A3 — AT g5 — A5 (k—q1)? — M?
1 1
(p+@)?—mi(p+k—q)>—mi

(5.34)
X
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/ |
/ |
/ |
/ I
// /A / \\'\
q1// / \\qz q1// Mo~ 92
/ / \ / N
/ / \ / ] ~
p — p — p — p—

Figure 5.10: Two-loop vertex corrections in a scalar theory. Here the following code for the
masses of the scalar propagators is used: the double line denotes the (meson)
propagator with mass M, the solid lines denote (lepton) propagators with masses
mq and mgy and the dashed lines denote (photon) propagators with masses A, Ay
and Az (from left to right).

The second diagram corresponds to amplitude

To(t) = / d*q; / d*qe 1 1 1 1
@2m)t ) 2m)t(k—q —@)?— A ¢ — A g3 — A3 (g1 + q2)? — M2
1 1
(p+aq)2—m?(p+k—q)?—m3

(5.35)

X

5.2.1 Angular parametrization and integration of the phase space

The scalar two-loop integrals can be represented in a convenient way using a special set of
variables. The choice of variables is based on the initial form of the integrand: the non-
perturbative vacuum polarization part is dependent only on invariants and the angular integral
is reduced to the integration over one polar and azimuthal angle. The same type of the
angular integral we meet when integrating the three-particle phase space. It can be evaluated
analytically and expressed in a closed form. In this section we discuss the technical details of
the angular integration.

The most important ingredient of the dispersion method is the calculation of the angular
part of the two- and three-particle phase-space integrals. The loop and external momenta can
be defined in terms of the angular coordinates and a set of invariant energy parameters ¢, 1,
ta, t1o and the invariant masses of virtual photons ¢7 and ¢3. In the k-rest frame we define the
momenta as

kz(\/%,o,o,o),
Vit

P = 7(_1707075)7
t t—t 2
q1 = gﬁl <tl_‘_ql,Sin01,0,C0891> ’
b ) (5.36)
q2 = \fBQ (t_?;q?, — cos 01 cos 05 sin 0 + sin A1 cos 0,
2

sin € sin 6, sin 07 cos f3 sin § + cos 0 cos ) ,
26(q} + 5 —ti2) + (t —t1 + ¢7)(t — ta + ¢5)
25152

cosl =
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5.2 Two-loop scalar vertex functions

with

2_.\? 4¢? Am?
ﬁz‘:\/<1+qlt )— f and S = 1—%. (5.37)

This angular parametrization is explained by Fig.(5.11). The space direction of the momentum
g2 is defined with respect to q1, by a polar angle 8 between ¢ and ¢> and azimuthal angle 6.
Such a definition allows to factorize the two-loop expression and to express the angular integral
in a closed form.

X
\
|
q1 92:_\
Ve /ﬁ
fa) awd |
7
O 0 ! . J
o v V4
\\ q. /// -
~ 4 //
AN 4 _
AN ~
AN -
N | -
e
S

y
Figure 5.11: The angular coordinates in the one- and two-loop phase space integral.
The invariants which appear in the calculation are related to the introduced parameters as

2 12 2
p=p =m,

(k—q1)* =t1,
(k —g2)% = ta,
(@1 + @2)° = ta2,
1
(p+ @)’ =5 [2m° +gf +11 —t —thif cosbi] . (5.38)
1
(pt+k—aq)’ =5 [2m® +af + 11—t +tH15cos ],
1
(p+k—q)?= 3 [2m + g5 — t + tg + tP28(sin O; cos B sin O + cos By cos 9)]

(k_(h_QQ)2:t12+t1+t2_t_Q1_QQa

Using the above definitions the transformation of the phase-space integration measure is

given by
/d4q1 _ /dq%/dh/dcosﬁl/d(b ﬂgl (5.39)
0
/d4QQ = /dqz/dh/dtm/d@z L (5.40)
2 461t
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Chapter 5 Hadronic light-by-light contribution to (g — 2),, in a dispersion approach

where the integration domains are explicitly defined by kinematic constraints for each of two-
and three-particle cuts separately. Using the introduced parametrization the loop integrals in
Egs. (5.62, 5.35) can be represented as

1
a2 [a@ [an [aw [
I 7t/ Q1/ QQ/ 1/ 2/ 12t12+t1+t2—t—q1—q2 A2

1 (5.41)
2 2
A%q2 A2t MQQ(tlat27t127Q17QQ,ml,m2)
and
d d dt dt dt
H 775/ q1/ q2/ 1/ 2/ 12t12—|—t1+t2—t—q1—q2 A2 (5.42)

Q(t1, t2, t12, Q17QZ7 ml, m%)

A% q2 A2 tlg—M2

where Q(t1,t2,t12,q%, g3, m?,m3) is the angular integral defined by

T 2
2
Q(t1, ta, tia, ¢, g2, m2,m?2 :/dcosﬁ /d@
(b1t o, 41, 3, i, ) ! 22m2—2m%+q%+t1—t—tﬁlﬂc0591
0 0
" 2
2m?2 — 2m% + q% — t + tg + tB25(sin Oy cos O sin 6 + cos 61 cos 0)

(5.43)

The angular integral ) can be carried out analytically which yields to

4 27
B1B28%t \/(a + b)2 — 2ab(1 + cos §) — sin? 0
(a+b)(1 —b) — b(1 + cos @) + ab(1 + cos ) + sin? § + (cos § + b)c

Q(tl,tz,tm,q%,q%,mim%) = -

-1
log a4 + log
a

+1 —(a+b)(1+b) +b(1 + cos ) + ab(1 + cos #) + sin? @ — (cos 6 — b)c
(5.44)
with
Y C2mf —2mi4 g —t+
t618 ’
- 2m? — 2m3 + q2 —t + to (5.45)
828 ’

c= \/(a +b)2 — 2ab(1 + cos ) — sin? 6.
The details of the computation are given in the Appendix F.

5.2.2 Discontinuity of the vertex function

Applying the Cutkosky rules to the graphs in Fig. 5.10 we can now calculate the absorptive
parts which are represented by the cut diagrams in Figs. 5.12, 5.14. The diagrams can be
divided into two-particle and three-particle cut graphs.
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5.2 Two-loop scalar vertex functions

-_———_—— - x----- === —_—_ -

Figure 5.12: The two-particle cuts belonging to the corner vertex three-point functions pre-
sented by diagrams in Fig. 5.10.

Two-particle cuts.

The first set contains the one-loop virtual diagram insertions which are represented by the
vertex and crossed-box graphs given in Fig. 5.13.

With the right choice of the loop momenta the triangle correction in the first diagram and the
crossed-box correction in the second diagram can be isolated as closed integrals. The absorptive
part corresponding to the left two-particle cut graph in Fig. 5.12 can be expressed in the form:

Disc1 (1) = [ 325 mi8(a? ~ D3k — 00 - M)
) (5.46)
X mM:& ((k —q}), (p+ q1)2,m2) .

To isolate the one-loop function in a closed form in the right two-particle cut diagram in Fig.
5.12 we relabel momenta as q; <+ k — g1 — ¢2. Hence, the discontinuity has form

Dot = [ S i — Mok~ — )

(2m)? (5.47)

x My ((k = @) (p+a1)% (b — q1)% ¢, m?,m?) .

Using the above definitions the two- and three-particle cuts may be reformulated in a compact
form. For the two-particle cuts we have

BrM3(M?,m? + ¢?/2 +t1/2 — t/2 — t/2513 cos b1, m?)
2m2 —2m2 + ¢ +t; —t — tf1Bcos by

1
Disci Ty (t) = o / d cos 6, (5.48)
Y

and

1
Disc’Ty(t) = Ton dcosy B1 My (m2 + @3 /24t1/2 —t/2 —t/2B1B cos by, t, A%,MQ,mQ,mQ) :

(5.49)
where in Eq. 5.49 q% = Ag and t; = M?. The one-loop three- and four-point functions M3

and M, (see Fig. 5.13) which enter the expressions for the above loop integrals can be thus
presented as
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M ((k:—q2) (p+q1)2 m2) :/ d4q2 1 1 1
i) ’ @2m)t a3 — A3 (k—aq1— @) — A (p+k—q2)? —m3
(5.50)
d4go 1 1
M, ((p+ )% k2, @2 (k — q1)2, m2, m? :/
(0 + )’ g (k- ) Ll O LS. o (5.51)
1 1 '

X .
(p+k—q—q)?—m?(p+k—q)?—m}

The above integrals belong to a class of one-loop integrals which were studied in quite detail
starting with the original work of Ref. [155] (see also Ref. [156] for a review). The original
approach is based on the Feynman parametrization which allows to regroup the propagators
in a spherically symmetric form and to perform the momentum integral in the Euclidian space
directly. The subsequent integration over Feynman parameters can be performed with the
account of the analytical structure of the amplitudes. In regions of momentum space where no
cuts occur the integrals are rather simple to perform. In principle, the rest can be obtained
by analytical continuation, however in practice it is hard to realize. Therefore, it is more
efficient to define the integral independently for different kinematical regions. The details of
this approach are described in detail in Ref. [155].

(k—q1)2 u (q1+ qQ)ZI \ (k_q1_q2)2

Figure 5.13: One-loop three- and four-point functions in a scalar theory.

A big disadvantage of this approach is a very narrow type of the parametrizations for the nPT
functions which allow its application, basically limited to a pole and power parametrizations. It
turns out that in this case the dispersion technique is very powerful because the absorptive parts
from the two-particle cut can be expressed in a very simple form and is similar to the three-
particle cut contribution. Furthermore, it turns out that the dispersion integral representation
of the loop integral becomes extremely useful when considering the (g—2), since it’s application
is not limited to the simplest pole parametrizations of the vy — X form factors.

Three-particle cuts.

The three-particle cut diagrams originating from the two diagrams in Fig. 5.10 are depicted in
Fig. 5.10 below.
For the first three-particle cut in Fig. 5.14 we have:

. d4q d4q .
Disci's (1) = [ oy / (o (2 8(a? = A1~ ADO((k — 1 — 2)? — A
1 1 1

(k—q)?—=M?>(p+q1)2—m2 (p+k—q2)2—m3

(5.52)
X

It occurs that for the second diagram in Fig. 5.10, there are two three-particle cut diagrams
which contribute to the discontinuity (see second row in Fig. 5.14). The first (three-photon)
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5.2 Two-loop scalar vertex functions

Figure 5.14: The three-particle cuts belonging to the corner vertex three-point functions pre-
sented by diagrams in Fig. 5.10. For the third diagram the momenta are relabeled
as shown in figure.

cut contribution (left panel in the second row of Fig. 5.14) is given by

Disc31 T (1) — d*q dtqy 35002 — A2VS(a2 — A2V5((k 2 A2
iscy Ta(t) = (2r)* (2t (2mi)°0(q7 — AT)6(q5 — A3)S((k — 1 — q2)” — A3)
1 1 1

X )
(1 +@)2—M2(p+q)2—m3 (p+k—q)—m3

(5.53)

whereas the second (meson-lepton-lepton) cut contribution (right panel in the second row of
Fig. 5.14) is given by
d'q:

4
Disc?Ta(f) = / oy / (if;@m)%(q% —m)6(gd — Mok — a1 — p)? — M?)
1 1 1

X .
(1 +@)? =AM p+a)?—A(p+k—q)?— A}

(5.54)

The phase-space integrals in the discontinuities of Eqs. (5.46-5.54) may be partly performed
analytically by introducing the angular parametrization. For the three-particle discontinuity
in the first diagram defined by Eq. (5.52) we have

DisciI'y7 () =——== [ dt dto——
t+1 ( ) (471')3t 1 2t1 — M2 (555)

X Qty,to, t + A2+ A3+ A2 —t) —to, A2 A2, m? m3).
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For the discontinuities coming from the left three-particle cut diagram in the second row of
Fig. 5.14 defined by Eq. (5.53) we can write

4 1
Disc; I (¢ :/dt /dt
Bl A AT v S STy T2 (5.56)
XQ<t17t27t+A%+A%+A§_t1_t27A%7A%7m%7m%)'

The integral over energy variables is performed over two-dimensional region defined by a two-
dimensional diagram in Fig. 5.15. It is defined by inequalities

@ > Ay = t1 < (Vt— A1), (5.57)
@S> Ay = ta < (Vt — Ag)?, (5.58)
KO — ¢ —¢9 > As = t1 +to = 2VtA3 + A3 4+ A2 (5.59)
and
t1 > (As+A2)?,  t > (A +Ag)h (5.60)
An additional constrain is imposed by condition —1 < cosf < 1 which results in

20(q? + g3 — t12) + (t —t1 + q)(t — t2 + ¢3)

1< <1 (5.61)

25152

Figure 5.15: The integration domain for the three-particle cut. The blue dashed lines corre-
spond to the conditions in Eq. (5.60); the solid blue line correspond to Egs. (5.57,
5.58); the red curve represent condition —1 < cosf < 1.

For the discontinuities coming from the right three-particle cut diagram in the second row
of Fig. 5.14 the analogous expressions may be easily obtained by substitutions my < Aq,
mg <> Ao, M <> Az. As a result we obtain expression for the cut in Eq. (5.54):

. (3.2) 4 1
Disce, T t) = dt; [ dt
fse [y (1) (473t / 1/ St mZ+mi4+ M2 —t) —ty— A2 (5.62)

x Qt1,ta,t +m3 +m3+ M? —t; —to,m3,m3, A2, A3).
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5.2.3 Numerical results

We will start from a discussion of the imaginary parts of the two- and three-particle disconti-
nuities. The sum of both should vanish as the full discontinuity has to be a purely imaginary
function. The imaginary parts may be easily obtained by re-applying Cutkosky rules to the cut
diagrams in Figs. 5.12 and 5.14. For the first diagram the imaginary part of the three-particle
discontinuity is originating from the propagator (t; — M? +ig)~!; for the second diagram from
propagators (t; — M? +ig)~! and (t; — A3 +ig) ™! for the first and the second cut respectively.
The imaginary part of the two-particle discontinuity is coming from the two-particle cut of the
triangle and box diagrams in Fig. 5.13. For the case of demonstration we will consider the
mass configuration A; = m, Ay = 0, A3 = 3m and M = 3m. The imaginary parts of the
discontinuities are shown in Figs 5.16. We can see that the imaginary part starts exactly at the
two-particle (meson-photon) thresholds (Aj + M)? for the first diagram and (A3 + M)? for the
second. As is expected, for both topologies the imaginary parts of the two- and three-particle
cuts are identical and have opposite signs.

The real parts of the discontinuities are shown on the plots in Figs. 5.17. We can clearly
see that the real parts start at the corresponding two- and three-particle thresholds. In the
case of the first diagram, it is (A1 + M)? for the two-particle cut and (A; + A + A3)? for the
three-particle cut. Regarding the second diagram, the two-particle cut starts at (Ag + M)?
and the three-particle cut start at (A + Ag + A3)? and (M + 2m)? for the first (three-photon)
and the second (meson-lepton-lepton) cuts respectively. We can observe clear spikes in the
three-particle cuts exactly at the position where the two-particle cut starts. It corresponds to
the opening of a new, two-particle (meson-photon) channel and is correlated with the threshold
shown in Fig. 5.16.

Similarly to Eq. (5.4) the F'(0) can now be obtained directly by performing the dispersion
integral

o0 o

1 dt . 2 1 dt . 2
o) = 5 / " DlSCE )Fl(t) + 5 / " DlSCE )Fz(t) (5.63)
(A1+M)2 (As+M)?2
1 r dt .. @3 . (3,1) 1 [odt (3,2)
+ 3 / " [Dlsct I'1(t) + Disc; Fg(t)} + 57 / - Disc; " T'a(t).
(A1+A2+A3)? (2m+M)?2

The dependence of the form factor on (meson) mass M is shown in Fig. 5.18. We can observe
spikes in both two- and three-particle cuts located at M = A; + Ag for the first diagram and
M = Ay + Ay for the second. This kink can be attributed to the opening of the two-particle
threshold when considering the one-loop diagrams depending on the virtuality ¢;. Since in the
dispersion evaluation we put the meson on its mass shell, i.e. t; = M? this effect is reflected
in the dependencies of the contribution of two- and three-particle discontinuities on M. When
performing the loop integral directly, the meson is not an external particle but rather virtual and
this effect does not emerge. Practically, when applied to the anomalous moment calculation it
means that for light hadronic states or for the states with mass M ~ A, 2A, with A a monopole
mass parameter of the form factor parametrization, we need additional precision in the data
input. We notice from Fig. 5.18 that the sum of two contributions exactly reproduces the
dependence obtained by the direct evaluation of the loop integrals using the hyperspherical
approach (see Appendix E).

We thus conclude that the developed dispersion technique can be applied to the calculation
of the HLbL correction to (¢ — 2),. In the subsequent section we will establish the general
formalism and discuss particular features of the calculation.
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Figure 5.16: The imaginary parts of the vertex function discontinuities. Left panel: the imagi-
nary parts of the two- and three-particle discontinuities of the first diagram. The
red dotted (blue dashed) line denotes the imaginary part of the three-particle dis-
continuity (two-particle discontinuity taken with the opposite sign). Right panel:
the imaginary parts of the two- and three-particle discontinuities of the second
diagram. The dotted and dash-dotted red lines denote the imaginary part of the
three-particle discontinuities (3 cut and 2u7n® cut respectively), and the solid red
line denotes the sum of two. The blue dashed line stands for the imaginary part
of the two-particle discontinuity taken with the opposite sign.
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Figure 5.17: The real parts of the vertex function discontinuities: Im I';(t)/t. Left panel: the
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real parts of the two- and three-particle discontinuities of the first diagram. The
red dotted (blue dashed) line denotes the real part of the three-particle (two-
particle) discontinuity. Right panel: the real parts of the two- and three-particle
discontinuities of the second diagram. The red dotted and dash-dotted lines denote
the real part of the three-particle discontinuities originating from the 3 and 27°
cuts respectively. The blue dashed line stands for the real part of the two-particle
discontinuity.
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5.2 Two-loop scalar vertex functions
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Figure 5.18: The vertex function in the limit of the vanishing external momentum k — 0 de-

pending on (meson) mass M: I';(0). Left panel: the contributions which originate
from the two- and three-particle discontinuities of the first diagram. The red dot-
ted (blue dashed) line denotes the contribution of the three-particle (two-particle)
discontinuity. The black dashed-dotted line denotes the sum of two contributions.
The pink solid line is obtained by the direct evaluation of two-loop integrals. Right
panel: the contributions of the two- and three-particle discontinuities of the second
diagram. The dotted and dash-dotted red lines denote the contributions of the
three-particle discontinuities (37 cut and 2u7n° cut respectively). The blue dashed
line stands for the contribution of the two-particle discontinuity. The sum of three
contributions is given by black dashed-dotted line. The pink line is obtained by
the direct evaluation of two-loop integrals.
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5.3 The pion-pole contribution to (g —2),

The subsequent calculation of the meson-pole contribution to (¢ — 2), generically parallels
the computation of the scalar amplitudes. The two-loop functions FZ-A1A2A3 have the same
analytical structure as the scalar integrals and can be represented by the same diagrams.
First, we will compute the discontinuity of the two-loop function FiA1A2A3 by introducing the
angular parametrization similarly to the case of scalar amplitude. After that the eight terms
in Eq. (5.31) can be combined and the dispersion integral can be evaluated numerically.

5.3.1 Two-particle cuts.

The two-particle discontinuities of two-loop functions FiAlAZAP’ of Egs. (5.32, 5.32) correspond-
ing with the diagrams in Fig. (5.12) are given by

d* .
Disct (1) = (0.0, 02) [ G0 2mis (- a)? - 24%) 8 (a — A3)

S§2A3 (5.64)

(p+aq)?—m?

and

d'q, (2mi)26 ((k — 1) — M) 6 (¢7 — A2) S,

(2m)*

(5.65)
where the one-loop integrals Séx A3 and S f 283 are given by Egs. (5.29, 5.30). To calculate these
one-loop integrals we use the Passarino-Veltman reduction scheme and express the result in
terms of scalar one-loop integrals including four- and three-point functions M§2A3 and M fQA?’
of Egs. (5.50, 5.51) as well as two-point functions

AsA3/ 2\ _ d4q2 1 1
My (p%) = / e - A (5.66)
Next we express the two-loop integrals in terms of the angular variables and invariants as
discussed in Section 5.2.1. This yields the following representation of the two-particle discon-
tinuities
DiscZFMA2 (1) = 6|F(0 0 M)? "5, /dcose ]Z(l) ai,m’ .1, cos b1) (5.67)
4+t —t —tp1 8 cos by

Disc2 FMA24 (1) = 5| P(0, 0, M2) 2 /

and
_eO|F(0,0, M3
167

Disc? FiA2hs () = ﬂ /dcos 01N (g2, m?, t1,t, cos b;) (5.68)

with ¢? = A} and #3 = M?. The functions N and N are a linear combination of scalar

functions MZA M with polynomial functions of invariants and squared masses as coefficients.
For instance, the numerator N() has the general decomposition

N (gt m? t1,t, cos 1) =M" (M?, (qf + t1 — t — tB1B cos 01)/2,m*) N1 (g}, m* 1,1, cos 1)
+M,28 (0)Na(q7, m?, 11, 1, cos 61) + My (0) N3 (g7, m?, 1, t, cos 61)
+MP™(0) Ny (g2, m2 1, ¢, cos 61) + M32™ (m?)Ns (g2, m?, t1, 1, cos 6)
+ M8 (M2 N (g2, m?, £, t, cos 0y) (5.69)
+M" (qf +t — t — tB1 B cos 01)/2) N7 (g}, m?, t1, ¢, cos 07)
+Ng(q2,m?, t1,t,cosby).
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5.3 The pion-pole contribution to (g — 2),

The integrals of Egs. (5.67, 5.68) may be subsequently performed by means of numerical
algorithms.

5.3.2 Three-particle discontinuity of Pauli form factor

The contribution to the discontinuity of the two-loop functions of Eqs. (5.32, 5.33) from the
three-particle cuts are given next. For the first three-particle cut in Fig. 5.14 we have:

. diqr [ diq
Discf (1) = e p 0,007 [ S0 [ S
x (2mi)*6(qf — AD)0(g5 — A3)S((k — a1 — q2)° — A3)
y 1 1 1
(k—q)?—=M?>(p+q1)>?—m? (p+k—q2)? —m?
X Tl(q17 q2, D, k)

(5.70)

The trace T1(q1, g2, p, k) can be written in such a way that the hadronic and leptonic parts are
factorized, in other words:

v 70(2
Ti(q1,q2,p. k) = L (p, 0, q1, 02,k — @1 — Q2)HW()\p)(k?7Q1, 92,k — q1 — q2). (5.71)

Here we introduced notation for the leptonic tensor

L0 a1, 02,k — @1 — q2)

R (5.72)
=Tr [(p+m)Ap(p+k,p)(p+E+m)V (P+K—do+m)y (P+di+ m)’y“]

and

Mo (K%, 3, (k — q1)) ) Mur((k — 1 — ¢2)%, 43, (k — q1)?) (5.73)
N . (5.

(2) _
I, (ka1 a2,k — g1 — g2) = (k—qu)? — M2

In order to correctly isolate the pole contribution to the HLbL tensor we need to explicitly
formulate it in terms of the helicity amplitudes. Using completeness relation for the electro-
magnetic field polarization tensors

v

(5.74)

n
(1P (g, e 0. X) = o~ 1]
A

and taking into account gauge invariance of the photon amplitude ¢*II,,, = 0 one can repre-
sent the photon propagators as
—1
Ap(a) = — D (=1 (g, V)" (g, ). (5.75)
q A
we can write

’ / / /(1
Tl(qla q2, D, k) == L,ul/)\p(p7p/7 q1, 42, k— q1 — QQ)Q/W gl/I/ g)\)\ gpp H,l(/z/’)\’p’(k’ q1, 42, k— q1 — QQ)

2
= 2D L T (5.76)

X N e s
with
Lo (00 a1, a2,k — q1 — q2) = € (k, N)e(qr, M )e(gz, A2)e(k — g1 — g2, A3)

R ) (5.77)
X T [(p+m)Ay(p + K, ) (B + -+ Iy B+ K — o +m)7” (5 + o +m)r"|
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Chapter 5 Hadronic light-by-light contribution to (g — 2),, in a dispersion approach

The pole contribution to the HLbL helicity amplitudes Hg\lg\l Ao 18 glven by Eq. (5.13). In
the case of a pseudoscalar meson production, due to Lorentz and crossing symmetries the only
non-zero v*y* — M helicity amplitudes, which we define in the rest frame of the produced
meson, are given by:

Miy=t1p0=41 = =M= 1 p=1 = = VX Fppo (7, 63) (5.78)

where
1
16 = Gk @G —a3)’ —a4ig. (5.79)

The non-vanishing independent helicity amplitudes HE\? Aorsa, are listed below

0(1,2,3) 0(1,2,3) (1) (1) °(2) °(2) (3) °(3)
el | G | VIS | GRS | VT | GaI | VI | G (5.80)
Using Eq. (5.78) they can be written explicitly. For instance

7r0
) (83t (k= a1 — @)%k — 02)?) (5.81)
_ My (K2 g3, MMy (i, (k — a1 — g2)?, M?)
(k— q2)2 — M2 '

(5.82)

As a result the contribution of the three-particle cut to the discontinuity for the first topology
is given by

d4 d4
Disc} P2 (1) = eS|F(0.0.0r) [ Gl [ 2

x (2mi)*6(qf — AD)S(g5 — A3)S((k — a1 — q2)° — A3)
y 1 1 1
(k—q)? = M2 (p+q1)2—m} (p+k—q2)%> — m}

X Z Z Z Z LA)\1>\2>\31:[§§(12>\)2/\3'

A AL A2 A3

(5.83)

Similarly to the case of scalar two-loop functions, for the second diagram in Fig. 5.10, there
are two three-particle cut diagrams which contribute to the discontinuity (see second row in
Fig. 5.14). In order to generalize our computation for both three-particle cuts appearing in
this case we consider the leptons to have different masses m; and mg. The first (three-photon)
cut contribution (left panel in the second row of Fig. 5.14) is given by

, 4t d
Discf’lFQAwQAd(t):eﬁ|F(O,0,M2)|2/ ql/ e

2m)* ) (2m)*
x (2mi)°6(q7 — AD)o(g3 — AD)S((k — a1 — 42)* — A3)
1 1 1 (5.84)

X
(@1 + @)= M2 (p+q1)? —mi (p+k — q)> —m3

X Z Z Z Z LA)‘l)‘Q/\iiﬁg\ri(lg)\)z)\S'

A AL A2 A3

where the sum over helicities is performed in correspondence with the list of Eq. (5.80). The
second (meson-lepton-lepton) cut contribution (right panel in the second row of Fig. 5.14) is
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given by
d* d4
Discy* Fy424() = ¢5|F(0,0, M 2)|2/ (273)14 / (273)24
x (2mi)35 (g3 — m*)o(qa —m?*)S((k — q1 — q2)* — M?)
1 1 1 (5.85)

X
(1+q@)?—A(p+q)2— A (p+k—q2)%2 — A3

X Z Z Z Z L)x)q/\z/\:sﬁ;ri(lg)\)gx\g :

A AL A2 A3

In the angular coordinates, the three-particle discontinuity for the first topology is given by

: 6 2\12
o 37A1 AgA ie’|F (0,0, M*)| 1
DlSC?Fl 142 3(t) = — 39¢ dq% dq% dtl dtQ dtlQm

x (g2 — AD)3(g2 — A2)(tia + b1 + b —t — ¢ — g2 — A2)

T 27
2
d 0 dé
X / cos 01 / 2 omZ — 2m% I q% +t; —t —tB1Bcosbq (5.86)
0 0

2
X
2m2 — 2m3 + q3 — t + to + t[B23(sin 01 cos O sin O + cos 6 cos 6)

X Z Z Z Z L)\>\1>\2)\31:I7/\T2\(12)\)2>\3

A AL A2 A3

or

: 6 22
. 3 A1AgA- e |F(0,0,M)| 1
DlSCt Fl 152 d(t) = — 39¢ dt]_ dt2m

T 27
2
x/dcosﬁl/dﬁg
2m2 —2m2 + >+t —t —t 0
J / m my+qi + 1t 18 cos b (5.87)

2
X
2m?2 — 2m3 + g3 — t + ta + tB23(sin 0 cos 02 sin 6 + cos 6 cos 0)

X Z Z Z Z L)‘)‘l/\Q)‘3ﬁ;r§\(12>\)2>\3'

A AL A2 A3

For the three-particle contributions to the discontinuity of the diagram with the second topology
we have

eS| F(0,0, M?2)[2 1
Disc®! phideds () e | Vs /dt /dt
I8¢y L'y (t) 39t ! 2t+A%+A§+A§—t1—t2—M2

T 27
2
x | dcosf do
0/ 10/ 22m2—2m%+q%+t1—t—t61ﬁcosﬁl

2
X
2m2 — 2m3 + q3 — t + to + t[B23(sin 0y cos O sin O + cos 6 cos 6)

X Z Z Z Z L)\>\1>\2/\3ﬁ§2\(13)\)2>\3

A AL A2 A3

(5.88)

wheres the second discontinuity Disc? ’2F2A 14243 (t) may be easily obtained by a substitutions
mi1 < Ay, mg & Ao, M < Ag similarly to the case of scalar two-loop functions.
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The angular integral may be performed analogously to the case of scalar functions. The
expression may be firstly simplified by canceling the angle dependent terms throughout the
numerator against corresponding terms in the denominator. This yields a decomposition in
terms of a set angular integrals similar to the one appearing in the case of scalar two-loop
functions. They can be computed in an analogous way. The subsequent integration over t;
and to can be performed by means of numerical integration.

5.4 Discussion

In this chapter, we have presented the general dispersion formalism for the HLbL contribution
to (g9 —2),. This formalism has the advantage that no uncontrollable extrapolation outside the
mass-shell for the hadronic intermediate state has to be performed. We have shown explicitly
how the HLbL contribution to (g — 2), can be expressed as a sum of two- and three-particle
cuts. For the case of the dominant 7° as hadronic state, we have shown that for the simplified
model of vector meson (VM) poles for the ¥ transition FF, one can reduce the calculation to
scalar integrals.

We subsequently worked out the case of two-loop scalar vertex functions for three different
“photon" masses (corresponding with vector meson poles to describe the 7¥ transition FF).
We have shown explicitly that the discontinuities due to two- and three-particle cuts add up
exactly to the result of the direct two-loop calculation, which can be performed unambiguously
in this case.

The next step is to apply this dispersive formalism to the explicit calculation of the 7¥ pole
contribution. To this end, we presented in this work the explicit formulas necessary for the
dispersive evaluation of the corresponding two- and three-particle cuts.

For the further development of the dispersive formalism for the HLbL contribution to (g—2),,
we can foresee several steps :

1. A first step in this program is to extend the numerical evaluation from the scalar field
theory case, presented in this work, to the dispersive evaluation of the HLbL contribution
due to the 7°, when using VM poles for the 7¥ transition FF.

2. Secondly, we can apply the dispersive formalism to directly include the phenomenological
input for the meson transition FFs, e.g. by separating the FF in a VM pole + non-resonant
background part.

3. A further extension will entail the inclusion of heavier hadronic intermediate states, most
importantly the 27 intermediate states.
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Chapter 6

Conclusion

In this thesis we considered a wide spectrum of problems related to processes of two-photon
electromagnetic production. These processes are of tremendous importance for understand-
ing QCD, for constraining the hadronic uncertainties in the precision measurements and in
searches for new physics. At first, we systematically discussed the experimental approaches
and methods of extraction of the phenomenological information on two-photon processes from
the experimental data. We highlighted the main experimental results in this field and discussed
relevant directions for further progress. From the theoretical point of view two-photon processes
are very complicated and except for a few limited asymptotic regions, it cannot at present be
rigorously described from first principles. To study non-perturbative features of two-photon
production we use dispersion theory in this work. Such approach allows to rigorously constrain
the energy behavior of the two-photon correlation functions. We derived several constraints
in the form of superconvergent sum rules. These sum rules are the integral relations which
involve energy weighted integrals of y*vy fusion cross sections, measurable at eTe™ colliders,
which integrate to zero (super-convergence relations):

0 = /d 71 (00 — 09]
= s 0o — O
s0

Ji 1 (s+ Q1)
0 = [ds——5 |oy+owr+ 2o :
/ ‘Gt Q) [0” T Qe T g
50

L
0 = /ds[ } .
Q1Q2] 30
0

Furthermore, we derived a set of integral relations which allow to define the low-energy structure
of the elastic light-by-light scattering amplitudes in terms of integrals over fusion cross sections.
These sum rules were tested and verified exactly at tree and one-loop level in scalar and
spinor QED for the case of two (quasi-)real photons, as well as for the case of one virtual and
one (quasi-)real photons. We have observed that for larger values of the photon’s virtuality the
higher energy contributions are required for cancellations to take place. Another observation is
that for the helicity difference sum rule the helicity-0 cross section dominates at lower energies
while with increasing energies the helicity-2 cross section overtakes. A similar pattern is ob-
served in the production of the hadronic states showing a deep relation between perturbative
production of ¢qq pairs and hadronic resonances. Furthermore, we have tested the criterium of
the tree-level unitarity imposed by the sum rules on the example of the massive spin-1 QED.
We have observed that when applied to the processes of higher spin particles production the
sum rules hold for the natural values of the corresponding electromagnetic moments only.
Next, we have studied the consequences of causality constraints imposed by the helicity-
difference sum rule for the forward light-by-light scattering process within the ¢* scalar quan-
tum field theory. Within this theory, we have performed a non-perturbative resummation of
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bubble graphs. We have demonstrated that depending on the value of the renormalized self-
interaction coupling of the ¢* theory, three different regimes emerge. In a first regime, the
perturbative series is convergent and the sum rule as calculated from the continuum states
in the theory holds exactly. In a second regime for the renormalized coupling, the resummed
amplitude acquires additional singularities: a dynamically generated bound state below the
two-particle production threshold and a K-matrix pole above the two-particle production. It
was shown that when evaluating the light-by-light sum rule, the bound state contribution ex-
actly cancels the continuum contribution, so as to verify the sum rule. Furthermore, we found
a third regime of the renormalized coupling where a tachyonic solution with negative invari-
ant mass squared appears, signaling that in this regime the vacuum is unstable and that the
considered non-perturbative resummation is essentially inconsistent.

The results within the considered model relativistic quantum field theory have demonstrated
that such sum rules provide a very powerful tool to quantitatively connect dynamically gener-
ated bound states with the continuum region of the theory. As such this can be a first step,
to apply such a tool e.g. to the study meson bound states produced in the ~vv-fusion process
presently under study at different eTe™ collider facilities.

Subsequently, we have performed a detailed quantitative study of the new sum rules for the
case of the production of light quark mesons as well as for the production of mesons in the
charm quark sector. Using the empirical vy — X information in evaluating the sum rules, we
have found that the helicity-difference sum rule requires cancellations between different mesons,
implying non-perturbative relations. For the light quark isovector mesons, the 7° contribution
was found to be compensated to around 70% by the contribution of the lowest lying isovector
tensor meson a(1320). For the isoscalar light quark mesons, the  and 7’ contributions were
found to be entirely compensated within the experimental accuracy by the two lowest-lying
tensor mesons f2(1270) and f5(1525). In the charm quark sector, the situation is different
as it involves the narrow resonance contributions below DD threshold, and the continuum
contribution above DD threshold. For the narrow resonances, the 7. was found to give by far
the dominant contribution. When using a duality estimate for the continuum contribution, we
found that it entirely cancels the narrow resonance contributions, verifying the sum rule, and
pointing to large tensor strength (helicity 2) in the cross sections above DD threshold. It will
be interesting to test this property experimentally.

The helicity difference sum rule has also been applied for the case of one real and one virtual
photon. In this case the v* fusion cross sections depend on the meson transition form factors
(FFs). We have reviewed the general formalism and parameterization for the 7*y — meson
transition FFs for (pseudo-) scalar, axial-vector, and tensor mesons. Because for scalar and
tensor mesons the v*y transition FFs have not yet been measured, a direct test of the sum
rules for finite virtuality is not possible at present. However, we were able to show that the
helicity-difference sum rule allows to provide an estimate for the f2(1270) tensor FF in terms
of the 1, and 7’ FFs, and for the a(1320) tensor FF in terms of the 7° FF. Since empirical
information on pseudo-scalar meson FFs is available, these relations provide predictions for
tensor meson FFs which will be interesting to confront with experiment.

The sum rules involving the oy, orr, and 77, 7"y response functions, have also been tested
for the case of quasi-real photons. As pseudo-scalar mesons cannot contribute to this sum
rule, a cancellation between scalar and tensor mesons on one hand and axial-vector mesons
on the other hand is at work. Using the existing empirical information for quasi-real photons,
the contribution of the two lowest lying axial-vector mesons f1(1285) and f1(1420) was found
to be entirely cancelled, within error bars, by the contribution of the dominant tensor meson
f2(1270). When applying this sum rule to the case of one virtual photon, it again allows one
to relate the f2(1270) tensor FF, this time to the transition FFs for the f1(1285) and f;(1420)
mesons, which have both been measured. The predictions from the two different sum rules for
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the f2(1270) FF were found to agree within 20% for a virtuality below 1 GeVZ, and within 35%
up to about 2 GeV2. The sum rules which express the coefficients in a low-energy expansion
of the forward light-by-light scattering amplitude in terms of v*y — X cross sections may be
used as a cross-check for models of the non-forward light-by-light scattering which are applied
to evaluate the hadronic LbL contribution to (g — 2),.

On the experimental side, the ongoing vy physics programs by the BABAR and Belle Col-
laborations, as well as the upcoming ~+ physics program by the BES-III Collaboration, will
allow to further improve the data situation significantly. In particular, the extraction of the
~v*~ response functions through their different azimuthal angular dependencies, and the mea-
surements of multi-meson final states (7, 77, ...) promise to access besides the pseudo-scalar
meson FFs also the scalar, axial-vector and tensor meson FFs, thus allowing direct tests of the
sum rule predictions presented in this thesis.

In the second part of this thesis we have presented the formalism to calculate the HLbL
contribution to the muon’s anomalous magnetic moment a, due to axial-vector, scalar and
tensor meson poles. In this way, we have extended the framework of Ref. [140|, where the
leading HLbL contribution due to pseudo-scalar mesons was evaluated. To allow for the differ-
ent Lorentz structures of the v*v* — meson vertex, we have performed a combined analytical
and numerical technique, where the angular integrals over the virtual photon momenta were
performed analytically using the Legendre polynomial technique, and where the resulting four-
dimensional integral for a, was performed numerically. We validated our method by reproduc-
ing the known result for pseudo-scalar mesons. To estimate the HLbL contribution to a, from
axial-vector, scalar and tensor mesons, we incorporated available experimental input as well as
constraints from light-by-light scattering sum rules. For those mesons which have the largest
known couplings to two virtual photons, we obtained as estimates :

au(fi, f1) = (6.4+20)x107 "
au(fo, fo,a0) = [(=0.9£0.2) to (—3.1+£0.8)] x 107, (6.1)
au(fo, foya2,ah) = (1.1£0.1) x 107

The size of such contributions is about an order of magnitude smaller than the dominant 7°
HLbL contribution. Given a new muon g — 2 experiment at Fermilab, which aims to reduce
the experimental uncertainty to da,, ~ 16 x 1071, it is however crucial to further constrain the
theoretical uncertainty due to the HLbL contribution. In this respect, it would be particularly
helpful to have y*4* — meson transition form factor measurements with one and two virtual
photons for axial-vector, scalar and tensor states. As such information will become available,
in particular from future measurements from BES-III, the formalism developed in this thesis
can be used to further improve on the estimate of the HLbL contribution to a,.

The adopted approach has one significant disadvantage though. In the developed represen-
tation the HLbL correction is defined in terms of the off-shell hadronic amplitudes. Therefore,
due to the absence of the phenomenological information we had to assume a constant behavior
of the form factors in the meson mass. This, of course, might be a source of a larger uncertainty
of such estimates compared to errors given in Eq. (6.1). In order to overcome this uncertainty,
we developed a novel dispersive formalism for calculation of the hadronic light-by-light con-
tribution to (g — 2),. We showed that in this approach the inconsistency of the conventional
framework does not emerge. This is due to the fact, that in the dispersion formalism the Pauli
form factor is expressed in terms of on-shell hadronic matrix elements which can be directly
measured in experiments.

As a first step the formalism was applied to the calculation of a single pseudo-scalar meson
pole contribution to (¢ — 2),. It was shown that for the case of the monopole form factors
the pole contribution may be expressed in terms of two-loop scalar three-point functions. The
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properties of the scalar amplitudes were studied in detail in the dispersion framework. We
have subsequently computed one among those which appear in the (g — 2), and verified our
result by the direct two-loop calculation using the Gegenbauer polynomial expansion. A crucial
distinctive feature of the dispersion approach is that it allows extension to implement the form
factors beyond the simplest monopole or dipole approximations and to include multi-meson
channels. Especially, the next step will be to include the two-pion channel. The currently
running measurements by the BES III collaboration are of a crucial importance for further
developments in this field.
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Appendix A

Kinematics and cross sections of the
et +e  — ef+e + X process

In this Appendix we detail the kinematics of the et + e~ — e* + e~ 4+ X process, and show
how the cross sections accessible in experiments are expressed in terms of the v*y* — X cross
sections, which enter in the sum rules discussed in the present work.

The kinematics of the process e(p1) + e(p2) — e(p)) + e(py) + X, with X the produced
hadronic state, in the lepton c.m. system, i.e. the c.m. system of the colliding beams (which
we denote by c.m. ee) is characterized by the four-vectors of the incoming leptons :

p1(E, p1), p2(E, —p1), (A1)

with beam energy E = \/s/2, and s = (p1 + p2).
The kinematics of the outgoing leptons can be related to the virtual photon four-momenta as :

@ =p1—ph, g2 = P2 — Ph. (A2)
The kinematics of the outgoing leptons then determines five kinematical quantities :
e the energies of both virtual photons :
w=¢) =FE— Ef, wy =¢qy = E — Eb, (A.3)
with E] and F) the energies of both outgoing leptons;
e the virtualities of both virtual photons :
Q1 = —qf = 4EE]sin01/2 + Q3 ,in » Q3 = —q¢5 = 4EE)sin® 05/2 + Q3 1, (A.4)

where 01 and 6 are the (polar) angles of the scattered electrons relative to the respective
beam directions, and where the minimal values of the virtualities are given by (in the
limit where E{ >> m and Ef5 >> m, with m the lepton mass) :

2 2
Q3 i =~ %] Q3 i ML (A.5)
,min — TR ,min — T .
EE, EE}

e the azimuthal angle ¢ between both lepton planes, which in the lepton c.m. frame can
be obtained as :

(€086) e =~ P By (A.6)
[(0h1)2 ()]

where p} | and pl,, denote the components of the outgoing lepton four-vectors which are
perpendicular to the respective beam directions, and are defined in the lepton c.m. frame
as :

(i) =—R"(p1.p2) (01),, (Po.)" = —R"™(p1.p2) (93),, (A7)
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Appendix A Kinematics and cross sections of the et + e~ — e* 4+ e~ + X process

with
v v 1
R"™ (p1,p2) = =g + o pa)E ] (A.8)
< {(p1 - p2) (P} P + ph pY) — m® (0! p{ + P ph) }. (A.9)

In the following it will also turn out to be useful to determine kinematical quantities in the
c.m. system of the virtual photons ( which we denote by c.m. v7v). In particular, the azimuthal
angle between both lepton planes, in the 7y c.m. frame, which we denote by ¢ is given by :

P1l - P2l (A.10)
~ ~ 1/2° :
[(p10)? (521)?]"
where p;; and po; denote the transverse components of the incoming lepton four-vectors in
the vy c.m. frame and are defined in a covariant way as :

cosggz —

(1) = —R"(q1,q2) (1), (Do) = —R" (q1,q2) (p2), (A.11)
with
v v 1
R (q1,q2) = —g"" + (@ o) - 2d) (A.12)
<{(q1 @) (d'd+dial) - di s — a5 d df ) (A.13)

As the rhs of Eq. (A.10) is expressed in a Lorentz invariant way, one can then evaluate all
four-momenta in the lepton c.m. frame, to obtain the expression of cos& in terms of the lepton
c.m. kinematics.

The cross section for the process e(p1) + e(p2) — e(p)) + e(ph) + X, with X the produced
hadronic state, can be expressed in terms of eight cross sections for the v*~v* — X process,
which where defined in Eq. (2.12), as :

B o? WX PP AP
C16m1 Q2 Q3 s(1—4m2/s) E|  E)
x {4pf ™ pstorr+ Y 0 orr + 20 p80 orr + 200 p3 T oLy
+2@ﬁ+_n(@+_1)@%2@7Tr (A.14)
8 [ (A" +1) (p3" +1) - (COS¢~5> TTL
(pI " =1) (pz" 1)

+hiha 4 [(p2 +1) (p2 +1)]Y* 7 (A.15)
+ ka8 (o = 1) (o5 = 1)]"* (cosd) 7}, (A.16)

where hy = +1 and hy = =£1 are both lepton beam helicities, and where we have defined
kinematical coefficients :

do

1 4m? 1
S — (21 - gy — )2
P1 2{ Q% +X( P1-q2 V) ;
1 am? 1
++ - 1= — (2 . - 2
03 2{ Q§+X(p2 qQ V)}a
1
pl? = §(2p1'CJ2—V)2—1,
1
Py = X 2p2-q1—v)>—1. (A.17)
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Appendix B

Tree-level v*v* cross sections in QED

B.1

Scalar QED

The y*y* — SS cross sections (with S an electrically charged structureless scalar particle) to
lowest order in « are given by :

00+02:U“+UL:OZQ*

I

™SV

—(1-a)

4 X3

s
o9 — 09 = a?ori—

with

L g sv(v
oLT = Q 2@1 X

2 X3

< 4X

3——+a
SV

2.3

2.3
{va

1

Q4 =
+1_

X
(-
a 1%

_ N2)2
73Q2){—3\/5+(3—a)L},

2—a+<
)1}
2;()2] —(1-a) (3—8;/(—&—a)L},
;j {—ﬁ(l—i)—l—(l—a)L},

2_ 2 252’/
oLL =« WQ1Q2F Va

1- 22

2X)2]
1-— 22
SV

2X
TTLZQQEQleiVQ —Va+(1-—+a|Ly;,
2 X sV

™ 821/2
T = OéQngQzﬁ Va <

4X

3 - —

X
) [1a+2(1
sV sV

V] (s+2) (

;

X

1%

L},

)1}

(B.9)
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Appendix B Tree-level v*~* cross sections in QED

B.2 Spinor QED

The v*~* — ¢q cross sections (with ¢ an electrically charged structureless spin-1/2 particle) to
lowest order in « are given by :

2
Jo+02=U||+UJ_:a27rS;§){\/5 [—4 (1—?;) —(1-a) (B.10)
Q@3 1 4x?
+ V2 (2_ (1—a) s2y2)]
2
+ 3—a2+2(1—25)5) — 2Q52Q%(1+a) L}, (B.11)
2
e SO
22 2
4 [—(1 —a)?+4(1 - a) (1 - 2;5) + Q;SQQ fj;] L} , (B.12)
2 22
ao—agza24w‘;?2{\/&{2—i—cgf2(l_la)ﬁ —2<1—i> L}, (B.13)
2 39 22 3 22
oLL = a%w@%@%% {\/a [—2 - ((1 — a“)) sz} + (2 + Q;(Q2> L}, (B.14)
22 —
oLr = a%Q%ﬁ {\/a [(u —-Q3)? <2 + 3@)2@2) —20Q3 + Qégj — Zﬂ
+ [(u - Q3)?*(—2(1—a)—(3—a) Qi?%> (B.15)
+ 20Q3(1+a) —Q3(3+a)] L}, (B.16)
1 = a’21 (Q1Q2)° % { 1{1 - L} ; (B.17)
22 4X 4X
T%L:a27TQ1Q25XI/3 {—\/& (3_sy> + (3_5u_a) L}, (B.18)
with
LEID(%), aEi(l—T). (B.19)
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Appendix C
Radiative corrections in a scalar ¢* theory

The action describing electrodynamics of the charged scalar particle in the dimensional regu-
larization scheme is defined by :

5= [ s |@u0%0) ~ mos" — (R F ()
A
ie(p0ud" — 6" 0ud) A" + €2 A, Alpp" — Lt~ (667) ) (C2)

where A, and F),, are the electromagnetic field and its strength tensor, ;1 is a mass dimension
constant and d is a number of dimensions.

C.1 One-loop correction to the scalar propagator

/"\ p
! !
\

-.— Y = -

Figure C.1: One-loop correction to the scalar propagator.

According to Feynman rules the contribution of a graph on Fig.(C.1) can be written as

d?p 1 Am? 2 Am? 47t pa?
H = — 4—d =1 ) 1 — 1 .
) Al /(27T)dp2—m2 z(4ﬂ>24_d+z(4w)2( v+ 1In m2>’ (C.3)

which is absorbed by a renormalization of mass.

C.2 One-loop correction to the three particle vertex

Figure C.2: One-loop correction to the three-point vertex.

Applying Feynman rules to a graph on Fig.(C.2) we obtain

. B d? )
Zmz_dfd/@ﬁﬂﬁ—m&@fgtwﬂ' (G-4)
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Appendix C Radiative corrections in a scalar ¢* theory

Using Feynman parametrization one can transform the loop integral to a spherically sym-
metric form and perform Wick’s rotation which allows to integrate over the momenta in hyper
spherical coordinates. As a result we obtain :

, e 2 L A\
iy =— (471_)2% (4 " ’y) /0 dz (1 —2z) (471_“2) , (C.5)

here A = m?+2(1—2)Q? and Q? = —¢?. It is easy to show that the integral over the Feynman
parameter is equal to zero

1 1 2 2
4—d 1-—
/dz(l—Qz)— dz(1—2z)In m”+ Q7=(1 = 2)
0 2 Jo Amp?
1/2 2 (C.6)
A e + 9 (e (L 0
—_— z)In z+=-)l=—2])]=
2 _1/2 47T/,L 47TIU/ 2 2 ’
since the integrand is an antisymmetric function of z.
C.3 One-loop correction to the four-scalar vertex
p
SN 2T LT
//y\\ —/K\\\
Figure C.3: The one-loop correction to the four-point vertex
In accordance with Feynman rules one can obtain for the graph on Fig. (C.3)
~ d%p 1
—iX?B(s) = A2 (p? 4—d/ , C.7
=X ] @n = (@ - 97— ) 7

here we isolate (—i))? for convenience. Calculating the loop momentum integral we obtain :

1

B(s) = —(471T)2 ; /dmln S:L;E; —2) . (C.8)

0

~ 2 4
B(s) = — <'yE+2+ln ;;'u>

C.9
N 1 ) 4m2 + 9arctanhy /1 4m? (C.9)
()2 . iT arctanhy/ il

Recollecting the ie-prescription we ascertain that the physical amplitude is defined on the upper
edge of the right-hand cut of the s-plane.

C.4 One-loop correction to the vy — SS vertex

The non-vanishing one-loop corrections to the vy — ¢*¢ vertex are shown on Fig. (C.4)
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C.4 One-loop correction to the yy — SS vertex

P ANANA
, - -
PR . |\\ P |\\ P
\ s | NS | .7
3 P < Py <
AEPERN TN RN
h AV VN s ’ >

Figure C.4: The vy — S vertex correction.

The contribution of the first diagram on a Fig. (C.4) is

dp 1
iMS, = —2\e?ptd j/ . C.10
z K | ) 7 =) (a+ = — ) (€10
Integrating over the loop momentum we obtain
2i\e? 2 2i\e? L m? — sx(l — )
M, = — — — drl . C.11
My = = gz <4 —d ”) Gt [, (C.11)

The contribution of the second graphs given by :

L 22 A dp 2p+q1)u(2p — @2)v
R B e R

Integration over the loop momentum gives :

11—z A
) 29" In
M “” 47r / dm/ dy{ g < —a 47ru2>

(2~ 1)~ 20af)(20af — (20~ D) |

(C.13)

with A = m? — 2zyv + Q¥x(1 — z) + Q3y(1 — y).

In the Lorentz gauge only terms proportional g"” and ¢¥¢} contribute to the matrix element
thus we will omit all not relevant terms in further calculations. The third and the second
diagrams on Fig.(??) give equal contributions. The total contribution of three diagrams is

given by :
4)\26 I—z A 2xy
/ dCC/ dy { guyl 'u + QZu(hu A }

2)\16 m? — sz(1 — )
59w [ dzl .
" myp /0 T e

Integrating the first term by parts

1=z A m? — sx(l — x) =z y(2zr — Q3(1 — 2y))
/0 dy In T2 (1—-2)In T2 —i—/o dy A , (C.15)

zM =

(C.14)

one can rearrange this expression as follows

) 2)\ie? 1=z
'LM(l) = (g;wl/ 92491y / dl’/ dyA

- (2)?
4Me 1x y(1—2y)
( 2Q29W/ dm/ R y (C.16)
2\ie? m? — sx(l — x)

2

1
2glw/ dz(1 —2x)In
0

- (4m)? dr
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Appendix C Radiative corrections in a scalar ¢* theory

The third term in (C.16) vanish for the same arguments as (C.6). Thus finally we obtain
iM{) = —ie* X (q1 - @2y — Gopq) 11 + i€ g1 - qagyula, (C.17)

where the integrals I1 and Is are defined as follows

I 2 /1dx /H dy Y (C.18)
1 = — 9 .
(2m)* Jo 0 m? — 2zyv + Qi (1l — 2) + Q3y(1 — y)
Q3 /1 /1"” y(1 - 2y)
I, = —5%— d dy——=. C.19
2 2m2v Jy €z ) Y A ( )
Introducing form factors
T L T X
F'r'=-I1i1+1 and F*—F = 5 212 (020)
Q13

one can define the amplitude for the v*y — SS production at one-loop level by :

ZM/S}/) = ieQ)‘FT(% Q%a Qg) (QI cQ29uy — Q2th/)

Q3 (C.21)
X

+ i€2)\ (FL(Vv Q%a Q%) - FT(”’ Q%’ Q%)) q2HQIV

When one of photons is quasi-real (i.e. Q3 — 0) the integrals (C.18) and (C.19) can be
evaluated analytically, which gives the following expressions for form-factors (C.20)

1 1
FT(s,Q2,0) = —————— {5 + Q? + 4mParctanh®—+
S O e W E )
1 1 1 ’
+2Q%Barctanh5 — m?In? Ei_ 1 Q3kIn ﬁi 1} ,
FE(s,Q2,0) = ! 5 {8(5 + Q%) + 4a]rctaunhl [—455 +(s— Q%)arctanhl] -
4(2m)%(s + Q1)? s B
. N2 o R +1 N2 k+1
(s - @)? 2 4y Qnmmﬁ_l},

(C.23)

here k = /1 + 4m?/Q3.
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Appendix D
Angular integration in (g —2),

In this Appendix we give a complete summary of the three- and four- dimensional angular
integration technique.

D.1 Four-dimensional angular integration

The generating function of the Gegenbauer polynomials C@gl) () (hereinafter we use the notation

Cfll)(x) = Cy(z)) is given by

o0

1 n
= ZZ Co(z), —-1<2<1,|2/<1. (D.1)
z 2zz+1 o

From Eq. (D.1) we immediately obtain the following property under parity transformations
Cp(—x) = (—=1)"Cy(z). Furthermore we get C,, (1) = n+1. The Gegenbauer polynomials obey
the orthogonality conditions

[ ARG RN - Q) = 2 o1 Qo) D2
[ AURICQ - RICw (& - Q) = 200, 023)

where, for instance, (Ql K ) is the cosine of the angle between the four-dimensional vectors
@1 and K. Some low-order cases of the polynomials are listed below

Co(z) =1, (D.4)

Ci(x) = 2z, (D.5)

Co(z) = 42 — 1, (D.6)

C3(z) = 823 — 4z, (D.7)

Cy(z) = 162" — 122% 4 1, (D.8)

and therefore

QK = 5|QIIKICH(Q  K), (D.9)

@K = 1@°K*[0x(Q ) +1] (D.10)

(Q-K)* = %Q?’K?’ [Cg(Q - K) +2C1(Q - f()] : (D.11)

Q- K = %6@4;(4 (€@ Ry +302(Q - K) +2]. (D.12)
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Appendix D Angular integration in (g — 2),,

From the generating function, we obtain the following representation of the propagators in
Euclidean space:

1 Z%L .- M \" T
= Z (K - L D.1
(K — L) + M?2 ’K||L|nz:;)( KL) Chnl( ) (D.13)
1 Z¥ &
= —z¥ WK - L D.14
(K+L)2+ M2 |K|L| & Z K1) ) (D-14)
K2+ L2 + M2 — /(K2 + L2+ M?2)2 — 4K2]2
Y, = D.1
(D.16)

Note that we have to choose the negative sign in front of the square root in Z %L in order that
|ZM, | < 1. For a massless propagator these expressions simplify as follows:

ﬁ e Z <|‘IL(|‘> K- L), for |K| > |L| (D.17)

A set of simplest integrals similar to the one considered in Section 4.2.3 is listed below

dQ(Q1) [ d(Q2) 1 1
M _ _ M m m
I = / 272 / 272 D,,D4Ds - _P2Q%Q% In (1 - ZQ1Q2ZPQ1ZPQ2)

1 M2 2 2 _ pM 2 _ pm 2 _ pm
- n [1+( + Q7 + Q3 RQ)(QQ12 RT")(Q3 — RY) ’ (D.18)
m*Q7Q3 8mQ1Q3
5 :/dQ(Ql) / d(@Q2) 1 Zpg,ZPq,
272 212 DyDs P2Q1Qq
_ (@ - R?")(Q3 — RY) (D.19)
4mAQ3Q2 7
v / AAQ1) / AAQ) 1 _ 740, %%,
272 212 Dy Dy PQIQ:
M2 + Ql + Q2 RM)(Q% — R71n) (DQO)
4mAQ7Q2 ’
I / 4AQ)) / AQ) 1 _ Zgi0,7Po,
4 212 Dy Ds PQ1Q3
M2 + Q2 + Q2 RM)(Q% — R72n) (D 21)
4mAQ1Q2 ’ '
I = / Q) / Q) 1 _ Zro, | Q- RY (D.22)
22 22 Dy PQ 2m2Q7 .
deQ dQ 1 Zp 5— Ry
I = / (1) / @) 1 _Zre, _ Qs R§ : (D.23)
22 2m2 D5 PQ 2m2Q3
M
e [4929) (490G 1 _ Zho, M+ai1 0 D21y
22 212 Dy Q1Q2 2Q1Q3
where the following abbreviations for the propagators in the loop integral are introduced:
Di=Qi, D:=@3 D3=(Qi1+Q2)%  Di=(P+Qu)*+m?  (D.25)
Ds = (P —Q2)* +m”, Dy = (Q1+ Q) + M. (D.26)
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D.1 Four-dimensional angular integration

Other integrals that occur during the calculation, involve extra scalar products in the nu-
merator. First, the integrands may be reduced by noting that D3 = Q? + Q2 + 2(Q; - Q2),
Dy = Q2 +2(P-Qq) and Dy = Q3 — 2(P - Q2). After that using Eq. (D.9), (D.9) we may
rewrite the residual scalar products in the numerator in terms of Gegenbauer polynomials. As
a result, with the help of the identities

M?+ Q3 + Q3

(ZngZ)2 - Q1Q> ZQ1Q2 -1
m 2 M2+ P4Q? (b-27)
(ZPa.)" = —pg, — ZPa 1
we can reduce the integrals to the basic ones. In this way we obtain, for P2 = —m?:
2
/dQ(Ql) / dQ(Q2) Q1 - P Q2P (Z$1Q2) p?
272 272 Dy a 8
= % (A% + QT +@3) I - 1], (D.28)
Q) [d2AQ) (@ -P)  (Zhes Z8.) Iil1P b2
272 272 DsDp 1Q2 ) (D.29)
dQ dQ P
[y [ L, (D.30)
dQ dQ P
/ 255221) / 2522) (P %2)2 Tz D3y
2
/dﬂ(@n / A0Q) (@u- PP _ 70,70 QP! | (Zh0. %)
272 2r2  DsDy 4Q% 3
1
-5 g (W ratrapor+a)
- QQQZ (1+4M%/@3)) I
gz (A2 Qi+ 0y’ - Qi) 1
2
- (A’ + Q7+ Q) M)
1 2 Q% 6
2 2 2
+A+g%+%} : (D.32)
dAQ1) [dUQ2) (Q1-P)* _ Z5,0,I01P* _ PQui? 4
/ o2 / 22 Dy 4|Q 4 17, (D-33)
dQ(Q dQ(Q2) (Q1 - P)? Q1% P2
/ 25.‘.21)/ 2;22>(DI5DA) = _‘ ;|Q|% | (ZQ1Q2ZPQ2)2
2
A INAL
y ( Q1Q24 PQQ) 41l (D.34)
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Appendix D Angular integration in (g — 2),,

dQ(Q1) [ dQ(Q2) (Q1-P)*

/ o / el g, (D.35)
d(Q1) [dAQ2) (Q1-P)  [Qif|P? m

/ 272 / o2 DsDa - 16Q% (ZQIQQZPQQ)

4
(ZA zm )
Q1Q27PQ2 2
5 +(Z{Qlezzlng2) +21, (D'36)

d(Q1) [dA(Q2) (Q1-P)* _ Zg,q,|@ P
/ 22 / 272 Dy 8|Qs| ’ (D.37)
dQ(Q1) [dQ2) (- P)*  Zpg|@ [P’
/ 212 / 272 (P — Q2)2 + A2 - 8|Q2| . (D38)
D.2 Three-dimensional angular integration
The Legendre polynomials obey the orthogonality relations which read
Q) , & kP (K. O — 5 n(Q1- Qo)
/ ppm Po(Q1-K)Pp (K- Q2) = 5an (D.39)
and A
dQ A S
/ 4(7TQ)Pn(Q1 :Q2)Pn(Q1- Qo) = o+ 1 (D.40)

where, for instance, (Ql . K) is the cosine of the angle between the three-dimensional vectors
Q; and K. Some low-order cases of the Legendre polynomials and functions are given below

r+1

Qolx) = %m = (D.41)
01(z) = glnii—i 1, (D.42)
Qalz) = i(sxz ~ym 1 - gx (D.43)
Qs(z) = 2(5902 )it 1 - é(m? _ ), (D.44)

showing the even order functions to be odd in x and conversely, and

Py(x) =1, (D.45)
Pi(x) ==, (D.46)
Pola) = ;(390 _, (D.47)
Ps(z) = 5(5303 — 3z). (D.48)

The expansion of the denominator in Eq. (4.82) may be derived by exploiting the orthogo-
nality property. Our task here is to calculate

TR D Cu(A)P(K - L). (D.49)
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D.2 Three-dimensional angular integration

Using the orthogonality we can write:

2n +1 P,(K-L)
Co(d) = 52 [an) B = 20+ 1)Qu(A) (D.50)
where we used the integral
1
P, (x) .
/d:p:E_Z = —2Qn(2), (D.51)
-1

for z ¢ [—1,1]. Here Q,(x) is a Legendre function of the second kind. The integral represen-
tation for @, (z) is
1

Qn(z) = ;/ (zd_tt) H;_ti)r. (D.52)

-1

With the help of Eq. (D.50) we can write:

- Ki, ZQn—i— (A)P,(K - L), (D.53)

Applied to a denominator of a propagator together with the orthogonality relation (D.40),
this gives

/dQ(Ql) P,(Q1 - Q2) :/dQ(Ql) P(Q1 - Q)
dm (Qut Qo) + A2 dr 2(Qi - Qz) +2E1 B + Q2 + Q3 + A2
_ [4AQ0) S~y _2mtL
_/ A nzz;)( 1) 2‘Q1|‘Q2|QR(RA)Pn(Q1 Q2)P;(Q1 - Q2) (D.54)
N G ) LN (-1)’ |
= 210a1aal Y ) = 30105 sin n s g @ )

with

2F1FEy + Q% + Q% + A2 . QQlQQ (o] ’gZJl CcoS 1/)2 + Q% + Q% =+ A2

Fa = 2(Qu Q2] a 201 Q25 ¢y sin ey

(D.55)

The second type of integrals involves factors [(Q1 - Q) — Q%Qg] 2 In this case the answer
can be obtained as a derivative of the known integral over a parameter:

1 0 1
(011 Q2+ A 0N (Qr+ Qo) + A2 (D-56)
For example:
d2Q1) P(Q1-Qx) (=Tt 9 ,<2E1E2+Q%+Q§+A2> D57
| S @ e e we = auan M o (T aeuias - (0

A full list of the integrals appearing in the calculation is written out below:
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Appendix D Angular integration in (g — 2),,

dQ(Qq) 1 B 1 <RA + 1>
/ r @+ QP+ A QuQal T\ B 1) (D-58)
dQ(Q1) Pi(Q1-Q2) B 1 Ry +1
/ ir (1 + Qo+ A2 4]Q1]Qa] [_2 + faln <RA - 1)} : (D-59)
d2(Q1) P(Q1-Qa) 1 5 Ry +1
/ I (@it QP+ A% 8Qu]Qa [‘GRA TR - Dn <RA - 1” » (D60)
d2(Q1) P3(Q1-Q2) B 1 a2
/ A (Qr+Q2)2+ A2 24|Qq]|Qz] [8 — 30R)
+3RA(5R3 — 3)In @2 f m : (D.61)
d0(Qu) 1 o 1
/ dr [(Qr4Q2)2 + A2 4|Q1[2|Qz)? R-1 (D.62)
d2(Q1) P(Q1-Q2) 1 Rp+1 2R,
[ @ e v = s | (7 i) - 73 - i) (D.63)
d2(Q1) P(Q1-Qz) 1 Ra+1
/ i (01 F QP+ AP~ BlQuPIQaf? [‘6 3fiat <RA - 1)
2
/dQ(Ql) P5(Q1 - Q2) _ 1 30
ar [(Q1+Q2)7 +AZ2 T 16]Q12Qaf? A
2 Ry +1 AR\
+(15R% — 3)In <RA — 1) “Ro J . (D.65)

The integrations appearing when performing the averaging over the direction of K may be per-
formed in a similar way. We can rearrange the denominators by partial fraction decomposition,
with the result that

(Q1-Q2)? —Q2Q3  2Q1Q> [(Ql 02— 01Qs  (Q1-Qa) + Q1Q2] (D.66)

and

(Q1 - Qo) 1 [ 1 1 ]
(Q1-Q2)? - QIQF 2 [(Q1-Q2) —Q1Q» i (Q1-Q2) +Q1Q2| (D-67)

We next exploit Egs. (D.48) to express the numerator of the integrand in terms of the Legendre
polynomials. Finally, a straightforward calculation yields:

/dﬂ(fq (Qi-k)(Q2-F) _ |Qul [1_ Qs ln<Q2+|er

B 2)Qz|  \Q2— Q2

4 (Q2-k)?2— K2Q3  |Qq )]Pl(Ql‘Qz), (D.68)

138



D.2 Three-dimensional angular integration

6= P5(Q1 - Qz2)

/dQ(K) (Quk)? 1 |Quf {_IH<Q2+!Q2|>+ Qs

Ar (Qy- k)2 — K2Q2 ~ 6Q2|Qq] 0s — Qs Q)
303 - 1Q2? (Q2+|Q2|> - ]
@ ooy R@d). (D)

dQ(K) 1 (Q2-k)(Q1 - k) _3IQ1!3[Q2 <Q2+|Qz|>_ ] I
= R (Qo k2 - K23~ 10 Qo] |1Qa] "\ @ —JQa]) 2 1 Q)
+i|Q1\3 [3 Q2 5Q3 — 3|Qaf ln<Q2+|Q2\>

30 Q2| [ Q2]  [Q2f Q2 — Q2|
8|Qz|? — 3003 S
|QZ|2QZ} P3(Q1 - Q2). (D.70)
Q2]
For squared denominators we use the same approach as previously. In other words, we exploit
relation
1 ) 1
72 A 2 _ 2 212
[(Q1-Q2)? — Q03] 20 [(Q1-Q2)? — Q3(Q2 + A)?] (D.71)

1 0 1
2Q3Q2 1{13) A (Q1-Q2)? — Q3(Q2 + A)?

Applied to the integrands, this gives

/dQ<K> Q- k)(Q2- kK |Qu]

P1(Q1 - Qz) [11 <Q2 + |Q2|>

AT [(Qr k)2 - K2Q3)° 2Q2|Qaf? 2\ Q2 - Q2]
_@2@2} D7
Q% _ ‘Q2’2 bl ( . 2)
/dQ(K) (Q1 - k)2k? _ e [1 - <Q2 + !Q2|> L @IQs
AT [(Qa - k)2 — K2Q§]2 6Q3|Q2| | 2 Q2 — Q2| Q3 — |Q2?
3Q3+ Qa1 (Q2+|Q2|> -
Q2?2 = Q2 — Q2| F(Q1- Qo)
3Q3 — Q2 Q2]Qq| S ]
PP @@ 0

/dQ<K> (Q K)(@-k)® _ 3 |Quf [11H(Q2+|Qzl)

dr [(Q2 k2 -K?Q32  10]Q2PQz 2 \ Q2 — Qo
L 1Q2(@2 } s
02— |QaP P1(Q1-Q2)
_1]Qal’ {3562%—\@22111 <Q2+Q2y>
20 |Qz[? |Q2|Q2 Q2 — Q2]
B 15@%—13IQ2\T A
2 Q2 1QaP P3(Q1-Q2). (D.74)
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Appendix E

Two-loop scalar vertex function in the
Hyperspherical approach

Hyperspherical approach. The contribution of the first diagram on Fig.(E.1) is

1)k b} K
/ |
/ |
/ |
/ [
// /A / N
a, /, / W\ 9> a, 7, Mo~ 92
// / \\‘ ‘// I \\\
/ / \ / ] >
p —> p — p — p —

Figure E.1: The two-loop correction to a vertex function in a scalar ¢3 theory.

SR Y E P T
(2m)* ) (2m)4 q% — M? q% — A% q% — A%
" 1 1 1
(p+aq1)2 —m? (p—q2)? —m? (q1 + q2)> — A’

After Wick rotation E'ZD — iE?:

L [dfQr [d*Qe 1 1 1
Fo=i [ i | oy Q2+ M QF+ A2 Q3 + A3

1 1 1
P+Qu)2+m2(P— Q)2 +m2(Q1+ Q)2+ A%

B

Changing integral measure to the hypesherical coordinates:

i 3 5 [dQ(Q1) [dQ2) 1 1 1
F(0) —4(27T)4 /dQl Q1/dQ2 Q2/ 2172 / 272 Q%+M2 Q%—FA% Q%+A§

1 1 1
P+Q1)2+m? (P —Q2)?+m? (Q1+ Q2)? + A3’

T

Using properties of Gegenbauer polynomials we have for the first diagram:

(E.1)

(E.3)
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Appendix E Two-loop scalar vertex function in the Hyperspherical approach

Q? Q3 1
/dQl/dQ2Q2+A2Q2+A2Q2+M2

n [1 L (A3 +Qt+QF - RY)(QF - RY)(QF — RY)
mQQ%Q% 8m?QiQ;
(E.4)
For the third diagram it takes form:
dQ Q1 dQ(Qg) 3 1
/dQl/dQ2/ / QQ2Q2+A2Q2—|—A2
1 1 (E.5)
P Ql) +m? (P — Qz) +m? (Q1 4+ Q2)* + A (@1 + Q2)* + M?
Fractional decomposition of the denominator yields
dQ Q1 dQ(QQ) 3 1 1
/dQl/d%/ g
1 1 1
(P+Q1) +m?2 (P — Qz) +m? M? — A2 [(Ql F Q)2+ A2 (Q1+Q2)2+ M2
(E.6)

which can be easily integrated using orthogonality relations of Eq. D.2 and power expansions
of Eq. (D.13, D.14)

i Qf Q3 1 1
4(2m)t / o / 1@ @R G NI - Q]
(A3 +0QF + Q3 — R™)(QF — R")(Q3 — Ry')
<[+ S QIQ} | @
(M? + Q% + Q3 — RM)(QF — RT")(Q3 — RY)
“ni+ SIS I

Obtained two-dimensional representation may be integrated numerically.
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Appendix F

Angular integration in the three-particle
phase space integral

The angular integral of interest is given by

T 27
2
Q= [ dcosb; [ db
/ cos 1/ 22m2_2m%+q%+t1—t—t51500591
J / (F.1)

2
X )
2m?2 — 2m3 + g3 — t + ta + tB23(sin 0 cos O sin 6 + cos 6 cos 0)

It can be simplified as follows

™ 21

4 1 1
Q=———— [ dcosb; [ df F.2
B1 B2 3%t2 / o8 1/ 2 cos B9 sin 07 sin @ + cos 01 cos @ + bcos By + a (F-2)
0 0
with
2m? —2m? + ¢ —t+t
T thiP |
2 2 1 2 (F.3)
b— 2m* —2m5 +q5 — t +ta
tB28
The integral over the azimuthal angle 6 gives
2m 1 5
T
de =— F.4
/ 2 COS 02 Sin 01 Sin 0 + cos 91 COS 6 + b \/(b -+ cos 91 COS 0)2 _ Sin2 91 Sin2 (9 ( )
0
Introducing a change of variables cos#; = z we obtain
8 i 1 1
m
Q=—"—— /dz . F.5
$1825%t? . V(b + zcos6)? — (1 —22)sinfz+a (£5)
It is convenient to rearrange the integrand of the latter equation as
1 1
= : (F.6)
V(b +zcos0)2 — (1 —22)sin?0 /(2 +bcosh)2 — (1 — b2)sin 6
Here (2 + bcos)? — (1 — b?)sin?# > 0. A shift of variable z — z — bcos 6 yields
1 1—bcosé
1 1 1 1
/dz = / dz .
] V(b + zcos0)? — (1 — 22)sinf 2 +a o V22 — (1 —b2)sin?f 2z +a—bcost
(F.7)
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Appendix F' Angular integration in the three-particle phase space integral

The latter integral may be easily performed which gives

Q=

_ 4 27 {log a—1
B1B28%% \/(a + b)2 — 2ab(1 + cos §) — sin® @ a+1
+ log [(a +b)(1 —b) — b(1 + cos 8) + ab(1 + cos ) + sin® f

+ (cosf +b) \/(a + b)2 — 2ab(1 4 cos ) — sin? 0} (F.8)

—log [—(a+b)(1 +b) + b(1 + cos0) + ab(1 + cos §) + sin®§

— (cosf — b)\/(a + b)2 — 2ab(1 + cos ) — sin? 9} } .
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