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Abstract

The aim of this work is to investigate the information available from perturbative QCD to
constrain the hadronic light-by-light contribution to (g — 2), and to implement it in a way that
is compatible with the dispersive description.

The first regime of interest is the one where three photon virtualities are large. Because the
external photon is soft in the g — 2 kinematics, an operator product expansion in presence of an
external electromagnetic field needs to be used. The leading order in this expansion corresponds
to the usual massless quark loop. |1] In this work, it is shown that the non-perturbative corrections
are small and that the as-correction is negative and amounts to about 10% of the quark loop.
The second interesting regime is the one where two photon virtualities are much larger than the
third. This leads to the so-called Melnikov-Vainshtein constraint. |2|

A way to satisfy the short-distance constraints using heavy pseudoscalars is then presented.
This is done using a large- N, inspired Regge model for the transition form factors of the radially
excited pseudoscalars. The contribution of the heavy pseudoscalars is then matched to the quark
loop and its first gluonic correction in order to reduce the model-dependence of our estimation.

With the recent results from Fermilab [3], the discrepancy between the experimental and
theoretical determinations of the anomalous magnetic moment of the muon has been pushed to
4.2¢0. In order to reach the 5o-threshold, the experimental and theoretical uncertainties need to
be reduced further.
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Chapter 1

Introduction

The important thing is to never stop
questioning.

Albert Einstein

There is a long-standing 3-40 discrepancy between the experimental and theoretical deter-
mination of the anomalous magnetic moment of the muon, which could indicate physics beyond
the Standard Model. [3,/4] In order to reach the 5o-threshold for scientific discovery, both the
experimental and theoretical uncertainties must be reduced further, which has resulted in a lot

of activity surrounding this topic in recent years.

On the experimental side, the long-awaited result from the first run of the E989 experiment at
Fermilab |3] has recently confirmed the previous result from the Brookhaven National Laboratory
(BNL) [5]. The largest part of the error is statistical and further data collection will therefore
result in a better precision, with the goal to ultimately reduce the uncertainty by a factor of 4
compared to the BNL result [6].

The theoretical uncertainty must reach the same accuracy goal. The largest source of un-
certainties in the Standard Model prediction stems from hadronic contributions: the hadronic
vacuum polarization (HVP) and the hadronic light-by-light (HLbL). The HVP contribution can
be accurately described from data for the electron-positron to hadrons cross-section, through a
dispersion relation. [7H13| In addition, the determinations from lattice QCD are becoming more
precise. [14-23] The HLbL contribution is smaller, but is very relevant for the current accuracy
goal. [4] It can be calculated on the lattice [24,25], or using a dispersive description, despite the
fact that it is less straight-forward than for HVP. [1,2,[26H36] Moreover, perturbative QCD be-
comes applicable at high-energy, which leads to some short-distance constraints on the dispersive
contributions. Analyzing these constraints and implementing them in a way that is compatible

with the dispersive description for HLbL is the main topic of this thesis.

The first problem addressed in this work is the following. The quark loop has been used for
a long time in the literature to describe the high-energy behavior of the HLbL tensor |2] and
while there is no doubt that this should be a good description in the case where all four photons
are highly virtual, this situation does not correspond to the g — 2 kinematics where the external

photon is real. [1] That the quark loop is a good description of HLbL even for the latter case
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has only been proven recently thanks to an operator product expansion (OPE) in presence of an
external electromagnetic field. It is shown that the leading contribution in this OPE corresponds
to the massless quark loop. |1| In addition, it can be shown that the non-perturbative corrections
are small. [37] The gluonic correction has also been computed and amounts to around 10% of

the leading quark loop. [38|

Another interesting constraint is the so-called Melnikov-Vainshtein constraint and concerns
the regime where two of the photon virtualities are much larger than the third. |[2] There is no
doubt on the validity of this constraint, but reconciling it with the dispersive description for
the HLbL in the g — 2 kinematics is far from obvious. [2,/30,139-43| This is the second problem
addressed in this work: a model for the transition form factors of radially excited pseudoscalars

is built and used to saturate the short-distance constraints described above.

The thesis is organized as follows. In chapter [2| the status of the determination of the muon
g—2 is presented. In the next chapter, QCD renormalization is reviewed as a basis for introducing
the operator product expansion which is a powerful tool that is used in many different forms in
this work. In particular, an OPE in presence of an external electromagnetic field is presented,
which will be useful to show that the massless quark-loop is a good description of the HLbL
tensor in the regime where all the photons are highly virtual, except for the soft external photon.
This is the object of chapter @l Finally, in chapter [5 a hadronic model for the transition form
factor of radially excited pseudoscalars is presented as a solution to reconcile the aforementioned

short-distance constraints with the dispersive description of HLbL.



Chapter 2

Magnetic moments

That tiny shift, so elusive and hard to
measure, would clarify in a fundamental

way our thinking about particles and
fields.

Freeman Dyson, on the Lamb shift

Magnetic moments describe the response of an object to an external magnetic field. Clas-
sically, they can be generated by moving charges: a current will create a magnetic moment
proportional to the angular momentum of the system. The system can then be seen as a tiny
magnet on which a torque is applied by the external magnetic field. Some elementary particles
- such as the electron or the muon - have an intrinsic angular momentum - the spin - which
will in turn generate an intrinsic magnetic moment. As elementary particles are believed to be
point-like, the spin (and its associated magnetic moment) cannot depend on internal motion: it

is an inherent property.

These intrinsic magnetic moments are of great interest in particle physics, because they can be
measured very precisely and computed unambiguously from the theory side. For this reason, they
have been important in the historical development of quantum physics. They played a central role
in the discovery of spin, the development of quantum electrodynamics as the fundamental theory
of electromagnetism and the advent of quantum field theory (QFT) in general. The Standard
Model (SM) of elementary particles can describe the results of most collider experiments very

accurately.

The anomalous magnetic moment of the muon is still an active area of research, because it is
one of the rare observable for which there is a discrepancy between theory and experiment. This
discrepancy is currently at 4.20 |3] and could be a hint of physics beyond the Standard Model.
A tremendous amount of effort has been made to investigate this discrepancy, both from the

theory and experimental sides. This work is part of this initiative.

In this chapter, I start by presenting the history of magnetic moments in particle physics. I
then discuss the current determination of the anomalous magnetic moment of the muon, both

experimentally and theoretically.
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2.1 Historical overview: from the discovery of spin to new physics

The aim of this short review is not to give an exhaustive overview of the development of quantum
physics, but rather to focus on magnetic moments and see how this single quantity has played a
key role in that development. This should allow us to better understand magnetic moments and

hopefully will give us some insights as to why it is, to this day, a very active area of research.

At the beginning of the twentieth century, several experiments exhibited unexpected behavior,
suggesting that, on microscopic scales, light could behave both as a wave and as a particle. Those
experiments would lead to the birth of quantum mechanics. In particular, the study of atomic
spectra has resulted in significant steps forward in experimental techniques, but also in the
development of mathematical tools to describe particles. It also led to the discovery of spin. We

will therefore start our discussion with the study of the spectrum of the hydrogen atom.

After classical theory failed, Niels Bohr developed (in 1913) a model for the hydrogen atom
based on the assumption that the angular momentum is quantized and that the electron moves
in a Coulomb potential created by the nucleus, without radiating energy as it is orbiting. This
leads to': 2 72

E, = 7% : (2.1)
where me is the electron mass, « the fine-structure constant, Z the atomic number (which
accounts for the fact that the above formula is also valid for hydrogen-like atoms?) and n is
a natural number called the principal quantum number. By making the orbit of the electron
elliptic, Arnold Sommerfeld introduced two additional quantum numbers: the orbital momentum
[ =0,...,n—1 and the magnetic quantum number m = —I[,...,[. This explains some of the
splitting of the energy levels given in when an external magnetic field is applied®. [44}45]

In that case, a term must be added to the Hamiltonian:

—

H=—ji-B, (2.2)

where ji = ,ugf/ is the angular momentum and po = 5 is the Bohr magneton?.

The formalism described above can be used to study the atomic spectra of other atoms than
the hydrogen (or hydrogen-like atoms). The reason is that many spectral lines correspond to
excitations of a single electron in the outermost orbital: the radiant electron. The latter evolves
in a Coulomb potential created by the nucleus and the other electrons, also called core electrons.

This for instance allows for a better understanding of the spectra of alkali atoms. |44]

In 1916, Sommerfeld introduced some relativistic effects to the Bohr model. He noticed that
this results in some splitting between levels with the same n but different [ [44, 46|
- meatZ*

2n3l(1+1)

In order to use for alkali atoms, the factor Z* should be replaced by (Z — 8)4, where s

is determined experimentally and accounts for the screening of the nucleus charges by the core

AFEe := By 1 — By (2.3)

electrons. |44]

'Natural units (A = ¢p = ¢ = 1) are used throughout this work.

2Ie. atoms with a single electron, like He™ or Lit™.

3This is the Zeeman effect which was first observed already in 1896.

4In this work, e represents the elementary charge and the charge of an electron is therefore —e.
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These considerations led to significant improvements in the understanding of atomic spectra.
However, and are still not sufficient to explain all the experimental observations. For
example, the S-levels (corresponding to I = 0) of sodium (Na) atoms split in two in presence of an
external magnetic field, which cannot be explained with the three quantum numbers considered
so far. This was referred to as the anomalous Zeeman effect. But even when no external magnetic
field is present (which implies that m cannot play any role in the splitting of spectral lines), it was
observed that the Na (and other alkalis) levels corresponding to [ > 0 have a doublet structure:

one spectral line is made of two energy levels close together. [44]

Alfred Landé found that (2.3)) could also be used as an empirical formula to describe the
splitting observed between levels with the same n and [ (such as the doublet structure described

above)
mea*(Z — s)*
2n3l(1 4+ 1)

He then tried to explain this based on the assumption that these splittings were due to magnetic

interactions between the radiant and core electrons, but concluded in 1924 that this hypothe-
sis should be abandoned. [44] This led Wolfgang Pauli to postulate that the alkali multiplets
were due to a characteristic of the electron itself. In 1925, he wrote his paper on the famous
Pauli’s exclusion principle where he introduces a fourth quantum number to explain the spectrum

structures that he described as a "classically indescribable two-valuedness" [44}47].

After learning about this, Ralph Kronig postulated the existence of spin: if the electron was
similar to a small sphere rotating on itself, its rotation axis could point in two different directions,
thereby explaining Pauli’s two-valuedness. [48] A consequence of this rotation is that the electron
has an intrinsic angular momentum S , the spin. In turn, this implies that the electron has an

intrinsic magnetic moment:
fis = gpoS, (2.5)

which could explain the anomalous Zeeman effect. [48] The constant g can be extracted from
the value of the splitting of the I = 0 energy level in presence of an external magnetic field. The
result of this procedure leads to the puzzling conclusion that g = 2 and not 1, implying that spin
is twice as effective as the orbital angular momentum in creating a magnetic moment. Kronig
then tried to reproduce by computing the spin-orbit interactions. However, the result he
obtained was off by a factor of 2. This lead Pauli to reject the idea of spin® and Kronig ended
up giving up on it. [48|

A few months later, Samuel Goudsmit enters the picture by writing a paper suggesting a differ-
ent choice for Pauli’s fourth quantum number, which made the Pauli’s principle more transparent:
this choice corresponds to the present convention of using ms = +1/2 and m; = —1,...,1. [49|
When he explained this to George Uhlenbeck as they were collaborating, the latter immediately
realized that this implied that the electron had another degree of freedom, that he was rotating.
In one afternoon, they independently reinvented Kronig’s spin. Paul Ehrenfest gave the idea a
better reception than Pauli and the Goudsmit-Uhlenbeck duo published a small article about
spin in Nature. It is worth mentioning that they didn’t compute the spin-orbit interaction at

the time and were unaware of the factor two issue. [50]

5He also pointed out that if an electron has a radius of ;—2, which was believed at the time, then the surface

velocity of the rotating electron would exceed the speed of light. [48]
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In 1926, Llewellyn Thomas realized that relativity implies a correction to the spin-orbit effect
described above. This solved the factor 2 issue and even Pauli retracted his objections to the

concept of spin. [48|

A few questions remained unanswered: why was ¢ = 2 and how could one quantize Thomas’
classical computation? [44] Both questions were answered two years later when Paul Dirac devised

his famous relativistic wave equation for the electron:

(i9" 8 — me)y(x) =0, (2.6)

where, v is the spinor wave function of the electron allowing |+|? to be interpreted as a probability
density and y* stands for a set of four 4 x 4 matrices obeying the following anti-commutation

relation:
{" 7"} =2¢""14, (2.7)

where ¢g"” is the Minkowski metric. [46] An external electromagnetic field can be added to the

picture with the prescription

10y, — 10y — €A, <= 0, — Oy +ieA,, (2.8)

-,

where A# = (&, A) is the electromagnetic four-vector. It can then be shown that the electron
has an intrinsic angular momentum of #/2 and that its magnetic moment corresponds to what
was found out from Goudsmit and Uhlenbeck’s work. Charles G. Darwin and Walter Gordon
later derived the exact hydrogen spectra from Dirac’s equation

—-1/2

2
E=m?|1+ < . (2.9)

(n—j—1/24 VG+I/2P —a?)

When expanded in « and upon the identification 7 = | 4+ 1/2, accounting for spin, this result
reproduces (2.4) [46]. Dirac’s equation® therefore closed the chapter opened by Sommerfeld
twelve years prior. But as we will see, the story of magnetic moments was not over and the

g—factor would later be found to slightly deviate from 2.

In parallel to the breakthroughs in the study of atomic spectra, other aspects of quantum
field theories were developed. In 1926, Max Born, Werner Heisenberg and Pascual Jordan found
a method to quantize the free radiation field in terms of raising and lowering operators as well
as their canonical commutation relation. This formalism was for example used to understand
the black body radiation better. In 1928, Eugene Wigner and Jordan realized that Pauli’s
exclusion principle required anti-commutation relations instead of the commutation relations

used to quantize the radiation field. [46]

Despite these successes, scientists soon began to doubt QFT. One of the reason was that
more and more particles were being discovered and at that time, QFT only contained electrons,
positrons and photons. [46] In 1933, Enrico Fermi proposed a theory of interactions between
neutrons, protons, electrons and neutrinos which was successful in describing §-decays, but the

overall context and how everything hung together was far from being obvious.

5Dirac’s equation was inspired by the work of other physicists: Erwin Schrédinger, Oskar Klein and Gordon’s
work on wave mechanics on the one hand and Pauli’s attempt at describing spin with matrices on the other.
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Another issue was that infinities were encountered in various calculations, such as the electron
self-energy. In modern terms, this problem can be easily understood with Feynman diagrams’.
Within the context of QED, the interactions of a particle (e.g. the electron) with the cloud
of virtual particles surrounding it must be taken into account. In Feynman’s diagrammatic

representation, the electron self-energy then looks as follows

> +—>“J:"L>-+°--

The first diagram represents an electron propagating without interactions and the second shows

an electron propagating, emitting a virtual photon and later reabsorbing it. It is also possible
for the electron to emit more than one photon and that’s what the three dots stand for. At each
vertex, energy and momentum must be conserved, but as soon as the diagram contains a closed
loop, there must be an integral over all the possible momenta flowing there. This leads to the
aforementioned infinities because of the high-energy tail of the integrals. These UV-divergences

made it impossible to obtain results from QED when calculating radiative corrections.

On the experimental side, Isidor Rabi invented magnetic resonance in 1937, which would
allow for more precise measurements on the atomic spectra. In particular, he and two of his
students -John Nafe, Edward Nelson- were able to measure the hyperfine structure of the ground
state of the hydrogen atom in 1946. [48| Surprisingly, they found a result slightly different than
what would be obtained from a calculation based on Dirac’s result. [48] This was the first hint,
that the magnetic moment of the electron was not exactly equal to 2, that there was a deviation
from this value: the anomalous magnetic moment, defined as

(9 —2)e

o= 22 2.1
0= (2.10)

where the subscript e stands for electron.

A subsequent experiment by Willis Lamb and Robert Retherford measured the splitting
between the 25/, and 2Py levels of the hydrogen, which should be degenerate according to

Dirac’s theory. This was a definite proof that the Coulomb law needed some corrections.

Inspired by these results, Polykarp Kusch and Henry Foley designed an experiment relying
on atomic beam magnetic resonance to measure the Zeeman effect of the 2P, ;5 and 2P /5 states
of gallium atoms. From this, they were able to measure the magnetic moment of the electron

very precisely [51-53|

g = 2.00244 £ 0.00006 <= a. = 0.00122 £ 0.00003 . (2.11)

These results sparked a lot of activity on the theory side because of the suspicion that this
result could be related the UV-divergences in QED. [45,48]

Greatly motivated by Lamb’s experiment, Hans Bethe managed to bypass some of the prob-

lematic infinities and essentially developed a non-relativistic theory of the Lamb shift. [48]

“Which were introduced by Richard Feynman in 1948.
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Later in 1947, Julian Schwinger was able to compute the first correction to the anomalous

magnetic moment of the electron in QED [54]

a

~ 0.00116,
0

Ae —

which was in remarkable agreement with (2.11). This result was a huge success for QED and

contributed to put quantum field theories on a firmer basis.

Subsequent to this result, Schwinger published two articles on how to deal with the infinities
arising in QED. [55,56] The trick was to reabsorb them in a redefinition of the parameters of the
theory. Since then, a lot of progress has been made and what appeared at first as a suspicious
sleight of hands, is today understood as a fundamental property of quantum field theories, simply

expressing the limitations of the energy range described by these theories.

Experimental techniques were greatly improved in the following years. During the 1960-
1970, the Michigan experiment was developed by Horace Richard Crane, Arthur Rich and their
coworkers |48|. The basic idea is that the difference between the spin precession angular frequency
w, and the cyclotron angular velocity w. of an electron moving in a magnetic field is proportional

to the anomalous magnetic moment® [48]

e -
We = Ws — W, = —a.—B. (2.12)
Me
In 1980, higher precision was achieved thanks to the Penning trap technique, where an electron

is trapped in a magnetic field for month and repeated measurements of w, are performed. [48|

On the theory side - because the infinities were under control - it was possible to include
more corrections and make the predictions of a. even more precise. The theory was therefore
able to follow the experimental progress in measuring the anomalous magnetic moment of the
electron. Up until recently, the matching of the theoretical value of the electron g — 2 with its
measured value in Penning trap experiment was used to determine the value of the fine-structure
constant a. In 2018, the fine-structure constant was determined more precisely via cesium recoil
measurements. This led to the theoretical determination of the electron g — 2 standing 2.4 ¢
above the experimental one. [57]. Two years later, an even more precise determination of the
fine-structure constant was realized based on rubidium recoil measurement. [58] Surprisingly,
this result is more that 50 away from the cesium measurement. This also has an impact on the
electron g —2 and based on the rubidium experiment, the theoretical prediction becomes smaller:
it now stands 1.6 o below the experimental one. |58 Hopefully, future measurements will be able

to clarify the situation.

Since QED, much progress has been made in quantum field theory: weak and strong interac-
tions were better understood and modelled, leading to the famous Standard Model of elementary

particles®.

While the anomalous magnetic moment of the electron is mostly sensitive to QED, the situa-
tion is different for the muon. Because of its larger mass, all the sectors of the SM are required to

match the current level of experimental accuracy. Even more intriguing is the fact that there is

8This fact is still used in nowadays muon g — 2 experiments. Details on that topic are postponed to section

9The fourth force, gravity, is not included in this Theory.
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currently a discrepancy of 4.20 between the theoretical and experimental determinations, which
might indicate some New Physics [1-5,7H9,|11H13} 124} 2630, 57, 59-63|

a® =116592061(41) x 107",
all = 116591810(43) x 1071,

Aay = aS® — a}} = 251(59) x 1071 (2.13)

We have seen in this section that magnetic moments have driven our understanding of particles
forward. Time and time again, deviations from the accepted theory have been observed, and
have subsequently lead to significant developments. With the current state of the (g — 2),
determination, we are now very close to confirming the discrepancy which could indicate a
limitation of our current theories. Physics beyond the SM has been of great interest for years,
and given the history of magnetic moments, it would seem fitting that the (g — 2),, becomes the

first confirmed discovery of New Physics.

It explains the amount of research about the muon anomalous magnetic moment, as physicists
are trying to push this discrepancy to the 5o threshold. It is however not an easy task, for several
reasons. The experimental determination of the anomalous magnetic moment of the muon is more
difficult than that of the electron, mostly because of the difference in lifetime of the two leptons.
As the muon has a life time of 2 - 107% [64], the Penning trap technique cannot be used. The
measurement of the muon anomalous magnetic moment is the subject of the next section. On the
theory side, the uncertainty is difficult to reduce because a,, is dominated by low energies, where
the strong interaction becomes non-perturbative. The status of the theoretical determination of

this quantity is postponed to section [2.3

2.2 Experiment principle

Almost twenty years ago, the Brookhaven E821 experiment measured the muon anomalous mag-
netic moment at a 0.54 part per million (ppm) accuracy. This result is 3.7c higher than the
current SM prediction. The running E989 experiment at Fermilab is aiming at confirming this

result and reducing its uncertainty by a factor of 4. [4,5]

The aim of this section is to shortly review the principles of the measurements of the (g —2),
experiment. For practical purposes, we focus on the ongoing K989 experiment at Fermilab.
However, technical details about the apparatus involved and error control go beyond the scope
of this introduction!®. This review is mostly based on Aaron T. Fienberg’s PhD thesis [65] as
well as Fred Jegerlehner’s book [33].

The measurement focuses on studying the motion of muons inside a magnetic field. Due
to the Lorentz force, the particle will follow a circular path with an angular frequency called

cyclotron frequency w, [65]

—

B
@, == : (2.14)
myy

where v = (1 — 02)71/ 2, with v the muon velocity (in units of ¢). The external magnetic field

also affects the spin. The time-independent Hamiltonian describing the spin behavior (when the

1%The interested reader can refer to [6| for more information.
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Figure 2.1: Evolution of the momentum and spin of a particle in a uniform magnetic field.
When g = 2 (left), the two vectors rotate with the same frequency, but not when g > 2 (right).
This figure is inspired from [66].

particle is at rest) is given by [65|
H=—guS B. (2.15)

If we choose our coordinate systems such that the magnetic field points toward the z-direction,

the time evolution of the system reads [65|
U(t,to) = expliguoS.B(t — to)] . (2.16)

This equation has the same form as the operator that generates rotation about the z-axis. It
means that the spin rotates about the external magnetic field with a precession angular frequency
given by (in the laboratory frame) [65]

geB 1 eB

Ws = _2mu _( _f}/)m,u,’)/’

(2.17)

where the first term can easily be read in and the second term is the famous Thomas’
precession, already mentioned in the historical review. It is a relativistic correction which ac-
counts for the frequency difference between the particle rest frame and the laboratory frame.
The situation is illustrated on Fig. 2.1} since g is slightly different from 2, the momentum and

spin of the particle rotate at a different pace. The difference between the cyclotron frequency
(2.14) and the spin precession frequency (2.17)) is directly proportional to a,, [65]

B 1= By — @o = —aumié. (2.18)
n

Therefore, if one can measure w, and the magnetic field precisely, a,, follows.

The setup of the E989 experiment at Fermilab is represented on Fig. [2:2] The first step is to

understand how muons are created!!. We begin by focusing a proton beam onto an Inconel'?

"The experiment actually studies anti-muon, but the anomalous magnetic moment is the same for a particle
and its anti-particle, assuming that the underlying theory is CPT invariant. 6]
124 type of nickel-chromium superalloy
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muon beam inflector

storage
ring

Figure 2.2: E989 at Fermilab. This figure is inspired from [67].

target, thereby creating positive pions. These pions then decay through weak interactions into

a anti-muon (thereafter muon for simplicity) and a neutrino:

at — Wt — /ﬁ'uu.
The produced neutrino is left-handed, due to the maximal parity violation of the weak inter-
actions (only left-handed neutrino interact with W bosons). Since the pion is spinless, angular

momentum conservation implies that the created p™ is also left-handed. |33]

A magnetic inflector injects the muons in the storage ring close to their ideal trajectory,
without modifying the magnetic field inside the chamber. This is an important feature as a
uniform magnetic field is a necessary condition for (2.18]) to hold. [68] During the first circulation

of the muons in the storage ring, some kicker plates set the muons on the correct trajectory. |33|

The uniform magnetic field focalizes the muon beam in the radial direction, but not in the
vertical direction. For that reason, a quadrupole electric field must be added in the storage

chamber. It modifies the equation for the anomalous angular frequency (2.18)) according to

—

By = —— [auB— <au—721_1>5>< E] : (2.19)

m

From the above equation, we see that for a special choice of «, the effect of the electric field

vanishes. This so-called magic v ~ 29.3 corresponds to a momentum of 3.094 GeV /c.!3

A precise determination of the anomalous angular frequency and of the magnetic field are
therefore enough for an accurate determination of a,. The magnetic field is measured in the

storage chamber using nuclear magnetic resonance probes: it can be extracted from the proton

131t is impossible for all the muons in the storage ring to be exactly at the magic momentum and this results
in a lower observed frequency. This effect is accounted for in the analysis. |6]
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Larmor frequency w, in the storage ring [65|
Wp
2 (2.20)
24y

where p, is the magnetic dipole moment of the proton. In addition, the elementary charge is

expressed as

4
e = Mefte s (221)
Je
where m, is the mass of the electron, g, its g-factor and . its magnetic dipole moment.
Finally, the value for the anomalous magnetic moment of the muon reads [65]
a, = e Wa My Hp (2.22)

~ ]
2 Wy Me e

As mentioned before, the magnetic field in the storage ring is very uniform, but taking small
fluctuations into account is necessary at the accuracy level aimed for in this experiment. For
this reason, the Larmor frequency w, has been replaced by its value weighted by the muon
distribution and averaged over the running time @, [6]. The g-factor of the electron g. has been
measured with sufficient precision from cyclotron spectroscopy [69]. In addition, recommended
values from CODATA |70] are used for the ratios of masses m,,/m. and of the magnetic moments

fip/ the, Which are based on muonium spectroscopy [71]. [72]

The only thing left to discuss is the measurement of w,. The muons rapidly decay through
weak interactions:
pro W4, v, +et ..

The direction of the muon spin and that of the positron momentum are correlated. The

positron emission probability density in the muon rest frame reads [65]

azp

e = Ny (E)(1+ A (E)cos) , (2.23)

where 6 is the angle between the muon spin and the positron momentum, N, is the particle
density and A, is called asymmetry factor. The subscript r indicates that all these quantities
are in the muon rest frame. N, increases with the energy and A, tends to 1 as the energy of the
positron tends to the muon mass energy, which means that positrons are preferentially emitted
along the muon spin. The density distribution has to be boosted to the lab frame. This
introduces a dependence in the angle between the muon momentum and spin, so that in the end,

the density distribution is modulated by the cosine of the anomalous angular frequency [65]

dzp

B e YOI NY(E) (1 + Ay(E) cos(wat + ¢)) . (2.24)

The asymmetry factor A; and the density IN; in the laboratory frame are different from the
quantity A, and NV, in the muon rest frame. Twenty-four calorimeters are placed around the muon
storage ring and collect the emitted positrons. Their energy is measured as a function of time and
the density can be reconstructed and fitted to finally extract w,. |[65] The principle of the
Fermilab experiment is similar to the previous muon g—2 experiment held at Brookhaven twenty
years prior. In particular, the muon storage ring has actually been transported between the two

facilities. Thanks to improvements in technologies and higher statistics, the Fermilab experiment
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aims at reducing the uncertainty by a factor of 4 compared to the previous experiment, reaching

an unprecedented 0.14 ppm precision. [6]

The results of the first run of the E989 experiment have recently been released: see Fig. [2.3]
[3] This result is compatible with the previous Brookhaven National Laboratory (BNL) result

BNL g-2 : O :
FNAL g-2 4 O :
< 4.20 >
—— +——+
Standard Model Experiment
Average

175 180 185 190 195 200 205 210 215
9
apX'IO -1165900

Figure 2.3: Result from the first run of the E989 experiment at Fermilab. The inner ticks on
the experimental error bars indicate the statistical uncertainties. This figure is reproduced from

Ref. 3]

and stands 3.30 higher than the SM prediction. Since the uncertainty is mostly dominated by
statistical effects'®, this result can be combined with the BNL result, leading to a total 4.20
discrepancy. |3|

In addition, the upcoming J-PARC experiment (which uses less energetic muons and a smaller

magnet |72|) will provide an important and independent crosscheck.

The experimental improvements described above are combined with a theoretical effort so
that the uncertainty can be reduced on both sides, with the aim of reaching a conclusion on
the possible discovery of physics beyond the Standard Model. The discussion of the theoretical

determination of (g — 2), is the focus of the next section.

2.3 Theoretical determination

The aim of this section is to review the current status of the SM determination of a,. This
discussion is mainly based on the recent white paper from the Muon g — 2 Theory Initiative [4].
We begin with the QED contributions.

1 The statistical part of the uncertainties is indicated by the inner ticks on the error bar.
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2.3.1 QED contributions

The interaction of a lepton with an external magnetic field is embedded in the following class of

diagrams

8 2 8 v
@ = + + 0 N
Y v
l l l l

Figure 2.4: QED contributions to the anomalous magnetic moment of a lepton .

The QED coupling constant is small, which leads to a well-defined ordering of the Feynman
diagrams as shown in the figure above: diagrams with more loops are more difficult to compute
but contribute less. Because of the external photon, this class of diagram has one Lorentz index
and can be decomposed into
ot qy
2m
where all the physical information is encapsulated in the two scalar functions F; and Fs. The

I =" Fi(¢°) + F(q?), (2.25)

former is called Dirac form factor and is related to the charge renormalization. The latter is
called the Pauli form factor and is related to the anomalous magnetic moment in the static
limit |73]
lim Fy(¢*) =a. (2.26)
q%>—0

The tree level diagram does not contribute to (2.26)): the first contribution is the one-loop
correction, which was calculated by Julian Schwinger in 1947 (see section. This contribution
does not depend on the nature of the lepton: it is therefore the same for the electron and the
muon. This is no longer the case for the two-loop contributions where the mass of the leptons

explicitly appears. However, since a, is a dimensionless quantity, only lepton mass ratios can

appear [4]
aSED — A+ A, <m> T A, <mu> + Ay <mu’m#> :
Me M, Me My
@« @ (Nt 4@ (N,
Ai =4 (71')+Ai (71') A (71') + (2.27)

The functions Agn) can be calculated from the direct evaluation of Feynman diagrams: they

can therefore be written as a series in the fine-structure a. Nowadays, the coefficients AZ@”) for
i=1,2,3and n =1,...,5 are known, which corresponds to a full five-loop computation '°. This
leads to [41[57,/59]

a™P = 116584 718.931(104) x 107, (2.28)

where the error stems from the truncation of the series and of the uncertainty on the tau mass
m,. The above value was evaluated using the fine-structure constant determination from cesium
recoil measurements [74]. The QED contribution is by far the largest contribution to the muon

anomalous magnetic moment and its error is well under control.

BInvolving over 15,000 diagrams! |33]
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2.3.2 Electroweak contributions

Electroweak contributions are those that contain at least one electroweak gauge boson: W+, Z or
the Higgs boson. Compared to the pure QED contributions described above, these contributions
have more types of particles appearing in the loops. In addition, electroweak interactions violate
parity. It will influence the Lorentz decomposition as there is another building block
available, the 5 matrix [75]

" qy
2m

ot qy
2m

q"
T =" Fi(¢%) + Fy(q) + 15 F3(q%) + (’7” - q2> 15 F4(q%) - (2:29)
The interpretation of the first two terms remains unchanged: the anomalous magnetic moment

is still given by (2.26)). The new terms correspond to the dipole moment:
F3(¢%) = —2md

and Fy is called anapole. [75|

l

Figure 2.5: Examples of EW contributions to a,

Examples of electroweak contributions are shown in Fig. 2.5 One of their key features is that
they are strongly suppressed by the boson masses. |[4] For this reason, at the current accuracy
goal, it is enough to consider a two-loop computation. Estimates of the leading logarithms
beyond that have also been included, leading to [41(604/61]

a; " =153.6(1.0) x 10" (2.30)

2.3.3 Hadronic contributions

Hadronic contributions are very challenging because of the non-perturbative nature of the strong
interaction at the muon mass scale. They currently largely dominate the theoretical uncertainty
of the SM prediction for a,,. There are two ways to deal with these contributions while still having
control over the uncertainties. The first method is to use lattice QCD and the second is a data-
driven approach. In the latter case, unitarity and analiticity properties of Green functions are
used to relate the hadronic content of the (g —2),, contributions to other experimental quantities
whose experimental error is under control. Below, we discuss how this can be done for the two

main contributions: the Hadronic Vacuum Polarization (HVP) and the Hadronic Light-by-Light

(HLbL) (see Figs. and respectively).
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(a) Hadronic vacuum polarization (b) Hadronic light-by-light

Figure 2.6: Hadronic contributions to (g —2),. The pink blobs symbolize hadronic intermediate

states.

2.3.3.1 Hadronic vacuum polarization

We consider the leading-order hadronic vacuum polarization contribution to (g —2), represented
in Fig. [2.6a] All the hadronic content is contained in the photon self-energy

"(q) := i62/dw4€iq'x<0|T{J'éin(ﬂf)jé’m(0)}|0> = (¢°¢" —¢"¢") (") (2.31)

which has to be transverse due to the Ward identity q#HW(QQ) = 0. The above Green function
is analytic in the s := ¢? plane and the Cauchy theorem therefore relates the full function and

its imaginary part according to

T(s) — I1(0) = S[o as TIIE)) (2.32)

T Jam2  S'(s—s)

Expressing the function this way is advantageous because the imaginary part can then be written
in terms of the total hadronic e™e™ cross section thanks to the optical theorem. Neglecting the

electron mass, this relation reads

3 55 *te” — hadrons) =: Rpaa(s), (2.33)
a

Im (I1(s)) = oo o(e

where the function Rj.q is called the R-ratio. These considerations lead to the following expres-

sion for the muon g — 2 contribution [76]

2 [ K
a, = <am#) / dsi(s)]zhad(s) , (2.34)
3T 4m2 s

where K is a known kernel function that grows from 0.63 at the hadron production threshold 4m?2
and tends to 1 at high s. Because of the 1/s? factor, low-energy contributions to the hadronic

R-ratio Rpaq dominate the (g — 2), integral.

Below 2 GeV, the total cross section is obtained by summing over all possible final states.

There exists data for over 35 exclusive channels in that region: see Fig. The dominating

channel is the two-pion channel, which accounts for about 70% of the total agvp. [4]
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Figure 2.7: Exclusive channels contribution to the hadronic R-ratio. This figure is reproduced

from Ref. .

Above 2 GeV, considering exclusive channels becomes impossible for two reasons: measure-
ments on exclusive channels usually do not reach such energies and the number of high multi-
plicity states that need to be included increases. Instead, one has to either consider inclusive
measurements or perturbative QCD!6.

HVP
I

The main difficulty in the determination of a is deciding how to combine the different

data. In particular, the range where pQCD is more reliable than inclusive data is debated and

different groups use different prescriptions. [4]

In addition to the diagram displayed in Fig. [2.6a] and discussed so far, the current accuracy
goal requires the consideration of NLO and NNLO HVP contribution: see Fig

+ +

4

Figure 2.8: Higher order HVP contributions. This figure is based on Ref. .

This finally leads to 13]
a; V" = 6845(40) x 107" (2.35)

where the uncertainty is one order of magnitude larger than that of the QED and EW sectors

and stems mostly from the experimental error on the data used in the analysis. The white paper
lattice result for that quantity 22| ,

alfVP: lattice — 7116(184) x 10711, (2.36)

16The perturbative contribution to (2.31) from QCD as well as non-perturbative corrections can be computed
with a framework called the operator product expansion (OPE). This will be discussed in the next chapter.
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has a larger error: this result is both compatible with the dispersive estimation and the "no
new physics scenario". This result was not included in the final SM estimation of a, because
of the large error. [4] Since the completion of the white paper |4], a new lattice result has been
released [23]. Their result

'’ =7075(55) x 1071 (2.37)

has a much smaller uncertainty and seems to tend toward a no new physics interpretation.
However, this result should be replicated by other studies before any firm conclusion can be
drawn. [23]

2.3.3.2 Hadronic light-by-light contribution

We now discuss the hadronic light-by-light contribution to aEM: see Fig. W It is suppressed
by an extra power of a compared to the HVP. It is therefore smaller, but it is also a more

complicated calculation and the uncertainty is non-negligible at the desired accuracy level.

The hadronic content of this contribution is contained in the light-by-light tensor, evaluated

in pure QCD (i.e. with the electromagnetic coupling constant set to 0) [77]

"2 (q1, g2, 43) = —i / dtadtydtzem et D) (0|7 i (@)t (1) idn(2)i (0) }O) |
(2.38)
where jbn(z) = 2u(z)y u(z) — 3d(z)y"d(z) — £5(z)y"s(z) is the light quark electromagnetic

current: see Fig. [2.9]

‘]1/1
3N

Figure 2.9: Hadronic light-by-light tensor.

A data-driven approach for the hadronic light-by-light tensor is not as evident as for the
case of HVP because the unitary relation for the four-point function (2.38]) is significantly more

complicated and does not involve a single experimental quantity.
The first difficulty is that, contrary to HVP, the HLbL tensor has four Lorentz indices. One can

therefore write 138 different Lorentz structures from the four-momenta and the metric tensor |77]

138
A7 = N~ L E, (2.39)
=1

However, because of gauge invariance, these structures are not independent. Following the BTT

procedure!”, it is possible to write a decomposition involving 54 scalar functions that are free of

17 After Bardeen and Tung |78 and Tarrach |79)].
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kinematic zeros and singularities and are therefore amenable to a dispersive treatment [77]

54
A7 =N T (2.40)
=1

Once the scalar functions are known, the (¢ — 2), contribution can be computed thanks to

the master integral (once the appropriate limit g4 — 0 has been considered)

alltbl = / dQl/ ng/ dn/1—T2Q1Q§ZT Q1,Q2, )IL(Q1,Q2,7),  (2.41)

3772

where Q? = —qZ-Q, Q% = Q?+Q3+27Q1Q2, the T; are known kernel functions'® and the functions
II; are combinations of the scalar functions IT; that appear in 1} 19

In a data-driven approach, dispersion relations are used to relate the scalar functions appear-
ing in to other quantities that can be measured /for which there exist experimental results.
In the context of (g — 2),, the external photon is soft and this a priori leads to two different
dispersive methods for describing the HLbL tensor and its contribution to (g — 2),2° [30].

e Method 1: The first method (ml) consists of describing the HLbL tensor for general
kinematics (i.e. with g4 # 0). In that case, six independent kinematic variables are

required. Those can be chosen to be two of the Mandelstam variables and the four photon

virtualities:
=(q1 + CJ2)2 )
t:= (QI + q3)2a
q?, fori=1,2,3,4. (2.42)

It is then possible to write a Mandelstam representation for the scalar functions II;, by

considering fixed virtualities?® and cuts in the s, t and u-channels [77].

The optical theorem can then be used to relate the discontinuities of the scalar functions to

subprocesses that are unambiguously defined by the on-shell intermediate states appearing
in the cuts: see Fig.

In addition, thanks to the kernel functions 7T;, processes with lighter intermediate states
are expected to contribute more. The dominant contribution is therefore the one with a
single on-shell pion. Other one-particle intermediate states include different pseudoscalars,
such as the n and 7/, scalar, tensor and axial resonances. The dominant two-particle
intermediate states is that with a two-pion cut. The latter can be further decomposed
through a secondary cut in the cross-channel. The contribution with a pion pole in the

secondary cut is called the pion box. Other states, such as multi-pion states or heavier

8Expressions can be found in Ref. [27].
9The relations between the IT and IT can also be found in Ref. [27].

HLBL pely on the dispersive description of the Pauli form factor [80}81]

200ther methods for the computation of ay,
or the Schwinger sum rule [82], but will not be discussed here.

2IThe virtuality of the external photon g2 can be set to 0 from the beginning.
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Figure 2.10: Dispersive contributions for the HLbL tensor with general kinematics. The pink
blobs represent hadronic interaction, the red cuts indicate that the intermediary states are on-
shell and the thick cyan lines indicate states heavier than pions. This picture is based on Ref. |27].

resonances can also show up in the secondary cut. [4,27,77] The limit ¢4 — 0 is only

considered afterwards and can be expressed as

2
5—>QB7

t—>q§.

The hadronic content in the contribution listed above can then be related to data and their
contribution to (g —2), evaluated. This was the method developed in Bern in Refs. [27,(77]

and which is currently used in the white paper [4].

e Method 2: The second method (m2) would consist of directly setting g4 = 0 in the HLbL
tensor and of writing a dispersion relation directly in that limit. [30] In that case, there
are three independent variables and the Mandelstam variables would be directly related to

the photon virtualities

s=q3,
t=dqs,
u=q’.

Such a dispersion relation would look complicated and involve cuts in the HLbL amplitudes

(see Fig. [2.11p) as well as cuts separating one electromagnetic current from the rest (see
Fig. 2.11p). |30]

The two methods described above to construct a dispersive description of the HLbL are equally
valid, and must lead to the same results once all the intermediary states are taken into account.

However, single contributions cannot be directly compared??.

Regardless of which method is chosen, as the energy increases, intermediate states with more
particles need to be included in the cuts and the computational difficulty escalates. But, similarly
to the HVP case, it is expected that perturbative QCD becomes relevant at sufficiently high
energy. However, the situation is again more complicated for HLbL because there is more

than one scale at play: two regimes are relevant, leading to two short-distance constraints

22This point will be addressed further below.
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Figure 2.11: Possible cuts appearing in a dispersive description of the HLbL tensor in the g — 2
kinematics: (a) Cuts in the HLbL amplitudes, (b) Cuts generated by states coupling to one

electromagnetic current.

(SDCs)?3. The first regime of interest is the one where all three photon virtualities are large:
Q1 ~ Q2 = Q3 > Aqcp. In that case, the HLbL tensor is well described by the perturbative
quark loop. This has been suspected for a while, but it is a priori not obvious why this should be
true for the g— 2 kinematics. It was only proven recently, using an operator product expansion in
presence of an external photon. [1,37,38] This framework will be introduced in the next chapter
and the aforementioned proof is the main topic of chapter @l The other regime of interest is when
two photon virtualities are much larger than the third. In that case, it is possible to use an OPE
on two of the four electromagnetic currents in , leading to the so-called Melnikov-Vainshtein
constraint on the HLbL tensor [2]

QI~Q3>Q3 .q” i .z, —igs- . . .
H,uzu\a(QlyQQvQS) ! —2> ° 2Zq726w/a6 d4xd4ye artaz) e “By<0‘T{J§(w)J?\m(z)ng(O)}’0> ’
(2.43)
where ¢ = % ~ q ~ —q and jE(z) = ¥(2)Q%*y*¥ ¢ (z) is the axial current with ¢ =

(u, d, s)T, Q = diag(2/3, —1/3,—1/3) and 7v° = i7%y192+3. The convention €"'?* = +1 is used
for the epsilon tensor. This has led to a controversy, because the way to reconcile this constraint
with the dispersive treatment for HLbL described here was not obvious. |2}30,39-42,83|

To understand the debate better, we now focus on the pion-pole contribution. Its definition
depends on the dispersion relation used for HLbL and it only contributes to the first scalar
function IT; (and the crossed versions). |27,|77] In the first dispersive method (m1), the pion pole
arises from [30,43,[77]

ﬁwo,ml — Fwov*w* (q%a Q%)Fwoﬂy*w* (Q§7 QZ) . Fﬂo'y*'y* (Q%v q%)Fﬂ'O’Y*’Y* (qgv 0)
T — lim 5 = 5 5 (2.44)
s 8= My ¢2=0 q3 — My
2=

where Flo.«.« is the pion transition form factor (TFF), defined through

i/d4w e (0| {55™(2)55™(0) 7 (g1 + @2)) =1 €uvapdfas Froyers(at, a3) - (2.45)
In the second dispersive method, the pion pole would arise from [43]

~ F **272F **2,2 F **2,2F **m2,o

H71r0,m2 — lim mOy*y (ql q2) 0%y (Q3 Q4) _ mOy*y (ql q2) TOy*y ( T ) (2.46)

q4—0 (g3 +qa)* —m2 g3 —m2

2Note that we are now looking at SDCs from pQCD on the hadronic light-by-light tensor and not on the
contributions from a dispersive description. We can therefore simply work with g4 = 0 directly.
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Figure 2.12: High-energy domains for the HLbL tensor. When the three photon virtualities are
large, the tensor is well described by the quark loop. When two virtualities are much larger than
the third, the HLbL tensor is related to the three point function of two electromagnetic and one

axial current.

It needs to be stressed that these two pion poles are not equivalent and are contributions from

different dispersive descriptions. |30,43] However, it can be noticed that [30|

ﬁwo,ml . ﬁﬂ'o,mQ + Fwofy*'y* (q%a qg) (Fﬂov*'y* (q§7 0) - Fwow*y* (mgm O))
1 - 1 2 _ 02
a3 mz

: (2.47)

where the second term on the right-hand side does not have a pole at ¢3 = m2 and is generated
from a cut through the singly-virtual TFF. [30] We therefore see that going from one description
to the other simply corresponds to a reshuffling of the contributions from different cuts. [30] The
Melnikov-Vainshtein constraint can be translated into the BTT language, leading to the following

expression for the third isospin component of the first scalar function in the chiral limit?*

- —¢*>—q2 1

0%, q.0) "5 (2.48)

_6772q2q32) ’
In that limit, the pion-pole contribution from method 2 (2.46|) has exactly the right behavior
because the pion TFF satisfies 2°

1
FTI.O,Y*,Y* (0, O) - m (249)
. 2F,
Jm @ Fropey (0%, 0%) = 5 (2.50)
The authors of Refs. |2[83] have therefore suggested that
A Fﬂ.O * q2,q2)Fﬂ.0 * K 0,0
Y (a1, g2, g3) = — (a1, 52) Py (0,0) ; (2.51)

2
Q3_m72r

24This is explained in details in Ref. [30] or chapter [5| of this work.
25The second equation below results from the operator product expansion of two electromagnetic currents and

will be discussed in section
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would be an accurate description of the full 12[53). However, there is no reason why this should

be the case for small virtualities q% and qg. Instead, if one wants to use the pion pole ,
a dispersion relation for method 2 needs to be worked out so that other contributions can be
included in a consistent manner and so that the low-energy which dominates the g — 2 integral
can be accurately described. In chapter |5 [30], we will instead see how the SDC can be reconciled
with method 1.

The pion pole from method 1 (2.44) does not fulfil the constraint (2.48)) on its own. This is
not a problem per se, as pointed out also in Ref. [43]?6. Other states couple to the axial current

& (3) (z) and must be responsible for the behaviour of the full scalar function in that regime.

The dispersive determination of the HLbL contribution (method 1), which is based on all the
considerations described above, leads to |1},2,4}26-36|

a; PO = 92(19) x 1071 (2.52)

where the error is dominated by the short-distance description.

>

Figure 2.13: NLO HLbL contributions. A lepton loop is included on one of the intermediate
photon propagators.

NLO contributions to HLbL (see Fig.[2.13]) have also been estimated, leading to [4,63|

a; “PPNLO = (1) x 1071 (2.53)

The lattice result for the HLbL contribution is [4,[24]

@l 1attice — 78 7(30.6)stat (17.7)syse x 10711, (2.54)

with an uncertainty comparable to one obtained with dispersive methods. The final white paper
value for the HLbL contribution therefore combines the two results, leading to [4]

a; Pl = 92(18) x 1071 (2.55)
Since the publication of the white paper, a new lattice result has been obtained [25|

a; " = 106.8(14.7) x 1071 (2.56)

It is more precise than the previous lattice result from Ref. [24] and consistent with the white

paper value for HLbL.

26The connection between the two methods m1 and m2 for the pseudoscalar poles and the consequences of the
constraint (2.43) for these individual contributions have been worked out and discussed in details in Ref. [43|.
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2.3.4 Standard Model prediction

By combining all the sectors, one finally finds the Standard Model prediction [1}2}4}, 749, 11-13,
24.126/-30,57,/59-63|

aM = a4 afV + afIVF 4 P = 116591 810(43) x 1071 (2.57)

In the future, the theoretical uncertainty should be reduced further in order to match the ac-
curacy goal of Fermilab. Further improvements will rely on more precise data for the hadronic

contributions as well as progress in lattice QCD.



Chapter 3

Operator product expansion

If you think you understand quantum
mechanics, you don’t understand

quantum mechanics.

Richard Feynman

In this chapter, the Operator Product Expansion (OPE) is introduced. It is a central tool in
QFT and can be used to deal with some non-perturbative aspects of quantum chromodynamics
(QCD). We begin with a short review of the renormalization of QCD and the MS-scheme in
section This will allow us to fix notations and to introduce some concepts - such as the scale
dependence of renormalized coupling constants - which will be central for the OPE in QCD.
The latter is formally introduced in the subsequent section Technical aspects of the OPE
(in a vacuum) are treated in section , by means of an explicit example: the derivation of the
high-energy behavior the HVP contribution to (g — 2),. This knowledge will also be useful to
understand the derivation of the Melnikov-Vainshtein constraint on the HLbL tensor, discussed
in section Finally, we look at what changes when the OPE is performed in presence of an
external photon in section This less common OPE is necessary to derive one of the SDC of
HLbL in the (g — 2) kinematics. This specific point will be expanded upon in the next chapter.

3.1 Renormalization in QCD

QCD is a non-abelian gauge theory associated with the symmetry group SU(3) and describes
the strong interactions in the SM. Its Lagrangian reads |73]:

1 . -
Lqop = = 5 (0uGG, = 0,GG,.)" + Goid) — ma)g0 — %0°cf
1
= 5 (0"GB,)% + 95068 007"t 00 = 950/ (9465, G G )
1
= 1 9s0( GG LG (IGHGEY) = a0t [0 GG 65, (3.1)

where qg is the quark color triplet of flavor ¢ (¢ = u,d, s, ¢, b, t), 0,u the gluon field and cf the
ghost field. Finally, £ is the gauge-fixing parameter, g0 is the strong coupling and myo the

31
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quark mass. The subscripts 0 stand for bare quantities. The non-abelian structure manifests

itself in the group structure: the ¢, are the group generators satisfying
(19,87 = i f "t (3.2)

which leads to gluon self-interaction vertices. In addition, ghost particles must appear in loops

to preserve unitarity.

When the above Lagrangian is used to compute diagrams that contain loops, infinities often
arise. This is due to the fact that loops correspond to integrals over all possible momenta and
that the integrands often diverge at high-energies. There is in principle an infinite number of
such problematic diagrams, which a priori renders the perturbative expansion meaningless. This
issue has been a huge setback in the development of QFT (see section. However, the plethora
of divergences showing up in QCD can be reduced to seven problematic amplitudes, displayed
in Fig. 3.0 The latter can be made finite order by order in perturbation theory through a
redefinition of the Lagrangian fields and parameters. It can then be shown that all the physical
amplitudes will be finite as well (at the considered order in perturbation theory). [84.85] The first

9 -0~ -0

(c)

(&) (&) 9 (g)

Figure 3.1: Superficially divergent amplitudes in QCD.

step, called regularization, is to parametrize the divergences. It is customary to use dimensional
reqularization in QCD. The idea is to consider the theory in d spacetime dimensions instead
of four. The symmetries are preserved by this choice and the problematic integrals become d-
dimensional as well. This introduces a new parameter € := % which has to be taken to zero in
order to recover the original theory at the end of the calculation. The problematic divergences

in 4-dimensions simply become poles in 1/e. [73,841[85]

Consider now the following rescaling of the d-dimensional fields

1/2
qo = ZQ/ qr
1/2
I(»lhO = Z3/ GZ,T’
¢ = 2l (33)

the subscript r stands for renormalized quantities and the different Z are renormalization factors
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to be determined. The strong coupling constant should also be rescaled!

72752950 = 1 Z1gsr , (3.4)
ngq70 = meq,r y (3.5
50 == Z3€T' (36)

Notice the factor u¢ appearing in (3.4)): u is an arbitrary scale introduced to make the renor-
malized coupling constant dimensionless in d-dimensions. The original Lagrangian can then be

rewritten as follows |73

Lqocp = —%((%fo’l, — 3,,Gg’#)2 +G, (i — mgr)gr — 0%t iame as .the 1na.1th
= agranglan . w1
— e (MG, + 9ar GoL A 0 — gar fU(DuGE, G GEY) B.1)

1 b b d el v b renormalized instead
—19s, r(f GauGr,u)(feC GruGrV) gs,rCo f® CG“GT " cs of bare quantities

—534 (0.GY, (9,,Gﬂ,#)2 + G, (162 — Smmgr)qr — 02.C20% 2
+019s,7G7. @Y g — 5i’ggs,rf“bc(6 Gy, G?’“GC”) counterterms
—010 1955 (F0 GG (fIGT ) = 8 ganCl [ 01 G 5
(3.7)

where

52222_17 53223_17 5202220_17 5m:(Zm_1)7

3.8
§1=pZy =1, 89 = 2127 25— 1, 69 = pu (21252 =1, 85 = uZ1 25 Zoe . (38)

The counterterms can then be adjusted to cancel the aforementioned divergences. To illustrate
the procedure, we are going to explicitly consider the calculation d2 at one loop order. The
relevant amplitude is the quark propagator: see Fig. B.Ih. It can be fully expressed in terms
of the quark self-energy, a one-particle irreducible (1PI) diagram, as shown in Fig. 1PI
diagrams are connected diagrams which cannot be separated into two diagrams by cutting a

single internal line.

(O =+ -0+

Figure 3.2: Full quark propagator as a function of the quark self-energy.

The quark self-energy can be Lorentz decomposed as follows [85|

()@ = =P %) + (p - m)zP (?), (3.9)

where the upper index (2) indicates that the quantity is considered up to second order in the
strong coupling constant gs, (or equivalently at one-loop order). At one-loop order, when
expressing the amplitude in terms of renormalized quantities, there is only one diagram that
contributes to the quark self-energy and the associated counterterm (which we are trying to

determine): see Fig. [85] Using dimensional regularization, the corresponding amplitudes

!Gauge invariance imposes some relations between the rescaling of the different interactions vertices, reducing
the number of required renormalization parameters.
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IO = IOt AZP(GH

Figure 3.3: Quark self-energy at one loop order.

read [84,85|
232)(])2) = —3m,. gu* Ys.R Cr <{ + finite terms) ,
4 €
(2)( ) =& QGOZSR Cr (é + finite terms) , (3.10)
gir 1.

where we have defined oy, = % — v+ log4m, v is the Euler-Mascheroni constant and

4 0 € T

2 . . .
Cr= A;CN L % is a group theory factor involving the number of colors N, = 3. The counterterm

simply reads (the appropriate Feynman rules can be read out off the Lagrangian (3.7)) [84]

AS® (p) = (dop — Smmy) - (3.11)
Combining (3.10) and - leads to:
2 = (- mg,) [29 + 52} + [29 — gy (Om — 52)} . (3.12)

(2)

The values of the counterterms can now be fixed to make the amplitude ;™ finite. There is a
freedom in the choice which can be reduced to how much of the finite terms are included in the
counterterms. Different choices correspond to different renormalization schemes. Some choices
will make some calculation easier than others, but physical quantities will not depend on this
choice. In this work, we will use the modified minimal renormalization scheme or MS-scheme,

where only the poles % are included in the counterterms:

Zy=1+40=1- O‘S’f Cré+0(a2,), (3.13)

T =146 =1 — 2LCp(3+4&) +0(2,). (3.14)

4 2
Note that the above counterterms depend on the gauge-parameter £. This dependence will always

vanish for physical amplitudes.

Other counterterms can be computed in a similar fashion. Considering the gluon self-energy
permits the calculation of d3 (and Z3). The relevant diagrams are represented on Fig. and
lead to [84]

s e (13 €Y, :
Zz3=1+03=1+ A |:<< 6 2) Ca 3 an) + O(OZS’T):| , (315)

where Cy = N. =3 and Tp = % are group theory factors. Similarly, the counterterm Z. can be

determined from the ghost self-energy.

The parameter Z; can be computed from the quark-gluon amplitude. The relevant diagrams
are shown in Fig. [3:5] This leads to:

<§CF 42 Ig ) +0(a2,). (3.16)

Qs r
47

Zi=1-
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+ Qv

Figure 3.4: Gluon self-energy at one-loop order.

+m<g1+m<

Figure 3.5: Quark-gluon vertex renormalization.

The parameter Z; could also be determined from the three or four gluon amplitudes. This
would lead to the same result thanks to the Slavnov-Taylor identities, which are the non-abelian
generalization of the Ward-Takahashi identity for QED. [85]

Combining (3.4), (3.13), (3.15) and (3.16]), we find that the relation between the bare and

renormalized coupling constants read [84]

Qg0 = uQGZaaW, (3.17)
91 Q. 11 4
Zo =222 =1~ 4;2 <3C'A - 3Tan> +0(a2,). (3.18)
N——
=00

Z¢ is a function of the renormalized coupling constant o ,, but the gauge-parameter dependence
has cancelled. Notice also the scale u in : as mentioned before, it was introduced to make
the renormalized coupling constant dimensionless in d dimensions. The bare coupling ag is a
dimensionless constant from the original Lagrangian (3.1)) and therefore cannot depend on this
scale. This results in a dependence on p for the renormalized coupling which remains even
when the limit é — 0 is considered to return to the 4 dimensional theory (after reabsorbing the
divergences in the appropriate counterterms). This p dependence, also referred to as the running
of the coupling, is an intrinsic property of the MS-scheme.? It must cancel in the final result
of the calculation of a physical observable , but it is very relevant for intermediate steps and
this dependence will therefore be discussed here. In fact, it is so important that it has its own

function called the S-function and defined as:

do

B (O‘s,r(M» = du

(3.19)

The [S-function is directly related to the residue of the simple pole in € of Z, [84] and in the

2Refer e.g. to Refs. [84[85] for a more detailed discussion of this topic.
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one-loop approximation, we have:

5( ) 23 ag,r das,r (3 20)

[0 = — = .

s,r 0 ppe H du

Solving the differential equation leads to an explicit expression for the running of the coupling:
asr(p) = %:(Q) (3.21)

1+ a5, (Q)% In o 7
where @) is a reference scale, for which the value of oy, is known experimentally. The running
of the coupling is shown on Fig It is obvious from that the strong coupling is small
at high-energy or short-distance. However, at low energy, the coupling constant explodes: QCD
becomes non-perturbative. An important consequence of the non-perturbative nature of the
strong interaction at low energy is that quarks and gluons form color singlet bound states and

can never be isolated.

2.0 T T T T T
I B
2
~ 1.0} J
Gy
=]
0.5} B
0:0 1 1 1 1 I | 1 1 1 1 I T | 1 1 1 1 L
0.5 1 5 10 50 100
u (GeV)

Figure 3.6: Running of the renormalized strong coupling constant as () at one loop in the MS-
scheme: see . At high energy (or equivalently on short-distances), QCD is perturbative.
At low-energy, quarks and gluons hadronize and the theory becomes non-perturbative. Non-
perturbative tools such as lattice QCD need to be used.

3.2 OPE - generalities

As we have seen at the end of the previous section, the strong coupling constant becomes large
at low energy and non-perturbative effects such as quark confinement appear. As a consequence,
the degrees of freedom of the theory change: at low-energy we observe hadrons, bound together
by strong interactions. This often leads us to study singlet composite operators (i.e. operators
made out of several quark and gluon fields at the same point). For example, the axial current
has the same quantum numbers as pseudoscalar mesons (e.g. 7, n and 1) and much information

on the latter can be obtained from the study of the former.

As a result we are often interested in studying Green functions of composite operators rather

than the usual S-matrix elements and Green functions of fields. We have already seen such



3.2. OPE - GENERALITIES 37

functions in the previous chapter: the HLbL contribution to the muon g — 2 is related to the

correlation function of four electromagnetic currents.

A very useful tool in the study of composite operators is the Operator Product Expansion
(OPE). Consider the product of two composite operators A(x)B(0). When x — 0, the product

can be written as a series of local operators O,

A@)B(0) "3 ea(2)04(0), (3.22)

n

where all the x-dependence is contained in the coefficients c,, called Wilson coefficients®. |86]
The operators O, appearing on the RHS of must have the same symmetry properties as
the initial product of operators. The OPE can appear in various contexts. It can for example be
used to derive the effective Lagrangian of the Fermi-theory of the electroweak interactions. [87]

In this chapter, we only focus on the applications for QCD in the deep Euclidean domain.

Before explaining the procedure to determine which operators appear in the series ((3.22))
and compute the Wilson coefficients, we need to discuss operator renormalization. Consider for
example an operator of the form Qs(z) = Gyqogpqo(x), where the subscript s stands for tree
level operator. As we push computations to higher order in perturbation theory, by inserting the

operators in the Dyson series, the operators become dressed: see Fig.

~ s
= H(E)Q,

Figure 3.7: Dressed operators, resulting from inserting tree level operators in the Dyson series.
The orange squares represent operator insertions.

Just as with regular Feynman diagrams, the dressing procedure leads to divergences. We
can use dimensional regularization to express the divergences as poles in 1/€ just as in standard
perturbation theory [37,187]

Qo(z) = M(6)Qs(z), (3.25)

3Similar expansions can be written for time-ordered products

T{A(z 3R ch 0.(0), (3.23)

or matrix elements thereof, for example:

(0|T{A(z) B(0)}|0) ””Ozcn ) (0]0,(0)[0) . (3.24)
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where dressed operators are indicated with the subscript 0. Expressing the operator in terms
of renormalized fields instead of bare fields does not suffice to remove all the divergences: new
counterterms need to be added. In analogy with field renormalization, we define renormalized

operators as
Qo(@) = ZQ(1)Qr(x; ) - (3.26)

The Zg can then be adjusted to cancel the divergences, in a similar fashion to what was presented
in section With the MS-prescription, only the poles in ¢ are included in the counterterms.

Notice also that this procedure introduces an arbitrary scale p as we have seen before.

Before looking at the implications of operator renormalization for the OPE, operator mixing
should at least be mentioned. As we have seen in , each bare field and its renormalized
counterpart are in a one-to-one correspondence. The reason is that all the fields appearing in
the Lagrangian have different quantum numbers. The situation is slightly different for operators:
different operators can have the same quantum number and therefore mix under renormalization.
[85] The way to deal with this, is to include all the operators with the same quantum numbers, Q; s
fori=1,...,p, in vectors: C,js =(Q1,s--- 7Qp,S)T and similarly for the dressed and renormalized
operators. The Z factor in then becomes a matrix, which can have non-diagonal entries.
An explicit example of such mixing is worked out in the next chapter: see section [37]

The operator product expansion can finally be written in terms of renormalized operators (we

focus for now on vacuum expectation values):

(OIT{A(2)B(0)}0) 2" D" con(@) (005 (0)[0) = > ennl@s 1) (0107n(0:m)[0) . (3.27)

n n

The OPE is a way to separate the scales: the Wilson coefficients ¢, contain the short-distance
contributions and the matrix elements (O, ,(0;u)) = (0|0, (0;1)|0) contain all the non-
perturbative long-distance contributions. Therefore, perturbation theory can be used to calculate
the Wilson coeflicients, whereas the matrix elements have to be evaluated on the lattice, or de-
termined with other non-perturbative methods. The scale p acts as a separation scale between
short and long-distance effects: variations of u shuffle the physics around. Neglecting operator

mixing, the p dependence of an operator O, is given by [84}88,89]:
In(Q/Aqen) | #o
n QCD) | 2P0
On(p) ~ | ————= Oy, ) 3.28
i~ (i) ™ o,@) (3.28)

where Aqcp is the scale at which quarks hadronize?. The coefficients By and Yn,0 are the one-loop
coefficients of the S-function defined in (3.19)) and of the anomalous dimension of the operator

O,, respectively. The latter can be extracted from the renormalization factor Z in (3.26]).

The Wilson coefficients depend on p in such a way as to cancel the scale-dependence ® of the

4In order to guarantee that Wilson coefficients can be computed in pQCD, the separation scale u should be
chosen such that u > Aqcp
5Taking mixing into account, the scale-dependence of the Wilson coefficients can be expressed as [84]

. B as(p) ’YT(Ozs) R
G(u) = T, {exp [ /a e ] } G, (3.29)

where Ty, implies an ordering of the matrix exponential according to the value of as. The sum of the terms in

the OPE must be p-independent, but when mixing is taken into account, it is no longer true for a single term in
the sum.
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overall products. In addition, they scale with x according to [73,88|
1\ atdyp—ds
Crm ~ (W) ) (3.30)
where d} = d; + ~; is the sum of the canonical dimension of an operator and of its anomalous
dimension®. This is based on dimensional analysis as well as the fact that in the deep Euclidean
region, where the OPE is valid, the light quark masses can be ignored. This relation gives an
ordering of the operators showing up in the series : operators of low dimensions contribute

more and the series can be truncated.

3.3 OPE in vacuum - the case of HVP

In this section, we use the QCD correlator of two electromagnetic currents
11" (q) := ie” / Az’ (0| T {56 (2)iem (0)}0) = (g™ — ¢"¢")M(¢*),  (3.31)

as a laboratory to study OPE techniques, where jin(z) = 2 : u(z)y*u(z) : —% : d(z)y*d(z) :
—% : 8(z)y*s(x) : is the light-quark current”. This discussion closely follows the analysis of
Ref. [85], mutatis mutandis. The Green function is relevant for the determination of the
HVP contribution to (g — 2),: see section We will therefore also shortly comment on the

implications of the results we will obtain in that context.

From here on, we work in d dimensions. By contracting (3.31) with the metric tensor, we
find: Ly
ie i . :
M) = =7 [ A% e O ()i 0 (3.32)

For all the contributions considered in this work, the description can be simplified by consid-

ering each flavor component separately [90]
nf
M(g*) =€) e4llalg®), (3.33)
A=1

where 14 is the QCD correlator of the vector currents containing only quarks of flavor ¢4 (and
charge e4) J4(z) =: G4v"qa(x) :®. For convenience, the factor e? has also been taken out of the

single-flavor correlators.

The correlation function is a Fourier transform of a product of local operators. If Euclidean
momenta are considered, the limit z# — 0 in (3.27) becomes a condition over the virtuality:
Q? — oo [85] and

a(a?) = g =gy | @ OIT (40 Jan()H0)
Q%0 7 1 -
=T 2 01000 g / a7 (1) (334

::5n(Q2)

SEquation is valid modulo factors of log|z|. 73|

"We define currents as the normal-ordered product so that tadpole contributions to the Green functions are
absent. [33|

8Equation is no longer valid beyond the NLO in perturbation theory, but this goes beyond the scope
of this discussion.
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From dimensional analysis, the scaling of Fourier transformed coefficients can be derived ¢, ~
ysis, g
(Qz)f(d(on)ﬂfd)ﬂ. If we want to include terms up to (Q?)Y in the description, we have to

consider operators of dimensions up to
d(Op)=d—4+2N. (3.35)

Let us now consider the operators O,,. We know that they must be singlets (otherwise their vac-

uum expectation value would vanish) and that they can be sorted according to their dimensions.

The most obvious singlet operator is the unit operator. It is dimensionless and will therefore
be the leading contribution in the OPE. The corresponding Wilson coefficient simply corresponds
to standard perturbation theory, with fully contracted Feynman diagrams. The other operators

with non-zero vacuum expectation values correspond to non-perturbative effects.

The non-trivial, colorless, Lorentz and flavor singlets of lowest dimension is the quark-

antiquark pair, leading to the following matrix element or vacuum condensate

(0[g494l0) . (3.36)

This matrix element would vanish in perturbation theory, but confinement impacts the vacuum
properties of QCD and as a result, it is non-zero. The condensates go beyond perturbation
theory and parametrize non-perturbative effects; they express long-range physics and have to
be determined using either phenomenology or lattice QCD. As we will see below, there are
still many unknowns regarding these quantities, which limit the precision at which they can be
calculated. [89,91]

In the chiral limit, the QCD Lagrangian is symmetric under SU(3)r, x SU(3)g, but this
symmetry is spontaneously broken by the vacuum state. [92] The fact that the quark condensate
is non-vanishing is therefore a direct consequence of this spontaneous symmetry breaking and
we say that this condensate is an order parameter of chiral symmetry breaking. [89] In addition,

still in the chiral limit, all the light quark condensates are equal [92]
(O[wu|0) = (0]dd|0) = (0|3s]0) , (3.37)

and can be related to physical quantities unambiguously, for example through the Gell-Mann,
Oakes, Renner relation [92}93]

m2

1 _
li s = — Olu dd|0 3.38
mqugfﬁo My + My 2F7% < |UU + ’ > ; ( )

where F; =~ 92 MeV is the pion decay constant and m, the pion mass. The condensate can
therefore be evaluated on the lattice (in the MS-scheme and for p = 2 GeV) [94]

% ((0[@ul0) + (0[dd|0)) = — [272(5)MeV? . (3.39)

Away from the chiral limit, the situation is more complicated, because the perturbative and non-

perturbative contributions mix and the definition of the condensates becomes ambiguous. [92,93|

The next condensate is the 4-dimensional gluon condensate

(012G, G110) (3.40)
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The scale-dependence of «, compensates that of the operator G?. By including the strong
coupling constant directly in , we ensure that the condensate is renormalization group-
invariant. [89] But, contrary to the quark condensates, it is difficult to evaluate on the lattice
and the best evaluation that we currently have comes from charmonium sum rules [89}/91}95],
leading to:

Qs

(o] . GHG%,10) = (0.012 £ 0.004) GeV*. (3.41)

Going to higher dimensions leads to even more condensates. For example, in dimension six,

we can write [89]

(0lglqqlq|0) , with T' € {+*,7°,74#9%, 0", 1}, (3.42)
(0[gTt*qqT't,q|0) , where t, acts in color space, (3.43)
(0[gtaopwqF """ |0) , (3.44)
(O] fabe G“H G, G010 (3.45)

We could in principle keep going and build more condensates of arbitrarily high dimensions.
However, it is expected that in addition to introducing non-zero vacuum condensates, non-
perturbative effects will break the operator expansion itself for a critical dimension dit.
In Ref. [91], non-vanishing condensates are argued to be the effect of large-size instantons while

the OPE breakdown results from short-size instantons”. They also evaluate de;i; ~ 11. [91)

Now that we have listed the kinds of operators that can appear in , we need to see how
the Wilson coefficients can be evaluated. We begin by computing the Wilson coefficient & (¢?)
corresponding to perturbation theory. We start by the leading order in ay and since only light
quarks are considered, we can neglect mi—corrections and higher. The corresponding diagram
is shown in Fig. [3.8] Under the Wick’s theorem, it is obtained by contracting all the quark
fields [85]

Hzert,LO(q2> :m /ddl,elq.a: <0|6A(x)fy“qA<l')qA(0)7NQA(0)|0>

—— gy [ 4 16 (i (0T ) (T 00
1N d
= 4q2(;v 0 / (;if))d Tr [y S(p)1S ()] (3.46)

where we have used [85)]

dd

a a  sab . —ip-(z— +ma
qAJ(x)q?‘Lj(y) = 6™ Sj(x —y) = Z/ (27r2)?de p(e-y) P

p2—m124+i0’
| —

(3.47)

=5(p)
and the simple Roman indices stand for Dirac indices, while @ and b live in color-space.
Neglecting terms of order O(m?) and using standard Feynman integral techniques leads to [85]

1 1 5
Hpert,LO 2y Z 41 a2 - . 3.48
n (¢%) yoe, é—l—og(q)—l—3 (3.48)

Instantons are finite-action solutions of the classical field equations of motion in Euclidean space. |96] They
correspond to non-perturbative gauge-field configurations. |97]
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Figure 3.8: Operator product expansion for HVP: perturbative contribution, leading order. The
orange crosses represent the current insertions.

Note that is singular when € — 0. This has nothing to do with operator renormalization,
but is a common feature of Green functions of multiple operators. It can be removed by fixing the
value of the Green function at a chosen euclidean point. [85,98] In fact, this specific Green function
and the associated divergence appears in QED renormalization. It is removed by reabsorbing the
divergent II(0) in the photon wave function renormalization factor. [33] However, our aim is to
analyze the HVP contribution to (g—2),, which only involves the imaginary part of the divergent
Green function (see and (2.34)). The only relevant term for us in is therefore the

logarithmic term and we do not need to worry about UV divergences.

To include a corrections to the result (3.48)), the NLO term in the Dyson series must be

considered:

i i » _ _
e = -1 / d?z A%y d?z " (0| T{: g4(x)7" qa (@) :: T4(0)74q4(0) : L5 (y) L1 (2)}10)
where £89 is the gluon-quark interaction Lagrangian

L35 (2) = gs : Gp(2)qa(2)7"taqa(2) « - (3.49)

The perturbative contribution is then obtained by fully contracting the fields in all possible ways.
The topologies are shown in Fig. [3.9}

& Lo D

Figure 3.9: Operator product expansion for HVP: perturbative contribution, next-to-leading

order. The orange crosses represent the current insertions.

Working in the Feynamn gauge £ = 1, the gluon propagator becomes [85|

Guw
D, =- 3.50
i k2 + 40 (3.50)
and we find [85]
t,NLO & 2
I = 47:3 log(—¢”) + const, (3.51)

where only the logarithmic term has been written explicitly as it is the only one that contributes
to the R-ratio.

Before looking at the result for the R-ratio, a comment on the validity of using these results

in the physical regions ¢ > 0 is in order. The OPE and perturbation theory are valid in the
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deep Eucliden-region, where strong interactions can be described in terms of quarks and gluons.
In the physical region, quarks and gluons form colorless bound states and cannot be isolated.
This is a purely non-perturbative effect which is translated into the appearance of resonances in
the spectrum. The degrees of freedom are completely different. However, as the energy increases
and ¢ becomes large, the resonances become wider and the spectrum looks very similar to that
obtained using perturbation QCD in terms of quarks and gluons. This is known as the local
quark-hadron duality'. |89

For high s = ¢2, we can therefore select the imaginary part of (3.48) and (3.51)) and combine
the different quark flavors according to (3.33)) to find [90]

ny
o
R — 2 ( s ) .

(5)=3> ¢4 L+ —= : (3.52)

A=1
where n is the number of flavors active at the energy /s, i.e. with 4m?4 < s. Equation (3.52)) can
be pushed to higher orders in perturbation theory. However, the region where pQCD becomes
more reliable than inclusive data is currently not agreed upon and different groups use different

prescriptions. 4]

The next step is to describe the non-perturbative contributions to , parametrized by
the non-zero vacuum condensates discussed above. The method to compute the associated
Wilson coefficients is similar to what is done in regular perturbation theory, but some fields are
left uncontracted. They then need to be Taylor expanded around 0 to generate local vacuum
condensates. In some cases, Dirac algebra and color decomposition need to be used to reduce

the number of condensates.

We begin by computing the coefficient c<5q>(Q2). To do this, we consider the leading order
in the Dyson series, but contrary to what was done in (3.46), a quark-antiquark pair is left

uncontracted [85]

% (¢%) =q(d_1) / A%’ (315 (1) k(0074 (%) (O: gy 1 (0)g% 4 () :]0)

+ q(d—l) / A2 (315 (1) 1adh; (2)T 1, (0) (Of: g%4(2)q5,(0) :|0) . (3.53)

The corresponding diagrams are shown in Fig. The uncontracted fields are represented
by a dot. As explained above, in perturbation theory, these contributions would vanish. Their

contribution stems from non-perturbative effects.

The next step is to Taylor-expand the quark fields that appear in the vacuum expectation
values around 0. It is customary to work with the Fock-Schwinger gauge for the non-perturbative

part of the OPE. It is expressed as
z, G (2)t" =0. (3.54)

With this choice of gauge, it can be shown'! that the fields can be Taylor expanded in terms of

10Global quark-hadron duality claims that despite the resonances, the physical spectrum and the one described
by perturbative QCD are equivalent on average. |89|
See Ref. [85] for a proof.
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Figure 3.10: Operator product expansion for HVP: non-perturbative contribution due to the
quark condensate (represented by two dots). The orange crosses represent the current insertions.

the covariant derivatives

where 6(0)8,3 = 0,q(0), the covariant derivative is given by Dt = 0# — ig;Gt* and the field
strength tensor by Gf, = 0,G} — 0,GY, [85]. The matrix element in (3.53) can therefore be

expressed as

_ - T a -
(0]: 74,:(2)g%1(0) :[0) = (O]: 74,:(0)g’,(0) :|0) + =* (0]: (aA,iDL) (0)g%,4(0) :[0) + ... (3.58)
Furthermore, only singlets can contribute to the matrix elements, leading to

a b _ 5“565

(0]: @ ,4(2)424,4(0) :J0) = AN, (0[74q4[0) - (3.59)

The first order term in the expansion |i also contributes to qu((f). The reduction of that
condensate relies on the fact that the covariant derivative has the same parity transformation

property as the Dirac matrix «*. Therefore

(0f: (24,0 *)a<o>q2,l<o>:\o>=06ag<%>n. (3.60)

To find the proportionality factor C', one should contract with (7”)udy. and use the
equations of motion q4(z )(ZE +my) =0 [85)

CNed = (01: (D7), (0)4,(0) :10) = i1 (0] 49.10) . (3.61)
so that finally
NT AT
(OF: (24,03) (0)dh1(0) :0) = im.a 2 62 (0[40410) (3.62)

With the above considerations, ([3.58)) becomes

O (o) (0)10) = 12 Oaaal0) (0 + imaa? 251 ) (3.63)
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Taking that into consideration, the second term of (3.53|) can be written as

! / ddxewwjm>qu,j<x>azk<o> (0]: 7%.4(x)4",(0) :|0)

m
0|qAQA|0 Az Ua+P)T Ty [y (p) v,
_ma 0|QA‘]A|0 .
Ti@d(d—1) P2 Te [y S (D) yuel - (3.64)

The first term of the above equation can be calculated using standard methods. The second term
is more difficult, because of the appearance of the factor x°. This apparent translation-invariance
breaking is a consequence of using the Fock-Schwinger gauge. The final result cannot depend on
the choice of gauge and the translation-invariance breaking will disappear, but it must be dealt
with in intermediate steps. [85] To do this, we use the following method. Express the z” as a

derivative

el (P=a) pp — 9
Opp

and partially integrate the expression so that the derivative acts on the Dirac trace. The deriva-

el (P=a) (3.65)

tive of a propagator has a very simple form [85|

- 5o 5) = SERS(). (3.66)
0
After these steps, the translation-breaking term can also be dealt with using standard methods.
[85] Note that the trace of an odd number of y-matrices vanishes. Therefore, (neglecting O(m?)
terms) only the part linear in m 4 of the propagator appearing in the translation invariant term
of gives a contribution and the overall result is proportional to m4. This could have
been expected because the pu-dependence of the mass and of the condensate must cancel each
other. [88] The quark condensate is therefore effectively a dimension 4 operator and the final

result reads [85,91]

= 2m
% = —qﬁ (0174q410) - (3.67)

The next step is to consider the contribution of the other dimension 4 condensate: the gluon
(0]2=G?|0). To do that, we must start from the NLO in the Dyson series (3.49)), contract all the

quark fields and leave the gluon fields uncontracted. The corresponding topologies are shown in

Fig. 3:10]

Figure 3.11: Operator product expansion for HVP: non-perturbative contribution due to the

gluon condensate. The orange crosses represent the current insertions.

We here only explain how to deal with the condensate reduction. In the Fock-Schwinger

gauge, the LO term of the Taylor expansion of the gluon field reads (see (3.55)))

G () = %chgm(oy (3.68)
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Using this and Lorentz invariance leads to [85]

(0]: G w)GA(=) 10) = 5= (0]: F&A(0)FS, (0) 0}
aZ,B

= m(gaﬁg/\a — Gawgsn) (0]: F2,(0)FE¥(0) :[0) , (3.69)

The y and z-factors can be dealt with the partial derivative trick described above in the case of

the quark condensate contribution. This leads to [85],91]

1 Qg
39 (a") = 5 (01 G710} (3.70)

The different flavor chanels can finally be combined and we get

9Q* P

_ 1 s
57 IISL4(Q%) = 4m, (0[u|0) + mq (0]dd[0) + my (0[s|0) + 7 (0] =2G20) . (3.71)

The computation can be extended with similar techniques to higher dimensional operators or to

higher orders in .

We shortly comment on the non-perturbative corrections to R(s). The parametrization of
non-perturbative effects in terms of vacuum condensates built out of quarks and gluons only
makes sense in the deep Euclidean domain. In the physical region, quarks and gluons hadronize
and the degrees of freedom are different. It is unclear how to compute non-perturbative effects
in that region from first principles. Instead of comparing the OPE prediction and the data in the
physical region, we can instead use a dispersion relation to express the Green function I1(Q?) in

the Euclidean region as a function of the experimental data and compare that to OPE result.

This is the approach of Ref. [99] and is most conveniently done using an auxiliary function
called the Adler function D(q?), defined from the derivative of the Green function I1(¢?). The
OPE for the Adler function can therefore directly be derived from the OPE for I1(¢?) calculated
above 2 99
2 dIIO"5(g?)

dq¢? ‘
On the other hand, the Adler function in the Euclidean domain can also be reconstructed from
the data [99]

DOPE(_¢%) .= —127% (3.72)

00 data s
D(Q?) = Q? /W Mds. (3.73)

By comparing (3.72) and (3.73) up to order a3, the authors of Ref. [99] showed that including

the non-perturbative corrections of the OPE does not improve the description of the data: the

non-perturbative corrections to HVP can be ignored.

3.4 Beyond the OPE in vacuum - the case of HLbL

The method presented in the previous section is not limited to the study of the vacuum expec-

tation value of the product of two local operators. We could for example consider the product

2Tn Ref. [99], the calculation of the Wilson coefficients is pushed to higher order in a5 compared to (3.48),
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of two electromagnetic fields in presence of an external pion:
Iro(q?) = / dz e (0|T {75 (2) 75 (0) } |7 (¢ + g2)) - (3.74)
The pion transition form factor (TFF) Fro.« (¢3,¢3) can be defined from the above correlator,

0 (q%) = €uapdfiah Fromere (42, 43) (3.75)

and is of great interest for (¢ —2), because it contains all the hadronic content of the pion pole,

which is the leading contribution for HLbL in the dispersive approach (more details can be found

in sections and [5.2.2]).

The pion has different quantum numbers than the vacuum: it can be interpolated by the

third isospin component of the axial current A,(z) = 3 4 €4q4V57uq4 ()
(0]45(0)|7°(p)) = i6a,3Frpy (3.76)

where F; = 92.28 MeV is the pion decay constant [100].

In the previous section, we computed the OPE for two electromagnetic currents in the vacuum.
When we considered the LO term in the Dyson series and left a pair of quark-antiquark fields
uncontracted, we only kept the contribution proportional to the singlet: it was the only part
that would have a non-vanishing vacuum expectation value. If we consider instead, the
non-vanishing contribution arising from the uncontracted quark-antiquark pair is proportional

to the axial vector current (see for example Ref. [33]):

ZGA (2)Yuaa(z)q 74(0)7,g4(0) |7 (g1 + a2))

44 ip(y—=)
ewaﬂz / pe <0\!§A( 0)v57°qa(x) |7T (@1 +q2))

dip e Ply—2) B
— " (0]: gavsy”

z—0

€4

q4(0) :|7°(q1 + g2)) , (3.77)

0123 — 11 is used. This leads to (considering the case where Q2 ~ Q3 >

A%QCD and defining ¢ = ¢1 = —q2)

where the convention ¢

M0 (¢?) = —2ieas / Ay / @022 10138 (0)|7%(qr + g2))
T M (27‘()4 p 5

2F,
= Tcﬂeuuaﬁqtllqg ) (378)

which can be used to extract the high-energy behavior of the pion TFF by identification with
the definition (3.75) [101]
Fropes (Q%,Q%) ~ =2 (3.79)

We now turn to the study of the HLbL tensor, which will be the main focus of the rest of this

work,

1" (g1, 42, 43) = —i / dtzdtydtze 0 ey (0T { i (@) 6 (4)i(2)76m(0) }10) -
(3.80)
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In the g — 2 kinematics, one of the photon is soft g4 = q1 + g2 + g3 — 0 and there are three
different scales at play, corresponding to the three photon virtualities Q? = —q? . The situation
is therefore more complicated than for the study of HVP, which involved only one energy scale.
For HLbL, there are two different short-distance regimes of interest for OPE studies. One of
them corresponds to the situation where two photon virtualities are much larger than the third:
Q?~ Q3> Q% In that case, one can do an OPE for two of the four electromagnetic currents.
Similarly to the case of the pion TFF, the relevant operator resulting from the OPE is the axial

current. This leads to the Melnikov-Vainshtein constraint [2|

[0}

q : em /1 -em
Mwno (a1, g2, a3) & —2Zq26,m5/d4wd4Z<OIT{J§(w)J§ (2)J5 " (0)}10) - (3.81)

This is useful because the three-point function appearing on the RHS of (3.81)) is related to the
Adler-Bell-Jackiw triangle anomaly and its properties are well known (see for example Ref. |2,
102,|103]). More details about this computation, its implications, as well as the method to

translate this constraint in a g — 2 language can be found in chapter

The other interesting regime for an OPE is the configuration where all three virtualities are
large: Q3 ~ Q3 ~ Q% > Aqcp. The method to deal with this configuration is not obvious,
because the external photon is soft. If we deviate from the g — 2 kinematics and instead consider
all the four virualities to be large, we can apply the exact same method as the one described in

the previous section and write a series of vacuum condensates for the correlator (3.80)). [1]

Two of the terms that would appear in this OPE are shown in Fig. [3.12] The first fully
contracted diagram corresponds to the leading perturbative contribution (Fig.[3.12k). The second

involves a quark condensate (Fig. [3.12p).

However, in the g — 2 kinematics, the topologies illustrated in Fig. become problematic:
no momentum runs in the loop and one of the propagators is therefore divergent when g4 — 0. [1]
Unless some subtle cancellations occur, this causes the expansion to break down. Despite this
issue, the quark loop was still used in the literature as a description of the HLbL tensor in the

g — 2 kinematics, when three virtualities were large.

(a) (o)

Figure 3.12: Operator product expansion for HLbL away from the g — 2 kinematics: (a) lead-
ing perturbative contribution, (b) quark-condensate contribution. This figure is adapted from
Ref. [1].

A way to construct a systematic expansion for HLbL in the g — 2 kinematics was found in

Ref. |1]. The solution is to use an OPE in presence of an external electromagnetic background



3.4. BEYOND THE OPE IN VACUUM - THE CASE OF HLBL 49

field. In this approach, no singularities appear in the limit g4 — 0.

Consider the following three-point correlator

N = [t [ty oo O (@ 02O @) . (682)

In the static limit g4 — 0, the soft photon can be factored out, thereby defining a new five-point
correlation function |[1]
A
g1, q2) = 1157 (g1, g2) (O Fpo ) - (3.83)

The tensor H‘}w\p 7 is directly related to the derivative of the HLbL tensor in the static limit

. o L are
B D Dh o (CANOF (3.84)
g i=1 g

where [po] indicates an antisymmetrization with respect to the last two indices. It is therefore
possible to define some projectors which return the scalar functions II; when acting on the tensor
H/;VA[M]. More details on the projectors can be found in section 1]

This gives us a well defined procedure to study the HLbL tensor when one of the photon is
soft and the other are highly virtual: derive an OPE for the tensor in the static limit,
then extract the field strength tensor F},, to get the tensor Hﬁé”)‘gp and finally apply a set of
projectors to obtain the scalar function II; which contain all the dynamical information of the
HLbL tensor.

Compared to the OPE in the vacuum presented in the previous section, what are the differ-
ences in presence of an external magnetic field? The soft photon can either be produced from a
hard fermion line (meaning that the fermion line scatters off the external background field), or
it can be produced by a soft degree of freedom, via expectation values of operators that have the
same quantum numbers as F,,,. This gives rise to new condensates. 1] A list of such operators
as well as a renormalization program to deal with operator mixing is detailed in section |4.1.3|
In this section, we instead focus on hard emission of the soft photon which are relevant for the
leading term of the OPE for .

Our aim here is to compute the leading order (ag = 0) perturbative contribution from the
three-point correlator (3.82)) in the static limit g4 — 0. If we fully contract all the quark fields, we
obtain a contribution proportional to the unit operator and the matrix element (0|1]y) vanishes.

To get a non-zero contribution, we must include an electromagnetic vertex from the Dyson series:

() [ dadty 5002 QT ()50 (0)320(0) [ 4278 (204002} )

from Dyson series

(3.85)
where all the quark fields must be contracted in all possible ways. Contracting the quarks fields
coming from the vertex insertion of the Dyson series will lead to the following kind of structures

| |
ice. / Az (0] G4 W) da )T 4 (0)7 24 (0) T4 (27704 (2) Ay (2)])

— (0] -+ iee. / Az S(y — 2) A ()7 S(2) )

_®_
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This is an example of hard production of the soft photon. Contracting all the quark fields in
(3.85) leads to six different topologies shown in Fig. [3.13] By using the Schwinger gauge, the

T 44+9a T4+9. 16 4+qa
A& o0 9 ) OA N rm «—>Y
+ + +
" e ) - 4 P
t ¢ (Y S b R ¥ S
q 9. 9 9, 1 %

Figure 3.13: Leading contributions to the OPE for the three-point correlator ITH#*,

photon field can be expressed as A?(z) = 12°F,,(0) and the matrix element (0|F),|y) appearing
in |i can directly be isolated to extract the tensor H%V)‘p 7. The II; can then be obtained by

Apo]
I

applying some projectors on the antisymmetrized . The result of this procedure (in the

massless case) is exactly the same as what would be obtained from the usual quark loop (c.f.
Fig. B-12h). [1

This is the first step in proving that the quark loop is a good description of the HLbL tensor
in the case where one photon is soft and the other have large virtualities. The next step is to

show that the a, correction and the non-perturbative contributions to the OPE described above

are small in comparison. This is the objective of the next chapter.



Chapter 4

Operator product expansion for HLbL

It does not matter how slowly you go, so
long as you do not stop.

Confucius

In the following articles, a formal OPE for the HLbL amplitude is built, which is valid for
the (¢ — 2),, kinematics where one of the photon is real. In the first article, non-perturbative
corrections are considered and the second article analyses the two-loop perturbative corrections.
They both build upon Ref. [1] which covers the LO contribution (which is reviewed in section
of this work), as well as the first non-zero power correction which is also addressed in the

first article below.

4.1 Short-distances HLbL contributions to the muon anomalous

magnetic moment beyond perturbation theory

This section is a copy of Ref. |37, published in the Journal of High-Energy Physics (JHEP) on
October 30, 2020

Authors: Johan Bijnens, Nils Hermansson—Truedsson, Laetitia Laub, Antonio Rodriguez—

Sanchez

Abstract: The hadronic light-by-light contribution to the muon anomalous magnetic moment
depends on an integration over three off-shell momenta squared (Q?) of the correlator of four
electromagnetic currents and the fourth leg at zero momentum. We derive the short-distance
expansion of this correlator in the limit where all three QZQ are large and in the Euclidean domain
in QCD. This is done via a systematic operator product expansion (OPE) in a background field
which we construct. The leading order term in the expansion is the massless quark loop. We
also compute the non-perturbative part of the next-to-leading contribution, which is suppressed
by quark masses, and the chiral limit part of the next-to-next-to leading contributions to the
OPE. We build a renormalisation program for the OPE. The numerical role of the higher-order

contributions is estimated and found to be small.

o1
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4.1.1 Introduction

The Standard Model (SM) is the theoretical framework developed to describe particle physics
at its most fundamental level, and is able to predict the anomalous magnetic moments of the
leptons with a high number of significant digits. At the current level of precision, all the building
blocks of the SM leave sizable numerical imprints for the muon anomalous magnetic moment,

or, a, = (g — 2),/2. Summing all the contributions, one finds [4]

as™M = 116591 810(43) x 1071, (4.1)
showing a 3.70 tension with the very precise experimental value [5,[100],

aS® = 116592 091(63) x 107", (4.2)

The experimental value is expected to be significantly improved [6,104]. In case the discrepancy

grows this could be a sign of new physics beyond the SM.

The current uncertainties in the theoretical prediction are dominated by contributions from
the hadronic sector. Since the relevant energy scale, i.e. the muon mass, is far below the region
of applicability of perturbative QCD, the assessment of these contributions resorts to the use of
non-perturbative tools. Further improvements are needed in order to find a SM value at the level
of precision competing with that of the future experimental one. Decreasing the errors on the
hadronic contributions would therefore shed some light on whether or not the current tension
is a hint of new physics. An overview and assessment of the current theoretical situation is the

white-paper |4].

In this paper, we focus on the hadronic light-by-light (HLbL) scattering contribution, rep-
resented by the diagram in Fig. The calculation of the (¢ — 2), requires the integration
of the HLbL tensor over q1, g2 and g3, with the fourth photon in the static limit, i.e. ¢4 — 0.
Working with three Euclidean squared loop momenta qi2 = —Q%, this means one has to consider
different kinematic regions of Q?. We consider the short-distance regime with photon virtualities
Q3 ~ Q% ~ Q% > A%}CDa and derive so-called short-distance constraints by means of an opera-
tor product expansion (OPE). The second important regime is with mixed virtualities, namely
Q3, A(Qch < Q% ~ 3, and has been considered in Ref. [2|. There has been a lot of recent work
in the latter regime Refs. |30,39-43}83,/105].

The first full calculations of the HLbL were made using models in Refs. [106-108|. More
recently a dispersion theory based approach as in Refs. [27,/77] has allowed for better control
of the low-energy region. In the latter approach one considers individual intermediate states,
for which short-distance constraints such as those derived herein can be used, examples are
Refs. 130,139,140%105,/107,{109]. One should of course be careful in comparing at the correct

kinematics.

The naive OPE in the vacuum for the HLbL tensor, which is valid for Q3 ~ Q3 ~ Q3 ~
QF > A(QQCDv has the perturbative quark loop as its first term. The quark loop has always
been used as an estimate for the whole contribution, using constituent quarks and in various
models see e.g. Ref. [110-115| and for the contributions from heavy quarks [116]. However, the
naive OPE breaks down for the (¢ — 2), kinematics with ¢4 — 0 [1I]. The OPE of the HLbL

tensor in this kinematics must be performed by taking into account that the static photon needs
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to be formulated as a soft degree of freedom. It was shown in Ref. [1] (see also Ref. [2]) how
this could be done by factoring out the soft photon as a background field. The background
field can originate either from the hard degrees of freedom (e.g. the massless quark loop) or the
soft ones (e.g. the so-called di-quark magnetic susceptibility contribution). The resulting OPE,
originally formulated for baryon magnetic moment sum rules in Refs. [117] and [118], and whose
application to other hadronic (g —2),, contributions was introduced in Ref. |[60], has the massless
quark loop as the leading term and the di-quark magnetic susceptibility of the vacuum as the
leading quark-mass suppressed contribution. In this work we extend the results of Ref. [1] by
computing the leading non-perturbative corrections not suppressed by masses. We also provide
some more details about the calculations of Ref. [1]. Our result should be useful to help reducing

the error coming from the intermediate and short-distance regime [4].

In Sec. we briefly recapitulate the definitions of the four-point function of four electro-
magnetic currents, its decomposition in scalar functions and how it can be used for the muon
g — 2 HLbL contribution. This follows the conventions of Refs. [27,/77]. It also gives the rela-
tion between the needed derivative of the four-point function and the three-point function in a

constant field background that is used in the remainder of this paper.

In Sec. we give a complete description of the OPE in a constant background field and
compare it to the usual vacuum OPE [91] and the one used in flavour-breaking transitions.
We in addition comment on the physical meaning of the obtained matrix elements and build
a renormalisation program. The renormalisation program is needed to systematically separate
short-distance and long-distance effects while cancelling divergences. Both infrared and ultravio-
let divergences are addressed. We also estimate the values of the matrix elements. The content of
this section can in the future be used to obtain predictions for other Green functions in different

kinematic regions.

Details on the calculation of the different non-perturbative pieces are provided in Sec. in
particular we explain the different tools used, existing and newly developed, to obtain our analytic
results and how the different infrared divergences systematically cancel. Finally, making use of
the results of that section and the estimates of the matrix elements, in Sec. [f.1.5] we calculate
the numerical contribution of the different pieces for the (g —2),. Final remarks and conclusions
are made in Sec. Several intermediate derivations are relegated to the appendices as well
as the full formulae.

4.1.2 The HLDbL tensor

As can be seen in Fig. [£.1] the HLbL process involves a four-point correlation function of elec-

tromagnetic quark currents, i.e.

(2

_[du (T A —igiw S
e gy, g 00) = =i [ | [dtaenn ) o JNERE) ICRCE
The currents are given by J#(z) = § Q,y"q with the quark fields ¢ = (u, d, s) and charge matrix
Q, = diag(e,) = diag(2/3, —1/3,—1/3). The tensor in (4.3)) is the same as [I***? in Ref. [1], but
with the internal notation slightly changed in the definition in order to make manifest some of its

symmetry properties. This will be systematically exploited in the following sections. Moreover,
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Figure 4.1: HLbL contribution to the (g — 2),,.

the integral over g4 is introduced to remove the §-function of conservation of momentum?!, i.e.

4
> a=0. (4.4)
=1

This defines ¢4 as the negative of that in Ref. |1, which again is a choice to maximise the number

of explicit symmetries.

The conservation of the electromagnetic current implies that the HLbL tensor satisfies the

following Ward identities,
i, p; [1HrHzRsle ((Jh q2, Q3) = 07 Vi € [17 4] 9 (45)

where g4 must be rewritten in terms of the other three momenta through (4.4). Note that
the last Ward identity implies that all the information on the HLbL tensor is contained in its

derivative [119],
OTIH1H2m3va

TIH1H2H3 14 (Q1,CI27 q:s) = —q4,u, (ql, q2, CJ3). (4.6)

8q47 Ha

In the (g — 2),, kinematics, the loop integral over the loop momenta ¢1,¢2 and g3 can be
rewritten as an integral over the Euclidean momenta Q? = —q? > (. The fourth photon, i.e. with
momentum qq, is taken in the static limit. This corresponds to taking the ¢4 = —q1 —q2—q3 — 0
limit after doing the derivative in . Notice how in this limit

OIIH1H213V4 OITH1H213 14

lim = (g1, q2,q3) = — lim
q1—0 aQ47u4 (Q1 4 ) qs—0 86]47,,4

(91,92, 43) (4.7)
i.e. it is anti-symmetric in the indices p4ry4. This can be proven by multiplying both sides
of by q4,.,, then taking the derivative with respect to g4, and setting o = v4. The
resulting linear and anti-symmetric structure of the HLbL tensor is directly related to the fact
that F,, = 0, A, — 0, A, is the lowest dimension gauge invariant photon operator.

Let us take advantage of the work of Refs. [27}[77] to find general relations between the tensor
OHIIH1H2H3V4

8Q4, pa
one can rewrite in full generality the HLbL tensor as a linear combination of 54 scalar functions

and its explicit contribution to the (g —2),. Making use of the Ward identities above,

I1;(q1, g2, q3) according to [27.[77]

54

TIHH2H314 (g1 o g3) = Z THPESEATTL (g1, g2, g3) - (4.8)
i—1

'The integral could be performed instead in any other of the four momenta, leaving the HLbL tensor as a
function of the other three.
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Expressions for the T/"#?#3#4 in terms of the Lorentz basis built with g1, g2, g3 and the metric

M1 H2 34

guv can be found in Refs. [27,77|. In particular, the T satisfy the same Ward identities

as the HLbL tensor. As a consequence, in the static limit g4 — 0

54
. OTIH1H213V4 oTH1H2H3Va
lim ———— = Z — i 1Li(q1, 42, 43) - (4.9)

u—0 gyt —~  Oq)
In the static limit g4 — 0, the remaining tensor can thus be written as a function of 19 linear
combinations II; of the original I1;(q1, g2, q3). Only 6 I1; functions contribute to the (9—2), and

one finds
a; Pl = 37r2/ dQl/ dQQ/ drv/1-12Q3Q3

X ZT:L Ql?QQa ) i(QlaQZa )? (410)
i=1
where the integration variable 7 is defined via Q3 = Q% + Q3% + 27Q1Q2. The functions
Ti(Q1,Q2,7) can be found in Refs. [27,|77] and

M =10y, Ty = Oy {ﬂl} , I3 =y, Ty = Cag {f{d ;
5 = 117, Tl = C2 [013 [ﬂ7H , 7 = Cas [ﬂﬂ ,
g = Ci3 [ﬁw} , Ty = Tly7, T = I3,

I = —Cyg [ﬂ54} , Ty = Tl54. (4.11)

The exact definition of the II; functions is given in Refs. [27,[77]. The Cjj in 1' represent
interchanging ¢; and g;. In order to find general Lorentz projectors from the derivative of the

tensor in the static limit, i.e.
OTIH1H2H3V4
lim

_— 4.12
qa—0 8qff4 ’ ( )

to the II; functions, we start by taking 19 independent projectors in the {q1, g2, g3, g} basis. Any
other projector can be related to that set through the Ward identities given above. Applying
them to returns a system of 19 equations dependent on the 19 IT;. A solution to that
system of equations for the relevant II; is given in App. In practice, this means that for
any contribution to the HLbL tensor in any basis, one can compute the associated (g — 2),
contribution by taking the derivative with respect to q4, then taking the static limit ¢4 — 0,
applying the 6 Lorentz projectors given in App. to find the associated II; and finally using
them in the integral of .

As explained above, the integral of (4.10) requires the knowledge of the HLbL tensor with
three Euclidean momenta ); at different kinematic regions and the fourth in the static limit
gs — 0. In this work, which extends the results of Ref. [1]|, we focus on the kinematic region

where the three loop momenta are large. As was shown in Ref. |1], if one defines

H1H2043 :_1 d4q3 : 4. o—1GiT - Hi (.
e (g, = — [ G5 ([[ [ e ><0|T [ | by @1
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then in the static limit for the studied kinematic region, one can factor out the soft photon

contributions according to

1802 (g1, ) = T4 (g1, 00) Ol Py 1 (01)) (4.14)

As mentioned in the introduction, the soft background field F),, can originate from the hard

degrees of freedom or the soft ones. One then finally has [1]

OITH1H213 144
lim ————

— HM1M2M3[M4V4] . 4.1
qa—0 8QZ4 tir ((h; q2) ( 5)

For this OPE the massless quark loop is the leading term and the di-quark magnetic susceptibility
of the vacuum is the leading, quark-mass suppressed, non-perturbative contribution. In this work

we compute the leading non-perturbative (not mass-suppressed) corrections.

4.1.3 The operator product expansion: a theoretical description

In this section we describe the OPE and the associated renormalisation program. From this
we systematically separate the long-distance effects from the short-distance ones. The general
framework and operators involved are presented in Sec. whereas the mixing of these
operators is elaborated on in Sec. [£.1.3.2] Finally, the OPE developed as well as operators and

corresponding matrix elements involved are discussed.

4.1.3.1 General framework

Perturbative calculations are known to provide a huge predictive power in the framework of Quan-
tum Field Theory. However, when the calculation of a given observable involves the interplay
of two (or more) very different scales, large logarithms between them slow down, if not spoil,
the convergence of the series. These large logarithms can be avoided in many cases through
the OPE [86,/120], which integrates out the heavy degrees of freedom leaving the low-energy
(long-distance) dependence encoded in effective operators, in such a way that the contribu-
tions from higher-dimension operators become suppressed by extra powers of the high-energy
scale [87,/121,122|. There are cases in which this logarithmic re-summation is not enough, since
one (or several) relevant couplings of the theory diverge when its running is performed. This is
the case for QCD, where a low-energy description in terms of approximately free quarks and glu-
ons does not hold and the matrix elements between initial and final states cannot be computed
within perturbative QCD. The contributions from the operators whose quantum numbers are
compatible with the transition must be fitted to data, computed with effective field theories or

other non-perturbative methods, such as lattice QCD, dispersion relations or model estimates.

In the OPE of two-point correlation functions [91], all the local operators with the same
quantum numbers as the QCD vacuum, such as the identity or gq, can give a contribution to
the Green functions?. In the OPE used in flavour-breaking transitions (e.g. see Ref. [87]) all the
local operators with quantum numbers compatible with the studied transition among hadrons
can give a contribution. In the OPE we are working with [117,/118], applied to , any local

2The words n-point function, correlation function and Green function are all used but have the same meaning.
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operator with the same quantum numbers as F),, can absorb the remaining soft static photon

and, as a consequence, give a contribution [1,/60]. Higher-dimensional operators are suppressed

d
by extra powers of (A%Q ) , providing a hierarchy of contributions with a systematic counting.

3

Up to dimension 6 and order oy a basis of those operators is

S, = eeqFu (4.16)
So,uw = q0q (4.17)
53,00 =1 4G g , (4.18)
Sa, v = 170G w54 (4.19)
S5, = qq eeqFyy (4.20)
St = = GGl ey (4.21)
St = 4(GuaDy + DG )y g — (1 > v) (4.22)
Sigy = s (AU q QUq) - (4.23)

We use here the notation of Ref. [85]. In particular, Gy, = igsA\*GY,, G = %e””ApGAp,
covariant derivatives act on all objects to their right and tr (fyg,fy“'y” fyafyﬁ) = —4je"B  For
S1..7,uv the quark field g refers to a given flavour and there are in principle different operators
for different flavours gq. Notice, however, that taking into account that the (massless) QCD
vacuum preserves SU(3)y, the contributions of the operators to the studied transition depend,
in the chiral limit (m, = mgq = ms = 0), on a common constant multiplied by the corresponding
quark electric charge. Note that with the conventions of Ref. [85], G* is order gs.* The four-
quark operators are only indicated generically in . A decomposition valid in the chiral
limit into twelve operators is given in App. [f.1.B] In fact, only two combinations of four-quark
operators contribute as discussed in Sec. The adopted notation is analogous to the one in
Ref. [87].

In order to perform the OPE of the tensor in , one applies Wick’s theorem with any
number of needed (suppressed) extra (QCD or QED) vertices coming from the Dyson series. The
uncontracted operators must then be Taylor expanded (e.g. see Ref. [85]), so that the resulting
expression is of the form®

—

1~ =~ .
TIM1H2H3 (Q17 q2) _ gC«T,u1,u2u3,u41/4 (Qh q2)<SM4V4> — CT,M1u2/L3u4V4 (Qh q2) XS <@un4u4> , (4_24)

where Xg contains the magnetic susceptibilities of the operators, (Siyw) = eegX&(Fuu).

Even when this was a first step to achieve the separation between short-distance and long-

distance effects, such a separation is not yet complete. Let us illustrate this with the simplest

3Notice how the order in o depends on the short-distance structure of the studied Green function. For
example in baryon sum rules, the four-quark operators Stsy do not enter as-suppressed. In our calculation, at
order g2 one may have a contribution from a three-gluon operator [117], but it enters suppressed by gs, loops
and flavour (in the SU(3)y limit its contribution vanishes, since it transforms as a singlet and the photon field
transforms as an octet).

In fact, the gluon tensor is named F*” in that reference. We rename it as G*¥ to avoid ambiguity with the
electromagnetic field strength F},,. Similar renamings should be obvious.

SFurther technical details on the computation of the different pieces are given in Sec. m

5We will define the susceptibilities more precisely later.
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Figure 4.2: Example of contributions of HLbL in the studied kinematic region. (a) The quark
loop. (b) The di-quark magnetic susceptibility. A complete separation between short-distance
and long-distance effects should subtract possible divergent low-momenta contributions from the

quark loop and possible divergent perturbative series arising from soft lines.

contributions: the quark loop and the (di-quark) magnetic susceptibility, represented in Fig. .
In Fig. [A2b one has short-distance contributions that arise from expanding the Dyson series
and introducing vertices in the soft lines, represented by a blob. Since there is no momentum
flowing, the resulting series, > ¢, 2 (0), is manifestly divergent. This kind of effects must be
subtracted, since they belong to the non-perturbative domain. A slightly different problem
arises with Fig. [{.:2h. The quark loop runs over all possible momenta. If the low-momenta
contributions do not vanish, they must somehow be subtracted and reabsorbed into the long
distance matrix elements. This is the case for the O(mZ) mass corrections, whose (not regulated)
Wilson coefficient, C,2, leads to divergent series > on Cn @2(Q%) log™ (Q%/m2), i.e. the coefficients
are not well defined in the chiral limit. The mg dependence in the coefficients originates from

the low-energy domain and must be included in the operator expectation values as well.

The way of achieving these subtractions is by dressing and renormalising the Sk operators
(normal-ordered operators in the notation of Ref. |123|, tree-level operators in the notation of
Ref. |87]). Following a notation close to the one in Ref. [87], the dressed operators @L” in terms
of the tree-level ones S#” are obtained by reinserting them into the Dyson series, leading to a
result of the form

QL = M(e)SH (4.25)

where the ¢ = —d2;4 dependence appears in dimensional regularization as a consequence of
ultraviolet divergences in the loop diagrams. The infrared divergences that can appear are
regularised using the quark mass. The resulting redefinition of the matrix elements’ involves
two steps, calculating the relevant contributions leading to an expression at one-loop order of

the form
—2aé

M(e) =1+ —L—M; + Myem , (4.26)

Mgq
QCD
log(4m). a depends on the dimension of the operators when d # 4. The ultraviolet divergences

where Mg and Myen, are perturbations either in e, in gs or in powers of and % = % —vg +

are unphysical, and are removed via renormalisation. A convenient and simple renormalisation

"We need here the condensates induced by the external field. We refer to those as matrix elements to
distinguish them from the usual (vacuum) condensates.
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scheme is by performing the operator renormalisation in the M S scheme, which basically removes
the % factors and takes out from the bare operators the non-canonical part of their dimension,

proportional to 2ae:

qu = Am(ﬂa 6) H%(/‘L) ) (427)
. Mg M2ae
Zm(,u, €) =1+ e (4.28)
=y N — m2 ~ ~ —
(1) = Ugrg(p) S* = (I —alog (MZq M + Myem | S*. (4.29)

Putting this back into (4.24]) one finds

1~ . B
T K28 (g | gy) = ECT:H1/‘2N'3/‘«4V4(Q1’ QQ)U%(NMQJ\TS,MM (w))

— EC‘«‘T,umzuamm

= s (91, 42) (@75 s () - (4.30)

This equation defines the regularized and renormalised Wilson coefficients. The renormalised

Wilson coefficients,

A~

B} e
CHAHSI () gy, 1) = Ul () Crananansva gy gp) (4.31)

become free from long-distance effects and infrared divergences, completing the desired separa-

tion. For the matrix elements we define the magnetic susceptibilities X = (X1,...).8
<Qm7uy(u)> = 6X<6qF/w> (432)

The contributions we calculate explicitly in Sec. are: The leading contribution stems
from Q}” at d = 2 and corresponds to the massless quark loop. This operator receives mass
corrections suppressed by powers of TZ—; The first correction from a different operator comes
from the d = 3 di-quark operator, @4”, which happens to enter suppressed by one power of the
quark mass becoming effectively d = 4. This contribution using the mixing as defined in (4.26
removes the m?l log(mg) part of the quark loop and together with that forms the d = 4
contribution. The d = 5 contributions from Q4" are also suppressed by one power of the quark
mass. Qf” ¢ give the first contributions that are not suppressed by the quark masses. The mixing
here again removes contributions proportional to log(mg) and other infrared divergences. We

Adon
eI at
The computation of the last three is needed, since

therefore calculate with respect to the massless quark loop the corrections of orders g,
2

m Ad A A2 A

o, 2 24 i, A i, Moe it
A4

they give contributions to the g2 %EED through operator mixing as defined above and calculated

in Sec. This is analogous to the mixing between bi-linear quark condensate and gluon

condensate in the usual vacuum OPE [124-126].

4.1.3.2 The operator mixing

In this section we calculate the mixing matrix ﬁM—S However, there are some parts that can

be ignored. These we discuss first. The original Wilson coefficients contain in principle infrared

8The four-quark operators have a slightly different definition of the susceptibilities to get the charge behaviour
correctly, see Sec. [4.1.3.3] X5 is often referred to as the (di-quark) magnetic susceptibility.
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- é?% + iﬁ?%
02(61)52 02((1)353 = H(
&
BS;

q) ~ Ca(q) Qs

Q2 ~
S

Figure 4.3: An example of a cancellation for contributions arising from attaching extra vertices
to soft, at zero momentum, lines. The circle with “2” inside refers to the Sy operator defined
in , B indicates the extra factor compared to the left diagrams. All Lorentz indices have
been suppressed for clarity.

divergent parts that arise from attaching extra vertices to the soft zero-momentum lines. These
long-distance contributions, explicitly independent of momenta, systematically cancel with anal-
ogous terms in the dressing procedure, which in addition are independent of the studied physical
process, so we simply ignore them in both sides of the calculation. An example of this is sketched
in Fig. The top graphs show the contribution from S5, to the correlator we calculate and
the bottom line contributions to the mixing matrix. The contribution from the top right is via

the diagram in the bottom right absorbed into the definition of the operator Q2 ..

As a consequence, only mixing terms with loops need to be considered for the calculation
of Um This limits the type of terms that can show up. Then, at this stage, we have two
possibilities. 1) If no more (QCD or QED) vertices are added, the original operator can only
mix with lower dimensional ones, since loops imply connecting the fields of both operators with
propagators. The only remaining scale to compensate dimensions is m, and as a consequence
M (€) becomes a my perturbation, with n positive. The calculation for U% is of this type. 2)
Alternatively, one can have mixing terms with operators with equal or higher dimensions that
show up by adding fields through introducing extra vertices. However, these new vertices come
with an extra cost (gs or e), and then they can also be regarded as perturbations, an example of
this type is U% Finally, when studying the mixing of lower dimensional operators with higher
dimensional ones, one finds terms that go as m,". A well-known case of this in the usual vacuum

OPE is the gluon condensate mixing with the quark condensate

(Gq) = —— <%GZVG““">+W. (4.33)

B 12mg \ m

However this kind of mixing is simply absorbing in the renormalised operator unphysical (in-
frared) divergences contained in the perturbative Wilson coefficients. The quark mass is used as

an infrared regulator as well as for calculating genuine quark mass corrections.”

The first step is thus the dressing of the tree level operators and the computation of the
associated matrix M (e). All the diagrams involved are shown in Fig. The first diagram
for each operator always corresponds to identity term in (4.26]). The procedure should be done,

9The procedure is equivalent to what is used in the usual vacuum OPE |123/1127].
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0 0
T ™ é 2,uv

Sl,;w ]\:[26(5)56‘;511
0 0
Q?),/w ~ g\ + ‘\& Q4,;u/
Sy v ]\:1:36(5>56 v
0 0
Q5,/w ~ ﬁ\ + m& Qﬁ,/w
Ss‘}J,V Aj[Sﬁ(‘)SG n
0 0
Ty ™ /%\ + ‘\/\/&‘ QS,W ~
S?,W NI?G(E)SG,;W S&;w

Figure 4.4: Topologies involved in the computation of the matrix M (e). All the possible per-
mutations of the bosonic lines attached to the fermion loops must be considered. The numbered
circles refer to the operators defined in (4.16))-(4.23)). The “outside” black dots form the operators

that mix in.

as is also the case for the usual vacuum OPE, only including operators up to the dimension

considered.

The only way Q4" mixes with other operators is by introducing extra electromagnetic vertices.
Since Q4" is already O(e), the resulting corrections are O(e?), and thus do not need to be
considered. The first non-trivial case is that of the operator Q4”. The non-zero element of M ()
and thus [A]Mis are calculated in the next subsubsections. As in Sec. the calculations in this

section benefit very much from using the radial gauge.

Q4"  The mixing with Q] = ee,F** requires an extra electromagnetic vertex and closing the
quark lines. This corresponds to the second @Qa-diagram in Fig. [£4] Let us sketch it in some

detail to illustrate the procedure:

Qg,,uy = qowqo = qowq ez’S = qouwq <1 +ie / ddx €q Q(m)/yylAm ($)Q(x) +.. )

i . —ipo -
= qouq (1 + ie eqz ’;1 L lim M1 /dd:ce PEG(x)y " q(z) + - ) (4.34)

p1—0 p1
N.m 1
= S2, w + Sl,uyﬁ <—€ + log(m3)> 4,

where we have used that we are working in the radial gauge, A, () = %x” L [854124].19 Taking
into account (4.26]) and (4.29), one finds

N N m m2
21 _ Ny q
Usrs(n) = 12 log <M2 > . (4.35)

10T e results are of course gauge-independent.
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Through the M S renormalisation we have introduced a subtraction point, j, which is the scale of
separation between long-distance and short-distance effects. In particular this mixing term, when
plugged into , removes the (infrared divergent) long-distance parts from the loops associated
to the perturbative (’)(mg) corrections by effectively replacing log Q?/ mg — log Q? /2.1 Notice
how, in contrast with the usual vacaum OPE, where these divergences can only start at O(m‘ql)
(and be regulated by the quark condensate), the divergences in this OPE with respect to the
quark loop start at O(m?). They become regulated by Q5"

At the order we are working with, Q5" also mixes with Q%" through the third Qo-diagram in
Fig. [£4] leading to
1

726
26 (1) = —o— . 4.
Usrs(1) Tom3 (4.36)

v

I
The Wilson coeflicient proportional to “jn% combined with this matrix element cancels the power
q
divergence of the (unregulated) Wilson coefficient associated to S, while the mass correction
to the Wilson coefficient associated to S1" gives a finite contribution that needs to be included.

Once again, this interplay is analogous to the corresponding one in the vacuum OPE [123-126].

s Since Q4" and Q)" are already O(gs) and two lines need to be closed to form a loop
to give a non-zero contribution, they only mix with the gluon matrix element at the order we
are working with (see Fig. [4.4), giving a finite contribution to its associated regulated Wilson

coefficient. One finds,

1
36

—_— = 4.
Urs(1) Tomy (4.37)

1

46

—_— = . 4.
Usrs(1) Sim, (4.38)

Since QL" is already order e, it can only mix with @Q}" and Q§” at the order we are working
with. Dimensional analysis shows that the mixing with Q4" only modifies the very tiny and
safely neglected (’)(mg) contribution. The mixing with Qf” is the same as the mixing of the
quark condensate with the gluon condensate, as in , since at the order in e we are working
with the photon does not see strong interactions [91,123H126],

1

_ 4.
12m, ( 39)

Usps(n) =

Q4"  The last operator to treat is Q5" which through the topologies shown in Fig. only
mixes with Q£”. One has

1 m2
76 _ q
U(n) = T (1 —2log 2 ) . (4.40)

HTn Ref. |1] this replacement was not done for the mg quark loop numerics.
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Full matrix Um(u) Putting all the elements together one finds for N, = 3

1 0000 0 0 0
2
Tlogtd 1.0 0 0 — a3 00
1

0 0100 o 0 0

. 0 0010 ! 0 0
U- — 24myq 4.41
MS(I“) 0 000 1 —ﬁ 0 0 ()

0 0000 1 0 0

2
0 0000 §(logZi-14) 1 0
0 000 0 0 0 1

4.1.3.3 Values of the matrix elements

Apart from providing model-independent information on the kinematic dependence of the non-
perturbative corrections for the short-distance HLbL, in principle this OPE can be used to study
different Green functions with all its (Euclidean) momenta large except for one soft photon. This
might also allow to obtain more information on the expectation values (or the susceptibilities).
However in absence of the latter we need to determine the values in a different way. We can find
values for all of them with a number of assumptions that should at least give the correct order

of magnitude.

£ and Q" The matrix elements associated to Q5" and Qf" are directly related to the quark
and the gluon condensates, respectively. The former one is well-known, since it is the order
parameter of the spontaneous chiral symmetry breaking of QCD, both from chiral perturbation
theory and the lattice. Updated lattice values can be found in Ref. [94]. The gluon condensate is
not so well-known, since separating its effect from those of the perturbative series is non-trivial.

However its order of magnitude is known, namely Xg ~ 0.02 GeV* [91].

57, Q5 and Q)Y The matrix elements (0|QY"|v(qs)) = X;(0leegF*|y(qs)) are directly
related to the values of QCD two-point functions at zero momentum, HVQZ.(C]Q). In order to see
that, let us take a generic dressed operator f g. Its contribution to a matrix element with a
final static photon can only arise through an extra electromagnetic vertex. Then, in the static

limit,

(01Ql51(a0) = (01QL e / dx eq Ag(2).7° () (as)) = —{0le e F™ [7(02)) IS (0)
(4.42)

where
CD,auv —1q v CD
552 (q) = / d'z ™" T(J*(2) Q) qomy (0) = (¢'g™ — ¢"g™I55 (%) (4.43)
These two-point functions can be computed at large Euclidean momenta through the OPE in

the vacuum [91].

One could compute these matrix elements in chiral perturbation theory. In fact, promoting

the global SU(3)y symmetries to local ones lead to trivial transformations for the operators
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5, Q5. QLY and QF”. The resulting effective low-energy Lagrangians are given in Ref. l128|.12
At the lowest order the X,;M S (u) are directly proportional to the low-energy constants Azl’MS(,u).

However, this gives no extra information by itself in the SU(3)y limit, since the Ai’MS(M) are

not known.

For X5, X3 and X4 we obtain an educated guess by making use of and extrapolating
the argument for Xy from Ref. [129-132|. First of all, in the large-N, limit the QCD spectrum
is made of an infinite number of free, stable meson states [133-135]. The two-point functions in
that limit are then saturated by the exchange of resonances. Owing to the quantum numbers
of the studied two-point functions, the corresponding resonances must be vector mesons [136].
The low-energy part of the N. = 3 QCD spectrum is actually close to the sum of narrow width
resonances predicted by the large-N. limit, while at higher energies a transition towards the flat
perturbative QCD spectrum is observed. Taking all this into account, and that in the chiral
limit the VT two-point function vanishes in the perturbative regime, it is reasonable to assume
that the physical spectrum is saturated by the contribution of the lowest vector meson, i.e. the
p meson. Using the formalism developed in Ref. |137] and adding a tensor source [128}132], one
can write the two-point functions of on the form

Cr
Mjo,(¢) = . 4.44
ald") = - 7F (4.44)
Here, the Cr, are constants. It then follows that
Cr,
X = M2 (4.45)

In order to estimate the Cr,, we can match the ansatz of (4.44)) with the short-distance OPE
of (4.43). This is sometimes referred to as a vector-meson-dominance (VMD) estimate. We find

2(qq)
HJQ2 (q2) = q2 ) (446)
— v )\@ _
2\ _ (GGa" 5 owa) _ 2(qq)
qs(q7) = T e - Mg (4.47)
— v )\2 _
N (@G Fowa) _ 2(qq)
e @) =———¢2 ="Mogz (4.48)
This leads to
2
M3
2
m _
X3 = —6Mog (Gq) , (4.50)
2
m _
Xy = _6J\403 (qq) - (4.51)

The obtained value for X5 is, in fact, in very good agreement with a precise lattice determina-

tion [138,/139].1* No precise modern evaluation of m3 can be found in the literature. However,

12Gince the symmetry transformation of Q4", Q4" and Q4" are identical, their Lagrangians are functionally

equivalent and only the low-energy couplings are different.
3The sign differs from the one quoted there, presumably because of a number of non-trivial convention
differences. They give the VMD estimate also with the opposite sign.
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once again, some numerical estimates are available [140]. The estimates of X3 and X4 are new

to the best of our knowledge.

Notice how, once again, the mass correction to (4.46|) leads to an infrared divergent term
which is regularised by the mixing of the tensor current with F),, of (4.35)),

_ , mg N, 11 —q?
<O]Q’2%\’y(q)> = zeeqeaﬂggbo(q) = ieeq (¢"'e” — q"€") qﬂ_ = {1 + ——-log <m2> — 5 log mz]
q

5 . Nlu’ m v v
= Zars(m) 1Ry R(W)v(q)) = i e eqeall e, 1) — W@eq(—l(q% —q"e")), (4.52)
with )
9 _ mgNe 1 —q
Mpars(an) = 5 5 <1 — 5 log M2) : (4.53)

Q4% Our largest uncertainty comes from @7, where we simply perform a dimensional guess

inspired in its mixing with the gluon matrix element. One has
l/a
Xe| ~ (2266). 4.54
3]~ (2 (154)

Notice how the derivative term of this operator makes non-trivial its low-energy effective real-

ization when trying to promote invariance under the global symmetry to a local one.

Qg and Qg5 For the four-quark operators there are only two combinations that contribute.

These are
2 A A
uy o g VA - a 3 - a
Sg1 = —5 € ZqA7A7QAquQB7w5?qB, (4.55)
AB
2
g - A A
S5 = =5 D eq,da S IaAces T8 07 4B (4.56)
A,B

These do not mix with other operators at the order we work so the Qg‘:; are the same. Note that

the two operators only differ in the way the quark charges appear.

For both operators we define a generalised magnetic susceptibility
< g;> = eXg FM . (4.57)
In the massless limit we can also use

(QK) = eXsa F™ Y et (4.58)
B

which is a definition more similar to (4.32). This is not possible for Qg".

The operators ngi and Qgg can be decomposed in a basis of 12 four-quark operators contain-
ing different flavour and Dirac matrices (see App. for details on the reduction). However, in
the large- N, limit not all of these survive. In particular, one finds that only two are non-vanishing

due to the factorisation of two colour singlet currents in this limit. These are

(010 A8q 74 £ G00q TAsa|7(2)) Ne oo = 3 (0100, Asal7(0))(Ta) = 3D Asii X2(Gq)eqi Fyuw -
%

(4.59)
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In the first equality we have performed the sum over flavour indices for the quark condensate.
In the second step we have projected out the flavour matrix Ag which is traced with the quark
charge matrix. Here one sees why only these two matrix elements can survive. First of all,
the quark charge matrix is a linear combination of A3 and Ag, so the relation Tr(A \p) = 204
implies that only matrix elements with A3 or A\g are non-zero. In addition, the only non-vanishing
two-quark condensates are (gq) and the di-quark matrix element go,,q. To leading order in N,

one therefore finds

—N.—00 —N,.—00 TOg

X =X = -2
8,1 8,2 9

X2(qq) - (4.60)

Alternatively one can directly evaluate the large-N. limit of the two matrix elements needed by
using AgagAays = 20450y3. Then use Fierzing and the charge matrix equivalent of (4.59). The
result agrees with (4.60]). This way one sees also directly that g4 = ¢p in the non-zero part of the

matrix elements at large N.. The entire contribution to HLbL is then proportional to ) 4 63 "

4.1.4 Calculation of the HLbL contributions

In this section we consider the analytic calculations of the various contributions in the OPE
discussed above. They are the fully connected quark loop, diagram topologies with one quark
line non-contracted (related to two-quark operator matrix elements), diagram topologies with
two quark lines non-contracted (giving rise to four-quark operator matrix elements) as well as

the gluon matrix contribution. One check we have performed on all contributions is that
qlmnulmw — q2#2ﬂulu2u3 — q3u3Hm#2M3 =0, (4.61)

where I1#1#2K3 ig defined in (4.13).
This work relied heavily on FORM [141,/142]. The Feynman integral reduction for the quark

loop and the gluon matrix element contributions was done with Reduze 2 [143| and Kira [144].
In the supplementary material we provide the analytic results as FORM output in the file

results.txt.

4.1.4.1 The quark loop

The quark loop contribution arises from allowing for a soft emission from one hard vertex, which
is equivalent to modifying a quark propagator by an external background field [117,|124], as
shown explicitly in Ref. |1]. Starting from , the needed background field, F,,,,, is simply
obtained by Taylor expanding the photon field appearing in the Dyson series. In the static limit

in the radial gauge one has

1 .t —
AP (z4) = 5317”4Fl,4u4 = ql411_1>10 3 0" e "MTE, L, - (4.62)

Define the quark propagator for a quark of mass mg as

. ptmy
ﬂm_ﬁiﬁﬁi%‘ (4.63)
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One may then write IIF #2347 in o very compact way. After having contracted all the quark

fields in the definition of the tensor in question one finds

d*p
[IH1H2H3R4Ve —
F (qlv QQ) / (27T)d
Nt 0
-1 lim — | Y T (7”35(1? +aq1+a2+a)V*SP+a+ eV Sh+ 612)7“25(17)) :
2 0m00qy (1,2,4)
g <

(4.64)

where o (i, j, k) denotes a member of the permutation group acting on the set {7, j, k} = {(qe f10) }re i j i}
In other words, o(i,j, k) simply states that we sum over all permutations of momentum and

Lorentz index pairs. Using iteratively the relation

d
WS(erqz;) = —S(p+ gV S(p+ qa), (4.65)
4

allows for a systematic computation of the quark loop. Applying the projectors given in App.
and reducing the (ultraviolet finite) integrals, the result is left in terms of scalar tadpole, self-

energy and triangle integrals. Expanding these in the masses,'* one finds
A A ~ 2
;,5(QF, @3, Q8) = Ts(QF, @3, Q3) +m 1174(QF, @3, @3, m) + O(my) (4.66)
where
A eq (m n) (m,n) QQ ) Q% 2
oo e (§) e ()] er
g.kn 2

(4.67)

Amq o q Z )\ nQ 2
i.g.k.n , (4.68)
(man) | (m.n) (m.n) Q3 (m.n) Q1 n) Q3
{dwk ”k F+q”k log<Q3>+7’”k log(Q2> slﬂ€ log(mt%ﬂ .

Here, A = A(q?, ¢3,q3) is the Killén function defined through

Nt 43,63) = a1 + a3 + 45 — 247 a5 — 24743 — 24343 (4.69)
and F = F(Q?,Q% Q3) the massless triangle integral
d*k 1
2m)4 k2 (k — q1)2(k — q1 — q2)?
The different coefficients (¢, d, f, g, h,p,q,r, s) can be found in App. Explicit analytic for-
mulas for F(Q?, Q3, Q3) in terms of Clausen, Glaisher and L functions can be found in Ref. [145].

Spurious singularities in the A — 0 limit cancel against the zeros of the triangle function F' for
the different II;.

F(@}.Q5,08) = (4m) [ : (4.70)

1 Taking into account that the mass dependence goes as ~ A + B mg log (mg) + Cm§ + O(mé), one needs to
be careful in order to obtain the correct coefficients as the naive Taylor expansion does not hold.



68 CHAPTER 4. OPERATOR PRODUCT EXPANSION FOR HLBL

Figure 4.5: Diagrams with one cut quark line without gauge boson (a), and with gauge boson
(b). The crossed vertices represent a gauge boson insertion on a propagator.

2
As explained above, one finds logarithmic infrared divergences for H:ng( 2,03, Q%). Rearrang-

Q3 . Once the operator renormalisation

ing the logarithms, they can be expressed on the form log =
is performed through -, all the infrared divergences exactly cancel. This yields the finite

result

ﬁ@(@%anaQ§7M2) = ﬂ?,S(Q%vQ%aQ%) +m %(Qla@%@f}? ) (m;l) . (471)

As a consequence, while the massless quark loop corresponds to the leading term in the short-
distance regime, the naive mass correction does not. Infrared divergent logarithms must be
substracted first.

4.1.4.2 Contributions from diagrams with one cut quark line

Several kinds of contributions need to be taken into account up to the computed order from
topologies in which, starting from , one quark line is left uncontracted: see Fig.|4.5] There
are several expansions involved. First, the uncontracted quark fields must be Taylor expanded.
Working in the radial gauge both for the gluon and for the photon, the Taylor expansion [85,124]

of the quark bilinears can be written as:

—1)"
(ja(gji)qb(xj) = Z (n|7n),'$i”u1 S T Tt T, Gu(0)DFY ... DFn DY ... DVm gy (0).  (4.72)
o mt

Since our computation goes up to dimension D = 6, we need to expand up to three derivatives.
A lower number of derivatives in that expansion can give contributions (apart from the di-quark
magnetic susceptibility, which, as shown in Ref. [1], gives a contribution already at D = 4 when
combined with masses) when combined with mass terms from the hard propagators or from soft
gluons or photons coming from hard propagators. A first simplification consists in realizing that
one can put the gluons and photons together with covariant derivative terms. Extending the
results of Refs. [85,[124], one finds

Q(wz‘)(BE(U)+i€qA€(U)>Q(33j) :;@—Dwuwl cutr gz )[le {me--,[Dw”aDE]HQ(l’j)‘
(4.73)
In fact, it can be shown that for a given flavour the sum of all the contributions that enter into

our computation can be reduced to a compact form. Define I'4 to be an element in the set of
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Clifford matrices according to

e {I,v5,7“,'y”fy5,a‘”' = ;['y“,'y”]} i (4.74)
The compact expression for IT#1#2K3 ig then
s (g, q) = ¢} lim S (<1)"(0gDy, - .. Dycal alr(an))
g3——q1—q2
A7p7n70-(17273)
x Tr {fy‘”’I‘Afy“liS(—ql)fy’“iS(—ql) c YIS (—q1)y?iS (g3) P iS(gs) - - ."}/VniS<Q3)} ,

(4.75)
where 0(1,2,3) again denotes a pairwise permutation over ¢; and p;. The coefficients c4 are

defined as

ca = Tr(FAFA)] h , (4.76)

such that one in a standard fashion can decompose in a spinor basis according to
4iq; = ZCAFfZ-(jFAq. (4.77)
A

Here, all dependence on the other quantum numbers such as colour or flavour has been sup-

pressed.

The proof of (4.75]) up to the order that we need, i.e. up to p = 3, can be found in App. |4.1.D]
Note that already for p < 3 the proof involves a very large cancellation of contributions, and the
compact form allows for a much simplified calculation of the diagram topologies with one cut

quark line.

The reduction of the matrix elements (0|GD,, ... D,, T"q|v(g4)) into the matrix elements of
Sec. is rather involved. One needs to recursively exploit spinor algebra relations, symmetry
transformations under Lorentz, parity and charge conjugation as well as the equations of motion
of the quarks and the gluons. The resulting non-zero matrix elements are of eight types. With

zero derivatives we have

1
—(Go*192q) = XE(Fo12), (4.78)
eeq
With one derivative one has
1 m
e, (A0 750) = —— XEe M Fag) (4.79)
and with two they are
1 7
e—eq<qD”1DV2q> = —§<F”“’2> (X5 - X3, (4.80)
1 7DV1D1/2 5 _ 1X4 vivea8 F 4.81
£<q VQ>——Z S€ ( aﬁ% (4.81)

L <qDl/1 DV2 g0 q> — Algyluz <Fa1a2>+A2 <gl/1a1 <Fu2a2>_|_gl/2a1 <FV1a2>_gV1a2 <FV20¢1>_gV2012 <FV1a1>> .
€€y
(4.82)
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Here, we have defined the linear combinations

5 3
—(m2X2 4 x4y 4 X Xe
(m2X2 —|—X4) +X5 _X3
Ag=-~~48 78 75 5 4.84
2 12 (4.84)
For three derivatives there are two contributions. These are
% (gD"' D" D¥3~%q) = As (gV1V2<FV3u4> _ gvavs <F”1”4>>
q
4 A4 (gV11/4 <Fl/21/3> + gl/3V4 <FV1V2>>
+ A g"*A(F3) (4.85)
1 _
o (D" D D" y"ysq) = Ag g7 (F7214)
q
+ A7 (gulug <Fw3l/4> + gV2V3 <F‘IV1V4>>
o+ Ag (g By — gar (Fre) ) (4.86)
Here, FW = %GW’O‘BF @8 and the A; are given by
1
Ay = ﬁ( —5XS 42X — Bmg XA+ 2qu;3) , (4.87)
1
Ay = ﬂ( — X34 XT - 3mg X5 — mg X4+ 4qu§:) , (4.88)
1 8,1
As = ﬁ( —oXS = XT - 3m X3 — 2m XE + 2qu§) , (4.89)
1 8,1
Ag = ﬂ( — 66X+ XT — mXE — 2m XA+ 2m X3 + 2m§X§) , (4.90)
1
Ay = ﬂ( = X8 4 XT - mg X3 4 m XA+ 2m X3+ 2m§X§> : (4.91)
1
s =5 (ngl + 3qu§) . (4.92)
The operator
2 A A
1722 g A — a — a
Sgsp = —5 €7 ZA:QA’YAQQAQ’YJ”YSQQ (4.93)
enters from using the gluon equation of motion. Its susceptibility is defined as
8,1
<558V,1> = e, Xg (F"). (4.94)

Using the above decompositions in (4.75)) and rewriting the S into the Q" and replacing
the st with the corresponding X;, one finds

] 4 ), —2i —2j ~—2k
Iy = e Z C?fj,rlipmg X, QU7Q,7Q5. (4.95)
i7j7k7n7p

The numerical coefficients cﬁ’;;’p can be found in App. |4.1.C}
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Figure 4.6: Contributions from four-quark operators obtained cutting two quark lines. All
possible ways to connect the gluon to the quark lines must be considered.

4.1.4.3 Contributions from four-quark operators

The four-quark operator contributions arise from cutting two quark lines.'”® The resulting di-
agrams become split in two parts and, as a consequence, introduce flavour mixing. An extra
gluon propagator needs to be included from the Dyson series expansion to connect the quark
lines. The resulting contribution, up to permutations of ¢ (1,2, 3), is shown in Fig. where the
gluon can be connected in three different positions in the quark line above and in two different

positions in the one below. These diagram contributions can be compactly written as

1 A A
HH1N2H3(q1,q2) — _TG <63A QAEGFMPC]A qu(jB?aPquB>
A

)

1
1. 7T 1‘\ ( ,LL3S _ € ES #3)
% qg%irqri—qz Z 2 TP Qus (75(—a3)7y + 7S (as)y ]

o(1,2,3)

x Tr

—Tpu, <’Y“15<_QI)7M25(Q3)’YG +7°S(—=g3)7" S(g2)"*? + 7”15(—611)765(612)7“2)] ,
(4.96)

where TP € {y* 4“5} and I'y € {y*, —v“v5}. In fact charge conjugation requires that 4 and
B must be different to get a non-zero matrix element and one of the remaining two possible
contributions vanishes when taking the traces. Recalling the definition of X9 in 1) we find

©q oy Q1@
I =10, = 8Xgp 22 (4.97)
Q1Q3Q3
o el
Iy = 8Xgo——r—, (4.98)
Q8Q5Q3
I, =7 =1l39 = 0. (4.99)

A reduction of all possible four-quark matrix elements into a basis of 12 independent ones is
given in App. for the chiral limit, i.e. m, = mg = ms = 0.

4.1.4.4 The gluon matrix element

The gluon matrix element contribution arises from all the possible combinations in which, starting
from (4.13)), one extra QED and two extra QCD vertices are added (see Fig. [4.7)). The gauge

15 Afterwards one needs to add the one coming from the one cut line and the gluon equation of motion.
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Figure 4.7: An example of a topology of the gluon matrix element contributions.

boson fields F,,, G}, and wa are then Taylor expanded according to li Since all the quark

fields are connected, the colour chain always leads to the same colour trace, namely
2@ )\b 5ab
Tr|(—=——]=—. 4.100
< 2 2 > 2 ( )
Once the colour and the space-time terms from the Taylor expansions have been factored out, the

remaining six-point function is fully symmetric under the exchange of indices. Taking advantage

of this symmetry, one can rewrite the whole contribution as a sum of permutations according to

47T2<oszQWGZV> 6 . 5 i
32d(d — 1) (s Guss — GusveJvsps) g(}i{% W /(27r)d

x > TIr (7“35(19 +a+ta+ai+q5+q)V"'S(P+a2+ a1+ g5+ g6)
0(1,2,4,5,6)

H1p2 03 _ 4
HGIG (q17 QQ) - eqFV4/1,4

X Y28 (p 4 q4 + g5 + q6)7V"* S (p + 45 + q6)7"> S(p + qa)v“GS(p)> :

(4.101)

Here, 0(1,2,4,5,6) is the set of pairwise permutations of u; and ¢; for i = 1, 2, 3, 5, 6. Also,
the equation has been written in terms of d = 4 — 2¢ for renormalisation purposes. Using
iteratively in the above equation, then taking the momentum limits, calculating the Dirac trace
and projecting the results into the I1;, one finds the results in terms of ultraviolet finite integrals.
We do this by reducing the loop integrals to combinations of triangle, self-energy and tadpole
integrals with the help of the package KIRA, all the time carefully performing both the expansions

in € and in the quark masses. Without including operator mixing the result takes the form

, _ Q? Q3 C9i —2j e
Heem.s = Xoseg ) [CETL +fihmg® + g log <Q§ +hilos (55 )1 QU QY Q5™
4,5,k 2 q
(4.102)
where ¢, f,g and h are numerical coefficients given in App. [£.1.C]

When operator mixing is taken into account, the found divergences, which scale as # and
q

Q2
migv
triangle integral also cancels, leading to a fully analytic gluon matrix element contribution. One

log exactly cancel respectively with the X; and X7 contributions. The dependence on the

should note that the final expressions for this contribution are very simple, even compared to the

quark loop, and there are substantial cancellations along the way that lead to this simple form.
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4.1.5 Numerical results

In this section we present numerical results for the full aELbL integral in . Using the
relations in |i between the set of functions II; and the II; given in the appendices as well as
Sec. we evaluate aELbL for the matrix element as well as loop contributions. We use the
matrix elements as estimated in Sec. For this purpose, we use the CUBA library [146], in
particular the Vegas integrator building on Monte Carlo sampling the three-dimensional integral.
The results have been checked as well with an adaptive deterministic integrator implemented by
us. Care has to be taken in the numerics since A can vanish or get very small and appears
with rather high negative powers in some expressions. Those areas in the integration have to
be treated by expanding the loop functions around the A = 0 points analytically, some of these
limits are given explicitly in App. [£.1.C.2]

We investigate the various contributions first at two benchmark values of the lower momentum
cut-off, i.e. Q123 > Qmin € {1,2} GeV. Then we proceed to investigate how the different pieces
scale with Qunin and compare the respective sizes. For notational convenience, we refer to the

contributions with respect to the corresponding X;.

At the sought precision level it is sufficient to assess the order of magnitude of these cor-
rections. Therefore, in want of precise input we resort to simplified input as discussed in the

previous section. For this purpose, we use

My = Mg = D MeV , ms = 100MeV , 1= Qmuin , as = 0.33. (4.103)

Given the smallness of the matrix element and quark mass correction contributions we did not
take into account the running with p of the various inputs but kept them fixed. The benchmark

points for Qmin € {1,2} GeV are presented in Table Since the contributions from the matrix

3
q’

contributions, labelled X, and Xj 3, of these. The table shows that power correction are

element X5 come in both suppressed at order m, and at order m;,, we here present the respective

suppressed by at least two orders of magnitude with respect to the quark loop. This is also

visible in Figs. 4.8 where we consider the scaling with Quin. The T; (Q1,Q2,7) in (4.10)),

2
lj,’
from dimensions is thus 1/Q2 for the massless quark loop, 1/Q

when expanded for large @);, are of order m?, except for T which is mﬁ. The variation with Qumin

4

min for the d = 4 contributions

and 1/Q8 . for the d = 6 contributions. The scaling is found to agree with naive dimensional
counting.

The power corrections not suppressed by quark masses, i.e. Xg, X7, Xg1 and Xg 2, are found
to be numerically suppressed. This is partially explained by their extra suppression in powers of
Aqcp. Their numerical impact is similar to the one of the di-quark magnetic susceptibility, Xa,
and clearly more important than the perturbative mass contributions. We find that even at 1
GeV, all these power corrections are suppressed by at least two orders of magnitude with respect
to the massless quark loop. Even though this result motivates studying whether the smallness
of the corrections pinpoint a trend also for the purely perturbative ones, no strong conclusions

should be derived from it.
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Contribution | Inputs (GeV units) | Qmin = 1 GeV | Qmin = 2GeV
X1 1.73-1071 4.35-10711
X1 2 —5.7-10714 —3.6-10715
Xom Xy =—4-1072 -1.2-10712| -—73.1071
X m3 Xo=—4-1072 6.4-10715 1.0-10716
X3 X3 =23.51-10"3 —3.0-10714 —4.7-10716
X4 X4 =351-10"3 3.3-10714 5.3-10716
X5 X5 =—1.56-10"2 —1.8-10713 —2.8-10715
Xs Xe=2-10"2 1.3-10713 2.0-10"1
X7 X7=3.33-1073 9.2-10713 1.5-10714
Xs1 Xg1=—144-107% 3.0-10713 4.7-1071
Xs2 Xgo=-144-10"*| -13-107% | -2.0-107"

Table 4.1: Numerical results for aELbL

for the indicated inputs.

4.1.6 Conclusions and prospects

The leading asymptotic behaviour of the HLbL for the (g —2), kinematics has been confirmed to
be given by the massless quark loop contribution. Although this had been commonly assumed
previously, this is by no means obvious due to the static limit associated to the (¢—2), definition
with the external photon leg at zero momentum. The main result of this work and of Ref. |1] is to

show how a proper short-distance expansion can be done in the limit of Q3 ~ Q3 ~ Q3 > A%C D-

In order to show that the quark loop is the first order of a well-defined expansion, the soft
photon has been formulated as a long-distance, or, background, degree of freedom, following
previous works of Refs. |[117,118]. We stress that using the vacuum OPE valid for HLbL when
all the four Euclidean momenta are large, one would for the (g — 2),, kinematics have obtained

a divergent expansion [1].

A comprehensive description of the resulting OPE has been provided, including a detailed
explanation on how to achieve a complete and systematic separation of short and long distance
effects while cancelling internal divergences. The physical meaning of some of the resulting matrix
elements is also given, and we have used those to present estimates of all of them. The obtained
results could in the future be used to analyse other Green functions and their phenomenological

applications.

The resulting OPE is applied to the HLbL in the (g — 2), kinematics for Q1,Q2,Q3 >
Aqcp. As a consequence of setting one of the momenta to zero, the long distance effects become
functionally more important. The quark loop is still found to be the dominant contribution, but
the first non-perturbative correction becomes suppressed by just one power of Aqcp (plus one
power of my), in contrast with the ASQCD (qq) suppression in the OPE applicable when all the

FEuclidean momenta are large.

However, no operators allowed by the symmetries are found to enter without quark mass
suppression below A?QCD with respect to the quark loop contribution. These A?‘QCD contributions

are computed and their role for the (g — 2), is estimated. They are found to be very small.
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Figure 4.8: Numerical contributions from the X; and X pieces in absolute value using the inputs
from Table As expected, the quark loop fully dominates.

Whether or not this may be indicating that the quark loop gives a precise description of the HLbL
at relatively low momenta (i.e. Q; ~ 1 GeV) will only be known once the two-loop perturbative
corrections have been computed. This calculation is already under way and will be presented in

a future publication.
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Figure 4.9: Numerical contributions from the X3_5 pieces in absolute value using the inputs
from Table The massless quark loop is shown for comparison.

4.1.A A set of Lorentz projectors for the 11,

In this appendix we present a set of projectors useful for projecting to the set of II;. Note
that due to gauge invariance this set is not unique. We have derived and used a second set of
projectors. Obtaining the same results with both projectors is one of the checks we did. Below

we only present one of the sets of projectors.

A _ _
PE (q1,2,43) = — 8Aq{af g ahds + 271" 9" g

82339 Yy dh — AN (i3 + @5 — @F) 9 dbal

— 8\ gt dbdh — AN (3 — R+ &) 9 B dl (4.104)
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Figure 4.10: Numerical contributions from the Xg_g pieces in absolute value using the inputs
from Table Even when they are not suppressed by the quark mass size, they are found to
be small compared with the massless quark loop contribution.

A _
P (q1,2,93) = 8N (645 + 11345 — 290345 + g543 + 1145 + 117q5 + 144703 d3
~41 933 — 44¢1¢5 — 29415 — di 3 a3 + 66atqs + ¢Sq3 — 446543 + 114}) ¢ o a5 db
+ 272 (g3 — 66363 — a5 + 24165 — af) 9" 9} + N2 (45 — a5 — 641d3 + 24345 — qi) 9"V 9™ b

— AN (g5 + 34345 — 44343 + 34id5 + 81 a3 q3 — 441 @) 9" v b
2072 (362 — Gd3) 9" "7 ) + N2 (d — a5 — 2413 + 24343 — qf) 9" 9"

+2X)7% (5 — 46345 — a5 + 24345 — ai) 979 ¢
— 2272 (33 — 3d3) 9" 9" b + N2 (a5 — 26345 — a5 + 2q%qg )9’“’9“qu

+ 2073 (3¢5 + 4345 — 4503 — 345 — 347d5 + 441 545 + 9915 — 3413 — 941 a5 + 345) 9" al s as
— 10173

(6§ — Bas — 30303 — 65 — 41 a3 + A1 55 + 34705 — qia3 — 3415 + &f) 9" Y a5 df

— 4N (245 — 99545 — 3q3q3 + qias + 64T G503 — 341 a3) 9" A dbds
+ 207 (3§ — 355 — 3qaq3 + 345 + qias + 4474303 — 941 as — a1 s + 9415 — 345) 9 b S df
+2)72 (q - QQ 1(13 + 2(11% ‘h) gwg/\pq
— 1077 (g5 — 5a5 — 5 + &5 — 4igs + 441505 — 341y — 3q1a; + 30165 — &F) 9T R b b
— 4N (205 + g5 g5 — 3243 — 941q3 + 6416503 — 341 a3) 97 Al rdh
+ A7 (645 — 655 — 64543 + 645 — 50q7 g3 + 7247 g3q3 + 10q1q3 + 22413

—38q1g5 +22¢5) "7 g bk + A% (645 — 50g3q5 + 2253 + 2245 — 6qiq3

+72¢7 4545 — 384745 — 6qiq3 + 10qiq3 + 647) 9™ a{dba , (4.105)
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A _
P (q1,2,93) = 80A (=245 — q345 + 245 + 245 + 24145 — 3474343 — 641> + 2q143

+64105 — 2¢8) ¢{ a7 3 d0ds — 222 (63 + @5 — &F) 9" 9™ + 272 (245 — @5 + ¢F) 9" 9 df

+ 200 (¢35 + 343 — 143) 9" araldb + 2N 239" 9" ¢

— 2072 (a3 — q}) 9" 9" df — 4N73 (34 + 463a3 + 343 — 6473 — 64id} + 3at) 9" {4

— NGB+ a3 ) " — 22 239" g s — 207 (@3 + a5 — ai) 979"

+ 20777 (g3 + 20503 + 45 — 20743 — 20765 + qi) 9" Y a5 + 20077 (3 + a3q3 — 4ia3) 9" aR bl
— 4N (205 + G343 — a5 + 413 + 6475 — 3q1) 9 b a5 dh + AN (@5 — @ + 7)) 979 d
+200 72 (6303 — @5 — 143 + 24305 — ai) 97 v db @5 — 2002 (45 — B3 + 41 a3) 9 r b
+4X7 (65 — Tq5q5 + ds + 313 + 841 g5 — 941) 9 qi dbh

—4X7? (3¢5 + 44303 — a5 — 64345 + 4ai a3 + 3q1) 9™ dldb db (4.106)

P“” P7(q1,q2,q3) = 80N (¢5 — @3 — ai) d¥ a3 dbdly — 2272 (45 — 343 — i) 9" 9™ &

— 2272 (43
— 2272

@ — a3 —3q}) 9" 9 dh — 8N\ 2g" qral d

U vo P U\ vo , p

B +a—al) g9 d — 2272 (3 — & — &) 99" &b
— N3 23 - @) ¢ — 2272 (43 — B+ &) 979 b
—227% (63— a3 — 47) g‘“’g”qg AN2439" P g3

“(
(
(
(
+8A7 (205 + 4303 — 3612 —Aqiq3 + a1 g5 + 241) 9" dY @5 df
(
(
(
(
(

+8M % (4¢3 — 36345 — 45 — 361 + 24705 — af) 9" R bl — AN (@3 — @5 — 247) 9779l
+ 8273 (245 — QQS+2Q2+Q1QS+Q1(]2 3q1) 97 1 db o

+ 807 (g3 — 30303 — 43 — 34343 + 24103 — of) 9 Bl

— 8X% (2q3 — 44343 + 203 — 943 a3 + 11q7 5 + Tqt) 9 bl

— 8\ (2q5 — 94345 + Tas — Aqia3 + 11qia5 + 241) 9 dfdbab | (4.107)
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A _
PE (q1,q2,03) = 1600~ (§ — a3a3 — q203 + 68 — a3 + i3 a3 — iz — aia3

9

i3+ &) dE B by — 222 39" 9 q) — 2223 g" g g
2 2 u\ vo

—4X? (203 + G343 — 343 + 4iq3 + 64743 — 341) 9" v aTds — 222 q39" 9"
— 20727 g" 9" ¢ + AN (345 — a3 43 — 245 — 64743 — 41 g3 + 3q1) 9" a{ a5 qs
— AN g" g gy — 222 g39M7 9" s — 202 439"7 9"

— NGB 9" gy — ANTP (g5 — Taa3 — 4as — 24703 + 31 a3 + qi) 9" 4} ar df

+4X70 (4g3 + 74505 — 43 — 3qia3 + 24165 — qi) 9" Vb

+4X73 (3¢5 — 64503 + 305 — a3 — qias — 2q1) 9" b a8 — AN 2qi g oM d

— AN (g5 — 26303 + 45 — Tt a3 + 3qia3 — 4qt) 9 v db df

+ X7 (g3 — 30305 — @3 + Tq3a3 + 24103 — of) 9 il

— 4N (g3 — 2055 + 45 + 3q1a3 — Tai a5 — Aqt) 9™ qY bl

— 4N (g3 + 36303 — 4d5 — 24163 — Tdia3 + i) b b (4.108)

PE™7 (g1, 42,43) = —40A" (63 — ¢F) df af pdbals + 372 (a3 + @3 — 4}) 9" 9™t
“AN(GE -G+ E) 9+ 2N (6 — @) 9+ AT (G - @ - 347) 99

+ 202" g5 qf + AN 59" g qf + 207 (65 — a7) 979" b

— 2N (g3 =365 — q7) 979 + AN (63 — 4) 9" 9" >

+2)7% (3¢5 — 66393 — 17q3 — 6q7q3 + 144745 + 341) 9" dY a5 ¢

+2X7° (2q3 — 146543 — 845 + 6473 + 16475 — 8q1) 9" atdhas — 2729 gy g5 df
—4AN?q1g"7 g Mgk — 2077 (3¢5 — 64303 + 3qs — 6475 + 1447 g5 — 1741) 9" i dbdf

— 2X\77 (245 + 6g3q5 — 8¢5 — 14¢7q5 + 164705 — 8¢1) 9" df ar d

— 2077 (3¢5 — 6g3q5 + 3¢5 + Aq3 5 + At g5 — Tqt) 9 b

+ 2073 (3¢5 + 44543 — Tas — 6435 + 447 a3 + 341) 9 A db (4.109)

where A = X(¢?, 43, ¢3) is the Kéllén function defined through

NGt 45,43) = qi + & + 45 — 20165 — 24745 — 24543 - (4.110)

4.1.B Four-quark reduction

In this section we reduce the number of four-quark matrix elements from the basis g; Aa4; BIkCTUDS
where the barred Greek indices denote colour, the capital ones flavour and the latin ones spinor,

into one with only twelve non-zero elements.

First of all, due to confinement only colour singlet operators can give contributions. From
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this one has

_ _ ]- _ _ i’ A <1’ B’ el / 1AL 1D i B!
49iAad;BadkCyUD5 = mqi/A/quB/qk/C/ql/D/ |:5a56'yz§ < vA (SgB (5k ¢ 6l D + 7(51 A 5k c 51 D 5] >

C

L cirar o' B! /7 /D! it A R/ (I D ' B
_5"5657<N 518 ShE I 4 ol ok LR P ) |

(4.111)

Next, taking into account that the QCD vacuum preserves SU(3)y in the flavour sector up
to small quark mass corrections, the contributing four-quark operators must break SU(3)y in
the same direction as the octet charge operator. There are therefore four independent flavour

structures which contribute and can be taken to be

O1 = QaBIcDGALBIKCUD (4.112)
O2 = QcpdaBGiAliBALCUD (4.113)
O3 = QapOBcTiAli BILCUD » (4.114)
Oy = QBcOADTAG BILCUD - (4.115)
The charge operator can be expressed with Gell-Mann matrices through
A3 A8
I 4.116
R (1.1
and the third and fourth operators O3 and O4 can be rewritten using a Fierzlike identity:
0—— 06D L 1\ A2y — A2 Al + M Ay — A\
34 = Qcp + Q4B 3 ( AB ABACD T AaBAED — AupACD)
1<
T Z NapAe Z NapAep + 7= \[ (MapAep + XapAep) (4.117)
i=1
- 12)\23)\%/3) 4iAqiBqkC D -
Orthogonal operators O; satisfying
On = Pllpcp Gia4iBIkc D - (4.118)
with PipopPBapc = 0",
can be obtained from linear combinations of the operators O; (i =1,...,4) as
0, = B (01 +02) , (4.119)
~ 1
02 = 3 (01 —02) , (4.120)
. 1 _ _
O3 = 7 L(03—04) = 1 (MapA&p — NapAbp + NapAop — AapAep) Giadjpdroqp ,  (4.121)
3 2 e
Oy=—~(034+04—=(01+0s) ) = Aypdep — = ) Naphe
4 2\/5<3+4 5 (O1+ 2) (122 6; ABACD

1 1
—— (N5 N8 NS ) — = A8 50\ | Giaging . 4.122
+4\/§( ABACD T AABAED) 157ABACD | 4iAdjBIkCAUD ( )
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This leads to

GiA9iBAkCUID = Z PEADcOn- (4.123)
n

Finally, the fact that the vacuum expectation values of the operators must be proportional to Q

implies

(@Ga;a)a) = V3{Gqa\la), (4.124)
(@Nqiara) = V3{@a\aaa) . (4.125)
(@GN @aNa) — (@GN qGaN a) = (@GN GaN a) — (@GN GaN’a) (4.126)
(@GN'gaN q) = (qz/\ TN ) = (GN"¢G@\"q), forn=2,...,5, ( )
( ( )

N @A @) = <Qz)\ 4@\ q), forn=6,7,
1
(@GN @ ) = 3 (@ qja)a) + (@ g a ) (4.129)
and the final flavour decomposition reads

_ _ 1, _ _ _
7iA9jBIkCUD = 5(%)\1%%)\2611 — GiN2qqpA1qr) <

ApaAbe _ AbaAbe | MpaNbe _ ApaXpe
2 2 2 2 2 2 2 2

7 . . q 5
_ _ by Ao Al A8, . A8 A2 A8 A8, A3
+ Qi/\1Qij>\1QZ (Z gA [2)0 22 SA gc - gA gc + \/§< SA [2)0 + ’;A gc

i=1 i=6

[y

/\SBA + \/g)\%A Opc n 0BA )‘%C + \/g/\?)c>

+ 5 (@A T + G5 T A8q) ( 5 3 3 5

=N

(4.130)

2

/\SBA + \/§>‘:]33A Opc B 0BA )‘%C + \/g/\?)c>
2 3 3 2 ’

+ = (@%A89 T — i TkA8q1) (

Only the spinor reduction remains. As usual, one can decompose each operator above according

to

Oz N = ZCACBO kll“”AFle FA ’Fk’l/ , (4.131)
A,B

where T4 is an element in the spinor basis of and c4 the corresponding normalisation
defined in . However, many restrictions apply. Proportionality with F),, leaves a small
number of independent Lorentz structures possible. Moreover, since Oijkl are by construction
either symmetric or anti-symmetric under the exchange (ij) <> (kl), the reduced matrix element
OAijleijB ['*A s trivially related to OijleijAFle. Taking advantage of this and requiring that

the reduced matrix elements should be odd under charge conjugation one finds

1 _ _ _ _ _ _ _ _
S (@MgGA2a — GidedjGeha) = o <vjmk ’V?ivﬁg) [qx\lwqq/\mq - qAQ’Yuqq/\l’YVQ]

1 i _ i _
+ — ((7“75) (Y vs)ue — (Y s) ji(v“%)uc) {qkrm’ysqqkﬂu%q = qkﬂwsqq/\wm)q}

64
1 H>\ VA 1 o8| = _ _ _
@gm( o — ooy ) X 59 [qvuphq qopLN2q — qoupA2q qa,au/\m] (4.132)
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1
GMNGi G q = 55 (0’ "o + 5;'@'01’21') [(P\qu)\muu(ﬂ
1 _ _
+ 6716‘“’“1”1 €11 povn <(’7,u’75)ji(’7u)lk — (’V,u)ji(’YV’YE))lk) [quryW%qqu”?q

1
+ 32 (UZV%M + 753'1'0'{7:) [(P\W,wq @7)\175(1] ; (4.133)

1 _ _ _ _
qiA89iqkq = GiqjqrAsq = 5 ( o, £ 0ji00), ) [qawksq qq9 £ qouwq q/\sq]

1
1 i (053 0 F () ()0

. [‘j/\mu%q 47" q £ g7 159 qAsY" q}
1 =, — — _
+ 39 (U?iy%llc + ’75jiaﬁ:) [QU“V)\SQ qys5q £ qotq q)\875q} . (4.134)

This reduces the original set of 1679616 matrix elements to a basis of 12 non-zero ones.

4.1.C Explicit expressions for the 1

In this appendix, we seperately list the form factors I1; for the contributions from the quark loop,
one cut quark line topologies and the gluon matrix element. Note that those for the two-cut

quark line topologies were given in Sec. [£.1.4.3]

4.1.C.1 The quark loop

Recall (4.71)
P g
M5 =110, ¢+ m? I s+ O(my) . (4.135)
The two terms above are given by
a , Q3 n Q7
15,5 = Z [ ik +fzmn)F+9§Z‘fkn) log <Qg +h§?,k)log Q2 AT QY Q3
,3,k,n 3 2
(4.136)
2 q
quAT_ Z AT QY
1,9,k,n ) (4137)
(mn) | (mn) (m,n) Q3 ) Q1 n) Q3
. [dszn —i—p”k F+ngk log <Q > —|—7’Z7kn log <Q2> 5”7/,€ log <2 ,
3 M
where the non-zero coefficients are
i =2, (4.138)
1,2 (1,2 1,2) (1,2 (1,2 (1,2 1,2
(§12) 2, f021) =—4, f(§30 =2, f1 )_2 f111) =4, f120) = -2, f2(,0,1) = —4, (4 139)

(1,2) (1,2)
2,10 — 300 -
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, 1,2 1,2
=2, g5 =4, gl =2, o) =8, oy = 4, (4.140)

1,2 1,2 , 1,2 1,2 1,2 1,2
h(() ) = L, hélf =-1, h020 =-1, h((),3,)—1 =1, hg,o,} =3, hg,u)) =4, hg,z,)—1 = -3,

1 1,2
hg,o) =3, hgl)—l_g hgo)—1:_1v

(4.141)
(43())5 =2, (—41‘2,4: —6, 0(713324, 0(4133,2 =4, 0(41331 —6, C( % =2, C((J4j?5 =2,
((340341 36, C((Jé,lf;, =20, ¢ (4 3) —64, 06433% =34, 064433 =12, 57%4 -6, 5403:2, —20,
0 = 08, =28, )= o0, o, =4, 51— —on, i am, )10
&9, =4, i) =31, &)= 66, i), = 6, i =12, oY, =2
(4.142)
éjldj? (54146 =—0, f04245) = —060, f0%344) = f(44%3 =36, f052 = —066, f04§l =12,
(5,47’% =0, f106 =—0, f115 =216, f1(4244 = —138, f133 = —360, f14442) =270, f151 =48,
1(,46’jlo) = —-30, f24045) = —060, f24144) = —138, f223 =744, f24342) = —204, fz(jlifll) = —300,
2(454()) 354044 =66, f3 13 = —360, f34242) = —204, f373,1 =480, féfi,%) = —-30, fi%? = 36,
150 =270, fi57 = =300, fi) = =30, figh = —66. fii} =48, fi5g =54, figh =12
Si0 =30, fion =
(4.143)
9(41437 =1, 9(4141)6 = -3, 9(4142)5 L, 9(414?34 =9, 9(41423 =9, 9(4145)2 =-1, 9(414(2 1=3
9(4147)0 =-1, 9(()4—41) =1, 984043 =50, 9(()4i45) = —13, 9(()?42#2 = —184, 9(()454?3 =119, 9(()42) = 106,
9(()1,154,11) = —T5, (()4643 —4, 95?—41),6 =-3, 9§4o4g —13, 9§41’42 =486, 5 4,1) —162, 9%4342) —559,
A =07, o= =1, 448 = 180, ol = 162, o5 —o0s, 8= 15
ghio = —124, gy, =5, giioh = 119, gi) = ~550, g} = —135, giy = 170, gi; = -5,
ghos =106, gi) =207, gihg = —124, g™, = —1, ofgl) = 75, o5 = 44, of), =3,
9600 = —4, gito = -1,
(4.144)
ho e =1, hygg =25, kol = —63, Aozl =1, hi3d =91, hyih =45, hys! = ~29,

4.4 44 4.4 44 , 4.4
S =19, B o= =3, h{GY =50, Al =243, al%Y = 500, K{}) =19, Al = 258,

' = —67, h(4 N =1, mSyh = 185, S =338, Sy =454, YY) = —563, K =51,

v

hit =5, h(og_zs skl = —578, iy =428, h{hN =85, MY, = —5, ) = 151,
P = =51, A0 = =175, AEM = =1, hleY = 46, BENY) =111, B =3, mg) = -2,
4,4

hg,—io = -1

(4.145)
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7,3 7,3 7,3 7,3 7,3 7,3
0(71,()),4:6= 071,2, = —12, 0(71,:)),,1:12 0(120:_6 08724—4 E)o:)a—64 cél% 68,
7,3 7.3 7.3 7.3 7, 7,3 7,3
T =112, ) =24, 7%, = 16, ) = —116, ) = 100, i) =104, 577, = 24,
ST =16, i) =108, &% =16, i) =30, 7)) =4,
(4.146)
7,4 74 74 74 74
é,O,g (515 _36 f024 - _156 f033) _24' f042 - 144 f051) - _60 fOﬁg - _]‘27
74 (7.4 A 7.4) 7.4) 7.4
1(,0,5) =—30, f114) = 288, f123 =312, f132) = —976, f1(41 = —36, f1(50 =48, f2(,0,4) = —84,
7,4 74 74 74
2(15) = —600, f222 =432, f231) = 456, f2(40 = —60, f3503 =216, f3,1,2 = 144,
74 7.4) 7.4) 7.4 7.4
35,2,1) = —952, f4,0,2 = —144, f4211 = 180, f4,2,0 =60, f(01 =12, fé,1,o) = —48, fé,o,o) =12,
(4.147)
7,4 7,4 7,4 7,4 7,4 7,4 7,4
9(136 =2, 9(12)4_ —-18, 9(1§3 =32, 9(122 —-18, 9(16)0 =2, 9(()71)6 =2, géog = 104,
7.4 7.4 7.4 , 7.4 7.4 7.4
(()14):12679(()2?2:_368 (()32)—_5879(41) 18479(()53:107%71)5 8>9§02 —158,
4 7,4
I =544, 9159 =652, gl = —440, g{Ty0 = =78, g5}, =10, g§i;3 = —160,
7.4 7.4 , 7 7.4
gy =924, gt =208, gihy =170, i =358, ¢§7Y =176, ¢{Gh = —170
4 7,4 7,4 7,4
gi 1)2= —10, gi,o,fz—l%v 951,173=78, gé_l)l—S géoé——lo 96(5—1)0__27
(4.148)
W e =2, high =56, Ay = —46, AYsY = 176, i) =214, (T} = =8, i) = —42,
n =8, m5h =16, h{}Y =536, b5 = —256, n{Y = —400, i}y =112, K5, = 10,
h{oh = =336, AYTY = —300, K3 =800, i3 =30, Ky =352, KT} = —360,
e = —160, h{Y , =10, A = —40, h{}) =170, ATY | =8, KT = —48,
7.4
hé‘,—l),o = -2,
(4.149)
ot =16, i1 =12, 3P =4, 57 = —12, P =8, 7P = 4, (4.150)
17 3 17,3 17,3 17 3 17,3 17,3 17,3
f004 513)— 522)—_12 f031 =20, f(g4o):— 1(03):— 1(12):64,
173 17,3 173 173 17,3 173
f121 =—4 1(30)—_16 fz )—_12 f211 = —44, f2(20)_48 f301 =20,
(17,3) (17,3)
f310 - 4,0,0 — 7
(4.151)
17,3 7 3 17,3 17,3 17,3 17,3
9((303) =20, ( ) = —-16, 9(()21) = -28, 9(()30) =24, 9%,0,2) = —16, 9%,1,1) = 104, 4152
(17,3) (17 3) (17,3) (17,3) (4.152)

Gi20 =24, 9201 =28, 9210 =24, 9300 =24,
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17,3 17,3 17,3 17,3 17,3 17,3 17,3
hies =10, BT = —28, ni3Y =24, ni5Y = —4, (7P = —2, w{lyY =12, p{'1Y =52,

ny) =68, h{'y? =4, 5 = 52, n{TY =4, hglgg>_28 h(17032) —4, W{7Y =2,

(4.153)
P =4, Y =16, Yy = 24, Y =16, NP = 4, D) = 4, o) = a4,
ff’f;”) =48, o5V =48, ey = —a4, PP =4, PV =16, ) =48, Y = 176,
50 =48, B =16, P, = 24, %?—48 égfé’)—48 5% = =24, P =16,
oo = —44, §,319 9 - =16, 7 = -4, 5% =4,

(4.154)

f03(:?64) - 20 f031954 _24 f032944 _84 f0(33934) - _176 f034924 _84 f035914 _247
f0369(;1 - 20 -](‘130954L _24 f131944 - _288 f1(32934) _264 f1(33924) _264 f1(34914) - _288’
1(,359(;1 =24, f2(309f)—84 f231934 = 264, f232924 = —792, f2(33914 = 264, f2(?f04 =

o) =176, 50 =264, £ =264, 350 = 176, f1%y) =84, fﬁgf‘) = 288,
f432904 _84 f5(30914) _24 f531904 _24 f6309(;1 - _20’

(4.155)
0= 2. 0 =, GO =10, o0 =10, 00, = s, (=2, o=
8 — 76, 00 a5 80 = 216, 00— —a02, g0~ 52, o) s,

0. o8 e, oD sz o a0, 88— a0, o0
AP0, = 10, o2 =210
giry) =340, gi5) = =680, g5y =86, giy) = =302, g§1y) =296, ¢fy) = 86,
0 =10, g0y =52, o)) = —126, o) = =8, g0y =38, o) =2
(4.156)

nE = =2, B — 38, nY =126, K’y = =86, hiny = —86, (DY) = 126,

023 = 7 0,32 — 04,1 —
hiso = =38, gy = =2, A0 =8, higy) = =52, Ay = 206, Ay = 680,
niy =206, WY = =52, A{SY =8, BT = —10, DY) = 302, KEYY) = =340,
WSy = =340, W) =302, WYY, = 10, BSHy) = —216, K$Y) =592, Ky = —216,

MO0, =10, WD — 74, WO = 74, W0, =10, WO, = s, 19D =76,
1,39:4) _— h(394) 2. 1,(39:4) 2.

51,—1 — 6,—1,0 — 6,0—1 —
(4.157)
(54,2) (54,2) (54,2) (54, 2) 542) (54,2) (54,2)
C_102~= -2, ciia =4, €120~ -2, Co,—1,2 = 2, €.,1,0 = —14, Cl,-11 = —4, ¢ €100 = 14,
(54 2) 2,
2,—1.0 —

(4.158)
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(54,3 54,3) (54,3) (54,3) (54,3) (54,3) (54,3)
f013)— (522 =30, del =—0, f040 =0, f103 =18, f121 = —54, f130 =12,
(54,3 54,3) (54,3) 54,3) (54,3)
f202):_30 f2(11 =54, f301 =6, f:§10 =-12, f400 =6,
(4.159)
54,3 54,3 54,3 54,3 54,3 54,3 54,3
9(10)4* 179(—11) =2, 9(13)1 279(—14)0 L, 9(()—1)4_179(()71,2):_4879(()21):40
54,3 54,3 54,3 54,3 54,3 54,3 54,3
9((),3,0) =7, 9%,—1,)3 =-2, 9%0 = =48, 95,2,0) = —26, 9§,0,1) = —40, 95,1,0) =26, 9 ( )1 =2,
54,3 54,3
gé,o,o) =7, 94(1,—1,)0 =—1,
(4.160)

54,3 54,3 54,3 54,3 54,3 54,3 54,3
h(()—1)4 =1, h(()os) = —10, h(()21) =26, h(():so) = —17, h( 1)3 =2, hgm) =48, hg 1,1) = —T8,

54,3 54,3 54,3 54,3 54,3 54,3
hg,2,o) =38, hém) = —14, hg,l,o) =34, hg, )1 =2, hZ(SO ) =—24, hz(x,—l,)o =-1

(4.161)
and
(1,1)
Pooo = —4, (4.162)
1,3 1,3 1,3
q(—l z1 1=-2, q(_l,(%,(] =2, Q(()7_1),0 =2, (4.163)
1,1 1,1 1,1 1,1 1,1 1,1 1,1
(71,)*1,1 =-1, T(fl,a,o =3, 7{1,2,—1 = -3, 7"(71,2),72 =1, T(() 71)0 = -1, 7"((), ,12 = -3, E,f —1 =3
1,1 ,
T50)2_3 571)72__17
(4.164)
s =1, s =1, s =1 (4.165)

4,2 4,2 4,2 4,2 4,2 4,2 4,2
d(—z)—14 =1, d(—z,()),3 = -3, d(—2%2 =2, d( )1 =2, d(—z,:)a,o =3, d(—2i—1 =1, d(— ,)—2,4 =1,

4,2 4,2 , 4,2 4,2 4,2 4,2
d( ) 73:—10,d(_1())2:6 d(—1%1:8 d( %0:1 d( :2, :_6>d(() %3:_370[(()7—%,2:67
dé“f{ =36, dyig =2, dys), =15, di"%), =2, di*? =8, a7 =2, a'?) | = 20,
) =2, &) =1, d(42)1 =15, di"%), = -3, d(42) =6, d") =1,
(4.166)

4,3 5 5 )
P121 =8, Pi3o =064, Pé,o,% =24, pyi1 =8, P350=—96, p3g1 =8, p3io =04,
)

(4.167)
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qgi,g)—1,5 =—4, q(—417384 =16, q( 11) = —-32, q(_41’?2)2 40, q(413§ 1 = —28, q(41’3io =38, q(()?f1),4 = 16,
a50% = 160, ¢5) =40, qf5) =128, ¢{57) = —24, ", = =32, oY) =0, o'}’ = —200,
i3 =16, "%, =40, 5% =128, ofi) =16, "%, =28, ¢fi}) =24, {17 =3,
(4.168)
P =2, e =12, W = 30, o, = a0, o = 30, A =12,
r8 =2, 8 =4, = =80, o) = 112, 5 =, ré‘?& =52, 1) =5,
rt =2, ) = —72, {5 = —100, i) =88, 7«§ 2 =10, r5) =120, 55 = 72,
(4—32,1 2, :(34033 =28, (4 3) =10, r o 31)0 =—4, Tz(fo?L = -8, réil—gl),—l =2,
(4.169)
sS40 =2, (4.170)

d(j x 13 = 2, d(7§2())2 =4, d(722% o=4 d(7 2) 1= 2, d(jf)—w =2, d(jf),m = —20,
d<7123 L=—12, 4" =20, a7} _ =10, dg e =8, d) =24, i) = 20,

d(71211 —90, d(7 2) )L =12, d(7 2)0 —4, d(7 2) ) | =20, dg 2%0 —y dgf%,q ~ 10,

7,2
di(%,—%,—l =2,

(4.171)
7,3 7,3 7,3 3 7,3 7,3 7,3
Pos = =72, pii% = =72, pi5] =120, pils) =24, p{y) =120, Y = =96, p{s) = -72,
7,3 7,3 7,3
pé, ,% = —24, pé,l,S =72, Pé,o,% =24,
(4.172)
7,3 7,3 7,3 7,3 7,3 7,3
q(—2,3,4 =4, q(—2,1)3 =—16, q( 22)2 =24, q( 2:’21 = —16, q( ) =4, q(—1,33 = —40, q(—1,1),2 = 48,
7,3 7,3 7,3 7,3 7,3 7,3 7,3
q(—1,2),1 =24, q(_1,§,o = —-32, q(() —1)3 = -8, q(()oz) —144, q(() 11) = —168, (()28 =64, qg,—1),2 =24,
7,3 7,3 7,3 7,3
qEOI) =184, q§13 = —40, qé—l)l = —24, q§03 =—4, q:(&—1)0:8
(4.173)
=8, = v AT =1 ) =0, T = ) =80, ) = 162
7,3 7,3 7,3
5—1),1 =24, 7"5,0,3 = 64, ( )0 =38,
(4.174)
d(lf,i)l,o = —4, d(—ll%,)fl =4, d(lz11)71 =4, (4.175)
oot =24, piie) =24, pigy) =24, (4.176)

17,2 17,2 17,2 17,2 17,2 17,2
q(—1,—)1,2 =—4, q(—l 0)1 =38, ( 1,1,)0 =—4, q(() —1)1 =38, (()0,0) = —40, q§,—1,)0 =—4, (4177
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17,2 17,2 17,2 17,2 17,2 17,2
7"(—1,—)1,2 =-2, 7“(—1,0,)1 =8, 7“(—1,1,)0 = —12, 7"(—1,2,)—1 =8, 7“(—1,3,)—2 =2, "”((),0,0) = —20,
17,2 17,2 17,2 17,2 17,2 17,2 17,2
7”((),1,—)1 =16, 7“((),2,—)2 =4, 7"5,—1,)0 =8, 7{,0,—)1 = —16, Té,—l,)—l = -8, Té,o,—)2 =4, 7“:(1,,—1,)—2 =2,
(4.178)
17,0
sUT0 L, =2, (4.179)

(39,2) (39,2) _ (39,2) _ (39,2) _ (39,2) (39,2)
d72,71,3 = -2, d72,0,2 =38, QL2,1,1 = —12, dfz,z,o =38, d72,3,71 = -2, d71,72,3 = -2,

39,2 39,2 39,2 39,2 39,2 39,2
dN? =18, d¥P = 16, d®)7y = 16, %)) =18, d¥3), = 2, d§°), =38,
39,2 39,2 39,2 39,2 39,2 39,2
dé,fl,)l = —16, dé,o,o) =32, d((),1,7)1 = —16, d((),2,f)2 =38, dg,f2,)1 = —12, dg,q,)o = —16,

39,2 39,2 39,2 39,2 39,2 39,2
dg,o,f)l = —16, dg,l,f)Z = —12, dg,fz)o =38, dg,fl,)fl =18, dg,O,f)Q =38, dz(’),fz,)fl = -2,

39,2
dg,fl,)f2 =-2,
(4.180)
39,3 39,3 39,3 39,3 39,3 39,3
p(()’(],g) = 487 p(()’l,Q) = _487 p((],2,1) = _487 p((),3,0) = 487 pg,O,Q) = _487 pg,l,l) = 1927 (4 181)
39,3 39,3 39,3 39,3 :
pg,z,o) = —48, pg,m) = —48, pg,l,o) = —48, p:(a,o,o) = 48,
39,3 39,3 39,3 39,3 39,3 39,3 39,3
q(—l,O,)?) =38, q(—l,l,)2 = —24, q(—1,27)1 =24, q(—1,3,)0 = -8, q((),—l,)g =38, q((),0,2) =128, q((),l,l) = -T2,
39,3 39,3 39,3 39,3 39,3 39,3
q((),2,0) = —64, q§,—1,)2 =—24, qE,O,l) =—72, q§,l,0) =144, qé,—1,)1 =24, qé,o,o) = —64,
39,3
q:(s,—1,)0 = =8,
(4.182)
39,3 39,3 39,3 39,3 39,3 39,3 39,3
7’((),—1,)3 =38, 7”((),0,2) =64, 7”((),1,1) =—144, 7”((),2,0) =64, 7"(()73,—)1 =38, 7'&,—1,)2 =24, 7“5,071) =72,
POy =72, 00 = o oD =0, 00 = —128, o 00Y) = 24, 000 = s,
39,3
ri(’),(),—)l = -8,
(4.183)
54,1) 54,1
d(—LO,—l =4, d((),—l,)—l =4, (4.184)
54,2 54,2
povs) =24, pie) = 24, (4.185)
54,2 54,2 54,2 54,2 54,2 54,2 54,2
q(—2,—)173 =2, q(—270,)2 =6, q(—2,1,)1 = —6, q(—2,2,)o =2, q(—l,—)2,3 =2, q(_l,o,)l =14, q(_l,l,)O = —16,

(54,2) _ (54,2) _ (54,2) _ (54,2) (54,2) _
Qo,—22=—0, g _11=—14, ¢, 57=06, ¢ _10=16, ¢ 5y = —2,

(4.186)
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(542) _ 4 .(542) (54,2) (54,2) (54,2) (54,2)

54,2)
7“(—2—13:_177’—20 =4, 11:_677”—220:477“—23 1:_177"—1—23:177’—101:27
PO = =8, O =5, it = 2, 0t = 12, 1) =26, 1P = 4, P =8,
54,2 542 54,2 54,2
g[}—)l —4, ( ) =2, (_1)_1:5772(),_2)_1——17
(4.187)
54,0 54,0
G0 =1, %0, =1 (4.188)

4.1.C.2 Some massless quark loop limits

Here we give the explicit limits for the massless quark loop in the regimes where two momenta
become much larger than the other, this is a subset of the regions where A becomes small. In
order to find them, we change the variables to one of the large momenta, the small one and
the angle between them. We then expand in the small over the large momentum. All negative
powers of A cancel and the leading contribution in the ratio of small over large momentum is
always independent of the angle and is given below. The choice of third variable is not unique,

however the results to the order given are always the same.

Q1 ~ Q3> Q2
Z;]f\[fi: 9Q4 [3log <gz> —1—5] , (4.189)
:;I\If = _BQéQ% 7 (4.190)
:;r\[; = —3Q§Q% 7 (4.191)
a2 lon(d)
7;;1]1\;”9 - 3@%% : (4.193)
GLCTRNN (4.194)

elN. — 6Q3Q1°
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Q1~ Q2> Qs
:;1\7]1 _ _le 1 (4.195)
Z;r\[é _ _32}21 , (4.196)

"

:32: _ _;QQ , (4.197)
Z?JIV” _ 3@2 P (4.198)
7;1}\;’»9 _ 3Q§ p (4.199)
21]1\[54 — 0(Q;7). (4.200)

Q2 ~ Q3>
:;r\% _ _3Q% 1 (4.202)
Z;r\[[: = 0(Q3"), (4.203)
S
7;1;39 _ 3@% P (4.205)
154 1 (4.206)

egNe — 6Q1Q3
4.1.C.3 Contributions from diagrams with one-cut quark lines

The explicit expressions of the I1; for the one-cut quark line diagrams can be written as
i 4 n, —2i =25 ~—2k
My =g Y P my X, QU Q7 Q3% (4.207)
Z‘?j?k?n?p

where the non-zero coeflicients are

108 4 08 _ 108 _ 8 108 _ 4 08 _ 16 108 4 oL08 _ 8
C_123=%; C13= % Coo2 = 3 €103~ % €191 = — 3 2137 % €202 = Ty
108 16
€11 = BEE
(4.208)
07 4 107 4 107 107 4
€123~ —3 €,1,3 = 3 €103~ 3’ Co-13 = 3’ (4.209)
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(4.213)
(4.217)
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4
(4.218)

)

(4.219)
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412
i =8 (4.220)
432 16 432 432 432 16 4390 432
Co,2,2 = 3 €112~ —16, C121 = 8, Colya = 3 Co11 = -8, €220 = % (4.221)
708_ 8 7o0s8_ 16 708 8 705 8 (4.222)
€32~ 3’ Ca30 = 3 €302 = 3’ C320 = 3’ :
715 715 715 715
Coigla = =8, Col5p = =8, ¢3p'y =8, €359y = =8, (4.223)
714
e = =8, (4.224)
71,3 71,3 71,3 71,3
€o,3,2 = 8, Ca30 = 8, C3,0,2 = -8, €320 = 8, (4.225)
1708 _ 28 1708 4 a7ros 32 708 160 1708 28 4708 16
€023 = — 3 €0,3,2 3 €113 = — 30 ‘22 T T3 €203 — — 30 @212 T T30
1708 _ 16 1708 4 1708 _ 4 1708 4
€21 ~ 30 €230 37 €302 3 C320 = 3’
(4.226)
1707 8 1707 8
€23 = 37 €203 = 3 (4.227)
1715 8 1715 1715 1715 8 1715 1715
€023 = T3 €113 = —16, C122 = -8, €203 = T3 Co12 = -8, Coo1 = 8, (4.228)
1714 4 14 4 AT L g AT g AT1d 4 q714 g
€0,2,3 ~3 €032 — %> €113 = 1Y, €990 = 76, Cog3 = T30 €12 = —5 (4.229)
114 _ o AT14 _ 4 A714 0714, ’
Co21 =0, Ca3g = —%, C302 =%, C320 = %
1713 16 1713 16, T3 _g QT8 _ 16 1713 g T3 _ g (4.230)
€23 = c =10, C1 99 =93, Cp3 =3 €12 =0, Cgo1 = —O, :

3 s

oty =8, (4.231)
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€0,2,3 0,3,2 2,0,3 2,3,0 3,0,2 3,2,0
39,15 39,15 39,15 39,15 39,15 3015
Cos3 =8, Cogs =8, €3 =8, Co3g =8, €345 =8, ¢354 =8,

39,14 39,1,4 39,1,4 39,1,4 39,14 39,14
€033 =85 Cozs =8, Co3 =8, &3 =8, s =8, G355 =8,
39,1,3 39,1,3 39,1,3 39,1,3 39,1,3 39,1,3
€0,2,3 8, o392 8, Ca03 = —8, Cy3 8, €302 8, ¢339 = —8,
5408 4 5108 4 sa08_ 16 si08 16 5408 4 5408 16
0,2,3 T30 %32 30 ‘122 T 3 31 3 203 T 3> Ca1,2 3
5408 4 5408 4 5108 16 5508 4
230 T 37 €3,0,2 T3 G311 — T30 C320 — BER
sa15 4 sa15 g SLLS _g SAl5 o 5415 4 515 4
€32 — 3 G122 » €131 » €212 =%, Cg30 = 5 C302 T T
3 3 3
LS _ g SALS 4
31,1 = ~ %5 €320 )
3
5404, 5414 8 sa14 g ShL4 _ shld4 o BAld g
€023 = » €0,3,2 37 €1,2,2 » €131 =9, G033 » Ca12 = 79
5414 8 sa14 8 sa14 g Shld 8
C 3, 30 @302 30 @11 T 7% C320 — 3
5413 4 5113 g SLL3 g 413 g 5413 _ 4 513 4
€32 — "5 C22 T 70,C31 =70, C19 =0, C309 = "5 C02 T 3
3 3 3
5113 _ g 5413 4
€311 — 9, C320 = 3
54,12 54,12
€121 = —4, 1,1 =4
5432 8 5432 5132 _ ¢ 5432 o 5432 8 5132 8
Co32 = T3 €122 =9, C131 » €212 = 796, Ca39 = T3 €302 = 3

8
5432 _ g 5432 _ 8
C31,1 -9, 3

93

(4.232)

(4.233)

(4.234)

(4.235)

(4.236)

(4.237)

(4.238)

(4.239)

(4.240)

(4.241)

(4.242)
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4.1.C.4 Gluon matrix element contributions

Before taking into account the contributions coming from the mixing with other operators, the

contributions have the form

- 6 1 (m) | m) —2  (m) Q7 (m) N\ -2 25 2k
HGGm,S:XSqu Ci,j,k+fi,j,kmq +gz‘,j,klog @ +hi’j7k10g m2 Ql QQ Q3 )

1,9,k q
(4.243)
where
1 5 1 17 1 4 1 17 1 2 1 7
C(—%,2,3 =g C((),%,:a =130 C((),%,z =9 05,3,3 =10 05,2,2 =3 05,3,1 =5
6 18 9 18 3 9 (4.244)
W _ .5 o _4 o _7T o _T7 '
€13~ 6’ €202 = 9’ €11~ 9’ €220~ 18’
1 1 1 1 1 1
f(g,1),2 BETE f1(,o),2 ~ 18’ f1(,1),1 BT (4.245)
g(_1)72,3 = _§7 9571)73 = §7 gi&g = _§7 9571173 = §, (4246)
1 2 1 2 1 2 1
hg%,2,3 =9 hé,%,?) =79 hg,()),:a ="y hg 11,3 = +§7 (4.247)
4 7 4 5 7 4 8 8 7
S =S = = =S
4 5 8 5 4 7 4 7 4 7
cg,(%,Q = 67 Cg,%,l = §7 Cé,%p = §7 ng’_l = 1787 Cf(ﬂ,)—1,2 = E, Ci(’),(%,l = E’ (4248)
@ _ 7T @ 7
€310 = 18 B2-17 13’
4 1
A= ~9 (4.249)
4 2 4 2
g((),2),2 ~ 9 9573,2 =y (4.250)
4 2 4 2
h((J,%Q =79 hg,(%g =y (4.251)
7 7T (7 T (7 T 0 7
C((l?)),? = §’ Cé,% 0= §7 ci(i,()),Q - _§a C:(J,,;O = §, (4.252)
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17 17 4 a7 17 5 (7 7 4
C(()721)3 = g’ cg,17)3 = g’ g,27)2 = §7 ;,07)3 = §7 C&L)Q = ga 0(2 2)1 = —§, (4253)
17 1
fl(,1,)2 =3 (4.254)
17 4 ar 4
9ok =g+ 9505 = g (4.255)

17 4 17 4
hoas =g+ hbas = —g. (4.256)
(89) _ T (39 Ty 4 ey T e 4 ) 4
€23~ "g° €32~ g 1,227 "5 ©03T g %12~ "5 C2217= T
9 9 9 9 9 9 (4.257)
(39) 7 (39 7 (39) 7 '
02,3,0:_§> 302—_§7 320—_§’
54 5 54 2 (54 2 (54 2 (54 ) 54 5
08,3,)2 BEETE ng,)z -3 Cg,?;,)l -3 C5,17)2 ~ 3 0273,)0 TR C:(s,o,)Q BETE (4.258)
NGO 2 NCON 5 )
3 1,1 — 3 ) 3 2,0 — 187
54 1 1
1(,2,)1 RETE fz( )1 1’ (4.259)

After including the mixing via (4.31]), the divergences exactly cancel and the renormalised

form factors can be expressed as

M cm = X6R€4Z { 1:’1) —i—gl(zglog (g > +h ) (Q?’)] QT QY Q3%F,  (4.260)

1,7,k

where the associated coeflicients g( ])€ and h( L are the same as above and

Jo 20w 20 v 5 200 20
-123 7 7970 0137 970 ©022 7 g €103 = 27" Ci112 = 37 1217 @ (4.261)
w _ 200 o 5 1 '
Co 13 = o7 €202 = 9’ Co11 = 9’
e Lo 6L vy 1w 4w 2w L
—-1,3, 2= 18 0 2,2 54 0 3,1 — ].8 1,1,2 9 ? 1,2,1 9 ) 1,3,0 9’
s 61 St N SO R (4.262)

=~

'(4)
=35 G217

)

2

» Q211 T g0 ©220 7 30 @23-17 g €312~ TR €301 = TR
1
9

O] — L

'(4)
€31,
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oy _ Loy 22 iy 1 oy 1
00,3,2 - _§7 0273,0 - §, 63,072 — §, 037270 = —97 (4263)

‘an 89 ran L arn 89 ran 2

€23~ 54 €032~ "5 %203~ 5,0 221~ o0
5 6 54 9 (4.264)
rary 1 rar I ran 1
c =—,cC =——.,c = -
2,30 = 5 302 6’ 320~ 5
@9y 1 rzey 1 39y 4 @y 1 i@e) 4 gy 4
€0,2,3 = » €0,32 = » €122 = » €203 = » €212 = » Co21 = )
18 18 9 18 9 9 (4.265)
/ 1 / 1 / 1 '
02(393 BT 03(%92) DT 03(393 T
[ 18 3Jy 18 34y 18
GGT I ST I S ¥ I S ') N S ¥) I SR Y N
€0,2,3 = 6’ €1,00 = TR €203 = 6 €230 = TR €302 = 18’ C320 = 18" (4.266)

4.1.D Derivation of (4.75) up to n =3

Up to the order that we need, we have only contributions either without explicit gauge bosons
or with one of them, which can be put together owing to . Let us start by writing down
the expansion coming from the contributions without gauge bosons (see Fig. 4.5h). Starting
from and using the decomposition , one trivially finds (up to permutations of the
set P ={1,2,3}):

< 3 L
TIkens — _ eé Z/ (H/d4$z‘ e_’Qixi> <0’§($1>CAPAQ(QU3>"Y(Q4)>
A i=1

7“3FA7“IZ'S(:U1 — x9)YH?iS (ze — .’133)] .

dlqs
(2m)*
(4.267)
x Tr

Taking Fourier transforms for the propagators, expanding the quark fields according to (4.72)),

rewriting the outcoming space time variables z; ,, as limy, , 0 iap%e*ipi”i, integrating and tak-
1A

ing derivatives iteratively using (4.64]), one finds:

IR = —eg > > (=1 (0lg{D™, -+, D" D", - D" }ealqly(as))

A mmn
x Tr |5 DANHS (— g1 )V 1iS (—qu) - - - 7S (—q1 )V*2iS (g3)7"1iS (g3) - - v miS(g3) |
(4.268)

where {} indicates symmetrization (normalized by the number of terms) and g3 = —q1 — ¢a.

For the topologies with one gauge boson, the only change with respect to (4.268]) is an extra

vertex in the quark chain, which can be allocated in two different positions plus the boson field
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itself (see Fig. |4.5b):

12 S d4q3 ( : 4 —1 :)3) = A ;
[IHH2Hs — —eg’ d*z dx;e "1 | (0]q(z1)cal (Be(2) +ieqgAc(2))q(x3)]v(q4))
B ZA:/ (271‘)4/ le[l/ g\r1)CA g \r3)|v\q4

X (Tr

AT ANLGS (21 — 29) Y1208 (29 — 2)V0S (2 — xg)] > .

AT ANLGS (21 — 2)7iS (2 — wo)YH2iS (2 — xg)]

+ Tr

(4.269)
Using (4.73)), the matrix element in (4.269) can be rewritten

/

.. (—xl)yn "1:‘;1 ... x;’:’n’

CY(:m)(Be(u) + ique(u))q(x3) _ Z (=)™ -

n! m!
m,n

P q+1pu uwp
p=1 q=0

x gD! ... D¥" D! ... D¥a D€ D¥at1 ... D¥» DV1 ... DVmq,
(4.270)

from which, following the same procedure as above, the contributions from one gauge boson can

be re-expressed as

pip2ps
I =

Iy ) Zapm 10ps 4 10ps 4
ZZ )/ (10 )" - (10py 1)

e lim lim lim
m)

9 p1a—0poa—0p3a—0

p—q+1

P2A “ Zapm) (_1)
X;% p+1) (p —q)!

. ~ _ (4.271)
x (Tr[v“SFAV“IzS (pi — @)V iS(pf — ps' — q1)"2iS (g3 + p3)]

+ e[y TS (1 — q1)7*2iS (p3 + p5' + 43)7 1S (g3 + pé“)])
x (0|gD" - - - DY»D¥' ... D¥a D¢ D¥a+t .. .D¥r DV1 ... DV;”CAFA(]"Y<Q4)> )

The next simplification consists in realizing that after taking the derivatives and the limits, all
the traces start with v*3T4~#1 and all the propagator on the left of ¥#2 are of the form S(—gq;)
and all the propagators on the right are S(gs), which has a simple diagrammatic interpretation.
On the other hand, we can always relabel the dummy Lorentz indices in such a way that the
remaining quark current takes as indices gD"! - - - D¥q. Taking all this into account, any possible
term in the sum can be uniquely codified as a pre-factor times a set of numbers separated by a

“wall” term, v. For example, we define
3(3102) =3eJTrys T 4M1iS (—q1)y"iS (— 1)y S (—q1)7*iS (g3)7"15 (g3)]
X (01gDy, -+ DuseaTqlv(qa))

where we have dropped the index A on the LHS since the Lorentz structure of the various traces

(4.272)

does not depend on it. In this symbolic notation, one finds respectively, for n = 0 (D = 3) and
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n=1 (D =4), using (4.268),
MRtk = —(v), (4.273)

AR = (1v) + (vl). (4.274)

From the same equation, the n = 2 (D = 5) piece coming from the topology without gauge
bosons (N B) is

1
H’gﬁ;fﬁB = —(1v2) — 5[(1}12) + (21v) + (v21) + (120)], (4.275)
while the bosonic piece B leads, using (4.271]), to
1
H’gﬁ;f‘g = 5[(21@) — (120) + (v21) — (v12)]. (4.276)

Summing, one finds
IHEeEs = —[(1v2) + (v12) + (120)]. (4.277)

Finally, for n = 3, using (4.268)), one finds
1
HgﬁéfﬁB = 6[(1231}) + (132v) 4 (213v) + (231v) + (3120) + (321v)
+ (v123) 4 (v132) + (v213) + (v231) + (v312) + (v321)] (4.278)
1 1
+ 5[(121}3) + (21v3)] + 5[(11}23) + (1v32)].
From (4.271]), the contributions of the same order that come from p = 2 are

1
L) = 51(1230) + (1320) + (2130) + (2310) + (3120) + (3210)

+ (v123) + (v132) + (v213) 4 (v231) + (v312) + (v321)] (4.279)
— (213v) — (231v) — (v312) — (v132),

fromp=n=1
I Eees = %[(1231}) + (213v) + (231v) + (1v32) — (132v) — (312v) — (321v) — (1v23)], (4.280)
and fromp=m =1
1
H%ﬁéﬁ% = —5[(1)213) + (v321) + (v231) — (v123) — (v321) — (v132) — (12v3) + (21v3)].
(4.281)

Summing all of them
I HEks = H%lﬁéff\?BJrBuB%Bs = [(123v) + (12v3) + (1v23) + (v123)]. (4.282)

This simplification occurs for every Dirac structure I'* and therefore also for their sum. This

16 and

completes the needed derivation. We conjecture that the duality holds at all dimensions
that its trivial generalization holds for any number of external legs, greatly simplifying calcula-

tions for this kind of topology.

16We have explicitly checked that it holds for some specific (simpler to prove) higher-order coefficients (1234v,
12345v, 123456v and 1234567v) when two and three gauge bosons are incorporated.
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4.2 The two-loop perturbative correction to the (¢ —2), HLbL at

short distances

This section is a copy of Ref. [38|, published in the Journal of High-Energy Physics (JHEP) on
April 26, 2021

Authors: Johan Bijnens, Nils Hermansson—Truedsson, Laetitia Laub, Antonio Rodriguez—

Sanchez

Abstract: The short-distance behaviour of the hadronic light-by-light (HLbL) contribution to
(9 — 2),, has recently been studied by means of an operator product expansion in a background
electromagnetic field. The leading term in this expansion has been shown to be given by the
massless quark loop, and the non-perturbative corrections are numerically very suppressed. Here,
we calculate the perturbative QCD correction to the massless quark loop. The correction is
found to be fairly small compared to the quark loop as far as we study energy scales where the
perturbative running for the QCD coupling is well-defined, i.e. for scales ;1 2 1 GeV. This should

allow to reduce the large systematic uncertainty associated to high-multiplicity hadronic states.

4.2.1 Introduction

The muon anomalous magnetic moment is one of the most precise measurements in particle

physics. The world average [4] for the anomaly a, = (g — 2)/2 is
aS® =116 592 089(54)(33) x 10~ '*. (4.283)

The experimental accuracy is expected to improve with the now running experiment at Fermilab
[6] and the planned experiment at J-PARC [104]. The Standard Model prediction [4] is

aSM =116 591 810(43) x 1071 . 4.284
"

The difference between this and the experimental value from Brookhaven National Laboratory |5]
is

Aay = aS® — aiM = 279(76) x 10711, (4.285)

or a 3.70 discrepancy. In light of this discrepancy and the expected improved experimental
accuracy it is important that the theoretical accuracy is checked as much as possible. The
QED [57,59] and the electroweak contribution [60L/61]| are precise enough for the foreseeable
future. The error is dominated by the hadronic contributions, the hadronic vacuum polarization
[7H9,[11H13, /62| is at present the largest theory uncertainty but is steadily being improved. The
remaining part, the hadronic light-by-light (HLbL) contribution is at present [4]

a; Pt = 92(18) x 1071 (4.286)

This number contains the next-to-leading (NLO) HLbL contribution [63| and the average of the
lattice [24] and phenomenological evaluation of the lowest-order HLbL. In the remainder we will
use HLbL as a synonym for the LO part only, this contribution is depicted in Fig. The
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number in ([4.286)) is in good agreement with the older estimates [106-108,/147,148| and the more

recent Glasgow consensus [149] but with a smaller and much better understood error.

The phenomenological estimate of the HLbL [4],

ay PPt = 92(19) x 107, (4.287)

uses the methods of Ref. |77] to separate different contributions. The pole contributions from
70, m, 1’ |261)28,29] as well as the two-pion box and rescattering and two-kaon box contribution [27]
are well-understood and together give

a; PP = 69.4(4.1) x 1071 (4.288)

The main uncertainty comes from the intermediate and short-distance domain. Heavier interme-
diate states have been considered in Refs. [31-36]. The heavy-quark contribution from charm is
sufficiently well estimated from the quark loop and estimates of non-perturbative contributions
and that of the bottom and top quarks are negligible [4,30/39,/116]. The light-quark contribution
can be estimated using the quark loop and/or higher resonance exchanges and leads to [4]

ay "PSP = 20(19) x 107, (4.289)

The large error is due to the large uncertainty of which resonances to include and that their
couplings to two off-shell photons are badly known [4]. In addition one needs to make sure that

there is a proper matching with the short-distance QCD constraints.

Some short-distance constraints are used in determining the form-factors needed in the con-
tributions from hadrons directly, see e.g. Ref. [109]. Here we discuss instead the short-distance
constraints on the hadronic function defined in (4.290) and depicted as the shaded blob in
Fig. A.11] First attempts at matching the short-distance were using the quark loop and match-
ing it on a long-distance contribution from the extended Nambu-Jona-Lasinio model [107]. The
quark loop itself has a long history of being used in this context, see e.g. Ref. [110-115]. The
first proper short-distance constraint was derived in Ref. |2]|. Tt is valid in the regime where two
of the internal photons have a virtuality much larger than the third one. Recent work in the
latter regime includes Refs. [30,39-43.[83}|105}/150].

This paper is concerned with the limit where all virtualities of the internal photon lines in
Fig. are large. The underlying problem here is that the external photon, corresponding to
the magnetic field, has zero momentum, i.e. ¢4 — 0 in Fig. {.11] The usual operator product
expansion (OPE) in vacuum [91] corresponds to all four photon virtualities large and diverges
when setting g4 — 0. The solution was found in Ref. [1]. One needs to use an alternative
OPE in a background magnetic field as was done for the QCD sum rule calculations of nucleon
magnetic moments [117,[118]. This method was earlier used in the context of the electroweak
contribution to a, [60]. The first order term in this expansion corresponds to the massless quark
loop [1], the next order is suppressed by quark masses and the small value of the magnetic
susceptibility [1,137]. For the non-perturbative part of this OPE the contribution suppressed
by up to four powers of large momenta compared to the leading term have been evaluated in
Ref. [37]. There are a number of subtleties involved and large number of expectation values in

a magnetic field needed to be evaluated. The conclusion from [1,37] is that the contribution
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Figure 4.11: The HLbL contribution to the (g — 2),.

from these higher orders in the non-perturbative part are small. The remaining uncertainty from
this regime is the perturbative correction from gluon exchange to the massless quark loop. This
paper performs that calculation. The putting together of this work with the other short-distance

constraint [2| and the parts calculated using hadronic methods is deferred to future work.

In Sec. we recall the main definitions needed for the calculation of the HLbL part of
a,. We define here a set of intermediate quantities, the II; that are both ultraviolet and infrared

finite. From these we then determine the quantities I1; that are needed to calculate ay. The main

procedure of the calculation is described in Sec.[4.2.3] Sec. [4.2.4] gives the numerical results and

discusses implications. We reiterate our main results in Sec. [£.:2.5] A number of technical issues
are relegated to the the appendices. The final result is too large to include in the manuscript

but is included as supplementary material [151].

4.2.2 The HLbL tensor and abeL

The HLbL tensor TT#1H#2H3H4 ig g 4-point correlation function of electromagnetic currents J*(x) =
q(z) Qgy*"q(x), where the quark fields are collected in ¢ = (u,d, s) and the corresponding charge
matrix is @, = diag(e,) = diag(2/3,—1/3,—1/3). The correlator in question is defined via

4

4 .
<H / d4a:7;e_““xi) o [ TL7# ) | 10). (4.290)

j=1

4
[IH1H2p30s —i/ d’qs
(2m)*

where the g; are the momenta of the external photon legs. This definition is slightly unconven-
tional but allows to exploit more of the symmetries, as remarked in Ref. [37]. The contribution
from the HLbL tensor to the (g —2), is depicted in Fig. . It involves a loop integration over
q1, g2 and g3, whereas the fourth leg is in the static limit, i.e. ¢4 — 0.

The HLbL tensor satisfies the Ward identities g;, ,,, II#1#2#304 = O for + = 1,2,3,4, which
implies [119]

OTIH1H2k3va
TIH1H283 04 — —Q (4291)
aq47 Ha
The whole information about the HLbL is then contained in its derivative. In fact, in the (g—2),
kinematics,
OTIH1H2H3V4
lim (4.292)

u—0  Og¢y*

there are only 19 independent Lorentz structures, which can be found by applying 19 independent
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. e : .
projectors Pt ..., this according to
. - OTTH1 213V
_ pll; :
I = Pl lim S (4.293)

q4—0 8qf;4
A possible set of projectors is

1T

i papspavs = Jpaps Guzva Qg (4.294)
E%MMM = Guops Gurva 92,4 » (4.295)
E‘mew = Gusp1 Guova T3,ps » (4.296)
P sspavs = Guos G D2 (4.297)
E‘waw = Gusps Gprva T3ps » (4.298)
E%M?,MM = Gpapis Gpava Qs (4.299)
PELMMM = Gurva Juops oz » (4.300)
Pl ispiavs = Gusvn Gpspa 051 (4.301)
Pﬂimmm = Yusva Guipa q1pz (4.302)
Pﬂlﬁwmm = Guapz Wiz Qs 92,04 5 (4.303)
P;Elﬁgung = Guaps 92,11 92,04 93,14 5 (4.304)
Pz s = G Dopn s D (4.305)
E%MMM = Guivs N, p1292, 13 93,104 5 (4.306)
P = s By T Do (4.307)
Pl s = Guavs G Dioges D (4.308)
PEI&MMM = Guova 92,01 91,3 93,104 > (4.309)
Eﬁmum = Gusva 43,292, Qs » (4.310)
P s = s Qs Tpes Do (4.311)
P,El,i’wwm = 3,0 Qs 92,15 01,0a 2,04 » (4.312)

which has been built in such a way that, combined with the crossing symmetries of the HLbL

tensor, the II satisfy the following crossing symmetries

IT; = Cyo[ly], Iy = Cy2[Ig), I = ChaII5), Iy = Cha[TIy], Mg = Ci2[M], 1o = Ci2[My0),
ITy; = Cio[M2), iz = Cio[ye), M1y = Cro[Mis], M5 = Cio[M7], M1 = Cra[Tlyg),

1Ty = Cy3[II5], I, = Cy3[Ily], I3 = Cy3(Ilg), Iy = Ci3[MIs], Ty = Ci3[My], 1o = Ci3[M4],
Iy = Cy3[Il1e], i3 = Ci3[Ili7], iy = Ci3[Ilig), 15 = Cis[Ilis], g = Cis[Ilig].  (4.313)

The operator Cj; interchanges two momenta ¢; and ¢;. Notice how, from the knowledge of five

of them, for example Il 710,13,19, one can easily infer the rest from these crossing symmetries.
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These 1:[1 are well-defined and are both ultraviolet and infrared finite to the order in o we are
working. For our calculation we use two different sets of II;, related by gauge invariance, which

thus provides a cross-check of our results.

An OPE is only valid for large Euclidean momenta [91]. As a consequence, it cannot be
directly applied to the tensor in (4.290|) for the (¢ — 2), kinematics, since by definition the
external photon is soft, ¢4 — 0, even though the other Euclidean momenta are large, —qu =
Q7 > A?QCD [1,37]. However, precisely the same fact allows one to connect the tensor in (4.290)
to the OPE of the tensor operator with the background photon field

H1p2 3 — 1 d4q > —1q;T; ’ i
e o) == [ G5 (1:]1 [ e )<0\T [T -

The OPE in question holds for large photon virtualities Q? ~ Q3 ~ Q% > A(QQCD. In this

expansion, any local operator with the same quantum numbers as F),,, including F,, itself,

can absorb the remaining soft static photon and, as a consequence, give a contribution [1}37,

AQCD>d
Qi

providing a hierarchy of contributions with a systematic counting. A very detailed study of this

)

60]. Higher-dimensional operators are suppressed by extra powers ofeq:derq4bttTL (

OPE can be found in Ref. [37], where the different power corrections were computed and found to

be small compared to the leading contribution!”. The leading term comes from the F,., operator
0

s, and the leading mass effects are very

itself and is given by the massless quark loop at order «
small. In fact, this quark loop corresponds to the zero momentum limit of the derivative of the

naive massless perturbative QCD tensor of (4.290)), i.e.

anﬂl H2p13V4

. pert

In this work, we compute the leading o, correction to the direct F},,, contribution in the OPE
of (4.314). This corresponds to a two-loop massless QCD calculation with three external legs
off-shell.

Before discussing the gluonic correction to the quark loop in the next section, we first write

down the quark loop result for the II; basis. As will be remarked upon below, this basis was not

7Obviously, the results of this expansion cannot be applied to the whole integral domain of (4.323)), but it can
be used, apart from matching resonance models, for directly evaluating the significant contributions coming from
the regions were the OPE is valid.
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used in Ref. |37]. The whole solution for the quark loop can be simply written as

21
Tor = Ci(0) (@3 - Q1) — 1+ Q" Q3+ 23057 - Q1 Q" — 207 Q5
¢~q
—I—lo@ 1-0202_020:2
gQé( QQQs Q1Q3)
+10 % _§ } -2 N2 2 N2 } 2 12 2 N2 4.316
gQ% 2+2Q2 Q5+ Q3 Q5 +2Q1Q2 +Q7Q57 ) . (4.316)
201
Nt =~ Om(0 (@ -0
+1oQ—%—1—2*2 1057 1@—1 5037 — Q7 Q57 4.317
gQ§( Q5 Q3 +Q1Q3)+OgQ§( +0Q5Q; Q1 Q5 ), (4.317)
21 1 1 1
@VC%B = C123(0) (2 Q35 QR3-SR+ Q7 Q%)
BB+ B+ B3 -0l
2/ 3 1 1 1
+10gg§ <—4Q:22,—2@%‘1'4@%@32‘1‘@%—4@411@32)
(3 1 1 1
+1ogg§ (—4Q§+Q%—4Q3Q52—2@%+4Q%Q52), (4.318)
1 1 1 1
7;\[661;’20123(0) (2Q§—2Q3—Q%Q§+2Q%Q§)

I o4 1 o 1 o 1 o5 9 o 1 o 1 4 9
+1Q2 Q3—§Q3+ZQ2—§Q1Q2 Q3—§Q1+1Q1Q2

Q3 ( 1,5 7 o 3 ,
—HogQ—% _1Q3_1Q2+1Q1
e D (o2 ozi tororore Loz Loto-? .
+log =L (—Q3+Q3+-Q1Q5°Q5+-QF — - Q1057 , (4.319)
Qg 4 4 4
Nl = C1a(0)( — 7 Q5+ 7 Q3QI+ 7 QIR - 1 Q8+ Qi - S QT QIR+ ; Qh

1 1 1
+701Q+ 0l - ;@)

1 1 1
+5@ - QB+ -1 - QI+ 5

2
rlos 2 (501+5Q30i-03-Qi Q3+ Q103+ ;01
QF (1 4 SYECIE WAVINES SR S S
—|—logQ—§ <2Q3—Q2Q3+2Q2+2Q1Q3+2Q1Q2—Q1>' (4.320)

Here N, is the number of colours and Cj23(0) is a loop integral function that is defined in
App.

For the (g — 2), integration, it is convenient using the generic results of Refs. [27,37,(77].
Following them, the HLbL tensor can be expanded in a basis of 54 scalar functions II; weighted

with Lorentz structures T #2H3#4

54
TIFkasss — 7 kAT (4.321)
1
=1
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Using
54
OTIH1K#213V4 HTHrH213V
qa—0 8qZ4 q4—0 P anzx { ( )

the 19 II; defined in (4.293)) can be identified with the static ¢4 — 0 limit of certain linear
combinations of the II;. Denoting these linear combinations fI, it can further be shown that for

HLbL HLbL
ay,

only six IL; contribute, namely 12[174,7717739754.18 In particular, the a,, may be written |27,
77)

12
QL _ 3#2/ ClQl/ sz/ dr /1 - 2 Q3Q3 z;Ti(Ql,Qz,T)Hi(Ql,QQ,T). (4.323)

The integration variable 7 is defined via Qg = Q?+Q3+27 Q1Q2, the T;(Q1, Q2, 7) are functions
and the TI; are functions of the six IT;. The latter set of functions is related to the II; through

M, =11, Ty = Cy3 [ﬁl} , T3 =TIy, Ty = Cag {fh} ;
M5 = II7, T = Ch2 [013 [ﬂ7” , 7 = Cog {ﬂ7} ;
Iy = Cy3 [ﬂn} , Ty = Ty, Tl = Il30,

M = —Co3 [ﬁ54} , My =15y (4.324)

In summary, knowledge of f[174,7717739754 is enough to determine aELbL from (4.323). The liIZ
can be obtained from the derivative of the HLbL tensor in the static limit with the projectors
given in Ref. [37]. There we defined

OIIH1H213V4

T = Py posssara 2 g (4.325)

with the projectors Py 1 s i given in App. A of [37]. Using the definitions of the in 1)
the relation between the II and the II follows immediately. We have checked that this procedure
reproduces the massless quark loop results as given in Ref. [37]. The II; representation of the
massless quark loop was given in (4.316))—(4.320f), and it can be noted that it is much simpler

than the expressions for the II; in Ref. [37].

4.2.3 The two-loop perturbative correction

In this section we present the calculation of the two-loop contribution. For the analytic cal-
culation we use FORM [141]. The master integral reduction is done by means of Kira [144],
which employs a Laporta algorithm to reach a minimal set of master integrals. Explicit analytic

expressions of the master integrals can be found in the literature.

The gluonic corrections to the quark loop are obtained by including two quark-gluon vertices

8Using the set of projectors defined in Ref. [37], the identification of these II; as combinations of the II; is
straightforward.
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A A

Figure 4.12: Two examples of the two-loop perturbative topologies. The external static photon
has been indicated by a crossed vertex.

from the Dyson series expansion in (4.290)), i.e.

4
[IH 1 H2ksma — / d”gs <H/d4xz Zqzl“z>

4
« (0|T HJ“J'(J:]-)% / 02y d 2 iL95 () i£959 (25) | [0). (4.326)
j=1

Denoting colour indices with bars, the interaction Lagrangians above are of the form
a;

%i0i pa; 7, vi 0
L3 (=) = 95— BLi () 0 (207" 0" (1), (4.327)

where By is the gluon field, gg is the strong coupling and A% is an SU(3). Gell-Mann matrix.
The only nonzero topology at this order is obtained by connecting all the quarks to the same
line. Two examples of the diagrams in question are shown in Fig. [£.12] As a consequence of the
topology, both the quark electric charge e;l and the colour factor, Tr(AA?)d,, = 2(N2 — 1), can
be factored out, allowing to re-express the total contribution as a sum of all possible hexagons

where two of the external lines are to be contracted to form the second loop, i.e.,

2 2.4 4
[T Hmsta — (Ve 1)956(1 / d*q5 Guspe lim M H2msafs e (4.328)
4 (2m)* ¢ as——as ’

where

d*p
HFH2HsHa s G — / @t oI <7“3S(p T+ g2t qa+gs+a6)7"S(P+ g2+ qa + g5 + o)
0(1,2,4,5,6)

X Y2 S(p+ g1+ a5 + g6)v**S(p+ a5 + ¢6)V** S (p + qa)'y“GS(p)) - (4.329)

Here, S(p) = 2% is the massless quark propagator and o(1,2,4,5,6) the set of pairwise permu-

tations of u; and ¢; for ¢ =1, 2, 3, 5, 6. The corresponding II; for the two loops are

~ OTIH1H213V4
II; = PH lim ———
H1p2 3 a4 4a—0 8(]54
2 _ 2.4 4
= _(Nc 1)95611 d*qs Gpspe lim PH 0 I H1H2p3 1 5 e (4 330)
4 (271')4 qg ga—0 “1#2H3u4l/48 1/4 . .

q6——qs5
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i1y i M (iy, ..., i7)

1,1,0,1,1,0,0 B?
1,0,1,1,0,1,0 B2
0,1,1,0,1,1,0 B?

1,0,1,1,1,0,0 BB,
0,1,1,1,1,0,0 B1 B
0,1,1,1,0,1,0 B,y B3
1,1,1,1,1,0,0  B1Ciss
1,1,1,1,0,1,0  BoChos
1,1,1,0,1,1,0  BsChos

0,1,0,1,0,0,1 Sy
0,0,1,1,0,0,1 S,
0,0,1,0,1,0,1 S
0,0,1,1,1,0,1 Vias
0,0,1,1,1,0,2 Vias
1,0,1,0,1,0,1 Va13
1,0,1,0,1,0,2 V13
0,1,1,1,0,0,1 Va1z
0,1,1,1,0,0,2 Vaio

0,1,1,1,0,1,1 Wia3
0,1,1,1,1,0,1 Wo13
1,0,1,1,1,0,1 Wa12
1,1,1,1,1,1,0 C%

Table 4.2: List of master integrals M (i1, ...,47) needed for the massless fully off-shell triangle at

two-loop order. The last one is not needed at this order.

After taking the derivative, using

d
WS(er q1) = =S+ @)V, S(p + qa) (4.331)
4

the limit ¢4 — 0 and the projectors, we have for every II; a large set of scalar two-loop integrals

depending on two external momenta, g;, and g9, which can be parametrized as

. . 1 [ d'py [ dop
M(i1,...yiy) = 12/ ) / )
1

P2 (p1 — )22 (p1 4 g2)23p5™ (p2 — q1)25 (p2 4 g2)%6 (p1 — p2)2i7 |

(4.332)

Using KIRA [144] they can be reduced to the ones in Table whose corresponding topologies
are represented in Fig. This reduction is done in d = 4 — 2¢ # 4 dimensions.

This is a good point to discuss how we handle renomalization and regularization. Both
ultraviolet and infrared divergences are regulated using dimensional regularization. We work
to the lowest order in o and to first order in ag in the massless quark limit. There are no

counterterms needed to this order and infrared divergences must vanish since the three photon



108 CHAPTER 4. OPERATOR PRODUCT EXPANSION FOR HLBL

1
q—><>—>q Q1_>A<_QB q—>@—>q
qu 01231 q-
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@ — g @ — “ g qlﬁA%qz
Viia: Vsio: Wiia:

Figure 4.13: Master integrals appearing in the two-loop calculation. The dot on the propagator
in Va9 corresponds to a doubling of that propagator.

amplitude vanishes because of charge-conjugation. However, individual diagrams and master
integral can be infrared and ultraviolet divergent. The quantities I1; are finite and the cancellation

of all divergences, up to 1/€> provides another good check on our calculations.

Strong efforts have been made to successfully obtain compact analytical expressions for all
those two-loop integrals. All of the appearing master integrals can be found in terms of classical
polylogarithms in Refs. [152,/153] up to the order that we need. They are collected together with
their corresponding € expansions in App. Using these we find, as expected, that all the

intermediate divergences exactly cancel, leading to a result of the following form

-t r 2 2 r 2 2 r 2 2 r
I, = fo0 . Fin(2)Q1 Q5 Q3 + whd Wi (0)QPQ37Q3" + ¢ Cijk (0)Q17 Q5 Q3

P QP QRQY log Q;+np(” PQRQY O (0) log %
3

Q2 2p 29 H2r QQ
Q Im,ijk2@7" Q51 Q3" Cijr(0) log =5 Q2
3 3
The remaining loop functions, Cj;x(0), Wi;x(0), Fijx(2) can also be found in App. 4.2.Al The ex-
plicit numerical coefficients can be found in the file pitildes.txt of the supplementary material.
In Table We give numerical results for them in a benchmark point, (Q%, @3, Q3) = (1,1.3,1.7)

GeV?, giving also the analogous quark loop ones for comparison. The loop corrections are found

+ I QT Q57Q3 Ciyi(0) log =7 (4.333)

of the order of ~ —2= i.e. they are found to be small as far as a is not large. The scale at which
s should be set is similar to the scale Q2 at which the II are evaluated. Otherwise, large loga-
rithms In & appearing at higher orders would break the perturbative series. As a consequence,

the series are found to be reliable as far as we do not go below ~ 1 GeV.

Taking the linear combinations of the II; which lead to the I1, one finds analogous expressions
for them, but with explicit negative powers of Killén functions A = (Q? + Q3 — Q%)? — 4Q?Q3.
They introduce singularities which are, however, spurious. When expanding around them, they
cancel against the zeros of the polylogarithms, as explicitly checked in different kinematic limits.
Details on these expansions can be found in App. Numerical values for the II; in the same
benchmark point and comparison with the corresponding quark loop are given in Table[£.4] The
analytical expressions are too long to be included here and are given in the file resultsgluon.txt

of the supplementary material. The equivalent results for the massless quark loop are in the file
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11, 117 I I3 Iy
Quark loop —0.0816 0.123 0.0363 0.0274 0.0263
Gluon corrections (X7/as) 0.0781 | —0.136 | —0.0376 | —0.0398 | —0.0411

Table 4.3: Values for the quark loop and gluonic correction contributions to the II in GeV units
for a benchmark tuple (Q%, Q3,Q3) = (1,1.3,1.7) GeV2 Sum over the three flavours has been
made. The last line is in units of a/7.

1, 1, 11 17 M9 M54
Quark loop —0.0210 | —0.0119 | —0.00384 0.00386 0.0119 0.000422
Gluon corrections (X7 /) 0.0178 | 0.00560 | 0.00302 | —0.00750 | —0.0103 | —0.000427

Table 4.4: Values for the quark loop and gluonic correction contributions to the II in GeV units
for a benchmark tuple (Q%,Q3,Q3) = (1,1.3,1.7) GeV2 Sum over the three flavours has been
made. The last line is in units of a/7.

resultsquark.txt. We have, however, included analytical expressions for both the quark loop
and gluonic correction at the symmetric point Q1 = Q2 = Q3 in App. [4.2.B]

A possible check on our result is taking the limit where one of the virtualities is much smaller
than the other two, i.e. the limit of Ref. |2], where it is argued that the leading term should
have no corrections. The consequences of this limit for the II; has been analyzed in Ref. [30],
where it is shown that only for I1; there is an unambiguous prediction. Taking into account the
corrections to the OPE of two-photon currents to the axial current, i.e. the axial current gets
an extra factor of 1 — aig/m [40,|154-156], we see that our result indeed satisfies the arguments
of Ref. [2].

4.2.4 Results for the (¢ —2), and phenomenological implications

Now that we have the needed gluonic corrections to the f[z-, we can introduce them into
to calculate their corresponding contributions to alIbeL. Obviously, the identification of the IT;
with the ones obtained using the OPE only makes sense when such an expansion is valid, i.e.,
above some cut for the Euclidean momenta, Q123 > Qmin. We restrict ourselves to those inte-
gration regions, keeping in mind that the (dominant) contributions from the remaining regions,

necessarily computed with non-perturbative methods, must be added to the ones computed here.

The numerical integration has been done with the VEGAS implementation in the CUBA
library, as well as our own implementation of two deterministic algorithms. We have checked that
the results agree. The general expressions for the quark loop and the gluonic corrections have
large negative powers of A and become numerically unstable whenever X is small. We therefore
use, as in our previous work for the quark loop [37], expansions whenever that happens. There
are six different expansions that need to be done. This is explained in more detail in App. [4.2.B]
We have checked that the numerical results are not sensitive to changing the boundaries where

we use the different expansions.

We perform the integrals of the 12 II; contributions at different Quin, both for the leading OPE
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Quark loop | Gluon corrections (%= units)
I, 0.0084 —0.0077
Iy 13.28 —12.30
I3 0.78 —0.87
I, —2.25 0.62
II5 0.00 0.20
IIs 2.34 —1.43
II; —0.097 0.056
Ilg 0.035 0.41
Iy 0.623 —0.87
o 1.72 —1.61
Iy 0.696 —1.04
I 0.165 —0.16
Total 17.3 —17.0

Table 4.5: Leading contributions to the (g — 2), integration from Qmin = 1 GeV in 10~ units.

contribution, the quark loop, and the gluonic corrections. They are displayed for Quin = 1 GeV
in Table L5

Consistently with the size of the gluonic corrections found for the II; in the previous section,

we find that they are negative and of order =

Given the power fall-off of the contributions
of the IT with respect to the studied energies, the quantitative contribution above some energy
cut Qmin is saturated by the regions nearby such a cut. As a consequence, a natural scale to
effectively avoid large logarithms in the corresponding perturbative series is p ~ Qmin, however
the exact choice of it is ambiguous. In order to estimate perturbative uncertainties we will vary
the scale dependence, a consequence of cutting the series at two-loops or at the first g correction,
in the interval p? € (3,2)Q2,.
as(p). Taking aivf:5(MZ) from Ref. [94], we run it at five loops to aévf:?’(mT).lg As a further

conservative estimates of perturbative uncertainty, we add quadratically the difference obtained

At the studied order, the whole scale dependence comes from

by taking the one obtained running from ozévf =3 (m;) to aévf :3(Qmin) with the five loop running
(which we take as our central result) with the one obtained keeping aivf =% with a fixed scale,
= m,, which at the order we are working with is also a legitimate choice. Finally we also add

quadratically the subleading uncertainty coming from ozévf :5(M 7)-

The result, where we show the quark loop, the gluonic corrections and the obtained uncer-
tainties is shown in Figure While in general we consider our uncertainty estimates reliable,
we notice that they may be slightly over-conservative in the region just below 1 GeV and over-
optimistic just above it. This is a consequence of the sharp break down of the «s running at
@~ 0.7GeV which makes our uncertainty strongly dependent on the exact scale interval cho-
sen to estimate them. In essence, we find that the correction is small and negative and that
the series are well-behaved, having a gluonic correction of around —10% above the perturbative

breakdown.

19We implement the running, in the conventional MS scheme, using RUNDEC [157].
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Figure 4.14: Numerical results for the hadronic HLbL (g — 2), in the Q; > Qmin region, using
the LO (massless quark loop) and NLO (gluonic corrections) contributions of its corresponding
OPE. Uncertainties, apart from the one coming from the as(Myy) input, represented by shaded
areas have being estimated attending to ambiguities when setting the a input (exact choice of

scale and order of running for the 8 function) as a consequence of not including higher-orders.

4.2.5 Conclusions

One of the main sources of uncertainties entering in (g —2), comes from the contributions of the
short-distance regions of the HLbL tensor contributions. In this work, which can be regarded as a
continuation of Refs. [1] and [37], we have culminated our task of giving a precise and systematic

description of the contributions for three large loop momenta.

For years, it was assumed that some form of the quark loop, maybe with constituent quark
masses, should be the leading order of some systematic expansion of the HLbL contribution
tensor to the (g — 2), for large loop momenta. However, it was shown in Ref. |I| how applying
an OPE directly to the HLbL tensor, where the massless quark loop is indeed the leading order,
does not make sense for the (g —2), kinematics. The correct expansion in this kinematic region
was presented in that reference, where the massless quark loop was shown to be the leading order

and the leading non-perturbative quark mass-suppressed correction was computed.

A very comprehensive analysis to study the role of both the quark mass-suppressed and not
suppressed non-perturbative corrections to the expansion was made in Ref. [37], where many
formal aspects and subtleties of the expansion were developed and presented in full detail, show-
ing that it is well founded. The obtained results showed how above 1 GeV the non-perturbative
corrections, even when functionally more important than in other expansions, are still typically
below 1%.

In view of that, the most important corrections to the leading massless quark loop, and the
one that ultimately allows to understand from where the expansion is valid, is the pure gluonic

correction, which has been the subject of this work.
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While in principle a multi-scale four-loop integral could be regarded as a formidable task, it
has become feasible through combining existing tools developed for generic contributions of the
HLbL tensor to the (g — 2),, methods on finding compact expressions developed in Ref. [37],
optimized software on reduction to master integrals, analytic reduction of those remaining master

integrals and numerical integration routines.

Our final result brings good news. The size of the gluonic corrections are found small, typically
of size —10% above the perturbative breakdown scale, and, as a consequence, the expansion is

able to give a precise description of the (g — 2),, contributions above it.

Taking all of this into account, we suggest as a legitimate method to compute the HLbL
contribution to (g — 2), to use the results of this expansion from some point between Qmin = 1
GeV and Qpnin = 2 GeV, which should give a more precise prediction than resonance models, and

possible discontinuities in the matching should be incorporated as systematic model uncertainty.

Acknowledgments

We thank Martin Hoferichter for discussions. N. H.-T. and L.L. are funded by the Albert
Einstein Center for Fundamental Physics at Universitdt Bern and the Swiss National Science
Foundation, respectively. J. B. is supported in part by the Swedish Research Council grants
contract numbers 2016-05996 and 2019-03779. A. R-.S- is partially supported by the Agence
Nationale de la Recherche (ANR) under grant ANR-19- CE31-0012 (project MORA).

4.2.A Master integrals

The aim of this appendix is to list the expressions of the master integrals needed in Sec. f.2.3]
(see also Fig. [4.13). They can be found in Refs. [152}153}/158] 2°. All n-loop master integrals
contain the overall factor S%, where

(4m)°T(1 4 e)I2(1 —¢)

S =800 = Tgr T2 (4.334)

The functions C193 and W31 are finite in the limit d — 4. Their e-expansions can be written as

follows
s = / d L

2= ) — a2+ )2

=SpCi23(0) + SpCia3(1)e + 0123(2)62 + 0(63) , (4.335)
W- /d d 1

312 = p1rap:

- 22001+ 02203 (p2 — 41)2(p1 — p2)?
= SpW312(0) + SHWs12(1)e + Wara(2)e® + O(€?), (4.336)

20The formulas given in this appendix and those in Ref. [153] differ in a sign: an overall minus sign has been
missed in (4.18) of Ref. [153]. This in turns leads to a minus instead of the plus sign in the second line of (4.24),
which corresponds to our . We checked that our sign agrees with the corresponding formulas in Ref. [158],
which is also cited in Ref. [153].
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where g1 + ¢2 + ¢3 = 0 and d = 4 — 2¢. The integrations are defined as

/ dp = % / (;li]; - (4.337)

The remaining integrals appearing in the calculation contain some singularities which cancel out

in the final amplitude. The e-expansions of the integral B, and S, read

o 1
ba= /dppz(p —q)?
S£ +Sp [2 log(—qz)] +Sp [4 - 210g(—q2) + ;logz(—q2)} e+ O(?), (4.338)

and

1
S, E/dmdpz
! (p1 — @)*p3(m —p2)2
e 13
— D4 + 53 —5¢ t3 108;( )¢’
115 , 13 1
+ 53 [ —= "+ log(—a*) @’ - 210g2(—q2)q2] e+ 0(e). (4.339)

The integrals Vj93 and Vlgg can be expressed as functions of the finite integrals Cio3 and Wsio.

Their e-expansions can be written as

. 1
Yo = /dpldmp%(pl —q1)%(p1 + @)%} (p1 — p2)?
= 55720 1 53 [ SC1a0) (og(~a?) +lox(~43)) - Cisl)
2
— S— [C123(0) (log?(—¢7) +log*(—g3)) — 2C123(1) (log(—q7) + log(—q3))
+4(C123(2) + W312(0))] € + O () , (4.340)

and

1
(p1 — q1)%(p1 + q2)%p3(p1 — p2)?

V3o = /dpldpz

2
=D +5h [5 —log(—¢ )] 4 57 [C123(0)(—¢F — 65 + 3)
+log( ) (log( ) log( )) + log(—q%) log(—qg) + logQ(—qg) — 1010g(—q32,) + 19}

1
+ 5% [ (F312(2) + 65) + 50123(1)(—(ﬁ — ¢ +43)

=

5 1
§(q% +¢3—q3) + 1 log(—qi)(qi + @ — a3) +

+log(—¢?) (log(—qg) <log(—Q§) — 2) —log®(—q3) +

+ C123(0) (— log(—¢3) (af + a5 — q§)>
5log

q%>>

5 log 1 )
+log(—q3) (g) — 10g2(—qg)) +3 log®(—q3) + 510g2(—q§) — 1910g(—q§)] €

+0(e), (4.341)

[\)A
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where C123(7) and W3j9(7) are the coefficients of the e-expansion of their corresponding Master
integral (c.f. and (4.336)). Not all these coefficients survive in the gluonic corrections
we are computing in section : Ch23(1), Ci23(2), W312(1) and W312(2) cancel in the final
expression. The coefficients C123(0) and W312(0) that contribute, as well as the function F312(2)

which appears in the expansion of V319, are given below

C125(0) = 2q3—27;2_(23 , (4.342)
oPa(1 =27t
Wi12(0) = 6q; 24(2 — ) (4.343)
and finally
1 1
F319(2) = —6P3(2) — 6P3(1 — z) + 3 log(u) log?(v) + 5 log?(u) log(v) + 63, (4.344)
B is of
where u = %%, v = % and z is given by
q3 q3
1 -
z== <1+u—v+i\/—)\) ,
2
A=(1+u—v)*—4u. (4.345)

The P;(z) are real (purely imaginary) functions over the complex plane when i is odd (real).

They can be expressed using polylogarithms:
Py(2) = Lis(2) — Lis(2) + log |2| (log(1 — 2) — log(1 — ))

P3(2) = Lis(z) + Lig() — log |2|(Lia(2) + Liz(2)) — %logQ 12 (log(1 — 2) + log(1 — %))

. o . o 1 . o
Pa(z) = Lis(z) — Lia(2) — log |z|(Lis(z) — Liz(2)) + 3 log? |z|(Lia(2) — Lia(2)) (4.346)
The polylogarithms can be defined recursively
Zdt
Lin(z) = / 7Lin_1(t) , and Lij(z) = —log(1l — 2). (4.347)
0

The P; satisfy a number of relations

Pa(z) = —Pa(1/2),

Ps(z) = Ps(1/2),

Pa(z) = —Pa(1/z),

Pa(z) = Pa(l —1/2) = =Pa(l — 2) = P2(1/(1 — 2)) = —Pa(2/(2 — 1)),

P3(z) + Ps(l —2) +P3(l —1/z) = Ps(1) = 2((3) (4.348)

which can be used to show that the master integrals have the required symmetries under inter-

change of momenta.

4.2.B Analytical formulae

In this section we present analytical formulae for the scalar functions entering into the calculation
of aELbL. We in particular discuss the momentum expansions of the master integrals needed
to make spurious singularities cancel numerically. As an explicit example, we also give the
expressions for the II at the symmetric point Q1 = @2 = @3 for the quark loop and gluonic

correction in App. [£.2.B:2]
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Figure 4.15: Different regions to consider in order to deal with the singularities of the IT when
A — 0. The regions are shown for Q1 + Q2 + Q3 = A.

4.2.B.1 Expansions

In the numerical evaluation of aELbL there are certain limits of the kinematics requiring particular
care. The integration domain can be divided into several regions as in Fig. We there see
the so-called side, corner and inside regions together with their boundaries. Also the cut-off p
has been indicated. Unless the side and corner regions are properly taken care of, the numerical
integration will diverge as one obtains zeros in denominators that numerically do not cancel the

zeros in numerators. Below we discuss the two types of problematic regions.

The precise definition of the regions is: Q; > pt = Qmin. The corners are defined by Q;/(Q1 +
Q2+ Q3) < € for i = 1,2,3. The sides are the part of the remaining region that satisfy
(2Qi/(Q1 + Q2+ Q3) — 1 < € for i = 1,2,3. The inside is the remaining allowed region.

Side regions The side regions are defined as the kinematical limit where one @); is close to

Q; + Qk, or, in other words when

Side Region S : Q2 = (Q; + Qu)> - 6=Q, — 4, (4.349)
where 0 is a small parameter. The inverse powers of the Kéllén function in the 11 diverge
in the side regions. These apparent singularities do, however, cancel when all the kinematical
factors, the master integrals Ci23(0), W312(0), Wa13(0), Wi23(0), F312(2), F513(2) and F123(2)
as well as the Kéllén function itself are expanded in §. For a finite result we have to expand
the master integrals up to order §°. The analytical forms of these expansions are very long

and we here therefore only give the first two orders for one case, S3. In the supplementary file
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sideexpansions.txt, however, we provide the full expansions needed for all S;. In region S,3

we have

1 Q3 1 Q3

C 0) =——1 — — 1] —=

12(0) =5 7, 1o (Q?,,) TG, 8 (@3)
Q) Q%) Qs (Q%) 1 1 (Q%)
—log | = | + ——log | = | + — + —log [ =
6Q3Q; <Q§ 6Q2Q; \Qs) 3@.Q5 2005 \Q
+ 173—1- ! 3 log <Q2>
3Q1Qs 201Qy  \ Qs

+9

+ 0%, (4.350)

Q3 Q? Q Qs
lg2(2> flg < >log< 2)—1—67’ < )
) P\ 2 \@ ) L
_ @2 e (%) Qizl og <Q2>1 og <Q2> - Qig log” <Qz>
010: Q:) Q. \Q Q:) Q@ Q:
1 Q3 3 Q3
— 1 lo —_—
oo, <Q >+Q1Q3 g<Q§>

Q 2 1 Q3 3 Q3
“L)1 log? | =L | — log | =L
Q§> °g(@ )*@1@3 % <Q> QuQ2 ® (M

3
"0 g7 (3)

lo

() () (0) el
12622@3 Q 6@2623 o) \@) vaq "t \@
@y, 1 (e
2@2622@3 < ) 12621@2@3 (Q3>+2Q%Q2Q3 8 <Q§>
log L 2 (@) L, Q2
6@2622@3 Q3 " RQ0:0, Q2) 233 "\ @?

1
2Q2Q2 ( Q1>

W NN

+

+0(6?), (4.352)
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117
_ 5 [ Q3 3 Q3 o [ Q3 1., (QF Q3
F53(2) = —6¢3 — log <Q§> + ilog <Q§> log (Qg — ilog @—g log @—g
+ 6P3 (1 + Q2> +4|3 QiQ log <Q§> + 3Q32 log? <Q§>
Q1 1Q3 Q3 2Q:1Q; Q3
3@ log (Q%> e log (Q%> log <Q%> + Q2 log? <Q%>
@QQs  \Q;) 20:Q; \Qj Q;) @@ \0;
3 Q2 3 Q2 5 Q2 2
—— = log? | X2 —log [ 2L —log [ 2L |1 2
20:Q; (Q) "o, " (Q) "0, (cz) " (Q)
1 Q?
———log? | = 0(5?), 4.353
010, og <Q§> + O(6%) ( )
W213(0) = — QgQ Ps <1 + gj)
1’3
Q> Q%) Qs (Q%) Q> (Q%) ( %)
I ~—log | = | + —log | = | + ~—log | = | log | =
2Q3Q; <Q§ 202Q;  \Q3) 4Q7Q; \Q Q;
Q. (Q%) Qs < Q2> (Q%)
gy \@2) @@ T\ @) ik \@
1 Q%) (Q%) ) <Q%> 3 < Q2>
1Q2Q; <Q§ Q) e T \@) @\ @
QQ
- —log? | 2L 0(6%), 4.354
6Q2Q2Q5 o8 (Qg) o) ( )
1 Q%) ) (Q%) 3. (Q%) (Q%> 5 ( %)
Fi93(2) = — 6¢3 — = log ( log“ | = | +=log”| = |log| = | —log’ [ =
- P2\ ) 2 \qQ a Q
+ 6P3 (1 + Ql) +0| — 3%2 log (Q§> + QLQ log? (%)
Q2 Q205 Qi) Q203 Qs
+ 3%2 log (Qi) - 5Qi2 log (%) log <Q§> + 3Qi2 log® (Qi)
Q203 Q3 2Q2Q; Qs Qs 2Q20)5 Q3
3 Q3 1 2 [ Q3 o Q3 5
> 1 S, _log | 2L |1
* Q203 o8 (Q§> Q203 o8 (Q§> " 2Q2Q3 % (Q?», > Qs
_ 3 log? i +0(8?), (4.355)
2Q2Q3 Q;
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3

@ log (Q%) — @ log2 <Q%> — @1 log <Q%>

2305 \Q;/) 4Q2Q; Q) 2020; \Q;
O Q%) (Q%) Q ( Ql) | (Q%)

+ —glog| 5 |log| 5 |+ —=Ps |1+~ | —=log| =

1030, <Q§ ) @l "\ @) i) T\@

5 Q2 1 Q? Q2 3 Q1

+ — log2 <2> — — log <1> log (2) — —P (1 + )

12200 \@2) 1:@2 \@ ) et U@

1 Q3
—— P i 4.356
60230 (cﬁ)] 1350

To obtain these one has to expand the relevant P; functions around a general z. Note that one
obtains e.g. P3(1 + Q2/Q1), which, from the definition of the function in (4.346|) gives rise to
log (—Q2/Q1). This lies on the branch-cut of the (poly-)logarithm. However, the P; are well-

behaved, single-valued functions without branch-cuts and one can safely neglect these issues.

+0

When the II are expanded, the negative powers of § cancel. The expressions are not displayed
here due to their length, but they can be found in the supplementary file resultsgluon.txt.

Equivalent expressions are provided for the quark loop in resultsquark.txt.

Corner regions In the corner regions the situation is different. There one has two small

parameters instead of one

Corner Region C;: @Q; < Qj,Qr and 6 = Q; — Qr < Q; = Qj + Q. (4.357)

21

Below, we list the expansions in the region C3 “*. The expansions of the master integrals are

given by

Ci23(0) = —52 + % log <2 g3> +Q3 +0(Q3,0%,6Q3) , (4.358)

3 @ 3

0 16 Q3>
= log (222
9Q; 305 Og( Q3

24 88 16 16
W312(0) = —@—gcg + Q2 [?@g — @—gcg - 5; log <2 gi) + 0 (Q3,6%,6Q3) , (4.359)
F312(2) = 6¢3 — 8log? (2 Qi”) +Q3| - ii; + E—i log <2Q3> +0(Q3,6%0Q3)  (4.360)
Q3 3 Qg Q3

24 24 8
Wo13(0) = — — + —5 log <2 Q3> - = log? (2 QP’)

3 Q3 Q3 Qs 3
130 76 Q3 40 Q3
+Q3| - — + —;1 <2>—1 2<2>
i o ogr NG egl PTG,
18 20 Qs 8 Qs
+0|—= - =1 <2>+1 2(2) +0(Q%,6%,6Q2) , 4.361
[Qg Qg og Qg Qg og Qg (Q3 Q3) ( )

21Tn the supplementary file cornerexpansions.txt, we provide the full expansions needed for all corner regions.
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E—Elog <2Q?’)]
Q@ Qs

24 24 Q3> 16 2< Qs)
" [Qs Qs Og< 2,) g, *\'g,

24 4 Q3> 8 2(Q3>

Wiaz(0) = — = + T jog (223 ) — 21 =3

0= e) g

130 76 Q3 40 Q3

+ Q3 - —+ —1 <2)1 2<2 )

Q3[ ol oo e\Qy) ear o g,
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R AN Y o o

18—1210g<2Qg)]
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24 24 Q3> 16 2( Q3>
Qs Qs Og< o) a2 \'G,

In the corner regions one has to expand the P;(z) for three different z, namely z = 0, 1, occ.

However, from the relations in (4.348]) one can relate P;(z) to P;(1/z), so only z = 0,1 are
needed in practice.

F15(2) = — 663 + Q3

+0(Q3,6%6Q3) , (4.362)

+9

+0(Q3,6%0Q3) ., (4.363)

Fi3(2) = — 63 + Q3

+4 +0(Q5,0%,0Q3) . (4.364)

The II in region Cy are given by

11 1 (192 3568 2048 3776 256
71:72 — |t —— —= G+ —glog <2Q3>—410g2< QS)
Cs Q3 Q3 15Q4 5Q3 9Q3 3 Qs 3

4 2 122
02 [39375808 3686 C 528896 log (2 Qg) B 88 log? <2 Qg) ]

3 s . 3‘|‘ R -
3037505 3505 112505 Q) 2505

52 1280 2560
t 53l = T = log <2 Q3> + 0(527 54@52) ) (4.365)
@3]9Q; 9Q; Qs
II 12544 2048 2048
= T G+ 410g<2Q3>
Cs 45Q3  5Qs 9Q3 3
13533568 49152 1935872 14336
Q% — — +t— &G+ — log (2 Q3> e log? <2 Qs)
13125Q;  35Q; 1125Q4 Q3 25Q 3
+0(6%,Q3,5°Q3) (4.366)

o~ sa 5ot T age 2 \*g,) @

78295808 196608 17408 69632
+4| — — + —(3 — —lo <2 Q3> +— log2 (2 Q3>
13125Q;  35Q4 1125Q4 Q3 75Q5 Q3

128872192 98304 . 13229056 323584

Q3| — — + — G+ — log <2 Q3> — 22 log? <2 QS)
39375Q;  35Q; 1125Q; Q3 75Q4 3

+0(6%,0Q3,6°Q37%) (4.367)

I 1024 8192 8192 ( Q3> 5 [1024]
— = log | 2
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Iy 1 512 1024 Qs
G Q5] Qy  9Qs Qs
112018624 45056 1769216 115712
_ — T — G — —5 log <2 Q3> + — log? (2 Q3>
118125Q)5 35Q)3 1125Q)5 Q@3 225Q)5
1 4302592 212992 20591 1101824
13998430259 . 99 52059136 log <2Qg) L 018 log? <2Qg>]

— — 3 — . .
24310125Q5  35Q5 25725Q% Qs/) 73505

52 336896 47104
+ ~ | — p— —|— =5 IOg <2 Q3>
Q3| 1125Q; 225Q,

Qs

+ Q3

3

+0(6%,6*°Q37?), (4.368)
3

39 1 1024 1024 Qs
=—5|—— t+ ——=log|2=
cs Q3 9Q; 905 Q3
53725888 4096 725248 Q3 80896 . o (. Q3
- — — ——% T — log|2=") — —= log” | 2 =
118125Q5  35Q; 1125Q; Qs3/  225Q,
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121550625Q;  35Q5 385875Q; Qs/  1225Q;

02| 11264 47104
+ 2 - + — log <2 QS)
@31125Q; 225Q,

3

Qs

+0(5%,6'Q57) (4.369)

3

I, (5[ 1408 1024 <Q3>]
=— — — —=log (2=

s Q3| 905 308 3
1937408 24576 687104 4096
+6| — — + —(— — log (2Q3>+7log2 <2Q?’>
1575Q5  35Qs 225Q); Q3 5Q; 3
+0(0Q3,6°Q32,6%), (4.370)
. 2mas (N2 —1)el . . .
with the overall factor c¢;, = W. While all these expressions are finite when the small

parameter J tends to zero, some of them diverge when Q% — 0. However, this divergence has no
physical meaning, since that limit lies outside the region of validity of the OPE. The expansion
of the II in the other corner regions can be found in the supplementary file resultsgluon.txt.

Equivalent expressions are provided for the quark loop in resultsquark.txt.
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4.2.B.2 Symmetric Point

In this section, we write the expressions for the II at the symmetric point Q1 = Q2 = Q3 = Q.??

For the quark loop these are

where

and (™

One then has

167200 32
Neet — 3QY
21 rquark
lom I _ 2 <_352 12 0),
Neel Q 27 81
167013 352 128 AD
Need ’
L6r2If™™ 1 384 192 A
Need QS ’
16w 1 @ 64
Neel Qb ’
16211
—a =0 (4.371)
c-q
A =M (1/3) — (™M (2/3). (4.372)
is the polygamma function of order n defined by
n dn+1
P (z) = o logT(2). (4.373)
AWM ~ 7.031721716, (4.374)
A®) ~ 456.8524809 . (4.375)

These expressions agree with those given in Ref. [30]. For the gluonic correction the result is

where ¢g =

~rgluon
e 1 (64()(;; | 400 A()32A(3)> |

cs Q@ 3 9 27
e 1664Cs 1040 256
4 _ 39 AL AB)
Cs Q* ( T3 9 81 ’
~rgluon
ME 1 (512G 320 iy 80 @3
Cs 6\ 3 9 81
1L | 272 64
17— (324 384¢3 + —— A — = AB)
Cs 6 ( 384G+ 27
M 1 ( 32 272 64
239 (22 1980y — 22 A L T2 AG)
Cs 6 3 8<3 1 )
“rgluon
M5 _ 0, (4.376)
Cs

QWaS(Ngfl)eg
(1672)2

22The associated II are also available upon request.



Chapter 5

Satisfying the short-distance contraints
for HLbL

Fail, fail again, fail better.

Samuel Beckett

In the following articles, the Melnikov-Vainshtein (MV) constraint is reviewed and translated
into the current dispersive framework for HLbL. A large- N, inspired Regge model for the transi-
tion form factors of excited pseudoscalars is then constructed. This model is compatible with the
dispersive description of the pion and 7, n’-poles and ensures that the short-distance constraints
on HLDbL are satisfied.

Since the release of these articles, the two-loop perturbative correction of the HLbL OPE
when Q%, Q3,Q% > Aqcp has been calculated (see chapter [4] of this work). It means that, in
addition to the two constraints (the MV constraint and the symmetric @; limit) used in the
above articles, we now have functions of three different scales to compare to. In addition, the
20% estimate for the pQCD error on the quark loop initially used can be improved upon. These
points will shortly be addressed in section

5.1 Short-distance constraints on hadronic light-by-light scatter-

ing in the anomalous magnetic moment of the muon

This section is a copy of Ref. |39], published in Physical Review D on March 5, 2020

Authors: Gilberto Colangelo, Franziska Hagelstein, Martin Hoferichter, Laetitia Laub, and
Peter Stoffer

Abstract: A key ingredient in the evaluation of hadronic light-by-light (HLbL) scattering
in the anomalous magnetic moment of the muon (g — 2), concerns short-distance constraints
that follow from QCD by means of the operator product expansion. Here we concentrate on

the most important such constraint, in the longitudinal amplitudes, and show that it can be
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implemented efficiently in terms of a Regge sum over excited pseudoscalar states, constrained by
phenomenological input on masses, two-photon couplings, as well as short-distance constraints
on HLbL scattering and the pseudoscalar transition form factors. Our estimate of the effect
of the longitudinal short-distance constraints on the HLbL contribution is: AalI;SDC = 13(6) x
10—, This is significantly smaller than previous estimates, which mostly relied on an ad-hoc
modification of the pseudoscalar poles and led to up to a 40% increase with respect to the nominal
pseudoscalar-pole contributions, when evaluated with modern input for the relevant transition
form factors. We also comment on the status of the transversal short-distance constraints and,
by matching to perturbative QCD, argue that the corresponding correction will be significantly

smaller than its longitudinal counterpart.

5.1.1 Introduction

The precision of the Standard-Model (SM) prediction for the anomalous magnetic moment of
the muon, a, = (9 — 2),/2, is limited by hadronic contributions. Already at the level of the
current experiment [5]

as® =116 592 089(63) x 10—, (5.1)

estimates of the hadronic effects are crucial in evaluating the significance of the tension with the
SM value, at the level of 3.50. With the forthcoming Fermilab E989 experiment [6], promising
an improvement by a factor of 4, as well as the E34 experiment at J-PARC [104], the SM model

evaluation needs to follow suit.

To this end, the relevant matrix elements need to be calculated either directly from QCD or
be constrained by experimental data. The latter approach has traditionally been followed for
hadronic vacuum polarization (HVP), which requires the two-point function of two electromag-
netic currents and can be reconstructed from the cross subsection of ete™ — hadrons [8}/9,(11,/62,
159]. More recently, evaluations in lattice QCD have made significant progress |15,16}18-21}[160],

but are not yet at the level of the data-driven, dispersive approach.

Next to HVP, the second-largest contribution to the uncertainty arises from hadronic light-
by-light scattering. While also in this case progress in lattice QCD is promising [161-163],
another key development in recent years concerns the phenomenological evaluation, i.e., the use
of dispersion relations to remove the reliance on hadronic models, either directly for the required
four-point function that defines the HLbL tensor [27(77,/164-167|, the Pauli form factor [81],
or in terms of sum rules [32/82,|168170|. In particular, organizing the calculation in terms of
dispersion relations for the HLbL tensor has led to a solid understanding of the contributions
related to the lowest-lying singularities—the single-particle poles from P = 7%, 7,7’ and cuts from
two-pion intermediate states—Ilargely because the hadronic quantities determining the strength
of these singularities, the P — v*y* transition form factors [26,28,[29,|171H173| and the helicity
amplitudes for v*v* — 7 [174H179|, respectively, can be provided as external input quantities,
in a similar spirit as the eTe™ — hadrons cross section for HVP. Higher-order iterations of
HVP [8l|13|{180] and HLbL [63| are already sufficiently under control.

For both HVP and HLbL, data-driven evaluations of the hadronic corrections to (g —2), are
fundamentally limited by the fact that experimental input is only available in a given energy

range, so that the tails of the dispersion integrals have to be estimated by other means, most
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notably short-distance constraints as derived from perturbative QCD (pQCD). In addition, even
for HVP, short-distance constraints have been used for energies as low as 2 GeV as a supplement
to (and check of) experiment, with good agreement found between the pQCD prediction and
data in between resonances [8|11]. For HLbL scattering such constraints become even more

important given the limited information on the HLbL tensor for intermediate and high energies.

Two kinematic configurations are relevant for the HLbL contribution, one in which all photon
virtualities Q? are large, and a second in which one of the non-vanishing virtualities remains
small compared to the others Q% < Q% ~ Q%. Recently, it was shown that the former situation
can be addressed in a systematic operator product expansion (OPE), in which the pQCD quark
loop emerges as the first term in the expansion [1]. The second configuration is related to so-
called mixed regions in the g — 2 integral, i.e., integration regions in which asymptotic arguments
only apply to a subset of the kinematic variables, while hadronic physics may still be relevant
for others. A key insight derived in |2| was that such effects can also be constrained with an
OPE, by reducing the HLbL tensor to a vector-vector—axial-vector (V'V A) three-point function
and using known results for the corresponding anomaly and its (non-) renormalization [60}/103}
181-184]. The explicit implementation suggested in |2]| relied on the observation that both the
OPE constraint and the normalization are satisfied if the momentum dependence of the singly-
virtual form factor describing the pseudoscalar-pole contribution is neglected. However, such a
modification is not compatible with a description based on dispersion relations for the HLbL

tensor.

Here, we suggest to implement the corresponding longitudinal short-distance constraints in
terms of excited pseudoscalar states. As we will show, not only can the asymptotic limits be
implemented in a fairly economical manner, but the critical mixed regions can be constrained
by phenomenological input for the masses and two-photon couplings of the lowest pseudoscalar
excitations. The model dependence can be further reduced by matching to the pQCD quark
loop, which, in addition, allows one to gain some insights into the scale where hadronic and

pQCD-based descriptions should meet.

5.1.2 OPE constraints on HLbL scattering
The HLbL tensor is defined as the four-point function

"2 (1, qo, q3) = —i / d*z dy dtz e~ arataytas2)

X (01T {5t () () Gorn ()78 (0) }]0) (5.2)
of four electromagnetic currents
. _ . 2 1 1
]gm = ququ’ Q = dlag <3> _§> _3> ) (53)

where ¢; denote the photon virtualities, ¢4 = ¢1 + g2+ g3, and ¢ = (u, d, s)T the quark fields. We
work with the decomposition into scalar functions II;,
54
Ao — Z Ti,uVAUHi’ (54)
i=1
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derived in [27,/77| following the general principle established by Bardeen, Tung |78|, and Tar-
rach [79] (BTT). The contribution to (g — 2),, then follows via

a, "t = / dQl/ sz/ drv/1 - 72 Q3Q3

X Zﬂ(Ql,QQ,r)ﬁi(Ql,@Q,ng (5.5)

i=1

where Qf = —¢?

2

are the Wick-rotated virtualities, Q% = Q% + Q2 + 2Q1Q2, the II; refer to

certain linear combinations of II;, and the T; are known kernel functions [27,[77].

In the limit where all Q7 are large, the calculation from [1] proves the earlier statement of |2
that the pQCD quark loop arises as the first term in a systematic OPE. In particular, this implies

the constraint A

Jim Q'IL(Q.Q.Q) = 5 5. (5.6)

The second kinematic configuration [2], Q% = Q? ~ Q% > Q%, when expressed in BTT basis,

leads to the constraint

2
Q?Lnoo th Q? Qg 1(Q,Q,Q3) = T35z

(5.7)
The latter result can be derived by considering the V'V A triangle anomaly and its non-renormalization
theorems [60}/103}[181}{184]. Its constraint on II; (and, by crossing symmetry, IIs) corresponds
to the longitudinal amplitudes in the V'V A matrix element and we will therefore refer to 1:11,2
as the longitudinal amplitudes and, accordingly, their constraints as longitudinal short-distance

constraints. Further, the limit (5.7) is intimately related to the pseudoscalar poles

ﬁP—pole . FP’y*'y* (Q%u Q%)FP'W* (qg) 5.8
1 - o MQ ) ( N )
P

where P = 70, n, 7/, and the doubly-virtual Fp,«,«(q?, ¢3) and singly-virtual Fp,,(q3) transition
form factors determine the residue of the poles. They are subject to short-distance constraints

themselves, for the pion we have the asymptotic constraint [101]

2F

Jim Q% Froe (-Q%-Q7) = % 5:9)
as well as the Brodsky—Lepage limit [185-187]
QQLnOOQ Fro, (—Q%) = 2F;. (5.10)
Together with the normalization
Fo, = WlFﬁ (5.11)

the former shows that if F,,ow*(qg) — Fro,, in (5.8), the pion decay constant F; would drop
out and the pion would account for —1/(672) in (5.7). Similarly, 7 and " would provide the
remaining —1/(272). This is the essence of the model suggested in |2,83)].

However, a constant singly-virtual transition form factor cannot be justified within a dis-
persive approach for general HLbL scattering. Instead, one would need to consider dispersion

relations in the photon virtualities qi2 already in reduced g — 2 kinematics, and even then the
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residue would involve Fro,. (M3), not the normalization itself. Further, when writing dispersion
relations in the ¢? for g — 2 kinematics, there is no clear separation between the singularities of
the HLbL amplitude and those generated by hadronic intermediate states directly coupling to
individual electromagnetic currents, such as 2w states. In the dispersive approach for general
HLbL scattering the latter appear only in the transition form factors, which factor out and can
be treated as external input quantities. In this sense, neglecting the momentum dependence of
the singly-virtual transition form factor without at the same time accounting for the additional

cuts, leads to a distortion of the low-energy properties of the HLbL tensor.

Instead, we propose here a solution based on a remark already made in [2|: while a finite
number of pseudoscalar poles, due to , cannot fulfill the OPE constraint , an infinite
series potentially can. The basic idea can be illustrated for large-N. Regge models of the transi-
tion form factor itself [188,/189], which assume a radial Regge trajectory to describe the masses

of excited vector mesons,

M, = M +not, (5.12)

and rely on the ansatz:

o

1
Fpoers (—Q%, —Q? § B
PPY,Y( Q Q)OCn:O [Q2+M\Q/(n)]2

1 M2+ Q? 1
_ (v x ) o 5.13

with () the trigamma function and the Regge slope oy. In this way, the infinite sum produces
the correct asymptotic behavior (5.10f), even though none of the individual terms do.

One may wonder about the fate of the infinite sum over excited pseudoscalar states in the
chiral limit, given that their decay constants are expected to vanish with the quark masses.
We show below how the matching to pQCD removes the model dependence regarding which
states are used to satisfy the short-distance constraints, so that the implementation in terms of
pseudoscalar excitations mainly adds an estimate for the mixed-region contribution, driven by

the phenomenology of the lowest excitations as well as the respective short-distance constraints.

5.1.3 Large-NN. Regge model

In the following, we present a large-N.-inspired Regge model in the pseudoscalar and vector-
meson sectors of QCD that allows us to satisfy the short-distance constraints via an infinite
sum of pseudoscalar-pole diagrams (see, e.g., [L90H192] for the use of large- N, arguments to si-
multaneously fulfill low- and high-energy constraints). For brevity, we focus our description on
the pion, referring for a complete and more detailed account to [30]. We start from a standard
large-N. ansatz for the pion transition form factors as in , but differentiate between p
and w trajectories, which are assumed to enter with diagonal couplings due to the wave func-

tion overlap [188|189]. In a first step, we seek an extension of this model that satisfies the

constraints (5.9)—(b.11) for the transition form factor as well as (5.6) and (5.7)) for the HLbL
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tensor
Fw(n)'y*’y*(_Q%7 _Qg)
1 {( M2M? . M2M? )
=32 I 2 2 1 Canom
8 b |\ Doy Py Loy Pn)
1 Q1Q3
+ — (eaM? , +cgM? ) + cdia 122
A2 ( Ay B, ) d gA2(Q3— +M§iag)
Q* 1 ) )
+ @ cBL + e (CAM_W + CBM+7n)
M?2M?2 M?2M2
><<D1 St " T i )} (5.14)
p(n)~w(n) p(n) " w(n)
where Q1 = Q7 £Q3, M3, = %[Mz(n) + Mg(n)], D% = Q? + M%, and A = O(1GeV) a typical

QCD scale. The five dimensionless parameters Canom, €A, CB, Cdiag, cBL are used to fulfill all the
constraints, while the remaining parameter Myg,s is adjusted to reproduce the ground-state 70
transition form factor [28[172]. In the minimal model (5.14)), we only allow m(n) to couple to
p(n) and w(n), i.e., the couplings are fully diagonal in the excitation numbers, while the effect
of the eliminated vector-meson excitations is subsumed into a Q? dependence of the numerator
multiplying the resonance propagators. In addition, we also considered an untruncated large- N,
model, in which both the Regge summation in the transition form factor itself and the
HLDbL tensor are retained, to assess the systematics in the large- N, ansatz |30]. Using the Regge
slopes from [193] and the other input parameters from |100], we find that we can indeed reproduce
well the 70 transition form factor, which also ensures that effective-field-theory constraints on
the pion-pole contribution to (g — 2), [194,195| are fulfilled [28|. Finally, the model predicts a
two-photon coupling of the first excited pion, 7(1300), in line with its phenomenological bound
Fr(1300)7y < 0.0544(71) GeV ™' [196,[197].

Constructing a large-N, Regge model for 77(’) proceeds along the same lines, but involves
several complications. First, the p and w trajectories do not suffice to incorporate all constraints
since due to the I = 0 nature of n(’) only equal-mass combinations of vector mesons (2p, 2w, 2¢)
contribute to , so that only three model parameters survive. To provide sufficient freedom
in satisfying all constraints the consideration of w—¢ mixing cannot be avoided. In addition, n—’
mixing needs to be taken into account, both for the flavor decomposition of the short-distance
constraints as well as the relative weights of the vector-meson combinations in the transition form
factors. The former is directly constrained by data on the transition form factors [26}/198|, but for
the calculation of the weights, which we extract from effective pseudoscalar—vector—vector and
photon—vector Lagrangians [199}200], it is more convenient to work with the phenomenological
two-angle mixing scheme from [201,202|. We therefore use the latter everywhere. All variants

are covered by the error analysis.

The resulting 1 and 7’ transition form factors are in good agreement with experimental data
in the singly-virtual [203-206] and doubly-virtual regions [207], as well as the fit results using
Canterbury approximants |26|. Furthermore, there are some phenomenological constraints on the
two-photon couplings for 1(1295) |208},209], (1405) [208-210], n(1475) [210,[211], n(1760) [212],
and X (1835) [210%212], where 1(1475) and n(1760) are actually seen in 7 collisions, while for

the others only limits are available. The detailed comparison depends on the assignment of these
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states into n and 7’ trajectories, but the predictions of our model are compatible with either the

assignment from [100}/193| (our main choice) or the one from [213], see [30].

By construction, the ground-state pseudoscalar-pole contributions to (g — 2),, reproduce lit-
erature values [26,28,/172,214| within errors, while the sum over excited-pseudoscalar poles leads

to the increase:

AP = 2.7 (0.4)Moder (1.2)syst X 1071,

Aaz-laoles — 3,41‘8:? Model (O.Q)Syst X 10*117
Aazl_p()les = 6.5 (1.1)Moder (1.7)syst X 10~ (5.15)

where the first error refers to the uncertainties propagated from the input parameters and
the systematic error is estimated by comparison to an alternative untruncated large-N. Regge

model [30]. Combining all pseudoscalars, we find:

AaPS—poles — Aaw—poles + Aan—poles +Aan’—poles
1 1 2 [
_ +1.6 —11
=126 18], (3.8)syst X 10

=12.6(4.1) x 1071, (5.16)

This result should be contrasted with the one suggested in 2] to satisfy the mixed-region short-
PS-poles _
Aay, v = 23.5 %

10~ which would become 38 x 10~ once updated with modern input for the transition form

distance constraint (using transition form factor models from [109)]):

factors, and thus suggest an increase nearly three times as large as or almost 40% of the
nominal pseudoscalar-pole contribution. Given that arguments following [2| have been included
in previous compilations of HLbL [149], a central result of this work is that such a large increase
does not occur if the short-distance constraints are implemented without compromising the low-

energy properties of HLbL scattering.

5.1.4 Matching to perturbative QCD

Since, by construction, the sum over the pseudoscalar excitations fulfills the short-distance con-
straints, it has to match onto the pQCD quark loop for sufficiently large momentum transfers.
In the upper plot of Fig. the contribution to (g — 2), from the massless pQCD quark loop
(black) and the pseudoscalar-pole contributions (sum of ground-state and excited states in or-
ange) are compared after imposing a cutoff Quin < @; in the integration: the matching occurs
somewhere around 1.5-2 GeV. The lower plot, where the opposite cutoff Qmax > @; is imposed,
shows that the contribution of the excited pseudoscalars (blue) to the low-energy region is very
small and entirely saturated by the first few excitations (blue dot-dashed). These observations
suggest to evaluate the asymptotic part of the integral Q; > Qunin with pQCD, to make explicit
that this part of the result does not depend on the nature of hadronic states used in the im-
plementation. Defining an optimal matching scale would require information on the uncertainty
of the pQCD result. Here, we simply use a rough 20% estimate, which is the size of pQCD
corrections for inclusive 7 decays, a process that has a similar energy scale and has been studied
in detail [215/1220].

Together with the uncertainties from the Regge model, these considerations lead to a scale

Qmatch = 1.7GeV. Varying this scale within £0.5 GeV and adding the systematic uncertainty
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Figure 5.1: The longitudinal part of the massless pQCD quark loop (black), the ground-state
pseudoscalars (red), the sum of all excitations from the large-N. Regge model (blue), the first
three excitations (blue dot-dashed), the sum of ground and excited states (orange), and the
increase found in the Melnikov—Vainshtein model (green dashed). The upper plot shows the
contribution to a, for Q; > Qumin, the lower for Q; < Qmax-

from the comparison to the untruncated Regge model, we obtain as our final result:

A(III:SDC = [8.7(5.5)PS-poles + 4.6(9)pqcp] * 1071
= 13(6) x 1071 (5.17)

for the increase of (g — 2), due to longitudinal short-distance constraints. In particular, the
lowest three pseudoscalar excitations, whose contribution is at least partly constrained by phe-
nomenological input on masses and two-photon couplings, give 7.8 x 107!, Given that the most

uncertain contribution, from n > 3, thus amounts to only 10% of the total, the uncertainty
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Figure 5.2: Contribution of the massless pQCD quark loop to a, from the region Q12 > Qmin,
with the contribution from Q3 below Qumin damped by Q3/(Q3 + A?) (plus crossed). The total
contribution (black) is split into longitudinal (red) and transversal (blue) components. The limit
Q; > Qmin for all Q; is reproduced for A — co.

estimate in should be conservative enough to cover the remaining model dependence. In
particular, the error in includes an inflation of the Regge slope uncertainties by a fac-
tor three, to allow for systematic effects that might occur if other hadronic states were used to
implement the short-distance constraints. More recently, this expectation has been confirmed
by models in holographic QCD based on a summation of an infinite tower of axial-vector res-

onances instead [41,/42], which despite very different assumptions and systematics yield results
remarkably close to ([5.17)).
With the impact of the longitudinal short-distance constraints estimated as in (5.17)), it is

natural to inquire about the role of the transversal short-distance constraints. A first estimate
could again be obtained by matching to pQCD. Fig. [5.2] extends the integration region beyond
@Q; > Qumin into the mixed region, but suppressing this additional contribution by a factor
Q% / (Q% + A?), because otherwise part of the ground-state pseudoscalar contribution would be
double-counted. The longitudinal result is reproduced for scales around A ~ Quin ~ 1.4 GeV,
for which one would read off AaESDC ~ 4 x 107, Accordingly, we would expect the impact
of the transversal short-distance constraints to be significantly less than that of the longitudinal

ones.

We stress that the calculation presented here is complementary to higher-order calculations
in pQCD and/or the OPE [1], which would allow one to improve the matching between hadronic
implementations and a perturbative description. Similarly, more experimental guidance on the
two-photon couplings of hadronic states in the 1-2 GeV region would be beneficial for the phe-
nomenological analysis, not only for the excited pseudoscalars, but for axial-vector resonances
as well, which outlines avenues for future work. We conclude that with the present analysis the

biggest systematic uncertainty due to short-distance constraints has been reduced significantly,



5.2. LONGITUDINAL SCDS FOR HLBL WITH LARGE-Nc REGGE MODELS 131

with the result that the asymptotic part of the HLbL tensor is under sufficient control for the

first release from the Fermilab experiment.
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5.2 Longitudinal short-distance constraints for the hadronic light-

by-light contributions to (¢ —2), with large-N. Regge models

This section is a copy of Ref. |30], published in the Journal of High-Energy Physics (JHEP) on
March 17, 2020

Authors: Gilberto Colangelo, Franziska Hagelstein, Martin Hoferichter, Laetitia Laub, and
Peter Stoffer

Abstract: While the low-energy part of the hadronic light-by-light (HLbL) tensor can be
constrained from data using dispersion relations, for a full evaluation of its contribution to the
anomalous magnetic moment of the muon (g — 2),, also mixed- and high-energy regions need to
be estimated. Both can be addressed within the operator product expansion (OPE), either for
configurations where all photon virtualities become large or one of them remains finite. Imposing
such short-distance constraints (SDCs) on the HLbL tensor is thus a major aspect of a model-
independent approach towards HLbL scattering. Here, we focus on longitudinal SDCs, which

concern the amplitudes containing the pseudoscalar-pole contributions from 7°, 7, 7.

Since
these conditions cannot be fulfilled by a finite number of pseudoscalar poles, we consider a
tower of excited pseudoscalars, constraining their masses and transition form factors from Regge
theory, the OPE, and phenomenology. Implementing a matching of the resulting expressions for
the HLbL tensor onto the perturbative QCD quark loop, we are able to further constrain our
calculation and significantly reduce its model dependence. We find that especially for the 7°
the corresponding increase of the HLbL contribution is much smaller than previous prescriptions
in the literature would imply. Overall, we estimate that longitudinal SDCs increase the HLbL
contribution by AaleSDC = 13(6) x 107!, This number does not include the contribution from

the charm quark, for which we find a9 = 3(1) x 1071,

5.2.1 Introduction

Current Standard Model (SM) evaluations of the anomalous magnetic moment of the muon,

a, = (9 — 2),/2, differ from the value measured at the Brookhaven National Laboratory [5]

a® =116 592 089(63) x 10—, (5.18)
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Figure 5.3: Hadronic contributions to (¢ —2),: (a) HVP, (b) HLbL. The pink blobs symbolize

hadronic intermediate states.

by around 3.5 0. In the near future, the new Fermilab E989 experiment [6] will be able to reduce
the experimental uncertainty by a factor 4, and the E34 experiment at J-PARC [104] will provide
an important cross check, see ref. [221] for a comparison of the experimental methods. Therefore,

the theoretical calculation of a, needs to be improved accordingly.

The uncertainty of the SM prediction mainly stems from hadronic contributions, such as
hadronic vacuum polarization (HVP), see figure (a), and HLbL scattering, see figure
(b). Since the HVP contribution can be systematically calculated with a data-driven dispersive
approach [8,/9,/11}|62,|159], lattice QCD [15,/16,/18-21},/160|, and potentially be accessed inde-
pendently by the proposed MUonE experiment [222}223|, which aims to measure the space-like
fine-structure constant «(t) in elastic electron—muon scattering, the HLbL contribution may end

up dominating the theoretical error.!

Figure 5.4: Pseudoscalar-pole contribution to (¢ — 2),. The cyan dots indicate the TFF of the

pseudoscalar meson.

Apart from lattice QCD |161-163|, recent data-driven approaches towards HLbL scattering
are again rooted in dispersion theory, either for the HLbL tensor [27}[77,[164H167], the Pauli form
factor |81], or in terms of sum rules [32,82,(168-170]. In all approaches, the most important HLbL
contributions are the m%-pole and other pseudoscalar-meson-pole contributions, see figure .
The strength of these pseudoscalar poles is determined by the transition form factors (TFFs),
which in turn can be reconstructed from dispersion theory [28,171.(172,227-229], leading to |28,
172]

a7 PO = 62,6730 x 1071, (5.19)

in agreement with determinations from lattice QCD [29|, Canterbury approximants (CA) [26],
and Dyson-Schwinger equations (DSE) [173]. Since the central value (5.19) is close to earlier
model-based calculations, e.g., within lowest-meson-dominance+vector (LMD+V) models [109],

the second-most important aspect of the dispersive approach apart from rigorous uncertainty

!Note that higher-order insertions of HVP [8l[13}/180] and HLbL |63] are already under sufficient control, as are
hadronic corrections in the anomalous magnetic moment of the electron, where recently a 2.5 o tension between the
direct measurement [69] and the SM prediction [224] using the fine-structure constant from Cs interferometry [74]
emerged [225}226].
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estimates is the clear definition of the pseudoscalar intermediate states in terms of physical, on-
shell form factors, in contrast to earlier notions of a pion-exchange contribution, see ref. [230],
which involve the model-dependent concept of an off-shell pion. This becomes particularly im-
portant when combined with other intermediate states, ensuring that the pseudoscalar poles are
consistent with, for instance, the dispersive definition of two-pion intermediate states [27,[167],
which in turn are determined by the corresponding on-shell quantities, in this case the helicity

amplitudes for v*~v* — 7 [174H179).

However, in contrast to HVP there is no closed formula that resums all possible intermediate
states (in terms of the cross section for ete™ — hadrons [231}232]), in such a way that the
consideration of exclusive channels will break down eventually, irrespective of the complications
when extending the dispersive formalism to higher-multiplicity intermediate states. Therefore,
to control the regions in the (g — 2), integral where either two or all three independent photon
virtualities become large, additional constraints are required. In close analogy to HVP, where
perturbative QCD (pQCD) becomes applicable in the high-energy tail of the dispersive integral,
such constraints arise from the OPE and pQCD. In the regime where all three virtualities are
large it was shown recently [1] that the pQCD quark loop indeed arises as the first term in a
controlled OPE, with the next order suppressed by small quark masses and condensates. For the
case in which one virtuality remains small, the leading OPE constraint was derived in ref. [2], by
reducing the HLbL tensor in this limit to the triangle anomaly and its known non-renormalization
theorems [60,/103,/181}182].2

The latter constraint decomposes into longitudinal and transversal contributions. As noted
in ref. 2|, the longitudinal part is intimately related to the pseudoscalar poles, but cannot be
saturated by ¥, n, 1’ alone, nor by any finite number of poles. As a remedy it was suggested
to drop the momentum dependence of the TFF at the vertex to which the external photon is
attached, see figure [5.4] which leads to a substantial increase of the pseudoscalar-pole HLbL
contribution. Based on an LMD+V model for the 7° and vector-meson-dominance (VMD)
models for 7, ' from ref. [109], this increase was found to be 13.5x 107! for the 7° and 5x 1071}
each for 7 and 7. This shift has been included, in one way or another, in subsequent estimates of
the total HLbL value [149}230|. In fact, as we will show below, with modern input for the TFFs
the corresponding increase would become even larger. While there is no doubt that the SDC is
important—it is, in fact, one of the few constraints on the mixed-energy regions in which one
photon virtuality remains small—modifying the expression for the pseudoscalar poles in this way
is not compatible with the dispersive description of the four-point HLbL tensor |27}/77,165H167]

and spoils consistency with other intermediate states in the same framework.

In this work we address the question from a different standpoint: already in ref. |2] it was
observed that while a finite number of poles cannot saturate the SDC, an infinite tower of them
potentially can—dropping the TFF at the external vertex has in fact been described in ref. |2]
as a model for the resummation of the tower of pseudoscalar states. Here we present explicit
constructions that implement the Melnikov—Vainshtein (MV) constraint in terms of an infinite

tower of excited pseudoscalars, constraining their properties from Regge theory, all available

2These non-renormalization theorems strictly apply only in the chiral limit and to the non-singlet components.
Instances where additional corrections for the singlet component arise are pointed out throughout the discussion

of the various SDCs in sections and
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SDCs, and phenomenology wherever possible [233|. Given all these constraints the resulting
models for the HLbL tensor prove remarkably rigid, without altering the low-energy properties.
Since phenomenological information on excited pseudoscalars, especially their TFFs, is scarce,
we do not attempt to construct TFF representations that apply for arbitrary kinematics, but
concentrate on minimal models that cover the space-like region needed for (g—2), and at the same
time are able to fulfill all SDCs. Systematic uncertainties are estimated by comparing two such
representations, either based on a truncated or untruncated Regge sum for the TFFs themselves,

as well as the available phenomenological constraints, see appendices [5.2.D] and [5.2.E] Moreover,

our model is only needed for the low-energy part of the (g —2),, integral: above the energy where
the matching occurs, we calculate the integral with the quark loop. This strategy also ensures
that the estimate of the asymptotic region still applies in the chiral limit, in which the excited
pseudoscalar states decouple, see section [5.2.5.3] while at low energies phenomenological input
is needed either way to account for the effect of quark-mass corrections. All this leads to a more
reliable estimate for the impact of the OPE constraints on the total HLbL contribution. To this
end, we first review the expression for the pQCD quark loop and the known OPE constraints on
the HLDL tensor in sections [5.2.2] and [5.2.3] adapting the conventions to the language suitable
for the decomposition of the HLbL tensor from refs. [27,/77], in which the expressions for both

the pseudoscalar poles and the pQCD quark loop become remarkably simple. Next, we present
in section the explicit construction of large- N -inspired Regge models?® implementing the
OPE constraints and derive the consequences for HLbL scattering and (g —2),. In section
we match the resulting expressions for the HLbL tensor to the pQCD loop to obtain a first
estimate of the scale where the description of the HLbL tensor in terms of hadronic intermediate
states and its asymptotic properties should meet. A more detailed comparison to the results
obtained with the MV model is provided in section [5.2.6] before we summarize our main results
and discuss future developments in section [5.2.7] Technical details and alternative evaluations

that are used to estimate the systematic uncertainty are collected in the appendices.

5.2.2 The hadronic light-by-light tensor
5.2.2.1 Lorentz decomposition and (g — 2),, integral

Throughout, we follow the conventions for the decomposition of the HLbL tensor and its con-
tribution to (g — 2), from ref. |27]. Starting point is the HLbL tensor defined as the four-point

function
"2 (q1, g, q3) = —i/d4w dlyd'z e et Ryt (0|71 (2) 5" (y)5 ()57 (0)}0)  (5.20)

of the electromagnetic current

_ 2 1 1
j“ = ¢Q7uwa %Z) = (uv da 3)T7 Q = dlag <37 _gv _3> ) (521)

and momenta assigned as ¢; + g2 + qg3 = g4 — 0. Its Lorentz decomposition in terms of scalar

functions II; is written following the Bardeen-Tung-Tarrach (BTT) prescription [78}(79]

54
A7 = " A, (5.22)
=1

3For brevity we call our large-N.-inspired Regge models simply large-N. Regge models.
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where the II; are free of kinematic singularities and thus amenable to a dispersive treatment.
However, this decomposition does not allow for a projection onto independent Lorentz structures,
given that there are only 41 independent helicity amplitudes for fully off-shell photon—photon
scattering. Moreover, two of these redundancies only occur in four space-time dimensions [234].
A given expression for the HLbL tensor is thus most conveniently projected onto a subset of 43

Lorentz structures

43
e = 3" B (5.23)
i=1

The functions II; are no longer free of kinematic singularities, but the form of their singularities
follows from the projection of the BTT decomposition. The necessary projectors are provided in
ref. |77]. Next, only a subset of the structures T} A7 actually contributes to (g — 2) - To make

this explicit it is convenient to perform another basis change
54 54
H;w)\cr _ Z TZHVAUHi _ ZT;W/\UH% (5.24)
i=1 i=1

in such a way that in the limit g4 — 0 the derivative of 35 structures Ti“ A7 vanishes. The 19
structures T/ that do contribute to (g — 2),, can be chosen as [27]
T — AT =1, 11,13, 14,16, 17, 50, 51, 54,

g 1 v v v
T =2 (T + Tl + ). (5.25)

In this way, the 19 relevant linear combinations of scalar functions are

I =101 + q1 - g2y,
I, =Ty — q1 - g3 (Tho — Ia2) — g2 - g3 (Tao — Tag) + g1 - g3 - g311s1,
Il; = 7 — Mg + g2 - g3T1s1,
17 = 7 + Myp + Mas — M,
I39 = T3 + Iy + Iy,
15y = Mgy — I3 + M54, (5.26)

together with the crossed versions

Iy = Co3[I1], T3 =Ci3[IN], II5 = Cos[I4], IIg = Ci3[IL4], TIs = Cio[II7],
Iy = Ci2[C13[I7]], Ihig = Cos[Ily], Ihiz=Cis[l], IIiu = Ci2[Cos[II7]].,
Iy = Ci3[Ili7], Thie = Cas[Ili7], TIso = —Cas[lls4], II5y = Ci3[IIs4], (5.27)

where the crossing operators C;; exchange momenta and Lorentz indices of the photons 7 and j

Colfl =f(ue v, < q), Culfl=flpoo,q < —q), (5.28)

and multiple operations are understood to act as in the example Ci12[Cos[f(q1,42,¢3,q4)]] =
Cia[f(q1,93,92,94)] = f(q2,43,q1,q4). In addition, the II; preserve the crossing symmetries

I = Cio[I], Ty = Ci2[M4], Ihi7 = Ci2[Ili7],
II59 = C12[M39] = Ci3[Ilz9] = ..., 5y = —Cia[Ils4]. (5.29)
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The II; defined in this way display all crossing symmetries that survive in the limit g4 — 0
and are thus particularly well suited for the HLbL application. In consequence, only the six

functions (5.26)) need to be specified, with all the rest following from crossing symmetry.

In terms of these functions the HLbL contribution to (g — 2), becomes

alltPL = / dQl/ sz/ dT\/l—TleQQZT Q1,Q2, )IL(Q1,Q2,7),  (5.30)

where Q1 = |@Q1] and Q2 = |Q2| denote the norm of the Euclidean four-vectors and we have
used the symmetry of the kernel functions under g; <> —¢qo to reduce the sum to only 12 terms.
The remaining kernel functions 7;(Q1, Q2, 7) are listed in ref. [27] and the 12 scalar function II;

simply correspond to a subset of the II;

I, =11, Iy = I, I3 = 114, Iy = I,
Il5 = Iy, Il = Iy, IT; = IIy, Ty = 10y,
Iy = 117, Iy = Tl30, ITy; = Ilso, Iy = IT54. (5.31)

They are evaluated for the kinematics

s=q;=-0Q53=-0Q1 —2Q1Q7—Q3, t=¢=-0Q3 u=q¢=-Qf, ¢=0, (532

where s, t, u are the Mandelstam variables of the original HLbL scattering process. Finally, we

quote an alternative formulation of ([5.30|) based on the parameterization [235]

Q% x (1 — icosgﬁ— f\/gsm(b)

3 2
by r
2 _~ 0 - .
Q5 = 3 (1 2008¢+ \/§SIH¢>,
Q3 = Q1 +2Q1 Q27 + Q3 = (1 +7cos ). (5.33)
This variable transformation leads to
2t 12 B
CLELbL 43271' / dZZ?’/ d?"’l“\/ 1 _7"2/ d¢ ZE(QMQQ?T)HZ'(QDQ%T)? (534)
i=1

which often facilitates the numerical evaluation.

5.2.2.2 Pseudoscalar poles

The pseudoscalar poles only appear in I, (and by crossing symmetry in ﬂ273)

ﬁP—pole _ FPfy*'y* (Q%v Q%)FPWW* (qg) (5 35)
1 _ M2 ’ .
P
with Fpy«y+(q3,q3) the doubly-virtual TFF, Fpy.«(¢%) = Fpy«y+ (g%, 0) the singly-virtual TFF,
and P = 7% 1,7 (see ref. [77] for the detailed derivation). The TFFs are normalized to the

two-photon decays according to

F3 Epay = Fpyesys(0,0). (5.36)
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They are defined by the matrix element

i / A e (0|7 {,,(2) 7, (0) Y P(q1 + 02)) = €uvap 65 @5 Fpyere (43, 63). (5.37)

In the chiral limit, the non-singlet normalizations are determined by the Adler—Bell-Jackiw

anomaly [236-238]

3 1
ZF;;FPW = ﬁCa, C, = 5Tr(QQAa), (5.38)
P

with Gell-Mann matrices \,, Ao = 1/2/31,

1 1 2
Cy = —, Cq = , Cop=— 5.39
3 6 8 6\/§ 0 ( )

and decay constants defined through F:
(0[A(0)[P(p)) =: ip.Fp, (5.40)

which is in general a 3 x 3 matrix. Ignoring for simplicity any possible mixing between the 7°

and the other two states, this takes the form:

F3 0 0 F3 0 0
Fg=|0 Fy F, |=|0 Ffcosty Fisinfg |, (5.41)
0 FT(Y) FS, 0 —FYsinfy FO°cosfy

where, after the second equality sign, we have already introduced the standard two-angle mixing

scheme between 7 and 7’. For the pion a = 3, the corresponding low-energy theorem

3 1
F = Ca = 5.42
™ T 9r2E 3T 4n2E (5-42)

is very close to phenomenology, while for 7, n’ chiral corrections and mixing effects need to
be taken into account. In particular, we stress that due to the renormalization of the singlet
current F]OD is not actually an observable quantity, and the corresponding a corrections [156,239|
need to be considered when relating the normalization, asymptotic constraints, and 17" mixing
parameters [198][240-243|. In the present work, we will take the 7, 1’ normalizations from
experiment, so that the singlet corrections become most relevant when comparing the asymptotic
constraints and 17—’ mixing parameters in different schemes. As described in section we
studied the impact of different such determinations on the numerics, with the result that the
corresponding variations were numerically irrelevant in view of the accuracy anticipated for the

pseudoscalar TFF models discussed in the following sections.

In addition to the normalizations, the pseudoscalar TFFs are subject to the (leading) asymp-
totic constraint |185-187]

63()
M PR Ty

1
Py (-G} Q3 =430 CuF | (5.43)

which for the asymptotic wave function ¢%(x) = 6z(1 — ), and again ignoring « corrections
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for the singlet component, produces the limits?

th Q*Fpyy (—Q%) = 1220 F&,

ng Q*Fpye (—Q% —Q%) = 42(1an. (5.44)
a

In view of ([5.38)), multiplying these limits by Fp,. and summing over P one obtains an expression

which depends neither on decay constants nor on mixing angles. Moreover, the block form of

the matrix (5.41]) leads to two separate combinations with such a property:

6 1
2 2 2 2
F7TO’Y'Y thn Q w0y ’Y*(_Q ,—Q ) = ﬁCg == @,
6 1
> Fpyy lim Q*Fpyers (—Q% —Q%) =4 FpFp,,Co = — 2 = o (5:45)
Py Q= Pa a=0,8

and similarly for the asymptotic limit of the singly-virtual TFF. Beyond the singlet a; corrections
that describe the scale dependence of F [240-242|, there are genuine pQCD corrections to the
TFFs suppressed by ay at scales related to the photon virtualities |[245|. The impact of such
next-to-leading-order pQCD corrections was studied in ref. [28] in the context of the pion TFF,
with the result that even for the ground-state pion the effect is small and safely covered by the

uncertainty estimated from the onset of the asymptotic region.

5.2.2.3 The perturbative QCD quark loop

NS N . -

Ay Y A \ VJ i
SN SN ~

Figure 5.5: Quark-loop contribution to HLbL scattering.

-

The quark-loop contribution to HLbL scattering is shown in figure[5.5] indicating the different
permutations that need to be considered. Compact expressions for the BT'T scalar functions can
be obtained as follows: we use a Feynman parameterization for the loop integrals and project the
result onto the scalar basis functions II; [27,[77]. We find all necessary BTT functions II; in the
limit g4 — 0 by taking this limit in the appropriate order, so that the Tarrach poles drop out.
Then we combine the functions II; according to to obtain the scalar functions f[, Due to
the limit g4 — 0, one integral can be carried out and we are left with a two-dimensional Feynman-
parameter integral. The result for the integrands contains spurious kinematic singularities, but
the residues of these poles vanish when the Feynman integrals are carried out. Therefore, we can

subtract these poles and obtain a representation that is manifestly free of kinematic singularities

11—z
[[auark loop ZN Qi — T / dx / dy Iz, ), (5.46)

4As argued in ref. [244], the first limit goes beyond a strict OPE, but is consistent with the phenomenology
of the ground-state TFFs, see, e.g., refs. [261[28].
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where
162(1 —z—y) 16zy(l —2z)(1 —2y)
Il<m7y) == A2 - Ao
132 1322332
s _ R2zy(l —220)(z+y) (1 -z -y)*(¢f 3 +¢3) 3201 —x)z(z+y)(1 -z —y)
4(.’1}',y) - AS - A2
312 312
~ 32zy(1 —22)(1 —2y)
Az12A12
64zy%(1 — 2 —y)(1 — 22)(1 — y
oy B0 =1 200 =)
132
3222y%(1 — 22)(1 — 2y)
_[17(.%‘,y) = - )
A%12A12
6dzy(l1 —z —y)((2z — V)y* + 2y(2x — 3) + z(1 — ) + y)
Isg(z,y) = AD ;
132
16zy(1 —x —y)(1 — 2z)(1 — 2y)(x — y) < 1 1 >
Lia(z,y) = — + , 5.47
(@) Ag12A12 Az Ap (5:47)
and
Ajje =m; —ayq; —x(l— 2 —y)q; — y(1 — 2 — y)qi,
Aij=mg —z(1—2)g; —y(1—y)q;. (5.48)

In principle, it is also possible to extract the results by projecting onto the singly-on-shell basis
IT; [27]. However, it turns out that this method is less straightforward, because different spurious
kinematic singularities appear, which have to be subtracted again and make the calculation more

complicated.

As a cross check of ((5.47]) we have evaluated light-quark loops for ¢ = u, d, s with (constituent)
Q;‘ = 2/3 as well as the lepton loops. The latter

agree well with the known analytic expressions [246|, while apart from the electron loop the

quark mass m,g, including a factor N, d=u.d.s
results are well reproduced from the heavy-mass expansion [116]. Throughout, for the matching
to our Regge models in section [5.2.5] we use the pQCD quark loop with mg = 0, given that even
in configurations where chiral corrections for the light quarks ¢ = u, d, s can be controlled within

pQCD, they only enter at subleading orders.

As a first application, we consider the contribution from the charm quark. Assuming that
this contribution is fully perturbative, with mass m. = 1.27(2) GeV [100], the quark loop eval-
uates to afjlooP = 3.1(1) x 107!, In analogy to the light quarks, one would expect the most
important non-perturbative effect to be related to the pole contribution from the lowest-lying
cc resonance, the 7.(1S) with mass m,, 1) = 2.9839(5) GeV and two-photon width I'(n.(15) —
~v7v) = 5.0(4) keV [100]. Using a VMD-type form factor with scale set by the J/¥ (as suggested
by a significant branching fraction BR(J/¥ — 1.(15)v) = 1.7(4)% [100]), this leads to the esti-
mate aZC(ls) = 0.8 x 107! (this estimate agrees with the LMD result azc(ls) =0.9(1) x 107!
from [247]). Given the relatively low scale set by m,. one may also expect o, corrections in a

similar ballpark. Altogether, we estimate

aG e = 3(1) x 1071, (5.49)

while the b-quark contribution is already suppressed to the level of 10~!3 and the t-quark loop
to 10715,
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5.2.3 OPE constraints for the hadronic light-by-light tensor
5.2.3.1 OPE for the asymptotic region

The first term in the OPE for the kinematic configuration in which all three momenta are large
coincides with the pQCD quark loop. This has long been suspected in the literature, including
ref. |2|, but was only demonstrated recently in ref. 1|, by working out the next order in the
expansion. While at leading order all quark masses can simply be put to zero, this is no longer
true at subleading orders. In fact, it is the presence of quark masses and condensates that

numerically suppresses the next-to-leading order corrections.

In the limit ¢? = ¢3 = qg = ¢? the expressions for the pQCD quark loop simplify to

fIPQCD _ _97:;(]47 fPQCP _

TPech — —24387% {33 = 16%3@12@)],

fpcP — M;Tzqﬁ [33 - 16\/5012(7;” ,

TRcD - 8112(16 {3 —2V3Cl (g)] :

120D — —24;;2(]6 [15 = 4\/5012(9] : (5.50)

where the Clausen function is defined as

Cla(x) = —/ dtlog
0

t
25in2‘ . (5.51)

This result again includes the factor 2/3 due to N, and quark charges, after summing over

q=u,d,Ss.

5.2.3.2 OPE for the mixed regions

The OPE constraint derived in ref. |2| applies to the case where one virtuality remains smaller
than the others, Q§ < Q% ~ Qg, also referred to as the mixed regions. This constraint traces back
to non-renormalization theorems for the V'V A correlator [103}|181], which had been used before
in the context of the electroweak contributions to (g — 2), [60,/182]. Explicit pQCD calculations
at two- and three-loop order exist [183,/184], but the main argument in ref. |2] was that the
non-renormalization theorems allow one to address the regions in which both perturbative and
non-perturbative aspects might be important. We first review this derivation, while casting the

results in a form suitable for the BTT decomposition of the HLbL tensor.

The central object is the OPE for two electromagnetic currents:
1" (q1, g2) = i / d'x dy e ETE T (2) ()} (5.52)

We consider large momenta ¢ = (g1 —¢2)/2 flowing through the currents and expand the operator
product into a series of local operators. For |G| > Aqcp, the coefficients can be calculated in

perturbation theory. At leading order in «y, only two-quark operators are generated, hence the
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matching can be easily obtained by inserting the operator ([5.52)) into external quark states and
expanding the diagrams for large momenta ¢:

(g (p2) " (g1, g2)[¥q (p1))

= (2m)*6W (q1 + a2 + p1 — p2) [ﬁq(pQ)izQZ’YVZ(pl )

Fug(p1
o+ a7 —m 1PV

i(py, —d, +myg)

(P2 — q1)? —m2

+ Uq (pZ)iQ Qﬁv“

'quq(pl):|

= ~ - wre O ,m
= (27‘(‘)45(4)((]1 +q2 +p1 — pg)uq(p2)lgg [ — 24eM AU?’VU'% _9gh ?51

= (9”7 +9"g" =7 g") <;2(p1 +p2)o — Wcjc,) + O(Q‘3)] ug(p1),  (5.53)

where we used

Py = g 4 grit — gy — el Py (5.54)
with €"1?3 = +1. Introducing the scalar density S(z), the axial vector j'(z), and the energy-
momentum tensor 0" (x) with flavors weighted by the squared electric charges,

i

S(z) = P(x) QPPMy(z), j(x) = d(x)Q*Fys¢(x), 0“”(95)_21,5(@927“631/;(1:), (5.55)

F
with the quark-mass matrix M = diag(m,, mgq, ms) as well as the derivative 0_ = 3 — 0, we
read off the matching for the OPE:

—1 -z 2i A : 2 o
M) = [ atse @002 | = 2 si86) = 5 (0l +02) — 9 822)

4 A . R 2 o
+ W (quaezxa + QZ/qaeua - guuqaqﬁeaﬁ) - qﬁguus(z) + O(q 3):| . (5'56)

The first term reproduces the expansion given in ref. |2|, but differs in sign just because of

different conventions (they use €123 = —1).

Applying the OPE to the HLbL tensor in the limit Q? ~ Q3 > Q%, Q% we then find at leading
order

21 N . i . . .
ae(q1,q2,93) = dgﬁuuaﬁqa/d4$d4y€ ilata2)ee=iasy (0|72 (x)5(y)jr (0)}]0)

2i ~o —1q3-T ,1q4" : : ;
— uasd® [ dladly IO )0 ()5 O)HO)
2 r 8
= ?Euuaﬁq Wio (—Q3,Q4)a (557)

where the correlator W, is defined as

Wiwvp(ar, @2) =i / d'z dty e EIO|T () (4)55(0)}0). (5.58)

Introducing the vector and axial-vector currents

Aa

Vo(a) = Pl @), ALE) = )y (), (559)
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where {Ag, \p} = 4/30ap + 2dgpe e, We also define the correlator

Wibe (g1, q2) = /d4xd4y€(‘“ TV (0| T{V, () V) (y) A5 (0)}]0). (5.60)
Performing the flavor decompositions

Jale) = Y 2C.A%=), julx) =) 2DV () (5.61)

a=0,3,8 a=3,8

with C, defined in (5.38]) and D, = %Tr( QM\,), we write the correlator (5.58]) as

Wovp(q1,q2) =4 Z C? W;Sﬁ)p(%qz), (5.62)
4=03,8
where
Wi (a1, 2) == = Z DyD W (g1, g2)- (5.63)
@y =38

The Lorentz decomposition of the V'V A correlator is chosen as [103]

a 1 a a
W,E,,)p(m,%) ) [ w )(prlg, (@1 + 42)?) uvapdids (a1 + a2),

+(a)

+ Wp (Q%a q%a (Q1 + q2) ) nurp + wT( )(q% q%’ ((h + q2)2)t;1/p

+ 32 (2, 63, (a1 + 42)2) T | (5.64)
with the following Lorentz structures:

by = Cupaswaias — €upap@ndfds — a1 - 2€upa( — 42)°

i+ 3 — (g + q)?

B
+ € 47'q5 (q1 + q2)p,
(¢ + (J2)2 prrapdl 2( )ﬂ
2 2
_ q7 — 43 a B
t = —@),— 2 (g + ¢ :
urp ((ql QQ)p (q1 + q2)2 (QI q2)p) ;,LVO(,BQ1 q2
E‘:Wp = 6#pa6q1VQ?Q§ + El/paBQZMQ?QQB —q1- q25u1/poz(q1 + QQ)O‘- (565)

In the massless limit, one finds at one loop the contribution of the axial anomaly [236}237|

IN,

CEYOE (5.66)

wLa)(Q%, q%, (@1 + Q2)2) =

For the non-singlet contributions a = 3, 8, this result is modified neither by higher-order pertur-
bative [102] nor non-perturbative contributions [248|, while the singlet contribution is affected

by the gluonic U(1) anomaly.

In the chiral limit, the factor C? in (5.62)) arises naturally due to the flavor decomposition.
One factor of C, stems from ([5.61)), the second factor emerges as follows. We consider singlet

and octet parts of the axial current and define

2 CYA/ ca abcTrr
Wﬁup(leQQ) = \/;6b Wqu(qlaq2)7 WI—ZZVP(qLQZ) =:d b Wqu(q17q2)7 (567)
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which implies

Wiy = <\[ Z%) pvps WIZO = (Z DyDed™ Y17 . (5.68)

b=3,8 abc38

The coefficients can be simplified to

2 1 1
\/; Y Di= % > DTr(QN) = %TT(QQ) = Co,

b=3,8 b=3,8
Y DyD.d™ = Z DyTr(Q\)d = Z DbTr<Q<{)\a,>\b} - 45ab)>
b,c=3,8 b c=3,8 b 3,8 3
= (20 9)) = Cu. (5.69)

hence both singlet and octet components lead to another factor C,.

In pQCD and in the chiral limit, the following non-renormalization theorems were derived

in |103| for the non-singlet part of the axial current:

0= (wf +wr) (et 6, (a1 + @)?) — (Wi +wy) (@1 + ¢2)%. 63, G7),
0= (¥7 +wr) (a1, 6, (1 + @)?) + (0 +wy) (@1 + ¢2)%. 63, 43),
wr (g1 + @)% 63, 41) = (W +97) (65, 63, (@1 + ¢2)%) + (wf +07) (1 + ¢2)%, 63, 4})
2 - (q1 +
+ q2 ((g CJ2)
qi
C2q1-q2

2 vr(@+ o) s.qd). (5.70)
1

wi (g1 + @)%, 63, 4})

The transversal functions in these relations are subject to non-perturbative corrections.

In the following, we will use the OPE constraints as they arise at leading order and in the
chiral limit. Both the anomaly constraint (5.66|) and the non-renormalization theorems ([5.70)

receive quark-mass corrections [249)].

5.2.3.3 Projection onto BTT

In this section, we derive the asymptotic constraints that the leading-order expression ([5.57))
of the OPE imposes on the scalar BTT functions II; entering the master formula for
ay,. One might be tempted to simply project the OPE expression onto the BTT scalar
functions. However, there are several problems with such an approach. First of all, the leading-
order expression of the OPE is not manifestly gauge invariant: the contraction with (¢1 — ¢2)*
vanishes, but the one with (¢1 + g2)* does not. Due to g1 = —g2 + O(1) this does ensure
gauge invariance at O(1/q), while for the subleading orders relations with the matrix elements
of the energy-momentum tensor are needed to restore gauge invariance. At leading order, gauge

invariance could be restored by applying a gauge projector

/ Q2qul Q1 bel
ewaﬁ(q?—qsfwewfaﬁq%(gz - & )—ewmﬂqs(gz —q) (5.71)
2 1

which does not alter the O(¢~!) terms of the OPE expression. The subsequent projection onto

BTT and extraction of the scalar functions II; could then be performed immediately. However,
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this procedure is not uniquely defined: the BTT structures themselves become degenerate de-
pending on the order of the expansion for large ¢. This implies that the leading-order OPE
only constrains certain linear combinations of scalar functions II;. In an assignment of these
constraints to individual scalar functions ambiguities are introduced. For the longitudinal ampli-
tudes the linear combination of scalar functions that is uniquely constrained happens to coincide
with II;_s, but for the transversal amplitudes the situation becomes more complicated. We pro-
ceed as follows in order to determine this ambiguity explicitly and to work out the exact form
of the OPE constraint at the level of BTT functions.

First, we remember that the HLbL tensor is linear in the external momentum g4. Due to the

relation

0
H;u//\p = _qZWH/Ll/}\U (572)
44

following from gauge invariance, it is enough to consider the derivative with respect to ¢} and
then take the limit g4 — 0, as required for (¢ — 2),, kinematics. The BTT functions II; in this
limit are unambiguously defined, hence they have their own proper expansion in 1/G, which we
would like to constrain using the OPE. The derivatives of the Lorentz structures T multiplying
the functions II; in the tensor decomposition however contain several terms with different

scaling for large §. For instance, for the tensor structure 7% A% one finds

1 1 ) )
=3 (qéf @ — g“Aqs?) (qéf 9" — Q§9”") +3 <Q§ @ — g’”(ﬁ) (q"g”” — q”g”")

— (q;’;‘ @ — g"gs - c}) <q§ g’ — Q§g””)

1
2
- (qé” @ — g"qs - d) (é"g”” — d”g”"), (5.73)

where the first term scales as O(¢"), the second and third terms are of O(§), and the last term
is of @(g%). This illustrates that a certain coefficient of the expansion in 1/4 of a scalar function
I1; can contribute to different orders in the expansion in 1/¢ of the full HLbL tensor, i.e., to
different orders of the OPE. Vice versa, in order to determine the leading-order OPE constraint
on the BTT functions, we e.g. have to consider terms up to and including O(§=3) in II5. We
now write the scalar functions II; as a generic expansion in 1/¢ and sum up the scalar functions
times (derivatives of) tensor structures. Collecting in the resulting tensor terms according to
the scaling with ¢ and requiring equality with the leading-order OPE limit determines the
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expansion coefficients of the 19 BTT functions relevant in the (g — 2), limit as

Iy = 2w(c3.0,¢3) £ (d%) + O(G ),
N 4 o -
H5:§w;+wﬁ@§uﬁﬁ()+é)+5$+0@4%

~ 4 L )
H7 = C(5) + O((j—ﬁ)’
o=+ 01,

Ty = ¢” + 0™,

. 4 - o1 -
I = —3712(10% + 07 )(43,0,43) f(6*) — p ( @ 4 C?f”) — Y — ) o),
~ 1 —

R T J e

s =~ + 0G4,

4 . . I 5 o
14 = _3(12 (wit +wT)(q§707q§)f(q2) - ?Cé ) + 654) + O(q 6)7

. 1 a
o =~ 55 (e — 7))+l +06™)

() o),

4 42
II39 = @(w; +'UJT)(Q370 qS)f(q )Jr 2q

2 1 e
Mg = Tloy = 525 (wf +07) (63,0, ) () — gz (57 +” — (af ~ B)ek”) +0G™)

24>
o, — 222 (2 = @) + ) + o),
1, =0G™), ie{2,3,4,17}, (5.74)
where
f(@) = oy AQZ = 187r p (5.75)

and the remaining ambiguities are parameterized by functions c( n) behavmg as c ~ 1/¢"

which are subject to certain crossing-symmetry relations following from (| and - Note
that the small dimensional quantity that makes the expansion parameter dimensionless can be
any of the small scales, e.g., the small momentum or matrix elements of the operators in .
Due to the scaling of the tensor structures, the neglected terms in ([5.74) affect the HLbL tensor
first at O(1/¢%) and therefore cannot interfere with the leading-order OPE. This result specifies
the configuration Q? ~ Q3 = —¢*> = —¢*> > Q% The related limits for small ¢ or ¢3 follow

directly from crossing symmetry.

Since the longitudinal amplitude wy, only contributes to I1,_5, we will refer to these scalar
functions as the longitudinal ones, and accordingly to the remaining II; as the transversal con-

tribution. The non-trivial constraint on the non-singlet part of the latter emerges from the
corresponding limit of (5.70)

wr(q3,0,q3) = 2(wf +197) (43,0, ¢3), (5.76)

but in contrast to the anomaly condition (5.66)), which is exact in the chiral limit, this relation
does receive non-perturbative corrections. As noted above, the projection (5.74) shows that only
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the OPE constraints on the longitudinal amplitudes are free from ambiguities, whereas all those
on the transversal ones are affected by them. The presence of these ambiguities is not a problem
per se: it simply means that at leading order the OPE only constrains certain linear combinations
of BTT functions. We also note that the ambiguities would be moved to higher orders if the

next terms in the OPE were included.

For asymptotic values of q%, the OPE constraints can be compared with the pQCD quark
loop evaluated in the chiral limit and for ¢? = ¢3 = ¢2, q§ /¢* — 0,

A 2
HpQCD _
1 37r2q2q§’
N A 2
HpQCD _ HPQCD =——=__
5 6 gﬂzngg
~pQCD _ #pQCD _ #pQCD _ ApQCD _ oApQCD _ o&pQCD 2
I =10y =~ =~y = =2lI57 " = =215 = Fropms (5.77)

These expressions perfectly agree with if we use the non-renormalization theorem in the
form and set the ambiguities cl(-n) to zero, which demonstrates that the OPE constraint
and the pQCD quark loop coincide in the appropriate kinematic limit [250|] (neither chiral effects
nor «; corrections related to the gluon anomaly in the singlet channel matter in this limit). We
stress that one could impose the OPE constraints on the transversal functions without having to
deal with these ambiguities by first building linear combinations of the BTT functions that are
free from them. In principle, one could even use the freedom in the projection at a given order to
(n)

simplify expressions, e.g., at leading order one could choose the ¢; "’ in such a way that the only
non-vanishing contribution arises in Il = Il5; = 2 /G> (w; + ) (43,0,4¢3)f(*). However, such
a simplification would no longer hold at subleading orders, therefore, we keep here the general
form that shows directly how the OPE limit corresponds to the pQCD quark loop
evaluated in the same kinematics. In the following we will focus on the OPE constraint on
the longitudinal contribution, which can be unambiguously assigned to the BTT functions 15

already at leading order.

5.2.3.4 Relation to pseudoscalar poles

Separating the longitudinal OPE constraint into flavor components one finds

6 o 1

3 = — 02 — _ , (5.78
1 7r2q2q§ 3 67r2q2q§ )

N 6 1
M8 = -~ _(C2+02) = —_—, 5.79
1 ﬂzqzq?z)( gt 0) 27r2q2q§ ( )

which due to matches precisely onto when the meson masses and, crucially, the
momentum dependence of the singly-virtual form factor are neglected. This is the basic premise
of the model suggested in ref. [2]. We stress that for the non-singlet component these relations
are exact in the chiral limit, see section for an extensive discussion of this point. For
non-vanishing quark masses and, in the case of the singlet, due to the gluon anomaly they do
receive corrections. However, at low energies, where such corrections matter most, we always use
the full dispersive result that automatically corresponds to physical quantities, while and
are only implemented for asymptotic values of the virtualities qi2.
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The OPE constraint becomes potentially valuable in the context of the mixed-energy regions,
where both a description in terms of hadronic intermediate states and pQCD have limited appli-
cability. In practice, the constraint is rigorous once all momenta are large compared to Aqcp to
ensure that quark-mass corrections can be neglected. The Regge approach in the next section is
our proposal for an explicit implementation of the OPE constraint, following a remark made in
ref. [2]: while the 1/¢2 behavior in (5.78) and cannot be obtained with any finite number

of pseudoscalar poles, an infinite sum over excited states can produce the required asymptotics.

5.2.4 Regge models for the pseudoscalar-pole contribution

Assuming confinement, in the large-N, limit of QCD [133| the spectrum of the theory in any
sector (set of quantum numbers) reduces to an infinite number of narrow resonances. One should
not expect the spectral functions in this limit to be close to those of QCD with N, = 3 locally: a
series of §-functions does not look like the continuum observed in nature for any spectral function.
On the other hand, one expects the large- N, limit to provide a good approximation to QCD on
average, and in particular to reproduce to a reasonable accuracy its global properties such as
asymptotic limits. There is a vast literature on the subject that shows that these theoretical
considerations can be used with good success to build large- N. models that simultaneously satisfy
low- and high-energy constraints [190H192,251H253).

The aim of the present section is to construct a large-NN. Regge model in the pseudoscalar
and vector-meson sectors of QCD that allows us to satisfy the SDCs discussed above via an
infinite tower of pseudoscalar-pole contributions. The logic we follow in the construction of
the model is very simple: we seek minimal models, in terms of algebraic form and number of
free parameters, that are able to satisfy all known constraints, both of experimental as well as of
theoretical nature, i.e., phenomenological constraints wherever available and all known high- and
low-energy limits. Accordingly, we construct these large-N. Regge models with the application
to HLbL scattering in mind and thus work with physical quark masses. We will comment on the

chiral limit and the potential role of axial-vector resonances in section [5.2.5.3]

5.2.4.1 Large-N. Regge model for the pion transition form factor

Figure 5.6: Pion TFF in the large- N, limit.

The pion TFF describes the transition of a pion into two photons. VMD, LMD, and LMD+V
models for the pseudoscalar TFFs are widely used [109,254], cf. ﬁgures and . In this work,
we use an untruncated large-N,. model for the TFF, in which the pion couples to the photons
through a tower of isovector, I¢ = 11, and a tower of isoscalar, I® = 0=, vector mesons,

JPC =177, e.g., the p and w, respectively. Here, a tower of p (w) mesons means an infinite sum
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over radially-excited p (w) mesons. The contributions from a ¢ instead of an w are subdominant,
see appendix and thus will be neglected for the pion.

The standard large-N, ansatz for the pion TFF (see refs. [188,189|) reads:

2 _ 2
Froye (—Q1, —Q3) = E Grv,v, Fv, Py,
vavw

1 1 ]
+ (5.80)
1 2 1 2 )
Dy D}~ Dy D}
where
Dk = Q? + M%, (5.81)

Fy, and Fy,, represented by blue dots in figure are the current—vector-meson couplings and
Grv,v,, the cyan dot in figure @ is the coupling of two vector mesons to the neutral pion.
We stress that the couplings in are @2 independent as required by the large-N, approach
(combined with analyticity): the contribution of a given intermediate state is fixed by its imagi-
nary part, which for narrow resonances is a d-function, which freezes any Q? dependence. Indeed
the latter could be interpreted as coming from the continuum between resonances, which is sup-
pressed in the large-N, limit. Another potential source of Q?-dependent corrections to
is related to subtraction terms: while follows from an unsubtracted double-spectral rep-
resentation for the TFF, introducing subtractions would produce single-propagator terms and,
eventually, a polynomial. However, for a §-function subtractions are not necessary, and even
before taking the large-N. limit the pQCD behavior of the TFF implies that an unsubtracted
representation holds. As argued in ref. [28|, the advantage of using an unsubtracted dispersion
relation, in favor of a subtracted variant that could suppress some of the high-energy input,
is precisely that it allows one to manifestly incorporate the correct pQCD asymptotics. The
large- N, ansatz corresponds to this scenario. In the following, the vector-meson spectra
are assumed to obey a radial Regge model, see figure 5.7}

2 2 2 2
My, = M,y = My +np0,,
M, = Mf}(nw) = M2 +ny 02, (5.82)

where o, and o, are the slope parameters of the Regge trajectories, n, and n, are radial
excitation numbers, and the ground-state masses are M, = M7y = 775.26(25) MeV and

Having fixed the masses of the towers of vector resonances, our model for the pion TFF still
has an infinite number of parameters, namely the couplings Grv,v,, Fv,, and Fy,. One could
in principle reduce the number of free parameters to a finite one by imposing a certain algebraic
dependence of these couplings on the excitation numbers n, and n,,, as has been done for the

masses. In doing so one would have to be able to satisfy low- and high-energy constraints for
the pion TFF, which we recollect here from ([5.42)) and (5.44]):

1
chiral anomaly [236-238|: Froy, = m; (5.83)
BL limit [186}[187]: lm  Q*Fro,-(—Q%) = 2F; (5.84)
Q2—00
. o . 2 2 9y 2F%
symmetric pQCD limit [101]: Q121m Q7 Froyen« (—Q%, —Q7) = ——. (5.85)
—00
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w(n) excitations p(n) excitations

4t 4
N //’/ $(2170) — Anisovich et al. '00
@ 3t /'/ ----- Masjuan et al. '12
NE s Ecker et al. '89
ol e(1680) e Kaczmarek et al. '05
1}« ¢(1020)
0 1 2

n

Figure 5.7: Radial Regge trajectories of the isovector p and isoscalar w and ¢ vector mesons. The
states w(782), w(1420), p(770), p(1450), ¢(1020), $(1680), and ¢(2170) are from PDG [100]. The
states w(1960), w(2205), p(1900), and p(2150) are extracted from ref. [193]. The errors are defined
as AM? =TM . The solid magenta lines are from ref. with 02 = 1.54, Ug = 1.39
GeV2, and 03) = 1.54 GeV2. The turquoise bands are from ref. with 02 = 1.50(12) GeV?,
ag = 1.43(13) GeV?, and 03) = 1.84(6) GeV2. The green dotted lines with slope 0% = 1.11
GeV? are based on the lattice calculation of ref. . The orange dot-dashed lines with slope

02 = 1.87 GeV? are based on the p — 27 decay ,.

One immediately notices that while the Q? dependence of each individual term in is
compatible with the Brodsky—Lepage (BL) limit, the symmetric pQCD limit can only be satisfied
after resumming the series of vector resonances. To this end, the coupling constants must be
arranged in such a way that the Q% behavior of the individual terms becomes a Q2 behavior
after resummation. That this is possible was shown in refs. [188,[189).

In addition, the pion TFF has been measured quite well in the singly-virtual case
, and our model for the TFF would have to describe the data. For the doubly-virtual case
a recent dispersive analysis has shown that data for related processes and theoretical arguments
constrain the behavior of the TFF in that kinematical region —a constraint we will

also take into account.

Imposing all these constraints on the model (5.80) by adjusting its free parameters is tech-
nically cumbersome, especially if we consider that we must still add a third sum over the tower
of pseudoscalar mesons, JF¢ = 0~F, cf. figure with which we aim to change the large-Q?

behavior of the whole HLbL tensor. In particular, we will implement the SDCs on II; introduced
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n(n) excitations

—— Anisovich et al. '00
----- Masjuan et al. '12: our choice

------ Alternative assignment
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71(1300)

T1(140)
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n
7(n) excitations n'(n) excitations

7(2070) "

1'(2225)

7'(958)

Figure 5.8: Radial Regge trajectories of the m, 1, and 7’ pseudoscalar mesons. The states
7(140), w(1300), w(1800), n(548), n(1295), n(1760), n'(958), n'(1475), X (1835), and 7’(2225) are
from PDG [100]. Note that the states 5(1760), X (1835), and n/(2225) are omitted from the PDG
summary tables. The state 7(1440) is from PDG ’00 [257]. The states 7(2070), w(2305), 1(2100),
n(2320), and 7/(2010) are extracted from ref. [193]. The state 7/(2070) is taken from Table
26|. The errors are defined as AM? = T'M . The solid magenta lines are fits from ref. :
02 = a% = a%, = 1.39 GeV2. The turquoise bands are fits from ref. which exclude the ground
states of the pion and the n: 02 = 1.27(27) GeV? and M, = 766 MeV as in (-89, 0'% = 1.33(11)
GeV? and Mn = 591 MeV as in (5.118), and 072], = 1.36(14) GeV?. The 7(1440), X (1835), and
1/ (2070) states (purple squares) correspond to a different assignment of (") excitations suggested
in ref. Table 27]. The dot-dashed purple lines correspond to our fits of these alternative

trajectories: O'% = 1.38 GeV? with Mn = 0.652 GeV, and 0727, =1.81 GeV2,

in (5.50) and (5.78)):°

SDC for the mixed region : hm lim Z H pOIG Q* —Q7, —Q:QJ,)

QQHOO

> Fﬂ' (n)y*~y* ( Q Q ) Trn)'yw*(_Qg)

=— lim lim

Qg—mo Q%200 "0 Q3 + MQ(n)
1 11
_ Lt (5.86)
6m2 Q% Q3
(5.87)

5Note that while for the MV SDC, which is derived based on the V'V A triangle, the flavor decomposition into
pion, 7, and ’ is unambiguously given by C2, see (5.79)), the decomposition presented here for the SDC in the
asymptotic region ([5.50) is not unique. We choose to adopt the same separation as for the MV constraint.



5.2. LONGITUDINAL SCDS FOR HLBL WITH LARGE-Nc REGGE MODELS 151

SDC for the asymptotic region: lim Z 1_[1 pde( Q% -Q% -Q?
Q?—o0 n=0
_ li io: F ( Q2 QQ) Fﬂ(n)'y'y* (_Q2)
I 2 2
Q200 s Q + Mw(n)
4 C3? 1

== 5.88
9 Za:o,s,s czQ* ( )
Here, Fi(n)y+y+ is the TFF of the n-th radially-excited pion and a radial Regge model is assumed

for the pion masses starting from the first excitation, see figure

9 M? n =0,
My =9 - (5.89)
M2+no? n>1,

where M, = 134.9770(5) MeV is the 7° mass [100].° Given the complexity of implementing
all these constraints simultaneously in terms of the general couplings of the Regge model, we

therefore adopted a different approach:

1. we allow the ground-state pion to couple only to the ground-state p and w mesons, and

the n-th pion excitation to couple only to the n-th p and w excitations;

2. we subsume the effect of the vector-meson excitations that we have just eliminated into a

Q7 dependence of the numerator multiplying the resonance propagators;

3. the latter Q? dependence will be parameterized in simple terms with as few free parameters

as necessary to satisfy the constraints listed above.

The first step is motivated by the fact that non-diagonal couplings are suppressed by the reduced
overlap of radial wave functions with different numbers of nodes [188]. For the same reason we
are only considering the leading S-wave vector-meson trajectories and neglecting the D-wave
daughter trajectories. In appendix we will consider an alternative model that already for
the pQCD limit of the TFF itself, cf. , uses the Regge resummation from ref. [188], but
for the main text we restrict the presentation to the most economical form sufficient to fulfill all

constraints simultaneously. This strategy leads us to

5 1 M2 M2 M2M?
Fﬂ(n )yt ( Ql: Q2) = 87T2F7r DI D2 + D2 Dt (5'90)
pn)Zwn) o) wn)
My, M Q303
X [Canom + €A +CB +Cd1a 2
[ ano A2 A gAQ(QQ + dlag>
Q2 M2M2 M2M? M2 M2,
2 p) 2 1 CBL + €A A27 +¢B A27 )
@ DyyD2y  DoyDiny
where 1

5Note that the ground-state is treated separately because for the Goldstone bosons a strong non-linearity of
the Regge trajectory is expected [260].
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and A = O(1GeV) is a typical QCD scale introduced to make all model parameters (canom,
CA, CB, Cdiags cpr,) dimensionless. The second mass scale Mgiag is determined by fitting the

experimental data, it parameterizes the doubly-virtual behavior of the TFF.

With this parameterization, the three conditions for the TFF of the ground-state pion from (5.83)—
(5.85)) can be expressed as follows:

anomaly: 1 = Canom + A12 (cAM_%’O + CBME’O) ; (5.92)
1 MZM?
BL limit: 1= W (canomM+ 0— cpL, M? otea A2 ) : (5.93)
3M2M2

symmetric pQCD limit;: 1= (5.94)

167 2F2A2 Cdiag:
Since the mass scales M,, M, My o, and A as well as w2 F, are of about the same order, all
coupling constants that appear in the constraint equations ([5.92)—(5.94) multiplied by ratios of
these mass scales are expected to be of O(1). M_ ¢, on the other hand, is much smaller, so that
the coupling constants multiplied by it (cpr, and cp) are expected to be of (’)(AQ/ME’O) ~ 100,

otherwise their role in the equations would become irrelevant.

Of course these three conditions are not sufficient to determine all five model parameters.
Two more constraints follow from resumming the contributions of all excited pseudoscalars to
the HLbL amplitude, see and . Details on the evaluation of infinite sums over
rational functions can be found in appendix [5.2.C] The MV SDC for the mixed region translates

into: 511
M=:M L L
1=—-F L - = 5.95
ohe | (ea +CB>AM + (ca CB)AM : (5.95)
where cgiag from (5.94)) has been used and
2
o;
i 2, (5.96)

2 2
U—log 2 Aij.—Ui—O'-
J

The second SDC concerns the limit QZQ = Q% — o0, forall i = 1,2,3. It also involves c4 and ¢,

but now in a different combination together with cgjag:

9 MyMg |, 5o )
647T2F2A4 Q2 w {CA prEpw |:0-7r (Aw,n—LpTr — Aanwﬂ-) + prﬂ-:|
PWT

+ b A [ (g2 — 20%) A2 Ly — (Sp0? = 20%) A2 s + (A pr + Do) Q,M]
—&M@[ (0% +0%) (A2 Ly — A2 L) + Sy (02A2, Lipe — 0422, L)

_mm@mw_ﬁ_ﬁﬂ_%%%pﬁ¢+ﬁ@}4ﬁnA;%W

— 02 {03 + az(ai - 207%)} AIQ,WLWr + (Uizpw - 20203) Qpor

[E—

+ CdiagCa A pw {ag(ag — 20-727)A3mL,07T — o2 (a — 20 )A2 Lox — 0'72r pr,r} }, (5.97)

with

Qg = (07 —03)(of —0})(0f —0F), gy i=07 +07. (5.98)
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m Ui Ui

Canom —1.670 — —
cA 6.794 2.542 2.635
cB —252.346 —23.535 —23.706
Cdiag 1.218 0.401 0.502
CBL 141.688 18.721 18.877
Mgiag 1.519 0.898 0.898

Table 5.1: “Natural” model parameters of the large-N,. Regge models for the pion, 7, and 7’
TFFs. Note that here we rescaled the n(/) parameters c4, cg, and cgy, with a factor of C’gi:) /N

In appendix[5.2.F.1] this system of equations is solved analytically. Here, we discuss numerical
values for all parameters, also summarized in table based on the following choice of Regge
slopes [193]:"

o2 =1.27(27) GeV?, o) =1.43(13) GeV?, 02 = 1.50(12) GeV?. (5.99)

Furthermore, we use F; = 92.28 MeV, A = 1 GeV, and other input from the PDG [100].
The constant cqiag is independent of all the others and is directly determined by ([5.94]):

Cdiag = 1.218. (5100)

Once this is fixed, equations (5.95)) and (5.97]) determine c4 and cg. Since the second equation is

quadratic it has two solutions, but one can be readily discarded because the two-photon couplings

of the excited pions become unreasonably large, and so do the values of the constants ¢4 and

cp. The physical solution gives:
cqa = 6.794, cp = —252.346. (5.101)
Having determined c4 and c¢p, determines canom to the value:
Canom = —1.670, (5.102)
and finally fixes the remaining parameter:
cpL, = 141.688. (5.103)

As expected, all constants are of O(1), with the exception of ¢y, ¢g ~ O(100).

Since there is no direct empirical information on the doubly-virtual 7° TFF available, we fit
our model parameter Mgiag to the dispersive description of the 7% TFF from refs. [28,[172]. To

find the best fit, we minimize the estimated variance:

'max 2
oL R (SGE, Gh) e Gh,h) 100
jmax —p J=1 Afdata(_ %j’ _Q%,j) ’ |

"From figure 5 of ref. [193] we extracted M, = 766 MeV.
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Figure 5.9: Singly-virtual 7° TFF. The large-N,. Regge model, “Model 17 , is indicated by
the dashed pink curve. Our alternative TFF model, “Model 2” , is indicated by the solid
cyan curve. The gray band with the dotted curve is the dispersive result from refs. [28,|172]. The
data are from CELLO [204], CLEO [205|, BaBar |258|, and Belle |259).

where jnax is the length of the data set and p is the number of fit parameters. Here, f is our

model and f422 is the dispersive TFF.® The sum is over juax = O(2x10%) selected points in the

region of 0 < Q1 < Qq, where Q% € [0,40] GeV2. As a result, we obtain Maiag = 1.519 GeV with
2

X~ ~ 0.37.

The singly-virtual TFF of the ground-state pion is shown in figure 5.9 The large-N. Regge
model presented above is labeled as “Model 1.” In appendix [5.2.B] an alternative TFF model,
to which we refer as “Model 2,” is introduced, based on a Regge resummation for the TFF
itself. Both models give a reasonable description of the experimental data, while Model 1 shows
better agreement with the dispersive TFF in the intermediate-Q region. In appendix [5.2.F.2]
both models are shown also in the doubly-virtual region and further compared to the dispersive
TFF |28, 171,|172|, a prediction from lattice QCD |29], and a result from DSE [173]. We stress
that neither model should be evaluated for other than purely space-like virtualities, both are
constructed in such a way as to provide an efficient implementation of all constraints relevant for
the space-like region, but do not properly incorporate the analytic structure required to continue
to time-like virtualities. In addition to our fits to the dispersive 7° TFF, we also checked that

the ¥ contribution to (g — 2),, is reproduced correctly

O_pol _ —11 0_pol _ —11
af, POl gy = 64.3x 107, af, PO e = 64.5x 1071,
0_pol _ +3.0 —11
af, P°| pajry = 62.6 To5 x 107 (5.105)

8Since the error band of the dispersive TFF is asymmetric, for each kinematic point its smallest value was
extracted to obtain Afdata(—Qij, —Q%j).
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Finally, as detailed in ref. [28], effective-field-theory constraints on the pseudoscalar-pole con-
tributions [194}|195] are automatically encoded in the TFF phenomenology, for the leading con-

straint in its normalization, for the subleading one in the momentum dependence.

5.2.4.2 Large-N. Regge model for the n and i’ transition form factors

Figure 5.10: n and o’ TFFs in the large- N, limit.

Analogously to the pion case, our large-N. Regge model for the n and ' TFFs shall satisfy
the following five low- and high-energy constraints, cf. ((5.36)), (5.44), (5.50), and (5.78]):

normalization: F&P = (.2739(48) GeV ! [100],

my
F% =0.3413(76) GeV ™" [100]; (5.106)
BL limit [I86}[187]: hm Q*Fpypr (—Q%) = 1205 F,
Q121m Q*Fyoys (—Q%) = 12Cy Fy; (5.107)
symmetric pQCD limit [101]: Q121m Q*Fppers (—Q?, —Q?) = 4 Cs F,
hm Q*Fyypenr (—Q%, —Q%) = 4 CyFy; (5.108)
SDC for the mixed region [2]: lim lim ﬂ?(,) (n)_pOIQ(—QQ, -Q?,—-Q?)

Q32—00 Q%2 =00 oy

0o
F(/) *
=— lim lim Z DT

Q3—00 Q2—=00 “—

n=0

65 1 1
772 Q202

SDC for the asymptotic region: lim ZHT’()(n pde( Q* Q> -Q° )

QQ*)OO

Q% =Q%) Fy0) (- (—@3)
QF + MZ,

(n)

(5.109)

- 92 Za:O,i’),S cz2 QY

Here, as compared to (5.44)), we now use the notation

F, = és ZC Fy,  Fy=—Y CiFy. (5.111)
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™ n n
pw 1.154 — —
pop  0.032 — —
pp — 1.248 1.022
ww — 0.139 0.114
030 —  —0.256 0.314
pw — 0.015 —0.002

Table 5.2: Pseudoscalar—vector—vector couplings derived in appendix 0‘1/31 v, With P =
m,n,n and V; = p,w, ¢ as defined in (5.159) and (5.160]).

Furthermore, we introduced:

F8cosfs — 2v/2F sin 60) (FO cosfy — 2v/2F8 sin 98)
108FOF8 cos (6p — 6s) ’

o2 (2\/§F8 cos fg + FOsin 60) (QﬂFO cosfy + F8sin 98)

108FOF8 cos (6p — 6s) ’

(
Cy

(5.112)

as follow by separating the n and 1’ contributions to ((5.45]) according to (5.41]). These coefficients
fulfill C3 + G} = Cf + C§ = 1/12.

Switching to the n and 1’ we face the problem that, since these are I = 0 mesons, they cou-
ple to isovector—isovector and isoscalar—isoscalar vector mesons, so to same-mass vector mesons
only (ignoring ¢—w mixing), see figure Taking the limit M,y = M) = My, in our
parameterization of the pion TFF , we obtain a significant simplification:

My My Q103
Py (-@2,-03) X pi (5.113)

W Canom T+ CA A2 + Cdiag AQ(Q+ n

V(n) PV (n) M3,,)

Since two free parameters dropped out, this parameterization cannot satisfy all relevant low- and

high-energy constraints.

Fortunately, via vector-meson mixing in the isoscalar sector, there is a possible contribution
of a mixed ¢—w term to the TFFs of the 77(/ ), which would be absent in the case of ideal mixing.
The ¢—w coupling to n") will certainly be small when compared to the same-mass vector-meson
couplings, see table but since it contributes where the others cannot, it is important to

retain.

In summary, our large- N, Regge model for the n") TFFs reads:

Foy) g (@3, —Q3) = ”j’v)” [FQ e (CQE-QD +F) (-3 @), (5.119)

where the two parts parameterize the same-mass and mixed vector-meson contributions, respec-
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tively:
2 2 4
(a) 9y ) A Q3Q3 My
F (01, -03) = > Oy |1+ ca (5.115)
" (n 15 2 4% 1ag 3 r4 2 1 2 ’
! V=p,w,d My (Q% + dlag) Dy V(n )DV(n)
2 2 2 2
5 ") Mz, — ML, M=, — M2,
F,SO)) (= Qi,-Q3) =C] { L+ca A2 =2t ep e
( M2M? M2M? ) M2, M2,
X 1 5— + 5 I + |eBL+CA—5— +CB—3
Doy Py Peomy Pty A A
Q2 zw%wQ M2M?
o [ﬂ - 72 ¢Lﬂ : (5.116)
(n)~ ¢(n) w(n) ™~ ¢(n)
Here we again use the short-hand notations from (5.91)), with the modification that
1
2 _ 2 2
Mgn_§<MﬂmiA1mQ. (5.117)

All meson spectra are assumed to follow a radial Regge model. For the ¢ meson, we use the

analog of ((5.82)). For the n and 1’ mesons, we distinguish:

M? n=0

2 _ n ’
My = - ) , (5.118)

M2 +no} n>1,

and
) (5.119)

with the ground-state masses M, = 547.862(17) MeV and M,y = 957.78(6) MeV [100].

0.016
Model 1 —=— BaBar
0.014 Model 2

0.012}
0.010F
0.008 ]
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(6.5,6.5) (16.9,16.9) (14.8,4.3) (38.1,15.0)  (45.6,45.6)

(Q1, Q) (GeV?)

Figure 5.11: Comparison to the doubly-virtual " TFF data from BaBar [207]. The large-N,
Regge model, “Model 17 (5.114)), is indicated by the pink bands with the dashed lines. Our
alternative TFF model, “Model 2”7 (5.161]), is indicated by the solid cyan lines.
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The normalization coefficient is defined as:

N =CJ,+Cl, +Cly+2C] (5.120)

where C{Z v, are the pseudoscalar-vector—vector couplings derived in appendix and C(Zw
is the parameter that measures the deviation from ideal mixing. By construction, each vector-

meson pair contributes (up to normalization) exactly C"I/Dl vy t0 E )

To simplify the parameterization, equation only contains terms which are unique to
the ¢—w contribution, and the n-dependence has been removed from the numerator of .
In this way, is used to satisfy the BL limit for the ground-state 77(’ ) TFF as well as the
two SDCs on the HLbL tensor.

The constraint equations following from ([5.107)) and (5.108)) read:

P, L Fiy 2 2 n a2
BL limit: 1= G0 CoF, CopMy + Cou M + Cg Mg (5.121)
ML, ME M2
+2C7, (Mio—cBLMQ’O —ca—g — By ) ;
Cpp + Ciw + Cf, A°F,
: o ¢ my

symmetric pQCD limit: 1= Cdiag} 5.122
N 8CsF, 8 (5.122)

where the same equations hold for the " with the obvious replacements (including Cs — Cj).
The MV SDC for the HLbL tensor in the mixed region translates to:

C" 272CgF, Fy M2 M?

w 8L Lnpyy MMy w

1= (ca+cp)— 4 (ca —cB)— (5.123)
N 36‘%A2

where cgijag has already been inserted. The SDC for the HLbL tensor in the asymptotic region
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becomes more complicated due to the presence of additional mass scales:

Cy., m2F2 _ M2M? acy, M2M2
_ My et Tw w 2 2 2 2
N N2 160%/\4 Qi) CAA¢WE¢W [Q@fﬂl + Iy (AwnL¢77 - A¢ann) }
w1

BB | (Sow0 = 208) A2, Ly — (Sgur? = 208) A2, Ly + (B + Auy) Qo
+ ZCACB[ (76 + 00) (AdyLon — A%y Lum) + Sow (05AZ, Ly — 04 AL, Lon)

207, [ 02 (App + Apw)
— bewn (072)2¢w — Ug — 0':1}) } } + CdiagCA Al (Ap¢gppw { 4 PAd’pn 4

1
demgpwngaﬁw

!
9

+Qp¢n0— Awanw) ] } Qé
W)

[QaﬁwnaéA?@Azw (Aqﬁn + Awn) Lm? - Aqﬁw (sznaéA@sz

Ay

A¢>n [ U;‘;Azw (Adm + Awn) Loy — QUiAinde
ClwAgn

02 Ay

+ Qgon (30(‘; a¢a 50¢0 + 30 )} +
¢uwn

20442, L

+ 207 A%, (Agy + Aun) Lay + Qpun (0302 — 30, — 30507 + 500 )D

207, | o204 1

— Caingep N [ 22— T2 (20,088 L

et (AP¢APw{ Apn Qp¢nprnQ¢wn pen oo T

— Q25 0 A Dy Lpus + Q0 00 Agn Ay L M2(4A3+4A3)L

penTwgwRwnbpw T 3ipewTnSénSwnbpn 2, Auy TpBuwn T TnBew) Hwn

wn)
2 2 Cpu 403
— 20¢AM7L¢7, + Qgun (O'¢O' + o —30’¢0' +o,0 )} — ﬂ{ 0 A%y L
pwn

-2 (aﬁAz’m — O;;A?bw) Ly + Qg (03, + a;afj + 03)072] - 3050,27) })] . (5.124)

In appendix [5.2.G.1] the above system of equations is solved analytically. In the following, we
discuss numerical values for all input parameters. The couplings C""/i/‘)@ are collected in table .
They are calculated based on (5.159) with the phenomenological 7—7' mixing parameters [201}
202):

F® =1.26(4)F;, F"=1.17(3)F,, 6s=—21.2(1.6)°, 6= —9.2(1.7)°, (5.125)

and the ¢—w mixing angle 6y = 36.4° [100]. The parameters Cg(,), which describe our choice for
the splitting of the SDCs on the HLbL tensor into  and 7' contributions, evaluate to:

2 2
C2~0.02T  C2 ~0.057, (5.126)

as follows from ([5.112]) with the 7' mixing parameters in (5.125). The decay constants F77<’)’

on the other hand, are not deduced from the n-7r' mixing parameters, but fit to experimental
data for the singly-virtual () TFFs:

F, = 139137 MeV,

Fy =797 MeV, (5.127)
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with an estimated variance of x? ~ 1.1 and x? ~ 0.9, respectively. The errors are increased in
order to cover the Padé approximant predictions from refs. [26] and for n and 1/, respectively.
The large error on F,, may be partly due to the fact that it is not clear when the asymptotic BL
limit sets in, accordingly, we will keep the full range in the error analysis. Mgja, is fit to the recent
BaBar data for the doubly-virtual ' TFF , see figure . The resulting value Mgj,g = 898
MeV (with x? ~ 1.6) is used for both the  and 1’ large-N, Regge model. Furthermore, we use
the Regge slopes collected in as well as :9

op = 1.33(11) GeV?, o7 = 1.36(14) GeV?, 07 = 1.84(6) GeV*. (5.128)

The final model parameters (ca, ¢B, Cdiag, CBL) are summarized in table where we rescaled
the numerical values with C’Zw /N ~ 0.0129 and C’Z; /N ~ —0.0017, respectively, to show that
all parameters are of “natural” size.

0.30
0.95 CELLO — CLEO —=— BaBar 1
= 0200 .
= 1
?ly 015 [l et ]
:é
oy 0.10F ]
[ — CA
I R FEE RCST ]
0.05+ Model 1 -
I ——— Model 2 |
ool b0 e ]
0 10 20 30 40

Q@ (GeV?)

Figure 5.12: Singly-virtual n TFF. The large- N. Regge model, “Model 17 (5.114]), is indicated by
the pink band with the dashed curve. Our alternative TFF model, “Model 2” (5.161)), is indicated
by the solid cyan curve. The purple band is the CA result from ref. . The dark blue dotted

curve is the RCST result from ref. [261]. The data are from CELLO [204], CLEO |[205|, and
BaBar [206].

The singly-virtual TFFs of the ground-state n and " are shown in figures and The
large-N. Regge model presented above is labeled as “Model 1.” The alternative TFF model,
introduced in appendix [5.2.B] is referred to as “Model 2.” The model error of the large-N,. Regge
TFFs is propagated from the errors of the input parameters op, oy, Fpyy, Fp, as well as the n—n’
mixing parameters, see (5.99), (5.106), (5.128), (5.125), and (5.127). While Model 2, for which
we do not provide an error estimate, runs outside the error band of the Model 1 n’ (n) TFF for

some low (intermediate) values of @2, both models give a good description of the experimental

°From figure 3 of ref. we extracted M, = 591 MeV.
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Figure 5.13: Singly-virtual ” TFF. The large-N,. Regge model, “Model 17 , is indicated
by the pink band with the dashed curve. Our alternative TFF model, “Model 2” , is
indicated by the solid cyan curve. The purple band is the CA result from ref. [26]. The dark
blue dotted curve is the RCST result from ref. [261]. The data are from L3 [203], CELLO [204],
CLEO , and BaBar [206].

data and, thus, come out close to the results from CAs [26] and fits within resonance chiral
symmetric theory (RCST) .10 In appendices [5.2.G.2| and [5.2.G.3] both models are further
compared to CA, RCST, and DSE , and the decomposition of Model 1 into 2p, 2¢, 2w, and
¢w contributions is illustrated. We stress again that neither model should be evaluated for other

than purely space-like virtualities.

Both the ground-state 7 contribution to (g — 2),,

an-pOIG‘Model 1= = 16. 4+1g X 10_11 ay pOIG‘Model 2 =178 x 10_11’
AP gy = 16:3(1.4) x 1071, (5.129)
and the ground-state 1’ contribution to (g — 2) "
al o) = 14808 x 107 grrele] L =16.1 x 1071,
0/ 7| gy = 14-5(1.9) x 1071, (5.130)

are reproduced correctly with our n) TFF models.
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Assignment 1 Assignment 2 Assignment 1 Assignment 2

n(1295) 0.0354 n(1440) 0.0351 1/(1475) 0.0594 X (1835) 0.0561

1
2 p(1760) 0.0171 n(1760) 0.0169 #/(2010) 0.0305 n/(2070) 0.0281
3 7(2100) 0.0111 0.0110 7/(2225) 0.0203 0.0185
4 n(2320) 0.0082 0.0081 0.0151 0.0137

Table 5.3: Two-photon couplings, Fp,,, of excited n") states from the large-N, Regge model
(5.114), in units of GeV~'. “Assignment 17 and “Assignment 2” refer to the assignments of n{")
excitations shown in figure and suggested in refs. [100/193] and [213, Table 27|, respectively.

5.2.4.3 Comparison of two-photon couplings

Apart from the Regge slopes for the trajectories of pion, 7, n’, as well the vector mesons, phe-
nomenological input for the excited-pseudoscalar contributions could in principle be provided by
their TFFs. Even though the normalizations are poorly known, it is still important to verify
that the two-photon couplings implied by our Regge models compare reasonably to the available

phenomenological constraints. For the first excited state in the pion trajectory, there is a limit
Fr(1300)7 < 0.0544(71) GeV ™1, (5.131)

see appendix which is indeed satisfied by F7(1300),, = 0.050 GeV~! from our Regge model.

Nothing is known about the two-photon coupling of the 7(1800) and even heavier excited pions.

The situation is more involved in the n) sector. As alluded to in the caption of figure
the spectroscopy of excited n(’) states is contentious, especially regarding the role of the states
below 1500 MeV. Table [5-3] collects two possible assignments of states to Regge trajectories.
The first interpretation, favored by ref. |100], considers the 7(1295) the lowest 1 excitation
and differentiates between 7(1405) and 1(1475) states. The latter is considered as the first n’
excitation, while the 7(1405) is described as a glueball candidate. In contrast, ref. |213] argues
that there is only a single state below 1500 MeV, the 1(1440), which should be interpreted as
the first n excitation. The X (1835) is identified as suitable candidate for the first n" excitation,
although its quantum numbers are not yet established. In both cases, the n(1760) emerges as

the second 7 excitation.

The available constraints on the two-photon couplings of n) are collected in table see
appendix for details. The results from the second column are valid under the assumption
that the branching fractions listed in the PDG are accurate, while the third column assumes, in
addition, dominance by some decay channels (given in the last column). For the 1(1295) only an
indirect limit is available, in the first assignment the two-photon coupling of the 7(1295) comes
out slightly larger. Note, however, that the very existence of the 7(1295) is called into question

in ref. [213|, with the fact that in contrast to the n(1475) this resonance has not been seen in

10The RCST result is reproduced from fit 2 in ref. [261] and PDG input for the masses of p(770), p(1450),
p(1700), w(782), w(1420), w(1650), ¢(1020), 4(1680), and $(2170) [100].
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Fpyy[GeVTH]

P direct indirect assuming dominance of
n(1295) — < 0.030 nrm, KK7
7(1405) < 0.122 < 0.033 nrm, KK
n(1475) < 0.195, > 0.041(6) = 0.041(6) KK
n(1760) > 0.014(2) = 0.014(2) n'rmw
X (1835) < 0.235 < 0.022 n'mm

Table 5.4: Constraints on the two-photon couplings of excited 77(’) states, as collected in ap-
pendix The column labeled “direct” includes constraints that follow directly from branch-
ing fractions listed in the PDG, while the column labeled “indirect” lists results obtained when

assuming that the channels from the last column are dominant.

the v reaction as one of the arguments. The 7(1405) is discarded in either assignment of Regge
trajectories. However, in the second assignment the 1(1440) would be interpreted as a single state
instead of 7(1405) and n(1475), see also ref. [262], in such a way that for the comparison the
two-photon couplings of both states should be considered. Remarkably, the measured value for
the n(1475), Fy1475), = 0.041(6) GeV ™1, agrees perfectly with F(1440)yy = 0.035 GeV~! from
Assignment 2. In Assignment 1, where the 7(1475) is considered the first 1’ excitation, there is
still reasonable agreement. Next, the experimental result for the 7(1760) nicely confirms the two-
photon coupling implied by both assignments, since a tiny correction beyond the dominant n'mr
channel would suffice to bring the numbers into complete agreement. Finally, the two-photon
coupling of the X (1835) in Assignment 2 fulfills the direct limit but not the one assuming
dominance of n'7wm, which may indicate that in case this assignment is correct, other channels
besides n'rm may play a role (as indeed suggested by other decay channels listed in the PDG).
Moreover, the significance of the two-resonance fit from ref. [212] used to obtain the much stricter
limit is only quoted at 2.8 0. Taken together with the fact that not even the quantum numbers
of the X (1835) are firmly established, it thus seems difficult to draw meaningful conclusions on

its two-photon coupling at this point.

Altogether, we conclude that the two-photon couplings implied by our large- N, Regge models
are well compatible with the phenomenological constraints. In particular, for the cases where
measurements and not just limits exist, the 1(1475) and the 7(1760), the resulting couplings are
close to the ones that our large- N. Regge models would imply. The same is true for our alternative
TFF model , see figure , whose couplings are similar to the ones of the large- N. Regge
models. We stress that the detailed comparison depends on the assignment of observed states
to Regge trajectories, but in both variants considered there is reasonable agreement with the

two-photon phenomenology of excited ") states.

5.2.4.4 Excited-pseudoscalar contributions to (g — 2),

The ground-state pseudoscalar-pole contributions to (¢ — 2),, calculated based on our TFF

models, are given in (5.105)), (5.129]), and (5.130). The uncertainty on the predictions from
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20 40 60 80 100
nmax

Figure 5.14: Sum over radially-excited pion, 7, and 7' contributions to (g — 2),, as defined
in . The dotted curves are the extrapolated values Aaf’p()les corresponding to the limit
Nmax — 00. The gray lines indicate the contributions from the lowest (observed) pseudoscalar
excitations shown in figure All results are calculated with the Model 2 TFFs (5.161]).

Model 1 is the propagated error from the input parameters op, oy, Fpyy, Fp, and the -7/
mixing parameters. In all cases we observe good agreement with the literature [26,28,/172,214],
which demonstrates that in addition to fulfilling the various SDCs, our Regge models capture

the properties of the TFFs most relevant for the g — 2 integral.

In the following, we derive the contribution to (¢ — 2), originating from radially-excited
pseudoscalar mesons. The large- N, Regge models introduced in the preceding sections and the
alternative model discussed in appendix are constructed in such a way as to describe not
only the ground-state pseudoscalar TFFs, but also the TFFs of excited pseudoscalar mesons.
Phenomenological input on these excited states enters mainly in terms of their masses as con-
tained in the Regge parameters, while the infinite sum restores the correct asymptotic properties
of the HLbL tensor, which cannot be achieved with a finite number of pseudoscalar-pole con-
tributions. Moreover, for some of the excited states limits on their two-photon couplings are
available, see appendix as well as the discussion in the previous subsection, which shows
that the couplings implied by our Regge model are consistent with the available constraints from

phenomenology.

With the large- N, Regge model, we can calculate the pseudoscalar-meson tower exactly, i.e.,
we can perform the infinite sum over pseudoscalar-pole diagrams with excited pseudoscalars. For
Model 2, we sum over the lowest n = 100 radially-excited pseudoscalars (P = 7, 7,7n’) and then

fit a saturation curve,

Aaf—poleS(nmaX) _ AaP—poles _ (AaP—poles _ aO) efb(nmax)c7 (5'132)
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in order to extrapolate to infinity. Here, we defined:

Mmax

Aal P (0 ) Z al’(m)-pole. (5.133)
with the infinite-summation result denoted as:
Aafj‘p"les = Aaﬁ'p"les(oo). (5.134)

The saturation curve procedure is illustrated in figure where for reasons of clarity only
every other data point is plotted above n = 4. The fits start from ng,,x = 1 and describe the
data perfectly. The dotted lines indicate the extrapolated values for Aaﬁ“pdes and illustrate the
good convergence of the summation already at nmax = 100. This procedure has been verified

with the large- N, Regge model, for which the sum is already saturated at npax = 100.

For the full pseudoscalar-pole contributions to (g — 2),, we obtain:

o [e'S)
Z ay, pOle’Model 1 671(04) X 10_11’ Z az(n)_p()le‘Model 2 = 68.4 x 10_11’
n=0
0o 9
-pol _ +1.1 —11 -pol _ —11
Z az(n) b e‘Model 1 19'970.9 x 10 ’ Z CLZ(”) P e|Model 2 22.1x10 ’
n=0

oo o0
( 1 —11 '( 1 —11
Zaz Fpole| 1 =21.3(12) x 107 Y Cgrmpele) =242 1071

Z ali(mpole y gn(m)-pole 4 gn'(n)-pole —=108.3718 x 1071, (5.135)

|Mode1 1

where the uncertainty of the Model 1 prediction is solely estimated based on the error prop-

agated from the input parameters on ZHPO 5( F-pole Isolating the contribution from excited

pseudoscalars, one finds:

_pol —11 -pol -1
Aaﬁ e eS}Model 1= 2.7(0.4) x 10 " Aaii Pe es‘Model o, = 3.9 x 10 Y
-pol _ 9 4409 —11 -pol _ —11
AayP? es}Model =34 57 x 107, AaP? es‘Model p = 431077,
/_ 1 _ /_ les —
Ad)Pols| o =6.5(1.1) x 1071, AgjPoles| o =82x107" (5.136)

The difference between the Aafj’pdes results from Model 1 and Model 2 can be used to quantify

the systematic uncertainty of our prediction:

AP = 2.7 (0.4)Moder 1 (1.2)syse x 107 =2.7(1.3) x 1071,
AafPo = 34709 a1 (0.9)syse x 1071 =343 s 1071,

Aa P = 6.5 (1.1)model 1 (1.7)syst x 10711 = 6.5(2.0) x 10711, (5.137)

With the alternative assignment of n() excitations in the radial Regge trajectories [213], see
dot-dashed purple lines in figure [5.8 we obtain:

AgPo'™ = 3.4 x 1071, Aa) PO = 6.4 x 1071, (5.138)

indicating that the net effect is remarkably insensitive to the assignment of the 7, ” Regge tra-

jectories. Expressing 072,(/) through the experimental F and F, (), see left-hand side of (15.45)),

nyy
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. .. (- . ce
instead of the 77 mixing parameters, leads to a decrease of aj; P that is well within the
uncertainty quoted in (5.137). Our final result for the sum of pion, 1, and 7’ states is:

AaPS—poles _ Aaw—poles + Aan—poles + Aan’—poles
1 1 (2 0
_ +1.6 —11
=126 18] (3:8)syst X 10

—=12.6(4.1) x 10711, (5.139)

For Model 2 (Model 1) roughly 50 % (80 %) of AaES'pOIeS is generated by the lowest (observed)
pseudoscalar excitations listed in figure This can be seen in figure where Aal, P (npax)
is shown for Model 2.

5.2.5 Matching quark loop and Regge model

5.2.5.1 Matching at the level of (g — 2),

20 NN
[ AN Y N
RN .
Ny KRN . —— A=c0
X N
AN SN N A=1.5 GeV
15 NN, pl B
L AN \\\‘ s,\ ''''' - A=1.0GeV
N

1.0 1.5 2.0 2.5 3.0

Qmin (Ge\/)

Figure 5.15: Contribution of the pQCD quark loop (with vanishing quark mass) to a, from the
region Q12 > Qmin with the contribution from Q3 below Quin damped by Q3/(Q% + A?) (plus
crossed). The total contribution from ITy 1o is shown in black, together with the partial ones
from II; o (red) and I3 12 (blue). The pQCD contribution with common lower cutoff in all Q;
is reproduced in the limit A — co.

The simplest and most instructive matching to the massless pQCD quark loop proceeds at
the level of the (g — 2), integral. The asymptotic pQCD region where all @); are large can be
captured by imposing the condition that all ); be larger than Q. To be able to add the
mixed regions, where one virtuality is smaller than Qun, in the quark-loop integration, one
needs to dampen the contribution in the additional integration region, since it is already partly
covered by the ground-state pseudoscalar poles. To this end, we introduce the suppression factor
Q?/(Q? + A?) for the virtuality Q < Qumin, While retaining the cut that at least two Q; > Qmin.
In this way, the limit A — oo reproduces a common lower cutoff on all Q;. The results are shown
in figure for the total (II1_12) as well as for longitudinal (II; 5) and transversal (II3 12)

contributions separately.
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The Regge models in the preceding section predict a ratio Aay " / Aaj, near the expectation

0
(C3 + C2)/C3 = 3. Similarly, we obtain AaZ/ /Aa), close to 2, as suggested by the scaling
with Cg, / C’% (5.112). To first approximation, the implementation of the various asymptotic

constraints on the HLbL tensor thus reproduces the simple scaling that originates from the
weight factors (5.39) appearing in the VV A triangle. For the mixed regions this behavior is

exact due to (5.86)) and ([5.109)), as long as the low-energy properties of the HLbL tensor are not

disturbed, while for the asymptotic region it is a consequence of the flavor decomposition chosen
in (5.88) and (5.110). The fact that the results from the summation of excited pseudoscalars

confirm these expectations indicates that the pQCD quark loop dictates, if not the overall size of
the effect, at least its decomposition in the various isospin channels. This is an encouraging sign
that the model dependence which is intrinsic in the approach we are following here is mitigated

by the QCD constraints. To understand even better the extent to which this mitigation occurs

we analyze here in detail the matching between the Regge models and the quark loop integral,
after introducing appropriate cutoffs.

For AaES'pOIGS ~ 13x10~ figure suggests scales A and Qi around 1.4 GeV. In addition,

the pQCD quark loop would predict an additional increase from the transversal amplitudes

around 4 x 107, but for these scales the interplay with axial-vector resonance contributions

needs to be studied in more detail. In the following, we will instead focus on the comparison of
our Regge model and the pQCD quark loop in the longitudinal amplitudes.

5.2.5.2 Matching of short-distance contributions

40

quark loop
- - - ground-state PS
----- first 3 excited PS

all excited PS
sum PS

L v\
20+

a, x 10!

----- - MV model

h T - —_d
2.0

2.5 3.0
Qmin (GGV)
Figure 5.16: Contribution to a, for Q; > Qmin: the longitudinal part of the massless pQCD quark
loop (dotted black), the ground-state pseudoscalars (long-dashed red), their excitations from the
large- N, Regge model (blue), the sum of both (orange), and the short-distance implementation

from the MV model (dot-dashed green). The blue dot-dashed curve refers the sum of the first
three excited pseudoscalars in each trajectory.

Beyond the matching at the level of (¢ — 2),, it could be instructive to also compare the
specific contributions to the BTT functions in the various kinematic domains. However, once
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the respective scaling with the virtualities is factored out, we find that the coefficient converges
relatively slowly to its asymptotic value. We conclude that it is rather the convolution with the
kernel functions 7; that becomes important to assess the relevant scales of the SDCs for the
HLbL contribution.

This is illustrated in figure [5.16, which shows various contributions to a, as a function of a
lower cutoff on all three virtualities @;, as well as in figure [5.17, which shows the opposite case
of an upper cutoff on all three virtualities ();. The ground-state pseudoscalars are saturated
by 90% for Qumax = 1.5 GeV, while for the excited pseudoscalars only about 25% of the total
contribution comes from this energy region. By construction, their contribution asymptotically
matches onto the one from the pQCD quark loop, and figure [5.16] shows how fast that asymptotic
limit is reached after convolution with the (¢ — 2), integral kernels: at 1.5 GeV it is saturated

by 70%, or about 80% if the tail of the ground-state pseudoscalars is included.

407 T 7
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30 I T ]
L ] . Pl 1
— ! ’»" :
E I l' ,"'/ 1
. 20r , ,*~ - - - ground-state PS -
S | I //' ----- first 3 excited PS |
" e all excited PS
100 S e - MV model ]
F I /’ ]
[ 1 e
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0.0 0.5 1.0 1.5 2.0 2.5 3.0

Qmax (GeV)

Figure 5.17: Same as figure but for Q; < Qmax-

The mixed region is more difficult to illustrate, especially for the corresponding OPE con-
straint, because in addition to the hierarchy Q% < Q% ~ Q3 the small virtuality still needs to be
large compared to Aqcp, otherwise chiral corrections will become important. For that reason,
the low-energy part of the integration region was suppressed by the second cutoff A in figure[5.15]
To obtain some measure of the size of the mixed-region contribution, figure [5.18| shows the re-
mainder if for a given cutoff Q).yt both the regions where all @; < Qcut and all Q; > Qe are
subtracted. For the ground-state pseudoscalars at Qcyt = 1.5 GeV, this produces the remaining
10% beyond the low-energy region, while the asymptotic region @Q; > Qcyut is already largely
negligible. For the sum of excited pseudoscalars, it is instructive to further scrutinize the de-
composition at this scale into low-energy (25%), mixed (40%), and asymptotic (35%) regions.
As concerns the contribution from the lowest excitations, in Model 1, the low-energy region is
entirely saturated by the sum of the first three excitations, the mixed region by 80%, but for the
asymptotic part of the integral the higher excitations make up about 50%. This pattern suggests
the interpretation that indeed the lowest excitations are most important for the low-energy and

mixed regions, while the infinite tower of resonances restores the correct asymptotic behavior.
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In fact, we find that the numerical impact of the integration regions where the OPE constraint

strictly applies, i.e., where both Q3 < Q1,2 and Q; > Aqcp, is already very small, so that in
practice its main effect lies in constraining the TFF Regge models.

Altogether, this discussion indicates that at some point around 1.5 GeV the description of
the HLbL tensor in terms of hadronic intermediate states should be matched onto the one
from pQCD. In particular, the implementation of the SDCs in terms of excited pseudoscalars
gives an indication how big an impact the intermediate regime may have (in the longitudinal
amplitudes): while from pQCD alone one may have guessed a contribution around 5 x 1071}
from the asymptotic region, for a value of Quin chosen at 1.5 GeV, the excited pseudoscalars

with masses in the same region will add a contribution of similar size, covering also the mixed

regions of the (g — 2),, integral.

40 ¥
|- I \
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Figure 5.18: Mixed-region contribution to a,, defined as the full integral minus the contributions
from the low-energy (all Q; < Qcut) and high-energy (all @Q; > Qcyut) regions.

To quantify the matching between the quark loop and the description in terms of hadronic
states, one would need to define a concrete criterion for the matching scale. One way to define
an optimal scale could be to consider the difference between Regge model and quark loop as a
function of Quin in combination with the uncertainties of each description for a particular cutoff.
For the Regge model, we can estimate this uncertainty as before, but for the quark loop one
would need to know the ay corrections and/or higher orders in the OPE, which when compared
to the leading-order quark loop would already entail information about the scale where pQCD
becomes an efficient description of the HLbL tensor. Absent such calculations, we may obtain a
first estimate by comparison to similar pQCD uncertainties in inclusive 7 decays |215-220], given
that we expect a matching scale not too far off the 7 mass, which would suggest an uncertainty
around 20%. Based on the combined uncertainties of the Regge model and the pQCD quark
loop, we then find a preference for a matching scale around Quatcn = 1.7 GeV, leading to the
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decomposition

Aq),5Poles — g PSpoles =8.7(3.6) x 107,

=4.6(9) x 10711, (5.140)

Qmin=Qmatch
g-loop
aM ‘ Qmin:Qmatch
Note that, in the first line, we also subtracted the very small contribution from the ground-
state pseudoscalars from the integration region QJ; > Qmatch t0 avoid any double counting. As
expected, the comparison to (5.139)) confirms that for the asymptotic part of the integral it does
not matter whether a description based on hadronic intermediate states or pQCD is employed:
this means that about one third (i.e., the second line) of ([5.140) is a model-independent part of
the effect we have calculated. But how model dependent is the rest and can we adequately cover
this model dependence with our uncertainty estimate? There are different uncertainties which

need to be considered and we summarize all of them here:

e 3.6 units coming from the uncertainties in the parameters of Model 1, as given in ((5.140)),
obtained by stretching the uncertainties in the Regge slopes by a factor three;!!

e 1.7 units are obtained by varying the matching point by 0.5 GeV (the main effect comes

from the lowest Qmatch, which we vary to as low as 1.2 GeV);

e 3.8 estimated from the difference between Model 1 and 2, cf. ([5.139)).

All these uncertainties concern essentially the contribution below the matching point of Qmatch =
1.7 GeV, as estimated in the previous section. The outcome of our analysis for this part therefore

reads:

PS-poles _ _PS-poles _ . +1.7 —11
Aa'u a'u‘ Qmin=Qmatch - 8-7(3'6)exc1ted PS 70'4’Qmatch (3‘8)SySt x 10

=8.7(5.5) x 10711, (5.141)

with a 65% uncertainty, which we consider as sufficiently conservative and, in addition, covers
the systematic effects related to the asymptotic behavior of the excited-state TFFs as discussed
in appendix Another observation corroborating this conclusion is that the contribution
to the central value due to the first three pseudoscalar excitations (whose masses and, in part,
two-photon couplings are constrained by phenomenology) amounts to 7.8 units out of 8.7. On
the basis of these considerations we give as our final estimate

Aa}SPC = [8.7(5.5)ps poles + 4-6(9)g-100p] X 1071 = 13(6) x 107, (5.142)

and stress that the contribution of the higher excitations (n > 3), which has been calculated
with our Regge model and is the most uncertain and model-dependent part of our calculation,
amounts to only less than 10% of the total. We conclude that our final result (5.142) has a

generously estimated uncertainty that we expect to cover the remaining model dependence.

HYWe thereby aim to cover scenarios in which other hadronic states could be used to implement the SDCs, in
which case the Regge slopes would differ; e.g., according to ref. [193|, the Regge slopes of the axial-vector a; and
f1 trajectories are o3, = 1.36(49) GeV® and o7, = 1.27(64) GeV>.
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5.2.5.3 Chiral limit and role of axial-vector mesons

One may ask whether the implementation of the longitudinal SDCs adopted here would work
in the chiral limit: in this limit, excited pseudoscalars have a vanishing coupling to the axial
current and therefore would not be able to contribute to the fulfillment of the OPE constraint.'?
However, there are known cases in which the chiral and the large-N. limits do not commute,
most notably in the context of baryon chiral perturbation theory. For instance, if one first
takes N, — oo and then m,; — 0, the entire tower of excited baryons contributes to the first
non-analytic term in the quark-mass expansion of the nucleon mass, while in the opposite order
only nucleon intermediate states appear [263,264], and similar subtleties arise elsewhere due to
mass splittings of order 1/N, [265]. Further subtleties in the order of the chiral limit have been
pointed out before even for the VV A anomaly itself: the discontinuity of the fermion triangle
loop function in the axial-vector virtuality vanishes with the fermion mass, but in a dispersion
relation the mass dependence is canceled and produces the anomaly that survives in the chiral
limit [266L267]. While these examples show that care is required when exchanging the limits, at
least the implementation of the large- N. Regge models described here does not allow any such

subtleties to occur and is meant to be used only away from the chiral limit.

If the excited pseudoscalar poles were to decouple in the chiral limit, an alternative solution
could be provided by axial-vector intermediate states, which do contribute in the chiral and
large- N, limits. For these mesons, however, only model-dependent calculations are available in
the literature so far,'® whereas a calculation based on a dispersive framework is still lacking.
Such a framework would allow one to express the contribution to HLbL scattering in the most
general way in terms of all TFFs of the axial vectors (which admit three), as is the case for
the pseudoscalars (which admit only one). Another significant difference is that while for pseu-
doscalars the sum rules that guarantee the absence of ambiguities in the evaluation of the HLbL
contribution [27] are automatically satisfied, this is not the case for axial-vector mesons. We
believe that at present it is fair to say that even the ground-state contributions of the latter are

poorly understood.

Besides these theoretical reasons, there are also phenomenological ones that favor a discussion
in terms of pseudoscalars: while for the most relevant excited pseudoscalar resonances, those in
the energy range between 1-2 GeV, there is at least some information on the phenomenology
relevant for HLbL, the situation is even worse for the known axial-vector resonances in the same
mass range. This is related to the fact that for axial vectors a decay into two real photons is
forbidden by the Landau—Yang theorem [268]269|: hadronic channels such as three pions are
dominant with respect to suppressed decays to virtual photons, which have been observed only

for two ground-state axial-vector resonances [211,1270].

If a viable implementation of the longitudinal SDCs in terms of axial-vector resonances were
possible, it would have to look quite different from ours in terms of pseudoscalars excitations.
Besides the fact that different TFFs contribute, we observe that the axial-vector contribution to
I1;_5 does not resemble the pseudoscalar-pole contribution , in fact, both in a Lagrangian-

12We thank Arkady Vainshtein for calling our attention to this point.
13 They are either based on the relation to transversal SDCs [2)33| or proceed in terms of Lagrangian models |31}

36).
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based approach and in dispersion theory the pole in q% — m% cancels in the longitudinal BTT

amplitudes. Based on what is known about the axial-vector TFFs, we cannot preclude the
possibility that a finite number of axial vectors could be used to construct such a solution. If
that were possible while being consistent with phenomenology and the SDCs on the axial-vector
TFFs, this would be an appealing solution, but the necessary theoretical framework for carrying
out such an analysis is not yet available. For the moment we took the pragmatic point of view
that we implement the longitudinal SDCs in terms of the hadronic intermediate states that we
can control best, both theoretically as well as phenomenologically. Having adopted this strategy,
we need to address the question of whether our estimate of the systematic uncertainty is large
enough to cover the possibility of implementing the SDCs in terms of other hadronic intermediate

states.

We believe that we can answer positively this question under the reasonable assumption
that even in an alternative scenario the matching to pQCD will occur in the range we have
considered. In this case the contribution from the quark loop will remain unchanged and all
we need to discuss is the excited-pseudoscalar-pole contribution estimated as 8.7(5.5) x 10711,
About one unit out of nine comes from excited states with n > 3: if these were not needed to
satisfy the SDCs, this contribution would have to be dropped, a possibility amply covered by our
uncertainties. The bulk of the contribution comes from excited states with n < 3, and as we have
discussed in section [5.2.4.3] and in appendix [5.2.D] the estimate of their two-photon couplings
we have obtained by requiring that the longitudinal SDCs be satisfied is compatible with what
is know from phenomenology. Our uncertainty estimate covers the present phenomenological
uncertainties on these couplings and could be reduced if the phenomenological information on
them were improved. In the end, even if the SDCs were to be implemented using axial-vector
states, the first few pseudoscalar excitations would need to be included regardless, it is just that
the pseudoscalar TFFs would not be constrained by the HLbL SDCs.

In conclusion, we believe that the uncertainty related to the nature of the hadronic states
used in the implementation of the SDCs should be covered by the error assigned in , an
expectation that has been supported more recently by models in holographic QCD [41}42], in
which the SDCs are implemented by summation of an infinite tower of axial-vector resonances
instead. Beyond the model context, assessing the role of axial-vector resonances in fulfilling the
SDCs, especially the transversal ones, will first of all require an improved understanding of their

ground-state contributions.

5.2.6 Comparison to the Melnikov—Vainshtein model

In this section, we compare our implementation of the longitudinal SDCs to the one from ref. |2],

which is based on the observation that the modification

A F * K 2 2 F * 2 A F * K 2 2 F
Hf-pole _ IPyy (q;,qQ) 2Pw (g3) N Hl‘MV _ Py 72(‘117‘122) Pyy (5.143)
g5 — Mp 95 — Mp
of (5.35) ensures that both the normalization and the mixed-region OPE constraint (5.79)) are
fulfilled.' Since the form (5.35) of the pseudoscalar poles is a direct consequence of the disper-

sion relation for the HLbL tensor, which we suggested in refs. [27,/77,/165-H167| for the case of

14 A reply to the preprint [83], which appeared in response to our paper, is provided in appendix
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general four-point kinematics, this modification is not compatible with the description of other
intermediate states in the same framework. However, the replacement could be justified
by a dispersion relation for the HLbL amplitudes directly in the kinematic limit relevant for
(9 —2)u, ie., for g4 = 0. In this limit it is not possible to work with a dispersion relation in
the Mandelstam variables s, t, and u at fixed qi2, because they cease to be independent: s = q% ,
t = g3, and u = ¢?. This means that when writing dispersion relations in the qi2 for g — 2
kinematics, there is no clear separation between the singularities of the HLbL amplitude and
those generated by hadronic intermediate states directly coupling to individual electromagnetic
currents, e.g., two-pion states as in figure [5.19} in this framework the pseudoscalar TFFs can no
longer be treated as external input quantities. The same holds for higher intermediate states, so
that in general the factorization of form factors and scattering amplitudes of the intermediate

state in question would cease to apply.

Il
o

94

q D a3
Figure 5.19: Dispersion relation for the HLbL tensor in the (g — 2), kinematic limit with singu-

larities from primary and secondary channels (27 state and pseudoscalar pole).

Nevertheless, we observe that, in principle, both forms of dispersion relations are perfectly
legitimate—the transition from the dispersion relation for the four-point function |27,/77,165-167|
to a dispersion relation in the photon virtualities in the (g — 2), kinematic limit amounts to
a relabeling of contributions from different principal cuts. This is illustrated by writing the
pseudoscalar pole in our framework as

ﬂf-pole _ Fprpeys ((J% qg)FI;w* (Mz%) + Fpysqys (Q%a q%) (FZW* (Q%) — Fpyys (MJZJ)) ’ (5.144)
95 — Mp a5 — Mp

where the first term reproduces the pole in the alternative dispersive framework for (¢ — 2),
kinematics, while the second term does not contain a pole at qg = Ml%. More precisely, the
second term is the contribution due to intermediate states X in a cut through the TFF, with
the discontinuity determined by the sub-processes v*(¢3) — X and a pseudoscalar-pole contri-
bution to v*(q1)7*(¢2) — X, as illustrated in figure . This piece is present even in the
alternative dispersive framework, which demonstrates that changing the dispersive framework
simply amounts to a reshuffling of contributions between different principal cuts. Due to the
mixed-region SDC, for large ¢? ~ ¢3 the second piece in has to cancel against the contri-
bution from the infinite tower of higher intermediate states up to chiral corrections. Since this
is a key point in ref. [2], and the basis for the construction of the MV model, it is worthwhile
discussing in detail how this cancellation has to work. For simplicity we concentrate on the pion

contribution only (isospin-triplet component) and include all other contributions other than the
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pion pole to f[‘i’ into a single function G:
A ~ -pol
I3 = 77°(qf, 63, 43) + G(dt, 43, 43)- (5.145)

From the requirement that ([5.78)) provide the leading term for asymptotic g7 ~ ¢35, but that it be
exact (in the chiral limit) as far as the q§ dependence is concerned, it follows that the function
G must have the following asymptotic behavior:

_ 2B gy (43) = Fryy

mg=0 3 Q§

lim ¢°G(¢%, 4% q3)

G2—o0

(5.146)
mg=0
We stress that (5.146]) is exact in the chiral limit, a property inherited from (5.78]), which is a
remarkable and interesting result. The MV model ([5.143)) consists of taking the pion pole as the
only contribution to f[:{’ . This effectively amounts to promoting ([5.146f) to an equation valid for

any value of ¢7 and ¢3:

Fryye(g3) — F
Glai, a2, 43) = —Fryeye(qf, ) 2 Ll

5.147
- : (5.147)

mq=0

While this provides a simple way to exactly satisfy ([5.146[), there is no physical justification
in support of such a very strong assumption. It is therefore not surprising that this leads to
uncontrolled numerical effects, which we have been able to quantify here. In addition, we note
that away from the chiral limit the residue in (5.144)) contains Fp..-(M3) instead of Fp,., which

at least for n(") entails significant chiral corrections.

Numerically, ref. [2] concluded an increase of 13.5 x 107! for the pion and 5 x 10~ each
for n"), based on the modification in (5.143) and the TFFs from ref. [109] (LMD+V for the pion
and VMD for n()):

Aap5Poles| =235 x 107 (5.148)

However, we note that with modern input for the TFFs this number would increase substantially:
for the pion, our Model 1 implies an increase of 16.2x 107!, which would increase to 17.3x 10711 if
one used the dispersive TFF instead. Here, the change to the original MV number mainly reflects
the differences between the LMD+V model from ref. [109] and the dispersive result for the 7°
TFF [28,172|. For n), the differences are more severe because the incorrect asymptotic behavior
of the VMD form factors in the pQCD limit suppresses the impact of taking the singly-virtual
form factor to a constant. We find 10.0 x 107! and 12.1 x 10~ for 5 and 7/, respectively, which
in total produces an increase of 38 x 107! beyond the pseudoscalar ground-state contributions,
nearly three times the result given in .

Apart from the overall size, another key difference in our implementation concerns the hierar-
chy Aaﬁ“pdes < Aaﬁ'pdes < Aazl'pdes found with the excited pseudoscalars, see (5.137)), while in
ref. [2] the largest effect was found for the pion. The fact that Aa/®*®® comes out much smaller
than Aaz/'p()les can be partly explained by the two-photon couplings, Fj ),y < Fiy(n)y, and also
through the scaling of the excited state TFFs in the BL limit, see figure

This observation also has consequences for the matching to the quark loop. While in our
case the scaling of the flavor components follows essentially the expectation from the weights

C2, this is not the case for the MV model, and therefore it is less clear how the matching to
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pQCD should proceed. In fact, as shown in figure [5.16] despite not being implemented explicitly,
the MV model also comes close to the pQCD asymptotics: the main difference to our Regge
model occurs in the low-energy region below 1 GeV. This matching onto pQCD asymptotics is
coincidental, however: by construction, the model saturates the MV constraint also in the limit
in which all virtualities are large and therefore exceeds the proper pQCD limit by a factor of
3/2. Since the asymptotic value is approached rather slowly, the resulting curve happens to be
close to the pQCD quark loop for the range of Quin displayed in figure [5.16]

Figures also illustrate the origin of the difference between our implementations. For
the reference scale of 1.5 GeV, the low-, mixed-, and high-energy regions contribute 75%, 20%,
and 5%, respectively, which demonstrates that indeed the approximations of the MV model
manifest themselves primarily in the low-energy region, where the dispersive framework provides

the best constraints and the contribution of higher states only leads to a moderate uncertainty.

5.2.7 Summary and outlook

In this work, we studied short-distance constraints (SDCs) for the hadronic light-by-light (HLbL)
contribution to (g — 2),. We concentrated on the longitudinal constraints that are intimately
related to pseudoscalar-pole contributions. Since the HLbL tensor can only be constrained from
data in the low-energy region, but not in the mixed- and high-energy regions, SDCs are important
for a model-independent approach towards HLbL scattering. In sections [5.2.2] and [5.2.3] the

Lorentz decomposition of the HLbL tensor from refs. [27,/77] was used to formulate the known

expressions for the perturbative QCD (pQCD) quark loop and the operator-product-expansion
(OPE) constraints on the HLbL tensor, respectively. The OPE constraint in the symmetric
region with Q% = Q% = % = (% is given in , the Melnikov—Vainshtein constraint [2] for
the mixed region with Q% < Q% ~ Q% in (5.74). Both are implemented including the singlet

component, for which in addition to chiral corrections also perturbative corrections arise.

Subsequently, we focused on the longitudinal SDCs, related to the pseudoscalar-pole dia-
grams ([5.35) by means of (5.79). While a finite number of poles cannot saturate the SDCs,
an infinite tower of them can [2]. To that end, we have constructed two models for the transi-

tion form factors (TFFs) of ground-state and radially-excited pseudoscalar mesons: our large- N,

Regge model for pion, 7, and 7’ is described in sections [5.2.4.1] and [5.2.4.2] and an alternative

model using the Regge resummation from ref. [188| is introduced in appendix to estimate
the systematic uncertainty (see also appendix . While applicable only in the space-like re-
gion as relevant for (g —2),, both models satisfy all relevant low- and high-energy constraints for
the TFFs—the chiral anomaly (normalization), the Brodsky—Lepage limit, and the symmetric
pQCD limit, see f and f—give a good description of the experimental
data, and reproduce the established results for the ground-state contributions to (¢ —2),. In
addition, with an infinite tower of excited pseudoscalars, they restore the correct asymptotic
Q?*-behavior of the HLbL tensor in the mixed- and high-energy regions, see and , as
well as ((5.109)) and (5.110).

Thus, it has been shown that the SDCs on the HLbL tensor, and in particular the MV

constraint, can indeed be satisfied with an infinite sum over excited pseudoscalar-pole diagrams,
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while maintaining the correct low-energy behavior. Our result ((5.139))
PS-poles __ m-pol -pol /_poles __ —11
Aa, 7P = Aaj, P + AaT PO + Ag)l PO =12.6(4.1) x 1077, (5.149)

derived from the large- N, Regge models alone, is significantly smaller than the original estimate
Aay vy = 23.5x 1071 from ref. |2], which was obtained by removing the momentum dependence
of the TFF at the external photon vertex. In fact, with modern input for the pseudoscalar TFFs
this effect would increase further to Aa,|ymy ~ 38 x 10711, demonstrating the dangers of ad-hoc
modifications of the low-energy properties of the HLbL tensor. Indeed, we observe that by far
the main part of the difference to our implementation originates from the low-energy part of the

g — 2 integral.

Furthermore, in contrast to ref. |2, we find AaZ'pOIBS < AaZ'pOIeS < AaZ,'pOIGS. Accordingly,
the flavor decomposition into excited 7°, 7, 1’ states follows roughly the expectation from the
coefficients determining the SDCs, motivating a matching of our hadronic implementation onto
a description in terms of the pQCD quark loop. This matching, illustrated in figures 5.18
shows that, as expected, the ground-state pseudoscalars are relevant only at low energies, but
about half the excited-state contribution comes from the integration region of @); > 1 GeV, while
the other half could be interpreted as an estimate of the mixed regions. Since, by construction,
the excited-state contribution asymptotically matches onto the one from pQCD, we then replaced
the hadronic formulation in favor of the quark loop in the asymptotic part of the integral, at a
matching scale of Quatch = 1.7 GeV obtained from our best estimates of the uncertainties in the
Regge models and pQCD corrections. Due to the assumed pQCD uncertainties and variation of

the matching scale, as well as the inflated errors for the Regge slopes in Model 1, see discussion

between (|5.140)) and (5.141)), the uncertainty of our final result (5.142))
AalSPC = [8.7(5.5)ps poles + 4-6(9)g-100p] X 10711 = 13(6) x 107, (5.150)
slightly increases with respect to (5.149)), the advantage being that the asymptotic part of the

result is manifestly independent of the nature of the hadronic states in terms of which the correct
asymptotic behavior was restored. In this way, our final result mainly relies on the Regge models
for an estimate of potential contributions for which the asymptotic constraints do not yet apply,
and, while data is scarce, this is the energy region where at least some phenomenological guidance
for the excited pseudoscalar states is available. In particular, this strategy ensures that since
the excited pseudoscalars decouple in the chiral limit, see section [5.2.5.3] our implementation
of the asymptotic part of the integral remains valid for vanishing quark masses, while for the

low-energy phenomenology chiral corrections are essential.

In the future, the matching to pQCD could be improved if explicit calculations of pQCD
corrections became available, a first step in this direction was already taken in ref. [1]. Moreover,
the phenomenological analysis would profit from further experimental information on the two-
photon physics of hadronic resonances in the 1-2 GeV region, which holds true not only for the
longitudinal amplitudes but in general. In fact, to address the transversal amplitudes, the effects
of axial-vector resonances need to be understood in the context of dispersion relations, especially
given that their masses are much closer to the typical matching scale found for the longitudinal

SDCs in this paper. Work along these lines is in progress.
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5.2.A  Anomalous Pseudoscalar—Vector—Vector Coupling

For the pion TFF, we only considered the coupling of the pion to a pw pair, see figure and
neglected the contribution given by a p¢ pair. In the following, we motivate why the p¢ pair can
be neglected for the pion, and derive the relative strength of 2p, 2w, 2¢, and ¢w contributions
to the TFFs of the n and 7/, see figure

In ref. [200], we find the Lagrangians for the anomalous pseudoscalar—vector—vector coupling,
Lyve = —gvve € Tr (0,V,00V3®) , (5.151)

with gyve = 3¢9%/3272F2, and the electromagnetic photon-vector interaction,

V2e 1 V2
Lem = - g A mzpu + gm?uwlt - ?mé(ﬁu = A"(9py pu + Guy Wi + goy Pu) (5.152)

with gy~ the individual coupling strengths. ® stands for the neutral ground-state pseudoscalar

mesons, denoted by 70, 7® and n(©:

ﬁ+%M$+J%@
0

0
N .0, 1 (8 2.(0)
°= 7T+ﬁ¢)+Jh(
0 0

0
, (5.153)

0
_%¢a+¢%@

and V), stands for the neutral ground-state vector mesons, denoted by p,,, ¢,(L8 ), and ¢,3°) :

8 0
p” + \1[3 ¢(“) —|— \/> zgd)(b) 0 0
‘/ — ) 1 ﬁ(g) 2 ﬁ(O) 5
! ffz 0 H \f3 L \/; H 0 ’ (5 4)
2 (8) 2 (O)

Note that the latter Lagrangian (5.152)) for the neutral vector mesons is given in the ideal mixing
situation: p ~ 1/4/2 (uﬂ — dd), we~ 1/V2 (qu + dd) and ¢ ~ —s3. In general, we use a ¢—w

mixing:
¢s\ [ cosby sinfy 10} (5.155)
o ~ \ —sinfy cosfy w)’ '

with 6y = 36.4° [100] which, however, almost corresponds to the ideal case (#i¢°2! = arctan 1/v/2 ~
35.3°). For the n—n’ mixing, we use the short-hand notation:

m\ _p () _ Ty T2\ (n (5.156)
m) ) \Te1 Tw) \n')’ '
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where the mixing matrix in the standard two-angle mixing scheme is given by:
FScosfs —FOsindy \
coS —F%s
T=F, | 08 T U , (5.157)
F° sin Og F¥ cos 6y
with the mixing parameters introduced in ([5.41]).

The coupling strengths of the pseudoscalar meson to two-photon interactions in the VMD
picture, see figures [5.6] and can be reconstructed from the above Lagrangians, taking into

account the ¢-w and 77 mixings:

3o V2
r el 270 | 9upy Buta (V2 eos by +siny )
yy X g € {3\/§7r [#,01, wwp (V2 cos By + sin by

—V20,p, Outs (cos Ov — V2sin 9\/) }
+ L n |:2 a,upu 8cy,O,B (Tll + \/§T21)
2v/6
1
+ § (2\/§T21 - Tll) (a,uwlz aawﬁ + 23;#251/ aa¢ﬁ)

1
+ g Ti1 (cos 20y + 2v/2sin 29V) (Opwy Oaws — 20,0, Oadp)

22
_ \9[ Ti1 (2\@ cos 20y — sin 20V> 0wy (90@5]

L,
+ Wi n [2 Oupv Oapp <T12 + \@Tm)
1
+ § <2\/§T22 — T12> (8uwl, 80,0.;5 + 28,u¢)l/ 6a¢/5)

1
+ g Tio (cos 20y + 2v/2sin QHV) (Opwy Oaws — 20,0, Ondp)

_ 2‘9/5 Tia (2\@ cos 20y — sin 29V) 0wy amﬁ] } (5.158)

A similar approach is chosen in ref. [199], where the contributions to the singly-virtual TFFs
are analyzed through the combination of pseudoscalar—photon—vector and photon—vector in-
teractions. The dependence of the electromagnetic photon—vector interactions (5.152)) on the
vector-meson masses are canceled out by the vector-meson propagators. Our final couplings
read, for P =n,n':

C',I)Dp =T, +V2Tor,,

1
wa = TS [(COS 20y + 2\/§sin 20y — 1)T1[P -+ 2\@T21P} ,
1
Cé’::i) = —§ [(COS 29\/ + 2\/§sin 29\/ + 1)T11P — 2\/§T2]Pj| s
2
Cly = \gf(sin 20y — 2v/2 cos 20y)Tp,, (5.159)
with I,, = 1, I,y = 2, and T} given in (5.157)). Similarly, we define for the pion:
2 .
Cho = 3 (\/icos Oy + sin 9v> ,

> = —2\3/5 (cos 0y — v/2sin 9\/) : (5.160)
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/

m Ui n

My, [MeV] 779 774 859
My, [MeV] 585 404 452
o, [GeV?| 1252 1.593 1.577
oy, [GeV?  0.076 0.034 0.060

A [GeV] 1.318 1.318 1.318

Table 5.5: Parameters of the alternative model for pion, n, and ' TFFs.

Note that in (5.159) and (5.160]) we divided all couplings by a common factor: \/§0¢/(4\@7TF3).
This is allowed because the relative strength of the different couplings does not change. The

large-N, Regge model for the n”) TFFs is then constructed such that each vector-meson pair

> Where N is the normalization (5.120).
Numerical values for C‘IZ v, can be found in table One can clearly see that C7, > C7,

which is why we neglected the p¢ contribution to the pion TFF. Furthermore, one can see that

contributes exactly C"]/Dlv2 /N to o

the ground-state n(’ ) TFFs are dominated by the 2p, while the contribution from ¢ w mixing is
small. This is also illustrated in figures and where we show the 2p, 2w, 2¢, and ¢w
contributions to the singly-virtual and doubly-virtual n") TFFs.

5.2.B Alternative model for pion, 1, and n’ transition form factors

In this appendix, we present an alternative model for the pseudoscalar TFFs, which will help us
to study the systematic uncertainty of our g — 2 result. This alternative model uses the Regge
resummation from ref. [188| to satisfy the pQCD limit of the TFF, cf. (5.44]). It reads:
Cc1 e_(Q%J'_Q%)/AQ
2
(M2 + @+ Q30— )]

Co [1 — e_(Q%+Q§)/A2:| x(l — .ﬁU)

0 1
FP(n)v*w*(_Q%a _Q%) = Z /0 dx
=0

+ 5 (> (5.161)
[M‘2/2(n+i) +Q3r+Q3(1— :c)]
where P = 7,71, and the introduced mass spectra again follow a radial Regge ansatz:
M\2/1(z) = M‘2/1 + { 0"2/1,
M3, oy = Mg, +iog,. (5.162)

The first term in ([5.161]), proportional to ¢, corresponds to a variant of a large- N. Regge TFF
model with equal mass spectra for all vector mesons. The second term in (5.161]), proportional

to ¢z, has an additional factor of z(1 — x) in the numerator, originating from the asymptotic
wave function, cf. (5.43). This term is crucial for the model to satisfy the BL limit (5.44)):

li 2Fp s (—Q%) = —2— 5.163
QZILHOOQ Py ( Q) 20_‘2/27 ( )
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with
4F; 0‘2,2 for T,
c2 =4 24CsF, 0‘2/2 for n, (5.164)
24 CoFyy 0‘2/2 for 7/,

and the fit F), F,y from (5.127). The exponential functions in the numerator, e_(Q%J“Q%)/AQ,
shall support the VMD in the region of small momentum transfers, and suppress the z(1 — x)
correction which is only needed in the asymptotic region. Therefore, the real-photon limit ([5.36))

is proportional to c¢;:

M2
Fpyy = 4 P ( V), (5.165)

v

with () the trigamma function and

;

4 m (M5 )]
oy, Fryy | ¢ 0,%/11 for ,
M2 -1
c1 =4 oy Fpy [@z)(l) <‘7%/11>} for 7, (5.166)
M2 -1
st [0 ()| o

whereas the symmetric pQCD limit (5.44), to leading order in Q?, is proportional to co:

€2

(5.167)

li 2Fpoens (—Q%, —Q%) = .
QQILnooQ va( Q7 Q) 60"2,2

In this way, ¢; and ¢y are fixed and the TFF model reproduces the chiral anomaly, the BL limit,
and the symmetric pQCD limit exactly.

Evaluating the SDCs of the HLbL tensor, cf. (5.50)) and (/5.78]), we obtain for the mixed region:

i Fp(nyysq (_Q27 _Q2)FP(n)w* (—Q%)
Q3 + MIZD(n)

— 12im 12im
Q%—00 Q*—00 =0

1 3
3 PY Vs

7T2 (72
— —Lip (1--2£2 1
: ( )] } (5.168)

with Lis the dilogarithm, and for the asymptotic region:

e Fpnyyey (= Q% Q%) Fp(nyyy (—Q7)
—hmzp Q2+M2P

2
- 40"/2 A_PV2

2
Q?%?—o00 0

1 c3
Q4 120%,0%/2 Apy,

s (-]}

Thus, both the mixed region and the asymptotic region acquire the correct Q2 behavior, as is
discussed in detail in appendix [5.2.C]

{0123 (20‘2/2 - 0'%:)) Lpy, +205Apy,

2
- QUVQAPVQ

The model parameters My;, oy;, and A are determined as follows, see table @
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e For the pion TFF we use My, = % [Mp(770) + Mw(782)] = 0.779 GeV; for the n and " TFFs
we use for My, the pole-mass parameters of a VMD ansatz fit to the CLEO data [205].

e For reasons of comparison, oy, is chosen to reproduce the values of the two-photon couplings

to the first excited pseudoscalars obtain with our large- N, Regge model:

-1 -1 -1
F7r(1)'y'y ~ 0.0500 GeV 5 Fn(l)77 ~ 0.0354 GeV y Fﬂ/(l)WW ~ 0.0594 GeV™".

Alternatively, one could use the phenomenological constraints on the two-photon couplings
listed in table

e oy, is chosen to satisfy the MV SDC;

e For the pion TFF A and My, are adjusted to bring the model in line with the dispersive
description of the 70 TFF [28,[1711[172];'® for the n and 7' TFFs the same A as in the pion

case is used, while My, is fit to the available experimental data.

With the parameters in table the MV SDC is satisfied to about ~ 2 x 1073 relative
accuracy or better, and the two-photon couplings of our large-N. Regge model are reproduced
to about ~ 3 x 10~ relative accuracy or better. The SDC for the asymptotic region, cf.
and , is not implemented in our alternative TFF model, however, even without further
adjustments it is reproduced to 117 % for the pion, 124 % for the 7, and 120 % for the n’. Of
course, one could also choose the model parameters differently and implement the SDC for the
asymptotic region precisely and the MV limit approximately. Note that the parameters My, and
oy, are close to the physical values for the masses of the lightest vector mesons and the slopes
of their radial Regge trajectories, cf. figure 5.7} These physical values assure that the first term
in indeed resembles a large-IN. Regge model.

In figure the TFF presented in this appendix (Model 2) is compared to the large-N,
Regge model (Model 1) from section for the lowest radial excitations of pion, 1, and 7.

A comparison to experimental data for the ground-state pseudoscalars is postponed to appen-
dices[5.2.F §|, 5.?.(§.§|7 and 5.2(1.3} The two-photon couplings Fp(,),- of the excited states come

out in close agreement between both models, see also figure [5.21] For Model 2, we observe an

enhancement of the excited-state TFFs in the low-Q region, especially for the doubly-virtual
kinematics. This enhancement becomes weaker with increasing A, since it is an artefact of the
interplay between the two terms in ((5.161)). Fitting both My, and A to data for the ground-state
n and ’ TFFs would lead to A < 1 GeV, and thus, exacerbate the enhancement of the excited-
state TFFs at low Q. Therefore, we decided to use A = 1.318 GeV, as obtained for the pion, also
for n and 7'.

Note that for Model 1 the derivatives of the TFFs in the limit of zero momentum transfer are
not unique but depend on the direction, a consequence of the construction in terms of Q2 / Q%—
in as a minimal way to implement the different asymptotic limits. This can be seen when
comparing the slopes of the singly-virtual and symmetric doubly-virtual TFFs in the left and

right panels of figure |5.20, The modifications of Model 1 described in ((5.216)) and (5.217)) reduce
the direction-dependence of the derivative at the origin. However, the derivative of the TFFs is

5We find A = 1.318 GeV and My, = 585 MeV with estimated variance x? ~ 0.33 for a fit of O(2x10*) selected
points in the region of Q; < Q2 and Q3 € [0,40] GeV?2.
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Figure 5.20: TFFs of the first n = 1,...5 radially excited pion, 7, and 7 states. Comparison of
the large- N, Regge models from section indicated by the solid curves, and our alternative
TFF model , indicated by the dotted curves. The left panel shows the TFFs in the
singly-virtual limit, the right panel shows the doubly-virtual region with Q2 = Q3 = Q2.

not needed for the evaluation of (¢ —2), and the alternative implementation in Model 2 does
not exhibit this issue: in figure the slopes for Model 2 are always positive, but for Model 1
they change sign between the left and right panels. Accordingly, this will be another systematic
effect estimated by the comparison of the two models. We stress again that neither model has
the required good analytic properties to remain valid outside the space-like region relevant for
(9—2)u, of which the zero-momentum-transfer limit of the derivatives in Model 1 is one particular

manifestation.

In the right panel of figure the BL limits of the excited-state TFFs are shown. For Model
1 this limit increases with the excitation number n until it reaches an asymptotic value, but for
Model 2 it remains constant. Since the true asymptotic behavior for radially-excited pseudoscalar

TFFs in the BL limit is unknown, the two models with different asymptotics will allow us to
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Figure 5.21: Two-photon couplings and BL limits of the excited-state pion, 1, and  TFFs. The
blue, green, and red points (stars) are from the large-N. Regge model (alternative model) for

pion, 1, and 7/, respectively. The blue bar indicates values excluded for Frq)

estimate (5.200)).

+~ by the empirical

understand the systematic uncertainty of our prediction for the excited-state contributions to
(9 — 2),. The symmetric pQCD limit of the TFFs, on the other hand, is independent of the
excitation number n for both models. The two-photon couplings, which enter dominantly into

the (g — 2), integral, agree by default for n = 0 and n = 1, and also match perfectly for n > 2.

5.2.C Verifying short-distance constraints for the HLbL tensor

In this appendix, the mathematical formalism used to derive the behavior of the HLbL tensor in

the mixed-energy region, cf. (5.95)), (5.123), and (5.168)), and the high-energy region, cf. (5.97)),
(5.124)), and (5.169)), is presented.

5.2.C.1 Polygamma functions and infinite sums over rational functions

The gamma function is defined on R as [271]:
o0
I(z) = / dtt—let. (5.170)
0

It can be analytically continued to a meromorphic function in the complex plane, with poles at
non-positive integers. In order to deal with the infinite sums over pseudoscalar and vector-meson
poles, we use the polygamma functions, which are defined on C as derivatives of the logarithm

of the gamma function:
m-+1

P (2) = ot logT(2). (5.171)

They are meromorphic in the complex plane and admit the following series representation [271]:

1 1
1+ (- ms) n=o

(—1)n+1 TL' ZZO:O W n > 07

™ (2) = (5.172)

which is converging for any z € C except negative integers. With this, we can express an infinite
p(n)

sum over rational functions. Let {f,}n,en be a sequence of the form f,, = F ) where p(n) and
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g(n) are polynomials in n with deg(p(n)) < deg(q(n)). Let aj be the roots of the denominator

g(n). If all the roots are simple, the fraction f,, can be written as (partial fraction decomposition):

fa=> A , (5.173)

n—«ow
k=1 k

where m = deg(g(n)). In general, if one or more roots ay have multiplicity mj > 2, the formula

becomes:
WL Akr
k
S D)y a7
k=1r= 1

where m < deg(g(n)) is the number of distinct roots. It follows that:

co m Mg A A, m  myg 1\ B

n=0k=1rp= 1 rp=1

provided that the series based on the sequence {f,}nen is converging. This can be used to
compute the infinite sum over pseudoscalar poles, > ﬁf(n)_pde(— 2 —Q3,—Q3), within our
large-N. Regge model for the TFFs.

5.2.C.2 Euler—Maclaurin summation formula

A key ingredient in the discussion of the SDCs for the HLbL tensor is the Euler—-Maclaurin
summation formula, which describes the difference between an integral and a related sum, see

for instance ref. [272, chapter 8]. Notably, it can be used to derive asymptotic expansions.
Let a < band m > 0 be integers, and f be a function whose derivatives f(27) (x) are absolutely
integrable over the interval (a,b). Then the Euler-Maclaurin formula reads:

b

b
S0 = [ doia)+ 5 1@+ 1)+

k=a s=1

m—1

B2s
(2s)!

{ 23_1)(b)*f(28_1)(a) + Ry (b), (5.176)

where the remainder is given by:

b — Tr— |z
Rp(n) = /a dg D2m ?22;2()' =) 7O (), (5.177)

where |z | is the greatest integer smaller or equal to x, B, are the Bernoulli numbers, and B;(x)
are the Bernoulli polynomials.!® Using (5.180]), we can find a bound for the remainder:

R < (2= 272) 2 [ o) (5.181)

16The Bernoulli numbers can be generated through:

1 —
By = 1 s—1 (s+1

754?2]':0( j )Bj s>1,
and the Bernoulli polynomials can be constructed according to:

B.(z) = i (j) B._ja’. (5.179)

Jj=0

(5.178)

For 0 < x < 1, they satisfy [272]:
| Bas () — Bas| < (2 —2"7%)|Bas|. (5.180)



5.2. LONGITUDINAL SCDS FOR HLBL WITH LARGE-Nc REGGE MODELS 185

In particular, if f(27) () does not change sign in the considered interval, the remainder is bounded
by (2 —2'72™) times the first neglected term in (5.176).

The Euler-Maclaurin formula can be used to derive the asymptotic expansion of the polygamma
functions ((5.171f) at large z € R. To illustrate, consider the trigamma function ¢(1)(z) =

Zzioﬁ. Inserting f(x) = ﬁ, a=0,b=o00, and m = 1 into (5.176]) leads to the

asymptotic expansion:

M (z) = _t 1 1
P (z) /0 da CraEtaE T Ri(00,2) = — + 55 + Ri(00,2), (5.182)

where the notation of the remainder has been slightly modified compared to (5.176]) in order
to highlight the additional z-dependence. The derivatives f*™)(z) = (2m41)!

(x+z)2m+2

sign and the first neglected term in (5.182) is given by %(0 + Z%) = L This implies that

623"

|R1(00,2)| < (2—2""2) 25 = -15. In the next subsection, we will be interested in the remainder
6z 4z

generated by truncating the asymptotic expansion in (5.182) after the first term:

do not change

P (z) = é + Ro(o0, 2). (5.183)

It follows from ([5.182) that:

1 1
1 1 1 1 3

< b <y 2
_2z2+4z3_2z2+4z2 422’

+ [R1 (o0, 2)]

(5.184)

where the last inequality holds when z > 1. For a general n € N, a similar procedure leads
to [271]:

log(2) — % — T, & n=0,

(ot (g e e, G BL) o,

Zn

w(n)(z) ~ (5.185)

The asymptotic expansion (5.185]) in combination with ([5.172)) is sufficient to derive (5.95)),

(5.97), (5.123)), and (5.124), and thereby fix the parameters of the large-N. Regge models to
satisfy the required SDCs on the HLbL tensor.

5.2.C.3 Short-distance constraints for the alternative transition form factor model

For the alternative TFF model, introduced in appendix[5.2.B], the situation is more complicated,
because the summation over the pseudoscalar-pole diagrams involves three infinite sums—one
additional sum over vector-meson towers per TFF (5.161)—and only two of them can be per-
formed analytically. Therefore, one needs to use the Euler-Maclaurin formula to extract the

asymptotic behavior.

We first consider the mixed-energy region Q% ~ Q% > Q%. The terms in our TFF model ([5.161])
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with exponential weights in the numerator are suppressed and do not contribute to the MV limit:

ole
§jH ol @2, Q% ~Q})

NCZZZZ/ dy/ dx y(lfy):v(lzg;)

P
n=0i=0 j=0 Q2 + M%(n)] [M\%Q(nﬂ') T QQ] [M‘z/z(nﬂ') + Q3 y}

_ Cg 01 dy iii y(l—y)z(l —2) . (5.186)

n=0 i=0 j=0 [Q3 + M%(n)} [M Va(nti) T Q2} |:M\2/2(n+j +Q3 y] 2

::fnij(y)

The integration over the Feynman parameter x is trivial. Since the fy;;(y) in m ) do not
contain any singularities in the space-like region and the integration domalnb are bounded, the

convergence is uniform and the commutation of integrations and summations is justified.!” Us-

ing (5.172)), we can express the sums over ¢ and j in ([5.186[ with trigamma functions:
1
§jH @2, -2, —Q3)

00 2 2 2 2
% /1 ayy y(1—y) e My, + @ e My, ) + @3y (5.187)
60-?/2 0 n= Q3 + M2 P(n) 0‘2/2 0\2/2 7

where we use the notations from (5.89)), (5.118)), (5.119), and (5.162), assuming for simplicity

that Mp = Mp. The remaining sum over n cannot be performed analytically. We can, however,

rewrite the trigamma function as the first term in its asymptotic expansion and a remainder,
see (5.183)):

}jn Q% -Q% -Q})
o? M? " + Q?
M2 {M?‘é 2+&<”’Vﬂé )
+ Va(n) +Q Oy,

. _ B ( Mm+@y)
2 2 0 OO, D)
MV2 (n) + Q3 Y UVQ
= HEv(Q2 Q%) + s HE (Q2 QD). (5.188)

Here, we defined:

60‘/2

y(1—y)
v (@7 @5) = 55 4 /0 dyz [ n)+Q2} [Q§+M§v(n)} [Mx2/2(n>+62§y}7 o

and included the remaining terms of ([5.188)) in 5H1\1/3[V. The sum over n in ([5.189)) can now be
expressed in terms of polygamma functions, but the integral over the Feynman parameter y is

"Formally, we use the dominated convergence theorem (in the setting of Riemann integrals) [272} p. 54]:
Let (a,b) C R be an open, finite or infinite interval. Let {f,}nen be a sequence of real or complex functions which
are continuous on (a,b) and satisfy:

1. The series ) 7, fn(z) converges uniformly in any compact interval in (a, b)
2. Either [*de 300 [ fa(2)] < 0o or 200, [P dz | fu(z)| < oo
Then [/ de 320 fu(e) = 020 ), d fu(2)
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difficult to perform analytically. Therefore, we expand in Q? and Q% before integrating over

y. The assumption that the two operations commute will be checked a posteriori. We find

(Q% > Q3):

Hyy(Q%,Q3) = /1 dy {‘W +0 ( 21 4>} = aj‘i"z +0 <214> , (5.190)
0 QR*Q3 Q*Q3 Q°Q3 Q°Q3
with
C2
aﬁv = - 62 1 20—% (20—‘2/2 — 0’%3) LPVQ — 0']2:; (40"2/2 - 30’%3)
24UP0'V2
2 2
— 4o Apy, | = —Lis (1= 22| b (5.191)
6 o2,

An appropriate choice of oy, in aﬁv therefore reproduces the MV limit.
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Figure 5.22: Numerical checks for the validity of commuting the expansion in Q? and Q3, and
the integration over y in . In all cases, we can see that when r — 1 (MV kinematics), the
curves tend to the coefficients obtained by expanding in the virtualities first and then integrating
over the Feynman parameter y. Note that the scales on the y-axis vary between the plots.

Let us now verify that expanding before integrating in (5.190)) was justified and that d H, ﬁV(QQ, Q3)

is subleading. The first issue can be addressed numerically. We use the coordinates defined
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in (5.33). The kinematics corresponding to the MV limit can be expressed in those coordinates
by setting ¢ = ,
r

b)) b))
R=B==5(1+3). @G=50-n, (5.192)

then considering r close to 1, and finally taking the limit ¥ — oco. In figure we study
the function Q*Q%H{ 1 (Q?, Q3) in (5.189) for different values of r using a numerical integration
over . One can see that with r getting closer to 1 the curves tend to aﬁv and this justifies the

commutation of expansion and integration in this case.

We are left to study the error made by considering only Hﬁv and not the remainder 5Hﬁv,

which can be decomposed into three terms:

SH(Q*, Q3) = 0 Hry(0.1)(Q°, Q3) + 6 Hpy (1 0)(@% Q3) + 6 Hypy( 1) (@7, Q3).  (5.193)

The notation can be understood as follows. From (5.187) to (5.188]), two trigamma functions,
which stem from the doubly-virtual TFF Fp.«+(Q?, Q?) (first index) and the singly-virtual TFF
Fpo(Q3%) (second index), were expanded in a leading piece (0) and a remainder (1). In other
P
words, 5HMV(1,0)

in the expansion of the trigamma function in Q3:

combines the remainder of the trigamma function in Q2 with the leading term

0H\v(1,0)(@% @3)

0 2 2
a3 [ My, + @ y(1—y)
608 dy Z Fo | oo, o2 2 2 2 2
R " @3+ M2 | [, + @3]

i /1 > Ué/ y(l - y)
o W2 a3, . Q2" @3+ M3, | (M, + @3y

_ Mt [ Aiven®) 1 Gy 1
_/O dy{QZLQ%+O(Q4Q§> —Q4Q§+O<Q4Q§). (5.194)

Here, we used (5.181]) to show that the term is bounded from above, as can be done for each term
in (5.193). As before, it can be checked numerically that HI\IZV(O 1) indeed tends to the result
obtained by expanding first and integrating second, see figure We proceed analogously

for the two remaining terms:

5H1\1/DIV(0,1) Q% Q3)

BENRS y(-y) . <oo ]‘W)
6032 0 n=0 [M‘%Q(n) + QQ} [Q% + Mg’(n)} ’ 0‘2/2
< 9 /1dy 3 y(1—y) a7

80‘6/2 0 TZZ:O [M\%z(n) T QQ} {Q% * MI%(")} {M‘Qé(n) + Q% y} 2

_ [ [ Awvae® 1 v 1
_/O dy{Q2Q§+(9<Q2Qg> = 50! +O<Q2Q§>’ (5.195)
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which is checked numerically in figure and:
I Hypv(1,1)(Q% Q3)

[e’s) 2 2 2 2
= C% /1 d@/ZRO 00 MV2(7L) +Q y(1—y) Ro | o0 MVz(”) +Q3y
6o, Jo ’ oy Q3 + M3, 7 ;

n=0 V2 UVQ
3¢ /1 o~ v(1-y) oy,
< d 2
~ 3203, Jo y;)Q%*Mzg(n) |22 +Q2}2 M2, + Q3 ]2
"= Va(n) Va(n) T @3Y
1 f]\IZv(l 1)(?/) 1 CLl\}?{v(l 1) 1
_ [ a , +@( > _ : +o< ) 5.196
A y{ Q'Q} Q5 Q) Q'QS (199)
see figure [5.22d] The above considerations add up to:
1
o1t (@200 = 0 (g ). (5197
MV 3 QQQE%

i.e., the error we make by keeping only the leading term in the expansion of the () in ([5.188)

is subdominant.

When considering the high-energy region Q3 ~ Q3 ~ Q% = Q?, the same technique can
be applied, but the situation simplifies slightly, since there is only one large scale. The pQCD
constraint on the HLbL tensor reads:

> Q- @)

2 2 2 2
MUA%W+Q g (M TEVY g g
Q2 + M2 0‘2/2 012/2

Similarly to the previous case, since the sum over n cannot be performed analytically, we rewrite

60V2

the polygamma function as the first term in its asymptotic expansion and a remainder. This

leads to:
2 o0

— 9 y( —v)
Hyoop(@Q°) = 602‘/2/ Z { 2+M2( )] { e } [ @ }

2 +Q2 (1—y>
SHE (Q%) = =2 /d S R< Mo ) )
! ot Jo o @+ M| M2, + Q2]

n=0 2
2 1 00 _ M2 + Q2
P 2. & y(1—vy) Va(n) Y
5HpQCD(0,1)(Q ) = 650 / dyz 5 5 5 ; Ry <oo,02 ,
A ——t [Q +Mp(n)] {MVQ( +Q } Vs
2 1 1—y) MV + Q2
P 2:62/ yd-y) e T
dH qep1,1) (@) 60%, Jo dynzonQ i, Ry | o0, o,
M} o+ Q%y
x o ( o0, —2 =2 ). (5.199)
UVQ

Analogously to Hﬁv, the term HII)DQCD is treated as follows: the sum over n is performed, the
expression is expanded in Q?, and the integration over y is carried out. The commutation of the
expansion and integration is checked numerically in figure @ For the other terms, 6 H %, PQCD(ij)?

we use ([5.184]) and then proceed analogously to the leading term, see ﬁguremfor the numerical
checks.
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Figure 5.23: Numerical checks for the validity of commuting the expansion in @2 and the inte-
gration over y in (5.199)). In all cases, we can see that the curves tend to the coefficients obtained
by expanding in the virtualities first and then integrating over the Feynman parameter y. Note

that the scales on the y-axis vary between the plots.

5.2.D Two-photon couplings of excited pseudoscalars

In this appendix we collect the phenomenological information that is available on the two-photon
couplings of the excited pseudoscalars listed in the PDG [100], in comparison to the two-photon
couplings of the first radially-excited pion, 1, and 7’ states as shown in figure for both the
large-N. Regge and the alternative TFF model.

Phenomenologically, the two-photon couplings of the excited pseudoscalars are unknown, but
for many states some information on these couplings can be extracted either from direct limits on
the two-photon channel or from measurements of particular branching fractions. For the excited
pion states, the only available information concerns the m(1300). The blue bar in the left panel
of figure [5.21] indicates values excluded by the limit

Fr(1300)7y < 0.0544(71) GeV ™. (5.200)

Since at present there is no measurement of the 7(1300) width and the two-photon branching

ratio, the above bound is an estimate based on the available empirical information. The 7(1300)
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decays predominantly into 3, e.g., into pmr:!8

L(yy)I (pm)
Ptotal

F(Tr(ﬂ-ﬂ')s-wave)
L'(pr)

whereas the 7 f3(1300) and 7 decays are suppressed [275]. Assuming

< 856V [196], = 2.2(4) [197], (5.201)

Ciotal ~ L'(pm) + T'(7(77) sewave) s (5.202)

this leads to:
[(m(1300) — ) < 272(34) eV, (5.203)

where the error is propagated from (/5.201f). The bound in ([5.200)) follows from ([5.36)) with ([5.203)
and M (1300) = 1300(100) MeV. As one can see from figure the large-N. Regge model

indeed satisfies the bound ([5.200)), it has F}(1300)y, = 0.0500 GeV~L. Thus, even though it is not
possible to generate a suppression by inverse powers of the pseudoscalar mass in our models, as
seen in (|5.36)), the two-photon couplings of the excited pseudoscalars are sufficiently suppressed

by inverse powers of the excited vector-meson masses.

Similar constraints exist for several excited 7, ' states. As discussed in the main text, the
assignment of Regge trajectories is not settled, so here we simply reproduce the listing according
to the PDG, see section for a discussion of the phenomenological implications. We stress
that given that even the identification of states is contentious, the experimental limits should
be treated with caution and mainly serve as guidance that our Regge models do not assume
implausible values for the two-photon couplings. For the 7(1295), M, 1295 = 1294(4) MeV, we

have
L(yy)T(nrr)
I‘tota\»l

I'(yy)(KKT)

< 66eV [208], -
total

< 14eV [209]. (5.204)

Assuming that the branching fraction into other channels can be neglected,'® we would conclude
I'(vy) < 80€eV and thus
Fyy(1295)7y < 0.030 GeV ™! (5.205)

For the 1(1405), M, 1405 = 1408.8(2.0) MeV, we have

r KK r T
LONNEERT) gy pog),  —0DTOT™) oo v Bos),
Ftotal Ftotal
L'(y7) 3
——— < 1.78 x 10 210). 5.206
i < L8107 IO (5.206)

Using the total width T';(1405) = 48(4) MeV as measured in the K K7 channel, the two limits
involving this channel imply I'(yv) < 1.73keV, while assuming that K K7 and nmm constitute
the dominant decay channels would lead to a much stronger constraint I'(y7y) < 130eV. The two
limits on the two-photon coupling are

Fy1405)y < 0.122GeV™!, Fy 1405y, < 0.033GeV ™!, (5.207)

'8 Note that the role of the S-wave component is not settled: while T'(7(77)s-wave/T'(p7) = 2.12 from ref. |273]
agrees with ref. [197], ref. [274] found a negligible S-wave component I'(7(77) s-wave/I'(pm) < 0.15. In the latter
case the limit on the two-photon decay width F(1300)y, Would become stricter by a factor V3.2 ~ 1.8, in which
case there would be some mild tension with F(1300)y, implied by our Regge models.

9The limit from ref. [208] already includes the conversion factor T'(nmt7 ™) /(T'(nrTn~) + T(nn°7°)) = 2/3,
which emerges from the combination of isospin and symmetry factors in I'(na%z°%)/T'(na 7)) = 1/2.
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respectively. Similarly, for the 1(1475), M, 475, = 1475(4) MeV, the PDG lists

I'(yy)P(KK)

T
- = 230(71) eV [211], O 97107 [210], (5.208)
total

I'(KKn)

which together with I'y 1475 = 90(9) MeV implies the limit T'(yy) < 5.13keV or, assuming the
K Kn channel to be dominant, I'(yy) = 230(71) eV, leading to

Fyarsyyy < 0.195GeV™!, Fy1475),, = 0.041(6) GeV ™. (5.209)

Next, for the 7(1760), M, 1760y = 1751(15) MeV, we have

C(y)L(n'ntn™)
1—‘to‘cal

— 28.2(8.7) eV [212], (5.210)

which, assuming dominance of 7’77 and including the neutral channel by means of the relation
[(n/7%7%) /T (n/7T7~) = 1/2, translates into

Fyy(1760)4, = 0.014(2) GeV ™!, (5.211)

In case other channels do contribute, this number would have to be considered a lower limit.

Finally, there is some information available on the two-photon couplings of the X (1835),

C(y)D(n'mtn™)

r
- < 83eV [212], LY 950 %1073 [210], (5.212)
total

Dt

where the two-resonance fit from ref. [212] only quotes a significance of 2.8 0. The combination of
the two produces the limit I'(yy) < 14.0keV, again a lot weaker than the limit I'(yy) < 124.5eV
obtained when assuming dominance of the n’rm channel. The resulting two-photon couplings
are

Fx (18355, < 0.235GeV ™!, Fx(1835)7y < 0.022GeV 1. (5.213)

The above phenomenological constraints on the two-photon couplings are collected in table
while the couplings from our large-IN, Regge models with different Regge trajectory assign-
ments are listed in table (5.3

5.2.E Systematic uncertainties and decay constants of excited pseudoscalars

The systematic errors quoted for Aa, in section @ are based on comparing results from
two different models for the pseudoscalar TFFs introduced in section and appendix
respectively. This has then been added to a conservatively estimated uncertainty coming directly
from the parameters of our models. By construction, our models link the TFFs of the different
pion, i, or 7’ states such that a resummation is at all possible, but it is clear that the details of
the TFFs so obtained may turn out not to be realistic, at least for the lowest lying excited pseu-
doscalars. Here, we explore this specific question in particular for the first excited pseudoscalars,

on which some information from the phenomenology is indeed available. As we will show, if we

adapt the parameters of our models presented in sections [5.2.4.1] and [5.2.4.2] to be in agreement

with phenomenology, or theoretical expectations, we obtain shifts in our results which are well

covered by the present error budget.
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In section and appendix we confirmed that our TFF models are well compatible
with phenomenological constraints for the two-photon couplings of 7(1295), n(1405), n(1475),
n(1760), and X (1835). In the following, we will be interested in the leptonic decay constants,
Fp(n), of the excited pseudoscalars, limiting our analysis to n < 3 states. Since all pseudoscalar
mesons, except for the Goldstone mode, decouple from the axial-vector current in the chiral
limit, the corresponding decay constants, defined in , are suppressed. Note that contrary
to the decay constants, the two-photon couplings are non-vanishing in the chiral limit. At low

Q? it is the latter that are most relevant.

There are several theoretical studies of the leptonic decay constants of excited pions, e.g.,
based on lattice QCD [276,[277], QCD sum rules [278|, quark models |279}280], or finite-energy
sum rules [281}1282]. Experimentally, Fy(1300) can be measured in 7 decays. Presently, there is
only an upper bound |Fy(i300)| < 8.4 MeV [283], deduced from the branching fraction Br(r —
7(1300)r,) < 107* [257]. The predictions in refs. [278-282] are all in agreement with this bound.
In the following, we will work with F(1300) = 2.20(46) MeV [281], which implies F(1300)/Fr ~
2%. For the n(’), the suppression is expected to be weaker as it is given by the SU(3) chiral
limit, thus, we assume Fn(’)(l)/Fn(’) ~ 20%. Furthermore, it is expected that the decay constants
of the excited states, Fp(,), are inversely proportional to the excited-state masses, Mp(y), or the
masses squared [278,282], which generates an additionally suppression for the decay constants

of the higher excitations.

We start by considering the symmetric pQCD limit of the TFFs, which for the ground-
state pseudoscalars is given in and . The same relations also hold for the excited
pseudoscalars, replacing only the ground-state decay constants, i.e., Fp — Fp(,). To change the
asymptotic limit of Fp(n),yw*(—QQ, —@Q?) for n = 1,2,3, we modify Cdiag by replacing
with

16A%712F,
Cdiag — Cdiag + —=—5-—5— | Fr(1300) — Fr| , (5.214)
iag iag 3M3M£ [ 7 ( ) ]
and (5.226)) with
N 8C%

Cdiag —* Cdiag [Fya) — Ful S (5.215)

Cop + Clus + Cy A2 Fyyy
and analogously for n/, while keeping all other model parameters the same, cf. table Varying
only the TFFs of the lowest excitations n < 3, it is ensured that the SDCs remain intact. Applying
this modification for n = 1 decreases Aa,, by (0.22 +0.27 4 0.45) x 10711 = 0.94 x 10711, where
the individual numbers are the pion, 7, and 1’ contributions, respectively. Note that we are

removing the contribution from Q; > Quatch, as this region is described by the pQCD quark
loop, cf. section [5.2.5.2
The BL limit of the pseudoscalar TFFs is not known for general n. Presently, this limit is

therefore not fine-tuned in our large-N. Regge models, as can be seen in the right panel of figure
Here, we want to assume a BL limit constant in n, limge_, o, Fp(n)yy+ = limge_,oo Fpyy«,
which is also found for the alternative TFF model introduced in appendix [5.2.B] Replacing
(5.222) with

Bt = gz | Conom M+ Moy Mooy <A2 "Mz )| (5216)
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and (5.227) with

-1
1 1 1
CBL =
M2 M2 Cll ,M2M2

120sF, N CpM}  Clh,M CZ¢M;‘]

2 2 2
o) M) Fory Mp(n) My — Miw
L Y . (1 + B2 - M2 - A 2+ M2)) (5.217)
A2 Mg(n) Mf(n) 272 ¢ 2A2 ¢ '

while keeping all other model parameters the same, this is achieved without changing the two-
photon couplings or other SDCs. Looking at the n = 1 case, Aa, decreases by (0.49 4 1.18 +
1.92) x 10~ = 3.59 x 1071, This shift predominantly comes from a change of the low-Q? shape
of the TFFs and not from the different asymptotic limits.

Combining the changes in ([5.214)) and (5.216)), as well as ((5.215)) and ([5.217)), the total decrease
of Aa,, amounts to (0.62+1.27+2.10)x 10711 = 3.99x 107! if only n = 1 is modified, 5.26x 10711

if also n = 2 is modified, and 5.82 x 10~ if n = 1,2, 3 are modified.

As a last point, we study the effect of non-diagonal couplings. To be more precise, in our
large-N. Regge models from section we allowed the n-th pion, 7, or 7 excitation to couple
only to the n-th p, w, and ¢ excitations, whereas now we allow the first excited pseudoscalars to

couple to the ground-state vector mesons. For the 77(1300) we modify

(1 1 1
Fﬁ(l)v*v*(—Qb —Q3) — e Q1,—Q3) - 2)77 [M;?Mi <D;D2 DL D2>
1 1
—M?%,\M? ( )] (5.218)
p(1)"w(1) 1 2 1 2 ’
DoayDin) Dwu)Dp(l)

and generate the two-photon coupling through p(770) and w(782). For the first excited "), we

only express the dominant isovector—isovector part of the two-photon coupling through p(770):

Fn</>(1)7*7*(_Q1a —Q3) — F,0a 4 (= Q1,—Q3)
() 4
_ Fn(/)(l)'Y'YCgp M,;l _ Mp(l) ] (5 219)
172 1 2 : :
N D;D; D (1 )Dp(l)

These modifications lead to a decrease of (0.53 + 0.54 + 0.72) x 107! = 1.79 x 107!, Such

non-diagonal couplings are also present in the alternative TFF model introduced in appendix

523l

All these modifications affect in one way or another the low-Q? behavior of the excited-
state TFFs, which could be constrained more rigorously if data were available. At present, we
observe that the corresponding changes, which tend to lower Aa,,, are well covered by our final
uncertainty estimate in . Since, on the other hand, the consideration of Model 2 suggests

systematic effects in the opposite direction, we leave the central value as derived from Model 1,

with uncertainties as assigned in (5.141)).

5.2.F Pion transition form factors Fiy ()«
5.2.F.1 Large-N. Regge model

In this appendix, we describe the large-N. Regge model for the pion TFF, given in (5.90), in

more details. A comparison to experimental data and other parameterizations available from the
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Figure 5.24: 7° TFF in the full space-like region for Q?, Q3 < 10 GeV2. The large-N,. Regge
model, ((5.90)), is shown in the left panel, and our alternative model, ([5.161)), is shown in the right
panel.

literature is postponed to section [5.2.F.2] Based on the constraint equations in (5.94)), ((5.95)),
and (5.97)), the model parameters should be replaced by:

16m2F2A?
Cliag = =525 (5.220)
HE T 3MEM?
1
Canom = 1= 15 (caM? o+ csM? ), (5.221)
8r2F2 Mi, 1 2 )
L=~ ;, Wz, A (caM? o+ cpM? ), (5.222)
where the parameters related to the asymptotic limits of the HLbL tensor simplify to:
A [ Arp o (ArpLaw b b\* 1 1
= —An?F [ T ) (= —) —=(ec-= 5.223
T MZM2 | L., "\ AnuLay i 20 "\ \2a Ao )| 2
with
Aﬂ'p |: LT(UJ :| < 2 2 Aprmu>
a= Ory0p, Ow) — Oy 0w, O o, —0,—— |,
ngﬂ f2( p w) L7rp f2( w p) P w Aﬂ'wLﬂ'p
Aﬂp 2F; Ly,
b - Q%ww{ - T fl(aﬂ70W7Up) - Tﬂpfl(o-ﬂao-pvo-w)
1 A; A 2L,
A71’p Ary 1 Aﬂpaz; fl(Uﬂa Op, Uw)
= _r = 5.224
Ty Ly (@B Ly, T | (5.224)
and the auxiliary functions
gi(op,ov,, 00) =05 (Ué/l — 0{1/2) EAYAT (0}13 + 0‘2/1 012/2) + 0%;20‘2/114/1‘/2, (5.225)

fl op,0v;,0V,
2 4

( ) :
g2(op,ovy, 0v,) = 0pAY v, Lpvy s
(op ) =01, gi(op,ovi,0v,) + 0p g2(op. 0wy, ov,) + (05 — 20%) 04,05 Ly, v,
folop,avi,ov,) = gi(op,ov,,0v,) — g2(0p,ov;, 0v) + (0h0t, — oy, — at,) ob Ly,

Here, the definitions from ([5.96)) and (5.98) are used.
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Figure 5.25: Singly-virtual 7° TFF in the low-Q region. The large-N. Regge model, “Model
17 , is indicated by the dashed pink curve. Our alternative TFF model, “Model 2” ,
is indicated by the solid cyan curve. The gray band with the dotted curve is the dispersive result
from refs. [28,[172]. The blue band with the long-dotted curve is the lattice QCD result from
ref. [29]. The green band with the dot-dashed curve is the DSE result from ref. [173]. The data

are from CELLO and CLEO .

5.2.F.2 Comparison of data and literature: Fy (p)yxy

In this appendix, we compare our large-N,. Regge model, “Model 17 (5.90)), and our alternative
model, “Model 2”7 (5.161)), for Fi(,),«,+ to data and other parameterizations available from the

literature.

In figure the singly-virtual 7° TFF is shown for Q2 € [0,35] GeV2. In figure we
focus on the low-@Q) region and include a comparison to the recent lattice QCD and DSE
results. Our 7% TFF models, for which we do not display error estimates, are in good agreement
with the dispersive and lattice QCD TFFs, while we observe some deviation of our Model 1 from
the DSE prediction. However, the error quoted for the DSE result in ref. , as pointed out
therein, is only a rough estimate based on the variation of their one model parameter and does
not account for the total truncation error. Therefore, we conclude that our 79 TFF models also

agree with the DSE prediction in the singly-virtual region.
In figure we show the doubly-virtual 70 TFF in the low-Q region. Both lattice QCD

and DSE are able to give much more accurate predictions of the (pseudoscalar) TFFs for doubly-
virtual than for singly-virtual kinematics, as is obvious by comparing the error bands in figures
and In the symmetric region, Q? = Q3 = Q?, starting from ~ 1 GeV?2, the DSE
predict a slightly larger 70 TFF than lattice QCD, see left panel in figure m Our models
for the 7° TFF run just between these DSE and lattice QCD predictions. Note, however, that
the discrepancy in figure is visually enhanced by showing Q2F7r07*7*(—@2, —Q?) instead
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of Fﬂov*v*(_Q2’ —@Q?). For doubly-virtual kinematics away from the symmetric limit, see for
instance Q3 = Q? and Q% = 2Q? in the right panel of figure our 70 TFF models are in

closer agreement with the lattice QCD prediction.

0.07F T
—~ \ Dispersive
S 0.06f = 0.20f
IR 5 LQCD
= 0.05F S N - DSE
S = 0.10f Model 1
T 0.04F & Model 2
N
c? 0.03F /e Dispersive | 005}
= 0.02f LQeh %'y
e DSE <
cb 0.01 Model 1 *g 0.02
——— Model 2 =
0.00F
0 1 2 3 4 5 0.0 0.5 1.0 1.5 2.0 2.5
Q@ (GeV?) Q@ (GeV?)

Figure 5.26: Doubly-virtual 7° TFF in the symmetric region Q3 = Q3 = Q? (left) and in the
region where Q3 = Q? and Q3 = 2Q? (right). Legend is the same as in figure [5.25
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Figure 5.27: Doubly-virtual 7° TFF in the symmetric region Q? = Q3 = Q? for Q? € [0,40] GeVZ.
Legend is the same as in figure

In ﬁgure we show the doubly-virtual 7% TFF in the symmetric region for Q2 € [0, 40] GeV2.
Both models, but in particular Model 1, are in perfect agreement with the dispersive descrip-
tion ,. In ﬁgure Model 1 and 2 are shown in the full space-like region for Q%, Q3 < 10
GeV2. One can see that their main difference is in the regions where at least one of the photon

virtualities is small.

5.2.G m and 71’ transition form factors F, o) (;)y+y
5.2.G.1 Large-N. Regge model

In this appendix, we describe the large-N. Regge model for the n and ' TFFs, introduced in
section [5.2.4.2] in more details. A comparison to experimental data and other parameterizations
available from the literature is postponed to appendices [5.2.G.2] and [5.2.G.3]

All expressions are given for the 1, but hold as well for the i’ after obvious replacements

(including Cg — Cj). Based on the constraint equations in (5.122)), (5.123), and (5.124]) the
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Figure 5.28: 1 TFF in the full space-like region for Q?, Q3 < 10 GeV2. The large-N,. Regge
model, (5.114)), is shown in the left panel, and our alternative model, ([5.161)), is shown in the
right panel.
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Figure 5.29: 7/ TFF in the full space-like region for Q? Q% < 10 GeV2. The large-N, Regge
model, (5.114)), is shown in the left panel, and our alternative model, ([5.161)), is shown in the
right panel.

model parameters should be replaced by:

N 8CsFy,
I 5.226
o = O Ol + C, N2 Fyy (5.226)
1 [CppMp + CLLM2+Cl M2 N 6CsF, M*
CBL = 712 ’ T - U 8n+MJ2r,0_CA 2
M=, 20¢>w C¢w Eoryy A
M? M?
+,0°""—,0
where the parameters related to the asymptotic limits of the HLbL tensor simplify to:
A2 | Ay, N 3C;
ca = —
5 2 | Luy Cl, 272CsFy Fypy M2 M2
ALy b b\* 1 AC2
e N I e e R B , 5.228
+ (A@?Lwn ™ 2a 2a a\" " 2 ( )
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with
C Fyp M2M2\ % A r A r
_ pw MY Ht w wn _ Lgy A P
’ < N Q%qbwn [f2 (Un’ 7w 0¢) Lwn fQ(Un’ s O'w)] <U¢ A¢>ann Ow> ’
U 2772
b= _ Cou o MM, —4CsFy Cop [ Len fi(oy,0p,00) — Mfl(a 0p,0gp)
NA(bULWTI Cgp + CZ¢ + ng Al%ﬂ A,%w e W A%¢ 1,0py 0¢

o <L L cl, (L
PP on wn ww wn
+—5 | = filoy,04,00) + — f3(0n,04) | — - |~ fi(oy, 0w,04)
A¢n A¢w 2 AZ, A¢w

+ %fg(a Ow) — 303 202 A, % — 0'2A¢ fo(oy, 04, 04)
2 L 27T208F7]Q¢WT7A¢W ¢ ann w g K ’

- U?}ﬁAwan (O-T]v Ow, U(j))] }a

2 2 2
_ 3C7 3C o; Fo(005100) — 4CsF,) Ay,
2m2Cs Fy A gy Loy | 2m2Cs Fy AZ Loy Cpp + O, + Clo
y ( Cl cl cl

7f3(0'n,0'w) - ifl(anvgpaaw) - ¢f1(0n,0¢,0'w)>
242, AZ,AZ AZ A2,

(5.229)

Here, the definitions from ([5.96)) and (5.98)), the auxiliary functions from (5.225)), as well as
f3(op,ov) = 30% — 40%0% + 0f — 205 Lpy, (5.230)

are used. Note that for the n’ one has to instead choose:

. A2 | Ay N 3C7,
A = — -
LW”]’ ng QWQCOFW/FWI,Y\/M;MU%

B 2
Ay Lory b b\> 1( ACh
ZwnZen’ ) [ 2o ) — 2=
* (AQWLM]/ + ) <2a * \/<2a) a\" " w2

as the physical solution for the quadratic equation (5.124)).

, (5.231)

5.2.G.2 Comparison of data and literature: Fy(p)yxyx

In this appendix, we compare our large-NN. Regge model, “Model 1”7 (5.114)), and our alternative
model, “Model 2”7 (5.161)), for F};,),+y+ to data and other parameterizations available from the
literature. The error band shown for Model 1 is generated by propagating the errors of the input

parameters op, oy, Fyyy, I, F8& FO 0g, 6.

In figure the singly-virtual TFF of the ground-state 7 is shown for @2 € [0,40] GeVZ. In
figure we focus on the low-@Q region and include a comparison to the DSE result [173]. One
can see that our models agree with the experimental data from CELLO [204] and CLEO [205],
but tend to a larger n TFF than CA [26] and DSE. In addition, Model 2 is larger than Model
1 for Q? < 2.4 GeV2. This low-Q enhancement explains why aZ’pOle|M0de1 9 > aZ‘pOIe|M0del 1, see

E129).

In figure the doubly-virtual n TFF is shown for two kinematic situations: symmetric
momenta, and Q% = @Q? and Q% = 2Q?. Considering Model 1, we observe a slight tension with
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Figure 5.30: Singly-virtual n TFF in the low-Q region. The large-N, Regge model, “Model
17 , is indicated by the pink band with the dashed curve. Our alternative TFF model,
“Model 2”7 , is indicated by the solid cyan curve. The purple band is the CA result from
ref. . The green band with the dot-dashed curve is the DSE result from ref. . The data

are from CELLO and CLEO .

the DSE prediction in the region of Q% € [0.2,0.8] GeV2. This tension should, however, not be
taken too serious, because both the DSE and our error band are only based on the variation of

input parameters and do not take into account all possible error sources.

In figure [5.28, Model 1 and 2 are shown in the full space-like region for Q%, Q3 < 10 GeV2.
One can see that their main difference lies, similarly as for the 7% TFF, in the regions where at

least one of the photon virtualities is small.

In the left panel of figure the ground-state n TFF is decomposed into the contribu-
tions from 2p, 2w, 2¢, and ¢w vector mesons. As expected, the TFF is dominated by the
isovector—isovector 2p contribution, followed by the isoscalar—isoscalar 2¢ contribution. The ¢w
contribution , which was needed to generate enough freedom in our large- N, Regge model
to satisfy the BL limit of the TFF and the two SDCs on the HLbL tensor, is small.

In the right panel of figure we show the TFF of the first (n = 1) radially-excited 7
state. In the doubly-virtual region, the relative strength of vector-meson pairs is comparable
to what one finds for the ground-state 1. The 2p contribution is now slightly smaller than the
total TFF, and the ¢w contribution is now larger than the 2w contribution. In contrast, the
singly-virtual TFFs of the radially-excited n states will be dominated by the ¢w contribution.
This enhancement is generated by the n-dependence in the numerator of through terms
proportional to M ,. The two-photon couplings and BL limits of the excited-state n TFFs are

shown in figure



5.2. LONGITUDINAL SCDS FOR HLBL WITH LARGE-Nc REGGE MODELS 201

0.07¢
; 0.04]-
% 0.06F % rr———
O L
= 0.05F é 0.03|
< [
I 0.04F G r
> 0.02F
%? 0.03} Bl I
X —a L
w028 - DSE ookl - DSE
o Model 1 [ Model 1
S o001 Model 2 ke [ Model 2
0.00-
0'00>I L 1 1 1 1 L1 L L L L L L L L L L L L L L L L L L L Il L L L L Il
0 1 2 3 4 5 0 1 2 3 4 5
@ (GeV?) @ (GeV?)

Figure 5.31: Doubly-virtual 7 TFF in the symmetric region Q? = Q3 = Q? (left) and in the
region where Q? = Q2 and Q3 = 2Q? (right). Legend is the same as in figure [5.30

5.2.G.3 Comparison of data and literature: Fyy ;) =

In this appendix, we compare our large-N. Regge model, “Model 1” , and our alternative
model, “Model 2” , for Fy )4+ to data and other parameterizations available from the
literature. The error band shown for Model 1 is generated by propagating the errors of the input
parameters op, oy, Fyy, Fy, F8 FO 0g, 6.

In figure the singly-virtual TFF of the ground-state 7’ is shown for Q2 € [0, 40] GeV2.
In figure we focus on the low-@ region and include a comparison to the DSE result [173].
One can see that Model 1 agrees with the experimental data from L3 [203|, CELLO [204], and
CLEO [205], as well as the CA [26] and DSE results. Model 2 tends to a larger n TFF for Q? < 2
GeV2. This low-Q enhancement explains why aZl'pC’le]Model 9 > aZ,'p°le|M0del 1, see (5.130).

In figure the doubly-virtual ’ TFF is shown for two kinematic situations: symmetric
momenta, and Q% = Q2 and Q3 = 2Q%. Model 1 is in slight tension with the DSE prediction
for Q% € [0.2,1.6] GeV?2. This tension should, however, not be taken too serious. A comparison
of our models with the CA result shows perfect agreement for symmetric momenta. For large
photon virtualities, both models agree with each other and give a reasonably good description
of the recent doubly-virtual " TFF data from BaBar [207], see figure

In figure [5.29, Model 1 and 2 are shown in the full space-like region for Q?, Q3 < 10 GeV2.
One can see that their main difference is, similar as for the » TFF, in the regions where at least

one of the photon virtualities is small.

In the left panel of figure the ground-state 7’ TFF is decomposed into the contributions
from 2p, 2w, 2¢, and ¢w vector mesons. As expected, the largest contribution to the TFF is
coming from the isovector—isovector 2p mesons, followed by the isoscalar—isoscalar 2¢ mesons.
Unlike in the case of the  TFF, the 2¢ mesons gives a positive contribution to the n’ TFF, just
like the 2p, 2w, and ¢w mesons. Thus, since the 2p contribution does not need to cancel out a
negative 2¢ contribution as it does in the n TFF, it appears to be smaller than the total ’ TFF.
The ¢w contribution , generated through ¢—w mixing, is small.

In the right panel of figure we show the TFF of the first (n = 1) radially-excited n’
state. In the doubly-virtual region, the relative strength of vector-meson pairs is similar to what

one finds for the ground-state n’. The ¢w contribution is now larger than the 2w contribution,
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Figure 5.32: 2p, 2w, 2¢, and ¢w contributions to the singly-virtual (top) and doubly-virtual
(bottom) 1 ground state (left) and first excited state (bottom).

and the 2¢ contribution at low Q. In contrast, the singly-virtual TFFs of the radially-excited 7’
states will be dominated by the ¢w contribution, while all other contributions are of negligible
size. This enhancement is generated by the n-dependence in the numerator of through
terms proportional to M, ,. The two-photon couplings and BL limits of the excited-state 1’
TFFs are shown in figure

5.2.H Reply to arXiv:1911.05874

The analysis presented here has been criticized in a preprint by MV [83|, which appeared during
the review process of this manuscript. In this appendix we refute the main objections raised

therein:

1. We disagree with the claim that in the pion-pole contribution to HLbL the second form
factor has to be taken at 3 = M2, see discussion in the paragraphs from (3) to (5). The
claim is a consequence of the statement in the paragraph after (5) in ref. [83]: “with obvious
constraints on ¢; 4 in the form factors s = (¢ + ¢2)? = (g3 +q4)? = M2.” This statement
is incorrect. We recall that in the definition of the TFF , translation invariance has
already been applied and the resulting overall delta function is not part of the TFF. In the
unitarity relation for HLbL, the single-pion intermediate state generates an imaginary part
proportional to §(s — M2), which however disappears when it is put into the dispersion
integral to generate the pion pole, i.e., no constraint on s is left. The independent variables

in the HLbL process are q%, q%, q%, qz, s, and t and the residue of the pion pole, i.e., the
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Figure 5.33: Singly-virtual 7 TFF in the low-Q region. The large-N. Regge model, “Model
17 , is indicated by the pink band with the dashed curve. Our alternative TFF model,
“Model 2” , is indicated by the solid cyan curve. The purple band is the CA result from
ref. . The green band with the dot-dashed curve is the DSE result from ref. . The data

are from L3 203, CELLO , and CLEO .

product of two pion TFFs, can only depend on the first four. If one takes the limit ¢4 — 0
this implies s = qg and t = g3, but by no means does it imply qg = M2. Of course one is free
at that point to separate the pure pole in q% (with only its residue in the numerator) from

non-pole terms. Between the two different dispersive representations, a simple reshuffling

takes place, see (b.144) and the whole discussion in section

2. As discussed in section the MV model is based on an unjustified extrapolation to
low qu of the constraint at high q%g. We have called this a “distortion” of the low-energy
behavior of the HLbL tensor in ref. , a description considered unjustified in ref. .
Figures and very clearly illustrate this distortion. An alternative solution to the
SDCs based on a tower of axial-vector mesons in holographic QCD has been presented
in two papers ,, which appeared after ref. . These alternative solutions to the
SDCs have a very similar behavior as the curves corresponding to our model in figures[5.16
and and confirm that the MV model leads to a low-¢? behavior of the HLbL
amplitude that cannot be explained in terms of any other physical states—in other words,

a “distortion.”

3. After (18) in ref. it is stated that: the model in the present manuscript “violates the
above equation and claims, effectively, that ¢/ ~ 1 also in the chiral limit.” This statement
is incorrect: in our model we are not able to take the chiral limit simply because it is
formulated in terms of effective parameters that are fit to data or theoretical constraints.
It is not the point of the model to make any claim about the behavior in the chiral limit. The

underlying philosophy is to fulfill the SDCs only for large qg, where the chiral limit becomes
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Figure 5.34: Doubly-virtual  TFF in the symmetric region Q? = Q3 = Q? (left) and in the
region where Q? = Q% and Q3 = 2Q? (right). Legend is the same as in figure @

irrelevant, and not to rely on it at low q%, because it would be a bad approximation and
we can instead use known phenomenological constraints. Such a strategy is best carried
out with excited pseudoscalars because, unlike for axial-vector resonances, there are no
ambiguities regarding their dispersive definition and because at least some information
from phenomenology is available. Section [5.2.5.3] explicitly discusses the issue of the chiral

limit in our model.

4. The conclusion of ref. [83] contains the following three statements: “there is no doubt that:
(a) this region ( %2 > (Q3) provides the largest contribution to aELbL; (b) it allows for
an exact non-perturbative analysis of the longitudinal structure function in the chiral limit
and (c) it supplies strong evidence that corrections to the chiral limit are small.” The first
statement is plainly wrong, in particular for the model by MV, which actually receives most
of its corrections from the region Q%,273 < anatch, as can be clearly seen from figure
It is precisely this observation that leads to the conclusion that the modifications in the
low-¢? region are unphysical. Point (b) is correct, by construction, but the question is
whether the chiral limit is a useful approximation at low ¢, which is the most important
region for a,. This is claim (c), which, unfortunately, is also not correct: the difference
between the original MV model and the first term in is such a quark-mass
correction. In the case of the pion the two expressions give contributions to a/I}LbL that
indeed differ by a small amount (about 10%), but in the case of n and 7’ the difference is

much larger, about 100%, as anticipated in section
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Figure 5.35: 2p, 2w, 2¢, and ¢w contributions to the singly-virtual (top) and doubly-virtual
(bottom) 7 ground state (left) and first excited state (bottom).

5.3 Updated results

At the time of the publication of the papers reproduced in this chapter (Refs. ,), the
computation of the gluonic corrections presented in section (corresponding to Ref. ) was
not yet available. Here, the discussion of section is updated: we study the implications
of this new result for the matching of the large- V. inspired Regge Model 1 for the pseudoscalars
to the HLbL OPE result valid when all three virtualities are large 2°.

Fig. @is the updated version of Fig. @and shows the various contributions to a, when all
the three photon virtualities are larger than a cutoff Quin. After inclusion of the a,-correction?!,
the OPE result is lowered: see purple band. By construction, the dotted black curve (quark
loop corresponding to the LO of the OPE), the purple dotted curve and the orange curve (i.e.
the contribution of the sum of all the pseudoscalars from Model 1) have the same asymptotic
behavior when Quin — 00, but including the ay corrections to the quark loop improves the
agreement between our model and the OPE result at lower energies. In addition, the uncertainty
on the OPE, coming from higher-order terms, can be estimated by varying the scale at which a;

is estimated %2, which is more precise than the previous 20% error estimate.

The estimation of the matching scale obtained by minimizing the combined error of the

20previously, only the quark loop was used, which corresponds to the LO contribution to that OPE, as discussed
first in Ref. [1| but also in sections and [4.1.4.1] of this work.
21 . . . . . . . .
As discussed in sectlon (Ref. ) and explained in sectlon (Ref. [38]), the non-perturbative corrections
are numerically negligeable.
29 . . . . . . . .
Refer to the discussion in section for a more detailed description of the uncertainty estimate.
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the MV model (dot-dashed green). The blue dot-dashed curve refers the sum of the first three
excited pseudoscalars in each trajectory.

Regge model and of the quark loop previously used would lead to a lower matching scale. This
is because the perturbative error is significantly smaller and does not weigh as much. However,
the matching between the orange and purple curves becomes worse at low energy. Taking that

into account, the choice Qmaten = 1.7 GeV remains reasonable??.

Equation (5.140)) therefore becomes

AaPS-poles o aPS-poles
H H© ‘Qmin:Qmatch

OPE
a
H ‘Qmin

=8.7(3.6) x 107! (unchanged),
=4.2(1) x 10711, (5.232)

:Qmatch

The estimation of the uncertainties from the parameters of Model 1 is unchanged and equal
to 3.6. The systematic uncertainty based on the difference between Models 1 and 2 also remains
the same. The only part that is affected is the effect of varying the matching scale Qnatcn by 0.5
GeV. Compared to (5.141)), this uncertainty is reduced and we find

PS-poles _ _PS-poles _ . +1.0 —11
Aau a'u' ‘Qmin:Qmatch o 8-7(3'6)exc1ted Ps _0‘2’Cgmatch(g‘8)sySt X 10

=8.7(5.3) x 10711, (5.233)
The final result is therefore updated from
Aa};5PC = [8.7(5.5)ps poles + 4-6(9)g100p] X 1071 = 13(6) x 107 (5.234)
to
AakSPC = [8.7(5.3)ps potes + 4.2(1)gu100p] X 10711 = 13(5) x 10711, (5.235)

2The effect of varying the matching scale between [1.2,2.2] GeV is taken into account: see below.
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The effect of the gluonic corrections to the OPE is smaller than the rounding effect and the

central value therefore remains the same. The uncertainty is slightly reduced.



Chapter 6

Conclusion and outlook

Great things are done by a series of
small things brought together.

Vincent Van Gogh

In this thesis, the proof that the massless quark loop is an accurate description of the HLbL
tensor in the g — 2 kinematics was presented. [1,137,/38] In addition, the description was also
improved by including the gluonic corrections and the error made from truncating the series in
as was estimated. [38] A model for the TFF of radially excited pseudoscalars was also presented
which reconciled the dispersive description and the high-energy description for the HLbL tensor
from pQCD. [30L|39] The short-distance contribution was then evaluated through a matching of
the model to the OPE description of the HLbL when all the virtualities are large. |30%/39] It
was also shown that the inclusion of the gluonic corrections in the OPE improves the matching,

without changing the central result:

Aa, = 13(5) x 1071, (6.1)

Since the release of the results presented in this thesis, other works have analyzed the question

of the implementation of the short-distances constraints in the HLbL description. [40-42]

In Refs. |41,/42], holographic QCD models are considered, where an infinite tower of axial-
vector states are used as an alternative to pseudoscalars to fulfil the SDCs. In Ref. |41], two
different sets of parameters are used. One of the set focuses on reproducing the correct behaviour
for the pion TFF form factor at low energy, while the second focuses on its asymptotic behavior

instead. Both choices lead to the following longitudinal® short-distance contribution to a, |41
Aa, =14 x 1071, (6.2)

In Ref. [42], two different models are presented, which are referred to as hard-wall models 1 and
2 (HW1 and HW2) and differ in the boundary conditions used for the five-dimensional axial
wave-function 2. [42] The model HW?2 corresponds to the model used in Ref. [41], but different

!The holographic QCD models can also be used to evaluate the transversal short-distance contributions, but
we here focus on the longitudinal part for comparison with the Regge Model presented in this work.
2More details on the holographic models can be found in Refs. [41Lf42].
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choices are made for the parameters. This leads to [42]

Aa, =23 x 107" (HW1), (6.3)
Aa, =17x 1071 (HW2). (6.4)

where only the longitudinal contributions are considered.

Ref. |40] takes a completely different approach, which does not depend on the heavy interme-
diate states used to saturate the short-distance constraints. The idea is to consider interpolation
functions which have the correct asymptotic behavior at high energy and which are compatible

with the dispersive low-energy description of the pseudoscalar poles. This leads to

Aa, =9.1(5.0) x 107, (6.5)

All the results presented above agree with our estimation of the short-distance contributions
within uncertainties, with the exception of the HW1 model of Ref. |42|, reproduced in (6.3).
However, as pointed out in Ref. [42], the HW1 model overestimates the two-photon rate of the
axial f1(1285), which might indicate that is also too large. But even this result is way
smaller than what is obtained using the Melnikov-Vainshtein prescription of dropping the singly
virtual form factor:

Aa, =38 x 10711, (6.6)

where the result from Ref. [2] has been updated using modern inputs for the form factor. These
considerations indicate that the nature of the intermediate states used to saturate the short-
distance constraints has little impact on the a,, contribution, as long as the low-energy behavior

of the scalar functions respects the constraints imposed by unitarity and analyticity.

More experimental information on intermediate states such as the two-photon coupling of ex-
cited pseudoscalars or on the axials, as well as a full dispersive treatment of the latter could shed
more light on these considerations in the future. This combined with other theoretical improve-
ments (for example on the lattice) and a statistical reduction of the error on the experimental

determination point toward a bright future for the muon g — 2 physics!
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