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Abstract

This PhD thesis is devoted to the low-energy structure of the nucleon (proton and neutron)
as seen through electromagnetic probes, e.g., electron and Compton scattering. The research
presented here is based primarily on dispersion theory and chiral effective-field theory. The
main motivation is the recent proton radius puzzle, which is the discrepancy between the classic
proton charge radius determinations (based on electron-proton scattering and normal hydrogen
spectroscopy) and the highly precise extraction based on first muonic-hydrogen experiments
by the CREMA Collaboration. The precision of muonic-hydrogen experiments is presently
limited by the knowledge of proton structure effects beyond the charge radius. A major part of
this thesis is devoted to calculating these effects using everything we know about the nucleon
electromagnetic structure from both theory and experiment.

The thesis consists of eight chapters. The first and last are, respectively, the introduction and
conclusion. The remainder of this thesis can roughly be divided into the following three topics:
finite-size effects in hydrogen-like atoms, real and virtual Compton scattering, and two-photon-
exchange effects.

The first of these topics is of direct relevance to the proton charge radius extraction from
hydrogen and muonic hydrogen. We derive the finite-size effects using a dispersive representation
of the proton electromagnetic form factors. As result, we reveal some limitations in the usual
accounting of finite-size effects in terms of the expansion in charge and magnetization radii. We
can easily construct a model of nucleon form factors which exploits these limitations such as to
resolve the proton radius puzzle.

The second topic — Compton scattering — is important for understanding the two-photon-
exchange effects. We review the concept of dispersion relations and Compton scattering sum
rules, which are based on the general principles of unitarity, causality and analyticity. A new
set of sum rules for the elastic-channel contribution to the quasi-static polarizabilities is derived
and verified within quantum electrodynamics. We also perform the next-to-next-to-leading
order calculation of Compton scattering using the SU(2) baryon chiral perturbation theory with
A(1232)-isobar degrees of freedom.

In the last topic, we use the doubly-virtual Compton scattering off the nucleus to evaluate
the two-photon-exchange effects in lepton-nucleus bound states. We focus on the leading and
subleading, i.e., order (Za)® and (Za)®, polarizability contributions to the spectra of muonic hy-
drogen, deuterium and helium. We present the next-to-leading order baryon chiral perturbation
theory prediction for the proton-polarizability effect in the Lamb shift and hyperfine splitting of
muonic hydrogen and a first model-independent prediction of the neutron-polarizability effect in
light muonic atoms. Motivated by the large-N, limit of quantum chromodynamics, we consider
the effect of the A(1232)-excitation in the hyperfine splitting of muonic hydrogen. We study the
neutral-pion exchange and an equivalent to the Coulomb-distortion contribution, both belong-
ing to the class of off-forward two-photon-exchange effects. To allow for a detailed comparison
with empirical information, we expand the contribution of non-Born two-photon exchange to
the hyperfine splitting in terms of individual spin polarizabilities. We conclude by evaluating
the impact of our model-independent predictions of polarizability effects on the extractions of
proton charge and Zemach radii from muonic-hydrogen spectroscopy.






Zusammenfassung

Die vorliegende Doktorarbeit beschiiftigt sich mit der Niederenergiestruktur von Nukleonen (Protonen
und Neutronen), wie sie durch elektromagnetische Sonden, beispielsweise Elektronen- und Comptonstreu-
ung, beobachtet wird. Die hier préasentierte Forschung beruht hauptséichlich auf Dispersionstheorie und
chiraler effektiver Feldtheorie. Als Hauptmotivation dient das aktuelle Protonenradiusproblem, d.h. die
Diskrepanz zwischen den klassischen Ergebnissen (der Elektron-Proton-Streuung oder der Spektroskopie
von normalem Wasserstoff) fiir den Protonenradius und der hochprizisen Bestimmung durch die Ex-
perimente der CREMA Kollaboration an myonischem Wasserstoff. Die Genauigkeit der Experimente
mit myonischem Wasserstoff ist derzeit durch das Wissen iiber Effekte der Protonenstruktur beschrankt,
welche iiber den Ladungsradius hinausgehen. Ein grofler Teil dieser Arbeit widmet sich der Berechnung
ebendieser Effekte, wobei auf alles zuriickgegriffen wird, was iiber die elektromagnetische Struktur der
Nukleonen aus Theorie und Experiment bekannt ist.

Die Arbeit besteht aus acht Kapiteln. Im ersten und letzten Kapitel findet sich eine Einfithrung bzw.
Zusammenfassung. Der restliche Teil der Arbeit kann in die folgenden drei Themenbereiche unterteilt wer-
den: Effekte der endlichen Kernausdehnung in wasserstoffihnlichen Atomen, reelle und virtuelle Comp-
tonstreuung, und Zwei-Photonen-Austausch-Effekte.

Ersterer Themenbereich ist von direkter Relevanz fiir die Bestimmung des Ladungsradius des Protons
anhand von Wasserstoff und myonischem Wasserstoff. Wir leiten die Effekte der endlichen Kernaus-
dehnung mithilfe einer dispersiven Darstellung der elektromagnetischen Formfaktoren des Protons her.
Im Ergebnis offenbart sich eine Limitierung in der {iblichen Beschreibung der Effekte der endlichen Ker-
nausdehnung in Form von Ladungs- und Magnetisierungsradien. Ein Modell fiir die Formfaktoren des
Nukleons, welches diese Beschrinkungen ausnutzt um das Protonenradiusproblem zu losen, lasst sich
leicht konstruieren.

Das zweite Thema — die Comptonstreuung — ist wichtig fiir das Versténdnis der Zwei-Photonen-
Austausch-Effekte. Wir wiederholen das Konzept der Dispersionsrelationen und die Summenregeln fiir
Comptonstreuung, welche aus den grundlegenden Prinzipien der Unitaritéit, Kausalitdt und Analytizitéit
hergeleitet werden. Ein neuer Satz von Summenregeln fiir den Beitrag des elastischen Kanals zu den quasi-
elastischen Polarisierbarkeiten wird hergeleitet und innerhalb der Quantenelektrodynamik tiberpriift. Wir
betrachten Beitridge zur Comptonstreuung bis einschliefflich der iibernéchstfithrenden Ordnung in der
SU(2) baryonischen chiralen Storungstheorie mit dem A(1232)-Isobar als zusétzlichem Freiheitsgrad.

Im letzten Themengebiet verwenden wir die doppelt virtuelle Comptonstreuung an Kernen um die
Zwei-Photonen-Austausch-Effekte in gebundenen Zustinden aus einem Lepton und einem Nukleus zu
berechnen. Wir konzentrieren uns auf die fithrenden und néchstfithrenden Polarisierbarkeitsbeitrige der
Ordnungen (Za)® und (Za)® zu den Spektren des myonischen Wasserstoffs, Deuteriums und Heliums.
Wir prisentieren die Vorhersage der chiralen Stérungstheorie in {ibernéchster Ordnung fiir den Effekt der
Polarisierbarkeit des Protons auf die Lamb-Verschiebung und die Hyperfeinstruktur-Aufspaltung in my-
onischem Wasserstoff, sowie eine erste modellunabhéingige Vorhersage fiir den Effekt der Polarisierbarkeit
des Neutrons in leichten myonischen Atomen. Inspiriert durch den N.-Limes der Quantenchromodynamik
betrachten wir den Effekt der A(1232)-Resonanz auf die Hyperfeinstruktur in myonischem Wasserstoff.
Wir studieren den Austausch des neutralen Pions und ein Aquivalent zur Coulomb Deformation, welche
beide zur Klasse der Zwei-Photonen-Austausch-Prozesse abseits der Vorwértsrichtung gehéren. Wir en-
twickeln den Beitrag der Nicht-Born-Diagramme des Zwei-Photonen-Austausch zur Hyperfeinstruktur in
Spinpolarisierbarkeiten, um einen detaillierten Vergleich mit empirischen Informationen zu erméglichen.
Zum Abschluss berechnen wir den Einfluss unserer modellunabhéingigen Vorhersagen fiir die Polarisier-
barkeitsbeitrige auf die Bestimmung des Ladungs- und des Zemachradius des Protons anhand der Spek-
troskopie von myonischem Wasserstoff.
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CHAPTER

INTRODUCTION AND MOTIVATION

Everyone knows it’s simple things that matter. One may even say that some of them — viz.
elementary particles — make up the matter. It is interesting to realize that 98 % of the nucleon
mass (and hence, of the visible matter around us) comes from the strong interaction and not
from the mass of its constituents (quarks), or equivalently, from the Higgs mechanism of mass
generation. Therefore, the origin of the nucleon mass and, more generally, of low-energy nucleon
structure is an important physics problem, which thus far has not been solved exactly based on
the fundamental theory of the strong interaction — quantum chromodynamics (QCD).

This thesis, roughly speaking, is an attempt to comprehend the nucleon structure effects
in hydrogen-like atoms, of which muonic hydrogen (uH) is a beautiful example. The main
motivation for this is the so-called proton charge radius puzzle. Before describing the puzzle
and how the presented work contributes to it (Section 1.3), we will give a brief introduction
into the nucleon structure (Section [.1) and how it can be studied using atomic spectroscopy
(Section 1.2).

1. Nucleon Structure

A traditional probe of nuclear and nucleon structure is the electron scattering, shown schemat-
ically in Figure I.1. Pioneered by Robert Hofstadter in the 1950’s [1-3], this method won him
the 1961 Nobel Prize in Physics (“for his consequent discoveries concerning the structure of nu-
cleons”). With electron scattering one is able to see objects whose spatial extent is comparable
to the reduced de Broglie wavelength, X = h/p, of the incident electron. Increasing the electron
beam energy thus allows to look deeper and deeper into the matter. An electron beam with
momentum of 100 MeV /c probes the matter at the extent of about 2fm. This is the typical
momentum at which one begins to resolve the individual nucleons in a nucleus.

To resolve the constituents of the nucleons — quarks and gluons — one needs a beam of
at least several GeV/c. The Mainz Microtron (MAMI) and the CEBAF at Jefferson Lab are
prominent examples of present-day facilities operating electron beams suited for studies of the
nucleon structure. In this thesis, we will often deal with results obtained in these labs.

Of course, the first indications that the nucleon is not elementary but has a substructure came
before the electron scattering experiments. In 1933, Otto Stern discovered an anomalously large
magnetic moment of the proton [4, 5], winning the Nobel Prize of 1943. The proton magnetic



1. Introduction and Motivation

Figure I.1.: Electron scattering.

dipole moment is about 2.79 e/2M rather than simply e/2M as predicted by the Dirac theory
of a spin-1/2 particle, where e is the charge and M is the mass of the particle. The electron
fit very well in the Dirac theory prediction, the proton did not. Today we know that the large
anomalous magnetic moment of the proton, k ~ 1.79, is qualitatively explained as the sum of
magnetic moments of the constituent quarks in the naive quark model.

A more obvious observation of nucleon structure came in the early 1950’s. Fermi and collab-
orators discovered the first nucleon excitation — the A(1232)-resonance — using pion beams
[6]. Shortly after came the era of electron scattering. The very first experiments of Hofstadter
showed that the nucleon has a finite size, and hence, provided a direct proof of its compositeness.

The nature of the nucleon constituents was fully disclosed in the deep inelastic scattering
(DIS) experiments. The first of their kind were performed at SLAC [7, 8]. Later, experiments
at higher energies were built at CERN, Fermilab (FNAL) and HERA (DESY). The electron
scattering maps out the nucleon structure functions as functions of the photon virtuality Q>
and the photon energy v. More often than not, the variable v is traded for the dimensionless
Bjorken variable, z = Q?/2Muv, which in the naive parton picture is the momentum fraction
carried by a parton [9, 10], cf. Section IV.1.3. The weak dependence of the nucleon structure
function fa(w, Q%) on Q? for fixed z indicates the scattering off point-like constituents. The
experimental verification of the Callan-Gross relation [11], 2z fi(x) = fa(z), showed that the
constituents are spin-1/2 particles. Since protons and neutrons have spin-1/2, one understood
that the nucleons are formed by three valence quarks. The observed charge range of nucleon
resonances (AT AT AY A7) implied that quarks have fractional charges (fe/3 or +2e/3).
Besides the valence quarks, DIS uncovered the sea quarks which, however, carry only a small
momentum fraction. Altogether, the quarks carry only about a half of the nucleon momentum.
The missing momentum was shown to be carried by the gluons [12], which are the gauge bosons
of QCD. More about the history of scattering experiments can be found in Ref. [13], whereas
we now turn to the present situation.

The main purpose of observing the elastic electron scattering is to measure the e.m. nucleon
form factors (FFs), which can vaguely be interpreted as the Fourier transforms of the nucleon
charge and magnetisation distributions in the Breit frame. The most precise data set for the
electric and magnetic Sachs FFs [14], Gg(Q?) and G (Q?), was obtained in an outstanding
measurement at the MAMI facility [15] in 2010. Figure I.1 depicts an electron scattering process
in the leading one-photon approximation, where obviously the target is probed by the exchanged
virtual photon. The Rosenbluth formula [16], cf. Eq. (I1.16), allows to extract the Sachs FFs at
fixed values of Q? by measuring the cross section for different scattering angles and accordingly
different incident beam energies. One of the first nucleon FF measurements based on the (one-
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Figure I.2.: Compton scattering.

photon exchange) Rosenbluth separation was performed at Stanford [17]. Later, the polarization-
transfer technique was proposed [18-22] and experimentally realized at CEBAF [23-26].

In the polarization-transfer experiment, the longitudinally polarized electrons are scattering
off an unpolarized target and polarize it in the process. One then measures the ratio of trans-
verse and longitudinal polarizations of, e.g., the recoil protons in the elastic electron-proton (ep)
scattering, which is directly proportional to the ratio of Gg(Q?)/Gr(Q?). However, as it turns
out, there is a discrepancy between the Q? behavior of the FF ratios extracted from unpolar-
ized Rosenbluth and polarization-transfer experiments. The ratio from polarization transfer is
decreasing linearly with @2, whereas the Rosenbluth ratio is roughly constant. The general
belief is that the discrepancy can be explained by two-photon-exchange (TPE) effects, which
are not considered in the classic Rosenbluth separation.' In recent years, several collaborations
measured the ratio of positron-nucleon to electron-nucleon cross sections, Ra,, as an indicator
for TPE or multi-photon-exchange processes. Experiments at CLAS (JLab) [30, 31] and the
VEPP-3 storage ring (Novosibirsk) [32] find evidence for a significant TPE contribution, ex-
plaining the discrepancy up to 2 — 3GeV?/c?. Similarly, the OLYMPUS (DESY) experiment
[33] suggests that TPE is causing most of the discrepancy at low Q2. However, the experimental
Ry, is generally smaller than expected from theoretical calculations of hard TPE effects, thus,
more measurements are needed at large Q2.

We will see that the TPE is not only highly relevant for the e.m. FF measurements. It also
plays an important role in the physics of atomic bound states. The dominant uncertainty in
the theoretical description of the pH spectrum, in both the Lamb shift (LS) and the hyperfine
splitting (HFS), is given by elastic and inelastic TPE corrections, which we aim to improve upon
in Chapters VI and VII. The long-range force between electrically neutral atoms and molecules,
referred to as dispersion force” [35, 36], is induced by TPE. It outweighs the one-photon-exchange
(OPE) interaction, which cancels almost completely among the positive and negative sub-charges
of the systems.

The electron-nucleon (eNV) scattering is deeply connected to the process of Compton scattering
(CS) off the nucleon, cf. Section I11.1. CS is an elastic scattering of a photon by a target, see
Fig. 1.2. Various facilities have experimental programs dedicated to real and virtual CS: the
Lebedev Institute (Moscow) [37], MUSL (Illinois) [38], SAL [39], LEGS (BNL) [40], MIT-Bates
[41], MAX-Lab (Lund) [42], MAMI [43-48] and JLab [49]. Besides the previously described FF
measurements, which also carry information on the magnetic and electric radii as explained in
Section I1.1.2, CS gives access to the nucleon polarizabilities, which describe the nucleon response
to e.m. fields, cf. Section III.1.1. The static scalar and spin polarizabilities are extracted from

'For reviews on the subject we refer to Hyde-Wright and de Jager [27] (e.m. nucleon FFs), Carlson and Vander-
haeghen [28] (TPE physics in hadronic processes), and Arrington et al. [29] (TPE in ep scattering).

2See Ref. [34] for a review on dispersion forces arising from two-photon, two-neutrino, and two-meson exchanges
between charged and neutral systems.
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MAID '07 H MAID '07 —
ByPT NLO BYPT NLO
(Lensky et al. '15) (Lensky et al. '15)
ByPT e . ByPT &
(Bernard et al. '13) (Bernard et al. '13)
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Figure 1.3.: Longitudinal-transverse polarizability, d.r, for the proton (left panel) and neutron (right
panel), respectively. We show the baryon chiral perturbation theory predictions of Lensky et al. [59, 65]
and Bernard et al. [64], and a result from MAID [66].

real Compton scattering (RCS). Virtual Compton scattering (VCS) and forward doubly-virtual
Compton scattering (VVCS) are described by different sets of generalized polarizabilities (GPs).?
In this thesis, we will study RCS in Chapter 11l and VVCS in Chapter V.

Chiral perturbation theory (ChPT) is a low-energy effective field theory of QCD, based on
hadronic fields instead of quark and gluon fields [54-56]. As there are no free low-energy con-
stants, the contribution to the nucleon polarizabilities at leading order (LO) in the pion mo-
mentum, O(p?), comes out as a pure prediction of ChPT; and ChPT has proven to be quite
successful in reproducing the nucleon polarizabilities at low Q [57-60]. However, there is a prob-
lem with the longitudinal-transverse polarizabilities — the 077 puzzle. There are two different
power-counting schemes, the d- [62] and the e-expansion [63], commonly used upon inclusion of

A(1232) degrees of freedom (DOFs) into the ChPT framework, see Section I1V.2. The e-counting

gives a prediction for the longitudinal-transverse polarizability of the proton [64], 5%1}, which is

in significant contradiction to the empirical information collected in the MAID isobar model, see
Fig. [.3. In Chapter IV, we will calculate the nucleon polarizabilities at next-to-leading order
(NLO) in baryon chiral perturbation theory (BChPT) and try to clear up the d77 puzzle.

2. Atomic Spectroscopy

Hydrogen spectroscopy has an eventful history and played a crucial role in the development of
quantum physics. The experimental gain in the resolution of the hydrogen spectrum triggered
further progress in the theoretical understanding and allowed for the establishment of quantum
electrodynamics (QED). The non-relativistic Schrodinger equation allows for a description of
transitions between energy levels in the hydrogen atom with different principal quantum num-
bers, e.g., the Balmer series. However, only the relativistic Dirac theory can describe the fine
structure (FS), which is partially generated by the spin-orbit coupling. Explaining the HFS,
on the other hand, requires the spin-spin coupling. The LS is induced mainly by QED loop
corrections. A description of the (muonic) hydrogen spectrum and a more complete review of
the interplay between theory and experiment in the history of hydrogen spectroscopy, including
references, can be found in Section II.1.

Exotic atoms are unique laboratories to study nuclear properties, perform stringent QED tests

3For reviews on polarizabilities see, e.g., Guichon and Vanderhaeghen [50] (VCS and generalized polarizabilities),
Phillips [51] (neutron polarizabilities), Holstein and Scherer [52] (pion, kaon, nucleon polarizabilities) and
Hagelstein et al. [53] (nucleon polarizabilities).

*See Ref. [61] for a review of recent developments in ChPT.
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Table I.1.: Exotic atoms and their experimental realizations.

simple atom

pionium

true pionium

“light compound” “heavy compound”

e~ and 7t

7~ and 7t

(first) exp. formation/observation

muonic atoms o H, D, *He*, “He™ | CREMA collaboration [67, 68]

muonium e~ and pt Hughes et al. [69] (1960)

true muonium/ _ theoretically possible to generate
u~ and pt

muononium at modern eTe™ colliders [70]

positronium e~ and et Deutsch [71] (1951)

protonium/ Daresbury-Mainz-TRIUMF

anti-protonic p and p collaboration [72] (1978),

hydrogen ATHENA collaboration [73] (2006)

anti-hydrogen et PS210 Coll. (LEAR) [74] (1995)

Mundinger et al. [75] (1989)
Flik et al. [76] (1986)

pionic hydrogen T Bailey et al. [77] (1970)
Davies et al. [78] (1979) and
kaonic hydrogen K- Bird et al. [79] (1983),

KEK proton synchrotron [80] (1997)

[81, 82] or determine fundamental constants. The history of (simple) exotic bound states, such
as muonic or pionic atoms (or ions), dates back to the first half of the last century. The first
experimentally observed exotic atom in a long list of exotic atoms, see Table 1.1, was positronium
in 1951 [71]. The first mention of a bound positron-electron system already dates back to 1934
[83], and the name “positronium” was mentioned in writing for the first time in 1945 [84].

In muonic atoms or ions, one or more valence electrons are kicked out and replaced by one
muon [67, 68, 85, 86]. The CREMA collaboration, for example, uses the 7E5 beam-line of the
proton accelerator at PSI to generate low-energy muons which are stopped in low-density gases
to form pH, uD, p*Het and p*Het. As the muon is about 200 times heavier than the electron,
its Bohr orbits are about 200 times closer to the nucleus. Therefore, the hydrogen-like muonic
atoms are used for having a closer look at the nucleus. The proton charge radius extraction
from the pH LS demonstrates this point by an order of magnitude improvement in precision,
see Section [.3.

QED tests with ordinary atoms are hindered by the nuclear structure effects. Purely leptonic
atoms, on the other hand, are build from point-like components, are not subject to strong
interactions and, hence, have no such limitation. Positronium and muonium are the perfect tools
to verify the theory of bound-state QED [82, 87] and probe New Physics beyond the Standard
Model [88]. The fine-structure constant « can, f.i., be extracted from the positronium decay
rate. The upcoming re-measurement of the ground-state HF'S in muonium by the MuSEUM
collaboration (J-PARC) [89] will improve the determinations of the muon anomaly (g — 2), and
its mass.” Formation of true muonium or tauonium at e*e~ colliders would provide the heaviest
and most compact pure QED systems [70].

In hadronic atoms — pionic or kaonic atoms — the nucleus binds a pion [91, 92] or kaon
[93], respectively. Hadronic atoms are used for precision studies of the pion-nucleon and kaon-

5See Ref. [90] for a review on muonium spectroscopy.
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nucleon interactions, viz. scattering lengths, see Ref. [94] for a review. Another example of
exotic atoms are anti-protonic atoms [95], such as protonium [72, 73] and anti-hydrogen [74], see
Ref. [96] for a review. The ongoing upgrade of experimental facilities at CERN will allow for
a first determination of the anti-proton charge radius from the LS in anti-hydrogen [97]. The
15— 25 transition in anti-hydrogen has been recently measured for the first time by the ALPHA
collaboration and was found to be in agreement with ordinary hydrogen [98].

3. The Charge Radius Puzzle

The present 5.6 standard deviations (5.6 o) discrepancy between the proton root-mean-square
(rms) charge radius found by electron probes [99], viz. ep scattering and H spectroscopy, and
the puH experiment [100] has attracted a lot of attention in the physics community [53, 101-103]
and outside [104]. The results of experiments with electrons are collected in the CODATA ’14
review [99, Table XXIX and Eq. (74)]:

Rpp(H) = 0.8764(89) fm, (I.1a)
Rpp(ep) = 0.879(11) fm, (I.1b)

where a recommended charge radius is given:
RE,(CODATA ’14) = 0.8751(61) fm. (I.1c)

As one can see from Fig. .4, the proton radius recommended by the CODATA task group has
not changed much since the 2002 adjustment [99, 105-107].° In 2010, the proton radius was
extracted from the pH spectrum for the first time by the CREMA collaboration [67].” In the
first run, the 2P3/5(f = 2) — 25)/5(f = 1) transition from the 2S-triplet state was measured,
see Fig. 11.3, and had to be supplemented by theory input for the 25 HFS® to extract the
proton radius. In 2013, the transition from the 2S-singlet state, 2P3/5(f = 1) — 25, /2(f = 0),
was measured in addition [100]. The two transition frequencies allowed for an independent
measurement of the classic LS and the 25 HF'S, which subsequently led to the extraction of the
proton rms charge radius and the Zemach radius [100, 110]:

Rpy(uH) = 0.84087(39) fm, (1.2a)
Ryy(uH) = 1.082(37) fm. (1.2b)

While the Zemach radius agrees with the value calculated from different analytic FF parametriza-
tions [111-114], Rz, = 1.049 +1.091 fm [115], the charge radius is significantly smaller than the
CODATA value. The latter discrepancy is referred to as the proton charge radius puzzle.
Figure 1.4 shows a collection of proton charge radius determinations in chronological order.
The green and gray bands highlight the latest result from pH [100] and the CODATA ’14
recommendation [99]. Historically, the proton radius puzzle seems to be a reoccurring event.
Pachucki [145] already referred to the 4.8 o discrepancy between the Stanford [Rg, = 0.805(11)
fm] [117] and Mainz radii [Rg, = 0.862(12) fm] [122] as the “proton radius puzzle”. However, the

5During the last analyses it was mainly the error estimate of the CODATA recommended charge radius that
varied. Therefore, based on the previous CODATA ’10 proton radius [107], the comparison with the pH LS
measurement [100] temporarily resulted in a 7.2 0 discrepancy.

"The first result being: R, (pH) = 0.84184(66) fm [67].

8 Eurs(2S) = 22.8148(78) meV [108] (with Rz = 1.022fm [109]) was used as theory input for the 25 HFS.
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Lehmann '62
Hand '63
Frerejacque '66
Akimov '72
Borkowski '74
Murphy '74
Simon '80
McCord '91
Wong '94
Bourzeix '96
Mergell '96
Schwob '99
Melnikov '00
Rosenfelder '00
Eschrich '01
CODATA '02
Sick '03
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CODATA '06
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Figure I.4.: Collection of various proton charge radius determinations. A) electron-proton scattering
experiments in red: Lehmann ’62 [116], Hand ’63 [117], Frerejacque 66 [118], Akimov '72 [119], Borkowski
74 [120], Murphy 74 [121], Simon ’80 [122], McCord 91 [123], Eschrich ’01 [124], Bernauer ’10 [125], Zhan
"11 [126] (recoil polarimetry); B) re-analyses of electron-proton scattering data in dark red: Wong 94
[127], Rosenfelder '00 [128] (Coulomb corrections), Sick '03 [129], Blunden '05 [130] (two-photon-exchange
corrections), Borisyuk ’10 [131], Hill 10 [132] (z expansion), Sick "12 [133], Griffioen 15 [134], Lee 15 [135],
Horbatsch ’16 [136] (fit with chiral perturbation theory input for higher moments); C) electron-proton
scattering fits within a dispersive framework in blue: Mergell '96 [137], Belushkin *07 [138], Adamuscin ’12
[139], Lorenz ’14 [140]; D) hydrogen and deuterium spectroscopy in orange: Bourzeix ’96 [141], Schwob
’99 [142], Melnikov *00 [143], Arnoult 10 [144]; E) muonic-hydrogen spectroscopy in green: Pohl 10 [67],
Antognini "13 [100]; F) CODATA recommended charge radii in black: ’02 [105], 06 [106], '10 [107], "14
[99]. The green line is the prediction from the latest muonic-hydrogen Lamb shift measurement [100] and
the gray line is the CODATA ’14 recommended charge radius [99].
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Figure 1.5.: Collection of various deuteron charge radius determinations. A) electron-deuteron scattering
[161]; B) deuterium spectroscopy [162]; C) CODATA ’14 [99]; D) muonic-deuterium Lamb shift [68]; E)
muonic hydrogen + isotope shift [100].

present situation is more severe. Before the pH result became available, the later ep experiments
(red) and re-analyses (dark red) using standard FF fits all pointed towards a bigger proton radius
in accordance with the electronic-hydrogen spectroscopy results (orange), cf. Fig. I.4. Not much
attention was payed to the dispersive fits [137-140] (blue) indicating a smaller proton radius,
see Ref. [146] for a recent update. After the publication of the first proton radius prediction
from pH, the theory of hydrogen spectra again turned into an active field of studies and the ep
scattering data fits were intensely debated [147, 148].

Meanwhile, publications proposing exotic explanations of the puzzle have been piling up [149-
160]. Of course, a simultaneous solution of the proton radius puzzle and the muon anomalous
magnetic moment, (g —2),, discrepancy would be most desirable. However, most of the beyond
Standard Model scenarios, including extra dimensions, lepton flavor non-universality, new (dark)
forces and new particles, are highly limited by other experiments.

With the recently published deuteron charge radius extraction from the uD LS [68, 163], the
proton radius puzzle in fact turned into a Z = 1 (hydrogen isotope) charge radius puzzle [164],
see Fig. [.5:

Rpq(uD) = 2.12562(78) fm [68], (I.3a)
Rpq(CODATA ’14) = 2.1413(25) fm [99]. (1.3b)

The discrepancy between the puD result and the CODATA recommended deuteron rms charge
radius amounts to 6.3 0. Ref. [162] deduced a deuteron charge radius based on D spectroscopy
alone:

Rpq(D spectroscopy) = 2.1415(45) fm [162], (L3c)

which is in agreement with the CODATA averages [99, 107] but 3.5 ¢ discrepant with uD [68].
This disagreement is then uncorrelated with the proton charge radius.

Further LS measurements have been performed in muonic-helium ions, p3Het and p*Het
[165], and the results of their analyses are soon to be published [164, 166]. All spectroscopy
experiments in muonic atoms have one thing in common, they rely on precise theory input to
extract nuclear charge or Zemach radii. Comprehensive theory reviews have been put together
for pH [110], uD [163] and p*He™ [166].” Comparing the measured HFS or LS transition to the

%A summary of the p*He™ theory is in preparation [164].
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theoretical expectation of the atomic spectrum as a function of nuclear radii, allows to extract
these same, see Eqgs. (I1.12) and (VI.41) for the theoretical descriptions of the 25 HFS in pH
and the LSs in pH, D and p*Het.

Assuming the electron-probe experiments are correct, and so is the measured pH LS, we can
translate the discrepancy between the theoretical expectation of the classical LS in pH [110],
based on the CODATA recommended charge radius [99], and the pH experiment [100] into a
missing piece in the pH-theory budget of about 310 peV. Doing the same for the case of uD, the
discrepancy translates into a missing piece in the theory budget of 409 meV.

It was suspected that proton structure at order (Za)?, i.e., forward TPE, could produce such
an effect [167, 168]. These TPE corrections split into an elastic and a polarizability part, cf.
Section V.1. Today, the dispersive calculations of the forward TPE corrections to the LS [169—
176], backed up by the BChPT prediction of Ref. [177], give an order of magnitude smaller result.
Nevertheless, the limiting factor in the accuracy of the theoretical description of the spectra of
hydrogen-like muonic atoms remains to be set by TPE effects [110, 163, 166]. A major task of
this thesis is to improve the predictions of the forward TPE polarizability corrections to LS and
HFS in pH and calculate the subleading off-forward TPE polarizability effects in light muonic
atoms (Chapters VI and VII). Furthermore, we will put the de Rujula [167] scenario for solving
the proton radius puzzle on a rigorous basis in Section I1.3.

The advent of the proton radius puzzle has also triggered many new experimental programs.
Equation (I.1) shows that the H spectroscopy data play a dominant role in the CODATA adjust-
ment. While the CODATA average is, due to the reduced (statistical) error, in 5.6 o discrepancy
to the pH result, half of the H spectroscopy measurements agree with the muonic result at the
level of 1 0. Besides the three LS measurements in H [178-180], one is often using a combination
of two H transitions to extract the proton radius and the Rydberg constant R, simultaneously,
cf. Eq. (I.14). The first choice is the 1.5 — 25 transition [181], which is known most precisely,
and the second input could be for instance the 25 — 4P transition. Looking at the individual
measurements, cf. Figure 2 of Ref. [101], only the 2.5 — 8Dy /5 transition [182] disagrees with the
muonic proton radius by 3. Furthermore, it is striking that the biggest discrepancies occur in
comparing to measurements from the LPTF and LKB Paris groups (25 —12D [142] and 25 —8D
[182] transitions). Therefore, on second glance, the discrepancy between H and pH spectroscopy
results is less pronounced, and an overlooked systematic effect in the Paris experiments could
relativize the discrepancy. Only more data will be able to clarify the situation and a first promis-
ing result for the 25 — 4P transition was communicated by the MPQ (Garching) [164]. Also, the
n =2 LS in H will be re-measured [183, 184]. Rydberg states in one-electron ions come with the
promising potential for a determination of the Rydberg constant which is independent of the
proton radius [185-187]. Experimental efforts using neon ions in a penning trap are underway
at NIST [188, 189].!Y In addition, theory advances [191, 192] have made molecular hydrogen
(H2) an interesting candidate for QED and proton-size tests [193].

The hydrogen-deuterium isotope shift of the 1.5 — 2S5 transition [197] determines the (squared)
deuteron-proton charge radius difference [198]:

R%, — Ry, = 3.82007(65) fm®. (1.4)

The proton and deuteron charge radii extracted from the isotope shift and the LSs in uD and
pH, respectively, support the observation of smaller radii:

Rpp(uD + iso.) = 0.8356(20) fm [68], (L5a)

19Gee Ref. [190] for a review on geonium theory, that is the theory of single ions or electrons in a penning trap.
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Figure I.6.: Determinations of the proton’s electric and magnetic radii. The bands correspond to the
CODATA ’14 recommendation [99] (orange) and the muonic-hydrogen Lamb shift result [100] (green).
The error ellipses show the analyses of electron-proton scattering data by Lorenz et al. [140] (blue), Sick
[133] (purple) and Bernauer et al. [194] (red). The red lines display the Bernauer fit with two-photon-
exchange corrections: [195] (solid), [29, 196] (dashed).

Rpq(pH +iso.) = 2.12771(22) fm [100]. (1.5b)

The concept of isotope shifts will be also used to re-extract the °He and ®He charge radii
[199, 200] once the a-particle radius is extracted from the y*He LS. And the p?Het and p*He™
charge radii will be used to disentangle the 4 o discrepancy between He and *He isotopic shift
measurements [201, 202].

The Bernauer MAMI measurement [15] extended the world data set of ep scattering sub-
stantially. Presently, the lower bound in the Q2 range is situated at Q%> = 0.004 GeV?/c?.
Nevertheless, it could be that the range and accuracy of the present ep scattering data is simply
insufficient to make a quantitative statement on the proton charge radius. For example, two
recent re-analyses [203, 204] concluded that ep scattering is consistent with both H and pH
spectroscopy, i.e., with radii in the range of 0.84 to 0.89 fm. The predictions obtained from
ep scattering highly depend on the fitting model, inclusion or neglect of high-Q? data, etc. An
obvious quality criterion should be that the employed FF parametrization displays a physical
behavior. In this respect, the dispersive framework is advantageous, as it incorporates the an-
alyticity and unitarity constraints on the proton structure [137, 138, 140]. To mention other
ideas, it was suggested that a FF basis with analytic Fourier transform is desirable, since the
charge distribution of the proton, pg,(r), could be studied at the same time [133, 205-207]. A
new fitting ansatz with higher moments fixed to the values predicted by ChPT [136] achieved
a proton radius right between the uH and CODATA values, cf. Fig. [.4. Recalling that in the
analysis of ep scattering the e.m. FFs, G, and Gy, are extracted simultaneously, we plot Rz,
vs. R, in Fig. 1.6, illustrating that there are also discrepancies in the determination of Rjzp,.

For the future, new data closing the gap at low Q? are anticipated, which will make the
extrapolation of the FFs to Q2 = 0, cf. Eq. (I1.9), easier. The initial state radiation experiment at
MAMI [208, 209] plans to reach down to Q> ~ 10~% GeV?/c? and determine the FFs with a sub-
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percent accuracy. The pRad (JLab) experiment [210] is likewise planing to measure the FFs at
Q? ~ 2x10~* GeV? /c? with a sub-percent accuracy. Their magnetic-spectrometer-free setup will
allow them to reach extremely low scattering angles and improve the systematical uncertainties.
The MUSE muon-proton (up) scattering experiment [211] wants to directly compare ep and up
cross sections measured under the same systematic conditions and search for a possible violation
of lepton flavor universality. In addition, TREK (J-PARC) will search for violation of lepton
universality in stopped kaon decays [212].

Several groups are now planning to seize the idea [213, 214] of measuring the ground-state
HF'S in pH: the CREMA [215], FAMU [216-218] and J-PARC / Riken-RAL collaborations [219]
(see Ref. [215] for a comparison of experimental methods). The corresponding 15 transition is
much narrower than the so far observed 25 to 2P transitions, therefore providing the basis to
improve on the precision of the Zemach radius. In addition, the CREMA collaboration wants to
measure the ground-state HFS in u>He™. We hope that our results for the TPE polarizability
contribution to the HFS in puH, see Chapter VII, will be useful in this respect.

In the future, lattice QCD (LQCD) predictions should be able to shed light upon the proton
radius puzzle [220]. Several LQCD collaborations are studying the e.m. nucleon FFs: ETMC
[221, 222], LHPC [223], PACS [224], PNDME [225], Mainz [226] and others [227-229]. At
present, the extraction of the proton radius from LQCD involves a fit of the lattice data points,
analogous to the fitting of ep scattering data. However, there are proposals to directly access the
slope of the FF at zero momentum transfer. Such an approach has already been implemented to
predict the Dirac radius [230]. In addition, most LQCD collaborations only calculate isovector
combinations of the FFs, e.g., 3 (Ggp — GEy), in order to avoid disconnected diagrams. The
accurately known neutron charge radius is then used as input to extract the proton charge
radius.

For more information on the proton charge radius puzzle and its present status, we refer to
the following reviews: Pohl et al. [101], Carlson [102] and Hagelstein et al. [53]. For a complete
coverage of the pH LS and HFS theory, we refer the interested reader to Antognini et al. [100],
Karshenboim et al. [103], as well as Jentschura [231, 232]. The LS in light muonic atoms is
reviewed in Ref. [233] and Refs. [234, 235].

4. Thesis Outline

Throughout the thesis, we will introduce the theoretical foundations of CS and hydrogen-like
atoms, illustrating the complex interplay between CS and hydrogen theory. Nucleon properties
— polarizabilities and FFs — as entering into the CS process and the TPE effects in atomic
bound states are of special interest. The extraordinarily beneficial concept of dispersion relations
(DRs) and CS sum rules is recapitulated and widely applied. Furthermore, the level-scheme of
atomic spectra is surveyed and the finite-size effects (FSE), including the prominent charge
radius term and subleading TPE corrections, are introduced.'!

In Chapter 11, we review the theory of hydrogen-like atoms in historical order (Section I1.1.1),
specify the finite-size and polarizability effects in atomic bound states (Section I1.1.2), and
describe quantitative differences between the spectra of electronic and muonic hydrogen (Sec-
tion I1.1.3). The Breit potential is derived from the OPE diagram with FF dependent e.m.
coupling to the nucleus (Section I1.2). The contributions of finite-size and electronic vacuum
polarization (eVP) corrections to the uH energy levels are calculated in the framework of pertur-
bation theory and compared against the literature. From the Breit Hamiltonian we also deduce

A comprehensive review, which covers most (but not all) of the presented aspects, can be found in Ref. [53].
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finite-size recoil effects at order (Za)®, which are usually embedded in the nuclear-pole part of
the TPE corrections and not written in terms of the first moments of the charge distributions.
Our dispersive ansatz then allows us to present an alternative formulation of the FSEs (Sec-
tion I1.3), omitting the usual expansion in moments of charge and magnetization distributions
[236]. Working with the exact (un-expanded) formulas, we present a model of the electric Sachs
FF which is able to resolve the proton radius puzzle [237] (Section 11.4).

Chapter III is devoted to RCS and model-independent sum rules for the extraction of po-
larizabilities from photoabsorption cross sections; with the basic concepts of CS, DRs and sum
rules recapitulated (Section IT1.1). We give the physical interpretation of polarizabilities (Sec-
tion II1.1.1) and report on the present status of nucleon polarizabilities (Section I11.2). The
Compton contribution to photoabsorption and the associated contributions to the lowest-order
scalar and spin polarizabilities are calculated at one-loop level in QED and a necessary modifi-
cation of the sum rules is presented [238, 239] (Section II1.3).

The transition to forward VVCS is made in Chapter IV. We start with a rather detailed sum-
mary of the relevant theory (Section IV.1), as it will be of interest also in the subsequent Chapter.
The extension of the ChPT framework to the region with A(1232) DOFs is motivated (Sec-
tion IV.2), focusing on the two common counting schemes, the J- and e-expansions, which give
contradictory results for the longitudinal-transverse polarizability of the proton. We then calcu-
late the tree-level A-exchange contribution to the process of CS off the nucleon (Section IV.3)
and the (Nv* — mA) photoabsorption cross sections for pion-delta production (Section IV.4).
The results are used to update the predictions for the moments of the nucleon structure functions
presented in Ref. [59] by including the gc coupling in the Nv* — A vertex (Section IV.3.3).
Furthermore, the contribution of diagrams with photons coupling to the A-isobar is studied as
the possible origin of the o7 puzzle (Section 1V.4).

Chapter V provides the theoretical basics of forward and off-forward TPE in hydrogen-like
atoms. In Section V.1, we give an extensive derivation of the forward TPE effects in atomic
bound states and clarify the definition of the polarizability contribution. In addition, we compare
the nucleon-pole contributions of LS and HF'S to the results from OPE (Section V.2), and present
an expansion of the TPE polarizability contribution in terms of polarizabilities (Section V.3).
In Section V.4, we discuss the off-forward TPE in hydrogen-like bound states.

We then calculate polarizability contributions to the spectra of pH and other hydrogen-like
muonic atoms. Hereby, Chapter VI is dedicated to the LS and Chapter VII focuses on the HFS.
Both Chapters proceed analogously. We start with the NLO BChPT prediction for the order-a®
proton-polarizability contribution, which is generated by wN-loop and A-exchange diagrams.
Our results are compared to heavy baryon chiral perturbation theory (HBChPT) and data-
based dispersive approaches. Furthermore, we consider different contributions to the spectra of
light muonic atoms appearing at order (Za)%. For the LS, we derive the nuclear-polarizability
effect at order (Za)%In Za (Section VI.2). It is equivalent to the Coulomb-distortion long range
polarization potential and shown to contribute non-negligibly to uD, p3H, u>He™ and p*He™.
For the HF'S, the effect of neutral-pion exchange is calculated [53, 240] (Section VIL.4). As a
highlight, we present the first theory prediction for the neutron-polarizability contribution to the
HFS of light muonic atoms (Section VII.3) and an expansion of the spin-dependent non-Born
TPE in terms of polarizabilities (Section VII.2). In a final step, we evaluate the rms charge radii
of proton and deuteron (Section VI.3) and the proton Zemach radius (Section VII.5) based on
the polarizability contributions found in here.

We conclude with a summary of conclusions and an outlook (Chapter VIII).

12



A. Notations and Conventions

A. Notations and Conventions

Unless specified, all calculations are presented in natural units, # = ¢ = 1, and we use the
following notations for the well-established parameters, along with their PDG values [241, 242]:

« the fine-structure constant, o = 2 /47 = 1/137.035999 139(31).

he conversion constant, hic = 197.326 9788(12) MeV fm.

m lepton mass, {m., m,} = {0.5109989461(31), 105.658 3745(24)} MeV.
my pion mass, {m o, m,+} = {134.9766(6),139.570 18(35)} MeV.

M nucleon mass, {M,, M, } = {938.2720813(58),939.5654133(58) } MeV.

x nucleon anomalous magnetic moment, {x,, k,} ~ {1.7929, —1.9130}.

We introduce the Minkowski metric:

1 0 0 O
0 -1 0 0
pu— 9 I.6
g 0 0 -1 0 (L6)
0 0 0 -1
to define the four-vector scalar product:
a-b= gy a’b’ = asb” = apbp —a-b, (L.7)

and utilize the Einstein summation convention to sum over repeated indices. The Levi-Civita
symbol is chosen as: €pio3 = +1 = —e?123. Furthermore, we define:

e Pauli matrices

01 0 —z 1 0
01 = ’ 02 = 3 03 = ) (183)
1 0 v 0 0 -1

3

005 = 5@‘ 1+:¢ Z €ijkOk, (I8b)
k=1
{O’z‘, O'j} = 040j + 0504 = 2(51']‘0'0; (ISC)

e Dirac matrices and algebra

1 0 0 oF 0 1

0 k 5 - 0.1.2_3

v = » = , =y = »o (L9
(0—11) (-Mo) <]1 0) (1.92)

{'7“7 75} — O, (Igb)
(Y = At et =20, (1.9c)
1 1 i
o= ST =5 (M =) =t = g = e ey, (19d)
1 .
P = S (P =) = —ie P, (L.9)
1
,.Yw/a/o’ — 5 [,.Y/U/Oé’,.yﬂ} — Z'EMVaﬁfy5_ (I.Qf)
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CHAPTER |1

FINITE-SIZE EFFECTS BY DISPERSIVE TECHNIQUE

In the present Chapter, we derive the known expressions for the nuclear-size effects in hydrogen-
like atoms by means of a dispersive technique (Section I1.2). The semi-relativistic Breit potential
formalism presented below is advantageous because it needs only little modification to calculate
QED and electroweak corrections to the Coulomb potential (Appendix I1.D). We will point out
a limitation of the usual accounting of FSEs in terms of the expansion in moments of charge
and magnetization distributions [53, 236] (Section I1.3), and present a toy-model which is able
to resolve the proton charge radius puzzle [237] (Section I1.4). Furthermore, we report finite-size
recoil effects at order (Za)®, which need to be compared to the nuclear-pole part of the TPE
corrections, see Section V.2.

1. Proton Structure in Hydrogen-Like Atoms

We shall begin with elaborating on the spectra of hydrogen-like atoms. The synergy between
theoretical and experimental efforts, mentioned in Section .2, which lead to milestone achieve-
ments in the history of physics — such as the establishment of quantum mechanics and quantum
electrodynamics —, shall be reviewed in more details. For simplicity, we will mainly talk about
hydrogen. However, the formalism can readily be extended to hydrogen-like atoms with an
arbitrary value of the nuclear charge Z. Effects of proton structure on the hydrogen spectrum,
classified into finite-size and polarizability effects, will be our main focus. Some attention will
be paid to the differences between H and pH.

1.1. Hydrogen Spectrum

'Tn 1911, Ernest Rutherford performed his famous experiment of scattering a-particles off a thin
gold foil [246]. The “planetary” Rutherford model then pictured atoms as a sort of solar system,
with a massive positively charged nucleus playing the role of the sun, and the light negatively
charged electrons playing the role of the planets. In 1917, Rutherford used a-particles to induce
the nuclear fusion reaction: a?*+ ¥N — p+ {7TO". The observation of the hydrogen nucleus in
the final state supported Prout’s hypothesis [247] that heavy atoms are just clusters of hydrogen

Tn preparation of this Section, the following textbooks were used: Refs. [243-245].
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II. Finite-Size Effects by Dispersive Technique
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Figure I1.1.: Energy levels in hydrogen-like atoms (not drawn to scale). The schema ignores finite-size
effects, P-level mixing, etc.

atoms (as suggested by their masses, being multiples of the atomic weight of hydrogen). In
honour of Prout’s prediction, Rutherford named the hydrogen nucleus as “proton”.

In 1932, Sir James Chadwick [248, 249] confirmed the existence of a neutron by similarly
scattering a-particles off a beryllium target (Nobel Prize 1935). The discovery of the electron
dates back to early cathode ray experiments of, e.g., Sir J. J. Thomson [250].

In 1913, Niels Bohr postulated his quantum model, which won him the Nobel Prize of 1922
[251, 252]. In the Bohr model, the electrons are only allowed to be on certain circular orbits with
discrete values of angular momentum: [ = nh, with I = r xp. On these orbits, in contradiction to
classical mechanics, the electrons would move without radiating. Hence, their energy is constant,
and given by the Bohr formula:

Za

E, = - 2%
" 2an?’

(IL.1)

where n is the principal quantum number describing the particular orbit, a = 1/(Zam,) is the
Bohr radius and m, = mM/(m+ M) is the reduced mass of the electron-nucleus system with m
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1. Proton Structure in Hydrogen-Like Atoms

the electron mass and M the nucleus mass. The energy levels described by Eq. (I1.1) agree with
the prediction from quantum mechanics (QM) of non-relativistic electrons without spin. They
are referred to as the gross structure of the atomic spectra.

The 1/n? dependence in Eq. (I1.1) is motivated by the Rydberg formula [243],

1, ome (1 1
5= DR (n2 - n2> ’ (1L.2)

which was invented in 1888 to describe the (n = 2) Balmer [253] series of spectral lines in the H
emission spectrum.” Note that the Rydberg constant, R, makes the (infinitely heavy) static
nucleus assumption. In Egs. (I1.1) and (I1.2), we replaced the electron mass by the reduced
mass of the electron-nucleus bound state, in order to account for the movement of nucleus and
electron around their center of mass.

A modification of the Bohr model was proposed by Arnold Sommerfeld [259] in 1916. In
the Sommerfeld model, the electrons are moving on elliptical orbits (now restricted by a space
quantization law that imposes three quantum numbers), obeying the equations of motion of
special relativity. This model allowed to generate the FS splittings and explain the splitting of
spectral lines in static magnetic and electric fields, i.e., the normal Zeeman- and Stark-effects.

Werner Heisenberg won the Nobel Prize in Physics in 1932 for the “creation of quantum
mechanics” [260]. This marked the beginning of a new era. Heisenberg’s uncertainty principle
says that observables of non-commuting operators can not be simultaneously measured with
arbitrary precision, e.g., the more precisely the position of a particle is determined, the less
precisely its momentum can be known. Instead, particles are now described by wavefunctions,
which are complex-valued probability amplitudes describing, f.i., the probability of a particle to
be at a given point in space.

Erwin Schrodinger and Paul Dirac were awarded the Nobel Prize in Physics in 1933 for their
development of QM. The non-relativistic, time-independent Schrédinger equation [261],

HU=EU, (IL.3)
with the quantum Hamiltonian
~2
2 p
H=—+YV 11.4
2m + ’ ( )

is a differential eigenvalue equation describing the eigenstates ¥ and energy eigenvalues E of
a particle which moves in a potential V. Here, m is the mass of the particle and p = —iV
is the momentum operator. The Schrodinger energy eigenvalues for the Coulomb potential,
V(r) = —Za/r, match Eq. (11.1).%

The relativistic Dirac equation,

[ap+Bm+ V()¢ =Ev, (IL.5a)

0 o 1 0
a:<ao>, 5:<0_1>, (IL5D)

2The Rydberg formula also describes other spectral lines such as the later observed Lyman [254, 255], Paschen
[256], Brackett [257] and Pfund series [258].

3The Schrodinger and Dirac wave functions of the Coulomb problem are listed in the Appendices I1.B.1 and
II.B.3.

with
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II. Finite-Size Effects by Dispersive Technique

the Pauli matrices o and the Dirac spinors ¢, describes spin-1/2 particles [262]. Applying the
Dirac equation to the Coulomb potential, one obtains the following energy eigenvalues:

o7 —1/2
Zo
Bog = mmy ”<n—<j+1/2>+¢<j+1/2>2—<2a>2> B A
~ m+En{1+2€r’;r [3—ij/2]}+0(za)6, (IL.6b)

which depend on the principal quantum number n and the electron total angular momentum
quantum number j. In the last step, we expanded in the parameter Z«, which is small for
light nuclei. The expansion illustrates that the Dirac equation produces the rest energy, the
energy levels from the non-relativistic limit, cf. F, in Eq. (I1.1), and higher-order relativistic
corrections. The additional dependence of the energy levels on j generates the FS on top of
the gross structure, cf. Fig. I1.1. The FS is induced by the spin-orbit coupling (cf. Eq. (I1.31c¢),
j =1+ s), i.e., by the interaction of the electron magnetic dipole moment (or the electron spin*
s) and the magnetic dipole moment associated with the electron’s orbital angular momentum
(1, electron orbital angular momentum quantum number ). A first observation of FS splittings
was reported by Houston [264] in a re-measurement of the Balmer series in H.

Figure II.1 shows a further splitting of the Sy /5, P/ and Py/5 lines — the so-called HFS. The
leading HF'S of S-levels is given by the Fermi energy:

8Zal+k 1

Ep(nS) = 3a3 mM n3

(IL.7)
Here and hereafter, M is the mass of the nucleus, m is the mass of the lepton and & is the
anomalous magnetic moment of the nucleus. Explaining the HFS requires the spin-spin coupling
(cf. Eq. (IL.77a), f = 7 + S), that is the interaction between the nuclear magnetic dipole
moment (or nuclear spin S) and the magnetic field generated by the electron (electron total
angular momentum j). The dependence of the HF'S on the atom’s total angular momentum (f,
atom’s total angular momentum quantum number f) becomes obvious from the static potential
in Eq. (I1.31f). The nS HFS is then the splitting between levels with quantum numbers n, I = 0
and f =0 or f = 1, respectively.

The 1S HFS of H is widely known as the 21-cm line observed in radio astronomy [265, 266].
Since the transition probability of the 15 HFS is extremely small, it turned out to be a great
tool to study the spiral structure of the Milky Way. One can gain information on the density,
velocity and temperature distributions of H atoms in the universe by detecting lines with different
redshifts and Doppler shifts.

Both the non-relativistic Schrodinger energies, Eq. (I1.1), and the relativistic Dirac energies,
Eq. (I1.6a), of the Coulomb problem are degenerate for levels with equal n and j, hence, display
no classic (2P /5 — 251/2) LS. To explain the LS observed in 1947 by Lamb and Retherford
[267], cf. Fig. I1.1, one needs QED.” The first LS calculation was performed by Bethe [268] using
non-relativistic QED. The necessary QED corrections involve vertex and selfenergy corrections
for the electron and nucleus, respectively. In contrast to H, the uH LS is dominated by eVP. cf.

4Experimental evidence for the electron spin was given by the Stern-Gerlach experiment [263], the observation
of the F'S and the so-called anomalous Zeeman effect.

5In 1965, Sin-Itiro Tomonaga, Julian Schwinger and Richard P. Feynman were jointly awarded the Nobel Prize in
Physics “for their fundamental work in QED, with deep-ploughing consequences for the physics of elementary
particles”.
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1. Proton Structure in Hydrogen-Like Atoms

Section I1.1.3. In the follow-up Sections, we enlist all effects relevant to the spectra of hydrogen.
In particular, we confront the theories of H and pH.

1.2. Finite-Size Effects: Charge Radius and Beyond

The nuclear structure is long known to affect the atomic spectra of (normal) electronic and,
more significantly, muonic atoms. Naturally, the nuclear structure effects are divided into two
categories:

(i) finite-size effects (FSEs), i.e., the effects due to the elastic FFs, Gg and G ;
(ii) polarizability effects, which is everything else.

In the present Chapter, we derive the OPE Breit potential. From this potential we can only ob-
tain FSEs. An extensive derivation of the structure effects through TPE, clarifying the definition
of the polarizability contribution, is delegated to Chapter V.

The FSEs are predominantly given by an upwards shift of the n-th S-level. To order (Za)?,
the classic LS and the S-level HFSs are found as (omitting recoil) [233]:

Za
12a3

Eurs(nS) = BE(ns] ;1) — E(ns/ /:20) = Ep(nS)[1 — 2/a Rz] + O(Za)°, (IL.8D)

ELs = E(2Py)5) — E(25))9) = [R%, — 1/2a R}] + O(Za)®, (I1.8a)

where the radii are defined as follows:
e Charge radius (rms):

Rg =/ (r?)E, (I1.9a)
2>E =

(r?
(r / drr?op(r) = —6dg2GE(Q2) (IL.9b)

Q2=0"

e Friar radius (or, the 3" Zemach moment of the charge distribution) [269, 270]:

Rp = {/(r*) B@): (IL.10a)

<r3>E(2) = /d'r‘ r3 QE(Q)(T), with QE(2)(T) = /dr' oe(lr’ —r|) op(r’), (I1.10b)
_ A48 [dQ [ 2y 1p2 H2].

== o [GE(Q )—1+1R2Q ] (IL.10¢)

e Zemach radius [269]:°

Ry E/dTT‘QZ(T) oz(r) = /dr'QE(P“'—TI)gM(r’), (IT11a)
_ 4 [*dQ [GE(Q)GM(Q?)
- _w/o Q2 { T 1} : (IL.11b)

SNote that Faustov et al. [109] use a definition of the Zemach radius which depends on the reduced mass of
the hydrogen bound state. Therefore, they obtain different Zemach radii for electronic (Rz, = 1.025fm) and
muonic hydrogen (Rz, = 1.022 fm).
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II. Finite-Size Effects by Dispersive Technique

The formulas presented above represent the usual accounting of FSEs as an expansion in mo-
ments of charge and magnetization distributions. We will present the un-expanded formalism
in Section 11.3 and point out the limitations of the expansion in Section I1.4.

Presently, the determination of the proton charge radius from the pH LS relies on input for
the Friar radius obtained from elastic FFs measured in ep scattering. Karshenboim [271, 272]
points out that this poses a consistency problem, as the Friar radius is in turn related to the
charge radius, cf. Eq. (I1.10), while the present results from pH spectroscopy and ep scattering
give contradictory proton charge radii, see also Ref. [53, Section 6.2.2].

1-loop eVP

proton size

2-loop eVP (Killen-Sabry)
uSE and pvP

discrepancy

1-loop eVP in 2 Coulomb lines
recoil

TPE

(el)

{pol)

hadronic VP

proton SE

3-loop eVP

light-by-light scattering

0.001 0.01 0.1 1 10 100 1000
[meV]

Figure II.2.: Theoretical budget of the Lamb shift in muonic hydrogen [110]. The two-photon exchange
is displayed in blue; we give estimates for the elastic and polarizability contributions (unfilled bars), as
well as for the total two-photon-exchange contribution (solid bar). The discrepancy between theory and
experiment adds up to 0.31 meV. The theoretical uncertainty is estimated as 0.0025 meV, cf. Eq. (II.12a).

1.3. Electronic vs. Muonic Hydrogen

We now cosider the spectra of muonic and electronic atoms, with a particular focus on hydrogen.
Muonic atoms are especially suited to study the nuclear size, because its 207 times heavier mass
makes the muon orbit closer to the nucleus than an electron. Hence, the Bohr radius of yH
is 186 times smaller than the Bohr radius of ordinary H. Equation (I1.8) shows that the effect
from the charge radius term is proportional to the reduced mass (roughly the lepton mass) of
the lepton-nucleus bound state and the charge of the nucleus. Therefore, the FSEs in muonic
hydrogen are bigger than in electronic hydrogen, and the FSEs in, f.i., helium are bigger than
in hydrogen. In general, the NLO FSEs are suppressed by the inverse Bohr radius, i.e., not only
by the fine-structure constant «. Therefore, they can be omitted in the H theory and become
appreciable in gH only.
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2. Breit Potential with Finite Nuclear Size

The theoretical description of the classic LS and 25 HFS in pH [110] adds-up to (in meV):

BT = 206.0336(15) — 5.2275(10) (Res/im)? + B8 ™, with ELSE = 0.0332(20),  (I1.12a)
BRI (28) = 22.9763(15) — 0.1621(10) (Rzn/tm) + ERg , with ERo = 0.0080(26), (I1.12b)

where EESP E contains the Friar radius, recoil FSEs, and the proton-polarizability effects; EIIE%I'S(QS )
is the proton-polarizability effect only. From the H bound-state tabulation of Ref. [184], we de-
duced the following theoretical 2P1f ;1 - 25{/:20 LS (in units of peV):

B ~ —3.7624 — 0.0008 (Rep/m)?, (I1.13)

with the Rydberg constant, R, = 3289841960 355(19) kHz, taken from the CODATA '14 ad-
justment [99]. This formula should be only considered as an approximation, as we neglected
terms with logarithmic dependence on the charge radius by substituting the CODATA recom-
mendation for Rgy,, Eq. (I.1c).

Figure I1.2 illustrates the size of different contributions to the theory prediction of the uH LS.
The dominating contribution comes from eVP. Already the second largest term is given by the
proton size. Furthermore, there are corrections due to muonic self-energy (uSE) and muonic
vacuum polarization (¢VP) which are absent in H. For the H atom, the QED corrections of the
e.m. electron vertex generate the main part of the LS. The TPE effects can be split into an elastic
finite-size part and a polarizability part. These are nuclear structure effects at order (Z«a)® and
as such they are seizable in yH but can be neglected in H. On the other hand, they impose the
largest uncertainty on the pH theory, cf. Chapters VI and VII. The relative strength of all these
contributions alters the pH spectrum considerably in comparison to the H spectrum.”

The n = 2 energy levels of yH and H are shown in Figures I1.3 and I1.4. The configuration
of the energy levels in pH differs due to the strong eVP shift of the 2S5 level, cf. Eq. (I1.150).
Also, the proton-size has a large effect on the 25 level. In general, the splittings between energy
levels in yH are much wider. The LS transition frequencies in uH are 4 orders of magnitude
bigger than in H. Therefore, H studies require precision spectroscopy experiments, whereas the
difficulties of the yH experiment lie in other aspects, e.g., the lifetime of the pH.

In H spectroscopy, there are “small splitting measurements” between levels with equal principal
quantum numbers, e.g., the LS measurements, and “big splitting measurements” between levels
with different principal quantum numbers, e.g., the 15 — 2S5 transition. The S-levels can be

roughly described as [101]:

Ry L
E(nS) ~ -2 4 215

> (11.14)
n

n3’
where Lyg is the LS of the 1.5 ground state which contains the proton charge radius effect. For
the small splitting measurements, the Rydberg constant is known precisely enough from other
sources to extract the charge radius. However, for the big splitting measurements it is necessary
to have two H transitions and extract R and Rpg), simultaneously. Therefore, extractions of
the Rydberg constant and the proton radius from H are correlated and an independent measure
of the Rydberg constant would be very much appreciated [185-189).

2. Breit Potential with Finite Nuclear Size

Effective Hamiltonians are the standard tools in state-of-the-art calculations of atomic spectra.
A semi-relativistic expansion of the one-photon interaction in two-particle bound-states was

"See Ref. [103] for a more detailed description of important differences between H and pH.
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Figure IL.3.: Spectrum of muonic hydrogen. The 2P fine structure, the P3/, hyperfine splitting and the
P-level mixing are taken from the theory summary of Ref. [110]. The two transition frequencies, v; and
Vs, are experimental results from Refs. [67, 100]. The 25 hyperfine splitting and the classic 2P; , — 25 /2
Lamb shift are reconstructed from the measurements and the theoretical shifts [67, 100, 110].

first considered by Breit [273, 274, 275]. Breit Hamiltonians are for instance used to describe
muonic atoms [276-279], mesonic atoms [280], and neutron structure effects in the deuteron and
one-neutron halo nuclei [281].

In the present Section, we will briefly sketch the derivation of a semi-relativistic OPE Breit
potential describing hydrogen-like atoms, i.e., bound states of a nucleus and a single lepton.
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2. Breit Potential with Finite Nuclear Size
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Figure II.4.: Spectrum of electronic hydrogen. The energy levels are extracted from Ref. [184].
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II. Finite-Size Effects by Dispersive Technique

The Breit potential will account for the finite nuclear size by incorporating the nuclear FFs. It
will then be treated in the non-relativistic Schrodinger theory as perturbation to the Coulomb
potential of a point-like charged nucleus. In comparison to Ref. [282], which also studies the
Breit potential for the hydrogen atom with proton FF's, our dispersive ansatz is more general,
as it is not limited by a particular model of the FFs. Therefore, it can also be applied for QED
and electroweak corrections to the Coulomb potential.

2.1. Nuclear Form Factors

The nuclear size is embedded in the FFs of the nucleus.
The e.m. interaction vertex of a spin-1/2 particle, drawn
in Fig. I1.5, is related to the elastic FFs as follows [283— 7

285]: 1‘

I = Ze | FU(QY) + 5™ e F2(QY) |, (IL15) p—> > o

2Mc
where Ze and M are the particle’s charge and mass, Figure IL5.: Electromagnetic vertex.
respectively.  Since the derivation involves a semi-

relativistic expansion, we will keep ¢ for now. The photon momentum is defined as ¢ = p — p/,
i.e., as outgoing, cf. Fig. I1.5; Q%> = —¢? > 0 is the space-like momentum transfer. F(Q?) and
F»(Q?) are the Dirac and Pauli FFs [2, 286, 287], normalized to the unit charge [F;(0) = 1]
and the anomalous magnetic moment [F5(0) = k]. As suggested by Yennie, Sachs and others
[14, 288, 289], it is often convenient to use the so-called Sachs electric and magnetic FFs instead:®

Ge(Q*) = FRI(Q*) —TFR(Q%), (I1.18a)
Gu(Q?) = Fi(Q)+ (@), (IL.18b)

with the dimensionless momentum transfer 7 = Q*/4(Mc)2.” They have an intuitive physical
interpretation as the Fourier transforms of the charge and magnetization distributions, og(r)

8The e.m. Sachs FFs are determined by means of electron scattering and, f.i., extracted from the measured cross
sections via Rosenbluth separation. The Rosenbluth formula [16] reads:

do do GL(@*) +7G(Q%) 2 2y, 20

(@) (@)Mott { 1+7 +27 Gy (Q7) tan 2| (IL.16a)
do cGE(Q%) +7GL(Q%)

(@) Mott (It ) (I1.16b)

with the scattering angle 6, the photon polarization € = [1+2(14-7) tan?¢/2)™" (0 < ¢ < 1) and 7 = Q*/4(Mc)?.
The larger the photon momentum is, the smaller is its reduced wavelength and, hence, its resolution power.
For higher momentum transfers, the cross section reduces because the electron or photon can no longer see
the total charge of the target but only a fraction of it. This is described by the FFs which multiply the Mott
cross section. The Mott cross section is a modification of the Rutherford cross section in consideration of the

electron spin:
do 4(Za)’E'* E 2 . 20
— = — |1- = 1.1

<dQ>M0tt Q4 E 5 - 2 ’ ( 7)

where E (E') is the initial (final) electron energy, 8 = v/c is the usual velocity ratio and the factor £'/E
accounts for the target recoil. The notation of the Rosenbluth formula in terms of e.m. Sachs FFs is especially
useful because there is no interference term between Gg and G .

9See Ref. [117] for a systematic comparison of Sachs FFs versus Dirac and Pauli FFs.
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2. Breit Potential with Finite Nuclear Size

and gps(r), in the Breit frame [14, 289]:'Y

Gr(Q?) = g Ooodwsin(Qr)gE(r), (I1.192)
@)~ = [T arranr) out). (1L.101)

Hence, their slopes at the real photon point carry information on the charge and magnetic
radii, cf. Eq. (I.9). Here, the densities are assumed to be spherically symmetric and, thus, are
Lorentz invariant. The more extended the spatial distribution is, the stronger the FF falls off
with increasing momentum transfer. In other words, the steeper the electric FF is, the bigger
the proton radius. A dipole FF corresponds to an exponential distribution in coordinate space.
For recent reviews on nucleon e.m. FFs, see Refs. [27, 290].

2.2. One-Photon Exchange

Figure 11.6 represents the OPE between a lep- 4
ton and a nucleus (bold line). The four-
momenta of photon, lepton and nucleus are
denoted by g, k and p, respectively. The out-
going particles will be indicated with primed 7
variables (k" and p’). The photon momentum
is defined as ¢ = p — p’ = k¥’ — k. Since it also
contains the Coulomb interaction, the OPE is ~
the leading contribution to the description of

a hydrogen-like bound state. The associated Figure IL.6.: One-photon-exchange diagram with nu-
clear form factors, giving rise to finite-size effects.

tential i tional he OPE -
PO entia l.f gropoj‘f\ ional to the (f) ¢ scaé:ter The horizontal lines correspond to the lepton and
ing amplitude. n energy prefactor stems . = (bold).

from the non-relativistic reduction to the Breit
equation. For a spin-1/2 nucleus, like the pro-
ton, we have:

Vope = (2Ej 2By 2E,2E,) % a(k')[—ev"u(k) A (q) N(@') T (q)N (p), (11.20)

with the photon propagator A, (¢) and the e.m. vertex I'V(q), Eq. (I1.15), which depends on the
Dirac and Pauli FFs. Replacing £} — 1 and F5 — 0 gives the structureless limit of a point-like,
charged nucleus, viz. the Coulomb potential. The lepton and nucleus spinors, u and N, we chose
to be normalized according to:

a(k)u(k) = 2mc®>,  N(p) N(p) = 2M . (IL.21)

The Dirac and Pauli FFs are assumed to fulfil the once-subtracted DRs [291]:!

R@*) ) (1 Q* /°° dt Im Fy(t) (1.22)
= _ T Ao~ 3 .
Fy(Q?) K T Ji, tE+ Q) \ ImFy(t)

!%Note that for all nuclei and also the proton, the magnetic moment is defined as y = Z(x+4295) in units of nuclear
magneton uy = e/2M,, with S being the spin of the nucleus. The g-factor is defined as k = (g/Z — 2)S.
However, for the neutron it is p = k.

"The subtraction is made for several reasons. Firstly, it allows us to separate the Coulomb interaction. Secondly,

we want to assure that the DRs are convergent. For our final result we want to substitute the Sachs FFs. Ref.
[117] compares DRs for Dirac, Pauli and Sachs FFs. They find that G needs one more subtraction than Fs.
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II. Finite-Size Effects by Dispersive Technique

with g > 0 being the lowest particle-production threshold. Im F} and Im F5 are the FF discon-
tinuities across the branch cuts in the time-like region. The subtracted DRs are derived from

the unsubtracted ones,
F1(Q%) 1 [ dt Im F (1)
_ = 1I.
( F(Q?) ) W/to t+Q? ( Tm Fy(t) ) ’ (I1.23)

by removing the FF values at the real photon point, i.e., F1(0) = 1 and F»(0) = x. Our ansatz to
use the DRs is very much analogous to Schwinger’s method of calculating the Uehling potential
[292] of the vacuum polarization (VP) effect [293].

The photon propagator is defined as:

Ay = P/ Q7 (I1.24a)

with

Puv(a:t) = guv (Guy — Xl — Xvy) - (I1.24b)

ittt g
Note that the above propagator is not only depending on the photon four-momentum but also
on the photon mass t. The mass dependence will enter in conjunction with the dispersion
integral, whereas the subtraction term goes with a massless propagator. Contracting the photon
propagator (I1.24) with the e.m. vertex (II.15), and plugging in the DRs of the FFs (I1.22), we
obtain:

v L v K va
ALIY = Ze{Q2 PW(q,O)[W +72M07 qa] (I1.25)

1 [ dt » 1 .
_W/to mpuu(%t) [’7 ImFl(t)‘i‘m'Y ansz(t)}}.

In the following, it will be beneficial to choose the Coulomb gauge: x = (0,q). In this gauge,
the tensor P, reduces to:

t+ Q? =0 Q?
t) = = = I1.26
POO(Q: ) t+ q2 q27 ( a‘)
q4i4q; t=0 qi q;
Pij(a,t) = —bi+ ; _11_ ;2 = —0ij + ;23. (IL.26¢)
The temporal and spatial components of Eq. (I1.25) then read:
AgI® = Ze 1 [’yo — L'yofy : q} (I1.27a)
00 q? 2Mec :

= [ Im () — =y qIm Fy(t)] b,

WAth%brnx>2Mqumsz

: 1 % 9q K 909y 97°
Ayl = Ze{@? ([% il Iy vl LR CA LR L i (IL.27b)

L[> dt G- q
WK;W+Q%(ht+fme@

1 0 gy - q?°
+2MC |:QO71’7 + 7Vijq P q2 m 2( ) )
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2. Breit Potential with Finite Nuclear Size

with the photon energy qo = w/c.'?

The next step is the essential one in the Breit potential derivation: we perform the semi-
relativistic expansion. In doing the expansion of Eq. (I1.20), we shall neglect the dependence
of the denominator on the photon energy, i.e., neglect retardation effects. Our choice for the
photon gauge already achieved that the temporal component, Eq. (I1.27a), has no poles in w.
Expanding for infinitely ¢, we will derive a potential that is valid up to and including O(1/c?).
In this way, we will be free of retardation, which start at O(1/c®) only. The semi-relativistic
expansion of the Dirac spinors is presented in Appendix V.B. It yields the lepton and nuclear
spin vectors, s and S, in the Breit potential. From Eq. (I1.18) it follows that:

ImGg(t) = ImFi(t)+ t/ame)? Im Fa(t), (I1.29a)
ImGp(t) = ImFi(t) + Im Fa(t). (I1.29b)

Inverting these equations and expanding for large ¢, one obtains:

ImFyi(t) = 1_t/1(2Mc)2[ImGE(t)—t/(gMcyImGM(t)], (I11.30a)
~ ImGp(t) +Yeme?[ImGp(t) — Im Gy (t)], (I1.30b)
Im Fy(t) = W[ImGM(t)—ImGE(t)], (I1.30c)
~ [1+teme?] [ImGy(t) — ImGE(t)]. (I1.30d)

After the expansion, we can return to our usual convention: ¢ = 1.

In a next step, we will Fourier transform the momentum-space potential to obtain the coordinate-
space potential. We can then identify, f.i., the angular momentum operator, which is defined as:
l = r x p. Further details of the Breit potential derivation are moved to Appendix II.A. At this
point, we just give our final result for the coordinate-space Breit potential with nuclear FFs.

Coordinate-space Breit Potential with Nuclear Form Factors

Vorr(r,D,t) = [Vo + AViec + AVy + AVL + AVo + AVs + AV, + AVs) (v, p,t),  (I1.31a)

with
Z
Ve(r)  =-2%, (I1.31D)
r
Za l-s
AVierc(r) = Sm? [w o(r) + 7«3} ; (IL.31c)
Z > dt
AVy(r,t) =25 [ S mGp(t) eV, (IL.31d)
™ Ji, T
. 7 (1) 1 /292 20 1(+1) 1 1l-s
AV =—Z e 1131
1(r. ) a{ mM + 2mM < r + r2 or r3 * 2M2 3 |7 ( °)
12Here we made use of the following relations:
0 = e ) (I1.28a)
Y% = Yd—d =7 a0 +7"q, (11.28b)
Yt = —v a7 . (I1.28c)
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II. Finite-Size Effects by Dispersive Technique

l-S 1 1 1 1
AVQ(’I") =Z« { 7"3 [(mM + 2M2> + <W + W) :| (H.31f)
14+ &

e [28-5’47T5()—:<s s 3 )]}

) Za [*dt 1/1 1 1 te*’”f
AVs(r,p,t) = / TImGE(t) {_8< M2> drd(r) + o R (I1.31g)

L P 2+2r\/i+r2t o 32
R TR (O e e e
-
e I(1+1) 1 1
3 (1+r\/i)[2mM+<2m2+mM>l'S]}’
Z dt e Vi
AVy(r,t) = QMO}Z/ ~ ImGplt ) 1+ V)L S, (IL.31h)
Za [>dt 1 f
0
13V (14 rVE+r2t r’t\ (s-7r)(S-7)
L ot )

—33-547?5(1‘)]},

The result agrees with Ref. [294, §83. Breit’s equation, Eq. (83.15)] in the structureless limit,
ie,for Fi=1and F5, =0, 0or Gg =1 and Gy = 1.

As explained in Appendix II.A, angular averaging with spherical harmonics, cf. Eq. (I1.78),
will allow us to rewrite terms of the type (s-7)(S - 7). Furthermore, we can express products
of spin and/or angular momentum operators, e.g., the spin-orbit and the spin-spin coupling, in
terms of quantum numbers, see Eqgs. (I1.75), (I1.77) and (I1.79). In the absence of external fields,
the previously introduced [, j and f quantum numbers, cf. Section I1.1.1, as well as the electron
and nuclear spin quantum numbers s and 7 are suited ‘good’ quantum numbers to describe a
given atomic state. In Egs. (I1.82) and (I1.83), we then give particular potentials for S- and
P-states, i.e., for | =0 and [ = 1, respectively.

The Breit potential derived in here describes the static contributions and nuclear-size effects
to FS, HFS and LS, see Appendix I1.C. We can split it into the unperturbed Coulomb potential
and a semi-relativistic perturbation. To calculate the FSEs, we can proceed in two different
ways. We either work in time-independent Schrodinger perturbation theory (PT), or we use
the relativistic Dirac wave functions as basis for the PT framework. Our choice is to use the
non-relativistic Schrodinger wave functions. Nevertheless, we want to briefly compare the two
approaches and motivate our decision. In Appendix I1.B, we give the Schrodinger and Dirac
wave functions for the Coulomb problem and review the formalism of first- and second-order
(Schrodinger) PT for the discrete and continuous spectra.

First, let us give a proper formulation of the bound-state problem we are dealing with. The
Coulomb force is the dominant interaction between a lepton and a nucleus in a hydrogen-like
atom. In the center-of-mass (CM) frame, the Schrodinger Hamiltonian of the two-body problem
reads: )

A b b
H_%+W+V' (11.32)
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2. Breit Potential with Finite Nuclear Size

Since the mass of the nucleus is finite, both lepton and nucleus are moving inside the atom.
Therefore, it is customary to simplify the two-body problem of Newtonian mechanics into a
one-body problem by replacing [295]:

mM
m+ M

m— m, = and M —-M=m+ M, (I1.33)

everywhere but in the (gravitational) rest energy. We then have:

ﬁQ

2m,

H=

LV (11.34)

It is not enough to modify the potential with a semi-relativistic perturbation. As the Schrédinger
equation is not valid for relativistic particles, the kinetic energy term of the Schrédinger Hamilto-
nian, cf. Eq. (I1.32), has to be expanded relativistically too. Expanding the relativistic equation
for the kinetic energy of a particle to lowest order in 1/¢, we find:

/52 ) _ P P’ 4
= D 2 - - - — 1 . I:[-
I' = c\/ P + (mc)? — me o 8B +0O(1/c%) (I1.35)

Hence, we need to include the following relativistic corrections to the kinetic energy operator
[296]:

ﬁ4
AV}el.Ekin (ﬁ) = o2 9 (1136a)

- 8m3c?’
3p* N 3p*
8m2Mc?2  8M2mc?’

AVlred.Mass (ﬁ) (II36b)

which we wrote in an expedient way.
For the presented OPE potential, the Schrodinger Hamiltonian in second non-relativistic ap-
proximation is then given by (again using ¢ = 1):

9 ~4 -~ 4
3 P P 3p 3p
H = — Vo + Vs 11.37
2m,  8m? * 8m?2M c? + 8 M2mc? +RC +,—16’ ( 2)
Vorr
~9 ~d ~4 ~d
P P 3P 3p
= Vo+ — Vs . 11.37b
2m, e 8m3 T 8mzaie T sEme T ( )
HO H(;

The perturbative Hamiltonian, Hg, for the Coulomb problem at hand consists of Eq. (11.36)
and the relativistic correction to the Coulomb potential given in Eq. (II1.31¢). The relativistic
Coulomb potential splits into the spin-orbit coupling and the so-called Darwin term. The spin-
orbit coupling only affects levels with [ > 0, cf. Eq. (I1.75). The Darwin term, on the other
hand, is a d(r) potential and as such is only relevant for the S-states, see Fig. I1.1. Treating this
combined semi-relativistic perturbation in first-order Schréodinger PT with the Coulomb wave
functions, we reproduce the Coulomb energy levels predicted by the Dirac equation, Eq. (I1.6b),
up to order (Za)8. The fascinating interplay of spin-orbit coupling, Darwin term and relativistic
kinetic energy operator achieves the FS splitting and the non-trivial degeneracy of levels with
equal n and j quantum numbers.

In the following, we will briefly address the Dirac PT and motivate that especially for heavier
atoms it makes sense to work with Dirac wave functions [235]. Even though some works also use
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II. Finite-Size Effects by Dispersive Technique

relativistic Dirac wave functions to calculate corrections to the hydrogen spectrum [297-299],
for our aim — the re-derivation of the FSEs by a dispersive technique — we feel safe to use the
simpler non-relativistic Schrédinger wave functions.

In contrast to the Schrodinger equation, the Dirac theory describes relativistic particles.
Therefore, the relativistic corrections to the kinetic energy operator and the unperturbed poten-
tial, i.e., Egs. (I1.36) and (I1.31c) in case of the Coulomb problem, do not need to be included
in the perturbative potential. At first order in relativistic PT, the correction to the energy
eigenvalue of the radial Dirac wave functions, f,;(r) and g, (r), is given by (for a spherically

symmetric perturbation):'?

BB = [ dre? (o) +170)7], Vo). (11.35)

Accordingly, we would use Vs(r) = [Vope — Vo — Vielc] (r) and the Coulomb wave functions,
see Appendix I1.B.3, to calculate the effect of the OPE Breit potential presented in here. The
absolute square of radial Dirac wave functions, as it appears in the first-order PT energy shift
of Eq. (I1.38), can be expressed as a sum of the squared radial Schrédinger wave function and a
correction:

o)1 + £ ()], = Bau(r) + 13 (r), (I1.39)

where for n = 2 we find the following corrections for S- and P-levels, respectively:

r30(r) = —e_r/“(GZZSL); {8 (g - 2)2 [’YE +In ﬂ + (2)3 —24 (2)2 + 702 - 54} + O(Za)4,

r2,(r) = e "/ ggzj {—24 (2)2 s +1n 2] ~3 (2)3 + 56 (2)2 +18% + 54} +O(Za),

Here, we kept r/a fixed, while expanding in Za. Since the above corrections are suppressed with
respect to the radial Schrodinger wave functions by additional powers of Z«, we conclude that
they can be ignored for light hydrogen-like atoms. For our purpose, it is therefore sufficient to
use the non-relativistic wave functions and time-independent Schrédinger PT. On the contrary,
for heavier atoms, i.e., large values of Z, the relativistic Dirac wave functions become relevant.

In Appendix I1.C, we derive finite-size and recoil effects from the potentials in Eqgs. (I1.82)
and (I1.83), and present a detailed comparison to the literature. The results are arranged into
2P FS, 2Py /5 — 25/, LS, 25 and 2P HFSs, and P-level mixing. We reproduce the well-known
Fermi energy, charge radius, Friar radius and Zemach radius terms in the LS and the 25 HFS.
All static contributions are obtained as reviewed in Ref. [233]. Our result for the 2P FS, the
2P HFS and the P-level mixing agree with Refs. [276, 302]. In addition, we find finite-size
recoil effects at order (Za)®. These terms are usually not derived from the Breit potential and,
hence, cannot be found in this form in the literature. However, they should be included in the
nuclear-pole part of the TPE corrections. Therefore, we will perform a matching of the effects
from one- and two-photon exchange in Section V.2.

The dispersive approach to the OPE Breit potential with finite nuclear size, where we use
once-subtracted DRs to express the nuclear FFs through their discontinuities, allows for an easy
transition to the Breit potential of OPE with one-loop leptonic VP. In Appendix V.D, we outline
the necessary modification of the Breit potential and calculate the one-loop eVP contributions
to the uH spectrum. The results are summarized in Table I1.7 and match the literature.

13For an alternative formulation of a relativistic PT see Refs. [300, 301].
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3. Exact Finite-Size Effects

3. Exact Finite-Size Effects

or: Breakdown of the Lamb Shift Expansion in Moments of Charge Distribution

In the previous Section, we derived the nuclear FSEs and presented them, as usual, in terms of
moments of charge, magnetization and convoluted distributions, cf. Eq. (11.8) and Section 11.C.
In this Section, we will present an alternative formulation which is exact in the sense that it
refrains from expanding in the moments. Limitations of the finite-size corrections to the LS in
terms of charge radii will become apparent. The main ingredient is the Yukawa-type electric FF
correction to the Coulomb potential given by the coordinate-space potential in Eq. (I1.31d) or
the momentum-space potential in Eq. (I1.66d). Particular scenarios for the breakdown will be
presented in the subsequent Section.

Figure I1.7.: Correction to the electromagnetic vertex. The cut indicates that the intermediate pion-pion
pair can go on-shell if Q% = —4m?2.

Let us start with the classic LS as it is deduced from the coordinate-space potential of
Eq. (II.31d) with the non-relativistic Schrodinger wave functions. To first order in PT, the
energy shift can be written as an integral over the imaginary part of the electric Sachs FF:

FeFRI(D) _ ~ ImGg(t)
LS to \f—i- Zamr)

The imaginary part corresponds to the FF discontinuity across the branch cut in the time-like
region, which starts from the lowest particle-production threshold tg. Figure I1.7 shows the
lightest hadronic contribution to the nucleon FF. The produced pion-pion intermediate state
is on-shell for photon virtualities of Q2 = —4m2. This charged-pion production threshold
represents a serious restriction for fitting ep scattering data beyond Q% ~ —0.078 GeV?.

For small inverse Bohr radii, a=! = Zam,, we expand Eq. (I1.41) in the moments of the

charge distribution, using the following (Lorentz-invariant) definition:

(11.41)

N (N e Im Ge(t)

(r >E_f t dtW7 (11.42)
and arrive at:

o o 4m% > —Zam, k

B0 _ ( 1)2 Z( . )(rk+2>E7 (I.434)
k=0
4,3

~ _(20‘1)2”% () — Zam, ()] . (I1.43b)
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Figure II.8.: Integrand of the first-order perturbation theory contribution to the Lamb shift [cf.
Egs. (IL.49a) and (I1.49¢)] in electronic hydrogen (blue dash-dotted line) and muonic hydrogen (red
solid line) for the dipole form factor, G, = (1 + Q%/0.71 GeV?)~2. The dotted vertical lines indicate
the inverse Bohr radii of the two hydrogens, while the dashed line indicates the onset of data from

electron-proton scattering.

From the denominator of Eq. (I1.41) one can see that the convergence radius of the power-series
expansion in moments is limited by tg, i.e., the proximity of the nearest particle-production
threshold. Since QED corrections to the e.m. interaction vertex are already separated from the
nuclear FFs, we expect ty to be a hadronic scale, of which the pion mass is the lowest, see
Fig. [1.7. If this is true, the series should converge quickly for hydrogen, and in fact, for most of
the hydrogen-like systems. In Appendix II.E, we check that for all popular FF parametrizations
the expansion in moments is appropriate. In Section I1.4, however, we will present a FF model
which breaks down the expansion in moments of charge distribution and at the same time
resolves the proton charge radius puzzle.

One of the first proposals for an explanation of the proton radius puzzle was suggested by
de Rdijula [167], who used the expanded formulas, see Eq. (I1.8a). As explained earlier, the
subleading FSEs of order (Za)® come with an additional factor of the lepton-nucleus reduced
mass and thus become relevant in muonic atoms only. Therefore, a large Friar radius, Eq. (11.10),
would change the yH LS and leave the H LS almost unaffected.'® In order to generate such
radius, de Rujula constructed an electric charge distribution from an interpolation between the
charge densities of a single-pole and a dipole. The resulting charge distribution has an extended
tail and, indeed, the corresponding Friar radius is large. Nevertheless, his model cannot explain
the proton radius puzzle. First of all, it was shown to be incompatible with the empirical electric
Sachs FF extracted from ep scattering [303, 304]. Furthermore, we verified that the pH LS in
de Rijula’s model is not described correctly by the standard formulas, Egs. (I1.8a) and (I11.43Db),
and that the infinite series of moments in Eq. (I1.43a) does not provide any significant reduction
of the proton radius discrepancy in this model.

M At this point, one has to remember that in the analysis of the yH experiment the Friar radius is substituted
from ep scattering, as discussed in the last paragraph of Section II.1.2.
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3. Exact Finite-Size Effects

For convenience, Eq. (I1.41) can be rewritten and expressed through the electric Sachs FF or
the spherically-symmetric charge distribution. The alternative formulas read:'®

BT~ [TaQue@cr@d), (I1.49)
0
= —(Zoz)4m§§/ d?“’l"4€_r/aQE(7“), (I1.49b)
0
with
2 2
wp(Q) = —(Za)m? 1 4 Ql(Zam,) Q4], (I1.49¢)
T [(Zam,)? + Q7]
or the Laplace transform of the FF discontinuity:
1 o
= o2 n I E 1.4
og(r) (27r)2r/t0 dt InGg(t)e (I1.49d)

The expression in terms of the charge density, Eq. (I1.49b), is the simplest and has the most
intuitive interpretation: the first-order LS is given by the mean-square radius cut off at the Bohr
radius by the Coulomb wave function. Indeed, it is simply the LO charge radius term (r?)g, cf.
Eq. (IL.8a), replaced by (r2e~"/*)p. Equation (I1.49a) is slightly misleading, despite the (Za)®
prefactor the FSE is of order (Za)*. This is because the weighting function wg(Q), Eq. (11.49¢),
cannot be expanded in «, as the successive integral would be infrared divergent.

The expression in terms of the FF, Eq. (I1.49a), can also be derived from the momentum-space
potential in Eq. (I1.66d). The weighting function then arises as a convolution of the hydrogen
momentum-space wave functions, cf. Eq. (V.89). Such approach is followed for the derivation of
the Wichmann-Kroll contribution in Refs. [306, 307].

In Fig. I1.8, we are plotting the integrand of the first-order perturbation theory contribution to
the LS, given by Egs. (I1.49a) and (I1.49¢). The two curves correspond to H and pH, respectively.

15Starting from

1 o0 oo
— / dtW(t) ImGp(t) = / dQuwr(Q) Gr(Q?), (11.44)
to 0
we plug in the DR for the electric Sachs FF,
1 /. Im GE(t)
Ge(Q*) == / dt , 11.45
E(Q ) T Jiy t+ Q2 ( )

and realize that W (t) is the Stieltjes integral transform of wE(Q), ie.

/ Q¥ t+ Q2 (I1.46)

We recast Eq. (IT.41) in terms of Gx(Q?) by computing the inverse Stieltjes transform [305] of

(Za)*m?

W) = - e (I1.47)
which is given by:
wp(@ = Ll (W(-Q* —ie) - W(-Q* +io)}, (IL48a)
_ A(Za)mi @ [(chm)2 - Qj]. (I1.48b)
7r [(Zam,)? + Q2]
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Figure I1.9.: Integrand of the first-order perturbation theory contribution to the 2S5 hyperfine splitting,
cf. Eq. (IL.51b), in electronic hydrogen (blue dash-dotted line) and muonic hydrogen (red solid line) for
the dipole form factor, G, = (1 + k)(1 4+ Q%/0.71 GeV?)~2. The dotted vertical lines indicate scales
related to the inverse Bohr radii of the two hydrogens [1/a and 1/(v/2a)], while the vertical dashed line
indicates the onset of data from electron-proton scattering.

They are plotted assuming a dipole FF for the proton. For both hydrogens one observes regions
of large cancelation around their inverse Bohr radius scale. Taking Gpg to be constant, the
cancelation would be exact and the LS would vanish. This is easiest seen from the momentum-
space potential, Eq. (I1.66d), which is proportional to the once-subtracted dispersion integral, cf.
Eq. (I1.22). The cancelation regions are well separated and also well below the onset of existing
ep scattering data, Q% > 0.004 GeV?. Any relatively small variation in the FF at these low-Q
scales may lead to significant effects in the LS. To define a proper charge radius, which could
be determined from both the atomic and scattering experiments, it is therefore mandatory to
decompose the FF's into “smooth” and “non-smooth” parts. The contribution of the former can
then be expanded in moments, while the latter must be treated exactly. In the follow-up Section,
we will demonstrate how to use this fact and find a non-smooth FF modification that solves the
proton charge radius puzzle by breaking the expansion of the FSEs.

Analogous to the LS case, we establish formulas for the exact FSEs in the HFS. We start
from the part of the Breit potential, Eq. (I1.82h), which depends on the nuclear spin and the
magnetic Sachs FF. Treating this potential to first-order in PT, we obtain the 15 HFS:

B0 g — _Er0S) / a {1_ ! ]ImGM ®) (IL50a)
t

I

@ 0 t [2Zam, +V1)?2] 1+
a3 00 2
— s {1- 5 [T us@ DI, (1L501)
= —Fr(19) {1 — ma® /OOO drr? [Rlo(r)]Q QM(T)} , (I1.50¢)

and the 25 HFS:

(mFF)(1) Er(2S) /°° [1 2t + (Zam,.)? } Im Gy ()
E 29 I CLDNy P . (L5t
ies - (25) & to t 2[Vt+ Zam,t] 1+ ( 2)
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> Gu(Q%)
= —Fp(2 d —_— 11.51b
e25)+ [ dQuu(Q L, (IL51b)
= —Ep(29) {1 - 87ra3/ drr? [Rgo(r)]2 QM(T’)} , (IL.51c)
0
with the convoluted momentum-space wave function w;g(Q) given in Eq. (V.89a), the weighting
function
4Ep Q* [(Zam,)* — Q*] [(Zam,)* - 2Q°]
wy(Q) = I : (I1.52)
ma [(Zam,)? + Q7]
the radial Coulomb wave functions as defined in Section I1.B, and the magnetization distribution
1 * ImGuy (t) i
= — dt —————= e "V I1.53
ou(r) (2m)2r /to 14 2 ¢ ( )

The integrand of Eq. (I1.51b) is plotted in Fig. I1.9 with a dipole FF. Again, for small values
of @ one finds regions of enhancement, and again, they are below the onset of ep scattering
data and separated for the two hydrogen. Therefore, it is necessary to evaluate the effect of
soft non-smooth FF contributions to the HF'S with the exact formalism presented above. Other
exact formulas for the FSEs on the 15,9, 251/9, 2P /o and 2P5)5 levels can be deduced from
Appendix I1.D.

4. A Form Factor Model Resolving the Proton Radius Puzzle

In the previous Section, we uncovered a possible limitation in the usual accounting of FSEs
and introduced the exact (un-expanded) formulas for the LS and the HFS at first-order in PT.
Here, we will modify customary parametrizations of the electric Sachs FF by adding tiny, non-
smooth contributions in the region between 1 and 50 MeV. These modifications require the
exact formalism, Eqs. (I1.49a) and (I1.49¢), and are chosen in a way that the proton charge
radius discrepancy vanishes. Our improved toy model, based on the fit of ep scattering data by
Arrington and Sick [111], was published in Ref. [237]. In addition, we will present a modification
of the dipole FF which is likewise breaking its convergence, see Appendix II.F.

We assume the electric FF to separate into a smooth (Gg) and a non-smooth part (Gg), such
that:

Gp(Q?) = Gp(Q?) + Gr(@Y). (IL54)
We take a well-known FF parametrization [111] for the smooth part,

_ 1
GE(QQ) = 3.478 Q2 ) (1155)

L+ 1_ 0.140 Q2

p)
- 1311Q

1+

1.128 Q2
1-0.233 Q2

and describe the non-smooth part of the FF as:

AQ3Q?[Q* 1<
@3+ Q"

where A, ¢ and @)y are real parameters. First and foremost, the fluctuation does not affect the

charge: Gg(0) = 0. Furthermore, the functional form in Eq. (IL.56) has all poles at negative Q2
(time-like region) and, hence, complies with the analyticity constraint on the FF.'0

Ge(Q?) = (11.56)

Y5This requirement can be easily seen from the DRs for the e.m. FFs, cf. Eqs. (I1.45) and (I1.23).
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Figure I1.10.: Modification of the Arrington and Sick form factor: The solid black curve shows the
empirical form factor, Gg(Q?) — 1, from Ref. [111]. The dotted blue curve is the modified form factor,
Gr(Q?) — 1, discussed in the text [237].

As one can see from Fig. 11.8, if there is a small missing effect in the FF responsible for the
puzzle, it must be localised near one of the two inverse Bohr radii, where its impact is maximized.
Since the results from ep scattering and H spectroscopy are in rather good agreement, it is most
promising to search for the missing effect on the yH side. We fix the position of the FF fluctuation
at Qo = 1.6 MeV, where the weighting function wg(Q), Eq. (I1.49¢), is especially sensible for
pH, cf. Figs. 11.8 and 11.12

We then fix the other parameters, A and ¢, such that Eq. (I1.49a), evaluated with the modified
FF of Eq. (I1.54), reproduces the empirical values for the hydrogen LSs:

EFEF P (¢H) = —0.620(11) neV, (IL57a)
EEEFP) (4 H) = —3650(2) peV. (IL57b)

Note that these are not the LSs observed in experiment but only the finite-size contributions
given in Eq. (I1.8a), where for the radii we used:

Rpp(eH) = 0.8758(77) fm [107], (I1.58a)
Rpp(pH) = 0.84087(39) fm [100, 110], (I1.58Db)

and
(r*) pp(2) = 2.78(14) fm® [234]. (I1.59)

Our parameter choice, A = 1.2 x 107* MeV? and ¢ = 0.143 MeV, for which the modified FF
complies with the H and the pH LSs, is depicted in Fig. I1.11. Figure 11.12 shows the position
of the fluctuation Gg(Q?) right on top of the first extremum of the yH weighting function.
Obviously, the constructed fluctuation of the FF lies almost exclusively in the region below the
ep data (@ < 63 MeV), thus, is not affecting the quality of their fit.

To quantify the solution of the proton radius puzzle offered by our toy model further, we
calculate the second and third moments of the modified FF, their “would be” effect on the LS
and the un-expanded LS. The second and third moments of the FF fluctuation presented in
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Figure II.11.: Modification of the Arrington and Sick form factor: Parameters of Gg for which the
electronic-hydrogen (blue dot-dashed) and muonic-hydrogen (red solid) Lamb shifts of Eq. (I1.57) are

reproduced. For fixed Qo = 1.6 MeV, we find A = 1.2 x 107* MeV? and ¢ = 0.143 MeV as indicated by
the dashed lines.

Eq. (I1.56) are given by:!”

— 2
0 = _6(12122 E(QQ)‘QQ_OZ_%E’ (IL.63a)
= 15A(Q% —7?) /2@5. (I1.63b)

The results are then summarized in Table I1.1. One can read off that the expansion in moments
breaks down for the modified FF contribution to uH, as it was anticipated. Due to the FF
modification, the charge radius is slightly shrunken and the third moment increased.

"In general, the N-th moment of the charge (magnetization) distribution, oz (oar), is defined as:

PNy = 4 /O T ar () = LV 2 /t T G (I.60)

T {N/2+1 0

where in the last step we made use of the DR for the electric (magnetic) Sachs FF [53], Gg (Fm/1+x), and

Egs. (I11.49d) and (I1.53), respectively. The density distributions are chosen to be normalized as (r°) = 1. The
even moments can be written as derivatives of the FFs:

whereas the odd moments have an integral representation:
aN—1, N 2 (™ dQ = ®) (0
N = enYen [ avlee ERDIE o 0)],
I Al o P W G Vi L
— (-1 (2N)!;/0 v [G(Q)— i >]. (11.62)

k=0

The latter expressions, we derived by means of the inverse Stieltjes integral transform [305]. Similar expressions
hold for the Zemach moments of the convoluted charge and magnetization distributions.
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Figure I1.12.: Modification of the Arrington and Sick form factor: The correction, éE(QQ), for Qo = 1.6
MeV, A = 1.2 x 107* MeV? and ¢ = 0.143 MeV (solid green), and the weighting function, wg(Q), for
electronic hydrogen (blue dotted) and muonic hydrogen (red dashed) as functions of ). The dot-dashed
line indicates the onset of electron-proton scattering data.

Let us now study the physical plausibility of the suggested FF modification. The absolute
correction to the FF is extremely tiny:

|G/ Gr| <3x107°. (I1.64)

However, since the FF at low @ is approximately 1, it was suggested by Arrington [308] and
Antognini and Kottmann [309] that a comparison of our correction to the deviation of the
original FF from 1 would be more meaningful. Indeed, the FF modification presented in here
compares good to a point-like proton:

|Gr/ (G —1)] <057, (11.65)

In addition, we have Gg(Q?) < 1 for all @, as called for in Ref. [308]. This is shown in Fig. I1.10,
where the FF and the toy model FF are compared.

Of course, we do not insist that the presented toy models, see also Appendix II.F, have
anything to do with reality. We merely want to demonstrate how a tiny non-smooth contribution
to the proton electric Sachs FF, localised at low ), may shrink the convergence radius of the
FF and invalidate the expansion of the LS in moments of charge distribution. The variety of
scenarios presented in here and in Refs. [238, 239], either based on the FF parametrization of
Arrington and Sick [111] or the dipole FF, should emphasize how easy it is to find a fluctuation
suited to resolve the proton radius puzzle. New physics and the inclusion of new light particles
might be able to provide a physical justification for such a non-smooth contribution to the FF.
Until then, we can only warn against a too optimistic view of uncertainties in the charge radius
extractions. Similar non-smooth corrections might also affect the magnetic FF and the e.m.
lepton vertex. Likewise, the expansion of the HFS in moments should be viewed with caution.

In the next Section, we will summarize our results obtained from the Breit potential with
nuclear FFs. A short outlook will be given and possible candidates for non-smooth contributions
to the FF's are nominated.
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5. Summary and Conclusion

Table II.1.: Lamb shift and moments corresponding to the modified Arrington and Sick form factor, with
Qo =1.6MeV, A=1.2x10"* MeV? and £ = 0.143 MeV.

Eq. GEg éE GE
(r?) g [fm?] (I1.9) | (0.9014)2 | —(0.1849)% | (0.8823)2
(r®) g [fm®] (I.63) | (1.052)% | (8.539)% | (8.544)3
Lamb-shift, exact (IL.49a)
ESET ) (H)[neV] —0.6569 0.0370 —0.6200
ECEF D (4H) [ueV] —4202 552 —3650
Lamb-shift, expanded | (I1.43b)
ECET M (H) eV —0.6569 | 0.0371 —0.6198
ESETY (uH) [ueV] —4202 11542 7340

5. Summary and Conclusion

In the present Chapter, we derived the Breit potential from OPE with nuclear FF dependent
e.m. vertex. The coordinate-space potential is given in Eq. (I1.31) and the momentum-space
potential is given in Eq. (I1.66). Due to our dispersive ansatz, only little modifications of the
Breit potential are needed to calculate QED or electroweak corrections instead of finite-size
corrections. We replaced the FF discontinuities by the imaginary part of one-loop eVP and
presented a re-evaluation of the Uehling potential and further eVP corrections (Appendix I1.D).
In Appendix I1.C, we calculated finite-size and recoil corrections to the spectrum of Coulomb
energies. For the first time, we wrote down finite-size recoil effects at order (Za)%, which are
proportional to the first moments of the charge and convoluted charge distributions. Such effects
are preferably covered by the nuclear-pole part of the TPE, as we will explain in Section V.2.

The usual accounting of FSEs involves an expansion in moments of charge and magnetization
distributions, cf. Eq. (I1.8). Meaning, the FSEs are expressed in terms of the charge radius, the
Friar radius, the Zemach radius, etc. In Section I1.3, we presented the alternative (un-expanded)
formulas for the first-order PT contributions of the nuclear finite size to the LS, Egs. (I1.41) and
(I1.49), and the HFS, Egs. (I1.50) and (I1.51). Furthermore, we have shown a limitation of the
usual accounting of FSEs and illustrated it with the help of two toy models in Section I1.4.

To conclude, the standard expansion of the hydrogenic LS in the moments of charge distribu-
tion is only valid provided the convergence radius of the Taylor expansion of Gg(Q?) is much
larger than the inverse Bohr radius of the given hydrogen-like system. A very small fluctuation
in the FF around the inverse Bohr radius scale may invalidate the expansion. In order to define

Figure II.13.: Proton vertex with axion exchange.
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II. Finite-Size Effects by Dispersive Technique

a proper hadronic charge radius, one has to decompose the FF into “smooth” and “non-smooth”
parts, where the non-smooth parts must be treated exactly.

So far, we only developed toy models with non-smooth contribution to the FF but did not
provide a physical explanation for them. However, there are several conceivable origins. The
required combination of mass and coupling constant basically rules out the option of an axion
exchange at the proton vertex, see Fig. [1.13. However, a weak contribution to the lepton
vertex, similar to a muon decay, is not yet excluded, see Fig. [1.14. Searches for a physical
implementation remain an essential task for the future.

L2

Figure I1.14.: Muon vertex with weak decay.

A. Details of the Breit Potential Derivation

Here, we will give more details on how the derivation of the Breit potential, Eq. (I1.20), proceeds
after the semi-relativistic expansion, cf. Section I1.2. We continue starting from the following
momentum-space Breit potential.

Momentum-space Breit Potential with Nuclear Form Factors

Vorr(q,p,t) = [Vo + AViec + AVy + AVy + AVa + AVs + AV, + AVs] (g, p,t),  (11.66a)

with
AnZo
Ve(q) =g (IL.66D)
A 1 1 is-gxp
VieLc(q,p) = 4 Za smZ " am? g2 , (I1.66¢)
*° dt
AVi(q,t :4Za/ O mas), 11.66d
v(a.) [ e (11.664)
1 is-gxp 1 1 |p? qg-p\°
A =4rZ - - e 1I.
%(qap) 4 a{2M2 q2 AMm mM [qQ q2 ) ( 668)
L+s (s-9)(S-9)
AVy(q,p) =4nZa {mM {s s (IL.66f)
iS-gXxp 1 1 1 1]
7 [(mM+2M2)+”(mM+M2)_}’
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A. Details of the Breit Potential Derivation

_ T dt 1 > (2¢-p+g°)?
AVs(g,p,t) —4Zo¢/t.O i+ a0 Im Gg(t) {4mM {(Qp—l—q) T (IL.66g)
tis-q % 1 LY. ¢ (1 .
AP g2 T ) T s \m2 T M2) [
2Za [ dt .
AVilg,p,t) = 5 /t0 G+ a0 ImGg(t)iS - g x p, (I1.66h)
AVs(q,p.t) = 47 /mil Gt Lis gxp(——+ 1 (IL.661)
5(9, P, - «@ " t(t+q2) m Gy 7 qgxp mM M2 .01
2
_ 4 _(s-9)(5-9)
-~ [s S o
Here, we made use of the Lagrange identity,

(axb)-(cxd)=(a-c)(b-d)—(b-c)(a-d), (I1.67)

to separate the spin-spin coupling s-5.'® Our result agrees with Ref. [294, §83. Breit’s equation,
Eq. (83.9)] in the structureless limit, i.e., F1 = 1, F» = 0. For an easier handle of the individual
terms, we split the Breit potential into several sub-potentials. They, respectively, do or do not
depend on the nuclear spin and the electric or magnetic FF discontinuities. Equation (I1.66b)
gives the well-known Coulomb potential. All other potentials will be treated as perturbation
to the Coulomb potential, hence, they are denoted as AV. Furthermore, we identified the
relativistic corrections to the Coulomb potential, cf. Eq. (I1.66¢), and a Yukawa-type correction,
cf. Eq. (I1.66d).

We then perform a Fourier transformation to obtain the coordinate-space Breit potential from
the momentum-space Breit potential:

1 i
Vip.at) Z5 Vet Vet = /dqe"“‘Wp,q,t). (I1.69)

(2m)

Because of the massive Coulomb gauge, the potential has an additional dependence on ¢. A list
of useful Fourier transformations is provided with Table I1.2, cf. Refs. [310, p. 180] and [294,
p. 339-340] for the case of t = 0. For the coordinate-space potential it is crucial to realize the
singularities at the origin, i.e., the §(7) terms.

The momentum operator, p = —iV,., has to be written to the right of all other factors, since
it is an operator acting on the wave function only. We use the following replacement:

r(r-p)-p o 2. U1+
2 Yrim (1) = |P* + P =5 Unim(T), (I1.70)

8In particular, we used:
(sxq)-(Sxq)=(s-9)q"—(s-q)(S-q). (I1.68)
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II. Finite-Size Effects by Dispersive Technique

Table I1.2.: List of useful Fourier transformations: 47 f(q,t) T, F(r,t).

f(a,t) F(r,t) f(q) F(r)
1 4m o(r)
1 eVt 1 1
t+q° T q’ T
q i(gryie ™Yir q ir
t+g? r3 q? o
1 e—TVE
(t+g°)? T2Vt
q ie~"Vip q ir
(t+a*)* 2r (@) 2
. . e~ TV (- . . (-
(‘E'lti)q(zq)g) e {(a b) — (1+ r\/g)r (:f)b} (11(6(;)2()112 b) % {(a b)— T (:za)b}
Vi b madb
(@ayab) | T {(1 Vi) (a-b) — 3(1 4 ry/t 4 by T } (o)) = [(a b) — 37@7;@}
e - et i
+5 (a-b)d(r) +47 (- b) o(r)

which follows from the radial Schrédinger equation,'”
9% 20 I(l+1) o
|:__7"(97"+ 2 —2m, <T+En):|Rnl(T)_0

(11.74)

We now recall the spin and angular momentum operators. The nuclear and lepton spin operators
are denoted by s and S, respectively; the corresponding quantum numbers will be s for the lepton
and 7 for the nucleus. The lepton orbital angular momentum is defined as I = r x p. The lepton
total angular momentum is 5 = I 4+ s, and in turn, the atom’s total angular momentum is
f =7+ S. Substituting the operators with their eigenvalues,

2 as(s+ )28, 82 ii+1) 28, 2,
T+ =j(+1), G+8)>=f(f+1),
we find:
l-s = L[+ - 5%, (IL.75)
. %[ .7+1 —ll+1) 3],
foril=0,j=1/2,
— fori=1, j=1/2,
1/2 forl=1,j=3/2.
19T spherical coordinates, one defines the Nabla operator as:
o0 200 e D
V= 8 + r 00 + rsind 0¢’ (IL71)
and the Laplace operator as:
L0 (pOfy, 1 0 (. of\, 1 &
Al = r2 0r (T Br) + r2sinf 06 ( 30) r2sin?6 0¢ (IL.72)
It is worth to note that:
Al/r=—47é(r). (I1.73)
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A. Details of the Breit Potential Derivation

We next use the replacements [310, Eq. (22.8)]:

s—>j(s;'7 and l—>j(l;7)7
) )

J J

~—

(I1.76)

where the bar denotes eigenvalues. These relations are applicable if one calculates the expec-
tation values between states with equal quantum numbers s, [ and j. In this way, we find:

(IL77a)

—

v}
e,
SN—

5*
o WU+ -G+ ) - g+ DG+ 1) +s(s +1) — T +1)]
45(j +1) ’
S i) -3 JUen=g forl=0.j=172
- —é[f(f+1)—z(z+1)—f]’:I/2 LIf(f+1)=3] forl=1,j=1/2,

LIF(F+1) —i(i+1) — 45]i::1/2%[f(f+1)—%} forl=1,j=3/2,

1-S — S-j(l_ﬁj), (IL.77b)
J
L PUHD) —iG+ ) GG DG+ D) + T+ 1) = s(s +1)]
45(7 +1) ’
0 forl=0,j=1/2,
- g[f(f+1)—i(i+1)—g]zf=1/%[f(f+1) 3] fori=1,j=1/2,
LU+ —ii+) - B AU+ D -§] fori=1,5=3/2.

In addition, we make use of the formulas [310, Eq. (A.32)]:

r2

Rk R L II.
r°0; — 3wix; — PTG _3[ L1+ 1)0i; — 3{Li, 1;}], (I1.784a)
_ ) for I = 0,
T -Z ey - 3] forl=1,

and [302]:

7'251']‘ —rir; — [2 {l(l + 1) — 1} 5ij + {lz‘7 lj}] , (H.78b)

)
aAl+1)-3
_ {gf[ —{1;,1;}] forl =0,

[

20;; + {l;,1;}] forl=1,
which follow from angular averaging with the spherical harmonics, Eq. (I1.87), representing the
angular part of the Coulomb wave functions. We obtain:
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II. Finite-Size Effects by Dispersive Technique

Table I1.3.: P-level mixing matrix elements: (2P; |O|2P;:).
O  |i=vai=Ya|i=1a i =2 | i=Ya i =Yz |j=%i0 =
l-s -1 0 0 3
s .z z
@) 8) — 2 iy s
i-8)-s) 1 . s s

r2 (I1.79a)
0 forl =0, j=1/2,
S 2D —ili 1) -3 2 ()~ 3] forl=1,j=1/2
LAY i) - B L) - 9] forl=1,5=3/2,
85 _W (IL.79b)
LA i+ 1) =3 ) = 8] forl=0,5=1/2,
SRLF(F+ D) —ili+1) =3 2L (1) = 3] forl=1,j=1/2,
2 2

2F(f+1)—i(i+1) =B 222 [f(f+1) = 2] forl=1,j=3/2.

To calculate the P-level mixing, see Appendix I1.C.2, one needs to evaluate matrix elements
of products of spin and angular momentum operators between states with different lepton total
angular momenta, j = 1/2 and j = 3/2. Utilizing the common Clebsch-Gordan coefficients, we
expand the P-states in a product basis:

|(15)7S; fMy) = Z CfnsszSM ]JWS.',fnst‘l my) |s,ms) |S, mg). (11.80)

my,ms,M;,mg

Furthermore, we use the following general relations for angular momentum operators:

JelJmy) = V(T +my+1)(J —my)|J,my +1), (IL81a)
J_|Jmy) = (J—my+1)(J+my)|J,my—1). (I1.81b)
where
Jy = Jo+idy, (I1.81c)
Jo = J,—idy, (I1.81d)

The relevant matrix elements are then listed in Table I1.3.
A general expression for the final coordinate-space Breit potential is presented with Eq. (11.31).
Here, we will given the S- and P-wave potentials (s = 1/2 and i = 1/2).
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A. Details of the Breit Potential Derivation

S- and P-Waves Coordinate-space Breit Potential with Nuclear Form Factors

e S-wave potential (I = 0)

AVierc.(r) = QZﬂf:% 7o (r),

AVy(r,t) =% ; %ImGE(t)e—r t

AVo(r) = %17:]\; [f(f+ 1) - ;’} 4m §(r),

AVy(r,p,t) = Z:/t:oitImGE(t){—é <ﬂ}b2+z\;2> amo(r) + 26_7{
e ]

22 [ e {5 (5 + ) o) i

gy [0 ]|

AVy(r) =0,

AVs(r) :&iﬁ4toi“mGMU[ﬂf+n—§]{“:ﬂ_4wuﬁ,

(11.82a)

(11.82b)

(I1.82¢)

(I1.82d)

(I1.82¢)

(I1.82f)

(I1.82g)

(IL.82h)

e P-wave potential (I = 1) for states with equal j (upper case j = 1/2, lower case j = 3/2)

ZJo 1 | ., . 11
AV (r) = 4ghﬁn—]

AVy(r 1) = 22 %ImGE(t)e_" '

M
-S—=3{l-s,l- S}]}

1 1 11 3+ -3
(mM+2M2> +<mM+M2)H] ) ;[f(fﬂ)—%]
+1+/<61 L sl -]

mM 3 L9 - f(f+1)]

(I1.83a)

(I1.83b)
(11.83c)

(I1.83d)

(I1.83e)

(I1.83f)
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« e Vi
Avg,(r,ﬁ,t):%/t %ImGE() 8—;215 , (11.83g)
L P’ 2+2r\/z?+r2ta t3/2
TR (oL )
eVt 1 1/ 1 1 » 11
s (1+r\/£){mM+2<2m2+mM) {](j+1)_4]}17
—rVE Vi 52
) % %IIHGE( )[8;12 ter + ZmM {(Z—H”\/Z) - + 751/2} (I1.83h)
eVt 1 1/ 1 1 » 11
S ) {2 ) o0 2]
_ Za dt emVi 2If(f+1) - 3] .
AVy(r,t) ’W/ S ImGplt) 3 (1+r\/£)x§[f(f+l) é] (11.831)
o e Vi
AVs(r,t) 227 t %ImGM() 3 {—( 1]\4 A;Q)(l—&-r\/) (I1.83j)
—5m1]w<(1+T\/£)[4S-S—3{l-s,l-5}]—r2t[23-S+{l~s,l-S}])},
Zoo [ dt eVt 1 1 2lf(f+1 -3
==/ 7ImGM() _ { <mM+M2>(1+ Vi) x é%ffﬂ %
1 sE-fE+D] o 5B fF+ )]
+— ((1+r\/%)>< Ti;[f(f+1)_%] +rtx%[f(f+1) 2]>}. (I1.83Kk)

The asterix refers to symmetrized potentials which can only be applied to first order in PT.?"

B. Coulomb Wave Functions and Perturbation Theory

In the present Appendix, we state the non-relativistic Schrodinger and the relativistic Dirac wave
functions of the Coulomb potential, Vo = —Za/r, and introduce the framework of Schrédinger
PT.%!

B.1. Non-Relativistic Schrodinger Wave Functions

The Schrodinger equation for the spherically symmetric Coulomb problem can be solved by
separation of variables. Accordingly, the non-relativistic Schréodinger Coulomb wave functions
are written as a product of radial wave functions and spherical harmonics:

\I/nlm(T) = Rnl(r) Ylm(ea ¢)7 (11'85)

20The symmetrized potentials are derived by partial integration:

e 1 3] 0 1
/0 dr f(T) B) [Rn’lERnl + RnlaRn’l = *if(T)Rn/anz

_1 / dr f'(r) Ry R (IL.84)
r=0 2 0

ZINote that we introduced the reduced mass of the lepton-nucleus system in order to correct for the nuclear motion
or, in other words, the finite mass of the nucleus, as explained below Eq. (I1.32). Also, our definitions of the
spherical harmonics, Legendre polynomials and Laguerre polynomials comply with WOLFRAM MATHEMATICA.
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B. Coulomb Wave Functions and Perturbation Theory

where n, [, m are the principal, orbital angular momentum and magnetic quantum numbers,
respectively. The wave functions are all normalized to unity:

[e%¢) 21 m
/ drr?R%,(r) =1, / d¢/ df sinf Y2 =1, /dr w2, =1. (I1.86)
0 0 0
The spherical harmonics are defined as:
(20+1) (I —m)! b
Yim(0,¢) = B, 0) '™, II.
n(0,0) \/ b ([ Pnleost) e (11.87)

where Py, () are the associated Legendre polynomials given by the Rodrigues formula:**
_ I+
20!

For m = 0, the spherical harmonics of S- and P-waves read:

Yoo(6,6) = @ (IL90)

Yio(6,¢) = \/ECOSQ. (I1.90b)

| 2

P () = (% — 1)% (I1.89)

dglt+m

A three-dimensional polar plot with radius |Y,,(0, ¢)|* displays a spherical surface for [ = 0,
a dump-bell shaped surface for I = 1 and m = 0, and a donut shaped surface for [ = 1 and
m = +1.

For the radial part, we distinguish wave functions for the discrete and continuous spectra.

Discrete Wave Functions

The discrete radial Coulomb wave functions can be given in a general form:

2 2] _ 1 (n+1)!
Ru(r) = ——— | =| e/ Fi(—n+1+41,20+2,2/na 11.91
)= 2 [na} ¢\ oot A L2 2,20, (IE91)
2 2] _ (n—1—1)!
—_ = == ’l‘/n(L N 20+1 o na '
n2q3/2 |:na:| € (n+l)' Lnflfl( / )7 (II 91b)

in terms of the associated Laguerre polynomials Lf(x) or the confluent hypergeometric functions
of the first kind (; £7, Kummer’s function of the first kind), which are related by:

(k+)!
k! 5!
The associated Laguerre polynomials are orthogonal functions fulfilling a second-order differen-

tial equation of the type:

L;C(x) =

1 Fy (*j,kile,I). (1192)

d2L% () dLf(z) =,
22The Legendre polynomials are orthogonal functions which fulfil the second-order differential equation:
A2 P (z AP (z m?
(1—2a%) dx2( ) _ oy dx( ) + |1 +1) = =5 | Pim(2) =0, (11.88)
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II. Finite-Size Effects by Dispersive Technique

and their Rodrigues formula reads:

-k 33
keoy €Tt A
The confluent hypergeometric function of the first kind can be written as:**

F(b> ! et a—1rq _ p\b—a—1
F(b_a)r(a)/odt ) (11.96)

Again, the lowest S- and P-level wave functions are of special interest:

2

lFl(a7 b7 :U) =

Rio(r) = =7 e/ (I1.97a)
1 T
_ o —r/2a
o) = 5o (1 2a) T/ (IL.97h)
1 " —r/2a
RQI(T) = W E (& /2 . (IIQ?C)

Continuous Wave Functions

3/2

To transit to the continuous spectrum, we replace the factor of 1/n°/“ contained in each wave

function, cf. Eq. (I1.91), by:
1 2k

— (I1.98)
n3/2 1— exp(—%”)

and otherwise substitute n — 1/ik. The continuous radial wave function of a lepton with energy:

Zak?
E. = 11.99
k 2a ( )
moving in the Coulomb field of a nucleus with charge Ze is then given by:
1 [2kr) 1 [ amk L
R _ v ikr/a ™/2k 24 = I1.100
a(r) @3/ [ a ] © @+ \smhz € [Hl R (IL.100)
Py (i/kz VI, 2042, 2z‘i~m~/a).
The wave functions are normalized in the k-scale:**
00 k+Ak
/ dr r® Ry (r) / Ak’ Ry = 1, (I1.101)
0 k—Ak
The pertinent wave functions are:
1 4k ;
R /2 o= By i)k 1, 2, 2ikr 11.102
kO(T) CL3/2 Slnh(ﬂ'/k) € € 1 1(2/ + y 4y /a)7 ( a‘)
Ry (1) e e N1 + k21 Fy(i/k 4 2, 4, 2ikr/a).  (I1.102b)

3a3/2 \| sinh(r/k)

Z3Ref. [310, Egs. (3.5) and (3.16)] uses a different definition for the associated Laguerre polynomials, they therefore
have:

_ 2 2r ! —7/na (TL —1- 1)' 20+1 o,
Rnl('f’) = _W I:%:| e W ‘C’n+l ( /na) . (1195)

248ee Ref. [310, Sect. 4] for other choices of normalization conditions.

48



B. Coulomb Wave Functions and Perturbation Theory

Table I1.4.: Matrix elements of auxiliary potentials with discrete non-relativistic Schrodinger wave func-

tions.
\%4 (1S|V|1S) (2S|V|2S) (2P|V|2P)
Lr . i ia
e*“/i/r 4 14202t . 1 _
a(2+avt) 4a(1+av/t) 4a(1+avt)
4o (r) 4 ois 0
exp[-rv1 Erar)’ R (V)
1/r3 — — ﬁ
e - iy
p/r > Tow P
2+ V) e VEP?r 8(i§§§£$§)‘ft> 7+33a\/i+§2;zziim\;;)t;/2+24a4t2 5222?\142\2/05?
P o ToaT Tat

B.2. Schrédinger Perturbation Theory

The concept of perturbation theory (PT) is very useful and widely applied to provide estimates
for complex physical problems which cannot be calculated exactly or whose solution is too
time-consuming. QED corrections to, f.i., the anomalous magnetic moment of the electron or
muon can be arranged in a perturbative expansion in the fine-structure constant o =~ 1/137. In
ChPT, all Feynman diagrams contributing to a particular process can be classified into leading
and subleading orders with the aid of power-counting, cf. Section IV.2.1. In other words, the
fundamental idea of PT is to work out a perturbative series in a small parameter and quantify
the absolute importance of certain contributions in the full result.

In the following, we will briefly review the Schrédinger PT and work out approximate solu-
tions for complex quantum mechanical systems based on known solutions for simpler eigenvalue
problems. As shown in Eq. (I1.37b), we expect the Schrédinger Hamiltonian to split into an un-
perturbed Hamiltonian, ﬁo, and a weak perturbation, Hj. Here, the unperturbed Hamiltonian
corresponds to the Coulomb problem, which is solved by the wave functions in Eq. (I1.91) and
the energies in Eq. (I1.1).

To first order in time-independent PT, the energy shift of the nl-level due to a perturbation
of the Coulomb potential is given by:

AEi‘?(l) = (nlm| Vs |nlm) = /0 dr vy, (r) Hj U (7). (I1.103)
For a spherically symmetric correction Vs(r), this simplifies to:
1> o0

Al = 5n2 /0 dQ Q* wn(Q) V3(Q) = /0 drr2R2,(r) Vs(r), (11.104)

where the momentum-space expression contains the convolution of the momentum-space wave
functions:

wa(Q) = / 4 & (P + Q) pnim (D). (IL.105)
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II. Finite-Size Effects by Dispersive Technique

Table IL.5.: (Symmetric) mixed matrix elements of auxiliary potentials for the discrete spectrum:
(nlm|Vn'lm) with n > n'.

Vv n'l (nlm|V|n'lm) = (n'lm|V|nlm)
1S %”Z(T% exp {—Qn arctanh M]
e Vi 28 _ 4\(/15 [nj‘(;i(jj;)ftl] 5 €Xp [—Qn arctanh n(1+22a\/f):|
2P 1\%‘/3 = (;:::j{;;r exp [—Qn arctanh m
47o (1) 5 */’%“3
1S % exp {—Zn arctanh n(ljm/{)}
Tl e e [ 1t
op 25%% [nzx(/lz;;(;)_zl—)ﬁl] 5 €Xp [—271 arctanh n(1+22a\/f):|
1/r3 2P Wﬁ {1+ 3exp [-2narctanh 2]}
H%ﬂe*”/z 2P 4\/6n(;2_1)a3 { — 12_[25((3;2152/;__45%) exp [—Zn arctanh n(léax/f):| }
1S \/TT83a4 {1 — 732"_21 exp [—2n arctanh %]}
Pt 2S5 \/277‘3/34 {1 - 87{227124}722) exp [—2n arctanh 72;]}
2P % {1 + % exp [—271 arctanh %] }

The explicit forms of the coordinate-space Schrodinger wave functions are given in Appendix [1.B.1
and the convoluted momentum-space wave functions are given in Eq. (V.89). Relevant matrix
elements are listed in Table 11.4.
At second-order in time-independent PT, the energy shift follows as the sum of perturbations

of the discrete and continuous spectra:

. 2 . 2
nlm| H; yn'zm>( L e ‘mz ‘H(;‘ k:l)‘

dk ————
»/0 En - Ek

AED® = 3 ‘<

n'#n

550 5 (11.106)

Some relevant matrix elements are listed in Tables I1.5 and I1.6, where in the latter we give the
limit of large k.?

ZFor the evaluation of matrix elements we rely on the detailed mathematical Appendices of Ref. [311, Appendices
§d-§f]. Among other things, we use [311, Egs. (£.9)-(f.10)]:

/ drr? ™t e Fi(a, oy, kr) 1 Fi(al, v, Kr) (I1.107)
0
’r_ _ — ! kk/
-T ata’ —y _ o ot @ / -
(7) A A= k) "= K)o Fi (a,0',, (Afk)(kk,))
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B. Coulomb Wave Functions and Perturbation Theory

Table II.6.: (Symmetric) mixed matrix elements of auxiliary operators for the continuous spectrum:
ek {klm|V |nlm) with ¢, = w
Vv nl cx(klm|V|nlm) = ci(nlm|V|klm)
1S %m exp [ 2 arctan 1+’;\/Z}
e*r\/f/r 2S %m exp {—% arctan H_giﬂ}
2P — 1\%‘/3 {4k2+(1f2’f\/{)2]2 exp [—% arctan H;’;ﬁ}
46 (r) 15 as
25 vz
. 1S [k%(?i—\ﬁﬁ)z’]z exp [—% arctan ﬁ}
—rVi
e 53 32\/?125;(41(:;\;;)223;’?2)] exp {_% arctan 1+§§ﬂ]
= - 25%% {4k2+(t1(::j/)f)2]3 P [_% arctan 1+§Z\/f}
1/r3 2P 4\/Tk’4’) ~ {1+ 3exp [—% arctan 2k] }
(1 + i) emViip3 | 9p sz { { 4k23a(x£;z‘i/gz] exp {—% arctan 1+§Z\/E} }
1S % — 1fk2 exp [ %arctan k]}
4 29 uf;i’,j + exp [—7 arctan 2k] }
2P — \/m : {1 + {1 = ?fjfgf] ] exp [ £ arctan Qk} }

B.3. Relativistic Dirac Wave Functions

The Dirac wave functions for a spherically symmetric potential can be written as bispinors,

where the small and large components are given by:

ig(r) jli'm (),
—f(r)Q JjU'm (7),

with I” = 2j — . The radial functions are normalized to unity,

/ drv? [lg(r)? + 1 £()]?]

Pjlm

Xjlm

L,

and [311, Egs. (£.1)-(f.2)]:
/ drrve M 1 Fi(a, v, kr) =D+ D)X " 9F(a, v+ 1, 7, k/A),
0

for Rev > —1 and Re A > |Rek| (or Re A > 0, if « is a negative integer).

(I1.109)

(IL.110a)
(I1.110D)

(IL.111)

(I1.108)
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II. Finite-Size Effects by Dispersive Technique

and for the Coulomb potential read as follows [312]:

VI(2y+n, +1) 1+ £ 8/2 71
g(r) = - 2y +mn +1) e 2 e~ "/Ne 2r (IL.112a)
L2y +1)vn! | 4AN(N —x) a Na
{nT 11 [_nT + 1,2y +1, QT/N‘I] - (N - X) 151 [_nTv 2y +1, 27“/Na]} )
& _
V@ e D) | 1man 2\ e (2N (IL.112b)
r'2y+1)vn! | AN(N —x) a Na ’
{nr 1B [=np + 1,29+ 1,27/Na] + (N = x) 1 Fy [—np, 27 + 1,27/Nd] } .

f(r)

The spinor spherical harmonics are defined as:

(001 () = CYa1 1720 Y1 (=) (), (IL.113)

with g = +1/2 and the Clebsch-Gordan coefficients C.." as defined in Ref. [312]. Furthermore,
we introduced the new quantum number y:

. —(+1) j=1+1/2
G+1/2) { A (IL1140)
the kinetic energy, cf. Eq. (I1.6a),
£ = T (I1.114b)
V1t (Za) /(v +m)?
and,
n, = n—|xl|, (IT.114c)
v o= VX2 - Z%a2, (I1.114d)
N = /n2—=2n,(x| —"). (IL.114e)

C. Finite-Size and Recoil Effects

In the following, we discuss the finite-size and recoil effects as deduced from the nuclear FF
dependent Breit potential presented in Eq. (I1.31). We start by decoding the characteristic
structures of the hydrogen spectrum displayed in Figures I1.1, I1.3 and 11.4, and postpone quan-
titative expressions for the 2P FS, the P-level mixing, the 2P/ — 25; /5 LS and the HFS to
Appendices 11.C.1-11.C.4.

Neglecting the @2 dependence of the nuclear FFs, i.e., replacing F; — 1 and F» — K, or
equivalently, Gp — 1 and Gy — 1+ k in Eq. (I1.31), we obtain the static limit of the Breit
potential. In this limit, the non-vanishing potentials are AVic.c., AVielEy,,, AV1 and AN
The remaining potentials, AVy, AVs, AV, and AVj, describe the proton structure corrections.
We will first go through the static corrections and subsequently discuss the FSEs.

The unperturbed Coulomb potential, Eq. (I1.31b), generates the well-known gross structure
as given in Eq. (I1.1), cf. also the second term in Eq. (I1.6b). Together with the relativistic

26In the structureless limit, we in addition have x — 0, and hence, a change in AVs.
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C. Finite-Size and Recoil Effects

corrections to the Coulomb Schrédinger equation, i.e., the sum of the potentials in Eqs. (I1.31c¢)
and (I1.36a), the Coulomb Dirac energy is reproduced up to order (Za)S:

<2lj ’A‘/rel.C. + AVrel.Ekin| 2lj> = 12280;37:%% |:3 - j +81/2:| ) (IL.115)
cf. third term in Eq. (I1.6b). Obviously, Eq. (I1.115) introduces a FS splitting of, f.i., the 2P
levels, while the 2P/, and 25, levels of the classic LS are degenerate.

Treating Eqgs. (I1.82d) and (I1.83e) at first-order in PT, we reproduce the LO HFSs. For
S-levels that is the well-known Fermi energy, cf. Eq. (I1.7). The HFSs of 2P; /5 and 2P3/5 levels,
cf. Egs. (I1.140b) and (I1.140d), are obtained as in Ref. [276, Eqgs. (86) and (87)]. Furthermore,
we checked that Eq. (I1.83¢) agrees with Ref. [302, Eq. (24)].

The total static contribution to the 2P FS is generated by the relativistic corrections to the
Coulomb potential and the potential AV;. Neglecting the lepton anomalous magnetic moment,
our result, Eq. (I1.123), agrees with Ref. [276, Eq.(80)] and Ref. [302, Eq. (3)] up to order (Za)°.

The total static contribution to the classic LS is generated by the kinetic energy operators of
AVied Mass and the potential AV;. The LS effect is of nuclear recoil type, cf. Eq. (I1.128), and
was predicted long time ago by Ref. [296], see also Ref. [276, Eq. (47)].

In conclusion, we reproduce all the static contributions to the hydrogen spectrum as reviewed
in Ref. [233, Eq. (3.4)] and the leading contributions to the HFS. We now turn our attention
to the FSEs. The Yukawa-type electric Sachs FF perturbation, Eq. (I1.31d), and the magnetic
Sachs FF perturbation, Eq. (I1.311), were discussed in details in Section 1.3, where we pointed
out a limitation in the usual accounting of FSEs in terms of electric and magnetic radii. Nev-
ertheless, below we will apply the standard procedure of expanding in moments of charge and
magnetization distributions, as we want to compare to the literature. The results are derived
in first-order perturbation theory (1PT) and second-order perturbation theory (2PT) of the
continuous spectrum. The exact results are expanded in the small parameter Za and the elec-
tromagnetic radii are identified as in Eq. (I1.42). For brevity, we will truncate the presented
expressions at order (Za)®. In doing so, the higher order terms from P-waves can be neglected.

Combining Egs. (I1.130) and (I1.130), we reproduce the well-known NLO FSEs in the LS,
Eq. (I1.8a), given by the rms charge radius and the Friar radius. Combining Eqs. (I1.141),
(I1.142) and (I1.143), we reproduce the well-known Zemach radius contribution to the HFS, cf.
Egs. (I1.8b) and (V.32). In addition, we find recoil FSEs of order (Za)?, see Eqs. (I11.137) and
(I1.138). In Section V.2, we will try to match the latter to the nucleon-pole contribution of TPE.

Next, we study the P-level mixing indicated in Fig. 11.3 and described by the parameter §.
We proceed analogously to Ref. [276] and keep the notations used therein. We form a matrix
for an effective Hamiltonian in the basis of the states 21P1/2, 23P1/2, 23P3/2, 25P3/2:

—36
1
H= A1 . & (I1.116)
B2 —3gBs+~
I 33 +7]

Here, 81 and f3 are the static 2P HFSs in Egs. (I1.140c¢) and (I1.140e). The non-vanishing mixed
matrix elements of 23P; /2~ and 23 P, /2-states, originating from the static AV, potential and the
AVs potential with eVP, cf. Egs. (I1.124) and (II.152¢) (last row in Table 11.7), add up to:

By = —0.797 meV. (IL.117)
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II. Finite-Size Effects by Dispersive Technique

The dominant static and eVP contributions to the 2P FS, cf. Eqgs. (I1.123), (II.151c) and
(I1.151d), amount to:
v = 8.332 meV. (I1.118)

To obtain the eigenvalues in the chosen basis, we are left to diagonalise the matrix H.?” In
accordance with Ref. [276, Eq. (93)] and Ref. [302], we find a shift of 23P levels with*®

§ = 0.14530 meV. (11.120)

The inclusion of the eVP correction presented in (I1.152¢), changes § at the level of 107 meV.

C.1. 2P Fine Structure

The static contributions to the 2P FS are:
° AV}el.C. (1PT)

Za 1
(2P1y2 |AVieic | 2P2) = =15 mZ’ (I1.121a)
Za 1
IPs sy |AViec | 2Ps)0) = 2~ I1.121b
(2P3/5 |AVielc.| 2P5)9) 960 m2 ( )
e AVy (1PT):
Zo 1 11
2P /5 |AV1| 2P = — _— = —— 11.122
(2R3 VA 2Py = oy | o= G| (1L1220)
Za 1 11
Summing up, the static 2P FS evaluates to:
(2P3)3 |AViero. + AV1[2P3)9) — (2P )3 |AVieLo. + AVI[ 2Py )9)
Zo 1 1
= — — — | =8.32 . 11.12
3903 [m% MQ} 8.329 meV ( 3)

The nuclear finite-size contribution to the 2P FS from AV starts at order (Za)® only and can
be neglected.

C.2. P-Level Mixing
The mixed matrix element from the static potential reads:

o AV; (IPT):

(25P) )9 |AV,| 22 Py )9) = = —0.796 meV = f,. (I1.124)

V2Za [1+k 142k
144 a3 | mM M?2

The nuclear finite-size contributions to the P-level mixing from AV, and AVj start at order
(Za)% only and can be neglected.

27 A matrix of the form:

b
M= [ ! m] , (IL.119)
m bg

has the eigenvalues 1/2 [bl + b2+ /(b2 —b1)%2 + 4m2].

#8Note that, in contrast to Refs. [276, 302], we neglected the anomalous magnetic moment of the muon.
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C. Finite-Size and Recoil Effects

C.3. Lamb Shift
The static contributions to the 2P 5 — 25} /5 LS are:
o AVierc. + AVial gy, (1PT):

Za 1 |1 13 5Za 1
(2512 |AVierc. + AViel By | 251/2) = [ ] —

adm2 (16 128| 12843 m2’

9P, 1o |AViLc 4 AV |2P, 1) = — 22 2 |2 4 T
(2P /2 [AViero. + AViel By, | 2P1/2) & m? |18 + 321
® AVied Mass (1PT)

Za 1
<2P1/2 ‘A‘/red.Mass| 2P1/2> — <2‘91/2 ‘A‘/red.Mass| 251/2> = —@mi;
o AV; (IPT):

Zo 1 1
(2P 2 [AV1| 2Py 3) — (2812 |[AVA| 25, p9) = 4a3 [mM + 121\42} ’

Summing up, the static 2P, — 2.5} /5 LS evaluates to:

Za 1
<2P1/2 |AVred.Mass + AVI’ 2f)1/2> - <231/2 |Vred.Mass + AVvl| 2Sl/2> = @m
The finite-size contributions to the 2P /5 — 25,5 LS are: >’
[ ] AVY (1PT)
_Za[(*p  (P)s 6.
281s181%1281) = 23 | 10 - B8] 1 o(za,
e AVy (interference at 2PT):
@iyan)@ _ 2ol Losy L oiza,
251/2 - 120/4 E 2 E(2) ’
e AV (1PT):
Za 3 1 6
(251/2 |AV3]2S))9) = oy [SmM - 8m72l (re+0(Za)™;

o AVy and AV ¢ (interference at 2PT):

AV )(AViao)(@) _ _ Za 1 (r\g +0(Za)®;

——(r
2512 Ral m%

29We make use of the following relations:

r) 1<7“> dt/ dt Im Gg(t) ImGE(t)
E— =(ME =
PR to \er\f
E 5 E(2) — 7T2 " 1372 " 1/3/2 \/»+ NG .

Za 1 [1 7] 5Za 1
128a3 m2’

(IL125a)

(I1.125b)

(11.126)

(I1.127)

(11.128)

(I.130)

(I1.131)

(11.132)

(I1.133)

(11.129a)

(I1.129D)
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II. Finite-Size Effects by Dispersive Technique

e AVy and AViq g, (interference at 2PT):

AV W AVeelw, . )(2 Zo 1

r

o AVy and AVieqMass (interference at 2PT):

AVy ) (AVied Mass) (2 3Za 1

e AVy and AV; (interference at 2PT):

(AVy)an) @) _ Lo 1
25172  dat mM

(g + O(Za)"; (I1.136)
e AVy and AV3 (interference at 2PT):

AVy ) (AV3)(2 Za 1 2 5
Eésl/gx 3)(2) = 8? |:<7'>E - 2<T’>E(2):| |:7’qu% - TTZJW:| O(ZOZ)6 (11137)

Equations (I1.130) and (I1.131) add up to the well-known non-recoil FSEs, cf. Eq. (I1.8a). Sum-
ming up Eqs. (I1.132)-(I1.136), we obtain a recoil contribution proportional to the first moment
of the charge distribution:

(AV3)(1)+HAVY ) (AViel o+ AViel By, FAVied MassFAVI)(2) _ Za 1

25, 2 = 8a4mM<r>E+(’)(Za)6. (I1.138)

Furthermore, Eq. (I1.137) gives finite-size recoil effects proportional to the characteristic differ-
ence of first moments of charge and convoluted charge distributions:

(r\e — 1<7“>E<2) = i/ooo 2;3 [Ge(@Q%) —1]%. (11.139)

C.4. Hyperfine Splitting

The static contributions to the HFSs are:

e AV, (1PT):
4Zal+k 1 |1 3| _
(nS1y2 |AV2| nS1y0) (s=1)-(s=0) = 55 37 -3 [2 + 2] = Ex(nS), (I1.140a)
Za [1 3] (1+k 142k
(2P 5 |AVA| 2P1/2>(f:1)—(f:0) = 184 _5 + 5_ { -~ 12 } , (I1.140b)
= 7.953meV = Sy, (I1.140c¢)
_ Za [3 5] [1(1+k)  1+2k
<2P3/2 ’A‘/Q| 2P3/2>(f:2)_(f:1) — 18a3 -5 + 5- {5 mM + 8M2 } 5 (11140d)
= 3.392meV = fs; (I1.140e)

The finite-size contributions to the 25 HFS are:
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D. Vacuum Polarization Contributions

o AV; (IPT):
(2812 |AVE| 251 j2) (r=1)—(f=0) ~ 8EFa(QS)7T/O 25 [GMIS_:Q) - 1] : (I1.141a)
= —2Fp(25) <TC>LM (Za)®; (IL.141b)
e AVy and AV; (interference at 2PT):
BAWIARER) 5g) 8EF % / (—k2) — 1], (I.1422)
— 2 (2S)< +O(Za)", (I1.142b)

e AVy and AVj (interference at 2PT):

BAIBWIE) og) SEFQ(QS)i /OOO % (k) 1] [Gﬂfi—:z) _ 1} . (IL143a)
— oR(29) B2 <7“>f — 0l | o248, (I1.143b)

Summing up, the finite-size contribution to the 25 HFS evaluates to:
R
EI<-IAF‘S/5>+<AVY><AV2+AV5> (25) — _QEF(QS) TZ + O(ZOZ)G (11144)
The nuclear finite-size contributions to the P-level HFSs from AV, and AVs start at order (Za)®
only and can be neglected.
D. Vacuum Polarization Contributions

In the following, we will motivate how one derives the Breit potential for OPE with VP, cf.
Fig. I1.15. Electromagnetic gauge invariance constrains the VP tensor to the well-known form:

" (q) = (9"q* — ¢"¢") T1(¢?), (11.145)

where the scalar VP function satisfies a once-subtracted DR:

Q2/°°dtImH(t)
T Jyy t O t+Q?

(Q* = — (I1.146)
with ¢ = —Q? and ¢ty = 4m? being the (lowest) pair-production threshold for the particles in
the VP loop.

As shown in Fig. 11.15, the pH bound state receives contributions from eVP and pVP. We
will limit ourselves to the eVP, as it dominates the uH LS, cf. Section 11.1.3. The calculation of
the uVP effects proceeds analogously. The hadronic VP contribution to the pyH LS is discussed
in the literature, see Refs. [313, 314].

Modifying the photon propagator, given in Eqs. (11.24) and (I1.26), with a VP insertion, we
obtain:

D = Dua(@ T (q) Dpu(q) = Ay —5— (I1.147)
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/6—

e p

Y

Figure I1.15.: One-loop vacuum-polarization correction.

Since the nuclear FF's satisfy a once-subtracted DR similar to Eq. (I1.146), we can deduce the VP
Breit potential from the nuclear FF dependent Breit potentials in Eq. (I1.31d) and Egs. (I1.31g)-
(I1.311), cf. Section 11.2.2, by replacing:

Ge(@) = TQ%),  Gu(@%) — (1+r) Q). (IT.148)

At one-loop level in spinor QED, we can then rely on the well-known expression for leptonic VP:

Im H(l)(4m2t) = —% (1 + 2115) H (I1.149)

In what follows, we give exact expressions for the contributions of eVP to the 1.5, 25 and 2P
levels in hydrogen-like atoms. In Table I1.7, we quantify the effects in uH and compare to the
literature values. All results are obtained in first-order PT. The lowest-order eVP correction is
given by the Uehling potential [292]:

. AZal [ 1

L;fP(AVy) _ ol / dé ————— ImTI(4m?t), (I1.150a)

1/2 a ™) ¢ [2+\/£/)\]

i Zal [>*dt 1+42t/)\?
E2§P<Avy> _ 0‘/ ﬁ% ImH(4mgt), (I1.150b)

1/2 dam/f [1_,_\/{/)\]
povPen) _ Zal / @1 n(am?), (IL150¢)

4a T 1 t [1 + \/-E/)\]

where we introduced A = 1/2am,.. As one can see from Table I1.7 and Fig. 11.2, Eq. (I1.150Db)
represents the dominant contribution to the LS in H and is responsible for the rearrangement of
2Py jo- and 2 jo-levels as compared to the H spectrum, see Figures I1.3 and [1.4. An additional
but weaker eVP contribution to the LS and the 2P FS is described by:

VP(AVs)  2Zal [*dt [4+3VE/A  1+Vt/A) ImII(4m2t)
18 = - - - ox (IL.151a)
1/2 ad T IR mM m% [2 4 \/i//\]
VP(A) _ Za 1 [dt [ 1 2 3/2 /13
I 16a37r/1 = 1 (54 18VE/A +228/07 + 12672/ 3%)
2
- (2+8\ft/A+11t/A2+8t3/2/A3>} M, (IL151b)
2m; (14 VE/A
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. Za 1 [*dt (3t/)2 2
R = )T U (i )

96a3 m2
2 Im I1(4m?2
+— (5+14ﬁ/A+6t/A2)} M (IL151c)
mM [1+Vt/A]
eVP(AVs) _ Za 1 [dt [3t/3* 1 5
E2P3/2 ~ 96a3 7r/1 t m2 m? (1 TAVE/A+ 3/ )
2
L <4+4ﬁ/A—6t/A2>} Im(dmet) (IL.151d)
mM [T+ Vt/A]

The modification of the magnetic Sachs FF potential, AVs, will give relevant contributions to
the HFSs:

dt 14+ t/A
24 VAN
EF(ZS)/ dt2+8\//)\+11t/)\2+8t3/2//\3
2T 1t [ _|_\[/)\]

eVP(AV5) Za 1+/~@/°° de [ 1 )
E 2P, =———— — 2 A t/
HES (2P172) 1843 « J; ¢t mM( +8Vi/A+91/ )

Egys S (18) = —4Ep(18) - / 5 Im IT(4m?t), (I1.152a)
™ J1

Egps &1 (29) = - Im I1(4m?t), (IL152b)

Im IT(4m?2
1+4\/E/A+3t/A2 } m H{dmet) (IL.152¢)

1+ Vi)Y

eVP(AVs Za 1+k
By &V (2Py5) = 0 x / { <1+4\/E/)\)

1
+m(

I1(4 275
+% (1 +4\//)\+3t/>\2 } m (IL.152d)

Zoa 14k
22P, o |AVEVP| 23 P :/ 2 1t/)\2
(2°Py ) |AVEYY | 22 Py o) NI M by v (7+ 8\///\+5t//\)
2
_l’_

Im IT(4m?2t)
i T VinT

[1+ VA"

In the last line, we also give the effect on the P-level mixing. The effect from the eVP analogue
of AVy on the 2P HFS can be neglected, as it is strongly suppressed by the nuclear mass:

1+ 4vVE/N +3 t/)\2> } (I1.152¢)

evP(avy _ Za 1 / dfw Im T1(4m2t), (IL.153)

Eap T @ 36M2%7 T INE

and the associated P-level mixing would be further suppressed by an additional factor of
—(2v/2)~!. However, it is worth noting that it produces the same HFS for 2P, /2 and 2P 5.

Table I1.7 gives an overview of the above eVP effects evaluated for uH. For the Uehling
potential, we explicitly checked that the difference of Eqgs. (I1.150¢) and (II.150b) matches the
formula presented in Ref. [276, Eq. (16)]. Also, we agree with the Breit potential of Ref. [278].
The comparison of our numerical results for the FS and HFS with Refs. [276, 302], see Table
I1.7, is not exact because we omit the anomalous magnetic moment of the muon. To summarize,
the dispersive approach to the OPE Breit potential with VP insertion reproduces all the known
one-loop leptonic VP contributions to the spectra of hydrogen-like atoms.
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II. Finite-Size Effects by Dispersive Technique

Table II.7.: Numerical results for the electronic vacuum polarization contributions to the spectrum of
muonic hydrogen.

L. our result .
eVP contribution Eqgs. literature value [meV]
[meV]
205.0074 [169, Table I
ELYPAm) (IL.150b), (IL150¢) | 205.0074 [ ]
and [276, Eq. (16)]

BYPAVs) (IL151b), (IL151c) | —0.0277 | —0.0277 [278, SE® from Table I]
EEYTAYs) (I1.151c), (IL151d) | 0.0030 0.005 [276, Eq. (82)]
EgveBY) (28, ) (I1.152Db) 0.0482 0.0481 [108, Eq. (18)]
ENe AV (2P ) (IL.152c) 0.0039 0.0038 [302, Eq. (34)]
Egvg 2% (2P ) (I1.152d) 0.0005 0.0005 [302, Eq. (35)]

(2P )0 |AVEVP| 23 P 5) (IL.152€) —0.0006

E. Analysing Common Nucleon Form Factor Parametrizations

We apply six different parametrizations for the electric and magnetic Sachs FFs of the proton
to calculate various e.m. radii and contributions to the pH spectrum.?’ The electric FFs of the
proton are shown in Fig. I1.16, together a parametrization from a simultaneous fit of all e.m.
nucleon FFs [316], cf. E7, and a Padé approximation in @ [317], cf. Eg, and compared to the
simple dipole FF:

) Az 2
E =(——= I1.154
with A = 0.71GeV. There are two chain-fraction fits and four Padé approximations with the

2
dimensionless momentum transfer 7 = fw:

1. Chain-fraction fit by Arrington and Sick [111]:

1
2 —
El(Q ) - 3~44Q2 9
I+ 1— 0.178 Q2
1 1.212 Q2
1+ 1.176 Q2
1-0.284 Q2

1
I+ —snes —

1 1.165 Q2
5.619 Q2

14 5.619Q=
+ 1-1.087 Q2

2. Chain-fraction fit by Arrington and Sick [111] with TPE corrections [196]:

1
E2 Q2 = )
@ EEE—

1- 1.311 Q2

1= 2
14 _1.128Q
1-0.233 Q2

30Gimilarly, Refs. [299, 315] compare exponential, uniform, Yukawa-, Fermi- and Gaussian-type charge distribu-
tions and evaluate, f.i., the Zemach radius and the expanded FSEs.
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E. Analysing Common Nucleon Form Factor Parametrizations

1
MQ(Q2)/,LL = 3224@2 7
I+ — s —
1— 0.868 Q2
T a2msQT_
1-1.102 Q2
3. Padé approximation in Q? by Kelly [113]:
1-0.2471
E3(Q%) =
3(Q7) 1+ 10.987 + 12.8272 + 21.97 73’
1+0.127
Ms(Q*)/p =

1+10.977+ 188672 + 6.55 73

4. Padé approximation in Q2 by Arrington et al. [112]:

1+3.4397 — 1.602 72 4 0.068 7
1+15.0557 +48.061 72 4 99.304 73 + 0.012 74 4 8.650 7°
1—1.4657 4+ 1.26072 +0.262 73
149.6277 + 11.179 74 4 13.245 75"

(I1.155a)

(IL.155b)

5. Padé approximation in Q? by Alberico et al. [318]:

1-0.197
E5(Q*) =
5(Q7) 1+ 11.127 +15.1672 + 21.2573°
1+1.097
M5(Q*)/p =

1+12317 4255772 +30.6173°

6. Padé approximation in Q? by Venkat et al. [319]:

142909667 — 1.11542229 72 + 3.866 171 x 1072 73
14 14.518 7212 7 + 40.883 33 72 + 99.999 998 73 + 4.579 x 10-5 74 + 10.358 0447 75’
1—1.43573 7+ 1.19052066 72 + 0.254 558 41 73 _
149.70703681 7 + 3.7357 x 10472 + 6 x 108 73 + 9.952 7277 74 + 12.797 7739 75’

Eg(Q*) =

Ms(Q*) /1 =

7. Padé approximation in Q? by Bradford et al. [316]:
The e.m. nucleon FFs are parametrized as:

G(Q2) _ Zk:() aka

e ye? (I1.156)

with the fit parameters given in Table I1.8.

Table IL.8.: Fit parameters of Ref. [316] corresponding to the functional form given in Eq. (I1.156).

Sachs FFs | ag a as b1 bo b3 by
GEp 1 —0.0578 + 0.166 11.1+0.217 13.6 £ 1.39 33.0 £8.95
Grp/ 1 1 0.150 £ 0.0312 11.1+0.103 | 19.6 +0.281 | 7.54 £0.967
GEn 0 1.25 +0.368 1.30+1.99 | —9.86 £+ 6.46 305 £ 28.6 —758 £ 77.5 | 802+ 156
Garrn/ pin 1 1.81 + 0.402 14.1 + 0.597 20.7 £ 2.55 68.7 £ 14.1
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II. Finite-Size Effects by Dispersive Technique

Table I1.9.: Difference between various proton form factor parametrizations.

Eq. Fpipole | E1, M1 | E2, M2 | E3, M3 | E4, M4 | E5, M5 | Ee¢, Me
Rp [fm] (IL9) | 08112 | 0.8965 | 0.9014 | 0.8628 | 0.8779 | 0.8662 | 0.8776
g/@ [fm] (11.63) | 0.917 1.045 1.053 0.994 1.019 0.996 1.020
Rp [fm)] (IL.10) | 1.265 1.425 1.434 1.362 1.391 1.365 1.392
Ry, [fm] (1L11) | 1.025 1.091 1.097 1.069 1.081 1.078 1.081
AESS ™M exp. [ueV] | (11.43b) | —3406 | —4156 | —4202 | —3851 3986 —3882 | —3984
AESEFM exact [peV] | (IL49a) | —3406 | —4156 | —4202 | —3851 3986 —3882 | —3984
AEZ g [neV] (V.32) | —164.12 | —174.81 | —175.77 | —171.20 | 173.08 | —172.72 | —173.14
AEES [leV] (V.33) | 19.13 19.04 18.98 19.05 19.03 19.00 19.01
0.00} —
-0.01f
. -0.02f
,_'E ._._§ -0.03f
ST _0.04f
~0.05}
-0.06¢ ‘
00 02 04 06 08 10 — E

Q[GeV]

Figure I1.16.: Various fits of the electric Sachs form factor in comparison to the dipole form factor.

F. Toy Model Based on the Dipole Form Factor

Analogously to Section 1.4, we now want to derive another toy model starting from the simple
dipole FF:
_ A?
G H= | =—
E(Q ) <Q2 T A2
Even though, the dipole FF can only describe the ep scattering data very roughly, it has two
features interesting to us. While most modern FF fits display unphysical poles, the dipole FF
has second-order poles at () = £iA, i.e., poles on the imaginary axis of the () plane, as expected
from analyticity constraints. Furthermore, the dipole FF gives a small proton charge radius:
REgp, = 0.8112 fm. Therefore, in this case, we are required to construct a fluctuation that

enhances the radius.
The non-smooth part of the FF is now inspired by the weighting function,

_AQ*[QF - @Y
(@3 +@Y"

2
) ., with A% = 0.71 GeV?, (I1.157)

Ge(Q?) (IL.158)

and has fourth-order poles at @ = +iQ)y. Again, the charge remains unchanged as Gp (0) = 0.
This correction to the FF is described by two free parameters for its strength, A, and location,
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F. Toy Model Based on the Dipole Form Factor

A (1071 MeV?)

- eH ; .
—17} ‘ o NN

8.0 81 8.2 83 84 85
Qo (MeV)

Figure I1.17.: Modification of the dipole form factor: Parameters of G, for which the electronic-hydrogen
(blue dot-dashed) and muonic-hydrogen (red solid) Lamb shifts of Eq. (I1.57) are reproduced. We chose
A= —-0.146 MeV* and Qg = 8.237 MeV, as indicated by the dashed lines.

Table I1.10.: Lamb shift and moments corresponding to the modified dipole form factor, with A = —0.146
MeV*# and Qo = 8.237 MeV.

Eq. EE C:'E GEg
(r?)  [fm?] (IL9) | (0.8112)% | (0.3305)% | (0.8760)>
(r®) i [fm®] (I1.63) | (0.917)% | (2.969)% | (2.998)°
Lamb-shift, exact (I1.49a)
Epg ™ (eH)[neV] 0532 | —0.088 | —0.620
Ep ™ (uH) [peV] 3406 | -243 | —3650
Lamb-shift, expanded | (II.43b)
Epg"™ (cH)[neV] 0532 | —0.088 | —0.620
Erg™ ™ (uH)[peV] —3406 —90 —3496

Qo. A stable solution is found for the parameter pair: A = —0.146 MeV* and Qy = 8.237 MeV,
cf. Fig. I1.17. The contribution of such a correction to the second and third moments is given
by:

_ 6A
(), = _G@GE(QZ) o= o (I1.159a)
__ S
e = T [ G {Ge@)+ 1070
_ _‘3620:7)4' (IL.159b)

Table 11.10 summarizes the numerical values of these moments as well as the expanded and
un-expanded LSs, respectively. Again, the LS expansion in moments is broken for the case of
pH. Since the dipole FF itself gives a smaller charge radius than either values in Eq. (I1.58) and
the associated LSs are larger than the experimental values quoted in Eq. (I1.57), the correction
has to decrease the integrand of Eq. (I1.49) and strengthen the negative slope of the FF at
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II. Finite-Size Effects by Dispersive Technique

@ = 0. Figure I1.18 shows that our fitted correction exactly meets these requirements. Figure
11.19 compares the dipole FF and the modified dipole FF. Again, the fluctuation is very tiny:

|Gr/Gr| <25 %1075, (I1.160)

also in comparison to the FF deviation from 1:

|G/ (G —1)| <017 (11.161)
l/clzeH elp data
5F ]
0 ;

-5k i
-10F i
-15f —— 107 Gg(@®) ]

-------- 10* we(Q), eH

-20F ' i

----- 10* we(Q), uH

-25} ) ) ) ) ]
1077 10°° 0.001 0.100 10

Q[GeV]

Figure I1.18.: Modification of the dipole form factor: The correction, éE(QZ), with A = —0.146 MeV*
and Qo = 8.237 MeV (solid green), and the weighting function, wg(Q), for electronic hydrogen (blue
dotted) and muonic hydrogen (red dashed) as functions of . The dot-dashed line indicates the onset of
electron-proton scattering data.

(Gg-1) 10°
0
L T -- modified FF
0s- T — Dipole FF
P T e e R
05
-15F & -10f
LT st
-20¢F 9"’ 20
_os5f 25}
5 S T S .‘
-3.0¢F Q (MeV) ‘.“
0.10 O.iS 0.‘20 0.50 0.50 0.‘70 1})0 Q MeV)

Figure I1.19.: Modification of the dipole form factor: The solid black curve shows the dipole form factor,

GE(Q?) — 1. The dotted blue curve shows the modified dipole form factor, Gg(Q?) — 1, discussed in the
text.
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cHAPTER |11

COMPTON SCATTERING AND POLARIZABILITIES

In this Chapter, we classify the CS processes (Section II1.1) and give a general introduction
into the concepts of polarizabilities (Section II1.1.1) and model-independent sum rules (Sec-
tion I11.1.2). After that, we will focus on the RCS while delegating the case of VVCS to
Chapter IV. The status of our knowledge of the lowest-order nucleon polarizabilities is reviewed
in Section II1.2. In Section II1.3, we will study the Compton contribution to photoabsorption
and the associated CS sum rules in scalar and spinor one-loop QED. A modification of the sum
rules which deals with the infrared divergences has been published in Refs. [238, 239].

1. Basic Principles

Figure [.2 shows a CS process — an absorption and subsequent emission of a photon by a target.
The particles in the initial and final states are the same, and their initial (final) momenta
are denoted by ¢(¢') for the photon and p(p’) for the target. The photons can be real, i.e.,
¢> = 0 = ¢?, or virtual. In VCS, the initial photon is virtual and the final photon is real,
v¥*p = vp. In VVCS, both photons are virtual.

Im x

Figure IIL.1.: Nlustration of the optical theorem, relating the imaginary part of the forward Compton
scattering amplitude to the total photoabsorption cross section.

Of special interest is the forward limit, where p = p’ and ¢ = ¢/. Accordingly, the Mandelstam
invariant ¢t = (¢g—¢')? = (p—p')? vanishes. In this case, unitarity leads to the optical theorem (see
Ref. [320] for a review of the optical theorem and its modern application in scattering theory).
It expresses the imaginary part of the forward CS amplitude through the total photoabsorption
cross section, as is graphically depicted in Fig. III.1: on the left-hand side (lhs) we have the CS
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III. Compton Scattering and Polarizabilities

(b)

Figure II1.2.: (a) “Elastic” and (b) “inelastic” photoabsorption cross sections. (a) is related to the “nucleon-
pole” part of the Compton scattering amplitude, whereas (b) is related to the “non-pole” part.

amplitude and on the right-hand side (rhs) we have the squared photoabsorption cross section.
The exact formula representation depends on the choice of a photon flux factor, see Ref. [321],
and is postponed to Egs. (I11.10) and (IV.12).

Photoabsorption of a (virtual) photon (on, e.g., a nucleon: v*N — X) can be divided into
two categories: elastic and inelastic. Elastic is the process which leaves the target intact. The
elastic photoabsorption on the nucleon is shown in Fig. 111.2 (a)."! In the case of inelastic
photoabsorption, cf. Fig. I11.2 (b), other particles appear. For photoabsorption on the nucleon
these can be pions, nucleon excitations such as the A(1232), etc. One the CS side, the elastic
corresponds with the (nucleon-)pole and inelastic with the non-pole contributions. Examples of
those are illustrated by, respectively, Figures I11.3 and IV .4.

1.1. Polarizabilities

Polarizabilities depend on the inner structure of the particle. A classic example are the scalar
dipole polarizabilities. Imagine a composite particle immersed in an homogenous electric E
or magnetic H field: its charged constituents will be displaced, forming electric and magnetic
dipoles proportional to the strength of the field:

dina. = 4dmam E, (ITL.1a)
Ming. = 47 0B H. (ITL.1b)

The proportionality coefficients are the so-called electric and magnetic dipole polarizabilities
api and Bas1. They reflect the mobility of the constituents.

However, not all polarizabilities can be interpreted as easily as the dipole polarizabilities, and
therefore, a rigorous definition for the term “polarizability” is needed. Generally speaking, the
polarizabilities of, f.i., the proton provide information on the masses, charges and interactions of
the proton’s constituents. They are probed in CS because photonic probes from, e.g., ep scatter-
ing are stronger than any static e.m. field available in a laboratory. It is therefore advantageous

'For real photons, the elastic photoabsorption cross section is given by: YN — yN.

Figure IIL.3.: Tree-level Compton scattering.
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1. Basic Principles

to find a definition of polarizabilities in the language of CS. As explained in Section III.1, the
CS amplitude separates into elastic “pole” and inelastic “non-pole” contributions. Equivalently,
it separates into the contribution of (tree-level) Born diagrams, see Fig. I11.3, and non-Born
diagrams. Writing down a schematic equation, we have (for CS off the nucleon):

nucleon-pole |+ ’ inelastic ‘ = \ Born \ + \ non-Born \, (I11.2)

where it is important to understand that the nucleon-pole part and the Born part are not
necessarily the same, cf. Eq. (V.17). We then define a polarizability as anything that stems from
the non-Born part of the CS process. On the other hand, the Born diagrams describe the charge
and anomalous magnetic dipole moment of the nucleon, as well as its Dirac and Pauli radii.

The electric and magnetic fields are embedded in the e.m. field strength tensor, F,, = 0,4, —
0y A, as E; = Fy; and H; = § €;;,F;. The energy response of a composite system to an external
e.m. field can be described by an effective Hamiltonian [322, 323]:

HE) = —dn [} ap E*+ L fan HY, (I11.3a)

HY = —an [% Y10 - (E X E)+ % yyun o - (H x H) (I11.3b)
—ymie2 EijoiHj + veime Hijoi Byl

HY = —ar [% ap B+ 3 Bany H + 35 aps B + 35 B HE | (I11.3¢)

with the Pauli matrices o representing the spin of the composite particle. Here, the superscript
denotes the number of spacetime derivatives of the photon field, see Ref. [321] for Hg?. The
higher-order scalar polarizabilities, i.e., the quadrupole polarizabilities ago and B, and the
leading dispersive contributions to the dipole polarizabilities denoted as agi, and Bar1,, will
not be of further interest in this Chapter. We will meet them briefly in Chapter V. For now,
we will focus on the lowest-order dipole and spin polarizabilities.

The spin polarizabilities [324], entering in ”Hgi’f), describe the coupling of the particles spin to
the e.m. moments induced by an external field. Their label (yx;y ) indicates the multipolarity of
the initial (X1) and final (Y'!") photon, respectively. Therefore, yg1 51 and vas1p1 describe dipole
excitations, whereas vg1 a2 and yas1po describe photon scattering off the target with a change of
the photons angular momentum by one unit. The prominent forward spin polarizability (FSP)

is defined as a linear combination of the lowest spin polarizabilities:

Y0 = —(YE1L,E1 + YM1,M1 F YELM2 + YM1,E2)- (IIL.4)

The nucleon polarizabilities are measured in units of fm™*!, where n is the order at which they

appear in the effective Hamiltonian. Nuclei are usually easier to polarize, therefore having much
bigger polarizabilities than nucleons.” A feature that will be of importance in Section VI.2. Be-
low, we will explain how to extract the most prominent polarizabilities from either the low-energy
expansion (LEX) of the RCS amplitudes or the RCS sum rules. The generalized polarizabilities
of VVCS will be discussed in Section [V.1.3.

1.2. Sum Rules and other Model-Independent Relations

For a spin-1/2 target, the CS helicity amplitude can be written as:
Ty aan = N (P) €3 (d) - T(d',q, P) - €x, (@) Nay (P), (IIL5)

2For a recent reviews on CS off protons and light nuclei, see Ref. [325].
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III. Compton Scattering and Polarizabilities

with the Dirac spinors N, the photon polarization vectors € and the Compton tensor T#”. The
helicities of the incoming (outgoing) photon and nucleon are denoted by A, (X)) and An(Ny),
respectively. P = 1 (p+p) is the sum of incoming and outgoing nucleon four-momenta, and
the spinors are normalized according to:

N, (P) Nay (P) = 2M6y, 5y - (IT1.6)
In the forward limit, the RCS tensor is given by two independent scalar amplitudes:
T (p,q) = = [g" f(v) + " g(v)]. (IIL.7)

Here, f is a spin-independent and ¢ is a spin-dependent amplitude. They are functions of the
photon lab-frame energy v. Due to causality and analyticity, they fulfil the following DRs:*

a 202 [°dv Im f(V)
Re f(V) = - M + W]i 7m, (11183)
2v [, Img(V)

Obviously, the DR for the spin-independent amplitude is once subtracted, where the subtraction

equals the so-called Thomson term:
@

f(0) =— A (I11.9)

Here and in the rest of this Chapter, we for simplicity choose the charge of the target as e, i.e.,
Z =1.

The optical theorem states the following relations between the imaginary parts of the scalar
amplitudes and the photoabsorption cross sections:

Im f(v) = é [01)2(v) + 032 (1)] = ﬁ or(v), (IT1.10a)
mg(v) = o [o1o(v) = 030(v)] = 1= o2 (v), (II1.10b)

where the subscript on the cross sections denotes the total helicity of the vV state. Plugging
Eq. (II1.10) into the rhs of Eq. (II1.8), we arrive at:

2 o) /
_ _e v ) or().
Re f(v) = 7 + 22 |, iyt (ITI.11a)
o0 / /
Reg(r) = L 4 aptorr) (IIL.11D)

212 J, U2 2

Now, the rhs is expressed through the unpolarized and the helicity-difference photoabsorption
cross section, which can be measured in experiment.
Another important piece in the sum rule derivation is the LEX of the scalar amplitudes [322]:

flv) = —% + [ap1 + Bui] V2 + [agy + By + Y12 (aps + Bua)] v+ O(°%),  (IIL12a)
ar’ 3, ~ 5 7
glv) = —5rEv v v+ 0w, (IIL.12D)

3For the derivation of a DR, see Ref. [53, Appendix B].
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2. Present Status of Nucleon Polarizabilities

where 7 is a higher-order FSP. The O(1°) term in Eq. (I11.12a) — the Thomson term —
represents the low-energy theorem (LET) of RCS [326-328]. Replacing the lhs of Eq. (II1.11)
by Eq. (II1.12), one can read off a CS sum rule for each order in the photon energy.

At lowest order in the spin-dependent case, the famous Gerasimov-Drell-Hearn (GDH) sum

rule occurs [329, 330]:
2

B © opr(v) Tma
It dates back to 1966 and was experimentally verified for the nucleons by the GDH collaboration
of MAMI and ELSA [331]. At the next two orders, one finds the FSP sum rules [321]:

1 o0 O'TT(V)

_ qp ) 11114
70 272 v v u3 ( a)
B 1 * opp(v)

= — d . II1.14b
Yo 2 ), A ( )

From the spin-independent amplitude, one derives the Baldin sum rule [332]:

1 *©  or(v
aE1+BM1:27T2/ dv 7;(2 ), (IT1.15)

Yo

and a fourth-order sum rule:

o0

1
agy + By + Y12 (aps + Buz2) = 5.2 / dv

Vo

or(v)
A

. (I11.16)

2. Present Status of Nucleon Polarizabilities

In the present Section, we want to review the state-of-the-art knowledge on the nucleon polar-
izabilities. We will mainly focus on the lowest-order polarizabilities, agi, Sy1 and g, of the
proton and neutron, respectively.

Figures 111.4, II1.5 and II1.6 summarize the situation for the electric and magnetic dipole
polarizabilities. Figure I11.7 shows predictions for the FSP. On the theory side, we list predictions
from BChPT, HBChPT and LQCD. Furthermore, there are a number of experimental results.
If no other empirical information is available, we compare to the predictions of the MAID isobar
model. Last but not least, we present evaluations of the CS sum rules introduced above.

The latest (2016) PDG average yields the following values for the dipole polarizabilities of the
proton [242]:

a®) = [11.2404] x 10~* fm?, (111.17a)
AP = [254+04] x 107 fm?, (IT1.17b)
and the neutron:
o = [11.8+1.1] x 107* fm?, (IT1.17c)
= [3.7+£1.2] x 107" fm®. (ITL.17d)

The error on the neutron polarizabilities is larger, due to the lack of a “free” neutron target. In
a recent re-analysis of photoabsorption data and CS sum rules, we found [238, 239]:
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Baldin SR
(Damashek-Gilman '70) ——
(Babusci et al. '98) - Disp. Rel.
(Olmos de Leon et al. '01) — (Schumacher '05)
(Grynuik et al. '15) ik PDG '16 e
HByPT fit . HBYPT fit
(McGovern et al. '13) (McGovern et al. '13)
ByxPT fit BPT fit
(Lensky-McGovern '14) (Lensky-McGovern '14)
BPT NLO BXPT NLO
(Lensky-Pascalutsa '15) (Lensky et al. '15)
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; 4. 3
g, + By, 110 fm?) By ™ (107 fm’]

Figure II1.4.: Left panel: sum of the electric and magnetic dipole polarizabilities of the proton. Right
panel: the magnetic dipole polarizability of the proton. The orange band is a weighted average over
Baldin sum rule evaluations [44, 238, 333, 334]. The dispersion relation prediction for ﬂ](\% can be found
in the review of Schumacher [335]. The heavy baryon chiral perturbation theory fit is from Ref. [336] and
the baryon chiral perturbation theory fit is from Ref. [337]. “Lensky-Pascalutsa '15” refers to Ref. [59],
whereas “Lensky et al. ’15” refers to Ref. [60].

! ! ! ! ! ! Experiment
Baldin SR (Kossert et al.'03)
(L'vov et al. '79) = Disp. Rel.
(Babusci et al. '98) —— (Schumacher '05)
(Levchuk-L'vov '00) - PDG '16
. Lattice .
HBYPT fit (Hall et al. '14)
(Griesshammer et al. '12) HBYPT fit
B (Griesshammer et al. '12)
XPTNLO —_— BxPT NLO
(Lensky-Pascalutsa '15) {Lensky et al. '15)
10 12 14 16 18 20 22 0 1.2 3 4 5 6 7
- (n) -4 . 3
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Figure IIL.5.: Left panel: sum of the electric and magnetic dipole polarizabilities of the neutron. Right
panel: the magnetic dipole polarizability of the neutron. The orange band is a weighted average over
Baldin sum rule evaluations [334, 338, 339]. The experimental results for 55\2 are from Refs. [340, 341]
and [335]. The lattice prediction is from Ref. [342]. The heavy baryon chiral perturbation theory fit is
from Ref. [325]. “Lensky-Pascalutsa '15” refers to Ref. [59], whereas “Lensky et al. ’15” refers to Ref. [60].

g+ Bard]® = [14.0 +£0.2] x 10~* fm?, (I11.18a)

AP = 192,94 10.5) x 1076 fm?, (IT1.18b)

(g, + Bary + Y12 (g + Bar2)]? = [6.04 4 0.03] x 1074 fm”, (I11.18¢)
AP =~ [48.8 £8.2) x 1076 fm®. (I11.18d)

In general, the situation of the polarizabilities presented in the summary figures looks quite
promising. In the future, LQCD will increase its predictive significance. The tension in the value
of the proton’s magnetic dipole polarizability might be reduced by new measurement techniques,
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Figure IIL.6.: Plot of agy versus 8y for the proton (left panel) and neutron (right panel), respectively.
The references agree mostly with Figures I11.4 and II1.5. The baryon chiral perturbation theory result
is from Ref. [60]. The light green bands show experimental constraints on the difference of dipole po-
larizabilities, cf. Refs. [340, 341, 343]. In addition, we show other experimental results for the proton
polarizabilities from Refs. [38, 44, 344].

which are independent of the Baldin sum rule. Also, a new result has been obtained from the X3
beam asymmetry [347]. For the FSP, the results from McGovern et al. [336] and Bernard et al.
[64] attract attention with their huge error bars. However, the agreement between (d-counting)
NLO BChPT [59, 65] and the empirical results is quite satisfactory. In contrast, the situation
for the longitudinal-transverse polarizability, é;7, is much more ambiguous, as we will discuss
in Chapter IV, where we meet the d;7 puzzle, see also Fig. [.3. More details on CS theory and
the present status of nucleon polarizabilities can be found in Ref. [53].

3. Compton Contribution to Photoabsorption

In the following Section, we calculate the Compton contribution to photoabsorption and the
associated contributions to the Baldin sum rule, Eq. (I11.15), and the FSP sum rules, Eq. (I11.14),
at one-loop level in spinor QED. We will regularize the occurring divergences by presenting an
appropriate reformulation of the CS sum rules.”

First, we want to clarify our terminology. As outlined, we want to study the Compton contribu-
tion to photoabsorption off a spin-1/2 particle, f.i., a nucleon. Hereby, we mean the contribution
of the “elastic” photoabsorption cross sections with vyIN — ~N. At first glance, this definition
of “elastic” does not agree with the one presented in Section III.1 and Fig. I11.2. Nevertheless,
they are consistent. Previously, we considered the case of virtual photons. In that case, we
have v*N — N as the simplest cross section channel. For real photons, however, this process is
forbidden by the kinematics and the elastic channel only allows for pairs of photons and target
particles. In general, the elastic photoabsorption cross section includes diagrams of the type
Y*N — N and YN — vN.

“This work was published in Refs. [238, 239]. Ref. [239] covers both the spin-independent and the spin-dependent
case in spinor QED. In Ref. [238], we consider the spin-independent case in scalar QED.
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Experiment
(GDH Coll. Dutz et al. '03)
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Figure IIL.7.: Forward spin polarizability, vy, of the proton (top panel) and neutron (bottom panel),
respectively. Shown are the experimental value from the GDH collaboration [345], the sum rule results of
Refs. [238, 346], the prediction from the MAID isobar model [66], the heavy baryon chiral perturbation
theory fit of Refs. [336], and the baryon chiral perturbation theory predictions of Lensky et al. [59, 65]
and Bernard et al. [64].

On the rhs of the sum rules, the photoabsorption cross sections enter. The unpolarized and the
helicity-difference cross section can be deduced from the helicity amplitudes. These amplitudes
were introduced in Eq. (I11.5), and in general, there are six independent ones for the CS process.
At O(a?), the cross sections are given by the Born diagrams shown in Fig. I11.3. The tree-level
helicity amplitudes can be found in Refs. [348, 349]. The cross sections read [350]:

2
@, 2ma® [1+y[2y(1+y) 1 143y
op (y) = e { " [ T2y In(1+2y)| + o In(1 + 2y) ATo2 )" (II1.19a)
2 2
(2) T l _ Y
o) = 32y { [1 " y] (i +2) -2 [1 Ty 23/)2] } ’ (IIL195)

with y = v/M. In the low-energy limit, the helicity-difference cross section is vanishing, whereas
the total unpolarized cross section reproduces the Thomson cross section:

o$2(0) = 8ra?/3M?2, (T11.20)

a result that is unaltered by loop corrections.

On the lhs of the sum rules, the forward CS amplitudes enter. The one-loop diagrams con-
tributing to the CS at O(a?) in spinor QED are shown in Fig. I11.8. In the forward limit,
we have ¢ = ¢/. Therefore, only the helicity amplitudes without spin-flip are non-vanishing:
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3. Compton Contribution to Photoabsorption

Figure II1.8.: One-loop diagrams contributing to the forward Compton scattering. Diagrams obtained
from these by crossing of the photon lines are included too.

7
SO

o
N N
Sy

Tyy41pp41412 and T g 15 1 41. They can be used to reconstruct the spin-dependent and
spin-independent scalar amplitudes of forward CS:

1

f = m [T+1 +1/2+41+41/2 +T 4 +1/2 -1 +1/2] , (HI.Qla)
1

97 am [Th1t1z 41412 = Totiap 1410 (II1.21b)

For the tree-level amplitudes, cf. Fig. I11.3, the spinor QED calculation yields:
fY0)=—-a/M and ¢M(v) =0, (I11.22)

where the superscript indicates the order of a. At the next order, cf. Fig. I11.8, we obtain:

2 [ 24y% (1 - 3y? 2 (4t +8y3 — 9y — 2y +2)  4y* (49> -3
f(2)(y) _ -~ y( y)+7r(y+y Y y+)_y(y 2)ln2y
ArM 6y (1 —4y?) (4y* —1)
2 _2y—2 +2y—2
2 % In2yIn(1 + 2y) + Lis (~2y)] + % Lip (1 — 2y)}
iMy (2
0 o2 (), (IT1.23a)
4D = o | 12y*+ 7w (4yP —4y? —y+ 1) 168 In2g
4nM 6y (47 — 1) (42— 1)
+1 . —1_.
Y [n 2y In(1 + 2y) + Liz (—2y)] — yT Liy (1 — 2y)}
iMy (2
i 2 (y). (IT1.23b)
This result was deduced from the one-loop helicity amplitudes of Refs. [348, 349].
The optical theorem implies that:
Im ) (v) = yag)(y)/éhr and Tmg®(v) = VAJTT( ) /4. (II1.24)

This can be easily verified by comparing Eqgs. (I11.19) and (I11.23). Also, we have checked that
the one-loop amplitudes indeed satisfy the DRs:
02 [ Im (/)

(2) - == !
Jow) T Jo dv v (V2 — 2 —i0t)’

(I11.25a)
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2 2v [ / Img(2)(’/l)
gD ) = A o (I11.25b)
Remember that the DR for the spin-independent amplitude, Eq. (ITI.11a), needs one subtraction.
This subtraction is usually taken at ¥ = 0 and corresponds to the Thomson term, cf. Egs. (111.9)
and (I11.22). Therefore, the subtraction in Eq. (I11.25a) corresponds to f(2(0) = 0.

So far, we have verified the optical theorem and the DRs for the scalar amplitudes at O(a?)
in spinor QED. We are now left with the LEX. Expanding the real part of Egs. (II1.25) and

(I11.23) for small photon energies, we find:

a? (11+48In 2~ L2, T(257+ 1140 m%)y4 | 680107 +6721n vy N
TM 18M2 A50 M4 44100 .

L2 /GT
%22 " / y/2n : (I11.26a)

37+60Ing; 5 6420+ 1055 5 18(89+504 %)) o
WM 1803 225M5 49M7 "

2n—1 /UTT
W Z / ' 1 : (IT1.26b)

We can now see that on both sides the coefficients diverge in the infrared. However, there is
an apparent mismatch: they are logarithmically divergent on the lhs and power-divergent on
the rhs. The reason for the appearance of divergences is that the cross section of real-photon
absorption has no threshold in the elastic channel, thus, starts from v = 0. To match the sides
of Eq. (I11.26) exactly at each order of v, we subtract all the power divergences on the rhs and
regularize the dispersion integral with an infrared cutoff equal to v:

o? <1l+481nM »  T(257+11401n %) 1, )
v

M 1802 7 45004
o 0;2)(1/) . 2n2) % dk‘:igi(’/) I/k
1 2 * k=0 Y v=0

— W Z 1% TL/ dV V/2n 9 (111273)
o? 37+601nM 3, 64(29 + 1051n 2%) N
AR 29505

2n—3 k _(2)
d
o) = X R
2 1 =0 =
= %2 ZV e / dv/ T : (II1.27b)

The O(v) term was omitted in Eq. (IT1.27b) , since the GDH sum rule only differs from zero
starting from O(a3). As desired, both sides are now identical at each order of v. This is
nontrivial, at least for the analytic terms; the logs are fairly easily obtained from the non-
regularized rhs of the low-energy expanded DR, cf. Ref. [350].

Applying these modifications to all orders in «, we find that the proper LEX of the “elastic”
part of the amplitudes reads as:

5l
falv) = QWQZ v / av 7V ,QnT (V), (I11.28a)
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1 e B o) oTT V, —E[n] 7//
ga(v) = —55 > vt / a 771 V),MTT( ) : (IT1.28b)
n=1 v
where the bar denotes the infrared subtractions:
2(n—1) k
1d
sy = = ng(V) . vk, (I11.29a)
]{;:0 . V=
- 0 n=1,
arr(V) = 423 trorn() o (I11.29b)
ok v n>1
k=0 v=0

In this way, we define sum rules for the Compton contribution to the “quasi-static” polarizabili-
ties:

1 oo 7 0
(g1 + Bumi)a = 5.2 dv/ (w, (IT1.30a)
14
1 [ ,orr(V)—ohp(0)V/
(Yo)el = 55 /,, dv/ o E— (I11.30D)
1 o0 AN O ) | O /2 L 0 /3
() =55 | 4/ orr() = opr (v = orr(0) "7 /2 = o7 (0) /0. (ITL.30c)
w2/, v
Plugging in the tree-level cross sections from Eq. (I11.19), we obtain:
a? 2v
(g1 + Bui)e = 18703 (11 +481n M) , (IT1.31a)
a? 2v
(o)a = =157 (37 + 6077 ), (I11.31b)
_ 64 o 2v

what obviously matches the corresponding terms in the LEX of the one-loop amplitudes. Thereby,
we proved that the newly presented sum rules, Eq. (I11.30), for the Compton contribution are
working correctly in the case of one-loop spinor QED. Similarly, we verified them in scalar QED
[238].

4. Summary and Conclusion

In the present Chapter, we introduced the nucleon polarizabilities as observed in CS and pre-
sented a derivation of the well-known RCS sum rules. The unique feature of CS sum rules is
that they relate the CS amplitudes and polarizabilities to weighted integrals of the photoabsorp-
tion cross sections with respect to the photon energy. Their model independence gives them a
high predictive power in accessing the nucleon polarizabilities. They allow to obtain empirical
results based on measured cross sections. Furthermore, they connect tree-level cross sections to
one-loop diagrams, thus, are providing a computational simplification.

In Section 111.3, we studied the Compton contribution to photoabsorption and the associated
CS sum rules [238, 239] as an academic exercise. For the elastic channel, the LEX of the ampli-
tudes and the dispersion integrals yield logarithmic and power divergences. A proper definition
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for the divergent pieces was achieved by introducing an infrared cutoff on the dispersion inte-
gral and by making infrared subtractions on the photoabsorption cross sections, cf. Eq. (I11.28).
Sum rules for the Compton contribution to the quasi-static polarizabilities, cf. Eq. (I11.30), were
presented and verified at one-loop level in scalar and spinor QED.
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cHAPTER |V

‘—FORWARD DOUBLY-VIRTUAL COMPTON SCATTERING

In the previous Chapter we introduced the CS process and polarizabilities and focused on the
RCS and static polarizabilities. In this Chapter we consider the case of forward VVCS, which
is relevant the subsequent calculations of the TPE effects in hydrogen-like atoms.

The theory of forward VVCS is summarized in Section [V.1. The LEX of the Compton
amplitudes and the sum rules for GPs will be of particular interest (Section 1V.1.3). We will
then introduce the framework of ChPT as the low-energy effective field theory of our choice
(Section IV.2). In view of the . puzzle, we will put special attention on the inclusion of the
spin-3/2 A(1232)-isobar and the two prominent power-counting schemes: the 0- and e-expansion.
In the following, we will calculate the tree-level A-exchange contribution to VVCS (Section IV.3)
and the (N~v* — mA) photoabsorption cross sections for pion-delta production (Section I'V.4) in
BChPT with é-expansion. We will determine the contribution of the A-resonance to the nucleon
polarizabilities and review the status of the d; 7 puzzle.

1. Generalities

1.1. Lorentz Structure

Figure IV.1 shows the process of CS in forward kinematics, i.e., with equal initial and final
photon (target) momenta. In the lab frame,

p= (M7 0)7 q= (Va q)v (IVl)

forward CS depends on two variables: the photon lab-frame energy v and the photon virtuality
Q*>=—¢*>>0.

The forward VVCS amplitude allows for the tensor decomposition into four independent scalar
amplitudes:

qa"q” 1 p-q p-q
Pt = (T ey (- 20) (- 2
1 1
—a7" e S1 v, Q*) - B ('y‘“’q2 + ¢"y" g — q”v“o‘qa) Sa(v, Q%). (IV.2)

This form explicitly obeys the e.m. current conservation: ¢, 7" = 0 = ¢, TH".
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IV. Forward Doubly-Virtual Compton Scattering

2 p

Figure IV.1.: Compton scattering in forward kinematics.

The amplitudes 77 and T, are spin-independent, whereas the amplitudes S7 and S are spin-
dependent. Recall that the forward RCS, obtained from VVCS in the limit Q% — 0, is described
by two scalar amplitudes, see Eq. II1.7. The relation of the RCS and VVCS amplitudes at
Q? = 0 is as follows:

)= £Ta@0),  g) = s S1(00) (1V.3)

Omitting terms which vanish upon contraction with the photon polarization vectors, i.e. the
ones containing ¢* or ¢”, the symmetric and antisymmetric parts of the second-rank Compton
tensor,

" (q,p) = [T§" + T4"] (¢, p), (IV.4)
read:
LV
T (¢,p) = —g" Ti(v,Q%) +ng To(v, Q%), (IV.5a)
v 1 ro 2 174
T (ap) = —3p" QaSI(Van)‘F%’Y“ Sy (v, Q%). (IV.5b)

As we will see in Chapter V, the symmetric, nucleon-spin independent part of the Compton
amplitude contributes to the LS, and the antisymmetric, nucleon-spin dependent part of the
amplitude contributes to the HFS.

Explicit expressions for the leading tree-level VVCS amplitudes, cf. Fig. 111.3, and the corre-
sponding contributions to the structure functions are presented in Chapter V, where we connect
the forward TPE effect in hydrogen-like atoms to the forward VVCS. The elastic nucleon-pole
part is discussed in Section V.1.3.1 and the Born part is given Section V.1.4. In the following,
we will introduce the GPs probed with virtual photons.

1.2. Low-Energy Expansion
The LEX of the relativistic amplitudes goes as, up to O(v*, 12Q?, Q%) [321, 351, 352]:

r ; 2
% 1 T1pOle_ (r,Q%) = - % * [3Z1\3<"’2>1 + 5M1] @’ (IV.6a)
+ [ap1(QY) + Ban (@] VP + ...,
% :Tz — szde: (1, Q%) = (ap1 + Ban1) Q* + ... (IV 6b)
r - 2.2
% _Sl - Sfole_ (V7 QZ) _ 2234/{/ |:_1 —+ ;Q2<T2>2:| + M,YO(QZ) V2 (IVGC)

i MQ2{7E1M2 _ 3Ma [P/(Ml,Ml)l(O) i P/(Ll,Ll)l(O)] } ...
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_ &Tﬁo‘ n(Q?) (IV.6d)
{0 Q) — 1@Y] + 4m M5 (@) | 7 4o
% [Sg — 55016} (v,0) = —M?*)? [’yo + YE1E1 (IV.6e)

- 3Ma{P/(M1,M1)1(O) _ P/(Ll,L1)1(0)}} Q) +....

In Chapter V, we want to apply the VVCS formalism to the TPE corrections in atomic bound
states. Therefore, we already here introduced the nuclear charge Z. Besides polarizabilities, the
anomalous magnetic moment of the nucleus, the Thomson term, the Dirac mean-squared radius,
(r*)1 = —64/4Q? F1(Q?)|g2—¢, and the Pauli mean-squared radius, (r%)s = —6 /a2 F5(Q?)|g2—0,
enter the non-pole parts as part of VVCS LET, cf. Refs. [326-328].

The sum of dipole polarizabilities in Eq. (IV.6a) is Q? dependent, while the sum of dipole
polarizabilities in Eq. (IV.6b) is not. The latter are the static polarizabilities introduced pre-
viously, cf. Sections III.1.1 and III.1.2. The former are the so-called GPs of VVCS, which are
valid for finite momentum transfer. These GPs are all the polarizabilities entering the pure v-
expansion of the amplitudes. Furthermore, we find the momentum derivatives of the generalized
VCS polarizabilities, which will not be of interest to our studies.' I; and I4 are the generalized
GDH integrals and will be defined in Egs. (IV.18) and (IV.19a).

The relativistic amplitudes are related to a set of non-relativistic scalar amplitudes in the
following way:

fT(V7 QQ) = Tl(yv Q2)> (IV8a)
2 9 V2 Q? 2
fL(V’Q ) = _Tl(V)Q )+7T2(V7Q )7 (Ivgb)
2
@) = 1[50~ 1Lsi(n 0. (1V ¢)
g, QY = 35 [$101.QY) + .Y (IV.8d)

The CS amplitude can be written in terms of these amplitudes as:
- Tw,Q* € = fr(v,Q*) + (e* - €) fr(v,Q?) (IV.9)
+io - (e* x €) grr(v,Q%) —io - [(e* — €) x q] grr(v, Q).

with the photon polarization vectors € and the Pauli matrices . The LEX of the non-relativistic
amplitudes is given by:

frw, Q%) = 4r{Q*Bm1 + [ap1(Q*) + B (Q%)] 2 + -+ }, (IV.10a)
L, Q%) = Ar {am +ar(@) 1V} Q%+ -, (IV.10b)
IFor CS off the nucleon, the momentum derivatives of the VCS GPs are given by:
/(M1,M1)1 rELID gy — 4 [p(M1,M11, 2 (L1,L1)1, 2
P (0)% P 0= 327 (¢9) £ PNV (Iv.7)

with g2 being the absolute value of the initial photon’s CM three-momentum. The superscript indicates the
multipolarities, L1(M1) denoting electric (magnetic) dipole transitions of the initial and final photons, and
“1” implying that these transitions involve a spin-flip of the nucleon, cf. Refs. [50, 353].
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grr(v,Q*) = 4wp(Q*) v+ -, (IV.10c)
grr(v, Q%) = 4mdpp(@) v Q4+ -+, (IV.10d)

where the bar denotes the non-Born part. As one can see, the non-relativistic amplitudes are
very convenient for reading off the polarizabilities.

1.3. Dispersion Relations, Unitarity and Sum Rules

All invariant CS amplitudes fulfil DRs:”

2 [ V' Im Ty (V, Q?
Tl(VvQQ) = 71-/ dv/ V’Q—VQ(—iO+)
Vel
snZ%a tdx fi(z, Q%)
_ ot ’ V.11
M J, = 1—22(v/va)? — 0t (IV.11a)
2 [ VImTy(V,Q?%)
2 o / 2 )
Th(v,Q%) = ﬂ_/yd dv SR R
167Z2%aM (! faz, Q%)
= ——— [ d ’ IV.11b
Q? /0 xl—xQ(V/yel)Q—i(V’ (IV.11b)
2 [,V ImS(V,Q?%)
2 _ / 1 9
S1(v, Q%) = 77/1/61 dv U2 _ 2 _ 0+
167 22aM [ 91(z, Q%)
= —— [ d : V.11
Q? /0 TR fra)? -0t (V.11
2 [, V2Im S (v, Q%)
2 2 )
vS (v, Q%) = 7r/ v/’ U2 2 0t
Vel
16rZ%aM? ! g2(z, Q%)
= ————— [ d . —, (IV.11d)
Q? /0 1—22(v/ve)? —i0F
where in the last step we plugged in the optical theorem:
An? 7%
ImTy(v,Q%) = i fi(z, Q%) = V12 + Q% or(v, Q?), (IV.12a)
A’ 7% Q?
ImTh(v,Q?) = z,Q%) = ——= o7+ 01] (v, Q%), IV.12b
(1, Q%) SR @) = o ) (@) (1V.12b)
An? 7% My
Im S (v,Q?) = g1(z, Q%) = —— [QGLT + O’TT:| (v, Q?), (IV.12¢)
1% \/ V¢ + Q 1%
4 Z%aM M? v
Im 52(1/, Q2) = T gz(ﬂf, Qz) = \/ﬁ |:QO'LT — O'TT:| (V, Qz), (IV12d)

which in the physical region (z € [0, 1], with x = v /v being the Bjorken variable and v =
Q?/2M) relates the absorptive parts of the forward VVCS amplitudes to the nucleon structure
functions f1, f2, g1 and g2 (functions of z and Q?) or the photoabsorption cross sections or, o,
orr and o7 (functions of v and @Q?). The optical theorem for RCS was given in Eq. (I11.10) with
a photon flux factor that corresponds to K (v) = v [321]. In the case of virtual CS, we modify the

2Since the Born part of Sz, Eq. (V.16d), has a pole for the subsequent limits of @* — 0 and v — 0, it is advisable
to use a DR for vS> instead.
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photon flux factor and use Gilman’s definition K (v, Q%) = \/v2 + Q2 [354].% The cross section
o1 describes a simultaneous helicity change of the photon (from longitudinal to transverse) and
the nucleon (spin-flip) such that the total helicity is conserved. The other cross sections are the
usual combinations of helicity cross sections: o = 1/2(01 /3 + 03/2) and orr = 1/2(01 /5 — 03/2)
for transversely polarized photons, and o7, = 1/2 (0 r2to_y /2) for longitudinal photons, where
the subscript on the rhs denotes the total helicity of the v*N state. Note that o, and opp are
vanishing in the real photon limit.

Just as in Eq. (III.11a), the high-energy asymptotic of the spin-independent structure func-
tion f1(x, Q?) prevent the convergence of an unsubtracted DR. Therefore, T requires a once-
subtracted DR:

202 [ Im T (v, Q?
T (v, Qz) = T1(0, QQ) + W/y dv T _1(1/2 — 13)+) (IV.13a)

321 Z%aMv? /1 du rfi(z, Q%)
Q* 0 1—a22(v/ve)? — 0t

where we need to make a subtraction at all values of 2, see discussion of the T3 (0, @?) subtrac-
tion function in Ref. [53, Section 5.5.1]. Similar expressions hold for the non-relativistic set of

el

= T1(0,Q%) + (IV.13b)

amplitudes.

Restricting the integration in Eq. (IV.11) to x € [0, 2], with z( being the inelastic threshold,
we isolate the inelastic scattering region. Replacing the lhs of the inelastic dispersion integrals
with the LEX of the VVCS amplitudes with the nucleon-pole part subtracted, cf. Eq. (IV.6),
one can derive a number of VVCS sum rules.

e generalized Baldin sum rule [321]:

2 T
aEl(Qg) + 5M1(Q2) = SZQOZZW/O dzz fi(z, Q2), (IV.14a)
= 2—; h % V2 + Q2 or(v, Q%); (IV.14b)

e generalized FSP sum rule [321]:

2 2 X0
- 5 m%mmw?); (IV.15b)

0]

e longitudinal polarizability [59]:

ar(Q*) = 422;]\4 /OIO dx Hl + (QM‘”/Q)2} Ja — 25L'f1} (z,Q%), (IV.16a)

= 1 T v \/V2+Q20'L(1/,Q2); (IV.16b)

272 o QQ v3

e longitudinal-transverse polarizability [321]:

2 2 X0
(@) = g [ et )o@ (IV.17a)

3Note that this choice is different to the one in Ref. [53].
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IV. Forward Doubly-Virtual Compton Scattering

1 *© d
= & T @i n.QY) (IV.17D)

2
27 Sy,

generalized GDH integral (zeroth moment of g;):

27°M?* "o
I(Q%) = 2/ dz g1 (z, Q%); (IV.18)
Q 0
e generalized GDH integral:
27°M? [ 2Mz\?
2 . o 2
w@) = 2 M- (B) elwen avas
M2 0o
= dv V2 + Q2 orr(v, Q%); (IV.19b)
dr2ec ), V2
e Burkhardt-Cottingham (BC) sum rule [355]:
1
0 = / dz go(z, Q%), (IV.20a)
0
272M? [ Z?
L@ = Q?/ dz go(z, Q%) = ZFQ(QQ)GM(QF); (IV.20Db)
0
e second moment of the higher twist part of go:
— o
B(@) = 28| e[l Q) + V(0.7 (IV 212)
0
Z0
= 2 [ dra® 3a(0. @) + 2012, Q) (IV.21b)
0

The GPs of VVCS can then be extracted from either the LEX of the CS amplitudes or the
CS sum rules listed above. Note that the generalized GDH integrals Iy and I4 are no pure
polarizabilities, as will be explained in Section V.1.4.

The VVCS GP ds is defined as the second moment of the higher twist part of the structure
function go. The twist-2 part of go can be expressed through ¢g; by the Wandzura-Wilczek
relation [356]:

1 dZL'/
V@) =~ Q)+ [T @ Q) (1v22)
x
This polarizability goes as Q° for low @ and can be related to the longitudinal transverse
polarizability and the generalized GDH integrals:

~ 1 (0202
d2(Q2) - 8?44 {Q

517 (Q%) + [I1(Q%) — 14(Q%)] } : (IV.23)

It is an interesting quantity in connection to the concept of color polarizability [357].
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2. Chiral Perturbation Theory Calculation

2. Chiral Perturbation Theory Calculation

ChPT is an effective field theory of QCD at energies well below 1 GeV. The seminal ChPT
papers of Weinberg [54], Gasser and Leutwyler [55, 56] deal with pions as the Goldstone bosons
of spontaneous chiral symmetry breaking in QCD. The key observation is that the coupling
of Goldstone bosons is proportional to their momentum, hence, at low momenta the coupling
is weak and a perturbative expansion is possible. The breakdown scale is set by the scale
of spontaneous chiral symmetry breaking A\sg ~ 4fr ~ 1 GeV, where f; is the pion decay
constant. In reality ChPT breaks down somewhat earlier, as seen, e.g., in 77 scattering where
the ¢(600)- and p(775)- meson excitations set the limiting scale of a perturbative expansion
[358, 359]. Nonetheless, ChPT has proven to be very useful in studying the low-energy strong
interaction. The literature on the subject is immense and we have to quickly narrow down the
discussion to the case at hand, i.e., the nucleon CS.

For our calculation of the nucleon VVCS, we will be using the SU(2) BChPT, which is the
manifestly Lorentz-invariant variant of ChPT in the single-baryon sector (see, e.g., Ref. [360, Sec.
4]). Let us note right away that, at least in some cases, the predictions of BChPT and HBChPT
differ substantially. This is, for instance, the case for the longitudinal-transverse polarizability
of the proton and the proton-polarizability contribution to the LS, see Sections [V.4, VI.1.3 and
VIIL.1.4.

The A(1232) is the lowest nucleon resonance with the excitation energy A = Ma — My ~ 294
MeV, which is not much higher than the pion mass. Therefore, it is customary to include the
delta as an explicit DOF in the chiral effective Lagrangian. Thus, the relevant fields are: the
pion scalar iso-vector (), the nucleon spinor iso-doublet A/ (x), the A(1232) vector-spinor iso-
quartet A, (x), and the photon vector field A, (z). The terms of the chiral effective Lagrangian
relevant for us are the following.

L=L7+ 8+ 8+ L2+ B0 + 20, (IV.24)

where the superscript denotes the order of the Lagrangian reflected by the number of comprised
small quantities (pion mass, momentum and factors of e). They read [361]:

) = N(D =My = ZEN7 (D7) 35 N, (IV.25)
(1) — A 1IN _ Nz Ha UVOA A Ta ab_b
cl A, (w Dy — Ma~y ) At e < BT (Dadhy) D', (IV.25D)
1 ZhA N7 a v a
Qv = 3 AN T N (Duy) (D) + e, (IV.25¢)
1 1
(2 — Z(pab b poc\ __ L, 2 a
L 5 (Du T ) (Dacﬂ' ) 5 M al (IV.25d)
where the covariant derivatives,*
Dibrt = 59, + ieQ Ayn®, (IV.26a)
DN = 0N +ieQnAN + 4%5&*’%%”(8##), (IV.26b)
DuA, = 0,0, +ieQaA, A, + — £ TOxb(,70), (IV.26¢)

217

*Note that D, N is of O(p°), while (1) — My)N is of O(p), cf. Ref. [362, Eq. (5.23)].

83



IV. Forward Doubly-Virtual Compton Scattering

Table IV.1.: The parameters used in the chiral perturbation theory calculations.

ChPT parameter value source
My 139.57 MeV
fr 92.21 MeV pion decay 7t — ptv, [242]
My 938.27 MeV
gaA 1.27 neutron decay n — pe~ 7, [242]
Mna 1232 MeV
s 9,85 P53 partial wave in wIN scattering

A(1232) decay width [360, 365, 366]

gmM 2.97
JE —1.0 pion electroproduction e~ N — e~ N7 [363]
gc —2.6

are used and one defines the particle charges through:

QY = —ig3, (IV.27a)
Qv = L(1+7%), (IV.27b)
Qa = (1+373). (IV.27¢)

The isospin 1/2 to 3/2 and the isospin 3/2 to 3/2 transition matrices can be found in Ref. [361,
Appendix A] and Ref. [363]. They commute with the Dirac matrices. The Lagrangian for the
v*N — A transition will be of special interest in Section V.3, it can be found in Ref. [364]:°

(2) nm 3e

L =
TNA 2My(My + Ma)

]\_ng{igM(auA,,)F“” — g5 (BuA) ™ (IV.28)

257 (Pady = 0,8} + {95 (9B, )15
A

—ign (9,8, F1 + iﬂ%(aaﬁy _ a,,Aa)ya%auF“”}TgN

Furthermore, we partially include the non-minimal coupling of the photon to the A(1232) reso-
nance [361]:

1) nm € < . v [V
E(WA)A = EA“ (mlF“ — Koy B ) A, (IV.29)

with kK1 = 1 = kg as in N = 2 supergravity. From the above Lagrangians we derive the Feynman
rules listed in Appendix V. A.

In ChPT, the coupling strengths of the different interactions are embedded in the so-called
low-energy constants (LECs). These coupling constants can be fitted to various experiments.
Table IV.1 lists the LECs appearing in the ChPT Lagrangian at the presented order. The pion
and neutron decay constant, fr and g4, are determined from the respective decays. g4 is also
known as the axial coupling of the nucleon. In the limit of a large number of colors (NV.), it
is related to ha = 3/v2ga and Hy = 9/5g4. Because the A(1232)-resonance is dominating
the Ps3-state in the partial wave analysis of 7N scattering, one can deduce the A(1232) decay

®Note that here we corrected a typo appearing in Refs. [360, 363, 364].
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2. Chiral Perturbation Theory Calculation

width (I'a = 0.115 GeV) and in turn extract the coupling constant hy from 7N scattering.
The magnetic, electric and Coulomb couplings of the v* N A interaction are extracted from pion
electroproduction.® Since all LECs are known from other processes, the description of forward
VVCS at O(p™/?) in ChPT comes out as a prediction.

Table IV.2.: Power-counting for the diagrams contributing to doubly-virtual Compton scattering.

contribution Figure d-expansion €-expansion
p~my p~Alp~mge p~A
Born I11.3 P P

A-exchange V.4 P72 . 7

wN-loops V.2 3 P »
IV.3

maoops IV.12 (first row) P’ P’ v’
mA-loops | IV.12 (second row) P % .
wA-loops IV.12 (third row) p¥/2 p3 P

2.1. Power-Counting Schemes: - and e-Expansion

ChPT is a perturbative description for QCD at low energies, which is based on a small parameter,
e.g., p/Aysp. The power-counting assigns an order to every Feynman diagram and thereby
defines which Feynman diagrams need to be included at a given order in the perturbative chiral
expansion of a given process. There are two prominent power-counting schemes for ChPT with
A DOFs: the 0- and the e-expansion. Ref. [360] provides an extensive review on the e.m.
excitation of the A(1232)-resonance with special focus on the proper formulation of ChPT with
inclusion of spin-3/2 fields and the chiral expansion in the resonance region. In what follows, we
will first describe the d-expansion applied by us. Afterwards, we will highlight the differences to
the e-expansion.

In ChPT with pion and nucleon fields, the order, O(p"), of a Feynman diagram with L loops,
Ny (Ny) pion (nucleon) propagators, and Vj, vertices from k-th order Lagrangians is given by
[56]:

n=4L—2N; - Ny + > kVj. (IV.30)
k

The vertices given in Appendix [V.A follow from the first- and second-order Lagrangians as:

_ 1. K a ap af afu .
o k=1 Imnn, nyNN’ I'§ar FN'er7 IBYUN FyAA’
_ 5. i wv ap
o k=2 Dlr, Df¥fnn, T4 A

In ChPT with additional A-fields, another scale appears. Accordingly, there are two different
small parameters: € = m;/A,sp and 6 = A/A,gp, with A = Ma — Mpy. Despite that, for the
power-counting it is easier to expand in one rather than two small parameters. Therefore, the
0- and e-expansion power-countings relate the two parameters:

e J-expansion [62]: € ~ §2%;

e c-expansion [63]: € ~ 4.
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Figure IV.2.: 7 N-loop contribution to Compton scattering amplitudes at O(p®) in the low-energy domain
of the J-expansion. Pion and nucleon propagators are denoted by dashed and solid lines, respectively.
Diagrams obtained from these by crossing and time-reversal are included too. Figure taken from Ref. [59].

Figure IV.3.: 7A-loop amplitudes at O(p/?) in the low-energy domain of the §-expansion. Delta prop-

agators are denoted by double lines. Diagrams obtained from these by crossing and time-reversal are
included too. Figure taken from Ref. [59].

The d-expansion furthermore distinguishes one-delta-reducible (1AR) propagators and one-
delta-irreducible (1AI) propagators to incorporate a higher weighting for 1AR graphs in the
resonance region. The d-expansion then defines [62]:

_1/9N ~
ng= " PN b (IV31a)
n—3Niar — Niar p~ A,
with
Na = Niar + Niar, (IV.31b)

and Niar (Nia1) being the number of 1AR (1AI) propagators, and assigns a size O(p™) to
each graph in the chiral expansion.

Obviously, the A(1232) is supposed to play a dominant role in the resonance region, while it is
suppressed at low energies. Nevertheless, the e-expansion treats nucleon- and delta-propagators
everywhere in the same way. Therefore, the e-expansion overestimates the contribution of the
A(1232) at low energies and underestimates its contribution in the resonance region.

In the e-expansion, all diagrams shown in Figures IV.4, IV.3, IV.12 and IV.2 are of O(p?). In
the low-energy region, the é-expansion assigns the O(p?) to the mN-loop diagrams in Fig. V.2

SFits of only gar and gg, neglecting gc, can be found in Refs. [62, 367].
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3. Compton Scattering off the Nucleon with A-Exchange

and the O(p7/ 2) to the tree-level A-exchange and the wA-loop diagrams in Figures V.4 and
IV.3. In Table IV.2, we list all the diagrams considered in this thesis and give their respective
orders in the d-expansion for both the low-energy and the resonance region. We will come back
to the differences between the two power-counting schemes in Section V.4, where we study the
wA-loop graphs in view of the d;7 puzzle, but first we discuss the A-exchange in CS off the
nucleon.

3. Compton Scattering off the Nucleon with A-Exchange

The A(1232)-resonance is an almost perfect elastic mN-resonance, i.e., in 99.4 % of the cases it
decays into 7N [242]. On the contrary, the chances that the A(1232) decays into yN are only
0.55 — 0.65 % [242]. Nonetheless, the tree-level diagrams with A-exchange are of importance to
the CS off the nucleon due to their 1AR propagator.

N ol

Figure IV.4.: A-exchange contribution to Compton scattering. These graphs are of O(p 7/ %) in the low-

energy domain of the §-expansion.

3.1. Compton Amplitudes and Structure Functions

The A-exchange diagrams, shown in Fig. IV.4, contribute to the CS process at LO in the
resonance region and at NNLO in the low-energy region. They give identical contributions to
the CS off the proton and the neutron. We calculate them in ChPT (or more precisely BChPT)
based on the Lagrangian in Eq. (IV.28). The delta propagator and the I',ya vertex are given in
Appendix IV.A. The imaginary part of the tree-level diagrams is easily calculated, as it stems
from the propagator of the s-channel diagram only. We rewrite the scalar part of the propagator
as:

1 1 1
im ———— = lm - V.32
A0t 5 — M2 +iX  amot 2M v — v + i) (IV.32a)

1 v—va—1iA
= lim - L VATIA 1V.32b
A0+ 2M (v —va)? + 2% ( )
11 :
= S —va), (IV.32¢)

where in the last step we identified the nascent §-function:

A1 | |
R UL with 5(m)—/\li>r61+n,\(x). (IV.33)

na(z) =
The threshold for delta production is at lab-frame photon energies of

M3 -M?4Q?
- oM ’

where we denote the nucleon and delta masses by M and MAa, respectively.

(IV.34)

VA
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IV. Forward Doubly-Virtual Compton Scattering

We decompose our results for the CS amplitudes in the following way:

T0.GY) = T0.Q)+ T2 0.0 + @) + I . Qd). (V.
Q) = TE(0.0Y) + o @) + T 1,02, (1V.35b)
S @) = S0 + B QD) + T (0,2, (1v.35¢)
So(1, Q%) =SSP, Q%) + Sh(v, Q) + W;O‘M g2(v, Q). (IV.35d)

The real parts of the amplitudes are given in Appendix [V.C.1. Terms which are proportional

to:
1 1 1

[s — Ma][u — MAa] YE vy —v?’

(IV.36)

are denoted by TiAfpOle and SiA “Pole see Eq. (IV.95). In addition, we find the 7; and S; terms
which are free of poles in v, see Eq. (IV.96). They emerge as:

ynt2 1 VIV
= —v" IV.
[s = Ma][u— Mp]  4M? (l/i—l/z v >’ (IV-37)

where in the second term the A-pole canceled out.

The imaginary parts of the amplitudes are related to structure functions through the optical
theorem, cf. Eq. (IV.12). As we are studying CS off the nucleon, we have Z = 1. The contribution
to the nucleon structure functions from delta production then reads:

1 2 (v—A)(Mv—@Q?)°  g2Qls(v—A
A, QY = R [g%|q|2(u+M+)+ 9 v )]\gQ Vo @) gt %‘428\7142 ) (1v.ssa)
_gmgelaP? My = Q)  gugolaQ?
M M
2 2(Mv — Q%) (~MA(M +v) +
| 29p9cQ (Mv ]\32)]\/5A AM+v)+s) 5 — va),
2 2 O2(A —
Pa2@%) = A”fM_% [g%wo/ £ ML)+ — ) - W (IV.38b)
gmgre (Mv — Q%) gryge Q?
— i + i ] (v —va),
2 M — 2 M —_A) — 2
91(7/, Q2) — _4MJ2r [,912\47/(7/4’ M+) + 9E (V Q )](\42 (V ) Q ) (IV38C)
Q" (MAM —s5)  gugr (MaQ® +4v (Mv - @Q°))
M2MZ M
 gmge Q* (—4vMa + Mv - Q?)
MM
2 M2 +A 2
+gEgCQ (V]\4'2]\4'A (Q S)) 5(V_VA)7
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3. Compton Scattering off the Nucleon with A-Exchange

2 2 2 2 N2
9y VU 9 gEA(VM—Q) 96 Q°(vMaAM — As)
_ 9MYE (—I/MA +4 (MI/ — Q2))
M
_ grgc (Mlg|* (M — 2Ma) + v M4 Q* — Q' + Qs + Avs)
M2Ma
gmgc (AMAQ?* +v (Mv — Q?))
+ MMa (v —uvna).

Alternatively, we can convert to the Bjorken variable and replace the J-function in the following
way:
Q2

A 5(z — @*f2ntva) . (IV.39)

d(v—va) =

For brevity, we introduced the following shorthands:

A = Ma-M, (IV.40a)
M, = Ma+ M, (IV.40b)
ql = V¥ +@Q2 (IV.40c)
Qs = /(Ma+M)?+Q2, (IV.40d)
wy = (MZ—M*+Q?/2MA,. (IV.40e)

The A-production threshold in the lab frame is related to the A-production threshold in the
CM frame (or delta rest-frame) as: va = (Ma/M)w;. In Appendix IV.C.2, we derive the
A-production helicity cross sections and confirm our results for the nucleon structure functions.

We verified that exploiting the DRs in Eqs. (IV.11b)-(IV.11d) and the once-subtracted DR
for the amplitude T3, cf. Eq. (IV.13b), the structure functions (IV.38) reproduce the A-pole
part (IV.95) of the VVCS amplitudes. It is important to emphasize that the nucleon structure
functions in Eq. (IV.38) can not reproduce the non-pole contributions to the VVCS amplitudes,
cf. Eq. (IV.96) [368]. To describe the non-pole contributions in a dispersive framework, we define
the following structure functions:

e, @) = SETQY)), (1V 412)

P, @%) = S TQ) i), (IV.411)
2 ~

Q) = ol SQN) (V410

which reproduce Egs. (IV.96a)-(IV.96¢) as plugged into the DRs, cf. Egs. (IV.11b), (IV.11¢) and
(IV.13b), respectively.

In Eq. (IV.11d) we wrote a DR for vSy rather than S. This will be convenient later, because
the Born contribution to the CS off the nucleon has a pole in the Sy amplitude, Eq. (V.16d), for
the subsequent limits of @?> — 0 and v — 0. It is important to understand that the non-pole
contribution of vSy can not be deduced from Eq. (IV.96d). We instead derive the following
expression:
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2T

g MQ% n 96 Q*(Q* — A%
MM?

2 2Ma
+9890m MA(Maws —4Mw_) — grgc A(2Q2 + Muwy)

S. v, Q%) [ M3 w?
+gmgc Q2(4M—w+)] + 2( VQ ) [ ]\A42+ +1/2} ,

vSy(v, Q) = 95 MAAw_ +

(IV.42)

which has not only terms proportional to 2 but also has terms constant in v. The v-independent
part of Eq. (IV.42) can be described by:

2 __
G2,0(7,Q%) = @ [V52

-~ 16maM?

v—0

] 5(z), (IV.43)

as plugged into Eq. (IV.11d). The part of Eq. (IV.42) proportional to v? can be described based
on:

6 Q 2

= 6dma Mt 22 v

] 5(z), (IV.44)

and the dispersion integral on the rhs of:

I;;\S;(l/, Qz) - ’;:9/2(07 Qz) =

4,2 rxo 2~ 2
64raM v / do F G2.6(z, Q%) (IV.45)
0

Q6 1 —22(v/ve)?’

3.2. Jones-Scadron Form Factors and the Large-N. Limit

In Section 1V.3.1, we calculated the A-exchange contribution to forward VVCS within the frame-
work of BChPT. We now want to make a connection to the pion electroproduction’ experiments,
Y*N — wN, at the resonance position, s = Mi, see Fig. IV.5. The v*N <« A transition, de-
picted by the blob in Fig. IV.5, corresponds to a e.m. decay of the lowest nucleon resonance,
A(1232) with spin and parity 3/2%, into the nucleon ground state, N with spin and parity 1/2%.
The selection rules for this transition require, firstly, a conservation of parity, and secondly,
compliance with the triangle inequality:

o= g <0< i+ g, (1V.46)

imposed on the orbital momentum ¢ of the photon relative to the target nucleon. Since the
FE-even and M-odd transitions are parity conserving:

AP = (—1) E{ transition, (IV.47a)
AP = (—1)"*! M/ transition, (IV.47b)

the e.m. A(1232) decay can be described by magnetic dipole (M1), electric quadrupole (E2)
and Coulomb quadrupole (C2) transitions, where the Coulomb transition is a electric transition
with longitudinal photons. Naturally, one expects higher multipolarities to be suppressed. A
rule of thumb also says that the probabilities of M¢ and E(¢ + 1) transitions are roughly equal.
However, as we will see later, the nucleon-to-delta transition is dominantly of magnetic dipole
type.

"In the OPE approximation, pion electroproduction is equivalent to pion photoproduction with virtual photons.
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3. Compton Scattering off the Nucleon with A-Exchange

Figure IV.5.: Pion electroproduction with intermediate A-exchange.

Let us now switch to the notation of pion production. The final state has a pion with spin and
parity 0. It can be described by an orbital angular momentum [ of the pion relative to the
recoiling nucleon. Including the intrinsic parity of the pion, the parity of the final wN-state

is given by (—1)*1. The pion electroproduction can then be expanded in the Ml(i’r/ 2), Eﬁ/m

and S’ﬁﬂ) multipoles, cf. Ref. [369, Section 2.3 and Table 3]. Here, the superscript denotes the
isospin. The subscript denotes the [ = 1 partial wave and the “+” indicates that spin and orbital
angular momentum of the nucleon are parallel.

The magnetic (gar), electric (gg) and Coulomb (gc) couplings are per definition related to
the magnetic (G7;), electric (G};) and Coulomb (G§) nucleon-to-delta transition FFs of Jones
and Scadron [370]:

g = Gu(Q*) - GR(@?), (IV.48a)
_ % [w_G* Q) + @ o (QQ)] (IV.48b)
T TR My " 2ME ] '
_ Q% Go(Q?) — Y- o (Q%) (IV.48¢)
gec = w2 + Q2 E 2MA © ' )

Another systematic approach to approximate the strong interaction is the 1/N, expansion [371,
372]. This perturbative expansion of QCD has the advantage that it is based on a parameter
which is small at all energy scales. On the contrary, ChPT is restricted to low energies. As a
direct consequence of QCD, the baryons are static in the large- N, limit,

M =0O(N,) and Ma = O(N,), (IV.49)

and the baryon sector has an exact contracted SU(2Ny) spin-flavor symmetry, with Ny being
the number of light quark flavors.® In the following, we will present an alternative approach to
the A-exchange, where we relate our prediction to empirical observables by means of large- N,
relations.

8 As pointed out in Ref. [373], the excitation energy of the delta is vanishing in the large-N. limit:
A=O0(N), (IV.50)

hence, the 1/N. expansion triggers an unphysical region where A < mr. Therefore, the chiral limit (m, — 0)
and the large- N limit do not commute and one expects the former to dominate.
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Gu*
3 GDipole

1.2+

Figure IV.6.: G%,(Q?) as a function of @2, normalized to the dipole form factor Gp(Q?) (multiplied by
a factor 3). Equation (IV.53) (normalized to G},(0) = 3) is evaluated for the dipole form factor (dotted
curve) and the form factor parametrizations of Bradford et al. [316] (solid curve). The dashed curve
shows Eq. (IV.58a) with the form factor parametrizations of Ref. [316]. The data are from JLab: CLAS
with red pyramids [374], blue open pyramids [375] and purple triangles [376]; Hall C with pink light green
circles [377] and pink open circles [378].

The nucleon-to-delta transition FFs can be connected to the e.m. nucleon properties via large- N,
relations:”

G (0) = % 379], (IV.51a)
2 ar2 3/2

GoL(0) = M12 \/];A <J\]Z ) (2 [380], (IV.51b)

Go0) = gy GHO) B3I, (IV.51c)

where we introduced the isovector anomalous magnetic moment of the nucleon: xy = Kk, — Ky ~
3.7 [242]. An extension of these relations to finite momentum transfer is modeled in Ref. [381]:

1

Gu(@) = E[sz(QQ)—an(QQ)], (IV.52a)
\ M\*? AM

GuQ*) = <MA> 5 ﬁC;QGEn(QQ), (IV.52b)
* 2 4Mi * 2

Go(Q7) = AN, Gr(Q7), (IV.52¢)

where F, and Fy, are the Pauli FFs of the proton and neutron, respectively, and Gg, is the
electric Sachs FF of the neutron. We furthermore use the fact that Fy,(Q?) = —Fy,(Q?) in the
large- N, limit'" and modify the relation in Eq. (IV.52a):

G (Q%) = V203 Fo(Q7), (IV.53)

“Note that Eq. (TV.51b) follows from a relation between the N — A quadrupole moment and the neutron charge
radius: Q, o+ = (7"2>En/\/§.

10Ref. [382] performs a simultaneous expansion in 1/N. and ms, the mass of the strange quark, and finds:
3n 4+ 2pp = 0.
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3. Compton Scattering off the Nucleon with A-Exchange

with C}, = \%03 , to reproduce the empirical value of G7,(0) ~ 3.02 [383].

Starting from the ChPT structure functions, cf. Eq. (IV.38):

Fonpt(v, Q%) = enni 934 + CEE 95 + coc 98 + eME 9mgE + evc gmge + cec grge,  (IV.54)

with F being either fi, f2, g1 or g2, and ¢’s functions of v and Q?, we set up a model for the
nucleon structure functions based on the Jones-Scadron transition FFs:

Fis(v,@*) = G {Cwm + Oume Renm + Cuc Rsu + Crg Ry (IV.55)
+Crc RemBRsm + Coc Réy ) -
Here, the Q? dependence is in the magnetic Jones-Scadron FF and the multipole ratios Rpn =

E2/M1 and Rsy = C2/M1 measured in pion electroproduction. The C’s are functions of v and
Q?, they are related to the coefficients in Eq. (IV.54) through Eq. (IV.48) in the following way:

Cvm = e, (IV.56a)
2M,
Cvg = 2 [CMM + fo (w— eME — MACMC)} ; (IV.56b)
8M?2
Cve = & [Q*cmE + Maw— emc] (IV.56¢)
Q+QZ
4M
Cpp = cuu+ Qif |- ene — Macnc (IV.564)
4M
+ QQ_A (w? ceE — Maw- cBc + MAccc) },
8M?2
Cgc = A Q2CME + Maw_ eymc IV.56e
2.0t (IV.56e)
4M,
_|_Q72A [2Q2w_ cgE + Ma(w? — Q) epe — 2MAw_ cCC] },
Coc = GAMA s M 2 M IV.56f
cc = 2 6 [Q CEE + Maw— (Q CEC + Maw— Ccc)] . (IV.56f)
+ —

The multipole ratios are naturally small and go as O(1/N?2) [384]. They can be written in
terms of the Jones-Scadron FFs as [381]:
G(@%)
Rpm(Q*) = — 2=, IV.57a
_Q+Q- G¢(@)
AMR Gy (Q%)

Rsm(Q*) = (IV.57b)

For Q% = 0, these large-N¢ expressions coincide: Rpyv = Rgv. In Fig. 1V.7, we show the
multipole ratios, cf. Eq. (IV.57), as described by the large- N, relations in Egs. (IV.52b), (IV.52¢)
and (IV.53), and compare to experimental data. For the e.m. FFs we make the same choice as
Ref. [381] and apply the parametrizations of Bradford et al. [316], cf. Eq. (I1.156) and Table
I1.8. We present two curves for different values of C},;. The dashed curve is chosen to reproduce
the empirical value of G3,(0) and the solid curve corresponds to Ref. [381, Fig. 1]. Both curves
describe Rgy equally good. For Rgy we observe a slight deviation of the dashed curve as
compared to the data. However, since the nucleon-to-delta transition is anyway dominated by the
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Figure IV.7.: Multipole ratios of the nucleon-to-delta transition: Rgy (upper panel) and Rgy (middle
panel), cf. Eq. (IV.57). The data are taken from Refs. [374, 385-397]. The gray band corresponds to
the experimental value for the Ry multipole ratio at the real-photon point: Ry (0) = —2.5 + 0.5%
[398]. The curves are based on Egs. (IV.52b), (IV.52c) and (IV.53) with C}; =1 (solid) and C}; = \%Oj
(dashed). The neutron electric Sachs FF G, (lower panel) is taken from Ref. [316].

magnetic dipole, cf. Fig. IV.8, we tend to neglect the Rgy multipole ratio and replace Rey(Q?)
by its static value Rgy(0), cf. discussion below Eq. (IV.70) and Section VII.1.3. Therefore, the
description of Rgyp is still acceptable.

Along the same line, see Section VII.1.3, it will later be useful to establish:

ﬂM-i- FZp(QQ)

* 2 _

coz (MNP AME Gpa(QY)

Gp(Q7) = <MA> 3P0 T8 Fer] (IV.58b)
M2

Go(Q?) = Né_%%(@%, (IV 580)
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3. Compton Scattering off the Nucleon with A-Exchange

without changing the multipole ratios.'' In Fig. IV.6, we show the magnetic Jones-Scadron FF.
We refrain from showing the experimental error bars, as they are very small for most of the
References. We compare Eq. (IV.53) for the dipole FF and the FF fit from Ref. [316]. Both
FFs give a good description of the spread of data. Furthermore, we utilize the set of nucleon
FFs presented in Ref. [316] to plot Eq. (IV.58a). The resulting curve has an offset towards lower
values of G}, over the whole @Q? range. This is due to the fact that we no longer fix the static
value to the experimental G7,(0) ~ 3.02 [383]. A motivation for Eq. (IV.58a) shall be postponed
to Sections 1V.3.3 and VII.1.3.

3.3. Contribution of the A-Exchange to Nucleon Polarizabilities

We will now evaluate the contribution of the A-exchange to the GPs introduced in Section IV.1.3.
We first present predictions derived in the pure ChPT framework. We then give expressions for
the generalized GDH integrals in terms of the magnetic Jones-Scadron FF and the multipole
ratios of pion electroproduction, as derived from the large-/NV, relations presented in the above
Section I1V.3.2. In Fig. V.11, we show the pure BChPT prediction for the nucleon GPs of VVCS
along with the data driven description of the A-exchange contribution to GPs through nucleon
FFs.

Let us start by presenting our BChPT results for the Q? dependence of the nucleon polariz-
abilities up to O(Q?), see Eqgs. (IV.60)-(IV.69). Following Ref. [363], we introduce a dipole on
the magnetic coupling to take into account the vector-meson diagram shown in Ref. [363, Fig.
2(d)]:

gr — ujg%’ (IV.59)
Inclusion of this FF is important to reproduce pion electroproduction data, where the usual
choice would be A = V0.71 GeV2. In Appendix IV.C.3, we will compare to results with a
general momentum-cutoff in the I, ya vertex function.

Electric and Magnetic Dipole Polarizabilities

(Q*=0) = 95 (IV.60a)
AE1 o N 2 M3’ o
M1 - B 2mAM?’ ‘
d [ap1(Q%) + B (@%)] _ ¢ (o[ L 1 (IV.60c)
dQ? gm0 TME\A M 24 |
A—oo

gumge | 1 1 1

T [4A2 AM++4MJQJ

__ 9k [1_ 5] _gwge  gmgc
AMM, |A~ M| 2AMM, W MM:)"

1Strictly speaking, the multipole ratios depend on our choice of Casx, cf. Eq. (IV.53). For C; = \%02 we have
Kp

R (0) = Rsp(0) = —0.0176, while Cf; = 1 gives Rem(0) = R (0) = —0.0209.
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IV. Forward Doubly-Virtual Compton Scattering

With running gp; coupling:

d [am(Q?) + Ban (Q?)] d (ap(Q*) + B (Q?)) 2 gy (IV.61)
2 2 2 A2° :
d@ 020 d@ X?iig TAMZ A
Longitudinal Polarizability
2072 2 2
2 e“MZ 9E g gegc
=0) = — V.62
a(@7=0) = <AMM_% oML " MMgM+> ’ (1V.622)
d 2 MR [ 247 2 1 21 3
aL(? ) e A ( 29E2 { _ ] _ g% [ - } (IV.62b)
dQ@ 92=0 TAME \A2M5 [MA M MR |[M  2Ma
A—o0

4 989C 5 3
AMZM, |[Ma  M|)

Forward Spin Polarizability

2 2 2
2 € Im 9k d9m9E
=0) = - == 4 == — V.63
’VO(Q ) 47TM_%_ <A2 + M-%— M+A >7 ( a‘)
dy0(Q?) ¢ (gi [ 1 1 1
= - = — IV.63b
d@? Q%0 TM2A\ A [4A? AM++2M_% ( )
A—o0
+9129 [13]9M9E [1 5 1} 29MQCQEQC>
2M2 [2A M, M, A2 AM,  MZ]  AMZ M3
With running gp; coupling:
d0(Q%) _ dy(@?) e? 1(9]2\4_29M9E> (IV.64)
dQ? 0?0 dQ? 0°=0 TM2AA2\ A M,
A—o0
Longitudinal-Transverse Polarizability
& Ma ( 9k | guge  gBgC
Srr(Q*=0) = < E_ 4 — > IV.65a
@ =0 = o \ang T an a2 (1V.652)
dorr(Q?) EMAA (g [1 47 g (IV65D)
d@? 0%=0 drMM2 \ A2M2 |A My AMZ M2 )
A—oo
gmye | 1 3 1
Az, {m AN, T Mi]
ygmge ) 1 2 1} gmge T 1
AM3 242 AM,  2M3%] 2MAIMZ |A M.])’
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3. Compton Scattering off the Nucleon with A-Exchange

With running gp; coupling:

dérr(Q?) _ dor(@Q%) _ &MA  guge (IV.66)
dQ? 020 d@? 0?=0 2rAMMS3 A2
A—o0
Generalized GDH Integral I4(Q?)
(@ =0) = 0, (IV.67a)
d14(Q%) M gy 95 29mM9E  gEgC (IV.67D)
d@? 02=0 M2 \242 MM, AM, MaM.)’ '
A—oo
Zeroth Moment of g;
L(Q*=0) = 0, (IV.68a)
d1(Q%  MaM? < 9% 9M9E gEgc> (IV 68b)
d@? 0?=0 2M3 \MMx AM M3
A—o0
Second Moment of the Higher Twist Part of g,
7 dd>(Q%) d*da(Q?)
b(Q*=0) = —27 = 0" =0, (IV.69a)
dQ2 Q2%2=0 d(Q2)2 Q2=
A—o0 A—oo
1d%dy(Q%) Ma ( 9 9B {3 1 ]
= = + =5 |t IV.69b
6 d(@*)? |52 16M2M2 \ A2Mp M2 (M Ma ( )
A—oo

_l’_

guge | 3 4 | 3gmgc
AM+ M MA M2M+ ’

Table IV.3.: A-exchange contribution to the nucleon polarizabilities from real Compton scattering.

polarizability | A-exchange contr. empirical values dimension
proton neutron
apr + B 7.040 14.0(2) [238] 14.40(66) [334] 10~* fm?
or, 0.002 2.32[66] 3.32[66] 10~* fm®
Yo —2.844 —0.929(105) [239] —0.005 [66] 10~ fm*
Spr —0.160 1.34 [66] 2.03 [66] 10~* fm*

In Table I1V.3, we summarize our BChPT predictions for the static nucleon polarizabilities, i.e.,
the polarizabilities at the real photon point, obtained with a dipole FF on the gj; coupling (black
curves in Fig. IV.11). We compare our result for the A-exchange contribution to empirical values
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Figure IV.8.: A-pole contribution to the zeroth moments of the spin-dependent structure functions.

for the absolute polarizabilities known from RCS. One observes that the A-exchange contribu-
tion is especially important for the sum of dipole polarizabilities and the FSP. The generalized
GDH integrals are not included in the Table, because their values in the real photon limit are
proportional to the anomalous magnetic moments of the nucleon, cf. Eq. I11.13. Nevertheless,

the A-exchange is important for the characteristics of the Q? behavior of the GDH integrals [ (p ),

Ign) and I;n), as one can see from Fig. IV.11 and Ref. [59, Figs. 5 and 6] (as well as Ref. [65]).
Following the procedure outlined in Section IV.3.2, cf. Egs. (IV.54)-(IV.56), the polarizabilities
given in Egs. (IV.60)-(IV.69) can be easily expressed in terms of Jones-Scadron FFs. The
results are indicated in Fig. IV.11 by the red long dash-dotted curves. Here, we also give
expressions for the A-pole contributions to the generalized GDH integrals and the BC sum rule.
Fig. IV.8 shows the A-pole contributions to the zeroth moments of the spin-dependent structure
functions. The plot visualizes the impact strength of the various combinations of Jones-Scadron
FFs or multipole ratios, respectively. Clearly, the magnetic dipole contribution is dominating.
The interference of the electric and the magnetic Jones-Scadron FFs gives the second larges
contribution, while all other contributions are basically negligible. The spin-dependent structure
functions, Eqgs. (IV.38¢) and (IV.38d), at the A-resonance position can be approximated by:
Q*Q%

g1(za, Q%) ~ —mGﬁ(QZ) [1 = 6Rem(0)] = —ga(za, Q%) (Iv.70)

where we neglected Rgy and RZ,; and approximated Rpnm(Q?) =~ Rem(0), as motivated in
Fig. IV.8. Analytic expressions for the A-pole contributions to the generalized GDH integrals

98
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Figure IV.9.: Different contributions to the Burkhardt-Cottingham sum rule: fol dx go(z,Q?). For the

elastic form factors, we use the parametrizations of Ref. [316]. The A-pole contribution is plotted based
on Egs. (IV.70), (IV.58) and the same form factors.

and the zeroth moment of the g9 structure function are given below:

@) =~ (@)~ 3 (@) (IV.71a)
1{%% Rsm(Q?) [1+ 3 Rent(Q?)] }

By = GGG 6 @) - 3 RE(@) (tv.71b)

JApele( ) _ W {1~ 6 Ren(Q?) — 3 RE(@) (IV.71c)

where the corresponding static values (Q? = 0) are:

[A-vole () — [A=pole(g) — _G*MZ(O) {1 6 Ren(0) — 3 RIZEM<0)}7 (IV.72a)
15770k (0) = G%(O) {1 — 6 Reni(0) — 3 R (0) + % Rem(0) [1+3 REM(O)]} - (IV.72b)

Here, it is worth to point out that the A-pole and the non-pole contributions cancel exactly in the
static values of all the integrals, i.e., in Eqs. (IV.67a), (IV.68a), and furthermore: I5(Q? = 0) = 0.

The vanishing contribution of the A-exchange to I is expected, as it is a pure polarizability
contribution, see Section V.1.6.3 for a proof. The same requirement is fulfilled by the po-
larizability contributions coming from the wN- and wA-loop diagrams, cf. Figures 1V.3 and
IV.2. In Fig. IV.9, we show that the A-pole and the elastic FF contributions to the Iy inte-
gral, Eq. (IV.20a), cancel partially. Here, the solid red line corresponds to the contribution of
the approximate g structure function, cf. Eq. (IV.70), and the light red line corresponds to
Eq. (IV.71c). In both cases, we are using the large-N, relations from Eq. (IV.58).

Figure 1V.10 shows the generalized GDH integral, I;(Q?), and the Pauli FF, —1/4 F3(Q?).
At the real photon point, the generalized GDH integral passes into the GDH integral, I;(Q? =
0) = —k2/4, in line with the squared Pauli FF. As the nucleon-to-delta transition is dominantly
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Figure IV.10.: Comparison of I1(Q?) and —1/4 F3(Q?) as functions of @Q?. The black short dashed line is
the MAID prediction for I; [66]. The blue dots are deduced from CLAS data [399] and the purple dot at
the real-photon point complies with —x2/4 [107]. The gray dotted line is the Pauli FF parametrization
of Ref. [316]. The orange long dashed line is the A-pole contribution to I; as given in Eq. (IV.71a); the
green solid line is the sum of 7-cloud and A-pole contributions [59]; the red dash-dotted line in addition
includes the wA-loop contribution [59].

of magnetic dipole type, cf. Fig. IV.8, and the magnetic Jones-Scadron FF can be expressed
through the Pauli FF by large-N, relations, cf. Eq. (IV.53), it is not far to seek that the A-
pole contribution to I; and the Pauli FF will look alike. Using Eqgs. (IV.58) and (IV.70), we
construct a perfect agreement: I+ P2°(Q?) = —1/1 F2(Q?), where we are neglecting Rgy, etc.
In Fig. IV.10, this is illustrated with the orange long dashed line, indicating I 1A 7POIe(Q2), and the
gray dotted line, indicating —1/4 F3(Q?). The light orange line shows the full A-pole contribution
as given in Eq. (IV.71a), i.e., fully including the electric and Coulomb transitions. In each case,
we plotted I1 with the Jones-Scadron FFs of Eq. (IV.58). Again, it becomes obvious that the
magnetic Jones-Scadron FF makes up the major part of I IA ~Pole The relevance of the A-pole
contribution will be explained in Section V.1.3.

In Fig. IV.11, we compare our results for the nucleon GPs, which we derived from either
ChPT or large- N, relations. The large- N, relations are useful as they express the Jones-Scadron
FFs, describing the e.m. nucleon-to-delta transition, through nucleon FFs, which are measured
extensively. In Section [V.3.2, we presented two sets of large- N, relations. In the following, we

applied Egs. (IV.52b), (IV.52¢) and (IV.53) with C}, = \:/3'503 to derive the complete A-exchange
P

contribution to the nucleon polarizabilities (red long dash-dotted curves in Fig. IV.11). On the
other hand, we used Eq. (IV.58) to derive the contribution to the polarizabilities which originates
from the A-pole part'”? (orange short dash-dotted curves in Fig. [V.11), e.g., from Egs. (IV.38)
or (IV.95). In both cases, we substituted the FF parametrizations of Ref. [316].

Focusing for now on the full BChPT result (black curve) and the large-N, description of the
A-exchange (red curve), we find a very similar description of the sum of dipole polarizabilities
and the FSP. Also for the generalized GDH integrals, one observes a similar evolution in both ap-
proaches. The only difference is in a stronger curvature of the BChPT result with increasing Q2.
For the longitudinal and the longitudinal-transverse polarizabilities, one observes an upwards
shift of the large- N, curves. This follows from the fact that the ChPT coupling constants,

2For I we do not plot the A-pole part. Instead, we refer to Figures IV.8 and TV.10
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Figure IV.11.: The sum of electric and magnetic dipole polarizabilities [a g1 + Bar1] (Q?), the forward spin
polarizability 70(Q?), the longitudinal-transverse polarizability d;7(Q?), the longitudinal polarizability
ar(Q?) and the generalized integrals I1(Q?), I4(Q?) and d2(Q?) as functions of Q2. The legend is given
in the upper right corner, further information is given in the text.
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Figure IV.12.: mA-loop amplitudes with photon coupling minimally to the delta at O(p7/?) (first row),
O(p*) (second row) and O(p?/?) (third row) in the low-energy domain of the d-expansion. Diagrams
obtained from these by crossing and time-reversal are included too.
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Figure IV.13.: One-delta-irreducible 7N- and 7A-loop amplitudes at O(p?/2) (first row) and O(p®) (sec-
ond row) in the low-energy domain of the §-expansion. Diagrams obtained from these by crossing and
time-reversal are of the same orders.

given in Table IV.1, and the so to say large-N,. couplings do not agree at the real photon
point. Evaluating Eq. (IV.48), one finds: g¢a/(Q? = 0) =~ 2.97, gr(Q? = 0) ~ —0.78 and
go(Q? = 0) = 0. The limit of the running magnetic coupling was fixed in accordance with
experiment by our choice of C},. The electric couplings resemble on another. Nevertheless, one
can observe a slight offset in the FSP. The biggest deviation is in the Coulomb couplings. As
only the static values of oy, and ér depend on g, this is where the biggest differences are seen.

Ref. [59] studied moments of nucleon structure function at NLO in BChPT. For this part of the
thesis, our motivation was to extend the former calculation by including the Coulomb coupling.
Strictly speaking, the Lagrangian with gp and go couplings, cf. Eq. (IV.28), is attributed to
order k = 3 and not k = 2 [360]. This is due to the fact that the contained 75 matrix mixes small
and large components of the Dirac spinors, cf. Ref. [400, Eq. (3.33)]. Therefore, the A-exchange
diagram belongs to several orders in the chiral expansion. It has a dominant contribution
proportional to 9%/17 interference terms proportional to gyrgr or gargo, and terms originating
purely from k& = 3 Lagrangian, e.g., proportional to g%, JEgc or g%. In the d-expansion, these
terms are of O(p7/?), O(p°/?) and O(p''/?), respectively. Likewise, they are of O(p), O(p?) and
O(p?) in the first resonance region. In Fig. IV.11, we compare the previous results including
the magnetic and electric couplings (green dotted curve) [59] and our improved result including
the Coulomb coupling (black solid curve). Despite its higher order in the power counting, the
contribution of the Coulomb coupling gives significant effects, especially for oz, and dr7.
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4. Compton Scattering off the Nucleon with wA-Loops

The remaining curves show different regularizations for the higher Q? behavior. For one thing,
we introduce a vector-meson type of dependence on ggp and gco analogue to Eq. (IV.59) (blue
short dashed curve) [363]. For another thing, in addition to the dipole FFs on the coupling
constants, we introduce an overall prefactor which cuts off higher momenta, cf. Eq. (IV.104)
(purple short dashed curve) [360].

4. Compton Scattering off the Nucleon with wA-Loops

Within the §-counting, the diagrams shown in Fig. IV.3 enter the chiral expansion of the VVCS
amplitude at NNLO; they are of O(p”/2). The diagrams in the first row of Fig. IV.12 contribute
to the VVCS amplitude at the same order.'® The remaining diagrams, shown in the second and
third row of Fig. IV.12, are of higher order. They contribute at O(p*) and O(p?/?), respectively.
However, they are required from e.m. gauge invariance and for the renormalization program.
Lensky et al. [59] bypassed the calculation of the latter diagrams, cf. Fig. V.12 second and
third row, by includes only the subset of pion-delta loops which would give a non-vanishing
contribution to the case of a neutral delta, i.e., the diagrams shown in Fig. IV.3.'* They
followed a procedure outlined previously for the case of RCS [58, Section 3] to make this subclass
of diagrams gauge invariant and effectively include the lower-order contributions of the one-loop
graphs with minimal coupling of photons to the delta. In this way, they achieved a BChPT
prediction for the amplitude of CS off the nucleon at NNLO and the nucleon polarizabilities at
NLO in the low-energy domain of the §-expansion.

The e-expansion, however, counts all diagrams in Figures V.3 and 1V.12 as O(p?), cf. Table
IV.2. Working in the e-expansion, Bernard et al. [64] obtain a larger value for the longitudinal-
transverse polarizability of the proton (and neutron), cf. Fig. [.3, which is in significant con-
tradiction to the empirical information and the result from Ref. [59]. The claim is that the
difference is due to the diagram with two photons coupling minimally to the delta inside the
chiral loop, see third row of Fig. I[V.12. To solve the drr puzzle, it will be enlightening to repeat
the calculation of Ref. [64] and consider the diagrams shown in Figures IV.3 and IV.12 entirely,
i.e., not only the lower-order contributions. Such project has been initiated by V. Lensky et al.
[65] and results are underway. As part of this thesis, the mA-production cross sections were cal-
culated, which serve as a cross check for the 7A-loop amplitudes [65]. In Section IV.4.1, we will
outline the calculation of the cross sections and present our results graphically. In Section IV .4,
we will provide some newly developed insights into the §rr puzzle.

The last thing we want to point out is that, while the diagrams in Figures [11.3, IV.2, IV.3,
IV.4 and IV.12 give the complete O(p3) VVCS amplitude in the e-expansion, they do not give
a full amplitude in the J-expansion. In the low-energy domain of the d-expansion, this set of
diagrams is incomplete and lacks the diagrams shown in the first row of Fig. IV.13 to give the
VVCS amplitude at (’)(pg/ 2). Also, in the first resonance region the diagrams will not be able to
fully describe the CS amplitude at O(p?), because the O(p?) diagrams shown in Fig. IV.13 are
missing. On the other hand, all diagrams in Fig. V.13 are of higher order in the e-expansion,
in particular, they are of O(p?). Therefore, extending the calculation of Ref. [59] as described

3The dashed circles on the vertices of the far left diagram in the first row should indicate that either both
vertices have the photon minimally coupling to the delta, or, one photon is coupling to the pion and the other
is coupling to the delta. The diagram with both photons coupling to the pion is already shown in Fig. IV.3.
Similarly, the dashed circle on the vertex of the far left diagram in the second row indicates that the photon
can couple to the pion or the delta. This is for instance allowed in the yn — A*7T channels.

14 The structures shown in the first row of Fig. IV.12 can be found also in Fig. IV.3.
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IV. Forward Doubly-Virtual Compton Scattering

above gives us no more explanatory power in the §-expansion power-counting. It will only help
to understand the origin of the d;p puzzle.

4.1. wA-Production Cross Sections

(A) B

Figure IV.14.: 7 A-production photoabsorption cross sections.

In the following, we study the cross section of v*N — 7A. In general, the cross section for
two-body scattering, i.e., 1 +2 — 3+ --- + n, is defined as:

1 d3pl,
do = (27T)45(4) (pf _pi) ‘Mfz‘zﬂ H W’ (IV.73)

where the subscript i (f) stands for initial (final) particles, I? = (p; - p2)?> — m?m3, and the

integration is over the final phase space. For the two-to-two scattering at hand, we can write

do = LMW ;|2 dcos 0 (IV.74)
32r M2 (12 +Q2) "/ ’
where 0 is the scattering angle and I? = M?(v? + Q?). Here, we eliminated four integrations
by help of the energy and momentum conservation delta functions, and evaluated the azimuthal
integration with a factor of 2.
For the calculation, we chose the CM kinematics:

= (E,0,0,—|q|), (IV.75a)

g = (w,0,0,|q]), (IV.75b)

pa = (Ea,|p'|sind,0,|p'|cosb), (IV.75c¢)
Dr = (EW,—\p'|sin9,0,—]p’\cosﬁ). (IV.75d)

All particles need to be on the mass shell and the photon virtuality is given by ¢> = —@Q?. Later,
we can transit to the lab-frame variables with a set of replacement rules:

2
M
p - St -Mv (IV.76a)
/s
My — 2
w o= Mr-o° (IV.76b)
NG
M2_ 2
By = STMAT MR (IV.76¢)

2¢/s
2 M2

B, = Stmn— VA (IV.76d)
2¢/s

2
la| = \/QM@LSM”), (IV.76¢)
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4. Compton Scattering off the Nucleon with wA-Loops

2 _ M2 2
p| = \/(8+m18 A) —m2, (IV.76f)

where s = M? + 2Mv — Q? is the usual Mandelstam variable.
For VVCS, the photon can be either transverse or longitudinal polarized. The polarization
vectors for a space-like photon read [53]:

ey = —1/v2(0,1,i,0), (IV.77a)
e = 1va(0,1,—4,0), (IV.77D)
€ = I/Q (‘q|70707w)7 (IV77C)

where the subscript indicates the helicity of the photon. For the nucleon momentum given in
Eq. (IV.75a), the spin-1/2 Dirac spinors Ny, follow from Eq. (IV.90) as:

Nipp) = \/E+M<1,0,— al 0), (IV.78a)

E+ M’
g
N = vE+M (0,1,0 IV.78b
71/2(p) + <7 3 7E+M ) ( )

where the subscript again indicates the helicity. The Rarita-Schwinger vector-spinors describing
the spin-3/2 delta are introduced in Appendix I'V.B.'” Here, the nucleon spinors are normalized
according to Eq. (IT1.6) and the delta vector-spinors are normalized as:

Up(pas Xa) U (pas Aa) = —=2Ma Sy x, - (IV.79)
The photon polarization vectors obey the transversality condition:
q-€x(q) =0, (IV.80)
and the orthogonality condition:
e, (@) - e, (@) = (=1)* oy, . (IV.81)

The diagrams contributing to the wA-production process are shown in Fig. IV.14. They can
be calculated with the Feynman rules collected in Appendix IV.A. Since Eq. (IV.74) requires
the squared matrix element, the spin-energy projection operator in Eq. (IV.94) is useful. It
combines the Rarita-Schwinger vector spinors in the right way and performs the necessary sum
over all possible helicities in the final state.

For the cross sections, we distinguish 5 individual channels:

1. channel: yp — ATT7~,
2. channel: yp — A*T70,
3. channel: yp — A%,
4. channel: yn — At7—,

5. channel: yn — A~x™T,

5Note that we are using different normalizations in Appendix IV.B.
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IV. Forward Doubly-Virtual Compton Scattering

Furthermore, we have three different combinations of helicity cross sections for each channel:
or, orr and o, as explained in Section [V.1.3. In addition, the possibility of a spin flip of the
nucleon gives rise to the longitudinal transverse cross section orp. In that case, we in the initial
state have a longitudinal photon with helicity Ay = 0 (€g) and a nucleon with helicity Ay = F1/2
(N1/2)- In the final state, this changes into a transverse photon with helicity )\QY =+1 (eg) and
a nucleon with inverted helicity Ny = £1/2 (N41/2). The VVCS amplitude is then given by:

T(v,Q%) = V2g1r(v,Q?), (IV.82)

as one can read of from Eq. I[V.9. Therefore, in order to derive the longitudinal transverse cross
section, we need to divide the squared matrix element by /2.

Our results for the cross sections are shown in Figures [V.17-1V.24, see Appendix [V.D. We
show o7, opp, o, and o as functions of the lab-frame photon energy v for different values of the
photon virtuality Q2. For each helicity cross section, we show a grid plot of the different channels
and the combined result for the proton and neutron, respectively. In Fig. V.17, we include data
bins from RCS [401]. Especially for the neutral-delta channel, our BChPT prediction gives cross
sections which are much higher than the data points.

To check our results, we used the cross sections (o7, opr and orr) to obtain the higher-order
polarizabilities, e.g., 7y, and compared to the polarizabilities extracted from the real part of
the mA-loop amplitudes [59] shown in Figures V.3 and IV.12. As part of this thesis, we also
calculated the imaginary part of some of the O(p”/2) wA-loop spin-independent amplitudes and
verified the optical theorem for o and oy. For the SE diagram (far left diagram in the second
row of Fig. IV.3), we in addition compared to Ref. [366] and checked the optical theorem for all
cross sections.

In Figures [V.25 and V.26, we compare or, o, o1, and o from different orders in the chiral
expansion for the proton and neutron, respectively. On one hand, we show the mA-production
cross sections which generate the mA-loop diagrams contributing to the CS at (’)(p7/ 2) in the
low-energy domain of the J-expansion (black solid curves). In that case, the matrix element
for the cross sections only contains the diagrams (A)-(C) in Fig. IV.14. On another hand, we
show the cross sections related to the CS amplitude at O(p?/?) in the d-expansion and O(p?)
in the e-expansion (blue dashed curves). Here we include all diagrams in Fig. V.14 into the
cross section calculation. Finally, we illustrate the influence of the CS diagram with two photons
minimally coupling to the delta inside the pion loop by showing the cross section associated to
the CS amplitude at O(p*) (red dotted curves). It thus excludes the contribution of the diagram
(D) squared.

For op and opr we observe that the O(p*) and O(p®/?) curves are very close, hence the
O(pg/ 2) contribution is very small. For o7, and orr, however, we observe significant effects of
both O(p*) and O(p*/?) contributions. At O(p”/?), the absolute value of the cross sections is
considerably reduced, if not almost vanishing. We may conclude that the contribution of the
CS diagram with three delta propagators (i.e., two photons coupling to the delta) is larger if
longitudinal photons are involved.

Unfortunately, we have not yet been able to evaluate these mA-effects on the controversial oy
polarizability, because of the ultraviolet divergence. For example, the value at Q% = 0, given as

. 1 [ dv
5LT(0) = (lglil'b 271_2/0 %O’LT(V, QQ), (IV83)

will diverge upon substituting the wA-production cross section we obtained, because of its bad
(unphysical) high-energy behaviour. In ChPT this problem is taken care of by renormalization,
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(A) B ©)

Figure IV.15.: 7 N-production photoabsorption cross sections.

whereas here we can use subtractions of the dispersion integrals. The correspondence of the
renormalization of the loop calculation and of the dispersive calculation is an open issue for this
particular case. We hope to sort out this issue in the near future.

5. Comparison of ChPT and Empirical Nucleon Structure Functions

In order to visualize our BChPT prediction for the nucleon structure functions and compare to
empirical information, we need to replace the §-functions contained in the A-production cross
sections, cf. Egs. (IV.39) and (IV.38), by nascent é-functions. We will use a Lorentz function,
Eq. (IV.33), which is similar to the Breit-Wigner resonance parametrization [241, Eq. (46.55)].
The Lorentz function is normalized to ensure: [ dwny(z) = 1. Starting from Eq. (IV.38), we
first replace:

[2Mva]?
§(z — Q*2Mup) = - 5(s— M3) . (IV.84)
Afterwards, we substitute the d-function as:
1 MAT
§(s — ME) — = S (IV.85)

(s~ M3)? + (Mal'a)?

To describe the A(1232)-resonance, we then use the pole position Ma = 1.210 GeV and the
width T'a = 0.1 MeV [241].

We limit the comparison to the spin-dependent proton structure function g1 (z, @?). The plots
of ChPT and empirical nucleon structure functions are moved to Appendix IV.E. Our BChPT
prediction consists of the A-production cross sections presented in Section 1V.3.1 and above
and the mN-production cross sections [59]. For the A-production cross sections, we use the
ChPT couplings in Table IV.1 and a dipole on the magnetic coupling, cf. Eq. (IV.59), to include
the effect of vector-meson diagrams. The wN-production cross sections, see Fig. IV.15, were
calculated in Ref. [59] and reproduced in the course of this thesis.

If available, we show low-Q? data from different experiments [402, 403]. Furthermore, we
compare to two different parametrizations of the spin-dependent structure functions of the
proton. We show the JLab parametrization provided to us by K. Griffioen [399, 404] and a
parametrization provided to us by S. Simula [405, 406]. While the Simula parametrization
is lacking some recent data for the low-Q? region, the JLab parametrization includes data as
low as Q% = 0.0452 GeV?. Nevertheless, the Simula parametrization proves to be very use-
ful for our purposes, as its composition of background and resonance contributions is easy to
access. This allows us to plot different ingredients to the structure function parametrization
separately, e.g., the contribution of the A(1232)-resonance, the combined resonant contribution
of A(1232), Py1(1440), D13(1520), S11(1535), S7,(1650), D15+ F15(1680), D33(1700), F35(1905)
and F37(1950), and the “background” contribution.
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IV. Forward Doubly-Virtual Compton Scattering

Remember that, by the standard DRs, the imaginary part of the A-exchange CS amplitude
is only related to the A-pole part of the A-exchange. For the non-pole part we deduced the
structure functions in Eqgs. (IV.41), (IV.43) and (IV.44). Since we are plotting the A-production
contribution to the structure functions as given in Eq. (IV.38), we observe an unphysical behav-
ior at low . This behavior would be canceled by the d(x) structure functions in Eqgs. (IV.41),
(IV.43) and (IV.44). It is another manifestation of the cancelations between A-pole and non-pole
contributions, which were also observed for the I; and Iy integrals in Section 1V.3.3. Unfortu-
nately, we can not plot the missing part of the structure functions as the parameters of the
Lorentz function are unknown. We therefore put a gray shade over the low-z region in all plots
and draw the readers attention to the A-resonance region.

6. Summary and Conclusion

In the present Chapter, we have considered the forward VVCS off the nucleon and the Q2
dependence of the nucleon polarizabilities, a.k.a. symmetric GPs. Our main aim was to calculate
and study the VVCS amplitudes and GPs in the framework of ChPT.

We have discussed the different power-counting schemes for ChPT with explicit A(1232)
DOFs (see Section IV.2.1) and made a comprehensive analysis of the A-exchange contribution.
More specifically, we have extended the calculation of Ref. [59] by including the Coulomb (g¢)
coupling. We have verified the optical theorem with the imaginary part of the A-exchange
amplitudes, cf. Eq. (IV.38), and the A-production cross sections, cf. Appendix IV.C.2. The
A-exchange amplitudes split into a A-pole part and a non-pole part; the resulting amplitudes
are given in Appendix [V.C.1. The A-pole part is obtained from the A-production cross sections
with the help of DRs. For the non-pole part, we write down the structure functions which do
not peak at the pole position, i.e., are not proportional to §(z — Q*/2Mv,), but behave as §(z),
see Eqs. (IV.41), (IV.43) and (IV.44). The GPs of VVCS with A-exchange are listed in Egs.
(IV.60)-(I1V.69) and Appendix [V.C.3, where we compare different regularizations of their high-
Q? behavior. In Fig. IV.11, we have plotted the resulting symmetric GPs and studied the effect
of the go coupling. The strongest effect is observed in «y, and d;7, where even the value at the
real photon point is affected.

In addition to the A-production cross sections, we reproduced the w/N-production cross sec-
tions from Ref. [59] and derived the mA-production cross sections. We have shown that the
polarizability and Born contributions to the BC sum rule are vanishing independently, see Sec-
tion V.1.6.3. For the A-exchange, the 7 N-loop and the wA-loop CS amplitudes we confirmed
that the polarizability contributions to the BC sum rule are equal to zero.

The calculated wA-production cross sections are shown in Appendix [V.D. They have been
helpful to verify the 7A-loop CS amplitudes calculated by Lensky et al. [59] at O(p®/2) in the
d-expansion. However, we have gone further and included the diagrams with photons coupling
minimally to the delta. Hence, we also consider the diagram with both photons coupling to
delta inside the pion loop, which is thought to be responsible for the d;7 puzzle.

The dr7 puzzle refers to the significant discrepancy between the BChPT calculations of
Bernard et al. [64] and Lensky et al. [59]. Our present calculation seems to have all the necessary
ingredients to sort this puzzle out. However, thus far we have not obtained the contribution
of the controversial diagram to §;p due to the ultraviolet divergence of the relevant dispersion
integral.

In Section IV.5 and Appendix IV.E, we compared our BChPT prediction for the nucleon
structure functions to empirical information. We have shown that the A-resonance peak in the
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A. Feynman Rules

structure functions is underestimated by BChPT. In the future, we plan to improve the high-
energy asymptotics of the cross sections by some kind of ultraviolet completion, which will, in
particular, allow us to obtain the result for dp.

Besides our ChPT results, we presented the A-exchange contribution to the nucleon polariz-
abilities in terms of Jones-Scadron FFs, see Section [V.3.2. We reviewed how the Jones-Scadron
FFs are related to the e.m. nucleon FFs by large-IN. relations. We contrasted the A-exchange
effect with the A-pole effect. In Eq. (IV.58), we have set up the basics for a model which we
want to implement in Chapter VII to calculate the polarizability contribution to the HF'S in pH.
The characteristic feature of the model is that we have: IlA_pOIG(Qz) = 1F2(Q?), see Fig. IV.10.

In Appendix IV.A, we derive Feynman rules from the ChPT Lagrangian given in Section I'V.2.
In Section IV.B, we found a general expression for the Rarita-Schwinger vector-spinors of spin-
3/2 particles.

The VVCS amplitudes presented in this Chapter will be used in the remaining part of this
thesis to calculate the TPE effects in pH.

A. Feynman Rules

A.1. Vertices

The Feynman rules for the vertices are derived from the Lagrangians in Section [V.2.

e e.m. vertex for the pion: v* 7 — 7«

u

F’ﬁ?ﬁr(ka k,) = _eﬁ(k + k’)#

kK ==>» - —> - Kk’

e e.m. seagull vertex for the pion: v* 7 — v* 7

v _ 2 _uv
F'/yi'wwr - 26 g,u

e e.m. vertex for the nucleon: v* N — N

u

I _
F'yNN = _eN’YM

Y
Y
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IV. Forward Doubly-Virtual Compton Scattering

e e.m. vertex for the delta: v* A — A

a, 4
en
i (g) = —ear™™ + M [m (qagﬁ“ — ¢ ga“)
_,iz,yaﬁupqp}
B o
e pion-nucleon vertex: N — N7
k
I
| ian 1 p—pn’
4 FﬂNN(k):_ﬁ%'YS V2 ponrt,n—pr,
! " -1 n—-nn’
——b—>
e pion-delta vertex: A — Ax
1 A+ 5 AtHR0,

2/3 ATt 5 Atgpt,
2/3 At - Attr,
1/3 AT — At70
2\/2/3 AT — At
Tl h) = meaﬂmwg 2 2?2 A0 :N:—:
B =——t—=— p « -1/3 A% — A0,
2/3 A" = A~rxt,
2/3  A” — AV,

- - - X

-1 A~ — A~ 70
e pionic nucleon-to-delta transition vertex: N — A
Kk -1 ps AT,
I 2/3  p At a0
|
ih 1/v/3 o AV,
A Tan(P k) = sk, /V3 P §
| 2frMna —1/\/3 n<—>A+7r_,
———>—p 2/3  n<< A%70,
1 n+< ATt
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A. Feynman Rules

e nucleon-to-delta transition vertex: v*N — A

ap aprA,/
¥ (@', q) \/>M M+ Ma) {ng Prdx

a H o, Il gc 2au
+ 95" - qg®" — ¢“p") — MA( ¥

"+ qd' v — ¢ dY) } s,
o A a) \[ S M SN {0yl
a, I gc 2 _ap
+ 98 - qg™ qp)+MA(qu

—p" + 0 a 'y = ) s

e 4-point vertex with photon coupling minimally to the pion: v* N — Ax

ap n_ thae ,

FN’yﬂ'A(p)_ 2f7—|—M 'Ypau pX
1 yp s ATT T yn < ATt
1/V3 ype AVnt yne Ata;

e 4-point vertex with photon coupling minimally to the delta: v* N — Ax

1 yp & AT,

ree (k) = ithaea pang —/2/3 yp e AT 7O,
Nryln 2f=Mn P11/vV3  AneAtx

-1 yn < ATt
A.2. Propagators
e pion propagator:
k 1
e Sx(k) =
> w(k) k2 — M2 +i0t
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IV. Forward Doubly-Virtual Compton Scattering

e nucleon propagator:

Y

n
2

S
|

e delta propagator [62]:

,gaﬂ + l,ya,yﬁ

/
af . p + Ma
S0 = o g

— M3 +i0F

=
) I
R

1 a, 1B B/a) 2 /o, 13
3M (’YP P e 2p P

B. Rarita-Schwinger Vector-Spinors

The A(1232)-resonance is a spin-3/2 particle. It can be described by a vector-spinor U, (p, \),
which satisfies the Rarita-Schwinger equation [407]:

(v*Pa — Ma) Up(p, A) = 0. (IV.86)

Here, p is the four momentum of the delta and A is its helicity. In addition, U,(p, A) has to fulfil
the following set of supplementary conditions:

YUu(p, A) =0,  p'Upu(p,A) = 0. (IV.87)

The proper Rarita-Schwinger vector-spinors can be constructed as [408]:

Zci;/i% eu(p, @) u(p, B), (IV.88)

where ¢, is a polarization vector, u is a Dirac spinor and the coefficient is a conventional Clebsch-
Gordan coefficient. The summation runs over o and 3, the helicities of the polarization vector
and the Dirac spinor, respectively.

In the following, we construct Rarita-Schwinger vector-spinors for different kinematics. In this
Section, we chose the spin-3/2 spinors to be normalized according to U,(pa)UH(pa) = —1.1°
Accordingly, the Dirac spinors need to be normalized as u(pa)u(pa) = 1. The Dirac spinors are
defined by:

E+M
u(p,B) =A 70 , with A= + , (IV.89)
TP 2M
E+M
where ¢g = (1,0) stands for the spin projection § = +1/2 along the z-axis and ¢¢ = (0,1) for
the spin projection = —1/2. They take the general form:

(IV.90)

u(p) = E+M(X1 X2 X2Pp1—ix2p2 + X1D3 X1p1+iX1p2—X2p3)

V2'V2 T V2(E+ M) V2(E+ M)

16Tn other words, we for simplicity remove a factor of v/2Ma in each vector-spinor as compared to the rest of this
thesis.
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B. Rarita-Schwinger Vector-Spinors

whereby p = (E, p1, p2, p3) and p? = M?. For the transverse spin-1 polarization vectors we use
Egs. (IV.77a) and (IV.77h).

B.1. Rest Frame

Up,\ = 3/2) = {(0,0,0,0), (— 1/1/2,0,0, 0) (—z’/ﬂ,o,o,o), (0,0,0,0)}, (IV.91a)
Ulp, A =1/2) = {(0,0,0,0), (o, —1/\/6,0,0), (0, —i/\/é,0,0), (\/273,0,0,0)}, (IV.91b)
Ulp A = —1/2) = {(0,0,0,0), (1/\f 0,0 0) (—z‘/\/é,o,o,o), (o, \/%,0,0)}, (IV.91c)
Up, A= —3/2) = {(0 0,070)7 (0 1/V/2,0, 0), (0, —z’/x/i,o,o), (0,0,0, 0) } (IV.91d)

_ _ 1 [Ea+ Ma |p| Ma
Up,A=3/2) = { 0,0,0,0), (— oV 0 e\ B +MA,0), (IV.92a)
i |Ea + Ma i|p| M
2 Ma >0, 2M A EA+MA’0)7(07070’0)}’
_ _ |p| Ena + Ma |p|? Ma
Ulp,A=1/2) = { e VTR MA,O), (IV.92b)

7 EAJrMA Z|p‘ Ma )
23 Ma QfMA Ex + Ma

Ea /EA+MA EA|p| / 0 }
V3Ma ’ ’f EA+MA’
| /EA+MA |p|2 /
- V.92
0 V3Ma V3M EA+MA> (IV.92¢)
( 1 EA 4+ Ma |p| 0)
23V  Ma ”2\FMAVEA+MA ’

( i EA—I—MA i|p] 0
23 Ma 2v/3Ma V EA+MA
(0 /EA+MA EA|p| / )

fMA - V3M EA+MA
( 0,

(

(

( 0,

(0. 213\/@’ ’2\/@ J|\4A e
(

(

={(

H,_/\/

1 [E +M M
Ulp, A = —3/2) = { 0,0, 0), (0, sV 2‘1\1 oA +AMA) (IV.92d)
_1 Ea —|—MA z|p|
0, 2 QMAVEA+MA)7(O’O’O7O
with p = (Ea, 0,0, |p|) and e = 57 <|p|,0, 0,Ea)

B.3. Arbitrary Momentum

\p\smcp EA +MA |p|25in2g0 |p|25in2<p Ma
Ulp,A=3/2) = o ez B - ) (IV.93a)
A A+ MA 2MR Ea + Ma
E M
(_M(EASIH @+ Macos?p) | ————2 A+ A
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|p| cos 9 2 Ma

— ———— (Eas MA cos _
5 Z ( A sin® ¢ + Ma 90) Fa + Mn
|p| sin ¢ . 9 9 Ma

— ———— (EAa sin“ ¢ + MA cos 7>,
2MZ (Basin® e+ Ma cos® o) (| 500

i [Batiis \p\ cosp [ Ma z\m sin ¢
2 Ma Ea + MA’ Ea +MA
( (Ma — Ep)sin2¢ EA—i—MA |p\ (Ma — Ep) cos? @sin g
AMA Ma 2M3% Ea +MA’

ol = Ep)cospoin®y [ W)y
2M2 EA + Ma
E M, i E M,
Up,A=1/2) = |P| cosp [Ba+Ma _|plsing |Ba + A (1V.93)
\fMA Ma Z\fMA
|p|2 (1 + 3 cos2¢p) Ma \/§|p|2sin2gp Ma )
4\/§M£ EA + MA’ 4M3 EA + Ma
((EA—MA)coscpsimp Ea + Ma (EAsin2¢+MAcos2<p) Ea + Ma
V3Ma Ma 2v/3Ma Ma
|p| (Ea(1+ 3cos2p) — 6Ma cos? ¢) singp Mna
4v3M3 Ea + Mp’
|p| (3B sin? ¢ + Ma (cos? ¢ — 2sin? )) cos ¢ Ma )
2fM2 EA + Ma

EA+MA _ilp|sing ilp| cos ¢ Ma )

0 2\/ 2v/3Ma EA+MA 2v3Mp \| Ea 4+ Ma/’
((MAsm @ + Ea cos? go) EA—i—MA (MaA — EA)sin2¢ |EA + Ma
4v3Ma Ma

Ip| (EA(1+SCos2g0)—6MAsin <p) cos ¢ Mna
4v3M3 Ex + MA’
|p| (Ma(2sin? ¢ — cos? ) + 3EA cos? ¢) sinp Mp )}
2v3M3 En + Ma

Ear+M Ear+ M
Ulp A = —1/2) = \p\ sing [Ea + A |plcosy [Ea + Ma , (IV.93¢)
QfMA " V3Ma Ma
V/3|p|? sin 2¢p \p\2 (14 3cos2¢) Ma >
4M2 EA + MA 4v/3M3 En+Ma/’

((EAsin2<p+MAcos go) EA+ Ma (Ea — Mpa)cospsing |EA + Ma
2v/3Ma Ma V3Ma Ma

|p| (3B sin? ¢ + Ma (cos? ¢ — 2sin? ¢)) cos ¢ Ma
2v3M3 En + MA’
\p\ (EA(1+3C082¢)76MA cos? <p) sin ¢ Ma )
4V3M?3 Ex + Ma

EA+MA _i|p[cosp Ma  ilp|sing Ma )
2f 2v3Ma \| Ea +MA’ 2v3Ma \| EA +Ma/’

((EA—MA sin2¢ [EA + Ma (MAsm cp—i—EAcos <p) EA + Ma
4\[MA Ma ’ \/gMA Ma ’

|p| (Ma(2sin? ¢ — cos? ) + 3Ea cos? ¢) sin g Ma
2v3M% EA +MA’
Ip| (Ea(1 + 3cos2¢p) — 6Ma sin? ¢) cos ¢ Ma )}
4V3M3 Ex + Ma
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i Ex+ M 2 sin? M 2 sin 2 M
Ul A= -3/2) = { (0, lplsing [Ba + M |pI°sin”¢ o lp[sinZe A ), (1V.93d)
2Ma Ma QMA EA + Ma 4MA EA + Ma

1 E M
(07 CTYIN (Easin? ¢ + M cos® ) \/ %7
|p|sin ¢ . 2 2 Ma
E M A
201% (Easin? ¢ A cos” @) Bt MaA
|p| cos ¢ iy 2 Ma
- E M 7>
2Mi ( A SIn“ ¢ + Ma cos go) Ea+ Ma
(0 i |Ean+ Ma  i|p|sine Ma i|p| cos p Ma )
) Ma ’ 2Ma EA—F]WA7 2Ma EA + Ma ’
(0 (EA — Ma)cospsing |Ex + Ma |p| (Ea — M) cospsin? ¢ Mn
' 2Ma Ma 2M% En+ MA’

[p| (Ma — Ea) cos® psing Ma )}
2Mi EA + Ma ’

with p = (Ea, |p|sinp, 0, |p| cos ¢).

From Eq. (IV.93)

X (p)

we derive the spin-energy projection operator:

= > U*p,NT (p, N, (IV.94a)
A
Ma+yp 1 Pt =y
—g" 4 Aty o IV.94b
I {g T3 e Y v )

which is relevant for the calculation of the mA-production cross sections in Section 1V .4.1.

C. Compton Scattering off the Nucleon with A-Exchange

C.1. Compton Scattering Amplitudes

In Section 1V.3.1, we discussed the process of CS off the Nucleon with A-exchange. The corre-
sponding nucleon structure functions were given in Eq. (IV.38). Here, we present our results for

the real part of the

tree-level CS amplitudes, cf. Fig. IV.4, were we use the shorthands defined

in Eq. (IV.40). In Eq. (IV.35), we distinguished the A-pole and the non-pole terms, and also
the T7 subtraction function. The respective terms are provided below.
Omitting the prefactor [(s — M3 )(u — M3)] ' the A-pole contributions read:

TP, Q%) o

Ty P, Q%)

SlA_pOIQ(V, QQ) o

2mar* Q2 2 4 2172 2 2 A4
m [QMQ+ + dgp Maw? + 4gCQ (IV.95a)
— 290 9EMAQiw- + 290 9cQ*Q% — 89EQCMAQ2W7} ;
STaMAQ?wi [ 5 2 o, 90Q°Q%
TOMME [QMQJr +9pQ~ + 12 (IV.95b)
—29m9gEMaw_ + 29M9CQ2} ;
draM3w? | 5 grw_ (A2 - Q2) 2A¢20Q1
_ AT I1V.95
MM_% guQt + s + M2W+ ( c)
29m9E (MaAM@? + A2M?2 — Q* Mw_
- ( - ) +2g19cQ* 34 —
MAQ}Jr MAUJ+
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_QQEQCQQ(LU,@MA — M) — AM)
MA(JJJ’_

)

_ 2raM 29207 (A? — Q?
S2A Pole(y’ QQ) ox 7TO‘2 v 29%/[MQ3_ + 49%‘MAAUJ7 — gCQ ( @ ) (IV.95d)
M3 Ma
+ 49y gpMa (Maws+ — 4AMw_)
gmge (16MAMQ? + A2M2 — Q%)
_|_
Ma
L gEgC (MA — 6M3Q?* — M* + 2MaM3 — 2M3 M + 6MAMQ? + Q%)
Mna
The non-pole contributions are given by:
Ti(v,Q%) = dmar” (93 + 95 — 9mg] (IV.96a)
’ MM?
- 47‘(‘0[@2 g2 QQ
2y 2 2 C
(v, Q") = —W [QM + 9 — YmM9IE + MZ | (IV.96b)
~ T 4 2Q4
S1(v, Q%) = 5 g%in + g% (A2 — SQQ) + 902 — 8gprgpMaw_ (IV.96¢)
MM M3
 29mgcQ*(M — 4Ma) N 2959cQ*(3M — 2MA)
MA MA ’
~ 2raMv
S. 2y = _— IV.96d
5 (v, Q%) TNTE (90 + 98] 9c ( )
and the T} subtraction function is:
71(0, Q%) _AmaQ” gy gpA  geA (M = Q) + IMIE (IV.97)
’ MAM+UJ+ Q2 M2M+ M2M2M+ MM+ '

guge  29eg9c (MA+ Q%)

+MM+ MQMAM+

C.2. A-Production Cross Section from Helicity Amplitudes

Figure IV.16.: A-production mechanism.

The general formula for a scattering cross section is given in Eq. (IV.73). For the A-production
process, YN — A, this becomes:

do = il (M2 5 (Ma — (Ep +w)) 6 (b — (p+ ) dpa, (IV.98)

4M3Z V2 4 Q2
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C. Compton Scattering off the Nucleon with A-Exchange

where I = |q| (E, + w) = Ma+/v? + Q? and the matrix element corresponds to the diagram in
Fig. IV.16. It is convenient to work in the rest frame of the A:

p= (Epa 07 07 _’qD ’ q= (wa 07 07 ’q‘) ) p/ = (MAa 07 07 0) . (IV99)

Employing the on-shell conditions on the nucleon and delta four-momenta, as well as the energy
and momentum conservation stored in the §-functions, we obtain:

M2 M2 2
E, = AJ;M Q0 (IV.100)
A
M2 M2 2
w = Mp— AZM +Q, (IV.101)
A
M2 M2 2\ 2
lq| = \/Q2+<MA— A+2M +Q> . (IV.102)
A

The Rarita-Schwinger vector-spinors for the rest kinematics are derived in Eq. (IV.91), where

we need to multiply by a factor of \/2Ma to achieve the normalization in Eq. (IV.79). The

photon polarization vectors and the nucleon spinors are the same as in Eqgs. (IV.77)-(IV.78).
We then derive the following helicity amplitudes Ty, 5 -

eVB[Gy +GEQ Q%

Tyt _1jn NIRRT (IV.103a)
Typ1ys = eg’\%\;{ ]\iﬂﬁiji (IV.103b)
B0 = M’ (IV.103c)
Toipoys = —m. (IV.103d)

The results are conform with Ref. [360, Section 2.1.1.]. Evaluating Eq. (IV.98) with the helicity
amplitudes from Egs. (IV.103a) and (IV.103b), we obtain the cross sections for total helicities
of 3/2 and 1/2, respectively. Egs. (IV.103¢) and (IV.103d) contain longitudinal photons, they
produce cross sections with total helicities —1/2 and 1/2. op, opr and o, follow as described
in Section IV.1.3. For o1 we produce the spin-flip of the nucleon by combining Egs. (IV.103b)
and (IV.103d).

The above derivation of the A-production cross sections is useful to have as a cross-check for
the structure functions in Eq. (IV.38), which were calculated from the A-exchange contribution
to the CS off the nucleon. Indeed, the A-production cross sections presented in here with the
photon flux factor /12 + Q% Ma /M agree with our previous results.

C.3. @Q? Dependence of Nucleon Polarizabilities
We replace the prefactor [360]:
e . e (M + Mp)
M(M+Mp) — MM+ Ma)*+@Q?

to introduce a cutoff on higher momentum transfers. The values of the GPs at the real photon
point are not affected by this regularisation, cf. Section 1V.3.3. For the slopes of the GPs we
notwithstanding obtain Eqs. (IV.105)-(IV.108).

(IV.104)
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IV. Forward Doubly-Virtual Compton Scattering

e sum of electric and magnetic dipole polarizabilities:

dom(@) +An@)]) A (g [ 1 1 1 (IV.105)
dQ? Q=0 7MZ \A? 242 AM, M} :
n 9 3 1 L 9mgc
MM, |4A% ~ 1AM, ~ 2M2 | 2A’MM,
_gmgp | L L 1 | gmge
AM 44?2 AM,  4M2|  AMM?2

e longitudinal polarizability:

d 2 2M3 2 9 4
dar (@) — A ( _Ib - (IV.106)
dQ? lge=o ~ aM?t \A2MZ |[AMx MM,

Lge [ v L |, gmgc[L 4 2
ML |2AMA ~ MM,| " MM3 A2 AM, M?

e forward spin polarizability:

do(Q? 2 201 1 21 3 1
70(63) o e2<91\§[_ ]+9E2[ . _ 2] (IV.107)
dQ Q?*=0 7'(']\4Jr A 4A M+ M+ 4A 2AM+ 2M+
gmge |15 1 29mgc  9EgC
AM, A%~ AM,  MZ] T A2MZ T AMB

e longitudinal-transverse polarizability:

dor7(Q%) _ ?MpA < 9% [ 1 4 2] % (IV.108)

dQ? lgz=0  4ArMMZ \AM?Z A AM, MZ| AMIM?
4 9MYE 13 1
AZMy A2 AMy M2
guge | 1 B 2 " 1 __YEegc i_'_ 3
AM3 242 AM,  2M3%] M3EM?Z [2A  2M.]|)°
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D. Plots of mA-Production Cross Sections

D. Plots of wA-Production Cross Sections

Hereby we present the results of our tree-level calculation of the mA-production cross sections.
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Figure IV.17.: Total cross section for pion-delta electroproduction on the proton. The blue, red, orange
and green curves correspond to Q% = 0, 0.1, 0.2, 0.3 GeV2. Data points are from Ref. [401, Table 17-18].
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Figure IV.18.: Polarized cross section opp for pion-delta electroproduction on the proton. Legend for the

curves is the same as in Fig. IV.17.
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Figure IV.19.: Longitudinal unpolarized cross section o, for pion-delta electroproduction on the proton.
The red, orange and green curves correspond to Q2 = 0.1, 0.2, 0.3 GeV?2, respectively.
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Figure IV.20.: Longitudinal-transverse polarized cross section oy for pion-delta electroproduction on
the proton. Legend for the curves is the same as in Fig. IV.19.
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Figure IV.21.: Unpolarized total cross section o for pion-delta electroproduction on the neutron. Legend
is the same as in Fig. IV.17.
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Figure IV.22.: Polarized cross section o7 for pion-delta electroproduction on the neutron. Legend for
the curves is the same as in Fig. IV.17.
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Figure IV.23.: Longitudinal unpolarized cross section oy, for pion-delta electroproduction on the neutron.
Legend for the curves is the same as in Fig. IV.19.
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Figure IV.24.: Longitudinal-transverse polarized cross section opr for pion-delta electroproduction on
the neutron. Legend for the curves is the same as in Fig. IV.19.
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of mA-Production Cross Sections
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Figure I'V.25.: 7 A-electroproduction cross sections for the proton. The cross sections are related to the CS
amplitudes of O(p”/?) (black solid curves), O(p*) (red dotted curves) and O(p°/?) (blue dashed curves)
in the low-energy domain of the d-expansion. For o7 and opr we used Q2 = 0 and for o7, and orp we
used Q% = 0.01 GeV?.
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Figure IV.26.: mA-electroproduction cross sections for the neutron. Legend for the curves is the same as

in Fig. 1V.25.
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IV.

Forward Doubly-Virtual Compton Scattering

E.

Plots of Nucleon Structure Functions

Here we confront our BChPT calculation of the proton spin structure function g;(x, Q%) with
experimental data and the most commonly used empirical parametrizations.

0.0205 GeV?

g1®) (x,Q2), with Q2

0.0592 GeV?

g1® (x,Q?), with @Q?

124

o4f T ]

02}

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

X

Adeva '99, Q2 = 0.03 GeV?

----- - JLab Param.
Total Param. (Simula)

Resonances (Simula)
—— A(1232) (Simula)

Background (Simula)
— — — r—cloud & A-pole

Jones-Scadron FFs (A-pole)

Figure IV.27.: Spin structure function ¢; of the proton at Q% = 0.0205 GeV?>
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Figure IV.28.: Spin structure function g; of the proton at Q* = 0.0592 GeV?
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Figure IV.29.: Spin structure function g; of the proton at Q% = 0.101 GeV?
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Figure IV.30.: Spin structure function g; of the proton at Q% = 0.171 GeV?
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Figure IV.31.: Spin structure function g; of the proton at Q% = 0.244 GeV?
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Figure IV.32.: Spin structure function g; of the proton at Q% = 0.292 GeV?
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CHAPTER V

LTWO—PHOTON EXCHANGE IN HYDROGEN-LIKE ATOMS

The rest of the thesis (Chapters V-VII) is devoted to the TPE corrections, with particular focus
on the proton-polarizability effects in pH. Numerical results for the polarizability contributions
to the LS and HF'S will be given in Chapters VI and VII, respectively.

In this Chapter we present an extensive derivation of the structure effects through the forward
TPE (Section V.1). We will show how the TPE effects can be subdivided into either “elastic”
and “inelastic” (Section V.1.3), or, “Born” and “polarizability” contributions (Section V.1.4).
Final expressions for the LS and HFS are given in Sections V.1.5 and V.1.6, respectively. In
Section V.2, we partially match the effects from one- and two-photon exchange, e.g.: the gross
structure, the Fermi energy, the charge radius, Friar radius and Zemach radius terms. In Sec-
tion V.3, we expand the TPE formulas for small values of Bjorken x and express the TPE
polarizability contribution to the HF'S in terms of polarizabilities. We will return to this formal-
ism in Section VII.2 and apply it to interpret our results for the HFS.

The forward TPE effects are of order (Za)5. In Section V.4, we turn our attention to the
off-forward TPE effects. The off-forward TPE is suppressed by an addition factor of Z«a. Nev-
ertheless, certain enhancement mechanism leave the possibility for a significant off-forward TPE
effect in atomic bound states. In particular, we will study the neutral-pion exchange [53, 240]
(Section VII.4). Also, we consider the nuclear-polarizability corrections to the LS at order
(Za)®In Za (Section VI.2). In Appendix VI.E, we calculate the Born and elastic off-forward
VVCS amplitudes.

4 A

/

£ P

Figure V.1.: Two-photon-exchange diagram in general kinematics: the horizontal lines correspond to the
lepton and the nucleus (bold), where the “blob” can be understood as doubly-virtual Compton scattering.
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V. Two-Photon Exchange in Hydrogen-Like Atoms

1. Structure Effects Through Forward Two-Photon Exchange

The leading effect of the proton structure on hydrogen is the finite-size (charge-radius) effect
arizing at order (Za)*. The subleading effects [(Za)?, etc.] are best described by considering the
TPE, shown in Fig. V.1. Obviously, the main uknown ingredient therein is the VVCS process,
obtained from TPE by removing the lepton line. In Chapter IV, we formulated the VVCS
process in terms of CS amplitudes and structure functions, and presented a BChPT prediction
for VVCS off the nucleon at O(p”/?) in the low-energy domain of the d-expansion [59, 65]. In
the following, we will incorporate that calculation into the TPE correction to the spectra of
hydrogen-like atoms.

1.1. Two-Photon Exchange in Terms of Compton Amplitudes

Figure V.1 shows the TPE diagram in general kinematics. To compute the TPE effect to order
(Za)? it sufficient to consider the forward kinematics, where ¢’ = ¢ (and hence, p’ = p, I’ =1,
t =0), see Fig. V.2. In this case the TPE correction is expressed in terms of the forward VVCS
amplitudes. The TPE-induced shift of the nS-level is then given by [172]:

PE B 1 [~dv [ dg (Q°—2v7)Ti(v,Q%) —(Q*+1?) Ta(v,Q%)
AE'™E(nS) = 8ram ¢? B /_0027r /(277)3 (V.1)

QY Q' — 4m?v?) ’

where ¢2 = 1/(mn3a?) is the wavefunction at the origin, and v = g, Q* = q*> — ¢3. The TPE
correction to the nS HFS is given by [409]:

EfEEmS)  4m 1 [®dv [ dq |
CEx(nS) Z(1+k)i /_oogﬂ / 2r)F QF — dm22 * (V.2)
2 _ .2
X {(2626221/)51(1/, Q%) + 3MVSQ(V, Qz)} ,

where Ey is the Fermi energy, Eq. (I1.7), and & is the anomalous magnetic moment of the
nucleus. Again, m refers to the lepton mass (me or my, respectively, for H and pH), M is the
mass of the nucleus, m,. is the reduced mass and a = (Zam,.)~! is the Bohr radius of the lepton-
nucleus system. Clearly, the underlying coordinate-space potentials are proportional to 6(r).
From Egs. (V.1) and (V.2) one can see that the LS is “softer”, i.e., has a weaker dependence on
the region of high photon virtualities, and the HFS is “harder”.

For further evaluation, it is convenient to perform a Wick rotation, so as to change the
integration over ¢g to the imaginary axis, i.e., gg — Q. This is straighforward at zero energy
(p-1 = mM), whereas at finite energy one needs to take care of the poles moving across
the imaginary go-axis, cf. Ref. [410]. After the Wick rotation, the integration four-momentum is
Euclidean and we can evaluate it in hyperspherical coordinates, see Appendix V.A. The discussed
coordinate transformations are performed in the following for the LS:

TPE _ o o [T0dQ [T )
AE-"®(nS) = 52 o5 /0 Q/o dy sin“y x (V.3)
(1 + 2(:082x) T1(iQ cos x, Q%) — sin?x T (iQ cos x, Q?)
X
7 + cos?y ’
and the HFS:
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- A4
Er(nS) 473Z(1+f£)m/0 dQQ/O dy sin“x x (V.4)
{2+ cos?y) $1(iQ cos x, @) + B9 5y (iQcos x. @)}
’ 7 + cos?y )

where 7, = Q%/4m?.

1.2. Master Formulae in Terms of Proton Structure Functions

The integral over v = () cos x can be done after substituting the DRs for the VVCS amplitudes,
see Eq. (IV.11). Introducing the “lepton velocity” v; = /14 1/7;, we obtain the following
expressions for the S-level shift:

AETPE(S) — 16<Zﬂc;>2m 52 /°° 2;5 01 o 11+ — {ﬁ(:cg;czz) _ file Q)
+(1 +u)(1 +1\/1 + 22771) [2f1(3; = i fQ(g;’TQW } (V-9)
and the HFS:
+ [1 + o T +1\/W)] 291@;,@2)}, (V.6)

with 7 = Q?/4M?. These are the master formulae containing all the structure effects to order
(Za)5. As we will show in Section V.2, they also contain the charge radius term and the
Fermi energy. Note that here we substituted the unsubtracted DR for 71, Eq. (IV.11a); only
in the following we will perform the required subtraction, cf. Eq. (IV.13). Also, we substituted
the unsubtracted DR for vSs, Eq. (IV.11d), and hence, the contribution of the BC sum rule,
Eq. (IV.20a), is still included.

In the subsequent Sections, we will split into the elastic and inelastic contributions (Sec-
tion V.1.3), construct the polarizability contribution (Section V.1.4), separate T1(0,Q?) and
eliminate the contribution proportional to the BC sum rule.

1.3. Separating Nucleon-Pole and Inelastic Contributions

The TPE can be divided into an “elastic” and an “inelastic” part. Here, we are mainly interested
in the “inelastic” contribution, which is formed by excited intermediate states, e.g., by the
A(1232)-resonance excitation.

1.3.1. Nucleon-Pole Contribution

The nucleon-pole contribution shown in Fig. V.2 (a) can be expressed through the elastic struc-
ture functions shown in Fig. I11.2 (a). The structure functions can be written in terms of the
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p p 2 p
(a) (b)

Figure V.2.: Two-photon-exchange diagrams in forward kinematics: the horizontal lines correspond to the
lepton and the nucleus (bold). (a) Elastic contribution to the two-photon-exchange diagram. (b) Inelastic
contribution to the two-photon-exchange diagram, where the “blob” represents all possible excitations.
The crossed diagrams are not drawn.

elastic FF's as:

P Qh) = 5GH(Q)0 ), (V.72)
@) = 1o [GHQ) +7GR(QY] 51 - ), (V.1h)
G @) = SRQ)Gu(@)s1 - ) (V.70
65(@.Q°) = 5 (@) Cu(@)d(1 ~ ), (V.7d)
where the elastic Dirac and Pauli FFs are related to the e.m. Sachs FF's in the following way:
Fi(@) = 11— [Gp@) +76u(@)], (V52)
B@) = o [Gu@) - Gu(@Y)], (V.5)

see also Eq. (II.18). Substituting the elastic structure functions into the above expressions for
the S-level shift and the HF'S, the nucleon-pole contribution is found as:

de(ng) = SZOSm g [AQ YT B2
A EPO! (nS) = M ¢721 /0 o3 { |:T (1+Ul)(1+v):| G?\/[(Q2)
S PRI SEN pr-ypch GRS S )
T [1 (1+Ul)(1+v)] GE(Q )} EDICED) (V.9a)
Eﬁ%lg(”s) _ 16ZamM WQM 1 )
Er(nS)  7w(l+r) Jy, @ v+v { [1 2(1+Uz)(1+v)] F1(Q?)
_%F 2(Q2)}’ (V.9b)

where v = /1 + 7-1. Equivalently, one can plug the nucleon-pole part of the VVCS amplitudes
[321],

anZ%a v4G3,(Q?)
P, Q%) = ol "M V.10
1 (V)Q ) M Ve21—V2—ZO+7 ( a)
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VAT G%E(Qz) + TG?V[(QQ)

pole 2 _
AnZ%av,
pole 2 el 2 2
= — = F 1
Sl (VyQ ) VSI—VQ—Z.O+ I(Q )GM(Q )a (V OC)
ole 27'('22041/2
SP (1,QY) = ——5——5—L_F(Q%) Gu(QY), (V.10d)

1,2 _ 0+
vy —v 20

into Egs. (V.3) and (V.4).

1.3.2. Inelastic Contribution

We refer to the remaining TPE effect, shown in Fig. V.2 (b), as the inelastic contribution. The
diagram in Fig. V.2 (b) has no nucleon-pole but excited intermediate states. Therefore, it can be
described by the inelastic structure functions shown in Fig. I11.2 (b). They start from the lowest
particle-production threshold, vy = Q?/2M g, which is effectively set by the pion production:

Vn = My + (M2 + Q%) /(2M). (V.11)

The inelastic contribution to the S-level shift reads as:

inel. _ 2am o, [dQ v +2 o ATZ%a 5,
Apmlus) = 2 g [T IS 60,07 - T @) (V.12)
N 2 o [TdQ [ 1
32(Za) Mmqbn/o > dx Cr oA Vit X
y 21 . 34+ V1 +a?r-1 (2 Q)
(1+v)(1+ V1422771 wAVItarr 1 |7

+

v+ V14 a2l

where we performed the necessary subtraction on 77. The applied once-subtracted DR for the

1+ vV 1+ 2271 ]fg(:c,Q2)},

non-nucleon-pole part of 77,

2
T, Q) = T0,Q7) - T (@) (V.13

+327TZ2aMl/2 /1 do zfi(z, Q%) .
Q* 0 1—a22(v/vg)? —i0t

follows from Egs. (IV.13b) and (V.10a). The inelastic contribution to the HF'S simply reads as:

Eel(nS) 16ZamM [ dQ [*° 1 )
AR = ———— = do 3g2(, V.14
Be(ns) w04 b @)y Vurvizeot @)

! 2
2(vz+1)(1+m)} 201(z,Q )}.

#1s

1.3.3. Ambiguity of the Nucleon-Pole Contribution

Note that in the above subsections, the elastic contribution to the HFS is defined through the
nucleon-pole parts of S7 and v.Ss, respectively. Considering the nucleon-pole parts of S; and Sy,
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V. Two-Photon Exchange in Hydrogen-Like Atoms

the decomposition into elastic and inelastic shifts slightly:

EP2%(nS) ER% (nS) 6Zam [ dQ F2(Q?)Grp(Q?)
Er(nS) - Er(nS) r1+r)M Jy Q v +1 ’ (V-15)
Eiigs(nS)  Ej(nS)  6Zam (% dQ F(Q*)Gum(Q%) (V 15b)
Er(nS) Er(nsS) m(l+r)M J, Q v +1 ' ’

1.4. Rearrangement into Born and Polarizability Contributions

In practice, we are interested in the polarizability part of the TPE effect, given by the non-
Born part of the VVCS amplitude, and the remaining TPE Born diagrams, cf. Fig. V.2 (a). In
Section I11.1.1, we gave a definition of the term “polarizability”. We need to recall that the elastic
nucleon-pole part and the Born part of CS are not necessarily the same, cf. Eq. (I11.2). Since the
nucleon-pole and Born parts of the Compton amplitudes are not equivalent, slight modifications
are needed to rearrange the previously derived “elastic” and “inelastic” contributions into the
“Born” and “polarizability” contributions of forward TPE.

In order to get a numerical estimate for the TPE effects in the hydrogen spectrum, the
final expressions can be evaluate based on empirical information, i.e., parametrizations of the
elastic FFs and structure functions, or theoretical predictions for the dominant contributions
to the VVCS structure functions, e.g., tree-level CS, pion-nucleon loops, A-exchange, et cetera.
However, the BC sum rule, Eq. (IV.20a), is in general not evaluating to zero for separate diagrams
or kinematic regions. Besides, the parametrized structure functions might not fulfil the BC sum
rule satisfactorily. Therefore, it is convenient to remove terms proportional to the BC sum rule
from both the Born and polarizability contributions. As we will see below, this is achieved in
an intriguing way.

The Born part of the VVCS amplitudes, given by the tree-level diagrams shown in Fig. [11.3,
is well known [321]:

TP (1, Q%) = 4“50‘ [35?%2%2 Ff(QQ)}, (V.16a)
TP (1, Q%) = fc‘;j fzfﬂgﬁfj [FE<Q2> + 433;2 F§<Q2>], (V.16D)
sprwqy = ZEEEGIRD) ], (v
FQ) = - e Gu(QRQ) (V.164)

Note that we defined a DR for v Sy rather than Sy, Eq. (IV.11d), because S has a pole in the
subsequent limits of Q> — 0 and v — 0. The Born part of vSy follows from Eq. (V.16d) in
a straight forward way. A comparison with Eq. (V.10) shows that the nucleon-pole and Born
parts of the VVCS amplitudes are related in the following way:

ole orn Ar 72
TP Q%) = TP, Q) + —— FL (@), (V.17a)

30, Q%) = TH™(v,Q?), (V.17b)

In Appendix V.E, we give analogue formulas for off-forward VVCS.
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2
SPe(r, Q) = SF““(V,QQH%FQQ(QQ), (V.17¢)
SP (v, Q%) = vSE (v, Q) — 2nZ%aF(Q7) Gar(Q). (V.17d)

From these expressions one can deduce the difference between the inelastic and polarizability
parts of the amplitudes, exploiting

Tpole + Tinel. — TBorn + T7 (V18)

where T denotes the non-Born part. To derive the TPE polarizability effect, it is then useful to
write down once-subtracted DRs for the non-Born part of the VVCS amplitudes:

2
T @) = B0+ 473\24&{ [F2(Q%) — GAu(Q?)]
SM?2p2 o xfl(x,QQ)
+Q4/0 dx 1—22(v/ve)? — 0t }a (V.19a)
2
Si(n, Q%) = 273\24 a{ [F2(Q?) + 41,(Q?)/2?]
2M4AL2  [ro $291($, QQ)
+7 /0 dz 1— $2(V/Vel)2 — 0+ }7 (Vlgb)

vSy(v,Q%) = 27T2204{—FQ(Qz)GM(QQ)+412(QQ)/Z2

LBk [“w 222, Q?)
Q5 0 1—22(v/ve)? —i0t [’
_ 64rZ?aM*? /Iodx 22g9(z, Q?)
N Q5 0 1—22(v/vg)? —i0t’

(V.19¢)

where we identified the generalized GDH integrals defined in Egs. (IV.18) and (IV.20b). Note
that I;, I4 and I are no pure polarizabilities, as will be explained in Section V.3 and Eq. (V.50).

In Eq. (V.192a), we introduced the conversion term of Eq. (V.17a), 4nZ%aF2(Q?)/M, and
at the same time removed the nucleon-pole part from the subtraction function, 7} Ole(07 Q?) =
AnZ2a G2,(Q*) /M, cf. Eq. (V.10a). This is equivalent to removing the Born part from the
subtraction function, T£°™ (0, Q?), cf. Eq. (V.16a). Equation (V.19¢) benefits from a cancela-
tion between the conversion term of Eq. (V.17d), —21Z2aF3(Q?)G3,(Q?%), and the sum rule
subtraction, oc fom ®dz go(w, @%). This becomes obvious by writing out the elastic part of the BC
sum rule, cf. Eq. (IV.20b). In the same way, one finds:

[VSQ]Born (I/, Q2) —

4 Z2 M4 2 1 2 2

Q5 o 1—a2(v/vg)? —i0t

Accordingly, terms proportional to the BC sum rule are removed in what follows and do not
affect the TPE effect in the HFS.
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V. Two-Photon Exchange in Hydrogen-Like Atoms

1.5. Two-Photon Exchange in the Lamb Shift
1.5.1. Born Contribution

The Born contribution to the LS is given by:

orn B 8(Za) *dQ [ u+2 1
AEB (nS) = qﬁn/o 03 ( 7(1+Ul)2 F12(Q2) + —(1+T)(vl+v) X (V.21)

3427 1 1
X{ [T T war vJ Cu@)-7 {1 (et v)} G%(Qz)})'

Nevertheless, it is common to subtract the order-(Za)* effect of the charge radius, cf. Eq. (I1.8a),
and the contribution of a static, structureless nucleus [172]:

dQ
Qz

; T ﬂ 2 2y
+<1+T)(Ul+v){[ " (1+vl)(1~|—v)} (G3(@) — 1)

AEB™(nS) = 8(Za)?¢? /
0

4 Go(0)+ 57 5 ( - g (R - )

I PR S - NP C
T{l (1+vl)(1+v)} (Gr(@) 1)}>

with G = dGp(Q?)/dQ? and G'5(0) = —R%/6, cf. Eq. (V.42). In Section V.2, we will discuss
how one identifies the order-(Za)* effects, which at first glance are of order (Za)®.
Furthermore, we can isolate the Friar radius contribution:

> dQ
Q*
Obviously, if the Friar radius is substituted from ep scattering, its dependence on the charge

radius generates a consistency problem [271, 272, 411]. The remaining Born contribution is then
of recoil type:

, (V.22)

Zoo g

AEFriar(nS) _ *16(ZO&)2TTLT ¢i i [GZ (Q ) 14+ %R%} Qz] — 7WRF (V23)

recoi . m o] dQ v+ 9
— 1 - 3+ 27 2 o
(1+7)(v+v) [ - (1+U1)(1+U)] (Gu(@%) —1)

! 1 20M° 2 112
+{7‘<1+7‘)(Ul+’u) [1— (1‘1‘@1)(1"‘”)] N Q(M—i-m)} (GE(Q )—1)].

Ref. [411] in addition distinguishes two classes of elastic proton structure effects: finite-size recoil
effects and effects generated by the anomalous magnetic moment of the proton. This separation
is useful because the effect of the anomalous magnetic moment, entering through the magnetic
Sachs FF, can be calculated with higher accuracy than the FSEs.

1.5.2. Polarizability Contribution

The polarizability contribution to the LS is given by:
2am dQ v+ 2 A 7%
aprius) — 2 [T 0.0 + T %) - 6@l |
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(zoysm [ 52 [T 1
=32(Za)*Mm ¢ / — dx X
"Jo @ Jo (I +ou)(1+V1+a22r71)
vV1+ x2r—1
x{ |14+ — fo(x,Q%)
vl+\/1+x27_1
N 2z 94 3+uv1+x2r 1
(1+v)1+ V1422771 v+ V1422t
This we can split into the contribution of the polarizability part of the subtraction function of
the 77 DR:

] fi(z, QZ)}. (V.25)

*dQ vw+2 [(Ti(0,Q% Z%a
subtr. _ 2 !
AFE (nS) = 8am ¢, . S tu) { i + %

and a contribution of inelastic structure functions:

00 dQ L) 1
5 dx X
Q° Jo (14+u)1+ V142271

L+ V1 + 2271 ]fz(%@z)

[F2(Q%) — GA(Q?)] } (V.26)

(V.27)

AEinel.(nS) — —32(Za)2Mm¢721/
0
v+ V1+ 22t

{
2 [2+3+Ul 1+$271] fl(JU,QQ)}.

+
(I+v)(1+ V1422771 v+ V142t

1.5.3. T; Subtraction Function

The subtraction function of the Ty DR, cf. T3 (0, Q?) in Egs. (IV.13) and (V.19a), is not exactly
known. Strictly speaking, the Born part of the subtraction can be deduced from Eq. (V.16a),
while the polarizability part, cf. Eq. (V.26), is the unknown. It has to be either modelled or
calculated in a theoretical framework such as ChPT. It was suggested that one could make up
a model where the effect is large enough to resolve the proton radius puzzle [168], but none
of the realistic calculations have corroborated this claim. In particular, the ChPT calculations
demonstrate a very moderate size for these effects, cf. [177]. As we shall see below, all of the
dispersive models find the polarizability part of the subtraction to give a contribution of the
order of few peV, well below 300 pueV needed to resolve the puzzle.

In the limit of small momentum transfers, 71 (0, Q?) is given by:

. Tl (07 QQ)
lim ————=
Q=0 @
Since the calculation of the LS comprises an integral over Q2, the subtraction is required as a full

function of Q2. For the Q? dependence of the magnetic polarizability, Pachucki [169] proposed
a dipole parametrization:

= 47 By (V.28)

AS
(A2 + Q2)%’
with A2 = 0.71 GeV?. This assumption is also adopted in following-up papers [170, 174] by
other authors.

Working in HBChPT, Ref. [174] obtains a model-independent result for 71 (0, @?), valid up to
and including O(Q*). Their low-Q prediction is matched to a 1/@Q? behavior at large momentum

Bu1(Q%) = B (V.29)
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V. Two-Photon Exchange in Hydrogen-Like Atoms

transfers, which is again establish by a dipole ansatz. Carlson and Vanderhaeghen [172] estimate
the higher-) behavior by calculating pion-loop contributions with scalar two-pion coupling to
the nucleus, as the dominating low-mass intermediate states. The logarithmic asymptotics found
thereby differ from the previously shown dipole forms [169, 170, 174]. Nevertheless, the dominant
1/Q? behavior can be given a reason from arguments based on quark counting rules [174] or the
operator product expansion [173]. Another empirical estimate can be found in Ref. [412].

As outlined above, a critical point for the prediction of TPE effects in the LS is the T}
subtraction function, and especially its polarizability part, which is closely connected to the
magnetic dipole polarizability. Therefore, it is crucial to separate the VVCS and TPE amplitudes
into Born and non-Born pieces, as favoured by Ref. [174]. In contrast, the separation into elastic
and inelastic pieces [172] was shown to be not unique [413], and, as pointed out by Ref. [174],
inconsistent with the standard definition of the magnetic dipole polarizability through the non-
Born CS amplitude, cf. Eq. (V.28).

1.6. Two-Photon Exchange in the Hyperfine Splitting

The LO HFS of the n-th S-level is given by the Fermi energy, Eq. (I1.7). The subleading
contributions to the HF'S can be divided into QED, electroweak and structure corrections:

FErrs (nS) = [1 + AQED + AWeak + Astructure] Er (nS) (V30)

We are interested in the proton-structure correction, which in turn splits into three terms:
Zemach radius, recoil, and polarizability contributions:

Astructure = AZ + Arecoil + Apol. . (V31)

Let us now specify the decomposition of the structure-dependent correction into the three terms
of Eq. (V.31). An examination of different decompositions of the TPE effect can be found in
Ref. [409]. The formalism presented by us is consistent with the choice of Carlson et al. [409].

1.6.1. Born Contribution

As stated earlier, the master formulae in Section V.1.2 contain all the structure effects to order
(Za)?, i.e., also the Fermi energy, which has to be subtracted in the following. The TPE Born
contribution to the HFS splits into the Zemach radius contribution [269]:

8Zam, [ dQ [Gr(Q?)Gu(Q?
Ay = :m /0 o [ B( 1)4_:[( ) _ 1} = —2Zam, Ry, (V.32)
and a recoil-type of correction:
. Zo (% dQ [8mM Gum(Q?) 2y, F1(@%) +3F(Q%)
Arecoﬂ 7_{_(1 + K,) /0 5 {UZ + o Q2 <2F1(Q ) + (Ul T ]_)(U T 1) >

My 2 2 m v
S GG 1 S gl vy

In contrast to the Zemach radius term, the recoil corrections are not zero in the static limit of
the elastic FFs.
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1. Structure Effects Through Forward Two-Photon Exchange

1.6.2. Polarizability Contribution

In the polarizability contribution, we separate contributions due to the spin-dependent structure
functions ¢g; and gs:

Zam
Apol. = (14 R)M [01 + 2] = A1 + Ao, (V.34a)
with:
o, [dQ [ 5+ 4y o 2 s ong . SMZ [0 2
=2 [ (SR @2 7@ + gy [ @) (V.34D)

{U; + Jlixﬁ [1 " 2(v + 1)(1 Ji/W)} - (’1511er41€)l2 }) ’

% q 4 o
:2/0 g<m [411(Q2)/Z2+F§(Q2)}—32$f/0 dw 221 (7, Q?) (V.34c)
1 1 1
v e [ v )
_oens2 [dQ [T 2{ 1 1 }
(52—96M/0 R e e g (V.34d)

Expanding d2, Eq. (V.34d), in = confirms that the BC sum rule is absent. Equation (V.34b)
is based on the master formula, cf. Eq. (V.6), whereas Eq. (V.34c) is derived using a once-
subtracted DR for Si, cf. Eq. (V.19b). The advantage of Eq. (V.34c) lies in the complete sepa-
ration of the zeroth moment, I1(Q?), from higher moments of the structure function g1 (z, @?).

1.6.3. The Burkhardt-Cottingham Sum Rule

As described above, the contribution of the BC sum rule to the HFS is removed because it is
known to equal zero. This is especially important for the dispersive TPE evaluations, since the
parametrizations of the spin-dependent gs structure function do not have this feature build-in.
As we will prove below, the Born and polarizability parts of the BC sum rule are supposed to
vanish separately. This is even confirmed to be true for individual sets of non-Born diagrams,
e.g., by our BChPT calculations of wN-loop [59] and A-exchange diagrams.

The BC sum rule [355] is derived from the unsubtracted DR for the amplitude .Sy, Eq. (IV.11d),
by taking the limit of ¥ — 0. It tells us that the integral over x € [0, 1] of the spin-dependent
structure function gs(z,@?) is equal to zero, see Eq. (IV.20a). Plugging in the elastic part
of the structure function, Eq. (V.7d), the inelastic part of the BC integral, I(Q?), equals
2[4 F5(Q%) Gp(Q?), see Eq. (IV.20b). Tt is non-trivial that the Born and polarizability contri-
butions to the BC sum rule vanish independently, as we would like to prove in the following.

Let us write the BC sum rule as:’

_vS (v, Q%) 2Z°M?
lim =
v—0 Sma Q2

1
/0 dz go(, O%) = 0. (V.36)

We can now split the vSs amplitude as shown in Eq. (II1.2). Splitting into elastic and inelastic
parts gives the well-known Eq. (IV.20b). Let us instead consider the Born part of the vS;

2The generalized GDH integral I; can be expressed in a similar way:

L(Q%) = lim M. (V.35)

v—0 8ra
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amplitude. It is related to the elastic part through Eq. (V.17d). With Egs. (V.10d) and (V.17d),
we find:

SBorn S pole Z2
iy S {2 i | (v
: 22 2 2 Z2 2 2
— i {-Z R@)eu@) + L @ eu@) | -0 (vam)

In other words, the Born contribution to the BC sum rule is vanishing. Writing down the full
BC sum rule:
lim vSy = hm {VSBom +vS} =0, (V.38)

v—0
the non-Born or polarizability contrlbutlon obv10usly also has to vanish:
lim Sy = 0. (V.39)

v—0

2. Matching One- and Two-Photon Exchange

One ought to be careful in matching the elastic TPE contribution, cf. Eq. (V.9), to the standard
FSEs, see Chapter I and Eq. (I1.8). In the heavy-nucleus limit, we obtain:

AEPOle(nS) ~ —16(Za)2m7« qbi /OO g GQE(QQ), (V.40a)
ole ~ 64(Za)2m7" 2 dQ 2 2
Efps(nS) =~ W% . Q2 Gu(Q7) Ge(Q7). (V.40b)

The correct matching is achieved by regularizing the infrared divergences with the convoluted
momentum-space wave functions, see Eq. (V.89). This procedure should not change the ultra-
violet part of the Q-integration. The asymptotic behavior of the convoluted momentum-space

wave functions is described by:
Q—>oo 167

Hence, we need to replace ¢ — aw,s(Q) Q*/167 in Eq. (V.40).
For the LS, we first take out the Friar radius, Eq. (I1.10), and perform the regularization only
afterwards:

2. (V.41)

dQ

o [1-1RE Q% (V.42a)

AEP(nS) =~ —16(Zo¢)2mr¢i{/
0

0 4
+ Cf [GE(Q*) — 1+ LR% Q7] }
0o Q
~ 5
Zo [°
= =2 [ aQuus@ [1 - iR QY - g B (Vazb)
- _Zo | 270 po 20 g (V.42¢)

2an? ' 3(an)®” T 3aind
In the last step, we used:

2T

an)

w

= /O dQ Q* w,5(Q), (V.43a)

—
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s

o0
= d , V.43b
sz = [ dQus(@ (V.43)
where Eq. (V.43a) follows from Eq. (I1.104) with V5(Q) = 1, thus, it is equivalent to the nor-
malization of the coordinate-space wave functions. In a fascinating manner, the TPE correctly
reproduces the gross structure, Eq. (II.1), as well as the charge and Friar radius contributions
to the LS, Eq. (I1.8a):

o  Za YA
Sa 12437 T gggr i (V.44)

AEP(28) = —
To avoid double counting, we have removed the order-(Za)* FSE and the contribution of a
static, structureless nucleus from the LS formula in Eq. (V.22). In the heavy-nucleus limit, this
corresponds to the first line in Eq. (V.42a).
For the HFS, we take out the Zemach radius, Eq. (II.11), and identify the Fermi energy,
Eq. (11.7):

64(Za)?m *dQ

BRps(nS) ~ o on | gr Gu(@) Gr(@?), (V.452)
8Er(nS *dQ [Gu(Q?) Ge(Q? > dQ
- R[S ) e
=—TRy
1 [ ns(Q) 2
= Bp(ns) [%2 /0 dQsz;gi )—aRZ}, (V.45¢)
= Ep(nS)[1—2/aRy]. (V.45d)

This yields the correct Fermi energy and Zemach radius contributions, see Eq. (II1.8b). Again,
we subtract the order-(Za)* term from the TPE in Eq. (V.32) to avoid double counting.

The recoil and polarizability corrections are infrared-safe and require no regularization. Un-
fortunately, it is not possible to match the recoil FSEs from one- and two-photon exchange. In
practice, one uses the results from forward TPE discussed in this Chapter. This has several rea-
sons. Most importantly, the Breit potential in Chapter II is based on an e.m. interaction vertex
for on-shell nucleons and nuclei, Eq. (I1.15). This is not sufficient, as the intermediate state in
Fig. V.2 (a) can be off-shell [115, 411]. The dispersive approach to the TPE, see Section V.1.2,
bypasses this issue. It uses DRs to express the VVCS amplitudes in terms of structure functions
or cross sections, cf. Eq. (IV.11). Per definition, the cross sections have real particles in the final
state. Also, the TPE formalism, in contrast to the Breit potential, does not neglect retardation.

3. Forward Two-Photon Exchange in Terms of Polarizabilities

In this Section, we will present the TPE polarizability effects in Eqgs. (V.25) and (V.34) as an
expansion in moments of structure functions. The expansion of the auxiliary functions for small
T goes as:

1 - her s +0(a°) (V.46a)
1+V1ta2rT 2 41 ' 872 ’ :
1 1 1 2?  (u+3) 2! 6
= L= +O(z°). V.46b
v+ V1+z2r T 1+ [ 20 +w) 7 8(1+w)? 72 (@) ( )
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V. Two-Photon Exchange in Hydrogen-Like Atoms

Expanding the HFS formula (V.6) up to and including O(z*), we obtain a reasonable description
of the main characteristics of the weighting function:

EHps(nS) . 8ZamM OO@ 1 %
Er(nS)  w(l+r)Jy Q3 (v+1)

1 1 a2 3+ul 2t
wlzlp. L o, 3+el ot ,
X/U w{ [ (o +1) 7 +4(1+w)2 72} ga(z, Q%)
U+ 9ua? AT+0u+ 5] o
Ao +1) 7 8o+ 1)z 72| ,

(V.47)

1
b |54+4uy—
(vl+1)[ vl

where one can read of the still present contribution of the BC sum rule, cf. Eq. (IV.20a). Limiting
ourselves to the third moments of the structure functions, we for the LS have:

< d A Z?
aprts) = 2 [T R 0.0+ T (RQY) - 6@ |
2 2 [70dQ 1
—16(Za)*Mm ¢y, . O (1) X
z0 3v 45 v +2\? 2? )
X/O dx{ Ul—i-lx_(w-i-l) T]fl(m?Q)
v+ 1 x? 9
+ 1+2Ul—4(vl+1)T] fo(z,Q )} (V.48)
For the HFS, we have:
Efl%ls(nS) B Zam *dQ 1 9/ 92
EenS)  wand fy Qe P E@) V4
+Z%j+1) (14 3v;) 14(Q?) + (19 + 33v; + 1607) [1(Q?)
M2Q2

2% (11 + 91)[) 5LT(Q2)] },

- m Om(gmlvl)z{(5+4vz) [Z°F5(Q%) +40(Q%)]  (V.49b)

6M2Q?

orr(Q%) + 70(Q%)

14 3u; [ M?Q?
14y 2c

3222M6 o
+Q6/o da:x4g2(a:,Q2)>},

where we identified the generalized spin polarizabilities defined in Egs. (IV.15) and (IV.17)-
(IV.19). In Egs. (V.49a) and (V.49b), we use either the FSP ~p, or the generalized GDH integral
I4. Here, we only expand until O(z?). Therefore, we need to subtract the fourth moment of go
contained in ~p, cf. Eq. (V.49b).
Strictly speaking, I; and I4 are no pure polarizabilities, but also contain the elastic Pauli FF:
Z2

Iiionfpol.(QQ) _ III;OH*I)OL(QQ) — _ZFQZ(QQ) (V50)
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3. Forward Two-Photon Exchange in Terms of Polarizabilities

This feature follows from the difference between inelastic and polarizability contributions. With
Eq. (V.50) in mind, it becomes obvious that the total expressions, Eqs. (V.48) and (V.49), are
pure polarizability contributions.

Let us now take a closer look at Eq. (V.50) and derive it properly. The generalized GDH
integrals are related in the following way:

8Z2M*
Q1
Plugging the elastic go structure function, Eq. (V.7d), into the Sy DR:

14(Q) = (@) - [ de e 0?), (V.51)

64rZ2aM*y [1 12go (7, Q?)
So(v. 02) = 22mLiaM v [y ) V.52
2(v, Q%) oL /0 T (0 o)t — 0% (V.52)
and comparing with the Born part of Sz, Eq. (V.16d), we verify that SSOIG(V, Q%) = SBom (v, Q?).

Accordingly, we have Si"°!' (v, Q%) = S3(v, Q?), viz. the inelastic moments of go are pure polar-

izabilities. In the limit of v — 0, the Sy DR reduces to:

So(v, Q)

1%

_ 64rZ%aM*
v—0 QG

The inelastic part of this integral is proportional to the difference between the generalized GDH
integrals I; and I4 given in Eq. (V.51):

1
/0 dz 22gs(z, Q%). (V.53)

Q50

8T 1%

14(Q%) = 1(Q") (V.54)

v—0

Thus, the non-polarizability parts of I; and I4 are equivalent.
Splitting the S; DR, Eq. (IV.11c), at the inelastic threshold, identifying I, Eq. (IV.18), and
plugging in the elastic g; structure function, Eq. (V.7¢), we have:

8 Z?M?
$100.Q°) = 5+ [11(Q2> + o

We know that the S; amplitude can be decomposed into a Born and a non-Born part. The Born
contribution to S1(0,Q?) can be read off from Eq. (V.16¢) as:

27TZZC¥ [GM(Q2)F1 (Qz)

Fl(QQ)GM(Q2)] ) (V.55)

SPm(0,Q%) =

i . — F22(Q2)] . (V.56)

We are then left with non-Born part, which is a polarizability and will be denote by S1(0, Q?).
Replacing 51 (0, Q%) = SE°™(0,Q?) + S1(0,Q?) in Eq. (V.55), we find:

2
@) = o 510.@%) - SR (QY), (v.57)

thus confirming Eq. (V.50).
In a last step, we distinguish contributions to Eq. (V.49), which originate from the spin-
dependent structure functions gi:

1
(v +1)

B Zam *de 1 2, 92
s T A Q(vl+1)2[(5+4vl)F2(Q)+

X (V.58a)
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V. Two-Photon Exchange in Hydrogen-Like Atoms

2

X {(31 + 450, + 16v7) I1(Q?) — (11 4 9v;) {MQOC? Spr(Q?) + ]A(QQ):| H

= (Zle)M dg(ul}rn{(“‘“’l) [F3(Q%) + 411 (Q?)] (V.58b)
D [M;f 0@+ 5 [ arat i 0]
and go:
8y = e [ e @)~ 1@ (v 50
N m dg (wil) {M;O? : [617(Q%) —0(@%)]  (V.59b)

_3262]\646 /0 d$ﬂf4gg($,Q2)} )

respectively. Again, we give two alternative sets of equations depending on our choice of po-
larizabilities. In Section VII.2, we will return to the polarizability expansion of the HFS TPE
effect and apply it to interpret our results.

4. Off-forward Two-Photon Exchange in Hydrogen-Like Bound
States

In the following, we turn to the more general case of off-forward TPE. The off-forward TPE in
the lepton-nucleus bound state is shown in Fig. V.1. The incoming (outgoing) nucleus and lepton
four-momenta are denoted by p (p) and I (I'), respectively. The Feynman diagram evidently
comprises off-forward VVCS off a nucleus, where the four-momentum of the absorbed (emitted)
photon is labeled with ¢ (¢’).

With respect to the forward TPE diagram, the off-forward diagram is suppressed by an ad-
ditional factor of Za. Nevertheless, off-forward TPE processes might be not negligible, since
the two-photon cut in the ¢-channel can generate a logarithmic enhancement of the off-forward
TPE effect. Hence, our main focus will be on calculating the (Za)®In Za nuclear-polarizability
effect. We study the contribution of the lowest-order nuclear polarizabilities to off-forward
VVCS and TPE, where the main interest is in the nuclear dipole polarizabilities. We derive
the corresponding perturbative potential with a dispersive approach, which can be treated in
PT. Further discussions of the (numerical) effects in LS and HFS are postponed to Section VI.2
and Appendix VII.A. In Section VII.4, we evaluate a similar off-forward TPE process, viz. the
neutral-pion exchange with two-photon coupling between lepton and pion.

The TPE matrix element satisfies a once-subtracted DR:

2 00
9 D dt  TmM(t)
M(p) ZM(OH;/O T (V.60)

where the t-channel momentum transfer is: p; = ¢’ —q¢ = p—p’ = ' —1. Let us have a look at the
different terms appearing in Eq. (V.60). The subtraction term, M(0), corresponds to the forward
TPE (¢ = ¢'), which was discussed in Sections V.1 and V.3. It produces a §(r)-potential, as we

will see in the following. We, on the other hand, are interested in the off-forward TPE, given by
the remaining integral over .
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4. Off-forward Two-Photon Exchange in Hydrogen-Like Bound States

The coordinate-space potential is the Fourier transform of the momentum-space potential. As-
suming vanishing retardation, the momentum-space potential associated to the TPE is equal to
V(Ipe]) = M(p? = —|p¢|?). From Eq. (V.60), we derive the once-subtracted coordinate-space
TPE potential:

.61
t 4rr (V.61)

s(r) e Vi ]
Besides the §(r)-potential, a Yukawa-like potential oc e"¥*/r emerges.

The above potential will be treated in first-order of Schrodinger PT. The relevant theory is
summarized in Appendix [1.B. There we list, f.i., the non-relativistic Coulomb wave functions,
Eq. (I1.91), and give a formula for the energy correction induced by a spherically symmetric
coordinate-space potential, Eq. (I1.104). The information on the lepton-nucleus system of inter-
est is contained in the Bohr radius and the reduced mass m, = Mm/(M + m). For M > m,
the reduced mass is approximately equal to the lepton mass: m, ~ m.

Again, we are only interested in the off-forward process, represented by the integral term in
Eq. (V.61). The 6(r)-potential leads to an upward shift of the S-levels, cf. Table I1.4:

o1
m(an)3’

(nl|6(r)|nl) = (V.62)

with [ the orbital angular momentum. The Yukawa-type potential contributes to all orbitals,
i.a., S- and P-waves:

(nl|e™V" fr|nl) (V.63)
g (2 L DT T4 4

= (an)(:ﬁﬁmn ) [F[n—l] } o FY (1 +1l—n,14+1 —n,2+21,4/(an)2t),

o 4t (2 4+ V)T

(an)3 2F1 (1 —n, 1-— n, 2, 4/(0m)2t> .

From the denominator one can see that the energy correction is proportional to a=2, cf. also
Eq. (I1.91). Accordingly, the effect is dominant in S-states and suppressed by, e.g., a? in P-
states.

Now, we need to derive the off-forward TPE matrix element. We start with the non-Born
VVCS amplitude. For the unpolarized part, we use a parametrization of the nuclear Lagrangian
in terms of polarizabilities [414]:

m(ag1 + B)
M2

_ 9 _
LNy = T NNF? — (0aN)(OsN)FHFP g, (V.64)
with the e.m. field-strength tensor F#*¥, the e.m. dipole polarizabilities a1 and By, the Dirac
spinor of the nucleus N, and the mass of the nucleus M. The nuclear side of the TPE then
reads:

T ag1 + Ban
el *W{% (pf +aq-d]d"d" + [2(P-q)* — % (qa-p)(d - p)] g

—2P q[¢"P"+P'¢"|+1L[q-dd"" — " — q”d"q"]
+2¢q- q'P“P”} + BMl{q q' g" — q“q'”}7 (V.65)
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V. Two-Photon Exchange in Hydrogen-Like Atoms

with P = 1 (p+p’) and P-p; = 0. We can check that this tensor structure is even under photon
crossing and gauge invariant.

The contribution of the lowest-order spin polarizabilities, Y11, Va1, Ym1E2 and yE1p2, to
the polarized VVCS is given by [415]:

1

ar M2
+YM1E2 {'yaﬂ"qaqua [¢"P" +¢q"P"] +q-¢ [vaﬁ“P”Pﬁqa — yPv pi Pﬁq'a]
—q-P [q - q' "7 Py + gy P "qaq’ng} }

+ 7E1M2{q q [’V“ﬁ”P“ang - vaﬁ“P”q;Pg} +q-P {waﬁ“q'”quﬁ — Waﬁ”q“ang} }

[%70 q-P { [vo‘ﬁ“P” + W“B”P“} Qs —q- Py g+ Q’]a} (V.66)

+ a1 4 P{’y"ﬂ“q’”ana — gl Ps — q - g " Py + g y*P UQaqlﬁpa}] :

with the FSP vy defined in Eq. (I11.4) and the nuclear spinors omitted. This tensor is likewise
even under photon crossing and gauge invariant. Due to its nuclear-spin dependence, Eq. (V.66)
contributes to the HFS. As we found no (Za)®In Za contribution to the HFS, we move any
further discussion of it to Appendix VII.A and focus for now on the nuclear-spin-independent
VVCS amplitude.

In the next step, we need to close the TPE box diagram,

A Gua +ap 98y
M:/i(%)sz e (V.67)

by including the photon interaction with the lepton:

LY = draa(l) [vam'yﬁl u(l), (V.68)

where m is the mass of the lepton and u is the lepton Dirac spinor. Note that for the lepton
tensor, L™ it is enough to considered the u-channel VVCS process. Taking the full CS off the
lepton, meaning the sum of s- and u-channels, would lead to exact double counting in the TPE
matrix element.?

Just as in the previous derivation of the OPE Breit potential, cf. Eq. (I1.20), we will make
a semi-relativistic expansion of the TPE amplitude. All relevant replacements are listed in
Appendix V.B. For the spin-independent case, the expansion is rather trivial. The appearing
energy-dependent prefactor is absorbed into the Dirac spinors, cf. Eq. (V.84b). Since the unpo-
larized amplitude, Eq. (V.65), is independent of the nuclear spin, i.e., not containing any Dirac
matrices, we can write: A((p') T*N(p) = TH N (p')N(p) ~ T"*, where in the last step we took
the leading term in the semi-relativistic expansion of A((p")A(p) =~ 1+ O(c™2), see Eq. (V.86a).
In this way, the nuclear tensors in Egs. (V.65) and (V.67) are taken between the spinors, just
like the lepton tensor in Eq. (V.68).

We are interested in the contribution of order (Za)%In Za, hence, everything that cancels a
photon propagator can be removed from the integrand of Eq. (V.67). Therefore, we replace,

e.g.,q-q — —pi/2and (q-p)(¢ - pt) — —Pi/a

3The full s- and u-channel result can be deduced from Appendix V.E by setting the FFs to their structureless
values: F1 =1 and F> = 0.
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4. Off-forward Two-Photon Exchange in Hydrogen-Like Bound States

The integration over the loop momenta is performed by means of the Feynman-parameter
method. Shifting the integration momentum as ¢ — g+ yl — (x — y)p;, and subsequently scaling
y — xy, the denominator is replaced by:

1 1 1 1
(g +p)?[(l — q)%2 — m?] = 2/0 dxx/o dy [qz - MQ(x,y)]37 (V.69)

with M% =z [xy2m2 —(1—-z)(1- y)pf] — 0%,

The kinematics of the present bound-state problem, cf. Fig. V.1, match those of elastic scat-
tering. In the CM frame, the four-momenta of the incoming and outgoing particles read:

p=A{Ey/c,p}, l={E;/¢c,—p}, (V.70a)

p ={E,/c,p'}, I'={E/c,-p'}, (V.70Db)

with |p|? = |p|? and E,/c = \/(Mc)? + |p|? ~ Mec, etc. All particles are considered to be on-

shell, hence, the energies of the lepton and the nucleus are conserved, respectively. Accordingly,
there is no retardation in the CM frame: pY = 0.

Likewise to the nuclear spinors, we expand the lepton spinors semi-relativistically: u(l")u(l) =~
1+0(c72) and z(l") vo u(l) =~ 1+O(c~?), see Appendix V.B. Independent of the frame, we have:

a(l') [pe -y - ull) = p} /2. (V.71)

Furthermore, we evaluate the following structures in the CM frame:
p-l~ Mmc*+ O(), (V.72a)
a() [pe - - plu(l) =~ 04+ O(P). (V.72b)

The calculation simplifies slightly because the leading term in Eq. (V.72b) is canceling.
Introducing the Feynman integrals:

a4 1
Ja(M?) = /i(%q)d YL (V.73a)
(-1)"T(n—2) 1

= G To) E (V.73b)

b ddq qu e qu
Tt (A2) = /i(27r)d v (V.73¢)

(with M2 # 0,n > 2 and d = 4), as well as,
1

12 2y 2y JH1p2
and particularly,
1
Jo(M?) = T [Le +In M?], (V.73e)
oy — __ b 1
J3(M*) = (a2 M2 (V.73f)

with L. being a real constant from dimensional regularization, we integrate over the loop mo-
mentum. To leading order in the semi-relativistic expansion, the matrix element of the diagram
in Fig. V.1 can be expressed as:
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V. Two-Photon Exchange in Hydrogen-Like Atoms

M(p}) = 8%am /0 “dea /0 "y {(ap+ Ban) x (J(M?)[pF (2= 32y + (e)?)  (V.T4)
o+ 4m?(zy)(1 - 209)] + (M) [1 — 62y )
+ (ap1 — Bum1) X (Jg(/\/lz) [4m2(1‘y)2 —{—pf (2 + zy — (a:y)2)} + JQ(M2)> }

In this result, we neglected recoil effects because of their additional suppression by 1/M or 1/M?2.

Thanks to the DR in Eq. (V.60), it will be sufficient to calculate the imaginary part of
M. The integrations over the Feynman parameters z and y, cf. Eq. (V.74), are performed in
Appendix V.C, see Eq. (V.87). Our final result is:

ImM(t) = 6(1710‘:7/2{[%1 ¥ Ban] TVI =7 (10 — 7 + 672) (V.75a)
—3T [(4 — 774 107% — 27%) apy + 7(5 — 27 + 27%) BMl} arccos /7 }
~ mam [~mapiVT +7/3(1lap: + 56i)] + O(73/?), (V.75b)

with 7 = t/4m2. In the last row, we expanded for small 7. To the given order, our result agrees
with Refs. [416] and [417, Eq. (24)].

In Eq. (V.61) and below, we discussed the perturbative TPE potential in coordinate space. For
the numerical evaluation, it will be more convenient to work with the alternative momentum-
space approach. In first-order PT, the energy correction to the 2P 5 — 25/, LS due to a
momentum-space potential is given by, cf. Eq. (11.104):

o0

Ers = 27 |, d|pe| |pe|* wap_as(|pe]) V(Ipt)), (V.76)

where wyp_9g is the convolution of momentum-space Coulomb wave functions, cf. Eq. (I1.105):

2 (alpe))? [1 — (alpe])?]
[+ (alpe))?)*
and the retardation-free off-forward TPE potential reads as: V(|pt|) = M(—|pt|?). Plugging the

off-forward TPE amplitude, meaning the dispersive integral in Eq. (V.60), into Eq. (V.76), we
arrive at:

wap-as(|pt|) = : (V.77)

Tm M(¢). (V.78)

00 2

Frg— - / |l et

8m2a Jo a’t [1+a\/ﬂ4

In Appendix V.D, we list corresponding formulas for the lowest S-levels and the 2P-level. For the

leading off-forward TPE contribution, one can equivalently evaluate Eq. (V.78) or Eq. (V.90b),

see Eq. (V.63) and discussion below. In Appendix V.C, cf. Eq. (V.88), we give all necessary
integrals to evaluate Eq. (V.78).

In Egs. (V.78) and (V.75), we derived the nuclear-polarizability effect on the LS from off-

forward TPE. Our numerical results are presented in Section VI.2 for different light muonic
atoms.

5. Summary and Conclusion

In this Chapter, we discussed the theory of TPE effects in hydrogen-like atoms. The well-known
forward TPE formalism was presented in Section V.1, where we clarified the terminology and
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defined the polarizability effect. In Section V.2, we matched the non-recoil effects from the
nucleon-pole contributions of one- and two-photon exchange.

In Section V.3, we derived an expression for the TPE polarizability contribution to the HFS
in terms of spin polarizabilities. We will apply this formalism in Section VII.2 to interpret our
results for the HFS.

In Section V.4, we derived the nuclear dipole polarizability contribution to the LS through
off-forward TPE. In Chapters VI and VII, we will numerically evaluate forward and off-forward
TPE polarizability effects on the LS and HFS, respectively.

A. Hyperspherical Coordinates and Wick Rotation

In general, n-dimensional hyperspherical coordinates are defined as:

T1 = 7 COos ¢1,
To = 7 8in ¢ Cos P9,

T3 = rsin ¢; sin ¢ cos @3,
(V.79)

Tp—1 = TSing - -sing,_2cos Pp_1,

Ty =7SiN@y - Sin@p_osin¢,_1.

The volume in n-dimensions can be calculated through:

2 T T 00
Ve =/ / / / d"v, (V.80)
¢n—1=0 S ¢pp—2=0 $1=0 Jr=0

with the volume element

d"v det ) drdey des - - - dép_1,
= " Lsin® 2 ¢y sin™ 3 By - - - sin dp_o dr dey depy - - - depp_1. (V.81)

To interpret, f.i., Egs. (V.1) and (V.2), it is convenient to Wick-rotate (¢go — iQo), and switch
to Euclidean hyperspherical coordinates. In doing so, ¢ = (v, g) becomes:

v=1iQcosy, q=(Qsinysinfcosp,@ sinxsinfsinp, @ sinx cosf), (V.82)
and the integration, d*q¢ = dv dq, changes into:"
d*¢ = @>sin®xsinfdQ dy déde, (V.83)

with ¢ € (0,27) and x, 0 € (0, ).

B. Semi-Relativistic Expansion of Dirac Spinors

In the present Section, we perform the semi-relativistic expansion of different Dirac spinor struc-
tures. Such expansion is needed in Sections I1.2, V.4 and VII.4.

Hdlq= [ dv [dg
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V. Two-Photon Exchange in Hydrogen-Like Atoms

Ny (p) be the Dirac spinor of a spin-1/2 particle with arbitrary momentum p = (E,/c, p), mass
M and polarization A\ (spin projections along the z-axis). We then define [294]:

Aa(p) = (2E,)* Ni(p), (V.84a)
= 1
= V5 ( cop ) ® X, (V.84b)
Byt M
L= 8]\?202
~ op ® X (V.84c¢)
2Mc

where in the last step we expanded semi-relativistically, recalling that E,/c = /M?c? + p.

Note that the energy prefactor, (2Ep)71/ 2 stems from the semi-relativistic expansion of the
propagators. Furthermore, we have the Pauli matrices, o = {01, 02,03}, and the Pauli spinors:

mh=<;>, xwp=<?>- (V.85)

We now give expressions for the Dirac spinor structures appearing in our calculations:

— P? iS-gx P

NPVNP) = 1= 355+ —5yma T 00/ (V.86a)
()75 (D) = %#+O<m% (V 56b)
NP N(p) ~ 1- 8]\1;202 - iSQJQXQP +0(1/c%), (V.86¢)
N(p' )Y N(p) =~ o [PZ —i(Sxq) } +0(1/¢%), (V.86d)

NPy N(p) = gz [ph—4i (S x P)| +0(1/ch), (V.86¢)
NP VA N(p) = —67 - 2icThSH + 8Ml2c2 {4 [P?—iS-qx P| 5" +2[Pp] — Pipi| (V.36f)

+4i [(P+;q)f [Sx(P-1q)] —(P+1q)[Sx (P_;q)]f}

+4ie*(P+1q)F S (P —1q)+i[4P? + ¢°] Uks’“}+o 1/c4),

Ny N(p) = —59 - 20 SH 4 8M262{ (4> +4iS-qx P]§" —2|P'p} — Ppi| (V.86g)
[(P+ 0 [5% (P - 3a)) - (P ba) [ (P~ b))
—4ie*(P+1q)f S (P—1q)+i[4P?+q’] e"jks’“} +0(1/ch),

NP WA A (p) =~ ]\;c[ 5Pk 4 gk pi _ sk P _ 2 ik S . P 15 (S x q)F (V.86h)

i 6% (S % @) +i 675 (S x q)l} + 01/,

with ¢ = p—p/, P = L (p+p') and the nuclear spin S = /2. Analogously, one derives

expressions for the lepton spinor, distinguishing only s = ¢/2 and ¢ = I’ — [, where [ (I) is
the incoming (outgoing) lepton momentum. The presented expressions are independent of the
reference frame.
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C. Auxiliary Integrals

Here, we provide a list of auxiliary integrals occurring in our calculation.

e Feynman-parameter integrals as appearing in Eq. (V.74):

Li(r) = Im / dy / dx— - r:; ;RCSS:C) (V.87a)
L(r) = Im/ ay | dx Py _ = 2(11—7) [1 - ﬁjfcgf] (V.87D)

Ii(r) = Im / dy / az 2Y 2:% 4(1;)2 [SH(H%i/@“Sq (V.87¢)

) = / dy / e (v.sma)
EG) = Im / & / dr o M = (H)[ (f)] (V.57

with M? =z [acy m? — (1 —z)(1—y)p ] — 10" and T = P¥/am?.
o AE,s[ImM(t)], cf. Egs. (V.90a)-(V.90d), evaluated with Eq. (V.87) for 7 = t/4m?2:

1 (Zam,)* . Zam,
AE,s[th] ~ — R e Bl B woes + O(ab,a7), (V.88a)
1 (Zam,)* . Zam,
AE,s[I5] = TP e In S +0(ab,a’), (V.88b)
1 (Zam,)* | Zam,
AE,s[I;] =~ T ——— In o + O(ab,a"), (V.88c)

AE,s[th]) =0+ 0(ab a"), AE,s[L]~0+ 0% a’), AE,s[ls]~0+ 0’ a").

D. First-order Perturbation Theory in Momentum Space

e Convolution of momentum-space Coulomb wave functions:

16
P = alp )2 V.89
ED = (V.502)
w _ [E=2(alpe?] [t = (alpel)?] V.89b
2S(|Pt‘) [1 I (a|pt|)2]4 ) ( . )
wss(lpel) = 16 [4 — 3(alpe])?] [4 — 27(alpe])?] [16 — 216(alpe|)? + 243(a|pe])*] v

4+ 9(alpe])2)°
[1 = 4(alpe))?] [(4(alpe))? ~1)” — 16(alpe))?]
was(|pe|) = 1+ da(alpa )2 X (V.89d)
x [1— 48(alpe])? + 288 (alpe])* — 256(alpe))°]
1 — (alpe))”
[1+ (alpe])?)”

w2p(|pe]) (V.89¢)
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e Energy shifts in first-order PT:

1 [ 1 1
m“a Jo 2+ avi a“t
1 o0 1+ 2a%t 1
8ma Jo 2[1+avt]” ot
1 00 16 + 27a2t [8 + 9a?t 1
ABsg — / ar | 10+ 27| o I Tm M(t),
9712a 0 [2 + 3a\/ﬂ 3a’t
1 o0 1+ 16a2t [3 + 2a%t (9 + 8a?t 1
AE4S - 2 / dt + “ [ + “ (8+ @ >] —T ImM(t),
64m<a /o [1 + 2a\/ﬂ a“t
1 o0 1
ABE,p = / dt —————— Tm M(t).
167%a J, 1+ avt]

E. Born and Elastic Parts of Off-Forward Doubly-Virtual Compton

Scattering
The off-forward VVCS can be decomposed into a set of 9 tensors:

a'(e T eyu=e*Al (s, t) 7' 0" uEE,,

with
A(Svt) = {Ala 7‘A9}(87t>1
o = { =g, ¢*d", =", ¢"(d 79, " — ¥ qaq",
0" 4™ — v 40d" "V (d -y - ), —ivse™ Pl s,
" + 7" 40" },
P-c P.¢
Eu=eu=py b €;=sL—P—_qu, Pu=5@+p ) P-q=P-q =M¢

The Born contribution to off-forward VVCS with FF dependent e.m. interaction,

€
I' = ey"Fy(Q%) — =" ¢, F2(Q?),

2M
reads:”
e _ AR@) (¢ (¢ P)’ + (9-¢)° [F1(¢)Fa(q?) + Fa(@) Fa(q?) + Fa(q) Fa(q®)]
! M [s — M?][u — M?] ’
pBorn _ F(q®)Fa(q'?) (q- P)? + M? (q-¢') [Fi(¢*)F2(¢'?) + Fo(¢*) Fi(q'?) + Fa(¢°) Fa(q'?)]
> M3 s — M2 [u — M?] ’
5We used:
a(p") (" apbucalulp) = ﬁﬂ(p’) [P-ab-y-c—P-ba-v-c+P-ca-~-blu(p)
+2iﬂ(p') [W“”aﬂaubuca(q’ - Q)/a] u(p).
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—4M? (q- P) (q-q") Gm(q®) Gum(q'?) + Fa(q®) Fa(q'?) (¢ - P) [4(q- P)* — (¢- ¢')?]

Ao = 9ME s 317 [u — 7] (V.93¢)
=-2(q- P) AF"™,
Born _ _ 4Born _ 2 (q } P) GJVf(qQ) GM(q/2)

AR — A s~ 3 3] (V.93d)
Bom _ (@-P)[2F1(*)Fi(q'?) + F2(¢*)Fi(¢'?) + Fi(¢*) Fa(q'?)] .
AT = MTs — M2] [u — M?] 7 (V-95¢)

Born __ (qP)FQ(QQ)Fz(qlz)
A = T M e T (V.93f)
o _ (@ PV [PAA)R () — Fa(@) Fa(d7)] (V.93g)

M [s — M?] [u — M?] '

where P = 1/2 (p + p'), which satisfies ¢/ - P = ¢ - P (since ¢ — ¢ = p' — p and p? = p'? = M?).
In deriving this, we used:

1 q-¢ —2q-P
= V.94

s— M? (s — M2)[u— M?]’ (V-94a)

1 q-q¢ +2q-P
= V.94b
u— M? (s — M2?|[u — M?)’ ( )

or equivalently:

4q-P = [s—M?*] - [u—M?], (V.95a)
2¢-¢d = [s—M*+[u—M?]. (V.95b)

In the real limit, one amplitude vanishes: Ag = 0. Therefore, the RCS can be described by only
8 independent amplitudes [53]:

A(s,t) = {Al, ,Ag}(s,t), (V.96a)
O = {—g", g"qd" =", ¢"(d -7 q), @™ — 7 qaq"”,
¢"qr™ —Y*d\d"”, ¢"d" (d v - q), —ivse Pl as}. (V.96b)

The Born part is equivalent to the elastic nucleon-pole part up to non-pole pieces, cf. Eq. (V.17).
In the forward limit, we have the simplification that ¢ - P — Mv and ¢q - ¢ — —Q?. Hence, in
the following, we identify poles in ¢ - P. Introducing:

_s—u _q-P
S=" = (V.97)
we can see that:
A(q-P)? =4M*¢? = (q¢-¢)* — [s — M?*] [u — M?]. (V.98)

We then rewrite the Born part of off-forward VVCS and separate nucleon-pole and non-pole
pieces:

Fi(@®)Fi(d?) | (q¢-4)?Gula?) Gul(qd'?)

Born __
ABern T v Py 2 v (V.99a)
om _  12(¢*)F2(q'?)

(a-0) [P Fala’) + Fa(*)Fy(0) + Fa(a?) Fa(a'®) (1+ 552

* M s — M2 [u— M?] >
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_(¢-P)B(*)F(q'?)  2(a-P)(q-¢)Gum(a®) Gul(d?)

A3Born _ ,
2M3 M s — M?][u— M?]
Born __ _ gBorn __ GM(QZ) GM(q/2) 1 _ 1
AP = A = oM w—M?2 s—M2[’
pon _ PR@RW) + B@RW)+A@RE] [ 1 1
© 4M u—M?2 s—M?2[’
ABorn _ FQ(QQ)FQ(QIZ) 1 . 1
7 8M3 s—M?2 u—M2[’
ABorn — FQ(qz)FQ(QIZ) (q : q/) GM(qZ) GM(qlz)
8 4M3 M[s — M?][u— M?] ’
ABorn _ [Fl(qQ)FQ(q/2) - FQ((]2)F1((]/2)] 1 _ 1
o7 4M s—M?2 u—M?2["

Obviously, the amplitudes APo™ ABo™m ABo and AB°™ contain non-pole pieces:

Anon—pole — Fl (qg)Fl (qu)

1 M )
Anon—pole _ F2 (qz)F2 (q, 2)

2 B am3
qnon-pole F(¢*)F(d'?)q- P

3 2M3 ’
qnon-pole  _ Fy(q?)Fs(q'?)

i ams

(V.99¢)
(V.99d)
(V.99¢)
(V.99¢)
(V.99g)

(V.99h)

(V.100a)
(V.100b)
(V.100c)

(V.100d)

which need to be subtracted to calculate the elastic contribution to off-forward VVCS. Using

Ref. [53, Appendix A]:

T1 = 62./41,
22
o= S (A Q).
M
S, = ey [A3+Q2(A5+.A6)],

Sy = M2(As + As),

we reproduce the well-known VVCS amplitudes in the forward limit, see Eq. (V.16).
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cHAPTER VI

LAMB SHIFT IN CHIRAL PERTURBATION THEORY

In the previous Chapter, we gave an introduction into the theory of TPE effects. In the next
two Chapters (VI and VII), we calculate nucleon- and nuclear-polarizability contributions to the
LS and HFS of light muonic atoms in the framework of BChPT.

In the present Chapter, we deal with the LS. In particular, we give a prediction for the order-
a® proton-polarizability contribution to the pH LS at NLO in BChPT. As input, we use the
VVCS amplitudes and photoabsorption cross sections from Chapter IV. We compare our results
to HBChPT (Section VI.1.3) and dispersive calculations (Section VI.1.4).

In Section V1.2, we evaluate the order-(Za)® effect of the nuclear e.m. dipole polarizabilities
from off-forward TPE, cf. Section V.4, on the LSs in pH, uD, pH, p3He' and p*He™. In
Section VI.2.1, we demonstrate that the off-forward TPE represents a viable alternative approach
to the Coulomb-distortion long-range polarization potential known from the literature.

In Section V1.3, we update the theoretical descriptions of the LSs in pH, uD and p*He™ based
on the results of this Chapter, and re-extract the proton and deuteron charge radii.

1. Proton-Polarizability Contribution at Order o®

In what follows, the NLO BChPT prediction for the order-a® proton-polarizability effect in the
LS of uH is presented. In general, ChPT predictions of the TPE polarizability effects provide a
genuine alternative to the more common dispersive evaluations based on empirical information,
see Section VI.1.4. Omne advantage of the ChPT approach is that calculating the non-Born
diagrams gives direct access to the polarizability contribution. The dispersive calculations, on
the other hand, are naturally working with the separation into contributions from elastic FFs and
inelastic structure functions and require a subsequent rearrangement into Born and polarizability
contributions, cf. Section V.1.4

As explained in Section V.1.5.3, the polarizability contribution to the LS can not be extracted
solely from experimental data. In the dispersive calculations, the contribution of the subtraction
function, 7'1(0,@?), has to be modeled. In the ChPT framework, however, no modeling is
needed. Since all LECs appearing in the O(p7/ 2) calculation of the VVCS amplitudes are known
from other processes, the NLO nucleon polarizabilities come out as a pure prediction of ChPT.
Consequently, ChPT contains definite predictions for the proton structure effects from TPE.

The energy shift of the n-th S-level due to forward TPE, Eq. (V.1), is dominated by low Q.
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Figure VI.1.: Comparison of predictions for the polarizability contribution to the 25-level shift in muonic
hydrogen, see also Tables V1.3 and VI.4.

Assuming the photon energy v is small compared to all other scales, one finds [177]:

AEP(nS) = 2 ot [ T8 wim) [12(0.0%) - Ta(0,Q%)]. (VL)

with the weighting function w(n) = /1 + 77 — /7. Substituting the LEXs,
Sm Tl(;;r@?) = [ap(Q%) + Ban (Q*)] v + BanQ* + O(',v°Q%, QY),  (V1.2a)
lim @) _ (ap1 + Bu1) Q* + O, Q% QY), (VL.2b)

one observes that the dependence on the magnetic polarizability £ps1 is removed. From this
it follows that the polarizability part of the TPE effect in the LS is dominated by the electric
dipole polarizability agi, while the contribution of the magnetic dipole polarizability S is
suppressed.

Another implication that the electric dipole polarizability dominates was found in Ref. [418],
where the nuclear structure corrections in uD are calculated. Surprisingly, the total deuteron
structure correction is approximately given by electric dipole polarizability contributions at
various orders, while other corrections, e.g., from higher multipole polarizabilities, the magnetic
dipole polarizability or relativistic nature, cancel each other out.

As the contribution of the magnetic dipole polarizability to the TPE is suppressed, likewise
should be the dominant magnetic-dipole part of the e.m. nucleon-to-delta transition. There-
fore, Alarcén et al. [177] calculate the order-a® polarizability contribution at LO in BChPT and
neglect the NLO A(1232)-excitation. This should be a good approximation for the total polariz-
ability effect. Nevertheless, the separation into Ei‘ébtr' and Einsel', Egs. (V.26) and (V.27), suffers
because the effect of the delta does not cancel out in the independent terms. In the following,
we will include the A(1232)-exchange to make the prediction of the subtraction function more
reliable and confirm its expected insignificance in the total polarizability contribution.
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T T
7 v

N

Figure VI.2.: The two-photon-exchange diagrams with chiral loops. Figure taken from Ref. [177].

Anticipating the result of this Section, the NLO BChPT prediction of the order-a® proton-
polarizability contribution to the LS in uH evaluates to:

EPS (uH) = 49120 eV, (VL3)

where the contribution of the subtraction function equals:

Ei“sb“'(uH) = —58+23pueV, (V1.4a)
Bl (uH) = 10.7 723 eV, (V1.4b)

The latter compares best to the result of Ref. [172]. In general, the BChPT prediction compares
in a satisfactory manner with the dispersive calculations, see Fig. VI.1.
Based on the elastic FF parametrization of Bradford et al. [316], the Born contribution of
TPE amounts to:
EBS™(uH) = 22.9 + 1.7 peV, (VL5)

where we estimated the error by taking the spread of different FF fits [112, 113]. Our final result
for the forward TPE effect then reads:

EfFE(H) = 27.8 720 pev. (VL6)

In the following, we present the individual contributions from chiral loops and the A-exchange.
Afterwards, we will compare to HBChPT and dispersive calculations. Tables VI.3 and VI.4
summarize relevant calculations of the TPE corrections to the yH LS performed by various
authors.

1.1. Chiral Loops

In the é-expansion of ChPT, the LO polarizability contribution is given by the TPE diagrams
with chiral loops, shown in Fig. VI.2. They were calculated in Ref. [177] with the results given in
Table VI.3. Note that the VVCS structures in Figures [V.2 and VI.2 differ due to a redefinition
of the nucleon field,! which is described in Ref. [58, Section 3.1].

Alarcon et al. [177] established the LEX in Eq. (VI.1) as a very good approximation for the
TPE polarizability effect in the LS. The high-energy contribution to their result was found

N — &N with € = exp (7947775 /2, )
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VI. Lamb Shift in Chiral Perturbation Theory

Table VI.1.: A-exchange contribution to the 2S5-level shift in muonic hydrogen. All values in peV.

Eq. Input AE;s(Ty) | AE;s(Tz) | AEsgs
(V.3) | Ty(0,Q?) (1V.97) 7.58 / 7.58
wvasy | favas) | 922 | 601 | -823
(V.3) | TA° (1v.os) | —2.22 601 | -8.23
w3 | Taves | 040 | 119 | 150 |
(V.3) T, (IV.35) 5.76 —4.82 0.95

to be small enough to not contradict the use of ChPT as a low-energy effective field theory.
Nevertheless, we improve the cut-off behavior on higher momentum transfers by including the
pion FF [419]:

Fr(Q% = (1 + /\;)_1 : (VLT)

with A2 = 0.462 + 0.024 GeV?2. It enters twice in each CS diagram, cf. Fig. V.2, and by this
reduces the contribution to the Q-integral in Eq. (VI.1) from Q > m, = 775 MeV to ~ 1%.

Plugging the non-Born CS amplitudes into Eq. (VI.1), we obtain the following polarizability
effect on the LS in pH:

BN PN (uH) = 5.86 15 T8 eV (VL)

It is then easy to isolate the contribution of the T (0, Q%) subtraction function to Eq. (VI.1):

B (uH) = 181505 pev, (VL.9a)
EFV M (uH) = 4.0575H pev. (VI.9b)

As explained in Ref. [177], the value of the polarizability contribution is expected to increase
when going to the next order (i.e., including pion-delta loops). Therefore, we assigned an
uncertainty of 30 % (~ A/M) towards the magnitude increase and 15 % (~ m, /M) towards the
magnitude decrease.

1.2. A-Exchange

Figure VI1.3.: Two-photon-exchange diagram with intermediate A(1232)-excitation.

At NLO in the ChPT power-counting, we need to consider the A(1232)-exchange shown in
Fig. VI.3. The tree-level VVCS amplitudes with intermediate A-excitation and the A-production
cross sections are given in Section [V.3. We calculated them in BChPT and afterwards related
the ChPT couplings to the Jones-Scadron FFs, cf. Section [V.3.2. The Jones-Scadron FFs, in
turn, were replaced by the finite-momentum extension of their large- N, limit, cf. Eqs. (IV.52b),
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1. Proton-Polarizability Contribution at Order o

Table VI.2.: Contribution of different multipole ratios to the 2S-level shift in muonic hydrogen. All values
in peV.

AE,s(Ty) AEys(T:) | AEss
T1(0,Q%) f1 P

G2 7.960 —1.929 —5.117 0.915
G32 Rem —0.221 0.041 0.154 —0.027
G32 Rsm —0.146 0.043 0.080 —0.023
G32R3y —0.029 0.007 0.047 0.026
G%2 RpmRsum 0.022 0.011 —0.002 0.031
ChPIRE —0.004 0.010 0.021 0.027
total 7.581 —~1.817 | —4.816 0.948

(IV.52¢) and (IV.53) with C}, = \%03 . In this way, the A-exchange process could be described
P

through nucleon FFs, which are known from experiments. We chose to mainly work with the
elastic FF parametrization of Bradford et al. [316]. For another thing, we use the dipole FF to
study the sensitivity of our results on the FF parametrization.

The total contribution of the A(1232)-exchange to the 2Py /3 — 251/ LS in pH amounts to:

ESTP (uH) = —0.95 + 0.95 peV. (VL.10)

Our results are summarized in Table VI.1, where we distinguish contributions from the sub-
traction function T3 (0, @?), the A-pole amplitudes TiA_p()le and the non-pole amplitudes ﬁ, cf.
decomposition in Eq. (IV.35). The size of the individual contributions is comparable to the
leading chiral loop effect, Eq. (VI.8). Combining the individual contributions, the A-pole parts
of the VVCS amplitudes largely cancel the subtraction function and the non-pole parts. Due to
the large cancelations, we prefer to assign a conservative error of 100 %.

Surprisingly, the A-exchange contribution to the subtraction function,

BISIPT(UH) = —7.58 4 2.27 eV, (VL1la)
B N (uH) = 6.63 4+ 1.99 peV, (VL11b)

is much larger than the LO contribution from the pion-nucleon loops. Therefore, it has a substan-
tial effect on our BChPT prediction for the subtraction term, which is collected in Eq. (VI.4a).
Note that for the A-exchange contribution in Eq. (VI.11) we assigned a 30 % error due to higher
orders in the chiral expansion.

We verified that the contribution from large momentum transfers (@ > m,) is less than 1 %.
Also, it was confirmed that the dependence on the applied nucleon FF parametrization is small.
Using a dipole FF for Gg, and Gy, as well as the Galster parametrization for G, [420]:*

Genl@) =~ -Gn(@), (VL12a)

2These are no parametrizations fitted to experimental data, thus, they only give a rough description of the
basic Q? dependence of the nucleon FFs. There advantage, however, is that they display a physical pole
structure: The dipole FF has second-order poles at ) = +iA and the Galster parametrization has simple poles

_ 4 2iM
atQ—:I:\/ﬁ.
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VI. Lamb Shift in Chiral Perturbation Theory

2
Gp(@) = (1+ %)*2, (VL.12b)
with = 5.6 and A% = 0.71 GeV?, changes Eq. (VI.10) by only ~ 6 %.

In Table VI.2, we break down the A-exchange effect on the pH LS into the contributions
of different multipole ratios. The numerically small influence of the A-resonance on the LS,
Eq. (VI.10), was expected because the nucleon-to-delta transition is dominantly of magnetic
dipole type, while the magnetic dipole polarizability is suppressed in the LS, as can be seen from
the LEX of the VVCS amplitudes [177], cf. Egs. (VI.1) and (VI.2).

1.3. Comparison with Heavy Baryon Chiral Perturbation Theory

There are several theory based determinations of the polarizability contribution [173, 421],
mainly performed within the chiral framework [171, 177, 422], see Table VI.3 for a summary.
Assuming ChPT is working, it should be best applicable to atomic system, where the energies
are very small. In ChPT, the NLO polarizability contribution can be obtained as a model-
independent prediction. Equivalently, the VVCS process at O(p7/ 2) in the low-energy domain
of the J-expansion can be described without fitting of LECs to CS or elastic lepton-proton
scattering experiments.

Nevado and Pineda [171] calculate the spin-independent structure functions in HBChPT at
the leading one-loop level. The study is restricted to light quarks (u,d) and the delta is neglected.
The S-level shifts amount to:

87.0488

AEPY(H) = — 3 Hz, (VL.13a)
0.147614

AEPY (uH) = —— g meV. (VL13b)

In the case of H, this agrees well with the logarithmic approximation in Ref. [423]. Peset and
Pineda [176] improve the calculation of Ref. [171] by including the A(1232)-resonance. They
obtain (in units of peV):

AEggl' (uH) = —18.51 (wN-loops) + 1.58 (A-exch.) — 9.25 (rA-loops) = —26.2 £ 10.0 peV.

Exploiting these results leads to a proton charge radius of Rg;, = 0.8412(15) fm [422].
The LO BChPT calculation performed by Alarcén et al. [177], cf. Fig. VI.2, predicts the
polarizability effect on the 25-level in pH with:

AEP (uH) = —8.2712 pev. (V1.14)

The quoted error limits are unsymmetrical because the NLO is expected to increase the magni-
tude, as is the case with ag; [424]. Indeed, our calculation confirmed that the A-exchange leads
to a slight increase of the polarizability contribution to the LS. Obviously, the BChPT result is
in disagreement with the HBChPT predictions. However, expanding the non-Born amplitudes
in g = m,/M, while keeping the ratio of light scales 7, = Q?/4m?2 fixed, i.e., performing the
heavy-baryon expansion, Ref. [177] recovers the amplitudes given in References [171] and [174].
They find the following simple formula for the polarizability contribution to the 2S-level shift
from LO HBChPT [177]:

mig4 m

(1o n2) ~ —16.1 1.1
e mﬂ( 0G+6n> 6.1 eV, (VL15)

al

AESS =
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1. Proton-Polarizability Contribution at Order o

Table VI.3.: Summary of available chiral perturbation theory calculations for the two-photon-exchange
corrections to the 2S-level shift in muonic hydrogen. Energy shifts are given in peV.

Nevado & Pineda  Alarcén et al. Alarcén et al. Peset & Pineda this work

HBChPT [171]  BChPT [177] HBChPT [177] HBChPT [422]°  BChPT

AEgPtr —-3.0 1.3 5.8(2.3)
AFEine! —5.2 -19.1 -10.7(*23)
AERS —18.5(9.3)" —8.2(*1) ~17.85 —26.2(10.0) —4.9(133)
AJglzs —-10.1(5.1)° —8.3(4.3) —22.9(1.7)
AEyg —28.6 —34.4(12.5) —27.8(*3%)

“prediction at LO and NLO (including pions and deltas)
berror given in Ref. [422]
“value from Ref. [423] as given in Ref. [422]

where G ~ 0.9160 is the Catalan constant. In this way, the LO HBChPT results from References
[177] and [171] are in good agreement, cf. Table VI.3.?

As already observed for the dipole polarizabilities themselves, the BChPT and HBChPT
results for the polarizability contribution differ substantially at “predictive” orders. The LO
predictions of y; even differ in the overall sign [424]. For various reasons, the result from
BChPT seem to be more reliable. The HBChPT result for the polarizability contribution to the
pH LS obtains substantial contributions (at least 25%) from beyond the scale (Q > m, ~ 775
MeV) at which this effective theory is safely applicable. In contrast, for the BChPT result one
only finds a contribution of less than 15%, what is not exceeding the expected uncertainty of
such calculation. Another general advantage of BChPT versus HBChPT is that in the former
analyticity is obeyed exactly, while in the latter it is obeyed only approximately.

1.4. Comparison with Dispersive Calculations

An early study of the effect of the electric polarizability on the S-level shifts in electronic and
muonic atoms can be found in Ref. [435], where the approximation of unretarded-dipole (long-
wavelength) photons is used. In Ref. [436, 437], the effect of both the electric and magnetic
polarizability on the 1.5 ground state in H is calculated, considering the mean excitation en-
ergy of the proton. The work of Rosenfelder [438] builds upon the formalism introduced by
Bernabeu and Ericson [435]. It aims at improving the previous results by accounting for re-
tardation and estimating further contributions, e.g., through virtual transverse excitations, in
the non-relativistic harmonic oscillator quark model. The reliability of the different approaches
is not undisputed. For one thing, if the average excitation energy of the proton is too large
(~ 410 MeV [438] compared to ~ 300 MeV [437]), the unretarded-dipole photons are a doubtful
approximation. Also, as pointed out in Ref. [439], the polarization shifts can not be correctly
expressed through total photoabsorption cross section by means of an unsubtracted DR, as it is

3Note that the difference is only due to the use of a LEX, see Eq. (VI.1), in Ref. [177].
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Table VI.4.: Summary of available dispersive calculations for the two-photon-exchange corrections to the
25-level shift in muonic hydrogen. Energy shifts are given in ueV, B is given as x10~4 fm?.

Pachucki Martynenko Carlson & Birse & Gorchtein
[169] [170] Vanderhaeghen [172]  McGovern [174] et al. [175]"
Bart 1.56(57) [425]  1.9(5) [426]  3.4(1.2) [427, 428] 3.1(5) [325]
N 1.9 2.3 5.3(1.9) 4.2(1.0) —2.3(4.6)
AERE" | —13.9 [429, 430] ~16.1 —12.7(5) [431, 432] —12.7(5)" —13.0(6) [431-433]
AEERS —12(2) ~13.8(2.9) —7.4(2.0) —8.5(1.1) —15.3(4.6)
AEBg™ —23.2(1.0) —27.8 [113] —24.7(1.6)° —24.5(1.2)
~29.5(1.3) [112]
[122] —30.8 [125, 434] [112, 113, 125]
AEss —35.2(2.2) —36.9(2.4) —33(2) —39.8(4.8)

®Adjusted values; the original values of Ref. [175], AESE™ = 3.3 and AEéZl) = —30.1, are based on a different
decomposition into elastic and polarizability contributions.

"Value taken from Ref. [172].

‘Result taken from Ref. [172] (FF [112]) with reinstated “non-pole” Born piece.

done in Refs. [435, 438]. Nevertheless, the first prediction of the nS-level shift in pH [438]:

0.136 £0.030
—————— m

n3

AEPS (uH) = eV "= ~0.017 £ 0.004 meV, (VL.16)
is of similar magnitude as later dispersive and HBChPT predictions.

At the current level of precision, the LO BChPT prediction of the polarizability contribution
to the pH LS [177] and our NLO update, Eq. (V1.3), are in good agreement with calculations
based on dispersive sum rules but purely model independent, see Fig. VI.1. In Table V1.4, we
list dispersive calculations and partially requoted the empirical information which entered as
input. In the following, we will give further details on Refs. [169, 170, 172, 174, 175] and briefly
summarize the advancement in dispersive calculations.

One of the first modern dispersive calculations of the TPE effects can be found in Ref. [169],
see also Refs. [276, 277]. The latest dispersive approach can be found in Ref. [175]. The
main achievement of the latter paper is to relate the 77 (0, Q?) subtraction function to the Q2
dependence of the fixed J = 0 Regge pole [440] through a finite-energy sum rule [175, Eq. (29)].
The evaluation relies on an empirical dataset comparable to the one used in Ref. [172].

The work of Martynenko [170] is based on the unitary isobar model and evolution equations
for parton distribution functions. The total polarizability contribution to the energy shifts of 15
and 2S energy-levels in H and pH is calculated. In the resonance region, the five dominant low-
lying resonances, viz. P33(1232), S11(1535), D13(1520), P11(1440) and F35(1680), and the N,
Nn and N7 final-states are taken into account, as well as the contribution from K mesons. The
contribution of the non-resonance region is calculated from experimental data on the structure
functions for deep-inelastic lepton-nucleon scattering and parton distributions.
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1. Proton-Polarizability Contribution at Order o

Birse and McGovern [174] calculate the subtraction function at NLO in HBChPT. They
include the leading contribution of the nucleon-to-delta transition FFs, while other effects of the
delta are absorbed into the LECs. Strictly speaking, this “physical cutoff” dependent result lies
outside the ChPT framework. Therefore, we list it in Table V1.4 and not in Table VI.3. Their
“elastic” and “inelastic” contributions are adopted from Ref. [172] with the necessary adjustments
to achieve the proper separation into Born and non-Born terms.

With time, the recommended value for the magnetic dipole polarizability of the proton in-
creased, see the first row of Table VI.4. The PDG value for instance changed from Sy =
2.1(9) x 10~* fm?® [441, PDG 98] to far1 = 2.5(4) x 10~* fm?3 [242, PDG ’16]. Likewise, the value
of AE;gbtr' increased in recent calculations, cf. Refs. [172, 174], by a factor of two compared to
earlier calculations, cf. Refs. [169, 170]. This follows from the LEX of T, Eq. (V.28), and the
customary models for the subtraction function.

Besides the dispersive and ChPT based approaches, there are other theoretical studies. They
usually differ significantly from what we discussed thus far, nevertheless, we want to mention
them here for completeness. For one thing, there is an analysis of the proton structure corrections
in the framework of non-relativistic QED effective field theory [173]. This work requires matching
to low-energy observables, such as Sys1 [442]. For another thing, Ref. [421] ultilizes a bound-state
field theory approach. Here, the binding field of the proton is generated by a one-parameter
static-well model (simplified MIT bag model). Despite the exceptional method, the result is in
good agreement with other predictions and the radius of the well, R = 1.2 fm, would correspond
to Rgp = 0.87 fm and Ry, = 1.3 fm.

1.5. Experimental Two-Photon-Exchange Effect in Muonic Hydrogen

In Ref. [68], an experimental prediction for the TPE effect in the uD LS is given:
ELPE(uD) = 1.7638(68) meV. (VI.17)

This value is based on the deuterium charge radius, Eq. (1.5b), extracted from the uH result for
the proton charge radius, Eq. (I.2a), and the hydrogen-deuterium isotope shift of the 15 — 25
transition, cf. Eq. (I.4). In the same way, one can determine the experimental value of the TPE
effect in pH. The theory prediction for the ¢H LS is (in units of meV) [110]:

B (uH) = 206.0336(15) — 5.2275(10) (Rep/fm)? + ELTE. (VL.18)
The proton radius, as obtained from the uD LS and the isotopic deuteron-proton charge radius

difference is given in Eq. (I.5a). Comparing the theoretical expectation with the experimental
value of the pH LS [100]:

Ers” (pH) = 202.3706(23) meV, (VI.19)
and substituting the charge radius from Eq. (I.5a), we can solve for the experimental TPE effect:
ELPE(uH) = —0.0130(177) meV. (V1.20)
The error bar of this value covers zero. For comparison, our theoretical prediction, Eq. (VI.6),

and the one included in the summary paper [110], ELIE(4H) = 0.0332(20) meV, are both giving
a positive value for the TPE contribution to the pH LS.
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VI. Lamb Shift in Chiral Perturbation Theory

2. Nuclear-Polarizability Contribution at Order (Za)%In Z«

In the following Section, we study the nuclear-polarizability contribution to the LS of light
muonic atoms from off-forward TPE. The basic theory was derived in Section V.4. In com-
parison to the forward limit, the off-forward TPE is suppressed by an additional factor of Za.
Nevertheless, it is interesting in view of the ¢t-channel cut, leading to an enhancement of order
(Za)®In Za. Here, the LS is calculated explicitly for pH, p?H, p®H, p3He™ and p*He'. In
Appendix VII.A, we briefly outline our calculation for the HFS and explain why no logarithmic
enhancement is found.

The influence of the nuclear polarizabilities on the spectrum of hydrogen-like atoms has been
investigated for many years. Several early works focused on the leading logarithmic contribution
to the LS, which is of order (Za)%In %, with E being the mean excitation energy and m the
lepton mass (cf. Ref. [436] for hydrogen and Refs. [443-445] for deuterium). Also, Ref. [270]
found numerically important terms at order (Za)%In Za. Refs. [446-448] recently calculated
the (Za)®In(Za)? Coulomb-distortion correction to the LS. Here and in Section V.4, we will
present an alternative approach to compute the Coulomb distortion.

At the intended order, (Za)®In Za, the effect of the nuclear scalar polarizabilities from off-

forward TPE on the LS amounts to:
((Za)®mza) 4 Zam ) aap, | Zam,

= In
LS n3 2nm

: (VL.21)

with a factor of Z2a embedded in the electric dipole polarizability ag1. The part of the potential
in Eq. (V.75a), relevant to Eq. (VI.21), is found as the leading term in small p?. Therefore, the
(Za)%1n Za effect stems from the O(,/7) piece:

2
7'('@7;;/2 VT arccos /T agy + O(7T). (VI.22)

Im M(p?) ~ Ao

It is worth pointing out that the magnetic dipole polarizability canceled from the result. Like-
wise, the electric polarizability dominates the forward TPE, as it is expected from studying the
LEX of the relevant VVCS amplitudes [177], see Section VI.1.

Based on the PDG ’16 [242] recommended value for the proton electric dipole polarizability,
Eq. (II1.17a), we arrive at the off-forward TPE polarizability contribution to the LS in pH:

(0% 6 nzZo
EAF° ) Y — 079 + 0.03 eV, (VL23)

where the stated error is propagated from Eq. (II1.17a). For comparison, the leading polarizabil-

ity contribution to the uH LS from forward TPE was found to be: Eﬁa;)(,uH) =4.9 f%g ueV. It
is therefore fair to say that the numerical result presented in here is larger than expected. Fur-
thermore, its size is comparable to the effects from light-by-light scattering (Wichmann-Kroll,
virtual Delbriick), which all amount to about ~ 1 meV [110].

Besides pH, we want to study the effect in p?H, p?H, p?Het and p*HeT.* Since we are
studying the spin-independent LS, the formalism is the same for all nuclei. The nuclear masses
are [99]:

M(H') = 1.875612928(12) GeV, (V1.24a)

“In the present Section, we switch notations and denote muonic deuterium as x?H and the deuteron as 2HT. In
the rest of the thesis, we use uD and d.
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2. Nuclear-Polarizability Contribution at Order (Za)%In Za

MGHT) = 2.808921112(17) GeV, (V1.24b)
M(*He*T) = 2.808391586(17) GeV, (V1.24c)
M(*He?t) = 3.727379378(23) GeV. (V1.24d)

The mass of the triton is bigger than the one of its mirror nuclei, the helion. This shows that
the triton, Fg(*HT) = 8.481798(2) MeV [449], is stronger bound than the helion, Eg(*He?") =
7.718043(2) MeV [449]. Due to the heavier mass of the (A4 = 2, 3,4) nuclei, the approximation
m, = m is even better than for the proton.

Unfortunately, there is a spread in the predictions of the nuclear electric dipole polarizabili-
ties:”

3
ap (CHY) = 0.6314(19) fm? [451], (VI.250)
0.70(5) fm3 [452]
3 >
g (CH) = 0.23 fm? [453, 454], (VL25b)
0.139(2) fm? [450],
3
o (CHEY) = 0.250(40) fm? [455], (VL250)
0.149(5) fm? [450],
api(*He?™) = 0.0683(8)(14) fm? [450]. (VI.25d)

We decide to use the theoretical predictions of Refs. [450, 451] for all nuclei studied herein. How-
ever, one should not forget that there are experimental extractions of the deuteron and helium-3
polarizabilities from elastic scattering of the nuclei from 2°®Pb [455], which are incompatible
with the value from Refs. [450, 451].

Our results are summarized in Table VI.5. Based on the smaller polarizability values, we
arrive at:

<(Za)6 In Za>

Eq (u*H) = —0.54140.002meV, (V1.26a)
6 n
B mZ0) sy 0,128 £ 0.002 meV, (VL.26b)
« 6 nszZao
B mA0) Bty — 1,950 £ 0.065 meV, (V1.26¢)
E<(Za)61nZa> a7 4y
A (u'Het) = —0.925+0.022meV, (V1.26d)

where the errors are propagated from the nuclear polarizabilities. The (Za)%In Za polarizabil-
ity effect in the light muonic atoms is considerably bigger than the one in uH. This has several
reasons. First of all, nuclei are easier to polarize, as one can read off from the electric polariz-
abilities in Table VI.5. Secondly, the nuclear charge of helium is Z = 2, which enters Eq. (VI.21)
to the fourth power (neglecting the Z2 factor embedded in the nuclear polarizability). For a last
thing, the reduced mass of the lepton-nucleus system is increasing with the mass of the nucleus,
and approaching the lepton mass. This effect mainly influences the m? prefactor in Eq. (VI1.21),
but also enters the logarithmic term. To summarize, the (Za)®In Za polarizability effect in
light muonic atoms, i.e., deuterium, tritium and helium, is about three orders of magnitude
bigger than the corresponding effect in the lightest hydrogen isotope. Especially for p?H, one
finds a large nuclear-polarizability effect. This is a result of the deuterons weak binding and the
concomitant large size [456].

5See Ref. [450, Table I] for an overview on electric dipole polarizabilities of hydrogen and helium isotopes.
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VI. Lamb Shift in Chiral Perturbation Theory

In addition to the (Za)®In Za polarizability effect in Egs. (V1.21) and (VI1.26), we also give
numerical results for the non-recoil effect of the dipole polarizabilities in off-forward TPE with
non-vanishing photon cuts, cf. Egs. (V.75a) and (V.78). This is not the full order-(Za)® effect
of the dipole polarizabilities, since we are neglecting the higher-Q? contributions by keeping
only terms proportional to 1/Q* and omitting recoil terms which are suppressed by 1/M. Nev-
ertheless, it should be a good approximation for the subleading polarizability effects. For the
LSs in muonic-hydrogen and muonic-helium isotopes, we find the electric dipole polarizability
contribution as:

<(Zoz)67 aE1>

B (MH) = —0.138 % 0.005 eV, (VL.27a)
EL7% ) (,2H) = 0,403 +0.001 meV, (VL.27b)
B2 (1) = 0,005+ 0.001 meV, (V1.27c)

B8 (BHeT) = —1.403 4 0.047 meV, (VI.27d)
Bl ) ARty = 0,665 + 0.016 meV, (VL.27e)

where the included contribution of P-levels is less than one percent of the dominant S-level
shifts.

The effect of the magnetic polarizability is expected to be small. As for the electric polar-
izabilities in Eq. (VI.25), there is a spread in the predictions for the nuclear magnetic dipole
polarizabilities:

0.0777(3) fm? [443],
0.067 fm? [457]
2HH) = ’ VI.28a
A (CHT) 0.072(5) fm® [458], ( )
4.4 (119) (0.2) x 1074 fm? [459],

B CHY) = 2.6(1.7)(0.1) x 10~* fm?, [459], (V1.28b)

5 04y }5.7(0.5) x 1073 fm? [460],
Bun (PHeT) = {5.4(3;%) (0.2) x 1074 fm?> [459], (V1.28¢)
B (*He*T) = 3.4(179) (0.2) x 107* fm?® [459). (VI.28d)

The values from Ref. [459] are lattice predictions at a pion mass of m, ~ 806 MeV.® LQCD
predicts the magnetic dipole polarizabilities of the light nuclei to be of the same magnitude as
the nucleon polarizabilities. Effective field theory predictions [457], however, find bigger values
for the nuclear polarizabilities. For our calculation, we chose the magnetic dipole polarizabilities
used by Carlson et al. [458, 460] and the lattice predictions for Sys1 (*H') and Bar1 (*He? ) [459].
For the proton, we are using the PDG average [242], see Eq. (II1.17a). As expected, including the
magnetic dipole polarizability only leads to minimal changes in our predictions from Eq. (VI.27):

((Za)S, apr, Bur)

B (uH) = —0.128 £ 0.005 eV, (V1.29a)
aﬁ o
gl emtn) oy 398+ 0.001 meV, (VL.29b)

5In the values from Ref. [459], the first uncertainty combines the statistical and systematic errors, and the second
uncertainty estimates the effects of discretization and finite volume effects.
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2. Nuclear-Polarizability Contribution at Order (Za)%In Za

((Z20)®, g1, Bart)

B (W*H) = —0.095 % 0.001 meV, (VI.29¢)
« 6 «

plF%amBn) sy~ 1395+ 0.047 meV, (VL.29d)
o 6 «

Eﬁf > ElﬂMl>(M4He+) = —0.665+0.016 meV. (VI.29¢)

For the light nuclei, the contribution of the magnetic polarizability to Eq. (VI.29) is less than
1.5%. The biggest effect (7.5 %) is observed in pH, as one could expect from the ratio of dipole
polarizabilities, ag1/Ba1, which is biggest for the proton.

2.1. Comparison to Long-Range Polarization Potentials

In order to avoid possible double counting, we need to identify effects in the theory of hydrogen-
like atoms which already include part of the off-forward TPE polarizability contribution pre-
sented above.

Using only the leading terms of Im M(t), Eq. (V.75b), and the unsubtracted equivalent of
Eq. (V.61),
1
T 4nr

V(r) /0 Tt Tm M(¢) e V7, (V1.30)

we deduce the following coordinate-space potential:”

(663051 [1 11 :| 50&51\/[1

Vi (r) = — - .
1r.(7) 2rd 2rmr Armrd

(VI1.32)

The first term of the potential is the well-known effective long-range polarization potential [461].
It is an attractive potential which falls off rapidly outside the nucleus and, hence, primarily
overlaps with S-waves. Since the perturbation of S-levels due to a potential of type V(1) oc r—*
is divergent [310],

(Zam,)* [3n? — 1(1 4 1)]

=4 = (nl|r~4|nl) = 550 L+ DT YR 1) (VL.33)

its evaluation for [ = 0 requires a cut-off [462]. Our treatment of the nuclear potential, however,
requires no such cutoff.
In the short-range limit, the nuclear potential from Eqgs. (VI.30) and (V.75a) becomes:

am

Vir. = Py {—2ap1 + (ap1 — Bu)lye +Inmr]}, (VL.34)

where g is the Euler-Mascheroni constant. In Figures VI.4 and VI.5, we show our nuclear
potential, Vexact, as derived from Eq. (V.75a) (black solid line), the short-range potential from
Eq. (VI.34) (blue dotted line), the long-range potential from Eq. (VI1.32) (red short dashed and
orange long dashed lines) and the Coulomb potential (green dash-dotted lines) for uD. The short-
and long-range limits give a good approximation of the potential in the respective regions.

In Ref. [462], the nuclear polarization potential is studied and the Coulomb-distortion effects
are estimated in the unretarded dipole approximation, which is supposed to set an upper limit

“In momentum-space, this corresponds to:

71'20404
Mpi) = Vlpel) = =5 pel + .. (VL.31)
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Figure VI1.4.: Nuclear potential in the long-range limit normalized to the muonic deuterium ground-state
energy.
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Figure VI.5.: Nuclear potential in the short-range limit normalized to the muonic deuterium ground-state
energy.

on the effects. The dominant nuclear polarization stems from virtual dipole excitations, and is
given by the electric dipole polarizability:

2Z2a/ dE
apl = — |{¢o|d|E
5 ), 5 |(oldlE)

2
)

(VL.35)

where F is the nuclear excitation energy, d is the nuclear dipole operator, |¢g) is the ground
state and |E) is an excited state of the nucleus with energy E. Equivalently, the electric dipole
polarizability can be expressed through a sum rule:

1 ay(v)
ap1 = ﬁ dv y2 5 (VI36)
where a$d(y) is the cross section for photoabsorption of unretarded-dipole (long-wavelength)

photons by the nucleus [463]. The mean excitation energy, E, is defined by a similar logarithmic
sum rule [462]:

_ o dE
ap InE = O‘/ = (pold|E)|* n E. (VL37)
3 Eth E
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2. Nuclear-Polarizability Contribution at Order (Za)%In Za

In general, the nuclear excitation energy is much larger than a typical atomic excitation energy.®
Using the notation from Ref. [418], the LO and NLO Coulomb-distortion effects on the 2P; /2~
2512 LS read:

 (Za)®m; dE 2 [1 2m,.(Za)?
Sc1 = 5 b B (¢oD|d|E)| " , (VL.38a)
_ a(Zam,)* 1 2m,(Za)?
(Za)'my? [19 =2 / dE 2
0 = ———— | =+ = — d\E)|". VI.38
2 el R A ) (VL380)

Obviously, the Coulomb-distortion is a subleading polarizability effect, starting at order (Za)®,
and proportional to the nuclear electric dipole polarizability. As one can see from the squared
matrix elements, the Coulomb-distortion is arising at second order in PT. It is thus equivalent
to our TPE effect in first-order PT. The logarithmic enhancement is similar to our expression
in Eq. (VL.21).

Our calculation of the off-forward TPE relies on an expansion in energies. We assume that
the energies in the atomic bound state are small compared to the binding energy of the nucleus.
As one can see from Table VI.5, the nuclear binding energies are typically of the order of MeV.
The atomic binding energies are roughly proportional to ~ Zam,.. For electronic atoms, this is
a keV scale. For the light muonic atoms, i.e., hydrogen and helium isotopes, it should be ~ 1
MeV, and hence, supporting our assumption that the atomic energies are small compared to the
nuclear binding energies. Provided the LEX of the CS process is a good approximation, and
we can write the off-forward VVCS amplitude as a Born part plus the contribution of dipole
polarizabilities, the results presented here and in Section V.4 can be considered as an alternative
to the order-(Za)® Coulomb-distortion effect. As compared to Eq. (V1.38b), our numerical
results also take the the magnetic dipole polarizability into account, cf. Eq. (VI.29).

In the literature, the leading (Za)® In(Za) Coulomb-distortion correction, (5(69 ) to the 2P /5 —
2515 LS is estimated as (for different nuclear potentials):’

—0.262meV [AV18] [464],
5O (u2H) = { —0.262meV [N3LO-EM] [464], (V1.39a)
—(0.262,0.264) meV [N3LO-EGM] [464],

), e [ —0.0718(1) meV [AV18/UIX] [448],

o (W) = {—0.0732(0) meV [YEFT] [448], (V1.39b)
) [ —1.000(01) meV [AVI8/UTX] [448],

o (7 HeT) = {—1.020(3) meV [yEFT] [448], (VI.3%)
©)) e 4. [—0.512meV [AVI8/UIX] [447],

e (i HeT) = {—0.546 meV [YEFT] [447], (VI.39d)

while their full prediction of the nuclear-polarizability contribution, 5?01, to the LS is [465]:

b (°H) = 1.245(19) meV, (VL.40a)

8Refs. [456, 463] calculate the scalar, vector and tensor polarizabilities of the deuteron, as well as its mean
excitation energy, based on different nucleon-nucleon potential models.
°Eq. (V1.39d) also includes subleading Coulomb-distortion effects.
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Sho (1P H) = 0.473(17) meV, (V1.40b)
So(p*Het) = 4.17(17) meV, (V1.40c)
Shoi(u'Het) = 2.36(14) meV. (V1.40d)

The (Za)%In Za polarizability contributions to the LSs in muonic deuterium, tritium, helium-3
and helium-4 from off-forward TPE, see Table VI.5, are a factor of 1.2 =+ 1.5 bigger than the
presently accounted for Coulomb-distortion effects, cf. Eq. (VI.39). The differences are at the
level of accuracy of the present LS theories, cf. Eq. (VI.41). We therefore conclude that the
off-forward TPE is not negligible and it is worth to take it into account upon evaluating the
muonic-atom experiments. In the next Section, we will extract nuclear charge radii from the
muonic spectroscopy measurements. Our extraction will be based on an updated theoretical
description of the LSs, including the off-forward TPE polarizability effects from Eq. (VI.29) and
the forward TPE polarizability effect in Eq. (VI.3).

3. Extraction of the Nuclear Charge Radii from Spectroscopy

The theoretical predictions for the 2P, — 2575 splittings in pH, uD and p*He™ have been
compiled in Refs. [110, 163, 166] (in units of meV):

Ef% (uH) = 206.0668(25) — 5.2275(10) (Rep/tm)?, (VI41a)
B (uD) = 230.486(20) — 6.1103(3) (Rza/tm)? (VL41b)
B (u*Het) = 1678.544(205) — 106.358(7) (Rea/fm)? (VL41c)

where Rp,, Rpq and Rg, are the proton, deuteron and a-particle charge radii, respectively.
Equation (VI.41a) includes the order-a® proton-polarizability effect, but no Coulomb-distortion
effects. Equation (VI.41b), cf. Ref. [163, Table 3], presently accounts for a Coulomb-distortion
effect of 6(00)(,uD) = —0.2625(15) meV, what also includes the next order, i.e., order (Za)7,
Coulomb-distortion effect of dco(uD) = —0.006 meV [418, 446]. Eq. (VI.41c) uses the Coulomb
distortion from Ref. [447], cf. Ref. [166, Table IV] and Eq. (VI.39d). We assume the average
values 58))(M4He+) = —0.529meV and 6o (pu*Het) = —0.0065 meV.

The theory budget of the yH LS, we improve by including the off-forward TPE polarizability
contribution from Eq. (VI.29a). Furthermore, we substitute the included forward TPE polar-
izability effect, EEgl = 0.0085(11) meV [172], with our prediction, cf. Eq. (VI.3). The updated
version of Eq. (VI.41a) then reads (in meV):

B (uH) = 206.0631 (139) — 5.2275(10) (Rep/fm)> (V1.42)

Together with the experimental value of the pH LS [100], Eq. (VI.19), we extract the proton
rms charge radius as:
Rpp = 0.84045(44) fm. (V1.43)

The value quoted in Eq. (I.2a) [100] is within our error. The discrepancy to the CODATA
recommended proton charge radius, Eq. (I.1c), increases from 5.6 to 5.7 0.

Let us now turn to uD. Substituting the Coulomb-distortion with our estimate for the off-
forward TPE polarizability effect, Eq. (VI.29b), the theory budget of the uD LS becomes (in
meV):

B (uD) = 230.344(20) — 6.1103(3) (Rea/fm)> (V1.44)
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Comparing the theory prediction with the measured LS in uD [68] (in meV):
E7d (pD) = 202.8785(31)sat (14)syst meV, (VI1.45)
we deduce the deuteron charge radius as:
Rpq = 2.12013(78) fm. (V1.46)

In the case of uD, the radius puzzle between uD and D spectroscopy, Egs. (I.3a) and (I.3c), gets
slightly worse. Thus, using our input, the discrepancy amounts to 4.7¢.

Analogously to the case of uD, we re-evaluate the u*HeT-theory budget with the contribution
given in Eq. (V1.29¢). We arrive at (in meV):

B (u*Het) = 1678.402(206) — 106.358(7) (Rea/tm)> (VL.A7)

A determination of the a-particle charge radius will be possible once the LS is experimentally
measured.

4. Summary and Conclusion

In this Chapter, we have studied the influence of forward and off-forward TPE on the classic
LS in hydrogen-like atoms. We have presented the BChPT prediction for the order-o® proton-
polarizability contribution to the pH LS, Eq. (V1.3), and compared it to the results of HBChPT
and dispersive calculations. We have extended the LO BChPT calculation of Ref. [177] to the
next order in the d-expansion. At this order, we considered chiral loops [177] and the A(1232)-
exchange, see Figures V1.2 and VI.3. The Q? behavior of the pion-nucleon loops was improved
by including the pion FF. The Q? behavior of the A-exchange contribution is regularized with
the help of Jones-Scadron FFs and their relations to the nucleon elastic FFs in the large- N,
limit. As one can see from Fig. VI.1, our BChPT calculation is in good agreement with the
dispersive calculations which are currently used as input for the pH-theory budget.

In Section VI.2, we presented the off-forward TPE polarizability effect as a natural extension
of the forward TPE effects. The relevant theory was established in Section V.4. It is basically an
alternative assessment of the Coulomb-distortion effects. We focused on the polarizability con-
tribution to the LS in hydrogen-like atoms at order (Z«a)®In Za. This logarithmic contribution
is generated by the t-channel cut enhancement in Fig. V.1. The contribution of the magnetic
dipole polarizability is observed to vanish, whereas the electric dipole polarizability induces a
downwards shift of the n-th S-level, see Eq. (V1.21) and Table VI.5. Since the nuclear TPE
is at present the limiting factor in the charge radius extractions from experiments with light
muonic atoms, we approximated the order-(Za)® polarizability contributions to the LSs in uH,
pD, 3H, p?He™ and pHe™, see Eq. (VI1.29). Despite the Za suppression compared to the LO
polarizability contribution, the off-forward TPE polarizability effect of the nuclear e.m. dipole
polarizabilities to the spectra of light muonic atoms is found to be comparable in size to the lead-
ing nuclear-polarizability effect. Since the proton polarizability is much smaller than a typical
nuclear polarizability, the (Za)%1n Za effect in uH is too. Choosing the CM frame, we were by
default free of retardation effects. Our only assumptions in the course of the order (Z«a)®In Za
calculation were the semi-relativistic expansion and the omission of recoil effects. Furthermore,
in the order-(Za)® calculation, we only kept terms proportional to 1/Q*, i.e., soft photons. In
the future, it would be interesting to repeat the off-forward TPE calculation without neglecting
contributions from higher Q2.
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In Section VI.3, we applied the energy shifts calculated in Sections VI.1 and VI.2 to the nuclear
charge radius extractions from muonic spectroscopy experiments. We updated the theory predic-
tions for the LSs in uH, uD and p*He™, cf. Eqs. (V1.42), (V1.44) and (V1.47), and re-evaluated
the proton and deuteron rms charge radii, cf. Egs. (V1.43) and (VI.46). While the proton charge
radius remains basically unchanged, the deuteron shrinks further.
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cuapPTER VI

LHYPERFINE SPLITTING IN CHIRAL PERTURBATION THEORY

We now turn to the TPE effects in the HFSs of hydrogen-like muonic atoms. As in the previous
Chapter, we start with the NLO BChPT prediction for the proton-polarizability contribution at
order a® (Section VII.1). For one thing, our prediction is based on BChPT and a finite momen-
tum transfer extension of the large-N, relations for Jones-Scadron FFs (Section VII.1.2). For
another thing, we present a model which uses the A-pole contribution and an elastic FF piece
instead of the A-exchange contribution (Section VII.1.3). We briefly compare our findings to in-
dications from HBChPT (Section VII.1.4). Also, we compare to dispersive calculations based on
empirical input (Section VII.1.5). Here, the focus is set on the low-Q region (Section VII.1.5.1).

We intensify the analyses of our results in Section VII.2. Based on the polarizability expansion
derived in Section V.3, we compare the contribution of individual polarizabilities to the HFS as
implied by: 1) the Simula parametrization of spin-dependent structure functions [405, 406], 2)
the MAID model [66], and 3) our predictions.

For the first time, we present a model-independent calculation of the neutron-polarizability
contributions to the HFSs of light muonic atoms, e.g., uD and p3He™ (Section VII.3). The size
of the neutron-polarizability effect is then compared to the proton-polarizability effect.

We are also interested in contributions to the HFS from off-forward TPE. In Section VII.4, we
derive the neutral-pion exchange and evaluate its contribution to the hydrogen HFSs [53, 240)].
In Appendix VII.A, we explain why there is no nuclear-polarizability contribution at order
(Za)®In Za.

We will conclude the Chapter by extracting a new value of the proton Zemach radius based
on our predictions for the polarizability effects in the 25 HFS of uH (Section VIL5).

1. Proton-Polarizability Contribution at Order o®

In what follows, the NLO BChPT prediction for the order-a® proton-polarizability contribution
to the HFS in pH is presented [53, 240]. This Section is very much analogue to Section VI.1,
where we presented results for the forward TPE effects on the uH LS. The results for the proton-
polarizability contribution to the 2S5 HFS are summarized in Table VII.1. The combined effect
of chiral loops and A(1232)-exchange on the HFS of the n-th S-level in yH amounts to:

pneV

BP9 (nS, pH) = —11.1 7% — (VIL1a)
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VII. Hyperfine Splitting in Chiral Perturbation Theory

Table VIIL.1.: Summary of our numerical results for the order-a® proton-polarizability contribution to the
25 hyperfine splitting in muonic hydrogen from forward two-photon exchange.

forward TPE Aq[ppm] | Ax[ppm| | Eups(2S, uH) [neV]
Chiral loops (Fig. V1.2) ~18 8 —-0.23139%
A-exchange (Fig. V1.3) 55 —106 —1.15+£1.15
combined result 37 -97 1391198

For the relevant 15 and 2S5 HFSs, that is:

EPL (18, uH) = [6.71 — 17.79] peV = —11.1 747 pev, (VIL1b)
ERO (28, uH) = [0.84 — 2.22] peV = —1.4 15 pev. VII.1c
HFS

The elastic TPE corrections, Egs. (V.32) and (V.33), are calculated as described in Ref. [115]
and include the two-loop recoil correction from Refs. [467] and the radiative corrections given in
Refs. [467, 468]:

Az(pH) = —7628 + 149 ppm, (VII.2a)
Avecoit(#H) = 929 + 10 ppm. (VIL.2b)

As for the large- N, description of the Jones-Scadron FF's; we used the elastic FF parametrization
of Bradford et al. [316]. In this way, we hope to minimize our error due to insufficient cance-
lation between the elastic and polarizability effects. The error was estimated by comparing to
the selection of FF parametrizations applied in Ref. [115]. Together with the Zemach radius
contribution and the recoil effects, Eq. (VIL.2), the total TPE effect amounts to:

Eipg (1S, uH) = —1.233 70050 meV, (VIL3a)
EREE(2S, pH) = —0.1541 15001 meV. (VIL3b)
This compares to the Fermi energy:

Er(1S,pH) = 182.4468 meV, (VIL4a)
Ep(2S,uH) = 22.8058 meV. (VIL4D)

1.1. Chiral Loops

The contribution of the leading chiral loops can be calculated from Eq. (V.34) with the wN-
production cross sections [59] or from Eq. (V.4) with the wN-loop spin-dependent VVCS ampli-
tudes. As it turns out, the result is compatible with zero:

By P (18, uH) = [-3.36 + 1.51] peV = —1.84 58} eV, (VIL5a)
BEIP (95 iH) = [~0.42 4 0.19] peV = —0.23 1198 eV, (VIL5b)

Here, the first number gives the contribution of the S; VVCS amplitude and the second num-
ber gives the contribution of the Sy VVCS amplitude, see first row of Table VII.1. Since the
contribution is numerically small and, hence, indicating a cancellation of LO contributions, we
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Figure VII.1.: Proton-polarizability effect in the 25 hyperfine splitting: Cutoff-dependence of the wN-loop
contribution. Our result, Eq. (VIL.5b), is indicated by the gray error band.

assign an error of 100 %. In addition, we increase the upper error to incorporate the change
upon including the pion FF, cf. Eq. (VL.7).

Figure VII.1 shows the dependence of Eq. (VII.5b) on the upper limit of the @ integration in
Eq. (V.34). In contrast to the LS, the HFS result is strongly cut-off dependent unless the pion
FF is included. With pion FF, the contribution from beyond the scale of ChPT applicablity
(Q > m, = 775 MeV) is small (~ 7%).

1.2. A-Exchange

While the contribution of the magnetic dipole polarizability to the LS is expected to be small,
and likewise is the contribution of the A(1232)-exchange, this is not the case for the HFS. To
the contrary, we find an effect of:

BigemI el (15 yH) = [10.07 — 19.30] peV = —9.23 + 9.23 eV, (VIL6a)
B IPol 98 JH) = [1.26 — 2.41] peV = —1.15 & 1.15 peV, (VIL6b)

which is certainly relevant in comparison to the leading chiral loops, cf. Eq. (VIL5).

Here, we used the large-N, relations given in Eqs. (IV.52b), (IV.52¢) and (IV.53) with C}, =
\%ij and the nucleon FF parametrization of Bradford et al. [316]. Individual contributions, e.g.,
the A-pole and non-pole parts, are given in Table VII.2, where we cross-checked the numerical
evaluation by calculating the TPE through either the nucleon structure functions or the CS
amplitudes. The non-pole contribution to Ay is negligible because Eq. (IV.43) gives a purely
BC-like contribution and only Eq. (IV.44) remains.

Again, we verified that the contribution from @ < m,, is small (5 %) and that the result is not
sensitive to the choice of a nucleon FF parametrization. In fact, using the dipole and Galster
FFs leads to a less than 1% change.

1.3. A-Pole Model

In the following Section, we introduce a model for the order-a® polarizability effect to the HFS.
The formalism for the polarizability contribution to the HFS from forward TPE is given with
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VII. Hyperfine Splitting in Chiral Perturbation Theory

Table VII.2.: A-exchange contribution to the 2S5 hyperfine splitting in muonic hydrogen. All values in
pneV.

Eq. Input Enrs(Ai1) | Ears(A2) | Ears(2S, pH)
(V.6) gi (IV.38) —38.27 50.32 12.05
(V.47) | BC sum rule only, go (IV.38d) / 52.75 52.75
(V.34) gi (IV.38) —38.27 —2.43 —40.69
(V.4) SA-Pole (v 95) —38.27 —2.43 —40.69

L (v6) | @ aval) (vas) (1vay | 3053 | 5213 | _1321 |
(V.47) | BC sum rule only, g» (IV.43) / —52.75 —52.75
(V.34) | G (IV.41) (IV.43) (IV.44) 39.53 0.02 39.54
(V.4) S; (IV.96) 39.53 0.02 30.54
(V.4) S; (IV.35) 1.26 —2.41 —-1.15

Table VIL.3.: A-exchange contribution of different multipole ratios to the 25 hyperfine splitting in muonic
hydrogen, cf. Eq. (V.34). All values in peV.

multipoles Eurs(A1) | Ears(Az2) | Eurs(2S, pH)
G2 1.85 —2.28 —0.43
G32Rpm —0.12 —-0.21 —0.32
G37Rsum —0.36 0.09 —0.28
G32R%\, —0.02 —0.01 —0.03
G32RpvRsu -0.07 —0.02 —0.09
G2 R3\ —0.03 0.02 —0.01
total 1.26 —2.41 ~1.15

Eq. (V.34). In Eq. (V.34c), the subtraction function of the S; DR, cf. Eq. (V.19b), is isolated.
This subtraction function is proportional to:

S1(0,Q%) o« [F5(Q%) + 41,(Q*)/Z?] (VILT)

what vanishes in the real photon limit. Recalling Eq. (V.50), we can understand that the non-
polarizability part of the generalized I; integral is canceled by the Pauli FF squared. This
cancelation is crucial for the dispersive calculations of TPE effects, which are based on empirical
structure functions and FFs. The ChPT approach, however, can work around it. Our BChPT
prediction for the polarizability effect, comprising the TPE with chiral loops (Section VII.1.1)
and A-exchange (Section VII.1.2), only uses non-Born diagrams as input, and hence, is by
definition of pure polarizability type. Therefore, Eq. (VII.1) ignores the Pauli FF in Eq. (V.34).

As explained in Sections 1V.3.2 and 1V.3.3, the nucleon-to-delta transition is predominantly
a magnetic-dipole transition, thus, can be in good approximation described by the magnetic
Jones-Scadron FF. This attribute is reflected in Fig. IV.8 and Tables V1.2 and VII.3. According
to Eq. (IV.53), the magnetic Jones-Scadron FF' is related to the nucleon Pauli FF by a large-
N, relation. These observations and the fact that Eq. (VII.7) is vanishing for Q? = 0 make
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1. Proton-Polarizability Contribution at Order o

us believe that the S; subtraction function should be comparable to zero over the whole Q?
range. In Section VII.1.5.1, we study S1(0,Q?) based on empirical parametrizations for the
nucleon structure functions and based on our BChPT structure functions. Confirming our
presumption, the BChPT calculation yields a numerically small negative contribution from the
S1 subtraction function to the HFS, cf. Eq. (VIL.16). In the following, we present a model which
fixes S1(0,Q?) = 0. It will provide an upper bound on the polarizability contribution to the
HFS.

At the A-resonance position, the spin-dependent structure functions, Eqgs. (IV.38¢)-(IV.38d),
roughly equal Eq. (IV.70), where we neglected Rgy and R%M, and otherwise used the static
value Rpn(0). Together with the modified large- N, relation in Eq. (IV.58a), we achieve a perfect
cancelation of the S; subtraction function, see Fig. IV.10, and the polarizability contribution to
the HFS reads:

E<A_§Ole.>p01'(ns) Zam 0 - -2
HFEF(nS) = _7r(1+/<a)M/0 dQ @ |:1/A(1—|—Ul) <1+ MH x (VILS)

2014 /1 + Q2vi?
— | (@)
v +4/1+ Q2l/£

This formula is derived from Eq. (V.34) with the elastic Pauli FF of the proton and the A-pole
contribution to the spin-dependent proton structure functions, Eq. (IV.70). Numerically, this
amounts to:

X |1+

BGEOIPN (18, uH) = [8.42 — 11.93] peV = —3.51 135} eV, (VIL9a)
BiEPIeIrh (99 H) = [1.05 — 1.49) eV = —0.44 T4 16V, (VIL9D)

where the first number gives the contribution of the g; structure function and the second number
gives the contribution of the gs structure function. The errors are chosen asymmetric and cover
the A-exchange contribution, Eq. (VIL.6). Clearly, this is only a model. Nevertheless, these
numbers can serve as a lower bound on the absolute magnitude of the effect, cf. Fig. IV.6. Note
that the region of @ > m, contributes with about 3 % to the result given in Eq. (VIL.9).

In Eq. (V.34), the contribution of the zeroth moment of g is subtracted. Therefore, it is
not crucial that our model satisfies the BC sum rule exactly. Nevertheless, we would like to
point out that the A-pole is indeed able to cancel part of the elastic FF contribution to the BC
integral, as shown in Fig. IV.9.

1.4. Comparison with Heavy Baryon Chiral Perturbation Theory

So far, there are only two quantitative predictions for TPE effects in the pH HFS derived
within a model-independent framework, such as ChPT. One was presented in this thesis and
Refs. [53, 240], the other is from Pineda et al. [470, 471]. In Ref. [470], the contribution of the
(leading chiral) logarithms, O(m3a®/M? x [Inmg, In A, Inm)), is calculated in HBChPT matched
to potential NRQED. The almost analytical result given in there motivate the relative order of
the Zemach and polarizability corrections. The non-Born contributions from pion-nucleon and
pion-delta loops cancel each other in the large-N, limit, while the A-exchange cancels part of
the Zemach contribution [470, 472]. An updated prediction for the complete TPE effect on the
pH spectrum has recently been presented with Ref. [471]:

ERRE(S, uH) = —1.161 4+ 0.020meV, (VIL.10a)
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Figure VII.2.: Comparison of predictions for the order-a® proton-polarizability contribution to the 25
hyperfine splitting in muonic hydrogen. The dispersive calculations are from Refs. [108, 109, 115, 409, 469].

EFEE(28, uH) = —0.1451 +0.025 meV. (VIL10b)

For the HFS, the BChPT and HBChPT predictions are closer than for the LS.

1.5. Comparison with Dispersive Calculations

To judge the quality of our BChPT prediction, we compare with evaluations based on experi-
mental data. Dispersive calculations usually rely on empirical information for the spin structure
functions, the elastic FFs and the proton polarizabilities. Some authors also work with the
unitary isobar model and evolution equations for parton distribution functions [170, 469].

Early works mainly studied the proton structure corrections to the HFS in H [473-476], for
more recent works on the H HFS see Refs. [170, 477-481]. In Table VIL.6, we summarize the
available dispersive calculations [108, 109, 115, 409, 469] for the TPE corrections to the HFS in
pH. Az, Aecoil and Ay are given in Egs. (V.30) and (V.31).

In Fig. VIL.2, our final number for the pH HFS of the 2S-level, Eq. (VII.1c), as obtained at
NLO in BChPT, is compared with the dispersive results from Table VII.6. As is apparent, the
dispersive approach and the BChPT prediction disagree by about 3.6 0. There are a number of
possible origins for the observed discrepancy between the different results for the polarizability
effect. As for the prediction presented in here, we think it is fair to say that: assuming ChPT
is working, it should be best applicable to atomic systems, where the energies are very small.
Unfortunately, empirical information on the spin structure functions is limited (especially for
g2). New data from JLab should soon improve the situation in the important low-Q region.

In the following Sections VII.1.5.1 and VIIL.2, we will make more detailed comparisons based
on our own dispersive analyses. For one thing, we use the sum rule evaluations of MAID [66]
in combination with the FF parametrization of Bradford et al. [316]. For another thing, we use
the parametrization of the proton structure functions g (z, @?) and g2(z, @?) by Simula et al.
[405]" and the elastic FFs of Kelly [113], this choice agrees with Ref. [479]. We do not intend
to derive a full dispersive analyses with error estimates, for this we trust, e.g., Ref. [115]. We
merely try to get a handle on the low-Q region, in particular the S1(0, Q?) subtraction function,
and the contribution of individual spin polarizabilities to the HFS. The Simula parametrization
was chosen because of its intuitive separation into resonance and background descriptions. Its
drawback is that the latest low-(@) data are not included in the fit. Among other things, the

"We apply the parametrization for z € {0, 20}, however, it is suggested that the parametrization should be only
trusted for x 2 0.02.
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1. Proton-Polarizability Contribution at Order o

Table VII.4.: Summary of available dispersive calculations for the two-photon-exchange corrections to the
25 hyperfine splitting in muonic hydrogen.

Reference FF Rz Az Avecoil | Apol. Ay Ao AFSE FEnurs(2S)
[fm] [ppm] | [ppm] | [ppm] [ppm]  [ppm] | [ppm] [meV]
AMT [112] | 1.080 —7703| 931 | 351(114) 370(112) —19(19)| —6421(140) 22.8123
Carlson AS [111] 1.091 —7782| 931 | 353 —6498 22.8105
et al. Kelly [113] | 1.069 —7622| 931 | 353 —6338 22.8141
[115, 409]°
MAMI 1.045 22.8187
[125, 304,
434)
combined” 22.8146(49)
Faustov
ot al. [460]° 470(104) 518 —48
Martynenko . .
ot al. [109]° Dipole 1.022 —7180 460(80) 514 —58 22.8138(78)
Experiment
U’égfnmen 1.082(37) 22.8089(51)

“QED, higher-order and other small corrections included in Furs (25’7 uH) are taken from Ref. [108]. The Zemach
term includes radiative corrections: Az = —2am,Rz(1 + 659) with 554 given in Refs. [467, 468]. Empirical
information on structure functions and form factors are taken from Refs. [404, 405, 431, 482—-484].

bslightly moved average of the selected form factors

“The calculation is based on experimental data for the nucleon polarized structure functions obtained at SLAC,
DESY and CERN [402, 485-489)].

“The calculation is based on experimental data for the nucleon polarized structure functions obtained at SLAC,
DESY and CERN [402, 485-491].

¢Adjusted value; as suggested in Ref. [409], the original value, 22.8148(78) meV, is corrected by adding —1 peV
because the conventions of “elastic” and “inelastic” contributions applied in Ref. [108] are inconsistent.

MAID model provides useful output for generalized nucleon polarizabilities below Q% < 5 GeV?2.
More details of our dispersive analyses can be found in Appendix VII.B. For now we quote the
resulting 2S HF'S in pH with:

Epy pol (96 uH) = [6.18 — 1.67] peV = 4.51 peV based on Simula g; [405], (VIL11a)
ESPEPOl (28 yH) = [4.66 — 2.31] peV = 2.35 peV based on MAID [66], (VIL11b)

where the first number corresponds to the g; contribution and the second number corresponds
to the go contribution.

1.5.1. Importance of the low-Q) Region

In Table VII.6, we give a detailed comparison of our BChPT prediction to the dispersive cal-
culation of Ref. [115, Table IV]. The values quoted from Ref. [115] have statistical, systematic
and modeling errors in parentheses. Values without any error specification were added by us
based on the results given in Ref. [115] and the FF parametrization in Eq. (I1.155) [112]. For
our BChPT results, we do not assign errors to the individual Q?-regions. Obviously, ChPT
is supposed to work at low energies only. In Fig. VII.1, one can for instance see that the S
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VII. Hyperfine Splitting in Chiral Perturbation Theory

amplitude of the mN-loop CS diagram is strongly sensitive to a cutoff at intermediate and high
Q@ if no pion FF is included.

From Table VII.6, it becomes obvious that BChPT and the dispersive calculation give a
different weight to the Ay and Ay contributions. In BChPT, the value of A; is about ten times
smaller than in the dispersive calculation. Vice versa, Ao is about five times larger than in the
dispersive calculation. The latter is especially interesting since the available data set for go is
very small. The former is interesting because the dispersive approach shows a critical cancelation
between the F5 term and the g; part. Such cancelation was partially discussed in Section VII.1.3
in view of the S; subtraction function and we will come back to it in Section VIL.2. On the
contrary, the ChPT approach can calculate the pure (non-Born) polarizability contribution to
the TPE, in which no elastic FF appears.

There are no CS or ep data at the real photon point. Accordingly, both FF and structure
function parametrizations require an interpolation to Q% = 0. In the very low-Q region, the
dispersive calculations therefore substitute empirical polarizabilities [115]. For @ € {0, Qmin},
we expand the polarizabilities in Eqgs. (V.58) and (V.59) in Q/M < 1:

Zam Qmin 1

ow L, Zam 1 ) / ,
A 7r(1—i—f£)M/0 Q¢ (Ul+1)2{2(5+ w)[RF5(0) +21{(0)]  (VIL12a)

11 + 9v; M?

o 2O}
6/ mM Qmin 1
A / PR - : I1.12

? m(1+ k) Jo Qe (v +1)2 [70(0) 6LT(O)} (VIL12b)

In this way, we keep v; and the formulas are applicable for H and pH. In the same way, we can
calculate the low-Q) effect of individual polarizabilities.
The derivatives of the generalized GDH integrals are related in the following way:

M2
I4(0) = 13(0) + 5 —{10(0) = o7(0) | (VIL13)

For the proton, we use I}(0) = [7.6 4 2.5] GeV 2 [399], v0(0) = [~0.93 + 0.06] x 10~*fm* [238]
and §77(0) = [1.34 £ 0.02] x 10~* fm* [66] to obtain I’;(0) = [~1.42 +2.5] GeV~2. Similar to
Ref. [115], the upper limit is set to Qumin = 0.0452 GeV?2, in the full knowledge that the Simula
parametrization does not include the latest data at these low-Q values. We then have:

35.77 + 31.48 FF [316

APVQuH) = ppm FE[316], (VIL14a)
38.07 £ 31.48ppm FF [113],

ALYQ(UH) = —27.9840.78 ppm, (VIL14b)

where the errors are propagated from the empirical polarizabilities. Note that the low-@Q contri-
bution to Ag given here is about five times larger than the value given by Ref. [115], see Table
VIL.6, what brings it closer to our BChPT prediction.

In Section V.3, we presented a polarizability expansion up to and including second moments
of the structure functions. In Table VII.7, we show the contribution of higher moments to the
HFS, i.e., effectively we expanded in /7. This is a good approximation, as is confirmed by the
MAID model, the Simula parametrization and the A-exchange.
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2. Hyperfine Splitting in Terms of Polarizabilities

Based on the polarizability expansion derived in Section V.3, we compare the contribution of
individual polarizabilities to the HFS as implied by: 1) the Simula parametrization of spin-
dependent structure functions [405, 406], 2) the MAID model [66], and 3) our BChPT cal-
culation. The results can be gathered from Table VIL.8. In the first part, the polarizability
decomposition is performed according to Egs. (V.58a) and (V.59a). In the second part, we use
Egs. (V.58b) and (V.59b). Note that the region of @ € {0,v/0.0452 GeV} was partially supple-
mented with empirical polarizabilities, see discussion in Section VII.1.5.1. This is the case for
the second moments of the predictions based on MAID or the Simula parametrization, i.e., not
for the individual contributions from background and resonances, and not for higher moments.
Furthermore, we modified the MAID prediction for the I1(Q?) contribution by the procedure
outlined in Appendix VII.B to achieve agreement with the experimental value at the real photon
point, see Fig. IV.10.
From Eq. (V.58b), one can isolate the contribution of the S7(0, @?) subtraction term:

EI<{SFlS(O7Q2)>(nS) _ Zam *dQ 5+ 4y 2 2012
Bems) w0ty @ e @)+ @] (VIL15)

It is given by the F; and I entries in the second part of Table VII.8. Combining them, we have:

—0.49peV  BChPT,
2
B9 29 yH) = { 3.35ueV  MAID and FF [316], (VIL16)
5.33ueV  Simula param. & FF [113],

where the MAID model forces an ultraviolet cutoff at 5GeV? on the Q-integration. From
Eq. (VIL.16) and Table VIL.8 one can see that most of the discrepancy between the dispersive
calculations and our BChPT prediction stems from the S7(0,Q?) subtraction function, while
the contributions of I, drr, 70 and the fourth moment of go agree very well. We therefore
suspect that the dispersive calculations suffer from an inaccurate cancelation between I1(Q?)

and F3(Q?).

3. Neutron-Polarizability Effect in Light Muonic Atoms

So far, we studied the order-a® proton-polarizability effect, which is the main uncertainty in the
theoretical description of the pH HFS. Similarly, we can calculate a neutron-polarizability effect,
which is relevant for light muonic atoms. At sufficiently large energies, cf. the binding energies
in Table VI.5, a nucleus can break up into its constituents, i.e., Z protons and N neutrons.
Accordingly, the polarizability effect in light muonic atoms comprises nuclear-polarizability, cf.
Section VI.2, and nucleon-polarizability contributions. The intrinsic nucleon-polarizability con-
tribution is given by the sum of polarizability contributions from each of the individual nucleons.
Such effects have been calculated for the LSs in uD and p?>He™ based on electron scattering data
[458, 460]. Thus far, there has been no theoretical prediction for the neutron-polarizability effect.
Theoretical studies of the LSs in uD, u3H and p3Het assume that the neutron-polarizability con-
tribution can be approximated with the proton-polarizability contribution to pH [448, 464]. In
the following, we will provide a first model-independent prediction for the neutron-polarizability
effect, as it enters the HFSs of light muonic atoms.
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Figure VIL.3.: Muon-neutron interaction in the 2S hyperfine splittings of muonic atoms: Cutoff-
dependence of the mN-loop contribution to the 2S5 hyperfine splitting in muonic hydrogen. Our result,
Eq. (VII.18Db), is indicated by the gray error band.

The intrinsic nucleon-polarizability contribution to the spectrum of a muonic atom with mass
number A, also referred to as hadronic-polarizability contribution, is given by:

ZEPY(uH) | NE™P (un)
my-(uH)3 my(un)3 ’

BN (UA) = [Zimy (s A)]S{ (VIL17)
where pn refers to the muon-neutron interaction within the atom and the factors of m? orig-
inate from the wave functions. In the following, we calculate the NLO BChPT prediction for
the hadronic-polarizability contributions to the HFSs in muonic-hydrogen and muonic-helium
isotopes. The NLO BChPT prediction for the order-a® proton-polarizability contribution to the
HFS in pH, denoted here as EPP(;uH), was presented in Section VII.1. We are now left to
study the muon-neutron interaction from forward TPE, i.e., E"P°(un).

The A(1232)-exchange mechanism is equivalent for proton and neutron, respectively, whereas
the chiral loops need to be evaluated independently for the case of CS off the neutron [59].
Analogously to Section VII.1.1, we obtain:

BN 1S, un) = [~22.87 4 0.86] peV = —22.01 T2200 116V, (VIL18a)
B (28, un) = [~2.86 4 0.11] peV = —2.75 7375 eV, (VIL18b)

where notations and errors are the same as in Eq. (VIL5). The cut-off behavior is shown in
Fig. VII.3. Due to the inclusion of the pion FF, the contribution from beyond the ChPT scale is
reasonably small (~ 13 %). Assuming identical A-production cross sections for photoabsorption
off the proton and neutron, we rescale the proton-polarizability contribution in Eq. (VIL.6) by
[m,(un) /m,(uH)]* [M,,/M,)* and obtain the neutron-polarizability contribution as:

B (18, un) = [10.09 — 19.33] peV = —9.25 + 9.25 peV, (VIL19a)
B M (28, im) = [1.26 — 2.42] peV = —1.16 & 1.16 peV. (VIL19b)

Note that the correction factor stems from the coordinate-space wave function and the S; DRs.
In total, the neutron-polarizability contribution amounts to:

ERPM (18, un) = [—12.78 — 18.47) peV = —31.25 72357 e, (VIL20a)
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4. Neutral-Pion-Exchange Contribution to the Hyperfine Splitting

EpP (28, un) = [-1.60 — 2.31] peV = —3.91 2% pev. (VIL20b)

This is almost a factor of 3 larger than the proton-polarizability contribution given in Eq. (VII.1).
We then find the first model-independent prediction for the hadronic-polarizability contributions
to the nS HFSs in muonic-hydrogen and muonic-helium isotopes:

neV

Eqit (nS, D) = —49732 — (VIL21a)
Eqit (nS, p°H) = —91ig§4f—;/, (VIL21b)
Eqit (nS, pPHet) = —526f§§§f—;/, (VIL.21c)
Byt (nS, ptHet) = —857t§3§0f—¥. (VIL21d)

4. Neutral-Pion-Exchange Contribution to the Hyperfine Splitting

l Q@ K
:
|

Figure VII.4.: Neutral-pion exchange in atomic bound states.

The neutral-pion exchange between a lepton (¢) and a nucleon (N) is shown in Fig. VIL.4. In
Feynman diagram (a) the pion couples directly to the lepton, while in diagram (b) it couples
through two photons.

We calculate the pion-exchange diagrams in the framework of ChPT. The pion coupling to
the nucleon is described by the Lagrangian in Eq. (IV.25a). The coupling of the pion to the
lepton is of pseudo-vector type, it can be described by the Lagrangian:

2 —
Lree = —wh"%ﬁ Aur”, (VIIL.22)

m

where £ is the lepton field and m is the mass of the lepton. Other relevant Feynman rules are
given in Appendix [V .A.

Figure VIL.5.: Leading contributions to the mf¢ interaction.
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VII. Hyperfine Splitting in Chiral Perturbation Theory

Let us first focus on diagram (a) and later generalize to include diagram (b). In Chapter II,
we derived the Breit potential from OPE. In the same fashion, we can get the pion-exchange
potential. In momentum-space, we find:

Vao(q) = (2B 2B 2B, 2By) " [a(K') Tnae(q) u(k)] q2_1mQ [N) T (@) N(p)]

042 -
- #;ffl [(K') grvs u(k)] qg_lmg (AP s N(p)] (VIL.23a)
a2
_ _1‘4?:%9/1 (k) 75 (k)] q2—1m? ) 45 X)) —
_ %G94 (S-q)(s-q)
T mfs @m2 (VIL23c)

In the first step, we moved the energy prefactor into the Dirac spinors, as suggested in Ap-
pendix V.B. In the second step, we used the Dirac equation. In the last step, we performed a
semi-relativistic expansion of the Dirac spinors, substituted Eq. (V.86b) and neglected retarda-
tion. The kinematics were chosen as in Appendix V.B, with ¢ being the pion four-momentum.

The coordinate-space potential is obtained by a Fourier transformation, which we can look up
in Table I1.2. For the S-waves, we obtain:

m2

2
= A~ Gree GA _
V=) — (4 5(r) = Ix m) . S. VIL24
G700) = S (amo(r) — e ) (VIL24)
As one can read off, the potential has an effect on the HFS.

Let us now investigate the coupling of the pion to the lepton further. The leading contributions
to the wl{ interaction are shown in Fig. VIL.5. With the help of the Dirac equation, we can
reduce the pseudo-vector interaction in Eq. (VII.22) to a pseudo-scalar interaction:

Tree(q,p) = iF (¢, 0%, 05, (VIL25)

where ¢ is the pion momentum, p (p’) is the incoming (outgoing) lepton momentum and
F(0,m?,m?) = a®gr. We want to extract the coupling strength from the experimentally
measured decay of 7° into an electron-positron pair, see Fig. VII.6. The decay width is related
to the m¢¢ vertex in the following way [492]:

u 4m?
D% = efe™) = ZL— 1- ﬂ; ’F(m2 m? m2)’2. (VII.26)
T m2

e

Figure VII.6.: Neutral-pion decay into an electron-positron pair.
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4. Neutral-Pion-Exchange Contribution to the Hyperfine Splitting

Calculating the diagram in Fig. VIL.6 in dimensional regularization, one obtains [493, 494]:

_ _ ¢ [ ImF(s)
F(q2) = F(q27m27m2) — F(O) + ? A ds m, (VII27&)
_ a®m arccosh(y/s/2m)
m F(s) = 5+ Ny (VIL27b)
a*m m
F(0) =55y [A(A) +3In ﬂ , (VIL27c)

where A is the renormalization scale, and A is a universal pion-lepton LEC, related to the
physical constant in an obvious way:

m
9ree = m./l(m) (VH.28)

The lifetime of the neutral pion is [242]:
T =1[8.52+0.18 x 10775, (VIL.29)
what corresponds to a decay width of:
Tiot = [7.73 £ 0.16] eV. (VIL.30)

The dominant decay channel is 7% — vv. In the literature, the fraction of decays into electron-
position pairs is quoted with [242]:

I(r® = ete)

= [6.46 & 0.33] x 1075, (VIL31)
Ftot

accordingly, the decay width of the leptonic channel amounts to:
(7% — eTe™) = [4.99 +0.28] x 10~ eV. (VIL32)

For the pion-lepton LEC, we then find:”

A(me) = —22.7(6), (VIIL.33a)
A(m,) = A(me)+3In :Z“ = —6.7(6), (VIL33b)
and for the coupling constants:
Gree = —0.00637(17), (VIL.34a)
Grup = %‘e‘gm + Qi?}‘ﬂ In Z” — —0.39(3). (VIL34b)

Note that the coupling to the muon is stronger, due to its heavier mass.
We will now extend Eq. (VII.23) by including diagram (b) of Fig. VII.4, i.e., the part described
by the dispersive integral in Eq. (VII.27a). The momentum-space potential reads:

2 o) 2

ga G 1 ds Im F(s) s ms
V = — -qS - —_ — = — — VII.35
70 (q) mf.> 4 q{q2+m72T 7r/0 s s—m2\g’+s q*+m2 > )

In Refs. [53, 240], we used an older value: A(m.) = —20(1).
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VII. Hyperfine Splitting in Chiral Perturbation Theory

where we neglected retardation effects by setting ¢ = 0. After a Fourier transformation, we
find the coordinate-space potential for S-waves:

2 2
(1=0) _ ] {04 Iree GA My _yy I
Vo () s-S Trmf. T e (VIL.36)

ga /0°°ds Im F(s) 1 [m4efm"r . 826—\/&} }

™
1272m fr s s—m2r

In a last step, we calculate the effect on the nS HFS from first-order PT. For am, > 1, the
S-wave matrix element of the Yukawa potential expands as:

(nslemplns) = Oy

2 amy

+ O (1/[namﬁ]2):| R (V1137)

with ¢2(0) = 1/(ma®n3) the wave function squared at the origin. In addition, we distinguishing
the cases ay/s > 1 and s < m2, to derive an approximate formula for the HFS effect:

2

(m°) _ gaMm, 9 a“m Mr
Brps(n8) = =Br(n8) o [a grtt + o ! <2m)} ’ (VIL38)

where we introduce the following integral:

I ):2/00 dé arccos &
VN T ise
and factored out the LO HFS, cf. Eq. (I1.7). As one can see, the neutral-pion-exchange effect is

of order a?(Za)*, with (Za)* embedded in the Fermi energy.
In the case of H, we have v > 1 and

(VIL.39)

2

I(y) = % + 1n%(27) — % +0(1/4%), (VIL.40)

For the more general situation, v = sinf > 0, we obtain:
I(sinf) = tan 6 [Clz(26) — wIntan(6/2)], (VIL.41)

where the Clausen integral is
9 .
Cly(0) = — / dt In (2sin § £) = £ [Liz(e ™) — Lin )] (VIL42)
0

and Lig(z) is the dilogarithm. Numerical values for the electron and muon, respectively, are
I(my/2m.) ~ 36.8316, I(my/2m,,) ~ 3.4634. (VIL.43)

In Table VII.5, we present numerical results for the 15 and 25 HFSs in H and pH, respectively.
In both cases, there are a large cancellations between the two terms in Eq. (VII.38), or equiv-
alently, between the two diagrams in Fig. VIL.4. The F(0) part gives a positive contribution,
while the ¢2-dependent part gives a negative contribution. For the 25 HFS in pH, the individual
terms in Eq. (VI1.38) and the final HFS evaluate to:*

E{L(28, pH) = [0.245 — 0.126] peV = 0.119(19) peV, (VIL.44)

3Note that our numerical result changed due to the updated value for the pion-lepton LEC in Eq. (VII.33).
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Table VIL.5.: Numerical results for the neutral-pion-exchange contributions to the hyperfine splittings of
electronic and muonic hydrogen.

ESEL(nS) 1S HFS 25 HFS
H ~3.431(148) feV | —0.420(18) feV
pH 0.951(151) peV | 0.119(19) peV

where the error stems from Eq. (VII.34). What is interesting is the fact that the total effect
in pH is positive, i.e., dominated by the direct coupling of the pion to the lepton in Fig. VII.4
(a), and negative in H, i.e., dominated by the two-photon coupling in Fig. VIL.4 (b). A similar
calculation is presented in Ref. [495], the result is of the same order as Eq. (VII.44). Another
estimate can be found in Ref. [496]. The impact of the off-forward neutral-pion-exchange contri-
bution, Eq. (VII.44), and our updated value for the TPE polarizability contribution to the HF'S,
Eq. (VIL.1), on the extraction of the Zemach radius has already been shown in Section V.5.

5. Extraction of the Zemach Radius from Spectroscopy

As described in Section VII.1.5, our NLO BChPT prediction of the order-o® polarizability
contribution to the pH HF'S does not agree with the dispersive calculations. Since the latter are
used to extract the proton Zemach radius from pH spectroscopy [110], it would be interesting
to give an updated proton Zemach radius based on the model-independent predictions for the
proton structure effects presented in here.

Our prediction for the proton-polarizability contribution to the HFS from forward TPE is
given in Eq. (VII.1). Combining it with the off-forward neutral-pion exchange, Eq. (VII.44), we
arrive at the following BChPT prediction for the polarizability effect in the 25 HFS of pH:

EPOS(28, pH) = —1.3 (F15) peVv. (VIL45)
This has to be compared to the literature value:
ER9% (25, piH) = 8.01(2.6) eV [109, 409], (VIL46)

which is included in the theory budget of the 25 HFS in pH [110], cf. Eq. (I1.12b). Modifying
Eq. (I1.12b), i.e., substituting our result for the polarizability effect, Eq. (VII.45), the new theory
prediction reads (in units of meV):

Eifeg (28, pH) = 22.9750 (*73) — 0.1621(10) (Rzp/tm). (VIL47)

Combining the theory prediction, Eq. (VI1.47), with the hyperfine transition measured by the
CREMA collaboration [100]:

B (28, pH) = 22.8089(51) meV, (VIL.48)

the Zemach radius reduces to:
Rz, = 1.025(35) fm. (VIIL.49)

This result has to be compared to the proton Zemach radius obtained previously from the 25
HFS in pH [100], as well as to the values extracted from the ground-state HFS in H [497] and
ep scattering [498]:

Ryp(uH) = 1.082(37) fm, (VIL50a)
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VII. Hyperfine Splitting in Chiral Perturbation Theory

Rzp(H) = 1.045(16) fm, (VIL50b)
Rz,(ep) = 1.086(12)fm. (VIL.50c)

In the future, a measurement of the ground-state HF'S in pH, supplemented with a precise theory
prediction, might reduce the error on the Zemach radius substantially.

6. Summary and Conclusion

In this Chapter, we have studied the proton-polarizability contributions to the HFS of uH. The
calculations are done in BChPT and within a A(1232)-excitation model inspired by the large-
N, limit of QCD. In the latter, the effect of the A-resonance excitation is calculated using an
extension of the large-N, relations for the magnetic (G},), electric (G7;) and Coulomb (Gf) FFs
of the nucleon-to-delta transition [381]. In this way, the Q? behavior of the nucleon-to-delta
transition is related to empirical information on the elastic nucleon FFs. In Eq. (VIL8), an
approximate formula for the effect of the delta on the HFS was given, to which we refer to as
the A-pole model. Its main feature is that the S7(0,@Q?) subtraction function was constructed
to be vanishing for all Q2.

Our main result is the NLO BChPT prediction for the order-a® proton-polarizability contri-
bution to the uH HFS, see Eq. (VIL.1). This model-independent prediction turned out to be
significantly smaller than the results of dispersive calculations. In Section VII.1.5.1, we tried to
narrow-down the origin of the discrepancy and studied different Q? regions, as well as the con-
tribution of the S1(0,@?) subtraction function. In Section VII.2, we isolated the contributions
of various spin polarizabilities to the HF'S effect.

Similar to the proton-polarizability contribution, we presented a first NLO BChPT prediction
for the order-a® neutron-polarizability contribution (Section VII.3), see Eq. (VI1.20). The main
difference between the proton and neutron case is due to the mwN-loop diagrams, leading to
a value of the neutron-polarizability contribution which is larger in magnitude than expected
from the proton analogue. This first model-independent prediction of the neutron-polarizability
contribution is relevant for the HFSs in light muonic atoms, and in particular for the planned
measurement of the ground-state HFS in p*He™.

In Section VII.4, we have calculated the neutral-pion exchange in lepton-nucleus bound states.
The 7f/¢ interaction vertex can be expanded into a direct pseudo-scalar pion-lepton coupling and
a coupling through two photons, see Fig. VII.5. The pion-lepton LEC was extracted from the
experimental decay width of 7 — ete™. The contribution of the pion-pole diagrams to the
HFS was then given in Eq. (VIL.38), where the first term corresponds to Fig. VIL.4 (a) and the
dispersive integral corresponds to Fig. VII.4 (b). Numerical results for the 15 and 25 HFSs in
H and pH are summarized in Table VIL.5. The final values are the result of strong cancelations
between the two Feynman diagrams in Fig. VII.4. Due to the heavier muon mass, we observed
different signs for the total effects in H and pH, cf. Table VIL.5. In Appendix VIIL.A, we will
explain why there is no (Za)®In Za effect in the HFS generated by off-forward TPE and the
lowest-order spin polarizabilities.

In Section VII.5, we have used our results for the proton-polarizability contributions to extract
the Zemach radius of the proton from the 25 HFS in pH. In near future these results will become
relevant for the forthcoming measurement of the ground-state HFS in pH.
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A. Nuclear Polarizability Contribution at Order (Za)%In Za

In the present Section, we discuss the polarizability contribution to the HFS from off-forward
TPE. Since no (Za)® In Za effect is found, we will sketch the calculation only briefly and instead
focus on the explanation why there is no logarithmic enhancement.

The master formulae for the structure effects through forward TPE are integrals over the
photon 4-momentum (v = qo, Q*> = ¢°> — q%). For the n-th S-level shift and the nS HFS,
respectively, they are given in Chapter V, see Egs. (V.1) and (V.2). A comparison of Egs. (V.1)
and (V.2) shows that the t-channel cut, 1/Q*, is present in the former but absent in the later.
Therefore, the HFS has no TPE contribution at order (Za)?In Za. Similarly, one finds that
there is no (Za)®In Za contribution from off-forward TPE to the HFS.

The (Za)%In Za polarizability contribution to the LS was discussed in Section VI.2. In an
analogous manner, we calculate the polarizability contribution to the HFS from off-forward
TPE. The tensor describing VVCS off a spin-1/2 nucleus, Eq. (V.66), has to be contracted with
the Lepton tensor, Eq. (V.68). Again, terms proportional to ¢? or ¢'? are neglected, since they
do not contribute to the t-channel cut enhancement. Also, the Feynman parameter trick, cf.
Eq. (V.69), stays the same.

The major complication is that we are now dealing with the spin dependence of both, the
leptonic and the nuclear part. In general, we encounter the following set of gamma matrices
between the spinors:

N@) {1,972 Py L T AP 1 A ),

a(l') {1,779, 7, g P YT} (i),

As before, it is suitable to perform the calculation in the CM frame, cf. Eq. (V.70). We
perform a semi-relativistic expansion of the TPE matrix element, which is especially useful in
order to simplify the appearing spinor structures and identify operators in the potential that
act on the wave functions. In Appendix V.B, we list all appearing spinor structures and their
semi-relativistic expansions.

The spin operators of lepton and nucleus, s = 126 and S = 1/20, entering through the
respective spinors, combine in different ways. Our main interest will be in the spin-spin interac-
tion, s - S, which affects both S- and P-states, cf. Eq. (II.77a). The s - .S operator is generated
in the following Dirac spinor products:

o N(P)7*"77 A(p) w(l') varvpo ull),
o N(p) P I A(p) w(I') Yarysp (i),
o N(p) v 1 N(p) w(l') varp u(l),
o () 7" A(p) w(l') Yayap w(l),
o A(P) 77" N(p) u(l') varyp w(l).
The CM frame allows us to rewrite, e.g.:
N(p') 7T A(p) = =M N (p') v*+” N(p) + V5 N(P') 7*7 70 X(p), (VIL51)

with the invariant mass s = (p +1)%.
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The leading term in the semi-relativistic expansion of the spin-dependent TPE is included in
(omitting everything but s - S):

1 1
M(p7) ~ 32map; / d$$/ dy s - S{Jz(M2) [2vE1Mm2 — 3vME2 — Ymin]  (VIL52)
0 0
2y 2, 2
=4 J3(M®) m*(zy)” [ymg2 + 7M1M1]}-

For the imaginary part, the integrals over the Feynman parameters can be solved by substituting
Egs. (V.87c) and (V.87¢). We recall that, following the discussion above Eq. (V1.22), generating
an enhancement of (Za)%In Za in the energy-level shift requires Im M(p?) to be of order O (/7).
Since this is not the case, Eq. (VII.52) is merely contributing to order (Za)S.

What about the effect of other operators generated in the spin-dependent TPE, f.i.; the spin-
orbit interactions, s - ps X p or S - py X p, and the squared momentum operator? All other
operators comprise two momenta, (either) the momentum operator p and (or) the momentum-
transfer operator ps. Hence, the multiplying prefactor in Im M(p?) has to be of order O(1//7)
for a logarithmic enhancement. Let us illustrate this with the example of the momentum operator
squared, p?, which in coordinate space translates into the Laplace operator. The p? operator
has to modify the convolution integral of the momentum-space wave functions:

2
w® (|pe]) = / AP i (P + Pt) PP (). (VIL53)

Plugging in the momentum space Coulomb wave function of the 2S-level,

32a%? [4(a|p|)? — 1]
v [L+4(alp)?]®

200 = (VIL.54)

we obtain:

@), 1y _ L+ 3(alpe])? + 4(alpe|)°
waoo ([pt]) = 2 o4
4a? [1 4 (alpe)?]
Adopting this convoluted momentum-space wave function in first-order PT, cf. Eq. (V.76),
we can check that V(|p¢|) has to be of order O(1/|p¢|), and in turn, Im M(p?) has to be of

O(1/+/7), for the t-channel cut enhancement to show up. The bottom line is, neither forward
nor off-forward TPE display a In Za enhancement in the HFS.

(VIL55)

B. Dispersive Calculation of the Polarizability Contribution

In this Section, we give more details on our dispersive calculation of the proton-polarizability
contribution to the pH HFS. In Section VII.1.5.1, we described how one replaces the interpolated
low-@ region below Qui, with empirical polarizabilities.

Another crucial point is the cancelation between I1(0) and FZ(0) in the S7(0, Q?) subtraction
function as entering through Eq. (VII.15). Generally speaking, we need to match the values of the
proton anomalous magnetic moment x used in the FF and structure function parametrizations.
The parametrization of Simula et al. [405] was imposed to reproduce the GDH sum rule I;(0) =
—k?/4 with k ~ 1.7905, which is in good agreement with the presently recommended value
k &~ 1.7929 [107]. The MAID model on the other hand deviates substantially with x ~ 1.6124.
Figure V.10 shows that the MAID model of I1(Q?) gives a good description of the CLAS data
[399], while it fails to reproduce the experimental value at Q? = 0. Splitting the Q-integration
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in Eq. (VII.15) at A allows for the appropriate correction at the real photon point, while keeping
the good description of data at higher @-values. Expanding Eq. (VII.15) around @ = 0 while
keeping W (@) fixed, we find:

/ QL (QY) + FAQH] W(Q)

Qmin
g 2 AR TP > 2 2/2
— 1 4Q[n@) -0 -+ {E@)| W@+ [T a@n@) + B@)] Q)
61 ()
A 0o
- 1 ae[n@)-n0 -5+ i@ W@ [ un@) + B we
51(\)

Q

A K
1 4Q@W(Q [10)+ 5F50)] + 5100

min

a(X)
Zam l 5+ 4u;
7(1+r)M Q (1 +v;)2’

(VIL56)

a()) {11(0) + gFZ’(O)] Lo, with W(Q)=

where the derivatives are taken with respect to Q2. A suited estimate for the subtraction term
is then found by minimising the result of Eq. (VIL.56) with respect to .

Analogously, we correct the relevant part of Eq. (V.49a), where it should be I;(0) = I4(0) =
—K2/4:

[ aew|men

min

m {(143v) 14(Q%) + (19 + 33v, + 1607) 11(Q2)}}

m {(1 + 3u1) |:IA(Q2) — 14(0) - 4]

/ " QW@ [F%(QQ) +

min

+(19 + 330, + 16v2) [Il(QQ) ~h(0) - ZQ] H

> 2 2 1 2 2 2
+/\ dQW(Q) |:F2 (Q ) + m {(1 + 3'Ul)IA(Q ) + (19 + 33Ul + 16’111)11(Q )}:|
d2(N)
~ a(\) [I{(O) + gFg(O)} + (). (VIL57)

To correct the MAID prediction in Table VIL.8, we applied Eq. (VIL.56) (lower half of the
Table) and Eq. (VIL.57) (upper half of the Table). The results from Eqgs. (VIL.56) and (VIL.57)
are comparable and both affect the I; term in A;. For our prediction based on the Simula
parametrization of spin structure functions [405], the correction turned out to be very small,
hence, we neglect it.

Final results of our dispersive calculation are given in Eq. (VII.11). Partial results appear in
Sections VII.1.5.1 and VII.2, and Tables VII.7 and VII.8 therein.

191



Table VIL6.: Contribution of different Q2 regions to the hyperfine splitting in muonic hydrogen.

Term Q2 [GeV?] From Values of Carlson et al. [ppm] Our values [ppm]
7wN-loops | A-exch. Total
Ay [0,0.0452] P 770.39
[0,0.0452] 5 —730.12
[0,0.0452] | F and g1 40.27(7.96)(31.37)() —7.54 14.13 6.59
[0.0452, 20] F 317.03()(9.83)()
[0.0452, 20] a 8.43(8.43)(74.92)(29.97)
[0.0452, 20] Fy and g1 325.46 —10.87 41.08 30.20
20, o] £y 00(0)()
(20, o] g1 5.15()()(0.47)
[20, o00] F» and g1 5.15 0.00 0.00 0.00
Total Ay 370.88(11.71)(107.71)(30.91) | —18.41 55.20 36.79
Ay [0,0.0452] 92 —5.62()()(5.62) 3.24 —23.51 | —20.27
[0.0452, 20] 92 —13.58()()(13.58) 5.06 —82.28 | —77.22
[20, oo] 92 00)()(0) 0.00 0.00 0.00
Total Ap —19.20()()(19.20) 8.30 —105.79 | —97.48
Apol 351.68(11.71)(107.71)(36.06) —10.11 —50.58 —60.69

Table VIL.7.: Contribution of higher moments to the 25 hyperfine splitting in muonic hydrogen. All
values in peV.

Input up to x2 g1,2 x4 g1,2 8 g1,2 8 g1,2 10 g1,2
g1,2 Simula et al. [405] 6.70 —0.63 0.46 —0.43 0.46
4.56 0.17 —0.12 0.11 —0.12
and FF [113] k &~ 1.7905 —2.14 0.80 —0.57 0.53 —0.58
44.52 0.65 —0.57 0.70 —1.04
Background and FF 45.85 0.02 —0.02 0.02 —0.02
1.33 —0.63 0.56 —0.68 1.02
—40.04 —1.28 1.03 —1.13 1.50
Resonances —43.22 0.15 —0.10 0.09 —0.10
—3.18 1.43 —1.13 1.21 —1.60
—34.46 —1.31 1.05 —1.14 1.52
A(1232) —37.89 0.19 —0.12 0.11 —0.12
—3.43 1.50 —1.17 1.25 —1.64
1.19 —0.45 0.04 0.31 —0.82
BChPT —1.64 0.42 —0.34 0.40 —0.61
—2.83 0.87 —0.38 0.10 0.22
—0.82 0.72 —0.69 0.87 —1.31
m-cloud —0.47 0.42 —0.36 0.44 —0.65
0.35 —0.31 0.32 —0.43 0.67
2.01 —1.17 0.73 —0.56 0.49
A-exchange —1.17 0.00 0.03 —0.03 0.04
—3.17 1.17 —0.70 0.52 —0.45




B. Dispersive Calculation of the Polarizability Contribution
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cuapTER VI

SUMMARY, CONCLUSION AND OUTLOOK

Protons and neutrons (collectively, nucleons) comprise the atomic nuclei and thus are present
in all the visible matter around us. They are some of the most fundamental building blocks of
matter as we know it. Yet, they are no elementary particles — they consist of quarks and gluons.
The exact composition of the nucleon structure should be calculable from quantum chromody-
namics (QCD), which is the renormalizable quantum field theory describing the fundamental
interaction among quarks and gluons. Unfortunately, such ab initio calculations of nucleon
structure have proven to be extremely difficult due to non-perturbative QCD phenomena such
as color confinement, mass-gap generation, spontaneous chiral-symmetry breaking.

Nonetheless, a lot of progress has been made in calculating the low-energy effects of the
nucleon structure using lattice QCD on one hand and effective field theories on the other. In
this thesis, we have resorted to the frameworks of chiral perturbation theory (ChPT), which is
a low-energy effective field theory of QCD, and of dispersion theory which is based on general
principles of unitarity, causality and low-energy theorems. These theoretical tools have allowed
us to systematically assess the nucleon polarizabilities and their effect on atomic spectroscopy.

Our calculations are timely and relevant in the context of the proton radius puzzle. The
proton charge radius, Rg),, has been receiving a lot of attention after its first-time extraction
from pH spectroscopy in 2010 [67]. The measurements of the 2P — 25 transitions in pH and puD
by the CREMA collaboration at PSI yielded astonishing results, which prompted a significant
reduction of the proton and deuteron charge radii [67, 68, 100]. The other ways to extract the
charge radii — the electron scattering and the spectroscopy of electronic atoms — had mainly
been consistent with each other. At present, the Z = 1 (hydrogen isotope) charge radius puzzle
deals with the 5.6 0 and 3.5 o discrepancies between experiments with either electrons or muons
probing the proton respectively deuteron. New experiments with muonic atoms are underway
and require precise theory input for their performance and interpretation. For example, the next
series of CREMA experiments will be devoted to the ground-state hyperfine splittings in 4H and
p?HeT, where a reliable theoretical evaluation of the hyperfine splittings is simply indispensable
for narrowing down the search for these transitions.

Shortly after the puzzle appeared, it was suggested that an underestimation of the proton
structure effects beyond the charge radius (e.g., Friar radius and polarizability effects) could
be responsible for the discrepancy. This possibility has essentially been ruled out by dispersive
[172, 174, 175] and ChPT calculations [177]. Nevertheless, the proton-polarizability contribution
remains to be the major theoretical uncertainty in the description of yH. More generally, the
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VIII. Summary, Conclusion and Outlook

theory of light muonic atoms, e.g., muonic-hydrogen and muonic-helium isotopes, is limited by
our knowledge on nuclear (and nucleon) structure effects. This thesis is to a large extent devoted
to model-independent and systematic calculations of these effects. Our results are of interest for
the analyses of Lamb shift and hyperfine splitting measurements in muonic atoms, e.g., for the
proposed ground-state hyperfine splitting measurements in pH [215-219].

To briefly summarize what we have done in this thesis, let us recall that in Chapter II we
derived the one-photon-exchange Breit potential for a lepton-nucleus bound state with nuclear
form factors. We employed a dispersive approach and showed that all the finite-size and one-loop
vacuum polarization effects are reproduced correctly. In Chapter 111, we reported on the status
of the static nucleon polarizabilities measured in real Compton scattering and formulated sum
rules for the Compton contribution to photoabsorption. In Chapter IV, we dealt with forward
doubly-virtual Compton scattering. In particular, we calculated the tree-level contribution of the
lowest nucleon-resonance — A(1232) — and studied the wA-production cross sections in view
of the discrepancy between baryon and heavy baryon predictions for the longitudinal-transverse
polarizability of the proton, i.e., the dp7 puzzle. In Chapter V, the basic theory of forward and
off-forward two-photon exchange in hydrogen-like atoms was discussed. In Chapters VI and VII,
polarizability contributions to the Lamb shifts and hyperfine splittings in pH and other light
muonic atoms have been derived from baryon ChPT. More detailed summaries can be found at
the end of each Chapter.

We now turn to stating our main conclusions as well as an outlook for near-future studies.

O Finite-Size Effects in Hydrogen-Like Atoms (Chapter IT)

v' Deriving the one-photon-exchange Breit potential within a dispersive framework is
advantageous because the dispersive ansatz can be equally applied to nuclear finite-
size, electroweak and QED corrections (e.g., one-loop vacuum polarization). In
Egs. (I1.31) and (I1.66), we give the nuclear form factor dependent coordinate-space
and momentum-space potentials, describing the finite-size effects.

v' Our formalism provides exact formulas for the finite-size effects, which do not rely
on any expansion in moments of charge and magnetization distributions, see for in-
stance Eqs. (I1.41) and (I11.49) for the Lamb shift, and Eqgs. (I1.50) and (I1.51) for the
hyperfine splitting.

v' With the help of a toy model, we illustrated that “soft” contributions to the electric
Sachs form factor can break down the usual accounting of finite-size effects in the
Lamb shift [236, 237]. It is then not enough to express the Lamb shift in terms of
charge radii. Instead, the exact treatment provided by our formalism is required,
leaving room for a possible explanation of the proton radius puzzle.

e In the future, one has to find physical justifications for the presented toy models. A
strong candidate is the weak correction to the lepton vertex shown in Fig. I1.14. It
has to be studied whether this “soft” contribution to the lepton form factor is able to
resolve the proton radius puzzle.

[0 Static Nucleon Polarizabilities (Chapter III)

v The Compton contribution to photoabsorption generates divergent pieces in the
Compton scattering sum rules. We have shown that an infrared cutoff on the v-
integration and infrared subtractions on the photoabsorption cross sections can re-
move the divergent pieces from the dispersion relations of the Compton scattering
amplitudes, see Eq. (I11.28). A proper definition of the sum rules for the Compton
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contribution to the quasi-static polarizabilities was derived with Eq. (II1.30), and
verified within quantum electrodynamics [238, 239].

OO0 Generalized Nucleon Polarizabilities (Chapter IV)

v In ChPT, the contribution of tree-level A(1232)-exchange to the process of forward
doubly-virtual Compton scattering is described by three coupling constants, viz. the
magnetic, electric and Coulomb couplings: gar, gg and go. The effect of the magnetic
coupling on the Compton scattering is of order p”/2 in the low-energy domain of the
d-expansion in ChPT, while terms including the electric or Coulomb couplings are
attributed to higher orders. We have shown that inclusion of the Coulomb coupling,
despite its higher order in the power-counting, produces an appreciable effect in all
of the generalized polarizabilities. The Coulomb coupling also influences the static
limit of the longitudinal and longitudinal-transverse polarizabilities, oy, and d7p.

v' In view of the §pr polarizability puzzle arising within ChPT, the mA-production
photoabsorption cross sections were calculated.

v" We have shown that the Born and polarizability contributions to the Burkhardt-
Cottingham sum rule vanish independently. This is for instance the case for the sum
rule contributions from A-exchange, pion-nucleon loops and pion-delta loops, which
all evaluate to zero.

e Since the mA-production cross sections display a bad high-energy behavior, they can-
not be used to reconstruct the mA-loop Compton scattering amplitudes with unsub-
tracted dispersion relations. Therefore, at present, the mA-production cross sections
have no predictive power for the lower-order polarizabilities. In a future project, we
plan to improve the high-energy asymptotics of the cross sections by some kind of
ultraviolet completion, which will allow us to obtain a result for ;7. It would also
be desirable to achieve a better compliance of the baryon ChPT prediction of the
nucleon structure functions with experimental data at the A-resonance peak.

O Polarizability Effects in the Lamb Shift (Chapters V and VI)

v The next-to-leading order baryon ChPT prediction for the order-a® proton-polarizability
contribution to the Lamb shift in uH, including diagrams with pion-nucleon loops and
A(1232)-exchange, yields:

EPS (uH) = 4.9 120 ev. (VL.3)

This model-independent theory prediction is found to be in good agreement with the
dispersive results, which are based on empirical information on proton form factors
and structure functions.

v' At next-to-leading order in baryon ChPT, the contribution of the subtraction function
to the uH Lamb shift amounts to:
ESPU(uH) = —5.8 £ 2.3 peV. (V1.4a)
This result shows that the tree-level A-exchange gives a significant contribution to
Tl (07 Qz)
v Deducing the order-(Z«a)® polarizability effects to the Lamb shift from off-forward

two-photon exchange provides an alternative if not favourable approach to the Coulomb-
distortion effects and the classical long-range polarization potentials. In accordance
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with the literature, the nuclear-polarizability contribution from off-forward two-photon
exchange is found to be non-negligible in the case of light muonic atoms,

((Za)®, ap1, Barr)

B (uD) = —0.398 = 0.001 meV, (VI1.20b)
(0% 6 o V.
pAFamBn) sty - 1305 + 0.047 meV, (VL.20d)
(0% 6 «
EE(SZ e ) Aty — 0,665 + 0.016 meV. (VL.29¢)

This can be mainly ascribed to the logarithmic enhancement generated by the ¢-
channel cut, giving a (Za)%In Za contribution proportional to the nuclear electric
dipole polarizability, see Eq. (VI.21).

e For an improved precision, the calculation of the off-forward polarizability effects
could be repeated, taking into account the full Q2 behavior, i.e., not focusing on the
t-channel cuts.

v' Utilizing our results for the various polarizability contributions, we re-extracted the
proton and deuteron charge radii from the Lamb shifts in pH and uD:

Rpq = 2.12013(78) fm, (V1.46)
R, = 0.84045(44) fm. (VI.43)

O Polarizability Effects in the Hyperfine Splitting (Chapters V and VII)

v" The next-to-leading order baryon ChPT prediction for the order-a® proton-polarizability
effect in the hyperfine splitting of uH,

neV

EP9(nS, pH) = —11.1 F47 —

(VIL.1a)
is considerably smaller than the results from the dispersive calculations which are
presently used to extract the proton Zemach radius from pH spectroscopy. If com-
pared to the dispersive result of Ref. [115], the discrepancy amounts to 3.60. The
discrepancy can be pinned down to the region of small ?, where one observes se-
vere cancelations between the proton structure function g;(z, Q?) and the Pauli form
factor Fy,(Q?) of the proton, which both enter S7(0, Q?).

e In the future, further investigations are needed to better understand the discrepancy
between the chiral prediction and the dispersive ansatz. At present, we suppose the
empirical information in the low-@) region, used as input for the dispersive approach,
are not sufficient. Especially the cancelations within S1(0,Q?) might be hard to
resolve based on the available empirical data. Therefore, new data from the ongoing
“spin physics program” at the Jefferson Laboratory, which is mapping out the spin
structure functions of the nucleon [499-501], might lay the groundwork for a re-
evaluation of the two-photon-exchange effects based on an improved empirical data
set.

v The A-pole model is described by the approximate formula in Eq. (VIL.9). Effectively,
it provides a lower bound on the absolute effect of the A(1232)-resonance excitation
in the hyperfine splitting of pH.

v" We have derived an expansion of the non-Born two-photon-exchange effect in hyper-
fine splitting in terms of the spin polarizabilities.
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v A first prediction of the order-a® neutron-polarizability contribution to the hyper-
fine splitting of muonic atoms in the framework of baryon ChPT, shows that the
neutron-polarizability effect is more sensitive to the high-Q? region than the proton-
polarizability effect and suggests that it might be bigger. Together with the order-
a® proton-polarizability contribution, we obtain the following hadronic-polarizability
contribution to the hyperfine splitting in D and p2He:

37 keV

EIIEIIZPSOL(”S? .UD) = —49 jlll ?, (VH.Qla)
\%
BN (nS, p*He™) = 526 7588 B0 (VIL.21c)
n

v" The neutral-pion exchange contributes to the hyperfine splitting at order a® [53, 240].
As a result of cancelations between the diagrams with direct lepton-pion coupling and
pion coupling to the lepton through two photons, its quantitative effect is small,

B{d(25, piT) = 0.119(19) peV, (VIL44)

and differs in sign for H and uH, respectively, see Table VIL.5.

v' Employing the proton-polarizability effects calculated in this work, the proton Zemach
radius was extracted from the measurement of the 25 hyperfine splitting in ¢H with
a shrunken value:

Ry, = 1.025(35) fm. (VII.49)

We believe that many of these results will be useful for the upcoming search of the very narrow
ground-state hyperfine transitions in yH and p®Het. Once these transitions are found we will
have an unprecedentedly precise measurement of the low-energy nucleon structure. It will be an
exciting time for the excited nucleon!
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