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Preface

The Standard Model of particle physics (SM) was formulated roughly fifty years ago, and, with
discovery of the Higgs boson at CERN in 2012, it became complete. However, despite the SM’s
enormous body of successes, it still presents an array of unsolved problems. Primary among them
is the following question: can the SM explain the origin of nuclear size masses? This is the puzzle of
emergent hadron mass (EHM), whose solution is supposed to lie within quantum chromodynamics
(QCD), the SM’s strong interaction component. EHM could provide the unifying explanation for all
the SM’s remarkable nonperturbative phenomena, including confinement and absolute stability of the
proton, the proton’s mass and radii, the lepton-like scale of the pion mass and its hadron-like radius,
and so much more, running up to the character and composition of dense astrophysical objects. Of
course, as a source of mass, EHM interferes constructively with a range of Higgs boson effects. For
instance, such feedback sets the kaon apart from the pion and separates heavy quark systems from
those containing only light quarks. Presented with such a plethora of interrelated phenomena, whose
implications reach throughout nature, the world has responded with huge investments of personnel
and resources in strong interaction experiment and theory.

Reflecting the scope of associated endeavors, this volume collects a diverse range of perspectives
on the problem of EHM, its observable manifestations, and the approaches and tools that are today
being employed to deliver an insightful understanding and, perhaps, finally, a solution. Some of the
contributions are reviews, but all may be described as feature articles, containing novel perspectives on
topical problems and original material that highlights promising new directions in strong interaction
physics. The collection was compiled with a view to stressing the importance of openness in basic
research, with authors drawn from a wide range of backgrounds and operational environments. All
contributions recognize and emphasize the vitality of international collaborative endeavors, whether
it be through experimentation, phenomenology, or theory, and they aim, ultimately, to explain the
emergence of nuclei from the remarkably simple Lagrangian of QCD. This, indeed, is one of the
greatest challenges facing science today. Moreover, if QCD is, as some of the contributions argue, the
first mathematically well-defined quantum field theory in four dimensions that science has produced,
then it might serve as the paradigm for extending physics beyond the SM. With such coverage, the
volume is likely to be of interest to all students and researchers working in high-energy nuclear physics,
hadron physics, and particle physics.

We, the guest editors, and the Members of the Editorial Board of Particles are grateful to all those
who contributed to the collection, as well as to the referees who donated their time in order to ensure

that the project was a success.

Minghui Ding, Craig Roberts, and Sebastian M. Schmidt
Editors
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Abstract: Understanding the strong interaction dynamics that govern the emergence of hadron
mass (EHM) represents a challenging open problem in the Standard Model. In this paper we
describe new opportunities for gaining insight into EHM from results on nucleon resonance (N*)
electroexcitation amplitudes (i.e., yopN* electrocouplings) in the mass range up to 1.8 GeV for virtual
photon four-momentum squared (i.e., photon virtualities Q2) up to 7.5 GeV? available from exclusive
meson electroproduction data acquired during the 6-GeV era of experiments at Jefferson Laboratory
(JLab). These results, combined with achievements in the use of continuum Schwinger function
methods (CSMs), offer new opportunities for charting the momentum dependence of the dressed
quark mass from results on the Q2-evolution of the 7,pN* electrocouplings. This mass function
is one of the three pillars of EHM and its behavior expresses influences of the other two, viz. the
running gluon mass and momentum-dependent effective charge. A successful description of the
A(1232)3/2" and N(1440)1/27 electrocouplings has been achieved using CSMs with, in both cases,
common momentum-dependent mass functions for the dressed quarks, for the gluons, and the
same momentum-dependent strong coupling. The properties of these functions have been inferred
from nonperturbative studies of QCD and confirmed, e.g., in the description of nucleon and pion
elastic electromagnetic form factors. Parameter-free CSM predictions for the electrocouplings of the
A(1600)3/2" became available in 2019. The experimental results obtained in the first half of 2022
have confirmed the CSM predictions. We also discuss prospects for these studies during the 12-GeV
era at JLab using the CLAS12 detector, with experiments that are currently in progress, and canvass
the physics motivation for continued studies in this area with a possible increase of the JLab electron
beam energy up to 22 GeV. Such an upgrade would finally enable mapping of the dressed quark
mass over the full range of distances (i.e., quark momenta) where the dominant part of hadron mass
and N* structure emerge in the transition from the strongly coupled to perturbative QCD regimes.

Keywords: exclusive meson photo- and electroproduction; exclusive reactions with the CLAS and
CLASI12 detectors; nucleon resonance photo- and electroexcitation amplitudes; nucleon resonance
spectrum and structure; emergence of hadron mass; continuum Schwinger function methods; hadron
structure and interactions

1. Introduction

Studies of the strong interaction dynamics that govern the generation of hadron ground
and excited states in the regime where the running coupling of quantum chromodynamics
(QCD) is large, i.e., a5/ ~ 1, known as the strong QCD (sQCD) regime, represent a
crucial challenge in modern hadron physics [1]. The rapid growth of a in the transition
from the perturbative to sQCD domains and particularly its saturation, driven by gluon
self-interactions, are predicted by CSMs [2,3] and supported by recent experimental results
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on the Bjorken sum rule [4]. These trends suggest that the generation of hadron structure
in the sQCD regime is defined by emergent degrees of freedom that are related to the
partons of QCD’s Lagrangian in a non-trivial manner. While this evolution with distance
is determined by the QCD Lagrangian, it cannot be analyzed by employing perturbative
QCD (pQCD) when a;/ 7 becomes comparable with unity. The active degrees of freedom
seen in hadron structure and their interactions change substantially with distance at the
scales where the transition from sQCD to pQCD takes place, and the structure of hadron
ground and excited states emerges. Understanding how the active degrees of freedom
emerge from the QCD Lagrangian and how their interactions evolve with distance requires
the development of nonperturbative methods capable of making predictions, both in the
meson and baryon sectors, that can be confronted with empirical results on hadron structure
extracted using electromagnetic and hadronic probes.

A decade of rapid progress in the development and application of CSMs in hadron
physics [5-15], complemented by advances in and results from lattice QCD (1QCD) [16-25],
have delivered numerous predictions for properties of mesons and baryons within a com-
mon theoretical framework. Studies of hadron structure from data obtained in experiments
with electromagnetic probes at JLab [1,26-29], MAMI [30-35], and Babar and Belle [36,37],
have provided experimental results that can be confronted with predictions from the QCD-
connected approaches to hadron structure. More results are expected from experiments in
the ongoing 12-GeV era at JLab [1,38-40] and from planned research programs at the US
electron ion collider (EIC) [39,41-43], the electron ion collider in China (EicC) [44,45], and
experiments with hadronic probes conducted by the AMBER Collaboration at CERN [46].

Studies of exclusive meson electroproduction in the nucleon resonance excitation region
using data from 6-GeV-era experiments at JLab have provided the first and still only avail-
able comprehensive information on the electroexcitation amplitudes (i.e., 7, pN* electrocou-
plings) of most nucleon excited states in the mass range up to 1.8 GeV for photon virtualities
Q? < 5GeV? (or Q* < 7.5 GeV? for the A(1232)3/2" and N(1535)1/27) [47-51]. Analy-
ses of these results have revealed many facets of strong interactions in the sQCD regime
seen in the generation of N* states of different quantum numbers with different structural
features [28,39,52-61]. These results also enable the evaluation of the resonant contributions
to inclusive electron scattering observables [62-64], substantially expanding the capability
to explore both polarized and unpolarized parton distribution functions (PDFs) of the
nucleon for fractional parton light-front momenta close to unity. Analyses of the results
on ,pN* electrocouplings within CSMs [1,28,48,59,65-75] have demonstrated a new and
promising potential for elucidation of the sQCD dynamics that are responsible for the
generation of >98% of the visible mass in the Universe.

Explaining the emergence of hadron mass represents one of the most challenging
open problems in the Standard Model (SM). The emergent nature of hadron mass is made
manifest by a comparison between the measured proton and neutron masses and the sum
of the current masses of their valence quark constituents. Protons and neutrons are bound
systems of three light 1- and d-quarks. The sum of the current masses of these quarks,
which is generated by Higgs couplings into QCD, accounts for less than 2% of the measured
nucleon masses (see Table 1). This accounting clearly indicates that the overwhelmingly
dominant component of the nucleon mass is created by mechanisms other than those
associated with the Higgs boson [8-15].

The past decade of progress using CSMs to study the evolution of hadron structure
with distance, maintaining a traceable and often direct connection to the QCD Lagrangian,
has conclusively demonstrated that the dominant part of each hadron’s mass is generated
by strong interactions in the regime of large QCD running coupling [1,8-15,73]. Solving
QCD’s equations-of-motion for the gluon and quark fields has revealed the emergence
of quasiparticles, with the quantum numbers of the Lagrangian partons but carrying
momentum-dependent masses that are large in the sQCD domain. It is the presence of
these quasiparticles within mesons and baryons that explains the greatest part of the visible
mass in the Universe.
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Table 1. Comparison between the measured masses of the proton and neutron, m ps and the sum
of the current-quark masses of their three u- and d-quark constituents [76]. (Current quark masses
are listed at a scale of 2 GeV, but the comparison remains qualitatively unchanged if renormalization
group invariant current masses are used.)

Proton Neutron

Measured masses (MeV) 938.2720813 =+ 0.0000058 939.5654133+ 0.0000058
Sum of the current quark 1145 1145
masses (MeV) 8.09Z4ss 11.50 560

Contribution of the current
quark masses to the measured <11 <14
nucleon mass (%)

Herein we describe advances in the exploration of the structure of nucleon excited states,
using data from the 6-GeV-era experiments at JLab, and discuss the impact of these results
on the understanding of EHM. A successful description of JLab results on the A(1232)3/27"
and N(1440)1/2" electrocouplings has been achieved using CSMs [65,66,68,69,71]. The CSM
calculations are distinguished by (2) having employed common momentum-dependent
mass functions for the dressed quarks, whose behavior is intimately connected with the
running of the gluon mass and QCD’s effective charge [77] and (b) thereby unifying the
description of these electrocouplings with kindred studies of, inter alia, nucleon and pion
elastic form factors [68,78,79]. Such successes provide a sound foundation for arguments
supporting the potential of experimental results on the Q*-dependence of nucleon reso-
nance electrocouplings to deliver new information on the running quark mass.

Parameter-free CSM predictions for the Q%-evolution of the A(1600)3 /27 electrocou-
plings became available in 2019 [74]. At that time, there were no experimental results
for the electroexcitation amplitudes of this resonance. Herein, too, we present the first
preliminary experimental results on these amplitudes, obtained from analysis of 7" 7t~ p
electroproduction data off protons in the W-range up to 1.7 GeV and 2 < Q?/ GeV?2 <5
using the JLab-Moscow State University (JM) meson-baryon reaction model [67,80-83].
The comparison between the CSM predictions and these experimental results represents a
further sensitive test of the capability for validating the EHM paradigm [8-15].

Our discussion is organized as follows. In Section 2, the basic features of the EHM
paradigm are outlined, with special emphasis on the dressed-quark and gluon running
masses and their evolution in the transition from the weak to strong coupling domains
of the strong interaction. We also emphasize the complementarity and critical role of
combined studies of both meson and baryon structure in validating any understanding
of the generation of the dressed masses of gluon and quark quasiparticles. We outline
the analysis framework used for extraction of the 7,pN* electrocouplings from data on
exclusive meson electroproduction available from experiments during the 6-GeV era at
JLab in Section 3. The impact of these results on the understanding of EHM is presented in
Section 3.2. In Section 4, plans for future studies and their prospects in ongoing experiments
in the 12-GeV era at JLab are highlighted, along with physics motivations for a possible
increase of the JLab electron beam energy up to 22 GeV. Such an upgrade would offer the
only foreseeable opportunities to explore QCD dynamics in the full range of distances
over which the dominant part of hadron mass and structure emerge, particularly reaching,
for the first time, into the kinematic region where perturbative and nonperturbative QCD
calculations overlap.

2. Basics for Insight into EHM Using CSMs

The notable progress in developing an understanding of EHM via CSMs has con-
clusively demonstrated that the dominant part of hadron mass is generated by strong
interactions at momentum scales k S 2 GeV. We now sketch the EHM paradigm and dis-
cuss how studies of the meson and baryon structure of both ground and excited states
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offer complementary and crucial information that will enable the elucidation of the sQCD
dynamics responsible for EHM and its manifold corollaries.

2.1. CSMs and the EHM Paradigm

Every scheme proposed for the solution of QCD reveals that the current-quark masses,
which are generated by Higgs boson couplings into the Lagrangian, acquire momentum-
dependent corrections owing to gluon emission and absorption, as illustrated in Figure 1
(top row). Gluons, too, come to be dressed by the analogous processes shown in Figure 1
(lower rows). Treated in a weak coupling expansion, these “gap equations” generate every
diagram in perturbation theory. On the other hand, nonperturbative analyses can reveal
emergent features of the strong interaction, such as dynamical chiral symmetry breaking
(DCSB) and intimations of confinement [14] (Section 5).

M=M(k) Mg=Mym
- = + >
dressed quark bare quark dressing kernel

’T‘.ﬁ“ — ‘as"a’ ~ 4 i
iD iD, iDy 11 iD
dressed gluon  bare gluon  dressing kernel

@,
! b e

I‘_:-.' j"/"

Figure 1. Integral equations for the dressed quark and gluon two-point functions [84] (Section 2.2),

| —

ghost

drawn in terms of the Feynman diagrams that govern the emergence of gluon and quark quasiparticles
from the partons used to express the QCD Lagrangian. (Total momentum k flows from left to right
in each diagram, being conserved in passing through the loop integrals.) These quasiparticles
are the active components in hadron structure at low resolving scales. Their parton content is
revealed at higher resolutions. (Unbroken lines—quarks; spring-like lines—gluons; short-dashed
lines—ghosts; filled circles—dressed propagators; open circles—two-point = self-energies and three/
four-point = dressed vertices. The vertices satisfy their own Dyson-Schwinger equations, involving
higher n-point functions [84]).

As explained elsewhere [84], the integral equations in Figure 1 and their analogs
for higher-n-point functions can be understood as QCD’s Euler-Lagrange equations, viz.
QCD'’s equations of motion. The solutions of those shown explicitly for the dressed quark
and gluon two-point functions predict the emergence of gluon and quark quasiparticles.
Each is a superposition of enumerably many gluon and quark (and ghost) partons, is
characterized by its own momentum-dependent mass function—

S(k) = Z(k*)/liv -k +M(K*)], D(k) = 1/[K*] (k*) + m3 (K*)], M
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drawn in the left panel of Figure 2 (the wave function renormalizations, Z(k?) and ] (k?),
are not displayed and, here, only the gluon’s scalar dressing function is written—see
References [3,85] for details— and evolves with distance 1/k, where k is the momentum
scale flowing through the diagram, in a well-defined manner that reproduces perturbative
results on m, /k ~ 0.

=
o

¥ a,/x CERN COMPASS
a,lx DESY HERMES
a,/x SLAC E142/E143
a,,/n SLACE154/E155
opfn
a,,/x CERN SMC

ayy/x OPAL

agi(k)/n

=
®
T

06 -
I DSE (2019)
HLFQCD

0.4 [ Bjorken sum rule
f------ GDH limit

O/ Hall AICLAS (2004)

A a,/x CLAS EGIb (2008)

0.2 FO ay/xJLabRSS (2008) ey

¥ q,/x CLAS EGldves (2014) R

@ o, /x CLASEG4 (2022)

* o/ Hall A/EG4 (2022)

0.0 L

4 1
k/ GeV k/ GeV

Figure 2. (Left): CSM predictions for the momentum dependence of the dressed-gluon (blue solid)
and quark (green dot-dashed) masses [9-11]. The associated like-colored bands express the uncertain-
ties in the CSM predictions. (N.B. Since the Poincaré-invariant kinetic energy operator for a vector
boson has mass—-dimension two and that for a spin-half fermion has mass—dimension unity, then for
m%,/ kK2 — 0, Mp(k) o 1/k? and mé(k) o 1/k%, up to Ink? corrections). (Right) CSM prediction [3]
(magenta band) for the process-independent QCD running coupling & (k) compared with the empiri-
cal results [4] for the process-dependent effective charge defined via the Bjorken sum rule, which is
prominent in deep inelastic scattering.

Of primary significance is the dressing of gluons, described by the lower three rows
in Figure 1, with effects driven by the three-gluon vertex being most prominent. It was
realized long ago [86] that this led to the emergence of a running gluon mass, like that
in Figure 2 (left panel), through the agency of a Schwinger mechanism [87,88] in QCD,
the details of which have steadily been unfolded during the past fifteen years [89-93].
This essentially nonperturbative consequence of gauge sector dynamics, revealed in both
continuum and lattice-regularized studies of QCD, is the first pillar of EHM.

Capitalizing on such progress in understanding gauge sector dynamics, a unique
QCD analog of the Gell-Mann-Low effective charge has been defined and calculated [2,3],
a(k), with the result shown in Figure 2 (right panel). For k 2 2GeV, this charge matches
the pQCD coupling, but it also supplies an infrared completion of the running coupling,
which is free of a Landau pole and saturates to the value &(k = 0) = 0.97(4). Both
these latter features are direct consequences of the emergence of a gluon mass function,
whose infrared value is characterized by the renormalization-group-invariant mass-scale
1 = 0.43(1) GeV =~ m, /2. This effective charge is the second pillar of EHM.

As highlighted in Figure 2 (right panel), the pointwise behavior of &(k) is almost
identical to that of the process-dependent charge [94,95] defined via the Bjorken sum
rule [96,97] for reasons that are explained in Reference [14] (Section 4). The form of & (k)—in
particular, its being defined and smooth on the entire domain of spacelike momentum
transfers—provides strong support for the conjecture that QCD is a mathematically well-
defined quantum gauge field theory. As such, it can serve as a template for extensions of
the SM using the notion of compositeness for seemingly pointlike objects.

Turning to the quark gap equation, Figure 1 (top row), and constructing its kernel using
the first two pillars of EHM, one obtains a dressed-quark propagator that is characterized
by the mass-function shown in Figure 2 (left panel). Critically, for k < 2 GeV, the behavior
of this mass function is practically unchanged in the absence of Higgs boson couplings into
QCD, i.e., in the chiral limit. Such an outcome is impossible in pQCD. The emergence of
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M(k) is the principal manifestation of DCSB in QCD; and this dressed-quark mass function,
again a prediction common to both continuum and lattice-regularized QCD, is the third
pillar of EHM.

The appearance of dressed-gluon and -quark quasiparticles following the transition
into the domain of sQCD, whose strong mutual- and self-interactions are described by a
process-independent momentum-dependent effective charge, form the basis for the EHM
paradigm and its explanation of hadron mass and structure. Indeed, it is worth reiterating
that the dressed-quark mass function in Figure 2 (left panel) shows how the almost massless
current-quark partons, which are the degrees-of-freedom best suited for the description of
truly high-energy phenomena, are transmogrified, by a nonperturbative accumulation of
interactions, into fully dressed quarks. It is these quark quasiparticles, to which is attached
an infrared mass-scale M(k ~ 0) ~ 0.4 GeV, that provide a link between QCD and the long
line of quark potential models developed in the past sixty years [98].

Insofar as the light - and d-quarks are concerned, Higgs boson couplings into QCD
are almost entirely irrelevant to the size of their infrared mass, contributing < 2% (Refer-
ence [11] (Figure 2.5)); hence, equally irrelevant to the masses of the nucleon and its excited
states. The dominant component of the masses of all light-quark hadrons is that deriving
from M(k ~ 0), viz. EHM.

Since the quark quasiparticles carry the same quantum numbers as the seed quark-
partons, then N* electroexcitation processes can be used to chart M(k) by exploiting
the dependence of the associated N* electroexcitation amplitudes on the momentum
transfer squared. Sketched simply, owing to the quasielastic nature of the transition, the
momentum transferred in the process, Q, is shared equally between the three bound
quark quasiparticles in the initial and, subsequently, the final states. This means that the
quark mass function is predominantly sampled as M(Q/3) because bound-state wave
functions are peaked at zero relative momentum. Hence, increasing Q takes the reaction
cross section smoothly from the sQCD (constituent-quark) domain into the pQCD domain.
Any Poincaré-invariant, QCD-connected calculational framework can then relate the Q-
dependence of the electroexcitation amplitudes to the momentum dependence of the
quark mass function and, crucially, when it comes to predictions, vice versa. Examples
are provided in References [28,59,65,66,68-71,73,74,99]. Regarding M (k) in Figure 2, one
enters the perturbative domain for k 2 2GeV; hence, a comprehensive mapping of the
nonperturbative part of the dressed-quark mass requires

0 < Q%/GeV? <20 —30. )

Experiments at JLab during the 6-GeV era provided a beginning, their progeny during
the 12-GeV era will extend the map further, but only an upgrade of the JLab accelerator
energy to beyond 20 GeV will deliver near exhaustive coverage of the full EHM domain.

2.2. Some Highlights from the EHM Experiment-Theory Connection

Charting the dressed-quark mass function using results from hadron structure exper-
iments is a principal goal of modern hadron physics. As always, there are challenges to
overcome, but the potential rewards are great. Empirical verification of the EHM paradigm
will pave the way to understanding the origin of the vast bulk of the visible mass in the
Universe. As an illustration, we note that CSMs have supplied a large body of results for
meson and baryon structure observables; some examples are shown in Figure 3. Each of
these predictions was obtained within a common theoretical framework and expresses
different observable consequences of the dressed-gluon and -quark mass functions shown
in Figure 2; hence, each draws a clear connection between observation and the QCD La-
grangian. Notably, here we have only highlighted results for ground-state hadrons because
CSM predictions for the ,pN* electrocouplings and their comparison with experimental
results are discussed below.
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Figure 3. CSM predictions for observables of the structure for the ground state hadrons in comparison
with experimental results (points with error bars) or comparable theory. (Upper left)—pion valence
quark PDF [100]; (Upper right)—nucleon axial form factor G4 [101]; (Lower left)—pion elastic form
factor [11]; and (Lower right)—ratio of nucleon elastic electric and magnetic form factors [79]. Sources
for comparison curves and points are listed in References [11,79,100,101].

Owing to the pattern of DCSB in QCD, a quark-level Goldberger-Treiman
identity [85,102-105]:
fnGEnG(K) = B(K), ®)

relates the leading term in the bound-state amplitude of all Nambu—-Goldstone (NG) bosons,
Eng(k?), to the scalar piece of the dressed-quark self energy, B(k?), with the NG boson lep-
tonic decay constant, fNg, providing the constant of proportionality. This exact relationship
in chiral-limit QCD is Poincaré-invariant, gauge-covariant, and renormalization-scheme
independent. It is also the SM’s most fundamental expression of the Nambu-Goldstone
theorem [106,107]. Equation (3) explains the seeming dichotomy of massless NG bosons
being composites built from massive quark and antiquark quasiparticles, ensuring that all
one-body dressing effects that give rise to the quasiparticle masses are canceled exactly by
binding energy within the bound states so that they emerge as massless composite objects
in the chiral limit [108].

Equation (3) expresses other remarkable facts. It is also a precise statement of equiva-
lence between the pseudoscalar-meson two-body and matter-sector one-body problems in
chiral-QCD. These problems are usually considered to be essentially independent. More-
over, it reveals that the cleanest expressions of EHM in the SM are located in the properties
of the massless NG bosons. It is worth stressing here that 77- and K-mesons are indis-
tinguishable in the absence of Higgs couplings into QCD. Furthermore, as noted above,
Equation (3) entails that they are entirely massless in this limit: the 7r and K mesons are the
NG bosons that emerge as a consequence of DCSB. At realistic Higgs couplings, however,
7t and K observables are windows onto both EHM and its modulation by Higgs boson
couplings into QCD.

It is now widely recognized [27,41,43-46] that the quark-level Goldberger—Treiman identity,
Equation (3), and its corollaries lift studies of 7r and K structure to the highest level of importance.
CSM calculations are available for a broad range of such observables; e.g., in a challenge for
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future high-luminosity, high-energy facilities, a prediction for the elastic electromagnetic pion
form factor is now available out to Q? = 40 GeV? (see Reference [41] (Figure 9)).

The peculiar character of NG bosons is further highlighted by the mass budgets drawn
in Figure 4, which identify that component of the given hadron’s mass that is generated
by (i) EHM; (ii) constructive interference between EHM and the Higgs-boson (HB) mass
contribution; and (iii) that part generated solely by the Higgs. The proton annulus depicts
information already presented in Table 1 and highlights again that the proton mass owes
almost entirely to the mechanisms of EHM. New information is expressed in the second
annulus, which is the p-meson mass budget. Plainly, the p-meson and proton mass budgets
are qualitatively and semi-quantitatively identical, despite one being a meson and the other
a baryon.

POINCARE-INVARIANT HADRON MASS BUDGETS
(% OF TOTAL MASS)

p-meson

B EHM B EHM+HB B HB

Figure 4. Mass budgets for the proton (outermost annulus), p-meson, kaon, and pion (innermost
annulus). Each annulus is drawn using a Poincaré-invariant decomposition. The separation is made
at a renormalization scale { = 2 GeV, calculated using information from References [76,109-111].

The 7w and K mass budgets in Figure 4 are completely different. For these (near) NG
bosons, there is no pure EHM component—no blue part of the ring—because they are
massless in the chiral limit. On the other hand, the HB contribution to the pion mass
is commensurate with the kindred component of the proton and p-meson masses. The
biggest contribution for the 7r is EHM+HB interference: the small HB-only contribution
is magnified by a huge, latent EHM component. The K-meson mass budget is similar.
However, the larger current mass of the s-quark entails that the HB-alone contribution
is four times larger in the K than in the 7, but it is not ~15-times larger, as a simple
counting of current masses would suggest. Evidently, there is some subtlety in EHM+HB
interference effects.

This discussion summarizes what others have explained in detail [8-15], namely,
that studies of NG bosons on one hand and the nucleon and its excited states on the other
provide complementary information about the mechanisms behind EHM: NG bosons reveal
much about EHM+HB interference, whereas the other systems are directly and especially
sensitive to EHM-only effects. It follows that consistent results on the dressed-quark mass
function and, therefrom, indirectly, on the gluon mass and QCD effective coupling, obtained
from experimental studies of these complementary systems—NG bosons and the nucleon
and its excitations—will shine the brightest light on the many facets and expressions of
emergent hadron mass and structure in Nature. Such a broad approach is the best (only?)
way to properly verify the EHM paradigm.
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3. Nucleon Resonance Electrocouplings and Their Impact on the Insight into EHM

The contemporary application of CSMs provides a QCD-connected framework that
enables the development of an understanding of EHM [8-15] from the comparison of
theory predictions with experimental results on the Q2%-evolution of nucleon elastic form
factors and nucleon resonance electroexcitation amplitudes [48,67,72,75]. In this Section,
we provide an overview of experimental 7,pN* results where comparisons with CSM
predictions exist.

3.1. Extraction of Electrocouplings from Exclusive Meson Electroproduction Data

Nucleon resonance electroexcitations can be fully described in terms of three electroex-
citation amplitudes or v, pN* electrocouplings. A /,(Q?) and Az /,(Q?) describe resonance
production in the process v,p — N*, A* by transversely polarized photons of helicity +1
(—1) and target proton helicities +1/2 (¥1/2) in the center-of-mass (CM) frame, with
the resonance spin projection, directed parallel (antiparallel) to the v, momentum, equal
to1/2(—=1/2) and 3/2 (+3/2), respectively. The resonance electroexcitation amplitudes
of the other (flipped) helicities of the initial photon and target proton and the resonance
spin projections are related by parity transformations. Sy ,,(Q?) describes accordingly the
resonance electroexcitation by a longitudinal virtual photon of zero helicity and target
proton helicities +1/2, with the absolute value of the resonance spin projection equal to
1/2 [49]. Since parity is conserved in both electromagnetic and strong interactions, the
A12(Q%), A3/2(Q?%), and S;,,(Q?) electrocouplings describe all possible N* electroexci-
tation amplitudes. These electrocouplings are unambiguously determined through their
relation with the resonance electromagnetic decay widths, T’ Z; and 1"%, to the final state for
transversely and longitudinally polarized photons:

qg(,r (Qz) 2IVIN

T = M, @) = 27 =2 =i (140a(@)F + 145 p(Q)F), )
2 2

Lo — 2 _ 1r(Q)  2My 2412

LW =M, Q%) =" p- (2],+1)M,|51/Z(Q ) (4b)

with g, = g4 ]py_, the absolute value of the 7, three momentum at the resonance point,
M, and ], being the resonance mass and spin, respectively, and My the nucleon mass. W is
the sum of the energies of the 7, and target proton in their CM frame.

Alternatively, the resonance electroexcitation can be described by three transition form
factors, Gy 3(Q?) or GiEc (Q?), which represent Lorentz invariant functions in the most
general expressions for the N — N* electromagnetic transition currents. For spin 1/2
resonances, the ', (Q?) Dirac and Pauli transition form factors can also be used instead
of G13(Q?) or G;A,E,C(QZ)' The description of resonance electroexcitation in terms of the
electrocouplings and the electromagnetic transition form factors is completely equivalent,
since they are unambiguously related, as described in References [49,112].

The 7,pN* electrocouplings have been determined from data on exclusive meson
electroproduction for most relevant channels in the resonance excitation region, including
7N, n7p, and 7wt 71~ p. The extractions for KY channels are still awaiting the development
of a reaction model capable of describing electroproduction observables with accuracy
sufficient for the reliable separation of the resonant/non-resonant contributions [113,114].
The full amplitude for any exclusive electroproduction channel can be described as the
coherent sum of the N* electroexcitations in the s-channel for the virtual photon—-proton
interaction and a complex set of non-resonant mechanisms, as depicted in Figure 5. The
electrocouplings determined from all exclusive meson electroproduction channels should
be the same for a given N* state since they should be independent of their hadronic decays,
while the non-resonant amplitudes are different for each exclusive meson electroproduction
channel. Hence consistent results on the Q?-evolution of the electrocouplings extracted
from different decay channels enable evaluation of the systematic uncertainties related to
the use of the reaction models employed in the analysis.
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Figure 5. Resonant and non-resonant amplitudes contributing to exclusive meson electroproduction
channels in the resonance region.

Systematic studies of N* electroexcitation from the data became feasible only af-
ter experiments during the 6-GeV era with the CLAS detector in Hall B at JLab. This
detector has collected the dominant part of available world data on most single- and
multi-meson electroproduction channels off protons in the resonance region for Q” up to
5 GeV? [47-49,72,75]. The data are stored in the CLAS Physics Database [115,116]. For the
first time, a large body of data (=~ 150k points) on differential cross sections and polarization
asymmetries has become available with nearly complete coverage for the final state hadron
CM emission angle, which is important for the reliable extraction of electrocouplings.

Several reaction models have been developed for the extraction of electrocouplings
from independent studies of the 7N [117-126], #N [126-130], and 7t 7t~ p [67,80-83] elec-
troproduction channels off protons. Coupled-channel approaches [131-133] are making
steady progress toward determining the electrocouplings from global multichannel analy-
ses of the combined data for exclusive meson photo-, electro-, and hadroproduction. These
analyses will allow for the explicit incorporation of final state interactions between all
open channels for the strong interactions between the final state hadrons. Application
of such advanced coupled-channel approaches will also enable the restrictions imposed
on the photo-, electro-, and hadroproduction amplitudes by the general unitarity condi-
tion to be consistently taken into account. An important extension of the database on
the exclusive meson hadroproduction channels is expected from the JPARC experimental
program [134,135]. These data will be of particular importance in extending the extraction
of the electrocouplings within global multichannel analyses toward W > 1.6 GeV.

Analyses of CLAS results from the exclusive 7N, 7p, and 77 71~ p electroproduction
channels have provided the first and still only available comprehensive information on
the electrocouplings of most excited proton states in the range of W < 1.8 GeV and
Q? < 5GeV? (see Table 2). The experiments of the 6-GeV era in Halls A/C at JLab further
extended this information, providing A(1232)3/2*% and N(1535)1/2" electrocouplings for
Q% < 7GeV? [50,51].

As representative examples, the transverse A; /Z(QZ) electrocouplings versus Q? for
the N(1440)1/2" and N(1520)3/2~, obtained from independent studies of the
7N [121,123] and 7" 7t~ p [67,83] channels, are shown in Figure 6. The electrocouplings
inferred from data on the two major 7N and 71" 71~ p electroproduction channels, with
different non-resonant contributions, are consistent. This success, reproduced for all
available electrocouplings and reaction channels (see Table 2), has demonstrated the
capabilities of these reaction models, developed by the CLAS Collaboration, for the
credible extraction of the ,pN* electrocouplings from independent studies of different
electroproduction channels.
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Table 2. Summary of the results for the 7,pN* electrocouplings from the 7N, 1p, and 7~ p

electroproduction channels measured with the CLAS detector in Hall B at JLab.

Meson Electroproduction Channels

Excited Proton States

Q? Ranges for Extracted v, pN*
Electrocouplings, GeV?

np, mtn A(1232)3/27F 0.16-6
N(1440)1/2%, N(1520)3/2~ 0.30-4.16
N(1535)1/2~ 0.30-4.16
tn N(1675)5/27, N(1680)5/2™ 1.6-4.5
N(1710)1/2+
np N(1535)1/2~ 0.2-2.9
mtap N(1440)1/2%, N(1520)3/2~ 0.25-1.50
A(1600)3/2F, A(1620)1/2~ 2.0-5.0
N(1650)1/2~, N(1680)5/27,
A(1700)3/2~ 0.50-1.50
N(1720)3/2%, N'(1720)3/2+ 0.50-1.50
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Figure 6. N(1440)1/2" and N(1520)3/2" electrocouplings extracted from the 7N [121,123] and
Tt p [67,83,136,137] electroproduction channels. The photocouplings from the Review of Particle
Properties (RPP) [76] and from Reference [138] are shown by the blue squares and triangles, respectively.

Q2 (GeV?)

3.2. Insights into the Dressed-Quark Mass Function from the ~y,pN* Electrocouplings

Results on the Q2-evolution of the ,pN* electrocouplings available from experiments
performed during the 6-GeV era at JLab have already had a substantial impact on under-
standing the sQCD dynamics responsible for the saturation of the running coupling &,
N* structure, and the generation of a significant portion of hadron mass [1,28]. Analyses
of these results have revealed N* structure to emerge from a complex interplay between
the inner core of three dressed quarks and an outer meson-baryon cloud [1,28,67,139].
Successful descriptions of the data on the dominant N — A(1232)3/2" magnetic transition
form factor [50,121] and the electrocouplings of the N (1440)1/2" [75,121,123] have been
achieved using CSMs [65,66,68,69] for Q% > 1.0 GeV? and Q? > 2.0 GeV?, respectively (see
Figure 7). These Q? ranges correspond to the distance scales where contributions from the
quark core to the resonance structure come to dominate. Since the CSM evaluations account
for the contributions from only the quark core, they can only reasonably be confronted
with experimental results in the higher-Q? range, where the quark core contributions to N*
structure dominate over those from the meson-baryon cloud.

It is worth noting here that the character of this separation between the inner core
and outer cloud is detailed, e.g., in Ref.[140] (Section 4.2). It posits that all hadron quark
cores are the same, remaining practically unaffected by exterior meson—baryon dynamics.
Verification of this perspective must await an exact solution of the coupled core+cloud
many-body problem in quantum field theory. Meanwhile, the fact that it delivers agree-
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ment with form factor data on numerous ground- and excited-state hadrons (mesons and
baryons) provides strong empirical evidence in support of the position.

The sensitivity of the electroexcitation amplitudes to the momentum-dependence
of the quark mass function is dramatically illustrated by Figure 7, which deliberately
shows results obtained with M(k) = constant [65,66] and M(k) from Figure 2 [68,69]. The
M(k) = 0.36 GeV results were computed first in order to provide a “straw-man” benchmark
against which the subsequent realistic M (k) results could be contrasted. The constant-mass
results (dotted red curves in Figure 7) overestimate the data on the N — A magnetic
transition form factor for Q> > 1 GeV?. The discrepancy increases with Q?, approaching
an order of magnitude difference in the ratio at 5 GeV2. Moreover, whilst reproducing the
zero in Ay /, for the N(1440)1/2", the frozen mass result is otherwise incompatible with
the data. Plainly, therefore, the data speak against dressed quarks with a frozen mass. On
the other hand, in both cases, the transition form factors are well described by an internally
consistent CSM calculation built upon the mass function in Figure 2—see the solid blue
curves in Figure 7. These observations confirm the statements made above, viz. nucleon
resonance electroexcitation amplitudes are keenly sensitive to the form of the running
quark mass. Moreover, the agreement with the larger-Q? data clearly points to a dominance
of the dressed-quark core of the nucleon resonances in the associated domains.
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Figure 7. Description of the results for the N — A magnetic transition form factor Gy, (left) and the
electrocoupling amplitude A; / for the N — N(1440)1/27 (right) achieved using CSMs [65,66,68,69].
Results obtained with a momentum-independent (frozen) dressed-quark mass [65,66] (dotted
red curves) are compared with QCD-kindred results (solid blue curves) obtained with the
momentum-dependent quark mass function in Figure 2. The electrocoupling data were taken from
References [50,121,123]—7 N electroproduction, and References [67,83,136,137]—mt m— p electropro-
duction. The photocouplings for the N(1440)1/27 are from the RPP [76] and from Reference [138]—
blue square and triangle, respectively. The ranges of Q> where the contributions from the meson—
baryon cloud remain substantial are highlighted in gray.

It is worth stressing that the CSM results for the A(1232)3/2% and N(1440)1/ 2+
electroexcitation amplitudes were obtained using the same dressed-quark mass function,
i.e., M(k) in Figure 2: indeed, the theoretical analyses of both transitions used precisely the
same framework. The common quark mass function matches that obtained by solving the
quark gap equation in Figure 1 with a kernel built from the best available inputs for [77]: the
gluon two-point function, running coupling, and dressed gluon—quark vertex. Moreover,
the same mass function was also used in the successful description of the experimental
results on nucleon elastic electromagnetic form factors [68,79], and axial and pseudoscalar
form factors [101,141]. Such a mass function is also a key element in an ab initio treatment
of pion electromagnetic elastic and transition form factors [78,142,143].

These CSM results for meson and baryon properties, both ground and excited states,
are part of a large body of mutually consistent predictions. Their success in describing and
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explaining data relating to such a diverse array of systems provides strong evidence in
support of the position that dressed quarks, with dynamically generated running masses,
are the appropriate degrees-of-freedom for use in the description of the mass and structure
of all hadrons. This realization is one of the most important achievements of hadron physics
during the past decade, and it was only accomplished through numerous synergistic
interactions between experiment, phenomenology, and theory.

3.3. Nowvel Tests of CSM Predictions

In 2019, CSM predictions became available for the electrocouplings of the A(1600)3/27 [74].
This baryon may be interpreted in quantum field theory as a state with aspects of the char-
acter of a first radial excitation of the A(1232)3/27 [56,61], for which CSM electrocoupling
results became available earlier [68] and are discussed above.

No relevant experimental results were available when the A(1600)3/2" predictions
were made. The first (and still preliminary) results for the A(1600)3/2" electrocou-
plings only became available in the first half of 2022 [136,137,144]. They were extracted
from the analysis of 771" p electroproduction off protons measured with the CLAS
detector [145,146] for W from 1.4-2.1GeV and Q? from 2-5GeV2. Nine independent
one-fold differential cross sections were analyzed in each (W,Q?) bin. The final-state
hadron kinematics is fully determined by the five-fold differential cross sections. The
one-fold differential cross sections were obtained by integrating the five-fold differential
cross sections over different sets of four kinematic variables [82,83]. For extraction of the
electrocouplings, it was necessary to fit the data for the three invariant mass distributions
for the different pairs of final-state hadrons, the distributions of the final-state hadrons
over the CM polar angles 0; (i = nt, 7™, p ¢), and the distributions over the three CM
angles af; (1 between the two planes: one of which [i] is the reaction plane defined by
the three-momentum of the 7, and one of the final state hadrons, and the second [j] is
determined by the three-momenta of the other two final-state hadrons for the three possible
choices of the hadron pairs. Representative examples of the data measured are shown in
Figure 8 at the W-bins closest to the Breit-Wigner mass of the A(1600)3/2" and in different
bins of Q2.
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Figure 8. Regarding extraction of A(1600)3/2" electrocouplings, representative examples of the
nine independent one-fold differential cross sections available from the 71" 71~ p measurements with
CLAS [145,146] at two different Q2 values, along with the data fits within the data-driven meson—
baryon JM reaction model [75,82,83].

The N* electrocouplings on the domain W < 1.65 GeV were obtained from the fit of
the differential 71" 71~ p photo- and electroproduction cross sections carried out within the
framework of the data-driven JM meson-baryon reaction model [67,80-83]. This model has
been developed by the CLAS Collaboration for the extraction of nucleon resonance electro-
couplings and their partial hadronic decay widths to the A and pp final states. Within the
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JM model, the full 3-body 71" 71~ p electroproduction amplitude includes the contributions
from T~ ATT, pp, 1T A, 7T N(1520)3/27, and 7t N(1685)5/2F, with subsequent decays
of the unstable intermediate hadrons. It also contains direct 27t photo-/electroproduction
processes, where the final 77" 717 p state is created without the generation of unstable in-
termediate hadrons. Here the nucleon resonances contribute to the 7= AT, 7 A0, and
op channels.

Modeling of the non-resonant contributions is described in References [80-83]. For the
resonant contributions, the J]M model includes all four-star Particle Data Group (PDG) N*
states with observed decays to 717tN, as well as the new N’(1720)3/2" resonance [147,148]
observed in the combined analysis of 711 71~ p photo- and electroproduction data. The
resonant amplitudes are described within the unitarized Breit-Wigner Ansatz [83], thereby
ensuring consistency with restrictions imposed by the general unitarity condition. The
JM model offers a good description of the 71771~ p differential cross sections in the entire
kinematic area covered by the data at W < 2.1 GeV and Q? < 5GeV?2. All of the electro-
couplings extracted from the 77771~ p data (published, in part, also in the PDG) have been
determined using the JM reaction model.

In the analyses of the 7 7w~ p data [145,146], the following quantities were varied:
the 1, pN* electrocouplings for the resonances in the mass range < 1.75GeV, their partial
hadronic decay widths into the 7rA and pp final states, their total decay widths, and the
non-resonant parameters of the JM model. For each trial attempt at a data description,
x2/d.p. (d.p. = data point) was computed using the comparison between the measured
and computed nine one-fold differential cross sections. In the fits, the computed cross
sections closest to the data were selected by requiring x2/d.p. to be below a predetermined
threshold, ensuring that the spread of the selected phenomenological fit cross sections lies
within the data uncertainties for most experimental data points. Representative examples
are shown by the family of curves in Figure 8.

The electrocouplings for the computed cross sections selected from the data fits were
averaged together, and their means were treated as the experimental value. The RMS
width of the determined electrocouplings was assigned as the corresponding uncertainty.
The preliminary results of this extraction for the A(1600)3/2" [136,137,144] are shown
in Figure 9, wherein they are compared with the CSM predictions obtained three years
earlier [74]. These results were determined for overlapping W-intervals: 1.46-1.56 GeV,
1.51-1.61 GeV, and 1.56-1.66 GeV for Q? from 2-5 GeVZ. The non-resonant contributions
in these W-intervals are different. The electrocouplings determined from the independent
fits of the data within the three W-intervals are consistent, establishing their reliability
and confirming the CSM predictions. This success has markedly strengthened the body
of evidence that indicates that detailed information can be obtained on the momentum
dependence of the dressed-quark mass function from sound data on N* electroproduction
and, therefrom, deep insights into the character of EHM in the SM.
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Figure 9. Preliminary A(1600)3/2" electrocouplings with their assigned uncertainties, determined
from independent analysis of the 71771~ p differential cross sections in three overlapping W intervals:
1.46-1.56 GeV (filled blue squares), 1.51-1.61 GeV (filled red triangles), and 1.56-1.66 GeV (filled black
triangles) [136,137,144]. CSM predictions [74] are drawn as solid red curves.
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4. Studies of N* Structure in Experiments with CLAS12 and Beyond

Most results on the N* electrocouplings have been obtained for Q? < 5GeV?. Detailed
comparison of these results with the CSM predictions allows for exploration of the quark
mass function within the range of quark momenta < 0.75 GeV, assuming equal sharing of
the virtual-photon momentum transfer between the three dressed quarks in the transition
between the ground and excited nucleon states. The results on the resonance electrocou-
plings in this range of quark momentum, shown in Figure 10 (top), cover distances over
which less than 30% of hadron mass is generated [9,10].
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Figure 10. (Top) Momentum ranges accessible in the exploration of the momentum dependence of
the dressed-quark mass function using results on the Q?-evolution of 7,pN* electrocouplings. The
range of k covered by available data is mostly from experiments with CLAS, shown in yellow. The
expected reach of CLAS12 experiments is shown in purple, and that achievable after a proposed
increase of the JLab beam energy to 22 GeV in cyan. (Bottom) Yields of representative exclusive
meson electroproduction channels available from the experiments with the CLAS12 detector.

In the northern spring of 2018, after completion of the 12-GeV-upgrade project, mea-
surements with the CLAS12 detector in Hall B at JLab commenced [47,48,149]. Currently,
CLAS12 is the only facility in the world capable of exploring exclusive meson electropro-
duction in the resonance region, exploiting the highest Q? ever achieved for these processes.
Ongoing experiments with electron beam energies up to 11 GeV with CLAS12 offer a unique
opportunity to obtain information on the electrocouplings of the most prominent N* states
in the mass range up to 2.5GeV at Q% up to 10 GeV? from the exclusive 7N, KY (Y = A or
¥), K*Y, KY*, and 71~ p channels [113,114,150-152]. Q2 versus W event distributions for
these exclusive reaction channels measured with CLAS12 at a beam energy of ~11GeV are
shown in Figure 10 (bottom). The first results from the CLAS12 N* program (at lower beam
energies of 6.5/7.5 GeV) have recently been published on the beam-recoil hyperon trans-
ferred polarization in K*Y electroproduction [153]. The increase in the Q?-coverage for
results on the electrocouplings from CLAS12 will enable exploration of the dressed-quark
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mass within the range of quark momenta where roughly 50% of hadron mass is expected
to be generated (see Figure 10 (top)).

In order to solve the challenging SM problems relating to EHM, the dressed quark
mass function should be charted over the entire quark momentum range up to ~2 GeV.
This is the domain of transition from strong to perturbative QCD (see Figure 10 (top)) and
where dressed quarks and gluons become the relevant degrees-of-freedom as &/ — 1,
approaching the sQCD saturation regime (see Figure 2). This objective requires a further
extension of the electrocoupling measurements up to Q> ~ 30GeV?. Discussions and
planning are currently underway, focusing on an energy increase of the JLab accelerator to
a beam energy of 22 GeV, after the completion of the experiments planned for the 12-GeV
program. Initial simulations of 77N, KY, and 771~ p electroproduction at 22 GeV using the
existing CLAS12 detector at a luminosity up to (2 — 5) x 10%° cm~2s~! have shown that
a measurement program of 1-2 years duration would enable measurements of sufficient
statistical accuracy to determine the ,pN* electrocouplings of the most prominent N*
states over this full kinematic range.

Figure 11 shows the luminosity versus CM energy in lepton—proton collisions for
existing and foreseeable facilities capable of exploring hadron structure in measurements
with large-acceptance detectors. The luminosity requirements for the extraction of elec-
trocouplings within the Q? range 10-30 GeV? exceed by more than an order-of-magnitude
the maximum luminosity planned for experiments with the EIC [42] and EicC [45] ep
colliders and even more for other facilities. The combination of a high duty-factor JLab
electron beam at 22 GeV with the capacity to measure exclusive electroproduction reactions
at luminosities of (2 — 5) x 10%® cm2s~! using a large-acceptance detector, would make a
22 GeV JLab unique. It would be the only facility in the world able to explore the evolution
of hadron structure over essentially the full range of distances where the transition from
strong-coupling QCD to the weak-field domain is expected to occur.
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Figure 11. Luminosity versus CM energy in lepton—-proton collisions for existing and foreseeable
facilities capable of exploring hadron structure in measurements with large-acceptance detectors.

The increase of the JLab energy to 22 GeV, pushing the current CLAS12 detector
capabilities to measure exclusive electroproduction to the highest possible luminosity and
extending the available reaction models used for the extraction of the electrocouplings, will
offer the only foreseeable opportunity to explore how the dominant part of hadron mass
(up to 85%) and N* structure emerge from QCD. This would make an energy-upgraded
JLab at 22 GeV the ultimate QCD facility at the luminosity frontier.

5. Conclusions and Outlook

Baryons are the most fundamental three-body systems in Nature. If we do not understand
how QCD generates these bound states of three dressed quarks, then our understanding of
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Nature is incomplete. Remarkable progress has been achieved in recent decades through
the studies of the structure of the ground and excited nucleon states in experiments at JLab
during the 6-GeV era [1,28,47—49,72,154,155]. These experiments have provided a large array
of new opportunities for QCD-connected hadron structure theory by opening a door to the
exploration of many hitherto unseen facets of the strong interaction in the regime of large
running coupling, i.e., a5/ 7t 2 0.2, by providing the results on the v, pN* electrocouplings
for numerous N* states, with different quantum numbers and structural features.

High-quality meson electroproduction data from the 6-GeV era at JLab have enabled
the determination of the electrocouplings of most nucleon resonances in the mass range
up to 1.8 GeV for Q% < 5GeV? (up to 7.5GeV? for the A(1232)3/2F and N(1535)1/27).
Consistent results on the Q?-evolution of these electrocouplings from analyses of w+n, 7¥p,
np,and Tt p electroproduction have demonstrated the capability of the reaction models
employed to extract the electrocouplings in independent studies of all of these different
exclusive channels. Above, we have sketched how comparisons between the experimental
results on the Q2-evolution of the 7, pN* electroexcitation amplitudes and QCD-connected
theory have vastly improved our understanding of the momentum dependence of the
dressed-quark mass function, which is one of the three pillars of EHM. The remaining two
pillars are the running gluon mass and the QCD effective charge, and these entities, too,
are constrained by the electroexcitation data.

A good description of the A(1232)3/2" and N(1440)1/2" electrocouplings has been
achieved using CSMs in the full range of photon virtualities where the structure of these
excited states is principally determined by contributions from a core of three dressed
quarks. The successful description of the electrocouplings for nucleon resonances of
different structures, spin+isospin flip for the A(1232)3/2%, and the first radial excitation
of three dressed quarks for the N(1440)1/2%, was achieved with the same dressed quark
mass function. This mass function is determined with QCD dynamics, and such a running
mass has also been used in the successful description of data on elastic electromagnetic
nucleon and pion form factors, as well as for the description of the nucleon axial form factor
G4. In thereby arriving at a unification of diverse observables, one obtains compelling
evidence in support of the momentum dependence of the dressed quark mass used to
describe the results on the Q%-evolution of the electrocouplings.

This impressive hadron physics achievement in the past decade was accomplished through
synergistic efforts between experiment, phenomenology, and QCD-connected hadron struc-
ture theory. In 2019, CSMs provided parameter-free predictions for the electrocouplings of
the A(1600)3/2". There were no experimental results available at that time. The first, pre-
liminary results on the A(1600)3/2" electrocouplings extracted from the data on 77" 7~ p
electroproduction are reported herein. They have strikingly confirmed the CSM predictions.

Most results for the 7, pN* electrocouplings are currently available for Q% < 5GeV?,
allowing for the exploration of the dressed quark mass within the limited range of quark
momenta where less than 30% of hadron mass is expected to be generated. Experiments on
exclusive meson electroproduction in the resonance region are now in progress with the CLAS12
detector in Hall B at JLab, following the completion of the 12-GeV-upgrade project. CLAS12
is the only facility in the world capable of obtaining the electrocouplings of all prominent N*
states in the still unexplored Q? range from 5-10 GeV? from measurements of 77N, n7p, T+~ p,
and KY electroproduction. These data will probe the dressed-quark mass function at quark
momenta up to ~1.1 GeV, a domain where up to 50% of hadron mass is generated.

In order to solve the problem of EHM, a key challenge within the SM, the dressed-
quark mass function should be mapped over the entire range of quark momenta up to
~2 GeV, where the transition from strong to perturbative QCD takes place and where gluon
and quark quasiparticles with dynamically generated running masses emerge as & /7t — 1.
This requires an extension of existing and anticipated data so that it covers the Q?-domain
from 10-30 GeV?. Explorations of the possibility to increase the JLab beam energy to
22 GeV are now in progress. Such a machine would enable coverage over the desired Q?
range within the region of W < 2.5 GeV. Simulations with the existing CLAS12 detector
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configuration for the exclusive 77N, KY, and 7t 7t~ p electroproduction channels at 22 GeV
beam energy and a luminosity of (2 — 5) x 10% cm~2s~! show that, with beam-times of
1-2 years, differential cross section and polarization asymmetry measurements of sufficient
statistical precision can be achieved to extract electrocouplings of all prominent resonances
up to 30 GeV2. Both the EIC and EicC ep colliders would need much higher and foreseeably
unreachable luminosities than currently envisaged in order to carry out such a program.
The combination of a high duty-factor 22 GeV JLab electron beam and the capability to
measure exclusive electroproduction events at high luminosities with a large-acceptance
detector would make JLab the ultimate QCD facility at the luminosity frontier. It would be
unique in possessing the capacity to explore the evolution of hadron mass and structure
over the full range of distances where the transition from sQCD to pQCD is expected.

Drawing a detailed map of proton structure is important because the proton is Nature’s
only absolutely stable bound state. However, understanding how QCD'’s simplicity explains
the emergence of hadron mass and structure requires investment in a facility that can deliver
precision data on much more than one of Nature’s hadrons. An energy-upgraded JLab
complex is the only envisaged facility that could enable scientists to produce a sufficient
quantity of precise structure data on a wide range of hadrons with distinctly different quantum
numbers and thereby move into a new realm of understanding. There is elegance in simplicity
and beauty in diversity. If QCD possesses both, then it presents a very plausible archetype for
taking science beyond the Standard Model. In that case, nuclear physics at JLab 20+ has the
potential to deliver an answer that takes science far beyond its current boundaries.
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Abbreviations

The following abbreviations are used in this manuscript:

M center-of-mass

CSM continuum Schwinger function method

DCSB dynamical chiral symmetry breaking

d.p. data point

EHM emergence of hadron mass

EIC Electron-Ton Collider (at Brookhaven National Laboratory)
EicC Electron-ion collider China

HB Higgs boson

JLab Thomas Jefferson National Accelerator Facility (Jefferson Laboratory)
™M JLab-Moscow State University

1QCD lattice-regularized quantum chromodynamics

NG (mode/boson) Nambu-Goldstone (mode/boson)

PDFs Particle Distribution Functions

PDG Particle Data Group (and associated publications)

pQCD perturbative QCD

QCD quantum chromodynamics

RMS root mean square

RPP Review of Particle Properties (and associated publications)
sQCD strong QCD

SM Standard Model of particle physics
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Abstract: The hadronization of a high-energy parton is described by fragmentation functions which
are introduced through QCD factorizations. While the hadronization mechanism per se remains
uknown, fragmentation functions can still be investigated qualitatively and quantitatively. The
qualitative study mainly concentrates on extracting genuine features based on the operator definition
in quantum field theory. The quantitative research focuses on describing a variety of experimental
data employing the fragmentation function given by the parameterizations or model calculations.
With the foundation of the transverse-momentum-dependent factorization, the QCD evolution of
leading twist transverse-momentum-dependent fragmentation functions has also been established.
In addition, the universality of fragmentation functions has been proven, albeit model-dependently,
so that it is possible to perform a global analysis of experimental data in different high-energy
reactions. The collective efforts may eventually reveal important information hidden in the shadow of
nonperturbative physics. This review covers the following topics: transverse-momentum-dependent
factorization and the corresponding QCD evolution, spin-dependent fragmentation functions at
leading and higher twists, several experimental measurements and corresponding phenomenological
studies, and some model calculations.

Keywords: fragmentation function; transverse-momentum-dependent factorization; QCD evolution;
spin-related effects

1. Introduction

Quantum chromodynamics (QCD) [1] is known as the fundamental theory of strong
interaction in the framework of Yang-Mills gauge field theory [2]. As a key property of QCD,
the color confinement prohibits direct detection of quarks and gluons, the fundamental
degrees of freedom, with any modern detectors. The emergence of color neutral hadrons
from colored quarks and gluons is still an unresolved problem and has received particular
interest in recent years [3]. With the progress of QCD into the precision era, unraveling the
hadronization mechanism in the high-energy scattering processes has become one of the
most active frontiers in nuclear and particle physics.

Due to the nonperturbative nature of QCD, it is still challenging to directly calculate
the hadronization process from first principles. Similar to the parton distribution functions
(PDFs) [4,5], which were originally defined as the probability density of finding a parton
inside the parent hadron, the concept of fragmentation functions (FFs) was introduced by
Berman, Bjorken, and Kogut [6] right after the parton model to describe the emergence of a
system of the hadron from a high-energy parton isolated in the phase space. An alternative
name, the parton decay function, has also frequently been used in early literature.

The modern concept of FFs in QCD was first introduced to describe the inclusive
production of a desired hadron in the eTe™ annihilation [7,8], which is still the cleanest
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reaction currently available to investigate the fragmentation process. Within the QCD-
improved parton model, the FF has its foundation in the factorization theorem [9,10], in
which the differential cross section is approximated as a convolution of short-distance
hard scattering and long-distance matrix elements with corrections formally suppressed
by inverse powers of a hard scale, e.g., the center-of-mass (c.m.) energy Q = /s in the
eTe™ annihilation. The predictive power of this theoretical framework relies on the control
of the hard probe, which can be achieved by our ability to calculate the partonic cross
section order by order in the perturbation theory, and the universality of the long-distance
functions, such as the FFs, to be tested in multiple high-energy scattering processes.

For a single-scale process, e.g., e"e™ — hX, where h represents the identified hadron
in the final state and X denotes the undetected particles, the process is not sensitive to the
confined motion of quarks and gluons in the hadronization process, and one can apply the
colinear factorization with the emergence of the detected hadron described by a colinear
FF D¢_,;(z), where the subscript f stands for the parton flavor and z is the longitudinal
momentum fraction carried by the hadron /1 with respect to the fragmenting parton. If two
hadrons are identified in a process, e.g., e"e™ — hahpX, where h4 and hp are detected
hadrons in the final state, the reaction becomes a double-scale problem with one scale
Q given by the hard probe and the other scale provided by the transverse momentum
imbalance, |pa, + pp1|- When the second scale is much smaller than Q, i.e., the two
hadrons are nearly back to back, one needs to use the transverse-momentum-dependent
(TMD) factorization. The emergence of each of the hadrons is described by a TMD FF
Dy (2, k1), where k, is the transverse momentum of the fragmenting parton with respect
to the observed hadron [8,11]. When the two scales are compatible, the reaction effectively
becomes a single-scale process, and one can again use the colinear factorization. The
matching between the two regions has been developed. The TMD FFs defined in the
eTe™ annihilation also play an important role in the study of nucleon three-dimensional
structures via the semi-inclusive deep inelastic scattering (SIDIS) process [12]. Instead of
identifying two hadrons in a reaction, one can also access TMD FFs in the single-hadron
production process by reconstructing the thrust axis, which provides the sensitivity to the
transverse momentum of the observed hadron, as proposed in recent years [13-16].

Taking the parton spin degree of freedom into account, one can define polarized or
spin-dependent TMD FFs. They essentially reflect the correlation between parton transverse
momentum and its spin during the hadronization process and result in rich phenomena
in high-energy scattering processes. For example, the Collins fragmentation function
Hi-(z,k, ) [17], naively interpreted as the probability density of a transversely polarized
quark fragmenting into an unpolarized hadron, can lead to a single spin asymmetry (SSA)
in the SIDIS process with a transversely polarized target [18]. This asymmetry is a key
observable for the determination of the quark transversity distribution, the net density
of a transversely polarized quark in a transversely polarized nucleon. It also leads to
azimuthal asymmetries in e™e~ annihilation as measured by Belle, BaBar, and BESIIL. The
progress of experimental techniques to determine the spin state of produced hyperons,
such as A and (), and vector mesons, such as p and K*, offer us the opportunity to extract
additional information from FFs. This is far beyond a trivial extension since the spin has
been proven to be a powerful quantity to test theories and models, especially in hadron
physics. The recent measurement of the spontaneous polarization of A from unpolarized
e'e” annihilation is such an instance [19]. This observation can be explained by a naively
time-reversal odd (T-odd) TMD FF DliT(z, k1) and has received interests from various
groups [15,20-32].

In addition to the leading-twist FFs, which usually have probability interpretations,
the high-twist FFs have been found o be much more important than expected in recent years
for understanding precise experimental data [33-66]. Although the colinear factorization at
subleading power was demonstrated some time ago, the TMD factorization beyond the
leading power is still under exploration, and some approaches have been proposed [67-75].
Although high-twist contributions are formally power suppressed, their contributions to the
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cross section might not be negligible and may have significant effects in certain kinematics
or observables. The inclusion of high-twist FFs will also modify the evolution equation and
consequently affect the leading-twist FFs. The TMD factorization at subleading power was
recently explored with different approaches. Overall, many efforts, both theoretical and
experimental, are still required to understand the hadronization process and the upcoming
data from future electron-ion colliders.

The remainder of this review is organized as follows. In Section 2 we use ete™ — hhpX
as an example to present the flow of deriving the TMD factorization and the QCD evo-
lution equation of TMD FFs. In Section 3, we present the FFs up to the twist-4 level for
spin-0, -1/2, and 1 hadron productions. In Section 4, we summarize the experimental
measurements towards understanding the spin-dependent FFs. In Section 5, we briefly lay
out some model calculations. A summary is given in Section 6.

2. Factorization and Evolution

The modern concept of FFs has established on the QCD factorization theorems, which
can be derived either from calculating traditional Feynman diagrams in perturbative field
theory [10,11,76-81] or in effective theories [82-86]. In the former approach, one first
identifies a collection of Feynman diagrams that offers the leading contribution through
the Libby—Sterman analysis [87,88]. In this method, the leading contribution is represented
by the reduced diagrams.

Taking eTe™ — hahpX process with 4, hg traveling along almost back-to-back direc-
tions as an example [11], the leading regions are presented in Figure 1. The cross section
is the product of various ingredients, such as the hard part H, the soft part S, and the
colinear parts [4, Jg. We work in the light-cone coordinate, so that a four momentum
p can be written as follows: p# = (p*,p~, p. ) with p* = %ﬁ(po + p3). In the kinematic
region where TMD factorization applies, the transverse momentum is considerably small
compared with that along the longitudinal direction. Therefore, the momenta of the almost
back-to-back hadrons A and B scale as p4 ~ Q(1,A,vA) and pg ~ Q(A,1,V/A), where Q
is the large momentum scale and A < 1 is a small parameter. The hard part H computes
the cross section of interaction among hard partons whose momenta scale as Q(1,1,1)
in perturbative field theory. The contribution from colinear partons whose momenta are
colinear with the final state hadrons A and B are evaluated in the colinear function 4 ,p.
This process results in the gauge invariant bare FFs. The soft part calculates the contri-
bution from soft gluons whose momenta typically take the form of Q(A, A, A). They will
be absorbed into the definition of TMD FFs eventually and convert the bare FFs into the
renormalized ones.

Figure 1. Leading regions for ete™ — hphpX.
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The interactions between different parts can be eliminated via applying appropriate
kinematic approximations and the Ward identity. Finally, the cross section is given by a
convolution of those well-separated parts, and we arrive at the factorization theorem of
this process.

Depending on the physics of interest, we may derive either colinear factorization or
transverse-momentum-dependent (TMD) factorization theorems. For the differential cross
section of e"e™ — hhpX as a function of the relative transverse momentum between /4
and hp, the TMD factorization theorem applies.

In the single-photon-exchange approximation, the differential cross section of this
process can be written as the production of a leptonic tensor and a hadronic tensor.
It reads as follows [43]:

do - 27tN.a?
dydzadzpd®P,, Q4

LW, (1)

where, « is the coupling constant, N = 3 is the color factor, Q is the center-of-mass energy
of the colliding leptons, y = (1 + cos 0) /2 with 6 the angle between incoming electron and
the outgoing hadron /14, z4 and zp are light-cone momentum fractions of 114 and hp, and
P, is the transverse momentum of /14 with respect to the direction of the 1 momentum.
For the unpolarized lepton beams, the leptonic tensor Ly, is given by the following:

Lyy = hiyloy + lloy — guvlt - 12, ()

with 1 and I, being the momenta of colliding leptons. The hadronic tensor W, contains
nonperturbative quantities and is laid out as follows:

Wi =) ‘Hf(Q/V)ZVW/dzkALdszL‘S(z)(kAL +kpi —q1)
f

X [D}f;‘ (ZAIPAL?Vng)DTqB (zB, PBL: M. CB) + .. l/ 3

where g, = —P4, /z4,and H f(Q, i) is the hard scattering factor that can be evaluated in

the perturbative QCD. Here, Df;’ (za,paL; i, Ca) is the TMD FF with p4 | the transverse
momentum of hadron with respect to the fragmenting quark direction, y is a renormal-
ization scale, and (4 is a variable to regularize the rapidity divergence. Notice that k; | is
the relative transverse momentum of the fragmenting parton with respect to the hadron
momentum. Therefore, we have p; | by p; | = —z;k; , . Please also notice the difference
between P4, and p, . The three-dot symbol stands for various spin-dependent terms
which are not explicitly shown.

It is more convenient to perform the TMD evolution in the coordinate space than in
the momentum space. Therefore, we need the Fourier transform,

1 7 ilprp, =
Dly(zpiind) = 5 [ EpuetrriDl(z,brin, ), @

to translate the TMD FF into coordinate space one. The hadronic tensor then becomes
the following:

b Tk ~
Wi =3 |H(Q 1 [ e [P Gabr i C) DY e b )+ ] ©)
; .

The TMD FF in the coordinate space is defined as the product of transition matrix
elements between the vacuum and the hadronic final states.
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Before presenting the final definition for the TMD FF in the coordinate space, we first
show the unsubtracted version, which appears in the LO calculation. For the production of
hadron A, it reads as follows:

~ /14, unsub . o _ L 1 dx” ikt x~ + 0.
D™ by, ) = gy o2 1 [ St 0l LG oo, mp)

< g (3, X) e, X[y (= 5) (=53 4+00,15)"10), (6)

where the position vector x = (0, x~, br) contains only minus and transverse components,

+12
Yps = %ln Zizié) is the rapidity of hadron A, Trc is a trace in the color space, and Trp
A

is a trace in the Dirac space. The direction of the Wilson lines in the FF of hadron A is
specified by the direction of hadron B which is denoted as 1 and vice versa. Notice that the
rapidity parameters 4 — +oo and yg — —oo are introduce, so that n4 = (1, —e~2/4,07)
and ng = (_e2y3 ,1,07) are slightly space-like. Please also notice the difference between
Yp, and y 4. The Wilson line starting from the position x is defined as follows:

; +oo « a
L(x; 400, m) gy = P{eﬂgo Jo'T dAn-A% (x+An)t } . @)
ab
with a and b being the color indices, and gy and A?o) the bare coupling and the bare
gluon field.
Taking the y4 — +oco and yg — —co limit and absorbing the soft factors into the
unsubtracted TMD FF, we arrive at the final definition of the TMD FF:

~h ~ha, b
DA (2, b1 1, 04) = DA™ (2, br;yp, — ()

S(0)(bT; 00,
= (O)( T ~°° yn) X ZpZo, (8)
S(0) (bT; +00, —=00)S ) (b1; Y, —00)
2
where y, is an arbitrary rapidity introduced to separate {4 = TTAeNym*y”) from
A

2 -
(g = ':—ZBEZW " 7%’8), and Zp, Z, are renormalization factors. The bare soft factor 5(0) is

B
defined as the expectation values of Wilson lines on the vacuum, reading as follows:

- 1 b b
S(0)(br;ya,yB) :E<0|E(TT?+°°/”B)L£(*T;+°°/ nA)ad

2
br br +
X E(—7;+°°,”B)bcﬂ(_7;+°°/nA)db‘0>‘ ©)

2.1. Evolution Equations for TMD FFs

To regularize the ultraviolet (UV) and rapidity divergences, the energy scale y and
/T are introduced. As a consequence, the TMD FFs differ at different energy scales. The
evolution effects are important for phenomenological studies. The QCD evolution for TMD
FFs with respect to ¢ is controlled by the Collins-Soper (CS) equation [10,11], which is
given as follows:

9In DY, (z,br;11,0)
dln\/T

with K(br; ) being the CS evolution kernel. The scale dependence of the evolution kernel
is governed by

=K(br; ), (10)

dK(bT,' ]4)

dinp —vx(1), 11)
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where vk (1) is the anomalous dimension. It is given by yx(y) = %IXS (u) with Cp =4/3
being the color factor and a; being the running coupling at the LO accuracy [12].
The i dependence of the TMD FF is then given by
dInDf, (z,b1; 1,¢)
dlnp

¢

=7p(p

where p is another anomalous dimension. At the LO accuracy [12], it is given as follows:
1o /1) = (W) F G ~In ).

The TMD FF defined by Equation (8) is actually calculable in the colinear factorization
approach in the small-br regime. However, at the large br region, the discrepancy of
these two approaches grows in terms of Agcpbr. This region is usually referred to as
the nonperturbative regime since a large coordinate corresponds to a small energy scale.
The perturbative treatment of the QCD evolution in this region is no longer reliable. To
have a consistent formula, the b.-prescription is usually adopted in phenomenology. By
introducing b, = br|/+/1+ b% / b?nax and py, = 2e~"E /b, we can separate the perturbative
part from the nonperturbative part in the QCD evolution. Here, yf is the Euler constant,
and bmax is an infrared cutoff which is properly chosen to guarantee that y;, > Aqcp.
Employing the b, prescription, the QCD evolution is always performed in the realm of
the perturbative QCD. Therefore, this approach underestimates the contribution from the
nonperturbative regime. This part of the contribution can be reintegrated into the final
prescription by the introduction of a nonperturbative factor.

Ultimately, we arrive at [12]

DYy (z,br;1,8) = Diy(2,b%; pio = pu, o = p13)
Vi /’* ', ¢ }
In —K(b; — ;=
XeXP{ " (bsi up) + W (1 y/z)

X exp { ~Suplz, |bﬂ,§>}, 13

where the last line is the nonperturbative function that returns the nonperturbative effect
that has been deliberately removed from the QCD evolution in the b,-prescription. There is
no theoretical approach that can evaluate this nonperturbative function other than the one
that extracts it from experimental data [89-98]. Notice that [99] present a different method
to address the nonperturbative physics. Here, D{lq(z, bT; o = mp, Go = ]A%) is the FF at the
initial scale. In the phenomenology, it is usually chosen to coincide with the colinear FF
D]fq(z, 1) with the factorization scale specified by p1 ¢ = pp.

Similar to the PDF case, QCD evolution tends to broaden the k7 distribution width at
higher energy scales. Both unpolarized and spin-dependent FFs show such a behavior [100].

2.2. TMD Factorization at the Higher Twist

In a semi-inclusive process, normally we can find two energy scales: the typical transverse
momentum q,; and the hardest energy scale Q. In the region of Q > q, > Agcp, the TMD
factorization framework at the leading twist usually works very well. When g, ~ Q > Aqcp,
we should fall back to the colinear factorization. However, in between, there is still a large phase
space where g is smaller than Q but not much smaller. This is the kinematic region where
both the TMD factorization and the colinear factorization can approximately apply. However,
the prediction from the TMD factorization deviates from the experimental measurements
when g, /Q becomes not very small, calling for the inclusion of higher twist corrections. The
higher twist corrections are also usually referred to as power corrections since they provide
contributions in terms of (g, /Q)". In addition, twist-3 contributions usually introduce new
asymmetries that do not appear at the leading twist level. A comprehensive study on the
higher twist contributions is thus vital in phenomenology. Contributions from higher twist
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TMD PDFs and FFs were studied some time ago [42], but few advances have been made in
the systematic derivations of the TMD factorization formula at the higher twist gain. Various
theoretical methods have been applied to derive the TMD factorization scheme at the twist-3
level, such as the TMD operator expansion technique [67-69], the soft-colinear effective theory
approach [70], factorization from functional integral [71-74], and a very recent work from [75],
etc. The TMD factorization at the higher twist level is far from being completed, which requires
further theoretical efforts.

3. Spin-Dependent TMD FFs

In semi-inclusive reactions, the experimental observables are usually different az-
imuthal asymmetries. In the kinematic region of TMD factorization, they are directly linked
to TMD PDFs or FFs. The transverse momenta of partons and hadrons are often entangled
with their polarizations. As a consequence, there are abundant polarization-dependent
azimuthal asymmetries that can be measured in the experiment. This is particularly true for
the transverse polarization. It is thought to provide only subleading power contributions
compared to the longitudinal polarization at high energy; however, it often generates
leading power contributions when correlated with the transverse momenta. In this section,
we summarize the definition of the spin-dependent TMD FFs for hadrons with different
spins. The following discussion only applies at the LO level since the TMD factorization
for higher twist contributions is still far from being concluded. Therefore, we remove the
scale dependence from TMD FFs.

3.1. The Intuitive Definition of TMD FFs

FFs represent the momentum distribution of a hadron inside of a hadronic jet produced
by the fragmenting high-energy parton. We use D7~" (k; p) to denote the probability density
of producing a hadron & with momentum p from a quark with momentum k.

In the high-energy limit, we can safely neglect the quark and hadron mass. Therefore,
we have k? = p? = 0. In the naive parton model picture, the hadrons move colinearly with
the parent quark. We thus have p = zk where p is the hadron momentum, k is the quark
momentum, and z is the momentum fraction. In this case, the FF is only a scalar function
of z. We have

DI (k; p) = DI " (2), (14)

where Diﬁh(z) is simply the unpolarized FF.

With the spin degree of freedom being taken into account, the FFs will also depend
on additional parameters which characterize the polarization of the final state hadron or
the fragmenting quark. For example, for the production of spin-1/2 hadrons, we need
to introduce A5 and A to describe the helicities and introduce 57, and St to describe the
transverse polarizations of the quark and the hadron. With more available parameters, we
can construct two additional scalar structures, AgAj, and Sty - Sr, according to the parity
conservation. Therefore, the complete decomposition of the FF is given by

DIVt (K, Sy;p, S) = DI (2) + AAGT " (2) + 57y - SHIT " (2), (15)

where Gy (z) and Hyr(z) are the longitudinal and transverse spin transfers from the quark
to the hadron, respectively. The physical interpretations of these probability densities
coincide with those of the leading twist FFs in the colinear factorization approach.

In some cases, the transverse momentum of the final state hadron with respect to the
quark momentum becomes relevant to the observable of interest. The interplay between the
transverse momentum p and the polarization parameters induces considerably intriguing
phenomena. Again, we use the spin-1/2 hadron production as an example. From the
parton model, we obtain the following eight TMD probability densities:

31



Particles 2023, 6

D(k,Sq;p,S) =Di1(z,p1) + AgAGiL(z,p1) +§Tq -StHir(z,p1)

—

15 £ ~
+M5T - (kx pL)Diz(z pL) + M)Lq( B1)Gir(zp1)

1. A 1.,
81 (kx p)H{ (z,p1) + M/\(STq “PL)Hii(zp1)

4o By 1) (5 FL)Hi (2 p). 16)
Here, we have dropped the g — h superscript for simplicity. These TMD FFs cor-
respond to the eight leading twist TMD FFs defined in the TMD factorization approach.
Among them, we notice in particular the famous Collins function Hj & [17] and the Sivers-
type FF Dj [101,102]. They are usually referred to as the nalve-T-odd FFs. In neglecting
the mterachon among the final state hadrons and the gauge link (which will be explained
below), the time-reversal invariance demands that these two functions disappear. How-
ever, the time-reversal operation converts the “out” state to the “in” state. The interaction
among hadrons suggests that one cannot find a simple relation between the “in” and “out”
states any longer. Therefore, the time-reversal invariance actually poses no constraints
on FFs. This feature can be fully appreciated in the context of parton correlators in the
next subsection. Furthermore, we use H to denote FFs accompanied with the transverse
polarization of the fragmenting quark st;. They are chiral-odd FFs. The reason for this will
also be explained later.

3.2. The Definition of TMD FFs from the Parton Correlators

In the language of quantum field theory, the quark FFs are defined via the decom-
position of parton correlators, such as the quark—quark correlator and the quark-gluon
correlator. Usually, we need to define the gauge-invariant quark—quark correlators in the
very beginning. From [8,42,43,50,64], we have the following:

20 (kp,5) = 5= X [ e 0124 0:09)pi(0)|p, 5 X) (p, 5 XIFH QL@ 9) 0, (17)
X

where ¢ is the coordinate of the quark field, k and p denote the 4-momenta of the fragment-
ing quark and the produced hadron, respectively; S denotes the hadron spin; and £(¢&; o0)
is the gauge link that ensures the gauge invariance of the definition of the correlator. We
use i and j to represent one component of the corresponding spinor. Therefore, EEJQ) (kp,S)

is actually one element in a 4 x 4 matrix which is denoted by 2 (k; p, S).
As for the TMD FFs, we can integrate the above master correlator over the k= compo-
nent and obtain the following TMD quark—quark correlator:

&0 (zkp,9) E/p e P2 i /LT

% (01T (0;00)4;(0)[p, S; X) (p, S; X[(2)L(E;00)[0),  (18)

where z = rfr /kT is the longitudinal momentum fraction of the hadron, and k is the
transverse momentum of the fragmenting quark with respect to the hadron momentum.
Unlike the discussion in the previous sections, it is more convenient to express the parton
correlators as a function of k| instead of p | . Nonetheless, since we have the approximation
k| = —p. /z, these two methods are equivalent.

Although the TMD quark—quark correlator is a nonperturbative object, we can still
discuss some general features from the definition. For instance, it possesses hermiticity,
parity invariance, and charge-conjugation symmetry. As will be shown below, these
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properties will constrain the structures of the correlator. However, unlike the case for PDFs,
the time-reversal invariance does not mean much for FFs.

Furthermore, the quark—quark correlator is a 4 x 4 matrix in the Dirac space. Therefore,
it can always be decomposed in terms of 16 I'-matrices, i.e.,

2O (z,k;p,8) =20 (z,k.;p,5) +iv520 (2, k15 p,S) + 12 (2, k13 p, S)

+ 57" EX (2,k 5, S) + iaaﬁ'YSEgc(]ﬁ) (zki;p,S). (19)
The coefficient functions Z(%), £(0), 5,&”, EEP’ and Eio) are given by the trace of the corre-
sponding I'-matrix with the correlator. These coefficient functions can further be decom-
posed into the products of scalar functions with basic Lorentz covariants according to their
Lorentz transformation properties. The basic Lorentz covariants are constructed in terms
of the available kinematic variables used in the reaction process. The scalar functions are
the corresponding TMD FFs. We will present the detailed decomposition in the following
subsections. Notice that the TMD quark—quark correlator given by Equation (18) satisfies
the constraints of hermiticity and parity conservation. This will limit the allowed Lorentz
structures of the parton correlator.

Higher twist TMD FFs also receive contributions from quark—gluon
correlators [42,43,50,64] in addition to the quark—quark correlator mentioned above. For
example, the complete decomposition of twist-3 TMD FFs also involves contributions from
the following correlator:

4x
= [ SRR 0:00) Dy 0)i(0) . X) S XIFH(E) £ 0) 0, (20)
X

where D, (y) = —id, + gA,(y) and A, (y) denote the gluon field. However, the twist-3
TMD FFs defined via these quark-gluon correlators are not independent from those defined
via the quark-quark correlator [64,65]. They are related to each other by a set of equations
derived using the QCD equation of motion 7y - D(y)¢(y) = 0. Therefore, we will only
show the explicit decomposition of the TMD FFs from the quark—-quark correlator in the
following subsections.

3.3. The Spin Dependence

With the spin degree of freedom being taken into account, the basic Lorentz covariants
in the decompositions of the coefficient functions in Equation (19) depend on not only
momenta but also parameters describing the hadron polarization. The hadron polarization
is defined in the rest frame of the hadron and is described by the spin density matrix.

For spin-1/2 hadrons, the spin density matrix is given by

p:%<1+§~77>, @1)

where @ is the Pauli matrix, and § is the polarization vector in the rest frame of the hadron.
The covariant form of the polarization vector reads as follows:

N
S = Apﬁﬁ" +sh - Az%nﬂ. 22)

Here, M is the hadron mass, A is the helicity, and S; is the transverse polarization
vector of the hadron. We have employed i to represent the light-cone plus direction and
n* to denote the minus direction. For spin-1/2 hadrons, an additional pseudo-scalar A and
an axial-vector S’} are at our disposal for constructing the basic Lorentz tensors.
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For spin-1 hadrons, such as the vector mesons, the polarization is described by a
3 x 3 density matrix, which is usually given as [47]

1 . L
o= 5(1 + %S’Z’ +3T7%Y). (23)

Here, ¥/ is the spin operator of spin-1 particle. The rank-2 tensor polarization basis X/
is defined by

1 T, N
T/ = 5 (2 + 2x) - S167 (24)

where the second term subtracts the diagonal elements from the product in the first term to
give the relation

T4 EW 4 ¥ =0. (25)

This can be easily seen from the square of the spin-1 operator, i.e., ¥* = Z¥2% +
Y3V 4 ¥75%F = s(s + 1)1 with s = 1 for spin-1. From Equation (23), we find that a
polarization tensor T is required to fully describe the polarization of a vector meson
besides the polarization vector S. The polarization vector S is similar to that of spin-1/2
hadrons. It takes the same covariant form as laid out in Equation (22). The polarization
tensor T = Tr(pX!/) has five independent components that consist of a Lorentz scalar
S11., a Lorentz vector SzT = (0, Sir S{T, 0) and a Lorentz tensor S;VT that has two nonzero

independent components (S7} = _SyTyT and S;yT = SyTXT) It is parameterized as follows:
—3SLL+ S¥; ST Str
=1 ST 251, —S® S) 26
) TT 3 LLy_ (LN (26)
Str St 3511

The Lorentz covariant form for the polarization tensor is expressed as [47]

+42 +
™ = % [%SLL (pﬁ) 't + %”{”SZ}T - §5LL(ﬁ{”n”} ~ )
M _ 1 M2
+ St — 2,7;1“‘% 351 (,,T) ”””V]' @)

where we have used the shorthand notation AU/Bv} = AFBY 4 AVBF.
For spin-3/2 hadrons, such as the decuplet baryons, the polarization is described by a
4 x 4 density matrix which is given by [103,104]

1 4 . . 2 . 8 o
= (14 28 + STV + CRIFSIK). 28
P=7 ( + ST+ 3 +3 (28)
Here, X/ is the spin operator of the spin-3/2 particle, and Si is the corresponding
polarization vector. Similar with that for spin-1 case, (£") is the polarization tensor basis
which has five independent components. It can be constructed from X' and is given by

1 . 5 ..
[ — iy jyi) _ 2 sij
) 2(22 +>:2> 207, (29)

Notice that the square of the spin-3/2 operator is given by Y;(2/)2 = 3(3 + 1)1 = 1.
The rank-2 tensor polarization basis for spin-3/2, ¥, is also chosen to be traceless as laid
out by Equation (25). Therefore, the second term in Equation (29) is different from that
in Equation (24) for spin-1 hadrons. The corresponding polarization tensor T¥ also has
five independent components which are the same as those for spin-1 hadrons. The rank-3
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RHVP —

tensor polarization basis /¥ is unique for spin-3/2 hadrons. It has seven independent

components which can be constructed as follows:

1 41 / .. o o
ijk _ s {iyiyk} _ =2 (sijyk jkyi ki j
zit = 2xliv/y 60(52+52+5 z)
1 /ciiok i ki & [ ik ki ko
== ] JiyL i) T (51 jksi i
3(zz+zz+z 2) 15(52+52+5 ZJ), (30)

where the symbol {- - - } stands for the sum of all possible permutations. The corresponding
rank-3 spin tensor R7¥ is defined as follows:

=38+ SE —Slup+ ST —28uy + Sir
_SLLT + STTT _S{LTW_ S?’(rxT SLTT
=251 + Sirr SLTT 45711
Y yxx xy
l]k 1 7S£C‘LT + S)T(‘EXT 7SiyLT - SJ’I(ﬁ; SLTT XX
RV = 1 _SLLTXV_ Strr  —3Spir — SrTT _25LLLy_ Strr ’ ©1)
StrT —2511r = Sirr 45711
*ZSLLI)E;V SITT Sirr 45;]1
XX
Strr _25LLLy_ Sitr 4Siir
L 45711 4577 4511 i

Meanwhile, the Lorentz covariant form is given as follows:

3
SLLL [; <%> AMAVAEe — %(%) (ﬁ{yﬁvnp} — ﬁ{Vg‘]’ﬁ})

P-ii / P\’

SN (et — gty — g Y e
+<M><nnn ngT>4<M>nnn}

1/ M\ ¢, p-i\? ) 1 }
s\ > n{Vn”SﬁT-l-Z(iM > n{l‘nl/si}LT—zn{F‘n"Si}LT-&-ESE’iTg;p
1
4

M\ _(yepy 1(P-i
o s =3 (S ottt st @

3.4. Decomposition Result for Spin-Dependent TMD FFs

The results for TMD FFs of spin-1 hadrons defined via quark—quark correlator exist
up to twist-4 level in the literature [65]. The leading twist TMD FFs for spin-3/2 hadrons
have also been presented in [104]. In this section, we summarize the general decomposition
of the quark—quark correlator in terms of TMD FFs for the unpolarized part, polarization-
vector-dependent part, rank-2-polarization-tensor-dependent part, and rank-3-polarization-
tensor-dependent parts. To describe the production of pseudoscalar mesons, we only need
the unpolarized part. To describe the production of baryons, we need to combine the
unpolarized and the polarization-vector-dependent parts. The description of the spin-3/2
hadron production requires all four parts. However, it should be noted that different
conventions are employed in different works.

The notation system for TMD FFs in this review are laid out here. We use D, G, and H
to denote FFs of unpolarized, longitudinally polarized, and transversely polarized quarks,
respectively. They are obtained from the decomposition of the <y, 57, and 50y, terms
of the quark—quark correlator. Those FFs defined from the decomposition of the 1 and 75
terms are denoted as E. We use the numbers 1 and 3 in the subscripts to denote the leading
twist and twist-4 FFs, respectively. Other FFs without numbers in the subscripts are at the
twist-3 level. The polarization of the produced hadron will be specified in the subscripts,
where L and T represent longitudinal and transverse polarizations, and LL, LT, and TT
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stand for the rank-2-tensor polarizations. The symbol _L in the superscript implies that the
corresponding basic Lorentz structure depends on the transverse momentum k| .
The decomposition for the unpolarized part is given by the following;:

28Y0) 2,k ; p) = ME(z,k,), (33)

2840 (7 k ;p) =0, (34)
=U(0) +7 1 M?

2By (z,k1;p) = pTieD1(z, k1) + ki oD (z,kJ_)erjnaDg(z,kL), (35)

(Z,kj_), (36)

280 (z,ki;p) = ki,
M
z:k“ Nz kip) = pﬁﬁ[ ki gHi (2 kL) + MepoH(z k) — ol ki gHs (2 kL) (37)

Here, k|, =¢ J_Wki denotes the transverse vector orthogonal to k 1, with €, being
defined ase,, =¢ W,xﬂﬁ"‘nﬁ. There are eight TMD FFs for the unpolarized part. Among
them, the number density D; and the Collins function Hi- are at the leading twist. They
both have twist-4 companions i.e., D3 and Hy, respectively. The other four are twist-3
FFs. The TMD FFs DfT,GL, Hll, H, and H3L are usually referred to as the naive T-odd FFs.
The reader may have already discerned that the T-odd FFs are always associated with the
Levi-Civita tensor, ;4. It should be noted that T-odd PDFs can only survive thanks to
the gauge link. However, for the FFs, the final state interactions between the produced
hadrons in the hadronization process can also contribute to the T-oddness. This difference
has a more important impact on the polarization-vector-dependent T-odd PDFs and FFs,

which are discussed below.
The decomposition for the vector polarized part is given by the following:

220z k13p,5) = (B - SDEF kL), "
27O (2, k,3p,8) = MAEL(z k1) + 5 ST ER (25 )], v

ZEX(O)(z,kL;p,S) =pta

M
1S

IDiz(z k1) — MS1.Dr(z,k,)

- S M -
— ki [ADE Gz k1) + LMT Fa k)] + Sea(RL - S)Ds (2., (40)

k,-S
z5 ( )(z ki;p,S)=pT i [AGlL(Z,kL) + LM TGf'T(z,kL)]

=V 0)(

2840

+
z,kl;p,S) = p+ﬁ[pSTa]H1T(Z/kL) + Lfl[ kizx] [AHIJ'L(Z,kL) +

kl St

— MS1,Gr(z, k1) —kia [AGﬁ (z,ky)+

M? ki -S
+p—+na [AGgL(Z,kL)—F Lo
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ki -St
M

S Hir(z k1)

S
k1 Sry HE (2,k 1) + Miagn, [AHL zki)+ iM SLoT (z,kL)]

2

M M ki -S
j”[pSTa]HH(Z/kL)+pt”[pkm] [AHi(kaL)+ = THSLT(Z/kL)]- 42)

M

There are in total 24 polarization-vector-dependent TMD FFs. Of these, 6 contribute
at the leading twist, 12 at twist-3, and remaining 6 at twist-4. Among the six leading
twist FFs, Gy is the longitudinal spin transfer, H;1 and HlLT are transverse spin transfers,
GlLT is the longitudinal to transverse spin transfer, HlJ-L is the transverse to longitudinal
spin transfer, and Dj induces the transverse polarization of hadrons in the fragmentation
of an unpolarized quark. We note in particular that the DlLT FF resembles the Sivers
function in PDFs [101]. It is responsible for the hadron transverse polarization along the
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normal direction of the production plane in high-energy collisions. It is also a naive T-
odd FE. However, as mentioned above, the T-oddness has little meaning in the context
of hadronization. The T-odd PDFs arise solely from the gauge link. Therefore, it has
been proven theoretically that there is a sign-flip between the Sivers functions in SIDIS
and Drell-Yan [105-107]. However, the T-oddness of FFs can also be generated from the
interaction among final state hadrons. Therefore, there is no such similar relation for the
DILT FF between different processes. Besides DlLT, there are seven other T-odd FFs, namely,
E%—, Ep, E’TL, DLL, Dr, D%-, and D3LT. The rest are T-even. All of T-odd FFs are accompanied
by the Levi-Civita tensor except for E; and E4-.
The decomposition for the rank-2-polarization-tensor-dependent part is given as follows:

ki -Sir 5
2270 (z,k1;p,S) = M[SuE(z, k1) + =L Efp(z k1) + T Efr(z, k1), (43)
ETO) (5 k.- Tk S K sk, X
28"z, k ;p,S) =M Yan Err(z, L)—&-MzE 7(z,k)|, (44)

. ~ k. -S Skk.
zaZm)(z,kL;p,S) =pT i, [SLLDlLL(ZrkL) + lMLTDfLT(z,kL) + M2 DlTT(z kL)]

+ MSp1eDir(z,k 1) + S, D (2, k1)

N ki -Sir . Skt
+kia[S1DF (2 k1) + =Dl (2 k) + T Dz kL)
M? ki-S sk
+ e[S Dsun (2 k1) + = Dz k1) + S Dir (2 kL)) (45)
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3 [s Gl (o) FarSir g gy, ST k
—kia|SuGrr(z ki) + =7 Gir(z, D+ 2 2 LGrr(z. k1)
M2 (k,-S Skk
+pj [ LMLTGB’LLT(kaL)+%G5’LTT(ZrkL)]/ (46)

~ + ~
Z‘—‘pog 'z, ki;p,S) = —ptiSiryHir(z k1) — pﬁﬁ[ Sl;m]H%T(Z,kL)

kk

k,-S St
M H (2 kL) + M2 T Hirr(z, ki)}

Pt 1
= 3 ok La) [SLLHlLL(Z' ky)+

ki -Sir
M

5
+ Me | py [SLLHLL(ZrkL) + Hip(z, k) + M2 2 iz kL)]

Skk
+ Ty [(kL SLT)HLT(Z/kL)+ AT/ITHTT(Z/kL)}

M . ki-Sir
- pT”[pkLa] [SLLHaLLL(Zr ki)+ LM

M B
M8 [HSLT(Z/ ki) + S5py Hitr (2, kL)] : (47)

L Skk
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We have used the shorthanded notations such as S’}"T = S';ﬁTk Lak 1 p. There are in total
40 tensor polarization-dependent TMD FFs; of these.10 contribute at the leading twist,
20 contribute at twist-3, and the remaining 10 contribute at twist-4. The 24 TMD FFs defined
from the decomposition of EZ(O) and E;‘,EO) are naive T-odd. Among these TMD FFs, we
notice in particularly that the Sy ; dependent TMD FF Dy, which is responsible for the
spin alignment of the produced vector meson, is decoupled from the quark polarization.
This suggests that the vector meson spin alignment can also be observed in the unpolarized
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high-energy collisions [108-110]. Besides, D1y, also survives the k| -integral. Therefore, it
also appears in the colinear factorization.

The rank-3-polarization-tensor-dependent TMD FFs are unique for spin-3/2 (or higher)
hadrons. A complete set of leading twist quark TMD FFs for spin-3/2 hadrons has
been given in [104]. There are in total 14 rank-3-polarization-tensor-dependent TMD
FFs that can be defined at the leading twist level. We refer interested readers to [104] for a
detailed discussion.

3.5. TMD FFs of Antiquarks and Gluons

One can define antiquark TMD FFs by replacing the fermion fields in the correlator of
quark TMD FFs with the charge-conjugated fields. Therefore, it is easy to find that the traces
of the correlator with Dirac matrices I, iv5 and y# 5 will have an opposite sign between
quark and antiquark cases, while the traces with " and ic# s are the same [42,43,56]. The
definition and parameterization of the antiquark TMD FFs are then full analogous to those
of quark TMD FFs.

The gluon FFs are defined through the gluon correlator given by [8,111]

4z
P (5p,5) = 5 [ (e OF @530 (XU G )P O)l0), - 69)

where FF7(&) = FP7T" is the gluon field field strength tensor, and U/ (¢, 0) is the Wilson
line in the adjoint representation that renders the correlator gauge invariant. Under the
assumption that the fragmenting parton moves in the plus direction, an integration over
the kK~ component is carried out to give the TMD gluon correlator.

At the leading twist, we need to consider

MIE (2, k15 p,S) = / dk~ THi(k; p, S), 49)

where i and j are transverse Lorentz indices in the transverse directions.

For the spin-1/2 hadron production, there are eight leading twist gluon TMD FFs
which are given by the decomposition of the TMD gluon correlator [111]. We have
the following;:

N K oK
u(z 1;p,S) =M _gTDlg(Zrkl)+ M2 +gT2M2 ng(z ki),

y kL{l j}
Pk 5p,S) = — AP |iel Gr(z k) — el k)|,
L\Z, k1P, M 1L VI1Lg\~/ AL 2M2 1Lg\~ "L
pii P i kaT 1 ik ST 1
FT(Z/kLiP/S):—ﬁ Sy Dng(Z/kL)‘*‘lﬂ M Gng(z,kl)
kiigib | Sriigit PR
e rvSh +eVk K'k,-S
—*le(z ki) — lZMZL LM THng(z,kL)]. (50)

I'y, I, and I'r stand for the unpolarized, the longitudinal, and transverse polarized
parts for the hadron production, respectively. Analogously to the quark FFs, we have
used D to represent FFs of the unpolarized gluons, G to represent the FFs of the circularly
polarized gluons, and H to represent the FFs of the linearly polarized gluons. Higher twist
gluon TMD FFs are also discussed in [111], who further detail the parameterizations.

4. Experiment and Phenomenology

In high-energy experiments, the polarization of final state hadrons is usually measured
from the angular distribution of their decay products. It is very challenging to acquire
accurate experimental data. In light of a considerably large amount of free parameters, the
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spin-dependent FFs are not well-constrained experimentally. Compared with the case for
unpolarized PDFs or FFs, the quantitative study of spin-dependent FFs is still immature.
That said, there are already quite a few phenomenological studies making full use of the
available experimental data. In this section, we summarize the available experimental data
and the corresponding phenomenological studies.

4.1. A Hyperons

The polarization of A? hyperons is usually measured from the angular distribution of
the daughter proton in the parity-violating A° — p 4+ 71~ decay channel. In the rest frame
of AY, the normalized angular distribution of the daughter proton reads as follows:

1 dN
N d cos 6*

= %(1+D¢7>cos(9*), (51)

where a = 0.732 £ 0.014 is the decay parameter of A [112], P is the polarization of A along
a specified direction, and 6* is the angle between the proton momentum and the specified
direction to measure the A polarization.

The LEP experiment is an eTe™ collider at the Z%-pole. Due to the parity violation
in the weak interaction, the produced quark and antiquark are strongly polarized along
the longitudinal direction. The longitudinal polarizations of those final state quarks and
antiquarks in e~ annihilation at different collisional energies can be easily computed at
the LO level and are explicitly shown in [113]. At the Z-pole, the longitudinal polarization
of the final state down-type quarks can reach 0.9. That of the up-type quarks is a bit smaller
but is still about 0.6 ~ 0.7. Based on the SU(6) spin-flavor symmetry, the polarization
of AY is determined by the polarization of the s quark. It is thus proposed in [114] that
the final state A? hyperons are also strongly polarized at LEP, and the measurement of
this polarization can probe interesting information on the hadronization mechanism. In
the language of QCD factorization, the LEP experiment is the ideal place to study the
longitudinal spin transfer Gy (z), which represents the number density of producing
longitudinally polarized A° hyperons from longitudinally polarized quarks. It is the
pr-integrated version of the TMD FF Gy (z,p, ).

At the leading order and leading twist, the longitudinal polarization of A°
reads as follows: [108,113]

L Aq()wg(y)Ging(z) +{g o gy« (1-y)}

Py, z) = Yy wg(y)D1y(z) +{g & Gy < (1—-y)}

, (52)

where Ay (y) = Awgy(y)/wy(y) is the helicity of the fragmenting quark with Aw,(y) and
wy(y) being defined as follows:

Awg(y) = XT](y) + Xt 1 (), (53)
wy(y) = XTY(Y) + Xl (v) + GG A(Y), (54)
T (y) = —2c],ch[(c5)? + (%) A®) +2[(c])* + ()] ¢4 B(y), (55)
Td(y) = [())? + (T)(5)? + (¢4)*1Aly) — 4cl, el ¢y B(y), (56)
I (y) = =l Aly) + ¢4 B(Y), (57)
1§(y) = ey Ay) — ¢4 B(y). (58)

Here, y = (1 + cos 0) /2 with 0 is the angle between the outgoing A and the incoming
electron. The coefﬁcient functions are given as A(y) = (1—y)?>+y% B(y) = 1 -2y,
x=QY [(Q2 M3)* + T M3 sin* 26y, and xj, = —2¢,Q*(Q* — M3)/[(Q* — M3)* +
2 Mé] sin® 20py. cq/e and cq/ are the coupling constants of the vector current and axis-
vector current parts of the quark/ electron, with Z0. Mz being the mass of Z° and T'z being
the width. Notice that A;(y) = —A4(1 — y). The quark helicity and antiquark helicity have

39



Particles 2023, 6

the opposite sign. This is in line with the sign flip in Section 3.5. Therefore, the polarization
of AU is expected to have the opposite sign with that of A°.

Since the quark helicity A;(y) and the production weight w;(y) are calculable in quan-
tum field theory, the measurement of the longitudinal polarization of final state A° as
a function of z can directly provide information of the longitudinal spin transfer. Such
experiments were eventually carried out by ALEPH and OPAL collaborations at LEP in
the 1990s [115,116]. As shown in Figure 2, the longitudinal polarization increases monoton-
ically with increasing z, which provides a hint on how to parameterize the longitudinal
spin transfer.

- W ALEPH, 1996
................................ ®OPAL, 1997 |

Vs =912GeV |

efem 5 A+ X
el
0 0.2 0.4 0.6 0.8 1

z

Figure 2. Reproduction of the longitudinal polarization of AV in ete~ annihilation at /5 = 91.2 GeV
measured by the ALEPH [115] and OPAL [116] collaborations at LEP. We have combined the statistical
and systematic errors. Neglecting the mass of A hyperons in the high-energy limit, the definitions of z
in these two experiments are the same as those of the momentum fraction in the light-cone coordinate
currently used in the QCD factorizations.

Following the release of these experimental data, many phenomenological
studies [108,117-124] were carried out to understand the longitudinal spin transfer Gy (z).
Among them, the de Florian-Stratmann-Vogelsang (DSV) parameterization [118] offers three
scenarios. The first scenario is based on the naive parton model, which assumes that only
the s quark contributes to the longitudinal spin transfer at the initial scale. The second
scenario assumes that the u and d quarks contribute to negative Gy (z) at the initial scale.
The third scenario assumes that u, d, and s contribute equally. All three can describe
the experimental data reasonably well. A more recent Chen—-Yang-Zhou-Liang (CYZL)
analysis [108] also obtained a good description of the experimental data utilizing the LO
formula. The ambiguity again highlights the difficulties in the quantitative study of FFs. It
can only be removed through a global analysis of the experimental data in various high-
energy reactions. Therefore, many works have also made predictions for the longitudinal
polarization of A produced in polarized SIDIS [117,125-127] and pp collisions [128-131].

The inclusive DIS process with the polarized lepton beam has been used to probe
the spin structure of the nucleon [132-134]. In this process, only the momentum of the
final state lepton was measured. Therefore, we can gain information on the nucleon
structure but lose those on the hadronization. To restore the access to (spin-dependent)
FFs, we have to rely on the semi-inclusive process and measure (the polarization of) one
final state hadron (There are two fragmentation regimes in SIDIS, namely the current
fragmentation and the target fragmentation. Although the target fragmentation function is
also currently a hot topic, it is beyond the scope of this review. We only focus on the study
of the current fragmentation function). However, it is not a simple task to do so in the
real world. Despite the difficulties, early attempts from the E665 [135] and HERMES [136]
collaborations were still successfully performed. Recent measurements from HERMES [137]
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and COMPASS [138] collaborations have also elevated the quality of experimental data to a
level that sheds light on phenomenological studies. These experiments measure the spin
transfer coefficient Dy (z) (it is important to not get confused with the spin-alignment-
dependent FF Dy (z) of vector mesons) which, at the leading order and leading twist
approximation, is given by [42]

Y €5x8.f1,4(x8)G1,4(2)

Yqe2xpf14(xp)D1,4(2) (59)

Drr(xp,z) =

with f1 ,(xp) being the unpolarized PDF. Due to the presence of the unpolarized PDF of
proton/nucleus, the polarized SIDIS experiment favors more contributions from the 1 and d
quarks at large xp than from the e*e™ collider. We show the HERMES data set as a function
of z (integrating over xp) and the COMPASS data set as a function of xp (integrating over z)
in Figure 3.
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Figure 3. Spin transfer coefficient Dy as a function of z and xp in polarized SIDIS measured by the
HERMES [136] and COMPASS [138] collaborations. Only the statistic errors are shown in both plots.
Axes 1 and 2 refer to two different definitions of the longitudinal direction of A in the experiment.
They are approximately the same at the high-energy limit. However, at the HERMES energy, they are
not parallel to each other.

The experimental data from E665 [135] suggested a difference between Dy for
the AY production and that for the A production. This was later confirmed by the
COMPASS [138] experiment. In [139-141], it was shown that such a difference serves as a
flavor tag in the study of the Gy, FF. More studies on the flavor dependence of PDFs/FFs
have been performed [122,142-149]. The NOMAD collaboration also carried out similar
measurements in the neutrino SIDIS experiment [150,151]. Because of the flavor-changing
feature of the charged weak interaction, this experiment opens more opportunities for
quantitative research on the flavor dependence of spin-dependent FFs. A sophisticated
investigation was presented in [152].

RHIC is the first and, so far, the only polarized proton—proton collider. The helicity of
the incident protons can be transferred to that of the partons through the longitudinal spin
transfer g1 (x) of PDFs. Therefore, it also has the capability of probing Gy (z) of the frag-
mentation. The first measurement was performed in 2009 [153], while an improved analysis
was presented in 2018 [154]. These experiments measure the spin transfer coefficient Dy,
which is defined as follows:

oPTPoATHX _ ppt AT +X

Drt (60)

- oP TP ATHEX L gp T AT X
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The + symbol in the superscript denotes the helicity of the corresponding proton or A
hyperon. The updated experimental data from the STAR collaboration [154] at RHIC are
shown in Figure 4. This experimental data tend to favor the first and second scenarios in
the DSV parameterization [118]. However, it cannot concretely rule out any scenario yet
due to the large uncertainties. Moreover, the Xu-Liang-Sichtermann approach [131] based
on the SU(6) spin-flavor symmetry can also describe this data well. Moreover, RHIC also
measured the transverse spin transfer coefficient Drr, which is sensitive to the convolution
of the transversity PDF and the transversity FF [155].

-
|| M STAR, 2018, A° 0<n<ld |
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0.05 | ]
| T ®
3 O+ ............ % ........................................ f
- m
_O'O5f ]
[ pp o A+ Xats=200GeV |
,01 PR S ST IR N T S T N S ST ST S NN SR S N S A
2 3 4 5 6

pr (GeV)

Figure 4. The spin transfer coefficient Dy in polarized pp collisions at /s = 200 GeV measured by
the STAR collaboration at RHIC [154]. Data points are taken from [154]. The systematic error and the
statistical error have been combined.

The polarizations of partons participating the same hard scattering are strongly cor-
related. The helicity amplitudes of different partonic processes have been evaluated and
summarized in [156]. Thus, [157] proposes the dihadron polarization correlation as a
probe to the longitudinal spin transfer Gy in e~ annihilations at low energy where the
fragmenting quarks are not polarized. Recently, this idea was further investigated and ap-
plied to the unpolarized pp collisions in [158]. By measuring the longitudinal polarization
correlation of two almost back-to-back hadrons, we also gain access to the longitudinal
spin transfer in unpolarized pp collisions. Since this observable avoids the contamination
from the longitudinal spin transfer g 1, in PDFs. which is also poorly known, [158] inno-
vated a means to investigating the longitudinal spin transfer Gy in FFs at RHIC, Tevatron,
and the LHC. Furthermore, this work can also be used to constrain the FF of circularly
polarized gluons.

Recently, the Belle collaboration measured the transverse polarization of A hyperons
in ete~ annihilations [19], sparking considerable theoretical interest [15,20-32]. In this
experiment, one first defines the hadron production plane and then measures the transverse
polarization along its normal direction. Since there are two transverse directions, we refer to
the polarization along one as Py and the other one as Pr. The hadron production plane can
be defined in two ways. The first one is defined by the thrust axis and the A momentum. In
the second, the thrust axis is replaced by the momentum of a reference hadron (in the back-
to-back side). Therefore, this experiment is dedicated to probing the Di+(z, p, ) FF. While
the pr-differential experimental data of Py contain sizable uncertainties, the pr-integrated
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version is quite precise, as shown in Figure 5. Employing the Trento convention [159] for the
definition of DlT(z p1) thep, integrated transverse polarization is given by [24,25,28,160]

P
Y, %fdzmdzpu DY (2, pr ) Disy (zasp 1)

Pn(za) =
fdzpidzphLqu(Zh/phL) 1 q(ZA/ pL)

, (61)
PLA:ZZT/?P}:L+PL

where P, 5 is the unit vector along the direction of P, . The integral in the denominator
simply reduces to the product of two colinear FFs. However, to evaluate the numerator,
we need to first parameterize the p; and pj,; dependence at the initial scale, which then
evolves to the TMD factorization scale through use of the Collins-Soper-Sterman evolution
equation. Nonetheless, since the collisional energy at Belle is not very high, a Gaussian
ansatz is already a good approximation. More sophisticated approaches incorporating the
p. dependence can be found in [29,31,32].
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Figure 5. Transverse polarization of A in e*e™ annihilation measured by the Belle collaboration [19].
Data points are taken from [19]. Statistical and systematic errors are combined in quadrature.

As shown in Figure 5, the distinct difference between Py measured in the A + 7t + (or K)
and A + 7t~ (or K) processes offers an opportunity to explore the flavor dependence. Early
attempts, such as the D’Alesio-Murgia—Zaccheddu (DMZ) [24] and Callos-Kang-Terry
(CKT) [25] parameterizations, adopted the strategy that valence parton FFs differ from each
other and that parton FFs are the same, i.e., D#}u # Dﬁf\d #+ Dﬁf\s # DlT ea HlOWeVer,
this approach violates the isospin symmetry, which is one of the most important features
of strong interaction. Furthermore, a model calculation [27] based on the strict SU(6)
spin-flavor symmetry failed to describe the experimental data. However, it was first shown
in [28] that the isospin symmetric Chen-Liang-Pan-Song-Wei (CLPSW) parameterization
can still describe the experimental data well as long as the artificial constraint on sea parton
FFs is released. This perspective was further investigated in Ref. [31] recently, which
concluded that one can obtain good fit to the Belle data with and without implementing
the isospin symmetry constraint after taking into account the charm contribution. This
confirms that the current Belle dataset does not represent an isospin symmetry violation in
the hadronization. Furthermore, [160] proposed to test the isospin symmetry at the future
EIC experiment. By comparing the transverse polarizations in ep and eA scatterings at
large x, we can ultimately check the difference between DlT , and DIT P

The future EIC is a polarized electron—proton/ion collider with unprecedentedly high
luminosity. It will open a new window for the quantitative study of spin-dependent FFs.
Several works [161-164] have proposed and made predictions for different observables at
the future EIC with polarized proton beams. These observables are sensitive to various
combinations of spin-dependent PDFs and FFs. Therefore, the future measurement will
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reveal information on both hadron structure and hadronization. A recent work [160]
also proposed a method to study spin-dependent PDFs/FFs in unpolarized experiments.
The key idea is that the polarizations of the final state quark and initial state parton
are correlated. Thanks to the Boer-Mulders function in the PDFs, the initial state quark
are transversely polarized although the polarization depends on the azimuthal angle.
This transverse polarization can further propagate into final state observables through
chiral-odd FFs. By measuring the azimuthal-angle-dependent longitudinal and transverse
polarizations of final state A, we can probe H;; and Hi; even in the unpolarized SIDIS
process. Moreover, we can also measure the azimuthal-angle-dependent polarizations
in eTe~ annihilations to probe combinations of the Collins function and spin-dependent
chiral-odd FFs [160]. This idea is akin to those explored in [30,165].

4.2. Vector Mesons

Most vector mesons decay through parity-conserving strong interactions. Their polar-
ization vector does not enter the angular distribution of the daughter hadrons. Therefore,
it is not possible to measure their polarization vector. In contrast, the tensor polarization
does play a role in the angular distribution and therefore can be measured. Among them,
spin alignment, which quantifies the deviation from 1/3 of pg in the spin-density matrix,
has received the most attention.

Several collaborations [166-169] at LEP have measured the spin alignment of differ-
ent vector mesons produced in the eTe~ annihilation at the Z-pole. We show the spin
alignment of K** and p° measured by the OPAL [166] and DELPHI [167] collaborations
in Figure 6. The off-diagonal matrix elements were also measured in some of the experi-
ments. Thereafter, the NOMAD collaboration measured the vector meson spin alignment
for the first time in the neutrino DIS experiment [170]. These measurements offer more
information on the hadronization mechanism and have led to several phenomenological
studies [171-179].
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Figure 6. Spin alignment of K*? and p? measured by the OPAL [166] and DELPHI [167] collaborations
at LEP. Data points are taken from [166,167].

Figure 6 shows that pgg is consistent with 1/3 (i.e., no spin alignment) at the small-z
region. However, at large z, a clear spin alignment is observed. This pattern is similar
to that for the longitudinal polarization of A also measured at LEP [115,116] (shown
in Figure 2).

As mentioned above, the quarks produced at LEP and also those at NOMAD are
strongly polarized. Therefore, it is tempting to attribute the tensor polarization of final
state vector mesons to the longitudinal polarization of the fragmenting quarks. However,
a simple tensor structure analysis [47,63,64,175] shows that this is not the case. The spin
alignment of the final state mesons is not coupled with the quark polarization. Instead,
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it is coupled with the quark-polarization-summed cross section. The vector meson spin
alignment in e*e™ collisions is given by

1 1X5we(y)Dirrg(2)

PO = 3 T 3 Y wy(1)D1y () ©2)

where, wy is defined to be the same as that for the A production in the previous section, and
Dy 1(z) is the corresponding FF that is responsible for the vector meson spin alignment. As
shown in the above equation, the longitudinal polarization of the fragmenting quark does
not play a role here. It was thus first proposed in [63] that the vector meson spin alignment
can also be observed in other high-energy collisions with unpolarized quarks fragmenting.
Fitting to the experimental data from LEP, other work [108,109] extracted D11 (z) and made
predictions for the spin alignment of high pr vector mesons in unpolarized pp collisions at
RHIC and the LHC [109]. Furthermore, from the same mechanism, there will be a significant
spin alignment for vector mesons produced in the unpolarized SIDIS. Measuring vector
meson spin alignment at the future EIC will cast new light on the quantitative study of the
D 1LL (Z) FE.

Notice that the spin alignment of low-pr vector mesons in AA collisions has also been
measured at RHIC [110,180] and LHC [181] recently. These low-pr hadrons in relativistic
heavy-ion collisions are produced through a different hadronization mechanism than those
of fragmentation. Their tensor polarization originates from a different source.

5. Model Calculation

The PDFs and FFs are defined in terms of quark—gluon correlators as laid out in
Section 3. Owing to the nonperturbative nature of the hadron state, we cannot directly
evaluate them theoretically. Thus far, several proposals for computing quantities that can be
related to the PDFs in the lattice QCD approach have been put forward [182-186]. However,
it is not possible to study FFs in the lattice QCD yet. In the current stage, the quantitative
information is mainly extracted from the experimental data.

However, due to the limited amount of experimental data, the TMD PDFs and FFs
are not yet well constrained. As a complementary tool, model calculations have usually
been employed to compute different PDFs over the past decades [106,187-219]. These
investigations offer quantitative insight into the hadron structure and therefore are indis-
pensable for phenomenological study. The same also goes for the FFs. Most of the models
can be used to evaluate both PDFs and FFs. We make a nonexclusive brief summary on
FF calculations.

There are quite a few models that can be categorized as a spectator model [220,221].
Among them, the quark-diquark model is a simple one which provides the quark-baryon-
diantiquark vertex, so that the baryon FFs can be easily evaluated. In [222], the colinear
baryon FFs were calculated at the leading twist using the quark-diquark model, while
in [189,223-226], the TMD FFs were further computed at the leading and subleading twists.
To compute the meson FFs or the gluon FFs, we need an improved version which offers the
vertex among the fragmenting parton, hadron, and spectator. In [227], the Collins function
was calculated for pions and kaons in this method. Recently, in [228], approach to calculate
leading twist gluon TMD FFs was presented. The chiral invariant model [229] investigated
the chiral symmetry and the spontaneous breaking with an effective Lagrangian of quarks,
gluons, and goldstone bosons. It can also be classified into the spectator model category.
Utilizing this model, several authors [230-235] calculated the pion and kaon FFs. In [236],
an extended version was also developed to compute the vector meson FFs. Furthermore,
several works [237-240] have evaluated the FFs of different hadrons using a parameterized
quark-hadron coupling.

The Nambu-Jona-Lasinio (NJL) model originates from [241,242] who developed an
effective theory describing the quark-hadron interaction. It has been employed to evaluate
PDFs of different hadrons [191,243-248]. Incorporating with the Feynman-Field model
(also known as the quark—jet model) established in [249,250], the NJL=-jet model has been
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employed to calculate both colinear and TMD FFs of different hadrons [235,251-257]. Recent
works have also computed FFs of gluon [258] and charm quark [259] with this approach.
The Feynman-Field model relates the total FF to the first rank FFE. However, it does not
specify how to compute the first rank FE. Therefore, in principle, it can be hybridized with
another model which provides with the first rank FF to prolong the applicability of the
corresponding model.

We make a final remark on the model calculation to conclude this section. All the
above-mentioned models compute FFs employing the effective Lagrangian of partons and
hadrons of interest. While these calculations offer quantitative insight into the hadroniza-
tion scheme, we should draw a line between conclusions that are model-dependent and
those that are model-independent.

6. Summary

There are a multitude of topics within the subject of FFs. In this review, we constrain
ourselves in a very limited scope that we are familiar with. First, we briefly summarized the
derivation of the TMD factorization and the establishment of the QCD evolution equation
at the leading twist level. The TMD factorization and the corresponding evolution at the
higher twist level are still ongoing topics. Second, we are particularly interested in the
spin-related effects. With the spin degree of freedom being taken into account, the interplay
between the transverse momentum and the hadron/quark polarization presents a highly
intriguing phenomena that can be investigated in experiments. As a result, we need to
define more TMD FFs to fully describe the fragmentation process. In quantum field theory,
TMD FFs are introduced in the decomposition of parton correlators. We summarized the
final results up to the twist-4 level for spin-0, spin-1/2, and spin-1 hadron productions.
Finally, although all the TMD FFs have clear definitions in terms of parton fields and hadron
states, they are nonperturbative quantities that cannot be directly evaluated from quantum
field theory. In contrast to TMD PDFs, FFs cannot be computed even in the lattice QCD
approach. The quantitative investigation thus mainly concentrates on the extraction from
experimental measurements and model calculations. We summarized several spin-related
experiments conducted over the past decades and the corresponding phenomenological
studies. In the last section, we also briefly presented several model calculations.

The study of TMD FFs is still a very active field, and many mysteries remain to be
explored. The Electron-Ion Collider (EIC) and the Electron-Ion Collider in China (EicC)
have been proposed to be built as the new high-energy colliders in the next generation.
They will provide new experimental data for the quantitative study of TMD FFs and can
significantly boost our understanding of the hadronization mechanism.
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Abstract: The QCD effective charge ag, (Q) is an observable that characterizes the magnitude of the
strong interaction. At high momentum Q, it coincides with the QCD running coupling as(Q). At
low Q, it offers a nonperturbative definition of the running coupling. We have extracted ag, (Q) from
measurements carried out at Jefferson Lab that span the very low to moderately high Q domain,
0.14 < Q < 2.18 GeV. The precision of the new results is much improved over the previous extractions
and the reach in Q at the lower end is significantly expanded. The data show that ag, (Q) becomes
Q-independent at very low Q. They compare well with two recent predictions of the QCD effective
charge based on Dyson-Schwinger equations and on the AdS/CFT duality.

Keywords: strong interaction; QCD; nonperturbative; running coupling constant; hadrons; nucleon;
spin structure

1. Introduction

The behavior of quantum chromodynamics (QCD), the gauge theory of the strong
interaction, is determined by the magnitude of its coupling as. It is large at low momen-
tum, characterized here by Q = \/—¢? with ¢ the square of momentum transferred in
the process of electromagnetically probing a hadron. For Q < 1 GeV, a5(Q) = 1, which
is one of the crucial pieces leading to quark confinement. For Q > 1 GeV, as(Q) < 0.2,
which enables the use of perturbative computational techniques (perturbative QCD, pQCD)
constituting an accurate analytical approximation of QCD. In this domain, szQCD is well
defined and known within an accuracy of 1% at Q = Mo = 91 GeV, the Z° mass, and
within a few percents at Q values of a few GeV [1]. However, using pQCD at Q < 1 GeV

produces a diverging ochCD (Landau pole) that prohibits any perturbative expansion in

aEQCD and signals the breakdown of pQCD. In contrast, most nonperturbative methods,
including lattice QCD [2], the AdS/CFT (Anti-de-Sitter /Conformal Field Theory) dual-
ity [3,4] implemented using QCD’s light-front (LF) quantization [5] and a soft-wall AdS
potential (Holographic LF QCD, HLFQCD [6]) or solving the Dyson-Schwinger equations
(DSEs) [7] yield a finite «s. In fact, many theoretical approaches predict that as “freezes” as
Q — 0, viz, it loses its Q-dependence [8].
There are several possible definitions of &g in the nonperturbative domain

(Q < 1GeV) [8]. We use here the effective charge approach that defines a5 from the pertur-
bative series of an observable truncated to its first order in as [9]. Although this definition
can be applied for any Q value, it was initially proposed for the pQCD domain where
it makes ag the equivalent of the Gell-Mann Low coupling of quantum electrodynamics
(QED), « [10]. With this definition, as can be evaluated at any Q value, has no low Q
divergence and is analytic around quark mass thresholds. Furthermore, since the first order
pQCD

in ag of a pQCD approximant is independent of the choice of renormalization scheme
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(RS), effective charges are independent of RS and gauge choices. This promotes as from a
parameter depending on chosen conventions to an observable, albeit with the caveat that it
becomes process-dependent since two observables produce generally different effective
charges. Yet, pQCD predictability is maintained because effective charges are related with-
out renormalization scale ambiguities by commensurate scale relations (CSR) [11]. CSR
are known to hold for pQCD and QED since the latter corresponds to the N — 0 limit
of QCD, with N¢ the number of colors. For example, CSR explicitly relate ag,, af,, ar
and ag defined using the generalized Bjorken sum rule [12], the Gross-Llewellyn Smith
sum rule [13], and the perturbative approximant for the T-decay rate [14] and R,+,_ [15],
respectively. In fact, the choice of process to define an effective charge is analogous to an
RS choice for af %P [16] and the procedure of extracting an effective charge, e.g., from
T-decay the T-scheme is denoted. Here, we discuss the effective charge ag, (Q) (g1-scheme)
extracted using the generalized Bjorken sum rule:

B 2
(@) = [ Q) -l Qe = 1= E1Q _ap (4770

1)
QD )\ 3 QD )\ * (
720.21<"‘57,T(Q)> - 175.7<"‘5%> + O((aEQCD)F’)...} + o1 iz,

where x is the Bjorken scaling variable [17], ga = 1.2762(5) [2] is the nucleon axial charge,
gf ™ s the longitudinal spin structure function of the proton (neutron) obtained in polar-
ized lepton-nucleon scattering [18] and yy, are the operator product expansion’s (OPE)
nonperturbative higher twist (HT) terms. The integral excludes the elastic contribution at
x = 1. The series coefficients are computed for 71y = 3 and in the MSRS for the n > 1 &
terms [19]. They originate from the pQCD radiative corrections. Although the expansion (1)
is only applicable in the perturbative domain, i.e., at distance scales where confinement
effects are weak, the HT terms can be related to the latter [20], and one may picture the
terms of Equation (1) as coherently merging together at low Q to produce confinement.

The effective charge a, is defined from Equation (1) expressed at first order in coupling
and twist:

-n _8 g, (Q) _ 6 _b-n
@) =2 (1- 22 - a@=x(1- 21 Q). @)

Thus, in the domain where Equation (2) applies, ag, can be interpreted as a running
coupling that not only includes short-distance effects such as vertex correction and vacuum
polarization, but all other effects, e.g., pQCD radiative corrections and, in the lower-Q
domain of pQCD, HT terms and other nonperturbative effects not formalized by OPE
and therefore not included in Equation (2). The latter comes from coherent reactions of a
hadron (resonances). In the nonperturbative domain where pQCD radiative corrections and
HT effects have merged into global confinement effects, a¢, may approximately retain its

interpretation as a coupling if the contribution to Flljfn of nonresonant reactions continues
to dominate, as they do at large Q [21].

There are several advantages to ag, [8]. First, rigorous sum rules constrain ag, (Q) for
Q — 0 (the Gerasimov-Drell-Hearn (GDH) sum rule [22]) and Q — oo (the Bjorken sum
rule). They provide analytical expressions of ag, (Q) in these limits (blue dashed line and
cyan hatched band in Figure 1). Furthermore, contributions from A baryons are quenched
in l"lf_n [23], enhancing the nonresonant reactions contribution to 1"11) - relatively to the
resonance contribution, which helps toward interpreting a,, as a coupling. If so, ag, would
remain approximately equivalent to the Gell-Mann Low coupling in the nonperturbative
domain, a crucial property that it is not obvious and may be specific to ag, . Such a property
is supported by the agreement between ag, and calculations of couplings [24,25] using a
definition consistent with ag, .
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Former extractions of a,, [26] were obtained from experimental data on T} " from
CERN [27], DESY [28], Jefferson Lab (JLab) [29] and SLAC [30]; see Figure 1. Since the
results reported in Ref. [26], progress has occurred on both the experimental and theoretical
fronts. Firstly, when Ref. [26] was published, the meaning of ag, in the nonperturba-
tive region was unclear. Thus, the comparison in [26] of ag, to theoretical predictions
of the nonperturbative coupling was tentative. This is now better understood: as just
discussed, a, essentially retains its meaning of effective charge at low Q [8,21]. Secondly,

new data on Ffﬁn have become available from CERN (COMPASS experiment) [31] and
JLab (EGldvces experiment) [32] at high Q, and from JLab (E97110, E03006 and E05111
experiments) [33] at very low Q. Finally, new theoretical studies of the nonperturbative
behavior of as were conducted, including the first use of the AdS/CFT duality to describe
the strong coupling in its nonperturbative domain [24] and the identification of a process-
independent (PI) effective charge ap;(Q) that unifies a large body of research from DSE
and lattice QCD to & [25,34]. Connections between the nonperturbative and perturbative
effective charges were made [8,16,35], which permitted a prediction of as at the Zj pole,
aMS(M2) = 0.1190 4 0.0006 at N3LO [36] that agrees well with the 2021 Particle Data
Group compilation, as(Mz) = 0.1179 + 0.0009 [2]. In addition to predicting quantities
characterizing hadronic structures [3,25,37], the effective charge helps establish conformal
behavior at low Q. Through AdS/CFT, this helps the investigation of the physics beyond
the standard model [4] or of the quark-gluon plasma [38] in heavy ion collisions [39] and
nuclear hydrodynamics [40] for the latter and neutron stars [41].

Here, we report on new experimental data on &g, extracted from [31-33] and how they
compare with the latest theory predictions.

2. Experimental Extraction of ag,

The new JLab data on Ffﬁn (Q) were taken by four experiments. The first experiment,
E97110 [42], occurred in Hall A [43] of JLab. The three others used the CLAS spectrome-
ter [44] in JLab’s Hall B and were experiments EGldvcs [45], E03006 [46] and E05111 [47]
(the two latter being referred to as Experimental Group EG4). The four experiments oc-
curred during the 6 GeV era of JLab, before its 12 GeV upgrade. The experiments used a
polarized electron beam with energies ranging from 0.8 to 6 GeV. E97110 studied the spin
structures of the neutron and *He using the Hall A polarized 3He target with longitudinal
and transverse polarization directions [48]. EGldvcs, E03006, and E05111 studied the
proton, neutron and deuteron spin structures using the Hall B longitudinally polarized
ammonia (NHs or NDj3) target [49]. The main purpose of EGldves was high Q, up to
2.65 GeV (Q% = 7 GeV?), exclusive measurements of deep virtual Compton scattering.
Therefore, it provided highly precise inclusive Flf_n data compared to the older data in the
same domain [27-30]. E97110, E03006 and E05111 were dedicated to test chiral effective
field theory predictions by covering very low Q domains: 0.19 < Q <0.49,0.11 < Q <0.92
and 0.14 < Q < 0.70 GeV, respectively. To reach low Q while covering the large x range nec-
essary for the I'; integral, high beam energy (up to 4.4 GeV) was needed, and the scattered
electrons had to be detected at small angles (down to about 5°). In Hall A, the low angles
were reached via a supplementary dipole magnet installed in front of the spectrometer [50].
In Hall B, a Cherenkov counter designed for high efficiency at small angles was installed
in one of the six sectors of CLAS [47] for which magnetic field was set to bent outward
the scattered electrons. In addition, both the Hall A and B targets were placed about 1 m
upstream of their usual positions.

The EG1dvcs data on protons and deuterons were combined to form Fffn over the

range 0.78 < Q < 2.18 GeV [32]. The l"lf_n formed with the E97110 and EG4 data covers the
0.14 < Q < 0.70 GeV range [33]. The ag, data, obtained following Equation (2), are shown
in Figure 1 and given in Table 1. Also shown in the figure are the older data presented
in Ref. [29], including af, extracted from the data [51] and Xg, (1) from the OPAL data
on t-decay [14]. The effective charge a, is nearly identical to ag, [26], and Xg, (1) Was
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transformed from the T-scheme to the g1-scheme using the CSR [11]. Consequently, ar,
and &, () are directly comparable to ag,. We also show in Figure 1 the theory predictions
from AdS/CFT [24] and DSE [25]. Remarkably, both predictions are parameter-free and
gauge-invariant.

Table 1. Data on ag, (Q) from JLab experiments EG4 (top, from Q = 0.143 GeV to 0.704 GeV),
EG4/E97110 (middle, from Q = 0.187 GeV to 0.490 GeV) and EG1ldvcs (bottom, from Q = 0.775 GeV
t0 2.177 GeV).

Q (GeV) ag, + stat. £ syst.
0.143 3.064 £ 0.043 £0.018
0.156 3.129 £ 0.046 £0.019
0.171 2.955 £ 0.046 £ 0.023
0.187 3.083 £ 0.044 £ 0.024
0.204 3.022 £ 0.049 £ 0.024
0.223 3.002 £ 0.052 £ 0.027
0.243 2.988 £ 0.055 £ 0.031
0.266 2.947 + 0.060 £ 0.035
0.291 2.983 £ 0.065 £ 0.035

Q (GeV) &g, =+ stat. £ syst.
0.317 2.961 £ 0.062 £ 0.038
0.347 2.730 £ 0.070 £ 0.044
0.379 2.853 £ 0.077 £ 0.040
0.414 2.745 £ 0.076 £ 0.041
0.452 2.779 £ 0.090 £ 0.043
0.494 2.451 £ 0.094 £ 0.044
0.540 2.397 £ 0.092 £ 0.039
0.590 2.349 £ 0.101 £ 0.040
0.645 2.431 £ 0.109 £ 0.043
0.704 1.996 + 0.131 +0.104

Q (GeV) ag, + stat. £ syst.
0.187 3.016 £ 0.009 £ 0.027
0.239 2.973 £ 0.015 £ 0.035
0.281 2.952 £ 0.021 £ 0.041
0.316 2.929 £ 0.017 £0.048
0.387 2.815 £ 0.021 £ 0.076
0.447 2.704 £ 0.025 £ 0.086
0.490 2.575 £ 0.031 £ 0.053
0.775 1.743 + 0.007 + 0.071
0.835 1.571 +0.007 = 0.101
0.917 1.419 +0.009 + 0.132
0.986 1.341 +0.010 +0.147
1.088 1.272 +0.010 + 0.156
1.167 1.121 4+ 0.013 +0.153
1.261 0.955 £ 0.016 £ 0.146
1.384 0.874 £ 0.016 £ 0.269
1.522 0.730 £+ 0.012 £ 0.280
1.645 0.708 £ 0.009 £ 0.257
1.795 0.617 £ 0.007 £ 0.254
1.967 0.581 £ 0.006 + 0.223
2177 0.636 + 0.003 £ 0.187
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The AdS/CFT coupling zngF is obtained in the HLFQCD approach where QCD is
quantized using LF coordinates [5]. The use of the HLFQCD approach incorporates the
underlying conformal (i.e., scale-invariant) character of QCD at low and large Q. The
deformation of the AdSs space is dual to a semiclassical potential that models quark
confinement. This potential can be determined with various methods that all lead to the
same harmonic oscillator form [3,52,53]. The effective charge zxngLF is dual to the product of
the AdSs coupling constant by the AdSs space deformation term. Since the latter is dual
to the CFT confinement force, the meaning of agLF is analogous to that of ag,, which, at
low Q, incorporates in a5 confinement effects. The Q-dependence of tngF

single scale, e.g., the proton mass. The coupling is normalized to tngF (0) = 7t to obey the

is controlled by a

kinematic constraint that I} " (0) = 0, i.e., ag, (0) = 77, see Equation (2). This normalization
amounts to the RS choice of pQCD [16]. Thus, the mELF(Q) prediction is parameter-free.
Above Q ~ 1 GeV, HLFQCD ceases to be valid because its semiclassical potential does not
include, by definition, the short distance quantum effects responsible for the running of a
coupling. This is palliated by matching HLFQCD and pQCD near Q ~ 1 GeV where both
formalisms apply, thereby providing vc?lLF(Q) atall Q [16].

The DSE effective charge &py [25] is obtained starting with the pinch technique [54]
and background field method [55]. They allow us to define a process-independent QCD
coupling in terms of a mathematically reconstructed gluon two-point function analogous
to the Gell-Mann Low effective charge of QED. The ipj is then computed by combining the
solution of DSE compatible with lattice QCD results. The definition of &py explicitly factors
in a renormalization group invariant interaction, thus causing it, like ag, (Q) and gl (Q),
to incorporate confinement [56]. Like them, &p;(Q) freezes at low Q with a predicted
infrared fixed-point of &py(0) = (0.97 & 0.04) 7r. The mechanism at the origin of the freezing
in the DSE framework is the emergence of a dynamical gluon mass 11¢(Q) [54,57] that (A)
regulates the Landau pole and (B) decouples the dynamics at scales Q < m1,(0), thereby
causing the coupling to lose its Q-dependence [58]. Like ochF , &py is parameter-free and
gauge-invariant but, in contrast to the former and ag,, &p; is also process-independent. No
parameter is varied to predict the infrared fixed-point &p;(0) since it is largely fixed by the

value of m4(0), nor is a matching necessary to ensure agreement with the perturbative

determination of a@?CD from the renormalization group equations and the Bjorken sum

rule. Crucially, the practical determination of &p;(Q) consistently incorporates the extensive
information from Lattice QCD on the gluon and ghost propagators, thereby connecting
this technique to ag, .

The new data on ag, agree well with the older data and display a much improved
precision over the whole Q range covered. In addition, the data now reach clearly the
freezing domain of QCD at very low Q. That a, freezes could be already inferred with the
old data but only by complementing them with the GDH sum rule or/and the ag, (0) = 7
constraint. For the first time, the onset of freezing is now visible with data only. One notes
that only three of the lowest Q points agree with the GDH expectation. This may signal a
fast arising Q-dependence beyond the leading behavior given by GDH. The data agree well
with the agLF and d&py predictions. That such agreements would occur was not obvious
and is a significant finding. The possible tension between the data and &py for the range
0.3 $ Q < 0.5GeV may be because wg, and &pj are not exactly the same effective charges

(e.g., athigh Q, s /ap ~ 1+ O.OSaEQCD # 1), but it is noteworthy that it occurs only in

the moderately low Q domain where the ghost-gluon vacuum effect as computed in the
Landau gauge contributes the most to &pj.
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Figure 1. Effective charge ag, (Q)/ 7 obtained from JLab experiments E03006/E97110 [33] (solid
stars), E03006/E05111 [33] (solid circles) and EGldvcs [32] (solid triangles) and from COMPASS [31]
(solid square). Inner error bars represent the statistical uncertainties, and outer ones represent the
systematic and statistical uncertainties added quadratically. The open symbols show the older world
data [27-30] with the error bars the quadratic sum of the systematic and statistical uncertainties. Also
shown are the HLFQCD [24] (red line, using the HLFQCD scale « = 0.534 GeV [59]) and DSE [25]
(magenta line and hatched band) parameter-free predictions of effective charges. The dashed line
and hatched cyan band are ag, (Q) /7t obtained from the GDH and Bjorken sum rules, respectively.

3. Summary and Conclusions

We used the new JLab data and COMPASS datum on the Bjorken sum to extract the
QCD effective charge ag, (Q) in the Q-range 0.14 < Q < 2.18 GeV. The new result displays
a significantly higher precision compared to the older extractions of &g, (Q), and improve
the low Q reach by about a factor of 2.

The new data show that ag, (Q) “freezes”, viz, loses its Q-dependence, at small Q,
saturating at an infrared fixed-point ag, (Q ~ 0) ~ 7. This was already apparent with the
older data when combined with the GDH sum rule expectation, but the new data explicitly
display the behavior without needing the sum rule and with significantly higher precision.
The freezing of ag, (Q) together with the smallness of the light quark masses makes QCD
approximately conformal at low Q. The conformal behavior vanishes when transiting from
the low-Q effective degrees of freedom of QCD (hadrons) to the large-Q fundamental ones
(partons) where conformality is then restored (the long-known Bjorken scaling [17]). This
transition is revealed by the drastic change of value of the effective charge. It occurs ata Q
value indicative of the chiral symmetry breaking parameter, Ag ~ 1 GeV. The breaking at
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low Q of chiral symmetry, one of the crucial properties of QCD, is believed to cause the
emergence of the global properties of hadrons.

The new data agree well with sum rule predictions and with the latest predictions
from DSE and from a AdS/CFTI-based approach. They show that a strong coupling can be
consistently defined in the nonperturbative domain of QCD, namely as an effective charge
analogous to the definition used in QED, and that it can then be used to compute a large
variety of hadronic quantities and other phenomena in which the strong interaction plays
arole.
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A N I

Abstract:
proton’s existence and structure are supposed to be described by quantum chromodynamics (QCD);

Visible matter is characterised by a single mass scale; namely, the proton mass. The

yet, absent Higgs boson couplings, chromodynamics is scale-invariant. Thus, if the Standard Model is
truly a part of the theory of Nature, then the proton mass is an emergent feature of QCD; and emergent
hadron mass (EHM) must provide the basic link between theory and observation. Nonperturbative
tools are necessary if such connections are to be made; and in this context, we sketch recent progress
in the application of continuum Schwinger function methods to an array of related problems in
hadron and particle physics. Special emphasis is given to the three pillars of EHM—namely, the
running gluon mass, process-independent effective charge, and running quark mass; their role in
stabilising QCD; and their measurable expressions in a diverse array of observables.

Keywords: confinement of gluons and quarks; continuum Schwinger function methods; Dyson—
Schwinger equations; emergence of hadron mass; parton distribution functions; hadron form factors;
hadron spectra; hadron structure and interactions; nonperturbative quantum field theory; quantum

chromodynamics
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1. Introduction

Our Universe exists; and even the small part that we occupy contains much which
might be considered miraculous. Nevertheless, science typically assumes that the Uni-
verse’s evolution can be explained by some collection of equations—even a single equation,
perhaps, which replaces distinct theories of many things with a single theory of everything.
Choosing not to approach that frontier, then, within the current paradigm, the Standard
Model of particle physics (SM) is given a central role; and it must account for a huge array
of observable phenomena. Herein, we focus on one especially important aspect, viz. the
fact that the mass of the vast bulk of visible material in the Universe is explained as soon
as one understands why the proton is absolutely stable and how it comes to possess a
mass 1, ~ 1GeV. In elucidating this connection, we will argue that the theory of strong
interactions may deliver far more than was originally asked of it.

We have evidently supposed that quantum gauge field theory is the correct paradigm
for understanding Nature. In this connection, it is important to note that, in our tangible
Universe, time and space give us four noncompact dimensions. Consider, therefore, that
quantum gauge field theories in D # 4 dimensions are characterised by an explicit, intrinsic
mass scale: the basic couplings generated by minimal substitution are mass-dimensioned
and set the scale for all calculated quantities. For D > 4, such theories manifest uncontrol-
lable ultraviolet divergences, making them of little physical use. In contrast, for D < 4,
they are super-convergent, but are afflicted with a hierarchy problem, viz. dynamical
mass-generation effects are typically very small when compared with the theory’s explicit
scale [1-5]. Hence, perhaps unsurprisingly, D = 4 is a critical point. Removing Higgs
boson couplings, the classical gauge theory elements of the SM are scale-invariant. Taking
the step to quantum theories, they are all (at least perturbatively) renormalisable; and
that procedure introduces a mass scale. As we have noted, the scale for visible matter is
MNature = Mp ~ 1GeV. However, the size of this scale is not determined by the theory; so,
whence does it come? Further, how much tolerance does Nature give us? Is the Universe
habitable when #iNature — (1 % 0)MNature, With 6 = 0.1 or 0.2, ete.? It is comforting to
imagine that our (ultimate?) theory of Nature will answer these questions, but the existence
of such a theory is not certain.

Returning to concrete issues, strong interactions within the SM are described by
quantum chromodynamics (QCD). Therefore, consider the classical Lagrangian density
that serves as the starting point on the road to QCD:

Loco= ), dgly-9+igyA™y - A"+ mylgy + 3G, G, (1a)
f=uds,...
Gl = 0, AL + 9, Af — g™ AL AS, (1b)

where {qf | f =u,d,s,c,b,t} are fields associated with the six known flavours of quarks;
{m f} are their current-masses, generated by the Higgs boson; {Af, |a=1,...,8} represent

the gluon fields, whose matrix structure is encoded in {%)\”}, the generators of SU(3)
in the fundamental representation; and g is the unigue QCD coupling, using which one
conventionally defines « = g?/[47r]. As remarked above, if one removes Higgs boson
couplings into QCD, so that {m = 0} in Equation (1), then the classical action associated
with this Lagrangian is scale-invariant. A scale-invariant theory cannot produce compact
bound states; indeed, scale-invariant theories do not support dynamics, only kinematics [6].
So, if Equation (1) is really capable of explaining, amongst other things, the proton’s
mass, size, and stability, then remarkable features must emerge via the process of defining
quantum chromodynamics.

This point is placed in stark relief when one appreciates that the gluon and quark fields
used to express the one-line Lagrangian of QCD are not the degrees-of-freedom measured
in detectors. This is an empirical manifestation of confinement. Amongst other things, a
solution of QCD will reveal the meaning of confinement, predict the observable states, and
explain how they are built from the Lagrangian’s gluon and quark partons. However, the
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search for a solution presumes that QCD is actually a theory. Effective theories are tools
for use in obtaining a realistic description of phenomena perceived at a given scale. A true
theory must be rigorously defined at all scales and unify phenomena perceived at vastly
different energies. If QCD really is a well-defined quantum field theory, then it may serve
as a paradigm for physics far beyond the SM.

Having raised this possibility, then it is appropriate to provide a working definition of
“well-defined” in relation to quantum field theory. Aspects of the mathematical problem
are discussed elsewhere [7,8]. Herein, we consider that a quantum (gauge) field theory is
well-defined if its ultraviolet renormalisation can be accomplished with a finite number of
renormalisation constants, {Z;|j = 1,...,N}, N < 10,! all of which can () be computed
nonperturbatively and (b) remain bounded real numbers as any regularisation scale is
removed. Further, that the renormalisation of ultraviolet divergences is sufficient to ensure
that any/all infrared divergences are eliminated, i.e., the theory is infrared-complete.

Quantum electrodynamics (QED) is not well-defined owing to the existence of a
Landau pole in the far ultraviolet (see, e.g., Reference [9] (Ch. 13) and References [10-13]).
Furthermore, weak interactions are essentially perturbative because the inclusion of the
Higgs scalar boson introduces an enormous infrared scale that suppresses all nonperturba-
tive effects; moreover, the Higgs boson mass is quadratically divergent, making the theory
non-renormalisable.

On the other hand, as we will explain herein, it is beginning to seem increasingly
likely that QCD satisfies the tests listed above; hence, is the first well-defined quantum
field theory that humanity has developed. QCD may thus stand alone as an internally
consistent theory, so that after quantisation of Equation (1), with nothing further added, it is
a genuinely predictive mathematical framework for the explanation of natural phenomena.

We have used a Euclidean metric and consistent Dirac matrices in writing Equation (1)
because if there is any hope of arriving at a rigorous definition of QCD, then it is by
formulating the theory in Euclidean space. There are many reasons for adopting this
perspective. Amongst the most significant being the fact that a lattice regularisation of
the theory is only possible in Euclidean space, where one can use the action associated
with Equation (1) to define a probability measure [14] (Section 2.1). Notably, a choice
must be made because any “Wick rotation” between Minkowski space and Euclidean
space is a purely formal exercise, whose validity is only guaranteed for perturbative
calculations [15,16]. If QCD really does (somehow) explain the emergence of hadron mass
and structure, then nonlinear, nonperturbative dynamics must be crucial. Consequently,
one cannot assume that any of the requirements necessary to mathematically justify a Wick
rotation are satisfied when calculating and summing the necessarily infinite collection of
processes associated with a given experimental observable.

One concrete example may serve to illustrate the point. Both continuum and lattice
analyses of the gluon two-point Schwinger function (often called the Euclidean space
gluon propagator) yield a result whose analytic properties are very different from those
one would obtain in perturbation theory at any finite order [17]. As a consequence, the
Minkowski space gluon gap equation that is obtained from the Euclidean form via the
standard transcriptions used to implement the Wick rotation [16] (Section 2.3), whilst being
similar in appearance, cannot possess the same solutions. Thus, to avoid confusion, one
should begin with all such equations formulated in Euclidean space, where the solutions
determined have a direct and unambiguous connection with results obtained using nu-
merical simulations of the lattice-regularised theory. Anything else is an unnecessary and
potentially misleading pretence. Furthermore, only those Schwinger functions correspond-
ing to observable quantities need have a continuation to Minkowski space, and that can be
accomplished following standard notions from constructive field theory ([15] (Sections 3
and 4), [16] (Section 2.3)).

1 Here, the value “10” is arbitrary. More generally, the number should be small enough to ensure that predictive

power is not lost through a need to fit too many renormalised observables to measured quantities.
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We proceed then by supposing that QCD is defined by the Euclidean-space generating
functional built using the Lagrangian density in Equation (1). Here, a new choice presents
itself. One might attempt to solve the thus-quantised theory using a lattice regularisa-
tion [18,19]. Lattice-regularised QCD (1QCD) is a popular framework, which, owing to
growth in computer power and algorithm improvements, is becoming more effective—see,
e.g., Reference [20]. On the other hand, continuum Schwinger function methods (CSMs)
are also available [14,16,21-25]. Much has been achieved using this approach, especially
during the past decade [26-31] and particularly in connection with elucidating the origins
and wide-ranging expressions of emergent hadron mass (EHM) [32-37]. It is upon those
advances that we focus herein.

2. Hadron Mass Budgets

There is one generally recognised mass-generating mechanism in the SM; namely, that
associated with Higgs boson couplings [38,39]. Insofar as QCD is concerned, there are
six distinct such couplings, each of which generates the current-mass of a different quark
flavour. Those current-quark masses exhibit a remarkable hierarchy of scales, ranging from
an electron-like size for the 1 and d quarks up to a value five-orders-of-magnitude larger for
the t quark ([40] (p. 32)). Faced with such discordance, we choose to begin our discussion
of mass by considering the proton and its closest relatives, viz. the 7r- and p-mesons.

The proton is defined as the lightest state constituted from the valence quark com-
bination u + u + d. 71 is a pseudoscalar meson built from u + d valence quarks, and the
p* is its kindred vector meson partner: in quark models, the 77 and p are identified as 'Sy
and 38 states, respectively ([40] (Section 63)). Table 1 presents a breakdown of the masses
of these states into three contributions: the simplest to count is that associated with the
Higgs-generated current-masses of the valence quarks (HB); the least well understood is
that part which has no connection with the Higgs boson (EHM); and the remainder is that
arising from constructive interference between these two sources of mass (EHM+HB).

Table 1. Mass budgets of a collection of hadrons, with each panel ordered according to the
contribution from Higgs boson couplings into QCD (HB) and including the component that is
entirely unrelated to the Higgs (EHM) and that arising from constructive interference between
these two mass sources (EHM+HB) (separation at { = 2 GeV, produced using information from
References [35,40-43]).

Mass Fraction (%)

Hadron (Mass/GeV) HB EHM+HB EHM
p(0.938) 1 6 93
0(0.775) 1 2 97

D* (2.010) 63 30 7
B* (5.325) 78 21 1
7 (0.140) 5 95 0
K (0.494) 20 80 0
D (1.870) 68 32 0
B (5.279) 79 21 0

The information listed in Rows 1, 2, 5, and 6 of Table 1 is represented pictorially in
Figure 1: plainly, there are significant differences between the upper and lower panels.
Regarding the proton and p-meson, the HB-alone component of their masses is just 1% in
each case. Notwithstanding that, their masses are large and remain so even in the absence
of Higgs boson couplings into QCD, i.e., in the chiral limit. This overwhelmingly dominant
component is a manifestation of EHM in the SM. It produces roughly 95% of the measured
mass. Evidently, baryons and vector mesons are similar in these respects.
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p meson mass budget
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Figure 1. Mass budgets: (A) proton; (B) p-meson; (C) pion; (D) kaon. Each is drawn using a
Poincaré-invariant decomposition and the numerical values listed in Table 1 (separation at { = 2 GeV,
calculated using information from References [40-43]).

Conversely and yet still owing to EHM via its dynamical chiral symmetry breaking
(DCSB) corollary, the pion is massless in the chiral limit—it is the SM’s Nambu—-Goldstone
(NG) mode [27,44-52]. Returning to the quark model picture, the only difference between
p- and -mesons is a spin-flip: in the p, the constituent quark spins are aligned, whereas
they are antialigned in 77. Yet, their mass budgets are fundamentally different: Figure 1B; cf.
Figure 1C. An inability to explain this difference is a conspicuous failure of quark models:
whilst it is easy to obtain a satisfactory mass for the p, a low-mass pion can only be obtained
by fine-tuning the quark model’s potential. Nature, however, does not fine-tune the pion:
in the absence of Higgs boson couplings, it is massless irrespective of the size of 11, and, in
fact, the mass of any other hadron.

The kaon mass budget is also drawn—see Figure 1D. In the chiral limit, then, like the 7,
the K-meson is an NG boson. However, with realistic values of Higgs boson couplings into
QCD, the s quark current-mass is approximately 27-times the average of the u and d current-
masses [40]: 2ms ~ 27(m, + my). Consequently, the HB wedge in Figure 1D accounts for
20% of mg. The remaining 80% is generated by constructive EHM+HB interference. It fol-
lows that comparisons between 7t and K properties present good opportunities for studying
Higgs boson modulation of EHM, because the HB mass fraction is four-times larger in kaons
than in pions. Moreover, the array of images in Figure 1 highlights that additional, comple-
mentary information can be obtained from comparisons between baryons/vector mesons
and the set of kindred pseudoscalar mesons. For instance, studies of spectra (Section 6),
transitions between vector mesons and pseudoscalar mesons (Section 10), and comparative
analyses of proton and pion parton distribution functions (DFs) (see Section 11). In all
cases, predominantly EHM systems, on the one hand, are contrasted/overlapped with final
states that possess varying degrees of EHM+HB interference.

These observations highlight that EHM—whatever it is—can be accessed via experi-
ment. The task for theory is to identify and explain its source, then elucidate a broad range
of observable consequences so that the origins and explanations can be validated.
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3. Gluons and the Emergence of Mass

The requirement of gauge invariance ensures that the Higgs boson does not couple to
gluons and precludes any other means of generating an explicit mass term for the gluon
fields in Equation (1). Consequently, it is widely believed that gluons are massless; and this
is recorded by the Particle Data Group (PDG) [40] (p. 25). (We stress that gluon partons are
massless).

In QCD, this “gauge invariance” statement is properly translated into a property of
the two-point gluon Schwinger function. Namely, using the class of covariant gauges as an
illustrative tool, characterised by a gauge-fixing parameter ¢, the inverse of the gluon two-
point function can be expressed in terms of a gluon vacuum polarisation (or self-energy):

D‘171/1 (k) = (5wk2 - k}lklf(l - (:) + Hyv(k) = OD;:vl (k) + H;w(k) + Ckyktfr (2

where k is the gluon momentum. (Regarding ¢, common choices in perturbation theory
are { = 0,1, viz. Landau and Feynman gauges, respectively.) Gauge invariance (BRST
symmetry of the quantised theory [53] (Ch. II)) is expressed in the following Slavnov-Taylor
identity [54,55]:

kIl (k) = 0 = I (k)ky . 3)

This restrictive, yet generous, constraint states that interactions cannot affect the four-
longitudinal component of the gluon two-point function, but leaves room for modifications
of the propagation characteristics of the three four-transverse degrees-of-freedom.
Equation (3) means
Ty (k) = [8uk® — Kk JTI(K?) =: Ty, KPT1(K?), 4)
where IT(k?) is the dimensionless gluon self-energy; hence, the gauge invariance constraint
entails

1 kyky — kyky
_ Tk vk 2 v
Dyy(k) = Tyvm +CkT =T, D(k*) +¢ rak ®)
This is the propagator of a massless vector boson, unless
2
K2~0 M
11(k?) = 172‘] 6)

in the event of which both the dressed gluon acquires a mass and all symmetry constraints
are preserved. That Equation (6) is possible in an interacting quantum gauge field theory
was first shown in a study of two-dimensional QED [56,57], and the phenomenon is now
known as the Schwinger mechanism of gauge boson mass generation. Three-dimensional
QED supports a similar outcome [3-5,58,59], as does D = 3 QCD [60,61]; but, as already
noted above, there is a difference between both these examples and QCD. Namely, whereas
the Lagrangian couplings in D < 4 theories carry a mass dimension, which explicitly
breaks scale invariance, this is not the case for D = 4 chromodynamics.

The existence of a Schwinger mechanism in QCD was first conjectured forty years
ago [62]. The idea has subsequently been explored and refined [63-67], so that, today, a
detailed picture is emerging, which unifies both the gauge and matter sectors [68]. The
dynamical origin of the QCD Schwinger mechanism and its intimate connection with non-
perturbative dynamics in the three-gluon vertex are elucidated elsewhere [36,37]. This is an
area of continuing research, where synergies between continuum and lattice QCD are being
exploited [69,70]. For our purposes, it is sufficient to know that Equation (6) is realised in
QCD. Indeed, owing to their self-interactions, gluon partons transmogrify into gluon quasi-
particles, whose propagation characteristics are determined by a momentum-dependent
mass function. That mass function is power-law suppressed in the ultraviolet—hence,
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invisible in perturbation theory, yet large at infrared momenta, being characterised by a
renormalisation-point-independent value [71]:

my = 0.43(1) GeV. @)

The renormalisation-group-invariant (RGI) gluon mass function is drawn in Figure 2.

1.0¢
0.8;
0.6¢
0.4f
0.2f
§ 0.0t

K)/Mo(0), [m,(k)/m (0)?

k/GeV

Figure 2. Renormalisation-group-invariant dressed gluon mass function (solid blue curve) calculated,
following the method in Reference [72], from a gluon two-point function obtained using the IQCD
configurations in References [73-75]. The mass-squared curve is plotted, normalised by its k = 0 value,
and compared with the kindred chiral-limit dressed quark mass function drawn from Reference [76]
(dotted-dashed green curve). It is this pair of curves that is 1/k>-suppressed in the ultraviolet, each
with additional logarithmic corrections.

Before closing this section, it is worth stressing the importance of Poincaré covariance
in modern physics.? If one chooses to formulate a problem in quantum field theory using a
scheme that does not ensure Poincaré invariance of physical quantities, then artificial or
“pseudodynamical” effects are typically encountered [77]. In connection with gauge theory
Schwinger functions, Poincaré covariance very effectively limits the nature and number
of independent amplitudes that are required for a complete representation. In contrast,
analyses and quantisation procedures that violate Poincaré covariance engender a rapid
proliferation in the number of such functions. For instance, the covariant-gauge gluon
two-point function in Equation (5) is fully specified by one scalar function, whereas, in the
class of axial gauges, two unconnected functions are required, and unphysical, kinematic
singularities appear in the associated tensors [78,79]. This is why covariant gauges are
normally employed for concrete calculations in both continuum and lattice-regularised
QCD. In fact, Landau gauge, i.e., { = 0 in Equation (5), is often used because, amongst
other things, it is a fixed point of the renormalisation group [53] (Ch.IV) and implemented
readily in 1QCD [80]. We typically refer to Landau gauge results herein. Naturally, gauge
covariance of Schwinger functions ensures that expressions of EHM in physical observables
are independent of the gauge used for their elucidation.

Equation (7) is the cleanest expression of EHM in Nature, being truly a manifestation
of mass emerging from nothing: infinitely many massless gluon partons fuse together
so that, for all intents and purposes, they behave as coherent quasiparticle fields with a
long-wavelength mass, which is almost half that of the proton. The implications of this
result are enormous and far-reaching, including, e.g., key steps toward the elimination of

2 When working with a Euclidean formulation, as we do, Poincaré covariance maps straightforwardly into

Euclidean covariance, viz. valid Schwinger functions must transform covariantly under O(4) rotations and
linear translations in R*. Owing to the simplicity of this connection, we avoid transliteration and speak of
Poincaré covariance and invariance throughout.
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the problem of Gribov ambiguities [81], which were long thought to prevent a rigorous
definition of QCD.

4. Process-Independent Effective Charge

In classical field theories, couplings and masses are constants. Typically, this is also
true in quantum mechanics models of strong interaction phenomena. However, this is
not the case in renormalisable quantum gauge field theories, as highlighted by the Gell-
Mann-Low effective charge/running coupling in QED [82], which is a textbook case [9]
(Ch.13.1).

A highlight of Twentieth Century physics was the realisation that QCD, in particular,
and non-Abelian gauge theories, in general, express asymptotic freedom ([83-85], [86]
(Ch.7.1)), i.e., the feature that the interaction between charge carriers in the theory be-
comes weaker as k?, the momentum-squared characterising the scattering process, becomes
larger. Analysed perturbatively at one-loop order in the modified minimal subtraction
renormalisation scheme, MS, the QCD running coupling takes the form

2 YmTT

“MS(k )* lnkz/AzQCD/ (8)

where v, = 12/[33 — 2ny], with 1y the number of quark flavours whose mass does

not exceed k%, and Aqcp ~ 0.2GeV is the RGI mass parameter that sets the scale for
perturbative analyses.

Asymptotic freedom comes with a “flip side”, which came to be known as infrared
slavery ([87] (Section 3.1.2)). Namely, beginning with some k? > A%)CD, then the interaction
strength grows as k? is reduced, with the coupling diverging at k? = AéCD, (This is the
Landau pole.) Qualitatively, this statement is true at any finite order in perturbation theory:
whilst the value of Agcp changes somewhat, the divergence remains. In concert with the
area law demonstrated in Reference [18], which entails that the potential between any two
infinitely massive colour sources grows linearly with their separation, many practitioners
were persuaded that the complex dynamical phenomenon of confinement could simply be
explained by an unbounded potential that grows with parton separation. As we shall see,
that is not the case, but the notion is persistent.

Given the character of QCD’s perturbative running coupling, two big questions arise:

(@)  Does QCD possess a unique, nonperturbatively well-defined and calculable effective
charge, viz. a veritable analogue of QED’s Gell-Mann-Low running coupling; and
(b) Does Equation (8) express the large-k? behaviour of that charge?

If both questions can be answered in the affirmative, then great strides have been
made toward verifying that QCD is truly a theory.

Following roughly forty years of two practically disjoint research efforts, one focused
on QCD’s gauge sector [66,67,88] and another on its matter sector [21,23-25], a key step on
the path to answering these questions was taken in Reference [68]. The two distinct efforts
were designated therein as the top-down approach—ab initio computation of the interaction
via direct analyses of gauge sector gap equations; and the bottom-up scheme—inferring
the interaction by describing data within a well-defined truncation of those matter sector
equations that are relevant to bound state properties. Reference [68] showed that the top-
down and bottom-up approaches are unified when the RGI running interaction predicted
by then-contemporary analyses of QCD’s gauge sector is used to explain ground state
hadron observables using nonperturbatively improved truncations of the matter sector
bound state equations. The first such truncation was introduced in Reference [89].

It was a short walk from this point to a realisation [90] that in QCD, by means of the
pinch technique [65,91,92] and background field method [93], one can define and calculate
a unique, process-independent (PI) and RGI analogue of the Gell-Mann-Low effective
charge, now denoted &(k?). The analysis was refined in Reference [71], which combined
modern results from continuum analyses of QCD’s gauge sector and 1QCD configurations
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generated with three domain-wall fermions at the physical pion mass [73-75] to obtain a
parameter-free prediction of &(k?). The resulting charge is drawn in Figure 3. It is reliably
interpolated by writing

aj +ay +

ey ©)

ak) = —— T Ky =k) =
In [y(z(kz)/AzQCD]

with (in GeV?2): a9 = 0.104(1), a; = 0.0975, by = 0.121(1). The curve was obtained using a
momentum subtraction renormalisation scheme: Aqcp = 0.52GeV when ny = 4.
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Figure 3. Process-independent effective charge, &(k)/ 7, obtained by combining modern results
from continuum and lattice analyses of QCD’s gauge sector [71]. Existing data on the process-
dependent charge ag, [94,95], defined via the Bjorken sum rule, is shown for comparison—see
References [95-121]. (Image courtesy of D. Binosi).

Notably, &(k?) is PI and RGI in any gauge; but, it is sufficient to know &(k?) in Landau
gauge, ¢ = 0in Equation (5), which is the choice both for easiest calculation and the result in
Equation (9). This is because &(k?) is form-invariant under gauge transformations, as may
be shown using identities discussed elsewhere [122], and gauge covariance ensures that any
such transformations can be absorbed into the Schwinger functions of the quasiparticles
whose interactions are described by &(k?) [123].

The following physical features of & deserve to be highlighted because they expose a
great deal about QCD.

Absence of a Landau pole. Whereas the perturbative running coupling, e.g., Equation (8),
diverges at K= A%QCD' revealing the Landau pole, the PI charge is a smooth function
on k? > 0: the Landau pole is eliminated owing to the appearance of a gluon mass
scale, Equation (7).

Implicit in the “screening function”, & (k?), is a screening mass:

In = K( = Ajcp) ~ 1.4 Agep < my, (10)

at which point the perturbative coupling would diverge but the PI coupling passes
through an inflection point on its way to saturation. On /k? < {3, the PI charge enters
a new doma