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4University of Virginia, Charlottesville, VA 22904, USA

titut für Theoretische Physik, Justus-Liebig-Universität Gießen, D-35392 Gießen, Germa

6Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China

7School of Physics, University of Chinese Academy of Sciences, Beijing 100049, China

8Istituto Superiore di Sanità, I-00161 Rome, Italy

9European Centre for Theoretical Studies in Nuclear Physics and

Related Areas (ECT∗) and Fondazione Bruno Kessler, Villa Tambosi,

Strada delle Tabarelle 286, I-38123 Villazzano (TN) Italy

10LIP Lisboa, Av. Prof. Gama Pinto 2, P-1649-003 Lisboa, Portugal

11Departamento de F́ısica, Instituto Superior Técnico, P-1049-001 Lisboa, Portugal
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Universitätsstraße 31, D-93040 Regensburg, Germany

(Dated: 2020 September 23)

Abstract

The last decade has seen a marked shift in how the internal structure of had-

rons is understood. Modern experimental facilities, new theoretical techniques for

the continuum bound-state problem and progress with lattice-regularised QCD have

provided strong indications that soft quark+quark (diquark) correlations play a cru-

cial role in hadron physics. For example, theory indicates that the appearance of

such correlations is a necessary consequence of dynamical chiral symmetry breaking,

viz. a corollary of emergent hadronic mass that is responsible for almost all visible

mass in the universe; experiment has uncovered signals for such correlations in the

flavour-separation of the proton’s electromagnetic form factors; and phenomenology

suggests that diquark correlations might be critical to the formation of exotic tetra-

and penta-quark hadrons. A broad spectrum of such information is evaluated here-

in, with a view to consolidating the facts and therefrom moving toward a coherent,

unified picture of hadron structure and the role that diquark correlations might play.
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1. INTRODUCTION

e than one century of fundamental research in atomic and nuclear physics has show

ter is corpuscular, with the atoms that comprise us, themselves containing a dense n

his core is composed of protons and neutrons, referred to collectively as nucleons,

mbers of a broader class of fm-scale particles, called hadrons. In working towa

anding of hadrons, it has been found that they are complicated bound-states of gluo

whose interactions are described by a Poincaré-invariant quantum non-Abelian gaug

namely, quantum chromodynamics (QCD).

is fundamentally different from other pieces of the Standard Model of Particle P

hilst perturbation theory is a powerful tool when used in connection with high-

es, this technique is powerless when it comes to developing an understanding of obse

rgy characteristics of QCD. The body of experimental and theoretical methods u

nd map QCD’s infrared domain can be called strong-QCD [1] and they must dea

t nonperturbative phenomena, such as confinement of gluons and quarks and dyn

ymmetry breaking (DCSB).

QCD running coupling lies at the heart of many attempts to define and understan

t because almost immediately following the demonstration of asymptotic freedom [2

ed appearance of an infrared Landau pole in the perturbative expression for the r

g spawned the idea of infrared slavery, viz. confinement expressed through a far-in

nce in the running coupling. In the absence of a nonperturbative definition of a

coupling, this idea is not more than a conjecture; but recent studies [5–7] support

that the Landau pole is screened (eliminated) in QCD by the dynamical generatio

ass-scale and the theory possesses an infrared stable fixed point.

merical simulations of lattice-regularised QCD (lQCD) that use static sources to rep

nce-quarks of, for instance, a proton, a “Y-junction” flux-tube picture of nucleon

drawn, e.g. Refs. [8, 9]. Such results and notions could suggest an important role

uon vertex, which is a signature of the non-Abelian character of QCD and the so

otic freedom, in quark (and gluon) confinement inside the hadron. That is, if the

icture were equally valid in real-world QCD. In dynamical QCD, however, wherein

arks are ubiquitous, it is not; so a different explanation of binding within the nucleo

nerally within any hadron, must be found.

d on an accumulated body of evidence, it appears likely that confinement, defin

lation of reflection positivity by coloured Schwinger functions (see, e.g. Refs. [10–2

s therein and thereof) and DCSB have a common origin in the SM; but this do

at confinement and DCSB must necessarily appear together. Models can readily b

press one without the other, e.g. numerous constituent quark models express confin

potentials that rise rapidly with interparticle separation, yet possess no ready defi

ral limit [28, 29]; and models of the Nambu–Jona-Lasinio type typically express DC
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finement [30–32].

B ensures the existence of nearly-massless pseudo-Nambu-Goldstone (NG) modes (

nstituted from a valence-quark and -antiquark whose individual Lagrangian current

are < 1% of the proton mass [33]. In the presence of these modes, no flux tube bet

olour source and sink can have a measurable existence. To verify this statement, co

tube being stretched between a source and sink. The potential energy accumulated

e may increase only until it reaches that required to produce a particle-antipartic

heory’s pseudo-NG modes. Simulations of lQCD show [34, 35] that the flux tub

ars instantaneously along its entire length, leaving two isolated colour-singlet sy

gth-scale associated with this effect in QCD is ' 1/3 fm. Hence, if any such string

dissolve well within hadron interiors.

ther equally important consequence of DCSB is less well known. Namely, any inte

of creating pseudo-NG modes as bound-states of a light dressed-quark and -antiquar

cing the measured value of their leptonic decay constants, will necessarily also ge

colour-antitriplet correlations between any two dressed quarks contained within a h

h a rigorous proof within QCD is not known, this assertion is based upon an accum

evidence, gathered in three decades of studying two- and three-body bound-state pr

on physics, e.g. Refs. [36–44]. No realistic counter examples are known; and the ex

quark+quark (diquark) correlations is also supported by simulations of lQCD [45–5

worth remarking here that in a dynamical theory based on SU(2)-colour, diquar

inglets. They would thus exist as asymptotic states and form mass-degenerate mu

esons composed from like-flavoured quarks. (These properties are a manifestation of

symmetry [52, 53].) Consequently, the isoscalar-scalar, [ud]0+ , diquark would be m

presence of DCSB, matching the pion, and the isovector-pseudovector, {ud}1+ , d

e degenerate with the theory’s ρ-meson. Such identities are lost in changing the

o SU(3)-colour [SUc(3)]; but clear and instructive similarities between mesons and di

eless remain, such as [20, 36, 41, 54–65]: (i) isoscalar-scalar and isovector-pseudo

correlations are the strongest, but others could appear inside a hadron so long a

numbers are allowed by Fermi-Dirac statistics; (ii) the associated diquark mass

the strength and range of the correlation and are each bounded below by the par

mass; and (iii) realistic diquark correlations are soft, i.e. they possess an electroma

t is bounded below by that of the analogous mesonic system.

important to appreciate that these fully dynamical diquark correlations are differen

tic, pointlike diquarks which featured in early attempts [66] to understand the

m and to explain the so-called missing resonance problem [67–69]. Modern diqua

namical inside hadrons: no valence quark holds a special place because each one parti

quarks to the fullest extent allowed by the quantum numbers of the quark, the diqua

ron in hand. The continual rearrangement of the quarks guarantees a hadron spect

that found experimentally and that obtained in modern constituent quark models [2
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alculations [70].

ently, the notion of diquark correlations is spread widely across modern nuclear and

physics; for example, experiment has uncovered signals for such correlations in the fl

ion of the proton’s electromagnetic form factors [71, 72]; and phenomenology sugges

correlations might play a material role in the formation of exotic tetra- and penta

[73–79]. At issue, however, is whether all these things called diquarks are the sam

are dissimilarities, can they be understood and reconciled so that experiment can pr

or clean observable signals.

in, therefore, a critical review of existing information is undertaken in order to cons

e facts and identify a path toward a consistent description of diquark correlations

that answers the following basic questions:

ow firmly founded are continuum theoretical predictions of diquark correlations in ha

hat does lQCD have to say about the existence and character of diquark correlat

aryons and multiquark systems?

re there strategies for combining continuum and lattice methods in pursuit of an ins

nderstanding of hadron structure?

an theory identify experimental observables that would constitute unambiguous meas

gnals for the presence of diquark correlations?

there a traceable connection between the so-called diquarks used to build phenomeno

odels of high-energy processes and the correlations predicted by contemporary theor

so, how can such models be improved therefrom?

re diquarks the only type of two-body correlations that play a role in hadron struct

hich new experiments, facilities and analysis tools are best suited to test the em

icture of two-body correlations in hadrons?

o, that the last millennium saw publications which treat the diquark concept explic

ly. It is not our intention to recapitulate that work. Interested parties may consul

nts that supply additional material, e.g. Refs. [66, 80], the proceedings of some wor

990s [81–83], and a compilation of references to articles on diquarks [84].

re proceeding further, it is worth remarking that this perspective supplies a wide-r

the diquark concept, providing a discussion of many variations on the theme. Th

ccasions in which different approaches might appear to be mutually inconsistent. I

he reader should understand that in science there is room for constructive disagreem

d of progress.

manuscript is arranged as follows. In Sec. 2 we revisit the theoretical concept of d

ions inside hadrons; review the latest advances on this topic using phenomenologica
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continuum Schwinger functional methods and lattice-regularised QCD technique

t some examples of their most relevant results compared with experimental data. Se

ed to an experimental overview of the most prominent signals of diquark correlations

, either conventional or unconventional. We dedicate Sec. 4 to discuss possible theo

erimental pathways, which have not yet been explored and can consolidate the con

correlations. We finish with a summary and perspective in Sec. 5.

2. DIQUARKS IN THEORY

1. Phenomenological Quark Models

notion of diquarks dates back to the foundations of the quark model (QM) its

introduction had the purpose to provide an alternative description of baryons as

f a constituent-quark and -diquark [87–89]. Later, phenomenological indications

ce of diquark-like correlations were given. They included the ∆I = 1
2

rule in wea

decays [90]; some regularities in parton distribution functions (DFs) and spin-dep

re functions [91]; Λ(1116) and Λ(1520) fragmentation functions [92–94]; the Regge beh

ons, namely the fact that baryons and mesons can be accommodated on Regge traje

proximately the same slope [93–97]; the absence from the baryon spectrum of th

state [92] and, more generally, the problem of missing baryon resonances [97, 98].

concept of diquarks as effective degrees-of-freedom in QMs has proven useful in t

of baryon spectra, e.g. SU(3) light-quark baryons [97–104] and also heavy-light s

1]. As discussed in Refs. [97, 98, 112], the introduction of hard diquark correlations i

spectroscopy could also provide a solution to the old problem of missing baryon reson

ffects all the three-quark model predictions for baryon masses [113–119]. Howeve

er certain that such a problem exists because modern data and recent analyses h

he number of missing resonances [67–69, 120–122]. Diquark degrees-of-freedom with

ork of a quark model were also applied to baryon structure; some examples are nucleo

netic form factors [97, 123–126], baryon magnetic moments [104, 127, 128], electroma

on helicity amplitudes or form factors [97, 129], and in the study of transversity pr

gmentation functions [130–132]. Moreover, in the case of the ratio of electric and ma

ctors of the proton as a function of photon momentum, the quark+diquark model p

112, 126].

ark degrees-of-freedom may even play an important role in the context of the spectr

ucture of multiquark states. Such systems are hadrons that cannot be described so

f three valence quark, qqq, three valence antiquark, q̄q̄q̄, or quark+antiquark, qq̄, d

om. They include XY Z states (suspected tetraquarks), such as the X(3872) [now d

2)] [133–136] and the X(4274) [χc1(4274)] [137, 138]; and the Pc pentaquark cand

discovered by the LHCb Collaboration in Λb → J/ψΛ∗ and Λb → P+K− → (J/ψ
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[139, 140]. In addition to heavy+light multiquark configurations, such as qQq̄Q̄ and

= c or b), one may also expect the emergence of fully heavy QQQ̄Q̄ systems [14

een argued [150] that if stable QQQ̄Q̄ tetraquarks exist, they may be observable at

r, the empirical status is uncertain [151, 152].

possible existence of diquark+antidiquark bound states was suggested long ago [153]

they have never been clearly identified experimentally, compact diquark+antidiqua

ons might provide an explanation of the properties of hidden-charm/bottom XY Z

[99, 154–163]. On the pentaquark side, diquarks may also play an important role b

a description of the properties of Pc states as diquark+diquark+antiquark configu

0]. It is important to note here that multiquark candidates for the exotic XY Z sta

ively be interpreted as meson+meson molecules, hadro-quarkonium states, and kin

hold effects caused by virtual particles [73–79].

mmary, the concept of quark+quark effective degrees-of-freedom is very helpful

phenomenological approach to simplify the description of either conventional or

. This applies not only to spectroscopy but also to structure properties. However, w

ard diquarks should be understood only as mathematical artifices or as “physical” d

om in the hadron’s wave function is still a matter of study and debate. To unde

le in three-quark and multiquark bound-state systems, one should compare the pred

iquark model with those obtained using explicit quark degrees-of-freedom.

1. Diquark wave functions

quark’s colour wave function is a superposition of two different SUc(3) configuration

|ψc,D〉 = α |(3c1,3c2)3̄c12〉+ β |(3c1,3c2)6c12〉 ,

ci (with i = 1 or 2) are fundamental representations of SUc(3), corresponding

onstituents of the diquark, and the coefficients α and β satisfy α2 + β2 =1. In co

ark (diquark+antidiquark) states, the diquark colour wave function of Eq. (2.1.1) m

ed with that of the antidiquark to obtain a colour-singlet wave function; i.e. the tetr

ave function is obtained by superposing the |3̄c12,3c34; 1c1234〉 and |6c12, 6̄c34; 1c1234〉
components. In the baryon case, the diquark must be in the 3̄c representation of SU

the requirement of a colourless baryon. The baryon colour wave function is then gi

3; 1c123〉, where 3c3 is the colour wave function of the third quark inside the baryon

QM procedure to construct diquark spin-flavour wave functions is straightforwar

ty, the illustration is restricted to light diquarks, namely those composed of a pair

e set {u, d, s}. The extension to heavy+light and fully-heavy diquarks is straightf

be found, e.g. in Refs. [156, 162].

SUsf(6) (spin-flavour) diquark wave functions can be constructed using Young dia

combining two fundamental representations of SUsf(6), 6sf , which correspond to the
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constitu

(2.1.2)

where 1 k spin-

flavour

The

(2.1.3)

must b ,D and

ψsp,D ar

Focu garded

as S-wa uark’s

colour metric;

and the iquark

15sf rep Uf(3)]

baryon (2.1.2)

in term iquark,

with fla = 1.

(They to the

structu .) By

means scalar

diquark states

[92, 93,

The tations

of Eq. ( within

the bar

2.1.4a)

and

2.1.4b)

In the t in the

quark+ iquark

Journal Pre-proof
ents of the diquark. One has

⊗ = ⊕

6sf ⊗ 6sf = 15sf ⊕ 21sf ,

5sf and 21sf are, respectively, the completely antisymmetric and symmetric diquar

states.

diquark total wave function,

ψD = ψc,D ⊗ ψsf,D ⊗ ψsp,D ,

e completely antisymmetric in order to satisfy the Pauli principle. Here, ψc,D, ψsf

e, respectively, its colour, spin-flavour, and spatial parts.

sing on light baryons with masses below 2.5 GeV, their diquark constituents can be re

ve configurations; namely, with no internal spatial excitations. Therefore, the diq

and spatial wave functions are, respectively, completely antisymmetric and sym

n the diquark spin-flavour wave function has to be completely symmetric. The d

resentation of Eq. (2.1.2) is thus forbidden in the case of low-lying SU(3)-flavour [S

resonances [92, 93, 97]. By decomposing the 21sf diquark wave function of Eq.

s of SUs(2) ⊗ SUf(3), one gets two different diquark configurations, the scalar d

vour 3̄f and spin S = 0, and the axial-vector diquark, with flavour 6f and spin S

have been called “good” and “bad”, respectively; but since both appear crucial

re of all baryons, that terminology is not employed herein because it is misleading

of a one-gluon-exchange interaction between the two quarks, one can show that the

is ∼ 20% lighter; hence, should be the dominant configuration in low-lying baryon

97, 102, 172, 173].

baryon spin-flavour states are obtained by combining the two-quark SUsf(6) represen

2.1.2) with a 6sf representation, which corresponds to the third constituent quark

yon. One has

⊗ = ⊕

15sf ⊗ 6sf = 20sf ⊕ 70sf

, (

⊗ = ⊕

21sf ⊗ 6sf = 56sf ⊕ 70sf

. (

hree-quark model, all spin-flavour states in Eqs. (2.1.4) are achievable. Conversely,

diquark model only those of Eq. (2.1.4b) are accessible. Therefore, in the quark+d
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model t ument

[97, 98]

The onding

experim s very

weakly e pions

or into licated

by the of the

differen models

that ar to the

three-co served

experim ssed in

Ref. [97 mind

that qu r than

three-q

The can be

found in ctions

as diqu

Ther sidered

as mod imated

via phe rks via

one-glu

Ref. 0+ , has

no spin iquark,

{q1, q2}

(2.1.5)

where S tively;

and the etween

scalar a n (and

meson) le, one

has: M for the

scalar–a MeV,

Mav
us −
A si rst ex-

tracting (κqq)3̄,

from se d that

Journal Pre-proof
he number of states is much reduced with respect to the three-quark model. This arg

offers a solution to the missing baryon resonance problem, if it exists.

missing baryon resonances are states predicted by QMs, with (as yet) no corresp

entally observed counterparts. One may argue that there could be baryon state

coupled to the single pion, but with higher probabilities of decaying into two or mor

other mesons [115, 116, 174]. The detection of such resonances is further comp

problem of separating experimental data from backgrounds and by the expansion

tial cross section into many partial waves. Alternately, it is possible to consider

e characterised by a smaller number of effective degrees of freedom with respect

nstituent-quark models and to assume that some of the missing states, not yet ob

entally, simply do not exist. This is the case for the quark+diquark models discu

, 98, 102], in particular Ref. [98, Table III]. At the same time, it should be kept in

ark+diquark models [98, 102, 175] also have missing baryon states, but only fewe

uark models.

construction of light and heavy+light tetraquarks as diquark+antidiquark states

, for instance, Refs. [156, 162, 176, 177]; for the construction of pentaquark wave fun

ark+diquark+antiquark states, see e.g. Ref. [168].

2. Diquark masses

e are three standard ways to estimate diquark masses in QMs: they can be con

el parameters to be fitted to experimental data [97, 98, 101, 102]; they can be est

nomenological considerations [92, 94]; or they can be calculated by binding two qua

on-exchange interaction [145, 147, 162, 178] plus a spin-spin contribution [156].

[92] highlighted that in heavy+light baryons an elementary scalar diquark, [q1, q2]

interaction with the spectator heavy quark, Q, while the kindred axial-vector d

1+ , does. One has

H(Q, {q1, q2}1+) = K(Q, {q1, q2}1+) 2 S{q1,q2}1+ ·SQ ,

{q1,q2}1+ and SQ are the spins of the light axial-vector diquark and heavy quark, respec

coefficient K(Q, {q1, q2}) depends on the quark masses. To estimate the difference b

nd axial-vector diquark masses, it is necessary to take linear combinations of baryo

masses that eliminate the spin-dependent interaction of Eq. (2.1.5). For examp
av
ud −M sc

ud = 1
3

(
2M(Σ∗Q) +M(ΣQ)

)
−M(ΛQ). This leads to the following results

xial-vector diquark mass differences [92]: Mav
ud −M sc

ud ' 210 MeV, M sc
ud −Mu ' 315

M sc
us = 152 MeV, and M sc

us −Ms = 498 MeV.

milar idea was used in Ref. [156], wherein the diquark masses were estimated by fi

the strength of the quark-quark spin-spin interaction in a colour antitriplet state,

veral baryon masses, like that of the Λ (to evaluate the scalar diquark mass) an
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TABLE means

of the re These

results w

Flavour (MeV)

q 40

q 92

s 136

q 138

s 264

c 329

q 465

s 585

c 611

b 845

of the Σ es into

an alge s were

inferred 5 MeV

and M s
s aquark

mass, t ses are

inconsis ); and

Table 2 uggest

that σ, (3872)

is prima

Ref. + σL,

which d ers but

differen mbers

and L ted by

a relati f small

m1,2, th

(2.1.6)

where κ aryons

contain taining

axial-ve s, e.g.

Mav
ud > to 500

MeV, t

Journal Pre-proof
2.1.1. Scalar and axial-vector diquark masses, M sc and Mav, respectively, computed by

lativised QM Hamiltonian of Refs. [114, 179]. Notation: q indicates light, u or d, quarks.

ere previously reported in Ref. [178, Table 1].

content M sc (MeV) Mav

q 691 8

s 886 9

s – 1

c 2099 2

c 2229 2

c – 3

b 5451 5

b 5572 5

b 6599 6

b – 9

(to estimate the axial-vector diquark mass). By plugging the previous κ estimat

braic mass formula with spin-spin interactions for tetraquarks, light diquark masse

by fitting their values to the a0(980) and σ(480) experimental levels: M sc
ud = 39

c
q = 590 MeV (with q = u or d). Using the same approach to fit the X(3872) tetr

hen M sc
cq = 1933 MeV. (Such low values for the scalar and axial-vector diquark mas

tent with many calculations; e.g. herein see: Table 2.1.1; Fig. 2.2.5 and Eq. (2.2.13

.3.3. Moreover, continuum Schwinger function methods (CSMs) applied to QCD s

a0 are dominated by meson+meson, not diquark+antidiquark, channels; and the X

rily a molecule-like DD∗ system. More on this in Sec. 2 2 1.)

[94] approached the probem by generalizing the Chew-Frautschi formula, M2 = a

escribes the Regge trajectories of resonances with the same internal quantum numb

t values of JP . Here, σ is a constant (' 1.1 GeV2), a depends on the quantum nu

is the orbital angular momentum. By considering two masses, m1 and m2, connec

vistic string with angular momentum L and constant tension T , and in the limit o

e following expression was obtained

E '
√
σL+ κL−1/4µ3/2,

' 1.15 GeV−1/2 and µ3/2 = m
3/2
1 + m

3/2
2 . Using a simple picture in which b

only one type of diquark, then comparing those with scalar diquarks and those con

ctor diquarks, inferences were made regarding the mass difference between diquark

M sc
us > Ms > M sc

ud and (Mav
ud)

3/2 − (M sc
ud)

3/2 = 0.28 GeV3/2. If M sc
ud varies from 100

hen Mav −M sc ranges from 360 to 240 MeV.
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shown i
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system. s with

respect

Ther poten-

tial mo tivised

quark+ . [107].

Others

Refs tivised

quark+ = 1
2

+
,

3620 M by the

PDG [1 nown.

The the ns are,

respect CSMs

and exp

In th nterac-

tion is being

free par

(2.1.7)

which d ngular

momen SUf(3)

Gell-Ma l data.

This m scopy.

In the n to an

energy

Journal Pre-proof
remaining approach is exemplified in Refs. [145, 147, 162, 178], wherein a relativis

nian [114, 179] was used to bind a quark+quark pair. To do that, one needs a r

quark-quark and quark-antiquark colour Casimirs, 〈Fq ·Fq̄〉 = −4
3

= 2〈Fq ·Fq〉 [17

)], where the F’s are related to the Gell-Mann colour matrices by Fa = λa

2
. The resu

n Table 2.1.1.

3. Light and heavy-light baryons in the diquark model

description of baryons as quark+diquark bound states has important consequence

e is that the internal dynamics among quark+diquark constituents can be describe

elative coordinate, rrel, instead of the usual ρ and λ Jacobi coordinates of a three

As a result, one obtains a spectrum characterised by a smaller number of state

to the one predicted by three-quark models, as discussed in Ref. [97] and below.

e are several quark+diquark models for baryon spectroscopy. Some of them are

dels, like the interacting quark+diquark model of Refs. [97, 101, 102, 104], the rela

diquark models of Refs. [100, 106, 108], and the nonrelativistic potential model of Ref

are simple algebraic models, such as the quark+diquark model of Ref. [98].

. [106, 108] report a spectrum of doubly-heavy baryons computed using a rela

diquark model. In particular, the result for the ground-state mass of the Ξcc with JP

eV, is compatible with the experimental mass of the Ξ++
cc resonance listed recently

80]: 3621.2± 0.7 MeV, even though the experimental quantum numbers are still unk

oretical predictions for the ground-state masses of the Ξbb, Ωbb, and Ωcc configuratio

ively, 10202 MeV, 10359 MeV, and 3778 MeV. (Complete spectra, obtained using

loiting all possible dynamical diquark configurations, are drawn in Fig. 2.2.8.)

e interacting quark+diquark model of Refs. [97, 101, 102, 104], the quark-diquark i

the sum of a Coulomb-like + linear-confining potential, Vconf = −α
r

+ βr, α and β

ameters, plus an exchange interaction,

Mex(r) = (−1)L+1 e−σr
[
AS s1 · s2 + AF λ

f
1 ·λf

2 + AI t1 · t2

]
,

epends on the quantum numbers of the quark and diquark: their relative orbital a

tum (L), their spins (si, with i = 1, 2), isospins (ti), and flavour representations [the

nn matrices λf
i]; AS, AF, AI, and σ are model parameters, fitted to the experimenta

odel was applied to both nonstrange [97, 101, 104] and strange [102] baryon spectro

onstrange sector, the spectrum of the model shows no missing baryon resonances up

of 2 GeV; the calculated spectrum of hyperons is also reasonably reproduced.
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with th
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G. 2.1.1. Spectrum of the X(3872)-containing multiplet from Ref. [156]. (Masses in MeV

4. Compact tetraquarks in the diquark model

diquark model was also used in the context of compact (diquark+antidiquark) tetr

scopy. In particular, it was applied to the study of light [154, 176, 177] and heavy

3] tetraquarks. The study of compact heavy+light tetraquark configurations might p

anation of the properties of some hidden-charm/bottom XY Z exotic mesons [73, 7

[156] discussed the possible appearance of heavy-light tetraquarks within an algebrai

osing the following mass formula:

2M sc
qc

2(κcq)3̄ [Sc ·Sq + Sc̄ ·Sq̄′ ] + 2κqq̄ (Sc ·Sq̄′) + 2κcq̄ [Sc ·Sq̄′ + Sc̄ ·Sq] + 2κcc̄ (Sc ·Sc̄) ,

he κ parameters are flavour-dependent strengths of the spin-spin interaction, fitted t

vy+light baryon mass differences. After fitting the M sc
qc parameter to the mass

), Ref. [156] computed the spectrum of tetraquarks belonging to the X(3872) mu

e result drawn in Fig. 2.1.1. (See also the discussion of Fig. 3.6.33.)

[157] calculated the heavy+light tetraquark spectrum using a relativistic diquark+ant

ith one-gluon exchange and long-range vector and scalar linear-confinement pote

erpretation therein of the X(3872) as a qcq̄c̄ state is the same as Ref. [156].

[162] computed the spectrum of hidden-charm (qcq̄c̄ and scs̄c̄) tetraquarks by mea

sed potential model with linear-confinement and one-gluon exchange (OGE) intera

icular, it was shown that 13 charmonium-like observed states can be accommodated

ark picture, with the exception of the X(4274). Ref. [161] used a similar model to stu
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FIG. 2.1 mpared
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4.329

4.085

4.349

4.433

4.651

4.453

4.717
4.697

4.516

4.314

4.540
4.624

4.682
4.758

4.908

4.884

4.390

4.842

.2. Predicted masses, in MeV, for hidden-charm pentaquarks [181] (thick black lines) co

erimental data [180] (thin coloured lines).

tor and discussed possible assignments for the X(4140), X(4274), X(4500), and X

ef. [162], the X(4274) could not be accommodated in this tetraquark picture.

5. Compact pentaquarks in the diquark model

potential hidden-charm pentaquark signals, Pc, were observed by the LHCb Collabo

J/ψΛ∗ and Λb → P+
c K

− → (J/ψp)K− decays [139, 140]. They carry one unit of

and show the peculiar quark structure P+
c = uudcc̄, whence the name pentaquark

fference between the observed pentaquarks, Pc(4312)+ on one side, Pc(4440)+ and Pc(

other, is of the order of ∆M = 140 MeV. This is much smaller than the energy asso

orbital excitation, O(300) MeV, as e.g. in the case MΛ(1405) −MΛ(1116) ' 290 MeV

ef. [168], the splitting ∆M was explained in the context of the pentaquark model by

quark states characterised by different diquark contents. In particular, two possible v

tructures were proposed:

Pc,u = εαβγ c̄α[cu]β;S=0,1[ud]γ;S=0,1 , Pc,d = εαβγ c̄α[cd]β;S=0,1[uu]γ;S=1 ,

reek letters are colour indices and the diquarks are in the colour anti-triplet, 3̄c, c

properties and quantum numbers of Pc pentaquarks were also studied in the context

model in Refs. [170, 181–184]. Ref. [181] interpreted the LHCb hidden-charm penta

rk, q1q2, and triquark, q3q4q̄5, bound states. The colour structure of the diquark cons
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-1
=

-1
+

-1 -1
=

+

+

+

+
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.3. DSEs for the quark two-point Schwinger function (propagator) (top) and the gluon tw

(bottom). Solid, curly and dashed lines represent quarks, gluons and ghosts, respectively

me as Eq. (2.1.1), namely 3c1⊗3c2 = 3̄c12+6c12; in the triquark case, one has 3c3⊗3c4⊗
6̄c345 ⊕ 3c345 ⊕ 15c345. The colour-singlet pentaquark wave function, 1c12345, was ob

bining a diquark in the 3̄c12 configuration and a triquark in 3c345. The masses of

ark were also computed by means of an algebraic mass formula, characterised by sp

n-orbit interactions, with the results shown in Fig. 2.1.2. A similar mass formula wa

[182], assuming a diquark+diquark+antiquark description of Pc states.

masses of qqqQQ̄ pentaquark configurations (with Q = c or b) were computed in Re

potential model inspired by an AdS/QCD model. The interaction is very sim

pically described as the Cornell potential; and the results are 100 − 200 MeV abo

onding experimental data.

2. Continuum Schwinger Function Methods

role of diquark correlations inside hadrons has also long been emphasised in studie

such as the Dyson-Schwinger equations (DSEs); see, e.g. Refs. [19–21, 44, 56, 58, 60

reviews on their applications to hadron physics. As a quantum field theory equiva

er-Lagrange equations, the DSEs are a system of integral equations whose solutions

n-point Schwinger functions, i.e. the same quantities computed in numerical simu

. The simplest DSEs are illustrated in Fig. 2.1.3, viz. the gap equations for the qua

These equations provide the keys to understanding the emergence of hadronic mass

. à la Nambu [32], a nonzero dressed-quark mass-function emerges in solving the qua

n even in the absence of couplings to the Higgs boson. This is the basic signature of
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covarian onnec-

tion to

As n about

which is n sub-

stantial sation-

group e drawn,

these th evelop

predicti point

of the r

Furt es for

combin Green-

Takaha ce, the

axial-ve ion for

the pion anging

impact e than

twenty eloped

for this

The qq̄ and

qq kern endent

Journal Pre-proof
.4. Generic form of the homogeneous integral equation for an n-valence-body bound state

bed herein as a (generalised) Bethe-Salpeter equation (BSE). The lines with circles are

ropagators and the kernel is the sum of all irreducible two-, three-, . . . , n-body contributi

the emergence of mass from nothing, and there is a firm theoretical position from

argue that DCSB is responsible for more than 98% of the visible mass in the U

e next level of complexity are the Poincaré-covariant bound-state equations, Bethe-S

addeev [190], etc., a generic form of which is illustrated in Fig. 2.2.4. The bound-sta

icated by the shaded box, is the sum of all possible irreducible two-, three-, . . . , n

utions. The solution of such an equation yields the mass (pole-position) and boun

de for a bound-state (resonance) seeded by a total of n valence quarks and/or antiq

formation provides the foundation for computing all properties of the associated h

er, with the external legs reattached to the bound-state amplitude, one obtains a Po

t wave function that, under certain limiting conditions, possesses a mathematical c

the wave functions typical of quantum mechanics.

oted, the kernels depend on an array of QCD’s n-point functions, sound information

therefore important in developing the solutions. Here, the past two decades have see

progress, with results provided by DSE studies [5, 6, 191–199], functional renormali

quations [200–202] and lQCD [7, 203–212]. Notably, where fair comparisons can be

ree approaches agree; hence, the results provide a robust foundation from which to d

ons for hadron observables. (Landau gauge is typically employed because it is a fixed

enormalisation group and that gauge most readily implemented in lQCD.)

hermore, extensive progress has been made in developing symmetry-preserving schem

ing QCD’s n-point functions into Bethe-Salpeter kernels that guarantee all Ward-

shi identities (WGTIs) are satisfied in the study of hadron observables. For instan

ctor WGTI is crucial to ensuring that DCSB is both a necessary and sufficient condit

’s emergence as a NG mode; and proving this and insightfully expressing its wide-r

on hadron observables has been a distinguishing success of the DSE approach for mor

years. The systematic, symmetry preserving truncation schemes that have been dev

purpose can be traced from Refs. [44, 58, 185, 186, 195, 213–218]

leading order in such a scheme is the rainbow-ladder (RL) truncation, where the

els in mesons and baryons are expressed by gluon exchanges with a momentum-dep
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e interaction that is provided by Ansatz. This leaves the quark propagator to be solve

with information on other relevant n-point functions implicit in the interaction A

cation has been successful in a range of applications, including the properties of (iso

calar and vector ground-state mesons as well as JP = 1/2+ octet baryons and J =

t baryons. Its deficiencies in other meson and baryon channels and in the heavy

ector are also well documented, see e.g. Refs. [44, 58, 185, 186, 219] and references t

clear from Fig. 2.1.3 that improving upon RL truncation involves a substantial incr

ity since it requires explicit information about the gluon propagator, quark-gluon

er n-point functions. So far, kernels beyond RL have mostly been employed o

esons, where they improve the spectrum significantly [195, 213–215]. For baryons

tory calculations beyond RL are available [62, 63, 217, 220]. This is also the point

ions to an underlying soft-diquark structure can be made and profitably exploited.

1. Diquarks

e are many reasons to anticipate a role for diquark correlations within baryons.

quark+quark scattering in the colour-antitriplet (3̄c) channel is attractive; the th

nductivity reveals that fermions pair even in the presence of an arbitrarily small

eraction; phase space factors materially enhance two-body interactions over n ≥ 3

ions within a baryon; and the primary three-body force, produced by a three-gluon

g once, and only once, to each valence quark, vanishes when projected into the

channel:

final state three gluon vertex initial state
colour wave function colour wave function

εf1f2f3 fabc[λa]f1i1 [λb]f2i2 [λc]f3i3 εi1i2i3 = 0 ,

(

ijk is the Levi-Civita tensor, {λa} are SUc(3) Gell-Mann matrices, and fabc is the str

of SUc(3). Consequently, the leading role for the three-gluon vertex interaction w

is the strengthening of quark+quark correlations by attaching twice to one of the v

and additionally to one of the others.

athematical link between mesons and diquarks is forged by their Bethe-Salpeter (B

, whose tensors only differ by inclusion of the charge conjugation matrix. Denoti

by C, a pseudoscalar meson (γ5) is linked to a scalar diquark (γ5C), a vector meson

l-vector diquark (γµC), etc. Diquarks are subject to the Pauli principle, which in turn

heir isospin. The full colour-spinor-flavour amplitude of a diquark must be antisym

uark exchange; the colour part εijk is antisymmetric by itself and γ5C is an antisym

atrix; hence, a scalar diquark made of light quarks must have an antisymmetric

nction [ud] ∼ ud− du with I = 0. In this way, the non-exotic meson channels with

JPC = 0−+, 1−−, 0++, 1++, 1+− (
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.5. Meson and diquark masses from their BSEs plotted versus current-quark mass. The

a RL interaction uncertainty [59]. For the scalar and axial-vector mesons, following R

ling strength in the BSE has been reduced by a common prefactor to simulate effects

-ladder, which pushes their masses into fair agreement with experiment. The pseudosca

iquark masses inflate accordingly.

e following diquark partners:

I(JP ) = 0(0+), 1(1+), 0(0−), 0(1−), 1(1−). (

connection is explicit in the RL truncation, where the gluon exchange in both qq̄

is identical, except for an extra factor of 1/2 in the qq channel deriving from differe

ur structure. Thus, when calculating mesons from their BSEs, one simultaneously o

ective diquark properties. In Fig. 2.2.5, the resulting meson and diquark masses are p

the current-quark mass, which enters in the quark DSE and is varied from the chira

e strange-quark mass [59]. For light up/down quarks, the masses are (in GeV)

0+ 1+ 0− 1−

0.80(7) 0.99(5) 1.22(9) 1.30(6)
(

asses and splittings are similar to those obtained in quark models, the symmetry-pres

nt of a vector⊗ vector contact interaction (SCI) and QCD-kindred DSE framework

see Secs. 2 1, 2 3).
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worth noting that

δ1+0+ = m1+ −m0+ = 0.19(2) GeV, (

s significantly less than the empirically known splitting between the ∆-baryon and n

0.27 GeV. The associated Faddeev equations nevertheless produce masses for the n

in fair agreement with experiment, as discussed in connection with Fig. 2.2.12 below

δ1+0+ is partly responsible for δ∆N ; and neglecting meson cloud effects, there is a

ship between them, e.g. see Ref. [42, Fig. 1]. However, the net result for δ∆N is als

upon other effects. For instance, the nucleon and ∆-baryon possess intrinsic defor

o spin-orbit interactions play a role; and meson cloud effects can increase the splitt

0 GeV, depending on the formulation [222].

stability of RL studies of pseudoscalar and vector mesons provides another indicatio

alar and axial-vector diquark partners should play an important role in baryons: irresp

action details, they always appear much the same. On the other hand, positive

are distinguished by the presence of significant orbital angular momentum. RL trun

timates associated repulsive effects; hence, produces scalar and axial-vector meson

light. Consequently, RL estimates of the masses of their diquark partners are probab

. This and associated deficiencies are remedied in beyond-RL calculations [195, 21

rections can be mimicked by introducing a repulsion factor into the BSEs for scal

ctor mesons and their diquark partners [42] and this expedient was used in the calcu

oduced Fig. 2.2.5.

diquarks calculated in the RL truncation are not pointlike objects. Far from it: th

des carry a rich tensorial structure that depends on the relative and total momentum

sors for J = 0 and eight for J = 1 diquarks. This structure is illustrated in Fig

epicts oft used projections of the Poincaré-covariant scalar dressing functions asso

e various tensor structures characterising scalar and pseudovector diquarks. In both

is associated with the leading tensor, i.e. γ5C and γµC, respectively. These functio

nt. Whilst others are larger in Fig. 2.2.6, the associated Dirac-matrix tensors suppres

utions to physical quantities.

worth reiterating that diquark correlations are coloured and it is only in connectio

tnering quark that a colour singlet system is obtained. This means that diquar

. That is not true if RL truncation is used alone to define the quark+quark sca

[54]. However, corrections to this leading-order truncation have been examined us

-dominant interaction in Ref. [11]; and in fully self-consistent symmetry-preserving s

rrections eliminate bound-state poles from the quark+quark scattering matrix, but p

ng correlations [40, 223, 224]. These studies indicated that as coloured systems, like

arks, diquark propagation is described by a compound two-point function whose a

re is not that of an asymptotic state [10–19, 22, 23, 25, 26]; but which is never

erised by a mass-scale commensurate with that obtained in a RL analysis.

der to study the effect of diquark correlations on baryon structure and properties, the
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.6. Dimensionless dressing functions in the correlation amplitudes of the light-quark

d axial-vector-diquark (right).

rsion of Fig. 2.2.4 must be reformulated to make these correlations explicit. This w

lished to produce a Poincaré-covariant baryon bound-state equation in Refs. [37, 225

e result illustrated in Fig. 2.2.7. The derivation involves resummation of all quark+

ions into quark+quark scattering matrices, M , subsequently approximated as follow

Mqq(k, q;K) =
∑

JP =0+,1+,...

Γ̄J
P

(k;−K) ∆JP

(K) ΓJ
P

(q;K) , (

ΓJ
P
(q;K)} are amplitudes describing the diquark correlations and {∆JP

(K)} are

propagators. A prima facie case in favour of this approximation was given in conn

. (2.2.10). Further validation is subsequently to be sought through comparison of re

ons with experiment.

baryon described by Fig. 2.2.7, the binding has two contributions. One part is expre

ation of tight diquark correlations; and that is augmented by attraction generated t

rk exchange depicted in the shaded area of Fig. 2.2.7. This exchange ensures that d

ions within the baryon are fully dynamical: no quark holds a special place because ea

ates in all diquarks to the fullest extent allowed by its quantum numbers. The co

gement of the quarks guarantees, inter alia, that the nucleon’s dressed-quark wave fu

s with Pauli statistics. Gluons do not appear explicitly in Fig 2.2.7 because their

limated, being expressed in the properties of the elements in the Faddeev kernel.

y attempts to use the Faddeev equation in Fig. 2.2.7 as a tool for studying baryo

ed in Refs. [37, 38, 124, 227–230]. Hereafter, selected highlights from activities in the c
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2.7. Poincaré covariant quark+diquark Faddeev equation: a linear integral equation

alued function Ψ, being the Faddeev amplitude for a baryon of total momentum P = p

presses the relative momentum correlation between the dressed-quarks and -nonpointlike-d

he baryon. The shaded rectangle demarcates the kernel of the Faddeev equation: sing

quark propagator; Γ, diquark correlation amplitude; and double line, diquark propagator.

ium are described. (A recent attempt to solve a quark+diquark BSE in Minkowsk

ladder approximation is described in Ref. [231].)

osing this section, it is worth reiterating the result displayed in Fig. 2.2.5; namely, a

s always lighter than its diquark partner. It follows that if a system can form both in

and diquark correlations, the former will be dominant. This is indeed what has bee

body (qqq̄q̄) calculations of tetraquark systems based on the RL truncation [232–23

e, it turns out that the “light scalar mesons” such as the σ, κ, a0 and f0, when

-quark systems, are dominated by meson+meson and not diquark+antidiquark ch

3]. Since the dominant mesons are the pseudoscalar NG bosons, the resulting four

urn out to be especially light. These studies also indicate that the X(3872) is domina

e-like DD∗ components [234]. The same is found for other states with cqq̄c̄ quark c

for ccq̄q̄ systems, diquarks also play a role [235]. Regarding light-quark hybrid sy

tially important role is also played by different two-body correlations; namely, glue+

e+antiquark [236].

2. Insights from a contact interaction

emarked above, DSEs provide a natural framework for the symmetry-preserving trea

on bound states in quantum field theory. The starting point in the matter sector is

the quark-quark interaction, which is now known with some certainty [5–7], as

ences: whilst the effective charge, and gluon and quark masses run with momentu

saturate at infrared momenta, each changing by . 20% on 0 . √k2 . m0 ≈ mp/2,

renormalisation-group-invariant gluon mass-scale and mp is the proton mass. It

ployed judiciously, the symmetry-preserving treatment of a vector⊗ vector contact i

I) can provide insights and useful results for those hadron observables whose measu

probe momenta less than m0, e.g. hadron masses and form factors on |Q2| . M2,

infrared value of the dressed-quark mass and M . m0 [237].

SCI formulation of the coupled two- and three-valence-body bound-state problem
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ced in Refs. [42, 238, 239]. It is based upon RL truncation and uses

g2Dµν(p− q) = δµν
4παIR

m2
G

(

sent the quark-quark interaction kernel, where Dµν is the gluon propagator, mG ∼
n mass-scale, and the fitted parameter, αIR, is commensurate with contemporary est

ero-momentum value of the QCD effective charge [6, 7]. Additionally, in the trea

ons, a variant of the “static approximation” [240] is employed, i.e. the quark ex

ion in Fig. 2.2.7 is treated as momentum-independent. This has the virtue of ensurin

e diquark correlation amplitudes in the Faddeev kernel and the baryon Faddeev am

d by that kernel are momentum independent. (Eliminating this static approxi

s computational effort, obscures insights, and does not bring material improvem

[241].)

oted in connection with Eq. (2.2.12), accounting for Fermi-Dirac statistics, five ty

correlation are possible in a J = 1/2 bound-state: isoscalar-scalar (I = 0, JP

r-pseudovector, isoscalar-pseudoscalar, isoscalar-vector, and isovector-vector. A J

state may only contain isovector-pseudovector and isovector-vector diquarks. The SC

port an isovector-vector diquark [242].

[42] used the SCI to solve the Faddeev equations of the nucleon and ∆(1232)-reso

arity partners, and the first radial excited states of these systems. Ref. [239] ex

rk to all octet and decuplet baryons. These studies assumed that baryons are cons

om diquarks with the same parity, i.e. positive-parity baryons only contain positive

s, and negative parity baryons consist solely of negative-parity diquarks.

[61] eliminated the like-parity restriction and found that ground-state, even-parity b

ed constituted, almost exclusively, from like-parity diquarks. On the other hand, odd

, in which quark+diquark orbital angular momentum plays a larger role, contain a m

n-parity diquark component even though odd-parity diquarks are dominant. Capit

information, the spectra of JP = 1/2+, 3/2+ (fgh) baryons, with f, g, h ∈ {u, d,
mputed in Refs. [64, 245]. The strength of the simple SCI approach is highligh

.8. Notably, Ref. [64] predicts that diquark correlations are an important componen

; and owing to the dynamical character of the diquarks, it is typically the lightest a

correlation which defines the most important component of a baryon’s Faddeev amp

entioned above, the SCI can also be used profitably to study hadron properties c

by small momentum transfer, |Q2| .M2. Ref. [238] used the SCI to compute nucle

lectromagnetic elastic and transition form factors, concluding that in the description

and its first radial excitation, both scalar and pseudovector diquarks play an imp

d obtaining some qualitatively instructive results for the form factors. The elast

on form factors of the ∆(1232) were computed in Refs. [246, 247], solving a longst

urrounding the Q2 dependence of the magnetic transition form factor. The nucleon
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.8. Comparison between SCI computed masses (black circles) of ground-state flavour

2+ (top) and JP = 3/2+ (bottom) baryons and either experiment [180] or lQCD [243, 244

Adapted from Ref. [64].)

sor charges were computed in Refs. [241, 248], anticipating results obtained later u

alistic interaction [249].

3. QCD-kindred formulation

SCI is simple, algebraically solvable, and often delivers valuable insights. It was

or these reasons and also to demonstrate conclusively that experiments are sensi

mentum-dependence of QCD’s effective charge and its diverse expressions in obse

n working toward realistic QCD-connected predictions, one can adapt the patter

ons; namely, solve gap equations for the dressed-quark propagators and BSEs for

orrelation amplitudes, build the Faddeev kernels therewith, and solve for baryon

deev amplitudes. As discussed in Sec. 2 2 4, this ab initio approach has delivered suc

computationally cumbersome and limited in reach by existing algorithms. An alte
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to construct a QCD-kindred framework, in which all elements of the Faddeev kern

ion currents are momentum dependent and consistent with QCD scaling laws.

ccessful QCD-kindred framework is described and employed in Refs. [57, 62, 63, 65

uses an efficacious algebraic parametrisation for the dressed light-quark propagat

for two decades [255], yet consistent with contemporary numerical results [62]; e

nement and DCSB; retains the leading diquark amplitudes discussed in connectio

.6; and describes diquark propagation in a manner consistent with colour confineme

otic freedom. The formulation has two parameters, viz. mass-scales connected w

nd pseudovector diquark correlations. They were fitted to obtain desired masses

and ∆-baryon. The fitted values are consistent with those described in connectio

.5 and that means with all existing complementary studies, continuum and lattice.

framework was first used to study the form factors of the simplest baryons: the nucle

232). The nucleon’s elastic electromagnetic form factors were calculated in [269–27

tic and transition form factors of the ∆(1232) were computed in [251]. Today, pred

eon form factors have been delivered on the entire domain of momentum transfers acc

pgraded JLab facility, i.e. 0 ≤ Q2 ≤ 18m2
N (mN is the nucleon mass) [254]. The

features of the form factors and the role of diquark correlations in the nucleon that

n new generation experiments at existing facilities, e.g. a zero in Gp
E/G

p
M and a ma

Gn
M (see Fig. 2.2.9); and a zero in the proton’s d-quark Dirac form factor, F d

1 . (A

orthcoming JLab programme are discussed in Sec. 4 1.) Additionally, examination

ed light-front-transverse number and anomalous magnetisation densities reveals, inte

ed excess of valence u-quarks in the neighbourhood of the proton’s centre of tran

tum; and that the valence d-quark is markedly more active magnetically than either

u-quarks. Additional revelations about nucleon structure in Ref. [254] cannot be te

ut could be validated using a high-luminosity accelerator capable of delivering highe

than are currently available, e.g. EIC and EicC.

ther important feature of this QCD-kindred framework is that it can be used to

ial excitations of baryons and the associated electroproduction form factors. For in

7, 252] computed the nucleon-to-Roper electromagnetic transition form factors, t

a profound contribution to a solution to the fifty-year puzzle of the Roper res

he analysis indicates that the Roper-resonance is, at heart, the first radial excita

leon, consisting of a well-defined dressed-quark core augmented by a meson cloud

c. 2 3 3 below.) In anticipation of new generation experiments at JLab, the nucl

electromagnetic transition form factors at large momentum transfers were compu

3]. Likewise, Ref. [65] supplied predictions for the γ∗p → ∆+(1232),∆+(1600) tra

ctors, providing the information necessary to test the conjecture that the ∆(1600

e of the Roper resonance, i.e. the simplest radial excitation of the ∆(1232). N

measurements of the γ∗p → ∆+(1232) transition already exist on 0 ≤ Q2 . 8 GeV

ulated results compare favourably with the data outside the meson-cloud domain
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.9. Ratios of Sachs form factors, µNG
N
E (x)/GNM (x). Upper panels – Proton. Left, pre

254] compared with data (red up-triangles [256]; green squares [257]; blue circles [258]

iangles [259]; and cyan diamonds [260]); right, compared with available lQCD results,

f. [261, 262]. Lower panels – Neutron. Left, comparison with data (blue circles [263] an

[264]); right, with available lQCD results, drawn from Ref. [262]. Ref. [254] exploited a sta

ntation of the Schlessinger point method (SPM) [27, 253, 265–268] for the interpolati

lation of smooth functions in order to deliver predictions for form factors on x > 9; an

the 1σ band for the SPM approximants is shaded in light blue.

ons for the γ∗p→ ∆+(1600) are currently being compared with JLab data [272, 27

QCD-kindred framework has also been used recently to perform a comparative study

htest (I = 1/2, JP = 1/2±) baryon isospin doublets [62]. This study indicates that in

s, isoscalar-scalar, isovector-pseudovector, isoscalar-pseudoscalar, and vector diquar

a role. In the two lightest (1/2, 1/2+) doublets, however, scalar and pseudovector di

rwhelmingly dominant. The associated rest-frame wave functions are largely S-w

and the first excited state in this 1/2+ channel has the appearance of a radial excita

und state. The two lightest (1/2, 1/2−) doublets fit a different picture: accurate est

masses are obtained by retaining only pseudovector diquarks; in their rest fram
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2.10. Comparison between the masses computed using Faddeev equation kernels bui

quarks and diquarks described by QCD-like momentum-dependent propagators and amp

se obtained using a symmetry-preserving treatment of a vector⊗ vector contact-interactio

1]. Left panel : octet states. Right panel : decuplet states. The vertical riser indica

of the Ref. [63] results to a coherent ±5% change in the mass-scales associated with the d

ssed-quarks. The horizontal axis lists a particle name with a subscript that indicates wh

d-state (n = 0) or first positive-parity excitation (n = 1).

des describing their dressed-quark cores contain roughly equal fractions of even- an

iquarks; and the associated wave functions are predominantly P -wave in nature, yet p

able S-wave components. Moreover, the first excited state in each negative-parity c

le of the appearance of a radial excitation. This analysis confirms the SCI pre

e can safely ignore negative-parity diquarks in positive-parity baryons. However, ig

-parity diquarks in negative-parity baryons is a poor approximation. Benefiting from

e, Ref. [63] computed the spectrum and Poincaré-covariant wave functions for all

-parity octet and decuplet baryons and their first excitations. A comparison of the

spectra with those obtained using the SCI is shown in Fig. 2.2.10. Amongst other th

ts the response of baryon masses to changes in those of the dressed-quarks and -diq

usefulness of SCI analyses of infrared-dominated observables.

4. Ab initio approach

lly, an ab-initio DSE approach should follow the program outlined at the beginn

one settles on a truncation, which specifies an interaction kernel depending on QC

nctions, and calculates all subsequent hadron properties without further approxim

way, the current-quark masses and the scale ΛQCD would remain the only para

alculations and one could study the calculated observables as functions of the pion

though progress in this direction has been made, it is still at an early stage owing
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2.2.11. Three-quark Faddeev equation. Solid line with open circle, dressed quark propag

ing complexity – most ab-initio baryon calculations to date are based on the RL trun

e views the BSE kernel as a black box, there are two possible paths to proceed

g baryons. The first is to solve the three-body Faddeev equation in Fig. 2.2.11 d

his demands substantial numerical efforts, it is also conceptually simple because

quarks and gluons; e.g. the equation does not know about diquarks. Details and ex

pproach can be followed from Refs. [274–276]. (Note that the explicit three-body inte

s normally neglected, again supported by the discussion around Eq. (2.2.10).) The

is to solve the quark+diquark Faddeev equation in Fig. 2.2.7 with all quark and d

s calculated from their own equations, i.e. one solves the BSEs of mesons and diq

on equations for the diquark propagators, and finally the baryons’ Faddeev equation

1, 274, 277] for details.)

oth strategies, only the two-body kernel enters in the equations, either directly

.11 or indirectly through the diquark BSEs, producing the diquark amplitudes and

that appear in Fig. 2.2.7. The RL kernel in particular depends [278–280] on a mas

ter, which is usually fixed to the experimental pion decay constant, and a width para

ing e.g. the bands in Fig. 2.2.5. Therefore, aspects of the goal outlined above are re

and baryons can be studied in the same approach, with only a few input paramete

-quark masses, a scale, and a shape parameter), and one can calculate the depend

bles on the current-quark mass, as in Fig. 2.2.5.

oth cases one needs to solve the quark DSE in the complex momentum plane to

al solutions for the quark propagator. These solutions typically have complex con

hich pose an obstacle because they produce upper limits for the possible on-shell

that can be obtained when using straightforward algorithms. In this case, for thre

the largest baryon mass one can reach directly is ∼ 1.5 GeV. Above that value, extr

e commonly used, see e.g. Refs. [59, 281]. In stepping beyond RL truncation, one mu

re of the singularity structure in other correlation functions. In principle this proble

come using contour deformations [24, 282–289]. Alternatively, perturbation theory i

tations [290] can be used in the manner exploited successfully for mesons [291].

first ab-initio quark+diquark study in the RL truncation is described in Ref [277],

leon mass and its electromagnetic form factors were calculated as functions of the c

ass. Ref. [41] discussed the simultaneous prediction of meson and baryon observables

are in qualitative agreement with the corresponding ones in the QCD-kindred fram

0]. The mass of the ∆ resonance was calculated in Ref. [292], its electromagneti

in Ref. [293] and the N → γ∗∆ transition form factors in Ref. [294].
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.12. Light-baryon spectrum for nucleon and ∆ states with JP = 1/2± and 3/2± obtaine

rk-diquark Faddeev calculation (top) and their individual diquark contributions (bottom)

ef. [295], the nucleon’s three-body Faddeev equation was solved for the first time

truncation. The resulting current-mass evolution of the nucleon mass compares we

esults and deviates by only ∼ 5% from the quark+diquark result. The approa

tended to ∆ and Ω baryons [296], the full octet and decuplet ground-state spectrum

ryons involving heavy quarks [297]. In Ref. [276], the calculated ground states an

ons of baryons with J = 1/2+ and 3/2+, and with quark content from light to b

und to reproduce the known spectrum of 39 states with an accuracy of ∼ 3%.

three-body approach has also been applied to compute structure observables, such a

including the electromagnetic form factors of the nucleon [298], its axial and pseud

ctors [299], the electromagnetic form factors of ground-state octet and decuplet b

ng those with strangeness) [300], and the electromagnetic transition form factors b

nd decuplet baryons [296]. Overall, the results are in good agreement with availa

tal data, except at low Q2, where discrepancies can be attributed to meson-cloud

a RL kernel does not incorporate). In Ref. [249], the proton’s tensor charges were com

ing a favorable comparison with lQCD results.

rning to the question of diquarks and their impact on the baryon spectrum, Ref. [5

the ground and excited states of light octet and decuplet baryons, both in the thre

framework and the quark+diquark approximation. Scalar, axial-vector, pseudosca

iquarks were included because they can all contribute to the nucleon channels, wher

2) ∆ baryons only permit axial-vector and vector diquarks with I = 1. The two app

found to be mutually consistent; a similar conclusion was also made in Ref. [281]
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-baryon sector. Since both approaches employ the same RL interaction, this confirm

+diquark picture is a good approximation and underlines the role of diquark corre

aryon spectrum.

ourse, it should be noted that while the N(1/2+) and ∆(3/2+) masses calculated

pproach agree well with experiment, the remaining spin-parity channels come out to

. Ref. [59, Fig. 3]). Recalling the analogous situation for mesons discussed in conn

g. 2.2.5, the spectrum shown in Fig. 2.2.12 was obtained by reducing the strength

calar and vector diquarks in the quark+diquark Faddeev equation by a multiplicative

to simulate beyond-RL contributions. As a result, the masses in the problematic ch

eased and one achieves overall agreement with the empirical spectrum.

specially interesting case is theN(1/2−) channel, where one experimentally finds two

the N(1535), which is the parity partner of the nucleon, and the N(1650). (As dis

re [60], the level ordering between the N(1535) and the Roper resonance N(1440) ha

anding issue in quark models [113–119].) In the RL truncation, both Faddeev calcu

a low-lying state around ∼ 1.2 GeV in the J = 1/2− channel; hence, the wron

g. This can be seen in Fig. 2.2.13, which shows the eigenvalues of the quark+d

ach eigenvalue can produce a bound state if λi(M) = 1. When scalar, axial-vect

calar diquarks are included, one finds a low-lying ground state (like in the thre

ion) which is dominated by the pseudoscalar diquark. As the strength of the pseud

is gradually turned off, two of the eigenvalues (filled symbols) are insensitive, w

open symbols) strongly react to this change: the ground state moves up in the sp

ntually even switches its role with the first excitation. At c = 0.35, which corre

spectrum in Fig. 2.2.12, this results in two nearby states which produce masses

ental neighborhood. Apparently, the heavier odd-parity diquarks contaminate the

m; and, as with their meson partners, beyond-RL effects should be expected to hav

e effect in these channels, thereby reducing their importance.

lower panel in Fig. 2.2.12 shows a calculation of the diquark contributions to the

r norm of each calculated state. (An analogous breakdown into partial-wave contrib

found in Ref. [301].) For the N and ∆ ground states, only the scalar and pseudo

s play a role, whereas the higher-lying diquarks provide small but relevant contribut

r cases. Note also that the axial-vector diquark is significant in many channels.

two measures used in Refs. [57, 62] to evaluate a baryon’s diquark content are d

at used to produce Fig. 2.2.13: one focuses on the Faddeev wave function and the ot

tribution of each diquark type to the bound-state’s mass. Of these, the former is

used for Fig. 2.2.13; whereas the latter samples effects very differently, delivering

mphasise that in the computation of an observable quantity, there is significant inter

the distinct diquark components in a baryon’s Faddeev amplitude. Notwithstandin

a basic fact remains: the nucleon and Roper possess very similar diquark content

rom these analyses that comparisons between diquark fractions computed for d
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.13. Eigenvalues of the baryon’s quark-diquark equation in the N(1/2−) channel plott

on mass [59]. As the strength of the pseudoscalar diquark is reduced, the lowest eigenvalue

e spectrum. At 35% reduction, which corresponds to Fig. 2.2.12, one obtains two nearby

een in experiment.

using the same indicator are easily interpreted, whereas that is not always the c

isons between results obtained for the same baryon using different schemes.

e remarks reemphasise that if one chooses to take a diquark perspective seriously, the

anding of hadrons requires the careful consideration of all physically allowed quark+

ions, e.g. Eq. (2.2.15). Failing that, one is liable to arrive at a simplistic approxima

quark scattering within the compound system under study.

worth adding a final comment on the agreement between theory and experim

.12, which might seem puzzling because meson-cloud effects introduce mass shift

re generally, all states except the proton are resonances that decay hadronically. N

sing the mass-scale parameter in the RL interaction so as to describe fπ, some infl

eson cloud are implicitly incorporated [303]: after all, a match with experiment ha

. The operating conjecture for RL truncation is that the impact of meson cloud eff

nce’s Breit-Wigner mass is captured by the choice of interaction scale, even though a

enerated. This should be reasonable for states whose width is a small fraction of thei

practice, as already illustrated herein and in many other studies, the supposition a

rrect. Explicit studies aimed at exploring this conjecture, with explicit implementa

c decay channels in BSEs are described elsewhere [287, 288, 304].

resent, few ab-initio Faddeev studies employ a beyond-RL interaction kernel. A calc

a 2PI truncation [217] did not significantly improve the spectrum. A 3PI calculati

as only been employed for light mesons [195]. The effect of pion-cloud contribution

asses was explored in Ref. [220], where the terms responsible for feedback of the pio

rk were resolved. This leads to rainbow-ladder-like pion-cloud effects in bound sta

, 223, 224], the diquark correlations were studied in a truncation scheme that systema

the RL approximation and ensures that, in the chiral limit, the isovector, pseud
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.14. Barycentric plots from Ref. [320]: left panel – conformal limit PDA, ϕcl
N ([x]) = 120

panel – computed proton PDA evolved to ζ = 2 GeV, which peaks at ([x]) = (0.55, 0.23

t panel – Roper resonance PDA at ζ = 2 GeV. The white circle in each panel serves only t

re of mass for the conformal PDA, whose peak lies at ([x]) = (1/3, 1/3, 1/3).

remains massless. It was found that diquarks are removed from the observable sp

lsive contributions that only appear at higher order in the Bethe-Salpeter kernel, w

effects of higher order terms on meson bound-state masses are small.

5. Baryon distribution amplitudes

mportant way of exposing the impact of strong diquark correlations within baryon

e their parton distribution amplitudes [305–307]. These quantities provide for a prob

tation, like wave functions in quantum mechanics, and feature in the scattering fo

scribe hard exclusive processes in QCD. In the case of mesons, the PDAs have be

tensively [268, 308–319]; and analogous calculations for diquarks are possible. Ho

ions of baryon PDAs are much more difficult because of their three-body complexit

first step, Refs. [320, 321], developed algebraic models for the nucleon and Roper-res

amplitudes, informed by results obtained in the QCD-kindred framework [57, 251]

PDAs obtained therewith, from the hadronic scale to ζ = 2 GeV, comparison with e

alculations became possible.

evolved PDAs are depicted in Fig. 2.2.14. These images are barycentric plots, in

port of the DAs (0 ≤ x1, x2, x3 ≤ 1 with the additional constraint x1 + x2 + x3 =

onto an equilateral triangle; and their structure reveals valuable insights. For in

ton’s PDA is a broadened, unimodal function, whose maximum is shifted relative

QCD’s asymptotic profile, ϕcl
N([x]). This effect signals the presence of both scal

ector diquark correlations in the nucleon, with the [ud] diquark generating approxi

the proton’s normalisation. The Roper-resonance has a similar diquark content, b

se form of its PDA is negative on a material domain as a result of marked interfe

the contributions from both types of diquark. Moreover, the associated, prominen
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in the lower-right corner of the Roper barycentric plot (rightmost figure) mirrors fe

the wave function for the first radial excitation of all quantum mechanical system. S

ur is also found in the leading-twist PDAs of radially excited mesons [315, 316].

3. Lattice-regularised QCD

ice QCD is a first-principles approach to investigate nonperturbative properties of QC

ted to play an important role in the investigation of possible diquark correlations. Ho

ber of quarks and gluons contained within a colour-neutral hadron is not well-defined

rgy regime. As such the colour-charged constituent quarks and diquarks are pheno

objects and are difficult to be measured directly from the point of view of lQCD. Ge

g, the calculable observables in lQCD are Schwinger functions 〈O[ψ, ψ̄;U ]〉; namely

ectation values of (Euclidean) time-ordered operator products O made up of quark

on (expressed by gauge links, U) fields, from which one can extract physical qua

energies and matrix elements of hadronic states. LQCD studies of diquark corre

low this logic and the physical information is derived from different aspects of the

er functions.

most straightforward approach is to extract the effective masses of diquarks fro

al fall-off of diquark propagators [45, 49, 51], as is usually done to extract hadron m

re two conceptual issues in this approach. Firstly, a diquark operator by itself

r singlet and should be treated within a specific gauge and thereby the conclusion

e dependent. Secondly, if one interprets the temporal fall-off parameters as the eff

of diquarks, one has to perform the intermediate state insertion using unphysical,

states. One has to keep these limitations in mind, if one takes such effective masses

parts of phenomenological constituent quark masses.

ore rigorous treatment is to consider the possible diquark cluster within a hadron s

aryon [46–48, 50]. The contribution of different types of diquarks to the hadron’

estigated by calculating the masses of baryons with a static heavy quark [46, 47,

esting to see that, for these kinds of baryons, the mass splitting between an axial-

calar-diquark is compatible with the difference between effective-masses of related di

ed in the sections above and is commensurate with the nucleon-∆(1232) mass sp

tial correlation of the two light quarks has been studied in these baryons. On the

ne can also investigate spatial correlations amongst the quarks inside baryons t

alculations of the baryon’s wave function [49], defined by beginning with a standard

or and displacing quarks at the sink. The resulting function of spatial displacements

ed in a fixed gauge.

exclusive reactions involving large momentum transfer between the initial and fina

are most sensitive to the leading Fock states with a small number of partons and

tion of the longitudinal light-front momentum amongst these constituents. This in
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2.3.2. Parameters of configurations with 2+1 flavour dynamical domain wall fermions

). aml and ams are the bare mass parameters of the degenerate u, d sea quarks and stra

espectively. The residual masses are from Ref. [325]. The lattice spacings are from Ref. [3

V) label aml/ams volume am

4) c005 0.005/0.04 243 × 64 0.0031

c02 0.02/0.04 243 × 64

5) f004 0.004/0.03 323 × 64 0.00066

encoded in light-front PDAs [305–307]. They are universal functions that reveal fe

on structure that are complementary to those obtained with parton distribution fun

and form factors, which do not provide information on the individual Fock states

therefore also contains lQCD results for the wave function normalisation constan

moments of PDAs associated with the lowest-lying baryon octet [322–324]. These

used as a benchmark for models of hadron wave functions and might indicate signat

formation.

1. Effective masses of diquarks in Landau gauge

perspective focuses on the two ud diquark configurations, scalar and axial-vector,

ngest been of interest in phenomenological studies. The related diquark operators a

scalar, JP = 0+ : J5
c = εabcu

a,TCγ5d
b , J05

c = εabcu
a,TCγ5γ4d

b ; (2

axial-vector, JP = 1+ : J ic = εabcu
a,TCγid

b , J0i
c = εabcu

a,TCγiγ4d
b . (2

ese operators are gauge dependent, their correlation functions, taking J05
c for exam

C(t) =
∑

~x

〈0|TJ05
c (~x, t)J̄05

c (0)|0〉 , (

be calculated from lQCD in a fixed gauge.

cent full-QCD lattice study of diquarks was carried out with lattice chiral fermion

chiral fermions have well-defined chiral symmetry on the lattice and can access pion

the physical value. The calculation was performed on the RBC/UKQCD configu

ed with Nf = 2 + 1 domain wall fermions [325]. The ensemble parameters are li

.3.2. Overlap fermions [327] were adopted for the valence quarks in the calcula

ion functions in Eq. (2.3.18) after the gauge configurations were fixed to Landau gau

xed-action lattice setup, quite a few valence quark masses, amq, were available for

lating the results to the chiral limit.

temporal fall-off of C(t) is usually monitored by introducing the effective-mass fu
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.15. Effective scalar diquark masses at various valence-quark masses on ensemble c005 [5

blue points are from the correlators J5
c and J05

c , respectively. The straight lines illustrate

btained using single-exponential functions.

spect to the time t,

Meff(t)a = ln
C(t)

C(t+ 1)
. (

.15 shows Meff(t) for scalar diquark correlators at different valence-quark masses a

nsemble c005, where plateaux appear in the large-time range and those from opera

at the same valence-quark mass merge together. The case of the axial-vector diq

This implies that C(t) decays exponentially at large t, i.e. C(t) ∼ e−Mt (t� 0). T

-exponential fit to C(t), the parameter M can be derived, as illustrated in Fig. 2.3

ht line for a specific valence quark mass amq, which is usually interpreted as the eff

the corresponding diquark.

larly, an effective quark mass can be determined from the temporal fall-off of the

tors Sq(t) =
∑

~x TrSq(~x, t;~0, 0) ∼ e−Mt. In this way, effective masses for the valen

(denoted by Mq) and the valence strange quark (denoted by Ms) are obtained. It is

each gauge ensemble, the effective masses of quarks and diquarks depend linearly

-quark mass mq or equivalently m2
π when mπ < 600 MeV. Thus the chiral limit

after linear extrapolations M(mq) = M(0) + cmq or M(mπ) = M(0) + c′m2
π.

e 2.3.3 lists the computed effective masses Mq of u, d quarks, Ms of the strange quar

diquarks (m0+ and m1+) in the chiral limit. It is seen that while the results from en

d f004 are consistent with each other, the values from ensemble c02 are larger.
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TABLE s (m0+

and m1+
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c02 (35)

c005 (48)

f004 (76)
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0 

1+ - 0+ diquark mass difference 

1 

X: c005 

◊· . c02

o: f004

I 

2 
m;/GeV2

3 4 

.16. Left panel. m2
π dependence of δ1+0+ (in physical units) from all the three ensembl

nel. Mass difference δ1+0+ between scalar and axial vector diquarks as a function of

lattices (labeled by β) β = 5.8 (crosses), β = 6.0 (open triangles), β = 6.2 (filled circl

hed result (filled square). The dashed lines are fits of the form ∆m := δ1+0+ = b1/[1 +

d from Ref. [47].)

the light sea quarks u, d of the ensemble c02 have a larger mass than those of the

embles. However, the mass difference δ1+0+ seems less sensitive to sea-quark masses

re 2.3.16–left panel shows the m2
π dependence of δ1+0+ (in physical units) from all th

les. All data points seem to lie on a universal curve, which implies that the sea quar

ence and discretisation effects are less important in comparison with statistical errors

xtrapolations, using both a linear function in m2
π and the Ansatz [47] δ1+0+ = b1/[1 +

ange m2
π ≤ 1.2 GeV2, the final result for m1+ −m0+ in the chiral limit is

δ1+0+ = m1+ −m0+ = 0.285(25)(45) GeV , (

he first error is statistical and the second owes to the different extrapolation fun

erent fit range. This result can be compared with the ∆(1232)-nucleon mass diff

0.272(56) GeV on ensemble c005 and 0.304(108) GeV for ensemble c02, as well

2.3.3. Effective masses Mq of u, d quarks, Ms of the strange quark, and those of diquark

), computed in Landau gauge and extrapolated to the chiral limit.

Mq Ms m0+ m1+ m1+

(MeV) (MeV) (MeV) (MeV) (M

492(19) 575(23) 797(24) 1127(28) 330

427(25) 586(16) 725(20) 1022(44) 297

413(12) 603(15) 690(47) 990(60) 300
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ental value δ∆N ≈ 0.27 GeV. Evidently, as found using CSMs, Sec. 2 2, δ1+0+ is

Furthermore, from Table 2.3.3, one can see that the (effective) mass difference b

lar diquark and the light quarks is roughly M0+ −Mq ≈ 0.3 GeV. Such difference

timates from hadron spectroscopy in, e.g. Ref. [92], and CSM calculations, e.g. R

, 3].

2. Diquark correlations within baryons

e diquarks are not colour singlets and cannot exist as asymptotic states, one might

is better to investigate their physical significance within hadron systems, for in

. There are lQCD studies on possible diquark correlations in the background of a

46, 47, 50]. An objective diquark and the static quark form a baryon system, which

d by the operator

JΓ(x) = εabc
[
ua,T (x)CΓdb(x)± da,T (x)CΓu(x)b

]
Qc(x), (

= I, γµ, γ5, γ5γµ, σµν , the ± sign corresponds to the flavour symmetric (antisymm

ation, and Qc(x) is the static quark field. The mass of the baryon can be extracte

poral fall-off of the correlation function CΓ(t) = 〈JΓ(~x, t)J†Γ(~x, 0)〉. The lattice calc

kind of correlator is similar to that of normal baryons with the propagator of the

eing expressed as

SQ(~x2, t2; ~x1, t1) = e−mQ(t2−t1)δ3(~x1 − ~x2)

(
1 + γ4

2

)[t=t2−a∏

t=t1

U4(~x1, t)

]†
, (

t1, where a is the lattice spacing and U4(x) is the temporal gauge link at x.

scalar and pseudovector diquarks can be generated by JΓ with Γ = γ5 and γi, respe

he effective mass difference δ1+0+ can be extracted from the ratio Cγi(t)/Cγ5 ∼ e

� 0, since the contribution of the static quark cancels out in the exponential pre

[47], the above calculation was carried out on several quenched gauge ensembles a

le generated with Nf = 2 Wilson fermions. Figure 2.3.16–right panel shows the

+ as a function of m4
π [47]. On quenched (labeled by β = 6.0 and β = 6.2) fine la

a points fall almost on a universal line, as expected when close to the continuum

unquenched (labeled by β = 5.6, Nf = 2) fine lattice, δ1+0+ also falls nicely on th

s the quenched results. This indicates quenching effects at these quark masses are

for the coarsest lattice, labeled by β = 5.8, scaling violations are apparent. The

e the fit with the ansatz δ1+0+ = b1/[1 + b2m
4
π], which is suggested by a predictio

e colour-spin Hamiltonian arguments [92], viz. δ1+0+ scales like 1/(Mq1Mq2), wher

masses of the constituent quarks. Obviously, the Ansatz describes the data well.

ion, it is worth remarking that on the pictured m2
π-domain, CSM predictions are des

= b1/[1+b2m
2 ] (see, e.g. Ref. [42, Fig. 5]), suggesting one has not entered a domain w

Jo
ur

na
l P

re
-p

ro
of
π



34

FIG. 2. Γ(r =

0.5 fm, r iangles

– axial- (Figure

adapted

constitu d and

resolved

The enched

fine latt ifferent

valence puting

effectiv /3 the

∆-nucle

In a ng the

spatial within

baryons

2.3.23)

Journal Pre-proof
3.17. Left panels: CΓ(r/a = 5.1, θ)/Cγ5(r/a = 5.1, 0) versus cos(θ). Right panels: C

ud)/Cγ5(r = 0.5 fm, 0) versus rud. Both panels: asterisks – scalar diquark and filled tr

vector diquark; both obtained using the lightest pion on the three quenched lattices.

from Ref. [47]).

ent-quark degrees-of-freedom are relevant. This contradiction should be understoo

.

∆-nucleon mass splitting, δ∆N , can be also calculated on these lattices. On the qu

ice β = 6.0, the ratio δ1+0+/δ∆N is found to be 0.67(7), 0.73(8) and 0.67(8) at three d

quark masses, respectively. This prediction is lower than that obtained when com

e masses of diquarks in the Landau gauge. However, this value of δ∆N , which is ∼ 2

on mass difference, matches well with the CSM prediction, Eq. (2.2.14).

ddition to the masses, diquark correlations can be probed directly by investigati

distribution of two quarks within a diquark via their density-density correlators

. The correlators are generated by an operator JΓ(x),

CΓ(~ru, ~rd, t) = 〈0|JΓ(~0, 2t)Ju(~ru, t)J
d(~rd, t)J

†(~0, 0)|0〉 , (
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f
0 (~r, t) =: f̄(~r, t)γ0f(~r, t) : is the density operator of quark flavour f = u, d and ~ru,d

es of u, d quarks from the static quark. On the spherical shells |~ru| = |~rd| = r with r

location of the static quark, the angle θ = arccos(~̂ru · ~̂rd) can be a meaningful v

the diquark correlation in the sense that any attraction between the two quarks

d by the enhancement of CΓ(r, θ) at small angles, i.e. near cos(θ) = 1.

2.3.17 shows the density correlators for the scalar and the axial-vector diquarks

uenched lattices at the lightest quark mass [47]. On the left hand side, the correl

lar diquark (black points) as a function of cos(θ) grows faster when cos(θ) approa

reby shows stronger spatial correlations relative to the axial-vector diquark (green p

more, if the u− d separation rud = 2r sin(θ/2) is introduced at a fixed r, the spatial

s can be estimated from the fall-off of CΓ(r, rud) versus rud. The correlator as a fu

shown on the right side of Fig. 2.3.17 for a fixed shell radius r = 0.5 fm, where the

ained from fits with the form Cγ5(r, rud) ∝ exp(−rud/r0(r)). The parameter r0(r) p

invariant definition of the scalar diquark size at a given r. It is found that r0(r) in

nd saturates around r0 ≈ 1.1± 0.2 fm. By this measure, a scalar diquark is a large

characteristic size of O(1) fm. This is also the size predicted by CSMs.

[50] follows a similar strategy, but with a more general geometry such that the po

he u, d quarks are not restricted on the same spherical shells centered at the static

clusion is that the correlation of the scalar diquark is stronger than that of the axial

and the diquark size is comparable to the typical hadron size.

analyses reviewed in this section add to the arguments against relying heavily on

built using point-like (hard) diquarks.

3. Bethe-Salpeter wave function approach

e are also lQCD efforts aimed at exploring the inner structure of hadrons by ca

ir Bethe-Salpeter (BS) wave functions. Taking the nucleon as an example, one

fining spatially extended lattice operators based on the conventional nucleon op

εabc[u
a,T (x)Cγ5d

b(x)]uc(x). A straightforward way is to shift the diquark componen

d quark field by a spatial separation ~R [328],

η(~x, t; ~R) = εabc[u
a,T (~x+ ~R, t)Cγ5d

b(~x+ ~R, t)]uc(~x, t) . (

sly, η(~x, t; ~R) is not gauge invariant, so its correlator with a source operator ηs,

C(R, t) =
1

NR

∑

~x,|~R|=R

Tr
[
(1 + γ4)〈0|η(~x, t; ~R)η̄s(0)|0〉

]
, (

be calculated in a fixed gauge. Here, the summation over ~x is constrained to th

, in order to fix the correct quantum numbers, and NR is the degeneracy of ~R. C(R
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3.18. Lattice-QCD results for Bethe-Salpeter wave functions of the nucleon and its

ty excitation, computed with mπ = 193 MeV and normalised such that Φn(0) = 1 .

meterised as

C(R, t) =
∑

n

Φn(R)e−mnt , (

n is the mass of the n-state and the spectral weight Φn(R) is interpreted as the

ethe-Salpeter wave function of the n-th state, up to a normalisation constant.

efs. [328, 329], the wall-source correlation functions, C(R, t), were calculated in Co

with quenched gauge configurations generated on 163 × 28 lattices using lattice s

fm. Overlap fermions were adopted as the valence quarks, with quark masses in

The analysis yielded the masses and BS wave functions of the ground and the first e

t different quark masses. With mπ ∼ 193 MeV, the masses of the ground sta

ited state are, respectively, 0.939(28) GeV and 1.40(18) GeV. The first excited sta

e tentatively identified with the Roper resonance. The BS wave functions of the n

Roper state at mπ = 193 MeV are plotted in Fig. 2.3.18, where the wave function of

ear radial node. Since R is the separation of the (scalar) diquark component and th

eld in the operator η, the BS wave functions seem compatible with the Roper as th

excited state of the nucleon, as a quark-diquark system. (These conclusions match

analyses, see e.g. Sec. 2 2 3 and Fig. 2.2.14 above, and Ref. [60].)
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4. Light-cone distribution amplitudes

on distribution amplitudes (DAs) [306, 307, 330] are defined as matrix elements of

three-quark operators at light-like separations (here the scheme proposed in Ref. [

〈0|
[
fα(a1n)gβ(a2n)hγ(a3n)

]MS|Bp,λ〉 =
1

4

∫
[dx] e−ip ·n

∑
i aixi

×
(
vBαβ;γV

B(x1, x2, x3) + aBαβ;γA
B(x1, x2, x3) + tBαβ;γT

B(x1, x2, x3) + . . .
)
. (

left-hand-side, the Wilson lines and the colour antisymmetrisation are not written ex

lied. |Bp,λ〉 is the baryon state with momentum p and helicity λ, while α, β, γ are

n is a light-like vector (n2 = 0), the ai are real numbers, and f, g, h are quark fi

en flavour, chosen to match the valence quark content of the baryon B (assuming

symmetry, one can choose a single representative for each isospin multiplet [332]: N :

s; Ξ := ssu; Λ := uds). In the Lorentz decomposition on the right-hand-side of Eq. (2

e three leading-twist DAs are shown: V B, AB, and TB. They appear in conjunctio

lar Dirac structures. The general decomposition consists of 24 terms (see, e.g. Ref.

onential factor in combination with the integration measure for the light-front longit

tum fractions,

∫
[dx] =

∫ 1

0

dx1

∫ 1

0

dx2

∫ 1

0

dx3 δ(1− x1 − x2 − x3) (

correct translational behaviour and momentum conservation in the light-front “plus”

xploit the benefits of SUf(3) symmetry it is useful to define the following set of DA

ΦB 6=Λ
± (x123) = 1

2

(
[V−A]B(x123)± [V−A]B(x321)

)
,

ΠB 6=Λ(x123) = TB(x132) ,

ΦΛ
+(x123) =

√
1
6

(
[V−A]Λ(x123) + [V−A]Λ(x321)

)
,

ΦΛ
−(x123) = −

√
3
2

(
[V−A]Λ(x123)− [V−A]Λ(x321)

)
,

ΠΛ(x123) =
√

6 TΛ(x132) , (

xijk) ≡ (xi, xj, xk). (For more details, see Refs. [323, 334].) In the limit of SUf(3) sym

uently indicated by a ?), where mu = md = ms, the following relations hold:

Φ?
+ ≡ ΦN?

+ = ΦΣ?
+ = ΦΞ?

+ = ΦΛ?
+ = ΠN? = ΠΣ? = ΠΞ? ,

Φ?
− ≡ ΦN?

− = ΦΣ?
− = ΦΞ?

− = ΦΛ?
− = ΠΛ? . (

re, the amplitudes ΠB (or TB) only need to be considered when SUf(3) symm

In the case of SU(2) isospin symmetry, which is exact in a typical Nf = 2 + 1 sim
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.19. Schematic image showing the analysed CLS ensembles in the space spanned by the

and quark masses. The different quark mass trajectories correspond to the limit of exact

ry (blue), the case of approximately physical mean quark mass (green), and to a nearly p

quark mass (red). Physical masses are reached at the intersections of green and red lines.

md ≡ m`) and is only broken very mildly in the real world, the nucleon DA ΠN is eq

he whole m`-ms-plane.

can be expanded in terms of orthogonal polynomials Pnk in such a way that the coeffi

tonomous scale dependence at one loop (conformal partial wave expansion). Takin

the corresponding symmetry of the DAs defined in Eqs. (2.3.29), this expansion re

ΦB
+ = 120x1x2x3

(
ϕB00P00 + ϕB11P11 + . . .

)
, ΦB

− = 120x1x2x3

(
ϕB10P10 + . . .

)
,

B 6=Λ = 120x1x2x3

(
πB00P00 + πB11P11 + . . .

)
, ΠΛ = 120x1x2x3

(
πΛ

10P10 + . . .
)
. (

ll nonperturbative information is encoded in the set of scale-dependent coefficients ϕ

alled shape parameters), which can be related to matrix elements of local operators t

le using lQCD. All Pnk have definite symmetry (being symmetric or antisymmetric)

hange of x1 and x3 [335] and in each DA (labeled with + and −) only polynomials

ther symmetric or antisymmetric, appear (see, e.g. Ref. [336]). The leading contribut

3.31) are 120x1x2x3ϕ
B
00 and 120x1x2x3π

B 6=Λ
00 . They are usually referred to as the asym

he corresponding normalisation coefficients ϕB00 =: fB and πB 6=Λ
00 =: fBT can be thou

ave functions at the origin and are also called wave function normalisation constan

two-point correlation functions that have to be evaluated on the lattice in order to

malisation constants and first moments of baryon octet DAs are given in Ref. [323

lysis reviewed here, a large set of lattice ensembles generated within the coordinated

ions (CLS) effort was used. These Nf = 2 + 1 simulations employed the nonperturb

improved Wilson (clover) quark action and the tree-level Symanzik improved gauge

al feature of CLS configurations is the use of open boundary conditions in the time

7, 338] for ensembles with small lattice spacings, which avoids topological freezin
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.20. Mass dependence of the normalisation constants f , fT (upper panels) and the first m

(lower panels), along the three quark mass trajectories shown in Fig. 2.3.19 after tak

m and infinite volume limits. The points are corrected for discretisation and volume effe

ix A]. The ensembles cover a wide range of volumes with 2.9 ≤ mπL ≤ 6.5, wher

πL > 4.

results were renormalised using a two-step procedure. First, the renormalisation

mputed nonperturbatively on the lattice [340] within the RI′-SMOM scheme [341],

pted to three-quark operators in Refs. [323, 342–344]. These factors were then con

S scheme using one-loop (continuum) perturbation theory. The conversion factors

n Ref. [344].

chematically represented in Fig. 2.3.19, the available ensembles were generated alon

t trajectories in the quark-mass plane. The combination of multiple quark-mass traje

ide range of lattice spacings and volumes enabled a simultaneous extrapolation to p

to infinite volume, and to the continuum by means of a global fit to all 40 ensemb

lish that, the following strategy was adopted. In the continuum limit, the mass depe

ed using one-loop BChPT in Ref. [334] was used (amended by the leading finite-v

ur [324]; see also Ref. [345]) including the correct flavour symmetry breaking pa

isation effects were then parametrised1, allowing for mass-dependence. With the

d continuum extrapolations treated thus, one can show that the expected flavour sym

g patterns, which are broken at finite lattice spacing [323], are recovered in the cont

the three-quark operators used were not order-a improved, the leading terms were treated as linea
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.21. Continuum extrapolation of the normalisation constants f , fT (upper panel) and t

s φ10, π10 (lower panel), after taking the limits to physical masses and to infinite volum

ata points are obtained by correcting for mass and volume effects, and, subsequently, tak

of all ensembles with similar lattice spacing.

ring the intricate interplay between quark-mass and discretisation effects, resolvin

ences simultaneously is pivotal.

2.3.20 displays the quark mass dependence. In particular, in the left panels, one can o

-like structure, which is typical of the transition from a flavour symmetric world

yons form exact flavour multiplets) to the physical point. It is notable that the

g in octet baryon DAs turns out to be very large. Some shape parameters even a

e signs for different baryons at the physical point. The effect of SUf(3) breaking

-twist normalisation constants can be as large as 80%, for instance (fΞ
T − fN)/fN ≈

much stronger than estimated in QCD sum rule calculations [346] where . 10%

g is found. For the shape parameters, such effects are even more pronounced.

approach to the continuum limit is depicted in Fig. 2.3.21. While discretisation effe

nt for the normalisation constants (up to ∼ 20%), they can have a dramatic imp

ments: between a = 0.086 fm (the coarsest lattice spacing) and a = 0, there can b

ns of the moments, which even affect the sign, e.g. ϕΣ
10. This nicely demonstrate

l importance of the continuum limit for hadron structure observables and that a rel

nge of lattice spacings is necessary to obtain trustworthy results.

numerical results and estimates for systematic uncertainties of the normalisation con

first moments can be found in Ref. [324, Table 2]. The shape of the DAs can be vis

arycentric plots. Fig. 2.3.22 shows the deviation from the asymptotic shape for the st

ation [V−A]B, which directly corresponds to the Fock state f ↑g↓h↑.

idering the nucleon, in agreement with earlier lattice studies [323, 347] and with

e Faddeev wave function model [320, 321], Sec. 2 2 5, one can see that the “leading” u↑

as the same helicity as the nucleon, carries a larger momentum fraction. Historical

nt has also been the main finding of the QCD sum rule approach [346, 348]. Ass
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. 2.3.22. Barycentric plots of the deviations from the asymptotic shapes of the baryon D

ospin symmetry, the spin-flavour structure of the nucleon light-cone wave functi

esented, schematically, as [V−A]Nu↑(u↓d↑ − d↓u↑). In this picture, the result for [V

Jo
ur

na
l P

re
-p

ro
of



42

TABLE in the

MS sche added

in quad

B

〈x1〉B .308+3
−3

〈x2〉B .300+7
−7

〈x3〉B .392+5
−5

〈x1〉BT
〈x2〉BT
〈x3〉BT

corresp ies the

nucleon ↔ x3.

This sy uarks,

which i by the

presenc

Cont First,

strange he first

quark h te can

be foun of the

distribu

To m −A]B

and TB

2.3.32)

see also inter-

preted a alence

quarks. d of a

squared n com-

pletely bjects

are nev elative

deviatio results

are sum by the

above d
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2.3.4. Continuum results for the normalised first moments of the DAs [V−A]B and TB 6=Λ

me at a scale ζ = 2 GeV, see Eqs. (2.3.32). All uncertainties in the calculation have been

rature.

N Σ Ξ Λ

u↑ 0.396+7
−6 d↑ 0.363+4

−7 s↑ 0.390+4
−4 u↑ 0

u↓ 0.311+5
−5 d↓ 0.309+5

−5 s↓ 0.335+2
−2 d↓ 0

d↑ 0.293+5
−6 s↑ 0.329+6

−3 u↑ 0.275+5
−5 s↑ 0

u↑ 0.344+2
−2 d↑ 0.327+2

−2 s↑ 0.354+5
−5 —

u↑ 0.344+2
−2 d↑ 0.327+2

−2 s↑ 0.354+5
−5 —

d↓ 0.311+5
−5 s↓ 0.345+3

−3 u↓ 0.291+9
−9 —

onds to a shift of the momentum distribution towards the u↑ quark, which carr

helicity, and there is some deviation from the approximate symmetry under x2

mmetry could be interpreted as a scalar diquark structure for the remaining valence q

s assumed in many models. As seen in Fig. 2.2.14, that symmetry is undermined

e of axial-vector diquark correlations.

inuing with inspection of Fig. 2.3.22, one can identify two competing patterns.

quarks carry an increased fraction of the momentum. Second, in the |↑↓↑〉 state, t

as a larger momentum fraction than the second. (More information on the |↑↑↓〉 sta

d in Ref. [324].) Also in the u↑d↓s↑ spin orientation of the Λ-baryon, the maximum

tion is shifted towards the s-quark.

ake these statements quantitative, one can consider normalised first moments of [V
6=Λ,

〈xi〉B =
1

fB

∫
[dx]xi [V−A]B , 〈xi〉B 6=Λ

T =
1

fBT

∫
[dx]xi T

B , (

Ref. [323, Eqs. (6.3)]. These are sometimes referred to as momentum fractions and

s the portions of the hadron’s total light-front momentum carried by the individual v

This notion is somewhat imprecise since the averaging is done with a DA instea

wave function; furthermore, the interpretation as momentum fractions breaks dow

in the case of TΛ, which has no asymptotic part. Overlooking such caveats, these o

ertheless interesting because they provide a simple quantitative measure for the r

ns of a DA from the asymptotic case 〈x1〉as = 〈x2〉as = 〈x3〉as = 1/3. The numerical

marised in Table 2.3.4 and they clearly agree with the qualitative picture suggested

iscussion of Fig. 2.3.22.
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3. DIQUARKS IN EXPERIMENT AND PHENOMENOLOGY

1. Space-like Nucleon Form Factors

eon structure investigations using high energy electron scattering have been a suc

discoveries since 1955, with the determination of the proton size [349]. The sta

rent knowledge of nucleon electromagnetic form factors is reviewed in Refs. [350, 351

tent, this success owes to the dominance of the one-photon exchange mechanism in e

ng as proposed in the original theory [352].

most decisive studies of the partonic structure of the nucleon (and its excitations)

ormed when the dominant part of the wave function is a three-quark Fock state

large momentum transfers, Q2 larger than several GeV2, where the contribution

d pion-cloud is suppressed. In the early 1990s, the elastic scattering cross-sectio

large Q2 for the proton and the neutron were in agreement with the dipole fit,

/[0.843 GeV]2)−2, see Ref. [353]. Moreover, the Stanford Linear Accelerator Center (

ental data [354, 355] on the proton Dirac form factor F p
1 at Q2 above 10 GeV2 w

eement with the scaling prediction [356] based on perturbative QCD (pQCD), F p
1 ∝

2 is the spacelike four-momentum transfer squared.

w era began with a precision measurement [357] that realised experimentally the

tion method suggested in Refs. [358–361]. This particular double polarisation meth

nsitivity to the typically small electric form factor owing to the interference nature

onding double polarisation asymmetry. It is also less sensitive to two-photon exchan

ns, which are believed to complicate the Rosenbluth extraction of [Gp
E]2. The experi

from JLab [256–259, 362] are shown in Fig. 3.1.23 (left panel). The ratio of the p

rm factor, F p
2 , and the Dirac form factor, F p

1 , have been found to be in disagreemen

ing law F p
2 /F

p
1 ∝ 1/Q2 (which requires Gp

E to be proportional to Gp
M for large mom

, i.e. Gp
E ≈ Gp

M/µp ≈ GD, with µp = 2.79 the magnetic moment of the proton) sug

[356].

experimental data on µpG
p
E/G

p
M revealed an unexpected, almost linear, decrease w

lso translates into a different Q2 dependence of F p
1 and Q2 F p

2 for the proton. The vi

caling prediction has been attributed to quark orbital angular momentum inside the p

to a logarithmic scaling. This hypothesis provides a very efficient fit of the proto

ide range of the transferred momentum above 1 GeV2 [363]. Notably, however, it do

e analogous neutron data [270]; hence, the proton success is likely accidental.

measurement of the proton to neutron cross-section ratio in quasi-elastic nucleon kn

s off the deuteron was used in JLab’s precision experiment to extract the neutron ma

ctor for Q2 up to 4 GeV2 [364]. Combined with the latest JLab experiment on the n

form factor [264], experimental data on all four nucleon electromagnetic (Sachs

became available on a Q2 domain anticipated to ensure three-quark dominance. Usi
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]2  [GeV2Q
0 5 10 15

M
/G

E
G pµ

-0.5

0.0

0.5

1.0

GEp(1)
GEp(2)
GEp(3)
GEp/SBS
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u quark

 2.0×d quark 

2.0

.23. Left panel. Existing data and projected data accuracy for the ratio µpG
p
E/G

p
M . Righ

ed d- and u-quark contributions to the proton form factor F p1 from the measurement of G

re in the text).

tion and assuming SU(2)-isospin symmetry, the first flavour-decomposition analysis

ata for the nucleon form factors was reported in Ref. [71]. The right panel of Fig

a large, unexpected reduction in the relative size of the d-quark contribution to the F

A similar result was found for the Pauli form factor but at larger photon momenta

ur is predicted by a GPD-based analysis [365] of the form factors and also in DSE

, 254].

flavour decomposition results of Dirac and Pauli form factors lead to two simple concl

uark and d-quark contributions to the electric and magnetic form factors of the

ve different Q2 dependence; and the contribution of the d-quark to the F p
1 form fa

.4 GeV2 is three times less than the contribution of the u-quarks, when already co

number of quarks and their charge. The latter suggests that the probability for a

ive the absorption of a massive virtual photon is much higher when the photon in

valence u-quark that occurs twice within a proton. This may be an indication of

ion – correlations usually enhance high-momentum components and the interaction

Similarly, the relatively weak d-quark contribution to F p
1 might indicate a supp

-d correlation or a mutual cancellation between different types of u-d correlation

er hand, these features could simply express a preference in the proton wave funct

s to be sequestered in a soft [ud] correlation, as described in Ref. [252] and in the disc

.3.26.

lternative approach to pin down the kinematics dependence of diquark correlat

s is the flavour decomposition in the limit of large Bjorken x, i.e. when one valence

the full nucleon momentum. If the F n
2 over F p

2 structure function ratio shown in Fig

orted in Ref. [366] was 1
4

in the limit of x →1, then it would indicate that only th

survives in this limit. For all other values, the ratio would reveal the nature and m

ional contributing diquark correlations [367], e.g. an x = 1 value of ∼ 0.4 correspo
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.24. The structure function ratio Fn2 /F
p
2 [366] versus x∗ for various lower limits on the in

∗, where ∗ refers to their definition of the kinematic variables for bound nucleons. All da

at JLab with the BoNuS detector in Hall B at one beam energy, 5.262 GeV. The err

istical, with the total (correlated and uncorrelated) systematic uncertainties indicated

ng the abscissa. This band does not include the overall 3% normalisation uncertainty or

r approximation uncertainty. The data are compared with a recent parametrisation [369]

contribution from axial-vector diquark correlations. This connection is discussed

[368, Fig. 8].

2. Time-like Nucleon Form Factors

nt measurements in the time-like (TL) region from the BESIII Collaboration [3

I led to the first individual determination of the electric and magnetic form factors
2 = −Q2 > 0 GeV2 region. At the kinematic threshold, only one amplitude corresp

S-wave state characterises the reaction; therefore, GE = GM or R = GE/GM=1

iately normalised to the magnetic dipole moment µp). A measurement near thres

rd [371]. However, the existing data show that |R| increases up to 1.4 at about 40

hreshold, see Fig. 3.2.25, before it decreases, confirming findings from BABAR [372

p in the TL range 5−6 GeV2 could be the hint of a node in |GE|. Note that a zero cros

ove Q2 = −q2 = 9 GeV2 is not excluded by the space-like data, see left panel of Fig

discussion of Fig. 2.2.9. The direct comparison of the measured TL and space-lik
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.25. |GE |/|GM | in the timelike region from BaBar (red squares), BESIII (black circles)

elike region from the GEp collaboration (green triangles). The solid lines are monopole-l

is illustrated in Fig. 3.2.25, together with a simple fit according to the model of Ref

odel gives a prediction of FFs based on a coherent picture that connects pp̄ annih

epton pair (or p̄p creation) in the TL region to ep elastic scattering in the SL regi

s that the system evolves through a diquark configuration.

underlying assumption [374] is that the proton, usually described as an antisymmetri

red quarks, is constituted from three valence quarks and a sea of gluons that are n

patial center of the nucleon, which is electrically neutral. The strong gluonic field

ic condensate of clusters with a randomly oriented chromo-magnetic field.

e most central region of the strong chromo-magnetic fields, the colour quantum n

ks does not play a role, owing to stochastic averaging. When the colour quantum n

ks with the same flavour vanishes, the uu (or dd) quarks are repelled outwards due

rinciple and hence away from the central region of the proton (or neutron). The third

cted by one of the identical quarks and forms a compact diquark.

e region of less intense gluonic fields, the colour state of quarks is restored; and the c

ark+diquark dipole system occurs when the attractive force exceeds the stochasti

luon field. One can estimate, knowing the strength of the chromo-electric field, th

l distance where the quark+diquark picture appears is r0 = 0.22 fm. The distribu

tum space, as revealed by the Fourier transform, gives an additional monopole decre

tric form factor reflected by the form factor ratio.
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ilar picture can be drawn in the annihilation region above the physical threshold, q2 ≥
he vacuum state transfers all the energy released by the electron-positron annihila

ve state with total spin 1, composed of at least six massless valence current quarks

s, and a sea of qq̄ current quarks with total energy q0 > 2mp and total orbital mom

uch a state, created in a small spatial volume of the order 1/
√
q2, starts to expan

wn.

e first stages of cooling, the strong chromo-electric (chromo-magnetic) field leads

e loss of colour freedom of the quarks and antiquarks. As a result of Fermi sta

ntical (colourless) quarks (uu in the proton and dd in the neutron) are repelled

ng quark (antiquark) of different flavour is attracted to one of the quarks at the s

a compact diquark (ud state). Then, the long range colour forces create a stable col

f proton and antiproton, using part of the initial energy to transform valence c

and -antiquarks into constituent quarks/antiquarks. In analogy with charge screeni

the model leaves the quark counting (dipole-like) QCD-prediction for the magneti

nchanged and suggests an additional suppression mechanism for the electric form

nt with the data.

osing this section it is worth noting that hadron induced reactions may also give evid

configurations, appearing as a deviation from pQCD scaling [375] that can be inves

ective programs at FAIR (Facility for Antiproton and Ion Research, Darmstadt) and

ron-based Ion Collider fAcility, Dubna).

3. Nucleon to Resonance Transition Form Factors

loping a unified description of electromagnetic elastic and transition form factors inv

leon and its resonances has become of great importance. On the theoretical sid

Q2-evolution of form factors that one gains access to the running of QCD’s coupli

[271, 291]. Moreover, QCD-kindred approaches that compute form factors at large

ties are needed because the meson-cloud screens the dressed-quark core of all baryons

ta [69, 376, 377]. Experimentally, substantial progress has been made in the extrac

on electrocouplings, gvNN∗ , from meson electroproduction data, obtained primarily w

etector at JLab [378–382]. The electrocouplings of all low-lying N∗ have been dete

ependent analyses of π+n, π0p and π+π−p exclusive channels [180, 377, 381, 383

ary results for the gvNN∗ of some high-lying N∗ states, with masses below 1.8 GeV

en obtained from CLAS meson electroproduction data [56, 379]. Complete, up-t

tion on the Q2 evolution of gvNN∗ electro-couplings at Q2 < 6.0 GeV2 for most reso

ass range up to 1.8 GeV from analyses of exclusive meson electro-production with

found in Ref. [384].

ng the next decade, CLAS 12 will deliver resonance electroproduction data up to
2 [273, 379, 385] and thereby empirical information which can address a wide range o
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e critical to understanding strong interactions, e.g.: is there an environment sensiti

and are quark+quark correlations an essential element in the structure of all ba

g experiment-theory feedback suggests that there is no environment sensitivity f

, N(1440), ∆(1232) and ∆(1600) baryons: DCSB in these systems is expressed in wa

dily be predicted once its manifestation is understood in the pion, and this includ

ion of diquark correlations with the same character in each of these baryons. Resona

annels, however, probably contain additional diquark correlations with different qu

s (Sec. 2 2), and can potentially be influenced in new ways by meson-baryon fina

ions (MB FSIs). Therefore, these channels, and higher excitations, open new wind

urbative QCD and its emergent phenomena whose vistas must be explored and ma

t difficult part of the Standard Model is finally to be solved.

Dirac and Pauli form factors of the γ∗p→ R+ transition, where R+ is the positively-c

esonance, are displayed in Fig. 3.3.26. The results obtained using QCD-based propa

tices agree with the data on x & 2 [57, 252, 253]. The disagreement between the

result and data on x . 2 owes to meson-cloud contributions, which are expected

nt on this domain [57, 60, 302, 387, 388].

anatomy of the γ p → R+ Dirac transition form factor is revealed in the upper pa

.26. Plainly, this component of the transition proceeds primarily through a photon s

nder dressed quark that is partnered by a scalar-diquark: [ud], with lesser but non-neg

utions from all other processes. In exhibiting these features, F ∗1,p shows marked qua

ties to the proton’s elastic Dirac form factor [270]. The γ p → R+ Pauli transitio

s dissected in the lower panels of Fig. 3.3.26. In this case, a single contribution i

ngly important, viz. photon strikes a bystander dressed-quark in association with

ton and R+. No other diagram makes a significant contribution.

ndsight, given that the diquark content of the proton and R+ are almost identical, w

+ [ud] component contributing roughly 60% of the charge of both systems, the qua

ty between the proton elastic and proton-Roper transition form factors is not sur

, 253].

re 3.3.27 displays the transition form factors that characterise the γ∗N(940) → ∆

[246, 251]. The upper-left panel shows the magnetic transition form factor in the

convention [390]. DSE results within both SCI and QCD-kindred frameworks agre

a on x & 0.4. On the other hand, both curves disagree markedly with the data at in

ta. This mismatch owes to the fact that DSE computations ignore meson-cloud effe

tion confirmed by the similarity between the DSE curves and the bare result dete

e dynamical meson-exchange model in Ref. [389].

upper-right panel of Fig. 3.3.27 shows the γ∗N(940) → ∆(1232) magnetic transitio

n the Ash convention [391], which is traditionally adopted for the presentation of

results. One can see that the normalised QCD-kindred curve is in fair agreemen

a, indicating that the Ash form factor falls faster than a dipole for two main reaso
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3.26. Solid black curves are full DSE computations [253] of the Dirac F ∗1 (top) and P

) proton to Roper transition form factors. JLab data, circles (blue) [383], squares (

1], triangle (gold) [386], and particle data group (PDG) value star (green) [180]. Left

e diquark breakdown: dashed red – scalar diquark in both nucleon and Roper; dot-dashe

ovector diquark in both nucleon and Roper; and dotted blue – scalar diquark in nucle

ector diquark in Roper. Right panels show the scatterer breakdown: red dashed – photon

rrelated dressed quark; dot-dashed green – photon strikes a diquark; and dotted blue – d

contributions, including photon striking a dressed-quark in flight between diquarks.

loud effects provide up-to 35% of the form factor for x . 2; and (ii) the additiona

actor ∼ 1/
√
Q2 that connects the Ash and Jones-Scadron conventions provides m

g for x & 2 (see Ref. [251] for additional details).

lower-left panel of Fig. 3.3.27 displays the γ∗N(940)→ ∆(1232) Coulomb quadrupol

he results computed using either the QCD-kindred or the SCI formalism are broad

with available data. This shows that even a contact-interaction, judiciously employe

correlations between dressed-quarks within Faddeev wave-functions and related fe

urrent that are comparable in size with those observed empirically. Moreover, supp

sed-quark anomalous magnetic moment (DqAMM) [214] in the transition current ha

These remarks highlight that RSM is not particularly sensitive to details of the F
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.27. Upper-left panel – G∗M,J−S result obtained with QCD-kindred interaction (solid,

h contact-interaction (SCI) (dotted, blue). The green dot-dashed curve is the dressed-qua

tion inferred using the dynamical meson-exchange model in Ref. [389]. Upper-right panel –

tained with QCD-kindred interaction (solid, black) and with SCI (dotted, blue). Lower-le

rediction of QCD-kindred kernel including dressed-quark anomalous magnetic moment (Dq

olid), not including DqAMM (black, dashed), and SCI result (dotted, blue). Lower-right

ediction obtained with QCD-kindred framework (solid, black); same input but without D

, black). The following results are renormalised (by a factor of 1.34) to agree with experim

ot-dashed, red - zero at x ≈ 14; and dot-dash-dashed, red - zero at x ≈ 6). The SCI resul

blue curve. All data are from references listed in Ref. [251].

nd transition current.

ontrast, the lower-right panel in Fig. 3.3.27 shows that REM, the γ∗N(940) → ∆

quadrupole ratio, is a particularly sensitive measure of diquark and orbital angul

correlations. The SCI result is negative at low photon virtualities, it crosses z

rimentally accessible momentum transfer and then increases with x in order to rea

-conservation limit [392]. On the other hand, four variants of the QCD-kindred res

ed. They differ primarily in the location of the zero that is a feature of this ratio

at have been considered. The inclusion of a DqAMM shifts the zero to a larger valu

he uniformly small value of this ratio and its sensitivity to the DqAMM, it appea
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.28. Left panels – Magnetic dipole γ∗p → ∆+(1600) transition form factor; middle –

ole; and right : Coulomb quadrupole. Data from Ref. [180]; and the conventions of Ref. [3

d. Panels on the top: solid (black) curve, complete result; shaded (grey) band, light-fr

Hamiltonian dynamics (LFRHD) [393]; dot-dashed (brown) curve, light-front relativistic

LFRQM) with unmixed wave functions [394]; and dashed (purple) curve, LFRQM with c

ixing [388]. Panels on the bottom: solid (black) curve, complete result; dotted (blue) curv

on and ∆(1600) are reduced to S-wave states; Dot-dashed (blue) curve, result obtaine

is reduced to S-wave state; dashed (orange) curve, obtained by enhancing proton’s axia

content.

s must play a large role on the entire momentum domain that is currently access

ent.

ictions for the γ∗p→ ∆+(1600) transition form factors are displayed in Fig. 3.3.28. E

lts are only available at the real-photon point for two of the three form factors: G∗M(Q

= 0). Evidently, the quark model results (shaded grey band [393], dot-dashed brown

d dashed purple curve [388]) are very sensitive to the wave functions employed for the

al states. Furthermore, inclusion of relativistic effects has a sizeable impact on tran

ive-parity excited states [393].

DSE prediction within the QCD-kindred framework [65] is the solid (black) curve i

f Fig. 3.3.28. In this instance, every transition form factor is of unique sign on the d

d. Notably, the mismatches with the empirical results for G∗M(Q2 = 0), G∗E(Q2 =

surate in relative sizes with those in the ∆(1232) case, suggesting that MB FSIs

importance in both channels.

can mimic some effects of a meson cloud by modifying the axial-vector diquark c

participating hadrons. Accordingly, to illustrate the potential impact of MB FS
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on form factors were computed using an enhanced axial-vector diquark content

This was achieved by setting m1+ = m0+ = 0.85 GeV, values with which the p

practically unchanged. The procedure produced the dashed (orange) curves in the b

of Fig. 3.3.28; better aligning the x ' 0 results with experiment and suggesting t

B FSIs will improve the predictions.

dotted (blue) curve in the bottom panels of Fig. 3.3.28 is the result obtained whe

me S-wave components are retained in the wave functions of the proton and ∆(

and the dot-dashed (blue) curve is that computed with a complete proton wave fu

-wave-projected ∆(1600). Once again, the higher partial-waves have a visible imp

factors, with G∗E being most affected. These observations are clear pointers to in

tion of the nucleon and ∆-baryons [221, 294, 395, 396].

e near future, the electro-excitation N → ∆(1600)3
2

+
amplitudes will become p

e at photon virtualities 2.0 GeV2 < Q2 < 5.0 GeV2 from analysis of CLAS data on

production off the proton [272, 380]. Preliminary indications are that the DSE pred

validated [397].

4. Multidimensional Structure of Baryons

e the first deep inelastic scattering (DIS) experiments at SLAC in the late 1960s, t

ding of hadron structure has been enriched, with numerous matrix elements now ide

ding the nonperturbative distribution of quarks and gluons within hadrons; in part

he nucleon. Among them, it is usual to highlight transverse momentum dependent

tions (TMDs) [398, 399] and generalised parton distributions (GPDs) [400–402]. Bot

front 3D picture of the nucleon, the former in momentum space, whereas the latt

ed to a coordinate space probability. These functions are not simply Fourier tran

other; but rather different projections of so-called Wigner distributions [403]. GPD

can be extracted from experimental data via a range of DIS processes: Fig. 3.4.29

e of examples. Their multidimensional character is appealing and one can wond

l nonpointlike diquark correlations could affect the nucleon’s 3D shape.

1. Transverse Momentum Dependent parton distributions

pared to DIS, semi-inclusive deep inelastic scattering (SIDIS) experiments provid

e information since, in the final state, a hadron is detected, together with the sca

, and its energy and transverse momentum, ~PT , are measured. SIDIS experimen

panel of Fig. 3.4.29) enable access to TMDs, characterised by the parton longit

tum fraction x and its intrinsic transverse momentum ~kT (which generates the

rse momentum ~PT ). These new parton distribution functions encode the motion of p

light-front transverse plane and complement the information given by the much s
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2

γ

.29. Examples of processes giving access to nucleon 3D structure. Left panel – semi-in

lastic scattering (SIDIS); and right panel – deeply virtual Compton scattering (DVCS

leptons; γ is a photon; γ∗ is a deeply-virtual photon; spaced double lines indicate incom

nucleons; and near double lines are outgoing mesons.

Therefore, SIDIS has emerged as a powerful means of probing strong interaction dyn

ides access to TMDs through measurements of spin and azimuthal asymmetries. S

azimuthal asymmetries in the semi-inclusive production of hadrons have been given

at the JLab 12 GeV facility [404]; and they are one of the driving forces for the

ion collider (EIC) in the USA [405–408] and in developing a proposal for an electr

in China (EicC) [368, 409, 410].

ming single photon exchange, the SIDIS cross-section can be decomposed, in a

dent way, into a sum of various azimuthal modulations coupled to corresponding str

s [411]. Using tree-level factorisation, the structure functions can be calculated

ing order in 1/Q (twist three) using transverse-momentum-dependent quark-qua

luon-quark correlators. The eight leading-twist TMDs are probability densities for

rised) parton with a longitudinal momentum fraction x and transverse momentum ~k

ed) nucleon; and the sixteen twist-3 TMDs provide information on quark-gluon corre

ble 3.4.5). Interpretation of leading-twist structure functions in terms of convolut

and TMD fragmentation functions are based on factorisation theorems [412].

eading structure functions require a proof of validity of TMD factorisation at higher

no proof exists. However, studies of sub-leading twists are also important for two p

: (i) they are important to understanding long-range quark-gluon dynamics; and (i

small in the kinematics of fixed target experiments, hence should be properly acc

MDs are to be reliably extracted. Good examples of sizeable twist-3 TMDs are the

t of the unpolarised cross-section F cosφh
UU and the sinφh moment depending on the

polarisation of the beam F sinφh
LU . F cosφh

UU was measured at JLab with the 5.5 GeV e

nd its contribution to the asymmetry appeared to be of the same order as the leadin

t cos 2φh [413]. F sinφh
LU was first measured at JLab [414–416], with later confirmation

xperiments at JLab and measurements at other facilities. In this case, large spin-azim
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TABLE 3.4.5. Left panel – leading-twist TMDs; and right panel – twist-3 TMDs.
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quark
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⊥
T
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h⊥T , e
⊥
T

etries were also observed.

g nonperturbative in nature, TMDs are very difficult to compute in QCD. Therefor

en studied in a variety of low-energy QCD-inspired models, e.g.: a light-cone cons

odel [417]; a light+front quark+diquark model [418]; the spectator model [419]; and

420]. (For a review, see Ref. [421].) They all have in common a tendency to oversimp

ity of the QCD dynamics in hadrons; but studies in different models, based on d

tions, may help to unravel nonperturbative aspects of TMDs. Models might also

ole as a first step in the description of experimental observations, potentially provid

e way to connect the physical observables to the dynamics of partons.

el calculations can shed light on the important question of whether twist-3 functions

rent from zero or not. In this respect, Ref. [422] investigated the beam spin asymm

F sinφh
LU of π+, π− and π0 production in the SIDIS process using a diquark bystander

fferent contributions to the beam SSAs were considered; namely, eH⊥1 and g⊥D1

⊥ are twist-3 TMDs). By using two different choices for the propagator of the

iquark, together with different relations between the quark flavours and the diquark

2] obtained two different sets of e and g⊥. Comparing these predictions with the

RMES data, they concluded that even though their model can describe the asymm

ain pion production in some kinematic regions, it was difficult to explain the asymm

hree pions in a consistent way. The applicability of quark models to TMDs beyo

twist approximation remains debatable. However, the additional information on

MDs from models may become very important for both phenomenology and experi

enerators.

e have been many model calculations of the leading twist TMDs. A review of the d

and their comparisons with the experimental data is beyond the scope of this docum

xample is given by Ref. [423], which studies the T-even TMDs in a light front quark+d

The model contains both scalar and axial-vector diquark bystanders, with ligh

nctions modelled after AdS/QCD phenomenology. For the worm-gear h⊥1L TMD,

es transversely polarised quarks in a longitudinally polarised proton, Ref. [423] p
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e distributions for both u- and d-quarks, in disagreement with the predictions of a

nstituent quark model [417], wherein the distribution is negative for the u-qua

for the d-quark. This discrepancy needs to be resolved. In any event, it will be essen

odel studies to account for the interaction of the probe with the diquark, which is

ucial in describing nucleon elastic and transition form factors – Secs. 2 2, 3 3.

ther approach to accessing TMDs is via phenomenological extractions. The assum

in modern extractions of TMDs from available data relies on a Gaussian Ansatz

rse momentum dependence of distribution and fragmentation functions [424, 425].

enological approach is taken, it is then crucial to develop an analysis framework th

esting different extraction procedures and estimating systematic uncertainties rela

t models and assumptions. Assessing the sensitivity to kinematic limitations and ra

ons, and validating the extracted functions are also key points. This is the main

raction and VAlidation framework (EVA), which is being developed at JLab [426] a

help both the experimental and phenomenological communities to test results and

ndependence of inferred data.

2. Generalised Parton Distributions

s can be accessed experimentally through exclusive processes such as DVCS, in wh

remains intact, Fig. 3.4.29 – right panel. A factorisation theorem ensures that the

de can be split into a hard part, calculable in perturbation theory, and a nonpertu

coded in GPDs. Past, current (such as JLab 12 GeV and COMPASS) and future

ental programs allocate a significant part of their beam time to GPDs studies, highl

action of GPDs in the hadron physics community (for a review of recent phenomenol

7]). As noted above, GPDs provide access to quark and gluon spatial density distrib

⊥), where b⊥ is the light-front transverse spatial coordinate.

g the Fourier transform of a matrix element of a non-local operator depending on a lig

e, GPDs are simpler than TMDs in some aspects, e.g. evolution equations, Wilson

ll, they remain nonperturbative objects that cannot yet be directly computed in full

models have been developed, for instance Refs. [428–434], taking advantages of theo

of GPDs. Note, too, that neural networks were also used to extract GPDs [435

r, none of these approaches was able to fulfill a priori all the theoretical constraints

o GPDs. A promising framework to do so has recently been developed [437, 438] b

o be confronted with experimental data.

ark bystander models of GPDs already exist, in both covariant and light-front formu

. Ref. [433] for a discussion). One may expect that a quark+diquark picture could b

the valence region; and if questions about connections with QCD can be raised fo

at least one has been fitted to data, yielding the so-called GPD hybrid model [43

he proton-quark+diquark vertex coupling exhibits a modified monopole behaviou
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of the struck, off-shell quark’s four-momentum squared, k2, which is regulated

rameters describing, respectively, the quark, mq, and monopole, M q
Λ, masses. Wh

are parameters to be fitted to data, the diquark propagator is expressed through a s

tation (à la Källén-Lehmann) such that the spectral function introduces Regge be

PDs at low x. In particular, by imposing the sum rule constraints on the quark

d Eu,d, relating them to the Dirac (F1) and Pauli (F2) form factors:

∫
dxHu,d(x, ξ, t) = F u,d

1 (t) ,

∫
dxEu,d(x, ξ, t) = F u,d

2 (t) , (

ng flavour separated data [71], the diquarks’ radii can be estimated:
√
〈r2〉

[ud]
= 0

[ud] diquark, and
√
〈r2〉{uu} = 0.56 fm for the {uu} diquark. (DSE predictions for d

agnetic radii have the same ordering [55]: r[ud] & rπ, r{uu} & rρ.) These resul

pared with the proton radius (≈ 0.84 fm) and most importantly with the separate

radii in the two configurations: the study of Ref. [441] found
√
〈r2〉

d
≈
√
〈r2〉

u

e d-quark radius exceeds that of the u quark in F2. (These conclusions are also con

ose reached via DSE analyses [254, Sec. V.B].)

eported above (Fig. 2.2.14), DSE predictions are available for the leading-twist PDAs

, and its first radial excitation, obtained using dynamical diquark correlations [320

uld open the door to a dynamical computation of nucleon GPDs, following previou

pion [312, 437, 438]. In this way, one could connect basic QCD considerations, s

and the formation of diquark correlations, to the 3D structure of hadrons; and from

to experimental data on exclusive processes using, e.g. PARTONS [442], phenome

e that has recently become publicly available.

anticipated that forthcoming experiments will add greatly to the empirical store o

about GPDs. Indeed, new data are expected from at least two main sources: COM

ab, in various kinematical regions; and in the case of JLab, also through various

cesses. This might bring into sharper relief those questions which relate to the

wist and higher-order α-strong corrections [443, 444], which are known to be imp

processes. Experimental access is provided by a careful choice of kinematics, mini

he-Heitler contributions and exposing the modulations present in DVCS amplitude

ons could then be revealed via harmonic decomposition. Such studies should be p

.

5. Meson Structure as a Window onto Diquark Structure

worth highlighting that the character of diquark correlations depends on Nc, the n

rs. For instance, the Lagrangian of two-colour QCD, Nc = 2, respects Pauli-Gürsey

ry [52, 53]. In this case, DCSB in the Nf -flavour theory yields Nf (2Nf − 1)− 1 dege

des: N2− 1 meson- and Nf (Nf − 1) diquark+anti-diquark modes. The NG mesons
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3.5.34)

where f g piece

of the p

Eq. ( ormal-

isation oscalar

meson nown.
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true for cus in
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ep colli . This

situatio e pion

valence

Brie

3.5.35)

where ζ alence-

quark a , 458];

in parti lves as
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ion-like states, and the lowest-mass diquarks are the scalar diquark and its antiparticl

acy of these five states indicates that, for two-colour QCD, the mechanisms respons

structure are also those which determine the character of diquarks. Hence, by imp

erstanding of pion structure and interactions, we move closer to a sound description

nd dynamic features of scalar diquark correlations.

e Nc = 3 case, the fundamental and conjugate representations of the Lie group

nt so PG symmetry is broken. Consequently, the diquark is not a colour-singlet a

acy between pions and scalar diquarks is lifted. However, as discussed in Sec. 2 2 1

RL truncation, the diquark Bethe-Salpeter equation differs from that of its meson p

a multiplicative factor of 1/2. Thus, one may reasonably expect that understanding

re will shed light on that of diquarks.

properties are largely defined by DCSB, which is forcefully expressed in the chira

-quark propagator, S(k), that can be obtained by solving QCD’s gap equation in the a

s couplings. Writing S(k) = 1/[−iγ · k A(k2) +B(k2)], then owing to DCSB, one ob

for B(k2) that is large at infrared momenta: B(0) ' 0.5 GeV, and vanishes logarithm

han 1/k2 in the ultraviolet [445, 446]. Moreover, in the chiral limit, DCSB is also nec

cient to ensure [33, 218, 447]:

f 0
πEπ(k; 0) = B(k2) , (

0
π is the chiral-limit value of the pion’s leptonic decay constant and Eπ is the leadin

ion’s Bethe-Salpeter amplitude.

3.5.34) is remarkable. It is true in any covariant gauge and independent of the ren

scheme; and it means that the two-body problem in the flavour-nonsinglet pseud

channel is solved, nearly completely, once the solution to the one body problem is k

g now the parallel between mesons and diquarks, it follows immediately that DCSB

ajor role in forming strong diquark correlations and determining their structure.

all channels. Hereafter, however, the pion–scalar-diquark connection will be the fo

sion of the x-dependence of their parton distribution functions.

e valence region, most of our knowledge of pion structure functions comes from

an scattering [448, 449]; and in the sea region, from hard diffractive processes measu

sions at HERA [450]. Still, data remain sparse; and none are available for the kaon

n has triggered a longstanding controversy concerning the large-x behaviour of th

-quark DF qπ(x; ζ). (See, e.g. Refs. [451–453].)

fly, QCD predicts [454–456]:

qπ(x; ζ = ζH) ∼
x→1

(1− x)2 , (

H is the hadronic scale at which the dressed quasiparticles emerging from the v

nd -antiquark degrees of freedom express all properties of the pion [318, 319, 457

cular, they carry all the pion’s light-front momentum. Moreover, the exponent evo
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.30. Sullivan processes [466]. In these examples, a proton’s pion cloud is used to provide

ion’s (a) elastic form factor and (b) parton distribution functions. t = –(k− k′)2 is a Mand

and the intermediate pion, π∗(P = k − k′), P 2 = –t, is off-shell.

ses beyond ζH , becoming 2 + γ, where γ & 0 is an anomalous dimension that in

mically with ζ. Yet, a leading-order (LO) pQCD analysis of Drell-Yan data, Ref.

5 experiment, yields (ζ5 = 5.2 GeV) a marked contradiction of Eq. (3.5.35), viz.

qπE615(x; ζ5) ≈
x'1

(1− x)1 . (

equent calculations [255] confirmed Eq. (3.5.35), eventually prompting reconsidera

5 analysis, with the result that, at next-to-leading order (NLO) and including soft-gl

tion [452, 453], the E615 data can be viewed as being consistent with Eq. (3.5.35). No

g these advances, uncertainty over Eq. (3.5.35) will remain until other analyses of th

corporate threshold resummation effects and, crucially, new data are obtained. O

mistic for two reasons: firstly, relevant tagged deep-inelastic scattering (DIS) exper

en approved at JLab [459, 460]; and secondly, experimental access to the pion PDF

ible at future facilities [368, 461–465].

’s tagged DIS experiments will exploit a Sullivan process [466], in which one draws

from the proton’s pion cloud, Fig. 3.5.30(b). Contemporary theory indicates [467

a valid approach on −t < 0.6 GeV2 for the pion (and on −t < 0.9 GeV2 for the

during the past decade, based on JLab 6 GeV measurements, have instilled confide

ability of pion electroproduction as a tool for extracting the pion form factor. In

ports the study of the pion structure function using a similar approach. Measur

12 will allow access to the kinematic domain: −t < 0.2 GeV2 , Q2 ≥ 1 GeV2,

/c)2, which will probe regions of intermediate and high x within the pion. An o

e domain of Drell-Yan measurements will enable cross-checking. Projected uncertain

nd kaon) structure measurements are depicted in Fig. 3.5.31.

ew measurements are awaited, theory progress continues. Novel algorithms within

inning to yield results for the pointwise behaviour of the pion’s valence-quark distri

1]. In addition, extensions of the continuum analysis in Ref. [255] are yielding new in

talising on these new developments, recent parameter-free continuum analyses have
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.31. Anticipated errors for pion and kaon PDF extractions. The projected data are dr

result from Ref. [255], which is multiplied by 0.75 in order to increase clarity in the comp

nal details are provided elsewhere [459, 460].

edictions for the valence, glue and sea distributions within the pion [318, 319, 457

them with, inter alia, electromagnetic pion elastic and transition form factors.

ons for the pion parton distributions at a scale relevant to the E615 experiment [44

icted in Fig. 3.5.32 – left panel. The large-x behaviour is [318, 319, 457, 458]:

qπ(x; ζ5) ∼
x→1

(1− x)2.74(12) . (

18, 319, 457, 458] also produce the following apportioning of momentum at the scale

〈x〉πvalence = 0.41(4) , 〈x〉πglue = 0.45(1) , 〈x〉πsea = 0.14(2) . (

3.5.32 – left panel compares the DSE result for the pion’s valence-quark DF with th

in an exploratory lQCD analysis [471]: the pointwise form of the lQCD prediction

e DSE result, as highlighted by the fact that one finds qπLQCD(x; ζ5) ∼ (1 − x)2.45

ent with Eq. (3.5.37). This agreement is significant. Now, two distinct treatments

und-state problem have delivered the same prediction for the pion’s valence-quark D

haviour on the valence-quark domain, x & 0.2, agrees with the most complete ana

data [453]. Evidently, Eq. (3.5.35) is stronger then ever before; and real progress is

ward understanding pion structure and its relation to the emergence of mass.

straightforward to extend the continuum studies of the pion’s DFs to the scalar d

reby obtain predictions for all its DFs, too. Comparison of their x-dependence wit

analogues in the pion partner could be instructive.

worth mentioning that the anticipated US electron ion collider (EIC) [472] offers n

ess paths to pion and kaon structure functions on a large kinematic domain [473

.32 – right panel. It could deliver the critical results that are needed to (i) test and im
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.32. Left panel. Pion valence-quark momentum distribution function, xqπ(x; ζ5): solid

bedded in shaded band – modern, continuum calculation [318, 319, 457, 458]; long-dashed

early continuum analysis [255]; and dot-dot-dashed (grey) curve within shaded band –

71]. Data (purple) from Ref. [449], rescaled according to the analysis in Ref. [453].

e shaded blue bands indicate the size of calculation-specific uncertainties, as described els

9, 457, 458].) Right panel. Sample EIC extraction of valence quark, sea quark and gluon

, at a scale Q2 = 10 GeV2. The extraction is done with the following assumptions: th

he d̄ DF in the pion and the ū DF is the same as the other sea quark DFs (d, s and s̄

on at xπ < 10−2, at this Q2 scale, is constrained by existing HERA data.

nomenology tools used to connect experiment and theory; and (ii) validate existi

NG mode structure. An electron ion collider is also being proposed in China (EicC

h current design specifications, the EicC could both [368] neatly fill a gap between

eV and the EIC and develop a powerful synergy with new initiatives at CERN [464

6. Exotic Hadrons and their Connection to Diquarks

entioned in Sec. 2 1, the past two decades have seen a rejuvenation of hadron spectr

discovery of many states that do not fit the typical QM pattern. The new syste

ely called XY Z states to highlight their still poorly understood character [73–79]. S

d candidates for tetra- and penta-quark systems; hence, understanding their pro

ssist in confirming a role for diquark correlations in the spectrum of QCD.

1. Experimental status at a glance

at the D̄(∗)D∗, B̄(∗)B∗ thresholds.

st and best known exotic state is the X(3872). Its discovery as an unexpected

rm bound-state in 2003 gave birth to the long saga of charmonium- and bottomoniu

It was observed as an extremely narrow peak in the B+ → K+(J/ψ π+π−) channel, e
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0D∗0 threshold [133, 134]. It was later confirmed in the open charm channel [474–47

reactions. Most notably, X(3872) is produced promptly in pp̄ [135, 136], pp [478, 47

ollisions [480], at rates commensurate with that of the ψ(2S) charmonium. The uppe

width is Γ < 1.2 MeV at 90% confidence-limit [481] and its quantum numbers hav

hed to be 1++ [482, 483]. It follows that the pion pair in X(3872)→ J/ψ π+π− mus

orbital momentum L = 1 and isospin one. (The di-pion distribution is indeed dom

ρ meson.) Hence, for this decay mode to be significant, large isospin violation is re

rger than expected for an ordinary charmonium; a result confirmed by comparison w

conserving mode X(3872) → J/ψ ω [484, 485]. COMPASS claimed an excess of ev

µ+N(J/ψπ+π−)π+ at the X(3872)’s mass [486]. However, the di-pion distribution

s a 1+− assignment, which points to a degenerate X̃(3872).

years later, two axial-vector states were seen in this region. BESIII and Belle ob

in the J/ψ π+ invariant mass of the e+e− → J/ψ π+π− reaction, close to the (D

ld [487, 488]. The state is called Zc(3900), with mass and width M = 3887.2 ± 2

28.2± 2.6 MeV, respectively. The minimal quark content for such a state is cc̄ud̄;

anifestly exotic. Its quantum numbers are 1+− [489]. The state is seen as a thr

ment in the open charm channel [490, 491], and the neutral partner is also ob

3]. A second 1+− state, called Z ′c(4020), has been found in e+e− → (D̄∗0D∗+) π− [49

(hc π
+) π− [495], with mass M = (4023.9± 2.4) MeV, slightly above the D∗D∗ thr

th Γ = (10± 6) MeV. A neutral partner has also been reported [496, 497].

two Z
(′)
c have heavier replicas in the bottomonium sector. Two charged states app

∗ and B̄∗B∗ thresholds, named Zb(10610) and Z ′b(10650). They have been seen in

bottom final states, Υ(5S)→ (Xbb̄π
+)π−, withXbb̄ = Υ(1S),Υ(2S),Υ(3S), hb(1P ), h

pair in Υ and hb have spin 1 and 0, respectively. The spin flip transition is for

static limit, thus the decay Υ(5S) → hb π
+π− should be heavily suppressed. O

y, the rate is sizeable and dominated by the intermediate Z
(′)
b , which appears to

tions of heavy-quark spin singlet and triplet. The averaged masses and widths are

2±2.0) MeV, Γ = (18.4±2.4) MeV, and M ′ = (10652.2±1.5) MeV, Γ′ = (11.5±2.2

ively [498–500]. They both decay into the closest open bottom pair [501]. Notab

us Xb with 1++ has not yet been seen.

vector states.

n+positron colliders can directly produce JPC = 1−− states. This process occurs

f-mass energy coincides with the mass of a resonance, or if an energetic photon

by the initial state, effectively reducing the center-of-mass energy to the resonance

uently, B-factories were able to discover many unexpected charmonium-like JPC

, usually called Y states. Their identification as exotics owed mainly to the overpop

ector: all quark model slots for ψ and Υ systems had already been filled.

Y (4260) was found in the reaction e+e− → J/ψ π+π− [488, 502–505]: mass M =

and width Γ = 120 ± 12 MeV. The higher statistics analysis by BESIII suggests th
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TA .

Source
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BLE 3.6.6. Mass and width determinations of the Y (4230) and Y (4390) states, in MeV

Mass (MeV) Width (MeV) Process

)

4218.4+5.5
−4.5 ± 0.9 66.0+12.3

−8.3 ± 0.4 hc π
+π−

4230± 8± 6 38± 12± 2 χc0 ω

4209.5± 7.4± 1.4 80.1± 24.6± 2.9 ψ′π+π−

4222.0± 3.1± 1.4 44.1± 4.3± 2.0 J/ψ π+π−

4228.6± 4.1± 5.9 77.1± 6.8± 6.9 π+D0D∗−

)

4320.0± 10.4± 7.0 101.4+25.3
−19.7 ± 10.2 J/ψ π+π−

4391.5+6.3
−6.8 ± 1.0 139.5+16.2

−20.6 ± 0.6 hc π
+π−

4383.8± 4.2± 0.8 84.2± 12.5± 2.1 ψ′π+π−

tually results from the interference between two resonances, called Y (4230) and Y

These two are loosely compatible with peaks seen in hc π
+π−, ψ′π+π− [507, 508

ter system also seems to appear in χc0 ω and π+D0D∗− [509, 510] (see the summ

.6.6). The radiative decay Y (4260)→ γX(3872) has also been reported [511].

avier Y (4630) has been seen near the Λ+
c Λ−c threshold, with M = (4634+8

−7
+5
−8) Me

+40
−24

+10
−21) MeV. The Y (4630) state decays into ψ′ π+π− and Λ+

c Λ−c [505, 512]. The ba

ode is dominant, with the following branching ratio B(Y (4660) → Λ+
c Λ−c )/B(Y (46

) = 25± 7 [513].

he hidden bottom sector, a Y (10750) system has recently been reported: mass

± 5.9+0.7
−1.1 MeV and width Γ = 35.5+17.6

−11.3
+3.9
−3.3 MeV [514].

seen in B decays.

ge sample of B mesons collected at LHCb and with Belle enables refined amplitude an

e for the presence of exotic resonances. These typically appear with small fit fract

plots dominated by ordinary resonances in the crossed channels. Notably, they

bstantially broader than the other exotic candidates mentioned so far. While the

resonances also admit an ordinary charmonium explanation [515], the charged syste

tly exotic. The Z(4430) and the Z(4200) appear in both J/ψ π+ and ψ′π+ final

fferent significance. The list of Z systems is summarised in Table 3.6.7.

arks.

Cb Collaboration has observed several pentaquark candidates in the Λ0
b → (J/ψ

The first amplitude analysis found two pentaquarks Pc(4380) and Pc(4450), with

ths, respectively, M1 = 4380± 8± 29 MeV, Γ1 = 205± 18± 86 MeV, and M2 = 44

.5 MeV, Γ2 = 39 ± 5 ± 19 MeV [139]. The quantum number assignment is not conc

interference pattern suggests that the systems have opposite parities, with JPC1

C = 5
2

+
favoured. A more recent, higher statistics one-dimensional analysis [140] w

rate the latter into two states, Pc(4440) and Pc(4457), with mass and width, respe
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TABLE ted are
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assignm elle in

J/ψ π+

e
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]
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]

]

Z(4430 ]

X(4140

]
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3.6.7. Potentially exotic states seen in B meson decays. The quantum numbers repor

in the fits, but need confirmation. Upper panel. – charged Z states; and lower panel

ms seen in J/ψ φ resonances. The Z(4200) seen in ψ′π+ at LHCb has 0−− as the most fa

ent, although 1+− is compatible within 1σ [516]. Identification with the state seen by B

[517] supports the latter assignment.

JPC Mass (MeV) Width (MeV) Process Sourc

) ??+ 4051+24
−40 82+50

−28
B̄0 → K−(χc1 π

+) [518
) ??+ 4248+190

−50 177+320
−70

) 1−+ 4096± 20+18
−22 152± 58+60

−35 B̄0 → K−(ηc π
+) [519

)
1+− 4196+35

−32 370+100
−150 B̄0 → K−(J/ψ π+) [517

1+− 4239+50
−21 220+120

−90 B̄0 → K−(ψ′π+) [516

) 1+− 4478+15
−18 181± 31 B̄0 → K−(ψ′π+) [516

) 1++ 4146.5± 4.5+4.6
−2.8 83± 21+21

−14

B− → K−(J/ψ φ) [520
) 1++ 4273.3± 8.3+17.2

− 3.6 56± 11+ 8
−11

) 0++ 4506± 11+12
−15 92± 21+21

−20

) 0++ 4704± 10+14
−24 120± 31+42

−33

4440.3 ± 1.3+4.1
−4.7 MeV, Γ2a = 20.6 ± 4.9+8.7

−10.1 MeV and M2b = 4457.3 ± 0.6+4.1
−1.7 MeV,

.0+5.7
−1.9 MeV. Furthermore, a new Pc(4312) is also indicated, M3 = 4457.3 ± 0.6+4.

−1.

.4 ± 2.0+5.7
−1.9. No amplitude analyses are available to determine the quantum num

ew states, so the quantum number assignments must be read with caution.

2. Theoretical tools for analyses of exotics

ude analysis.

f the experimental analyses suffer from poor amplitude models. This can lead to misl

nts about the existence of exotic resonances and artificially inflate the number of

t have occurred in the Y sector. (Ref. [521] describes an example in a light-quark sy

nately, implementing more refined amplitudes in data analysis is not easy and r

play between the work of theorists and experimentalists. On the basis of published

nclusions can be drawn. The properties of the amplitude can hint toward the na

ally exotic states; in particular, whether they are more likely to be a consequence of

CD physics (as diquarks), or be driven by long-range exchange forces (as molecul

happen that hadron interactions produce peaks that are not indications of a boun

ance, e.g. triangle re-scattering mechanisms [522] or virtual (unbound) states [523]

obal analysis of available data on the Zc(3900) challenges several hypotheses, each of

nd to be consistent with the present quality of data [523, 524]. Conversely, a local a
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where κ

As d se the
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can be icture.

Subsequ act di-
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κcq = 6 of the

vector Y t [110].

The Z( ture is

summa
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in the neighbourhood of the Pc(4312) peak points to a virtual state interpretation,

ment owing to hadron-hadron interactions not strong enough to bind a new state [5

mentioning, however, that there is an analysis based on chiral perturbation theor

s the existence of several bound states in the J/ψ p invariant mass [526].

ther reaction where pentaquarks are expected to be seen is direct photoproduction

ch observations would help in excluding rescattering mechanisms, which feature in

nal states. The available GlueX analysis does not see any substantial peaks and

imits on the branching ratios for Pc → J/ψ p by assuming a vector meson dom

model [531]. (N.B. VMD is a poor tool for such analyses and likely leads to overest

3]; hence, it is difficult to judge the significance of the quoted bounds.)

s as building blocks of exotics.

onsidering tetra- and penta-quark states, one approach is to use the model Hami

[179] and solve the associated few-body problem, e.g. Ref. [534]). On the other ha

bove, since one gluon exchange in the 3̄c colour channel is attractive and repuls

common to suppose that 3̄c diquark correlations act as dominant collective degr

in such systems. Evidence that the two quarks in a tetraquark system arrang

in a diquark configuration before interacting with the antiquarks has also been fo

mit lQCD simulations [535]. This simulation also indicates that the four const

themselves into a H-shaped configuration. This picture can explain large isospin

t neutral states and a preference to decay into baryons [536].

crudest approximation is to work with pointlike diquarks by effectively absorbing all

ence of the quark-quark interaction in Ref. [179] into a renormalised diquark mass

o data. As canvassed above, taken literally, this approximation conflicts with man

s analyses; nevertheless, the scheme may be useful in developing insights. Adoptin

tive, the colour-spin Hamiltonian can be reduced to [92]

Vij = −2κij Si ·Sj
λai
2
· λ

a
j

2
, (

ij are unknown effective couplings.

iscussed in connection with Fig. 2.1.1, this approach has been used [156] to analy

). A 1+− state appears, almost degenerate with the X(3872), and can be identifie

900). The existence of a lighter Z ′c(3750) state with same quantum numbers as the Zc

also justified [538]. However, the discovery of a heavier Z ′c(4020) challenged the p

ently, Ref. [537] revised Eq. (2.1.8), positing that spin interactions within a comp

ominate over all other possible two-body pairings. This implies that the Hamilton

.39) is diagonal in the diquark basis, and that the spectrum can be reproduced by

7 MeV [537], as shown in Fig. 3.6.33. By including a spin-orbit term, the spectrum

state can also be described, as the P -wave excitations of the ground-state multiple

4430) can also be accommodated as the radial excitation of the Zc(3900). This pic

rised in Table 3.6.8.
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.33. Spectrum of [cq][c̄q̄] tetraquarks as described in the diquark+antidiquark model of Re

a modification of an earlier model that produced the spectrum marked by dashed red lin

icted in Fig. 2.1.1 above.

wing a similar track, compact-diquark interpretations of the J/ψ φ states [539], the Z

and the pentaquarks [168, 541] have been presented. Other calculations of hidden

arks based on pointlike diquarks are found in Ref. [162]. Doubly heavy tetraquark

n seen, although evidence for a bbq̄q̄′ state is available from lQCD [542]. For these st

+antidiquark description is potentially favourable, because the heavy+heavy diquark

h smaller than the size of the state [543, 544]. Conversely, the existence of a double

still unclear [545–548]. The main limitation of these models is the proliferation of

ore than are observed. For each level predicted, an isovector and an isoscalar dege

pears, which is inconsistent with extent data. Also, the proximity of several st

arm thresholds is not a natural consequence within compact diquark+antidiquark m

ls to ameliorate this feature have been presented [549, 550].

e longstanding questions concerning diquark+antidiquark models of exotic resonanc

ered by supposing that compact diquarks and antidiquarks in tetraquark syste

ed by a potential barrier [146, 551]. This picture also explains the larger branchin

en charm mesons with respect to the hidden charm systems. Tuning the parameters

the widths of several states are well reproduced. Another dynamical picture of di

quarks) being produced in bottom meson (and baryon) decays at finite distance is pre

[552].

material in Secs. 2 2, 2 3 provides ample evidence that QCD does not support po

s and reveals how nonpointlike diquark degrees-of-freedom can be exploited to des

riety of observable hadronic phenomena. Within QMs, too, the pointlike-diquark rest

Jo
ur

na
l P

re
-p

ro
of



66

TABLE and P -

wave. T BESIII

in J/ψ π

riment

X0 4220)

X1++ 4330)

Z1+−

Z ′1+− 4390)

X ′0
X ′2 4660)

can be namics

within ly, one

can sep for a

repulsiv

The ggered

many d hether

the D0 , krel,

that is s. The

distribu Carlo

generat everal

choices ly, in a

scenario oceeds

through

In R e com-

pared. two do

not sha aracter

of the these

hypoth 2s−1 at

centre-o

NIC of the

phase s study

heavy m ulated

using P of 5%

Journal Pre-proof
3.6.8. JPC = 1−− tetraquarks involving a diquark+antidiquark [cq][c̄q̄′] pair in S-

he Y (4220) and Y (4330) are the two components of the Y (4260) peak, disentangled by

+π−. The Y (4390) is identified as a separate state decaying into hcπ
+π−.

∣∣Scq, Sc̄q̄′ ;S,L
〉
J

experiment
∣∣Scq, Sc̄q̄′ ;S,L

〉
J

expe

|0, 0; 0, 0〉0 Y1 |0, 0; 0, 1〉1 Y (

1√
2 (|1, 0; 1, 0〉1 + |0, 1; 1, 0〉1) X(3872) Y2

1√
2 (|1, 0; 1, 1〉1 + |0, 1; 1, 1〉1) Y (

1√
2 (|1, 0; 1, 0〉1 − |0, 1; 1, 0〉1) Zc(3900)

|1, 1; 1, 0〉1 Z ′c(4020) Y3 |1, 1; 0, 1〉1 Y (

|1, 1; 0, 0〉0
|1, 1; 2, 0〉2 Y4 |1, 1; 2, 1〉1 Y (

lifted. For instance, diquark+antidiquark dynamics can be disentangled from the dy

the correlation by using a Born-Oppenheimer approximation [553, 554]. Alternative

arate the dynamics of the cc̄ pair: if the latter is found in colour octet, the seed

e barrier is given, and a double well potential may be justified [555, 556].

3. Production of exotic states in pp and heavy-ion collisions

large prompt-production cross-section of the X(3872) in high-energy collisions has tri

ebates on whether or not it is compatible with a pure molecular nature. At issue is w

and D̄∗0 pair (constituting the X(3872)) can be produced with a relative momentum

small enough for binding to occur when the initial collision happens at TeV energie

tion of pairs with momentum smaller than a given krel can be estimated using Monte

ors. However, this relies on estimating a kmax that makes the binding possible. S

have been made, leading to mutually conflicting conclusions [557–564]. Alternative

where the molecule mixes with the unobserved χc1(2P ) [565–568], the production pr

the charmonium component.

ef. [569], the pp production cross-section for the X(3872) and deuteron states wer

The X(3872) exceeds the latter by a few orders of magnitude, suggesting that the

re the same nature. The behaviour in heavy ion collisions is also sensitive to the ch

X(3872) [570]. The experiments planned at NICA may be well suited for testing

eses. NICA will provide colliding heavy-ion beams with luminosity up to 1032 cm−

f-mass energy
√
sNN = 26 GeV [571].

A’s good tracking and particle identification performance over a significant fraction

pace can provide a good opportunity to extend its ambitious physics program to

esons via their decays to electrons, hadrons or photons [572]. The X(3872) was sim

YTHIA8 [573], assuming it is a 1++ charmonium state, with branching ratio to J/ψ ρ
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.34. Invariant mass combination Me+e−π+π− −Me+e− reconstructed from PYTHIA simu

el – signal and background are shown separately; and right panel – signal is reconstruct

line is the background-subtracted histogram, while the red line shows the true X(3872)

000 X(3872) → J/ψρ → e+e−π+π− events are predicted for a 10 day run. The diff

+π− − Me+e− is shown in Fig. 3.6.34. Background events are also simulated. Th

ond to statistics collected in 10 months at the nominal luminosity. The sidebands ar

lynomial function. Subtracting that function from the original distribution, one obs

ak of the X(3872) decay.

n extension of this topic, one can consider looking at other decay modes of the X

e branching ratio of X(3872) to open charm is dominant, one should consider the pos

structing this state from the hadronic decays of charm mesons. For such a study,

rtant to use the silicon microvertex detector to tag the D-meson flight length. Evi

sics topic can develop synergistically with the heavy ion charm program at NICA.

4. FUTURE PROSPECTS FOR DIQUARKS

per BigBite Spectrometer Programme on High-Q2 Space-like Nucleon Form F

electromagnetic form factors (EMFFs) measured in elastic lepton-nucleon scatteri

ents in resolving the role of diquark correlations in nucleon structure. At large mom

s, the unpolarised differential scattering cross-section is dominated by the magneti

GM . On the other hand, the ratio of the electric and magnetic form factors at h

determined using polarisation observables. To measure the EMFFs at large values

challenging owing to the rapid decrease of the elastic scattering cross-section dσ/

Q−12. Presently, the Continuous Electron Beam Accelerator Facility (CEBAF) at J

electron-beam facility in the world with the luminosity, duty cycle, energy and polar

ities to measure nucleon form factors at large Q2. (N.B. Herein, “large” is defined r
2 coverage and precision of existing data.)
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most recent polarisation transfer measurements of the proton form factor ratio G

ab’s experimental Halls A and C (see, for instance, Refs. [259, 575]) reached Q2 = 8.5

h value the ratio Gp
E/G

p
M was found to be consistent with zero, albeit with relativel

al uncertainty. To extend these measurements to larger values of Q2 using small-acce

meters, such as those used in previous experiments of this type [256–260, 575, 576],

prohibitive beam time.

most promising path to enlarge the statistical figure-of-merit for measurements of po

servables in high-Q2 elastic and quasi-elastic electron-nucleon scattering is to increa

gle and Q2 acceptance of both the electron and proton arms of the experiments. Expe

109 [577, 578] was approved by the Jefferson Lab Program Advisory Committee to m

to Q2 = 12 GeV2 using the polarisation transfer method. With this experiment

motivation, the collection of apparatus known as the Super BigBite Spectrometer

igned and constructed to carry out a comprehensive programme of high-Q2 nucleon

urements, including: E12-09-019 [579] to measure the neutron magnetic form fact

GeV2 using the “ratio method” on a liquid deuterium target; E12-09-016 [580] to m
n
M to 10.2 GeV2 using a high-luminosity polarised 3He target, enabled by convection

ion of polarised gas [581–583]; and E12-17-004 [584] to measure µnG
n
E/G

n
M atQ2 = 4.

he technique of charge-exchange recoil polarimetry [585] for the first time in the c

cleon form factor measurement. Several additional hadron structure measurement

ve also been approved, including single-spin asymmetries in semi-inclusive deep in

ng [586], and tagged deep inelastic scattering from the nucleon’s pion cloud [459].

re 4.1.35 shows the Q2 coverage and projected precision of the data expected from th

programme, compared to existing data and selected theoretical predictions. It also

jected impact of the SBS programme on the flavor separated ratio of Dirac form

and the Pauli-Dirac ratios F p,n
2 /F p,n

1 , in an analysis based on FFF2004 [588]. The a

s that F d
1 , which is mainly constrained by Gn

M , could become negative around Q

This possibility poses challenges to many theory models, particularly the GPD fram

ording to DSE analyses – Refs. [43, 251, 254] and Sec. 2 2 3, it follows naturally fro

e of both scalar and axial-vector diquark correlations in the proton.

that the extrapolation of fit-based uncertainties beyond the Q2 range of existin

ates the uncertainty in the true form factor behaviour in the unexplored Q2 regime

rscored by the dispersion of theoretical models when extrapolating beyond the Q2

ing data. Such an exercise is nonetheless useful in visualising the impact of new da

mately 125 days of approved beam time, the SBS programme will extend the Q2 rea

n of spacelike form factor data far into currently uncharted territory. Data of such kin

e and precision will severely challenge the most sophisticated theoretical descript

structure in the transition region between nonperturbative and perturbative QC

our-separation enabled by combined proton and neutron measurements is among

nsitive experimental signatures of diquark degrees of freedom. The first SBS expe
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.35. Projected results from the SBS form factor programme, compared to existing data,

iminary results for GpM extracted from the recent high-Q2 elastic ep cross-section measur

A [587], and selected theoretical predictions. Projected SBS results are plotted at val

ed from the global fit described in the appendix of Ref. [575] for the proton, the Ref. [

04) for GnM , and Ref. [264] for GnE . Theoretical curves are from the GPD-based model of R

), the DSE calculation of Ref. [251] (Segovia14), the VMD model of Ref. [590, 591] (Lom

riant spectator model from Ref. [592] (Gross08), the constituent quark+diquark model calc

f. [593] (Cloet12), and a relativistic constituent quark model calculation in Ref. [594] (Mi

t: projected impact of SBS programme on the flavor separated form factor ratio F d1 /F

value and uncertainty band evaluated using the fit from Ref. [588]. The improvement in

mainly to the new GnM data. Bottom right: projected impact of SBS programme on th

1 of Pauli and Dirac form factors for the proton and neutron, also evaluated using the FF

risation. The improvement in these ratios is driven by the GpE and GnE data.

for installation later in 2020, coinciding with a planned shutdown of CEBAF for m

ments. Currently, the SBS programme is projected to begin in the summer of 2021

SBS programme is enabled by several key conceptual innovations. First, a large

with
∫
BdL ≈ 2.5 T ·m and a cut in the yoke for passage of the beam pipe is u

oderately large solid-angle acceptance and large momentum bite at the forward sca

f elastically (and quasi-elastically) scattered nucleons in eN → eN scattering at la

The SBS dipole field provides momentum analysis and also precesses the longit
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ent of the scattered nucleon’s spin into a transverse component that can be measu

quent analysing reaction in the recoil polarisation experiments. Specially designed

sive magnetic shielding is used to suppress the transverse components of the SBS

ng the downstream beam pipe to avoid and/or correct the steering of the primary

ream of the target. Gas Electron Multiplier (GEM) technology [595, 596] is used exte

ged-particle tracking in all SBS experiments. Unlike traditional multiwire drift cha

ortional chambers, GEMs can operate with stable gain and good tracking performa

-luminosity environment of Hall A (up to 6×1038 cm−2 s−1), even with direct line-o

arget. While the SBS dipole field blocks low-energy charged particles from reachi

the large flux of low-energy photons leads to a significant background counting ra

ntillator hadronic calorimeter (HCAL) located behind the SBS magnet is used in

periments, playing several important roles. HCAL provides an efficient trigger fo

nucleons, preferentially selects forward elastic ~p+CH2 scattering events with high an

n the Gp
E measurement, aids track reconstruction in the back GEMs by constraini

ates of the proton tracks, and also detects forward neutrons (protons) from charge-ex

p or ~np→ pn scattering.

n selection of elastic or quasi-elastic eN events in the presence of dominant inelastic

in large-Q2 eN scattering and clean reconstruction of the final-state particle kine

resence of the aforementioned soft photon backgrounds in the GEMs requires coin

n of both electron and nucleon in the final state. To match the kinematic accepta

tron arm to that of the proton arm generally requires an even larger solid angle acce

electron than for the nucleon at large Q2. In the neutron form factor measuremen

BigBite spectrometer [264, 597, 598] is used for full momentum, vertex, and sca

econstruction for scattered electrons. The SBS programme, with its higher lumin

her beam energies, requires several upgrades to the BigBite detector package, inc

ased tracking, a highly segmented gas Cherenkov counter for pion rejection, and

egmented scintillator plane for precise timing measurements. In the Gp
E measurem

rger solid angle for electron detection is required; and as such, a novel high-tempe

ss electromagnetic calorimeter (ECAL) provides the required energy, spatial, and

on at moderate cost [599]. The continuous thermal annealing of radiation damage

a 225◦C oven is required to maintain stable transparency of the glass, and therefo

rgy resolution of the calorimeter, in the high-radiation environment in Hall A. Un

s experiments of this type, the calorimeter energy resolution is a critical performan

, because the ECAL needs to be triggered at a high threshold of approximately 8

lastically scattered electron energy to achieve a manageable data rate while mainta

ciency for the events of interest.
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2. Colour Propagation and Hadron Formation

ne of the last frontiers of nonperturbative QCD, the ubiquitous processes of colour pr

hadron formation in quark fragmentation have not yet been understood on the basis

ental theory. The very successful Lund String Model [600] (LSM) embedded in PY

hich incorporates a QCD-inspired foundation, and other widely-used Monte Carlo

HERWIG [602], allow a good description of high-energy scattering data without add

olved theoretical problem of formulating a description of colour propagation based

agrangian.

mportant step forward was made in the 1990’s by the introduction of new data fro

ES experiment at the Deutsches Elektronen-Synchrotron laboratory. These data w

m DIS on nuclear targets (nDIS) that involved identified final state hadrons [60

s nDIS experiments by the European muon collaboration (EMC) [609] laid the foun

e studies (see Ref. [610]) but the introduction of fully identified hadrons at higher e

rucial step that allowed the experimental study of hadron-specific formation mech

lean environment of lepton DIS. The use of the nuclear medium allows colour propa

isms to be probed at the fm scale; specifically, the use of a variety of nuclear targe

photon energies allows studies spanning the spatial range from 0−10 fm using stable

These distance scales, which greatly exceed any pQCD factorisation limits, allow st

colour propagation and hadron formation processes unfold.

n heuristic example, to form a hadronic system of mass M = 1 GeV and radiu

n an interaction at higher x-Bjorken, xBj, with four-momentum transfer Q2 =

oton energy ν = 10 GeV, the recoiling hadronic mass W can be estimated as 4 GeV

stinct stages of the process can be identified: the colour propagation stage and the

on stage. The LSM string constant κ, equal to 1 GeV/fm, can be used to estima

ropagation stage of the process; namely, the passage of the struck coloured quark t

Dividing the mass involved by the string constant gives a crude estimate of the

of the system: W/κ = 4 fm/c is the distance over which the struck quark emits

m is the colour lifetime of the struck quark in the rest frame of the string.

e detailed LSM formulations [612–614] add the dependence on the relative energy,

below, which can increase and decrease the colour lifetime, τc, by approximately a

and the transverse momentum pT , which increases it by a small amount for the ex

tics discussed here. As a lifetime, τc increases via time dilation, γτc, when boosted to

e frames, where γ is the relativistic boost factor. In the hadron formation stage

, the colour-neutral systems formed in the colour propagation stage, such as qq̄, q

ters, begin as colour singlet systems without a definite mass and size, and they evol

wn hadrons and baryons over a finite time interval. These are referred to as “preha

ons in formation. Since the final-state hadrons have a finite size, R, one can estima

on time in the rest frame of the hadron as R/c [615] which gets larger when boos
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eference frames via time dilation. The relativistic gamma factor for this process

mated as ranging from νz/M to νz/Q, i.e. γ is approximately in the range of 5-10 f

e, to boost the leading hadron into the laboratory frame.

efore, nDIS in the range of atomic nuclei spanning ∼ 0 − 10 fm in diameter offers

nity to probe hadron-dependent details of colour propagation and hadron formati

polate that information to the processes occurring in the absence of the nuclear m

, these studies are providing new information on hadron structure, in particular, on d

ions in baryons, as explained below. Strong evidence for the existence of diquar

ined by comparison of meson production in nDIS with baryon production in nDI

ative information on their size can be inferred from the degree of interaction wi

medium that they exhibit.

1. Probes of meson production using nDIS

contact between the picture described above and recent experimental observations

o observables: the hadronic multiplicity ratio, Rh
M , and transverse momentum broad

he hadronic multiplicity ratio is defined as:

Rh
M(Q2, ν, zh, pT ;h) :=

1
Ne(Q2,ν)

·Nh(Q
2, ν, zh, pT )

∣∣∣
A

1
Ne(Q2,ν)

·Nh(Q2, ν, zh, pT )
∣∣∣
D

, (

he labels D and A refer to a lighter nucleus D such as deuterium, and a heavier n

as xenon; the label h identifies which type of hadron is being measured; Q2 and

-momentum transfer and energy transfer, respectively; pT is the momentum compo

ron transverse to the direction of the three-momentum transfer; zh is the relative

either as the hadron total energy divided by ν or as the ratio of the light-cone va

on energy-momentum p+
h to overall energy-momentum p+ [616]; and Nh and Ne a

mber of DIS hadrons and electrons, respectively, measured from D and A. The tran

tum broadening is defined as:

〈∆p2
T 〉(Q2, ν, zh;h) = 〈p2

T 〉
∣∣∣
A
− 〈p2

T 〉
∣∣∣
D
, (

he labels are the same as in Eq. (4.2.40) and the angle brackets denote an averag

ontaining one or more hadrons h.

et the stage for what follows, it is necessary to briefly review the status of interpr

n production in nDIS. In all cases with DIS kinematics, a large amount of energ

tum transfer is absorbed by a relatively small structure or subsystem within a nucleon

leus, most easily visualised as a valence quark. If a valence quark absorbs all the mom

rgy transferred by the scattered lepton, it propagates out of the nucleus accompan

uarks and gluons generated in the interaction, typically producing a spray of m
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in the final state. one of the hadrons must contain the struck quark, while the

duced in the interaction or are pre-existing protons or neutrons ejected from the n

y at lower energies. The hadron containing the struck quark can often be identifie

egree of certainty using kinematic variables such as rapidity, Feynman x, or the r

zh defined above.

cent approach to the description of HERMES pion production data based on this

found in Refs. [612, 613] (BL19). Therein, two experimental observables are fitted

ly in zh bins. The first observable is the multiplicity ratio defined in Eq. (4.2.40)

ble provides a measure of the degree of interaction between the medium and the

articles produced in the hard interaction. In the BL19 approach, it primarily signifi

e of an hadronic interaction between a forming hadron, or a fully formed hadron, a

medium. Secondarily, it can also be influenced by the loss of energy of quarks and

uclear medium via gluon bremsstrahlung.

second observable is the broadening of the transverse momentum distribution of the

in Eq. (4.2.41). The transverse momentum is defined with respect to the direction

omentum transfer, often referred to as the direction of the “virtual photon” in the

exchange approximation. Within the BL19 formalism, it is the result of medium-stim

n of soft gluons in the partonic phase of colour propagation through the medium.

e BL19 approach, the two observables mentioned above are simultaneously fitted

two to four parameters. The modelling categorises the instantaneous state of the

s being either in the partonic (coloured) state or in an hadronic state (colour singlet,

prehadron or a full hadron). In the latter case, the hadron may still be forming an

t have its full mass and size. The three parameter fit includes (i) the “colour life

as the time in which the struck quark travels without being incorporated into a

state; (ii) an effective hadronic interaction cross-section, which only pertains to the

hadronic state; and (iii) a transport parameter related to the q̂ theoretical quantit

es the transverse momentum acquired by a parton owing to in-medium scattering,

rtains to the partonic state. In the four-parameter version of the model, the magnit

nergy loss is extracted in addition.

approach is successful in describing the production of positive pions from nuclear

y as xenon in the HERMES data in a one-dimensional analysis in zh. The results ob

a good simultaneous fit to the two observables and, as a byproduct, the fit indepen

ces the LSM string constant κ to an accuracy of better than 20%, using the assum

e data are dominated by the struck quark. Thus, in the BL19 approach, meson prod

clear targets in nDIS kinematics can be described successfully. While this has onl

trated for the zh-dependence of positive pions thus far, the systematic behavior

bles for other mesons in the HERMES data is quite similar to that of the positive

ing that the same modelling approach should also be capable of describing those.

ever, the situation is different for proton production from nuclei. The systematic beh
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.36. Data from the HERMES Collaboration showing two-dimensional multiplicity ra

ly charged hadrons as a function of zh, p2
T , and ν, for three bins in a second variabl

1a and 1b: RhM (zh; p2
T ). Column 2 : RhM (p2

T ; zh). Column 3 : RhM (ν; zh). Each of the top

nds to positive or negative pions, the middle panels correspond to positive or negative kao

om panels correspond to protons or antiprotons, as labelled. The multiplicity ratios shown

n target data compared to the deuteron target data, which show the most pronounced

f the various targets discussed in Ref. [608].

n observables in the HERMES data is markedly different from that for the meso

tons, as elaborated in the following section and illustrated in Fig. 4.2.36. It can be

e systematic differences in the behaviour of the multiplicity ratio for protons owes

nce of diquark degrees of freedom in the proton. This theme is the topic of the next s

2. Probes of baryon production and connection to diquarks

entioned above, the systematic features of proton production observables in the HE

ata are qualitatively different from those of meson and antiproton observables. HE
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ed multiplicity ratios for protons and anti-protons (p̄) in addition to five of the l

; and for all except the neutral pion, HERMES provides data on the two-dimensio

of the multiplicity ratios, e.g. Rh
M(zh, p

2
T ) and Rh

M(zh, ν). The p̄ observables are quali

ar to those of the mesons, but the two-dimensional proton production data are qualit

t from the data for the other five particles. The most visible differences are seen

arget data, which provides the longest in-medium path length. Prominent differenc

h
M(zh; p

2
T ) for protons shows an unexpectedly large enhancement for low zh and hi

ceeding 1.0 for all values of p2
T and exceeding 2.0 for the highest p2

T . All five other pa

ave smaller values and most are consistent with being less than or equal to unity, inc

See Fig. 4.2.36, left two columns.

h
M(p2

T ; zh) shows a strict ordering for positive pions and kaons, where the highest en

ent is for low zh and no enhancement is seen for high zh; but for the proton, this or

isappears at high p2
T . See Fig. 4.2.36, third column from the left.

h
M(ν; zh) for low zh exceeds 1.0, rising to 1.3 at high ν. All other measured pa

main well below 1.0. This has very significant implications for the interpretation

ata because, in the BL19 picture, the behaviour with ν arises from a Lorentz boost

lour lifetime proportional to ν. This causes the quark or hadron interaction to dis

infinite ν, implying that the multiplicity ratio must approach 1.0 in the high ν lim

so implying that it will never exceed 1.0. This expected behavior is consistent w

ERMES data for all the measured particles, except the proton, for which it is st

iolated. See Fig. 4.2.36, right-most column.

e observations may be interpreted as follows. Concerning Bullet-1, the degree of t

ent at high p2
T is a signal of the strength of the interaction with the medium, whether

or of the forming hadron. This is a sensitive measurement because interactions w

in general add to the transverse momentum of the final particle and the high p2
T

ctrum is naturally not populated with many events, so in that region the effect of add

rse momentum is most visible. Thus, the proton production mechanism involves a st

ion with the medium than that for the mesons and antiproton.

erning Bullet-2, the strict ordering of the mesons in the BL19 picture is understo

g that at high zh the travelling particle is dominantly a parton, which has a gentle

ith the medium via partonic multiple scattering; while at low zh, the travelling p

y comes from a prehadron or fully-formed hadron, initially at higher zh, which had a

ion with the medium via inelastic hadronic reactions, producing more new hadrons a

in an intranuclear cascade and resulting in an enhancement that can exceed unit

ES data for mesons are consistent with this picture; but for the proton data, this corr

p2
T ; zh) between zh and p2

T vanishes at the highest p2
T values, suggesting that the p

is quite different.
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ullet-3, the disappearance of the expected approach of Rh
M(ν; zh) to 1.0 at high ν

picture of BL19 is not correct for the proton. Instead of a single struck quark in the

at is Lorentz boosted by a factor proportional to ν, a different mechanism must be a

ssible explanation for the HERMES proton data can be found by appealing to a qua

picture of the proton. A description of proton hadronisation rates that relied

diquark model was used in the 1980s [617] to analyse pp scattering at
√
s = 62

K+ production rate ratios were seen to be up to several times larger than antiprot

ion rate ratios for transverse momenta of 3−6 GeV. Conventional model calculation

describe the antiproton-K− ratio, but not the proton-K+ ratio. Including a quark+d

ent of the proton, Ref. [617] was able to describe the data.

analysis in Ref. [617] suggests that the HERMES proton data anomalies listed abov

e an explanation rooted in diquarks. Further, the HERMES data, and present and

m JLab-CLAS 5 and 11 GeV, provide a very exciting opportunity to probe much

into the diquark nature of the proton, using the nuclear medium as a spatial an

ained below, this is particularly true for the transverse momentum observable defi

.41), and for a particular set of baryons as follows. In the theoretical work of Ref. [

of the dominant diquark correlations contained in various hadrons is presented. Acc

work, the proton, neutron, and lambda baryon are all dominated by the [ud] diquark

nd Ξ baryons are dominated by the [us] diquark. If the [ud] diquark is a key to explain

ES proton data, comparison of multiplicity ratios and transverse momentum broa

sible baryons will, in the simplest case, show the same patterns for p, n, and Λ,

t pattern for Σ and Ξ. The production of all these baryons from nuclear targets

ed in CLAS at 11 GeV [618].

ore provocative and intriguing statement can be made by revisiting the three bullets

ect those observations to the diquark concept. First, at large momentum transfer, Q

teraction involves a very small volume of the proton. In the BL19 picture it involv

rk. However, in the case that diquarks are an important component of the proton

e close together it is not excluded that both of the quarks in the diquark can be in

cattering. In that case the struck object would be a two-quark system, which would

intact or fall apart. In the case that it remains intact, it can be the foundation

ton to be formed that can emerge over the full range in zh, including at high zh,

nventional mechanisms like single-quark scattering are much more challenged; and

t from the nucleus at high zh is also strongly suppressed. If the moving system is an

d diquark, it would clearly interact much more strongly with the nuclear medium

uark. In this picture, nDIS leading to final-state protons would show a much st

ion with the medium, consistent with the Bullet-1 above, and the direct scatterin

is a very different production mechanism than single quark scattering. This expla

stent with the observations of the Bullet 2, 3.

more interesting, if the travelling object is a coloured diquark, it will lead to a
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crease in the magnitude of transverse momentum broadening 〈∆p2
T 〉(Q2, ν, zh;h), d

4.2.41), because it will have a QCD colour field that is more extended in size th

uark, as well as having substantial mass. This observation leads to a prediction:

ing of a proton should be approximately equal to the pT broadening of a neutron

yon in nDIS, and all three should be much larger than the pT broadening of any

d by single-quark scattering, such as mesons and Σ and Ξ baryons. Similarly, the p

multiplicity ratios noted in the three bullets above should be very similar for the p

, and Λ-baryon, aside from small mass effects that will modify the accessible zh ra

ditional definition of zh = Eh/ν is used. One can also expect that the Σ and Ξ

to each other in the two observables because they are both dominated by the [us] d

ublished data are currently available for pT broadening on the proton or the Λ-baryo

ished data are available for the Λ multiplicity ratio. However, preliminary data from

eV beam for the Λ-baryon have been released and shown in conferences [619]. Sim

s of proton multiplicity ratios and pT broadening are fully feasible with the same da

liminary Λ-baryon results are qualitatively similar to the published HERMES proto

d above, and the pT broadening is an order of magnitude greater than that seen

ES meson studies. Although these results are not yet final, they strongly support th

rect scattering of diquarks can be measured experimentally. This result, if confirm

l data, opens a remarkable new era of studies of the structure of the nucleon and th

baryons.

3. Production Cross-sections of Baryons at Belle

e context of exotic hadrons, it was shown [620] that the production rates of Λ(111

) in e+e− → hadron at
√
s = 92 GeV were 2-3 times bigger than the estimated

ose of p, Σ, ∆, Ξ, Ω baryons. The enhancement was attributed to Λ(1116) and Λ

only [ud] scalar diquark configurations. However, this assumption conflicts with pred

ructure studies that employ dynamical diquark correlations [64]: [us], [ds] and {us}
significant, so the conclusion is dubious. Notwithstanding that, the heavier mass

can affect the structural properties of charmed baryons [64] and this makes it wort

y their production cross-sections.

[621] reported production cross-sections for hyperons (Λ, Λ(1520), Σ0, Σ(1385)
0, Ω−) and charmed baryons (Λ+

c , Λc(2595)+, Λc(2625)+, Σc(2455)0, Σc(2520)0) ob

elle data [622]. In order to avoid contamination from Υ(4S) decay, Ref. [621] used 89

sonance data taken at
√
s = 10.52 GeV, which is 60 MeV below the mass of the Υ(

e charmed baryon production rates are small, it is advantageous to use both off- a

ce data. The latter has been recorded at the Υ(4S) energy (
√
s = 10.58 GeV)

ity of 711 fb−1. To eliminate B-meson decay contributions in the on-resonance da

the charmed-baryon candidates to have the hadron-scaled momenta xp = p/
√
s/4−
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here p and M are the momentum and mass of the charmed baryon.

Belle detector [622] is a large-solid-angle magnetic spectrometer that comprises a

etector, a central drift chamber (CDC), an array of aerogel threshold Cherenkov co

time-of-flight scintillation counters (TOF), and an ECAL composed of CsI(Tl) c

inside a superconducting solenoid coil that provides a 1.5 T magnetic field.

ged particles produced from the e+e− interaction point (IP) are selected by requirin

parameters with respect to the IP along the beam (z) direction and in the transvers

of dz < 2 cm and dr < 0.1 cm, respectively. For long-lived hyperons (Λ, Ξ, Ω

ries must be reconstructed carefully.

icle identification is performed by utilising dE/dx information from the CDC, time-o

ements in the TOF, and Cherenkov light yield in the ACC. The likelihood ratios for se

d p are required to be greater than 0.6 over the other particle hypotheses. This se

fficiency of 90−95% and a fake rate of 5−9%. The use of charge-conjugate decay m

, and the cross-sections of the sum of the baryon and antibaryon production are rec

r to estimate the efficiencies, Monte-Carlo (MC) events are generated using PYTH

detector response is simulated using GEANT3.

first obtains the inclusive differential cross sections, dσ/dxp, as a function of hadron

ta, xp. Integrating the differential cross-sections in the 0 ≤ xp ≤ 1 region, one obta

ction without radiative corrections (visible cross-sections). For S = −1 hyperons, th

s can be completed using a third order Hermite interpolation describing the behaviour

ed xp range, assuming the cross-section is zero at xp = 0, 1. Estimates of the contrib

e unmeasured regions can be accomplished using PYTHIA, with the differences b

imates included as part of the total systematic error. For S = −2 and −3 hypero

ctions can be measured in the entire xp region. For charmed baryons, the contribution

easured xp regions may be estimated using MC simulations with various fragmen

Radiative corrections are subsequently applied in each xp bin of the dσ/dxp distrib

rection for initial-state radiation (ISR) and vacuum polarisation can again be est

YTHIA, by enabling or disabling these processes; and the final-state radiation (FSR

hadrons can be analysed using PHOTOS [623]. Finally, the feed-down contribution

vier particles are subtracted from the radiative-corrected total cross-sections to obt

ross-sections, which may directly reflect the internal structures of baryons.

procedure just described yields the results depicted in Fig. 4.3.37. These are scaled

ion cross-sections, i.e. direct production cross-sections divided by the number of spin

) as a function of baryon masses. Fig. 4.3.37 – left panel reveals exponential depe

scaled direct production cross-sections for S = −1 hyperons except for the Σ(1

(1385)+ includes a u-quark component and the e+e− → uū cross-section is large

r e+e− → dd̄ or e+e− → ss̄, a low-lying Σ(1385)+ runs contrary to näıve expect

ements of the scaled direct production cross-sections for Λ and Λ(1520) are not e

icting Ref. [620]. Notably, the feed-down contributions were not subtracted therei
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.37. Left panel. Direct production cross-sections divided by the number of spin states (

ction of hyperon masses. S = −1,−2,−3 hyperons are shown with filled circles, open

iangle, respectively. The solid line shows the fit result using an exponential function for S

s, except for Σ(1385)+. The dashed line shows an exponential curve with the same slope par

1 hyperons, which is normalised to the production cross section of Ξ−. Right panel. As lef

med-baryon masses. The solid and dashed lines show the fit results using exponential fu

aryons and Σc baryons, respectively.

e feed-down contribution is large for Λ, this may explain the discrepancy. Fig. 4.3.37

s that the scaled production cross-sections for S = −1 hyperons are larger than th

hyperons and that for the S = −3 Ω is the smallest amongst the strange baryons.

results for charmed baryons are shown in Fig. 4.3.37 – right panel. The scaled prod

ction for the Σc(2800) measured by Belle [624] is shown in the same figure, computed

ghted average of cross-sections for the three charged states and assuming that th

ode dominates over the others. In Ref. [624], the spin parity is tentatively assig

/2−, so a spin of 3/2 was used for this state.

e case of charmed baryon direct production in e+e− collisions, the first process

→ cc̄, since the c-quark mass is well above the QCD energy scale, ΛQCD; hence,

ion should be relatively rare in hadronisation processes. Fig. 4.3.37 – right panel

hat the scaled production cross-sections for the isoscalar charmed baryons are large

r the isovector charmed baryons. Some may argue that this outcome is consisten

+antidiquark pair production being easier in the lighter isoscalar-scalar channels t

vier isovector-pseudovector channels. However, this assumes very simple spin-flavou

s for the systems involved, in conflict with calculations based on dynamical diquark d

om [64]. Evidently, therefore, further experimental and theoretical studies are neces

he information contained in Fig. 4.3.37.
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4. Next Steps for Continuum Schwinger Function Methods

talising on the foundation provided by existing studies, sketched in Sec. 2 2, many new

n to the use of CSMs in exploring the origin and impact of diquark correlations in

. Simplest amongst them is exploitation of the SCI for the computation of those nu

ance transition form factors that have not yet been calculated using more sophis

orks. This can be useful because the inclusion of all possible diquark correlations i

forward when using the SCI; hence, such studies can provide guidance concerning

ions and inter-diquark transitions that are most important when calculating the asso

roduction reactions.

med by SCI studies, the QCD-kindred framework could profitably be employed to

ons for the same array of transition form factors, expecting that the results should co

bly with available experiments and provide guidance for conducting and planning

vantage here is that the QCD-kindred framework can deliver realistic predictions o

that extends far beyond that upon which MB FSIs play an important role. This mea

ison with experiments can provide unclouded insights into the active degrees-of-fr

the participating baryons and the correlations between them. Given their antic

content and potential to reveal information about orbital angular momentum and in

tion, the following transitions are of most immediate importance:

940) 1
2

+ → N(1535) 1
2

−
; N(940) 1

2

+ → N(1520) 3
2

−
; N(940) 1

2

+ → ∆(1700) 3
2

−
;

940) 1
2

+ → N(1710) 1
2

+
; N(940) 1

2

+ → N(1700) 3
2

−
; N(940) 1

2

+ → ∆(1620) 1
2

−
.

(

nfidence is based on existing successful studies of transitions involving the N(14

) 3
2

+
, ∆(1600) 3

2

+
final states.

mation derived from the above analyses could be used as the foundation for compu

on DAs. Defined on the light-front, these DAs provide the closest link in quantum

to a Schrödinger-like wave function with its probability interpretation. In all likeliho

d in connection with Figs. 2.2.14, 2.3.22, the pictures obtained therewith may rea

ted to reveal the importance, impact and size of diquark correlations within each

tudy.

g to weaknesses in existing algorithms, ab initio CSM calculations of nucleon elast

on form factors are currently limited in the range of Q2 that is accessible: Q2 . 7

will probe far deeper than can be accessed using these methods. Improvements are

essary; at least so that comparisons can be made between ab initio results and pred

d, e.g. by the QCD-kindred quark+diquark framework. Such contrasts at large-Q

e range of MB FSIs, could be crucial in identifying unambiguous signals for the pr

rk correlations.

ost pressing need is to improve upon leading-order RL truncation in ab initio analyses

bound-state problem. Whilst RL truncation does provide for SU(6) spin-flavour sym
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.38. Nucleon effective energies computed on a lattice with spacing a ≈ 0.09 fm and pion

0 MeV (“D5”, left) and 170 MeV (“D6”, right).

g in baryon wave functions – most notably because it enforces a coupling between

components in momentum-, spin- and flavour-spaces; and does contain the seeds

on of diquark correlations; it does not, e.g. produce the mass-splittings amongst

s that are achieved in quark+diquark truncations of the Faddeev equation. It is nec

ify a beyond-RL truncation of the Faddeev equation that can produce diquark corre

lore its fidelity, features and flaws.

5. Selected Advances (needed) in lattice-QCD

ies of nucleon elastic form factors using DSEs have demonstrated the significance of d

ions for nucleon structure at high transferred momentum [43, 251, 254]. In part

o crossing in the electric Sachs form factor is sensitive to the presence of quark+

ions in the nucleon Faddeev amplitude, thus data from experiment or nonpertu

alculations can be used to determine their magnitude. The experimental program

ne nucleon form factors up to Q2 ≈ 18 GeV2 is well underway [577–579, 581–584]. A

es theoretical calculation of nucleon form factors with rigorous control of systematic

ble using modern lQCD methods.

l recently, studies of nucleon form factors on a lattice were limited to Q2 . 1 − 2

table exception is the calculation of GEp/GMp using a Feynman-Hellman method

calculations involving hadrons with large momentum |~p | & mN are challenging for

. First, MC fluctuations of lattice hadron correlators are governed by the energy of th

he signal-to-noise ratio for the nucleon is expected to decrease ∝ exp
[
− (EN(~p )− 3

2

uclidean time τ , making high-momentum calculations especially “noisy”. At the

xcited states of the nucleon, which are expected to introduce large systematic unc

e less suppressed by Euclidean time evolution ∝ exp
[
− ∆EN(~p )τ

]
as the ener

= EN,exc(~p ) − EN(~p ) shrinks with increasing relativistic nucleon momentum |~p |.
hallenges are best addressed by choosing the Breit frame on a lattice, so that t
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.39. Results from Ref. [262]. Ratio of proton form factors Q2F2p(Q
2)/F1p(Q

2) (left); ratio

factors µpGEp(Q
2)/GMp(Q

2) (middle); and ratio of neutron form factors µpGEn(Q2)/GM

Disconnected quark contractions are neglected. Results from calculations with pion

70 MeV (“D5”) and 180 MeV (“D6”) are compared to phenomenological fits of experimen

k symbols) [628]. Additional comparisons with data and also DSE predictions are prov

9.

final momenta of the nucleon are equal to |~p (′)| = 1
2

√
Q2. For example, mom

Q2
1 ≈ 10 GeV2 requires nucleon momentum p1 & 1.6 GeV, which reduces the ener

) ≈ 0.5 GeV to ≈ 0.3 GeV. Therefore, very large MC statistics combined with ri

of excited state contaminations become absolutely necessary to obtain credible res

calculations in Refs. [261, 262] were performed withNf = 2+1 (light and strange) dyn

using the clover-improved Wilson fermion action and lattice spacing a ≈ 0.09 fm

f pion mass (mπ ≈ 280 and 170 MeV) were used in the calculations, enabling a check

ark mass dependence of the results. Nucleon interpolating operators N = εabc[ũaTC

nstructed on a lattice with “momentum-smeared” quark fields, q̃, to improve their o

e ground state of the boosted nucleon [627].

nucleon correlators become dominated by the ground state C(t) = 〈N(t) . . . N̄(0)〉 ∝
uclidean time τ is increased. The approach to the ground state can be revealed by obs

eau of the “effective energy” Eeff
N (t) = 1

a
log
[
C(t)/C(t+ a)

]
as t→∞. These platea

n Fig. 4.5.38 for both pion masses and momenta up to pN ≈ 1.5 GeV2. As expected

stantial contributions from nucleon excited states. Although more than one excite

ted to contribute, the data are not precise enough to constrain more than one, esp

momenta. Therefore, a simple two-state model was imposed on the results

〈N(~p, t)N̄(0)〉 ∼ C2
0e
−EN0t + C2

1e
−EN1t ,

(~p ′, t)J(~q, τ)N̄(0)〉 ∼ A0′0C0′C0e
−E′N0(t−τ)−EN0τ +A1′0C1′C0e

−E′N1(t−τ)−EN0τ

+A0′1C0′C1e
−E′N0(t−τ)−EN1τ +A1′1C1′C1e

−E′N1(t−τ)−EN1τ , (

ct ground-state nucleon energies E
(′)

and momentum-dependent matrix elements of
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.40. Comparison of lattice results for form factors of the proton (left) and the neutron (righ

enomenological fits of experimental data [628]. Disconnected quark contractions are negle

ators C0(′) = 〈vac|N |N(~p (′))〉 and the vector current density A0′0 = 〈N(~p ′)|J |N(~p )

re decomposed into form factors F q
1,2 separately for each flavor q.

contractions of lattice quark fields generate two types of diagrams: quark-connect

isconnected. The latter have lattice quark “loops” that are connected to the valence

ly by gluons and are more difficult to compute. One study [629] found their contri

eon form factors at Q2 . 1.2 GeV2 to be small (. 1%). Their effects at higher mo

to be explored. Refs. [261, 262] omitted these contributions.

left panel of Fig. 4.5.39 displays the ratio of proton Pauli and Dirac form factors com

[262] along with a parametrisation of existing data [628] that was constrained by

ental results on Q2 . 8.5 GeV2. One pQCD analysis of this ratio has argued that it

F2p/F1p ∼ ln2(Q2/Λ2)/Q2 [363]. Evidently, although the general trend of the lQCD

atible with logarithmic growth, the current precision is insufficient to validate it. Mo

rked in Sec. 3 1, existing empirical data on the analogous neutron ratio are inconsisten

aling [270]; hence, any success for the proton ratio is likely more apparent than real

lQCD results [262] for the ratios of Sachs electric and magnetic form factors for the

tron are, respectively, shown in the middle and right panels of Fig. 4.5.39; again

e phenomenological fits and some experimental data. There is fair agreement betwe

results and experiment (phenomenology) for the proton ratio, although better prec

in light of forthcoming experiments at JLab.
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.41. Contributions of u and d quarks to Dirac F1 (top) and Pauli F2 (bottom) nucleo

The scales are adjusted for comparison to figures in Ref. [71]. Disconnected quark contr

lected. The phenomenological fits to experimental data are limited to Q2 ≤ 3.4 GeV2

case [628].

e case of the neutron, the lQCD prediction for µnG
n
E/G

n
M lies below the experi

made clearer by the comparison in Fig. 2.2.9. It may be that since the neutron is n

tric form factor is more sensitive to systematic effects in the lQCD calculation [2

lar, the omission of disconnected quark contractions and unphysically heavy pion m

rth concentrating effort here because this ratio is particularly interesting owing to th

nce between phenomenology and theory predictions on the domain beyond that for

al data is currently available – see Fig. 4.1.35, lower-middle panel.

idual proton and neutron form factors are shown in Fig. 4.5.40, again compared t

logical fits. Although the lattice results have qualitatively similar Q2 behavior, the

he phenomenological fits by a factor of 2 − 2.5. This substantial difference may

sation effects. Without a calculation on a smaller lattice spacing, these effects ar

assess. However, it may be expected that as momentum becomes large on a latti

able to the Brillouin zone size, rotational symmetry is violated. To test this, a calc

eated on the smaller lattice (“D5”) using nucleon state momenta along a 2D diag

ic lattice (shown with red squares in Fig. 4.5.40). In general, lattice calculations wit

ta are expected to have smaller discretisation errors. Results from these two calcu

agree. The largest difference is found in the case of F p
1 , where it is still much s

e deviation from experiment. A detailed study of O(a)-improved current operato

ions at different lattice spacings are required to control this source of systematic eff
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4.5.41 shows flavour-separated form factors determined from the lQCD results in Ref

parison, these u and d contributions are shown rescaled in a fashion similar to t

]. In experiment, the separated form factors are obtained by combining proton and n

d relying on SUf(2) symmetry, which is exact in this lattice QCD calculation. Sinc

tron and the proton data are required, the fit can only be relied upon for Q2 . 3.4

with the nucleon form factors themselves, the flavour-separated lattice results ove

ent by a large factor. Nevertheless, their is qualitative agreement on their Q2 depe

relative size of u- and d- quark contributions.

his juncture, the initial lQCD calculations of nucleon form factors overestimate em

a large factor. On the other hand, form factor ratios are in better agreement. C

ith smaller lattice spacings are underway and will lead to better understanding of c

ments; validation of lQCD methods for high-momentum nucleon states on a lattic

ht on nucleon structure in the important region of transition from nonperturba

ative quark-gluon dynamics.

5. EPILOGUE

ern facilities will probe hadronic interiors as never before, e.g. JLab at 12 GeV wi

ctor measurements to unprecedented values of momentum transfer and use different

enabling flavour separations; an EIC and EicC would measure valence-quark distri

s with previously unattainable precision; and elsewhere, collaborations like BaBar

, LHCb, are discovering new hadrons whose structure does not fit once viable para

alth of new and anticipated information demands that the issue of correlations

be settled.

years ago, it was argued that pointlike diquarks might simplify treatment of the

state problem and, subsequently, that they could explain the so-called missing res

. Today, analyses of the three valence-quark bound-state problem in quantum field

that the nucleon, more generally a baryon, can be understood as a Borromean bound

h non-Abelian features of QCD generate confined, non-pointlike yet strongly-cor

ntitriplet diquark clusters within. This diquark clustering is an emergent phenom

y the same mechanism: emergent hadronic mass (EHM), which is responsible for ap

98% of the visible mass in the Universe. There is evidence for such clusters in simulat

and their presence within baryons is predicted to have numerous observable consequ

which already have strong experimental support. The idea of diquark clustering

ent amongst competing explanations of the existence and structure of tetra- and

ound-states; and there is extensive use of the diquark notion in nuclear and high-

phenomenology.

in, our goal has been to provide a critical review of existing information, consolida

nd therefrom develop a coherent, unified picture of soft quark+quark (diquark) corre
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adrons that answers the following key questions:

ow firmly founded are continuum theoretical predictions of diquark correlations in ha

ithin a widely-used leading-order truncation of the DSEs, the diquark Bethe-S

uation differs from the meson analogue by only a 1/2 colour factor; thus, one can fi

iquark propagators whose poles are the diquark masses. However, as noted in Se

igher-order corrections remedy that defect, eliminating asymptotic diquark state

e spectrum. Moreover, the continuum approach to the three valence-quark boun

roblem in relativistic quantum field theory has the potential to generate diquark corre

ithin the kernel of the Faddeev equation, i.e. despite the kernel being blind to diqua

lf-arranges in blocks that reflect a spin-flavour structure corresponding to diquark o

hat does lattice QCD have to say about the existence and character of diquark corre

baryons and multiquark systems?

attice QCD has provided semi-quantitative information on diquark correlations. Th

ve masses of quarks and diquarks can be derived from the related propagators in

uge. In Landau gauge, the effective mass of u, d-quarks is roughly 0.4 GeV, which

the constituent mass value used in phenomenological models. The effective ma

e scalar and pseudovector diquarks are determined to be around 0.7 GeV and 1.

spectively. Although the mathematical meaning of these effective masses can be d

ecause diquarks are not asymptotic states, the values match those used in phenome

d predicted by continuum Schwinger function methods.

re there strategies for combining continuum and lattice methods in pursuit of an ins

nderstanding of hadron structure?

es, there are many. Some of them have been detailed herein, e.g. DSE and lattice

baryon PDAs, where the way in which the total longitudinal momentum is shared

ree valence quarks can indicate quark+quark correlations. Another strategy sees th

hysical observable studied as a function of the pion mass, i.e. current quark mass

oth continuum and discrete formulations of QCD. This could elucidate the role pla

irtual quark+antiquark pairs, different gluonic environments, effects distinguishin

rses heavy quarks, etc.

an theory identify experimental observables that would constitute unambiguous meas

gnals for the presence of diquark correlations?

es. Some of them are related with spectroscopy of exotic hadrons, such as the fa

e diquark+antidiquark picture of tetraquark states inescapably implies the existe

arged or doubly charged partners of the XYZ particles. More generally, for eac

redicted, a degenerate isovector and isoscalar state should appear. On the other hand

the experimental observables identified herein are connected with structural prope
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nventional hadrons, e.g. the existence of zeros in the d-quark contribution to the

d Pauli form factors highlights that any appearance of scaling in available data on n

ectromagnetic form factors is incidental because the zero expresses a continuing r

rrelations which distinguish between quark flavours and impose different feature

eir scattering patterns.

there a traceable connection between the so-called diquarks used to build phenomeno

odels of high-energy processes and the correlations predicted by contemporary theor

so, how can such models be improved therefrom?

such a connection is to be drawn, then the concept of diquarks as effective deg

eedom must evolve to more closely resemble the contemporary view derived from cont

d discrete functional methods, viz. modern diquarks are confined, with mass-scal

press the strength and range of the correlation inside the hadron; they are fully dyna

ith no quark holding a special place because each one participates in all correlations

llest extent allowed by its quantum numbers; they have electromagnetic sizes, which e

rtain distinct interaction patterns; and there are different species, amongst which iso

alar and isovector-pseudovector correlations are the strongest but others play a key

ucleon excited states.

re diquarks the only type of two-body correlations that play a role in hadron struct

spired by the probable existence of quark+quark correlations inside baryons, the

um quantum field theory approach has recently been applied to hybrid mesons (s

nstituted from quark+antiquark+gluon systems) and glueballs (a system constitute

y gluons) exploiting the existence of strong two-body correlations in the gluon-qua

uon-gluon channels. These studies have demonstrated that pursuing agreement with

n provide insights into fundamental quantities of QCD such as the infrared-dressing

ree-gluon vertex and potential subtle effects of EHM in the quark-gluon and anti

uon vertices that enter in the kernel of the Bethe-Salpeter equations for a hybrid.

hich new experiments, facilities and analysis tools are best suited to test the em

icture of two-body correlations in hadrons?

his point has been canvassed throughout, but there is merit in reiterating one ex

eep inelastic scattering on nuclear targets (nDIS) with identified final state hadrons

e mechanisms of colour propagation and hadron formation on fm distance scales. A

escription of the production of light mesons at HERMES has been achieved. Ho

e production of protons in nDIS shows very different patterns, which imply a d

roduction mechanism from that of light mesons. A potential explanation involves

nockout of diquarks, which subsequently form into new protons. A powerful experi

st of this explanation would be the confirmation of transverse momentum broadenin

similar magnitude for proton, neutron, and Λ baryons, and much greater magnitud
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at seen for light mesons. This is motivated by theoretical analyses of the different

diquark correlations inside baryons.

eat deal has changed since the introduction of the diquark concept more than fifty

e questions surrounding diquarks have evolved, as have the experimental and theo

at can be deployed to answer them. JLab at 12 GeV will deliver a vast array of d

llenge theory. In answering that challenge, much will be learnt. Continuing revelat

scopy, and experiments at upgraded and new facilities will pose questions in different

twenty years, as experiment moves into the realm where modern diquarks are suppo

swers will be found: Diquarks; if so, what and why?
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ABBREVIATIONS

following abbreviations are used in this manuscript:

aerogel threshold Cherenkov counters

AR detector at SLAC

(Belle-II) detector at Japan’s high energy accelerator research complex in Tsukuba

C (BEPCII) Beijing Electron Positron Collider

III detector at BEPC

Analysis framework in Refs. [612, 613]

uS detector and associated collaboration at JLab

BSE) Bethe-Salpeter (equation)

central drift chamber

AF Continuous Electron Beam Accelerator Facility at JLab

N European Laboratory for Particle Physics

confidence limit

S detector in Hall-B at JLab

S 12 upgraded CLAS detector

coordinated lattice simulations

PASS detector at CERN

continuum Schwinger-function method

distribution amplitude

B dynamical chiral symmetry breaking

distribution function

deep inelastic scattering

Dyson-Schwinger equation

S deeply virtual Compton scattering

L electromagnetic calorimeter

electron ion collider in the USA

electron ion collider in China

European muon collaboration

F(s) electromagnetic form factor(s)

emergent hadronic mass

Facility for Antiproton and Ion Research, Darmstadt

) form factor(s)

2004 nucleon form factor fit from 2004, Ref. [588]

final-state radiation

gas electron multiplier

generalised parton distribution
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HCA

HER

HER

IP

ISR

JLab

JLab

LFR

LFR

LHC

LHC

LO

lQCD

LSM

MB F

MC

MS

nDIS

NG (

NICA

NLO

PDA

PDF

PDG

PG

pQC

QCD

QM

RBC

RI′-S eme

RL

SBS

SCI

SIDI

SPM

SM

SSA
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L hadronic calorimeter

A particle accelerator in Hamburg

MES detector and associated collaboration at HERA

interaction point

initial-state radiation

Thomas Jefferson National Accelerator Facility

12 Thomas Jefferson National Accelerator Facility with 12 GeV e− beams

HD light-front relativistic Hamiltonian dynamics

QM light-front relativistic quark model

large hadron collider

b LHC beauty experiment

leading-order

(LQCD) lattice-regularised quantum chromodynamics

Lund string model

SIs meson-baryon final state interactions

Monte-Carlo

modified minimal subtraction renormalisation scheme

DIS on nuclear targets

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

Nuclotron-based Ion Collider fAcility, Dubna

next-to-leading-order

parton distribution amplitude

parton distribution function

Particle Data Group

Pauli-Gürsey (symmetry)

D perturbative quantum chromodynamics

quantum chromodynamics

quark model

Riken-Brookhaven-Columbia lattice-QCD collaboration

MOM modified Rome-Southampton lQCD regularisation and renormalisation sch

rainbow-ladder (truncation)

Super BigBite Spectrometer at JLab

symmetry-preserving treatment of the vector⊗ vector contact interaction

S semi-inclusive deep inelastic scattering

Schlessinger point method

Standard Model of Particle Physics

single spin asymmetry
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TOF

TMD

UKQ

VMD
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