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Evidences are updated and strengthened for the two-scales picture of low-energy nucleon structure as a com-
pact ‘hard’ valence quark core surrounded by a ‘soft’ cloud of quark-antiquark pairs (the meson cloud). These
considerations are quantified by a spectral analysis of the mean-squared radii associated with the isoscalar and
isovector electric form factors of the nucleon. Further supporting arguments come from corresponding studies
of the axial and mass form factors and their inferred radii. Separating low-mass (mesonic) and high-mass (short-
range) contributions in the spectral representations of each of these form factors, we conclude that a central core
with an r.m.s. radius of about 1/2 fm results consistently as the common feature in all cases. Implications are
discussed for baryonic matter at densities beyond that of equilibrium nuclear matter.

I. INTRODUCTION

Spontaneously broken chiral symmetry in the low-energy
limit of QCD governs the long-wavelength structure and dy-
namics of nucleons. Pions play a distinguished role in this
context as (approximate) chiral Nambu—Goldstone bosons.
The coupling of pions to the nucleon adds a ’soft’ surface
degree of freedom to its structure. Models based on chiral
symmetry therefore describe the nucleon as a complex system
characterized by two scales: a compact "hard’ core and a sur-
rounding quark-antiquark cloud in which pions play a promi-
nent role. Decades ago chiral quark models of the nucleon
(in particular, the chiral and cloudy bag models [1H5]) were
designed with this picture in mind [6]]. Such a delineation be-
tween a compact core and a meson cloud [7]] also emerged in
descriptions of the nucleon as a chiral soliton (Skyrmion) with
vector mesons [8, 9]].

The idea of a compact core in the center of the nucleon
with a size notedly smaller than the proton charge radius was
also promoted on the basis of deep-inelastic scattering data at
HERA, together with photoproduction of .J/« and its coher-
ent scattering on nucleons and nuclei [10} [11]. Recent evalu-
ations of the nucleon size from high-energy nucleus-nucleus
cross sections point in a similar direction [[12].

In the meantime the knowledge of nucleon structure in the
low-energy, long-wavelength limit has advanced to a level
that does enable a more quantitative evaluation of the core-
plus-cloud scenario based on analyses of nucleon form factors
and radii. The present work focuses on three such empirical
sources of information: the isoscalar electric charge form fac-
tor, the axial formfactor and the mass formfactor. The mean-
square radii associated with these form factors are all signif-
icantly different from each other, indicating that there is no
single ’size’ of the nucleon. However, by spectral analyses of
these form factors, we collect evidence for a common half-
a-fermi sized core inside the nucleon which hosts the three
valence quarks and thus the baryon number. At the same time
this core carries most of the nucleon mass generated by the
(gluonic) trace anomaly. The mesonic clouds surrounding this
core carry the quantum numbers of the currents which give
rise to the respective form factors. These mesonic surfaces
are shown to account for the observed differences in the em-

pirical radii.

A two-scales structure of the nucleon is supposed to have
far-reaching implications for strongly interacting matter at
low temperatures and high baryon densities as it is realized
in neutron stars [[13}[14]. This is a prime motivation for inves-
tigating empirical constraints on the sizes of central core and
mesonic surface regions in the nucleon.

In the present work we argue that the proposed two-scales
scenario is indeed manifest in empirical nucleon form factors
and corresponding radii. Each form factor G,,(¢?) related to
a current operator J£ with index « (referring e.g. to the elec-
tromagnetic or the axial current) has a representation in terms
of an unsubtracted dispersion relation,

Im G, (1)

/O dt—q 2 _ge’ M

with the squared four-momentum transfer ¢> = ¢2 — ¢2. The
normalization G, (¢?> = 0) is identified with the ‘charge’ of
the current J£. Mean square radii are then given as
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where the distribution S, (t) = Im G4 (t)/G4(0) represents
the spectrum of intermediate hadronic states through which
the external probing field couples to the respective nucleon
current. The low-¢ regions of these spectral distributions
(t < t. ~ 1.1 GeV?) are expected to be associated with the
mesonic surface, while the high-t range (t > t.) reflects the
nucleon core. We shall now enter into a detailed discussion of
three form factors of special interest in this context.

II. ISOSCALAR ELECTRIC FORM FACTOR AND
RADIUS

The nucleon matrix elements (N = p,n) of the electro-
magnetic current operator,
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define the Dirac and Pauli form factors, F(g?) and F5(g?).
The four-momentum transfer is ¢* = (p’—p)* and M denotes
the nucleon mass. The proton and neutron charge form factors
are given by:

2

4q n
el @), )

Gl (¢) = FI™(¢*) +

with charges G%,(0) = 1 and G'%(0) = 0. Isoscalar and
isovector form factors are given as the combinations:

GEV(d*) = 5 [Gh(q*) £ Gh(d?)] - )

N =

The slopes of GI." at zero momentum transfer determine the
corresponding mean-squared radii. The empirical r.m.s. pro-
ton charge radius has been obtained in electron scattering and
muonic hydrogen measurements [15] reviewed in [16] and
consistently updated in [18]: (r2)!/ = 0.840-0.003+0.002
fm. Its combination with six times the slope of the neutron
electric form factor, (r2) = —0.105 £ 0.006 fm? [20], gives
the isoscalar and isovector mean square charge radii of the nu-
cleon, (rg 1) = (r2) + (r7), resulting in the following values:

p
(rg) = 0.775 + 0.011 fm (©)
(r{) = 0.901 + 0.009 fm . v

Advanced lattice QCD simulations [21] have now reached
a level of precision that closely approaches these empirical
radii.

The isoscalar electric form factor is a suitable case for dis-
cussing a delineation between the ‘core’ and ‘cloud’ parts of
the nucleon. We write it again as an unsubtracted dispersion

relation:
s.2y_ 1 [ ImGE(t)

Ghat) = [ U ®
normalized as G%(0) = 3. The spectrum ImG%(t) =
Im FP () + iz Im F§ (¢) with F = 1(FP + F") starts at
the three-pion threshold, to = 9m2. It is strongly dominated
by the narrow w meson while the contribution of the isoscalar
37 continuum in the range t < m? is negligibly small [22].
Additional contributions come from the ¢ meson, its K K tail
and the p7 continuum, to be discussed later.

For a quick first estimate, consider the simplest version of
a vector meson dominance model (VDM). In this model the
probing isoscalar J© = 1~ photon converts into an omega
meson which couples to the nucleon core (see Fig.[[). The
flavour SU(3) Gell-Mann - Nishijima formula, @ = I3 +
1(B + 9), relates the isoscalar charge @ = 1 to the baryon
number B = 1 for S = 0. Therefore the isoscalar charge dis-
tribution of the core is also identified with the distribution of
baryon number carried by the three valence quarks in the nu-
cleon. The surrounding quark-antiquark cloud represented by
the w meson does not contribute to baryon number and electric

charge but adds to determining the isoscalar radius, /(r%).
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FIG. 1. Isoscalar charge form factor of the nucleon viewed in a ’core
plus cloud’ picture. The simplest vector meson dominance model
identifies the isoscalar J* = 1~ cloud with the w meson.

In this picture the isoscalar electric form factor is given by the
following ansatz:

Fg(q®)
2(1—¢*/mg)
The form factor F(g?) of the baryon number distribution
in the nucleon core (with Fg(0) = B = 1) acts as the

source of the w field that propagates with its mass m,,. In-
troducing the mean square radius of the baryon core, (r%) =

G3(q®) = 9)

6dF5q(2q2) 20" the mean square isoscalar charge radius be-
comes
2 2 6
(rg) = (rg) + e (10)

Using m,, = 783 MeV and the empirical value (6) for
(r2)1/2, the estimated core radius is

(r2)2 =\ [(r3) ~ 0.47 +£0.01 fm . (11)

A nucleon core size of about 1/2 fm is characteristic of chiral
‘core + cloud” models. We shall now demonstrate that it also
holds up in a more detailed and realistic treatment [17} [18]
of the spectral distributions governing the isoscalar nucleon
charge form factor.

In what follows we make use of the precision fits to G5 (¢?)
performed in [18]] for both spacelike and timelike regions of
q®> = g3 — q* . This analysis starts from (8] in such a way that
the fitted spectral functions, Im F¥ (¢) and Im F3 (t), satisfy
the normalisation G3,(0) = % by construction. The isoscalar
mean-square radius is calculated as:
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The fits include w and ¢ meson poles combined with pm
and K K continuum contributions as sketched in Fig. The
mesonic contributions to the spectral distributions cover a
range t < t. ~ 1.05GeV?, to be associated with the meson
cloud. The short-distance core part then refers to the region
t > t. and includes information from the timelike domain
measured in eTe~™ — NN. In the analysis of ref. [[18]] this
region is parametrized by a series of high-mass poles summa-
rized in the Appendix.

The resulting spectral functions are of the form:

m PPy (1) =7y al’hd(m? —t) + Ay (Heore . (13)
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FIG. 2. Schematic spectral functions of mesonic cloud contributions
to the isoscalar electric form factor of the nucleon, showing w and
¢ mesons together with pr and K K continuum parts. The higher-
mass region ¢ > ¢. stands for the nucleon core. Figure adapted from
[23].

where ¢ = w, @, ... collects the mesonic contributions, also
incorporating the pm, K K continua parametrized effectively
in terms of equivalent poles [19].

A core—ﬂ' Z ay%ém —t) (14)
J=5j,-

refers to the remaining core part in the range ¢ > t.. The

parameters of the residua ag )Q,a(f% and the pole positions

m;, m; are listed in Tablel In terms of the latter the isoscalar
mean-square core radius is given by:

(9)

a
TS core = 122744'7 22 . (15)
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Using the poles S; and R,; in Table[l, we find the following
result:

(r%)eore = (0.237 4 0.017) fm? = 0.254 fm? (16)

The leading number in brackets comes from a(lj ) while the

()

smaller piece refers to a5’ . Of the resulting r.m.s. core radius,

(r&)ede ~ 0.50fm, (17)

the by far dominant contribution comes from the poles S;.
The ‘resonance’ poles R,; (which actually include large
widths in the original fit of Ref. [18]]), are of minor impor-
tance and contribute less than 2% to (17).

It is instructive also to take note of the contribution to (r%)
from the w and ¢ meson poles: (72),, + (r%)y =~ 0.589 fm?>.
The remainder of the meson cloud sector comes from the
much smaller p7 and K K continuum parts. With inclusion
of a (conservative) uncertainty estimate,

(r2)12 ~ 0.50 £ 0.01 fm , (18)

core —

happens to be remarkably close to the simplest VDM estimate
(TT). Hence the 1/2-fermi size scale of the baryonic (valence
quark) core in the nucleon, well distinguished from the much
larger charge radius of the proton, appears to be supported also
by an advanced precision fit analysis of the electromagnetic
form factors.

III. ISOVECTOR ELECTRIC FORM FACTOR AND
RADIUS

The isovector form factor, Gg (qz), involves the difference
of proton and neutron and neutron form factors in (3)). In the
limit of perfect isospin symmetry with identical baryonic va-
lence quark cores of proton and neutron, a first guess would
therefore lead to expect that these cores cancel in G, and the
isovector core radius should vanish: (rZ ) = 0.

This expectation is confirmed by an inspection of the
isovector core radius using the series of fitted poles Vj, R,
in Table[l] [18]], with the result:

(r%) core = —0.025 fm? . (19)
The small deviation of this value from zero reflects isospin
symmetry breaking effects. The poles V; are dominant in
their magnitudes. At the same time the different signs of their
residua cause the cancellations leading to the almost vanishing
balance in . The ’resonance’ poles R,; play again only a
minor role, contrlbutlng 0.003 fm?.

The isovector charge radius of the nucleon thus arises al-
most entirely from the interacting two-pion cloud governed by
the p meson and the prominently enhanced low-mass tail that
extends down to the 77 threshold, tg = 4m72r. The empirical

(rd) = (1) en + (1% )core = 0.811 fm? (20)

follows with the 77 continuum and p meson cloud contribu-
tion,

(rd) pn = 0.836 fm? . (21)

The observed cancellation of the proton and neutron ‘core’
parts is in essence an indirect confirmation of the two-scales
core-plus-cloud structure seen in the analysis of the isoscalar
charge radius.

IV. ISOVECTOR AXIAL FORM FACTOR OF THE
NUCLEON

As another interesting case we consider next the form fac-
tor G 4 (q?) associated with the axial vector current of the nu-
cleon:

(n|A% |p) =

It has been deduced [24]] from the weak muon capture process

on the proton, u~p — v,n, from neutrino scattering on the

deuteron and from pion electroproduction, e“p — e~ nzt.
Given the low-q? expansion of the axial form factor,

Ga(q®) tn(p') v"7° up(p) . (22)

1
Galq®) = Ga0) [T+ 0"+ o (23

determining the mean-square radius (r%) requires input for
the axial vector coupling constant, g4 = G4(0). From
neutron beta decay, g4 = 1.2764(8) [25]. The extraction



from pion electroproduction makes use of the Goldberger-
Treiman relation, g4 = gxnnN fr/M,. With the pion-nucleon
coupling constant g,yn = 13.1, the pion decay constant
fx = 92.3 MeV and the neutron mass M, = 939.6 MeV,
the resulting g4 differs from the empirical value by less than
1%.

The matrix elements of the axial current that define G 4 (¢?)
involve in addition the induced pseudoscalar form factor,
Gp(q?). Tt contains the pion pole at ¢> = m?2 and behaves
in such a way that PCAC and the GT relation are fulfilled (for
details see e.g. [24]).

Determinations of (r%) reported in [24] refer to two sources
of information: a combined dipole fit to the axial form fac-
tor extracted from vd scattering and pion electroproduction,
which gives (r%) = 0.454 £ 0.013 fm?, and a more conser-
vative analysis of vd scattering and pp capture data, without
resorting to an assumed dipole form, which consequently in-
volves larger uncertainties: (r%) = 0.46 £ 0.16 fm?. In either
of these two cases,

(r3)1/2 0.67 + 0.01 fm (24)
(from vd scattering and e p — e nx" dipole fits) ,
(r3)1/? 0.68 & 0.11 fm (25)
(from vd scattering and pp capture analysis) ,
the axial radius is evidently smaller than the proton charge
radius by about 20 %.

Writing the axial formfactor as a unsubtracted dispersion
relation,

/ gt Im G 4( ) ’ 26)
to t—q? —ic

and recalling the normalisation G4 (¢ = 0) = g, the corre-
sponding mean-squared radius is:

6 dGa(q?)
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The isovector J& = 1t spectrum Im G 4(t), starts at the

three-pion threshold, tg = 9m2, and prominently features the
broad a; meson resonance as sketched in Fig. [3|

Let us start again with a simple estimate using a schematic
axial vector dominance picture. It assigns the leading part
of the surface contribution to G 4(¢?) through the spectrum
of the a; meson (with its large width). An approximate
scale of this ‘cloud’ part can be introduced by an a; pole,
ImGA(t) = gamé(t — m?2), with a mass m, ~ 1.2 GeV.
Using the empirical (r%) one finds for the remaining ‘core’
size:

6\ /2

(r3)42 = (<r§,> - 2) ~0.54+0.01fm, (28)
m[l

if the dipole fit value is taken for reference. Using

instead the uncertainty in (r%)éﬁ increases to about 25%.

FIG. 3. Axial form factor of the nucleon as measured in muon cap-
ture on the proton and sketched in a ’core plus cloud’ picture. The
meson cloud is dominated by the isovector J¥ = 1% three-pion
spectrum in which the a; meson figures prominently.

A more detailed evaluation requires full account of the
broad isovector J¥ = 1% three-pion spectral distribution. We
start from the ansatz:

2
gamg

2\ _
GA@)"m%_q2+Za@%—dn%Ihw%.

(29)

The real self-energy correction ¥, (q?), compatible with the
dispersion relation (26)), is determined by a twice-subtracted
dispersion relation:

2 Cdt maTa(t)
2\ __ 2 2 bt a-a
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(30)

where the subtractions leave g4 and m, untouched. Results
from 7 — mwrmwy, decays can be used to set constraints
on the energy dependence of the a; width, I',(¢). In the
present work we employ the widths shown in Fig.[4] taken
from [26l 27]. In the latter work [27] the a1 — pm — 37
amplitude is integrated over the three-pion phase space, the
information needed in order to identify the meson-cloud sec-
tor of G 4(q?). With this input the principal value integral
in (30) is performed. This is done over a limited range,
Imzi < t < t,, with the upper limit chosen symmetrically
as t, = 2m2 — 9m?2 for simple practical reasons. Taking the
derivative of at ¢> = 0, the a; contribution to the squared
axial radius is given by:

6
(rd)a = —5 (1+3a) , 31)

with the correction term

m
- ][m2 t - ) (32)

depending on the chosen energy-dependent a; width.

As an example, setting m, = 1.23 GeV and using the
energy-dependent width from [27] shown by the full line in
Fig.one finds 8, = 0.12 and (r%),, = 0.173 fm?, so that

(r2)Y2 ~ 0.53 +0.02, fm , (33)

core —

with an estimated uncertainty based on (24) and a correspond-
ingly larger one if (23) is used. The alternative choice [26] of
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FIG. 4. Energy dependence of the a1 width I', (¢) according to [26]
(dashed line) and [27] (solid line). The input a; mass is mq, = 1.23
GeV and the on-shell width is T'y(m?2) = 0.425 GeV (PDG mean
values [28]]).

the a; width gives 0, = 0.04 and a slightly larger core radius
of 0.54 fm, still consistent within the uncertainties. Variations
of my by +3% and of T'y, by about +40% as indicated by
the PDG values for the a1 (1260) [28] lead to only marginal
changes well within the uncertainties in (33).

The core radius deduced from the axial formfactor is
less accurately determined than the core radius extracted
from the analysis of the isoscalar electric form factor. It is
nonetheless remarkable that, starting from two independent
form factors with quite different empirical r.m.s. radii, the
separation of the mesonic parts of the respective spectral func-
tions from the high-t¢ sections consistently reveals a common
half-fermi scale for the core size inside the nucleon.

V. MASS FORM FACTOR AND RADIUS

A further interesting quantity in this context is the mass
radius of the proton deduced from J/t¢ photoproduction
data [[11, 29]. The c¢ pair forming the J/1) acts as a small
dipole (see Fig[j) that couples to the nucleon through leading
two-gluon exchange in QCD [30-H32]. As shown in [29]] the
amplitude for this process close to the .J /v production thresh-
old is proportional to the matrix element of the trace, T}, of
the nucleon’s energy-momentum tensor:

32m2eCM

3 (N(@)ITEIN(p)), (34

My Ny N~ —

where C'is the coefficient describing the coupling of the gluon

fields to the small-sized cc pair, M is the nucleon mass and

b = 11 — 2Ny/3 = 9 for Ny = 3 light quark flavors.

This result is valid in the chiral limit of massless quarks, with
bg>

T[f = —WGﬁVGWa. The complete expression includes
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FIG. 5. Photoproduction of J/1 with leading two-gluon exchange
as a probe of the gluonic structure of the nucleon and its mass form
factor.

small additional terms involving the light quark masses{;] and
defines the mass (or ‘gravitational’) form factor, G,,,(¢#), of
the nucleon, with ¢> = (p' — p)*:

Gm(q?) = (NI TN (p))
= <N(p/)52(§)GZVG’“’a + my(au + dd) + m5s|N(p)) .
(35)
Here 5(g) = —% is the leading QCD beta function, m; =

1(mq +my) is the average of the light u- and d-quark masses,
and m is the mass of the strange quarkﬂ The three terms in

(35),
Gm(q®) = GO(¢®) + on(g®) +0s(d?) (36)

are identified with the gluonic form factor,

GO() = NG B2 GG NG . 6T

and the scalar form factors,

= (N(@)|lmu(au+dd)|N(p)),  (38)
os(¢®) = (N(p')|Ims5s|N(p')) . 39)

They represent the pieces illustrated in Fig.[6] from gluon-
dominated short-distance structures, 77 and K K continuum
contributions, respectively.

A once-subtracted dispersion relation representation of the
mass form factor,

o ¢ [ Im G, (t)
Gm(Q)—M‘FW/tO - —ic) (40)

displays the normalisation to the nucleon mass, G, (0) = M.
By far the largest part of M is generated by gluon dynam-
ics through the trace anomaly (the gluonic term in 77/). The

! Heavy (c, b and t) quarks appear only as virtual QQ loops in gluon propa-
gators. Their mass terms in T}, cancel against corresponding heavy-quark
sectors in the gluon term.

2 These quark masses are actually understood to include the corresponding
anomalous mass dimensions.
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FIG. 6. Contributions to the spectrum, Im G, (t), of the nucleon’s
mass form factor: leading two-gluon exchange component (upper
diagram), w7 and K K contributions (lower diagrams).

quark mass contributions are given by the pion-nucleon and
strangeness sigma terms,

on=0on(*=0) and o, =0,(¢*=0). 41)
In the overall sum,
M= My+on +o0s, (42)

where M refers to the ‘core’ mass generated by the gluonic
trace anomaly, the sigma terms account together for less than
10% of the total nucleon mass M.

The JP = 0T two-gluon system couples strongly to the
scalar-isoscalar two-pion continuum. The lower limit in the
spectral integral is therefore at tp = 4m2. Unlike
the prominent low-mass 77 spectrum with JZ = 1~ in the
isovector electric form factor, the w7 continuum contribution
to G, (¢?) is however suppressed in this case because of the
small ratio o /M.

The squared radius of the mass distribution,

6 o dt
= — —ImG,,(t),
q2=0 M’]T/t 12 m ( )

(43)

b2y 6 G
m M dg?

has been extracted from the differential .J /v photoproduction
cross section measured by GlueX [33H35]. The result quoted
in [29],

(r2 12 = 0.55 & 0.03 fm , (44)

is based on a dipole fit to do(yp — vp)/dg* in the form
Gm(q?) = M(1—¢*/A?)72. The resulting A = 1.24 +0.07
GeV translates into the radius (r2,)!/2 = \/12/A.

The elements of the spectral distribution illustrated in Fig.
Bl namely short-distance two-gluon exchange plus longer
range 7 and K K components, imply the following decom-
position of the mean-squared mass radius:

M ,
(r) = 3700+ G+ T k) - @9)

The dominant gluonic trace anomaly contribution with mass

My ~ 860 MeV is identified with the squared ‘core’ radius,
(r3) = (r2,)core, hile the small corrections from 77 and K K
‘cloud’ pieces involve the sigma terms (@I)). With the aim of
estimating the core size, <r,2n>core, based on the empirical value
@]) of the mass radius, we proceed now with a discussion of
the sigma terms and the associated radii in (#3).

For the sigma term o there is as yet not a fully consistent
picture. Recent Lattice QCD computations [36] give oy =
43.7 = 1.2 & 3.4 MeV. A similar result was found in [37]].
Such values are close to the result obtained decades ago in the
time-honored work of [38]]: o = 45 + 8 MeV, together with
a large radius of the isoscalar s-wave 7 distribution in the
nucleon surface, (r2_ )/ ~ 1.3 fm. For a derivation of the
scalar-isoscalar form factor of the nucleon see also [39]. More
recent evaluations [40] based on a detailed analysis of updated
pion-nucleon scattering data have raised this sigma term to
on = 55.94 3.5 MeV, at variance with both the LQCD result
and the previous determination. The origin of this larger value
of oy is interpreted in [40] as being related to virtual excited
resonance states in [V scattering. In the following evaluation
we can take the difference between this and the LQCD value
as a rough measure of possible uncertainties.

The strangeness sigma term o is taken from LQCD [36]:
0s = 28.61+6.24 3.5 MeV. An estimate of the corresponding
radius of the K K cloud can be plausibly obtained by assum-
ing that the size scales of the mesonic 77 and K K surfaces are
related to the inverse masses of the corresponding thresholds
in the spectral function: (r2 ) = (mx/mg)*(r2,). In any
case the strange quark contribution to the mass radius turns
out to play only a very minor role.

With this input an estimate of the ‘core’ radius can be per-
formed. Using in (43) the values oy ~ 50 MeV, (r2_) ~ 1.6
fm? and the quantities in the strangeness sector as indicated,
the radius of the compact gluonic core of the nucleon that con-
tains most of its mass becomes:

(r2 )42 = (r3)'/? = 0.48 £ 0.05 fm , (46)

core —

once again close to the common ‘1/2-fermi rule’ for the nu-
cleon core regions observed in the isoscalar electric and axial
form factors analysed in this study. The LQCD values for o
and o including their errors, as well as possible variations of
on between 40 and 60 MeV, are covered by the uncertainty

range given in (46)).

VI. SUMMARY AND CONCLUSIONS

Analyses of spectral functions in dispersion relations have
been performed to extract radii from the electric, axial and
mass form factors of the nucleon. The aim is to delineate the
size scales associated with the quark-gluon core from those
of a quark-antiquark surface. Evidence is found supporting
a picture of the nucleon as containing a compact half-fermi
sized ‘hard’ core in which the three valence quarks with their
baryon number are confined. This core also hosts the domi-
nant part of the nucleon mass, the one driven by gluons and the
trace anomaly. It is surrounded by a ‘soft’ surface of quark—
antiquark pairs forming the mesonic clouds. The spectral dis-



tributions of these mesonic clouds are characterized by the
quantum numbers of the underlying nucleon currents. They
account for the variety of r.m.s. radii associated with the dif-
ferent respective form factors.

It should be pointed out that while the localized distribu-
tions of charge, axial current and mass in the nucleon are
frame-dependent, the mean-squared radii discussed in the
present work are well-defined frame-independent quantities
as they are given by the slopes of invariant form factors at
g% = 0. They can therefore serve as characteristic size scales
independent of a given frame of reference.

The results are summarized as follows:

(i) For the isoscalar electric form factor of the nucleon the
separation of core (high-t) and mesonic (low-t) sectors in the
spectral function yields an r.m.s. core radius

(r2)12 = 0.50 £ 0.01 fm .

core

The qq cloud parts, dominated by the w and ¢ mesons and
supplemented by pr and KK continuum contributions, es-
tablish a squared meson-cloud radius (rZ)cou =~ 0.35 fm?
such that the empirical isoscalar charge redius, (r3)!/? =
V(%) core + (1) ctoua =~ 0.78 fm, is reproduced. These re-
sults are based on a precise parametrisation of form factors
measured in both space- and timelike domains. The core ra-
dius deduced from the isoscalar electric form factor (which
coincides with the radius of the baryon number distribution)
is actually the most accurately determined one of all core radii
analysed in the present study. An additional successful test is
provided by the isovector electric form factor in which the in-
dividual proton and neutron core parts are expected to cancel
in the limit of exact isospin symmetry.

(i1) The radius empirically extracted from the form factor
associated with the isovector axial current of the nucleon is
significantly smaller than the proton charge radius. However,
after separating the broad three-pion spectrum dominated by
the a; meson from the dispersion relation representation of
this form factor, the remaining ‘core’ part reveals once again
a radius compatible with an approximate half-fermi scale:

(r3)i2 ~0.53fm,
with an uncertainty of about £4% if the empirical dipole fit of
(r?) is taken for reference (and a correspondingly larger error
if the dipole constraint is released).

(iii)) A third independent source of information is the
squared mass radius, (r2), derived from the nucleon ma-
trix element of the trace of the QCD energy-momentum ten-
sor. This information is accessible in the forward differen-
tial cross section for near-threshold photoproduction of the
J/1. Tt is dominated by the leading short-range two-gluon
exchange mechanism between the color-dipole cc pair and the
nucleon, and it receives additional contributions from long-
range scalar-isoscalar 77 and KK components. The latter
corrections are weighted by the pion-nucleon and strangeness
sigma terms, oy and o4, which measure the small u,d and
strange quark fractions of the nucleon mass M. By far the
largest contribution comes from the gluonic trace anomaly
which generates more than 90% of M. Subtracting estimates
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of the 7w and KK cloud contributions from the empirical
(r2)) one arrives at a radius of the central core in the nucleon
which hosts almost all of its mass:

(r2V2 ~ .48 + 0.05 fm .

m/core —

The uncertainty includes the error from a dipole fit to the v +
p — J/v + p differential cross section together with possible
variations of the sigma terms.

In summary, the striking feature of all three investigated
form factors is the approximate equality of the extracted nu-
cleon core radii:

(PRI = (P02 ~ ()2 = R = 3 .

By its shared properties with the different underlying currents
and operators, this core encloses at the same time the baryon
number B = 1 (i.e. the three valence quarks) and almost
all of the nucleon mass (i.e. its gluonic trace anomaly part).
The quark-antiquark clouds which form the nucleon surface
differ in the content of their mesonic quantum numbers and
thus account for the differences e.g. in observed charge, axial
and mass radii. In the case of the mass radius, the large size
of the scalar-isoscalar two-pion cloud is down-scaled by be-
ing weighted with the small nucleon sigma term which gives
only a few-percent correction to the total nucleon mass, and
this therefore explains why the empirical (r2,) is close to its
gluonic ‘core’ part.

With a common core size Reore ~ 1/2 fm and a cloud
range typically around Rgoug ~ 1 fm, there is a signifi-
cant separation of volume scales for a nucleon in vacuum:
(Reioud/ Reore)® ~ 8. This two-scales scenario has implica-
tions for the behavior of nucleons in dense baryonic matter.
The hard-core and soft-surface sectors of the nucleons behave
differently with increasing baryon density. At p ~ pg =
0.16 fm_3, the density of equilibrium nuclear matter, the tails
of the meson clouds of nucleon pairs overlap, resulting in two-
body exchange forces. As the average distance between nu-
cleons decreases with increasing density the soft clouds of qq
pairs expand and mediate many-body forces involving larger
numbers of nucleons. Their strength increases with charac-
teristic powers of density. The compact cores, on the other
hand, are expected to stay intact and isolated until they be-
gin to touch and overlap at average nucleon-nucleon distances
d < 1 fm, corresponding to baryon densities p 2 6 pg. Note
also that random close packing [43] of hard spheres with a ra-
dius R = 0.5 fm takes place at a density p ~ 8 pg. The over-
lapping of nucleon cores and the deconfinement of valence
quarks proceeds at a high cost of energy: further compression
of baryonic matter still has to overcome the strongly repulsive
short-distance hard core in the nucleon-nucleon interaction.

As an outlook, recent analyses of neutron star data [41 142]
including the heaviest so far observed pulsar (the 2.3 solar-
mass black widow pulsar PSR J0952-0607), require a suffi-
ciently stiff neutron star matter equation-of-state. As a con-
sequence, baryon densities reached in the cores of even very
heavy neutron stars do not exceed about five times the den-
sity of normal nuclear matter. With the suggested scale sep-
aration between a compact 1/2 fm valence quark core and a



TABLE 1. Parameters for the meson and core sectors of the spec-
tral distribution (I8) representing the isoscalar nucleon form factor
G3%(q?). (Adapted from [18]).

i al? [GeV?] al? [GeV?] m; [GeV]
0.701 0.338 0.783
1) —0.526 —0.997 1.019
P [Gev?] | ol [GeV?] | my [GeV]
S1 0.422 3.655 1.120
Sa 0.122 —0.228 1.019
Ss 0.955 —1.122 1.827
R 4.953 0.501 1.879
Rso —2.653 —1.753 1.903
Rs3 —3.069 2.017 1.914

surface mesonic cloud, the valence quarks from overlapping
cores would be released, if at all, only in the deep interior of
extremely heavy neutron stars.

A. Appendix

Here we summarize the positions and residua of the poles
used in the precision fits of Ref. [18] to the isoscalar and
isovector combinations of electric proton and neutron form
factors, both in the spacelike and timelike regions of squared
four-momentum transfer ¢2. Tables [I|and [I| collect the high-
t poles that represent the short-distance ‘core’ sectors in the
nucleon. These parameters determine the core radii given in
Egs. (I8|[19). Table[l|also includes the parameters of the w and
¢ meson poles used in the evaluation of the isoscalar meson
cloud.

The parameters denoted S; and V; refer to zero-width poles.
In the original fits of Ref. [[18]] the high-mass resonance poles
Rs; and R,; also have large widths but their effects on the
radii analysed in the present work are marginal so that these
widths can be ignored in practice.
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