
Acta Physica Polonica B Proceedings Supplement 18, 4-A6 (2025)
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We discuss the role of gluon dynamics in η′ physics and in nucleon
resonances where excitations of gluonic potentials may also be important.
Interesting phenomenology includes a possible narrow near-threshold reso-
nance in η′ photoproduction and whether the parity doublets observed in
the higher-mass nucleon resonance spectrum might be hinting at a possible
second minimum in the confinement potential corresponding to supercriti-
cal confinement.
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1. Introduction

QCD is built from quark and gluon interactions with the gauge symmetry
of SU(3)c. QCD is characterised by asymptotic freedom in the ultraviolet
driven by the 3-gluon vertex with gluons carrying colour charge as well as
quarks, and by confinement and dynamical chiral symmetry breaking in the
infrared. Effects of the 3-gluon vertex are also seen in gluon jets produced
at high-energy colliders and in the QCD evolution of parton distribution
functions. The non-Abelian gauge symmetry is also characterised by non-
perturbative gluon topology — a property of gluonic degrees of freedom that
is insensitive to local deformations of the gluon fields. This gluon topology
plays an essential role in generating the large mass of the η′ meson. It may
also play a vital role in QCD quark and gluon confinement. Hadrons — the
ground-state excitations of the theory — are colourless baryons and mesons
with the quarks and antiquarks confined in some gluon induced potential.
Non-perturbative glue also drives the asymptotic behaviour of high-energy
hadron scattering processes via the so-called pomeron Regge exchanges with
connection to possible new glueball states. In this contribution, we focus
on the role of gluonic degrees of freedom in the η′–proton and η′–nucleus
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systems at low energies and in the gluonic potential that determines the
nucleon resonance spectrum. We discuss the phenomenology of exciting the
non-perturbative glue associated with the large η′ mass in photoproduction
reactions. This glue must be active in the pion cloud of the nucleon to
suppress any isoscalar pion degrees of freedom. We also make some remarks
on possible new structure in the confining potential. In particular, we discuss
whether parity doublets observed in the higher mass N* and ∆* resonances,
starting ≈ 700 MeV above the proton and ∆(1232) masses, might be hinting
at a second minimum in the confinement potential with the confinement
dynamics working differently to that associated with the proton bound state.

2. Gluon topology and DChSB

Low-energy QCD is characterised by confinement and dynamical chiral
symmetry breaking, DChSB. The chiral symmetry between left-handed and
right-handed quarks is spontaneously broken by the scalar quark condensate
in the vacuum. One finds the Nambu–Goldstone bosons which satisfy the
Gell-Mann–Oakes–Renner relation

m2
P f

2
π = −mq ⟨vac| ψ̄ψ |vac⟩+O

(
m2

q

)
(1)

with fπ =
√
2Fπ = 131 MeV. The mass squared of the Goldstone bosons m2

P
is at leading order proportional to the mass of their valence quarks. This
works well for the pions and kaons. The lightest mass pions have a mass of
135 MeV for the π0 and of 140 MeV for the charged π±. The kaon masses
are mK± = 494 MeV and mK0 = mK̄0 = 498 MeV. This picture when taken
alone comes with the issue that it gives 9 = 8+1 Nambu–Goldstone bosons
in total, 8 from SU(3) and one from axial U(1). Treating the isoscalar
partners only in the spirit of Eq. (1) with m2

P ∝ mq, the η′ would come

out as a strange-quark state with a mass of
√
2m2

K −m2
π and the η would

be a light-quark state degenerate with the pion after η–η′ mixing induced
by the strange-quark mass. The values of the physical meson masses are
mη = 547 MeV and mη′ = 958 MeV. This situation is resolved by gluonic
degrees of freedom in the flavour singlet channel. Working at leading order
in the chiral expansion if we add a phenomenological singlet glue term, then
diagonalising the mass matrix gives η and η′ masses satisfying the Witten–
Veneziano mass formula

m2
η +m2

η′ = 2m2
K + m̃2

η0 . (2)

Within this approximation, if we take m̃2
η0 = 0.73 GeV2 for the singlet

gluonic mass term, then the η and η′ masses each come out correct to within
10% accuracy with the mixing angle −20 degrees.



Gluons in the η′ and in Nucleon Resonances 4-A6.3

The gluonic mass term m̃2
η0 is associated with non-perturbative gluon

topology and its effect is incorporated in axial U(1) extended chiral La-
grangians — for reviews, see [1, 2]. The theory involves the interface of
local anomalous Ward identities and non-local topological structure. The
gluonic mass term has a rigorous interpretation as the leading term when
one makes an expansion in 1/Nc (Nc is the number of colours) with αsNc

and the number of light flavours Nf held fixed. It is related to a quantity
χ(0)|YM called the Yang–Mills topological susceptibility [3, 4]

m̃2
η0

∣∣∣∣
LO

= − 6

f2π
χ(0)

∣∣∣∣
YM

. (3)

The quantity χ(0)|YM is defined through the two-point function

χ
(
k2
)
|YM =

∫
d4z i eik·z ⟨vac| T Q(z)Q(0) |vac⟩|YM (4)

calculated in the pure glue theory without quarks. Here, Q = αs
4πGµνG̃

µν is
the topological charge density which is a total derivative and T denotes the
time ordered product. From this Q(z), one finds the topological winding
number

n =

∫
d4z Q(z) ∈ Z or Q ,

δ

δAµ
n[A] = 0 (5)

which in QCD takes quantised values (integers Z and perhaps also frac-
tions Q). The winding number is a non-perturbative property and invariant
under local deformations of the gluon fields. If we assume that the topolog-
ical winding number remains finite independent of the value of Nc, then [3]

m̃2
η0 ∼ 1/Nc as Nc → ∞ . (6)

Computational QCD lattice calculations performed with Nc = 3 of the pure
gluonic term on the right-hand side of Eq. (3) and the meson-mass contribu-
tions with dynamical quarks in the Witten–Veneziano formula, Eq. (2), give
excellent agreement at the 10% percent level [5]. One finds χ1/4(0)|YM =
185.3 ± 5.6 MeV, very close to the phenomenological value 180 MeV which
follows from taking m̃2

η0 = 0.73GeV2 in Eq. (2).
DChSB including UA(1) degrees of freedom can be included in low-energy

effective chiral Lagrangians [6–8]. The gluonic mass term is introduced via
a potential involving Q which enters with no kinetic energy term. That is, it
does not correspond to a physical glueball. The low-energy Lagrangians can
be used to calculate a host of low-energy reactions involving the η′ includ-
ing new gluonic intermediate states (OZI violating) mediated by couplings
involving Q beyond the simplest chiral perturbation theory. The η′ is the
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physical state that comes out with OZI violating couplings to other hadrons
including through the η′–nucleon coupling constant gη′NN [9]. When com-
bining with the gluonic Q, one also finds a colour-singlet gluonic object G
carrying renormalisation scale-dependent couplings to hadrons. The effect
can be seen in the singlet version of the Goldberger–Treiman relation [10]
which has connections to the proton’s internal spin structure [11–13]. This
gluonic object is not a physical object. That is, it has no physical state and
occurs only in exchanges and virtual loop diagrams. For detailed discussion,
see [1, 2].

3. OZI violation in η′–nucleon and η′–nucleus interactions

The gluonic potential in Q that generates the η′s gluonic mass term also
contributes to the η′–proton scattering length and to η′-mass modifications
in nuclei and possible η′ bound states in nuclei. Through the flavour-singlet
version of the Weinberg–Tomozawa relation, the gluonic mass term gives a
finite value for the real part of the η′–nucleon scattering length even in the
Born term contribution which is non-vanishing in the chiral limit [14]. It
is not unreasonable that this result generalises to a full non-perturbative
analysis with (S-wave) resonances close to the threshold. Meson mass shifts
in medium are related to the meson–nucleon scattering length. This OZI
related scattering length leads one to expect a finite η′ mass shift in medium
as a gluon-mediated effect.

η′-photoproduction experiments at ELSA in Bonn from carbon and nio-
bium targets have revealed an ≈ −40 MeV shift in the η′ mass at nuclear
matter density. The measured η′–nucleus optical potential has real and
imaginary parts V + iW with

V (ρ = ρ0) = −40± 6± 15 MeV ,

W (ρ = ρ0) = −13± 3± 3 MeV (7)

— see Refs. [15–17]. The large relative value of the real part compared to
the imaginary part hints at the existence of possible bound states in nuclei
with a vigorous experimental programme at GSI and in Japan to look for
them. Theoretically, this mass shift is catalysed by the gluonic mass term
contribution. Without this, the η′ would be a strange quark state with
minimal interaction with the σ (correlated two-pion exchange) mean field in
the nucleus. The mass shift −37 MeV was predicted by the Quark Meson
Coupling model [18, 19] with the light-quark component in the η′ coupled
to this σ mean field and taking an η–η′ mixing angle of −20 degrees in
the leading order one-mixing-angle scheme. The optical potential in Eq. (7)
is related to the η′–proton scattering length with finite real part expected
from anomalous glue. Numerically, Eq. (7) is consistent with the COSY-11
measurement of the η′–proton scattering length [20].
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4. Gluons and the nucleon resonance spectrum

Besides the special role of glue in the η′, gluonic potentials are also impor-
tant in the N* resonance spectrum. The proton and N* resonance spectra
are usually understood as following from solving for quark wavefunctions in
some gluonic-induced confinement potential. This gluonic potential behaves
like a string of glue with string breaking corresponding to the formation
of new hadrons. The N* resonance spectrum corresponds to quark orbital
and radial excitations in this potential. The colour hyperfine (one-gluon ex-
change, OGE) and pion-cloud corrections also play an important role to get
the masses correct. For example, the nucleon–∆(1232) mass splitting comes
mainly from the OGE potential [21]. Confinement is usually understood in
terms of a scalar potential connecting left-handed and right-handed quarks.
Scalar confinement spontaneously breaks chiral symmetry along with the
vacuum quark condensate in Eq. (1). This leads to parity non-doublets
in the light baryon spectrum. For example, the lowest-mass negative parity
would-be partner of the proton is the S11(1535) which has a mass of 597 MeV
heavier than the proton. In quark models and in lattice calculations, it is
understood as a 3-quark state (1s)(1s)(1p). The pion cloud involves just
isovector pions. There is no isoscalar pion state consistent with the gluonic
potential linked to m̃2

η0 being active in the range of the pion cloud.
This is not the complete story. Quark model calculations based on the

symmetry groups SU(6)⊗O(3) and present QCD lattice calculations do not
give a complete description of the nucleon resonance spectrum. One also
observes parity doublets in the excited N* and ∆* spectra beyond about
700 MeV above the proton and ∆(1232) masses [22, 23]. Some states pre-
dicted by constituent quark models are absent in experimental data — the
so-called missing resonance problem with recent discussion in [24]. There
are also interesting hints for a possible narrow resonance in η′ photoproduc-
tion just above the threshold [25, 26]. In the rest of this contribution, we
discuss possible excitation of the gluonic potential term associated with the
η′ mass and a possible extra minimum in the confinement potential acces-
sible at higher energies allowing for tunneling between vacuum states. This
new minimum might be associated with supercritical confinement with an-
alytic properties so that the corresponding bound states behave differently
in the real-world Minkowski-space and in Euclidean-space-based lattice cal-
culations.

4.1. Photoproduction: γp→ η′p and gluon-excitation resonances

The gluonic potential in Q which generates the large η′ mass contribution
m̃2

η0 also acts in the virtual pion cloud. The absence of isoscalar pions
means that the gluonic potential involving Q and G must be active here so
it should be considered an essential part of the nucleon. Can we excite it?
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The extended range of the pion cloud corresponds to a Compton wavelength
λ ∼ 1/mπ so the relative momentum of any meson–nucleon final state should
be about the scale mπ. Excitation of Q in the nucleon wavefunction can
evolve only into the flavour-singlet parts of the η′ or η in the final state.
The Q and G fields do not correspond to a physical glueball and exist only
in intermediate states. This would lead to an excited resonance close to the
η′-production threshold which decays just to η′–nucleon final states with
small phase space (plus a small fraction to η–nucleon). If present, this is
expected to be narrow since the η′ production proceeds through gluonic
intermediate states with OZI violation. Within the framework of the large
Nc approximation, the OZI violating processes occur with result suppressed
by powers of 1/Nc [27, 28].

η′ photoproduction has been studied in experiments at ELSA, GRAAL,
JLab and MAMI — see [14]. Key resonances are discussed in [29] with
strong coupling to the N*(1895) with I = 1

2 , J
P = 1

2

−, which has a mass
of 1907 ± 10 MeV and a width of 100+40

−10 MeV with decay mode to η′p of
10–40%.

Interestingly, the near-threshold GRAAL beam asymmetry measure-
ment [30] and Mainz A2 measurement of the differential cross section [31]
from proton targets have been interpreted as possible evidence for a narrow
near-threshold nucleon resonance with a mass of about 1900 MeV and a
width of about 2 MeV. These claims follow from coupled channels analyses
of the η′-photoproduction data [25, 26]. These data are statistics-limited. To
be sure, one needs new measurements with finer energy binning and also in-
cluding new polarisation observables [26]. With this caveat in mind, suppose
we take these analyses seriously. The Bonn group found an N* resonance
D13(1900) with a mass of Mη′p = 1900±1 MeV and a width of Γη′p < 3 MeV
[25]. The Mainz group preferred an S11(1900) with Mη′p = 1902.6± 1 MeV
and Γη′p = 2.1± 0.5 MeV. [26]. Note the different resonance quantum num-
bers in the two analyses. If accurate, one is looking at an N* resonance
very close to the threshold at Mη′p = 1896 MeV and a small width unusual
for hadron physics. For example, in comparison, the ∆(1232) and S11(1535)
come with widths of about 117 and 150 MeV, respectively. The η′ lifetime
is a factor of 10 longer than that of the possible η′-nucleon resonance with
the η′ total width of 0.2 MeV. The η′ is essentially stable compared to this
N* state (if it exists).

For a resonance with a mass of 1901 MeV decaying to a proton and an
η′ in the centre-of-mass frame, one finds

W = 1901 = Ep + Eη′ = mp +mη′ +
1

2
p2
(

1

mp
+

1

mη′

)
+ . . . , (8)

where p denotes the magnitude of the 3-momentum of the outgoing proton
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or η′. The value W = 1901 MeV corresponds to a 3-momentum of 69 MeV
in the centre-of-mass frame and between 53 and 81 MeV with a 2 MeV float
on the value of W . This 69 MeV value gives a relative 3-momentum of
138 MeV which is about the pion mass. Using standard quantum relations,
this momentum corresponds to a distance scale of about the pion Compton
wavelength. The wavelength here corresponds to the distance scale charac-
terising the pion cloud as measured through e.g. the neutron charge form
factor. The ±2 MeV float corresponds to a range of wavelengths between
1.21 fm and 1.85 fm. This possible narrow resonance in η′ photoproduction
close to the threshold is interesting. Perhaps it might be associated with
excitation of the UA(1) gluon potential in the pion cloud (?) Given the
quantum numbers of the Q field, the simplest interpretation would be an
S11 state in this scenario.

4.2. Gribov confinement and parity doublets in the hadron spectrum

Parity doublets are seen in higher-mass light-quark nucleon resonances
[22]. This is in contrast with the lowest-mass hadronic states which clearly
exhibit the effect of DChSB. The first parity doublet excited resonance is
≈ 700 MeV above the proton mass — see Table 1 — likewise also for the ∆.
These parity doublets are not seen in QCD lattice calculations and are also
not seen in the strange baryon quark resonances [32]. They are a puzzle in
the usual quark model picture with a scalar confinement potential and single
minimum inducing DChSB. These doublet states have attracted considerable
theoretical attention — see e.g. [32–34].

Table 1. Parity doublets observed in excited nucleon resonances.

N1/2+(1710) N1/2−(1650) N3/2+(1720) N3/2−(1700)
N5/2+(1680) N5/2−(1675) N1/2+(1880) N1/2−(1895)
N3/2+(1910) N3/2−(1875) N5/2+(2095) N5/2−(2075)
N7/2+(2100) N7/2−(2190) N9/2+(2220) N9/2−(2250)
∆1/2+(1910) ∆1/2−(1900) ∆3/2+(1920) ∆3/2−(1940)
∆5/2+(1905) ∆5/2−(1930) ∆7/2+(1950) ∆7/2−(2200) (?)

Looking for clues, it is interesting to also consider the possibility of
an extra minimum in the confinement potential for the light up and down
quarks. To avoid a clash with successful phenomenology, this second mini-
mum should lie ≈ 700 MeV above the potential minimum corresponding to
the proton-bound state. The quarks could then tunnel to a new confining
vacuum state once the excited resonance energy reaches the energy difference
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between the two minima1. With parity doublets in mind, suppose that the
confining solution in the second minimum corresponds to a vector interac-
tion, viz. instead of the usual scalar confinement potential that induces mass
splitting between positive and negative parity states. Further still, suppose
that the singularity structure of the new confining quark propagator here
does not allow for the Wick rotation through analytic continuation between
Minkowski and Euclidean space. In this case, the theories in Euclidean and
Minkowski space would be different. Lattice calculations are performed in
Euclidean space so would miss the states defined with respect to the second
minimum. Qualitatively, this scenario would seem to have the ingredients
needed to describe the parity doublet states.

Interestingly, these properties are characteristics of Gribov’s supercritical
confinement scenario [36, 37]. With supercritical confinement, the attrac-
tive colour Coulomb interaction with large coupling αs drags the dynamical
quark below the Fermi surface of the Dirac sea. What follows is a rearrange-
ment of vacuum energy levels with the dynamical quark tumbling through
the vacuum — a phenomenon called “falling into the centre”. Both positive
and negative energy states become unstable. The resulting confining quark
propagator has an analytic structure including cuts that do not permit a
straightforward continuation between Minkowski and Euclidean space. That
is, the Wick rotation implicit in lattice calculations would not be working
for these states. Physically, one might think of the dynamical quark colour
charge as falling through the continuum of negative energy levels until it falls
below any cut-off that one might use to define the limit of the light-front
Fock space. That is, the dynamical colour charge decouples from the physics
being beyond the cut-off and leaves behind a heavy constituent quark quasi-
particle relic carrying the quantum numbers of electric charge and isospin
flavour [38]. These constituent quark quasiparticles would carry colour just
as a non-dynamical quantum number with colour-singlet hadrons as the
physical states. The supercritical colour Coulomb interaction is symmet-
ric between left- and right-handed quarks with the constituent quark mass
term generated by the vacuum rearrangement. Understanding the details
of such supercritical bound states and how they might enter spectroscopy
are challenges for theory. Perhaps the full confinement potential might be a
combination of usual scalar confinement and DChSB with an excited second
minimum corresponding to supercritical confinement.

1 A possible second minimum in the electroweak Higgs potential is discussed in con-
nection with the stability of the Higgs vacuum for the Standard Model; for details,
see [35] and references therein.
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5. Conclusions

Non-perturbative glue including its topology plays an important role in
the mass and interactions of the η′. It is interesting to consider the possible
excitation of this glue, both in the interactions of the η′ as well as in the
structure of the nucleon and its resonance excitations. Excitations of the
glue generating the η′’s gluonic mass term as well as the possibility of an
extra minima in the confinement potential corresponding to novel analytic
structure in the quark propagators might induce interesting phenomenology
in the nucleon resonance spectrum. Resolving the details poses interesting
challenges for both experiment and theory.

I thank V. Metag for helpful discussions on aspects of η′ physics.
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