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Abstract: The Schwinger confinement mechanism stipulates that a massless fermion and a massless
antifermion are confined as a massive boson when they interact in the Abelian QED interaction in
(1+1)D.If we approximate light quarks as massless and apply the Schwinger confinement mechanism
to quarks, we can infer that a light quark and a light antiquark interacting in the Abelian QED
interaction are confined as a QED meson in (1+1)D. Similarly, a light quark and a light antiquark
interacting in the QCD interaction in the quasi-Abelian approximation will be confined as a QCD
meson in (1+1)D. The QED and QCD mesons in (1+1)D can represent physical mesons in (3+1)D when
the flux tube radius is properly taken into account. Such a theory leads to a reasonable description
of the masses of 7%, 7, and 7, and its extrapolation to the unknown QED sector yields an isoscalar
QED meson at about 17 MeV and an isovector QED meson at about 38 MeV. The observations of
the anomalous soft photons, the hypothetical X17 particle, and the hypothetical E38 particle bear
promising evidence for the possible existence of the QED mesons. Pending further confirmation, they
hold important implications on the properties on the quarks and their interactions.

Keywords: quark confinement; QCD and QED; open-string model of QCD and QED mesons

1. Introduction

In the International Symposium on Multiparticle Dynamics in 2009 at Gomel, Belarus,
Perepelitsa reviewed the phenomenon of the anomalous soft photons [1] and reported
that in high-energy hadron-hadron [2-7] and eTe™ collisions [1,8-10], anomalous soft
photons in the form of excess ee™ pairs, are produced at a rate exceeding the standard
model bremsstrahlung predictions by an average factor of about four. In particular, in
exclusive DELPHI hadron production measurements in e*e~ collisions at the Z° energy,
the anomalous soft photons are proportionally produced whenever hadrons are produced,
but they are not produced when hadrons are not produced [8,9]. The transverse momenta
of the anomalous soft photons lie in the region of many tens of MeV /¢, corresponding to
the production of neutral bosons with masses in the region of many tens of MeV. Many
different descriptions have been put forth to interpret the anomalous soft photons, in-
cluding a cold quark gluon plasma [11-14], pion condensate [15], pion reflection [16],
corrections to bremsstrahlung [17], color flux tube particle production [18], stochastic QCD
vacuum [19,20], ADS/CFT supersymmetric Yang-Mills theory [21], Unruh radiation [22],
closed quark-antiquark loop [23], QED-confined g4 states [24-33], and induced currents in
the Dirac sea [34].

It was soon realized [24] that the simultaneous and proportional production of the
anomalous soft photons with hadrons suggests that a parent particle of an anomalous
soft photon is likely to contain some elements of the hadron sector, such as a light quark
and a light antiquark. Quarks and antiquarks carry color and electric charges, and they
interact with the QCD and the QED interactions. The parent particle of an anomalous
soft photon cannot arise from the light quark and the light antiquark interacting non-
perturbatively in the QCD interaction because such a non-perturbative QCD interaction
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will endow the pair with a mass much greater than the mass scale of the anomalous soft
photons, in a contradictory manner. We are left only with the possibility of the quark and
the antiquark interacting non-perturbatively in the QED interaction. Such a possibility is
further reinforced by the special nature of attractive confining gauge interactions in which
the smaller the coupling constant, the lower the mass of the confined composite particle.
This is in contrast to non-confining attractive Coulomb-type or Yukawa-type interactions
for which the smaller the coupling constant, the greater the mass of the composite system.
Furthermore, the Schwinger confinement mechanism stipulates that a massless charged
fermion interacting with an antifermion in a gauge field with the coupling constant g, in
(1+1)D leads to a confined boson with a mass [35,36]

Mposon = %r (1)

indicating that the mass of the confined fermion—-antifermion composite system is directly
proportional to the coupling constant. Application of the Schwinger confinement mecha-
nism to quarks interacting in the QED interaction will bring the quantized masses of a g4
pair to the lower mass region of the anomalous soft photons. It was therefore proposed in
2010 [24] that a light quark and a light antiquark interacting non-perturbatively with the
QED interaction may lead to new open-string QED boson states (QED-meson states) with a
mass of many tens of MeV. These QED mesons may be produced simultaneously with the
QCD mesons in the string fragmentation process in high-energy collisions, and the excess
eTe” pairs may arise from the decays of these QED mesons. For quarks with two flavors
in the massless quark limit, the masses of the isoscalar and isovector QED mesons were
predicted to be 12.8 MeV and 38.4 MeV, respectively (Table I of [24]).

In a series of experiments in search of axions, Krasznarhorkay and collaborators
studied the eTe™ spectrum in low-energy proton fusion of light " nuclei with n =1, 2,
and 3. Since 2016, they have been observing the occurrence of the hypothetical neutral
“X17” boson with a mass of about 17 MeV from the eTe™ spectrum (i) in the decay of the
18.15 MeV I(]J7)=0(17") excited ®Be state to the 8Be ground state [37], (ii) in the decay of the
18.05 MeV 1(]J7)=0(0") excited *He state to the *He ground state [38,39], (iii) in the decay
of the off-resonance excited ®Be states to the Be ground state [40], and (iv) in the decay of
the 17.23 MeV I(J)=1(1") excited '2C state to the >C ground state [41]. Updates of the
ATOMKI measurements on the hypothetical X17 particle have also been presented [42—44].
In a recent measurement in the decay of the 8Be 18.15 MeV state to the ®Be ground state
in the proton fusion on “Li, the Hanoi University of Science reported the observation
of a significant structure, which indicates a hypothetical neutral boson with a mass of
about 16.7 MeV decaying into e*e™, in support of the earlier ATOMKI observation [45].
An indirect support for the hypothetical X17 particle comes from the pr spectrum of the
anomalous soft photons in pp collisions at pj,,= 450 GeV/c [7], in the thermal model of the
transverse momentum distribution [27,46].

The ATOMKI observation of the hypothetical X17 particle has generated a great deal of
interest [24-32,42-71]. Although the mass of the hypothetical X17 particle was close to the
isoscalar QED meson predicted earlier in [24], the X17 boson led to many speculations as
discussed in the Proceedings of the Workshop on “Shedding lights on the X17” [42]. The pro-
posed models include the QED meson [24-32], the axion [49], the fifth force of Nature [50],
a dark photon [53], new physics particles [54], the Framed Standard Model [55-58], Higgs
doublet [59], a 12-quark state [62], a light pseudoscalar [63], and dressed QED radia-
tion [71]. The experimental confirmation of the hypothetical X17 particle is being actively
pursued by many laboratories [42], including ATOMKI [43,44], HUS [45], Dubna [72],
New JEDI [73], STAR [74], MEGII [75,76], ATLAS [77,78], CTU Prague [79,80], NTOF [81],
NA64 [82], INFN-Rome [83], NA48 [84], Mu3e [85], MAGIX/DarkMESA [86], JLAB
PAC50 [87,88], PADME [89,90], DarkLight [91,92], LUXE [93], FASER [94], ANU/UM [95],
and Montreal [96].
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In separate experiments, Abraamyan and collaborators at Dubna have been using
the two-photon decay of a neutral boson to study the resonance structure of the light-
est hadrons near their energy thresholds [97]. Upon the suggestion of van Beveran
and Rupp [98-101], the Dubna Collaboration undertook a search for the E38 particle in
d(2.0 GeV/n) + C, d(3.0 GeV/n) + Cu and p(4.6 GeV) + C reactions with internal targets at
the JINR Nuclotron. They observed that the invariant masses of the two-photon distribu-
tions exhibit a resonance structure at around 38 MeV [102,103]. In a recent analysis in the
diphoton spectrum in the lower invariant mass region, the Dubna Collaboration reported
the observation of resonance-like structures both at ~17 and ~38 MeV [72], in support of
the earlier ATOMKI observation of the hypothetical X17 particle and the earlier Dubna
observation of the hypothetical E38 particle [102,103]. An indirect supporting signal for the
hypothetical E38 particle comes from the pr spectrum of anomalous soft photons in e*e™
annihilations at the Z° resonance energy of /s = 91.18 GeV, which is consistent with the
production of a neutral boson with a mass of about 38 MeV, in the thermal model of the
transverse momentum distribution [27,46].

While there are many different theoretical interpretations, the open string g7 QED
meson model mentioned above [24,27] holds the prospect of describing the anomalous
particles in a consistent framework. We would like to review here how such a model of QED
and QCD mesons emerges as a reasonable theoretical concept consistent with experimental
observations. We would also like to examine the implications for the existence of the QED
mesons, if they are confirmed by future experimental measurements.

The cross-fertilization between condense matter physics and particle physics brings
bountiful fruits on the physics frontiers. In this respect, it is worth pointing out that the
confinement of electric charges and electric anticharges (Cooper pairs and anti-Cooper
pairs in a specific case) in compact QED due to a linear potential (confining string) has been
experimentally observed in condensed matter systems, where it gives rise to a new state of
matter called super-insulators' (see [104-108]). There are similarities and also differences
as one can surmise by comparing Figure 1 of ref. [104] and Figure 2b of ref. [33]. Whereas
the confinement of QED mesons examined here is concerned with the QED confinement
of massless fermions, the confinement of (charged boson)—(anticharged boson) in super-
insulators in condenser matter physics is concerned with the QED confinement of massive
bosons. The experimental existence of the QED super-insulators supports the possible
existence of the QED mesons, which are good candidates for the X17 and E38 particles.
Future parallel investigations on the common question of charge confinement in the QED
interaction will bring benefits to both fields.

2. The Schwinger Confinement Mechanism

Schwinger showed in 1963 that a massless fermion and its antifermion interacting in
the Abelian U(1) QED gauge interaction are bound and confined as a neutral QED boson
with a mass [35,36] as given by Equation (1) where the coupling constant g, in (1+1)D has
the dimension of a mass. Such a Schwinger confinement mechanism occurs for massless
fermions interacting in Abelian U(1) gauge interactions of all strengths, including the inter-
action with a weak coupling (as in QED), as well as the interaction with a strong coupling
(as in QCD in the quasi-Abelian QCD approximation, which we shall introduce below).

The masses of light quarks are about a few MeV [109,110]. Therefore, light quarks can
be approximated as massless fermions, and we can apply the above Schwinger mechanism
for massless fermions to quarks and antiquarks interacting in the QED interaction in
(1+1)D. By such an application, we infer that a light quark and a light antiquark are bound
and confined as a neutral QED boson in (1+1)D. From the works of Coleman, Jackiw,
and Susskind [111,112], we can infer further that the Schwinger confinement mechanism
persists even for massive quarks in (1+1)D.

It is instructive to review the Schwinger confinement mechanism here to understand
how a light quark g and a light antiquark § approximated as massless can be confined
in QED in (1+1)D. From the electrostatic viewpoint, the electric lines of force in (1+1)D
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originate from the positive quark at x; to end at the negative antiquark at x;, and the quarks
experience a confining interaction [112]:

gZ
qu:%\xq—x,ﬂ. )

Such a confining interaction is one of the causes of quark confinement in (1+1)D. The
spectrum of such a confining potential has been calculated in Appendix D of [28]. For light
quarks which can be approximated as massless, there is an additional dynamical quark
effect beyond the static linear interaction alone. The dynamics of quark matter current j*
depends on the interacting gauge field A¥, which in turn depends on the quark current
j# in return, in an infinite loop of matter(j*)-and-field(A¥) interaction that facilitates the
confinement both of the matter field (j*) and the gauge field (A¥). As a consequence, neither
the quark field nor the gauge field make their external appearances, and there exists only a
neutral massive boson field which emerges as free boson quanta containing both the quark
field and the gauge field.

We consider the interacting quark—QED system as a quark—QED fluid and envisage
the vacuum of the interacting quark-QED fluid as a calm Dirac sea with the lowest-energy
state to consist of quarks filling up the (hidden) negative-energy Dirac sea and to interact
with the QED interaction in (1+1)D space-time with coordinates x = (x%, x!). The quark-
QED vacuum is defined as the state that contains no valence quarks as particles above the
Dirac sea and no valence antiquarks as holes below the Dirac sea. Subject to the applied
disturbing gauge field A¥(x) with a coupling constant g, in (1+1)D, the massless quark
field ¢(x) satisfies the Dirac equation,

T [Pt — gzDAM(x)]l/J(x) =0. 3)

The applied gauge field A#(x) governs the motion of the quark field (x). From the
motion of the quark field ¢(x), we obtain the induced quark current j*(x) = (¢(x)y"(x)).
If we consider only the sets of states and quark currents that obey the gauge invariance by
imposing the Schwinger modification factor to ensure the gauge invariance of the quark
Green's function, the quark current j*(x) at the space-time point x induced by the applied
AF(x) can be evaluated. After the singularities from the left and from the right cancel each
other, the gauge-invariant induced quark current j*(x) is found to relate explicitly to the
applied QED gauge field A*(x) by [35,36,113]

() = =52 (4(0) 0 ). @

s

We can understand the first term on the right-hand side of the above equation in-
tuitively as indicating that the induced current gains in strength as the strength of the
applied gauge field A¥(x) increases, and it acquires a sign opposite to the sign of the
applied gauge field A¥(x) because an electric charge attracts charges of the opposite sign.
The additional term on the right-hand side consists of the linear function of A¥(x) and a
particular functional combination of partial derivatives that ensures the gauge invariance
between j#(x) and A¥(x). Upon a change of the gauge in (A")'(x) — AF(x) — o*A(x)
for any local function of A(x), the gauge invariance of the relationship between j#(x) and
AFM(x) can be easily demonstrated by direct substitution in Equation (4).

The quark current j#(x) in turn generates a new gauge field A¥(x) through the
Maxwell equation,

O F"M (x) = 0,{0" A¥ (x) — 9" A" (x)} = &y (¥) = & (P ()19 (1)) ®)

A stable collective particle-hole excitation of the quark system occurs when the initial
applied A*(x) gives rise to the induced quark current j#, which in turn leads to the new
gauge field A¥(x) self-consistently. We impose this self-consistency condition of the gauge
field, A#(x) = A¥(x). In that case, Equations (4) and (5) are mathematically the same as
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2
3,0" AF(x) + %Aﬂ(x) —0, ©)
gz
and 9,0" " (x) + %j”(x) =0. (7)

We can follow Casher, Kogut, and Susskind [114] and also Coleman et al. [111,112] to
introduce a boson field ¢(x) related to the current j*(x) by

(x) = e avp(x), (8)

where e# is the antisymmetric unit tensor with €"! = €% = 1. The boson field ¢, the quark
current j¥, and the gauge field A* are all related to each other, and thus, the boson field
¢(x) also satisfies the Klein-Gordon equation,

g?.
90" p(x) + =29 (x) =0, ©)

with a boson mass given by Equation (1). Hence, a massless quark and a massless antiquark
interacting in the QED gauge interaction in (1+1)D form a bound and confined neutral
QED meson ¢ with the mass m = g, /+/T.

The QED-confined meson in (1+1)D can be viewed in two equivalent ways [24,27]. It
can be depicted effectively as a QED-confined one-dimensional open string, with a quark
and an antiquark confined at the two ends of the open string subject to an effective linear
two-body confining interaction. A more basic and physically correct picture depicts the
QED meson as the macroscopic manifestation of the collective space-time oscillation of the
gauge field A*(x) associated with the microscopic particle-hole excitation of quarks from
the Dirac sea. Through the coupling of the gauge field A*(x) to the quarks in the Dirac
equation, a space-time variation of the gauge field A¥(x) leads to a space-time variation in
the quark current j#(x), which in turn determines the space-time variation of the gauge
field A¥(x) through the Maxwell equation [35,36,113]. As a consequence of such a self-
consistent coupling, a quantized and locally confined space-time collective variations of
the macroscopic QED gauge field A*(x) can sustain themselves indefinitely at the lowest
eigenenergy state in a collective motion with a mass [24,27]. From such a viewpoint, a QED
meson particle is a quantized collective space-time variation of the quark current field j*(x)
or the gauge fields A¥(x) in a Wheelerian “particle without particle” description.

3. Generalizing the Schwinger Confinement Mechanism from Quarks in QED in (1+1)D
to (QED+QCD) in (1+1)D

Even though QCD is a non-Abelian gauge theory, many features of the lowest-energy
QCD mesons, such as quark confinement, meson states, and meson production, mimic
those of the Schwinger model for the Abelian gauge theory in (1+1)D as noted early
on by Bjorken, Casher, Kogut, and Susskind [114,115]. Such a generic Abelian string
feature in hadrons was first recognized even earlier by Nambu [116,117] and Goto [118].
They indicated that in matters of confinement, quark-antiquark bound states, and hadron
production of the lowest-energy states, an Abelian approximation of the non-Abelian QCD
theory is a reasonable concept. Furthermore, ' Hooft showed that in a system of quarks
interacting in the SU(N.jo,) gauge interaction approximated as a U(N,qjo) interaction in
the large Niojor limit, planar Feynman diagrams with quarks at the edges dominate, and the
QCD dynamics in (3+1)D can be well approximated as an open-string in QCD dynamics in
(1+1)D [119,120]. Numerical lattice calculations for a quark and antiquark system exhibit a
flux tube structure [121-123], and a flux tube can be idealized as a structureless string in
(1+1)D. Thus, the idealization of QCD meson in (3+1)D as an QCD open string in (1+1)D is
a reasonable concept.

We wish to adopt here the quasi-Abelian approximation of non-Abelian QCD to obtain
stable lowest-energy collective excitations of the QCD gauge fields and quark currents as
carried out in [24,27]. We note first that because quarks carry three colors, the current j#(x)
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and the gauge field A are each a 3 x 3 matrix with nine matrix elements. They can be
naturally separated out into the color-singlet component with the generator °,

L (100
O=—J(01 0}, (10)
Vely o 1

and the color-octet components with the eight Gell—Mapn generators 21213, ...,18. The
nine generators satisfy the orthogonality condition: 2tr (##/) = 6/, with i,j = 0,1, ...,8. The
quark current and gauge field in the color space can be represented by

8 .
ji () =Yg (of, (11a)
i=0
8
All(x) = Y Al ()t (11b)
i=0

A stable collective oscillation of the quark-QED-QCD system is a localized periodic
oscillation of the nine dynamical components j!'(x) and the associated gauge field A!(x).
Because the color-singlet current generates only color-singlet QED gauge field, whereas
the color-octet current generates only color-octet QCD gauge fields, the color-singlet and
color-octet currents and gauge fields give rise to independent collective oscillations.

For the QCD dynamics of the color-octet quark current and gauge field in (1+1)D, we
envisage that a stable QCD state leads to a periodic trajectory in the eight-dimensional
1,12, ..., 18 color-octet space. Excitations with a change of the orientation in the state vector
in the eight-dimensional color generator space will lead to states that depend on the
angular variables in the color generator space, and they represent color excitations which
lie substantially above the lowest-energy QCD states. In contrast, the trajectories of the
lowest QCD energy states are expected to consist of a variation of the amplitudes of the
current and gauge fields, without the variation of the orientation of the trajectory in the
eight-dimensional color-octet space. Therefore, with the limited goal of calculating the
lowest-energy QCD states, it suffices to consider QCD dynamics of quarks and gauge fields
with the trajectory in an arbitrary and fixed orientation in the color generator space, and to
allow only the amplitude of the current and gauge field to vary.

By projecting the eight-dimensional color generator space onto a single arbitrary color
generator axis and limiting the dynamics along that direction, we attain the quasi-Abelian
approximation which is a reasonable approximation for the lowest QCD states that do
not involve gluon excitations. The Nambu-Goto string [116-118] is an Abelian string,
and it provides an adequate description of the lowest QCD states. Casher, Kogut and
Susskind [114] used the Schwinger Abelian open string as a good model for particle pro-
duction in the fragmentation of a quark—-antiquark pair. The Yo-Yo model of hadrons [124]
in the Lund Model [125] used the Abelian strings to describe hadron bound states. Phe-
nomenological non-relativistic and relativistic quark models for the investigation of the
low-lying spectrum can remain useful by limiting themselves to dynamics without the
color excitation in the quasi-Abelian approximation.

Among the eight generators in the color-octet generator space, t! is just as randomly
and arbitrarily oriented as any other color-octet generator. The generator ¢! can be taken as
a generic generator for the color-octet sector. We therefore represent the QCD current and
gauge fields by the ji' (x)t! and A (x)t! along only the ¢! direction. Because ¢! commutes
with itself, the dynamics of the current and gauge fields in QCD with the ! generator
is Abelian. Fixing the orientation of the generator vector t' as unchanged is a quasi-
Abelian approximation of the non-Abelian QCD dynamics in a subspace, in which the
dynamics of the quark-QCD systems can lead to stable QCD collective excitations of the
lowest-energy states.

Upon including (i) the above QCD current ]T (x) and gauge field AT associated with
the color-octet SU(3) generator t! to describe the quasi-Abelian QCD dynamics as in [24,27],
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and also (ii) the QED current ]g (x) and gauge field Ag associated with the color-singlet
U(1) generator ¥ to describe the QED dynamics of the color-singlet component, we have
the sum current and gauge field

j(x) = jo (O + (0t (12a)
Al (x) = Af(x)t° + A¥ (x)t!, (12b)

where the generators 9 and #! satisfy 2tr(t)‘t)‘/) = 5M,, with A, A" = 0,1. Subject to the
above applied disturbing gauge field A¥(x) with both the QED and the QCD interactions
within the quasi-Abelian approximation in (1+1)D, the massless quark field i (x) satisfies
the Dirac equation,

1
Tu(pt = Y g Akt )y =0, (13)
A=0

where the quark field ¥ is a column vector in color space, and A = 0 for the QED interaction,
and A = 1 for the QCD interaction. The massless quark field leads to the gauge-invariant
induced quark current j (x) = 2tr(p(x)y"+'9(x)) which can be evaluated and found to
relate explicitly to the applied QED gauge field A*(x) by [24,27,33]

A
jh(x) = f% (AK(x) - al‘almavAx(x)) A =0 for QED,and A = 1 for QCD.  (14)
U

The induced current ]K generates a gauge field /\K(x) through the Maxwell equation,

WR (x) = 9 {0V A (x) — AL (%)} = gy /i (%) (15)

2D

A stable collective particle-hole excitation of the quark system occurs when the initial
applied gauge field AK (x) gives rise to the induced quark current ]K, which in turn leads to
the new gauge field Af{ (x) self-consistently. We impose this self-consistency condition for
the gauge field, Aﬁ(x) = A~K(x). In that case, Equations (14) and (15) are the same as

P (80)%
8,0" A} (x) + 2= A} (x) = 0, (16)
" (83)”
and 9,0"j (x) + %])\(x) =0, (17)

where both j (x) and A’ (x) satisfy the Klein-Gordon equation for a bound and confined
boson with a mass m"* = g2 /+/7 given by

A
A gZD
== (18)

From the above analysis, we find that the QED and the QCD interactions separate
out as independent interactions, and they contain independent collective oscillations of
the color-singlet current and the color-octet current, with different oscillation energies
proportional to the different coupling constants of the interactions. Such a separation is
possible because the relation between j# and A* as given by Equations (14) and (15) are
linear in form but the differential operator in the second term of Equation (14) contains
non-trivial and non-linear differential elements, which lead to a self-confined local current
that can execute stable collective dynamics of QED and QCD mesons in (1+1)D.

m

4. Do the QED and QCD Mesons in (1+1)D Represent Physical Mesons in (3+1)D?

From the results in the last section, we know that there can be stable collective QED
and QCD meson states in (1+1)D whose masses depend on the coupling constants. They
represent different excitations of the quark-QED-QCD medium and can be alternatively
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depicted as open-string QED and QCD states in (1+1)D, with the quark and the antiquark
at the two ends of the string.

Can these open-string meson states in (1+1)D be the idealization of physical QCD
and QED mesons in (3+1)D? An open-string QCD meson in (1+1)D as the idealization of
a physical QCD meson in (3+1)D is a generally accepted concept, as discussed in the last
section. The observations of the anomalous soft photons, the hypothetical X17 particle,
and the hypothetical E38 particle suggest it useful to study the possibility that the QED
mesons in (1+1)D may represent physical mesons in the physical world of (3+1)D, just as
the QCD mesons.

We shall therefore consider the phenomenological open-string model of QCD and
QED mesons in (1+1)D and study whether they may represent physical mesons in (3+1)D
by comparing theoretical predictions of the model with experiments.

We note that in (3+1)D, the flux tube has a structure with a transverse radius Ry and
the coupling constant g, is dimensionless. In (1+1)D, however, the open string has no
structure, but the coupling constant g, acquires the dimension of a mass. In an earlier
work [126], when we compactify a system with a flux tube in (3+1)D with cylindrical
symmetry into a (1+1)D system of a string without a structure, we find that the Dirac
equation of for quarks in (3+1)D can be separated into the coupling of the longitudinal and
the transverse degrees of freedom. Upon quantizing the transverse degree of freedom to
obtain the lowest transverse eigenstates, the longitudinal Dirac equation in (1+1)D contains
an effective transverse mass, and a modified coupling constant g,, which depends on
the coupling constant g, in (3+1)D multiplied by the absolute square of the transverse
wave function. As a consequence, the longitudinal equation in (1+1)D contains a coupling
constant in (1+1)D that encodes the information of the flux tube transverse radius Rt and
the coupling constant in (3+1)D in Equation (34) of [126] as

4o, (19)

(80)* = (8)* = =22,
2D 4D R%

TR%
whose qualitative consistency can be checked by dimensional analysis and by subsequent
theoretical studies in Appendix B of [33]. The compactification from four-dimensional
space-time with cylindrical symmetry to two-dimensional with supplementary transverse
degrees of freedom has also been examined from the action principle viewpoint, and
the relation Equation (19) relating the coupling constant for the longitudinal system in
2D with the coupling in 4D has also been found valid from the viewpoint of the action
integral [33,127].

We can give here a simplified derivation of the above Equation (19). We consider only
the (x0, x3) degrees of freedom after the separation of the transverse degree of freedom,
and we take the Coulomb gauge, A% = 0. The Maxwell equation for the gauge field AED in
(3+1)D involves the 4D coupling constant g, and the density ij given by

a%Ai)D = g4Dj4(1)D’ (20)

In the compactified (1+1)D string picture, there is a similar Maxwell equation involving
A(Z)D, the 2D coupling constant g, , and the density ng, given by

a%ASD = gZngD‘ (21)

The (3+1)D charge density ]?D and the (1+1)D charge density ng are related by

1
0 0
Jip =~z ) (22)
4D HR% 2D

When we compactify the Dirac equation for the quark from (3+1)D to (1+1)D, we
identify the gauge interaction term g4DA2D in (3+1)D as gZDASD in (1+1)D [33,126]. That is,
we have
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g4DA2D = gZDASD' (23)

The consistent solution of the above four Equations (20)—(23) leads to the relation
between the coupling constants g, in (1+1)D and g, in (3+1)D in Equation (19).

With a flux tube in (3+1)D idealized as a string in (1+1)D, the string in (1+1)D can be
decoded back to the original physical flux tube in (3+1)D by using the above Equation (19).
The boson mass m determined in (1+1)D is the physical mass related to the physical
coupling constant &, =(g,,)?/47 and the flux tube radius Ry in (3+1)D by [24]

4
m? = =5 (24)
TTR%

With a%ED:aQEDzl/ 137, tx%CD:szNOb from hadron spectroscopy [128-132], and
R1~0.4 fm from lattice QCD calculations [133] and <p2T> of produced hadrons in high-
energy eTe™ annihilations [134], we estimate the masses of the open-string QCD and QCD
mesons to be

mAP ~ 431 MeV, and mEP ~ 47 MeV. (25)

The above mass scales provide an encouraging guide for the present task of a quantita-
tive description of the QCD and QED mesons as open strings, using QCD and QED gauge
field theories in (1+ 1)D.

5. Phenomenological Open-String Model of QCD and QED Mesons

For a more quantitative comparison with experimental QCD and QED meson masses,
we need an open-string model of QED and QCD mesons with many flavors, and the de-
pendencies of quark attributes on flavors and interactions. By the method of bonsonization,
local charge-zero bilinear operator in the Dirac theory corresponds to some local function
in the boson theory. The time-like component of the current j° for quarks with N ¢ flavors
is [27,112,135]

RPN, ey d 26
] —Xf:Qf-#’f? Ujf‘—ﬁ;Qf vos, (26)

where ¢ is the |74 ¢) boson state with the f flavor, Qy is the charge number for the quark

with the f flavor, Q2P = Q%P = Q¥ for QCD, and QP = %, and Q¥P = 1
for QED. The interaction Hamiltonian for the case of massless quarks with Ny flavors
is [27,112,135]

H' _ (gZD)Z d d -0 0 _
it = =9 x dyj (x)]"(y)|x — vl
N
( )2 f
= I (Y Q) 7)
f=1
The physical meson state ®; is a flavor mixture D;; of the flavor states ¢,
Ny
®; = ) Disps, i=0,..,imax, and imax = Ny. (28)
f=1

The inverse transformation is

Imax Imax

¢p= Y (D7) P =) Disd;. (29)
i=0 i=0
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For massless quarks, the interaction Hamiltonian written in terms of the physical
states ; is

2 Nf imax

Hint = Z QLD D;)? (30)

The boson mass square of the physical meson ®; is, therefore,

aZinn 2 Nf 2
m? = aqp,zt = ( Z DifQf)? = (gz;;) (Qiefr)®, (31)

where the effective charge Qi,eff for the physical state i is given by

Ny
Qiett = | Y DirQsl- (32)
=

In the massless quark limit, the meson mass for the Ath interaction (with A = 0 for
QED and A =1 for QCD) is
2
A2 | Ny
2 (g ) A A
- 25 | iy

(33)

For light quarks with two flavors and isospin symmetry, the physical isoscalar state
d( with (I =0, I3 = 0) and the physical isovector state ®; with (I = 1,13 = 0) are given in
terms of |uil) state ¢ and |dd) state ¢, by

Dy = 7(4)1 +¢2), (34a)
b = \ﬁ(‘l’l —$2), (34b)
A | Nf A (_1)ipM
and m = \/23 ; lfo f/z%Q”(\@l)Qd, forisospin i =0,1.  (35)

For the QCD isovector pion state @1, the effective color charge is Q?ecf]sz\ Z)Zf:1 (D1Qf)|

=1/ V2—-1/2 |=0. In the massless quark limit, the above mass formula (35) gives a zero
pion mass in Table 1, which is consistent with the common perception in QCD that 7°
is a Goldstone boson. The mass of 71 comes only from the quark mass and chiral con-
densate which contribute Z}Zl ms(Psys) to the Lagrangian density and to the 7¥ mass
square [27,33]

anN

= me (DY (@r ) acor

= Myq <lplp>QCD’ (36)

where m,4=(my +mg)/2 and (), is the chiral condensate.
The above equation is consistent with the Gell-Mann—-Oakes—Renner relation [136],

[(0]7410) |
2

2

ms = (my + my) (37)
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where |(0|4g|0)| is the light u and d quark-antiquark condensate, and Fy is the pion
decay constant. We can use the pion mass 1, to calibrate the chiral condensate (i)
Therefore, the masses of neutral QCD mesons are given by

4 2 Xpmg(Djy)?
= —A {ZD } +mifnj;7dlf, (38)

QCD*

For QCD mesons, Equation (25) indicates that the mass scale mAPL 431 MeV >
my, my, ms. It is necessary to include u, d, and s quarks with N =3 in the analysis of open-
string QCD mesons. We denote ¢ = |uil), ¢ = |dd), and ¢3 = |s5), and assume the
standard quark model description of |7t°), |17}, and |5’} in terms of flavor octet and flavor
singlet states, with the mixing of the |77) and |’) represented by a mixing angle 6p [109].
The physical states of |71°), |57), and |57’) can be represented in terms of the flavor states ¢,
¢2 and ¢3 by

0 = @ = \/PZ, (39a)

ln)y = Py =|ns)cosbp — |1o)sinbp, (39b)

l7"y = @3 =|ys)sinbp + |ng) cosbp, (39¢)

where lns) = W, (39d)
V21 + ¢+ ¢3)

10) = NG . (39)

The QCD states ®;=} ¢ DSCCD(,D ' and the flavor component states ¢ are then related by
1 _ 1

Vi i 0 9
%{cosep—ﬁ sinfp} %{cos(-)p—ﬁ sinfp} \%{—ZCOSGP—ﬁSinGP} ® |,
%{sin@lﬁ—\@cos@p} ﬁ{sin(?p—h@cos(?p} ﬁ{—Zsinep—i—ﬁcosBp}

QCDq)

with the inverse relation ¢y = Z 1D; if

o % %{cos 0p — /2 sinfp} %{sin@la +1/2 cosfp} @,
o | = —% %{COS 0p — /2 sinfp} ﬁ{sin 0p + /2 cosfp} D, (40)
¢3 0 %{—ZCOSGP—ﬁsinep} %{—2511’19p+\/§€059p} D3

For these QCD mesons, there is a wealth of information on the matrix D%CD that

describes the composition of the physical states in terms of the flavor components as
represented by the mixing angle 0p between the flavor octet and flavor singlet components
of the SU(3) wave functions in 7 and 7’ in (39b) and (39¢). The ratio of the strange quark
mass to the light u and d quark masses that is needed in the above mass formula is also
known. From the tabulation in PDG [109], we find 8p = —24.5° and ms/m, = 27. 3*0 7
The only free parameters left in the mass formula (38) are the strong interaction couphng
constant ag = tx%CD and the flux tube radius Rr.

For the value of a5, previous works on the non-perturbative potential models use
a value of a5 of the order of 0.4-0.6 in hadron spectroscopy studies [128-132,137]. We
find that a5 = 0.68 gives a reasonable description of the QCD mesons masses considered.
For the value of Rr, lattice gauge calculations with dynamical fermions give a flux tube
root-mean-square radius Rt = 0.411 fm for a quark-antiquark separation of 0.95 fm [133].
The experimental value of (p2) of produced hadrons ranges from 0.2 to 0.3 GeV? for e*-¢~
annihilations at /s from 29 GeV to 90 GeV [134], corresponding to a flux tube radius Rt
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=1/y/(p%) of 0.36 to 0.44 fm. It is reasonable to consider the flux tube radius parameter

to be Rr=0.4 fm. This set of parameters of a; = 0.68 and Rt = 0.40 fm gives an adequate
description of the 7%, 77 and 7’ masses as shown in the last column of Table 1.

Table 1. Comparison of experimental and theoretical masses of neutral, I3 = 0 QCD and QED mesons
obtained in the massless quark limit and with the semi-empirical mass formula (38) for QCD mesons
and (42) for QED mesons, for a2 =1/137, as = a%CD =0.68, and R7 = 0.40 fm.

Meson Mass Meson Mass
I Experimental Mass in Massless  Including Quark Mass
MeV) Quark Limit and Quark Condensate
(MeV) Contributions (MeV)
QCD 0 1 134.9 0 1349 %
meson N 0 547.9 329.7 498.4
g 0 957.8 723.4 948.2
QED  isoscalar 0 11.2 17.9
meson isovector 1 33.6 36.4

Possible X17 16.70 + 0.35 £ 0.5 [37]

QED X17 16.84 4+ 0.16 £ 0.20 [38]
meson X17 17.03 4+ 0.11 £ 0.20 [41]
candidates X17 16.7 £ 0.47 [45]
X17 17.1 4 0.7[72]
E38 37.38 + 0.71 [103]
E38 40.89 + 0.91 [103]
E38 39.71 + 0.71 [103]

¥ Calibration mass.

Having provided an adequate description of the neutral QCD meson masses, we wish
to extrapolate to the unknown sector of the QED mesons. We do not know the flux tube
radius for the QED mesons. We shall proceed by presuming that the flux tube radius may
be an intrinsic property of quarks pending modifications by future experimental data. The
chiral condensate depends on the interaction type A and the coupling constant gi‘D. We
note that the chiral current anomaly in the chiral current depends on the coupling constant
square, 2 = ng as given in Equation (19.108) of ref. [138]

2
. e
™ = —%eaﬁwﬁxﬁw, (41)

which shows that the degree of non-conservation of the chiral current is proportional to
e?. It is therefore reasonable to infer that the chiral condensate term scales as the coupling
constant square as gZ-D or zxi‘D, just as the first term. Hence, we have [27]

2 N
N f A2
4qf0cpD} | Ny tacoap) ¥ m g (D)

2 _ A AL 2 %4p
myp = Y DifQp| +mx 3D
=

(42)
2
TR >

myq

By extrapolating to the QED mesons with zxiszl /137, with Q,=2/3 and Q;=—1/3,
we find an open-string isoscalar I(J™)=0(0" ) QED meson state at 17.9 MeV and an isovector
(I(J7")=1(07), Is = 0) QED meson state at 36.4 MeV. The predicted masses of the isoscalar
and isovector QED mesons in Table 1 are close to the mass of the hypothetical X17 and E38
particles. The open-string description of the QCD and QED mesons may be a reasonable
concept and the anomalous X17 [37] and E38 [103] observed recently may be QED mesons.
The parent particles of the anomalous soft photons [10] may be QED mesons.

The flux tube radius of the QED meson is a phenomenological parameter. The fact
that the same flux tube radius used for QCD-confined mesons can describe also the QED-
confined QED mesons, together with the non-observation of fractional charges, may suggest
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the possibility that the confinement property and the flux tube radius may be intrinsic
properties of the quarks.

It is of interest to note the different ordering of the isoscalar and isovector mesons in
QCD and QED. For QCD mesons, because the color charges of # and d quarks are equal,
the effective color charge for the isovector QCD meson is zero and the effective color charge
for the isoscalar QCD meson is large and non-zero. Consequently, for the QCD mesons,
m?zch < m?:C(;D . However, for the QED mesons, because the electric charges of u and d
quarks are opposite in signs and different in magnitudes, the effective electric charge for the
isoscalar state is small, while the effective electric charge for the isovector state is relatively
large, and we have the ordering mIQ:EP > m(lg:E(? , which is the opposite of the ordering of
the QCD mesons.

6. Production, Decay, and Detection of the QED Mesons

To search for QED mesons, it is necessary to consider the production and the decay
of the QED mesons. As composite particles of quarks and antiquarks, they are produced
when quark and antiquark pairs at the proper QED meson eigenstate energies are produced.
Therefore, we expect QED mesons to accompany the production of QCD mesons in hadron-
hadron collisions, e*e™ annihilations, and the coalescence of quark and antiquarks at the
deconfinement-to-confinement phase transitions. Experimentally, anomalous soft photon
production indeed accompanies QCD hadron production. The transverse momentum
distribution of the anomalous soft photons also suggests the occurrence of QED mesons
in these reactions [27,46]. However, the anomalous soft photons provide only indirect
evidence because their masses have not been directly measured, and their decay properties
not explicitly demonstrated. Possible direct evidence for the QED meson may come from
the ATOMKI and HUS observations of the hypothetical X17 particle [37,45] as well as the
DUBNA observations of anomalous structures at ~17 and ~38 MeV [72].

In ATOMKI and HUS experiments, proton beams at a laboratory energy of 0.5 to
4.0 MeV were used to fuse a proton with 3H, 7Li, and 'B target nuclei to form excited
states of *He, ®Be, and '2C, respectively [37-45,47]. The product nuclei are alpha-conjugate
nuclei, and the reactions take place at energies below or just above the Coulomb barrier.
The alpha-conjugate nuclei have been so chosen that the compound nuclei produced after
proton fusion are highly excited, whereas the compound nuclei ground states are closed-
shell nuclei of different shapes with extra stability. In particular, the *He ground state is a
spherical closed-shell nucleus. The Be ground state is a prolate closed-shell nucleus with
a longitudinal-to-transverse radius ratio of about 2:1. The 2C ground state is an oblate
closed-shell nucleus with a longitudinal-to-transverse radius ratio of about 1:2 [139]. There
is consequently a large single-particle energy gap between particle states above the closed
shell and the hole states at the top of the fermi surface below the closed shell. The captured
proton in the proton fusion reaction populates a proton single-particle state above the large
closed-shell energy gap, and the proton hole is located at the top of the Fermi surface
below the closed shell. The transition of the captured proton from the proton particle state
to reach the proton hole state below the closed-shell fermi surface will release the large
shell-gap energy that is of the order of about 17-20 MeV. Such a large shell-energy gap may
be sufficient to produce a neutral boson if there were to exist such a stable neutral boson
particle with the proper energy, quantum numbers, and other conditions appropriate for
its production. In the spatial configuration space, the captured proton in the valence orbit
is located an an extended distance from the alpha conjugate hole nuclear core to facilitate
the possible formation of a flux tube structure between the proton and the nuclear core to
favor the production of a g4 open string.

As an example of a possible QED meson production process in a low-energy p+>H
proton fusion reaction at ATOMKI and HUS, we show in Figure 1a the Feynman diagram
of the excited state of *He nucleus, which has been prepared by placing a proton in the
stretched-out p state interacting with the 3H core in Figure 1a [37-39]. The de-excitation of
the *He* excited state to the *He(gs) ground state can occur by the proton emitting a virtual
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gluon which fuses with the virtual gluon from the 3H core, leading to the production of a
qq pair as shown in Figure 1a. If the *He* —*He(gs) de-excitation energy exceeds the mass
of a confined QED meson 44, then a QED meson may be produced in conjunction with the
*He* —*He(gs) de-excitation as depicted in Figure 1a.

D C B’ A’ B h

= } "

(a) (b)
Figure 1. (a) g7(X) production by the fusion of two virtual gluons in the de-excitation of a highly
excited *He* (ABCD) —*He (ground state) (A’'B’CD) + g4(X) with the fusion of two virtual gluons
between B and A. (b) q4(X) production in hadron-hadron or a nucleus-nucleus collision by A + B —
A" +B + (q))" — A"+ B+ h; + 95(X).
i

In the high-energy nucleus—nucleus collision experiments at Dubna [102,103], proton
and light ion beams collide with light internal nuclear targets at the JINR Nuclotron at an
energy of a few GeV /nucleon, and many g4 pairs are produced as depicted schematically
in Figure 1b,

A+B— A"+ B +(gq)". (43)

The invariant masses of most of the produced g4 pairs will exceed the pion mass, and
they will materialize as QCD mesons, labeled as /; in Figure 1b. However, there may remain
a small fraction of the color-singlet [g4]' pairs with an invariant masses below .. The g4
pairs in this energy range below mass m allow the quark and the antiquark to interact
non-perturbatively in QED alone, with the QCD interaction as a spectator interaction, to
lead to possible QED meson eigenstates labeled schematically as q7(X) in Figure 1b.

In other circumstances in the deconfinement-to-confinement phase transition of the
quark—gluon plasma in high-energy heavy-ion collisions, a deconfined quarks and a de-
confined antiquark in close spatial proximity can coalesce to become a g4 pair with a pair
energy below the pion mass, and they can interact non-perturbatively in QED alone to lead
to a possible QED meson if there is QED-confined eigenstate in this energy range.

A QED meson may be detected by its decay products from which its invariant mass
can be measured, even though a QED meson in (1+1)D cannot decay, as the quark and
the antiquark execute yo-yo motion along the string. In the physical (3+1)D, the structure
of the flux tube and the transverse photons must be taken into account, in which case
the quark and the antiquark at different transverse coordinates in the flux tube traveling
from opposing longitudinal directions in a QED meson can make a turn to the transverse
direction, by which the quark and the antiquark can meet and annihilate, leading to the
emission of two real transverse photons y; 7, as depicted in the Feynman diagram Figure 2a.
A QED meson can decay into two virtual photons 73, each of which subsequently decays
into an e*e” pair as (eTe)(eTe”) shown in Figure 2b. The coupling of the transverse
photons to an electron pair leads further to the decay of the QED meson into an electron—
positron pair e*e” as shown in Figure 2¢c. The mass of a QED meson can be obtained by
measuring the invariant mass of its decay products.
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Figure 2. (a) A QED meson X can decay into two real photons X — 7 + 2. (b) It can decay
into two virtual photons, each of which subsequently decays into a (eTe™) pair, X — 7] + 75 —
(ete”) + (ete), and (c) it can decay into a single (eTe™ ) pair, X — v} + 75 — eTe™.

7. Experimental Evidence for the Possible Existence of the QED Mesons
7.1. The ATOMKI Observation of the X17 Particle by e*e™ Measurements

Since 2016, the ATOMKI Collaboration has been observing the occurrence of a neutral
boson, the hypothetical X17, with a mass of about 17 MeV, by studying the e*e™ spectrum in
the de-excitation of the excited alpha-conjugate nuclei *He*, 8Be*, 12C* at various energies
in low-energy proton fusion experiments [37,39,41,44]. A summary and update of the
ATOMKI results has been presented [43,44], and the confirmation of the ATOMKI data
for the p + ”Be reaction by Hanoi University of Science has been reported [45]. Many
distribution functions of the opening angle 6,+,- between e and e~ have been successfully
described as the production of the X17 particle with an invariant mass of about 17 MeV.
The signature for the X17 particle consists of a resonance structure in the invariant mass
of the emitted e e~ pair. Such a signature is a unique identification of a particle. Because
eTe” pairs are also produced in many other reaction processes, it is important to subtract
contributions from these known processes and from random and cosmic ray backgrounds.

For an optimal detection of the X17 signals, the ATOMKI Collaboration found it
necessary to focus on certain regions of the phases space with strong signals so as to enhance
the observation probability. For example, in the collision of p with >H at 0.9 MeV energy,
the ATOMKI Collaboration found that the correlation angle 8,+,- of 120° was optimal for a
large signal. At such an angle, the energy sum of the e™ and e, E,+,- (sum) = E,+ + E,-
showed a peak structure at around 20.6 MeV as shown in Figure 1 of [39]. Two spectra
were constructed for the energy sum E,+,- (sum), one at 6,+,-=120° and another at 60°,
where no X17 signal was expected. The energy sum spectrum in the lower panel of in
Figure 1 of ref. [39] was obtained by subtracting the latter from the former, after proper
normalization. In the signal region of 19.5 < E,+,- (sum) < 22.0 MeV and the background
in5 < E, - (sum) < 19 MeV, the invariant mass spectrum of the emitted e™ and e~
showed a resonance structure at ~ 17 MeV as shown in Figure 3.

Previous analysis on the minimum e e~ opening angle in X17 decay by Feng et al. [52]
supports the validity of the ATOMKI X17 emission model [37]. Similar analysis of the X17
emission to eTe~ was also carried out by Barducci and Toni [70]. We wish to test here
the extended ATOMKI X17 emission model [44], which proposes the emission of the X17
particle not only in the de-excitation of the produced compound nucleus to the ground
state but also to an excited state of the compound nucleus [37]. In the ATOMKI emission
model, the nature of the X17 and the coupling between the emitting excited alpha conjugate
nucleus and the emitted X17 particle are left unspecified. Among many possibilities, the X17
in the model could be the isoscalar QED meson, which has a predicted mass of ~17 MeV
and can decay into et and e~ [24,27].

In ATOMKI experiments involving the detection of et and ¢~, we envisage that the
reaction first goes through the fusion of the projectile nucleus A with the target nucleus B,
producing a compound nucleus C*, which can be either on a resonance or off a resonance
among the continuum states. The alpha-conjugate compound nuclei C* formed by a low-
energy proton fusion in the ATOMKI experiments are expected to be essentially simple
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shell model states. For example, the lowest *He* states would have a large component as a
proton in the p-shell orbiting a spherical H core, while the lowest-energy 8Be* and >C*
states would have large components of an excited “He* with one and two spectator alpha
clusters, respectively. However, more complicated states with other light projectile may
also be possible with other light projectiles and light targets at different energies.

100
90 _ 3H(p.e+e')4He

Counts

80 E- E, - 900 keV
70 [
60 F ‘ |
Wb T m,
ol S L

305_ |—i—-

20 _ . ‘ |_l_ —+

10 F

.

0: 1 1 1 1 1 1 1 1
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Invariant mass (T\‘le\-"s'cz)

Figure 3. The invariant mass distribution of the emitted ¢t and e~ in the de-excitation of the
compound nucleus 4He* state at 20.49 MeV in the 3H(p, ete” )4Hegs reaction at E;,ab = 0.9 MeV [38].
Red data points are the data in the signal region 19.5 < E,+,- (sum) < 22.0 MeV, and black points are
data in the background region 5 < E,+.- (sum) < 19.0 MeV. The solid (green) curve is the fit to the
invariant mass data points.

The dominant de-excitation of the excited compound nucleus C* to produce e and e~
is by way of the emission of a photon -y to de-excite radiatively to the compound nucleus
Cs state and the conversion of the photon to eTe™ by internal pair conversion. Here, the C;
state can be an excited state or the ground state Cgs of the compound nucleus C. If the final
state C¢ is an excited state, then there can also be an additional ¢ emission, for example,
with E(¢) = M(C¢) — M(Cgs). The emitted photon (or photons) can be the source of
eTe” pairs. By the internal pair conversion process, the emitted photon can be internally
converted into an e*e” pair,

internal conversion

A+B—C" = Ci+, followed by {7 — "% et +e and C; — Cgs +’7f}-

The internal pair conversion processes have characteristic e™ e~ angular correlations

that depend on the multi-polarity of the C 2, Cf transition. They are relatively smooth
distribution functions of the opening angle 6,+,- between e™ and e~ in the CM system,
with no abrupt rises and falls as a function of the opening angle.

In the presence of the internal pair conversion e*e™ background, the ATOMKI Col-
laboration searches for an unknown neutral boson X that may be emitted by C* in its
de-excitation to the lower C¢ final state or the Cgs ground state,

A+B—C"— C+X, followedby {X —e" +e” and C;f — Cgs + 7} (44)

The subsequent decay of the X particle into et and e~ will give the X emission signal
in the angular distribution of 6,+,- between e and ¢~ in ATOMKI-type experiments.

We begin first by studying the X particle decaying into et and e~ in the X rest frame.
We denote the four-momenta of e™ and e~ by (€,+, .+ ) and (€,-, §,- ), respectively. Because
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myx > me, we can neglect the mass of the electron and consider €,+ = €,- = "% ~ |fo+| =
|Po— | with P+ pointing in the (6, ¢) direction, and f,- = —p,+.

To obtain the opening angle 6,+,- in the compound nucleus C* rest frame, which is
also the same as the A+B reaction center-of-mass (CM) frame, we consider next the decay
of the compound nucleus C* to C¢ and X. By the decaying process, the X particle acquires
a kinetic energy K, and correspondingly, a three-velocity f, which we can take to lie along
the z-axis, with f = Bé..

To obtain the four-momenta of e and e~ in the CM frame, we boost the four-momenta
of et and e~ in the X rest frame by the three-velocity B of the X particle in the CM system.
The three-momenta p/. of the emitted e and e~ in the CM system are therefore

o = {Fee + Br(7B Fes e . s)

where v = 1/+/1 — B2. The squares of the energies and the momenta of e™ and e~ in the
CM frame are therefore

mx

2
(e;i)2z|ﬁ;i|2:(7) {1 + 2B cos By (£

¥y+1

Y

0+1 292 (+
Bcos + 1)+ By ( P

B cos 6 + 1)2}. (46)
where we have used 8 - f,+ = B|P,+ | cos 6. The scalar product of p,. and pl_ is

ﬁé+ ﬁé— = |ﬁé+| |ﬁé_|C059g+e—

= ("ZZX)z{E»Z +B’y(711ﬁcos(9 + 1)} : {E’Z + E’y(f,yl 1ﬁc059 + 1)} (47)

The above equations give the relation between the X particle velocity angle 6 and the
eTe” opening angle 6,+,- in the CM frame, from which the distribution of the opening
angle in 6,+,- in the CM frame can be obtained, when the distribution function of the X
particle velocity angle 6 is known.

We can consider the emission of the X particle from the compound nucleus C* to
be isotropic in the CM frame until experimental data provide us with information on
the degree of non-isotropy. Even if the X particle may be emitted in a non-zero angular
momentum / or when the compound system is captured in an angular momentum / state,
the weights of different [, components may remain equal if there is no preferred target
nucleus direction, resulting in an isotropic distribution in the CM system. The isotropic
emission corresponds to a distribution of the polar angle 0 in the CM frame as

dN dN 1

dQy  dcosbdp  4n’ (48)
from which the angular distribution of the opening angle 6,+,- can be obtained as
dN 1 dcos6
cos (49)

A, " 4rmdcosO,.,

where the right-hand side can be obtained by using Equations (45)-(47).

We can infer from Equations (46) and (47) that the maximum opening angle in the CM
frame between e* and e~ occurs when B is along the z-axis. For such a case, the opening
angle between e™ and e is

B+, (max) = 7. (50)
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Furthermore, from Equations (46) and (47), the minimum opening angle occurs at
6 = 7, which happens when f is perpendicular to f,+ with cosf = 0. The minimum
opening angle 8,+,- (min) in the CM frame is given by

1+ p2y2 = —1+26% and 6+, (min) = cos '[-1+2%], (51)

€0s[0,+,- (min)]| =
as was obtained earlier by Barducci and Toni in ref. [70].

The opening angle between ¢ and ¢~ in ATOMKI experiments has been measured
in the laboratory system. Since the ATOMKI experiments deal with proton reactions with
beam energies of only a few MeV, which are much smaller than the proton mass of about
1 GeV, the difference in the opening angles in the laboratory system and the CM system are
small. It suffices to compare the opening angle with experimental data measured in the
laboratory system with theoretical results calculated in the CM system, using Equation (48),
without incurring serious errors.

We study here the minimum opening angles 6,+,- (min) in terms of 8% and experimen-
tal kinematic attributes in different AB fusion collisions so that we can study the emission
of the X particle in the de-excitation process, not only to the ground state Cgs but also to an
excited state C; of the compound nucleus. The quantity ? in Equation (51) by

por- Bt/ B =

where K is the kinetic energy of X and its emission partner C¢ in the CM frame. The quantity
K is given explicitly by

K = Ey — [M(Cs) — M(Cgs)] — mx, (53)
AB lab

Ex = 55 ER" + Qg (54)

Qgs = M(A) + M(B) — M(Cygs), (55)

where E, is the excitation energy of the compound nucleus C* relative to its ground state
Cgs; M(Cs) and M(Cgs) are the masses of the nucleus C at the C; state and the ground state
Cgs, respectively; Qgs is the Q value of the AB fusion reaction relative to the ground state
Cygs of the fused compound nucleus C; and M(A) and M(B) are the masses of the projectile
and target nucleus A and B with atomic mass numbers A and B, respectively.

The quantity K is the sum of the kinetic energy of X and the kinetic energy of its
emission partner C; in the CM system,

_ imoza a2 Px|?
K =/|px|* +m% mX+2M(Cf)' (56)

As M(Cs) > my and |px|?/2mx > |Px|*>/2M(cy), the quantity K is essentially the
kinetic energy of X in the CM system.
We specialize to ATOMKI experiments, where we have

Qgs(p + 3H — 3Hegs)
Qgs(p + 7L1 — 8Begs)
Qgs(p +!"B— lngs)

M(p) + M(PH) — M(*Hegs) = 19.815MeV,  (57)
M(p) + M("Li) — M(®Begs) = 17.255 MeV, (58)
M(p) + M("'B) — M(*2Cq) = 15957 MeV.  (59)

The X particle can be presumed to be the hypothetical X17 particle or the isoscalar
QED meson. While the internal pair conversion contributions to the 6,+,- distribution are
smooth functions of 6,+,-, the decay of X17 into e*e™ gives a relatively sharp delimiter to
allow a reasonable extraction of the experimental 6,+,- (min) data. From the ATOMKI data
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in [37,39,41,44], we extract the minimum opening angle 6,+,- (min) for different combina-
tions of collision targets, energies, and de-excitation possibilities as listed in Table 2.

Table 2. Experimental 6,+,- (min) data for different collision targets, energies, and final state pos-
sibilities extracted from the ATOMKI data in [37,39,41,44]. Here, Ey is the excitation energy of the
compound nucleus C* relative to the compound nucleus ground state Cgs, after proton fusion in the
p+ A — C* reaction. The quantity K is the X17 kinetic energy in the center-of-mass system. We use
here myx = 16.70 MeV [39] in the evaluation of K.

Reaction E}j‘b Compound Ex K 0,- .+ (min)
(MeV) Nucleus (MeV) (MeV) (Degree)
0.510 [39] 4He* 20.20 3.50 £ 0.5 100 £ 5
p+°H 0.610 [39] 4He* 20.27 357+ 0.5 90+5
0.900 [39] 4He* 20.49 3.79 £ 0.5 9% +5
p+7Li  1.10[37,39] 8Be* 18.22 1.52 +0.5 130 +5
8Be* -8B X17
77 B8R e* —°Be(gs) +
p+7Li 4.0 [44] Be 20.76 106205 110+ 5
8B * 8 +
- - e>8Be(2;)(3.03 MeV) + X17
p+7Li 4.0 [44] Be 20.76 L3405 136 + 6
1.50 [41] 2cx 17.33 0.63+0.5 145+ 3
g 1.70 [41] 12¢x 17.52 0.82+0.5 144 + 3
P 1.88 [41] 12cx 17.68 0.98 £0.5 138 + 3
2.10 [41] 12¢x 17.88 1.18 £ 0.5 134 +3

In the extraction of 6,+,_(min) from the experimental ATOMKI data, although there
may be some ambiguities and uncertainties, we choose the 6,+,- (min) value to be the
midpoint between a sudden jump in the angular distribution of 6,+,- at the onset of
the anomaly. The uncertainty of the value of the kinetic energy K of the X particle in
Table 2 comes from the uncertainty of the X17 mass, which is of the order 0.5 MeV, and
the uncertainty in the 6,+,- (min) is taken to be the grid size of the measurement. All final
nucleus states Cy in Table 2 are implicitly ground states, except when specified explicitly
as for the case of p+’Li at Ei,ab =4 MeV. The experimental attributes of projectile nucleus,
target nucleus, proton collision energies, and final compound nucleus states C¢ furnish
sufficient information to allow the determination of the important physical quantity K,
the X17 kinetic energy in the CM frame. To compare the theoretical predictions of the
X17 emission model with experimental data, we plot in Figure 3 the minimum opening
angle 6,+ .- (min) as a function of K. The theoretical predictions from Equations (51)—(55)
are given as the solid curve. One observes that there is a reasonable agreement between
the theoretical curve and the data in Figure 4, indicating the validity of the X17 emission
model as was first suggested by the ATOMKI Collaboration [37]. The theoretical curve is
insensitive to the change of the X17 mass, and the agreement persists when the X17 mass
changes from 16.2 MeV to 17.2 MeV as shown in Figure 4.

The minimum opening angle can be used to delimit the region of the e*e~phase
space relevant for the production of the X17. In the evaluation of the invariant mass of
the eTe™ pair, the 6,+,- (min) delimiter can be used to exclude contributions of eTe™ yields
with opening angles much less than 6,+,- (min), which can help eliminate part of the e*e™
background. It indicates that the X17 kinetic energy variable K in the CM frame is the most
important kinematical variable in setting the limit of the opening angle. The correlation of
the experimental 6,+,- (min) with other reaction attributes will provide useful information
on the associated likelihood of X17 production. For example, one may ask how 6,+,- (min)
correlates with K, when K is allowed to vary between resonances. Is the resonance with
particular quantum numbers essential for the presence or absence of 0,+,-(min)?
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Figure 4. Comparison of the ATOMKI experimental data [37,39,41,44] with the ATOMKI X17 emission
model predictions of the minimum opening angle 6,+,- (min) between e* and e~ as a function of the
X17 kinetic energy K in the CM frame, for different collision energies, targets, and final states. The
X17 emission model envisages the fusion of the incident proton p with the target nucleus A, forming
a compound nucleus C*, which subsequently de-excites to the final state C; with the simultaneous
emission of the X17 particle. The subsequent decay of the X17 particle into et and e~ then gives the
angle 0,+,- between et and e™. The solid curve is the theoretical prediction of 8,+,- (min) as a function
of the X17 kinetic energy K, and the ATOMKI data points are from [37,39,41,44] as summarized
in Table 2.

ATOMKI reported the observation of the emission of the X17 particle in the de-
excitation of the compound nucleus Be* to the excited state of 8Be(3.03 MeV) [44]. We show
here that the minimum opening angle 6,+,- (min) follows the same systematics as other
reactions with the X17 emission. The ATOMKI X17 emission model is therefore shown to
be valid also for the de-excitation of the compound nucleus C* to an excited state C¢ of the
compound nucleus. Such a case occurs at a higher collision energy (plpab = 4 MeV), leading
to the population of a higher compound nucleus state. Such a method of X17 production
from a higher excited state C* to a lower excited state C of the compound nucleus opens
the door for X17 production at higher fusion collision energies and in fusion reactions
using different (projectile A)-(target B) combinations. Furthermore, there is a relatively
large X17 yield in the backward angle region near 6,+,- =7, where there may be a relatively
low competing eTe™ background. It may provide a way to study the properties of the
produced parent X17 particle. It opens up a valuable avenue for future investigation of the
X17 particle.

The magnitudes of K in Table 2 provide useful information on the angular momentum
carried by the X17 particle when it is emitted simultaneously with its emission partner C;
by the compound nucleus C* in the CM frame. The quantity K in Table 2 covers a range of
only a few MeV. The small magnitude of K suggests that if X is a point particle, then in the
emission of X by the compound nucleus C*, the emission will occur dominantly with X in
the S-wave in the CM frame. The emission of X17 carrying / = 1 will need to overcome a
centrifugal barrier of order E; ~ h?I(I +1)/2uR? where y = mxmc: / (mx + me+) ~ nx.
The barrier E; is ~23 MeV even for R ~ 10 fm, much greater than the K values in Table 2.
On the other hand, if the X particle is a spatially extended object or a wave phenomenon,
then the angular momentum may be carried at larger separations outside the nucleus. The
spatial nature of the X particle and the angular momentum distribution of the X particle
at the moment of emission will need to be investigated. Models of the X emission with
non-zero [ values will need to be consistent with the small value of the kinetic energy K.
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7.2. The Dubna Observation of the X17 and the E38 Particle by Diphoton Measurements

Abraamyan and collaborators at Dubna have been investigating the two-photon decay
of particles to study the resonance structure of the lightest hadrons near their thresholds,
using d and p beams of a few GeV with fixed internal C and Cu targets at the JINR
Nuclotron [72,97,102,103]. Their PHONTON2 detector consists of two arms placed at
26 and 28 degrees from the beam direction, with each arm equipped with 32 lead-glass
photon detectors. The photon detectors measure the energies and the emission angles of the
photons, from which the invariant masses of the photon pairs can be measured. By selecting
photon pairs from the same arm with small opening angles, it is possible to study neutral
bosons with small invariant masses, such as those below the pion mass gap m,. They
reported earlier the observation of a resonance structure at a mass of ~38 MeV [102,103].
In a recent analysis in the diphoton spectrum extended down to the lower invariant mass
region, the Dubna Collaboration reported the observation of resonance-like structures both
at ~17 and ~ 38 MeV in the same experimental setup, in support of the earlier ATOMKI
observation of the hypothetical X17 particle and the earlier Dubna observation of the
hypothetical E38 particle [72]. The resonance structure of the diphoton signal of the X17
particle appears to be quite strong and prominent as shown in Figure 5.
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Figure 5. The diphoton invariant mass spectra from light ion collisions with C and Cu targets at a
few GeV per nucleon at the JINR Nuclotron, Dubna [72]. The solid curve in the upper panel shows
the invariant mass distribution obtained by combining two photons from the same event, and green
shaded region the invariant mass distribution by combining two photons from mixed events. The
signal of correlated photons subtracting the mixed event background gives the signal represented by
the blue region in the lower panel, where the resonance-like structures at ~17 and ~38 MeV show up.

The observation of X17 and E38 at Dubna completes an important piece of the anoma-
lous particle puzzle, as the isoscalar X17 and the isovector E38 come in a pair, and they are
orthogonal linear combinations of the |uil) and |dd) components. The agreement of their
masses with those predicted by the phenomenological open-string model of QED-confined
g9 model [24,27] lends support to the description that a quark and an antiquark can be
confined and bound as stable QED-confined mesons interacting in the Abelian U(1) QED
interaction. This is a rather unusual and unfamiliar concept. The confirmation of these
anomalous particle observations will be therefore of great interest.

The Dubna observation of the diphoton invariant mass at ~17 MeV supports the
ATOMKI experimental finding of the hypothetical X17 particle using the eTe™ decay. It sug-
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gests further that such a diphoton decay should also occur for the X17 particle produced in
ATOMKI-type experiments. In the ATOMKI-Krakow—Munich Collaboration experiments,
Nagy et al. search for the diphoton decays of the X17 particle. In the 3H(p, e~ )*He,s
experiment using the 2 MV tandem Accelerator of MTA, a proton beam at 1 MeV collides
onto a >H target, and the gamma rays are detected in coincidence with 14 LaBr scintillates.
The spectrum of the diphoton energy sums, AN /dE,, from the 3H(p, 7y)*Heys reaction,
is shown in Figure 6a. In another experiment with the 3He(n, ')/’y)‘LHegS reaction using the
cold neutron beam line of the high-flux reactor at Research Neutron Source of the Technical
University of Munich, the Q value of the reaction is 20.6 MeV, so the resonance absorption
populates the Ex = 20.21 MeV state as well as the E, = 21.01 MeV *He* state using a °H
gas target. The photons are detected in coincidence by an array of 12 scintillators. The
spectrum of the diphoton energy sum, dN/dE,, from the 3He(n, 7*)/)4Hegs reaction is
shown in Figure 6b. As stated in [47] for these measurements, “a peak clearly shows up at
20.6 MeV” in the 3H(p, 77)4He reaction in Figure 6a, but the statistics is, however, poorer.
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Figure 6. (a) The spectrum of the diphoton energy sum, dN/dE,,, in the *H(p, 77)4Hegs reaction
with a proton beam energy at 1 MeV [47], (b) the spectrum of the diphoton energy sum, dN/dE.,
in the 3He(n, 77)4Hegs reactions using a cold neutron beam line [47], and (c) the spectrum of the
dilepton energy sum, dN /dE,+,-, in the 3H(p,ete™ )4Heg5 reaction with a proton beam energy at
0.9 MeV, where the decay of X17 to e* and ¢~ has been observed [39].

It is interesting to compare the spectrum of the diphoton energy sum, dN/dE.,,, with
the spectrum of the dilepton energy sum, dN/dE,+,-, in Figure 6. The e™ and e~ particles
from the X7 decay have highly relativistic energies, and thus the e*e™ emission from the
X17 dilepton decay follows similar kinematics as the 7y emission from the X17 diphoton
decay, and vice versa. If X17 decays into ete™ and also into 77y, then dN/dE,+,- and
dN/dE, should be very similar for reactions with similar experimental conditions. In
Figure 6¢, we show dN/dE,+, in the 3H( p,e*e’)‘lHegS reaction with a proton beam of
similar energy at 0.9 MeV, where the decay of X17 to e™ and ¢~ has been observed. The
AN /dE,+,- spectrum in Figure 6¢ exhibits a peak at E +,- ~20.6 MeV, for which the most
likely opening angle 6,+,- is 120° [39] and corresponds to an invariant mass #1,+,- of the
eTe” pair to be

E,+ +E.-

(meJre* )2 = 2E+E,- (1 — COos 66*6*) ~ 2( )

2

> (1 —cos120°) = (17.8 MeV)?, (60)
pointing to the observation of the X17 particle at about 17.8 MeV. The coincidence of the
peak position of the spectra for the dilepton energy sum dN /dE,+,- in Figure 6c with the
peak positions of the spectra for the diphoton energy sum dN/dE.,, in Figure 6a,b indicates
the likely occurrence of X17 diphoton decay in ATOMKI-type experiments, consistent
with the X17 diphoton decay observed by the Dubna Collaboration. The statistics of the
peaks in the diphoton energy sum spectra in Figure 6a,b in [47] is, however, poor, and it is
important to confirm these diphoton measurements with better statistics to demonstrate
the occurrence of X17 diphoton decay in ATOMKI-type experiments.
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It is worth noting that the mathematical formulation in the X17 emission model to
calculate the opening angle between e and e~ is the same as the formulation to calculate
the opening angle between the two photons in the diphoton decay of X17. Consequently,
the distribution of the opening angle between the two photons for the X17 diphoton decay
would have the same shape as the distribution of the opening angles between e™ and e~
in the X17 dilepton decay. The dependence of the minimum opening angle between the
two photons in the CM system on the X17 kinetic energy K should likewise be the same
as that between e™ and e~. The extensive set of ATOMKI data on X17 dilepton decay into
e and e~ in various reactions may be a useful resource in predicting the behavior for the
X17 diphoton decay, which may assist in the design of diphoton measurements in proton
fusion experiments.

Possible direct X17 and E38 diphoton decay signals may come from the resonance
structure of the diphoton invariant mass at around 15 MeV and 38 MeV in the pp —
pprtT 7t (y7y) reaction at pip (p)=190 GeV /c [140-144] and the T~ p — 7T psiow T 7T (77)
reaction at pjp (71 ) = 190 GeV /¢, obtained by the COMPASS Collaboration as pointed
out by [98-101]. A possible direct signal may also be the prominent resonance structure at
38 MeV in the diphoton invariant mass spectrum in PbPb collisions at /5 = 2.76 TeV
(Figure 5.6 in ref. [145]) obtained by the CMS Collaboration [146].

8. Implications of Quark Confinement in the QED Interaction
8.1. Confinement May Be an Intrinsic Property of Quarks

The observations of the anomalous soft photons, the X17 particle, and the E38 particle
provide promising evidence for the possible existence of the QED mesons, which are
hypothetical g7 states confined and bound non-perturbatively by the QED interaction.
Their masses at ~17 and ~38 MeV are close to the theoretically predicted masses of
isoscalar and isovector QED mesons. The occurrence of the isoscalar and isovector doublet
reflects properly the two-flavor nature of the light quarks. Their decays into 7y and ete™
indicate their composite nature and their connection to the QED interaction. Their modes
of production by low-energy proton fusion and by high-energy nuclear collisions can also
be understood in terms of the production of quark—antiquark pairs by soft gluon fusion or
the (q4) production by string fragmentation in high-energy hadron-hadron collisions [27].

While the confirmation of the observations is pending, it is of interest to examine the
implication of the existence of the QED mesons if these observations are indeed confirmed
under further scrutiny. It will indicate that the attribute of quark confinement may not be
the sole property of the QCD interaction alone and that quarks may also be confined in
the QED interaction as QED mesons in the mass region of many tens of MeV. It is possible
that the confinement attribute may be an intrinsic property of quarks. Such a possibility is
consistent with the observational absence of free quarks or fractional charges. It indicates
further that in the multitudes of non-perturbative interactions between a quark and an
antiquark, there may be an underlying quark confinement principle which holds that
in the dynamics of quarks in different interactions, each interaction always leads to the
confinement of quarks. A quark and its antiquark may be confined and bound as a neutral
boson in the weak interaction and the gravitational interaction with the exchange of a Z°
boson or a graviton.

The possibility of quarks being confined in the QED interaction also implies that the
QED interaction between a quark and an antiquark may differ from the QED interaction
between an electron and a positron. It will be of great interest to inquire what other
additional different properties there can be between quarks and electrons and why they
are different. For example, the integer electric charge of electrons and fractional electric
charges of quarks remain an unresolved problem. There is the question of whether the
QED interaction between an electron and a positron may belong to the non-compact non-
confining QED theory while the QED interaction between a quark and an antiquark belong
to the confining compact QED theory. The possibilities of the compact and non-compact
QED bring with them the question whether the QED interaction is unique or is endowed
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with a multitude of experimentally testable particle-dependent possibilities with different
properties. A related question is whether the QED interaction between quarks in a nucleon
may also contain the linear QED confinement component that depends on the magnitudes
and signs of the electric charges in addition to the standard Coulomb component.

8.2. QED Meson Assembly and Dark Matter

Astrophysical objects consisting of a large assembly of isoscalar I(J™) = 0(0~) QED
mesons such as the X17 particle with a mass mx = 17 MeV will be electron—positron emitters,
gamma ray emitters, or dark black holes with no emission. The mode of emission, the
emission energies, and the lifetimes depend on the gravitational energy of the assembly.
Such assemblies of QED mesons present themselves as good candidates of e™e™ emit-
ters, gamma-ray emitters, or the primordial dark matter. We can make estimates on the
constraints on masses and radii of such assemblies where they may be found.

If we consider an assembly of A number of mx QED mesons of mass M4 = M and
we place a test QED mx meson at the surface of the assembly at radius R, the mass M 41
of the combined system is

GMAmX

MA+1 = Mpy +mx — RZ '

(61)
where G is the gravitational constant. The Q value for the test QED meson at the surface of
the (A+1) assembly to decay into an electron—positron pair is

GMAW[X

Q(A+1)—A+ete ) =mxc®— =

—2mec?. (62)

The Q value for the test QED meson to decay into two photons is

GMAWIX

QUA+1) = A+2y) = mxc* — =

(63)

Thus, the QED meson assembly of mass M and radius R will be an eTe™ and vy emitter if

M 2 21,

R<G(1_mx)' (64)
The QED meson assembly will emit only gamma rays but no ee™ pairs if

M 2 2m,

— > =(1- .

> 51 o) (65)

The QED meson assembly will not emit e*e™ pairs nor gamma rays, and is a dark

assembly of matter if

M _

el (66)
which is essentially the condition for a QED meson black hole.

As the evolution of the earlier Universe is likely to have passed through the phase of
the quark-gluon plasma and quarks are essential constituents of the quark—gluon plasma,
low-lying confined quark-antiquark states such as the isoscalar QED meson may play
important roles in the states of matter after the phase transition from the quark—gluon
deconfined phase to the confined matter phase. Astrophysical objects consisting of a large
assembly of QED meson g7 states may therefore be of interest. It offers a pathway for
electron—positron emitter, gamma emitter, and black hole formation through the quark-
gluon plasma deconfinement phase that is different from the evolutionary path of black
hole formation by way of the baryonic stellar evolution.
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8.3. New Family of QED-Confined Particles and Dark QED Neutron

The QED mesons are composite objects with a complex structure. They possess
additional degrees of freedom of spin—spin, spin—orbit, collective vibrational and rotational
motion, flavor admixture, and molecular excited QED mesons states. For example, we can
get some idea of the vibrational states from the spectrum of a stretched string as shown in
Figure 7 of [28]. The possibility of adding quarks with different flavors, angular momentum,
and spin quantum numbers will add other dimensions to the number of species of the
QED-confined g4 composite particles.

The success of the open-string description of the QCD and QED mesons leads to
the search for other neutral quark systems stabilized by the QED interaction between the
constituents in the color-singlet subgroup, with the color-octet QCD gauge interaction as a
spectator field. Of particular interest is the QED neutron with the d, u, and d quarks [28,29].
They form a color product group of 3 ® 3 ® 3=1@ 8 ® 8 @ 10, which contains a color-singlet
subgroup 1, where the color-singlet currents and the color-singlet QED gauge fields reside.
In the color-singlet d-u-d system with three quarks of different colors, the attractive QED
interaction between the 1 quark and the two d quarks overwhelms the repulsion between
the two d quarks to stabilize the QED neutron at an estimated mass of 44.5 MeV [28]. The
analogous QED proton has been found to be theoretically unstable because of the stronger
repulsion between the two u quarks, and it does not provide a bound state nor a continuum
state for the QED neutron to decay onto by way of the weak interaction. Hence, the QED
neutron may be stable against the weak interaction. It may have a very long lifetime and
may be a good candidate for the dark matter. Because QED mesons and QED neutrons may
arise from the coalescence of deconfined quarks during the deconfinement-to-confinement
phrase transition in different environments, such as in high-energy heavy-ion collisions,
neutron star mergers [147-149], and neutron star cores [150], the search for the QED bound
states in various environments will be of great interest.

8.4. Beyond the Confining Interaction of a Quark and an Antiquark in (3+1)D

A quark and an antiquark reside predominately in (1+1)D, in which the interaction
between a quark and an antiquark is the linear confining interaction for both QED and
quasi-Abelian QCD as discussed in Sections 3 and 4. In the physical (3+1)D space-time,
such a linear interaction is only the dominant part of the full interaction between the quark
and the antiquark. There will be additional residual interactions arising from the presence
of the transverse degrees of freedom. There are also contributions from the spin—spin,
spin—orbit, tensor, and other higher-order terms of the Breit interaction [128-130,137].

For a confining string with a string tension o, Liischer, [151,152] considered the fluc-
tuations in the transverse direction of the flux tube as a massless bosonic field theory in
two dimensions with a classical action, for which the action can be integrated out to lead
to a potential between a static quark at r; and an antiquark at rj in the large string length

limit as
o 1
+O<), 67
PR RN €7

where a depends on the coupling constant, and c is a constant. These are therefore long-
range residual interactions in both the confined QCD and QED mesons. They represent
corrections that arise from expanding the potential between a quark and an antiquark in
powers of their separation |r; — rp|. A powerful tool to study the non-perturbative behavior
of the interquark potential is the “Effective String Theory”, in which the confining tube
contains the quark and the antiquark at the two ends [116-118,151-156]. The Nambu-—
Goto action can be integrated exactly in all geometries that are relevant for lattice gauge
theories: the rectangle (Wilson loop) in ref. [157], the cylinder (Polyakov loop correlators)
in refs. [158,159], and the torus (dual interfaces) in ref. [160].

For quarks with color charge numbers QlQCD and QgCD interacting in the QCD in-
teraction, we can match the above Equation (67) with the Cornell potential [161] and the

V(riry) = ofry — x| +c—
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phenomenological quark-antiquark potentials in refs. [27,128-130,137]. Upon neglecting
the spin—spin, spin—orbit, other higher-order terms, and an unimportant potential constant,
we have the linear-plus-color-Coulomb interaction of QCD

VQCD(rlrz) _ QlQCDQSCD {UQCDrl _ rz\ _ |rasr|] (68)
1— 12

The quark and the antiquark also interact in the QED interaction. We can generalize
the above to include both QCD (A = 1) and QED (A = 0) interactions to give

1

N M Ao A o |, )0 QED
V(riry) —Z( 1)+Q1Q2[0' 1 — 12 |r1r2|]t' A—{l ocD’ (69)

where t° is the generator of the U(1) gauge subgroup as defined in Equation (10), and t! is a
fixed generator of the SU(3) subgroup in the eight-dimensional color-octet generator space
in the quasi-Abelian approximation of the non-Abelian QCD as discussed in Section 3. The
generators {0 and ! satisfy 2tr(t' V') = M

The above equation is for a single flavor. In the case with many flavors and flavor
mixing, their effects can be taken into account by replacing Q7 by the effective charge Q;}eff
of Equation (32). It can be further generalized to the case when the quark constituent and
the antiquark constituent possess different flavors. For a composite g1, particle with many
flavors and flavor mixing, the above interaction between the quark g, and the antiquark
g» becomes

1

bt
V(rirp) Z AHQ oMy — 1| — ﬁ th, (70)

When there is no flavor mixing as in the case of the charm and the beauty quarks,

the effective charge are just those of the standard quark model, with Q?uc c]lD o5t b}=1 and
QED _ QED W N
Q{M,C,t}_2/3/ Q{dsb}_ 1/3, and Qq-_—Qq

9. Conclusions and Discussion

It has been observed that anomalous soft photons with transverse momenta of many
tens of MeV/c are proportionally produced when hadrons are produced, and are not
produced when hadrons are not produced, indicating that the production of hadrons
is always accompanied by the production of neutral boson particles with masses in the
region of many tens of MeV. Independently, in the search of axions with a mass of many
tens of MeV, an anomaly pointing to the production of a hypothetical X17 neutral boson
particle with a mass of about 17 MeV has been observed in the decay of “He, ®Be, and
12C excited states at ATOMKI and also at the Hanoi University of Science. There have
been also reported observations of the hypothetical X17 and the hypothetical E38 particle
at Dubna and at ~17 and ~38 MeV. The occurrence of these anomalies has led to the
question of whether quarks may be confined when they interact non-perturbatively in the
QED interaction.

A related question is whether there are experimental circumstances in which a quark
and an antiquark may be produced and may interact non-perturbatively in QED interaction
alone, with the QCD interaction as an unexcited background interaction. We find that in
hadron-hadron, AA, e*e™, and e~ A collisions, there can be situations in which a quark
and an antiquark may be produced with a center-of-mass energy below the pion mass
gap m for collective QCD excitation, and the quark and its antiquark can interact non-
perturbatively in the QED interaction alone, lest their non-perturbative interaction in the
QCD interaction endow the pair with a mass greater than or equal to the pion mass. It is
therefore worth studying the question of quark confinement in the QED interaction.
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On the theoretical side, it is well known that according to the Schwinger confinement
mechanism, massless fermions interacting in the Abelian QED gauge interactions in (1+1)D
are confined for all strengths of the gauge interaction, as in an open string, leading to
a confined and bound neutral boson with a mass proportional to the magnitude of the
coupling constant.

We ask next whether we can apply the Schwinger confinement mechanism to light
quarks. Light quarks have masses of only a few MeV, and they can be approximated as
massless. A quark and an antiquark cannot be isolated, so they reside predominantly
in (1+1)D. They can be produced and interact in the QED interaction alone as we dis-
cussed above. The conditions under which the Schwinger confinement mechanism can be
applied are met when a light quark and a light antiquark are produced and interact non-
perturbatively with the QED interaction alone. We can apply the Schwinger mechanism
to quarks to infer that a light quark and its antiquark are confined in the QED interaction
in (1+1)D.

On questions of quark confinement and QCD bound states, the non-Abelian QCD
interaction can also be approximated as a quasi-Abelian interaction. As a consequence, the
Schwinger confinement mechanism can be applied to quarks interacting in both the QED
interaction and the QCD interaction, leading to confined QED and QCD open-string states
in (1+1)D, with the composite boson masses depending on the magnitudes of the QCD and
QED coupling constants. Such a viewpoint is consistent with the QCD string description of
hadrons in the Nambu [116] and Goto [116] string model, the string fragmentation models
of particle production of Bjorken, Casher, Kogut, and Susskind [114], the classical yo-yo
string model [124], the Lund model [125], the Abelian projection model [162,163], and the
Abelian dominance model [164-166].

In a phenomenological analysis, we inquire whether the phenomenological open-
string model of QCD and QED mesons in (1+1)D can be the idealization of a flux tube
showing up as a bound and confined physical meson in (3+1)D. In such a phenomenological
open-string model, we need an important relationship to ensure that the boson mass
calculated in the lower (1+1)D can properly represent the mass of a physical boson in
(3+1)D. The open string in (1+1)D can describe a physical meson in (3+1)D if the structure
of the flux tube is properly taken into account. This can be achieved by relating the
coupling constant in (1+1)D with the coupling constant in (3+1)D and the flux tube radius
R [24,29,126]. Using such a relationship, we find that that 7,7, and 5’ can be adequately
described as open-string g5 QCD mesons. By extrapolating into the g§ QED sector in
which a quark and an antiquark interact with the QED interaction, we find an open-string
isoscalar I(J")=0(0") QED meson state at 17.9 MeV and an isovector (I(J™)=1(0"), I3 = 0)
QED meson state at 36.4 MeV. The predicted masses of the isoscalar and isovector QED
mesons in the open-string model of the QCD and QED mesons are close to the masses of
the reported X17 and E38 particles observed recently, making them good candidates for
these particles. Further experimental confirmation of the X17 and the E38 particles will
shed light on the question of quark confinement for quarks interacting in the Abelian U(1)
QED interaction and will have important implications on the basic properties of quarks
and their interactions.
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