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COLOR-SINGLET AND COLOR-OCTET
q§ QUARK MATTERS !?

Quarks and antiquarks carry color and electric charges and belong to the color-triplet 3 group
and the color-antitriplet 3 group respectively. The product groups of 3 and 3 consist of the
color-singlet 1 and the color-octet 8 subgroups. Therefore, quarks and antiquarks combine to
form color-singlet [qq)" quark matter and color-octet [qq)® quark matter. The color-octet quark
matter corresponds to the conventional understanding of q@ quark matter whereas the color-
singlet quark matter remains largely unexplored and is proposed here for investigation. The
color-singlet quark matter with two flavors can be separated into charged and neutral color-
singlet quark matters. In the neutral color-singlet quark matter, the quark and the antiquark
interacting only via the QED interaction may form stable and confined colorless QED mesons
non-perturbatively at about 17 MeV and 38 MeV (PRC81,064903(2010) and JHEP(2020(8),
165)). It is proposed that the possible existence of such QED mesons may be a signature of the
neutral color-singlet quark matter at T' = 0. The observations of the anomalous soft photons at
CERN, and the anomalous bosons with masses of about 17 at ATOMKI, DUBNA, and HUS,
and about 88 MeV at DUBNA, provide promising experimental indications for the existence

of such QED mesons, pending further confirmations.
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1. Introduction

It is fitting that we dedicate the Proceedings of this
conference to the memory of Prof. Vészl6 Jenkovszky,
not only because he was one of the founders of this
series of conferences, but also because of his many im-
portant contributions to high energy physics and his
promotion of friendship among physicists of all na-
tions. He firmly believed that contacts and collabora-
tions among physicists of different nations would lead
to better understanding among peoples of all coun-
tries, and would promote the development of peace
as well as science and technology. He will be well re-
membered by all those who knew him.

In the current state of knowledge, the material and
the interaction in the conventional “quark matter” are
generally considered to consist of quarks interacting
predominantly via the non-Abelian SU(3) QCD in-
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teraction, with the Abelian U(1) QED interaction as
a small perturbation. As a function of temperature
T, the manifestation of the quark matter in different
phases has been well studied [1-3]. The extension of
the study of quark matter to other unexplored color
degrees of freedom in conjunction with the nonper-
turbative inclusion of the U(1) QED interaction will
bring us to previously uncharted frontiers.

Quarks and antiquarks carry color and electric
charges and belong to the color-triplet 3 group and
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the color-antitriplet 3 group respectively. From the
group theoretical considerations, we have 3 ® 3 =
=1 & 8. That is, the direct product of the 3 group
and the 3 group consists of the color-singlet subgroup
1 and the color-octet subgroup 8. Therefore, quarks
and antiquarks combine to form the color-singlet [¢q]*
quark matter and the color-octet [¢g]® quark matter,
where the superscripts denote color-multiplet indeces.

By the principle of the colorless nature of observ-
able entities, observable ¢¢ quark matter complexes
must be colorless color-singlet entities. Consequently,
to form color-singlet states of these complexes in
their lowest-energy regions at T' = 0, the color-octet
quark matter must first interact via the color-octet
SU(3) QCD interaction non-perturbatively to form
QCD-confined colorless [[qq]®¢g®]' complexes. Addi-
tional QED interaction in the complexes can then be
included either perturbatively or nonperturbatively,
and such an additive inclusion does not change the
colorless nature nor the confinement property of these
colorless complexes. We therefore recognize the ¢g
color-octet quark matter as corresponding to the gg
quark matter conventionally envisaged in the current
state of knowledge.

On the other hand, the color-singlet quark mat-
ter remains unexplored. We wish to study theoreti-
cally colorless physical complexes composed of such
interacting quark matter at T = 0 as the doorway
states for future exploration of the different phases of
the neutral color-singlet quark matter at higher tem-
peratures. To form color-singlet complexes of such
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quark matter in the lowest-energy region at T = 0,
the color-singlet quark matter must interact exclu-
sively via the color-singlet U(1) QED interaction. In-
clusion of the QCD interaction in the color-singlet
quark matter would change the colorless nature of
these color-singlet complexes, or place them to much
higher-energy excited states such as the [[qq]'[gg]']
states and the glueball states. The color-singlet quark
matter interacting only via the Abelian U(1) QED
interaction brings us to a new sector of the gg quark
matter in uncharted territories.

We focus our attention mainly on ¢¢ quark matter
with two light flavors. We assume isospin symmetry
so that I and I, are good quantum numbers. In this
sector, the color-singlet ¢g quark matter can be sep-
arated into charged color-singlet quark matter with
I =1 and I, = +1 and neutral color-singlet quark
matter with I, = 0 and I = 0, 1 as depicted in
Fig. 1. We shall also examine the gqq quark matter,
including baryons and the QED neutron in Section 5.

Charged color-singlet quark matter with 7 = 1 and
I, = 41 involves |ud) and |du) states with the quark
and the antiquark possessing electric charges of the
same sign. It does not possess stable ¢g bound states
in the U(1) QED interaction because of the repul-
sion between the quark and the antiquark with elec-
tric charges of the same sign. Furthermore, as isolated
quarks do not exist, the charged color-singlet quark
matter does not possess QED continuum unbound ¢g
states. Consequently, below the pion mass threshold,
charged color-singlet quark matter does not leave re-
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markable signatures of its existence at 17" = 0. Above
the pion mass threshold, the strongly attractive QCD
interaction in the quark matter dominates the con-
finement dynamics leading to charged QCD meson
states in which the weaker repulsive QED interaction
provides only a perturbative correction to the QCD
meson energy levels.

On the other hand, neutral color-singlet quark mat-
ter with I, = 0, I = 0, 1 involves a linear combination
of |uwi) and |dd) states with the quark and the an-
tiquark possessing electric charges of opposite signs
and may form stable and confined states at T = 0
because of the attractive QED interaction between
the quark and the antiquark and the Schwinger con-
finement mechanism. The QED-confined ¢ compos-
ite particles in neutral color-singlet quark matter at
T = 0 can be called the QED mesons, in analogy
with the QCD mesons arising from the attractive
color-octet SU(3) interaction between a quark and
an antiquark in QCD at T = 0. If QED mesons ex-
ist at T = 0, then, by further analogy with QCD,
there will likely be a critical temperature T,.(QED)
below which an assembly of neutral color-singlet ¢q
quark matter would exist as a QED meson gas. Above
T.(QED), the color-singlet quark matter would likely
consist of deconfined quarks, antiquarks, and photons
in a quark photon plasma. At a higher temperature,
when the photons split into electron-positron pairs,
the neutral color-singlet quark matter may exist as
a quark electron photon plasma. The classification of
quark matter in color space, temperature 7', and pos-
sible phases is depicted in Fig. 1.

Previously, QED mesons consisting of ¢ and ¢ in-
teracting non-perturbatively only in QED were pre-
dicted to have masses of about 17 and 38 MeV
[4, 5]. They were proposed as the parent particles of
the anomalous soft photons observed at CERN [6—
15]. Anomalous neutral bosons with masses at about
17 and about 38 MeV observed at ATOMKI [16-24],
Dubna [25-28], and HUS [29] and were called the hy-
pothetical X17 and E38 particles respectively. These
observations provide promising experimental indica-
tions for the existence of QED mesons and support
the possible existence of neutral color-singlet quark
matter at T'= 0, pending further theoretical and ex-
perimental confirmations.

We review here the theoretical and experimental
evidence for QED mesons and color-singlet quark
matter. We also study qqq quark matter and discuss
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the implications should the existence of these objects
be established.

2. Confined qg States in Neutral
Color-Singlet and Color-Octet
Quark Matters at T =0

As we explain in the Introduction, a quark and an
antiquark in the neutral color-singlet quark matter
must interact only via the color-singlet U(1) QED
interaction in order to form stable colorless [[¢q]*7!]!
complexes at T' = 0. We note that the Schwinger con-
finement mechanism [30, 31| stipulates that a mass-
less fermion and its antiparticle interacting via the
Abelian QED interaction in (1+ 1)D with a coupling
constant g@PP will be confined as a massive boson
with a mass mQEDP,

(ggem)?

QED\2 _ 2D
(masny? = b 1)
for a fermion system with a single flavor.

The neutral color-singlet quark matter with two
flavors possesses colorless complexes characterized by
I, =0, =0, 1 involving a linear combination of |uw)
and |dd) states with unlike-sign charged quarks. Upon
approximating the quarks as massless, the Schwinger
confinement mechanism can be applied to the color-
singlet quark matter to give the masses of the I, = 0,

=0, 1 QED mesons in (1+1)D as [4, 5]
( §§D)2[Q3ED2+ (71)1 SED}Q’ (2)

7r

where Q3" = 2/3 and Q"" = —1/3 are the electric
charge numbers of the v and d quarks respectively.
A ¢ QED meson in (1+1)D as an open-string
may represent a physical QED meson in (3+1)D
as a flux tube if the ¢g open-string is the approx-
imate compactification of a physical ¢g flux tube
in (34 1)D. The central question is whether the ¢g
QED open-string in (14 1)D is indeed the approxi-
mate compactification of a physical QED flux tube
in (3+1)D. While an eTe™ system is confined as
an open-string in (1+1)D string, the eTe™ system
is not confined in (3+1)D because an electron and
a positron can be isolated. Howe ver, for a ¢q sys-
tem, a ¢d open-string (1+1)D may be an approx-
imate representation of a ¢g flux tube in (3+1)D
because an isolated quark or antiquark have never
been observed in (3+ 1)D, and the principle of col-
orless observable entities may be at work for a quark
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and an antiquark in (3 +1)D. Whatever theoretical
debates there may be, the answer to the question
will eventually be settled by experiments. On that
score, the existence of ¢¢ QED mesons in (3+1)D
may explain many experimental anomalies: 1) the
soft photon anomaly that whenever hadrons are pro-
duced, soft photons in the form of excess ete~
pairs are always produced, as described in Section 3,
and 2) the neutral boson anomaly at ~17 MeV and
~38 MeV observed at ATOMKI, Dubna, and HUS,
as described in Section 4. It is therefore useful to
propose the hypothesis that the g open-string in
(1+1)D QED for quarks and antiquarks may be the
approximate compactification of a ¢qg QED flux tube
in (34 1)D.

A light quark and a light antiquark interacting
via the QCD SU(3) interaction can be approximated
within the quasi-Abelian approximation [4, 5, 33-36]
as quarks interacting in the Abelian U(1) interaction
with the coupling constants of QCD in (14 1)D, as
in the Lund model description of hadrons [38]. Un-
der the additional massless quark approximation, the
Schwinger confinement mechanism can be applied to
quarks in QCD to infer the mass of the QCD meson
for quarks in (1+1)D as

(gasr)?

mQCD2:
(macey? = b

(3)
For massless quarks with two flavors and the assumed
isospin symmetry, the masses of the I, = 0, I = 0,
1 QED and QCD mesons in (14 1)D are given in
Refs. [4, 5]
A A IOHX
(m;‘)Z: (gzn)2[Qu ;— (_1> Qd]27 A=
™

1 for QCD, )

{0 for QED,
where Qg and Qé are the electric and color charge
numbers of the ¢ quark, respectively.

Previously, when we compactifying a flux tube
system in (3+1)D with cylindrical symmetry into
an open string in (1+1)D, it was found that the
longitudinal equation in (1+1)D contains a cou-
pling constant g,, that encodes the information re-
garding the flux tube transverse radius R and the
coupling constant g,, in (3+1)D as reported in
Refs. [5,32, 33, 35-37]

1 5 4o

= @(&m) = 5 (5)

(9:0)°
2D R%
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Thus, in (3+1)D, the masses of the QCD and QED
I.=0,1=0, 1 mesons are

ez el Q) + (—1)Q))
(m)* = TR% 2 =

(6)

Due to the lack of quantitative information, we adopt
the working hypothesis that the flux tube radius Rp
is an intrinsic property of the quarks so that it is the
same for both QED and QCD where Ry ~ 0.4 fm
[39]. This hypothesis is also justified a posteriori as it
yields anomalous soft photons and QED mesons with
masses in the relevant energy region. In the QED
case with Q™" = 2/3, Q7"" = —1/3, and gorr =
= 1/137, we obtain from Eq. (4) m?%y = 11.4 MeV,
and m7E] = 33.6 MeV, see Refs. [4,5].

For QCD mesons, the mass of 7° is zero from the
Schwinger confinement mechanism and the 7% mass
receives contributions only from the quark conden-
sate. According to the Gell-Mann—QOakes—Renner re-
lation [40], the QCD quark condensate, (7,/;1/)>QCD,
contributes to the square of the pion quark mass. For
QED mesons, there should be likewise a QED quark
condensate, (1)) oeps contribution to the square
of the QED meson mass. Since the quark conden-
sate arises from the quark-antiquark interaction [41]
and the interaction between a quark and an anti-
quark depends on the strength of the coupling con-
stant «,,, it is therefore expected that the QCD
and QED quark condensate contributions to the
squared composite mass Am? are proportional to the
square of their respective coupling constants (gi‘D)z,
or Am%ED/Am%CDN<ww>QED /<¢w>QCDNOéSDED /OQ?DCD'
The mass formula for QED mesons with two flavors
and the quark condensate can be estimated to be [5]

(mIQED )2 _
_ 4o [QU + (CDIQFTE | Ladr o)
TRZ 2 APy

which gives m$20 = 17.9 MeV, m$] = 36.4 MeV.

In the case of QCD mesons, it is necessary to gen-
eralize the mass formula to three flavors with the in-
clusion of the strange quark yielding

4yQCD 3 2
107 myg
it = 2B (S Ds0 ) o Y 20
T \f=1 f=1
®)
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where myq = (m, + mq)/2, and the physical meson
is ®; = Y7_, Digdy, d1=|uti), ¢ = |dd), ¢ = |s5).
With Qz°” = Q3" = 1, and ge°® = 0.68 MeV,
the above mass formula yields m, = 498.4 MeV, and
my = 948.2 MeV, which are in approximate agree-
ment with experimental values [5].

To search for the signature of the neutral color-
singlet quark matter at T' = 0, the objective is to find
the QED meson states with these masses in hadron
collisions and e™ — e~ annihilations where qg pairs
may be produced. These bosons are expected to decay
into et — e~ or vy pairs |5, 33,35-37].

3. Observations of Anomalous Soft
Photons at CERN and the DELPHI Anomaly

Experimentally, there have been numerous observa-
tions of excess eTe™ pairs at CERN, referred to as
“anomalous soft photons”, whenever hadrons were
produced in high-energy K*p [7,8], 7+p [8], 7~ p [9-
11], pp collisions [12], and eTe™ annihilations [6, 13—
15]. Specifically, in the DELPHI exclusive measure-
ments in the decay of Z° in ete™ annihilations,
the excess ete™ pairs were observed to be produced
proportionally to the production of hadrons (mostly
mesons) [6,15] (see Fig. 2, b), whereas they were not
produced in the absence of hadrons [14]. The trans-
verse momenta of the excess eTe™ pairs lay in the
range from a few MeV/c to many tens of MeV/c,
corresponding to a mass scale of the anomalous soft
photons in the range from a few MeV to several
tens of MeV.

Owing to the simultaneous and correlated pro-
duction alongside hadrons, a parent particle of the
anomalous soft photons is likely to contain elements
of the hadron sector, such as a light quark and a
light antiquark. In comparison with the QCD inter-
action, the Schwinger mechanism for massless quarks
in (1+1)D QED interactions will bring the quantized
mass of a g7 pair in Eq. (1) to the mass range of the
anomalous soft photons of several tens of MeV. It was
therefore proposed in [4] that a quark and an anti-
quark in a ¢ system interacting via the QED inter-
action might lead to new open string bound states
(QED-meson states) with a mass of many tens of
MeV. These QED mesons might be produced simulta-
neously with the QCD mesons in the string fragmen-
tation process in high-energy collisions [6-15], and
the excess eTe™ pairs might arise from the decays of
these QED mesons. Theoretical calculations based on
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Fig. 2. The anomalous soft photon yield in the eTe™ annihi-
lation at Z° energy in DELPHI measurements at CERN [15].
In Fig. 2, a, (Yield;) is the yield as a function of the num-
ber of neutral particles, Npeu, inclusive of different number of
charged particles, Ng,. In Fig. 2, b, (Yields) is the yield as a
function of Npar = Nneu + Nen, the total number of neutral
and charged particles

such an open-string model provided a good descrip-
tion of the pr distribution and the mass region of the
anomalous soft photons [4, 5].

There is a perplexing DELPHI anomalous soft pho-
ton anomaly that warrants special attention. In the
ete™ annihilation at the Z° energy, the production
of the anomalous soft photons was found to be more
probable in conjunction with the production of neu-
tral hadrons than with charged hadrons, in contrast
to the common intuitive notion that electromagnetic
radiation (such as photons) is more likely to be associ-
ated with charged particle production than with neu-
tral particle production. The yield y,s, of the anoma-
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lous soft photons is found to be related to the number
of produced charged hadrons Ng, and the number of
produced neutral hadrons Ny, by [15]

Yasp = a1New + a2Nneua (9)

where a1 = dyasp/dNey = (6.9£1.8+£1.8) x 1073 ~ /jet
and as = dyasp/dNpew = (37.7£3.0£3.6) x 1073 v /jet,
and  dYasp/dNneu > AYasp/dNen  [15]. Similarly,
Fig. 2, a gives dyasp/dNnenw = (36.2£7.2) x 1073 7y /jet
and Fig. 2, b gives dyasp/dNpar = (10.0 £ 0.87)x
x 1073 7/jet. The Schwinger pair production mech-
anism [4] and dipole radiation [15] were suggested as
possible explanations for such an unusual DELPHI
anomaly. However, in view of the different properties
of the neutral and charged color-singlet quark matter
as presented in Eq. (9) and the Introduction, a better
alternative explanation may be more appropriate.

We envisage that the dynamics of the quark matter
at T = 0 can be described as the space-time varia-
tion of the quark current and the gauge field at each
space-time arena as in a quantum fluid. The dynam-
ics of the mesons are characterized by stable, local-
ized, collective, and periodic space-time variations of
the quark current j#(z,t) and the gauge field A*(z,t)
[4,5,35-37]. The QCD mesons 7°, ... are excitation
quanta of the color-octet quark fluid at 7' = 0. The
neutral color-singlet quark matter at 7' = 0 is distin-
guished by having localized stable and confined ex-
citation quanta of the fluid in the form of QED ¢gq
mesons, whereas the charged color-singlet quark mat-
ter does not possess stable QED excitation quanta
at T'=0.

Hence, in situations in which the quark fluid is
excited by an external disturbance such as the pro-
duction of a neutral or a charged gg pair in string
fragmentation process, both the neutral color-octet
and neutral color-singlet quark matter can be excited,
leading to the production of QCD and/or QED ¢g
mesons when a neutral ¢qq pair is produced. When a
charged ¢q pair is produced in the string fragmen-
tation process, the charged color-octet quark matter
excitation can lead to the production of stable QCD
qq mesons but the charged color-singlet quark mat-
ter neither possesses nor produces stable excitation
quanta at T = 0. However, at higher temperatures,
T # 0, the charged color-singlet quark matter may
contain a small amount of neutral QED meson gas in
a thermal environment. Neutral QED mesons in ther-
mal equilibrium may be produced in conjunction with

156

the production of charged QCD mesons at T # 0.
Consequently, neutral QED mesons, the precursors of
the anomalous soft photons, are more likely to be pro-
duced in association with neutral QCD mesons than
with charged QCD mesons. It will be of great inter-
est to study further whether the anomalous soft pho-
ton production preference for neutral QCD mesons
in the DELPHI anomaly may be used to differentiate
between the properties of neutral and charged color-
singlet quark matters at different temperatures.

4. Observations of Anomalous
Bosons with Masses of About 17 and 38 MeV

4.1. ATOMKI observations of X17

Since 2016, the ATOMKI Collaboration has been ob-
serving the occurrence of a neutral boson, the hy-
pothetical X17, with a mass of about 17 MeV, by
studying the ete™ spectrum in the de-excitation of
the excited alpha-conjugate nuclei *He*, 8Be*, 12C*
at various energies in low energy proton-fusion ex-
periments [16, 19, 23, 24]. A summary and update of
the ATOMKTI results were presented [20, 24] and the
confirmation of the ATOMKI data for the p + "Be
reaction by Hanoi University of Science (HUS) was
reported [29]. The signature for the X17 particle con-
sists of a resonance structure in the invariant mass
of the emitted ete™ pair. Such a signature provides
a unique identification of a particle. Because eTe™
pairs are also produced in the internal pair conver-
sion of the photon from the radiative decay of the
compound nucleus, it is necessary to subtract contri-
butions from such a process and from random and
cosmic-ray backgrounds.

The ATOMKI experiments consist of low-energy
proton fusion of nucleus A (the proton) and nucleus
B (the target nucleus) to produce an a-conjugate nu-
cleus C* with the subsequent ete™ de-excitation of
the C* nucleus to the ground state Cys or an excited
state Ct in the reaction

A+ B — C* 2L Cy or G, (10)

which is followed by
internal conversion _
et +e,

. (11)
and if C*— Cf, then Cy — Cgs + 7t

The internal pair conversion process has a charac-
teristic dN/ dQd_, _ distribution of the opening an-
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gle between e™ and e~ that depends on the multi-
polarity of the C*2 Cg or C tramsition [42]. Tt is
a relatively smooth dN/ nge s distribution in the
CM system in which C* is at rest.

In the presence of such an ete™ internal pair
conversion background, the ATOMKI Collaboration
searches for an unknown neutral boson X that may
be emitted by C* in its de-excitation,

A+B—C* 5 Oy or G, (12)
which is followed by

X —et+e,

and if C*25 Cy, then Cr — Cys + 7. (13)

The decay of the X particle into e and e~ gives rise
to an eTe™ excess above the internal pair conversion
ete™ background, which serves as the signal for the
neutral X boson.

In the C* center-of-mass system, the decay of an
unknown X particle with a mass mx into e™ and e~
will lead to an et-e~ energy sum E, .- distribution,

dN/dEeJref = 6(Ee+e* - K - mx), (14)

and an eT-e~ opening angle 0,+.- distribution

dP B 1 1 y
dQ_, A7 42B(1 — cos B4 )3/2
1

X )
V14232 —cosbpso

(15)

as obtained by McDonald [43] in a similar case for the
79 decay into two photons. The minimum opening
angle 0.+,.- (min) in the observer’s system is given by
c08[f¢t e (min)] = —1 + 232, (16)
as was obtained earlier by McDonald [43], Barducci
and Toni [44].

The quantity K in Eq. (14) is the sum of the ki-
netic energy of the X boson and the kinetic energy
of its emission partner C; in the CM system, given
explicitly by

K = E, — [M(Ct) — M(Cy)] — mx, (17)
T — AA+BB E,l:?b + Qgsa (18)
Qs = M(A) + M(B) — M(Cys), (19)
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where F, is the excitation energy of the compound
nucleus C* relative to its ground state Cys, M(A),
M(B), M(C), and M (C¥t) are the masses of A, B, C,
and C%, respectively, myx is the mass of the X boson,
and Qg is the @ value for AB — Cys. As M(Ct) >
> my, K is essentially the kinetic energy of X in the
C* CM system. The quantity 32 is related to K by

1
2 _ _
B = G R mxe —

2K K? 2K K?
() ()
mx mx mx mx

The opening angle distribution for a few cases in
the ATOMKI experiment for the emission of the X
particle is shown in Fig. 3.

At the minimum opening angle 6+ .- (min), the de-
nominator on the right-hand side of Eq. (15) goes to
zero, and the opening angle distribution dP/dQy_,
diverges to infinity and gives rise to the so-called “Ja-
cobian peak”? in Fig. 3.

For an optimal detection of the X17 signals, the
ATOMKI Collaboration found it necessary to focus

(20)

3 The author is indebted to Dr. T. Awes for pointing out the

“Jacobian Peak” name for such a peak.
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Fig. 4. The invariant mass distribution of the emitted e®
and e~ in the de-excitation of the compound nucleus 4He*
state at 20.49 MeV in the 3H(p, et e~ )4Heg reaction at E;ab =
= 0.9 MeV as given in [17]. Red data points correspond to the
data in the signal region, 19.5 < E_4 - < 22.0 MeV, and
black points correspond to the data in the background region,
5< E 4.~ <19.0 MeV

on certain regions of the phase space with strong sig-
nals so as to enhance the observation probability. For
example, in the collision of p with *H at 0.9 MeV,
the ATOMKI Collaboration found that the correla-
tion angle 6.+, of 120° was optimal for a large sig-
nal (see Fig. 3). At such an angle, the energy sum of
the et and €™, Eot - (sum) = E.+ + E,-, showed a
peak structure at around 20.6 MeV as shown in Fig. 1
of [19]. Two spectra were constructed for the energy
sum FE+,- (sum), one at 6,+.- = 120° and another
at 60° where no X17 signal was expected. The en-
ergy sum spectrum in the lower panel of Fig. 1 of [19]
was obtained by subtracting the latter from the for-
mer, after proper normalization. In the signal region
of 19.5 < E +.- < 22.0 MeV and the background
region of 5 < F. .- < 19 MeV, the invariant mass
spectrum of the emitted e™ and e~ showed a reso-
nance structure at ~ 17 MeV as shown in Fig. 4.

In the ATOMKI X17 emission model, the nature
of the X17 and the coupling between the emitting ex-
cited alpha conjugate nucleus and the emitted X17
particle are left unspecified. Among many possibili-
ties, the X17 was suggested as a possible carrier of a
fifth force [45-47] and has generated a great deal of
interest [21]. It could also be the isoscalar QED me-
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son, which has a predicted mass of ~17 MeV and can
decay into e™ and e~ [4,5]. The nature of the particle
can be determined only by future experiments.
Among many proposed models for the X17 parti-
cle, there is one that involves a QED explanation pre-
sented by Varré [48] who suggests that the X17 parti-
cle may be a dressed radiation excitations of photons
that gain a non-zero rest mass through their own A*-
field self-interaction and their interaction with a pro-
ton while the E38 may be a similar dressed radiation
excitations of photons that gain a non-zero rest mass
through their interaction with a neutron. It will be of
interest to study in future work whether the dressed
self-interacting photon of Ref. [48] may be related to
the A*—jt— AF—jH . loop (the AjA nonlinearity)
that will lead to photon A* self-interaction and QED
mesons involving massless quarks of the Schwinger
confinement mechanism, see Refs. [1,4,5, 33, 35].

4.2. 0,4 o— (min) systematics

The successful analysis of the total eTe™ opening an-
gle distribution is subject to uncertainties in the ete~
background contributions from internal pair conver-
sion [49, 50]. It is useful to make a supplementary
test of the X17 signals from another robust perspec-
tive. Specifically, because of the large difference in the
shapes of the smooth opening angle distribution from
the internal pair conversion background and the sharp
Jacobian peak opening angle distribution from the
X17 decay products, the onset of the additional X17
decay product contributions can be obtained with a
lower degree of uncertainty. As shown in Fig. 3, the
occurrence of the X17 particle is signaled by a sudden
rise in the opening angle distribution as a function of
the opening angle because of the occurrence of the Ja-
cobian peak, and correspondingly by a sudden change
in the slope of the total opening angle distribution at
Oct o~ (min).

From each of the experimental ATOMKI reactions
in [16-24], and the HUS reaction in [29], we extract
the 0 +.- (min) value as the midpoint between a sud-
den jump in the first derivative of the angular distri-
bution of 0.+.- at the onset of the anomaly.

We compare in Fig. 5 the experimental 6,+ .- (min)
data as a function of K with the theoretical pre-
dictions of the X17 emission model, obtained from
Egs. (16) and (20). All final nucleus states Cf are
implicitly ground states, unless specified explicitly
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for the case of the "Li(p,eTe™)®Be(2¥) reaction at
Ezl)ab =4 MeV. One observes that there is reasonable
agreement between the theoretical curve and the data
points in Fig. 5 for all cases of collision energies, initial
colliding nuclei, and final compound nucleus states,
indicating the approximate validity of the ATOMKI
X17 emission model [16]. Previous analyses of the
X17 decay by Feng et al. [47] and by Barducci and
Toni [44] using earlier experimental data also support
the validity of the ATOMKI X17 emission model [16].

Recently, ATOMKI reported the observation of the
emission of the X17 particle in the de-excitation of
the compound nucleus 8Be* to the excited Be(2%,
3.03 MeV) state [24]. We can test the extended
ATOMKI X17 emission model [24] 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 com-
pound nucleus [16]. In Fig. 5, the experimental mini-
mum opening angle 6,+.- (min) for this de-excitation
to the excited 2% state is shown as the solid square
data point. This data point follows the same system-
atics as other reaction data points for de-excitation
down to the ground states. The ATOMKI X17 emis-
sion model is therefore shown to be valid also for the
de-excitation of the compound nucleus C* to an ex-
cited state C¢ of the compound nucleus.

We would like to remark that, although the sys-
tematics of the experimental minimum opening angle
O¢+o— (min) are in general agreement with the X17
emission model, there is nevertheless a notable but
small difference between the data points for *He and
those following the systematics for 8Be and '2C in
Fig. 5. It is well known that He is a spherical nucleus,
while 8Be and '2C are strongly deformed prolate and
oblate nuclei, respectively. It will be of great interest
to investigate theoretically whether minor difference
in O+, (min) systematics may arise from the final
state interaction of very deformed 8Be and '2C nuclei
that modify the opening angles between et and e™.

4.3. The HUS observation
of X17 with a new ete™ spectrometer

The ATOMKI ete~ spectrometer had five arms in
2016 [16]. The spectrometer was subsequently im-
proved to acquire an additional sixth arm. Taking
advantage of the occurrence of the optimal open-
ing angles in the decay of the hypothetical X17 par-
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Fig. 5. Comparison of the experimental data for the minimum
opening angle 6, - (min) as a function of the X17 kinetic en-
ergy K from ATOMKI [16,19,23,24]| and HUS [29] for different
collision energies, targets, and final states. The X17 emission
model envisages the fusion of the incident proton p with the
target nucleus B forming a compound nucleus C*, which sub-
sequently de-excites to the final state Ct with the simultane-
ous emission of the X17 particle. The subsequent decay of the
X17 particle into e™ and e~ then gives the angle 6,4, be-
tween et and e~. The curves give the theoretical predictions
of 0,1 .- (min) as a function of the X17 kinetic energy K

ticle, Tran et al. [29], at Hanoi University of Sci-
ence, in collaboration with ATOMKI experimental-
ists, built a new two-arm eTe™ spectrometer to check
the ATOMKI ®Be anomaly. The HUS spectrometer
consists of only two arms making an angle of 140°
with respect to each other. It bases its design on the
theoretical and experimental estimates that when the
proton beam is at Fj,, =1.04 MeV, the opening an-
gle 6,.+.- at 140° will be optimal for the detection of
both et and e~.

In the HUS measurement, the experimental open-
ing angle distribution data points are shown as solid
circles in Fig. 6. The background distribution arising
from the sum of E1 and M1 internal pair conversion
transitions is shown as the solid curve in Fig. 6. There
is an ete™ excess of event counts as the experimen-
tal opening angle distribution exhibits a deviation
above the solid curve of the internal pair conversion
background. The difference between the experimen-
tal ete~ data counts and the background distribu-
tions are the X17 signals which are shown as solid
square data point in Fig. 6. The experimental X17
signal can be described adequately by the opening
angle distribution arising from the decay of the X17
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give the opening angle distribution data for et and e~ and the
solid curve gives the background opening angle distribution.
The data—background difference is given by the solid square
data points and the dashed curve is the HUS fit to the sig-
nal data [29]. The dash-dot curve with a Jacobian peak is the
theoretical opening angle distribution from the X17 emission
model calculated with Eq. (15)

~)8Begs re-

particle with a mass of 16.7 MeV, when the uncer-
tainties in the event number fluctuations and in the
opening angle measurements are taken into account,
as presented by HUS and shown as the dashed curve
in Fig. 6 [29].

The successful observation of the X17 signal with
an optimally-designed eTe™ spectrometer with only
two arms (in lieu of ATOMKT’s five or six arms) by
Tran et al. [29] is a notable indication of the valid-
ity of the X17 emission model and the possible ex-
istence of the X17 particle. The statistics of the ob-
served opening angle distribution could be improved
with a longer experimental running period to provide
stronger support for the existence of the X17 particle.

There are other searches for the X17 particle using
different methods [21]. Recently, the PADME Collab-
oration searched for the X17 particle by scattering
et and e~ at around the resonance energy, using a
positron beam to collide with electrons in a diamond
target. They obtained a resonance signal at the ex-
pected energy with a statistical measure of about 20
magnitude [51], which is not yet significant enough
for a definitive confirmation. A measurement with
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a greater statistical significance is needed. Another
MEG II experiment, originally designed to search for
the u* — e™v decay, was adapted to investigate the
X17 by studying the p("Li, e*e)®Be reaction, with
a proton beam at an energy of 1.080 MeV colliding
with the 7Li target, resulting in the excitation of two
different resonances [52]. The sensitivity of the mea-
surement has not yet reached the level to observe a
significant signal, and limits on the branching ratios
of the two resonances to X17 were set.

4.4. The Dubna observation
of diphoton decays of X17 and E38

Abraamyan and collaborators at Dubna have been in-
vestigating the two-photon decay of particles to study
the resonance structure of the lightest hadrons and ¢g
states, using d and p beams of a few GeV with fixed
internal C and Cu targets at the JINR Nuclotron [25—
28]. Their PHONTON?2 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 mea-
sured. By selecting photon pairs from the same arm
with small opening angles, it is possible to study neu-
tral bosons with small invariant masses, such as those
below the pion mass gap m,. Upon the suggestion of
van Beveren and Rupp [53], they search for a neu-
tral boson resonance with a mass of 38 MeV, they
reported earlier the observation of a resonance struc-
ture at a mass of ~38 MeV [26,27]. In a recent anal-
ysis of the diphoton spectrum (see Fig. 7) 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 set-up in which the decay of the 7° par-
ticle into two photons was also observed, supporting
earlier ATOMKI observation of the hypothetical X17
particle [25].

The observation of X17 and E38 at Dubna com-
pletes an important piece of the anomalous particle
puzzle, as the isoscalar X17 and the isovector E38
come in a pair, and they are orthogonal linear combi-
nations of the |uu) and |dd) components. The signals
for the E38 particle are, however, quite weak. Fur-
ther measurements need to be carried out to ensure
that the E38 signals are genuine and not experimental
artifacts.
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It is worth noting that, if the two-photon decay
of the X17 particle observed at Dubna is confirmed,
then the two-photon decay mode will impose a con-
straint on the spin of the X17 particle on account of
the Landau—Yang theorem [54,55], which states that
a massive boson with spin 1 cannot decay into two
photons.

The agreement of the X17 and E38 masses with
those from the phenomenological open-string model
of g7 QED mesons [4,5] lends support to the descrip-
tion that a quark and an antiquark may be confined
and bound as stable QED mesons interacting in the
Abelian U(1) QED interaction. The confirmation of
the X17 and E38 particles will therefore be of great
interest.

5. The gqq Color-Singlet
and Color-Multiplet Quark Matter

We have up to now considered only ¢q quark mat-
ter. Our consideration can be extended to gqq quark
matter in color space. Quarks belong to the color-
triplet 3 group. From group theoretical considera-
tions, we have

33®3=14838c10. (21)
That is, the direct triple product of the triplet 3
group consists of the color-singlet 1 subgroup, two
color-octet 8 subgroups, and one color-decuplet 10
subgroup. Therefore, three quarks combine to form
the color-singlet [gqq]* quark matter, two color-octet
[qqq]® quark matter, and the color-decuplet [gqq]*°
quark matter.

By the principle of the colorless nature of ob-
servable entities, observable quark matter complexes
must be colorless color-singlet entities. Consequently,
the color-octet and the color-decuplet gqq quark mat-
ter must interact non-perturbatively first with the
color-octet SU(3) QCD interactions to form QCD-
confined colorless [[qqq|®¢®]* or [lqqq]'°¢®]* com-
plexes. Additional QED interaction in the color-
multiplet ¢qgq quark matter can then be included ei-
ther perturbatively or nonperturbatively, and such
an additive inclusion does not change the colorless
nature or the confinement property of these colorless
complexes. We therefore recognize the gqq color-octet
and color-decuplet quark matter as corresponding to
the gqq quark matter as conventionally envisaged in
the realm of our present knowledge.
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Fig. 7. The diphoton invariant mass spectra from d and p
collisions with C and Cu targets at a few GeV per nucleon at
the JINR Nuclotron, Dubna, as given in [25]. The solid curve in
the upper panel shows the invariant mass distribution obtained
by combining two photons from the same event, and the green
shaded region shows the invariant mass distribution obtained
by combining two photons from mixed events. Subtracting
the mixed-event background from the correlated-photon signal
yields the signal in the lower panel where the resonance-like
structures at ~17 and ~38 MeV appear

On the other hand, the color-singlet gqq quark mat-
ter is unexplored and is now submitted for explo-
ration. Quarks in the color-singlet gqq quark matter
must interact only with the color-singlet U(1) QED
interaction to form colorless color-singlet [ggq]'~y]!
complexes in the lowest-energy region at 7' = 0. The
inclusion of the SU(3) color-octet QCD interaction
in the color-singlet [gqq]' quark matter will change
the colorless nature of these color-singlet complexes,
or would place them at much higher energy excited
states, such as the [[gqq]*[gg]']' states and the glue-
ball states.

Of particular interest in the gqq color-singlet quark
matter is the QED neutron composed of d, u, and d
quarks [33-35]. In such a color-singlet d-u-d system
with three quarks of different colors, the attractive
QED interaction between the u quark and the two d
quarks may overwhelm the repulsion between the two
d quarks and may stabilize the QED neutron. Upon
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examining the QED neutron in a phenomenological
three-body problem in 1 + 1 dimensions with an ef-
fective interaction extracted from Schwinger’s exact
QED solution in 1 + 1 dimensions, a phenomenologi-
cal model using a variational calculation yields a sta-
ble QED neutron at 44.5 MeV [33-35]. The analo-
gous u—d—u QED proton has been found to be the-
oretically unstable because of the stronger QED re-
pulsion between the two u quarks, and it does not
provide either a bound state or a continuum state
for the QED neutron to decay onto, by way of the
weak interaction. Hence, the QED neutron may be a
dark neutron and may be stable against the weak in-
teraction. It may have a very long lifetime and may
be a good candidate for dark matter. Because QED
mesons and QED neutrons may arise from the coales-
cence of deconfined quarks during the deconfinement-
to-confinement phase transition in different environ-
ments, such as in high-energy heavy-ion collisions,
neutron star mergers [56], and neutron star cores [57],
the search for QED bound states in various environ-
ments will be of great interest.

It is interesting to explore the possibility of a QED
neutron star as a large assembly of QED neutrons.
The interaction between a QED neutron and an-
other QED neutron is through an attractive electro-
magnetic polarization potential at large separations
and a repulsive Pauli-exclusion-type interaction at
small separations. The electromagnetic interactions
are quite weak. A collection of a large number of QED
neutrons under their own gravitational field can be
stabilized by the attractive gravitational pressure and
the repulsive pressure of the degenerate QED neutron
gas. If a QCD neutron star and a QED neutron star
can be approximated as a polytropic gas spheres of
index n = 3, as in the early consideration of Landau
for a gravitating and degenerate fermion gas [59, 60],
then, from the mathematical results of Landau, the
maximum mass of a QCD or QED neutron star is in-
versely proportional to the square of its constituent
mass. One can thus estimate the maximum mass of
the QED neutron star and the maximum mass of the
QCD neutron star to be approximately given by

M nax (QED neutron star) N (mace )2

neutron

Max(QCD neutron star) — (m3ee )2

neutron
Thus, for My,ax(QCD neutron star) ~ 1.6-2 Mg, [61]
and maep ~ 44.5 MeV [33], we have

M nax(QED neutron star) ~ 712-890 M.
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(22)

(23)

Beyond such a maximum mass, an assembly of QED
neutrons will collapse into a black hole. It will be of
great interest to explore whether such a QED neutron
star or a black hole may exist in the Universe.

6. Implications for the Possible
Existence of the QED Mesons

While the confirmation of the observations is pend-
ing, it is of interest to examine the implications of
the existence of the QED mesons. If the observations
of the QED mesons are indeed confirmed under fur-
ther scrutiny, we expect an expansion of our present
knowledge into new territories, including but not lim-
ited to the following:

1. Color-singlet quark matter may exist, with pos-
sible neutral QED mesons at T' = 0. There may then
be the QED meson gas phase at T' < T.(QED), quark
photon plasma above T.(QED), and quark electron
photon plasma at still higher temperatures.

2. There may be a new family of QED-confined ¢g
particles at T' = 0 that are composite in nature, with
additional degrees of freedom in spin-spin, spin-orbit,
collective vibrations, collective rotations, molecular
states, ...

3. Confinement occurs for ¢ and ¢ not only in
QCD but also in neutral color-singlet quark matter
in QED. The group of quark-antiquark gauge interac-
tion may be a broken U(3) group with U(3) = U(1) @
@ SU(3).

4. Confinement may be an intrinsic property of the
quarks such that quarks and antiquarks may interact
with other different interactions, including weak and
gravitational interactions, to form confined ¢ com-
posite particles.

5. The QED interaction between a quark and an
antiquark may be predominantly linear. In such a
case, there may be a stable d — u — d QED neutron,
whereas the corresponding v — d — v QED proton is
unstable. The QED neutron may be a good candidate
for dark matter, as discussed in Section 5.

6. The confining QED interaction between a quark
and an antiquark may differ from the non-confining
QED interaction between an electron and a positron
because of the additional color degrees of freedom of
quarks. The QED U(1) interaction between a quark
and an antiquark is part of the larger, but bro-
ken, U(3) group of interactions in which U(3) =
= U(1) @ SU(3), whereas the QED interaction be-
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tween an electron and a positron is purely a U(1)
interaction. 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.

7. Astrophysical objects consisting of a large as-
sembly of the isoscalar QED mesons will be electron—
positron emitters, gamma ray emitters, or dark
black holes with no emission depending on the mass
of the assembly. Such assemblies of QED mesons
present themselves as good candidates for ete™ emit-
ters, gamma-ray emitters, or the primordial dark
matter [5].

7. Summary and Discussions

If the experimental QED mesons are confirmed, it
would suggest that the proposal of quarks inter-
acting only in QED under appropriate conditions
would be a reasonable concept. While we first pre-
sented such an unusual and unfamiliar possibility as a
phenomenological idea, stimulated by the Schwinger
QED confinement mechanism and the observation of
the anomalous soft photons [4], we may now realize
that it may have a firmer and stronger foundation in
the group theory and the principle of colorless ob-
servable entities. In the process, we may expand our
knowledge of quark matter into the uncharted fron-
tiers in color space.

Quarks carry color and electric charges. The direct
product of the quark color-triplet group and the an-
tiquark color-antitriplet group consists of the color-
singlet subgroup and the color-octet subgroup. The-
refore, quarks and antiquarks combine to form the
color-singlet ¢¢ quark matter and the color-octet ¢g
quark matter. While the color-octet ¢g quark matter
corresponds to the ¢g quark matter commonly en-
visaged, the color-singlet qq quark matter has been
unexplored until now.

In order for the color-singlet quark matter to form
color-singlet, colorless complexes at T ~ 0, the
color-singlet quark matter must interact only via the
Abelian U(1) QED interaction while the color-octet
quark matter must interact in the non-Abelian SU(3)
QCD interaction.

Applying the Schwinger confinement mechanism
to quarks with two light flavors interacting only in
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QED, we find stable and confined ¢q isoscalar state
at around 12 MeV and an isovector state around
33 MeV. Including corrections due to the small quark
masses with the associated quark condensates leads
to the isoscalar QED meson mass at about 17 MeV
and the isovector meson mass at about 38 MeV.

The observations of the anomalous soft photons,
the X17 particle, and the E38 particle provide promis-
ing evidence for the possible existence of the QED
mesons 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 de-
cays into vy and et e~ 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 under-
stood in terms of the production of quark—antiquark
pairs by soft gluon fusion or the (¢g) production by
string fragmentation in high-energy hadron-hadron
collisions [5, 33, 37].

There remain many important questions that need
to be experimentally tested and resolved. It has been
conjectured all along that the precursors of the
anomalous soft photons may be the QED mesons with
masses of about 17 and 38 MeV [4,5]. A direct exper-
imental confirmation of such a conjecture for anoma-
lous soft photons remains lacking. It will be of great
interest in new studies of the anomalous soft photons
[58] to search for the QED mesons. The X17 and E38
particles have been uncovered at Dubna, and a confir-
mation of these particles will be necessary to indicate
the two-flavor nature of the light quarks. Experiments
of the ATOMKI type using the p? +H and n+3He
reactions may lead to stronger X17 signals and may
lessen the strong deformation effects present in the in-
ternal pair conversion in the 8Be and '?C compound
nuclei. New experimental measurements in search of
the QED mesons will bring us forward toward the
new physics frontier.
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Y.-H. Bowne

KOJIbOPOBO-CUHIJIETHA
TA KOJIbOPOBO-OKTETHA ¢¢ KBAPKOBA MATEPIA

KBapku i aHTHUKBapKU HECYTh KOJILOPOBI Ta €JIEKTPUIHI 3aPsIIi
i1 HaJle>KaTh JO IPYI KOJIIPDHOI'O TPUILIETY 3 Ta KOJIPHOIO aH-
Turpuiery 3, Bianosigno. J{o6yTku rpyn 3 Ta 3 cKIa1ai0ThCs
3 miArpyn KostipHoro cuHriery 1 ta Kosnipaoro okrery 8. OTixe,
KBapK{ Ta aHTUKBAPKH O0’€/IHYIOTHCs, YyTBOPIOIOYHN KBAPKOBY
Marepito KosipHoro cunriery [¢g]} Ta KBapKoBY MaTepiro Ko-
niproro okrerny [¢q]%. Ksapkosa martepist xosiproro okrery
Bi/IITOBiJa€ 3araJIbHONPUITHATOMY PO3YMIHHIO KBApKOBOI MaTe-
pil ¢¢ Toxi K KBapKOBa MaTePis KOJIPHOTO CUHIJIETY 3aJIUIIAE-
ThCsI 1€ 3HAYHOIO MipOIO HEJIOCJII[?KEHOIO, 1 B JlaHiil poboTi mpo-
MOHY€EThCA 11 Joci/izKeHHsA. KBapKOBy MaTepisi KOJIIpHOTO CHH-
[JIETY MOXKHA PO3JIJINTU Ha 3aPsA/2KEHY Ta HeMTpaJbHy. Y Heii-
TpaJIbHil KBApKOBiil MaTepil KOJIPHOIO CHHIVIETY KBapK i aH-
THUKBapK, B3aeMoznioun juire depe3d KEJI-B3aemonito, MoKy Th
yTBOpIOBaTH CTabiyibHI Ta obMmexeHi 6e3kostipai KE/I-me30Hu 3
Macamu npubnusso 17 MeB i 38 MeB (PRC81,064903(2010) ra
JHEP(2020(8),165)). BucsioBioeTbCst IpUILyIIeHHs, 1O iCHy-
BanHsa Takux KEJ[-mMe30HIB MOxKe OyTH O3HAKOIO HEUTPAIBLHOL
KBapKoBOI Marepil kosmipHoro cuuriery npu 7' = 0. Cnocrepe-
KeHHs1 aHoMaJbHux M’sakux ¢oroniB y CERN Ta anomaabHUX
6030HiB 3 Macoro 6iausbko 17 8 ATOMKI, /Iy6ni Ta HUS, a Ta-
KOK Macoio 6su3bpko 38 MeB y [y6ui maiors 6araroobinsroqui
eKCIepUMeHTaJbHI JoKa3u icHyBanHs Takux KE/I-me30HiB, 1110
norpebye MOJAIbIINX 11 TBEPIKEHD.

Karwwoei caoea: KE/I-Me30HH, KOTBOPOBO-CHHIVIETHA Ta
KOJIbOPOBO-OKTETHA 7 KBAPKOBa MaTepis.
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