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I   Color-singlet qἽἩἺἳ matter

III  Theoretical predictions of QED meson masses, at ~17 and ~38 MeV 

IV  Experimental observations of anomalous bosons by ATOMKI, DUBNA,   
      and HUS, , at ~17 and ~38 MeV 



Quark matter and gauge fields  in color space
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Å                  ή ή Ὣ                  ‎  

Å                  3    ṧ σ  8        +        1                               8                  1

Å ή   ṧ ή  ήή   ήή  

 ʉ color-octet quark matter in which  ▲ 
     and ▲  couple to color octet  and 
     interact  in  color-octet SU(3) 
     gauge interaction, ή ή Ὣ Ȣ

 ʉ color-singlet quark matter in which  ▲ 
     and ▲  couple to color singlet
     and interact  in  color-singlet U(1) 
     gauge interaction, ή ή Ὣ Ȣ



             color-singlet QED  gauge interaction  (U(1) gauge interaction)  ═╬▫■▫►▼░▪▌■▄◄
Ⱨ

  ═
Ⱨ
ὼȟὸ  ὸ      

                                      
             ÃƻƭƻǊҍƻŎǘŜǘ ŎǳǊǊŜƴǘ όŎƻƭƻǊ ŎǳǊǊŜƴǘύΥ ▒╬▫■▫►▫╬◄▄◄

Ⱨ
 В░ ▒░

Ⱨ
ὼȟὸ ὸ

       
             color-octet QCD gauge interaction (SU(3) gauge interaction)  ═╬▫■▫►▫╬◄▄◄

Ⱨ В░ ═░
Ⱨ
ὼȟὸ ὸ
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ÇThe quark currents ▒Ⱨ●ȟ◄ ░▒ ‪ ‎‪  and the gauge fields ═Ⱨ●ȟ◄ ░▒ 

 ÁÒÅ σ о ƳŀǘǊƛŎŜǎ ǿƛǘƘ ф ƳŀǘǊƛȄ ŜƭŜƳŜƴǘǎ ƛƴ ŎƻƭƻǊ ǎǇŀŎŜΣ ŀt each space-time point ὼȟὸ

Ç  A general 3 σ color matrix can be represented by 9 basic matrices:  ὸȟὸȟὸΣΧΣ ὸ, 

ὸ=
ρ π π
π ρ π
π π ρ

 for U(1) ȟ ὸȟὸΣΧΣ ὸ the 8 Gell-Mann matrices for SU(3),      

       and    2 tr{ ὸ ὸ ‏

QἽἩἺἳ ἫἽἺἺἭἶἼ ▒Ⱨ●ȟ◄░▒ ÁÎÄ  gauge fields ═Ⱨ●ȟ◄░▒

Ç   color-singlet current (electric current) ▒╬▫■▫►▼░▪▌■▄◄
Ⱨ

   ▒  
Ⱨ
ὼȟὸ  ὸ  

QED

QCD
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Quark matter in color and  T

▲ ▲ 
quark 
matter 

ήή Ὣ

color-octet 
quark matter,
Interacting in 
SU(3) QCD

neutral ήή ‎

color-singlet
quark matter,
Interacting in 
U(1)  QED

Ὕ Ὕ QCD), QCD-deconfined ή ή quark gluon plasma(QGP), 

Ὕ πȟ QCD-confined QCD mesons “ȟ–ȟ–ȟȢ

Ὕ QCD) > Ὕ πȟ QCD-confined QCD mesons gas

Ὕ Ὕ(QED), QED-deconfined ή ή quark photon plasma (QPP)

Ὕ QED) > Ὕ πȟ QCD-confined QED mesons gas

Ὕ πȟ QED-confined QED mesons    X17,E38  ??

T

T

ὝQCD)

ὝQED)

ήή  ὩὩ‎ quark electron photon plasma(QEPP)

?

charged ήή ‎

color-singlet
quark matter,
Interacting in 
U(1)  QED

No QED meson bound states because of QED repulsion ōŜǘΩƴ like charges 
No QED continuum de-confined states
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ÅLattice gauge calculations using a Wilson loop confinement probe, indicates that 
    Ὡ and Ὡ  and  ή ŀƴŘ ή are deconfined in compact QED in (3+1)D at T=0

ÅDeconfinement of (Ὡ and Ὡ   in (3+1)D QED  is in agreement with observations

ÅHowever, lattice gauge theory prediction of deconfinement of  ή ŀƴŘ ή in (3+1)D QED 
     appear to be inconsistent with the absence of fractional charges, when (ή ŀƴŘ ή 
     can be produced with pair invariant mass ί  within ςά ί  ά .

What is the nature of color-singlet quark matter in U(1) QED in (3+1)D ?
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ÅThe U(1) gauge interaction between ▄ and ▄ ÍÁÙ ÂÅ different  from 
    the U(1) gauge interaction between ▲ ŀƴŘ ▲ in the color-singlet quark fluid,
    because the U(1) interaction in ▲ ŀƴŘ ▲ is part of the U(3) = U(1)+SU(3 ) interaction.

Åή ÁÎÄ ή in neutral color-singlet quark matter ÍÁÙ ÂÅ confined 
 and there may be QED mesons in the range ςά ί ά Ȣ

    

Åή ÁÎÄ ή ÍÁÙ ÂÅ confined  but there may be no QED meson in the range ςά ί ά

     as in charged color-singlet quark matter, when the electric charges of the quark and 
   the antiquark have the same sign.  

Many possibilities

We need to study  1) QED meson for neutral color-singlet quark matter 
                              & 2) lattice gauge calculations for neutral color-singlet quark matter
                                     in U(1)+SU(3) with dynamical quarks.



Study of QED mesons

1) Schwinger showed in 1962 that massless ▄  and ▄ are confined in QED  in (1+1)D.  

        2) ή and ή are approximately massless, and ή and ή reside predominantly in (1+1)D 

        3) ÔÈÅÒÅÆÏÒÅȟ▲ and ▲ are confined in QED in (1+1)D as a ▲▲ QED meson in (1+1)D .  

5)  The existence of ▲▲ QED mesons in (3+1)D may explain many anomalies:

Åsoft photons anomaly:  whenever hadrons are produced, 

        soft photons in the form of excess ὩὩ  are always produced

Åneutral boson anomaly at ͯρχ -Å6 and ~38 MeV observed at ATOMKI, Dubna, and HUS

4) ▲▲ QED mesons in (1+1)D may represent physical QED mesons in (3+1)D, 

                when the flux tube radius is taken into account,    (CYWong,PRC81,064903(2010),JHEP2020(165))



Schwinger confinement mechanism for massless ήή in QED in (1+1)D
See Chapter6,CYWongôIntro.toHigh-EnergyHeavy-IonCollisionsô 
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QED

4ÙÐÅ ÅÑÕÁÔÉÏÎ ÈÅÒÅȢ

A‘

j‘

Sʉtable collective motion is possible when ὃ  ὃ  

 ὃ
 Ȣ
 Ὦ

 Ȣ
ὃ  O Ὦ O  ὃᴼ ὮᴼỄ   ═ ▒ ═ non-linearity) 

)ʉntroduce a QED gauge field ὃ  acting on all quark states  ‪  

        Dirac equation                  ‎ ὴ -Ὣ ὃ )‪ π 

Tʉhe solution ‪ generates a currentȟὮҐ ‪‎‪ȟ (Schwinger, 1962):

(1)        Ὦ ὃ ‬  ‬ὃ ȟ ÇÁÕÇÅ-ÉÎÖÁÒÉÁÎÔ ÕÎÄÅÒὃ ὃ  ‬ɤ

Tʉhe current  Ὦ generates a new gauge field ὃ through the Maxwell equation

        (2)   Maxwell equation:  ‬Ὂ  ‬ ‬ὃ  ‬ὃ) = Ὣ  Ὦ

7ʉÈÅÎ ὃ= ὃ , Equations (1) and (2) are the same as (3) and (4) below 

  (3)            ‬‬ὃ+  ὃ  = 0

      (4)                ‬‬Ὦ +  Ὦ = 0 

 ʉ Eqs. (3) and (4) are the Klein-Gordon equation for a stable boson, QED meson in (1+1)D, with a mass

                                               ά

Cʉonsider the vacuum of massless quarks filling completely states below the Dirac sea in (1+1)D 

This second term needed to
maintain gauge invariance



Generalize Schwinger gauge theory in 1+1 dimesions from QED to (QED+QCD)

5
CYWong,ORNL

ὃ В ȟȟȟȢȟȟȢὃὸ

 ὸ
ρ π π
π ρ π
π π ρ

    for  color-singlet matrix 

 ὸ, ὸȟȣȟὸÃÏÌÏÒ-ÏÃÔÅÔ 'ÅÌÌ-Mann matrices

Consider the restricted variation that will lead 
to localized stable QCD bosons 

                   ὃ ὃ†+ ὃ†     quasi-Abelian
                                                       approximation
 †  ὸ

 †  В ὲὸ
†ȟ a unit vector in SU(3) generator space.

3ÉÍÉÌÁÒÌÙȟ Ὦ= Ὦ†+ Ὦ†

We get ά ,    ά    

Consider massless quarks ‪ in a gauge field ὃ   in (1+1)D.

 ὃ  acts on ‪.  

The Dirac equation is ‎ ὴ -Ὣ ὃ )‪ πȢ

‪ ÇÅÎÅÒÁÔÅÓ ÃÕÒÒÅÎÔ Ὦ ὃ ‬ ‬ὃ  

ÃÕÒÒÅÎÔ Ὦ  ƎŜƴŜǊŀǘŜǎ ὃ    through the Maxwell equation                     

 ‬Ὂ  ‬ ‬ὃ  ‬ὃ) = Ὣ  Ὦ 

Stable collective motion occurs when ὃ and Ὦ  are self-

consistently generated.  

 

     

Then we get  ‬ ‬ὃ+  ὃ  = 0 ,

 ‬ ‬Ὦ+  Ὦ = 0 ,

which are the Klein-Gordon equations for a boson with a 

mass              ά   

0,1

0,1

(QED+QCD)

QED ‪

‪
‪
‪

4ÙÐÅ ÅÑÕÁÔÉÏÎ ÈÅÒÅȢ

Aɛ

jɛ

Aɛ

jɛ

ὃ
 Ȣ
 Ὦ

 Ȣ
 ὃ ᴼ ὮᴼỄ ═▒═ non-linearity)



ÅIn (3+1)D, the flux tube has a structure with a radius Ὑ , and the coupling constant Ὣ  is dimensionless.

ÅIn (1+1)D, the open string has no structure,  but the coupling constant Ὣ  has the dimension of a mass.

  By reducing the Dirac equation for quarks from  (3+1)D in a flux tube to the Dirac equation (1+1)D, we find     

 that the information on the fluxtube radius Ὑ   in (3+1)D is encoded into the coupling constant Ὣ  in (1+1)D: 

                                       Ὣ =  .              C.Y.Wong,PRC80,054917(2009)[arxiv:0903.3879]                                                                  

ÅThus, from fluxtube radius Ὑ and dimensionless 4D coupling constant Ὣ ȟ×Å get  Ὣ  and  the boson mass:

 ά    =  =   , where ɻ .
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How  a ▲▲ meson in (1+1)D may represent a physical ▲▲ meson in (3+1)D ?



                                            ά ȟ ά Ȣ

ÅIf the flux tube radius Ὑ is an intrinsic property of the quark, then

   
   

   
 

Ȣ

Ⱦ
ρπ 

  

 
ȟ 

  

  
 Ȣ
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How  a ▲▲ meson in (1+1)D may represent a physical ▲▲ meson in (3+1)D ?



Two equivalent views of a QED or QCD meson in (3+1)D

ÅFundamental quantum field theory viewpoint:

   A meson is a quanta ÏÆ the quark fluid at Ὕ=0,

      a stable localized, collective, periodic space-time vibration

      of the quark current  Ὦ ὼȟὸ  and the gauge field  ὃ ὼȟὸ.  

 QCD mesons: “ȟ–, –ȟȢȢ are quanta of the color-octet quark fluid at T=0  

 QED mesons (yet to be uncovered)  are quanta of the color-singlet quark fluid at T=0

------------------------------------------------------------------------------------------ 

ÅPhenomenological, approximate, two-body viewpoint:

  A meson is a bound state of a valence quark and a valance antiquark 

  interacting  with a phenomenological effective confining interaction.

CYWong,ORNL 12



meson masses with 2 flavors

ά В Ὀ ὗ ,     

      where the physical state ɮ  В Ὀ•,   • ȿόό ȟ • ȿὨӶὨ ,

CYWong,JHEP08(2020)165,[arxiv:2001.04864
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(i)  for QCD,  the color charges     are   ὗ  ὗ  ρ 

               (iii) for QED, the electric charges are ὗ ȟ ὗ  

ɮ
ɮ

=
ρ ρ
ρ ρ

ȿόό

ȿὨӶὨ
ȟ 

ά

ά

ὗ ὗ

ὗ ὗ

C.Y.Wong,PRC80,054917(2009)[arxiv:0903.3879]



QED and QCD meson masses with 2 flavor
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CYWong,PRC81,064903(2010),[arxiv:1001.1691]
CYWong,JHEP08(2020)165,[arxiv:2001.04864

ɮ ȟ = (|uό ὨӶὨ

ɮ ȟ = (|uό ὨӶὨ   
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with two flavors
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For quantitative descriptions of QCD and QED mesons, we must take into account

           (i)       color charges, ὗ  ὗ  ὗ ρ ÆÏÒ 1#$ 

          (ii)   electric charges, ὗ ȟ ὗ   for QED

          (iii)   flavor mixture Ὀ of the physical states ɮ  В Ὀ ȿήή  

          (iv) ÔÈÅ ÑÕÁÒË ÃÏÎÄÅÎÓÁÔÅ and the quark masses ά  , ά  , and ά

ά В Ὀ ὗ  + ά В
Ⱦ
Ὀ

ÔÈÅ ÍÁÓÓ ÏÆ Á ÃÏÎÆÉÎÅÄ ÍÅÓÏÎȟÁÓ ÉÎÆÅÒÒÅÄ ÆÒÏÍ ÔÈÅ 3ÃÈ×ÉÎÇÅÒ ÃÏÎÆÉÎÅÍÅÎÔ ÍÅÃÈÁÎÉÓÍ
CYWong,JHEP(2020),165,arxiv:2001.04864

QCD mesons with 3 flavors
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QCD mesons
 & QED mesons 
 are reasonable 
 concepts!

CYWong,JHEP08(2020)165,[arxiv:2001.04864]

QCD mesons with 3 flavors

ά В Ὀ ὗ  + ά В
Ⱦ
Ὀ  ,    

                 for the physical state ɮ  В Ὀ ȿήή ȟ 

                  with Ὀ  and ά  from PDG Tables, Ὑ πȢτ fm, ‌ =πȢφψ,   ‌ =  .              
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Confrontation of theoretical QED meson predictions with experiment 

We need   

(1)  to produce QED mesons 

(2)  to detect QED mesons by their decays 

(3)  and measure the invariant mass of the decay products 
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(i) Low excitation  energies
    below pion mass
    threshold
  (ATOMKI experiments)
(ii) Peripheral high-energy
      parton-parton 
      collisions 

Intermediate energy 
  hadron-hadron and 
  nucleus-nucleus 
  collisions above 
  pion mass threshold
(Anomalous soft photons,
  Dubna experiments.)

 

High energies
central AA 
Collisions
(RHIC and
LHC experiments)  

ήή

(d) 

Coalescence during   
        deconfinement-to
        confinement QGP  
        phase transition in 

high energies
central AA 
collisions 
(RHIC & LHC experiments)

QCD meson (     ) and QED mesons (     ) can be produced  
in hadron-hadron colliisons    
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(d) (e)

1%$ ÍÅÓÏÎ production by low-energy 
ὩὩ  annihilation below pion mass
threshold,  ί ά
(inverse ATOMKI experiment)

1%$ ÍÅÓÏÎ production
by  high-energy ὩὩ  annihilation 
(DELPHI,PADME experiments,Χ)

1%$ ÍÅÓÏÎ production by
electron-nucleus bremsstrahlung-
type reactions 
όW[!. ŜȄǇŜǊƛƳŜƴǘΣΧύ

QCD mesons  and QED mesons can be produced 
in Ὡ - Ὡ ÁÎÄ Å-A  collisions 
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QED meson decay and decay products



QED mesons can be detected by   (a) ‎‎ȟ (b) ‎ᶻ‎ᶻȟ and   (c) ὩὩ

Detection using the invariant 
mass of two real photons 
-- Dubna

Detection using the invariant 
mass of two virtual photons
 -- RHIC? 

Detection using invariant mass of ὩὩ
                         -- ATOMKI
Excess ὩὩ  -- anomalous soft photons

CYWong,ORNL
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Experimental evidence for anomalous photons with pT < 60 MeV/c



Experiment Collision

Energy

Photon pT         Photon/ Brems  

Ratio

K+ p,  CERN WA27,BEBC(1984) 70 GeV/c PT  < 60 MeV/c 4.0 ±  0.8

K+ p,  CERN  NA22, EHS (1993)
+́ p,  CERN  NA22, EHS (1997)

250 GeV/c  

  250 GeV/c

PT  <  40 MeV/c

  PT  <  40 MeV/c            

6.4   ± 1.6

  6.9   ± 1.3

-́ p , CERN WA83,OMEGA(1997) 280 GeV/c PT  <  10 MeV/c    7.9 ±  1.4

-́ p , CERN WA91,OMEGA(2002) 280 GeV/c PT  <  20 MeV/c 5.3 ±  0.9

p p , CERN WA102,OMEGA(2002) 450 GeV/c PT  < 20 MeV/c 4.1 ±   0.8

e+e-Ÿhadrons CERN DELPHI(2010)                             

with hadron production 

~91 GeV (CM) PT  < 60 MeV/c ~4.0  

e+e- Ÿɛ+ɛ- CERN DELPHI(2008)

with no hadron production 

~91 GeV (CM) PT  < 60 MeV/c ~1.0

(Table compiled by V. Perepelitsa , 2009)

Anomalous soft photons (excess e+e-) are always produced whenever hadrons 

are produced. They are not produced when hadrons are not produced.

24

ὗὅὈ άὩίέὲ

ὗὉὈ άὩίέὲ ὢᴼὩὩ

Exclusive measurements with knowledge of all particle momenta to determine bremmstrahlung contributions

 How may QED mesons be produced? 



e+e- annihilation at Z0 decay (  ͯ91 GeV) 
DELPHI (EPJ 2010) arXiv:1004.1587
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Nhadron Multiplicity

Anomalous soft photon yield is 
proportional to the hadron yield

bǳƳōŜǊ ƻŦ ŀƴƻƳŀƭƻǳǎ ǎƻŦǘ ǇƘƻǘƻƴǎ 

.ÕÍÂÅÒ ÏÆ ÐÒÏÄÕÃÅÄ ÈÁÄÒÏÎÓ 

ρυπρπ

ρυ

                                                                     

“ “ “ὑὑ ὗὉὈ 
άὩίέὲ “”“ “

‎ȟὤ 

!ÎÏÍÁÌÏÕÓ ÓÏÆÔ ÐÈÏÔÏÎÓ (ASP) and QCD mesons arise 
likely from similar ήή production mechanisms

ὩὩ

CYWong,PRC81,064903(2010);arxiv:1001.1691
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QED meson production
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This is consistent with: 
1) QED mesons are quanta of  a 
neutral color-singlet quark matter 
2) no QED mesons are produced in a 
charged color-singlet quark matter.

Anomalous soft photons are 
produced in a neutral charged 
environment!
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Experimental evidence for anomalous bosons 
with masses  ~17 MeV   and ~38 MeV



Krasznahorkay et al, PRC104,044003(2021) arxiv:2104.10075

X17 particle observed in decay of 4He* at Atomki 
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8Be

8Be

4He
12C

Å Kinematical evidence for 
the X17 particle

Å Vector character of X17 
is supported

Å Ejectedwith L=1 in 8Be

The newest version of the 
spectrometer

2016
PRL

2017

2021
2022

Consistent result with
 a new spectrometer

Previousexperimentalresults
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Krasznahorkay et al, ISMD2023ATOMKI 
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Tran et al, ISMD2023
Hanoi University of Science (HUS) 
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Tran et al, ISMD2023
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Abraamyan et al. arxiv:1208.3829(2012)
     EPJWebConf204,08004(2019)

Observation of the E38 boson at Dubna
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Abraamyan et al. arxiv:1208.3829(2012)
     EPJWebConf204,08004(2019)

Observation of the E38 boson at Dubna



Results of the search for a signal at an invariant mass of photon pairs 
of about 17 MeV/c² and about 38 MeV 

Invariant mass distributions of ɹ ɹpairs satisfying criteria (i)-(iii) without (upperpanels) and with (bottom panels) the background 
subtraction obtained for the d+C, d+Cuand p + C reactions. The backgrounds are normalized by the numbersof pairs in the 
range (22, 32) MeV/c². 
 37

ISMDô23

AbraamyanKh.U. et al., ISMD2023 
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Other hints of anomalous particles in regions of many tens of MeV

(i)  Anomalous soft photons (excess ὩὩ  in high-energy hadron-hadron and

      ὩὩ annihilations, with pT < 60 MeV/c2

(ii) COMPASS  hadron-hadron collisions, ×ÉÔÈ ‎‎ invariant mass at ͯρχ ÁÎÄ ͯσψ -Å6 

(iii) Pb  collisions on Photographic Emulsion at RHIC, with ὩὩ invariant mass at ͯ18 MeV

(iv) CMS anomalous low-mass diphoton structure at ͯ40 MeV in Pb-Pb 

       collisions at LHC 
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Van Beveren & Rupp, arxiv:1202.1739

25
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Van Beveren & Rupp, arxiv:1202.1739
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Background-subtracted spectrum of diphoton invariant mass ὓ

           in 6 angular bins with respect to the event plane for CMS PbPb 
collisions at ί 2.76 TeV in the 40-50% centrality, with 1.6< ὴ<2 GeV/c.

           (From B. A. Snook, Ph.D. Thesis, Vanderbilt University, 2014, Fig. 5.8)

3ͯ8MeV

3ͯ8MeV

3ͯ8MeV

3ͯ8MeV

3ͯ8MeV

3ͯ8MeV


