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Neutral color-singlet 𝒒𝒒 quark matter is an important new frontier

• A new form of matter

• Consistent with existence of X17

• A window on confinement 

• Connection to dark matter



V   Theoretical support & experimental evidence suggest possible existence of  
      QED mesons, as quanta of  neutral color-singlet quark matter,  pending 
      confirmation.  

II   QED  mesons as signature for neutral color-singlet quark matter
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Quark matter and gauge fields  in color space
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•                   𝑞 ത𝑞 𝑔                  𝛾  

•                   3    ⊗ 3 = 8        +        1                               8                  1

•  𝑞3   ⊗ ത𝑞3  =  𝑞 ത𝑞 8 + 𝑞 ത𝑞 1 

∎  color-octet quark matter in which  𝒒 
     and ഥ𝒒  couple to color octet  and 
     interact  in  color-octet SU(3) 
     gauge interaction, 𝑞 ത𝑞 8𝑔8 1

.

∎  color-singlet quark matter in which  𝒒 
     and ഥ𝒒  couple to color singlet
     and interact  in  color-singlet U(1) 
     gauge interaction, 𝑞 ത𝑞 1𝛾1 1

.

Principle of colorless observable entities:

     An observable complex must be a colorless, color-singlet  entity 



(𝒒 ഥ𝒒 quark matter in color space and  T)

𝒒 ഥ𝒒 
quark 
matter 

𝑞 ത𝑞 8𝑔8 1

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

neutral 𝑞 ത𝑞 1𝛾1 1

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

𝑇 > 𝑇𝑐(QCD), QCD-deconfined 𝑞 ത𝑞 quark gluon plasma(QGP), 

𝑇 = 0, QCD-confined QCD mesons 𝜋0, 𝜂, 𝜂′, .

𝑇𝑐(QCD) > 𝑇 > 0, QCD-confined QCD mesons gas

𝑇 > 𝑇𝑐(QED), QED-deconfined 𝑞 ത𝑞 quark photon plasma (QPP)

𝑇𝑐(QED) > 𝑇 > 0, QCD-confined QED mesons gas

𝑇 = 0, QED-confined QED mesons    X17,E38  ??

T

T

𝑇𝑐(QCD)

𝑇((QED)

𝑞 ത𝑞  𝑒+𝑒−𝛾 quark electron photon plasma(QEPP)

?

charged 𝑞 ത𝑞 1𝛾1 1

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

No QED meson bound states because of QED repulsion bet’n like charges 
No QED continuum deconfined states



             color-singlet QED  gauge interaction  (U(1) gauge interaction)  𝑨𝒄𝒐𝒍𝒐𝒓−𝒔𝒊𝒏𝒈𝒍𝒆𝒕
𝝁

=  𝑨(𝟎)
𝝁

𝑥, 𝑡   𝑡0      
                                      
             color−octet current (color current): 𝒋𝒄𝒐𝒍𝒐𝒓−𝒐𝒄𝒕𝒆𝒕

𝝁
=  σ𝒊=𝟏

𝟖 𝒋 𝒊
𝝁

𝑥, 𝑡  𝑡𝑖

       
             color-octet QCD gauge interaction (SU(3) gauge interaction)  𝑨𝒄𝒐𝒍𝒐𝒓−𝒐𝒄𝒕𝒆𝒕

𝝁 
= σ𝒊=𝟏

𝟖 𝑨(𝒊)
𝝁

𝑥, 𝑡  𝑡𝑖
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❑ The quark currents (𝒋𝝁 𝒙, 𝒕 )𝒊𝒋 = 𝜓𝑖 𝛾𝜇𝜓𝑗  and the gauge fields (𝑨𝝁 𝒙, 𝒕 )𝒊𝒋 

 are 3 × 3 matrices with 9 matrix elements in color space, at each space-time point (𝑥, 𝑡)

❑  A general 3 × 3 color matrix can be represented by 9 basic matrices:  𝑡0, 𝑡1, 𝑡2,…, 𝑡8, 

𝑡0=
1

6

1 0 0
0 1 0
0 0 1

 for U(1) , 𝑡1, 𝑡2,…, 𝑡8 the 8 Gell-Mann matrices for SU(3),      

       and    2 tr{ 𝑡𝑖 𝑡𝑗] = 𝛿𝑖𝑗

Q𝐮𝐚𝐫𝐤 𝐜𝐮𝐫𝐫𝐞𝐧𝐭 𝒋𝝁(𝒙, 𝒕)𝒊𝒋 and  gauge fields 𝑨𝝁(𝒙, 𝒕)𝒊𝒋

❑   color-singlet current (electric current) 𝒋𝒄𝒐𝒍𝒐𝒓−𝒔𝒊𝒏𝒈𝒍𝒆𝒕
𝝁

 =  𝒋(𝟎) 
𝝁

𝑥, 𝑡   𝑡0  
QED

QCD



Study of QED mesons

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

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

        3) therefore, 𝒒 and ഥ𝒒 are confined in QED in (1+1)D as a 𝒒ഥ𝒒 QED meson in (1+1)D .  

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

• soft photons anomaly:  whenever hadrons are produced, 

        soft photons in the form of excess 𝑒+𝑒− are always produced

• neutral boson anomaly at ~17 MeV and ~38 MeV observed at ATOMKI, Dubna, and HUS

4) 𝒒ഥ𝒒 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))
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• Lattice gauge calculations using a Wilson loop confinement probe, indicates that 
    (𝑒− and 𝑒+) and ( 𝑞 and ത𝑞) are deconfined in compact QED in (3+1)D at T=0

• Deconfinement of (𝑒+ and 𝑒+)  in (3+1)D QED  is in agreement with observations

• However, lattice gauge theory prediction of deconfinement of  (𝑞 and ത𝑞) in (3+1)D QED 
     appear to be inconsistent with the absence of fractional charges, when (𝑞 and ത𝑞) 
     can be produced with pair invariant mass 𝑠𝑝𝑎𝑖𝑟 within 2𝑚𝑞 < 𝑠𝑝𝑎𝑖𝑟 <  𝑚𝜋.

What is the nature of color-singlet quark matter in U(1) QED in (3+1)D ?
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• The U(1) gauge interaction between 𝒆− and 𝒆+ may be different  from 
    the U(1) gauge interaction between 𝒒 and ഥ𝒒 in the color-singlet quark fluid,
     because the U(1) interaction in 𝒒 and ഥ𝒒 is part of the U(3) = U(1)⊕SU(3 ) interaction.

• 𝑞 and ത𝑞 in neutral color-singlet quark matter may be confined 
     and there may be QED mesons in the range 2𝑚𝑞 < 𝑠𝑝𝑎𝑖𝑟 < 𝑚𝜋.

    

Likely 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 in a flux tube



Schwinger confinement mechanism for massless 𝑞 ത𝑞 in QED in (1+1)D
See Chapter6,CYWong’Intro.toHigh-EnergyHeavy-IonCollisions’ 
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QED

Type equation here.

A𝜇

j𝜇

∎Stable collective motion is possible when ሚ𝐴𝜇 = 𝐴𝜇 

 𝐴𝜇
Dirac eq.

 𝑗𝜇
Maxwell eq.

ሚ𝐴𝜇 →  𝑗𝜇 → 𝐴𝜇→  𝑗𝜇 → ⋯   (𝑨 𝒋 𝑨 non-linearity) 

∎Introduce a QED gauge field 𝐴𝜇 acting on all quark states  𝜓  

        Dirac equation                  𝛾𝜇(𝑝𝜇-𝑔2𝐷𝐴𝜇)𝜓 = 0 

∎The solution 𝜓 generates a current, 𝑗𝜇= ത𝜓𝛾𝜇𝜓, (Schwinger, 1962):

(1)        𝑗𝜇 = −
𝑔2𝐷

𝜋
(𝐴𝜇 − 𝜕𝜇 1

𝜕𝜆𝜕𝜆
 𝜕𝜈𝐴𝜈),  gauge-invariant under 𝐴𝜈 ′ = 𝐴𝜈 − 𝜕𝜈Λ

∎The current  𝑗𝜇 generates a new gauge field ሚ𝐴𝜇 through the Maxwell equation

        (2)   Maxwell equation:  𝜕𝜈𝐹𝜈𝜇 = 𝜕𝜈(𝜕𝜈 ሚ𝐴𝜇 − 𝜕𝜇 ሚ𝐴𝜈) = 𝑔2𝐷 𝑗𝜇

∎When ሚ𝐴𝜇= 𝐴𝜇, Equations (1) and (2) are the same as (3) and (4) below 

  (3)            𝜕𝜈𝜕𝜈𝐴𝜇+ 
𝑔2𝐷

2

𝜋
 𝐴𝜇 = 0

      (4)                𝜕𝜈𝜕𝜈𝑗𝜇 + 
𝑔2𝐷

2

𝜋
 𝑗𝜇 = 0 

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

                                               𝑚 =
𝑔2𝐷

𝜋

∎Consider 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)
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𝐴𝜇 = σ𝑖=0,1,2,.,,8. 𝐴𝑖
𝜇

𝑡𝑖

 𝑡0=
1

6

1 0 0
0 1 0
0 0 1

    for  color-singlet matrix 

 𝑡1, 𝑡2, … , 𝑡8color-octet Gell-Mann matrices

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

                   𝐴𝜇 = 𝐴0
𝜇

𝜏0+ 𝐴1
𝜇

𝜏1     quasi-Abelian
                                                       approximation
 𝜏0= 𝑡0

 𝜏1 = σ𝑖=1
8 𝑛𝑖 𝑡𝑖

𝜏1, a unit vector in SU(3) generator space.

Similarly,  𝑗𝜇= 𝑗0
𝜇

𝜏0+ 𝑗1
𝜇

𝜏1

We get 𝑚𝑄𝐸𝐷 =
𝑔2𝐷

𝑄𝐸𝐷

𝜋
,    𝑚𝑄𝐶𝐷 =

𝑔2𝐷
𝑄𝐶𝐷

𝜋
   

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

 𝐴𝜇 acts on 𝜓.  

The Dirac equation is 𝛾𝜇(𝑝𝜇-𝑔2𝐷𝐴𝜇)𝜓 = 0.

𝜓 generates current 𝑗𝜇 = −
𝑔2𝐷

𝜋
𝐴𝜇 − 𝜕𝜇 1

𝜕𝜆𝜕𝜆
𝜕𝜈𝐴𝜈  

current 𝑗𝜇  generates 𝐴𝜇   through the Maxwell equation                     

 𝜕𝜈𝐹𝜈𝜇 = 𝜕𝜈(𝜕𝜈𝐴𝜇 − 𝜕𝜇𝐴𝜈) = 𝑔2𝐷 𝑗𝜇 

Stable collective motion occurs when 𝐴𝜇 and 𝑗𝜇  are self-

consistently generated.  

 

     

Then we get  𝜕𝜈 𝜕𝜈𝐴𝜇+
𝑔2𝐷

2

𝜋
 𝐴𝜇 = 0 ,

 𝜕𝜈 𝜕𝜈𝑗𝜇+
𝑔2𝐷

2

𝜋
 𝑗𝜇  = 0 ,

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

mass              𝑚 =
𝑔2𝐷

𝜋
  

0,1

0,1

(QED+QCD)

QED 𝜓 =

𝜓𝑟𝑒𝑑

𝜓𝑏𝑙𝑢𝑒

𝜓𝑔𝑟𝑒𝑒𝑛

Type equation here.

Aμ

jμ

Aμ

jμ

𝐴𝜇
Dirac eq.

 𝑗𝜇
Maxwell eq.

 𝐴𝜇 →  𝑗𝜇 → ⋯ (𝑨𝒋𝑨 non-linearity)



• In (3+1)D, the flux tube has a structure with a radius 𝑅𝑇, and the coupling constant 𝑔4𝐷 is dimensionless.

• In (1+1)D, the open string has no structure,  but the coupling constant 𝑔2𝐷 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 𝑅𝑇  in (3+1)D is encoded into the coupling constant 𝑔2𝐷 in (1+1)D: 

                                       𝑔2𝐷

2
= 

𝑔4𝐷
2

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

• Thus, from fluxtube radius 𝑅𝑇  and dimensionless 4D coupling constant 𝑔4𝐷, we get  𝑔2𝐷 and  the boson mass:

 𝑚2   =  
𝑔2𝐷

2

𝜋
=  

𝑔4𝐷
2

𝜋2𝑅𝑇
2 =

4α4𝐷

𝜋𝑅𝑇
2  , where α4𝐷 =

𝑔4𝐷
2

4𝜋
.

CYWong,ORNL
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How  a 𝒒 ഥ𝒒 meson in (1+1)D may represent a physical 𝒒 ഥ𝒒 meson in (3+1)D ?



                                            𝑚𝑄𝐶𝐷
2 =

4𝛼4𝐷
𝑄𝐶𝐷

𝜋𝑅𝑇
2 ,  𝑚𝑄𝐸𝐷

2 =
4𝛼4𝐷

𝑄𝐸𝐷

𝜋𝑅𝑇
2 .

• If the flux tube radius 𝑅𝑇  is an intrinsic property of the quark, then

   
(𝑄𝐶𝐷 𝑚𝑒𝑠𝑜𝑛 𝑚𝑎𝑠𝑠 𝑚𝑄𝐶𝐷)

𝑄𝐸𝐷 𝑚𝑒𝑠𝑜𝑛 𝑚𝑎𝑠𝑠 𝑚𝑄𝐸𝐷
=

𝛼𝑞𝑐𝑑

𝛼𝑞𝑒𝑑
 ≈

0.7

1/137
≈ 10 ≈

(ℎ𝑢𝑛𝑑𝑟𝑒𝑑𝑠 𝑀𝑒𝑉) 

(𝑡𝑒𝑛𝑠 𝑀𝑒𝑉)
,  

(𝑄𝐶𝐷 𝑚𝑒𝑠𝑜𝑛 𝑙𝑒𝑛𝑔𝑡ℎ)

𝑄𝐸𝐷 𝑚𝑒𝑠𝑜𝑛 𝑙𝑒𝑛𝑔𝑡ℎ
 ≈

1

10
.

CYWong,ORNL
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How  a 𝒒 ഥ𝒒 meson in (1+1)D may represent a physical 𝒒 ഥ𝒒 meson in (3+1)D ?



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

• Fundamental quantum field theory viewpoint:

   A meson is a quanta of the quark fluid at 𝑇=0,

      a stable localized, collective, periodic space-time vibration

      of the quark current  𝑗𝜇(𝑥, 𝑡)  and the gauge field  𝐴𝜇 𝑥, 𝑡 .  

 QCD mesons: 𝜋0, 𝜂, 𝜂′, . . 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

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

• Phenomenological, 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 15



meson masses with 2 flavors

𝑚𝑖
2 = σ

𝑗=1

𝑁𝑓
𝐷𝑖𝑗 𝑄𝑗

2 4𝛼4𝐷

𝜋𝑅𝑇
2 ,     

      where the physical state Φ𝑖 = σ
𝑗=1

𝑁𝑓
𝐷𝑖𝑗𝜑𝑗,   𝜑1 = |𝑢 ത𝑢 >, 𝜑2 = |𝑑 ҧ𝑑 >,

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

CYWong,ORNL
16

(i)  for QCD,  the color charges     are   𝑄𝑢
𝑄𝐶𝐷

= 𝑄𝑑
𝑄𝐶𝐷

 = 1 

               (iii) for QED, the electric charges are 𝑄𝑢
𝑄𝐸𝐷

=
2

3
,  𝑄𝑑

𝑄𝐸𝐷
= −

1

3
 

Φ𝑖𝑠𝑜𝑣𝑒𝑐𝑡𝑜𝑟

Φ𝑖𝑠𝑜𝑠𝑐𝑎𝑙𝑎𝑟
=

1

2

1 −1
1 1

|𝑢 ത𝑢 >

|𝑑 ҧ𝑑 >
,  

𝑚𝑖𝑠𝑜𝑣𝑒𝑐𝑡𝑜𝑟
2

𝑚𝑖𝑠𝑜𝑠𝑐𝑎𝑙𝑟
2 =

1

2

𝑄𝑢 − 𝑄𝑑
2

𝑄𝑢 + 𝑄𝑑
2

4𝛼4𝐷

𝜋𝑅𝑇
2

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

Φ𝐼=0,𝐼3=0=
1

2
(|uത𝑢 > + 𝑑 ҧ𝑑 >

Φ𝐼=1,𝐼3=0=
1

2
(|uത𝑢 > − 𝑑 ҧ𝑑 >   
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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, 𝑄𝑢
𝑄𝐶𝐷

= 𝑄𝑑
𝑄𝐶𝐷

= 𝑄𝑠
𝑄𝐶𝐷

= 1 for QCD 

          (ii)   electric charges, 𝑄𝑢
𝑄𝐸𝐷

=
2

3
,  𝑄𝑑

𝑄𝐸𝐷
= −

1

3
  for QED

          (iii)   flavor mixture 𝐷𝑖𝑗  of the physical states Φ𝑖 = σ
𝑗=1

𝑁𝑓
𝐷𝑖𝑗 |𝑞𝑗 ഥ𝑞𝑗 > 

          (iv) the quark condensate and the quark masses 𝑚𝑢 , 𝑚𝑑 , and 𝑚𝑠

𝑚𝑖
2 =

4𝛼4𝐷

𝜋𝑅𝑇
2 σ

𝑗=1

𝑁𝑓
𝐷𝑖𝑗 𝑄𝑗

2
 + 𝑚𝜋

2 𝛼4𝐷

𝛼4𝐷
𝑄𝐶𝐷 σ

𝑗=1

𝑁𝑓 𝑚𝑓

(𝑚𝑢+𝑚𝑑)/2
𝐷𝑖𝑗

2

the mass of a confined meson, as inferred from the Schwinger confinement mechanism
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

𝑚𝑖
2 =

4𝛼4𝐷

𝜋𝑅𝑇
2 σ

𝑗=1

𝑁𝑓 𝐷𝑖𝑗 𝑄𝑗

2
 + 𝑚𝜋

2 𝛼4𝐷

𝛼4𝐷
𝑄𝐶𝐷 σ

𝑓=1

𝑁𝑓 𝑚𝑓

(𝑚𝑢+𝑚𝑑)/2
𝐷𝑖𝑗

2
 ,    

                 for the physical state Φ𝑖 = σ
𝑗=1

𝑁𝑓 𝐷𝑖𝑗|𝑞𝑗 ഥ𝑞𝑗 >, 

                  with 𝐷𝑖𝑗 and 𝑚𝑗 from PDG Tables, 𝑅𝑇= 0.4 fm, 𝛼4𝐷
𝑄𝐶𝐷

=0.68,   𝛼4𝐷
𝑄𝐸𝐷

=
1

137
 .              
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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 



CYWong,ORNL
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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)  

𝑞ത𝑞

(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)

QED meson production by low-energy 
𝑒+𝑒− annihilation below pion mass
threshold,  𝑠𝑒+𝑒− ≤ 𝑚𝜋

(inverse ATOMKI experiment)

QED meson production
by  high-energy 𝑒+𝑒− annihilation 
(DELPHI,PADME experiments,…)

QED meson production by
electron-nucleus bremsstrahlung-
type reactions 
(JLAB experiment,…)

QCD mesons  and QED mesons can be produced 
in 𝑒+- 𝑒− and e-A  collisions 
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QED meson decay and decay products



QED mesons can be detected by   (a) 𝛾𝛾, (b) 𝛾∗𝛾∗, and   (c) 𝑒+𝑒−

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 𝑒+𝑒−

                         -- ATOMKI
Excess 𝑒+𝑒− -- anomalous soft photons

CYWong,ORNL
17
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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)

π+ 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

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

π- 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-→hadrons CERN DELPHI(2010)                             

with hadron production 

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

e+e- →μ+μ- 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.

27

𝑄𝐶𝐷 𝑚𝑒𝑠𝑜𝑛

𝑄𝐸𝐷 𝑚𝑒𝑠𝑜𝑛 𝑋 → 𝑒+𝑒−

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

28
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Nhadron Multiplicity

Anomalous soft photon yield is 
proportional to the hadron yield

Number of anomalous soft photons 

Number of produced hadrons 
≈

150 × 10−3

15

                                                                     ≈
1

100

𝜋 𝜋 𝜋𝐾 𝐾 𝑄𝐸𝐷 
𝑚𝑒𝑠𝑜𝑛 𝜋𝜌𝜋 𝜋

𝛾, 𝑍0 

Anomalous soft photons (ASP) and QCD mesons arise 
likely from similar 𝑞 ത𝑞 production mechanisms

𝑒+𝑒−

CYWong,PRC81,064903(2010);arxiv:1001.1691
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QED meson production

A
n

o
m

al
o

u
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So
ft
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h

o
to

n
 Y

ie
ld 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 

CYWong,ORNL



8Be

8Be

4He
12C

• Kinematical evidence for 
the X17 particle

• Vector character of X17 
is supported

• Ejected with L=1 in 8Be

The newest version of the 
spectrometer

2016
PRL

2017

2021
2022

Consistent result with
 a new spectrometer

Previous experimental results

32

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 γγ pairs satisfying criteria (i)-(iii) without (upper panels) and with (bottom panels) the background 
subtraction obtained for the d+C, d+Cu and p + C reactions. The backgrounds are normalized by the numbers of pairs in the 
range (22, 32) MeV/c². 
 41

ISMD’23

Abraamyan Kh.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 𝑒+𝑒−) in high-energy hadron-hadron and

      𝑒+𝑒− annihilations, with pT < 60 MeV/c2

(ii) COMPASS  hadron-hadron collisions, with 𝛾𝛾 invariant mass at ~17 and ~38 MeV 

(iii) Pb  collisions on Photographic Emulsion at RHIC, with 𝑒+𝑒− invariant mass at ~18 MeV

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

       collisions at LHC 

We need new experimental measurements to search for X17 and E38.
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ATOMKI, DUBNA, and HUS experiments provide promising 
 evidence for QED mesons, pending further confirmations.
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Implications of the possible existence of the QED mesons in (3+1)D 

3. Confinement occurs for 𝑞 and ത𝑞 not only in QCD but also in neutral color-singlet 
    quark matter  in QED.   The group of gauge interaction may be a broken U(3) group 
    with U(3) = U(1) ⨁ SU(3).

2. There may be a new family of QED-confined 𝑞 ത𝑞 composite 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, …  

4. Confinement may be an intrinsic property of the quarks or colors of quarks.  
5. Quarks and  antiquarks may interact with different interactions, including weak and 
     gravitational interactions, to lead to confined 𝑞 ത𝑞 composite particles.

6  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 𝑢-𝑑-𝑢 QED proton is unstable.  The QED neutron may be  
     a good candidate for dark matter.

1. Color-singlet quark matter may exist, with possible neutral QED mesons at T=0. 
     There may then be QED meson gas at T< 𝑇𝑐(QED), and quark photon plasma above 𝑇𝑐(QED).
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Neutral color-singlet 𝒒𝒒 quark matter is an important new frontier

• A new form of matter

• Consistent with the existence of X17

• A window on confinement 

• Connection to dark matter



1.   Theoretical and experimental observations point to the possible existence of 

       color-singlet quark matter at T=0, with stable quanta of QED mesons, 

       pending further confirmations.

2. The possible existence of QED mesons has important implications on the 

fundamental color properties of the quark matter and its interactions. 

46
CYWong

CONCLUSIONS  
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