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• The QCD-QED vacuum consists of quarks, QCD, and QED gauge fields filling up the Dirac sea

• A local disturbance creates a valence quark 𝑞 and a valence antiquark ത𝑞 and their excitations

• There can be stable QCD string excitations which give rise to  𝜋, 𝜌, 𝜂, 𝜂′, …

• There can be stable QED string excitations which give rise to 

(1) anomalous soft photons (excess 𝑒+𝑒− pairs when producing hadrons)       
(BC,BEBC,WA27,NA22,WA83,WA91,WA102,DELPHI,…from 1979 to 2010)

(2) X17 particle (Atomki)

(3) E38 particle (Dubna)

(4) X17, E38, and 𝜋0 in same high energy heavy ion measurements (?)

(5) many states using low two virtual 𝛾∗𝛾∗ [(𝑒+𝑒−)-(𝑒+𝑒−)] invariant mass in RHIC collisions(?)

Stable QCD and QED string excitations above the QCD-QED vacuum

CYWong,ORNL
2



(adopted from Magifico et al., arxiv:2011.10658, with modifications)

A lattice illustration of background quarks, gauge fields, and valence particles

Quark Fields

background quark under Dirac sea

background quark under Dirac sea

a valence quark above Dirac sea

ത𝑞 valence  antiquark, a hole below 
Dirac sea 

QCD & QED Gauge Fields

background QCD & QED gauge fields

QCD & QED gauge fields bet’n 𝑞-ത𝑞

𝑞
𝑞ത𝑞

QCD & QED gauge fields bet’n 𝑞-ത𝑞
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Generalize Schwinger gauge theory in 1+1 dimesions from QED to (QED+QCD)

jν

Aν

See Chapter6,CYWong’Intro.toHigh-EnergyHeavy-IonCollisions’ 
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𝑔2𝐷𝐴
𝜈 = σ𝑖=0,1,2,..

8 𝑔2𝐷
𝑖 𝐴𝑖

𝜈𝑡𝑖

𝑡0=
1

6

1 0 0
0 1 0
0 0 1

for QED U(1) gauge field

𝑡1, 𝑡2, … , 𝑡8 for QCD SU(3) gauge field

Consider the restricted variation that will 
lead to stable QCD bosons 

𝑔2𝐷𝐴
𝜈 = 𝑔2𝐷

𝑄𝐸𝐷
𝐴0
𝜈𝜏0+ 𝑔2𝐷

𝑄𝐶𝐷
𝐴1
𝜈𝜏1

𝜏0= 𝑡0

𝜏1 = σ𝑖=1
8 𝑛𝑖 𝑡𝑖

𝜏1, a unit vector in SU(3) generator space.
Similarly, 𝑗𝜈= 𝑗0

𝜈𝜏0+ 𝑗1
𝜈𝜏1

We get 𝑚𝑄𝐸𝐷 =
𝑔2𝐷
𝑄𝐸𝐷

𝜋
,    𝑚𝑄𝐶𝐷 =

𝑔2𝐷
𝑄𝐶𝐷

𝜋

Consider a gauge theory in 1+1 dimensions with massless fermions

we get

0,1

0,1

(QED+QCD)

QED
𝜓 =

𝜓𝑟𝑒𝑑

𝜓𝑏𝑙𝑢𝑒

𝜓𝑔𝑟𝑒𝑒𝑛



Theoretical support for the 2-string description of 𝑞-ത𝑞 excitations

• We consider Schwinger’s 1+1D string as an idealization of a fluxtube with a radius 𝑅𝑇 in 3+1D.

The fluxtube has a structure in 3+1D.  Its idealized  string has no structure In 1+1D.  The information      

on the fluxtube structure in 3+1D is stored in the idealized string in 1+1D as the coupling constant 𝑔2𝐷 ,

𝑔2𝐷
2

= 
𝑔4𝐷

2

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

• The physical mass in 3+1D  is then related to the physical coupling constant 𝑔4𝐷 by

𝑚2 =  
𝑔4𝐷

2

𝜋2𝑅𝑇
2 =

4α4𝐷

𝜋𝑅𝑇
2 , where α4𝐷 =

𝑔4𝐷
2

4𝜋
.

• Therefore there are two kinds of string excitation between a valence 𝑞 and its antiquark ത𝑞

a QCD string and a QED string: 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 𝑏𝑜𝑠𝑜𝑛 𝑚𝑎𝑠𝑠 𝑚𝑄𝑐𝐷)

𝑄𝐸𝐷 𝑏𝑜𝑠𝑜𝑛 𝑚𝑎𝑠𝑠 𝑚𝑄𝐸𝐷
=

𝛼𝑠

𝛼𝑐
≈

0.7

1/137
≈ 10 ≈

(ℎ𝑢𝑛𝑑𝑟𝑒𝑑𝑠 𝑀𝑒𝑉)

(𝑡𝑒𝑛𝑠 𝑀𝑒𝑉)
,

(𝑄𝐶𝐷 𝑏𝑜𝑠𝑜𝑛 𝑙𝑒𝑛𝑔𝑡ℎ)

𝑄𝐸𝐷 𝑏𝑜𝑠𝑜𝑛 𝑙𝑒𝑛𝑔𝑡ℎ
≈

1

10
.
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𝑞

ത𝑞

The two-string (erhu 二胡) description of 𝑞ത𝑞 excitations

A QCD string excitation that 
generates 𝜋, 𝜌, 𝜂, 𝜂′, …

A QED string excitation that 
generates 
(i) anomalous soft photons,
(ii) X17 particle,
(iii) E38 particle,
and …

CYWong,ORNL
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𝑚𝑄𝐶𝐷
2 =

4𝛼4𝐷
𝑄𝐶𝐷

𝜋𝑅𝑇
2

𝑚𝑄𝐸𝐷
2 =

4𝛼4𝐷
𝑄𝐸𝐷

𝜋𝑅𝑇
2



Additional theoretical support for 𝑞-ത𝑞 QED strings 

• Many gauge calculations show that fermions in compact QED U(1) gauge theory in 3+1D 
have a confining phase for strong coupling and a non-confining phase for weak coupling:

Wilson(72), Polyakov(75), t’Hooft (74),

Kogut&Suskind(75), Mandelstam(1975),

Banks(77),Glimm&Jaffe(77),Peskin(78),

Guth(80),Kondo(98),Magnifico(2011).

Magnifico et al. (arxiv:2011.10658)

QED 3+1D
Results 

• It is therefore reasonable to consider 𝑞-ത𝑞
can also be confined in QED interactions.

We are motivated to search for evidences of 𝑞-ത𝑞 QED string excitations.

CYWong,ORNL
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By extrapolating from𝑞-ത𝑞 QCD strings to 𝑞-ത𝑞 QED strings?



We study first the QCD meson masses with 3 flavor in QCD string model

𝑚𝐼
2 = σ

𝑓=1

𝑁𝑓
𝐷𝑖𝑗

2 4𝛼4𝐷
𝑄𝐶𝐷

𝜋𝑅𝑇
2 + 𝑚𝜋

2 σ
𝑓=1

𝑁𝑓 𝑚𝑓

(𝑚𝑢+𝑚𝑑)/2
𝐷𝑖𝑗

2
,        

where the physical state Φ𝑖 =σ
𝑓=1

𝑁𝑓
𝐷𝑖𝑗𝜑𝑗

𝜑1 = |𝑢ത𝑢 >, 𝜑2 = |𝑑 ҧ𝑑 >, 𝜑1 = |𝑠 ҧ𝑠 >,
𝐷𝑖𝑗, 𝑚𝑓 from PDG tables

CYWong,JHEP08(2020)165,[arxiv:2001.04864
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The unknown parameters are 𝛼4𝐷
𝑄𝐶𝐷

and 𝑅𝑇.  

Fitting 𝜋, 𝜂, 𝜂′ masses gives 𝛼4𝐷
𝑄𝐶𝐷

=0.68  and 𝑅𝑇=04 fm.

We then extrapolate to QED mesons with 2 flavor in QED string model

𝑚𝐼
2 =

𝑄𝑢+(−1)
𝐼𝑄𝑑

2

2
4𝛼4𝐷

𝑄𝐸𝐷

𝜋𝑅𝑇
2 + 𝑚𝜋

2 𝛼4𝐷
𝑄𝐸𝐷

𝛼4𝐷
𝑄𝐶𝐷 ,

𝐼 = 0, for isoscalar QED meson
𝐼 = 1, for isovector QED meson
𝑄𝑢=2/3, 𝑄𝑑=−1/3
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Lowest-energy QCD & QED I3=0 meson masses

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

𝛼4𝐷
𝑄𝐶𝐷

=0.68±0.08 ,
𝑅𝑇 = 0.4 ± 0.04 fm

𝛼4𝐷
𝑄𝐸𝐷

=
1

137

We find that
QCD string & QED strings 
are reasonable concepts!



Krasznahorkay et al arxiv:1910.10459

X17 particle observed in decay of 4He*
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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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How are QCD and QED mesons produced?

Low energies Intermediate energies High energies

In the collision process, a large number 
of 𝑞ഥ𝑞 pairs are produced.  Most become 
QCD mesons, but some may become 
QED mesons, which decay as  X17, E38, 
or anomalous soft photons.



Decay and detection of QED mesons

Detection using diphoton 
invariant mass  -- Dubna

Detection using
invariant mass 
two virtual photons
-- RHIC? 

Detection using dilepton 
invariant mass  -- Atomki
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Experiment Collision

Energy

Photon pT Photon/Brems

Ratio

π+ p,  SLAC,    BC (1979) 10.5 GeV/c PT  < 20 MeV/c 1.25 ± 0.25

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

•Anomalous soft photons are low-pT photons (pT<60 MeV).

•They are in excess of what is expected from EM bremsstrahlung.

•They occur only when hadrons are produced. 

(Table compiled by V. Perepelitsa)

Anomalous soft photons are produced when hadrons are produced
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Large 𝑒+𝑒− excess in 𝑝𝑝 and 𝑒+𝑒− annihilations when hadrons are produced 

Thermal model fit:
High-energy 𝑝𝑝 collisions produce 
large numbers of virtual photons as 
𝑚~0, (𝑒+𝑒−) pairs.



(1) anomalous soft photons (excess 𝑒+𝑒− pairs when producing hadrons)       

(BEBC,WA27,NA22,WA83,WA91,WA102,DELPHI,…from 1984 to 2010)

(2) X17 particle (Krasznahorkay et.al., Atomki)

(3) E38 particle (Abraamyan et al., Dubna)

(4) X17, E38, and 𝜋0 in same high energy heavy ion measurements (?)

(5) many states using virtual 𝛾∗𝛾∗ [(𝑒+𝑒−)-(𝑒+𝑒−)] invariant mass in RHIC collisions(?)

There are many encouraging pieces of evidence for QED mesons :

CYWong,ORNL
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Excited states of QED mesons
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Excited states of the QED string Semi-empirial spectrum of the QED string
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Decay of higher excited states of a QED meson

𝑋∗ → 𝑋′ + 𝛾 𝑋∗ → 𝑋′ + 𝛾∗𝛾∗𝑋∗ → 𝑋′ + 𝛾 𝛾
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Other possible quark and antiquark states bound by QED forces



Other possible QED quark composite particles
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The connecting lines show 
the electric field lines of force



𝑑-𝑢-𝑑 QED neutron may be a stable particle

In a 𝑑-𝑢-𝑑 neutron in QED interactions, the 
sum of the attractive forces between the 𝑑-𝑢
pairs are predicted to be greater than the 
repulsive force between the 𝑑-𝑑 pair to 
stabilize the QED neutron.

𝑚 = 44.5 MeV

CYWong,ORNL
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The QED neutron is predicted to be stable 
because of sum attractive QED forces are 
greater than the repulsive force. 

The QED proton is predicted to be unstable 
because of sum attractive QED forces are 
less than the repulsive force. 
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Important implications of the QED neutron 

• QED neutron is stable against weak decay because there is no bound 
or continuum QED proton state for it to decay into.

• QED neutron cannot be dissociated because the quarks in the QED 
neutron are confined and are not isolatable

• QED neutron therefore  has a very long lifetime.  It can decay only 
through a baryon number changing process which presumably has a 
very long lifetime

• QED neutron may be produced by the coalescence of deconfined 
quarks during the deconfinement-to-confinement phase transition of 
the QGP

• QED neutron may be a good candidate particle for a part of the dark 
matter during the deconfinement-to-confinement phase transition of 
the QGP in the evolution of the early Universe

CYWong,ORNL
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• Coalescence of deconfined quarks and antiquarks during the 
deconfinement-to-confinement stage of the QGP phase transition
can produce QED mesons and their excited states, depending on the

invariant mass of  the  coalescing pair.

• QED neutron and its excited states can be produced by deconfined
𝑑, 𝑢 and 𝑑 quarks with low total invariant mass of the coalescing    
composite system during the deconfinement-to-confinement stage of    
the QGP phase transition.  

QED mesons and QED neutron produced by coalescence of deconfined quarks

CYWong,ORNL

24



Conclusions
• Excitation of the QCD-QED vacuum can lead to QCD and QED string excitations

• QED string excitations give rise to QED mesons and the possible QED neutron 
which may be a good candidate particle  for the dark matter

• There are encouraging evidences for the occurrence of QED mesons in 

the region of many tens of MeV.  On-going searches are continuing.

• Measurements of the invariant masses of real and virtual photon pairs at RHIC 
offer a good opportunity to study the states of QED mesons and the de-
excitation of the QED neutron.
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