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

The QCD-QED vacuum consists of quarks, QCD, and QED gauge fields filling up the Dirac sea
A local disturbance creates a valence quark g and a valence antiquark g and their excitations

There can belstable QCD string excitationslwhich giveriseto m,p,n,n', ..

There can be|stable QED string excitationsfwhich give rise to

(1) anomalous soft photons (excess ete™ 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 % in same high energy heavy ion measurements (?)

(5) many states using low two virtual y*y* [(eTe ™ )-(e"e™)] invariant mass in RHIC collisions(?)
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A lattice illustration of background quarks, gauge fields, and valence particles
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Generalize Schwinger gauge theory in 1+1 dimesions from QED to (QED+QCD)

See Chapter6,CYWong'Intro.toHigh-EnergyHeavy-lonCollisions’

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

Yoy — 9204,) V=0

QED

d,F* = 9,(0"A" —"AM) = g,p)¥ = GaphyV'Y
A small disturbance in AY = A small disturbancein jV

= A small disturbance in 4V
Therefore, jV must be a self-consistent function of AY

A gauge invariant relation between jV and AV is

-v__(QZD)Z v __ V; u
J = T, (A 2 aﬂaaaﬂA )

When we substitute this into the Maxwell equation. we get
0,0k A+ 927 v —
YA

This is the Klein-Gordon equation for a boson with a mass

l/):

jv
101
l/)red N
lpblue

\/
wgreen /"‘\éo’l

gapAY = ?=0,1,2,..9§.DA1{ti (QED+QCD)

1 00
t0= %(8 (1) (1)> for QED U(1) gauge field

t1, t?, ..., t8 for QCD SU(3) gauge field
Consider the restricted variation that will
lead to stable QCD bosons

_ QED QCD
9204 = g;p AKTO"' 9op ‘411/1'1

70— 40
i =Y  nitt

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

Similarly, jV=j¥7%+ jYt!

gQED gQCD
We get m@ED — 92 ,QCD _ 92
& N N
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Theoretical support for the 2-string description of g-q excitations

We consider Schwinger’s 1+1D string as an idealization of a fluxtube with a radius R 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 g,p,

2_ (4p)” C.Y.Wong,PRC80,054917(2009)[arxiv:0903.3879]
(QZD) B TER72~ : J.WWONg, , )[arxiv: :

The physical mass in 3+1D is then related to the physical coupling constant g,p by

(gap)® _ 4o (gap)?
2 _ Q;LDZ — 4;) . where Oup = 94D -
T“R7 TTRT 41

Therefore there are two kinds of string excitation between a valence g and its antiquark g

a QCD string and a QED string: MGcp=—23—, Mgp= —n
T T

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

(QCD bosonmass mgpcp) _ |ag N 0.7 10 ~ (hundreds MeV) (QCD boson length) __ i
(QED boson mass mggp) ] @c ~\1/137 ~ ~ (tensMev) ’ (QED boson length) 10

5
CYWong,ORNL



The two-string (erhu — ) description of gg excitations

A QCD string excitation that
generates m,p,n, 1, ...

2 4“% P
m =
QCD TTR%

A QED string excitation that
generates

(i) anomalous soft photons,
(ii) X17 particle,

(iii) E38 particle,

and ...

QED
4a4D

- 2
nRT

2
MoED
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Additional theoretical support for g-g 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), ’ R |
Kogut&Suskind(75), Mandelstam(1975), » ol - g:s[ai:m
Banks(77),Glimm&Jaffe(77),Peskin(78), . o
Guth(80),Kondo(98), Magnifico(2011). 2 e
* Itistherefore reasonable to consider g-q ke —— i
can also be confined in QED interactions. | - o ke’
00 .,-" s (fg2/231-r' Q- m =6.3.(), g‘-’=4.0§ -O- -m._l?bo. g‘Z_»l.ool2

r

Magnifico et al. (arxiv:2011.10658)
We are motivated to search for evidences of g-g QED string excitations.
By extrapolating fromqg-q QCD strings to g-q QED strings?
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We study first the QCD meson masses with 3 flavor in QCD string model

m2=[ZNf D;: —4a‘?’§ rm2 Y/ (D )
I f=1"4U TTR% T f 1 (my +md)/2 Lj

where the physical state ®; = Zle ijPj

@1 = |ull >, @, = |dd >, p; = |s5 >,

D;j, m¢ from PDG tables

CD
The unknown parameters are afD and Rr.

Fitting r, n, " masses gives ang=O.68 and Rr=04 fm.

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

QED
I 2 bl g

I = 0, forisoscalar QED meson

I =1, forisovector QED meson
Qu=2/3’ Qd=—1/3 CYWong,JHEP08(2020)165,[arxiv:2001é04864
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Lowest-energy QCD & QED 1,=0 meson masses

Experimental |Semi-empirical
L{S|[I(J™)] mass mass
formula
(MeV) (MeV)
QCD 7% |1[0][1(07)]]134.9768-+0.0005 134.9* 22D _0 681008
— 4D 00 LU.VO,
meson n  |0{0|[0(07)]| 547.86240.017 | 498.4+39.8 R 0.4+ 0.04 fin
7 |0|0[[0(07)]| 957.78+£0.06 | 948.2499.6 r——*==
QED isoscalar0|0|[0(07)] 17.9£1.5 0ED 1
meson |sovector1|0|[1(07)}] 36.4+3.8 X4p 137
Possible | X17 (17)? 16.70i0.35:|:0.5T#
ED | X17 07)? 16.8440.1640.20 :
Igeson E38 ( ?) 37.38+0.719 We find that
randidate§ E38 ? 40.89:I:0.91: QCD string & QED strings
538 ! 39.7120.71 are reasonable concepts!

} Calibration mass
" A. Krasznahorkay et al., Phys.Rev.Lett.116,042501(2016), ®Be* decay
# A. Krasznahorkay et al., arxiv:1910.10459, “*He* decay
P K. Abraamyan et al., EPJ Web Conf 204,08004(2019),dCu—yyX
© K. Abraamyan et al., EPJ Web Conf 204,08004(2019),pCu—yyX
® K. Abraamyan et al., EPJ Web Conf 204,08004(2019), dC—yyX

CYWong,JHEP08(2020)165,[arxiv:2001.04864
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X17 particle observed in decay of “He*
Krasznahorkay et al arxiv:1910.10459

3H(p,e+e")‘lHe
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FIG. 2. Angular correlations for the e*e™ pairs measured
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Observation of the E38 boson at Dubna

Cherenkov -
Y-spectrometers

—

Internal beam
of the Nuclotron

Abraamyan et al. arxiv:1208.3829(2012)
EPJWebConf204,08004(2019)
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How are QCD and QED mesons produced?

A’ B’
q\ |49
A »n
»
\200Q0000000000000000,
A B
(a) (b) . (7
Low energies Intermediate energies High energies

In the collision process, a large number
of qq 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

) T
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Detection using diphoton
invariant mass -- Dubna

Detection using Detection using dilepton

invariant mass invariant mass -- Atomki
two virtual photons

-- RHIC?
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Anomalous soft photons are produced when hadrons are produced

Experiment Collision Photon pT Photon/Brems
Energy Ratio
mtp, SLAC, BC (1979) 10.5 GeV/c | PT <20 MeV/c 1.25 = 0.25
K*p, CERN WA27,BEBC(1984) 70 GeVic PT < 60 MeV/c 4.0 + 0.8
K*p, CERN NA22, EHS (1993) 250 GeV/c PT < 40 MeV/c 6.4 +£1.6
mtp, CERN NA22,EHS (1997) 250 GeV/c PT < 40 MeV/c 6.9 +£1.3
m p , CERN WA83,0MEGA(1997) 280 GeV/c PT < 10 MeV/c 79+ 14
™ p , CERN WA91,OMEGA(2002) 280 GeV/c PT < 20 MeV/c 5.3+ 0.9
p p, CERN WA102,0MEGA(2002) 450 GeV/c PT <20 MeV/c 41+ 0.8
e+e-—hadrons CERN DELPHI(2010) ~91 GeV (CM) | PT <60 MeV/c ~4.0
with hadron production

(Table compiled by V. Perepelitsa)
*Anomalous soft photons are low-p; photons (p;<60 MeV).
*They are in excess of what is expected from EM bremsstrahlung.
*They occur only when hadrons are produced.




Large ete” excess in pp and e e~ annihilations when hadrons are produced
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There are many encouraging pieces of evidence for QED mesons :

(1) anomalous soft photons (excess ete™ 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 ° in same high energy heavy ion measurements (?)

(5) many states using virtual y*y* [(e*e™)-(e*e™)] invariant mass in RHIC collisions(?)
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Excited states of QED mesons

CYWong,ORNL
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Excited states of the QED string
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Other possible quark and antiquark states bound by QED forces
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Other possible QED quark composite particles
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d-u-d QED neutron may be a stable particle

= M(o7,05) of the QED neutron

M(MeV)

o U Q)
BOWOUTNIAOW0ON)

b b

Q= -1/3 2/3 -1/3

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.

CYWong,arxiv:2010.13948.
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Effective interactions as a function of Y,
at y2=0 and Y=y,

Effective interactions as a function of y,
at y,= 0, y,=-y,
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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.

CYWong,ORNL
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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



QED mesons and QED neutron produced by coalescence of deconfined quarks

* 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.
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Conclusions

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

e 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.



