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

e A new form of matter
 Consistent with existence of X17
e A window on confinement

* Connection to dark matter
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Quark matter and gauge fields in color space

o <l

= 8 + 1
[qq1°® + [qq]*

X &

Q|
[N

Principle of colorless observable entities:

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

m color-octet quark matter in which q
and g couple to color octet and
interact in color-octet SU(3) ;
gauge interaction, [[q 7]8g®] .

m color-singlet quark matter in which q

and g couple to color singlet
and interact in color-singlet liJ(l)
gauge interaction, [[q g]'y] .
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qq
quark
matter

(q g quark matter in color space and T)

[laq12g®]’
color-octet
quark matter,
interacting in
SU(3) QCD

charged [[qc‘l]lyl]1
color-singlet

quark matter,
interacting in

U(1) QED

T > T.(QCD), QCD-deconfined g q quark gluon plasma(QGP), !

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

—>

T = 0, QCD-confined QCD mesons no,n,n’,. —

—»

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

neutral [[616_1]1)/1]1
color-singlet

quark matter,
interacting in

U(1) QED

[qg] eTe™y % quark electron photon plasma(QEPP) -

T > T.(QED), QED-deconfined g q quark photon plasma (QPP)

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

Hv

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

Te

(QCp)

T((QED)



Quark current j*(x, t);; and gauge fields A" (x, t);;

O The quark currents (j*(x,t));; = (l/)l 1% l/J]> and the gauge fields (4" (x, t));;
are 3 X 3 matrices with 9 matrix elements in color space, at each space-time point (x, t)

O A general 3 X 3 color matrix can be represented by 9 basic matrices: t°,t!,t?,..., t8,

1 0 O
01 (O 1 O) for U(1), t1,t?,.., t8 the 8 Gell-Mann matrices for SU(3),
ve 0 0 1

and 2tr{t!t/] =&Y

d color-singlet current (electric current QED jgolor—singlet — jﬁ)) (x,t) tY
color-singlet QED gauge interaction (U(1) gauge interaction) A’C‘Owr _singlet = At‘o)(x, t) t°

color-octet current (color current)'QcD ]folor octet = i=1 ](l)(x t) tt
color-octet QCD gauge interaction gauge interaction) Acolm, octet 28 1A(l)(x t) tt
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Study of QED mesons

1) Schwinger showed in 1962 that massless e~ and e* are confined in QED in (1+1)D.
2) g and g are approximately massless, and g and g reside predominantly in (1+1)D

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

4) qq 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))

5) The existence of gq 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



What is the nature of color-singlet quark matter in U(1) QED in (3+1)D ?

* Lattice gauge calculations using a Wilson loop confinement probe, indicates that
(e ande™) and (g and q) 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 (g and g) in (3+1)D QED
appear to be inconsistent with the absence of fractional charges, when (g and @)
can be produced with pair invariant mass _ /s,,; Wwithin 2m, < [s;q; < my.
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Likely possibilities

« The U(1) gauge interaction between e~ and e™ may be different from
the U(1) gauge interaction between g and q in the color-singlet quark fluid,
because the U(1) interaction in g and q is part of the U(3) = U(1)&@SU(3 ) interaction.

* g and g in neutral color-singlet quark matter may be confined
and there may be QED mesons in the range 2m, <  /Spqir < My.

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

10
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Schwinger confinement mechanism for massless gg in QED in (1+1)D

See Chapter6,CYWong’Intro.toHigh-EnergyHeavy-lonCollisions’ QE D

m Consider the vacuum of massless quarks filling completely states below the Dirac sea in (1+1)D i
mIntroduce a QED gauge field A* acting on all quark states y + J

Dirac equation H-gpn AR =0 -

q Yu(®"-92p _)1/) e\ Al

mThe solution Y generates a current jE=yYyHy, (Schwinger, 1962): Y

(1) jh =922 (A” — OH —— aﬂa 0, A"e) gauge-invariant under (4Y)' = AV — dVA
mThe current j# generates a new gauge field A* through the Maxwell equation—, | | Nis second term needed to

maintain gauge invariance

(2) Maxwell equation: 9, F'* = 9, (3VA* — 9HAY) = g,p j#
92p ]

mStable collective motion is possible when A# = A*

Diraceq.  Maxwelleq. . ] ) . . .
At —— jH >AR - jH - Ax— jH — ... (A j A non-linearity)

mWhen A#= A*, Equations (1) and (2) are the same as (3) and (4) below

2
(3) 3, 0" Ak+ (gjf) AR =0
2
(4) 0,0vj* +222L ju - o
mEqgs. (3) and (4) are the Klein-Gordon equation for a stable boson, QED meson in (1+1)D, with a mass
92D
m ===

\/ﬁ



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

Consider massless quarks ¥ in a gauge field A¥* in (1+1)D. j“ n & lL(lel
A" acts on 1. - Y -
' 0D =N AR = dome || A,
The Dirac equationis  y,(p*-g.pA* ) = 0. D y e Sl
_ _ 920 green
Y generates current jH = — =22( AF — gH al_a,l 0 AV) AR =0, o Al (QED+QCD)

current j* generates A through the Maxwell equation 0 1 100 . .
t =7 0 1 0] for color-singlet matrix

d,F"* =0,(0VA* — 0HAY) = In 0 01
v v( )= 92p J t1 t2, ..., t8color-octet Gell-Mann matrices
Stahle callective mation acciire when A% and i# are self- Consider the restricted variation that will lead
Dirac eq. Maxwell eq. ]
H— jH > A¥ - j* — ... (4jA non-linearity) to localized stable QCD bosons
AP = AL+ ATt quasi-Abelian
approximation
_ tO
Then we get 0, 6"A“+(g2D) A* =0, Tl = 8 —1n Lt
Vi (gzD) y 71, a unit vector in SU(3) generator space.
d, 0V jH+——"—j* =0, Similarl e 1
. . imilarly, j ]OT +]1
which are the KIem-Gordon equations for a boson with a gQED g9¢P
92D We get m@ED =20 ;nQCD — 22D
mass m === N N
N 5
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How a gq mesonin (1+1)D may represent a physical gqg meson in (3+1)D ?

* In (3+1)D, the flux tube has a structure with a radius Ry, and the coupling constant g,p is dimensionless.
* In (1+1)D, the open string has no structure, but the coupling constant g, 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 Ry in (3+1)D is encoded into the coupling constant g,p in (1+1)D:

2 2
(g2p) = (94D) : C.YWong,PRC80,054917(2009)[arxiv:0903.3879]

2
nRT

* Thus, from fluxtube radius Ry and dimensionless 4D coupling constant g,p, we get g,p and the boson mass:

2 _ (gzD)2= (gap)? __4ayp . (gup)?

= where o,p = :
0 T2R% nR% ' 4D 4T

m

13
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How a gq mesonin (1+1)D may represent a physical gqg meson in (3+1)D ?

Y R
QCD nR% ' QED TR%Z

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

(QCD mesonmass mgcp) _ [%gcd - 0.7 10 ~ (hundreds MeV) (QCD mesonlength) 1
(QED mesonmass mggp) | Xged T 1/137 © ~ (tensMev) '’ (QED meson length) 10

14
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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 j#(x,t) and the gauge field A* (x,t).
QCD mesons: t°, n,n’,..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.



meson masses with 2 flavors

2
2 _ [vNr 4a4p
m; = [ijlDij Qj] X

TRZ
where the physical state ®; Z Dijp;, @1 =|uu >, @, = ldd >,

(Cbisovector):i(l —1) |ul—f > mizsovector _1 (Qu — Qd)z 4a4p
Disoscatar/ V2\1 1 ldd > )’ m? 2\ (Q, + Q4)?% ) mRf

Isoscalr

. QCD _  QCD _
(i) for QCD, the color charges are Q; " = Qg4 =1
(iii) for QED, the electric charges are QSED: %, gED = —%

C.Y.Wong,PRC80,054917(2009)[arxiv:0903.3879]
CYWong,JHEP08(2020)165, [arxiv:2001.04864
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QED and QCD meson masses with 2 flavor

¢1=0,I3=0=\/%(|uﬂ > + |dd >)
CI)I:1,13=0=\/%(|U7'_1’ > — |da >)

t/t ) t/t
2.5 2.5
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1.0 -05 05 1o Lo 0.5 05 1.0
isoscalar meson isovector meson )
i AT prgiyes CYWong,PRC81,064903(2010),[arxiv:1001.1691]

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



PHYSICAL REVIEW C 81, 064903 (2010

Anomalous soft photons in hadron production

Cheuk-Yin Wong ™

TABLE 1.|QED2 and QCD2 boson masses

Q2
o
.
=
m
(=R
z
—t
=
e
"hi
Il
=
%)
N
—
=
A
=]
(="
g
=
w3
Il
-2

b = 0.4 GeV-.

/Nou pling constant

1/\\
QCD2 QED2
g¢cpz = 632.5 V Qep2 = 96 Me

Massless quarks
with two flavors

Isoscalar boson mass My,
[sovector boson mass Myp)

6
504.6 MeV 12.8 MeV
0 38.4 MeV
~__~

~__~
myp = 400 MeV Isoscalar boson mass My, 734.6 MeV
HL=my [sovector boson mass M p, 533.8 MeV
my = 400 MeV Isoscalar boson mass Myon) ((25.3 MeV)

p=m, = 0(1 MeV)

[sovector boson mass M sp,

O(44.1 MeV)

18
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QCD mesons with 3 flavors
For quantitative descriptions of QCD and QED mesons, we must take into account

(i) |color charges, QQCD = QQCD QCD— 1 for QCD
\

(ii) {electric charges, \ 3ED= g, 3ED = —% for QED]

N
(iii) | flavor mixture D; j\of the physical states ®; = Zj£1 Diilq;q; >

(iv) the[quark Condens%te a|7(d the quark masses m,, , m; , and msJ

2 ] o
2 Asp Ny mg N 2
m; @Rb D L ij * M 205 L gy (i)

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

CYWong,JHEP(2020),165,arxiv:2001.04864
19




QCD mesons with 3 flavors

m? 4a4D [Z 1 Dij Qj] +my a;é)DZf 1(mu+md)/2( ”)

for the physical state ®; = Z]!l Dijlq;q; >

with D;; and m; from PDG Tables, Ry= 0.4 fm, aQCD—O 68, ang——.

137
Experimental | Mass formula| Semi-empirical
State mass with massless|mass formula with
(1,15) quarks mass corrections
(MeV) (MeV) (MeV) QCD mesons
QCD-| #° [(1,0)| 134.98 0 134.987 & QED mesons
mesons| 7 (0,0) 547.30 329.7 498 .4
7 (0,0)] 948.2 723.4 948.2 are reasonable
QED- |isoscalar | (0, 0) 11.2 17.9 concepts!
mesons isovector| (1, 0) 33.6 36.4
X17 7 16.70%
E38 ? 37.38%

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

#A. Krasznahorkay et al., Phys.Rev.Lett.116,042501(2016)
K. Abraamyan et al., EPJWebConf.,104,08004(2019)



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

21
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QCD meson ( ©) and QED mesons ( @) can be produced
in hadron-hadron colliisons

A
D C B A A B (0)
(a) () Coalescence during
: , _ deconfinement-to
(i) Low excitation energies Ihntgrmeﬁla(;ce enercgjy High energies confinement QGP
below pion mass d Iron- d rlon an Cen?@' AA phase transition in
threshold nucleus-nucleus Collisions high energies
(ATOMKI experiments) C(')”ISIOI’]S above (RHIC and. central AA
(i) Peripheral high-energy ~ Pion mass threshold LHC experiments) collisions

(Anomalous soft photons,

Dubna experiments.) (RHIC & LHC experiments)

parton-parton

collisions
14
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QCD mesons and QED mesons can be produced
inet- e~ and e-A collisions

hi ho hs X hy hs he e’ z

q q W\ ) 4 N

7% ;FY ; . 3 A

e e’

(a) (b) (c) (d) (e)

QED meson production by low-energy  QED meson production QED meson production by
ete” annihilation below pion mass by high-energy e*e~ annihilation electron-nucleus bremsstrahlung-
threshold,  \/Se+e- < My (DELPHI,PADME experiments,...) type reactions

(inverse ATOMKI experiment) (JLAB experiment,...)

CYWong 23



QED meson decay and decay products

16
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QED mesons can be detected by (a) yy, (b) y*y*,and (c)ete”

q Y ‘_1 ’Y* r€ = * —_
12 MAJEI\.N 2 2 "'::: q2 72 ""' €
s‘e_l_ ’ i =I
X Aqg X q X lg * e
- ]
& SN "" ) \ Z =|
% 71 q v T * -

(a) (b) (c)
Detection using the invariant | | Detection using the invariant | | Detection using invariant mass of ete”

mass of two real photons mass of two virtual photons -- ATOMKI
—- Dubna -- RHIC? Excess eTe™ -- anomalous soft photons

17
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Experimental evidence for anomalous photons with pT < 60 MeV/c

CYWong 26



How may QED mesons be produced?

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

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

wit

(Table compiled by V. Perepelitsa, 2009)

Experiment Collision Photon pT | Photon/Brems
Energy Ratio

Exclusive measurements with knowledge of all particle momenta to determine bremmstrahlun tributions

K* p, CERN WA27,BEBC(1984) 70 GeVic PT <60 MeVic |/4.0 + 0.8\

K*p, CERN NA22, EHS (1993) 250 GeV/c PT< 40MeVic/ 64 *1.6

m*p, CERN NA22, EHS (1997) 250 GeV/c PT < 40 MeVic/| 6.9 *13

m p , CERN WA83,0MEGA(1997) 280 GeVic PT < 10 MeV/c 79 +14

m p , CERN WA91,0MEGA(2002) 280 GeVic PT < 20 MeV/c \| 5.3 £ 0.9 (O QCD meson
p p, CERN WA102,0MEGA(2002) 450 GeV/c PT <20 MeV/c 41 + 0.8 / .QED meson X — e*e
| e+e=—hadrons CERN DELPHI(2 ~91 GeV (CM) | PT <60 MeV/c W

ith hadron production
e+e- —»u+u- CERN DELPHI(2008) [ ~91 GeV (CM) PT <60 MeV/c ~1.0

27




Rate, 10 anomalous soft photons/jet

e+e- annihilation at Z0 decay (~ 91 GeV)
DELPHI (EPJ 2010) arXiv:1004.1587
200 :

(Fal

Qinnal/lRrame rat

150

7

1

ho
[@)]
4 \
tes) el
® H—§+
3
(V3
o,
°
=
c
>
o

o0

|

5 10 15

Npqron Multiplicity

(]
NN s A

Anomalous soft photon yield is
proportional to the hadron yield

Number of anomalous soft photons 150 x 1073
T 15

Number of produced hadrons

CYWong,PRC81,064903(2010);arxiv:1001.1691

QED
m KK T,m T p T
N\ r
ve J
fy,Z°
e e +

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

28



Anomalous
Soft photon Yield

Rate, 10y/jet

® Signal
50 A Brem-
N
I
[ D‘o -gj 7
200 S X,
L ~ Iy P
I T o/
S 5 r
= O ,"
&5
‘] s I
50 d:' Y
o

L Y |
100 | +

Jet N, multiplicity

Rate, 10 *yjet

ba
]
L

-
8]

bl
H
| O S T R s e I P R Y P P IS, ) N PV s PR R w2, R [ (RN [P ! P
I I I I I I I

150

100

o —I—{—I—
0 :
(\'
-
oY)
=
c
>
ga

3
i

5 10

15
Jet Npur multiplicity

Anomalous soft photons are
produced in a neutral charged
environment!

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.

16
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Experimental evidence for anomalous bosons
with masses ~17 MeV and ~38 MeV

CYWong
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21.02

— TJ) =0(0)

X17 particle observed in decay of 4He* at Atomki =2
Krasznahorkay et al, PRC104,044003(2021) arxiv:2104.10075

0™ = 00"

. emssion of X17 [0(0)]

. + -
internal e e pair o 4 mags ~17 MeV

I = 0(0")

conversion
— e 100 [
g = E 3 + 4
2 2 g 2 H(p,e"e) He
z .y *H(p.e'e)'He - r 0.0
O E. - 900 keV g
I e P P 70 [
10 = E |
60 _—‘ A —l—
50 F 4‘ | ’
z A ¥
10 F | L /1
% Ik
30 | =y A _J_
: )
a __ -+ - _'_
10 F 1
PP IO EPRPRPR IO CPRPOPRNL LAUPUP crupcrer—c PR crer, PR DO |.|.||||7TA
40 50 60 70 80 90 100 110 120 130 010 11 12 13 14 15 16 17 18 19

© (degree) Invariant mass (MeV/c?)

“He energy level

FIG. 2. Angular corvelations for the e¥e— pairs measured FIG. 3. Invariant mass distribution derived for the 20.49 MeV

the *H(p,y)* He reaction at the E,=900 keV. transition in * He.

CYWong,ORNL



ATOMKI experimental reSUIts Krasznahorkay et al, IS

T o0
1 g 850 [
= 10 = 100 2 B0 E
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o w E
o 8 3 450
£ Be 2 o J( ++ +++
o= % % 5 25 7 e ;
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o M o 7 100 500
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0.02 - :’7—4’:

001 IConsistent result with
a new spectrometer
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The newest version of the

spectrometer 1

* Kinematical evidence for
the X17 particle

e Vector character of X17
is supported

M=, (MeV)

0

e (oo * Ejected with L=1 in 8Be 32




Hanoi University of Science (HUS) Trenetal 'SMD°23
Experiment Setup

We used p-beam with different energies to
bombard the Li-target to populate 18.15
and 17.6 MeV 8Be excited states with
resonant proton capture.

‘Li(p,ee*)?Be | Ry .
Targe /DSSD Det. oo W -
Picture in lab of the detector system
\ Why did we and the DAQ connected to Pelletron
arrange the _ T
PlasticDet.  Det-system ‘ | ‘ =1
Gamma Det. like this? i, - |
&2

Detector setup to measure the energies and
the angle between the e* e  particles.

8/21/23 |sSMD52
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Tran et al, ISMD2023

Preliminary angular correlations for 12C

1000 1000

1000

g g 1 12 ’g %00 |
900 | 3P I B(p,e'e)'“C 8 800 t
g IB(p.ete)'? s ' = I "B(p,e*e)*C
w B0 T et < E,= 190 MeV e 0 ’
Z 700 < 800 Z 600 f
5 Ep= 1.70 MeV 5 g 500 E =210 MeV
&} = P
S 600
700 400
500 +
00 300
400 %
200
300 | 500
o e o s [ iR 3t R o A o il PEFEFEFE EPSFEFE ST PR B SR PR PR (IR (et R I e LT
110 120 130 140 150 160 170 1o 120 130 140 150 160 170 10 120 130 140 150 160 170
O (degree) © (degree) @ (degree)

Agreement with ATOMKI result (2022) (*)

8/21/23 ISMD52 (*) A. J. Krasznahorkay et al, Phys. Rev. C 106, L061601 (2022) 10
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Observation of the E38 boson at Dubna
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Results of the search for a signal at an invariant mass of photon pairs
of about 17 MeV/c? and about 38 MeV 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
eTe™ annihilations, with p; < 60 MeV/c?

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

(iii) Pb collisions on Photographic Emulsion at RHIC, with ete ™ 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.

CYWong
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Implications of the possible existence of the QED mesons in (3+1)D

1. Color-singlet quark matter may exist, with possible neutral QED mesons at T=0.
There may then be QED meson gas at T< T.(QED), and quark photon plasma above T,.(QED).

2. There may be a new family of QED-confined qg 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, ...

3. Confinement occurs for g and g 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).

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 gg 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.



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

e A new form of matter
 Consistent with the existence of X17
e A window on confinement

e Connection to dark matter

CYWong 45



CONCLUSIONS

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.
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