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Quark matter and gauge fields in color space
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# color-octet quark matter in which A
and A couple to color octetand
Interact in color-octet SU(3)
gauge interaction,|[A ] Q]| 8

t

color-singlet quark matter in which A
and A couple to colorsinglet
andinteract in color-singlet U(1)
gauge interaction,[[A ] "Q]| 8
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)4 Ny A R X

i - T -\
Rt 2 RIDINND PG &Nﬂﬁu 0Y Lwe g B @D O

color-octet QCD gauge interaction (SU dfim% 0
- CYWong




Quark matter in colorand T

[[r]r]] Q] Y Y QCD), QCGHeconfinedn 1 quark gluon plasma(QGP;
color-octet
guark matter,

interacting in "Y QCD) 3Y mhQCDconfinedQCD mesons YQCD
gas
SU(3) QCD .
-, "Y 1h QCDconfinedQCD mesoné h-h- 8 -_
charged|[An] | >
color-singlet T

No QED meson bound states because of QED repuds®iike ¥harges

guark matter,

No QED continuum deonfined states

AA Interacting In

quark U(1) QED MRl Q Qr % quark electron photon plasma(QEPR

matter
neutral [[r']lﬁ] I ] "Y “Y(QED), QEDeconfinedr i quark photon plasma (QPP
color-singlet
quark matter, "Y QED) 3Y mhQCDBconfinedQED mesons gas "YQEL
Interacting in _
U(1) QED Y 1ih QEDconfinedQED mesons X17,E38?7
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What is the natur®ef color-singletquark matter in U(1) OED in (3+1)D ?

A Lattice gauge calculations usiagVilson loop confinement prohéndicates that
Q andQ and 1l y1R are deconfined in compact QED in (3+1)D at T=0

A Deconfinement of @ andQ in (3+1)D QED is in agreement with observations

A However, lattice gauge theory prediction of deconfinement gft y R in (3+1)D QED
appear to be inconsistent with the absence of fractional charges, wheny(1R
can be produced with pair invariant ma,? within ¢a fi a
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Manypossibilities

A TheU(1) gauge interaction betweegg andg | A W Alifferent from
the U(1) gauge interaction betweeml Yy Rin the colorsinglet quarkluid,
because the U(1) interaction iml- " Rispart of the U(3) = U(1)+SU(3) interagtio
A nAT Al A B Aconfined but there may be no QED meson in the rartge JT o«

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

A AT fin neutral colorsinglet quark mattet A B Aconfined
andthere may be QED mesons in the ramge fi a 8

We need to study IPEDmesonfor neutral colorsingletquark matter
& 2)lattice gauge calculatiorfer neutral color-singletquarkmatter
In U(D+SU(3) with dynamical quarks

CYWong



Study of OED mesons

1) Schwinger showed in 1962 thatisslesgg andg areconfined in QED In (1+1)D
2) N andr) are approximately massless, an@ndn residepredominanty in (1+1)D
3)O E A O Badiid @dke confined in QED in (1+1)&8s aAAQED meson in (1+1)D

4) AAQED mesons in (1+1)ay represenphysical QED mesons in (3+1)D

when the flux tube radius is taken into accountcYwondPRC81,064903(20),0HEP2020(165))

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

A soft photons anomaly: whenever hadrons are produced,
soft photonsin the form of exces® Q are always produced
A neutral boson anomaly atp ¥ A @nd ~38 Me\bbserved at ATOMKI, Dubrand HUS



Schwinger confinement mechanism for massigss QED in (1+1)D

See Chapter 6, CYWaEmgyHeawyt|roon.dodHiigshh ons 6

. . . . QED
# Consider the vacuum of massless quarks filling completely states below the Dirac sea in{1+1)b -
# )ntroduce a QED gauge fiadd acting on all quark stateg = J
Dirac equation 1 -"Q 6 T o
g [N - )] ! | N A
¥ The solutiom generatesa currentiQI' 1 1 [ h(Schwinger, 1962): Noi”
1) 0 — 0 1 — o<_h CAOCGEIROAOEA®BO o 1 v
This second term needed to

¢ The current’Q generates a new gauge fiefd through the Maxwelequatien—,;.

maintain gauge invariance

(2) Maxwell equation] O T 1 0 T 0)=0Q Q

# Stable collective motion is possible when 0

) 8 . 8., - . - = . .
o — Q >0 O Q0 00 Q0 E = =non-linearity)

7 EAQ =0 , Equations (1) and (2) are the same as (3) and (4) below

3) 116 +—20 =0
(4) 1t o+i—270=0
# Egs (3) and (4) are the Klef@ordon equation for a stable boscQED meson in (1+1)With a mass
Q S
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Generalize Schwinger gauge theory in diiesiondrom QED to (QED+QCD)

Consider massless quarksin a gauge field@ in (1+1)D. j8 ¥ n J\%J
0 actsor . & [ =
. " . e n QED/\ AE [ [ /\A%
The Dirac equationis | | -Q o0 )y T8 D : ’
AT AGamiooal © — (6 1 —10) 5 B rrmp o [(QED+QCD)
AOOOA@BOY S NI thtedgh the Maxwell equation ‘ p T | .
B 0O =(m p T for colorsinglet matrix
0O 1T 1 0 1 0)=Q Q R U LV A, _
~ 0,0 AT HIAD Addnn matrices
Stahle collective maotion oceciirs when and’O are self Consider the restricted variation that will lead
8 . 8 N S _
0 — Q >0 O Q0 E = mon-linearity) to localized stable QCD bosons
0 0 T +0 T quastAbelian
approximation
T o
Thenweget! 1 & +—28 =0, t B &0

t ha unit vector in SU(3) generatspace.

w7~ ) =
Q+——Q=0 Lo L e am v
T ’ SEI Eh KODNU+ QT

which are the KlewGGordon equations for a boson with a , ,
, We get « —, Q —
Mass a T v v _

o)
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How a Aameson in (1+1)Dnayrepresenta physicalaa meson in (3+1)D ?

A In (3+1)D, the flux tube has a structure with a radiusand the coupling constai® is dimensionless.
A In (1+1)D, the open string has no structure, but the coupling con&anhas 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 fin

that the information on the fluxtube radiu¥ in (3+1)D is encoded into the coupling constéht in (1+1)D:

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

A Thus, from fluxtube radiu¥ and dimensionless 4D coupling constit hx Aget "Q and the boson mass:

g =+ 2=-0 ) , where | £ )

10
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How a Aameson in (1+1)Dnayrepresenta physicalaa meson in (3+1)D ?

a ——nh a —38

A If the flux tube radiugyY is an intrinsic property of the quark, then

8 .
( ) /— /7— p T h ( ) —38

11
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Two equivalent views of a QED or OQCD meson in (3+1)D

AFundamengl quantum fieldtheory viewpoint:
Amesonisaquantal e quarkfluid at "¥0,
a stablelocalized collective,periodicspacetime vibration
of the quarkcurrent 'Q oi® andthe gaugefield 6 (adD).
QCDmesons*“ h-, — h83are quantaof the color-octet quarkfluid at T=0
QEDmesongyetto be uncovered)are quantaof the color-singletquarkfluid at T=0
APhenomenological, approximate, twbody 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

& [B ’ofj]—,

where the physicalstats B O« ,» 0 h 3 |,
C el A
5 vp p/\&d

(i) for QCD, the color charges abe

2«
~
@) Q
N~

|
~
~
C1 CH
C1 CH
—
N~

C
e

(iii) for QED, the electric charges are -h 0

C.Y.Wong,PRC80,054917(2009)[arxiv:0903.3879]
CYWong JHEP08(2020)165,[arxiv:2001.04864
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OED and OCD meson masses with 2 flavor
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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)
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QCD mesons with 3 flavors
For quantitative descriptions of QCD and QED mesons, wetakesinto account

(i) |color chargesy 0 0 p EI1G |$
\
(ii) {electric charges,\f) -h 0 - for QE@)

(iii) | flavor mixtureO |of the physical statesg B O 911

(iv)O EENIS\C) A\\@TET A\A Tayﬁ h®dghark masses ,a , andd }

- S
—[p 0]+ -(0)
0| AALOIBIEAAE x EAICIARETIAAAH A EOI

CYWong,JHER20),165,arxiv:2001.04864
16
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6 —I[B 00| +a —B —(0) |
for the physicalstat§ B O 911 h
with' O andd from PDG TablesY 1@ fm, | =TI Y| =—,

OCD mesons with 3 flavors

Experimental | Mass formula| Semi-empirical
State mass with massless|mass formula with
(1,15) quarks mass corrections
(MeV) (MeV) (MeV)
QCD-| «° [(1,0)] 134.98 0 134.98T
mesons| 7 (0,0) 547.30 329.7 498 .4
n' (0,0) 948.2 723.4 948.2
QED- |isoscalar| (0, 0) 11.2 17.9
mesons isovector| (1, 0) 33.6 36.4
X17 7 16.70%
E38 ? 37.38%

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

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

QCD mesons

& QED mesons

are reasonable
concepts!

~




Confrontation of theoretical QED meson predictions with experin

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

18
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QCD mesoh© ) and QED meson®( ) can be produced
In hadronrhadroncolliisons

A’ C; B
D C i
g\ |g -
A »n
AL A AR A 1 1 -
2000000000000000000. r] I 'ﬁ
0QQ¥F
D C B A A B _
) (b) (c) Coalescence during
: . . deconfinemento
(i) Low excitation energies Ihntzrmer(:h%te enerdgy High energies confinement QGP
below pion mass naclrgl?snicrlce)zsn éerl‘lt_r"’_‘l AA phase transition in
threshold OllisIons i i
(ATOMKI experiments) collisions above (RHIC and Eégnr;rgrzgles
(i) Peripheral higienergy (K:?;mrgi)sjstzgeftshﬁlgtons LHC experiments) collisions
parton-parton P ’ (RHIC & LHC experiment

Dubnaexperiments.)

collisions
14
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OCD mesonsind QOED mesons can be produced
inNQ -Q Al AA collisions

xX
ﬁ e’ z’
.-Y; g,}, s a
e e’
! ’ e z e Z
(a) (b) (c) (d) (e)
1 %$ A Obroduction by lowenergy 1 %$ A O prbduction 1 %$ A O préduction by
‘Q 'Q annihilation below pion mass by high-energyQ 'Q annihilation electronnucleus bremsstrahlung
threshold, /i a (DELPHI,PADM&perimentsX) type reactions . ,
(inverse ATOMKI experiment) OW[! . SELSNRARYSYUZXU

CYWong 20



QED meson decay and decay products

16
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QED mesons can be detected by [ (&) (b)] [ “hand _(cQ Q

) 7o
5 S AW W W W W W

X Aq

e NN N
4 71

(a)

Detection using the invarian
mass of two real photons

-- Dubna

(b)

€

““‘

— x
D Ty -
“‘
-u.e—|—
X q
*
995 7

et

(c)

--RHIC?

Detection using the invarian
mass of two virtual photons

Detection using invariant mass Qf Q
-- ATOMKI
ExcessQ Q --anomalous soft photons

17
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Experimental evidence for anomalopbBotons withpT< 60 MeV/c

CYWong 23



lowmay 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.

Experiment

Collision
Energy

Photon pT

Photon/ Brems
Ratio

Exclusive measurements with knowledge of all particle momenta to determémamstrahIWbutions

wit

(Table compiled by V. Perepelitsa , 2009)

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

K*p, CERN NA22, EHS (1993) 250 GeV/c PT < 40MeVic /| 6.4 +1.6

" +p, CERN NA22, EHS (1997) 250 GeV/c PT < 40 MeV/c|| 6.9 +1.3

" -p, CERN WA83,0MEGA(1997) 280 GeV/c Pr<10MeV/c|| 7.9% 1.4

" -p, CERN WA91,0MEGA(2002) 280 GeV/c PT < 20 MeV/c \| 5.3+ 0.9 QL6 @ QI €¢

p p , CERN WA102,0MEGA(2002) 450 GeVlc PT <20MeV/ic |\ 4.1% 0.8 / @i oa i ©p Q0
Yhadrons C%FF@UG@/Q@V@) PT < 60 MeVi/c W

Woduction

e+e- Y ¢+g- CERN DELPHI(2008) N ~91 GeV (CM) PT <60 MeV/c ~1.0

24




Rate, 102 anomalous soft photons/jet

Anomalous soft photon yield is
proportional to the hadron yield

e+e- annihilation at Z0 decay ¢ 91 GeV)

DELPHI (EPJ 2010) arXiv:1004.1587

00 F b dzY 625Ny 2 Y I & 23 &2 ( 2 Yo mp T
i : Ol AIAmOIT A GMALDI T O pu
175 A oa —
i —e— @
L v
150 — ~
i o L L CYWong,PRC81,064903(2010);arxiv:1001.1691
i O0 (/}QO ! 7] . t “u ()00 7] ” 7]
125 % § UB anse’ e
i $ S N N\ W m j ' ,,-rj;g- P
- < 8 N
-0 >
-0 J_ )
7 /
50 |- - hx)
N O ; Q 0
C hiun
N A 1TT 1 A1GT @1 Odpénd QCD mesons arise
0 5 10 15 . _— r oy . .
likely from similarmn production mechanisms

Npadron Multiplicity o



Anomalous
Soft photon Yield

Rate, 10y/jet

N

)

@]
|

® Signal

A Brem-

_ “
200 — g
B N~
©

I S
i s </
0l N R

- ,
7’
L (/) 4
7
7
[~ ’
o II
)
100 Y
p
- ’
‘
7
- ’
7

Jet N, multiplicity

Rate, 10 *yjet

[

o

o
|

-]
o
I

150

100 —

50—

Jet Npur multiplicity

Anomalous soft photons are
produced in a neutral charged
environment

This is consisteiwith:

1) QEDmesonsare quanta of a
neutral colorsingletquarkmatter

2) no QED mesons are produced In :
charged colossinglet quark matter.

16
CYWong,ORNL



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

CYWong
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X17 particle observed in decay of “He* at Atomki

PCC (relative)

[t
=

10

FIG. 2. Angular correlations for the eTe™

0
—

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

*H(p.e'e)'He

Ep: 900 keV

PEFETITEN ISR AT
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the *H(p.y )* He reaction at the E,=900 keV.
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FIG. 3. Invariant mass distribution derived for the 20.49 MeV

transition in
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ATOMKI eXperimentalresults  esmaeeas

& 700 5

1 g 850 [
= 10 > 100 o 800 ;_
E E 75 | E,=510keV 4He H :ZE\ :
E 8Be ; 50 —“‘ + _j_+++ Asn%
k= - - E T +~ - E + +=+ T 850 E
5 @. :v \q 0 L ‘I L 1 1 B ;
E ? e '.T‘I 770 50 90 100 110 120" 130 ;
= ”uc N'ﬁ ”r.ac z 100
. s 50} %
" £ st +'++'+'+ 2
o (R AR
LET ’
070 8090 100 110 120 130
2 = 100 7
10 % 2 E E,= 900 keV _|_+ g
= gy
o 50 F ‘H’ B
80 90 100 110 120 130 140 150 160 170 § 4» ++ ++ E
©(deg) 7 o el i
f7| l T [ nnne
70 B0 90 100 110 120 130 F
0.05 7 (degrees) *DDE—. 2022
8Be 2021 n: .-l-l.T'-""T"""1'----=u—l-':.-a.. -I-‘----

40 100 Ho 120 130 140 150 180 170
& [degrees)

0.04 [

g 2017

0.02 - :’7—4’:

001 Consistent result with
' a new spectrometer

80 90 100 110 120 130 140 150 160 170
O (deg.)

Contours of my (MeV)

=
=
=
=
@
-
=
i)
]
-
=
—_
@
=
&}
g

The newest version of the

spectrometert

A Kinematical evidence for
the X17 particle

A Vector character of X17
IS supported

M=, (MeV)

0

140

o (dea) A Ejectedwith L=1 infBe 29




Hanoi University of Science (HUS) ™ ** ™"
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
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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 Rtibna

Abraamyaret al. arxiv:1208.3829(2012)

EPJWebConf204,08004(2019)

Number of 10” vy combinations

20,
15

10

|||||||||||||||||||||||||||||||||||||||||||

d(3 GeV/nucleon) + Cu-> 2y + X

Ny (R. Arm) > 2 |
Ey > 50 MeV
E,, >300 MeV

Cos Ow <0.997 |

E,, <0.75GeV |

E38

0 10 20 30 40 50 60 70 80

Myy (MeV/c?)
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Observation of the E38 boson Rtibna

Abraamyaret al. arxiv:1208.3829(2012)

EPJWebConf204,08004(2019)
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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 MeWraamyarkn.u. et al., 1SMD2023
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Other hints of anomalous particles in regions of many tens of Me'

() Anomalous soft photons (exce&Q in highenergy hadrorhadron and
Q 'Q annihilations, withp; < 60 MeV/€
(i) COMPASS hadrbiadron collisionsx E © Einvariantmass &t p YA 1 *Ac ¢ A 6
(i) Pb collisions on Photographic Emulsion at RHIC (W(Eh invariant mass at 18 MeV
(iv) CMS anomalous lemass diphoton structure at40 MeV in PHWb

collisions at LHC
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Jain & Singh
J.Phys.G134,129(2007)

Pb Beam at 160A GeV
on photographic emulsion
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x 38MeV x 38MeV

: :

x 38MeV x 38MeV
x 38MeV x 38MeV

: :

Backgrounesubtracted spectrum adliphoton invariant mass
In 6 angular bins with respect to the event pladine CMSPbPb
collisions at/i— 2.76 TeV in the 460% centrality, with 1.65 <2 GeV/c.
(From B. A. Snook, Ph.D. Thesis, Vanderbilt University, 2014, Fig. 5.8) 42



