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

Experiment Collision Photon pT Photon/Brems
Energy Ratio
K*p, CERN WA27,BEBC(1984) 70 GeV/c PT < 60 MeV/c 4.0+ 0.8
K*p, CERN NA22, EHS (1993) 250 GeVi/c PT < 40 MeV/c | 6.4 +1.6
m"p, CERN NA22, EHS (1997) 250 GeV/c PT < 40MeV/c | 6.9 +1.3
™ p , CERN WA83,0MEGA(1997) 280 GeV/c PT < 10 MeV/c 79+ 1.4
m p , CERN WA91,0MEGA(2002) 280 GeV/c PT <20MeV/c | 53 £ 0.9
p p, CERN WA102,0MEGA(2002) 450 GeV/c PT <20MeV/ic | 4.1+ 038
e+e-—hadrons CERN DELPHI(2010) ~91 GeV (CM) PT < 60 MeV/c ~4.0 ® QCD meson
with hadron production @ QED meson X — ete”
e+e- —Hu+u- CERN DELPHI(2008) ~91 GeV (CM) PT < 60 MeV/c ~1.0

with no hadron production

(Table compiled by V. Perepelitsa)




Consider  p,+p, > p;+p, +kK

Low Theorem (1958)
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Gribov’s question: Where to find soft photons?

Consider P+ P, > P+ P+ Ps+...+ Py +K

dN o s nin'eie'(pi'p') dI\Iaron

3;2 . jd3p3d3p4---d3p|\|z J kJ kJ - 3hd -

d 27 K, 2 40p -k)(p;-k) d7pydip,...d p,
n, =1for afinal particle, —1for an initial particle

Contributions are large when

2
p; -k = p,k(Ll-cos@) = piok%

0 .
= Pk, 5 IS very small.

So, experimental measuremen ts have been focusing on
the region of small k., andsmall 6.



Rate, 10° anomalous soft photons/jet
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Do anomalous soft photons (ASP) and QCD
mesons arise from the similar gq production
mechanism?




Anomalous soft photons (excess e * e ~pairs with p,<60 MeV/c) are
proportionally produced along with hadrons.

A parent particle of an anomalous soft photon (ASP) must contain some
elements of the hadrons sector, such as a g-q pair.

The g-q pair interact in QCD and QED interactions.

The g-q pair cannot interacting in the QCD interaction, because the QCD
interaction would endow the g-g pair with a mass greater or equal to m,;.

We are left with the g-g pair interacting only in the QED interaction.

Such a QED possibility is re-inforced by Schwinger’s result that the mass
of a confined g-g QED pair is proportional to the QED coupling constant, m = g/+/m.

The lowest-energy QED mesons have masses about 20 and 40 MeV.
CYWong,PRC81,064903(2010),[arxiv:1001.1691]



pT spectrum of anomalous soft photons (ASP) hints at boson masses of ~18 and ~36 MeV
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CYWong,JHEP08(2020)165,[arxiv: 2001 04864]




The proposal of stable and confined gg QED mesons raises serious objections.
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Debate between the Wise Guy (KX%) and the Old Fool (F2)

Wise Guy m Quarks interact in QCD and QED simultaneously.

D?Zhi(j(%U B When quarks oscillates, the color charges and electric charges also oscillate simultaneously.

raises

objections :  |M Stable collective QED excitations of quarks cannot occur without the QCD interactions.

Old Fool Quark densities and gauge fields are not single-element quantities. They are 3x3 color matrices.
BN : : :

:(ssioer;_g(’“‘ ~) B They have 9 elements which breaks up into color-octet subgroup and color-singlet subgroups

m Quark currents and the gauge fields depend only on quantities within each subgroup.
m In the space-time arena, each subgroup can generate separate stable collective excitations.
B There are localized, stable QCD excitations in the color-octet subgroup — n°%,n,1n’,K, p...

W There can also be localized, stable QED excitations in the color-singlet subgroup — ASP, X17, E38,...
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Debate between the Wise Guy (KX%') and the Old Fool (i 2Y) (contd)

Wise Guy . : : :
Dazhi( %) m Only non-Abelian QCD interactions can confine quarks

raises W The Abelian QED interaction does not confine electrons and positrons, so
objections : the QED interaction does not confine quarks and antiquarks

0ld Eool Light quarks (and antiquarks) as massless fermions are confined in QED in 1+1D (Schwinger,1962)
YuGong(i& )

Confined qgq in QED in 1+1D can be taken as idealization of confined gqq in QED in 3+1D in a flux tube,
replies:

Gribov showed that massless fermions in QED in 3+1D are confined (NPB206,103(1982))
W Lattice gauge calculations showed that fermions can be confined in QED in 3+1D under appropriate conditions.

m The open-string description of QCD+QED mesons gives correct t°, n,n’, X17, E38 Masses (Hep 08(2020)165,arxiv:2001.04864)
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Generalize Schwinger gauge theory in 1+1 dimesions from QED to (QED+QCD)

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

A gauge theory in 1+1 dimensions with massless fermions

Yw@®'-g20A" )Y =0

auFW = au(auAv — 0YA*)=g,p JV = g2p 1/77/1/1/) QED

The gauge field AV tells quark ¥ how to move
The quark field Y gives jV to tell the gauge field AV how to act.
For a stable configuration, AY couples jV self-consistently.

A gauge-invariant relation between j¥ and AV is

ve Wl yv_gv_L_g aw), A = Ak g2
JrE 949, H ), -

We substitute this into the Maxwell equation, and we get
2
9, O1AV+9221 4v
T

This is the Klein-Gordon equation for a stable boson with mass
92D

V1T

m =

- P J0a
\' lpred =
A l/J — l'bblue -eé,/lr
lpgreen l(QED+QCD)

vV _ Vil
A =Yic012,.8 At

\/6001

t1 t2, ..., t8color-octet Gell-Mann matrices
Consider the restricted variation that will
lead to localized stable QCD bosons
AV =AY+ AVt

70=1¢0
1 _ v8
T = Li=1

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

Similarly, jV=j¥7°%+ jt!

. 1 0 0
t°=—=|0 1 0] for color-singlet matrix

n'tt

g9ED 496D
We oet  |m@ED —92b_  ,,QCD _ 92D
6 N NG

CYWong,PRC81,064903(2010),[arxiv:1001.1691]

CYWong,JHEP08(2020)165,[arxiv:2001.04864]
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A localized boson in 1+1D can approximate a localized meson in 341D

In 1+1D, the open string has no structure, but the coupling constant g,p has the dimension of a mass.
In 3+1D, the flux tube structure has a radius Ry, but the coupling constant g,p is dimensionless.

In going from 3+1D to 1+1D, fluxtube radius Ry information is stored in the coupling constant g, in 1+1D,

2 2
(Gp) =(‘f::%) . C.YWong,PRC80,054917(2009)[arxiv:0903.3879]

Koshelkin and Wong,[PRD86,125026(2012)]

By such a relationship, a localized boson in 1+1D can be used to approximate a localized meson in 3+1D as

2 2 2
4 (94D)
m2 = (920)"_ (9413)2 — 2p where a,p = 9g4p)”
T T2R%, TR ATT
QCD QED
m2 .. — a,p m2. — a,p
Qecp= Rz MQEDT gz
If the flux tube radius R is an intrinsic property of the quark, then
(QCD meson mass mgcp) ang - 0.7 10 ~ (hundreds MeV) (QCD meson linear length) 1
QED meson mass mogp - aQED - 1/137 - - tens MeV ’ (QED meson linear length) ~10°
Q 4D
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The simple results

CD ED
2 4“21) 2 4“21)

QCD— 2 QED_ 2
TR7 TR7

are only order- of—magnltude estimates.

For quantitative descriptions, we must take into account

(i) flavor mixture D;; of the physical states

(ii) flavor independence of the color charges, QSC QQCD QCD 1

: QED _ 2 ocb 1
(iii) flavor dependence of the electric charges, Q,; = S Qg =-3

(iv) the quark masses m,, , m,; , and mg



OED and OCD meson masses with 2 flavor

1 _ —
D=g,1,=0= (Ul > + |dd >)

1 _ —_
CI)1=1,13=0=\/—§(|UU, > — |dd >)
1+1
Effective QCD: — QCD: —:0
charee  qep; —[() (=3)] | | e —[( )(=3)]
t/t
2.5,\0
/5/\ /\,
153
)
u /\’\’ -4 \//\
' ﬁ \\\ ///
d 05’/\\
. a /// =
N ais,
.10 05 05 1.0 C Lo 05 0s 1o
isoscalar meson isovector meson
(uu +dd)N2 (uu - dd)N2

2
,  [Qu+ (=1)'Qq4| 4aup , Aap
I = 2 T Mz —5eh
TRt %4p
. _ Qu+(_1)le
Effective charge = "
cD cD _
Q QQ
20 _ 273, QQED =-1/3
Ry= 0.4 fm
a5 =0.68
QED_ 1
4D 137

The mass of the I = 1 isovector QCD
meson is my,.

The mass of the I = 0 isoscalar QCD
meson m, iIs 663 MeV.

The mass of the I = 1 isovector QED
mMeson IS mg;g IS 36.4 MeV.

The mass of the I = 0 isoscalar QED
meson my,, IS 17.9 MeV.

CYWong,PRC81,064903(2010),[arxiv:1001.1691]
CYWong,JHEP08(2020)165,[arxiv:2001.04864

14
CYWong,ORNL



OCD meson masses with 3 flavor

2
2 _ [¥Nr pn |" 42D
= [Zf=1DU R er”Zf 1 (my+m )/2( U)

where the physical state ®; ZNf Dijp;

@1 = |[utl >, p, = |dd >, p; = |5 >,
Dl-j and me from PDG table,

CD
Parameters are aQ and Ry

CYWong,JHEP08(2020)165,[arxiv:2001.04864
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QCD and QED meson masses

Experimental |Semi-empirical

[I(J™)] mass mass
formula
(MeV) (MeV)

QCD| % [[1(07)][L34.97684+0.000§  134.9*

meson| 1 |[0(07)]| 547.862+0.017 | 498.4+39.8 agp =0.68+0.08,
: ' Ry = 0.4+ 0.04 fm

7 [[0(07)]| 957.7840.06 | 948.24+99.6
QED |X17[[0(07)]| 16.9440.24% 17.9+1.5 a2EP=1
meson| E38|[1(07)]| 37.3840.71° 36.4+3.8
- - QCD mesons
t Calibration mass & QED mesons
# A. Krasznahorkay et al., arxiv:2104.10075 are reasonable

® K. Abraamyan et al., EPJ Web Conf 204,08004(2019) | concepts!

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

15



Search for QED mesons with masses in 10s MeV region

We need to know
(1) How QED mesons (and QCD mesons) are produced.

(2) How QED mesons decay and be detected.

17
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QCD meson ( @) and QED mesons (O) can be produced by gg pair production
in hadron-hadron colliisons

Al B’ C, B’
7 —
A »
' Y 4 f | - —— -
N
\2000000000000000000,
} IR 1 (d)
A B A B .
Coalescence during
. . Intermeg)i)aﬂe energy High (C) ' deconfinement-to
(i) Low energies had had i Ish €nergies confinement QGP
below pion mass adron-hadron an Ce”?@' AA phase transition in
threshold nulile.us-nu;leus Collisions high energies
(ATOMKI experiments) ~ €osionsa hoveh ¥ (RHIC and central AA
(ii) Peripheral plon mass thresho LHC experiments) collisions

(Anomalous soft photons,

Dubna experiments.) (RHIC & LHC experiments)

parton-parton

collisions
18
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QCD meson and QED mesons can be produced by
qq pair production in et —e~ anninihiations

(DELPHI experiments, PADME, ...)

19
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Decay and detection of a QED meson

20
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QED mesons can be detected by (a) yy, (b) y*y*,and (c)eTe

g ¥ q ¥ .e » . _

12 M/vinm 2 2 "'::: q2 ‘72 "" -
s‘e_l_ ’ ‘ =I

X A q X q X lg * e

- € :

b G "" \ Z :

q Y q ’Y* \"u * \

1 1 1 1 et ql 71 ""e+

() (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
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21,02 —————— 105 =0(0)

X17 particle observed in decay of *He* at Atomki =¥
Krasznahorkay et al arxiv:1910.10459

. emssion of X17 [0(0)]

. + =
internal e e PAIT with a mass ~17 MeV
conversion

_ 2 100 |
g - 5 E 3 + 4
= 2 90 - H(p.e'e) He
= s 3 4 sl o : 0.0 107 =000
2 M H(p,e"e’) He : 0,
3 BN 80 E- E =900 keV He energy level
<o ot E. = 900 keV :
- T, r
& S TREE ’ 70 _—|
10 < T
¥ 60 _—‘ _J,_ i
: 0 b [ /N
| £y
I o | # |__l_| .
30 | -- T A \|
: lﬁrlﬁg T
’ r =7 I ==
0" ol A | R
10 F 3
PESTEN T B IPTOPESVENTC) IPSSTTSTUY) [TSPYSUPL] [TUNPUUNTT (oS TSI T SV tcror s ST (PR A WL (T B _T_
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© (degree) Invariant mass (MeV/c?)

FIC. 2. Angular correlations 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.
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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)

Number of 10° yy combinations

20
154

104

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

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

Cos 0 <0.997 |

E., <0.75GeV |

12

E38

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

0 10 20 30 40 50 60 70 80

Myy (MeV/c?)
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Other hints of anomalous particles in regions of many tens of MeV

(i) COMPASS hadron-hadron collisions, with yy invariant mass,
(ii) Pb collisions on Photographic Emulsion at RHIC, with ete™ invariant mass

(iii)ALICE pPb collisions, yy invariant mass.

24
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2.5

f; Bernhard et.al

Q i n Arxiv:1204.2349
= _ ] ) =10

= 2.0 Van Beveren & Rupp, arxiv:1202.1739 | = B COMPASS 2008
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: B [} h] " 4{]__
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Peaks

- g
B i P e g
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— e |
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Lo < 200 um (1), Lg < 300 um (2) Jain & Singh
'l P, < 10 MeV/c, Ly < 200 pum (3) J.Phys.(G134,129(2007)
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| I | Pb Beam at 160A GeV
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0.60 GeV/c < p; < 0.7 GeV/c
-

ALICE pPb at
\SNN =5.02 TeV

ANty /dMe+e—y(GeV/C2)_1

+,—, (GeV/c?)
e ey
From P G. Zamora, Ph.D. Thesis, Univ. Complutense de Madrid, 2017

28



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 (p,d)+A at a few GeV/nucleon collisions (Dubna,?)
(5) many states using virtual y*y* [(e*e™)-(e*e™)] invariant mass in RHIC collisions(STAR,?)

(6) other hints of anomalous particles ...

29
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Excited states of QED mesons

30
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Excited states of the QED string Semi-empirial spectrum of the QED string
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D y—\]:E(xA %) ;_:_]é i " i}
5 5 4 3 2 -1 & 1 2 3 4 5 6 30 - 1=0, n=1 {30
20— =0 0 (Ln+1) = (Ln) —20
— =0, n= ]
Decay of higher excited states of a QED meson N evo0o
L e s
. - - EEEFEH R
4 ! i
0 R — 0
. Y Semi-empirical Transition energy
energy level E(I,n)
q a g
() () © The QED meson has a complex spectrum!
X* > X' +y X*->X'+tyy X ->X'+yy

CYWong,arxiv:2010.13948. '
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Conclusions

* Excitation of the quark-QCD-QED system leads to independent QCD
and QED excitations.

* These QCD and QED excitations give rise to QCD mesons and QED
mesons.

* There are encouraging pieces of evidence for the occurrence of QED
mesons in the mass region of many tens of MeV. On-going searches
are continuing.



