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Abstract.

The bosonized QCD2+QED?2 system for quarks with two flavomsainos QCD2 and QED2 bound states, with an isoscalar
photon at about 25 MeV and an isovectbr1,13=0) photon at about 44 MeV. Consequently, when a quark andtiguark at
the two ends of a string pulls apart from each other at highgge hadrons and soft photons will be produced simultasigo
in the fragmentation of the string. The production of the QE®dft photons in association with hadrons may explain the
anomalous soft photon data in hadron-hadron collisionsedirei™ annihilations at high energies.
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INTRODUCTION APPROXIMATE COMPACTIFICATION

OF QCD4+QED4 INTO QCD2+QED2
Anomalous soft photons are lopr photons p7<60
MeV) produced in excess of what is expected from elec-To investigate the simultaneous production of QCD and
tromagnetic bremsstrahlung. They are found to posseS9ED quanta, we consider the U(3) group that is the
the following interesting properties: union of the color SU(3) and the electromagnetic U(1)

1. Anomalous soft photons are producedinp [1]- subgroups with coupling constang§ that depend_on
[3], T p [4, 5], T p [2, 3], andpp [6] collisions, the U(3) generator indexr and the quark favoif in
and inee~ annihilations [7]-[10] at high energies. QCDA4+QED4,

They occur only in association with hadron produc- {1..8} _ 4{1..8} _ f cD 1

tion. They are absent ie"+ e —Z%— put+ u~in G Y 9ocos, for QED, @

which there is no hadron production [7, 8]. ®=—ey=-Que, o= —es=—Qqe for QED, (2)
2. The transverse momenta of the anomalous soft pho-

tons are found to be in groups, at approximately 5whereQu = 2/3, andQq = —1/3. In high energy particle
15, and 50 MeV [6, 9, 11]. production processes, the dominance of the longitudinal

3. The soft photon yield is proportional to the hadron motion of the leading qyark and antiquark and thg pres-
particle yield [9]. ence of transverse conflnem_ent lead to the_formanon ofa
. . flux tube that can be approximated as a string. As shown
4. The soft photor_ls are assquated more with neutrqln [11], the dynamics of the system of quarks and gauge
hadr_on production than with charged hadron Pr0-fields in QCD4+QED4 can then be approximately com-
duction [9]. pactified into the dynamics of QCD2+QED?2, in which
Previously, many different theoretical models havequarks acquire a transverse messthat encodes the in-
been put forth to explain the phenomenon [12]. Howeverformation of the flux tube radiuBr [11]. The coupling
a complete understanding is still lacking. constants in 2D and 4D space-time are then related ap-
We note that in the flux tube environment, both color proximately by [11]
charge oscillations and electric charge oscillations are 2
quantized, and the system contains QCD2 and QED2 Oop ~ Yap 3)
bound states. We would like to propose that these bound TRy
hadron and soft photon states will be produced simultafFor QCD and QED states, the isospin symmetry re-
neously in the process of string fragmentation, when amains a good symmetry for QCD but not for QED. The
quark pulls away from an antiquark at high energies. Theour (1,13) QED states split apart. We study only neutral
production of these soft photons in association with thei3=0 bound states: the isoscalar0,3=0) state and the
production of hadrons may explain the anomalous sofisovector(1=1,13=0) state, in the strong coupling limit in
photon phenomenon [11]. which [gocp2|>>my.
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BOUND STATESIN QCD2+QED2 The measurement of thé spectra irz® hadronic decay

ives,/(p?)7=0.56 GeV in the reaction plane [16] and

The best method to search for bound states is b hus the flux tube has a radil~0.35 fm. For the

bosonization[13]. We use non-Abelian bosonization [14]strong coupling constant at this energy, we shall take

for U(3) interactions, and Abelian bosonization for fla- . ; :
vor degrees of freedom. The bosonization program con¥s :ﬁp'.?’lGBXVhZ'Ch Ieagis from Ezq' (5) to the string tension
sists of introducing boson fields to describe elementscosv.;ﬁ'?r?t _gQCDZ{.Z_O'Z Gf t[18’ tlgl]z 4). the OCD2
of the U(3) group and showing subsequently that these nd IQEDgsbeogglriprr:ggsscgsniz;nbse%neterr%ilge)oyl ases(rglown in
boson fields lead to stable boson states with finite o ble 1. In th | K limit. the OCD2 | ;
zero masses. Not all degrees of freedom available to th Z dri)n. s?ateﬁsmrﬁzzsﬁzzsq;g; Ii(largllc,)weer %an thsci)g:sccglrar
bosonization technique in U(3) will lead to good bo- l}éadron state at 505 MeV, whereas the ordering is oppo-

son states with these desirable properties. We therefo . .
search for stable bosons by varying only the amplitUd%f&g;}gigi?g;ﬁfév;m%%IZ?;%aLaKAZr\I/Oton ar12.8
3= . .

of the boson field in color space, keeping the orientation .
in color space fixed [11]. This means that we limit the TABLE 1. Meson and photon masses wig=0 in a tube

U(3) generator index in Egs. (1) and (2) to ber = 0 | QCDz | QEDZ |

and 1. Coupling Constant (MeV) gocp2=632.5 | egep2=96
From bosonization we find that QCD2+QED2 con- | masslessquark§ 1=0 | 504.6 MeV | 12.8 MeV

tains bound boson states because gauge field oscillations—____ 'fl 0 38.4 MeV

lead to quark color and electric charge density oscilla- H=mr =400 MeV :;2 ;gg'g mg&

tions, and through the Maxwell equations the quark color —m-=Z2goMev | 1=0 : 53 VeV

and electric charge density oscillations in turn lead to | p=my=1 MeV =1 44.1 MeV

gauge field oscillations. The self-consistency of gauge
field oscillations and the induced quark charge density The value ofmr can be estimated frorv (p%)n. Be-

oscillations lead to an equation of motion for the gaugecause a pion is a quark-antiquark composite, we obtain

field oscillations in the form of a Klein-Gordon equation _ > _
characterized by isospin-dependent masses [13, 15]. the quark transverse masg = V {PF)n/2=0.4 GeV.

As shown in [11], the mass squaid® )2 of the stable The mass scalg depends on the bosonization of the
boson in QCD2+QED2 for a state with quantum numberscalar density, Whlgh diverges in perturbation theqry .and
(1,13=0) is given by has to be renormalized and renormal-ordered again in an
interacting theory [13]. The mass scaletherefore de-

gg(ZD) +(-1)" gg(2D> 2 2 pends on the interaction. For QCD2, the strong confining

(MP)2 = ( ) + 3 e/mru, (4) interaction dominates and leads to transverse confine-
i —a ment with a quark transverse mass. It is reasonable to

take the mass scajein QCD2 to be the samer char-
acterizing the flux tube transverse confinement. This
value gives a QCD2 isovector hadron mass of 0.534 GeV
and isoscalar hadron mass of 0.735 GeV (Table 1) that
agree approximately with the observed average isovector

HADRON AND PHOTON MASSES N hadron transverse mass;1=0.577 GeV and isoscalar

hadron transverse masyT~0.824 MeV.
QCD2+QED2WITH TWO FLAVORS For QED2, we envisage that the scalar dengitythat

diverges in perturbation theory has to be renormalized
in a free theory in which the quarks are characterized
%y the quark current masses. The appropriate mass scale

where the indexa=0 corresponds to QED2y=1 corre-
sponds to QCD2y=0.5772 is the Euler constant, apd
is the mass scale for the interaction in question.

For QCD2 and QED2 in the flux tube, the coupling
constants are related to the 4D constants as given in E

(3) by u for QED?Z is therefore the quark current masses, of
) 4as Aa order 1 MeV. The values of the QED2 boson masses
9qcp2~ R_%’ and e(ngDZN R_%’ () obtained withmr=0.4 GeV andu=1 MeV are given

in Table I, which gives an isoscalar photon of about
whereas=g3cp,/41 and a=egep,/47=1/137. The flux 25 MeV and an isovector photon of about 44 MeV, in
tube radiusRy can be determined from the root-mean- approximate agreement with observed soft phopen

squared transverse momentum of produced hadrons asspectra at approximately 15 and 50 MeV in [6, 9, 11],
1 except for the groups of soft photons wigg~5 MeV

Rr ~ ) (6)  Whose origin remains unknown.
\/ (PT)m




SIMULTANEOUS PRODUCTION OF
QED2 PHOTONSAND QCD2 HADRONS

likely than isovector photons. In contrast, the QCD
isoscalar meson mass is greater than the isovector meson
mass, the production of isoscalar mesons is less likely
In hadron-hadron collisions aref-e— annihilations at  than that of isovector mesons. As a consequence, the ra-

high energies, a string is formed between a quark and aH0 NY/Nneutraiis much greater than the ratho//Neharged
antiquark (or diquark). When the quark and the antiquark@s observed by the DELPHI Collaboration [9].
pull apart from each other in the string fragmentation [N conclusion, i.n the flux tube string-like envirqn_ment
process, the QCD vacuum is so polarized that hadronfrmed after a high-energy hadron-hadron collision or
are produced by the strong QCD field, with the rapidity € -€~ annihilation, the QCD2+QED2 system contains
distribution of the produced hadrons in the form of aStable QCD2 hadrons and QED2 photons. These bosons
plateau, as discussed by Casher, Kogut and Susskintill be produced simultaneously when a quark pulls
[17], and analyzed phenomenologically in [18, 19]. away from an antiquark (or diquark) at high energies
The receding quark and antiquark as well as quarks irfluring the fragmentation of the string. They may lead to
the vacuum also carry electric charges and they interadhe anomalous soft photons observed in hadron-hadron

with electromagnetic interactions. Simultaneous with thecollisions and e~ annihilations at high energies.

QCD interaction and the production of QCD hadrons, the
quark and the antiquark generate a strong electric field
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system.

QCD2 hadrons and massive QED2 photons have been
found to be stable quanta in the QCD2+QED2 system.
The isoscalar photon mab_ is about 25 MeV andthe ;.
isovectorl3=0 photon masM/”_, is about 44 MeV fora 2.
flux tube of radius of 0.35 fm. The same receding quark3.
and antiquark source will produce both QCD2 hadrons*-
and QED2 photons simultaneously. The production pro—5'
cess corresponds to the excitation of the QCD2+QED2§"
vacuum due to the color and electric charge oscillations '
generated during the string fragmentation process. 8.

The simultaneous production of hadrons and photons
explains why anomalous photons are present only in as?-
sociation with hadron production. As the source and the

production mechanism of both hadrons and photons ar<1-50'
the same, the number of produced hadrons and QED2;
photons are therefore proportional to each other, on an2,

event-by-event basis, as observed by the DELPHI Col-
laboration [9].

We envisage that after a massive QED2 photon is
produced it emerges from the interacting region to the
outside non-interacting region, with an adiabatic expan-
sion of the flux tube. The massive QED2 photon will
evolve into a massless QED4 photon adiabatically, with
the photon mass in QED?2 turning into the transverse mo-

mentum in QED4. We therefore expect that a produced-3-

isoscalar photon will lead to a photon with an average

transverse momentum of about 25 MeV, and an isovec15:

tor I3=0 photon with an average transverse momentum of
about 44 MeV. These transverse momenta fall within the

domain of soft photon transverse momenta observed iA6.

Z9 hadronic decay [9] and hadron-hadron collisions [6].

The present model predicts that the isoscalar pho-17'

ton mass is lower than the isovector photon mass. Conjg

sequently, the production of isoscalar photons is morg g
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