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It is suggested that  a low-mass magnetic monopole of Dirac charge g = (137/2)e 
may be interacting with a c-quark's magnetic dipole moment to produce Zeeman 
splitting of meson states. The mass M 0 = 2397 MeV of the monopole is in contrast 
to the 10~6-GeV monopoles  of  grand unification theories (GUT). It is shown 
that shell structure of energy E~ = Mo+�88 exists for meson states. The 
presence of symmetric meson states leads to the identification of the shell 
structure. The possible existence of the 2397-MeV magnetic monopole is shown 
to quantize quark masses in agreement with calculations of quantum chromody- 
namics (QCD).  From the shell structure of meson states, the existence of two 
new mesons is predicted: r l ( 1 8 1 4 + 5 0 M e V  ) w i t h - I G ( j P C ) = o + ( o  -+) and 
rlc(3907• 100 MeV) with jPC= 0-§ The presence of shell structure for baryon 
states is shown. 

1. INTRODUCTION 

There is evidence (Akers, 1985) that a low-mass magnetic monopole  
of  Dirac charge g = (137/2)e  may be Zeeman-splitting meson states. This 
evidence is presented in Section 2. In Section 3 we present evidence of shell 
structure and quantization of  quark masses; these masses are not accounted 
for until now. While grand unification theories (GUT) predict massive 
10~6-GeV monopoles (Liss et al., 1984), few theorists study low-mass mag- 
netic monopoles,  though early work indicated a monopole  mass of 2.5Mp 
(Amaldi, 1968). No improvement on the classical Dirac mass has occurred 
since 1968, attention having focused on the massive 1016-GeV monopoles 
of GUT. Lochak (1985) has studied the low-mass end of the spectrum and 
found a massless monopole  from the Dirac wave equation. In this paper, 
we return to the Dirac mass of 2397 MeV and find evidence to support the 
existence of  the magnetic monopole.  
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2. ZEEMAN SPLITYING 

First, we recall that the mass of  the magnetic monopole  can be estimated 
on the basis of  magnetic self-interaction (Barut, 1979; Salam and Tiomno, 
1959; Stephenson, 1957): 

g2 
M = - -  (1) e 2 me 

where g is the magnetic charge of the monopole,  e is the electric charge, 
and m e is the electron mass. The quantization condition (Dirac, 1931) is 

g e = ~ n h c ,  n =0,  + 1 , . . . .  (2) 

The trivial case n = 0 corresponds to a massless magnetic monopole  whose 
properties can be derived from the Dirac equation (Lochak, t985). We 
concern ourselves with the first magnetic monopole  mass for n = 1: 

M = (137/2)2m, = 2397 MeV (3) 

which is the Dirac mass. We shall reconcile the existence of  a 2397-MeV 
monopole  with grand unification theories. This development will be dis- 
cussed in Section 4 on the theory of strong forces. 

Drawing from the abundance of evidence for charmonium states 
(Particle Data Group,  1984), we plot the energy levels for I = 0 mesons in 
Figure 1. The charmonium states are located above the 2397-MeV Dirac 
mass, which is indicated by the dashed line. Below the M0 = 2397-MeV 
magnetic monopole,  we find energy levels symmetric to the charmonium 
states. For clarity not all isoscalar mesons are shown in Figure 1. Figure 4 
shows all the I = 0 mesons. We note the unmistakable symmetry, apparently 
about M0 = 2397 MeV. The particle masses are shown in parentheses, and 
the absolute value of  the par t ic le-monopole  mass difference is in brackets. 

Before we discuss Figure 1, a number  of  comments can be made. First, 
the evidence of Figure 1 does not exclude the existence of mesons heavier 
than 4.8 GeV, twice the monopole  mass. The monopole  also has heavier 
masses: 9.6 GeV for n = 2 , . . . .  The model may thus be extended to the 
upsilon family. 

Second, the symmetry of Figure 1 is not found for nonisoscalar mesons, 
because of  the limits of  present experimental data. However,  the symmetry 
of  Figure 1 reveals shell structure (see Section 3), which the nonisoscalar 
mesons satisfy systematically. Finally, one could argue from a partial wave 
analysis that there is a continuum of states and that the symmetry claimed 
would disappear with a more complete knowledge of the meson spectrum. 
Such an argument does not completely remove the symmetry of Figure 1, 
but it does introduce an asymmetry into the spectrum. This slight asymmetry 
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Fig .  1. Combined meson spectrum for isospin I = 0. T h e  magnetic monopole of mass M o is 
indicated by the dashed line. The arrows point to shell states calculated to first-order approxima- 
tion, equation (6). The dotted line represents a missing meson at 1 8 1 4  M e V .  We predict another 
meson at 3 9 0 7  M e V ,  as represented by the dotted line. 

can be explained from the fact that even in atomic systems there is a slight 
asymmetry in the Zeeman splitting of the energy levels (Anderson, 1971). 

We propose that the symmetry of meson states about Mo = 2397 MeV 
is due to Zeeman splitting from a quark's magnetic dipole moment interact- 
ing with the monopole's B field. The energy of  the Zeeman splitting is given 
by the relation 

A E = gmj/zB (4) 

where the gm~ factors are shown in Table I and /z  is the magnetic dipole 
moment of a quark. We clarify the nature of  the Zeeman effect by defining 
the relationship between a charmed meson's interactions and a normal 
meson's interactions with a magnetic monopole.  The orientations of mag- 
netic dipole moments la, and ttc with respect to the monopole  are given by 
the relations 

AE = - ixc-  B for a c-quark (5a) 

AE = -IX~" B for an s-quark (5b) 
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Table I. Zeeman Energy Splitting for p and s States 

A E  = gmj 
Orbital states j m s g (in units o f / x B )  

p 3 3 4 
3 2 

p 2 3 - l 4 z 
2 3 3 

p ~ -~ -43 -2-3 
p _3 3 4_ 

2 - -2  3 - 2  
1 ! _2 ! 

P 2 2 3 3 
p �89 _1 _2 _ l  

2 3 3 
l 1 2 1 s ~ 

! _�89 2 - 1  S 2 

From Table I, grn s = 1 for a spin singlet state (m s = ~), and g m  s = - 1  for 
m s = - � 8 9  For the ~ / c ( 2 9 8 0 ) - M o  mass  difference, g m  s = 1 and the Z e e m a n  
splitting is AE = -P-c" B = 2980 - 2 3 9 7  = +583  MeV, where  p-c = + ( 2 e / 3 r n c c )  
S and B = - ( 1 3 7 e / 2 r 2 ) ~ .  The m e s o n  spectrum is normal ized  with respect  
to the spin singlet  state o f  charmonium,  and the exper imenta l  grn s factors 
are shown in Table II. The ratio o f  the highest  p state X(3555) and the s 
state r/c(2980) is 1.99, which  agrees with the theoretical  value o f  2 from 
Table I. N a m e l y ,  the ratio [X(3555) - M o ] / [  r/c(2980) - M0] = 1.99 is in agree- 
ment  with g m  s = 2 in the p states for Z e e m a n  splitting. The exper imenta l  
gm s factors o f  Table II support  the c laim for Z e e m a n  splitting in Figure 1. 

Table II. Zeeman Splitting for the lp and l s  States of  Charmonium and of  the Symmetric 
States a 

iSo 3& 3po 3p1 3p2 

n 1 1 1 1 1 

I 0 0 1 1 1 

s 0 1 1 1 1 

J -  0 1 0 t 2 

Intermediate states 
j ' =  1+ s '  1 /2  1 /2  3 /2  3 /2  3 /2  

1 /2  1 /2  1 /2  
: - 1 / 2  - 1 / 2  - 1 / 2  

j ' =  i -  s '  - 1 / 2  - 1 / 2  - 3 / 2  - 3 / 2  - 3 / 2  

Charmonium states above  M o = 2397 MeV 
~7c(2980) J (3096)  X(3415) X(3510) X(3555) 

gmj 1.00 1.20 ] .74 1.91 1.99 

Symmetric states below Mo = 2397 MeV 
71(1814) qV(1680) e(1300) D(1285)  f (1270)  

grnj - 1.00 - 1.22 - 1.88 - 1.91 - 1.93 

~ M o n o p o l e  sp in  s ' = � 8 9  (Osborn ,  1982). 
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Further comment  on Table I I  is needed. Because the gmj factors vary 
from 1.74 to 1.99 in the p states above Mo=2397 MeV and from -1.88 to 
-1.93 in the p states below Mo, we suggest an intermediate L-S and j- j  
coupling with a monopole  spin s ' = 1  and j ' =  l+s', . . . , j '=  l-s ' .  In fact, 
the monopole  is expected to have a spin (Osborn, 1982). This additional 
coupling may account for the additional 1- mesons and for the slight 
asymmetry in the p states of  Figure 1. 

Moreover,  from the symmetry of  Figure 1, we note the mass differences 
in brackets are very close for each jec bin. The numbers in brackets are 
the absolute values of  the par t ic le-monopole  mass difference. In the p states, 
there is a slight asymmetry about the monopole  mass. Choi (1985) has 
suggested that the symmetry about the monopole  mass Mo may be broken, 
since the spin splitting scales of  the charmonium and the low-mass meson 
systems are slightly different in general. This has to be considered as a 
possible alternative to the intermediate coupling scheme mentioned above, 
The intermediate coupling scheme seems to be the more reasonable explana- 
tion of  the slight asymmetry,  because a similar asymmetry for Zeeman 
splitting exists in atomic systems (Anderson, 1971). 

In studying Figure 1, we notice that there are two missing r 1 mesons, 
as indicated by the dotted lines in the jPC = 0-+ bin. The r1(1814) meson 
is predicted to exist, because it is symmetric with respect to ~7c(2980). Thus, 
we predict the existence of  a new ~7 meson at 1814 + 50 MeV with I a (jPC) = 

0+(0 -§ and another charmonium singlet state r/c at 3907 + 100 MeV. These 
masses are determined by comparison with their symmetric states. Hence, 
the singlet r/~(3907) is a reflection of r1(958). 

In sum, the extent to which the energy splittings in equation (4) are 
based upon the coupling of a quark to a magnetic monopole  remains to be 
seen. The theory of magnetic monopoles  is far enough along that one could 
explore concrete Schr/Sdinger equations, although the calculations are some- 
what complex (Akers and Akers, 1984; Sivers, 1970). 

3. SHELL STATES 

In the meson spectrum of Figure 1, the energy levels are grouped in 
shell states according to the first-order approximation:  

En=Mo+~nMo, n - 0 , + l  . . . .  (6) 

Mo = 2397 MeV is the monopole  mass from equation (3). The 115o and 13S1 
states of  charmonium appear  at the E1 = Mo+~Mo level. Likewise, the 21So 
and 23S1 states also appear  at the E2 = Mo+~Mo shell state. On the other 
hand, the 3~So and 33S1 levels fall below the E 3 = Mo+~M o shell state. This 
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is expec ted  since equa t ion  (6) is a f i rs t -order  a p p r o x i m a t i o n .  The correct  
shell  state energy is given by  the re la t ion  

E3 = M o + a M o - � 8 9  = 3895 MeV (7) 

Thus,  the shell  state energy is measu red  f rom the spec t rum of  F igure  1. Fo r  
those  mesons  be low the D i rac  mass,  the shell  s tate energies  have negat ive  
values for  n. 

A ques t ion  arises as to whe ther  the  symmet ry  in F igure  1 is due  to 
chance.  A stat is t ical  ana lys is  o f  the  spin-s ingle t  and  sp in- t r ip le t  states reveals  
that  the  symmet ry  is not  due  to chance.  In  Table  I I I ,  n ine  o f  the  meson  
masses  are wi th in  one s t a n d a r d  dev ia t ion  o f  the  energy levels.  Two mesons ,  
~7(1275) and  ~b(1020), are  wi th in  two s t anda rd  devia t ions  o f  the  energy 
levels.  Hence ,  there  is a symmet ry  o f  the mesons  in F igure  1. 

F r o m  the shell  s t ruc ture  o f  equa t ion  (6), a re la t ion  can  be  de r ived  
be tween  the m o n o p o l e  mass  Mo and  quark  masses.  The  mass  o f  a qua rk  is 
given by  those  meson  states tha t  idea l ly  sat isfy equa t ion  (6): 

E~ = mq + me1 (8) 

where  En is the a p p r o x i m a t i o n  (6) and  mq is the  mass  o f  a quark  q. Fo r  
the  c-quark ,  mc + m e - - E o  or  mc = l M o .  The  next  meson  state is given by  
(b = sg for  m, + m~ = E2 or  ms =~Mo.  Idea l ly  to gives the  meson  state for  
mu + ma = E3 or  mu = ~Mo. The  results for  all  qua rk  masses  are  ca lcu la ted  
in Table  IV. The  to is not  a pure  ut7 or  d d  state;  s ince to = 2 - 1 / 2 ( u f t + d d ) ,  

mu = (1 /SV2)Mo wou ld  be  more  exact.  In  Table  IV, the  magne t i c  m o n o p o l e  
mode l  is c o m p a r e d  with several  quan tum c h r o m o d y n a m i c  ( Q C D )  models .  
The  Q C D  ca lcu la t ions  o f  (Lizzi and  Rosenzweig  (1985) are  c o m p a r e d  with 
the  magne t i c  m o n o p o l e  model .  Moreover ,  the  m o d e l  is c o m p a r e d  with the  

Table IlL Statistical Analysis of Spin-Singlet and Spin-Triplet States 

Energy level AE AE 
(MeV) iS o (MeV) 3S I (MeV) 

E 3 = 3895.0 3907 -12.0 4030 135.0 
E 2 = 3595.5 3590 5.5 3686 90.5 
E l = 2996.3 2980 16.3 3096 99.7 
Mo = 2 3 9 7 . 0  . . . .  
E l = 1797.8 - -  - -  1680 117.8 
E 2 = 1198.5 1275 76.5 1020 178.5 
E3= 898.8 958 59.1 783 115.9 

Mean 29.1 122.9 
tr 37.3 31.3 
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Table IV. The Magnetic Monopole Model Fits to the Quark Model 

of Quantum Chromodynamics (QCD) 

Magnetic monopole model QCD model 

mu, d = ~M o = 299.5 MeV 300, a 330, b 270 MeV d 

m s = �88 o = 599 MeV 450, a 450, b 630 MeV d 

m C = �89 o = 1.2 GeV 1.2GeV c 

m o= M o = 2 . 4 G e V  
m b = 2M o = 4.79 GeV 4.78 GeV C 

aRegge trajectories analysis of QCD confinement model (Lizzi and 

Rosenzweig, 1985). 

bQCD spin-dependent  forces model (Choi, 1985, and personal com- 

munication).  
CQCD Gupta-Radford  model (Gupta et al., 1985). 

d Nonrelativistic potential model  (Henriques, 1983). 

QCD spin-dependent forces model of Choi (1985), the QCD Gupta-  
Radford model (Gupta et al., 1985), and a nonrelativistic potential model 
(Henriques, 1983). These quark models agree very well with the magnetic 
monopole model. The existence of a magnetic monopole implies the quantiz- 
ation of quark masses: 

mu, a = 300 MeV ,  m,=600MeV,  mc= l.2 GeV,  mb=4.8GeV (9) 

No research has ever before accounted for quark masses. QCD calculations 
are long and difficult to perform, whereas the quark masses are easily 
obtained from the shell structure, equation (6). 

Further analysis of  the shell structure can be applied systematically to 
nonisoscalar mesons as well. From the shell state energies of equation (6), 
the meson masses are plotted for isospins I = 0, �89 and 1. These meson 
masses are shown in Figures 2-4 and are plotted against In[ of equation (6) 
for convenience. For I = 1 mesons of  Figure 2, there are clearly three groups 
of particles, or shell states, at In I= 0, 1, and 2. These groups of particles 
are separated by gaps as indicated. At In[ =0,  the I = 1 mesons have large 
values of angular momentum (J  = 1 , . . . ,  6) near the monopole mass Mo. 
At [n I = 1, the mesons have J = 0 , . . . ,  3, whereas at In t = 2, J = 0 , . . . ,  2. The 
linearity of  equation (6) breaks down at In[ = 3 as mentioned earlier. For 
the I =�89 mesons of  Figure 3, the same pattern of large J values appears 
near Mo for In[ = 0, and the shell states appear for In] = 1 and 2. Intermediate 
states K* with JP = 1- and L with JP = 2 -  appear between the Inl = 1 and 
2 shell states. For the I = 0 mesons of Figure 4, there is the same pattern 
of shell structure. Intermediate states D(1530), f '(1525), i(1440), and 
E(1420) appear between the In[ = 1 and 2 shell states; these intermediate 
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Fig. 2. I = 1 meson masses as a function of lnl from equation (6). 

states are exp la inab le  f rom Table  II. In  Table  II ,  the  in te rmedia te  states 
are  r ep resen ted  by the coupl ings  j '  = l + s ' ,  . . . , j '  = l - s ' .  These in t e rmed ia t e  
states are l ike ly  f rom the in te rmedia te  coup l ing  for  j ' .  In sum, the shell  
s t ructure,  equa t ion  (6), can be app l i ed  to non i sosca la r  mesons  as well  as 
to I = 0 mesons .  

F ina l ly ,  we look  at the poss ib i l i ty  o f  shell  s t ructure  for ba ryon  states 
that  d e p e n d  u p o n  the m o n o p o l e  mass  M0. The  evidence  for  this is no t  very 
convinc ing  because  of  the l imi ted  exper imen ta l  da t a  above  the m o n o p o l e  
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mass Mo = 2397 MeV. The results are shown in Figures 5 and 6, where the 
absolute value of the monopole -baryon  mass difference is plotted against 
baryon mass. In Figure 5, there may be evidence for shell states symmetric 
about the Dirac mass. There are clearly groups of particles below the mass 
Mo. In Figure 6, the evidence is not convincing enough; however, the 
particle spectrum is similar to that in Figure 5, with some groups of particles 
below Mo. Thus, the presence of shell structure for baryon states based on 
the monopole  mass is not established as yet. 
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4. MAGNETOSTRONG THEORY 

From the possibility that a low-mass monopole does exist, we shall 
attempt to reconcile its existence with grand unification theories (GUT). A 
new unification theory of the magnetic and the strong forces is proposed. 
The existence of a magnetic monopole is incorporated into the theory. 
Magnetostrong theory is the idea that the existence of magnetic monopoles 
accounts for the strong forces in nature. In electron-positron annihilation, 
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monopole -an t imonopole  pairs may be created: 

e+ e - -  g+g- (10) 

I f  the monopole -an t imonopole  pair is created from vacuum, AE = 2Mo, 
the mean lifetime is A t - - h / A E  = l a x  10 -25 sec. The hadron interactions 
are 100 times longer at t -  10 -23 sec. Therefore, the creation of monopoles  
involves superstrong forces, as its coupling constant suggests; ag = g2/hc = 
34.25 (for n = 1). Hence, the strength of  the magnetic charge may account 
for the confinement of  quarks (Daniel et al., 1980). 

The nature of  the strong coupling constant as can be derived from 
quantum mechanical principles. By considering the interactions as in 
equation (10), as is calculated from the Zeeman splitting. The interaction 
energy is b E  = - I x j - B ,  where ~j = IXL + ~S is the magnetic dipole moment  
of  the system; taking the reduced mass �89 into account, we have 

Qh 137 1 L + 2 S  
A E = - 2 M o c  2 e h  r 2 " ~ (11) 
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where Q = 2 e / n .  The strong coupling constant is then 

Q2(137e)2 1 
(12) 

% - hc22 hc 

and % = 1 . 0 ,  0.25, 0 .11 , . . .  for n = l , 2  . . . . .  For n = 0 ,  a~->c~ at the low- 
energy limit, as expected. The center-of-mass energy is given by 

E = 2 M  = 2 M o  n2 (13) 

In Figure 7, the strong coupling constant is plotted as a function of the 
center-of-mass energy. From the figure, we note that the magnetostrong 
theory agrees with several experimental measurements (Zhu, 1985). At low 
energies, there is need for further measurements to confirm the theory or 
to determine if the theory needs improvement in modeling. 

5. CONCLUSION 

Finally, we reconcile grand unification theory with a low-mass magnetic 
monopole.  We evaluate the electroweak theory's coupling constant aw and 
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the  magne tos t rong  theory ' s  as in equa t ion  (12) together .  The  weak  coupl ing  
cons tan t  is given by  (Perkins ,  1982) 

aw = 1.02 x lO-5( M w /  Mp) 2 (14) 

where  M v = 0.938 GeV. F o r  as = aw, Mw = 73.4 GeV. Fo r  n = 4, as = 0.0625 
and  E = 76.7 GeV. Mw and  E agree to wi th in  4%.  Hence ,  the strong, weak,  
and  e l ec t romagne t i c  coupl ings  converge at the  in te rmedia te  vec tor  b o s o n  
mass  Mw. The mode l  p re sen ted  in this p a p e r  predic ts  g rand  unif ica t ion at 
the low-energy  end o f  the  spec t rum.  This is to be expec ted ,  s ince we bel ieve 
the magne t i c  m o n o p o l e  to have the class ical  Di rac  mass  ins tead  o f  the 
mass ive  1016 GeV of  g rand  unif ica t ion theories .  The next  genera t ion  o f  
par t ic le  acce le ra tors  shou ld  dec ide  the issue concern ing  the exis tence o f  
magne t i c  m o n o p o l e s  and  thei r  mass.  
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