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We study the scattering of a non-Abelian dyon and photons. We demonstrate that
two photons are necessary for Compton scattering of a non-Abelian dyon, through
S-matrix expansion. One of these two photons is associated with electric four-
potential and is ordinary, while the other is associated with magnetic four-potential
and is highly energetic and responsible for scattering of magnetic charge of the
non-Abelian dyon. We also study dyon–photon, dyon–dyon, and dyon–antidyon
scattering and the self-energy of the dyon and both photons in non-Abelian
gauge theories.

1. INTRODUCTION

The renewed interest in the theory of the monopole and the dyon is
partly due to the work of ’t Hooft(1) and Polyakov,(2) who embedded the U(1)
electromagnetic field in SU(2) gauge theory and obtained numerical solutions
of the canonical finite-mass monopole in the whole space through spontaneous
symmetry breaking due to the Higgs field, which leaves behind unbroken
U(1) gauge symmetry. Julia and Zee(3) obtained the corresponding numerical
solutions for a dyon, and Prasad and Sommerfield(4) derived the analytic solu-
tions for the monopoles and dyons of finite mass by keeping the symmetry of
the vacuum broken but letting the self-interaction of the Higgs field approach
zero. It is widely recognized(5) that the SU(5) grand unified model(6) is a
gauge theory that contains magnetic monopole solutions, and consequently the
question of the existence of the monopole and the dyon has gathered enormous
potential importance in connection with the problem of quark confinement,(7)

possible magnetic condensation of the vacuum,(8) their role in catalyzing proton
decay,(9,10) and the possible explanation of CP violation.(11) Keeping in view
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all these facts and the observation of Cabrera,(12) we have constructed(13,14) a
manifestly covariant quantum field theory of dyons each carrying generalized
charge as a complex quantity with electric and magnetic charges as its real
and imaginary parts, formulated a non-Abelian theory of dyons,(15,16) and
investigated bound states of two dyons and dyon–fermion(17,18) in nonrelativistic
as well as in relativistic frameworks. We have also undertaken the study of
the scattering of photons by the monopole and the dyon in Abelian theory and
have shown that two photons are necessary for Compton scattering of dyons
through S-matrix expansion and that photons associated with the monopole
and the dyon have enormously high energy.(19–21) Study of the bound state of
dyon and antidyon has also been carried out and it has been shown that this
state is very short lived and decays into four or six photons, depending on the
spin statistics of the dyons involved.(19,20) Extending this work in the present
paper, we study dyon–photon scattering in non-Abelian gauge theory with the
help of S-matrix expansion for this system.

2. COMPTON SCATTERING OF PHOTONS AND A NON-
ABELIAN DYON

In order to study the Compton scattering of photons and a non-Abelian
dyon we assume that the non-Abelian dyon is at rest and there are photons
incident on it. It is reasonable to expect that low-energy photons will make
very little impact on the non-Abelian dyon, which is very heavy. Further, as
shown in the next section [Eq. (3.34)], we need two photons to make Compton
scatterring possible for this system. These two photons differ from each other
essentially, as one is associated with electric four-potential and the other is
associated with magnetic four-potential. This scattering process is shown in
Fig. 1. Applying the laws of conservation of energy and momentum, we get

(1 1 k)hn 5 (1 1 k)hn8 1 MDoc2F 1
(1 2 v2/c2)1/2 2 1G (2.1)

and

(1 1 k)hn
c

5
(1 1 k)hn8

c
cos f 1

MDov

(1 2 v2/c2)1/2 cos u along x axis (2.2)

(1 1 k)hn8

c
sin f 2

MDov

(1 2 v2/c2)1/2 sin u 5 0 along y axis (2.3)

where k 5 MDo /M; MDo is the rest mass of a non-Abelian dyon and M is the
rest mass of the electron. With the help of these equations, we get the change
in wavelength Dl 5 l8 2 l as
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Fig. 1. Compton scattering. Black lines denote ordinary photon and red lines denote highly
energetic photon. [This convention of denoting different photons will be used throughout
the figures.]

Dl 5
(1 1 k)h

MDoc
(1 2 cos f) (2.4)

which is the Compton shift for a non-Abelian dyon. The direction of the
scattered non-Abelian dyon and the energy are, respectively,

tan u 5
1

1 1 a
cot1f

22 (2.5)

and

Ek 5 (1 1 k)hnF 2a sin2(f/2)
1 1 2a sin2(f/2)G (2.6)

where

a 5
(1 1 k)hy

MDoc2

These results show that one of these two photons is ordinary and is responsible
for g 1 e → g 1 e scattering, its energy is hy (1.989 3 10215 J). The second
photon is responsible for g 1 g → g 1 g scattering and its energy is khy
(2.42906 3 1014 GeV). This enormously high energy is due to the heavy
mass of the magnetic monopole, which is of the order ,1016 GeV.(22)
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3. S-MATRIX EXPANSION

In this section we study dyon–photon scattering in non-Abelian gauge
theory with the help of the S-matrix expansion technique, so that the general-
ization of Abelian gauge theory(19–21) can be investigated in the three-dimen-
sional representation of isotopic space, where the complex charge space is
locked together with the internal isotopic space in such a way that the charge,
electric as well as magnetic, spreads over the components of internal space.
The generators of gauge transformations in internal charge space may be
considered as T a, with a 5 1, 2, 3, for SO(3) internal symmetry:

(T c)ab 5 2iεabc (3.1)

where eabc is the usual Levi-Civita symbol. These matrices satisfy the follow-
ing commutation rule:

[T a, T b] 5 iεabcT c (3.2)

The charge operator in the internal space may be defined as r̂ ?
›

T , which in
case of a complex charge takes the form r̂ ? (

›
T 1 2

›
iT 2) as a result of locking

between internal space and complex charge space. Through a specific kind
of gauge transformation which sends the operator r̂ ?

›
T to an operator

›
T 3,

the interlocking of external and internal space may be removed. The position-
dependent gauge transformation is singular, but does not introduce any singu-
larity in the field. The charge multiplet thus interacts with the multiplets of
the generalized Yang–Mills field. In the relativistic framework, the complex
isospin space further splits up into two-dimensional spin space. It reveals
new characteristics of scattering which are not present in the theory of spin-
0 dyons. The Lagrangian density for such a system is

L 5 L0 1 iCĝmDmC 2 Gq+CT afaC (3.3)

where L0 is the ’t Hooft–Polyakov Lagrangian(1,2) and

iDm 5 im 2 q*V a
mT a (3.4)

Va
m in Eq. (3.4) is the matrix form of generalized four-potential of the non-

Abelian dyon and is given by

V a
m 5 Aa

m 2 iBa
m (3.5)

where Aa
m and Ba

m are the electric and magnetic four-potential and T a are
matrices given by (3.1). The third term in Eq. (3.3) includes the mass of the
dyon in terms of the Higgs scalar field, and G is the coupling constant
between the Higgs triplet and isospin triplet. With minimal replacement of
Eq. (3.4), the Lagrangian density takes the following form:
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L̂(x) 5 L̂0(x) 1 iĈ(x)ĝm(m 1 iq*V a
mT a)Ĉ(x)

2 Gq*Ĉ(x)T aĝa(x)Ĉ(x) (3.6)

which includes the interaction Lagrangian density

L̂I(x) 5 2Ĉ(x)ĝmq*V a
mT aĈ(x) (3.7)

where

q*V a
m 5 (eAa

m 1 gBa
m) 1 i(gAa

m 2 eBa
m) (3.8)

and

q 5 e 2 ig (3.9)

is the generalized charge of the dyon. Finally, we get the following interaction
Lagrangian density by substituting the real part of Eq. (3.8) into Eq. (3.7)

L̂I(x) 5 2eĈe(x)ĝmÂa
m(x)T aĈe(x) 2 gĈg(x)ĝmB̂a

m(x)T aĈg(x) (3.10)

The interaction Hamiltonian density may be deduced in the form

ĤI(x) 5 eĈe(x)ĝmÂa
m(x)T aĈe(x) 1 gĈg(x)ĝmB̂a

m(x)T aĈg(x)

5 eN(ĈeĝmÂa
mT aĈe)x 1 gN(ĈgĝmB̂a

mT aĈg)x (3.11)

In order to find perturbative series solutions, we write the S-matrix expansion
by choosing the perturbation Hamiltonian ĤI(t) in the interaction picture as

Ŝ 5 o
`

n50

(2i)n

n! #
`

2`

dt1 #
`

2`

dt2 . . . #
`

2`

dtn P[ĤI(t1)ĤI(t2) . . . ĤI(tn)] (3.12)

where P is the Dyson chronological product and ĤI(t) is defined as

ĤI(t) 5 # dx ĤI(x) (3.13)

ĤI(x) of this equation is given by Eq. (3.11) upon substituting the value of
HI(t) from Eq. (3.13) into Eq. (3.12); we get

Ŝ 5 o
`

n50

(2i)n

n! # d 4x1 # d 4x2 . . . # d 4xn T[ĤI(x1)ĤI(x2) . . . ĤI(xn)] (3.14)

where T denotes Wick’s chronological product. With the help of Eqs. (3.11)
and (3.14), we get

Ŝ 5 o
`

n50

(2i)n

n!
en # d 4 x1 # d 4x2 . . . # d 4xn T8[(ĈeĝmÂa

mT aĈe)x1

3 (Ĉeĝn Âb
nT bĈe)x2 . . . (ĈeĝrÂc

rT cĈe)xn]
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1 o
`

n50

(2i)n

n!
gn # d 4x1 # d 4x2 . . . # d 4xn T8[(ĈgĝmB̂a

mT aĈg)x1

3 (Ĉgĝn B̂b
nT bĈg)x2 . . . (ĈgĝrB̂c

rT cĈg)xn] (3.15)

We can now discuss various processes arising from the terms of various
orders in the S-matrix expansion (3.15) for the interaction of a non-Abelian
dyon with the generalized electromagnetic field of another non-Abelian dyon.
When n 5 0, we have

Ŝ(0) 5 1 1 1 5 2 (3.16)

for which no scattering takes place and hence the Feynman diagram contains
no vertex. For n 5 1, we have

Ŝ(1) 5 2ie # d 4x T8(ĈeĝmÂa
mT aĈe)x1

2 ig # d 4x T8(ĈeĝmB̂a
mT aĈg)x1 (3.17)

where

Ĉ 5 Ĉ2 1 Ĉ1 ; Ĉ 5 Ĉ1 1 Ĉ2

Âa
m 5 Âa1

m 1 Âa2
m ; B̂a

m 5 B̂a1
m 1 B̂a2

m

with Ĉ2 and Ĉ1 respectively denoting non-Abelian dyon creation and non-
Abelian antidyon annihilation and Ĉ1 and Ĉ2 denoting non-Abelian dyon
annihilation and non-Abelian antidyon creation, respectively. We further split
Ĉ2 and Ĉ1 by denoting Ĉ2

e as electron creation and Ĉ2
g as monopole creation

and Ĉ1
e as positron annihilation and Ĉ1

g as antimonopole annihilation in non-
Albelian gauge theory. Similarly we can defined Ĉ1 and Ĉ2. The explicit
expansions for Ĉe(x) and Ĉg(x) are given by

Ĉe(x) 5 1 Ĉ1/2
1,1/2

Ĉ1/2
2,21/22e

5
1

!V o
p
!me

Ep
o
2

r51
[ĉre(

›
p )ure(

›
p )eipx

1 d̂1
re( pu)v( pu)

re e2ipx]e

5 Ĉ1
e (x) 1 Ĉ2

e (x) (3.18)

where

(Ĉ1/2
1,1/2)e 5 11

02
e

5 U1e; (Ĉ1/2
2,21/2)e 5 10

12
e

5 U2e (3.19)
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and

Ĉg(x) 5 1 Ĉ1/2
1,1/2

Ĉ1/2
2,21/22g

5
1

!V o
p
!mg

Ep
o
2

r51
[ĉrg( pu)urg( pu)eipx

1 d̂1
rg( pu)v( pu)

rg e2ipx]g

5 Ĉ1
g (x) 1 Ĉ2

g (x) (3.20)

with

(Ĉ1/2
1,1/2)g 5 11

02
g

5 U1g; (Ĉ1/2
2,21/2)g 5 10

12
g

5 U2g (3.21)

where me and mg are the masses of electric and magnetic charges of the dyon
in non-Abelian gauge theory, and

Ĉe(x) 5
1

!V o
p
!me

Ep
o
2

r51
[ĉ1

re( pu)ure( pu)e2ipx 1 d̂re( pu)vre( pu)eipx]e

5 Ĉ2
e (x) 1 Ĉ1

e (x) (3.22)

Ĉg(x) 5
1

!V o
p
!mg

Ep
o
2

r51
[ĉ†

rg( pu)urg( pu)e2ipx 1 d̂rg( pu)vrg( pu)eipx]g

5 Ĉ2
g (x) 1 Ĉ1

g (x) (3.23)

Similarly, Âa1
m (x), Âa2

m (x), B̂a1
m (x), and B̂a2

m (x) can be defined in the fol-
lowing way:

Âa1
m (x) 5

1

!V o
k
u

e

1

!2v k
u

e

o
4

r51
[âa

r(k
u

e)ε(r)
me(k

u

e)eikex] (3.24)

Âa2
m (x) 5

1

!V o
k
u

e

1

!2v k
u

e

o
4

r51
[âa1

r (k
u

e)ε(r)*
me (k

u

e)e2ikex] (3.25)

B̂a1
m (x) 5

1

!V o
k
u

g

1

!2v k
u

g

o
4

r51
[b̂a

r(k
u

g)ε(r)
mg(k

u

g)eikgx] (3.26)

B̂a2
m (x) 5

1

!V o
k
u

g

1

!2v k
u

g

o
4

r51
[b̂a†

r (k
u

g)ε(r)*
mg (k

u

g)e2ikgx] (3.27)

where «(r)
m is the mth component of «(r)(k

u
) (i.e., projection of «(r) on the xm
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axis) in Minkowski space. The subscript e or g denotes whether it is related
to the electric charge or magnetic charge of the non-Abelian dyon, respec-
tively. We can interpret âa

r(k
u

e), âa†
r (k

u

e) and âa†
r (k

u

e)âa
r(k

u

e) as annihilation,
creation, and number of operators for the electric part of the non-Abalian-
dyon and b̂a

r(k
u

g), b̂a†
r (k

u

g), and b̂a†
r (k

u

g)b̂a
r(k

u

g) as the annihilation, creation, and
number operators for the magnetic counterpart of non-Abelian dyon. The
photons corresponding to electric charge have momentum k

u

e, energy
v k

u

e 5 .k
u

e. and polarization vector «(r)
e (k

u

e), whereas photons corresponding
to magnetic charge have momentum k

u

g, energy v k
u

g 5 .k
u

g., and polarization
vector «(r)

g (k
u

g).
The first-order S-matrix Ŝ(1) given by Eq. (3.17) gives rise to eight basic

processes (Feynman diagrams) which do not lead to any physical process,
as they would violate the conservation laws. We write an S-matrix process
out of eight basic processes in the following way:

T8(Ĉ2
e ĝmÂa1

m T aĈ1
e )x1 1 T8(Ĉ2

g ĝmB̂a1
m T aĈ1

g )x1 (3.28)

This is shown in Fig. 2 which describes dyon scattering by the absorption
of photons in non-Abelian gauge theory. For describing real processes, let
us take the second-order S-matrix Ŝ(2) in Eq. (3.15) and then we have for
n 5 2:

Ŝ(2) 5 2
e2

2! # d 4x1 # d 4x2 T8[(ĈeĝmÂa
mT aĈe)x1(Ĉeĝn Âb

nT bĈe)x2]

2
g2

2! # d 4x1 # d 4x2 T8[(ĈgĝmB̂a
mT aĈg)x1(Ĉgĝn B̂b

nT bĈg)x2] (3.29)

By the application of Wick’s theorem, we get

Ŝ(2) 5 o
6

i51
Ŝ(2)

i (3.30)

where

Ŝ(2)
1 5 2

e2

2! # d 4x1 # d 4x2 N[(ĈeĝmÂa
mT aĈe)x1(Ĉeĝn Âb

nT bĈe)x2]

2
g2

2! # d 4x1 # d 4x2 N[(ĈgĝmB̂a
mT aĈg)x1(Ĉgĝn B̂b

nTbĈg)x2] (3.31a)

Ŝ(2)
2 5 2

e2

2! # d 4x1 # d 4x2 {N[(ĈeĝmÂa
mT aĈe)x1(Ĉeĝn Âb

nT bĈe)x2]| |

1 N[(ĈeĝmÂa
mT aĈe)x1(Ĉeĝn Âb

nT bĈe)x2]}
| |
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Fig. 2. Dyon scattering by photon absorption in non-Abelian gauge theory.

2
g2

2! # d 4x1 # d 4x2 {N[(ĈgĝmB̂a
mT aĈg)x1(ĈgĝnB̂b

nT bĈg)x2]| |

1 N[(ĈgĝmB̂a
mT aĈg)x1(ĈgĝyB̂b

yT bĈg)x2]} (3.31b)
| |

Ŝ(2)
3 5 2

e2

2! # d 4x1 # d 4x2 N[(ĈeĝmÂa
mT aĈe)x1(Ĉeĝn Âb

nT bĈe)x2]| |

2
g2

2! # d 4x1 # d 4x2 N[(ĈgĝmB̂a
mT aĈg)x1(Ĉgĝn B̂b

nT bĈg)x2] (3.31c)
| |

Ŝ(2)
4 5 2

e2

2! # d 4x1 # d 4x2 {N[(ĈeĝmÂa
mT aĈe)x1(Ĉeĝn Âb

nT bĈe)x2]| |
| |

1 N[(ĈeĝmÂa
mT aĈe)x1(Ĉeĝn Âb

nT bĈe)x2]}
| |

| |

2
g2

2! # d 4x1 # d 4x2 {N[(ĈgĝmB̂a
mT aĈg)x1(Ĉgĝn B̂b

nT bĈg)x2]| |
| |

1 N[(ĈgĝmB̂a
mT aĈg)x1(Ĉgĝn B̂b

nT bĈg)x2]} (3.31d)
| |

| |

Ŝ(2)
5 5 2

e2

2! # d 4x1 # d 4x2 N[(ĈeĝmÂa
mT aĈe)x1(Ĉeĝn Âb

nT bĈe)x2]| |
| |



2466 Purohit, Pandey, and Rajput

2
g2

2! # d 4x1 # d 4x2 N[(ĈgĝmB̂a
mT aĈg)x1(Ĉgĝn B̂b

nT bĈg)x2] (3.31e)
| |

| |

Ŝ(2)
6 5 2

e2

2! # d 4x1 # d 4x2 N[(ĈeĝmÂa
mT aĈe)x1(Ĉeĝn Âb

nT bĈe)x2]| |
| |

| |

2
g2

2! # d 4x1 # d 4x2 N[(ĈgĝmB̂a
mT aĈg)x1(Ĉgĝn B̂b

nT bĈg)x2] (3.31f)
| |

| |
| |

The first of these terms, Ŝ(2)
1 , given by Eq. (3.31a) does not contain a propagator

between the vertices x1 and x2 and hence contains two unconnected basic
vertex parts. As such it does not lead to any real process.

We can write Ŝ(2)
2 as

Ŝ(2)
2 5 2e2 # d 4x1 # d 4x2 N[(ĈeĝmÂa

mT aĈe)x1(Ĉeĝn Âb
nT bĈe)x2]| |

2 g2 # d 4x1 # d 4x2 N[(ĈgĝmB̂a
mT aĈg)x1(Ĉgĝn B̂b

nT bĈg)x2] (3.32)
| |

In order to discuss the various processes involved in this expression, we
write it as follows:

Ŝ(2)
2 5 o

f

i5a
Ŝ(2)

2i (3.33)

where

Ŝ(2)
2a 5 ie2 # d 4x1 # d 4x2 Ĉ2

e (x1)ĝmT aSab
F (x1 2 x2)ĝyT bAa2

m (x1)Âb1
n (x2)Ĉ1

e (x2)

1 ig2 # d 4x1 # d 4x2 Ĉ2
g (x1)ĝmT aSab

F (x1 2 x2)ĝbT bB̂a2
m (x1)B̂b1

n (x2)Ĉ1
g (x2)

(3.33a)

Ŝ(2)
2b 5 ie2 # d 4x1 # d 4x2 Ĉ2

e (x1)ĝmT aSab
F (x1 2 x2)ĝnT bÂb2

n (x2)Âa1
m (x1)Ĉ1

e (x2)

1 ig2 # d 4x1 # d 4x2 Ĉ2
g (x1)ĝmT aSab

F (x1 2 x2)ĝnT bB̂b2
n (x2)B̂b1

m (x1)Ĉ1
g (x2)

(3.33b)

Ŝ(2)
2c 5 ie2 # d 4x1 # d 4x2 Ĉ2

e (x1)ĝmT aSab
F (x1 2 x2)ĝnT bÂa2

m (x1)Âb1
n (x2)Ĉ1

e (x2)
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1 ig2 # d 4x1 # d 4x2 Ĉ2
g (x1)ĝmT aSab

F (x1 2 x2)ĝnT bB̂a2
m (x1)B̂b1

n (x2)Ĉ1
g (x2)

(3.33c)

Ŝ(2)
2d 5 ie2 # d 4x1 # d 4x2 Ĉ2

e (x1)ĝmT aSab
F (x1 2 x2)ĝnT bÂb2

n (x2)Âa1
m (x1)Ĉ1

e (x2)

1 ig2 # d 4x1 # d 4x2 Ĉ2
g (x1)ĝmT aSab

F (x1 2 x2)ĝnT bB̂b2
n (x2)B̂a1

m (x1)Ĉ1
g (x2)

(3.33d)

Ŝ(2)
2e 5 ie2 # d 4x1 # d 4x2 Ĉ2

e (x1)ĝmT aSab
F (x1 2 x2)ĝnT bĈ2

e (x2)Âa1
m (x1)Âb1

n (x2)

1 ig2 # d 4x1 # d 4x2 Ĉ2
g (x1)ĝmT aSab

F (x1 2 x2)ĝnT bĈ2
g (x2)B̂a1

m (x1)B̂b1
n (x2)

(3.33e)

Ŝ(2)
2f 5 ie2 # d 4x1 # d 4x2 Âa2

m (x1)Âb2
m (x2)ĝmT aSab

F (x1 2 x2)ĝnT bĈ1
e (x1)Ĉ1

e (x2)

1 ig2 # d 4x1 # d 4x2 B̂a2
m (x1)B̂b2

n (x2)ĝmT aSab
F (x1 2 x2)ĝnT bĈ1

g (x1)Ĉ1
g (x2)

(3.33f)

Equations (3.33a) and (3.33b) correspond to Compton scattering by dyons
in non-Abelian gauge theory

g 1 g 1 e 1 g → g 1 g 1 e 1 g (3.34)

The corresponding diagram is shown in Figs. 3a and 3b. Equations (3.33c)
and (3.33d) correspond to Compton scattering by the antidyon in non-Abelian
gauge theory (as shown in Figs. 3c and 3d),

g 1 g 1 e+ 1 g → g 1 g 1 e+ 1 g (3.35)

and Eq. (3.33e) leads to the non-Abelian dyon and non-Abelian antidyon
pair creation process (as shown in Fig. 4a),

g 1 g 1 g 1 g → e 1 e+ 1 g 1 g (3.36)

Similarly, Eq. (3.33f) describes non-Abelian dyon and non-Abelian anti-dyon
annihilation (as shown in Fig. 4b),

e 1 e+ 1 g 1 g → g 1 g 1 g 1 g (3.37)

The term Ŝ(2)
3 gives rise to the following scattering processes:
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a

Fig. 3. Compton scattering by a dyon and an antidyon in non-Abelian gauge theory. Here
Âb1

n and Âa2
m represent the absorption and emission of the photon corresponding to the electric

charge on a non-Abelian dyon and B̂b1
n and B̂b2

m represent the absorpton and emission of the
photon corresponding to the magnetic charge on a non-Abelian dyon.
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b

Fig. 3. Continued.



2470 Purohit, Pandey, and Rajput

a

Fig. 4. Non-Abelian dyon–non Abelian antidyon (a) pair creation and (b) pair annihilation.

A. Dyon–dyon scattering in non-Abelian gauge theory:

e 1 e 1 g 1 g → e 1 e 1 g 1 g (3.38)

We can describe this process by the equation

Ŝ(2)
3D 5 2

ie2

2! # d 4x1 # d 4x2 N[(Ĉ2
e ĝmT aĈ1

e )x1(Ĉ
2
e ĝnT bĈ1

e )x2]{Dab
F (x1 2 x2)}mn

2
ig2

2! # d 4x1 # d 4x2 N[(Ĉ2
g ĝmT aĈ1

g )x1(Ĉ
2
g ĝnT bĈ1

g )x2]{Dab
F (x1 2 x2)}mn

(3.39)

We show this process in Fig. 5a.

B. Dyon–antidyon scattering in non-Abelian gauge theory:

e 1 e+ 1 g 1 g → e 1 e+ 1 g 1 g (3.40)

The part of Ŝ(2)
3 which contributes to this process contains eight uncontracted
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b

Fig. 4. Continued.

operators of the form Ĉ1
e , Ĉ1

e , Ĉ2
e , Ĉ2

e , Ĉ1
g , Ĉ1

g , Ĉ2
g , and Ĉ2

g which absorb and
create the particles present initially and finally. Equation (3.40) can be written as

Ŝ(2)
3a 5 2

ie2

2! # d 4x1 # d 4x2 N[(Ĉ2
e ĝmT aĈ1

e )x1(Ĉ
1
e ĝyT bĈ2

e )x2]{Dab
F (x1 2 x2)}my

2
ig2

2! # d 4x1 # d 4x2 N[(Ĉ2
g ĝmT aĈ1

g )x1(Ĉ
1
g ĝyT bĈ2

g )x2]{Dab
F (x1 2 x2)}my

(3.41a)

a } b
m}y

x1}x2

5 2
ie2

2! # d 4x1 # d 4x2 N[(Ĉ1
e ĝmT aĈ2

e )x1(Ĉ
2
e ĝyT bĈ1

e )x2]{Dab
F (x1 2 x2)}my

2
ig2

2! # d 4x1 # d 4x2 N[(Ĉ1
g ĝmT aĈ2

g )x1(Ĉ
2
g gyT bĈ1

g )x2]{Dab
F (x1 2 x2)}my

5 Ŝ(2)
3b (3.41b)
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a

Fig. 5. (a) Dyon–dyon scattering in non-Abelian gauge theory. (b) Dyon–antidyon scattering
in non-Abelian gauge theory.

Ŝ(2)
3c 5 2

ie2

2! # d 4x1 # d 4x2 N[(Ĉ2
e ĝmT aĈ2

e )x1(Ĉ
1
e ĝyT bĈ1

e )x2]{Dab
F (x1 2 x2)}my

2
ig2

2! # d 4x1 # d 4x2 N[(Ĉ2
g ĝmT aĈ2

g )x1(Ĉ
1
g ĝyT bĈ1

g )x2]{Dab
F (x1 2 x2)}my

(3.42a)

a } b
m}y

x1}x2

5 2
ie2

2! # d 4x1 # d 4x2 N[(Ĉ1
e ĝmT aĈ1

e )x1(Ĉ
2
e ĝyT bĈ2

e )x2]{Dab
F (x1 2 x2)}my

2
ig2

2! # d 4x1 # d 4x2 N[(Ĉ1
g ĝmT aĈ1

g )x1(Ĉ
2
g gyT bĈ2

g )x2]{Dab
F (x1 2 x2)}my

5 Ŝ(2)
3d (3.42b)

where the terms Ŝ(2)
3a and Ŝ(2)

3c are shown in Figs. 5a and 5b, respectively.
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b

Fig. 5. Continued.

We can write Ŝ(2)
4 in the following way:

Ŝ(2)
4 5 2e2 # d 4x1 # d 4x2 N[(ĈeĝmÂa

mT aĈe)x1(ĈeĝyT bÂb
yĈe)x2]

| || |

2 g2 # d 4x1 # d 4x2 N[(ĈgĝmB̂a
mT aĈg)x1(ĈgĝyT bB̂b

yĈg)x2] (3.43)
| || |

This contains four uncontracted fermion field operators leading to two
processes depending on whether the initial and final fermion is a non-
Abelian dyon or an antidyon. For the non-Abelian dyon case Eq. (3.43)
reduces to
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c

Fig. 5. Continued.

Ŝ(2)
4q 5 2e2# d 4x1# d 4x2 Ĉ2

e (x1)ĝmT aSab
F (x1 2 x2)myĝyT bĈ1

e (x2){Dab
F (x1 2 x2)}my

2 g2# d 4x1# d 4x2 Ĉ2
g (x1)ĝmT aSab

F (x1 2 x2)myĝyT bĈ1
g (x2){Dab

F (x1 2 x2)}my

(3.44)

which represents the self-energy of the non-Abelian dyon as shown in Fig. 6.
The term Ŝ(2)

5 leads to photon self-energy in non-Abelian gauge theory.
For this process Ŝ(2)

5 can be written as
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Fig. 6. Self-energy of a non-Abelian dyon.

Ŝ(2)
5 5 2

e2

2! # d 4x1 # d 4x2 N[(ĈeĝmÂa
mT aĈe)x1(ĈeĝyÂb

yT bĈe)x2]
| || |

2
g2

2! # d 4x1 # d 4x2 N[(ĈgĝmB̂a
mT aĈg)x1(ĈeĝyB̂b

yT bĈg)x2] (3.45)
| || |

which is shown in Fig. 7. The term Ŝ(2)
6 does not have any uncontracted part

and the corresponding Feynnman diagram, known as the vacuum diagram,
is shown in Fig. 8.

4. CONCLUSION

Equation (2.4) describes the Compton shift in non-Abelian dyon–photon
scattering. This equation shows that we need two photons for obtaining a
Compton shift of 0.02428571 Å in non-Abelian dyon–photon scattering
instead of the usual one responsible for electron–photon scattering of quantum
electrodynamics. One of these two photons is responsible for electron–photon
scattering and the other is responsible for monopole–photon scattering. This
scattering process is similar to that in Abelian dyon–photon scattering.(19,20)

The energy of the photon associated with magnetic charge is enormously
high (2.42906 3 1014 GeV), which is much greater than the energy of the
photon responsible for the magnetic charge of a dyon in Abelian gauge theory
(9.332885 3 10212 J). Equation (3.6) is the Lagrangan density for a non-
Abelian dyon moving in the generalized electromagnetic field of another

Fig. 7. Photon self-energy in non-Abelian gauge theory.
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Fig. 8. Vacuum diagram.

non-Abelian dyon. Equation (3.14) is the S-matrix expansion and with the
help of Eq. (3.15) we have obtained different scattering processes described
by Eqs. (3.28), (3.30), (3.33), (3.38), (3.40), and (3.41a)–(3.45) and shown
in Figs. 2–8. As such the photons associated with dyons in Abelian as well
as in non-Abelian gauge theory are different from the photon associated with
the electron, in agreement with results of others,(23–28) where it has been
conjectured that the exact gauge group for the monopole system is not SU(3)
3 SU(2) 3 U(1), but could be SU(3) 3 SU(2) 3 U(1) 3 U 8(1). Moreover,
occurence of monopoles and dyons in heterotic string theory(29) confirms that
very high energy is associated with these particles.

The energy of photons responsible for dyon–photon scattering in non-
Abelian gauge theory is much higher than the energy of photons responsible
for dyon–photon scattering in Abelian gauge theory,(19,20) which clearly shows
that massive fields in terms of the Higgs triplet play a major role in describing
the scattering processes.
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