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In quark-gluon theory a conventional assumption is that the surprisingly large mass of the q meson is

caused by virtual annihilation and re-creation of a qq pair, the intermediate states being gluon states. The
simplest component of the gluon states consists of two gluons. The virtual-annihilation mechanism is usally

defined in terms of transitions through states containing gluons but no quarks. It is shown that if this

definition is accepted, the virtual-annihilation mechanism is of the wrong sign to explain the large q mass,
unless the theory is more pathological than is commonly supposed. An alternate, diagrammatic definition of
virtual annihilation is discussed briefly.

I. THE HAMILTONIAN PICTURE OF VIRTUAL
ANNIHILATION

A. The sign argument

In the quark-gluon model the basic structure of
the lightest I' and V (pseudoscalar and vector)
mesons is qq. It has been shown that a simple
quark-model Hamiltonian predicts fairly accurate-
ly the masses of the light V-meson SU(3) nonet
and all members of the P nonet except the q(549
MeV) and the q'(958). ' The predictions of these
two masses are too small. Consequently, a con-
venient representation of the Hamiltonian is

H =H +H',

where H, can be approximated in a simple quark
model and H' is small or zero for all the P- and
V-nonet particles except the q and q'.

It is assumed conventionally that H' is the result
of virtual annihilation and re-creation of the qq
pair, as shown in Fig. 1(a).' The intermediate.
states are "gluon states". These may be compli-
cated structures; the simplest components of the
gluon states in question are GG states, where the
gluon G transforms as an octet under color SU(3).
The lowest-order contribution is shown in Fig.
1(b). This idea is attractive because the mech-
anism can contribute only to self-conjugate meson
states, since a gluon state has no additive, flavor
quantum numbers. Furthermore, of the mesons
considered, only the two-dimensional subspace of
the q and q' can have a contribution from GG

states, because of charge-conjugation and isotop-
ic-spin invarianee.

The purpose of this note is to point out that if
the annihilation Hamiltonian is defined in the usual
way, the contribution of this mechanism to the g
mass is of the wrong sign. The argument is sim-
ple; the theorem involved is well known. However,
I have found that the implication of the argument
for the annihilation contribution to the q mass is
not generally known. An alternative, diagrammat-

ic definition of virtual annihilation is discussed in
Sec. II.

It is necessary to define the quantities in Eq. (1)
moxe px'ecisely, in a way consistent with the gen-
eral procedure of Refs. 1-6. The symbol H de-
notes the actual, correct Hamiltonian. I take H,
to be equal to H for all non-self-conjugate meson
states, so that H' is zero for these states. %e
next consider the self-conjugate states. The prob-
lem arises because the measured masses of the V
mesons and non-self -conjugate P mesons satisfy
x'egularities that suggest masses and wave func-
tions for the g and q'. The suggested masses dif-
fer greatly from the experimental masses. I de-
fine H, so that these suggested masses and wave
functions are the relevant eigenvalues and eigen-
states of H, . The smaQest eigenvalue of H, for
isosealar P states is denoted by E,", it is shown
in Refs. 1-6 that

@min
q r

It is not necessary to define H, in more detail;
only the smallest eigenvalues are relevant here.

The operator H' is then defined by Eq. (1), so
the anomalous q and g' masses are associated with
H' by definition. One may use experimental num-
bers to estimate the matrix elements of H' in the
q-g' subspace. I will make the usual assumption
that H' corresponds to virtual annihilation into
gluon states, and show that this leads to a contra-
diction for the g mass. It is assumed that electro-
magnetic interactions may be neglected, and that

FIG. 1. Vix'tual arirtihilation of a qq pair.

0& 1978 The American Physical Society



846 RICHARD H. CAPPS

the g is the lightest, color-singlet, isoscalar, P
state composed of one of more hadrons. Physical
states composed of two or more gluons may exist,
but presumably, they are heavier than the g.

We consider a complete set of states that is the
direct sum of states of two classes, "gluon states"
that contain no qq pairs, and "quark states" that
contain one or more qq pairs. The number of
gluons in any of these states need not be a good
quantum number. One of these quark states, de-
noted by X, is taken to be the eigenstate of H, with
the eigenvalue m, of Eq. (2). In the simple models
this state is obtained by changing the relative sign
of the uu and dd terms of the pion wave function,
where u and d are the up and down quarks.

The usual definition of the annihilation Hamilto-
nian H' in this basis is the term in H that connects
quark states to gluon states. This term has no
elements that do not involve gluon states. I consi-
der the effect of H' on the g mass. The contradic-
tion follows immediately. As discussed above,

However, since &gaff'~lt&=0, this implies

(3)

It is assumed that the eigenfunctions of H are a
complete set, so that p may be expanded in these
eigenfunctions. The result of Eq. (3) contradicts
the assertion that the g is the lightest isoscalar P
state, thus completing the argument. The crucial
assumption that the eigenfunctions of H are a com-
plete set is discussed in Sec. IB.

In order to make the point clear I will relate the
argument to the concepts of Refs. 1-6. The mass
matrix is the Hamiltonian in the frame of zero
three-momentum. All the standard references
consider mass matrices or mass-squared matri-
ces for the q mesons, in three or four dimen-
sions. ' I will consider the mass matrix, and will
refer to the paper of Fuchs4; the argument would
be the same if one of the other of Refs. 1-6 were
taken. Fuchs considers a four-by-four mass-
squared matrix referring to three qq states and
one gluon state. However, the basic interaction
Hamiltonian connects these states to other states
including other gluon states. These interactions
affect the masses of the g mesons. One way to ac-
count for some of these effects is through pertur-
bation theory; one partially diagonalizes the Harn-
iltonian so the basic four states pick up pieces of
higher states, and the interactions under consider-
ation no longer connect these four states to other
states. The modified four-by-four Hamiltonian
then contains terms that are actually of higher
order in the basic interaction Hamiltonian. Some
of these extra terms are diagonal in the modified

four-by-four Hamiltonian.
In Ref. 4 the contribution of the virtual-annihila-

tion mechanism is not calculated, but is treated
phenomologically. The parameter X is used to re-
represent the effect in the four-by-four matrix;
the X term is included both in diagonal and nondi-
agonal terms. I have no criticism of this general
procedure; it is quite reasonable. In Ref. 4 no
theoretical argument is given concerning the sign
of X; fitting to experimental data requires that A.

is positive. My point is that if the Hamiltonian is
written as an infinite matrix in the complete gluon-
state-quark-state basis, the most natural defini-
tion of the annihilation Hamiltonian has no diagonal
elements. This would require that the A. of Ref. 4
be negative.

B. The completeness assumption

I next discuss the possibility that the assumption
that the eigenfunctions of H are a complete set is
violated. This is conceivable, because a quark-
gluon theory must contain some sort of confine-
ment mechanism. However, it is usually assumed
that confinement is a property only of non-color-
singlet states, while the states involved in the
completeness assumption are color singlets. If
the confinement is absolute, all qq and GG states
are bound. However, the simplest picture we can
make of absolute confinement involves using an un-
bounded potential for which the bound states are a
complete set, .

Qn the other hand, the completeness assumption
is not valid if physical color-singlet states do not
exist. In this case the confinement mechanism is
more extreme than. is commonly supposed.

II. THE DIAGRAM PICTURE

A different definition of the virtual-annihilation
process can be made in terms of Feynman dia-
grams. It is assumed that the physical quantities
may be expressed as sums of contributions of sets
of diagrams. Virtual annihilation is defined as the
sum of diagrams for which the initial quark line
becomes the initial antiquark line, rather than the
final quark line.

If this definition is made, the sign of the effect
cannot be determined by a general argument such
as that of Sec. I. In order to understand the dif-
ference between the two definitions, we can imag-
ine that the vertices of a diagram are written in
terms of gluon and quark annihilation and creation
operators. A diagram includes different time or-
derings of the vertices, and so includes other
terms besides those involving intermediate gluon
states. For example, the final qq pair may be
created before the initial pair is annihilated. An
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example of such a term is obtained by regarding
Fig. 1(b) as a qq exchange rather than as a virtual
annihilation into a GG state.

Consequently, it is possible theoretically that if
the diagram definition of virtual annihilation is
made, the process might be responsible for the
anomalous q mass. However, if this should turn
out to be the case, it would be quite interesting
that the numerical consequences of the two defini-
tions are so different. Furthermore, it would be

misleading to describe the process as annihilation
into intermediate gluon states.
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