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ABSTRACT

Several topics related to possible physical applications of indefinite metric
are discussed; among these are the neutron-proton mass difference, the production
cross=section of the heavy photon and the possible existence of the spin 0 charged

intermediate boson.




The use of indefinite metric for the Hilbert space in quantum theory was first
introduced by Dirac! in 1942, 1In subsequent years, the indefinite metric has been
applied successfully by Gupfa2 and Bleuler:3 to the longitudinal and scalar modes of
the photon field; it has also been used (at least implicitly) in connection with the
Feynman regulotor4 in the renormalization problem. More recently, it was pointed
outs' 67 that there exists a large class of theories with indefinite metric in which the
unitarity of the S-matrix .remains valid, and therefore can be used for physical appli=
cations. Furthermore, as is well known, the indefinite metric makes it extremely
simple to remove the otherwise persistent divergence difficulties that are present in

the usual theory. In this talk, I shall concentrate only on some new possible applications

of such indefinite metric theories to quantum electrodynamics and weak interactions.

I. Applications to Electrodynamics

In the conventional quantum electrodynamics, one encounters serious diver-
gence difficulties in connection with both electromagnetic mass differences between
hadrons of the same isospin multiplet and radiative corrections to weak decays. In
order to remove such difficulties, which are usually in the form of logarithmic infinities,
the simplest method is to assume® the possible existence of a heavy photon field Bp .
One replaces, in all electromognetic interactions, the usual zero-mass photon field Ap

by a complex field Ap+ iB“ where BP is of negative metric and mass mp .




The electromagnetic interaction is, then,

HY = ejp(Ap+in) 1)

where jp is the usual electromagnetic current. The free propagator of the modified

photon field (Ap+in) is

1 1
-I:T k -*-mB

which is 0(k™¥) as K~ .

1. Neutron-profon mass c:liﬂ‘enenc:e8

As a first application, we may consider the mass difference &m between the
neutron and the proton. In the present theory, Sm is given by (to first order in the
fine structure constant a)

&m o« " ¢ [(T) (T)] @
=m =-m = -
n P 81[3 qz(q2+m82) W n pp P

where ( TI-N )n and (Tw )p are, respectively, the forward Compton scattering ampli-
tude of n and of p . In the following, we shall assume, opart from the above change
in the photon propagator, the validity of the usual Cottingham formula’ which relates
the difference ( Tpp)n - (TPP)p to the corresponding difference between the structure
functions in en and ep scatterings. As we shall see, this assumption leads to some

definite conditions on the structure functions, which can be tested experimentally.



Let kp be the 4-momentum of the nucleon and M that of the virtual photon,
It is convenient to express (T ) = (T ) in tems of two scalar functions t, and
W n W p L

t which depend only on the invariants q2 and k- q:

= 2 -
(TW),.-(TW)F = i[q SW qpqv:] H

+im 72 [(k- q)° 5, - (k-a) (k,a, +a k) r Kk, It
@)
where my is the nucleon mass. Following Coﬂ'ingham9, one may first perform the
Wick rotation in the complex (k + q) plane, keeping all other components of qp fixed.
In the integral (2), q2 becomes then restricted only to real and positive values, and
(k - q) ispurely imaginary. The values of t, and ty ot such imaginary values of (k - q)
are then assumed to be given by the dispersion integral (at fixed real positive q2)

[+ o}
s kea) = [£]  +f [VemPkeaf-ie] v La @
v

(o]

pole

where e = 0+, the lower limit v, s related to q2 by

-1,2 2
vy = (2mN) (q +2mN m"+m“) ’ 6)
L - ]0 » 2
(t.) refers to the nucleon pole contribution and 1,, 12 are functions of g
pole 1
and v, related to the difference of the usual structure functions W] ond W2 in

inelastic ep and en scaﬂerings”by

-2 -2 -
L= a2 [(W,-q vzwz)n- (W, = q 2v2W2)P] ©)



4,
and
b= LWy -wp ], 7
It is useful to separate out the longitudinal parts (WL)n and (WL) :
P
- -2 2
W) = [1+q v ](W2)N' (W1) ®

where the subscript N can be either n or p. Eq. (6) may then be written as

L= a7 (2, ™9, ]- a [0~ )] - ®

Experimentally, W, is most easily measurable, while WL is the least accessible
quontity; Eq. (@) is therefore a more convenient expression to use than Eq. (6).

At present, there exist only some measuremenl's‘ 1c:m (W2 )n - ( W2) over a fairly
wide range of q2 and v, but the difference (WL)n - (WL )p is :s yet unknown,
By using Eqs. (3), (4), (7) and (9), one can readily decompose the integral (2) for Sm

into a linear sum of three terms:
8m = (&m )pole + (6m )w2 + (5m )WL (10)

in which these three terms (&m )pole , (6m )W2 and (&m )WL depend, respectively,

only on (ti)po ’ (Wz)n-(Wz)p and (WL)n-(WL) . Among these, the single

le )

nucleon=pole contribution fo the mass difference has been calculated by Cini, et ¢:l.l 0,

they obtained

(sm)m'e T - 0.66 MeV (an

which, by itself, would make the proton heavier than the neutron.




To analyse the remaining two terms (8m)W2 and (Sm)WL , it is useful to
introduce in the inelastic e N scattering the usual scaling variable w and the invariant

mass M of the final hadron system:

2
O o= 2my v/q (12)

and

2m = c'.12+M2—m'3l . (13)

N v
The recent SLAC dato” show that at finite M2 and q2 , solongas M is 22 GeV,

the difference (vW2) - (vW2) satisfies, at least approximately, the scaling property, i.e.,
p n
(sz)p - (vW2)n = Fz(u) . (14)

For M< 2 GeV, the most important mN resonance is the M= 1236 MeV (%,3)
state. For electro=production, isospin conservation requires that only the | AT |=1
electromagnetic current operator has a non-zero matrix element, and charge symmetry
implies that the corresponding structure function for the proton must be the same os that
for the neutron; therefore, the (3, 2) resonance state does not lead to any mass differ-
ence between n and p . It seems, then, reasonable to expect that the integrals for
(Sm)w2 and (Sm)WL should be dominated by the relatively higher mass region
MZ 2 GeV .

Let us first discuss the evaluation of (&m )W2 by assuming (14) to be a good
approximation in the entire region of w 21 and M2 2 GeV. One would like to

find the answers to the following three questions:



(i) s the relevant dispersion integral convergent [i.e., the convergence of the
part of (4) that depends only on (w,‘,)p - (WZ)n] ?

(i1) Is the subsequent integration over <:l4 q for (Sm)w2 convergent ?

(iii) Is the sign of (Sm)W2 positive?
As we shall see, the answers to these three questions are all affirmative.

Firstly, we note that the relevant dispersion integral is convergent if Fz(o)

is finite; this is certainly consistent with the present experimental data. Any reasonable
extrapolation from the available SLAC data' ' would lead fo F,(w) to be finite and
small (perhaps zero). It can then be readily verified that because of the modified photon
propagator the subsequent d‘ q integral is also convergent. The resulting (Sm)w2 has
a logarithmic dependence on the heavy photon mass mp - For simplicity, we give here

only the explicit expression of (Sm)w2 for my > my, :

o
(Bm)yy, = (20)"'3a my In (mg/m, ) j]‘ ol F e d+0()  (15)

where the 0 (1) term remains finite in the limit m_—~ o . The present SLAC data

B
indicate that F2 @) is positive, and at w = 12, its value may have already decreased

to 0. The approximate value of the integral in (15) may then be estimated:
® 12

S iRy de ~ S o2 F o) do ~ +0.05 . (16)
1 1

Thus, (Sm)W2 is finite and positive. Recalling that &m = M, = My ¢ One sees that

the fact that (W2) is larger than (W2) yields a positive contribution to the mass
) n

difference m, = m in contrast to the sign of the single nucleon pole contribution

(sm)pol o The precise value of (Sm)w2 depends, of course, on the heavy photon




mass my . [In the conventional quantum electrodynamics, without the existence of
B° , (Sm)w2 would be logarithmically divergent. ]
Next, we consider the evaluation of (Sm)wL . From the existing inelastic
ep scattering data, it is known that (WL)p is quite small and, for large v values,
the scaling law is approximately applicable to (WL)p . However, at present, nothing
is known about ( WL )n . For definiteness, we shall assume that it is a good approximation

to represent both (WL) ond (WL) in the entire regionof w> 1 and M2 a few GeV
n

p
by (N=n or p)

W) = [l v IR ¢ ()

[FL(u) ]N is then the value of (W in the scaling limit D.o., v-=oo at fixed u] '

L) N
and v-‘ [F'L(u)] N denotes the remainder.
In order to have the relevant dispersion integral convergent, we must require,

assuming that [Fi_(ao)]N is finite,

[F@], = [F=], - (18)

Furthermore, in order to have the subsequent d4 q integration convergent, we require

the stronger condition that (WL) - (WL) in the scaling limit; i.e.,
P n

[F@w] = [Fw] . (19)
L™ <p L™ “n

Such a condition can be satisfied in many specific parton mcadols]2 [o.g., by constructing
models in which FL(u) =0 forboth n and p; such models are, of course, consistent

with the limited amount of presently available experimental information ] Eqs. (17) and (19)



then imply that, for M2 a few GeV , it is a good approximation to represent the differ-
ence (W,) -(W,) by
L o L,

(W) - ow) = [Rw] - [Re] = A . e

It is then straightforward to verify that the resulting (Sm)WL is finite, and it has a

logarithmic dependence on mp - For mg >> my s One has, similarly to (15),

(o 2]
(Bmiy, = = Go/s)my In (my/my,) / IR @O . @)

[Aguin, in the conventional quantum electrodynamics, (Sm}wL would be 3nﬂnlte13.:]
We emphasize that the validity of (19) can be directly tested by further experi=

ments. As shown by (15), the result that (Sm)w2 is positive encourages our supposition

that the observed mass difference m,, = m, may be simply calculable by assuming the

existence of the heavy photon and the validity of the Cottingham formula, but without

further subtraction consi'cmfs]4 for the dispersion integral @). In such a case, if mp
is known, then one can predict a value for the integral in (21), which can then be

compared with further experimental results. For exomple, if mp is arbitrarily set ot
~40 GeV , then Egs. (15) and (16) indicate that the order of magnitude of (Sm)W2

is given by
(Sm)W2 = +0.6 MeV . (22)

By using tbe observed value of m - m, » one expects Fi-(u) to satisfy

® 22
f]u Fl@d = -0.1 . @3)




Conversely, if F'L(w) is known and is, indeed, of the desired sign, then one can predict

the heavy boson mass M. based on the observed mass difference m, = m .

2. Production of B°

The heavy photon B®, if it exists, can be produced by any process involving
the electromagnetic interaction. The unitarity of the S-matrix is insured by the property
that B° is unstable; it can decay into either a lepton pair or other hadron modes. In
the S-matrix, both its initial and final states consist only of the usual positive metric

stable particles. The existence of B° can be observed through resonance phenomena

just like any other unstable particles [excepf that B° is represented by a complex
pole on the "first sheet”, instead of the usual pole on the "second sheef"].
The production of B® by high energy charged leptons has been recently calcu-

15

lated by R. Linsker ~. The cross-section for the production

9,:‘:+p-' i?.:*:+p4-8o
L—) leptons or hadrons

is given in the Figure. If my is not much heavier than 10 GeV , then one may expect

to see its production at NAL in the near future.

At present, one knows that mp > 5 GeV from the (g - 2) measuremenl'w
of the muon and from the lepton pair production in the p + uranium experimenfw. If
one assumes the usual scaling properties of the structure functions due to the strong
interaction, the presence of the heavy photon would introduce a change in the scaling

properties of the observed Wl and vW, functions:




10.

Lw, ]

N <q o rml > [Fy

w1, = <7—7> XN

@4)

2
From the absence of such a correction term [mBZ/ (q2 + mB2 )] in the present SLAC

dato] ], one may then deduce indirectly

maz 9 GeV . (25)



‘].

II. Applications to Weak Interaction 8

Let the Lagrangian density of the semiweak interaction be given by
Tk = 8 Jp Wp + adjoint

where Jp is the usual weak interaction current. All presently observed weak transitions

are second order in 92 , transmitted by the covariant W=propagator

) v, dM (o) +0) M2 dM &)
D = 8 + k k
Wt = % J Zow T T

In order that such a theory may correspond to a renomalizable one, we require

Jlo,+o) MZaM = o . @7)
The simplest solution is

o = +t65(M- ml)

ond @8)

0 = ¥ (mo/m])zs(M-mo) ;

therefore,

) k k
D = % 3. + HV 1 - 1 ) 09)
w® ["2""‘2 Wz T T

which corresponds to a charged spin 1 boson WT of mass m, and a charged
spin 0 boson W: of mass mg « These two bosons are of opposite metric. The upper
signs in (28) and (29) imply that WT is of positive metric and W: of negative

metric, and the lower signs imply the opposite.



12,

The masses my and m, are independent parameters of the theory. We note
that if, among these masses, the lowest one is of spin 1, then, as is well known, its decay
into leptons offers a particularly useful tool in the experimental search for intermediate
bosons. However, if the intermediate boson with the lowest mass is of spin 0, ond if

the mass difference (ml - mo) is not too small, then the electromagnetic transition

0 +y (28)

may become the dominant decay mode of WT . Furthermore, if one neglects charged

lepton masses as compared to m, , then

W: 4 g + vy {or \72) , 29)

and therefore Woi decays mainly only into hadrons. In such a case, an effective way
to search for these bosons would be through their non-leptonic decay modes, rather than
through their leptonic decay modes. In order to observe W: (or WT ) , one may con=

sider, for example,

- +
vp+p-’p+p+WJ (30)

where the subscript J can be either 0 or 1. The cross=section for WT-production
has been discussed extensively in the literature 19 The cross=section for W; ~production
has been calculated recentlyzo, and it is found to be more than an order of magnitude
smaller than that of WT -production in almost all cases of physical interest.

Another interesting consequence of indefinite metric is that the sign of the usual




13.

weak interaction Femmi constant G may now be positive or negative, depending on
whether W.T is of positive or negative metric. In principle, the sign of the Fermi
constant can be measured by observing interference terms between, say, strong and
weak interactions, such as the parity-violation experiments in nuclear y transiﬂonﬂ.
However, at present, our knowledge of strong interactions has not advanced to a level
to make this detemination unambiguous.

In this connection, it may be worthwhile to emphasize that the sign of the Fermi
constant G is a well-defined physical quantity in the context of the usual (current X
current) theory, independently of whether intermediate bosons exist  not. If one
assumes the existence of intermediate bosons, then the sign of G becomes connected

with the mefric of the spin 1 intermediate boson, as is discussed above.
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Figure Caption

Bo-producﬁon cross=section in Q.ip collisions for mp =7 and 10 GeV [calcuiated

by R. Linskerlsj.



cm

o

-36

Cross-section in 10

100

50

(&)

05

0.1

1t+p_. 1t+p+Bo
+ jeptons or hadrons

Initial E, (GeV)




