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A method is presented for the calculation of hadronic electromagnetic mass differences
and is applied to the calculation of m  + — m 0 and m g+ — mgo0. Our results, although far
from conclusive, include an explanation of the observed sign and general magnitude of
my+ — myo. In contrast with the familiar Cottingham approach, the method apparently fails

for m .+ — m .

I. INTRODUCTION

The observed values of the A7=1 electromag-
netic mass differences have not yet yielded to a
convincing calculation,! in contrast to the known
AJ =2 differences, m(n*) — m(n°) and m(Z*) + m(Z ")
—2m(Z°), which appear relatively eager to reveal
their origin.? An appealing reason for this di-

chotomy, as first proposed by Harari,? is based
upon the relative enhancement of the strong-inter-
action dynamics in channels with I'=1, In particu-
lar, Harari observed that the existence of the

I=1 A, meson implies the necessity of subtrac-
tion terms in the Cottingham* formulas for the AT
=1 mass differences. Although there exist argu-
ments® that these subtraction terms can be ob-
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tained from observed electroproduction data, they
are based on ideas of doubtful validity, and their
implementation requires information about delicate
features of these cross sections® beyond the reach
of present experiments.

In this paper we present observations and re-
sults which have emerged from an attempt to cal-
culate the pion and kaon electromagnetic mass dif-
ferences in a manner designed to avoid these diffi-
culties. We have chosen these particular mass
shifts because they are natural ones to test our
method of calculation, and because we feel that an
understanding of the kaon mass difference is basic
to an understanding of the observed AI =1 electro-
magnetic mass differences of the baryons.

In contrast to most other efforts,? we have not
been able to obtain reasonable results for the pion,
while the results for the kaon are encouraging. A
possible reason why our approach might not be ex-
pected to be successful for the A7 =2 mass differ-
ences is discussed in Sec. IV.

Our scheme of calculation, including a state-
ment of the assumptions and approximations em-
ployed, is presented in Sec. II. It proceeds from
the observation that the mass difference between
two adjacent members of an isospin multiplet is
simply related to the zero-momentum-transfer
(squared) matrix element of the divergence of the
isospin current. In this respect our approach is
similar to that of Li and Pagels,” who have ap-
plied this same observation primarily to the study
of the breaking of SU(3)xSU(3), although they have
also deduced from it relations among various elec-
tromagnetic mass differences. Also, in the sense
~ that our approach views the mass difference be-
tween two particles (say, the K* and K°) as the
consequence of the dynamics in the channel of
K*K° scattering, it overlaps with the work of Ball
and Zachariasen,® who attempt to explain the neu-
tron-proton mass difference from features of the
pp and ni scattering amplitudes. In Sec. III the
relations derived in Sec. II are applied specifical -
ly to the kaon mass-difference problem.

Our method requires the construction of a model
for the process K*K°—~yp*. More specifically, we
are required to supply an expression for the imagi-
nary s-wave part of this amplitude in the region
t=(K* +K°? <4 M,®. Such terms arise through the
crossed-channel exchange of kaons and strange
mesons of higher spin. Our principal finding is
that significant contributions arise only from the
pseudoscalar and spin-2 [K,(1420)] exchanges, and
it is the quantitative dominance of the latter which
leads to the correct sign and approximate magni-
tude of the K*K° mass difference. These qualita-
tive features of our result are independent of any
assumption concerning the details of the strong in-

teractions, although they are also less than com-
pelling because of the approximate nature of the
calculation and because the explicit form of our
result involves a divergent integral. However, as
discussed in Sec. IV, we feel that this divergence
arises from our crude method of approximating
the crossed-channel exchanges, and that in fact the
formal expression [see Eq. (20)] which we obtain
for the mass difference converges.

On the basis of a particular (Veneziano) model of
the I =1 KK elastic amplitude, we also compute
rescattering corrections in Sec. IV and show how
the strong interactions can provide an effective
cutoff to the integral expression for the K*K° mass
difference. Some general features of dual-reso-
nance-model predictions for K*K°—~yp are dis-
cussed along with difficulties encountered in at-
tempting to apply similar methods to the analogous
pion problem.

In Sec. V our results are summarized, and a
variant of our calculation for my. - m,, is sug-
gested which is more internally consistent and
which is likely to lead to essentially the same
numerical conclusions.

II. METHOD OF CALCULATION

In this section the method of calculation is il-
lustrated by applying it specifically to the K*-K°
mass difference. We begin by observing that if
V) is the charge-raising component of isospin cur-
rent whose matrix element between the K*K° state
and the vacuum is given by

(K'K° |V |0)=f ()K" -K°), + g)(K* +K°), ,
(1)

where ¢t=(K* +K°)?=Q?, then the Ward identity,
which guarantees that f(0) is unity except for cor-
rections of order a (~ $37), has the consequence
that the matrix element of the divergence of Vi

(K*K°|-id*V} |0)=F(¢), (2)
leads to an equality between F(0) and n?(K*)
- m?*(K°),

My r® = mo®=F(0), (3)

which is valid to first order in the fine-structure
constant . The function F(¢) is analytic in ¢ ex-
cept for a right-hand cut, where the discontinuity
is given by

ImF()=3(2m Y 64Q - P,) (1 | j&* [n)(n| 2"V} [0).
(4)

Here j¥ is the renormalized source current of the
neutral kaon, which arises from contracting out
the K° in Eq. (2).
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There are two kinds of intermediate states which
contribute to the sum in Eq. (4): those which con-
tain only hadrons and those which also contain a
photon. Thus we can write

ImF =Im,F +Im,F, (5)
where the two contributions are indicated by the
appropriate subscripts. We now make our first ap-
proximation and neglect all the intermediate states
|n) in Im,F except the elastic rescattering states,
whose contribution to the sum in Eq. (4) gives for
t>4m’?

Im,F(t) = p(Or*()F(2) (6)

where F(t) is the upper boundary value on the cut
of the F(¢) defined in Eq. (2), p(¢) is the phase-
space factor

p(t)= (1 - 4':"‘2)1/2, )

and k(t) is the I =1,0* partial-wave KK scattering
amplitude given in terms of its phase shift by

h(t)=p~t(t)e* sind(z) . (8)

By explicitly inserting a photon into the inter-
mediate states occurring in Eq. (4), we obtain

Im, F=}(2)* ):f 2”)3% X36%@ =P, = k) (K" | 5% | nkh) (ned | ~i24 7} [0), (9)

where in Eq. (9) the index n refers only to hadronic
states. The matrix element on the right-hand side
of this expression can be simplified by using

akVy=ieA V), (10)

which is valid® in any field theory in which the pho-
ton is minimally coupled and in which the isospin
current is conserved to zeroth order in o, to
contract out the photon and obtain

(nkk[-ia"V;j|0>=ee¢ (n|V;]0), (11)

where e‘.; is the photon polarization vector. The
form of the right-hand side of Eq. (11) indicates
that the states |# ) which are important in Eq. (9)
are those which are coupled strongly to the vacu-
um by the isovector current. The notions of vec-
tor dominance suggest our second approximation,
which is to include in the sum over n in Eq. (9) only
the state containing a single, positively charged p
meson.''*'2 The expression in Eq. (9) then reduces
to

V2 amp?

Im7F= 167

P, (OREX(D) (12)

where the phase-space factor Py is equal to
t™'(t = m,?), where the factor of m,?* arises from
the vector-dominance relation

(@, | V510)= V2 g, m,2eh (13)

and where &} is a 0* amplitude for K* +K°~y +p
defined by

p
RE(f) = f (g“" oy )Mﬁu(q,k), (14)
p
with
e8pmn M, €y €p = (gn,ken, | GK|K*) . (15)

The expression for ImF in Eq. (5), with the two

I

parts of the right-hand side of Eq. (5) given by
Eqs. (6) and (12), is essentially an Omnés equa-
tion, which can be solved by standard techniques.
In particular,

Im(DF) = 15 am,’p, Dh¥, (16)

where D is the D function for the I =1,0* K*K° par-
tial-wave amplitude; i.e.,®

) t=to (= __dr's(t)
D(t)-exp[- - fquz - —t)] , (M

where £, is arbitrary. If we now assume that DF
goes to zero as ¢ approaches infinity, we can write
an unsubtracted dispersion relation for DF, which
from Eq. (16) implies

V2amp?® [° dt
167°D(0) J,, 0 ¥ 1

F(t)=

py (€)D" E () . (18)

The combination Dh{r‘ occurring in the integral has
no discontinuity across the right-hand unitarity cut
running between 4m,” and infinity. Since we have
already assumed that Dk;‘ vanishes for large ¢, we
can write

DUWEW)= 1 f e 7 D )ImAy("),  (19)

m -
LHC

where LHC denotes the left-hand cut. If this ex-
pression is substituted inside the right-hand side
of Eq. (18) and if the integral over ¢’ is performed
explicitly, we obtain upon setting £=0 and using
Eq. (3)

o 1

2 - 2 — s
M = M= = 3975 D(0)

x f avK(t',0)D(t") ImrX(¢)
LHC

(20)
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y (isoscalar)

y (isoscalar)

RO

(b)

FIG. 1. Driving amplitudes for the mass differences.

where

, _ Zmpz ) mp2 tl
K(t’t)——t’—t |:< - Iz In 1—m2>

(21)

It should be noted that Eq. (20) has been deduced
by ignoring the 7*y intermediate state which can
also contribute to the I =1, J?=0* channel appro-
priate for the K-meson mass difference. We could
have included this state in the formalism of this
section by introducing an F(¢) and an % (¢) for the
m*n state in analogy with Eqs. (2) and (14), and by
reinterpreting Eq. (18) to be a matrix equation with
the 2x2 matrix D™'(¢)D(¢') connecting the two com-
ponent objects F and 2Y. To keep the calculation
here as simple as possible, we have not used this
two-channel formalism in our efforts in Secs. III
and IV to evaluate the right-hand side of Eq. (20).

Left-hand cut

Pole contributionto LHC

(Equal-mass pseudoscalar exchange)
(a)

Left-hand cut
mP—m<m*<mP+m

(b)

)

A %
Left-hand cut

*
m*>m,+
mp+m

(c)

FIG. 2. Integration regions labeled LHC (left-hand cut)
for various exchanges contributing to K*K%— yp™.

Weak justification for the reasonableness of this
simplification could be based on the observation
that since D™*(0)D(¢’) in Eq. (20) is evidently diag-
onal at /=0, the important region of ¢’ in the inte-
gral in Eq. (20) might not extend so far from ¢ =0
to require us to retain the off-diagonal components
of this matrix product. More significantly, how-
ever, in Sec. V a modified version of the present
calculation is suggested which does include the ef-
fects of the n*n channel and which, as discussed
there, is likely to lead to numerical results for
M+ — Myo Similar to those we obtain here.

III. FORMAL CONTRIBUTIONS TO THE KAON ELECTROMAGNETIC MASS DIFFERENCE

The left-hand discontinuities of h‘y‘ which appear in Eq. (20) are given by the various exchanges indicated
by m* in Fig. 1. When the exchanged object of mass m* is a K*, the graph in Fig. 1(a) yields an expres-
sion for h{" as defined in Eqs. (14) and (15) which is the sum of a part having a discontinuity along the nega-
tive'* ¢ axis and a part which a pole at t= m,® (see Fig. 2). This pole, which would be a short cut if the
photon were given a small mass, arises from the kinematic possibility that at ¢= mp2 the two incident kaons
can combine directly into a p meson after one of the kaons emits a zero-momentum photon. Upon evalua-
tion this pole dominates the part of the mass difference arising from K-meson exchange in Fig. 1. It gives
a contribution to Im#A% of the form

8 2 4 2 1/2 _ 4 2 1/2
Imhf;lpole=—a(t-m,,2>7—’2’—m,,2(————,;”’§ —1) tan (,,’,”" —1) : (22)
P P
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By substituting this pole part of Imh§‘ into Eq. (20) we can easily calculate the pole part of the kaon ex-
change contribution to the kaon mass difference to obtain

2 4 2 1/2 _ 4 2 1/2 _
(s = M0) [pote = %(—fg— -1> tan 1<7n’ﬁ’;— —1> D0)D(m,?). (23)
'k \ " b

Insertion of the observed values for the various masses into the right-hand side of Eq. (23) gives
(myes = M0) | pote =0.40D'1(0)D(mp2) MeV. (24)

It is amusing to note that since the D-function ratio is positive [see Eq. (17)], Eq. (23) taken by itself pre-
dicts opposite signs for meson mass differences depending upon whether 4m?s mpz; i.e., Eq. (23) and its
analog for m_ . — m_o predict precisely the wrong signs for both pion and kaon mass differences.

As we have mentioned there is also a small contribution from the left-hand continuum portion of the inte-
gral in Eq. (20) when the exchanges particle is the kaon. The algebraic form for the corresponding part of
the Im#a¥ is given by

47> m? —4dm2+3(t—-m?)
V2 (t-m,2) (1 -4m>/t) "

Contributions from the vector and axial-vector exchanges are generally small. To facilitate their evalua-
tion we assume SU(3) symmetry of the couplings, which may then be obtained from the measured partial
decay widths of the vector and pseudovector mesons. For the K* exchange, calculation of the (d-type) cou-
plings involves three ingredients: vector dominance at the yK*K vertex; obtaining the pure octet part of
the coupling in terms of the pw7 coupling constant (w-¢ mixing'* and the vanishing of the ¢pm coupling are
assumed); and, finally, calculating the pwm coupling constant from the 37 decay of w.'®> The result is

Imh?'l{continz - (25)

ImhK] .= 47 gpw'n 2 mK*Z(t_mpz)_'_%(mK*Z_mKZ)(mK*Z+mp2 _mK2) (26)
YT 3(1.06)°V2 | gy t —m,*) (1 -4m?/t)* ’
with

Spuwr [P 2

—— =9.4/GeV?2. (27)

pmm
For the pseudovector exchanges

ImpK|. = 87 [Bvap |* 1+(m? = mg + mp2)/8m,>m> (28)
m ylpv__\/g Eonn (mpz—t)(1—4mK2/t)”2 .

The vector -pseudovector -pseudoscalar couplings are taken to be pure s-wave. Values for the K ,(1242) and
@ mesons'® are obtained in a straightforward way from the measured widths'” (the @ region can be fitted by
two Breit-Wigner shapes):

242

K ,(1242): T=0.127 GeV, [“2E| =0.76 GeV? (29)
pmm
&varp |
Q(1250): T'=0.182 GeV, =1.08 GeV? (30)
prw
g1400 2
©(1400): T'=0.220 GeV, _m’ =1.12 GeV?2. (31)
pmw

Finally, the K,(1420), which is the principal contributor, gives

3n% |8vre [P, #+Bt+C

ImiX|= — , 32)
mhy| 22 | gprn e (m,? = 1)1 —4m2/)/? (
where
Be (my® — my®)(my® = my® +m %) o
mN2 p
(33)

C= # {[(my? = my®)(my® — mye® + m ?) = 2my®m
‘N

5 2]2 +2szmN2mp4},

p

and
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2

=13.3/GeV*. (34)

8vrp

prmm

Again, the coupling constant gy, ,p has been obtained from the measured partial decay widths for Ky —K*m.
The form for Imhgf in Eq. (20) is obtained by summing the expressions in Egs. (22), (25), (26), (28), and
(32).

IV. EFFECTS OF THE STRONG INTERACTIONS

The elastic ¢-channel strong-interaction effects are formally summarized by the appearance of the D-
function ratio in Eq. (20). If this ratio were taken to be unity, the contributions to Imhf),r arising from the
pseudoscalar, vector, and spin-2 meson exchanges calculated in Sec. III would lead to divergent integrals.
We feel that these divergences would not be present for the physical Imh;‘, but that rather they are reflec-
tions of the inadequacy of single resonance exchanges to give reasonable expressions for the distant regions
of the left-hand cut. In fact, it is not difficult to construct dual resonance models for KK —yp for which
the integral in Eq. (20) converges (we will come back to this point later). In this section we argue that the
D-function ratio in Eq. (20) can reasonably provide a convergence factor to the integral which effectively
eliminates the dependence of the resulting mass difference upon the large-¢ behavior of Imhg , where the
implications of single resonance exchanges, as calculated in Sec. IIl, are inadequate.

Let us now turn to a specific (Veneziano) model for the I=1 KK elastic scattering amplitude which we
will use as a guide for studying possible features of the strong interactions as manifested by the D-function
ratio appearing in Eq. (20).

We have projected out the J =0 partial wave in a simple model'® containing the A, and ¢ trajectories in
the ¢ and s channels, respectively, and used the result which is depicted in Fig. 3 to calculate via Eq. (17)
the D-function ratio occurring in Eq. (20). This exercise leads to an approximate relation

o 1t N\ at "3/4[ﬁ __at \* ___at -1z
b (O)D(t)-<1 4mK2> 1 1+amy? A 1 k+am,? ] 1 n+am,? (35)

valid for ¢<m,2%. (a is the universal Regge trajectory slope.) The general form of this function which is
illustrated in Fig. 4 suggests a damping effect of the strong interactions for distant regions of the left-hand
cut, as mentioned above.

A value for the parameter 7 in Eq. (35) which determines the asymptotic form of D-*(0)D(¢) is related in
this model to the intercept of the s-channel ¢ trajectory in a rather complicated manner.'® The simple
model we have eonsidered predicts a very large value of » for physically realistic values of the ¢ trajec-
tory parameters (¢ =~0.89, 5=0.08) and therefore effectively fails to give any predietion at all insofar as
our hypothesis of two-particle unitarity already assumes the dominance of near-threshold effects. A value
of n=~3 follows from the assumption that the important region in the sense of dispersion theory for the
strong rescattering effect is (2m,)? < < (4m,)?. The same value of n can be obtained from the Lovelace
model by assuming »=~0.2.

Using this model for D~*(0)D(¢) we can evaluate Eq. (20) for each of the contributions listed in Eqs. (22),
(25), (26), and (28)—(32). The results are

Mg+~ Myo| g pore =+0.82 MeV,  my+ — Myolq 1250y =+0.39 MeV ,
My + = Mgo| g contin =+0.13 MeV,  myes — my0lg 1400y =+0.16 MeV,
Mg+ — Myo| xx=-0.34 MeV , Mg+ = Mo g (1400) = —4.45 MeV ,
Mg+ = Mgo| g, 1242y =+0.25 MeV .

Total: myg+ — myo=-3.0 MeV .

As we emphasized previously, the quantitatively [mg+ = myolg,
relevant damping mechanism has been supplied in n (MeV)
our calculation by the strong interactions. We

. . 4 -1.73
list below some results for other choices of the
. . 3.5 -2.84
parameter » which controls the damping strength 3 —4.45
in our model for strong rescattering effects (spe- 2.5 _7' a7
cifically, the K,(1420)-exchange part, which is 2' -16.1

most sensitive numerically to-strong damping ef-
fects):
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2

n—|
8 (1) .0 20 3.0 4.0 50, , @ TMp
v v —
Y _I=1 KKelastic s-wave
' phase shifts
-2
-3
~—
N~ 3
(%—n)vr Dashed curve used in computing i Aabaiaind G
—n7 | feedback term
(a)

st M2y 1.0
\ v

~T/2} 122 o elastic s—wave phase shift

-m

(b)

FIG. 3. Elastic scattering phase shifts determined
from simple Veneziano models.
b]

We wish again to emphasize that when the damp-
ing factor n becomes small, the integral in Eq.
(20) is determined increasingly by distant regions
of the ¢ axis, where we would expect higher-mass
Regge recurrences to play an important and in
fact dominant role. For n=3, about 65% of the
total contribution comes from the region where
we would also expect contributions fromithe first
Regge recurrence of the K,(1420).

In our discussion of the quantitative aspects of
the kaon mass-difference evaluation up to this
point we have emphasized the simplifications
brought about as a result of suppression of the re-
gion of large ~¢ in Eq. (20) by strong, f-channel re-
scattering effects. We may expect therefore that
the analogous pion-mass-difference problem may
prove to be less tractable insofar as the 7=2 ¢-
channel strong-interaction effects are small. We
have in fact done a calculation of the D-function
ratio for pions from a Veneziano model*® with
simultaneous s- and # -channel poles (we assume
the absence of exotic #-channel resonances), and
we find as expected that there is too little devia-
tion from unity to be of any essential help in sup-
pressing the high —{ region. Single-resonance ex-
change models for 7*7°—~yp* therefore lead to di-
vergent expressions for the mass difference, and
it is necessary to introduce ad Zoc cutoffs to ren-
der the expressions finite. The individual contri-
butions appear to be generally large (the w and A,

D~ (0) D ()

3 x
- oM

KK rescattering factor

FIG. 4. Elastic rescattering factor.

exchanges with reasonable cutoffs are both larger
than the physical mass difference) and almost in-
variably of the wrong sign. Finally, there is no
natural mechanism for suppressing higher-spin
resonance exchanges, and it is entirely possible
that in our approach such terms may be important
or even the dominant contributions.

We have also attempted to construct dual reso-
nance models for 7*7°—1yp, with the hope of ob -
taining convergent integral expressions analogous
to Eq. (20). We find that models with simultaneous
s- and u-channel exchanges generally lead to in-
tegrals which diverge exponentially. This is in
sharp contrast with models containing simultane-
ous s- and {-channel or - and {-channel poles,
which may lead to convergent integral expressions,
as in the case of the kaon mass-difference prob-
lem.

Thus, short of appealing to the presence of ¢~
channel exotic mesons, we are unable to construct
a dual resonance model for 7+7°—yp* which would
lead to a finite #*#° mass difference. In connec-
tion with this point a number of authors have rec-
ognized that ordinary partial-wave dispersion re-
lations with a finite number of subtractions may be
violated in models with indefinitely rising Regge
trajectories.?® On the basis of these considera-
tions we may conjecture that our dispersion rela-
tion (19) is valid only when the # channel has I=1,
i.e., it is valid for the kaon but not for the pion
problem.

V. CONCLUSIONS

We have outlined a method for calculating elec-
tromagnetic mass differences and applied it to the
kaon and pion mass-difference problems. The re-
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sulting formal expression is given by Eq. (20).
Although the reliability of our assumptions and ap-
proximations is far from certain, they do lead to
a self-consistent explanation of the correct sign
and approximate magnitude of the kaon mass dif-
ference. The major contribution comes from
K ,(1420) exchange; the kaon exchange term has
the opposite sign and a magnitude smaller by a
factor of 5; vector and axial-vector exchanges are
small. Given the basic correctness of the calcu-
lation, a better number for the kaon mass differ-
ence could be obtained if reliable knowledge of the
I=1 KK elastic s-wave phase shift was available.

Our attempts to apply the same technique to the
pion mass difference have been unsuccessful. The
individual exchange contributions appear to be
large, cutoff-dependent, and generally of the wrong
sign. Also, it is not possible to argue, as was
done in Sec. IV for the kaon mass difference, that
the strong rescattering corrections generate a D
function which vanishes sufficiently rapidly for
large —¢ to restrict the effective integration region
in Eq. (20) to the region of small —f, where the
elementary-particle exchanges yield a good ap-
proximation for Ima 7.

The suggestion which emerges from these con-

siderations is that the method of calculation pur-
sued here may be appropriate for the octet parts of
the electromagnetic mass differences, where the
effects of the rescattering corrections are large -
and that it is inapplicable, either in principle or in
practice, for the parts which transform as the
components of a 27-plet under SU(3). It is sug-
gested, therefore, that the present scheme of cal-
culation should be used to calculate Fy(¢) obtained
from Eq. (2) by replacing the K*K° state by the
octet combination of the K*K° and 7*y. To com-
plete the determination of i+ — myo it would also
be necessary to calculate F,,(0), but this could be
done with reasonable expectation of success by
following the procedure of Cottingham.

We are presently attempting to recalculate # .+
— mgo from this alternative viewpoint. However,
we do not expect to obtain numerical results which
differ significantly from those which have been re-
ported in this paper. In fact, it is fairly easy to
see from the form of Eq. (18) that to the extent
that both F and 7 are pure octets the expression
in Eq. (20) and the results of Secs. IIT and IV fol-
low (except that the D function should be under-
stood as the D function for the octet channel).
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Fig. 3(a)il Our relationship is

2
x+(L+b)(2 -L—b)=—£’x-n(”‘*’[

T(2+% (1+b/n)b*V2
TA+0) (T+x/ny V3"

The bracketed term is nearly unity and can be neglected
to first approximation.

L =damg’—am,?
—[2+In@Gn)] +{[2 +In(k2))? - 4In(Ln)} /2

x= 2In(37)

Specific values of » vs b are obtained numerically from
these highly nonlinear relations. Strictly speaking,
these relations are valid only in the limit of large n.

20C, K. Chen, Phys. Rev. D 5, 1464 (1972). This article
contains older references relating to the problem of
dispersion relations and indefinitely rising Regge tra-
jectories.

PHYSICAL REVIEW D

VOLUME 7, NUMBER 3

1 FEBRUARY 1973

Spontaneously Broken Gauge Theories of Weak Interactions and Heavy Leptons®

J. D. Bjorken and C. H. Llewellyn Smitht
Stanford Linear Accelevator Center, Stanford University, Stanford, California 94305

(Received 25 August 1972)

Branching ratios and production cross sections are calculated for the heavy leptons which
occur in a class of spontaneously broken gauge theories of weak interactions. Several ex-

amples of such theories are constructed.

I. INTRODUCTION

The recent developments inunified gauge theories
of weak and electromagnetic interactions!-" have
already been fruitful in focusing attention on the
experimental question of the existence of leptonic®
and hadronic® neutral currents. Such currents
arise because in some models™ %7 a neutral heavy
boson Z° must exist in addition to charged inter-
mediate bosons W*. In other models,*® no neu-
tral currents are needed, but additional heavy
leptons are required (along, probably, with
“charmed” heavy hadrons as well). It is probable
that in any renormalizable theory of weak and
electromagnetic interactions either neutral Z’s
or heavy leptons, or both, will be required. This
assertion gains credibility when one considers the
process e*e”—~W'W -, which proceeds via the dia-
grams of Fig. 1.

The high-energy behavior of this amplitude in
the J =1 partial wave violates the unitarity condi-
tion.!° In a renormalizable theory with small cou-

pling constants, phase shifts must not grow large,
except near narrow resonances. In the present
case, there appears to be no alternative to large
phase shifts other than introduction of additional
particle-exchange poles into the amplitude, as in
Fig. 2. The s-channel poles have the quantum
numbers of the Z° and {- or u-channel poles
have the quantum numbers of neutral or doubly
charged heavy leptons, probably with spin 3 (in
order to keep higher-order processes renormal-
izable).

Thus, most renormalizable theories will contain
heavy leptons, and in any case it is of interest to
understand the phenomenology of such particles.
It is the purpose of this paper to outline observable
consequences of the existence of such heavy lep-
tons in the context of these renormalizable gauge
theories. The particles we consider are E* and
E° (M* and M°), J =% fermions with the same lep-
ton number assignment as the e~ (u~). In Sec. II
we consider the decay modes of such particles,
and in Sec. III we discuss their production. We



