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We discuss the production of pairs of heavy leptons and pairs of heavy spinless mesons in e Te ~ colliding
beams. The two-photon production cross section of these particles is large in the energy region covered by the
new machines at DESY and SLAC, and competes favorably with the one-photon production cross section.
Leptonic decays of the new particles are incorporated in the analysis. We present both total cross sections and
distributions in several important variables. Backgrounds from the regular two photon reaction

efe —e'e p u~ are also discussed.

I. INTRODUCTION

The first observation by Perl et al.* of the re-
action e*e” - e*u¥ + “missing energy” has led to
considerable speculation about the existence of
heavy leptons® with masses around 1.8 GeV/c2.
Recent papers® have discussed the production and
decay of such particles via the one-photon-ex-
change diagram depicted in Fig. 1(a). However,
the discovery of new spin-zero strongly interacting
particles* with masses 1.86 GeV has complicated
the picture. The decays® of the D (and D* meson
which may exist with mass ~2 GeV), can also lead
to leptons in the final state as well as hadrons,
via the one-photon reaction depicted in Fig. 1(b).
However, they are more easily detected by exam-
ining their hadronic decays. New experimental
results,® which are relevant to both heavy-lepton
production and heavy-hadron production, have re-
cently been published in the form of single-lepton
inclusive spectra.

If we consider the situation regarding heavy-lep-
ton or heavy-hadron pair production at much high-
er energies, then the cross sections for the single-
photon production mechanism decrease like E2,
where E is the beam energy, while the cross sec-
tions for the two-photon production processes de-
picted in Fig. 2 grow like 1n® E. The form factors
in the single-photon production of heavy hadrons
make an additional suppression which is not pres-
ent in the corresponding two-photon production
process. Note that branching ratios into leptons’
or hadrons are identical for both reactions so they
do not alter any of our conclusions. It is there-
fore important to examine the two-photon produc-
tion processes with a view to.the continued study
of dilepton or dihadron signals at the new accel-
erators. In fact, if there exist even keavier lep-
tons and hadrons then it will be necessary to sub-
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tract out the backgrounds from known sources.
We deal here with the case of spinless mesons
only. When vector mesons are produced (or vec-
tor and scalar mesons together) the analysis is
more complicated owing to the great variety of de-
cay modes and coupling constants, so we will dis-
cuss this case separately in the third article.
This paper relies heavily on the computer pro-
grams developed to study the reactions e*e”
—e'e"uru" and e'e” —e*e"r*r” at high energies. We
chose to give many details in the first paper’ of
this series, which we refer to as I, so we can
make this paper rather brief. Section II contains
a discussion of the matrix elements and the tech-
niques used for the integrations. Our cross sec-
tions and distributions are discussed in Sec. IIL
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FIG. 1. Single-photon diagrams. (a) Production and
decay of heavy-lepton pairs in e*e” collisions, (b) pro-
duction and decay of heavy spin-zero or spin-one hadrons
in e*e” collisions.
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FIG. 2. Two-photon diagrams. (a) Production and
leptonic decay of heavy-lepton pairs in e*e” collisions.
The crossed Feynman graph is not drawn here but is
included in the analysis. (b) Production and leptonic de-
cay of heavy-spinless-hadron pairs in e*e” collisions.
The crossed Feynman graph and the seagull term are
not drawn here but are included in the analysis.

Finally, we give some conclusions in the last sec-
tion.

II. CALCULATIONAL DETAILS

The matrix elements for the reactions depicted
in Fig. 2(a) and Fig. 2(b) follow rather trivially
from the corresponding matrix elements in I. We
note_that bremsstrahlung-type diagrams are small-
er than in the case of dimuon production’ and we
neglect them completely. The only additional work
is to add on the decays of the particles. We con-
centrate here on leptonic decay modes. For the
spinless mesons the two-body decay can be added
exactly even though it is not expected to be the
most important decay channel. In the case of
heavy leptons we neglect any polarization effects
in the production process and average over the
spin vectors in the decay. This is justified because
polarization effects are very small in this energy
region. In our previous analysis of the photopro-
duction of heavy leptons® we computed the cross
sections both including and neglecting polarization
effects. We found only a minute difference in the
two cases when the beam energy was large com-
pared to the mass of the leptons. This is obviously
true for the two-photon reaction considered here.
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Regarding the decays of the heavy leptons we as-
sume that they have the usual three-body leptonic-
decays of the V - A current-current type. Hence
the analysis is identical to the incorporation of the
decays in the photoproduction reaction and we re-
fer the reader to Ref. 8 for further details. The
neutrinos were integrated over analytically and the
extra integrations over the charged particles in the
decay products were added on to the seven-dimen-
sional integral for the production cross section.
The rest of the analysis was handled easily on the
CDC 7600 computer at Brookhaven National Lab-
oratory.

II. RESULTS

The total cross sections for the reactions con-
sidered are given in Fig. 3. Here we plot the sin-
gle-photon cross section for lepton pairs e*e”

- L*L", and for spin-0 (pointlike) hadron pairs,
e*e” -~ D*D", and compare them with the corre-
sponding two-photon cross sections e*e” —~e*e"L*L"
and e*e” - e*e"D*D”. We have chosen masses of 1.8
GeV/c? for L and 1.86 GeV/c? for D. The cross-
over point for these reactions is approximately the
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FIG. 3. Total cross sections for the two-photon reac-
tions e*e"—e’e 'y, e'e"—e*e’L*L", and e*e”— e*e"D'D".
For comparison we also give the total cross sections for
the single-photon reactions e*e”— L*L" and e*e"—D'D".
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FIG. 4. The distributions in m?, the invariant mass
squared of the heavy-lepton pair (solid line) and heavy-
meson pair (dashed line).
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FIG. 5. The energy spectra of one of the heavy leptons
(solid line) and one of the heavy spinless mesons (dashed

line).
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FIG. 6. The angular distributions of one of the heavy
leptons (solid line) and one of the heavy spinless mesons
(dashed line).

same, namely when each beam has an energy of

16 GeV. For comparison we give the two-photon
production cross section of regular muon pairs.
The latter cross section is larger by approximately
three orders of magnitude. Remembering that
leptonic branching ratios for heavy-lepton and hea-
vy-hadron decays are unlikely to be larger than
20% we conclude that it will be difficult and maybe
evenimpossible to separate (e pairs into signal and
noise. This problem canonly be discussed meaning-
fully when all the decay -lepton distributions are
known. Therefore we have computed several distri-
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FIG. 7. The distributions in ;> the invariant mass

squared of the charged decay leptons from heavy-lepton
decays (solid line) and heavy-spinless-meson decays
(dashed line).
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FIG. 8. The energy spectra of the decay leptons from
heavy-lepton decays (solid line) and heavy-spinless-
meson decays (dashed line).

butions which are next onour discussionlist. We
first give the results for the heavy lepton L and then
the results for the heavy meson D. All the following
results are givenfor a beam energy of 15 GeV,

Figure 4 shows the distribution in m? the invari-
ant mass of the heavy-lepton pair. This spectrum
peaks for small masses and falls off like m™ for
large masses as expected from the double-equiva-
lent-photon approximation (DEPA) which adequate-
ly describes the curve. Figures 5 and 6 describe
the distributions in energy and in angle of one of
the heavy leptons. Obviously the leptons tend to be
produced at low energies and along the beam di-
rections, and these features carry over to the de-
cay products. Unfortunately the lifetime of the
heavy lepton is expected to be so short that it can
only be identified from its decay products. We now

E=15 GeV
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FIG. 9. The angular distributions of the decay leptons
from heavy-lepton decays (solid line) and heavy-spinless-
meson decays (dashed line).
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FIG. 10. The distribution in p %, the square of the
transverse momentum of one of the charged decay lep~
tons emitted in heavy-lepton decays (solid line) and
heavy-spinless-meson decays (dashed line).

give the distributions for the decay leptons, even
though they resemble, to some extent, those of the
parent. Figure 7 shows the distribution in m,,*

the invariant mass of the final [*I” pair, assuming a
three-body leptonic decay of each heavy lepton.
This distribution is also peaked at small invariant
mass. The energy spectrum of the decay lepton is
given in Fig. 8 and its angular distribution in Fig.
9. For completeness we also show the distribu-
tion in the square of the transverse momentum in
Fig. 10. By comparison of Figs. 5 and 8, we see
that the daughter-lepton energy distribution falls
off much more rapidly than that of its parent heavy
lepton. Similarly, by comparing Figs. 6 and 9 we
see that the angular distribution of the daughter
lepton is slightly broader than that of its parent.
The next figure, Fig. 11, shows the distribution in
the cosine of the collinearity angle, i.e., the angle
between the final two decay leptons. There is a
slight preference for the daughter particles to go
out back-to-back, even though the parent particles
tend to be produced predominantly in the same di-
rection. This can only reflect the helicity of the
parents. Finally in Fig. 12, we give the distribu-
tion in cosf,,,, the cosine of the coplanarity angle
defined as the angle between the e*I* and e-I” planes.
The dependence on this angle is rather small, even
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FIG. 11. The distribution in cosf,,, the angle between
the two decay leptons produced in heavy-lepton decays
(solid line) and in heavy-meson decays (dashed line).

though at first glance this does not seem to be the
case.

Our results for the production and two-body lep-
tonic decay of spinless mesons are not dramatical-
ly different from those of the heavy lepton. We
give all our results on the same Figs. 4-12 dis-
cussed previously. Note that all our distributions
are normalized to the total cross section so the
area under all the curves is unity. The difference
between the distributions for heavy leptons and
heavy mesons can be simply understood in terms
of spin effects and the energy partitioning in two-
body versus three-body decays.

For completeness we have also calculated the
average values of certain quantities and listed them
in Table . We now give an explanation of the table
because it may be confusing at first glance. The
reactions tabulated are ee—=eepp at 5 GeV and 15
GeV, ee—~eeLL at15GeVandee~eeDDat15GeV.
The first entry gives the average collinearity an-
gle of the produced muons. The second entry gives
the average collinearity angle of the decay leptons.
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FIG. 12. The distribution in €0S0.0ps the coplanarity
angle between the e*l” plane and the e’I” plane, for the
decays of heavy leptons (solid lines) and heavy mesons
(dashed lines).

The third entry gives the average coplanarity an-
gle of the decay leptons. The other entries are
now obvious. We give the averages for the pro-
duced particles before that of their decays.

IV. CONCLUSIONS

The main objective of our analysis is to deter-
mine whether a viable signal for heavy -lepton or

TABLE I. Average values of measurable variables in the reactions ee—eeup at 5 GeV and
15 GeV, and ee—eeLL +decay, ee—~eeDD+decay at 15 GeV. We give the variable in the produc-
tion process before the corresponding variable in the decay.

Reaction ee Up ee Up eeLL +decays eeDD +decays

energy 5 GeV 15 GeV 15 GeVv 15 GeV
COSOco11up 0.2 0.4 oo see
€08 801111 e 0.06 —0.06
COSOqopy; 0.86 0.86
Erpu (GeV) 0.63 1.3 4.40 4.29
E; (GeV) 1.60 2.15
Mz, pp,us’ (GeV?) 0.34 0.54 47.7 41.5
M;? (Gev?) 5.03 8.5
b1, (Gev?) 0.034 0.05
b1y’ (Gevd) 1.12 2.22
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heavy-meson production via the two-photon mech-
anism exists at beam energies available in the
foreseeable future. The largest obstacle is ob-
viously the background from the regular two-pho-
ton production of muon pairs. As can be easily
seen from Fig. 3, the cross section for this reac-
tion is several orders of magnitude larger than the
cross section for L*L" or D*D” production, espec-
ially when we incorporate branching ratios. One
must carefully select a signal which vetoes the
regular p*p”-pair production without drastically
altering the heavy-lepton rate.

The observation of ue pairs seems the most
favorable way to proceed. Obviously spinless me-
sons will have an anomalously low branching ratio
into two-body leptonic decay channels so the D
states cannot be seen in this way. 'The heavy lep-
tons decay with equal probability into electrons and
muons. Hence if the branching ratio is not too low
this is the most attractive way to detect such par-
ticles. The important question in this regard is to
ascertain the size of the pe signal from the ordin-
ary process e‘e”—e*e u*u”. If we impose a co-
planarity cut of 20° and demand an electron and
muon at large angles with respect to the beam di-
rection, e.g., 6>20° with no other charged tracks
seen, this cross section is only approximately 0.1
nb. The reason for this is explained in paper I,
however, we repeat it here for emphasis. Although
the electrons in the regular two-photon production
process tend to go along the beam pipe, there is
nevertheless a long flat tail to the electron angu-
lar distribution. This means that it is relatively
easy to reduce the two-photon background reaction
by a factor of 1073, but it gets difficult to reduce
it further and still have a reasonable aperture.
One mustalso understand that imposing strict cuts
on this reaction also cuts down the pe signal from
the heavy -lepton production process. The observa-
tion of u*u” pairs as a signal for heavy leptons or
heavy mesons is really hopeless, and the pe sig-
nal from the two-photon reaction also seems im-
possible at the energies considered here. The par-

ticular kinematics of the one-photon heavy-lepton-
pair production process may yield a pe signal lar-
ger than the background discussed above, in the
region where the muon is detected with large ener-
gy almost perpendicular to the beam direction.
This question falls outside the scope of this paper
but deserves further study.

In these circumstances the only viable signal
seems to be the detection of tridents. Particular
charge combinations such as e*e*|” or e”e”U* can-
not be produced in the regular two-photon produc-
tion of muon pairs. This means that one electron
must be detected close to the beam pipe and then
another electron at large angles in coincidence with
a positively charged muon. Positrons can serve
equally well as a signal so long as they are in co-
incidence with a negatively charged muon. Back-
grounds for such signals arise from radiative
bremsstrahlung of Dalitz pairs from reactions such
as e'e"=e'e"u*u” and e*e” -~ p*u”. However, such
processes are purely quantum electrodynamic in
nature so they can be computed if necessary. Also
particular charge combinations can be compared
to check the signal versus the background. The
only problem with detecting three charged leptons
in finite apertures is that it cuts into-the signal as
well as the noise. Further analysis would be re-
quired for a specific experimental configuration
to check that such signals have a reasonable count-
ing rate,

Semileptonic decay modes seem to be the only
way to extract information on heavy mesons. We
plan to discuss these decays for both spinless and
vector mesons in paper III

In conclusion we would like to stress that the two-
photon production of muon pairs has an extremely
large cross section in the region of energies cov-
ered by PEP and PETRA. This reaction consti-
tutes an impossible background for detecting e
pairs, and signals from other channels are proba-
bly not large enough to be detected. It looks as if
trilepton signals are the only way to identify new
objects in this energy region.

*Work supported in part by the National Science Founda-

tionunder Grants Nos. PHY-76-15328," and PHY-75-21590.

M. L. Perl et al., Phys. Rev. Lett. 35, 1489 (1975);
Phys. Lett. 63B, 466 (1976); see also M. L. Perl, in
onceedings_of_the Intevnational Confevence on Pro-
duction of Particles with New Quantum Numbers, edited
by D. B. Cline and J. J. Kolonko (Univ. of Wisconsin,
Madison, 1976), p. 438; and in proceedings of the In-
ternational Neutrino Physics Conference, Aachen, 1976
(unpublished).

2The early history of speculations on the existence of
heavy leptons can be traced from the following review

articles: M. L. Perl and P. Rapidus, SLAC Report No.
SLAC-PUB-1496, 1974 (unpublished); A. S. Goldhaber
and J. Smith, Rep. Prog. Phys. 38, 731 (1975); C. H.
Llewellyn Smith, University of Oxford report, 1976
(unpublished).

3y.-s. Tsai, Phys. Rev. D 4, 2821 (1971); S.-Y. Pi and
I. A. Sanda, Phys. Rev. Lett. 36, 1 (1976); S. Y. Park
and A. Yildiz, ibid. 37, 244 (1976); Phys. Rev. D 14,
2941 (1976); 14, 2945 (1976); G. A. Snow, Phys. Rev.
Lett. 36, 766 (1976); K. Fujikawa and N. Kawamoto,
Phys._Rev. D 13, 2534 (1976); T. C. Yang, DESY Re-_
port No. DESY 76/03, 1976 (unpublished); K. Fujikawa



3286 SMITH, VERMASEREN, AND GRAMMER, JR. 15

and N. Kawamoto, Phys. Rev. D 14, 59 (1976); F. Blet-
zacker and H.-T. Nieh, ibid. 14,—1—251 (1976); S.-Y. Pi
and I. A. Sanda, ibid. 14, 1775—(1976); J. C. Pati,
A. Salam, and S. Saka_lgbara, Phys. Rev. Lett. 36, 1229
(1976); A. Aliand T. C. Yang, Phys. Rev. D 14, 3052
(1976); T. Hagiwara, S.-Y. Pi, and A. 1. Sanda,
Ann. Phys. (N.Y.) (to be published); A. Pais and S. B.
Treiman, Phys. Rev. D 14, 293 (1976); M. Gronau,
Phys. Lett. 63B, 86 (1976); D. A. Dicus, Phys. Rev.
D 14, 2949 (1976); R. Simard and M. Suzuki, ibid. 14,
2230 (1976); 14, 2965 (1976); G. J. Aubrecht, W. w.
Wada, and M——G Ziegler, ibid. 14, 2955 (1976).

iG. Goldhaber, F. M. Pierre et al.—, Phys. Rev. Lett. gz,
255 (1976); 1. Peruzzi, M. Piccolo et al., ibid. 37, 569
(1976). -

SA. De Riijula, H. Georgi, and S. L. Glashow, Phys. Rev.
Lett. 37, 398 (1976); K. Lane and E. Eichten, ibid. _3_7,

477 (1976); M. B. Einhorn and C. Quigg, Phys. Rev.
D 12, 2015 (1976); S.-Y. Piand I. A. Sanda, 3bid. 14,
1772 (1976); F. E. Close, Phys. Lett. 65B, 55 (1976);
O. Nachtmann and A. Pais, ¢bid. 65B, 59 (1976), A. Ali
and T. C. Yang, ibid. 65B, 275 (1976); F. Bletzacker,
H.-T. Nieh, and A. Soni, Phys. Rev. D (to be published);
M. Gronau, C. Llewellyn Smith, T. F. Walsh, T. C.
Yang, and S. Wolfram, DESY Report No. DESY 76/62,
1976 (unpublished).
M. Cavalli-Sforza et al., Phys. Rev. Lett. 36, 558
(1976); G. J. Feldman et al., ibid. 38, 117—(_1977)',
W. Braunschweig et al., Phys. Lett. 63B, 471 (1976).
R. Bhattacharya, J. Smith, and G. Grammer, Jr., pre-
ceding paper, Phys. Rev. D 15, 3267 (1977).
8J. Smith, A. Soni, and J. A. M. Vermaseren, Phys.
Rev. D_1_5_ 648 (1977).



