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We discuss the observation of long-lived particle tracks in emulsion chambers in the context of the recent
developments in particle physics that hint at the existence of particles with new quantum numbers. Both
cosmic ray (E =~ 10* GeV) and accelerator (E = 205 GeV) events have been reported. We address the following
questions: What is the nature of the evidence? What do the observations imply for the production cross
sections of new hadrons? What are the backgrounds and how do some of them depend on the accuracy of
coplanarity measurements? We reach the following conclusions: Hyperon decay and elastic scattering or
diffraction dissociation of a secondary track in the emulsion, mimicking the decay of a long-lived particle,
constitute backgrounds at the few- to 50-percent level. Therefore events in which only a single candidate is
seen are unlikely to be conclusive; in candidate events in which both members of a possible associated pair of
new particles are seen, these backgrounds are suppressed to the 0.01-percent level. If both of the candidates
for associated production observed in the cosmic ray energy range are real, we can estimate a production cross
section for new particles with hadron beams at the 10~10%-pb level at 10* GeV. From threshold behavior we

estimate a production cross section at the 1-10-ub level at Fermilab energies.

I. INTRODUCTION

Developments in theoretical particle physics
have for some time been hinting at the require-
ment of introducing new quantum numbers such
as charm and/or color.! Such ideas have gained
increasing credibility over the past year due to
the experimental discovery? of a family of parti-
cles associated with the long-lived ¥(3.1). More-
over, recently observed features of v- and 7-in-
duced interactions appear to require the existence
of hadrons with a new quantum number and with
mass of ~2 GeV.®> More recently a narrow state
at 1.865 GeV, decaying in K7 and K777, has been
observed in electron-positron annihilation.* It is
most likely the charmed analog of the KX meson.
Despite a considerable experimental effort, how-
ever, the associated production of long-lived par-
ticles in hadron collisions has escaped observa-
tion. This would provide unambiguous evidence
for the existence of a new quantum number in the .
few-GeV mass range. In the charm scheme we
would observe

pp=ppDD+ -+,
pp=~ppCC+=e,

or
pp—~pCD+++-, etc.,

analogous to the associated production of strange
particles, pp—~ppK*K™ ..., pp—ppAA ..., or

pp =pAK*. The Dand Cparticles[charmed analogs
of the K and A (see Ref. 1 for notation)] are ex-

pected to be heavy' (1.5-5 GeV), and thereforc
their production will be suppressed—especially
at present accelerator energies, which corre-
spond to the threshold regime (see Fig. 3). More-
over, the lifetimes of such new heavy hadrons
might lie in the range 107'2-10"** sec (Ref. 1) and
hence be difficult to detect in bubble chambers ex-
posed at accelerators.

These lifetime estimates of charmed hadrons
are obtained by scaling the process yu—e+v+7v
in mass. Indeed, the elementary process ¢ —~s
+u+d, i.e., the weak decay of a charmed quark
into ordinary quarks, should approximately de-
termine the width of charmed hadrons:

T'(c ~hadrons) m(g—“—) T'(u - evD) (1)

I

~ 10" sec™. (2)

The distance ! traveled by a charmed particle of
momentum p can be calculated from Egs. (1) and

(2):
1=vcT (3)
=(1-10 microns) Xp (in GeV). (4)

The lifetime sensitivity of bubble chambers and
emulsions is shown in Fig. 1. The shaded area
shows the expected track length of a (nonrelati-
vistic) charmed particle. This band shifts to the
right with momentum of the particle according to
Eq. (4).

Emulsion chambers of the type used in cosmic
ray experiments thus have two advantages in a
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FIG. 1. Track sensitivity of bubble chambers and dif-
ferent types of emulsions. The cross-hatched area is

the expected range of (nonrelativistic) charmed particles.

(The single-hatched area indicates the ambiguity of this
estimate.) This band shifts to the right with increasing
momentum of the particle according to Eq. (4). The
dashed line is the optimal resolution to be expected
from bubble-chamber-type detectors.

search for “charm.” (From nowonweuse“charm”
in the general sense as a generic name for the
new quantum number.)

(1) They provide an ideal detector for tracks
with lifetimes in the range 107*~107** sec.

(2) They can be flown in balloons for exposure
to cosmic rays of ~10* GeV, where the produc-
tion cross sections are most likely substantially
increased.

In fact, several candidates for new particles
have already been observed with emulsion cham-
bers, mostly in cosmic ray exposures above 10*
GeV. In Fig. 2 an event observed by Sugimoto

et al.’ is schematically reproduced. Among the
secondaries of a nuclear interaction with 1.84

% 10* GeV incident energy one observes a pair of
particles decaying after lifetimes (in their rest
frames) of about 107*2 sec. Each one decays into
a charged particle and a pair of y rays, observed
through the development of their electromagnetic
shower in a stack of lead plates below the pro-

producer

I layer

l Pb plates

FIG. 2. The candidate for associated production of
new hadrons from Ref. 5. Solid lines represent unidenti-
fied charged particles, presumably hadrons.

ducer layer of the chamber. The producer layer
consists of a sandwich of nuclear emulsion and
metaacryl plates. A study of the photon pairs
associated with each track revealsthat the neutral
decay products of the left track and the right track
are probably an 7 meson and a 7° meson, respec-
tively. Possible interpretations of this event
(biased by charm)® are

NN - F**F*7+ anything
nom*
nr*

or
NN - D*D*+ anything
TN
TP,

The second possibility is suppressed in the con-
ventional Glashow-Iliopoulos-Maiani (GIM) charm
scheme.® An allowed possibility would be D*

- K°5*7% but this is somewhat unlikely because
of the observed coplanarity of the event. Pair
production of charmed baryons is also a possibil-
ity. The measured opening angles, lengths, and
energies of the different tracks imply that the
masses of these particles are in the vicinity of
1.5-2.5 GeV and that the lifetimes are in the
range 10713-10"!2 sec., depending on the identities
of the charged decay products. The calculated
invariant energy of the DD pair is ~4-5 GeV. This
number is of course reminiscent of the structure
in the e*e” total cross sections at 4.1 GeV. The
event also has the typical phase-space structure
of a pair production of heavy particles in the cen-
tral region. The energies of the heavy particles
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are ~100 and ~300 GeV as compared to an incident
energy of 1.8 x 10* GeV (Feynman x ~0.01).

The first such event seen in an emulsion cham-
ber was reported by Niu et al. in 1971 (Ref. 7)
and immediately interpreted by Hayashi et al.® as
production of a new hadron containing a fourth
quark, i.e., as production of a charmed hadron.
In this event, one charged track decayed into a
charged particle and a 7° and another charged
track decayed into a charged hadron and missing
neutrals. If these tracks are interpreted as new
hadrons, their masses and lifetimes are in the
appropriate range (though the lifetime is about
one order of magnitude shorter than in Ref. 5).
Moreover, the invariant energy of the two tracks
again turns out to be in the SLAC 4.1-GeV bump.
However, in this case the heavy hadrons appear
to be well into the forward fragmentation region;
we return to this point in the conclusion.

The potential importance of these events is ob-
vious. Several candidates have been published in
the literature, and they have recently been sum-
marized in Refs. 9 and 10 (see also Table II). Be-
cause of their importance we feel that a closer
look at their implications for the production cross
section of new hadrons, as well as their relevance
to present accelerator searches (including many
emulsion experiments) is warranted. These cal-
culations are performed in Sec. II of this paper.

In Sec. III we discuss possible backgrounds that
can simulate tracks of massive new particles in
emulsion chambers. We find that the background
due to decay of strange particles, to diffraction
dissociation or elastic scattering of secondaries
in the detector, and to production of direct leptons
that subsequently radiate can indeed be significant
unless both members of a possible produced pair
are observed in an event. We summarize our con-
clusions in Sec. IV. We have attempted to make
the conclusion a self-contained unit.

II. NEW-HADRON-PRODUCTION CROSS SECTIONS

From the observation that Hoshino et al.'° de-
tected two events with possible new hadrons out of
a total sample of 365 interactions in the Fermilab
exposure and from the observation that in the 10*
GeV energy range the frequency of such events is
about 1 out of 20-40 (Ref. 9), one can make a
rough estimate of a corresponding production
cross section and its energy dependence. The re-
sults are shown in Fig. 3, along with accelerator
data on production of known massive hadrons pro-
duced in pp collisions in the central region. We
use the model of Ref. 11 to provide a convenient
representation of the energy dependence of the
production cross sections.

Taking these cross sections at face value, we
conclude that the yield of charmed particles multi-
plied by their two-body-decay branching ratio is
at least an order of magnitude larger than the
¥(3.1) yield in hadronic interactions. This result
is suspicious in view of other accelerator searches,
but not necessarily wrong. Some searches were
performed in the diffraction region, where the
cross section is expected to be much smaller'?;
others might have been looking at a suppressed
two-body decay mode. Indeed, the emulsion anal-
ysis does not unambiguously reveal the nature of
the decay products. However, it is very unlikely
that all these events can be successfully accomo-
dated in the GIM'® charm scheme. For example,
the conventional estimate for the leptonic branch-
ing ratio of charmed particles is 10-20%. Given
the cross section of Fig. 3, we can calculate the
direct-lepton signal in hadron collisions from new-
particle production. Even with the most favorable
assumptions (e.g., at 300 GeV B, 4.0 = 0=0.03
mb, By, ...~ 10%) we exceed the measured direct-
lepton yield at Fermilab** by more than an order
of magnitude at p,=3M,=1 GeV for two-body de-
cay (and at slightly smaller p, for three-body de-
cay).

Anticipating our conclusions that only events in
which both members of a possible produced pair

IOF
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FIG. 3. Excitation curves for production of massive
particles. The two large error bars represent estimates
of new-particle production from Refs. 9 and 10. Solid
lines are from the calculation of Ref. 11.
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are observed provide convincing evidence for
charmed-particle production, we are left with the
two (cosmic ray) candidates of Refs. 5 and 7. Our
knowledge of the primary flux allows us to calcu-
late their production cross section. At 10* GeV
we obtain the lower limit of 0.03 mb shown in Fig.
4. Is this a more acceptable yield than the ones
obtained in the previous section on the basis of the
totality of events ? Notingthat K’s are the “charmed
particles” of ¢ (i.e., the ¢ meson has hidden
strangeness in analogy with the hidden charm of
) we propose as a rough phenomenological guess
that

Ocharm o(pp = Kx) (5)
o(pp = yx)  o(pp ~ ox)’

We obtain at Fermilab energies

=(1-10) pb. (6)

O‘cha.rm

This estimate agrees nicely with the general trend
of particle production in the central region as a
function of the produced mass (see Fig. 5). SLAC
data® tell us that D°-~K"7* is half a percent of all
the events at 1.87 GeV. Present folklore, that
above charm threshold half of the e*e” cross sec-
tion is “new physics” and half of “new physics” is
due to a heavy lepton, translates this 0.5% into a
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FIG. 4. Experimental upper limits on the production
of charmed mesons B g, 0., are compared to the ¥
cross section (X), the model calculation of Sec. II
(solid line), and a lower limit calculated from the emul-
sion exposures of Refs. 5 and 7 (@).

two-body branching ratio

— DO”K-”T." ~
Bre= —pooan 2% Y

From Eqgs. (6) and (7) we obtain
B, C ~(0.01-0.1) ub. (8)

K7 charm

This normalization, combined with the energy de-
pendence of Fig. 3, is shown as the solid line in
Fig. 4 along with present experimental upper limits
on charm production.'®* These upper limits have
been obtained for m ,>2 GeV. If in fact m <2
GeV,* then these experiments give considerably
higher upper limits. For this reason, and because
of the (nonexistent) statistics involved in our esti-
mate at 10* GeV, we conclude that a o(pp ~D)
~0.03 mb cross section at 10* GeV is not incon-
sistent with present phenomenological biases or
accelerator upper limits.

III. SOURCES OF BACKGROUND

The typical candidate for a massive new particle
with lifetime 102-10"'* sec is the apparent decay
of an energetic prong (or inferred neutral) a short
distance from the primary interaction that pro-
duced it. Two such examples are shown in the
single event® in Fig. 2. This is the only event in
which all decay products of candidates for both
members of an associated production are seen.

In other cases only one candidate is seen, or some
candidates have some missing decay products.
Possible sources of background for these types of
events include decay of known hyperons unusually

102 T T T T

o (mb)

-6
10 A1 1 1 1
0 1 2 3 4 5

m (GeV)

FIG. 5. Compilation of inclusive cross sections for
different particle types as a function of mass at py,
=300 GeV (¢ point at 150 GeV). We show our g

eharm €Sti-
mate of Eq. (6) for comparison.
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soon after production, diffraction dissociation or
elastic scattering of a secondary, and scattering
of a prompt lepton from the initial interaction.

As a preliminary to calculations of these back-
grounds, we summarize the properties of the
various cosmic ray emulsion chambers. The tar-
get for high-energy nuclear interactions in the
chambers used in Refs. 5 and 7 is a producer lay-
er that consists of a sandwich of plastic slabs of
thickness <1 mm coated with thin layers of emul-
sion (~50 um). Total thickness of such producer
layers is of the order of a few centimeters. This
configuration is ideally suited to looking for de-
cays of energetic (>10 GeV), massive (1-3 GeV)
particles with lifetimes in the range of 1072-10"¢
sec. Downstream from the producer layer is
several radiation lengths of lead plates alternating
with films of emulsion. This analyzer layer is
used for converting y rays and electrons and esti-
mating their energies.

The bulk of the material in the producer layer is
plastic, so that most interactions take place in
light nuclei. Furthermore, the long path length
obtained for charged tracks (because they pass
mostly through light materials) gives an increased
lever arm on the tracks for somewhat better de-
termination of angles and coplanarity than might
be possible in emulsion alone. However, the
charged-particle tracks are seen only when they
pass through the emulsion films (~every 1 mm)
and not while they are in the plastic (most of the
path length). This point is crucial for estimating
background, because, for example, recoil nuclei
from elastic or quasielastic collisions of secondary
prongs in the plastic will not be seen unless the
recoils are energetic enough to reach a nearby
emulsion film. Such an elastic scatter in the plas-
tic can mimic decay of a charged prong from the
primary interaction into another charged prong
and a missing neutral.

In Table I we summarize the properties of the
producer layer and the analyzer layer of the de-
tectors of Refs. 5, 7, and 10. The other cosmic
ray events discussed in Ref. 9 were observed with
different configurations of emulsion, spacers, and
heavy metal, and we refer the reader to the origi-
nal references!®?° for details. Here we concen-
trate on a discussion of background for the emul-
sion-chamber events, among which appear to be
the best examples of possible new particles.

In considering sources of background, we have
made no attempt to evaluate purely experimental
problems such as stray y rays or the possibility
that two apparently related tracks are actually
from separate events. Rather, we have taken en-
ergy estimates, vertex locations, angle measure-
ments, etc., and estimates of corresponding un-

certainties as stated by the authors, and looked
for possible alternative explanations in terms of
known particles and processes. The events con-
sidered, together with possible backgrounds and
estimates of their probabilities, are summarized
in Table II. (In making these estimates we have
assumed that the entire producer layer has been
scanned. If only a portion of its total thickness
has been scanned, backgrounds will be reduced
proportionately.)

Hyperon decay

The most obvious source of background is a
known particle with a two-body decay mode (e.g.,
A~ 77p or T*—p7°) that decays unusually soon
after production. This has, of course, been con-
sidered by the authors and has been ruled out by
them in cases where both decay products are seen
and the mass of the parent particle can be recon-
structed. This possibility can also be ruled out
when only the charged decay product is seen pro-
vided p, is measured and larger thanallowed by hy-
peron decay.

We consider one example explicitly. In the
accelerator event AJ-21 (Ref. 10) a neutral V is
observed about 800 u after the 205-GeV interac-
tion with an opening angle of 5.69 X 1072, If the
lower-energy track is a 7~ and the higher-energy
track a p then M .01 parent = 1-66+0.15 GeV. The
alternative identification of charged tracks leads
to a still higher mass (=1.94 GeV). Thus this V
is unlikely to be a A. A quantitative estimate of
this background is given by

Op

B=NX ) (9)

1
X P(>40) X =
inel ( ) 2 yety

where N is the number of events in the sample, P

TABLE I. Properties of emulsion chambers.

Ref. 5 Ref. 7 Ref. 10

Producer layer
Thickness of

plastic & other

light nuclei i1 em 3.92 cm 1.22 cm
Thickness of Pb 0 0.5 cm 0
Thickness of

emulsion 0.61 cm 0.49 cm 0.174 cm
Analyzer layer
Thickness of Pb 3 cm 2 cm 2 cm
Acceptance 0.1 m%sr? 0.1 m2sr®

2Authors’ estimate. POur estimate.



3158

T. K. GAISSER AND F. HALZEN

14

TABLE II. Catalog of possible new hadrons in emulsions. x° denotes missing neutrals other than 7° or 7°; X denotes
possible new hadron; #* is a hadron or muon. The quantities E, and n., refer to the primary interaction in which the X

were produced.

Primary Backgrounds and probabilities
energy Decay of known Diffraction Elastic Direct
Events and ny, EX) hyperon dissociation scattering lepton
Ref. 7 6B-23
XE—~prend Ey~10 TeV 4 Tev . ~1% }~10'4
X*—pte a0 nen="T0 <6 TeV B, eten ~04% {09, ~20%
Ref. 5 BEC-II
X*—p*em E,=18.4 TeV 11017 GeV <107 for <107 for
X*—ptend Nen=27 330+ 65 GeV PSS p—p7°and
\}fvro r—1n" in
p1r° same event
Ref. 9 11C-34
Complex E(y~20 TeV o
(possible cascade) ny=70 ’
Ref. 16 T-star
X0 mly” Ey~20 TeV >2.4 TeV 0. 00
— ?
X0 100 Nen=36 >1.6 TeV Ks—mm 2
Ref. 17 ST-2
X*—ntn%° E,~25 TeV ? A—1%
X0— %0 nen=51 >1 TeV ~0.1%
Ref. 18 Bo-607
A—1% n—1% Prompt e*e”
0_, 0,0 - >9
X —1mx E =6 TeV TeV 0.3% 0.1% pair is
possible.
% not known.
. -20
Re;*_i‘ohzzjo E =205 GeV >134 3 GeV p—AK*or
: Nep=17 KK, ~20%
ete., ~10%
Ref. 10 AJ-21
X'—nn- Nepn=16 39 GeV 5x107 0.1%
Ref. 19
X'~ nelvl+x Eg=300 Gev >9 GeV 6x10™
nep=4
. 2
Ref. 20 (2 events) Ey=200 GeV
X—~e+x =13 >1 Gev
¢ Men= >0.45 GeV
nen=10

is the probability of measuring a A mass four

ary prong in the target material.

For example, a

standard deviations above its true mass, A is the
thickness of the detector, and y 7, is the dilated
lifetime of a A with Lorentz factor y. With'*
05/0ne1 ~0.1 and values of N and A appropriate
for this experiment, we find

1.4

- -6
35Ty 0 <107

B=365x0.1%x5X10"°X$ X
(10)

Diffraction dissociation

A potential source of background for many of
the events is diffraction dissociation of a second-

neutron from the initial interaction could disso-
ciate on a nucleus in the producer layer into p7-
with invariant mass >1.2 GeV, thus imitating two-
body decay of a massive neutral particle. The
possible importance of this background has been
emphasized by L. W. Jones®! in connection with
the original Niu ef al. event.”

We have used recent data from Fermilab on
diffraction dissociation of several-hundred-GeV
nucleons to evaluate this source of background
quantitatively. The differential cross section,
do/dM?, is shown in Fig. 6 for dissociation of
the projectile nucleon into a state of invariant
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mass M. The solid curve is for N - anything (with
quantum numbers of incident nucleon) and is taken
fromthe parameterization of P. V. Ramana Murthy
et al.?® The lower dashed line shows the data of
J. Biel et al.?® for the specific process n—=p7~
(=p-~nw*). The upper dashed curve represents
N - N7 and is obtained from the n—p 7~ data by
isospin considerations.

The expression for the number of events to be
expected from the dissociation background is giv-
en by

1AX o )
B=NX{n)X= ——= x —diss x L 11
< > 2 Aint Oinel 77/2 ( )

Here N is the total number of interactions in the
sample and {(n) is the average number of relativis-
tic secondaries appropriate for a given type of
background, e.g., charged particles, neutrons,
etc. (If only particles within a certain angle of
the core are scanned then {(x) should be appro-
priately reduced to take this cut into account.)
The quantity 3(A X/1,,,) gives the probability of
the secondary interaction of a charged prong in a
detector of thickness A X, where the interaction
length of the prong is A,,, and on the average 3 the
detector is available for secondary interactions
after the primary interaction. (In all cases con-
sidered A X/),,,<<1.) The quantity 0y,,/0,,e; iS
the relative probability of producing a dissociated
state with appropriate invariant mass and multi-
plicity to appear as decay of anew massive hadron.

NEW HADRONS OR... 3159

The relative probability of dissociation on a heavy
nucleus is presumably somewhat reduced due to
screening. Since most of the material in the pro-
ducer layer of the detectors is light nuclei (plas-
tic), however, we neglect this effect and use the
nucleon-target data. Also, we have assumed kaon
dissociation to be like nucleon dissociation.

The factor (6)/(7/2) is the average fraction of
diffraction-dissociation events for which the decay
of the excited state and the recoil of the unobserved
struck nucleus are such that the observed decay
products and the track which decays are coplanar
to within the limits determined by the measure-
ment. For cases in which two decay products are
seen the coplanarity condition can reduce the dif-
fraction-dissociation background considerably. If
only one decay track is seen there is no coplanarity
condition, but the missing neutral must be such as
not to convert in the analyzer (e.g., n, A, or K,).

Consider a diffraction dissociation

X+A=-Y+A'

X+ Xy

on a nucleus A. It will look like the decay of a
track (cr neutral) X - x, + x, if the direction of X
lies in the plane defined by the directions of x,
and x,, to within the coplanarity determined by
the measurement. Let p,be the transverse mo-
mentum of the recoiling nucleus. If the dissocia-
tion X —~[Y] - x,x, is to simulate the decay X —x,x,,

1 1

1 1
5 6 7 8

M2 (GeV?)

FIG. 6. Diffraction dissociation of a fast nucleon. Solid line: N — any state of mass M and quantum numbers of N;

lower dashed line: » —p7~; upper dashed line: N— N,
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the ¥ must decay in a plane (defined by x,x,) ro-
tated with respect to P, by an angle < 6 defined by

prsing=(E, +E,) sing (12)

cop ?
where 6, is the experimental uncertainty in the
coplanarity of the directions of X, x;, and x,, and
E, and E, are the energies of x, and x,. To esti-
mate (6), we take do/dtdM? < e B't!, Then

% =2(E1+E2)9cop<€>l/2. (13)

Near the peak of the distribution in Fig. 6 B~15
GeV™2 (Refs. 22 and 23), so that

o 4.4 GeV'(E,+ E,)0

/2 (14)

cop *

For the original experiment of Niu ef al.” (see
Table I), 3(a/x,,,)~0.038. The total number of
jets or primary interactions in the sample of this
experiment is not stated. To estimate it we pro-
pagate the primary cosmic ray flux down to the
depth of the producer layer (260 g/cm? of over-
lying atmosphere plus ~ 15 g/cm? air equivalent
of lead plates) and multiply by the acceptance of
the detector. In Fig. 7 the number of interactions
of energy >E per g/cm? of target material per
m?h srad, for various atmospheric depths is
shown. The exposure was the equivalent of one
detector flown for ~500 h, and we estimate its
acceptance to be ~0.1 m® srad. The minimum-
energy interaction accepted is also not stated. If
we take E_; =2 TeV, then we estimate N=0.16
[m?sec sr™(g/ecm?)™], X8 g/em? x 0.1 m? srad
X 500 h=64. (If E_,, is smaller, N should be cor-
respondingly larger. If some of the interactions
in the detector are missed in the scan, then N
should be reduced.)

The signature of the candidate event in Ref. 7
is X*-x*+ 7% A dissociation background for this
kind of event could be p(K*)~p(K*)+ #° Since the
coplanarity condition [Eq. (14)] reduces the phase
space for slow particles drastically, we consider
only charged fragments of the primary of the ini-
tial interaction as candidates for a background dis-
sociation. Thus (#)<1 in Eq. (11). For dissocia-
tion to a state of 7° plus charged hadron with in-
variant mass between 1.4 GeV and 3 GeV, we esti-
mate? ¢4, /0,,,,~0.01 from the curves in Fig. 6.
For this experiment the stated value of accuracy
of coplanarity” is 6,,,<2X 107 rad. At 10 TeV
a typical energy for a fragment X would be 2500
GeV. Substitution of these numbers into Eq. (2)
gives (8)/37=0.22.

Armed with these estimates of the quantities in

T T T T T T
10 :
by
[aV)
£ 10 -
= Atmospheric
> Depth (g/cm?)
uw I 1
A
w —0
S 10
S 200
e
(D] -
*_E 10 | 400
i L L 1 L 1 — 600
50 200 500 2000 5000
10° 10° 10*
E (GeV)

FIG. 7. Interactions calculated for 1 g/cm? of target
for a detector exposed to the cosmic-ray beam at various
atmospheric depths.

Eq. (11), we find a background of
B~64%x1x0.03x0.01x0.22=0.005.

The coplanarity condition is crucial for obtaining
this small result. Without it, {(»)—~~3 (to include
slow p, p, and K*), and {(8)/57~1, thus increasing
this background by a factor of about 15. If, in
addition, three- and higher-body decays are in-
cluded, then (#) must include secondary charged
pions, and (n,)~15 at 10 TeV. Also in this case,
the total diffraction-dissociation background must
be included, and from the solid line of Fig. 6 we
estimate 0,,/0,,.,=0.03 for 1.4<M =<3 GeV. For
the number of diffraction-dissociation events ex-
pected in the sample one then has B~64 x 15x 0.038
X 0.03=1. The exhibition of such events, clearly
distinguished from the candidates for decay of
massive particles, woulddoa great dealto strength-
en the case for observation of new particles with
short lifetimes.

As another example of the possibility of diffrac-
tion dissociation imitating decay of a massive
particle we estimate this effect for the exposure
of the emulsion chamber at Fermilab.?® Consider
first the neutral V (event AJ-21). Here we use the
cross section for the specific channels n—~p7n~ and
n—=nn*r", which gives 0,,,/0,,,; <0.02. In this
case 0., is given as 10" rad, and for 205 GeV
interactions E, + E,~ 100 GeV. Thus {8)/7 ~0.044.
For this detector 3(A/x,,,)~0.012. Thus with
(Past neutrons) =3 the probability that one event of
this kind would be seen among the 365 interactions
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investigated by Niu et al. is ~0.1%.

The other accelerator event is of the type X*
~n*+x°, where x° is a missing neutral. In this
case there is no coplanarity condition, and x°# 7°,
7° because no y converted in the analyzer. Possi-
ble background dissociations therefore include
p-nn*, p~AK"* and 7*-K°K* We estimate
(ny~1 and 04, /0;,,,~0.02, so that B~10%.

Elastic scattering

A single charged track that undergoes a large-
angle scattering (classified as X*—1*+x° in Refs.
9 and 10, where x° is not seen) could also be elas-
tic scattering. The calculation of this background
basically follows the steps outlined above with
Oaiss/ Oinet ~ a1 (> Omin) /0y a0A Ny = A, Here o,
and ), refer to elastic scattering from the ap-
propriate nuclear target and 6, is the minimum
laboratory angle considered to be large-angle
scattering. If 6, is large enough, this back-
ground is, of course, negligible; however, as
we show below, this is not necessarily the case
for possible elastic scatters in the events of Niu
et al." %10

The analysis of the background due to elastic
scattering is considerably complicated by the
sandwich structure of the producer layer. Typi-
cally in elastic scattering in an emulsion (either
from a nucleus, a free proton, or a nucleon in a
nucleus), the recoil of the target would be visible.
In this case elastic scattering of a charged parti-
cle could be distinguished from, say, =*- 7*n by
the presence of a heavily ionizing recoil track. In
the producer layer, however, the bulk of the ma-
terial is plastic, and charged particles are only
observed in the thin layers of emulsion (separated
by approximately 1 mm). Thus elastic scattering
can masquerade as X * - /*+ missing neutral if it
takes place in the plastic far enough from an
emulsion film so that recoil particles stop in the
plastic.

In estimating this source of background, it is
necessary to distinguish four kinds of elastic scat-
tering:

(1) Elastic scattering from hydrogen nuclei in
the plastic;

(2) True elastic scattering from a C or O nu-
cleus in the plastic;

(3) Inelastic scattering from the nucleus without
particle production; and

(4) Scattering from a nucleon in the edge of a
nucleus (a subcase of 3).

For case 1 the energy of the recoil proton can be
calculated in a straightforward way from 6, and
the energy, E, of the secondary prong that scat-

ters. From the recoil energy a corresponding
range can be calculated and compared to the spac-
ing between emulsion films. True elastic scatter-
ing from a C or O nucleus is very sharply peaked
and gives negligible large-angle scattering. Its
contribution to this background can therefore be
neglected. On the other hand, inelastic scattering
from a nucleus without particle production does
have an appreciable high-p, tail. However, in
case 3 the struck nucleus will presumably be ex-
cited sufficiently to evaporate nucleons in a sig-
nificant fraction of such collisions. Energies of
evaporation protons typically correspond® to a
range in plastic of 1.3 mm. This circumstance
should greatly reduce this source of background.
Scattering from a nucleon in the edge of a nucleus
is, apart from Fermi motion of the target nucleon,
similar to elastic scattering from a free proton.
In particular, if the target nucleon is a neutron,
its recoil energy is irrelevant since it cannot be
seen in the emulsion (except in the unlikely event
that it interacts again). We first estimate the
background due to elastic scattering generally.
We then comment on the extent to which the pos-
sibility of observing recoil particles by scanning
emulsion films near the point of scattering serves
to reduce this source of background.

Since o,, (>6,,,,) depends on the energy of the
secondary particle that scatters, the appropriate
generalization of Eq. (11) is

148X Fo Eﬁ O-el(>9min’E) dE

BNz — =
2 A, Emin dE O

) (15)
where dn/dE is the distribution in lab energy of
the secondaries produced in the interaction of en-
ergy E,. E_, is a low-energy cut, corresponding
to the possible neglect of secondaries at large
angle to the core. In Eq. (19)

® do

0> 0y E) = , a7 dt, (16)

(BinE)
where do/d! is the differential cross section for
an appropriate nuclear target in the producer
layer of the detector. [Eq. (15) is actually a sum
over terms for each kind of scatterer in the plas-
tic.]

Inelastic scattering from a nucleus without par-
ticle production can be calculated within the Glau-
ber scheme?®® provided all possible final nuclear
states are summed over. Such a calculation thus
contains all possible final states of the nucleus,
including excited states that decay by » emission,
highly excited states from which nucleons are
evaporated, and collisions with nucleons in the
periphery of the nucleus. We use the calculation
of Ref. 26 to evaluate Eq. (16) for carbon, and es-
timate the background from this source. For the
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detector exposed at Fermilab'® we take 6,,,=3.6
%X 1072 rad (the angle actually seen in AJ-20 and
therefore a conservative choice) the integral in
Eq. (15) is 0.21. The corresponding value for
elastic scattering from free protons is 0.85, and
the weight for this process to occur in plastic is
roughly 8%. For the detector exposed at Fermi-
lab 3(A X/x,,)=0.006, so the probability per event
of seeing an “elastic” scatter with >3.6 x 1072
rad is 0.0016. The average number of such scat-
ters expected in the 365 interaction sample is
0.57. If the minimum angle requirement is re-
laxed to 6_,. >107% rad the corresponding number
is ~3.2.

In the original Niu cosmic ray event” a track
CC’ was of the type X *—nh*+x°, with a scattering
angle of 1.5 % 1073 rad. This scattered track is a
possible partner in associated production of the
particle with the apparent decay X*—~7n*+ 7°. Again
considering only secondaries with Feynman x>0,
but now with E;~10 TeV, we estimate the weighted
sum of the integrals in Eq. (19) to be 1.8 for 6,,,
=1.5x10"% rad. For E,~20 TeV the corresponding
number is ~1.3. The producer layer of this de-
tector was considerably thicker, and 3(A X/kel)
~0.02. Thus the probability per observed inter-
action of such an elastic scatter is ~4%, and two
or three such scatters might have been seen
among the interactions scanned by Niu ef al. from
their original cosmic ray exposure.’

Since scanning the emulsion chamber involves
looking for possible recoil tracks associated with
a large-angle scattering, the contribution of scat-
ters in which the residual nucleus evaporates par-
ticles cannot be included. Furthermore, even for
scattering from free protons or from protons in
the nucleus without significant nuclear excitation,
only if the energy of the recoiling struck proton
is low enough so it is unlikely to reach a neighbor-
ing emulsion film can such scattering contribute
to background. If we guess that < 50% elastic
scatters do not involve significant nuclear excita-
tion and if we require a range perpendicular to
the films of <1 mm, then the fraction of elastic
and quasielastic scatters that contributes to back-
ground is reduced to about 3 of its total value at
205 GeV and 6,,,=3.6 X 1072 and to about 8% of its
total value at 10* GeV and 6,,,=1.5X 103, The
probability of seeing one such event in the original
Niu et al. experiment and in the accelerator ex-
posure is therefore roughly the same and about
20%.

min

Direct leptons

Another potential source of background for X*
~h*+x° or X*—=h*+7v is direct electron produc-

tion, so that X* would be an electron produced in
the interaction and %* the electron after brems-
strahlung. Phenomenologically, the rate expected
can be obtained from the observed ratio e*/r*
~10"* (Ref. 14). In the emulsion-chamber experi-
ments, however, the possibility that #* is an elec-
tron is presumably ruled out by the absence of a
shower in the Pb-emulsion analyzer downstream
from the producer layer. In any case, some di-
rect-lepton production could be due to production
of charmed hadrons and their subsequent leptonic
or semileptonic decay. Indeed, three direct-lep-
ton events obtained in emulsion stacks at Fermi-
lab'®2° have been interpreted in this way.

In Ref. 19 a V (interpreted as electron+ hadron)
was seen about 200 um from the interaction. This
distance would appear to rule out alternate sources
of direct lepton production such as vector-meson
decay. The authors'® have estimated other sources
of background, such as semileptonic decay of A
or K%, and find it negligible. [Their estimate of
< 107 appears, however, to be the probability that
a single A or K would decay to 2+ e+ v within 200
pm. Presumably this number should be multiplied
by the number of events in the sample (800) and by
the number of A and K¢ per event at 200 GeV
(~0.3). In addition, the distance scanned was 500
pm not 200 um. Thus 10°°~6X10™.] The mo-
mentum of the decay hadron (9 GeV) is consistent
with a parent hadron from the central region of
the 300-GeV interaction.

The authors of Ref. 20 see two events with a
single electron produced within 3 ym of the inter-
action (corresponding to a lifetime about 2 orders
of magnitude shorter than the event of Ref. 19). To
the extent that they can rule out a second electron
(as they claim they can) this rules out Dalitz pairs,
leptonic decay of neutral vector mesons, and the
Drell-Yan process as background.

Summary of backgrounds

The principal background for candidates for new
particles of the type X*—h*+ 7° (or 7°) is diffrac-
tion dissociation of a fast secondary from the pri-
mary interaction. The probability of seeing one
such dissociation in the sample scanned is typi-
cally at the one to few percent level, depending on
the accuracy of the coplanarity measurement. This
is about a factor of 20 higher than estimates in
Ref. 7 (where we have taken account of the fact
that their background estimates are stated as
probability per event rather than per sample of
events).

For candidates of the type X*~ h*+ missing neu-
tral, the elastic-scattering and diffraction~dissocia-
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tion backgrounds are comparable and lead one to ex-

pect~0.4 suchaccidentals ina typical sample. Can-
didates in this category are clearly muchless signif-
icant than those in which all decay products of the

possible new particles are seen.

With backgrounds for single candidatesthislarge,
it is important to look for events in which both
members of a possible pair of new particles are
seen to decay. In this case, the background is
given by N X 3 P,P,, where N is the number of
events scanned and P, is the probability per event
of seeing a secondary track that looks like a decay
of the type 7. In the original event of Niu et al.” a
track of the type X *—/*+ missing neutrals was
seen in association with the track X*—7a*+ 7°.
Therefore, for this event P,~5x1073, P,~8x107,
and if N=64, the estimated background is ~1.3
X 107°, If the coplanarity condition is ignored?®” this
number becomes ~2 X 107,

For the event of Ref. 5 (shown in Fig. 2) both
decays were of the type X*—#a*+ 7° (or 1°). Apart
from possible technical considerations,? this is
therefore the strongest event. We estimate the
background for this event as follows: Judging from
the authors’ discussion of the coplanarity condition,
(6)/%7 =1 for the diffraction-dissociation back-
ground. Thus (#)~3. From Table I, 3(AX/x,,,,)
~0.07. Then, with o, ,/0,,,=0.01, the probability
per event of one diffraction dissociation that looks
like two-body decay is ~0.002. The corresponding
background for two diffraction dissociations in the
same event that looks like pair production is
2 % 107® X (number of events in the sample). The
latter is not given, but from Fig. 7 and the ex-
posure of 1 m?h sr (Ref. 5) one expects 15 in-
teractions >2 TeV. Thus the relevant background
is ~3 X107,

IV. CONCLUSION

In discussing the likelihood that candidates for
new particles observed in emulsion chambers are
genuine, we have seen that it is crucial to distin-
guish events containing a single such candidate
from events showing two candidates (possible as-
sociated production). While it is of course possi-
ble for only one member of an associated pair to
be seen to decay in the chamber, it is also true
that the chances are much larger when only one
candidate is seen that the event is spurious.

If P, is the probability per event of a secondary
interaction (e.g., diffraction dissociation or elastic
scattering) appropriate to mimic a decay of type 7,
then the background for events with single candi-
dates is NP;, whereas the background for candi-
dates for associated production is N X 3P, P,, where
N is the number of events in the sample. In the

detailed discussion of backgrounds (preceding sec-
tion) we have shown that NP is typically one to a
few percent for candidates of the type X*—h*+ 7°
(or n°) and ~30-40% for candidates like X *—h*
+ missing neutrals.?® In contrast, for the two can-
didates for associated production that we dis-
cussed in detail, the background is of order 0.01%.
Among the eight events (from seven different
exposures) collected in the review papers of Ref.
9, three®™'7 involve possible pair production (all
in cosmic rays), three'®!® contain only one candi-
date (including both events from the exposure at
Fermilab), and one appears to involve multiple
production and lacks sufficient information for
analysis. In the remaining event'® it is not clear
whether there are candidates for one or for two
new neutral hadrons. The assumption that all or
most of these candidates are real would lead to the
following unlikely set of consequences:

large production cross sections Xbranching ratio
to two-body decay (>30 ub at 200 GeV and >0.3 mb
at 10 TeV);

small branching ratios to decays including lep-
tons (1% to avoid conflict with observed direct-
lepton signal at p,<1 GeV);
a preference for production in the fragmentation
region (rather than the central region of rapidity);
a preference for production in events with high
multiplicity (it is not necessarily unlikely that
massive particle production takes place mainly
in head-on collisions with high multiplicity*°; on
the other hand, P; is proportional to multiplicity
so that the background is higher in such events);

mainly two-body decays of new hadrons in con-
trast to expectation.’

(The last three conclusions could be influenced by
biases that result from the fact the preliminary
scanning was apparently for energetic photons
from an interaction.)

These considerations, taken together with the
existence of backgrounds that we have been able
to identify at the level of 0.1-40%, lead us to con-
clude that it is likely that at least some of the
events are spurious. On the other hand, if one
or two of the cosmic ray events actually involve
associated production of new hadrons, this would
be consistent with a cross section as small as,
say, 0.03 mb at 10 TeV.** The excitation curves
in Fig. 3 in turn suggest that this would corre-
spond to a production cross section of ~3 ub at
200 GeV. This is small enough to allow a branch-
ing ratio to leptons of 10% without conflict with the
direct-lepton data.

Presumably the most likely candidates for asso-
ciated production of new particles are those with
possible pair production, preferably where both
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decay products of each new particle are seen. We
have summarized in Table III the masses and life-
times of the parent particles (calculated for var-
ious assumptions about the identities of the charged
decay products) for the four candidates for which
both decay products were seen. Three of these
were from the events®” which show possible as-
sociated production of a pair of new particles. For
the three cosmic ray candidates for new particles
the masses are comparable for some of the decay
possibilities (<2 GeV if the new particle is a me-
son), but the observed lifetimes of these particu-
lar particles range over two orders of magnitude.®?
We also note that it is difficult to fit the observed
two-body decays X *—~nh*+ 7° (1°) into the preferred
decay modes of mesons in the conventional charm
scheme.®

Our quantitative evaluation of backgrounds has
been limited by lack of information about the de-
tails of past cosmic ray experiments (such as ex-
posure, number of events scanned, energy cuts,
etc.). However, our discussion is sufficient to
illustrate that one will be able to make a good
case for the existence of new hadrons with life-
times in the range 107'2-10"!* sec by collecting a
sample of events that show possible pair produc-
tion in a single exposure of an emulsion chamber.

On the other hand, events in which only a single
candidate is seen are unlikely to be conclusive.®
These remarks apply specifically to the production
of charmed particles in strong interactions. In
fact, as mentioned in Ref. 1, the use of v inter-
actions may be a cleaner way to look for charm
with emulsions. In this case, most events may
contain only a single charmed hadron.

In using the emulsion technique for any type of
charm search, however, it will be useful to keep
the following points in mind:

(1) It is important to be able to find examples
of secondary interactions, etc., that are potential
sources of background and to show that they can be
distinguished from genuine decay of a new mas-
sive hadron.

(2) Alternatively, or in addition, it is important
to calculate possible backgrounds and demonstrate
that they are small.

(3) It is possible® that the average multiplicity
of the hadronic decay of a charmed meson may be
as large as 4. It will therefore be important to
design a scanning technique that can distinguish
multibody decays from background as well as two-
body decays.

(4) Scanning biases associated with the fact that
high-energy electromagnetic cascades (e.g., from

TABLE III. Masses (and lifetimes) of possible new particles for various assumptions about
the unidentified charged decay products. (Symbols in parentheses in the first column refer

only to the event of Ref. 10).

Niu et al.
Sugimoto et al. (Ref. 5) Ref. 7 Ref. 20
~20 TeV event ~10 TeV 205 GeV
Charged Prong 2 Prong 20 event event
decay products X *—p*n0 X*—p*rd X*—ptr® X'—n'n
X =meson
() 1.50 £ 0.38 GeV 1.59 + 0.40 1.79 £ 0.17 1.16+ 0.21
(4.6x10"13 gec) (3.1 x1071% gec) (2.2x10™1 gec) (7.6x10"1 gec)
K *(m) 1.66+ 0.42 1.74 £ 0.44 2.15+0.20 1.35+0.25
(5.1x10713 sec)  (3.4x107%2 sec) (2.6x107% sec)  (9x10°" sec)
(KK) 1.53+ 0.16
(10713 sec)
(D) 2,26+ 0.11
(1.5x10"1 gec)
X =baryon
p(m) 1.98 + 0.50 2.10+ 0.53 2,95+ 0.26 1.8+ 0.3
(6.1x1075 sec) (4.1 x10"2 sec) (3.6 X107 sec) (1.2x10"83 sec)
(pK) 1.9+ 0.25
(1.3%x1078 sec)
() 2.23+ 0.56 2.36+ 0.59 3.50+ 0.30 2.1+ 0.35
(6.8x1071% sec)  (4.5%x107% sec) (4.3x107 sec) (1.4x10"8 sec)
(ZK) 2.2+ 0.3

(1.4 %108 gec)
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7° decay) are relatively easy to see in emulsion
will have to be overcome.

Note added in proof. We note that the event ob-
served by Sugimoto et al.® is consistent with the
hypothesis of a pair production of the charmed
baryon of mass 2.26 GeV (see Table III), recently
discovered by Knapp et al. [Phys. Ref. Lett. 37,
882 (1976)].
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