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Summary.—— Seven emulsion chambers were exposed to AOO‘GeV/c proton
beams at the Fermi National Accelerator Laboratory to se&rch further
evidences of the X particles, massive and short-lived particles.
17488 tracks of charged secondary particles of 1008 interactions were
examined. Out of 21.8 m of track lengtﬂ followed, 58 secondary
phenomena were observed in vicinity of the beam interactions.
Observed secondary phenomena were analysed statistically to extract
signal of the X particle from the backgrounds. One statistical
candidate was squeezed out as well as one semi-leptonic multi-body
decay of the X particle. Production cross section of the X particles

at 400 GeV/c was estimated to be a few tens of micro barms.



l.— Introduction

Search for-the X particles with mass of around 2 GeV/ec? and
life time of the érder of 10~'? sec are continued since the first
discovery in 1971(1). Just.after the discovery of the first event,
the X particle was pointed out to be a charmed particle by S.0gawa
and his collegues(z). Several candidates of the X particles were
gradually accumulated by the analysis of emulsion chambers exposed
to cosmic radiation and accelerator beams(s).

Direct and indirect evidences of charmed particlgs(“) were also
obtained by means of non emulsion techniques. Because of high spatial

resolving power, however, nuclear emulsion is, at present, the only
techenique by which we can directly observe ﬁhq decay of a short—'

lived particle with life time which is expected to be around 10~?!3

sec. Much effort has, therefore, been concentrated on the emulsion
experiment to observe decays of such short-lived particles(®).

In this paper, a report is made on the result of analysis of
proton-nucleus interactions observed in the emulsion chambers exposed .
to 400 GeV/c proton beams at the Fermi National Accelerator Laboratory.
- Experimental apparatus and procedures are described in sect. 2, and
secondary phenomena produced by charged particles are studied in
sect. 3. A special event is analysed in sect. 4, and the discussion

and conclusion are given in sect. 5.

2.— Ewmulsion chamber and experimental procedure.
The constuction of the emulsion chamber is shown in fig. 1.
They consist of producing layer and'analysing layer. The producing

layer is a pile of emulsion films coated 50 um on both sides of



Polystyrene base with thickness of 150 im or emulsion plates coated
50 im on both sides of lucite base with thicknesé of 350 um.
Special type of nuclear emulsion films which wefe coated 200 um on
both sides of polystyrene base with thickness of 150 pm were adopted
as the producing layer in two of chambers. In the pfoducing.layer,
nuclear emulsion films or plates are separated each other by thin
papers with thickness of 30 Um. The analysing layer is a gandwich
of emulsion films and thin lead plate with thickness of 0.5 mm
plated by silver of 5 ym. In two of chambers tangsten plates of
0.3 mm were adopted instead of lead plates. In the analysing layer
no paper was put between an emulsion film and a metal plate to
minimize the spread of charged particles.

The analysing layer has the thickness of 7 or 8 units of
.radiation length and of several cm in the actual length. In our
‘chamber, therefore, electrons are clearly discriminated from the
other charged particles by inspecting cascade showers induced by
them in the analysing layer. This is one of the conspicuous
advantage of the emulsion chamber superior to the pure nuclear
emulsion stack. By the same principle, Y-~rays are also detected in
the analysing layer.

Another conspicuous advantage of the emulsion chamber is the
applicability of the relative scattering method to the momentum
analysis of charged secondary particles. High precision of measure-
ment of the relative distance between tracks of beams and secondary
particles and high scattering signal due to heavy materials such as
lead or tangsten allow us to extend the applicability of the method

up to TeV/c region(®).



Before construction of the chamber emulsion films or plates,
lead plates and papers were punched out to have the exact size of
9.500 + 0.002 cm x 12.000 * 0.002 cm. Using these materials each
chamber was accurately assembled on the thick plastic stand wifh
three guide poles. Then, whole of the chamber was tightly vacuum-
packed without air gaps between films and plates in the poly-
laminated sheeﬁ. Thus there is only 0.05 gr/cm? of material on the
surface of the chamber. These procedures make us'very easy to
follow film by film even a single minimum ionized track under a
microséope with high magnification.

Seven chambers thus constructed were vertically exposed to the
proton beams of 400 GeV/c at the Fermi National Accelerator Laboratory
‘as shown in fig. 1. The beam density was regulated to be between

3.0 x 10°% and 1.0 x 10° particles/cm?.

fwo scanning methods are adopted to search for interactions
produced by 400 GeV/c protons. One is area scanning méthod on
several plates in the producing layers, and another is a following
back method from cascade showers scanned in the analysing layer to
the interaction point in the producing layer. By these methods,

1008 interactions are picked up and analysed.

To study behaviour of secondary particles ﬁear the origin of
primary interactions, tracks of 17488 charged particles were followed
down from their origins, inspecting secondary interactions, kinks
and other correlated phenomena. In this case, inspection was fonfined
only in a cylindrical volume witﬁ a diameter of 1 mm and length of
2 mm (MA chamber) or 5 mm (Pb and W chambers) along the beam direction.

Table I shows the summary of the track following.



3.— Statistical analysis of secondary phenomena.

Signals of-decay of the X particle are vee, kink and multiple
prong event in vicinity of original interaction. Such patterns aie
also generated by secondary interactions and early decays of strange
particles. To extract the evidence of the X particle, therefore,
level of such backgrounds should be estimated.

First of all, ﬁumbers of secondary interactions have to be
checked up. Out of 21.8 m of track length followed, 58 secondary
phenomena are observed among which are 44 secondary stars, 13 kinks
and one white ng=3 event. 'The mean free path for proton-nucleus
‘collision in the complex producing layers is calculated out, refering
to other experiments(7), as 39 cm for Pb and W ;hamber and 29 cm for
MA chamber. Taking inéo account the composition of proton and pion
among secondary particles and the longer mean frée path for pion,
the total number of sécondary interactions is expected to be 52.3.
Possible loss of small angle elastic scattering will make the number
reduced in actual experimental condition. The observed number is,
in the first approximation, consistent with the expectation.

Because of expecte& low production rate of the X particle,
however, signals of the X particle, if produced, could easily be
buried under the statistical fluctuation. The characteristics of
sécondary phenomena should, therefore, be carefully examined.
Referring to the emulsion experiments carried out by the proton beams
with momentum of 6.2 GeV/c and 22.4 GeV/c(®), observed secondary
interactions are classified by nuﬁber of heavily ionized tracks and
thin tracks. Comparison between referred statistics and ours is

made in Table II .




Observed number of ng=1 events is obvionsly exceeds the expected
ones. 17 n 25% of QS=1 events in the refered experiments have no .
evaporation tracks. In our case, 5 ng=1, Nh=0 events were observed
in the inside or on the surface of emulsion layer. This is already
exceeds the expected number for ng=1, N,,=0 events. Beside that, 8
events were observed in the plastic base of emulsion film, in which
case interacting points could not be seen. Consideriﬁg the energy
distribution of evaporated protons(®) which are emitted isotropically
(1°), most of them are expected to escape éut of the plastic base with
lthickness of 350 ym. Probability to observe an evaporated proton is,
"therefore, equal to the ratio of observed to total solid angle which
is 0.15 in éur case. ‘Average number of evaporated tracks of ng=1
events in light material is about 2.1. Thus missing probability of
any evaporated track turns out to be 0.71, and at least some of 8
events should be counted as ng=1l, N,=0 events. Therefore, more than
enough number of ng=1, NLp=0 events were obtained in our éxperiment.

Sources of ng=1l, N,=0 event (kink) are the followings.

(i) elastic scattering of the secondary particles,
(i) early decay of strange particles,

(iii) quasi-two body reaction of the secondary particles.

Refering to the result of the bubble chamber experiment(ll) and
considering our scanning condition, number of kinks due to early decay
of strange particles such as Ki, I* is estimated to be 0.24 in our
1008 proton interactions. Contribution of quasi two body reaction
turns out to be less than 0.6 in our total sample basing on the

accelerator experiments(lz) and on the branching ratio of the decay
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modes of excited states. On the other hand, 15.2 of elastic sca£tering
of secondary particles is expected in our case, and their contribution
to the kink may be most significant.

To study the cause of observed number excess of kinks, deflection
angle distribution are examined comparing it with that due to elastic
scattering. A new parameter r = 6'/9 is introduced for the purpose,
where 0 and o' are emission and deflection angle of the same secondary
particle. This represents the ratio of transverse momentum of
produced particles at production to that at deflection, because
momentum after elastic scattering, P', is nearly equal to that befofe

~deflection, P.
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All of observed kinks are listed in Table III with r values.
To derive expected distribution of r, Monte Carlo simulation was

carried out generating Pp and Pp' according to the following spectra.

(3,2) %%— « Pr e—aPr a =6 (CeV/c)~? (at production)
. T
(3,3) dTZ,I @« e_blt'| b =10 (GeV/c)~ %2 (at deflection)
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The angular distribution of elastically scattered particles by a
nucleous shows a steeper slope at the smallest angle region(la).
However, because of poor observability of these in our experimental
condition this is neglected and the slope parameter of b = 10 (GeV/c)™2

is adopted here.



The result_of the simulation is compared with our experimental
data in fig. 2. Normalization is made at the point of r = 1,
bgcause the detection efficiency for kinks begins to come down from
this point toward the smaller r regiqn. Experimental distribution
shows the excess at larger r region, though the ﬁncertainty of
normalization is left. Probability of arising the largest signal,
r = 10, is estimated to be 10™* by the present analysis. Observed
excess of kinks at larger r region might be, thereforé, attributed to
the decay of massive particle with high Q value. Number of kink due

to such a source might be at least one in our statistics.

4.— Special event,AMA—l-SSB.

A nuclear interaction, MA-1-558, was found accompanying an
unfamiliar secondary phenomenon as shown in fig. 3. After 340 um
flight, one of charged secondary particles with emission angle of
1.6 x 1072 radians induced a white ng = 3 star in the emlsion layer.
- One of tertiary tracks emitted backward in the laboratory system was
identified as an electron by grain density and mean multiple
scattering angle in the emulsion layers. Momenta of other two
particles were measured in the down stream layer of the chamber
applying the relative scattering method. The result is shown in
Table IV, but it was impossible to identify these two particles.

The known processes which could explain this event are devided
into two categories. One is an interaction of a secondary particle

and another is a decay of a conventional particle. '




4-1. the case of a secondary interaction.

4:1-a direct electron production

Production rate of direct lepton over pions, l/ﬂ,ris an order of
107%(% in the accelerator energy region. Average pion multiplicity
in secondary interactions is less than 10. The event rate of white
star in the emulsion is one tenth of the total inelastic events.

Therefore, the probability that a direct electron is produced in a

white secondary star is less than 10™".

4°1-b  dalitz decay of prodﬁced 7° meson.

In this case, one of two charged particles emitted forward should
be an electron. Invariant mass of assumed two electron systeﬁ
including the backward electron is appreciably greater than the mass of

W meson, and this explanation is excluded.

4°2. the case of a decay of secondary particle.

Possible semi-leptonic decay modes of the strange particles are
- given in Table V.,

Owing to the relatively longer life time of these particles and
small branching ratio of these decay modes, however, it is extremely
dificult to expect such a decay in the vicinity of tﬁe produced point.
This explanation may be also excluded.

From the above consideration, it is very dificult to explain this
phenomenon by the known processes. Considering flight length of 340 um
and partial invariant mass of three body system including the backward
electron, this phenomenon might be attributed to a multi-body semilep—

tonic decay of a massive particle with life time of around 10-!3 sec.
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Therefore, this may be counted as a candidate of the X particle.

5.—— Discussion and conclusion.

In this experiment, indications of production and decay of the
X particle in 400 GeV/c proton interactions are obtained both from
statistical arggment and from investiagtion of é special event.
No evidence, however, of pair production of the X particle is observed
even though a pair of particles with new quantum number should be
produced in a case of strong interaction of ordinary'particles.

A Monte Carlo simulatidn is carried out to see dependence of
the detection efficiency of those particles on their life time in the
present experimental condition. The production spectrum deduced by
the model colled "the whole region formla"('®) is applied for the
X particles assuming a mass of 1.9 GeV/c?. This model incorporates
quantum number flow and reproduces the inclusive spectra of P, K~ and
other particles. Simulated decay point of generated X particles with
fixed life time is checked if it falls in inside the observing volume
or not. Observing volume in our Monte Carlo simulation is confined
in a cylinder with a diameter of 1 mm and length of 2 mm (MA chamber)
or 5 mn (other chambers) along the beam direction. A length of 20 im
from the interaction point is omitted because of uncertainty of the
vertex determination in our simple method.

Detection efficiency of decaying vertex inside the observed
volume depends on a deflection angle of a kink or an opening angle
of a vee. 1In our case in which emulsion films were vertecally exposed
to the beams, detection efficiency of a kink is neérly independent

of a production angle, and the parameter r = 6'/0 mentioned in the
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previous section is a usefull one to discuss the detection efficiency
of the decay event. As no detection loss is expected in the case of
r > 0.5, the detection efficiency of the decaying vertex is higher
than 707 for kinks.

vaer.all detectionbefficiency of the X particles estimated by
our method is shown in fig. 4 as a function of assumed life time.
Efficiency is high for life time of 107!? sec and falling off fér
shorter and longer life times mainly because of limitation of the
observing volume. |

When the life time is much longer than 10"1? sec, decaying

"vertices should be easily observed in a bubble chamber. Out of bubble

chamber egperiments, however, no evidence of new particle with life
time much longer than 10712 sec.is reported. On the other hand, no
indication of life time of the X particle shorter than 107" sec is
obtained in our cosmic ray experiments in which such a particle is
detected with better efficiency. Probable range of life time may be,
therefofe, in between 107'"* and 107'? sec. The life time of 107?83
sec where the detection efficiency is expected to be maximum is,
however, also inplausible because of no evidence of pair decay of
the X particles.

From the above consideration, life time of 5 x 107!? sec to

107!'2 sec is the most probable guess for the X particle. In this case,

the probability to observe a pair of the X particle turn out to be
less than 307, and it is not so rare to observe only one of a pair in
our present condition.

Two candidates of the X particle in 1008 proton-nucleons

interactions is not inconsistent with the former estimation that
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one X particle is produced in 102 to 10° inelastic events induced by
205 GeV/c proténs(ls). Irial is made to evaluate production cross
section of the X particle more quantitatively.

Total number of observed charged pion is calculated as about
15,000, after subtructing contribution of protons and kaons. The ratio
of number of the X particles to that of charged pions is (2 * Y2) /15000
" 10~*. Inclusive cross section of the X particle, therefore, turns
out to be a few tens of micro barns at 400 GeV/c using the inclusive
cross section of pions and correcting the detection efficiéncy.

This is not inconsistentwith that of pure emulsion experiment(l7)

. provided that the life time of the X particle is between 5 X 10—}3
and 10'? sec as mentiqned just before. This is also consistent with
the results of the beam dump experiments with BEBC, Gargamelle and
'CHDS at CERN('®) which providedba cross section for short livéd
particle production as high as several tens to two hundreds of micro

baras.
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Figure Captions.
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Table I

Summary of track following.

Number of Followed Track Secondary ... . ng=
Chamber interac- charged length  interac—- kink  Np=0
tions’ particles mm tion event
Pbl1,2,3,
wi.2, 308 3488 9642 15 8
MAl,2, 700 14000 12140 29 5 1
. Total 1008 17488 21782 44 13 1




Comparison of type of secondary interactions.

Table I

Type of Proton-emulsion ' exbected Observed
events interactions? by
6.2GeV/c  22.4GeV/c 6.2GeV/c  22.4GeV/c
ng=1 148 131 11.5 4.1 22
Ny= 39 22 3.1 0.7 s+gb)
NhX0 109 109 8.5 3.4 9
ns¥1 523 1525 40.8 48.2 36
c) c) 8
total 671 1656 52.3 52.3 5
a) see reference( ®)
b) cannot be classified,see text.
c) geometrical expectation, see text.

e
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Observed kinks

Table 10

: Emission Deflection Distance Deflect}on
Chamber angle angle T = from origin point®
: 0 g 6'/6 p' Pr'
rad rad mm GeV/c MeV/c
Pb-1 7.1 x1072 2.6x1072 0.37 1.1 PL 5.5 140
Pb-3 . 7.7 x10~2 1.7x10"} 2.2 1.4 PL 0.8 130
4,3 x107% 8.4x1078 0.20 0.6 PL 45 380
7 x10"% 1 x1072 0.14 1.0 PL 0.12 <1
1 x107!} 6 x10~2 0.60 0.5 PL 2.3 140
W-2 2.8 x10~2 6.2x10” 3 0.22 2.0 PL 18.4 0.11
1.14x107 3 1.6x10~3 1.4 7 PL 9.2 15
1.1 x10” ¢ 3.4x10”" 0.31 5.0 PL
MA-2 1.3 %1072 1.7%1072 1.31 1.0 EM(PL)
5 x1073 5 x1072 10.0 2.0 EM
7.5 x1072 6.2x10™2 0.83 0.2 EM(PL)
4,2 x10™2 2 x1072 0.48 0.89 EM
2.7 x107°8 9,6x10™° 3.6 1.2 EM

a) PL; in plastic base.

EM; in emulsion



. Table IV

Tertiary charged particles of MA-1-558

. emitting momentum Pf . e .
particle angle MeV/c indentification
j 5.2 x 1072 > 790 ?
m 4.3 x 107° > 160 ?
.k - 5.2 x 10?2 40 * 20 electron




Table V -

Semileptonic decay of charged strange particles.

decay mode branching ratio
+ T+
K >mnle v 3.7 x 107°
+ ¥ ' -
>saw ety < 5.0 x 1077

== P T e Vv < 4.0 x 107"
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