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Rapidity characteristics at cosmic-ray energies
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The various characteristics of rapidity of secondary particles in interactions at cosmic-ray energies (~ 10'? eV)
have been investigated. The features studied are the dependence of maximum-rapidity-gap value on primary
energy and multiplicity, the rapidity-difference distribution, and the rapidity distribution of the secondary
particles. The results have been compared with the predictions of the multiperipheral model.

I. INTRODUCTION

Ever since the concept of rapidity was introduced
by Feynman,' a number of investigations have been
carried out to explain various experimental ob-
servations in terms of this parameter. There are
a number of advantages in understanding the inter-
action mechanism in terms of rapidity rather than
the simple longitudinal momentum (P,) distribution
or a Peyrou plot (P, vs P,). The rapidity distri-
bution for low values has a wide dispersal and ex-
hibits a regularity which is independent of the
primary energy; there is complete symmetry be-
tween the laboratory and projectile frames.

Although very high center-of-mass energies are
presently obtained at Fermilab and CERN ISR,
cosmic rays continue to be the source of the high-
est available energy. Hence it would be quite valu-
able to get a deeper insight into the various experi-
mental features at cosmic ray energies—partic-
ularly in the TeV region. We present below the
first experimental characteristics of rapidity in
nucleon-nucleon interactions at ultrahigh energies
(~10'% eV) and compare them with those at 205
GeV/c p-p collisions.

The two processes which dominate the hadronic
cross section at high energies are the diffractive
and nondiffractive components. Recently, Jones
and Snider? suggested the usage of maximum ra-
pidity gap (A) between adjacent particles as a
means of determining the contribution of diffrac-
tive dissociation (Pomeron exchange) in the inter-
actions. The merit of using the maximum-rapid-
ity -gap variable is that it offers an energy-inde-
pendent method of determining the contribution of
diffractive dissociation in the data. Such an analy-
sis can be carried out event by event for the same
incident energy. A diffractive event® is one where
one (or both) of incident particles fragments into
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particles having, in aggregate, the same quantum
numbers as the incident particle. Hence, in such
an event there is a Pomeron exchange which leads
to large subenergies and hence to large gaps in
rapidity. From an experimental point of view,

the approach suggested by Jones and Snider? is
simple and attractive enough to investigate if the
observed value of A could be used as a determining
factor to separate the contribution from diffractive
and nondiffractive components at cosmic ray ener-
gies. We find that the A spectrum for low- and
high-multiplicity events overlaps for a majority of
events, but there tends to be a greater contribu-
tion to large A values from low-multiplicity events
than from high-multiplicity events. The observed
mean value of the maximum rapidity gap exhibits
an increase with decreasing mean multiplicity of
the interactions. It has been shown that at the
primary energies of the interactions. in the range
of 0.1-2600.0 TeV, the maximum-rapidity-gap
value does not show any dependence upon primary
energy.

In an interesting work, Snider® has proposed a
multiperipheral model which describes the two-
charged-particle correlations and the rapidity-gap
distributions for the nondiffractive component of
the total cross section at 205 GeV/c. We compare
the results of Snider® with the present work on ra-
pidity-gap distribution in the central piateau at
primary energies greater than 1 TeV. Lastly we
show that the rapidity distributions approach en-
ergy-independent limits in agreement with the
multiperipheral model.

At high energies the Lorentz-contracted field of
a nucleon is so sharp along the direction of motion
that the energy in it is distributed uniformly in
longitudinal momentum. The longitudinal-mo-
mentum distribution of the secondary particles
follows the form dPL/E, where E is the energy of

3103



3104 SHIVPURI, GUPT, CHAND, AND SINGH 14

the secondary particle.
Writing the rapidity as,

aprP
dy=*E—L, (1)
E+P
:‘x’ln<_L>. (2)
Y=2\E_p,

At cosmic-ray energies it can be assumed that
P, > P,>m, where P, and m denote the trans-
verse momentum and mass of the secondary par-
ticles, respectively.

Hence, we get from Eq. (2)

y=1n<a%n—9>, (3)

where 6 is the laboratory angle of the secondary
particle. The experimental data used here are
taken from the ICEF data sheet® and the following
criteria were adopted to select the events.

(1) The primary energy (E,) of the interaction
must be greater than 0.1 TeV.

(2) The number of low-energy particles® (heavy
tracks, n,) should be equal to zero. This criterion
was followed in order to ensure that there is no
momentum transfer to the nucleus and that the col-
lision is effectively a nucleon-nucleon type.

The number of events satisfying the above cri-
teria was found to be 36. The data for 16 nucleon-
nucleon interactions from the Chicago stack re-
ported earlier® has also been considered in the
present analysis. Thus the total number of events
is 52, yielding the number of secondary particles
equal to 801. In Table I is given the event type,
the primary energy, and the rapidity values of
secondary particles for each event. The interac-
tions considered here are the semi-inclusive pro-
cesses since the rapidities of only the charged par-
ticles are determined.

II. RESULTS AND DISCUSSION

A. Variation of maximum-rapidity-gap value

with primary energy

The values of the rapidities of all the secondary
particles in an event were calculated using Eq. (3).
The rapidity difference between adjacent particles
in an event was determined; A was the maximum
value of rapidity difference in the secondary par-
ticles of an interaction. The value of primary en-
ergy in an interaction was determined by using the
following formula of Castagnoli et al.”

logyczniﬂog cotb) , (4)
S

where v,=1/(1-8,2)'/2, B, is the velocity of the
center of mass, and n, (Ref. 5) is the multiplicity

of the charged secondary particles in an event.
The value of primary energy was found from the
relation

E,=M/(2y>-1),

where M, is the nucleon mass. The contribution of
the persisting primary in an interaction was not
considered in the determination of y, as it is not a
secondary particle, and this procedure leads to a
better estimate of the primary energy.® The pri-
mary energy of the interactions range from 0.1

to 2600.0 TeV. Figure 1 shows the maximum-ra-
pidity -gap value plotted against the corresponding
primary energy of an interaction. It is clear that
no dependence of A on primary energy is observed.
The energy-independent characteristic of A makes
it a useful parameter for understanding the inter-
action mechanism.

B. Variation of maximum rapidity gap with multiplicity

In order to determine if the magnitude of the
maximum rapidity gap can be used to separate the
contribution from diffractive and nondiffractive
dissociations, the distribution of A and its varia-
tion with multiplicity has been studied. Figure 2
shows the variation of the mean value of A plotted
against the mean multiplicity. The general trend
of the distribution shows that as the mean multi-
plicity decreases, the mean value of A increases.
This can be explained by a reasonable assumption
that the low-multiplicity events have larger sub-
energies than the high-multiplicity events, and
hence the former should have larger values of A
than the latter. The low-multiplicity events are
dominated by diffractive dissociation (Pomeron ex-
change) and hence should lead to high values of A.
The broad spread of the points in Fig. 2 is prob-
ably due to (i) the different primary energies of
the interactions, which lead to different values of
multiplicity and also (ii) the likely contribution
of low-multiplicity events in nondiffractive regions
and of high-multiplicity events in diffractive re-
gions.

From the A distribution of events having all
multiplicities it is not possible to determine the
contribution of the diffractive and nondiffractive
dissociations. The contributions to A from low-
and high-multiplicity events overlap to a consider-
able extent. The overlapping could be due to an
appreciable number of Pomeron-exchange events
in the nondiffractive regions. Jones and Snider?®
have investigated the A distribution on the basis of
the multiperipheral model and have shown that the
primary energy of 205 GeV/c is not sufficient to
separate the contribution from diffractive and non-
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TABLE L.
given for each event.

The event type, primary energy, and rapidity values of secondary particles are
[The first 36 events are from the ICEF data (Ref. 4) and the other 16

events are from the Chicago stack (Ref. 6).] The underlined values of rapidity for each event

are at the two ends of the rapidity space.

The absence of one underlined rapidity value in an

event means that the angle of the leading primary particle was not measured.

Primary
Serial energy
number Event type (TeV) Rapidity values
1 0+ 36p 644,52 3.04,3.27,4.21,4.47,5.11, 5,11, 5.11, 5.28, 6.65,
7.07,7.07,7.39,7.39,7.39,7.46,7.53,7.64,
7.64,7.71,7.71,7.78,7.83,7.88,7.97,8.01,
8.04,8.11, 8. 24, 8.24, 8.36, 8.36, 8.36, 8.47,
8.52, 8.61, 8.80.
2 0+16p 0.24 1.68,1.80,2.72,2.,77,2.79,2.79, 3.04, 3.13, 3.20,
3.29, 3.68, 3.80, 3.89, 3.98,4.10, 4.24.
3 0+9p 70.34 4.90,5.11, 5.32,5.48,5.48,6.38,7.12, 7.88,7.88.
4 0+9n 0.57 1.89,2.10,2.28,2.72, 3.38,4.81, 5.43, 5.80, 5.99.
5 0+22p 16.19 0.96,2.53,4.03,4.08,4.26,4.51,4.63,4.79, 5.57,
5.64,5.69,5.78,6.01,6.06,6.06,6.08,6.19,
6.38, 6.40, 6.45,7.60, 7.62.
6 0+8p 1.04 2.62,2.69, 3.06, 3.89, 3.94, 5.32, 5.43, 6.26.
7 0+13n 1.77 1.93,2.90,2.97,3.43,3.91,4.19,4.21, 4.61,4.88,
5.92, 6.33.
8 0+30m,p 3.09 2.39,2.49,2.97, 3.06, 3.38, 3.38, 3.45, 3.48, 3.50,
3.85, 3.85, 3.85,3.94,3.96,4.12,4.14,4.21,
4.28,4.37,4.47,4.65,5.09, 5.11, 5,53, 5.87,
5.92, 6.19, 7.30,7.30, 7.30.
9 0+16p 3.69 2.44,2.97, 3.50, 3.57, 3.68,4.05, 4.54, 4.54,4.61,
4.77,5.07,5.71,5.80,5.94, 6.08, 6.08.
10 0+11p 0.17 1.66,2.49,2.53,2.65,2.67,2.67, 3.57, 3.57, 3.73,
3.91,3.91.
11 0+14n 0.51 0.64,1.08,2.04, 2.26, 2.28,2.53, 3.80,4.10, 4.93,
4.93,5.02,5.48, 6.38.
12 0+9p 0.33 1.89,2.49,2.79, 3.02, 3.18, 3.64,4.05, 5.16, 5.48.
13 0+9p 2.62 2.49,3.62,4.49,4.56,4.70,4.79,4.83,5.02,
14 0+13p 7.68 0.39,2.95,3.82,4.10,4.70, 4.86, 5.66, 5.99, 6.24,
6.38,6.56,6.56, 6.65.
15 0+10p 21.74 4.79,5.16, 5.20, 5.20, 5.32, 5.50, 5.57, 5.76, 5.83,
6.21.
16 0+13p 0.87 1.73,3.18, 3.87, 3.87, 3.91, 3.91,4.03,4.10,4.12,
4.12,4.14,4.14,4.21.
17 0+15p 1.13 1.13,1.29,1.64,1.73,2.02,2.99,4.37, 5.09, 5.20,
5.37, 5.87, 5.87, 5.92, 5.99, 7.02.
18 0+18p 0.47 2.14,2.28,3.11, 3.22, 3.29, 3.36, 3.43, 3.48, 3.55,
3.59, 3.66, 3.68, 3.89,3.91, 3.94,4.03,4.10,
4.7,
19 0+12p 0.12 1.91,2.05,2.42,2.72,2.74, 3.06, 3.13, 3.22, 3.89.
20 0+8p 0.58 2.65,2.77, 3.25, 3.48, 3.71, 3.83, 5.23.
21 0+14n 0.60 2.12,2.21,2.35,2.88,2.99, 3.20, 3.41, 3.48,4.54,
4.72,4.77,4.88.
22 0+15p 25.19 3.82,4.42,4.60, 5.27,5.48,5.55, 5.64, 5.76, 5.78,
5.89,5.92,5.96,6.01, 6.10, 6.15.
23 0+16n 15.53 3.22,3.68,3.73,3.91,4.14,4.65, 5.52, 5.73, 5.76,
5.96,5.99, 6.22, 6.45, 6.47, 6.58.
24 0+15p 0.12 0.30,0.94,1.11,1.96, 2.26, 2.69, 2.88, 3.11, 3.20,
3.32, 3.64, 3.87,4.86,5.34.
25 0+19n 0.48 2.12,2.19,2.42,2.60, 2.86, 3.11, 3.22, 3.27, 3.41,
3.43, 3.45, 3.64, 3.85,3.89,4.19,4.28,4.54,
5.92.
26 0+11n 2,72 2.69,2.92, 3.38,3.48,4.79,4.83, 5.02, 5.23, 5.32,

5.64.
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TABLE 1 (Continued)

Primary
Serial energy
number Event type (TeV) Rapidity values
27 0+16p 0.54 1.75,2.19, 2.26, 2.51, 2.51, 2.53, 2.84, 3.55, 3.62,
" 3.92,4.56,4.90,5.11, 5.11, 5.55, 5.73.

28 0+7n 1.04 2.10,3.27, 3.41,4.56,4.72, 5.06, 5.78.

29 0+17p 0.46 1.01,1.47,2.55,2.81, 3.02, 3.02, 3.15, 3.20, 3.64,
3.96,4.21,4.47,4.49,4.54,4.67,4.81, 5.23.

30 0+15p 0.19 1.98,2.30,2.37,2.51, 2,55, 2.65, 2.74, 2.84, 2,99,
3.11, 3.22, 3.57,4.49,4.67,4.95.

31 0+2n 9402.09 8.40,9.02.

32 0+7p 2601.53 7.12,7.21,7.88,7.90, 8.01, 8.47, 8.80.

33 0+7n 6.69 1.61,2.60, 5.76,5.76,6.27,6.47,6.65.

34 0+13p 399.24 1.45,4.67, 6.06, 6.79, 6.79, 7.02, 7.28,7.71, 8.17,
8.17,8.68,9.10, 9.10.

35 0+7p 0.91 1.17,1.38,2.21,3.38,7.18,7.37,7.51.

36 0+13p 17.11 2.21,3.52,4.12,5.37, 5.46, 5.50, 5.89, 6.01, 6.03,
6.10, 6.15, 6.63,6.72.

37 2+16p 4.1 2.28,2.51, 3.11, 3.18, 3.20, 3.48, 3.96, 4.33, 5.50,
5.78,5.94,5.99,6.22,6.27, 6.36,6.49.

38 4+27p 5.7 1.27,2.95,3.09, 3.50, 3.64, 3.71, 3.82,4.05,4.14,
4.26,4.70,4.72,4.77,4.88,4.95,5.30, 5.30,
5.30, 5.41, 5.52, 5.80, 5.80, 5.99, 6.22, 6.22,
6.91,7.18.

39 0+20n 1.9 0.561,1.15,1.43,1.98,2.53, 3.36, 3.55,4.33,4.37,
4.42,4.72,4.93,5.20,5.25, 5.25, 5.39, 6.31,
6.40,7.88,12.90.

40 2+15p 43.5 2.49,2.99, 3.52, 3.64, 3.92,4.31,4.54,4.58,7.12,
7.12,8.29,8.29,9.16, 9.90, 9.90.

41 1+23p 2.1 1.29,1.59,1.59,2.07,2.21,2.48,2.48, 2.53, 3.13,
3.48, 3.48, 3.64,4.00, 5.57, 5.71, 5.87, 5.87,
6.42,6.90,7.06,7.13,7.13,7.18.

42 3+32p 4.7 2.48,2.58, 2.58, 2.90, 3.34, 3.34, 3.41, 3.50, 3.62,
3.73,3.75,3.80,4.03,4.19,4.19,4.35,4.35,
4.37,4.47,4.56,4.95,5.64, 5.89, 5.89, 5.99,
6.10,6.19, 6.27, 6.61,7.81,7.81, 8.52.

43 0+20p 3.9 0.53,1.59,1.84,1.93, 2.28, 2.86, 2.99, 3.89, 5.39,
5.66,5.78,5.80,5.82,6.10, 6.12, 6.29, 6.38,
6.49, 8.06, 8.06.

44 0+13p 103.1 2.42,2.86,3.13, 3.34,7.05,7.05, 7.25, 7.32, 7.99,
7.99, 8.29, 8.98,8.98.

45 1+12p 3.4 1.31,1.66,2.28,2.81,3.50,4.23,6.19,6.19, 6.88,
6.88,6.88,8.11.

46 1+14p 2.2 1.50,1.96,2.19, 3.41, 3.76, 3.78,4.05, 4.19, 5.50,
5.80,6.10,6.19,6.42,6.79,

47 0+21n 0.4 0.53,0.69,1.20,1,52,1.57,1.78, 2.03, 2.21, 2.39,
3.33,3.73,4.12,4.88,5.11, 5,11, 5.11, 5.11,
5.41, 5.50, 5.99, 6.17.

48 2+20p 1.8 1.77,1.89,2.12,2.21,2.21,2.99, 3.32, 3.78, 3.89,
3.89,4.42,4.69,4.81,5.11, 5.80, 5.80, 5.99,
6.49, 6.88, 6.88. ‘

49 2+23p 2.1 1.29,1.59,2.07, 2.23, 2.48, 2.53, 2,53, 3.11, 3.48,
3.64, 3.64,4.05,5.57,5.73, 5.87, 5.87, 6.42,
7.04,7.06,7.06,7.18,7.18.

50 3+33p 1.6 0.87,0.94,1.15,2.58,2.70, 2.86, 3.20, 3.43, 3.48,

3.80, 3.82, 3.87, 3.89,3.94,4.05,4.23,4.23,
4.30,4.37,4.42,4.47,4.51,4.69,4.88,4.88,
4.88,5.30,5.64,5.80,6.19,6.19,6.19, 6.65.
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TABLE I (Continued)

Primary
Serial energy
number Event type (TeV) Rapidity values
51 4+26p° 10.8 3.13,3.15,3.96,4.10,4.47,4.56,4.56,4.58,4.69,
4.69,4.69,4.81,4.95,4.95,4.95,5.30,5.30,
5.50, 5.64, 5.80,5.80,6.19, 6.19, 6.49, 6.88,
6.88
52 4+16p 1.4 0.87,2.41,2.72,2.79,2.90,2.92, 3.09,4.54,4.69,

.88,5.30,5.39, 5.46, 5.69, 6.40, 6.40.

diffractive components. We do not find any dis-
continuity in the A distribution plotted for all
multiplicities. Hence it can be concluded that even
at cosmic-ray energies the magnitude of A does
not reflect the separate contributions from dif-
fractive and nondiffractive dissociations. It is
found that 13% of the events have A>3.0, and a
large majority (80%) of such events have a multi-
plicity <13 and a primary energy greater than

1 TeV.

C. Rapidity-gap distribution

Snider® has proposed a multiperipheral model
which describes the two-charged-particle cor-
relations and the rapidity-gap distribution for the

nondiffractive component of the hadronic cross
section at high energies. Thus only the particles
which constitute the central plateau have been con-
sidered, and the leading particles on each end in
rapidity space have been neglected. This cut elim-
inates the contribution of a Pomeron at the ends of
the rapidity distribution. Snider has obtained the
following relation to compare with the experimen-
tal rapidity-gap distribution at 205 GeV/c p-p
interactions. The relation is

%:0.206'0'9’+2.40e'3'”, (5)
where 7 is the rapidity difference between neigh-
boring charged particles.

5.0

20
Lo

3.0}
2.0F .

= - 8 ‘e * ®
° e
i e . . o ® .
1.0l .
oo ° ° °
L L ° [}
| © ¢ b4 ® L
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0-0 1 1 lllllll 1 1 lllllll 1 1 llllj[l i 1 lllllll 1 1 IlllllL
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FIG. 1. Values of the maximum rapidity gap (A) versus the corresponding primary energy (E,) of an interaction.
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FIG. 2. Mean values of the maximum rapidity gap (A)
versus the mean multiplicity.

We compare here the rapidity-gap distribution
for p-p interactions at 205 GeV/c¢ with those at
primary energies greater than 1 TeV. In the inter-
actions under study the rapidity gap was calculated
for all neighboring charged particles and the con-
tribution of the two leading particles on each side
of the rapidity distribution was neglected. Hence
an event with multiplicity » contributed to the dis-
tribution # — 3 times. The rapidity-gap distribution
thus obtained is for the central plateau of the ra-
pidity distribution. Figure 3(a) shows the experi-
mental and theoretical » distribution given by
Snider,®and Fig. 3(b) shows the 7 distribution ob-
tained in the present work for E,>1 TeV. In Fig.
3(b) the solid curve represents the relation

dn

2 0.30e7297 1 4207517

dr (6)

which is in agreement with the data well up to
7=3.2. From Eqgs. (5) and (6) we see that the ex-
ponents of the first term (large #) in both equa-
tions are nearly the same, whereas there is a
small difference in the values of the exponents in
the second term (small 7). The form of the distri-
bution is nearly the same in both regions of pri-
mary energy [Figs. 3(a) and 3(b)]; this observa-
tion is in agreement with the predictions of the
multiperipheral model. The multiperipheral model
also predicts that the tail of the rapidity-gap dis-
tribution should be larger at very high energies.

dn /dr

F
-

(a)

T

x

T

T

~
T T

\
PN O G N TN S VT YO Y N T T W T SO VN S S S M S S

1.0 2.0 3.0 4.0

3
TS
St

(b)

T T T

T

o e ) 2030 40
RAPIDITY DIFFERENCEyT

FIG. 3. Rapidity-gap distribution for neighboring
charged particles in (a) 205 GeV/c p-p collisions and
(b) cosmic-ray interactions having a primary energy
>1.0 TeV. The solid curves in (a) and (b) show the re-
spective contributions of Egs. (5) and (6) in the text,
and the dashed lines show the individual contributions of
the two terms in the two equations.

The absence of such an observation in Fig. 3(b) is
most likely due to low statistics in the present
work.

D. Rapidity distribution

Using the multiperipheral concepts, viz. (a) that
the transverse momenta are limited and (b) that
the distant particles on the multiperipheral chain
are uncorrelated, DeTar® has explained the mo-
mentum spectrum of secondaries in a single-par-
ticle reaction of the type

a+b— c +anything.
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The observed logarithmic variation of charged-
particle multiplicity with primary energy is clearly
supported by the above model. Another prediction
of the model is that the central region in the rapid-
ity distribution is constant independent of the pri-
mary energy. Writing the total cross section as
0, and g° to correspond to that vertex which emits
the type of particle under consideration, doa,,/ dy
can be expressed as shown by DeTar®

Lald =9 B (gAY -3

The form of the y distribution is thus rectangular
in shape; the width varies as a function of the pri-
mary energy. This is clearly in agreement with
the experimental data, as seen from Fig. 4, which
shows the laboratory rapidity distribution of the
secondaries (excluding the persisting primary)
which are mostly pions. The events considered in
Fig. 4 have E, ranging from 0.1 to 2600.0 TeV, and
have 7n,=0. Figures 4(a) and 4(b) show the rapidity
distribution for events having a primary energy
greater than 1 TeV and less than 1 TeV, respec-
tively. The choice of grouping the events as in
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Figs. 4(a) and 4(b) is dictated by the nearly equal
number of tracks in the two energy ranges. It is
seen from Figs. 4(a) and 4(b) that the height of the
rapidity distribution at the center is constant in-
dependent of the primary energy. With the in-
crease in primary energy, the central plateau of
the distribution is shifted towards the higher re-
gion of the rapidity spectrum. The distribution at
the center is due to the particles that decouple
from the distant particles of the multiperipheral
chain and hence must be independent of both target
and beam. The shape at the ends of Figs. 4(a) and
4(b) is due to the particles produced at the ends of
the chain which are dynamically uncorrelated with
particles produced elsewhere in the chain. Thus
we find that the observed rapidity spectrum is well
explained on the basis of the multiperipheral
model.
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