VoLuME 28, NUMBER 21

PHYSICAL REVIEW LETTERS

22 May 1972

Asymmetry and Leading Particles*

M. L. Shen
Tusculum College, Greeneville, Tennessee 37743, and Brown University, Providence, Rhode Island 02912

(Received 27 March 1972)

This work demonstrates a remarkable regularity for the asymmetry parameter ¢ s/yc>a
of all charged secondaries in multiparticle processes, i.e., {s/vo, =7, " %%(E,), where
ngs and E, are, respectively, the number of shower particles and the incident energy for
a given multiparticle event. We show a simple derivation of g(E,) in terms of the emis-
sion model and discuss the implications of our results as they relate to the concept of

leading particles.

In connection with the estimation of primary
energy E, by Castognoli’s method, it is well
known that the estimator E, overestimates E, .
The basic assumptions of the Castagnoli method®
are as follows: (i) spectrum independence,

Bi/Bc =p;=1;
(ii) forward-backward symmetry,

n « T
S _sing; .
{=1pi+cosb; 7’

where B; and 9; are the respective c.m. velocity
and emission angle of the 7 th shower particle in
a given multiparticle event, and B, is the velocity
of the c.m. system. Since only the information of
the laboratory emission angles 6; of the charged
secondaries is available, the Lorentz factor ob-
tained from the above assumptions is y,, which
is the Lorentz factor of the system of charged
secondaries, instead of y,, the Lorentz factor of
the c.m. system, i.e.,

ys = — (Intané), 1)
E, is then related to v, by
EC :Mt{(ySz _1)+YS[Y32'—1 +(1ui/Mt)2]1/2}) (2)

where M; and M, are, respectively, the masses
of the incident and target particles.

Assumption (i) is, in general, not fulfilled, and
its breakdown leads to overestimation of y, by a
factor of ~1.4.2 Assumption (ii) is, on the aver-
age, fullfilled if », includes only those pioniza-
tion products. In practice, however, (ii) is not
fulfilled, because the c.m. energetic secondary
particle with #~180° may appear in the lab sys-
tem with 8 = 90° and thus has to be neglected in
estimating v, by Eq. (1). Nevertheless, it has
been shown that the degree of overestimation can
be reduced as E, increases, because the effec-
tive mass of the pionization charged secondaries
increases with E,. Using the emission model,?
we can estimate (y,/v, ), where the subscript p
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reminds us of the pionization. The theoretical
predictions were shown to agree quantitatively
with the experimental data.3

If n, includes all the charged secondaries, i.e.,
pionization products and leading particles, (v,/vc)
should not decrease with E,, where the subscript
a reminds us of all charged secondaries. In fact,
since the mean inelasticity of the charge pioniza-
tion products, (Kch>, decreases in the high-ener-
gy region, and the charged leading particles ap-
pear unlikely as a shower particle in laboratory
backward sphere, we expect (y,/v.), to increase
with E,.

In this paper, we present an investigation of
(Ys/YVe)a- We first show that (y,/v,), posesses a
remarkable regularity as a function of #; and E,,
i.e.,

s/ Ve)a=F (ns)g (E,). ®)

We then derive g(EP) on the basis of the emission
model. Finally, we discuss the implications of
our results as they relate to the concepts of
leading particles, etc.

To evaluate v, /y,, we have to know y,. For ac-
celerator data, y, is known. For the cosmic-ray
data, we estimate E, by E, i.e.,

01
E =(0.4 GeV)iZzz1 m s (4)
and then obtain y, by a formula similar to Eq. (2).

We make use of cosmic-ray events of the Inter-
national Cooperative Emulsion Flight Collabora-
tion* and of Barkow et al.® Since the selection
criteria are N, <5 and n,>7, Eq. (4) is quite re-
liable.® We classify the events into two classes,
one with E 4, > 10° GeV and the other with 10°>E
>10% GeV. We obtain 55 events for the former
which consists mainly of secondary events.
(Among them, two events with E_/E ,>100 were
considered as abnormal and so were deleted.)

The results of our analysis together with those
from accelerator data by Anzon et al. " are shown
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in Fig. 1. We note that the y, of the accelerator
events were estimated with an independent meth-
od other than Eq. (1). The errors associated
with cosmic-ray data are only those of statistical
Poisson type.

It is easily seen from Fig. 1 that Eq. (3) should
follow, with f(n,) given by

Flng) =ng™ %, 25mg SNy,

f(ng)=~const, n>n,, ., )
where n,,,, is given by

Nmax =S L/ (E,)). (6)

What is the functional form of g(E,)? We note
that (E), which is the average c.m. energy of the
charged pionization products (for N-N collisions),
is given by ’

(Ey=(Eo)InE,/2(1 = E,°-3%), (7)
and (K}c, which is the mean inelasticity of all
pionization products, is given by

(Ky, <E,"°'9"InE, for large E, (8)

on the basis of the emission model,® where (E,)
~0.35 GeV. (From now on, E, is in units of GeV)

<75/7z:>a = 1‘4571'3-0.58[(EP + 1)0.5 +

=~1, Ns>Praxs

1](1 _EP-O.SO:S)/lnEP ,

FIG. 2. (a) Average c.m, energy of the plomzatlon
products, (E), as a function of E,. (E,) is (&) cor-
rected for the production of a neutral secondary from
an incompletely excited level. For details, see Ref. 3.
(b) Average c.m. inelasticity of the pionization prod-
ucts, (&), as a function of E,, (K ) is the (K) corre-
sponding to (E ). For detalls, see Ref, 3.

The theoretical predictions of Eqs. (7) and (8) and
their comparison with the experimental data are
shown in Fig. 2. Since (K), is small in magni-
tude and decreases slowly with E,, the c.m. ener-
gy of leading particles is

E; a (1 - (K)c)(E,+ 1)°5 ~(E, +1)°5. 9)

(Ys/7e)a for a given ng, i.e., g(E,), should be
roughly given by

tb [, 1P +0l(t = B,70%)
(IE InE, » (10)

g(E,) =

where b represents the contribution of pionization
products.

With the help of Fig. 1, and the functional form
of f(n,) and g(E,) as given by Eqgs. (5) and (10),
respectively, we estimate b to be ~ 1. We can
write (v,/v.). more explicitly as

2S5 S Wy

(11)
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and n,,,(E,) is given by

Nonax =11.4[(E, +1)°-° +1](1 = E, ©-2%%) /1nE ,}1/0-58,

(12)

The n,,, s at E,=17.5,17, «++ have been calculated |
and compared with the values suggested from Fig.
1 in Table 1.8 The agreements are quantitatively
satisfactory in view of the possible errors.

We proceed now to discuss the result and its
implications.

(@) (ys/%)e or f(n,) in particular is not defined
for ny <2, because resonance production is copi-
ous there and Eq. (9) may not hold. In general,
(vs/7vc)e should be flatter in such a low-ng region
because the decay products of the leading particle
share E, among themselves. It will be interest-
ing to study how (v,/v.), deviates from Egs. (11)
or (5) in relating to the rate of resonance produc-
tion or final-state interactions.

(b) As ng approaches n,,,, the leading particles
become less energetic and lose their “leading”
status. For n,<n,,, the leading particles are
kinematically indistinguishable from others.
Therefore, the concept of leading particles is
valid only in the region where ng <n, 4.

(c) Since there are no leading particles for #,
>Nmaxs (Ys/Yc)a Should be unity. This should
have been the region where Fermi conceived his
statistical model.® In plain words, the collisions
here are head on and central. It will be interest-
ing to explore further the theoretical meaning of
N i0 this respect.

(d) In the high-energy limit, Eq. (12) becomes

E 0.57]1.725
Rmax = 1.9[—’—] for large E, .

InE, (13)

Comparing with # 4, which is the mean charged
multiplicity of pionization products,

Tien = 2(8,%%° - 1), (14)

TABLE I, 7,y for different incident energies E,
(GeV).

m ax
E, Exptl. Theor.
7.5 6.0 6.5
17 9.0 8.8
60 16.5 14.0
~ 400 6012 51.5
~ 3000 135+ 35 190
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we have

lim -sh _ 0.

EP—W: N max

(15)

Equation (15) implies that the collisions become
more elastic and, in the high-energy limit, (K),
-0, which is consistent with Eq. (8).

(e) Let us generalize Eq. (13) to

N ax = cONst [E,%%/InE, |1/, (16)

Then, & seems larger than 0.58 for the cosmic-
ray data as can be seen from Fig. 1. This may
be a genuine trend or just a systematic error in
the estimation of E, by E,, due to Eq. (4) and in-
tranuclear cascade effects.® In case that & should
increase and we conjecture that the inelasticity
should decrease but approach somehow a certain
constant in the high-energy limit, then

0.303" 21n2

(f) If we accept Eq. (13) or (11) to hold strict-
ly, then the logarithmic increase of (r,) applies
a much faster decrease of the inelasticity than
Eg. (8). This seems unlikely in view of the pres-
ent data.

(g) Finally, we discuss briefly the asymmetry
of the pionization products, i.e., (y,/7.) . Using
the emission model, the typical c.m. velocity of
the system of charged pionization products was
shown to be®

limo = am

Bsp=2/(1.51nE, +2), (172)
and therefore the typical v,,/y, is
Y s,b /')’c = ")-’s,p(l * Ec,p) = '7s,p(1 * Bs,p), (17b)

where ¥,,=(1~-5,,)""’%2. We have, for the for-
ward plus branch,*®

1.80, E,=17 GeV;

1.45, E,=200 GeV. (182)

s/ Vo= %

This is to be compared with the experimental re-
sults'®

~1.85, E,=17 GeV;

Yop/Ve= 3~ 155 E.=~200 GeV; (18b)

which can be seen from Figs. 3(a) and 3(b). In-
deed, (ys/v.), should decrease with E, as was
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FIG. 3. (a) Distribution of values of v, for 17-GeV
7 =N collisions. Curves are free-hand fits of the ex~-
perimental histogram of the author’s work in Ref. 2.
(b) Distribution of values of In(y/v,) for nuclear inter-
actions of ~200-GeV cosmic rays in graphite observed
by Erofeeva et al., Ref. 11,

pointed out earlier.

In conclusion, we emphasize that the simple
regularity of (ys/yc),, is still not fully understood.
However, the plot may provide us with an effec-
tive diagnosis for multiparticle processes.
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Some implications of neutrinos having nonzero rest masses and having finite lifetimes

are considered.

All explanations of the anomalously low counting
rate in the experiment of Davis and co-workers?
to detect solar neutrinos which ascribe unusual
properties to the neutrinos depend on the neutri-
nos having nonzero masses. Recently, we pro-
posed a theory in which neutrinos are predicted
to have nonzero masses; in particular, the muon
and the electron neutrino are predicted to have
masses 2.5 keV and 12 eV, respectively.? In
this Letter we show that if the neutrinos have the

masses as given above then there are severe,
sometimes fatal, constraints on some of the pos-
sible explanations of the results of Davis and co-
workers. In particular, we show that if neutrinos
have the above masses, then (1) neutrino oscil-
lations v, = v, suggested by Gribov and Ponte-
corvo® as a possible explanation for the results
from Ref. 1 can be ruled out; (2) limits for the
decay rates v, =y + v+ Vg and v, —~y +y are T,
<107% yr*! and I', <3x107' yr~!, respectively
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