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We would like to highlight here the very recently emphasized propertics of ultrahigh-énergy in-
teractions and Lo study their beaving on the analysis of the nature of the cosmic-muon charge ratio
at ultrahigh energies. It is intcrcsting o nole that by combining the recently obkerved properties of
all the retevant aspects of the problem and using the updated values of the necessary parameters, we
can give 3 reasonably good description of the dats even with the help of a phenomenological model
for parlicle produclion of Rossi ef af. end also with the induction of a hand-inserted value for
moderate vielalion of Feynman scaling at ultrabigh energies, Our results on the mucn charge ratio
and some other observables will be compared with these of the guark-gluos string model of Erlykin,
Krutikova, and Shabelskii, which is also a version of empirical theoretical model wilh scaling virla-

tion as a basic feature.

1. INTRODUCTION

The behavior of the sea-level muon charge ratio at ul-
trahigh energies is still not well understood,’ as the prob-
lem is intimately linked up with our anderstanding of the
mechanism of muoltiple production of picns and kaons in
the atmaosphere and some other problems related with the
nature of the primaries and the behavior of the primary
nuclenn spectra.’ The problem is more acute because of
the fact that the scenario of multiple production of secon-
daries is overwhelmingly dominated by soft (low trans-
yverse momentum) particles, for which, to date, there is no
clear and comprehensive thcoretical  understanding’
based on a clearly consistent ang purely dynamical mad.
el. This aparl, several other aspects of high-energy in-
teractions need to be understood in greater and more pre-
cise detail.,

On the other hand, side by side, the expenimental mea-
suremcnts of the wvalues of the muon charge ratio have
been continuing.*”" Our aim here is to first assemble the
latest information on various aspects related to this prob-
lem in all possible ways and, then, to study the overall
comsequence, if any, of this updating of the data connect-
ed with various physical phenomena, on the final results
of the moon charge ratic and muon spectrum. We shall
investigale here these problems on the basis of a
maderate viclation of the Feynman scaling as proposed
by some authors and the logarithmic nature of rising
cross sections,  Yery recently, Erlykin, Krotikova, and
Shabelskil® made a study an the behavior of the muon
charpe ratio and we shall compare our results with thase
from the gquark-gluon siring model (QGSM) of Erlykin,
Krutikova, and Shabelskii.*

I, BASIC WORKING FORMULAS

The key factor in determining the muon charge ratio
[ /p” is the fractional energy moment defined as®

S

Zye =rlgdx {1}

aff Yo
whete pC represents the production of € particles in

proton-proton (pe) collistons and 3 is the index of a pri-
mary nuclear spectrum with the form

dN=N,E"'rt\yE (2)

with N,=P, n; where P, and n, are the proton and
neutron intensities at the top of the atmosphere, respec-
tively. Here ¥, =1.87 [cm’sse/nucleon) ™ and y=1.7
for the spectrum measured” by the Japanese-American
Cooperative Emulsion Eaperiment JACEE). In expres-
sion (1) the term g~ 1= defined as

goe = J " fpctxopy o} 3
and the mean multiplicity is obtained from the relation
"'mna 1
T —g d% (4
ier Uﬂ:;] J‘eri:l xgpr.

where x,, and x_,, give the realisticaily measurable
values of the scaling variable (instead of zera and one, re-
spectivelyy with x . ~ a very small positive guantity al-
ways greater than zero in magnitude and x ., ~ a quan-
tity very near to unity® and with ¢, =335 mb (at the
CERN ISR range of energy) and the

ot

- s
=& (s)

fpf{x?PT}=

The term {5, 75" represents the degree of Feynman scala
breaking in high-energy collisions in the fragmentalion
region where e =0.15.

Using the different {E d%a /dp),,_ oy for =% and K+
we can obtain the values of Z. for different particles.
The Ictter C stands for the observed particle and X
denotes the rest unobserved. For mp {or w4 collisions
the procedure for determining Z_- is exactly the same
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with @£, =25 mh al the ISR range of coergics und with

iE dz':rfdp3]rl,,__r_-x. The charge ratio for cosmic-ray
muons is given by

P+ EK
Boo w5 b, (6}
I P_ kK _
where
= ln‘._ﬁv,—’h_,\;ilz An hl[h',,ff‘kf,,-]?_ i
x A TN Agm Rl
with
Ay Ay _
"Iknz - hj»: et " {.E‘}
V=2, —Z,, 1=Z, 2y,
A= Ay & - i
A B B, FE
i)
s Brpellp o Do I o
F-rr -'"l-_\; J"LD- {‘:I_ a"'i.rn ."'I.:T
and
Z5=Z .1Z (1)
e .
and similar expressions  for K The term

A/ No=ipy—nyl iy +ry =080 measures the protan
excess. The values of all the parameters used in this sec-
tion are taken from Ref, 90h),

LI, SOME FOUNTATIONAL PROPOSITIONS

Qur present work is based on the acceptance of the fol-
lowing facts and/or assumptions.

iil We accept the canclusion arrived sl by Minorikawa
and Mitsui® " thar the pions fram the fragmentation re-
gian (0. 12x =1.0) mamnly dominate the muon charge
ratio for which we make use of the breaking of the Feyn-
mun scaling by a factor {8/8;) with £=0.13 and
5, = 100 GeV? supported by the UAS Collaboration, '

(ii} (a} We assume basically the normal mass compaosi-
tion of the primary nuclei as given "' in Table 1 and
also the fact that the primary mass compasition 18 taken
to he a constant independent of enerzy.’ (b But it must
be admitted that the composition of the primary cosmic
ravs is an unsettled question for which we consider it fit
Lo study also the effect of the changing composition of the
primaries on the nalure of the muon charge ratio in one
of the subsequent sections [See. VI of the present wark.

TABLE 1.
data.

Compaosition of cosmic rays from high-cnergy

Mass
number § 4) 1 4 14 26 31

Fraction af
particles in 41 9 13 17 LB
peroentage

i) We accept the conclusion made by Sreekantan,
Tonwar, and Viswanath!® that a hadron-hadron collision
is not exactly equivalent to a hadron-nucleus reaction at
least in the forward fragmentulion region. However, in
order ta simplify the calculations we accept here that nu-
cleons inside the prajectile nucleus behave in nucleus-
nucleus collisions Lke an assembly of free nocleons, The
physics of the BEuropean Muon Collaboration {EMO)
effect which essentially reflects a departure from this is
nof taken inta account here. This i% in sharp contrast to
the work of Minorikawa and Mitsui. ™~

iivi The phenomenological model lor the production of
hadron secondaries by Rossi er af.'® has basically been
applied here for calculations which, however, do not take
into account the rise of the & /7 ratio with energy, '™ It
has been assumed to have a constant value —~0. 15,

{v} It will not be out of place to reiterate the fact that
in the promary-prolon energy range from Y
GeV/nucleon to 5 10° GeV/nueleon, the differential en-
ergy spectrum 1% assumed to have the shape

1.87E;7*7 icm? s 51 GeV /nucleon)

which was formulated by the JACEE proup and exten-
sively used by Milsui, Minorikawa, and Komori,"®

{vi] We do not take inta account the effects ansing out
of the energy dependence of the absorption mean free
Pa[hsjs‘“ was done by Volkova, Fatsepin, and Kuzrmi-
chey,

IV, REHAVIOR 4F THE TOTAL CROSS SECTHAN

The rise of the tatal ceoss section for the production of
hadrons with energy was reported' long age from
cosmic-ray experiments. Since then this hax more or less
been an established fact. Only (he rale of rise is still in
quastion. Contrary to the QCD prediction of a rapid
rise” of the cross scetion, the experiments a1 the highest
CERN 5PS pp collider energy at §'* =900 GeV confirm
ihat 1 In°S rise fits?' excellently well with the data. The
scparate cosmic-ray experiments also support® the same

TABLETI. Comparison beltween the various rales of tise of oross scefions,

In*& A%, model
[Bhiwek and Cahn

QCD-inspired
model [Margolis

VS iTeV] ) (Ref, 26] ot al. Ref. 27]
0,54 SPS pF 6310, 72 B8 10,9
1.80 (Termilab Tevaiton! WOLE - 1,34 926154
H.00 (Superconducting 138.2=3.50 167.75.02

Super Caoilider)
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FIG. |. Present calculations of tolal eross seclions o for
high-energy collisions of proton-air, plon-air, and kaon-air,

rate. And the very recent theoretical analysis also corro-
borates the same contention”* where the nising cross
section is expressed in the farm of “'rialnp.=|“2{5/5<-u:]
where §,,~ 100 Ge¥® From the study of onitarity
bounds on diffraction the hadronic cross sections at ul-
trahigh energies are given by the form ~C +d In®5 (Ref.
25}, where € and o have specific values, For ultrahigh-
energy prolon-proton collisions, © ~~38 mb and o ~0.4
mb and {for proton-air collisions the values of C and 4 are
-~ 280 mb, respectively, at very high energies.

The disagreement between the calculations of the
n*(§ /5,1 madel and those of the QCD-inspired models
is shown in Table TI. The In*i5 /8, ) modcl in the table is
taken from the work of Block and Cahn®® and the Q0C0-
mspired one is taken from Margolis et al.** In our calcu-
lations for mucn spectrum and muon charge ratio we
shall use the following cxpressions for the rising cross
section of Prokoshkin *® The rising nature of cross sec-
tioms shown in Fig. 1 for proton-proton and pion-proton
collizions is also oblained on the hasis of the following ex-
pressions, of course, with the 4 dependence having been
taken into account according Lo the subsequent section.

The total cross section is represented by the sum of the
Regge cxpressions and the other growing component as
given hy

Tl SI=a L iS)+aliis) , (12}
where
el iSi=efil1asvs. (13

The values used for of und ¢ are shown in Table TIT and

the growing part of is 1aken of the form
FE (5 1=aln(§ /S, —BIn’S /S, 14]

where =046 mhb, F=0.27 L0 10 mb, and =f

BLS <8y,
=0, We have plotred in Fig. 1 the wvalues of

TARBLE L1l. Paramerers used in expression (12),

Collisions
between the Yalue of o~ Yalue of o
particles [mhb? eV
oo 37.1 0.32
T p 0.8 (.87
TP HLE 1.2%

TABLL IV, Values of 8y used.

Collisions betwecn Walucs of 5, uscd

the particles 1Ge¥?)
po B
o 50

(#Tp+a pi/2 for pion-proton collisions. The rising
part of the crass sections denoted by ol has the lollow-
ing niahle features.

1] The values of o, are very nearly the same for parti-
cles and antiparticles.

{iil The values of §=X%,, at which ¥, begins to grow
are larger for nucleon-nucleon collision than for meson-
nucleon collision which is a reflection of the strueiure of
particles (sce Table 1Y),

itii} The rising purt of the cross section as a fanction of
the dimensionless varizble [§ /%, } 1s universal in narure,
It is clear that the ln'-'sl;EFKIDD GeV) form of rise of cross
section proposed by Gaisser ef ef.”® has not been taken
inta cansideratinn here,

¥. EFFECT OF MUCLEAR COLLISIONS

The 4 dependence of the hadron-nucleus collision is
imserted here in the manner of Minorikawa and
Mitsui:¥

E o
FO%hd et i=E S5 hp wex)
dp’ 4P’

by, pp leaplaliv.priind] .
(15

From the same we obtain an acceptable relation
L s foimt —=1.25-1.% which helps us to arrive at
N (¥.pr), the parameter measuring the charge mixing
effect in hadronic collisions in the production and detec-
tion of the € particle and the «f factor involves a p-
dependent polynomial to include the kinematic changes
in the nuelear collision, The other set of collisions of
paramopunt importance are pion-proton thydrogen) or
plon-nuclens collisions. We would like to take the cffect
of these collisions into consideration on the basis of the
contention by Shabelskii™ that the inclusive spectra of all
charged particles are approximately the same in proton-
proton and pion-proton collisions at least up to 10° Gev*
and the contention that violation of Feyninan scaling is
weaker in wp collisions than in pp scartering at high ener-
Eles.

YL NATURE OF INCLUSIVE CROSS SECTTIONS
USED AN THE RESLILTS

The nature of our choice of the empirical fits to the in-
clusive cross sections proposed by Rossi er @l relics on
a very recent observation by Alner er al." that the Feyn-
man scaling at the highest 3PS ppF collider energy,
512—=000 GeV is guite valid in the central region and
that there 15 a breaking of the Feynman scaling only in
the fragmentation region by a marginal amount of 10-20
percenl, This can be taken care of with the help of the
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prescription by Wdowczyk and Wolfendale®! which
forms one of the basic [oundations of this work. The
theoretical prediction of a larger violation of Feynman
scating by Cheung and Mackeown*® has not been taken
into account,

Before writing down the expressions for inclusive cross
sections in terms of the rapidity variable let us frst define
it in the Lorentz frame:

e =LIndE+p WE —p, ) (14}
with the conversion factor
yi=ps T —In[a@t 1 +41] , (17}

where & is the Lorentz factor of the com. system and
[In&( 1+ 7] is the rapidiry of the incident particle in the
¢.m. system. This is the additive property of rapidity. la
terms of (5,071,

3
ELT — p(5,0.000 - (18)
dp”

At very high energies, by using the property of factariza-
tiun, the above expression might be written on the basis
of the violation of the Feynman scaling in the manner
Wdoweryk and Wolfendale as

|

=giplh'iper, (194

L3

5

fiypri=g [y hlpr|
Q

Lt

Pr

5
Si!l

where the term (8 /8, )° represents the moderate viola-
tion of scaling with e={. 15 and 5,= 100 GeV?. The na-
ture of the dependence of the inclusive cross sections on
transverse momenta is taken from Rossi er af'® as was
donc by Ganguly and Sreekantan:

hr{pr]=EKP[ _br_p_'lrj 2
with

b =6TGeV /el !,
b’ _=6.51GeVic) ', (21}

ha

b, =b _=4.5(GeV/c) T

2 T

TRash T
i ’#/&/———-:._‘
FSBM
Xoos T 1
= ﬂ N
2l L ‘
w" 102 1R '
Eh[e'-.f]

FIf3, 2. Plsd of calealated rasios of the Auxes of pions amd
proLons ar mouneain altitudes as a fuaction of the energy. The
two models are compared,

TABLE V. Values of the parameters of expression (22).

Barticles

prenduced A4 45 4 o'
"t 250 15 0.40 4.0
o LEh 200 4.5 525
ik’ T2 4.0 001 1.7
k- 70 45 001 1.70

g

The nature of the rapidily dependence is also taken in a
_P =AI.Exp|—A'2er.+},

manner similar lo Ganguly and Sreekantan:™?
e |
5
l Sn i

s
T
+ A, (22}

where Z'—Z 15 a constant = 2 for charged pions and
Z'—0 for all kaons. The constants 4, A, Az and o
are given in Table W,

Figure 2 depicts the ratio of the fluxes of pions and
protons wherein the pions are the secondary product and
the proton spectrum is taken to be that of primary one.
The fux of pions is obtained from the solution of the
standard transport equation which is used here in an im-
plicit manner.

VII. USE OF SOME OPTIMUM FPARAMETERS

As preseribed by Ng and Walfendale™ long ago, we
will now put inte use the cmpirical and optimal values for
the favored production of positive particles, especially
the positive pions and kaons and the ratio of kaon to
pion, The following are the suggested valpes in the
energy-independent and pr-independent form despile the
fact that currently they might be of dounbtful validiry:

rr T =164, KT R T =14, Efe=0.15. (23]
'_}

a1
oy
R L
3

ot =7
E 1
o

0

e —B
P’E 10
My

E:\‘ -9
% 4]
=

FIci. 3. Encrgy spectrum of the vertical muons at sea level,
Experimental poins ace from the compilation by Erlykin, Kro-
Gkerva, and Fhabelsks (Ref 2k The two scale-breaking models
arg gompared: the guark-gluon stving-tmode] calculations are
taken frem Ref. 2 and the other wodel [Fevoman-scaling-
hreaking model (FSBMI] is the muin congemn for the present
staddy.
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£
F1G. 4. Plot of the behavior of the sea-level muon churge -
tio vs the energy of the moons. Cther information is in Fig, 3,

The favored production of the positive pion o negative
pion at large ¥ (frapmentation region) is cxplained guile
wcll in the framework of the quark model and the max-
tmum value might be raised to as high as 3 (instead of 2]
when nentrons actually come into the picture. Bul this s
nol true of the kaon-pion ratio or the ratio of positive
kaun to negative kaon production,

The final results of the muon spectrum and muon
charge ratio with the present Feynman-scale-breaking
model {FSBM} have been presented in Fizs. 3 and 4, re-
spectively. They have been compared with the popular
guark-gluon string model (QGSM). Bolk the models
present tolerable and agresable results with cxperimental
MEasurements.

¥IlL. EFFECT OF CHANGING COMPOSITION
OF PRIMARY COSMIC RAIMATION
ON MLUON CHARGE RATIO

We are interested in studying the behavior of the muan
charge ralio al high energies for which we have relied on
the composition supported st ultrahigh coergics. But
even within the ultrahigh-energy region there are some
changes™ in the percentage composition depending on
the energy wvaloe and the nature of the fit chosen. We
have examined here the effect of changes on the muon
charge ralio by using the composition depicted in Tahble
¥I. The results are shown in Fig, 5 {curves B and C). It
is alsao a fact that reliable data on the composition exist
only at the lower-energy domain for which we have tenia-

Ea7

1.0 1 1 i L
ol 1012 N L
E [eV
ﬂ[e |

FIiz, 5. Wariations in the values of che muon charge ratio
with changing composition of the primary cosmic radiaion,
The composition for each curve is raken from Table V.

tively tepeated our  caleulations  with  such  drastic
changes™ " of composition, as shawn by row (D] in
Table ¥I and I in Fig. §.

The overall effect of change in composition on the
muon charge ratio has been shown in Fig. 5. The point
to be emphasired is that the change in proton percentage
apparently affects the result most prominently, We get a
relatively higher set of values of muon charge ratio with
the overwhelming abundance of protans (77.7%) as
demonstrated by cueve 13 in Fig, 5. Cuorve A provides the
backpround for comparisen here which is taken to be the
standard composition for calealation of the high-energy
muon charge ratio, This study, of course, does not quan-
litatively reveal the influence of changes of the helinm
component compared Lo that of the proton component.
This limitation could be removed by making a study with
the proton contribution kept at a constant value. Howev-
€T, we are basically driven to a conclusion, despite these
limitations, that our initial choice of valoes of primary
composition deduced from the high-energy data give a
better description of the charge ratio data than what is
obtained on the basis of the low-energy compaosition pic-
ture. And this is presumably due only 10 the cumuolative
effect of several inputs given in the present work.

IX., DISCUSSION AND CONCLUSTONS

Our results are in satisfactory agreement with the ex-
perimental daty and in wolerable sgreement even wirh the
quark-pluon string model (QGSM] This latter agree-

TABLE V1. Variation in percentage composition of primary cosmic rays with energy and their dis-

tribution with mass nunber A L

Fereeniage distribution for

Ranges of Hydrogen Heiiat Others
DTITNary energy L Bl 14—4] A =4
(A} F iprimary energyi = 10° TeV 41 q 30
‘Rl E, (primary cncrgy) - 10 Tev 5 1 4]
(O Ep iprimary energy! = 1 TeV 403 14 41
(D1 E, iprimary energyl <1 Te¥ TG 13.6 . 6.5

o




BoE 5. BHATTACHARYYA 41

ment is due to several reasons: first, although in an en-
tively different form, we have reckoned here the effect of
the violation of Feynman scaling as was done by Erlvkin,
Krutikava, and Shabelskii;® second, we have considered
here the effect of the rising cross sections as was done by
Lriykin, Krutikova, and Shabelskii® with the only
difference in the form of the nature of the rise; third, we
have taken into account here lhe very basic fact that
hardon-nucleus collisions are not cxactly cguivalent to
hadron-hadron collisions. The slight differcnces in the
numerncal values of the final results stem mainly from the
difference in models applied and some other physical
foundations used in the present caleulations. Erlvkin,
Krurikova, and Shalbelskii? proposed from their theoreti-
cal study on muon spectrum and charge ratio a stightly
stronger violation of Feynman scaling than what their
model predicted. Although the present model lor limited
violation of Feyvnman scaling in the fragmentation region
daes not satisty this criterion the results seem to pive a
lirtle better description of the data owing to the other ex-
Lrancous {actors considered here. Thus, physically, viola-
tion of the Feynman-scaling hypothesis seems to favor
the caplanation of the behavior of both the muoon spec-
trum and the muoon charge ratio, But the degree of viola-
tion of Feyaman scaling which is compatible with the o-
tality of the data cannot be ascertained from this study as
it is known that these two features could be understood
even with the help of a scaling-type model, e.g., the radial
scaling hypothesis as shown by Badhwar, Stephens, and
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