CHAPTER II

Review of high energy interaction models



1. inﬁroduction :-

At écceleratOr energiés (centre of mass.energy, J§5 up to 1.8 .TeV
“the;,'ﬁost remarkabie  fact about high energy hadron—hadfon
;COIiiéion is- the continuous rise in total cross section A{ O;)
oonsisféﬁt with log?s (Rubinstein » 1998, Demarteau , 18823 .

' Intepse, experimeﬁtal ﬁtudies'and theoretical efforts ‘have been
made ~for & better undérstandihg of tﬁe proéess of multiparticle
produotibn at high ehérgy {Fermi ,195@, 1951; Landau , 1958;
Coccbﬁi > 1958; Fe&nman »1969; Benecke et al., 1869; Roba et
fal.JlQ?Z; Gaisser & Yodh,1988; Zalewski -, 1985). Various
kinematic parameters, - like total cross section ( O;}, charged
particle ﬁﬁltiplicity {n}, transverse momentum (py) etc., have
been studied precisely 5y accelerators at_CERN and FNAL up to an
_ enefgy of about é TeV in the last three decades' (Befﬁin e£
al.,ig?z; Slattery ;19?3; Dac et a};,lQ?B; Capiluppi et
al.,1974; Clark et al.,1978; Bammer et al.,1982; Alner et
'21.,1984,1985). At energies higher than that atbtained by the
aoce}éfétorS' the intérﬁction- characteristiés are gstudied ' by
cosmic faf'lexperiments extrapolating the beﬁaviour of the
kineﬁatic parameters from accelerator energy rande to cosmiél ray
‘primérf pafticlevenergy through various interaction models. In
thislchapter a brief.discussiOﬂ on higbfenergy interaction models
is ‘given. Some basic ferminologiéé regarding those interaction

models are explained before entering into model discussion.

Centre. of mass (CM) energy :
Studies on high energy interactions in

* the laboratory become feasible dus to two types of accelerators

' E .
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(i} fixed +target accelerators in. which 'the projectile beam
interacts with stationary nucleons and (ii} colliding beam
aoceleratérs in which +two beams of particles of equal but
oprosite momentum interact.

In eithef type of accelerator the .
energy available for the production of particles is the Cﬁ
energy. For the interaction of particle ’a’ of mass m, and
' 1ab§raﬁory (L} energy Wy with particle b’ of mass myp, the OCM
energy squared is given by, _

s = mag +'mb2 + Z2mpWgy ‘ o (2.1)
Approximately, |
| s =~ ZmpWg, o (2.2)
when s large compared to ma2 and mbz.
Thus in case éf fixed target accelerator experiments the CM
energy, Js is proporﬁional to the square root of the projectile
enerdy in the L-system (Wg). |
But in case of colliding beam accelérators, in which the beam
energies are W, and Wy, the quantity s becomss,
5 = (Wy + W)e . (2.3)
Thus in colliding beam accelervators large CM energy can be
achieved as

Vs oC W, Lo (2.4).

when W, = Wy = W.
Multiplieity _
| The number of charged pérticles coming out of an
inelastic interaction is calléd the chargéd particle multiplicity
(1), Az energy incre&éea, both the spread in 'n’ and the average

<n>° increases because more shergy 18 available for conversion
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into mass. The best fit to the ekperimental data suggests the
relaﬁionship between multiplicity and energy as,

| n = A+ Blus + Cs%, ...(2.5)

where A, B, C and g are constants.

In high enerdy collisions the
most  of the produced hadfons are pions. At the same energy { J8)
if we sum over all inelastic channels the average multiplicities
of three chargded states of pions are found experimentally to be

a> T Lnp-> T <0’
Inelasticity
The fraction of incident enerdy carried away by' the
secondary particles produced is called the inelasticity (Kg} of
the interaction at that enerdy,
Kg = D, <ui><Ei>/W, ... {2.8)
where W is the incident energy and {ni>, <Ei> are average
malbtiplicity and average energy of each kind of secondary. The
summation is over all kinds of secondary particles.
In inelastic interactions the sum of the fraction
of energy taken by the leading particle (Ky) and the quantity K
should be equal to unity, i.e.;
Ke + Ky ='1. (2.
Inclusive reactions
Inclusive reactions are those in which we
look for a specific particle out of all possible final particle
states. In an inclusive reaction of the type,
a + b = ¢ + anything

>

only: the secondary particle ‘¢’ is registered. This +type of

reaction is called one-particle inclusive reaction.
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2. Fermi’s statistical model and thermodynamic model -

According *to statistical model {( Fermi ,1858,1851 3}
when *two nuclsons collide with very high energy in their CM
systém thisg energy is suddenly released in a small volume

surrounding the two nucleons, This volume is occupied by the itwo

[t

mucleons surrounded by pion field. The volume (v} is fixed by the

} . 3 . .
range of strong interactions, Vrvfh/mnc) , where me 1s the pion

mass. The enerdy concentrated within this volume is  disztributed
among the wvarious degrees of freedom according to statistical

laws, It iz assumed that the concentrated’ energy iz then

oF

converted into hadrons which are emithed in all direchtions.

&cco?ding to this model the aversge multiplicity
<n>u;slf3,.which does not. reflect the experimental facts. It also
conflicts with the anisotropy of particle momentum distribution
in CM systemn.

Thermodynamic model iz a wmodified version of
statistical model. One thinks a gas of pions copfined in the
.voluﬁe, vnvfh!mnc}3 with total CM energy Js at temperature T. For
sipplicity one assumes that the final stahe consists only of TT+,
TT° and TT;and that the statistical weights of each ‘of these
chafged states are equal.

The wmost probable number of pilons  per
unit energy interval per unit volume at temperature T is,
AN(E) /4E = (3E2/2T0"R%) [exp(E/KT)-117%,  ...(2.8)
vhere E is the energy of the pion and k iz the
Boltzmann constant,

From usual thermodynamic concepts, integrating

equation (2.8) for @ £ E £~wand using natural units Hh=e=l we



get the averade tobtal number of pions per unit volume,

a> = @38 L (2.9)
The iﬁal Pnergy per unlt volume ig,
u = (383,21 Texp(E/KT)~1] 1dE. (LT} ‘ i.,.(2.1g)
5155?' o Couw=dey ,f' .f3€2.11>,

Fro@ equations (2,1§} aﬁd'(z‘ll}, W;Aget

JE;v) S & £
The#efore; ffom_equat;qg {,,,},‘ : |
L Can = eeEm Yt L zam)
C&néiaering v  to v%e indeﬁéndgnt ‘6f 'egefgfg"-tha average
mulﬁiplicity, : | . »v‘ “:_ - | |
- <w> = <M>v = constant. (538 . 14)

Thié result is in ﬁru@ agrbpment w1th Pxperlmentf
o R :
3. The hydrodynamic model o : »

Léﬁdau~ (IQ?“‘ 5ué¥”ﬂ+éd' that' the
collldlng par+1cles rplease the wholp of . the enerby in a romgoundi
system of small vplume :inlgwhxob .1§yge numbpr ,ofv wtrongly
'intefaoting particleé*a?é‘forﬁed'ﬁiﬁh:iﬁﬁeractloptmean free path
small = compared to theAdiménéiQn of thé q‘“témvﬁnd a ﬂtatistiqél
équilibfiuml ia set up. ThP compound ys+em then expands like ﬁn
ideai; non- v1mcoum.f1u1d w1th ZETO +h9rmal conduct1v1ty During
the :hy@rodynamic_ state of q;pan51gp the- number’ of particles
inside  the volume is »not*fco@gtaﬁtgibeéﬁuée‘j thP : strongiy
inteiacting pértiéles 1nm1d he ﬁ§11~voium9 ?on fantl produced
and ébsorbed in the compeund systﬁmﬁ Expan31on proce ,a<‘continues
until ”thé mean frPP path of +he in+9ract1nd' pavt cles *becomé'
odmpérablp to the llnear dlmenulon of thP Pompound-;gysteﬁ._wheﬁ

d L
127 _5., ZZ B 1930
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.fhe:_inferacfion ‘between the particles becomes weaker. The
emissioh:of‘sécondaries (hadfogs}'occur when the compoﬁnd system
Ereégéﬂluplbaflthe end . of expahsion. Landau calculated that in
hydrodynamic model the total miltiplicity,

L oo ylt4, L (2.18)

where W iz the energy in the laboratory system.

4. The fireball model :

o R . 'The fireball model (Cocconi , 1958)
assumés that the tWO'iﬁciden§ hadrons interact through a forward
domipaﬁt Process in tﬁe CM fiaﬁeJ The forward -dominant prbceas
indicates that in the CM frame thé differential cross sections or -
gnguiéf distributions are doﬁinated by particles going forward
. aloné 'thé di;éction of'motioﬁ of both the .interacting inecident

(- : :
particles. It also says that  transverse momenta are relgtively
_small{' TBe incident hadrons are then exited to higher unstable
stateg"{starred(’*’) states] called the .’fireballs" Fireballs
areAtbought of as lﬁmps of»pgrely meéoﬁic matter. |

ATﬁe'décay of.each fiféball ié indepeﬁdent_of the other and is
alsé\indeﬁendent_of how the fifeballé are produced. Each fifeﬁall
decaysi iéotroéibally in its.d¢n rest'ffame( After fhe deca& of
the tfirebal;é atvleast tWé of ‘these particles éarry the baryon
numb%f: ana sﬁr’ngeness‘ of.:fhe incident particles. For the
fireﬁéll“of m;sé Mi* (in excited state) the decay is répresented
by, |
Mi* —4;—}.particleti +4ni_pi0ns

T ey % o .
assuming that (i} in the M; rest frame each pion has the same

3

total -energy E. ., (ii) the kinetic enerdy of the particle ’i’ is
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negligible 4if. it is a nucledn and (3111} Eg is a constant
independent of Mi* arid = (CM Pnﬁ-rgy squared).

The numbpr of plons produrpd bj the deoaj of the fireball

oy (4% = %) /E L (2. 16)

where M; is the mass of the 1n01dent hadron.

5. feynman‘écaling.: |
ngnman (1969}..pu£‘ forward the scaling
hypéthesis. .Considering the CM frame of the  one-particle
inclusive feéctionJ
a +b=c + anything _;

the longitudinal and transverse momemtum of the particle o’ are,

» o3| p Cog &

L (2.17)

i

P = P Sinle'

regpectively, where p and S &r¢‘CM momentum and production angle

2 &

of-particle ct, '

The so called transverse mass

2,1/2 2}1/5

y 12 2 (o B em . {2.18)

2)1/2

i, : (E2—p.

vhere E (p +111 ‘ig the ehergy of the secondary (c) and m ig

its mass.
The Feynman variable (x) iz defined as

X = Ple/le&x__;—;—:—'__> 2p1, E, R 19} ‘

where leax is the maximum possible mompntum that part1F1P ‘c
can have in the CM system and [& is the CM energyu
Thus the range of x is,

< +1,

-1 & xK

where negetive x means particles with pj] nedative.
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Loréntz invariant phase space iz given by,
dlips = a7p/E 228y
The:Lérentz invariant inclusive cross section is dor /dlips and is
written as, | , _
g(a’oza’s) = f(p,8). . {2.21)
Although f is Lorentz-invariant, the quantity p used to épécify
it iz not Lorentz invariant. |
In terms of py, p1 and ¢ the phase épace—is.
a’p/E = d%#(dpt2/2$(dple}; Co(2.22)
whefe'#b is the.aéimuth‘angle, varies from_ﬂ to ZT .
The invariant momenbum distfiﬁution {2.21} then takes the form,
(E/T7 ) (a%0/dpe2dpy) = flpe,p1.8)  ...(2.23)

ét ié the momentum component of the secondary ’c’ transverée
to ﬁheAdiréction of motion of particleé_’a’_and b’ and py} ig its
momentum éomponenf éloﬁg the difectiﬁn, taken as positive when
the particle Qc’ is moving in the same divection as particle ’a’.
Pt is  invariant to Lorentz velooiﬁy transformations along the
diréctiﬁn of motioﬁ qflparﬁiclés "a” and ’b’; but p| and E are
not 'invariant under such transformétioﬁs} |

| Since . the pt distribution hés a sharp cut off as energy
increases, the average value of p} must increase. To cancel this
effect the Feynmanlﬁériable (x=P] /Plpax = 201/V/5) is introduced
and equation (2.23) takes the form |

(2E/1 J8)(a%07/dpe2ax) = flpp,xs) ... (2.24)

According to Feynman scaling hypothésiS; the inclusive cross
. section for a given type of secondary parﬁicle can be written as,

E(a%7/a%s) = oy, %, 8)——g-—ms———=> £(x,Bt), ...(Z.25)
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whiéh"is called the “caling behaviour of the inclusive cross
%ecﬁions. ThP 1on01tud1nal mompntum d1°+r1but10n of each type .of
sec§ndary .partlcles is 1ndependent of energy when nmesas ured‘
(Scéléd)lin terms of the incident momentUm.

-Another 1ongitudinal Variable of thelﬁécoﬁdary particle ’é?
is called the CM rapidity (¥} which iélgi?en'bﬁ'

¥ = 8.51n{(B+p1)/(E-p1)} = In{(E+p1)/mg}. ...(2.26) -

The relation between thé Feynman scaling va?iable (x} and fhe

fap%dity Varfable-(§}'ic nonliﬁ@ar' | |

x = (2/5) (p124n%) 1 25100 ¥, . A{2.27)

The maximum 1ongitudinal momentumn 2 particie can attain in a
collision _ih the CM system is half-ﬁbe CM . energy. Thué the
-max1mum rapldltj valiue in the CM “j"tpm is restricted to
Ymax :-1n(2E/mt) = @.51n(s/mtv}. ;.‘12.28)
Inztermé of rapidity equation (Z.Z4) reduces to
d O?dept d" = f(pt,y,a) (2 298}
Iﬁ this case aluo, according +o Feynman :C&llng hypothe is, the
inclusive cross section for a givén type of secondary tend to ,ah

incident energy independent-limit as enerdy increases, i.e.,

1 Ba%o7a%e) = ey, s)——gmmmswo> £l ¥). ... (2.38)

In the high moméntum limit when the masses of the particles
‘can->be neglected, the argument in the 10gari£bﬁ'of-thg,'rapidity
variable (¥} can be directly rélated to the angle © ‘which the
momentum of ﬁhé secondary particle (c) makes with respect to. the
ldiregtion _of.inoident particle ’a’_then; . -

y = B.51n{(E+p1) /(E-P1)} > 9. 5lniCos™(6/2) /5in®(6/2)}

iLe., ¥ = 1n{Cot(8/2)} =7, . . ...(2.31)

ot
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The angular variable M = In{Cot(8/2}} is called  the

pssudorapidity.

6. The fragmentation model :

A remarkable feature of multiparticle
production process in high energy particle interaction 1is the
small value of the transverse momenta (py) and the quite larde
value of ‘the longitudinal momenta (p3} of the  secondary
particleé. Fragmenﬁation model {Benecke et al.,1963) had been
developed to accomodate these two dominant Ifeatures of high
energy  interactions.

In the interaction process,
a+bh-——>c+d+e+ ...... '.. >
in which ‘a’(projectile} exciteé ‘b {target}, and subsequent
decay of ‘b’ gives~the target fragmentation products ¢, d,
(= T etc.

Physically the tardet ﬁehaves as an absorbing mediﬁm
through which the projectile propagates. In such a picture, the
projeétile in the rest frame of the target (L-frame) contracts
into a thin disk due to Lorentz contraction at high energies. The
passage of this thin disk through the target ( during small but
finite time } causes excitation of the target and subsequent
breakup of the target into fragments.

Let po is the momentum of the-partiole e’ produced in
the above intefaction process. The fragmentation model says that
the probability of producing the particle °o¢’ with momentum Pe 18
" independent of s as 5 ———> o0 , |

HWe consider the rest frame of any one of the ooliiding
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? is produced in  an

particles (i.e., a or bjl If a particle ‘¢
interaction process with . momentum pg, Tthen according to the
Uncertainty prihciple' the linear dimension of the volume of
interaction will be
| Lo ~0/Pg. c (2.32)
Due to Lorentz contraction at high energy, the projectile
*a’  shrinks. intq a thin.digi,rthe thickness (Tj) of which is
givén by |
TaocngEZ , . (2.33)

When Ty << Lo, i.e., V8 >> pg, the production of particle ¢’ by

fragmentation process with momentum p. does not depend on 5  as
s ———> <2, For any pe with respect to the target (b} frame:
fpel/Ys ——> @ as s ——-> 0,

For any fixed pc; the reguirement Ta << L iz  attained ét
sufficiently high energy. Thus the frégmemtﬁtioﬁ model predicts:
that the distributiop in pe approaches. a limit as s ——-> =0,

Explicitly, it may be Qritten. as, for +the +target {(b)
fragmentation, |

fplpt,21,8) “zmoo3zs> Th(Pe.p1). S (2.3

in the rest frame of the target (b}.
Similarly, for the particles produced due to projectile (a)

fragmentation,

B
L0
x
g

falpy.P1,8) ~3zom3=z> falpe.pils | co

in the rest frame of the projectile (a}.
Let:pic be the longitudinal ﬁo&entum of partiéle e’ in the rest
frame of the target (b), i.e., the L-frame. Then, as = ———> O,

Ple = (xtixl) (8/4my)+ (ppltmg2%2m, ) /2m |1,

e {2,363
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where mp, me are the masses of the particles b’ and ’c¢’.
For -1 { X< 9, az 5 —>» =0,

2

- Ple = (v +mcz—-x2mb)/'2mblx‘ $0.12.37)

in the rest frame of the target xb}
Therefore ple remains flnlte in the rest frame of
’b’(L frame) as s ——-><0 for -1 { x < . Thus the region of x {5
def1n9d by -1 £ x < @'corrpﬂpoﬁds fb the kinematic region where
the hypothegis of 11m1t1ng fragméntatlon is valld for breakup of
the target (b). | » |
' In the rest frame of the progpctlle (a) for the éartioleg

.w1+h B < x g+l we obtaln,

Ple = (pi;2+m02—xzma>/2ma‘x‘ ’ ... {2.38)

as § —-——> oo ,
Thus the region @ < x g +1 corres pondn to ‘the
kinematic region where the hypothesis of 1imiting fragmentation

is valid for breakup of the projectile (a).

?.‘&nalysis of the accelerator data shdwiné the status of the
scaling model

An analyéis of the accelerator dafa up to Js=53 GeV
[ shown in figures (2.1) to (275} ] for §—p: inclusive reactions
at ISR, CERN ,(Cépiluppi et &1.,19?4&,19?4b) leads to the
conclusion that, |
(1) For pions the 1imitingvvaiue of tbe inc1usive cross  section
is }eashed at small py for-x<@:1 and at intermediate py for
x)@.l.,Thé'apprqach to scaling is quicker for positive pions than

their negative counterparts. -
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{(ii)} For kaons the scaling effeot'is e#identyat intermediate py-
values in +the energy range 3%.8 g jg & 53.8 GeV, Scaling is
reached at. higher CM-energies for negafive kaons in the sanme
enefgy range.

In 1IBR ‘exﬁeriment the variable Ilaboratory rapidity
{¥1ab) is defined by | R

.Vlabzybeaﬁ“y = Ybeam™ 1n{(E+Pl)/(E%Pl}}1/2>A -..{(2.39)

. . Awhere v is the CM-rapidity of fhe produced
paréicles and'ybéam is fhe CM-rapidity of the incoming proton. In
figq:es (2.8} to (2.9)_the dependence of the invariant cross sec—
tions for é—p.ihclusive reactioﬁé at ISR energiés on the CM-tran-
sverse momenta(pt) at fixed values of yi,p are shown. The,resuits i
‘show that,

(iii} In fragmentation region (i.e., ¥1op<2) the inclusive cross
.Secﬁionﬁ for pions and kadns are purely exponeniial in p¢ in the
range @.2—1.25 GeV/c at conétant ylab'vélues.

(ivf The approach to scaling region are different for particles
differing in mass and charge.

The Tresulté of fitting the invariant inclusive cross
sections ( £=E dBO?dBp) to the expressions =K1 exp(-apt) and
f=K2 eXp(—bpt) are presented in table (2.1} for x=constant and in
table (2.2} for yjgp=constant. From the tables one can conclude
that,

(v) ' The shapes of the pt distributions fér )pions are purely
exponential for any value of ¥]sp while there are some devistions
from‘ exponential behaviour fof relatively 1arée- values of x
.(fragmenfation region}. |

(vi} The slopes for kaons are smaller than those for pions.

(viiﬁ, The slopes for positive pions are a little smal}er. than
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those for negative pions.

{(viii} The k* slopes ﬁre smaller than k ones.

{ix) The p¢ dependence of the measured invariant crossz section
for inclusive production of neutral pions at CERN p-P collider
(Ve = 540 GeV}) by UAZ Collaboration (Banner et al.,1982) is shown
in fig.(2.19}. The results are compared to those obtained at
& =52.7 GeV for p-p collisions (Clark et al.,18378) by an
extrapolation to JE =B4# GeV. This extrapolation results in an
underestimation of the cross sections in the measured Py range

(1.5<p4<4.5 GeV/cy).

Table 2.1 : Results of fitting the inﬁariant inclusive cross
sections (f= E dﬂr/dgp} to the expression f=K1 exp{-apg)
for x=constant [DOF stands for degrees of freedom].

Particle & -range - X pi-range a4 *%° /DOF
{Gev) {GeV¥/c) {[{Gev/c) ~]
e 44.6-53.8 ©.075 9.2-8.6  6.913 3571
) 44.6-53.8 ©.975 $.2-8.6 5. 597 @. 830
”j 23.3-53.8 ©.15  $.15-8.9  5.246 1.859
K 23.3-53.8 ©.15  ©.15-8.9  4.889 2. 226
T 23.3-53.0 $.39  ©.5-1.4 5.9223 3. 765
o 23.3-53.0 $.30  0.4-1.4 4.922 3.887
k" 39.6-53.8 .16  ©9.31-9.93  3.931 1.041
. 30.6-53.8 $.16  ©.21-$.93  3.695 1.332
k" 39.6-53.8 $.32  ©9.73-1.46  4.193 1. 200
. 30.6-53.8 ©.32  $.53-1.46  3.846 1.218
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Table 2.2 : Results of fitting the invariant inclusive cross
sections {(f=KE dQW/dBP} to the expression =Ko exp(-bp)

for yjgp=constant.

Particle /s -range ¥iap Ppt-range b _iK?/DOF
(GeV) (Gev/c) [(Gev/e) )

ot 23.3-39.6 ©.54 $.2-9.92 7.928  1.871 -
m 23.3-3.6 .55 @.2-8.86 8.656 2. 200
m 38.6-53.8  9.95 $.2-9.97 7. 307 1.988
m 44.6-53.8 1.24 $.2-1.17 6.929 1.171
™ 44.6-53.9 1.66 ©.2-1.32 6.696  1.528
x 3@.4-53.8 1.44 #.21-1.27 4.791 1.125
k' 44.6-53.8 1.64 ©.21-1.45 4.907 3. 879
K~ 44.6-53.6 1.45 ©.37-1.27 5.585 3. 354
K 44.6-53.6 1.64 $.42-1.48 5. 677 1.395

8. KNO Scaling :

Assuming tﬁat the multiparticle production cross
sections obey the Feynman scaling law Koba, Nielsen and Olesen
(18723 suggested another scaling law ( RKNO -scaling) of
multiplicity distribution inv hadron collisions at wvery high
energies. The KNO prediction at sufficiently high energies has
the form

w> [ og(s)/ 0F (s) 3 = V=), (204
where Q;(s} is the partial oross  section for
producing &a state of multiplicity n, q;i}s} is the total
inelastic cross section and “f(z}, where z=n/<n>; is an senergy

to  the

independent function. bHuch a scaling law leads divectly
2}1/2

requirement that <n>/D be a constant, where D=(<n2>—\n> is
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the'dispérsion of the:multiplicity distribution.

Dao et al (1873} found~that‘for incident momenta greatef
thaﬁ 53 @eV/c +the quantity <n>/D -appeared consistent with a
cqnétant value of <n>/D éfZ for A +>proton collisions, where A is
any one of P, ﬁ,rﬁ,vkt or ¥ .The eﬁergy dependence of the approach
t0 ﬁhis valué varies with the type of particle A. .

KMO smcaling had been studied on p-p collision data in
thé-. incident 'momentumj range 5@—3@3 :GeV/c' (Slattery,1973).
Fig.(2.11) is a plot of <n>0y(s)/ 0] (s) versus z=n/<n> for
 different incident momenta in the range 5@-393 GeV/c. All the
data can be éxpressed,by an energy independenf function

¥(2)=(3.792433. 72°-6. 642°+8. 3322 Jexp(~3.842), ... (2.41)
#ith-an overall‘ﬁ?ﬂdegreé 6f freedoﬁ = 1 between the .functign
and the éﬁperimental‘data. |
| The - UA5 Collaboration'(ﬁlner et al.,1984) showed
clea? evidence of KNO scaling violation. At SpBS energy (/s =540
GeV)I a eclear change in the shape of‘ the scaled multiplicity
dist?ibution characterized by an “enhanced probability
[Pn{s)= Q%(s)/'oi;%(s}] for producing high multiplicit& events
[n/<n> >Z7. The multiplicity distribution is well described by
the ﬁegative binomial distribution [ fig.{(2.12}1,
Py =GB [icnrzw) 7 (L4<nd 20} 1M Le<n 2 ™Y, 1L (2.42)
where the parameters <n> and w are functions of energy _
| w= (x+plns ), ... (2.43)
where X = —.898 + 3.988 and B = $.9282 & 3.9003 with s in GeVz;
The ?verage miltiplicity, <n> is.usually.parﬁmétrized as,
<w> = a+blins + in®s, [ s in GeV2 ] L (2.44)

Cwith a = 1.97 + 2.956, b = $.21 + $.29 and ¢ = $.148 x 8.922.
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9. Simulabion of Air Showers :

We have discussed'the mechanism of
the Adevelopment of extensive air showérs in chapter 1 (fig.1l.1}.
In the earth’s atmogpheré an EAS devélops when a high energy

rimary cosmic ray particle ‘is incident on »tﬁe top of the
atmosphere and interacts strongly with an air nucleus - depending
on thé interaction mean free path (L}. This first interaction
produces  various types of mesons and baryons  which fufther
interact with the air nueclei. The interaction mean ffeelpath is
given by, . »
L= A/Gipnels, : (2.4
vhere _A:2.41X1®4 if the inglasfic .cross section Cipel is
expressed in mb, then L 1  in- gm. /cm. |
One can assume that the projectile (proton, plon etc.)
interacts ‘only with a single nucleon in the air nucleus. As a
congsequence, the particle production cross sections in proton—air
and meson-—-air .coilisions are approxiﬁatad by Pp-p and meson-p
col}ision results obtained (Nam et al., 1983; Giffon and Predazzi,
1984 from accelerator expefiments,
The inelastic cross sections {(in mb}_for p-alr, T -air
and k-air interactions are (the incident energy,Es in GeV):

Oaip "= 27 for Eo<100

o ... (2.46)
= 24, ?4+® 98381nEO+0 9948?ln Eg for E > 183
O\r.r_a’irinel_ @.763 %_airlnel . (2.47)
Okeair "Tl= 175 for Eq<10@
.(2.48)

2. 457 por Boy 109

:Avl 4+14, BInE,+253, ?EO
The differential cross section for inollﬂivé production of
partiﬁles, 1f taken as energy 1ndep9nden+ up to Pevfaln enerdy,

can be factorized in terms of (x, py) or (v, pt) d:,‘
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2

* a%0 zdx dpi®= F(x) @lpy) (2. 49)

d%0’ 7dy dpp=. £(y) dlpy) ~ L (2. 58)

MN

.Thei available data given by Caylluppl et al ( 18%74a,b Y wup to
fg =62.7 Ge¥ have bpen fitted by the author and the functional

formf abtalnpd are thP following:

F(x) = A(1-x)2 | L .(2.51)
G(py) = B exp(-bpy) . (2.52)
f(y)lz' C exp({x ¥) - - ... {2.53)
g(py} =D eXP(‘j3Pt}- ... (2.54)

The values of the two sets of constants, (A;B,a;b) and (C,D,X, B}
for ' various particles are given in tablses . (2.3) and  (2.4)
respectively:

Table Z.B:Vaiueé of the constants in the functions F(x) and G(pf)

Particle A a B b[(GeV/c) L
R 22.60 4.644  79.19 - 5.494 -
m" 19.11 - 5.555  51.93 5. 136
k* 2.17  3.886 3.87 4,817
. 1.42  6.282 1.29 3,778

Particle C x D LG PV/P) 11
B 354  1.196 197.22 7.929
m 2.33 1.193  116.64 7. 387
k" .18  1.398 7.77 4.849
K .95 2.142 .28 5.631
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The dependence of average inelasticities with incident enerdy
(Eq in GeV) for various types of particles (Antonov et al., 1883}
are :
Kpyepni p>=B. 55, for E <188
praar or e ... (2.55)
=3, 55+ {0.82In(Ey/1883}/{1+8. 341In(E /1003 } 1],
for Eq) 183
K pg-aip>=0.78, for E,<1@d
L {2.56)
=@3. 73+{10.321In(E5/182) } /{1+8 . B41In(E,/198} 31,
Kg-air>=<K g-air> - ... {2.57)
The energyldependence of the transverse momenta (py in GeV/c) of

the produced secondaries are different for different kinds of

secondaries produced

<ppdp= B.9471+8. 8859 1n(Ey/180) ... {2.58)
<Py = . 32649, 8978 In(E,/188) . {2.59)
<pp k= @.423+0.9052 1n(E,/190) L .{2.8D)

" The multiplicity distribution of the produced secondaries may be

“taken as negative binomial distribubtion (Alner st al., 1885) of

the form :
Pr= O Y (<nd/w) /(L4<n> /) 1R (Le<nd 2w 7Y, ...(2.61)
where W = (-0.P98+3.928%2 ln.s) 7, .. (2.82)

5 is the CM—energy_squéred in Ge?z.
The dependence of the average multiplicity, <n> on CM-energy is
pa?ametrized as, _
1.9748.21 1n s+8.148 ln’s C..{2.83)
@.124,

N
]
v
Il

&)
3
A
)
v
i

-7.4+7.6 s .. (2.64)

with s in GeVe,

For interpretation of experimental EAS data above results from
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accelefator experiments available so far are to be used for
simulation of EAS with a computer.‘Computer simulations of EAS
provide a connection between experimental air shower data _aﬁd
high energy interaction model as weil as primary cosmic ray mass
compositioﬁ model. The principle of EAS gsimulation is indicabed
below :

S > PRIMARY COGMIC RAY @ASS COMPOSITION MODEL

:
| | A | |
HIGH ENERGY PARTICLE INTERACTION AND PRODUCTION MODEL &-—-
l v
o
i

v

EALS PROPAGATICN MODEL
1}
t

\}/‘

Eas MODEL
EADS SIMULATIONS WITH A COMPUTER

t
|
i
& . 4 :
PARTICLE DIGTRIBUTIONG, SPECTRA, PARTICLE RATIO ETC.

<..__...._

COMPARISON WITH EXPERIMENTAL EAS DATA

1
!

v

CHANGE PARAMETERS —————m—mmmmmm e e

1
I

o - A e o n A R - et A A A = A A e S o e o A e

1
1
t

________________________ MODIFY

A S S U T e i R

In Monte Carlo simulatién of air zhowers widely varying primary
mass  composition have been used ( Wrotniak and Yodh,iQSSa,b,c;
Procureur et al.,1988; Dai et al., 1988; Caﬁdevielle et al.,1988;
Bourdeau et al.,1988; Szabelski et al.,1889; Capdevielle and
Gabinski, 199@; Trzupek et al.,1992 ). By changing the nuclear

interaction parametersz and the mass of the primary particle



various air shower models have been proposed. By comparing the
air shower obSerﬁables with those obtained from model
calculatidns it is possible to test the sensitivity of various
high energy nuclear interaction models.

Some basic features of four interaction models chosen by Wrotniak
and Yodh (1985) are given below

Model F-Y@@

Primary particle : Proton

Mean free path for inelagstic interaction : Energy independent, 75
. gm. /emdkZ for nucleons, 118 gm. /cmkkZ for pions
and 13@ gm. /cm¥kZ for kaons.

Inelasticity : Dniform in (&,1) for nucleons and (1/3,1) for
mesons, :

Inclusive distribution in X for secondavies : Energy independent,
obtained by scaling extrapolation of the IBR
data. ‘

Becondaries produced @ 88% charged pions, 38% neutral pions, B%
charged kaons and 5% neutral kaons.

Model HM-FO@

Primary particle : Proton

Mean free path for inslastic interaction
Below 1 TeV : 84 gm. /cm¥¥2 for nucleons and
117 gm. /c¥*2 for pions and kaons.
Above 1 TeV : L(EL)=Ly/(1+3.@3831nkE,)

Inelasticity : Same as F-Y&O .

Inclusive distribution in x for secondaries
Below 1 TeV: same as F-Y@9.
Above 1 TeV: the functional shape is unchanged
but the scale x-value decreases as 1/(s¥x¥3. @8625).

Secondaries produced : Below 1 TeV: same as F-Y@3,
Above 1 TeV: the fractions of kaons and.
neutral pions increase with energy,
reaching 8.8% (each) and 53.7%, respectiv-
ely at 1 REeV,



Model FF-Y8Y

Primary particle

Heavy nucleil ( alpha partigle +to iron }.

Mean free path for inelastic interaction @ Energdy independent -

ranging Trom 37 gm. /cm¥¥Z for alpha particles
to 18 gm. /emkkZ for iron.

The other bazic feabures are the same as F-YSE.

Model BM-F@3 -

Primary particle

Mean free path for

Heavy nuclei ( alpha particle to iron }.

inelastic interaction : The effect of rise in
crogs section with increase in  enevgy  which
results ih decrease 1in mean free path is
included. TFor iron group the mean free paths
decrease from 12.2 to 189.6 gm. /cnikZ between
188 TeV and 1 EeV, : :

The other basic features remain the same as M-T@3.
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Figure captions -

Fig. (2.1} : The 1nvar1ant inclusive cross sectiohs (Ed'?’o“,r’d v} for

the prodl.xcfiorl of Mvers LS +ran5v:=-r e momentum (py) for x=@. 15
ét' CTM energies @ A 23.3 GeV, W30.6 GeV, x 44.8, GeV, AB3.8 GeV and
for :x=@.®?5 at CM energies @ 44@8'@6‘\7, % B3.8 GeV. The dashed
linég rgpresehﬁ interpolatiéng'of the data by the author.
Fig. (2.2} : E&?O‘/CIBP vs. py for the :'mclusive prociuétion of ™ for
x=0.15 at CM energies : A23.3 GeV, M30.6 Ge¥, x 44.6 GeV, A 53.9
GV and for x=0.875  at CM energics : e 44.6 GeV, * 53.8 GeV. The
.,dashéaﬂ lines represent. 1nt;rpolatlona of the data by the author.
Fig‘.(z.B} v ‘EdBO’ /dB'p vs. pp -at =3.3% - for the inclusive
production of mat CM énérg‘ieﬂ : #23.3 GeV, M30.6 GeV, 0448 GeV,
53. @ GeV and of ™ at CM energies :'+'23 3 GeV, x - 30. 6 Ge‘\?,A 44.6
GeV, A 53.9 \zeV The ddohed lines represenht 1ntf='rpolatlons of the
data bf the author, '
big.(2.4~} : Ed Q"/dgp. ve. py at x=@.16 for the inclusive
production of k" oat CM energies: M 3%.6 GeV, @ 44.6 GeV, % 53.9 Ge¥ |
ank;l of k¥ at CM ener'-gies' DX 3.6 GeV, A44.6 GeV, A 53.6- Ge¥. The
- dashed lines represent 1nts=rpola+10n=s of the da‘l‘a ’o_; the autk;or;_.
Fig.(2.5) Dd 0‘ /d P VS.i ‘p.t at x=0.32 for the inclusive
pr;_xdtlctigrx- of k at CH energies: ISES GeV, 0{-14;6 GeV, ¥ B3.8 GeV
"and of K~ at CM energies : x 38.6 GeV, A44.6 GeV,A53.0 GeV. The
dashed lines represent intequlatioﬂs of the d_fata"a by the author.
ig. (2 8y Ed30"-/d3p VE. P at Yiap=9.b4 .for the inclusive
produotlon of IWat CM energies: @ 23.3 GeV, % 30.8 Ge’«! and of T at
71 ab*g 5“ at CM energies : AZ.:f..-:; Ge¥, A38.6 GeVY. The da th 11nP.-.1
repres ent 1nterpolczt10n of the‘ data. by the authqr.

3 ads

Fig. (2.7 : mdo/d vz, oy for the inclusive production -of T at
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ylab_@ 95 at CM energ'i;es . 30.6 GeV,. % 44.6 GeV, x 53.9 GeV, at
¥1ab=1.24 at- CM energles DA 44.6 GeV, A 53.08 GeV and at Y1gh=1.66
at . :CM energies : % 44.6 GeV,%% 53.8 GeV. The dashed 1:me represent
. intérpolatiang of the data by the autbor.

Figﬁ{Z.S} : Ed%yydgp"vé. =y fgr the inclusive producktion of k+ at
Y1ab=1:44 at CM energies : x 30.4 GeV, * 44.6 GoV,  53.0 GeV and
at §1abil.64 at CM energies @ A 44.6 GeV, A 53.% GeV. The dashed
lines represent interpolations of. thP data by thP author.’

| Fié,iz.g) . Ea Ovd_p vs. py for the inclusive produrtlﬁn of k at
;élab:i' 45 at CM energies : % 44.5 GV, ®53.0 GeV and at yi,p=1.64
at CM energies :'A44 6 GeV, # 53.8 GeV. The dashed lines represent
'1n+PrpolaT10na of +hP data by the author.

F;g‘(z.lﬁ}t :  The 1nvar1ant'cross sectiong for the inclusive
prb&ﬁﬁtinn df'n°at-{;:54@ PeVr(*) are comparsd to those obtained’
at f:—q GeV by an ex+rapolﬁt¢on to J— =h4@ GeV (—~——1}.
-Fig{(Z.ll} ;' Distribution of charged particle multiplicity
pl&tted as & functiénﬂof =z fof»differemt incident moﬁenta—( % B

GeV/c, 'x B9 GeV/c, + 192 GeV/c, % 205 GeV/c, O 383 GeV/c ). Th

et

daahpd curve represent the energy independeﬁt function given by
equat10n.(2.41;.
Flg {(2.123 ':' Charged multlpllolty dl trlbutlon plotted as a

fnn0+1on of 7z for DAL dataf_.
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