


1 Introduction

One of the most important problem in the modern high energy physics isa search for
general properties of quark and gluon interactions in hadron-hadron, hadron-nucleus'and
nucleus-nucleus collisions. : Universal approach to'description of the processes-allows us
detail understanding of the physical phenoména underlying the secondary particle produc-
tion. Numerous experimental data obtained from pp; pA:and-AA interactions show that
the general tendencies can be manifested mostly in the high energy region. They reflect
specific characteristics of the elementary constituent interactions. This is"especially actual
with connection of the commissions of. the large accelerators of hadrons and nuclei as RHIC
at Brookhaven or LHC at CERN. The main physical goal of the investigations on these
colliders is to search for quark-gluon pla.sma. the hot and superdense phase of the nuclear
matter. Therefore it is extremely important to find the main features of pp interaction in
order to extract nuclear effects and to study influence of nuclear matter in pA and AA
interactions.

Up to date, the investigation of hadron propertles in the high energy collisions has
revealed widely known scaling laws. From the most popular and famous let us mention the
Bjorken scaling observed in deep inelastic scattering (DIS) [1], y-scaling valid in DIS on
nuclei [2], limiting fragmentation established for nuclei fragmentation [3], scaling behaviour
of the cumulative particle production {4, 5, 6], KNO scaling [7] and others.

The common feature of the mentioned processes indicates the local character of the
interactions which leads to the conclusion about dimensionless  constituents taking’ part
in the interactions. However, detailed experimental study of the established scaling laws
has shown certain violations of these. This can be connected with the ‘dynamics concerning
the transition from the perturba.tlve QCD quarks and gluons to the observed hadrons. - )

. The fact that the interaction is'local naturally leads to the conclusion of the scale-
invariance of the hadron interactions cross sections. The invariance is a special case of the
automodelity principle which is an expression- of self-similarity {4, 8]::This principle reflects
" the dropping of certain d1mens1ona.l qua.ntltles or pa.ra.meters out of the phys1ca.l picture of
the interactions.. '

In the paper 1nclus1ve pa.rtlcle productlon in pp/pp COlllSlOIlS a.t high energies is con-
sidered. Based on automodelity principle: the scaling function H(z) expressed via cross
section is constructed: The properties of the H{z) function are described:: It is shown that
the available experimental data confirm the scaling behaviour of H(z). Monte Carlo code

HIJING [9, 10] is used to simulate events in pp-collisions and to calculate the inclusive
cross section at’ different energies /3 and angles 8 of the secondary pa.rtlcles in order to
predict H(z) for the corresponding processes :

2 Scaling function H(z) and its general properties
We start with the mvestlgatlon of the 1ncluswe process -

“Q, M1+M2—)m1+X R ’ (1)

_where' My and: M; are masses of the colliding nuclei (or ha.drons) a.nd my is the mass of
“inclusive particle. In accordance with Stavinsky’s ideas [5] the gross features of the inclusive
particle distributions for the reaction (1) at hlgh energles can be descrlbed in terms of the
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corresponding kinematical characteristics of the exclusive subprocess - ;

(a:lMl) + (z2M2) = my + (21 My + 22M2 + mz). . (2) )

The pa,ra.meter m; is a minimal mass introduced in connection with internal consez\gt:;r;
.laws (for isospin, baryon number and strangeness). The z; and z; are tl}lle scal :-mof_mass
fractions of the incoming 4-momenta P; and P; of the colliding ob_]ects The centre-

encrgy of the subprocess (2) is deﬁned as

“and represents the energy of the collrdmg constrtuents necessary for the production of the -

: inclusive particle. In accordance with the space-time picture of hadron interactions at the

‘parton level the cross section for the productron of the mcluswe partlcle is governed by the.

" minimal energy of colhdlng pa.rtons

o~ l/smm(xly-TZ) L ’ (4)
‘ 'The fractions T a.nd 2 whrch correspond to the minimal va.lue of (2) we find under the
‘addltlona.l constra.lnt :

BA,,(:cl,zg) =0 aAq(zl,xz) - 0, N . (5) A
o dn ! dz, . - .

‘, where Aq($1,$2) is grven by the equation
(:c1P1 +z2 Py — q)? = (.1:1M1 + zo M, + mz) + Az, .7:2) . .(6)

and qis the 4-momentum of the secondary particle with the mass m;. So, we determine
the fractions z; and z in the way to minimize the value of A4, simultaneously fulfilling the
‘symmetry requirement of the problem, i.e. A1z;.=
~at 90° in. ‘the correspondlng NN centre-of-mass system This gives

(Prq) + Mlm2 i

‘ .1:1  (Paq) + Mam, _ %2
~ (AP) ~ (AP) - MMy

Iy =
171 Al (P1P2) - M1M2 2= AZ

released energy. to the away side d1rect10n
- In:the rest of the paper we will confine our considerations to the inclusive partrcle
) productron in the p(§) + p — h + X processes.
principle we search for the solution

do' L

hadron production. | &

The invariant differential cross section for the production of the inclusive particle m;
pends on two va.rla.bles sa.y ¢s.and q”, through z = z(zl(ql,q“),xz(ql,q”)) in the follow1ng
way: = o . S

e

A,z; for the inclusive pa.rtlcle detected -

Un

Here A; a.nd A2 are mass numbers and Z; and I, are the fractions of the colliding nuclei- ‘
expressed in units of the nucleon mass. Note, that z; and z; are therefore less than 1'f0‘r a.lll B
~ values of ¢. 'The minimal value of A, corresponds to the subprocess (2) with the minimal

In accordance with the:automodelity -

. ) B 8)
dz (2)7 ()

where ¥(2) has to be a scaling function and choose the variable z as a physically mea.mngful
variable which could reflect the self-similarity (scale—rnva.rrance) as a general pattern of the »
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This can be easy shown by partially dlﬂ'erentratmg using the approximation to the Jacobian

of the transformation (7) which at high energies tends to the value =291 /(sE).
In the first step we use the simple choice -

L i \/mf BT
=97 o (10)

with @ as a scale which in a first approximation doésn’t depend on z, and z3. The the
expression (9) at asymptotically high energles reads:

l/2 :

where the scaling function H( ) is deterrmned by

1 (d(z) | #(2)
H(z)= - —= .
(=) 167r<d~+: N
Now, we introduce a new dynannca.l scaling hypothesrs for the inclusive partrcle produrtron
in pp/pp interactions at lngh energies [11]. We determire the scale @ to be proportional to

the dynamical quantity - average ‘multiplicity density dN(0 )/dn - produced in the central
region of the collision at a given energy. We postulate : '

(12)

.

sl S
AM - dN( )/d,, L “3)
where the coef‘ﬁment AM has the (lrmenslon of energy and we detex mineit as- the reaction :

energy of the inclusive reaction’ or, in other words, as the kinetic energy. transmitted -
from the initial channel to the final channel of the subprocess (2).- Froni the total energy -

- —
T =

conservation we have

AM =2M - m; — (T ER) Tfr —-TF (14)~°
where T}, TF and Epg are the lmtra.l kinetic entergy,-the kinetic energy in the final state
of the subprocess (3) and the energy. consumed on creation" of the assomate mulhplmt\
respectively. Inserting (13) into (9) we obtam the expressxon

o ‘ 1 dz/v() / P )“k | :
EF - —167r(d1V(0)/d77)2MZ ( dz h’(z"h) + _—Lh e, ”)) X (9)

where the functions A, and hy are proportronal to the pertlal derivatives in (9).

For. the high energy region (Vs > 30 GeV) we get the t’\cpresmons (wnh )‘% accuracy
a.ccordmg to the exact calculatrons) for h] and h; e o

(EIM +zM +mz) = TI

K ("51‘-7:2)2 52~— (Il—‘il'*z)i-i-;lzfrlxg[ G T
“h —4———_ Ry = :
' (- —z)t 7 e (5—151‘— r2)t SR (l()

with 6 =2 — (m, + my)M-L,

The exact expressrous for these ftmctlons art‘ grvr u ,n '

.Appendix. We would like to ‘note that hy 22 by for /3> 30 GeV.



Therefore, a.ccording to (15), (16) and (12), we obtain the approximafe relation
§— 21 — 22 M2(AN(0)/dn)? . Po.
4(82 — (21 — 22)) dg®

in the high energy region. This relation connects the inclusive differential cross section and

H(z) =

imultiplicity dencity dN(0)/dn with the scaling function H(z):
~ The properties of the scaling functions ¥(z) and H(z) under scale transformations of
their argument z can be written in the following forms:

’ z — Z #;' ‘ ‘(18)
o) wd) | (19)
H(z) — ﬁ.y(g). ' (20)

These scaling properties are valid also in the general case (15).

- We would like to present some qualitative picture, the substantional elements of which
are the basic characteristics of the underlying parton subprocess (2) in terms of the scaling
proposed. As we have mentioned above the cross section of hadron interactions at the
parton level to produce the inclusive particle is governed by the minimal energy of colliding
partons & ~ 1/smin(21,22). The invariant cross section (15) is also proportional to proton
structure functions f3(z1), fp(z2) and fragmentation function Dh(z) -

- Lo 1
dg®  Smin(T1,72)

fp(@rmin) - fh(@amin) - D*(2). o (21)

Here zklm;n,zgm;‘n satisfy the.condition min s(zy,x2) = Smin(Z1,22). We assume that the

fragmentaticn function D* depends on the relative formation length 2/ Zinaz of the produéed ; ;

particle m,-and is independent of z; and z,. .

Really, the variable z can be interpreted in terms of parton-parton collision with the
subsequent formation of a string stretched by the leading quark out of which the inclusive
particle is formed. The minimal energy of the colliding constituents s:,,/,z,, is just the energy
of the string which connects the two objects in the final state of the subprocess (2). The
off-shell behaviour of the subprocess corresponds to a scenario in which the string has
the maximal possible space-like virtuality. The string, evolves further, splits into pieces
decreasing so its virtuality. The resultant number of the string pieces is proportional to

number/density of the final hadrons measured in experiment. Therefore, we interpret the
ratio .’ '

; V5 = /52/(dN(0)/dn) (22)
as a quantity proportional to the energy of a string piece /& -which doesn’t split already
but during the hadronization converts into the observed hadron. The process of string
splitting is self-similar in the sense that the leading piece of a string forgets the string
history and its hadronization does not depend on the number and behaviour of other
pieces. The factor AM in the definition of z is proportional to the kinetic energy of the '
two objects in the final state of the subprocess (2) and it can be considered. therefore as
something which reflects the tension of the string. We write therefore -

4

g

U mm=AMAN, (2

where A can be considered as the length of the elementary string peace or more precisely
the ratio of the length to its characteristic (e.g. average or maximal) value. .-~

The dimensional properties of th(}, scaling function H(z) confirm mentioned above. One
can see from the equation (11) that they depend on the dimension of its argufnent. It
we require the argument z to be dimensionless, then H(z) has the.dimension of | fm3].
For dimensionless scaling function H(z) we find the argument z to.have the dimension of
[fm']: From the transformation properties (18), (20) and from (21) it follows then

. H(z)~DMz). . @

So, we interpret the variable z as a quantity proportional:to the length of the elemen-
tary string, or to the formation length, on which the inclusive hadron'is formed:from its
QCD ancestor. In this picture we interpret the variable z as a hadronization parameter,
namely as hadronization length. The scaling function H(z) reflects local properties of the
hadronization process. ‘ - '

3 Z-scaling in pp/pp-collisions .

Figure 1 shows the scaling function H(z) as a.,fmiétioln,of ‘the variable z forcharged
hadrons emitted at 8 = 90° cms. in pp/pp collisions over a wide energy range [11}. Data on
inclusive differential cross sections are taken from [12, 13]. Similar dependencies of H(z) for
x~-meson production at /5 = 45,53 GeV and § = 2.86° —90° cms. are shown in Figure 2.
The function H(z)-and the variable z are expressed via the multiplicity density dN/dn at
7 = 0. It was found strong sensitivity of the scaling behaviour on the energy dependence
of dN(0)/dn. The values of the multiplicity densities of charged particles produced in
the central (pseudo)rapidity region in pp/pp collisions are shown as a function of the cms.
energy +/s in Figure 3. The full line represents the fit diV(0)/dy = 0.745%19 to the inelastic
data taken from [15]. The non single-diffractive (NSD) data and §hé parameterization
dN(0)/dp = 0.0231n*(s) — 0.25In(s) + 2.5 are from [16]. The values of dN(0)/dn resulting
from the requirement of the z-scaling are shown with crosses. . . ‘

To stujdy in detail the ‘propertiefs of .the scaling proposed; we have used HIJING Monte
Carlo model [9, 10]. It was shown in [10] that this model provides.a comprehensive expla-
nation of a broad spectrum”of data on pp/pp-collisions in the energy range of /s =5 -
2000 GeV. We applied HIJING code to simulate pp collisions gt: /s = 53,-200 and*1800 GeV
and to study systematically the features of the scaling function. In our analysis-we have
been oriented on the particles which can be experimentally observed. Following the argu-
ments froim the previous section, (ve_ have chosen the density of the secondary hadrons for
dN(0)/dn at a given energy. The values of m, and m, appearing in (2) are summarized
in Table 1. The procedure of obtaining m; and m; is described in [5] and for the case of
charged hadrons it is motivated by considerations from [11]. The results of the simulations
are shown in Figurés 4 to 9. ¢ Hoe D R T T N ST

The dependence of H(z) on z for charged hadrons detected at'@ =90% in:cms. : for
three different energies is shown in Figure 4a. The angular dependence of the scaling
function is presented in Figure 4b. Figure 4c represents the comparison of the Monte
Carlo calculations with the experimental data obtained at 6 = 90°.
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Figure 1. Scaling function H (z) for charged particle‘ production.- Experimental data on
inclusive differential cross section for charged hadrons in pp/pp interactions at 0 = 90°

and /s = 23 — 1800 GeV are taken from [12, 13].
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Figure 2. Scaling function H(z) for 7~-meson production. Experim‘e‘ntal‘drata are

taken from [13; 14].
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Figure.4. Six31ulation results of scaling function H(z) for charged particle production and
comparison with the experimental data obtained at /3 = 200 GeV and 6 = 90° cms {12].
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Figure 5. Simulation results of scaling function H(z) for'r*-meson production.
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The situation in the case of the charged pion inclusive production is ploted in Figures
5 and 6. As can be seen from Figures 5a and 6a, the proposed scaling for pions sets on at
value of z = 0.2. This roughly corresponds to the secondary pion momenta g =~ 0.4 GeV/c
“in the energy range considered. It ‘should be noted that there is practically no difference
between nt- and 77 -meson scaling properties.
Figures 7 and 8 show the corresponding distributions for K(*-mesons. - For both types
of the secondary strange mesons the scaling function H(z) does not depend on energy /s
and angle 0.

Tal;lé 1. The values of mass parameters m, and m2 used in the analysis of the scaling
: function H(z) '

produced m my
particle | (GeV) | (GeV)
at My My, — My
T My My
K+ mg mp — My
K- mg mg |
Ty 0 0
Rt 0.31 0.31

Figure 9 demonstrates the properties of H(z) for v’s. Because the v’s are, mainly,
products of 7°-meson decays this distribution reflects the properties of the 7°-mesons
‘scaling function. ]

Analyzing the angular dependence of the scaling function, presented in Figures 4b, 5b,
6b, 7b, 8b aixd‘gb, one can see the excellent agreement in different kinematical regions,
i.e., the scaling function H(z) does not depend on the emission angle of the secondary
particle. The ratios of characteristic (average) formation lengths ab/™ = z*/z"* for various
secondary particles are given in Table 2. One can see that a™ depends on sort and the
mass of the produced hadron . '

; ;;Table 2. Relative formation lengths of hadrons produced in pp/pp-collisions at
D /5 > 53 GeV and g > 0.4 GeV/c

ah/w"‘ a’:vr-/1r+ aK+/7r+, aK—/vr+ ary/1r+

relative formation lenght | 1.05 1.1 1.5 0.83

The obtained results on the ratios among characteristic formation lengths of the different
hadrons (k = 70, K* h*) demonstrate z-scaling in a similar way for. the fragmentation
functions D*(z) as for. the scaling function H(z). Taking into account the symmetry
properties of H(z) and (24), we connect.the fragmentation functions D*(z) for different
hadrons b, and hs by the relation ‘ o

Bygoy 1 b f 2 » .
e = (ah:/hl)2 D 2(11."2/’11)’ 5) .

12

and to conclude that the general property of the hadronization process is an universality
of the fragmentation function. R I T S E PR S N

4 Results and discussion .« .

Finally, we ‘would like to discuss the qualitative picture resultirig from the proposed.
scheme for various types of secondary particles. The different values of thcﬁfaqtors‘a"/ff,
h = x~, K*, h* represent the relative ratios of cha;ag:teristic’ (e-g: ‘average or maximal)
formation lengths for various hadrons. The value of the variable z depends also on the factor: ..
AM, which we interpret as a quantity proportional to the tension of the formated string; ..
Let us look nearer to this aspect of our construction. We consider two kinematical regions: -
one characterized with high transverse momenta g which at -high energies correspond
to low z;, < 0.1 and another with extremely high longitudinal momelita’q",which ‘gives -
z:(z2) — 1, and 7 + 23 ~ 1. The first region is the central region of secondary particle
production and the second one is the fragmentation region of one of the incoming particle.
The dependence of z; and 3 on the secondary particle momentum g is illustrated in Figure. -
10. Figure 10b shows the clear difference between z: and z, in the fragmentation region
of the incoming particle M. :

The string tension in the central region is higher than in the fragmentation’ one.’ It
corresponds t6 our ideas about the hadronization process in which the produced bare quark .
dresses itself dragging out some matter (sea 7 pairs,, gluons) from the vacuum forming so
a string. The string connects the leading quark of the hadron my. with the virtual object
with the effective mass (z1 M1 + z2M2 + m2). The momentum of this object compensates
the high momentum of the inclusive particle m;. The quark dressing in the central region*
is more intensivé than that in the fragméntation region. In our opinion it can be connected
with the substantially lower relative velocities of the leading quark to the vacuum in the
central region than those in the fragmentation one. For the slowly moving quark it is more
easy to obtain an additional mass. Such a quark is strongly decelerated with the string
which has the high tension.: Consequently, the hadron generated from this quark is formed
on smaller formation length. o . L L T R

We study the regime of local parton interactions of incident hadrons at high energies
/s and for the secondary particle momenta q. > 0.4 GeV/c. ‘In this regime the quark
distribution. functions of the incoming hadrons are_separated and therefore the scaling
function H(z) describes directly-universalit)} of the fragmentation process of ‘secondary
partons into the observable hadrons. The universal behaviour of H(z) for different hadrons, -
taking into account the symmetry properties of the function under the transformation
z — z/a, supports the obtained results. ‘

5 Conclusions

The inclusive particle (7%; K £ ht ,7) production in pp/pp collisions is considered. Based
on automodelity principle the new scaling, z-scaling, is predicted. It was shown that the
H(z) scaling function is expressed via two observables - the invariant inclusive cross sec-
tion Ed®c/dg® and the multiplicity density dN/dy of particle production at pseudorapidity -
7 = 0 without any free parameters. We conclude therefore that the predicted z-scaling is
model independent and reflects the general properties ‘of pp/ pp interaction.. The availa‘blev
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experimfental data and results of Monte Carlo simulation for pp—éollisiohs over a wide

ergy region \/E‘and angle 6 of the secondary particles confirm the universal dependenceelc;c
the H(z) function on the variable z. The H(z) is independent of 1/5 and 0 in the central
region of particle production.’, The function H(z)‘éan be Cdnr{ected with the fra; tra
tion function D*(z) and it is shown that the both have the same z-symmetr rogn;etn' .
The experimental verification of the 2-scaling in pp/pp collisions at Tevatroi(l;‘erlr)nirl Ilf;'
RHIC(BNL) and LHC(CERN) allows to determine general features of hadron-hadron in?er-’

action on the parton level and establish the possible mechanism of hadronization [17]. The

§ca11ng proposed can be an excellent "instrument” in searching.for new phenomena not only
in hadron-hadr?n but in hadron-nucleus, nucleus-nucleus and semi-inclusjve deep-inélastic
lepton-nucleus interactions. :
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. Appendix

. In the appEnd.ix we present.the results of calculation of the functions k) and h,. Startin
rom -the approximate expression (9) for the invariant cross section Edc]dg® we defi t’.hg
functions &, and A, in the following way ‘ ' s e

2z 0

ey z2) = 4(dN(0)/dn)* (M + Mp)*s™!

T 6$2 : (Al)
ha(z1, 22) = 4(dN(0)/dn)* (M, + Mz)zs"lz(Tazaz—‘. (A2)
The equation (9) we rewrite into the form e
~d3é. L . ' '
EL 1 dip(z) U(z :
@ a O ey Ca ) + 5 ). (4

If the::sca.liﬁga vasiable = is determined by -
E=VE/(AM - dN(0)/dn), AM =M, + My — my — my — M, — My, (A4)
he direct c§;;g1;Fion of by and hy for My = M, = M gives the result \ o
| h1 = {szlzz[az— (@ — n)?] + '2Mi(¢, — 22)[6(6 — 21 — 5) + 4129]
o SAMAs g, 22)5(6 — 22, — 222) + dzrzg]} - P o ‘(Aéj
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hy = {sz12,[6% — (21 — Iz)?,jl- 4z1z7) + ZMZ{(‘S ok 2 o)(=} + -7"3)(I1+ 1?2)14.2/1:1326‘]

821 za(er — £2)7} + BMs71 (2, = 25)'} - F, C L (46)

where F = [z1z25+ (21— 22) M?|(§ — 74 —12)4/4 and 6 =2~ (my+my)/M,s = (P, +P2)2.
In the case of different masses of the incoming objects M; # M, these expresions become

~too clumsy and we present them therefore in an approximative form here. ,Thi'\'s‘can be
obtained writting for = the expression (Ad) with \/s: ~ \/r1z2s.. Consequently, we get the

relations
e AT — 22, +'4.1:1'.'r2M1M2/(M1 .'+')Wz)2 L s T (A7)
SR (A =xepg)? : , v,
h. _Az— 1:3” + 8xym My M3 /(M + M) S ‘(‘AS)’
2= Gz T

Where A=1 ——.(‘m1’+ ma) /(M) + Mz) and x5y = (LlMl + M) /(M + M,).

’
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