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1 Introduction

Ouc of the most important problem in the modern high energy physics is a 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 phenomena underlying the sccondary particle produc-
tion. Numerous experiinental data obtained from pp,pA and AA intersctions 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 commmissions 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 plasma - 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 properties 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 fragimentation 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 perturbative QCD quarks and gluons to the observed hadrons.

The fact that the interaction is local naturaily 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 dimensional quantities or parameters out of the physical picture of
the interactions.

In the paper inclusive particle production in pp/pp collisions at 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 \/s and augles # of the secondary particles in order to
predict H(z) for the corresponding processes.

2 Scaling function H(z) and its general properties
We start with the investigation of the inclusive process

My + My -+ my + X, (1)

where M; and M, are masses of the colliding nuclei (or hadrons) and m; 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 high energies can be described in terms of the



corresponding kinematical characteristics of the exclusive subprocess

(2. M) + (z2M2) — g + (2 My + 2o My 4 ma). (2)

The parameter m; is a minimal mass introduced in connection with internal conservation
laws (for isospin, baryon number and strangeness). The z; and z, are the scale-invariant
fractions of the incoming 4-momenta P, and P, of the colliding objects. The centre-of-mass
energy of the subprocess (2) is defined as

si2 = f(@: Py + 22 Py)? (3)

and represents the energy of the colliding constituents 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 production of the inclusive particle is governed by the
minimal energy of colliding partons

a ~ I/Smin(xlaxZ)' (4)
The fractions z; and i, which correspond to the minimal value of (2) we find under the
additional constraint

08 (znza) _ 0 g(mm) (5)
(9.’11] ’ o

(9:1:2
where A,(z1,z2) is given by the equation

(llilpl + 212P2 —_ q)2 = ($1M1 + .'ZTQA/IQ + m2)2 + Aq(xl,.'Ez) (f))

and ¢ is the 4-momentum of the secondary particle with the mass m;. So, we determnine
the fractions z; and z; in the way to minimize the value of A, simultaneously fulfilling the
symmetry requirement of the problem, i.e. Ajzq = Ay, for the inclusive particle detected
at 90° in the corresponding NN centre-of-mass system. This gives

Z; (P2q) + Mam, Z (P1g) + Mim,

1= — = Top = — = (7)

) —A] —(]'1P2)‘“A/[1A'[2’ f“)—(Ple)—A/I]MZ'

Here A, and A, are mass nuinbers and Z; and Z, are the fractions of the colliding nuclei
expressed in units of the nucleon mass. Note, that z, and z; are therefore less than 1 for all
values of ¢. The minimal value of A, corresponds to the subprocess (2) with the minimal
released energy to the away side direction.

In the rest of the paper we will confine our considerations to the inclusive particle
production in the p(p) + p — h 4+ X processes. In accordance with the automodelity
principle we search for the solution

do
d_Z— = ']/’(Z)’ (8)
where 1(z) has to be a scaling function and choose the variable z as a physically meaningful
variable which could reflect the self-similarity (scale-invariance) as a general pattern of the
hadron production.

The invariant differential cross section for the production of the inclusive particle rn, de-
pends on two variables, say g, and g, through z = z(z1(q., q), ®2(qL, ) in the following
way:
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This can be easy shown by partially differentiating using the approximation to the Jacobian
of the transformation (7) which at high energies tends to the value —2q WiEI )
In the first step we use the simple choice
5172 riras
Sro .\./__.’._.2_\:__. (10)
Q Q

with Q as a scale which in a first approximation docsn’t depend on oy and . 1he the

expression (9) at asymptotically high encrgies reads:

. Ao (s'/"’
E——(qy.on) =4 -, )
Q dq‘l’(‘“‘ on) H Q (11

where the scaling function H(z) is determiuned by

[1(:):—7~—L (@‘(z) + t/(—:—)> (12)

dz =

Now, we introduce a new dynamical scaling hypothesis for the inclusive particle production
in pp/pp interactions at high energies [11]. We determine the scale @ to be proportional to
the dynamical quantity - average multiplicity density dN(0)/dy - produced in the central
region of the collision at a given energy. We postulate
sl
o= ' . (1)
AM - dN(0}/dy

where the coeflicient AM has the dimension of energy and we determine it as “the reaction

energy of the inclusive reaction” or, jn other words, as the kinetic energy transumtted
from the initial channel to the final channel of the subprocess (2). From the total encrgy
conservation we have

AM =2M —my — (eyM + 22 M + ) =17 = (T; = Ep) = Ty =717, (11)

where T;, TF and Ep are the initial kinetic energy, the kinetic encray in the final state
of the subprocess (3) and the energy consumed on creation of the associate multiphcity,
respectively. Inserting (13) into (%) we obtain the expression

Lo 1 dip (=) i), y
Lﬁ$5”'”1&ddA%0VanA45( d:_h“l“J2)+'“?'h“J““2} ‘ 1)

where the functions h; and h; are proportional to the partial derivativesin (9).
For the high endrgy region (/s > 30 GeV) we get the expressions (with 2% accurvacy
according to the exact calculations) for hy and hy
; 162 —{ay ~ ry ) I ’52 ~ {ay — )t 4 ey,
by = 1— —— by = ¢ S—
: (6 — 1y — x3)} : (6 — a1y — 1)
with & = 2 — (g + ma)M™'. The exacl expressions for these Munctions are givew in
Appendix. We wouid like to note that hy ~ hy for s > 30 GeV.

(16)



Therefore, accordiug to (15), (16) and {12), we obtain the approximate relation

(8 —ay — 2P MA(AN(0)/dy)? Lo
H(z) = = o B 17
4(82 — (a1 — 12)?) A (17)

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

muliiphicity dencity d5{0)/dy 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:

7 — ;L (18)
, | I
! (2)—’;'11’(:1) (19)
) l z
H{z) - ;;EH(u) (20)

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

Ye would like to present some qualitative picture, the substantional clements of which
wie the basie characteristics of the underlying parton subprocess (2) in terms of the scaling
propused. As we have mentioned above the cruss section of hadron interactions at the
~arton level to produce the inclusive particle is governed by the minimal energy of colliding
vartons @ ~ 1/s,4.(xy,22). The invariant cross section (15) is also proportional to proton
struchure tunctiouns f&(ay), f(22) aud fragmentation fnction D"(z)

P L U Trmin) - S (amim) - D(2) 21

’dq.'i S'rnz:z(~cl,ll—"2) plTmin ) - fpl&amin) = L (z). (“ )
Here Tymin, L2min Satisfy the condition min s(ry,42) = Suwa(Z1, T2) We assume that the
fragmentation function D" depends on the relative formation length z/zmq, of the produced
particle my and s independent of ry and @,

Really, the variable z cau he 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:,{fn is just the energy
of the stiing 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 picces is proportional to
number/density of the final hadrons measured in experiment. Therefore, we interpret the
ratio

VAT = /(AN (0) /dy) (22)
as a quantity proportional to the energy of a string piece /5, which doesn’t split already
but during the hadronization converts into the observed hadron. The process of string
¢plitting 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
picces. 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



VL =AM - ), (23)

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 the scaling function H(z) confirm mentioned above. One
can see from the equation (11) that they depend on the dimension of its argument. If
we require the argument z to be dimensionless, then H(z) has the dimension of [fm?].
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) ~ D"(2). (24)

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 function of the variable z for charged
hadrons emitted at = 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
7~-meson production at /s = 45,53 GeV and 6 = 2.86° — 90° cms. are shown in Figure 2.
The function H(z) and the variable z are expressed via the multiplicity density dN/dy at
n = 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 dN(0)/dn = 0.74s%1% to the inelastic
data taken from [15]. The non single-diffractive (NSD) data and the parameterization
dN(0)/dn = 0.0231n?(s) ~ 0.25In(s) + 2.5 are from [16]. The values of dN(0)/dy resulting
from the requirement of the z-scaling are shown with crosses. _

To study in detail the properties 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 at /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 from the previous section, we 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 Figures 4 to 9.

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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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 n+- and 7~ -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 NG

and angle 0.

Table 1. The values of mass parameters m; and m; used in the analysis of the scaling
function H(z)

produced my My
particle | (GeV) | (GeV)
nt My My — My
T My ™My
K* myg | ma —mg
K- N mg
5y 0 Q
h* 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, 5h,
6b, 7b, 8b and 9b, 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 at/m = 3% /5" for various
secondary particles are given in Table 2. One can see that a®™" depends on sort and the
mass of the produced hadron h.

Table 2. Relative formation lengths of hadrons produced in pp/pp-collisions at
VE > 03 GeV and ¢ > 0.4 GeV/c

ah/w* aﬂ'/vr*’ a]\'*/r"‘ aK—/w“‘ a‘y/wr"'
relative formation lcnght 1.05 1.1 1.5 0.83

The obtained results on the ratios among characteristic formation lengths of the different
hadrons (h = 79, K*, h*) demonstrate 2-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 h, and hy by the relation

1

h _ phe (2 .
l) l(z) - (ahz/hl)z D (ahZ/hl)’ (25)
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and to conclude that the general property of the hadronization process is an universality
of the fragmentation function.

4 Results and discussion

Finally, we would like to discuss the qualitative picture resulting from the proposed
scheme for various types of secondary particles. The different values of the factors a®/™*,
h = 7, K%, h* represent the relative ratios of characteristic (e.g. average or maximal)
formation lengths for various hadrons. The value of the variable z depends alsc on the factor
AM, which we interpret as a quantity proportional to the tension of the formated string.
Let ns look nearer to this aspect of our construction. We consider two kinematical regions:
one characterized with high transverse momeuta g, which at high energies correspond
to low x1, < 0.1 and another with extremely high longitudinal inomenta gy which gives
zi(r2) — 1, and zy + 22 = 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 z, on the secondary particle momentun 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 to our ideas about the hadronization process in which the produced bare quark
dresses itself dragging out some matter (sea qq pairs, gluons) from the vacuwm forming so
a string. The string connects the leading quark of the hadron m; with the virtual object
with the effective mass (z1 My + x2M, + ms). The momentum of this object compensates
the high momentum of the inclusive particle m;. The quark dressing in the central region'
is more intensive than that in the fragmentation 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
casy 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.

We study the regime of local parton interactions of incident hadrons at high energies
v/ and for the secondary particle momenta ¢ > 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 universality of the fragmentation process of secondary
partons into the observable hadrons. The universal behaviour of I (2) for different hadrons,
taking into account the symmetry properties of the function under the transformation
2 — z[a, supports the obtained results. -

5 Conclusions

The inclusive particle (7%, K%, h*,~) production in pp/pp collisions is considered. Based
on automodelity principle the new scaling, 2-scaling, is predicted. It was shown that the
H(z) scaling function is expressed via two observables - the invariant inclusive cross sec-
tion Ed®0/dg® and the multiplicity density dN/dn of particle production at pseudorapidity
5 = 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 available

13



experimental data and results of Monte Carlo simulation for pp-collisions over a wide en-
ergy region /s and angle 0 of the secondary particles confirm the universal dependence of
the H(z) function on the variable z. The H(z) is independent of /s and 6 in the central
region of particle production. The function H(z) can be connected with the fragmenta-
tion function D"*(z) and it is shown that the both have the same z-symmetry properties.
The experimental verification ol the z-scaling i pp/pp collisions at Tevatron(Ferilab),
RHIC(BNL) and LHC(CERN) allows to deteriine general features of hadron-hadron inter-
action on the parton level and establish the possible mechanism of hadronization [17]. The
scaling proposed can be an excellent ”instrument” in searching for new phenomena not only
in hadron-hadron but in hadron-nucleus, nucleus-nucleus and semi-inclusive deep-inelastic
lepton-nucleus interactions.
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Appendix

In the appendix we present the results of calculation of the functions hy and h,. Starting
from the approximate expression (9) for the invariant cross section L'd*o/dg> we define the
functions h; and h; in the following way

s 3 Oz 0z

by (g, e0) = A(dN(0)/dyp) (M, + My)*s

0%z
hz(CL‘],.’l‘g) = 4(dN(0)/d7])2(All + ]V[g)zs—lz . (A:Z)
(?.’L']@.’L‘g
The equation (9) we rewrite into the form .
o L dy(z) . . #(2) :
b =TI (M ¥ M) - @N(0)jdnE (S mlene) + == halwr ). (A3)

If the scaling variable z is determined by

2= /5 /(AM - dN(0)/dy), AM = M, + My —my —mg — 1, My — 2,M,,  (A4)

the direct calculation of hy and by for My = My = M gives the result

hy = {sz1x,[6% — (21 — 22)*] + 2M*(2y — 22)*[8(8 — &1 — x3) + 4z124)

—AMAsT 2y — ) [8(6 = 2wy ~ 2w9) + dwyaq]} BT (A5)

14



hy = {sxy22[6% — (7 — 22)° + Az 2] + 2M*{(8 — &y — w)[(ef 4 23 (@1 + 22) = 22, 7,6]

F8erraler = )P} 4 SMUT ey~ a) ') F (46)

where F = {x225 + (0q — 22) P M2(8 — 2y - 2) /4 and § = 2— (my +00,) /M, s = (P + 17,)°.
In the case of different masses of the incoming objects M; # M, these cxpresions become
too clumsy and we present them therefore in an approximative form here. This can be
obtained writting for = the expression (A4) with /s, ~ /rie;s. Consequently, we get the

relations

Al - 'ciff. -+ 4.‘[1.’621@11/"12/(/‘/1] + 1112)2
([.X - .13(.}'])4

A2 - lgff -+ 8.’1'1.17211’“ “112/(/‘11 -+ 1\];)2
(A - .l'fjf)“ )

h] =

(A7)

hy = (A3)

where A =1 — (my + ) /(M + My) and wopp = (e My + 0, M) /UMy + M)
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36opoBcku U. u op. - . i E2-96-148
Z-CKEANHHT B afpOH-aIPOHHbIX B3AUMOLICHCTBUAX | '
npu BbICOKHX 3HEPTUAX : :
, Hpeuéxa%macrca Honbm CKEILTMHT, Z-CKEWIHHT, B WHKJIIO3UBHOM POXIECHHH
+ - ' ..
YacTHL (3apaXeHHbIe aipoHbl, T 1{'i Y) B.pp/pp-coynapenunsx. CkeitnuHrosas

(bym(uua H (2) Bbipaxaercs uepe3 HHBAPUAHTHOE ceveHUe Ed3o/dq W IUIOTHOCTD
yncna vactuu dN/dn npu N =0. Hccnenyercsr 3aBucuMocTts H (z) ot nepemeuuou
z= \/— 4 (AM - dN/dn (0)), BHEPI'H B CHCTEME LIEHTP3 Macc peakuMH Vs u ymia BbUiETa

pemcrpupyemou yacThubl 8. Onucansbl cBoiicTBa cummerpnu CKEHTMHIOBOH (DYHKUMH
H (z). Tlokazano, uto nosesexue H (z) MPH UMITYNIbCAX BTOPUUHBIX YacTHl ¢ > 0,4 MaB/c
HE 3aBHCHT OT \/_ # 6 B LUMPOKO# 06JIACTH KHHEMATHYECKHX TIEPEMEHHBIX. Mmeloumecsl '
AaHHbIE O WHKJIIO3UBHBIM CEYEHHAM TPH Vs > 30 B rioarsepxaator ynusepcanb-
Hocth H (z). Tlposepenni Monre-Kapno pacuérsl - caenansi npeackasaHus

s H (z) NpH poXaeHHH 4acTHLL o, K, YsB pp-coynapenmlx [MonyyeHusie pesysnb-
TaThl MOIYT MPEACTAB/ISTh HHTEPEC i Gynywnx sxcnepumentos Ha RHIC u LHC.
PaGota Brinonxena s JlaGoparopuu seicokux suepruii OUSU.

[Mpenpunt OGBEAMHEHHOTO HHCTHTYTA SIEPHBIX HCCNCIOBAHMIA. Hybna, 1996

!

Zborovsky L et al. B - : E2-96-148
Z-Scalmg in Hadron-Hadron Colhslons at ngh Energles T '

*

New scaling, z- scalmg, in the inclusive 'particle production (charged hadrons,
n‘ K Y) in pp / pp-collisions is predlcted The scalmg function H (z) is expressed

via the Ed30’/dq inclusive cross section of partlcle production and particle
| multiplicity density dN/dn at pseudorapidity i = 0. The dependence of H (2) on
sca]mg variable z = \/_ /(AM - dN/dn (0)), the centet- of-mass energy Vs and the

detection angle 0 is investigated. The symmetry properties of scaling function
H(z) are found.-It is shown that H (z) for the secondary particle momenta
g > 0.4 GeV/c is independent of N5 and 8 in' a wide kinematic range of particle
production. The available experimental data confirm the umversallty‘ of the H (2)

‘function. Some predictions for H (2) of 7%, K%, Y particles using the HIJING Monte
Carlo code- have been made. The‘obtamed results can be of interest for future

experiments at RHIC and LHC. :
‘The investigation has been performed at the Laboratory of High Energies, JINR
Preprint of the Joint Institute for Nuclear Research. Dubna, 1996. \
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