


1 Introduction |

A study of the A-dependence of particle production in lA ‘and hA collisions is
traditionally connected with phenomena of nuclear matter influencé on particle_ for-
mation. The difference between the cross sections of particle production on free and
bound nucleons is normally considered as an indication of new physics phenomena -
(EMC-effect [1, 2], J/y-suppression [3, 4], enhanced A-dependence in hadron pro-
duction [5]). The A-dependence of cross section is usually presented in the form
0 = g - A°=P1). Here the factor a(x,p1) characterizes. the influence of nuclear
matter on the mechanism of particle formation. o

The A-dependence of hadron production over a high and low transverse momen-
tum range was investigated in [5, 6] and [7, 8, 9], and a nontrivial dependence of o
ON I = P[Pmar and py was found. The analysis of the deep-inelastic [A ‘scattering
data [10] shows [11] that the ratio of F; structure functions RA/D(z, A) for nucleus
and nucleon is independent of transverse momentum Q. The ratio parametrized
in the form RAP(x, A) = z*(1 + az)(1 — as), is described by the. coefficients . a;
expressed via a universal function depending on atomic number onl);. L

The A-dependence of cumulative 7*+-meson production in pA collisions at 62 =
180° was studied in [12].2 The ratio RAP(X,A) = A~p3/pp as 2 function of
cumulative number X [8] was have shown a strong - A-dependence. . The- ratio. was .
found to be practically constant over the range X <1 and to réveal an_exponential’
growth at X > 1. The A-dependence of the ratio R*/” demonstrates an asymptotic
behaviour with increasing A. A similar exponential behaviour for the ratio R/P(z) =
FE/FP of-deep-inelastic structure functions at z > 1 was predicted in [14].

A detailed review of the A-dependence of particle production in hA and AA
collisions can be found in [6, 9, 13],[15]-[18] (see also references therein). o
One ,of the methods to study the properties of nuclear matter is_to search for
the violation of ‘scaling laws established- in elementary . collisions (:pp, PP, lp‘etc.)_.(
In this paper, we study the A-dependence of z-scaling for direct, photon ‘production.
A new scaling, z-scaling, of particle production in pp and pp col]jsidhs was pro-
posed, and the A-dependence of the scaling function for the process pA — 77X (A=
H,D,Ti,W) was studied in [19, 20]. The scaling is based on fundamental princi-
ples of nature such as self-similarity, locality, fractality and scalecrelativity.. ‘The
first one reflects the dropping of certain dimensional quantities or parameters out
of a physical picture of the interactions. .The second principle concludes that the
momentum-energy -conservation law is locally valid for. interacting constituents.’ The
third the fractality principle says that both the structure of interacting particles.and ‘
their formation mechanism are self-similar-over a kinematic range. .. The - forth one,
a scale relativity principle, states that the:structures of interaction and:interacting
objects reveal self-similarity” and fractality .on any. scale [23, 24]. -« . . .. L
It was established [19, 20, 24] that the scaling function H(z) was expressed. via
two experimental observables, inclusive cross section Ed% /d¢® and the multiplicity
density of charged particles dN/dn|y—o = p(s). The :H (2) was.found to be inde-

2 _dependence of cumulative 7%, K* and $ production on Be, Al,Cu,Ta nuclei and at 62 ~ 90°
and ~ 120° was studied in [13]. . :
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pendent’ of center-of-mass energy /s and the angle of produced. particle ¢. The
symmetry properties of H(z) allow us to connect the scaling functions for different
particles (n*, K*). The transformation parameter a™”™" is interpreted as a recla-
tive formatlon length. The scaling function H(z) describes the probability to form
the hadron with formation length z. The unlversa.hty of H(z) means that the
hadronization mechanism of particle production is of a universal nature. It was
found [20] that Hpw < H,, for 7*-meson production over a high z range. It was
concluded that nuclear matter in the hadronic phase intensified the hadronization
process and decreased the formation length 2. The influence of nuclear matter in
the partonic phase on particle formation was assumed ‘to differ from that in the
hadronic ‘phase. In the first case, the mélting of the hadron "coat” increases the
hadronization length. In the second one, the enhancement of ”dressing” bare parton
leads to decreasing formation length. ’

Direct photon production is studied in pp and pp collisions over a wide kinematic
range of colliding energy and transverse momentum at CERN amd Fermilab. It is
considered that photons are mainly produced at high energy via two mechanisms,
hadron ' decay (for example, 7° — 27v) and directly (Compton scattering and quark-
antiquark annihilation). One of the main advantages of direct photons over the study
of jets and single hadrons deriving from jets is t he followmg the electromagnetic
vertex is understood better than the hadronic one,” the observed photons  come
from ‘elementary interaction itself and only a few diagrams are important. Directly
produced photons carry away information on a parton subprocess and, consequently,
on’ the hadron structure. Experimental data on the cross section are widely used
to" perform a  QCD analysis, to determine the gluon structure function and to verify
the’ theory itself [25]. ‘The search for a discrepancy between experimental data and
QCD results can give an indication of new physics. A NLO QCD amnalysis of the
data [21] on the cross section of direct photon production in pp and Pp collisions
at /s = 24 GeV was successfully performed, and the gluon structure function
~was determined [21] (see also [26] and references therein). Nevertheless, there is
a problem of QCD description of data dealing with the choice of factorization,
renormalization and fragmentation scales at' different energy /s. The principle of
minimum sensitivity proposed in [22] does not completely resolve the problem.

Prompt photon production is one among very few signals which can also provide
direct information on the partonic phase of interaction in nucleus-nucleus collisions.
"Penctrating probes’, photons and dilepton pairs are traditionally comsidered to be
one of the best probes for quark-gluon plasma (QGP) [27]. Direct photons do not
feel strong forces, they provide both an undisturbed picture of collision for very
short times and a‘comparison sample for ‘understanding the interaction  between
qua.rks and’ gluons and surrounding nuclear matter.

" Direct photon production based on the concept of z-scaling was considered in

[28] [31]. The"validity of -z-scaling for direct photon production in pp and Pp col-
" lisions over a wide range of colliding energy, transverse momentum and the angle
of- produced photons was confirmed. A fractal behaviour of the scalmg function,
H(z) ~ 27, for both processes was found.

-In the present paper the A-dependence of the fractal dimension a of the scaling

function* H(z) for the process:pA — vX (A =p, Be). is studied. - The paper :is orga-
nized as follows. A general concept of z-scaling-is described- in Section 2..-Analysis
of the- experimental data and discussion of the obtained results are. presented.in
Scction 3. Conclusions- are. summarized in Section 4. S

2 General concept of Z-scaling
Let. us cousider the inclusive process

M1+M2—>m1+X, . . . (1)

where M; and M, are the masses of colliding hadrons-and m; is the mass of
produced inclusive particle. In accordance with Stavinsky’s ideas [8], the gross
features of the inclusive particle distributions for reaction (1) at high energies. can
be described in terms of the correspondmg kmematlc cha.ra.ctemstlcs of the exclusive
pa.rton subprocess : ‘ e

(.’l']Ml) + (I2M2) —m; + (ZIMI + ZzMg + mz). i S (2)

The parameter m, is a minimum mass introduced in connection with internal con-

servation laws (for isospin, baryon number and strangeness). The z, and z, are the

scale-invariant fractions of the incoming 4-momenta Pl and P, of colhdmg obJects
I = (qu) + Mzmz zk : (qu) +M1m2 S { (3)

@R -MM 7 (RR) - MM, :
The secondary particle carries away momentum q. The centre-of-mass energy of
subprocess (1) is defined as ; R

§=a2 M} +ai-M;+22,- T2 (Png) : - ’_ (4)

and represents the energy of colliding constxtuents necessary for inclusive particle
production; The cross section of inclusive particle production in hadron-hadron
interactions in the framework of the parton model is governed by a minimum energy
of colliding constituents o ~ l/sm,,,(xl,xz)

In accordance with the self-similarity principle, we Search for the solution

.o
dz

where 1(z) must be a scaling function, and we choose the variable z as a physically
meaningful variable which could reflect self-similarity as a general pattern of hadron
production. As shown in [19, 24}, the choice of z in the form ~
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@), N ()
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(6

allows us to obtain a universal spectra descrlptxon of hadrons (h h* + Ki ,07)
produced in pp and Pp collisions at high“energies over a high transverse momentum



range. The coefficient (2 -is considered -to- describe the tension of a string: stretched
by partons. The dynamic quantity p(s) represents the average multiplicity density of
charged particles produced in the central region of collisions at a given energy +/s.
The coefficient 2 depending on z,.and z, is introduced to take:into account various
degrees of "softness” of the subprocesses underlying secondary particle production.
The factor, for particle production in the central rapidity range, can be written as

Q=[1-A\)-1-M)F - (7)

Here, the coefficients \; and A, are expressed via the fractions z; and z, as follows

/\1‘%1'1"‘41‘1-1‘2--8——-%"‘ "/\2"—‘12+4I1'I2'El—_i-j—;' (8)

The invariant differential cross section for the production of inclusive particle m,
depends on two variables, ¢, and gy, through 2z = z(z;,22) and .2 = %12(q1,¢q;) in
the following way:

do 1 [dy(z) 8z o2 &z )
- = < |, 9)
Edq3 s7r [ dz 6:51 6:52 z 01,0z, 9)
Using (5) and (9), we can obtain the expression
d’o 1 dy(2) ¥(z)
— h . 10
dg® 16mp(s)2M*? [ dz fu(@1,22) z 2(21,22) (10)
The functions h; and h; are proportional to the partial derivatives _
‘ ' 0z Oz 20%z
= . 2 ) = 11
hl 611 | 612 ’ 2 611612 ? ( )

and hy;.~ h; in a high energy region; Therefore the scaling. function H(z) -is
determined by the equation -

H(z)=-— 1(15 [dﬁiu%l]. (12)

Using (10) and (12), we obtain the relation

(My + M)*(s) | o

HE) =—= T

(13)

relating the inclusive differential cross section and multiplicity density p(s) to the

- scaling function H{z).
"The properties of the scaling functions v¥(z) and H(z) under scale transformations
of their argument 2z can be written in the following form:

CzoaTls H(z) — a?H{aY). Y

3 A-dependehce of fractal dimension

The calculation of H(z) for the pp — X and pBe — v X processes are performed
using general expressions (6),(11) and (13) under the condition my = mg = 0. The
fitting functions of the cxperimental data on the multiplicity density of charged
particles are used in the form p(s) = 0.74- %1% [32]-[34] and p?(s) = 0.67- A*18. 50105
[20]. Recent. cxperimental data [35] are well described by parametrization pA(s).?

Figure 1(a) shows the dependence of the -invariant cross section A~'Ed%s/dg®
on the transverse momentum of produced ‘photon ¢, at different cnergy V3. The
experimental data for pp collisions arce taken from [36]-[38]. The high accuracy data
on the inclusive direet photon cross section for an incident 530 and 800 Gel/c
proton beain and a Be target averaged over a center-of mass rapidity range of
-0.75 to 0.75 and -1.0 to 0.5 per nucleon are taken from {39]. ‘The statistical cr-
rors are shown in Figure 1 only.- We would like to note a general tendency of
qi-presentation of the cross section®data: a divergence of the spectra over a high
gu range with increasing /s. The scaling functions H(z) corresponding to the same
data arc presented in Figure 1(b). Note some important features of H(z). The
first one is that the points corresponding -to pp collisions at /s = 23 GeV' and
63 GeV coincide. The fact reflects the cnergy scaling of direet photon production
in pp collisions. Similar results were obtained for pBe collisions, too. Moreover, the
coincidence of the points obtained for different energies and angles gives us evidence
of the validity of energy and angular independence of the scaling function "H(z)
for direct photon production in pBe collisions. The sccond one is that the “scaling
function reveals the power behaviour, H(z) ~ z~. This implics that the process of
photon formation demonstrates the property of fractality. as well as self-similarity.
The fractality of photon productlou means that the underlying parton  subprocess
reveals the self-similarity property over a kinematic range ‘of +/8,q1.0. The level
of virtuality of the underlying process determined by the values of colliding encrgy
and transverse momentum, corresponds to ’ﬁxéd renorma.limtiou factorization and
fragmentation scales. Trausition from one to another level® is g,ovom(‘d by the renor-
malization equation of corresponding ficld theory (p(‘rfllll)dth(‘ and nonperturbative
QCD). As scen from Figure 1(b), the scaling function for the pBe — vX process is
found to be a lincar one on log-log scale. The value of fr(uml dimension ,p. cquals

5.97 and oyppe > (. The fact means that the nuclea.r matrox ‘changes the probabil-
ity of photon formation with different length = d.ud not the fractal diinension
of the mechanism (photou "dressing”). The nuclear effect’ can be described by the
ratio RM¥(z, A) = HA(2)/HP(z) of the scaling. fanctions of nucleus and proton. One
can sce from Figure 1 that the ratio is practically 1ndopondout of z and the function
RAP depends on atomic number only. Nevertheless, the experimmental verification of
the statement should be performed. Taking into ;_).cco:nnt. an experimental aceuracy,
the obtained results give us a confirmation, that the fractal dimension” o is inde-
pendent, of A. It should be cnmphasized that tho ~-1ndvpvndonu' of the ratio. R‘/"
can a.llow us to ma.ko pr(‘dl(nous of phomu spectra in (hffkur pA (olhsmus usmg

3The author-is grateful to G.1%Skoro for usclul: discussions on this matter.



10°

10°

A™"+Ed’0/dq”, pb/GeV?

10*

10°

10?
10

107
107
107
10 ™
10 *
10
107
10
10~
10 -10
‘O-M

H(z). pb

i &,, Direc
E o
£ J' .
E g p-A
; W e,
4 PRSI
3 LA
E t v.: -,‘
E 'y
4 L
1/2
Gev
, S e *
E oo 23 - p
k o+ 63 —-.p
E a» 31 - Be
F ot 38 — Be
E T e PO S SR ED A S T T PR S N RS B B 3
0 2 4 6 8 12 14
qr, GeV/c -
a)
3
X ]
y Direct ¥
£
!
4
r
r
4
X
E o
! o+ 63
.
1 *
¥
1
L. il Lomd 1aaal FEY e

10 -?

Figure 1. (a) Dependence of the inclusive cross section of direct photon produc-
tion ‘on transverse momentum ¢, in pp and pBe collisions. The experimental data
on cross section: o - WA70 [36], + - R806 [37}, o - R807 [38], A, - ET06 [39].
(b) The corresponding scaling function H(z). Solid lincs arc obtained by fitting the
function taken in the form H(z) = a;/2".
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Figure 2. Inclusive cross section of direct photon production’ in pBe ‘collisions
as a function of transverse momentum g, for different cms energies /s =31,63,200
and 500 GeV at an angle of § = 90°. The experimental data on cross section; (o -

E706) are taken from [39].
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the expression .
HA(z) = RMP(A) - HP(2). ' : (15)

We use the universality of the scaling function of direct photon production in pBe
collisions to predict photon spectra at higher energy /s. Figure 2 demonstrates the
A~'Ed®0/dg® dependence on the transverse momentum of produced photon g, at
\/$ =63,200 and 500 GeV and at an angle of 909. The fractions z; and z; covering
the kinematic range with changing momentum ¢ are shown in Figure 3.

4 Conclusions

The z-scaling of direct photon production in pp and pBe collisions at high energics
was considered. The scaling functions H (z“j for the processes pp — vX and pBe —
+X were constructed. The confirmation of the energy and angular independence
of H(z) for pBe and pp collisions was obtained. The power behaviour of the
scaling function, H(2) ~ 2™, for photon production in pBe and pp collisions was
established. The fractal dimensmn o was found to be the same for both processes,

Qppe = 0y, Based on the obtained results, the conclusion that the fractality ol

the self-similar process of photon formation is not changed by nuclear matter was
drawn. The violation of the fractal dimension a of direct photon production is
considered to be a new signature in searching for new physics phenomena in pp and
pA collisions at high colliding energies over a transverse momentum range.

The study of the A-dependence of z-scaling and the search for z scaling violation
of direct ‘photon production in pA and AA collisions at high energies and high ¢,
are of great interest with commissioning such a: colliders of heavy nuclei as RHIC
(BNL) and LHC (CERN).
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