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1 Introduction

A study of the A-dependence of particle production in [A and hA collisions is
traditionally connected with phenomena of nuclear matter influence on particle for-
marion. 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-cffect [1, 2], J/4-suppression [3, 4], enhanced A-dependence in hadron pro-
duction [5]). The A-dependence of cross section is usually presented in the form
g = g, A=) Here the factor of{x,p)) characterizes the influence of nuclear
matter on the mechanisin of particle formation.

The A-dependence of hadron production over a high and low transverse momen-
L range was investigated in [5, 6] and [7, 8, 9], and & nontrivial dependence of «
on & = p/Pyar and p; was found. The analysis of the deep-inelastic (A scattering
data [10] shows [11] that the ratio of Fp structure functions RA/P(x, A) for nucleus
and nucleon is independent of transverse momentum Q* The ratio parametrized
in the form RYP(x, A) = 22 (1 + a2)(1 — agx), is described by the coefficients a;
expressed via a universal function depending on atomic number only.

The A-dependence of cumulasive wt-meson production in pA collisions at glab =
180° was studied in {122 The ratio RYP(X,A) = A™'p}/ph, as a 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 reveal an exponential
growth at X > 1. The A-dependence of the ratio RY demonstrates an asymptotic
hehaviour with increasing A. A similar exponential behaviour for the ratio RS/P(z) =
F{/FP of decp-inelastic structure functions at x > 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).

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, Ip ete.).
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 collisions was pro-
posed, and the A-dependence of the scaling function for the process pA — tX (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 scale-relativity. The
first one rcflects 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].

It was established [19, 20, 24] that the scaling function H(z) was expressed via
two cxperimental observables, inclusive cross section Ed’0/d¢® and the multiplicity
density of charged particles dN/dn|,—0 = p(s). The H(z) was found to be inde-

2A_dependence of cumulative 7%, K¥ and $ production on Be, Al, Cu, Ta nuclei and at oo ~ 90°
and =~ 120° was studied in [13].



pendent of center-of-mass energy /5 and the angle of produced particle #. The
symmetry properties of H(z) allow us to connect the scaling functions for different
particles (7%, K*). The transformation parameter o™ ig interpreted as a rela-
tive formation length. The scaling function H(z) describes the probability to form
the hadron with formation length z. The universality of H(z) means that the
hadronization mechanism of particle production is of a4 universal nature. Tt was
found [20] that H,y < H,, for z*-meson production over a high z rauge. It was
concluded that nuclear matter in the hadronic phase inmtensificd the hadronization
process and decreased the formation length = 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 melting of the hadron "coat” increases the
hadronization length. In the second one, the enhancement of Ydressing” bare parton
leads to decreasing formation length.

Direct photon production is studied in pp and gp collisions over a wide kinematic
range of colliding energy and transverse momentumn at CERN amd Fermilab, Tt is
considered that photons are mainly produced at high cnergy via two mnechanisins.
hadron decay (for example, 7° — 2v) 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 following: the electromagnetic
vertex 18 understood hetter than the hadronic one, the observed photons come
from elemenzary 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 scction 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 analysis 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 funetion
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 encrgy /s. The principle of
minimum seusitivity proposed in [22] does not completely resolve the problem.

Prompt photon production is one among very fow signals which can also provide
direct information on the partonic phase of interaction in nucleus-nucleus collisions.
"Penetrating prohes’, photons and dilepton pairs are traditionally considered to bhe
onc 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
quarks 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 scaling function,
H(z) ~ z=*, for both processes was found.

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



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

2 General concept of Z-scaling

Ler us consider the inclusive process

M1+M2—>‘nll+X, (1)

where M, and M, arc the masses of colliding hadrons and m; is the mass of
produced inclusive particle.  In accordance with Stavinsky’s ideas [8], the gross
teatures of the nclusive particle distributions for reaction (1) at high energies can
be deseribed in terms of the corresponding kinematic characteristics of the exclusive
parton subprocess

(r M) + (22 M) — my + (2, M) + 22My +my). (2)

The parameter m; is 4 minimum mass introduced in connection with internal con-
servation laws (for isospin, baryon number and strangeness). The x, and z, are the
scale-invariant fractions of the incoming 4-momenta P, and P, of colliding objects

_ (P2q) + Mamg o = (Prg) + Mym, 3)
(P.Py) — MMy’ 2T (PP - MM,

€Ty

The secondary particle carries away momentum g. The centre-of-mass energy of
subprocess (1) is defined as

4€.::I:f"M;z+:E§"M22+2zl':Bz'(Ple) (4)

and represents the energy of colliding constituents 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
ot colliding constituents o ~ 1/8,,,,(2;, Z3).

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

2~ (e, )

where 9(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

23

=R (©)

allows us to obtain a universal spectra description of hadrons (h = h*, 7% K* p~)
produced in pp and Pp collisions at high energies over a high transverse momentum



range. The coefficient € 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 Q@ depending on i, and x, is introduced to take mto 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=[(1-2)-(01-M\)° (7)

Here, the coefficients A; and Ay are expressed via the fractions @, and 1, as follows

The invariant differential cross section for the production of inclusive particle m
depends on two variables, ¢; and g, through z = 2(x), z2) and =2 =z, 2(g1.q) in
the following way:

3 ~ A 2.
plr 1 [d 0 0 o o
dg? sm| dz Oz, 01y 7 Or,101
Using (5) and (9), we can obtain the expression
d*o 1 dy(z), . ¥(z)
W = *167rp(3)2M2 l: dz h,l("El,.’lﬁg) + P hz(.’!?]..",'z) (l(ﬂ
The functions h, and h, are proportional to the partial derivatives
dz 0 9?
B, z 20%z (11)

:%.5;7—;1 2:3.’1215.7:23

and h; ~ hy in a high energy region. Therefore the scaling function H(z) 1s
determined by the equation

o= LW v ,
Hiz) = 1677[ & ] (12)

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

(A«{l + Mz)zpz(s) . Ed‘JO'

(13)
relating the inclusive differential cross section and multiplicity density p(s) to the
scaling function H(z).

The propertics of the scaling functions ¥(z) and H(z) under scale transformations
of their argument z can be written in the following form:

1

z—a'z H(z) —» a"H(a '2). (14)



3 A-dependence of fractal dimension

The caleulation of H{z) for the pp — vX and pBe — vX processes are pertormed
using general expressions (6),(11) and (13) under the condition my, = me, = 0. The
ficting funerions of the experinental data on the multiplicity  density of charged
particles are used in the form p(s) = 0.74- 919 [321[34] and p?s) = 0.67. 40 1. (0 105

([2[]]‘ Recent experimental data [35) are well described by parametrization ps)

Figure 1(a) shows the dependence of the invariant cross section AEdi e fdyg?
on the transverse womentum of produced photon ¢, at different cuergy /5. The
experimiental data for pp collisions are taken from [36]-138] The high accuracy data
on the inclusive dircet. photon cross section for an incident 530 and 800 GeVije
proton beam and o Be target. averaged over a center-of mass rapidity range of
-0.75 to 075 and -1.0 to 0.5 per nucleon are taken from [39]. The statistical er-
rors are shown in Figure 1 only. We would like to note a general tendency of
qo-preseutation of the cross seetion data: a divergence of the spectra over a high
qr range with inereasing /s The scaling funetions H(z) corresponding to the sane
data are presented in Figure 1(b). Note some important. features of H(z). The
first one is that the points corresponding to pp collisions at VS = 23 Galoand
63 GV ovoincide. The fact reflects the energy sealing of direct photon production
i ppcollisions. Similar results were obtained for pBe collisions, too. Morcover, the
commcidence of the points obtained for different energies amd angles pives us evidenee
of the validity of cnergy and angular independence of the scaling funetion H(z)
for direct photon production in pBe collisions. The second one is that the scaling,
function reveals the power behaviour, H(z) ~ 2z, This implies that the process of
photon formation detonstrates the property of fractality as well as self-similarity
The fractality of photon production means that the underlying parton subprocess
reveals the self-similarity  property over o kinematic range of s.og.. 68 The level
of virtuality of the underlying process determined by the values of colliding energy
and transverse momentum,  corresponds to fixed renormalization. factorization and
fragmentation scales. Transition from one to another lovel is governed by the renor-
walization cquation of corresponding field theory (perturbative and nonperturbative
QCD). As seen from Figure 1(h), the scaling function for the pBe — 53X process is
found to be a linear one on log-log scale. The value of fractal dimension (e cquals
597 and v, = (v, The fact means that the nuclear matter changes the probabil-
ity of photon formation with different length = and not the fractal dimension
of the wechanisin (photon dressing”). The nuclear offect can be deseribed by the
ratio RVP(z, A) = HMz)/HP(2) of the scaling functions of nucleus and proton. One
can sce from Figure 1 that the ratio is practically independent of = and the function
R depends on atomic number only. Nevertheless, the experimental verification of
the statemens should be performed. Taking into account an experimental ACCUTACY,
the obtained results give us a confirmation, that the fractal ditmension o is inde-
pendent of A It should be cmphasized that the z-independence of the ratio fVr
can allow us to make predictions of photon spectra in different pA - collisions nsing

FThe author is grateful 1o G.P.Skoro for usefl disenssions on this malter,
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the expression
HA(z) = RMP(A) - HP(2) 115

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
AT Ed%s/dg® dependence on the transverse momentum of produced photon ¢, at
VS = 63,200 and 500 GeV and at an angle of 90° The fractions z; and o 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 cnergies
was considered. The scaling functions H(z) for the processes pp — +X and pBe —
vX were constructed. The confirmation of the energy and angular wmdependence
of H(z) for pBe and pp collisions was obtained  The power behaviour of the
scaling funesion, H(z) ~ 27, for photon production in pBe and pp collisions was
established The fractal dimension o was found to be the same for both processes,
Oppe = Oy, Based on the obtained results, the conclusion that the fractality of
the self-similar process of photon formation is not changed by nuclear matter was
drawn. The violation of the fractal dimension « 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 @ scaling violation
of direct photon production in pA and AA collisions at high energics and high ¢,
are of great interest with commissioning such a colliders of heavy nuclei as RHIC
(BNL) and LHC (CERN)
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Toxapes M.B. E2-98-161
Z-CKEeWMHT ¥ A-3aBHCHMOCTb (DPAKTAIBHOCTH NPAMOTO POXIEHHS (POTOHOB
B p — A-B3aHMOJIEICTBHAX

H3yuaercs A-3aBHCHMOCT paKTaIBHOM PA3MEPHOCTH O npouecca poXIEHHS MPIMBIX
doToHOB B pp- U pBe-B3aUMONEHCTBHAX NPpH BBICOKUX 3HEpruax. IloctpoeHa ckeiviMHroBas
tbyrkums H (z) 119 3THX NpOLECCOB. YCTAaHORIEHA CTENCHHAA 3aBHCHMOCT 3TOH (PyHKUMUH,

H(z) ~7~ % m1a npoueccos pp =YX v pBe > ¥ X 1 paBeHCTBO HMX (hpaKTATbHBIX pa3Mep-
HOCTEH, O ope =, Crenano 3akimoueHue o ToM, 4TO suepHas cpeda YCHIIMBAET Tpouecc

copMupoBaHHA (POTOHA, HO HE HIMEHSET ero (bpaKkTaTEHOM Pa3sMEPHOCTH. YHHBEPCATbHOCT
TIOBEACHHS CKCHITMHIOBOH (DYHKUMH HCIIONb30BAHA [UIA NPOBEAECHHS MIPEACKA3ATENbHbIX
pacyecToB  CMeKTpa  MpsMbiX  (hOTOHOB B pBe-B3ammopeicTBuAX 1pu 3HEPTHAX
Vs =63, 200, 500 T'sB. TloayueHHbie pesynsrarhi MOTYT NpEeACTaBIATh HHTEPEC WA OynyiLux
SKCNEPUMEHTOR, iaHupyemblx Ha RHIC (BNL), LHC (CERN), HERA (DESY) u Tevatron
(Batavia), 0 MOHMCKy HOBBIX SIBNEHMii B ARpOH-ANEPHBIX U AApPO-ANEPHBIX B3aUMOIECHCTBHSX
APH BBICOKHX SHEPrHIX.

Pa6ota Beirontesa B JlaGopaTopuu BHICOKMX aHepruit OHSIH.

Mpenpuut OGBEHHEHHONO HHCTHTYTA AIEPHBIX UCCIEN0BARMI, Nybna, 1998

Tokarev M.V, E2-98-161
Z-Scaling and A-Dependence of Fractality of Direct Photon Production
in p — A Collisions

The A-dependence of the fractal dimension o of direct photon production in pp-
and pBe-collisions at high energies is studied. The scaling function H (z) for the processes
is calculated. The power behaviour of the scaling function, H (z) ~2~ %, describing
the photon formation mechanism for pBe- and pp-collisions, is established. The fractal
dimension of photon formation is found to be the same for both pp =YX and pBe > yX
processes: @ p A . One can conclude that nuclear matter intensifies the photon formation
and does not change the fractal dimension. Based on the universality of the scaling function
fg pBe-collisions, the Ed’c / dq3 dependence on transverse momentum at energies
Vs =63, 200,500 GeV is predicted. The obtained results can be of interest for future
experiments planned at RHIC (BNL), LHC (CERN), HERA (DESY) and Tevatron (Batavia)
to search for new phenomena in hadrontnucleus and nucleus-nucleus collisions.

The investigation has been performed at the Laboratory of High Energies, JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 1998
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