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1 Introduction 

A search for general properties of quark and gluon interactions beyond Quantum 

Chromodynamics (QCD) in hadron-hadron, hadron-nucleus and nucleus-nucleus colli

sions is one of the main goals of high energy particle and relatiYistic nuclear physics. 

A high co!liding energy allows us to study hadron-hadron collisions in the framework 

of perturbative QCD [1]. 

At present systematic investigations of prompt photon production at a colliding 

energy up to ..fi = 1800 GeV aie performed at Tevatron by the CDF [2] and DO !3] 

Collaborations. A high energy of colliding hadrons a:nd a high transverse momentum 

of produced photons guara.'1tee that QCD can be used to describe the interaction of 

hadron constituents. 
Prompt photon production is one among very few signals which can provide direct 

information on the partonic phase of interaction. 'Penetrat.ing probes', photons anrl 

dilepton pairs are trarlition<illy considered to he one of the best probes for quark

gluon plasma (QGP) [4]. Direct photons do not feel strong forces, they provide both 

an undisturbed. picture of the collision a.t very short times and a comparioon sample 

for understanding the interaction between quarks and gluons and the surroundir.g 

nuclear matter. 
It is considered that the fragmentation of parwns into had.rons rrJ.ght be O!:Je of 

the least understandable features of QCD l5]. Even though the primary scattering 

process is described in term of perturbative QCD, the hadroni7.a.tion r.ba.in contains 

very low qrhadrons, respective to the parent parton. Therefore, the whole process is 

clearly a non-perturbative phenomenon involving final state intera..c:tions which have to 

conserve colour and baryon number. In contrast to the foregoing, it is often assumed. 

that the direct photon production probe...:; the parton-parton interaction without the 

ambiguities associated with jet identification, fragmentation and energy measurement. 

It is considered that there is a possibility to identify the process which is well 

understood from the theoretical point of view and in which the gluon contribution 

can be determined. In pp collisions at high energies, the dominant mode of direc"t 

photon production is through the process of Compton scatter1ng (gq --+ Jq). The 

cross section is thus sensitive to the gluon distributiou at loW momentum fraction x. 

A search for general properties of prompt photon production in hadron-hadron 

collisions is of great interest, especially in connection with commissioning such large 

accelerators of nuclei as RHJC [6, 7] at Brookhaven and LHC [8] at CERN, The 

main physical goal of investigations on these colliders is to search .for quark-gluon 

plasma, the hot and superdense phase of nuclear matter. Therefore, the features of 

direct photon production observed in hadron-hadron interactions allow us to extract 

nuclear effects and to study the influence of nuclear matter on the mechanism of 

photon formation in pA and AA collisio]j.s. A comparison of the cross sections 

of direct photons produced in hadron-hadron, hadron-nucleus and nucleus-nucleus 

interactions both in central and non-central rapidity regions allows us to understand 

in detail underlying physical phenomena due to the presence of nuclear matter. It is 

considered that nuclear matter can transit from a usual hadronic ph~ to an exotk 

state, named partonic phase or QGP. 

However, the direct photon production in the partonic phase of hadron-hadron in

teractions can differ from that in the hadronic phase. The process is connected with 
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the space·time evolution of a primary (point·like) photon. During the evolution, the 

primary photon ll1tera.cts with vacuum and nuclear fields through qq.pair fluctuations 

and forms a "coat". The process of bare photon "dressing" is photon hadronization. 

Photon hadronization is the process forming the hadronic (non-perturbative) compo

nent of the photon structure function. The c:Ostence of the ha.dronic component of 

the photon is established in the investigations of deep-inelastic electron·proton scat· 

tering with jet production at HERA [9]. It is possible that the photon hadronization 

has features which differ from the particle hadronization but they might have general 

features, too. 
We consider the direct photon production based on the concept of z-scaling. The 

hypothesis of the z.scaling of prompt photon production in pp coUlsions has been 

suggested in [10] and studied in [11]. Based on the physics s<:nse of the scaling 

function H(z) and the variable z, we can study a fundamental procC?ss - photon 

badron.ization and hadron content of the photon in different processes, for example, 

in pp and j5p collisions. The function H(z) describes the probability to form the 

hadronic component of the photon with formation length z a..'1d, consequently, the 

space·t.lme evolution of the proce.<::s. 
In r.his paper, we usc the formaUsm of ;;.scaling [12] for the description of direct 

phot.on production in pp a.nd 'jjp collisions at high energies. The paper is organized 

as follows. The scaling is based on such fundamental principles of nature as self· 

similarity, locality, scale-relativity, fractal:ity, and scale·relativity. First, one reflects 

the droppjng of certain dimensional quantities or parameters our, of the physical pic· 

ture of intera.ctions. Second, one concludes that the momenturo-I)Hergy conservation 

law is locally valid for interacting constituents. Third, the fractality principle says 

that both the structure of interacting particle and its formation mechanism are self. 

similar in a kinematic range. Fourth, the scale relativity principle states that the 

structures of interaf;tions and interacting objects reveal self·simllarity and fractality 

on any scale [13, 14]. 
It bas been found [12] that the scaling function H(z) is expre.,~ed via two exper

imental observables, inclushre cross section Ed3a/dq3 and the nniltipl.icity density of 

charged particles dNjdnl,=o = p(s). The function H(z) is found to be independent 

of center·of-mas::; energy yS and the angle of produced particle B. The symmetry 

properties of H(z) allow us to connect the scaling functions for different particles 

(n±,K±). The transformation parameter a'•/ ..... i!l interpreted as a relative formation 

length. The scaling function H(z) describes the probability to form the hadron with 

formation length z. The unSversal.ity of H(z) means that the hadronization mechar 

nism of particle product.ion is of universal nature. So, the function is well defined 

ill hadron-hadrc.n wllis)ons, and therefore it can be used to study the feature of 

prompt photon production as well as hadrons. 

The z-scaling of dlrect photon production in pp and pP collisions at high energies 

is studied in this paper. The general concept of z.scallng is described in Section 2. 

Such fundamental principles as self-similarity, locality, scale·relativity and fractality 

are used to construct the scaling function H(z). The properties of the function H(z), 

as well as energy ar.d angular independence, are verified. The results of our analysis 

of the available experimental data and their comparison with usual data presentation 

of the data are given in See;tion 3. The available experimental data for direct photon 

production arc shown to confirm both the energy and angular scaling of H(z) over a 
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wide range of ..fS and 8..,. The ohtaincrl rr.sults Md their interpretation are discussed 

in Secr,ion 4. Ba...<>cd on the phy:-;ica.l meauing of r.he funcr.ion H(z) as a probability to 

form the photon with formation length, thf' conclusion is drawn that H(z) describes 

the spac<~·tilne evolution of tht~ photon hadrouic: component.. Tlw universality of t.lw 

scaling function H(z) is used to predict. r.he cross sen.ions of photon producr.:on ?.t. 

RHIC, LHC and VLHC energies. Some conclusions are summarized in Section 5. 

2 General concept of z-scaling 

L<-r. us considt~r th<' inclusive process 

M 1 +.H2 - m 1 +X. (1) 

where .H1 and A1"J. an' tlw !Basses of cnUidiug hadnms and m 1 1s r.ht• lll<\SS of 

produced inclusive particle. In a.ceordaJlC<' wir.h St.aviusky's icka..-; [15], tlw gross 

features of t.hc incln!>ive part.icll." rlistribnt.ious for rca.cr.ion (1) ar. high en<>rgi<~:-> can 

be described in terms of the corresponding lGncmatic dl<tran.cri::;tic.s of thr cxdusivC' 

part on su hprocess 

(:cll'v/1) + (:c:.)11"J.)- m 1 + (.r 1.M1 + .r:.Jih + m2). (2) 

The parameter m.2 is a mnunmm ma..<::s int.rorluccd iu Ct)llllccr.hm with inr.crnal Clm· 

scrvation laws (for isospin1 baryon number a.nd sr.raugene~s). The :r 1 a.Brl .T2 cuT t.h<' 

scale·invariant fractions of the incoming 4·JUOIJWJlt.a pl CUHi p'!. of colliding nh,irttS 

:c, = 
(P2q) + M 2m, 
(P,P,)- M,M,' 

:r2 
(P1(J) + .H1m2 

(P,P2)- M,M, 
(3) 

The gecondary particle carries 1'\.Wity moHwntum (J. Tht' cent.r<'·d-ma...,s cBcrg,v nf 

subprocess (1) is defined a.s 

S == x~ · .~1~ + :d · 1\1] + 2:r.l · :r2 · (J>lr.J ( 4) 

ru1d represents the energy of coll.idillg const.it.m~nts necessary fnr t.h<' pmduct.imJ of r.lll' 

inclusive partide. The cros..c; ser.t.ion of t.ht' iJJdusiw parr.idt' procluctinn in hadron

hadron interactions in t.h~ frarncwork of the parr.on model is p;twrnwd by t.bc lllllli· 

mum energy of coll..idillg constituents 

a""' 1j.",,.,.(x 1.:r2 ). 
( 5) 

Th<' fra.cr.ions :r 1 and .r2 whidt enrn~spond r.o r.lw minimum va.lut' nf (2) were hnmd 

in (12] under <Ul additional (\m~·t.ra.im. 

at~,(x,.J:,) ~ (), 
fJ.TJ 

where .6.q(x~>x2 ) is ~h·en by t.he rquathm 

at~,t"•···J ~ o. 
[),/'',! 

(:r,rl + :r1.n- q)2 = (:r1M1 + :r.'!.~H2 + m'!.f + .6.</(.r~ .. r:.d 
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So, the fractions Xi and X2 minirn.jze the value of .6-q, simultaneously fulfilling the 

symmetry requirement of the problem, i.e. Xi = :c2 for the inclusive particle detected 

at 90° in the corresponding N N centre-of-mass system. 

In accordance with the seli-semilarity principle, we search for the ::;olut.ion 

da 
dz = >P(Z), (8) 

where "¢(z) has to be a scaling function, and v:c choose the variable z as a physically 

meaningful variable which could reflect self-similarity as a general pattern of hadron 

production. As shown in [12, 14], the choice of z in the form 

"- M · O:p(s)' 
2J§ 

(9) 

allows us to obtain a universal description of the spectra of particles (h = h±, n±, 

K±.p-) produced in pp and j5p collisions at high energies over a high transverse 

momentum range. The coefficient n is considered to describe the tension of a string 

stretched by pa.rtons. The dynamic quantity p(!i) represents the average multiplicity 

density of charged particles produced in the central region of collisions at a given 

energy ..;s. The coefficient n depending on .'Cj and X2 is introduced to take into ac. 

count va.I"ious degrees of ''softness'' of t.he f:Ubprocesses underlying secondary particle 

production. The factor for particle production in the central rapidity range, can be 

written as 

n = !{1- .>-,). (1- .>-,)]'. (10) 

Here, the coefficients ..\i and ..\2 arc expressed via the fractjons x 1 and x2 a..<:; follows 

I (1-x,) 
)q = XJ + ~ X1 · X2. ( 1 _ :r

2
)' I (1- x,) 

),2 = :c2 + ~xl. Xz. (1- :r:i)" (11) 

The invariant differential cross section for the production of inclusive particle m 1 

depends on two variables, Q.1 and 911 1 through z = z(xJ>.'t2) and X1.2 = x~.z(QJ.,QIJ) in 

the following way: 

Ed' a = _2_ [dV;(z) oz 8z + 1,J,(z) o'z l· 
dq3 sn dz 8x1 8x2 8x18xz 

Using (9), (12}, we can obtain the expression 

d
3
a 1 [d!/;(z) V;(z) l 

E dq3 = 16np(s)'M2 dz h,(.T,,x,) + --z-hz(x,,x,) · 

The fur.ctions hi and hz are proportional to the partial derivatives 

Dz Dz 
h,=-·-

8xl fJx2' 
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h2 = 8x 18x2 1 

(12) 

(13) 

(14) 

and h, "' h2 in a high energy region ( .jS > 30 GeV). Therefore, the sc<iling function 

H(z) is defined by the equation 

H(z) = __ 1 [d1j;(z) V;(z)l 
167r dz + -,- · (15) 

Using (13) ;u1d (15), we obtain the relation 

H(z) = (M, + M,)'p'(s) . Ed" a 
4h, dq3 

(16) 

connecting the inclusive differential cross section and multiplicity density p(s) with 

the scaling function H(z). 
The properties of the scaling functions ¢(z) and H(z} under scale transformations 

of their argument ;; can be written in the following form: 

;; 1 z 
z ~ -, H(z) ~-.., · H(-) (17) 

a a a 

Calculating H(z) for t.he p + p _, "f +X Md p + J! _. '"f +X processes, we assume 

that m 1 = m.2 = 0. The fit of t.he experimental data to the multiplidty density of 

charged p<>rticles in the form p(s) = 0.74s0
·"'· [16, 17] is used. 

2.1 Features of Photon Hadronization 

Now v.'C would like to discuss a qualitc:o.tive picture of direct photon production. 

There is a similar picture for hadron production. The variable z is interpreted in 

terms of pa.rton-parton colllsion with the subsequent formation of a string stretched 

by the leading quark of which the inclusive particle is formed [12]. The minimum 

energy of colllding constituents s~fi~ is just the energy of the string which con

nects the two objects in the final state of subprocess (2) where the string has the 

maximum space-like virtuality. Further the string evolved .splits into pieces thus de

creasing its virtuality. The resultant. number of string pieces is proportional to the 

nurnberjdensit.y of final hadrons measured in the ex-periment. Therefore, the ratio 

,fSI, = ..f§jp(s) (18) 

is interpreted as a quantity proportional to the energy of a strlng piece .jSh which 

is not split yet but converts into the observed hadron during the hadronization. 

For direct photon production in pp collisions, the dominant process is Compton 

scattering1 gq -). 'Y9· At the first moment after its emission by quark, the photon 

is a point-like massless particle. The future evolution of the photon is governed 

by the quantum field dynamics. The process is known as the renormalization of 

the photon wave function. Really, the process corresponds to the formation of the 

hadron content of the photon. Some part of the process can be described in the 

framework of perturbative QCD, and the other one requires including nonperturbative 

effects. Both mechanisms of photon formation are experimentally studied (the first 

one, phot.on remnant. of jet produr.tion in deep inela..c:;tic scatt~ing and the second 

one, particle production in the framework of the vector dominant mechanism.) 
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The f&etor ~t .is interpreted in :12, 1-,( as a quant.ity proportional to :-.he r.ension 
or' a string stre'!;ched between pJit.ons in a hi::J.ary parton-parton collision. The value 
0f !l depends on th(. khlcmatica.l vr .. riablf's :r; and the pararnet.cr b. Thi!' pru? .. rnet.er 
rcfir.cts a dynamic nature of the string a...'r!.d should reflect its fract<J strutturc. There 
is an im.ernal tension in such a string. Splitt.ing the st.ri::tg leads t.o sharing t.hr. 
st.;;ng enl':l"f,")' a...rnong two p<1.r:~s. One of them represent~ the masses of the rcrnnaJ1tS 
a..r1d c.he other 011e their :;-:~.n,ua.l kh1Ctic energy. Fract.al dimension 0 reflects direct.ly 
:.Le ::-ha;·ing a.rnount. The \'aluc of the fractal dimens!on for direct photon production 
js found to be 2. 

In the framework of the prcposed scer.ario, r.he variable z 

z"" .Ji:/./0 (19) 

is ronsider('d to be propo!"tiO!Jal to the en('rgy pe: one a\'C~ragc parton-parton collision. 
In S'1ch an average <'olliskn, the striJ1g is co!lverted into the final state having 
fo:mation length z. ThHl"fOr(, the sca.l.i11g .function should be proportional to the 
ft: ... gP.lentation function of the photon 

H(~)- D'(z). (20) 
So, in this picture we interpret t.hc variable ;; as a hacironhntion length. The 

scaling function H(z) reflects local properties of the ha.dronizatior. process. 

3 Z-scaling and Direct Photon Production 
Before th<' l"C.<"<Jlt;;: un dircr:t. photon pmduction in pp and pp c:ollisio!ls are analysed 

we woulG like tu rC;mind of tl:E' result<; on the z-scaling for rharged hadrons produced 
ill hadror.-had:-on collisior.s at JS .-...::53- 1800 GeV and (J = 90°. 

Fig~:re 1{a.) show,;; the dcp<'nde:nce of the cross section on momf:ntum fJ.J.. for 
different Ya!u<•s of energy ·/S. The ("..xpedm(nt<J data are taJ(en from [18, 19, 20, 21]. 
~ote that r.b~ data on the lnclusi\'e cr03s ~ee~,ion cover the klnematit region of the 
aans\'er~ mozn(;J:;;uj-n of secondary particles up w q.J.. =: 10 GeV/c. The absolute 
v:~Jues of the cross section change by a few ordrrs with inr.1·easbg yS at high Q.J..· 
The scaling function H(z) for tbc proces;-;es at t.he same energy y'S is shown in 
Figure 1 (b). One can sec that the obtained results demonstrate the universality -
:he H(z) indepeiJd«:!lce of colliding energy ti".·er a wide momentum range of produced 
particles. 2 S1ucc tbe scaling function is well defined for particle production in 
hadron-hadron colLisions, it is reason::.ble to use the concept of z-scaling for the 
a.~alysis of direct, photon production, too. 

3.1 Energy Independence of H(z) 

The hypothesis of rn<'rgy sc!:\Jing pn·dicts ~hat the direct photon production cross 
sc-('t.ion wiU be ind('pendCIJt of ccntcr-of-n~a.ss C!lCrb'Y Js. \Ve Yerify the hypothesis 

2The points for JJ(z) at y's =II Gd' a~e ohti.~:-Jed at a multiplicity d~:1sity of 1.2p(s). Author 
i;; gmtdul to !.Zborovsky for disC'us:>ion of ~he p~;,lJJem. 
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Figure 1. (a) Inclusive cross section of charged particle production in pp ami j}p 
collisions at different center-of-mass energies Vs and at angle IJ = g(f· as a fuu.:.:tion 
of transverse momentum q~- Experimental data arc taken from [18, 19, 20, 21]. (b) 
The corresponding scaling function H(z). 
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!u:· d.irf'ct ph0to11 productio~ i1: ;rp :1nd PP coll:sj():Js using tb: availahle rxpcrir;J(!:n.a.l 

dat.<' •. 
F;g;m' 2(a.) ;)resrm.s the (h~p~>!!dencc of ;-.!10 1T<JSS .-..cction of thr )J .. :. p _, -.. -- X 

;1!"f'Ce~s on phor.1m momcn:-um q.;.. at v'S = 2:3.63 G!:V a:A a p>lidi<ccd a11gl(' H 
of 90() The experimental dat.a on the cross srction obtained by the coilabor<"S.iun:-> 
WA70!:?2~, R8J6[23], R807!24], Rl08[25), RllO;:wj arr used. The data demm:stratc 
tbc dependence of the eros:; secr.ion on colliding rnergy. Figure 2(b) shows the· z.1.. 
p:--es(':;:-.<t.~ion in comparison wirh the q_-prrs(·::;;;~rjon of ~.hr. ~-?.me dcn.a. Ta.king mto 
:1-t:r:.)Uilt ;:.he experimentaJ errors, we u.-.n omcl;Jrle thc:.r t.lw ~:::~:Ung fu:~c; ion H (::) of 

·:-rlJn:cr. production in pp collisions dcrnonst~·a•b <'..ll <·Jwrgy hdcpcr.rl.mlce 
s;mila.:: rcsuh.s a.re obt?Jncd for t.iJC j'J ..... p ~ : -r X process. Figun: 3(a.) s:~t)W=' 

c.h.: d:·p.:ndence oi the cross section o:1 mGmr::t um (/.c... for photon production jn frp 
()>li!sic•ns at SppS and TeYatron 1-::nergJC.;.; v'-:; -= 54 G. 600 a.nd 18UO GtF a.11d a pn> 
dueed c...rJp;lc (J of 90° The expcrimenteJ da:.a ~m the inclusiYe cross secr.ion obtPJm·d 

c;.r. SppS and Tcvauon by the lJAlj27j, 1JA2:2::sj and D0[3;. CDF[2] collaborations, 
rcspectiYely, OJ·e used. The scaling function H(;;) c:orrcspmHi.ing t.o the same datct is 
~nown iE F:gurcs 3(b). 

fig, me 4 shows t.hc Q.:..- <Wd z-pn~sentac.ions nf r.he data 011 direct. photon procluc-
7iur: or>ta.incd hy the CDF(2] coJJahoration at fi = G00 a.wl lbOO Gtl/. 

Tht:s, ba..."ed on the obr.aiDed results, we C:1Jl conclude that. the energy scaling, the 
independence of the function H(;;) of direct j)ilot.on producr.ion of r.,oDiding cnC'r&'J', 
is really observed hot.h in pp and pp collisim~s 

Tabr:g i!Jto accoum the physical im.crpn::~atiu.n of H(z) as the bnttion cicscrib

iJ;g the ha.droni?.;at.ion proce..'>s, we ca.:n conclude that the formation of the hadronic 
...:owponent of the photon is a univcrscJ proo·ss. \Ve would like to cmphasi7..C r.hat 
a.t . .J$ = 1800 GtV (see Figure 4) the va!ue of H(z}, which is proportional to thr 
probabiljt.y to find the photon with fixed hadronization length z, changes by more 
t.ha.r! (; orders when the hadronization length itself changes from 0 to 80 aJ1d the 
t.ra.:t:.;\·er~e momentum QJ.. of the photon cheu1g~!> from 10 to 120 GeVjc. The fact 
reflects the space-r.ime evolution of t.hC' hadronk component formation of the phot.c~n. 

3. 2 Angular Independence of H ( z) 

Now, we would like to verify the angular scaling of direct photon production in 
}!p collisions. The angular scaling means that the function H(z) is independent of 
the angle 8 of the produced photon. 

Figure 5(a) shows the dependence of rhe cross section oi the p + p - "f +X 
process un the transverse momentum of the photon at Js = 546 end 630 GeV for 
different rapidity intervals: )17l = 0.0- 0.8, 0.8- 1.6, 1.6- 3.0. The f'_xperimental data 
[27] obtai~cd by the UAl collaboration were used. Figure 5(b) shows H(z) as a 
function of variable z obtained for the same data. 

Figures G( a) and 6(b) dcmonstrat,e the Q.J...- and z-prcsentation of the direct photon 
prl)ductinn data [28] obt.ained by the VA2 collaboration. 

Tbus, we have found that t.he function H(z) at SppS energles js independent of 
i:i1r angle () oi the produced photon. 

The arJgular independence of the scaling fu:1ct.ion is found a.t a Tevatron energy, 
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Figure 2. (a) Dependence of the inclusive cross section of direct photon produc
tion in pp collisions on q~ at energy .,fS = 23,63 GeV and pseudorapidity 'f/ "' 0. 
Experimental data on the cross section o - WA70[22), • - R806[23), o - R807[24), 6 
- Rl08[25), 0 - Rll0[26) are used. (b) The corresponding scaling function H(z). 

9 

I. 
I. 

··: 



10. 

10 > 

10. JA1, UA2, 00 .. 
P+P ... )'+X 

z 1 'l"·. " .. . ~< .... =90° 
'% 10 I \: .. 

0. ... . 
1o··~ , •••• 

o~ E j I. '• •,, 

-o,o-·r ~~··· " ! j •• 

;;; 10: ,'" c,v 1 I t 1 
10 0 546 

t" 'A'U 630 
10 ..... ~ • 1800 

10 ,...r 
0 20 40 60 80 

q1 , GP.V/c 

8.) 

100 120 

:~ :~ U>2 oo cor 1 

• UA1, ' ' 
10 ·~ ')'+X 
10 • ... , P+p .... 

1 ' ,.,.,.:::-900 .g_1o··~ 'lo..,_ 

3
1

o ··r ~-1' .• 

140 

:J: 10 ::i ,'" o,v ' 1' j 
10 540 t 1 

... (> 630 . 
• 1 o •a 10 ••• 1800 ' 

10 . ·~,U_-~ 10 _, 

10 ~ 
10 100 

z 

b) 
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(b) The corresponding "C&ing fHlJCtiOil H(z). 
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too. The DO collaboration has carried out the measurements [3] of the inclusive cross 

section of direct photon production at Js = 1800 GtV and two rapidity intervals 

1'11 = 0.0 - 0.9, 1.6 - 2.5. Figure 7, presenting the dependence of the Ed3o jdq3 

cross section and scaling function H(z) on transverse momentum 11.1 and variable z, 

respectively, oonfinns the conclusion. 

3.3 Symmetry and Fractality Properties of H(z) 

Here, we would like to study the symmetry property of the scaling function H(z) 

for direct photon production in pp and j5p collisions. According to the general 

properties of H(z) found for particle production, the scaling function changes under 

the scale transformation z- a- 1z as follows H(z) - a-2H(a- 1z). The property 

allows us to connect the scaling functions for particles of different flavour cement 

and argue the universality of the hadron.ization mechanism for different produced 

particles. 
Figure 8 presents the scaling function H{:::) of direct photon production in frp 

and pp collisions. The solid and dashed lines are the fits of the experimental data 

[3, 2, 17, 27, 28] and [22, 23, 24, 25, 26] for j)p and pp collisions, respectively. One 

can see from Figure 8 that both data. sets demonstrates linear d•.!pendence of H(z) 

on z in log-log scale. This means, from our point of view, that the hadronization of 

t.he photon reveals a similar fractal behaviour H(z) "'z-o in these processes. Here, a 

is the fractal dimension of photon hadronization. The values of the slope paramet-er 

is found to be different ones for pp and frp collisions: o.w > ow. We would like to 

give here a qualit.ative explanation of the result. Direct photons are mainly produced 

in pp and jJp collisions through the Compton and annihilation processes, respectively. 

In the first and second cases, the cross section is proportional to G(xJ) · qv(x2) and 

to qv(x1) • qv(x2), respectively. The suppression of the gluon dl;tribution G(x 1) in 

the proton in comparison to the valence distribution Qv(xl) in tl:.e antiproton leads 

to the relation H!; > H!(. 
Thus, the obtained results give us some arguments to assume that the z-scaling 

of direct photon production in pp and pP collisions should be observed at an energy 

beyond ISR and Tevatron ones. Based on the universality of the scaling function 

H(z) for pp (Figure 9a) and j)p (Figure 9b) collisions, we predict the dependence 

of the ')'-direct cross section on the momentum of produced photon at Rl·IIC and 

Tevatron energies, Vs = 500 and 2000 GeV, for different values of pseudora.pidity, 

71 = 0, 1, 2 and 0, 3, 4, respectively. 
Figure 10 shows the predictions of the Q.1-dependence of the cross section of the 

p+p ~')'+X process at an angle 0 of 90" for ISR, RHIC, LHC and VLHC energies. 

One can see that results obtained at .,fS = 23 and 63 GeV and shown by solid llnes 

are in a good agreement with the experimental data [22, 24]. 

A further experimental verification of the energy and angular scaling of H(z) 

is of great interest to search for new phenomena at a higher colliding energy and 

transverse momentum of produced photons. The violation of the z-scaling of direct 

photon production can be a signature of physics phenomena beyond the Standard 

Model. 
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4 Results and Discussion 

fl<'lT', W<' would i.ik(' to de.:;crihe a quaJir.n.tjYe picture of the proposed sc<·na.rio 

for prompT. phot.on production. In general, it is ba. .... ed on r.he scenario proposC'd in 

!12, 14] for panicle product.ion in J..lJ) and pp mUisions. \Ve would like to n·mmd 0f 

the main features of t.h<> z-scaling. Thr seating function H(z) and scaling \'RJiable 

::; a.re e:-..-pn~~sed via experimental l)hsrrvablcs. The> H(::) is a universal function of 

the wu·iable z. The scaling functions for differem r.:-·p{,S of p(ll't.id<>s a.rr comlC•rwd 

by 8yrr:.metry tr<l.usformation with parameter ah'"' · Tht~ fcv:r.or aJ.i-,,- (h = n- .]•.,:~) 

repn-'S<'nts thr ratio of formation lengths f<1r various hadrons. Thf' knowledge of a 

relative formation kngth ah;.,- of any partie]<' (h) a.ncl scaling fanction for n+ ·meson 

allows us t1) n:stnrr thP SU!.llng fuuetlt'ln for t;>\'HY h. ln t.hig S('llSe, we r.rui gay 

that the scaling: function is th<> sam<> for ditfcn•nt. types 1)f produced put.ides. The 

property is named the flavour indepcndciH:e of H(;;). 

Our re..<>ult8 support in general t.hc propert.ie$ of the .::.scaling for direct. photon 

product.ion in pp and W collisions ttt a. high cnf'rgy. However, r.hcrc arf' some 

diffenmces. Ba<:ed on a.va.ilablr experimental da.t.a, w(' t~stahlish that. H(::) is cut 

ell('fg_v and angular indcpe11dCll<T owr a. wide raugc nf fi ;UJd H. The ::-cieprndcnc<' 

of H(;;) rcvei'l.ls a power bc~haviour, with the difkn'Ht. \"<t.liJ(~ of :-;](lj)t' pa.ra.rnett'r, for 

dircc:t. photon production in J)j) and jlp <"olllsinns. Jr. was (ktaminC'd t.ha.t nw > O:-pp. 

Note also that the form of the seeding functions for rlirect and indirecr. (via ha.dnm 

decay) photon production [12, 14] differs from OJH' ;;Ulntht~r. 1t is duC' r.1) different. 

m("chanisms of photon formar.ion. 

The value of the variable z depends on r.he factor fl. which W(:' interpret. a._<; a 

quantity proportional to the tension of the foruwd ;:;r.ring which is the H.IIc<~sr.or of 

the producf'd photon. 
We consider two kinernatiea.l region~: OJH' is d1a.racteri/..<'d hy high t.rruJs\'<"I"S<' 

rnomcm.a q1. which correspond t.o low :r1.2 < 0.1 <l.t high energies a.nd a.IIothC'r by 

extremely high longitudinal momenta qll which give :c 1 (:r2 ) - 1 and .r 1 + :r2 ::::- 1. The 

first region is the central region of ser.onda.ry panicle produttion and the second 

one is the fragmentation rcgiou of on<' of tlw incoming particles. The dep<'ndC'ncC' 

of x 1 and :r2 on the momemum of produced phnr.tlll q is illu:-:r.rated in Figur<' 

ll(a,b). The points correspond to DO [3] a.:1d UA1 [27] kinematics, n~spcn.ivdy. 

Figure 11 (a) 8hows a. clear differenc.e bet. ween .-r 1 and :r2 in the fragment.at.ion region 

of r.hc incoming hadron M 1 (01 = 15°) and. in t.hc central fragm~IJtation r('giuu 

M1 (01 = 90°). Sjmilar results for th<> depench~IHX' of :r 1 a.Itd :1.·2 on q for UA1 

[27] kinematics are shown in Figure ll(b). Tlw iiJt.crYals of :t: 1 ,:r2 ami q for th<' 

central and fragmentation ranges of UA1 kinematics arc :r 1 = 2.09 · 10-2 - 1A3 · 10- 1 • 

q = 17-90 (GeVfc) and x, = 2.61·10-'- 5.85 ·10-', "' = 2.62 ·1W"- 5.8~ · 10··'. 

q = 83- 186 (GeVfc), respectively. The int.cn·kUs of :r1 ,:r2 and q for the <"CJJt.ral 

and fragmentation range...;; of DO kinematic.-; are :r 1 ~ 5.56 · 10-:~- 6.0G · Jo- 2 • q = 
10- 109 (GeVfc) and XJ = 4.32. 10-2 - 4.5i. w-l' ;{:2 = 7.15. w-4 ·- 7 58. w-.i. 
q = 39.5- 418. (GcVjc), respectively. 

The string tension in the central region is higher dta,n iu the fragritent.at.i1m tHJc, 

n ....... [(1- )q)(1- >.2)]2. It corresponds i.O t.hc idca.s [12] of the hadronization pnH~~ss 

in whieh the produced bare quark {quark forming the hadronic compom'Ht. of thl' 

photon wave function) dresses itself dragging l)llt. som(' Ular.wr {sea qtj pa.irs, gluons) 
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of the vacuum forming such a string. The string connects the leading quark (quarks) 
of the hadronic component of the photon with the virtual object with effective mass 
(x1A1t + x2.i\f2). The momentum of this object compensates a high momentum of 
the produced photon. The photon "dressing" in the central region is more intens!ve 
than that in the fragmentation region. In our opinion, it can be connected with 
the substantially lower :-elative velocitiE:'s of the partons of the photon "coat" relative 
to the vacuum in the central region than those in the fragmentation one. lt is 
easier to obtain an additional mass for a slowly moving quark. Such Q. quark is 
strongly decelerated with the string which has a high tension. Conseque!ltly, the 
hadronic wmponent of the photon generated from this quark is formed along a 
smaDer formation length. 

We study the regime of local parton interact.ions of incident badrons at high 
energies (.JS > 20 GeV) and tra...'1sverse momenta of the ~econdary direct photon 
(q..:... > 4. GeVfc). In this regime, the quark distrib'Jtion functions of incoming 
hadrons arc separated, and therefore the ::;caUng function H(z) describes directly the 
universality of the fragmentation process of seccndary partt•DS into observable dirco. 
photons. ~everthelC'ss, the boundaiy condition and fractal dimension are essential for 
phot.on formation. One can see from Figure 8 that H!;(z) > HI?(z) and aw > O'w-

5 Conclusions 

The inclusive prompt photon production in pp and pp rollisions at h.igh enerr;ics 
has been considered. The functio!l H(z) ciescrlbing the new scaling, z-scaling, of 
photon production was used to verify the energy and angular independence of rlirect 
photon production in the processes. A general concept of the z-scaling based on 
fundamental principles: self-similarity, locality, scale-rda~ivity and fractality, is de
scribed. The function H(z) is expressed via experimental observablcs - the inclusive 
cross section of produced photons {l..lld the multiplicity density of charged particles. 
The results of our analysis based on the available eA-perimental data obtaJned at 
ISR, SppS and Tevatron give us some argument-'> to conclude that thE' z-scaling of 
prompt photon production in pp a."ld pp collisions at h.igh energies and over a high 
Q.1 range is observed. The fo:1nd energy and angular scalL'lg of H(z) is interpreted as 
the universality of the photon hadronization mechanjsru. The function H (z) is _pro
portional to the probability to form the hadronic component of the real photon with 
formation length z. The scaling function H(z) refi('cts general properties of photon 
formation and demonstrates power behaviour, H(z) ...... z-0:, for both p + p __. 1 +X 
and j5 + p ---+ 1 +X processes with different values of the coefficient a. It was de
termined that a:PP > o:i'P. Based on obtained results '"''e conclude that the power 
behaviour of H(z) reflects the fractal property of photon formation. 

\\
7e consider that the z-scaling can be an excellent ''instrument'' in searching for 

new phenomena both in hadron-hadron, hadron-nucleus and nucleus-nucleus jnterac
tions. Direct photon production in thf'.se processes is one of the best reactions to 
study the mechanism of photon hadronization and the hadron content. of the photon 

A more detailed experimental study of the z-scaling of direct photon production, 
in particular z-scaling violation over a high QJ. ra:nge, in pp and ftp collisions at hlgh 
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energies will be possible in future expedments planned to perform at RHIC (BNL), 

Tevatron (Fennilab), HERA (DESY) a.~d LHC (CERN). 
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