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The conceptof z-scalingthat re ects the generalfeaturesof internal particle substructure,
constituentinteraction,and mechanisnof particle formation at highpr is reviewed. The
experimentadataon inclusive crosssection®btainedattheU70, ISR, SpS,RHIC andTeva-
tron areanalyzed.The propertieof z-presentatiorof datasuchasthe enegy independence,
power law, and A-dependenceare discussed.The propertiesof z-scalingare arguedto be
connectedwith the fundamentasymmetriessuchas self-similarity, locality and fractality.
Theuseof z-scalingto searchfor new physicsphenomenin collisionsof hadronsandnuclei
is suggestedRHIC datausedin our new analysiscon rm z-scalingin pp collisions. High-
pr particlespectraat LHC enepiesare predicted. Violation of z-scalingcharacterizedy
the changeof the anomaloudractal dimensionis consideredasa new and complementary
signatureof new physicsphenomena.

PACS: 13.85.-1,13.87.-a24.80.+y 25.40.Ep

1 Intr oduction

More prominentpropertiesof particle productionare obsened at high enegy and trans\erse
momentuni1-4]. Thekinematicregimeis usedto performcalculationsf physicalquantitiesn
theframawork of perturbatve QuantumChromodynamic$QCD). Deviationsof thetheoretical
resultsobtainedin the high-pr region using available experimentaldataare often considered
as manifestationf new physicsphenomena.We should also note that the nonperturbatie
effectsarenotwell controlledby thetheory ThereforesearcHor new scalingfeatureof particle
interactiondn the high-pr regionis of interestfor developmenbf thetheory

The fundamentalbproblemof high enegy physicsis the origin of mass,spin, and chage
of particles. The study of particleinteractionsover a wide kinematicrangeand especiallyat
small scalesis necessaryo understandinderlyingphysicsphenomena.The Theory of Grand
Uni cation (GUT)) assumeshatall typesof interactionsareuni ed atsmallscales.New ideas
suchas extra dimensions,anisotroly and fractality of space-timequark compositenessand
theoriesof SuperSymmetryandSuperGravity areintensively developed.
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Z-scalingas a new featureof high-pr particle productionin hadron-hadrorand hadron-
nucleuscollisionsat high enegieswasestablishedh [5-11]. Thescalingfunction andscaling
variablez areexpressedia experimentatjuantitiessuchastheinclusive crosssectionE d® =dp’
andthe multiplicity densityof chagedparticlesdN=d . The z-presentatiorof datais foundto
reveal symmetryproperties(enegy independencei-dependencepower law). The properties
of athighz areassumedo berelevantto the structureof space-timeat smallscaleq12,13].
Thefunction (z) is interpretedasa probabilitydensityto producea particlewith theformation
lengthz. Theconcepibf z-scalingandthe methodof dataanalysisaredevelopedfor description
of differentparticles(chaged[6, 7,14] andneutral[10, 11] hadronsdirect photong[8, 15], jets
[9]) producedin high enegy hadron-hadrorand hadron-nucleusnteractions. The proposed
methodis complementaryto a methodof direct calculationsdevelopedin the frameawork of
QCD [16] andmethodsbasedon the Monte Carlo generatorg17-24]. Thereforewe consider
thatthe useof the methodof dataanalysisbasedn the conceptof z-scalingallows usto reduce
sometheoreticaluncertaintiesvhich areambiguoushestimatedy theory

In the reportthe generalconceptof z-scaling,the propertiesof z-presentatiorof dataand
somenew resultsof data analysisare presented. The fundamentalprinciples such as self-
similarity, locality, fractality, andscale-relatiity areformulatedanddiscussedn theframewnork
of the conceptof z-scaling. Veri cation z-scalingvalidity atthe RHIC andLHC is suggested.
Violation z-scalingis consideredo beindicationof new physicsphenomena.

2 Z-scaling

In the sectionwe discussasicideasof z-scaling.A generalschemeof z-presentatiomof datais
describedThe physicalmeaningof theintroducedquantitiess explained.

2.1 Locality

Theideaof z-scalingis basednthe assumption§25] thatthe grossfeatureof inclusive particle
distribution of the procesq1) at high enegiescanbe describedn termsof the corresponding
kinematiccharacteristics

M1+ Ma! mp+ X (1)
of the constituensubprocessritten in the symbolicform (2)

(XgM 1) + (xoM2) T mp+ (X1M1 + x2M2 + my) (2)
satisfyingthe condition

(x1P1+ X2P2  p)2 = (Xx1M1+ XaMj + my)?: 3)

The equationis the expressiorof locality of hadroninteractionat constituentevel. Thex, and

X2 arethefractionsof theincomingmomentaP; andP; of thecolliding objectswith themasses
M andM,. They determinethe minimum enegy, which is necessaryor productionof the

secondaryarticlewith themasam; andthefour-momentunp. Theparametem, is introduced
to satisfytheinternalconserationlaws (for baryonnumberisospin,strangenessndsoon).
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Equation(3) re ects minimum recoil masshypothesisin the elementarysubprocess.To
connectkinematicandstructuralcharacteristicef the interaction,the quantity is introduced.
It is chosenin theform

( x1;x2) = m(l  x1) *(1  Xx2) ?; (4)

wherem is amassconstantand ; and , arefactorsrelatingto the anomaloudractal dimen-
sionsof the colliding objects.Thefractionsx; andx, aredeterminedo maximizethe valueof
( X1;X2), simultaneoushyul lling thecondition(3)

d( X1;X2)=0X1]y,=xy(xs) = O (5)
Thefractionsx; andx, areequalto unity alongthe phasespacedimit andcoverthefull phase
spaceaccessiblatary enepy.

2.1.1 decompositionof fraction x

Usingequation(3) therelationshipbetweerthefractionsx; andx, canbewrittenin theform
X1X2 X1 2 X2 1= o (6)

where

(P2p) + Mom; | _ (Pip+ Mim; | _ 05(m3 m?)

z 2B 7 Wolla - AT T Rz o TSy Mo 7
(P1P2) MiM; 27 (P1Py) MM, °7 (PiPy) MiM; %

1

Using equation(5) it canbe shawn [6, 7] that the fractionsx; and x, satisfy the
decompositiorasfollows

X1= 1+ 1 X2= 2+ 2 (8)

with
q q

- 2.2 . - 2412 :
1= TH11+ g 2= stlo+ 1o )

Here,thefollowing notationsareused

(1 1). 1(1 2) .

2: + y 2 = + - 1 lO
1=(12% o) T 5=(12% o T 0 (10)

a ) (1
ly= + o) lo= + o0 11
1= (12 0)2(1 D) 2= (12 0)2 T 1 (11)
where 2= 1. In the caseof proton-nucleusnteractionsthe nucleusis labeledby index 2.

Thevalueof is chosernto beatomicweightA. The choicewasjusti ed by our analysig7] of
experimentadata.
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2.1.2 Scalingvariable z

Determinationof the self-similarity parameterz playsthe crucial role in our approach. This
shouldre ect generapatternof hadronproductionathigh enegies.Besideghescaleinvariance,
it concernghefractal characteof the compositestructuresnvolved. Leadingby the principles,
we considerthevariable
1=2
%
_— 12
(dN=d ) (12)
It includesaccordingo theansatasuggesteth [6] thetrans\ersekineticenepgy of theelementary
subprocesg§?),

§7=67+82 my (Mixy+ Moxp + my); (13)

thefactor ( X1;x2) andtheparticlemultiplicity densitydN=d j - (S). Thetrans\erseenegy
consistf two parts

= P _ p
872 =" (1P1+ oPp)% &%= ((Pi+ oPy)Z; (14)

representinghetranswerseenegy of theinclusive particleandits recoil, respectiely. Notethat
theform of z, asde ned by (12), determinests variationrange.Theboundarie®f therangeare
0 andl . Thesevaluesarescaleindependenandkinematicallyaccessiblatany enegy.

2.2 Self-similarity

Self-similarityis ascale-ivariantpropertyconnectedvith droppingof certaindimensionafjuan-
tities out of physicalpicture of the interactions.It meansthat dimensionlessjuantitiesfor the
descriptionof physicalprocesseareused. In accordancavith the self-similarity principle, we
searchfor the solution

1 d
<N > jpe dz’

(2) (15)
which dependsn a single scalingvariablez. Here i, and< N > aretheinelasticcross
sectionand the averagemultiplicity of chaiged particles,respectiely. As shawn in [6, 7] the

scalingfunction (z) is expressedia theinvariantcrosssectionEd® =dp’ asfollows

> 31l (16)

@= Ny ) o

Here, s is the centerof-masscollision enegy squared,] is the correspondinglacobian.The
factorJ is the known function of kinematicvariables,momentaand massef colliding and
producedparticles.
Thefunction (z) is normalizedasfollows
Z 1

. (z2)dz=1: a7



Thez-scalingfrom tensof GeV'to TeV 325

Therelationallows usto interpretthefunction (z) asaprobabilitydensityto producea particle
with thecorrespondingalueof thevariablez.

We would like to emphasizehat existenceof the function (z) dependingon a singledi-
mensionlesyariablez andrevealingthe scalingpropertieds not evidentin advance.Therefore
theproposednethodto construct (z) andz couldbeonly proveda posteriori.

2.3 Fractality

The principle of fractality stateghatthe variablesusedin the descriptionof the processliverge
in termsof resolution.This propertyis a characteristioneof the scalingvariable

z=170 1 (18)
where

Zo = P &, =(dN=d ): (19)
The variablez hasa characternof fractalmeasurez() ! 1 at ! 0. For thegivenpro-

ductionprocesq1), its nite partzg is theratio of the trans\erseenegy releasedn the binary
collision of constituentg2) andthe averagemultiplicity densitydN=d j -, . Thedivergentpart

! describeghe resolutionat which the collision of the constituentsanbe singledout of this
process.Thequantity ( X1;X2) representselative numberof all initial con gurationscontain-
ing the constituentsvhich carryfractionsx; andx, of theincomingmomenta.The parameters

1 and , aretheanomaloudractaldimensionf the colliding objects(hadronsor nuclei). The
momentunfractionsx; andx, aredeterminedn away to minimizetheresolution  *(x1; x5)
of thefractalmeasurez with respecto all possiblesub-processeg®) subjectedo the condition
(3). Thevariablez wasinterpretedasa particleformationlength.

As we will shaw laterthe scalingfunctionof high-pr particleproductionis describedy the
powerlaw, (z) z . Bothquantities, andz, arescaledependentThereforewe consider
thathigh enegy interactionf hadronsaandnucleiareinteractionof fractals.In theasymptotic
regiontheinternalstructureof particles,nteractionsof their constituent@andmechanisnof real
particleformationshouldmanifestself-similarity andfractality over awide scalerange.

2.4 Scale-relativity

Thepropertiesof particleinteractiongn space-timee ect symmetrieof Nature. The principle

of motionrelativity hasbeenusedio formulatenon-relatvistic andrelativistic theory Thespecial
theoryof relativity dealswith only inertial coordinatesystemswhile the expressiorof physical
laws in the generatheoryof relativity shouldbewritteninto any curvilinearcoordinatesystem.
The principle of generalrelativity stateghat”the laws of physicsmustbe of sucha naturethat
they applyto systemsf referencesn arny kind of motion”. Application of the relatiity prin-

ciple canbe extendedto stateof scaleof referencesystem[13]. Therearecorvincing evidence
to considertthatscaleaswell asotherquantitiescharacterizing referencdrameshouldbe used
to describea particlestateover a high-pr range.In this rangeelementarprobessuchasdirect
photonshigh-pr hadronsandjetsarenot point-like objects.They have acomplicatedstructure.
Thelastis resultedfrom interactionsof quarks,gluonsandheary bosonswhich arefundamen-
tal objectsof the theory Thereforeexperimentallymeasurableuantitiesshoulddependon a
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ratio betweenscalesof the studiedobjectanda probe. In otherwordsthe variablesusedin the
descriptionof the processlepend®n aresolution.

A generalizatiorof the motion-relatvity principle to the scale-relatiity principle requires
that"the laws of physicsmustbeof sucha naturethatthey applyto systemf referencesn ary
kind of motionandwhateverits stateof scale”.

In theframework of theconcepbf z-scalingthemechanisnof particleformationis described
by the function (z). Both quantities andz dependon the resolution ! while asfound
from our analysisof numerousexperimentaldatathe anomaloudractal dimension areto be
resolutionindependentWe consideltheﬁtheexperimentak/eri cation andthestudyof z-scaling
overawide kinematicrangeof pr and” s anddeterminatiorof couldgive new insightin the
theoryof scale-relatiity [12,13].

The varioussignaturesare suggestedo usefor searchingor new physics(quarkcompos-
itenessHiggs boson,new typesof interactionsextra dimensionsplack holes,phasetransition,
fractalstructureof space-timetc.) atthecollider of new generationthe LargeHardronCollider,
at CERN. Theregime of high-pr particle production(or very smallscales 10 4 [Fm]) will
beaccessiblatthe LHC. It is assumedhatthe couplingconstant®f electromagnetioyeakand
stronginteractionsareto be the sameorderasthe gravitational oneat the scales.Thereforethe
structureof space-timatself shouldbere ected by the mechanisnof particleformation. The z-
scalingis suggestefb—11] asaneffective tool to studyfeaturef particleformationathighpr .
Violation of the scalingis consideredo be a signatureof new physicsphenomenan collisions
of hadronsandnuclei.

3 Propertiesof z-presentationof data

In the sectionwe presentand discusssomepropertiesof pr- and z-presentation®f dataof
highpr particleproductionin pp, pp andpA collisions. We shaow thatthe scalingfunctionsfor
differentprocesserevealthesameproperties They aretheenegyindependencef |, thepower
behaior of athigh-z andA-dependence.

3.1 Energyindependenceof (z)

It is well known thatnumerous»iperimentatjataon highpr particlespectrananifestthestrong
dependencen collision enegy = s. The effect enhancessthe trans\versemomentumof pro-
ducedpatrticleincreases.

311 *; ,K*,K -mesons

Figuresl(a)-4(a)shav the dependencef the inclusive crosssectionsof *; , K* andK

mesongproducedin pp collisionson the transversemomentumpy at the incident proton mo-
mentump, = 70; 200, 300, 400 and 800 [GeV/c] andthe angle ¢, ' 90°. The datawere
obtainedat Protvino[26] andBatavia [27,28]. Thetrans\ersemomentaof producedparticles
shavnin Figs. 1(a)-4(a)changefrom 1 to 10 [GeV/c]. We would like to notethatthe data[27]
and[28] correspondindo the momentump,. = 400 [GeV/c] arecomplementanandarein a
goodagreementAs seenfrom Figs. 1(a)-4(a)thatthe particlespectrademonstrat@ power be-
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havior atp. = (200 800)[GeV/c]. Theeffect of kinematicboundaryis visible at the end of
spectrumatp,. = 70[GeV/c].

Theenepgy independenﬁef z-presentatiof datameanghatthe scalingfunction (z) has
thesameshapeor different” s overawide pr range.

As seenfrom Figs. 1(b)-4(b)z-presentatiorof the samedatasetsdemonstratethe enegy
independencef (z) overawide collision enegy andtrans\ersemomentunrange.We would
like to emphasizehatthe data[28] usedin our new analysiscon rm our earlierresults[5, 29].

3.1.2 9%-mesons

The PHENIX Collaboratiorpublishedhenew data[30] ontheinclusive Bpectrurmf O-mesons
producedn pp collisionsin the centralrapidity rangeat RHIC enegy ~ s = 200[GeV]. The
trans\ersemomentaof  °-mesonsveremeasuredipto 13[GeV/d).

Thepr - andz-presentationsf datafor °-mesorspectraobtainedatISR[31,32,34-36] and
RHIC [30] areshovnin Figs. 5(a)and5(b). Onecanseethatpr -spectraof °-mesorproduction
revealthe propertiessimilar to thatfoundfor chagedhadrons.The new data[30] on °-meson
inclusive crosssectionbtainedattheRHIC asseerfrom Fig. 5(b) arein agoodagreementvith
our earlierresults[10]. Thuswe canconcludethatthe available experimentaldataon high-pr

%-mesonproductionin pp collisionscon rm the propertyof the enegy independencef (z)
in z-presentation.

3.1.3 Chargedhadrons

The STAR Collaborationpublishedthe new data[SB] ontheinclusive crosssectionsof chaged
hadronsproducedn pp collisionsat RHIC enegy = s = 200[GeV]. The RHIC dataandother
onesobtainedat the U70 [26], ISR [38] and Tevatron[27, 28] arepsh(wn in Fig. 6(a). The
chagedhadronspectraveremeasureaver awide kinematicrange” s = (11:5 200)[GeV]
andpt = (0:5 9:5) [GeV/c]. Thestrongenegy dependencandthe powerbehaior of particle
pr -spectrumarefound. The enegy independencef z—presentatime datashovnin Fig.6(b)is
con rmed. It is of interestto verify the asymptoticoehaior of at™ s = 200[GeV] andreach
valueof z upto 30 andmore.

3.1.4 Directphotons

Direct photonsare consideredas the bestprobesof constituentinteractionsat highpr. The
calculationsof direct photoncrosssectionsare developedin the next-to-next-to-leadingorder
QCD[39]. The basicmechanismsf directphotonproductionin LO QCD areconsideredo be
Comptonscattering(gq ! @), andannihilationprocessgqqg ! g). Thesearedirect mech-
anismsof photonproduction.In highpr rangedirect photonsarealsoproducedndirectly via
bremsstrahlungf quarks(qq! qq ; qg! qg ). Thecontribution of indirectmechanismsf
highpr photonproductioncanbelargeenough Howevertherearesigni cant theoreticalincer
taintiesdueto the choiceof structureandfragmentatiorfunctionsandrenormalizationfactor
izationandfragmentatiorscaledor estimatiorof inclusive crosssections.Thereforeary reliable
estimate®f directphotoncrosssectionsallowing to reducesomeof theoreticancertaintiegre
of interest.Theresultsof dataanalysidor directphotonproductionin pp collisionsarepresented
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Fig. 1. (a) The inclusive differential crosssectionfor * -mesonsproducedin pp collisionsat p. =
70; 200; 30C; 400 and 800 [GeV/c] and c¢m 90° asa function of the transyersemomentumpr . The
experimentaldataaretakenfrom [26-28]. (b) Thecorrespondingcalingfunction (z).
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Fig. 2. (a) The inclusive differential crosssectionfor ~ -mesonsproducedin pp collisionsat p. =
70; 200; 300, 400 and 800 [GeV/c] and n = 90° asa function of the trans\ersemomentumpr . The
experimentaldataaretakenfrom [26-28]. (b) Thecorrespondingcalingfunction (z).
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Fig. 3. (a) The inclusive differential crosssectionfor K* -mesonsproducedin pp collisionsat p. =

70; 200; 30C; 400 and 800 [GeV/c] and c¢m

experimentaldataaretakenfrom [26-28]. (b) Thecorrespondingcalingfunction (z).
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Fig. 4. (a) The inclusive differential crosssectionfor K -mesonsproducedin pp collisionsat p. =
70; 200; 300, 400 and 800 [GeV/c] and ¢m = 90° asa function of the transyersemomentumpr . The
experimentaldataaretakenfrom [26-28]. (b) Thecorrespondingcalingfunction (z).
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momentumat U70, ISR, TevatronandRHIC enegies’ s = (11:5 200) [GeV] andtheangle ¢m of 90°.
Theexperimentaldataaretakenfrom [26-28,37,38]. (b) The correspondingcalingfunction (z).
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in Fig. 7. Theinclusive crosssectionversusthe transversemomentumat P s = (24 1800)
[GeV] overtherangepr = (4 110)[GeV/c] areshavn in Fig. 7(a). Datausedin the anal-
ysisareobtainedby the UA1 [40], UA2 [41], UAG [42], CDF [43] andDO [44] Collaborations.
The z-presentatiorof data(seeFig. 7(b)) demonstratethe enegy independencef the scaling
function of high-pr directphotonproductionoverawide kinematicrange.

3.1.5 Jets

First obsenationof jetsin pp collisionsat the SpSwas consideredas compellingcon rmation
of partonstructureof hadronsIn high enegy collisionsof hadronscopiouslyjet productiondue
to hardpartonscatteringvasobsened. A jet represents groupof moving collimatedparticles.
In theframawork of QCD jetsaredistinguishedo canbe quarkandgluon. Quarkandgluonjets
areinitiated by fastesfguarkandgluon, respectiely. It shouldbe notedthata mechanisnof jet
formationis insufcient exploredandnotclearlyunderstoodill now. Thereforewe hopethatthe
scalingfeaturesof jet productioncould be usefulto obtainadditionalconstraintfor modelsof
jetformation.
In Figs. 8(a)we shaw theinvariantcrosssection®f inclusivejet productionin pp collisionsat

s = 630and1800[GeV]. Theseexperimentaldataareobtainedby the CDF [45] andDO [46]
Collaborations.A clearenega/ dependencef the crosssectionis obsenedto be. Difference
betweenthe crosssectionsat” s = 630and1800[GeV] increasesvith a trans\erseenegy of
jet. Tth-presentatiomf datashawn in Fig. 8(b) demonstrate;idependencen the collision
enegy  s. Theanomalousractaldimension ;¢ for jet productionin pp andpp collisionswas
foundto beconstantandequalto 1 [9].

3.2 A-dependenceof (z)

A comparisorof particleyieldsin hadron-hadroandhadron-nucleusollisionsis abasicmethod
to studythe nuclearmatterin uence on particle production. The elementaryprocesss consid-
eredas probe of more complex systemlike nucleus. The differencebetweencrosssections
of particle productionon free and boundnucleonswas consideredas an indication of unusual
physicsphenomendike EMC-effect,J= -suppressiorandCronineffect.

A changeof the shapeof pr spectrais consideredo be evidencethat the mechanisnof
particleformationin nuclearmatteris modi ed. Thereforeit is con/eBientto comparescaling
functionscorrespondingo differentpA processesverawide rangeof = s andpr .

Thesearchor scalingfeaturesf particleformationin pA aswell asin pp collisionsandthe
studyof their dependencenthe atomicweightA areof interestfor developmenif theory

A-dependencef z-scalingof hadronproductionin pA collisionswasstudiedin [7,11]. It
wasestablished-scalingfor differentnuclei (A=D-Pb) andtypesof producedparticles( °,
K ;p). Tocomparehe scalingfunctionsfor differentnucleithe symmetrytransformatiorof z
and (2)

z! Az, Lt (20)

wasused.Theparameter of the scaletransformatior(20) depend®n the atomicweightA. It
wasparameterizetdy theformula (A) = 0:9A%15,
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Fig. 7. (a) The dependencef the inclusive crosssectionof direct photonproductionon the trans\erse
momentunpr in ppcollisionsat” s = (24 1800) [GeV]. The experimentaldataobtainedby the UAL,
UA2, UA6, CDF andDO0 Collaborationsaretakenfrom [40-44]. (b) The correspondingcalingfunctions.
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Theexperimentadataaretakenfrom [45,46]. (b) The correspondingcalingfunction (z).
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D Figure9(a)demonstratethe spectraof * -mesongroducedn proton-nucleugollisionsat
s = 115and27.4[GeV] and NN ' 90°. Our new dataanalysisincludesthe experimental

dataobtainedat Protvino[26] andBatavia [27,28]. The data[28] extendtrans\ersemomentum

rangeuptopr = 8:5[GeV/c]. A goodcompatibilityof [27] and[28] datasetsin theoverlapping

regionwasobsened. Thesolid anddashedinesareobtainedby tting of thedatafor W, Pband

B), respectiely. They demonstratéhe strongdependencef pr -spectreon the collision enegy
S.

Figure 9(b) shawvs z-presentationsf the samedata. The obtainedresultsarethe new con-
rmation of z-scalingof highpr hadronproductionin pA collisions. The universality of the
scalingfunction for differentnuclei meansthat mechanisnof high-pr particleformationin
nucleamatterrevealspropertyof self-similarity.

We usethe parameterization (A) to study A-dependencef °-mesonanddirect photon
productionin pA collisions. New data[47] obtainedby the E706 Collaborationareusedin the
Bnalysis. The experimentalcrosssectionshave beenmeasuredor pBe and pCu collisions at

s = 31:6 and38:8 [GeV] andcoverthepr -range(3  11) [GeV/c].

The pr - andz-presentationsf datafor °-mesongroducedn pA collisionsareshavn in
Figs.10(a)and10(b),respectiely.

Figure11(a)demonstratethe spectraof photonsproducedn proton-nucleugollisions. As
seerfrom Eig. 11(a)thepr -spectrashawv thestrongenegy dependencel hedifferencebetween
spectraat” s = 31:6 and38:8 [GeV] increasewith pr. The z-presentatiorof the samedata
setsis shavn in Fig.11(b). Thescalingfunctionsfor bothtargetsBe andCu coincideeachother
Thisis adirectcon rmation thatthe nucleareffectfor directphotonproductioncanbedescribed
by thesamefunction (A) asfor hadrongproducedn proton-nucleugollisions[7]. Theshape
of thescalingfunctionsis foundto bealinearoneonthelog-log scalefor bothcasesThe t of
thedatais shavn by the solid line in Fig. 11(b).

Thevalueof the slopeparameter , is constanbverawide pr rangeandequalto 7.07. It
meanghatthe nucleamatterchangeshe probability of photonformationwith differentforma-
tion lengthz anddoesnot changethe fractal dimensionof the mechanisnof photonformation
(photon’dressing”).

The obtainedresultsshow thatthe fractal dimension andthe slopeparameter areinde-
pendenbf A. Thereforethe experimentainvestigationof A-dependencef z-scalingfor direct
photonsproducedn hadron-nucleusollisionsat RHIC andLHC enepiesareveryimportantto
obtainary indicationson nuclearphaseransitionandformationof QGR

3.3 Power law

Oneof thegenerapropertiesof z-presentatiof datais the powerlaw of the scalingfunction
(2) z (21)

Suchbehaior of asseenfrom Figs. 1(b)-11(b)is obsenedfor differentparticles(hadrons,
directphotons)producedat z > 4. The datasetsdemonstrate linear z-dependencef (z)

on the log-log scaleat high z. The quantity is the slopeparameter The value of tBe slope
parameter is foundto be constantwith high accurag. It is independenbf enegy = s over
awide high trans\ersemomentunrange. Someindications(for ° mesonsgchagedhadrons,
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direct photons,jets) are obtainedthat the value of slope parameteffor pp is larger than the
correspondingaluefor pp collisions, pp > pp.

Theexistenceof thepowerlaw meansfrom our point of view, thatthemechanisnof particle
formationrevealsfractalbehaior.

4 Multiplicity density of charged particles dN=d

The importantingredientof z-scalingconceptis the multiplicity densityof chaged particles,
dN=d (s; ). Thescalingfunction andthescalingvariablez is proportionalto [dN=d ] *.In
thefirst casethequantityis includedin theexpression(5) to normalizethefunction andto give
thephysicalmeanindor it asaprobabilitydensityto producea particlewith theformationlength
z. In thesecondcase(17) themultiplicity densityis takenat = 0. Thereforez is proportional
to theenepgy of elementansubprocesperoneparticleproducedn theinitial hadroncollision.

Theenegy dependencef the multiplicity densityof chaigedparticlesfor inelasticandan—
single diffractive pp and pp collisionsis shavn in Fig. 12(a)[48]. The collision enegy = s
changedrom 14to 1800[GeV]. New datafor dN=d (s; ) aswell asfor inclusive crosssection
Ed® =dp’ for ppcollisionsat RHIC enegiesareof interestfor veri cation of z-scaling.

5 = Oratio for pp and pp

The propertiesof the scalingfunctionfor direct and °-mesonproductioncanbe usedto esti-
matethe dependencef the = © ratio of inclusive crosssectionson the trans\ersemomentum
pr atLHC enepgies.

Theasymptotidoehavior of (z) wasfoundto bedescribedy thepowerlaw for °-mesons
anddirect photonsproducedn pp andpp collisions. The slopeparametersire satis ed to the
relations o> pov pp > ppe pe > pp @00 oo > o

As seenfrom Fig. 5(b) the crosssectiondata[30] of °-mesongroducedn pp collisions
obtainedby the PHENIX Collaborationat RHIC arein a goodagreementvith the asymptotic
behaior of (2).

FigurelZ(b)sBONsthe = 0 ratio of inclusive crosssectionsasa functionof thetrans\erse
momentumpr at~ s = 5:5and14. [TeV]. Theratio wasfoundto be differentfor pp and pp
collisions. It increasesvith pr. Theratio hasthe cross-@erpointatpy ' (60 70) [GeV/c]

andpr ' (110 130)[GeV/c] for ppandpp collisions,respectiely.

6 z prplot

Thez pr plotisthedependencef thevariablez onthetransversemomentunpr of produced
particlefor a givenprocessTheplot allows usto determinea high transversemomentunrange
thatis experimentallyinaccessibléill now, interestingor veri cation of z-scalingandsearching
for thescalingviolation.
Figurel3(a)shavsthez pr plotforthepp! *X processatp§= (24 14000)[GeV].
As seenfrom Fig. 1(b) the scalingfunction (z) wasmeasurediptoz ' 30. The function
(z) demonstratethe power behaior atz > 4. Thereforethe kinematicrangez > 30 is of
more preferablefor experimentalinvestigationsf z-scalingviolation. The boundaryz = 30
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inclusive crosssectionof directphotonproductionontrans\ersemomentum

in pBeandpCucollisionsat™ s = 31:6 and38:8 [GeV]. The experimentaldataaretaken from [47]. (b)
Thecorrespondingcalingfunctions (z).
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corres;bondsto the differentvaluesof the transfersmomentumpr dependingon the collision
enegy  s.

Figure13(b) shovsourpredictionsof thedependencef theinclusive crosssectionE d® =dp?
onthetrans\ersemomentunpr for *-mesongproducedn pp collisionsatthelSR,RHIC and
LHC enegiesandthe angle ., of 90°. The veri cation of the predictionsis of interestto
determineheregion of the scalingvalidity andsearcHor new physicsphenomena.

7 ” 'jump”

Mechanismof particle formationat high transversemomentan z-presentations describedy
the power law (21). Suchbehaior of (z) dependson the valuesof the anomaloudractal
dimensionof colliding patrticles, ; and ,. Thedimensiondor hadronsdirectphotonsandjets
pr%ducedn ppcollisionswerefoundto satisfytherelation , < < ¢ andtobeindependent
of ~ s andpr. Theanomaloudractal dimensionfor nucleus » is expressedia the dimension
for nucleon y asfollows o = A .

Figure14(a)shavs the dependencef the angmalousractaldimension for °-mesonpro-
ductionin ppandpp [49] collisionsontheenegy ™ s. Thevalueof , = 0:5usedn ourprevious
dataanalysiss con rmed by thenew data[30] oninclusive crosssection(seeFig. 5(b)) obtained
by the PHENIX Collaborationat RHIC. Figure 14(b) givesevidencethatthe valuesof the slope
parameter of thescalingfunctionfor pp andpp collisionsdiffer eachotheratz > 6.

The changeof the fractal dimension or” -jump” is consideredas anindication on new
mechanisnof particleformation. It is assumedhatthe enegy dependencef theguantityis
especiallysensitve in the high-pr range.Thereforethe studyof z-scalingat higher™ s andpr
is of interestfor searcHor new physicsphenomena.

8 Direct and °-mesonyieldsin pp and pPb collisionsat RHIC and LHC

Thescalingpropertieof z-presentatiomf datafor pp andpA collisionscanbeusedto estimate
particleyieldsin thekinematicregion experimentallyinaccessiblat presentime andto compare
with othermodelpredictions.

Figures15 and 16 shav our predictionsof the dependencef the inclusive crosssection
Ed® =dp’ onthetransersemomentunypy for directphotons(a) and °-mesongb) produced
in pp andpPbcollisionsat RHIC andLHC enegieaandtheangle NN of 90°. Thedataonthe
crosssectiong33,42,50] obtainedat ISRenegy = s = (24 63) [GeV] arealsoshawn for
comparison.

9 Conclusions

The generalconceptof z-scalingfor particle productionin hadron-hadrormnd hadron-nucleus
collisionswith high trans\ersemomentawas reviewed. The developmentof the new method
of dataanalysisbasedon z-presentatiorof datawaspresented.The scalingfunction (z) and
scalingvariablez were shovn to be expressedvia the experimentalquantities,the invariant
inclusive crosssectionEd® =dp® andthemuiltiplicity densityof chagedparticlesdN=d (s; ).
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Physicalinterpretatiorof thescalingfunction (z) andvariablez asa probability densityto
producea particlewith the formationlengthz wasargued. The quantityz wasshaown to reveal
the propertyof the fractal measureand ;., arethe anomaloudractal dimensionsof colliding
particles.lt wasarguedthatz-scalingre ects thefundamentasymmetriesuchaslocality, self-
similarity, fractality, andscalerelativity.

Resultsof new analysisof the experimentaldataon the inclusive crosssectionsobtainedat
theU70, ISR, SpS,TevatronandRHIC werepresentedThe scalingpropertieof z-presentation
of datasuchasthe enegy independenced-dependenceandthe power law werediscussedA
complementancon rmation of z-scalingfor °-mesonand chaged hadronproductionin pp
collisionsatthe RHIC wasobtained.

New measurementsf the multiplicity densityof chagedparticles,andthe inclusive cross
sectionsof particleproductionin the experimentallyinaccessibld&inematicregion for the study
of z-scalingwere suggested.The changeof the anomaloudractal dimension(” -jump”) was
suggestedo consideras a new and complementarysignatureof new physicsphenomenaf
highpr particleproduction.Thez pr plotwasusedto determingheregionsthatareof more
preferablefor experimentalsearchfor z-scalingviolation. The propertiesof z-presentatiorof
datawereusedto predicthigh-pr particlespectraat RHIC andLHC enepies.

Acknowledgement: The authoris gratefulto I. Zborovsky, Yu. Panebratse O. Rogacheski
andD. Toivonenfor collaborationandusefulandstimulatingdiscussion®f the problem.
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