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THE z-SCALING FROM TENS OF GeV TO TeV
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The conceptof z-scalingthat re�ects the generalfeaturesof internalparticlesubstructure,
constituentinteraction,andmechanismof particle formationat high-pT is reviewed. The
experimentaldataon inclusivecrosssectionsobtainedat theU70,ISR,SpS,RHIC andTeva-
tron areanalyzed.Thepropertiesof z-presentationof datasuchastheenergy independence,
power law, andA-dependencearediscussed.The propertiesof z-scalingarearguedto be
connectedwith the fundamentalsymmetriessuchas self-similarity, locality and fractality.
Theuseof z-scalingto searchfor new physicsphenomenain collisionsof hadronsandnuclei
is suggested.RHIC datausedin our new analysiscon�rm z-scalingin pp collisions. High-
pT particlespectraat LHC energiesarepredicted. Violation of z-scalingcharacterizedby
the changeof the anomalousfractal dimensionis consideredasa new andcomplementary
signatureof new physicsphenomena.

PACS: 13.85.-t,13.87.-a,24.80.+y, 25.40.Ep

1 Intr oduction

More prominentpropertiesof particleproductionare observed at high energy and transverse
momentum[1–4]. Thekinematicregimeis usedto performcalculationsof physicalquantitiesin
theframework of perturbativeQuantumChromodynamics(QCD).Deviationsof thetheoretical
resultsobtainedin the high-pT region usingavailableexperimentaldataareoften considered
as manifestationsof new physicsphenomena.We shouldalso note that the nonperturbative
effectsarenotwell controlledby thetheory. Thereforesearchfor new scalingfeaturesof particle
interactionsin thehigh-pT region is of interestfor developmentof thetheory.

The fundamentalproblemof high energy physicsis the origin of mass,spin, and charge
of particles. The studyof particle interactionsover a wide kinematicrangeandespeciallyat
small scalesis necessaryto understandunderlyingphysicsphenomena.The Theoryof Grand
Uni�cation (GUT)) assumesthatall typesof interactionsareuni�ed at smallscales.New ideas
suchas extra dimensions,anisotropy and fractality of space-time,quark compositeness,and
theoriesof SuperSymmetry, andSuperGravity areintensively developed.
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Z -scalingas a new featureof high-pT particle productionin hadron-hadronand hadron-
nucleuscollisionsathighenergieswasestablishedin [5–11]. Thescalingfunction andscaling
variablez areexpressedviaexperimentalquantitiessuchastheinclusivecrosssectionEd3� =dp3

andthemultiplicity densityof chargedparticlesdN=d� . Thez-presentationof datais foundto
reveal symmetryproperties(energy independence,A-dependence,power law). The properties
of  at high z areassumedto berelevantto thestructureof space-timeat smallscales[12,13].
Thefunction (z) is interpretedasaprobabilitydensityto produceaparticlewith theformation
lengthz. Theconceptof z-scalingandthemethodof dataanalysisaredevelopedfor description
of differentparticles(charged[6,7,14] andneutral[10,11] hadrons,directphotons[8,15], jets
[9]) producedin high energy hadron-hadronand hadron-nucleusinteractions. The proposed
methodis complementaryto a methodof direct calculationsdevelopedin the framework of
QCD [16] andmethodsbasedon the Monte Carlo generators[17–24]. Thereforewe consider
thattheuseof themethodof dataanalysisbasedon theconceptof z-scalingallowsusto reduce
sometheoreticaluncertaintieswhichareambiguouslyestimatedby theory.

In the report the generalconceptof z-scaling,the propertiesof z-presentationof dataand
somenew resultsof data analysisare presented. The fundamentalprinciples such as self-
similarity, locality, fractality, andscale-relativity areformulatedanddiscussedin theframework
of theconceptof z-scaling. Veri�cation z-scalingvalidity at theRHIC andLHC is suggested.
Violationz-scalingis consideredto beindicationof new physicsphenomena.

2 Z-scaling

In thesectionwe discussbasicideasof z-scaling.A generalschemeof z-presentationof datais
described.Thephysicalmeaningof theintroducedquantitiesis explained.

2.1 Locality

Theideaof z-scalingis basedon theassumptions[25] thatthegrossfeatureof inclusiveparticle
distribution of the process(1) at high energiescanbe describedin termsof the corresponding
kinematiccharacteristics

M 1 + M 2 ! m1 + X (1)

of theconstituentsubprocesswritten in thesymbolicform (2)

(x1M 1) + (x2M 2) ! m1 + (x1M 1 + x2M 2 + m2) (2)

satisfyingthecondition

(x1P1 + x2P2 � p)2 = (x1M 1 + x2M 2 + m2)2: (3)

Theequationis theexpressionof locality of hadroninteractionat constituentlevel. Thex1 and
x2 arethefractionsof theincomingmomentaP1 andP2 of thecolliding objectswith themasses
M 1 andM 2. They determinethe minimum energy, which is necessaryfor productionof the
secondaryparticlewith themassm1 andthefour-momentump. Theparameterm2 is introduced
to satisfytheinternalconservationlaws (for baryonnumber, isospin,strangeness,andsoon).
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Equation(3) re�ects minimum recoil masshypothesisin the elementarysubprocess.To
connectkinematicandstructuralcharacteristicsof the interaction,thequantity
 is introduced.
It is chosenin theform


( x1; x2) = m(1 � x1)� 1 (1 � x2)� 2 ; (4)

wherem is a massconstantand� 1 and� 2 arefactorsrelatingto theanomalousfractaldimen-
sionsof thecolliding objects.Thefractionsx1 andx2 aredeterminedto maximizethevalueof

( x1; x2), simultaneouslyful�lling thecondition(3)

d
( x1; x2)=dx1 jx 2 = x 2 (x 1 ) = 0: (5)

Thefractionsx1 andx2 areequalto unity alongthephasespacelimit andcover the full phase
spaceaccessibleat any energy.

2.1.1 � � � decompositionof fraction x

Usingequation(3) therelationshipbetweenthefractionsx1 andx2 canbewritten in theform

x1x2 � x1� 2 � x2� 1 = � 0; (6)

where

� 1 =
(P2p) + M 2m2

(P1P2) � M 1M 2
; � 2 =

(P1p) + M 1m2

(P1P2) � M 1M 2
; � 0 =

0:5(m2
2 � m2

1)
(P1P2) � M 1M 2

: (7)

Using equation(5) it can be shown [6, 7] that the fractionsx1 and x2 satisfy the � � �
decompositionasfollows

x1 = � 1 + � 1; x2 = � 2 + � 2; (8)

with

� 1 =
q

� 2
1 + ! 2

1 + ! 1; � 2 =
q

� 2
2 + ! 2

2 + ! 2: (9)

Here,thefollowing notationsareused

� 2
1 = (� 1� 2 + � 0)�

(1 � � 1)
(1 � � 2)

; � 2
2 = (� 1� 2 + � 0)

1
�

(1 � � 2)
(1 � � 1)

; (10)

! 1 = (� 1� 2 + � 0)
(1 � � )

2(1 � � 2)
; ! 2 = (� 1� 2 + � 0)

(� � 1)
2� (1 � � 1)

; (11)

where� � � 2=� 1. In thecaseof proton-nucleusinteractions,thenucleusis labeledby index 2.
Thevalueof � is chosento beatomicweightA. Thechoicewasjusti�ed by our analysis[7] of
experimentaldata.
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2.1.2 Scalingvariable z

Determinationof the self-similarity parameterz plays the crucial role in our approach.This
shouldre�ect generalpatternof hadronproductionathighenergies.Besidesthescaleinvariance,
it concernsthefractalcharacterof thecompositestructuresinvolved.Leadingby theprinciples,
weconsiderthevariable

z =
ŝ1=2

?


 � (dN=d� )
: (12)

It includesaccordingto theansatzsuggestedin [6] thetransversekineticenergyof theelementary
subprocess(2),

ŝ1=2
? = ŝ1=2

� + ŝ1=2
� � m1 � (M 1x1 + M 2x2 + m2); (13)

thefactor 
( x1; x2) andtheparticlemultiplicity densitydN=d� j � =0 (s). Thetransverseenergy
consistsof two parts

ŝ1=2
� =

p
(� 1P1 + � 2P2)2; ŝ1=2

� =
p

(� 1P1 + � 2P2)2; (14)

representingthetransverseenergy of theinclusiveparticleandits recoil, respectively. Notethat
theform of z, asde�ned by (12),determinesits variationrange.Theboundariesof therangeare
0 and1 . Thesevaluesarescaleindependentandkinematicallyaccessibleat any energy.

2.2 Self-similarity

Self-similarityis ascale-invariantpropertyconnectedwith droppingof certaindimensionalquan-
tities out of physicalpictureof the interactions.It meansthat dimensionlessquantitiesfor the
descriptionof physicalprocessesareused.In accordancewith theself-similarityprinciple,we
searchfor thesolution

 (z) �
1

< N > � inel

d�
dz

; (15)

which dependson a single scalingvariablez. Here � in and < N > are the inelasticcross
sectionand the averagemultiplicity of chargedparticles,respectively. As shown in [6, 7] the
scalingfunction (z) is expressedvia theinvariantcrosssectionEd3� =dp3 asfollows

 (z) = �
� s

(dN=d� )� in
J � 1E

d3�
dp3 (16)

Here,s is the center-of-masscollision energy squared,J is the correspondingJacobian.The
factorJ is the known function of kinematicvariables,momentaandmassesof colliding and
producedparticles.

Thefunction (z) is normalizedasfollows
Z 1

0
 (z)dz = 1: (17)
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Therelationallowsusto interpretthefunction (z) asaprobabilitydensityto produceaparticle
with thecorrespondingvalueof thevariablez.

We would like to emphasizethat existenceof the function  (z) dependingon a singledi-
mensionlessvariablez andrevealingthescalingpropertiesis not evidentin advance.Therefore
theproposedmethodto construct (z) andz couldbeonly proveda posteriori.

2.3 Fractality

Theprincipleof fractality statesthat thevariablesusedin thedescriptionof theprocessdiverge
in termsof resolution.Thispropertyis a characteristiconeof thescalingvariable

z = z0
 � 1; (18)

where

z0 =
p

ŝ? =(dN=d� ): (19)

The variablez hasa characterof fractal measure,z(
) ! 1 at 
 ! 0. For the given pro-
ductionprocess(1), its �nite part z0 is the ratio of the transverseenergy releasedin thebinary
collisionof constituents(2) andtheaveragemultiplicity densitydN=d� j � =0 . Thedivergentpart

 � 1 describestheresolutionat which thecollision of theconstituentscanbesingledout of this
process.Thequantity
( x1; x2) representsrelative numberof all initial con�gurationscontain-
ing theconstituentswhich carryfractionsx1 andx2 of theincomingmomenta.Theparameters
� 1 and� 2 aretheanomalousfractaldimensionsof thecolliding objects(hadronsor nuclei).The
momentumfractionsx1 andx2 aredeterminedin away to minimizetheresolution
 � 1(x1; x2)
of thefractalmeasurez with respectto all possiblesub-processes(2) subjectedto thecondition
(3). Thevariablez wasinterpretedasa particleformationlength.

As wewill show laterthescalingfunctionof high-pT particleproductionis describedby the
power law,  (z) � z� � . Both quantities, andz, arescaledependent.Thereforewe consider
thathighenergy interactionsof hadronsandnucleiareinteractionsof fractals.In theasymptotic
region theinternalstructureof particles,interactionsof their constituentsandmechanismof real
particleformationshouldmanifestself-similarityandfractalityoverawide scalerange.

2.4 Scale-relativity

Thepropertiesof particleinteractionsin space-timere�ect symmetriesof Nature.Theprinciple
of motionrelativity hasbeenusedto formulatenon-relativisticandrelativistic theory. Thespecial
theoryof relativity dealswith only inertial coordinatesystemswhile theexpressionof physical
laws in thegeneraltheoryof relativity shouldbewritten into any curvilinearcoordinatesystem.
Theprincipleof generalrelativity statesthat ”the laws of physicsmustbeof sucha naturethat
they apply to systemsof referencesin any kind of motion”. Applicationof the relativity prin-
ciple canbeextendedto stateof scaleof referencesystem[13]. Thereareconvincing evidence
to considerthatscaleaswell asotherquantitiescharacterizinga referenceframeshouldbeused
to describea particlestateover a high-pT range.In this rangeelementaryprobessuchasdirect
photons,high-pT hadronsandjetsarenotpoint-likeobjects.They havea complicatedstructure.
Thelast is resultedfrom interactionsof quarks,gluonsandheavy bosonswhich arefundamen-
tal objectsof the theory. Thereforeexperimentallymeasurablequantitiesshoulddependon a
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ratio betweenscalesof thestudiedobjectanda probe. In otherwordsthevariablesusedin the
descriptionof theprocessdependsonaresolution.

A generalizationof the motion-relativity principle to the scale-relativity principle requires
that”the lawsof physicsmustbeof suchanaturethatthey applyto systemsof referencesin any
kind of motionandwhatever its stateof scale”.

In theframeworkof theconceptof z-scalingthemechanismof particleformationisdescribed
by the function  (z). Both quantities andz dependon the resolution
 � 1 while as found
from our analysisof numerousexperimentaldatathe anomalousfractal dimension� areto be
resolutionindependent.Weconsiderthattheexperimentalveri�cation andthestudyof z-scaling
overa wide kinematicrangeof pT and

p
s anddeterminationof � couldgive new insight in the

theoryof scale-relativity [12,13].
The varioussignaturesaresuggestedto usefor searchingfor new physics(quarkcompos-

iteness,Higgsboson,new typesof interactions,extra dimensions,blackholes,phasetransition,
fractalstructureof space-timeetc.)at thecolliderof new generation,theLargeHardronCollider,
at CERN.The regime of high-pT particleproduction(or very small scales� 10� 4 [Fm]) will
beaccessibleat theLHC. It is assumedthatthecouplingconstantsof electromagnetic,weakand
stronginteractionsareto bethesameorderasthegravitationaloneat thescales.Thereforethe
structureof space-timeitself shouldbere�ectedby themechanismof particleformation.Thez-
scalingis suggested[5–11] asaneffectivetool to studyfeaturesof particleformationathigh-pT .
Violation of thescalingis consideredto bea signatureof new physicsphenomenain collisions
of hadronsandnuclei.

3 Propertiesof z-presentationof data

In the sectionwe presentand discusssomepropertiesof pT - and z-presentationsof dataof
high-pT particleproductionin pp, �pp andpA collisions.We show thatthescalingfunctionsfor
differentprocessesrevealthesameproperties.They aretheenergy independenceof  , thepower
behavior of  at high-z andA-dependence.

3.1 Energy independenceof  (z)

It is well known thatnumerousexperimentaldataonhigh-pT particlespectramanifestthestrong
dependenceon collision energy

p
s. The effect enhancesasthe transversemomentumof pro-

ducedparticleincreases.

3.1.1 � + ; � � , K+ , K � -mesons

Figures1(a)-4(a)show the dependenceof the inclusive crosssectionsof � + ; � � , K+ andK �

mesonsproducedin pp collisionson the transversemomentumpT at the incidentprotonmo-
mentumpL = 70; 200; 300; 400 and800 [GeV/c] and the angle� cm ' 90o. The datawere
obtainedat Protvino[26] andBatavia [27,28]. The transversemomentaof producedparticles
shown in Figs. 1(a)-4(a)changefrom 1 to 10 [GeV/c]. We would like to notethat thedata[27]
and[28] correspondingto the momentumpL = 400 [GeV/c] arecomplementaryandarein a
goodagreement.As seenfrom Figs. 1(a)-4(a)that theparticlespectrademonstratea power be-



Thez-scalingfrom tensof GeVto TeV 327

havior at pL = (200 � 800) [GeV/c]. Theeffect of kinematicboundaryis visible at theendof
spectrumatpL = 70 [GeV/c].

Theenergy independenceof z-presentationof datameansthatthescalingfunction (z) has
thesameshapefor different

p
s overawidepT range.

As seenfrom Figs. 1(b)-4(b)z-presentationof the samedatasetsdemonstratestheenergy
independenceof  (z) overa wide collision energy andtransversemomentumrange.We would
like to emphasizethatthedata[28] usedin our new analysiscon�rm our earlierresults[5,29].

3.1.2 � 0-mesons

ThePHENIX Collaborationpublishedthenew data[30] ontheinclusivespectrumof � 0-mesons
producedin pp collisionsin the centralrapidity rangeat RHIC energy

p
s = 200 [GeV]. The

transversemomentaof � 0-mesonsweremeasuredup to 13 [GeV/c].
ThepT - andz-presentationsof datafor � 0-mesonspectraobtainedat ISR[31,32,34–36] and

RHIC [30] areshown in Figs.5(a)and5(b). OnecanseethatpT -spectraof � 0-mesonproduction
revealthepropertiessimilar to that foundfor chargedhadrons.Thenew data[30] on � 0-meson
inclusivecrosssectionsobtainedattheRHIC asseenfrom Fig. 5(b)arein agoodagreementwith
our earlierresults[10]. Thuswe canconcludethat theavailableexperimentaldataon high-pT

� 0-mesonproductionin pp collisionscon�rm thepropertyof theenergy independenceof  (z)
in z-presentation.

3.1.3 Chargedhadrons

TheSTAR Collaborationpublishedthenew data[37] on theinclusive crosssectionsof charged
hadronsproducedin pp collisionsat RHIC energy

p
s = 200[GeV]. TheRHIC dataandother

onesobtainedat the U70 [26], ISR [38] and Tevatron [27,28] are shown in Fig. 6(a). The
chargedhadronspectraweremeasuredover a wide kinematicrange

p
s = (11:5 � 200) [GeV]

andpT = (0:5� 9:5) [GeV/c]. Thestrongenergydependenceandthepowerbehavior of particle
pT -spectrumarefound.Theenergy independenceof z-presentationof datashown in Fig.6(b)is
con�rmed. It is of interestto verify theasymptoticbehavior of  at

p
s = 200[GeV] andreach

valueof z up to 30andmore.

3.1.4 Dir ectphotons

Direct photonsare consideredas the bestprobesof constituentinteractionsat high-pT . The
calculationsof direct photoncrosssectionsaredevelopedin the next-to-next-to-leadingorder
QCD [39]. Thebasicmechanismsof directphotonproductionin LO QCD areconsideredto be
Comptonscattering(gq ! 
 q), andannihilationprocess(�qq ! 
 g). Thesearedirect mech-
anismsof photonproduction.In high-pT rangedirect photonsarealsoproducedindirectly via
bremsstrahlungof quarks(qq ! qq
 ; qg ! qg
 ). Thecontribution of indirectmechanismsof
high-pT photonproductioncanbelargeenough.Howevertherearesigni�cant theoreticaluncer-
taintiesdueto thechoiceof structureandfragmentationfunctionsandrenormalization,factor-
izationandfragmentationscalesfor estimationof inclusivecrosssections.Thereforeany reliable
estimatesof directphotoncrosssectionsallowing to reducesomeof theoreticaluncertaintiesare
of interest.Theresultsof dataanalysisfor directphotonproductionin �pp collisionsarepresented
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Fig. 1. (a) The inclusive differential crosssectionfor � + -mesonsproducedin pp collisions at pL =
70; 200; 300; 400 and800 [GeV/c] and� cm ' 900 asa function of the transversemomentumpT . The
experimentaldataaretakenfrom [26–28]. (b) Thecorrespondingscalingfunction (z).
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Fig. 2. (a) The inclusive differential crosssectionfor � � -mesonsproducedin pp collisions at pL =
70; 200; 300; 400 and800 [GeV/c] and� cm = 900 asa function of the transversemomentumpT . The
experimentaldataaretakenfrom [26–28]. (b) Thecorrespondingscalingfunction (z).
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Fig. 3. (a) The inclusive differential crosssectionfor K+ -mesonsproducedin pp collisions at pL =
70; 200; 300; 400 and800 [GeV/c] and� cm ' 900 asa function of the transversemomentumpT . The
experimentaldataaretakenfrom [26–28]. (b) Thecorrespondingscalingfunction (z).
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Fig. 4. (a) The inclusive differential crosssectionfor K � -mesonsproducedin pp collisions at pL =
70; 200; 300; 400 and800 [GeV/c] and� cm = 900 asa function of the transversemomentumpT . The
experimentaldataaretakenfrom [26–28]. (b) Thecorrespondingscalingfunction (z).
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a) b)

Fig. 5. (a)Thedependenceof theinclusivecrosssectionof � 0-mesonproductiononthetransversemomen-
tum pT in pp collisionsat

p
s = 30; 53; 62 and200 [GeV] andtheangle� cm of 900 . The experimental

dataaretakenfrom [30–32,34–36]. (b) Thecorrespondingscalingfunction (z).

a) b)

Fig. 6. (a) The inclusive crosssectionof charged hadronproductionin pp collisions versustransverse
momentumatU70,ISR,TevatronandRHIC energies

p
s = (11:5� 200) [GeV] andtheangle� cm of 900 .

Theexperimentaldataaretakenfrom [26–28,37,38]. (b) Thecorrespondingscalingfunction (z).
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in Fig. 7. The inclusive crosssectionversusthe transversemomentumat
p

s = (24 � 1800)
[GeV] over the rangepT = (4 � 110) [GeV/c] areshown in Fig. 7(a). Datausedin theanal-
ysisareobtainedby theUA1 [40], UA2 [41], UA6 [42], CDF [43] andD0 [44] Collaborations.
Thez-presentationof data(seeFig. 7(b)) demonstratestheenergy independenceof thescaling
function of high-pT directphotonproductionovera widekinematicrange.

3.1.5 Jets

First observationof jets in �pp collisionsat theSpSwasconsideredascompellingcon�rmation
of partonstructureof hadrons.In highenergy collisionsof hadronscopiouslyjet productiondue
to hardpartonscatteringwasobserved.A jet representsa groupof moving collimatedparticles.
In theframework of QCD jetsaredistinguishedto canbequarkandgluon.Quarkandgluonjets
areinitiatedby fastestquarkandgluon,respectively. It shouldbenotedthata mechanismof jet
formationis insuf�cient exploredandnotclearlyunderstoodtill now. Thereforewehopethatthe
scalingfeaturesof jet productioncouldbeusefulto obtainadditionalconstraintsfor modelsof
jet formation.

In Figs.8(a)weshow theinvariantcrosssectionsof inclusivejetproductionin �ppcollisionsatp
s = 630and1800[GeV]. Theseexperimentaldataareobtainedby theCDF [45] andD0 [46]

Collaborations.A clearenergy dependenceof the crosssectionis observed to be. Difference
betweenthecrosssectionsat

p
s = 630and1800[GeV] increaseswith a transverseenergy of

jet. The z-presentationof datashown in Fig. 8(b) demonstratesindependenceon thecollision
energy

p
s. Theanomalousfractaldimension� j et for jet productionin ppand�pp collisionswas

foundto beconstantandequalto 1 [9].

3.2 A-dependenceof  (z)

A comparisonof particleyieldsin hadron-hadronandhadron-nucleuscollisionsis abasicmethod
to studythenuclearmatterin�uence on particleproduction.Theelementaryprocessis consid-
eredas probeof more complex systemlike nucleus. The differencebetweencrosssections
of particleproductionon free andboundnucleonswasconsideredasan indicationof unusual
physicsphenomenalike EMC-effect,J= -suppression,andCronineffect.

A changeof the shapeof pT spectrais consideredto be evidencethat the mechanismof
particleformationin nuclearmatteris modi�ed. Thereforeit is convenientto comparescaling
functionscorrespondingto differentpA processesoverawide rangeof

p
s andpT .

Thesearchfor scalingfeaturesof particleformationin pA aswell asin ppcollisionsandthe
studyof their dependenceon theatomicweightA areof interestfor developmentof theory.

A-dependenceof z-scalingof hadronproductionin pA collisionswasstudiedin [7,11]. It
wasestablishedz-scalingfor differentnuclei (A=D-Pb) andtypesof producedparticles(� � ;0,
K � ; �p). To comparethescalingfunctionsfor differentnuclei thesymmetrytransformationof z
and (z)

z ! � A z;  ! � � 1
A  (20)

wasused.Theparameter� of thescaletransformation(20) dependson theatomicweightA. It
wasparameterizedby theformula� (A) = 0:9A0:15.
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a) b)

Fig. 7. (a) The dependenceof the inclusive crosssectionof direct photonproductionon the transverse
momentumpT in �pp collisionsat

p
s = (24 � 1800) [GeV]. Theexperimentaldataobtainedby theUA1,

UA2, UA6, CDFandD0 Collaborationsaretakenfrom [40–44]. (b) Thecorrespondingscalingfunctions.

a) b)

Fig. 8. (a) The inclusive crosssectionof jet productionin �pp collisionsversustransversemomentumat
Tevatronenergies

p
s = 630and1800[GeV] and� cm ' 900 obtainedby theCDFandD0 Collaborations.

Theexperimentaldataaretakenfrom [45,46]. (b) Thecorrespondingscalingfunction (z).
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Figure9(a)demonstratesthespectraof � + -mesonsproducedin proton-nucleuscollisionsatp
s = 11:5 and27.4[GeV] and� N N

cm ' 900. Our new dataanalysisincludestheexperimental
dataobtainedat Protvino[26] andBatavia [27,28]. Thedata[28] extendtransversemomentum
rangeupto pT = 8:5 [GeV/c]. A goodcompatibilityof [27] and[28] datasetsin theoverlapping
regionwasobserved.Thesolidanddashedlinesareobtainedby �tting of thedatafor W, Pband
D, respectively. They demonstratethestrongdependenceof pT -spectraon thecollision energyp

s.
Figure9(b) shows z-presentationsof thesamedata. The obtainedresultsarethenew con-

�rmation of z-scalingof high-pT hadronproductionin pA collisions. The universalityof the
scalingfunction  for differentnuclei meansthat mechanismof high-pT particleformationin
nuclearmatterrevealspropertyof self-similarity.

We usethe parameterization� (A) to studyA-dependenceof � 0-mesonanddirect photon
productionin pA collisions. New data[47] obtainedby theE706Collaborationareusedin the
analysis. The experimentalcrosssectionshave beenmeasuredfor pBe andpCu collisionsatp

s = 31:6 and38:8 [GeV] andcover thepT -range(3 � 11) [GeV/c].
ThepT - andz-presentationsof datafor � 0-mesonsproducedin pA collisionsareshown in

Figs.10(a)and10(b),respectively.
Figure11(a)demonstratesthespectraof photonsproducedin proton-nucleuscollisions.As

seenfrom Fig. 11(a)thepT -spectrashow thestrongenergy dependence.Thedifferencebetween
spectraat

p
s = 31:6 and38:8 [GeV] increaseswith pT . The z-presentationof the samedata

setsis shown in Fig.11(b).Thescalingfunctionsfor bothtargetsBeandCu coincideeachother.
This is adirectcon�rmation thatthenucleareffect for directphotonproductioncanbedescribed
by thesamefunction� (A) asfor hadronsproducedin proton-nucleuscollisions[7]. Theshape
of thescalingfunctionsis foundto bea linearoneon thelog-log scalefor bothcases.The�t of
thedatais shown by thesolid line in Fig. 11(b).

Thevalueof theslopeparameter� 

pA is constantovera wide pT rangeandequalto 7.07. It

meansthatthenuclearmatterchangestheprobabilityof photonformationwith differentforma-
tion lengthz anddoesnot changethe fractaldimensionof themechanismof photonformation
(photon”dressing”).

The obtainedresultsshow that the fractaldimension� andtheslopeparameter� areinde-
pendentof A. Thereforetheexperimentalinvestigationsof A-dependenceof z-scalingfor direct
photonsproducedin hadron-nucleuscollisionsat RHIC andLHC energiesarevery importantto
obtainany indicationsonnuclearphasetransitionandformationof QGP.

3.3 Power law

Oneof thegeneralpropertiesof z-presentationof datais thepower law of thescalingfunction

 (z) � z� � : (21)

Suchbehavior of  asseenfrom Figs. 1(b)-11(b)is observed for differentparticles(hadrons,
direct photons)producedat z > 4. The datasetsdemonstratea linear z-dependenceof  (z)
on the log-log scaleat high z. The quantity � is the slopeparameter. The valueof the slope
parameter� is found to be constantwith high accuracy. It is independentof energy

p
s over

a wide high transversemomentumrange. Someindications(for � 0 mesons,chargedhadrons,
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a) b)

Fig. 9. (a) Theinclusive differentialcrosssectionfor � + -mesonsproducedin pA collisionsat
p

s = 11:5
and27.4 [GeV] and � N N

cm ' 900 asa function of the transversemomentumpT . The solid anddashed
lines areobtainedby �tting of the datafor W, Pb andD, respectively. The experimentaldataare taken
from [26–28]. (b) Thecorrespondingscalingfunction (z).

a) b)

Fig. 10. (a) Thedependenceof inclusive crosssectionof � 0-mesonproductionon transversemomentum
in pBeandpCucollisionsat

p
s = 31:6 and38:8 [GeV]. Theexperimentaldataaretakenfrom [47]. The

correspondingscalingfunctions (z).
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direct photons,jets) are obtainedthat the value of slopeparameterfor pp is larger than the
correspondingvaluefor �ppcollisions,� pp > � �pp .

Theexistenceof thepowerlaw means,from ourpointof view, thatthemechanismof particle
formationrevealsfractalbehavior.

4 Multiplicity density of chargedparticles dN=d�

The importantingredientof z-scalingconceptis the multiplicity densityof chargedparticles,
dN=d� (s; � ). Thescalingfunction andthescalingvariablez is proportionalto [dN=d� ]� 1. In
thefirst casethequantityis includedin theexpression(5) to normalizethefunction andto give
thephysicalmeaningfor it asaprobabilitydensityto produceaparticlewith theformationlength
z. In thesecondcase(17) themultiplicity densityis takenat � = 0. Thereforez is proportional
to theenergy of elementarysubprocessperoneparticleproducedin theinitial hadroncollision.

Theenergy dependenceof themultiplicity densityof chargedparticlesfor inelasticandnon-
singlediffractive pp and �pp collisions is shown in Fig. 12(a) [48]. The collision energy

p
s

changesfrom 14to 1800[GeV]. New datafor dN=d� (s; � ) aswell asfor inclusivecrosssection
Ed3� =dp3 for ppcollisionsat RHIC energiesareof interestfor veri�cation of z-scaling.

5 
 =� 0 ratio for pp and �pp

Thepropertiesof thescalingfunctionfor direct 
 and� 0-mesonproductioncanbeusedto esti-
matethedependenceof the 
 =� 0 ratio of inclusive crosssectionson thetransversemomentum
pT at LHC energies.

Theasymptoticbehavior of  (z) wasfoundto bedescribedby thepower law for � 0-mesons
anddirect photonsproducedin pp and �pp collisions. The slopeparametersaresatis�ed to the
relations� 


pp > � 

�pp , � � 0

pp > � � 0

�pp , � � 0

pp > � 

pp and� � 0

�pp > � 

�pp.

As seenfrom Fig. 5(b) thecrosssectiondata[30] of � 0-mesonsproducedin pp collisions
obtainedby the PHENIX Collaborationat RHIC arein a goodagreementwith the asymptotic
behavior of  (z).

Figure12(b)shows the
 =� 0 ratio of inclusive crosssectionsasa functionof thetransverse
momentumpT at

p
s = 5:5 and14. [TeV]. The ratio wasfound to be differentfor pp and �pp

collisions. It increaseswith pT . The ratio hasthecross-over point at pT ' (60 � 70) [GeV/c]
andpT ' (110� 130) [GeV/c] for ppand�pp collisions,respectively.

6 z � pT plot

Thez � pT plot is thedependenceof thevariablez onthetransversemomentumpT of produced
particlefor a givenprocess.Theplot allowsusto determinea high transversemomentumrange
thatis experimentallyinaccessibletill now, interestingfor veri�cation of z-scalingandsearching
for thescalingviolation.

Figure13(a)showsthez � pT plot for thepp! � + X processat
p

s = (24 � 14000)[GeV].
As seenfrom Fig. 1(b) the scalingfunction  (z) wasmeasuredup to z ' 30. The function
 (z) demonstratesthe power behavior at z > 4. Thereforethe kinematicrangez > 30 is of
morepreferablefor experimentalinvestigationsof z-scalingviolation. The boundaryz = 30
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a) b)

Fig.11. (a)Thedependenceof inclusivecrosssectionof directphotonproductionontransversemomentum
in pBeandpCucollisionsat

p
s = 31:6 and38:8 [GeV]. Theexperimentaldataaretaken from [47]. (b)

Thecorrespondingscalingfunctions (z).

a) b)

Fig. 12. (a) Themultiplicity densityof chargedparticlesdN=d� asa functionof theenergy
p

s at � = 0
for pp and�pp collisions.Theexperimentaldataaretakenfrom [48]. (b) The
 =� 0 ratio of inclusive cross
sectionsversusthetransversemomentumpT in ppand�ppcollisionsat

p
s = 5:5 and14. [TeV].
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correspondsto the differentvaluesof the transfersmomentumpT dependingon the collision
energy

p
s.

Figure13(b) showsourpredictionsof thedependenceof theinclusivecrosssectionEd3� =dp3

on thetransversemomentumpT for � + -mesonsproducedin ppcollisionsat theISR,RHIC and
LHC energiesand the angle� cm of 900. The veri�cation of the predictionsis of interestto
determinetheregionof thescalingvalidity andsearchfor new physicsphenomena.

7 ” � -jump”

Mechanismof particleformationat high transversemomentain z-presentationis describedby
the power law (21). Suchbehavior of  (z) dependson the valuesof the anomalousfractal
dimensionof colliding particles,� 1 and� 2. Thedimensionsfor hadrons,directphotonsandjets
producedin ppcollisionswerefoundto satisfytherelation� h < � 
 < � j et andto beindependent
of

p
s andpT . Theanomalousfractaldimensionfor nucleus� A is expressedvia thedimension

for nucleon� N asfollows � A = A � � N .
Figure14(a)shows thedependenceof theanomalousfractaldimension� for � 0-mesonpro-

ductionin ppand�pp [49] collisionsontheenergy
p

s. Thevalueof � h = 0:5 usedin ourprevious
dataanalysisis con�rmedby thenew data[30] oninclusivecrosssection(seeFig. 5(b))obtained
by thePHENIX Collaborationat RHIC. Figure14(b)givesevidencethatthevaluesof theslope
parameter� of thescalingfunctionfor ppand�pp collisionsdiffer eachotherat z > 6.

The changeof the fractal dimension� or ” � -jump” is consideredasan indicationon new
mechanismof particle formation. It is assumedthat the energy dependenceof the quantity is
especiallysensitive in thehigh-pT range.Thereforethestudyof z-scalingat higher

p
s andpT

is of interestfor searchfor new physicsphenomena.

8 Dir ect 
 and � 0-mesonyields in pp and pPb collisionsat RHIC and LHC

Thescalingpropertiesof z-presentationof datafor pp andpA collisionscanbeusedto estimate
particleyieldsin thekinematicregionexperimentallyinaccessibleatpresenttimeandto compare
with othermodelpredictions.

Figures15 and 16 show our predictionsof the dependenceof the inclusive crosssection
Ed3� =dp3 on the transversemomentumpT for directphotons(a) and� 0-mesons(b) produced
in pp andpPbcollisionsat RHIC andLHC energiesandtheangle� N N

cm of 900. Thedataon the
crosssections[33,42,50] obtainedat ISR energy

p
s = (24 � 63) [GeV] arealsoshown for

comparison.

9 Conclusions

The generalconceptof z-scalingfor particleproductionin hadron-hadronandhadron-nucleus
collisionswith high transversemomentawas reviewed. The developmentof the new method
of dataanalysisbasedon z-presentationof datawaspresented.Thescalingfunction  (z) and
scalingvariablez were shown to be expressedvia the experimentalquantities,the invariant
inclusivecrosssectionEd3� =dp3 andthemultiplicity densityof chargedparticlesdN=d� (s; � ).
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Fig. 13. (a)Thez � pT plot and(b) thedependenceof theinclusive crosssectionof � + -mesonproduction
in pp collisionson thetransversemomentumpT at

p
s = (24 � 14000) [GeV] andtheangle� cm of 900 .

a) b)

Fig. 14. (a) Thedependenceof theanomalousfractaldimension� (s) on thecollision energy
p

s. (b) The
scalingfunction  (z) of � 0-mesonproductionin pp and�pp collisionson the transversemomentumpT at
theenergy

p
s = 30 � 200 and540[GeV] andtheangle� cm of 900 , respectively. Theexperimentaldata

aretakenfrom [30–32,34–36] and[49].
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a) b)

Fig. 15. The dependenceof the inclusive crosssectionof directphoton(a) and� 0-meson(b) production
on thetransversemomentumpT in pp collisionsat

p
s = (24 � 14000) [GeV]. Theexperimentaldataare

takenfrom [33,42,50]. Thesolid linesandpoints(?; 4 ; � ; � ) arethecalculatedresults.

a) b)

Fig. 16. Thedependenceof theinclusivecrosssectionof directphoton(a)and� 0-meson(b) productionon
thetransversemomentumpT in pPbcollisionsat

p
s = (31 � 8800) [GeV]. Thepoints(4 ; � ; � ; ?; + ) are

thecalculatedresults.
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Physicalinterpretationof thescalingfunction (z) andvariablez asa probabilitydensityto
producea particlewith theformationlengthz wasargued.Thequantityz wasshown to reveal
the propertyof the fractal measureand� 1;2 arethe anomalousfractal dimensionsof colliding
particles.It wasarguedthatz-scalingre�ects thefundamentalsymmetriessuchaslocality, self-
similarity, fractality, andscalerelativity.

Resultsof new analysisof theexperimentaldataon the inclusive crosssectionsobtainedat
theU70, ISR,SpS,TevatronandRHIC werepresented.Thescalingpropertiesof z-presentation
of datasuchastheenergy independence,A-dependence,andthepower law werediscussed.A
complementarycon�rmation of z-scalingfor � 0-mesonandchargedhadronproductionin pp
collisionsat theRHIC wasobtained.

New measurementsof themultiplicity densityof chargedparticles,andthe inclusive cross
sectionsof particleproductionin theexperimentallyinaccessiblekinematicregion for thestudy
of z-scalingweresuggested.The changeof the anomalousfractal dimension(” � -jump”) was
suggestedto consideras a new and complementarysignatureof new physicsphenomenaof
high-pT particleproduction.Thez � pT plot wasusedto determinetheregionsthatareof more
preferablefor experimentalsearchfor z-scalingviolation. The propertiesof z-presentationof
datawereusedto predicthigh-pT particlespectraat RHIC andLHC energies.

Acknowledgement: The authoris grateful to I. Zborovský, Yu. Panebratsev, O. Rogachevski
andD. Toivonenfor collaborationandusefulandstimulatingdiscussionsof theproblem.
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[48] W. Thomé et al.: Nucl.Phys.B 129(1977)365.
D.R.Ward:ReportNo. CERN-EP/87-178.
F. Abe etal.: Phys.Rev. D 41(1990)2330.
M. Adamuset al.: IHEP Preprint88-121,Serpukhov, 1988.
G. Alner etal.: Z. Phys.C 33(1986)2330.

[49] M. Banneretal.: Phys.Lett.B 115(1982)59.

[50] E. Anassontziset al.: Z. Phys.C 13(1982)277.


