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ABSTRACT
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distributions. This method has been applied in otdeachieve the improved description of the nuclefiect inY
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1. INTRODUCTION

Information Theory was originally developed by Heyt[1], Nyquist [2], and Shannon [3] in order tstablish a
mathematical description of telecommunications emdnderstand how information may be lost uponsnaission over
noisy channels. Shannon, in particular, developedraplete formalism in which the concept of infotioa is quantified
and important theorems regarding its transmissienpaoven. The fundamental quantity that measurésmation is
information entropy Shannon has shown that the information entroplgdsmost suitable function of the probabilities fo
emission of signals by an ergodic source that nreaghe magnitude of the receiver’s uncertaintyhmse signals. In this
sense information entropy is the true measure esagnorance of their correct content. The latherentropy the greater
the uncertainty and, consequently, the informationtent. Therefore, maximizing the information epfr can lead to
evaluation of the signal probability distributionder the constraints imposed by the telecommuwieatproblem at hand.
Application of this theory in physics could be \aike. All quantum phenomena, for example, aretsstic in nature and
are described in terms of probability amplitudelsef by appropriately defining the information epyrf the physical
system under consideration and maximizing it uragrstraints imposed by theoretical assumptionsxpermental data
one can obtain the probability amplitudes that ragest consistent with one’s ignorance of the syst€his method has
been used by Plastino [4] to evaluate wave funstfon various physical systems. It is a very powletdgchnique since it
does not rely on any specific modeling but onlyvamat is actually known about the system to derigst kestimates for

what is unknown.

In this article, we apply Information Theory to prove parton, specifically gluon, distributions muclei.

These are suitable subjects to the method bechegate probabilistic in character. The problemruptiose solution we
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76 Athanasios N. Petridis

wish to improve is that of quarkonium suppressiomplioton-nucleus collisions at very high energifse production of
charmonium states, most notably of tH& boson, as well as of bottomonium ones, espediadlyy resonance, has been
observed in various experiments involving heavylemictargets to be lower than in hydrogen if theetais multiplied by
the mass number of the nucleus. At energies aathiav€ermi labJ/¥ andY suppression is very pronounced and exhibits
a characteristic dependence on the momentum fraofithe target nucleon carried by the struck pafs. Many models
have been developed to explain this behavior. Rerpurposes of demonstrating the Information Theogthod, we
consider a model that is based on the assumptatngtiarks in nuclei have a finite probability tongtomerate forming
multi-quark color singlet states, usually calledultidquark clusters [6]. The parton distributions such clusters differ
from those in single nucleons and generally areceontmated to lower momentum fractions of the partas the cluster
becomes larger. This model supplemented by firmkstissociation of the produced quarkonium hasessfully

described)/'¥ suppression in

Hadron-nucleus collisions and could possibly agplheavy ion collisions, the latter being the topidebate as
they are important signals for the Quark-Gluon Riagroduction. In this model very simple partortribsitions have
been used based on very general assumptions. Howkegegluon distributions which play a crucialedh quarkonium
production are relatively poorly known in nucldi.tiirns out that within this model the gluon distiions that solve the
problem ofJM¥ suppression are inadequate to descYilsippression from the same experiment. We shallnfsemation
Theory to improve them in a manner that maintaisrtapplicability to the)/¥ data and, at the same time, enhances the
agreement with th¥ data.

2. INFORMATION THEORY

Suppose an ergodic source of information, whichlmmanything from a telegraphic device to a quargystem,
produces signatsfrom some available ensembfewith probability distributiorp(x). We define the information entropy of

the source as [3]
S=- [ p(x,ai) Inp(x, ai)d #, @
Where the summation includes all instances iof X and can indicate an integraldis a continuous variable and
oi are a group of fixed parameters in the funcpotit is required that
[p(x, i) dx = 1. )

If the logarithm is binary theBis expressed in bits. Considered as a functiontieprobability distributionSis
maximal wherp is uniform; we know the most about a system whensignals it produces have no variability. To abtai

the optimal functiomp(x, ai), i.e., to estimate the “best” set of parametérse impose the extremization condition

as _

L) @3)
For alli. To ensure a maximum, second order derivatives beidooked at as well. In this work,we assume a

certain functional form fop and simply want to determine its parameters. Tloeqaure can be generalized to include

cases in which we do not know the exact fornpdifut there are constraints based on data. The methadgrange

multipliers can be used to evaluate distributiomcfions when a number of expectation values arevkrid].
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3. QUARKONIUM SUPPRESSION IN P-A COLLISIONS
3.1 Facts and Models

The observed suppression of th&, ¥ production cross section per unit mass numberin high energy
hadron-nucleus [5, 7] and nucleus-nucleus [8] siollis exhibits a strong nuclear dependence. Theohaticleus data
also show that the depletion increases with thgitodinal momentum of the quarkonium. These redudtge generated

many theoretical studies. A variety of effects @ught

To contribute and numerous models have been swggheBhese contributions may be grouped into sixomaj
categories: (1) Quarkonium scattering off partod/anhadron co-movers [10, 11]; (2) Glauber inétastattering on the
nucleons [12]; (3) Shadowing and EMC distortiongtted nuclear parton distributions [13]; (4) Parsmattering before
[14] and after [15] the hard process; (5) Partoergy loss in the initial and/or the final state J&8d, (6) Intrinsic charm
in nucleons [11]. Color transparency may alter @armonium Glauber absorption [17]. In the caseh@dvy ion
collisions contribution of an unconfined state (€uaGluon Plasma) has probably been very smalkitiex experiments
[5, 8] but is debated due to other data [18]. In\iaw, more than one contribution must be cargfollanced to explain
the quarkonium suppression. Here the modificatiminthe initial-state parton distributions (for &klues of the Bjorken

variable,x) and the final state inelastic scattering (absonptare considered.

The term “EMC effect”, after the European Muon @bbration, will signify any deviation from unity dfie
structure -function ratio of a bound nucleon td thfea free one at any value of the variakleefined as the fraction of the

nucleon momentum carried by the interacting parton.
3.2. Quark Clusters in Nuclei

The EMC effect has been studied in the frameworkhefexpansion of a nuclear stae a complete basis of
color-singlet states labeled by the number of tli8jr6, 9 or more) valence quarks. Such states, @ferred to as

multi-quark clusters, are formed when nucleons kidara nucleus overlap so that they share theistitoient partons.

The probabilities for multi-quark cluster formatiocan be estimated using nuclear wave functionof&jan be
found by fitting DIS data [19, 20]. The agreemeiithvEMC and NMC [21] data is excellent down®@®2 =~ 2 Ge\2 and
the fit strongly constrains the quark momentumritigtions in clusters. (Momentum conservation ianstérs fixes the
total momentum fraction carried by the gluons.) Good deton of the small enhancement above unity of EMC ratio
(ant shadowing) around = 0.1 requires the inclusion of up to 12q clusters thet essential features of the data are
accommodated by a truncation to the 6q term andiiaaeffective6q cluster probabilityf. The observed shadowing of

the structure functiori;2, in the nucleus for low and the depletion for intermediateombined with the QCD sum rules

Require the presence of ant shadowind-®ffor other values ok. This ant shadowing, however, need not be
restricted to the range@® < x < 0.2. In fact, this model predicts ant shadowingXor0.8 in agreement with the data of
Ref. [21] on the slope of the Ca over deuteriumcitre-function ratio. In addition, the electron®dlata from SLAC
confirm the excellent agreement of this model wlith observed nuclear dependence foxafl.1[22]. The model has been
successfully applied to explain nuclear effectBinll-Yan processes [23] and gives interesting jotazhs for these effects
at RHIC energies [24]. Direct photon productiorhadron nucleus collisions [25] has also been ptedito be altered by
nuclear effects.

The probabilityf depends o\ approximately logarithmically and is 0.040-0.052 feuterium [25]. Very dense
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nuclei @He) havef values larger than the logarithmic prediction. e scaling limit, the Nqg proton-like cluster parton

momentum distributions are assumed to have staridars,

W) = Ba V(1 — 0PN, b = b +1 @
Sn() = Ay —x)™, Ay = x3(1+ ay) (5)
Gy(x) = Cy(1 —x)N, Ay = xf(1+cy) (6)

The quantitiesty andx§ are the total momentum fractions carried by ore ceark species and the gluons,
respectively. The exponents that best describ® M€ data arelfu, a3, ku, ag = (3, 9, 10,11). For the gluon exponents
the directy data suggestcB, c§ = (6, 10) [25]. The valence exponents approxityafellow the dimensional counting
rules. The ocean consists of three species of quarid their antiparticles) with the strange disition being half as large
as the up (or down) quark sea distribution. Theoiglmmomentum fraction is taken 5 times larger tham dcean one.
Isospin invariance relations connect the distriimai that belong to the same isospin states reduti@ghumber of
independent parameters, €W, con = Vikurron- Kinematics forces the fraction of the cluster matnen carried by a
parton in 6q cluster(6), to be half as large as that in nucleox(8). In this model, the QCD sum rules are explicitly

obeyed. Further description of the quark-clustedeh@an be found in Refs. [24, 25].
3.3. Theoretical Cross Sections

Including 3q and 6q clusters, the doubly diffei@nhadron-level cross section for quarkonium picitun is

calculated from the ordes’parton-level ones (with both quark-antiquark arlaffon @q ) and gluon fusiongg)

included). The latter are convoluted with the appiate sums of products of parton distributidﬂ%(xl,xéi)) and

Hg(xl,xé")) (i=3,6) [26]. The indices 1 and 2 refer to the@dmoving in the zdirection in the laboratory) and the

target, respectively.

The duality (in effect color evaporation) hypotteessi applied to integrate the differential crosstise overm?
with m ranging from twice the(b) quark mass, c(b) to the open charm (bottom) thresholth2(B) Heremp = 1.864
GeV andmg = 5.278 GeV. The duality constaritd, is simply the portion of the total cross secffop to a given order) that
corresponds to the quarkonium; it cancels in ceession ratios. The resulting cross-section caaxpeessed as a function
of the longitudinal momentum fraction carried by throduced quark-antiquark paif; = 2p, /+/s. The higher order
corrections are assumed to result in a multipheafactor,K. The transverse momentum dependence due to higter
diagrams is, thus, integrated over and that dutheointrinsic transverse momentum of the partonseiglected. These

considerations lead to the order equation

do™® _ ampg) ., N®a (o2 W A (2
dxp =K Fd f4mg(b) dm Zi=3,6](l) [quo—qﬁ(m ) + Hgg O—gg (m )]t (7)

Whereé,; andé,, are the partonic-level cross sections for the tenaliprocesses arli) are the Jacobians that

transformx1 andx(i) to x- andm2

In this way, the entire quarkonium yield is foufithe various final states being unitary rearrangdmeh one
another have up to this point the same dependendeMC-type nuclear effects at the samie The perturbativ@?2

evolution of the parton distributions is omittedidsrgely cancels in the calculation of crosstiegcratios. In addition, the
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Q2 values that are relevant to the production of comitkm states are inside the scaling region in whidh parton

distributions used in this work are valid.
3.4. Final State Absorption

After its production, the&c p b) system propagates in the nuclear medium devejopito a quarkonium state
which then decays into the observed lepton paiwsing this stage, the system may be inelasticaiffttered by 3q and 6q
clusters. It is reasonable to assume that theestagtoccurs with clusters bound in the nucleusesite break-up time of

the latter exceeds the time the pair needs to rigsavihe nuclear radius. TH&¥ absorption has been measured to be

a®

2ps = 3-5 mbarn/nucleon [27]. This number has been extragtethe kinematic range in which parton distribatio

modifications are negligibly smalk{~ 0.22, the point at which the EMC ratio crosses thi lume) and since it is the
average absorption cross section over the pattersad in the nucleus, color transparency effeatsadready in it.

The ¥ is attenuated a little more than thAF due to its larger radius. It is also assumed thatcross section for
bottomonium Y states) absorption is of the same order as thettafmonium but smaller8.0 mbarn/nucleon) due to its

more compact size.

The cross- section on a 6q cluster3¢22imes larger than that on a nucleon (bag modeiesé) but the density

of scattering centers in the medium is reduced

whenf# 0. Then

(pousss) = oSpa L= ) + 27| /A + ), (®)

Wherep, is the number density of the nuclefisaken as constant within the nuclear volume. Therage path

length thecc b) pair travels in an

approximately spherical nucleus of radiyestimated by means of a simple geometrical (narel calculation
is La = 2ra/z. The experimentally measured nuclear RMS radi] {28 employed to compugg andL,. The cross-section

in Eq.(7) is then attenuated by the factor
Py = exp[—(p ) Lal- (9)
4. CHARMONIUM SUPPRESSION

The nuclear dependence is extracted by takingatie, R, of the J/¥ production cross section per uditin
collisions of a hadron, proton in this case, witheavy nucleus to that in collisions with a ligimeoand examining it
dependence. Since thefactor may also depend om at first we examine the ration of the experimetaihe ordem?
theoretical cross section. In Figure 1 we predeistfatio for Cu and Be using a representativeofg@iarameters for our
model and the data of Ref. [Ad is the same in both cases and cancels in the GEtarly, theK-factor exhibits a strong
xe dependence but, most importantly for our purposethe same for the two nuclei. This implies thawill cancel in
ratios of two theoretical or experimental crosstises. The origin of this factor must, thus, lieprocesses that do not
depend on the size and intrinsic properties ofndeus (the absorption part is included in theltef Figure 1). Thee
dependence of in Figure 1 agrees with that of the ratio of théfffdctive” to hard cross sections in Ref. [29]sugs

related to the relative suppression of variousmiosium states are outside the scope of this article

The results foR, are confronted with the data of Ref. [5] in Fig@eThe dotted lines in Figure 2 represent the
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prediction of the full model including 6q clustemad final state absorption with the lowest (highestiue off for the
heavy (light) nucleus and the largest values of@heocean and gluon exponenta6,(c§ = (12, 11); the solid ones
correspond to the oppositeombination anda®, c§ = (10, 9). In order to make the influence of thigial and final state
contributions tdR clear in Figure 2(d) the results without final stabsorption are shown (short and long dash cuvites
the same connotation as the dotted and solid oesgectively) as well as the result with only fistdte absorptiorf,= 0
(dot-dash line). It is evident that the predictimighe full model are in agreement with the d&t. note in passing that
for large negativex: this model predicts ant shadowingJ¥ production in p-A collisions because in this reglargex,

values for the gluon distribution ratio are accdsse
5. BOTTOMONIUM SUPPRESSION

Using the model we described earlier we can alfmulzde the suppression ratio for tiiestates and compare the

results with the data of Ref. [9]. Specifically, ealculate the exponeatdefined by means of the equation

dc@® g do@
dx, =4 dx,

(10)

where the superscripts refer to large nudidr deuteriumd) targets and, = xf).At this point, it is instructive

to observe that gluon fusion dominates the charomonproduction process and is very important fortdmbnium
production as well. Therefore, the ratio of crosstions to a large extent reflects the ratio obgldistributionsRéA). Itis

not hard to see that with the given definition daian distributionsRéA) monotonically increases witk,. As shown in
Figure 3, however, the data of Ref. [9] contradii$ theoretical prediction. At, =~ 0.15 there is a wide “bump” and the
ratio starts decreasing at higher The reason that this behavior becomes more apiparéhe case of production is the
fact that theY is much more massive than th&’. For given center of mass energy, a particularlqpraum momentum,
Xg, probes a larget, value in theY case. The gluon distributions being the most mieand the least known among all the

partons should be the first candidates for improvetm
5.1. Improved Gluon Distributions

At this point, we turn to Information Theory. Thetdl momentum fractions carried by the partons rinNg

cluster,
2 = [ dx R\ (x) (11)

wherea designates the type of parton a‘?,]ﬁd) is its momentum distribution. The fractions mustas add up to
unity. Consequently, the functioﬁ,éa)satisfy the condition required in order to defimeiformation entropy,
Sy =—Xaf, dx P ) InF®. (12)

We shall maintain the quark distributions as defiire the previous section and modify the gluonrdistions

under the constraint that the total momentum fomctiarried by gluons in each type of cluster igdidand equal to that of

the unmodified distributions, iagg) = 0.57 for nucleons and

z9 = 0.60 for 6q clusters.

The trend of thé&/ data suggests that the simplest possible modditab the gluon distributions is an alteration
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of the linear term ix. We will, then, define corrected momentum disttidys for the gluons in nucleons and 6q clusters as
Gy(x) = Cy(1 = x)N + Cy x. (13)

For eactN we, now, have two unknown parametetg,andCy . Momentum conservation, i.e., the fracticzrlﬁ%)

are constant, imposes the condition
Cy =229 — 2Cy/(cy + 1) (14)
Where the exponents are kept fixedgs = 6 andcg = 10. Then we evaluate

Cy from the requirement
dSy/dCy =0. (15)

The maximization procedure yields the following rhers: C;, C'3 ) = (1163 0.812) and Cg, C's ) = (1411,
0.987). We can compare these numbers with the uratedenes: @;,C’3)uncorr = (4.130, 0.0) and Cs,C’s) uncorr =3
6(6.624, 0.0). We have changed the shape of the function witldfecting its integral, the total gluon momentuhe
behavior of the new functions differs from thattleé old ones mostly in the largeegion for which on the other hand we
have little experimental data. We note that theaoagistributions could not accommodate such typaltefation because
deeply inelastic scattering imposes a constrairtherratio of neutron to proton structure functiolends to 4 asx — 1.
Using the corrected distributions we can recaleuthe exponent and compare the results with the data. With a fitate
absorption cross section of 3 mbarn/nucleon andnthe distributions the agreement with the datadas@erably
improved as shown in Figure 3 in which the uppawvewcorresponds to the uncorrected model, the lmueve to the
corrected model using only gluon fusion contriboti@nd the middle curve to the corrected modeudinb gluon fusion
and quark annihilation. It must be pointed out ttias is not the only model that gives reasonal@decdption of the
relativeJ/¥ to Y suppression data in p-A collisions. The authorRef. [30] attribute the smaller suppressiorivao the
Q2= m2evolution of the distribution functions, whermeis the mass of the resonance. Indeed, as discirsgad. [26] the
evolution of the ocean (and consequently the glulistyibutions leads to smaller shadowing@&decreases. Our model
neglects th&2 evolution relying on the observation [26] that thasses of the quarkonium resonances are alreatg in
scaling region and attributes the redudeduppression to its smaller absorption cross-sectids conceivable that both
effects may, in fact, contribute to this phenomendfe would mostly like to emphasize that it is thsleape of the

suppression curve that needed to be improved wuatdor theY data.

It is worthwhile noting that due to the fact thétproduction probes a different kinematic regimarfr&'¥ the
correction on the gluon distributions has only aakreffect on theJ/¥ suppression curves. The agreement with the
charmonium data is still good as it can be obseiaegigure 4, although it slightly deterioratessatall x- (large x,).

In addition, the corrected model does not exhibitshadowing o8/¥ production for negative: a feature that would be in
contradiction with the data [31]. Data on bottomoniand charmonium give complementary informationttom gluon
distributions in nuclei. In addition, th€ is a really good probe of the initial state in @hiit is produced due to low

absorption cross-section.
5.2. Relativistic Heavy lon Collisions

We can use this model to make predictions fordtHeandY suppression at the Relativistic Heavy lon Collider

(RHIC) with+/s = 200 GeV/nucleon.
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The calculation proceeds along the same linesrag-fcollisions but now there is the additionalspibility of
60-6q cluster collisions. The nuclear effect isighmore pronounced. The cross section for cofissif a nucleus A with a

nucleus B is [26]

do(4B) _ 4-m5(3) 2 @.j) @) A~ ((H)IPN
e K 1, f4m2,$’j(b) dm?®Yi—36Xj=36]" [qu 0qq + Hgg Ugg]
(16)

where, JD = O x0) ;2 (xl(i)-l-xgj)), i and j represent the type of colliding clustet/s is the

nucleon-nucleon CM energy ahléiq'gg are functions of parton distributions appropri@ateA-B collisions.

In Figure 5 we show theoretical results obtainethwhe uncorrected (curves marked by (d)) [26] &imel
corrected (curves marked by (c)) models. The cuexdibiting less suppression are for thé he corrected model leads to
larger suppression. The largebehavior is now much more distinct. It can be ustterd if we realize that in symmetric
heavy ion collisions ag — 1 the largex region for the positively moving nucleus is prob&terefore, in the uncorrected
model the ratio increases with reflecting the increase in the gluon distributiatioc and exhibits anti-shadowing while in
the corrected one it flattens out and remains beloity. In Ref. [32] data produced by the PHENIXIi@boration were
presented. The value of thesuppression ratio for Au-Au minimum-bias eventssus p-p collisions afs =200 GeV is
found to be 0.625 + 0.200. This falls into the tlegically predicted band.

6. CONCLUSIONS

We have applied Information Theory to improve theog momentum distribution functions in nuclei, linding
the “EMC effect”. The main idea is that by definiag information entropyg, for those functions whose total integral is
unity we can evaluate their parameters by maxirgi8mwith respect to them. In other words, we assumé ttie best
choice of parameters is the one that is consistéhtmaximal ignorance under the constraint of motam conservation.
A quark-cluster model for the “EMC effect” has baesed to establish a good agreement with the dal&tosuppression
in p-A collisions but proved inadequate to descifibsuppression. Then Information Theory provided ith & tool to
improve the model with significant success. Thegldistributions have been corrected for their bihaat largex and an

overall agreement with the differential cross saetifor quarkonium suppression was achieved.

An interesting aspect of this method is that itsloet rely on any specific microscopic theory whinhturn
should be investigated in detail but uses only \gageral notions. The solution that is consisteitit the assumption of
maximal ignorance, quantified by the informatiortrepy, seems to be an optimal one. This method bmamused to
improve the parameters of more detailed and reafistrton distributions in nucleons and nuclei ungnstraints imposed

by experimental data.
The author would like to thank S. Gavin and A. Bitesfor useful discussions.
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APPENDICES
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Figure 1: The Ratio of the Experimental to the Theeetical Cross Section forJ/¥ Production in
Collisions of Protons with Cu and Be Nuclei. The Teoretical Cross Section Includes Cluster
Contributions and Final State Absorption. The Expeimental Cross Section is From Ref. [7] with
Statistical and Systematic Errors Added in Quadratwe. The Uncertainty in the Theoretical
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Figure 2: C (a), Ca (b), Fe (c), and W (d) to Deuteam J/¥ Production Ratio Versusxg. The 6q
Probabilities are Evaluated usingf = k In Awith 0.040-0.052 for Deuterium. The 6g Ocean and
Gluon Exponents are 10, 9, Respectively for the SdlLines and 12, 11 for the Dotted Ones.
Panel (d) Also Shows the Results for no AbsorptiofShort and Long Dash Curves) and with

Absorption only (Dot-Dash Line). The Data are fromRef. [5] atv/s =38.7 GeV.

Impact Factor (JCC): 5.0273

The Errors are Statistical

NAAS Rating 3.73
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Figure 3: Exponent of the W to DeuteriumY-production Ratio Versusx,. The Chosen 6q Probabilities are
Shown in the Plot. The Data Points are from Ref. [9 The Solid Squares are for the $ State and the
Open Ones for &+ 3S. The Upper Curve Corresponds to the Uncorrected Mdel. The Lower Curve

Corresponds to the Corrected Model using Only GluorFusion Contributions. The Middle Curve
Corresponds to the Full Corrected Model Including Quark Annihilation
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Figure 4: The Ratio of J/¥ Production Cross Section per Nucleon on Cu to Beafgets with a
Proton Beam aty/s =38.72 GeV. The Solid Curve is for the Uncorrected Gluo
Distributions and the Dash Curve for the Modified Ones. The Exponents Used are
(cs, Cs) = (6, 10) for the Gluons and &3, ag) = (9, 11) for the Ocean. The Effective
6q Cluster Probabilities are 0.30 for Cu and 0.16dr Be.
The Data Points are from Ref. [7]

www.iaset.us editor @ aset.us



86

R{AW-AU/d-d;

s = 40000 GeV*

2 A4 ]
Xr

Athanasios N. Petridis

Figure 5: The Ratios ofJ/¥ andY Production Au-Au Cross Sections Per Nucleon
Over Deuterium Ones at RHIC Energies. The Curves Miked by (d) are for the
Uncorrected Model and Those Marked by (c) for the @rrected one. The Effective 6q
Probabilities are 0.40 for Au and 0.05 for Deuterim. The used Exponents arect, Ce)
= (6, 10) for the Gluons and &s, ag) = (9, 11) for the Ocean. The Absorption
Cross Sections are 3.5 Mbarn/Nucleon for thé/¥ and 3.0 mbarn/nucleon for the

Impact Factor (JCC): 5.0273

NAAS Rating 3.73



