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Formation of color-singlet gluon clusters and inelastic diffractive scattering
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This is the extensive followup report of a recent Letter in which the existence of self-organized criticality
(SOQ in systems of interacting soft gluons is proposed, and its consequences for inelastic diffractive scattering
processes are discussed. It is pointed out that color-singlet gluon clusters can be formed in hadrons as a
consequence of SOC in systems of interacting soft gluons, and that the properties of such spatiotemporal
complexities can be probed experimentally by examing inelastic diffractive scattering. Theoretical arguments
and experimental evidence supporting the proposed picture are presented—together with the result of a sys-
tematic analysis of the existing data for inelastic diffractive scattering processes performed at different incident
energies and/or by using different beam particles. It is shown in particular that the size and the lifetime
distributions of such gluon clusters can be directly extracted from the data, and the obtained results exhibit
universal power-law behaviors—in accordance with the expected SOC fingerprints. As further consequences of
SOC in systems of interacting soft gluons, thelependence and thd\/l(f(/s) dependence of the double
differential cross sections for inelastic diffractive scattering off a proton target are discussed skéeres for
four-momentum-transfer squareM,, for the missing mass, ands for the total c.m. system energy. It is
shown that the space-time properties of the color-singlet gluon clusters due to SOC, discussed above, lead to
simple analytical formulas fodzoldtd(M)z(/s) and for do/dt, and that the obtained results are in good
agreement with the existing data. Further experiments are suggested.

PACS numbse(s): 13.85.Hd, 12.40.Nn, 13.60.Hb

I. INTERACTING SOFT GLUONS IN THE SMALL- xg ep collider HERA [10] and at the Fermilab Tevatraiv].
REGION OF DIS Such events are, however, rather rare. For the description of
the bulk of LRG events, concepts and methods beyond per-
A number of striking phenomena have been observed iurbative QCD, for example, Pomeron modg#$ based on
recent deep-inelastic electron-proton scatte(DLH) experi-  Regge phenomenology, are needed. It was suggested a long
ments in the smalkg region. In particular it is seen that the time ago(see the first two papers in RéB]) that, in QCD
contribution of the gluons dominatdd] and that large- language, “Pomeron exchange” can be interpreted as the
rapidity-gap(LRG) events exis{2—4]. The latter show that ‘“exchange of two or more gluons” and that such results can
the virtual photons in such processes may encounter “colorbe obtained by calculating the corresponding Feynman dia-
less objects” originating from the proton. grams. It is generally felt that nonperturbative methods
The existence of LRG events in these and otfi&6]  should be useful in understanding “sma}-phenomena,”
scattering processes has attracted much attention, and thdyet the question as to whether or how perturbative QCD
has been much discussi¢@—11] on problems associated (pQCD) plays a role in such nonperturbative approaches
with the origin and/or the properties of such “colorless ob-does not have a unique answer.
jects.” Reactions in which the “exchange” of such “color- In a recent Lettef12], we proposed that the “colorless
less objects” dominates are known in the literat[8e4,8,9  objects” which play the dominating role in LRG events are
as “diffractive scattering processes.” While the conceptscolor-singlet gluon clusters due to self-organized criticality,
and methods used by different authors in describing suclnd that optical-geometrical concepts and methods are useful
processes are in general very much different from one anin examining the space-time properties of such objects.
other, all the authorgéexperimentalists as well as theorjsts ~ The proposed picturgl2] is based on the following ob-
seem to agree on the followir§] (see also Ref§2—-8,10—  servation: In a system of soft gluons whose interactions are
12]): (a) Interacting soft gluons play a dominating role in not negligible, gluons can be emitted and/or absorbed at any
understanding the phenomena in the smgalkegion of DIS  time and everywhere in the system due to color interactions
in general and in describing the properties of LRG events irbetween the members of the system as well as due to color
particular.(b) Perturbative QCD should be, and can be, usednteractions of the members with gluons and/or quarks and
to describe the LRG events associated with high-transversentiquarks outside the system. In this connection it is impor-
momentum p, ) jets which have been observed at the DESYtant to keep in mind that gluons interact directly with gluons
and thatthe number of gluons in a system is not a conserved
quantity. Furthermore, since in systems of interacting soft
*Present address: Centre for Subatomic Structure of Mattegluons the “running coupling constant” is in general greater
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of local interactions into accoufifor example, by describing D(T)~T 7, )
the reaction mechanisms in terms of Feynman diagyaus

also too complicated to apply well-known concepts andynere , and v are positive real constants. Such spatial and
methods in conventional equilibrium statistical mechanics. 'Wemporal power-law scaling behaviors can be, and have been,
fact, the accumulated empirical facts about LRG events andgnsidered as the universal signals—the “fingerprints”— of
the basic properties of gluons prescribed by QCD are forcinghe |ocally perturbed self-organized critical states in such
us to accept the following picture for such systems: systems. It is expectefd 3,14 that the general concept of

A system of interacting soft gluons can be, and should begg|f_organized criticalitSOQ), which is complementary to
considered asan open, dynamical, complex system Withchaos " may béhe underlying concept for temporal and spa-
many degrees of freedomvhich is in generafar from equi-  jg| scaling in a wide class afpen, nonequilibrium, complex
librium. _ _ systems-although it is not yet known how the exponents of

In our search for an appropriate method to deal with SUCly,cjy power laws can be calculated analytically from funda-

complex systems, we are led to the following questions: DQnenta) theories such as that for gravitation or that for elec-
we see comparable complex systems in nature? If yes, Wh%magnetism.

are the characteristic features of such systems, and what can goc has beenbserved experimentally a large number

we learn by studying such systems? of open, dynamical, complex systems in nonequilibrium
[13-18, among which the following examples are of par-
Il. CHARACTERISTIC FEATURES OF OPEN ticular interest, because they illuminate several aspects of
DYNAMICAL COMPLEX SYSTEMS SOC which are relevant for the discussion in this paper.

Open, dynamical, complex systems which are in general First. the well-known Gutenberg-Richter la9,19 for
far from equilibrium arenot difficult to find in nature—at €arthquakes as a special case of €. In this case, earth-

leastnot in the macroscopic world. Such systems have beefuakes are BTW clusters due to SOC. H&sfands for the
studied, and in particular the following were observed byr€léased energthe magnitudgof the observed earthquakes.

Bak, Tang, and WiesenfelTW) some time ag§13]: This ~ Ds(S) I the number of earthquakes at which an ene3gy
kind of complex system may evolve into self-organized criti-"é/éased. While details about the range of validity and the
cal states which lead to fluctuations extending over all lengtfiTPlications of this remarkable regularity can be found in
and time scales, and that such fluctuations manifest thenfR€fs-[14,15,19, we wish to emphasize that the power-law
selves in the form of spatial and temporal power-law scaling)eha“"Or given by the Gutenberg-Richter law implies in par-

behaviors showing properties associated with fractal strucicular the following. The question as to how large itypi-
ture and flicker noise, respectively. cal earthquake does not make sense.

To be more precise, BTW13] and many other authors ~ S€cond, the sandpileand ricepil¢ experiments[13,14
[14] proposed, and demonstrated by numerical simulationdVhich show the simple regularities mentioned in E¢sand
the following: Open, dynamical, complex systems of locally (2): In this example, we see how local perturbation can be
interacting objects which are in general far from equilibrium c@used by the addition of one grain of sandte that we are

can evolve into self-organized structures of states which ard€@ling with an open systemHere, we can zilso see how thf
barely stable. A local perturbation of a critical state mayPropagation of perturbation in form of the “domino effect
“propagate,” in the sense that it spreads(&mme nearest t@kes place, and develops into BTW clusters or avalanches of

neighbors, and then to the next-nearest neighbors, and so &4 possible si_zes and durations. The size a_nd durati_on distri-
in a “domino effect” over all length scales, the size of such Putions are given by Eqgl) and (2), respectively. This ex-
an “avalanche” can be as large as the entire system. SuchMPl€ is indeed a very attractive one, not only because such
“domino effect” eventually terminates after a total tinfe ~ €XPerimentan be, and have been, performedahorato-
having reached a final amount of dissipative energy and haJi€S [14], but also because they can be readily simulated on a
ing effected a total spatial extensidh The quantityS is PC[13,14,. . )
called by BTW the “size” and the quantity the “lifetime” _ Furthermore, it has been pointed out, and demonstrated by
of the avalanche—named by BTW a “clustefhereafter simple r.nodeI§14,16.—18,_that the concept of SOC can also
referred to as BTW cluster or BTW avalanchés we shall P& applied to the biological sciences. It is amazing to see
see in more detail later on, it is of considerable importance t§1°W pPhenomena as complicated as life and evolution can be
note that a BTW clusterannot andshould nof be identified ~ Simulated by simple models such as the “game of lif&6]
with a cluster in the usual sense. It is an avalanctit,a  @nd the “evolution model17,18. _
static object with a fixed structure which remains unchanged Having seen that systems of interacting soft gluons are
until it decays after a time intervgknown as the lifetime in  ©P€n, dynamical, complex systems, and that a wide class of
the usual sense open, dynamlcal, complex systems in the macroscopic world
In fact, it has been showfil3,14 that the distribution ~€VOIve into self-organized critical states which lead to fluc-
(Dg) of the “size” (which is a measure of the dissipative tHations extending over all length and time scales, it seems
energy,S) and the distribution D) of the lifetime (T) of natural to ask the following: Can such states and such fluc-

BTW clusters in such open, dynamical, complex Systemguations also exist in the microscopic world—on the level of
obey power laws: ’ ’ quarks and gluons? In particular, can SOC be the dynamical

origin of color-singlet gluon clusters which play the domi-
Dg(S) ~S™#, (1)  nating role in inelastic diffractive scattering processes?
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lll. SOC IN INELASTIC DIFFRACTIVE Waals type. Hence, it is expected that such a colorless object
SCATTERING PROCESSES? can be readily separated as an entire object from the mother
proton in scattering processes in which the momentum trans-

One of the main goals of the present paper is 10 ansWefy, s syfficient to overcome the binding energy due to the

the questions mentioned at the end of the last section. We,, ger waals type of interactions. This means that in inelas-
discuss, in this and in the following four sectiof®w t0 ¢ diffractive scattering the beam particihich is the vir-
look for signals of SOC in systems of interacting glupns, andya| photony* in DIS) should have a chance to encounter
what can we seahen we look for signals of SOC in scat- gne of the color-singlet gluon clusters. For the reasons men-
tering processes in which systems of interacting gluons playoned above, the struck colorless object can simply be
the dominating role. “knocked out” and/or “carried away” by the beam particle
Here, we explicitly sed¢a) the fundamental properties of in such a collision event. Hence, it seems that the question of
the gluons(b) the necessary conditions for the occurrence ofwhether “the colorless objects” are indeed BTW clusters is
SOC, and(c) the available technical possibilities strongly something that can be answered experimentally. In this con-
suggesting that the most favorable place to study the possibleection we recall that, according to the general theory of
existence of such signals {§) to look at the experimental SOC[13,14], the size of a BTW cluster is characterized by
results obtained in events associated with large rapidity gapts dissipative energy, and in the case of systems of interact-
in deep-inelastic scatteringij) to look at the experimental ing soft gluons associated with the proton, the dissipative
results in inelastic diffractive hadron-hadron scattering, an€nergy carried by the BTW cluster should be proportional to

(iii ) to compare such observations with each other. the energy fraction Xp) carried by the colorless object.
Having the special role played by “the colorless objects” Hence, if the colorless object can indeed be considered as a

in inelastic diffractive scattering in mind, let us begin our BTW cluster due to SOC, we should be able to obtain infor-

discussion with the following question: Whate such “col- mation about the _si_ze distribgtio_n of_ such color-singlet g!uon
orless objects™? Up to now, we do not know much aboutclusters by examining thep distributions of LRG events in
such objects. We know that they carry neither color nor anyne smallxg region of DIS.

flavor quantum numbers. We know that they exist in high- Having this in m"‘nFj* we now take a closer look at”the
energy reactions where soft gluons play the dominating ro|em§e;sured2 (3] d'f;rilCt'VG , structure function

We know that they can be probed in diffractive scatteringFs (8,Q%Xp)=[dt F3Y(8,Q%xp ,t). Here, we note
processes, in the sense that they can interact with differeffiat F5(8,Q%xp ,t) is related[3,4,8-10 to the differen-
beam particles. But there is a lot more which we do nottial cross section for large-rapidity-gap events,

know. For example, what is the mass of a typical “colorless

pbject”? What is 'Fhe lifetime pf.a typical “coIorIe;s ob- d*o® _ 4ma® 1—y+y—2 FD(4)(B Q%xp 1)
ject”? Do such objects have distinct electromagnetic struc- dgdQ?dxpdt  BQ* 2] 2 e Pl
tures? Are they hadron like? Before more and better empiri- 3

cal facts about such objects become available, guesses and/or

speculations may be helpful, provided that they agree withn analogy to the relationship between the corresponding
the existing data and they are consistent with fundamentajuantitieg namely,d?o/(dxs dQ?) andF ,(xg,Q?)] for nor-
theoretical knowledge—in particular consistent with the ba-mal deep-inelastic electron-proton scattering events:

sic properties of the gluonghe direct gluon-gluon coupling

prescribed by the QCD Lagrangian, the confinement, and the d?c 4o’
nonconservation of gluon number, etcln this sense, we dxg dQ? = X5Q"
may wish to ask the following: Is it possible that the color-

less objects_ are BTW clusters which exist due to SOC ifrhe kinematical variables, in particul#, Q2 xp, andxg
systems of interacting soft gluons? We are aware of the facfy poth cases are directly measurable quantities, the defi-
that the existence of SOC cann@tt least cannot ygtbe  pitions of which are shown in Fig. 1 together with the cor-
derived from a basic theory such as QQ@rhaps this can egnonding diagrams of the scattering processes. We note
be and/or should be compared with the fact that thgnat although these variables are Lorentz invariants, it is
Gutenberg-Richter law for earthquakes canfaitleast can-  gometimes convenient to interpret them in a “fast moving
not yed be derived from gravitational thedryBut as in the frame,” for example, the electron-proton center-of-mass

case of earthquakes or any other open dynamical systems , > o
which leads to SOC, we can and we should ask the followr]-?r":me_Where the proton’s three-momentémis largeli.e., its

ing: Can this be checked experimentally? Can this be don8'agnitude|P| and thus the energ?os(|_P|2+2M2)l’2 are
by looking for characteristic properties of SOC — in particu- Much larger than the proton mabk|. While Q< character-

lar the SOC fingerprints mentioned in Eq4%) and(2) in the  izes the virtuality of the spacelike photoy’, xg can be
relevant experiments? interpreted, in such a “fast moving frame(in the frame-

To answer these questions, it is useful to recall the fol\Work of the celebrated parton mogleas the fraction of pro-
lowing: Since the “colorless objects” are color singlets ton’s energyP® (or longitudinal momentunP|) carried by
which can exist inside and/or outside the proton, the interacthe struck charged constituent.
tions between such color singlets as well as those between We recall that in the framework of the parton model,
such objects and “the mother proton” should be of van derF,(xg,Q?)/xg for “normal events” can be interpreted as the

2
y
l—y+7

Fa(xs,Q7). 4
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FIG. 1. The well-known Feynman diagrante for diffractive

PHYSICAL REVIEW D61 094010

tributions of thecy’s without knowing the intrinsic proper-
ties, in particular the electromagnetic structures, of such ob-
jects?

Second, are they's hadron like, such that the electro-
magnetic structure of éa typical, or an average; can be
studied in the same way as those for ordinary hadrons?

Since we wish to begin the quantitative discussion with
something familiar to most of the readers in this community,
and we wish to differentiate between the conventional ap-
proach and the SOC approach, we would like to discuss the
second question here, and leave the first question to the next
section. We recall thafsee in particular the last two papers
in Ref.[8]) in order to see whether the second question can
be answered in thaffirmative we need to knowwhether
FO®)(8,Q%xp) can be factorized in the form

F2(B,Q%xp) =fo(xp) F5(B,Q%). ®)

Here, f.(Xxp) plays the role of a “kinematical factor” asso-
ciated with the “target;,” and xp is the fraction of proton’s
energy(or longitudinal momentupncarried bycg. [We could

call fo(xp) “the cg flux"—in exactly the same manner as in

and (b) for normal deep-inelastic electron-proton scattering areRegge pole model§8], where it is called “the Pomeron
shown together with the relevant kinematical variables which deflux.” ] F5(3,Q?) is “the electromagnetic structure func-

scribe such processes.

sum of the probability densities for the above-mentionéd

*

tion of c5” [the counterpart oF,(xg,Q?) of the protor
which — in analogy to the protofor any other hadrop—
can be expressed as

to interact with a charged constituent of the proton. In anal-

ogy to this, the quantitFE(3)(ﬁ,Q2;xp)/ﬂ for LRG events

can be interpreted as the sum of the probability densities for

(6)

F5(8,Q%) —
L E e7[af(8,Q%)+af(8,Q9)],

B

v* to interact with a charged constituent which carries a

fraction B=xg/xp of the energy(or longitudinal momen-

where g (aic) stands for the probability density foy* to

tum) of the colorless object, under the condition that thejnteract with a quark(antiquari of flavor i and electric

colorless objectwhich we associate with a system of inter-
acting soft gluonscarries a fractiorxp of proton’s energy
(or longitudinal momentum We hereafter denote this
charged-neutral and color-neutral gluon systemdjy(in
Regge pole modeld8] this object is known as the
“Pomeron”). Hence, by comparing E¢3) with Eq. (4) and
by comparing the two diagrams shown in Figa)land Fig.
1(b), it is tempting to draw the following conclusions.

The diffractive process is nothing else but a process i
which the virtual photony* encounters &g, and g is noth-
ing else but the Bjorken variable with respectdp (this is
why it is calledxgc in Ref.[11]). This means that a diffrac-

which the virtual photony* collides with “acj target” in-
stead of “the proton target.” Furthermore, sincgis charge

chargee; which carries a fractio of the energy(or longi-
tudinal momentumof cg. It is clear that Eq(6) should be
valid for all xp values in this kinematical region; that is, both
the right- and left-hand sides of E¢5) should be indepen-
dent of the energgmomentun carried by the “hadron’c.
Hence, to find out experimentally whether the second
question can be answered in the affirmative, we only need to
check whether the data are in agreement with the assumption

rlhath(,B,QZ) prescribed by Eqg5) and(6) exists. For such

test, we take the existing datd3] and plot
logl FY®)(8,Q%xp)/ 8] against log3 for different xp values.

) ~ ; . \We note that under the assumption that the factorization
tive e”p scattering event can be envisaged as an event igy, jnin Eq(5)

is valid, theB dependence for a give®? in
such a plot should have exactly the same form as that in the
corresponding I0dFS(8,Q%)/8] vs log plot, and that the lat-

neutral, and a photon can only directly interact with an objec_ger is the analogue of the IBBy(xg,Q%)/Xs] Vs logxg plot for

which has electric charges and/or magnetic moments, it iformal events. In Fig. 2 we show the result of such plots for
tempting to assigre; an electromagnetic structure function tpree fixedQ? values(3.5, 20, and 65 Ge¥ as representa-
F5(8,Q%, and study the interactions between the virtualtives of three different ranges @2). Our goal is to examine

photon and the qua(® and antiquarts) insidecg. In such a

whether or how the3 dependence of the function given in

picture (which should be formally the same as that of ReggeEq. (6) changes withxp . In principle, if there were enough

pole modelg8], if we would replace theg's by “Pomer-
ons”) we are, however, confronted with the following two
questions.

First, is it possible and meaningful to discuss #edis-

data points, we should, and we could, do such a plot for the
data sets associated with evety value. But unfortunately
there are not so many data at present. What we can do, how-
ever, is to consider th@ distributions in differentxp bins,
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|JD(3)([3 Q%:x Vi dependent of3 and Q? deserves to be taken seriously. It
1032 TP strongly suggests that the following pictucannotbe true:
“There exists a universal colorless objécall it Pomeron or

10° " cg or something elsethe exchange of which describes dif-

10l i \\\ i \\ +107< % <0.05 fractive scattering in general and DIS off protons in particu-

100_02=3.5 Gev? | Q*=20 GeV? | 0°=65 Gev* lar. This object is hadron like in the sense that it has not only

10°, ‘ == ‘ S5 : : a typical size and a typical lifetime, but also a typical elec-

. N ol 0% x, <10° tromagnetic structure which can, e.g., be measured and de-

r«\\ 0% x, <107 scribed by an electromagnetic structure function.”

0 5 2 R A | 110% x, <0.05 In summary of this section, we note that the empirical

oo oo eV @'=20 Gev °=65G°"\ facts mentioned above show thab energy-independent

10° N 05 3. 16 electromagnetic structure function can be assigned to the ex-

10? R E/\;\X 110325 x:<10:2:g: pected un.iversal C(_)Iorless objecd. This experimer!tal f_act

o'l ] K\X i w | ca2ms X G2 s of considerable importance, because it is the first indica-
Q%=3.5 GeV? Q%220 GeV? Q<65 Gev\ £102%< x, <1022 tion that, if there isa universal“colorless object,” this ob-

10° T T I HMre 1077 Xp <10 ject cannotbe considered as an ordinary hadron. It has to be

10° 10° 10° 10" 10 10

something else. In fact, as we shall see below, this property
B is closely related to the observation that such an olgant

FIG. 2. F2®)(3.02%x.)/3 is plotted as a function of for not have a typical size or a typical lifetime. To be more
givenxp interflals(ﬁan?j forpgixlgedg2 E)/alues. The data are takin from Precise, the _fact_ that the daﬁa] cannot_accom_moda_te the
Ref.[3]. The lines are only to guide the eye. simple factorization assumption shown in E§), in which a

universal Pomeron flux with a unique hadronlike Pomeron
and to vary the bin size of,, so that we can explicitly see structure function exists, can be considered as an important
whether and how the shapes of tBedistributions change. support for the proposed SOC picture because a BTW clus-
The results are shown in Fig. 2. Tigedistribution in the first ~ ter, which has neither a typical size nor a typical lifetime,

row corresponds to the integrated vaﬁ@( 8,Q2) shown in cann_othave a _universal static structure. With t_hese charac-
the literature[3,9]. Those in the second and third rows are t€ristic properties of the colorless objects in mind, one may
obtained by considering different bins and/or by varying theVi€W this a920] an overlap between the SOC picture and the
sizes of the bins. By joining the points associated with gP@rtonic picture for Pomeron and/or Pomeron and Reggeon
given xp interval in a plot for a giverQ?, we obtain theg 8,201 in which, beside the Pomeron, exchangéinfgeneral
distribution for acj, carrying approximately the amount of an |n_f|n|te number of subleading trajectories is possible. In
energy x,P°, encountered by a photon of virtualitQ>. fact, it has been reportd®,4] that very good agreement can
Taken together with Eq6) we can then extract the distribu- be achieved between the d4f4] and these types of mod-

— els. Hence, in order to differentiate between the two ap-
: c 2 [ 2 H 2 : !
tions g;(B,Q%) and qi(B,Q”) for this Q value, provided  ,aches, it is not only useful but also necessary to examine

thatF3(5,Q%)/ B is independent okp . But as we can see in  the corresponding predictions for the dependence on the in-

Fig. 2, the existing datfB] show that thexp dependence of  yariant momentum transfér This will be discussed in detail
this function is far from being negligible. Note in particular jn secs. VIII-XI.

that according to Eq5), by choosing a suitablés(xp), we

can s'hift 'the curves for differentp values in the vertical IV. DISTRIBUTIONS OF THE GLUON CLUSTERS
direction (in this log-log plo}, butwe can never change the

shapes of thes distributionswhich are different for different After having seen that the existing data do not allow us to
Xp values. assign an energy-independent electromagnetic structure

In order to see, and to realize, the meaning of fage function to “the colorless object” such that the universal
dependence of the distributions of the charged constituentsolorless objectd;) can be treated as an ordinary hadron, let
of c;, expressed in terms &5(8,Q%)/8 in LRG event{see  us now come back to the first question in Sec. Ill, and try to
Egs.(5) and(6)], let us, for a moment, consider normal deep-find out whether it is never the less possible, and meaningful,
inelastic scattering events in the region where quarks to talk about thesp distribution ofcg. As we shall see in this
dominate &g>0.1, say. Here we can plot the data for section, the answer to this question is yes. Furthermore, we
log[F(Xs,Q%)/xg] as a function of logg obtained atlifferent ~ shall also see that in order to answer this question in the
incident energiegP”s) of the proton.Supposave see that affirmative, wedo notneed the factorization mentioned in
at a givenQ? the data forxg distributions taken at different Eq. (5), and wedo notneed to know whether the}’s are
values ofP° are very much differentWouldit still be pos-  hadron like. But as we have already mentioned above, it is of
sible to introduceF,(xg,Q?) as “the electromagnetic struc- considerable importance to discuss the second question so
ture function” of the proton, from which we can extract the that we can understand the origin and the nature otffe
xg distribution of the quarks|;(xg,Q?) at a givenQ?? The In view of the fact that we do use the concept “distribu-
fact that it is not possible to assign &p-independent struc- tions of gluons” in deep-inelastic lepton-hadron scattering,
ture function F5(3,Q%)/B8 to c; which stands for the although the gluons do not directly interact with the virtual
“Pomeron” and whose “flux” f.(xp) is expected to be in- photons, we shall introduce the notion “distribution cff”
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in a similar manner. In order to see what we should do forgion (xg<<10 2, say. In this simple picture, we are assum-
the introduction of such distributions, let us recall the follow- ing that the following is approximately true: The gluons in
ing. this region appear predominantly in the form cffs. The
For normal deep-inelastie” p collision events, the struc- interaction between the struc{ and the rest of the proton
ture functionF,(xg,Q%) can be expressed in terms of the can be neglected during thec} collision such that we can
distributions of partons, where the partons are not onlyapp|y an impulse approximation to tigg’s in this kinemati-
quarks and antiquarks, but also gluons which can contributgy, region. That is, here we can introduce—in the same man-
to the_str_ucture functi(_)n by quark-an'Fiquark pair creation angyer as we do for other partofisee Eqs(7)], a probability
annlhllauqn. .In fact, in order to satisfy energy'm,om?m“mdensityDS(xp|,B,QZ) for y* in the diffractive scattering pro-
conservatior{in the elegtron-proton syste[_nhe contnbu'qon cess to “meet” ac;, which carries the fractioxp of the
of the gluonsxyg(x4,Q*) has to be taken into account in the , 0 JBI2 . A 2N12 & -
proton’s energyP°=(|P|*+M?)Y*~|P| (where P is the

energy-momentum sum rule for all measu values. .
9y red momentum and/ is the mass of the protonin other words,

Here, we denote by(x, ,Q°) the probability density for the in diffractive scattering events for processes in the kinemati
. * . . . 2 . -
virtual photony™ (with virtuality Q<) to meet a gluon which cal regionxg= 102, we should have, instead olx, Q2.

carries the energymomentunj fraction x4 of the proton, B-
2 — 2 . the following:
analogous t@;(xg,Q°) [or g;(Xg,Q“)] which stands for the
probability density for thisy™ to interact with a quarkor an b@3) 5
antiquarl of flavori and electric charge; which carries the F2(B8,Q%Xp)
energy[momentuny fraction xg of the proton. We note that X
while bothxg and x4 stand for energyor longitudinal mo-
mentun] fractions carried by partons, the former can be, butHere,xpP° is the energy carried byy, and 8 indicates the
the lattercannotbe, directly measured. corresponding fraction carried by the struck charged con-
Having these, in particular the energy-momentum sumstituent incg. In connection with the similarities and the
rule, in mind, we immediately see the following: In a given differences between;(xg,Q?), g(xg,Q?) in Egs.(7) and
kinematical region in which the contributions of only one D¢(xp|8,Q2) in Eq.(8), it is useful to note in particular the
category of partongfor example, quarks foxg>0.1 or glu-  significant difference betweexy, andxp, and thus that be-
ons for xg<10 ?) dominate, the structure function tween thex, distributiong(x, ,Q?) of the gluons and thep
F,(xg,Q?) can approximately be related to the distributionsdistribution Ds(xp|3,Q?) of the ci’'s: Both Xq and xp are
of that particular kind of partons in a very simply manner. In energy(longitudinal momentumfractions of charge-neutral
fact, the expressions below can be, and have been, integhjects, with whichy* cannotdirectly interact. But in con-
preted as the probability densities for the virtual phoydn  trast tox,, xp can be directly measured in experiments

(with virtuality Q®) to meet a quark or a gluon which carries namely, by making use of the kinematical relation
the energymomentun fraction xg or x4, respectively;

~Dg(xp|8,Q?). 8

Fo(xg, Q2 Q%+ M2
Ple Q) etqx.02) (73 = QW ®
B i
or and by measuring the quantiti€?, M2, andW? in every
collision event. HereQ, M, , andW stand, respectively, for

5 the invariant momentum transfer from the incident electron,

Fa(xs.Q )wg(x Q?) (7b) the invariant mass of the final hadronic state afterhe;
Xg 9= collision, and the invariant mass of the entire hadronic sys-

tem in the collision betweern™ and the proton. Note that
The relationship betweenq;(xs,Q?), 9(%g,Q%), and  x,=px,: hences is also measurable. This means that, in
Fa(xg,Q? as they stand in Eq$7a) and (7b) are general sharp contrast tay(xy,Q?), experimental informatioron
and formal(this is the case especially for that betwepand D (xp|3,Q%) in particular its x, dependence can be

F,) in the following sense: Botl;(xs,Q%) andg(x4,Q%)  obtained—without further theoretical inputs
contribute to the energy-momentum sum rule and both of

them are in accordance with the assumption that partons of a V. FIRST SOC EINGERPRINT: SPATIAL SCALING
given category(quarks or gluonsdominate a given kine-
matical region(here xg>0.1 andxg<10?, respectively. We mentioned at the beginning of Sec. Il that in order to
But neither the dynamics which leads to the obser@d find out whether the concept of SOC indeed plays a role in
dependence nor the relationship betwagrandxg is given.  diffractive DIS we need to check the fingerprints of SOC
This means thawithout further theoretical inputghe simple  shown in Sec. I, and that such tests can be made by exam-
expression fog(xg,Qz) as given by Eq(7b) is practically  ining the corresponding cluster distributions obtained from
useless experimental data. We are now ready to do this, because we
Having learned this, we now discuss what happens if wehave learned in Secs. lll and IV that it is not only meaningful
assume, in diffractive lepton-nucleon scattering, that theébut also possible to extrac distributions from the mea-
color-singlet gluon clustersch’s) dominate the smakg re-  sured diffractive structure functions, although tfgs can-
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not be treated as hadrons. In fact, as we can explicitly see in |g>(3)(B Qx
’

Xp)/X o
Egs. (8) and(9), in order to extract th&, dependence of the P)Xe © 11, 94 prel.

10 O H1, PLB348, 681 (95)
cy's from the data, detailed knowledge about the intrinsic o e e : s ZEUS, ZPCT0, 391 (96)
structure of thecy's is not necessary. v . .  ZEUS, ZPCé8, 569 (95)
Having these in mind, we now considBis as a function :z 200128) 00139 [ri0019),
of xp for given values of 8 and Q? and plot 10 [
FO®)(B,Q%xp)/xp againstxp for different sets of3 and w . " .
Q?. The results of such log-log plots are shown in Fig. 3. As  }.e0129 Lewss Foos Eomes’ . c0t12 Doz
we can see, the dafa,4] suggest that the probability density :: . s
for the virtual photony* to meet a color-neutral and W b . % . .
charged-neutral objecf; with energy(longitudinal momen- 0hoaize Looras [oars | Loones F8EB  Fosam ” Fanew -
tum) fraction xp has a power law behavior irp, and the :: . . F o029
exponent of this power law depends very little @A and 3. o b ‘-.. 'g' . 5
This is to be compared witBg(S) in Eqg. (1), whereS, the Whoonon Fozoy Loz | huonss [EHRY (olz;mf". 82 M o
dissipative energythe size of the BTW clustgrcorresponds .. o o35
to the energy of the systeny. The latter isxpP°, whereP® N N ‘\‘ o
iS the tOtaI energy Of the prOton' 10 .(0.4;3.5)] :.(0.4;5) ) Fe (043 8.5) ffgiggﬂg; .0(0.4;20).° :ES:%E%L‘}’ «(0.4;65) )
It means that the existing dat§3,4] show that wELT
Ds(Xp|B,Q?) exhibits the same kind of power-law behavior whoeob LY % "
as the size distribution of BTW clusters. This result is in 5 SREE S SN S S "
accordance with the expectation that self-organized critical hosan famo Lo ESEE |omoy EOEH Lo
phenomena may exist in systems of interacting soft gluons in wf . . .
diffractive deep-inelastic electron-proton scattering pro- w kY "a ]
cesses. 10"}, (09; 85) 58% m. (0.9 20) - ;iggﬁ{) (0.9;65) N
We note that, up to now, we have only arguedSec. ) 10° 10% 107 10° 107 10° 107 10° 107 10° 107
that such gluon systems are open, dynamical, complex sys-a Xp

tems in which SOC may occur, and we have mentiotied @),
Sec. 1) the ubiquitousness of SOC in nature. Having seen |J: (B,Q%xp)/Xp : :;éﬁ:j:;ig?:;g
the experimental evidence that one of the “SOC finger- 1 - i - 13(1999)

prints” (which are necessary conditions for the existence of ** | ="
SOQ indeed exists, let us now take a second look at such :Z ", w_i})
gluon systems from a theoretical standpoint. Viewed from a ,; f:ess9 ooy [asisg faoown [oss fooonm foooe
“fast moving frame” which can, for example, be the
electron-proton c.m. systefc.m.s) frame, such systems of | ' EE N
interaCting SOft gluons are part Of the prOt(HithOUgh COIOr :Z: «(0.10;45) [o(0.10;7.5) [ o(0.10;9.0) 353213?‘12?’ «(0.10;18) | +(0.10;28) ) «(0.10;45)  [4(0.10; 75)
singlets can also be outside the confinement regiSoft wl .
gluons can be intermittently emitted or absorbed by gluonsin o -, L S N
such a system, as well as by gluons, quarks, and antiquarks,e o0242:0) - R T
H . H H «(0-20;4.5) [e(020;7.5) [e(020;9.0) Foe(0.20;12) F[o(020;18) [e{0.20;28) [e(020;45) [ e(0.20;75)
outside the system. The emission and absorption processe
are due to local interactions prescribed by the well-known 1°: AN N .
QCD Lagrangiarthere “the running coupling constants” are [ %, RN Y S

10 0(0.359; 14) * Fol0519;27) 0(0.331; 60)
in general large, because the distances between the interacl,; p-ewss [onra foowso fooawmm fuoswn foawms foosws Foodrs
ing colored objects cannot be considered as “short”; remem- s [ ., Y : :

3 .

ber that the spatial dimension ofc} can be much larger S S Y RO S S N

than that of a hadrgnIn this connection, it is useful to keep :: sossn Fibaorry Faossion Luossm Lomo [.osmm Luosem Lo
the following in mind: As a result of the complexity of the

.
10° . D ‘e “ . o

system, details about the local interactions may be relatively .4 t " \,: AN .

unimportant, while general and/or global features—for ex- 1 ! " Foarmn " Fooarszt "I cosmalt
. . «(0.90; 4.5) +{0.00; 7.5) «(0.90; 9.0) »(0.90; 12, «(0.00; 18] «{0.90; 28) «(D.00; 45) «{0.90; 75)

ample, energy flow between different pafteeighbors and T

neighbor’s neighbors . .) of the system—may play an im- Xp
portant role. b

How far can one go in neglecting dynamical details when
one deals with such open complex systems? In order to see F|G. 3. (a) FO®)(3,Q2xp)/xp is plotted as a function of, for
this, let us recall how Bak and SneppEtv] succeeded in different values of3 and Q2. The data are taken from RéB]. (b)
modeling some of the essential aspects of the evolution i$ame aga) but with data taken from Ref4]. Note that in these
nature. They consider the “fitness” of different “species,” log-log plots, almost all existing data points lie on straight lines
related to one another through a “food chain,” and assumedvith approximately thesameslope irrespective of the values QP
that the species with the lowest fithess is most likely to dis-and/org.
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appear or mutate at the next time step in their computeof gluons are expected to have larger probabilities to mutate
simulations. The crucial step in their simulations tdatves  when they are associated with higher energies and thus
evolution is the adaption of the individual species to itsshorter “lifetimes.” Note that the basic local interaction in
presentenvironment(neighborhooyl through mutation and this self-organized evolution process is the emissmmab-
selection of a fitter variant. Other interacting species formsorption of gluons by gluons prescribed by the QCD
part of theenvironmentThis means that the neighbors will | agrangian—although the detailed mechanigmkich can

be influenced by every time step. The result these authorg, principle be explicitly written down by using the QCD
obtained strongly suggests that the process of evolution is agrangian do not play a significant role.

self-organized critical phenomenon. One of the essential |, terms of the evolution mod§L7,18 we now calls; the
_simplifications they made in their eyqlution mo_d@ns7,18_| “species” and identify the corresponding lifetimg as the

is the following: Instead of the explicit connection between“fitness of 5,.” Because of the one-to-one correspondence

the fithess and the configuration of the genetic codes, theg .
. . etweenr; ande;, where the latter is a random number, we
use random numbers for the fitness of the species. Further-

more, as they have pointed out in their papers, they could i an also directly ass%n r:art]r::lom mlmt'l_bers to tg; Tsteacé.
principle have chosen to model evolution on a less coars _rom now we can adopt the evolution mode,1§ an

grained scale by considering mutations at the individual levelt€ that, at the start of such a proceassimulation, the
rather than on the level of species, but that would make th&tness on average grows, because the least fit are always
computation prohibitively difficult. eliminated. Eventually the fitness does not grow any further

Having these in mind, we are naturally led to the follow- On average. All gluons have a fitness above some threshold.

ing questions: Can we consider the creation and annihilatioAt the next step, the least fit speciee., the most energetic
processes of colorless systems of interacting soft gluons asubsystems; of interacting soft gluons which would be
sociated with a proton as “evolution” in a microscopic right at the threshold, will be “replaced” and starts an ava-
world? Before we try to build models for a quantitative de- lanche(or punctuation of mutation evenfsvhich is causally
scription of the data, can we simply apply the existing evo-connected with this triggering “replacement.” After a while,
lution modelg 17,18 to such open, dynamical, complex sys- the avalanche will stop, when all the fitnesses again will be
tems of interacting soft gluons and check whether some opver that threshold. In this sense, the evolution goes on, and
the essential features of such systems can be reproduced?n, and on. As in Refd.17] and[18], we can monitor the

To answer these questions, we now report on the result gfuration of every avalanche, that is, the total number of mu-
our first trial in this direction: Based on the fact that we tation events in every one of them, and count how many
know very little about the detailed reaction mechanisms inavalanches of each size are observed. The avalanches men-
such gluon systems amtactically nothingabout their struc-  tioned here are special cases of those discussed in Sec. Il.
tures, we simplyignorethem, and assume that they are self- Their size and lifetime distributions are given by Efj) and
similar in spacdthis means that color-singlet gluon clusters Eg. (2), respectively. Note in particular that the avalanches in
(c5) can be considered as clustersogfs and so o Next, the Bak-Sneppen model correspond to sets of subsysigms
we divide them into an arbitrarily given number of sub- the energies &) of which are too high “to be fit for the
systemss; (which may or may not have the same $iz8uch colorless systems of low-energy gluons.” It means that in
a system is open, in the sense that neither its engrgprits ~ the proposed picture, what the virtual photon in deep-
gluon numben; has a fixed value. Since we do not know, in melastlc electron-proton scattering “meet” are those a “less
particular, how large the;’s are, we use random numbers. fit” one—those who carry “too much” energy. In a geo-
As far as then;’s are concerned, since we do not know how Metrical picture this means that it is more probable for such
these numbers are associated with the energies in the sufjelatively energetic” color-singlet gluon clusterg{) to be
systemss;, except that they are not conserved quantities, wépatially further away from théconfinement region ofthe
just ignore them, and consider only thgs. As in Ref.[17]  Proton.
or in Ref.[18], the random number of this subsystem as well There exists, in the mean time, already several versions of
as those of the fixefiL7] or random(see the first paper of evolution modelg14,18 based on the original idea of Bak
Ref.[18]) neighbors will be changed at every time step. Noteand Sneppefil7]. Although SOC phenomena have been ob-
that this is how we simulate the processes of energy flow dugerved in all these casg$4,17,18§, the slopes of the power-
to the exchange of g|u0ns between Subsystemsy as well &VV distributions for the avalanches are different in different
those with gluons, quarks, and antiquarks outside the systerflodels—depending on the rules applied to the mutations.
In other words, in the spirit of Bak and Snepdédi7] we are  The values range from approximatetyl to approximately
neglecting the dynamical detatistally. Having in mind that, ~— 2. Furthermore, these mod¢lst,17,18 seem to show that
in such systems, the gluons as well as the subsystepisg ( Neither the size nor the dimension of the system used for the
of gluons arevirtual (space likg¢, we can ask the following: Ccomputer simulation plays a significant role.
How |Ong can such a colorless Subsystelrmf interacting Hence, if we |dent|fy the colorless Charge-neutral ObjeCt
soft gluons exist, which carries energy? According to the Co encountered by the virtual photoy” with such an ava-
uncertainty principle, the answer should be the following:lanche, we are identifying the lifetime @f; with T and the
The time interval in which the subsystesa can exist is “size” (that is, the total amount of dissipative energy in this
proportional to 1#;, and this quantity can be considered as“avalanche”) with the total amount of energy af;. Note
the lifetime r; of s;. In this sense, those colorless subsystemshat the latter is nothing else bxtP°, whereP? is the total
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energy of the proton. This is how and why t8elistribution IP(3)(B Q%:x i
in Eq. (1) and thexp distribution of D g(xp|8,Q?) in Eq. (8) 2 WP
are related to each other. '

10% H1,94 prel.

H1, PLB348, 681 (95)

ZEUS, ZPC70, 391 (96)
ZEUS, ZPC68, 569 (95)

*% Oe

In this section we discuss in more detail the effects asso- ‘ * k
ciated with the time degree of freedom. In this connection, 4,2
some of the concepts and methods related to the two ques
tions raised in Sec. Il are of great interest. In particular, one
may wish to knowwhy the parton picture does not work
equally well for hadrons and focy's. The answer is very
simple: The time degree of freedom cannot be ignored wher'® f
we apply the impulse approximation, and the applicability of
the latter is the basis of the parton model. We recall that,
when we apply the parton model to stable hadrons, the
quarks, antiquarks, and gluons are considered as free an , | ’
stable objects, while the virtual photart is associated with
a given interaction time;(Q?,xg) characterized by the val- 0.01< p< 09
uesQ? andxg of such scattering processes. We note, how-
ever, that this is possible only when the interaction tire |
is much shorter than the corresponding time scales related t10 — = —
hadron structuréin particular, the average propagation time 10 10 10
of color interactions in hadronsHaving these in mind, we Xg
see that we are confronted with the following questions when
we deal withcg’'s which have finite lifetimes: Can we con-
sider thecg's as “fre€’ and “ stable’ particles when their
lifetimes areshorter than the interaction timey,(Q?2,xg)?
Can we say that g*-c{ collision process takes place, in
which the incidenty” is absorbed by one or a system of the

charged constituents af, when the lifetimeT of co is the relationship betweerr;,, and the minimum lifetime

) 2 ?
shorterthan 7i,(Q”, Xg) ? T(min) of theci’s mentioned above, we reach the following

Since the notion of “stable objects” or “unstable ob- conclusion: The distribution of this minimum valdgmin)
jects” depends on the scale which is used in the measure- :

o : . 5
ment, the question as to whethecg@can be considered as a of t_he oS \t/)vhlcgtd_omcljnste the .S”?a“B (X3<10d , 52y f
parton(in the sense that it can be considered as a free “stabl egion can be obtained by examining thg dependence o

D : : ; i Ei

object” during they*-cj interaction depends very much on ZFS)(B’QZ’XP)/'B discussed in Eq<5), (6) and n Fig. 2 .
the interaction timer,.(Q2,xg). Here, for given values of This |s_because, as a result_of the fgct _tha'F this (f:un_(inon is
Q2, xg, and thusr;,(Q2 xg), only thosecy’'s whose life- pro_portlonal to _the quarKantiquark d_|str_|but|on_sqi (ay)
times (T's) are greater tham,.(Q2 xg) can absorb the cor- which can be dllrectIIDy3pr0beg by the incident wrtual photon
respondingy*. That is to say, when we consider diffractive ¥ » bY measur!nng( )(ﬁ;Q Xp)/B as a function ofxg
electron-proton scattering in kinematical regions in which=/AXp, We are in fact asking the following question: Do the
cy’s dominate, we must keep in mind that the measured crosdistributions of the charged constituentsogfdepend on the
sections(and thus the diffractive structure functig)p®)  interaction time 7y and thus on the minimum lifetime
only include contributions from collision events in which the T(min) of the to-be-detected;? We use the identityg
condition T> 7;,(Q2 xg) is satisfied. =Bxp and plot the quantityF3*/(8,Q%xp)/ B against the

We note thatr,,, can be estimated by making use of the variablexg for fixed values ofg andQ?. The result of such

uncertainty principle. In fact, by calculating of/ in the @ log-log plot is given in Fig. 4. It shows not only how the
above-mentioned reference frame, we obtain dependence on the time degree of freedom can be extracted

from the existing datg3], but also that, for all the measured
values of 8 andQ?, the quantity

VI. SECOND FINGERPRINT: TEMPORAL SCALING i A |

2.5 GeV< Q’< 65 GeV®

FIG. 4. FO®)(B8,Q%x,)/B is plotted as a function afg in the
indicatedB and Q? ranges. The data are taken from R&].

This means that for diffractive” p scattering events in the
smallxg region at givenP| and Q? values,xg is directly
proportional to the interaction time,,,. Taken together with

4||5| Xg (10)
Tint 2 1—x FD(S)(B QZ.X /,8)
2 ’ 1AB
e p(xel 8.Q%)= ; (12
. . . . = 2
which implies that, for giveriP| andQ* values, is approximately independent ¢ and independent of?.
This strongly suggests that the quantity given in E®) is
Tim®Xg, forxg<<l. (11)  associated with somglobal features ofc;—consistent with
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the observation made in Sec. lll which shows thatanot 3),2 A2.
. vhich she O R YB.Q%xomxgBY(BXs)  gmnsepme
be used to describe ttetructureof cy. This piece of empiri- o - o H1, PLB34B, 661 (951
cal fact can be expressed by settiixs| 3,Q%) ~p(xg). By wf ! g X ZEUS, ZPC70, 391 (96)
taking a closer look at this log-log plot, as well as the corre- 1o s i « ZEUS, ZPC68, 569 (95)
sponding plots for different sets of fixgdl and Q? values A
(such plots are not shown here; they are similar to those in ™~ R . °
. . . .- . 10 Eo% " .
Fig. 3), we see that they are straight lines, indicating that | Tt - s s
p(XB) Obeys a pOWer IaW' What does thls piece Of .eXp.eri- 10’ #(0.04;25) Fe(0.04;3.5) :.(o.oa;s) 00(0.04; 8.5) F20(0.04;12)  Feo(0.04; 20)
mental fact tell us? What can we learn from the distribution = s
of the lower limit of the lifetimes(of the gluon systems 10’ R *
*3 10 L )
Co S)? X 0hones Fonsn Foons  fousy B8R Lorw v
In order to answer these questions, let us, for a moment, e : ' : :
assume that we know the lifetime distributi®y(T) of the 10° oL % Y I e
cy's. In such a case, we can readily evaluate the integral 10 PG ’ ) s ™.
10,0225 Fo0235) Fe©28 ko285 PO foozm FEEH) Loz
% Fo. 00(0.4;12)
| . Eo% . 8 . e0(0.4; 36)
[ 7ine(Xg) 1= f D+(T)dT, (13 o S AR A ¥ ’\\‘ LA S
Tint(Xg) 10 Eooe 1 . Y,
10’ (0_4;3_4 :.(0.4;5) 0 0(0.0; 8.5) fgiggﬂg 00{0.4; 20) *{ﬂﬁ%!.} +(0.4;65)
and thus obtain the number density of all those clusters M . .
. . . . . 10°0 .. Eo. 4 % ‘;' .
which live longer than the interaction timeg,(Xxg). Hence, ot L F % . %, .
under the statistical assumption that the chance fgh t be T gy & .o%‘t.eq;::T .
bsorbed by one of thosg’s of lifetime T is proportional to s e e e
a
D+(T) [provided thatr,(Q? xg)<T; otherwise this chance ‘°: kY LY
is zerd, we can then interpret the integral in E@.3) as R RN A Y 3
10'}, 09; 8.5 25313213} +(0.9; 20) <8853, «(0.9;65)

follows: I[ 7i,(Q?,xg) ] p(Xg) is the probability density for 0009 ORI, [oond, DO LeRO ]

B . M . . 107 107 10 107 10 107 10 107 10 107 10
v* [associated with the interaction time,(xg)] to be ab- a Xg
sorbed bycg's. Hence,

d IJ:(s)(B,Qz;XPEXB/B)/(BXB) ® H1,2ZPC 76,613 (1997)
D Xg )X —— Xr). 14 . C ZEUS, EPJC 6, 43 (1999)
T(Xg) dxg P(xg) (14 D . :
0 ~o'2/aev2
This means in particular that the fact thgixg) [introduced w E O o | _ _ -
in Eq. (12)] obeys a power law ixg implies thatD+(T) T S e e R S
obeys a power law iT. Such abehavior is similarto that "f E s,
shown in Eq.(2). In order to see theuality of this power- . . [
law behavior ODT and th@lua“ty of its independence (@2 o (010:45) Fo(010:75) Fo(0.10:00) Fo(010;12) Fo(010:18) Fe(0.10;28) Fo(0.10;45) Fo(0.10:75)

.
%

n

and B, we compare the above-mentioned behavior with the 1
existing data3,4]. In Fig. 5, we show the log-log plots of o
d/dxg[ p(xg)] againstxg. In doing this plot, we keep the ™ Louuy [binry fomsy fome Fame Flowse fome fuonm

.
» °.
.

definition of p(xg|3,Q?) giyen in_ Eqg.(12) and its weakg 1:5 . N . o [
and Q? dependences in mind, and we note that . ’ 5, “op, %
: : D(3) 2. \ , ’ oL ) e
d/dxg[p(xg)] is approximatelyF>™(58,Q% xs/B)/(BXe), N S S T ool SN .t S .
provided thatp(xg|B8,Q%) shows a power-law behavior in " [~ y,
. 10° . ° °. ‘e . L
Xg . Here, we not only see that the quality of the power-law . ' % b %
behavior ofDt in T is intimately related to the quality of the 5 sossrian ) -t * Loorossen
pOWer'laW behaVIOr OFZD(g)(ﬂ,QZ,XB/ﬁ)/(ﬁXB) |n XB , but 107 #(0.65;45) [,(0.65;7.5) [(0.85:0.0) F,(0.65;12) «{0.65:18) «(0.65;28) :.(n.ss;ns) «(085; 75)
also how weak the8 and Q? dependences are. :E , Y NE . %
10’ ! 2(0.778;14) C(\1&71;27'1 3 ©{0.938; 60§

o(0.90;45) Fo(0.90;7.5) Fe(0.90;9.0) Fa(D.90;12) Fo(0.90:18) fo(0.90;28) -.(a.au;as)T +(090;75)

VIIl. SOC FINGERPRINTS IN INELASTIC DIFFRACTIVE 209 J09TY Ju0aen Jo0en ) fuie oGt peome] OB
J— 10 10 107 10 10 10 10 10 107 10 107 10 107 10 10 10
¥*P, ¥P, pp, AND pp SCATTERING PROCESSES b Xg

We have seen, in Secs. V and VI, that in diffractive deep-
inelastic electron-proton scattering, the size and the lifetime FIG. 5. (8) F2®)(8,Q%xg/8)/(B%s) is plotted as a function of

distributions of the color-singlet gluon clustersg) obey xg for fixed B andQ? values. The data are taken from Ri]. (b)
power laws, and that the exponents depend very little on thgame aga) but with data taken from Ref4]. Note that in these
variablesg andQ?. We interpreted the power-law behaviors |og-log plots, almost all existing data points lie on straight lines
as the fingerprints of SOC which are expected to manifeshith approximately thesameslope irrespective of the values QP
themselves in systems of interacting soft gluénkich play  and/org.
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the dominating role in diffractive DIS This expectation is due to fluctuations of the gluopsef the gluon system. Here it
based on the fact that the fundamental properties of gluonis useful to recall that in such a space-time pictu@g, is
(in particular the direct gluon-gluon coupling, the confine-inversely proportional to the transverse size, agis a mea-
ment, and the nonconservation of gluon numpst®w that  sure of the interaction timgsee Eqs(10) and (11) in Sec.
the necessary conditions for the existence of SOC in systemél | of the virtual photon. It is conceivable that the values for
of interacting gluons are satisfied and the fact thatwe can the cross sections for virtual photo@ssociated with a given
see in various open dynamical complex systepmver-law  Q? and a giverxg) to collide with cy's (of a given size and
behaviors in size and lifetime distributions are indeed reli-a given lifetim¢ may depend on these variables. But since
able indicators for the existence of SOC. In this sense, théhe processes of self-organizatiewhich produce suchy’s)
existence of such power-law behavior can be understood ifhke place independent of the virtual photawhich origi-
terms of the QCD-based SOC picture, although it is @t nates from the incident electron and enters the “cloud” to
least not yet possible to derive the power-law behavior of ook for suitable partnejsthe power-law behaviors of the
the size and lifetime distributions, and to calculate the exposize and lifetime distributions of thel}’s are expected to be
nents by using nonperturbative QCD. But can the observefhgependent of the properties associated with the virtual pho-
approximate independencer weak dependengef the ex- oy This means that by using'’s associated with different
ponents onQ* and 4 also be understood in terms of the \ajes 0fQ? to detectc}’s of various sizes, we are moving
QCD-based SOC picture mentioned above? In particular,, - gown on the straight lines in the log-log plots for the
what do we expect to see in photoproduction processegj,e ang lifetime distributions, the slopes of which do not
where the assouat_ed value _fDF |s_apprOX|mater zero? We change. In other words, the observed approxima@¥ein-
note that the pOSS'E'e relatlonghlp betV\_/een Qfe- a fgw dependence of the slope in the above-mentioned log-log
GeVz_ case an_d th@“~0 case in diffractive scattering 'S.Of lots of the data can be considered as a natural consequence
considerable interest for many reasons. One of them is th f the QCD-based SOC picture
fact that, by comparing these two cases, we can see the fun- P i

As far as theB dependence is concerned, we recall the

Sg:p:crltea(tjl pigﬁaenmcc?detl)itl\gs?egtgs pﬁggg%]élgggg;&re results obtained in Secs. Ill and IV, which explicitly show

and the proposed QCD-based SOC picture for inelastic difthe following: The_C(*J'S cannotbe considered asadrons In
fractive scattering. In the conventional picture, &> a particular, it is nelthgr possible nor meanlngfu'l to talk about
few Ge\? case is “hard” and thus should be described by the electromagnetic structure dhe (or a typical or an
concepts and methods of parton model and pQCD, while theverage cg.” This is not only because the power-law be-
Q?%~0 case is “soft” and thus should be understood in termshavior of the size and the lifetime distributions of sugs
of Regge poles. What are the predictions of the proposednplies that such objects—although they are color sin-
SOC picture? What do the experimental data tell us in thigjlets—can have neither a typicén average size nor a
connection? Would a systematic comparison of the existingypical (an averagglifetime, but also because of the follow-
data at differen@? values—including those ne@”=0—be ing fact: WhenF>®)(,Q%x,)/8 which is usually known
useful in understanding the underlying reaction mechaf9] as “the electromagnetic structure function of the color-
nism(s) of diffractive scattering in general and differentiate less object exchanged in diffractive scattering processes” is
between the conventional and the proposed picture in paplotted as functions o8 (cf. Fig. 2), we see a rather signifi-
ticular? cantxp dependence. Thidoes not meanhowever, that the

In order to answer these questions, let us recall the spacéneasureg dependence ocsz(3) cannotprovide us withany
time aspects of the collision processes which are closely reyrther information on the electromagnetic properties of the
lated to the above-mentioned power-law behaviors. Viewego|or-singlet gluon clustersct). This is because they's
in a fast moving framée.g., the c.m.s. of the colliding elec- \yhich play the dominating role in diffractive scattering are
tron and protop the states of the interacting soft gluons ¢ojor singlets; hence, even when such clusters are BTW ava-
originating from the proton are self-organized. Tfecaused  |anches which have neither a typical size nor a typical life-
by local perturbations and developed through “domino ef-time, a set of such clusters with given size and lifetime dis-
fects” are BTW avalanchegsee Secs. | and )V the size  triputions can nevertheless be considered apecific set of
distribution of which[see Eqs(8) and(1)] is given by Fig. 3. color-singlet gluon clusters with distinct propertiddence,
This explicitly shows that there ag’s of all sizes, because \hen theB dependence OFzD(S)(,BaQZ;XP)/,B is examined
a power-law size distribution implies that there is no scale inp inelastic diffractive scattering processes, the electromag-
size. Recall that, since sucjj’s are color singlets, their spa- netic properties of such a set of color-singlet gluon clusters
tial extensions can be much larger than that of the protonare probed by the incideitvirtual or real, depending on the
and thus they can be “seen” alsmutsidethe proton by a Q? value of the eventphotons. In this connection, it is per-
virtual photon originating from the electron. In other words, haps useful to consider th@ distribution integrated overp.

what the virtual photon encounters is a cloudc§s, every- For the purpose of comparing SOC fingerprints obtained
one of which is in general partly inside and partly outside theat differentQ? values, we are interested much more in mea-
proton. surable quantities in which the integrations oygelnave been

The virtual photon, when it encounterscg, will be ab-  carried out. A suitable candidate for this purpose is the dif-
sorbed by the charged constitueritgiarks and antiquarks ferential cross section
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1 d24° Ao y2 Fg(g)(ﬁ,Qz:Xp) plot is shlown in Fig_. 7 The slope obtained from a least-
j B 2 ( —y+ ?> _ squares fit to the existing dafa1] is —1.98+0.07.

BQ The results obtained in diffractive deep-inelastic electron-
proton scattering and that for diffractive photoproduction
strongly suggest the following: The formation processes of
cg’s in the proton are due to self-organized criticality, and
thus the spatial distributions of such clusters—represented by

(19  the xp distribution—obey power laws. The exponents of

_ . ~ such power laws are independent@f. Since 1Q? can be
Together with Egs(3) and(8), we see that this cross section jnterpreted as a measure for the transverse size of the inci-
is nothing else but the effectivg-weightedxp distribution  dent virtual photon, the observe@? independence of the
Ds(xp|Q? B) of the cy's. Note that the weighting factors exponents can be considered as further evidence for SOC—
shown on the right-hand side of E(L5) are simply results jn the sense that the self-organized gluon-cluster formation
of QED. Next, we use the daf@,4] for F5® which are  processes take place independent of the photon which is
available at present to perform a log-log plot for the inte-“sent in” to detect the clusters.

grand of the expression in E¢L5) as a function ofxp for Having these results and the close relationship between
different values of3 andQ?Z. This is shown in Fig. @ and  real photons and hadrons in mind, we are immediately led to
Fig. 6(c). Since the absolute values of this quantity dependhe following questions: What shall we see when we replace
very much, but the slope of the curves very little, Bhwe  the (virtual or rea) photon by a hadron—a proton or an
carry out the integration as follows: We first fit every set of antiproton?(See in this connection Fig. 8, for the notation
the data separately. Having obtained the slopes and the imnd the kinematical relations for the description of such scat-
tersection points, we use the obtained fits to perform theering processes.Should we not see similar behaviors, if
integration overB. The results are shown in the SOC in gluon systems is indeed the reason for the occur-
rence ofcy’s which can be probed experimentally in inelastic
diffractive scattering processes? To answer these questions,
we took a closer look at the available single diffractive
proton-proton and proton-antiproton scattering dgfzo],

and in order to make quantitative comparisons, we plot the

plots of Fig. Gb). These results show that t¥ dependence duantities which correspond to those shown in Figp) @nd

f the sl . ticall ligible, and that the s g:|g 7. These plots are shown in Eig(a})apd Fig. 9b). In '
gpprgxisn:)apti?yflpggcftlycraa?l/ \7;3;%' ngan at the siope | Fig. 9@, we see the double differential cross section

2 . .
Furthermore, in order to see whether the quantity intro{1/xp)d”a/(dtdxp) at four differentt values. In Fig. &),

duced in Eq(15) is indeed useful, and in order to perform a W€ S€€ the integrated differential ~cross  section
decisive test of the? independence of the slope in the (1/Xp)do/dXe. Note that here

power-law behavior of the above-mentioned size distribu- xo~M2/s (17)
tions, we now compare the results in deep-inelastic scattering P X

[3,4] with those obtained in photoproductid21], where
LRG events have also been observed. This means that, as
diffractive deep-inelastic scattering, we again associate th
observed effects with colorless objects which are interprete
as a system of interacting soft gluons originating from thefor
proton. In order to find out whether it is the same kind of
gluon clusters as in deep-inelastic scattering and wheth
they “look” very much different when we probe them with

Xp dQ%d xp Xp

2

N 47Ta2< y
~J dIB ’8Q4 1—y+7

Ds(Xp|B8,Q%).

1 d?%P°
g

— ——— | versus logx
Xp szpr> Oxe)

where /s is the total c.m.s. energy of the colliding proton-
Poton or antiproton-proton system. Here, the integrations of
e double differential cross section outesire in the ranges
which the corresponding experiments have been per-
med. (The extremely weak energy dependence has been
ignored in the integration.The dashed lines in all the plots
Figs. 9a) and 9b) stand for the slope-1.97 which is the
average of the slope obtained from the plots shown in Figs.

2_ it 2
real (Q°=0) photons, we replot the existirdp/dM, data g ang 7. This means that the result shows exactly what we
[21] for photoproduction experiments performed at dlfferentexpeCt to see: The fingerprints of SOC can be clearly seen

totzal enzergies, and notze thezkinematicalzrelationship betweefisy in proton- and antiproton-induced inelastic diffractive
M5, W%, andxp (for Q°<M* and|t|<M;): scattering processes, showing that such characteristic fea-
tures are indeed universal and robust.

M2 We are thus led to the following conclusions. Color-
" . .
Xp~ —. (16) singlet gluon clusterscg) can be formed in hadrons as a
w2 consequence of SOC in systems of interacting soft gluons. In
other words, “the colorless objects” which dominate the in-
The result of the corresponding elastic diffractive scattering processes are BTW avalanches

(BTW clusters. Suchcg's are in general distributed partly
1 d inside and partly outside the confinement region of the
Iog(——o) versus 1ogxp) “mother hadron.”. Since the interagtions between ttfgs
Xp dXp and other color-singlet objectincluding the target proton
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VIIl. DIFFRACTIVE SCATTERING IN HIGH-ENERGY

s \‘u‘ 4= 2 \\\‘\ 4 2
10 o, 12005GEV ., te018GeY COLLISIONS AND DIFFRACTION IN OPTICS
o."‘\. R L ‘n'.'\
5 b ) e It might sound strange, but it is true that physicists work-
10 %5i.!5w r "x\ g g p y

ing in this field of physics often do not agree with one an-
other on the question as to what is diffractive scattering in
high-energy collisions. In this paper, we have, until now,

~ V3 =20 GeV (pp) * N8 =27 GeV (pp) . . ;.
10" * V8 =14 GeV (pp) * V8 =23 GeV (pp) simply adopted the currentl}9] popular definition of “in-
elastic diffractive scattering processes.” That is, when we
, o,‘ =040 GeV? | 42295 GeV? talked about “inelastic diffractive scattering” we were al-
. “ ways referring to processes in which “colorless objects” are
3 © v =45 GeV (pp)

0 ) e, 1 “exchanged.” In other words, until now, the following ques-
"‘\ tion hasnot been asked: Are the above-mentioned “inelastic
0 diffractive scattering processes” indeed comparable wlifh
s fractionin optics, in the sense that the beam particles should
be considered as waves, and the target-proton together with
the associatedin whatever manngrcolorless objects can
indeed be viewed as a “scattering screen”?

This question will be discussed in the present and the
subsequent sections, together with the existing {5122
for the double differential cross sectioRa/dt d(M2/s) for
proton-proton and antiproton-proton collisiofwgheret is the
four-momentum-transfer squarehl, is the missing mass,
and /s is the total c.m.s. energyyThe purpose of this inves-
tigation is to find out the following: “Can the observed
dependence and th&/¢/s) dependence af?c/dt d(MZ/s)
in the given kinematic range (0.2 Gé¥|t|<3.25 GeVf,

16 Ge\< \/s<630 GeV, andV2/s<0.1) be understood in
terms of the well-known concept of diffraction in optics?
The answer to this question is of particular interest for sev-
eral reasons.

(a) High-energy proton-proton and proton-antiproton scat-
tering at small momentum transfer has played, and is still
playing, a very special role in understanding diffraction
and/or diffractive dissociation in lepton-, photon-, and
hadron-induced reactionf2—6,8,9,21-2% Many experi-
ments have been performed at various incident energies for
elastic and inelastic diffractive scattering processes. It is
known that the double differential cross section
d?o/dt d(M2Z/s) is a quantity which can yield much infor-
should be of van der Waals type, it is expected that such affation on the reaction mechaniggnand/or on the structure
object can be readily driven out of the above-mentioned con®f the participating colliding objects. In the past, thev,,
finement region by the beam particle in geometrically more2nds dependence of the differential cross sections for inelas-
peripheral collisions. This has been checked by examinin?c diffractive scattering processes has been presented in dif-
inelastic single diffractive scattering processes at high enef€rent forms, where a number of interesting features have
gies in which virtual photon, real photon, proton, and anti-Peen observed5,22,23. For example, it is seen that the
proton are used as beam particles. The result of this systerependence af®o/dt dMy at fixeds depends very much on
atic check shows that the universal distributions of stigh M the M} dependence of’o/dt dMj at fixedt depends
can be directly extracted from the data. In particular, giveron s. But whend?s/dt d(MZ/s) is plotted as function of
the fact thatxp is the energy fraction carried by the struck M2/s at given t values (in the range 0.2 Ge’k|t|
cy’'s and the fact that th&p distributions are universal, itis <3.25 GeVf) they are approximately independent ef
tempting to regard suckp distributions as the “parton dis- What do these observed striking features tell us? The first
tributions” for diffractive scattering processes. Having seenprecision measurement of this quantity was published more
this, it is also tempting to ask the following: Can we makethan 20 years agff]. Can this as well as the more recent
use of such “parton distributions” to describe and/or to pre-d?a/dt d(Mi/s) data[22] be understood theoretically?
dict the measurable cross sections in inelastic diffractive (b) The idea of using optical and/or geometrical analogies
scattering processes? This and other related questions will be describe high-energy hadron-nucleus and hadron-hadron
discussed in the following sections. collisions at small scattering angles was discussed by many

3 S
* N3 =27 GeV (pp) v M\%Q
T 9°<9

. * 3223 GeV
107 s =23 GeV (pp)

10 102 107 10°? 102 107"

=M2
xp=M; /s

p Y

5 X Integrated in:
10 N 2 I
. 0.05<-1<0.40 GeV

Integrated in:
0.05 < -t < 3.25 GeV?

10°F

(1/xp)do/dx, (mb)

b XPEM)Z( Is

FIG. 9. (8 (1/xp)d%a/dxp dt for single diffractive p+ p—p
+X and p+5—>p+x reactions is plotted as a function gf at
different values of and/s. The data are taken from Ref&,6]. (b)
The integratedwith respect to two differenft| ranges differential
cross section (¥f)do/dxp for single diffractivep+ p—p+ X and

p+a—>p+X reactions is plotted as a function xf .
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authorq 24,23 many years ago. It is shown in particular that ellK'IR
this approach is very useful and successful in describing Up= =
elastic scattering. However, it seems that, until now, no at-

tempt has been made to describe the §afa2) by perform- : o
,Up stands f t of the field ting f
ing quantitative calculations deZO'/dtd(M)z(/S) by using ere,tp stands for a component ot the 1ield originating from

optical geometrical analogies. It seems worthwhile to makd® sc.:attetrerk s the WaYe vector Of the scattered I|ght n
such an attempt. This is because, it has been pointedaut the direction of observatiorjk’|=w' is the corresponding
very recently, that the above-mentioned analogy can be madgauency,R is the distance between the scatterer and the
to understand the observédiependence ido/dt. observation poinP, andf(k,k") is the (unnormalized scat-

(c) Inelastic diffractivepp and pp scattering belongs to tering Qmphtude whl_ch describes the chan_ge of the wave
those soft processes which have also been extensivly di¥€ctor in the scattering process. By choosing a coordinate
cussed in the well-known Regge-pole approf&e,23. The systemaln which the axis coincides with the incident wave
basic idea of this approach is that colorless objects in form ofector k, the scattering amplitude can be expressed as fol-
Regge trajectoriePomerons, Reggeons, otare exchanged lows[25,24,23:
during the collision, and such trajectories are responsible for

f(k,K"). (18)

the dynamics of the scattering processes. In this approach, it - 1 25 e siqb

is thet dependence of the Regge trajectories, thiepen- f(a)= 2 d“ba(b)e : (19
; : ! (2m)

dence of the corresponding Regge residue functions, the s

properties of the coupling of the contributing trajectories

(e.g., triple Pomeron or Pomeron-Reggeon-Pomeron Cou4ere,q=k’ -k determines the change in wave vector due to
pllng), and th'e number Of. contributing Regge traJeCtor'eSdiffraction, b is the impact parameter which indicates the
which detern;me the egperlmentally observeand M, de- position of an infinitesimal surface element on the wavefront
pendence ofi“a/dtd(M;/s). A number of Regge-pole mod- i mediately behind the scatterer” where the incident wave
els[9,8] have been proposed, and there exist good 8] CWould reach in the limit of geometrical optics, andb) is

to the data. What remains to be understood in this approa éhe corresponding amplitud@ssociated with the boundary
is the dynamical origin of the Regge trajectories, on the on onditions which the scattered field should safisfy the

hand, and the physical meaning of the unknown function wo-dimensional impact-parameter spaedich is here the
(for example thet dependence of any one of the Regge-xy plane, and the integration extends over the regkbrin

residue functions on the other. It has been pointed out "
[20,12, that there may be an overlap between Iihe “partongvhich a(b) is different from zero. In those cases in which.
in Pomeron and Reggeons” picture and the SOC picturéhe scatterer is symmetric with respect to the scattering axis
[12], and that one way to study the possible relationshighere thez axis), Eq. (19) can be expressed, by using an
between the two approaches is to take a closer look at thidtegral representation fal,, as
double differential cross sectiai?a/dtd(Mf(/s). 1 (=
f<q>=—j b dba(b)Je(qb), (20)
IX. OPTICAL DIFFRACTION OFF DYNAMICAL 2m)o
COMPLEX SYSTEMS R R

) ) ) _ whereq andb are the magnitudes af andb, respectively.

Let us begin our discussion of the above-mentioned ques- 114 following should be mentioned in connection with
tions by recalling that the concept of “diffraction” or “dif- Egs.(19) and (20): Many of the well-known phenomena re-
fractive scattering” has its origin in optics, and optics is part|5ed to Frauenhofer diffraction have been dedUasd from
of electrodynamics, which is not only theassical limit but a5 equations under the additional conditiahich is di-
alsoftr;e basm}‘lq_uantur_n ellect;]od}/r}?ml_c(sg.Eg). Heze(’j_'f:c's rectly related to the boundary conditions imposed on the
useful to recall in particular the following: Optical diffrac écattered field|K'| = |K| = ' = o; that is,K’ differs from K

tion is associated with a departure from geometrical optic v in direction. In oth ds. th t00ing liaht h
caused by the finite wavelength of light. Frauenhofer diffrac-o"Y [N direction. In otherwords, the outgoing fignt wave has
tion can be observed by placing a scattefighich can in exactly the same frequency and exactly the same magnitude

general be a scattering screen with more than one aperture ﬁwave vector as thos&_a for the incoming WaVEln|§ means

a system of scattering objetis the path of propagation of that, quantum mechanically speaklng, the ogtgomg photons
light (the wavelength of which is less than the linear dimen—aretﬁlsp on-s_hell ph(;;:)ns, thhe energu_ets_ of Wh'?gl arte the same
sion of the scattergmwhere not only the light source, but also as the incoming onesin such cases, itis possibie o envis-

the detecting device, is very far away from the scatterer. Th@g€ thag is approximately perpendicular toand tok’; that
parallel incident light rays can be considered as plane waves, q is approximately perpendicular to the choseaxis and

(characterized by a set of constamiso=|k|, andu, say, thus in the above-mentioned plane(that isq~q, ). While
which denote the wave vector, the frequency, and the amplithe scattering angle distribution in such procesgésch are
tude of a component of the electromagnetic field, respeceonsidered as the characteristic featuresla$ticdiffractive
tively, in the laboratory frame After the scattering, the scat- scattering plays a significant role in understanding the ob-
tered field can be written in accordance with Huygens’served diffraction phenomena, it is of considerable impor-
principle as tance to note the following.
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(A) Equations(19) and (20) can be used to describe dif- variant mass, as well as the longitudinal momentum of the
fractive scattering with or without this additional condition, outgoing particles can be different from their incoming
provided that the difference & andk in the longitudinal ~ counterparts. _ o

o . o > Second, according to the results obtained in Secs. |-VII
direction (i.e., in the direction ofk) is small compared to ; o :

e - ’ N of this paper, the medium is a system of color-singlet gluon
q.=|q. so thatq, can be approxma}gd by. In fact,. BAS.  clusters €3's) which are in general partly inside and partly
(19) and (20) are strictly valid whenq is a vector in the  outside the proton—in form of a “cluster cloud.” Since the
above-mentionedy plane, that is, when we writg, instead average binding energy between such color-singlet aggre-
of g. Now, since Eqs(19) and (20) in such a form(that is, ~ gates are of van der Waals ty[#6], and thus it is negligibly
when the replacement—q, is mad¢ are validwithout the

small compared with the corresponding binding energy be-

. > i > ) tween colored objects, we expect to see that, even at rela-
condition thatq should approximately be equal tp and in
particular without the additional conditiotk’|=|k|=w’

= w, it is clear that they are also valid farelasticscattering

tively small values of momentum transfeft|/<1 Ge\?,
say), the struckcg can unify with(be absorbed hythe beam
particle and “be carried away” by the latter, similar to the

processes. In other words, Eq49) and (20) can also be
used to describaelasticdiffractive scatteringthat is, pro-
cesses in whiclw’ # w, |k’|#|k|) provided that the follow-
ing replacements are made. In E(L9), q—q,, f(q)
—finet(d,), a(b)—aie(b), and in Eq. (20, 9—q,,
f(9)—finel(d1), a@(b)— ajne(b). Hereafter, we shall call
Egs. (19 and (20) with these replacements Eq4.9') and
(20"), respectively. We note that in order to specify the de

process of “knocking out nucleons” from nuclear targets in
high-energy hadron-nucleus collisions. It should, however,
be emphasized that, in contrast to the nucleons in nucleus,
the c5’s which can exist inside or outside the confinement
region of the proton araot hadron like(see Secs. Il11-VI for
more details They are BTW avalanches which have neither
a typical size nor a typical lifetime, nor a given static struc-
_ture. Their size and lifetime distributions obey simple power
pendence off . on ' and k”’ (that is onw’ — w and kﬁ Iaws_ as a consequence of SOC. This means that in the dif-
—ky), further information on energy-momentum transfer infractlon processes discussed here, the size of the scédterer

such scattering processes is needed. This point will be di&nd thus the size of the carried-ane are in general dif-
cussed in more detail in Sec. X. ferent in every scattering event. It should also be emphasized

(B) In scattering processes at large momentum transfetlhat these characteristic features of the scatterer are conse-

where the magnitude G;TL is large 46¢|2>0-05 GeV, say, quences of the basic properties of the gluons.
it is less probable to find diffractive scattering events in

which the additional conditiotk’|=|k| and ’=w can be
satisfied. This means that it is expected that most of the

diffraction phenomena observed in such processes are assO-r 1 odel the proposed picture quantitatively, it is conve-

ciated with inelastic diffractive scattering. . ) : ;
; . . nient to consider the scattering system in the rest frame of
(C) A change in angle but no change in magnitude of . .
R . .the proton target. Here, we choose a right-handed Cartesian
wave vectors or frequencies is likely to occur in processes in . Y L
. : ; e : coordinate with its origirO at the center of the target proton
which neither absorption nor emission of light takes place.and thez axis in the direction of the incident beam. Tk
Hence, it is not difficult to imagine that the above-mentioned lane in this coordinate svstem coincides with 'theytwo-
condition can be readily satisfied in cases where the scattep—imensional impact- arame)'ier space mentioned in connec-
ing systems are time-independent macroscopic apertures pact-p P

dmen: ct-parameter s; .
objects. But in this connection, we are also forced to the O with Egs.(19) and(20") [which are respectively Eqs.

following question: How large is the chance for an incident(Elg) (ggg(zv\?%i?eﬁﬁ:;hg r?aprizciir?heemsscgtee r:itrl]onegﬁz bv(a\}lgvr\:ote
wavenot to change the magnitude of its wave vector in pro_th?a.t sinc,e we are geaﬁ)in with inelastic scgttzmmére the
cesses in which the scatterers apen, dynamical, complex 9

at anytime and everywhere? ' ge,

The picture for inelastic diffractive scattering has two ba-ta'm.y prmmplé, It. 'S possmle to envisage théhe c.m.s. of
sic ingredients. the incident particle in the .bea@ee:@s at one .p0|ntB
First, having the well-known phenomena associated wit=(0b,2), where the projection dDB along they axis char-
Frauenhofer diffraction and the properties of de Broglie mat-acterizes the corresponding impact paraméteiVe recall
ter waves in mind, the beam particleg*( y, p, or p shown that suchcg’s are avalanches initiated by local perturbations
in Fig. 8 in these scattering processes are considered d§aused by local gluon interactions associated with absorp-
high-frequency waves passing through a medium. Since, ifion or emission of one or more gluons; see Secs. I-VII for
general, energy and momentum transfers take place durir@gtaild of SOC states in systems of interacting soft gluons.
the passage through the medium, the wave vector of the ouince gluons carry color, the interactions which lead to the
going wave differs, in general, from the incoming one, notformation of color-singlet gluon clusters ¢;) must take
only in direction, but also in magnitude. For the same reasorplace inside the confinement region of the proton. This
the frequency and longitudinal components of the wave vecmeans that while a considerable part of sugfs in the
tor of the outgoing wavédthat is, the energy and/or the in- cloud can be outside the proton, the locatisnwhere such

X. CAN SUCH SCATTERING SYSTEMS
BE MODELED QUANTITATIVELY?

094010-16



FORMATION OF COLOR-SINGLET GLUON CLUSTER.. .. PHYSICAL REVIEW D 61 094010

an avalanche isﬂitiated_must be inside the proton. details; note, however, that., k, and p, in Fig. 8 corre-
That is, in terms 0DA=r, AB=R,(b), and proton’s radius  spond, respectively, tq, k, andk’ in the discussions here
rp, We have r<r, and [Ra(b)]*=b*+z*+r?~2(b*>  Hence, we shall write hereafter(b|M?2/s) or a(b|xp) in-
+22)Y%r cos/BOA For a given impact parameté; it is  stead of the general expressiape (b). This, together with
useful to know the distand@,(b) betweerB andA, as well  Eq. (20'), leads to the corresponding scattering amplitude
as “the average squared distancéRi(b))=b2+ 2’+a? f(q,|xp) and thus to the corresponding double differential
a?=3/5r5, which is obtained by averaging over all allowed cross sectiond’s/dt dx,, in terms of the variablegt|
locations ofA in the confinement region. That is, we can ~|q, |?> and xp.~M?/s in the kinematical region|t|<M?
modelthe effect of confinememt cluster formation by pic- <s.

turing that all the avalanches, in particular those which con-

tribute to scattering events characterized by a glv@md a v, ROLE PLAYED BY THE SPACE-TIME PROPERTIES
givenz, are initiated from an “effective initial point'{Ag), OF THE GLUON CLUSTERS

because only the mean distance betwéeand B plays a

role. (We note that since we are dealing with a complex For the determination ofr(b|xp), it is of considerable
system with many degrees of freedom, in whiglhs well as  importance to recall the following space-time properties of
A are randomly chosen points in space, we can comih@re thecg’s which are BTW avalanches due to SOC.

mean distancéetweernB andA with the mean free path in a (i) SOC dictates that there are BTW avalanches of all
gas mixture of two kinds of gas molecules—"speci®s sizes(which we denote by differen® values, and that the
and “speciesA,” say, where those of the latter kind are probability amplitude of finding an avalanche of s@e&an
confined inside a subspace called “regipri For a given  be obtained from the size distributiddg(S)=S # where
mean distancand agiven point B there is in general a set of the experimental results presented in Secs. 1-VII show
A’s inside the “regionp,” such that their distance t@8 is  ~2. This means thaD¢(S) contributes a factoS ! and
equalto the given mean value. Hence it is useful to introducethus a factomx, * to the scattering amplitude(b|xp). Here,

a representativepoint (Ag), such that the distance between as well as in(ii), we take into accountsee Secs. IV and V
(Ag) andB is equal to the given mean distanc&urther-  for detail9 that the sizeS of a c} is directly proportional to
more, since an avalanche is a dynamical object, it mayhe total amount of the energy tied carries; the amount of

propagate within its lifetime in any one of therddirections  energy isx,P?, whereP? is the total energy of the proton,
away from(Ag). (Note that avalanches of the same size may,nqx,, is the energy fraction carried by thogS.

have different lifetimes and different structures, as well as (i) QCD implies[26] that the interactions between two

different shapes. The location of an avalanche in space-timg,irarily chosen colored constituentsagfare stronger than

Is referred to its center of ma$$-.|a\_/|ng seen how SOC and those between twog's, because the latter should be interac-
confinement can be implemented in describing the properties

. o . . tions of Van der Waals type. This means that the strefk
and the dynamics of they's, which are nothing else but can unify with the beam particlenaybe by absorbing each

BTW avalanches in systems of interacting soft gluons, let u they, and viewed from any Lorentz frame in which the
now go one step further, and discuss how these results can be

used to obtain the amplitudes in impact-parameter space th {a?m part|c|e ha”s a larger momentgm thand@,ethg lattter
leads, via Eq(20), to the scattering amplitudes. IS “carried away” by the peam pa_rtlcle. Gepmetrlcally, the
In contrast to the usual cases, where the scatterer in tHe1ance for the beam particle to hit aj of sizeS (on the
optical geometrical picture of a diffractive scattering procesdl2n€ perpendicular to the incident axis proportional to
is an aperture or an object with a given static structure, thd€ area that can be struck by tfwem.s) of the beam par-
scatterer in the proposed picture is an open, dynamical, conficle. _T_he area 1s the 2/2/3power of the volursesS™, and
plex system of3’s. This implies, in particular, that the ob- thus itis proportional toc=. _ _ o
ject(s), which the beam particle hits, hdbave neither a (iii) Based on the above-mentioned picture in which the

typical size nor a typical lifetime, nor a given static structure.Co'S Propagate isotropically fromiAg), the relative number
With these in mind, let us now come back to our discus-densities at differerty values can be readily evaluated. Since
sion of the double differential cross sectidfr/dt d(M2/s). ~ for a givenb the dlstzincez N space betweeAs) and*B
Here, we need to determine the corresponding amplitud& (0.b.2) is simply (b°+z°+a%)™*, the number ofcy’s
;e (b) in Eq. (20') [see the discussion itA) below Eq.  Which pass a unit area on the shell of radius’+z
(20)]. What we wish to do now is to focus our attention on *a2) " centered a{Ag) is proportional to b>+z°+a?) ~*,
those scattered matter waves whose de Broglie wavelengtiovided that(because of causalitythe lifetimes ('s) of
are determined by the energy momentum of the scatterediesecy’s are not shorter thamy,,(b). The latter is the time
object, whose invariant mass M,. For this purpose, we interval for acg to travel from(Ag) to B. This means that
characterize the correspondiag, (b) by consideringitas a because of the space-time properties of so§ls, it is of
function of M, or MZ/s, or xp. We recall in this connection considerable importance to note that, first, oojys having
that, for inelastic diffractive scattering processes in hadronfifetimes T= 7,,;,(b) can contribute to such a collision event.
hadron collisions, the quantitiyl f/s is approximately equal Second, during the propagation fraAg) to B, the motion
to xp, which is the momentum fraction carried by the struckof such acj has to be considered as Brownian. In fact, the
cy’s with respect to the incident beafsee Fig. 8 for more continual, and more or less random, impacts received from
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the neighboring objects on its path lead us to the well-known While the quality of the obtained result, namely, the ex-
[27] result that the time elapsed is proportional to the meanpression given on the right-hand side of Eg4) together
square displacement. That isy,(b)<b?+z?+a?. Further-  with the above-mentioned values faandN, can be readily
more, we recall thaty's are due to SOC, and thus the judged by comparing it with the data or by counting the
chance for aj of lifetime T to exist isD(T)=T ¥ where ~ unknown parameters, or both, it seems worthwhile to recall
the experimental valuésee Secs. I-V)l for v is v~2. the following: The two basic ingredients of the proposed
Hence, by integrating ~2 over T from 7,,,(b) to infinity, ~ Picture which have been used to derive this simple analytical
we obtain the fraction associated with all those whose life.€xpression are, first, the well-known optical analogy and,
times satisfyT= 7,,;,(b): This fraction is7,,,(b) ! and thus ~second, the properties of the dynamical scattering system.

a constant timesh?+z2+a?) L. The latter is what we have learned through the data analysis
The amplitudea(b|xp) can now be obtained from the Presented in Secs. I-VIL. _ _
probability amplitude forc;-creation mentioned ir(i), by Based on the theoretical arguments and experimental in-

dications for the observatiofsee Ref[12] and Secs. I-VII

of this paper for detailsthat the characteristic features of

inelastic diffractive scattering processes are approximately
a(b|xp) = constx xp ¥¥(b?+a?) =32 (21)  independent of the incident energy and independent of the

quantum numbers of the beam particles, the following results

By inserting this probability amplitude in impact-parameterare expected: The explicit formula for the double differential

space, for the beam particle to encountegawhich carries  cross section as shown in E@4) should also be valid for

a fraction xp of the proton’s total energy, in Eq20’) the reactionsyp— Xp and y*p— Xp. While the normaliza-

[which is Eg. (200 with the following replacementsg  tion constantN (which should in particular depend on the

—q,, f(q) = fine (Q]Xp) anda(b) — ajne (b|Xp)] we obtain  geometry of the beam partigles expected to be different for

the corresponding probability amplitudég|xp) in momen-  different reactions, everything else—especially the “slope”

taking the weighting factors mentioned (in) and (iii) into
account, and by integratin@8] overz. The result is

tum space: as well as the power ofp—should be exactly the same as in
. pp and pp collisions. In this sense, Eq24) with a2
f(ql|xp)zconsb<f b db % Y(b2+a?) ~3214(q, b), =3/52 (rp is the proton radiusis our prediction foryp
0 —Xp and y*p— Xp which can be measured at HERA.
(22 Furthermore, in order to obtain the integrated differential

- ) ) cross sectiordo/dt, which has also been measured for dif-
yvhereqlz lq, |~ Jm (in the smallxp region,xp<<0.1, Sf?‘y ferent reactions at different incident energies, we only need
is the corresponding momentum transfer. The integration cagy sym and integrate over in the given kinematic range
be carried out analyticallj29], and the result is (xp<0.1, say. The result is

f(q, |Xp)=constx x5 3exp(—aq, ). (23 do
¢ (D=Cexp(—2a\]t]), (25)
Hence, the corresponding double differential cross section t

2 - .
d*o/dt dx, can approximately be written as whereC is an unknown normalization constant. While this

1 d2¢ observation has already been briefly discussed in the previ-
_—= Nx;2/3exr( — 2a\/m), (249 ous Lettel12], we now show the result of a further test of its
universality: In Fig. 11, we plot

whereN is an unknown normalization constant. Because of

the kinematical relationshipprf/s for single diffractive _ ng[i d_a(t)
scattering in proton-proton and proton-antiproton collisions 2\/m C dt
(see Fig. 8 for more detajlsthis can be, and should be,

compared with the measured double differential cross sedor different reactions at different incident energies the
tions d2o/dtd(M2/s) at differentt ands values and for dif- range 0.2 Ge¥<|t|<4 Ge\/z.*Here we see in particular that
ferent missing massds, in the regionM >2</S<1 whereq, is measurements afo/dt for y*p and yp reactions at larger

approximately|t|. The comparison is shown in Fig. 10. |t| values would be very useful.
Here, we made use of the fact thet=3/5r 7 , wherer , is the
proton radius, and calculatedby settingré to be the well-

known [30] mean-square proton charge radius, the value of Based on the characteristic properties of the gluons—in
which is r>=(0.81 fmP. The result we obtained i®  particular the local gluon-gluon coupling prescribed by the
=3.2 GeV L. The unknown normalization constant is deter- QCD Lagrangian, the confinement, and the nonconservation
mined by inserting this calculated value foin Eq.(24), and  of gluon numbers, we suggest that a system of interacting
by comparing the right-hand side of this equation with thesoft gluons should be considered as an open dynamical com-
d?g/dt d(MZ/s) data taken aft|=0.2 Ge\?. The value is plex system which is in general far away from equilibrium.
N=31.1 mbGeV 2. All the curves shown in Fig. 10 are Taken together with the observations made by Bak, Tang,
obtained by inserting these values foandN in Eq. (24). and Wiesenfeld 13,14, we are led to the conclusion that

vs t (26)

XIl. CONCLUDING REMARKS
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FIG. 10. The double differential cross section#}d?c/dt d(Mﬁ/s) for single diffractivepp andap reactions is shown as function of
xp at fixed values of where 0.15 Ge¥%<|t|<3.25 Ge\f. The data are taken from Ref&,22]. The solid curve is the result obtained from
Eq. (24). The dashed curve stands for the result obtained from the same formula by usineathe given in the brackets.

self-organized criticality and thus BTW avalanches exist inlt is shown that the size distributions and the lifetime distri-

such systems, and that such avalanches manifest themselmstions of suchcy’s indeed exhibit power-law behaviors

in form of color-singlet gluon clustersc}) in inelastic dif-  which are known as the fingerprints of SQI3,14. Further-

fractive scattering processes. more, it is found that such exponents are approximately the
In order to test this proposal, we performed a systematicsame for different reactions and/or at different incident

data analysis, the result of which is presented in Secs. I-Vllenergies—indicating the expected universality and robust-
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— 3 where the empirical values fqor and v are u~v~2, inde-
% 4 VoRlntanene e 22 aho ¢ 6 g aes s, | pendent of the incident energy.and independent of the quan-
o % ] tum numbers of the beam particles.
= 2 32_232731 +2.35.36.45.53.62GeV What do we learn from this? Is this knowledge helpful in
5 i S e v e ae e ] understanding hadronic structure and/or hadronic reactions
o 5 ’ ’ ’ ‘ ’ in particle physics? In particular, can this knowledge be used
-8 : S I P PO to do quantitative calculations—especially those where the
o) - - results of which couldhot be achieved otherwise?
o 2t PR orpe In order to demonstrate how the obtained knowledge can
= i V5=540, 630GeV _ g _
I% 5 e be used to relate hadron structure and hadr(_)nlc reactions in
8 L ) ] general, and to perform quantitative calculations in particu-
..\.' 3 AT ] lar, we djscuss thg following quest_ion—a quest@on which has
2 | Yp } been with the high-energy physics community for many
it 50 GeV < W < 270 GeV ] years: Can the measured double differential cross section
5 d?o/dt d(Mi/s) for inelastic diffractive scattering in proton-
a b e ] proton and in antiproton-proton collisions, in the kinematical
3} o ¥y {  region given by 0.2 Ge¥&|t|<3.25 Ge\?, 16 Ge\k< /s
2t w : <630 GeV, andM2/s<0.1, be understood in terms of opti-
1] 176 GeV < W < 225 GeV 1 cal geometrical concepts?
%0 — : 0 : 5 : 20 The answer to this question is yes, and the details are

presented in Secs. IX—XI where the following is explicitly
\/W(GeV) shown: The characteristic features of the existing
dzaldtd(Mﬁls) data are very much the same as those in
optical diffraction, provided that the high-energy beams are
considered as high-frequency waves, and the scatterer is a
system of color-singlet gluon clustersg) described in Secs.
I-VII of this paper. Further measurements of double differ-
ential cross sections, especiallyyfip andyp reactions, will
e helpful in testing the ideas presented here.

FIG. 11. The quantity — 1/(2]t]) Jlog[(1/C)do/dt] is plotted
versus\/[t[ for different single diffractive reactions in the range
0.2 GeV’<|t|<4 Ge\2. The data are taken from Ref&,22,31.
Here,C, the normalization constant, is first determined by perform-
ing a two-parameter fit of the correspondithg/dt data to Eq(25).

ness of SOC. Hence, the following picture emerges: For thg
beam particléwhich may be a virtual photon, a real photon,
a proton, or an antiproton; see Fig. 8 for more detaiisan
inelastic diffractive scattering process off protaiese may We thank P. Bak, X. Cai, D.H.E. Gross, C.S. Lam, Z.
wish to view this from a “fast moving frame” such as the Liang, K.D. Schotte, C.B. Yang, E. Yen, and W. Zhu for
c.m.s. framg the target proton appears as a cloudch®  helpful discussions, R.C. Hwa, C.S. Lam, and J. Pan for
which exist inside and outside the confinement region of thecorrespondence, and FNK der FU-Berlin for financial sup-
proton. The size distributioD ¢(S) and the lifetime distribu-  port. Y.Z. also thanks Alexander von Humboldt Stiftung for
tion D1(T) can be expressed & # and T~ ", respectively, financial support.
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