PHYSICAL REVIEW D, VOLUME 61, 034015

Scaling violations: Connections between elastic and inelastic hadron scattering
in a geometrical approach

P. C. Beggio and M. J. Menon
Instituto de Fsica “Gleb Wataghin,” Universidade Estadual de Campinas, Unicamp, 13083-970 Campira®aito, Brazil

P. Valin
Departement de Physique, Universide Montrel, CP. 6128, Succ. Centre-Ville, Mon#le Québec, Canada H3C 3J7
(Received 16 August 1999; published 6 January 2000

Starting from a short range expansion of the inelastic overlap function, capable of describing quite well the
elasticpp andap scattering data, we obtain extensions to the inelastic channel through unitarity and an impact
parameter approach. Based on geometrical arguments we infer some characteristics of the elementary hadronic
process and this allows an excellent description of the inclusive multiplicity distributionspimnd pp
collisions. With this approach we quantitatively correlate the violations of both geometrical and KNO scaling
in an analytical way. The physical picture from both channels is that the geometrical evolution of the hadronic
constituents is principally reponsible for the energy dependence of the physical quantities rather than the
dynamical(elementary interaction itself.

PACS numbgs): 13.85.Hd, 11.80.Fv, 13.85.Dz, 13.85.Ni

[. INTRODUCTION However, presently, this phenomenological treatment of
soft hadronic physics plays an important role as a source of
Hadron scattering is presently one of the most intriguingnew theoretical insights and as a strategy in the search for
processes in high energy particle physics. Unlike the unifiadequate calculational schemes in QCD. The multiple facets
cation scheme which characterizes the electroweak sector agsociated with this phenomenological scenario have been
the standard model, some topical aspects of quantum chrextensively discussed in the literature and R2f.presents a
modynamicgQCD) remain yet unknown and this has been adetailed outlook of the progress and present status of the
great challenge for decades. One point concerns some subtlarea.
ties emerging from its running coupling constant, which en- In addition to the intrinsic importance of high energy dif-
tails that high energy hadronic phenomena have been clasdractive physics associated with our limited theoretical un-
fied into two wide and nearly incongruous areas, namelygerstanding, a renewed interest in the subject may be seen in
largepr or hard processes and lgwy or soft hadronic phys- the last years. This, in part, is due to the DESY HERA and
ics. From a purely theoretical point of vie¢@QCD), these Fermilab Tevatron programs, but also to the advent of the
phenomena are treated through perturba’[ive and nonpertuﬂext accelerator generation, the BNL Relativistic HeaVy lon
bative approaches respectively, and this renders difficult &0llider (RHIC) and the CERN Large Hadron Collider
unified formalism able to describe the totality of experimen-(LHC). In fact, with these new machines it will be possible
tal data available on high energy hadronic interactions. Thé&0 investigatepp collisions at center-of-mass energies never
reason is that, despite the successes of perturbative QCD fgached before_ln accelerators, allowing comparative studies
the description of hardinelastio hadronic scattering and betweerpp andpp scattering at the highest energies, includ-
also the successes of non-perturbative QCD in treating statifg both hard and soft processes.
properties of the hadronic systems, theattering states in Presently, at this “pre-new-era” stage and due to ek
the soft (|Ong range) regioyet remain without Pure QCD of a Wldely accepted unified theoretical treatment of both
explanation: Perturbative approaches do not apply @ue elastic and inelastic channelst may be important to re-
nonperturbative formalisms are not yet able to predict thdnvestigateways of connectinghese channels, looking for
bulk of the scattering states. new information. Even if the treatment is essentially phe-
This soft hadronic physics is associated with elastic andiomenological, as explained before, the predictions shall be
diffractive scattering, characterized, experimentally, by sevchecked and may contribute with future theoretit@ICD)
eral physical quantities in both the elastic and inelastic chandevelopments.
nels, such as the elastic differential cross section, total cross TO this end, in this work we shall investigate some as-
section, charged multiplicity distributions, average multi- pects of both elastic and inelasp@ andpp scattering in the
plicities, and other§l]. In spite of the long effort to describe context of a particular phenomenological approach. Our goal
these data through a pure microscopic the@CD), our s to obtain simultaneous descriptions of some experimental
knowledge is still largely phenomenological and also basedlata from both channels; that is, our primary interest con-
on a wide class of models and some distinct theoretical coreernsconnections between elastic and inelastic hadron scat-
cepts, such as the Pomeron, odderon, impact parameter piering. Accordingly we shall base our study on one of the
ture, parton and dual models, Monte Carlo approaches, anmtost important principles of quantum field theory: unitarity.
SO on. For reasons that will be explained in detail in what fol-
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lows, our framework is the impact parameter formalismscaling in elastic scattering] and the KNO scaling in the
(geometrical approag¢hAt first, under geometrical consider- inelastic event$5]. For this reason, our main interest in this
ations, we shall not refer to quarks or gluons or partons, buvork is to correlate quantitatively the above scaling viola-
treat hadron-hadron interactions as collisions between contions and to discuss its phenomenological and dynamical as-
posite objects made up by elementary parts, which we shafiects. To this end, before we present the underlying formal-
generically refer to as “constituents.” At the end we discussism and results, we discuss in this section the physical
some possible connections between our results and thebservables to be investigated and the reasons for our
framework of QCD. Also, as shall be explained, our startingchoices concerning phenomenology and strategies.

point is the description of physical quantities that character-

ize the elastic channel ipp and pp scattering. We then A. Elastic channel
proceed to con;ider the ine!astic channel through unitarity e differential cross section is the most important physi-
arguments and in a geometrical approach. cal observable in the elastic channel, since from it other

Following other authorg3,4], we shall express the “com- ¢, antities may be obtained, in particular, the integrated elas-
plex (oyeralb hadronp rpulﬂphmty dI”StI’I_bUt_IOI’ls(Ine|aStIQ tic cross sectionr,, and the total cross sectian,, (optical
channel in terms of an “elementary” distributionassoci-  yheorem. The violation of the geometrical scaling may be
ated with an eIemerltary process taking pl_ace at given impach, 44 cterized by the increase of the ratig/ o, with the
parameterand the inelastic overlap function, which is con- energy at the CERN Intersecting Storage Rifig) and at
structed from descriptions of the elastic channel data. Th e CERN Super Proton Synchrotronﬁrﬁ%) regions

novel aspects concef@ a quantitative correlation between The diff tal i ields the elastic hadroni
theviolationsof the Koba-Nielsen-OleseiiKNO) scaling[5] € differential cross section yields the elastic hadronic
amplitudeF(q,s), by

(inelastic channegland geometrical scalin] (elastic chan-
nel) and (b) the introduction of novel parametrizations for
the elementary quantities based on geometrical arguments
and taking suitable account of the most recent dataamn
tact interactions With this general formalism, in addition to
the description of the elastic dataven at large momentum
transfer$, the hadronic multiplicity distributions may be
evaluated and an excellent reproduction of the experimental _
data onpp andap inelastic multiplicities is achieve{l7]. F(q,s)=|J bdbk(gb)I'(b,s), )
We also present predictions at LHC energies.

The paper is organized as follows. In Sec. Il we discussvhereb is the impact parameter angs the center-of-mass
the underlying phenomenological ideas, the data to be invesnergy.
tigated, and the strategy assumed. In Sec. Ill we present the As commented on before, despite the bulk of models able
theoretical framework connecting elastic and inelastic chanto reproduce the differential cross section data at |3?p,$
nels, the inputs from elastic scattering data, the novel paranand Tevatron energidg], an approach based exclusively in
etrizations for the elementary processes, the predictions fapCD is still missing. Obviously, because of &sft charac-
the hadronic multiplicities distributions, and comparisonter, a QCD treatment of the elastic scattering should be non-
with the experimental data. In Sec. IV we discuss in someerturbative. Along this line, despite difficulties, important
detail all the results obtained and the physical and geometriesults have recently been reached through the works by
cal interpretations. The conclusions and some final remarksandshoff and Nachtman{8] and Doschet al.[9]. The ap-
are the content of Sec. V. proach, based on the functional integral representation

In what follows we shall represent the main physical(QCD) and eikonal approximation, allows one to extract a
guantities associated with hadron-hadron Scatteringluark_quark profile functiony(b) (impact parameter spakce
(complex-overall systejrby uppercase letters and those as-from the gluon gauge-invariant two-point correlation func-
sociated with constituent-constituent interactid@emen-  tion, determined, for example, from lattice QC[10].

do

d =~ "IF@sl @

and this amplitude may be expressed in terms of the elastic
profile functionI(b,s) by

tary procesgby lowercase letters. Through the Fourier transforfranalogous to Eq(2) at the
elementary levd] the quark-quark scattering amplitude
Il. EXPERIMENTAL DATA AND PHENOMENOLOGICAL f(q,s) may be obtained:
CONTEXT
The broad classification in hard, s¢&nd also semihajd f(qu):iJ bdb(qb)¥(b,s). (©)

processes is based on the momentum transferred in the col-

lision. On the other hand, depending on the physical process One possible connection with the hadronic scattering am-
involved, high energy hadron scattering may also be classplitude, Eq.(2), is by means of the stochastic vacuum model
fied into elastic and inelastic processes and the latter intéSVM) [9] and some important results have recently been
diffractive (single and double dissociatipand nondiffrac- obtained[11]. However, presently, this theoretical frame-

tive. Concerningboth elastic and inelastic channelsne of  work still depends on some phenomenological inputs. Also,
the striking features that emerged from early experimentd is able to reproduce only the experimental data in the for-
was the violation of scaling laws, namely, the geometricaward region and/or very small values of the momentum
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transfer and does not distinguigtp and pp scattering(dip B. Inelastic channel
region), even at ISR energigd1]. . _ Concerning scaling in the inelastic channel, the quantity
Another way to obtain the hadronic amplitude from theof interest is the hadronic charged particle multiplicity dis-

elementary one is through Glauber's multiple diffraction tribution Py, normalized in terms of the KNO variablé,
theory (MDT) [12] and this plays a central role in our =N(s)/(N)(s), as

choices concerning phenomenology and strategies as dis-
cussed in what follows. (N)(s)Pn(2)=. (6)
Originally the MDT was applied to hadron-nucleus and

nucleus-nucleus collisiongl2] and after to hadron-hadron The broader distribution observed at thepS characterizes
scattering[13]. The topical point which interests us is the the violation of the KNO scaling, namelyh =®(Z,s).

allowed general connection between the complex quantity As in the case of elastic differential cross section data, a
(composite objegtand elementary quantitgonstituents In - wide class of models describes this behavior, such as, for
the case of hadron-hadron collisions, the connection betweeskample, dual partorj18], fireball [19], two-component

the hadronic amplitudécomposite objegtand the elemen- models[20], and others. Also, hadronic processes have been
tary amplitude(constituentsis also established through the extensively treated through Monte Carlo event generators
eikonal approximation. In this approach the hadronic profileand the Lund parton approa¢@1-23. However, we ob-
function, Eq.(2), is expressed by serve that, despite some QCD-inspired approaches and good
descriptions of some soft processes, all these formalims and

_ ix(b, . > . .
I'(b,s)=1-eX®9), (4) models are concernegkclusivelywith the inelastic channel
h and this is the topical point that distinguishes our strategy, as
where discussed in what follows. We shall also return to this sub-
ject in Secs. IV and V.
X(b,S)=CJ qdqd(qb)GaGef ©)

C. Strategies

is the eikonal functionG, g the hadronic form factord,the The connections between geometrical and KNO scalings
elementary(constituent-constitueptamplitude, andC does  \yere established a long time ago, by Dias de D@]sand

not depend on the transferred momentum. The above notazm and Yeung4]. However, we are interested here in their
tion [14] shall be useful for the discussion we are interested;iplations and the central point is the following: Does one

mn. need a new connection when the two phenomena are violated

In spite of their simplicity_, Eqs_(2), (4), and (5) are ex-  at the $)BS or can the two effects be correlated both phe-
tremely useful. Recently, with suitable parametrizations for

. ) nomenologically and dynamically? We will argue that the
the form factors and with the eIe_mentary amplltL(qequ— latter alternative seems to be prevail. Specifically, our goal is
quark extracted from a parametrization for the gluonic cor-

. ; to correlate quantitatively both violations in an analytical
relator through the functional approadmonperturbative N y Y

. . - way and we shall show that, beginning with a formalism that
QCD), Grandel and Weise obtained good descriptions of th%escribes quite well the violation of the geometrical scaling

differential cross secion data fpip andpp elastic scattering  (ejastic channel inpitit is possible to extend it and to de-
at ISR and $pS energies, but only in the region of small scribe, quantitatively, the violation of the KNO scaling in an
momentum transfef15]. On the other hand, excellent de- analytical way. We stress that this strategy distinguishes our
scriptions of experimental data, including also large momenapproach from all the other model and theoretical descrip-
tum transfers, have been obtained in a rather phenomenologiens of elastic or inelastic scattering that treat these interac-
cal context, through suitable parametrizations &y, Gg, tions separately, in an independent way or in distinct con-
and f [16]. Moreover, elementary amplitudes obtainedtexts.
through the SVM and the gluonic correlator from lattice  Since the connection betweerastic channel- inelastic
QCD have been investigated and also comparisons with enthannelis our primary interest, the approach shall be based
pirical analysis and model predictions have been discusseid direct analogy with the ideas discussed in Sec. Il A; that is,
[14,17. we consider hadron-hadron collisions as collisions between
We understand that all of these facts indicate that thecomplex objects, each one composed of a number of more
impact parameter formalisntand the eikonal approxima- elementary ones. As an extension of the Glauber multiple
tion), connecting the complefoveral) amplitude with the diffraction theory, which connects hadronic and elementary
elementary amplitudéconstituent-constituentEgs. (2), (4) elastic amplitudes, we shall consider the impact parameter
and(5), is a very fruitful and simple approach in the inves- formalism and also express the hadronic multiplicity distri-
tigation of elastic hadron scattering. As shown, it seems alsbution (complex systemin terms of elementary multiplicity
to be an adequate bridge between phenomenology and nodistributions (constituents The point is to describe a
perturbative QCD. These conclusions constitute one of théwide” distribution (hadroni¢ by superimposing a number
foundations of our approach and, as discussed in what folef narrower onegelementary [4]. What we shall do here is
lows, theextensions to the inelastic channel shall be basedo infer what these elementary distributions should be, in
on the general idea of connections between overall and elerder to reproduce the experimental data on hadronic distri-
ementary quantities in an impact parameter picture butions and in the context of the impact parameter picture.
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We hope that, as in the elastic case, this information can Now, let(n)(b,s) be the average number of particles pro-

contribute to further theoretical developments. duced atb ands, ¢ the elementary multiplicity distribution
and
IIl. UNITARITY AND IMPACT PARAMETER PICTURE N(s)
Unitarity is one of the most important principles in quan- z= (ny(b,s) (15

tum field theory. In the geometrical picture, unitarity corre-

lates the elastic scattering amplitude in the impact parameter KNO variable associated with the elementary process tak-
b space[l'(b,s), Eq. (2), with the inelastic overlap function ing place atb (ands). Then, in general,

Gin(b,s) by

_ O-N(bys) _
2 Rel'(b,s)=|T'(b,s)|2+Gin(b,s), (7) e=(M(b.S)Fg = #(29). (16)
which is term by term equivalent {@4] Both distributions are normalized by the usual conditions
[3.4]
Giot(b,5)=Ge(b,s) +Gin(b,s). tS)
For a purely imaginary elastic amplitude in momentum f ¢(Z)d2=2=f ®(Z2)zdz, (17
transfer space the profile functidi(b,s) is real and in the 0 0
eikonal approximation is expressed by - -
z dz=2=J z)zd 18
T'(b,s)=1—exg—Q(b,s)], ©) fo #(2) , $12)2dz 18
whereQ(b,s)=1Im x(b,s) in Eq. (4). With this, The relationship betweed and¢ then follows from Egs.
(10—(12), (14), and(16):
Giy(b,s)=1—exd —2Q(b,s)]=oi,(b,s) (10
,,.Gin(b,9)
is the probability for an inelastic event to take placé aind (N)(s) | d b(n)(b,s) ¢
sand o= (19
Jd2me(b,s)
am(s):f d?bGi,(b,s). (12)
Now, let us define anultiplicity function n{b,s) by the
In this picture the topological cross section for producingratlo
an even numbeN of charged particles at c.m. energ is (n)(b,s)
given by m(b,s)= TNY(S) (20
b,s
on(s)= f d*bon(b,s) = f d*barin(b,S) —Z{“((b S)) . so that Eq(19) becomes
T , Ginlbs) | Z
d“b 10
- . m(b,s) "\ m(b,s)
where the quantity in brackets can be interpreted as the prob- o= =d(Z,s). (21
ability of producingN particles at impact parametbr f d?bG;,(b,s)

A. Hadronic and elementary multiplicity distributions It is well known that connections between KNO and geo-

We now introduce the multiplicity distributions for both metrical scaling may be establishednif(b,s) =m(b/R(s))
an overall and an elementary processes in terms of correénd also G;,(b,s)=G;,(b/R(s)) [6], where R(s) is the
sponding KNO variable§5] and also the formal connection “geometrical radius.” In this casé(Z,s) is only a function

between these distributions. of Z.
Representing the hadronioveral) multiplicity distribu- The general resulf21) means that, once one has param-
tion by ® and the corresponding KNO variable by etrizations forG;,(b,s) and the elementary quantities

(multiplicities distributiony and m(b,s) (multiplicity func-
tion), the overall hadronic multiplicity distribution may be
evaluated. In this work we consid&;,(b,s) from analyses

) ) o of elasticpp andEp scattering datdtaking account of geo-
where(N)(s) is the average hadronic multiplicity &%, we  metrical scaling violationand infer the elementary quanti-

~ N(s)
=N

(13

have, in general, ties based on geometric arguments, as explained in what fol-
- lows. In so doing, we shall correlate quantitatively the
on(S o . ; .
®=(N)(s) N —d(Z,3). (14) violations of both KNO and geometrical scalin@$) in an
oin(s) analytical way.
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B. Elastic channel input: The BEL G,
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able from lepton-lepton collisionsvhich are processes oc-

In the elastic channel, the breaking of geometrical scaling!"MNg in @ unique angular momentum state and therefore

is quite well described by the black-edge-lat@&L) behav-

also at a given impact parameteero in this case Although

ior, analytically expressed by the short range expansion dhese processes cannot be the same as collisions between

the inelastic overlap functiof24,25

Gin(b,s)=P(s)exp{—b?%/4B(s)}k(x,s), (22

with k being expanded in terms of a short range variable
=b exp{—(eb)?/4B(s)}, i.e.,

eexp{1/2} 2n

2
2B(s) X @3

N
|<<x,s>=n§0 8an(S)

The quantity in the brackets of E(R3) by itself exhibits
GS for constant values o#2~0.78, butk(x,s) does not
because of thes dependence ofd,,(s) and therefore
G, (b,s) does not eithefalso because dP(s)]. Each term

hadrons constituenjst is reasonable, from the geometrical
point of view, to think thasome characteristics of both pro-
cesses could be similafhe point is to find out or infer what

they could be.

For these reasons we shall consider the experimental data
available ore™ e~ collisions as a possible source(tifnited)
geometrical information concerning elementary hadronic in-
teractiong(at given impact parameteie do not pretend to
look for connections betweea™e™ annihilations andpp

and pp collisions but to extract from the former processes
suitable information that allows the construction of the had-
ronic multiplicities (and the connections with the corre-
sponding elastic amplituglen an analytical way and in a
geometrical contextThis may be achieved for both andm

in the brackets of E¢f23) has a maximum value of 1 and the in Eq. (21) through the following procedure. .
rapid convergence of the series reproduces data for all values Analytical relation between multiplicity function and ei-

of —te (0, 14) Ge\t with N=3. Fork=1=P, we re-
cover the Van Hove limit forog/oyi=1—1/4(1-1n2)

konal First, in order to connect the multiplicity function
m(b,s) and the eikonak)(b,s) [3,4] [and so0G;,(b,s) by

~0.1853 which is nearly attained at the ISR. The deviatiorEd. (10)] in an analytical way let us consider the very
of k from the constant value of 1, in particular the increase osimple assumption that treverage multiplicity at given im-

5,(s) with increasings, is responsible for thedgierbehav-
ior of Gj,(b,s), while increasing values d?(s) and B(s)
make the protorblacker and larger, respectively(BEL be-
havior of the inelastic overlap functign

Excellent agreement with experimental data p and
pp elastic scattering is achieve@5] for the following pa-
rametrizations in terms of the Froissart-like variabe
=In?(s/sy) with s;=100 Ge:

0.908+0.02%

P9="TT0.00%

8,(s)=0.115+0.00094,
(24
B(s)=6.64+0.044y,

and &, determined fromd, in some modelq26] by &,
= 85/4.

C. Elementary hadronic process in a geometrical picture

We now turn to the discussion of tieéementary hadronic
process characterized by andmin Eg. (21). By construc-

pact parametedepends on the center-of-mass energy in the
form of a general power law

(n)(b fixed,s)><E], . (25

We shall discuss this assumption in detail in Sec. IV B.
Now, from Eqgs(10) and(11), exg —2Q(b,s)} is the trans-
mission coefficient, i.e., the probability of having no interac-

tion at a given impact parameter, and theref@reshould be
proportional to the thickness of the target, or as first approxi-
mation, to the energg. ., that can be deposited &t for
particle production at a gives By Eq.(25) this implies

(n)(b,s)Q"(b,s). (26)

Comparison of Eqs(20) and(26) allows us to correlate the
multiplicity function m(b,s) with the eikonal through a non-
factorizing relation(in b ands):

m(b,s)=£&(s)Q7(b,s), (27

tion, these quantities are associated with collisions of
strongly interacting hadronic constituents. As commented onvith £(s) being determined by the normalization condition
before, as a result of the success of geometrical models in thef the overall multiplicity distribution, Eq(18). With this,

investigation ofelastic hadron scatteringfor example, the
above BEL approaghand the present lack of jpure QCD
approach to and/or Monte Carlo models of the subjelzts-

Eqg. (21) becomes

tic and soft scattering stateswve shall discuss what agl- f d2b Gin(b,s) P A

ementary hadronicprocess could be in the geometrical £07(b,s) "\ £Q7(b,s)

framework and in an analytical way. Our arguments are as b= : (28
follows. f d?bGi,(b,s)

In the geometrical approach an elementary process is a

process occurring at a given impact parameter. Concerning

contact interactionsexperimental information isnly avail-

where
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10' : : : . Concerning this fit, we verified that data at 29 and 56 GeV
i ] make the highest contributions in terms pf values. For
1 example, if the former data are excluded, we obt&in
;Sg'g ggg 1 =10.62 andy?Npr=414/1812.29, and if both sets are
, 348 GeV excluded, therk =10.88 andy?/Npr=286/162=1.77. For
10" ¢ ©436GeV 1 comparison we recall that the DELPHI fit through a negative
v52.0GeV | binomial distribution to data at only 91 GeV givag/Npr
©56.0GeV =80/34=2.35 (and y?/Npgr=43/33=1.30 through a modi-
gg}:g ggg fied negative binomial distributiorf27]. However, we also
0l L <133 GevV | verified that the above two values firare not so sensitive
A161GeV ] in the final result concerning the hadronic multiplicity distri-
= i ] bution, which is our goalwe shall return to this point in Sec.
k-4 IVA). For this reason and since we are only looking for
R experimental information that could represent contact inter-
102 L -, actions(geometrical point of vieywwe consider our first re-
] sult shown in Fig. 1 as the representative one.
b Power coefficientFinally, following Eq. (25), we con-
] " sider fits to thee*e™ average multiplicity through the gen-
] eral power law
10° L4l \ 4
1 \
4 \ (Nere- =ALVS]". (31
I \ ]
\\ ] We collected experimental data at center-of-mass energies
“ \ above resonances and thresholds and also the most recent
1000 10 20 3.0 data at the highest energies, covering the interval
z 5.1 GeV =.s<183 GeV [28,29. Fitting to Eq. (31)

ields A=2.09+0.02,
FIG. 1. The KNO charged multiplicity distribution foe*e™ ylelds

annihilation datd27,28 and the fitted gamma distribution, E@0)

(dashed ling y=0.516+0.002, (32

with x?/Npe=409/46=8.89, and the result is shown in Fig.
2n 2. We observe that this parametrization deviates from the
db°G;,(b,s) : ) .
_ data above/s~100 GeV and this contributes to the high
&)= ' (29 value. However, as commented on before, we do not expect
2G. (b,s) Lo S ! .

db°Gin(b,s)Q7(b,s thate™e™ annihilation exactly represents the collisions be-

tween hadron constituents. The power law is a form which

Once the abovenalytical connectioris assumed, the el- allows ananalyticaland simple connection between the mul-

ementary hadronic process is now characterized by only tw§Plicity function and the eikon_:ill as expressed by £5). In h
quantities, namely, the elementary distributignand the Sec. IVB we present a detailed discussion concerning this

power coefficienty. We proceed with the determination of POWer assumption and in Secs. IVA and IVC, we discuss
these quantities through quantitative analyses’aé~ data thg ph_yS|caI meaning of. the differences between our param-
and under the following arguments. etrization and the experimental data @)+

Elementary multiplicity distributionBecause the elemen-
tary process occurs at a given impact parameter, its elemen- D. Results for the hadronic multiplicities distributions
tary structure suggests that it should scale in the KNO sense. \yith the above results we are now able to predict the
Now, since experimental information cm*e multiplicity  hagronic inelastic multiplicity distributiond(Z,s), Egs.
distributions shows agre_em_ent Wlt_h this scalif®y], we (28), (29), without free parameters(b,s) [and Q(b,s)]
shall base our parametrization for just on these data. In -gmes from analysis of the elastic scattering d&ms. (10)
particular, it is sufficient to assume a gamma distributionand(22)_(24)] and ¢(2) and y from fits toe* e~ data, Eqs.
(one free parametgrnormalized, according to Eq17), (30) and (31),(32) respectively.

We express® in terms of the scaling variable’
=N'/{N") where (N")=N(s)— Ny with Ng=0.9 leading
charges removed. It is well know30] that such a subtrac-
tion improves the KNO curves for all measured data below

A fit to the most recent data, covering the intervalthe $pS Collider with the above value ®,. This is com-
22.0 GeV =.s<161 GeV[27,28, furnishedK=10.775 pletely equivalent to the WroblewskB1] relation for the
+0.064 with x%/Npr=508/195-2.61 and the result is dispersion D=N?—(N)?=0.594 [(N)—N,] with the
shown in Fig. 1. same value oN,. Values ofN, around 1 and the numerical

K

1ﬂ(K)szlexp[—Kz}. (30)

¢(2)=2
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FIG. 2. The average charged multiplicity fet e~ annihilation
data[28,29 and the fitted power law, Eq31). FIG. 3. Scaled multiplicity distribution for inelastjrp data[33]
at ISR energies compared to theoretical expectations using Egs.
value of theD vs N can be found by parton model arguments (28),(29).
[32] for valence quark distributions. A. Sensitivity of the parametrizations
The predictions fopp scattering at ISR energies apg First we observe that the power coefficieptin Egs.

at 546 GeV are shown in Figs. 3 and 4, respectively, togethei28),(29) could, formally, be considered as a free parameter
with the experimental datf33,34). The theoretical curves in a direct fit to the data on the hadronic multiplicity distri-
present excellent agreement with all the data, showing a slowutions and, in this case, it would not be necessary to take
evolution with the energy at ISR for larg€ and reproduct- account of thee"e™ average multiplicity data. This, how-
ing the KNO violations for largeZ’ values at 546 GeV. In ever, leads to a strong correlation betweemnd the other

Fig. 4 is also shown the predictions at 14 TEVHC). two inputsGi,(b,s) and ¢(z). On the other hand, with our
procedure, the values and behaviors of the three inByts
V. DISCUSSION ¢, andvy are rougly uncorrelated and this allows tests of the

inputs by fixing two of them and changing the third. In what

In the last section we obtained a quantitative correlatiorfollows we perform this kind of analysis, beginning always
between the violations of both KNO and geometrical scalingWith the results obtained in the last section and considering,
In the framework of the impact parameter picture, Sec. Il A, separately, a change in each one of the inputs. Since we are
we only used four inputs, three parametrizations from fits tgnterested in the scaling violation, we shall base this study on
experimental data and one geometrical assumption, namewe,sglts for the hadronic multiplicity distribution only at the
(1) G;,(b,s) from fits to elastic scattering datBEL behav- collider energy.
ior), (2) ¢(2) from fit to e'e” multiplicity distribution data, 1. Changing G,
(3) the geometrical assumptiof27) concerning the multi-
plicity function m(b,s), and (4) the power coeficienty,
from fit to e" e~ average multiplicities data.

In this section, we first investigate the sensitivity of each

Among the wide class of models fd;, [2], we shall
consider a multiple diffraction modéMDM) and also the
traditional approach by Chou and Yahg7], as a class of

ation f f h . 1d i th geometrical modelGM). The reason is based on the discus-
parametrization from fits to the experimental data In the outgj,, iy Sec. |1 A. Also, as we shall show in Sec. IV C, these

put of interest, namely, the hadronic multiplicity distribution. 5 4els allow a suitable connection with the interpretations
Then, we discuss in some detail the geometrical assumptiofat can be inferred from our general approach.

concerning the multiplicity function and the power law. Fi-  Myltiple diffraction model This class of models is char-
nally, based on this study, we outline the physical pictureacterized by each particular choice of parametrizations for
associated with all the results from both geometricalthe physical quantities in EG5), namely, form factor& AB
phenomenological and QCD points of view. and elementary scattering amplituidd 4]. In particular, Me-
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10" : : : : ; factors in the impact parameter spd8&]. However, in the
] context of the multiple diffraction theory, it can also be
specified by the following choicgd44]:
10° Ga(q)=Gg(q)= S\ 72 (38)
2| 1+ | —
u?
f=1. (39
10"
- In Ref. [38] the parameterg. and C were dete@ined
N through fits to elastipp data at\s=23.5 GeV andpp at
o 546 GeV. Following the authors, we consider the parametri-
2 zations
10
C(s) +a,l ! b+ Dbyl (40
s)=a;+ayins, ——= ns.
1 2 Mz(s) 1 2
10° With the above double pole parametrization for the form
factors, the opacity, Eq5), is analytically determined and so
is the inelastic overlap function, E¢LO).
Results The results for the inelastic overlap function at
546 GeV are shown in Fig. 5, from both the MDM and the
10 s s s s GM, together with the BELG;, for comparison. In what
0.0 1.0 Z’Z;(I)V’/<1V’ 3.0 4.0 follows, we shall use the following notation for these param-
= > etrizations:GMPM | GEM | andGBE", respectively.
FIG. 4. Scaled multiplicity distribution for inelastjzp data[34] We then calculate the hadronic multiplicity distribution,
at 546 GeV compared to theoretical expectations using EqsEds:(28),(29), at this energy, by fixing bothy=0.516, Eq.
(28),(29) (solid line) and predictions at 14 TeYtashed ling (32), and the gamma parametrization for the elementary mul-

tiplicity ¢(z), Eq. (30), and usingGM°®™ and GEM. The
non and Pimente[35] obtained a good description of the results are displayied in Fig. 6 together with that obtained
experimental data opp and pp elastic scattering, above With GPE" (Fig. 4) for comparison.
Js=10 GeV, through the following choices: We observe that, for central collisioismall b), G},
andG:>M are very similar, buMP" has higher valuegFig.
5(a)]. This leads to the differences (Z’) at high multi-

BEL

Ga(@)=Gg(a)= 2 2\’ (33 plicities, as can be seen in Fig. 6. In the same way, the
1+ =1+ — differences betwee"°M, GEM | andGEF" at largeb [Fig.
@ B 5(b)] originate the differences igp(Z’) at small multiplici-
_ - ties. In all cases the physical picture is that large multiplici-
)= i[1-(q“a%)] (34 ties(largeZ’) occur for small impact parameters while graz-

ing collisions (large b) lead to small multiplicities, as one
would have naively expected.

The parametera® and 82 are fixed and the dependence  An important conclusion is that, witly and ¢(z) fixed,
on the energy is contained in the other two parameters: the hadronic multiplicity distributions obtained withi'\{',DM ,
GEM | andGBE" reproduce the experimental data quite well.

[1+(q¥a®)?]’

_ 2
C(s)=&exp{&4In(s)]7}, (35 \we shall return to this point in Sec. IV C.
2 _
Q)= &lin(s)]%, (36) 2. Changing the elementary distributiog
whereé; , i=1,2,3,4, are real constants. The reason for these As a pedagogical exercise, we shall consider only an early

choices and physical interpretaions are extensively discussdrametrization introduced by Barshay and Yamag(@9j,
in [36]. With these parametrizations the opacity function

_ 81x72 3 O ’
Q(b,s)=Im x(b,s) 37) epy(2)= o4 z°exp — Ez . (42
is analytically determined and then the inelastic overlapThis function was used in the analysis@fe™ multiplicity
function through Eq(10). distributions at lower energies and, as can be seen in Fig. 7,

Geometrical modelln the geometrical approach by Chou does not reproduce the data at higher energies as well as the
and Yang, the essential ingredient is the convolution of formgamma parametrization.
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FIG. 5. Inelastic overlap functions fap collisions at 546 GeV,
predicted by the multiple diffraction modéMDM ), geometrical
model (GM), and the short-range-expansion, black-edge-large ap- FIG. 7. Same as Fig. 1 with the Barshay-Yamaguchi parametri-
proach(BEL): (a) central region andb) large distances. zation, Eq.(41).
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FIG. 9. Same as Fig. 2 with three power-law parametrizations:
FIG. 8. Same as Fig. 4 with two different inputs for the elemen-y=0.516 (solid line), y=0.500 (dotted ling, and y=0.396 (dot-
tary multiplicity distributions: gamma function, E0) (solid line) dashed ling In the last case only data above 10 GeV were fitted.
and Barshay-Yamaguchi parametrization, Hgl) (dot-dashed
line). Fig. 2. To this end, we consider only the data above 10 GeV

(25 data pointsand the general power law parametrization.
As before, we now proceed by fixing both=0.516 and  With this procedure we obtained

GEEL and using the above parametrization for the elementary
distribution. The result for the hadronic multiplicity distribu- (NYg+o- = 3.46 \/5]0-396-0.008 (43)
tion at 546 GeV is shown in Fig. 8, together with the result
obtained with the gamma parametrization for the elementary,;ip, Y2 DOF=27/23=1.7.
process(Fig. 4). The broader width ofpgy(z) as compared The result is displayed in Fig. 9 together with Eg2)
with that of the gamma distribution is directly reflected in the 5,4 our original parametrization, Eq82),(32). We observe
hadronic multiplicity. Despite the differences between thethat, concerningg*e~ average multiplicity, Eq(43) brings
two parametrizations for the elementary process the final reqtormation from data at high energigeughly above 50
sult for the hadronic distribution witkpgy can yet be con- GeV), while the original parametrization, Eq81),(32), is in
sidered as a resonable reproduction of the experimental datégreement with data at smaller energieslow ~100 GeV)
and the same is true for the parametrization with &g).
As before, we now calculate the corresponding hadronic
Finally, we consider different parametrizations for the multiplicity distribution by fixing both the gamma parametri-
e"e” average multiplicity data in the interval 5d/s  zation for the elementary distribution, E30), and the
<183 GeV, but under the assumption of the power depenGh-", Egs.(22—(24), and considering the three parametri-
dence. We shall discuss this assumption in the next sectioizations for the average multiplicity, EqR1),(32), (42), and
First we consider the naive parametrization based on th&43). The results at 546 GeV are shown in Fig. 10.

3. Changing the power coefficieny

thermodynamic mode(see the next sectign We conclude that, in the context of our approach with the
fixed inputsGEE- and gamma parametrization fg(z), the
(NYere=2.2(0 \/5]%5% (42)  information from thee™ e~ average multiplicites at high en-

ergies with the power law does not reproduce the hadronic
For the above ensemble of data one obtaif§ degrees of multiplicity distribution. That is, the elementary average
freedom(DOF)]=209/48=4.35. multiplicity distributions in hadronic interactions must devi-
Second, and more importantly, we shall investigate theates from the(n).+.-(s) as the energy increases, roughly
effect of the data at the highest energies, which are not reabove~50-100 GeV. We shall discuss the physical inter-
produced by our original parametrization, as can be seen ipretations of this result in Sec. IV C.
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10" : : : : and hydrodynamical model$ieisenberg, Landail40]. For
example, taking account of the inelasticity, in the Landau
model, the fact that the averaged multiplicity is proportional
to the total entropy leads to the res[4L]

(N) k¥ \Js]12 (45)

Dependences osl'? are characteristic of the Heisenberg and
Pomeranchuck models and evslf appears in the Landau
model when viscosity is taken into acco(id0]. In the con-
text of termodynamic models, a universal formula was dis-
covered for proton targets and for energies below
~50 GeV: Data includingy, =, N, andp collisions with
p were quite well reproduced b§N)=1.75 s'**[43]. Con-
cerninge®e” data on the average multiplicity this model
suggestedn)=1.5 s*8 and pure fits to low energy data fur-
nished (n)=(2.2+0.1)s%2>%91 and also (n)=(1.73
+0.03)s%3#001144 45. Moreover, the power law, with the
exponent 1/4, was successfully used in the context of the
parton model, either connecting KNO and Bjorken scaling
[46] or treating directly the violation of the KNO scaling
[32].
The power law may also appear under more general argu-

. \ ments. For example, suppose that an intermediate Stae
0.0 10 20 3.0 2.0 ball) of invariant massVl = \/s decays into two systems each

Z'=N'|<N"> of invariant massvl;=M/c, wherec is a constant. Suppose

also that similar processes continue through some sgps

_ FIG. 10. Same as Fig. 4 using the three different parametrizag e qjye cluster productipmntil the masses reach a valik,
tions for the elementary average multipliciiyig. 9 and same leg-

end (some minimum ressonance magsis easy to show that the
' final multiplicity reads[32]

(Z%)

10°

10°

10

B. Multiplicity function and the power assumption nec[ \/g]ln 2/In c (46)

We now turn to the discussion of a crucial assumption in
our approach, namely, that teéementaryaverage multiplic-  for example, forc=4—nx=s'* The exponenty (our nota-
ity at fixed impact parameter collisions grows as a power otjon) may be inferred front =27, so that highery values
the center-of-mass energy. To this end we shall first brieflyimply higher split masses in each stéjpr y=0.516-c
recall some aspects of the power law in hadron-hadron and 3.8).
e*e” collisions, both in experiment and theory, and after, Based on the above review, we see that the power law is
based on these ideas, we shall present a discussion concesmaracteristic of several analyses of experimental data on
ing the use of this assumption in our approach and also theadron-hadron and*e™ collisions and also several theoret-

meaning of the multiplicity function. ical approaches and models. Now we shall discuss this law in
From the early 1960s cosmic ray results on extensive aithe context of our approach.
showers, at energieB,,<10°-10 GeV, led to empirical First let us stress that in our formalism this assumption

fits of the type(N)<E{/} «[ \/s]¥? (see[40] for a review. A concerns anelementaryhadronic process taking place at
general power law with the exponent as a free parameter wdixed impact parameter.ilhus, it does not pretend to repre-
used a long time ago, in order to allow analytical connectionsent the average hadronic multipliciti(s)). Also, we used

in analyses of cosmic ray ddt41]. Also, in the beginning of e*e™ data only as a possible source of information on con-
the 1960s, these investigations introduced the concept of irtact interactiongfixed b) and therefore the power assump-
elasticity[40]. This comes from the observation that the en-tion does not pretend to represent the average multiplicity in
ergy effectively available for particle production could not e*e™ collisions. This is a subtle point in our approach and
be identified with the c.m. energy, as believed before 1953ve would like to discuss it in some detail.

(Wataghin, Fermi, Landaubut only with a fraction of it: The main reason for the power assumption was to obtain
an analytical and simple connection between the multiplicity
W=ky/s. (449 functionm(b,s) and the eikonal, Eq27), which allows the

general analytical connection between the elastic and inelas-
The remained (% k) \/'s was associated with the early named tic channels. Since it is typical of several kind of collisions,
“isobar” system, presently known as the leading particle. as reviewed above, it is not unreasonable that it could repre-
From the theoretical side, the power dependence emergesgnt an elementary hadronic process taking place at fixed
in the context of statistical model§ermi, Pomeranchu¢k impact parameter. Just for its elementary chara@tegiven
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b), there seems also to be no reason to include any inelagf the exponenty. This exponent, in turn, comes from the
ticity effect (leading particlg in the basic assumption repre- elementary average multiplicity dependence with the energy,
sented by Eq(25). That is, it seems reasonable tab(b  Eg. (31), and therefore is associated with tefectivenum-
fixed, s) may be just proportional only t&! . ber of colliding constituents in the hadronic process.

The multiplicity functionm(b,s), as defined by Eq20), Based on the above observations, the physical picture that
connects the hadronic and elementéay givenb) average emerges is that the energy evolution of the hadronic multi-
multiplicities. With the power assumption and the geometri-plicity distribution is correctly reproduced by changing only
cal arguments of Sec. IlOn(b,s) may be expressed in the overlap function, without tampering with the underlying
terms of the eikonal and the power coefficiantThe subtle more elementary procesg). The geometrical evolution of
point in our approach is that, since by definitior{b,s) is  the constituents of the hadron is responsible for the energy
proportiona| also to the average e|ementary mu|tip|icity atdependence and not the dynamical interaction itself. This is
given b, the coefficienty was determined by a fit to data What one would expect if the underlying interaction is unique
available on contact interactions. In this sense, the moddRCD) but the relative importance of the constituents in-
“imposes” the power law and theTe™ data are Supposed volved in collisions changes with ener@'mdicated by the
to provide limited, but possible, information on contact in- €xponenty).
teractions. We showed that with the power assumption, information

These considerations may allow us to infer a distinctiorfrom e" e~ data above, say; 100 GeV leads to an under-
between thee™ e~ average multiplicity and what this quan- stimation of the hadronic multiplicity ditributioiFig. 10).
tity could be in an elementary hadronic process. SpecificallyThis means that the average multiplicity in an elementary
we showed in Sec. IV A that data on the average multiplicityhadronic process must increase with energy faster than that
in e"e™ collisions, presently available above 5 GeV, cannotassociated wite" e~ collisions. This result seems quite rea-
be reproduced by the power law. For example, a second d&éonable since, in a QCD-guided approach, we expect differ-

gree polynomial in Irs gives a quite good fit to all the data €nt cc_)ntributi_ons from gluon-ququ interactions than those
above 5 GeV: associated with lepton-lepton collisions. As the average mul-

tiplicity increases, the relevance of the original parton de-
(N)e+e-(8)=0.0434+0.775Ins+0.168Irfs,  (47)  creases, so that at high energ&ee™ can serve as a good

first guide to quark-quark, quark-gluon, and gluon-gluon
with x*/DOF=145/45=3.2. However, besides, this param- multiplicity distributions. In a parton modelfollowing
etrization does not allow an analytical connection with theQcp), this effect above~100 GeV may be interpreted as
eikonal; we showed that, with the power law, the behavior ofthe onset of gluons interactiof32]. The faster increase rep-
(N)e+e~(s) at energies above-50 GeV does not lead to & resented by our power law with=0.516 (Fig. 2) may be
dESCI’iption of the hadronic mu|t|p|ICIty distribution. In other atributed to the full development of the gluonic Structure’
words, in the context of our approach, the increase of thegther than the quarkvalence structure.
elementary average multiplicity with energy in hadronic col-  These “microscopic” interpretations are also directly as-
lisions must be faster than that observedire™ collisions.  ggciated with the BEL behavior, since its origin may be

This is not the case at lower energies, since the power lawaced either to gluon interactions in the eikonal formalism

with y=0.516 gives a satisfactory description of e~ [47,4g or to the increased size of spot scattering in the over-
data. In the next section we discuss the physical interpretgap function formalisn{49].
tions associated with these observations. As commented on before, a novel aspect of this work
concerns the simultaneous treatment of both the elastic and
C. Physical picture inelastic channels. Specifically, we started from elastic chan-

Based on the results of Secs. Il and IIl, we now discusdie! descriptions ¢p and pp differential cross sectionsand
the physical picture associated with the scaling violations€xtended the results to the inelastic charinalltiplicity dis-

specifically, with the evolution of the hadronic multiplicity tributions. In this sense, we expect that the physical picture
distribution ®(Z') from the ISR to the collider and LHC from both channels should be the same. Besides the micro-

energies, Figs. 3 and 4. scopic interpretation associated with the B&l,(b,s), even
From Eq.(21) the hadronic multiplicity® is constructed if we consider the naive models represented by the MDM
in terms ofG;, and the elementary quantitigsandm. Inour ~ and the GM, discussed in Sec. IVA, the same scenario

approach,p scales and so does not depend on the energMerges. In fact, in both models the elementary interaction,
The multiplicity function m(b,s) is connected withG;,, represented by the elementary elastic amplitt(dgs), does

through Egs(10) and (27), not depend on the energy, Eq84) and (39). The energy
dependence is associated with the form facdgq,s) and
m(b,s)=&(s){In[1—G;,(s,b)]}?, (48)  the “absorption constant'C(s). The former, through the

associated radius
where ¢ comes from the normalization conditi@@9). Both
&(s) andm(b,s) depend on the power coefficient which R2(S)— — 6 dG 49
is a constant determined from the fit through B1). There- (s)= W , (49
fore, the evolution of the hadronic distribution with energy =0
comes directly fronG;,(b,s) and depends also on the value describes the expansion effégeometry. The latter is asso-
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ciated with absorptiofblackening in the context of the geo- and inelastic channels. In particular we correlated quantita-
metrical (Chou-Yang model and to the relevant number on tively the violations of the geometrical and KNO scalings in
constituents in the context of the multiple diffraction theory an analytical way. The physical picture that emerges from
[12] Therefore, we also conclude that the elementary interboth channels, fopp andap collisions above~10 GeV, is
action is unique(does not depend on the eneygput the  the following. The dependence of the physical quantities
geometrical evolution of the constituents and its releventyith energy (elastic differential cross section and inelastic

number in collisions changes as the energy increases.  multiplicity distributiong is associated with the geometrical
evolution of the constituents and the relative importance of
V. CONCLUSIONS AND FINAL REMARKS the constituents involved in the collisions. The underlying

. . . elementary process or interaction does not change with the
The underlying theory of hadronic phenomena is QCD'energy. This is in agreement with what could be expected

As commented on in Secs. | an'd !I, depi'te' all it; successeg, QCD.

the theory has prese_ntly some limited _eff|C|ency in the treat- With this kind of approach the correct information ex-
ment_of_ soft hadron_|c processes, mainly relat_ed to lmmeqracted from the elastic channel is fundamental. Our predic-
descrlptlons of physical quantities froboth elastic and in- tion at LHC energies was based on extrapolations from
elastic channels. Moreover, some QCD approaches are basgﬂalysis at lower energies and so has a limited character.

moi?n);tevcz“ﬁclj\gcr);fng?;lgt Cg:fhu;ﬁt'%nfﬁeigdtggﬁﬁiehne'ggréh'ﬁ_hiS observation, and obviously other considerations regard-
point, ’ 9 4 P 'th different models, points out the importance of complete

tsr?;t igffgerg|t0(ﬂ;°;fxffemﬂz?éagﬁ§' ;itrmlzlqsce;r::r?:alc?r ncmeasurements of physical quantities associated with the elas-
y Y N ac channel at the LHC, which is not only total cross sections

theoretical understand of the hadronic interactions, mainly i ut also thep parameter and differential cross sections at
large momentum transfer.

we think in connection with the first principles of QCD.
At this stage, it seems that phenomenology must play an Based on the limitations referred to in this section, we do
not pretend that the forms we inferred for the hadronic

important role to bridge the gap or, at least, to indicate or
2‘;&?5;‘;2\%?05&?”25 ?{!}Clt"rl]aet'gtnr?;rsﬁgi?e;”f%;urtﬁg;;&%_bnstituent-constituent collisions, multiplicity distribution,

. P ) St P and average multiplicity are a conclusive solution. However,
enological approaches presently available have also ve

) . . .
R . - . e hope that, at least, they can bring new information on
limited !ntervals of vaI|d|§y and efﬂqency in the treatment O.f what some aspects of an elementary hadronic process could
hadronic processes at high energies. One of the serious limj-

tations of the geometrical approach is the difficulty in di- =
rectly connecting its relative efficiency with well-established
microscopic ideasQCD). However, it has not been proved ACKNOWLEDGMENTS
that this direct connection cannot be obtained.
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