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Leading particle effect, inelasticity, and the connection between average multiplicities
in e*e” and pp processes
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The Regge-Mueller formalism is used to describe the inclusive spectrum of the profgm dnllisions.
From such a description the energy dependences of both average inelasticity and leading proton multiplicity are
calculated. These quantities are then used to establish the connection between the average charged particle
multiplicities measured i®* e~ andpp/pp processes. The description obtained for the leading proton cross
section implies that Feynman scaling is strongly violated only at the extreme valges tfat is at the central
region Xg~0) and at the diffraction regionxg~1), while it is approximately observed in the intermediate
region of the spectrunjS0556-282(99)01303-X]

PACS numbds): 13.85.Ni, 12.40.Nn, 13.65.i

I. INTRODUCTION whereN(W) is a universal function of the energy available
for multiparticle productionWV, (ng) is the average leading

It is experimentally well known that the energy depen-particle multiplicity, and(k,) is the average inelasticity. In
dence of the charged particle multiplicities &'e~ and  [2] and[3], the quantities related tn,) and(kp) are sup-
pp/pp processes exhibit a quite similar behavior. In the lateposed to be constant. In particular[Bl they are determined
1970s, experiments analyzimg collisions at the CERN In- by a simultaneous fit ofn¢p)e+e- and(nep),, data.
tersecting Storage Ring$SR) collider [1] have shown that Our procedure, instead, consists in obtaining these quan-
the total center-of-mass energjs is not used for particle tities ((n,) and (kp)) not from fitting (Ngp)e+e- and
production; instead, a considerable fraction of the availabl¢n,),,, but in a totally independent way, from the inclusive
energy is carried away by the leading proton. These experieactionpp— pX, paying particular attention to their energy
ments have shown that a more adequate way of comparingependence. After doing that, the obtairfeg) and(k,) are
average multiplicities from different reactions is in terms of applied to Eq.(2) via a parametrization of Eq1) and the
the amount of energy effectively used for multiparticle pro-result is compared to data in order to verify to what extent
duction. The problem is how to determine this quantity.  such a hypothesis is acceptable.

Observations such as these have inspired several attemptsThis procedure seems to be very well defined and
to describgn¢p)e+e- and(nen)pp by @ universal function. In  straightforward, but it should be noticed that it drives to
Ref. [2], for instance, two corrections are made to comparesome difficult problems. The question is that it requires a
these quantities: the energy variable {agn),, is corrected  previous knowledge about the energy dependence of the in-
by removing the portion referring to the elasticitire frac-  elasticity and about the behavior of the average leading par-
tion of the energy taken by the leading partjcé@d then the ticle multiplicity which constitute themselves problematic
average leading proton multiplicity is subtracted. A similar subjects. In particular, the energy dependence of the average
idea is followed in Ref[3] where attempts are made to es- inelasticity is a very much disputed question since there are
tablish this universal behavior by fitting. opposite claims that this quantity increagds-7] or that it

In the present paper, we analyze the same subject by follecrease$8—10] with increasing energy at quite different
lowing an analagous point of view, but rephrasing the prorates. In spite of the models predicting extreme behaviors,

cedure in the following way. It is assumed that, iféfie”  i.e., very fast increase of the inelasticitjke in [6]) or very
collisions the average charged particle multiplicity is givenfast decreasglike in [8]), most of these analyses referred
by here report the average inelasticity as having a smooth and

slowly changing behavidr.This is once again verified here

in a different way.
(Nenyere-=N(Vs), 1) The idea of discussing the energy behavior of the average
inelasticity in connection with the energy dependence of
(no) and(ky) is not new. Of particular interest to the present
work is an analysis with this purpose performed by[H®].
He has extracted values of the average inelasticity by using

— arguments similar to those given above and obtained results

(Nen)pp=(No) + N((kp) V), @ pretty much in agreement with the predictions of R@&.

then in pp/Ep collisions we have

*Present address: Instituto désiem Tewoica, Universidade Es-
tadual Paulista, Unesp, 01405-000032aulo SP, Brazil. IFor a recent account on this subject from the viewpoint of
TEmail address: covolan@ifi.unicamp.br cosmic-ray data, see R¢fl1].
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5 © Aguilar-Benitez e al. (100 GeV/e) ] zation[14] oi,e/(S) =56 s~ °%+18.16 s> (mb) to repre-
S w0k = P—>PX 1 4 sent the inelastic cross section within the energy range where
b g ] multiplicity data are included, and the inclusive cross section
g ] is simply given byo;,=/(do/dxg)dxs. Thus the whole
8 1 analysis depends on the knowledge of the leading particle
10"k . spectrumda/dxg (Fig. 1) and its evolution with energy. The
] obtainment of this spectrum is detailed in the discussion that
: : o] follows.
Xp ] The invariant cross section for the inclusive reactadn
107 Lo D — S S E— D X is given
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FIG. 1. Inclusive spectrum for the reactiopp—pX and pp EF: _s W' ()
—pX (in the insel. Data from[1,21,23. The solid curves are the P T F APt

results of the fit described in the text calculated for 400 GeV/
wherexg=2p, /s is the Feynman variable for the produced

We shall argue below that such an agreement is probably d eartlclec andE, p., prare respectively its energy, longi-

) L tdinal and tranversal momenta. Particularly in the diffrac-
to the fact that two important effects are missing in his analy-. . L X
sis tive region kg~1) such a quantity is usually expressed in

Another controversial question involved in the presentterms of

analysis(but treated here jusin passantis that referred to

unitarity violation in diffractive dissociation processes. This d®c s d?% xg d%o

is an old-standing problem that has come back to the scene Ed_p3: 7 dt dM2 :7T_XF dtd¢’ 6)
due to the fact that recent measurements on hard diffractive
production of jets and W's revealed a large discrepancy be- ) ) )
tween data and theoretical predictions. In R&g], it is pro-  With Xg=2E/ Vs, é=M?/s=1-x¢ and —t=mZ(1—xg)?
posed that such a discrepancy in hard diffraction has to d&r+ P3/X . Variable M? is the missing mass squared de-

with unitarity violation in single diffractive processes. Since fined asM?=(p,+ p,—p.)*.

we are going to describe the inclusive reacigm—pX, we The procedure to calculate the invariant cross section em-
have to face this problem in the region of the spectrum wher@loyed here comes from the Regge-Mueller formalism which
diffractive processes are dominant. consists basically of the application of the Regge theory for

A by-product of the present analysis is a complete paramhadron interactions to the Mueller’s generalized optical theo-
etrization for the reactiopp— pX in the whole phase space. rem. This theorem establishes that the inclusive reaction
This is obtained basically within the Regge-Mueller ap-—CX is connected to the elastic three-body amplitude
proach[13], but including the modifications suggested in A(abc—abc) via
[12] for the diffractive contribution.

The paper is organized as follows. In Sec. Il we present PBo 1
the theoretical framework used to describe the leading par- E— (ab—cX)~ = Disgy2A(abc—abo), (7)
ticle sprectrum. Section Il is devoted to show how this for- dp® S

malism is applied to describe the experimental data. In Sec.

IV we discuss the connection betweeMcp)e+e- and  where the discontinuity is taken across th cut of the

(N¢p)pp- Our main conclusions are summarized in Sec. V. elastic amplitude. It is assumed that this amplitude in turn is
given by the Regge pole approach. Different kinematical
limits imply in specific formulations for the invariant cross

[l. LEADING PARTICLE SPECTRUM section at the fragmentation and central regions. In the fol-
lowing, we specify the concrete expressions that these for-
In order to perform our analysis, we need to calculate thanulations assume in such regiofdetails can be found in
guantities [13)).
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P with the triple Pomeron coupling determined from data as
’ ’ ’ ‘ ‘ gp=1.21 GeV.
p
n

P ‘ Since this scheme to calculate the diffractive contribution
P

P
PP .7 R~/R is not the usual one, some comments are in order. The usual
P P P derivation of the triple Pomeron model gives Ed0), the
standard flux factarinstead of Eq(9), the renormalized one.

? The problem is that the standard flux factor drives to strong
FIG. 2. Triple-Reggeon diagrams considered in the presenunitarity violation and therenormalizationprocedure was
analysis for the reactiopp— pX. The particles corresponding to conceived12] as anad hocway to overcome this difficulty.
the external lines are all as in the first diagram. These diagramélthough a rigorous demonstration of the renormalized
represent the contributions that are dominant in the fragmentatioscheme is still missing, it is acceptable in the sense that it

region. provides a good description for the experimental data at the
. . diffractive region(see a detailed discussion [ih8]).
A. Fragmentation region The pion contribution ¢#P) is given by[19]
In our description, the invariant cross section for the re- &
action pp—pX at the fragmentation region is compounded o B
of three predominant contributions which are determined (ng) P_fw(f't)x‘pr(sf)’ (14)
within the triple Reggeon modgthis is the particular formu- i
lation that Eq.(7) assumes in the beam fragmentation regior\Nhere
with the limitsM2— o ands/M?— [13]]. These contribu-
tions, depicted in Fig. 2, correspond to Pomeron, pion and )
Reggeon exchanges and are referred to as f(£)= i g9 t] ebv(t—pz)gl—Za.n(t) (15)
PPP, #=«P, RRP, respectively. e A A (t—p?)2

In the diffractive region, thé’PP contribution is domi-
nant and(we assume for the reasons given belasvgiven and a_(t)=0.9(t— p2) with p2=m2=0.02 Ge\?. We fol-

by low [20] in fixing the coupling constant ig?/47=15.0 and
d2o puttingb =0 (see alsd19]). The pion-proton cross section
(ﬁ) =fp el E,1) X Tpy(SE) (8)  0.p(5£)=10.83 (6£)*1927.136£) %% (mb) is taken
tde/ L from [17].

] ) If one considers only the diffractive and near-to-
where f}, red €,t) is the renormalizedPomeron flux factor yjffractive regions and lowp; (—t~0.0-0.1 Gel\?), the

proposed ir{12] with the parameters defined [15], that is  contributions outlined above are enough to provide a good
description of the available dataee[18]). However, when

fred €)= fe(£,0) (9) one wants to consider largpr andxg<<0.9, at least a third
e N(s) contribution is required. That is the reason why we introduce
_ ] the Reggeon contribution.
with the Donnachie-Landshoff flux factdt6] The Reggeon contributiorRRP) is determined by
(0= 22 pipyg-zont (10 d%o
e 167 1 dtdé =fr(&,1) X ogp(sé) (16)
RRP
and
with
1 t=0
N(s)=f f fp(&,t)dtdé. 1)) B2
156J —o fR(g,t):FO]ReZDR’[5172aR(t), 17)
T

In the above expressionB,(t) is the Dirac form factor,

and
(A4m?—2.79) 1

Fi(t)= (4m2—t) (l_ tl)z,

(12 o rp(SE) = Borgr(sé)“. (18)

0.7

In this case, the trajectory is assumed todagt) =0.5+t
the Pomeron trajectory isap(t)=1+e+a’t with e  Wwhile the constantg,=(B3:9x) andby remain to be deter-
=0.104, a'=0.25 GeV? and B,=6.56 GeV'!, deter- mined from data.
mined from[17]. In Eq. (8), the Pomeron-proton cross sec-  Thus, with the expressions and parameters given above,
tion is given by the PPP and =« P contributions are completely specified;

only the RRP contribution remains to have the final param-

opp(M?) = Bogp(sé)© (13)  eters determined.
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P P The expressions given above could be enriched by detail-
ing the Reggeon exchange in termsfof p, w, a,, and

i P - taking into account all crossed terms, but in fact we are pur-

P P P suing here a minimal description in which only the dominant
and effective contributions are considered. We shall see be-

. » low that these contributions are enough to provide a good

description of the available data.
FIG. 3. Double-Reggeon diagrams considered in the present
analysis for the reactiopp— pX. The particles corresponding to
the external lines are all as in the first diagram. These diagrams IIl. DESCRIPTION OF EXPERIMENTAL DATA

represent the contributions that are dominant in the central region. _ ) _
Experimental data on leading particle spectrum are very

B. Central region scarce. A compilation fopp— pX is shown in Fig. 1 where
fata from three experimenf4,21,29 are put togethefthe

In order to describe the leading particle spectrum in th - ’ i )
curve and the insert in this figure should be ignored for the

central region, we use the double Reggeon m¢iig] that

gives the invariant cross section as momenj. As can be seen, a pretty f_Iat spgctrum is exhibited,
except forxg~1 where the typical diffractive peak appears.

dic , |t 2i(0) =1 ] @0 -1 The problem that arises when one tries to describe the

Ed_p3 = |§;’ vij(m7) % S , (19 pp— pX reaction in the whole phase space is that the avail-

able data are not enough to determine unambigously each
where m;=(p3+ mf)) 12 is the transversal mass, and On€ of the _contributipns outlined above. One may have noted
——myyJs € Yandt=—my\s €& are the Mandelstam vari- N the previous section that we have sgmr_nanzgd all second-
ables given in terms of the rapidigy= In[(E+p,)/my]. Func- &y Reggeon exchangesxcept for the piohin a single con-

tion ~;;(m?) corresponds to the product of the three verticedfibution denoted bt and the reason is the following. When

of the diagrams depicted in Fig. 3. These diagrams represefif'® analyzes, for instance, total cross section déta in

the contributions taken into account in the present analysid17)). it is possible to establistto a certain extentthe rela-

PP, PR+RP, and RR (pion contributions are not consid- tive amount of the different contributions. Actually, this is
ered in this case because they are totally covered by thenforced by the changing shape exhibited by the data in dif-

others. ferent regions. That is not the case here because out of the
We assume for the coupling functiom(m%) a simple diffractive region the spectrum is pretty flat and that makes it
Gaussian form, difficult to discriminate the regions where the different ex-

, change processes contribute the most. Thus, in order to es-

Yij (m%) = Fije‘aiJmT, (20 tablish how the expressions outlined above are summed up to

compose the observed spectrum, we have to follow a particu-
wherel’;; is a constant that already embodies the product ofar strategy.
the couplings belonging to the triple and quartic vertices. gjnce our intention was obtaining an acceptable descrip-
With these. definitions, the invariant cross sections for thgig for pp—pX data in the whole phase space, we did not
three contributions become use in our fitting procedure the data shown in Fig. 1 which
PBo , represent only th&--dependence. Instead, we have set those
( E—) =T ppe 2rrM(my Js)2e, (21) data apart to be used only at the end to check our final results
PP which, in fact, were obtained with distributions giving in
terms of bothxg and p; dependences.
2 Our procedures to determine the contributions at the cen-
(E—) = 2T pre” M (mys)<F er@1 tral and at the fragmentation regions are quite different. The
PR+RP main problem is that these regions overlap each other and
X cosh (1+ e— ay(0))y], (22) thus it lis .practically impossiblt_e to _sgparate th@mestablish
clear limitg. To overcome this difficulty we assumed that,
and except for normalization effects, thg andp; dependences
of the proton produced in the central region through the re-
ZFRPe_aRRm$( mT\/g)Z(aRw)—l)_ 23 action_p p— p_X is the same as for.the antiproton pro_dl_Jced .in
R pp— pX. This assumption was implemented by fitting si-
RR multaneously the data shown in Figs. 4 and[Z3,24
through the expressions

Ed30'
dp®

In the above expressions agair;(0)=0.5 and e=0.104
[17]. Differently from the fragmentation region where almost
all parameters are already established, in this region almost

all of them(expect for the intercepts just mentionedust be 2This peak is absent from the Aguilar-Benitezal. data due to
fixed from data. trigger inefficiency forx>0.75 in this particular experimef21].
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FIG. 4. Invariant cross section for the reactippaﬁx at the
ISR energies. The description is obtained with E@4)—(24) and
parameters of Table I. Data taken frd28].
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FIG. 5. Invariant cross section for the reactipp—pX at Xg
=0. The description is obtained with ER5). Data taken from
[24].
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TABLE 1. Values of the parameteis;; anda;; .

ij [ (mb GeV?) a; (Gev ?)
PP 23.53 3.90
PR —29.8 3.45
RR 13.75 1.80
and
d3o central d3o central
E—3 —)\(S) EF o (25)
pp—pX pPp—pX

The idea is that the data of Fig. 4 provide the information on
the xg and p dependences through Eqg1)—(24) and rela-
tion Xg=2ms sinh(y)/\/§, while the connection between

pp—pX and pp—pX is established by fitting the data of
Fig. 5 through the function (s) of Eq. (25). The parameters
I';; and a;; of this fit are given in Table | while\(s) is
parametrized as(s)=1.0+11.0 s~ %3,

The agreement with data of Figs. 4 and 5 is not perfect,
but that is because we are simplifying the description by
considering only a few contibutions, the dominant ones. As
stated before, this is enough for the purposes of the present
analysis.

Now we are able to obtain the total description by adding
up central and fragmentation region contributions. As ex-
plained before, the contributions dominant at the fragmenta-
tion region, Egs.(8)—(18), are almost completely deter-
mined. The parameterg; and by referring to the RRP
contribution are established by fitting the data of Figfrém
[22]). This is done by using the expression

3

10 E T T T T
i pp—pX (100 GeV/c)
5 ®p =03 GeV/c
107 F mp,=0.5 GeV/c E
[ A p.=0.75GeV/c ]
Op=1.0GeV/c
% 10'
@]
O
g
"o,
m% 10°
o
[a]
10" F 3
1072 1 1 1 1
0.0 0.2 04 0.6 0.8 1.0
X

F

FIG. 6. Invariant cross section for thpp— pX at the fragmen-
tation region. Curves calculated with E@6). Data from[22].
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FIG. 7. Invariant cross section and its contributions fop
—pXat Js=53 GeV for twop+ values. These plots show how the FIG. 8. Energy dependence () average leading proton mul-
interplay among the different contributions changepamcreases. tiplicity (no) and (b) average inelasticityk). In the lower figure
(b) it is shown(k,) obtained in the present analys@olid curve
d3o total d3o d3o compared to the same quantity as predicted by the [BMdot-
NS e
pp—pX dp rprp dp

dashed curve
dp®

TP
. 5\ central parison. The average inelasticity obtained from the present
4 Ed—g 4 Ed—a analysis is very slowly increasing with energy, close to the
dp3 dp3 ' behavior predicted by the minijet modél].
RRP pp—pX With these results we can come back to our original intent
(26)  which is checking the hypothesis of universal behavior of the
multiplicity that is specified by Eqg1) and (2). In order to
where the last term refers to E(R5) with the parameters qo that, we first establish a parametrization f§i(+/s)
given in Table I. With this final fit the remaining parametersthrough
result to beBy=2465.7 mb GeV? andby=0.1 GeV 2.
Figure 7 offers a view of how the different contributions are
composed to form the final result and how this picture
evolves withpt.
The different contributions of the invariant cross sectionwith s,=1 Ge\2. However, before performing the fit to
in both regions integrated ovey; produce the results of experimental data, an additional effect has to be considered.
da/dxg for both reactions exhibited in Fig. (solid curve$  This is because, besides the charged particles produced at the
for pjap=400 GeVt. We remind the reader that these dataprimary vertex,(n..)e+e- data include also decay products
were not used in the fit, but are used now to check the reliz; KO~ a7, A—pmn, and A—pm*. Following [3],

ability o;ther:/vhfolelp(;ocedure Fr(k))m th|3ff|gurﬁ |t||s zossmle we take this contamination into account by computing the

to see that the final description obtained for the leading proz ' fioine Byl

ton spectrum is quite reasonable. fatio R=(nen)k9,4,1/(Nenlere- and by redefining Ed1) as
N(s)

1-R”’

N(ys)=a;+a,In

S+ IZ(S 2
S azin S (27)

IV. CONNECTION BETWEEN (N¢p)ete- AND (Nep)pp (NepYeto-= (28)

The results obtained above specify completely the behav-
ior of the leading particle spectrum and allow us to calculatewith R=0.097=0.003. This value was taken frof3] and,
(no) and(kp) as given by Eqgs(3) and (4). In Fig. 8, we  besides the references quoted therein, it is in good agreement
show the energy dependence of these quantities as obtainaith experimental data from Ref25]. No energy depen-
in the present analysisolid curves. In the same figure, itis dence forR can be inferred from these data. The fit using
also shown the average inelasticity as predicted by the intelggs. (27) and (28) gives a;=2.392, a,=0.024, andaj
acting gluon modelIGM) [8] (dot-dashed curyefor com-  =0.193.
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FIG. 9. Main figure: average charged particle multiplicities
(Nen)ere- @Nd(ncp)pp @s a function of the center-of-mass energy.

The dot-dashed curve refers to the fit obtained with E8g) and 0 . .
(28). The solid curve was calculated with E&) by using(ny) and 10" 10° 10 10°
(kp) as calculated in the present analysis. Inset: the same as in the Xp

main figure, but using the average inelasticity given by the IBM
FIG. 10. (a) Normalized leading proton spectrum calculated up
to the LHC energy(b) The same aga) but with logarithmic scale
In Fig. 9, we show the above parametrization describingor x .
{ncpye+e- data from references quoted[i®6] and the calcu-
lated curve for(ngp),, in comparison with data frori27].
The agreement with these data enables us to consider thatA surprising outcome of the present analysis is shown in

our premises about the universal behavioKiofy)+e- and Fig. 10@) where the normalized cross sectiow},,da/dxz
(Nep)pp are confirmed. Of course, this conclusion is re-js"cajcylated up to the LHC energy. It is shown that, if the
stricted to the energy dependence(in§) and(kp) shownin  nreqent description holds up to such high energies, Feynman
Fig. 8. ) ] L scaling is approximately observed in the intermediate frag-
The solid curve of the inset in Fig. 9 shows what happensyentation region, 02x-<0.8, but is violated in opposite
when the IGM average inelasticity is applied to the sam ays at the central and diffractive regions. Figure(bil0
purposes. One could argue that this last result is cpnditipne ows the same results but in a scale that makes more evi-
by the use of(ny) obtained in the present analysis which yent the scaling violation at the central region. This result
increases with energy. However, we note that increase igems tg say that the increase of production activity at the
{no) plays against increase {fk,) since these are competi- ceniral region occurs at the expenses of a supression of the
tive effects. , diffractive processes. However, this is just a speculative ob-
tiorz\low a comment on the He analy$®0], where the rela-  goyation that should be investigated more thoroughly.

NS (VSere ) =NBR(K(\Spp) VSpp) (29 V. CONCLUSIONS

L We have presented in this paper a description of the in-
is employed. After fittingng,® andnff independently, He clusive reactiorpp— pX in the whole phase space within the
imposes that relatiof29) holds and extracts the inelasticky Regge-Mueller formalism, modified by the renormalization
from this assumption. This is similar to what we have done of the diffractive cross section. The average multiplicity and
but we think that the result of decreasing inelasticity and thehe average inelasticity were obtained from the leading pro-
agreement with IGM obtained in such an analysis comeson spectrum and both of them resulted to be increasing
from the fact that neither the leading particle multiplicity functions of energy, in agreement wiih,5] and particularly
(ng) nor the effect of decay product®) is considered and with [7]. The energy dependence of these quantities is such
we see no reason for ignoring such effects. that allows one to accommodate very well the charged par-
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ticle multiplicities (n¢p)e+e- and (Ngp)pp by a universal
function once an appropriate relation is used.
An additional result is that the normalized leading proton
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