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Multiple diffraction model for proton-proton elastic scattering and total cross section
extrapolations to cosmic-ray energies
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We analyzepp elastic scattering data at the highest accelerator energy regien\(§662.5 Ge\j through
a multiple diffraction approach. The use of Martin’s formula in a model developed earlier is substituted by the
introduction of a complex elementafparton-parton amplitude. With this the total cross section and the
parameter may be simultaneously investigated and, with the exception of the diffraction minimum at some
CERN ISR energies, a satisfactory description of all experimental data is obtained. Total cross section ex-
trapolations to cosmic-ray energie§st>6 TeV) show agreement with the reanalysis of the Akeno data
performed by Nikolaev and also with Gaisser, Sukhatme, and Yodh results, leading to the prediction
aﬁ,’f(\/gz 16 TeV)=147 mb. Physical interpretations and critical remarks concerning our parametrizations and
results are also presented and discusg®0556-282(97)04917-5

PACS numbd(s): 13.85.Dz, 11.80.Fv, 11.80.La

[. INTRODUCTION improvements introduced, the predictions for the physical
observables in the accelerator energy region and the extrapo-
Elastic proton-proton scattering is the most simple prodations to cosmic-ray energies. Discussions, physical inter-
cess in high-energy hadronic interactions. Despite théretations and critical remarks concerning the main results
amount of experimental data available and model descripare the content of Sec. IV.
tions of these data, a treatment based exclusively in the field
theory of strong interactions, the quantum-chromodynamics Il. EXPERIMENTAL AND THEORETICAL CONTEXTS
(QCD), is still missing. Beyond the intrinsic interest coming

from this fact, new expectations are associated with the nexly, ica| ohservables: differential cross section, total cross
pro_tor_1 (_:olllder, the CERN Lz_arge Ha‘?‘“’” ColliderHC), . section and thep-parameter(ratio of the forward real to
optimistically planned to begin experiments at 14 TeV iNjnaginary part of the scattering amplityd&rom these, oth-
2005. The situation suggests that a fundamental and difficult,g quantities may be derived such as the slope parameter
task for present and future developments is to find connecyng integrated elastic and inelastic cross sectiahs
tions between model descriptions and reliable calculational Experimental data on these observables obtained and
schemes in QCD. Since elastic scattering incorporates soffompiled nearly fifteen years ago, still remain the only
processes one expects that nonperturbative formalisms widource of information at high-energies extending up to
play a fundamental role. Js=62.5 GeV, the CERN Intersecting Storage Rifi§R)

Based on the above considerations we have investigatashergy region(2,3]. Experimental information ompp total
elastic proton-proton scattering through phenomenologicatross sections in the range of energy.6—40 TeV exists
approaches and, simultaneously, looking for connectionfrom cosmic-ray data on Extensive Air Showgfs-6]. How-
with nonperturbative QCD treatments. With this strategy, weever, since the proton cross section is extracted from the
improved some aspects of a multiple diffraction model de-proton-air cross section through phenomenological models
veloped earlier. The main points concern the use of a con5] the results are model dependent. Also, the analysis per-
plex elementary(parton-partoh amplitude instead of Mar- formed by the Akeno Collaboratiof] was recently criti-
tin’s real-part formula and the selection of more suitablecized by Nikolaev who claimed that the Akeno results have
parametrizations for the free parameters. With this, webeen underestimated by about 30 fBband this is in agree-
achieved a goodbut limited) description of the main physi- ment with the results early obtained by Gaisser, Sukhatme,
cal observables in the accelerator energy domain. Based @nd Yodh[5]. This is a central point in our work and we will
these satisfactory results we extrapolate our parametrizatiortiscuss this discrepancy in Secs. Il and IV. Anyway, before
to cosmic-ray energies in order to investigate total cross se¢he CERN’s LHC proton-proton collider, cosmic-ray results
tions. remain the only source of information qup interactions at

In this report we present in some detail all the underlyingthe highest energies.
aspects of the work, related to both the technical matters and From the theoretical point of view it is well known that a
to the general ideas and physical interpretations. pure QCD description of the elastic hadron scattering has not

The material is organized as follows. In Sec. Il we briefly yet been obtained. Perturbative QCD cannot be extended to
recall the experimental statusccelerator and cosmic-ray the soft region and pure nonperturbative QCD is not able to
datg on pp scattering and outline a survey of some theoretpredict scattering states. Although the bulk of experimental
ical results that show the present relevance of the multiplelata has been successfully described by different models in
diffraction formalism. In Sec. Ill we describe the model, the different contextg 7], a widely established and accepted ap-

Elastic pp scattering is essentially characterized by three
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proach is still missing. The same can be said of a pure QCRorrelation functio[11] the authors calculated the elemen-
understanding of the subject. tary (parton-partop amplitudef(q) in the high-energy ap-
As stated before, we are interested in the interfacgroximation. Then, introducing a monopole parametrization
phenomenology/nonperturbative QCD. For this we will limit for the unknown hadronic form factors in E(R) the had-
this introductory discussion to some ideas directly related t@onic amplitude(1) could be calculated, leading to the dif-
this subject. ferential cross section. With this, the authors obtained a sat-
Despite the above difficulties, there has been in recenisfactory description of the differential cross section data for

years important progresses in the framework of nonperturbgyy and pp elastic scattering at ISR and CERN Super Proton

tive .QCD’ concerning soft Processes. Looking fqr a rnicro'Synchroton (Sp?S) energies, in the region of small transfer
scopic approach able to explain phenomenological result omentum ¢2<2.0 Ge\?) [16]

Landshoff and Nachtmann associated the Pomeron to the Despite all these developments we see that the connec-
FS)(]ChI?nI?e 9f tV\t’g. abellelm gluc')\lns tvr\]nth mod|f|ted é)rgpte;]gator%ons between nonperturbative QCD approaches and the bulk
- rotiowing tnis analysis, Nacthmann extende € apyy physical observables still depends strongly on phenom-

proach to t'he case of r)on-AbeI'|an gluons in a fl.mCt'onalenological models andd hocparametrizations. In this sense
representation of scattering matrix elements and eikonal a

proximation[9]. With this, the quark-quark amplitudes areRNe understand that the role of a constant feedback on phe-

associated with a aluonic correlation function. However nomenological information is crucial for present and future
9 ) ‘developments.

since physical observables are connected with hadron-hadron In particular we see that the multiple diffraction formal-

;mplltudesl,_ta dcenftral ptrhoblelm contcerns the construction %m may be a powerful tool in the test of suitable parametri-
ese ampiitudes from the elementary ones. zations. Simultaneously it may contribute with the search of

Oni]wn?ﬁjg[tlr&atﬁ?f r?;gbtl)ir.z '; bzﬁegeo_n t?gnSttOChtaei“Peliable calculational schemes at differents levels of the
vacuu ‘ ronic-ampfitude 1s struc theory (e.g., the stochastic vacuum modelVe stress also

th_rough :'scattermg_ amplitudes  for Wllson Ipops N the importance of the energy dependences which may be
Mlnkovv_skl §pace—t|rr:_e(lgop—lloo\p/>\r shcart]t_erlnp Ieadlnt? 0 extracted from parametrizations for the form factors and el-
gauge invariant amplitudgl1]. With this nonperturbative ementary amplitudes. Since the theoretical approagias
f)'erturbative mentioned above make use of asymptotic en-

. - 0Qrgy limits, the full increase of the total cross section, the
scattering may be describgdi1].

Another way to construct the hadronic amplitude from theshrlnkage of the diffraction peak, the energy dependence of

: , : : . “the p-parameter and even possible residual differences be-
elementary one is by means of Glauber’s multiple diffraction — : _ )
theory [12] and this is the point we are interested in. The WeeNPp andpp scattering at the highest energies have not

approach is based on the impact parameter and eikonal fo¥€t Peen explained.

malisms as follows: Assuming azimuthal symmetry in the Based on all these considerations, in the next sections we
collision of two hadronsA andB, the impact parameter for- Will investigate elastiqp scattering in the context of a mul-
malism connects the eikongland the elastic hadronic scat- UPl€ diffraction model.

tering amplitude by12]

tions and slope parameters in high-energy hadron-hadr

lll. MULTIPLE DIFFRACTION MODEL

F(q,s)=i fxbdb[l—e‘X(b'S>]JO(qb)Ei<1—e‘X(b'5>), A. Previous approach and Martin’s formula
0

(1) From a phenomenological point of view, multiple diffrac-
tion models are currently identified by each particular choice
whereg?= —t is the four-momentum transfer squarédthe  of parametrizations for the form factog, ,Gg and elemen-
impact parameter], the zero-order Bessel function and the tary amplitude,f in Eq. (2) [15]. With this, the hadronic
angular brackets denote the symmetrical two-dimensionaamplitude(1) may be investigated and then, in principle, the
Fourier transform. In the first order Glauber multiple diffrac- physical observables referred to in the beginning of Sec. Il
tion theory the eikonal is expressed as the Fourier transform

of the products of the hadronic form factoz, andGg, by d_‘T = 7|F(q,)| 3)
the averaged elementafparton-partopn amplitude f, [13], dg? 9.5
namely:
orol(S) =4mIm{F(q=0s)}, 4
x(b,5)=(GAGgf). )
This approximation means that at any time one constituent of (s)= w (5)
bp y P Im{F(q=0s)}"

a hadron interacts with only one constituent of the other
hadron. This corresponds to the generalized form of the
Chou-Yang mode[14], once a well-defined Fourier trans-
form for the elementary amplitude is assunjé&é].

In a previous approach, elaspp andp_p scattering were
investigated in a multiple diffraction model through the fol-

The importance of this phenomenological framework inIowmg parametrizations for the form factors and elementary

the search for connections between experimental data anaanphtude[l?,l&l

calculational schemes in nonperturbative QCD has been re- 2\ -1 2\ -1
cently expressed in the work by Grandel and Wdis6]. G:(1+ 2 1+ q_2 , (6)

Making use of the Dosch and Kreer ansatz for the gluonic 2

(2%
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92 However, a crucial point concerns the use of the above
1-- formula and this deserves some discussion. First, as derived
f=ic a 7) by Martin the formula holds only for values of the momen-
q*’ tum transfer infinitesimally small and at the asymptotically
1+ g high-energy regim¢23]. The formula may also be derived

through the geometrical scaling hypotheg2§] and in this

5 2 o ) case its applicability should be limited to the ISR energy
wherea®, g%, a%, andC are free parameters. We introduced ggjon. Corrections to Martin’s formula were introduced by
here a small change in the previous notation of the elemensenzi and Valin[26] and numerical analysis from fits of

tary amplitude which will be suitable in what follows. experimental data by Kundrand Lokajicé& puts serious
The justifications for the above parametrizations were exjimits in its applicability concerning momentum transfer
tensively discussed and explained[ir8] and[19] and will  [27]. This result however has been recently criticized by Ka-

not be reproduced here. We only recall that Ef. is in  \yasaki, Maehara, and Yonezawa who present results favor-
agreement with the results from model-independent analysigq the applicability of the formula in the whole region of the
for the dynamical part of the eikonal as obtained by Buenerdy,omentum transfer with the data availapas).
Furget, and Valinf20] and Carvalho and Menof21]. Dis- Despite this controversial aspect, a serious problem with
cussion on this subject may be found[i6] and[22]. the use of Martin’s prescription is tha(s) is an input pa-
With the parametrization&) and (7) the eikonal in EQ.  rameter at each energy and so cannot be investigated. This
(2 is pur_elly imaginary and so the hadromc_amphtt(_dl)a N led us to try a different procedure in the determination of the
the previous approach the real part of this amplitude Wageg) part of the hadronic amplitude and in the next section we

estimated through Martin’s formule3] introduce a possible solution for the problem.
d .
ReF(q,5)= —[pa’ImF(q,s)], (8 B. Complex elementary amplitude
dq In the context of the multiple diffraction formalism, Egs.

(1) and (2), associated with a complex hadronic amplitude,
using the experimenta value at each energy. With this £ . one should expect a complex elementdparton-
approach a satisfactory description of experimental data 0Bartor) amplitude
differential and integrated cross sections was obtained
[17,19,24. f(q,s)=Ref(q,s)+ilmf(q,s).

10 Martin’s prescription 7

FIG. 1. Results for the elastigp differential
cross section at/s=52.8 GeV. The imaginary
part of the amplitude was calculated using previ-
ous parametrization§17,18 and the real part
through (a) Martin prescription(8), and (b) the
ansatz(10), with A=0.055. In both cases it is
shown the contributions from the real padot-
ted), imaginary part(dasheg, and complex am-
plitude (solid). Experimental data odo/dt are
from [3] and thep value in Martin’s formula
from [2].

@
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FIG. 1 (Continued.
In this sense, the approach discussed in the last section cor- Im{F(q,S)}=<1—e_Q(b's)cos()\Q(b,s))). (14)

responds to the assumption of fiRg,s)=0 and
Substituting parametrizatiori6) and(9) for G and Inf in

q? Eq. (12), the “opacity” Q(b,s) is analytically evaluated.
1- ; Then, Eqs(13) and(14) lead to the differential cross section
Imf(q,s)=C e 9 Q.

As a first test of the ansaid0) we calculate the imagi-
1+ g nary part of the hadronic amplitude, using yet the parametri-
zations from the previous approactv,18; then the real part

Lacking both theoretical and experimental information aboutVas evaluated through both Martin's prescripti@nhand the
the elementary phase we will assume, as a first approxim&nsatz10). Forpp elastic scattering afs=52.8 GeV(larg-
tion, a proportionality relation between real and imaginary€St interval in momentum transfer with data availd3(p the
parts at each enerd9] differential cross section is well described for=0.055 and
we display both results in Fig. 1.
Ref(qg,s)=\(s)Imf(q,s), (10

TABLE I. Values of the free parameters from fits pp differ-
where \(s) is a free parameter. With this assumption theential cross section angl data at each energy.
eikonal in Eq.(2) may be expressed by

Js C(s) a~?(s) NGO Ca?
x(b,s)=(A+1)Q(b,s), (1)  Gev (Gev~?) (Gev~?)
where, for the proton-proton case, 13.8 9.970 2.092 —0.094 4.7
19.4 10.050 2.128 0.024 4.72
Q(b,s)=(G?Imf(q,s)), (12 235 10.250 2.174 0.025 4.71
30.7 10.370 2.222 0.053 4.67
with G given by Eq.(6) and Inf(q,s) by Eq.(9). With this, 44.7 10.890 2.299 0.079 4.74
the real and imaginary parts of the hadronic amplitude read2.8 11.150 2.370 0.099 4.70
62.5 11.500 2.439 0.121 4.72

Re[F(q,s)}=(e ¥®Ssin(AQ(b,s))), (13
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In(s) Vs (GeV)
‘ FIG. 3. Values of the free parametkr from Table I, that fit
experimental datéircles and parametrizations through E@8) in
245 the case$19) (dot) and(20) (dash.
dip region[23]. With the assumptiof10) for the elementary
amplitude the same effect is obtained in the hadronic ampli-
035 tude due to sin and cos terms in Eq&3), (14), and the
result is in qualitative agreement with the predictions of ze-
ros (change of sighfrom dispersion relatiofi30].
N Based on this satisfactory result with the complex elemen-
E tary amplitude, we investigated the simultaneous descrip-
“y, 2.25 tions of all physical observables referred before, E&S.
(4), and(5). To our knowledge this has never been achieved
through geometrical or multiple diffraction models and we
will return to this point later.
Trying global descriptions fopp elastic scattering, be-
215 | sides the use of the complex elementary amplitude, we re-
analyzed the fits and parametrizations, improving some as-
pects of the previous approach. We discuss in detail the
central points in what follows.
2.05 ‘ . :
50 60 In(s) 70 8.9 C. Fits of experimental data
As explained in the last two sections, our approach has
FIG. 2. Values of the free paramete&@sanda 2, from Table I,  only five free parameters: two associated with the form fac-
that fit experimental datdcircles and parametrizations through tor, o and 8%, and three with the elementary amplitude,
Egs.(16) and(17) (solid line). C, a2, and\.

We analyzed 7 sets gbp experimental data above 10

We see that the predictions for the real part are similar ifGeV (Table ) and the fits were performed only of the dif-
both cases: they present two zefobange of sighand its  ferential cross section datg8,31] and p parameter data
contributions to the differential cross sections are importanf2,32] at each energy. The fit procedure consists of two steps.
only in the dip region. (1) TakingA =0 in Eq.(11) the hadronic amplitude, Egs.

Since the imaginary part of the amplitude presents a zer¢l3) and (14), is purely imaginary. For this case we deter-
and the real part of the Martin formula is obtained by themined the values of the paramet&s o2, 82, anda? that
derivative (8), the contribution of this part is out of phase reproduce the differential cross section data at each energy
and then the differential cross sections does not vanish in theo as to present the zero at the dip position.
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(2) With the values of the above four parameters as input Experimentally, total cross sections grow liKéns]",
we then calculated the value wfthat reproduces the experi- n=1 or 2, at and above ISR and there is indication of

mentalp value at each energy. “qualitative” saturation of the Martin-Froissart bound,
Step (1) comes essentially from the previous approachn=2.2+0.3 [33,7]. Also, from gauge field theory, lowest
and has been discussed and explained in detil9h order cross sections for particle productiomitarity) present

With the above procedure a satisfactory descriptiop of Insterms[34,35. Based on these facts and from the behavior
anddo/dg? experimental data was obtained with two con-shown in Fig. 2, we introduced fits through polynomials
stant free parameters

N
a®=820 GeV, B2=1.80 GeV, (15) HZO a,

n

S
In—
So

and only three parameters depending on the enetgy),

a?(s), and\(s). The values are shown in Table | for each : e ) . :
set analyzed. Both sets of points are statistically consistent with polynomi-

In order to obtain a formalism able to make predictions toalé’t of Sg%"?”d degrel@6] and through linear regression we
other energies we then proceed to investigate parametriz&> 2N€ [37]

tions for the data displayed in Table I. C(s)=14.3-1.69In(s)]+0.159In(s)2  (GeV™?),
(16)

which is different from our early parametrizatiofls7—19.

D. Parametrizations as a function of the energy

The choice of suitable and consistent parametrizationsisa 1 2 2
crucial point, mainly concerning extrapolations. We will dis- g2 — 227~ 0-211In(s)]+0.0243In(s)]"  (GeV™*)
cuss this aspect in detail in what follows and also in Sec. IV. (17
We first analyze the dependences®fnd a2, which de-
termines the imaginary part of the hadronic amplitéded and we tooks,=1 GeV2. In Fig. 2 we show the above
so the total cross sectiprand after the dependence Bf parametrizations together with the fit values from Table I.
(associated only with the real part of the amplitude Physical interpretations and critical remarks concerning pa-
The values ofC and a2 from Table | are displayed in rametrizationg16) and(17) will be presented in Sec. IV B.
Fig. 2 and we see that both increase with the energy, present- In the case of paramet&rthe choice of a suitable param-

ing positive curvatures. etrization demands further discussions. Empirical analysis of
@
10" :
13.8 GeV
. L s 19.4 GeV
>
3 10 23.5 GeV FIG. 4. Model predictions for the differential
% cross sections in cases 1, Efj9), and 2, Eq(20)
= (indistinguishablg and experimental datg31]
3 30.7 GeV for \/s=13.8 and 19.4 GeV ank8] for the other
© energies Curves and data were multiplied by
factors of 16°2.
44,7 GeV
10°
52.8 GeV
T s Y ¥
62.5 GeV
107 : : ‘

0.0 2.0 4.0 6.0 8.0 10.0
Itl (GeV?)
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FIG. 4 (Continued.

the influence of\ in the hadronic amplitude showed that its In this formulas, controls the point whera(s) [andp(s)]
behavior is similar to that of the parameter. That is, ik reaches zero and;, i =1,2,3 the maximum and asymptotic
increasegdecreasgsalso p increasegdecreasesand\ =0 behavior. As the two limiting cases we took

at the same energy value whegre0. We will return to this

point in Sec. IV C. Since there is no experimental informa- case 1: A;=6.95<10% A,=0.118,

tion on p(s) above 62.5 GeV we have, in principle, serious

limitations in the choice of parametrizations. That is, in order A3=1.50x<10"2, (19
to make extrapolations to high energies in our strictly phe-

nomenological approach, we should infer idehavior or case 2: A;=9.08x10°2, A,=0.318,
investigate limiting cases. With this last possibility in mind,

we recall the general belief that, aboye~ 100 GeV,p(s) A;=1.70x10 10 (20)

has a maximum and then goes asymptotically to zero through
positive valueg7]. However, how fast this happens dependsand s,=400 Ge\? in both cases. Figure 3 shows these pa-
on model assumptions. In order to test these possibilities weametrizations up ta/s=10° GeV.
considered two different approaches to zero, which could be With the parametrizations fo€(s), a ?(s), and \(s),
understood as some kind of limiting cases, that is, slow ané&gs. (16), (17), and (18), respectively(cases 1 and)2and
fast convergences. The point as we shall show is to investiesult(15) for the remaining paramete@® anda?, all free
gate the influence of these assumptions in the description gfarameters are completely determined. Through the formal-
the experimental data. ism described in Secs. Il A and IIl B, Eqg&), (9) and(12)

In Fig. 3 we display the values of from Table I. Based to (14), the three physical observablgs, (4) and(5) may be
on this behavior and on the above considerations we intropredicted.
duce the following general parametrization:

E. Model predictions and experimental data

AgIn(s/s,) As explained in Sec. Ill C our fits were performed only on
= ! 0 . 18) differential cross section ang parameter data in the interval
1+Aj[In(s/s) ]+ AglIn(s/s) 12 Js=13.8-62.5 GeV. In this section we first check the pre-

\(S)
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FIG. 5. Model predictions for thg parametefa) and total cross
section(b) in cases 1, Eq(19) (solid), and 2, Eq.(20) (dash and
experimental datg 2] and[32] for p and[2] and[38] for the total

s (GeV)

Cross section

dictions in the intervalk/s=10—100 GeV (accelerator en-
ergy region and then display the extrapolations up tc® 10
GeV (cosmic-ray energies and future accelergtors

Figures 4 and 5 show the model predictignases 1 and
2) for the pp differential cross sectiom parameter and total

1. Accelerator energy region

100

0.15

0.05 + b

p(s)

0.00 - b

-0.05 /I b

-0.10 4 -

10° 10
Vs (GeV)

FIG. 6. Predictions for thepg parameter in cases 1 and 2 and
experimental dat&Fig. 5).

cross sections, together with the experimental data available.
We observe that in this interval, cases 1 and 2 are distin-
guishable only fop(s) andPP(s) and belowy/s~15 GeV.
With the exception of the diffraction minimurgdip) at the
highest ISR energies, the agreement with the experimental
data is quite good. In Sec. IV C we will return to this over-
estimation of the differential cross section in the dip region.

2. Extrapolations to higher energies

Assuming that our parametrizations hold at higher ener-
gies we calculate the predictions fei(s), ohR(s) up to
Js=1(¢ TeV (cosmic-ray region and for the differential
cross sections at 10, 15, and 20 Téuture LHC).

We show in Fig. 6 the predictions fei(s) in cases 1 and
2 (Fig. 5 and the experimental data available. We under-
stand that case 1 should be the most reliable from a conser-
vative point of view. The similarities betwegrfs) and\ (s)

(Fig. 3 will be discussed in Sec. IV C.

The predictions for the total cross section are shown in
Fig. 7, together with accelerator datkig. 5 and results
from cosmic-ray experiments which, due to the existing dis-
crepancies, we briefly review in what follows.

The information available on proton-proton total cross
section, o}, from cosmic-ray air showers are obtained
through thep-air inelastic cross sectiortr',;‘_‘f,,l'ir. However,
either the determination of the',;‘_‘;'ir or the relation between
opsi-andofl are model dependefs]. In the detailed analy-
sis of data from Fly’'s eyes experiment, Gaisser, Sukhatme,
and Yodh(GSY), estimated the limit

oPP=130 mb ats~30 TeV.
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FIG. 7. Predictions for the proton-proton total cross section and £ g predictions for thep differential cross section at 10
experimental informations: accelerator dg2e38] (crossel Akeno (solid), 15 (dash, and 20 TeV(do).

[4] (circles, Nikolaev[6] (triangles, GSY limit at 30 TeV[5] (1)
and GSY result at 40 TeY5] (square. and
Making use of the Chou-Yang relation betweef}} and the oPP=176 mb at/s=40 TeV.
slope parameter, they calculatgg]
Further discussion on the subject will be presented in Sec.
oPP=175"%% mbat \s=40 TeV. IV A.
_ _ . Concerning the differential cross section, we calculate the
More recently, based on analysis of the extensive air showepredictions in the region to be reached by the CERN’s LHC,
the Akeno Collaboration presented results in the intervaiyhich are displayed in Fig. 8. The results present no dip but
Js:6—25 TeV. In particular they founf] a shoulder att|~0.5 Ge\? and at|t|>4 GeV? the curves
decrease smoothly with no other structures.
oPP=133+10 mbat Vs=40 TeV,
o . . . IV. DISCUSSION
which is incompatible with the GSY result. However, Ni-
kolaev showed thatfi,?i'm inferred by the Akeno group The model described presents three parameters that de-
should be identified with an absorption cross section and thdtend on energya?, C, and\. In this last section we discuss
this originates an increase ef30 mb in the Akeno results Some critical points and physical interpretation concerning

for o . From the Nikolaev analysig], the parametrizations and predictions.
oPP=160-170 mb at/s=40 TeV, A. High-energy extrapolations and total cross sections
o ) ) Our parametrization&l6) and(17) for C(s) anda~2(s),
which is in agreement with the GSY calculation. respectively, were based on experimental information only in

Although the Akeno results are usually referred to in theine interval 13.8 Js<62.5 GeV and in both cases the
literature, the analysi_s either b_y Nik(_)laev or by GSY SeeM$yoints indicate an increase with the enetgpble 1, Fig. 3.
correct and both are incompatible with Akeno. A crucial question concerns this limited region since differ-

All this information is displayed in Fig. 7, together with ent explicit parametrizations, statistically consistent with the
accelerator data and our predictions in cases 1 and 2. We sggt of points, may differ arbitrarily when extrapolated to
that the model predictions are in complete agreement Wit"higher energies.

Nikolaev and GSY results and this implies in a faster in- “However, constraints on the choice of parametrizations
crease of the totgl cross section than usually believed. 'Pnay be found through physical information available and
particular we predict this played an important role in our approach. As mentioned
in Sec. lll D, our strategy was based on the general assump-
ofi=147 mbat Js=16 TeV, tion of the expected mbehavior of soft processes and on the
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reasonable hypothesis of polynomial functions os With ‘ '

these constraints, we have a linear system in the free param- 155 1 ]
eters of the polynomialéwith the exception of the assumed
valuesy=1 GeV) and the statistical solution is uniq{ige], 145 L i
leading to the formg16) and(17) which describe the points
quite well.

On extrapolating the predictions for the total cross section 135 1 ]
to cosmic-ray energies, our results agree very well with both
analyses by Nikolaey6] and by Gaisser, Sukhatme, and 125 - .

Yodh[5] (Fig. 7). Since the approaches by these authors are
totally independent of the considerations and assumptions we
have made, and, as far as we know, there is no criticism
concerning their results, the agreement shown in Fig. 7 sug-
gests a real increase of tlpg total cross section faster than 1.05 - .
generally expected. In particular we predict

R{s) (fm)

oPP=91.6 mbat/s=1.8 TeV, 098 ¢ I
which is higher than even the Collider Detector at Fermilab 0.85 | 1
(CDF) result forpp, oPP=280.03+2.24 mb[39]. This seems
to favor the “Odderon hypothesis[40], a problem which 075 L L L X
still “remains entirely open both from the theoretical as well 10 10 “ ‘(gev) 10 10

as from the experimental point of view41].

FIG. 9. Radius calculated through E&1) with 3°=1.80 Ge\?

and parametrizatiofil7) for o~ 2.

B. Blackening and expansion
The parameter’? coming from the hadronic form factor
(6) is associated with the radius defined by In Fig. 10 we showG;,(b,s) as function of the energy and

for some fixed values of the impact parameiern the re-

, . _dG(q,s) gion 10 to 100 Ge\[part (a)] we observe the simultaneous
R(s)=—6 dq? increase ofG;, at all values of the impact parameter. In part
4?=0 (b) we show the centralo=0) and peripheral{=1 fm)
and from Eq.(6) regions extrapolated tgs=10° GeV. We observe that in the
central region the curvature becomes negative above
112 Js=100-200 GeV and in the peripheral region, above
R(s)=(0.483 25" 72 (fm). (21)  /s~10® GeV. The black disk limit G;;= 1) however seems
very far to be reached, i.e., much higher thal GV.
Through parametrizatior(17) for =2 and B2=1.80 SinceC(s) and a?(s) control the blackening and expan-

Ge\?, Eq. (15), the radius increases with the energy asSion effects, respectively, the dimensionless quartiy’
shown in Fig. 9. We can then interpret the paramettas ~ 91V€S |nformat|or_1 on the influence of each gffect as fqnctlon
associated with the well known “expansion effedt3s). of the energy. Flgur'e 1.1 shows the predictions obtained by

The parametelC corresponds to the “absorption con- Means of parametrizationd6) and (17) up to 10 GeV,
stant” in the Chou-Yang pictur§14,42 and is associated t0gether with the values from fifTable ). We observe a
with the number of constituent partons in the context of theMinimum aty/s~30 GeV, a change of sign in the curvature
Glauber approachl2,13. It then controls the “blackening (becomes negatiyeboves=10> GeV and the asymptotic
effect” coming from the absorption. Our results, as in thelimit value ~6.5 (from the parametrizations
previous approach[17,19, mean that hadrons become
blacker and simultaneously larger as the energy increases, in
agreement with the “BEL behavior'(Black, Edgie, and
Large found by Henzi and Vali43].

These effects may be investigated through the behavior of An essential characteristic of the Glauber multiple diffrac-
the inelastic overlap functiorG;,(b,s), which is calculated tion formalism is to connect elastic scattering cross sections

from the unitarity condition in the impact parameter spacefor composite particlegoriginally nuclei and after nucleops
[44] with the scattering amplitudes of their individual components

(originally nucleons and after partons, respectiyely
2Rd(b,s)=|I'(b,s)|?+Gin(b,s), (220 [12,13,43. In this context, the assumptiofl0) of propor-
tionality between real and imaginary parts of the elementary
wherel'(b,s) is the profile function, the Fourier transform of (parton-partonamplitude means that, in particular,
the hadronic amplitud€l):
Ref(q=0.s)

- Imf(g=0s)’

C. Forward real-to-imaginary ratios of the partonic
and hadronic amplitudes

T'(b,s)=1—gx®9, (23 Ms)
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FIG. 10. Inelastic overlap function calculated from the eikonal

through Eqgs(22) and(23).

i.e., at the partonic level(s) plays the same role ggs) at
the hadronic level, Eq(5). The similarities referred to in
Sec. Il D betweer\(s) and p(s) may be seen by compari-
sons of Figs. 3 and &ases 1 and)2

The hypothesis that does not depend on the momentum

5.8

5.4

co’

5.0

10° 10
s (GeV)

10

FIG. 11. Predictions for the dimensionless quan@ty? (see
text) and points from fitTable ).

tained through Martin’s prescription.

On the other hand, in the context of our approach, the
limitations of this simple ansatz appear when we try simul-
taneous descriptions of cross sectiddiferential and total
and thep parameter. As we show in Fig. 4, the predictions
overestimate the differential cross section in the dip region at
the highest ISR energies, leading to a limited description of
the set of physical observables. With the exception of this
point, all the predictions are in agreement with the experi-
mental data(Figs. 4 and & Since the total cross section is
calculated from the imaginary part of the hadronic amplitude
our novel results at cosmic-ray energies are independent of
the effect in the dip region.

We observe that the ansdtz0) may be formally equiva-
lent to some other geometrical and multiple diffraction mod-
els characterized by complex eikong2§,45—47. The novel
point here was to treat this hypothesis explicitly and investi-
gate its consequence in the context of the Glauber approach,
as, for example, the strong correlation betweggs) and
\(s) seen in Figs. 3 and 6.

To our knowledge, simultaneous and complete descrip-
tions of cross section@ifferential and totgl and thep pa-
rameter, still remain an open problem in geometrical and
multiple diffraction models. For this reason, we hope, our
results may bring insights for further and deeper develop-
ments.

transfer is a very simple one and has been used here only as
an ansatz. Despite this, from Fig. 1 the resulting contribution ACKNOWLEDGMENTS

of the real part of the hadronic amplitude to the differential

cross section is in qualitative agreement with the results ob- We are thankful to Capes and CNPq for financial support.
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