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ABSTRACT

A careful analysis of the elastic p-p scattering in
the energy range 20_é'J§" <60 GeV is presented. Under
the hypothesis of a pure imaginary amplitude with two
zeros, the experimental data suggest that the opacity be

& . -. parametrized asfﬂls,b)=7Lf€b) + logg—-ocb(b), where the

_ o
energy dependent term is much wider than?CF(b), opposing

to the factorization hypothesis and some earlier results.
This conclusion is precisely the one predicted by the two-
—component model which has been proposed in our previohs

work.
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I. INTRODUCTION

In analysing high-energy hadron~hadron elastic
scatterings, it ié customary.tb employ an eikonal_model}
where thé'eikdnél (or oPaCiEy)'ﬁt}is somehow relatéd to
the matter distributioh inside the incident particles.r

When Chou.and Yangl, first proposed this kind of model,

it was everybody's belief that the cross sections were

tending to some constant asymptotic values, so that their

proposal K ~ (FAFB’7 (here, {* indicates two~dimensional

A B
form factors of the two interacting hadrons) was perfectly

Fourier transform and F, and F, are the electromagnetic

natural and this relation was expected to be valid as s-»00.
As the ISR and, more récently, NAL{acéélerator:'

have begun to work, that belief has dissipated at once'.

and today we know that, as the incident energy rises; the

total, inelastic and elastié Cross sections slowiy bﬁt

steadily increase. Also, the angular.diStribution at

small t continues to shrink. These energy dependences of

cross sections brought a trouble to the earlier Chou-Yang's

'proposal, since now we do not know just at which énergj

the abqve identification (namely X -~ <FAFB> ) should be

done. It seems possible to overcome this difficulty by

making as assumption that the opacity factorizesz, that is,’

Yigib) ~ %Gﬂ Wécéo) NS

and saying that the space~dependent part of Y, is related

to the hadronic matter distribution of the incident parti-



cles. We do not know, however, any fundamental reason for
this factorization, so it should-be.carefully examined by
comparing  with the existent experimental data.

The main object of the presenf paper is to report

the results of a systematic and careful analysis of the

published pp elastic data, to compare them with some earlier

works and finally to interpret them in terms of our previous
work3.

The plan of preseﬁtation is the following. In
the next section, we collect all the experimental data
which have been used in this analysis, which is described
in section III, together with the results. Comparisons
with some earlier results and also with some models are
carried out in section IV. 1In section V, we briefly
delineate the previously proposed two-component model and,

then, compare with the results obtained here.



1I. EXEERIMENTAL DATA -

In handlingyexpérimental,data, we must alwaYéw
have in mind the_folldwing.two pdints; First, ﬁhat they
are incomplete, so- that some_kind-of.interpoiation or
extraﬁolation shall necessarily-be done. Moreover, data_.
“obtained by different authors are frequently conflicting,
showing discrepan¢ies which are often larger than the
gquoted experimental errors. Thus, we think that, if wé
limif ourselves tolanalysing,just one gfoup of data, it
may end in completely ﬁnsufficient results. Also, if we
choose two or more groups of datét but‘do not exerciSe'.
enough caré in observing the Qverall_behavior of each
group of data with-respect'to the others, it may lead to
quite erroneous conclusions.

In the present analysis, we have consideredhi_“
essentially all the existing pp elastic data,lqbtained

4-1l .hd at the Fermilab 2 1>, covering

both at the ISR
the energy range of Js'= 20 ~ 60 GeV. These data may
be grouped as follows.

a) Total cross sections: we have used only

the more recent accurate NAL data from Ref. 12 and the
ISR data obtainéd by‘CERN—Pisa—Rome—Stony quok Collabo-
ration4. Actually, there are some older data with large
experimental uncertainties and which essentially agreé
with the data mentioned above. Moreover, the authors of
Ref. 4 claim that the new data are reéults of an impro=-
vement of their previous works performed by using the.
same methods employed now. Thus, we believe the data

used by us are representative enough of all the pp cross



section measurements which have ever heen done. The two
groups of ‘data above are shown 'in Fig. 1, where one can
see that they are approximately on a same curve {(or
perhaps there is a systematic’ deviation of .0.5mb
between two groups of data). ' In using these data for de-
termining the optical point, an interpolation has been
made in the transition region.

b) Slope parameters for very small t: There are
5-8,13.

five independent measurements which are shown in® -

Fig. 1. In treating these data, one must keep in mind

which is the t-interval where each point has been obtained.

For instancé, at Y5 = 30 GeV, Ref. 6 gives the slope in

the interval 0.015¢ -t £0.055 Gev?

by Ref. 5" ‘refers to 0.046¢-£< 0.09 Gevz. This may be
the main origin of their discrepancy as they appear in 
Fig.1, since B = 13.0 ¥ 0.7 GeV_2 is compatible with the

data points of Ref. 5 when the t interval is correctly

chosen.

c) Normalized angular distributions: there are

9,10,14,15 ;1 4ifferent energy or t

four independent data
intervals, such that no direct consistency check is

possible among them. We can see, however, that the daﬁa
of Refs. 9 and 14 e%trapolate correctly down to the small

t data mentioned in a) and b).

d) Unnormalized angular distributions: There are

two angular-distribution measurements at ISR energies
which have not been normalized, but contain valuable in-
formations which are essential in determining the energy-
dependent behavior of the amplitude. One is Ref. 5 which

gives the angular distributions at small-t for several

, whereas the 'data giveh:



energies.qusiwili“be_discussed,latérﬁin-section.IV}-the_
omission of;;hgge data may 1ead to—a,completely}distorted
result cdncerning the energy dependende-of.the'eikonalg_

They have beenfncrmalizéd'by;extfapolatihg,down-to_the

~ optical pbintﬂfbygpsing also the slopes mentioned in b).. . ..
The second g;pup@of unngrma;izgd differential cross—-section. .. . .

data is that of Ref. 11. Tts importance consists not only .-

in givingjthe_form‘of'dQZdt:at'ihtermediate.t'vqlués, but
also in Supplyigg:the_positionIOf:the first interference :
minimum. When. compared with the other ones, there-data_
show somgisystematic tendencyrtorhgnding downwo?d.at the._f

smallest t.values.. In normalyzing them, we have taken;;_ 

this effect into account and, excepting thESé lOW§$tftf:;»;?

points, we cqul@‘seeﬁthét.they,agree,well with the.othef_
existing data. . . | |
4$pése data_havg-beeﬁ divided, according .to their
energy, into six distinct groups represented by the .
average center-of-mass energies Js = 19.5, 23, 30.8, 44.8,

53 and 62 GeV. Each group of data is then parametrized

.as described in the next section_and, after this, analyzed .

all together.
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III. ANALYSIS AND RESULTS

In order to supply gaps in the available-experimén—'
tal informations, following assumptions have been made in
‘the present analysis.
1) As the energy increases, the amplitude varies’
smoothly.
2) The amplitude is purely imaginary with two simple
zZeros. |
The first assumption means the absence of ahy rémar¥

kable interaction mechanism, which abruptly changes the

collision at definite energies. Since we do not know any such

mechanism in the range considered here and, whenever data
exist to test this requirement, they do fulfil it, this assump;
tion seems us natural. .
The second assumption is actually composed of two
parts: a) pure imaginary amplitude and b) with two zeros. A
direct information about the real part of the amplitude is

8,16

onlylavailable in the forward direction where its contri-

bution to the differential cross section is always less than
1% in the entire energy range we are considering. For non-

17,18

foward direction, existing calculations based on disper-

sion relations and derivative analyticity relations seem to

‘indicate that, as far as df/dt is concerned, the real part cf

the amplitude may be significant only in the neighbourhood
of the minima of d¢/dt. Thus, we believe that the omission
of the real part does not seriously affect the results. About
the number of zeros, it has been pointed out by Durand and

Lipes19 that, in order that the Fourier transform of the




opacity remained always positive, the amplitude should change
its.sign an even number of times. In that paper, this was
fuhdamental_. since their proposal was % ~ {F*>as in Ref. 1.
Although we did not have such a restfiction, we have never-
theless adopted the same criterium in determining‘x. It is .
clear that, if eq. (1) is valid, with xo(b) ~ £ F"'), we must
necessarily have such an amplitude. Having accepted the above
assumption, there still remains the question of the exact
number of zeros. The amplitude may have no zeros18 remaining |
always positive. 1In this paper, we have taken a more orthodox
view, changing its sign at the first minimum of afv/atc. In
this case, we must have at least one more Zzero somewhere.. -

10 of d6/dt around .

15

- There is an indication of the second minimum

-t =28 GeV2 at J§‘= 53 GeV, but in a similar measurements
2

at JE\= 19.5 GeV, there is no such indication up to -t = 12 GeV”.

In the present analysis, we have assumed the second zero of

the amplitude were indeed at -t = 8 GeV2 for J§‘=_53 Gev,
whereas for ys = 19.5 GeV, it were at -t = 12 GeVz. For the
other values of energy, we have made a logarithmic interpolaéion
as shown in Fig. 2. In the same figure, .the energy dependence
of the position of the first minimum is also diéplayed, showing

that it is consistent with a logarithmic decrease. Actually,

the exact position of the second zero of the amplitﬁde, as well - -

as the possible existence of other zeros, have little practical. .

importance, because the experimental uncertainties at smallér
values of t are too large to allow such refinements.

Besides the two assumptions mentioned above, we have
also neglected the spin dependence, which may affect large - t

data, but presumably negligible in the final results on the

Opacity.



The amplitude has then been written as a sum of

gaussians, that is,

Ode. k) = A5, 0) 'E_ %1 w\g k[@, \;) | (2).

where a(s,t) is related to ds7dt by

%C’t& - T lm(si‘c)\% (3)
and the parameters a(s,o), 04i and (51 have been determined
at each energy value, by fitting the data listed in the
preceding section. We summarize the results in Table I.
Comparisen of our parametrization with data at two energies
are made in Figs. 3,4,5 and 6.

Once the amplitude has been determined, we could
compute the opacity following the conventional procedure,

gettlng

V(s .6) = Q;ga[\ + L Lo ¥)7‘J

- o [+ 3 0t g )

or, by using eg. (2):

N _
o -yl e 2o | o

Results of this calculation at several values of



10.

b, by using the parameters listed in Table I, are shown in
Fig. 7. As can be seen there, a logarithmical incréase'of
Kls,b) is consistent with them in the entire range of b,

suggesting a parametrization Qf.the.fofm-”

Vo) = 'X’__@(b) Y é'o\ ’)(/000') (6)

where )bfib) and ﬁbo(b) are functions.of the impact parameter
alone, not necessarily identical each other. 9, 1in eqg. (6)
is some scale factor, which can be taken, for instance, the

threshold value 9, = (2m_+m )2

P W .
work3, where we have studied a classical source model, this 7

= (2mp)2. In a previous
constant appeared naturally and with the samé order of magni4~J
tude. We have indeed adopted this parametrization and, by
using the least-gsquare method,”fitted'it to the points which
have been obtained before, according to eqg. (5). The result-
ing curves for Xé(b) and Xb(b) are displayed in Fig. 8. The’
main features of there results are: i)_%%(b):is_much smalle:;‘
thanﬂxT(b); ii)j&o(b) is much_more.peripheral as compaﬁea
with %, (b) ; |

' Going back.to_Fig. 7, one may feel that the lowest
.energy points, fhoée.bprrespondinglfo:the NAL daﬁa, are
systematically in conflict when compared to the other points.
A small (~0.5 mb) deviation which appears in the total cross-
section data (Fig. 1) may be another indication of this
discrepancy. Since these data have been obtained with a
different machihe,.suCh a discfepandylis perfectly conceivable
and, in order to avoid a possible disfortion of results, we

have also performed a calculation by omitting the NAL data.



As seen in Fig. 8, the neglect of these data did not change

the results stated above in any significant way. The only
modification is that the central 'depréssion of’ x%)'has now

disappeared.

11.



IV. COMPARISON WITH SOME OTHER RESULTS AND MODELS

We now proceed comparing the results obtaiﬁed”inﬁpr§—” 
cediﬁg section with some earlier‘results;§ | |

First of all, factorized.eikonal such és the one'given
by eq. (1) and used by some authors® is discarded by our |
results. Yet, we observe here that if one would be contented
only in a crude analysis of data, the factoriéation hypothesié
may be.useful. The existence of some results which.favour
factorized eikonal20 as welllas some other ones with non-facto-
rized éikonél, bﬁt'with the second conclusion at thé'end_of
section III invertele, is an indicatibn of the abové.stateﬁent;
we shall come back to.the_diSCUSsion of these workS-éoon.after. |
Anyhow, let us emphasize that if.ail the existing experiméhtal
informations are properly taken iﬁto account, they do tell us
more than such a rough resﬁlt.

In recent workszl

, Chou has analysed mainly data_fromr
Ref. 9 ana concluded that the.energy dependent part of the |
eikonél is more central than its constant‘part. In our opinion,
however, the small-t cross section should be more carefully
treated. In one of his analyses, the slope parameter B in the
very small-t intervalg decreases with the incident energy, in
an evident opposition to the existing data shown in Fig; 1.

For instance, according to his parametrization, the slope
parameter in the interval 0.05<-t<_d.l becomes B = 12.50,

11.92 and 11.88 GeV 2 for Js' = 23, 53 and 62 Gev, respectively.
This decrease of B, when combined with the increase of 6},

clearly gives an eikonal whigh_indreases centrally. 1In the

more recent version, he does consider a shrinking angular




distribution, but it seems us that the slope parameter for
J§1= 62 Gev has not beéﬁ takeﬂ suffieiently large. It is not
clear what has exaétly been done there, but if the value

B = 12.40 ¥ 0.30 Gev 2 for {s'= 53 GeV and interval

0.06 (-t < 0.11, given by Ref. 5, has been extrapolated down
to t=0 and used for \Js = 62 GeV, we think this value is de-
finitely too low as is clear in Fig. 1.

18,22 a'peripheral increase .

In some earlier works
of cross section has been pointed out. In all of thém, how-
ever, the discussion goes around the overlap function and
does not réfer to the eikonal. It is clear that, even when
the energy variation of the eikonal is central, the one
Corresponding to the overlap function may appear peripheral,
Thus, the ambiguity should be removed by discussing directly
the opacity, if one intended to consider the internal
structure of the interacting hadross.

Another hypothesis which has often been used in
analysing the impact structure of hadron~-hadron collisions is
the geometrical scaling23. -While this hypothesis becomes
more reasonable (at least as an approximation) when stated in
terms of the overlap function, since fhere is a limiting wvalue
at the origin which is almost reached at thé ISR energies, its
validity also in terms of the eikonal has been claimed in Ref. 24,
which is not obvious and must be carefully investigated. Our
conclusion is that, if one neglects the 1% increase in
%{b=0) in the interval s = 20 ~ 62 GeV, the geometrical
scaling of the eikonal is guite reasonable. However, if one
considers only the ISR data, omitting those at Jgﬂ= 19.5 Gev,

some systematic deviations are observed. Namely, in order to

obtain the opacity at ng= 62 GeV, the one calculated at

13.



\ls.=723_GeV must be stretched, not uniformly as stated by the.

geometrical scaling, but in a way that the large impact-

14.

parameter points are less expanded than'the'smail-impaet4patameter‘

ones. Compared to the ratio \IE;AGZ)/G}(23j: ‘the expaﬁSion‘

factor is.about_7%. larger at b o 0.5 f and 2% smaller at

bar 2 £. It should also be noted that, if we serlously

consider the second minimum, Wthh appears in the J. =53 GeV

1 2

data O.around -t =8 ~ 9 Gev”®, then the p051t10n of this

minimum decreases too fast as compared-with the geometrical

sCaling hypothesis'(tzﬁes”fl), since no such minimum has been

T
observed at s = 19.5 GeV:up to - t = 12 GeV2
In short ‘we think our results are more systematlc
and 1mpart1al when compared with the ex1st1ng analyses, ln

the sense that we have con31dered here ba31cally all the

published data; including those which have been obtained more

recently, avoiding as much as possible biases which may

characterize‘certain groups of data. While the factorization

hypothesis for the eikonal is definitely discarded,_provided‘
the assumptions'introduced in eection ITT are wvalid, the:
~soundness of the geometrical scaling hypothesis remains not

conclusive,. although there are'indieations of its breakdown.
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v. TWO-COMPONENT MODEL

In a previous paperB, we have discussed a model for

high~energy hadron-~hadron collisions, where two independent

interaction mechanisms were considered: a) pionization, de-
picted as an excitation of the meson field induced by a

classical source representing the incident particles in in-

teraction and b) fragmentation, described as a two~-stage
process consisting of an incideﬁﬁ—particle excitation followed
by its decay. We have shown that the first mechanism gives
accounts for the increase of the cross sections with the
energy, whereas the second'mechénism has been assuméd to give
a constant background to these,. |

| Explicitly, we have written the S matrix (in the

impact-parameter representation) as

SS =! 35‘(32‘55“ . ' '(?)

with Sl’ 82 and S“ commuting among them. Here, Si refers to
the fragmentation of the i-th incident particle and Sq to
the pionization.

The pionization has been computed by solving a

classical (scalar) source eguation

(a =+ ‘Y»’V)QL‘A\ = J\'_x:\;) . (8)

with

Jed) =9 #-1 P R e



- 16_.

where

L) = ﬁi} P\:‘Q\, (K- Bixo0) + Li"l 11; )] - ;--': (10) |
e | : : o ' .

is a function somehow related to the matter distribution of

-
the i~th particle with velocity ‘WL*" For the elastic scat-

tering, the pionization part of the 5 matrix could be written

S;LEn) e

with

A Ll S 2

- -
where j(i,b) is the Fourier transform of J(x,b).

Now, independently of the detailed form of Pi' egs.

wlp
(9) and (10} imply that j(qlg,b) be asymptotically of the form

(in the c¢.m. system)

s .
B =l Kb ) e

where K :.-'\FJ/Z M/?, that is the \‘\'.“ range in which j is |
significaﬁt expands proportionaliy to \[_1 Since the energy
dependence of ’)C“ arises from the \Q“ integration of eq. (12) ’
which is roughly ~ gAX-\\/K’“ , the upper limit being deter-

i
mined by the cutoff Ffactor \&K ' , the final result of
, .

_\/2,
. (\- 1\5’?'



1ntegrat10n glves

%kg b) ~ Qsa( \’)(,(}a) _:.(14-.)'?..

The fragmentalon has been assumed to glve a constant

' contributlon to the elastlc channel,_ namely'3

\4\3\% \p7\ \<\J 5\‘)7\ W\"D‘éb)l s

Thus, the elastlc amplltude 1s altogether written as

17.

Ao, k-2 = ——S&bW\M‘;\Q & W‘?\-")(,Qs \o)l\ (16)

where 'X_, s,b) is precisely given by eqg. (6).
In the preVJ.ous work, we have adopted a very s:.mple

(gaussian) parametrization for 'Y,g and ‘P (or equivalently for

’)(;o) , namely
%g‘-: & wypl- sz)
%y = N wyk

which gave ,

s -+ QBBQ““""’% W) e

where me= proton mass, \)vf = <\.')‘"L“\' “ﬂ. >0ﬂ’ and £ denotes the

Buler's constant. With the parameters in egs. (17) chosen as

2 -2

c=1, (:3'1=13 Gev 2 a=4.44x10"% ana o =8.5 Gev 2, we could

& 2
reproduce g_ , GJel’ Slin and d‘sl/dt (-t_‘g 0.5 Gev®) in the

(17)



18.
entire s range considered in the present-paper.
~ Although our calculation did depend on this oarti;

cular parametrizatlon, the results glven by eq. (16) ‘plus =~
eq. (6) would remain ba51cally valid (with essentially ‘the
same s } if we have chosen another parametrizatlon Thus,
_the conclusxons reached in sec III constitute an addltlonal
support of this model and they complement the foregoing
‘results, g1v1ng a.more-precise structure to the opac1ty

| - Let us, then, interpret the results exposed in .
sectlon III, in terms of our two-component model. First, let
us tentatlvely ldentiff following Cnou and Yang in the original
ver51on ’ \L {J’ 7 that is we are assumlng that before
the opacity beglns to 1ncrease, it is related to the matter
distribution'inside proton in exactly_the way proposed by those-
authors. Taking for f the diéole formula; we can readily

obtain its Fourier transform19

(Fz> N. | (__)Jo\?‘ \(30. \o) | (19) -

which is shown in Fig. 8,
It can be seen that our ;Kf is slightly narrower

. _ (A
than the result predicted with “N=0.71 GeV2

Actually, 1t
practlcally coincides with the curve so calculated w1th |

}3 -1 Gevz, as in Durand and Lipes paper. . This means that,
as'far as the fragmentation is concerned, the matter'distrif

bution inside a proton is more compact than the charge dis-



19.

tribution* or, in other words, only when the collision is
central, the fragmentation occurs. This is reasonable since
such_e.collectiverprocees_is really expected to happen only
when  all the particle interacﬁs | |
"NéXt let us con31der the plonlzatlon._ If one
neglects the depre551on Wthh appears. in the central.reélon,;
ﬁbbﬂa) may well be approximated by a qaussran exp (- 0 0291 b )
which corresponds in its turn to F (x) in eq. (10) w1th the.
same gaussian form above. .In.terms.of_average.radluslT o
¥ =¥ 1.15 £, so this distribution is broader in comparison
with the part which is responsible for theofragmentationﬂ
That is, the pionizatioﬁ as debicted.in our model is.aoéerie;-

pheral process,

* Here, we are assuming the usual relation between the charge distribution
and the fbrm,factorzs. However, a somewhat different relation, which has
been proposed recently26 gives an even more campact distribution; in S
relation to the one obtained here. |
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TABLE. CAPTTON

TABLE I: The parameters defihing the amplitude given by eq.

(2) _and which have been fixed by fitting the pu-

blished experimental data as explained in the text.

22.
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FIGURE

CAPTTIONS

FIG.1 - The experlmental data on the total Cross sectlon (above)

FIG.2 -

and the small -t slope parameter (below) whlch have been
used in the present analy51s The t 1nterval where the
slope parameter has been measured is not fixed but de—

lpends on the energy and on the experlment

In the upper part, we show the existing data on the po-

51t10n of the first minimum of do/dt as a function of

“the center-of*mass energy They are roughly on a stnmght

llne.'In the lower ‘part, the p031t1on of the second mi- .
'nlmum, Whlch has been used here, is dlsplayed At/EFSKxN
the cross 1ndlcates 1ts value whlch appears in Ref lO), at /_ 19.5
GeV the cross 1ndlcates the hlghest - t value where

da/dt has been measuredls. An 1nterpolatlon to other'wﬂues

"of the energy is 1ndlcated by the stralght llne and the

_ arrows .

FIG.3 ~

FIG.4 -

FIG.5 -

The elastic cross section given by egs. (2) and (3) with
the parameters listed in Table I, at v/5=19.5 GeV. Expe-
rimental data are also displayed for comparison.

The same as Fig.3, but for large t. Near the minima, the -

real part of the amplitude is expected to dominate;

The elastic cross section given by egs. (2) and (3)
with the parameter listed in Table I, at vVs=53CeV. Espe~

rimental data are also shown for comparison.



FIG.6 -

FIG.7 - °

FIG.8 -

opac1ty predlcted by the dlpole formula with ﬂa =0.71 GeV

The same as Fig. 5, but for large t Near the mlnlma,

the real part of the amplitude is expected to domlnate-

The'energy dependence of the elkonal ﬁc(s b), whlch
has been calculated w1th the use of eq. (5), for seve-
ral wvalues of thelsquared impact parameter. The

straight lines are fits in terms of eq. (6).

OC%(b) and ch(b)‘which appear in eq. (6), as determin~

ed in the present analysis. For ?&(b), we show two

ver51on, one 1ncluding all the data mentloned in sectlon

II (solid line) and the other excludlng the NAL data

(dotted line). For comparlson we also dlsplay the
2

| (broken l:n.ne) The error bars wh::.ch appear in %5_ and ?(’o'

1nclude Just the fluctuatlons whlch appear in F1g._7.
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