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1. Introduction

The growth of hadronic total cross sections at high energies is
most simply described in the Regge phenomenology by introducing the
Pomeron pole with intercept above unity /.‘Leading logarithm: calcu-
lations/2'3/ in QCD showed indeed that the vacuum singularity (more
complicated than a simple pole/3’4/) ig displayed above unity.

The partial amplitude in the impact parameter (33 representation

has the form

1(8) = J10)exp (- 5/28)

and grows with energy because
. A
7/’(0} =:Q Y
Here V =2m E/so , is the incident -energy in the lab. system;
So= 1 GeV? A= X p(0)-1 -

The simplest way to restore the unitary violated by (1) and (2)
is to sum up the eikonal graphs with multipomeron exchange“’ The |

(1)

(2)

eikonalized awmplitude takes the form |

F(b) =« {1 - eX/O["f(A)J}- (3)

The substitution of (1) into (3) leads to a rapid growth with
energy of the slope parameter Bef{521<62>

1 .
Be#, ?BA Zn\) “

Amplitude (3) corresponds to the scattering on a "black disk" of

radius Re=23A fn V.

It is interesting that an analogous pattern takes place in low
the elastic Bcattering amplitude tn

energy F%D interaction. Indeed,

almost imaginary. As the energy decreases, a growing contributlion ul
reggeons ((0,f) and annihilation channels to the amplitude

violates the unitary.

7[’(A)

: N

L.

As a result,

as

considerably from the gaussian form.

the impact parameter dependence of amplitude (3)

Indeed, in the latter

differs
case the partial amplitude at a zero impact parameter can be written
ImF(o) = 4 Gop /Gy - ®)
/50 into

The results of substitution of the experimental data

the right-hand side of this relation are shown in fig.1. It is seen

that in the momentum range e < 10 GeV/c the gaussian form of
the partial amplitude F:(é)
2 contradicts the unitary.
] )
In fact, as 1is shown
& w18r ] ) i
O-..n . 4 below, the P/D elastic scatte-
\\\ té- : ring at low energies corresponds
.&% ¥ b to the "wlack disk" limit.
E) lq: ] In Sec.2 the experimental data
x 124 4 on }%P total cross section are
k fitted with the unitarized
1l "'i é At -]G expression (3) fonr the scatter-
ing awplitude.
PL(GQV/C) In Zec. 3 and 4 the total
Fig.1. and differential elastic cross

- The ratio l/@ /C4ot

qt no a function of the momentum.
A 1]

4 that 696 and e’pf at 1

sections and slope parameter
are calculated without any free
parameter. The results are in
good agreement with experimen-
tal deta. It is worth noting

ow energies are close to the "black disc"-

!1 -1imit values CBPP and to f e R

j’ vonpant lvely,

fé Ax phnsnes of different contributions to the elastic amplitude

d e cormeclbed with their energy dependence, it is possible to esti-
{ nte Lthe rmt o of the real part of the forward elastic scattering

f! voplt tude

Jnrn

‘ loredl {n Hoe.6.
i

Lo the iunapginary pert.
In ;ood agreement with experimental data.

i T o problem of the high-energy-annihilalion mechanism is consi-
It is shown that the mechanism,of the string junction

The calculations performed in Sec.

rnihilntion within a perturbation theory corresponds to the double

tTunn exchange in the decuplet state. But the comparison of the

correeapanding Reoppe trajectory intercepts reveals serious disagree-
trnl. The experirental data analysis performed in the momentum range
R_ < 12 GeV/c (which may not be asymptotic)gives results
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corresponding to none of the above-mentioned theoretical treatments.

2. Total cross section

From (3) one can easily obtain the following expression for the

total crogs-section

Gy = 4rBLLC + balTmflo] - B Info]}- ©)

Here €=0.5772 18 the Euler constant; E: (-2) is an integral
exponential function.

The amplitude of FP gcattering at high energies ﬁ_ 2 10
GeV/c is dominated by the Pomeron contribution (Fig.2a)

A

Im {P (0) = ay

and the Reggeon one (TFig. 2b)

Im 7PR (0) = b/\/D_- (8)

(7
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Fig.2.
The graphs included in the fit of the total
cross section.

In the fitting procedure the slope parameters of all contribu-
tions. were taken to be equal to

R = Bo+20(12>2n\%
. (9)

Parameter EBD ig determined by the nucleon form factor
and is connected with the nucleon mean square radius:
B°=2<'lf/>/5 ~ 10.8 Ge\/?z At the same time the fit/.4/ of the
datq for the slope parameter in the fy><ﬁyﬂ elagstic scattering
gives B, =89+ 102 GelV "2 . We fixed the value of

Bo = 10 Gev™. The parameters . A and o’p have alsp been
fixed/4/. The corresponding values and the results of fitting the
parameters a &and b are given' in the Table.

Table

Values of the parameters of the input amplitude
f(B). Pixed parsmeters are marked by the star

AL, o(_&; B, a b c o e h 4

* * ' !

0.1 0.5%0.137 10" 0.39 3.71 23.73 0.0046 2.58 1.95 0.75
. -2, .

GeV™?  GeV 20,001 %0.03 10.05 %0.0002 20.02 *0.03 £0.05

At lower energies the annihilation contribution becomes consi-
derable. The eni rgy dependenc~ of the planar annihilation graph
shown in Fig. 2c is determined by the intercept 0(35 (0) of the
trajectory corresponding to exotic diquark-antidiquark meson states.

°4‘35 (0) can be found by using known nucleon and meson’ trajec-—
tory intercepts. The corresponding contribution to the input ampli-
tude ﬁ_(E) has the form

204,(0) ~olg (0)-1
Tm {5 (0) = ¢ Y= T

(10)
This contribution is well determined in the momentum range
1 < E. < 10(GeV/c). It is worth notin- that extension of the
Regpe anyuptotics to the low-enerry region is admissible because the
c.m. enerpy of the intermediate Q:g state is still quite high
at the threshold.
In the near-threshold momentum renge the recombination wmecha-~
nism of annihilation (FPig.2d) becomes to be jmportant/7/. We paramet-
rized this contribution in the forr

e
Imfmc(o) =0(/k ’ )
) (11)
where k:VmME/Q—m;’,' is the FP c.m. momentum., The results

of fitting the parameters C ,o , € arc reported in the Table.
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Pig.3.

The PP

section.

total cross
The solid
curve is the fit re-
sult;The line-dotted
(dashed) curve is the
N same but without cont-
ribution of graphs in
D Fig. 2c,e (Fig. 24).
. The experimental points
are from ref. 5,8

/5,8/

It is important that the energy dependence of the diguark-

~ The calculated curves are compared with experimental data

in Fig.3.

—-exchange contribution defining the corss section in the range
1 « ﬁ_ S 10 (GeV/c) is proved to be correct.

3. Elastic scatbtering cross gection

It is known from the experimental data (see Sec.,5) that the
real part of the scattering emplitude is small. Thus, the elastic

crosg section ch?P can be expressed as

G = [d*bIFWIF =27 B {C + ta[Im fl0)/2] +
+E:[-2 Inp(0)] - 2E:[-Im f001]}.
6l

ter values fixed in the Table is shown in Fig.4.A good agreement
of calculation with the experimental data is an important_eviden-

6gP would

€

(12)

The result of calculation of with the parame-—

ce for the "black disk" regime. In the "gray disk" case
be smaller. -

The possibility (S:Eknowing the value of
j?: only is nontrivial., For instance, in .the case of a gaussian
form of the amplitude EYB) one should also know the value of slope

calculating

parsmeter Eg&## which is very large at low energies (sece the next Sec).

6

Fig.4.
80 S
Elastic PP scattering

cross section. Data
:E; 60} points are from com-
EE pilation/S/. The curve
Iq'\é shows the result of
L Y Yok

o}

calculation with para-
meters fixed in the

Table.

0 1 2 s
06 2.6 46 6.6 86 -

env'

Herc we have only used the known value of the nucleon radius.

4. FElastic scattering differential cross section

The effective slope defined as Bef{ = dgn (0{6924{22)/4?/2‘7:0

in the case of amplitude (3) has the form

g2 Imf0)
&W=f<§>=§§ D%Ib+&x-&0@l

(13)

The momentun dependence of E%e calculated with parameters
from the Tableis compared with the experimental data/g—jz/ in Fig.5.
Orc can seo now that large value of Be at low ~nergies is a
result ol the unitarization, i.e. self-screening of the srocesses
withh a larpge crous section.

The value of the effective slope'contains only some averaged
informetion about the process. A more serious test is the comparison

of calculations with the data on the angular dependence of the
differential crous section.

For the partial amplitude (3) the differential cross section
can be written ag

Imf(0)
@] -
15, = B J#(1-e7) T, b)]

2
. (14)



Fig.b.

Effective slope of the
elastic FF acattering.
The curve is the calcu-
lation result with para-
meters from Table. Data

points are taken from
res? 912/
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i ) i 3 " 3
Elastic scattering differential }E} 3
cross section. The experimental - [

points are taken from rer./13/ (Zi
10 06 02 06

Cos 6

The curve 1s calculated with
parameters from the Table.

(14)
Here ké is the PP c.m. momentum; \J; (2) is the Bessel
9°=2k*({~c056); b=2B0n[Impo)/x].
The comparison of the calculation with experimental data/13/
(o]
~ 90 ,

function;
in
Fig.6 displays a good agreement up to a large angles

5. Real part of the forward scattering amplitude

Let us consider the contribution of the graphs shown in Fig.2
to the real part of the forward FP
Graphs 2a and 2b give almost imaginary contribution beceuse the first

elastic scattering amplitude.

one has an interesept close to one, and the second one is cancelled
in “he real part of the amplitude due to the exchange degenerscy of
reggeons. But the diquark exchange contribution (IFig.2c) has a nonzero

real part. Indeed, the ratio SD:D:'E = Re 'fhﬁ(?’t)/.l-m!_nﬁ (,;)"?=o

(in the case of exchange degeneracy) is equal

ﬁss - 2'1_[%7 %135(0) - C’é‘} Eo_(ai@l] .

As was mentioned above (see (10)), 0(35(0) =2°(N(0)—°(R(0) =

==-1,3 1if e(A,(O) =-0,4, Thé corregsponding vdlue of j$5~ from
(15) is Pm? =0.73. Note a high sensitivity of F»S to the

. oLy (0)  value. If, for instance, one sets ol (0) =-0.35,
he finds  fi& =1.38.

The digquark-exchange contribution to the amplitude
is given by the following expression

Imf(o) )
f= 2611"?! dx o XSL“[XﬁssI'"fﬁ(o)/Imf(O)]‘ (16)
. T Fig.7.

The ratio of imagina-
4 7Ty part of the forward
elastic scattering amp-
litude to the reasl one.
Experimental points
are taken from refs.
_ 79-11,14/ 50144 cur-

: ] Ves are results of the
)

calculation with para-
{ meters from the Table

02 0906 1 2 4 6 10 20 .. 4 (0)=-035
PGeV/e) ody(0) = ~0Y -

The calculation contains no free parameters except those fixed
in the Table.The results are compared with data/9*11’14/1n Fig. 7.
Two curves corresponding to °<v (0) =-0.35 and OCV (0) =-0.4
to the o, (0) value,
ig typical for the

demonstate the sengitivity of

Note that the momentum dependernce of
"black disk™ limit. Indeed, while the momentum ig decreased in a few
GeV/c ranpe, the Fig., 2c diagram contribution grows and the value

offbecomes large. But as the momentum decreases below 1 GeV/c, other




annihilation contributions become domi.ant and shadow the real part
of diagram in fig.2c. Thus, the value of P tends to zero. At
smaller momenta the real part of the amplitude is determined by an
unknown contribution of the recombination mechanism.

The agreement of our predictions for the real part of the amp-
litude with the experimental data is an essential argument in favour
of correctness of the diquark exchange energy dependence and existen-
ce of the "black disk" regimec. Note that the reksults obtained are not
a consequence of the analyticity but only of the chosen form of
F(b). Dispersion relations do not give any reliable prediction in
this energy range (see, for instance 15/).

6. Annihilation at hish energies

PP dnnibilation at high energies is described "in dual
ag a result ol the string junction exchange. The simplest
diagrams are shown in vigs. 2c and 8. The dotted line denotes the '

/6 16/

models

string junction. The diagram in

== l—-— . Fig, 8b dominates in asymptotics.
) It correspbnds to. the three-jet
I configuration which has the mean

particle multiplicity 3/2 times
a b ag large as that of the cilinder

Pig.8,

Dual annihilation diagramg.

diagram,

The energy dependence of the FPig.8b diagram contribution to the
total cross section is descrited oy v , where

A= 2ol (0) — 30, (0) +1 ~ ~13.
' (17)

In the annihilation channel at high energies one should introduce

a suppression factor K(V) = QXP(—-j(V!Mp>) s where {WN,p)

is an average multiplicity of N pairs in one jet. It is clear
that this factor forbids the WA production from see, It is known
from experiment that MNyg> &~ 01< Mg D>, where {Ng) is
pion average multiplicity which is approximately equal to 2[4 -D(R(O)gqv.
Factor 2 takes into account that pions mostly originate From vector
meson, decays.

1o

o, —on - S

—

v ey

e

Thus, the contribution of graph 8b to the annihilation channel
differs from the contribution to the total cross section by a factor

Kv) = v%3 =
(18)

Let us now examine these problems from a perturbative point of
view, The exchange during interaction by two gluons which are in a
colour decuplet state leads to formation of two quark systems in the
final state: decuplet, 37 and antidecuplet, 3?: . It is
clear that such systems inevitably desintegrate into the jets, i.e.
contribute to the annihilation. The Regge intercept corresponding to

the decuplet exchange has been calculated in paper

38
0(0(0)‘:1 - gw-z i
(19)

where <3 is the QCD coupling constant. The pomeron intercept in the
same approximation is o(f(O)= 1+»3@z€n2/‘77£ . This value can be
estimated from analy91s/4/ of the experimental data: A_P=D(f(0)‘1za3‘,
Consequently, =‘A_P/gfh2 -0-05, i.e. the decuplet trajectory
intercept does not practically differ from unity.

The difference between (19) and (17) is significant. It is diffi-
cult to suggest thgf it can be reduced by reggeization of the double
decuplet exchange contribution to the elastic amplitude., One can
agssume, of course, that the decuplet exchange in perturbation theory
and the string junction annihilation in the dual model are different.
phenomena. But this conclusion is very strange. It is worth recalling
that value (17) is strongly model-dependent, and expression (19)
is obtained in the region where parturbation theory is invalid. Thus,
the question is still open.

Let us try to extract the effective intercept value directly
from the experimental data/S/ on annihilation cross section. Only
two diagrams 2¢ and 2d from those included into fit of the total
cross section contribute to the annihilation, But this one falls off
too rapidly with tho energy growth. Let us introduce supplementary

*The pomeron approximation by two poles with o{(0) =1 and o/ (0J)=
=141 + A has been considered in ref,/4/. Such a variant is more
appropriate for tho Q0D calculationly than a single-pole approxima-
tion used here in sect.2 for simplicity.

11



term into the annibilation amplitude which should describe the high
energy behaviour:

- - -1
Do o= bA + OO g
(20)

.

N v-uvTTr T

1"*)1::!]’

Fig. 9.

4 Results of the

fit to the annihi-
lation cross sec-
tion data/5/ by the
formula (21).

sl

A

10 'le-nnAl 1 Lt aal)

02 o4 1 2 Y 10 2

P (GeVL)

The parameters b and ¢ have been fixed in the Table. The values
of h and‘<g_ are determined from fitting the experimental-data 5

by the following expression

G= 2 J%b expl-Tn (o] {explTnf, 1] - 1} -
- o expl-2Tm s {expling, 3] - 1) -

(21)
. (’\=1.95 and g_ =O.7S>are shown
in Fig.9, Note that inclusion of a new term ihto the annihilaton

The results of the fit

amplitude (20) does not essentially influence the total cross section
because the energy behaviour of this term is close to that of the

amplitude fg.(V) » 1.e. it has been effectively contained in ire
elastic amplitude { (b,

. >

——-

e e + O

The momentum range of the_existing data/S/ is restricted by value
12 GeV/c which is below the Aﬁ7 production threshold for 3-jet events.
Thus, factor (18) should not be introduced.

Value =0,75 found from the fit considerably differs both
from (7) and the value 20(10(0) -2 given by (19). The effec-
tive intercept value ig equal to °Q¥g(0) = f-—e} =0,25.

It is obvious that the momentum 12 GeV/c may be far from the
value of de{( (o) may have noth-—
ing to do with the diagram in T'ig.8b. Thus, the data on the annihi-
lation cross section at higher energies are extremely necessary.

There exists also a problem of the annihilation contribution to the
PP eand PP total-cross-section difference’ 16/
this question it is desirable to study the process

asymptotical region and the

In connection with
716/ ot pp -inter-

action with nucleon pair production in the frgmentation region of one

. of the incident protons. This channel can be described as a result of

the string junction/16/

(or decuplet) exchange in the scattering.
It is interesting that the energy behaviour (17) of this reaction
cross section in the dual scheme is close to the nucleon exchange one.
Just the nucleon exchange is responsible in the Regge phenomenology
for the transition of the baryon quantum number through a large rapi-

dity gap.

7. Conclusion

The analysis performed here shows that dynamical origine of the
large value of the FP slope parameter is the unitarization of the
elastic scattering amplitude. The impact parameter pictures of P
scattering at low and superhigh energies are very similar. Fitting
the total cross section we predicted low energy values of the slope
parameter, elastic cross section and real part of the forward elastic

scattering amplitude in good agreement with experimental data.

This set of results testifies to the existence of the '"black disk"
limit in pp interaction at low energies. The analysis confirmed
also the correctness of the diquark exchange energy dependence.

Note that the unitarization scheme is not unique. Once can con-

sider, for example, the amplitude in the form

(b)
Fb)= 7570
' (22)
The agroemant ol tha elautlc croos section and real purt of

the amplitude w!lh oxparimuntal data in this case is not so good as
for the elkonal unltarization (3).

13



It is worth noting the importance of correct usage of the ampli-
tude F(b) in Glauber-like calculations of the i;—nuclei inter-
/47 that the
ﬁsage of a gaussian amplitude F(b) at superhigh cosmic-ray ener-

action cross section at low energies. It is known,

gies produces a considerable error in the hadron nuclei cross sections.

The latter comment concerns the possibility of existence of the

baryonium/19/. Due to the "blackness" the annihilation amplitude fully

shadows all other channels of —P scattering in the interaction range

£ 0.3 GeV/c the shadow has a
imengion larger than 2 fm,

b2 £ 5 Be . At momenta
#
transverse
This work was essentially stimulated by helpful discussions with
L.I.Lapidus and his interest in the subject. I am . grateful also to
M, G,Sapozhnikov who informed me about interesting properties of

- » interaction at low energies and supplied with some experimental data.
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B.3.Konenuosuu E2-86-471
MexaHu3Mbl B3aHMOMOEHCTBHS AHTHUIPOTOHOB
TIPH HH3KHX H BBICOKHX 3HEPIHAX

llokaszaHo, uTo Gonbulo# paguyc B3auMOOEeHCTBHA pp ITPH HU3-—
KUX 3HEPrUAX eCTh C/lefCcTBHE YHHTAPH3AUUM aMIUTHTYAN paccesHH:
- sIBIIEHHe, AHAJIOTKYHO@ TOMYy, YTO OXHOAeTCHA MMPH CBEpPXBHICOKHX
3Heprusax. B oBoMX caydasaX aMImMTynoa paccesaHusa uMeer GopMy
"yepuoro gucka'. Jles cBOGBOOHBX TapaMeTpPOB BHIYMCIIEHB HaKIIOH
1 oHbdepeHnHanbiiOe CeveHHe YNpyroro paccesHusi, peanbHas
YAaCTh AMIIMTYObl paccesiiusa Brnepen. O0cyxpmaeTcss BOMPOC O Me-—
XaHU3ME AIHUTHITAUMHY TIPH BBICOKHX 3HEpTHAX.

PaBora punonveHa B JlaBopaTopHu TeopeTHUECKON &U3UKH
OUAH.

Mpenpunt OGbeaUHEHHOrO HHCTUTYTa sifepHbIX uccnenoBaHuit. Jy6Ha 1986

—

Kopeliovich B.Z. E2-86-471
Mechanisms of Ppp Interaction at Low and High Energies

It is shown that large radius of pp intgfaction at low
energies 1s the result of the scattering amplitude unitari-

zation, analogous to that believed at superhigh energies. In

both cases partial amplitude takes a form of "black' disk in
the impact parameter space. After fitting the total cross
section, the slope, the total and differential elastic cross
gsection, the real part of the forward elastic scattering
amplitude are calculated without any new parameters. The
mechanlams of pp annihilation at high energies are also con-—
sidered,

The inveatigntion hag been performed at the Laboratory
of Theovetical Physics, .JTNR.
Preprt of the loimt Institute for Nuclear Research. Dubna 1986




