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ronOCKOKOB c. B.' Kynewos c. n.' Cenl0n1H 0. B. E2 - 12605 

B~coK03HepreT~4ecKoe npoTOH-npoTOHHoe pacce~H~e 
B w~poKOH o6nacT~ nepeAa4 ~Mnynbca 

nocTpOeHa MOAenb 3HKOHanbHOro T~na An~ aMnn~TYA 
B~COK03HepreT~4ecKoro npoToH-npoTOHHoro pacce~H~~. YAOB­
neTBOP~IO~a~ Tpe6osaH~~M aHan~T~4ecK~x CBOHCTB An~ aMnn~­
TYA~ pacce~H~~. MoAenb Kon~4eCTBeHHO nepeAaeT ~ce CBOHCTBa 
A~ct>ct>epeHI..I~an bHbiX ce4eH~H pacce~H~~ B o6nacT~ 3Hep r~H 
23,4.5:VS.5: 62 r3B ~ nepeAa4 ~Mnymca O_<l tl::; 14,2 r3B 2. 

Pa6oTa BblnOnHeHa B Ila6opaTop~~ TeopeT~4eCKOH 
CI>~3~K~ OY1,S:H1. 
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High-Energy Proton-Proton Scattering in a Wide 
Momentum-Transfer Region 

A model of the eikonal type is constructed for the 
proton-proton scattering amplitude which obeys the requi­
rements of the analyticity properties. The model reprodu­
ces quantitatively all properties of the PP differential 
cross section in the energy range 23.4.SVs~62 GeV and 
momentum transfer range O::;ltl ,5::14.2 GeV 
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Laboratory of Theoretical Physics, JINR. 
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INTRODUCTION 

The investigation of high energy elastic scattering processes 
in a large momentum-transfer region arouses now a conside­
rable interest. This is due to the recent measurement of the 
proton-proton scattering at ISR 1 1 ' and FNAL12 / accelerators. 
These measurements have revealed the following features of 
the differential cross sections: 

1. The slope of diffraction peak changes near I tl- 0.15 GeV 2
• 

2. There is a sharp dip at It I - 1.45 and a wide maximum 
near I tl - 1. 9 GeV2 • i.e., the differential cross section has 
a diffraction structure. With growing energy the diffraction 
minimum and maximum go to the smaller It I values. At the 
same time the minimum and maximum are increasing with grow­
ing energy. 

3. The slope of differential cross section becomes small 
after the diffraction maximum. Its magnitude changes from 1.8 
to 0.9 when ltl changes from 3 to 14 GeV

2
• 

4. There is no another diffraction minimum up to It I -
- 14.2 GeV 2 • 

Note should be made that different models of the Chow- Yang 
type 13 1

, Regge eikonal models 14 1 , and quasipotential models 
with a Gaussian quasipotential 1 51 cannot reproduce the picture 
of proton-proton scattering in such a large momentum-transfer 
region. Most of these models lead to the slope b- b(0)/2-

- 5-6 GeV - 2 after the second maximum. They predict the 
second diffraction minimum at It I - 6-8 GeV2

; this is in 
contradiction with the available experimental data. 

Some models can reproduce the main features of hadron­
scattering in a wide momentum-transfer region (see, e.g., 
ref. 16 1 

). Among the latter, we would like to point out the 
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models based on the hypothesis of the composite structure 17 - 8 1 

of interacting hadrons and on the Glauber representation for the 
scattering amplitude. 

In the present paper we investigate the scattering of two 
spinless hadrons within a model of the eikonal type, which leads 
to one diffraction minimum only . 

The eikonal representation for the scattering amplitude at 
small angles may be justified in the framework of the Logunov­
Tavkhelidze quasipotential approach 19 1. One can obtain the 
scattering amplitude as a power series in vs using the smooth­
ness hypothesis for the local quasipotential 111 

1 1 T(s,t)=T0 (s,t)+ _ T 1 (s,t)+O(-). (1) 
2 h/s 8 

Here the leading term of the scattering amplitude has the eiko­
nal form 

"" iX(p , s) "" 
T0 (s,t)=isfpdpJ0 (p/~)(1-e )=isfpdpJ0 (ptl)f(p,s), (2) 

0 0 

where the eikonal phase X (p • s) is connected with the quasi­
potential 

+oo ---
X ( P • s ) = j_ f V ( y p 2 + z 2 , s) dz . 

s 
--<>0 

(3) 

Quasipotentials of the Gaussian type were used to analyse 
the experimental data on the quasipotential approach in a num­
ber of papers 1 12 1

. However, these quasipotentials lead to the 
amplitude which is an entire function of t; this is in contra­
diction with analytical properties 1 131 

It can be shown 1 14 1 that if the scattering amplitude satis­
fies the dispersion relations, the quasipotential can be repre­
sented as a superposition of Yuka wa potentials 

e-p.r 
V(r,s)= f dJI.--p(p.,s). 

Jlo r (4) 

One of the possible kinds of these quasipotentials was suggested 
in ref. 1 151 

In order to investigate the hadron-hadron scattering in the 
wide momentum-transfer region , we shall use the local smooth 
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quasipotential which can be represented in the form (4). This 
type of quasipotentials can quantitatively reproduce all known 
properties of the scattering amplitude in the energy range 
23.4S IS ~ 62.1 GeV and the t range 0 ~It I ~ 14.2 GeV 2 with 
the minimum number of free parameters. 

DESCRIPTION OF THE MODEL 

Let us consider the scattering of two hadrons in the asymp­
totic energy region. In this case we may retain only the leading 
asymptotic term of the scattering amplitude (2) omitting all 
correction terms in (1). We may take the main term of the ei­
konal phase in the form 

-..,...--,-
-p.yb2+p2 

x0(p,s)=ihe =io 0(p,s). (5) 

The parameters h , p. , b in (5) can change slowly with energy. 
The eikonal phase corresponds to the pure-umaginary quasipo­
tential growing with energy as s . It may be verified that the 
quasipotential can be represented by (4). 

The eikonal representation with the phase of type (5) was 
examined previously in the Chou-Yang model 116 1

. It was shown 
that the scattering amplitude reproduces the main properties of 
pp -scattering up to It I- 3 GeV, it has only one diffraction 

minimum but diverges essentially with the experimental data 
for I tl > 4-5 Gev 2

• 

Let us consider, besides the usual elastic rescattering (figl) 
n 

f 
1 

= - I. ( -o 
0

) I n! 
e • n=1 

some possible inelastic effects with the particle beams in inter­
mediate states (fig. 2). In this case we can change the sum 
over all intermediate states by two particles with some effective 
mass. As a result, fin becomes 

2 
f. (p,s)=-yo 0(p,s). 
In 

( Y is some constant). 
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Fig. 1. Contribution of elastic rescattering to the scattering 
amplitude. 

~ 

Fig. 2. Inelastic effects with forming particle beams in the 
s- channel. 

Taking into account such inelastic effects , we can write the 
eikonal phase in the form 

2 
o(p , S) =o 0 (p ,s) -yo

0
(p , s) . (6) 

The energy dependence of the quasipotential parameters can 
be determined by using the hypothesis of geometrical scaling 1 17 ~ 
by which the whole· energy dependence concentrates within the 
interaction range, and in our case only two parameters ~ , b 
depend on energy, moreover, ~ b = const. 

The slope of the diffraction peak and total cross sections are 
proportional to the b squared in the geometrical scaling 
approximation 

a tot - B - b 2 

6 

If the total cross section grows with energy logarithmically, 
we obtain 

b = b0 y 1 + a ln s 

The real part of the scattering amplitude can be determined 
by using the local dispersion relations 1181 : 

Re T (s ,t) = !L _d __ Im T(s , t), 
2 dIns 

which can be rewritten in terms of the eikonal phase 

Re X ( p , s) = ~ _d_ Im X ( p , s) . 
2 dlns 

(7) 

It is easy to see that the real part (7) is the first expansion 
term of the unique analytic function 

X (p • s) =X (p , lns - i E._). 
2 

As a result, the eikonal phase reads 

-~v ~+P~ -2~ y b~p 2 
o (p , S)=h(e - y he ), (8) 

where 

hy = const; b =boK ; ~ = ~0 /K ; K=y 1+ a (lns- 2.::_) . 
2 

Below we shall use the eikonal phase formulae (8) for the ana­
lysis of the high energy pp -scattering experimental data in 
the wide t region . 

One can represent the corresponding scattering amplitude in 
the explicit form. Here we shall write only the term corresponding 
to the pure-elastic rescattering (y = 0) 

T ( s ,t)= - ~ (-h( ~ _ n= l (n-1 )! (n 2~2+f'l2fY2( 1 + b v' n 2~2 +t.2)e - bv' n 2!1 2+f'l~ 

t =- i'l2. 
(9) 

It is easy to see that the scattering amplitude (9) is an analytic 
function oft It has root branchpoints at t=~ 2 .(2~) 2, (3~)2 ... 
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ANALYSIS OF EXPERIMENTAL DATA 
AND DISCUSSION OF RESULTS 

We have analysed all the known pp -experimental data in 
the energy range Vs~23.4 GeV and O$lti$14.2GeV2 . 

Parameters of the eikonal phase were determined by minimizing 
the x 2 functional 

2 ~ (Fik-MkFik (xn )) 
X =.:.. 

ki (a _k )2 
I 

(10) 

where F ik is the experimental quantity measured at the i -th 
point of the k -th experiment, F.k(x n) is the theoretical 
value for the same point, a .k • is 

1 

the experimental er.ror of 
Fi k , M k • the norm of the k 

1

-th experiment, that is the syste­
matic error of the k -th experiment. We restrict the deviation 
of Mk from 1 to 8%. We calculated only three parameters h , 
110 , b 

0
• which were related to the effective constant, effective 

mass, and effective radius of the central range of strong inter­
action, from the fit of experimental data. 

The quantity y h was chosen equal to unity . The coefficient 
a= 0.075 was fitted from the new experimental data for the 
total cross section 

1 191 
This value is approximately equal to 

that from 120 1 . 

The best description of experimental data (x2 =541 ~ x2 =449, 

x 2!)(2 = 1.205) corresponds to the following three parameters 

h = 4.96 ± 0.02 . 

J1 0 = (0.66 ± 0.005) GeV, 

-1 
b = (1.875 ± 0.005)GeV . 

0 

The norm coefficients Mk are shown in the table. Note that 
a sufficiently good description of experimental data can be 
obtained without the norms 

2 -x /x2=1.45 . 

* We neglect the points exceeding three standard deviations 
from the fit. 
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The calculated results are compared with experimental data 
in Figs. 3,4. It is easy to see that the theoretical results repro­
duce all specific features of the differential cross section in 
the wide momentum-transfer region. The accurate values for 
the differential cross section minimum and maximum and the 
predictions for the range It I = 20 GeV 2 are shown in the 
table. The obtained total cross section is in good agreement 
with the results of ref. 1 19 1 (see the table). 
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Table 

23.5 30,6 44.7 52,8 62.1 200 

0,92 0.92 0.96 1.08 1.018 

1,44± 1.418± 1.370± 1.348± 1.322± 

0.03 0.003 0,005 0.006 0,012 

1.47 1,43 1.38 1.35 1.33 1.20 

1.9?± 1.93± 1,92± 1.81± 1.81 

0.003 0.003 0.10 0,07 0.07 

1.91 1.89 1.8 1.77 1.73 1,60 

4.5± 4.2± 

0.3 0,3 

4. 9 5,22 

19.3 15.03 

39.01± 40.15± 

0.29 0.34 

3'3.02 40.08 

0.55 0.56 

5.2± 

0,3 

5.5 

10.72 

41.45± 

0.26 

41.58 

0,57 

5.8± 

0.5 

6.3± 

0,5 

5.8 6.0 7.1 

9.22 7.98 2.9 

42.38± 43.05± 

0.29 0.33 

42.23 42.87 

0,575 0.58 0.6 
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Fig. 3. Calculated differential cross sections at different ener­
gies. Dafil are from paper by A.Bohm et al. 1 1i. Predictions are 
given for Vs= 200 GeV. 

The differential cross section for the PP scattering at 
Ys= 200 GeV is shown in fig. 3. In ftg.5 the predictions for 
the small It I $ 0.4 GeV2 region together with the data 1211 are 
plotted. Our model predicts the smooth decrease of the slope 
of the diffraction peak with increasing momentum transfer. 
The average values of the slope are equal to b =14 .2 ( O <I t i~0 . 15) 
and to b =11.3 ( 0.15 < 1 t 1::; 0 .4) for the energy Vs = 52.8 GeV. 

From fig. 7 one can see that the theoretical curve repro­
duces not only the accelerator data 122- 24 1 but also the cosmic 
data on total cross sections1 251 . 

10 
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Fig. 4. Calculated differential cross sectionsatdifferentenergies. 
Dafil from paper by E . Nagy et al. 121• 
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Fig. 5. Behaviour of differential cross sections at large transfer 
momenta. Data from papers 1 20 ,bl . 
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Fig. 6 . The model predictions for small momentum transfers. 
Comparison is made with data from ref. 1211 . 

Our predictions for the slope of differential cross sections 
in a wide momentum transfer region is shown in Fig. 8 for 
the energy ys = 23.4 and Vs= 52.8 GeV. 

For ys = 52.8 the slope changes slowly at small I t I up to 
b "' 9. 7 at I t I "' 0.67. Near the diffraction minimum (I t I .. 1,23) the 
slope grows up to b=15.3 and smoothly changes from 0 .87 to 
0.57 when ltl changes from 10 to 20 Ge V 2

• 

Figures 9 and 10 show the curves for imaginary and real 
parts of the scattering amplitude with and without inelastic 
r es cattering taken into account at Vs = 52 .8 Ge V. It is seen 
that inela s tic rescatterings are important at sufficiently large 
momentum transfer ltl - 0.8-1 GeV 2• However, by taking it 
into account, the scattering amplitude has the same qualitative 
behaviour . Its imaginary part has only one zero and its real 

12 

~, dcmb> 

:a 

s 

N ,.. 

' EcGeVJ 

Jl dc•bJ 

' 
J 

s. .. ' 
E c'eVJ 

Fig. 7. The energy dependence of the calcula ted total cross 
sections ( the bottom part shows accelerator data 1 19,22-24/ 

the top part,the cosmic da ta 1 25 1 ). 

par t has two zeros . This may be due to the use of the local 
dispersion relations for the real part of the scattering ampli­
tude 1 20 1. 

The imaginary part of the scattering amplitude is five to 
ten times as large as the real part in the whole momentum -
transfer region except the diffraction minimum point. So it 
gives the main contribution to the amplitude. The effective ra­
dius of the central part of the interaction region is approxima­
tely half of the hadron radius . It grows with energy as y ln s and 
increases from 0 .45 to 0.48 fm when energy Vs changes from 
23 to 60 GeV. 

Thus, taking into account the analytical properties of the 
scattering amplitude we have formulated the model quantitati­
vely describing all known experimental data in the spinless case . 

13 



101 I 
lfl.,a.l/toeV I 

16 .• 5 ll.O 

Fig. 8. The absolute value of the imaginary part of the scat­
tering amPlitude for Vs= 52.8 GeV. ( -·- ·- with and-- with­
out the contributions from inelastic rescatterings). 

However, the spin effect may play a certain role at high energies 
and large momentum transfers 161 • So, it is very important 
to investigate the spin effects in proton-proton scattering in 
the energy range PL~ 200-400 GeVjc and I tl :::3 GeV 2

• 

•o'-1 IF < ... by,.v! I 
IQe 

,fS- 5Z.8 

16 .• 5 ll.o 

Fig. 9. The absolute value of the real part of the pp -scat­
tering amPlitude calculated within our model for-../s= 52.8 GeV 
( -. -. with and -- without the contributions from inelastic 
scatterings). 
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Fig. 10. Predictions for the slope B(t)= gt (ln( ~~)) for energies 
-Vs= 52.8 GeV and-· -..;s;:23.4 GeV. 

It is interesting to note that differential cross sections change 
approximately by four orders in the momentum range 
4 Gev2.c it I < 12 GeV2 • At the s2.me time it changes only by one 

and one half-two orders when It I changes from 12 to 20 GeV 
2 

. 

It is very important to experimentally check this prediction 

of our model. 

The authors express their deep gratitude to V .A.Matveev, 
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We thank also A.V.Koudinov, V.K.Mitrjushkin, S.V.Rusakov 
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