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2. COLOUR DIPOLES IN hd SCATTERING. -· ~ 
CLASSICAL CASE 

In а previous letter 151 we have suggested а new mechanism · 
for backward nucleon production off nuclei at high energies, 
based on diffractive excitation of colour dipole ·on ·deuteron. 

The contribution of this mechanism is calculated below in 
detail for the case of the deuteron and some errors of ref. 15 / 

are corrected. 
In our calculations we shall use the colour flux tube mo

del/1-3/. In this model the process is assumed to Ье adiabatic, 
i.e., hard gluon radiation is neglected and the colour field, 
being longitudiпa1, carries only energy but not momentum. The 
tension of the tube is found from the hadronic mass spectrum: 
к= (2rra~)- 1 .. 1 GeV/fm, where а~ is the slope parameter of 
Regge trajectories. The effective tension of the colour tube 
in hadron-hadron collisions could appreciaЬle differ from this 
value, since in these processes colour octets, not triplets fly 
away, and besides, the adiabatic approximation may turn to Ье 
quite crude. T.he second parameter of the model will also Ье 
used: the probability w of the quark~pair production in the co
lour field of the tube in unit time and per unit length of the 
tube. This valtie could Ье estimated Ьу Schwinger's formula 
or from the width of heavy resonances 12• 31 , both giving w ~ 
"' 2 f.m-2

• One can also estimate these parameters from the mo
mentum distribution of protons in the reaction рр -+ рХ. If the 
detected proton is in the target fragmentation region, its mo
mentum is· approximately equal to that acquired Ьу the target 
proton under the influence of the tube te~sion fo~ time inter
valr from the collision until the first breaking of the tube. 
This momentum is Р "'к т . The average time is determined Ъу the 
condition r2 w/2"' 1. On the other hand, Р is connected with 
Feynman' s х variaЬle of the leading proton Ьу р"' m(l- х2 }/2х 
Si nce <x> "' 0.5, we have <p> "' 1 GeV/c and w"'2/r2 =2к2 /p2 .. ·2 fm- 2• 

Of course, these are only very approximate v alues, and they 
should Ье confronted with experiments in many possiЬl e ways. 

Let 's consider now the interaction of ' а high energy hadron 
with а pair of n~cleons as described Ьу the space- time picture 
of fig . 1. The dashed lines repr esent traj ectories of white par
ticles; the solid lines, those of coloured particles. At 
point 1 the incident hadron exchanges colour with the 
fir st nucleon of the deuteron and а colour flux tube is 
s tretched between them. The coloured nucleon of mass m starts 
to accelerate with acceleration к/т. Note, that as the velocity 
of the coloured nucleon approaches the velocity of light, the 
length of the tube stops to increase, approaching the limit 
m /к "' 1 fm. At point 2 the coloured hadron exch~nges its colour 
with the second nucleon and becomes c~lout1 ess. The nucleon it-
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Fig.l. Space- time di agr am foP 
the process hd ... Рв hn; 
sol.id l.ines r epr esent t r aj ecto
ries of coZ.our objec·tsJ dashed 
Z.ines - those of coZ.our Z.ess ob
<i ects. 

sel~ starts to accelerate with tacceleration к / m in the direc
tion opposite to the -momentum· of the incident hadron. This nuc
leon reaches its maximal momentum Рв at point 3, where the t'hird 
colour exchange occurs, after which the two nucleons fly away 
in c-olourless state. ....-. 

Generally speaking, the tube could Ье broken Ьу this time, 
and the probaЬility of this is near to unity , if the distance 
between the nucleons in the deuteron is large. This possiЬili
ty will Ье considered later; first we discuss the pionless pro
cess hd ... Рв hn. 

The momentum of the backward -proton is eas i ly calculated 
from conditions дрh "' дЕь = кL for the incident hadron (assu
ming that i ts momentum is large р h » m • к L ) . From these condi
tions we obtain 

' 2(Е- m) 
=--, 

2m -PL- Е т 

кL 
( 1) 

where Е= (m2 +РЕ + Р~) l/2 is the energy • and PL is the longi
tudinal momentum of t~e backward proton. As is seen from this 
expression, the backward momentum р~ grows with distance L 
between the nucleons and tends to the kinematic bound, which ' 
is pmax = 3/4 for (J = 180°. 

,fe note that this increase of significant distances with Рв 
does not contradict the principles of quantum-mechanics. Larger 
Рв #s are due to production of colour dipoles of а l a r'ger mass, 
hence of а larger relative radius. Nevertheless, in section 4 
it will Ье shown that quantum effects may change t hi s r eiation 
between ~в and signif icant distances. 

3 . ТНЕ REACTION hd -> Рв Х 

As wi ll Ье exp la ined be low, the contr ibution of t he co lour 
dipole product i on t o the cross sect ion fo r the r eact.ion hd-> Pвhn 
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can Ье written in t he fo llowi ng form: 
2 

da f3as В ., hN 2 
--- = -- ехр(-Вр " ) (а . ) 
d d 2р 877 т 1П 
PL Т 

I'P d (L ') ~2 D(L) ~.!:.... 
dрв (2) 

The c r~ss section f or t he co l our exchange on t he fi r s t nuc
leon is ai:. The probaЬi lit~ of the colour exchange on the se
cond nuc l eon i s gi ven Ьу a~n I'Pct (L) 12 dL. (This fac tor corr esponds 
to Glauber cor rection for sc r eening). Note , tha t the l ength of 
the colour tube i s -l ess t han t he distance between the cent ers 
of t he nuc l eons ; hence we took L '= L + R0 in the argument of 
the deu teron wave function i n (2), wher e Ro = 0.5 f m is the r a
di us of ·the nuc l eon repulsive cor e . 

The probaЬi li ty t ha t no quark pai r is created in the colour
electri c fie ld of the t ube during this proces s is given i n ( 2 ) 
Ьу а factor 
D(L) = ехр (-w( dr dt), (3) 

1 

wher e ( dfdt is the shaded· region in fig . 1. No t e, that fo r L »ш/к 
we have D(L) "'exp(-wLm/к). 

The factor 1/8 stands for the relative probaЬility to have 
all three partic l es in а colourless state after t he thr ee co
lour exchanges. Since the first two colour exchanges have chosen 
а deuteron configuration with the nuc l eons hav ing the same im
~act par ameters , the probaЬility of the third co lour exchange 
cont ains no addi t ional smal l factors of the Glauber correc tion 
type; it gives only the factor ~а~, where а 

6
= g~/477 is t he QCD 

coupling constant and the numerical coeff i cient f3 is es t imated 
below. 

The dependence of the cross section (2) on the t ransversal 
momentum Р т of the backward proton is wri t ten in а normalized 
Gaussian form with the slope parameter В. 

In order to ~stimate the parameters ~ and В , le t us consider 
the Feynman diagram shown in fig.2 corresponding to the given 
process , where the colour transfer is due to one gluon ex
change . Naturally, this diagram does not reflec t the effects 
of confinement forces . However, i t seems reasonaЬle to assuмe 
that these soft forces do not a f fect the total c r oss sect i on 
of reaction, only change the momentum distr i bution of particles 
involve~. Hence the contribution of the diagram in fig . 2 to the 
cross section hd-> hpn can Ье compared with the integral of (2 ) 
(with the factor D(L) omitted in it), giving fhe pa~ameters f3 
and В. 

In the Appendix А we have calculated the contribution of the 
three-:gluon diagram and found the values В= 13 (GeV / сГ2 , 

f3 = 0.17. Fig.3 shows the backward proton spectrum in the re
actionpd-opвpn at 180° calculated from (2). \.,Те have used the 
Hamada-Jonston ~vave function of ref. :/ &/ , 
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Fig. 3. Cross sect~on fdr ~ 
pd ... р вХ. Data po1-nts are 
t aken from ref.ЛO /~p LAB = 

. ~ 
м0 0.1 
" ш 

= 8.9 GeV/ c; the dashed-dotted 
line denotes the result of 
(2)3 ca l culated for к = 
= 1 GeV/ fm and w = 2 'fm-2 

; 

the t hick soli d line shows 
the contribution of (35) at 
an angle 8 = 180°; the thin 
solid liпe the same f or 8 = 
~ - 140 °; the dashed l i ne shows 
t he contribution o;r the spec-
tator mechanism ·17 • · 

400 500 

PL (MeV/c) 

As is seen from fig.З, expression (2) g'ives а maximum at· 
Рв"' 500 MeV/c. 

Note, that one should add the contribution_of other -mecha
nisms to this one: that of the soectator mechanism 7/ domina
ting for low backward momenti;l, of isobar me ~hanism I B·I domina
ting at low energies of the incident hadron, etc. 

High energy data are availaЬle only for the inclusive pro
cess pd-> РвХ /9 /, Since the process under consideration is diffrac
tive, the excitation of the incident hadron does not affect the 
spectrum of backward protons and can Ье taken into account Ьу 
tnultiplying {2) Ьу а factor С h"' 1 + a:i~f 1 ahe~ •· For incident pro-
tons ер"' 1.4, for pions с1Т "' 1.6. . . 

The main decay mode of the colour dipole is due to qq pro
duction in the field of the tube, i.e., several dipoles of 
smaller mass are produced resUlting in significantly smaller 
backward proton momenta . Ву our estimates these events do not 
strongly affect the spectrum for р ~ 500 MeV/c. 

One can see from тfig.З that in fhe region of small momenta 
Рв ~ 4оо MeV/c the main contribution is given Ьу the Fermi
motion of nucleons in the deuteron·/7/ , Experimental results 
for рd-+рвХ obtained at the incidertt momentum 8.9 ·GeV/c are ' 
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a lso slюwn here. The comparison with the data shows that the
mechanism suggested gives the right order of magnitude for mo
menta Рв ~ 500 MeV/c. 

4. QUANTUМ-МECНANICAL APPROACH 

First we study the corresponding one-dimensional nonrela
tivistic proЫem. In section 4-.3 the re.sults will Ье generali
zed to q realistic case. 

4.1. Тwo-Particle Scattering. Dibaryon Resonances 

То begin with, let us consider а system of two particles 
both having "two states: "white" and "colour" denoted Ьу vec-

tor~ <Р) and (~ ) , respectively. We wri te the Hami ltoni~n as 

р~ v22 . 
Н= 2m . +2m-+П 1 П2 V(x 1 -x 2) +a1 a2 v(x1 -х2 ). (4) 

Here Пi '-= <58 )i is the· projection operator to the co~our state 

of the i -th particle; V(x) is the confinement potential for 
colour particles with а relative distance х. Note that for the 

colour string V(x) =к l xl. ai =(~~)i is the colour changing ope

rator. The last term in (4) corresponds to colour exchan-ge bet-
ween the particles. For simplicity we take ' 

v(x
1 
-х 2) = ао(х 1 -х 2). (5) 

Tlle sum of t11e first two terms (Н 0 ) act s in two orthogonal 
su15space s: i) а system of two noninteracti.ng white particles; 
ii) а system of two colour particle s inte r ac ting via the po
t en t ia 1 V (х 1 - х ~ • Т11е las t term in ( 4) mixes thes e subspaces. 
We shall conside r ~t perturbative ly. ' 

-~-= '><:::>' + '><::::>t->e::x' + ·-,}fi:i;i(,. , ' , , _ ' 

The Т """'mat r i x fo r t he sca ttering 
of t wo whit e partic l es, shown in 
Fi g .4 , is 

Fig . 4. The elastic scat
ter ing ampli tude of two 
colour less objects . 

T=vG0 v+ va0 vG0 vG0 v + •• 

Here G0 = G0 (б; +iO),where lf, is the 
total energy of the two-particle 

s ystem, G0(z) = (z- Н 0 )-1 is the resolvent of Н0 • ·а 0 is the 
sum of two resolvents acting in two orthogonal subspaces: 

(б) 

7 

)t: 



~.· 
~~-~··-

G 0 = ( 1 - П 1 П 2) G r + П 1 П2 G с • (7) 

Here Gr is the· resolvent for the free motion, and 

Gс(б;) =I.J dP \P,n> <P,nl 
n 211 6; _ р2 /2М-Е 

n 

(8) 

IP,n> is an eigenstate of нgonr =Pi/2m+P~/2m+ V(x1-x2) 
with total momentum Р and c.m.s; energy Е 0 ; the total mass of 
the system: M=2m. 

The matrix elements of Ос(б;) are reduced as 

<x~,x~IG (lЪ)Ix1 ,x 2 >=J ~= exp(iP(X'-X)]gc(E;x',x), (9) 

where х = х 1 - х 2 ; Х = (х 1 + х2 ) 12; Е= _б;- Р 2/ 2М; and gc is the 
resolvent for the relative motion: 

ф (х') ф*(х) 
, ) ~ n n g (Е; х, х = ,L, 

с n Е-Е 0 
( 10) 

The corresponding free resolvent is 

i . -
g (Е; х '; х) =- _J.I. - exp(i y2J.t. Е 1 х '- х 1) , 

r v2J.t.E 
( 11) 

where /.1. = m/2 is the reduced ·mass. 
The seтies 

vgc v + vgc vg r vgc v + ••• (12) 

can Ье ~ummed up easily ·and it gives the following reflection 
amplitude 

a2J.I.g 
~А= с 

'k 2 1 -а J.l.gc ' 

{ 

(13) 

where k i~ the momentum of the particles in c.m.s. and 

k2 , 1 Фn (О) 1
2 

g = g (- + Ю; О, О) = I. -----·· 
с с 2/.1. n k2 /2/.1. - Е0 + iO 

Ву inspecting the poles о~ (13) the two-particle system can Ье 
shown to have one bound state with negative energy ·and а spect
rum of "dibaryon" resonances in the NcNc system with energies ." 
Е = Е n - i Г ;е 1 2, where · 

et · 
Г0 .. а 2 lф0 (0) 12 m/k. 
8 
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The width г;t is due to the possibility to exchange colour and 
decay in the NN channel. 

In the case of the linear potential V(x) =к lxl the wave func
tions of the resonances are (see Appendix В): 

Ф0 (х) =.~;а' Ai(E \x l - а~)/ Ai{-a~), 
n 

(15) 

where Е= (2J.t.к) 1/ 3 ; Ai(y) is the Airy function; -~ are the zeros 
of Ai '(у) .Тhе corresponding energy spect rum is given Ьу 

Е = а' ( к2 ) 1/ 3 
n n ш- . (16) 

The possibility of qq production in the tube can Ье taken 
into account Ьу introducing an imaginary part of the potential 
Ьу replacement к ... к- iw/2, where w is the probability for qq 
production introduced in section 2. In this way we obtain for 
the total width of the multiparticle decays 

in 2w 
Г =-Е 

n 3к n 
( 17) 

En in (10) should also Ье replaced Ьу En- iГn /2. However, the 
expr ession obtained for gc is а good approximation only if 
Г0 << Е n+1 -Е n , which is not true for large n values. This 
condition means tha t the life-time of the resonance should Ье 
larger than the period of motion on the classical orbit. How
ever, for high excitations the tube breaks with а large probabi
lity, and the notion of resonance loses sense. 

Nevertheless, in the linear potential one can derive an 
exact expression for the propagator 

gc (Е; Х, 0) = .t_ Ai (Е\Х \ - ~~) /А' (- .!.!_) . ( ' к i к • (18) 

Ву using the asymptotic form of the Airy functionJ 101,one сан 
show that at high energies this expressiun tends to the free 
propagator ( 11) with а damping factor for breaking of th.e string 
(cf. Appendix В). Of course, this result is more gener:al and 
valid for а large class of potentials. 

4.2. Duality of the Scat~ering Amplitude ' 

The amplitude (12) is dual in the foll~wing sense. As it 
has been pointed out, at high energies the propagator gc could 
Ье replaced Ьу the free one. This corresponds to the Pomeron 
exchange in the simplified model di scussed above. On the other 
ha~d, the amplitude at low energies has а resonance behaviour 
as ·is clear from expression (10) for gc. 9 

~ 
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lt i s interes t ing tQ note, that duality holds i n average 
as well. The contri bution of dibaryon resonances to the i magi
nary part of the NN elastic scattering amplitude, averaged 
ove r an energy interval t!.E is: · 

et t _ 

- dEn -1 Гn Г n 1 2Е 2 dE n -1 2 
ImA = (-. - ) ( dE----· ---·у-V-=7Та (-an) I Фn(O) I • (19) 

dn . (Е- Е ) 2 +(Гt/2:f 11-
n n 

Ву usin& the asymptotic form of g c , i.e., the free propagator, 
we obtain: 

2./ J:_, ImA = а v 2Е ( 20) 

Expre ssions (19) and (20) coincide . i f the following relation 
holds true : 

. dE ' 2Е ' 
Ф2 (О) 77(-n Г1 · 1 ----'Е- = 1. 

n . dn V j.L 
(2 1) 

This re l at ion is fulf illed approx imat ely f or di f f erent co-gfine
ment potent ia l s and .. ha s а clear physica l ' i nt erpretation . Us i ng 
the quasi-class ica l r ela t i ons · 

dEn 277 

~= Tcr' 

2En · 
..j - = Vct (0} • 

' j.L 
-. 

wher e Vcf (~t) and Т cf a r e the velocity and the period of mo t ion 
on t he c l assica l traj~c tory, one can rewr ite (21) in the fol 
lowing fo rm: 

dx/ Vcf(O) 
ф 2 

(0) dx = -т;т2 
n CL 

This relation means the equality of quan tum-mechanical and clas 
sical probabilities to find the particle in the interval dx. 

One 'can hope , that t he duality between th.e Pomeron and di- ' 
baryon resonances r emains valid for а more realistic case as 
well. Note, that in the meson-nucleon scatteriщ~ the Pomeron 
corresponds to 5-quark resonances with separated colour. 

4 . 3 . Scat t er ing of Three Particles 

The Hami l tonian (4) is eг. sily generalized to several par
ticles: 

р~ 
H =I- -

1
- +L 

i 2m i<j 

10 

П.П. V (х . -х .) + I. a ia .v(x . -х.). 
1 J 1 J i < j J 1 J (22 ) 

Pig. 5. The eZastic scattering ampZitude 
of t~ee coZourZess particZes in the 
Zoыest order. 
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Consider the s t attering ampl.i tude for three whi t.e particles: 
+ 2 + 3 ... 1' + 2' + 3'. The Hamiltonian Но consistlng of the 

first two terms of (22) does not mix the different orthogonal 
subspaces: when all three particles - are white, and when,e.g . , 
particle 3 is white and free, 1 ari.d 2 are in а colour state 
and interact via V(x 1-х 2 ) . The last te-r~ in (22) will Ье con-
sidered again as perturbation. · 

In the lowest order the scattering amplitude for three par
ticles is shown in fig. 5. This corresponds t o the diagram i 'n 
fig.2~ considered above. . -

Не ho.ve to derive the three-particle resolvent acting in 
the subspace where particles 1 and 2 are coloured while par
ticle 3 is white. The matrix elements of this resolvents are 
simply · expressed Ьу gc defined in (10):. 

' ' ' 1 G ( 12) (Е 'О) 1 < х 1 , х 2 , х 3 о + I х 1 • х2 • х з > 

dp dP 
= (--3 -1~exp[ip (х' -х ) +iP (Х' -Х 'ig (Е +iO,x' ; х ), 

27Т 27Т 3 3 3 12 12 12" с 12 12 ' 12 

v7here х12= (Х1 +Х 2) /2; х12=Х1- х2; E12 ~ E-p:/2m -P1;/2M,(M=2m) 

,. 

is the .energy of the relative motion in the system ( 1-2). ( Pl, 
Р2 ,р 3 are tlle momenta of particles, and Р1 2 = р 1 +р 2 ). The am
plitude corresponding to fig.S iв written as 

А ; < р;,Р2 ,р~ \ T\pl,p2, Р3 > 

, ' ' (12) (12) . (13) (23) . (23) =<p1,p 2,p3 \v G 0 (E+IO)v G 0 (E+IO)v \р 1 ,р2 , Р 3 > 

- ( 12) . 3 2 where v =< v(x 1-x 2) = ао (х 1 -х 2 ), 2mE = _I. р i 
• 1= 1 

3 ' 2 
I. Pi · 

i= 1 
After simple cal cul at i ons one ob t ains in t he coord inate re~ 

present ation : 

А = а 3 ( dxexp[ix(p 3-p ~ )/2] gc(E~3 ; О, х) gc(E 12 х,О). (23) 
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From this we get the scatterin~ amplitude f or the case when 
particle 1 is sca ttered Ьу а resting "deute ron" - а bound state 
of two whit e parti~les 2 and 3: 

Ad "" < р~, р~, р; 1 T lp1 , d > = 

:а3 ( ~dxjd {q)exp[iX(q-p{)/ 2]gc (Е~3 , -o ,x)g c (E 12 ;x,O.), 
21т 

(24) 

where р з= q, р 2 =-q and 'l'd (q) is the wave function of t he "deute
ron" in the momentuTh representation. We make some approx ima t i ons 
in (24). The incident particle is assumed to Ье .very fas t: 
P 1 » q,p2 ,РЗ » p 1 - p'1 .тhen one has Ps = -Р2 "" - Рв·Тhе l ast 
factor in (24) can Ье replaced Ьу the asymptotic express i on· 
(В3). 

Ad 

Then one obtains: 

i~3 
р1 

( dx'l'd (х) gc(E'; 3 ; 0, х) ехр(- WIJ. х 2 ) , 
о - 4р1_ 

,--: (25 ) 

where Е2з = Рв/m. This expression has а clea r physica l meaning : 
the potential accelerates the particles 2 ,3 from their origina l 
distance х till О, transferri_ng !,ПOmenta ±Рв t o them. 

Inserting the sum over resonances (10) i nto (25) one ge t s 
overlap integrals between the wave functions of the r esonances 
and the deuteron. It does not mean:, of course, that colour se
para·ted states are assumed in tlie deuter'on . The colour i s trans
ferred Ьу the incident hadron, and the amplitude for creating 
а colour dipole of size х is proportional to the deuteron wave 
function 'l'd (х). 

The main difference between expression (25) and the clas s i
cal expression (2) is that in (25) there i s no one-to-one r e l a
tion between the backward momentum' Рв (i.e., energy Е23 ) and 
the "prepared" distance х in the d·euteron. 

We shall investigate the dependence of relevant longitudinal 
dis tances х on Рв. If the momentum Рв i s l arge enough, one can 
us ~ the quasi-classical approxima-tio.n : 

gс(Е2з ; О,х) -im х 1 т 
exp{i ( q(y) dy - -

2 
J W! y(t)]dt\ 

о о 
( 26) 

2.у q(O) q(x) 

where 

q(x) = у р·: - inV(x) 
jc 

(2 7) 

The second t er m in the exponent t akes into account the possibi
lity of br eaki ng of the tube desc r ibed Ьу а co.mplex potent ial 

12 
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V(x) - iW(x) / 2. The function y (t) is the so lut i on of c lassical 
equa tion of motion 

dY = _!_ у 2tL (Е 2з - V(y)) 
dt /). 

with the boundar y cond i tion у(О) = Xv The time i nterva l Т = Т(х) 
is given Ьу у(Т) =0. For the string with -the potent ial (к-iw/2) l xl 

1 . т w m 112 3 / 2 

2 r w[ y (t)] dt = - <- > х 
о 3 к 

Let us e s timate the in.tegral (25) Ьу the stationar y-phase 
method · 

• -im) ' - im 
А "'(-- ---== 

d Р 1 2 у q(O) q(x) 

-112 
112 

(28) 1 дq(х) ) · 'l'd(x) D (x) l x = LCPJЗ)' (-~ дх . 

wher e the va lue х = L(рв) given Ьу the stationar y phase condition 
q(x, р ) 1 L ) = О i s jus t t he cla s si.cal distance corre spon-

в х,., < Р в 

di ng to the expression (1 ) . 
The f unction D(~ in ( 28) inc ludes exponentia l factors from 

( 25 ) and ( 26) tak ing int o accoun_t break ing of t he t ube. 
D(~ coinc ides wi t h t he class ical expression (3 ) for the 

nonrela tivistic case. 
Further we . have 

dq dL - 1 dL -1 
= q(x) -1 (- } = q(O) (-) 

dp x=L dp dp 
в . в в 

dq 1 
· q(x) ~ x=L 

I nserting this into (28) w~ finally get 

m2 -;- '"'(IL"": 112 
--- у- '1' (L) y --D· (L) • 
рр 2 d dp 

1 в в 

. Ad "' (29) 

This approx ima tion of (25) corresponds to expr ession (2) . 
In the quasiclassical appr oximat ion t he significant dis t ances 

grow with Рв · However it i s obvi ous from (25) and (26 ) that this 
increase is limited because of rapid decrease of the wave f unc
t i on 'l'd (x)and the f actor D 112(x) at large Х values. At real i s t i c 
ya l ues of parameters the integration i n (25) is cut off a t 
х "'к/(wm) "' 172 fm corre s·ponding t o р в"' 0.5 GeV/c . At larger 
va l ues of Рв the quas i classica l approach does not work , and t he 
physical meaning of express ioi}. ( 25) is as follows. · The energy 
Е ; of t he colour dipo l e comes from work done Ьу colour f orces 
- к~ /(mw)шd the kinet ic energy of t he nucleon "prepated" in t he 
deut eron . However , i f Е;3 becomes too l arge, the t wo-nuc leon 
i nterpr e t a t ion of the deuter on 't-тave func t ion los es sense and it 
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is necessary to take into account the quark structure of the 
deuteron. 

Note that in the spectator mechanism 171 the total backward 
momentum should Ье prepared in the deuteron. Hence the present 
mechanism remains valid at much larger values of Е~3 than the 
srectator one. 

4.4. Generalization to а Realistic Case 

The proЬlem above contains all th~ main features of the quan
tum-mechanical approach. However, it has been formulated in one
dimensions, nonrelativistic case, for the 8 -type colour ex
change potential ~~ and for а very simplified colour structure. 
We generalize the proЬlem to а more realistic case. 

We assume that the colour state has 8 components (colour 
octet) . The colQЫr exchange potential in Hamiltonian (4) is 
replaced Ьу (1/J8) 8аь ~r), where а, Ь = 1, • .. ,8. 

The wave functions' ( 15) of dibaryon resonances in the S
state are rnodified in the following way: 

ь 1 а. ь .,аь - Ai 'а - а ) 
ф: (r) = -=8 ф (r) = _и_..;_€_ " n 

..,j8 n ..jS 411 Ai'(-an)·r 
(ЗО) 

where an = 2.3; 4. 1, 5.5 ... are the zero's of the Airy func
tion: Ai(-an) =О. 

Note that а rnore realistic potential can Ье used instead of 
the potential V(r) = кr 

V(r) = 1 
00 if .... 

r < Ro 

к (r - R 0) if r > R
0 

• 

Here R0 "" О. 5 frn is the radius of the repulsive ~ore. The cor
responding rnodification of the wave function is very sirnple: 
it is enough to replace r Ьу · r- R 0 iri the argurnent of the Airy 

-function and take ф n =О for r < R0 • The rnasses of tt1e cotres-
ponding resonances are 

Mn 2m + an (~) 113 m . (3 1) 

It is seen that already the first dibaryon resonance with se
parated colour has а large rnass of about 3 GeV/c 2• Their width 
Г~ is still given Ьу expression (17), and for the first re
sonance it is about 200 MeV/c. Note that values for rnasses and 
widths have to Ье considered as rou~h estirnates only since be
side other approximations the values of к and w are not we11 
determined. 
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Expression (14) givinR the decay width to two nucleons is 
replaced hy 

f mQ n 3-+ -+ :t,. • ...) 1 2 Г 6 
= -- 1 J d rv(r) Фn (rJ exp(1Qn r 

n 211 
(32) 

where Qn= ..J2Мn-4m 2/2 is thefmornentum of outgoing nucleons in 
th: c.m.s. Let ~s estimate Г:. Не take v(r) of the form 

~r) = v(O) exp(-r 2/4В). (33) 

The pararneters v(O) and В can Ье found from the NN scattering. 
The parameter В turns to Ье equal to the slope parameter in 
the elastic NN scattering, В "' 10 (GeV/c)-2 , and 

v(O) = 
..J 2u1~N 

"' 0.1 GeV. (34) 
411В 

We have taken into account the fa'ct that the colour exchange 
is vector like and not scalar; this yields а constant cross f 
section. Then from (32) we obtain for the first resonance г: "' 
"' 10 MeV. It's obvious that геf «Г 1n .Note that геt has been 
calculated much less reliaЬly \ьаn ('in since the decay to two 
nucleons is due to the colour exchange within the resonance and 
its quark structure is irnportant. 

It has also to Ье noted that the paraщeters of v(~ depend 
on energy. The estirnate (34) corresponds to large energies. At 
lower energies pesides gluon exchange quark exchanges are also 
irnportant, they can increase v 2(0) Ьу а factor "'2. 

The cross section for dd ... р8 hn acquires the forrn (cf{25)): 

d 3(1 
E-

d3p 
в 

2(ubN)2 В ...; г;r 
_ln_. _ 1 ~ n ( dzllld (z) ф (z) D112 (z) 1 2 • (35) 

11Q n М - М + iГ t / 2 n 
n n 

Here Q = m(a -1)/ ..,j a(2-a) is the relative rnornenturn of two онt-

go ing nucleons in their c.rn.s.; М = 2m /..,j a(2-a) i s their effec
tive mass; а=(Е+Р )/m is the li ght cone var iaЬle (we have L . 
neglected the transverse rnornenturn of the outgoing hadron h ). 
А cornЬinatorical factor 4 is included, i t takes i n to a ccount 
permutation of nucleons. 

" The results of calculations using forrnula (35) mult i plied 
Ьу the factor CN. "'1.4 (see sec.3) are shown in fig.3 for 

· angles 180° and 140°. Не have used here the value г~f = 30 MeV. 
Expression (35) has the following scaling property: at а fixed 
value of а the cross section does not depend on the backward 
angle. It is easy to verify that the spectator mechanism has 
the sarne feature, hence their relative contribution does not 
depend on the production angle. 15 
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One has to note that the real location of structures in back
ward spectrum may Ье different from that in fig.4 because the 
masses and widths of resonances are calculated only approxima
tely. 

The normalization of the cross section is ~lso uncertain . 
because the parameters of the model are not well known. Never
theless fig.3 shows that the results of calculations agree in 
order of magnitude with experimental data for Рв ~ · 550 MeV/c; 

As it has already been mentioned, the contribution of the 
present mechanism to the cross section of backward proton pro
duction at large energies does not depend on the incident ener
gy. However at intermediate energies of about several GeV there 
is а specific energy dependence. Really, the amplitude (23) 
contains gc(E 12 ), the propagator function of the system consis
ting of the incident hadron and the target nucleon after the 
first colour exchange. At high energies we replaced it Ьу free 
propagator (26). Howeyer, as is shown Ьу (10), at intermediate 

energies g (Е 12)' has resonant dependence on Е 12 = .J 2mTkin-:;:- 4m2 , 
where Tkin cis the kinetic energy of the incident hadron. Hith 
the first resonance having 3 GeV /с 2 mass, for th·e· fixed 
value of р в one expects а maximum in the cross section at Tki~"' 
~ 2.6 GeV. The present mechanism starts to &ive consideraЬle 
contribution only from these incident energies. In the case of 
the incident pion the resonances of g (~ 12 ) are 5-quark pion
nucleon resonances with а separated c~lour. In our approxima
tion . the excitation spectrum of these resonances is close to 
that of dibaryon resonances. 

5. ELASTIC pd BACKWARD SCATTERING 

In the pionless process pd ~Р pn at intermediate energies 
the proton and the neutron flyin~ forward can have comparaЬle 
momenta and form а deuteron. Hence the mechanism of colour 
forces contributes to the pd backward scattering ; as is shown 
Ьу the diagram in fig.6. The corresponding amplitude is: 

Apd~ dp ( W d (~ ') v(;') gc (Е~ 3 
... ... ...... ..... ... ...... 

x',z)v(x-y)gc(E12 ; у,х) х 

~ ...... - ... -+-+ .... 1 ...... 
х v(x) 'Pd (q) exp[ix'q~2 - iz(2PЗ2 - р 

• 4 1 .... ...... ". .-+-+ 
+ Iy(2P 12 -р1) + 1Xq12]do 

where 
~ 1 ~ -+ 

q12= 2(р1-р2); 
.... 1 -+ -+ ... -+ ... ... -+ 

чз2 = 2(рз -Р2): р12 =Р1+ Р2: РЗ2 = РЗ 

-+ 1 -+ .... -+ 1-+ .... 
Рз = 2 Р d + q, Р2 = 2 Р d - q' 

do = ct 3 xd3 x'ct3 yctЗZct 3 qd3 q'. 
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~- 1 ~ ~ 
р2 = 2р d- q р' = .!..j)• + Q; 

1 2 d . 

... , 
+ р2 

(36) 

. 

Taking gc as а s um over t he re s onances , and neglecting t he 
momenta of the nucleons ins i de the deutero~, one gets f or the 
cross section in c.m. s . : 

da 
4 

25I 'Pd (О) 1 1 . ~ (37) 
v Г et f' вJ F ' (i р ') n n nn ' 12 

(М - Mn + iГ ~ /2)(М- М~+ iГnt'/2) dil cms 

where 

18Q2 , 
n,n 

-+ ~ -+". 
... ... з-+ з-+ ... -+ ... ... 1 -+ ~ r · 1 ~, ~ r 

F ,(р,р')= (d rd r'ф (r)v(r-r')ф , (r')exp [ i(тP + P 12 -i(~ +Р)2]. 
nn . n n .. , 

2 2 2 / . . """ (38 ) 
Here М = 4m + 2mT ~in ; Q = mTkin /2, where Т kin 1s the k1net1c 
energy of the inc1denF proton in the labora t ory system; р ~ 
and р' are the initial and final momenta of the pro ton in the 
c.m.s. The combinatorical factor 25 comes f r om di fferen t per
mutations of the nucleons. 

Fig.6. The diagram for pd back
ыard е las.tic scatteri71{J. 

L 
tЛ 

.......... 
..0 

. h . . :::1..1 F-z.g. 7. Т е cross sect-z.on -"' 
for the reaction pd ... dp qu 
at е= 180°; the data ~ 

pd--dp 
8 =180° 

!. 

points are from ref. 1141. ~ 0.1 
the ~olid line shoыs the ~ 
contribution of (37) . 

2 3 4 5 6 7 
Tкin (GeV) 

' The expression ' (37) has а clear interpret.ation (cf . fig . 6). 
The incident proton hitting the target nucleon forms а diba
ryon resoqance with probability pr oportional to г;f. Then this 
resonance scatters backward on the second target nucleon Ьу. 
а colour-nucleon-exchange. The amrlitude of the last process 
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is de scri bed Ьу express i on ( 38). I t i s interest in~ to note tha t 
this scat tering proces s t ake s place at c.m. s. momentum -р/2. 

Le t us e s t i mate (38 ) for scat.ter i ng angles near to 180 at 
n = n ' = 1 , us i ng in (ЗО) the following approximat i on for the 
Airy f unc t ion: 

Ai(x-a1)"' 0.70 · х· ехр (-0.29х 2 ), х~ О , 

• where а 1 "'2. 34 is the first zero of Ai(-x). From (38) we find 

, 4" З/2 
F

11 
(р, р ) "' v(O) (Т) ехр[ ""' 

р2 

16(Л - 1/В) 

,2 
9Рт 1, 
64.\ 

(39) 

where Л = 2l· 0.29+ 1/ В (cf. (15) and (33))·. 
То estimate the cross section for e l astic pd scattering at 

180° we ne8lect the. nondiagonal terms n .;, n' in (37) and the n 
dependence of F nn(p, р '). The results of calculations with the 
parameters fixed above .are compared with the experimental da
ta / 11 / in fig.7. It should Ье men~ioned that this cross section 
contains an additional factor Ге v~O) with respect to the cross 
section of pd _. РвХ. At the values of parameters fixed in the 
previous section the pd _. dp cross section comes out too small 
almost Ьу an order of magnitude. However, these factors are very 
uncertain a nd within their limits one can change the normaliza
tion, wha t \шs been done in fig. 7. 

As is seen in fig.7, the observed change in the en~rgy de
pendence of the cross section at Tk . ~ 2.5 GeV may Ье connected 
with а dibaryon resonance of mass a~ound 3 GeV / c2. Figure 7 shows 
that the contribution of this mechanism at smaller energies is 
negligiЬle . It would Ье imp ortant to obtain experimental d~ ta 
at higher e·nergies. 

б. POLARIZATION EFFECTS 

Effects connected with tlte pol arization of the incident pa r 
ticle in the reac t ion hd -> Рв Х a r e small at high energies and 
decr ease as an i nvers e power of ener gy . However , the polariza
tion of the backward nuc l eon could Ье l arge iq principle. Never
the l ess , in the domain wher e t he fi rs t dibaryon r esonances do
mina t e (Рв "' 500- 600 MeV/ c ), t he pol a riza ti on of the backwar d 
protons is zer o i f one ~n negl ec t the inte r fe r ence of di ffe r ent 
resonances and of the backgr ound . If Рв i s near to the kinemati
cal boundary, the polarization of the backward protons is de
termined Ьу the interference of gluon- and quark-exchanges in 
the last colour exchange, which takes place at а finite energy. 
Hence the polarization would depend on Рв but not on the inci
dent energy. It is interesting to note that а polarization ~ear 
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t o zero can Ье expected in this case . Actwally, in t he elastic 
NN scattering the polarization is due to the interfer ence of 
the imaginary non-spin-flip Pomeron amplitude lmf~+ with the 
real part of the leading Reggeon~ s contribution to. the spin-flip 
antpl-itude, Ref?'-· Theexchange degeneracy of f-(JJ and р-А2 . 
leads to their compensat ion in lmf R, while their contributions 
add in Ref R. In the process NcNc -> NN considered h~re the pola
rization is due to the interference of the real gluon-exchange 
non-spin-flip amplitude Ref~+ with the imaginary part of the 
spin- flip Reggeon amplitude,. lmf:~. The later is zero if the 
colour Reggeons Rc are exchange degenerate. If the exchange de
generacy for col.our Reggeons is s t rongl y violated, the backward 
protons can have polarization of several per cent 151.Note, that 
t he size of t his polarization is equal to the azimuthal asym
metry of backward protons in the case· of polar ~.zed deuteron. 

7. DISCUSSION 

А high energy hadron, interacting with the deuteron, can 
tra nsfer colour from one of the nucl eons to another, turnin8 
the deuteron into а colour dipole. The decaying dipol e can emit 
а nucleon into the backward hemisphere. This mechanism is based 
on the popul a r model of colour strings, which reflects, we hope, 
properly the space-time d evelopm~nt of hadron-hadron interac- , 
tions. The study of hadron-nucleus interactions· provides а uni
que poss iЬil i ty t o verify thes e ideas. 

~е no te, t ha t the kinema tics of production and decai of the 
colour d i pole resemЬles t he mechani sm of i n t e rmediat e produc
tion of r esonanc e 181 when thi s r esonance interacts with t he se
cond nucleon i n t he r eaction N*N _, NN, and due to the excess 
of mass i t produces а nuc l eon i n the backward hemisphere. At 
SQall momenta P lab ", ) .5 GeV / c of the incident proton the pro-
duction of 11 33 isobar /8, 12/ gives а large contr ibution, which ,'\! 

decreases with ene r gy as an inve r se power. The contribut i on of 
diffractive excitations does not depend on the incident ener gy. 
However, the cross sect i on of diffractive dissociation, summed 
over the final states is suppresse~ compared to ai~ Ьу an order 
of magnitude. This smal lness enters quadratically into the 
cr oss section pd .... IJвРП, therefore at · high energies the contri.,.. 
bution of white intermediate states is negligiЬle with r espect 
to the coloured ones . · 

Another mechanism with nonvanishing contr ibut ion at high 
ene rgies - the spactator mechanism 17i - has been ment ioned 
earlier . This dominates in the рd -> Рв Х cross section in the 
soft part of the backward spectrum Р в ::; 500 ИеV/ с . At l a r ge 
momenta the calcula t ions i n t his model lose s ense because the 
usa8e of the two- nucleon wave f unc t ion of the deuter on i s un-
jus tif i ed . ~ 
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For the same reas~n the calcul a tions presented . above al so 
have limited domain of va1idity, extendiпg , however, until 
higher momeпta , thaп fo r the spectator mechaпism. А colour 
dipole with а large mas s сап Ье formed поt опlу Ьу iпcreas iпg 
the prepared momeп-ta of the пucleoпs within t he deuteroп but 
аlво Ьу the energy of the colour flux tube . 

The comparisoп with the available experimental da ta allows 
us t o conclude only that the contributioп of t he mechaпism pro
posed here agr e es in order of magпitude wi th the cross sect ioп 
of reaction pd -. pBX at Рв ~ 500 MeV/c апd with t he cross sec
tion of backward elastic pd scatteriпR at Tkin "' 2 . 5 GeV . 

А great part of t he availaЬle experimeп_tal data for back
wa rd protoп productioп l1as been ob taiпed оп пuclei with А > 2 . 
Cascadiпg ef f ects апd t he Fermi-motioп of а nucleoп pai r a s 
а whole makes the t heor etical study of thes e process diffi cul t. 

For t ha t reasoп i s more favourable t o study differeпt pro
cesses оп deuterons . Several exampl es ar e lis ted below. 

1. А change in the char ac t er of the reactioп lid-+ J>в Х wi th 
the iпcreasiпg Рв. At Рв :S 500 MeV/c the spec t ator mechan ism 
dominates . I t is char acterized Ьу lar ge multiplic ity <n>hd "'<n>ьN 
апd large momeпtum loss of the leadiпg part ic l e <xF> =. 0.5, 
wher e х F is the Feynmaп variab le. 

I f t he contribution of iпtermediate colour dipole domiпates 
at Рв ~ 500 MeV/c then .- siпce thi s process is diffractive - the 
leading haqroп should have quaпtum numbers of the incideпt ~ar
ticle апd xF in the diffractive region. Accordingly, the mеап 
multiplicity i n thi s process is small. · 

Ву selecting the diffractive part iп the reactioп hd-> РвХ, 
e.g., hd-.p nh(h*), one can suppress the backgrouпd of the spec
t ator mechlпism. 

2 . Observation of bumps iп the momeпtum spectrum of the back
ward pro t ons would Ье а serious argument for ~he existeвce of. 
heavy di baryon resonaпces with separated colour. Thes ~ reso
пaпces are analogous t o giant nuclear resoпances, which a r e 
collect ive exci t a tions of nuclei. 

We would l i ke t o str ess that t he calculat i oп of the mass 
spec t r um of dibaryoп resoпance s preseпted above bea'rs ап il
lustrative character опlу , siпce по quark structure has Ьееп 

"" takeп iпto accouпt, а linear coпfiпement poteпtial has Ьееп 
us ed , etc. Values of Qarameters к aпd · W s trongly affect the 
masses апd widt hs of the resoпances, e.g., at к = 3 GeV/fm -< 
t he first rеsопапсе gives а peak in the· backward spec t r um at 
Р в "' 0.65 GeV/c. 

It should Ье пoted t hat search for such dibaryoп resoпances 
in the NN scattering is difficult due to thei r smal l produc
tion cross sec tioп. Indeed, the coпtribut ioп of diba·r yon r eso-

20 . 

папсе into the cross sectioп at .E=En is (4n: / lC)Гef;гt, ' · n n-
which is only 1% of а ror . .. 

Therefore search for heavy dibaryoп resoпaпces iп reactioпs 

wi th eпergetic back~ard · nu~ 1eciп production Рв - ~ 500 MeV/c seems 
to Ье favouraЬle with respect to the sigпal to noise ratio. 
Really, a't .high iпcideпt eпergies the kпown mechaпisms do поt 
coпtribute (the spectator contribu'tioп сап Ье suppressed Ьу 

, sel ,ectiпg the diffractive eveпts). · 
Light пuclei сап Ье used as targets if the effective mass 

distributioп of two protons is studied, one of which flies 
backward. 

3. The importaпce of obtaiп j.ng data oп _ elastic backward 
s catteriпg at Tkin ?; 3 GeV is oby ious from fig.б. 

The mechaпism coпsidered above should Ье пoted to give coп
tributioп also to the 11d backward elastic scatterihg. Iп this 
case fiv~-quark iпtermediate .·resonaпces of "с~ type are exci
ted. The cros~ sectioп (37) for 11d backward scattering has ап 
addtioпal -factorof 4/2';) takiцg into account fewer permutat ioпs 
of пucleoпs апd less number of qu~rks in the p i on . 

4. It is importaпt to note that t his mechaпism doe s not con
tr ibute to the backward protoп production ' oп the deuteron if 
t he iпcideпt partic le . is а lepton. Оп the coпtrary, the ~ре · .. 
of the iпcideпt particle is irrelevaпt for the spectator: c'ha- ; 
пism. Therefore а characteristic d·epeпdence оп Рв of the rat · · ·· 
R = a(fd -+ РвХ)/ a(hd -+ Рв Х) сап Ье_ expected. At Рв $ 500 MeV /с, 
wh.ere the spectator mechaпism domiпates, R shoul_d Ье constaпt 
(-atot (f N) 1 а tot (hN)), while it should fall down at iпcreasing Рв• 
because the- colour excitatioп mechanism becomes relatively more 

' important. 
This statement does поt aprly to heavier nuclei since the 

quark kicked out Ьу the leptoп сап coпvert а pair of nucleoпs 
iпto а colour dipole. 

The authors ackпowledge useful discussioпs with V.B.Belyaev . 
апd L.I.Lapidu~ . 

~ 

'APPENDIX А 

Fo~ convenieпce of notations let us cons i der the proЬlem 
where all three interactiпg particles А, В апd С are mёsons, 
сопs is t ing of quarks a~d aпtj.quarks ·denoted Ьу q 1 q-2, q3q4 , q 5q 6• 

Particles В and С form а bo und state оп which particle А is 
scattered. \ve shall calcula t e the scattering amplitude i n the 
eikoпal appr,oxi mation, va lid for large r e lat ive eпergies. 

/ 
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In this approximation we have 

-+ -+ -> _ 2-+ 2--> А --> -+ А -> -+ * .-+ -+ 
A(kA,kB' kc) =2s (d x

1 
... d x6 1JI 1112 (x1 -~)['l'j2j 1 (x1 -x 2)1 exp(-lkA~2 ) x 

в ..... ..... в ..... ..... . .... ..... с ...... ... с .... -+ 

x 'l' .. (x
3
-x

4
)['1'j . (x 3 -x 4)1*exp(-iifв\4 )'1'1 1 (Xr,-x 6)['1'1 :1 (Xr,-x 6)1*x 

l3 1 4 4 J 3 Б 6 Б 6 

-+ --> -+ -+ ig 2 8 6 а. а. . ... ... 
х ехр(-ikСХБ6 )Ч'd(Х 34-ХБ6 )ехр[--4- _I. I.' t (a)t ({3)V(xa-x,Y1. 

&-lafJ=l 
(А1) 

H~re~a is the transversal coordinate of а' th quark (antiquark); 
k А , k в and kc are the transverse momenta of corresponding par-
. 1 f . . А --> --> • t 1c es а ter the 1nteract1.on; 1JI

1112
(x 1 -x

2
) 1.s the wave func-

tion of hadron А with quark colour indices i 1 and i 2 ; Хад = 
... -+ -+ ..... • 1 t-' 

=(ха+ XfJ.)/2; ; 'l'd(X34-XБ6) · 1.s ·the 'deuteron" wave funct1.on; 
the ·sum I.' in the exponent is done over quark pairs belonging 
to different hadrons; m'a trices t are defined as · 

ta} a) = { Ла.(а) 
..... - [ ла (а) 1 т 

' for quarks а= 1,3,5 

for antiquarks а= 2,4,6, 

да (а) are the Gell - Mann matrices acting on quark а : g is the 
QCD coupling constant; 

d 2q-+ .-+-+ 1 
--- е lqz - -- • 
(217)2 q 2 

V(x) = ( 

An implicit dependence on longitudinal qua rk momenta in the in
finite-momentum frame i s also ment. 

In the e ikona l approximation the longitudina1 momen t a of 
quarks does not change in the course of i nteract ion. 

For colourle ss hadrons we have : 
' 

А -+ -+ 1 А -+ -+ 
'1' . . (х - х ) = - 8. . '1' (х - х ) 

1112 1 2 ";3 11 12 1 2 

The amplitude shown in fi g . 2 is given Ьу t he (g2 ) 3 terms in 
(А1). After summing up over t he co l our i nd ice s and s ome in
tegrations the amplitude becomes: 

-+ -+ -+ 1 2 1 d2 р . d 2 q -+ ... ... ... 

A(k А' kв• k с) = 16sg - ( -- --- Ф(q 1, q 2) Ф (-q1, q 3) х 
27 (217) 2 (217) 2 

Ф< ... ... ... _2 ... -2 ... -2 "' с='-
х -q2, q3) q1 q2 q3 тd PJ· 

А2 ) 
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Иеrе we use the notations q1=q; q2= kA- q; Q3 = kв-Ci- р; 
Ф(k, q) = f(k + q) - f(k - q) , where 

2--> 
1 da -+ 2 -+ --> 

f(k) = J d х J 1'1' (х, a) l exp(ikx) 
О 417а (1- а) 

(АЗ) 

is t he one-quark form factor of the hadron. The coefficient 
[ 4тта (1- а)Г 1 

appears in the infini te momentum f rame ; .а is the 
momentum fraction carried Ьу the quark. . 

;::\ -+ 2:! -+ ..... -+ 
In (А2) we have 'l'd (PJ = 'Pd(p, "N) = Jd x'l'd (х, aN) exp(-ipx) . 
In the case of- baryons the r.h.s. of (А2) should Ье mul ~i

pl ied Ьу (З/2) 3 • 
The р dependence of the integrand in . (A2) is determined main

l y Ьу 'l'd~) . which decreases rapidly with increasing р. There
fore a l l other f ac tors can Ье evalua t ed at р = О. Then after 
integration over the transverse components of р we obtain for 
the differential cross section: 

d a 

d 2k d2k 
А В 

-+ -+ da N 
256тт 2 а~ I А (k ,k )1 2

( · 1'1' (х = О,а )12 • (А4) 
s О А В . 4 (1 _ ) d N 

ттаN aN 

Her e 
.1-

-+ -+ d 2 ·q --> ... --> -+ -+ -+ ... 2 -+ 2 ... 2 
A o (kA , kв) =J --Ф(ql,q2) Ф(-ql,q3)Ф(-q2 ,-q3)q~ q; q;. (AS) 

(217) 2 1 

The in t egration over aN in (А4) give s 

da N 2 · 2 
( 1'1' (х = О,а )1 = (dL I'I' (х = O, L)I . 

( d N d 4ттаN l - aN) 

Fo r kA ~ О (А4) can Ье wr i tt en in the fo r m 

da l 
d2kAd2kB kA = O 

2 lOa В 

--
8
- 1 (х) ( dL 1'1' d {L) 12 

, 
IL8 

' 

(Аб) 

(А7) 

wher e 1L -is а mass par ame t er in thё nuc1eon form fac t or: f(k) 
= IL 2 / (k 2 + 1L2 ); Х = k~ /IL 2 and 

оо ( )2 1 + Х + v 1 ) 1 - --2-- r dy x-y [--~- • 
- ( 1 + х2 ) о O + V 2(1 + 2x +2y) Jx 2 - y 1 v(l+ x +y)2-4xy 

Not-e that 1(0) 1, hence 

_d_a __ l 
d2k d2 k k = k = 0 

А В А В 

10 6 2 
2 а s ( dL 1'1' d (L) 1 (А8) 

... 

""' ')( 
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Humer ica1 integration over ltв i n (А7) gives 

10 6 
dи 2 а s 2 - ... -1 = 0.3 J dL I'P d (L) 1 

d2k kA = O р.6 
А 

One can de fine the average va 1ue of s 1ope par ame t e r В as 

(А9 ) 

2--> dи dи -1 
В = { d k A - ... - (-... - 1 ) . (А10 ) 

d 2k d 2k k - о А А A -

The outgo i ng . transve r se moment a k А , k в and -(k А+ kв) enter ~n
to (А7) in а s ymme tr i c way , hence usinR t he re1ation 

2 ... 2... ...2 ... 2 ... 2 2 -> -> ... 11 3 '"-2 
f d k

2
d k 3 exp [ - B

0
(k 1 + k 2 + k3 ) ]8 (k1 +k2 +k3) = --exp(- - B 0k 1) 

and t he defini t ion (А7) we have 

3 
В = 2 Во 

2В о 2 
(А 1 1) 

(А12) 

On the other side, в 0 'саn Ье found from the r at io of (А8) and 
(А9 ) using t he re1ation (А 11) : 

2В 0 = ( dи ) ( ~ l ) -1 = 3.3 
11 (I 2k d2 k k = k =0 d2k k A= O р. 2 

А В А В А 

(А13) 

~ole dete rmine the va1ues of а~ and р. from e1astic and to t a1 
cross s ections of рр s catter~ng with the same parametri zation 
of the form factor 1 141 

и NN _ 3271 2 
tot - --as 

р. 

where 

dиNN 
~· 

dt 

6~11а ~ J (- _t_), 
р.2 р.4 

· -2 -2 4х ] 
J (х) = (1 - х) [ l + 2х(1- х) ln---

. (1 + х) 2 

' . 1 NN . 4 Ь NN 7 Ь . Subs t ~tut~ng the
2 

va ue s и tot 
2
= О т , и ef = mb we о ta~n 

а 8 = О. 78 and Р. = 0.62 GeV . From (А 10) we a1s o ge t t he s1ope 
pa r ame ter В = 12 . 8 Gev-2 • For the coe f fic i ent f3 i n ( 2 ) the 
compari son gives the va1ue {3 "'0.17 . 

APPENDIX В 

We pre sent here some fo r mu1ae for the Green f unctions i n 
t he 1inear rotent ia1 with comp1ex strinв tension к . 

24 
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For the Hami1tonian 

,.. 
н 

l д 
i; дх 2 + кlх 1 

in one dimensions we obtain the .Crren function (18). In three 
dimen~ions the Green function is {for 1' =О): 

• р. Ai (а - fE / к) 
g(E, r, О) = -- ----

2rrr Ai( -fЕ/к) 
(В 1) 

( 

• l / 3 
whe re ( = (2р. к) . 

For real values of к we obta in from (18) and (ВТ) the norma-
1ized wave functions (15) and (30). 

One can verify t he. o;-thogonality and normalization of these 
wave functions using the f o11owing relations: 

j dy Ai(y) Ai (у + с ) = ..! Ai '(х) Ai(x + с) - ..!.. Ai (х) Ai '(х + с) , 
х с . с 

j dy[Ai(y)] 2 
=- х [ Ai(x) ]

2 + [Ai'(x)]
2 

х 

which can Ъе proved direct1y from the differentia1 equation 
for -the Airy function Ai"(x) = xAi(x). 

(В2) 

·For comp1ex values of к the corresponding wave functions a re 
not orthogona1 to each other, and the expression (16) is no more 
va1id. However (18) and (В1) remain true, and the pr~pagator 
has po1es at" complex energy va1ues Е n = Е~- iГ n /2 = ·а~ (к2 /2р.) 113 • 

At 1ar.ge energies, where ~Е << Г one can use the asymptotic 
expression 1 10 1 , n n 

. -1/ 2 -1/ 4 о 2 3 / 2 1 A1(-z) = 11 • z sш(-z +-~r) 
. 3 4 

and obtain 

р. '1 1 l 2/l ) g(E; х, О) -- ехр(1р х ·- -х -Imк , 
~ 2 р 

(ВЗ) 

where р = у 2р.Е. 
The expression. (ВЗ) shows that 1: i s given Ьу the free pro

pagator with the damping factor D1 2 (~ introduced in . section з. 
which forbids the breaking of the string during propagation: 
D 112 

( х) = exp(-:lmк f dxdt). 
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