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Diffractive Excitation of Nucleon into High-Mass 
States and a Quark M-odel 

The inclusive cross section of diffractive excitation of nuc
leon at small momentum transfers and the triple Regge couplings 
have been calculated using the quark-reggeon model 111. It is 
shown that the model with only one free parameter successfully 
describes experimental data in a wide range of energies and 
masses of the excited system. The best agreement has been found 
for the quark--diquark structure of the nucleon. 

The investigation has been p e rformed at the Laboratory 
of High Energies, JINR. 

Preprint of the Joint Institute for Nuclear Research. Dubno 1979 

'I 

1. INTRODUCTION 

Triple Regge formalism 12/ is Widely used for 
analysis of inelastic diffractive hadron scattering 
with excitation into high-mass states W » m in the 
region s »m 2 and s/ W 2» 1. This allows the inclusive 
cross section to be related . to the triple Regge coup
lings g ijk (Fig. 1): 

da 
------------- = i 

G· ijk (t)( -~-) ai (t) +a j (t) + 2 

so dtd(W 2/s0 ) ijk 

w2 ak (0)-a i (t)-a j (t) 
X (---) 

so 

X 

-1 
G ijk = (16") f3 i (t){J j (t)X i (t)Xj (t)ImXk (O){Jk (O)g ijk 

(X. (t) = -[ 1 + r . exp (-i11a j (t))]/ sin 11a j (t) is the 
si~nature f~ctor) and gives a phenomenological 
ground for the experimental data systematics. 
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Fig. 1. Inclusive cross section in triple Regge forma

lizm. 
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However, this approach stands aside from one of 
the most interesting aspects of the inelastic diffrac
tion phenomenon: its relation to hadron structure. 
From the practical point of view, this approach suf
fers from the abundance of free phenomenological 
parameters. For example, if one takes into account 
only leading Regge poles : Po me ron P , vector and 
tensor exchanges R, then, in general, s ix unknown 
functions ( G ppp , G PPR, G RRR, GRRP, GPRP and GRPR) 
are needed to describe the cross section. As many 
as twelve free parameters are required even for 
narrow t -region where simple parametrization of the 
g ijk (t) = g ijk (0) exp (b ijk t ) type can be sufficient. 

It has been suggested 111 to use the quark model 
for calculation of the inclusive diffraction cross s e c
tion. In this case triple Regge couplings g .. k can 
be expressed in terms of hadron-reggeon c~uplings 
{3 i which are known from an analysis of e lastic 
hadron scattering. Normalization constant .\ is the 
only unknown quantity in this model. To calculate .\, 
one needs to know details of the quark structure 
of hadrons, off-shell effects, and the value of ab
sorptive corrections. In this paper we calculate the 
triple Regge couplings in the framework of the quark
reggeon model 111 and compare results with experi
mental data on the diffractive excitation of nucleon 
p + p --> X + p 13/ . We restrict ourselves to a low t 

region where results are especially simple. In this 
case to find the inelastic cross section, one needs 
only the slope parameter for elastic pp scattering 
and the values of {3 p(O) , f3c (OJ and f3cJO) which 
can be found from the PP and PP total cross sections. 

2. INCLUSIVE CROSS SECTION AND TRIPLE 
REGGE COUPLINGS IN THE QUARK MODEL 

Let us consider scattering of nucleon N 1 off 
nucleon N2 with the excitation of N 2 into the state 
with high mass W»m. We suppose the energy 
s=(p 1+p

2
) 2 is large (s»W 2) and scattering is "soft", 
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i.e., the invariant momentum transfer is small: 
t=(Pi-p 1) 2 = k ~ ..:-k'l = 0. In the lab. system, where N 2 
is at rest, this process occurs with a large longi
tudinal ~along p 1- direction) momentum transfer k j1 = k 0 = 
= (W 2 - m )/ 2m. The idea of utilization of the quark 
model for calculation of the cross section for this 
process / 1/ can be traced from Fig. 2. We assume -

~ Q t 

/~w/2-W 
~~~ }FA 

-
~(o) 

I< 

a) b) c) , '~j (t.) 
1:-...... ig. 2. Inclusive cross section quark model. 

that at first, one of the constituent ("dressed") quarks 
from nucleon N 2 scatters off nucleon N 1 (scattering 
amplitude T) and receives momentum k which results 
in a high effective mass of the excited state. We as 
usually assume that the large values of quark mo
mentum q2 in the nucleon are suppressed and quark 
virtual masses q ~ = p. ~ are bounded. Then, it is easy 

1 I 
to see that a large value of k 11 can be transferred 
only to the quark which has a small virtual mass 11 ';: 
q

11 
= k 11 p.~(p. ~ + q 2 -p. ~ )-1. Then the hadronization (i.e., 

transformation of quarks into a final hadronic system 
of mass W) occurs, shown by blobs H in Fig. 2. 
At high values of W one can neglect a relative quark 
momentum in the initial nucleon N 2 and write the 
amplitude in factorized form 

F = NTH, (2) 

where N is related to the nucleon wave function at 
q 2 ... 0 and is independent of W and t at large W and 

small It I 111
• 
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The next step is to calculate the inclusive cross 
section. Using the generalized optical theorem and 
eq. (2), one can write the cross section (see Fig. 2) 
as 

du 1 2 2 2 
~--- = ----------N ITI Im¢(W , t = 0), (3) 
dtd(W 2/s0) 16rr(s/~:/ 1 

where ¢ is the amplitude of quark-"diquark" scat
tering. Here, we shall not consider the problems 
connected with unitarity for the quark amplitudes, 
because they have been thoroughly discussed al
ready in the case of a deep inelastic lepton-hadron 
scattering (see, for example ~/,and the references 
therein). Thus, the inclusive approach permits quark 
"soft" scattering (i.e., scattering at high energies and 
small I ti ) amplitude to be used instead of the totally 
unknown hadronization amplitude. To calculate this 
amplitude and the amplitudes T of the soft scattering 
of quarks off the nucleon - N 1 (which enters into diag
ram 2b), we use the Regge pole model. It is well
known that this model gives a reasonable phenomeno
logical description of soft two- and quasi-two-body 
hadron reactions. The quark model supplemented with 
the additivity assumption means that the Regge poles 
can be also used to describe the soft scattering of 
constituent quarks on quarks and hadrons as shown 
in diagram 2c. 

Leading Regge poles coupled with nucleon are 
Pomeron P, vector and tensor poles R = f, w, p, A2 
and pole rr. We neglect p and A2 weakly coupled with 
nucleon and calculate the contribution in Fig. 2c only 
from P and R= f, w assuming that af (t) = aw(t) ~ a R (t). 
In this approximation neutron and proton interact 
equally, so u and d quarks can be considered iden
tical u = d = q. 

Using the additivity one can express hadron-reg-
geon vertex function f3i (t) in terms of quark-reg-
geon vertices Yi (t) 

m s ll 2 ai (t)/2 
f3· (t) = (--)y. (t)f(t)(-~---) (4) 

l ll l 2 
sq 0) 
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Here m and p. ::: m/ 3 are the masses of the nucleon 
and of constituent quark, f(t) is the quark form
factor of the nucleon, a (t) is the Regge trajectory, 
s

0 
and s q are the scale factors for the NN and qq 

scattering amplitudes which, in general, can be dif
ferent. Factor m/11 ::3 takes into account the number 
of diagrams and the last factor in (4) arises as 
a result of recalculation of energy from qq to NN 
scattering. The radius of the constituent quark is 
usually expected to be much smaller than that of the 
nucleon so we can approximate y i (t) by constant Yi 

and determine its value from eq. ( 4). Then the re
sultant expression for the inclusive cross section, 
which corresponds to Fig. 2c, can be written pre
cisely in the same form as triple Regge formula (1) 
and we obtain the following expression for g __ k 

111 
lJ 

qijk (t)=.\g
0

ijk~ijk 

go ijk = {3i (0) {3 j (0) {3k (0), 

2 ak (0) 2 ai (t)+aJ- (t) 
m ll 

~ ijk = (~<n;-=~)) (~;:-~~~--:) X 
v 0 q 

(5) 

..js m ai (O)+aj (0) 
X ( --=-_<.!___) ' 

..Jsoll 

where .\ is a normalization factor. 
In derivation of (5) we suggested that the vertices 

y i entering Fig • . 2c at q 2 .... 0 are identical with ver
tices Y i of elastic scattering or differs from them 
by a factor common for all i = P, f, w. It is worth 
noting that triple Regge vertices do not arise lite
rally in the quark model (Fig. 2c). However, a si
milar structure of the expression for the cross sec
tion in the triple Regge and quark model makes it 
possible to identify (5) with triple coupling g i -k • 

Equation (5) has been derived assuming that the 
quarks in nucleon are symmetric ( qqq -model) and 
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Fig. 3. Diagram with diquark scatte ring. 

the term "diquark" has been used simply to identify 
two spectator quarks. We also consider as an alter
native the quark-diquark model !51 , where two of three 
quarks in the nucleon form "quasi-particle" (diquark; 
Qq -model). In this case, in addition to Fig. 2c, one 
needs to take into account also the diagram shown 
in Fig. 3. Assuming that mQ -::.2m q and a Qh =a h, 
this leads to the following additional factor in ~e 
cross section 

(1!-)2[1 (m-11 ai(t)+a-(t)+2 
m + ------) J ] 

11 • 

It is convenient to make summation over R= f 

(6) 

and w exchanges explicitly / 1/, Then excluding triple 
couplings with an odd number of w -legs, ruled out 
by a-parity A>!, we have 

a ijk Ct) = A a~jk t::,. ijk ' 

aop p ~t) = f3;(t) f3 ;co) sin - 2 -~-~~~~--
2 ' (7) 

a~ P R Ct) = a~ P r= f3 ;(t) f3 ;co) f3 r2 CO) sin - 2 -~~{-~t2_ , 

8 

a o (t)- a o a o 2 2 2 -2rraJit) 2 rra Ct) 
RRP' - ffP + wwP=f3pCO)[f3fCt)f3fCO)sin -----+ f3 Ct)f3 2CO)cos2 ---~-] 2 (t) (t) 2 ' 

a o Ct) a o a o f32 [ 2 2 -2 rraRCt) 2 2 rr~Ct)_ 
RRR = rrr + wwf rCO) f3rCt)f3rCO)sin -----+ f3. Ct)f3 CO)cos-

2----...:J 2 (t) (t) 2' 

~RPCt) = a~fP + afPP = 2 f3pCt)f3p3CO)f3f Ct)f3f CO) Cl + ctg -~¥~)ctg ~~~-~2), 

a~PRCt) = a~Pf + a~ff +a~ FW + a oPww = 2f3pCt)f3pCO)[f3r Ct)f3:CO) X 

rr~Ct) rraR Ct) 3 rrapCt) rraR (t) 
xC 1+ctg -----ctg ------}-{3 Ct)f3. (O)C-1 + ctg ----- tg ------)]. 

2 2 (t)(t) 2 2 

To make a comparison with experiment, one has 
to take into account the 17 -exchange contribution as 
well. Due to the nearness of the pion pole to the 
physical region, its contribution can be easily esti
mated n ; 

a 1 1L~7!:.~.P- a (rr 0 P) ----~---- · 
rrrrk = - -4-;- 4rr tot Ct-

11 
2) 2 

(8) 

Here k = P or .R, 11 is rr -meson mass and a (rr0 p) = 
( 1 

tot p ap 0)- R __ 
=a s +a I ys. 

Thus the inclusive cross section for reaction 
PP .... Xp in the region s >> m 2 , W2 >> m 2 , s/W 2 >> 1 
can be written as 

da ----------- = I, G s a i (t)+aj (t)-2 dt d (W 2 I s ) ijk ijk ( ---) W 2"k(or«, (t)-a . (t) 
0 •• (---) J so + 

+:!: G s 2a,(t)-2 2 a (9) 
k rrrrk (s;-) (~-) k(O)- 2a

77 (t) 
so 
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or 

(1-x)-~~-= ~ ( s )ak(0)-1 ak(0)+1 
dtdx k S-o ( 1 - x) X 

-ai (t)-a j (t) -2a 77 (t) x [~G .. k(1-x) +G k(1-x) ], 
lj 1J 7777 

where G ijk and G 7777k are given by expressions (7) 
and (8). 

3. COMPARISON WITH EXPERIMENT 

Let us compare expressions (7)-(9) with the data 
obtained in !.3/ at small it\. We use standard paramet
rization for the Regge trajectories: a (t) = t , aR(t) = ¥2+ t 
and the "bare" Pomeron with intercep1 larger than one 
a P (t) = 1.06 +a; t ,which allows one to describe the 
rise of a tot • The values 15 mb and 34. 5 mb 18/ 

are used for a P (77° P) and aR(77°P). The values of 
13· (t) can be estimated at small \tl from the equa-
tibn 

da 1 2 s ai (t)- 1 2 beet 
(----) = --- - I~ 13 . (t)X. (t)(---) I = A(s) e . (1o) 

dt ee 1677 i 1 1 s 0 

For simplicity we neglect the weak t -dependence 
of Xi and 11 ijk and calculate these values approxi-
mately at a p(O) = 1 and aR(O) = %. Assuming the same 
t -dependence of 13 i (t) for all i and using the ex-

perimental results of t9 1: b ee = b 0 + 0. 556 In ( s/ s 0), b Q = 

= 8.23 (GeV/c) 2 , we obtain l3i(t) = l3i (O)exp(b 0t;2) 
and a p = 0.278. In this approximation the functions 
G ijk are equal to 

G ijk (t) = .\ G ~jk (0) 11 ijk (0) exp (b0 t/ 2). (11) 
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Here 

G0 6 ppp(O) = 13p(O) sin-2 -~~.!'-~2-
2 ' 

-
G0PPR(O) = 13;(0)13r

2
(0) sin -

2 _:~~-~~-
2 

- 2 4 4 
GoRRP(O) = 2f3p(O)[I3r (0) + 13w(O)], 

- 0 2 4 4 
GRRR (O) = 2f3r (0) ff3r (0) +- ~JO)], 

- o 4 2 77a P (O) 
G (0) = 213 (0)13 (0)(1 + ctg --------) 

PRP P f 2 ' 
(12) 

- o 2 4 77a ':f,(O) 4 77a p(O) 
GRPR(O) = 2f3p(O)[I3r (0)(1+ctg--2---) + 13w(O) (1- ctg - --2----)], 

11 ijk (0) = (~-)ak(O)( _m 2 ai (O)+aj (0) 
1 - for the qqq model 

2 ---) 3s
0 

x 1 ai(O)+aj (0)+2 
--( 1 + 2 ) -
9 

- for the qQ model. 

Note that the expression for 11ijk includes only 
"hadron" scale factors (but not quark scale factor s q) 
which is usually chosen as s 0 = 1 GeV 2 . 

It is seen from (11) that the slope of the t -de
pendence of the high mass excitation cross section 
is approximately one half the elastic slope Ill. This 
is in good agreement with experiment 1101, 

The constants 13 i (0) in (12) can be estimated 
from the s -dependence of the total pp and pp cross 

sections 

pp 2 8 ap<o)-1 l3 fC0)+13!(0) 
a ( - ) = Q (0) (--) + --- -------- -- • ( 13) ~p s ------

pp o ys/s
0 

2 2 
The values 13;:(0)=25.75+0.14 mb, f3r(0)=70.92+ 

±._0.26 mb and 13w(O)= 27.60±._0.17 mb have been found 

11 
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Fig. 4. Total pp and pp cross section and the Regge 
pole model. 

from the fit to the data 111/ (see Fig. 4. ). Now we use 
these values of {3 i (t) to calculate G ijk and 
da/dtd(W2 / s 0 ). The fit of the data !J/ gives the values 

of parameter .\ and, consequently, normalized triple 
Regge couplings G ijj{. The results for the quark (qqq) 
and quark-diquark ~qq) models are shown in Table 1. 
The experimental datai.J/ and the inclusive cross 
section (1- x)da/ dtdx computed using the calculated va
lues of G ijkare plotted in Fig. 5 (here x = 1- W 2 j s ). 
Figure 6 displays the contribution of diffe rent triple 
Regge terms to the inclusive c r oss section calculated 
in the quark-diquark model at ltl = 0.05 (GeV/c) 2 . 
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Fig. 5. Comparison w ith experiment for the reaction 
pp ... Xp; (1) - quark-diquark model, (2) - symmetric 
quark model, (3) - for both models when the off-shell 
effects are taken into account. 

IV. CONCLUSIONS 

1. It is s e en from Fig. 5 that the cross section 
of the diffractive excitation of nucleon calculated 
in the quark model with reggeon interaction /1/ is in 
reasonable agreement with experimental data!J/, 
The best results are achieved for the quark-diquark 
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Fig. 6. Contributions of different triple Regge terms 
to the inclusive cross section calculated by quark
diquark model at it I = 0.05 (GeV/c) 2 

• 

structure of nucleon (x 2 = 108 on 54 d.f.)~ whereas 
for the quark model the agreement is worse (x2= 310). 
Thus, the analysis of the diffractive excitation leads 
to some extra evidence in favour of the quark-eli
quark model in addition to already known arguments 
based on spectroscopy, deep inelastic scattering and 
quark sum. rules for baryon vertices. 

'Ne also tried to take into account the off-shell 
effects for scattered quark by varying its mass IJ 2--. (11-2· 
This leads to the additional factor of ( a i (t)+a j (t) 

for 1:1 ijk in (5). The fit of the data with ( as the se
-cond free parameter, shows an equally good agree
ment with data (x2=65) for Qq and qqq models. The results 
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are pre sented in the two last columns, Tables 1 
and ~, and the dashed curve in Fig. 5, 

2. Comparison with results of the phenomenologi
cal analysis IS/ (Table 1) shows that the presence 
of the cross t e rms RPR and PRP (arbitrarily neg
l e cted in IS / in order to reduce the number of free 
parameters) results in smaller values of the -ppp 
and RRR couplings. It is wqrth stressing that from 
comparison with the experimental data we obtain the 
effective values of triple Regge vertices a ijk reduced 
by absorptive corrections 161, In or!=ler to find true 
values of a ijk , a direct calculation of normalization 
constant N or some e stimation of abrosptive correc
tions is required, 

3. Contrary to usual triple Regge phenomenology, 
in the quark model we can find the contributions of 
particular reggeons f and w from the analysis of 
one reaction. The results are shown in Tables 1 
and 2. 

4, For further v e rification of the mod e l it is desi
rable to make a comparison with nucleon excitation 
data in a wide t -range (say, up to itl :S 1 (GeV/c) 2

) 
as well as with data on rr - and K -meson excitation, 
Note that in the model the t -dependence for the 
rrN --. XN and KN --> XN cross sections is expected to 
be close to the t -dependence for NN--> XN. A detailed 
test of the model can involve polarization effects as 
well. 

In the considered model the large value of W mass 
is a result of the relative motion of quarks after scat
tering. One can discuss the other possibility shown 
in Fig. 7a, Here, the nucleon excitation is related to 
the gluon emission. In this case as well as in the 
multiperipheral or the Desde-type model /12/ we obtain 
the triple-Regge vertices explicitly in the triangle form 
Fig. 7b. Resulting expression for g ijk has the fol
lowing form: 

1S 



T A B 1 E I, 

The values of the triple Regge couplings as the result of the 

fit of the data/11, 

q'ijk qQ qqq S,Y,Chu e,,~/ qQ qqq 

PI'P 01 i.l122 0,5620 1,56 1,oa; 1,~ 

PPR 0,9635 0,6667 0,939 1,193 1,192 

RRP 27,17 38,42 13,04(28,3•) 19,73 19,67 

RRR 32,23 45,57 83,77 23,41 25,33 

PRP + RPP 5,551 5,521 5,263 5,280 

RPR + PRR 7,791 7,748 7,387 7,441 

I(=J/~ l1, 076+0, 009 1,522+0,013 0,486+0,a;3 0,255+0,033 

~ 1,61+0,12 3,05+0,22 
x.z 108,5 510,0 209,5(57,67) 65,23 65,25 

•) Such a change of RRP contribution only gives a considerably better 

description of the data, 

T A B 1 E II. 

The contributions of ..,. and ~ exchanges to the 

triple Regge couplings, 

Gijk qQ qqq qQ qqq 

ffP 23,60 33,36 17,14 17,08 

cucuP 3,57 5,05 2,60 2,59 

fff 2R 1 00 39,58 20,33 20,26 

cucuf 4,24 6,00 3,08 3,07 

PfP = fPP 2,776 2,760 2,652 2,640 

fPf = Pff 3,292 5,274 3,122 3,132 
(L) p (L) = p (L)(L) 0,603 0,600 0,572 0,574 

16 

a) b) 

Fig. 7. (a) Diagram with gluon emission. (b) Triangle 
quark diagram for g ijk • 

1 0 ak(O)+ 1 
g1jk (0)=[16rr3 (ak(O)+ 1)1- r dq 2(-q 2) X 

. -oo (14) 
2 2 ai (O)+iJi (0)-~(0)-3 2 2 2 2 2 2 

X (ll -q) . y.(ll ,q ,O)y.(ll ,q ,O)yk(ll ,q ,0). 
I J 

An analysis of this possibility and comparison 
with the above-mentioned model will be given else
where • 

ACKNOWLEDGEMENTS 

The authors are grateful to A.M.Baldin for use
ful discussion and constant interest to this work. 

REFERENCES 

1. Tsarev V.A. Kratkie soobsheniya po fizike, FIAN, 
1979. Tsarev V.A. Yadernaya Fizika, 1978, 28, 
p.1054. 

2. Caneschi L., Pignotti A. Phys. Rev.Lett., 1969, 
22, p.1219. Kancheli o.v. Pis'ma JETP, 1970, 
11, p.397. 

17 



3. Akimov Y. et al. Phys.Rev.Lett., 1977, 39, p.1432. 
4. Einhorn M., Fox G.C. Nucl.Phys., 1975, B89, p.45. 
5. Lichtenberg D.B., Tassie L.J. Phys.Rev., 1967, 

155, p.1601. 
6. Tsarev V.A. Phys.Rev., 1975, D11, p.1864,1875. 
7. Bishari M. Phys.Lett., 1972, 38B, p.510. 
8. Chu S.-Y., Desai B.R., Shen B.C. Phys. Rev., 

1976, D13, p.2967. 
9. Bartenev V. et al. Phys. Lett., 1974, B51, p.299. 

10. Mukhin S.V., Tsarev V,A. Fizika Chastits i Ato~ 
nogo Yadra, 1977, 8, p.989. 

11. Galbraith W. et al. Phys. Rev., 1965, 138, p.B913. 
Foley K.J. et al. Phys.Rev.Lett., 1967, 19, p.857. 
Denisov S.P. et al. Phys. Lett., 1971, 36B, p.415. 
Denisov S,P. et al. Phys. Let., 1971, 36B, p,528. 
Carroll A.S. et al. Phys.Lett., 1976, 61B, p.303. 
Amaldi U. et al. Nucl.Phys., 197 8, B145, p,367. 
Carroll A.C. et al. FErmilab-Pu'J-78/95-Exp. 7110, 

104, 1978. 
12. Abarbanel H.D. et al. Ann. of Phys., 1973, 73, 

p,156. Sorensen C. Phys. Rev., 1972, D6, p.2554. 

tl 

Received by Publishing Department 
on March 13 197 9. 


