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l.. Introd:uction ··' 

Vector meson production in the nucleons and the nuclei collisions C~1ll 
give some new .information about dynamics of the q~_ark intera~tion at:. 
short distances but' theoretical description. of the hadron. dynamics .~t Jow. 
and intermediate energies on th'e quark level requires an effective theory 
of strong interaction~ In recent years :the Nambu-Jona~Lasi~io .(NJL) 
type models [1] have been considered as a realistic candidate for it. The . 
models provide spontaneous breakdown of the chiralsymmetryand with. 
a' minimal number of parameters yield quite reasonable results for the 
meson [2]-[5] and baryon [6]-[16] sectors and describe different hadron. 
pr~perties at low energies [17],[18].- So it seems to be very interesting 
·apply this model for the particle production at low energies. . 

The chiral invariantfour~quark interacti,orl of _NJL type predicts also· 
existence of '~bounded" quark pairs, diquarks, which transform likea 
color antitriplet. The diql.lark properties in the fram~ work of the NJL-= 
model have been' stiidi~d itt pap~rs-[17],[19]-[22].· However as compared_ 
with the meson. the properti~s sitt!ation in the diquai-~ sector is ·n~t' sri· 
clear. Really, in the papers [21] and [22] the samemass ·relations were 
obtained, but fi~al• conclusions· on the diquark mass'es are different. It 
was claimed i~ [21] that, the scalar diquark mass i~. approximately equal 
tothe constituent quark mass·("' 300MeVfc2

), but in ref.[22] it is about 
twice the constant quark mass. The difference can be explained by dif-. 
feh~nt values of the input· parameters. in~luding the· coupling constants 
in the ( qq)-channels. Obviously these parameters can be fixed from the 
calculation of an "observable" where the. diquark deg~ees of freedom give 
the main contribution. One of such possible observables may be the vec
tor meson p~:oductiori in the interaction of two constituent quarks in a 
nucleon-nucleon collision: . 

The simplest subprocesk is qq ~ VD (where D is a diquark) with 
thesubseq~ent diquark decay. On the second stage its quarks join the 
quarks of the 'pi:im'ary. nucleons ·to ·form the m~asured. hadrons~·· Some 
other subpr~cesses are also possible: .. ·· · · . · " · "· · ' 

. To describe. interactions b'etweeii· ·quarks, mesons,' and diqU:arks, ·one 
should fonnulate theF~ynrrtanr~les for. NJL:.model~ For thi~ aim we use 
the results of ref. [23]. where ·u1e Feyriman rules for quantum corrections 
~~re deduced. As usu~I, our c~nsiderati'ori is valid. only wh{m the relevant 
mom~ntum are less' thanthe c~toff momentum tb' be intrriducecfb~caus~ 
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of unren<?rmalizability of theNJL-model. 
Recallthat the NJL-model does not contain the confinement mech:. 

anism. Therefore the model predictions· should be considered as ·only 
approximate even for the colorless meson· sector. When ~me considers 
the dynamics of color diquarks, the model has to be completed by the 
corresponding confinement mechanism. 

The paper is organized as follows. In sect.2 we discuss the mass 
relations and Feynman rules for NJL-model. In sect-.3 we fix the model 
parameters. In sect.4 we analyze main diagrams which contribute to 

. the elementary qq -+ V qq subprosess, perform numerical calculation of 
the vector meson production in proton- proton collisions . .A summary is 
given.in sect.5. · · 

· 2. Mesons and diquarks in the N JL-model~ 
Feynman rules· 

. ' . 

Our starting poipt is the Jollowing Ghiral inva~iant Lagrangian of the' 
NJL-type which has been already inves~igated in ref.[22]: . 

. . G .. . ·.. . 
£ = q(iB-;- mo)q.+ T[(q.-\aq)~ +(7ihs.-\aq?J 

G . . .: ... ; . , . . / . 
-i[(q.-\al1Lq)2 +(q.-\al!Ll5q?] 
c . . ' ..... 

+-f[(7fa /sGq[ €abc)( q~G~1 /sqb'.~a'b'c) (1) 

. +(7faiGqf €abc)(q~iG- 1 qbi€a;b'c)] 

&2 [(- ·c-T ·)(. Te-l . c-1 · ) -4 .qal!Ll5 qb ~abc qa' . l!Lls. qb•fa'b'c 

+(7fa liLGqf €abc)( q~G-1 qb•€a•b•c)], 

:where q symbolizes the Dirac spinors with the. th~ee flavor components, 
m~·~s the current mass. matrix, .-\i(i ~ o: ... ,8) .are the·SU(3) Gell-Mann. 
matrices, G = i1°12 is the charge conjugation rriat~ix,·fab~ is the antisym
metric tensor defined in the color space and a, b, c are the color indices. 
We assume that"the coupling constants for the (qq) pairs-- Ga differ from 
the corresponding coupling constant~ for (qq) pairs- ·{.;ex w'here a= 1, 2 
corresponds to scalarfpseudoscalar or vector/axial vect~r channels~ In 
the .follov,:ing .we restrict our ·conside'ration:· to the S U ( 2) ·flavor su bsectm; 
w~th u and d quarks. . . 
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One of the way to obtain the Feyriman·rules for the NJL-model is to 
rewrite of the ·generating functional· · -

ZNJL-= jvqDq exp i J d~ (£(x) +rtQ+ QT "1) (2) 

in. terms of the :'renormalized'' meson and diquark fields after integrating 
over the qua~k field and eliminating the. linear term~ in the·f~llowing form: 

Z'NJL = 1 'DM 'DD* 'DD exp if d~ (£2(x) + £'(x) ~i{1~~T,), (3} 
• • t ' '' • ~ • i- _· -~ ' ,.. ~ >. ~.' • ; • -

where Q. = (q;), QT = (q, qT) are th~ quark doubl~ spi11ors, ·"'T. and- ."1 <~;re 
the quarksources, symbol'DM, 'DD, 1)D+ mean the integration,~ver.the, 
meson and diquark scalar'M8 ,D8 , pseudoscalar Mp, Dp , vector Mt, Dfr . 
and axial vector M;:, D~ field, ·the matrix operator Knis deterrl;ined by 
renormalized fields 

1 ( ...:.nRc ia- M- MR) 
KR.=- .. AT . + .. ' 2' za ,' + M- MR ' -CDR :: .... 

(4) 

where M is the quarkconstituent mass and Mfl, DR are equal: 

MR = gf(MsR +hsMP~)-g~ (I~M~ + 'IIL/s1\(~), (5) 

.. ·;r,< .. 

DR= 2[iit(lsDsR + iDpR)- g2(1sD~ + IILD~)] (6). 

·' ~ ~ : 

with therenormalized coupling .constantsdete~rnined as 
. ' 

gf = (12!2)·-1/2, ?1(=(1 + ~)i129f, 9~.11 ~ (s!;y-1/z; · 
29[ = ( 4J2t112 , ?Jf = (1 + a)1'29f~ 29~·A = (32/312)-

1
'
2 

. (7) 

and / 2 is a logarithmical by 'divergent integral 

J,(M,A) = ~ (2:),)(P~4~)2 • 
'. . 

. . ~ 

(8) 
.... ; ~' -

The constants a, a =/= 0 take into ;account :M(}J:-+ A).and .D(S ~. V) 
mixing [2]:. a =;= (1-, 6M2fm~)-1 -;-1 ~ 6_M2/m;, a .~·~M2jm~y2 .'. ,. 
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The Lagrangian £ 2 contains ~'divergent" terms of the quark determi
nant including the quadratic terms ofthe fields and their derivati~es: 

r ~ 1 [(Maa2M~ ~ 2 ). + na +a2Da ·+ . 2 na +na 
:' .. 2 = -:- L..J 2 R • R :.- mDa .. . R . . R. mDa R R 

a=S,PS . 

~ . .!.(a Ma - a Ma )(a~' M"a - av M~'a) - .!_ Ma Ma~' (9) L....., 4 I' Rv . v Rl' R R 2 Rl' R 
a=V,A , 

+.!_·(a D~ + - a Da +)(a~' D":- av D~'a) - m 2 na + Da~'] 2 I' Rv v Rl' . R · R Da Rl' 

+[Mn....: Mn, Dn - Dn, Mn - Dn interaction lefms] 

and c' in (3) stands for the ~urn of the' convergent part of the quark 
determinant: The masses in (9) are. given by the mass relations: 

2 . mo -
m1r = 12Gtl2M(1 +a); m; = m!(1 +'atl +4M2;. . (10) 

m; = (8G2l2):...1
; ·m~ =.m;.+ 6M2. 

mn/ = [m!(l + a)-1 + (3"' -1)(12G1J2t1](1 + ~), Gt. 
"'= Gt' 

m 2 - m 2 +4 .M2· . 
Dps - Ds ' :. (11) 

2 ( 8 - -1 2 2 2 
mnA = 3G2J2) , rnDv · = 6M +.~DA , · 

·where "' is the ratio of the coupling constants in diquark to meson sectors 
in (1). " 

The generating functional (3) is the basic point for calculating for the 
Feynman diagram in which the qqMand qT qD+(q. q-T D) Yukawa types 
-:er~ices with coupling constants (7) are implied by the)ast terms in the . · 

·exponent; Since· ·. . ·· '· · ' .. · · ·.. · 

. g~ 1 
4~ "' In( A~ /M2 ) ~ 1' (12) 

it can be used as the power expansion parameters. 

3. Fixing the parameters 

By. no~ 't~e: th~ory f~;mally.co.ntains tlie curr_~'Ut qii.ark mass in0 , the 
cutoff A, the c~upling constant~ Vas parameters. For-their fixing we use· 
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the following conditions: < • ' ' • ' ' • 

The. width of p ~. 1r1r. decay. is determined . by. 'the coupling. con~ta:nt 
gp = 292· Experiment shows that (2gfy /47r ~ 3 thus yielding 

J~(M,A) ~ (247r)~i_ (13) 

The <;onstituent quark mass and cutoff A can be obtain. from the 
Goldberger-Treiman relation· 

. . 7r ' .. : . : • t /2 . ·. 
M = f1rg1 = f1r [(1 + a)/1212] ; f1r = 93.3A-feV 

and cg;(l3). If the (P-A) ~mixing is ignored, we obtain M = 234.Me'vjc
2
. 

If we use the experimental value for At,- meson (rv-1.27GeV [24]), then 
M ~ 276M eV/c2 , ,if w_e usc the theoretical J6rmula m~1 = m~ +6M

2
; 

we obtain A-f · ~ 3501\J e V / c2. On the other hand, the absence of the 
confinement mechanism may also distort the estimation .. So, in further 
analysis we will use the mass· of a constituent quark in the range of 
234-7-350MeV/c2, remembering .that eqs.(13),(14) give i\1 ~.350M e V/ c2

, 
which qualitatively agrees with~the·constituent'quark model prediction. 

The coupling constml.t G2 is fixed by the p - t~eson mass: G2 = 
(8!21n~)- 1 . The coupling constant. Gt and n1.0 may b~ obtained from the 
gap equation and the 1r - meson mass. · 

' ' ·' . ',• ,, 

· Mo,. MeV I c 2 .For the diquark se~tor we 

10 2 

2.4 

M, MeV/c
2
, -· 

t'5o 

Inn 
-.:... _\_----- ---- --

also need tl1e cotipling. con
stitUts G. :;2;, or' t\,1 2 . .;, '(;12/Gt' :2 

' ' , ' ' ' 
\vllich lt'a.ve infl.uence ori·thedi~ 

. :qtiat:k:masses~ Figure i sho\vs 
. tlic dependence of'tllc isoscalar 

diquai·k .;'mas's''on fit:· Oi1c 
can see' tha.t . as ,;·1 --t 3, 
tlie is~·scalar diqi.tat:k' 'rnass<is 
closer (or _sti1aller) than the 
pion. mass.'. In the case of com-

2·6 .:_2.8 3.0 '· plcte identify of the coupling 
/Cl=Gt/Gl . . . .. : 1' ('- )'' I'( ) . . . . . ·constants m tIC qq am qq 

Ftg.l. Scalardtquarkma.ssfordtf- ... ''1.- 1 ·(. · · ·· · ·1)·d· . . . - c tanne s 1\,t ·= t-.~2 · = . t-
fcrent constituent quark masses. k · · · · t · · · ·.1 · qua:r · mass comes ou scvcra 

times larger than e'xpcde<ifrom the n~ive c'oltsiitticnt mod~·ln:l D ,..:; 2M "-' 
· 2/:lm:v where m.v is the nucleon mass. In further calculat.iou \\;<~ ci{ocisc 

-. -- ' ' 
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mD "(or ~~:) as- a free parameter and suppose mD -= 2M(1 + 8); .with 
181 « 1, which is in agreement with the argumentation of ref. [22]. 

4. Vector ineson production in pp-collision 

The main Feynman diagrams of the vector·meson production in qq 
- interaction in the lowest order _of the (9[ 1 47r) expansion are depicted 
in Fig.2. The _first four graphs correspond to the one-boson-exchange 
contribution and the remaining graphs describe the interactions with di-

- . ..J 

v v· ·v· b l' b' . . . ,· . 

.J(.= A+ A+ 
8 b 

( J.L=o,'IC ,p,A) 

V.:Y 
A~+·x+ 

c d' 

+~~X+X+X.+X 
e : f • . · g , · · b . I . 

(D=J>s.DP ... ). 
Fig.2. Subprocesses qq --t V qq. The crosses on' graphs correspond 
to· the qq V and D D*V - vertices. 

qu~rks in intermediate stat~s. The diagrams (a-h) describe meson pro
d_uction dueto the qqV-interaction and due to the DpsDpsV-vertex.in 
the last graph. In the case of isoscalar diquarkS will not give contribution 
to the w I p meson production. In our calculation we consider the. lightest 
(~,a, ·p,w) mesons a~d the lightest isoscalar scalar (Ds) a~d pseudoscalar · 
(Dps) diquarks which consist of ud~components. This means that in our 
approximation only ud-interaction contributes to "the diquark sector". 
In "the meso~ exchange sector" the contributions of uu- and dd- inter
actio~s are negligible because of destructive interference between direct 
and exchange diagrams: =:::c-~ ets. For ud~interaction p 

and w exchange amplitudes are equal to each other with opposite signs so 
P + w exchange may be.omitted; The amplitude T;ud of the subprocesses 
shown in diagrams (a - i)" in Fig.2 is. calculated in a straight forward 
way by using the Feynman rules with parameters given bY: eqs. (7), (10), 
(11), (13). . . ' ' . 

yalculatio~ of th~ cross section of pp --tV pp process needs not only 
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' 

18 
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_,· 

10 -· 

300 

10 ·-· ··350 

10·-•6_ 8 16 18 

Fig.3. Different mechanisms of p-meson production in pp-collision. 
"1r, a": one boson exchanges; "Ds, Dps": scalar and pseudoscahtr 

· diquark contributions; M =270M eVIc2 , mD5 = 2Me, e = 1.0~: 
Fig.4. p meson production for several constituent quark masses at 
fixed(= mD5 I2M = 1.01. · , 

amplitvdes T;ud but also .the quark wavt: fun~tion:(of·ihe quark momeri~. 
tu'ni distribution) of the imcleons in _initialand. fin_al state~: p~scription 
of the low energy nucleon properties and· the nucleon wave :functi~n in 
the frame work of the N JL-model is an independent 'arid co~p-licated 
problem. But the first results have ~hown [17], [18] that the NJL'-m~del 
could·'reproduce the nucleon radius and forrrrfactor. For our qualitative 
'estimation as a· first approximation.we:use a simple and objective model 
which' takes into account this result-and the assumption ofthe quark -
string fragmentation· rriodel· [25], [26] on the quark.distribution. We.)lse 
the foll~wing expression for the pp--+ Vpp cross section:':. 

_ :!:. (1~4M2Is') 1l2 _,_ 

·.4(47r)4s(s- 4M2) 

'· 
(TPP-+Vpp 

· ·"··,4:_T· ud::..Vud('. 1 ) F. ( 2) ·p( 2)12. x LJ. i .. ,. s;s ,r,x,y q 1 · q 2 ·· 

xJ1(x) f2(y) dr ds' dOi, dx Cijj, 
.. ,: ' ·, ~: ' -

(14) 
- ~ " 

wheres =·(Pa+Pb? = ((x2P;+_M2)1/2+(y2P;+M2)1f2)2-P;(x-y)2, 
P 2 · · · 12 2 · ( n p, ) ·. · . · · ·p p 1 (P ·+ n )2 . n = S - mn; T = £b- V ,-"q1,2 =· _a-,b:- a',b', S = a' . rb' · 
We ch~ose the simplest space-volume form of the quark distribution in 
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~nucleon [27]:.J(x:) = 6x(l -:c- x) and the usu~l dip~le~like form factor: 
F(q2) = 1/(l+q2 / L2), I}= 0.11GeV2/c2 which had been' reproduced in 
the NJL-model calculat!on [17]. Integration in eq.(14) was made by the 
Monte-Carlo method. The lower limit of integration overs' is equal 4.1\.1

2
• 

Ifthe'diquarkmass ~s larger than 2M ("unstable" diquark) the imaginary 
part of.the diqtiark self-energy is introduced into diqmirk propagator in 
the usual way in the second order of 9bqq/47r. · 

a(pp-7ppp), mb a(pp-7p/c.>pp). mb 
1 ~ 1 . 

. ,10 - 1 

( 

LOl/ ~ 

1o:.·r~:~:~ 
,b<';"~ 
10 -· 6 8 10 12 14 16 

SNN• GeV
2 

18 

+ + 
10 -1 

w/ . 

1/F':..:..-. -:->J.f_-t=------
. ·p . 

. . . 

10 -· 
.... - "CJ 

• - p 

-3 L: 
10 6 . 8 

M=270 MeV/c
2 

. 

(=1.01 

10 12c 14 16 

SNN• GeV
2 

18 

Fig:s. /J'meson''productio:ii for several·diquark .masses at,fixed · 
M.;; 270M eV/c2 • . 

.Fig.6. p.andw meson pro.ducti~n. M.=_,{i9lyt~Vfc2, ~· =;= 1.01.; 

··:· · The'resultsof calculation-ofthevector.mesonproduction as:a func
H.iori' of the nucleon-nucleo~ center ofinass-ene~gy squared are shown in 
· Figs.3 ·..: ·5. Experimental data are taken from re£.[28]. ·Figure 3 .shows 

the ~ontribution from differ~nt· mechanisms. with rrivs• = 2M~, M • = 
270Me.Vfc\ · ~ =· l.OL One,can see that the main contribution comes 
fr~~ the diquark mechanism diagrams ( e - h) with a scalar diquark and 
diagram ( i) with a 'ps~udoscalar diquark. Boson' exchanges give a small 
contribution mainly because of ·~n additional r-dependence. The cross 
section decreases with M, mv increasingatfixed ~ (~"' 1.01) - Fig.4 and 
II-~~ increasing at fixed M (M =270M eV/c2

)- Fig.5. Figure 6 shows 
that the cross sections of p and w production are dose to each other, and 
choosing mns rv 2M with M = 270M eVf'c? in principal one can qual-

. itatively. describe the experim~nt. In the case of mv "' M. the diquark 

. contribution gets compared with the meson exchange and the total the-
/ 

'· 

' 8 

" 
oretical.prediction becomes several times s~aller than the experimental .. 
data. . . . 

5. Summary and conclusion 

Iri the present paper we study the veCtor meson production within 
the Nambu-Jona-Lasinio model. Theniodel Lagrangian. contains ~hiral 
invariant four-quark interactions in the meson and diquark sectors with 
different values o'f the coupling constants. Thi~ means that the model. 
includes at'leasttwo additionalpara~eters (G\ andG2 ) which c~nnot: 

. be fixed only. from analysis of· the meson properties. The parameters 
determine the diqua;k masses and, as a consequence, the cross s~c'tions 
of the processes which inclt!de the diquark degrees of freedom:. We have 
analyzed the diagrams which give the main contribution to the vector 
meson production in a collision of two constituent quarks. The extension 
of the model ; to the nucleon-nucleon collision needs some assumption 
about. the properties of the quark-diquarkvertex of a riueleo~. We have 
·made some simplest assumption on· the vertiCes (form fa~ tors) and shown 
tliat iri principie one can choose tlie parameters of the NJL~model so as 
describe the chiral phenomenology and the production processes if one 
chooses the scalar diquark mass approximatelyequal to two constituent, 
quarkmasses with thequark m<_tss in the vicinityof 300.M eV/~2 •. These 
values or' diquark masses are close to those discussed in ref.[22]. A· more.· 
com.plete and consistent analysis of this. wohlem will. he done in., our 
furtb~r investigations. · · · 

:'.- ,;;-:. 
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