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1. Introduction. 

The place occupied in quantum chromodynamics (QCD) by the physics of 

"quarkonia" - mesons composed of heavy quarks Q Q - is usually comoaretl 

with the role of the hydrogen atom in the construction of quantum mechanics 

(see, e.g. review [1] ). From this point of view, the family of P-wave le­

vels of the GQ system ( L "S = 1) stands in a special nositfon. The 

t:!) '( - ..... comparison of the connection of three quarkonia X I :11 =IL+ SI 

= 0, l, 2) with the world of usual lioht hadrons allows one to obt~in a cer­

tain information on the nature of confinement. The point is that in the 

framework of "naive QCD" dealing with gluons as with real particles, decays 

x<
0

l and · x(ll into light hadrons proceed mainly via annihilation of the 

QQ pair into two gluons , whereas for the X(,) meson such decay is for­

bidden by the Landau-Yang theorem. According to this theorem, the axial 

particle cannot transform into two massless vector oartfcles. This specific 

veto has absolutely different status than. for example, the veto :1/tf!- e9 
in the case of xll) l_l)_a~~_l~~.!!..~S_s_ of gluons is essential, the presence of 

only two physical polarizations of the gluon field. Hence the study of the 

peculiarities of i++ quarkonium is an important point in clearinn un a deli-

cate question: to what extent the "virtual" existence of oluons scatterino 

3 



I 
from small distances r-- 1/IVl~a and transformino then into linht h ~drons 

is similar to real being of massless vector particles? 

The present work deals with a discussion of specific features in cross 

sections of X. -particle production in hadron collision~. connected with 

the manifestation of the landau-Yanq rule and the nonrelativistic nature of 

quarkonia. We will consider ffi& a parametrically laroe quant1tv 

( d5 (m~)/gr « 1 ) attributino our treatll'ent to nart1cles of bb 

and future tt families, althouoh, with certain reservP. qualitative 

consequences may manifest themselves ~lso in the spectra nf mesons with 

hidden charm ( CC ) , which are beino studierl exoerimentally. 

2. Influence of Higher Corrections of Perturbation Theory 

on X. -Meson Spectra (the Gluon Fo"'1factor). 

From QCO viewpoint, hadroproduction of quarkonia is one of the ~ar!I 

processes , where applicability of perturbation theory is quaranteed by the 

smallness of the characteristic time 'C' needed for the conversion of 

partons from the composition of collidinq hadrons into a pair of heavy 

quarks GG. : 't: - 1/Maii « JA- 1 
, where .}' is ttie cha-

racteristic scale of strong interactions - of the order of a few hundrec' 

MeV. Here. the process of formation of C-even meson 'X. due to tw~.9.lt1on 

fusion 99- X (see Fig.la,b) is in close analooy with the Or~ll-Yan 

process (Fig.le). The total cross sections of these nrocesses are determine!! 
2 2 2(_M2 -) mainly by the wide region of transverse r:omenta y. <<. '}.L « q, - QQ 

where both spectra are proportional : d6/d'l~ c...:> 6·(.ls/~~) . This 

simple result follows from the treatll'ent of the orocess in the first orrler 

in els , when q,.L of the lepton pair or . X -l"eson 1s compens!tec' 
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by a parton (e.g. by a gluon. as shown in Fiq.la,c). The loqarithmic cha­

racter of the spectrum is connected with ~he "quasi-realitv" of the carton 

k(!Kel._.~~ « Cf-2 ) • As was mentioned in [2] , this means that if 

~.L is registered only, the quantitv CJ.~ and not the total mass q,2 

is the real measure of hardness of the process. 

Two parametrically different scales of characteristic distances 

}lq, << 1/CJ.i arise in the problem, and as a conseouence the soectrum of 

Orell-Yan pairs is essentially modified , when hiqher orders of oerturbation 

theory are accounted. The differential cross section acouires a factor -

square of the effective twice logarithmic quark formfactor (see. e.g. (3].(s]) 

d5 <:./.) 6. ri.l TF2 ( ~~ ) ~2)' 
d<ff ci-.L 

(1) 

whose origin is connected with the dynamic veto of soft oluon bremsstr~hl~no 

in the interval of transverse to the collision axis distances ,p.L 

p.L ~ 1/~ to p.!. ~ 1/. 'l-i . In the ranoe 

CFci.s ( ~~) 
gr 

q.e . en -< 1 
Cf f 

the follaWing approximate formula 

2 

i d.ke. oCs(k
2

) ~2 1 2 (o 2 o2) = exp {-c _.l.. __ .L en -} = 
F h > V F kJ gr k}. 

'Jf 
4Cr. q,2 en q,~il q. 2 

} =exp{-b·[en 11e ·En(i- enq2/l\2 )-en ~i] , 

from 

(?\ 

(1) 

e 
holds, where b = 11- 3 T1:f enters into the exorPss ~ on for th" r•inri no 

els via ol5(Q2)=4ST'/b·en(G.2/112); CF=4/ 3° 

At decreasing q~ the exoression in the exronent ( 1\ i nc rP? ~ es. 
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which results 1n a more smooth d1str1bution d.6/d~~ than 1n the 
2 

f1rst ·order of PT ( ~ 1/~~ ) . When 'h. decreases so much that 1neoua-

l ity (2) turns into equality, the formfactor suppression compensates comolete­

ly the pole growth of the Born cross section. This takes place, as one may 

readily see, at 

c 
'}.i = c:i .l.O = f\ ( q,/ I\) 1+c 

4-CF 
where C =b 

(4) 

A.s a result of that, at q.L. < 9-J.o the cross s•;t1on becOl'les inde-

pendent of i.J. [6] - a "plateau" arises whose w1dth corresponds to the 

value of average {or, better. to say, characteristic) transverse mOl"enta of 

leptonic pairs with a given mass ~2 (for details , see [3] ). 

A.s was mentioned in Ref.(7] , a similar phenomenon takes place also 

for :X. -meson production. An essential difference consists 1n the fact that 

now the problem involves a different twice logarithmic factor, namely the 

square of gluon formfactor Ti; , the presence of which smears the neak in 

d.6/d~~ much stronger. Th1s 1s explained by the lar0er intensity of 

soft gluon bremsstrahlung "annihilating• by 9~ rather than by quarks 

~~ . For the spectrum of C-even quarkonia in the process ~~-x ... 
one should in formulae {1)-(4), written for the ouark case {Dreil-Yan nro­

cess 'l.~ - d'*+ ... ) · replace CF" 4/3 by Cv = 3. The comparison of 

the shape of spectra for leptonic pairs and 

~ {10 GeV) 2 is given in Fig.2. 

Xb mesons with ~2 = M!b ~ 

Using relation (4) we establish that characteristic ~J. of Xb me-

sons in ~~ and also 1n ~(~)~ collisions must be about 2.5 times 

larger than ~.l. of lepton pa1rs with the same invariant mass ( ~ ~ 10 GeV} 

_6 

(ho)Xo - ( q.) 4(Cv-CF)·b 
( 'ho)11.v. - A (b+4Cv)(b+4CF) z 2,5 . 

Such a significant difference of spectra predicted by QCD gfves a 

unique possibility to study with the use of X. -quarkonia the chromodynamic 

gluon self-action whose intensity determines the QCD-formfactor T"G . 

This circumstance is highly important also from the practical vfewpoint
1 

since the wide distribution in 'li can simplify the background conditions 

for detection of these particles in contemporary experiments searching for 

Xb (and later Xt ) mesons in hadronic reactions. 

3. A Phenomenological Approach to Description of the 

Amplftudes x(
1
'- 28 • x Ci) - 39 

The above given fon!lllae correspond to the processes of two-oluon for-

mation of only two of the three X -particles, namely of x<0 > and x.<z) 

The point is that the spectrum of x<tl mesons in the region 'h « Mx 

must not depend on qJ. , contrary to the case of xcoJ,Ce) , whose spectra 

grow rapidly at 'lJ.-o and formally in the lower order of PT have a pole 

singularity C".:> 1,!'£t~ which smoothens, as was explained 1n sec.2, after 

accounting for higher gluon corrections. A flat spectrum d6,!' d<f~ of 

axial meson x<
1
> is a consequence of the Landau-Yang theorem forbiddinq a 

1) • 
rea 1 decay x' - 29 . In the crossing channel of X production th1s 

,veto manifests itself in the fact that vanishing of the amptftude x<1l--28 

for physical polarizations of real qluons 111Ust compensate the pole 1/k 2 

in Fig.la, b diagrams connected with the gluon propaqator k which beco~es 

quasi-real in the limit ~~ <:-.>/1<~/-0 . To demonstrate how this COll!nensatfon 

fs realized, we shall construct a vertex function l"i:,pl) (I<, , 1<2) of the 
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transition x<•l- 2~ , where ~ ~re vector sv~hols of 

:X. -state and gluons with r-omenta 

and }AV 

1<1 and k2 , resnectivelv. Tensor r 
r;~ st satisfy the requirements 

,) identity of gluons: ~,JJii(K1, Ke)= fg,vJA (Kz, K1) 

ii) conservation of current: K 1J' ~ 1).lil = Ke~ ~, JJ.v = 0, 

ana must also include a cwnletely antisY1t'l"etric tensor E.,,_jl~S in C\r~er· 

to ensure the pseudo-vector nature of tlie X -st~tP. 

Let us consider as an example thP follOl'lino structure: 

[ 
J-ld.J3'f ( ii. - ) ~,}'Iv= .A c K1oi. Ki ~Jlv t<2J! Ke11 + 

(5) 

~d.J3~ ( 2 )] + E ku K, 9PJ.l - k1J3 K1~ 

Expression (5), as can easily be verified , possesses all the required 

properties (a complete analysis of possible phenQlllenolooical vertices will 

be given in the sequel). The matrix element of two-gluon decay. which is 

proportional to ~,}l~(K 1 ,K 2 )e11"e21> . vanishes at K~= K~=O 
for the physical polarizations of gluons (e, K1) = ( e2 Ke) =0 , which 

agrees with the Landau-Yanq theorem. 

Substituting (5) as vertex functions into Fio.la,b dianra~s. we ~re 

convinced that in (5) works one of the two ten'ls (e.q. only thP first one). 

if we take Ke= K , and identify K1 with the external re~l oluon -

parton. Further on, in virtue of current conservation, the ten'l orooortional 

to ( C/'.l KJ3 K11 ) a 1 so drops out, anc! hence each vertex r bPComeS 

effectively proportional to K2 , which, as was c!iscussed above, leads to 

the flat qJ. distribution. 

·For a complete solution of the problem of X particle q,J. distriliut-

ion, the knowledge of the two-gluon vertex x- 2~ is in~ufficient, 

since in the same order of PT, vertices X -3~ are also essential as 

shown in Fiq.3, where diagrams for cross sections of the process ~9--..x+g. 

8 

If in the analysis of spectra :x.<0
) and x<l-) one could restrict himself only 

. 2 2 
to the first two diagrams dooinat1ng in the reqion q.J. « Mx . then in 

case of x"> a 11 the contributions turn out to be of the same order. 

The required information on the vertices can ~e dPrived from thP know-

ledge of the internal structure of X • decoding thP couolina of X with 

gluons via the amplitudes of annihilation of Q and Q nonrelatfvfstic 

quarks into two and three gluons. This approach is however soll'ewhat comnli­

catea technically: while the amplitude of X -- two virtual oluons is known 

(see , e.g. [a] ), the analysis of the x=G.Q-3~ rlecay is absent so far 

in the literature. Below, we shall return back to thP consirlE>ration of three .­

gluon decay of X within the framework of nonrelativist1c aroroach (~hose 

amplitude for the x<1
) case is calculated in the .l\ppendixl. 

Here we shall discuss another, much more sf1.~pler SPmi-phenwenolo<!1c~l 

approach, which uses the connecticn between two-

three- ~,ft~i\ (r<. 1 , Ke> K3) gluon vertices of X 

follows. 

r! ,JAi> ( K1, Ka) ancl 

Its essencr is as 

Let us consider one of the simplest x- 2~ vertex, e.~. exnression 

(5) for xY> . and take A =canst in it as a ohenomenolooical oara-

n1eter whose value wi 11 apos teri ori be defined from the hadronic decay width. 

Then. let us construct the total amplitude M (x-39) contain-

ing both· r~,J4~Jt anctheprocuctsof x_!i)._.2~ anrl 9-~~ VPrtiCE'S 

and make use of current conservation. for exa111'Jle 

e.11.· M~,p~;.(Kf, Ka,e)e,,,,..ea~ IKf=K~=O == 0 (l'l 
e - o.n.y 

The connection between r(3) and r(a) arisinri here tonether ~dth the 

a~t.isymme_try requirement r;,jJOJ\. rE'lative to simultaneous oerll'utatinns 

a 



* of ma~enta and polarfzatfons of any pafr gluons 

restore the fonn of straight · 38 vertex of X 
turn out sufffcf ent to 

Combfnfng th'-" X - 28 vertex wfth the decay of virtual ~ fnto a 

qq pair, one can finally express the amplitudes and partial wfdths of 

three-body decays of x.<1
> fnto three real gluons or ~~~ vfa the pheno· 

menolog1cal parameter ~s ·A 

However such an approach, whfch completely proved fts value fn ana­

lyzfng the spectra Xco> and x<2
) , fafls, fn sane strange way, to work fn 

the most fnt~.·estfng to us case of xC1
> meson: the sum of Ffg.3 dfaqrams 

(for the cross section of x<1
>" production fn the gluon channel) calculated 

by using (5) as rc2
> and reconstructed by current conservation r<a) turn 

out to be ident1ca 1 ly eqt.a 1 to zero. Another choke of r <2> , not equfva lenl 

to (5), also leads to zero result for the cross section (as one can easfly 

see, there exfst only two independent amplitudes x<1>-2~ corresponding 

to the projections :!:l and O of ?t -spfn on the decay axfs). We shall 

discuss thfs negative result fn more detafl than ft deserves, sfnce the 

reason of the unexpected vanfshfng of the physical amplitude x<1>-38 
fs connected wfth the existence of a curious fdentfty being of fnd,ependent 

interest. 

4. No - Go Theorem for a Mfnb1t1m Local Effective 

Lagrangian ;x<
1
> - Gluons. 

The above-described procedure of restoring r<s) by r< 2) fs fn fact 

equfv.alent to the descrfptfon of the X decay fnto gluons within the frame-

* Together wfth antfsymnetry over colored fndfces ( Lf al:c ) (wh1ch is 

dictated by the requirement of C-evenness of IC. ) thf s agrees wf th the 
Boze statfstfcs of gluons. 
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work of a local effective Lagrangian wfth the densfty 

£,Qff (x) =X~(X)J!A~(X), (7) 

where c:/l.l(x) fs a colorless pseudovector gauge-fnvarfant operator composed 

of gluon fields. The operator oflif rust be quadratic fn Gctp {in order to 
(f) 

describe the virtual transition X -- 29 ) , must contafn the e. -tensor 

or at least one derivative D~ (as JJ~ one should imply either a cova­

riant derivative, ff ft acts on one of the two tensors G- , or a usual de­

rivative a~ ff a colorless expression fs differentiated). 

Let us consider all operators of the form 

cl!Af = T,... {DIS' GJ-li> Gffp c"'J3~5 }~ , 
(8) 

where T',... denotes su11111atfon over colors and fnternal contraction over 

four pairs of vector indices at one external index S is fmplfe~. The 

structure (8) potentially contains vertices with any number of gluons, from 

two to five. 

Let us show that despite thfs, a real decay of x'1
' into oluons fs 

absent: chromodynamfcal multfplfcatfon of gluons reduces the contribution of 

direct multfgluon vertices defined by Lagrangia~ (7}, (8) for any number of 

real gluons·(and, fn particular, for three, as shown fn Ffq.3). Let us lfst 

now the possible structures of operator (8). Since we are interested here fn 
. ~) 

the coupling of X with real gluons, we may omft the expressions 

-.DJ' G"'J3 eµi>d,p =-DJ' G,µi> Dµ G-.1'~ ' 

the ffrst of whfch vanishes due to the equation of motf on, and the second one 
Cl - Cl reduces to quark current J'µ (x) = 'J(X) t ~I" q,(x) generating 

~~ + gluons state. In vfrtue of thfs observation the only candidates for 
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the role of JU~ remain 

1) 

2) 

3) 

Cf) { - } ~ { ~ } JU s =Tr G"'.13 · (D~ G-.cp) :: 2 'C\ Tr- G.cJ3 G"'J3 , 

011l1
> =Tr { GcLJ3. (D,.. G,13.v)} ep~ci~, 

~ 

(3) { - } • {- } JU~ =Tr GJl-«ci.·(D.f'G.c~) =Tr GF.c.(D>'G.c.~) = 

=aJA Tr { Gflr1. Go::~}, 

(9) 

where the sign ...::_ in 3) denotes equivalence in the sense of eouations of 

motion. 

In deriving the last equality , the property 

T"" { GJI'"'- Get~}::. Tr {GJAG. Go1.~}, 

is used , which follows from the relatton 

a. -b " "'b a. b 
GJloe. G"'! = G~oe. Gr1.JA + 2efl~"'6' Gct..13 GpK , 

(10) 

and the observation that T,.. { G.cp G.iad'} · e ~JI.let.~ = O. 

The relation (10) , in turn, follows fran a rather useful identity which 

we shall often exploit in what follows: 

(11) 

~JA~ c.s.J3¥5 = 9J11"' e~J3.vs .... ~.J'IJ3 eo.~K6 + ~ .... ¥ ~J3~0 + ~,,.s eo1.n~. 

We now present a simple proof of this identitv and consider the derivat­

ion of eq.(10) as an example of its utilization. 

let a.,.. and bf' be 4-vectors 'of . g~neral position . 

1? . 
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Consider a tensor 

. baC Qd. 1 

n.td.' = 9.,u 1 - ~' a.._not.<i. 1 =O 
(12) , 

and act with it as an operator on each of .the indices of the 

(13) 

noe."' n.J3J3' nt~' n56' c"''P'.Y 'ol = o 

The right-hand side is zero, since we have arrived aqafn at a completel~ 

antisyirmetric tensor, each of the 4 indices of which now span the three­

dimensiona l subspace, orthogonal to at' (see (12)) . Using the explicit form 

of (12) we shall get 

0 = (~b) • [<ab) €."'J3<Y6 - ( b"' €~J3K6 + bia€o1..13~6 + 
114) 

+ b8 C«.fo~O + bs Cci.M:)). a~J 

and from this, due to the arbitrariness of Cl and b , the identity (11). 
,.,, 

let us apply (11) to the expression GJl.c · G.c~ = GJ.t«. €oe~J38 GpK: 

GJld. e"'gJ38 = G.u €JU~.M + G~"" Er1:pJ3K + G-p.tCd.~n + G.rd.eol.VJA. (lsj 
I 

Contracting (15) with G.n and after transfonnat1on of SUITl!1at1on indices , 

we shall obtain relation (10). 

let us return now back to the discussion of structures (9). 
111<f) -

The first of them, ~..., ~ , evidently cannot be accepted, sfnce the 

iensity £.eff(X) =-at[X~ Tr{GG}] corresponding to ft is a 

complete divergency on the physical polarizations of the ffeld X . 

Further on, 
JU<a) ~ j_c/U <3) 

~ 2 ~ 
(Hi) 

u_ 



I 
Indeed, applying (11) to cJUC2> from (9) we shall obtain 

ofU~2> =Tr f G-<iJ3D,µ ( GJ18 ep~"-d')} == 

=Tr{ G"'J3 DJ.(G.f'cl' e.13~ct.K + G~i €,µpd.cl' + 

+ G"K e.f'~J3K + GK~ c µ~a.p)} = 

, { - l _17 I CJ) 17 I C2) 
=Tr O-G,nDJ.1GH_-Gpd..D.fG"'KcJ1t:.B.r + OJ=a"'~ -ci"'~. 

_171 CJ) The only structure remained is w1,.1 ~ , but 1t also turns out to be a 

(17) 

"fictitious• candidate, since it actually coincides with the already con­
c1) 

sfdered case of all.JS . This follows from the remarhble relation 

Cl -ci. 1 a. -a. 
GJA"' Ga.~ = 4 ~.fl~ GJ3«. G-"'P , 

(18) 

which can readily be derived by a reader, familiar with the examples (15) 

and (17), utilizing the identity (11)~ 

Thus, the "mfninum• effective L~grangfan (8) reduces to 

a!U~C/:)Tr{Jµ G,11~} and does not lead to pure gluon decays of 

the axial .meson. 

5. Nonrelattvtstic Analysis. Infrared Singularity of Amplitudes 

·for 3-8ody Decays of P-Wave Quarkonia 

.Let us turn now to the analysis of the coupling of X with gluons 

starting frOlll the consideration of :X -meson ·as a system of weakly bound 

· 110nrelat1vtstic quarks Q and Q 

Under this consfderatton, as -ts . .known, particularly, the fo11owi"9 ex-
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pressions for the hadron widths of the ')(. -meson family decays in the 

leading approximation over <is were obtained [ 1 ,9 J : 

r (X(01 --ha.cirons)~ r (x<0l-29) = 96g; NcFa.~ 4'12 Mx 
(19a' 

ce.> ( ca) 12s N 2 2 r(x -had.rons):::: r x - 2g)= 5ff CFols ljJ, M'/( 
(19b) 

r (I) (1) -) 128 N 3 2 
(X --hadrons)~ r(x -9q.q. =gnf CFc(S lf'1 x (19c) 

Mx 
xMxene. 

Here, lf'1 is a dimensionless parameter, orooortional to the derivative 

of the wave function of relative motion of quarks QQ lfl'(r) 11t r=O . 

The last expression can be regarded only as an estimate of the h11dron width, 

since the decay ;icctl - 39 , not accounted here, oroceeds in the same 

order cl: and differs from (19c) by a factor en (Mx/€) whfch may 

be considered a large parameter only academically. The occurence of 

en (Mx /c) in expression (19c) is due to an interesting Sfn!lularfty 

of the three-body decays of P-wave QG. states, f .e. with the fnfrareJ 

dfvergency·of r in the approximation of free heavy quarks. 

Let us consider in more detafl the diagrams of Fi!!S.4a and 4c corres­

ponding to the double gluon annihilation of GG. . The amplitude QQ -2~ 
is determined by the expression 

( " " " ~ [" ,.. ,.. b°oJ m+p+K-K1)(,.. ,.. "] ( 011b) 
M=Sp e(m-p+K) 2(P-t-K,1<1)-1<f'(m+p+1< 9s -2- + 

(20) 

{ 1-2} 
i' }-l-'J ' 

I\ 

where ec(. ( e :: eo1. ~cl.) 1s the vector of G. and Q total soin: 
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2p = ~ is the total four-momentum of th:, meson. To extract the ?C. 

states with L = 1 , one should retain in M only the linear term of 

the expansion over the small . mome~tum of relative motion of quarks K,13 

Adding together spin and orbital momentum we shall get amplitudes of 

annihilation for different X 
(1) 

For X , in particular, we have • 

. 5 0 ~ 

M(1) __ L .cctJ3cno-- ·-·M(e K)I ·ill 
~ - .[f r..:. -,, i:o.a<A. oK, i K=O Tt 

(21) 

5 1s the vector sign of the x<1
> state). 

The result of the calculations (see, e.g. [a]) by mesons of relation 

::i-1) can be written in the following compact form: 

~ )IA\> Cf) L 4 9~ ljJ • { c>'d-J3~ ( 2 ) M ' (X -29): .J2 (1<, Ka)a • c. K1<A. K2 3Jl~ -Kep Ke~ + 
(22) 

~ €:,a.p~ Ku (I<: SPJA- Ki.13 K1JA)} ( q,2 ~n - q8~~) Oab 

The structure in curly brackets coincides with expression (5); there­

fore the conclusions of sec.3 on the amplitude symmetry, current conservati~ 

and fulfilment of the Landau-Yang rule can be transported here as they are. 

The additional factor (K, l<a.r
2 reflects th~ non-local nature of the 

annihilation, 

Considering gluon 1<,:e as real e2=0(K2 =.6; t:..2.;co) we 

transform (22) to (omitting inessential tenns)': 

. ~49i lll1 ~ .a"'Q.~~e 2( ) c M ~,}>I~ = .J2 . (a)2 I..,. .;..ti · ~¥~ -q.i ~~ OQb 

(2:n 

16. 

where cu s ( eq) = (Kr Ka) is the gluon enerqy in the rest fra111e of th4 

meson in units Mx (M~ =Cf2 =1) 

In the soft l i mi t e c:n CU - 0 , . t:/ = ( 'j - e )2 - 1 the amplitude 

is singular 

Men f/c.> (at (J)- O), . 

which results in logarithmic divergency of the cross section 

j M j2 ~e C"=l ~ in the free quarks approximation. 

The singular behaviour of the amplitude corresponds physically to soft 

gluon radiation from distances considerably exceedinQ the dimensions of the 

annihilation region IO.nLh -(a2rYe ~ 1 . Ow1n9 to the finite size 

of x -meson, this singularity is cut off at frequencies cu of the order 

of the coupling energy e of the QQ system. Modifying formula (22) by 

the replacement 

( K, Kzf2 = (&)-
2 -((K1 Ka)+ ME.r

2 
=(cu+ cr2 (24) I 

we obtain the gauge-invariantly regularized amplitude of the annihilation 

. M~.µ\> ( (1))=[ (K1K2) ·]·M~·Jll~ 
re~ x (K1K2)+Mc 

(25) 

which at high frequencies c.) >.e coincides with the original one, and in 

the limit K1 "'e =O vanf.shes. Multiplying (25) by the transition amplitud~ 

of the virtual gluon into a pair of light quarks .fl~(~(K2J-~4) 

iwe shall describe the decay x'1'--8't~ - the fogar1thm1cal estimate of th~ 
width given by formula (lgc). It should be noted that the discussed sinqula­

rity is absent in the three-gluon channel of the decay, since in the soft li· 

mit the singularity of amplitude (23) in the diagram of Fig,4a and the corresL 
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~ 

ponding contribution to the diagram of direct 38 trans1t1on (F1o.4b) 

cancel each other. One may readily be convinced 1n this 1n the gauge 

Q, a.. 0 
<J.J1-1.RJA = 2 PJ-t .RJ-< = , where rad1at1on of the soft gluon K 1 1s 

factorized 1n the form of 

,µ~./\. - 21<>< r- ~~ - I J M (GQ--98~)1<,+0~ (1<,~)'U'v1 (QG-9~)K=O x 
(26) 

x ( 1 + 0 ( Ki/M :~J) · 

The soft gluon "carries away" the orbital momentum of X -meson quark~ 

(and of course, color, too), not affecting, 1n other respects, the hard 

ann1h1lat1on of QG. -9~ described by a sum of d1agra111s 1n F1g.5. 
- 3 

Here, the system QQ. 1s 1n the octet state 1n color 51 and pos-

sesses gluon_ quantum numbers and a f1n1te mass ( ~ - K,)2 ~ q2. 

As the calculation shows, the diagrams of F1g.5 cancel each other. The 

nature of this surprising cancellation 1s explained 1nd1rectly 1n Ref.[10]. 

'lere the trans1t1on QQ ( 351)-29 possible, the scattering amplitude 

of long1tud1nally polarized "colored .T/ljJ " at high enerq1es ( S-oo) 

would have grown 1nadm1ss1bly fast owing to gluon exchange, 1n formal con­

tradiction with renormalization theory. 

In the Appendix, we shall demonstrate explicitly the cancellation of 

infrared s1ngular1t1es and calculate precisely the ~mnlitude of ?<. -meson 

gluon decay. 
co) (a) The amplitudes of three-body decays of X and X have the same 

behaviour. Here, the contribution of the channel r~~YMx-oe.;en(Mx/e) 
is not usually considered when discussing total hadron width~ 

rtot/ Mx. ...... cl~ , which are defined ma1n1y by the decav 

x<o>,(a) -e.~ (see (19a, b). 

ta. 

"-'"""'= 

The situation 1s however different, 1f we are interested not in the 

tota 1 widths but in the cross section of X -meson production 1n hadron 

- co) (1),(2) J col11s1ons. In the quark channel ( q.q. - ;i( + ~ ) , mesons X ' irus 

be produced, roughly speaking, equally often. In this case, the infrared 

s1ngular1ty of the trans1t1on amplitude caused by the weak coupling of the 

QQ system, leads to an unexpected behaviour 1n the X transverse mo-

mentum spectra. 

6. Manifestation of Weak Coupling of Q.G. fn the d6/d<l~ Spectra 

of X -Mesons Produced 1n Light Quark Ann1hflat1on. 

X -meson production in light quark annih1lat1on 1n the first non­

van1sh1ng order 1n els 1s determined by the diagram of Ffg.6. The differ­

ential cross section of X production with rapidity ~ and with transvers~ 
momentum q .L has the form: 

d.6 
d.~~d.~ 

= ols [.L. (-1 )2] ( (' dx, cl.xz .D~(x,)D'l(xe)6+(e 2)i< 
4S 2 N J J X1 X2 (27) 

1 " I\ } 2 ~ 
x {-4Sp (K1 ~~Ke ~~iJ I M/~i (A2)2 

where / M l 2 ~v 1 describes the probability of the trans1t1on of virtual 

gluon ~ 1nto x and a rea·1 gluon e . let us pass from the integration: 

over parton momenta X1 , X2 to the invariant energy ~::: ./c(K
1 
K

2
) 1 

. 1 ~ 
and the full rap1di ty of the pair y =yen-;;- and remove 

o+ (e2
) = 5 ( (<l"' - qJL1)2

): 
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2d.AO + (e 2) = 1/ J(i+'t1)ch2 (Y-~)-f' • c.)-
1 

( 'h' 'l) 
(28) 

where ri=Y-~ (note, that we have assumed '}2 = M; = 1 ) . 
We obtain 

d.6 els ( A -d'l~d~ =- 16N2s.) dti G)D~cx,):D't<xe)U,./Ml:~,~ti)) 
(29) 

Here 9~~, = [~~i>,-(K 1~KNt+K1~1f<e.i?)/(K 1 Ke.)] is the projection 

of the unit tensor on the plane transverse to the collision axis. 

Momenta X1 and X2 in (25) are expressed through q.l and 'l via the 

relations 

X1ce.> =A/JS· e±<!f+rz> 
(30) 

where D. = 1 + (J) + cu2 • and the quantity cu( q..L) 'l) 1s defined by 

(28). 

For the case of :x<1) , for example, calculating the modulus square of, 

the amplitude (23), suirmed over the polarizations of X , and of the real 

gluon, we shall obtain 

L 14 M~'Jli> M•s,i"11
' = ~4 (8abf / 

~,JA 

j. 49~ 4'1 
J2' 

• A 12 
(e~)e. )(. 

x c/'"'"~~ c."J3~'0eo..ep ( q~s -q.~q5) = 

== (N 2-1) 8Jf
0
rl {~i)l>'(e'i.)2- ei)e1i·.:(eq,)(e\)~~, + ~~e~ 1J] 

.~ 

(31) 

Further on, contracting this tensor with ~i)' we shall have 

~ 12 .I.) 2 2 [ 2(fq.)2.+q.i(1-2(t:q.J) ] (641M i>i>'9i)i>1 =f6(N -f)Ss tH· · etea,J'+ 

(32) 

This expression should be substituted into (29) makin9 use of the re­

lation between the product ( e~ ) and the variables ci..1.. ·'l. 

( e~ ~}I) "'(Cl}l~Jl)-1 =cv(1+Cilt-W2
) =CV·.ti 

(33) 

The problem of spectrum description without concrete definition o~ the 

form of parton distributions D (XL) is settled, in principle , by fol"ll'Ulae. 

(29) and (32) together with a rather cumbersOfl'e set of relations (28), (30), 

(33). However, owing to specificity of P-wave X -states, the inteQral in 

(29) in the region ~~ « 1 can be calculated exP11c1tly. 

What must be the character of the ~~ distribution? One may assume , 

for general reasons, that according to the logarithmical width of the decay 

r(x - 9'1-~) this distribution must be of the form of 

d6/ dq,,~ ~ yq: . However, if for the Drell-Yan process 

(Fig.le), where CfL of the lepton pair is compensated by the radiation of 

a gluon in the initial state, such a spectrum is quite natural, then in the 

diagram of Fig.6 one cannot, at first sight, reveal a quasi-real intermedfat~ 

state which could provide an anomalously large cross section at 'h-0 . 
~ut actually it 1s there, being concealed in the amplitude x-- 2~ 

whose infrared singularity corresponds to large formation lengths of radiat· 

ion in the final state. 

The main contribution to the integral (29) at small 'b. comes from a 

narrow region of raptdfties I '1.1 ""CJ..i.. «1 • Here the quantity 

CU (q.,1.~) • introduced above , co~ with the energy of Qlu_on fn the 
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rest trame of X : 

(eq,)zcv=Jcl!+(1+~~)sh2 'l :::.J ~~ +r{-~~ «1 

Le.t us introduce the. variable 
I 

U'•'1/q.1. and, 0111itting relatively small 

C'ontributfons ,.,.0 ( qJ.) , present the 1:ross section in the form: 

do _ B2sr2
• cF .r1..3 1112\~L.[2(1+tr2)+1 Jx 

d.~:d~ - s N . s T 1 j ~1+u2 ~i·c(1+lf2l 
(34) I 

x]~(X1) D~(x2)(1+0(q.1)) · 

Here X 1 , Xa are determined by the mass and the rapidity of X 

'l = 0, A<= 1 i.n (30)). The integral over 1J converqes at 7.f-1
1

, 

which justifies the assumption of smallness of essential 1. . This is 

caused by the singularity of the amp11.tude over Q) : 

j M 12 ~ ( 2c.:i2 + q,1)/Ci)4"'1/c.>2. 
The approximate expression (34j can be deriv.ed directly fr~ the soft 

tmplftu'd~ in the gauge ~µ .R; = 0 
\ 

~~-_§_.L[ ~] 
MLj - 81q cSej 4 (fq,) • 

using in calculating the cross section summed over polarizations of ::it <1> 

the projection operator 

~ . n (1) = y ( 8u' Ojj 1 - Oi.j'OL'j) 

Analogously, using projection operators 

.· n 

(35) 

n (o) = ; 5w ow 

n t 2) =- ~ ( s w OJJ, + ow s t'j - ~ Std s ti,) , 

•e shall obtain spectra of xco) and x<2> mesons. 

Thus, in the ~ree G.G. approximation, the spectrum actually is pro­
-2 

portional to q..L . The growth at small ci.1. cuts off, however, at 

accounting the finite size of the meson. Modifyinq, in accordence with (24), 

e r4 -4 -4 the denominator of the soft radiation amplitude ( ( ~I ~Ci) --(u:i+e) 

in formula (32)) we get, finally, 

d6l;rJ = 32gr2 ·~·cx'..!lfl12D'l-(x,)]~(X2) x 
dct~ d~ S N 

(36) 

""' 
x [J_ r dx (:T) ] 

~: J (chx+C1)4 B (X) 
-co 

_ / en 
where Cl. = €. ~ J. , and the factors 8 for X over spin J 

are as follows: 

1 ) 1 . ) 1 1'+ ( 37) 
Bl0

>=3(2ch2x-1); s<1 =2(C?ch2x+V; e<2 ::ry( 3ch2x-~) 

The form of the distributions d6(~d~1 
I 
' Fig.7. 

derived frDIT! here is shown 1n 

We now present expressions for ~he integrals entering into 

-~ 



00 

o<•> (a } = -1 · l dx 1 B (J") (x) : 
.r r.1. ~~ J (chx+a.)4 

-oo 

0() 

I (CL):!5 dx ch2x - 1 r 2 ,1 
1 (chx+a.)lt - 3(a2-f)3. Lct4 -10a -6+3a(a

2+4)·<f(a)J 
-oo 

00 (38) 

I ca) == r d.x _ 1 [ 2 
2 -l (chx+a.)4 - 3(a.2-t)3 · -f1a. -4+3a.(2a2+3)'~(a)], 

where 

'j'(")·{ 
arc cos a. 
.Jt-d.2' at a < 1 (recall that a a €/~.L ) 

en (a + .[c;J:'? 
.Ja.z-f 

at a.> 1 

At ~J. » € (ct~O) we have I 1 (0)=2 , I 2 (0)=4/3. 
From here 

P(O) (O, ) _ _ 1 , .JL, {') (1) _ j_ • _§_ , 'PC2) - _1 , !±Q_ 
-r.1. - ~f B ' " - ~i 9 ' - ~! 9 ' 

C:r) 
t.e. at the spectrum edge the yields of I( are proportional to the 

stattst1cal weights (2J + 1): 

XCO), X(i) X Ci!) • 1 • 3 -· · 5 
) J • • 

(39) 

(40) 

At small ~.1. ~ € the cross sections flatten. The detaiis of the am-

plttude's polarization structure become essential here, and the simole re-

24 

1at1on (40) does not hold (see Fig.7). In particular, at ~J. -O(a.-- 00) 

we get 

.Pro>(o)--1 . .£.. p<1) __ 1 . ..L . .Pm __ 1 . ..L 
1 - ea 9 , -: e.a 3 ' - ea 3 

(41) 

i.e. 

x<o) x<iJ: x< 2>. 2·: 3 : 7. 

7. Conclusion. 

We have considered the spectra d6/dq,: 
x<J) produced in hadron collisions in the 8~ 

of heavy C-even ouarkonia 
-

and Q.;.'l- channels: 

9 + ~ _. x.<11+~ 

~ + ~ -xm+~ 

In the quark channel (39b) the distribution in ~J. of three xY'J 

(J9a) 

(39b) 

J • 0, 1, 2) proved to be similar, the shape of the spectra in the re~ 

gion ~.1. < Mx being defined by the parameter c /M , whose smallness 

corresponds to the nonrelativfstic nature of GQ quarks ~n the meson. 

At the same time, the distributions in the gluon channel (39a) are qualitat-

co) c2) d6:'U: 2 1 ;. 2 ively dfffere11t. For X , X the spectru111 behaves as 'I C:t~1 c-':I y ~.1. 
whose singularity at ~J. --o smoothens. due to the gluon formfactor Ta2

, 

arising at accounting multiple bremsstrahlung of gluons. In the case of x.'1) 

the spectrum is essentially smoother, since the gluon bremsstrahlunq by pri­

nary partons from relatively large distances Pi, -1/~J. » i/MQQ fs suppres~­

ed in vtrtue of the Landau-Yang veto, and infrared sfnqularfty of the radfat­

fon in the_ffnautate {acc<>l!nting ~s_kad to the growth iti.tlulec,....u_ 
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Ing ~ 1 of the spectrum in the channel (39b)) is absent i.n the gluon 

channel (39a). 

Note also, that in one more channel, 1.e. 1n the quark-gluon channel, 

of X production 

q(~)+ q-x<J>+~(q) 
(39c 

lccounting of matr1x element singular1ty connected w1th the soft oluon ra­

d1at1on by nonrelativ1st1c G.Cl 1n the P-wave leads to a spec1f1c predict-

1on on X 's .rapid1t_r d1stribut1on, namely to the preferable -.format1on 

of X 1n the region of col11d1ng hadron fragmentat1on. 

The present study is a1med at clarify1nQ the possib111ty of exoerimenta) 
z 

observation of the double-loqarithm1c formfactor T"c wh1ch is disnlayed 

1n X -meson spectra formed 1n fusion of two gluons (an analoo of quark 

formfactor "Ti 1n the Drell-Yan process). To solv~ th1s problem, one 

should extract contributions of x<0
> and x<2> (contribution of x< 1> 

leads to a "n~n-formfactor" flattening of the spectrum d6/dq.~ ) and 1 

take into account the background channels (39b) and (39c). 

It should be emphasized that the study of X y1elds in the quark 

channel (39b), which can relatively eas11y be extracted experimentally, is 

of independent interest: at moderate energies ( s/ M2 ~ 1 l. this chann-

el dominates, e.g. in PP , 51P and I<.- P reactions (valence quarks 

ann1hflatfon), and also determines (at any S ) the differences between 

c~oss sections [d6(ctb--=x+ .. .)-ci5(Cib-x+ ... )] 

The checking of simple predfctfons of perturbation theory fs particularly 

1nteresting here due to the fact that the expected shape of spectra, as was 

already ·stated, depends essentially on the dynamics of bound state, heavy ' 
- (J') 

GQ in the X meson. 

26 

It is worth net1ng at the end, that 10.lthough the above-given analys1s 

was based on the approx1mat1on i\4GQ/(300 MeV) - oo • a number of qualh 

t&t1ve consequences (see, e.g. relations (39)-(42)) may be displayed already, 

1n the spectra of known ?( -mesons of the ( b b ) fam1ly. 
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their constant interest in the work and support, and also to the LNPJ staff 

and all his colleagues from the LNPI TP lab for their hospitality and 
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APPENDIX 

Let us describe briefly the procedure and give the result of calculatint 

the amplitude x<1
> - 3~ . Let the gluon momenta be { K1, Ke, K!} and 

corresponding to them vector and colored. indices {JU, v , A.} and{ct,b,c} 

(1) 
One of the six diagrams for a direct transition X ---3g is shown 

in Fig.Ba. Six more contributions correspond to diagrams of a "fork" tyne 

(Fig.Sb). It i; convenient to combine them in the followinq way: 

M(i) =."(Fig.Ba) + t[CFig.8b) + (Fig.Sc)] (A.1) 

Then, the total amplitude N1 will take the form 

M = [ Mt1) + Mc1) ({'::.-13)J + eye te 
(A.2) 

The "cycle" operation here and in the following adds to the right-hand side 

two ·more terms of analogous stnicture, obtained by means of the cyclical 

pel'ltMtat1on K1-K2-K3 -1<1 ; }1-~-J\.-.jll ; a.-b'-c-a 

The representation (A.2) ·allows one to reduce the calculations leavina 

the possibility of controlling their correctness using current conservation. 

To the· diagram of Fig.Ba corresponds the color factor 

Tr-(!°'!b!c)- ~ . ~ ·f abc == ! fabc · 
(A.3) 

(the antisymnetric combination is chosen by the C-evenness requirement); 

and to diagrams of Fig.8b,c corresponds a twice larger c~lor factor 

Tr(1Qfc) · ttbd = rf°bc 

28 

Thus, to the amplitude (A.l) corresponds a sum of "Lorentz• parts of 

, d1agrams of Fig.aa·,b,c (i.e. with no account ;:if colors) with the same fac­

tor (A.3). 

The sum of amplitudes of Fig.Sb and c for the x<1J case (to which we 

here restrict ourselves), c~easily be obtained by combining the transition 

:xu>-2~ (22) with the 33 vertex. The result 1s as follows: · 

V=~ ·{-9;,JJ-1,1<2-1<3 ,1]+21<2./\·[JU,v,1]-

- 2 l<3~ [~'I\, 1 ] } - {; ::.~} 
(A.4) 

Here we have introduced a convenient symbol 

[abc] = c"'J3cY 0 a"'bpc~(~s~ -'lo'h) 
(A.S} 

and "l" in this symbol denotes the vector of 4-velocity of aluon 1: 

~1 ~ K1~/(K,~)= Kt~/cu, • f.e. 

[ J JAJ38b ~ ( ) 
,JU,Kz-K3,1 =e (K2-K3)p (K1~). 96~-'J.59~ 

For the contribution of Fig.Ba we have 

i [A A A II A /I A 'II A .A= f · 4 Sp e (m-P+K) ~J\(m-P+K+l{3)~~ (m +P + K-K,) )( 

/I " ] _ ___,_1 --,-,--
x ~Joi (m + P + K) 2(1<3 , P-K) 

1 (A.6)i 

2(K1 ,P-tK) 

where the opera tor lP · , encountered before, 
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s s - I ~ olft,H -·-· P.A=£ ~aiOl'lot oep .A(K) K=O' 

(A.7\ 

extracts from the amplitude Jl the terms linear in K ( P -wave! ) • 

Three sources of such terms 
A ~ ~ · A A A 

1) K in "external" structure (mt-P+~)e(m-P+K), 
A 

2) K in the numerator, and 

3) (KKt in the expansion of denominators (propagators) 

of the annihilation diagram correspond to the three types of structures in 

.R = .R 1 + .Aa + .Aa 

Taking into account m~- (P+ K)2
:;::: m 2-( P-K)2 = 0 (e -ols):::: 0 

. * . 
and replacing (A.8) by an equivalent expression , we present (A.6) in the 

fonn (m2 =(q/2) 2=1/4): 

- 1 { .j A II-' A [ A A 

.A =4 Sp (2e+el'l~) (-~h+~"t<3)~~ (~JA-K.~14)+ 
{A.9\ 

A A J} 1 2 Kil~~ ( '1.J" - K, ~J')+ 2 K}f (-q,J\ + ~11K3)0~ ~(r.i-a--e(7':"KK.:_3)):...,-(c.>-,+..,...,2(H=K-=--,~ 

The tenns !_ingular in the limit c.:>,-o (or CLJa--0 ) can readily be 

analyzed: 

.A,_, sins = Ji sing + aslni + jlsln9 
1 .112 a 

* In the following, when.replacing an expression by an equivalent one we 

shall use the sign ::: { in particular, we shall omit everywhere in-

essential terms in Mc;:) K1~, Kz~, K3Jt ) . 

30 

Acting by t~.e operator (A.7) on them we obtain (using (11)) 

.AsLng =P.As•ns ;,, (-Vc.>,cu3)' {9~ .. JJ-1, kJ, 1] + 

+qlt(1-2Q)1)[JU,1>,1]-K3~[p,Jt1 1]}-{;::.~} 
(A.IC 

The contributipn of "forks" (A.4) as well as that of direct diagram 

(A.10) are singular at cu 1-0(Q)3 -0) . However in the total am­

plitude the infrared singularities cancel (see sec.5) • 

Indeed, adding to (A.4) the term 

~' ~~A[F,~,1]-~a[A,q.,3]' 
whose contribution drops out in the "cycle" operation in (A.2), we shall 

arrive at 

V;,, ( 2./Q),) '(~~ll ~ ,K3, 1]- KaQ [}',Jt, 1] +Ka/\.(µ,\>, tJ), 
(A.11) 

V + .Asin9 ,;,_ (-1/~1Ci)3){(1- cc.)3) (9illl [J', K3, 1]- K3~ [J-',A, 1» + 

+(-~A ( 1- 2c:..)a) + 2 ~11,cuJ [}',v, 1] }-:- { ~=!} 

The latter expression is nonsingular, sfnce 

(1- 2ri>s)= (2 K1 Kz).-o, ( 1-2we..)=(2K,K3)-o; (A),-o 

One s~ould add to (A.11) the regular contributfons of (A.9) fr'Cllll 

.Are9 =(1/~,(.)3) 4 sp(~ek~JAl<,3~K34'11) (A. l2a)1 
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,.., re9 i S ( " 11 11 
) ( ) .A

3 
= ( 1/c.>,cu3) · 4 p e ~>4 K, 6'~ K3 ~}\ K, tr1 - tf3 . (A.12b' 

In calculating the contribution to M6l from (A.12a) we use a simole 

relation 

p ge~Jf,;} = 2 [a,b,cJ 
(A.13) 

where the symbol {. .. } means ~Sp { ... } 
The difficulty here is not the calculation itself but guessin~ the 

fonn of the answer for a total sum of (A.11) and (A.12). It i~ convenient 

to reduce all the contributions to the following structures: 

M1 = [v, 2, 3 -1 J B.l'tp + [p, 1,3] cM + [Jt, 1,a] c;v + 
(A.14) 

+ [1,2,3]D.JUvA, 

where B}li> and .DJ-1.>.ll are invariant under replacement {1-3,JU-.it}I 
and C and C 

/ 
transform into each other. 

Symbols [ ... ] in (A.14) together with the explfcit form of B , C 

and D tensors ensure current conservation over each of th!' three qluons. 

Moreover, 8 and C are closely connected structurally, · this enabling 

one to write a compact expression for the amplitude /V1 • Aoplyina the 

"cycle" operation in (A.12) we get (replacement { 1- 3} doubles Mt ): 

M = 2([.f, 1, 2-3] Bvll + [pA, 1,3] CM+ [f!,2, 1]C~'ll' + 

+ [ 1,213] DJLIM. +c$fcee . 
(A.15) 

.lZ. 

after which it turns out that 

(c..l1/cu2) CM ....:_ (c.)1/c..la) c tit == BM= Cl)~ Q..,,-,, ' 

where the universal symmetrical tensor G. is 

GM. =((111 ll2) lfai> ll111. +('!J, tfa) v,., lf24 -

-(t.r2 lfa) 7.f,~ lf1Jl-(v; tf2)(1f1 IJ3)8M)-2 

The following representation 

• .{ } 1 {" A A i\ GM = 12 v 1.t\3 = z; Sp lJ, tf2 ~v lf, ~.ll lfa} 

demonstrates explicitly current conservation Kzi> GM= K.MQM=O 
2 

(recall that we assumed Ki. =O everywhere). 

Using (A.16) we finally obtain for the amplitude x 11>- Bg 
(restoring all the coefficients): 

. 1 abc 1. 4-'1 2 A -

M = f., J ff . ( G. "A [JI) h'1 I 'SJ -

-G)~ ({JU 2 ~ iA3 }- ~JI G.v11) [ i,2,3] +- c~cee) 

(A.16) 

(A.17) 

(A.18) 

(A.19) 

where ~ fs a vector (antisymmetric with respect to the oennutation ~~ 

any pair of gluon momenta) which lies in the decay olane 

~c:.<. = 1f1a. ( CUz -cu3) + V'2c:.<. ( CU3 - CV1) + U'ac1.( (,)I - CU.e) ~ 

( j'~) =0. 

(A.20) 

The symbols entering into (A.19) are defined in (A.5), (A.17); tensor 



{ 1-1 { II II 11} JL12.v 1A.3 = 4 Sp ~.JA tf2 ~~ tf1 ~Jt lf3 

The amplitude (A.19) can be simplfffed essentially by a suitable 

choice of gauge (e.g. ~J' .A; cQ ); however we failed to think of a 

canpact analytical representation for the probabflfty of transftfon 

x<O -39 

14 

Figure Captions 

Ffg.l. Lower order diagrams for X production fn 9~ (a) and 

9CJ. (b) channels. (c) - Drell-Yan ,irocess of production of 
massive lepton pairs. 

Fig.2. Comparison of ~J. spectra: a) lepton pairs and 

b) X~oJ,(a) mesons ( CJ-2 =M~ ""' (10 GeY) 2). 

Fig.J. Total set of Feynmann diagrar,~ for the cross section of 

~9 - 9+x 

Fig.4. Diagrams for the amplitudes of 3-body decays of x 

Ffg.5. Sum of the effective diagrams for decay of colored 
3 
st state of ~e tnto two rea1 gluons. obtained 

as a result of factorfzatfon of soft gluon radiation 

(K 1 --0) in the diagrams of .Fig.4a,b. 

Fig.6. Lower order diagram for X production in the quark channel. 

1 d6 (J"J 
Comparison of shapes of spectra 1f · d~t X ( J = o, 1, 2) 

- <J"J fn the channel ~'1-X +-8 for ~J. < Mx 

Ffg.7. 

( € fs the coupling energy of (lQ. quarks in X -meson): 
a) absolute yields; 

b) normalized spectra 

1 1 d6 
2J+f • 6' d.~1 

Fig .8.. Sum of diagrams for the amplitude M1 (see the text). 
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