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The heavy quarkonium physics occupies a particular place In quantum

chromodynamics (QCD). From the QCD viewpoint, the heavy quark QQ pairpro-

duction In hadronic collisfons Is a hard process and the applicability of

the perturbation theory 1s guaranteed by the smallness of distances at which

this production takes place (~ — — ). It Is natural to consider that

the heavy quarks, from which the heavy-quarkonia bound states are built of,

are produced from the collisions of light quarks and gluons from Interacting

hadrons (we neglect the "sea" content of heavy quark flavors 1n hadrons).

However the main trouble encountered 1n the quarkonium production remains

the problem as to how the produced free heavy quarks join Into a bound sys-

tem. In models of semi-local duality type [1-7] , 1t Is assumed that the free

Q,Q quarks are produced via subprocesses of the type: QQ — » - Q Q and

*-QGl , while the bound state production from Q. and Q. 1s des-

as follows: 6 (<^ ; gg -^CQQ.)) - F" V du • G(<$,$$ -
*4

Here the Integration goes over Q - squared Invariant mass of the QQ.

pair whose upper bound Is 2Mci > I.e. two masses of a lightest meson carry-

Ing the Q. flavor (for the e -quark, e.g., It Is the mass of <£ -meson).



One can see uiac tms model has a number of serious drawbacks. So, It does

not ensure colorlessness of bound state (e.g., in ao, annihilation to

quarkoinium); the decoiorization Is assumed to proceed due to the soft

gluons emitted by the heavy quarks before the colorless bound state forma-

tion. In addition, this model does not fix the spin-parity structure of

bound state; e.g., the heavy quarks produced from two gluons cannot be bound

Into the vector S
1
 quarkonium. All these uncertainties are driven Into

the factor F which Is a free parameter. By fitting parameter F one can

obtain the J / Y and У~* mesons production cross sections more or less

agreeing with experimental data [8] .

In order to get rid of all these difficulties, a model was suggested

[9-12] 1n which each of possible bound states of Q Q system was determin-

ed by a wave function containing all quantum numbers (spin, orbital momentum,

charge parity, colorlessness) of the studied bound state. Then, different
25»!

subprocesses will play different roles 1n the L
T
 quarkonia produc-

tion. Thus, 1n the
 3

S - end P, quarkonia production the contribution

comes from the third order In «^5 , 99-*'^, (Vj ) Q diagrams (see Fig.1),
whereas the second order in U

s
 , ag -*• 'S

o
 f^P

0
 Л diagrams are suffi-

cient for the C-even quarkonia production { S
o
 •„

 3
Р

О
г )• Note, however,

thft while studying the quarkonia production with large transverse momenta

(what 1s Interesting and convenient from the experimental viewpoint) we,

with necessity, turn, for the production of quarkonia of S
o
 and P

0 ( 2

types, to the third order 1n °^s diagrams (see Fig.l) which just make the

main contribution to the production cross section of quarkonia with large

transverse momenta.

The S
1
 quarkonia production ( J / V , Jp

;
 T ) was studied earlier

1n Refs. [10-16] , and the C-even quarkonia production, S
e
 .

3
P

O
i a " *

n

Refs. [14, 16-2l] . In this work we have studied the production of P,



heavy quarkonia in pp and pp collisions. Note beforehand that the re-

sults obtained In this work are the same hcth for pp and pp collisions,

since the contribution to the P^ quarkonia production In the pe» —rbar on

theory lowest order comes only from subprocesses of the g g —*• P,g type

see Fig.l), and the content of giuons is the same in protons and antiprotom.

Before turning to the calculations and the description of the obtained

'esuits we note thet onr consideration 1s besed, first, on tha QCD pertur-

bation theory; the P, quarkon'a production 1s described by the ttfra

order In ex's diagrams {see Fig.?), whera Initial giuons are hadron consti-

tuents, while the final gluon yields a hadroale jet. Second, the 'P,

cuarkortiura is considered as a ncnrelativistic bound system of heavy quark

and antiquark, and its Bethe-Salpeter wave fujictfon (see, e.g., [2?,?3j }

ii constructed with account of the laws of aricHicn of spins, angular momenta,

and charge parity and color'iessness of the'studied bound state.

The expression for the amplitude of the studied process (see F1o,2) CBR

be writcen as follow» [22,23 j :

where R, Is a 4-momentutn of quarkonium, (J^ 1s a relative ^-momentum of

quark and antiquark, % ( P , *^} is the Bethe-Safpster ways function cf P,

puarkonium, M ( Q . ) is the amplitude corresponding to dtagrems of Fig.2.

For the studied process we haver

a 6 с ( 1 2 3

Я,, ( К | ) Л
у
( К

а
) Л

А
( к

5
) * ccntHbutions fro» cyclic permutations a-*§->c



Here Q 1s the strong-Interaction constant; m 1s a mass of heavy quark

GL ; 0 1 , 6 , 0 • 1,2,...,8 ; Л * are the Gell-Mann matrices; K, , K2 and

K3 are 4-moroenta of gluons, while R^ ( К , ) , Я У ( К 2 ) and >) Л (К 3 ) are their

polarization 4-vectors. Amplitude X ( P , fy) in the nonrelativistic limit

has the form (see, e.g., [22] ):

-*•£

(3)

ss

«here S^S are the quark and antiquark spins; S ; L ; J are respect-

ively spin, orbital momentum and total angular momentum of quarkonium;
%^i,M ( Я ) ^

s t n e
 moroentum part of wave function of quarkonium with

account of Its orbital momentum; P
s
$ ( P ; ^ ) 1s spin projection operator.

The 8 function arises because the relative momentum Q, 1s small In the

nonrelativistic limit, so п and Q. quarks can be regarded free and being

on the mass shell: ( г"
+
Я) - ГП — 0 and 1n the quarkonium rest frame

( p
a
0 , p ° = 2 m ) we obtain cf ar -gjjj- ,

For the P -wave state of P, the operator P
ss
 (,p, fl,) is as

follows [22] ( *P, 1s a state with total spin 0 ):

Expanding expression.(1), with the use of formulae (2) and (4), 1n powers

of small parameter я / т t and extracting the linear terms for the R -wave

state of P, production we obtain



£Р

where M 1s the P, quarkoniyrs mess «Meh 1n t??e notrelativistic llnsflt

is equal to 2гт) , £ is the R? qu&rkonium polarization 4-vector,

Л Зг

One can see that amplitude Л Is proportionsH to the wave function

derivative R p ( ° ) at zero, this being г result of the fact that the stab

under study Is the P -wave one. A final expression for the amplitude Я

has the form;

Anv>n>

Г J<| SL.
1 (

P
Ki)

terms from permutations [ » _»д j and {. V -*v\ j

Then for the cross section ке obtain:



tere E is the quarkonium energy, and p± 1s I ts squared transverse me»

nentiifi!. g = i ; — i L v «here p t and p are momenta of I n i t i a l ftadronic

;eams, X5 and Х г are momenta fractions carried av;?y by glucns from had-

rons ( K ^ . X J P J ) and Кг = Хгр& )> ^ s ' - " ^ ^ s ^ з = (Р? + Р?.) 2 »

Q-(x) are distr ibution functions of gluons in hadrons, i?o * s t n e squared

expression 1n curly brackets of forsiuia (S). Since we are Interested aot

only in the total cross section of P{ quarfcontum production but also 1n

Its d i f ferent ia l distributions over p x and H c s we' l l write out ex-

oressions for the invariant four-dimensional products which enter fio

through P , 2 o and Sc :

as well as the variation Internals of the variables X, , pf and

- М г



Note that in prob'eais with the production of P -wave quarkorifa and

their decays to gluons, there arises s problem with Infrared d1verqencRS
s

since the soft gbon which H responsible for that #lways carries away tht

orbital momentum [24] . To get rid of this divergence, It is enough to 1n-

troduce e cat-off at lower bound of p
x
 Integration: P"

x
 > p

x mln
 ~

с; a few GeV
2
. This will provide t,he difference of Z

g
 from 1 'in fact,

<n the lab system, when one of Initial hadrons Is in rest, £ 0 - £ u f &. ,

f.e< Ep is a portion of energy carried away ky qusrkortium from the hadren

initial beam).

To obtain the total and differential cross sections frost formulae (7-9),

one should have an Information on e£s , j R p ( O ) |a , M of the stu-

died Pj quarkonfa. For masses of спагазп1шп and bottomoniu»! ws take an

average ya'lue of messes of the corresponding X -even quarkonia:

M
c g
 (

f
P

f
) a: 3.5 6eV, M g | (

1
P f ) ~3.9 GeV. For toponium mass we take

two values: M
1 H
(

1
P | ) - « . 5 GeV and М

г
^ (

1
^ ) "

 s o SeV
-
 F o r

 <^S we

take the following values: * * 5 ( М
С
? ) " °-^«

 tnis
 betnq In agreement with

experime.ital data [25] ; then, according to the logarithmic scale of oC
s

variation, we have: ^Sv^tfi) " Й.26, ^sC^'iVt) " 0*19 and

Introduce a notation

while the value of R$(0) we derive from the lepton widths of thair decays:

s))
f |R

where 6 ^ Is the heavy quark charge; oi is the fine structure constant;

is the width of vector quarkonium decay to e*e" pair ( Гее *=



= Г ( S
1
 —»i е

+
а~5}. The ratio % depends en the choice of potential

model; so, in the models of the [26-28j type there 1s predicted: % »

= 0.074 for charmonium, 1 * 0.013 for bottamonium and X * 0.001 fo**

toponium. Besides, the ratio П»е/"^а. *
й T

^ s e models 1s a constant

mass-Independent quantity. Then Fge for the teponium decay 1s assumed

4.8 keV {just as for сЬагтспИшп).

Note beforehand that the results obtained by us for toponium depend

essentially on the model choice. Indeed, the assumption that Гее/-6а

1s mass-Independent [26-281 (which works well enough for charmonium and

bottomonium), when kept to the toponium masses mey work poorly since In the

toponium system the Coulomb Interaction may play a large role, and for the

Coulomb potential Гее ~ M and then Г
г
^{Т)> Г Р £ ( 3 " / У ) . This undoabt-

edly will Increase our obtained P, toponium production cross sections

at least by an order of magnitude. In the Richardson model (see [?Sj ),

Г
е е
(.Т) ts only twice as large as T e e ( J / Y ) ; however 1n this model

t, exceeds the value used by us for topoMum more than by an order of mag-

nitude. I.e. one can see that the predicted cross section of the P
f
 to-

poniuro production depends greatly on the choice of the model.

To estimate the cross sections, we must also know the gluon distribu-

tion function. For that we take the standard scaling function X' 9 (X)
 я

« 3' ( 1 - X )
S
 . Besides, in order to check the sensitivity of obtained

results to Gr(x) we shall use a nonscaling function:

9
"^ «n

taken from Ref. [30] j here the strong-Interaction constant <*з 1s taken

10



In the form:

where fl is the number of included flavors. Note that the use of another

scaling distribution function, x & ( X ) » (1 - X )
b
 (LG7 + I3.50X ), ob-

tained from the analysis of the deep inelastic leptcr.ic processes in Ref.[3l],

does not bring to e considerable change of results obtained by us (the change

reaches 10 f 20 % }.

F1gs. 3 and 4 show the total cross section of P, quarfconium produc-

tion versus Js~ • . И д . 3 presents the total cross section of 'Р
г
 -charme-

nium and bofctomonium production, while in Fig. A the cross section of 'P.

toponium production for two masses M • 45.5 and 80 GeV is given. One can see

that the cross sections of charmonium and bottomonium production come out

to the asymptotic regime at >[s^~ 500 GeV, while that of toponium - at

>fs^ ~ 3 TeV. All the curves «re given for the standard gluon distribution

function. The use of the nonscaling distribution function according to for-

mula (11) results in a rather great change of obtained cross sections: they

Increase twice as much. It 1s interesting also to note that the cross section

of
 1
P

1
 charmonium and bottomonium production 1s by two orders of magnitude

as less as the cross section of corresponding
 V
S

{
 quarkonia production

116] (this comparison is Interesting, since similar diagrams cofttribute to

the production of 5, and P
t
 quarkonia). This undoubtedly 1s <Sue to

the smallness of t (1n our used models 1
e
 • 0.074 and 't% * 0.0i3).

For toponium tMs difference reaches already three orders { 7-
t

 я
 П.О01).

Emphasize once again that the value of the cross section o?
 3
S

f
 and P, -•

toponia production depends essentially on the model choice and may be larger

at least by an order of magnitude for p
1
 -toponfum. One can se<? from ths

ii



obtained results that since the dynamics of Si and P, -quarkonia Is

the same, and the difference in the production cress sections almost entirely

Is determined by the fact that
 3
S , 1s the S -wave, and *Р, 1s the

P -wave bound states, then the role of the fact that S
t
 Is the vector,

and P, 1s the pseudovector quarkonia has turned out insignificant. I.e.

the dynamics of the studied process (see Fig. 2) has completely suppressed

the effect of difference of vertices of quark and antiquark transition to the

bound system (see formula (5) of this paper and (18) of Ref. [22] ).

In F1gs. 5-8 the differential characteristics for the P, -quarkonium

production cross section are given. F1g. 5 shows the dependence of P. -char-

monium production cross section, E ^
3 p
 , on squared transverse moment-

im of produced quarkcnium p
x
 at different values of E

o
 (for J S

O
" 53

and 54G GeV). F1g. 6 presents the analogous cross section for P, -bottomo-

n1um (for Js,, • 63, 540 and 2000 GeV), and In Figs. 7 and 8 the same 1s

given for P, -toponium (where «JS
O
 • 540 and 2000 6eV) at two values of

masses: M * 45.5 and 80 GeV. One can see from the figures that the cross

sections decrease rather rapidly with Increasing transverse momentum, the

rate of decrease corresponding to what took place for S, -quarkonia [14] .

'his undoubtedly Is connected with the sane production mechanisms of S
t
 and

1
P, quarkonia. Thb result differs from what took place when comparing the

1
S, production, on the one hand, and S

o
 and

 3
P.,, -quarkonia production,

on the other [14] . The spectra of S
e
 and P

0)1 2
 quarkonia production were

flattening [14,19] , I.e. they decreased more slowly with Increasing p
x
 ,

this being due to the fact that not only diagrams of Fig.2 contribute to the

production of these states. Note also some siowing-down In the rate of de-

crease of differential cross section of R, -toponium production with In-

creasing p* relative to
 1

P
1
 -charaonium and bottomonium (see Flos. 5-8).

As one can see, all the cross sections decrease greatly with Increasing Z
e
 •

1?



We have studied the production of P, -puarkonia (charmonium, bottome-

niuir. and toponium) 1n the hard processes of pp- and pp-coiiisions for

energies from ISR ( Js
0
 •» 63 GeV) and CERN ( >/s

o
 - 540 GeV) up to the

TEVATRON { >/s"
e
 • 2 TeV) and UNK { -Jsl' * • 6 TeV) energies. Cross sections

for these quarkonfa production are obtained. Thus, the R, -charaonium 1s

produced with a cross section б(р^(СС)) =:4-2О
4
 pb at fs

e
 а 1 TeV, while

6(
1
P,(Sl)) =r 3 10

2
 pb and 6 C P J M ) ) ~ Ю "

1
 pb at the same energies.

At luminosities ( «£ «x iO31 c u f V 1 ) being planned on TEVATRON and ШК we

have a sufficiently rich production of R, -channonium and bottomoniuiri. The

detection of these states may proceed over P
<
 -*• j / y ( J Q * 51

T
 + 3T" or

1
p

{
-*- J /f (у)+йГ° + 31 decays which have IS branching, as well as over

^ - *
1
S

0
 + у proceeding with lerye branching (5015) with a subsequent

'So""** 2 # decay. Note, In addition, that In ths studied mechanism the

1
P, -quarkonia production proceeds in association with hard hadronic jet,

which also will provide the Identification of
 i

P
1
 -states. In case of

 i
P

1
 -

toponium production the cross section 1s, of course, very small. Even 1f 1t

Is by an order higher (wa have noted that It strongly depends on the choice

of the model), at planned luminosities we shall have for R, -toponium pro-

duction 100 events per year.

The present analysis of P, -quarkonia production was stimulated by

the fact that these states are not found 1n ths cascade decays Y'-*lf° R,-*"

— * ~ 5 Г
Р
Г £

С
^ (see

t
 e.g., 32 ), The search for

 1
p, state In

Y - * - X a y - ^ t f ^ P t a ^ Y ' - ^ ^ c y - ^ y y ' R cascades 1s not carried out

because cf the smallness of expected width ot" U)ese decays [33] . The hadron-

ic transition ^ ( 3 6 ) — •
 1
P, + Si + Ж —

1
S

Q
+ Jf • Si" + SI was expected

to be promising. According to the estimation 1r [34] , the probability for

this cascade amounts to one percent. However, In Ref. [35j 1t 1s shown that

the obtained estimate for the probability of this deca>
;
 resulting -тот the



parton mcdel (where if. rb considers:; that )fl3S) ""*• 'P, * 2Ц and

the real gluosis transform to 31' -rasons) is incorrect, since the energy

corresponding to g'ucris is lew ( ~-'A00 HeV}, so the gitions cannot be con-

sidered as t\zrd. The account of soft gluon effect [3?>j has reduced the proba-

bility of this transition by two orders of magnitude. Thus w. see that the

observation of '.R -querkonia production Is proh^emaSic if> various transi-

tions. We'd 11кй to point out also the attempt to detect the 'P, -charaonium

st the ISR [-36 ] In direct production of charmentum In ps-annf filiation. The

'£ -qu-srkorduffl identification was carried ajt by "P, "^" ^/H"' + Й + ЗГ

decay, where several evtnts were Interpreted as P, -cbermonium production^

If however taking into considaration that according tOL35J t*»is cascade is

suppressed, then i t Is quite unclear where sues зп Intense signal with

J / Y + 31 + Я сотез from.

It 1s worth mentioning one more possibility of P1 -cjuarkor.ium produc-

tion in pp-, pp-coilisions* whesi the 2 1 3 O -quarkonium is produced [14]

(see Fig.I) with a subsequent decay with 'P, production ( c ' S 0 - * " P, * $ ).

The 'R quarkonium production via 2 ; S o -quarkonium is s1on1f1cant, since

the cross section of the 2 S o -quarkonfum production exceeds by three

orders the cross section of the ! j^ -quarfconium direct production, and

despite the smaHness of 5 ( ^ S c T ^ P , ^ ) " " 1 0 " 3 13~] d u e t 0 S B i a 1 1 diff*r~

ence between masses of 2 1 S 0 and 1R, states, the V, quarkonia produc-

tion is of the same order and even larger than Its direct production. ! t Is

Interesting that since the cross section of 1 1 S O and S^So quarkonia

decreases with Increasing p more slowly than the cross section of Sj

and f̂  quarkonia [14,12] , the production of P, quarkonium from the

decay of the ZiS0 will be significant rather for very large transverse mo-

nenta than from the direct production (Fig.2).

In conclusion, we'd like to discuss a possibility of P1 quarkonium pro-

14



ciuction in photon hadron collisions. Then t!,e main contribution tc *Sf and

P, quarkonia production will come from diagrams of F'q.2, where one of

the initial giuons is to be replaced by the photc. The study of heavy quar-

konis production In £p collisions 1s Interesting just for the reason that

the S o and P , , -quarkorrta production here cannot proceed In the lowest

order of the perturbation theory {see Ftg.l, where one of the initial giuons

H replaced by the photon). One can readily see that the colored factor can-

cels the contributions from а П diagrams» while diagrams of the Fig.2 type

do not contribute to the ' S
o
 and ^

1 S
 because of the C-parity, this being

different from ths situation we have with the hadron-nadron collisions.

How«var-
5
 f'<r the pj quarkonium photon production we have obtained cross

sections which are at least by two orders lower- than those we have 1n the op

and p£ collisions. This undoubtedly mekes problematic the search even for

P^ -charmoniuffl and bottomoniiim *f\ these reaction.

Authors would like to express their sincere gratitude to I.S. Aznauryan

for useful discussions and Interest to the work.
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Figure Captions

Fig. 1. D1»gr«ns that contribute to the heavy-quarkonia production

at a quark-gluon level.

Fig. 2. Diagrams contributing to the R, -quarkonia production.

Fig. 3. The total cross section of the P
i
 -charmontum and

bottomonium production versus /s© •

Tig., 4. The total cross section of the P -toponium production

versus ^/So > given for two masses: M
 a
 45.5 and 80 GeV.

_ ae
rig. 5. The dependence of twice-differential cross section E "ТаГ~

tn ?

of the q charmonium production on p^
for Ss

o
 • 63 and 540 GeV and different values of E

o
 '.

Fig. 6. The E -ЙГГ cross section of the P
y
 -bottomonium

' 2 i—

production as a function of p^ for JS
0
" 63 and 340 (SeV

and different values of й
о
 .

F1g. 7. The E SfZ cross section of the 'P -toponium
with H « 45.5 GeV as a function of p* for

540 and ГЮ00 GeV and different values of 2
o

F1g. 8. The E ~ r i — cross section of the
 1
P. -toponiura

d
 P •

 2

production with M » 80 GeV as a function of p

for 4 s
c
 • 540 and 2000 GeV and different values of- H

o
 •
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