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nium) with large transverse momenta fs studied in collisfons of ultrahigh-
energy pp and pp beams. The analysis was carried out in the framework

of gluon-gluon fusion mechanfsm and nonrelativistic quarkontum modei.
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The heavy quarkonfum physics occupies a partfcular place in quantum
chromodynamfcs (QCD). From the QCD viewpoint, the heavy quark Q& pairpro-
duction in hadronic collisions 1s a hard process and the applicability of
the perturbation theory fs guaranteed by the smallness of distances at which

:n ). It s natural to consider that

this production takes place {~ 3
the heavy quarks, from which the heavy-quarkonfa bound states are built of,
are produced from the collisions of 1ight quarks and gluons from fnteracting
hadrons (we neglect the "sea" content of heavy quark flavors in hadrons}.
However the main trouble encountered in 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 fs assumed that the free
Q,a quarks are produced via subprocesses of the type: q'ci — Ga, and
%3 —= QG , while the bound state produz:lfon from Q and G 4s des-

wribed as follows: 6 (95, 99 —~(QQ)) =F - S da '6(33,99— QQ)

Here the integration goes over Qa - squared invarfant mass of the GQ
pair whose upper bound 1s 2Mg , 1.e. two masses of 2 lightest meson carry-
ing the @ flavor (for the @ -quark, e.g., 1t is the mass of o2 -meson).



One can see wnac tnts model has a number of serfous drawbacks. So, 1t does
not ensure colorlessness of bound state (e.q., in cﬁ, annthilation to
quarkoinfum); the decolorization 1s assumed to proceed due to the soft
gluons em{tted 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 351 " quarkonjum. A1) these uncertainties are driven into
the factor F which is a free parameter. By fitting parameter F one can
obtain the J'/‘P and x" mesons production cross sections more or less
agreeing with experimental data [8] .

In order to get rid of all these difficuities, a model wasv suggested
[9-12] 1n which each of possible bound states of G.a system was determin-
ed by 2 wave function containing ail quantum numbers (spin, m-i)fta'l momentum,
charge parity, colorlessness) of the studied bound state. Them, different
subprocesses will play different reles in the 25*'1_.3 auarkonia produc-
tion. Thus, in the 351 and 1P1 quarkonfa producticn the contribution
comes from the third order in &5 99 Js,(\‘s:g)g diagrams {see Fig.1),
whereas the second order in ofg , 99 — 38‘, (3[30)2) diagrams are suffi-
ciant for the C-even quarkonfa production (’So ) 3;’30,2 ). Note, however,
thet whije studying the quarkonia production with large transverse moments
{what is 1nteresting and convenfent from the experimental viewpoint) we,
with necessity, turn, for the production of quarkonia of !So and spotz
types, to the third order in (g diagrams (see Ffg.1) which just make the
main contribution to the production cross section of quarkonia with large
transverse momenta.

The 381 quarkonia producﬂon ( J/‘P, X, T ) was studied earlier
in Refs. [10-16 ], and the C-even quarkonia production, 's, ’3P°:1.2' tn
Refs. [14, 16-21] . In this work we have studied the production of 1P,



heavy quarkenia in pp and pp collisions. Note beforehand that the re-
sults obtained in this work are the same beth for pr and pp collisions,
since the contribution to the ‘FQ auarkonia production in the per ..rbar on
theory lowest order comes oniy from subprocesses of the 33 *-"1P,9 type
‘see Fig.1l), and the content of gluons {s the same in protons and antiprotons.
Before turning to the calculaticns and the description of the obtained
‘esults we note thzt our constdecatior s based, first, on tha QLD pertur-
bation theory; the ?P, anarkonia production 15 described by the third
order in Xy diagrams {ses Fig.2}, whorz Initial gluons are hadron consti-
tuents, while the ¥inal giunn yields a hadronic jet. Second, the iFﬁ -
auarksaium 15 considered as a norrelativistic bound system of heavy guark
and antiguevk, and its Betha-Salpeter wave functisn fsee, e.g., [22,23])
13 constructed with account of the laws of additien of spins, angular monenia,
and cherge perity and coloriessness of the 'studied hcund state,

Tae expression for the amplitude of the studied pracess {see Fla.?) cim

=y
e

d*q A .
A e S [M (4 2Py 9)], (

where EL 1s a 4-momentum of auarkonium, C%P 1s 2 relative f-momentum of
quark and antiquark, X { { P, 4@3 is the Bethe-Salpster wave fumction of Fﬂ -
quarkenium, h1(¢}} 1s the ampltude corresponding te diagrems of Fig.2.

For the studied process we have:

A - ‘, vr £7 n. A s A
Mq) =gisp( 25 2y ¥ b ""”“” SR N L TS
; Pie &~ AR PP C RS B
ﬂ \ & } [(-{a:“-}‘-‘w) - .[( ity K ) ]
a 5. ¢ {123}
A (K} Ay (Kg) Ax (K3) ¢ contributions from cyslic permutations \G"*S -
TV



Here 9 1s the strong-fnteraction constant; m {s a mass of heavy quark
Q Cl,g,c =1,2,...,8 3 .71“ are the Gell-Mann matrices; K, , K, and
K3 are 4-momenta of gluons, while .H:(K‘), ﬂf(Kg) and H:(K:-;) are their
polarizaticn 4-vectors. Amplitude X (P, C}) In the nonrelativistic limit
has the form (see, e.g., [22] ):

-2

o Q -
X(P9; 1,7:,L,5)= 2 (25)8(q 2 ) Yim (§) Pasy (P, g)* <LM; S5¢] 1423,
(3)

p 1§
B, (Pg)=T L U(T+9;9)uU(779,8)<ES; 35]88:2,

where 3,5 are the guark and antiquark spins; S, L., T are respect-
ively spin, orbital momentum and total angular momentum of quarkenium;
‘VLM (_q,' ) is the momentum part of wave function of quarkonium with
account of its orbital momentum; PSS;_ (P;g) 1s spin projection operator.
The & function arises because the relative momentum Cy is small in the
nonreiativistic 1imit, so G and é quarks can be regarded free and being
on the mass sheil: (‘g‘*q,)z'- m?=~0 2nd in the quarkonium rest frame
(P=0 , P°=2m ) we obtain ¥ 2m

For the P -wave state of 1P1 the operator Pss.,_(leq/) 1s as
follows {22] ( 1P1 {s a state with total spin 0 ):

B oay. B
o (P9)=fak [-(z49)m] X[z g0m]. @

0

Expanding expression (1), with the use of formulae {2) and (4), in powers
of small parameter 9 / M , and extracting the 1inear terms for the P -wave
state of P1 production we obtain



A('R)= /“ ,f«?.;z;s}sn{*s""af’(oqu -;—-wuc s Mﬂ], (53

; i S
where M is the F, quarkonium mess which in the nonrciativistic Vimit

: Fd« 3 TQ . -
{s equal to 2m , € s the M  quarkonium polarizatien d-vectos.

aM(§) | d3y - .
- - o e —-—' ‘ = - ) , ’\:—_ " —
i ( (23{ yv3 Cf" \{’; \%f ' 1 "sr & N
One can see that amplitude H s proportional to the wave function
' .
derivative Rp(O) at zero, this being 2 result of the fsct that the stats
under study fs the P .wave one. A final expression for the amplitude §

has the form:

' ; ; c,.
H=“8l33 fﬁ;ﬁ {quge) RP(O)E;(K,)H\E,(KZ)H,\(KS,} €y *

R I L o ANV pndm

X {(PK1)(PKZ) lgﬂdKzn Pme ggdK[n Pm & } + -
1 K‘: K:" . . Appv KoK -

) [ (Pre) ~ (PR Jl-(pKeIRipE ™+ GpaKinKenPoe™ "

] anv .
~Kix KzﬁP,z,Ei‘mvJ - KanpPuPe &‘.P + Ken Koz Py EJWWJ +
+ terms from permutations [ p— ,l } and |

Then for the cross section wa obtain:
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de 2o g 5 { d 3(53 G(x1)G{Xe)

Edp " dpiaze  82M } ' XXaBE  (Xi-Ze) “QJRPO)!;(”

- . 2
iere £ {s the cuarkorium energy, and ?J_ 15 its ,quared transverse me-

rentum. 2 = .(.I_P“ . where £ and P, are momenta of initial nadrontc

(PP
ceams, X, and X, are momenta fractions carried awey by glucns from had-
% d ..-gwi_ -~
cons { K =X, 2,) and Ka=XqoP, J, Rg= 4y o Bs= (Pt Pa)

G(x) are distribution functions of gluons in hadrons, .F!f, ts the squared
expression in curly brackets of formuia {6). Since we are interasted not
only in the total cross section of °E quarkonfum production but also in
its differential distributions over Pf and Z, , we'll write cut ex-
oressions for the invariant four-dimensional products which enter .ﬂ:

2
through P, ., Zo and 5, :

! ;
(K p) z L(x' z°),‘zs ]} (Kap)r‘-é-vagsg »

1
(Ks _”é-{ Eso"Ma] , (K,Kz)z%X;xaso )

! ( =4 ix - (8)
(Ki¥Xs) =E[X’Z°S° M .] ; (KeKg)=3(X 20)X250 ,

X3 Pf_ + Ma i
Zo(X,—Z0)S0 205y

Xy =
as well as the varfation intervals of the var{ables X, , Pf‘ and 2, ¢

Zo (2550~ M?)
Eo 50 o P: - Ma

le<‘ 3

0% P; < (1-2)(2oS0m M?)

mé

So ;(_ioé" .




Note that in problems with the vroductisn of F -wave cuarkonia and
their decays to gluons, there arize;: z piobien with irfrared divergences,
since the soft gluon which 5 rasponsible for that slways carvies away ithe
orbftal momentum [28] . To get rid of this divergence, 1t {s enough 2o in-
troduce 2 cut-off at lower bound of F‘i integration: pi > pi min =
oz a few geve. Tnts witl provide the difference of Z, frem 1 { in fact,
1n the lap system, wher vne of fnitia) hadrons s in rest, #,= EL'/"E:" .
t.e. 2y, 1s @ vortion of energy carvied away by quarkenium from the hadren
initial beam).

To obtain the tetal and differential cruss sections from formelae (7-3),
one should have an information on &g ; RF(OE 12 |, M of the stu-
died 191 quarkenia. For masses of charmonium and bottomonjum we take an
average value of masses of g;he corresponding X -even quarkenia:

M.z ('Py) = 3.5 Gev, Mpz('P;} =3.9 Gev. For toponium mass we take
two values: Mﬁt(‘P,) = 45.% GeV and Matg('P,) = 80 GeV, For clg we

take the following values: ds( MsE) = 0.4, this belng in agreement with

experimeatal data [25]; then, according to the logarithmic scale of olg

varfation, we have: ds(M;§) =~ 0.26, Ofs(M,i;) = 0.19 and
olg(Mzyi) = 0.17 .

Introduce 2 notation
4| Rp(0) |
[Rs(0) 2 (M(*9)*

'L = ; ’ (10)

while the value of R5(0) we derive from the lepten widths of their decays:
lee =

where €, s the heavy quark charge; of 1{s the fine structurs constant;

(e 1s the width of vector Guarkontum decay to e*e” pair ( [e¢ =

(s



=i (351 - e*e"}}; The ratlo 7 deperds on the choice of potential
nodel; so, 1;\ the models of the [ 26-78] type there {s predicted: 7 =
= 0.074 for charmonium, L = 0,0I3 ¥or bhottomonium and T = G.001 fenr
toponium. Besides, the ratfo f;e//éé in these medels fs @ comstant

3
Y

mass-independent quantity. Then f'ge or the tononfum decay 1s assumed
4.8 keV {just as for charmcnium},

Note beforehand that the resuits obtalned by u¢ for toponium depend
essentially on the mode! chofce. Indeed, the assumption that |ge /-Eé
Is mass-independent {26—»28} {which works well enough for charmonium and
bottunonium), when kept to the topenfum masses may work poprly since In the
toponium system the Coulomb 1nteragtism may play a large roie, and for the
Coulomb potential [pe ~ M  and then [oe(T)> [oe{T/W). This undoubt-
edly wiill increase our obtained ‘F; toponium preoduction cross sections
at Teast by an order of magnitude. In the Richardson mode! (see [29] ],
foe (T) 1s only twice as large as [ge(J/W) ; however 1n this model
%1, exceeds the value used by us for toponium more than by an order of mag-
nitude. l.e. one can see that the predicted cross section of the 'iP, to-
ponium 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' G (X) =
= 3'(4-X)° . Besides, in order to check the sensitivity of obtained

results to G(X) we shall use a nonscaling function:

-0,930 +0,360% , _ (213 +1,83¢
X G (x)=(2,01-2,73p +1,299%) x 0,93p +0,36¢% 4 _x) ’ a

. 2
, A =026V, B, =5 GevZ,

Br(M2+P)/A? ]
En Q5 /A

taken from Ref. [30} ; here the strong-interaction constant Xg 1s taken

where 9 =fn [

*

10



in the Torm:

) (127

[ )
&
11}
f
o~
o

33-2n) 6 (M2« P2)JAT)
where 1 {s the number of included flavers. Note that the use of another
scaliag distribution function, X G(X)= {1 -X }5 (I;Gi' + 13.50X }, ob-
teined from the analysis of the deep inelastic leptonic processes in Ref.[21],
dees not bring tc & considerable change of vesults obtained by us {the change
reaches 10 + 20 ¥ }.

Figs. 3 and 4 show the total cress section of ‘P, quarkonium produc-
tiop versus Jé;. . Fig. 3 presents the totai cross section of 1Fﬂ -charmo-
afum and boitomonium production, while in Fig, 4 the cross section of 'P‘ -
toponium production for two masses M = 45.5 and 80 GeV 1s given. One can see
that the cross sections of charmonium and bottomonium productien come out
to the asymptotic regime at J§;'~ 500 GeV, while that of topenjum - at

J?S; ~ 3 TeV. A1l the curves are given for the standard gluon distribution
function. The use of the nonscaling distribution function according to for-
mula (11) results in a rather areat change of obtained cross sections: they
increase twice as much, It is interesting also to note that the cross section
of 1F§ charmonium and bottomonium production 1s by two orders of magnitude
as less as the cross section of corresponding 35, quarkonia production

[ 16] (this comparison is interesting, since similar diagrams contribute to
the production of 351 and 1P, quarkonta). This urdcubtedly {s due to
the smaliness of T (in our used models .= 0,074 and g = 0.013}.
For toponium this difference reaches already three orders { 7. = 0.00i).
Emphasize once again that the value of the cross section of °S, and 1F‘,
toponia production depends essentislly on the model cholce and may fe larger

<

at least by an order of magnitude for 'R ~toponium, One can sees from tha

- b LY L S Sethes I - -



obtained resuits that since the dynamics of 351 and P, -quarkonfa is
the same, and the difference in the prcduction cross sections almost entirely
is determined by the fact that 35, 1s the § -wave, and 'P, f{s the

P -wave bound states, then the role of the fact that 35, {s the vector,
and 1P1 {s the pseudovector quarkonfa has turned out {nsignificant. I.e.
the dynamics of the studied process (s"ee Fig. 2) has completely suppressed
the effect of difference of vertices of quark and antiquark transition to the
bound system (see formuia (5) of this paper and {18) of Ref. [22]).

In Figs. 5-8 the differential characteristics for the 1P1 -quarkonium
production cross section are given. Fig. 5 shows the dependence of 1F’1 -char-
monfum production cross section, E E— » on squared transverse moment-
m of produced quarkenium pi at different values of 2, (for JTS-:,- 63
and 540 GeV). Fig. 6 presents the analogous cross section for 1P, -bottomo-
nfum (for S, = 63, 540 and 2000 GeV), and in Figs. 7 and B the same 1s
given for 1P1 -toponfum (where @o a 580 and 2000 GeV) 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 foras, -quarkonfa [14] .
‘his undoubtedly 1s -onnected with the same production mechanisms of 33, and
’P" quarkonia. This result differs from what took place when comparing the
"81 production, on the one hand, and 13, and 3P°’1'2 -quarkonia production,
on the cther [14] . The spectra of 'S, and SPM'Z quarkonfa production were
flattening [14,19] , 1.e. they decreased more slowly with increasing p, ,
this being due to the fact that not only diagrams of Fig.2 contribute to the
production of these states. Note also some slowing-down in the rate of de-
crease of differential cross section of 1F’1 -toponfum production with in-
creasing p: relative to 1P‘ -charmonium and bottomonium (see Fios. 5-8).

As one can see, all the cross sections decrease greatly with increasing Z, .

12



We have studied the production of ’F{ -quarkonia {charmonfum, bottomo-~
nium and toponium) in the hard processes of pp- and pp-collisions for
energies from ISR { VS, = 63 GeV) and CERN { 5, = 540 GeV) up to the
TEVATRON { JS, = 2 TeV) and UNK { JSo = & + 6 TeV) encigies. Cross sections
for these quarkonia production are obtained. Thus, the 'Fﬁ ~charmonium 1s
produced with a cross section 5(‘& (CE)) =~ 4-204 pb at J_s-o a1 Tev,‘ while
6(191(85)) o 2.1¢% pb and 6’(‘P,(t;)): 161 pb at the same energies.
At luminosities { o c:2031 cm'zs“i) being planned on TEVATRON and UNX we
have a sufficiently rich production of 1F§ ~charmenium and bottomonium. The
detection of these states may proceed over 1F’1 - .T/W(X')i.» g%+ 5 or
1P,—-I/'~P(b’)+ﬁ?°+$t decays which have 1% branching, as well as over
’F; -'So + Y proceed{ng with larye branching {50%) with a subsequent
'So~> 2% decay. Note, 1n addition, that in the studfed mechanism the
1P1 -quarkoniz production proceeds in association with hard hadronic jet,
which also w11l provide the identification of 'P, -states. In case of 'P, -
toponfum production the cross section 1s, of course, very small. Even 1f it
ts by an order higher (we have noted that 1t strongly depends on the choice
of the model), at planned luminosities we shall have for 1Fﬂ -toponium pro-
duction 100 events per year.

The present analysis of ’lﬂ -quarkonia producticn was stimulated by
the fact that these states are not found in the cascade decays ‘}’!*JI°1P,‘*

N Y (see, €.9., 32 ). The search for 1P, state in
W,y 4% P, and Vi -”l’cx-—"g’a"ﬁ cascades is not casried out
because ¢f the smailness of expected width of these decays [33] . Tha hadron~
ic transition Y35 )-> P+ A + T 'S+ ¥ + 5 +&  was expected
to be promising. According tu the estimation in [34] , the probatility for
this cascada amounts to one percent. However, fn Ref. [35] 1t i: shown that

the obtained estimate for the probahiiiiy of this decay. resulting From the



. . I ) 3 L ? “y
parton model (where it 15 cunsiderss that :‘{ 35— P+ g:g, and then

r’l 1

the real gluons teansiarm to I ~mezons) s dncorrect, since ihe anergy
corresponding to glucns is Yow { ™ 200 ¥eV), sc the gluons cannot he con-
sidered as hard, The account of soft gluon effect [35] has reduced the proba-
biltity of this transitisr by two orders of magnitude. Thus we see that the
observation of ?i ~guarkonia production is problematic in various transi-
tions. We'd Vike to point cut alse the attempt to detect the ’F; ~charmenium
5t the ISR 367 {n dfrect production of crarmonium in po-amnihilation, The
T _quarkonfun icentification vas carrfed st by P, 7 v+ a
decay, where severa? evenis wers interpreted as "?-, ~charmonium production,
I however taking ints considaration that according ¢ L»‘“— this cascade Is
suppressed, then 1t 43 guite unclzar where such 22 iniense signal wi

I/‘V + 0+ comes from.

It s worth merntioning cne move posstbitity of 'Pi ~guarkoniuym sraduc-
tton in pp-, on-coliisions, when the 2°'5o -quarkonfum 15 produced {14
{see Fig.i} with a subzequeni decay with '91 sypduction { 2'5.;““" P i),
The 'p quarksnium production via 2150 -cuarkonium {3 sionificant, since
the cross section of the 2 ' Se ~quarkosium production axceeds by three
orders the cross section of the EF; ~-quarkonfum direct production, and
despite the smallness of 3 {2°S,~'P+y) ~107% {37] due to small dfffer-
ence between masses of 219, and 'P, states, the P, guarkonta preduc-
tion is bf the same order and even larger than 1ts direct production. It i3
interesting that since the cross section of 1iS° and 2'S, quarkonia
decreases with increasing pJ_ more slowly thap the cross section of 35,
and 1P, quarkonia [14,12], the production of 1P, quarkonium from the
decay of the 2'50 will be significant rather for very Targe transverse mo-
nenta than from the direct production (Fig.2).

1
In conclusion, we'd 11ke to discuss a possibility of P, quarkonium pro-

14



ductior in photan-hadron ccllisions. Then tie main contribution to 38, and

+
Fﬂ guarkonta production will come from diagrams of Fig.2, where one of

the initial qluons is to be replased by the photer. The study of heavy quar-
kontz production in gfﬁ cotlistons 1s interesting just for the reason that

the 'Sc and 55%1,2 -quarkonia production here cannot proceed in the Towest
arder of the perturbatfon theory {see Fig.l, where ane of the inittal gluons
‘s repleced by the photor). One can readdly see that the colored factor can-
cels the contributions from &3 diagrams, while diagrams of the Fig.2 type
o not cuniribute to the J:Sg; and 3;90’,22 because of the C-parity, this being
Af¥erent from the sitvation we have with the hadron-hadron collisians,

. 1
Howevar, for the P quarkentum photon preduction we have shtained cross

1
sections which ars at Teast by two orders lower than those wa have 4n the pp

nd pp colldstons. This undoubtedly mekes problematic the search even for

we B

P, -charmontum and bottomonfum in these reactions.

Authors wouls like to express thefr sincere gratitude to 1.8, Aznaurvan

for useful discussicns and interest to the work.
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Figure Captions

Dlagrams that contribute tc the heavy-quarkonta production

at a quark-gluon level,
Dlagrams contributing to t'he 1P, -quarkenia production,
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bottomonium production versus (S,
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-topontum production
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production as a function of Pf for fs:- 63 and 540 CeV

and different values of Z, .

1
with M = 455 Ge¥ as a function of Pi for
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The aip cross section of the 19,
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The E aip cross section of the ‘P -toponium
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for IS, = 540 and 2000 GeV and different values of. Z_ .
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