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Photoproduction of J/ ¢ mesons at high energies in the parton model
and K-factorization approach
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We considerd/ sy meson photoproduction on protons at high energies at the leading orderusing the
conventional parton model and the-factorization approach of QCD. It is shown that in both cases the color
singlet mechanism gives the correct description for experimental data from DESY HERA for the total cross
section and for thd/ ¢ mesonz spectrum at realistic values ofcaquark mass and meson wave function at the
origin W (0). At the same time oysredictions for the spectrum of theé/ meson and for thp; dependence
of the spin parameter obtained in thek -factorization approach are very different from the results obtained
in the conventional parton model. Such an experimental study of a polarizesheson production at large;
should be a direct test of BFKL gluons.
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[. INTRODUCTION Dokshitzer-Gribov-Lipatov-Altarelli-ParisiDGLAP) evolu-
tion equation [7], where only large logarithmic terms
It is well known that in the processes &fy meson pho- ~log leAéCD are taken into account. In the process of the

toproduction on protons at high energies the photon-gluod/# meson photoproduction one has /s and u?~M?,
fusion partonic subprocess dominafés In the framework whereM is theJ/¢ meson mass arglis the square of a total
of the general factorization approach of QCD they pho-  energy of colliding particles in the center of mass frame.
toproduction cross section depends on the gluon distribution

function in a proton, the hard amplitude oé-pair produc- Il. THE CROSS SECTION FOR yp—J/¢X IN THE
tion as well as the mechanism of a creation colorless final kr-FACTORIZATION APPROACH

state with quantum numbers of thiy meson. In such a Nowadays, there are two approaches calculatinglfige
way, we suppose that the soft interactions in the initial stateneson or heavy quark production cross sections at high en-
are described by introducing a gluon distribution function,ergies. In the conventional parton mod#l it is suggested
the hard partonic amplitude is calculated using perturbativéhat the hadronic cross sectiot{ yp— J/#X,s) and the rel-
theory of QCD at order invg(11%), wherep~mg, and the  gyant partonic cross sectian( yg—J/#g,s) are connected
soft process of thec-pair transition into thel/s meson is  as follows:

described in nonrelativistic approximation using a series in
the small parameteks; andv (relative velocity of the quarks

PM(yp— /X, =JdA —J149,5)G(x,u?),
in the J/4 meson. As is said in nonrelativistic QCD o P ¥X.$) xa(79 ¥9,8)G0x,u7)
(NRQCD) [2], there are color singlet mechanisms, in which @

the cc pair is hardly produced in the color singlet state, andWhere S=xs, G(x,u?) is the collinear gluon distribution

color octet mechanisms, in which tiee pair is produced in  function in a protonx is the fraction of a proton momentum,
the color octet state and at a long distance it transforms int@,? js the typical scale of a hard process. Tiedependence
a final color singlet state in the soft process. However, agf the gluon distributionG(x,u?) is described by the
shown in papef3], the data from the DES¥p collider ~ pGLAP evolution equatiofi7]. In the region of very higts

HERA[4] in the wide region ofpr andz may be described one hasc<1. This fact leads to the BFKL evolution equation
well in the framework of the color singlet model and the[6] for the unintegrated gluon distribution function

color octet contribution is not needed. Based on the abovap(x’q?r,ﬁ), whereg? is the gluon virtuality. The uninte-
mentioned result we will take into account in our analysisgrated gluon distribution function can be related to the con-
only the color singlet model contribution in thi#y) meson  yentional gluon distribution by

photoproductiorf1]. We consider the role of a proton gluon

distribution function in theJ/y photoproduction in the 5 u? 2 o2

framework of the conventional parton model as well as in the XG(X,u%) = fo @ (x,0q7, 1) dqs . 2
framework of thek-factorization approacfb]. The last one
is based on BalitskiFadin-Kuraev-LipatouBFKL) evolu-
tion equation6], which takes into account large terms pro-
portional to logIlx and Iog,uZ/AéCD opposite the g=xpn+ar,

The gluon 4-momentum is presented as follows:

wheregr=(0,07,0), pn=(En,0,0{pn|) andq2:q$:_q$_
*Electronic address: saleev@ssu.samara.ru The so-called BFKL gluon is off mass shell and it has a
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polarization vector along its transverse momentum such as g(ks)
sﬂ:q./;/|qT[. In the kT—fgctorization approach the hagironic (k1) MAAAA TEET z66€
and partonic cross sections are related by the following con-
dition: I/9(p)
9(q) TTTT
dX [ u2 do
o(«ypﬁJ/wX)ﬁ;f“ dq%f 5 a7 .u?) MM
0 7 O
X o(yg*—J/49,5,97), &) ‘””'g N
wherea(yg* —J/yg) is thed/y meson photoproduction on
the BFKL gluon, andg is the azimuthal angle in the trans- NV
verseXY plane between vectay; and the fixedO X axis. T T O
TTTTN

IIl. UNINTEGRATED GLUON DISTRIBUTION FUNCTION

. . FIG. 1. Diagrams used for the description of the partonic pro-
At the present time an exact form of the unintegratedyegsy+ g, J/y+g.

gluon distribution®(x,q%,1?) is unknown yet because the
relevant experimental analysis of the experiment_al data hat?ver q2. In Fig. 1 the result of our calculation for the ratio
never been carried out. There are several theoretical approxi- T

mations for®(x,q%,?), which are based on solving BFKL Rl(x,,uz)=(~3(_x,,u2)/G(x,,u2) is shown. It is visible that at
evolution equatio9—11,14. In the region of very smakk x<0.1 the ratioR; does not differ from 1 more than 1-2 %.

<0.01 and moderatq% (~10 Ge\?), which is relevant for Note that in a process of th¥ ¢ photoproduction on protons
J/V  photoproduction at HERA, all parametrizations X~M/\/s (M is the mass of thd/y meson, and one has

[9,10,14 approximately coinciddsee, for example, discus- X~ 0-03 aty/s=100 GeV.

sions in[12] and[13]). For our purposes, we will use the

unintegrated gluon distribution, which was obtained in Ref. IV. AMPLITUDE FOR THE yg—J/4g PROCESS

[14]. The proposed method lies upon a straightforward per- i , , , .
turbative solution of the BFKL equation where the collinear 1here are six Feynman diagrarttsg. 2) which describe
gluon densityG(x, «2) is used as the boundary condition in € partonic procesyg—J/¢g at the leading order in
the integral form(2). Technically, the unintegrated gluon dis- @hd @. In the framework of the color singlet model and the
tribution is calculated as a convolution of collinear gluonNonrelativistic approximation the production of thej me-

distribution G(x, «2) with universal weight factors: son is considered as the production of a quark-antiquark sys-
tem in the color singlet state with orbital momentuus 0

s 1 , X [X and spin momentun®=1. The binding energy and relative
O(x,07,u7) = L G(n,97, 1 );G P d7, (4 momentum of quarks in th# ¢ are neglected. In such a way

where R, (x, %)

2 \/ ;sln<%)ln

atgr=u?, (5)

e

atgz> u?, (6) 0.8

1.1

G(n,67 1) =—75J0
VA

1.0 f——e====c ==

o
9.3, 1)=—5l,
nar

0.9

Jo andl, stand for Bessel function@f real and imaginary
arguments, respectivélyand as= a¢/37. As an input func- 0.7
tion G(x,u?) in Egs.(5) and(6) we use the standard Gik-
Reya-Vogt(GRV) parametrizatiorf15]. To test the method

of calculation ford(x,q%, %) we compare the input collin- BT T Sy o B
ear gluon distributiorG(x, %) and the collinear gluon dis- X

tribution G(x, 1?), which is obtained using formul) from FIG. 2. Ratio Ry(x,u?) at u?=10GeV? (curve ) and u?
the unintegrated distributioﬁ)(x,q%,,uz) after integration =100GeV? (curve 2.

o
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M=2m, and p.= p.= p/2, wherep is the 4-momentum of E) _{Hm
MEPEY=Tr| y*(p+M) p_tCc 1 C
the /4, andp. and p; are the 4-momenta of a quark and 6 v p Y (Po—q)2— 2
antiquark. Taking into account the formalism of the projec- Pe—d ¢
tion operator{16] the amplitude of the procesgg— J/ g Pt m
may be obtained from the amplitude of the process X B CZ ¢ (14)
—ccg after replacement: (ki =pe)™—
where k; is the 4-momentum of the photorg is the
(00T (p) ¥(0). ' )5” @ 4-momentum of the initial gluon, arkj is the 4-momentum
V U — ——¢ +M)—, 7 ;
(P)U(pc o\ (p)(p 7 of the final gluon,
¥(0)

1
~ b__— - b
wheres(p)fsﬂ(p) ¥, &,(p) is a 4-vector of thel/ ¢ po- K=ece i M’ C= /3Tr[T""T 1

larization, 8'1//3 is the color factor, an&(0) is the nonrel-

ativistic meson wave function at the origin. The matrix ele- 2
ments of the procesgg* —J/ /g may be presented as fol- ec=§, e=Vidma, Qs=Vdmas.
lows:
The summation on the photon, th¥y meson and final
M= Kcabga(kl)si(q)gg(kz)gy(p)Miaﬂfw1 (8) gluon polarizations is carried out by covariant formulas:
-~ p k ky)=— , 15
M= Tr| 3P M) ye Dt e 2, o)) =~ 0us 49
aBuy—
(Pe—ky)?—m;
- k2+mc , . 2 salko)op(ka)=~Gap, (16
AL =R ©
_ PPy
o 2 eulPeuP)==Gut 15 (17)
M §PRY=Tr y”([S+M)yﬁ&jmc2
(pctky)“—mg In the case of the initial BFKL gluon we use the following
A prescription:
—pctm
><ya(q pj)z =18 o G140
- - TuHYTy
4P > e (@, (@)= (18
spin q.l.
aBuv_ v o Pc—kitme For studingd/ ¢ polarized photoproduction we introduce the
MgP#Y=Tr y*(p+M)y 5 rize odu
(Pe— k1)2_mC 4-vector of the longitudinal polarization as follows:
q—petme p*  Mpy
/3— # 11 Hp)=———. 19
o P (12) et = 3~ (o) (19
In the limit of s>M?2 the polarization 4-vector satisfies usual
R Pe—q+m, conditions €, e )=—1, (¢ p)=0.
MgPer=Tr Y (p+M)pf———o—s Traditionally for a description of quarkonium photopro-
(Pe— ) —mg duction processes the invariant varialate (ppy)/(kipn) IS
- used. In the rest frame of the proton one kast,/E,, . In
Xy M B (12) the k;-factorization approach the differential g and thez
(ky+po)?—m cross section of thd/ ¢ photoproduction may be written as
follows:
~ 6C+R2+mc do 27Td¢
MEPEY=Tr y(p+M)yf——— f d 20 (x,q5 , 12
(pc+k2)2_mg dedZ Z(l Z) Aar ( O, pm )
ky—pct mg M|?
Xyt " (13 X ——, 20
(ky—po)®—m; 16m(xs)? (20
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The numerical calculation is performed in the photon and R, (5.q2)
proton center of mass frame where z
S S
pN:\/?—(]-!OvOa])a kl:\/7_(110101_1)1 1.0
Js Js 0.8
P=(E.pr.p), d=|5X.0r. 5 X].

Here we take into account that tdéy momentump lies in 0.6

the XZ plane and ¢pr)=|p+||ar/cos). The analytical
calculation of the|M|? is performed with help of the 0.4
REDUCE package and the results are saved irFtiRTRAN

codes as a function of=(k,+q)2, t=(p—ky)?, u=(p

—q)?, p?, g2 and cosf). We directly have tested that 0.2
. 2 d¢_ L 1 iain Lo L1 1 1
im [ 5 M= Wi @) gy
G20 qz , Gev2

wherep2=10/5 in the [M|2 and[Mpy|? is the square of the  FIG. 3. RatioR,(s,q7) ats=15,50,100 Ge¥—curves 1, 2, and
amplitude in the conventional parton mod8l. In the limit 3 respectively.
of q$=0 from formula(20) it is easy to find the differential

cross section in the parton model, t0o: the resolved photon procesdd¥] as well as the charm ex-

citation processesl 8] may be large, too. All of these contri-
PM o2 2 butions are not in our consideration.
do _|MPM| XG(X, p%) (22) Figure 3 shows the ratio

dp2dz  16m(xs)%z(1-2)

. o ., (5,0
However, making calculations in the parton model we use Ra(s,07) = == 0 (23
formula (20), where integration overq% and ¢ is performed (s.0)
numerically, instead of22). This method fixes the common . 2 . -
T ; . s a function ofg; at the differents. It was necessary to
normalization factor for both approaches and gives a direc  ratio(23 1o d ith th h (nﬁ dt
opportunity to study effects connected with virtuality of the expect ratio(23) to decrease wi € grow and to

initial BFKL gluon in the partonic amplitude. decrease faster the less the values.of
Figures 4—6 show our results which were obtained as in

the conventional parton model as well as in the

k-factorization approach at two values of a charmed quark
After we fixed the selection of the gluon distribution func- mass. The dependence of the results on selection of a hard

tion G(x,u?) there are two parameters only, which valuesscale parametes is much less than the dependence on se-

determine the common normalization factor of the cross sedection of ac-quark mass. We put?=M?+ p% in a gluon

tion under consideration¥’ (0) andm,. The value of the distribution function and in a running constamf(x?).

J/ meson wave function at the origin may be calculated in  Figure 4 shows the dependence of the tdtat photopro-

a potential model or obtained from the experimental wellduction cross section oxs. It is visible that the difference

known decay width'(J/¢p— " x™). In our calculation we between the parton model prediction and the result of the

used the following choicg¥(0)|*=0.0876 GeV as the k;-factorization approach is much less than between the re-

same as in Ref.3]. Concerning a charmed quark mass, thesults obtained at different values of tbequark mass in the

situation is not clear up to the end. From one hand, in théyoth models. At then.=1.55 GeV the obtained cross sec-

nonrelativistic approximation one has.=M/2, but there tions in 1.5-2 times are less than experimental §4tabut

are many examples of taking smaller values of-quark  at them.=1.4 GeV the theoretical curves lie even a shade

mass in the amplitude of a hard process, for exanmle higher than the experimental points.

=1.4 GeV. Taking into consideration the above-mentioned There are no contradictions between the theoretical pre-

example we perform calculations asnat=1.4 GeV as well  dictions and the data for thespectrum of thel/ ¢y mesons.

as atm,=1.55 GeV. The cinematic region under consider-Figure 5 shows that the experimental points lie inside the

ation is determined by the following conditions: &4  theoretical corridor as in the parton model and as in the

<0.9 andp?>1 Ge\?, which correspond to the H1 and ks-factorization approach.

ZEUS Collaborations datigt]. We assume that the contribu-  The count of a transverse momentum of the BFKL gluons

tion of the color octet mechanism is large at #%0.9 only.  in the ky-factorization approach results in a flattening of the

In the region of the small values o8& 0.2 the contribution of p; spectrum of thel/ as contrasted by predictions of the

V. RESULTS AND DISCUSSION
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FIG. 6. TheJ/y spectrum orp% at \'s=100 GeV and 0.4z
<0.9. The data fronj4], the curves, are the same as in Fig. 4.

FIG. 4. TheJ/ ¢ photoproduction cross section as a function of
Jsat 0.4<z<0.9 andp$>l Ge\2. The data fronj4], the curves 1
and 2, are obtained in tHe-factorization approach ah.= 1.4 and
m.=1.55 GeV; the curves 3 and 4 are obtained in the parton modgbt spectrum of thel/y meson, too, which will agree with
atm,=1.4 GeV andn.=1.55 GeV. the data at the largp+.

As it was mentioned above, the main difference between

parton model. For the first time this effect was indicated inthe kr-factorization approach and the conventional parton
Ref. [19], and later in Refs[13,20. Figure 6 shows the model is nontrivial polarization of the BFKL gluon. It is
result of our calculation for the; spectrum of thel/s me- obvious that such a spin condition of the initial gluon should
sons. Using thé-factorization approach we have obtained result in observed spin effects during the birth of the polar-
the hardep+ spectrum of thel/ ¢ than has been predicted in izedJ/¢ meson. We have performed calculations for the spin
the LO parton model. It is visible that at large valuespef ~ Parameter as a functiorz or py in the conventional parton
only the k;-factorization approach gives the correct descrip-model and in thek-factorization approach:

tion of the datd4]. However, it is impossible to consider this

visible effect as a direct indication on nontrivial develop- dUtm_ do

ments of the smalk physics. In the articl¢3] was shown ) dz dz (24
ion i imati i a(z)= ,
that the calculation in the NLO approximation gives a harder doo ﬂ
dz dz
do/dz, nb
dUtOt d0'|_
dpr  “dpr
2 a(py)= (25
10 °F (Pr door %
B dpr  dpr
- Hereo,= o+ o7 is the totald/ ¢ production cross section,
: o is the production cross section for the longitudinal polar-
ized J/ s mesons, andry is the production cross section for
10| the transverse polarizell ¥ mesons. The parameter con-
F trols the angle distribution for leptons in the decaiy
L — 1717 in the J/y meson rest frame:
- —dcos(a)~l+acos(0). (26)
R 1 S Y E X R I

Figure 7 shows the parametefz), which is calculated in

the parton modelcurve 2 and in theks-factorization ap-
FIG. 5. The J/y spectrum onz at s=100 GeV andp?  proach(curve 1. We see that both curves lie near zeraat

>1 Ge\2. The data fronj4], the curves, are the same as in Fig. 4. <0.8 and increase a@>0.8. The large difference between
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FIG. 7. Parameter as a function ofz at ys=100 GeV, p} FIG. 8. Parameter as a function ofp? at \/s=100 GeV, 0.4

>1 Ge\? and m.=1.55 GeV. Curve 1 is the result obtained in the <z<0.9, andm.=1.55 GeV. The curves are the same as in Fig. 7.
k-factorization approach; curve 2 is the result obtained in the par-

ton model. Opposite the case dff 4 photoproduction, the hadroproduc-
tion data needs to take into account the large color-octet

predictions is visible only at>0.9 where our consideration contribution in order to explaid/¢ andy’ production at the

is not adequate. Let us remark that whether the parameter fsermilab Tevatron in the conventional collinear parton

gentle depends on the mass of a charmed quark and we defpdel. The relative weight of color-octet contribution may

onstrate here only outcomes obtained atrthe=1.55. be smaller if we use th&-factorization approach, as was

For the paramete(py) we have found strongly opposite shown recently if22—25. The predicted weight using the
predictions in the parton model and in thg-factoriza-  collinear parton model transverse polarizatiodbf at large
tion approach, as is visible in Fig. 8. The parton modelp. is not supported by the Collider Detector at Fermilab
predicts thatd/¢y mesons should have transverse polariza{CDF) data, which can be roughly explained by the
tions at the largepr (a(pr)=0.6 at pf=20 GeV?), but  k-factorization approacf23]. In conclusion, the number of
the kr-factorization approach predicts thal'y mesons theoretical uncertainties in the caseJfy meson hadropro-
should be longitudinally polarizeda(py)=—0.4 at p% duction is much more than in the case of photoproduction
=20 GeV?). Nowadays, a result of the NLO parton model and they need a more complicated investigation, which is
calculation in the case of the polarizétiy meson photopro- why the future experimental analysis Ifiy photoproduction
duction is unknown. It should be an interesting subject ofat THERA will be a clean check of the collinear parton
future investigations. If the count of the NLO corrections model and the&k,-factorization approach.
will not change predictions of the LO parton model for
a(pt), the experimental measurement of this spin effect will
be a direct signal about BFKL gluon dynamics.

Nowadays, the experimental data &h/ polarization in The author would like to thank S. Baranov and V. Kiselev
photoproduction at largp; are absent. However, there are for discussions on thé+-factorization approach of QCD.
similar data from the CDF Collaboratid21], whereJ/y  This work has been supported in part by the program “Uni-
and ' pr spectra and polarizations have been measurediersities of Russia—Basic Research” under Grant 02.01.003.
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