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Heavy quark photoproduction in the k, -factorization approach
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We investigate heavy quark photoproduction based otk thiactorization approach, focusing on the results
from the saturation model. The deviations between the results using the unintegrated gluon distribution con-
sidering the saturation model and the derivative of the collinear gluon distribution are analyzed. Total cross
sections angb distributions are analyzed in detail, giving the deviations between the results of the color dipole
approximation and the complete semihard approach.
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I. INTRODUCTION momentum fractiorx and virtuality scaleQ? is known to an
accuracy of a few percent from a global analysis of scaling
The investigation of heavy quark production at high ener-violations of the proton structure functidh, measured at
gies provides a better understanding of the hadron internd?ERA[7—9]. The QCD matrix elements of the partonic pro-

structure. In particular, the heavy quark masses are largeSS have been calculated in next-to-leading or8&rO)

enough to be taken as a hard scale, making the strong co ccuracy{10]. Still substantial theoretical uncertainties come

i Il and allowi bati cb rom the heavy quark mass and from the renormalization and
pling constant small and allowing a perturbative QCD treat_ .~ scalesig and g .
ment of_the process. Heavy quarks are produced in the clean The collinear factorization approach has produced a suc-
yP—QQ reaction at the DES¥p collider HERA, where  cessful description of single-particle distributions and total
the incident photorireal or virtua) probes the proton target cross sections for heavy quark production. On the other
at a high center of mass energy There is a large amount of hand, despite many phenomenological successes, results
data on heavy flavor production at HERA, which have beerwithin this approach are in contradiction with data on azi-
a boom to studies analyzing the interface between hard anguthal correlations and on distributions in the transverse
soft regimeq1,2]. However, the data for open heavy quark momentum of the heavy quark pair producgti] (for
production are limited by small statistics and the intermedi-quarkonium production see, e.g., Rdf3,12]). This problem
ate energy interval between the fixed target experiments ang in general cured by introducing an intrinsic transverse mo-
the high energy at HERA have not been covered yet. Irmentum distribution(intrinsic k,) for the incident partons,
hadroproduction at the Fermilab Tevatrpmp collider, the —parametrized using a Gaussian profile. However, the mean
situation is slightly better, giving precise measurements o¥alue of intrinsick, needed to describe azimuthal correla-
the transverse momentum distribution of the heavy quarkg§ons and thepr spectrum can be as high és )=1 GeV or
produced 3,4]. even 2—-3 GeV, which is not suitable from nonperturbative
The underlying mechanism for heavy quark production arguments. Moreover, recent calculations using known NLO
HERA is photon-gluon fusion: a photon coupled to the scatresults[13] for bottom hadroproduction in the collinear ap-
tered electron interacts with a gluon from the proton by pro{roach undershoot Tevatron d#fa] by a factor of 2 or 3,
ducing a quark-antiquark pair, e.g;E(charn) or bb (bot- suggesting that an _important contribution to the computed
tom). In the collinear QCD approach, based on the wellobservables is missing. o
known collinear factorization theorefs], the process is de- At high energies another factorization theorem emerges,
scribed through the convolution of on-shell matrix elementstne K, -factorization or semihard approafh5-17. The rel-
encoding the partonic subprocesses, with the parton distribgvant diagrams are considered with the virtualities and po-
tion functions. At high energies, the gluon is the partonlarlzatlons of the initial partons, taklng into account the
which drives the dynamics, evolving through the virtualitiestransverse momenta, andgs,, of the incident partons. The
obeying the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi Processes are described through the convolution of off-shell
(DGLAP) evolution equationg§6]. The transverse momenta matrix elements with the unintegrated parton dlstr-lbultlon
of the incident particles are taken as zero and in the compuZ(X.K.). The latter can recover the usual parton distribu-
tation of the cross sections one averages over two transverd@ns in the double-logarithmic limiDLL ) by its integration
polarizations of the initial gluon. A computation of the pro- OVer the transverse momentum. In the asymptotic energy
cess requires the knowledge of the gluon momentum distrilMit, the unintegrated gluon distribution should obey the
bution in the proton and the calculation of thg subpro-  Balitskii-Fadin-Kuraev-Lipatov(BFKL) evolution equation
cess. The gluon density as a function of the longitudinal18]. At the present, there is a lack of an accurate determi-
nation of this quantity at the same level as the usual parton
densities. The matrix elements computed for the relevant

*Electronic address: mariotto@if.ufrgs.br subprocesses within thk, -factorization approach are al-
"Electronic address: gay@if.ufrgs.br ready more involved than those needed in the collinear ap-
*Electronic address: magnus@if.ufrgs.br proach at the LO level. On the other hand, a significant part
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of the NLO and some of the NNLO corrections to the LO heavy quark pair produced. We investigate in detail the de-
contributions in the collinear approach, related to the contriviations in the results when one confronts the dipole approxi-
bution of nonzero transverse momenta of the incident parmation and a conservativek, -factorization procedure;
tons, are already included in the LO contribution within thenamely, the choice of scale for the coupling constant and the
k, -factorization formalisnj11]. Moreover, part of the virtual ~Suitable longitudinal momentum fraction entering in the un-
corrections can be resummed in the unintegrated gluon funddtegrated gluon function. The predictions from the deriva-
tion [11]. Recently, the computation of NLO corrections to tive of the collinear gluon function are also studied. In the
the subprocesses has been completed and full calculations/agt section, we present the conclusions and final consider-
this level should appear in the near fut{it®]. An important ~ ations.
feature of the approach is the equivalence at leading logarith-
mic approximatiqn with the color dipole pictuf@0], which IIl. HEAVY QUARK PHOTOPRODUCTION
has_peen used in much ph_enomgnology at I_-|E[E{13]. In IN THE k, FACTORIZATION
addition, a very important issue is the consistency of the
k, -factorization approach including nonleading-log effects In this section we investigate the quasireal photon scatter-
with collinear factorization beyond leading ordg22]: the  ing off a proton in the semihard approach. In light quark
coefficient functions and the splitting functions providing photoproduction there is poor knowledge concerning the ef-
q(x,Q? and G(x,Q?) are supplemented with the all-order fective light quark mass, which is associated with nonpertur-
resummation of thers IN(1/x) contributions at high energies, bative aspects of the process. This problem is naturally
in contrast with a calculation in fixed order perturbation Solved in heavy quark photoproduction, because of the heavy
theory. quark mass. The semihard approach is valid in the domain
Two additional ingredients should be taken into accounivhere the following double inequality hold$>,u2:§
when considering the semihard approach: the infrared sect@sAéCD, i.e., the typical parton interaction scal® is much
and saturation effects. The unintegrated gluon functiomigher than the QCD cutoff parameteréCD, and much
shoulq evolvg in tranverse momentum thrpugh th'e BFKLower than the center of mass energy’s. The
evolution at high energies, leading to the diffusionkinof _tactorization approach can resum in the leading logarith-
i il gluons i e evolion proceSS, In s 0 mic approxmaton al the contbuions proportonal 1
In(u?/A n asIn(WASH)IN(1/x)]", and
into the infraredand ultraviolel region, where the perturba- (]Eazlngltll}x)]%fjex)/]r]ere the[firsst c()ﬁe cgfrDe)sp(oan] o the collinear

tive description is not completely reliable. Therefore, theDGLAP resummation[6], the second one to the double-
evolution should take properly into account the correct be]ogarithmic contribution,,and the last one to the BEKL re-

ha\gor mtthtz;t rg?:'ga' The reg;z]tl_y tcal(;:ulated n?nllr:st:ar ?Or'summatior[ls]. Such resummation leads to the unintegrated
rections to the approa introduce a natural treat- gluon distribution F(x,k, ), which can also depend on the

menf[ dfor thes_te Sl'ﬁ'cu:t'?fs’ Wthelrlt_a thti sat;lran%n scﬁLe scaleu?. It gives the probability of finding a parton carrying
zrovtlhes Ia Sl!{ "’:j. N ICU ° cont ro mfg t'e |n:ar2elwgr0d €MS-a longitudinal momentum fraction and transverse momen-
s the longitudinal momentum fractiox=Q € tumk, . Requiring that in the DLL limit the transverse pho-

creases, unitarity corrections become important and contrq ; : : : o
’ PR . ) absortion total cross section written in tke-factorization
the steep growth of the gluon distribution. In this domain the e

gluon distribution can saturate completely or acquire a m”dapproach be consistent with the same I|.m|t from_ the DGLAP

logarithmic increase. The most appealing approach takingp_proach, the co!lmear gluor! distribution is given by the

into account both the notions of infrared behaviconfine- nintegrated one in the following way:

men) and parton saturation phenomenon is the saturation )

model [25], which is an eikonal-type model based on the w? OK;

color dipole picture of high energy interactions. In this ap- XG(X,MZ)zJ k_zf(kaf% (1)

proach the physical picture is considerably simplified and the +

expression for the saturation scale is promptly calculated. ). .

The adjustable parameters of the model are obtained from §Nerex” is the scale of the process, which can@® the

fit to smallx HERA data of the inclusive structure function N€avy quark mass, or the, of the particles produced, for

and the photoproduction total cross section, and are suitabl@Stance. Ir21 parztlculazlr,_ in obtaining EA), a strong ordering

for further applications to more exclusive quantities such agonditionki<p7<u” is considered, wherp, is the trans-

open heavy quark production. verse momentum of the quark-antiquark loop in the photon
This paper is organized as follows. In the next section we/€rtex. _ _

present the main formulas for heavy quark photoproduction N order to compute the cross section of a physical process

within the k, -factorization approach, defining the relevant[26.27, the unintegrated gluon function should be convo-

kinematical variables. Furthermore, we investigate the uninluted with the off-shell matrix elements for the relevant par-

tegrated gluon distribution from the saturation model in com-onic subprocesses. In these matrix elements the polarization

parison with the results from the derivative of the integratedensor of the virtual gluon is given by !Q=gte?”

gluon distribution xG(x,k, ). In Sec. Ill, we present our re- =k*k?/|k,|?. In the following we will calculate the total

sults for the total cross section for charm and bottom photoand differential cross sections of heavy quark photoproduc-

production, as well as estimates for e distribution of the  tion (charm and bottopntaking into account the diagrams
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v (q) Having introduced the relevant definitions and variables,
the differential cross section for the photoproduction process
is expressed as the convolution of the unintegrated gluon

—— q (p1) function with the off-shell matrix elemen{45,26,2§,
A
—— 1(p2) do(yp—QQX) [ . . F(Xp k)| M|(off shel)
9(k) — o) didk — ,
P11
€)
== . _
where the off-shell LO matrix elements are given[Bg,26|
2
Fla, k1) | M|2(off shell
FIG. 1. The leading order QCD diagrams for heavy-quark pro- S22 (1_2)2
duction via photon-gluon fusion. The momenta of the particles are  — aemaS(MZ)eZ
shown and the blob represents the gluon emission chain encoded in Q [(p,—k)2— mé][(pl— k)2— mé]
the unintegrated gluon distributioﬁ(xz,kf). )
N 2mj z 1-z ) 19
shown in Fig. 1. For convenience, one can define the Suda- - '
: &\ (p—kZ-m]  (p—k)2-m

kov variables for the processp—>Q6X at high energies,

_ _ wherea, ,, =1/137 is the electromagnetic coupling constant
Pi=aaPut FaPot i, Q=XaPatd. @ andeg is the electric charge of the heavy quark produced.
Po= P+ BoPot Py, K=XoPotK, , (3)  The scaleu in the strong coupling constant will be specified
later on. In general, it is taken to be equal to the gluon vir-
where, as shown in Fig. h; andp, are the four-momenta tuality, u?=k?, in close connection with the Brodsky-
of the produced heavy quarks, agdandk are the photon Lepage-Mackenzie(BLM) scheme[29]. In the leading
and the gluon four-momenta, respectively. The correspondn(1/x) approximation,«s should take a constant value.
ing transverse momenta am, , pP,,, 4, , andk, . The When the transverse momenta of the incident partons are
electron and proton momenta are denotedPhyandP,. In  sufficiently smaller than those of the produced heavy quarks,
the center of mass frame of the process, one Ras the result from the collinear approach is recovered. The final
:([5/2,0,0,\@/2), pz(\/g/zyoyo,_ \/5/2), p'i‘: p%:o, and expression for the photoproduction total cross section con-
(P;-P,)=s/2, with \/s being the center of mass energy. Sidering the direct component of the photon can be written as
From simple inspection of Eq$2) and (3) and using the [27]
energy-momentum conservation law, one obtains the rela-

tions Qem€h a( 1?) F( Xy, K2 s u?)
2 2 2 2 2 2 2 O-tpOhtm: e:' J dZ(ijlJ_dsz_ : k4
pi=p3=mg, Qq°=q;, Kk°=ki, 4 L
k — 2
q,+k, =pi +po - (5) X [22+(1_Z)2](p£+ﬂ)
D, D>
The Sudakov variables can be written in terms of the 1 12
transverse masses; ,, =mg+p: , , wheremg is the heavy +ma| =+ _) ] , (11)
quark mass, and the heavy quark rapiditgs, in the fol- D. Do
lowing way:

whereD;=p?, +mj andD,=(k, —p;, )+ mj.
my, m,, In Eqg. (11) the unintegrated gluon function was allowed to
* * . . .
aﬁ@ exp(yy), af@ expys), (6) depend also on the sca}ez,_smce some parametrizations
take this scale into account in the computation of that quan-
tity (see, for instance Reff30] for a compilation of a number
of them). We are now ready to calculate the total and differ-
ential cross sections for the process, provided a suitable input
for the function}'(xz,kf ;). The practical procedure in
Xi=ay+a,, Xo=p1+ B>, (8)  this paper is to consider one of the simplest parametrizations
available, covering a consistent treatment of the infrared re-
where in the photoproduction casg=P;, the variablex; gion and taking into account the expected saturation effects
simplifies tox;=1 and one can define;=z and a,=1  at high energies. These features are fullfilled in the saturation
—z. Thezand (1-2) variables correspond to the longitudi- model, which it is briefly reviewed in the following and it
nal momentum fraction carried by the heavy quark havingwill be conveniently contrasted with the results coming from
transverse momenia,, andp,, , respectively. the derivative of the collinear gluon function,

My,

Bi="E exp—yt), B exp(—yE),  (7)
1 \/g 1/ 2 \/g 2/
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IXG(x,K?)] momentum dependence in the argument of the strong cou-
TR . . . .
XG(x,k?)= TR (120  pling constant and in the variable an analytical result for
dInk? the Fourier transform between the spaces can be obtained,
where G(x, ) is the integrated gluon distribution, which 27 [ d%k, ) ' _
can be taken from the available parametrizations in the lit-ogip(X,r)= ?f —4asf(X,ki)(1—e'kL'r)(l—e"kl‘r).
erature[7-9|. ki
17
A. The saturation model Therefore, Eq(17) can be used to extract the unintegrated

The saturation modéel25] is based on the color dipole 9luon function from the model im space, once the dipole
picture of the interaction, represented in the target rest fram@f0ss section has a finite limit et~ 0, denoted as" §o0x). 1t
where the transverse sizeof the dipole quark-antiquark C€an be written a$31]
coming from the virtual photon Fock state fluctuations is
fixed during the interaction. This representation can be re;, F(x,K2) = ij
covered from thek, -factorization approach in the leading- ° Y An
logarithmic approximation through the Fourier transform be- . 4
tween the transverse size and the transverse momentum X[a§id (%) = ogip(x,1) 1K? (18
spaces. The photoabsortion total cross section is written as a

explik, -r)

d?r
77)2

(2

convolution of the virtual photon wave function with the 3 °°d Ik =)o K4
effective cross section for the interaction dipole target, 8n2lo rrIo(kilogip(X) — oaip(X, 1)KL -
(19
oo’ (,Q) = | dz| dA[|[W+(z1,Q?)? it i |
tot 1 LA After writing down the expression for the unintegrated
212 gluon function to be employed in the studies of the next
+[WL(z,r,Q%)|*]ogip(X,1), (13 section, some considerations are in order. The saturation

where the dipole cross section interpolates between the colgPOdel is a quite successful approach for the smattgion

transparency behavior for small size dipole configuration an@ilcg (;tev;asinﬂlssst?étsggtfgrif Slkrréjx:c:?uvi:y dels C:Ihb::”:frac'
the confinement features for large dipole sizes. It reads P 9. ' ' p

proach is no longer suitable and threshold correction factors
2 should be introduced. The simplest way to implement this is
1—exp — , (14) to consider dimensional-cutting rules: for a subprocess hav-
4RG(X)
1
GeV?

Odip= 0o

iNg Ngpec SPectator quarks which do not interact with the
photon, the corresponding threshold factor is given by (1
X )A —x)?"spec 1. For example, including light and charm quarks,

R3(x) (15 the number of spectators i&,.~4 and in our analysis we
include the multiplicative correction factor (Ix)’ in the
rerintegrated gluon function from the saturation model. In the
next section, such a correction provides a correct description
of the fixed target energy region, whereas the results from the

fit to smallx HERA data. An additional parameter is the ~ .". . . . .
effective light quark massn,=140 MeV, which is needed orlglnal model remain unaltered at intermediate and high en-
' ergies.

to produce finite results for the photoproduction total cross For our purposes in this investigation, we use the follow

H H H H Qé 2 . l -
SethIOFI. 1;22 1satt# ration d slcale 'Sd defmedl tllRO(X)' ing parameters corresponding to the parametrization which
W 'e,”f?s h € hmo e/zriplrothuces color t.ran?pa(;erlcy’includes the charm quarksy=29.12 mb, A=0.277, and
Tdip rt""; etrel""s"" e'"Q.i . tecross fs.ec lon te” S10 y,=4.1x10°2 [25]. From Egs.(18) and (14), the uninte-
a constant at largeQs (it simulates confinemet oygip grated gluon distribution from the original saturation model

~ayg. In the regionrQ¢/2~1, the model simulates the phys- supplemented by the threshold factor is given by
ics from the multiple scattering resummation of gluon ex-

changes in an eikonal-type way representing the black disk 30,

limit of the proton. In the original model, the coupling con-  F(x,k?)= ——R3(x)k} exd —RE()k?](1-x)".
stant is considered fixed ag,=0.2 and in order to consider Amtas

the formal limit of photoproduction, the Bjorken variable has (20

been modified in the following way: We illustrate in Fig. 2, shown in the plot on the left, the
5 5 5 unintegrated gluon function from E@20) as a function of
4mq> _ Q7 +amg (16 the transverse momentukd at typical values of the vari-
2] w2 able, covering large and small longitudinal momentum frac-
tions. We remark that the smadlregion corresponds tm
Starting from thek, -factorization approach for the total <10 2. Its main features are quite clear: the function is
photoabsortion cross section, but disregarding the transvergeaked aki=2Q§, with a narrow distribution around this

Xo

whereRy(x) is the saturation radius which decreases whe
x—0. The parameters,, Xy, and\ are determined from a

x=xm<1+
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FIG. 2. Left plot: The unintegrated gluon distribution from the saturation model as a functkfnfof typical x values. Right plot: The
derivative of the collinear gluon distributichO GRV98 parametrizationas a function okf for typical x values.

value, being slightly asymmetric for large Therefore, the with the saturation model. In the smallregion the deviation

peak is shifted to largek’ asx decreases. The most impor- is huge both in behavior and in overall normalization. The

tant feature is a large contribution from the very small transdargex region is correctly described since the collinear gluon

verse momentum sectdr, <1 Ge\? at largex. Moreover, function is adjusted on the whole kinematical range at

the unintegrated gluon distribution is strongly suppressed foHERA. It has been verified that by using the NLO collinear

large k? due to the missing parton evolution in the original gluon distribution the deviations are negligi§&2]. A tech-

model. This shortcoming is cured in the recent implementanical remark is the pronged behavior @fx,k?) aboveQj,

tion of the DGLAP evolution for the unintegrated gluon dis- which has no physical meaning, since it has to do with the

tribution [31]. grid interpolation routines used to obtain the collinear gluon
In order to investigate the importance ofka enhance- function, and this effect is smoothed out in the integrated

ment coming from a QCD parton cascade emission, weguantities and should not affect our later results.

present in the plot on the right in Fig. 2 the result from the In the next section we investigate the saturation model in

derivative of the collinear gluon distributiaf(x,k?), where ~ the computation of the total and differential heavy quark

the LO Glick-Reya-Vogt 1998 GRV98) [9] gluon param- Photoproduction cross sections, and a comparison with the

etrization was chosen for the calculation. The use of thiglerivative of the collinear gluon function will be used in

quantity gives the possibility of checking the consistency oforder to study the effects of QCD evolution.

introducing elements from DGLAP evolution in the

k, -factorization approach. That parametrization has the vir- IIl. RESULTS AND DISCUSSION

tuality Q§=0.8 GeV as the initial evolution scale and below

this value one should make an assumption about the behavior

! s The available dat§33—34 on heavy quarkcharm and
of G. In our analysis we apply the following procedure:

bottom photoproduction range from energidsof fixed tar-

get experiments about tens of GeV, up to the high energy

(Q(z)_ ki) HERA data aroun®V~200 GeV. Kinematically, the low en-
ergy data correspond to=10"! and the high energy ones to

IXG(x,k%)]

G(x,k?)=K?
(ki) =k; K

<=0 x=10"* The experimental errors are rather large and the

IXG(x,k?)] intermediate region between low and high energies is not
+ —’i(kf_Qg), (22) covered by measurements. Beauty production at HERA is
aln kf suppressed by two orders of magnitude with respect to

charm, due to the larger mass and smaller electric charge of
where the first term can recova(x,Qg) by integration  theb quark.
over transverse momentum from 0 up(nﬁ. However, we The total and differential cross sections are computed
emphasize that such a procedure is not unique and othétom Eq. (11) and the unintegrated gluon function from the
Ansaze can be introduced. For instance, we can consider gaturation model, Eq20). The heavy quark mass was con-
lower integration limitk? ,,,=Q3, emphasizing that in the sidered asm.=1.5 GeV for charm andn,=4.8 GeV for
theoretical curves the cutoff mainly would affect the overallbottom. In order to investigate in detail the results emerging
magnitude of the cross section. As expected, in our result§om thek, -factorization approach and in an attempt to go
the transverse momentum spectrum is broader, in contrabeyond the leading logarithmic Ini)/ approximation, we
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FIG. 3. Left plot: The charm photoproduction total cross section as a function of center of mass hargl thek, -factorization
approach results using the saturation model and different technical procedures in the cal¢séatitext Right plot: The bottom photo-
production total cross section as a function of center of mass elémyyd thek, -factorization approach results using the saturation model
and different technical procedures in the calculafisee texk

have considered in our analysis the following procedures. result seems to spoil the previous good agreement at low
(1) We keep the original features of the saturation modelgnergies, as shown in the dashed curves in Fig. 3. However,
namely, a fixed strong coupling constamt=0.2 and the the high energy data are described in better agreement than
longitudinal momentum fractior,, which is the photopro- in the previous procedure. In conclusion, the introduction of
duction limit of the Bjorkerxg;, given by Eq.(16), entering  a running coupling in the calculation shifts the overall nor-
in the unintegrated gluon distribution. This procedure ismalization toward higher values at high energies, by enhanc-
equivalent to using the color dipole picture and the saturatioiing the kf profile in the unintegrated cross section.
model, as performed in the detailed study of R8f]. The (3) As a final aspect, we consider a conservative proce-
result is shown in the dot-dashed curves in Fig. 3, for charmiure concerning thk, -factorization approach. The argument
(plot on the leff and bottom(plot on the right total cross of the strong coupling constant is let to run with the scale
sections. There is good agreement with the low energy datqﬁzpqumé, wherep, is the transverse momentum of the
whereas the high energy data are underestimated. The go@davy quark produced. Moreover, we have a different pre-
description of the fixed target data is ensured by the threshscription for thex, variable from that in Eq(16). The correct
old correction factor (+x)’, since the original model value for the longitudinal momentum fraction entering in

would already overestimate the data at intermediate energie;t,:(xz,kf) is given by the definitions in Eq8) and (7);
At high energies, those threshold effects are completely Netramely, the momentum fraction is given by

ligible at W=20 GeV for charm andV=50 GeV for bot-

tom. Similar conclusions are obtained in R¢87]. One m?, m3, ma+(p,—k,)? mi+p?
small difference between the procedure above and the calcu- X;= + >~ 5 1-5
lations in Ref.[37] is the prescription for the longitudinal W (1-2)W

momentum fraction beingQ=mé/z(1—z) in the latter. If (22

we consider a mean value=0.5 for the quark momentum \yhere one has made use of the relations in Ejsand (7)
fraction, the results are completely equivalent. The veryand the energy-momentum conservation law, E&). Al-
close similarity between our predictions and those of Refthough Eq.(22) is well defined, it is involved for practical
[37] corroborates our procedure of calculation. computations and for simplicity we rely on the following
(2) We allow the argument of the strong coupling constantypproximation. We benefit from the results of the
to run with the scaleu®=ki + ug. This procedure is still g _factorization approach applied ®p collisions, in par-
very close to the saturation model, and it is the general proticular for the proton structure function, performed in Ref.
cedure used in calculating observables by other groupgsg]. There, it was verified that for not too high virtualities
[26,27. The termus is introduced in order to avoid diver- Q2 (including photoproductiona suitable approximation is
gences coming from the coupling constant in the infrared,=2xg; . This value is obtained from a careful investigation
region. The valuaLé: 1 Ge\? has been used, motivated by of the contributions in the transverse momentum integration
the value of the saturation scalg;, ensuring that the low range for the corresponding DGLAP piece and for the semi-
transverse momentum region is dominated by that scale. ThHeard approach. The results using the procedure above are
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FIG. 4. Left plot: Thek, profile (charm for the unintegrated cross section from the saturation model for two different procedures
concerning the coupling constant and momentum fraction gsele text Right plot: Thek, profile (charm) for the unintegrated cross
section from the derivative of the collinear gluon distributiv® GRV98 parametrization

shown as the solid lines in Fig. 3, presenting an intermediatw(x,kf), is obtained by unfolding thtgf integration in Eq.
behavior between the first and the second procedures. In paf1). In Fig. 4 we show the profile functions for charm ob-
ticular, the fixed target data are described in .good agreemeptined by using the saturation modplot on the lefi and the
and the results for high energy data are slightly improvedyeriyative of the collinear gluon distributiotplot on the
compared to the equivalent dipole res(dpecially for the right), for fixed target energie<momentum fractionx

charm results =10 2) and high energiesx=10"4). For the saturation

. '?] morr]e detailid cal;ulﬁtion consi?err]ing the resolv?d Partnodel, we consider two of the procedures above, namely, the
of the photon is beyond the scope of the present analysis. I, imatior(fi . h
Ref.[27], the resolved component is considered by includingﬁIlpo e approximatiortfixed as andx, XBlz) and the semi

i : 2__ 2

the off-shell matrix elements identical to those of heavy:azrg .?pzoxaiqocgsz tLuen;:I;%IeV\lfggcﬁor;p;rz I;]gak?ar(]jda;(ozund
quark hadroproduction, convoluted with the photon and th(?<2~813' Ge\2. whereas ak=10"* the K hifted t
proton unintegrated parton densities. In H&f], where the ™~ : peaks are shitted to-
color dipole picture is applied to heavy quark photoproduc\Ward ki =1 GeVe. As expected from results for the total
tion using the saturation model, a vector dominance modeffoSS sectionFig. 3), the semihard approach resuits have a
contribution is included. In our analysis, we only considerl@/g€r normalization than the dipole ones. An important fea-
the matrix elements of the direct component of the photontUré €merging from these results is the dominance of the

According to the authors of Reff39], the y—>c€component smallkf re_gion for the c_harm total cross section. In_deed, at
of the photon is automatically included in the hlzgh egergles the peal§ is of th2e order of the saturation scale,
k, -factorization approach, since there is no restriction on thé(leS , and gont_rlbutlons fOki,zlo GeV* are negl_lglble.
transverse momenta along the evolution chain. Moreover, it FOF the derivative of the collinear gluon d|st2r|but|2(1usu—
is shown in Ref[39], in particular when calculating the*  2lly denotedd-gluon), we choose the scalef=p_ + mg and
(mesons differential cross sectioda/dx,,, that part of the X;=2xgj. We can notice in the right panel of Fig. 4 the
resolved photon contribution is effectively included by the &ffect of the discontinuity in the derivative of the gluon func-
BFKL or Ciafaloni-Catani-Fiorani-MarchesitiCCFM) [40]  tion, Eq.(21), atQg=0.8 Ge\#: the profile function peaks at
evolution, namely, this is included in the evolution of the this value fork=Qj, whereas it has a flatter behavior for
unintegrated gluon distribution, and the off-shell matrix ele-k? below Q3. We can also notice that the profile for the
ments contain only the direct component of the photonderivative of the gluon distribution is broader than in the
When using such approaches in photoproduction, the resaturation model. Still the main contribution comes from the
solved photon contribution is in general not included explic-smallk, region; however, intermediate values of transverse
itly in order to avoid double counting, since the off-shell momentum give a considerable contribution. This will bring
gluon from the BFKL evolution already takes into account athe predictions closer to data, as we will see later on.
certain portion of this contribution. In Fig. 5 we present the results for tke profile for the

In order to investigate the influence of the proceduresdottom, where we compare the different procedures and un-
above on the predictions for the total cross section and tintegrated gluon functions, as in the charm case. Some dif-
find the sourcgiin the transverse momentum range the  ferences in comparison with the charm are evident. For the
main contribution, we propose to consider the profile of  saturation model calculations, the results of the dipole and
the unintegrated cross section. This quantity, denoted bgemihard procedures are very similar, since the sgefle
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FIG. 5. Left plot: Thek, profile (bottom) for the unintegrated cross section from the saturation model for two different procedures
concerning coupling constant and momentum fraction ss&e text Right plot: Thek, profile (bottom) for the unintegrated cross section
from the derivative of the collinear gluon distributiohO GRV98 parametrization

=p?+ mé provides a high virtuality even at very small trans- Proach gives a reasonable description of data already at the
verse momentum due to the large mass of the bottom. ThikO level. The energy dependence is distinct in the calcula-
makes the strong coupling constant very close to the valuéions: the saturation model provides a mild energy growth,
as=0.2 in the wholep, range, as assumed in the original whereas in the collinear approach the growth is steeper. The
saturation model. The results from the derivative of the colcollinear approach and the semihard result using the deriva-
linear gluon distribution keep the same features as in th&ive of the gluon function present a similar energy behavior,
charm case, having again a broa#lerprofile in comparison  with sizable deviations only at low energies near the thresh-
with the saturation model. old.

The study of thek, profile shows the dominant regionin  As a final investigation, we compute tipg distribution
thek, range and the effect of choosing distinct scales for theor charm and bottom quarks using the saturation maate!
coupling and longitudinal momentum fractions. From thejng the three procedures discussed earfed the derivative
profiles discussed above, we expect that the brodspec-  of the collinear gluon distribution, at center of mass energy
trum for the derivative of the collinear gluon function will =200 GeV. The predictions are shown in Fig. 7. A re-
enhance the overall normalization of the total cross section gharkable feature is the finite and well controlled behavior at
high energies, improving the data description in comparisolymalip, for both gluon functions. One can also see the usual

with the saturation model predictions. Motivated by this fact,fa||off at large transverse momentum. The finiteness at zero
we also perform a comparison at the total cross section level

between the two unintegrated gluon functions, namely, the
saturation approach and the derivative of the collinear gluon 10°E

. . FE [—— Saturation Model ‘,E
funtion. In both cases we make our default choice of scale  ,f|=— dGlaon s
2_ A2 2 _ : : . . 10 | © + Collinear
ue=pi+mg and X,=2xg;. This comparison is shown in E| o charmdata
o bottom data

Fig. 6 for both charm and bottom total cross sections. The [
saturation model underestimates high energy data, since th
treatment of QCD evolution is not considered in the original 10’k
model. Recent improvements, taking QCD evolution into ac-2 |
count, should cure this shortcomifl]. The derivative of ‘510‘;—
the collinear gluon distribution gives a better description of ©
high energy data, since it includes the gluon emission re- 10
ferred to above. As expected, it is in disagreement at lower  f
energies, since the nonsingletalence content was not in- 10
cluded in the analysis. In addition, it was also verified that 2L
the corresponding unintegrated distribution function takes E
negative values in that region. For the sake of illustration, we  10%; S T .
also show the parton model resulitollinear approachfor

= W(GeV)
the LO process yg—QQ, where m;=1.3 GeV, m,

=4.75 GeV, andu?=s have been used. This gives a rea- F|G. 6. The results for the charm and bottom total cross sections
sonable description of data given the use of lower heavyonsidering the saturation model, the derivative of the collinear
quark masses or alternatively considering higher order corgluon distribution, and the collinear parton model. See discussion in
rections to the LO calculation. In contrast, the semihard apthe text.
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FIG. 7. Left plot: The charnp, -distribution from the saturation modelsing three distinct procedupesnd the derivative of the collinear
gluon distribution for'W=200 GeV. Right plot: The bottorp, distribution from the saturation modglsing three distinct procedupesnd
the derivative of the collinear gluon distribution féav=200 GeV.

transverse momentum in a LO level calculation is one of the In order to go beyond the leading logarithmic approxima-
main advantages of the semihard approach. Our results aten [In(1/x)], we let the strong coupling constant run and
comparable with those of Ref26,27), which consider other use a suitable longitudinal momentum fraction enteringin
parametrizations for the unintegrated gluon function. Our reThe description of the total cross section data is strongly
sults for the saturation model are quite similar, even usinglependent on those procedures. An additional ingredient in
different prescriptions for the scales @t and for longitudi-  the calculations is a threshold correction factor accounting
nal momentum fraction, with a slight deviation at larger for the low energy behavior. The best agreement is obtained
transverse momentum. The growth at snmallis less steep by the prescriptiomzzpf+mé andx,=2xg;. However, in
in the bottom case than in the charm calculation, because einy case the saturation model slightly underestimates the
the larger bottom mass in the argumenbQf The derivative  high energy experimental results. This comes from the fact
of the collinear gluon distributiond-gluon) produces a simi- that QCD evolution is not present in the original model. In
lar behavior inp, , but with a somewhat higher overall nor- order to investigate the role played by these evolution emis-
malization. sions, we have considered the derivative of the collinear
gluon distribution, which provides a closer connection with
the DGLAP formalism. Indeed, the results for the charm and
bottom total cross sections are in nice agreement at both low
In this paper we investigate in detail the-factorization —and high energies. Recent improvements of the saturation
approach(semihard approaghapplied to heavy quark pho- model considering these emissions are expected to produce
toproduction. In this formalism the cross section is given bysimilar results.
the convolution of off-shell matrix elements with the uninte- It was verified that the study of thie, profile provides
grated parton distributiong-'(xz,kf). The matrix elements important information about the range of transverse momen-
are at present known at LO accuracy, and include most of thim that gives the main contribution for the processes. For
NLO and even NNLO diagrams from the collinear factoriza-the saturation model the most important piece is peaked at
tion approach. This fact is advantageous in heavy quark préhe saturation scalef =Q3. Thek, spectrum is broader for
duction, since NLO calculations in the collinear approachthe derivative of the gluon distributiog(x,,k?). The p,
undershoot datdspecially Tevatron data for the bottom distribution of the produced heavy quarks is also computed,
There are several parametrizations for the unintegrated gluoshowing the effects coming from different prescriptions for
function, relying on the solution of evolution equations orthe scales considered. The results for the saturation model
based on phenomenological considerations. We have inveafre quite similar, even using different prescriptions for the
tigated the application of the saturation model parametrizascales atas and for the longitudinal momentum fraction,
tion, which provide us a safe treatment of the infrared regiorwith a slight deviation at large transverse momentum. The
and includes the onset of the parton saturation phenomenogrowth at smallp, is less steep in the botton case than for
Moreover, the adjustable parameters of this model are exhe charm. The derivative of the collinear gluon distribution
tracted from the high energy HERA data, and therefore thgroduces a similar behavior o .
results are parameter-free. The study of heavy quark photoproduction in the frame-

IV. CONCLUSIONS
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work of the semihard approach improves the understanding
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