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Abstra
t

We 
onsider the prompt photon produ
tion at high energy hadron 
olliders in the frame-

work of k

T

-fa
torization approa
h. The unintegrated quark and gluon distributions in a

proton are determined using the Kimber-Martin-Ryskin pres
ription. The 
onservative er-

ror analisys is performed. We investigate both in
lusive prompt photon and prompt photon

and asso
iated muon produ
tion rates. In Standard Model su
h events 
ome mainly due

to Compton s
attering pro
ess where the �nal heavy (
harm or bottom) quark produ
es a

muon. The theoreti
al results are 
ompared with re
ent experimental data taken by the

D� and CDF 
ollaborations at Fermilab Tevatron. Our analysis also 
overs the azimuthal


orrelations between produ
ed prompt photon and muon whi
h 
an provide an important

information about non-
ollinear parton evolution in a proton. Finally, we extrapolate the

theoreti
al predi
tions to CERN LHC energies.

1 Introdu
tion

It is well known that produ
tion of prompt (or dire
t) photons at high energies has

provided a dire
t probe of the hard subpro
ess dynami
s, sin
e produ
ed photons are largely

insensitive to the �nal-state hadronization e�e
ts. Hadroprodu
tion of prompt photons has

been studied in a number of experiments [1{5℄. Usually photons are 
alled "prompt" if

they are 
oupled to the intera
ting quarks. In the framework of Quantum Chromodynami
s

(QCD) the dominant produ
tion me
hanism for the prompt photons at Tevatron and LHC


olliders is the Compton s
attering gq ! 
q [6℄. It is 
lear that 
ross se
tion of su
h

pro
esses is sensitive to the gluon distributions in a proton. Also observed �nal state photon
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may arise from so 
alled fragmentation pro
esses [7℄, where a quark or gluon is transformed

into 
. The 
ross se
tions of su
h pro
esses involve relative poorly known parton-to-photon

fragmentation fun
tions [8℄. However, the isolation 
riterion whi
h is usually introdu
ed in

experimental analyses substantially redu
es the fragmentation 
omponent (see, for example,

Ref. [9℄). Therefore for the theoreti
al des
ription of prompt photon produ
tion at Tevatron

the detailed knowledge of parton (quark and gluon) distributions in a proton is ne
essary.

Usually quark and gluon densities in a proton are des
ribed by the Dokshitzer-Gribov-

Lipatov-Altarelli-Parizi (DGLAP) evolution equation [10℄ where large logarithmi
 terms pro-

portional to ln�

2

are taken into a

ount only. The 
ross se
tions 
an be rewritten in terms

of pro
ess-dependent hard matrix elements 
onvoluted with universal quark and/or gluon

density fun
tions. In this way the dominant 
ontributions 
ome from diagrams where parton

emissions in initial state are strongly ordered in virtuality. This is 
alled 
ollinear fa
tor-

ization, as the strong ordering means that the virtuality of the parton entering the hard

s
attering matrix elements 
an be negle
ted 
ompared to the large s
ale �.

However, at high energies (or small x � �

2

=s � 1) e�e
ts of �nite virtualities and

transverse momenta of the in
oming partons may be
ome more and more important. These

e�e
ts 
an be systemati
ally a

ounted for in the k

T

-fa
torization QCD approa
h [10{14℄.

Just as for DGLAP, in this way it is possible to fa
torize an observable into a 
onvolution of

pro
ess-dependent hard matrix elements with universal parton distributions. But as the vir-

tualities (and transverse momenta) of the emitted partons are no longer ordered, the matrix

elements have to be taken o�-shell and the 
onvolution made also over transverse momentum

k

T

with the unintegrated (i.e. k

T

-dependent) parton distributions. The unintegrated parton

distribution f

a

(x;k

2

T

) determines the probability to �nd a type a parton 
arrying the longi-

tudinal momentum fra
tion x and the transverse momentum k

T

. In parti
ular, usage of the

unintegrated parton densities have the advantage that it takes into a

ount true kinemati
s

of the pro
ess under 
onsideration even at leading order.

The unintegrated parton distributions f

a

(x;k

2

T

) are a subje
t of intensive studies [15, 16℄.

Various approa
hes to investigate these quantities has been proposed. It is believed that at

assymptoti
ally large energies (or very small x) the theoreti
ally 
orre
t des
ription is given

by the Balitsky-Fadin-Kuraev-Lipatov (BFKL) evolution equation [17℄ where large terms

proportional to ln 1=x are taken into a

ount. Another approa
h, valid for both small and

large x, have been developed by Ciafaloni, Catani, Fiorani and Mar
hesini, and is known as

the CCFM model [18℄. It introdu
es angular ordering of emissions to 
orre
tly treat gluon


oheren
e e�e
ts. In the limit of asymptoti
 energies, it almost equivalent to the BFKL [19{

21℄, but also similar to the DGLAP evolution for large x � 1. The resulting unintegrated

gluon distribution depends on two s
ales, the additional s
ale �q is a variable related to the

maximum angle allowed in the emission and plays the role of the evolution s
ale � in the


ollinear parton densities.

The two-s
ale involved unintegrated parton distributions it is possible to obtain also from

the 
onventional ones using the Kimber-Martin-Ryskin (KMR) pres
ription [22℄. In this

way the � dependen
e in the unintegrated parton distribution enters only in last step of the

evolution, and single s
ale evolution equations 
an be used up to this step. Su
h pro
edure


an be applied to a proton as well as photon and is expe
ted to a

ount for the main part

of the 
onventional next-to-leading logarithmi
 QCD 
orre
tions. The KMR-
onstru
ted

parton densities were used, in parti
ular, to des
ribe the heavy quark produ
tion in 
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ollisions at CERN LEP2 [23℄, prompt photon photoprodu
tion at DESY HERA [24℄ (both

in
lusive and asso
iated with hadroni
 jet) and in
lusive prompt photon hadroprodu
tion at

Fermilab Tevatron [25℄.

Re
ently new experimental data on the p+ �p ! 
+X pro
ess at Tevatron were obtained

by the D� [1, 2℄ and CDF [3, 4℄ 
ollaborations. It was found [1{4℄ that the shape of the

measured 
ross se
tions as a fun
tion of photon transverse energy E




T

is poorly des
ribed

by next-to-leading order (NLO) QCD 
al
ulations: the observed E




T

distribution is steeper

than the predi
tions of perturbative QCD. These shape di�eren
es lead to a signi�
ant

disagreement in the ratio of 
ross se
tions 
al
ulated at di�erent 
enter-of-mass energies

p

s = 630 GeV and

p

s = 1800 GeV as a fun
tion of s
aling variable x

T

= 2E




T

=

p

s. The

disagreement in the x

T

ratio is diÆ
ult to explain with 
onventional theoreti
al un
ertainties


onne
ted with s
ale dependen
e and parametrizations of the parton distributions [2, 3℄.

However, su
h dis
repan
y 
an be redu
ed [26, 27℄ by introdu
ing some additional intrinsi


transverse momentum k

T

of the in
oming partons, whi
h is usually assumed to have a

Gaussian-like distribution [26℄. The average value of this k

T

in
reases from hk

T

i � 0:5

GeV to more than hk

T

i � 2 GeV as the

p

s in
reases from UA6 to Tevatron energies [27℄.

However, in this 
ase the full kinemati
s of the subpro
ess is not taken into a

ount, as it

was argued in Ref. [25℄.

The in
lusive prompt photon hadroprodu
tion at Tevatron in the k

T

-fa
torization QCD

approa
h was 
onsidered in Ref. [25℄. The unintegrated parton distributions in a proton were

obtained using the KMR formalism. The role of the both non-perturbative and perturbative


omponents of partoni
 transverse momentum k

T

in des
ribing of the observed E




T

spe
trum

was investigated. However, the KMR unintegrated parton densities were obtained in the

double leading logarithmi
 approximation (DLLA) only. Also in these 
al
ulations the usual

on-shell matrix elements of hard partoni
 subpro
esses were evaluated with pre
ise o�-shell

kinemati
s.

In the present paper we apply the KMR method to obtain the unintegrated quark and

gluon distributions in a proton f

a

(x;k

2

T

; �

2

) independently from other authors. Then, we

study in
lusive prompt photon hadroprodu
tion at Tevatron in more detail. We 
al
ulate

the double di�erential 
ross se
tions d�=dE




T

d�




at two di�erent 
enter-of-mass energies

p

s = 630 GeV and

p

s = 1800 GeV and 
ompare our theoreti
al results with the re
ent D�

and CDF experimental data [1{4℄. In order to estimate the theoreti
al un
ertainties of our

predi
tions we study the renormalization and fa
torization s
ale dependen
es of 
al
ulated


ross se
tions. Also we study the ratio of 
ross se
tions 
al
ulated at di�erent 
enter-of-mass

energies

p

s = 630 GeV and

p

s = 1800 GeV. After that we extrapolate our predi
tions

to LHC energies. In all these 
al
ulations we use the expressions for the partoni
 o�-shell

matrix elements whi
h were obtained in our previous paper [24℄.

Also we investigate here the prompt photon and asso
iated muon produ
tion at Fermilab

Tevatron. In the Standard Model (SM) these events 
ome mainly due to Compton s
attering

pro
ess g + Q ! 
 + Q, where �nal state muon originates from the semileptoni
 de
ay of

heavy (
harm or bottom) quark Q [5℄. It is important that studying of su
h pro
esses

possible 
an provide an information about new physi
s beyond the SM [28℄. Therefore it is

ne
essary to have a realisti
 estimation of asso
iated 
 + � produ
tion 
ross se
tions within

the QCD. Su
h 
al
ulations in the k

T

-fa
torization QCD approa
h are performed for the �rst

time. In order to investigate the underlying dynami
s in more detail, we study the azimuthal

3




orrelations between the transverse momenta of produ
ed prompt photon and muon. These

quantities are sensitive to the di�erent produ
tion me
hanisms and also are powerful tests

for the non-
ollinear evolution [29, 30℄.

The our paper is organized as follows. In Se
tion 2 the KMR unintegrated parton densities

in a proton are obtained and their properties are dis
ussed. In parti
ular, we 
ompare the

KMR gluon distributions with ones obtained from the full CCFM equation and within the

framework of the Linked Dipole Chain model [31℄ (whi
h is reformulation and generalization

of the CCFM model). In Se
tion 3 we present the basi
 formulas with a brief review of


al
ulation steps. In Se
tion 4 we present the numeri
al results of our 
al
ulations. Finally,

in Se
tion 5, we give some 
on
lusions.

2 The KMR unintegrated partons

The Kimber-Martin-Ryskin approa
h [22℄ is the formalism to 
onstru
t parton distri-

butions f

a

(x;k

2

T

; �

2

) unintegrated over the parton transverse momenta k

2

T

from the known


onventional parton distributions a(x; �

2

), where a = xg or a = xq. This formalism is valid

for a proton as well as photon and 
an embody both DGLAP and BFKL 
ontributions. It

also a

ounts for the angular ordering whi
h 
omes from 
oheren
e e�e
ts in gluon emission.

The key observation here is that the � dependen
e of the unintegrated parton distributions

f

a

(x;k

2

T

; �

2

) enters at the last step of the evolution, and therefore single s
ale evolution

equations (DGLAP or uni�ed DGLAP-BFKL [32℄) 
an be used up to this step. Also it was

shown [22℄ that the unintegrated distributions obtained via uni�ed DGLAP-BFKL evolution

are rather similar to those based on the pure DGLAP equations. It is be
ause the imposition

of the angular ordering 
onstraint is more important than in
luding the BFKL e�e
ts. Based

on this point, in our 
al
ulations we use mu
h more simpler DGLAP equation up to the last

evolution step. In this approximation, the unintegrated quark and gluon distributions are

given [22℄ by

f

q

(x;k

2

T

; �

2

) = T

q

(k

2

T

; �

2

)

�

s

(k

2

T

)

2�

�

�

1

Z

x

dz

�

P

qq

(z)

x

z

q

�

x

z

;k

2

T

�

�(�� z) + P

qg

(z)

x

z

g

�

x

z

;k

2

T

��

;

(1)

f

g

(x;k

2

T

; �

2

) = T

g

(k

2

T

; �

2

)

�

s

(k

2

T

)

2�

�

�

1

Z

x

dz

"

X

q

P

gq

(z)

x

z

q

�

x

z

;k

2

T

�

+ P

gg

(z)

x

z

g

�

x

z

;k

2

T

�

�(�� z)

#

;

(2)

where P

ab

(z) are the usual unregulated leading order DGLAP splitting fun
tions, and q(x; �

2

)

and g(x; �

2

) are the 
onventional quark and gluon densities. The theta fun
tions whi
h

appear in (1) and (2) imply the angular-ordering 
onstraint � = �=(� + jk

T

j) spe
i�
ally

to the last evolution step to regulate the soft gluon singularities. For other evolution steps,

the strong ordering in transverse momentum within the DGLAP equations automati
ally

ensures angular ordering. It is important that parton distributions f

a

(x;k

2

T

; �

2

) extended
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now into the k

2

T

> �

2

region. This fa
t is in the 
lear 
ontrast with the usual DGLAP

evolution

1

.

The virtual (loop) 
ontributions may be resummed to all orders by the quark and gluon

Sudakov form fa
tors

lnT

q

(k

2

T

; �

2

) = �

�

2

Z

k

2

T

dp

2

T

p

2

T

�

s

(p

2

T

)

2�

z

max

Z

0

dzP

qq

(z); (3)

lnT

g

(k

2

T

; �

2

) = �

�

2

Z

k

2

T

dp

2

T

p

2

T

�

s

(p

2

T

)

2�

2

4

n

f

1

Z

0

dzP

qg

(z) +

z

max

Z

z

min

dzzP

gg

(z)

3

5

; (4)

where z

max

= 1 � z

min

= �=(� + jp

T

j). The form fa
tors T

a

(k

2

T

; �

2

) give the probability of

evolving from a s
ale k

2

T

to a s
ale �

2

without parton emission. In a

ording with (3) and

(4) T

a

(k

2

T

; �

2

) = 1 in the k

2

T

> �

2

region.

Note that su
h de�nition of the f

a

(x;k

2

T

; �

2

) is 
orre
t for k

2

T

> �

2

0

only, where �

0

� 1

GeV is the minimum s
ale for whi
h DGLAP evolution of the 
ollinear parton densities

is valid. Everywhere in our numeri
al 
al
ulations we set the starting s
ale �

0

to be equal

�

0

= 1 GeV. Sin
e the starting point of this derivation is the leading order DGLAP equations,

the unintegrated parton distributions must satisfy the normalisation 
ondition

a(x; �

2

) =

�

2

Z

0

f

a

(x;k

2

T

; �

2

)dk

2

T

: (5)

This relation will be exa
tly satis�ed if we de�ne [22℄

f

a

(x;k

2

T

; �

2

)j

k

2

T

<�

2

0

= a(x; �

2

0

)T

a

(�

2

0

; �

2

): (6)

Then, we have obtained the unintegrated parton distributions in a proton. In Figure 1 we

show these densities f

a

(x;k

2

T

; �

2

) at s
ale �

2

= 100GeV

2

as a fun
tion of x for di�erent

values of k

2

T

, namely k

2

T

= 2GeV

2

(a), k

2

T

= 5GeV

2

(b), k

2

T

= 10GeV

2

(
) and k

2

T

=

20GeV

2

(d). The solid, dashed, short dashed, dotted, dash-dotted and short dash-dotted

lines 
orrespond to the unintegrated gluon (divided by fa
tor 10), u+�u, d+

�

d, s, 
 and b quark

distributions, respe
tively. We have used here the standard leading-order Gl�u
k-Reya-Vogt

(GRV) parametrizations [33℄ of the 
ollinear quark and gluon densities a(x; �

2

). Note that

unintegrated 
 and b quark distributions at k

2

T

= 2GeV

2

are very similar and 
annot be

really resolved in Figure 1. Also we have 
he
ked numeri
ally that normalization 
ondition

(5) is 
orre
tly satis�ed for all unintegrated parton distributions f

a

(x;k

2

T

; �

2

).

It is interesting to 
ompare the KMR-
onstru
ted unintegrated parton densities with the

distributions obtained in other approa
hes. Re
ently the full CCFM equation in a proton

was solved numeri
ally using a Monte Carlo method, and new �ts of the unintegrated gluon

distributions (J2003 set 1 | 3) have been presented [34℄. The input parameters were �tted

1

We would like to note that 
ut-o� � 
an be taken � = jk

T

j=� also [25℄. In this 
ase the unintegrated

parton distributions given by (1) | (2) vanish for k

2

T

> �

2

in a

ordan
e with the DGLAP strong ordering

in k

2

T

.
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to des
ribe the proton stru
ture fun
tion F

2

(x;Q

2

). These unintegrated gluon densities were

used also in analysis of the forward jet produ
tion at HERA, 
harm and bottom produ
tion

at Tevatron [34℄, and 
harm and J= produ
tion at LEP2 energies [35℄. Also three di�erent

versions of the unintegrated gluon distributions obtained in the framework of the Linked

Dipole Chain (LDC) model have been presented [36℄. These gluon densities has been �tted

to the in
lusive F

2

data at HERA and already were used, in parti
ular, in analysis [37℄ of

the 
harm and beauty hadroprodu
tion at Tevatron. In Figure 2 we plot the KMR (as a

solid lines), the J2003 set 1 (as a dashed lines) unintegrated gluon distributions and so 
alled

standard version of the LDC unintegrated gluon distribution (as a dash-dotted lines) at s
ale

�

2

= 100GeV

2

as a fun
tion of x for di�erent values of gluon k

2

T

, namely k

2

T

= 2GeV

2

(a),

k

2

T

= 10GeV

2

(b), k

2

T

= 20GeV

2

(
) and k

2

T

= 50GeV

2

(d). One 
an see that behaviour of

di�erent unintegrated parton distributions in the small k

2

T

region (whi
h essentially drives

the total 
ross se
tions) is very di�erent. At the same time the di�eren
es between these

distributions tends to be small when gluon transverse momentum k

2

T

is large. Therefore the

dependen
e of our predi
tions on the evolution s
heme possible may be rather large, and

further theoreti
al attempts are ne
essary to redu
e this un
ertainty.

3 Cal
ulation details

3.1 The subpro
esses under 
onsideration

The main 
ontribution to the prompt photon produ
tion in proton-antiproton 
ollisions at

Tevatron and LHC 
olliders 
omes from quark-gluon and quark-antiquark indu
ed partoni


subpro
esses:

q(k

1

) + g(k

2

)! 
(p




) + q(p

0

); (7)

q(k

1

) + �q(k

2

)! 
(p




) + g(p

0

); (8)

where the parti
les four-momenta are given in parentheses. Additionally, photons 
an be

produ
ed through the fragmentation of a partoni
 jet into a single photon 
arrying a large

fra
tion z of the jet energy [7℄. These pro
esses are des
ribed in terms of quark-to-photon

D

q!


(z; �

2

) and gluon-to-photon D

g!


(z; �

2

) fragmentation fun
tions [8℄. The main feature

of the fragmentation 
ontribution in leading order is fa
t that produ
ed jet is balan
ed by a

photon on the opposite side of the event and a

ompanied by 
ollinear photon on the same

side of the event.

It is important that in order to redu
e the huge ba
kground from the se
ondary photons

produ
ed by the de
ays of �

0

and � mesons the isolation 
riterion is introdu
ed in the

experimental analyses. This 
riterion is the following. A photon is isolated if the amount of

hadroni
 transverse energy E

had

T

, deposited inside a 
one with aperture R 
entered around

the photon dire
tion in the pseudo-rapidity and azimuthal angle plane, is smaller than some

value E

max

T

:

E

had

T

� E

max

T

;

(� � �




)

2

+ (�� �




)

2

� R

2

:

(9)

The both D� and CDF 
ollaborations take R � 0:4 and E

max

T

� 1 GeV in the experiment [1{

5℄. Isolation not only redu
es the ba
kground but also signi�
antly redu
es the fragmentation

6




omponents. It was shown [38℄ that after applying the isolation 
ut (9) the 
ontribution

from the fragmentation subpro
esses is about 10% of the total 
ross se
tion. Sin
e the

dependen
e of our results on the non-
ollinear parton evolution s
heme may be rather large

(as it was demonstrated in Se
tion 2), in our further analysis we will negle
t the relative

small fragmentation 
ontribution and 
onsider only the q + g ! 
 + q and q + �q ! 
 + g

subpro
esses. We would like to note that photon produ
ed in these pro
esses is isolated from

the quark or gluon jet by requiring a non-zero transverse momentum of a photon or jet in

the p�p 
enter-of-mass frame.

3.2 Kinemati
s

Let p

1

and p

2

be the four-momenta of the in
oming protons. The initial o�-shell par-

tons have the four-momenta k

1

and k

2

. In our analysis below we will use the Sudakov

de
omposition, whi
h has the following form:

p




= �

1

p

1

+ �

1

p

2

+ p




T

; p

0

= �

2

p

1

+ �

2

p

2

+ p

0

T

;

k

1

= x

1

p

1

+ k

1T

; k

2

= x

2

p

2

+ k

2T

;

(7)

where k

1T

, k

2T

, p




T

and p

0

T

are the transverse four-momenta of the 
orresponding parti
les.

It is important that k

2

1T

= �k

2

1T

6= 0 and k

2

2T

= �k

2

2T

6= 0. In the p�p 
enter-of-mass frame

we 
an write

p

1

=

p

s=2(1; 0; 0; 1); p

2

=

p

s=2(1; 0; 0;�1); (8)

where s = (p

1

+ p

2

)

2

is the total energy of the pro
ess under 
onsideration and we negle
t

the masses of the in
oming protons. The Sudakov variables are expressed as follows:

�

1

=

E




T

p

s

exp(y




); �

2

=

m

0

T

p

s

exp(y

0

);

�

1

=

E




T

p

s

exp(�y




); �

2

=

m

0

T

p

s

exp(�y

0

);

(9)

where E




T

and m

0

T

are the transverse enegy and transverse mass of produ
ed photon and

outgoing parton, respe
tively, and y




and y

0

are their rapidities (in the p�p 
enter-of-mass

frame). The photon pseudo-rapidity �




is de�ned as �




= � ln tan(�




=2), where �




is the

polar angle of the prompt photon with respe
t to the proton beam. From the 
onservation

laws we 
an easily obtain the following 
onditions:

x

1

= �

1

+ �

2

; x

2

= �

1

+ �

2

; k

1T

+ k

2T

= p




T

+ p

0

T

: (10)

The s
aling variable x

T

= 2E




T

=

p

s is also often used in analysis of the prompt photon

produ
tion.

3.3 Cross se
tion for prompt photon produ
tion

The total 
ross se
tion for prompt photon hadroprodu
tion at high energies in the k

T

-

fa
torization QCD approa
h 
an be written as

d�(p+ �p ! 
 +X) =

X

a;b

Z

dx

1

x

1

f

a

(x

1

;k

2

1T

; �

2

)dk

2

1T

d�

1

2�

�

�

Z

dx

2

x

2

f

b

(x

2

;k

2

2T

; �

2

)dk

2

2T

d�

2

2�

d�̂(ab! 

);

(11)
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where a : : : 
 = q and/or g, �̂(ab ! 

) is the 
ross se
tion of the photon produ
tion in

the 
orresponding parton-parton intera
tion. Here initial partons a and b have longitudinal

momentum fra
tions x

1

and x

2

, non-zero transverse momenta k

1T

and k

2T

and azimuthal

angles �

1

and �

2

. From the expression (11) we 
an easily obtain the formula:

�(p+ �p ! 
 +X) =

X

a;b

Z

E




T

8�(x

1

x

2

s)

2

j

�

Mj

2

(ab! 

)�

�f

a

(x

1

;k

2

1T

; �

2

)f

b

(x

2

;k

2

2T

; �

2

)dk

2

1T

dk

2

2T

dE




T

dy




dy




d�

1

2�

d�

2

2�

d�




2�

;

(12)

where j

�

Mj

2

(ab ! 

) is the hard partoni
 squared o�-mass shell matrix element whi
h

depends on the transverse momenta k

2

1T

and k

2

2T

, y




is the rapidity of the parton 
 in the p�p


enter-of-mass frame, �

1

, �

2

and �




are the azimuthal angles of the initial partons a, b and

produ
ed prompt photon, respe
tively. The analyti
 expression for the j

�

Mj

2

(ab! 

) was

obtained in our previous paper [24℄. We would like to note that if we average the expression

(12) over k

1T

and k

2T

and take the limit k

2

1T

! 0 and k

2

2T

! 0, then we obtain well-known

expression for the prompt photon hadroprodu
tion in leading-order (LO) perturbative QCD.

The multidimensional integration in (12) has been performed by means of the Monte

Carlo te
hnique, using the routine VEGAS [39℄. The full C++ 
ode is available from the

authors on request

2

.

4 Numeri
al results

We now are in a position to present our numeri
al results. First we des
ribe our theoret-

i
al input and the kinemati
al 
onditions. After we �xed the unintegrated parton distribu-

tions in a proton f

a

(x;k

2

T

; �

2

), the 
ross se
tion (12) depends on the energy s
ale �. As it

often done [38℄ for prompt photon produ
tion, we 
hoose the fa
torization and renormaliza-

tion s
ales to be equal �

F

= �

R

= � = �E




T

. In order to estimate the theoreti
al un
ertainties

of our 
al
ulations we will vary the s
ale parameter � between 1/2 and 2 about the default

value � = 1. Also we use LO formula for the strong 
oupling 
onstant �

s

(�

2

) with n

f

= 3

a
tive (massless) quark 
avours and �

QCD

= 232 MeV, su
h that �

s

(M

2

Z

) = 0:1169. In our

analysis we not negle
t the 
harm and bottom quark masses and set them to be m




= 1:5

GeV and m

b

= 4:75 GeV, respe
tively.

4.1 In
lusive prompt photon produ
tion at Tevatron

Experimental data [1{4℄ for the in
lusive prompt photon hadroprodu
tion p+ �p ! 
+X


ome from both the D� and CDF 
ollaborations. The D� [1, 2℄ data were obtained in the


entral and forward pseudo-rapidity regions for two di�erent 
enter-of-mass energies, namely

p

s = 630 GeV and

p

s = 1800 GeV. The 
entral pseudo-rapidity region is de�ned by the

requirement j�




j < 0:9, and the forward one is de�ned by 1:6 < j�




j < 2:5. The more

re
ent CDF data [3℄ refer to the same 
entral kinemati
al region j�




j < 0:9 for both beam

energies

p

s = 630 GeV and

p

s = 1800 GeV. Also very re
ently the CDF 
ollaboration has

2

lipatov�theory.sinp.msu.ru

8



presented a new measurement [4℄ of the prompt photon 
ross se
tion at

p

s = 1800 GeV.

This measurement is based on events where the photon 
onverts into an ele
tron-positron

pair in the material of inner dete
tor, resulting in a two tra
k event signature ("
onversion"

data). These data refer only to the 
entral kinemati
al region. A
tually, there are two

di�erent datasets, whi
h were used in the CDF measurement with 
onversions, namely 8 GeV

ele
tron data and 23 GeV photon data

3

. In all these measurements the double di�erential


ross se
tions d�=dE




T

d�




as a fun
tion of the transverse energy E




T

are determined.

The results of our 
al
ulations are shown in Figs. 3 | 9. So, Figs. 3 and 4 
onfront the


ross se
tions d�=dE




T

d�





al
ulated at

p

s = 630 GeV in di�erent kinemati
al regions with

the D� [2℄ and CDF [3℄ data. The solid lines are obtained by �xing both the fa
torization

and renormalization s
ales at the default value � = E




T

whereas upper and lower dashed

lines 
orrespond to the � = E




T

=2 and � = 2E




T

s
ales, respe
tively. One 
an see that our

predi
tions agree with the experimental data within the s
ale un
ertainties. However, the

results of 
al
ulation with the default s
ale tend to underestimate the data in the 
entral

kinemati
al region and agree with the D� data in the forward �




region. The 
ollinear NLO

QCD 
al
ulations [38℄ give the similar des
ription of the data: the results of measurement are

higher than the NLO predi
tion at low E




T

in the 
entral �




range but agree at all E




T

in the

forward pseudo-rapidity region. Then, one 
an see that the s
ale dependen
e of our results is

rather large: the variation in � as it was des
ribed above 
hanges the 
ross se
tions by about

20 | 30%. The theoreti
al un
ertainties of the 
ollinear NLO 
al
ulations are similar (about

20%) [2℄. However, one should keep in mind that additional dependen
e of our results on

the evolution s
heme may be also rather large (as it was dis
ussed in Se
tion 2), and overall

agreement with the experimental data 
an be improved when unintegrated quark and gluon

distributions in a proton will be studied more detail. At the same time the use of di�erent

sets of the parton distributions in NLO 
al
ulations 
hanges the 
ross se
tions by less than

5% [2, 3℄.

The double di�erential 
ross se
tions d�=dE




T

d�





ompared with the experimental data at

p

s = 1800 GeV in di�erent pseudo-rapidity regions are shown in Figs. 5 | 7. All 
urves here

are the same as in Fig. 3. We �nd that our predi
tions agree well with the D� [1℄ and CDF [3,

4℄ data both in normalization and shape. There are only rather small overestimation of the

data at low E




T

values in Figs. 6 and 7. Again, the s
ale dependen
e of our 
al
ulations

is about 20 | 30%. The theoreti
al un
ertainties of the 
ollinear NLO predi
tions are

mu
h smaller, about 6% [1℄. Note that now NLO 
al
ulations agree with the data more

qualitatively. So, the shape of the measured 
ross se
tions is generally steeper than that of

the NLO predi
tions. It was shown [3, 4℄ that this shape di�eren
e is diÆ
ult to explain

simply by 
hanging the renormalization/fa
torization s
ales in the 
ollinear 
al
ulation, or

the set of parton distribution fun
tions.

Also the disagreement between data and NLO 
al
ulations is visible [2, 3℄ in the ratio of

the 
ross se
tions at di�erent energies. This quantity is known as a very informative subje
t

of investigations and provides a pre
ise test of the QCD 
al
ulations. It is be
ause many

fa
tors whi
h a�e
t the absolute normalization, as well as many theoreti
al and experimental

un
ertainties partially or 
ompletely 
an
el out [2, 3℄. In parti
ular, the 
ross se
tion ratio

provides a dire
t probe of the matrix elements of the hard partoni
 subpro
esses sin
e the

3

See Ref. [4℄ for more details.
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theoreti
al un
ertainties due to the quark and gluon distributions are redu
ed.

So, the D� 
ollaboration has published the results of measurement [2℄ for the ratio of

630 GeV and 1800 GeV dimensionless 
ross se
tions �

D

as a fun
tion of s
aling variable x

T

.

The measured 
ross se
tion �

D

averaged over azimuth is de�ned as

�

D

=

1

2�

(E




T

)

3

d�

dE




T

d�




: (13)

The ratio �

D

(630GeV)=�

D

(1800GeV) 
ompared with the D� experimental data [2℄ in dif-

ferent pseudo-rapidity �




regions is shown in Figs. 8 and 9. The solid lines represent the

k

T

-fa
torization predi
tions at default s
ale �. For 
omparison we show also the results of

the 
ollinear leading-order (LO) QCD 
al
ulations with the GRV parton densities [33℄ of

a proton (as a dashed lines). Note that when we perform the LO QCD 
al
ulations we

take into a

ount the partoni
 subpro
esses (7) and (8) and negle
t the small fragmenta-

tion 
ontributions, as it was done in the k

T

-fa
torization 
ase. It is 
lear that although the

experimental points have large errors they tend to support the k

T

-fa
torization predi
tions.

We would like to point out again that now sensitivity of our results to the non-
ollinear

evolution s
heme is minimized. In the 
ollinear approa
h, the NLO 
orre
tions improve the

des
ription of the data and then sum of LO and NLO 
ontributions pra
ti
ally 
oin
ides with

our results at x

T

> 0:05 [2℄. This fa
t is 
lear indi
ates that the main part of the 
ollinear

high-order 
orre
tions is already in
luded at leading-order level in the k

T

-fa
torization for-

malism

4

. Nevertheless, the experimental data at the lowest x

T

are systemati
ally higher [2℄

than NLO QCD predi
tions in both 
entral and forward pseudo-rapidity regions, and it was


laimed [3℄ that ratio of the two 
ross se
tions as a fun
tion of the x

T

is diÆ
ult to re
on
ile

with the NLO QCD 
al
ulations.

4.2 Asso
iated prompt photon and muon produ
tion at Tevatron

Now we investigate the prompt photon and asso
iated muon produ
tion at Tevatron.

These events are assumed to 
ome from asso
iated prompt photon and heavy (
harm or

bottom) quark produ
tion with the heavy quark de
aying into a muon [5℄. To 
al
ulate

muon produ
tion from heavy quarks we �rst 
onvert 
harm (bottom) quarks into D (B)

hadrons using the Peterson fragmentation fun
tion [40℄ and then simulate their semileptoni


de
ay a

ording to Standard Model. Our default set of the fragmentation parameters and

bran
hing rations is �




= 0:06, f(
 ! �) = 10:2% and �

b

= 0:06, f(b ! �) = 10:8%.

Of 
ourse, muon transverse momenta spe
tra are sensitive to the fragmentation fun
tions.

However, this dependen
e is expe
ted to be small as 
ompared with the s
ale un
ertainties

and the un
ertainties 
onne
ted with unintegrated parton densities. On the other hand, the

variations of �




and �

b

do not a�e
t on the azimuthal angle distribution (whi
h is one of the

main subje
t of our study) be
ause a fragmentation does not 
hange the dire
tion of the

quark or hadron momentum.

The experimental data for the 
+� 
ross se
tion at Tevatron 
ome from CDF 
ollabora-

tion [5℄. The di�erential 
ross se
tion d�=dp




T

at

p

s = 1800 GeV was obtained. The photon

pseudo-rapidity is required to be within j�




j < 0:9 region whereas the muon transverse

momentum and pseudo-rapidity are required to be p

�

T

> 4 GeV and j�

�

j < 1:0.

4

See Refs. [15, 16℄ for more details.
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The transverse momentum distribution d�=dp




T

in 
omparison to experimental data [5℄

is shown in Fig. 10. All 
urves here are the same as in Fig. 3. One 
an see that the

shape of this distribution is well des
ribed by our 
al
ulations. However, the theoreti
al

results slightly overestimate the data in absolute normalization. This fa
t 
an be 
onne
ted

with the GRV [33℄ parametrization of 
harm and bottom 
ollinear densities of a proton

(whi
h are one of the basi
 ingredients of our derivation). Note, however, that in general

the experimental points still lie within s
ale un
ertainties (about 30%) of our 
al
ulations.

It is important also that our predi
tions pra
ti
ally 
oin
ide with the results of 
ollinear

NLO QCD 
al
ulations [41℄, whi
h are mu
h larger than LO ones [5℄. This fa
t 
learly

demonstrates again that the main part of the standard high-order 
orre
tions is already

e�e
tively in
luded in the k

T

-fa
torization approa
h.

Further understanding of the pro
ess dynami
s and in parti
ular of the high-order e�e
ts

may be obtained from the angular 
orrelation between the transverse momenta of the �nal

state parti
les. It was shown [30℄ that investigation of these 
orrelations is a powerful test for

the non-
ollinear parton evolution dynami
s. This is be
ause su
h quantities are sensitive

to relative 
ontributions of di�erent produ
tion me
hanisms to the total 
ross se
tion. So,

in the 
ollinear LO approximation, the prompt photon and heavy quark Q are produ
ed

ba
k-to-ba
k. Therefore distribution over the azimuthal angle di�eren
e ��


Q

must be

simply a delta fun
tion at ��


Q

= �. Taking into a

ount the non-vanishing initial parton

transverse momenta k

1T

and k

2T

leads to the violation of this ba
k-to-ba
k kinemati
s in

the k

T

-fa
torization approa
h.

The di�erential 
ross se
tion d�=d��


�


al
ulated at p

�

T

> 4 GeV, j�

�

j < 1:0 and j�




j <

0:9 is shown in Fig. 11. The solid and both dashed lines here are the same as in Fig. 3. The

LO QCD 
ontribution also shown (as a dash-dotted line). One 
an see a 
lear di�eren
e

in shape between k

T

-fa
torization results and 
ollinear LO QCD ones. As it was expe
ted,

the LO QCD predi
ts only a peak at ��


�

= �. The small broadering of ��


�

distribution

illustrates the e�e
t of Q ! � de
ays. Unfortunately, the predi
tions of the NLO QCD

for this distribution are still unknown. The dire
t 
omparison between NLO 
al
ulations

and our results should give a number of interesting insighs. In parti
ular, it 
an provide

an important information about high-order terms whi
h are missed in the leading-order k

T

-

fa
torization approa
h. In any 
ase, the future theoreti
al and experimental study of su
h

pro
esses will be important 
he
k of non-
ollinear parton evolution.

4.3 In
lusive prompt photon produ
tion at LHC

We 
an 
on
lude from Figs. 3 | 11 that our 
al
ulations in general agree well with

experimental data [1{5℄ taken by the D� and CDF 
ollaborations at Tevatron. Based on

this point, now we 
an try to extrapolate our theoreti
al predi
tions to LHC energies. We

perform the 
al
ulation for both 
entral and forward pseudo-rapidities �




. As a representative

example, we will de�ne the 
entral and forward kinemati
al regions by the requirements

j�




j < 2:5 and 2:5 < j�




j < 4, respe
tively.

The transverse energy E




T

distributions of the in
lusive prompt photon produ
tion in

di�erent �




ranges at

p

s = 14 TeV are shown in Figs. 12 and 13. All 
urves here are the

same as in Fig. 3. One 
an see that variation in s
ale � 
hanges the estimated 
ross se
tions by

about 20 | 30%. However, as it was already dis
ussed above, there are additional theoreti
al
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un
ertainties due to the non-
ollinear parton evolution, and these un
ertainties are not well

studied up to this time. Also the extrapolation of the available parton distribution to the

region of lower x is a spe
ial problem at the LHC energies. In parti
ular, one of the problem

is 
onne
ted with the 
orre
t treatment of saturation e�e
ts in small x region

5

. Therefore

mu
h more work needs to be done until these un
ertainties will be redu
ed.

5 Con
lusions

We present 
al
ulations of the prompt photon hadroprodu
tion at high energies in the

k

T

-fa
torization QCD approa
h. In order to obtain the unintegrated quark and gluon dis-

tributions in a proton we have used the Kimber-Martin-Ryskin pres
ription. We have in-

vestigated both in
lusive prompt photon and asso
iated with muon produ
tion rates. The

asso
iated 
+� events 
ome primarily due to the Compton s
attering pro
ess g+Q! 
+Q,

with the �nal state heavy (
harm or bottom) quark Q produ
ing a muon. The 
al
ulations

of su
h 
ross se
tions in the k

T

-fa
torization approa
h were performed for the �rst time.

We have found that our predi
tions for the in
lusive prompt photon produ
tion agree well

with experimental data taken by the D� and CDF 
ollaborations at Tevatron in both 
entral

and forward pseudo-rapidity regions. It is very important that perfe
t agreement was found

also in the ratio of two 
ross se
tions 
al
ulated at

p

s = 630 GeV and

p

s = 1800 GeV. This

ratio provides a dire
t probe of the QCD matrix elements sin
e in this 
ase the theoreti
al

un
ertainties 
onne
ted to the parton distributions are signi�
antly redu
ed. We have also

demonstrated that the main part of the standard high-order 
orre
tions is already in
luded

in the k

T

-fa
torization formalism at LO level. Additionally, we present our predi
tions for

the in
lusive prompt photon produ
tion at LHC.

At the same time our results for asso
iated 
 + � produ
tion tend to overestimate the

CDF data but still agree with data within the s
ale un
ertainties. We have demonstrated

also the signi�
ant deviation from ba
k-to-ba
k kinemati
s in prompt photon and asso
iated

muon produ
tion. We 
an expe
t that further theoreti
al and experimental study of su
h

pro
esses will give an important information about non-
ollinear parton evolution dynami
s.

In order to investigate the theoreti
al un
ertainties of our results we have studied the

sensitivity of our predi
tions to the renormalization and fa
torization s
ales. We have found

that this dependen
e is about 20 | 30% in wide 
enter-of-mass energy range. There are,

of 
ourse, also additional un
ertainties due to unintegrated parton distributions in a proton.

Therefore mu
h more work needs to be done before these un
ertainties will be redu
ed.

Finally, in our analysis we negle
t the 
ontribution from the fragmentation pro
esses. We

plan to investigate these problems in more detail in the forth
oming publi
ations.
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Figure 1: The unintegrated parton distributions f

a

(x;k

2

T

; �
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) at s
ale �

2

= 100GeV

2

as

a fun
tion of x for di�erent values of k
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, namely k
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= 2GeV
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(a), k
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(b),

k
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= 10GeV

2

(
) and k

2

T

= 20GeV

2

(d). The solid, dashed, short dashed, dotted, dash-

dotted and short dash-dotted lines 
orrespond to the unintegrated gluon (divided by fa
tor

10), u+ �u, d+

�

d, s, 
 and b quark distributions, respe
tively.
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Figure 2: The unitegrated gluon distributions f
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) and k
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(d). The solid, dashed and dash-dotted lines 
orrespond

to the KMR, J2003 set 1 and standard version of the LDC unintegrated gluon densities,

respe
tively.
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Figure 3: The double di�erential 
ross se
tion d�=dE




T

d�




for in
lusive prompt photon

hadroprodu
tion at j�




j < 0:9 and

p

s = 630 GeV. The solid line 
orresponds to the de-

fault s
ale � = E




T

, whereas upper and lower dashed lines 
orrespond to the � = E




T

=2 and

� = 2E




T

s
ales, respe
tively. The experimental data are from D� [2℄ and CDF [3℄.
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Figure 4: The double di�erential 
ross se
tion d�=dE




T

d�




for in
lusive prompt photon

hadroprodu
tion at 1:6 < j�




j < 2:5 and

p

s = 630 GeV. All 
urves are the same as in

Figure 3. The experimental data are from D� [2℄.
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Figure 5: The double di�erential 
ross se
tion d�=dE




T

d�




for in
lusive prompt photon

hadroprodu
tion at j�




j < 0:9 and

p

s = 1800 GeV. All 
urves are the same as in Fig-

ure 3. The experimental data are from D� [1℄ and CDF [3℄.
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Figure 6: The double di�erential 
ross se
tion d�=dE




T

d�




for in
lusive prompt photon

hadroprodu
tion at 1:6 < j�




j < 2:5 and

p

s = 1800 GeV. All 
urves are the same as

in Figure 3. The experimental data are from D� [1℄.
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Figure 7: The double di�erential 
ross se
tion d�=dE




T

d�




for in
lusive prompt photon

hadroprodu
tion at j�




j < 0:9 and

p

s = 1800 GeV. All 
urves are the same as in Fig-

ure 3. The experimental data are from CDF [4℄.
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Figure 8: The ratio of the dimensionless 
ross se
tions �

D

(630GeV)=�

D

(1800GeV) as a fun
-

tion of s
aling variable x

T

at j�




j < 0:9. The solid line was obtained in the k

T

-fa
torization

approa
h whereas dashed line 
orresponds to the 
ollinear leading-order QCD 
al
ulations

with the GRV parton densities of the proton. The renormalization and fa
torization s
ales

are � = E




T

. The experimental data are from D� [2℄.
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Figure 9: The ratio of the dimensionless 
ross se
tions �

D

(630GeV)=�

D

(1800GeV) as a

fun
tion of s
aling variable x

T

at 1:6 < j�




j < 2:5. All 
urves are the same as in Figure 8.

The experimental data are from D� [2℄.
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Figure 10: The di�erential 
ross se
tion d�=dp




T

for asso
iated prompt photon and muon

hadroprodu
tion at j�




j < 0:9, j�

�

j < 1:0, p

�

T

> 4 GeV and

p

s = 1800 GeV. All 
urves are

the same as in Figure 3. The experimental data are from CDF [5℄.
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Figure 11: Azimuthal 
orrelations in asso
iated prompt photon and muon hadroprodu
tion

at j�




j < 0:9, j�

�

j < 1:0, p

�

T

> 4 GeV and

p

s = 1800 GeV. The solid line 
orresponds to

the default s
ale � = E




T

, whereas upper and lower dashed lines 
orrespond to the � = E




T

=2

and � = 2E




T

s
ales, respe
tively. The dash-dotted line 
orrespond to the sole LO QCD


al
ulations at � = E




T

.
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Figure 12: The di�erential 
ross se
tion d�=dE




T

for in
lusive prompt photon hadroprodu
-

tion at j�




j < 2:5 and

p

s = 14 TeV. All 
urves are the same as in Figure 3.
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Figure 13: The di�erential 
ross se
tion d�=dE




T

for in
lusive prompt photon hadroprodu
-

tion at 2:5 < j�




j < 4 and

p

s = 14 TeV. All 
urves are the same as in Figure 3.
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