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Heavy-quark production as a sensitive test for an improved description
of high-energy hadron collisions
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QCD dynamics at small quark and gluon momentum fractions or large total energy, which plays a major role
for DESY HERA, the Fermilab Tevatron, BNL RHIC and CERN LHC physics, is still poorly understood. For

one of the simplest processes, namelybb̄ production, next-to-leading-order perturbation theory fails. We show
that the combination of two recently developed theoretical concepts, thek' factorization and the next-to-
leading-logarithmic-approximation Balitski�-Fadin-Kuraev-Lipatov vertex, gives perfect agreement with data.
One can therefore hope that these concepts provide a valuable foundation for the description of other high
energy processes.

PACS number~s!: 12.38.Bx, 13.85.Fb
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Existing QCD calculations describe many high-ener
observables which involve partonic transverse momen
rather poorly. This is also true for the theoretically especia
clean case ofbb̄ production, which was investigated expe
mentally at Fermilab@1#. Since central quark-antiquark pro
duction atAs51.8 TeV is sensitive to a very small gluo
momentum fractionx'1022– 1024, one probes the gluon
content of the nucleon at smallx, which is a central issue o
current research. We reconsider this process and com
as essential new ingredients, thekt-factorization scheme
with the next-to-leading-logarithmic-approximation~NLLA !
Balitski�-Fadin-Kuraev-Lipatov~BFKL! production vertex
derived in@2#. Thekt-factorization approach for the descrip
tion of high-energy processes@3–6# differs strongly from the
conventional NLO collinear approximation~e.g., @7#! be-
cause it takes the nonvanishing transverse momenta o
scattering partons into account. The usual gluon densities
replaced by unintegrated gluon distributions which depe
on the transverse momentumkt . These, together with thekt
factorization, form a basis for a general calculation sche
for high energy~i.e., small x). The standard collinear ap
proximation has the advantage of being closely related to
operator product expansion. It is, however, only justified
the processes dominated byx5O(1). In application to pro-
cesses governed by smallx thekt-factorization approach ha
the advantage that its approximations correspond to
dominant kinematics. Essential smallx contributions are in-
cluded in the Born approximation which in the collinear a
proach are accounted for in higher orders only. This is w
known from the case of structure functions where
Doskshitzer-Gribov-Lipatov-Altarelli-Parisi~DGLAP! evo-
lution is appropriate forx5O(1) and the BFKL evolution
for small x.

While the kt-factorization formalism is very attractiv
theoretically, its phenomenological usefulness has b
mostly tested in the case of the structure functionF2 @9,10#.
The NLLA BFKL vertices are just the ones needed to tr
semihard central production at collider energies in this
proach.
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In our calculation we use one particular element of t
NLLA BFKL formalism @2,8#, namely, the effective vertex
for quark-antiquark production. Thus our calculation can
seen as a first phenomenological application of this ver
which decides whether the NLLA BFKL formalism can b
hoped to converge.

One special aspect of the reaction we investigate is
possible loss of gauge invariance when aqq̄ production ver-
tex is incorporated into an amplitude with off-shell gluon
In the BFKL approach, however, gauge invariance is ensu
automatically by the use of the just-mentioned NLL effecti
vertex which is valid in quasi-multi-Regge kinematics, i.
when theq and q̄ have similar rapidities and form a cluste
~in contrast with the LLA, where the particles are produc
with a large rapidity gap!.

We begin with the following definition for the light con
coordinates and the momenta of the scattering hadrons in
c.m. frame:

k15k01k3, k25k02k3, k'5~0,k1,k2,0!5~0,k,0!.

P1
15P2

25As, P1
25P2

150, P1'5P2'50.

The Mandelstam variables is as usual the c.m. energ
squared. As defined in Fig. 1,q1 andq2 are the momenta o

FIG. 1. The basic diagram.
©2000 The American Physical Society02-1
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the gluons and the on-shell quark and antiquark have
mentum k1, respectively,k2. In the high-energy~large-s)
regime we have

k1
11k2

15q1
12q2

1'q1
1 ,

k1
21k2

25q1
22q2

2'2q2
2 ,

q1
2'q1'

2 , q2
2'q2'

2 .

The longitudinal momentum fractions of the gluons arex1

5q1
1/P1

1 , x252q2
2/P2

2 .
The cross section for heavy-quark pair production in

kt-factorization approach is then given by@3,4#

sP1P2→qq̄X5
1

16~2p!4E d3k1

k1
1

d3k2

k2
1

d2q1'd2q2'

3d2~q1'2q2'2k1'2k2'!F~x1 ,q1'!
1

~q1'
2 !2

3H c†c2c1cc2c1

~N221!2 J 1

~q2'
2 !2

F~x2 ,q2'!. ~1!

The factor (N221)2 reflects the projection on color single
where N is the number of colors. The hard amplitud
cc2c1(x1 ,x2 ,q1' ,q2' ,k1 ,k2) is calculable in perturbation
theory, whereas the unintegrated gluon distributionF(x,q')
has to be measured or modeled. We choose the argumenm2

of the strong coupling constantaS(m2) in the hard amplitude
cc2c1 to be equal toq1

252q1'
2 , respectively,q2

252q2'
2

@11#.
We generalize the results on theqq̄ production vertex

presented in@2# for massless QCD in an obvious way
order to take the massesm of the produced quarks into ac
count. The resulting vertexCc2c1 is given by a sum of two
terms

Cc2c152g2@ tc1tc2b~k1 ,k2!2tc2tc1bT~k2 ,k1!#, ~2!

where tc are the color group generators in the fundamen
representation. The connection betweencc2c1 in Eq. ~1! and
Cc2c1 in Eq. ~2! is given by

cc2c15ū~k1!Cc2c1v~k2!,

with the on-shell quark and antiquark spinorsu(k) andv(k).
The expression forb(k1 ,k2) is a sum of two terms

b~k1 ,k2!5g2
q” 1'2k” 1'2m

~q12k1!22m2
g12

gbG12b~q2 ,q1!

~k11k2!2
,

~3!

The first term on the RHS of eq.~3! describes the produc
tion of aqq̄ pair by means of usual vertices~see Fig. 2!; the
second term involves the light-cone projection of the eff
tive vertexG12b(q2 ,q1), which describes the transition o
07150
o-

e

l
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two t-channel gluons~Reggeons! with momentaq1 andq2 to
a gluon with momentumk11k2:

G12b~q2 ,q1!52~q11q2!b22q1
1n2b22q2

2n1b

22t1

n2b

q1
22q2

2
12t2

n1b

q1
12q2

1
, ~4!

with t1/25q1/2
2 . This effective vertex differs from the usua

triple-gluon vertex by the appearance of the last two term
They are related to Feynman diagrams in which theqq̄ pair
is not produced by thet-channel gluons but in other ways
These two last terms in Eq.~4! are also required by gaug
invariance, G12b(q2 ,q1)(q12q2)b50. Another conse-
quence of gauge invariance is the vanishing of the ma
element of the effective vertexCc2c1 between on-mass-she
quark and antiquark states in the limit of smallq1' or q2' :

ū~k1!Cc2c1v~k2!→0 for q1' or q2'→0.

The functionbT(k2 ,k1) is very similar to Eq.~3!:

bT~k2 ,k1!5g1
q” 1'2k” 2'1m

~q12k2!22m2
g22

gbG12b~q2 ,q1!

~k11k2!2
.

The unintegrated gluon distribution is related to the st
dard gluon distribution by

xg~x,q2!5E
0

`dk2

k2
Q~q22k2!F~x,k!.

Taking the derivative of this expression makes it obvio
that F(x,k) includes the evolution ofxg(x,q2), which is
given by the BFKL and/or DGLAP equation. Since the u
integrated gluon distribution is not known at smallk, we
write this equation as

xg~x,q2!5xg~x,q0
2!1E

q0
2

` dk2

k2
Q~q22k2!F~x,k!. ~5!

This formula has been repeatedly used@12,13,4,14# and in-
troduces thea priori unknown initial scaleq0 and the initial
gluon distributionxg(x,q0

2). Following @10#, one may ne-
glect the hard cross section dependence onq in the soft re-
gion uqu,q0, so that

FIG. 2. The effective vertex.
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1

q1'
2 H c†c2c1cc2c1

~N221!2 J 1

q2'
2

[S~q1' ,q2'!

→S~q1' ,q2'!Q~q1
22q0

2!Q~q2
22q0

2!1S~q1',0!

3Q~q1
22q0

2!Q~q0
22q2

2!1S~0,q2'!Q~q2
22q0

2!

3Q~q0
22q1

2!1S~0,0!Q~q0
22q1

2!Q~q0
22q2

2!.

~6!

Note that the very existence of the finite limitq'→0
follows from the decrease of the production amplitude due
gauge invariance. Substituting this formula in Eq.~1! using
Eq. ~5! one may easily perform the integration overq' . As
a result,S(0,0) produces the standard expression of collin
factorization~Refs.@10,14#!, while S(q1',0),S(0,q2') corre-
spond to the asymmetric configurations, where one of
gluons is described by the unintegrated distribution and
other by the integrated one. Here it is important to notice t
when we insert Eqs.~5!,~6! in Eq. ~1! the coupling constan
as in the term proportional toxg(x,q0

2) is taken to be
as(q0

2).
In all our numerical calculations we used for the unin

grated gluon distributionF(x,k) the code by Kwiecinski,
Martin, and Stas´to @10#, because they use a combination
DGLAP and BFKL equations which governs simultaneou
the evolution inQ2 andx. They obtain an excellent descrip
tion of F2(x,Q2) in a very largex-Q2 window. To our
knowledge this is the only unintegrated gluon distributi
which has given such a satisfactory result, which justifies
choice. As in the case of the usual gluon distribution funct
one has to choose an initial scale and an initial distribut
function which in the case of@10# are given by

q0
251 GeV2, xg~x,q0

2!51.57~12x!2.5. ~7!

We use these values, which are fixed by the fit toF2(x,Q2),
in our calculation.

We consider the production ofbb̄ pairs. For the compu-
tation we use Eqs.~1! and ~6! with the unintegrated gluon
distribution from@10# and the corresponding values~7!. The
rapidities and the transverse masses of the produced q
and antiquark are defined by

FIG. 3. The calculatedb cross section in comparison to expe
mental data from the D0 Collaboration and the NLO QCD res
with MRSR2 structure functions andmb54.75 GeV from@15#.
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y1/25
1

2
lnS k1/2

1

k1/2
2 D , m1/2'5Am22k1/2'

2 .

The Bjorken variables of the gluons can then be written

x15
1

As
~m1'ey11m2'ey2!,

x25
1

As
~m1'e2y11m2'e2y2!.

In Fig. 3 we show our results for inclusiveb production,
together with experimental results measured by the D0 C
laboration ~see Table II of Ref.@16#! in As51.8 TeV pp̄
collisions. We obtain this cross section by integrating out
antibottom variables in Eq.~1!.

The variablek1'min is the lower integration cut on the
transverse momentum of the producedb quark. To get an
indication of the theoretical uncertainties apart from high
order contributions which are not available at the mome
we proceed in a similar way as the authors of Ref.@1# and
present our calculations for three different choices ofLQCD
and the bottom quark mass:

high: L (5)5180 MeV, mb54.5 GeV,

central: L (5)5150 MeV, mb54.7 GeV,

low: L (5)5100 MeV, mb54.9 GeV.

lt
FIG. 4. The result for the semidifferentialbb̄ cross section at

k1'min56.5 GeV, compared to Collider Detector at Fermilab~CDF!
data and the NLO QCD result with the Martin-Roberts-Stirling s
D0 ~MRSD0! structure functions andmb54.75 GeV from@1#.

FIG. 5. The result for the semidifferentialbb̄ cross section at
k1'min58.75 GeV, compared to CDF data.
2-3
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Our result is in very good quantitative agreement with d
over the whole range ofk1'min . The corresponding centra
QCD NLO calculation has a similar shape, but is abou
factor of 2 – 3 smaller than our central result~see, for ex-
ample, Fig. 11 in@15#!.

We now turn tobb̄ correlations inAs51.8 TeV pp̄ col-
lisions, which have been measured by the CDF collabora
at Fermilab@1#. The correlations of the quark and antiqua
give an insight into the dynamics of the production mec
nism and are important in order to study the limits of t
collinear (k1'52k2') LO QCD approximation. We presen
a comparison between our results and the experimental
in Fig. 4 and Fig. 5. The data points and uncertainties w
taken from@1,17#. We find good agreement with experime
for both k1'min56.5 GeV ~Fig. 4! and k1'min58.75 GeV
~Fig. 5!. In this case QCD NLO calculations underestima
the measured cross section by roughly a factor of 3~compare
with Fig. 6 in @1#!.

An interesting parameter concerning the correlation is
opening anglef between the momentum vectors of the pr
duced quarks in the plane transverse to the beam axis.
predictions for the corresponding differential cross secti
at Fermilab and LHC energies are shown in Fig. 6. As
pected we find a peak atf5180° which shows the domi
nance of the collinear part.

Additionally we present our predictions for rapidity di
tributions of theb̄, the rapidity of theb being 0 andAs

FIG. 6. f distribution ofbb̄ hadroproduction.
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51.8 TeV, respectively,As516 TeV in Fig. 7. Our cross
section forAs51.8 TeV at y250 is about a factor of 3
larger than the corresponding QCD NLO result from@18#.

Let us conclude. We have studied quark-antiquark had
production within thekt-factorization approach using an un
integrated gluon distribution and a specific effective BFK
vertex for qq̄ production. We found very good agreeme
with experiment for both singleb production andbb̄ corre-
lations atAs51.8 TeV. Our approach leads to nontrivialbb̄
correlations already at LO perturbation theory, whereas
ditional collinear factorization gives them only at NLO an
beyond. In contrast, the available NLO caculations@18# are
not in agreement with the Tevatron data we compare w
@1,17,16#.

Our results show that at least those features of the ef
tive qq̄ vertex which we tested provide a substantial im
provement with respect to the standard collinear treatme

If further tests of other observables should be equally s
cessful, the NLL BFKL vertices will also allow for a muc
improved description of many processes to be studied at
BNL Relativistic Heavy Ion Collider~RHIC! and CERN
Large Hadron Collider~LHC!.

We thank J. Kwiecinski, A. Martin, and A. Stas´to for
supplying us with their code for the calculation of the uni
tegrated gluon distribution. L.S. would like to acknowled
the support by the DFG. CPhT, Ecole Polytechnique, P
aiseau, France is Unite´ mixte C7644 of CNRS.

FIG. 7. Rapidity distributions ofbb̄ hadroproduction.
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