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Double parton scatterings inb-quark pair production at the CERN LHC
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~Received 30 July 2002; published 17 October 2002!

A sizable rate of events where two pairs ofb quarks are produced contemporarily is foreseen at the CERN
LHC, as a consequence of the large parton luminosity. At very high energies both single and double parton
scatterings contribute to the process, the latter mechanisms, although power suppressed, giving the dominant
contribution to the integrated cross section.
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I. INTRODUCTION

One of the main topics at the CERN Large Hadron C
labration~LHC! is the production ofb quarks, both to search
for CP violation, looking atb decays, and to test QCD, b
studying the production mechanism@1#. Bottom quarks are
also a large source of background to several processe
interest, as in various promising channels for Higgs detec
@2#. The production mechanism of heavy quarks in hadro
collisions pose, on the other hand, nontrivial problems
ready at smaller energies, where also the simplest observ
quantity, the integrated inclusive cross section, is not rep
duced trivially.

The inclusive cross section ofb-quark production has
been evaluated in perturbative QCD~PQCD! at the next to
leading order inaS @4#. Unfortunately comparisons with th
recent experimental data of the D0 Collaboration@5# at the
fermilab Tevatron have shown that the next leading or
~NLO! PQCD calculations underestimate the cross sec
by a factor;2,3, showing that NNLO corrections, whos
explicit evaluation is still an open question, give a large co
tribution to the cross section. A complementary approach
heavy quarks production, which takes explicitly into accou
that transverse momenta and virtualities of the interac
partons become increasingly important in the kinematical
gime ofs@mb

2; ŝ@L2, and includes terms at every order
aS in the calculation of the cross section, iskt factorization,
where the interaction is factorized into unintegrated struct
functions and off shell matrix elements@6–8#. From the phe-
nomenological point of viewkt factorization is not inconsis
tent with the DESYep collider HERA and Tevatron data
allowing one to reproduce both the value of the integra
inclusive cross section and various differential distributio
including the correlation in the azimuthal angle between
producedb quarks, where different approaches are less s
cessfully compared with experiment~see@3# and references
therein!.

Interestingly, although the value of the integrated inc
sive cross section cannot be obtained trivially, one may fi
several cases where the overall effect of higher order cor
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tions amounts to a simple rescaling of the lowest order p
ton model result. There are in fact several distributions,
rived either using thekt-factorization approach or by
working out the cross section at the NLO PQCD, which a
rather similar~apart from the normalization factor! to those
obtained with a simple lowest order calculation@9#. Hence,
in a few cases, the whole effect of higher order correction
~approximately! reduced to a single numerical value, the s
calledK factor:

K5
s~bb̄!

sLO~bb̄!
, ~1!

wheres(bb̄) is the inclusive cross section forbb̄ production
and sLO(bb̄) the result of the lowest order calculation
PQCD.

When looking at extrapolations of the cross section
high energies, one finds that the result is affected by sev
uncertainties, such as the knowledge of the parton struc
functions at very smallx and the values of the heavy qua
mass and of the running coupling constant. Although
expected inclusive cross section ofb production is hence still
pretty uncertain at LHC energy, all estimates point in t
direction of rather large values, as a consequence of the
parton luminosity@1#. The fairly large flux of partons make i
also plausible to expect a sizable rate of events, where tw
morebb̄ pairs are produced contemporarily by different pa
tonic collisions in a givenpp interaction@10#. Although at
the present stage all quantitative predictions for this mu
more structured interaction process are unavoidably pr
uncertain, the large cross sections foreseen at the LHC ar
our opinion, a strong motivation to make an attempt of g
ing a few quantitative indications on the production rate
multiple bb̄ pairs through multiparton interactions at th
LHC, comparing with the rates to be expected by the m
conventional single parton scattering mechanism.

Since the details of the elementary production of hea
quarks are still a matter of debate, we limit our consid
ations, for the production of multiplebb̄ pairs, to the sim-
plest cases, where the whole effect of higher order corr
tions is taken into account by the overall normalizati
factor. Given the lack of information on higher order corre
tions in the 2→4 processes, we make moreover the assum
©2002 The American Physical Society12-1
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FIG. 1. pp̄→bb̄ production cross section as a function ofpt
min at As51.8 TeV, with theb quark within the rapidity rangeuybu,1,

experimental data from Ref.@5#, and atAs514 TeV with theb quark within the pseudorapidity rangeuhu,0.9 .
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tion that theK factors of thegg→bb̄bb̄ and of thegg

→bb̄ processes are equal. Hence we work out thegg→bb̄
process in thekt-factorization approach, fixing the input pa
rameters by comparing with the Tevatron data, and extra
late the cross section at LHC energies, identifying a f
distributions where the effect of higher order corrections
duces to a simple rescaling of the lowest order result. T
value of theK factor derived in this way is then used
renormalize the double (gg→bb̄)2 and the singlegg

→bb̄bb̄ parton scattering cross sections, which we evalu
by working out all Feynman diagrams at orderaS

4 .

II. bb̄ CROSS SECTION AT TEVATRON AND LHC AND K
FACTOR

In the kt-factorization approach thebb̄ production cross
section is expressed as@6,7#
07401
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s~pp→bb̄!5E d2qt1

p

d2qt2

p
dx1dx2 f ~x1 ,qt1 ,m!

3 f ~x2 ,qt2 ,m!ŝ~x1 ,qt1 ;x2 ,qt2 ;m! ~2!

where f (x,qt ,m) is the unintegrated structure function, re
resenting the probability to find a parton with momentu
fractionx, transverse momentumqt at the factorization scale
m, while ŝ is the off-shell partonic cross section of the pr
cessg* g* →QQ̄.

To work out the inclusive cross section we use two d
ferent prescriptions for constructing thekt distributions from
the usual integrated parton densities. The first prescriptio
based on the conventional Dokshitzer-Gribov-Altarelli-Par
~DGLAP! evolution equations@11#, with virtual corrections
FIG. 2. Normalized rapidity~y! and pseudorapidity (h) distributions forbb̄ production at ALICE, with thekt factorization approach
~dashed histograms! and at the lowest order in PQCD multiplied by theK factor ~continuous histograms!.
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resummed in the survival probability factorTa(kt
2 ,m2) @12#.

Hence the unintegrated structure function for the partoa
reads

f a~x,kt
2 ,m2!5Ta~kt

2 ,m2!FaS~kt
2!

2p E
x

12d
Paa8~z!

3a8S x

z
,kt

2DdzG ~3!

where Paa8(z) is the splitting function,a8(x,kt
2) the inte-

grated structure function andd a cutoff parameter introduce
to give sense to the integral. Although not written explici
Ta(kt

2 ,m2) also depends ond, in such a way that
f a(x,kt

2 ,m2) is a smooth function whend becomes small.

FIG. 3. bb̄bb̄ total cross section as a function of the center
mass energy. Lower curvesK52.5; higher curvesK55.5.
07401
As for the second prescription we follow Ref.@13#, where
the unintegrated structure functions are obtained from
leading order Balitskii-Fadin-Kuraev-Lipatov~BFKL! equa-
tion and are expressed as the convolution of the usual co
ear gluon densitiesG(x,m2) with the universal function
G(x,kt

2 ,m2)

F~x,kt
2 ,m2!5E

x

1

djG~j,kt
2 ,m2!GS j

x
,m2D . ~4!

The weight factorsG(j,kt
2 ,m2) have a known analytic ex

pression, in double-logarithmic approximation, in terms
Bessel functions and depend on the quantityās53as /p,
which in the BFKL formalism is a fixed parameter, related
the Pomeron intercepta(0)511D, whereD in leading log
approximation isD54āslog 2. Following @14# we take the
valueD50.35.

To generate the unintegrated structure functions we h
used the parton distributions set GRV94@15# with factoriza-
tion scalemF

25 ŝ. Hence in evaluating the cross sections,
the kt-factorization approach, we have set the renormali
tion scale equal to the gluon virtuality. To obtain the cro
section at the lowest order in PQCD we have used
Martin-Roberts-Stirling 1999~MRS99! parton distributions
@16#, with factorization and renormalization scale equal
the transverse mass of theb quark. Comparing the total cros
section values at the LHC in the parton model and in thekt
factorization approach, using the first prescription for the u
integrated structure functions, we have obtained for theK
factor the valueK;5.5.

In Fig. 1 we plot the integrated cross section ofbb̄ pro-
duction at Tevatron (As51.8 TeV) and at LHC (As
514 TeV), as a function of the minimum value of the tran
verse momentumpt

min of the b quark. The dotted curves

f

FIG. 4. bb̄bb̄ production cross section atAs514 TeV and atAs55.5 TeV as a function ofpt
min with all four b quarks in the

pseudorapidity intervaluhu,0.9.
2-3
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FIG. 5. bb̄bb̄ production with the two equal signb quarks in the pseudorapidity intervaluhbu,0.9. h distributions andyb distributions
at As514 TeV and atAs55.5 TeV. The continuous histograms refer to the contribution of double parton scatterings while the d
histograms refer to the single parton scatterings.
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represent the cross section derived using the unintegr
gluon structure function, according to the BFKL prescripti
of Eq. ~4!, whereas the dashed lines have been obtained
using the prescription in Eq.~3!. The continuous lines repre
sent the result of the lowest order calculation multiplied
theK factor. At Tevatron energy theb-quark distributions are
within the rapidity intervaluyu,1 and are compared with th
D0 experimental data@5#. The same distributions, extrapo
lated at LHC energy, are then plotted as a function ofpt

min

within the pseudorapidity intervaluhu,0.9, corresponding to
the acceptance of the ALICE detector.

In Fig. 2 we show the rapidity~y! and pseudorapidity (h)
distributions normalized to one and withinuhu,0.9. Here
the continuous histograms refer to the result of the low
order calculation, rescaled by theK factor, whereas the
dashed histograms represent the distributions evaluated
thekt-factorization approach Eq.~3!. As one may see also in
this case the whole effect of higher orders reduces t
simple rescaling.
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III. bb̄bb̄ CROSS SECTION

The leading order QCD process to produce two pairs
heavy quarks is given by the single parton scattering term
the fourth order in the coupling constant@17#. A competing
mechanism at the LHC energy is the double parton scatte
@18#. We compare the two mechanisms in proton-proton c
lisions in the kinematical range of the ALICE and of th
LHCb detectors, namely at center-of-mass energies of
and 14 TeV, within the pseudorapidity regionsuhu,0.9 and
1.8,h,4.9, down to very low transverse momenta.

The single scattering PQCD subprocesses at the low
order inas , in pp→bb̄bb̄, are the quarks initiated proces
qq̄→bb̄bb̄, whose amplitude is given by the sum of 1
Feynman diagrams for each flavor in the initial state, a
gluon fusion,gg→bb̄bb̄, represented by 76 diagrams alt
gether, the latter amplitude giving the dominant contributi
to the cross section at smallx. To evaluate the cross sectio
we have generated the matrix elements of the partonic
2-4
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FIG. 6. bb̄bb̄ production with the two equal signb quarks in the pseudorapidity interval 1.8,h,4.9 atAs514 TeV. Production cross
section as a function ofpt

min , h andy. The continuous lines and histograms refer to the contribution of double parton scatterings wh
dashed lines and histograms refer to the single parton scatterings.
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plitudes withMADGRAPH @19# and HELAS @20# and we have
used the MRS99 parton distributions@16#, with the factoriza-
tion scale equal to the renormalization scalemF5mR , which
we have kept fixed at the value of the transverse mass o
producedb quark. For the mass of the bottom quark we ha
used the valuemb54.6 GeV. The multidimensional integra
tions have been performed byVEGAS @21# and the resulting
cross section has been finally multiplied by theK factor ob-
tained as described in the previous section.

The evaluation of the double parton scattering contri
tion to the cross section is considerably more uncertain
cause of the unknown nonperturbative input to the proc
given by the two-body parton distribution function
G(x1 ,x2 ,b) @10#, wherex1,2 are the fractional momenta o
the two partons belonging to the same hadron andb their
distance in transverse space. Although not explicitly writt
the distributions depend also on the scale factors chara
izing each elementary interaction and on the different kin
of partons involved. Given the large parton population at l
07401
he
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s

x, to proceed further we make the usual simplifying assum
tion of neglecting correlations in fractional momenta and
factorize the two-body parton distribution asG(x1 ,x2 ,b)
5G(x1)G(x2)F(b), where G(x) are the usual one-bod
parton distributions andF(b) is a function normalized to 1
and representing the parton pair density in transverse sp
With these assumptions the cross section acquires the
plified form @22#

sD~bb̄;bb̄!5
1

2 (
i j

Q i j s i~bb̄!s j~bb̄! ~5!

where the indicesi , j label the different cases where eachbb̄

pair is originated either by aqq̄ annihilation, discriminating
the cases of sea and valence, or by two gluons ands i(bb̄)
represents the inclusive cross sections forbb̄ production in a
hadronic collision, with the indexi labeling a definite parton
process. The weight factorsQ i j have dimension as an in
2-5
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A. DEL FABBRO AND D. TRELEANI PHYSICAL REVIEW D 66, 074012 ~2002!
verse cross section and result from integrating the produc
the two-body parton distributions in transverse space, w
the factor 1/2 is a consequence of the symmetry of the
pression for exchangingi and j. The dependence ofQ i j on
the indicesi , j accounts for the possibility, for different pair
of partons in the hadron structure, to be characterized
different values of their relative average transverse dista
@22,18#. Notice that by measuring the double parton co
sions one has access to new information on the hadron s
ture, summarized in these weight factors, which cannot
obtained in hard processes with a single parton interac
only.

The experimental information on the double parton sc
terings is due to the four-jet production measurement inpp
collisions atAs563 GeV, performed by the AFS Collabora
tion @23#, and to the study of final states with three minije
and one photon inpp̄ collisions atAs51800 GeV, because
of the collider Detector at fermilab~CDF! @24,25#. In both
cases the cross section was expressed as

sD5
m

2

sS~A!sS~B!

se f f
~6!

wherem51 if the two parton processesA andB are identi-
cal, while m52 if they are different andsS is the single
scattering inclusive cross section. The overall output of
experiment hence reduces to the value of a single param
the scale factorse f f , whose value isse f f55 mb for AFS,
while se f f514.5 mb for CDF. The two experimental resu
are not inconsistent, given the different content of parton
the two cases, mainly valence quarks in the former case
mostly gluons and sea quarks in the latter, the experime
indication hence pointing in the direction of a sizable dep
dence of the factorsQ i j in Eq. ~5! on the different elemen
tary processes. Interestingly, the measurement ofse f f for
different final states, as a function of the c.m. energy and c
applied, allows one to obtain the values of the scale fac
Q i j , allowing in this way access to the three dimensio
structure of the proton@18#.

The dominant contribution tobb̄bb̄ production at the
LHC is gluon fusion, so, for the present purposes, the sum
Eq. ~5! may be approximated well by a single term, whe
the scale factor could not be strongly different with respec
the case of the CDF experiment. Hence, to evaluate
double scattering cross section, we have used the sim
expression

sD~bb̄bb̄!5
s~bb̄!2

2se f f
, ~7!

where forse f f we have taken the value reported by CD
Notice that sincesD is proportional tosS

2 , the effect of
higher order corrections is enhanced onsD :

sS5KsS
LO

sD5K2sD
LO ~8!
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wheresS,D
LO refers to the lowest order expressions of the cr

section.

IV. RESULTS

In Fig. 3 we plot the expected rise of the totalbb̄bb̄
production cross section as a function of the c.m. energy.
continuous curves refer to the double parton scattering c
tribution, while the dashed curves to single scattering.
each case the lower curve refers to the valueK52.5, while
the higher curve toK55.5, which are the typical estimate o
the NLO-QCD and the result of our calculation within th
kt-factorization approach. Notice that at the LHC the dou
parton scattering gives a contribution to the integrated cr
section about ten times larger than the single scattering.

In the following results we have used the valueK55.5.
To see how the cross section depends on the transverse
menta we have plotted in Fig. 4 the two contributions to t
integrated cross section, as a function ofpt

min , the minimum
value of the transverse momenta of theb quarks~which we
require to be all inside the pseudorapidity intervaluhu
,0.9), for the center-of-mass energy values of 14 and
TeV. The continuous histograms refer to the double par
scattering contribution, while the dashed histograms refe
single scattering. The double parton cross section decre
faster withpt

min than the single parton cross section, the tw
contributions being of the same order atpt

min58 –10 GeV.
Pseudorapidity, and rapidity distributions at 14 and 5.5 T
are plotted in Fig. 5~always requiring for the twob quarks
uhu,0.9), where continuous and dashed histograms have
same meaning as in the previous cases.

To see how the results depend on rapidity, we have plo
in Fig. 6 the same rapidity~y! and pseudorapidity (h) distri-
butions atAs514 TeV, requiring bothb-quarks to be in the
pseudorapidity interval 1.8,h,4.9, which corresponds to
the acceptance of the LHCb experiment. In the same fig
we also compare the two contributions of single and dou
parton scattering, integrated within the rapidity acceptanc
the LHCb, as a function ofpt

min .
The overall indication which one obtains from the prese

study is that double parton scatterings dominate thebb̄bb̄
integrated cross section by a large factor, both in the cen
rapidity region and at the larger rapidity values of the LHC
experiment. In both cases the contribution of the single p
ton scattering term becomes important only after apply
cuts to the transverse momenta of the order of 8–10 G
The large values expected for thebb̄bb̄ cross section, which
at 14 TeV are of the order of onemb, inside the ALICE and
the LHCb detectors, and the localization of the double sc
tering contribution at relatively lowpt values, suggest tha
heavy quark pair production at the LHC might represent
efficient tool for studying the gluon initiated double parto
scattering process.
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