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Abstract. Given the large parton luminosities, sizable rate of events, with several pairs of b-quarks produced
contemporarily by multiple parton interactions, are foreseen in hadronic and nuclear collisions at very high
energies. We compare the different contributions to bbbb production, due to single and double parton
scatterings, in pp and in pA collisions at the CERN LHC within the acceptance of the ALICE and of the

LHCDb detectors.
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1 Introduction

The production mechanism of heavy quarks in hadronic
collisions is non trivial and also the simplest observable
quantity, the integrated inclusive cross section, cannot be
easily reproduced in perturbation theory [I]. Comparisons
with the experimental data of the DO Collaboration [2]
at TEVATRON indeed have shown that the NLO pQCD
calculations in ag [3] underestimate the cross section by
a factor ~ 2, 3.

A complementary approach to heavy quarks produc-
tion, which keeps explicitly into account that transverse
momenta and virtualities of the interacting partons be-
come increasingly important in the kinematical regime
of s > mi ~ § > A% and includes terms at every or-
der in ag in the calculation of the cross section, is the
k;-factorization, where the interaction is factorized into
un-integrated structure functions and off shell matrix el-
ements [4/51[6]. Phenomenologically the k;-factorization is
not inconsistent with HERA and TEVATRON data and
allow one to reproduce both the value of the integrated in-
clusive cross section and various differential distributions,
including the correlation in the azimuthal angle between
the produced b quarks, where different approaches are less
successfully compared with experiment [7].

Interestingly, although the value of the integrated in-
clusive cross section cannot be obtained trivially, one may
find several cases where the overall effect of higher order
corrections amounts to a simple rescaling of the lowest
order parton model result. Several distributions, derived
either using the k;-factorization approach or by working
out the cross section at the NLO pQCD, are in fact rather
similar (apart form normalization) to those obtained with
a simplest lowest order calculation [8]. In a few cases, the

whole effect of higher order corrections is hence (approxi-
mately) reduced to a single numerical value, the K factor:

B or(bl_))
K= ULo(bB) ' (1)

where o(bb) is the actual inclusive cross section and
oro(bb) the result of the lowest order calculation in
pQCD.

Although the expected inclusive cross section of b pro-
duction is hence still pretty uncertain at LHC energies,
all estimates point in the direction of rather large values
because of the high parton luminosity [9]. The fairly large
flux of partons make it also plausible to expect a sizable
rate of events, where two or more bb pairs are produced
contemporarily by different partonic collisions in a single
pp interaction [10]. One of the reasons of interest in the
production of multiple pairs of b quarks is that such a pro-
cess allows to generate and study a completely new sector
of hadon spectroscopy, namely double heavy barions and
double b tetraquarks [IT12]. We think that it’s hence in-
teresting to estimate the production rates of multiple bb
pairs at the LHC, comparing the two possible production
mechanisms, multiparton interactions and the more con-
ventional single parton collision process [13].

We limit our considerations to the simplest cases,
where the whole effect of higher order corrections is taken
into account by the overall normalization factor. Given
the lack of information on higher order corrections in the
2 — 4 processes, we assume that the K factors of the
99 — bj)blg and of the gg — bb processes are equal. The
gg — bb process is worked out in the k;-factorization ap-
proach, fixing the input parameters by comparing with the
TEVATRON data. The cross section is then extrapolated



230 A. Del Fabbro and D. Treleani: bbbb production in proton-proton and proton-nucleus collisions at the CERN LHC

at LHC energies, identifying a few differential distribu-
tions where the effect of higher order corrections reduces
to a simple rescaling of the lowest order result. The value
of the K-factor derived in this way is used to renormalize
the double (gg — bb)? and the single gg — bbbb parton
scattering cross sections, which are evaluated by working
out all Feynman diagrams at order O/,LS.

2 bb cross section at TEVATRON and LHC
and K -factor

In the k;-factorization approach the bb production cross
section is expressed as [45]

— 2 2
o(pp — bb) = Lo 442 oy day (21, g1, 1)

X f(x2, qrz, 1) 6(T1, @1 2, qr2; 1) (2)

where f(x,q:,p) is the unintegrated structure function,
representing the probability to find a parton with momen-
tum fraction x, transverse momentum ¢; at the factoriza-
tion scale p, while & is the off-shell partonic cross section
of the process ¢*g* = QQ.

To evaluate the inclusive cross section we use two dif-
ferent prescriptions for constructing the k;-distributions
from the usual integrated parton densities. The first is
based on the conventional DGLAP evolutions equations
[14], with virtual corrections re-summed in the survival
probability factor T, (k2, u?) [15]. For the second prescrip-
tion we follow [16], where the un-integrated structure func-
tions are obtained from the leading order BFKL equation
and are expressed as the convolution of the collinear gluon
densities G(z, u?) with the universal function G(x, kZ, u?):

1
Fktt) = [ acoe izt c(ta) @)

The weight factors G(¢, k2, u?) are known in double-
logarithmic approximation and depend on the quantity
as = 3ag/m, which in the BFKL formalism is a fixed quan-
tity, related to the pomeron intercept a(0) =1+ A, with
A = 4a, log 2. Following [17] we take A = 0.35.

To obtain the functions F(z, k7, u?) we use the parton
distributions set GRV94 [18] with factorization scale u% =
3, while the cross section at the lowest order in pQCD
is evaluated with the MRS99 parton distributions [19],
with factorization and renormalization scale equal to the
transverse mass of the b-quark. Comparing the total cross
sections, we obtain K ~ 5.5. ~

In Fig. [0 the integrated cross section of bb produc-
tion is plotted as a function of the minimum value of
the transverse momentum p}*" of the b-quarkat both at
TEVATRON(y/s = 1.8TeV) and at LHC( /s = 14TeV).
The dotted curves represent the cross section derived us-
ing the unintegrated gluon structure function, according
with the BFKL prescription of (4), whereas the dashed
lines are evaluated by using the prescription in (3). The
continuous lines represent the result of the lowest order
calculation multiplied by the K factor. At TEVATRON
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Fig. 1. pp — bb production cross section as a function of p/*‘"
at /s = 1.8TeV, with the b-quark within the rapidity range
lys| < 1, experimental data from [2], and at /s = 14 TeV with

the b-quark within the pseudo-rapidity range |n| < 0.9

energy the b-quark distributions are within the rapidity
interval |y| < 1 and are compared with the D0 experi-
mental data [2]. The same distributions, extrapolated at
LHC energy, are plotted as a function of p/*™™ within the
pseudorapidity interval |n| < 0.9, corresponding to the
acceptance of the ALICE detector.

In Fig. 2 the rapidity(y) and pseudorapidity(n) distri-
butions are shown, normalized to one and within |n| < 0.9.
The continuous histograms are the result of the lowest or-
der calculation, whereas the dashed histograms represent
the distributions evaluated with the k;-factorization ap-
proach.

As one may see in the cases considered the whole effect
of higher orders reduces to a simple rescaling.

3 bbbb cross section

We will compare the two competing mechanisms of bbbb
production, the leading order QCD 2 — 4 [20] and the
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Fig. 2. Normalized rapidity (y) and pseudorapidity (n) distri-
butions for bb production at ALICE with the k; factorization
approach (dashed histograms) and at the lowest order in pQCD
multiplied by the K-factor (continuous histograms)

double parton scattering (2 — 2)? [Z1], in proton-proton
collisions in the kinematical range of the ALICE and of the
LHCDb detectors, namely at center-of-mass energies of 5.5
and 14 TeV, within the pseudorapidity regions |n| < 0.9
and 1.8 < 1 < 4.9, down to very low transverse momenta.

For the leading order in «; single scattering sub-
processes, one needs to evaluate 14 Feynman diagrams for
each flavor in the initial state, for quarks initiated process,
and 76 diagrams for gluon fusion. We generate the matrix
elements of the partonic amplitudes with MadGraph [22]
and HELAS [23]. As a value of the bottom quark mass we
take my = 4.6 GeV and we use the MRS99 parton distri-
butions [19]. The resulting cross section is then multiplied
by the K factor, obtained as described in the previous
section, while the multi-dimensional integrations are per-
formed by VEGAS [24].

To evaluate the double parton scattering cross sec-
tion the input two-body parton distribution functions
I'(x1, 2, s) is needed [10]. Here z1 o are the fractional mo-
menta of the two partons belonging to the same hadron
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Fig. 3. bbbb total cross section as a function of centre of mass
energy. Lower curves K = 2.5, higher curves K = 5.5

and s their distance in transverse space. We make the
usual simplifying assumption of neglecting all parton cor-
relations in fractional momenta, so we factorize the two-
body parton distribution as

I'(x1,29,8) = G(x1)G(x2)F(s) (4)

where G(z) are the usual one-body parton distributions
and F(s) is a function normalized to 1 and representing
the parton pair density in transverse space. The double
scattering cross section is hence written as [25]

o1 (BB bB) = % S 64 04(bb)a (bb) (5)

ij

where the indices 7, j label the different cases where each
bb pair is originated either by a ¢¢ annihilation, discrimi-
nating the cases of sea and valence, or by two gluons and
o;(bb) represents the inclusive cross sections for bb pro-
duction in a hadronic collision, the index 7 labelling a def-
inite parton process. The weight factors ©% have dimen-
sion an inverse cross section and result from integrating
the product of the two-body parton distributions in trans-
verse space, while the factor 1/2 is a consequence of the
symmetry of the expression for exchanging i and j. The
dependence of ©% on the indices 7, j accounts for the pos-
sibility, for different pairs of partons in the hadron, to be
characterized by different values of their relative average
transverse distance [25/21].

When looking at the experimental analysis of double par-
ton scatterings [26]27,28] one finds the cross section ex-
pressed as:

mog(A)os(B)

= IsA)IsLE) 6
i R (6)

where m = 1 if the two parton processes A and B are
identical, while m = 2 if they are different and og is the
single scattering inclusive cross section. The relation may
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be obtained by neglecting the dependence of the factors
6% in (H) on the different elementary processes.

As the dominant contribution to bbbb production at the
LHC is gluon fusion, for the present purposes the sum in
(B) may be approximated well by a single term, while the
scale factor should not be strongly different from the value
observed in the CDF experiment. Hence for the double
scattering cross section we use:

~ o(bb)?
2055

op(bbbd) (7)
where for o, sy we take the value reported by CDF, o.fy =
14.5 mb. Notice that since op is proportional to 0%, the
effect of higher order corrections is enhanced on op:

s = KJ@O
op = K2Uf)0 (8)

where Ué% refers to the lowest order expressions of the
cross section.

4 Results for bbbb production in pp collisions

In Fig. Bl the cross section for bbbb production is shown
as a function of the c.m. energy. The continuous curves
refer to the double parton scattering contribution, while
the dotted curves to single scattering. In both cases the
lower curve is evaluated with K = 2.5, while the higher
curve with K = 5.5, which are the typical estimates of the
NLO-pQCD and the result of our calculation within the
k;-factorization approach.

In Fig. @l the two contributions to the integrated cross
section, are plotted as a function of p™", the minimum
value of the transverse momenta of the b quarks (which
are required to be all inside the pseudorapidity interval
[n] < 0.9), at 14 and 5.5 TeV. The continuous curves re-
fer to the double parton scattering contribution, while the
dotted curves to single scattering. The double parton cross
section decreases faster with p/*™™ than the single parton
cross section, the two contributions are of the same order
at pj"" = 8 —10 GeV. Pseudorapidity, and rapidity distri-
butions at 14 TeV are plotted in Fig. bl where continuous
and dashed histograms have the same meaning as in the
previous cases.

In Fig. [6 we plot the pseudorapidity (n) distributions
at /s = 14 TeV, requiring both b-quarks to be in the
pseudorapidity interval 1.8 < 7 < 4.9, corresponds to the
acceptance of the LHCb detectort. In the same figure we
also compare the single and double parton scattering con-
tributions, integrated within the rapidity acceptance of
the LHCb, as a function of pj*i™.

The overall indication is that double parton scatter-
ings dominate the bbbb integrated cross section by a large
factor, both in the central rapidity region and at the larger
rapidity values of the LHCDb experiment. In both cases the
contribution of the single parton scattering term becomes
important only after applying cuts to the transverse mo-
menta of the order of 8-10 GeV.
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Fig. 4. bbbb production cross section at /s =14 TeV and at
/s = 5.5 TeV as a function of p**" with all the four b-quarks
in the pseudo-rapidity interval |n| < 0.9

5 bbbb production in pA collisions

All production rates are significantly enhanced in proton-
nucleus collisions, which may offer considerable advan-
tages for studying multiparton interactions [29]. Quite in
general [30,3T] the expression of the double parton scat-
tering cross section to produce two bb pairs is given by

—— 1
RO = 3 3 [ Tyfaswjisiy)aten a)ote. o))
ij
X FA(z;,x;;sij)dxidz;dzjdxg-dzsij, (9)

where the index A refers to the target nucleus, the indices
i,7 to the different kinds of partons that annihilate to
produce a bb pair and the factor 1/2 is a consequence of
the symmetry of the expression for exchanging ¢ and j.
The most suitable conditions are those where the nu-
clear distributions are additive in the nucleon parton dis-
tributions. In such a case one may express the nuclear
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Fig. 5. bbbb production with the two equal sign b-quarks in
the pseudo-rapidity interval |n,| < 0.9. n-distributions and y-
distributions at /s = 14 TeV. The continuous histograms re-
fer to the contribution of double parton scatterings while the
dashed histograms to single parton scattering

parton pair density, I'a (2}, 2%; si;), as the sum of two well
defined contributions, where the two partons are origi-
nated by either one or by two different parent nucleons:

La(ay, 5 8i5) = Lala, 255 5i5) ) + La(xy, 25 845) , (10)
and correspondingly of = |1 + 0%|2. The two terms
I'gl1,2 are easily expressed in terms of the nuclear nu-
cleon’s density by introducing the transverse parton coor-
dinates B + %, where B is the impact parameter of the
hadron-nucleus collision. One may write

C o e By S i)
FA<$i7xj7SZj>‘12_/d B7A(xi’xj’B+ 2 B - 2 )‘12

) )

where v4|1,2 are given by

(vl B 5B )| = Intel i) T(P)
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Fig. 6. bbbb production with the two equal sign b-quarks in
the pseudo-rapidity interval 1.8 < n < 4.9 at /s = 14 TeV.
Production cross section as a function of p{*™® and n. The con-
tinuous line and histogram refer to the contribution of double
parton scatterings while the dashed line and histogram to single

parton scattering

Sij Sij

va(ehay B+ 5 B- | = On)Gn ()
X T(B + Sﬁ)T(B . ij) (12)

2 2
with T'(B) is the nuclear thickness function, normalized
to the atomic mass number A and Gy nuclear parton

distributions divided by the atomic mass number.

The first term in (I0) gives a simple rescaling of the

double parton distribution of a isolated nucleon:

FA(.’L‘;,.f;,Sl]) . = FN(l‘;,l‘;;Sij) /dZBT(B) (13)

The resulting contribution to the cross section is the
same as in a nucleon-nucleon interaction, enhanced by the
atomic mass number factor A:

D

o}l = Aok (14)

’ 1
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The o8|y term involves two different target nucleons in
the integration on the relative transverse coordinate s;;:

/dsijfp(xi,xj; sij)T<B + %)T(B — %) (15)

In the limit where the hadron radius is much smaller than
the nuclear radius one may approximate
T(B + %ﬂ) ~ T(B) (16)

The integrations on s;; and on B are hence decoupled.
One obtains:

1 ja ~
02‘2 = 5Z/Gp(:m,zj)a(:ci,x;)a(xjw;)
ij
X GN(I‘;)GN(l‘;-)dxidx;dxjdx;,/dQBTQ(B)7(17)
where

Gp(zi, zj) :/d2sijfp(%xj;sij) (18)

Remarkably the two terms o%

and of ‘ have very
1 2
different properties. In fact the correct dimensionality of
o ’ is provided by transverse scale factors related to the

nucleon scale, cfr. (B)),([4). The analogous dimensional fac-

D

tor in o4 | is provided by the nuclear thickness function,

which is at2 the second power, being two the target nucle-
ons involved in the interaction.

As pointed out in [29], while on general grounds o
depends both on the longitudinal and transverse parton

correlations, the o } term depends solely on the longitu-
2

dinal momentum fractions x;, z; so that, when the %
2

term is isolated, one has the capability of measuring the
longitudinal and, a fortiori, also the transverse parton cor-
relations of the hadron structure in a model independent
way.

The additivity of the nuclear structure functions may
not be a bad approximation for a sizable part of the kine-
matical regime of bottom quarks production at the LHC.
In the case of a central calorimeter with the acceptance of
the ALICE detector (|n| < 0.9), the average value of mo-
mentum fraction of the initial state partons, in a pp — bbbb
process, is (x) ~ 6 x 1073. By introducing a cut in the
transverse momenta of the b quarks of 5 GeV one obtains
(r) ~ 1072, while a cut of 20 GeV in p;, within the same
pseudorapidity range, gives () ~ 2 x 1072, If considering
a more forward detector, as LHCDb (1.8 < n < 4.9), the
average value of momentum fraction is (z) ~ 5 x 1072
Deviations from additivity at low x are less than 10% for
x > 2x1072 [32] and, although increasing with the atomic
mass number, non additive corrections are at most a 20%
effect, on the considered kinematical regime.
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Fig. 7. Relative weights of the terms with “anomalous” and
“usual” A-dependence in the double scattering cross section
for bbbb production

6 Results for bbbb production in pA collisions

A major result is that the effects, induced by the presence
of the nucleonic degrees of freedom in double parton scat-
terings with a nuclear target, cannot be reduced to the
simple shadowing corrections of the nuclear parton struc-
ture functions, which cause a decrease of the cross section
as a function of A. In the case of double parton collisions,
the main effect of the nuclear structure is represented by
the presence of the 0|5 term in the cross section, which
scales with a different power of A as compared to the single
scattering contribution, producing a additive correction to
the cross section.

The ‘anomalous’ dependence of the double parton scat-
tering cross section, as a function of the atomic mass num-
ber, is emphasized in Fig.[7, where the ratio 02 /(o + o)
is plotted as a function of A. The ratio represents the con-
tribution to the cross section of the processes where two
different nuclear target nucleons are involved in the in-
teraction, scaled to the contribution where only a single
target nucleon is involved. The dependence on the atomic
mass number of the latter terms is the same of all hard
processes usually considered, where nuclear effects may
be wholly absorbed in the shadowing corrections to the
nuclear structure functions. The contribution to the cross
section of the o2 term is, on the contrary, ”anomalous”,
involving two different target nucleons in the interaction.
The ratio above hence represents the relative weights of
the ”anomalous” to the ”"usual” contributions to the dou-
ble parton scattering cross section on a nuclear target.
The plots in Fig. [0 refer to the cases 1.8 < 1 < 4.9 and
In| < .9, with different cuts on the transverse momenta of
the produced b-quarks (peyt = 0,5,10 GeV/c).

The different contributions to the cross section due
to interactions with a single or with two different target
nucleons, are shown in Fig. [, in the case of a central
calorimeter. The upper figure shows the cross section as
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Fig. 8. Different contributions to the cross section for bbbb
production, in a central calorimeter. Upper figure: cross sec-
tion as a function of A of the one-nucleon (dashed line) and
of the two nucleons (continuous line) terms. The dotted line
is the sum of the two terms. Lower figure: differential pseudo-
rapidity distributions of a b-quark produced in an event with
two bb pairs. One-nucleon (dashed histograms) and two-nucleon
contributions (continuous histograms) in the case of a heavy
(higher histograms) and of a light nucleus (lower histograms)

a function of the atomic mass number of the one-nucleon
(dashed line) and of the two nucleons (continuous line)
contributions to the cross section. The dotted line is the
sum of the two terms. The lower figure shows the two
contributions to the oseudorapidity distribution of a b-
quark produced in an event with two bb pairs: one-nucleon
(dashed histograms) and two-nucleon contributions (con-
tinuous histograms) in the case of a heavy (higher his-
tograms) and of a light nucleus (lower histograms).

The A-dependence of the two different contributions,
as a function of A, are shown in Fig. @] in the case of a
central calorimeter, after applying a cut of 5 GeV /c (upper
figure) and of 10 GeV/c (lower figure) in the transverse
momenta of each produced b-quark. Dashed, continuous
and dotted lines have the same meaning as in Fig.
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Fig. 9. Different contributions to the cross section for bbbb
production in a central calorimeter as a function of A, after
applying a cut of 5 GeV (upper figure) and of 10 GeV (lower
figure) in the transverse momenta of each produced b-quark:
one-nucleon (dashed line), two nucleons (continuous line) pro-
cesses and total (dotted line)

The case of a forward calorimeter, 1.8 < n < 4.9, is
shown in Fig.[I0] where the dashed, continuous and dotted
lines have the same meaning as before. o

Summarizing the large size of the cross section of bbbb
production in hadron-nucleus collisions at the LHC (the
values are of the order of one hundreds of ub) suggests that
the production of multiple pairs of b-quarks is fairly typical
at high energies, hence representing a convenient channel
to study multiple parton interactions. A rather spectac-
ular feature is the ”anomalous” dependence on A. The
effects induced by the presence of the nucleonic degrees
of freedom in the nuclear structure are in fact not limited
to the usual shadowing corrections to the nuclear struc-
ture functions, which cause a limited decrease (not larger
than 20%, in the kinematical regime considered here) of
the cross section for a hard interaction in hadron-nucleus
collisions. When considering double parton scatterings, all
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Fig. 10. Different contributions to the cross section for bbbb
production, in a forward calorimeter. Upper figure: cross sec-
tion as a function of A of the one-nucleon (dashed line) and
of the two nucleons (continuous line) contributions. The dot-
ted line is the sum of the two terms. Lower figure: differential
rapidity distributions of a b-quark produced in an event with
two bb pairs. One-nucleon (dashed histograms) and two-nucleon
contributions (continuous histograms) in the case of a heavy
(higher histograms) and of a light nucleus (lower histograms)

nuclear effects are exhausted in the shadowing corrections
only in the 0§ |; term. The dominant effect of the nuclear
structure is on the contrary due to the presence of the
oB|s term in the cross section, which scales with a dif-
ferent power of A as compared to single scattering term,
giving rise to a sizably larger correction, with opposite
sign as compared to shadowing correction, namely to an
increase of the cross section which becomes sizably larger
than 100% in the case of a heavy nucleus.
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