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It is shown that the contribution from double parton scattering to the inclusive double heavy meson
yield is quite comparable with the usually considered mechanism of their production at the LHC energy.
For some pairs of heavy flavored quarks in the final state the double parton scattering will be a dominant

© 2011 Elsevier B.V. Open access under CC BY license.

In the last years it has become obvious that multiple parton
interactions play an important role in hadron-hadron collisions
at high energies and are one of the most common, yet poorly
understood [1], phenomenon at the LHC. The presence of such
multiple parton interactions in high-energy hadronic collisions has
been convincingly demonstrated by the AFS [2], UA2 [3], CDF [4,5],
and DO [6] Collaborations, using events with the four-jets and
y + 3-jets final states, thus providing new and complementary
information on the proton structure. The possibility of observing
two separate hard collisions was proposed long ago. Early theoret-
ical investigations were carried out in the framework of the par-
ton model [7-9] with subsequent extension to perturbative QCD
and active discussion in the current literature (see, for instance,
[10-29] and references therein).

A greater rate of events containing multiple hard interactions is
anticipated at the LHC with respect to the experiments mentioned
above due to the much higher luminosity and greater energy of
the LHC. Moreover the products from multiple interactions will
represent an important background [12-14] to signals from the
Higgs and other interesting processes and certain types of multi-
ple interactions will have distinctive signature [15-18] facilitating
a detailed investigation of these processes experimentally.

The main purpose of this Letter is to bring attention to an-
other important processes: the production of heavy meson pairs
through double parton scattering which is definitely not taken into
consideration in the current theoretical estimations [30,31]. Here,
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however, one should mention quite a recent paper [32], in which
the contribution from the double parton scattering to J/y -pair
production has been discussed for the first time for the condition
of the LHCb experiment.

Let us recall that, with only the assumption of factorization of
the two hard parton processes A and B, the inclusive cross sec-
tion of a double parton scattering process in a hadron collision is
written in the following form

s = g Z fﬂj(x1,xz;b1,bz; 0%, Q%)

i,jk,l
x G (x1.%1. Q1) (x2. %5. Q3)
x Ta(x). x5 b1 —b, b2 — b; Q7, QF)
x dxq dx dx| dx, d*by d?by d®b, (1)

where b is the usual impact parameter, that is, the distance
between the centers of colliding (e.g., the beam and the tar-
get) hadrons in transverse plane. Ijj(x1, X2; by, ba; Q12, Q22) are the
double parton distribution functions, depending on the longitudi-
nal momentum fractions x; and x, and on the transverse positions
b; and by of the two partons undergoing the hard processes A
and B at the scales Q1 and Qj; c%* and 6}; are the parton-level
subprocess cross sections. The factor m/2 is a consequence of the
symmetry with respect to the interacting parton species i and j:
m=1if A=B, and m =2 otherwise.

It is typically taken that the double parton distribution func-
tions may be decomposed in terms of the longitudinal and trans-
verse components as follows
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Lj(x1,x2; b1, by; QF, Q3)
= D}/ (x1.%2: Q7. QF) f (b) f (b2). @)

where f(bq) is supposed to be a universal function for all kind of
partons with its normalization fixed as

/ f(by)f by — by by &b = f Tb)d®b=1, 3)

and T(b) = ff(b1)f(b1 —b) d?b; is the overlap function.

If one makes a further assumption that the longitudinal compo-
nent D;f (X1, X2; Q12, Q22) reduces to a product of two independent
one parton distributions,

Dyl (x1,%2: QF, Q3) = Dj,(x1; QF) Dy (x2; Q3), 4)
the cross section of the double parton scattering can be expressed
in a simple form

A B
AB _ M OgpsOspg
ohB. — T 7sesTsps (5)
DPS = 5

Oeff

-1
Oeff = [ /d2b(T(b))2] . (6)

In this representation and at the factorization of longitudinal and
transverse components, the inclusive cross section of single hard
scattering reads

odhs =3 [ Diss @) b6 (1. )
ik
x Df,(x}; QF) f (by — b)dxq dx} d?b1 d®b
= Z/ D} (x1; Q3)618 (x1,X,)DF (x); QF) dxq dx;. (7)
ik

These simplifying assumptions, though rather customary in the
literature and quite convenient from a computational point of view,
are not sufficiently justified and are under the revision now [19-
21,27,28]. However, the starting cross section formula (1) was
found (derived) in many works (see, e.g., Refs. [10,11,19-21]) in
the momentum representation using the light-cone variables and
the same approximations as thouse applied to the processes with
a single hard scattering.

Nevertheless, we restrict ourselves to this simple form (5) re-
garding it as the first estimation of the contribution from the
double parton scattering to the inclusive double heavy meson pro-
duction. The presence of the correlation term in the two-parton
distributions results in the decrease [26-28] of the effective cross
section oef with the growth of the resolution scales Q1 and Q3,
while the dependence of o.¢ on the total energy at fixed scales is
rather weak [27]. Thus, in fact, we obtain the minimal estimate of
the contribution under consideration.

The CDF and DO measurements give oef ~ 15 mb, which is
roughly 20% of the total (elastic + inelastic) pp cross section at
the Tevatron energy. We will use this value in our further estima-
tions.

Let us start from the double ]/ production, since the LHCb
Collaboration has recently reported a first measurement [33] of
this process

oIV —=56+11+1.2nb (8)

with both J/v’s in the rapidity region 2 < y//¥ < 4.5 and with
the transverse momentum p%/ Y <10 GeV/c in proton-proton coll-
sions at a center-of-mass energy of /s = 7 Tev. Earlier this Collab-

oration has already measured [34] the single inclusive J/v pro-

duction cross section within the same kinematical cuts as above

A4 0.87
Ogps =7.6540.19 +1.107 57 ub. (9

Using Eq. (5) we obtain immediately a simple estimation of the
contribution from the double parton scattering at the same kine-
matical conditions

I G IV
104 O
ogpl I = S S ZSS 5 0mb. (10)
2 Oeff

This value is quite comparable with the cross section through the
“standard” mechanism of the double J/v yield [31]

odJIV = 415nb, (11)

and the theoretical prediction for the contribution from both scat-
tering modes to the cross section

IV | o

EIA 11V = 6.15 nb, (12)

DPS

is very close to the experimentally observed cross section (8) of
double J/v production.

A method to measure the double parton scattering at the LHCb
using leptonic final states from the decay of two promt J/vr
mesons is discussed in Ref. [32]. It is worth mentioning on the
other hand that the predictions on the double J/iy production are
very sensitive to the choice of the renormalization scale (because
of the O(af) dependence of the JS]P/SW "V cross section), and so,
the LHCb experimental results can also be accommodated by the
SPS mechanism alone (see below).

An even better evidence for the double parton scattering pro-
cess can be found in the production of x. pairs. The production of
P-wave states is suppressed relative to the production of S-wave
states because of the hierarchy of the wave functions |72]/]/,(0)|2 >

IR/, (0)]*/m leading to the inequality USJP/SW s 0. Indeed,
as one can learn from Fig. 8 in Ref. [30], the inclusive double x.
production is suppressed in comparison with the inclusive double
J /¥ production by more than two orders of magnitude.

At the same time, the inclusive production of single J/v and
Xc states shows nearly the same rates. The latter property is sup-
ported by both theoretical [35] and experimental [36-38] results.
The reason comes from the fact that the x. mesons are produced
in a direct 2 — 1 gluon-gluon fusion g + g — X, while the J/y
mesons are produced in a 2 — 2 subprocess g+ g — J/¥ + &,
where an additional final state gluon is required by the color and
charge parity conservation. As a consequence, the invariant mass of
the produced system is typically much higher in the | case than
in the x. case. (Besides that, the structure of the matrix element
is such that it vanishes when the coproduced gluon becomes soft.
This further suppresses the production of low-mass states.)

Taken together, the suppression factors coming from the lower
wave function on the . side, and from the higher final state mass
and extra o coupling on the jJ/y side nearly compensate each

other making the inclusive production cross sections comparable

: foae Xe I XeXe ~ I/
In size: Ogpg =~ Ogpg - As a consequence, we get Opps = Opps

and U]%(lgsxc > os)ffSXf. Thus, if observed, the production of a x¢xc
pair would yield a clear and unambiguous indication of the double
parton scattering process. The need in detecting the decay photon
Xc — J/¥ + y brings certain difficulties in the experimental pro-
cedure, but the task seems still feasible as the production cross
section is not small.

Another tempting possibility is to consider the simultaneous
production of J/v¢ and .. In the SPS mode, this process is for-
bidden at the leading order (LO) by the charge parity conserva-
tion but is possible at the next-to-leading order (NLO), g + g —
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J/¥ + xc+ g. The corresponding cross section is then suppressed
by one extra power of o and by the x. wave function. Alterna-
tively, it can proceed via the soft final-state gluon radiation (the
so-called color octet model). The estimations of the cross section
are then model dependent and rather uncertain, but even with
the largest acceptable values for the color octet matrix elements
one arrives at a suppression factor of about two orders of mag-

nitude [30]. For the DPS mode we still expect no suppression,
J/¥ Xe J/l/f]/l/f_

Opps ~ = Opps

Yet another interesting process is the production of particles
from different flavor families, say, J/v and 7" mesons. Once again,
this process is not possible at the leading order in the SPS mode
and only can occur either at the NNLO (next-to-next-to-leading or-
der) O(af), or via the color-octet transitions, or by means of the
production and decay of P-wave mesons (ie, g+ & — Xxc + X»
followed by . — J/¥ +y and x, — T + y). So, the SPS mode
is always suppressed: either by the extra powers of «, or by
the color-octet matrix elements, or by the P-state wave func-

tion, and the DPS mode becomes the absolutely dominant one:

J/vr J/vr
Opps > Ogps -

Now, to be more precise, we will derive some numerical predic-
tions. In doing so, we rely upon perturbative QCD and nonrelativis-
tic bound state formalism [39,40] with only the color-singlet chan-
nels taken into consideration. Also, we accept the k;-factorization
ansatz [41-43] for the parton model. The computational technique
is explained in every detail in Ref. [35], and the parameter set-
ting is as follows. The meson masses are taken from the Particle
Data Book [44], and the heavy quark masses are set equal to
one half of the respective meson masses; the radial wave func-
tions of J/v and 7 mesons are supposed to be known from their
leptonic decay widths [44] and are set to |R]/w(0)|2 =0.8 GeV?
and |Ry(0)|2 = 6.48 GeV?; the wave functions of the P-states are
taken from the potential model [45], |R’XC (0)]? = 0.075 GeV> and

|R;(b (0)]> = 1.44 GeV>; the renormalization scale in the strong

coupling o5(iu?) is chosen as the meson transverse mass u2 =
m2 + pf; and we use the AQ parameterization from Ref. [46] for
the unintegrated gluon density.

In the present Letter we will restrict ourselves to the condi-
tions of the LHCb experiment, since the Collaboration has already
recorded the production of ]/ pairs. Predictions for other exper-
imental conditions can be made in an essentially similar way.

Within the theoretical model described above, we get for the
direct inclusive J/v production

oY (direct) = 7.1 pb, (13)

and for the x. mesons

ol =15ub,  ofZ=5.1pb. (14)

After multiplying these numbers by appropriate branching ra-
tios [44] Br(xc1— J/v¥+y) = 35% and Br(xco—J/v+y) = 20%
and summing the direct and indirect contributions together we get
for the prompt J /v yield

o = odi (direct) + o (from xc)

=7.1pb+ 1.6 pb = 8.7 pb. (15)

This result is in reasonable agreement with the experimental mea-
surement (9), thus giving support to our theoretical model. Quite
similarly, we get for the bb mesons

ok (direct) = 140 nb, (16)

and

ol =18nb,  of¥? =91nb. (17)

Then one can easily obtain for the DPS mode

ol =1.7 b, (18)
aglf;”/‘[’(both from x.) =0.9 nb, (19)
oJldT =0.07 nb. (20)

The reader can continue deriving predictions for other DPS combi-
nations.

To calculate the background contribution GS]P/SW/ ¥ we use
the code developed in [47] and extended now [48] to the k-
factorization approach:

odJIV = anb. (21)

Variations in the renormalization scale ,u,Iz2 within a factor of 2
around the default value u% = §/4 make a factor of 1.6 increas-
ing or decreasing effect on the total production rate. Employing
some different parametrizations for the unintegrated gluon den-
sities (A4 or A— sets from Ref. [46]) also changes the predicted
cross section by a factor of 1.6 up or down. Our central prediction
(21) is in reasonable agreement with the data (8).

The proportion between the visible SPS and DPS contributions
can, in principle, depend on the experimental cuts on the ]/
transverse momentum. However, in the particular case which we
are considering here, the LHCb Collaboration refers to no cuts on
pr(J/v¥). In fact, there are some soft restrictions on the momenta
of the decay muons, pr(u) > 600 MeV, but they are taken into
account as corrections to the acceptance. The final results reported
by the Collaboration to compare with are the acceptance-corrected
ones.

It is also worth noting that even in the general case the sensi-
tivity of the ratio opps/osps to the pr cuts is rather weak, because
the DPS and SPS contributions show the same pr behavior. This
is explained in detail in Ref. [48]. Irrespective of the particular
properties of the subprocess matrix element, the pr of the final
state is dominated by the transverse momentum of the initial glu-
ons, and the individual J/v spectra behave as 1/p‘} in both SPS
and DPS modes. Moreover, the momenta of the two J/v mesons
are not correlated. The latter is evident in the DPS case and was
not a priori evident in the SPS case, but turned out to be true
(Fig. 5 in Ref. [48]). So, the SPS and DPS event topologies are rather
similar to each other and can hardly be distinguished from one an-
other.

Our calculations agree with the observation made in Ref. [32]
that the effects of initial parton radiation (that are automati-
cally present in the k;-factorization approach) destroy the original
back-to-back J/v J/¢ kinematics completely washing out the az-
imuthal correlations. One can potentially distinguish the SPS and
DPS modes with rapidity correlations, but we anyway find that
looking at some other meson species is more indicative. In par-
ticular, the production of xcxc, J/¥xc or J/¥ 7Y pairs is totally
dominated by the DPS mechanism because the SPS mechanism is
suppressed for the reasons given earlier.

Summing up, we conclude that the processes with pairs of
heavy quarkonia in the final state (J/v¥ J/v¥, XcXe» J/¥ Xer J/¥T)
can serve as precise probes of the double parton scattering at the
LHC and can stimulate important steps towards understanding the
multiparticle QCD dynamics.
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