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Production of two cc pairs in double-parton scattering
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We discuss production of two pairs of c¢¢ within a simple formalism of double-parton scattering.
Surprisingly very large cross sections, comparable to single-parton scattering single ¢¢ pair production
contribution, are predicted for LHC energies. Both the total inclusive cross section as a function of energy
and differential distributions in rapidity and transverse momentum of charm quark/antiquark as well as
some correlation distributions for /s = 7 TeV are shown. We have presented results for commonly used
factorized Ansatz and with QCD-evolved double-parton distributions as discussed recently in the
literature. The difference found between results of the naive and QCD refined approaches is found to
be rather small. We discuss perspectives on how to identify the double-scattering contribution. The region
of the phase space when cc, ¢ ¢, c¢ are produced with a large rapidity interval between them is potentially
very promising. We have compared the results of the double- and single-scattering cccc pair production
mechanisms. The contribution of the latter mechanism is much smaller. A good signature of the cccc
production is e.g. a measurement of two identical D°D° or D°D°® mesons in one event. Predictions for
ATLAS, CMS, ALICE, and LHCb are presented. Other options of possible measurements are discussed.
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I. INTRODUCTION AND FORMALISM

It is commonly believed that gluon-gluon fusion is the
dominant mechanism of heavy Q or heavy Q production at
high energies. Then in leading-order (LO) approximation
the differential cross section for the single-parton scatter-
ing (SPS) production of heavy quark and heavy antiquark
pair reads:

do 1
dy,dy,d*p, 1672§>

x18(x1, w2)x28 (02, w2 M,y 00l
(1.1)

where longitudinal momentum fractions can be calculated
from kinematical variables of final quark and antiquark as
xy =7(exp(yr) +exp(y2)), xp=7H(exp(—y;) +exp(—y2))
with y’s being quark (antiquark) rapidities and m;, being a
quark (antiquark) transverse mass. The leading-order
matrix elements squared |.’J\/lgg_,QQ|2 can be found e.g.
in [1].

We have limited here to gluon-gluon fusion only. The
quark-antiquark annihilation plays some role only close
to the kinematical threshold and/or large rapidities. At
Tevatron and LHC the quark-antiquark annihilation is
practically negligible. The next-to-leading-order approach
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was developed already some time ago [2]. In general, the
higher-order corrections do not change most of single-
particle observables leading to a rough renormalization
of the cross section by the so-called K factor (see e.g. [3]
and references therein). The K factor for ¢¢ production is
not too big when comparing leading-order results with
leading-order gluon distributions and next-to-leading-
order results with next-to-leading-order gluon distribution.

In the present paper we wish to estimate for the first
time the contribution of double-parton scatterings (DPS)
to (cc)(cc) production. The mechanism of double-parton
scattering production of two pairs of heavy quark and
heavy antiquark is shown in Fig. 1 together with corre-
sponding mechanism of single-scattering production.

The double-parton scattering has been recognized and
discussed already in the seventies and eighties [4—12]. The
activity stopped when it had been realized that the DPS
contribution was negligible at the small energies. Several
estimates of the cross section for different processes have
been presented in recent years [13-22]. The theory of the
double-parton scattering is quickly developing (see e.g.
[23-30]) which is partly driven by experiments at the LHC.

In the present analysis we wish to concentrate on the
production of the (¢¢)(c¢) four-parton final state which has
not been carefully discussed so far, but, as will be shown
here, is particularly interesting especially in the context of
experiments being carried out at the LHC and/or high-energy
atmospheric and cosmogenic neutrinos (antineutrinos).
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FIG. 1. SPS (left) and DPS (right) mechanisms of (c¢)(cc)

production.

Because of its intermediate mass the charm quark pro-
duction is close to the border of applicability of perturba-
tive QCD. However, the perturbative QCD approach was
shown by different authors to give a reasonable description
of the inclusive charm data for different reactions such as
photon-photon, photon-proton, and proton-proton [31-33].
The not too big scales for ¢¢ production lead to relatively
large uncertainties, partially discussed in this paper (see
also [34,35]), much larger than for beauty or top quarks/
antiquarks. If the effects at low transverse momenta of c or
¢ are not fully perturbative for the (c¢c¢)(c¢) production,
then an extra cut on transverse momenta p, > p; i, of
quarks or mesons can be imposed in addition. In practice
this is the case when lower cut restrictions on meson or
lepton transverse momenta are imposed by experimental
setups.

The double-parton scattering formalism in the simplest
form assumes two single-parton scatterings. Then in a
simple probabilistic picture the cross section for double-
parton scattering can be written as

oPPS(pp— céceX)

1 _ -
=5—0"(pp—ctX)) o> (pp— ctXy).

(1.2)
20t

This formula assumes that the two subprocesses are not
correlated and do not interfere. At low energies one has to
include parton momentum conservation i.e. extra limita-
tions: x; + x3 <1 and x, + x4, <1, where x; and x; are
longitudinal momentum fractions of gluons emitted from
one proton and x, and x4 their counterparts for gluons
emitted from the second proton. The “second” emission
must take into account that some momentum was used up
in the “first” parton collision. This effect is important at
large quark or antiquark rapidities. Experimental data [36]
provide an estimate of o in the denominator of formula
(1.2). In our analysis we take a rather conservative value of
Teff = 15 mb.

The simple formula (1.2) can be generalized to include
differential distributions. Again in leading-order approxi-
mation differential distribution can be written as
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do

dy, dJ’Zdzpltd)’3d)’4d2p2t
1 do ' do
204t dy1d)’2d2191t dy3d)’4d2l?2t

(13

which by construction reproduces the formula for inte-
grated cross section (1.2). This cross section is formally
differential in 8 dimensions but can be easily reduced to 7
dimensions noting that physics of unpolarized scattering
cannot depend on azimuthal angle of the pair or on azimu-
thal angle of one of the produced ¢ (¢) quark (antiquark).
The differential distributions for each single-scattering step
can be written in terms of collinear gluon distributions with
longitudinal momentum fractions x;, x,, x3, and x; ex-
pressed in terms of rapidities y;, y», y3, ¥4 and transverse
momenta of quark (or antiquark) for each step (in the LO
approximation identical for quark and antiquark).

A more general formula for the cross section can be
written formally in terms of double-parton distributions
(dPDF), e.g. Fg,, Fyy, etc. In the case of heavy quark
(antiquark) production at high energies:

1
dO’DPS = FFgg(xl’x& ,LL%, M%)Fgg(xb X4, M%’ /J‘%)
eff

X da’gg—»cé(xl’ X2, M%)do-gg_'(,f(‘x3’ X4, Iu’%)

X d.xldedX3dX4. (14)
It is physically motivated to write the double-parton dis-
tributions rather in the impact parameter space
Foo(x1, x5, b) = g(x1)g(x,)F(b), where g are usual con-
ventional parton distributions and F(b) is an overlap of
the matter distribution in the transverse plane where b is a
distance between both gluons [37]. The effective cross
section in (1.2) is then 1/o = [d?bF?(b) and in this
approximation is energy independent.

The double-parton distributions in Eq. (1.4) are generally
unknown. Usually one assumes a factorized form and ex-
presses them via standard distributions for SPS. Even if
factorization is valid at some scale, QCD evolution may
lead to a factorization breaking. For some time the evolution
was known only when the scale of both scatterings is the
same [23,24,26] i.e. for heavy object, like double gauge
boson production. Recently the evolution of dPDF was
discussed also in the case of different scales [38]. This
scheme was in fact implemented in practical applications
in Ref. [26].

For double c¢ production this is not the case and has not
been discussed so far in the literature. In the present study
we shall apply both the factorized model commonly used
in the literature [see Eq. (1.3)] and the approach using
double-parton distributions [see Eq. (1.4)] fulfilling rele-
vant evolution equations [26,38]. In explicit calculations
presented below we use leading-order collinear gluon
distributions (GRV94 [39], CTEQ6 [40], GJROS [41],
MSTWOS8 [42]) when applying simple factorized Ansatz
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and GS09 [26] double-gluon distribution in the QCD cor-
rected formula.

Although in the present paper we concentrate on the
double-parton contribution to the ccc¢ final state, we shall
also present some results for single-parton scattering con-
tribution discussed for the first time very recently [43]. The
relevant calculation is much more difficult technically as it
requires explicit calculation of the 2 — 4 contributions on
the parton level.

In practice rather mesons or nonphotonic electrons are
measured and not quarks or antiquarks. In the present
exploratory calculation we shall also show some selected
results for charmed mesons. A good signature of the
ccec final state is a production of two mesons, both
containing ¢ quark or two mesons both containing ¢
antiquark. Here, as an example, we shall consider pro-
duction of D°D° and D°D° meson pairs in one physical
event. The measurement of D or D° is probably the
easiest experimentally. The hadronization of ¢ quarks
(¢ antiquarks) to the charmed mesons will be done in
terms of phenomenological hadronization functions as
described in [34,35].

II. RESULTS AND OUTLOOK

A. Quarks and antiquarks

In Fig. 2 we compare cross sections for the single c¢¢
pair production as well as for single-parton and double-
parton scattering ccc¢ production as a function of proton-
proton center-of-mass energy. In the left panel we present
uncertainties due to the choice of gluon distributions and
in the right panel those due to the choice of renormaliza-
tion and factorization scale. At low energies the conven-
tional single cc¢ pair production dominates. The cross
section for DPS production of the cccc system is more
than 2 orders of magnitude smaller than that for single c¢
production. At high energy the situation reverses. For
reference we show the proton-proton total cross section
as a function of energy as parametrizes in Ref. [44]. At
low energy the c¢¢ or cccc cross sections are much smaller
than the total cross section. At higher energies the con-
tributions dangerously approach the expected total cross
section.' This shows that inclusion of unitarity effect and/
or saturation of parton distributions may be necessary. The
effect of saturation in c¢ production has been included e.g.
in Refs. [45-47] but not checked versus experimental
data. Presence of double-parton scattering changes the
situation. The double-parton scattering is therefore poten-
tially a very important ingredient in the context of high-
energy neutrino production in the atmosphere [47—49] or
of cosmogenic origin [50]. We leave this rather difficult
issue for future studies in which the LHC charm data must

"New experiments at LHC will provide new input for parame-
trizations of the total cross section.
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be included. At LHC energies the cross section for both
terms becomes comparable.2 This is a completely new
situation when the double-parton scattering gives a huge
contribution to inclusive charm production.

In Figs. 3 and 4, we present single ¢ (¢) distributions.
Within approximations made in this paper the distribu-
tions are identical in shape to single-pair production
distributions. This means that the double-scattering con-
tribution produces naturally an extra center-of-mass
energy dependent K factor to be contrasted with an
approximately energy-independent K factor due to next-
to-leading-order corrections. One can see a strong depen-
dence on the factorization and renormalization scales
which at high energies produce almost factor 5 uncertain-
ties and precludes a more precise estimation. A better
estimate could be done when LHC charm data are
published and the theoretical distributions are somewhat
adjusted to experimental data.

So far we have discussed only single-particle spectra of ¢
or ¢ (rapidity, transverse momentum distributions) which due
to factorization and renormalization scale dependence do not
provide a clear test of the existence of double-parton scatter-
ing contributions. A more stringent test could be performed
by studying correlation observables. In particular, correla-
tions between ¢ and ¢ are very interesting even without
double-parton scattering terms [33]. In Fig. 5 we show
distribution in the difference of ¢ and ¢ rapidities ygi =
v, — vz (left panel) as well as in the c¢ invariant mass M .;
(right panel). We show both terms: when c¢ are emitted in the
same parton scattering (c;c¢, or c3c4) and when they are
emitted from different parton scatterings (cC4 or ¢,¢3). In
the latter case we observe a long tail for a large rapidity
difference as well as at large invariant masses of cc.

In particular, cc (or ¢ ¢) should be predominantly pro-
duced from two different parton scatterings which opens a
possibility to study the double-scattering processes. Of
course, a small amount may come from single-parton
scattering production of ccc¢ discussed by one of us very
recently [43].

In Fig. 6 we present distribution in the transverse mo-
mentum of the ¢ (or cc or ¢ ¢ ) pair | p .|, where p, .z =
Dic + Pz For comparison this is a Dirac delta function in
the leading-order approximation to single-pair c¢ produc-
tion. In contrast, the double-parton scattering mechanism
provides a broad distribution extending to large transverse
momenta. Next-to-leading-order corrections obviously de-
stroy the 6-like leading-order correlation but the corre-
sponding spectra are not as hard as those for DPS. We
believe that similar distributions for DD or/and e*e™ or
ut u~ pairs would be a useful observables to identify the
DPS contributions but this requires real Monte Carlo
simulations, including actual limitations of experimental

2If the inclusive cross section for ¢ or ¢ is shown, the cross section
should be multiplied by a factor of 2 — ¢ or two ¢ in each event.
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parametrization of the total cross section in the left panel. The cross section for c¢¢cc should be multiplied in addition by a factor 2 in
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apparatus. Correlations between outgoing nonphotonic
electrons has been studied at much lower Relativistic
Heavy Ion Collider energy in Ref. [35].

In the present approach we have calculated cross section
in a simple leading-order approach. A better approximation
would be to include multiple gluon emissions. This can be
done e.g. in soft gluon resummation or in the k,-factorization
approach. For example, the second approach does not lead to
dramatic changes in neither distribution in rapidity nor of
distributions in transverse momentum of ¢ (¢) (see e.g. [33])
compared to the collinear approach. It could, however,
change distributions in the transverse momentum of c¢¢ or
in the azimuthal angle between ¢ and ¢ [33]. This will be
discussed in detail elsewhere.

Our predictions using the simple factorized model,
especially when the DPS cross section is large, should be
taken with caution as here potentially some corrections
could be important. We believe, however, that our simple
estimate can be used e.g. to calculate the cross section for

_
o
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semihard mesons that are being measured e.g. by the LHCb
Collaboration. A future comparison would be very useful
to shed new light on the approach as well as on our under-
standing of DPS.

Up to now we have presented results for the simple
factorized Ansatz. In Fig. 7 we compare the results of the
simple factorized Ansatz and those for double-parton dis-
tributions with QCD evolution [26]. The effect of the QCD
evolution of dPDFs is relatively small and can be safely
neglected taking into account all other uncertainties, in
particular, those due to the choice of the factorization
and renormalization scale.

Production of two c¢ pairs in the leading-order approxi-
mation is only a first step in trying to identify DPS
contribution. In the next step we are planning next-to-
leading-order calculation of the same process as well as
calculation in the k,-factorization approach.

B. Mesons and outlook

The distributions of quarks and/or antiquarks cannot be
directly measured. These are rather mesons (or baryons)
that are measured experimentally. The ALICE Collabo-
ration can measure charmed mesons in a relatively narrow
interval of (pseudo)rapidity —0.9 < np < 0.9 but in broad
range of transverse momenta. In principle, all main collab-
orations at the LHC can measure charmed mesons. The
ATLAS and CMS detectors can measure charmed meson
in the pseudorapidity region of —2.5 < np <2.5. This
means that the pseudorapidity difference up to 5 units is
possible using only the main detectors. For the identifica-
tion of double-scattering terms rather large rapidity dif-
ferences between cc or ¢ ¢ (i.e. for instance large (pseudo)
rapidity differences between D°D? or D°D°) would
be particularly useful. We suggest the following cuts
in order to concentrate on the DPS contribution: n; €
(—2.5,—-2.0) and m, € (2.0,2.5), where 7, n,
are pseudorapidities of one and second D° or one and
second D°.
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FIG. 7 (color online).
All distributions are shown for /s = 7 TeV.

Usually single-particle distributions of mesons are
studied in the literature. The correlation of mesons was
studied e.g. in Ref. [35]. In our case here we have to store
kinematical information about both mesons coming from
hadronization of quarks (antiquarks) from two different
parton scatterings. We have written a computer code that
hadronizes both ¢ quarks and/or both ¢ antiquarks produced
in two different double-parton scatterings. It is physically
motivated to assume independent hadronization of both
charmed quarks or antiquarks. The D° or D mesons are
produced more often than other charmed mesons. The rele-
vant probabilities are P(c — D°) = P(¢ — D°) = 0.56.

The main detectors (ATLAS or CMS) can measure only
mesons with transverse momenta p, > 0.5-1 GeV. In con-
trast, ALICE can measure mesons also at very low trans-
verse momenta (p, > 0.1 GeV). In Table I we show the
cross section for different lower cuts on meson transverse
momenta. For ALICE (last column) we show also results
when an extra cut on the transverse momentum of the
meson pair p,popo >4 GeV is imposed in order to
increase the purity of the double-parton mechanism. The
cross section of the order of a fraction of ub is obtained
which could be easily measured.
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One can observe that the cross section strongly depends
on the lower cut on meson transverse momenta. For
ALICE kinematics and p,,;, = 4 GeV the cross section
is 6.2 nb. The LHCb experiments measures only forward
emitted particles. For their acceptance (2 <y <4 and
3 GeV < p, <12 GeV) the relevant cross section is
Opope + 00 = 51.8 nb. However, we do not expect
that the DPS contribution dominates here.

TABLE I. The DPS cross section (G'D“D“ + 0’50[,0)/2 in mb
for the production of one meson in 7, € (—2.5,2.0) and the
second meson in 1, € (2.0,2.5) (ATLAS, CMS), second col-
umn, and for 7;, 7, € (—0.9,0.9) (ALICE), third column, for
different lower cuts on both mesons transverse momenta.

Pi.min ATLAS ALICE p, popo
(GeV) or CMS ALICE >4 GeV
0.0 2.59 X 1073 0.66 X 1072 0.58 X 1073
1.0 1.47 X 1074 2.48 X 1073 0.41 X 1073
2.0 0.32 X 1073 2.93 X 1074 1.54 X 1074
3.0 2.55 % 1077 0.35 X 1074 2.46 X 1073
4.0 2.33 X 1078 0.62 X 107 0.49 X 1075
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Transverse momentum distribution of the D°D? (or D°DP) pairs for the rapidity interval from Table I: ATLAS

or CMS (left) and ALICE (right) for different cuts on transverse momenta of each meson in the pair. The distribution in transverse
momentum of single D° is shown for comparison (dashed line). All distributions are shown for /s = 7 TeV.

The cross sections estimated here are subjected to un-
certainties due to the choice of factorization and renormal-
ization scales. Typical uncertainties of the order of factor 2
can be expected. Since leading-order cross sections are
calculated, in reality the cross sections should be rather
larger than estimated here.

Above we have discussed that the sum of transverse
momenta of two ¢ (or two ¢) has a long tail. This is of
course not an observable. In Fig. 8 we show instead the
distribution in the transverse momentum of the D°D° pair
(or DD pair) for the rapidity interval from Table I. These
distributions have a slope comparable to that for the single
D° (or D°) transverse momentum distribution which is
shown for comparison.

Since a measurement of the cases with a large rapidity
interval between mesons is not an easy, one could also try
a measurement of electrons/positrons or u*/u~. The
ALICE forward muon spectrometer [51] covers the pseu-
dorapidity interval 2.5 <mn <4 which when combined
with the central detector means pseudorapidity differences
up to 5. This is expected to be a region of phase space
where double-parton scattering contribution would most
probably dominate over the single-parton scattering con-
tribution. This will be a topic of a forthcoming analysis.
Next-to-leading-order corrections are not expected to give
a major contribution at large pseudorapidity differences
and/or large invariant masses of u " u~ but this must be

verified in the future. The CMS detector is devoted espe-
cially to measurements of muons. The lower transverse
momentum threshold is however rather high, the smallest
being about 1.5 GeV at n = *£2-2.4 which may be inter-
esting for double-parton scattering searches. This requires
special dedicated Monte Carlo studies.

We expect that semileptonic decays are the main source for
semihard muons or electrons. Furthermore, this contribution
can, in principle, be separated experimentally by taking into
account that the secondary vertices are shifted with respect
to the primary ones. This should allow a separation of the
semileptonic “‘signal” from other possible sources of
dilepton continuum like Drell-Yan processes for instance.

ACKNOWLEDGMENTS

We are indebted to V. Belyaev and M. Szczekowski for
the discussion of LHCb experimental potential for studies
of double-parton scattering and F. Alberto Ceccopieri
for pointing out Ref. [38]. We also thank S. Baranov and
A. Snigirev for very interesting remarks. We are espe-
cially indebted to J. Gaunt for providing us a grid of
QCD-evolved double-parton distributions. We are also
indebted to W. Schifer for interesting conversation and
J. Okotowicz for his careful reading of this manuscript.
This paper was partially supported by the Polish Grant
Nos. N202 237040 and DEC-2011/01/B/ST2/04535.

[1] V.D. Barger and R.J.N. Phillips, Collider Physics
(Addison-Wesley Publishing Company, Redwood City,
CA, 1987); R.K. Ellis, W.J. Stirling, and B.R. Webber,
QCD and Collider Physics (Cambridge University Press,
Cambridge, England, 1996).

[2] P. Nason, S. Dawson, and R. K. Ellis, Nucl. Phys. B303,
607 (1988); G. Altarelli, M. Diemoz, G. Martinelli,
and P. Nason, Nucl. Phys. B308, 724 (1988); P.
Nason, S. Dawson, and R.K. Ellis, Nucl. Phys. B327,
49 (1989); W. Beenakker, H. Kuijf, W.L. Van

094034-7


http://dx.doi.org/10.1016/0550-3213(88)90422-1
http://dx.doi.org/10.1016/0550-3213(88)90422-1
http://dx.doi.org/10.1016/0550-3213(88)90126-5
http://dx.doi.org/10.1016/0550-3213(89)90286-1
http://dx.doi.org/10.1016/0550-3213(89)90286-1

LUSZCZAK, MACIULA, AND SZCZUREK

(3]
(4]

(5]
(6]

(7]
(8]
(9]
(10]
[11]
[12]

[13]
[14]

[15]

[16]

Neerven, and . Rev. D 40, 54
(1989).

R. Vogt, Heavy Ion Phys. 17, 75 (2003).

P. V. Landshoft and J. C. Polinghorne, Phys. Rev. D 18,
3344 (1978).

F. Takagi, Phys. Rev. Lett. 43, 1296 (1979).

C. Goebel, D. M. Scott, and F. Halzen, Phys. Rev. D 22,
2789 (1980).

B. Humpert, Phys. Lett. 131B, 461 (1983).

N. Paver and D. Treleani, Phys. Lett. 146B, 252 (1984).

N. Paver and D. Treleani, Z. Phys. C 28, 187 (1985).

M. Mekhfi, Phys. Rev. D 32, 2371 (1985); 32, 2380 (1985).
B. Humpert and R. Oderico, Phys. Lett. 154B, 211 (1985).
T. Sjostrand and M. van Zijl, Phys. Rev. D 36, 2019
(1987).

M. Drees and T. Han, Phys. Rev. Lett. 77, 4142 (1996).

A. Kulesza and W.J. Stirling, Phys. Lett. B 475, 168
(2000).

A. Del Fabbro and D. Treleani, Phys. Rev. D 66, 074012
(2002).

E. Maina, J. High Energy Phys. 04 (2009) 098; 09 (2009)
081; 01 (2011) 061.

E.L. Berger, C.B. Jackson, and G. Shaughnessy, Phys.
Rev. D 81, 014014 (2010).

J.R. Gaunt, C.-H. Kom, A. Kulesza, and W.J. Stirling,
Eur. Phys. J. C 69, 53 (2010).

M. Strikman and W. Vogelsang, Phys. Rev. D 83, 034029
(2011).

B. Blok, Yu. Dokshitzer, L. Frankfurt, and M. Strikman,
Phys. Rev. D 83, 071501 (2011).

C.H. Khom, A. Kulesza, and W.J. Stirling, Phys. Rev.
Lett. 107, 082002 (2011).

S.R. Baranov, A.M. Snigirev,
arXiv:1105.6279.

A.M. Snigirev, Phys. Rev. D 68, 114012 (2003).

V. L. Korotkikh and A. M. Snigirev, Phys. Lett. B 594, 171
(2004).

T. Sjostrand and P.Z. Skands, J. High Energy Phys. 03
(2004) 053.

J.R. Gaunt and W.J. Stirling, J. High Energy Phys. 03
(2010) 005.

J.R. Gaunt and W.J. Stirling, J. High Energy Phys. 06
(2011) 048.

M. Diehl and A. Schifer, Phys. Lett. B 698, 389 (2011).
M. G. Ryskin and A. M. Snigirev, Phys. Rev. D 83, 114047
(2011).

Smith, Phys.

and N.P. Zotov,

(30]
(31]
(32]
(33]
(34]
[35]
[36]
(37]

[38]
[39]

[40]

[49]
[50]

[51]

094034-8

PHYSICAL REVIEW D 85, 094034 (2012)

M. Diehl, D. Ostermeier, and A. Schifer, J. High Energy
Phys. 03 (2012) 089.
A. Szczurek, Acta
(2003).

M. Luszczak and A. Szczurek, Phys. Lett. B 594, 291
(2004).

M. Luszczak and A. Szczurek, Phys. Rev. D 73, 054028
(2000).

M. Luszczak, R. Maciuta, and A. Szczurek, Phys. Rev. D
79, 034009 (2009).

R. Maciuta, A. Szczurek, and G. Slipek, Phys. Rev. D 83,
054014 (2011).

F. Abe et al. (CDF Collaboration), Phys. Rev. D 56, 3811
(1997); Phys. Rev. Lett. 79, 584 (1997).

G. Calucci and D. Treleani, Phys. Rev. D 60, 054023
(1999).

F. A. Ceccopieri, Phys. Lett. B 697, 482 (2011).

M. Gliick, E. Reya, and A. Vogt, Z. Phys. C 67, 433
(1995).

J. Pumplin, D.R. Stump, J. Huston, H.L. Lai, P.M.
Nadolsky, and W.K. Tung, J. High Energy Phys. 07
(2002) 012.

M. Gliick, D. Jimenez-Delgado, and E. Reya, Eur. Phys.
J. C 53, 355 (2008).

A.D. Martin, W.J. Stirling, R.S. Thorne, and G. Watt,
Eur. Phys. J. C 63, 189 (2009).

W. Schifer and A. Szczurek, Phys. Rev. D 85,094029
(2012).

A. Donnachie and P. V. Landshoff, Phys. Lett. B 296, 227
(1992).

J. Raufeisen and J.-Ch. Peng, Phys. Rev. D 67, 054008
(2003).

V.P. Goncalves and M. V.T. Machado, J. High Energy
Phys. 04 (2008) 028.

R. Enberg, M. H. Reno, and 1. Sarcevic, Phys. Rev. D 78,
043005 (2008).

P. Gondolo, G. Ingelman, and M. Thunman, Astropart.
Phys. 5, 309 (1996); Nucl. Phys. B, Proc. Suppl. 43, 274
(1995); 48, 472 (1996).

A.D. Martin, M. G. Ryskin, and A. M. Stasto, Acta Phys.
Pol. B 34, 3273 (2003).

R. Enberg, M. H. Reno, and 1. Sarcevic, Phys. Rev. D 79,
053006 (2009).

ALICE Collaboration, MUON spectrometer Technical
Proposal, Report No. CERN/LHCC 96-32, 1996 (unpub-
lished).

Phys. Pol. B 34, 4443


http://dx.doi.org/10.1103/PhysRevD.40.54
http://dx.doi.org/10.1103/PhysRevD.40.54
http://dx.doi.org/10.1556/APH.17.2003.1.9
http://dx.doi.org/10.1103/PhysRevD.18.3344
http://dx.doi.org/10.1103/PhysRevD.18.3344
http://dx.doi.org/10.1103/PhysRevLett.43.1296
http://dx.doi.org/10.1103/PhysRevD.22.2789
http://dx.doi.org/10.1103/PhysRevD.22.2789
http://dx.doi.org/10.1016/0370-2693(83)90540-3
http://dx.doi.org/10.1016/0370-2693(84)91029-3
http://dx.doi.org/10.1007/BF01575722
http://dx.doi.org/10.1103/PhysRevD.32.2371
http://dx.doi.org/10.1103/PhysRevD.32.2380
http://dx.doi.org/10.1016/0370-2693(85)90587-8
http://dx.doi.org/10.1103/PhysRevD.36.2019
http://dx.doi.org/10.1103/PhysRevD.36.2019
http://dx.doi.org/10.1103/PhysRevLett.77.4142
http://dx.doi.org/10.1016/S0370-2693(99)01512-9
http://dx.doi.org/10.1016/S0370-2693(99)01512-9
http://dx.doi.org/10.1103/PhysRevD.66.074012
http://dx.doi.org/10.1103/PhysRevD.66.074012
http://dx.doi.org/10.1088/1126-6708/2009/04/098
http://dx.doi.org/10.1088/1126-6708/2009/09/081
http://dx.doi.org/10.1088/1126-6708/2009/09/081
http://dx.doi.org/10.1007/JHEP01(2011)061
http://dx.doi.org/10.1103/PhysRevD.81.014014
http://dx.doi.org/10.1103/PhysRevD.81.014014
http://dx.doi.org/10.1140/epjc/s10052-010-1362-y
http://dx.doi.org/10.1103/PhysRevD.83.034029
http://dx.doi.org/10.1103/PhysRevD.83.034029
http://dx.doi.org/10.1103/PhysRevD.83.071501
http://dx.doi.org/10.1103/PhysRevLett.107.082002
http://dx.doi.org/10.1103/PhysRevLett.107.082002
http://arXiv.org/abs/1105.6279
http://dx.doi.org/10.1103/PhysRevD.68.114012
http://dx.doi.org/10.1016/j.physletb.2004.05.012
http://dx.doi.org/10.1016/j.physletb.2004.05.012
http://dx.doi.org/10.1088/1126-6708/2004/03/053
http://dx.doi.org/10.1088/1126-6708/2004/03/053
http://dx.doi.org/10.1007/JHEP03(2010)005
http://dx.doi.org/10.1007/JHEP03(2010)005
http://dx.doi.org/10.1007/JHEP06(2011)048
http://dx.doi.org/10.1007/JHEP06(2011)048
http://dx.doi.org/10.1016/j.physletb.2011.03.024
http://dx.doi.org/10.1103/PhysRevD.83.114047
http://dx.doi.org/10.1103/PhysRevD.83.114047
http://dx.doi.org/10.1007/JHEP03(2012)089
http://dx.doi.org/10.1007/JHEP03(2012)089
http://dx.doi.org/10.1016/j.physletb.2004.05.037
http://dx.doi.org/10.1016/j.physletb.2004.05.037
http://dx.doi.org/10.1103/PhysRevD.73.054028
http://dx.doi.org/10.1103/PhysRevD.73.054028
http://dx.doi.org/10.1103/PhysRevD.79.034009
http://dx.doi.org/10.1103/PhysRevD.79.034009
http://dx.doi.org/10.1103/PhysRevD.83.054014
http://dx.doi.org/10.1103/PhysRevD.83.054014
http://dx.doi.org/10.1103/PhysRevD.56.3811
http://dx.doi.org/10.1103/PhysRevD.56.3811
http://dx.doi.org/10.1103/PhysRevLett.79.584
http://dx.doi.org/10.1103/PhysRevD.60.054023
http://dx.doi.org/10.1103/PhysRevD.60.054023
http://dx.doi.org/10.1016/j.physletb.2011.02.047
http://dx.doi.org/10.1007/BF01624586
http://dx.doi.org/10.1007/BF01624586
http://dx.doi.org/10.1088/1126-6708/2002/07/012
http://dx.doi.org/10.1088/1126-6708/2002/07/012
http://dx.doi.org/10.1140/epjc/s10052-007-0462-9
http://dx.doi.org/10.1140/epjc/s10052-007-0462-9
http://dx.doi.org/10.1140/epjc/s10052-009-1072-5
http://dx.doi.org/10.1103/PhysRevD.85.094029
http://dx.doi.org/10.1103/PhysRevD.85.094029
http://dx.doi.org/10.1016/0370-2693(92)90832-O
http://dx.doi.org/10.1016/0370-2693(92)90832-O
http://dx.doi.org/10.1103/PhysRevD.67.054008
http://dx.doi.org/10.1103/PhysRevD.67.054008
http://dx.doi.org/10.1103/PhysRevD.78.043005
http://dx.doi.org/10.1103/PhysRevD.78.043005
http://dx.doi.org/10.1016/0927-6505(96)00033-3
http://dx.doi.org/10.1016/0927-6505(96)00033-3
http://dx.doi.org/10.1016/0920-5632(95)00489-V
http://dx.doi.org/10.1016/0920-5632(95)00489-V
http://dx.doi.org/10.1016/0920-5632(96)00294-0
http://dx.doi.org/10.1103/PhysRevD.79.053006
http://dx.doi.org/10.1103/PhysRevD.79.053006

