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We discuss charm production at LHC. The production of sirglpairs is calculated in thk-
factorization approach. We use several unintegrated glisiributions from the literature. The
hadronization is included with the help of fragmentationdtions found for the production of
charmed mesons ia"e~ collisions. Differential distributions for several chagthmesons are
presented and compared to recent results of the ALICE andoL¢t@aborations. Furthermore
we discuss production of two pairs of within a simple formalism of double-parton scattering
(DPS). Surprisingly large cross sections, comparablengleiparton scattering (SPS) contribu-
tion, are predicted for LHC energies. Both total inclusivess section as a function of energy and
differential distributions are shown. We include receulilycussed evolution of double partons in
the case of two scales. We discuss perspectives how tofigldr@idouble scattering contribution.
We find much larger cross section for large rapidity distéreteveen charm quarks from different
hard parton scatterings compared to single scattering.
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1. Transverse momentum spectra of open charm mesonsat LHC

Recently ALICE and LHCb collaborations have measured siettransverse momentum
spectra of open charm mesons in proton-proton collisiongsat 7 TeV [1, 2]. These measure-
ments are very interesting from the theoretical point ofwimcause of the collision energy never
achieved before and unigue rapidity acceptance of the esedEspecially, results from forward
rapidity region 2< y < 4, obtained by LHCb can improve our understanding of pQCRipction
of heavy quarks.

The inclusive production of heavy quark/antiquark pains ba calculated in the framework
of the k-factorization [3]. In this approach transverse momentanitial partons are included
and emission of gluons is encoded in a so-called unintedyglteon, in general parton, distribu-
tions (UGDFs). In the leading-order approximation (LO)hirit thek;-factorization approach the
differential cross section for th@d can be written as:

d?ky ¢ d? 1 —
Z / K1t 07K2t . w7 2
dy,d pltdyzd pxd@ T 1677 (X1X2S)
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where.Z; (X1, Klzlt) and.Zj(xz, Kit) are the unintegrated gluon (parton) distribution funcion

There are two types of the LO-2 2 subprocesses which contribute to heavy quarks produc-
tion, gg — Q@andqq_—> QQ. The first mechanism dominates at large energies and thacdeoe
near the threshold. Onlyg — QQ mechanism is included here. We use off-shell matrix element
corresponding to off-shell kinematics so hard amplitudeethels on transverse momenta (virtuali-
ties of initial gluons). At very high energies, especiatitlie case of charm production at forward
rapidities, rather smal-values become relevant. In this kinematical regime catan of unin-
tegrated parton distributions is not under full theorétantrol and can include in different ways
various theoretical aspects, like effect of smadlaturation or treatment of nonperturbative region.
In order to show the uncertainty of our predictions resglfimm different approaches in calculat-
ing unintegrated parton distributions we have used seweodlels from the literature. All of them
have different theoretical background. It is thereforeyuateresting to compare such results with
the recent ALICE and LHCb data and verify applicability oé#e UGDFs at LHC energies. More
details of theoretical model applied here can be found in Réf

The hadronization of heavy quarks is usually done with tHp b&fragmentation functions.
The inclusive distributions of hadrons can be obtainedutynca convolution of inclusive distribu-
tions of heavy quarks/antiquarks and-@h fragmentation functions:

do(yn pun)  [*dz (z)do 56-0(YQ: Pt.Q)
dyhd?prp 0o 2 " dyod2p o ‘oo
Pt,Q=Pt,h/Z

; (1.2)

wherepi g = %, wherez is the fraction of longitudinal momentum of heavy quark wairby
meson. We have made approximation assumingythét unchanged in the fragmentation process.
In Fig. 1 we present our predictions for differential digtriions in transverse momentum of
open charm mesons together with the ALICE (left panel) andChHright panel) experimental
data. We plot here results obtained with different modelsGDFs. The calculations of charm
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quarks are performed fan, = 1.5 GeV with the values of the renormalization and factoraati

scales taken to bg3 = u2 = m?. We get very good description of the experimental data, th bo
ALICE and LHCb cases only with KMR model of unintegrated gludistributions. The other

of the applied parametrizations of UGDFs do not work andrtteanderestimate experimental
data points. One can also observe huge difference betwseltsref standard collinear LO parton
model predictions (dotted line) and those obtained in thekl-factorization approach (solid line).

In Fig.2 we discuss uncertainties due to the modificatiorhefdharm quark mass. € (1.2,

1.8 GeV) (left panel), as well as uncertainties related tieidint models of heavy quark fragmen-
tation (right panel). As one can observe, there is only alsseakitivity of the results to the value
of charm quark mass at small transverse momenta. Some smealitainties due to the choice of

fragmentation function appear only at larger values of mgss.
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Figure1: Transverse momentum distributions of D mesons togethérthit ALICE (left) and LHCDb (right)
data. Each curve corresponds to different model of UGDFs Gdiculations were done with the help of
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Figure 2: Uncertainties of our predictions related to the charm quaaks (left) and to the choice of frag-

2 ) 3 B 0 12 14

p | (GeV)

mentation function (right).

10*

=
<

do/dp,  (ub/GeV)

10*

e
om

do/dp,  (b/GeV)

-

i
o
T

E o T q
‘pp- (D,+D)X  Vs=7TeV]
® | HCb Preliminary -
KMR =
— — - Jung setA+ ]
R Jung setA0
KMS
Kutak-Stasto E
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ Parton Model ]

| 20< y, <45

L uz:mi
E-Peterson FF
S

0 1

‘pp- (D,+D9X  Vs=7TeV]

® LHCb Preliminary

e O = 5.0 KartveE

?2-0 <y, <45 — —-£,=0.02 Peters
E €. =0.05 Peter]
r — . —¢g,=0.08 Peter.]

. S re=0.17 BCFY
v Y]

I KMR UGDF
[ CTEQS6 LO
Eu2=mi

B o1 b by
0 T

2. Double charm production via Double Parton Scattering

The mechanism of double-parton scattering (DPS) produdiawo pairs of heavy quark and
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heavy antiquark is shown in Fig. 3 together with correspogdnechanism of single-scattering
production. The double-parton scattering has been rezedrand discussed already in seventies
and eighties. The activity stopped when it was realized tifigit contribution at center-of-mass
energies available then was negligible. Nowadays, theryhebthe double-parton scattering is
quickly developing (see e.g. [5, 6, 7]) which is partly drivey new results from the LHC.

In the present analysis we wish to concentrate on the primofuot (cc)(cc) four-parton final
state which has not been carefully discussed so far, but,ilabavshown here, is particularly
interesting especially in the context of experiments be&iagied out at LHC and/or high-energy
atmospheric and cosmogenic neutrinos (antineutrinos).

The double-parton scattering formalism in the simplesinfassumes two single-parton scat-
terings. Then in a simple probabilistic picture the crosgien for double-parton scattering can be
written as:

aPPS(pp— ccacX) = %ﬂasps(ppa ccXa) - 0P pp— cCXo). (2.1)
e

This formula assumes that the two subprocesses are notatedend do not interfere. At low
energies one has to include parton momentum conservagiomtra limitationsx; + X3 < 1 and
X2 + X4 < 1, wherex; andxz are longitudinal momentum fractions of gluons emitted frone
proton andx, andx, their counterparts for gluons emitted from the second profiche "second"
emission must take into account that some momentum was ysexdtie “first” parton collision.
This effect is important at large quark or antiquark rajpgdit Experimental data [8] provide an
estimate ofoe ¢ in the denominator of formula (2.1). In our analysis we takes = 15 mb.
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Figure 3: SPS (left) and DPS (right) mechanismgof)(cc) production.

A more general formula for the cross section can be writtemé&dly in terms of double-parton
distributions (dPDF), e.dqq, Fqq, €tC. In the case of heavy quark production at high energies:

doPPS —
201 ¢

dOgg-sos(X1, Xo, U7) dTggc5(Xa, Xa, U3 ) A dxdXedXg . (2.2)

Fog(Xw, X3, U5, 145 Fog (X2, Xa, U, U5)

It is physically motivated to write the double-parton distitions rather in the impact parame-
ter spaceFgg(X1,X%2,0) = g(x1)g(x2)F (b), whereg are usual conventional parton distributions and
F(b) is an overlap of the matter distribution in the transversmelwheré is a distance between
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both gluons [9]. The effective cross section in (2.1) is theéaes = [d?bF?(b) and in this ap-
proximation is energy independent.

The double-parton distributions in Eq.(2.2) are generatiknown. Usually one assumes a
factorized form and expresses them via standard distoibsifior SPS. Even if factorization is valid
at some scale, QCD evolution may lead to a factorizationkimga For some time the evolution
was known only when the scale of both scatterings is the s@he[ for heavy object, like double
gauge boson production. Recently the evolution of dPDF wesidsed also in the case of different
scales [10].

In the left panel of Fig. 4 we compare cross sections for thglsicc pair production as well
as for single-parton and double-parton scatteags production as a function of proton-proton
center-of-mass energy. At low energies the conventiomglletcc pair production dominates. The
cross section for SPS productionaafcc system [11] is more than two orders of magnitude smaller
than that for singlec production. For reference we show the proton-proton ta@d< section as
a function of energy as parametrized in Ref. [12]. At low gyehecc or cccC cross sections are
much smaller than the total cross section. At higher engriie contributions approach the total
cross section. This shows that inclusion of unitarity dffeed/or saturation of parton distributions
may be necessary. At LHC energies the cross section for botistbecomes comparable. This is
a new situation when the DPS gives a huge contribution taigivg charm production.
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Figure4: Total LO cross section for singt& pair and SPS and DR$cC production as a function of center-
of-mass energy (left panel) and transverse momentum (pighe¢l) ofc or ¢ quarks at,/s = 7 TeV. Cross
section for DPS should be multiplied in addition by a factan2he case when att (C) are counted. We
show in addition a parametrization of the total cross sadtidhe left panel.

In the right panel of Fig. 4 we present transverse momentugtrilalitions of singlec ().
Within approximations made in this paper the distributi@ms identical in shape to single-pair
production distributions. This means that the doubletsgag contribution produces naturally
an extra center-of-mass energy dependériictor to be contrasted with approximately energy-
independenK-factor due to next-to-leading order QCD corrections. ©theresting conclusions
can be obtained by studying correlation observables.

In Fig. 5 we show distribution in the difference oandc rapiditiesygis = Y — Yz (left panel)
as well as in thec invariant mas$/z (right panel). We show both terms: whenare emitted in the
same parton scattering;€, or c3C4) and when they are emitted from different parton scattering
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(c1€c4 Or c2C3). In the latter case we observe a long tail for large rapidifference as well as at
large invariant masses of.

In particular,cc (or cc) should be predominantly produced from two different pasoatter-
ings which opens a possibility to study the double scatjeprocesses. A good signature of the
cccc final state is a production of two mesons, both contaimiggark or two mesons both contain-
ing ¢ antiquark P°DP or/andDPDP) in one physical event. More detailed discussion of the DPS
charm production can be found in our original paper Ref..[13]
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Figure5: Distribution in rapidity difference (left panel) and in iatiant mass of thec pair (right panel) at
V/S=7TeV.

In the present approach we have calculated cross sectiosimpe collinear leading-order
approach. A better approximation would be to include mldtgduon emissions. This can be done
e.g. in soft gluon resummation or lg-factorization approach. This will be discussed in detail
elsewhere.
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