brought to you by .. CORE

View metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector

Physics Letters B 758 (2016) 458-464

Contents lists available at ScienceDirect
PHYSICS LETTERS B

Physics Letters B

www.elsevier.com/locate/physletb

New mechanisms for double charmed meson production at the LHCb

@ CrossMark

Rafat Maciuta?, Vladimir A. Saleev®, Alexandra V. Shipilova®, Antoni Szczurek ¢ *

2 Institute of Nuclear Physics, Polish Academy of Sciences, Radzikowskiego 152, PL-31-342 Krakéw, Poland
b Samara State Aerospace University, Moscow Highway, 34, 443086, Samara, Russia
€ University of Rzesz6w, PL-35-959 Rzeszéw, Poland

ARTICLE INFO ABSTRACT

Article history:

Received 8 February 2016

Received in revised form 22 April 2016
Accepted 17 May 2016

Available online 19 May 2016

Editor: A. Ringwald

We discuss production of D°D? (and D°DO) pairs related to the LHCb Collaboration results for /s =
7 TeV in proton-proton scattering. We consider double-parton scattering (DPS) mechanisms of double cc
production and subsequent cc — D°D° hadronization as well as double g and mixed gc¢ production
with gg — D°D? and gc — DODO hadronization calculated with the help of the scale-dependent
hadronization functions of Kniehl et al. Single-parton scattering (SPS) mechanism of digluon production is
also taken into account. We compare our results with several correlation observables in azimuthal angle
®popo between D° mesons or in dimeson invariant mass Mpopo. The inclusion of new mechanisms with
g — DO fragmentation leads to larger cross sections, than when including only DPS mechanism cc —
DODO with standard scale-independent fragmentation functions. Some consequences of the presence of
the new mechanisms are discussed. In particular a larger oy is needed to describe the LHCb data. There

is a signature that o,rf may depend on transverse momentum of ¢ quarks and/or ¢ antiquarks.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Some time ago two of us predicted that at large energies rele-
vant for the LHC the production of double charm should be dom-
inated by the double-parton scattering (DPS) mechanism [1]. In
the first calculation the cross section for each step was calcu-
lated in the leading-order (LO) collinear approach. However, the LO
collinear approach is not sufficient for a detailed description of ac-
tual cross section for the cc production. The double cc production
was extended next to the k;-factorization approach which includes
effectively higher-order QCD effects [2,3]. A relatively good de-
scription of the LHCb experimental data [4] was achieved for both
the total yield and the dimeson correlation observables. In these
calculations the standard scale-independent Peterson fragmenta-
tion function (FF) [5] was used. The single-parton scattering (SPS)
gg — cccc contribution was discussed carefully in both collinear
[3] and k¢-factorization [6] approaches. Their contribution to the
cccc cross section was found to be rather small and was not able
to describe details of the LHCb data [4].
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Studies of inclusive D meson production at the LHC based on
scale-independent FFs have been done in next-to-leading order
(NLO) collinear approach within the FONLL scheme [7] as well
as in the k¢-factorization [8]. In turn, in Ref. [9] the calculation
was done according to the GM-VFNS NLO collinear scheme to-
gether with the several scale-dependent FFs of a parton (gluon,
u,d,s,ii,d,5,c,¢) to D mesons proposed by Kniehl et al. [10,11],
that undergo DGLAP evolution equations. It has been found that
important contribution to inclusive production of D mesons comes
from gluon fragmentation (see also Ref. [12]). Similar calculation
were done recently also in the k¢-factorization approach with par-
ton Reggeization hypothesis by two of us [13]. They have also
shown there that the new mechanism constitutes a big fraction of
the cross section for D meson production and a good description
of the inclusive D meson production at the LHC was achieved.

In the present paper we wish to investigate how important is
the gluon fragmentation mechanism for the double D-meson pro-
duction, i.e. double fragmentation of each of the gluons in the
gluon dijets in SPS production and double fragmentation of each of
the gluons in the gluon jet in DPS production mechanism. Here the
gluon and digluon production is considered in the k;-factorization
approach with Reggeized gluons in the t-channel [14] via subpro-
cesses RR — g and RR — gg, where R is the Reggeized gluon. In
our analysis we shall use scale-dependent fragmentation functions
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Fig. 1. A diagrammatic illustration of the considered mechanisms.

of Kneesch-Kniehl-Kramer-Schienbein (KKKS08) [15] as imple-
mented in the code available on the Web [16].

2. A sketch of the theoretical formalism

We will compare results with first (old) and second (new) ap-
proach. In the second (new) scenario with g — D fragmentation
the number of contributing processes grows compared to the first
(old) scenario with ¢ — D fragmentation only. Naturally a new
single-parton scattering mechanism (called here SPS gg — DD)
appears (top-right panel in Fig. 1). Since here the two produced
gluons are correlated in azimuth, the mechanism will naturally
lead to an azimuthal correlation between the DD (or DD) mesons.
Such a correlation was actually observed in the LHCb experimental
data [4] and could not be explained by the SPS 2 — 4 perturbative
gg — cccc contribution (see e.g. Ref. [6]) which turned out to be
rather small. In the new scenario we have more processes for sin-
gle D meson production (two components) and as a consequence
many more processes for the pair production in double-parton
scattering. Now (in the new scenario) there are three classes of
DPS contributions. In addition to the conventional DPS cc — DD
(top-left panel in Fig. 1) considered in Refs. [2,3,6] there is a dou-
ble g — D (or double g — D) fragmentation mechanism, called
here DPS gg — DD (bottom-left panel in Fig. 1) as well as the
mixed DPS gc — DD contribution (bottom-right panel in Fig. 1).

DPS cross section for production of cc, gg or gc system, assum-
ing factorization of the DPS model, can be written as:

doPPS(pp —ccX) 1 doSTS(pp — ccXy)
dy1dy2d2py ed2pa;  20¢ff dy1d?p1 ¢
d SPS X
do (pp2—> [29:6)) 1)
dy2d?py
doPPS(pp— ggX) 1 do3"S(pp — gX1)
dy1dy»d?pycd®pac 205y dy1d?p1,
d SPS X
do (ppz—> 2X2) 22)
dyod®pa
doPPS(pp — geX) 1 doSPS(pp — gXy)
dy1dy2d®p1d?pa;e  Oefr dy1d®p1¢
d SPS X
(do>>(pp — ccX3) (2.3)

dJ’ZdZPz,t

When integrating over kinematical variables one recovers the com-
monly used pocket formula:

1 _
oPPS(pp — ccX) = —— 3PS (pp — ccX1)
ZO’eff

03P (pp — ctXa), (2.4)

O,DPS O,SPS

1
(pp — ggX) = Yo (pp — gX1)
Oeff

5P (pp — gXa), (2.5)

O’DPS O_SPS

(pp — gcX) = (pp — gX1)

eff
-osps(pp — ccX3). (2.6)

The often called pocket-formula is a priori a severe approximation.
The flavor, spin and color correlations lead, in principle, to interfer-
ence effects that result in its violation as discussed e.g. in Refs. [17,
18]. Even for unpolarized proton beams, the spin polarization of
the two partons from one hadron can be mutually correlated, es-
pecially when the partons are relatively close in phase space (hav-
ing comparable x’s). Moreover, in contrast to the standard single
PDFs, the two-parton distributions have a nontrivial color struc-
ture which also may lead to a non-negligible correlations effects.
Such effects are usually not included in phenomenological anal-
yses. They were exceptionally discussed in the context of double
charm production [19]. However, the effect on e.g. azimuthal cor-
relations between charmed quarks was found there to be very
small, much smaller than effects of the SPS contribution associ-
ated with double gluon fragmentation discussed in the present
paper. In addition, including perturbative parton splitting mecha-
nism also leads to a breaking of the pocket-formula [20-22]. This
formalism was so far formulated for the collinear leading-order ap-
proach which for charm (double charm) may be a bit academic as
this leads to underestimation of the cross section. Imposing sum
rules also leads to a breaking of the factorized Ansatz but the ef-
fect almost vanishes for small longitudinal momentum fractions
[23]. Taken the above we will use the pocket-formula in the fol-
lowing.

In the k;-factorization approach, the cross sections for SPS
mechanisms can be presented as follows:

o™ (pp > ceX) 1 / e Phoy s
dy1dy2d?p1ed?pac  1672(x1X2S5)2 T om RR=cc
x 8% (En + kot — P1e — f’zr) Fxy, k2, 1)
x F(xa, k3. 1), (2.7)
do 3" (pp — ggX) 1 2k d2ky 5
2 2 = P |MRRagg|
dy1dyd?p1ed?par  162(x1x25) T
x 82 (ﬁlt kot — P1e — ﬁzr) Fx1, k3, 1?)
x F(x2,k3;, u?), (2.8)
doSPS (pp — gX) n dkye d?ky ——
3 = 3 |IMRr=gl
dyd*p; (X1%25) T ow
x §° (Elt + ko — f’t) F(x1, k3, n?)
x F(xa, k3, 1?). (2.9)

Here the four-momenta of the initial-state gluons are param-
eterized as a sum of longitudinal and transverse parts ki, =
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X12P12 + ket 2, ket 2 = (0, ke 2, 0), k%’z = —lztz],z. P15 are the four-

momenta of the protons, 2P1P2 =S, |[Mgg_g,gg,cc|* are the par-
tonic cross sections with Reggeized gluons in the initial state.

Fully gauge invariant treatment of the initial-state off-shell
gluons can be achieved in k;-factorization approach only when
they are considered as Reggeized gluons or Reggeons. The rele-
vant Reggeized amplitudes can be presented using Fadin-Kuraev-
Lipatov effective vertices: Cxp', Ciz’" and CF, [24]. The squared
amplitude of the partonic subprocess RR — g is very simple and
can be presented as

- 3 N
|IMgr—gl? = EYTOlsPtZ- (2.10)

The useful analytical formulae for |[Mgg_ g¢l? and |Mgr_.cz|?
squared amplitudes are more complicated and we use the ones
as they have been written in Ref. [14].

In the approach used here, the gluon unintegrated parton dis-
tribution function (unPDF) F(x, I<?, 1?) is normalized with respect
to the collinear parton distribution function (PDF) by the following
condition

2
/dkf]—'(x, K2, %) =xG(x, u?).

A few phenomenological schemes to compute unPDFs of a proton
where proposed. In the present paper we use the LO Kimber-
Martin-Ryskin (KMR) unPDFs [25], generated from the LO set of a
up-to-date Martin-Motylinski-Harland-Lang-Thorne (MMHT2014)
collinear PDFs [26] fitted also to the LHC data.

In the perturbative part of the calculations here we use a run-
ning LO «s provided with the MMHT2014 PDFs. The charm quark
mass used in the numerical calculations is m; = 1.5 GeV. We set
both the renormalization and factorization scales equal to pu? = pf
for RR — g subprocess, to the averaged transverse momentum
w? = (p3, + p3,)/2 for RR — gg, and to the averaged transverse

mass u? = (m3,+m3,)/2 for RR — cC case, where m; = ,/p? + m2.

In order to calculate correlation observables for two mesons we
follow here, similar as in the single meson case, the fragmentation
function technique for hadronization process:

do°"S(pp — DDX) _/ De->p (21, 1) Desp(22, W)
dy1dy,d?p®.d?ph, 71 Z
doPPS(pp — ccX)
dy1dy,d?p§,d?p5,
+/ Dg—p(z1, 1) Dg—p(22, 1)
7y 2

dZ1 de

doPPS (pp — ggX)

dy1dy,d?p3,d?p5,

+/ Dg~p(z1,4) Dc—p(22, 1)
21 V4)

dZ] dZ2

doPPS(pp — gcX)
dy1dy,d?p%,d2pS,

dZ1de, (2.11)

c p?y c p2
where: pft’ = # p§’t = z—zzf and meson momentum fractions
21,22 € (0, 1).
The same formula for SPS D D-production via digluon fragmen-

tation reads

dogy*(pp — DDX) ,v/ Dgp(z1.14) Dgp(z2. 1)

dy1dy,d2pPd2pD 71 2

do>PS (pp — ggX)

. d21d22 (2.12)
g g ’
dy1dy,d®p1,d*p3,
g _ P g 3 -
where: pj, = 7’ P, = Tit and meson momentum fractions

21,22 €(0,1).

In the case of calculations with the scale-independent Peterson
FF the parameter & = 0.5 is taken, which is the averaged value
extracted from different ete~ experiments and is commonly used
in the literature. In turn, for predictions with the KKKSO8 FF the
evolution scale is set to the charm quark transverse mass p? = m?
and gluon transverse momentum 2 = pf for the c— D and g —
D components, respectively.

In eTe~ collisions it is assumed naturally that gluons do not
fragment to D mesons for scales smaller than u2 =3§= 4m§. In
our calculation we have also tried to take ? =3$ as the hadroniza-
tion scale, which is an alternative to the typical choice of u? = mf.
In the first case naturally such initial scale is 4m? while for the
second case the initial scale is set to m? so the effect of the evolu-
tion of fragmentation functions is present all over the phase space,
however is very small for small transverse momenta of gluons. In
summary, both the choices of the hadronization scale lead to fairly
similar final results for DD correlations, which we have checked
numerically.

3. Comparison to the LHCb data

We start the presentation of our new results with a revision
of inclusive single D® meson production measured some time ago
by the LHCb collaboration [27]. We already performed correspond-
ing theoretical studies of the inclusive LHCb charm data based on
both, the first (only ¢ — D) [8] and the second (c + g — D) sce-
nario [13] in two separate papers. However, a direct comparison
of the theoretical predictions based on these two scenarios for
single D meson production, calculated with the same set of as,
scales, unPDFs and other details, can be helpful for drawing def-
inite conclusions in the following discussion of double D meson
production. As shown in Fig. 2, both prescriptions give a very good
description of the LHCb experimental data. Some small differences
between them can be observed for both very small and large me-
son transverse momenta. The latter effect can be recognized as a
result of the DGLAP evolution which makes the slope of the trans-
verse momentum distribution in the second scenario a bit steeper
than in the case of the first scenario, which is more favorable
by the experimental data points. In the region of very small p;’s
the second scenario gives larger cross sections and slightly over-
estimates the experimental data points. This may come from the
g — D fragmentation component which approaches a problematic
region where p; ~ 2m.. Then the treatment of charm quarks as
massless in the DGLAP evolution of fragmentation function for very
small evolution scale can be a bit questionable and may lead to a
small overestimation of the integrated cross sections (especially in
the case of RR — g — D mechanism). We will come back to pos-
sible consequences of this effect when discussing DD correlation
observables.

Now we wish to compare results of our theoretical approach
for double charm production described briefly in the previous sec-
tion with the LHCb experimental data for DD pair production.
In Fig. 3 we compare results of our calculation with experimental
distribution in transverse momentum of one of the meson from
the D°DP (or DODO) pair. We show results for the first scenario
when standard Peterson FF is used for the ¢ — D? (or ¢ — D?)
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calculations with the KKKS08 fragmentation functions (long-dashed lines) with ¢ — D (dotted) and g — D (short-dashed) components that undergo DGLAP evolution
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Fig. 3. D° meson transverse momentum distribution within the LHCb acceptance region. The left panel is for the first scenario and for Peterson c — D fragmentation function
while the right panel is for the second scenario and for the fragmentation function that undergo DGLAP evolution equation.

fragmentation (left panel) as well as the result for the second sce-
nario when the KKKSO8 FFs with DGLAP evolution for ¢ — D° (or
¢ — D% and g — D° (or g — DO) are used. The results are al-
most independent of the scale of the fragmentation function. The
dependence on factorization scale of parton distributions and on
renormalization scale was discussed e.g. in Ref. [2]. One can ob-
serve that the DPS cc — D°D® contribution in the new scenario
is much smaller than in the old scenario. In addition, the slope
of the distribution in transverse momentum changes. Both the ef-
fects are due to evolution of corresponding fragmentation function
in the second scenario, compared to lack of such an effect in the
first scenario. The different new mechanisms shown in Fig. 1 give
contributions of similar size. We can obtain agreement in the sec-
ond case provided oefs parameter is increased from conventional
15 mb to 30 mb. Even then we overestimate the LHCb data for
3 < pr <5 GeV.

Can the increased value of oef; =30 mb be understood? First
of all the LHCb experiment measures charmed mesons (charm
quarks/antiquarks) in forward directions. As shown in Ref. [22] at
larger charm quark/antiquark rapidities the relative contribution of
perturbative partonic splitting increases. The oefs parameter in-
cludes both conventional 2v2 uncorrelated and correlated single

parton 2v1 splitting contribution. As shown in Ref. [22] the smaller
perturbative single parton splitting contribution the larger oefy.
Also the conventional uncorrelated parton picture may be too sim-
plistic. The nonperturbative correlations may lead to the effective
dependence of o,f on ¢ andfor ¢ transverse momentum (see a
recent model analysis for jet production in Ref. [28]).

In Fig. 4 we show dimeson invariant mass distribution Mpopo
again for the two cases considered. In the first scenario we get
a good agreement only for small invariant masses while in the
second scenario we get a good agreement only for large invari-
ant masses. The large invariant masses are strongly correlated with
large transverse momenta, so the situation here (for the invariant
mass distribution) is quite similar as in Fig. 3 for the transverse
momentum distribution.

In Fig. 5 we show azimuthal angle correlation ¢popo between
D% and DO (or D° and D° mesons). While the correlation func-
tion in the first scenario is completely flat, the correlation func-
tion in the second scenario shows some tendency similar as in
the experimental data. The increase at small Ag for the SPS
gg — DODO contribution is due to s-channel pole in the amplitude
for RR — gg which we regularize by § > 4m§ condition. In the
k¢-factorization, initial partons have transverse momenta, but final
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gluons may have equal rapidities even when Ag is far from . The
observed overestimation comes from the region of small transverse
momenta. The situation may be improved when a proper trans-
verse momentum dependence of o5 will be included, but this
needs further studies.

Finally we wish to summarize the present situation for the
second scenario. In Fig. 6 we show the different distributions dis-
cussed above for different values of o,ff. Good description can be
obtained only for extremely large values of ogefy which goes far
beyond the geometrical picture [22] and that are much larger than
for other reactions and in this sense is inconsistent with the fac-
torized Ansatz. We think that the solution of the inconsistency is
not only in the DPS sector as already discussed in this paper.

4. Conclusions

In the present paper we have discussed production of DOD® or
DYDO meson-meson pairs in proton-proton collisions at the LHC.
We have considered the double-parton scattering mechanism of
double cc production and subsequent double hadronization of two
¢ quarks or two ¢ antiquarks using ¢ — D or ¢ — DO fragmenta-
tion functions that undergo DGLAP evolution equation with one of
the traditional, scale-independent fragmentation function used as
an input at the initial scale that is set to u? =4 m2.

In addition we have included also production of gluonic dijets
and their subsequent hadronization to the neutral pseudoscalar D
mesons. The g — D fragmentation function is assumed to be zero
at the initial scale that is set to 4? =4 m2. Also mixed g — D and
¢ — D mechanisms occur naturally.

We find that at /s =7 TeV the two mechanisms give similar
contribution for the LHCb experimental acceptance. While the DPS
mechanism dominates at small D meson transverse momenta, the
SPS double gluon fragmentation takes over for larger transverse
momenta.

When added together the new mechanisms give similar result
as the first scenario with one subprocess (cc — DD) and fixed
(scale-independent) fragmentation function. However, some corre-
lation observables, such as dimeson invariant mass or azimuthal
correlations between D mesons, are slightly better described.

In our calculation within the second scenario a larger value of
oeff is needed to describe the LHCb data than found from the re-
view of several experimental studies of different processes. This
can be partially understood by a lower contribution of perturbative
parton splitting as found in Ref. [22] and/or due to nonperturbative
correlations in the nucleon which may lead to transverse momen-
tum dependent os¢. Clearly more involved studies are needed to
understand the situation in details. Some problem may be also
related to the fact that the fragmentation function used in the sec-
ond scenario were obtained in the DGLAP formalism with massless
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¢ quarks and ¢ antiquarks which may be a too severe approxi-
mation, especially for low factorization scales (i.e. low transverse
momenta) for fragmentation functions. We expect that including
mass effects in the evolution would lower the g — ¢ (or g — ¢)
fragmentation. Such a study would be useful but clearly goes be-
yond the scope of the present paper. At present one may only
expect that the final (fully consistent) result should be in between
the old and new (not completely consistent at present) approach.

In this context we remind a trial to describe the correlation ob-
servables in more involved non-factorized approach to DPS [19].
The authors there neglected hadronization and worked in leading-
order collinear approach. However, they were not able to describe
the details of the LHCb distributions.

The presence of the new SPS mechanism may mean that the
extraction of oefs directly from the LHCb experimental data [4]
may be not correct.

We expect that at higher energies (for example for Future Cir-
cular Collider) the proportions will change and at asymptotically
high energies, much above the LHC energies, the DPS mechanism
will win.
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