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We investigate whether the triple-parton scattering effects can be observed in open charm production
in proton-proton collisions at the LHC. We use so-called factorized Ansatz for calculations of hard
multiple-parton interactions. The numerical results for each parton interaction are obtained within
Acc.ePtEd 28 JUIy 2017 the kr-factorization approach. Predictions for one, two and three cc pairs production are given for
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Editor: A. Ringwald /s =7TeV and /s = 13 TeV. Quite large cross sections, of the order of milibarns, for the triple-parton
scattering mechanism are obtained. We suggest a measurement of three D® or three DO mesons by
the LHCb Collaboration. Confronting our results with recent LHCb experimental data for single and
double 7D07 (or D) meson production we present our predictions for triple meson final state: D°D9D0
or DODODO, We present cross sections for the LHCb fiducial volume as well as distributions for D
meson transverse momentum and three-D® meson invariant mass. The predicted visible cross sections,
including the detector acceptance, hadronization effects and ¢ — D° branching fraction, is of the order of
a few nanobarns. The counting rates including D® — K~z branching fractions are given for known or

expected integrated luminosities.
© 2017 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

The multi-parton scattering effects got new impulse with the
start of the LHC operation [1,2]. There are several ongoing stud-
ies of different processes. So far theoretical studies concentrated
on double-parton scattering (DPS). Some time ago we have shown
that charm production should be one of the best reaction to study
double-parton scattering effects [3]| (see also Ref. [4]). This was
confirmed by the LHCb experimental data [5] and their subsequent
interpretation [6-8].

Very recently also triple parton scattering (TPS) was discussed
in the context of multiple production of cc pairs [9]. Inspiringly
large cross sections were presented there.

We decided to follow this first analysis with application to
triple D meson production. We try to stay in contact with exper-
imental data for single-parton scattering (SPS) D% (D) and DPS
D°DY (DODY) production to minimize the theoretical uncertain-
ties. Theoretical uncertainties of the SPS charm cross sections get
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amplified by about factor 2 and 3 for the DPS and TPS predictions,
respectively. An alternative way is to absolutely normalize the the-
oretical predictions to the LHCb data. For this purpose we follow
the k¢-factorization approach which was successfully used previ-
ously for SPS single D, SPS DD pair as well as for DPS double
D meson production [8,10]. Within this approach a very good de-
scription of the LHC charm experimental data was obtained with
the central value of the standard uncertainty bands, i.e. with the
standard set of pQCD parameters (such as factorization/renormal-
ization scales or charm quark mass).

Experimentally one measures rather D meson (or nonphotonic
leptons). We wish to answer the question whether the triple-
parton scattering could be seen in three D° or three D° produc-
tion. In order to answer the question one has to obtain cross sec-
tion for meson production, taking into account ¢ — D hadroniza-
tion and acceptance of the existing detectors. Reliable predictions
for TPS triple D meson production should check consistency of
model predictions for SPS single and DPS double D meson pro-
duction with already existing experimental data.

2. A sketch of the model calculations

The triple-parton scattering mechanism for pp — ccccccX reac-
tion is schematically illustrated in Fig. 1. The corresponding inclu-
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Fig. 1. A diagrammatic illustration of the triple-parton scattering mechanism for
triple-cc production in proton-proton scattering. Only the dominant at high-
energies gluon-gluon fusion partonic subprocesses are taken into account.

sive TPS cross section in a general form [11-13] can be written as
follows:

TPS
pp—>ccccec

1 . - -
= (§>/Fggg(xuxz,&;bl,bz,b%M%,M%,Vé)

o

x 658 (x1, Xy, 13) 658 (x2. Xy, 113) 658 (x3. X5, 13)
x T§%8 (x}, %y, Xy: by —b,by —b,bs — b; 3. 3. u3)
x dx1 dxa dx3 dx| dx, dxy d*by d*by d*bs db, (21)

where x;, xl( are the longitudinal momentum fractions, u; are
the renormalization/factorization scales, 6§g(xi,xlf,ui2) are the

partonic cross sections for gg — cc mechanism and % is the
combinatorial factor relevant for the case of the three iden-
tical final states. The above TPS hadronic cross section is ex-
pressed in terms of the so-called triple-gluon distribution functions
588 (x1, %2, X33 b1, ba, b; 2, 3, u?) that contain additional infor-
mations about positions Ei of the three corresponding partons in
the transverse plane of the colliding protons.

The triple parton distribution functions (triple PDFs) shall ac-
count for all possible correlations between the partons, not only
kinematical and spatial one, but also including spin and color/
flavor correlations. The MPI theory in this general form is well
established (see e.g. Refs. [14,15]) but not yet fully applicable for
phenomenological studies. The double PDFs in the case of DPS are
under intense theoretical studies but their adoption to real pro-
cess calculations is still limited. On the other hand, the objects like
triple PDFs for TPS were discussed so far only in Ref. [13].

Therefore, in practice one usually follows the so-called fac-
torized Ansatz, where the correlations between partons are ne-
glected and longitudinal and transverse degrees of freedom are
separated. According to these approximations the triple-gluon PDFs
from Eq. (2.1) take the following form:

B P Fae 2 2,2
Fggg(xlsXLXB»bl’bZ,bB,Mp,U«z,ng)

= D§8 (x1, X, X33 3. 143, W3)F(b1)F (b2) F (b3), (2.2)

where D (x1, X2, X33 17, U3, 1) = g(x15 UDIG(Xa5 5) 8 (X35 143)
is the product of single gluon PDFs and F(B,-) describe the gluon
distributions in transverse plane. The factors F(B,-) of the two
triple-gluon PDFs in Eq. (2.2) are connected with the proton-
proton overlap function via the following relation:

T(B):/F(B,-)F(B,-—b) d?b;, with /dzb T(h) =1, (2.3)

and are usually assumed to be universal for all types of partons.
Taking all together, the formula for inclusive TPS cross section
(Eq. (2.1)) can be simplified to the pocket form [9]:

SPS SPS SPS
o IPs _ l Opp%cé ’ Gpp%cf ’ Gpp%cf (2.4)
pp—ccccec 31 0_2 ’ :
: eff, TPS

where the triple-parton scattering normalization factor oeff tps
contains only information about proton transverse profile and can
be related to the overlap function from Eq. (2.3) via the following
expression:

-1
Gcssz,TPS = [/ d®b Tg(b)] . (2.5)

Its pure geometrical interpretation comes from the practical ap-
proximations of the factorized Ansatz mentioned above. In prin-
ciple, taking into account various parton correlations as well as
multi-parton PDF sum rules [16] or including perturbative-parton-
splitting contributions [17-19] may lead to a breaking of the
pocket-formula. However, most of the violation sources are ex-
pected to vanish for processes driven by small-x partons (see e.g.
Refs. [20,21]), that is exactly the case of charm production at high
energies. As was shown by us, e.g. in Ref. [7], the factorized frame-
work seems to be sufficient to explain the LHCb double charm
data. Therefore, we think that it can be safely used, at least as
a starting point, to draw practical conclusions also in the case of
triple charm production.

In principle, the DPS normalization factor oeff pps Was extracted
experimentally from several Tevatron and LHC measurements (see
e.g Refs. [1,2] and references therein) and its world average value
is Oeffpps = 15 £ 5 mb.! Such experimental inputs are not avail-
able for oefr1ps in studies of triple-parton scattering. However, as
was shown in Ref. [9] for proton-proton collisions, the latter quan-
tity can be expressed in terms of their more known DPS counter-
part:

Oeff, TPS = k x Oeff,DPS>» withk=0.82+0.11. (26)

The relation is valid for different (typical) parton transverse pro-
files of proton. In the numerical calculations below we take
oeff,pps = 21 mb which is a rather conservative choice but it cor-
responds to the average value extracted by the LHCb experiment
only from the double charm data [5]. This input gives us the value
of oefrps 2 17 mb.

In this paper, each of the single-parton scattering cross sec-
tions Uggicz in Eq. (2.4) is calculated in the kr-factorization ap-
proach [23] where part of (real) higher-order QCD corrections are
effectively included. In this framework exact kinematics is kept
from the very beginning and additional hard dynamics coming
form transverse momenta of incident partons is taken into ac-
count. It was shown in Ref. [10] that within this approach one
can get a good description of the LHC inclusive charm data,
similar to the case of next-to-leading order (NLO) collinear cal-
culations. Likewise, the successful theoretical analyses of dou-
ble charm production from Refs. [6-8] were also based on the
kr-factorization.

In this approach the differential SPS cross section for inclusive
single cc pair production can be written as:

T A detailed study of the Oeff.pps Can be found in Ref. [22].
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SPS
do_ppacf
dydy,d?p1,d?pa
1 d2kq; d2kpp———
= 2/ d t|Mg*g*—>cE|2
1672(x1X%25) T T
x 82 (Elt + kot — P1e — f’zt) Fo(xa, K3y, uH) Fo(xa, K3, %),

2.7)

where the extra, compared to collinear factorization, integrals over
transverse momenta k; of initial state particles appear. Here,
Mg,z is the well-known gauge-invariant off-shell matrix ele-
ment for g*g* — cc partonic subprocess and Fg(x;, kl.zt, wu?) are the
so-called unintegrated (transverse momentum dependent) gluon
PDFs (uPDFs).

The pocket-formula for TPS (Eq. (2.4)) can then be written in
the differential form:

daggicfcfcf _ (l) 1 daggicf . da;;]:icé . d"sgica
g1y désadéss  \3!) 0f;pps  dé12 dé34 dés6
(2.8)

where for simplicity d&;; stand for dy;dy jd?p; d?pj .

In the present paper we use the Kimber-Martin-Ryskin (KMR)
uPDFs [24], generated from the LO set of an up-to-date Martin-
Motylinski-Harland-Lang-Thorne (MMHT2014) collinear gluon
PDFs [25] fitted also to the LHC data. In the perturbative part of the
calculations, for the central predictions, we use a running at% ()
provided with the MMHT2014 PDFs and the charm quark mass
me = 1.5 GeV. We set both the renormalization ancl2 facgorization
my +m

scales equal to the averaged transverse mass u? = Tj[ where

Mt =,/ P,‘%t +mg.

The parton-level cross sections for triple charm quark (or charm
antiquark) production are further corrected for the ¢ — D (or
¢ — D) hadronization effects. This is done with the help of the

fragmentation function (FF) technique. The quark cross section is
transformed to D-meson hadron-level via the following procedure:

TPS
dapp—>DDD N/ Dc—>D(Zl) . Dc—>D(Z2) . Dc—>D(z3)

dsb 71 23 z3
doTPS,
. %d21d22d23 s (2.9)

where d&® stand for dy{dy}dy3d®p d®p§ d®p§, taking a =c
D

quark or D meson and pf’[ = pz% with meson momentum frac-
tions z; € (0,1). The usual approximation here is that the quark
rapidities y{, y$, y§ are unchanged in the fragmentation process
which is known to be especially legitimate in the case of heavy fla-
vors and meson transverse momenta larger than its mass (see e.g.
Ref. [26]). In the numerical calculations here we use the commonly
used in the literature scale-independent Peterson FF [27] with
the parameter &. = 0.05, which is the averaged value extracted
from different eTe~ experiments. In the last step the obtained
cross sections for triple-meson production in the way sketched
above are normalized with the corresponding fragmentation frac-
tion BR(c — D%) = 0.565 [28].

3. Numerical results
We start with our predictions for multiple cc production. In

order to compare our results to the results of Ref. [9] in Ta-
ble 1 we show central predictions for cross sections for the full

Table 1

Central predictions for total charm SPS, DPS and TPS cross sections (in mb) in
pp-collisions at the LHC, calculated in the kr-factorization approach and using the
factorized Ansatz.

Final state Js=7TeV Js=13 TeV
SPS: o (cc + X) 9.84 17.30

DPS: o (cccc + X) 231 713

TPS: & (cECEct + X) 055 2.99

phase space for two different collision energies. We get consider-
ably larger cross section for triple cc production compared to the
numbers read off from Fig. 1 of Ref. [9]. It is not obvious how
to understand the difference, as rather different approaches were
used in both cases. There are obvious uncertainties related to the
choice of factorization/renormalization scales in both approaches.
In our approach the region of very small transverse momenta of ¢
or ¢ quarks is the least certain, which is related to uncertain re-
gion of very small gluon transverse momenta. Small uncertainties
for single-parton scattering are considerably magnified for triple-
parton scattering. Large differences of cross section in the full
phase space do not necessarily involve such differences for fidu-
cial volume. We think that agreement of theoretical inclusive cross
sections for D meson production in a fiducial volume is a neces-
sary (and sufficient) condition for the best estimating of DPS and
TPS effects.

To avoid the model uncertainties one has to describe the ex-
perimental data for SPS single D® (D°) for the LHCb acceptance.
As already mentioned in the introduction, the kr-factorization ap-
proach is very useful in this context, since it provides a good
parametrization of the LHCb charm data with the standard set
of factorization/renormalization scales and charm quark mass (de-
fined in the previous section). As will be shown below, the usual
variation of these parameters is not necessary in order to stay in
touch with the LHCb experimental data. Then such a “parametriza-
tion” of the data can be used for the predictions for DPS double
and TPS triple D9 (D°) production. Then only uncertainties of the
SPS result will be propagated to the two and three meson pro-
duction. Uncertainties related to oef pps are not taken into account
since again we get good description of the LHCb double charm data
within its central value (extracted from the experiment). We also
use the central value of the relation between e, pps and Oeff Tps
(see Eq. (2.6)).

In Fig. 2 we present our results for SPS inclusive single D me-
son production for the LHCb experiment at /s =7 and 13 TeV. In
both cases we get good description of the measured transverse
momentum distributions for different intervals of rapidity. Here we
present our k;-factorization result and +40% uncertainty band. The
choice of the uncertainty band is motivated by our previous studies
of Ref. [10] where a detailed analysis of the uncertainties related
to factorization/renormalization scales and to quark mass for SPS
charm production at the LHC was presented. For the LHCb fiducial
volume considered here, the chosen pr-independent uncertainty
at the level of 40% seems to be sufficient. Similar studies in the
case of DPS double charm production can be found in Ref. [8]. Ex-
perimental data are within such an uncertainty band. The good
agreement with the LHCb data is a good starting point for calcula-
tion of double and triple D meson production. We will propagate
such an uncertainty band through the factorization formula for DPS
and TPS calculations.

In Table 2 we show our predicted cross sections for two and
three mesons within the fiducial volume of the LHCb detector. The
DD pairs were already measured by the LHCb Collaboration. In ad-
dition to the k;-factorization result we show the lower and upper
limits obtained from the lower and upper limits for SPS mecha-
nism. The predicted value at /s =7 TeV for D°D® + DODO final
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Fig. 2. Transverse momentum distributions of D meson in the case of inclusive single meson production measured by the LHCb experiment at /s =7 TeV [29] (left panel)
and /s =13 TeV [30] (right panel). The solid lines correspond to our theoretical predictions based on the kr-factorization approach with the KMR uPDFs. The results and
experimental data points are shown for different rapidity bins defined in the figure. The discussed in the text uncertainty bands are shown in addition.

Table 2
The integrated cross sections for double and triple D® meson production (in nb)

within the LHCb acceptance: 2 < ypo <4 and 3 < p?o < 12 GeV, calculated in the
kr-factorization approach. The numbers include also the charge conjugate states.

Final state Js=7TeV Js=13 TeV
DPS: o(D°DC + X) 784.74 Max: 13809 2992.91 Mmax: >866.10
TPS: o(DODODO + X) 2.38 mMax: 653 17.71 Max: 4859

state is consistent with the measured one: o ycp = 690 +40 £ 70
(see Table 12 in Ref. [5]). Whether the three mesons can be mea-
sured at the LHCb will be discussed in the following.

Now we wish to discuss some differential distributions for dou-
ble and triple D° meson production. In Fig. 3 we show transverse
momentum distribution of one of the two or one of the three D°
mesons (all measured by the LHCb detector). In the used multi-
ple parton scattering formalism the distributions for single, double
and triple production have the same shape/slope and differ only
by normalization. The distributions for triple D° production are
about two orders of magnitude smaller than for double D® pro-
duction, consistent with Table 2. In the left panel, for /s =7 TeV,
we also show for reference the LHCb experimental data [5]. As
for single scattering case (see Fig. 2) we get a good agreement
also here within the uncertainty band shown in Fig. 3, so we
hope our predictions for triple D production (lowest curves) are
(should be) reliable. The chosen uncertainty procedure leads us

T T I TR
[ DPS: D° D + X (s=7TeV]
10°F 6078 =21 mb I1D° .2 4 3
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©
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to the conclusion that our result for TPS is known within a fac-
tor &~ 3.

In Fig. 4 we show our predictions for invariant mass distri-
butions for two (left panel) and three (right panel) D® mesons.
The lower curves are for /s =7 TeV and the upper curves for
/s =13 TeV. We show uncertainty band only for the lower en-
ergy. Again we show the LHCb experimental data for /s =7 TeV
(left panel). The distributions shown in the right panel are waiting
for experimental verification.

Finally in Table 3 we show the number of counts for differ-
ent realistic values of the integrated luminosity for the LHCb ex-
periment. The predicted numbers of events for DPS double- and
TPS triple-D° production correspond to the central predictions for
cross sections from Table 2. Here we have included in addition the
relevant decay branching fraction BR(D® — K~z ) = 0.0393 [31].
As for differential distributions those numbers are estimated with
a precision of a factor ~ 3.

4. Conclusions

In this letter we have presented a first estimation of the cross
sections for triple D® production within the LHCb fiducial volume
in order to verify triple parton scattering effects for triple cc pro-
duction.

Any pQCD calculation, including k;-factorization, inherently has
uncertainties related to the choice of parton distributions, of the
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Fig. 3. Transverse momentum distributions of one of the measured D° mesons for double-D° (upper long-dashed lines) and triple-D° (lower solid lines) production for
/5 =7 (left panel) and 13 TeV (right panel). Details are specified in the figure. The data points for double-D® production in the left panel are taken from Ref. [5]. The lower
and upper of uncertainty bands were obtained from the lower and upper limits for single D° (D°) production.
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DO (DO) production.

Table 3

Number of events for different values of the feasible integrated luminosity in the
LHCb experiment for the central predictions of cross sections from Table 2. The
branching fractions for D¢ — K~7+ (D% — K*7~) are included here.

Js Integrated luminosity DPS (D°D?) TPS (D°DODO)
7 TeV 355 pb~! 0.43 x 106 51

1106 pb~! 1.34 x 108 159
13 TeV 1665 pb~! 7.70 x 10° 1789

5000 pb~! 23.11 x 10° 5374

factorization and renormalization scales, parameters of hadroniza-
tion etc. In this paper we have used the k;-factorization approach
to parametrize experimental data for single D? (D) meson pro-
duction. The best fit of the LHCb experimental data is obtained
with the standard set of factorization/renormalization scale and
charm quark mass choices. This means we can avoid all uncer-
tainties of the k¢-factorization or any pQCD calculation in general.
Therefore only model-independent uncertainty band, related to the
quality of the description of the experimental data, was used in our
analysis. The uncertainty band for single meson production was
propagated to double and triple meson production. Our estimate
should be more precise than within a factor of 3.

We have obtained rather large cross sections for triple cc pro-
duction, larger than predicted very recently in Ref. [9] but still
consistent within uncertainties of the two approaches. We have
checked, however, our approach against inclusive single D and
double DYDY production as measured by the LHCb Collaboration.
In both cases we have obtained a fairly good agreement which
gives us confidence for triple D® production.

We have presented both integrated cross section as well as
differential distributions for double and triple D° production for
/s =7 and 13 TeV. We have presented also predicted number of
counts for different realistic values of integrated luminosity for the
LHCb experiment. In the case of triple D® production we have
predicted about 100 counts at /s =7 TeV and a few thousands
of counts at /s = 13 TeV for realistic integrated luminosities. We
hope the LHCb Collaboration will be able to verify our predictions
soon.
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