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A study of prompt charm-hadron pair production in proton-lead collisions at ,/syy = 8.16 TeV
is performed using data corresponding to an integrated luminosity of about 30 nb~!, collected with the
LHCb experiment. Production cross sections for different pairs of charm hadrons are measured and
kinematic correlations between the two charm hadrons are investigated. This is the first measurement of
associated production of two charm hadrons in proton-lead collisions. The results confirm the predicted
enhancement of double parton scattering production in proton-lead collisions compared to the single parton

scattering production.
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At high-energy hadron colliders, particles are produced
in fundamental collisions of internal partons in the beam
projectiles. The underlying parton densities are described
by parton distribution functions (PDFs). A collision event
can produce multiple heavy-flavor hadrons via a single
parton scattering (SPS) or multiple parton scatterings. The
latter, generating on average a larger number of charged
tracks, could explain the heavy-flavor production rate in
high-multiplicity events [1—4]. In a simple model, assuming
that the PDFs of two partons in the same projectile are
independent, the associated production cross section of
final-state particles A and B from two separate partonic
interactions, i.e., a double parton scattering (DPS) process,
is related to the inclusive production cross section of A and
B, o and o?%, as [5-14],

1 o6%°%

1+ 645 Oetr

B _
DPS —

(1)

Here, 645 =1 if A and B are identical and is zero
otherwise, and o is the so-called effective cross section.
The parameter o is related to the collision geometry and
is expected to be independent of the final state [15-17]. In
proton-ion collisions, following the Glauber model [18],
SPS production cross section is expected to scale with the
ion mass number in the absence of nuclear matter effects.
However, DPS production is enhanced compared to a mass
number scaling due to collisions of partons from two
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different nucleons in the ion, and the enhancement factor is
about three in proton-lead (p-Pb) collisions [10,19-25].

The production of two open charm hadrons, DD,, and
J/wD meson pairs is of particular interest in the study of
SPS and DPS processes, as the cross section is relatively
large and the high charm-quark mass permits perturbative
calculations even at low transverse momentum (p7). In this
Letter, D and D, , refer to either a DY, DT, or D]” meson
and the inclusion of charge conjugate states is implied.
Both like-sign (LS) and opposite-sign (OS) open charm
hadron pairs are considered. In an LS pair the two hadrons
have the same charm-quark flavor, while in an OS pair they
have opposite charm flavors. Pairs of OS charm hadrons
can be produced from a c¢ pair via SPS, thus the kinematics
of the two hadrons are correlated, while DPS produces
correlated and uncorrelated OS pairs. The correlation in
SPS production may be modified in heavy-ion data
compared to proton-proton (pp) collisions, due to nuclear
matter effects [26-33]. The OS correlation is predicted to
be sensitive to the properties of the hot medium formed in
ultrarelativistic heavy nucleus-nucleus collisions [34—44].

The two hadrons in an LS pair produced in a DPS
process are expected to be uncorrelated. Studies of LS pair
production and correlation in different environments help
to test the universality of the parameter o.¢ and gain insight
into the underlying parton correlations [45]. Since DPS
production involves two parton pairs, it is very sensitive to
the nuclear PDF (NPDF) in proton-ion collisions, including
its possible dependence on the position inside the
nucleus [46].

Production of OS charm and beauty pairs has been
studied in fully reconstructed decays [47-51] and using
partially reconstructed decays [52—59], and the hadron and
antihadron are found to be correlated; in particular, the
azimuthal angle A¢ between the two hadron directions
projected to the plane transverse to the beam line favors
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values close to A¢ =0 or z. Production of LS charm
pairs, double quarkonium and multiple jets at the Tevatron
and the LHC revealed evidence of DPS signals [51,60-68].
The effective cross section is measured to be in the range
of 10 to 20 mb for most final states, however, a value as
low as 5 mb is extracted using double quarkonium
production [69-71]. More measurements are required to
resolve this puzzle.

This Letter presents the first measurement of charm pair
production in proton-lead collisions at a nucleon-nucleon
center-of-mass energy of /syy = 8.16 TeV. The data
were collected with the LHCb experiment at a low
interaction rate in two distinct beam configurations. In
the pPb configuration, particles produced in the direction
of the proton beam are analyzed, while in the Pbp
configuration particles are analyzed in the Pb beam
direction. The pPb (Pbp) data correspond to an integrated
luminosity of 12.240.3 nb=! (18.6 £0.5 nb~"). The
detector coordinate system is defined to have the z axis
aligned with the proton beam direction. In the following,
particle rapidities (y) are defined in the nucleon-nucleon
rest frame.

The LHCb detector is a single-arm forward spectrometer
described in detail in Refs. [72,73]. The online event
selection is performed by a trigger, which consists of a
hardware stage, based on information from the calorimeter
and muon systems, followed by a software stage, which
applies a full event reconstruction. Charm hadrons
(H,=D",D*,Df,J/y) are reconstructed online via the
decays D° - K-z, D* - K~ntzt, D} - K" K*nt,
and J/w — uTu~. The data samples are selected by the
hardware trigger based on the calorimeter activity for D
candidates and based on the muon system for J/w
candidates. Candidate pairs are formed by D°D° D°DO,
and D*D* combinations (same species), and DD,
D°D¥, DTD¥, and J/wD®* combinations (different
species). Other charm pairs are not considered due to their
limited yield in the data. The tracks used to reconstruct the
D mesons are required to be positively identified as kaons
or pions and must be separated from every primary p-Pb
collision vertex (PV). These tracks are also required to have
pr > 250 MeV/c and at least one track must have p; >
500 MeV/c (py > 1000 MeV/c) for D° (D*, D) final
states. The tracks are required to form a vertex of good
quality that is separated from every PV. The reconstructed
D mesons are required to be consistent with originating
from a PV, which favors prompt production over mesons
from beauty-hadron decays (denoted as charm-from-b).
The two muons used to reconstruct J/yw candidates are
required to have p; > 500 MeV/c and form a good-
quality vertex.

In the off-line selection, kaons and pions are required to
have momentum p >3 GeV/c¢, and muons to have
p > 6GeV/c, pr > 750 MeV/c and be positively iden-
tified by using information from all subdetectors [74,75].

The K~K™ invariant mass from the D} — K=Kz ™" decay
is required to be within +20 MeV/c? of the known
¢(1020) mass [76]. A kinematic fit is performed on each
charm hadron and on the pair, constraining them to
originate from a PV. Requirements on the fit qualities
strongly reduce charm-from-b contributions but retain
more than 99% of prompt pairs.

Results are obtained in a charm-hadron kinematic
region py(H.) <12 GeV/c and 1.7 <y(H,) <3.7
(-4.7 < y(H.) < =2.7) for pPb (Pbp) data. For D" and
Dy mesons the requirement p;(H,) > 2 GeV/c is applied
due to extremely small yields at lower p;. Total cross
sections of D°DY, D°DP, and J/wDP pair production are
also evaluated in the full LHCb rapidity acceptance, 1.5 <
y(H,) <4 (-5 <y(H.) < =2.5) for pPb (Pbp) data, in
order to compare with single charm production [77,78].

The cross section for a charm pair is calculated as
6 = N"/(L x B, x BB,), where L is the integrated lumi-
nosity, and NT" is the signal yield after efficiency
correction and the subtraction of charm-from-b back-
ground. The branching fractions of the two charm-hadron
decays B, , are taken from Ref. [76] for the D°, D*, J/y
decays, and B[D] — (K*K™),n"] = (2.24 £0.13)%
from Refs. [79,80]. The raw signal yield is determined
from an unbinned maximum likelihood fit to the distribu-
tion of the invariant masses m; and m, of the two charm
hadrons. The two-dimensional probability densities com-
prise four components: signal-signal, background-back-
ground, signal-background, and background-signal for
the first-second charm hadron in a pair. The background
is mainly from random combinations of tracks. The signal
component for each charm hadron is described by the sum
of a Gaussian and a Crystal Ball function [81] and the
background component by an exponential function. The
distribution for pairs of same-species hadrons is con-
structed to be independent of the ordering of m; and
m,. As an example, the (m;,m,) distribution for D°D°
candidates and its projection on m; and m, are shown in
Fig. 1 for pPb data, with the fit projections overlaid. More
distributions are shown in the Supplemental Material [82].
The raw signal yield is between 100 and 4000 for all hadron
pairs considered.

The total detection efficiency for each individual charm
hadron is evaluated from simulated signal decays, properly
corrected using control samples of p-Pb collisions. These
control samples are used to calibrate track finding and
particle identification (PID) efficiencies [83]. In the sim-
ulation, minimum-bias p-Pb collisions are produced using
the EPOS generator [84] according to beam configurations
of the data. Charm hadrons are generated in p p collisions at
/s = 8.16 TeV using PYTHIAS [85,86] and are embedded
into EPOS minimum-bias events. Particle decays are
described by EVTGEN [87], while the particle interaction
with the detector, and its response, are implemented using
the GEANT4 toolkit [88] as described in Ref. [89]. The track
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Two-dimensional invariant-mass distributions of (m, n,) for D’ DP pairs and the projections on m; and m, are shown on the

left, in the middle and on the right respectively, with the fit results superimposed. Shown in the projection plots are (points with bars)

pPb data, (solid blue) the total fit and its four components.

finding efficiency in data and simulation is studied with a
tag-and-probe method using J/w — uTpu~ decays [90].
Similarly, the PID efficiency is measured using large
control samples of D° — K~z and J/w — utu~ decays
for K=, #", and u~ tracks, in bins of track momentum and
pseudorapidity (p,n). The average charged-track multi-
plicity in OS data is similar to the one in the control
samples, while for LS data it is about 13% higher, which is
consistent with a larger contribution of multiple parton
scattering in LS data [1-4]. The corresponding difference in
detector occupancy results in different detection efficien-
cies in LS and OS data, which is evaluated in control
samples. Efficiencies from control samples are combined
with simulation to obtain the efficiency for each
charm hadron as a function of p; and y, ¢(py,y), which
is used to determine the efficiency corrected signal yield
Silwifer(ph, y)ex(pl, ¥')]. Here, w' is the signal sPlot
weight [91] used to remove the contribution of background
and is obtained from the fit to the invariant-mass distribu-
tion, and € ,(py’,y’) is the efficiency for the first and
second hadron in the ith candidate pair in data. The signal
yield is then corrected for the charm-from-b contamination,
which is estimated to be less than 1% for open charm pairs
and (4£2)% ((3.0+1.5)%) for J/wD pairs in pPb
(Pbp) data.

Several sources of systematic uncertainties are inves-
tigated. The variation of the signal yield is studied with fits
to the invariant-mass distribution using a different signal or
background model. A maximum relative variation of 2% is
obtained on the signal yield. The dominant systematic
uncertainty arises from the limited control sample size to
determine the track finding efficiency, which is on average
about 5% (10%) per track in pPb (Pbp) data. An uncer-
tainty of 2% per hadron track is introduced to account for
the loss of particles due to interactions with the detector
material. Because of the small sample size and the choice of
(p,n) binning for each track, the PID efficiencies obtained
from control samples introduce an uncertainty of less than
1% on the total efficiency of each charm hadron. Other
contributions include the uncertainty on the total efficiency
due to the size of the simulation sample, the uncertainty on

the charm decay branching fractions, the uncertainty on the
luminosity measurements and on the charm-from-b frac-
tion. These uncertainties are propagated to the cross-section
measurements.

Total cross sections are determined for all charm pairs.
Results are detailed in the Supplemental Material [82]. For
LS open charm pairs, the measurements are in good
agreement with theoretical calculations including both
SPS and DPS production [24]. The J/yD° cross section
is found to be generally higher than SPS production,
calculated using the weighted EPPS16 NPDF [92-95].

Prompt single charm cross sections in pPb data were
measured to be smaller than those of Pbp data [78,96],
which is explained by modifications of the NPDF. The
same effect would result in even stronger suppression of
DPS production in pPb compared to Pbp data due to
the participation of two pairs of partons. For charm pairs,
the cross-section ratio between pPb and Pbp data, the
forward-backward ratio (Rpg), is determined for 2.7 <
ly(H.)| < 3.7, pr(H.) >2 GeV/c, to be 0.40 +0.05+
0.10 (0.61 +0.04 4+ 0.12) averaged over LS (OS) open
charm pairs, and is 0.26 £+ 0.06 + 0.04 for J/wD pairs.
Here and in the following, the first uncertainty is statistical
and the second is systematic. The results indicate reduced
production in pPb compared to Pbp data for both LS and
OS pairs. The Rgg of OS production is compatible with that
of prompt D° mesons [78,96], while that of LS production
is smaller. The ratio between the Rpg of LS and OS
production, 0.66 £ 0.09 £ 0.03, is in good agreement with
the Rpg of OS data and the Rgg of prompt D° production.
The measurements favor the interpretation of LS produc-
tion via DPS.

The LS over OS cross-section ratio,
P12 /P12 s determined for all studied DD, pairs
under the p;(D) > 2 GeV/c requirement, giving an aver-
age value of 0.308 £ 0.015 £ 0.010 and 0.391 £ 0.019 £+
0.025 for pPb and Pbp data, respectively. The measure-
ments agree with the calculations in Ref. [24] of 0.577(-1°
(pPb) and 0.52f8.'3'; (Pbp), and are significantly larger than
that in pp collisions where RP"?" = 0.109 + 0.008 [51],
indicating an enhancement of LS pair production over OS
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FIG. 2. Two-charm hadron invariant-mass distribution of (red) D°D° and (blue) DD pairs in (left) pPb, (right) Pbp data and
(magenta dashed line) PYTHIA8 simulation. Vertical bars (filled box) are statistical (systematic) uncertainties.

pairs in p-Pb collisions. The differential results as a
function of y(H.) is shown in the Supplemental
Material [82].

The correlations of kinematics between the two charm
hadrons in a pair are investigated from the distributions of
the two-charm invariant mass (mpp) and their relative
azimuthal angle A¢. The differential cross section for each
variable is normalized by the total cross section, such that
the largest systematic uncertainty, the one from the track
finding efficiency, almost completely cancels. As exam-
ples, in Fig. 2, the m,, distribution is shown for D°D° and
DD pairs without any requirement on pz(D). The
difference between D°D° and D°D° pairs is determined

e e
r LHCb, pPb . p°p° 1
r F=8.]6Tev - DD 1
= 2 5 h o DD’ Pythia8 1
S 1sf [
3 t b 4 l I
R O
© Pl
— o5 ! .
O : RIS (NS S T [N SN S SN NN ST S S N
0 0.2 04 0.6 0.8 1
A¢(DD)/mt
25T 71— 1T ]
[ LHCb, pPb . D'D°
E o sy =816 TeV = DD’
= 2 : % wee DD’ Pythia8
= N
S 1s5F | e
5 f4 L]
©  F i Lo 3
S r [ ] {, bl }
Q [ [ § X L{;
= osF! t .
F pT(D) >2GeV/e
0 . . vy
0 0.2 04 0.6 0.8 1
A¢(DD)/m

FIG. 3.

to be more than three (two) standard deviations in pPb
(Pbp) data, studied using a y* test. For both D°D° and
D°D° pairs, the mp, distribution is compatible between
pPb and Pbp data. The D°DP pair shows a similar
distribution to that of the PYTHIA8 simulation, in which the
fraction of inclusive charm production that contains more
than one charm pair within the LHCb acceptance is
about 7%.

The A¢ distribution is shown in Fig. 3 for D°D°
and D°D® pairs with and without the requirement
pr(D°) > 2 GeV/c. Without this condition, the A¢ dis-
tribution is almost uniform for both LS and OS pairs,
similar to that in PYTHIA8 simulation. However, with the

N e L
r LHCb, Pbp - D°D° 1
E o s =816 TeV DD’ E
—~ 2: " o DD’ Pythia8 1
£
k=3 .
4
=1 {’ l l %
S - i % ..... % ....... l ...................... .
] L IS S 1
o 4 ¥ Ft
— 05 B
0 : o1 PRI (N S S NN S S S N
0 0.2 04 0.6 0.8 1
A@¢(DD)/w
25T 1T T ]
[ LHCb,Pbp DD’ ]
F S =8.16TeV - DD’ E
—~ 2: ™ o DD’ Pythia8 1
S - [ ]
= [ ]
g ¢ % ne
U o
_g I ol + % ‘%f i l %’ + <}>__
.| I N S o I ]
L e ’ ]
— 05 ]
F pT(D) >2GeV/c
0 . . vy ey
0 0.2 04 0.6 0.8 1
A¢(DD)/n

The A¢ distribution for (red) D°D° and (blue) D°DP pairs in (left) pPb, (right) Pbp data and the (magenta dashed line)

PyTHIAS simulation, (bottom) with and (top) without the pT(DO) > 2 GeV/c requirement. Vertical bars (filled box) are statistical

(systematic) uncertainties.

212001-4



PHYSICAL REVIEW LETTERS 125, 212001 (2020)

TABLE 1. The effective cross section 6 ,p, (in b) measured using J /wD? and D°DC pair production in p-Pb data and the

extrapolated values from pp data [80].

Pairs -5<y(H,) < =25 1.5<y(H,) <4 pp extrapolation
DD 0.99 £ 0.09 +0.09 1.41+0.11 £0.10 43405
J/wD° 0.64 4+ 0.10 4 0.06 0.92 +0.22 £+ 0.06 31+03

pr(D°) > 2 GeV/c requirement, the D°D° pair favors
values A¢p ~ 0, while that of D°D? pairs is still compatible
with being flat, and both show inconsistency with the
PyTHIAS simulation. In general, the behavior that mpp
distribution in D°D° pairs peaks at higher values compared
to that of DD pairs and the flat D°D® A¢ distribution are
qualitatively consistent with a large DPS contribution in LS
pair production. Distributions of the pair transverse
momentum and the two-charm relative rapidity are found
to be compatible in OS data, LS data, and the PYTHIAS
simulation.

The effective cross section o ,py, is calculated accord-
ing to Eq. (1) using the DD and J /y D cross sections [6],
assuming solely DPS production, where the prompt J/y
and D° production are evaluated from LHCb measurements
[77,78]. The results are displayed in Table I with a typical
value of order 1b. Table I (“pp extrapolation”) also
provides the o ,, result [80] scaled by the Pb nucleus
mass number 208, which is valid under the assumption of
SPS production and absence of nuclear modification. The
result confirms the expectation that DPS production in
p-Pb collisions is enhanced by a factor of 3 compared to
SPS production, consistent with the expectation from the
Glauber model. The o ,py, value measured using J/ wDO
production is smaller than that observed in D°D° produc-
tion, as measured in p p data [80], which may be due to SPS
contamination [97] or more than expected J/wD° DPS
production. The pPb data show a higher o ,p, value
compared to Pbp data, which may suggest a complicated
structure of the NPDF, as studied in Ref. [46].

The nuclear modification factor, R = 6,p,/2085),,, is
measured for J/wD? and D°D® pairs with RHAL —
RHe x RHe x 2080, ,,,/ Gt ppvs Where o,p, and o, are
the cross sections of charm pairs in p-Pb and pp collisions,
respectively. Assuming variations of R and oy ,, as a
function of collision energy are small for py-integrated
production, using measurements of o ,, [51], R’ w77,
and R?" [96], R”’?’ = 1.3 £0.2 (4.2 £ 0.8) and R'/¥?" =
1.5+0.5 (4.6 £1.3) for pPb (Pbp) data are obtained,
where the uncertainties are the total. The results are about a
factor of 3 larger compared to that of single J/y or D°
hadron production [77,96].

To summarize, the production of LS and OS open charm
hadron pairs as well as J/yD pairs are studied in p-Pb
collisions at /syy = 8.16 TeV using fully reconstructed
decays. The cross-section ratio between LS and OS pairs is
found to be a factor of 3 higher than that in pp data.

The forward-backward ratio of OS pairs is compatible with
single charm production, while a smaller value is found for
LS pairs. Distributions of the two-charm invariant mass and
relative azimuthal angle show a difference between LS and
OS pairs, and the LS pairs exhibit a flat relative azimuthal
angle distribution independent of charm hadron p;. The
effective cross-section and nuclear modification factor for
J/wD® and D°DP are in general compatible with the
expected enhancement factor of 3 for DPS over SPS
production ratio from pp to p-Pb collisions. This is the
first direct observation of such an enhancement using LS
charm production in p-Pb data. The o ,p, result is
different between pPb and Pbp data and between
J/wD® and D°D° pairs may suggest additional effects
not considered yet, which deserve further investigation
using future LHCb data samples.
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