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Abstract

The first measurement of heavy-flavor production by the LHCb experiment in its
fixed-target mode is presented. The production of .J/1» and DY mesons is studied with
beams of protons of different energies colliding with gaseous targets of helium and
argon with nucleon-nucleon center-of-mass energies of |/syy = 86.6 and 110.4 GeV,
respectively. The J/) and D° (including charge conjugate) production cross sections
in pHe collisions in the rapidity range [2, 4.6] are found to be o, = 652433 (stat) &
42 (syst) nb/nucleon and opo = 80.8 + 2.4 (stat) £ 6.3 (syst) ub/nucleon, where the
first uncertainty is statistical and the second is systematic. No evidence for a
substantial intrinsic charm content of the nucleon is observed in the large Bjorken-x
region.

Published in Phys. Rev. Lett. 122, 132002 (2019)
(© 2018 CERN for the benefit of the LHCb collaboration. (CC-BY-4.0 licence.

tFull author list given at the end of the Letter.


https://creativecommons.org/licenses/by/4.0/

i



In the high-density and high-temperature regime of quantum chromodynamics (QCD),
the production of heavy quarks in nucleus-nucleus interactions is well suited to study the
transition between ordinary hadronic matter and the hot and dense quark-gluon plasma
(QGP). Heavy quarks are produced only in the early stages of the interaction, because
their masses are significantly higher than the QGP critical temperature, T, ~ 156 MeV [1].
Lattice QCD predictions imply that, at sufficiently high temperature, the production of
heavy quark-antiquark bound states decreases due to the modification of their binding
mechanism [2].

The interpretation of the charmonium c¢ bound states suppression, observed in nucleus-
nucleus collisions at various energies [3], can be significantly sharpened by measuring
charmonium yields together with the overall charm quark production [4]. The production
of D° mesons, made of a ¢ and a @ quark, reflects a large fraction of the overall charm
quark production. The study of charmonium production in proton-nucleus collisions on
various nuclear targets, where no QGP is formed, is needed to establish the charmonium
suppression patterns observed in heavy-ion collisions and to understand the mechanisms
underlying charmonium production [5,/6].

Several effects can be studied in proton-nucleus collisions, such as the interaction
of ¢¢ pairs with the target nucleons leading to a breakup of the charmonium states [7],
parton shadowing (or antishadowing) in the target nucleus [8,9] that modifies charmonium
production, saturation effects [10], and parton energy loss |11H13].

In this Letter, the first measurement of heavy-flavor production in a fixed-target mode
at the LHC is presented. The production of J/i) and D° mesons are studied in collisions
of protons with energies of 4 TeV and 6.5 TeV incident on helium and argon nuclei at rest
at center-of-mass energies of /sy = 86.6 GeV and /sy = 110.4 GeV, respectively.

The LHCb detector |18]/19] is a single-arm forward spectrometer covering the pseu-
dorapidity range 2 < n < 5, designed for the study of particles containing ¢ or b quarks.
The detector elements that are particularly relevant to this analysis are: the VELO
surrounding the pp interaction region that allows ¢ and b hadrons to be identified from
their characteristic flight distance; a tracking system that provides a measurement of the
momentum of charged particles; two ring-imaging Cherenkov detectors that are able to
discriminate between different species of charged hadrons; a calorimeter system consisting
of scintillating-pad and preshower detectors, electromagnetic and hadronic calorimeters;
and a muon detector composed of alternating layers of iron and multiwire proportional
chambers. The system for measuring overlap with gas (SMOG) device [14] enables the
injection of gases with pressure of O(10~7) mbar in the beam pipe section crossing the
silicon-strip vertex locator (VELO), allowing LHCb to operate as a fixed-target experiment.
SMOG allows the injection of noble gases and therefore gives the unique opportunity to
study nucleus-nucleus and proton-nucleus collisions on various targets. Thanks to the
boost induced by the high-energy proton beam the LHCb acceptance covers the backward
rapidity hemisphere in the center-of-mass system of the reaction from a very negative
center-of-mass rapidity y* ~ —2.5 to y* ~ 0. Therefore, the SMOG fixed-target program
offers many new opportunities of physics studies [15], including the study of heavy-quark
production in the large Bjorken-z region, with x the fraction of the nucleon momentum
carried by the target parton, up to ~ 0.37 for D° mesons, and the test of the intrinsic
charm content of the proton |16.|17].

The events are triggered by the two-stage trigger system of the experiment [20]. The
first level is implemented in hardware and uses information provided by the calorimeters



and the muon detectors, while the second is a software trigger. The hardware trigger
requires at least one identified muon for the selection of the J/i) — p~u™ candidates,
and a minimal activity in the calorimeter for the D® — K~ selection (inclusion of
charge conjugate processes is implied throughout). The software trigger requires two
well-reconstructed muons forming an invariant mass larger than 2700 MeV/c? for the
Jfp selection. For the D° selection, it requires a well-reconstructed vertex formed by
well-identified kaon and pion tracks, both of which are required to have a transverse
momentum larger than 500 MeV/c and an invariant mass between 1715 and 2015 MeV/c?.

The data samples have been collected under particular beam conditions where proton
bunches moving towards the detector do not cross any bunch moving in the opposite
direction at the nominal pp interaction point. Events with J/i) or DY candidates must
have a reconstructed primary vertex within the fiducial region —200 mm < zpy < 200 mm,
where high reconstruction efficiencies are achieved and calibration samples available. In
order to suppress residual pp collisions, events with activity in the backward region are
vetoed, based on the number of hits in VELO stations upstream of the interaction region.

The offline selection of J/ and D° candidates is similar to that used in Refs. [2122].
Specifically, events with at least one primary vertex are selected where the primary vertex
is reconstructed from at least four tracks in the VELO detector. The J/iy candidates
are obtained from two oppositely signed muons forming a good-quality vertex. The
well-identified muons have a transverse momentum, pr, larger than 700 MeV/c and are
required to be consistent with originating from the primary interaction point. The kaon
and pion from the DY decay are required to be of good quality and to come from a
common displaced vertex. Tight requirements are set on the kaon and pion particle
identification criteria. The D candidates are selected to have a decay time larger than
0.5 ps. The measurements are performed in the range of J/ib and D° transverse momentum
pr < 8GeV/c and rapidity 2.0 < y < 4.6.

Acceptance and reconstruction efficiencies are determined using simulated pHe and
pAr events.

In the simulation, J/) and D° mesons are generated using PYTHIA 8 [23,24] with a
specific LHCDb configuration [25] and with colliding-proton beam momenta being equal
to the momenta per nucleon of the beam and target in the center-of-mass frame. The
decays are described by EVTGEN [26], in which final-state radiation is generated using
PHOTOS [27]. The four-momenta of the J/i) and D° daughters are then extracted and
embedded into pAr or pHe minimum bias events that are generated with the EPOS
event generator [28] using beam parameters obtained from the data. Decays of hadronic
particles generated with EPOS are also described by EVTGEN. The interaction of the
generated particles with the detector, and its response, are implemented using the GEANT4
toolkit [29,30] as described in Ref. [31].

The J/ detection efficiency is dependent on its polarization. Since no polarization
measurement has yet been made for data collected at ,/syy close to 100 GeV, the
polarization is assumed to be zero and no corresponding systematic uncertainty is quoted
on the cross-section results. A small longitudinal polarization, described by the parameter
Mg, has been found at different energies close to Ay = —0.1 [32-34]. Using data from
Ref. [35] and assuming a value Ay = —0.1, the measured J/i cross section would decrease
by about 1% to 2.3% depending on the J/i (pr, y) bin [36].

The prompt J/i» and D° signal yields are obtained from extended unbinned maximum-
likelihood fits to their mass distributions. The fit functions are given by the sum of
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Figure 1: Mass distributions, fitted by an extended unbinned maximum-likelihood in
V/3xn = 86.6 GeV pHe collisions; J/ip — p~pu™ (left); D° — K~ nt (right). The dashed blue line
corresponds to the combinatorial background, the red line to the signal and the solid blue line
to the sum of the two.

a crystal ball function [37] describing the J/i) signal, and an exponential function for
the background. The D° signal is fitted by the sum of two Gaussian functions, and an
exponential function for the background. Figure |1 shows the mass distributions obtained
after all selection criteria are applied to the entire pHe data set, with the fit functions
superimposed.

The signal yields are determined in uniformly populated bins of pt or y. A coarser
binning scheme is used for J/ib candidates, owing to the smaller sample size. The yields
determined from the mass fit are corrected for the total efficiencies, which include the
geometrical acceptance of the detector, the event trigger, the event selection, the primary
vertex, the track reconstruction, and particle identification. Particle identification [38] and
tracking efficiencies are obtained from control sample of pp collision data. All the other
efficiencies are determined from simulation. Several sources of systematic uncertainties are
considered, affecting either the determination of the signal yields or the total efficiencies.
They are summarised in Table (1| separately for correlated and uncorrelated systematic
uncertainties.

A systematic uncertainty is assigned to the signal determination. A first contribution,
common to J/ip and DY signals, is obtained by determining the maximum contamination
from residual pp collisions. The systematic uncertainty related to the determination of
the signal yields includes the contribution from b-hadron decays and the mass fit. The
fraction of signal from b hadrons, determined through the fit of the impact parameter
distribution of the D° candidates with respect to the primary vertex, is (0.9755)%. The
systematic uncertainty related to the mass fit is evaluated using alternative models for
signal and background shapes that reproduce the mass shapes equally well.

Another source of uncertainty is associated with the accuracy of the simulation used
to compute the acceptances and efficiencies. This systematic uncertainty includes the
statistical uncertainty due to the finite size of the simulation sample and the differences in
the distributions of the transverse momentum and rapidity between data and simulation.
This systematic uncertainty is computed in each y and pr bin. Systematic uncertainties
in tracking and particle identification efficiencies are mainly related to the differences



Table 1: Systematic and statistical uncertainties on the .J/i» and D° yields in %. Systematic
uncertainties correlated between bins affect all measurements by the same relative amount.
Ranges denote the minimum and the maximum values among the y or pr bins.

pAr
pHe

78 - 12.0)%
7.9 - 11.3)%

2.8 _58)%

Statistical uncertainties 4.2 -10.1)%

Source JNp DO
Correlated between bins

. . . pAr  1.4% 1.4%
Signal selection efficiency pHe 1.1% 11%

. . pAr  1.9% 3.5%
Tracking efficiency pHe 1.1% 3.9%
Particle identification pAr (1.8-19% (4.3-54)%
efficiency pHe (09-1.00% (1.1-2.6) %
Uncorrelated between bins

. o pAr  (0-0.9% (1.6 - 2.6)%
Signal determination pHe (0 0.9)% (1.6 - 2.5)%

. . pAr (0.1 -1.9% (0.2 -2.6)%
Tracking efficiency pHe (02-1.8)% (0.3 2.7)%

. . pAr (1.8 -2.00% (2.4 -2.5)%
Simulation sample pHe (17-34)% (2.5 - 2.8)%
Particle identification pAr (0-1.9)% (0 -5.6)%
efficiency pHe (0 —0.8)% (0-3.7%

( (
( (

between the track multiplicity in pAr, pHe and pp collisions. The tracking systematic
uncertainty also takes into account the difference in tracking efficiency between the data
and the simulation.

The cross-section measurement is made for the pHe sample only, for which the lumi-
nosity determination is available. The luminosity is determined from the yield of electrons
elastically scattering off the target He atoms [42] to be L. = 7.58 & 0.47 nb~'. The
measured J/ip and D° cross sections per target nucleon within y € [2, 4.6], after correction
for the branching fractions J/) — p™u~ and D° — K7t (and charge conjugate), are

oy = 652 % 33 (stat) & 42 (syst) nb/nucleon,
opo = 80.8 £ 2.4 (stat) £ 6.3 (syst) ub/nucleon.

In order to compare to previous experimental results at different energies, both J/i) and
DY cross sections are extrapolated to the full phase-space using PYTHIA 8 with a specific
LHCb tuning and with the CTOIMCS PDF set [43]. The extrapolation factor is 2f,
where f = 0.940 for the J/i and f = 0.965 for the DY, and describes the extrapolation
from y* € [—2.53,0.07] to the full backward (negative) rapidity hemisphere, assuming
forward-backward symmetry. The full phase-space cross sections are

oy = 1225.6 £ 100.7 nb/nucleon,
opo = 156.0 £ 13.1 pub/nucleon,

4



= E T T T T = T T T T T iP5

8  LHCb %1 8 [ LHCb |

2 - ® Thismeasurement ,//:;:/'/i,/""/: é E ® This measurement /////E

2 10k R 1 3 F :

= 2 ,,Qj,’/t’ ] = L ]
= C T ] = e I

T 1 Buwt y. -

T gt 1 ° e ;

W0 e~ ~ NLONRQCD 7 i & = NLOpQCD ]

; ] wE At =

107 10 107 10°

Vs [GeV] Vsuw [GeV]

Figure 2: Left: J/ip cross-section measurements as a function of the center-of-mass energy.
Experimental data, represented by black points, are taken from Ref. [39]. The band corresponds
to a fit based on NLO NRQCD calculations [39]. Right: ¢¢ cross-section measurements as a
function of the center-of-mass energy. Experimental data, represented by black points, are
taken from Ref. [40]. The yellow band corresponds to NLO pQCD calculations [41]. Red points
correspond to the pHe results from the present analysis.

where statistical and systematic uncertainties have been added quadratically and no
systematic uncertainties due to the extrapolation are included. In addition, the D cross
section is scaled with the global fragmentation factor f(c — D°) = 0.542 4 0.024 [44], in
order to obtain the ¢¢ production cross section:

0o

= =144+ 12+ 4ub leon.
3% Fle = DY) ub/nucleon

Oce

The last uncertainty reflects the limited knowledge of the fragmentation factor. An
overview of J/ib and ¢ cross-section measurements at different center-of-mass energies
by different experiments are shown in Fig. [2 including this measurement. The J/
cross section is compared to a fit based on NLO NRQCD calculations [39] and the c¢
cross section to NLO pQCD calculations [40,/41]. The c¢ cross section shows a small
tension with respect to theoretical calculations as already observed at 200 GeV, while the
J/ cross-section measurement is in good agreement with the fit based on NLO pQCD
calculations. The J/i differential cross sections per target nucleon obtained for the pHe
dataset, as functions of y* and pr, are shown in the two top plots of Fig. [3] and given
in Ref. [36]. These results are compared with HELAC-ONIA predictions [45-47], for
pp (CT14NLO PDF set [48]) and pHe (CT14NLO+nCTEQ15 PDF [49] sets) collisions.
The predictions underestimate the measured total cross section. The HELAC-ONIA
predictions are rescaled by a factor 1.78 in Fig. |3|to compare the shape of the distributions.
Data are also compared with phenomenological parametrizations, interpolated to the
present data energies, based on Refs. [12,50]. Solid and dashed red lines are obtained
with linear and logarithmic interpolations, respectively, between the results from the K789
(PAu, /sxy = 38.7 GeV) [51], HERA-B (pC, \/sxy = 41.5GeV) [52] and PHENIX (pp,
Vs =200 GeV) [53] experiments. The differential yields of J/i) as functions of y* and pr,
obtained from pAr data, are also shown in Fig. [3] Since the luminosity measurement is
not available, only differential distributions with arbitrary normalization are shown.
The D differential cross sections per target nucleon obtained for the pHe dataset, as
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Figure 3: Differential J/i) production cross sections for (top) pHe and differential J/2) yields for
(bottom) pAr collisions, as a function of (left) center-of-mass rapidity y* and (right) transverse
momentum prt. The data points mark the bin centers. The quadratic sum of statistical and
uncorrelated systematic uncertainties are indicated by the vertical black lines. The correlated
systematic uncertainties are indicated by the grey area. Theoretical predictions are described in
the text. The lower panel of each plot shows the ratio of data to HELAC-ONIA pp predictions.

functions of y* and pr, are shown in Fig. 4| and given in Ref. [36]. The HELAC-ONIA
predictions overestimate the measured total cross section. The HELAC-ONIA predictions
are rescaled by a factor 0.72 in Fig. [ to compare the shape of the distributions. Differential
yields, with arbitrary normalization, of D as functions of y* and pr obtained from pAr
data are also shown.

In fixed-target configuration, the LHCb acceptance gives access to the large Bjorken-z
region of the target nucleon (up to x ~ 0.37 for D° mesons). In this region, because
of the small number of nucleons in the helium nucleus, nuclear effects affecting c¢ pairs
are expected to be small. On the other hand, as suggested in Refs. [16,|17], the intrinsic
charm contribution, based on a valencelike parton distribution, can be substantial at large
Bjorken-z. Using the approximation for x, the fraction of the nucleon momentum carried

by the target parton,

2me
xT

exp(—y"), (1)
SnN

where m, = 1.28 GeV/c? is the mass of the ¢ quark [54], the Bjorken-z range = € [0.17,0.37]

is obtained for the most backward bin. In this range any substantial intrinsic charm

contribution should be seen in the pHe results. As shown in Figs. 3| and {4} no strong
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Figure 4: Differential D° production cross sections for (top) pHe and differential D yields for
(bottom) pAr collisions, as a function of (left) center-of-mass rapidity y* and (right) transverse
momentum prt. The data points mark the bin centers. The quadratic sum of statistical and
uncorrelated systematic uncertainties are indicated by the vertical black lines. The correlated
systematic uncertainties are indicated by the gray area. Theoretical predictions are described in
the text. The lower panel of each plot shows the ratio of data to HELAC-ONIA pp predictions.

differences are observed between pHe data and the theoretical predictions which do not
include any intrinsic charm contribution. Therefore, within uncertainties, no evidence
of substantial intrinsic charm content of the nucleon is observed in the data. Future
measurements with larger samples and more accurate theoretical predictions will permit
to perform more quantitative studies, including the double-differential [y*, pr] production
cross section.

In summary, we report the first measurement of heavy flavor production in fixed-
target configuration at the LHC. The J/) and D° (including charge conjugate) pro-
duction cross sections, measured in pHe collisions at /syy = 86.6 GeV in the rapid-
ity range [2,4.6], are found to be: o, = 652+ 33 (stat) & 42 (syst) nb/nucleon and
opo = 80.8 £ 2.4 (stat) £ 6.3 (syst) ub/nucleon. No evidence for a substantial intrinsic
charm content of the nucleon is found.
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