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The LHCb detector, with its excellent momentum resolution and flexi-
ble trigger strategy, is ideally suited for measuring heavy-quark and quarko-
nia production properties. In addition, the new system of forward shower
counters installed upstream and downstream has begun to be used, there-
fore the experiment is being suited to measure central exclusive production.
The LHCb measurements of inclusive and differential cross sections of the
production of J/1 resonance and J/v pairs, as well as bottom quarks and
Z9 boson, based on Run 2 datasets are summarized. Finally, results on the
prompt production of open charm hadrons and the exclusive production of
charmonium are discussed.
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1. Introduction

The detailed studies of heavy-flavour production and the comparison to
predictions yield an important testing ground for both perturbative and non-
perturbative aspects of Quantum Chromodynamics (pQCD, QCD) calcula-
tions for high-energy collisions. It is a far-reaching issue of testing models
and provide an input to tune simulation. The dominant uncertainties for
the theoretical predictions originate from higher order contributions.

From experimental perspectives, the uncertainty in the knowledge of the
heavy-quark production cross section limits the sensitivity to searches for
physics beyond the Standard Model (SM). As an example, decays of hadrons
containing a b quark are often dominant background processes.

The Central Exclusive Production (CEP) in pp collisions is a diffrac-
tive process in which the protons remain intact and the meson is produced
through the fusion of a photon and a colourless strongly-coupled object, the
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so-called Pomeron. From the experimental point of view, it is a very clean
environment of final states. It allows searches for exotic states in a low-
background experimental environment and probes the gluon distribution of
the proton.

2. LHCDb detector and Run 2 data

The LHCD detector [1] is a single-arm forward spectrometer, fully in-
strumented in the pseudorapidity range 2 < n < 5. The detector includes
a high-precision tracking system consisting of a silicon-strip vertex detector
(VELO) surrounding the pp interaction region and tracking stations in front
and behind of the dipole magnet.

The LHCb datasets of pp collisions recorded at different centre-of-mass
energies are shown in Fig. 1. The data used in the analyses presented in this
proceedings comes from Run 2 data taking period of 2015 and 2016. These
data samples correspond to an integrated luminosity of 0.32 and 1.67 fb~1,
respectively.
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Fig.1. The LHCDb datasets accumulated over Run 1 and 2 data taking periods
(from [2]).

To increase the pseudorapidity coverage of the LHCb spectrometer, for-
ward shower counters consisting of five planes of scintillators (HeRSCheL)
at —114, —19.7, —7.5, +20 and +114 m from the interaction point have
been installed for Run 2, which started in 2015. The combination of VELO
and HeRSCheLL has sensitivity to particles in the regions of —10 < n < =5,
-35<n<—-1515<n<10.

3. Heavy-quark production

3.1. Open charm: D°, Dy, DT, D*+

Open charm production at the LHCb is dominated by gluon—gluon scat-
tering, hence the results have a sensitivity to the gluon distribution in the
proton at high and low z (down to 107%) [3].
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In pp collisions, charmed mesons can be produced directly from hard
collisions of partons, through the feed-down of excited states, or via decays
of b-flavoured hadrons. The first two sources are referred to as prompt
production, while the third one (secondary charm) is referred to as from-b.
For this analysis, the latter is considered as a background.

Double differential cross-sections measurements for the prompt produc-
tion of D°, D,, DT and D*T mesons at the LHCb for Run 2 data have been
performed for 13 TeV [4] with respect to transverse momentum, pr, and
pseudorapidity, 77, of the charmed meson. The phase space of the measure-
ment yielded for 2.0 < n < 4.5 and 0 < pr < 15 GeV/c. This measurement is
complementary to the previous one performed at lower energies of /s = 5 [5]
and 7 TeV [6].

The total ¢ production cross section, o(pp — ¢¢X ), has been calculated
using the fragmentation fractions from e*e™ colliders. For the combination
of the D? and DT measurements, one obtained

o(pp — ccX) = 2840 £ 3 (stat.) £ 170 (syst.) £ 150 (frag.) ub, (1)

where the third error is related to fragmentation fraction.

The LHCb results have been compared with the predictions of charm
meson cross sections which are available in pQCD at next-to-leading order
(NLO) using the general-mass variable-flavour-number scheme (GMVFNS)
[7] and at fixed order with next-to-leading-log resummation (FONLL) [8].

Figure 2 shows one of those comparisons, where the double differential
prompt D° cross section at /s = 13 TeV [4] is plotted. Predictions show
large uncertainties at low pr and the data tends to lie at the upper end.
However, the individual cross sections are described by the predictions rea-
sonably well.
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Fig.2. Measurements and predictions for the double differential prompt D° cross
section at /s = 13 TeV (from [4]).
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Figure 3 shows the ratio of the cross sections between /s = 13 and 5 TeV
[5] and an integrated cross sections compared to the theory predictions.
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Fig. 3. The prompt DY cross-section ratios between /s = 13 and 5 TeV (from [5])
(left) and an integrated cross sections (right) compared to the theory predictions
(from [4]). The individual datapoints are labelled in the legend, where the scaled
predictions are based on calculations of the 13 to 7 TeV ratio multiplied with the
LHCD results at 7 TeV, while absolute value is based on calculations of the 13 TeV
cross section.

3.2. Bottom

The production cross sections for the average of b flavoured and b fla-
voured is measured using semileptonic decays of b hadrons to charm hadrons
(DY, D*, D, A.), where the vertex formed by the muon and the charm
hadron is detached from the PV [9]. For the signal extraction, the simulta-
neous fit to invariant mass and logarithm of impact parameter distributions
has been performed. The latter discriminant allows to separate prompt
charm-from charm-from b-hadron, where the prompt production of charm
hadrons is treated as a background.

The integrated cross sections in the covered 7 range are:

o(pp — HyX) = 72.0£ 0.3 (stat.) £ 6.8 (syst.) ub, (2)
o(pp — HyX) = 154.3+ 1.5 (stat.) + 14.3 (syst.) ub (3)

for 7 and 13 TeV. The ratio is found to be 2.14 + 0.02 + 0.13, where the
quoted uncertainties are statistical and systematic, respectively.

Figure 4 shows the differential cross section as a function of 7 for o(pp —
HyX), where Hj, is a hadron that contains either a b or a b quark, at /s =
7 TeV and 13 TeV superimposed with the predictions from the FONLL [8].
The predictions describe the measurement at both centre-of-mass energies
within uncertainties.
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Fig.4. Differential cross section as a function of n for (pp — HpX), where Hy is
a hadron that contains either a b or a b quark, (a): /s = 7 TeV and (b): 13 TeV
(from [9]). The measurements are compared to the predictions from FONLL.

4. Quarkonia production

4.1. J/v production

The J/v cross-section measurement in pp collisions at /s = 13 TeV
performed at the LHCb benefits from a new scheme for the software trigger
introduced at the LHCb for LHC Run 2 [10]. The analysis uses the on-line
reconstruction for the first time at the LHCb.

J/1 mesons are reconstructed in the dimuon final state with pr of the
dimuon system restricted to pp < 14 GeV/c and 2.0 < n < 4.5. The
excellent vertexing capability of LHCb allows a separation of prompt mesons
and J/¢-from-b [11].

For the signal extraction, a combined fit to the dimuon invariant mass
and the pseudo-proper time distribution has been performed. The latter is

defined as

(21 — 2Pv) M
/4 . /1/17 (4)

where 2,y is the position of the J /1 decay vertex, zpy that of the primary
vertex, p, the z component of the measured .J/1 momentum, and M I/ 18
the reconstructed mass of the J/v candidate.

The production cross sections integrated over the kinematic coverage is
found to be

t, =

o (J/tPprompt) = 15.30 & 0.03 (stat.) £ 0.86 (syst.) ub,  (5)
0(J/Vsrom b—hadron) = 2.34 £ 0.01 (stat.) & 0.13 (syst.) ub. (6)

The cross section obtained for .J/¢) mesons from b-hadron decays is used to
extrapolate to a total bb production cross section, which is found to be

o(pp — bbX) = 515+ 2(stat.) & 53 (syst.) ub. (7)
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Figure 5 shows the single differential production cross sections for prompt
J/1y and J/¢-from-b as a function of pr in the forward region at /s =
13 TeV. The results are superimposed with the non-relativistic QCD
(NRQCD) [12] for prompt J/¢ and FONLL for J/¢-from-b. The cross
section for J/i-from-b is about a factor of ten smaller than for prompt J/v
with a pr and 7 dependence similar to what was observed by the LHCb at
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Fig.5. Differential cross sections as a function of pr, (left) compared with the
nonrelativistic QCD (NRQCD) calculation for prompt J/¢ and (right) with the
FONLL calculation for J/1y-from-b meson (from [11]).

4.2. J/v pairs production

The J/1 pairs production measurement is based on data collected in
2015 [13]. It is performed for J/v mesons with a transverse momentum of
less than 10 GeV/c in the rapidity range of 2.0 < y < 4.5 of the LHCb
acceptance, where the polarisation of the J/1) mesons is assumed to be zero.
The J/v mesons are reconstructed via the u*u~ final state. The signal yield
is determined by performing an extended unbinned maximum likelihood fit
to the two-dimensional (M (uf 7 ), M (ug 15 )) mass distribution.

The J/4 pair production cross section where both J/¢ mesons are in
the region specified above is determined to be

o(J/J /) = 13.5 + 0.9 (stat.) & 0.8 (syst.) ub, (8)

assuming negligible polarisation of the J/¢ mesons.

The LHCb results on J/1 pair production have been compared with a
data-driven prediction for the double parton scattering (DPS) mechanism
and calculations performed within the single parton scattering SPS mech-
anism. The DPS process is of great importance since it can provide in-
formation on the transverse momenta of the partons and their correlations
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inside the proton, and can help in understanding various backgrounds, e.g.
Z 4+ bb, W+ + W, multi-jets, etc., in searches for new physics. The con-
tribution from the SPS mechanism is calculated using several approaches:
leading-order colour-singlet (LO CS) and colour-octet (LO CO) calculations;
the approach based on the kp-factorisation method with the leading-order
colour-singlet matrix element (LO kr); the state-of-art incomplete (no-loops)
next-to-leading-order colour-singlet (NLO* CS) calculations.

Figure 6 shows the comparisons between measurements and theoretical
predictions for the differential cross sections as a function of pr(J/¢ J/v)
(left) and y(J/v¢ J/) (right). In addition, series of comparisons have been
computed, which can be found in [13]. Neither the DPS nor any of the SPS
models describe the differential shapes. However, a fit to the differential cross
sections using DPS and SPS models indicates a significant DPS contribution.
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Fig. 6. The differential cross sections as a function of pr(J/v J/v) and y(J /v J/v)
compared with theoretical predictions. The (black) points with error bars represent
the measurements (from [13]).

4.3. Central exclusive J/v and (2S) production

Central exclusive production (CEP) leads to a unique signature with a
small number of particles in the detector, either produced directly or as de-
cay products, and two rapidity gaps that extend to the outgoing protons.
A measurement made at the LHCDb of the central exclusive production of
J/1 and ¢(2S) mesons have been performed based on data collected in
2015 [14]. CEP charmonia candidates are selected through their character-
istic signature, which is only the charmonium meson that is reconstructed
from its decay to two muons. The addition of HeRSChel. subsystem ex-
tends the pseudorapidity region in which charged particles can be vetoed
and roughly halves the inelastic background contribution compared to the
previous LHCb measurement at lower energies.
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The largest background is due to inelastic production of J/v¢ and 1 (25)
mesons with additional gluon radiation or proton dissociation where the
additional particles are not detected at the LHCb. Since the inelastic back-
ground has a higher pr than the signal, the background contribution is
determined by a fit to the p2T distribution of the meson.

The measured differential cross sections for J/¢ and 1(2S5) mesons as
functions of the rapidity of the mesons are shown in Fig. 7. Both measure-
ments are better described by NLO than by LO predictions.
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Fig. 7. Differential cross section for central exclusive J/1 (left) and ¢(2S5) (right)
production compared to LO and NLO predictions (from [14]).

Figure 8 shows the photoproduction cross sections for J/¢ and 1¥(25)
including a comparison to previous LHCD results /s = 7 TeV and to HERA
data at the lower centre-of-mass energy of the photon—proton system values.
Figure 8 contains also the power-law fit to H1 data hence it can be seen that
this is insufficient to describe the data at the highest energies. However, the
data are in a good agreement with the JMRT ‘NLO’ prediction. A good
agreement is found between the LHCb data and an extrapolation of the H1
results for 1(25).
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Fig.8. Compilation of photoproduction cross-section results for various experi-
ments for J/i (left) and ¥(25) (right) data (from [14]).
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5. The forward Z-boson production

The inclusive Z boson production cross-section measurements have been
performed at the LHCb for decays to a dimuon and dielectron final states [15].
The two final states offer statistically independent samples with largely in-
dependent systematic uncertainties.

For the dilepton invariant mass in the range of 60 < m(ll) < 120 GeV,
and where the leptons have pr > 20 GeV and 2.0 < n < 4.5, is measured
to be:

oM*(Z) =198.0 £ 0.9 (stat.) £4.7 (syst.) £ 7.7 (lumi.) ub, 9)

0°°(Z) = 190.2 & 1.7 (stat.) £ 4.7 (syst.) £ 7.4 (lumi.) ub,  (10)

where the third uncertainty is due to the accuracy of the luminosity deter-
mination.

Figure 9 shows the integrated cross section in the fiducial acceptance
and the differential measurement as a function of the Z-boson rapidity. The
measured quantities are compared to the fixed-order predictions for both
dimuon and dielectron final states. It may be seen in the plot that the fixed-
order predictions describe the LHCb data well for a range of PDF sets. The
measured differential cross section is slightly larger from the NLO pQCD
predictions at lower rapidity range.
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Fig.9. The fiducial cross section compared between theory and data. In the left
plot, the bands correspond to the average of the dimuon and dielectron final states,
with the inner band corresponding to the statistical uncertainty and the outer
band corresponding to the total uncertainty. In the right plot, the differential cross
section as a function of the Z-boson rapidity is shown as ratios to the central values
of the NNPDF3.0 predictions.
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6. Summary and prospects

Differential cross-section measurements based on Run 2 datasets and ra-
tios of cross sections at different centre-of-mass energies have been presented
for heavy flavour (charm and beauty), quarkonia (J/v, J/1 pairs and CEP
J/v and ¢(25)) and Z-boson production.

In general, the differential cross sections are described by the predictions
within uncertainties.

Measurements of differential cross sections for CEP J/v and 1(2S) have
been presented. A new instrumentation of the LHCb detector with forward
shower counters significantly improved the background evaluation for this
kind of analyses. The presented results agree with the shapes predicted by
NLO calculations. The 13 TeV data extends the W span to almost 2 TeV
in the power-law trend. It was shown that the power-law fit to H1 data is
insufficient to describe the LHCb data.

This research was supported in part by the National Research Centre,
Poland (NCN), grant No. UMO-2015/18/M/ST2/00123 and the Ministry
of Science and Higher Education, Poland.
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