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1. Introduction

The LHCb experiment [1] was designed for CP violation measurements and rare decays in-
volving b and c-hadrons at the LHC. It consists of a single arm spectrometer fully instrumented
with tracking, calorimetry and particle identification in the pseudorapidity range 2 < 11 < 5. The
silicon strip vertex detector that surrounds the interaction point provides further coverage in the
backward region, in the approximate range —3.5 < 11 < —1.5. This unique coverage of the forward
region, together with excellent tracking and particle identification performances, allows probing of
particle production at the LHC in an uncharted region of phase space. The pseudorapidity coverage
has been further improved for the /s = 13 TeV run with the installation of forward shower coun-
ters [2], consisting of five planes of scintillators perpendicular to the beam at about 114 m, +20
m and -7.5 m from the interaction point. With the additional counters LHCDb has sensitivity to parti-
cles in the regions —10 <1 < =5, =3.5 <1 < —1.5, 1.5 <1 < 10. In addition, LHCb is designed
to trigger on particles produced at low transverse momentum and runs at a reduced instantaneous
luminosity in low pile—up conditions. All these features make LHCb well suited for QCD studies
especially in the forward region, complementary to other LHC experiments. LHCb has published
already a large number of measurements related to QCD studies including jet production in associa-
tion with vector bosons, vector boson and top quark production, hadron production cross—sections,
soft QCD studies and, more recently, heavy ion physics. In these proceedings, results on central
exclusive production (CEP) of heavy quarkonia and on multi parton interactions are summarised.
The measurements discussed in the following are obtained from data collected by LHCb at /s =7
TeV and /s = 8 TeV, with an integrated luminosity of about 1 fb~! and 2 fb~! respectively.

2. Central exclusive production of heavy quarkonia

Central exclusive production (CEP) at LHC consists of a diffractive process that at the lead-
ing order (LO) proceeds through the exchange of two photons, two pomerons, or a photon and
a pomeron between the two intact colliding protons. The events are characterised by an isolated
system of particles surrounded by two rapidity gaps with respect to the diffractive protons [3,4].
At LHC, photon-photon and photon-pomeron fusion probe the photon and the gluon content of
the proton at parton fractional momenta, x, directly comparable with past electron-ion colliders; at
central rapidities x values of the order of 10~* are probed, similar to those examined at HERA.
However, at the forward rapidities accessible to the LHCb experiment, the x reach extends to
5 x 1075, The measurements performed at LHCb are based on detection of final states with muons.
In particular, photoproduction of single and double charmonia, and single bottomonium has been
studied [5-7].

2.1 Photoproduction of J/y and y/(2S) mesons

Candidates for J/y (y(2S)) mesons produced through CEP are selected by requiring two
identified muons inside the pseudorapidity range 2 < 1(u*) < 4.5 and no photons or additional
tracks in either forward or backward directions [5]. The dimuon invariant mass is required to be
within 65 MeV/c? of the known J/y or y(2S) masses. To enhance the diffractive component of
the signal, the p% of the reconstructed candidate mesons must be smaller than 0.8 GeV2/c2. The
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invariant mass of all candidates is shown in Fig. 1 (left). The non-resonant background is modelled
with an exponential function and represents (0.8+0.1)% of the J/y and (16+3)% of the y/(2S)
sample. Feed-down backgrounds inside the J/y mass window, due to radiative decays of . and
y(2S) where the photon goes undetected, is estimated from simulation, normalised to data using
Xc — J/yyand y(2S) — J/ynr candidates and amounts to (10.1+0.9)%. Inelastic charmonium
production, in which the proton dissociates outside the LHCb acceptance, is estimated by fitting the
t ~ p2. distribution and assuming that do /dt can be modelled by two exponentials for signal and
background, as predicted by Regge theory and observed at HERA [6, 7]. The fit is performed on
the J/y (w(2S)) p> distribution, after subtracting the non-resonant background estimated from the
invariant mass distribution sidebands as shown in Fig. 1. The fitted parameters for the exponentials
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Figure 1: Invariant mass of dimuons in (left) the charmonium analysis [5] with the J/y and y(2S) signal
and sideband windows indicated by the yellow shaded bands and (right) the bottomonium analysis [6].

are consistent with those found at HERA extrapolated to the LHCb kinematic region. In total,
(59.24+1.2)% of the J/y sample and (52 +7)% of the y(2S) sample is estimated to come from
exclusive production. The differential cross—sections as a function of meson rapidity y are shown
in Fig. 2, compared to LO and approximate Next to Leading Order (NLO) predictions [8]. The
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Figure 2: Differential cross-sections for exclusively produced (left) J/y and (right) y(2S), compared to
LO and approximate NLO predictions [8].

integrated cross-sections multiplied by the branching fractions for both muons in the pseudorapidity
range 2 < M < 4.5 are in good agreement with theoretical calculations [9-13]. The photoproduction
cross—section Gy, /y(y(2s))p(W), as a function of the yp center of mass energy W can be obtained
from the differential cross—sections by including rapidity gap correction and photon flux factors, up
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to a two—fold ambiguity arising from not knowing which one of the two proton emitted the photon.
This can be resolved for one of the solutions using a power—law as derived by H1 at HERA. The
corresponding model-dependent cross—section obtained with this method is shown in Fig. 3, where
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Figure 3: Compilation of photoproduction cross-sections from various experiments [14—18] for J/y with
the power-law fit from [19] superimposed. The LHCb results are model-dependent as explained in the text.

the two groups of correlated results from LHCb are compared with data points from HERA and
fixed—target experiments [14—18]. The results are also in good agreement with the measurements
performed in proton-lead collisions at ALICE [20], where the ambiguity mentioned above can be
resolved, as the photon, to good approximation, is emitted from the ion. An analysis of J/y CEP
with data collected at /s = 13 TeV has also been carried out [22] including data from the recently
installed forward counters. The inclusion of the new counters reduces the inelastic background by
about a factor two with repsect to the previous measurements thanks to the extended pseudorapidity
veto.

2.2 Photoproduction of Y (nS) mesons

The selection of T meson candidates [6] produced through CEP requires two muons in the
LHCb acceptance and no other charged tracks. The muon pair must have p2 < 2 GeV2/c? and an
invariant mass between 9 and 20 GeV/c?. The invariant mass distribution of the selected candidates
is shown in Fig. 1 (right). Feed-down backgrounds in the Y(1S) mass window, coming from the
various ), is estimated in the same way as for the charmonium analysis normalising to selected
X» — Yy candidates in data. This background is estimated to contribute (39 +7)% of the total
signal yield. As in the charmonium analysis, inelastic Y (nS) production is estimated by fitting
the p% distribution, but with the signal shape given by the SUPERCHIC generator [23]. After
subtraction of the feed—down component, the exclusively produced signal yield is estimated to be
(544 11)%. The differential cross—section for the Y(1S) state candidates as a function of meson
rapidity is shown in Fig. 4.
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Figure 4: Differential cross-sections (left) and compilation of photoproduction cross-sections from various
experiments [24-26] (right) for exclusively produced Y(1S), compared to LO and NLO predictions [8,21].
The LHCD results (black dots) are obtained neglecting the smaller of the two ambiguos solutions in the
extraction of the photoproduction cross-section, as explained in the text.

The low statistics and high relative background does not allow such measurement for the
Y(2S) and Y(3S) states. The measured differential cross—section is in very good agreement with
the NLO predictions. As for the charmonium analysis, a photoproduction cross—section can be
extracted from these results. In the case of T states, the smaller of the two ambiguous solutions
(that contributes between 5% and 20%) is ignored. The result is shown in Fig. 4 and it is in very
good agreement with the NLO calculations and consistent with HERA results [24-26].

3. Multi-parton interactions

Multi—parton interactions occur when two or more independent pairs of partons take part to
the scattering process in a single proton-proton collision. These processes represent a potentially
important background to physics studies like Higgs boson production or searches for new particles.

3.1 Double charm production involving open charm

At LHC, the large open charm and charmonium production cross—sections [27,28] make the
multi—charm production cross—section relevant. Therefore, a study of multiple charmed particle
production represents a valuable tool to study these processes; in addition it sheds light on char-
monium production mechanisms [29]. Leading order calculations in perturbative QCD for double
open charm and open charm in association with charmonium are available [30-34]. In proton—
proton collisions, additional contributions from other mechanisms, such as Double Parton Scat-
tering (DPS) [35-38] or the intrinsic charm content of the proton [35] to the total cross-section,
are possible. DPS contributions can be estimated, neglecting partonic correlations in the proton,
as the product of the cross-sections of the sub-processes involved divided by an effective cross-
section [30-34], via the so—called pocket formula:

Oc, X O

DPS __ Ci G

Oc,c, = & oDPS (3.1
eff
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where C; and C, refer to the two produced charmed particles, o is a parameter which depends

on the C;C, combination and Ggf}s is an effective cross—section related to the transverse overlap

function between the partons in the protons.
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Figure 5: Measured cross-sections [41] 6;/yc, Occ and O¢e (points with error bars) compared, in J /wC
channels, to the calculations in [33, 34] (hatched areas) and [40] (shaded areas). The inner error bars indi-
cate the statistical uncertainty whilst the outer error bars indicate the sum of the statistical and systematic
uncertainties in quadrature. Charge-conjugate modes are included.

At LHCb, a measurement of open charm (indicated generically as C in the following) in asso-
ciation with J/y and double open charm production cross—sections has been performed [41,42],
using 355 pb~! of data taken at \/s = 7 TeV. The candidate J/w mesons were reconstructed
from dimuon final states while open charm was reconstructed through the exclusive decays D° —
K nt;Dt - K ntnt;Df - K- K"n";A7 — pK—m". Signals with a statistical significance
in excess of five standard deviations have been observed for four J/ywC modes: J/wD°, J/yD™,
J/wD/ and J/wA}, for six CC modes: D°D°, D°D*, DD/, D°A}, D*D* and D™D} and for
seven CC channels: D°D°, D°D~, D°D;, D°A_, D¥D~, D*D, and D" A_ . The measured cross—
sections are summarised in Fig. 5.
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The ratios
Oc, X O¢.
— !/ 1 2
T, = o 20 2% (3.2)
Oc,C,

where o’ is a parameter which depends on the C;C, combination, are shown in Fig. 6.
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Figure 6: Measured ratios [41] Zc,c, (points with error bars) in comparison with the expectations from DPS
using the cross-section measured at Tevatron for multi-jet events (light green shaded area). The comparison
is made in the DPS approach using the pocket formula. The inner error bars indicate the statistical uncertainty
whilst the outer error bars indicate the sum of the statistical and systematic uncertainties in quadrature. For
the J/wC channels the error due to the unknown polarization is also included (outermost error bar)

For the J/yC and CC cases, in the DPS approach, these ratios can be interpreted as the effec-
tive cross—section of eq. (3.1) which should be the same for all modes. The values of the effective
DPS cross—section calculated from these modes using the pocket formula are in reasonable agree-
ment with the value measured in multi-jet production at Tevatron 65 = 14.5+ 17757 mb [43].
For the CC modes, the interpretation of the ratios is less direct, but they are expected to be approx-
imately the same for all the final states. These measurements suggest that DPS is the dominant
process for the above modes. This is also supported by the analysis of kinematical variables where
correlation effects are expected in single parton scattering, e.g. the difference in azimuthal angle
A@ and in rapidity Ay between the two charmed particles. The distribution of all the variables
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studied for the double—charm final states considered are compatible with the absence of correlation
indicating again the dominance of DPS.

3.2 Production of associated Y and open charm hadrons

The associated production of bottomonium and open charm hadrons has also been studied at
LHCb using an integrated luminosity of 3 fb~! collected at /s = 7 and 8 TeV [44]. The Y candi-
dates are reconstructed in their dimuon final state while the charmed hadrons are reconstructed as
described in the previous section. Five combinations, Y(15)D°, Y(25)D°, Y(1S)D*, Y(2S)D* and
Y(1S)D; are observed with statistical significance larger than 56. The invariant mass distributions
for the YD candidates is shown in Fig. 7.
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Figure 7: Invariant mass distributions for the selected candidates Y(nS) and D° in associated production.
The curves are the projections of a two—dimensional maximum likelihood fit as described in [44].

Production cross-sections are measured for Y(18)D° and Y(18)D™. The derived 6./, eq. (3.1),
is consistent with the result from Tevatron [43]. The measured cross-sections and the differential

distributions indicate the dominance of double parton scattering as the main production mechanism.

4. Conclusion

A wide physics program on QCD is being pursued by LHCb, which exploits its unique ge-
ometry to complement other LHC experiments. In these proceedings selected results on central
exclusive production and double charm and bottom—charm associated production have been pre-
sented showing the physics potential of LHCb in the QCD domain. The CEP measurements provide
useful information in understanding the proton structure while the double final state measurements
shed additional light on double parton scattering. Many other results have been released by LHCb
using data collected at /s = 7 TeV and 8 TeV. Many other results are also expected with data at
Vs =13 TeV.
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