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1. Introduction

Studies of the heavy quark production mechanism in hadronic collisions
provide powerful tests of QCD predictions [1]. Looking, for example, at the
heavy quarkonia states, the production can be factorized in two steps ac-
cording to the QCD. The ¢q pair is firstly produced through small-distance
interaction and it then evolves towards the final state. Many theoretical
models have been proposed to describe the quarkonium production mech-
anism and the most important ones are the Color Singlet (CS) and Color
Octet (CO) models. The CS model |2, 3] predicts the production of the ¢g
pair directly in the color singlet state and the angular momentum and spin
number are maintained during the evolution. In the CO model [4], based
on a non-relativistic QCD approach, the probability of evolution of the ¢g
pair in the final state is given by the color octet matrix terms. The CS
prediction underestimates the J/1 differential cross section measurement
provided by CDF [5] but by introducing the color octet terms, the shape
and the magnitude are reproduced. Anyway, it is necessary to look also at
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other observables to better understand the production scenario. Thanks to
the excellent capability, the LHCb is contributing with different measure-
ment in understanding the production mechanism as well as the spectra of
the different heavy quark states.

2. The LHCDb detector

The LHCb detector [6], shown in Fig. 1, is a single-arm forward spec-
trometer covering the pseudo-rapidity range 2 < 1 < 5, designed for the
study of hadrons containing b or ¢ quarks. The LHCb detector includes
a high precision tracking system consisting of a silicon-strip vertex detec-
tor surrounding the proton—proton interaction region, a large-area silicon-
strip detector located upstream of a dipole magnet with a bending power
of about 4 Tm, and three stations of silicon-strip detectors and straw drift-
tubes placed downstream. The combined tracking system has a momentum
resolution dp/p that varies from 0.4% at 5 GeV/c to 0.6% at 100 GeV/c,
and an impact parameter resolution of 20 pum for tracks with high trans-
verse momentum. Charged hadrons are identified using two ring-imaging
Cherenkov detectors. Photon, electron and hadron candidates are identi-
fied by a calorimeter system consisting of scintillating-pad and pre-shower
detectors, an electromagnetic calorimeter and a hadron calorimeter. Muons
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Fig.1. yz view of the LHCb detector.
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are identified by a muon system composed of alternating layers of iron and
multiwire proportional chambers. The trigger 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.

3. J/¢ cross section measurement

The cross section is measured analysing the .J/¢¥ meson decaying in
two muons: the data sample corresponds to an integrated luminosity £ =
(5.2 4 0.5) pb~! of pp collisions at /s = 7 TeV recorded by the experi-
ment in the 2010. The double differential cross section in J/v¢ pr and y is
measured using the following formula:

Po _ NUIJY = )
dprdy L X etor X B(J/v — putp=)AprAy’

(1)

where N(J/¢ — ptp™) is the number of selected J/1 decaying in two
muons, L is the integrated luminosity, et is the total efficiency (esti-
mated from Monte Carlo including the detector acceptance, the reconstruc-
tion and trigger efficiency), B(J/¢¥ — p*p~) is the branching ratio of the
J/ — ptu~ decay, Apt and Ay are, respectively, the J/1) transverse mo-
mentum and rapidity bin sizes. The analysis selection requires at least one
reconstructed primary vertex in each event. The J/v candidates are formed
from pairs of opposite sign charged tracks reconstructed in the tracking sys-
tem and identified as muons. The two muons must have a good quality of
the track fit and originate from a common vertex. To separate the prompt
and the delayed component, the J/v¢ pseudo-proper time is used, defined as

t, = W)w , Where 2/ and zpy are the J/1¢ decay vertex and the

primary vertex positions along the beam axis and mj/, and p, are, respec-
tively, the mass and the momentum component of the J/v along the beam
axis. Figures 2 and 3 show, respectively, the double differential prompt cross
section and the differential prompt cross section integrated over rapidity as
a function of pp. Results are compared with the prediction of three different
theoretical models (Colour Singlet model, Colour Octet model and Colour
Evaporation model). In Fig. 4, the double differential cross section of the
delayed component is shown and in Fig. 5, it is integrated over rapidity
and compared with the fixed order with next-to-leading-log resummation
(FONLL, |7, 8]) computation. The total integrated cross sections are

Oprompt = 10.52 4 0.04(stat) 4 1.40(sys) T5:55(pol) ub, (2)
Odelayed = 1.14 £ 0.01(stat) & 0.16(sys) ub. (3)
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Fig.2. Double differential cross section of J/t¢ prompt component.
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Fig.3. Prompt J/v¢ differential cross section compared with different theoretical
models. The top plots show the direct component only and the bottom ones include
the feed down.

The first and the second uncertainties are the statistical and the systematic,
where the main sources of systematic uncertainty come from the luminosity
measurement, the tracking and trigger efficiency. The third uncertainty on
the prompt cross section is due to the unknown polarization of the J/v and it
is estimated calculating the total efficiency in two possible extreme scenarios
of fully transverse and fully longitudinal polarization. The deviation from
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Fig. 4. Double differential cross section of the delayed .J/v¢ component.
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Fig.5. Differential cross section of delayed J/¢ component compared with FONLL
computation.

the case of zero polarization is assigned as systematic uncertainty to the
measurement. From Eq. (3) the bb cross section is extrapolated to the full
solid angle using the formula

O delayed

Bb— JjX)

All these results have been published in Ref. [9].

Using the same strategy, the J/1 differential and total inclusive cross
section has been measured also with 70.6 nb~! of pp collisions taken at
2.76 TeV in the centre of mass [10]. The result for the differential cross
section is shown in Fig. 6 as a function of J/i pr. The integrated cross
section has also been estimated in the analysis range, 2.0 < y < 4.5 and

pr < 12 GeV /e,
Tinclusive J /¢ = 9.6 £ 0.1(stat) + 0.4(syst) ub. (5)

o (pp — bbX) = Qg = 288 + 4(stat) £ 48(sys) ub.  (4)
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Fig. 6. Differential cross section of the inclusive J/v.

4. x. production

The study of the J/¢ production through the radiative decays of the
Xc states provides a useful test of both the Color Singlet and Color Octet
model. It is fundamental also for the J/v¢ polarization measurement: in
fact, the directly produced J/v¢ and those coming from y. decays can carry
different polarization and this represents a possible source of uncertainty for
the polarization measurement of the prompt J/¢ component. The knowl-
edge of the fraction of J/1 coming from y. decays can help to quantify this
uncertainty.

The relative cross section o(xc2)/0(xc1) is measured using two different
data samples of 37 pb~! [11] and 370 pb~! [12], acquired by the LHCb
experiment during the 2010 and 2011, respectively. In both cases, the .
states are identified through their radiative decay x. — J/vy with the J/v
decaying to two muons J/1) — putu~. For the first measurement, with
a smaller data sample, y. states have been reconstructed using photons
detected in the calorimeter system. This allows to have a higher statistics
but the poor resolution of the calorimeter does not permit to have a good
separation between the two y.1 and x.2 states. In the second measurement,
the photons converted in the detector material before the magnet have been
used, v — eTe™. In this way, it is possible to resolve the two states taking
advantage of the good resolution of the tracker, as it is shown in Fig. 7 (xa1
and X2 components are shown, respectively, in dark and light grey).

In both measurements, the efficiency is determined from the Monte Carlo
simulation and the number of signal events is extracted with a fit to the
invariant mass difference spectra, in four bins of J/v transverse momentum.

The results for the relative cross section o(xe2)/0(xc1) are shown in
Fig. 8. In the plot, the inner error bars correspond to the statistical un-
certainties and the outer bars correspond to the sum of all the sources of
systematic uncertainties. The shaded area represents the maximum effect
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Fig. 7. Invariant mass difference spectrum Am=m(x.) —m(J/Y)=m(eTe utp~)
—m(ptp™) using converted photons.
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Fig. 8. Relative cross section o(xc2)/0(xc1) in bins of J/i transverse momentum.

due to the unknown y. polarization. In green triangles and black full points
the results obtained reconstructing the photons in the calorimeter (2010
statistics) and the converted photons (2011 statistics) are shown. The re-
sults from the CDF collaboration are shown in magenta (empty circles) [13].
The blue (oblique lines from bottom left to top right) and red (oblique lines
from bottom right to top left) shaded area correspond to the Color Singlet
([14]) and NRQCD ([15]) prediction respectively.

The X, to J/1 ratio has been measured with the 36 pb~! data sample
acquired by the experiment in the 2010 [16]. The y. states are reconstructed
through their radiative decay x. — J/¢y with the J/v¢ decaying into two
muons J/1 — putpu~. The results are shown in Fig. 9, compared with the
CDF measurement and with two theoretical models, the Color Singlet (blue
oblique lines from top left to bottom right, [14]) and NRQCD approach (red
oblique lines from bottom left to top right, [15]).
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Fig.9. Relative cross section o(x.)/o(J/%) in bins of J/v¢ transverse momentum.
The results (black points) are compared with the CDF measurement [17] and with
the Color Singlet ([14]) and Color Octet ([15]) prediction (respectively the blue and
red area.)

5. Double charm production

Recently, the double charmonium and the charmonium production in
association with an open charm have been suggested as a probe of the pro-
duction mechanism. In the pp collisions also other mechanisms, as the Dou-
ble Parton Scattering (DPS, [18-20]), can be involved in the production
and their contribution can be estimated with respect to the Single Parton
Scattering (SPS, [21-23]).

Such a study has been performed at the LHCb through the measurement
of the double J/9, published in Ref. [24], and the double charm production
involving an open charm hadron (such as D°, D%, DF and A}) [25], with
the 2010 and 2011 datasets (respectively 37 pb~! and 355 pb™1).

The signal yield is determined with a fit to the invariant mass distribution
of the first muon pair in bins of the second muon pair and correcting the
number of signal events by the total efficiency.

The total efficiency can be factorized in three different terms

sel&reco&acc trg
€J/¢J/’l/’ - J/’lﬁj/d’ X EJ/wJ/U’ J/l/’«]/’ll)7 (6)

where 63??;37?85%(: is the acceptance, selection and reconstruction efficiency,

UID . . . . . trg . . -
1wy 18 the muon identification efficiency and g 18 the trigger ef
ficiency. To take into account the distortion due to the unknown .J/1 po-

larization, 636}18;5?25&%0 is a function of the J/1¢ cos, where 6 is the angle

between the ™ in the J/9 center of mass frame and the Lorentz boost from
the laboratory frame to the J/v frame.



Heavy Flavour Production and Spectroscopy 1449

The corrected invariant mass distribution of the first muon pair in bins
of the second muon pair is shown in Fig. 10, in three bins of J/1 transverse
momentum in a particular bin of rapidity.
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Fig.10. Invariant mass distribution of the first muon pair in bins of the second
muon pair for the double J/v¢ production.

The double J/4 production cross section has been measured reconstruct-
ing the two J/1v mesons in their decay to two muons. Both the J/1 mesons
have been required to have rapidity and transverse momentum lying, respec-
tively, in the ranges 2.0 < y < 4.5 and pr < 10 GeV/c. The double J/v
cross section is estimated to be

NCOrr
/Y I/
= =51+1. +1.1
I/ [ LB2(J])p — ptp) 5 O(stat) (sys)nb, (7)

where N;‘;f; e is the efficiency corrected signal yield, £ = 37 pb~! is the

integrated luminosity and B(J/1¢ — up~) is the branching ratio of the
J/1¢ decay into a muon pair.

The first and second uncertainty are, respectively, statistical and sys-
tematic. The main contributions to the systematic uncertainty come from
the tracking and trigger efficiency and from the unknown J/v polarization.

The experimental result obtained by the LHCb has been compared with
the theoretical contribution calculated in color-singlet model, from the SPS
and the DPS. The two contributions, estimated in the LHCb acceptance,
are listed together with the related uncertainties in Table I [24]. The sum of
the two contributions is in agreement with the experimental value reported
in Eq. (5), but the uncertainties on the theoretical expectations are still too
large to draw a definite conclusion on the production mechanism.
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TABLE I

SPS and DPS contribution to the double J/t¢ production cross section estimated
in the LHCb acceptance. The theoretical uncertainties are also listed.

Model Cross section [nb]  Uncertainty
Single Parton S. 4.15 30%
Double Parton S. contribution 2 50%

The production cross sections of double charm, involving an open charm
hadron, D°, DT D} or A} have been measured using 355 pb~! out of
the 2011 datasets. The J/1, D, DT D} and Af hadrons have been re-

constructed through the following decays: J/¢ — ptp=, D® — 77K~
Dt - atatK—, Df -t KtK~, AT — prt K.
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Fig.11. (a) Double open charm production cross section. The experimental results
(black points) are compared with the gluon—gluon fusion expectation (grey/yellow
and hatched/green areas [21-23]). (b) Results for the prompt open charm cross
sections and double open charm cross section ratio compared with the theoretical
expectation computed with the DPS approach [18-20].
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In Fig. 11(a) [25], the results for the production cross section of the dou-
ble charm processes are shown, compared with the theoretical expectation
estimated with gluon—gluon fusion model. In Fig. 11(b) [25], the ratios of
the product of the prompt open charm cross sections and the double open
charm cross section show a good agreement with the theoretical expectation
from the DPS, assuming the effective cross section measured in multi-jet
events at Tevatron [26]. In the plots, the inner error bars represent the sta-
tistical uncertainties while the outer error bars are the sum in quadrature of
the statistical and systematic uncertainties.

6. Open charm cross section

The measurements of the production cross sections of charmed hadrons
can provide useful tests for the QCD hadronization and fragmentation func-
tions. The measurements performed by the CDF Collaboration in pp col-
lisions at /s = 1.96 TeV energy in the centre of mass and by the ALICE
Collaboration in pp collisions at /s = 2.96 TeV and /s = 7 TeV energy
show a good agreement with the Generalized Mass Variable Flavour Num-
ber Scheme (GMVFNS; [27]) and the Fixed Order with Next-to-Leading-Log
resummation (FONLL, [28]) models in the low rapidity region. The LHCb
can explore the very forward rapidity region thanks to the geometry of the
detector.

At the LHCb the D, Dt D** DF and A} production cross sections
have been measured with 15 nb~! of pp collisions taken by the experiment
in 2010 at /s = 7 TeV. The analysis is based on the fully reconstructed
decays of the charmed hadrons in the following modes: D° — 7t K—, DT —
atrt K=, Df — ¢(KTK™)rt, D*f — D2t and AT — prtK—. The
measurements are performed in eight bins of pr and five bins of rapidity
y of the charmed hadrons in the range 0 GeV/c < pr < 8 GeV/c and
2.0 < y < 4.5 except for the AF. Due to the limited statistics for this
measurement, the sample has been binned in two ways: in the range 2
GeV/c < pr < 8 GeV/c the data sample has been split in six bins of pr and
a unique bin of rapidity 2.0 < y < 4.5, while in the range 0 GeV /¢ < pp < 2
GeV /c the sample has been split in a unique bin of pt and five uniform bins
of rapidity. The results for the double differential cross sections are shown
in Figs. 12, 13, and 14 compared to the theoretical predictions obtained
by the GMVFENS and FONLL models. The experimental points and the
theoretical curves in different y regions are scaled by factors 107 for a
better visualization, where m is plotted together with the corresponding y
bin. The shaded regions are the theoretical uncertainties on the GMVFNS
prediction. The error bars are the sum in quadrature of statistical and
systematic uncertainties.
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The total c¢ cross section has been also estimated combining the five
measurements extrapolated with the corresponding fragmentation function:

0(CC)pr<8 eV /e, 2.0<y<a5 = 1419 £ 12(stat) + 116(sys) £ 65(frag) ub, (8)

where the uncertainties are, respectively, statistical, systematic and due to
the fragmentation functions.

7. Ap production and excited states

The b-baryons production has not been deeply studied in the past years.
The CMS Collaboration recently published the first measurement of the
production cross section of the A) in the fully reconstructed decay Ay —
J/pA for pp > 10 GeV/c and |y| < 2.0 (Ref. [29]).

The LHCb recently presented a preliminary result on the /12 in the de-
cay channel Ag — J/YA, with J/¢ — pTp~ in the complementary region
pr < 13 GeV/c and 2.2 < y < 4.5 [30]. The measurement is based on the
36 pb~! of pp collisions at /s = 7 TeV in the centre of mass recorded by
the experiment in 2010. The data sample has been split in eight categories
according to the b quark content, magnet polarity and the track type. The
results are shown in Fig. 15. The experimental points are shown in stars
(red) for each one of the different categories. The thin (black) and thick
(red) error bars are, respectively, the statistical and systematic uncertain-

ties. The two bands (shaded green area) are the A) and Tb] average and the
horizontal wavy (red) line is the prediction from the LHCb simulation. The

integrated results for the /12 and Zg are, respectively,
g9 X B(Ay — A J/1p) = 4.08 £ 0.59(stat) £ 0.36(sys) ub,  (9)

o0 % B(Ay — A'J/1p) = 2.60 £ 0.46(stat) £ 0.26(sys) ub.  (10)
b

Two new excited Ay states have also been observed recently at the LHCb in
the decay mode A7 7~, on a data sample of 1 fb~! [31]. The measured
masses are:

M yo- (5912) = 5911.97 £ 0.12(stat) % 0.02(sys) £ 0.66 (Apmass) MeV /c? (11)
M jo+ (5920) = 5919.77 £ 0.08(stat) = 0.02(sys) = 0.66 (Aymass) MeV/c? (12)
with, respectively, 5.20 and 10.2¢ significance. The uncertainties are, re-

spectively, statistical, systematic and due to the imperfect knowledge of the
A(b) mass. The invariant mass distribution of the /127r+7r_ combinations is
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shown in Fig. 16. The values of the mass difference with respect to the AY
have also been calculated and the results are:

AM yo: (591 = 292.60 + 0.12(stat) + 0.04(sys) MeV/c*,  (13)
AM 4o+ (5020, = 300.40 % 0.08(stat) + 0.04(sys) MeV/c?,  (14)

where the uncertainty on the Ag mass is mostly cancelled out and the re-
maining part is included in the systematic.

8 LHCH Préliinary
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— J/y A) (nb)

0
b

Cross-section x B(A
N

Ad1) AY2) AX3) AX4) Ap(1) An2) Au3) An4)

Fig. 15. Production cross section of A9 and Zg in each one of the eight subsamples
compared with the prediction from the LHCDb simulation.
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Fig. 16. Invariant mass distribution of A27T+7r_ combinations. Black points are the
data and the solid line is the fit result.
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8. Conclusion

The LHCD has provided many contributions in the heavy flavour sector.

A few selected results, based on the data recorded in the past three years
have been presented in this report. More results are expected to come in
the heavy flavour sector, concerning both the production and the spectra of
the states.
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