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Abstract. Due to its unique pseudorapidity coverage and the possibility of extending measurements to low
transverse momenta, LHCb provides important input to the understanding of particle production in a kinematic
range where QCD models have large uncertainties. Measurements of charged, strange and charmed particle
production and energy flow are performed in the approximate pseudorapidity range 2 < n < 5, which corre-
sponds to the acceptance of the LHCb spectrometer. The results are compared to predictions given by several

Monte Carlo event generators.

1 Introduction

The LHCD detector[1], one of the four major experiments
at the Large Hadron Collider (LHC), was designed to per-
form precise measurements of CP-violating and rare de-
cay processes involving hadrons that contain the beauty (b)
and charm (c) quarks. To take advantage of the topology
of the bb pair production, the detector is a single-arm for-
ward spectrometer with a unique pseudorapidity coverage
(2.0 < 1 < 5.0) which partially overlaps the central pseu-
dorapidity domains accessible to the general purpose de-
tectors of ATLAS and CMS. It runs at a low and constant
number of visible proton-proton (pp) interactions. Its high
precision tracking system consists of a silicon-strip vertex
detector (VELO) enclosing the primary pp interaction re-
gion and a large area silicon tracker located upstream of
a magnetic dipole with a bending power of approximately
4 Tm, and three stations of silicon-strip detectors and straw
drift tubes situated downstream. The larger angular ac-
ceptance of the VELO allows reconstruction of backward
tracks in the pseudorapidity range —4 < n < —1.5 which
have no momentum information and are not influenced by
the LHCb magnet. Charged hadrons are identified by two
ring-imaging Cherenkov detectors, one placed before the
magnet to cover the low and intermediate momentum (p)
range and the second downstream of the magnet to mea-
sure particles of high momentum propagating at low polar
angles. A calorimetry system consisting of scintillating-
pad and preshower detectors followed by an electromag-
netic (ECAL) and a hadronic calorimeter (HCAL) is used
to characterize the photon, electron and hadron candidates.
The muons are detected by a specialized system composed
of alternating layers of iron and multi-wire proportional
chambers. The trigger includes a hardware stage based on
information from the calorimeter and muon systems and a
software stage in which a full event reconstruction is per-

4e-mail: alexandru.grecu@nipne.ro

formed. The results presented in these proceedings were
obtained from analyses performed on events that passed
the trigger with a minimal requirement of having at least
one track reconstructed in the LHCb detector acceptance.
Simulated data were used to calculate efficiencies, esti-
mate systematic uncertainties and to provide predictions
to compare against measurements. These samples were
produced using PYTHIA [2, 3] Monte Carlo (MC) gen-
erators set up according to established [3, 4] or specific
LHCDb [5] MC configurations in order to generate pp col-
lisions. Specific hadron decays are handled by EVTGEN
[6] with final state radiation simulated by PHOTOS [7].
The generated particles were transported through the de-
tector using the GEANT4 [8, 9] tool-kit which performs
the interaction with the material and yields the response
of the detector as described in [10]. Widely used gener-
ators in the cosmic ray experimental community [11-13]
as well as various theoretical estimation schemes [14, 15]
were also employed to produce samples for further com-
parisons with experimental data.

The high precision tracking and vertexing, very good
momentum resolution and excellent performance of the
ring imaging Cherenkov system [16] enable the LHCb
collaboration to extend the range of measurements done
by other experiments toward low longitudinal momentum
fraction x [17] and momentum transfer (Q”) where unique
nonperturbative quantum chromodynamics (QCD) studies
are possible. These proceedings present the latest results
of soft QCD analyses performed on minimum-bias data
collected in low luminosity runs in 2010 at energies of 0.9
and 7 TeV. These analyses follow previous LHCb studies
on similar topics [18-21].

2 Forward Energy Flow

The energy flow (EF) is a valuable observable in probing
the multi parton interactions (MPI) and determining the
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Figure 1. Total energy flow as function of 7 for the indicated event classes. The corrected measurements are represented by points with
error bars (only systematic uncertainties as statistical errors are negligible) while the generator predictions are shown as histograms.
The MC to data ratios are also given. Data points estimated with MC constraints are shown in grey (see [22] for further details).

amount of final state radiation which contributes to the un-
derlying event in hadron-hadron collisions. The EF is de-
fined as

Nint dT] ’

where Ny is the number of inelastic pp interactions and
dE is the (charged or total) energy of stable particles in
each dn range. It may be used in tuning generators both
for collider and cosmic ray physics. Experimentally it is
determined as the average energy of the stable particles in
each 77 bin normalised by the bin size. Events with multiple
primary vertices, high pile-up events, are estimated to ac-
count for approximately 5% of the statistics corresponding
to the 0.1 nb~! integrated luminosity analysed. Four cate-
gories of events are considered. All selections start from
a global (1) inclusive minimum bias class of events with
at least one reconstructed track with p > 2 GeV/c. These
events are further classified as (2) hard scattering, impos-
ing the existence of at least one well reconstructed track
with transversal momentum (pr) higher than 3 GeV/c, (3)
diffractive enriched, searching for events with no back-
ward tracks as the experimental signature of the charac-
teristic rapidity gap and (4) non-diffractive enriched, when
the presence of at least one backward track is required.
The charged particle EF is measured using only the mo-
mentum information from the tracking system. The total
EF is obtained by adding to the charged EF the contribu-
tion of the neutral component in data which is estimated
by applying constraints from simulation and using infor-
mation from the ECAL. The uncertainties come mainly
from differences in tracking efficiencies between data and
simulation, the presence of pile-up events and the models
considered in simulation to correct the raw data for de-
tector effects. Some results of the analysis are shown in
Fig. 1 for the total EF. The following conclusions apply
also to the charged EF as detailed in [22]. The PYTHIA 6
tunes underestimate the EF for all event classes, especially
at high n, while the PYTHIA 8.135 default tune is in bet-
ter agreement with the experimental points except for the
hard scattering event class. The high energy cosmic ray
generators have the tendency to overestimate the data ex-

cept for the class of diffractive enriched events where sim-
ulated points are below the experimental ones and similar
to the PYTHIA predictions. Among them SIBYLL [13]
and EPOS [11] give a better estimate of the total EF, with
SIBYLL closely following the PYTHIA 8 behaviour. In
the class of hard scattering events QGSJETII-03 [12] of-
fers the closest description of the total EF.

3 Prompt Light Hadron Production Ratios

The charged light hadron production ratios, recently mea-
sured by the LHCD collaboration [23], are important ob-
servables to test MC generator tuning besides particle mul-
tiplicities and kinematic distributions of inclusive parti-
cles or individual particle species in each event. The
same-particle ratios are also of particular interest to probe
the baryon-number transport process, modelled by mech-
anisms in which Pomeron exchange plays a significant
role, but where the influence of other sources such as the
odderon is not yet fully determined (see references within
[23]). At the same time, the different-particle ratios pro-
vide direct information for optimizing generator param-
eters related to baryon-to-meson suppression and flavour
production. The study was performed on data collected in
low pile-up LHC runs at 0.9 TeV and 7 TeV correspond-
ing to an integrated luminosity of 0.3 nb~! and 1.8 nb™!,
respectively, and considering the following particle ratios

p K- nm p+p K'+K  p+p
p K n nt+n at+n KT+ K

Only particles originating directly from the primary inter-
action or from subsequent decays of resonances (prompt
particles) are considered. A sample of data collected at 7
TeV, consisting of decays K{ — n*n~, A — pr~ (c.c.)
and ® — K"K~ was used for the calibration of the parti-
cle identification (PID). Simulated events, produced with
the LHCb MC configuration and reconstructed as detailed
in section 1, were used to apply corrections accounting for
non-prompt contamination, geometrical acceptance losses
and track finding inefficiency. The last is the most im-
portant effect. They were also used to validate the analy-
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sis procedure and estimate most of the systematic uncer-
tainties. The latter are mainly due to the PID efficiency
being proportional to the size of the calibration sample.
Other sizeable uncertainties are related to the different in-
teraction cross-sections, the amount of detector material
traversed by the candidates, tracking efficiency and non-
prompt contamination estimations. It is found that none
of the PYTHIA 6 “Perugia tunes” [4] describe the data
satisfactorily, the largest discrepancies appearing in the
different-particle ratios involving prompt pions especially
at high pr (see Fig. 3). The “Perugia tunes” behaviour
is however in good agreement with previously published
comparisons of strangeness production and antiparticle-to-
particle ratios [19, 20]. In general, the LHCb MC tune [5]
seems to better describe the data.

= L —— , ; .
=P LHCb E
L2 —e— (s=09TeV =
| F —=— (s=7.0TeV 3
0.8 - -
r < ALICE ]
0.6 A BRAHMS
L A PHOBOS e
04 +« STAR -
C l + ISR ]
02 :_ | * PHENIX _:
0 C . | ]
0 5 10
Ay

Figure 2. Results for p/p ratio as function of Ay from LHCb
and other experiments [24-28]. A fit to the LHCb and ALICE
measurements [24] is superimposed (from [23]).

The p/p ratio was also studied as a function of rapid-
ity loss (Ay), the difference between the particle rapidity
y and the rapidity of the beam ypeam, in the interval 3.1
to 6.3. Precise measurements are obtained in agreement
with other experiments as shown in Fig. 2. Combining the
LHCb and ALICE measurements, a fit on a simple model
based on Regge theory is performed, the result excluding
the association between string junction and the odderon in
baryon number transport at high energies in the forward
region.

4 Prompt Charm Production at LHCb

Measurements of charmed hadron production cross-
sections provide valuable input in testing the QCD frag-
mentation and hadronisation models, in particular next-to-
leading order calculation methods such as the Generali-
sed Mass Variable Flavour Number Scheme (GM-VENS)
[15] or the fixed order next-to-leading-log resummation
(FONLL) [14] approach. We summarize below the mea-
surements with the LHCb detector of the D°, D*, D**,
D} and A} production in pp collisions at a centre-of-mass
energy of 7 TeV, in the phase-space domain character-
ized by 2.0 < y < 4.5 and pr < 8 GeV/c. The anal-

ysed data corresponds to an integrated luminosity of 15
nb~! recorded in 2010, having about 1.1 visible pp interac-
tions per triggered bunch crossing. Only primary/prompt
charmed hadrons produced either directly at the primary
interaction vertex or through decays of excited charm reso-
nances are considered, the secondary charm products from
decays of b-hadrons being treated as background. The
candidate selection criteria was tuned independently for
each decay. A series of fits are performed in order to
disentangle the prompt signal from secondary charmed
hadrons and combinatorial background, and in the case
of D** from two additional types of backgrounds due to
mismatch between the D° and slow pion candidates used
in reconstruction. The PID efficiency is determined for
each charmed hadron decay mode combining information
from high purity data samples and simulated decays while
the efficiencies for the rest of the selection criteria is ob-
tained from studies with full event simulation. The un-
certainties are split in three categories: globally correlated
contributions from the uncertainty on measured luminosity
and on the tracking efficiency, sources correlated between
bins but uncorrelated between decays modes and sources
that are uncorrelated between bins and decays modes. The
systematic uncertainties on the PID efficiency and branch-
ing fractions are considered bin-correlated. Systematic un-
certainties of the reconstruction and selection efficiencies
and of the yield determination fall into both bin-correlated
and uncorrelated classes so separate values are evaluated,
where possible for each bin. The uncertainty sources are
uncorrelated so they can be summed in quadrature for each
bin of each decay mode (see table 1 in [29]). The analysis
procedure is validated on alternative decay modes and a
selection of D decays that does not use PID information.
The differential cross-sections are measured as function of
pr and y discarding the bins with insufficient statistics to
produce a reliable measurement.

Two theoretical approaches are used to give charmed
hadron production cross-section estimations which were
successfully compared to data from Tevatron [30] and AL-
ICE [31-33]. The theoretical uncertainties due to charm
quark mass and renormalisation and factorisation scales
for FONLL are not shown in Fig. 4. Besides in this ap-
proach the values of the transition probabilities for charm
quark to exclusive hadron state are taken from measure-
ments performed in e*e™ experiments assuming they ap-
ply to hadron collisions as well. A similar assumption is
done in GM-VENS when performing the convolution with
fragmentation function describing the ¢ — H, transition
resulted from a fit to data measured at e*e™ colliders in
order to obtain the total transition probabilities. Uncer-
tainties due to scale variations were computed only for
the D° production and assumed the same in relative size
for the other hadron species. Results were provided only
for pr > 3 GeV/c. The theoretical curves in Fig. 4 are
smooth and the value at the bin centre corresponds to the
differential cross-section calculated in that bin so that the
comparison to data is straightforward. A good agreement
is observed the measured points being enveloped between
the values estimated by FONLL and GM-VENS. In calcu-
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Figure 3. From left to right, the results for the (p + p)/(x* + n7) and (K* + K™)/(n* + n7) at 0.9 TeV and 7 TeV, respectively. Further

ratios are given in [23].
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Figure 4. From left to right, differential cross-sections for D°, D*, D} and A} charmed hadrons compared to theoretical predictions
as functions of pr in different y domains. Each curve and associated data points correspond to a particular y range and are scaled by
a factor 107 with the exponent and range indicated. The experimental point error bars contain the sum of statistical ans systematic
errors, while the shaded regions determine the extent of theoretical uncertainties for the GM-VENS prediction (see [29] for details).

lating the integral cross-sections and their ratios, the low
statistics bins with relative uncertainty on the yield exceed-
ing 50% are eliminated and the cross-sections are extrap-
olated with predictions given by simulation. These results
are tabulated in [29]. When combining the five individual
cross-sections taking into account the correlation factors to
determine the total charm cross-section, a correction fac-
tor of 1/2 must be applied to eliminate the effect of ig-
noring the charge conjugation. The value for the prompt
charm production cross-section inside the acceptance of
this study (pr < 8 GeV/c,2.0 <y <4.5)is

o(cc) = 1419 = 12(stat) = 116(syst) = 65(frag) ub,

where the final error is due to the fragmentation functions.

5 Conclusions

Although it was designed to probe specific physics phe-
nomena in the b and ¢ quark sector, the LHCb detector
proves to be a very flexible instrument that has also al-
lowed studies of non-perturbative QCD to be made in the

forward region. The results above give new insights on
the processes contributing to the underlying event and on
the limits of the fragmentation and hadronisation models.
Thus, the comparison of the energy flow measurements to
the MC models proves that the diffractive processes play
a vital role in the description of multi-parton interactions
especially at the LHC energies where inelastic processes
between soft partons become sufficiently energetic to in-
fluence the final state particle production. Measurements
of antibaryon-to-baryon ratios give substantial informa-
tion in understanding the baryon production and transport
phenomena by testing consacrated theoretical models. At
the same time these results provide important reference
for future MC generator tuning in elementary particle as
well as high energy cosmic ray physics. The studies of
the charmed hadron production cross-sections brought a
solid confirmation of a couple of perturbative calculation
approaches for these observables, giving hints for future
improvements of the QCD fragmentation and hadronisa-
tion models these schemes are based on.
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