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Measurements of inclusive charged-hadron transverse-momentum and pseudorapidity dis-
tributions are presented for proton-proton collisions at

!
s = 0.9 and 2.36 TeV. The

data were collected with the CMS detector during the LHC commissioning in Decem-
ber 2009. For non-single-di!ractive interactions, the average charged-hadron transverse
momentum is measured to be 0.46 ± 0.01 (stat.) ± 0.01 (syst.) GeV/c at 0.9 TeV and
0.50 ± 0.01 (stat.) ± 0.01 (syst.) GeV/c at 2.36 TeV, for pseudorapidities between "2.4
and +2.4. At these energies, the measured pseudorapidity densities in the central region,
dNch/d!||!|<0.5, are 3.48 ± 0.02 (stat.) ± 0.13 (syst.) and 4.47 ± 0.04 (stat.) ± 0.16 (syst.),
respectively. The results at 0.9 TeV are in agreement with previous measurements and confirm
the expectation of near equal hadron production in pp̄ and pp collisions.

1 Introduction

Measurements of transverse-momentum (pT) and pseudorapidity (!) distributions are reported
for charged hadrons produced in proton-proton (pp) collisions at centre-of-mass energies (

!
s)

of 0.9 and 2.36 TeV at the CERN Large Hadron Collider (LHC)1. The data were recorded with
the Compact Muon Solenoid (CMS) experiment in December 2009 during two 2-hour periods
of the LHC commissioning.

The bulk of the particles produced in pp collisions arises from soft interactions, which are
only modeled phenomenologically. Therefore experimental results have to provide guidance for
the tuning of these widely-used models and event generators. Soft collisions are usually divided
into several categories, namely elastic scattering, inelastic single-di!ractive (SD) and double-
di!ractive (DD) dissociation (Double Pomeron Exchange is treated as DD in this paper), and
inelastic non-di!ractive (ND) scattering 3. The distributions shown in this paper are measured
for inelastic non-single-di!ractive (NSD) interactions to minimize the model dependence of the
necessary corrections for the event selection, and to enable a comparison with earlier experi-
ments.

2 Experimental Methods

A detailed description of the CMS experiment can be found in Ref. 2. The detectors used
for the present analysis are the pixel and silicon-strip tracker (SST) covering the ! range to
|!| < 2.5, embedded in a 3.8 T magnetic field. The pixel tracker consists of three barrel layers
and two end-cap disks at each barrel end. The forward calorimeter (HF), which covers the region
2.9 < |!| < 5.2, was used for event selection. The detailed Monte Carlo simulation (MC) of
the CMS detector response is based on geant4 4.
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Figure 1: (a) Measured di!erential yield of charged hadrons in the range |!| < 2.4 in 0.2-unit-wide bins of |!| for
the 2.36 TeV data. The measured values with systematic uncertainties (symbols) and the fit functions (Eq. 1)
are displayed. The values with increasing ! are successively shifted by four units along the vertical axis. (b)
Measured yields of charged hadrons for |!| < 2.4 with systematic uncertainties (symbols), fit with the empirical

function (Eq. 1 ).

For the purpose of this analysis, predominantly NSD events were selected by requiring a
primary vertex (PV) to be reconstructed with the tracker, together with at least one HF tower
with more than 3 GeV total energy on each side. The event selection e"ciency was estimated
with simulated events using the PYTHIA6 and PHOJET7,8 event generators. The measurements
were corrected for the selection e"ciency of NSD processes and for the fraction of SD events
contained in the data sample after the event selection.

The dNch/d! distributions were obtained with three methods based on counting (i) recon-
structed clusters in the barrel part of the pixel detector; (ii) pixel tracklets composed of pairs of
clusters in di!erent pixel barrel layers; and (iii) tracks reconstructed in the full tracker volume.
The latter method also allows a measurement of the dNch/dpT distribution. The three methods
are sensitive to particles down to pT values of about 30, 50 and 100 MeV/c, respectively, and
a correction was applied to the final results of the three methods to extrapolate to pT = 0.
The measurements were corrected for the geometrical acceptance, e"ciency, fake and duplicate
tracks, low-pT particles curling in the axial magnetic field, decay products of long-lived hadrons,
photon conversions and inelastic hadronic interactions in the detector material. A more detailed
description of the event selection and analysis methods can be found in Ref. 5.

3 Results

The dNch/dpT distributions of charged particles were measured in 12 di!erent ! bins, within
|!| < 2.4. The average charged-hadron yields in NSD events are shown in Fig. 1(a), as a function
of pT and |!|. The Tsallis parametrization 9,10:
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was fit to the data. The pT spectrum of charged hadrons, 1/(2"pT)d2Nch/d!dpT, measured
in the range |!| < 2.4 is shown in Fig. 1(b). The fit to the data (Eq. 1) is mainly used for
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Figure 2: (a) Reconstructed dNch/d! distributions averaged over the cluster counting, tracklet and tracking meth-
ods (circles), compared to data from the UA5 (open squares) and from the ALICE (open triangles) experiments
at 0.9 TeV, and the averaged result over the three methods at 2.36 TeV (open circles). The CMS and UA5 data
points are symmetrized in !. The shaded band represents systematic uncertainties of this measurement, which
are largely correlated point-to-point. The error bars on the UA5 and ALICE data points are statistical only.
(b) Charged-hadron pseudorapidity density in the central region as a function of centre-of-mass energy in pp
and pp̄ collisions including lower energy data, together with various empirical parameterizations fit to the data
corresponding to the inelastic (solid and dotted curves with open symbols) and to the NSD (dashed curve with

solid symbols) event selection. The error bars indicate systematic uncertainties, when available.

extrapolations to pT=0, but is not expected to give a perfect description of the data in all ! bins
with only two parameters. For the 0.9 TeV data, the inverse slope parameter and the exponent
were found to be T = 0.13±0.01 GeV and n = 7.7±0.2. For the 2.36 TeV data, the values were
T = 0.14±0.01 GeV and n = 6.7±0.2. The average transverse momentum, calculated from the
measured data points adding the low- and high-pT extrapolations from the fit is "pT# = 0.46 ±
0.01 (stat.) ± 0.01 (syst.) GeV/c for the 0.9 TeV and 0.50±0.01 (stat.) ± 0.01 (syst.) GeV/c for
the 2.36 TeV data. The summary of results on the pseudorapidity density distribution of charged
hadrons is shown in Fig. 2. The results from the three di!erent analysis methods are in agreement
and are combined to form the final measurement. The resulting dNch/d! distributions are
shown in Fig. 2a for

!
s = 0.9 and 2.36 TeV and are compared to measurements by other

experiments. The shaded error band on the CMS data indicates systematic uncertainties, while
the error bars on the data from UA5 14 and ALICE 16 display statistical uncertainties only. For
|!| < 0.5, the corrected results average to dNch/d! = 3.48 ± 0.02 (stat.) ± 0.13 (syst.) and
dNch/d! = 4.47 ± 0.04 (stat.) ± 0.16 (syst.) for NSD events at

!
s = 0.9 and 2.36 TeV. The

collision energy dependence of the measured dNch/d!|!"0 is shown in Fig. 2b, which includes
data from the NAL Bubble Chamber 12, the ISR 13, and UA1 11, UA5 14, CDF 15, STAR 17,
PHOBOS 18 and ALICE 16. The dNch/d! measurement reported here is consistent with the
previously observed trend.

4 Summary

Inclusive measurements of charged-hadron densities, dNch/dpT and dNch/d!, have been pre-
sented based on the first pp collisions recorded at

!
s = 0.9 and 2.36 TeV by the CMS experiment.



For NSD interactions, the average charged-hadron transverse momentum has been measured to
be 0.46±0.01 (stat.) ± 0.01 (syst.) GeV/c at 0.9 TeV and 0.50±0.01 (stat.) ± 0.01 (syst.) GeV/c at
2.36 TeV. The pseudorapidity density in the central region, dNch/d!||!|<0.5, has been measured to
be 3.48±0.02 (stat.) ± 0.13 (syst.) at 0.9 TeV and 4.47±0.04 (stat.) ± 0.16 (syst.) at 2.36 TeV.
The results at 0.9 TeV have been found to be in agreement with previous measurements in pp̄
and pp collisions. The increase of (28.4± 1.4± 2.6)% from 0.9 to 2.36 TeV is significantly larger
than the 18.5% (14.5%) increase predicted by the PYTHIA (PHOJET) model tunes used in this
analysis.
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