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1. Introduction

The cross section for the production of jets with large transverse momenta in high energy
proton-proton (pp) collisions is believed to be derived from scattering of partons, described by
perturbative quantum chromodynamics (pQCD). In this framework the partonic cross section is
convoluted with the density of partons inside the protons. The measured cross section for the
production of jets at large transverse momenta pT > 20 GeV in a pseudorapidity range of |η | <
3, with η = − ln

[
tan
(

θ

2

)]
and θ being the polar angle with respect to the anti-clockwise beam

direction, is indeed well described by predictions in next-to-leading order QCD [1, 2]. However,
most of the final state hadrons produced in pp collisions at the LHC come from the hadronisation
of quarks and gluons scattered in (multiple) “semi-hard” interactions with exchanged momenta
of O(1− 3 GeV). At such small pT the cross section dσ

d p2
T
∼ α2

s (pT )

p4
T

is becoming very large and

eventually the cross section σ(pT,min) =
∫

pT,min

d p2
T dσ

d p2
T

exceeds the total inelastic pp cross section.
At LHC energies (σinel≈ 70 mb [3]) this happens already at pT,min values of O(3 GeV), much larger
than ΛQCD [4, 5]. Event generators of hadronic collisions often tame such an infrared divergence
with an effective parameter connected to the confinement scale of the hadron [6] such that the
parton parton cross section does not exceed the inelastic pp cross section. In addition, at small pT

the parton densities are probed in a region where they may be saturared by parton recombination,
which will happen even at non-perturbative scales.

The results presented here are based on measurements of track-jets and single tracks and are
published in [7]. The two states are complementary since the leading jets are expected to be more
correlated to the parton level compared to the leading tracks. On the other hand, the jets are
sensitive to the underlying event via a jet pedestal effect, while the leading tracks are not. Track-
jets can be defined to very low transverse momenta, and eventually so low that a single track
constitutes the jet. The leading tracks are dominated by those hadrons that carry most of the energy
of the parent fragmenting parton.

The corrected, integrated leading-jet (charged-particle) pT distribution, normalised by the
number of events, is measured as a function of the minimum transverse momentum, pT,min:

σ(pT min)

σvis
=

1
Nevt

∫
pT,min

d pT,lead

(
dN

d pT,lead

)
(1.1)

where Nevt is the number of selected events, N is the number of events with a leading jet (leading
charged particle) with a transverse momentum of pT,lead within |η |< 1.9 (|η |< 2.4), and σvis the
cross section for all events with a central charged particle with pT,lead > 0.4 GeV.

2. Experimental setup, event selection and Monte Carlo simulations

The central feature of the Compact Muon Solenoid (CMS) apparatus is a superconducting
solenoid of 6m internal diameter, providing a magnetic field of 3.8T. Within the superconduct-
ing solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic
calorimeter, and a brass/scintillator hadron calorimeter. Extensive forward calorimetry comple-
ments the coverage provided by the barrel and endcap detectors. The inner tracker measures
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charged particles within the pseudorapidity range |η | < 2.5 using silicon pixel and strip detec-
tors located in the magnetic field of the superconducting solenoid. A more detailed description of
the CMS detector and the tracker can be found in [8].

The data analysed in this publication, which corresponds to an integrated luminosity of 45
µb−1, were collected in July 2012 during a dedicated run with a low probability (≈ 5.4%) of over-
lapping pp interactions in the same bunch crossing (pile-up). Minimum bias events were triggered
by requiring at least one track candidate in either of the TOTEM [10] T2 telescopes, placed sym-
metrically at 14 m both sides of the interaction point, covering a pseudorapidity range 5.3 < |η | <
6.5. The analysis presented here follows the procedure described in Ref. [9] where more details on
trigger, data selection, pile-up and corrections are given.

For the leading track measurement, events with a leading track in |η |< 2.4 and pT > 400 MeV
are selected. These events are used to normalise the integrated distributions in both the track and
the jet measurements. Jets are reconstructed offline from tracks with pT > 400 MeV and |η |< 2.4,
clustered by the anti-kt algorithm [11, 12, 13] with a radius parameter of 0.5. The jet momentum
is determined as the vectorial sum of all particle momenta in the jet. A subsample of events with a
leading track-jet with pT > 1 GeV and |ηjet|< 1.9, in addition to the leading track selection defined
above, is selected for the leading charged-particle jet analysis.

The data are corrected to stable-particle level, defined to include primary charged particles or
decay products with proper lifetimes (cτ > 1 cm). Events are selected at the stable-particle level if
at least 1 charged particle with pT > 40 MeV is present within the range 5.3< |η |< 6.5 and at least
1 charged particle with pT > 400 MeV is found within |η |< 2.4. Leading particles are selected as
the highest-pT particle from the collection of charged particles within |η |< 2.4 and with pT > 400
MeV. Jets are clustered from the charged particles with pT > 400 MeV and no restriction in η , by
the anti-kt algorithm with a radius parameter of 0.5. Leading jets are selected as the highest-pT jet
from the collection of charged-particle jets with pT > 1 GeV and |η jet|< 1.9.

The Pythia6 [14] (version 6.426) Monte Carlo event generator with tune Z2* and the
Pythia8 [15] (version 8.153) generator with tune 4C are used to correct the data to stable particle
level and for physics comparisons. The Z2* tune is derived from the Z1 tune [16] and updated for
the parton density function CTEQ6L [17], with the parameter values for pT cut-off for MPI and
its centre-of-mass dependence are changed to PARP(82)=1.912 and PARP(90)=0.227, respectively.
The detailed MC simulation of the CMS detector is based on Geant4 [18]. Simulated events are
processed and reconstructed in the same manner as collision data.

The pT distribution of leading track-jets is corrected to stable-particle level applying an it-
erative unfolding [19] implemented in RooUnfold [20] , while for the tracks applying efficiency
corrections is sufficient. The response matrix and the efficiency corrections were obtained with
Pythia6 and Pythia8. For the final correction the results from the two event generators are
averaged. The size of the corrections varies between 5% (10%) at low pT min (∼1 GeV), to 10%
(40%) at high pT min (∼45 GeV), for the track (jet) measurement.

The normalisation to the total number of selected events is corrected using the ratio between
events on the stable-particle level and detector level in the Monte Carlo. This correction factor is
1.11 for Pythia6 and 1.07 for Pythia8. The difference is included in the model dependent
systematic uncertainty.

Corrections for the T2 triggered event without a charged primary particle inT2 (fakes) were
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Figure 1: Normalised integrated pT distribution of the leading charged particle in |η | < 2.4. The
data are compared to different predictions from various Pythia6 tunes (left) and various Monte
Carlo event generators (right). The error bars indicate the statistical uncertainty and the shaded
area the systematic uncertainty. The systematic uncertainties are only shown in the ratio plot. The
Monte Carlo curves are normalised to the measured value of σ(pT lead. char. particle > 9.0 GeV)/σvis.
The data points are taken from [9] (included here for completeness and with the same comparison
to predictions as for the leading charged particle-jets).

estimated by using Monte Carlo generated events from Pythia8 and EPOS LHC [21, 22], which
have gone through the T2 dectector simulation. The average corrections for the two models varies
from 4% (1%) at low pT min (∼1 GeV) to 7% (5%) at high pT min (∼45 GeV), for the track (jet)
analysis. The deviation by Pythia8 and EPOS is from the average is taken as a model dependent
systematic uncertainty (0.1-1.0%).

The following uncertainties are considered: the uncertainty of T2 corrections for events with-
out charged primary particle in T2, 0.7% (0.1-1.0%) for the leading track (jet) measurement [9]; the
average systematic uncertainty over pT , η and φ associated with track reconstruction efficiency,
estimated to be 3.9%; the systematic uncertainty on the unfolding to stable-particle level, which
was found to be 2% in the case of tracks and 2 to 10% in the case of track-jets, depending on the
pT,min value.

3. Results

A subsample of events with a jet with pT > 1 GeV and |ηjet|< 1.9 is selected for analysis.
The integrated quantity introduced in Eq. (1.1) is obtained experimentally as

σ(pT lead. > pT min)

σvis
=

1
Nevt

∑
pT lead.>pT min

∆pT lead.

(
∆N

∆pT lead.

)
(3.1)

4



P
o
S
(
D
I
S
2
0
1
5
)
1
5
8

Leading Charged Particle (Jet) Cross Sections at Small Transverse Momenta in pp Collisions at
√

s = 8 TeV
Alex Van Spilbeeck

1 10

vi
s

σ
)/

T
 m

in
 >

 p
T

, l
ea

d
in

g
 c

h
. j

et
(pσ

-410

-310

-210

-110

1

10

CMS
Pythia6 Z2*
Pythia6 D6T
Pythia6 (default, MPI on)
Pythia6 (default, MPI off)
Pythia6 (default, MPI off, no sat)

CMS Preliminary  = 8 TeVsInclusive pp 

 < -5.3 η < 6.5 or -6.5 < η > 40 MeV) > 0 in 5.3 < 
T

 (pchN

| < 1.9ηCharged-Particle Jets, |
Anti-Kt, R = 0.5

 = 14.3 GeV
T, min

MC scaled to data at p

 [GeV]
T min

p
1 10

 M
C

/D
at

a

0.5

1

1.5 1 10

vi
s

σ
)/

T
 m

in
 >

 p
T

, l
ea

d
in

g
 c

h
. j

et
(pσ

-410

-310

-210

-110

1

10

CMS
Pythia8 4C
QGSJetII-04
EPOS LHC
Herwig++ UE-EE-3C

CMS Preliminary  = 8 TeVsInclusive pp 

 < -5.3 η < 6.5 or -6.5 < η > 40 MeV) > 0 in 5.3 < 
T

 (pchN

| < 1.9ηCharged-Particle Jets, |
Anti-Kt, R = 0.5

 = 14.3 GeV
T, min

MC scaled to data at p

 [GeV]
T min

p
1 10

 M
C

/D
at

a

0.5

1

1.5

Figure 2: Normalised integrated pT distribution of the leading charged jet in |η | < 1.9. The data
are compared to different predictions from various Pythia6 tunes (left) and various Monte Carlo
event generators (right). The error bars indicate the statistical uncertainty and the shaded area
the systematic uncertainty. The Monte Carlo curves are normalised to the measured value of
σ(pT lead. char. jet > 14.3 GeV)/σvis. The uncertainties shown in the ratio plots are thus rescaled
with respect to the normalisation of the Monte Carlo predictions.

where Nevt is the number of events with a leading track with |η | < 2.4 and pT > 0.4 GeV and
∆pT lead is the bin width of the histogram. In Figs. 1 and 2 the integrated cross section is shown
for the leading charged particle (leading charged-particle jet) for pT > 0.8 (1 GeV) respectively.
The data points for leading charged particles (Fig. 1) are taken from Ref. [9] (included here for
completeness and with the same comparison to predictions as for the leading charged particle-jets).
The distribution falls steeply at at large transverse momenta, and approaches by construction unity
at small pT . The turn-over from the steeply falling distribution to a flat distribution happens in
the range between 1 and 10 GeV. However, the exact value where this happens is different for the
leading charged particle and the leading charged-particle jet measurement. When jets are clustered,
more energy from additional particles is collected within the jet cone. If the jet cone size is reduced,
then the leading jet distribution becomes closer to the leading charged-particle distribution.

In the left panels of Figs. 1 and 2 the measured distributions are compared to predictions from
the Monte Carlo event generators, Pythia6 with tune Z2* and D6T, as well as Pythia6 default
with and without MPI. Also shown is the impact of turning off the regularisaton of the cross section
completely (“Pythia6 (default, MPI off, no sat)” with PARP(81)=PARP(82)=0). This changes
the shape of the distribution by more than an order of magnitude at low pT . For illustration, the
Monte Carlo predictions are normalised to the measured value of σ(pT lead. > 9.0(14.3) GeV)/σvis.

for leading charged particles (charged-particle jets).
In the right panels of Figs. 1 and 2 Pythia8 with tune 4C, Herwig++ (version 2.5.0)
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[23] with tune UE-EE-3C [24] and the Monte Carlo generators used in cosmis ray physics, EPOS
[21, 22] LHC tune (based on EPOS 1.99) and QGSJetII-04 [25] are shown. The leading track
and leading charged jet distributions are best described by EPOS, which deviates only 10% from
the data at lowest pT min and describes the data at pT min > 4 GeV.

4. Conclusions

The normalised cross section for the production of leading charged-particle jets and leading
charged particles at small transverse momenta in pp collisions at

√
s = 8 TeV based on a data

sample correponding to an integrated luminosity of 45 µb−1 collected with the CMS detector is
presented. The jets (charged particles) are measured in the pseudorapidity range |η | < 1.9 (2.4)
down to transverse momenta pT = 1.0 (0.8) GeV. The distribution integrated over the transverse
momentum as a function of the lower integration boundary, pT,min, falls steeply at large transverse
momenta and becomes flatter towards low pT,min, showing the transition from the non-perturbative
region.

The behaviour of the cross section from large to small pT has been measured and a significant
deviation from the pure perturbative prediction is observed, even at pT values larger than ΛQCD.
The measured distributions show the transition from the perturbative to the non-perturbative region
and indicate that saturation of the parton-parton cross sections is visible already in the pT range of
a few GeV in pp collisions at LHC energies. The transition region is in general not well described
by theoretical predictions from various Monte Carlo event generators. The shape of the measured
integrated pT distribution is best described by the EPOS generator used in cosmic ray physics.
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