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Jet production and the inelastic pp cross section at the LHC A. Grebenyuk

1. Introduction

In the high-energy limit the parton dynamics of the proton is driven by the growth of gluon
densities at low momentum fractions x ≈ (pT /

√
s)e−y, where pT and y are the jet transverse mo-

mentum and rapidity, and
√

s is the center-of-mass energy. As the energy increases, the jet cross
section rises, and eventually the perturbative prediction obtained from integrating the cross section
over transverse momenta above a given pT is higher than the inelastic pp cross section.

We suggest to measure the leading minijet or leading charged particle cross section integrated
over transverse momentum in the visible phase space. At low but still perturbative transverse
momenta such cross section is sensitive to the unitarity bound set by the inelastic proton-proton
rate which has recently been measured at the LHC [1–3]. Such sensitivity appears within the range
of acceptance of the measurement without using any extrapolation.

2. Integrated leading minijet cross section

First we consider the parton-level cross section at
√

s = 8 TeV (calculated using PYTHIA

(version 6.425) [4]). Figure 1 (left) shows the estimate obtained from the 2 → 2 integrated cross
section as a function of the minimum transverse momentum:

σ(pT min) =
∫

pT min

d p2
T

∫
∞

−∞

dy
d2σ

d p2
T dy

=
∫

pT min

d p2
T jet

∫
∞

−∞

dyjet
d2σ jet

d p2
T jetdyjet

, (2.1)

where the last expression gives an operational definition of σ(pT min) in terms of a measurable
leading jet cross section. In Fig. 1 (left) we also show the cross section in the visible range
by restricting the integration to the pseudorapidity region |η | < 2.5. For comparison we plot the
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Figure 1: Integrated cross sections at
√

s = 8 TeV as a function of the minimum transverse momentum:
(left) cross section compared to what can be investigated within |η |< 2.5; (middle) visible cross section in
|η | < 2.5 compared to the prediction with fixed αs = 0.2; (right) cross section from purely partonic 2→ 2
process, including intrinsic kT -effects, including initial and final state parton showers (IFSR) and finally
hadronisation.

measurement [1–3] of the inelastic cross section, σinel∼ 60 mb as a horizontal line. One can clearly
see that the partonic cross section exceeds the inelastic cross section at values of the transverse
momentum at around 4 - 5 GeV even in the restricted η range. To demonstrate the effect coming
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from infrared behaviour of the QCD coupling in Fig. 1 (middle) the cross section with |η | < 2.5
using a fixed value of αs = 0.2 is shown. This illustrates that the infrared behaviour of the strong
coupling does not affect significantly the physical picture in the low-pT region. The rise of the
cross section is essentially coming from the 1/t2 pole of the partonic matrix element, as explained
in [5].

We then consider the cross section of jets at particle level in |η |< 2.5. In order to reconstruct
the jets we use the anti-kT algorithm [6] with R = 0.5. The visible jet cross section is shown in
Fig. 1 (right), where we show the effect of turning on successively intrinsic kT , initial and final
state parton showers (IFPS) and finally hadronisation (using default parameters, without allowing
a taming of the cross section). The visible jet cross reaches the inelastic bound for pT min ' 4 GeV.
In the region just above this value, pT = O(10) GeV, effects responsible for the taming of the cross
section set in. The model [5,7] provides a phenomenological modification of the low-pT behaviour
of the jet cross section within a collinearly-factorised framework; the rise of the cross section is
tamed at small values of pT by introducing a factor

α2
s (p2

T 0 + p2
T )

α2
s (p2

T )
p4

T

(p2
T 0 + p2

T )
, (2.2)

where pT 0 is a parameter obtained from a fit to describe measurements of the underlying event.
In Fig. 2 (left) we show the cross section based on eq.(2.2) as well as the effect of multi-parton
interactions (MPI). As one can see the taming does not totally depend on MPI. The prediction of
tune D6T [8] and Z2* [9] are also shown. Fig. 2 (right) we show a comparison of the jet cross

 [GeV]
T min

p
1 10 210

 [m
b]

σ 

-210

-110

1

10

210

310

410

inelσ

 0) MPI off, default≠ 
T0

PYTHIA: (p

 0) MPI on, default≠ 
T0

PYTHIA: (p
 0) MPI on, Z2*≠ 

T0
PYTHIA: (p

 0) MPI on, D6T≠ 
T0

PYTHIA: (p

|<2.5
jet

η|

 [GeV]
T min

p
1 10 210

 [m
b]

σ 

-210

-110

1

10

210

310

410

inelσ

 0) MPI on, Z2*≠ 
T0

PYTHIA: (p

 = 0)
T0

PYTHIA: (p

|<2.5
jet

η|

Figure 2: (Left) predicted cross section applying pT 0 6= 0 and MPI with different underlying event tunes of
PYTHIA; (right) the solid (blue) line shows the predicted cross section applying pT 0 = 0 including parton
shower and hadronisation, while the dashed (red) line shows the prediction with pT 0 6= 0 including multi-
parton interactions with tune Z2*.

section for pT 0 = 0, including parton shower and hadronisation, with the cross section obtained
from PYTHIA based on eq.(2.2).

Note that in approaches that go beyond the collinear approximation [10–17] the low-pT be-
haviour results from two different sources: first, the perturbative matrix elements, which are com-
puted at finite transverse momenta kT in the initial state, have the standard collinear rise [4] at
low pT for kT � pT , but a slower rise for kT ' pT [13, 14, 16, 17]; second, the unintegrated par-
ton densities enhance the relative weight of finite transverse momentum contributions compared
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to collinearly-ordered contributions, due to both Sudakov and Regge suppression of the low-kT

region [10,11,16,17]. In the MC program CASCADE, which is based on the approximation beyond
the collinear one (kT -factorised framework), the unintegrated parton density function (uPDF) was
modified such that it goes to zero as kT → 0, as shown in Fig. 4 (left). In Fig. 4 (right) the pre-
diction of modified CASCADE is compared to PYTHIA applying pT 0 6= 0, showing that the cross
section predicted by CASCADE also does not exceeds the inelastic cross section.

4 , GeV

uPDF

Figure 3: (Left) sketch showing the modification of uPDF used in CASCADE MC generator to tame the
cross section; (right) visible cross section predicted by PYTHIA applying pT 0 6= 0 compared to prediction
obtained by CASCADE with modified uPDF.

3. Integrated leading charged particle distribution

With the same physics motivation as for minijets one can consider the integrated leading
charged particle cross section. Such distribution obtained by PYTHIA is shown in Fig. 4 (left). The
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Figure 4: (Left) the solid (blue) line shows the predicted integrated leading charged particle cross section
applying pT 0 = 0, while the dashed (red) line shows the prediction with pT 0 6= 0 including multi-parton
interactions with tune Z2*; (middle) measured normalised integrated pT -distribution of the leading charged
particle together with predictions from different PYTHIA6 and PYTHIA8 tunes; (right) predicted normalised
integrated pT -distribution of the leading charged particle with default tune but different values of pT 0.

pT distribution is softer compared to the minijets (see Fig. 2 (right)) and the cross section reaches
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the inelastic bound for pT min ' 1.5 GeV. It has been studied that this strongly depends on the cone
radius for the minijets, with R = 0.1 a distribution similar to the charged particles is observed. The
recent measurements of this observable has been presented by the CMS Collaboration [18]. The
event normalised distribution D(pT min,leading), defined as

D(pT min,leading) =
1
N

∫
pT min,leading

d pT min,leading

(
dn

pT min,leading

)
, (3.1)

where N is the number of event that fulfils the required event and charged particle selection, is
shown in Fig. 4 (middle). The data are compared to predictions obtained from PYTHIA8 4C,
PYTHIA6 Z2*, PYTHIA6 D6T and PYTHIA default tune with and without multi-parton interac-
tions. For both distributions, we observe that all theoretical predictions fail to describe the shape
of the data. The effect of multi-parton interactions is shown to have a small impact. The effect of
regularisation parameter pT 0 is shown in Fig. 4 (right) by varying pT 0 value in PYTHIA.
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