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1. Introduction

Search for scaling regularities in high energy collisions is always a subject of intense inves-
tigations [1, 2, 3, 4, 5, 6, 7, 8, 9, 10]. Such regularities could give experimental indications on
new physics phenomena and additional insight into a theory. Production of particles with high
transverse momenta from the collisions of hadrons and nuclei at high energies has relevance to
constituent interactions at small scales. A universal approach to the description of the processes
could provide more detailed understanding of the underlying physical phenomena and impose re-
strictions on phenomenological ingredients used in comparison of experimental data with a theory.
Jets are traditionally considered as best probes of the constituent interactions and most suitable ob-
jects for precise test of the perturbative QCD [11, 12, 13, 14, 15, 16, 17]. Study of jets is of interest
both for jet production itself and search for new particles identified by the jets.

In this contribution we present results of new analysis of the data on inclusive cross sections of
jet production in pp̄ and pp collisions at the Tevatron [18, 19], RHIC [20], and LHC [21, 22, 23, 24]
in the framework of z-scaling. Results of previous analysis of jet spectra in pp and pp̄ collisions can
be found in [25] and [26]. The method was developed for phenomenological description of differ-
ential cross sections of particles in the inclusive reactions at high energies (see [27] and references
therein). It is based on the principles of locality, self-similarity and fractality reflecting properties
of hadron structure, constituent interactions and processes of particle formation. The z-scaling is
treated as a manifestation of the fractality of the structure of the colliding objects (hadrons or nu-
clei), locality of the interactions of their constituents, and self-similarity of the particle production
process.

For the first time jet production in the z-presentation was analyzed in [25]. The analysis was
based on the experimental data on jet cross sections obtained by the UA1, UA2, CDF and D∅ Col-
laborations. New data on inclusive production of jets at the LHC allow us to verify the z-scaling
in the multi-TeV energy region. Here we report on study of z-presentation of the jet transverse
momentum distributions measured by the CMS [21, 23], ATLAS [22], and ALICE [24] Collab-
orations in pp collisions at

√
s = 7 and 2.76 TeV. The obtained results are compared with data

on jet production in pp̄ collisions at the Tevatron [28, 29, 30, 31, 32]. The LHC measurements
confirmed the energy independence of z-scaling for jet production in the new energy domain. The
power behavior of scaling function ψ(z) at high z is verified. The transverse momentum spectra of
jets are calculated in the next-to-next leading order of QCD and are compared with data in pT - and
z-presentations.

2. z−Scaling

In the present paper we use the z-scaling in the form considered in [25]. At sufficiently high
energies, the collision of extended objects like hadrons and nuclei is considered as an ensemble
of individual interactions of their constituents. The constituents are partons in the parton model
or quarks and gluons in the theory of QCD. Multiple interactions are assumed to be similar. This
property represents a self-similarity of the hadron interactions at a constituent level. The structures
of the colliding objects with masses M1 and M2 are characterized by parameters δ1 and δ2. The
interacting constituents carry fractions x1 and x2 of incoming momenta P1 and P2. The inclusive
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particle with mass m1 carries momentum p. The produced recoil with mass m2 ensures conservation
of the additive quantum numbers.

The elementary sub-process is considered as a binary collision of the constituents with masses
x1M1 and x2M2 resulting in the scattered and recoil objects with masses m1 and MX = x1M1 +

x2M2 +m2, respectively. The momentum conservation law of the sub-process is connected with
recoil mass MX which is written as follows

(x1P1 + x2P2 − p)2 = M2
X . (2.1)

This equation is expression of the locality of the hadron interactions at a constituent level. It
represents a constraint on fractions x1 and x2. Structural parameters δ1 and δ2 are connected with
the corresponding momentum fractions by the function

Ω(x1,x2) = (1− x1)
δ1(1− x2)

δ2 . (2.2)

The quantity Ω is proportional to a relative number of all such constituent configurations which
contain the configuration defined by fractions x1 and x2. Parameters δ1 and δ2 are interpreted as
fractal dimensions in the space of momentum fractions {x1,x2}. Fractions x1 and x2 are determined
in a way to maximize function Ω under the condition (2.1). The maximal value of Ω is used in the
definition of scaling variable z which has the form

z = z0Ω−1. (2.3)

Quantity z0 = s1/2
⊥ /(dN/dη |0)mN is proportional to the transverse kinetic energy s1/2

⊥ of the sub-
process consumed on the production of the inclusive particle with mass m1 and its counterpart with
mass m2. Multiplicity density dN/dη |0 is taken in center-of-mass N −N system at pseudorapidity
η = 0. Constant mN is the nucleon mass. We set δ1 = δ2 ≡ δ , M1 = M2 ≡ mN , and m2 = m1 ≡ 0
for jet production in proton-(anti)proton interactions. Here we use the value δ = 1 of the nucleon
fractal dimension which was found in the analysis of jet production at lower energies [25]. The
scaling function

ψ(z) =− πs
(dN/dη)σin

J−1E
d3σ
d p3 . (2.4)

is expressed in terms of the inclusive cross section, multiplicity density dN/dη , and total inelastic
cross section σin. Symbols s and J stand for the square of the center-of-mass energy and the
corresponding Jacobian, respectively.

As known from numerous analyses of jet production, different procedures of jet reconstruction
are correctly defined only at a relatively high transverse energy [33]. At low ET , the main prob-
lem is connected with jet overlapping and energy redistribution among multiple jets. It follows
that a jet multiplicity density cannot be determined directly from experimental data on jet trans-
verse momentum distributions. Therefore, instead of dN/dη we use the scaled multiplicity density
ρ(s)/ρ0 normalized to unity at energy

√
s = 1800 GeV. Here we exploit parametrization ρ(s)∼ s∆

with ∆ = 0.163 which corresponds to the results found in [25]. As a consequence, the absolute
normalization of scaling function ψ(z) is obtained up to a constant.
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3. Inclusive jet production

An inclusive jet cross section is a measure of probability of observing a hadron jet with a
given transverse energy ET and pseudorapidity η . In terms of these variables, the cross section is
expressed as follows d2σ/dET dη . The measured variables are the transverse energy and pseudo-
rapidity, and the jets are usually assumed to be massless. For most measurements, the cross section
is averaged over some range of pseudorapidity. The invariant cross section is written as follows

E
d3σ
d p3 =

1
2πET

d2σ
dET dη

. (3.1)

Jets are experimentally defined as the amount of energy deposited in the cone of radius R =

[(∆η)2 +(∆ϕ)2]1/2 in the space {η ,ϕ}, where ∆η and ∆ϕ specify the extent of the cone in the
pseudorapidity and azimuth. Pseudorapidity η is determined via center mass angle θ by formula
η =− ln(tanθ/2). Different algorithms (cone, kT , anti-kT ) of jet reconstruction are developed (see
[34] and references therein) and applied for RHIC, Tevatron and LHC data analysis. The algo-
rithms cluster together objects like particles or energies deposited in calorimetric measurements
which define single jets. The cone algorithm is based on proximity of the objects in coordinate
space. The kT algorithm defines jets in a momentum space. The anti-kT algorithm behaves in many
aspects like an optimal jet cone clusterization.

3.1 Jets at RHIC

The STAR Collaboration measured the inclusive cross sections of jet production in pp col-
lisions at energy

√
s = 200 GeV at RHIC [20]. The experimental data correspond to the inte-

grated luminosity of 5.39 pb−1. The measurements cover the kinematic range of the pseudorapidity
|η | < 0.8 and the transverse momentum pT = 13− 57 GeV/c. Figure 1 shows the dependence of
the spectra on pT . As seen from Fig. 1 the NLO QCD calculations with the CTEQ6M parton distri-
bution functions at the factorization and renormalization scales equal to the transverse momentum
(µR = µF = pT ) demonstrate a satisfactory agreement with the data.

Figure 2(a) shows comparison of the inclusive cross sections measured by the STAR Collabo-
ration with the FNAL [35] and ISR [36] data obtained at lower energies,

√
s = 38.8,45,63 GeV. As

seen from this Figure, the strong dependence of the cross sections on collision energy
√

s increases
with transverse momentum pT . The STAR data are in a good agreement with the UA1 data [37]
obtained for jet production in pp̄ collision at energy

√
s = 200 GeV. The same data are shown in

z-presentation in Fig. 2(b). The energy independence and power law (shown by the dashed line)
of scaling function ψ(z) are observed. The value of slope parameter β is in an agreement with
β = 5.95±0.21 found in [25].

The obtained results confirm z-scaling of jet production in pp collisions at energy
√

s =

200 GeV at the RHIC. Some deviation of the UA1 data from the asymptotic behaviour of ψ(z)
is seen at z < 102. Further measurements of the jet spectra in pp collisions at

√
s = 200 and

500 GeV at higher pT are of interest for precise test of QCD and for verification of the asymptotic
behavior of ψ(z) predicted by z-scaling in pp and pp̄ interactions.

4



P
o
S
(
B
a
l
d
i
n
 
I
S
H
E
P
P
 
X
X
I
)
0
6
5

z-Scaling: Inclusive Jet Spectra... M. Tokarev

Figure 1: Inclusive spectra of jet production in pp collisions at
√

s = 200 GeV and |η |< 0.8 measured by
the STAR Collaboration [20] at the RHIC.

(a) (b)

Figure 2: Inclusive spectra of jet production in pp collisions at
√

s = 38,45,63 and 200 GeV in the middle
rapidity range in (a) pT - and (b) z-presentation. The experimental data are measured by the E557 [35], AFS
[36], and STAR [20] Collaborations. The UA1 data [37] for pp̄ collisions are shown for comparison.
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3.2 Jets at Tevatron

The collision energy reached at the Tevatron is much higher than maximal energy at the Spp̄S
and also essentially exceeds the energy of pp interactions at the ISR, SPS and RHIC. Jet produc-
tion has been successfully measured at the proton-antiproton collider at the FNAL over a range√

s = 630−1960 GeV in Run I and Run II by the CDF and D∅ Collaborations [38]. The experi-
mental data on inclusive cross sections of jet production at different collision energies allow us to
study the energy independence of the scaling function and compare it with the similar analysis in
pp collisions. The angular independence of ψ(z) is tested with the CDF [18] and D∅ [19] data
measured in a wide range of pseudorapidity.

The CDF Collaboration measured the transverse momentum spectra of jets [18] produced in
pp̄ collisions at energy

√
s = 1960 GeV and different angles. The differential cross sections are

shown in Fig. 3. The data cover the pseudorapidity range |η | < 2.1. The highest measured trans-
verse energy carried by one jet was about 600 GeV. As seen from Fig. 3, the pT -spectra demonstrate
the strong dependence on the pseudorapidity of the produced jet. The same data are shown in z-
presentation in Fig. 4(a). The points correspond to the mean values of the transverse momentum
in the respective pT -bins. The data demonstrate the angular independence and power behavior of
scaling function ψ(z) over the range z ≃ (0.15−10) ·103. Figure 4(b) shows z-presentation of the
jet spectra measured by the CDF Collaboration in the central region at energies

√
s= 630,1800 and

1960 GeV [30, 31, 32]. All data demonstrate the energy independence of the scaling function. As
follows from Fig. 4(b), ψ(z) shows a power law behavior over a wide range of z ≃ (0.3−70) ·102.
The scaling function changes about twelve orders of magnitude in this range. The CDF mea-
surements at

√
s = 1960 GeV give new confirmation of the properties of z-scaling (the angular

and energy independence of ψ(z)) found at lower energies [25]. The obtained results mean that
the mechanism of jet production manifests the property of self-similarity. In contrast to the pT -
dependence of differential cross sections, this feature is distinctly visible in the z-representation of
jet spectra.

Figure 5 shows the inclusive spectra of jet production [19] measured by the D∅ Collaboration
in pp̄ collisions at energy

√
s = 1960 GeV over a transverse momentum pT = 50−600 GeV/c and

pseudorapidity |η |< 2.4 ranges. The experimental data correspond to the integrated luminosity of
0.7 fb−1. As seen from Fig. 5, the spectra obtained in different pseudorapidity intervals demon-
strate a strong angular dependence. The difference in the behavior of the cross sections is enhanced
with the increasing pT . The jet yields decrease in the measured momentum range more than nine
orders of magnitude. Figure 6(a) demonstrates the angular independence of scaling function ψ(z)
for the same data over a wide range of variable z. Figure 6(b) shows z-presentation of the jet spectra
measured by the D∅ Collaboration in the central region (θ = 900) at energies

√
s = 630,1800 and

1960 GeV [28, 29]. The data demonstrate the energy independence of z-scaling for jet produc-
tion. The scaling function is described by a power law, ψ(z) ∼ z−β , with a constant slope β . The
obtained value of parameter β is in agreement with β = 5.48±0.02 found in [25].

Based on the performed study we conclude that the Tevatron data on jet production measured
by the CDF and D∅ Collaborations in Run II confirm z-scaling. The results of the analysis mean
that the interactions of hadron constituents, their substructure and mechanism of jet formation
reveal properties of self-similarity over a wide scale range (up to 10−4 Fm).

6
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Figure 3: Inclusive spectra of jet production in pp̄ collisions at
√

s= 1960 GeV and different pseudorapidity
intervals. The experimental data obtained by the CDF Collaboration are taken from [18].

(a) (b)

Figure 4: The z-presentation of inclusive spectra of jet production measured by the CDF Collaborations
in pp̄ collisions (a) for different pseudorapidity intervals at

√
=1960 GeV [18] and (b) for θ ≃ 900 at√

s = 630,1800 and 1960 GeV [30, 31, 32].
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Figure 5: Inclusive spectra of jet production in pp̄ collisions at
√

s= 1960 GeV and different pseudorapidity
intervals. The experimental data obtained by the DØ Collaboration are taken from [19].

(a) (b)

Figure 6: The z-presentation of inclusive spectra of jet production measured by the DØ Collaborations in
pp̄ collisions (a) for different pseudorapidity intervals at

√
=1960 GeV [19] and (b) at

√
s = 630,1800 and

1960 GeV and θ ≃ 900 [28, 29].
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3.3 Jets at LHC

The inclusive production of jets was measured in proton-proton collisions at the LHC. The
world’s largest collider gives us possibility to investigate jet physics in the new energy domain
[15, 16, 17]. It concerns a study of the interactions of proton constituents in processes with high
transverse momenta up to pT ≃ 5000 GeV and search for new physics in the reactions where jets are
used as triggers. We analyzed the data on inclusive cross sections of jet production in pp collisions
at energies

√
s = 7000 GeV [21, 22, 23] and

√
s = 2760 GeV [24] in the framework of z-scaling

and compared the results with the Tevatron data [28, 29, 30, 31, 32] at lower energies. The LHC
and Tevatron data allow us to study the energy and angular independence of scaling function ψ(z)
over a wide range of collision energy

√
s = 630−7000 GeV and pseudorapidity |η |< 4.4.

Figure 7 shows the spectra of jets [21] measured by the CMS Collaboration in pp collisions at√
s = 7000 GeV and |η | < 3. The data sample corresponds to the integral luminosity of 34 pb−1.

The spectra in various pseudorapidity intervals are represented in terms of variable z in Fig. 8(a). A
comparison of the z-presentation of the jet distribution in the most central pseudorapidity interval
with jet spectra measured by the DØ Collaboration at the Tevatron is shown in Fig. 8(b). As
follows from Fig.8, the experimental data manifest angular (a) and energy (b) independences of the
scaling function. The corresponding values of ψ(z) change more than twelve orders of magnitude.
A power behavior of the scaling function is observed over a wide range of z ≃ (0.1−7) ·103. The
dashed line indicates the asymptotic behavior of ψ(z) at high z. Some deviation of the data from
the power asymptotics for z < 102 is seen.

Figure 9 shows the inclusive spectra of jets measured by the ATLAS Collaboration [22] in
pp collisions at energy

√
s = 7000 GeV over the transverse momentum pT = 20− 1350 GeV/c

and pseudorapidity |η | < 4.4 ranges. The z-presentation of the same data is demonstrated in Fig.
10(a). The points correspond to the mean values of the transverse momenta in the respective pT -
bins. The angular independence and power law of the scaling function is observed up to z ≃ 104.
The energy independence of scaling function ψ(z) is demonstrated in Fig. 10(b) with the data
measured at energies

√
s = 630,1800,1960 and 7000 GeV. The dashed line corresponds to the

asymptotic behavior of ψ(z).
Figure 11 shows the new data on jet inclusive spectra [23] obtained by the CMS Collaboration

in pp collisions at
√

s = 7000 GeV for different angular intervals. The data sample corresponds
to integral luminosity 4.7 fb−1. Jets were reconstructed over the range pT = 114−2000 GeV and
|y| < 2.5. The angular independence of the scaling function for these data is illustrated in Fig.
12(a). The new CMS measurements confirmed the energy independence of ψ(z) over a wide range
of z. This is demonstrated in Fig. 12(b) where the data in the central region at

√
s = 7000 GeV are

compared with the jet spectra measured by the D∅ Collaboration [28, 29] at lower energies.
As one can see from Figs. 8(a), 10(a) and 12(a), the combined analysis of the CMS and

ATLAS data manifests the angular independence of scaling function ψ(z). A comparison of the
Tevatron and LHC data shown in Figs. 8(b), 10(b) and 12(b) demonstrates the energy independence
of ψ(z). The scaling function is described by a power law ψ(z) ∼ z−β at high z with a constant
value of slope parameter β . The value of β is found to be the same for pp̄ and pp collisions. The
power behavior of ψ(z) is observed over a wide range of z. The obtained results give us a new
confirmation of the self-similarity of jet production in pp collisions at the LHC.
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Figure 7: Inclusive spectra of jet production in pp collisions at
√

s = 7000 GeV over a pseudorapidity range
|η | < 3 measured by the CMS Collaboration [21] at the LHC. The data correspond to integral luminosity
L = 34 pb−1

(a) (b)

Figure 8: (a) Inclusive spectra of jet production in pp collisions at
√

s = 7000 GeV over a pseudorapidity
range |η | < 3 measured by the CMS Collaboration [21] in z-presentation. (b) Inclusive spectra at different
energies

√
s = 630,1800,1960 and 7000 GeV in the central pseudorapidity region in z-presentation. The

data are taken from [28, 29] and [21].
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Figure 9: Inclusive spectra of jet production in pp collisions at
√

s = 7000 GeV over a pseudorapidity range
|η |< 4.4 measured by the ATLAS Collaboration [22] at the LHC. The data correspond to integral luminosity
L = 37 pb−1

(a) (b)

Figure 10: (a) Inclusive spectra of jet production in pp collisions at
√

s = 7 TeV over a pseudorapidity range
|η |< 4.4 measured by the ATLAS Collaboration [22] in z-presentation. (b) The z-presentation of inclusive
spectra at different energies

√
s = 630,1800,1960 and 7000 GeV in the central pseudorapidity region. The

data are taken from [28, 29] and [22].
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Figure 11: Inclusive spectra of jet production in pp collisions at
√

s= 7000 GeV over a pseudorapidity range
|η |< 2.5 measured by the CMS Collaboration [23] at the LHC. The data correspond to integral luminosity
L = 4.7 fb−1.

(a) (b)

Figure 12: (a) Inclusive spectra of jet production in pp collisions at
√

s = 7 TeV over a pseudorapidity range
|η | < 2.5 measured by the CMS Collaboration [23] in z-presentation. (b) The z-presentation of inclusive
spectra at different energies

√
s = 630,1800,1960 and 7000 GeV in the central pseudorapidity region. The

data are taken from [28, 29] and [23].
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Figure 13: Inclusive spectra of jet production in pp collisions at
√

s= 2760 GeV over a pseudorapidity range
|η |< 3 measured by the ALICE Collaboration [24] at the LHC. The data correspond to integral luminosity
L = 11 nb−1.

(a) (b)

Figure 14: (a) Inclusive spectra of jet production in pp collisions at
√

s = 2760 GeV over a pseudorapidity
range |η |< 3 measured by the ALICE Collaboration [24] in z-presentation. The asymptotic curve of ψ(z) is
shown by the dashed line. (b) The z-presentation of inclusive spectra at energies

√
s = 7000 and 2760 GeV

in the central pseudorapidity region. The data are taken from [22, 23] and [24].
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The ALICE Collaboration presented the data [24] on jet pT distribution in pp collisions at
energy

√
s = 2760 GeV. The spectrum measured in the momentum pT = 20− 130 GeV/c and

pseudorapidity |η | < 3 range is depicted in Fig. 13. The data sample corresponds to integral
luminosity L = 11 nb−1. Figure 14(a) shows the data in z-presentation. The dashed line represents
the asymptotic curve of ψ(z) found from analysis of the DØ, CDF, CMS and ATLAS data. The
ALICE data indicate on deviation from the asymptotic behavior of the scaling function at low pT .
Mutual comparison of the z-presentations of the ALICE data at

√
s = 2760 GeV with the CMS and

ATLAS data at
√

s = 7000 GeV is shown in Fig. 14(b).

4. Universality of jet production at Tevatron and LHC

A jet is usually considered as a direct evidence of hard interaction of hadron constituents
(quarks and gluons). The spectra of jets can be connected with the constituent interactions in terms
of scaling variable z. We have analysed the new LHC data [21, 22, 23] and [24] on inclusive cross
sections of jet production in pp collisions at

√
s = 7000 and 2760 GeV in the framework of z-

scaling. The results were compared with the Tevatron data [28, 29, 30, 31, 32] at lower collision
energies. The data sets allowed us to study the energy and angular independence of scaling function
ψ(z) over a wide range of

√
s = 630−7000 GeV. The analysis was performed with the same values

of parameters δ = 1 and m1 = m2 = 0 as used in [25].
Figure 15 shows comparative study of (a) pT - and (b) z-presentation of the jet spectra measured

in the central pseudorapidity region by the CMS, ATLAS and ALICE Collaborations at the LHC

(a) (b)

Figure 15: The (a) pT - and (b) z-presentation of inclusive spectra of jet production in pp collisions at
√

s =
2760,7000 GeV and in pp̄ collisions at

√
s = 630,1800,1960 GeV measured in the central pseudorapidity

region. The respective data were obtained by the CMS [21, 23], ATLAS [22] and ALICE [24] Collaborations
at the LHC and by the D∅ [28, 29] and CDF [31, 32] Collaborations at the Tevatron.
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and by the D∅ and CDF Collaborations at the Tevatron. The pT -distributions show the strong
dependence on collision energy

√
s. In contrast to this, all considered data confirm the energy

independence of scaling function ψ(z). The function is characterized by a power law ψ(z) ∼ z−β

at high z with a constant value of slope parameter β . As seen from Fig. 15(b), the power behavior
is observed over a wide range of z > 102. The maximal value of z ∼ 104 reached in central region
|η |< 0.5 corresponds to jet transverse momentum pT = 2000 GeV measured at LHC energy

√
s =

7000 GeV. Moreover, the data on jet production in various pseudorapidity intervals obtained by the
CMS and ATLAS Collaborations demonstrate the angular independence of ψ(z). The result is in a
good agreement with the angular independence of z-presentation of the jet spectra measured by the
CDF and D∅ Collaborations at lower energies [39] . Comparison of the LHC and Tevatron data
indicates universality of the shape of the scaling function in pp and pp̄ collisions at high energies.
It gives us new confirmation of the self-similarity of jet production in pp and pp̄ collisions at small
scales.

5. QCD test of z-scaling

The z-scaling is a phenomenological method of analysis of spectra of inclusive particles pro-
duced in the collisions of extended objects like hadrons and nuclei. It is based on the principles of
locality and self-similarity of interactions of hadron constituents at different scales. Validity of the
scaling was obtained from many analyses of numerous experimental data on differential cross sec-
tions of inclusive reactions. In that view one of the interesting problems is QCD test of z-scaling.
The theory of strong interactions, QCD, is based on the fundamental principles and was exper-
imentally verified in many situations. Study of relation between QCD and z-scaling could give
more deep understanding of physical phenomena especially those which require non-perturbative
approach or phenomenological ingredients for their description.

For this purpose we performed calculations using the code from Ellis-Kunszt-Soper [40] for
the jet transverse momentum spectra. The calculations by EKS group are based on the matrix
elements published in [41, 42]. For the parton distribution functions (PDF) we used the CTEQ6M
[43] and MRST01 [44] which incorporate a large amount of experimental information evaluated
at the NLO level. The choice of the factorization (µF) and renormalization (µR) scales influences
the NLO jet cross sections. The typical value of these parameters varies in the range (pT/2,2pT )

in standard calculations. In our calculations the renormalization and factorization scales are taken
to be µR = µF = pT/2. The quantity pT refers to the transverse momentum of the jet in jet-
level expressions. The NLO results depend on the jet-cone radius R = [(∆η)2 +(∆ϕ)2]1/2 in the
pseudorapidity and azimuth {η ,ϕ} space and the jet-separation parameter Rsep. Both parameters
are connected by relation Rsep = 2R and the "optimal value" of the cone radius R = 0.7 is taken.

The inclusive differential cross section for hadron production with transverse momentum pT

and pseudorapidity η is written as follows

EC
d3σ
d p3

C
= ∑

abc

∫
dxadxb

dzc

zc
fa/A(xa,µF) fb/B(xb,µF)εc

d3σ
dk3

c
(pc/zc

√
s,µR)DC/c(zc,µH) (5.1)

The sum is taken over the various flavors of partons that can participate in the hard scattering
process. The functions fa/A(xa,µF) and fb/B(xb,µF) describe the distributions of a parton a and b
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(a) (b)

Figure 16: Inclusive cross sections of jet production in pp̄ and pp collisions in (a) pT - and (b) z-
presentation. The dashed lines represent calculated results in NLO QCD with MRST01 [44] PDFs at√

s = 630,1800,1960,7000 and 14000 GeV. The points (△,◦,+,⋆) correspond to the experimental data
obtained by the D∅ [28, 29] and CMS [21, 23] Collaborations at

√
s = 630,1800,1960 and 7000 GeV,

respectively.

in the hadron A and B on momentum fraction xa and xb at the factorization scale µF , respectively.
The fragmentation of parton c into hadron C is described by function DC

c (zc,µH). The parton
momentum fraction carried by hadron C at the fragmentation scale µH is equal to zc. The cross
section εc d3σ/dk3

c of the parton sub-process a+ b → c+X is calculated perturbatively in the
NLO QCD. Here we have c ≡ jet. It is assumed that fragmentation does not destroy the transverse
distribution of jet and zc = 1. The MS scheme is used to subtract final state collinear singularities.
The strong coupling αS(µR) is defined in the MS renormalization scheme at scale µR.

The invariant cross sections of jet production as a function of energy
√

s and transverse mo-
mentum pT calculated in the NLO QCD are shown in Figs. 16(a) and 17(a). The dashed lines depict
the calculations performed with the parton distribution functions MRST01 [44]. The renormaliza-
tion, factorization and fragmentation scales were set to be equal each other µR = µF = ζ pT , where
ζ is a scale factor which varies usually in the range ζ = 0.5−2. Here we used ζ = 0.5. The spectra
were calculated at θ ≃ 900 over a wide range of the transverse momentum pT = 20−3000 GeV/c
and the energy

√
s = 630− 14000 GeV. As seen from Figs. 16(a) and 17(a), the strong depen-

dence of the spectra on the collision energy increases with pT . The experimental data on cross
sections obtained by the D∅ Collaboration [28, 29] at energies

√
s = 630,1800,1960 and by the

CMS [21, 23] and ATLAS [22] Collaborations at
√

s = 7000 GeV are shown by the symbols (△,◦,
+) and (⋆), respectively. The same data are plotted in dependence on variable z in Figs. 16(b) and
17(b). The solid line shows the asymptotic behavior of function ψ(z) obtained from the analysis of
the experimental data at large z. The value of slope parameter β corresponds to 5.48± 0.02. The
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(c) (d)

Figure 17: Inclusive cross sections of jet production in pp̄ and pp collisions in (a) pT - and (b) z-
presentation. The dashed lines represent calculated results in NLO QCD with MRST01 [44] PDFs at√

s = 630,1800,1960,7000 and 14000 GeV. The points (△,◦,+,⋆) correspond to the experimental data
obtained by the D∅ [28, 29] and ATLAS [22] Collaborations at

√
s = 630,1800,1960 and 7000 GeV, re-

spectively.

dashed lines depict z-presentation of the NLO QCD calculations shown in Figs. 16(a) and 17(a).
Note that a good agreement between the experimental data and the corresponding NLO QCD

calculations is observed. One can see, however, that the NLO QCD predictions demonstrate some
deviation from the asymptotic behavior of ψ(z) predicted by z-scaling as the collision energy and
transverse momentum increase. The deviation is clearly visible in the region of high pT where
experimental measurements of inclusive jet transverse momentum spectra are not performed yet.
Some factors can modify the asymptotic behavior of ψ(z). They are quark and gluon distribu-
tion functions. We assume that especially large uncertainties of the gluon distribution function
could be restricted by the power behavior of ψ(z) established over a wide range of

√
s and high

pT . The behavior of the scaling function can give a new additional constraint on PDFs which are
phenomenological ingredients weakly controlled by the perturbative QCD.

Based on the obtained results we conclude that self-similar features of jet production dictated
by z-scaling give strong restriction on the asymptotic behavior of scaling function ψ(z) for pp̄ and
pp collisions. The behavior of ψ(z) is reasonably reproduced at Tevatron and LHC energies by the
NLO QCD evolution of the cross sections with the phenomenological parton distribution functions
used in the present analysis.

6. z-pT plot and jet multiplicity density

The performed systematic analysis of experimental data on inclusive jet production in pp/p̄p
collisions measured at the RHIC, Tevatron and LHC showed that the jet cross sections can be well
described by power function ψ(z) ∼ z−β over a wide kinematic range (up to the collision energy
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(a) (b)

Figure 18: (a) z− pT plot for jet production in pp and pp̄ collisions at
√

s = 63− 14000 GeV and angle
θcms = 900. (b) The energy dependence of the normalized jet multiplicity density ρ(s)/ρ0 used in our
analysis of pp and pp̄ collisions.

√
s = 7000 GeV and the transverse momentum pT ≃ 2000 GeV/c). We interpret this result as a

strong confirmation that self-similarity is a general property of hadron structure, interactions of
hadron constituents and mechanism of jet formation. More extensive analysis of the properties of
z-scaling is desirable to study the self-similarity of jet production in physically interesting unex-
plored regions. Search for new phenomena in processes with jets requires knowledge of kinematic
conditions which are preferable for such investigations. The dependence of variable z on the trans-
verse momentum (the z− pT plot) shown in Fig. 18(a) allows us to select the suitable regions.
In this context, let us remind that z-presentation of data shown in Figs. 2(b), 4, 6, 8, 10, 12 and
15(b) is consistent with the power law of ψ(z) at large z. This property of z-scaling is valid up
to z ≃ 1.4 · 104. As seen form Fig. 18(a), verification of the observed regularity for even larger
values of z would correspond to transverse momentum pT > 60,500,2000 and 3000 GeV/c at ener-
gies

√
s = 200,1800,7000 and 14000 GeV, respectively. We consider that these are the kinematic

regions where potentially new effects of jet production may be expected.
Figure 18(b) shows normalized jet multiplicity density ρ(s)/ρ0 at midrapidity η = 0 as a func-

tion of collision energy
√

s. The multiplicity density is normalized at
√

s= 1800 GeV and its energy
dependence shown by the dashed line is taken in form ρ(s)∼ s∆ with ∆ = 0.163. The parametriza-
tion corresponds to the results [25] found in jet analysis at lower energies. The estimated values of
ρ(s)/ρ0 at

√
s = 7000 GeV and 14000 GeV are found to be 1.56 and 1.95, respectively.

Figure 19 shows the η-dependences of ratio ρ(s,η)/ρ(s) of the jet multiplicity density related
to its value at η = 0. The symbols represent the quantity obtained from the requirement of the
same normalization of ψ(z) at different angles. One can see the mutual correspondence of the ratio
extracted from the jet spectra measured by the CDF and DØ Collaborations at

√
s = 1960 GeV,

and by the CMS and ATLAS Collaborations at
√

s = 7000 GeV. The dashed lines represent a
parametrization normalized to unity at η = 0.
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(a) (b)

Figure 19: The pseudorapidity dependence of normalized jet multiplicity density ρ(s,η)/ρ(s) for (a) pp̄
collisions at

√
s = 1960 GeV and (b) pp collisions at

√
s = 7000 GeV. The symbols correspond to the values

of multiplicity density used in z-presentation of the experimental data at different angles. The dashed lines
show a parametrization normalized to unity at η = 0.

7. Conclusions

The experimental data on inclusive spectra of jet production in pp and pp̄ collisions obtained
at the RHIC, Tevatron and LHC were analysed in the framework of z-scaling. We found a new
confirmation of the energy and angular independence of the z-presentation of these data. The
power behavior of the scaling function, ψ(z) ∼ z−β , is observed up to the highest jet transverse
momentum pT ≃ 2000 GeV/c measured so far. The obtained results show that properties of jet
production reflect the self-similarity, locality and fractality of hadron interactions at a constituent
level.

A QCD test of z-scaling of jet production in pp̄ and pp collisions was performed in a wide
region of z. The inclusive cross sections were calculated in the NLO QCD with different parton
distribution functions and compared in the z-presentation with the scaling function obtained from
analysis of experimental data. It was shown that self-similar features of particle production dictated
by z-scaling give strong restriction on the asymptotic behavior of the scaling function and inclusive
spectra in high-pT region. The result is important for further tests of the QCD and more precise
specification of the phenomenological ingredients (such as PDFs and FFs) of the theory. It can be
used as an additional constraint on the gluon distribution function in the global QCD analysis of
experimental data.

More detailed study of z-scaling of jet production in pp and pp̄ collisions is desirable in
physically interesting regions where experimental data are not obtained yet. A possible violation of
the scaling is suggested to be considered as a signature of new phenomena which may be expected
in the region z > 104.
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