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1. Introduction

Quantum Chromodynamics (QCD) is a theory which is used tagédhe initial conditions
for the collisions at the LHC as well as to calculate propsrtof hadronic observables. In order to
apply perturbative QCD to scattring process one decompbsescross section into long distance
part, called parton density, and hard matrix element. Iniqdar here we will focus on high
energy factorization [1, 2]. The evolution equations ofthanergy factorization resum logarithms
of energy accompanied by a strong coupling constant, irmst@roportional taxlIn™s/s. This
framework applies if the total energy of a scattering predesnuch bigger than any other hard
scale involved in a scattering process.

With the LHC one entered into a region of phase space whetethetenergy and momentum
transfers are high and partons form a dense system allowipgriciple for parton saturation [1].
Recently a framework has been provided in [3, 4, 5] where Hetise systems and hard processes
at high energies can be studied (for another approach t@tbdem we refer the Reader to [6]).
In the following we report on analysis of equation proposed3] and extraction of hard scale
dependent saturation scale as performed in [7].

2. The KGBJS evolution equation

2.1 Hard emissions approximation and running coupling effects

The KGBJS equation in low x limit readts
&(%,k, p) = &o(x.k, p) (2.1)
o dw nd
/ / / "’9 (p—20Q) Pyg(z k,0)& (WK, q)
dW 2
HRZ/X S26(p— 2KPyg(z K K2 (WK K)
The momentum vector associated wikith emitted gluon is

G = Qi Pp + Bi Pe + Gti- (2.2)

The variablep in (2.1) is defined via§ = p?/(x°s) where%ln(f) is a maximal rapidity which
is determined by the kinematics of hard scatterig is the total energy of the collision and
K = [k+q|, a = Ncas/m. We also defind = |k|. The momentung is the transverse momentum of
the emitted gluon. The form factdy,s accompanying the /z pole accounts for angular ordering.
We use its form as proposed in [9]:

k2
Ans(z. k. Q) = exp< aslnE Inonq2> (2.3)

1In the present paper we are going to solve the equation inpheogimate form where the eventual problem
observed in [8] does not show up. This problem will be addr@ss the future.
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Figure1: Schematic illustration of kinematical variables used & KGBJS equation

wherezy = iﬁ( for z< 'é < 1 and outside the interval it assumes the bounding valiges,z when
'a‘ <zandzmp=1 when'a‘ > 1. wherez= X under both of the w integrals (from now on when we
will use the KGBJS acronym we will refer to equation (2.1).eWplitting function, with running
as following [9], is simplified to:

Pag(zk.) = (k) 229 2.4

The parameter characterizing the target is chosen ® bel0/+/mT and the starting point of evo-
lution is chosen to bg = 10~2. The running coupling corrections were included via the loog
formula. The initial condition we choose to be:

Eo(x.k p) = G—Eve“S(kZWS'”ﬁ. (2.5)
The extrax-dependent term is motivated by the resummation procedanmle is to attenuate the
gluon density with decreasing As we see on Fig. (2) showing thedependence of solutions
at small p considered form of the initial condition leads to fallingstlibution of the CCFM and
KGBJS equations. This is not the case for the BK equation ashserved in [7]. The particularly
interesting is the behavior of the CCFM and the KGBJS aegusitas a function of hard scale
related variablgy. The Fig. (3) shows that the solution of the equations is atemn function of
the p variable as it is larger than transversal momentum of glUdwis effect can be understood by
investigating thed(p — zg) function in the considered equations. If the variaples larger thark
then the theta function sets to one and the angular ordesirglaxed. This has interesting impli-
cations for the saturation scale generated by the KGBJSiequd he plots on Fig. (2) compare
solutions of CCFM and KGBJS. We see the damping of the gluaisitiedue to nonlinearity in
case of KGBJS equation as we go towards joand lowk values.
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Figure 2: Comparison of solutions of the KGBJS and CCFM equations.
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Figure 3: Hard scale dependence of the CCFM and KGBJS equations.

3. Saturation of the exclusive gluon distribution

To shed light on the importance of nonlinear correctionhanKGBJS, we consider contour
lines of the relative difference between solutions:
_|Eecem(X,K, p) — Skerad X, K, p)|

B(x.k,p) = po—ca . (3.2)

The traditional saturation scaf@, i.e. transversal momentum for which the effects of nomliitg
are noticeable, we define as:

B (X, Qs(X, p), p) = const (3.2

The quantity defined above, as observed in [10], has somettfiatent slope compared to the
saturation scale defined as a scale where the dipole an®iguid2. However, as we see from the
plots it is a good measure of the strength of nonlinearifidse plot of 3 on Fig. (4) confirms the
familiar growth of the saturation scale, which can be seetyass increasing upwards on the plot.
The most interesting and novel effect as compared to prelidanown results is the depen-
dence of the saturation scale on the hard scale relatetlepa Several cross-sections of tffe
function (we limit ourselves to the running coupling casecsithe fixed coupling case does not
bring anything new) on Fig. (4) indicate regions where KGBd#itions diverge from results of
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Figure4: The B function (cross-sections for consta)t Solutions with runnings.

the linear evolution. Thé& > p areas of the plots show that the nonlinear effects enter \iten
Xo/X is rather small. We also see thatmd k the saturation line changes slope to larger value and
as we go towards largérthe saturation is weaker. Similar effect has been alreadgrobd in [11].
The difference is however in the strength of the effect sindbe absorptive boundary method the
authors of[11] set arbitrarily the value of gluon density below the saforascale to a constant
value while in our approach we allow for dynamical evoluteamd growth of gluon density. We
also see that with growing the nonlinear effects become larger, the slope becomesxpyately
constant and gluons get blocked by saturation. This is theempuence of larger available phase
space (note th@(p— zq) factor in the kernel of the Eq. 2.1) for largpwhich allows for the gluon
density to grow and therefore to come at values where thenearl effects start to be important.
Eventually in phase space region wherg> k the KGBJS equation becomes independent on the
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hard scale and therefore the saturation scale stops todiepah The effect, called here liberation
of saturation scale, is linked to the so-called saturatimaturation scale expected in [3, 11]. Since
as we go towards the smaller valuesofie see that the saturation bends towardslie axis and

its growth is hindered.

4. Conclusions

In this paper we reported on recent numerical study of thel#ied form of the KGBJS and
CCFM evolution equations with running coupling constane Mbestigated the role of nonlinear-
ity in the KGBJS equation by studying the emergent satunadizale i.e. the relative differences
between solutions of the KGBJS and CCFM equations. Due tadpendence of the KGBJS
equation on the hard scale the saturation scale has beem $h@d&pend on it in a nontrivial way.
In particular, when the hard scale gets much larger thak dfi¢ghe gluon, the saturation scale stops
to depend on hard scale value and liberates itself to becdmeton ofx andk only.
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