arXiv:1209.6092v2 [hep-ph] 1 Oct 2012

Estimation of saturation and coherence effects in the KGBJS equation – a non-linear CCFM equation

M. Deák

Departamento de Física de Partículas, Facultade de Física, Universidade de Santiago de Compostela, Campus Sur, 15706 Santiago de Compostela, Spain

October 2, 2012

Abstract We solve the modified non-linear extension of the CCFM equation – KGBJS equation [1] – numerically for certain initial conditions and compare the resulting gluon Green functions with those obtained from solving the original CCFM equation and the BFKL and BK equations for the same initial conditions. We improve the low transversal momentum behaviour of the KGBJS equation by a small modification.

1 Introduction

The BFKL equation [3] seems to be the appropriate effective theory for describing high energy initial state radiation in the kinematic region where the Mandelstam invariants t of the momentum exchange and s of the total scattering momentum are strongly ordered: Λ^2_{QCD} ≪ |t| ≪ s. It is well known that the relevant phase space region is very important at the LHC, but signs of its importance were already observed at the HERA [7, 8] and other colliders.

However, the BFKL equation predicts too strong rise of the cross section for decreasing ratio of |t|/s violating the Froisart bound and thus the unitarity. To solve the problem of the rise of the BFKL cross section different kinds of corrections, from careful consideration of the kinematical constraint [9], inclusion of NLO terms [11] to inclusion of non-linear terms, were suggested and studied. A non-linear extensions of the equation was proposed [13] to take into account merging of over-populated gluons and thus damping the growth of the gluon density and consequently the cross section. The BK equation [14] is one of such extensions of the BFKL equation. The growth of the solution of the BK equation is suppressed compared to the solution of the linear equation. Saturation of the gluon density function is observed [17, 18, 19, 20].

The BFKL and also the BK equations are only suitable to describe the inclusive cross section. Inclusion of coherence effects was proposed to extend the validity of latter equations for exclusive final states. An equation which includes the BFKL kernel plus the coherence effects and at the same time it interpolates between the BFKL and the DGLAP [21] approximations is the CCFM equation [25].

An interesting question raises: How does a corresponding non-linear equation, a non-linear extension of the CCFM equation, look like and how does the coherence requirement interplay with the saturation constraint?

As we mentioned before, the CCFM equation allows for study of exclusive final states. Small-x effects in exclusive observables has been studied using Monte Carlo programs such as Cascade [29, 31]. By including saturation effects into the CCFM equation, it would therefore possible to study effects of saturation on exclusive states like jet final states, jet multiplicities and energy flows. Attempts were done to include saturation effects by a simple cut-off [32] and also by a sophisticated dipole model [34]. In [35] a non-linear equation for a factorisable gluon density was derived with a proposal of inclusion of coherence effects. A non-linear extension of the CCFM equation in a simple from was suggested in [1]. The latter proposed non-linear equation was not yet studied in the literature. We will start filling the emerged gap in this publication. After that we will take a look on some of the above mentioned well known equations. Then we will examine closely the new non-linear equation and find non-physical behaviour near the soft cut-off. We will suggest an improvement of the equation and present numerical results.

2 Equations

In this section we will shortly introduce equations of our interest.

2.1 The BFKL and the BK equations in momentum space

Figure 1: Diagramatic representation of the BK equation in momentum space.

The BK equation in the momentum space, written for the gluon Green function, includes the BFKL equation and a non-linear term with a minus sign in a form of convolution of two gluon Green functions f(Y, k, q). The gluon Green function depends on the rapidity Y and two transversal momenta k and q. The non-linear term can be diagramaticaly represented as a merging of the BFKL ladder diagrams (figure 1). The BK equation reads [18, 19, 20] ∂f(Y, k, q) ∂Y = ᾱS π ∫ d^2k^′ (k − k^′)^2 { f(Y, k^′, q)

− 1 2 [ k^2 k^{′2} + (k − k^′)^2 + (q − k)^2 (q − k^′)^2 + (k − k^′)^2 ] f(Y, k, q) }

− ᾱS 2π ∫ d^2k^′f(Y, k, k^′)f(Y, k − k^′, q − k^′)

(1)

(ᾱS = NC αS /π). In the forward limit q → 0 and no impact parameter dependence approximations, the BK equation takes the form: ∂f(Y, k) ∂Y = ᾱS π ∫ d^2k^′ (k − k^′)^2 { f(Y, k^′) − k^2 k^{′2} + (k − k^′)^2 f(Y, k) }

− ᾱS 2π ∫ d^2k^′δ^{(2)}(k^′)f(Y, k)f(Y, k − k^′) . (2)

If the Green function grows beyond certain limit, the non-linear term causes a suppression of the growth, because of the negative sign and because of being effectively quadratic in the Green function. This suppression of the cross section was successfully shown in many publications [18].

The authors of [1] have shown how to resum the virtual corrections, included in the second term on the right hand side of the equation (2), and obtain this form of the BK equation

f(x, k^2) = f̃0(k^2) + ᾱS π 1∫ x dz z ΔR(z, k^2, μ) [ ∫ d^2q πq^2 θ(q^2 − μ^2)f(x/z, |k + q|^2)

−f^2(x/z, k^2) ] , (3)

where this time x is the momentum fraction of the proton carried by the parton, k is the partons transversal momentum. The function f̃0(k^2) is the initial condition of the equation. The integration q can be interpreted as the transversal momentum of the emitted parton and z can be interpreted as the momentum fraction of the mother parton carried by the recoiling parton. The Regge form factor ΔR(z, k^2, μ) = exp ( − ᾱS ln(1/z) ln(k^2/μ^2) ) includes now the resummed virtual corrections. A soft cut-off μ is introduced.

2.2 The CCFM equation

The CCFM equation reads

F(x, k, p) = F0(k) + ᾱS ∫ d^2q̄^′ q̄^{′2} 1− Q0|q̄′| ∫ x dz z F(x/z, k^′, |q̄^′|) × θ(p − z|q̄^′|)P(z, k, q)ΔS (p, z|q̄^′|, Q0) , (4)

with similar meaning of variables x, k, q and z as in the previous subsection 2.1 and F0(k) being now the initial condition. In addition the variable q̄ = q/(1 − z) = (k^′ − k)/(1 − z) and a new scale p characterising the hard scale or the maximum emission angle in the evolution are introduced. The Sudakov form factor ΔS (p, (zq̄)^2) reads

ΔS (p, z|q̄|, Q0) = exp ( − p2∫ (zq̄)2

d^2q^′ πq^{′2} 1− Q0|q′ | ∫ 0 dz^′ ᾱS 1 − z^′ ) (5)

and the Non-Sudakov form factor ΔNS (k^2, (zq̄)^2) is defined as

ΔNS (z, k^2, |q|) = exp ( − k2∫ (zq̄)2

dq^2 πq^2 1∫ z dz^′ ᾱS z^′ ) . (6)

The function P(z, k, q) is the gluon splitting function and in the original formulation and most of the literature [25, 29, 32] it takes this form P(z, k, q) = ΔNS (z, k^2, |q^′|) z + 1 1 − z . (7)

Note that the finite terms, those without of a pole in z = 0 or z = 1, from the full gluon splitting function are neglected. To study the small-x asymptotic usually the term 1/(1 − z) is neglected [32] P(z, k, q) = ΔNS (z, k^2, |q^′|) z . (8)

It turns out, that together with including the 1/(1 − z) term, it is important and interesting to include the finite terms. We will include the −2 term and split it between the 1/z and 1/(1 − z) term equaly as it was suggested in [36, 37]

P(z, k, q) = ΔNS (z, k^2, |q^′|) 1 − z z + z 1 − z . (9)

2.3 The KGBJS equation

We will follow the line of authors of [1] who suggested a non-linear extension of the CCFM equation (4) in this form

F̃(x, k, p) = F̃_0(k)

+ ᾱS ∫ d^2q̄^′ q̄^{′2} 1− Q0|q̄′| ∫ x dz z ( F̃(x/z, k^′, |q̄^′|) − δ(q̄^{′2} − k^2)(q̄^{′2})F̃^2(x/z, q̄^′, |q̄^′|) )

× θ(p − z|q̄^′|)P(z, k, q)ΔS (p, z|q̄^′|, Q0) .

(10)

An important comment is required about the upper limit in the z and z^′ integrals in (4) and (5). This upper limit regulates integrals with a pole in z, z^′ = 1. It is easy to see, that it also generates a limit on the value of the variable |q^′| > Q0/(1 − z) and also on the variable |q̄| > Q0/(1 − z). The latter limit is going to affect transversal momentum dependence of the solution of the KGBJS equation (10) near the soft scale |k| ∼ Q0. In case when Q0 < |k| < Q0/(1 − z) the non-linear term in the (10) will be equal to 0 rendering the solutions of the linear and the non-linear equations equal. For |k| = Q0 we thus have

F̃(x, Q_0, p) = F(x, Q_0, p) . (11)

This is not what we would intuitively expect from a gluon Green function with growth tamed by a non-linear correction. We are going to study properties of the solutions of the non-linear equation (10), but we suggest a modification which can give a more natural behaviour of its solution. We modify the argument of the delta function in the non-linear term

F̃_D(x, k, p) = F̃_0(k)+ᾱ_S ∫ d^2q̄^′ q̄^{′2} 1− Q0|q̄′ | ∫ x dz z ( F̃_D(x/z, k^′, |q̄^′|)

−δ ( q̄^{′2} − k^2/(1 − z)^2 ) (q̄^{′2})F̃^2_D (x/z, q̄^′, |q̄^′|) ) × θ(p − z|q̄^′|)P(z, k, q)ΔS (p, z|q̄^′|, Q0)

(12)

to shift its ’pole’ outside of the interval ( Q0, Q0/(1 − z) ) . 3 The CCFM – BFKL correspondence

A thorough analysis of the relation between the CCFM and the BFKL equations was studied in [32]. Here we are going to point out a very simple way from the CCFM to the BFKL equation.

Let us calculate the expressions for equations (5) and (6) in a case of constant ᾱS . After performing the integrals one arrives to these formulae (for z|q̄| > Q0/(1 − z)): ΔS (p, z|q̄|, Q0) = exp ( − ᾱS ln p z|q̄| ln z|q̄| p Q^2_0 ) (13) and ΔNS (z, k^2, |q|) = exp ( − ᾱS ln 1 z ln k^2 zq^2 ) . (14)

It would be useful now to see how these form factors are related to the Regge form factor which is the result of ressumation in the BFKL equation. The answer on the question gives a lot of insight into the different properties and ways of working of the CCFM and the BFKL equations.

The relation between the CCFM and the BFKL equations is not a simple small-x limit, but, understandably, includes it. The CCFM equation includes an extra scale p which sets the hard scale of the process – the maximal emission angle in the evolution. There is no such scale in the BFKL case – every emission sets a semihard scale. Intuition tells us to perform limits x → 0 =⇒ z → 0 =⇒ q̄ → q and set p → |q|. As a result we get ΔS (p, (z|q̄|, Q0)ΔNS (z, k^2, |q|)^{z→0}−−−−→_{p→|q|} ΔR(z, k^2, Q0) . (15) In addition θ(p−zq̄)^{z→0}−−−−→_{p→|q|} 1. By removing the 1/(1−z) term and dropping the q dependence

in the Green function, we obtain exactly the BFKL equation (the linear part of (3)) with μ = Q0.

One of advantages of the knowledge of the relation between the equations is, for example, a possibility to cross check their solutions against each other.

4 Numerical solutions of the equations: Discussion of the results

We solve the equations (4), (3), the BFKL equation and equations (10) and (12) by iteration on a lattice under certain additional conditions:

• We set the ᾱS = 0.2. The running αS case will be discussed in future studies.

• We will study the CCFM equation with and without the 1/(1−z) to estimate its importance and importance of the finite terms. We will choose different forms of the gluon splitting function listed in the section 2 (equations (7), (8) and (9)).

• We have written the CCFM equation with a form of the Non-Sudakov form factor (6) which requires a kinematical constraint to satisfy unitarity. We will thus require |q| < |k|/ √ z [32] in the CCFM kernel.

• We will also impose the kinematical constraint on the BFKL and BK equations and compare the results with unconstrained ones.

• We set the parameters μ = Q0 = 1 GeV .

• To mimic energy-momentum conservation we apply an upper limit on the q̄, q < √ stot integration. In this publication we choose √ stot ≃ (1 GeV /xmin). Where xmin is the minimal momentum fraction x for which we parametrise the solution of a given equation.

• We take the initial condition to be

f̃^0(k^2) = C^{in} |k| (16)

with Cin being a constant parameter. We set Cin = 0.1 for the BFKL and the BK equations and Cin = 0.5 for the CCFM and the KGBJS equations (in F0(k^2) and F̃0(k^2)).

In next we are going to discuss the results of the numerical calculations.

4.1 The BFKL, BK and BFKL with kinematical constraint

In the figure 2 we plot a solution of the BFKL equation compared with a solution of the BK equation for the same initial condition (in the beginning of the section 4). In the BK case we can see slowing down of the 1/x^λ growth of the BFKL Green function (on the left in the 2).

Note that the transversal momentum distribution (on the right in the 2) does not follow a simple power behaviour, but falls fast near the limit for the q integration √ stot = 10^4 GeV . The growth also slows down near the soft cut-off Q0 = 1 GeV .

In the figure 3 we compare the solutions of the BFKL equation without the kinematical constraint and with the kinematical constraint |q| < |k|/ √ z. We can see that the slope of the x distribution is now less steep and also the distribution starts to grow only at around x ∼ 10^{−1}. The latter is a consequence of reduction of the integration region over q for large z.

The k spectrum of the solution of the BFKL equation with the kinematical constraint follows approximately a power distribution ∼ 1/|k|. For |k| = √ stot the integration region over q is the same with and without the kinematical constraint. As a consequence the k distributions have to match for |k| = √ stot as seen in the plot in figure 3. Latter explains the sudden drop of the transversal momentum spectrum in the pure BFKL case, which, as we can now see, is a finite momentum effect.

The comparison of the kinematically constrained BFKL x and k spectra with similar distributions obtained by applying kinematical constraint on the BK equation in figure 3, show the same pattern as for unconstrained BFKL and BK solutions. The suppression effect by the non-linear term is smaller, because the magnitude of the Green function is also smaller. In addition we can see, that the finite momentum effects are suppressed.

In next we are going to compare our results only with the solutions of the kinematically constrained BFKL equation, since the BFKL without the kinematical constraint is not complete and since the constraint is applied also in the CCFM equation.

4.2 Different versions of the CCFM equation

In plots in the figure 5 we compare solutions of the CCFM equations which differ by choice of the splitting function.

It is important to study especially the behaviour of the solution of the CCFM with the splitting function with only terms singular in z = 0 and z = 1 (7). The most interesting is the x distribution. If we compare it with the x distribution of the solution of the CCFM equation with splitting function (8), it seems that the inclusion of the 1/(1 − z) term causes an enhancement in the small x region.

Let us do a careful analysis of what happens at z → 0 taking the splitting function (7). Let us calculate the Sudakov form factor with fixed p = |k| = Q0 = 1 GeV to see, that for fixed |q̄| it grows with z getting smaller: ΔS (1 GeV, z|q̄|, 1 GeV ) = exp ( − ᾱS ln 1 GeV z|q̄| ln z|q̄| 1 GeV ) = exp ( ᾱS ln^2 1 GeV z|q̄| ) . (17)

In the case of the 1/z term is the enhancement compensated by the Non-Sudakov form factor. In the case of the second term in splitting function (7) 1/(1−z) → 1, but there is no suppression by a Non-Sudakov form factor. Just by writing down an estimation of the contribution of the 1/(1 − z) term by the q̄ integral 1/ √ z ∫ 1 dq̄ q̄ exp ( ᾱS ln^2 1 z|q̄| ) (18)

we can clearly see that the integral over |q̄| is going to grow fast for small z and thus enhance the growth with x → 0.

From the above estimations we can conclude, that the finite terms in the gluon splitting function, which were considered to give subleading contributions, have to play a key role in cancelling the anomalous growth. Indeed, looking at the plots in figure 5, we can see that there is no significant small x enhancement, if we consider the splitting function (9). The term 1/(1 − z) turns into z/(1 − z) vanishes in the limit z → 0 effectively suppressing the growth.

However, what we observe is a small counter intuitive enhancement for small x even after including the finite term. For large x we see a suppression similar to the one observed for the BFKL with the kinematical constraint (figures 3 and 4).

The k distributions of CCFM solutions with (8) and (9) splitting functions have a similar slope. The slope is somehow steeper than the one of the kinematically constraint BFKL equation (figure 3 and 4) since it behaves like a power ∼ 1/|k|^{1.5} till it reaches the magnitude of the initial condition at around |k| ∼ 100 GeV .

The difference in the steepness of the slopes of the BFKL and the CCFM equations could be the origin of differences between various observables obtained from their Green functions, such as the diffusion pattern and angular correlations, studied in [39].

The p dependence

In the figure 8 we plot the p dependence of the the solution of the CCFM equation with the splitting function (9) for 3 different fixed values of x and k.

Each of the distributions in figure 8 peaks at p ≃ |k|. This is because when |k| ≃ p the biggest contribution to the integral on the right hand side of the CCFM equation comes from the region in which q̄ is small. One can explain the distributions using a simple physical picture. If p represents the hard scale in a form of transversal momentum, then in the case when p ≃ |k| the emitted transversal momentum |q| ≃ |q̄| is small and there is an enhancement by a factor 1/|q̄|. There is also phase space enhancement for the q̄ integration due to θ(p − z|q̄|) for p < |k| in the CCFM kernel (4). Due to the kinematical constraint there is no phase space enhancement for p > |k|, but only suppression by the Sudakov form factor which explains the fall of the Green function.

4.3 The KGBJS equation and its modifications

Let us look now at figures 6 and 7. It is better to look first on the k distributions. We observe the predicted matching of the CCFM and the KGBJS solution at |k| = Q0 = 1 GeV . For |k| > Q0 = 1 GeV there is a suppression in a form of a dip. The dip ’lasts’ up to value |k| ≃ 10 GeV . In the point |k| = Q0 = 1 GeV there is almost no difference between the x distributions of the CCFM and the KGBJS solutions. Different situation is in |k| = Q0 = 1.26 GeV where we observe similar suppression of growth as for the BK equation, figures 2 and 4.

All the observed effects are similar for both choices of the splitting function (8) and (9) (figures 6 and 7).

4.4 The modified KGBJS equation

In this subsection we are going to discuss the comparison of the solution of the CCFM equation (4) with our new modified KGBJS equation (12) both with the splitting function (9).

Let us take a look on the plots in the figure 9. We will first discuss the k distributions. We can see that the modification really breaks the condition (11), so the solutions of the linear equation and the non-linear equation are not equal at the soft cut-off Q0. We do not observe a formation of the dip as for the original KGBJS equation (figures 6 and 7). The behaviour of the suppression for small k is similar to the one generated by the BK equation (figures 2 and 4).

The natural behaviour of the solution of (12) is reflected also in the x distributions. The difference between x distribution of the CCFM and the non-linear equation gets smaller for |k| getting bigger.

We have also compared the p dependence of above mentioned solutions plotted in the figure 8. Except of suppression for the non-linear equation, which is getting smaller with bigger |k| and x, there is no significant difference in the p dependence of the solutions.

5 Summary and Conclusions

We have numerically solved the BFKL and the BK equations with and without the kinematical constraint. We have obtained solutions of different versions of the CCFM equation. We have also solved the KGBJS equation [1] and its different modifications.

We have studied the transversal momentum k and x distributions of the obtained solutions analytically and also numerically.

We confirm the previous suggestions to include finite terms into the gluon splitting function used in the CCFM equation and find their inclusion very important.

We find that solutions of the CCFM and the KGBJS equations match at the soft cut-off which implies no suppression in the point where the CCFM solution has the biggest magnitude.

We suggest a modification of the KGBJS equation which removes the non-physical behaviour of the solutions of the original equation near the soft cut-off. We demonstrate the improvement by a numerical solution of the modified equation.

The resulting suppression due to the non-linear term in the solution of the new equation (12) is a result of complicated interplay between values of the Green function in the small x and also large x phase space regions.

Although the investigation presented here shows, that it is not easy to find a natural model for a non-linear extension of the CCFM equation, we recommend the improved equation (12) to be a subject of more studies of inclusive and exclusive observables.

Acknowledgements

The author of this publication would like to thank Néstor Armesto and Carlos Salgado for giving him an opportunity to work in their group and Krzysztof Kutak, Guillaume Beuf and Hannes Jung for very useful and inspiring discussions.

References

[1] K. Kutak, Nonlinear extension of the CCFM equation, arXiv:1206.1223.

[2] K. Kutak, K. Golec-Biernat, S. Jadach, and M. Skrzypek, Nonlinear equation for coherent gluon emission, JHEP 1202 (2012) 117, [arXiv:1111.6928].

[3] V. S. Fadin, E. A. Kuraev, and L. N. Lipatov, On the Pomeranchuk singularity in asymptotically free theories, Phys. Lett. B60 (1975) 50–52.

[4] E. A. Kuraev, L. N. Lipatov, and V. S. Fadin, Multi - reggeon processes in the Yang-Mills theory, Sov. Phys. JETP 44 (1976) 443–450.

[5] E. A. Kuraev, L. N. Lipatov, and V. S. Fadin, Multi - reggeon processes in the nonabelian gauge theory, Sov. Phys. JETP 45 (1977) 199–204.

[6] I. I. Balitsky and L. N. Lipatov, The Pomeranchuk singularity in Quantum Chromodynamics, Sov. J. Nucl. Phys. 28 (1978) 822–829.

[7] H1 Collaboration Collaboration, F. Aaron et. al., Measurement of the Azimuthal Correlation between the most Forward Jet and the Scattered Positron in Deep-Inelastic Scattering at HERA, Eur.Phys.J. C72 (2012) 1910, [arXiv:1111.4227].

[8] M. Hentschinski, A. S. Vera, and C. Salas, The hard to soft Pomeron transition in small x DIS data using optimal renormalization, arXiv:1209.1353.

[9] G. Beuf, High-Energy Factorization and Evolution with Improved Kinematics, arXiv:1109.0547.

[10] G. Beuf, Gluon Saturation in QCD at High Energy: Beyond Leading Logarithms, AIP Conf.Proc. 1441 (2012) 217–219, [arXiv:1111.4440].

[11] V. S. Fadin and L. N. Lipatov, BFKL Pomeron in the next-to-leading approximation, Phys. Lett. B429 (1998) 127–134, [hep-ph/9802290].

[12] J. Bartels, A. Sabio Vera, and F. Schwennsen, NLO jet production in kT factorization, arXiv:0709.3249.

[13] A. H. Mueller, Parton distributions at very small x values, Nucl. Phys. Proc. Suppl. 18C (1991) 125–132.

[14] Y. V. Kovchegov, Small x F(2) structure function of a nucleus including multiple pomeron exchanges, Phys.Rev. D60 (1999) 034008, [hep-ph/9901281].

[15] Y. V. Kovchegov, Unitarization of the BFKL pomeron on a nucleus, Phys.Rev. D61 (2000) 074018, [hep-ph/9905214].

[16] I. Balitsky, Operator expansion for high-energy scattering, Nucl.Phys. B463 (1996) 99–160, [hep-ph/9509348].

[17] K. J. Golec-Biernat, L. Motyka, and A. Stasto, Diffusion into infrared and unitarization of the BFKL pomeron, Phys.Rev. D65 (2002) 074037, [hep-ph/0110325].

[18] C. Marquet and G. Soyez, The Balitsky-Kovchegov equation in full momentum space, Nucl.Phys. A760 (2005) 208–222, [hep-ph/0504080].

[19] K. Kutak, Gluon saturation and entropy production in proton proton collisions, Phys.Lett.

B705 (2011) 217–221, [arXiv:1103.3654].

[20] E. Avsar, A. Stasto, D. Triantafyllopoulos, and D. Zaslavsky, Next-to-leading and resummed BFKL evolution with saturation boundary, JHEP 1110 (2011) 138, [arXiv:1107.1252].

[21] V. N. Gribov and L. N. Lipatov, Deep inelastic ep scattering in perturbation theory, Sov.

J. Nucl. Phys. 15 (1972) 438–450.

[22] L. N. Lipatov, The parton model and perturbation theory, Sov. J. Nucl. Phys. 20 (1975) 94–102.

[23] G. Altarelli and G. Parisi, Asymptotic freedom in parton language, Nucl. Phys. B126 (1977) 298.

[24] Y. L. Dokshitzer, Calculation of the structure functions for deep inelastic scattering and e^+e^− annihilation by perturbation theory in Quantum Chromodynamics. (in russian), Sov. Phys. JETP 46 (1977) 641–653.

[25] M. Ciafaloni, Coherence effects in initial jets at small q^2/s, Nucl. Phys. B296 (1988) 49. [26] S. Catani, F. Fiorani, and G. Marchesini, QCD coherence in initial state radiation, Phys.

Lett. B234 (1990) 339.

[27] S. Catani, F. Fiorani, and G. Marchesini, Small x behavior of initial state radiation in perturbative QCD, Nucl. Phys. B336 (1990) 18.

[28] G. Marchesini, QCD coherence in the structure function and associated distributions at small x, Nucl. Phys. B445 (1995) 49.

[29] H. Jung, The CCFM monte carlo generator CASCADE, Comput. Phys. Commun. 143 (2002) 100–111, [hep-ph/0109102].

[30] H. Jung and G. P. Salam, Hadronic final state predictions from CCFM: The hadron- level monte carlo generator CASCADE, Eur. Phys. J. C19 (2001) 351–360, [hep-ph/0012143].

[31] H. Jung, S. Baranov, M. Deak, A. Grebenyuk, F. Hautmann, et. al., The CCFM Monte Carlo generator CASCADE version 2.2.03, Eur.Phys.J. C70 (2010) 1237–1249, [arXiv:1008.0152].

[32] E. Avsar and E. Iancu, CCFM Evolution with Unitarity Corrections, Nucl. Phys. A829 (2009) 31–75, [arXiv:0906.2683].

[33] E. Avsar and A. M. Stasto, Non-linear evolution in CCFM: The Interplay between coherence and saturation, JHEP 1006 (2010) 112, [arXiv:1005.5153].

[34] C. Flensburg, G. Gustafson, and L. Lonnblad, Inclusive and Exclusive Observables from Dipoles in High Energy Collisions, JHEP 1108 (2011) 103, [arXiv:1103.4321].

[35] K. Kutak, Resummation in nonlinear equation for high energy factorisable gluon density and its extension to include coherence, arXiv:1206.5757.

[36] Small x Collaboration, B. Andersson et. al., Small x phenomenology: Summary and status, Eur. Phys. J. C25 (2002) 77–101, [hep-ph/0204115].

[37] H. Jung, k(t) factorization and CCFM: The Solution for describing the hadronic final states: Everywhere?, Mod.Phys.Lett. A19 (2004) 1–18, [hep-ph/0311249].

[38] M. Hansson and H. Jung, Status of CCFM: Un-integrated gluon densities, hep-ph/0309009.

[39] G. Chachamis, M. Deak, A. Vera, and P. Stephens, A Comparative study of small x Monte Carlos with and without QCD coherence effects, Nucl.Phys. B849 (2011) 28–44, [arXiv:1102.1890].

Figure 2: The x and k distributions for BK – red dashed line and BFKL – blue solid line.

Figure 3: The x and k distributions for BFKL – blue solid line and BFKL with the kinematical constraint – red dashed line.

Figure 4: The x and k distributions for BK – black dashed line and BFKL – red solid line with the kinematical constraint.

Figure 5: The x and k distributions of different versions of the CCFM equation. The lines correspond to the CCFM equation with the splitting function: (7) – black dashed line, (8) – blue dotted line and (9) – solid red line.

Figure 6: The x and k distributions of different versions of the CCFM equation – the solid black line compared with the KGBJS equation (10) – the blue dashed line. Both of them with the splitting function (9).

Figure 7: The x and k distributions of different versions of the CCFM equation – the solid black line compared with the KGBJS equation (10) – the blue dashed line. Both of them with the splitting function (8).

Figure 8: The p dependence of the solution of the CCFM equation – the black solid line – compared with the modified KGBJS equation (12) – the blue dashed line. For fixed x and k with the splitting function (9).

Figure 9: The x and k distributions of different versions of the CCFM equation – the solid black line – compared with the modified KGBJS equation (12) – the blue dashed line. Both of them with the splitting function (9).