
Pis'ma v ZhETF, vol. 96, iss. 8, pp. 607 { 610 c 2012 October 25�� ������ ������������������� ����� ��������������� �������������°®¥ª² ���� #09-02-00741Physics of non-Abelian matter in high energy hadronic and nuclearcollisionsI.M.Dremin+, A.V. Leonidov+�+Lebedev Physical Institute of the RAS, 119991 Moscow, Russia�Alikhanov Institute of Theoretical and Experimental Physics, 117218 Moscow, RussiaSubmitted 27 September 2012A brief review of the recent studies of the properties of dense non-abelian matter is given. A particularemphasis is made on collective e�ects such as Cherenkov gluon radiation, ridge structure in proton-protoncollisions and modi�cation of QCD cascades in dense matter.1. Introduction. The present mini-review is de-voted to results obtained in the course of working in theframework of the RFBR grant 09-02-00741-a and pub-lished in [1{14]. Our research was focused on the physicsof non-abelian matter created in high energy hadronicand nuclear collisions. Most of the results obtainedare covered in the detailed review paper [1]. Below weshall touch upon several most important topics includingthe generic formulation of the equations of in-mediumQCD [2, 3], physics of gluon Cherenkov radiation [4{7],ridge pattern in high multiplicity proton-proton colli-sions [10, 11] and role of multiple parton interactions inproton-proton interactions [12].2. Dense non-Abelian matter in high energycollisions. 2.1. In-medium QCD. To describe collectiveproperties of quark-gluon medium such as Cherenkovgluon radiation [4{7] or the wake [13] it is convenient tointroduce e�ective equations of motion for in-mediumQCD [2, 3] (see also an appendix in [7])divDa � gfabcAbDc = �a;curlBa � @Da@t � gfabc(�bDc + [AbBc]) = ja; (1)where generically Da = �abEb corresponding to a linearresponse of a medium to an applied external chromoelec-tric �eld Ea parametrized by the chromoelectric permit-tivity tensor �ab. In most applications considered below,with an exception of color rainbow phenomenon consid-ered in the next paragraph, we shall make the simplestassumption of color-diagonal linear response �ab = ��ab.Properties of quark-gluon medium were consideredin the framework of equations of in-medium QCD. In

the linear reponse approximation a notion of chromop-ermittivity was introduced. The properties of eigen-modes of the system were studied. It was shown thatat large energies there apppears an instability. Proper-ties of Cherenkov gluon radiation were discussed. Theresult has been published.2.2. Cherenkov gluon radiation. A large body of re-search conducted in the framework of the project wasdevoted to the physics of Cherenkov gluon radiation.In the simplest case of color-diagonal frequency-dependent chromopermittivity �ab(!) = �(!)�ab theCherenkov energy loss of colored probe moving with thevelocity v calculated from the linearized equations (1)readsdEdl = 4��SCR Z !d! �1� 1v2�(!)��[v2�(!)� 1];(2)where CR is a corresponding Casimir invariant.The formula (2) can be generalized in several ways[1, 5, 7].The �rst generalization considered in [1] takes intoaccount the nontrivial tensor structure of the permittiv-ity �ab. Generically �ab is a symmetric tensor, �ab = �ba,with the equal diagonal �(d) and o�-diagonal �(o) com-ponents. Then it is easy to show that diagonalization of�ab leads to the following eigenvalues:�(1) � �� = �(d) + 2�(o);�(2);��� ;(N2c�1) � ��� = �(d) � �(o); (3)�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 7 { 8 2012 607



608 I.M.Dremin, A.V. Leonidovso that one gets, again for the linearized Yang{Millsequations (1), a Cherenkov color rainbow with radiationat two Cherenkov anglescos �� = 1vp�(d) + 2�(o) ; cos ��� = 1vp�(d) � �(o) :(4)Another important feature that has to be taken intoaccount is the absorption in the medium leading tononzero imaginary part of the chromopermittivity. Thedi�erential energy loss due to the Cherenkov radiationgeneralizing that corresponding to (2) to the case of com-plex permittivity �(!) = �1(!) + i�2(!) reads [5]:dWdld!d�d cos � = 4�SCR� cos �(1� cos2 �)�(!)[cos2 � � �(!)]2 + �2(!) ; (5)where�(!) = �1(!)�21(!) + �22(!) ; �(!) = �2(!)�21(!) + �22(!) : (6)In [5] it was shown that equation (5), together with tak-ing into account rescattering of Cherenkov glue in thehot dense matter, allows to reproduce the pattern ofaway-side correlations observed at RHIC, see Fig. 1.

Fig. 1. Associated azimuthal correlations at STAR: cir-cles { experiment, triangles { theory ("1 = 5:4; "2 = 0:7;�? = 0:7GeV/s)A full quantum picture of the in-medium QCD wasconsidered in [7]. In particular, a quantum calculation ofthe rate of Cherenkov gluon radiation of gluon currentsg!g~g(!jE) generalizing that corresponding to (1) leadsto the following rate of Cherenkov gluon production bygluon current:g!g~g = �sNc�1� 1"��1� !E � "� 14 !2E2�� (7)

"1+12  "+ "+ 11� !E + "�1� !E �2! !2E2 + ("+ 1)28 �1� !E �2 !4E4# ;where g denotes a usual gluon and ~g a Cherenkovone. Another inherently non-Abelian process related toCherenkov gluons considered in [7] is of the gluon decayinto two Cherenkov gluons g!~g~g . The correspondingrate reads:g!~g~g(!jE) = �sNc2 "1��p"� "� 12p" E!�2#�� "1 + " !2E2 + !2E2(1� !E )2++ " 1� "� 12" 11� !E + !2E21� !E !235 : (8)It was argued, in particular, that double Cherenkov de-cay provides another possibility of explaining the two-humped away-side structure observed at RHIC.Another interesting manifestation of the physics ofCherenkov gluons is their possible role in generating theexperimentally observed asymmetry of dilepton massspectra in the vicinity of rho meson [4]. The correspond-ing formula for the dilepton spectrum reads:dNlldM = A(m2r �M2)2 +M2�2 �� �1 + wrm2r �M2M2 �(mr �M)� ; (9)where M is the dilepton mass and mr is the resonancemass. The �rst term corresponds to the ordinary Breit{Wigner cross section, while the origin of the second oneis in coherent Cherenkov response of the medium pro-portional to the real part of the scattering amplitude.The theoretical spectrum (9) provides a good descrip-tion of the experimental data, see Fig. 2.2.3. In-medium QCD cascades. One of the mostimportant issues in the physics of multiparticle pro-duction in high energy nuclear collisions is understand-ing the modi�cations of QCD jets as compared to thewell understood reference case of pp collisions or e+e�-annihilation. The main idea of the mechanism of suchmodi�cation suggested in [8, 9] is a disruption of angu-lar ordering for that part of gluon cascade that evolvesinside the dense and hot zone treated in ultrarelativisticheavy ion collisions, see Fig. 3. To analyze the physicalconsequences of such a picture a Monte-Carlo programexplicitly tracking the times at which cascade branch-ings occur was developed. The corresponding space-time�¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 7 { 8 2012
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Fig. 2. Modi�ed spectrum of dileptons in semi-central colli-sions In(158AGeV)-In for NA60 (points) compared to the�-meson peak in the medium with additional Cherenkovcontribution (dashed line)

Fig. 3. In-medium QCD cascadepicture is based on taking into account the lifetimes ofparent gluons � = E �1=Q2 � 1=Q2par� ; (10)where Q2par and Q2 are virtualities of the parent anddaughter partons respectively and E is an energy of thedaughter parton. The e�ects of disruption of angularordering and non-radiative energy losses in QCD jets inthe dense non-abelian medium of �nite size formed inultrarelativistic heavy ion collisions at the LHC energyturned out to be quite substantial. It was shown, inparticular, that the considered e�ects lead to signi�cantmodi�cations of the spectra of produced particles, seeFig. 4.2.4. Ridge in proton-proton collisions. Two papers[10, 11] were devoted to the possible origins of the ridgee�ect in proton-proton collisions observed by the CMS

Fig. 4. (Color online) Distribution in rapidity P (y) of �nalprehadrons: L = 0 fm, full angular ordering, red, full line(1); L = 0:5 fm, partial angular ordering, green, dashedline (2); L = 5 fm, partial angular ordering, blue, dottedline (3)

Fig. 5. Comparison of the correlation function for experi-mental data (dots) and MC simulation (crosses)collaboration at LHC. The ridge e�ect manifests itselfin long-range two-particle rapidity correlations at zerorelative azimuthal deistance �� as seen in the experi-mentally measured correlation function C(��;��).In the analysis of [10] the common origin of suchnontrivial properties of the angular distributions andcorrelations of hadrons in the multiparticle productionprocesses at high energies at the LHC as the azimuthalasymmetry, ridge and acoplanarity, was attributed tothe general structure of the corresponding QCD matrixelements describing generic gluon radiation pattern.The study of [11] was focused on the possible nonper-turbative mechanisms leading to ridge-like angular cor-relations. In particular, it was shown that the soft mech-anism of multiparticle production by Lund hadronicstrings formed by constituent degrees of freedom of col-10 �¨±¼¬  ¢ ���� ²®¬ 96 ¢»¯. 7 { 8 2012



610 I.M.Dremin, A.V. Leonidovliding hadrons generates a shape of angular correlationssimilar to the ridge structure observed in proton-protoncollisions at the LHC albeit of somewhat lower inten-sity. The resulting pattern was found to be in qualitativeagreement with the experimental data, see Fig. 5.

Fig. 6. IPPI (dash-dotted line) �t of the CMS data on mul-tiplicity distribution in pp collisions at ps = 7 TeV2.5. Multiple parton interactions. One of the mostimportant aspects of the changes in the pattern of mul-tiparticle production at high energies is the growing roleof multiparton interactions. In the paper [12] multiplic-ity distributions of charged particles in proton-protoncollisions at Tevatron and LHC energies were studiedin the framework of the independent pair parton inter-action model (IPPI). The main equation of the IPPImodel readsP (n;m; k) = jmaxXj=1 wjPNBD(n; jm; jk); (11)

so that the probability of the n-particle production chan-nel is de�ned by the sum of NBDs with shifted maxima(jm) and larger widths (jk) for independent parton col-lisions weighted by their probabilitieswj . It was demon-strated that the model provides a very good descriptionof multiplicity distribution at LHC energies, see Fig. 6.A very important outcome of the analysis of [12] wasthat the number of soft pair parton interactions is largeand grows with energy.1. I.M. Dremin and A.V. Leonidov, Phys. Usp. 53, 1123(2011).2. I.M. Dremin, Phys. Atom. Nucl. 74, 487 (2011).3. I.M. Dremin, Nucl. Phys. A 862, 39 (2011).4. I.M. Dremin and V.A. Nechitailo, Int. J. Mod. Phys. A24, 1221 (2009).5. I.M. Dremin, M. R. Kirakosyan, A.V. Leonidov, andA.V. Vinogradov, Nucl. Phys. A 826, 190 (2009).6. I.M. Dremin, Phys. Atom. Nucl. 73, 657 (2010).7. M.N. AL�mov and A.V. Leonidov, Nucl. Phys. A 875,160 (2012).8. A.V. Leonidov and V.A. Nechitailo, Nucl. Phys. A 855,380 (2011).9. A.V. Leonidov and V.A. Nechitailo, Eur. Phys. J. C71, 1537 (2011).10. I.M. Dremin and V.T. Kim, JETP Lett. 92, 652 (2010).11. M.Yu. Azarkin, I.M. Dremin, and A.V. Leonidov, Mod.Phys. Lett. A 26, 963 (2011).12. I.M. Dremin and V.A. Nechitailo, Phys. Rev. D 84,034026 (2011).13. I.M. Dremin, Mod. Phys. Lett. A 25, 591 (2010).14. I.M. Dremin, G. Kh. Eyyubova, V. L. Korotkikh, andL. I. Sarycheva, Ind. J. of Phys. 85, 39 (2011).
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