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ULTRAHIGH ENERGY NEUTRINO PHYSICS�J. Kwieinskia, A.D. Martinb and A.M. Stastoaa H. Niewodniza«ski Institute of Nulear PhysisRadzikowskiego 152, Kraków, Polandb Department of Physis, University of DurhamDurham, DH1 3LE, United Kingdom(Reeived April 11, 2000)We disuss a problem onerning the ultrahigh energy neutrino propa-gation through the Earth. We present alulation of the neutrino�nuleonross setion at high energies, based on the uni�ed evolution equation atsmall x. We also show the solution of the transport equation for di�erentneutrino �uxes originating from ative galati nulei, gamma ray burstsand top-down model.PACS numbers: 13.15.+g 1. IntrodutionThe ultrahigh energy neutrino physis is an interdisiplinary subjetwhih an address many vital problems in astrophysis, partile physis andgeophysis, for a review see [1, 2℄. Neutrinos an traverse large distaneswithout being disturbed and thus give us important information about dis-tant astronomial objets like ative galati nulei or gamma ray bursts.The ultrahigh energy neutrinos an have energies up to 1012GeV, muhlarger than urrently aessible at present olliders, like HERA. At theseultrahigh energies the struture of nuleon is probed at very small values ofBjorken x. It means that we are possibly entering a region in whih partonshave large density. Therefore detailed knowledge of parton distribution fun-tion at very small x is vital to estimate the neutrino�nuleon ross setion.This ross setion rises strongly with energy and therefore neutrino propa-gation through the Earth an be a�eted by the inreased interation withmatter at these ultrahigh energies. Thus it is neessary to onsider the ef-fet of attenuation of high energy neutrinos while traversing the Earth. This� Presented at the Craow Epiphany Conferene on Neutrinos in Physis andAstrophysis, Craow, Poland, January 6�9, 2000.(1273)



1274 J. Kwiei«ski, A.D. Martin, A.M. Sta±tophenomenon ould be used as a possible method of the �Earth tomography�by neutrinos. All these topis will be studied at large neutrino telesopeslike AMANDA, NESTOR and ANTARES (for review see [3℄).In this paper we present a method of alulation the neutrino�nuleonross setion using gluon and quark distributions obtained from a uni�edevolution equation for small x [4℄. This equation embodies both DGLAPand BFKL evolutions on equal footing as well as important subleading ef-fets via onsisteny onstraint [5℄. This onstraint limits the virtualitiesof the exhanged gluon momenta in the ladder to their transverse ompo-nents. We then extrapolate the results to ultrahigh energies and omparethe preditions with the other, based on standard global parton analysis[1, 6℄.We use the resulting ross setion as an input to the transport equa-tion [7℄ for the neutrino �ux penetrating the Earth. We solve this equationfor di�erent inident angles as well as di�erent input neutrino �uxes origi-nating from ative galati nulei, gamma ray bursts and a sample top-downmodel.The details of the alulation has been presented elsewhere [8℄.2. Soures of ultrahigh energy neutrinosNeutrinos have the advantage that they are weakly interating with mat-ter and they are hardly absorbed when travelling along large distanes. Onthe other hand osmi rays are being absorbed through the following inter-ations:� pair prodution: CR + BR ! e+e�� inverse Compton sattering: eCR + BR ! e+ � photoprodution of pion: pCR + BR ! p+N�� nulei fragmentation by photo-pion interationsThese reations ause that the spetrum of the osmi rays has the GZKuto� [9℄ around 1019eV. Therefore neutrinos are the best andidates forsupplying information about distant objets. The possible soures of highlyenergeti neutrinos are:� ative galati nulei� gamma ray bursts� top-down models



Ultrahigh Energy Neutrino Physis 1275Ative galati nulei are the most powerful soures of radiation in the wholeUniverse. The engine of the AGN is the supermassive blak hole with massbillion times larger than the mass of the sun. Surrounding the blak holeis the aretion dis usually aompanied by two jets. The spetrum of theemitted photons spreads from radio waves to TeV energies. The jets are thesoures of the most energeti gamma rays, sine the partiles (eletrons andpossibly protons) are aelerated in blobs along the jets with Lorenz fator � 10. Eletrons loose energy via synhrotron radiation thus produingvery energeti photons. If protons are also aelerated then they an interatwith the ambient photons produing pions. Consequently strong �ux ofneutrinos will be produed [10�12℄.Gamma ray bursts are also very probable soures of neutrinos. Althoughthe underlying event of GRB's is not entirely known the present knowledge isonsistent that the bursts are produed as a relativistially expanding �reballwhih initial radius was around 100 km. The original state whih is opaqueto light expands in a relativisti shok with  � 300 to the point where itbeomes optially thin and produes intensive gamma ray spetrum. As inthe ase of AGN, the aeleration of protons an result in the produtionof neutrinos beause they will photoprodue pions and in the end neutrinoswill emerge [13℄.Top-down models are the most speulative senarios of produing neu-trino �uxes at ultrahigh energies. In these models one assumes that thepartiles are not aelerated but are rather produed as a result of the deayof the supermassive partiles Mx � 1014�1016GeV. These partiles ouldemerge as a deay of some topologial defets: superonduting strings ormagneti monopoles. The top-down models produe quite hard spetrum ofneutrinos extending beyond 1012GeV and they were proposed as a possiblesolution to the GZK uto� [14℄.3. Neutrino�nuleon ross setionThe dominant interation for neutrinos is the neutrino�nuleon intera-tion. It has the largest value of the ross setion, and is dominating overthe interation with eletrons. There is however one exeption: resonant Wprodution in ��e e� interation at E� = 6:4 � 105GeV. At this energy thisproess dominates by 2 orders of magnitude over other ontributions.The neutrino�nuleon interation an be visualised in Fig. 1. Here l isthe inoming neutrino of four momentum k and l0 is the outgoing neutrinoor harged lepton with four momentum k0. N is the target nuleon withfour momentum p and X is the arbitrary hadroni �nal state. This deepinelasti sattering proess an be desribed using two standard variables:q2 = �Q2 < 0 is the four momentum squared of the exhanged vetor boson,
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N XFig. 1. Deep inelasti satteringand x = Q22p�q is the standard Bjorken saling variable. At high energies (upto 1012 GeV), very small values of x an be probed beausex � M2V2MN� � 10�8 ; (1)where MV is the mass of the heavy vetor boson, MN is the nuleon massand � is the energy of the exhanged vetor boson. These are values ofx whih are not aessible at present eletron�proton olliders (for exampleHERA goes down to 10�5 at fairly low Q2). Therefore, a detailed knowledgeof parton distributions at these small values of x are required. We proposeto use the uni�ed BFKL/DGLAP evolution equation [4℄. We shall start at�rst with the pure leading order BFKL equation [15℄ for the unintegratedgluon distribution funtion f(x; k2) in the following form:f(x; k2) = f (0)(x; k2) + ��sk2 1Zx dzz Z dk02k02 (f �xz ; k02�� f �xz ; k2�jk02 � k2j+ f �xz ; k2�[4k04 + k4℄ 12 ) ; (2)where ��s = N�s=� and k = kT; k0 = k0T denote the transverse momenta ofthe gluons, see Fig. 2. The term in the integrand ontaining f(x=z; k02) orre-sponds to real gluon emission, whereas the terms involving f(x=z; k2) repre-sent the virtual ontributions and lead to the Reggeization of thet-hannel exhanged gluons. The inhomogeneous driving term f (0) is theinput funtion and will be spei�ed later. This is the leading order in



Ultrahigh Energy Neutrino Physis 1277ln(1=x) equation whih gives the very well known interept for the gluon� = ��s4 ln 2. The next to leading ontribution to the t-hannel exhange athigh energies has been already alulated [16℄. It yields however very largeorretion to the interept making it physially unreliable. It ourred, thatthe resummation of the subleading e�ets should be performed in order toget physially reliable results [17, 18℄. Di�erent forms of resummation hasbeen already proposed in the literature. It appears that the imposition ofthe onsisteny onstraint [5℄ whih limits the phase-spae available for thereal emission term provides with the partial resummation of the subleadinge�ets. This onstraint arises from the fat that in the high energy limit thevirtualities of the exhanged momenta are dominated by their transverseparts. By imposition of this onstraint one obtains nie physial piture inwhih the subleading e�ets are resummed by the limitation of the phasespae. The result for the gluon interept yields reasonable value whih isstable, i.e. does not beome negative. Seond improvement to the equation(2) is the inlusion of the DGLAP terms whih are important for large valuesof x and the overall normalisation of the resulting gluon distribution fun-tion. We do also inlude the quark driving term in Eq. (2). The resultingevolution equation for the gluon has the following form:f(x; k2) = ~f (0)(x; k2)+��s(k2)k2 1Zx dzz Zk20 dk02k02 8<:f �xz ; k02�� �k2z � k02�� f �xz ; k2�jk02 � k2j + f �xz ; k2�[4k04 + k4℄ 12 9=;+��s(k2) 1Zx dzz �z6Pgg(z)� 1� k2Zk20 dk02k02 f �xz ; k02�+ �s(k2)2� 1Zx dzPgq(z)� �xz ; k2� :(3)We speify the driving term in the following form:~f (0)(x; k2) = �s(k2)2� 1Zx dzPgg(z)xz g �xz ; k20� : (4)Let us note that the inhomogeneous term has been entirely spei�ed in termsof the standard integrated gluon distribution funtion at the infrared uto�k20 and that the BFKL/DGLAP evolution only takes plae above this uto�.The last term in Eq. (3) is the ontribution of the quark distribution to thegluon evolution � =Xq x(q + �q) =Xq (Sq + Vq) ; (5)



1278 J. Kwiei«ski, A.D. Martin, A.M. Sta±towhere S and V denote the sea and valene quark momentum distributions.The gluon, in turn, helps to drive the sea quark distribution through theg ! q�q transition. Thus equation (3) has to be solved simultaneously withan equivalent equation for�(x; k2). We use the kT fatorisation formula [19℄,see Fig. 2 as a basis for our evolution equation for the quark distribution.Sq(x;Q2) = 1Zx dzz Z dk2k2 Sqbox(z; k2; Q2)f �xz ; k2� ; (6)where Sbox desribes the quark box (and rossed-box) ontribution shown inFig. 2 and an be interpreted as a partoni struture funtion. It has been
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}Fig. 2. Diagrammati representation of the kT-fatorization formula. At lowestorder in �s the gauge boson�gluon fusion proesses, V g ! q�q, are given by thequark box shown (together with the rossed box). The variables �, k and k0 denotethe transverse momenta of the indiated virtual partiles.shown (see for example [20, 4℄) that the ln(1=x) e�ets are also resummedand play important role in the kT fatorisation presription. In order to getthe omplete set of evolution equations we also have to add quark�quarksplittings (whih are small numerially anyway) and the valene quarks,whih we take from the set of parametrisations. Thus our omplete equa-tion for the singlet quark distribution reads as follows:
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�(x; k2) = Snon�p(x) +Xq aZx dzz Sboxq (z; k02 = 0; k2)xz g �xz ; k20�+Xq 1Zk20 dk02k02 1Zx dzz Sboxq (z; k02; k2)f �xz ; k02�+ V (x; k2)+ k2Zk20 dk02k02 �s(k02)2� 1Zx dzPqq(z)Suds �xz ; k02� ; (7)where a = (1+4m2q=Q2)�1 and V = x(uv+dv). Equations (3) and (7) forma set of oupled integral equations for the unknown funtions f(x; k2) and�(x; k2). We solve them assuming simple parametri form of the inputs:xg(x; k20) = N(1� x)� ;Snon�p(x) = Cp(1� x)8x�0:08 : (8)We have used this set of oupled equations to alulate F2 struture fun-tion at HERA, and we have therefore �xed the values of the free parametersN; � and Cp. We then used the resulting parton distribution funtions inorder to alulate the neutrino�nuleon ross setion at high energies. Wealulate the ross setions from the usual formula:d2��;�dxdy = GFME� � M2iQ2 +M2i �2�1 + (1� y)22 F �2 (x;Q2)� y22 F �L(x;Q2)� y �1� y2� xF �3 (x;Q2)� ; (9)where GF is the Fermi oupling onstant, M is the proton mass, E is thelaboratory energy of the neutrino and y = Q2=xs. The mass Mi is eitherMW or MZ aording to whether we are alulating harged urrent (CC)or neutral urrent (NC) neutrino interations.Funtions F �2 , F �L and xF �3 are of ourse usual struture funtions whihan be alulated from the parton distribution funtions. In Fig. 3 we showthe plot of �(�N) as a funtion of energy of the neutrino E� . One observesstrong rise, nearly 8 deades with inreasing energy from 10 to 1012GeV.The shape of the urves up to 105 GeV is determined by the valene quarkswhereas beyond 106 GeV everything is driven by the sea quarks. One alsonotes that the harged urrent ontribution is dominating over the neutralurrent by fator 3.
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Fig. 3. The total �N ross setion and its deomposition into harged and neutralurrent ontributions as a funtion of the laboratory neutrino energy.4. Transport equationNeutrinos at ultrahigh energies an be quite strongly attenuated whentraversing the Earth. Apart from standard absorption neutrinos an undergoregeneration due to neutral urrent interations. Charged urrent intera-tions remove neutrinos from the �ux, but neutral urrent interation auseneutrinos to reappear at lower energies. These both e�ets an be alulatedusing the transport equation for the neutrino �ux I(E; �) proposed in [7℄:dI(E; �)d� = ��TOT(E)I(E; �) + Z dy1� y d�NC(E0; y)dy I(E0; �) ; (10)where �TOT = �CC + �NC and where y is, as usual, the frational energyloss suh that E0 = E1� y : (11)



Ultrahigh Energy Neutrino Physis 1281The variable � is the number density of nuleons n integrated along a pathof length z through the Earth�(z) = zZ0 dz0 n(z0): (12)The number density n(z) is de�ned as n(z) = NA �(z) where �(z) is thedensity of Earth along the neutrino path length z and NA is the Avogadronumber. The number of nuleons � enountered along the path z dependsupon the nadir angle � between the normal to the Earth's surfae (passingthrough the detetor) and the diretion of the neutrino beam inident onthe detetor.
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