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LOW x QCD AND PENETRATIONOF ULTRAHIGH ENERGY NEUTRINOSTHROUGH THE EARTH�J. Kwie
inskia;b, A.D. Martinb and A.M. Stastoa;ba H. Niewodni
zanski Institute of Nu
lear Physi
sRadzikowskiego 152, 31-342 Krakow, Polandb Department of Physi
s, University of DurhamDurham, DH1 3LE, England(Re
eived O
tober 26, 1999)In this talk we present a 
al
ulation for the 
ross se
tions for neutrinointera
tion with the nu
leon. Parton distributions are 
al
ulated using theuni�ed BFKL/DGLAP formalism whi
h embodies also important sublead-ing ln 1=x e�e
ts. It is shown that this 
al
ulation is 
onsistent with theother based on GRV and CTEQ parton distributions up to 40% for thehighest energies: � 1012GeV. We also 
al
ulate the attenuation of neutri-nos on their way through the Earth to the dete
tor. We solve the transportequation whi
h also embodies the regeneration due to neutral 
urrent inter-a
tions besides attenuation. We present the results for di�erent angles and�uxes originating from di�erent sour
es like a
tive gala
ti
 nu
lei, gammaray bursts and top�down models.PACS numbers: 13.15.+g, 12.38.Bx, 13.60.Hb1. Introdu
tionThe penetration of ultrahigh energy neutrinos through the earth 
an bestrongly a�e
ted by the in
rease of the neutrino�nu
leon intera
tions withmatter. It has been shown [1, 2℄ that the in
rease of the 
ross se
tion atthe energies of 1012 GeV 
auses that the Earth be
omes opaque to theseneutrinos. Clearly the attenuation rate strongly depends on the partondistributions inside the nu
leon espe
ially at low values of Bjorken x. Thishappens be
ause at high energies (up to 1012 GeV) one probes very smallvalues of x. x � M2W2Mp� � 10�8 ; (1)� Presented at the XXXIX Cra
ow S
hool of Theoreti
al Physi
s, Zakopane, Poland,May 29�June 8, 1999. (3763)



3764 J. Kwie
inski, A.D. Martin, A.M. Stastowhere � is the energy of the ex
hanged ve
tor-boson in the frame where nu-
leon is at rest and MW and Mp are the W and proton masses 
orrespond-ingly. The present region explored by HERA extends at most to 10�5 inBjorken x at quite small values of Q2 � 1GeV2. Therefore one 
an questionwhether it is satisfa
tory to use the standard parton distributions withoutpossible novel ln 1=x e�e
ts at the region of very low values of Bjorken x.We propose to use the so 
alled BFKL/DGLAP uni�ed evolution equationsystem [3℄ where all the ln 1=x resummation has been taken into a

ountand treated on equal footing with the lnQ2 e�e
ts. Additionally we have in-
luded very important subleading e�e
ts in ln 1=x by imposing the so 
alled
onsisten
y 
onstraint [4, 5℄ whi
h limits the virtualities of the ex
hangedgluon momenta in the ladder to their transverse parts.We then used the 
al
ulated parton distributions as the input to thetransport equation [6, 7℄ for the neutrino �ux. This equation 
ontains theregular attenuation term as well as the regeneration term due to neutral 
ur-rent intera
tion. Neutrinos whi
h intera
t via Z ex
hange at higher energywill pile up at lower energies and give rise to the �ux.We have solved this equation for di�erent in
ident angles as well as fordi�erent models for the �uxes. We 
onsider neutrino �uxes 
orresponding toa
tive gala
ti
 nu
lei, gamma ray bursts and the top�down models, togetherwith atmospheri
 neutrino ba
kground. For details of the 
al
ulation see [8℄.2. Parton distributions at small xWe 
onsider here the usual deep inelasti
 lepton�hadron s
attering pro-
ess lN ! l0X where l; l0 is the in
oming and the outgoing lepton 
orre-spondingly, N is the nu
leon and X is the arbitrary hadroni
 �nal state.We use standard DIS variables, Q2 = �q2 the squared four-momentum ofthe ex
hanged gauge boson, and the s
aling variable x = Q2=2p � q, where pis the four momentum of the in
oming nu
leon.We shall start at �rst with the BFKL equation in the leading order[9℄ whi
h is an evolution equation for the unintegrated gluon distributionfun
tion f(x; k2),f(x; k2) = f (0)(x; k2) + �Sk2 1Zx dzz Z dk02k02�(f(x=z; k02)� f(x=z; k2)jk02 � k2j + f(x=z; k2)[4k04 + k4℄ 12 ) ; (2)where �S = N
�S=� and k = kT ; k0 = k0T denote the transverse momentaof the gluons, see Fig. 1. The term in the integrand 
ontaining f(x=z; k02)
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Fig. 1. Diagrammati
 representation of the kT -fa
torization formula. At lowestorder in �S the gauge boson�gluon fusion pro
esses, V g ! q�q, are given by thequark box shown (together with the 
rossed box). The variables � and k denotethe transverse momenta of the indi
ated virtual parti
les.
orresponds to real gluon emission, whereas the terms involving f(x=z; k2)represent the virtual 
ontributions and lead to the Reggeization of the t-
hannel ex
hanged gluons. The inhomogeneous driving term f (0) is the inputfun
tion and it will be spe
i�ed later. If we de�ne the Mellin transform tobe: ~f! = 1Z0 dxx!f(x) (3)then the leading order BFKL equation performs the summation of the (�s! )nterms in the anomalous dimension expansion for the gluon. The solution ofthe LO BFKL equation for �xed �S gives a QCD or hard pomeron withinter
ept �(0) = 1 + � with � = �S4 ln 2. The ln(1=x) resummation hasre
ently been 
arried out [10℄ at next-to-leading order (NLO). It is found togive a very large O(�2S) 
orre
tion to �� ' �S 4 ln 2(1� 6�S); (4)whi
h implies that the NLO approximation is unreliable for realisti
 valuesof �S .
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inski, A.D. Martin, A.M. StastoRather we must use a formalism whi
h 
ontains an estimate of an all-order resummation. Clearly it would be desirable to identify physi
al e�e
tswhi
h 
ould be resummed to all orders and whi
h at the same time yield aNLO value of � that is 
omparable to (4). As it happens the imposition ofthe 
onsisten
y 
onstraint [4, 5℄ k02 < k2z (5)on the real gluon emission term gives just su
h an e�e
t. The origin of the
onstraint is the requirement that the virtuality of the ex
hanged gluon isdominated by its transverse momentum jk02j ' k02T . For 
larity we haverestored the subs
ript T in this equation.If 
ondition (5) is imposed on the BFKL equation it 
an be still solvedanalyti
ally. The result is an all-order e�e
t, whi
h at NLO gives the largemodi�
ation � ' �S 4 ln 2(1 � 4:2�S) (6)of the LO value. However it is found that the all-order 
orre
tion is a mu
hmilder modi�
ation, although still signi�
ant. A related result 
an be foundin Ref. [11℄. It 
an be shown that the imposition of this 
onstraint results inthe resummation of the major part of the subleading ln 1=x terms . We 
antherefore make the BFKL equation (2) for the gluon mu
h more realisti
 byimposing the 
onsisten
y 
ondition (5), as well as by allowing the 
oupling�S to run whi
h is also a subleading e�e
t.Moreover we 
an extend its validity to 
over the full range of x. To dothis we note that the BFKL equation embodies the important double leadinglog part of DGLAP evolution whi
h is driven just by the singular 1=z partof the splitting fun
tion Pgg. To obtain a reliable des
ription throughout thefull x range (and not just at small x) we must in
lude the remaining termsin Pgg, together with the quark to gluon transitions. We also introdu
e inEq. (2) the parameter k20 (k20 ' 1GeV2) whi
h divides the non-perturbative(k02 < k20) from the perturbative (k02 > k20) region. Finally we note that the
ontribution from the infrared region k02 < k20 in (2) may be expressed [3℄ interms of the integrated gluon distribution at s
ale k20 , that is g(x; k20). Allthe above modi�
ations of (2) are en
apsulated in a uni�ed BFKL/DGLAPequation of the formf(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=;



Low x QCD and Penetration of Ultrahigh Energy Neutrinos : : : 3767+�S(k2) 1Zx dzz �z6Pgg(z) � 1� k2Zk20 dk02k02 f �xz ; k02�+�S(k2)2� 1Zx dzPgq(z)� �xz ; k2� : (7)Now the driving term has the form~f (0)(x; k2) = �S(k2)2� 1Zx dzPgg(z)xz g �xz ; k20� : (8)It is important to note that (7) only involves f(x; k2) in the perturbativeregion k2 > k20. The input (8) is provided by the 
onventional gluon at s
alek20 , just as in pure DGLAP evolution.The last term in (7) is the 
ontribution of the singlet quark distributionto the gluon, with � =Xq x(q + �q) =Xq (Sq + Vq) ; (9)where S and V denote the sea and valen
e quark momentum distributions.The gluon, in turn, helps to drive the sea quark distribution through theg ! q�q transition. Thus equation (7) has to be solved simultaneously withan equivalent equation for �(x; k2).In order to 
al
ulate the quark distribution and the stru
ture fun
tionwe use the high energy or kT fa
torization formula [12℄ of the following form,Sq(x;Q2) = 1Zx dzz Z dk2k2 Sqbox(z; k2; Q2)f �xz ; k2� ; (10)where Sbox des
ribes the quark box (and 
rossed-box) 
ontribution shownin Fig. 1 and 
an be interpreted as a partoni
 stru
ture fun
tion. The exa
tformulae for the Sqbox read:Sboxq (z; k2; Q2) = Q24�2k2 1Z0 d�Z d2�0�S ([�2 + (1� �)2℄� �D1q � �� kD2q �2+ [m2q + 4Q2�2(1� �)2℄ 1D1q � 1D2q�2) Æ(z � z0) ; (11)
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inski, A.D. Martin, A.M. Stastowhere �0 = �� (1� �)k andD1q = �2 + �(1� �)Q2 +m2q ;D2q = (�� k)2 + �(1� �)Q2 +m2q ;z0 = "1 + �02 +m2q�(1� �)Q2 + k2Q2#�1 : (12)We have to spe
ify the input fun
tion for the quark distribution when themomenta of the quarks and gluons are below the 
uto� k20. After this ourfull equation for the quark distribution is as follows:�(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� ; (13)where a = (1 + 4m2q=Q2)�1 and V = x(uv + dv). We have separated o�the non-perturbative 
ontributions. Snon�p is the 
ontribution from theregion k2; �02 < k20 and the next term is the 
ontribution from the regionk2 < k20 < �02. An S ! S 
ontribution (from the light u; d; s quarks) is alsoin
luded. For the light u; d; s quarks Sboxq (z; k02 = 0; k2) in (13) is de�nedwith the �02 integration restri
ted to the region �02 > k20 .Equations (7) and (13) form a set of 
oupled integral equations for theunknown fun
tions f(x; k2) and �(x; k2). We solve them assuming simpleparametri
 form of the inputs:xg(x; k20) = N(1� x)� ;Snon�p(x) = Cp(1� x)8x�0:08 : (14)We have �xed the free parameters by �tting the resulting stru
ture fun
tionsto the HERA data [3℄. The resulting parton distributions will be extrapo-lated in order to estimate the 
ross se
tion for the neutrino intera
tion at
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Fig. 2. The total �N 
harged 
urrent 
ross se
tion and its de
omposition into
omponents of di�erent origin as a fun
tion of the laboratory neutrino energy.very high energies. We 
al
ulate the 
ross se
tions from the usual formulausing the results of our uni�ed 
oupled evolution equations,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)� ; (15)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 a

ording to whether we are 
al
ulating 
harged 
urrent (CC)or neutral 
urrent (NC) neutrino intera
tions. We show the results for theneutrino�nu
leon 
ross se
tion in Fig. 2, where we have plotted the total
harged 
urrent 
ross se
tion and its de
omposition into di�erent ingredi-ents. The dominant 
ontribution at low energies (and 
orrespondingly forlarge values of Bjorken x) are of 
ourse valen
e quarks. For higher energiesE > 105GeV the light sea quarks start to dominate. The overall 
ontri-bution from bt quarks is small, it rea
hes however � 15% for the highest
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inski, A.D. Martin, A.M. Stastoenergies. We have 
ompared our 
al
ulation with the ones based on theordinary NLO DGLAP evolution [1,2,14℄ and we have found the agreementto be up to 40% for the highest possible energies. In this way the values ofthe 
ross se
tion for the ultrahigh energies have been strongly 
onstrained.3. Transport equationIn order to 
al
ulate the absorption of the neutrino �ux when penetrat-ing through the Earth we use the transport equation [6, 7℄. This equation
ontains the usual absorption term as well as the regeneration term. Theregeneration term originates from the simple fa
t that the neutrinos whi
hdo intera
t via neutral 
urrent will be removed from the spe
trum at higherenergies but will regenerate at lower energies. Both these e�e
ts are in
ludedin the following transport equation for the neutrino �ux I(E; �),dI(E; �)d� = ��TOT(E)I(E; �) + Z dy1� y d�NC(E0; y)dy I(E0; �) ; (16)where �TOT = �CC + �NC and where y is, as usual, the fra
tional energyloss su
h that E0 = E1� y : (17)The variable � is the number density of nu
leons n integrated along a pathof length z through the Earth� = zZ0 dz0n(z0) : (18)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. Clearly the number of nu
leons � en
ountered along the path zdepends upon the nadir angle � between the normal to the Earth's surfa
e(passing through the dete
tor) and the dire
tion of the neutrino beam in
i-dent on the dete
tor. For example � = 0Æ 
orresponds to a beam transversingthe diameter of the Earth. To 
ompute the variation of � with the angle �we need to know the density pro�le of the Earth. We use the preliminaryEarth model [13℄. We have solved this equation for di�erent �uxes and fordi�erent in
ident angles, and studied the e�e
t of the regeneration term. InFig. 3 we show the shadowing fa
tor whi
h is de�ned to be,S(E; �) = I(E; �)I0(E) ; (19)where I0(E) = I(E; �) is the initial �ux at the surfa
e of the Earth. Weobserve two main fa
ts:
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Energy Eν [GeV]Fig. 3. The shadowing fa
tor S of (19) for two di�erent initial neutrino �uxesin
ident at three di�erent nadir angles on a dete
tor. The angle � = 0Æ 
orrespondsto penetration right through the Earth's diameter. The two 
urves on ea
h plotshow the shadowing fa
tor with and without NC regeneration in
luded.� �rst: for small nadir angles the e�e
t of absorbtion is very large espe-
ially for large energies, this will lead to the de
rease of the number ofarriving neutrinos at the dete
tor.� se
ond: the regeneration term for the �ux from a
tive gala
ti
 nu
lei ismu
h more important than for the atmospheri
 neutrino ba
kground.
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inski, A.D. Martin, A.M. StastoThis is 
onne
ted with the fa
t that the regeneration is more importantfor �at �uxes, su
h as AGN �uxes than for the steeply falling �ux likethe atmospheri
 one. In Fig. 4 and 5 we show the results for the a
-tive gala
ti
 nu
lei �uxes [16�18℄, gamma ray burst [19℄ and the sampletop�down model [20℄ together with the atmospheri
 neutrinos ba
kground[15℄ for di�erent nadir angles. One 
an observe that the absorbtion is indeedvery strong for energies above 108GeV.
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Eν [GeV]Fig. 5. As for Fig. 4, but showing neutrino �uxes from gamma ray bursts and froma top�down model.All the �uxes are given for muon neutrinos.4. Con
lusionsWe have 
al
ulated the 
ross se
tion for the ultrahigh energy neutrino in-tera
tions with nu
leons using the uni�ed BFKL/DGLAP framework. Thissystem of evolution equations treats the leading lnQ2 and ln 1=x on equalfooting. The important subleading e�e
ts have been resummed via 
onsis-ten
y 
onstraint. Su
h pro
edure gives mu
h more reliable results for thegluon density than the LO BFKL equation. The results have been 
om-pared with the ones based on standard DGLAP evolution with the CTEQand GRV parton distributions. They all agree very well up to 40% for the



3774 J. Kwie
inski, A.D. Martin, A.M. Stastohighest energies. Therefore we were able to diminish the un
ertainty of the
ross se
tion 
al
ulation. Next we have used the parton distributions ob-tained from the uni�ed BFKL/DGLAP system as an input to the transportequation. We have solved this equation for di�erent �uxes su
h as a
tivegala
ti
 nu
lei, gamma ray bursts and top�down models for various in
identangles. We have showed that the regeneration term 
an be very importantfor large depth lengths and for �at �uxes. Due to large values of the 
rossse
tions the attenuation e�e
ts redu
e the �uxes of ultrahigh energy neutri-nos parti
ularly at small nadir angles. Nevertheless there is a window for theobservation of AGN by km3 underground dete
tors of the energeti
 de
aymuons. We have found that the AGN �ux ex
eeds the atmospheri
 neutrinoba
kground for neutrinos energies E >� 105 GeV. One should note howeverthat the muon rates observed at the dete
tors will be enhan
ed for large
ross se
tions at high energies. Therefore the whole simulation of the pro-
ess beginning from the neutrino �ux at the surfa
e to the muon dete
tionis needed.This resear
h has been supported in part by the Polish State Commit-tee for S
ienti�
 Resear
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