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We calculate the cross sections for neutrino interactions @igtscalay nuclear targets in the energy domain
all the way up to 1& GeV. Smallx QCD effects are included by using a unified BFKL-DGLAP formalism
which embodies non-leading logdi.tontributions. The few free parameters which specify the input parton
distributions are determined by fitting to DESY HERA deep inelastic data. The attenuation of neutrinos
transversing the Earth at different nadir angles is calculated for a variety of energy spectra for neutrinos
originating from different sourcedrom active galactic nuclei, gamma ray bursts, top-down modatswell as
for atmospheric neutrinos. For this purpose we solve the transport equation which includes regeneration due to
neutral current neutrino interactions, in addition to attenuafi0556-282199)01409-3

PACS numbds): 13.15+4g, 12.38.Bx

I. INTRODUCTION In perturbative QCD it is expected that the gluon and
sea-quark distributions, and hence also the deep inelastic
The penetration of ultrahigh energy neutrinos through thescattering structure functions, should grow with the decreas-
Earth, with energie€ greater than 10 TeV or so, can be ing values of the parameter. This theoretical expectation
strongly affected by neutrino interactions with matter. This ishas been beautifully confirmed by the structure function
due to the increase of neutrino cross sections with energy. Aheasurements at HERR]. These measurements put impor-
these ultrahigh energies we have significant attenuation ahint constraints on parton distributions in the smxalégion
the neutrino fluxes on transversing through the Earth andorobed at HERA. In order to get predictions for the ultrahigh
indeed, complete absorption for energies above abouwnergy neutrino-nucleon cross sections one has to construct a
10° GeV or so, depending on the nadir angle of the neutringeliable extrapolation of the structure functions to the region
beam. Realistic estimates of these effects are crucial for presf very small values ok which is probed in these ultrahigh
dicting the number of neutrinos reaching the largelleTale  energy interactions. The existing extrapolations, which do
detectors after penetration through the Earth. Clearly thalso incorporate the constraints from the HERA data, are
magnitude of this ultrahigh energy neutrino flux has impor-based entirely on leading ord@rO) or next-to-leading order
tant implications for neutrino astronomy. For example, it is(NLO) Dokshitzer-Gribov-Lipatov-Altarelli-ParisiDGLAP)
hoped that the neutrino flux coming through the Earth willevolution [3—5]. This approximation may, however, be in-
point back to its active galactic nucl¢AGN) origin [1].  complete at lowk since it ignores the important resummation
Clearly the magnitude of the signal, and the ability of theof In(1/x) Balitzkij-Fadin-Kuraev-Lipatov{BFKL-)type ef-
Earth to reduce the background due to atmospheric neutrfects[6]. In this paper we wish to incorporate the QCD ex-
nos, are crucial in this exciting endeavor. pectations at low which will take these effects into account.
The inelastic interaction of neutrinos with nucleons is tra-To be precise we shall base our calculation of the neutrino
ditionally described by the QCD-improved parton model. Incross sections on the unified BFKL-DGLAP formalism
ultrahigh energy neutrino interactions we are probing a kinewhich incorporates both the In¢/ resummation and the
matical region which is not accessible in current collider ex-complete LO DGLAP evolutiori7]. Because of the size of
periments. To be precise the most powerful electron-protofhe NLO In(1k) contributions[8] one might question the
collider HERA at the DESY laboratory in Hamburg typically reliability of this procedure. However our framework makes
probes the regiox>10"* for Q*>10 Ge\?, whereas the it possible to resum dominant non-leading Ixjltontribu-
ultrahigh energy neutrino interactions can become sensitiveons to all orders. This has the important effect of stabilizing
to the domainx~10"2 and Q2~M\2N. Here, as usuak de-  the non-leading contribution and turns out to give a physi-
notes the Bjorken scaling variable a@d= —q?, whereqis  cally and phenomenologically acceptable suppression of the
the four momentum transfer between the leptons in the inLO BFKL behavior. In this way we should achieve the most
elastic scattering of a lepton on a nucleon. The Bjorken varireliable dynamically-motivated extrapolation to very lawo
ablex is defined ax=Q?/(2p-q) wherep denotes the four date, which incorporates all the relevant QCD expectations.
momentum of the nucleon. The calculated neutrino cross sections are then used as an
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input in transport equation describing the propagation of the o
neutrinos through the Eart®,10]. This equation will con- 71"_/ J_r‘
tain both the attenuation of the neutrino flux together with its box
regeneration through the neutral current interaction. Similiar © Fi
calculation which takes into account absorption and gives - 3
prediction for the muon rates has been performeflli. X, g g

The content of our paper is as follows. In the next section St
we discuss deep inelastic lepton-nucleon scattering atxlow x/z,k* 3 3
within the unified BFKL-DGLAP framework. In Sec. Il we SOTITTTITY
collect the relevant formulas needed for calculating the neu- S g fix k)
trino cross sections and present our numerical results for 3 3
these cross sections calculated within the unified BFKL-
DGLAP scheme. We also confront our predictions with re-
sults of calculations based on NLO DGLAP evolution. Sec-

tion 1V is devoted to the discussion of the transport equation

and its solution for the shadowing factor due to passage of FIG. 1. Diagrammatic representation of thefactorization for-

the neutrinos through the Earth. In Sec. V we present oumula(2). At lowest order inas the gauge boson-gluon fusion pro-

results concerning the changes of the initial fluxes with nadicessesyg—qq, are given by the quark box showtogether with

angle. We consider neutrino fluxes corresponding to activéhe crossed bgx The variablesc, k, andk’ denote the transverse

galactic nuclei, gamma ray bursts and the top-down modelspomenta of the indicated virtual particles.

together with atmospheric neutrino background. Finally in

Sec. VI we give our conclusions. The observable nucleon structure functidfisare given
in terms of the gluon distribution by thk; factorization

formula[15]
Il. DEEP INELASTIC SCATTERING AT LOW x

Ultrahigh energy neutrino-nucleon interactions probe val- Fi(x,Q%)= J' dzf dkzFbox (2,k2,Q%)f (f kz) )

ues of Bjorkenx which can be several orders of magnitude AR

smaller than those which are accessible at the present deep

inelastice p scattering experiments at HERA. Here, as usualwhere FbOX describes the subproce¥g—qq, see Fig. 1.

x=Q?2p-q whereQ?=—q?, with p denoting the nucleon Here the virtual gauge boséhmay be either a (describing

4-momentum andgj being the 4-momentum transfer betweenan electromagnetic deep inelastic scatterimga W= boson

the leptons in the deep-inelastic procéNs—1"X. (describing a charged current weak interactiona Z boson
At low values ofx we must consider log(#) effects. In  (describing a neutral current weak interacjiolihe proce-

Ref. [7] a formalism is presented which permits an extrapo-dure(1) and(2) automatically resums all the leading log(}L/

lation of parton distributions to very smal. Besides the contributions to the observablg .

leading order(LO) log(1k) resummation, the procedure in-  The solution of the LO BFKL equation for fixeds gives

corporates a major part of an all-order resummation. We outa QCD or hard pomeron with intercep(0)=1+\ with X

line the method below. We begin with the BFKL equation _ ;4 In2. The In(1X) resummation has recently been car-

[6] for the unintegrated gluon distributiof(x,k7), which  (jeq out[8] at next-to-leading ordefNLO). It is found to

performs the LO log(X) resummation. The equation has the give a very IargeO(as) correction to

form

A=ad In2(1-6ag), 3
f(x,k?) =10 (x,k?) o T :
which implies that the NLO approximation is unreliable for
_ 1dz [ dk'? | f(x/z,k'?) —f(x/z,k?) realistic values ofag. Rather we must use a formalism
+ad zf —J 2 K212 which contains an estimate of an all-order resummation.
Loy Clearly it would be desirable to identify physical effects
f(x/Z,k?) } which could be resummed to all orders and which at the

) same time yield a NLO value of that is comparable to Eq.
(3). As it happens the imposition of the consistency con-
straint[12,13

[4k/4+ k4]1/2 !

whereas= N ag/m andk=Kky,k’ =k; denote the transverse k'2<k2/z 4)
momenta of the gluons, see Fig. 1. The term in the integrand

containing f(x/z,k’?) corresponds to real gluon emission, on the real gluon emission term gives just such an effect. The
whereas the terms involvinf(x/z,k?) represent the virtual variables are shown in Fig. 1. The origin of the constraint is
contributions and lead to the Reggeization of tkehannel the requirement that the virtuality of the exchanged gluon
exchanged gluons. The inhomogeneous driving tEffwill is dominated by its transverse moment¢|kh2|zk+2. For

be specified later. clarity we have restored the subscriptn this equation.
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If condition (4) is imposed on the BFKL equation it can
be still solved analytically. The result is an all-order effect,
which at NLO gives the large modification

N=adIn2(1-4.2xg) (5
of the LO value. However it is found that the all-order cor-
rection is a much milder modification, although still signifi-
cant. A related result can be found in R¢L4]. We can
therefore make the BFKL equatidi) for the gluon much
more realistic by imposing the consistency conditidh as
well as by allowing the couplinges to run.

Moreover we can extend its validity to cover the full
range ofx. To do this we note that the BFKL equation em-
bodies the important double leading log part of DGLAP evo-
lution which is driven just by the singular ZLpart of the
splitting function Py,. To obtain a reliable description
throughout the fulk range(and not just at smakt) we must
include the remaining terms iRy, together with the quark
to gluon transitions. We also introduce in Ed) the param-
eterk? (k=1 Ge\?) which divides the non-perturbative
(k’?<k?) from the perturbativek’?>k?) region. Finally we
note that the contribution from the infrared regioff<k3 in
Eq. (1) may be expressdd] in terms of the integrated gluon
distribution at scalé3, that isg(x,k3). All the above modi-
fications of Eq.(1) are encapsulated in a unified BFKL-
DGLAP equation of the form

dz [ dk'?
z K2 k'?

R

_ _ 1
f(x,kz)zf(o)(x,k2)+as(kz)sz
X
X k2

fl = k'?
z z

__k/2
|k12_k2|

X
f(—,k2
z

[4kr4+ k4]l/2

(6)

as(kz)
+ 2

1 X
f dngq(z)E(E,kz).

Now the driving term has the form

k2
az(w )lengg(z);g(;,kS)
(7)

where in the perturbative domakt> ké we may safely ne-
glect the genuinely non-perturbative contributitf®(x,k?)
which is expected to decrease rapidly with increasifhdt is

TO(x,k?)=fO(x,k?) +

09300
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important to note that Eq6) only involves f(x,k?) in the
perturbative regiok’>k3. The input(7) is provided by the
conventional gluon at scaleg, just as in pure DGLAP evo-
lution.

The last term in Eq(6) is the contribution of the singlet
quark distribution to the gluon, with

3= x(

q

q+€>:§ (Sy+Vy) (8)

whereS andV denote the sea and valence quark momentum
distributions. The gluon, in turn, helps to drive the sea quark

distribution through the\;]—>qatransition. Thus Eq(6) has

to be solved simultaneously with an equivalent equation for

3(x,k?).
Consider for the moment just trgg—qq contribution to
Sy- Theky factorization theorem giveld 5]

1dz [ dk?
5@ [ FSﬁoxa,kz,Qz)f(g,kz) ©

where $°* describes the quark bojnd crossed-boxcon-
tribution shown in Fig. 1S”*implicitly includes an integra-
tion over the transverse momentum of the exchanged
qguark. We have

0X, Q2 ! !
S(z.k2,Q%) = P fo dg f d®’ ag [B7+(1-B)’]
X(i—;)2+[m2+4Q2B2(1—B)2]
Diq Dy a
1 2
X D—lq—D—2q> ]6(2—20) (10
wherex’=k—(1— B)k and
D1q= 2+ B(1—B)Q%+m;
D2q=(k—K)?+ B(1= B)Q*+mg
K/2+m§ k2 -
ZO: 1 (11)

f—t—
B(1-B)Q* Q7

Equations(8)—(10) enable us to evaluate the singlet quark
distribution, in terms of the gluorf. We obtain

2-3
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ad
2(x,k2)=snon_p(x)+2f ;sg“(z,k’z:o,l@)
q X

12
f E 2 J'm dk 1d_Z box 12 1,2

ng kaO +§ ké k,2 « z Sq (Z!k 1k)
X k2 dk'? ag(k'?)
22 2 -

X f Z,k +V(x,k )+fké o2 2
1 X 5

xfx dzPy4(2) Syas E,k’ ) (12

where a=(1+4mz/Q% ! and V=x(u,+d,). Here we
have separated off the non-perturbative contributi@s,.,

is the contribution from the regiok?, k’2<k3 and the next
term is the contribution from the regick?<k3<«'2. The
details are explained in Rdf7]. An S— S contribution(from

the lightu,d,s quarks is also included. For the light,d,s

quarksSi™(z,k'2=0Kk?) in Eq. (12) is defined with thex'?

integration restricted to the regiofl 2> k%.

PHYSICAL REVIEW D59 093002

=Q%xs The massM; is either My, or M, according to
whether we are calculating charged curré®€) or neutral
current(NC) neutrino interactions.

We may express the structure functidisin terms of the
valence and sea quark momentum distributionsand S, ,
of Eq. (10). For the charged curremN interaction we have

FSC=x(u,+d,)+S,+Sy+2x(s+c+b+t), (15
where the heavy quark contributions are calculated from the
photon-gluon fusion mechanism. To be precise for the

s—c andc—s contributions we use

2-0) dz
z

2xq(x,Q?) = fxa“k

‘)
G

X [X
SS°X<z,k2:o,Q2>;g(E,kS)

dk® (a0ddz o (X
sl

(16)

In this way coupled integral equations are obtained for tha¥ith g=s or ¢ and with S;™ defined by Eq(10) with mj,

unintegrated gluorf(x,k?) and the integrated quark singlet

3 (x,k?) distributions. The driving terms are specified by an
economically parametrized non-perturbative contribution
Shon-dX) and by the integrated gluon distribution at scale

ki=1 Ge\ which was taken to be of the form

xg(x,k3)=N(1—x)~. (13

The valence distributioV(x,k?) was taken from the parton
set of Ref.[16]. With this input the coupled equatiori6)

and (12) were solved and a fit made of the deep inelastic

electron-protonF, data obtained by the H1, ZEUS, NMC
and BCDMS Collaborationf7]. An excellent description of

=0. However the mass is included in the threshold factor
k2+m2 -t
Q* |

For the smalb—t andt—b contributions we use the stan-
dard on-shell factorization formula

a(k3)=|1+

(17)

’ adz S X [X .
2xq(x,Q ):fx ?H(Z,mq,mqr,Q )Eg E,S (18

with g=b or t (and q’'=t or b) and where the scale

these data was obtained with physically reasonable values o_IQz( 1-27)/z and

the parameterdN=1.57 andB=2.5. Incidentally, the output

gluon atx~0.4 was reasonably compatible with the expec-

tations of prompt photon data. In summary, R&f. gives as
unintegrated gluon distribution and, throukghfactorization,

a=[1+(m+m,)%/Q?] L. (19

The functionsH are defined in Ref.20]

a sea distribution which can be reliably extrapolated to very

low values ofXx.

IIl. THE NEUTRINO CROSS SECTIONS

F$C=u,+d,

. cc 4ag(Q?) (1. [x\? cc 2
Here we collect together all the relevant formulas which Frr=By+Byt —5—| dy y F2(y,Q9). (20
are needed to calculate the cross sections for neutrino- X

nucleon interactions. We express the cross sections in ter
of the structure functions for an isoscalar nucleon tariyet,
=(n+p)/2 [17-19:

d20"" GeME[ M2 \?[1+(1-y)?
o _Gr / i (1-y) F§(X,Q2)
dxdy ™ | Q¥+ M? 2

y2

—;Ff(x,Q%ry(l—% xF;(x,Q2>] (14

where G¢ is the Fermi coupling constank] is the proton
mass, E is the laboratory energy of the neutrino agd

e functionB,, describes the boson-gluon fusion contribu-
tion to F_

2 1d
Bq(X,Q2)= @f _y i(

1—X) (v.K2)
VY Yoy, Ko

y

Q[ dk 1 2 2
] o KR

0

dez ’( ! ! )Zf(x k2) (2D
K ~ @~ _!
qu qu Zy
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whereD;, andz, are given in Eq(11). BesidesB, andBy,

there is also boson-gluon production of heavy quarks which ‘g

may be treated similarly to that fé¥5©.

The structure functions for the neutral currefd interac-

tion are

1
FNC= (L2424 R2+ Rg)z{ > Sq+xuu+xdu}, (22)
q

where the sum oves, is given by the first three terms on the

right hand side of Eq(12), and

1
F3=(Li+Li-Ri-RY)Z (u,+dy)

1
FYC=(L2+L3+R2+ Rg)zg By,

PHYSICAL REVIEW D569 093002

-30
— 10 T
Total CC cross section

valence quarks

ud sea quarks

cs quarks

bt quarks

- -
o -
g
-
A

E, [GeV]

FIG. 2. The totalvN charged current cross section and its de-
composition into components of different origin as a function of the
laboratory neutrino energy.

based on NLO DGLAP evolution, with BFKL and higher

4aS(Q2) 1 X 2 NC 2
R v Xdy y F2(y,Q%) (23)
where the chiral couplings are
4 2
L,=1—=sirf 6y, Lg=—1+=sir by,
3 3
4 2
Ru=—§sin2 O Rd=§sin2 O - (24)

order In(1k) effects neglected. We see that our results and
those of{4,5] are remarkably similar considering their differ-

ent dynamic origin. Since we include resummation of lry1/
The parton distributions that are used to evaluate the nelgffécts we expect the continuous curve to give the most re-
trino cross sections are those described in Sec. Il, which aft@ble extrapolation to ultrahigh energies. In fact we may
obtained by solving the unified BFKL-DGLAP equations conclude from a comparison of EqE) and (5 that our
with higher order InI{ effects incorporated via the consis- all-order sub-leading In(%} treatment gives an upper esti-
tency condition. The various components of the CC and Ngnate of the cross sections. Considering that the predictions

neutrino cross sections are shown as a function of the labo-

ratory neutrino energy in Figs. 2 and 3 respectively. In each _ >

case we see that for neutrino energies 10° GeV the sea £
guark contributions dominate over the valence. The rise of §
the sea distributions with decreasixngs reflected in the con- &
tinued rise of the sea components of the cross section with &
energy. We also note that f&>10° GeV the valence com-
ponent of the cross section becomes independent of energy

31
10

-32[
10

-33)

This results from the fact that when E(L4) is integrated 0 e bt quarks 3
overx andy, or to be precise over andQ?, the Q? integra- _‘45
tion is effectively cut-off atQ?~ Miz, together with the fact 10 3

that the number of valence quarks is finite. The threshold
effects of the heavy quark contributions are also evident in 10
Figs. 2 and 3. We combine the charged current and neutral :
current cross sections in Fig. 4. 1070
In Ref.[7] we also solved the unified equation with the
omission of non-leading effects arising from the consistency -7
condition. Using those partons we obtain higher cross sec- :

tions at ultrahigh energies as illustrated by the dashed curve ol

10

T
Total NC cross section

valence quarks

u.d sea quarks

s quark

¢ quark

in Fig. 5. Of course this is only shown for comparison since
it is based on LO BFKL which is an unreliable approxima-
tion [8]. Therefore throughout this paper we impose the con-
sistency constrain{4) which generates the dominant non-

10° 107 10° 10° 10" 10"

E, [GeV]

FIG. 3. The totalyN neutral current cross section and its de-

leading In(1x) effects. In Fig 6 a comparison is made with composition into components of different origin as a function of the

other recent calculations of the\ total cross sectiofi4,5]
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This paper e

6(VN) [em?]

—
=4

p—
=
.

&
2
T

without consistency constraint

Orpor(E,) [em’]

- Gluck, Kretzer, Reya

w
(3
L1

Gandhi, Quigg, Reno, Sarcevic

33
10

10

10

-36]
10 ¢

K WA
10 S

oo v v croed v il

10 Ll éuuml :\‘||mu| ‘.‘..mul ERTITT I | ’.7...qu FRRTTTT AR TTTT M SR TTTT R AT
E, [GeV]
E, [GeV]
) o FIG. 6. The prediction for the totatN cross section obtained
FIG. 4. The totalvN cross section together with its charged from a unified BFKL-DGLAP equation witifiand, for comparison,
current aqd neutral current components as a function of the Iaborawithout) the consistency condition imposed, compared to other re-
tory neutrino energy. cent calculationsf4] based on CTEQ parton distributiof34] and
[5] based on GRV dynamical partofi6].

are so similar, although they are based on different dynami- o ) ) ]
cal assumptions, we may conclude that the ambiguity in ex- T gain insight into thex,Q%) domain that is sampled by
trapolating the neutrino cross sections to ultrahigh energies idltrahigh energy neutrinos we show plots in Fig. 7 in which
less than might at first be expected. the contours enclose regions contributing different fractions
At ultrahigh energies the antineutrino cross sections ar€f the total cross section. The two plots illustrate the depen-
essentially identical to the neutrino cross sections, since th@?nce of the domains on .the neutrino energy. For_the ultra-
difference is due to the structure functiéi which is con-  high energy chosen for Fig.(B) we see that the main con-
trolled by valence quarks. In Table | we list the various crosdribution comes from the domainQ®=My, and x
sections as a function of energy. ~M3Z/(2ME), whereM is the proton mass, as anticipated
from Eq. (14). For the lower energy used in Fig(af some

residual propagator effects are still apparent Q?dSM\ZN

-30
g0 F ' andx<M3/2ME.
E -31: g
gl 3 IV. TRANSPORT EQUATIONS
N :
bhlo h ] The ultrahigh energy neutrinos when penetrating through
i the Earth can undergo attenuation due to charged and neutral
0L ] current interactions as well as the regeneration due to the
neutral current interactions at higher energies. Both effects
af 1 are summarized in the transport equation for the neutrino
voE E flux I (E,7) [9,10];
10”7 1 dI(E,7 dy dowe(E’,
-36; BFKL with consistency constraint f % =— 0 TOT(E)I (E' 7') + f 1_yy chy y) |(E/ s 7')
1 BFKL without constraint E (25
1077 ] where o1o1= occt one @nd wherey is, as usual, the frac-
tional energy loss such that
100 10° 10° 10° 10° 107 10* 10° 10" 0" E— E
=—. (26)
E, [GeV] 1-y

The variabler is the number density of nucleonsntegrated
along a path of lengtl through the Earth

FIG. 5. The comparison of the totaN cross section calculated
with and without the consistency constraid} imposed.
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TABLE I. The charge_d-current and neutral-current cross sec- < . i ]
tions (in cn?) for »N and vN interactions, wherd=3(p+n). < p
= E,=10° GeV

E, (GeV) acd!N)  onc(!N)  geg(iN)  on(oN) <

[=]

10t 5.86x 10738 1.81x 10738 2.00x10 3® 7.54x10 % -
107 6.41x10°%7 1.99x10 % 2.99x10 % 1.05x10 ¥
10° 6.12<1073%6 1.94x10 % 3.29x107%¢ 1.16x10 36
10t 4591073 1.55x10°%° 3.01x10°%® 1.07x10 %°
10° 2.07x107%* 7.33x10°% 1.74x10°%** 6.20x10° %
10° 6.47x10°%* 2.28<10 % 6.19x10°%* 2.18x10 3
10’ 1.73x10°% 5.95x1073* 1.72x10° %% 5.90x10 3
108 4.33x10° 3 1.45x10 % 4.32x10° % 1.45x10 %
10° 1.04x 10 %% 3.38x10 ¥ 1.04x 10 %2 3.38x10 %3
10t° 2.40x107%% 7.61x10 3 2.40x10°%% 7.61x10
10t 5.38<10°%2 1.66x10 3 5.38<10 %2 1.66x10 3
10" 1.17x10°%! 3.53x10° %2 1.17x10 3! 3.53x 10 %2

(a)

z

T= jodz’n(z’). (27

The number densitp(z) is defined as1(z) =Npp(z) where
p(2) is the density of Earth along the neutrino path length
and N, is the Avogadro number. Clearly the number of
nucleonsr encountered along the pathdepends upon the
nadir angle# between the normal to the Earth’'s surface
(passing through the detect@and the direction of the neu-
trino beam incident on the detector. For exam@e0° cor-
responds to a beam transversing the diameter of the Earth.
To compute the variation of with the angled we need to
know the density profile of the Earth. We use the preliminary
Earth mode[21].

It is convenient to represent the solution of the transport i |
equation(25) in the form 1 ]

log,,(Q*/1 GeV?)

|(E,T)Z|O(E)eX[X—0'TOT(E)T)‘I’(E,7') (28) i|9‘:3-|7|6‘511|:5-|2|1;l

where | 4(E) denotes the flux of neutrinos incident on the (b) log1o(®)

surface of the Earth from outer space. The functio(E, 7) FIG. 7. A contour plot showing the,Q? domain of the domi-
would be unity in the absence of regeneration. It satisfies thgant contribution to thelo/d In(1/x)d log Q? for the totalvN inter-

following equation: action at two values of the neutrino laboratory moment@nE,
=10° GeV and(b) E,=10" GeV. The 20 contours are such that
d¥(E,7) dy Io(E") they enclose a contribution of 5,10,15 . % of theabove differen-
ar :f 1=y 1,(E) exf — (oror(E") tial cross section.
0

_ O'TOT(E))T]dUNC(E,,y) W(E',7), (29 mental attenuation and the enhancement duksrig-/dy. To
dy illustrate the general properties of the solution we show the
shadowing factor,
with the initial condition¥ (z,7=0)=1. We solve this equa-
tion numerically and determing thg regengration fadtoas S=V(E, n)exp(— aror(E)7), (30)
a function ofE and 7. The solution is sensitive to the behav-
ior of o1o1 for E'’>E and on energy dependence of the . )
initial flux I,(E) and on the value afloyc/dy. In particular ~ ©f EQ- (28) for two different, but physically relevant, forms
the flatter the initial spectruriy(E) the more it is possible to of theT |n|t|a! flux. First we consider the flux of atmospheric
sampleda/dy at energie€’ much higher thar and so the ~ Neutrinos given by22]
amount of regeneration is increased. In practice the result is
a combined effect of the fall-off due th, and the experi- lo(E)=cE"35, (31)
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el R B B (30). For experimental purposes the relevant quantity is the
[~ Regeneration+absorption ¢ ] neutrino flux1(E) reaching the detector at different nadir
[T Absorption . ] anglesd. The four plots in each of Figs. 9 and 10 show first
h ] for the three nadir angle®=80°, 40° and 0°. Recall that 0°
] is penetration of neutrinos through the center of the Earth.
The various curves are for neutrinos of different origin. For
convenience of reference we show the atmospheric neutrino
flux in both Figs. 9 and 10. In Fig. 9 we compare this back-
ground spectrum with three different models of the flux ex-
pected from active galactic nucleAGN) [23—25. The AGN
flux stands out above the atmospheric neutrino background
for neutrino energies above about®1GeV. However the
AGN spectrum is attenuated at ultrahigh neutrino energies
by shadowing. The smaller the nadir angl¢he greater the
shadowing. For example &=80 or 40° the weighted flux
EdN/dE falls below 1015 cm™2 s sr ! atE~10% and
10" GeV, respectively. Figure 10 shows the corresponding
fluxes for neutrinos coming from gamma ray buis6| and
from a sample top-down modE27]. Similar attenuation can
0 a0 0 et T e e e T e e be observed in Fig. 10to that in Fig. 9. _
Energy E, [GeV] So far we have discussed the effects generated by inelas-
tic neutrino interactions with hadronic matter. Another pos-
FIG. 8. The shadowing factdB of Eq. (28) for two different  sible source of modification of the neutrino fluxes which
initial neutrino fluxes incident at three different nadir angles on apenetrate the Earth may be due to neutrino oscillatj@8s-
detector. The anglé=0° corresponds to penetration right through 31]. The properties of neutrino oscillations in matter have
the Earth’s diameter. The two curves on each plot show the shagyeen discussed if82). They are characterized by an effec-
owing factor with and without NC regeneration included. tive oscillation length,, and mixing angled,, which differ
from those in vacuum, which we dendtgand 6,. To be
precise in the MSW model for mixing of two neutrino spe-
cies we have

os [

15 TP

which has a rapid fall-off with energy, and second, we con
sider the flux from active galactic nucléAGN) as given by
Ref.[23] for which the incident flud o(E) is approximately
constant throughout the interval 0E<10° GeV. The re-
sults are presented by the continuous curves in Fig. 8 for
three different incident directiong=0°, 40° and 80°, cor-
responding to values of/N,=1.1x10%, 0.45<10%, and
0.072x 10 gm/cnt, respectively. For illustration we also sin 26,
show, by dashed curves, the pure attenuation facfors tan Zam:m
=exp(—o1o77) With regeneration omitted. Since the neu-

trino cross sections increase with energy we observe that theherel originates from the matter contribution to the oscil-
attenuation factoA leads to total shadowing once the energylation length and is given by

is sufficiently high. The energy at which this occurs depends
mainly on 7. The regeneration, which increases the flux at
the detector, is sensitive to the energy dependentg. &for

a steeply falling flux, corresponding, for example, to atmo-
spheric neutrinos, regeneration gives a rather small effectvheren, is the electron density ang}, is the number density
On the other hand for a flatter initial flubp(E) the regen- in units of Avogadro’s number/ctn An important property
eration effect can be quite significant. In fact it can evenof |, is that it saturates at the valligiven by Eq.(34) [33].
enhance the initial flux by as much as 40%, as can be se€rhat is

from the shadowing factor @=0° for the AGN flux used in

Fig. 8. A similar result was found in Ref9]. In the next (Im)max=1=10—10* km (35
section we present the flux arriving at the detector from vari-

ous sources for a range of angles taking into account the fufPr matter oscillations in the Earth wih,=2—10. This is in
shadowing factor of Eq(28). contrast with the oscillation length in vacuum

|2 -1/2

IV \%
— C0sé,+ |—2

1+2I

(32

=1y

(33

V2w 17710

| = =
Grne Pe

m (39

— 2
V. PENETRATION OF THE EARTH FOR GIVEN ly=4mE/Am;, (36)

INCIDENT FLUXES which increases with increasing energy. Most importantly

The initial incident neutrino flux(E) is modified on its we see that at sufficiently high enerdy/l becomes very
passage through the Earth by the shadowing fa8tof Eq.  large and the effective mixing angtg, tends to zero; see Eq.
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FIG. 9. The initial fluxlo(E) and the flux at the detectd(E) for three different nadir angles corresponding to three models for AGN

neutrinog 23—25. The background atmospheric neutrino flux is also shown. All the fluxes are given for muon neutrinos. The corresponding

fluxes from[23—25 were given originally for muon neutrinos and anti-neutrinos, and their value has been divided by factor 2.

(33). In fact for the very small values of the mass differencesections of ultrahigh neutrino interactions with nucleons. The
of the neutrinos Amﬁz 107% eV? suggested by the data framework incorporated non-leading In¢)/effects which
[30,31)) we can safely neglect the modification of the neu-are generated by the consistency condition given in(&q.
trino fluxes due to neutrino oscillations in their passagen this way it was possible to resum to all orders the domi-
through the Earth foE>1 TeV or so. Of course neutrino nant part of the non-leading In§l/ effects and to obtain a

oscillations can, in principle, modify the fluxg(E) arriving
at the Earth.

VI. CONCLUSIONS

physically acceptable description of the structure functions at
low x. Indeed this unified BFKL-DGLAP approach gave an
excellent description of thE, data from DESY HERA and
enables us to extrapolate the structure functions to the region
of the very small values af which are probed in the ultra-

In this paper we have extended the recently develdped high energy neutrino interactions. We compared our predic-
unified BFKL-DGLAP framework to calculate the total cross tions for the cross sections with the results of the two recent
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FIG. 10. As for Fig. 9, but showing neutrino fluxes from gamma ray b{igdkand from a top-down mod¢27]. All the fluxes are given
for muon neutrinos. The corresponding fluxes fri26,27] were given originally for muon neutrinos and anti-neutrinos, and their value has
been divided by factor 2.

calculations which were obtained within the NLO DGLAP two at ultrahigh neutrino energids,~10'? GeV. This LO
framework. We find that all three approaches give results foapproximation is, however, known to be unreliable.

the neutrino cross sections within 30—-40% or so. We may The calculated neutrino cross sections were next used as
conclude that the potential ambiguities in the extrapolatioran input in the transport equation describing the modification
of the cross sections are much smaller than might have beesf the neutrino flux during the penetration of the Earth. This
expected. However the present calculation, which includes aquation incorporated both the attenuation effects of the neu-
treatment of In() effects at smalk, should be the more trino “beam” as well as the regeneration of neutrinos due to
reliable for ultrahigh energy neutrino interactions. It shouldneutral current interactions. We solved the equation for a
be stressed that the inclusion of the dominant non-leadingariety of initial neutrino fluxes and discussed the depen-
In(1/x) effects was crucial for obtaining this result. Extrapo- dence of the shadowing factor upon the nadir angjl&Ve
lation based on the LO BFKL equation would generate cros$ound that although attenuation of the neutrino flux is the
sections which would be enhanced by a factor of more thamajor effect, nevertheless enhancement due to neutrino re-
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generation can become appreciable for fluxes which extengt10° GeV. Typical results are shown in Fig. 9. These illus-
to the very high neutrino energies, like those originatingtrate the possibility of observing AGN at various nadir
from AGN sources. The calculations of the neutrino fluxes atingles by “neutrino astronomy.”

various nadir angles show that at sufficiently high energies

neutrinos become strongly attenuated. The smaller the nadir

angle the lower the energy of complete attenuation. ACKNOWLEDGMENTS
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