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Energy and angular distribution of upward ultrahigh-energy neutrinos and signals
of low scale gravity: Role of tau decay
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We present extensive results and analysis of energy and angular distributions of diffuse,UbE, and
v, fluxes propagated through Earth, with and without augmentation of the standard model interactions by low
scale gravity. With propagated fluxes in hand we estimate event rates in & fiétector in ice with charac-
teristics of ICECUBE. We determine that, at an 0.5 PeV energy threshold, there is a significant difference in the
ratios of down shower events to upward muon events between the standard model and the low scale gravity
cases with 1 TeV and 2 TeV mass scales. The same is true for the energy threshold at 5 PeV. Though the
difference is large in all flux models, the statistical significance of this difference depends on the flux models,
especially at 5 PeV and above. Both flavor assumptiogsy,, , v,::1, 2, 0 andve, v,, v.::1, 1,1, and all
flux models show large differences. Though rates of tagged events are low, we find tegeneration by
decay may play an important role in disclosing deviations from standard model predictions at energies in the
neighborhood of 1 PeV for 1-TeV-scale gravity, for example. We emphasize those analyses whose sensitivity
to new physics is independent of the flux model assumed.
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[. INTRODUCTION the neutrino observation process. The number of groups re-
porting limits on fluxes and projecting improved limits with
The pursuit of high and ultrahigh energy neutrinos hasexpanded data sets or with new facilities is impressive. In the
greatly intensified over the past decade as more and morénge 1 TeV to 1 PeV, the AMANDAZ20], Frejus[21],
neutrino telescopes have entered the search. Though the JJACRO [22] and Baikal[23] experiments have reported
servation of MeV neutrinos emitted from SN 1987a is overlimits on neutrinos from astrophysicahonatmospheric
15 years old1,2], there is still no firm candidate for Tev, sources. In the range 1 PeV to 1 EeV, AGAS24,
PeV or EeV neutrinos of galactic or extragalactic origin. YetAMANDA [25], Fly's Eye [26], and R|CE[?7] have all
there is good reason to expect a neutrino flux exists in thig€Ported limits. Above 1 EeV, AGASA, Fly's Eye, GLUE
energy regime because of the great success of air-show 8] and RICE all put limits on the flux that extend up into

detectors in building a detailed record of cosmic rays with"® GZK range. .The upper limits are getting interestingly
close to the predictions of several models and actually below

these very-h_|gh to ultrahigh energi¢s]. _The pho_to_n_s o the predictions in several cases. The situation is heating up
nuclear particles that are generally believed to initiate the

. . ... .and will get hotter as the experiments like AUGER, which is
observed shower are accompanied by neutrinos with S'm'laélready reporting preliminary results on air show@] and

energies, in most models of the high—e_nergy pe_lrticle emiSSiobeCUBE [30] are fully operational. Meanwhile, expanded
by the sources. In any case, the neutrinos emitted by produgpzia sets and improvements in sensitivity in experiments

tion and decay of pions by the highest energy primary cosgch as RICE will continue to search and to push down on
mic rays as they interact with the cosmic microwave backiimits until the first UHE neutrinos are observEst].
ground, the so-called Greisen-Zatsepin-Kuzni@zK) [4] These detection capabilities that have been achieved and
neutrinos, should be present at some level at ultrahigh eneyill be improved and expanded in the next few years have
gies[5], regardless of the mechanism responsible for producdirect impact on particle physics. The detection estimates,
ing the observed cosmic ray§—8|. Even if there are no upon which limits are based, all rely on the extrapolation of
super-GZK neutrinos, there are a number of mog@isl6] neutrino cross sections well beyond the currently measured
which predict the existence of neutrinos in the PeV—EeVenergy range. Is QCD correctly predicting these cross sec-
range. By choosing several contrasting flux models and usintions[32]? Is there new physics that enhances neutrino cross
enhanced cross sections from low scale grapify—19, we  sections at high energig$3]? What is the effect of new
look for new physics effects that are relatively independenneutrino interactiong34—4Q or neutrino mixing 40—42 on
of flux models. the expected rates of detection in various telescopes? Clearly
The expanding experimental capabilities and the stronghere is ample motivation for examining the consequences of
theoretical interest in understanding the physics of astrovarious combinations of assumptions about the physics gov-
physical sources and particle interactions of the highest ererning the cross sections and the assumptions about the fla-
ergy cosmic rays makes it imperative to study all aspects ofor composition of the astrophysical flux of neutrinos. What,
if any, are the observable distinctions among the various pos-
sibilities of flux and interaction characteristics? These ques-
*Electronic address: vacuum@ku.edu tions and the experimental prospects for answers motivate
TElectronic address: mckay@kuark.phsx.ku.edu this work.
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There is considerable published work onneutrino  outline the LSG calculation here so that the presentation is
propagation through Earth istandard model (SMusing reasonably self-contained.
analytic and computational too[313—5]] in the scenarios The classical gravity Schwarzschild radiugs) is the
Ve, Vy, 21, 2, 0 andv,, v, ::1, 1, 1, andsome dominant physical scale when the collision energy is large
analyucal and computational work on neutrino propagatiorcompared to the Plank mass. At impact parameters smaller
in low scale gravityLSG) models has also been done in thethanrs, we use the parton-level geometrical cross section
Ve, vV, v,ii1, 2, Oscenario[34,52. A detailed study has
not been done in thee, v,, v;::1, 1, 1scenario in LSG a—BH%ﬂ-rg_ (1)
models. In this paper we solve, using Runge-Kutta method
[53], the coupled differential equations for the four leptonsFor values of the classical impact parametetarger tharr g
Ve, v, v,, andr in both of the above scenarios, in SM and we use the contributions to the amplitude in the eikonal ap-
LSG models For cross section calculations, we use Gaussigmoximation. In Eq.(1), rg is the Schwarzchild radius of a
and Monte Carlo integration methof3] with CTEQ6-DIS (4 + n)-dimensional black hole of madd g, = /3 [60],
parton distributiong54]. Our results confirm significant re-
generation effect due to taus in the SM as already shown by
several author§46,47]. However, as we will see the regen- 1
eration due to taus is not as significant in LSG models. Also, rszm
by comparing results df46,47), one finds that electromag-
netic (EM) losses ofr are not making a significant difference where \/§ is the neutrino-parton c.m. energy, altis the
in the SM fluxes ofv, around 1 PeV, hence, we do not (4+n)-dimensional scale of quantum gravity. Multiplying
include EM losses in our work here. As we will see in the by the parton distribution function$;(x,q), choosingq at a
next section, EM losses are not important at all in LSG modvalue characteristic of black hole production and integrating

els. _ _ ~over momentum fractiow, gives the estimate
In Sec. Il we talk about cross sections and interaction

lengths in SM and LSG; Sec. Ill gives the formalism for -

neutrino propagation through the Earth; in Sec. IV we show o N-BH(S) = E ) dxagp(x9)fi(x,q). (©)]

our results for different neutrino models and discuss them; in m

Sec. V we develop formalism for event rates calculation andVe take xmi,=M?/s and q=,8. The dependence of

in Sec. VI we show and discuss our results for event ratesy,\_gn(S) on the choice ok, and the treatment of is

Sec. VII gives the summary of our results and the concludiscussed in Ref§61—64.

sion. For the input amplitude to the eikonal approximation, re-
ferred to as the Born amplitude, we choose

34n)| 1M+

n_.(n—3)/2
Mgn 1/(1+n) 2" T

M

@

2+n ’

IIl. CROSS SECTIONS AND INTERACTION LENGTHS . . ics? 1
IMBOI‘H_ 2 2 2
M* g°+mj

4
Before evaluating the equations of propagation for the

four leptonsv,, v, , v, andr through the Earth in the next h | l b= (M/ 2
section, we need to calculate their cross sections on |soscali§’|hereC 's the gravitational coupling strengtb:=(M MP)

nucleons]N= (p+n)/2], wheren stands for neutron angd ~ and Mp=2.4x 10*® GeV is the reduced, four dimensional
for proton. We need to calculate their neutral curréd€)  Planck mass. Herg=/—t is the usual lepton momentum
and charged currerfCC) weak interaction cross sections in transfer. The index must include the mass degeneracy for
SM and eikonalEK) and black holgBH) cross sections in the jth KK mode mass value. The sum, which can be well
LSG models. The LSG models do not discriminate amongapproximated by an integral, must be cut off at some scale,
different particles; they are the same for all the four leptongenerally taken to be of the order bf. The transverse Fou-
Ve, v, V,, andr. The SM total cross sections for different rier transform of the Born amplitude produces the eikonal
flavors are also the same within a few percent at the ultrahighhase as a function of impact parametger

energies we are interested in here. We will assume the SM ) 2

cross sections are the same for all the four leptansv,, _ [ gaq PR
v,, andr, and we will usev,, NC and CC cross sections for X(8B)=5g 472 expig-b)i Mon- ®

all of them. The differences betweenand v weak cross

sections are not important becausdecay is the only domi- Evaluating the integral oveq and representing the sum in
nant process for’s up to energies F0GeV, and at higher the Born term by an integral, one finds the ultraviolet-finite
energies the differences are not significant any\&]. A  result

detailed discussion of SM,,-nucleon cross sections is given §(22n3 /2 1)

in Ref.[56]. We have used CTEQ6-DIS parton distributions. (s h)= - ——————— f dmni' 1K ,(mb)
Detalils of calculation for LSG model cross sections are given M2 (n/2)

in Refs.[34,57], where CTEQ4-DIS parton distributiofs8]

were used. The difference between CTEQA4-DIS and _ E " ®)
CTEQG6-DIS cross section calculations is not significant. We b/
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where 10% s
3 -] 1SGUITeY)
bn:E(4ﬂ_)n/2 71I‘ E S (7) o 4 LSG(2TeV)

c 2 2 M2+n' 10%

2 sMm

The eikonal amplitude is then given in terms of the eikonal 1" F
phase by 5 . F
F 167 r
M=—2isj d?b exp(iq-b)[expix)—1] 10*’;
10* | 1
=—i47rsJ dbb,(gb)[exp(ix)—1]. (8 ol ul
10 10%

The eikonal amplitude can be obtained analyticfi$—67]

in the strong couplingjb,>1 and weak couplingjb,<1 FIG. 1. v,—isoscalar nucleon cross sections trms energy
(GeV): for low scale gravity(LSG) models, with number of extra

limits. ) . . .
For strong coupling, the stationary phase approximation idimensionsn=6, we plot eikonal(EK, dashed ling black hole
valid yieldingg ping yp P BH, dotted ling, and total(EK+BH, solid line) cross sections; for
’ standard mode{SM) we plot neutral currenfNC, dashed ling
(n+2)/(n+1) charged currentCC, dotted lin¢, and total(NC+CC, solid ling
M=Ane‘ bn| — ; 9 Cross sections.
where Which particles do we need to include in our propagation
of neutrinos through the Earth? We have six candidates
(4r)3M(@n+1)) n 1(1+n) which might be coupled with each other, v,, v,, and
AHZT Is+1 : (100 their three leptonic partners. One can exclude electrons from

this list, both in SM and LSG, because they shower electro-
magnetically before they produce any through the CC
, (11) interaction at energies of our interest here. The case.f®r
and 7’s needs some attention because it is different in SM

n

T ()|

= — n —
¢n 2 ( ) bs
andbs=b.(gb./n) " Y"*1) In the cross section calculation,
we set the amplitude equal to its valuegat 1/b. for values
of g that are less than li{, since the smaltj region makes
negligible contribution to the cross section.

We assume that the black hole cross section is the domi-
nant one forg=1/rg. The eikonal cross section is cut off at
this value ofq, since it is not expected to be reliable for

1

values ofq larger than I/ in any case. %1"' E Lso \ AN “\

In Fig. 1 we plot the SM and LSGmodels with mass ——— o RN g M
scale 1 TeV and 2 TeVn=6) neutrino-isoscalar nucleon 'ﬁ“” El BH & "'~-7:_7\ 3
cross sections. For SM we plot neutral curréM€), charged 3 ER+BH Lot el
current(CC), and total(NC+CC) cross sections. For LSG ~ ¥f L N
we plot eikonal (EK), black hole (BH), and total (EK i L Y rsearen
+BH) cross sections. We segy, is larger therogy for our W'y 3 ST

case (=6). However, inn=3 case not shown here, the
H . al L. ul T L ual ul
reverse is true. Our results turned out to be only marginally == 0 ¢ 10 2

sensitive to the number of dimensions, so we choose to work E(GeV)
\évsltth n=6, for which the bound on the scalié is the weak- FIG. 2. Interaction lengthgskm) vs energy(GeV): interaction

. . . . . - length £;,;=1/o(E)Nap, Whereo(E) are plotted in Fig. 1N, is
The interaction length in a material with densiyis de- Avogadro’s number, ang is the material density; we chooge

fined here agi, = (1/Napo), whereN, is Avogadro’s nUM- - _ g ¢ny-3 1o make some comparisons with RéA5]. For low
ber ando is the cross section for the interaction. Figure 24.55e gravity(LSG) models, with number of extra dimensions

gives the interaction lengths in SM and LSG as well the_g, e plot eikonal(EK, dashed ling black hole (BH, dotted
-decay length. We sgi=8.0 gcm ° to make some com- jine), and total (EK+ BH, solid line interaction lengths. For stan-
parisons between the interaction lengths and the electromagard modelSM) we plot neutral currentNC, dashed ling charged
netic (em) ranges of taus and muons given in Hdb], using  current(CC, dotted ling, and total (NG- CC, solid lin@ interaction
this value ofp. lengths. We also plot-decay lengththick solid line.
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and LSG. In SM we can ignore’s but not7's because of the \ 1
comparatively smaller decay length and larger EM ranges of 4
taus. For LSG, muons play some role in the propagation —=  detector
through the Earth at high enough energy as explained below.
The effect is quite small, however.

If we look at the interaction lengths anddecay length in
Fig. 2, we find that(i) the LSG1 modekLSG model with
mass scale 1 TeMinteraction lengths become smaller than
the r-decay length foE>10° GeV. This implies the regen-
eration effect due to taus will be suppressed in LSG models
(i) if we look at the EM ranges of tayd5], we find that the Re
LSG1 model interaction lengths become smaller than the tau
EM range forE>10® GeV. This gives a reason for not in-
cluding, in LSG, the EM energy losses of taus in our propa-
gation of neutrinos, coupled with taus, through the Earth.
(i) If we look at the EM ranges of muond5], we find that FIG. 3. Drawing of the Earthé is the nadir angle and Re is the
even the muon EM energy losses are not importantEor radius of the Earth. Arrows outside the Earth represent the down
>10° GeV. (iv) Given the above reasons, interestingly, tausflux. Upflux is the flux coming through the Earth.
and muons become almost identical in LSG f& i o )
>10f GeV. This means one may have to treat muons angl€nsity model from Re[.68]_. ay(E) is 'Fhe total cross section
taus on equal footing in the propagation of neutrinos througtor a lepton of flavori to interact with a nucleon and be
the Earth for E>10° GeV in LSG1 model and fore  expelled from the energy bik:
>10° GeV in LSG2 modelLSG model with mass scale 2
TeV). However, in the present work, we do not include
muons in the propagation equations because we are lookin
at neutrinos around 1 PeV here, and we expect the couplin
of muons with thev, via CC interaction forE> 10° GeV
will not affect the neutrino flux much around 1 PeV by fee
down; the muon decay length, being so large in contrast t
that of 7, will play no role in regeneration of,, [45].

D
7

WE)=0ec(E) + 0N e(E) + o y(E) + oy (E),

here we use the same(E) for all the four leptonsve,

v,, v,, andt (LSG cross sections are the same for them;
dsee Sec. Il for discussion on SM cross sectioimbe second
derm in Eq.(12) gives the loss due to decays. It is zero for the
neutrinos, and for taus

L Ged E)=ycT, (13
Ill. NEUTRINO PROPAGATION THROUGH EARTH
Here we discuss the coupled propagationef v,,, v,, where y=E_/m_ is the Lorentz factor7 is the mean life

andr through Earth. We do not include the EM energy lossedime 9f taus, an¢ is the spegd .Of light in vacuum...T.he third
of taus for the reasons discussed in the previous sectiof€"™ in Ed.(12) gives the gain in the flux of speciésn the
Suppose we have a differential fl{&3] F'(E,x, 6) of lepton  bin E, resulting from interaction of the specigsat E >E,
of species at the surface of Earth, then the transport equa@nd
tion for each of the four leptons is o S o,

> dol~I(E',E) doNd(E,E) dokdI(E'E)
FI(E,X,0) - dE dE dE
Liged E)

dF'(E,x,0) i i
T:—NAp(X,H)F(E.X,G)Ut(E)_ i
dE

+2

J

NAp(X,G)J dE FI(E',x,0)
. In the above equation, there is no need for the second term
do_j—»i(E”E) on the right-hand side far, andv,, propagation equations as
—d4E we are not keeping track of electrons and muons for the
reasons given in the last section. However, we keep this term
for the v, and 7 equations as we are propagating taus along
with the neutrinos. For the reasons given earlier, we use the
same NC, CC, EK differential cross sections for all the four
(12) leptons in the above equation. The fourth term in B¢) is
the gain in flux of speciesin the binE due to tau decays.
where the first two terms give the loss and the last two termdhis term is zero in the tau flux equation. ke, v, , andv,
give gain of the flux per unit length in the same energytin we consider the corresponding decay channels of taus as for-
Avogadro’s numbeiN, times the density(x, 6), gives the  mulated in[46], [2000]: (i) 7— v, uv,, (i) 7—v.ev,, (iii)
number of target nucleons per unit volume at the nadir angle— v, (iv) 7—v,p, (V) 7—v,al, and(vi) 7— v X. These
0 and distance in the Earth(see Fig. 3 We use the Earth decays have branching ratios of 0.18, 0.18, 0.12, 0.26, 0.13,

dpiedi-N(E" E)
dE

+J dE'FI(E X, 0)
E
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Integrated over E>0.5PcV
IR IR E S L R A A B e ()]
4 870
1 arge)
3
o
10 3
vv,v,::1:1:1 scenario 1
1 . . -
E e VIV 0 1:2:0 scenario
lon-.l.l.l.l.l.l.l.l
Qo 10 20 30 40 50 50 70 80 90

FIG. 4. Upward neutrino flux (kmyr~sr 1) integrated over
energyE>0.5 PeV vs nadir anglé (deg for Protheroe input flux
model: SM upward neutrino fluwEgy(68), and flux differences
AF,(0) andAF,(0), as defined in Eqg14) and(15), are plotted
for two scenarios: veiv,:v,::1:1:1 (solid lineg and
VeV, v,::1:2:0 (dotted lines.

0.13[69], respectively. All the decays give &.. The first
two decays couple the tau propagation withandv,, propa-

PHYSICAL REVIEW D69, 085004 (2004

Integrated over E>0.5PeV
— T T T T T

M(®B)

10’ " i L 1 " 1 " 1 " ] " 1 A 1 " [l

FIG. 6. Same as Fig. 5, but with MannheiB) flux model.

differences. Larger fluxes mean more events, and larger dif-
ference in the number of neutrinos in SM and LSG means
better chances to differentiate between the models. The ratio
plots are not always helpful for that purpose because they do
not show us the actual number of neutrinos and the flux
difference of the SM and LSG. We present plots for

gation. The last decay includes the rest of the hadronic deAFi(E,6), AF,(E,6) in the (E,0) space, where

cays not specified iriii) through (vi). For a review, see
[70,71].

IV. RESULTS AND DISCUSSION FOR FLUXES

Below we show results for total fluxes, including all the

AF4(E,0)=Fsu(E,0)—F sa(E,0) (14
and

AF,(E,0)=Fsu(E,0) —F sx(E,0). (15

neutrino species and their respective antineutrinos, unless dﬁ’ereF (E.0), F (E. ) are the total upward fluxes in
LSGL ’ » TLSG2 ’

fined otherwise. We plot upward fluxes instead of up-to-

down flux ratios to find the region in theE(#) space to

compare the SM and LSG models in terms of absolute flu

lnt?g'atled o.verl:.>0.5PeY .

T yr'se?

i I " " N L 1
102 1 1 1 ] 1

FIG. 5. Upwardy. flux (km~2yr~'sr 1) integrated over energy
E>0.5 PeV vs nadir anglé (deg for Protheroe input flux model:
SM upward v, flux Fgi,(6) (solid ling), and v, flux differences
AF]"(6) and AF,7(6) (dotted line$, as defined in Eqs(14) and
(15), for the scenariosve v, :v,::1:1:1.

the low scale gravity models with mass scale 1 TeV and 2
TeV, respectively, and number of extra dimensions6.
)i:SM(E,a) is the upward flux in standard modelF,(E),
AF,(E), AF4(0), andAF,(0) are defined in the same man-
ner asAF4(E,#) andAF,(E,#) are defined above.

Below we show our analysis for the neutrino flux models
due to Protherogll], Mannheim(B) [12], Waxman Bahcall
[10], SDSS[9], and 1E generic model. Though we did not
show it here, we also looked at atmospheric and galactic
neutrinog 72] around 0.5 PeV. However, the up fluxes in this
case are ignorable as compared to the above extragalactic
flux models: the galactic up flux is more than an order of
magnitude smaller than the up flux from any of the flux
models considered here; the atmospheric up flux is more than
two orders of magnitude lower than even the galactic up flux.
The reason is quite simple: one should expect larger feed
down in the upward model fluxes considered here; these ex-
tragalactic models have much larger fluxes above 1 PeV than
the atmospheric or galactic fluxes. As a result, the model
fluxes at higher energies give larger feed down at 0.5 PeV
while the atmospheric and galactic up fluxes are so small
there that they give essentially no feed down. This is espe-
cially true in SM because of the strong feed down effect per
incidentv, due to tau decays, which may make the extraga-
lactic model up fluxes, in SM, large enough to be detectable
even at 0° nadir angles around 0.5 PeV.
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Integrated over E>0.5PeV ed over nadir o
W ————r—r—r— T T 3 3
E we 3 R
F () \ --=-F,.® 4
B S, vV, v Ll scenario 416
EN S e ViV, v,::1:2:0 scenario 3

...... E(PeV)
1 2 1 2 il 1 1 " [l i i " 1 " 1 " 1 "
Yo 1 ®» w0 0 @ ™ ® FIG. 9. Upward neutrino flux (kmPyr 1TeV™1) integrated
o over nadir angle vs enerdy (PeV) for Protheroe input flux model:

SM upward neutrino fludgy(E), and flux differencesAF4(E)
andAF,(E), as defined in Eqg14) and (15), are plotted for two
scenarios:ve v, :v,::1:1:1 (solid lines, and ve:v,:v,::1:2:0

We will first show some plotgFigs. 4-14 to explore (dotted lines. Also shown is the downward Protheroe model flux,
(E,6) space of the neutrino fluxes, and finally we will give integrated over nadir anglelashed ling

two tables of numbers for different neutrino flavor flux ra- i )
tios. Three types of plots are shown below: 0 (dotted lineg. The two scenarios correspond tg— v,
oscillations and no oscillations in space, respectively. The

following observations are common to all models and are
relevant to Fig. 4:(i) the difference is largest in number
around 75°-85°;, however, as we will see in 3D plots in

integrated over energi>0.5 PeV, al_ong ‘_Nith the flux dif- (E, 6) space, the maximum of the difference shifts to lower
ferencesAF,(E) and AF,(E) as defined in Eqsil4) and  5nqies at lower energiefii) around 30° nadir angle, one can

(15). The qualitative features of Figs. 4 and 5 are the same IRearly see the effect of the core—stronger suppressibi:

every flux model, so we do not show figures for the otherye gifference in flux between SM and LSG models is larger
flux models corresponding to Fig. 4. However, we show the,; any angle in ther,, v,,, v,::1, 1, 1scenario than in the

corresponding fig_ures for Fig. 5 for the four modsothe- no tau scenario. This is expected because of the stronger tau
roe [11], Mannheim(B) [12], Waxman Bahcal[10], SDSS  oqeneration effect in the SM as compared to LSG: in LSG,

[9]] because our emphasis here is-oeffects, and we wish e piack hole cross section, being the largest of all as shown
to show their qualitative features are independent of the flux

model. As mentioned earlier, the atmospheric and galactic Integeated over nadi angle
T T > T T T

FIG. 7. Same as Fig. 5, but with Waxman Bahd&IB) flux
model.

(i) Fluxes integrated over energy vs nadir andgfégures 4
and 5 refer to our example of Protherdd] model. Figure 4
shows the angular distribution of the total SM flex( 6)

[72] up fluxes are not significant as compared to the four T T LI
extragalactic source models at these energies, so we do nc
consider them here.
We plot the upward fluxes in two scenarios for the initial
flux: ve, v,, v.::1, 1, 1(solid lineg andve, v,, v,::1, 2,
o g T T I@ge'd W?Dgﬁ:ev' T T E 4 %
E ooss F'u(0) ;5;
T ol ](e) . AFo)r k|
wE e :
L e
Bk e S
8 F e 1 os
W0 E FIG. 10. Upwardy. flux (km~2yr~1Tev™?) integrated over na-
3 ] dir angle vs energy (PeV) for Protheroe input flux model: SM
r ] upward v, flux F;"M(E) (solid ling), and v, flux differences
P O T U TP TR U S S AF]"(E), andAF,"(E) (dotted line$, as defined in Eqg14) and
0 2 L L (15), for the scenariosz v, :v,::1:1:1.Also shown is the down-
ward v, Protheroe model flux, integrated over nadir anglashed
FIG. 8. Same as Fig. 5, but with SDSS flux model. line).
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PR (V.:VM:V‘::]:I:I scenario) PR (v,:v,:v,::1:1:1 scenario)
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1
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1y

v
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|
A

a

bt
ol-l

Apler?
By (B0 yf TeV 50

8
oo FIG. 13. SM upwardy, flux Fgy(E,6) (km™2yr~1Tev-1sr 1)
FIG. 11. SM upward neutrino flux Fgy(E,6) vs energ)yE (PeV) and nadir angle (deg, for Protheroe input flux
(km~?yr~'Tev~'sr ') vs energyE (PeV) and nadir angle (deg, ~ model in the scenariog: v, :v,::1:1:1.
for Protheroe input flux model in the scenarig: v, :v,::1:1:1.

roe model at 0° nadir angle is around 3000, while the total
in Fig. 1, suppresses regeneration due to any process. THiéfference is around 400@Fig. 4), km~2yr~'sr *. This be-

observation leads us to concentrate on tau fluxes only, d¥avior is independent of the flux models—about 3/4 of the
discussed below.

total difference is due tas, only. This may be useful as
In Figs. 5—8 we show the same plots foras was shown

ICECUBE is expected to differentiate between neutrino fla-
for the total fluxes. We plot these figures for all four models:vors around 500 TeV73].

Protherog[11], Mannheim(B) [12], Waxman Bahcal[10], (i) Flux integrated over nadir angle vs energihe fluxes
and SDS$S9]. In these figures, the solid line is the flux in integrated over nadir angle do not show as much detail as the
SM and the two dotted lines are the difference flukese

ones integrated over energy. This is because the integrated
Eqgs.(14), (15)] for v,. We clearly see that in LSG1 model, flux gets dominant contribution from nadir angles around

regardless of the flux model, differencein fluxes is more  90° where the chord length of the Earth is not long enough to

than 50% of the total difference due to all neutrino speciesmake the difference between SM and LSG prominent. For
For example, the . differenceAF(E) (Fig. 5 for Prothe-

this reason, it suffices to show plots for only one flux model,
PR (v,v,:v_:1:1:1 scenario)

PR (v.:vy:v': :1:1:1 scenario)
ur
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FIG. 12. Upward neutrino flux differenceAF(E,6) FIG. 14.
(km~2yr~1TeVisr 1) vs energyE (PeV) and nadir angled (deg,

Upward v, flux difference AF]"(E,6)
(km~2yr~1TeV~1sr 1) vs energyE (PeV) and nadir angl@ (deg,

for Protheroe input flux model in the scenatig: v, :v,::1:1:1. for Protheroe input flux model in the scenavig:v,, v, ::1:1:1.
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chosen to be the Protheroe modél]; also the qualitative TABLE I. Flux ratios of the fluxes integrated over enerBy
features of these plots, like the earlier plots, are model inde=0.5 PeV at a fixed nadir anglé=45°, for SM, LSG withM
pendent so it is not important to show the figures for all the=2 TeV (G2), and LSG wittM =1 TeV (G1); R1, R2, andR3
models. We see in Fig. 9(a) Even at energiesE '€ definedin Eqs16).

=0.5 PeV, the LSG1 and SM flux models are distinguish-
able; (b) in the v, v,, v,::1, 1, 1scenario AF,(E) and
AF,(E) are larger at lower energies, however, in contrast in SM & G1 SM & G1 SM & o1
Fhe Ves Vyus vT::_l, 2, Oscenarlo, they decrease with decrea}s—WB 018 017 012025 023 014085 082 066
ing energy. This contrasting behavior of the two scenarios

begins around 1 PeV for LSG1 and around 5 PeV for LSGZ.M(B) 015 012 006029 020 007161 1.26 0.3
This is expected because the stronger feed down effect due t8R ~ 0.17 0.16 0.090.27 0.24 0.121.13 1.03 0.73
taus causefgy(E) in the ve, v,, v,11, 1, 1scenario to  SDSS 0.18 0.18 0.120.24 0.24 0.150.83 0.82 0.66
increase faster with decreasing energy than in the other scege 910 005 002022 009 002284 1.60 0.80
nario; howeverF | s (E) andF s (E) are not as different
in the two scenarios because they are not as sensitive to tau

regeneration. Hence, the overall result is decreasing flux difﬁigher energies the flux difference peaks at higher angles e.g.

ferenc;e for theve, v, v.::1, 2, O_scena}rlo and increasing around 80°; the peak shifts to lower angles at lower energies.
flux difference for the other scenario. This happens at a loweg) may argue that the peak should always occur at the

energy in the LSG1 model due to the lower energy scale fof\yest nadir angle because the neutrinos will have more in-
LSG1 (Figs. 1, 2; (c) another important observation is that (eractions as they pass through Earth with larger chord
AF4(E) is almost equal té s y(E) after 3 PeV, which means  |engths, and hence the SM and LSG models’ interaction will
|f we want to diﬁerentiate the two mOdels on the baSiS of thecause the flux differences to become |arger and |arger at
nadir angle integrated event rates, the best region in energywer angles and higher energies. However, this does not
may be around 3 PeV, if the detector has large enough effhappen because the input fluxes at higher energies are so
ciency to detect this flux. However, obtaining larger fluxessmall that at lower nadir angles all the flux is either absorbed
for better statistics requires looking at lower energiesor fed down to lower energies; that is why we see the flux
Though the model fluxes around energies as low as 100 Telifference peak shifts towards 0° nadir angle at lower ener-
are larger, the percent difference between SM and LSGjes: feed down effect makes the difference, between SM
fluxes becomes smaller and smaller at energies below Ognd |SG, at higher energies appear at lower energigShe
PeV where SM cross sections are dominant; the total upwarg pjots in Figs. 13 and 14 show us that the major contributor
flux rises much faster than the flux difference, making it hardgf the difference between SM and LSG is the at lower
to differentiate between the two models. The atmospherignergies. It contributes almost 3/4 of the total difference
background is also larger at these energies, hence we did ngiound 0.5 PeV and around 1/3 at 10 PeV. This feature is
find it interesting to show the fluxes below 0.5 PeV. best seen in these fulE( 6)-space plots. Around energies 0.5

In Fig. 10 we plot the nadir angle integrated flux ®f  pev 1, plays an important role in probing new physics. At
only. If we compare Figs. 9 and 10, we come up with thegnergies around 10 PeV and highey,behaves more like,
similar answer as we did for the flux integrated over energy;nq v, ; this is because around these energies the feed down
[AF]"(E)]: the upwardy, flux difference, AF;7(6), around  due to taus, from even higher energies, is not a big effect
0.5 PeV is almost 3/4 of the total upward flux difference both in SM and LSG. This is a result of larger tau decay
AF,(6). This again gives one hope that the signals of lowlengths, smaller interaction lengtlisee Figs. 1 and)2and
scale gravity may appear even around 0.5 PeV. smaller fluxes at higher energies.

(iii) Plots of flux as a function of both energy and nadir ~ Summarizing, we see that the above analysis discloses the
angle.Figures 11-14 give the complete detail of the fluxesflux structure in E,6) space:(i) Around 0.5 PeV, the flux
in the (E, #) space for our flux example of Protheridel]. In  difference peaks in the 40—60° region. The larger angles tend
Figs. 11 and 12 we plot the total upward flux in SM, to wash out the difference between LSG and $M.Around
Fsm(E, 6), and the total upward flux differenceF(E, 6), 5 PeV, the difference peaks in the 75—-80° regi@in) At
respectively; Figs. 13 and 14 have similar plots for the  higher energies, one will have to look at even larger nadir
We can see in these plot&@) The difference is the largest angles to get any detectable up flux. In Tables | and II, we
around 80°, however, it is still increasing even at 0.5 PeVgive different flux ratioR1, R2, andR3 defines as
Again, this may be surprising at first glance because below 1
PeV there is no significant contribution to the cross sections
from LSG. However, the reason is simply that the cross sec- _ F%up) ~ F,(up
tion at a given energy will affect the neutrino flux at equal  FoQdown)’ " F, (down)’
and lowerenergies due to feed down. Keeping this in mind, !
we can argue that the flux around 1 PeV or below gets more

Model R1 R2 R3

feed down from higher energies in SM because LSG black F, (up)
hole cross section, being the largest of all the cross sections, R3= S T+F , (16
suppresses the feed down effect due to any progbs#it ,,e(up) VM(UD)
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TABLE Il. Flux ratios of the fluxes integrated over nadir angle  ment to the event rate estima{e®,74. In presenting event
at a fixed energfg=5 PeV, for SM, LSG withM =2 TeV (col-  rates, we take our theoretical “ICECUBE-like” detector to
umnsG2), and LSG withM =1 TeV (columnsG1); R1, R2, and  pe 1 kn? of strings of optical modules deployed with 125 m

R3 are defined in Eq416). horizontal spacing. Because rates of events depend on flux
and cross section, the extra depletion of upward flux in the
Model R1 R2 R3 LSG models is somewhat compensated by the increased in-

SM @ Gl SM & Gl SM & &1 teraction prqbability of each neutrino that penetrates the de-
tector effective volume.
WB 020 018 002025 022 0.020.71 065 0.53 (i) Shower ratesNeutrino-nucleon interactions at PeV en-
M(B) 0.28 0.22 0.020.45 0.30 0.021.12 0.84 0.56 ergies and above initiate electromagnetic and hadronic show-
PR 021 019 002029 023 002080 069 054 €rswhich may produce a detectable radio or optical Cheren-
kov signal in detectors like RICE, AMANDA, ICECUBE.
SDSS 019 0.18 002023 020 0020.66 062 053 4 ghower rates in SM, we include both CC and NC inter-
1E 043 024 002082 035 002172 093 057 actions ofv, and v, but only NC interactions fow, (CC
interaction in this case gives muons which can be detected
directly in detectors like AMANDA and ICECUBE For
LSG, we include both eikonal and black hole cross sections.
For shower rate®g,owerin LSG,

in the ve, v, v,::1, 1, 1scenario, for SM, LSG wittv
=2 TeV (G2), and LSG withM =1 TeV (G1). These ratios
reveal some interesting and useful featutedf we compare
R2 andR3 with R1 in Tables | and II, we find that, flux % _
indeed behaves differently in SM and LS@) In LSG, at RshowerEALfopNAE f dEPF'(EP)
higher energiesye, v,, andv, tend to become identical as b JEo ' '
expected from larger decay length of taus at higher energies L do (EP .y)
and larger black hole cross sections hence smaller feed down “| & (Ep)+f dy CCH+NC+EKA =
of v, from tau decays; this effect is indeed seen for LEG BH =, Eno/EP dy

TeV) (see G1 in Table )t R1 andR2 tend to become equal ‘
andR3 tends to become 0.5 as expectsele G1 in Table ) 17

The same will be true for LS@ TeV) at even higher ener- . B .
gies. (iiil) No matter which neutrino flux model is correct, WhereA is the detector area and=Lp+0.3(km), as dis-

even at energies as low as 0.5 PeV, we see a clear differen€¥SSed below for shower rates, is the effective length of a
between SM and LSG1 TeV) model (Table |); at higher detector of instrumental lengthy . E';i is the primary neu-
energiesE>10 PeV, there should be a difference betweentrino energy,E, has to be greater than or equal to the mini-
LSG (2 TeV) and SM based on their comparison at 5 PeVmum energy at which the flux is known, aril,, is the
(Table 1). Our data at 10 PeV, which is not shown here, minimum energy of the hadronic shower. The sum ovier *
implies that, based on the flux ratios, the % difference bejs to account for different neutrino flavors. With the excep-
tween LSG(2 TeV) and SM at 10 PeV is bigger than the one tjon of v, CC interaction, for which we must s&,,=0 for
between LSG(1 TeV) and SM at 5 PeV(iv) Isolating v,  the reason given below, we have to &t=E,=>1 TeV as
should help differentiate between SM and LSG, and mayye do not know the flux belo, and hence cannot account
help to differentiate between different neutrino flux modelsfgr a1l the showers produced belo®,. One needsE,
given SM dynamics. For example, in Tables | and Il, though~ 1 Tev for the showers to be detectable. For the black hole
R1 is similar for different flux models in the SM cas®3 e assume that it has equal probability of decaying into any
shows some significant variation. SM particles, and that it will always give a shower of energy
However, results of propagated WB and SDSS models argroundE, and higher.
close to each other; they are similar because, though WB Ty important pointsi(i) We take the effective detector
down flux at Iow<23r energies is much s_maII%r than SDSS, WBgngih L3¢ as the instrumental detector length Lplus 0.3
flux falls like E™“ while SDSS goes lik& ™~ at higher en- o, " This is because, in addition to the showers produced
ergies giving a stronger feed down effect for the former, qide the detector, a conservative estimate is that shower
hgnce, their up-down flux ratios tend.to be the same; the blgigna| produced 0.15 km outside the detector, on any side,
difference between these models is that WB has mucly easily reach the detector using a shower range of 0.3 km
weaker flux at energies 0.1-10 P€Wgs. 6 and 7. (v) The  or gptical modulesThis increases the shower rates by 30%.
difference among flux models are largely washed out by theji) £or showers fromy, CC interaction, there is no need to
LSG dynamics at higher energies. For example, in Table llget 5 ower limit on y as the electron energy will add to the

R1 andR2 are the same for all the flux models given herepqron energy to contribute to the shower signal (e.g. effec-
when the LSG scale is 1 TeV. As mentioned above, to probeﬁve|y one can set {=0). This increases the shower rates

higher LSG scales, one must go to higher energy data whicf,amatically—30-50 %. This is because in this case we can
shows some sensitivity up fd =5 TeV [34]. set minimumy=0 and the CC cross section peaks around
y=0 giving a large percentage of the total shower events.
(ii) Muon rates.v,, CC interaction and’, CC interaction,
Next we outline the formalism to calculate event rates forwith the tau decay— v v, u, both are the sources of muons
showers, muons, and taus. Our formalism adds some refing84]. For the former case, muon raﬁc is given by

V. EVENT RATES
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ce. S, the same as defined abo\e};; is defined in Eq(19). The
R, :APNAJE dE, F'«(E,) integration ovex gives total probability that a tau will decay
0 with a tau decay length between 0 ard The 6 function
o dole(EP y) requires the muon range to be greater than the minimum
Jl_E*‘O/Em € LEG(EP y) distance required to detect a muon.
0 dy " (i) Tau rates. We discuss two types of events that are
R(E, ,E.o) unique to the presence of taus and[42,76—78: (1) A tau
9( o =m0 _(Xﬁtigackﬂshow) , (18) produced in av, CC interactionoutsidethe detector decays

(excluding the decay— v,uv,) insidethe detector a track

. and a shower:
whereE ,,=E, for the same reason as given above for the

shower rate. Thex"43*=0.25 km is the minimum muon
track length required to detect a muon dif®"=0.02 km
(<x#rack is the typical shower siz€or PeV energiesof the *

shower produced at the, event vertex. Theg function EOB?APNAJE dE) F*~(ED )
guarantees the exclusion of muons whose range is too small 0
for them to be detectedi_gff(E’jﬂ ,Y) is the effective detector

length for muon rates:

R™®%1 showey

v: (EP
><Jl—E,o/EBTdydgcc(Evr’y)

0 dy

R(EL(EY .¥).E,0) XL (E,)

LA EP Ly)= £ +Lp— 2xkrack—show % fLDJrO's(km) dxL] ”(X)—e dee
g P (19 xtrack . o 15(km) € Li.dE))
where . |7 e XCaed®
+| Loess dx————| |, (22
Lp+03(km) LI {E,)
R(E, ,E 1 a+BE
( i ,uO) - n ﬁ m (20)
p pB \a+BE,g where

is the average electromagnetic range, in a matter of density LT i urtrack
p, of a muon of initial and final energies, andE ,, re- 1e#1(X) = (X= Xmin- 0.15(km)
spectively. Herew=2.0 MeV cnf/g accounts for the muon
energy loss due to ionization angl=4.2x10 ° cn?/g is LJets=(Lp+0.15km) — x7irack)
due to pair production, bremsstrahlung, and photonuclear en- (23

ergy losse$75].

We should emphasize th#le effective detector length whereE ,,=E, for the same reason as given above for the
Lgff(EB#'y) given above is the appropriate one for this case.shower and muon rate. The 0.83 factor is to exclude the
Our definition of the effective detector length works for any decayr— v, uv, which has a branching ratio ef0.17, and
value of the muon range whiR(E , ,E ,)/p works only for xrack—0 25(km) is the minimum tau track length required to
R(E, .E,0)/p>Lp. detect a tau. We have assumed that all the showers produced

Muon rate from the tau decay—v,v,u is given by in these events will be detectable, so we do not need tau
decay distribution function. This is a reasonable assumption
as we will chooseEg=E,q=0.5 PeV which means almost
all of the showers produced from tau decay will be above the

R #=ApN, f dEp F*7(E})
E T
° detector threshold of~0.001 PeV. The lower limit fox in-

-y JEP daéTC(EBT,y) % @ XL iedE) tegration assures the tau decay length large enough for the
f e dy———— f X————— tau to be separately detected from the shower. The expres-
0 dy 0 Lged Er) sion given for these events in Ref42] includes some
L dP™H(2') shower-track-showeevents too. The expression above gives
% f dz' LE(EP 2') only track-shoyvelevents by using th& dependent effective
ELo/E, dz’ b length wherex is smaller tharlLp+0.3(km). Moreover, we
) have included the O0(Bm) in the x integration limit and
0( ( R(z ET,EMo)) _(X,ut'rack_’_IShOW)) 1) 0.15km) in the expression fok 7.¢;. These numbers follow
p min ’ from the reasoning given above in discussion of shower
rates.
where L . is defined in Eq.(13); E c=E, for the same (2) A tau produced in a, CC interactioninside the de-

reason as given above for the shower and muon rategctor decaygexcluding the decayr—v,uv,) inside the
dP™"#(z")/dZ' gives the relevant decay distribution with detector giving a shower, a track, and another shower. These
E,=7'E,= z’(l—y)EBT [46], [2000]; x/4ack and |ShoW are  are so-called double bang evefi$]:
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TABLE Ill. Up and down events (yr') for E=0.5 PeV in the

scenario 1:1:1; all upward events are integrated over nadir angle

PHYSICAL REVIEW D69, 085004 (2004

TABLE V. Same as Table Ill but with energy threshold 5 PeV.

6<84°; down showers are integrated over angle but muons and up up up
taus are nofsee text for details Sh0W9f5< m) muons(m) tan{ m)
S(up) (up) u) SM & G1 SM & Gl SM &2 G1
showers —— muons| taus| ——
down down down wp 026 033 015 03 014 .002 0.07 004 .001
SM @ Gl SM @ Gl SM & o1 29 13 151 0.84 084 0.84 0.11 0.11 o0.11
WB 26 27 31 30 27 1.1 0.11 .074 0.0086 SD E E ﬂ % 35 E 2_5 1_8 0_05
11 24 201 33 33 33 013 013 013 94 188 2714 14 14 14 31 31 3.1
sD 163 167 202 176 165 74 47 4.0 054 MB 1_2 ﬂ 0_41 ﬂ) 0_66 L% %‘ 0_16 %
622 748 4705 142 142 142 46 46 46 21 157 1602 9.2 9.2 9.2 0.83 0.83 0.83
30 31 22 64 36 066 046 020 001 pp 2> B 29 85 37 04 19 093 002
MB 30 195 1898 18 18 18 086 086 08 82 371 4178 26 26 26 3.0 3.0 3.0
32 33 34 50 38 12 24 15 0.1
PR 182 534 5284 73 73 73 35 35 35 events have smaller rate than double bang or single shower
events. Details of this calculation will be given elsewhere.
R79€q(2 showe}so.83ApNAf dEP F¥+(EP) VI. RESULTS AND DISCUSSION FOR EVENT RATES
EO T T
, The results for event rates are summarized in Tables Ill—
-4 JEP doco(ED Ly) VI. The event rates at angles below 60° turn out to be very
X f " dyd—y small for current detectors, hence, we show events integrated
to #=84° nadir angle.
Lp+03(km) @ XL dedED In Tablg ln we give.diﬁerent upward and dowr] events
j rack dX—————L3es1(X), per year, in the scenario 1:1:1, for a 1 kmetector in ice.
Xpin 1OV LA (E) Our down shower events have been integrated over angle,
(24 however, the down tau and down muon events correspond
to near horizon events. The showers contain events due to
where all neutrino flavors. These shower events in 1:1:1 scenario
are 30-40% larger than 1:2:0 scenaftimt shown herg
This is because, in the latter, we are excluding CC in-
T — _ 1 L]
L3ert(X)= (Lo +0.3km) —x) 29 teraction and also the total flux is smaller due to the absence

and all the other symbols have been defined above.

In addition to the above events for tagging taus, we hav

of tau regeneration effect. Upward muo¢muon up con-
tain muons fromy, CC interaction and the muonic tau de-

®ay. The muons in 1:1:1 scenario are about 40% smaller

looked at the possibility of detecting taus from the deeay hap 1:2:0 scenaritmot shown. They are not exactly 50% of
—v.uv, provided the tau decayssidethe detector. These he [atter due to the contribution from tau decays. The up-

TABLE IV. Ratios of the ratios; her&RRL=showers down/
muons up andRR2=taus down/taus up.

RRlg, RRlg, RR2:;  RRZg
RRLgy RRLsy RR2sy RR2s
1:2:.0 1:1:1 1:2:0 1:1:1
4.5 8.8 93 183
wB ﬁ:2.7 3_.6:2'4 r?:56 ﬁZSO 15 13
SD 2—'1=13 E’=13 ﬁ=21 %=18 1.2 87
16 = 35 7 1.6 35
30 54 1571 2875
MB ﬁ:l‘l Z?:].l H:735 ﬁ:610 2.3 46
7.4 14 249 440
PR ﬂ3=4'7 %=3.9 E=157 %=121 16 18

ward taus(taus up contain all three types of events de-
scribed abovée.g. tau up-(track—showej+(shower-track
—showej+ 7— v, uv,]. The ratio (track—showey/(shower
—track—showeyj, not shown here, is very sensitive to the
flux model and can be anywhere between 0.7 to 1.7. The

TABLE VI. Same as Table IV but with energy threshold 5 PeV.

RRlg, RRlg; RR2:, RR2;
RRlgy RRlgy RRgy  RRgy
1:20 1:2:1 1:2:0 1:1:1
WB 11 9.3 8400 7826 1.7 74
SD 3.2 3.0 2481 1419 14 48
MB 27 23 3.0e4 274 2.6 161
PR 12 10 1.2e4 1.0e4 2.0 100
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—vuv, tau events are always the smallest—less than 50%luded, as seen on the curves wherés mixed into the flux
of the smaller of the single shower and double bang. Whildncident on Earth. The standard model flux is obviously
muons show differences between L$GTeV) and SM, the  higher at nadir angles smaller than 80°, while the differences
up-to-down showers and tau event ratios show a clearer dibhetween the fluxes with standard model interactions only and
ferentiation between the tw¢Table I1l). The number of those with low scale gravity included are much larger at
events, though marginal far’s in WB and MB, are suffi-  small nadir angles in the case thatis mixed into the inci-
cient to make a clear distinction from SM for LS@ TeV)  dent flux than in the case when it is not. Next in Figs. 5—8,
and distinction in some cases for LS@ TeV) in several e showed the equivalent angular distributions for the
years of data taking. The up tau events in the L&GeV)  flux alone to emphasize the observation just summarized;
are especially severely suppressed as compared to the Sat is, as compared to, and v,, v, can serve better to
This again reflects the fact that tau decay is playing a mucljfferentiate between SM and LSG at energies below 10 PeV.
weaker role in LSG(1 TeV) (see Sec. IY. However, as As established by the angular distribution graphs, the
expected, taus play a similar role in SM and L&5TeV),  qualitative features are shared by all the models, so we gave
though some suppression ofis evident for LSG2 TeV) in only the Protheroe model results in plotting the energy dis-
Tables lll and IV. In Table IV, we see the LSG/SM ratio of tripution of flux integrated over angles in the range from 0.5
the ratios, as defined in the table caption, strongly differenpev to 20 PeV in Figs. 9 and 10. These plots show that in
tiates SM from LSG(1 TeV) in both of the flavor scenarios. this energy range, the low scale gravity interactions rapidly
In fact, these ratios have very weak dependence on the flav@yppress the upward flux compared to the standard model.
scenario.They are spectacularly large in every flux model. They also indicate the fact that the regeneratiom oflux is
Even LSG(2 TeV) is clearly distinguished in all but the mych less significant when low scale gravity is turned on, as
SDSS model. In the latter, the number of events is largelearly indicated by the flux difference curves in the energy
enough that one may hope to discriminate between [5G range between 0.5 PeV and 2.0 PeV.
TeV) and SM. In the series of graphs from Figs. 11 through 14, we dis-
We show similar tables with an energy thres_hold at 5 Pe\played the three-dimensional plots of the total anebnly
(Tables V and V]. Here we see the tau events did not changejyxes for the standard model and for the low scale gravity,
much in SM and LSG2 TeV) model. However, in LSG1  \=1 TeV case. These indicate in detail where the maxi-
TeV) up tau events have decreased by an order of magnitudg,ym flux differences are in angle and energy.
generally with enough down events to make them even more Next we looked at the flux ratioR1, R2, andR3 as
useful in differentiating between the two at 5 PeV as com—efined in Eqs(16). The results are given in Tables | and II.
pared to 0.5 PeV. Although not shown here, by comparing $4ere again the distinction between and v, + v, fluxes is
PeV and 0.5 PeV results for showers and muons one expecigident. The distinctions among flux models are largely
that LSG(2 TeV) model around 10 PeV thresholds will differ \yashed out by the LSG dynamics at higher energies. For
from SM to the extent that LSG1 TeV) does from SM  example, in Table IIR1 andR2 are the same for all the flux
around 0.5 PeV. However, the event rates may be too smalhggels given here.
to do a statistical analysis. . ~InSecs. V and VI we presented the defining equations for
Looking at the event rates for different flux models in oy shower, muon and tau rates and the results of our rate
Table Ill, we see the PR and SDSS flux models provide largga|cylation. The story is summarized in Tables I11-VI. Using
enough events to do a statistical analysis. For WB and MB, ¢yoff of 0.5 PeV, we found that the events rates in showers
models, only the down shower rates in LG TeV) are  gnd muon categories are large enough to make meaningful
large enough to differentiate it from the SM by looking at the statements about the distinction between SM and LSG with 1

up-to-down shower ratios. TeV, in all flux models and both flavor scenarios with 2—3
years of running. An interesting feature of the L&&GTeV)
VII. SUMMARY OF RESULTS AND CONCLUSION entries in Tables Ill and IV is that the down shower events

may be enhanced enough compared to SM to distinguish

We found complete numerical solutions to the system obetween the two in WB, MB, and PR, and possibly SD too.
coupled equations that include the most important effects folThe ratio of ratios in Tables IV and VI compares the LSG
transport through Earth of., v, , v, andrfluxes above 0.5 shower down—muon up ratios to the ones for SM. Table IV
PeV. In Fig. 4, we presented results of angular distributionsand VI also show the same for taus down—taus up. This
of total neutrino flux in our example of the diffuse flux diagnostic is especially sensitive to the difference between
model by Protherogll], however, the qualitative features of SM and LSG. It also shows us that this ratio of the ratios for
this figure are common to the other flux modglidannheim  showers and muons is almost the same in both of the flavor
(B) [12], Waxman Bahcal[10], and SDSY9]]. Fluxes in  scenarios. The importance of the taus in differentiating be-
this figure are integrated from 0.5 PeV upward, showing theween SM and LSQ1 TeV) is realized by looking at the
effects of including low scale gravity enhancement to thetagged tau eventdables IV and V). For tagged tau events,
lepton deep inelastic cross sectiomsth no v, and full v, the difference between LS@ TeV) and the SM varies from
mixing into the incident fluxThis figure also show that the an order of magnitude to two orders of magnitude for energy
v, regeneration front decay enhances the “through Earth,” thresholds of 0.5-5 PeV. However, we caution the reader
or “upward” fluxes significantly more in the standard model again that the statistics are low in this caBasically the tau
than in the models with low scale gravity enhancements instory can be summarized by saying that any upward tau
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event establishes (I),'s presence in the neutrino flux inci- flux model, up or down event and LSG scale value. One
dent on Earth and (2) exclusion of LSG with 1 TeV scale omoint is perfectly clear: any upward tau event excludes LSG
any model of enhanced cross section of comparable size with a scale around 1 TeV.

the 1-10 PeV range. Given the intense experimental activity in the fi¢kD—

The 5 PeV threshold results in Tables V and VI show theg2], we expect that data will yield many insights in the com-
same patterns as in the 0.5 PeV tables. The distinction ang decade when ana|yzed with techniques like the ones pre-
tween SM and LSG2 TeV) are now sharper in the ratios, sented here.
but the statistics in some cases are low, so that one needs to
have 5-10 years of data to draw strong conclusions that
apply to all flux models. ACKNOWLEDGMENTS
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