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Ultrahigh-energy neutrino flux as a probe of large extra-dimensions
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A suppression in the spectrum of ultrahigh-energy (UHE, > 10'® eV) neutrinos will be present in
extra-dimensional scenarios, due to enhanced neutrino-antineutrino annihilation processes with the
supernova relic neutrinos. In this scenario, neutrinos can not be responsible for the highest energy
events observed in the UHE cosmic ray spectrum. A direct implication of these extra-dimensional
interactions would be the absence of UHE neutrinos in ongoing and future neutrino telescopes.
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Experimental high-energy neutrino astronomy is devel-
oping very rapidly. There exist a number of experiments
(AMANDA II ﬂj]’ RICE [2], ANITA [3], Icecube [4],
ANTARES [5]) that are currently analyzing or starting to
take data. In the future there are planned projects (AR-
IANNA [6], AURA, NEMO, ACORNE) that will benefit
from improved detection techniques and larger effective
detection volumes.

A guaranteed source of UHE neutrino fluxes are the so-
called cosmogenic GZK neutrinos, which are originated
by the interactions of extragalactic UHE cosmic ray (CR)
protons with CMB photons dominantly via AT processes
and subsequent charged pion decays. Cosmogenic neu-
trinos are typically characterized by a spectrum peaking
in the 10'7~!? eV energy range, depending on the red-
shift of the CR sources. Ongoing and future experiments
expect to detect a few GZK neutrino events; the precise
number depends on the full exposure of the instruments
as well as on the production model. Direct emission of
UHE neutrinos from the CR sources is expected but un-
certain. Decays of topological defects or supermassive
particles, leftover fossils from the GUT era, is speculative.
Nevertheless, both mechanisms would produce neutrino
fluxes with energies comparable to or higher than those
associated to the GZK fluxes. These neutrinos could
interact with 1.95°K CMB neutrinos via the standard
model (SM) reaction vz — Z°, provided that they are
extremely energetic (1022-25 eV) |7, 18,19, [10]. We do not
explore these speculative neutrino fluxes in the present
study.

In this Letter, we focus on the depletion of the GZK
cosmogenic neutrino fluxes via strongly interacting an-
nihilation processes with other neutrino relics that also
permeate the universe: the diffuse supernova relic neu-
trinos (DSNv), that represent the flux of neutrinos from
all supernova explosions that occurred during the uni-
verse’s history. The DSNv direct detection is still elu-
sive. The most stringent experimental current limit to
the DSN relic 7, flux is 1.2 cm~2s~! at 90% CL, from
the SuperKamiokande experiment ] The presence

of strongly interacting processes, such as the exchange
of massive spin-2 particles in theories of large extra-
dimensions ﬂﬁ, , ], can modify the vv annihilation
cross section. This effect would take place at high val-
ues of the squared center-of-mass energy s, yielding a v
annihilation cross section that is larger than the cross
section for the SM process vo°M — Z9 In principle,
the UHE cosmogenic neutrinos can annihilate with both
the CMB ﬂﬂ] and DSNv via extra-dimensional enhanced
cross sections, which we discuss next.

Neutrino annihilation in extra-dimensional models.—
We consider the following annihilation cross sections for
n extra dimensions ﬂﬂ, @]

Ovisgrr = (m°/8)(s/M3)"/**!
Ovosff = (m/60s)(s/M32)" T2 F?
Ovosyy = 30,557 (1)

respectively to produce KK gravitons, fermion- and ~-
pairs, being n the number of extra dimensions and s
the squared center-of-mass energy. Here F2 = 72 +
4I2(Mg/+/3) and we use I(Mg/\/s) as given in Ref. [14].
The “new physics” scale Mg is rather constrained from
astrophysical considerations such as star cooling by gravi-
ton emission ﬂﬂ] In particular, we use Mg = 30 TeV,
4 TeV and 1 TeV, respectively, for n = 2, 3 and 4 as de-
rived to be the lowest values in each case from SN 1987A
observations ﬂﬁ] The neutrino interactions in Eqs. ()
are independent of the neutrino flavor. Brane-bulk cou-
plings are flavor blind and consequently the exchange of
the KK gravitons is unaffected by the electron, muon or
tau nature of the DSN (anti)neutrinos, except corrections
proportional to the squared mass splittings divided by s,
which are negligible (O(10~27)) [35].

A word of caution is needed here regarding the extra-
dimensional scenario, which is an effective theory valid
for s < M2. At some energy scale s ~ M2, this theory
is supposed to match onto a more fundamental theory of
quantum gravity. It is not known how to do this match-
ing. A phenomenological approach is to assume that the


http://arxiv.org/abs/0705.2029v1

neutrino interaction cross sections in the s ~ M g en-
ergy range behave similarly to the cross sections in the
s < M2 energy regime, up to some cutoff A. The value
of A is presumably somewhere between Mg and Epay,
where the latter is the scale at which perturbative uni-
tarity would be violated [13]. For the models we consider
E\ax is always greater than 5.6Mg.

Within the context of extra-dimensional models, the
vN cross sections will be enhanced as well [17, 18, [19, 120,
21,122, 123], providing a possible explanation for the events
above the GZK cut-off as explored in Refs. |15, 124, 125].
However, as we will discuss shortly, 102° eV neutrinos
would annihilate with DSNv on their flight to the Earth
rather than producing an extended air shower in the at-
mosphere, via enhanced vN cross section, in the large
extra-dimensional models. The advantage of exploring
the v annihilation channel is that extradimensional sig-
natures would occur at lower energy, compared to the
signatures in the commonly explored vV interaction.

Supernova relic neutrino density and UHE neutrino
propagation.— A number of authors have predicted the
DSNv flux. For a recent appraisal of the theoretical and
computational status, see Ref. [26] and references therein.
Here we follow closely the derivation given in Ref. [27].
A fit to the neutrino spectra from numerical simulations
of a SN is [28, 29]

dNy _ (L+8,)" L, <@>Bv o~ (1+B)E/Ee (9
dE, I'(1+ 8,)E? E, ’

where the average energy FE, = 15.4 MeV and 21.6 MeV
respectively for 7, and v, corresponding to all other non-
electron anti-neutrino and neutrino flavors. The spectral
indices are 5, = 3.8 and 3,, = 1.8 while the total neu-
trino energies are L, ~ L, = 5 x 1052 erg. For v,
we use E,, = 11 MeV [29], L,, ~ L;, and B3,, = Bp,.
Neutrino conversion inside the star mixes the different
neutrino flavors and therefore the relic (anti) neutrino
flavor spectra at the stellar surface will differ from the
original ones. The final flavor spectra will depend on the
neutrino mass ordering (normal versus inverted) and the
adiabaticity of the transitions in the resonance layers.
There are two such resonances, one of them at higher
densities, associated to the atmospheric mass splitting

Am?2, . and another at lower densities, associated to
the solar mass splitting Am?_,,,.. The adiabaticity of

the higher resonance transition is governed by the size
of the mixing |Ue3|?, so the precise composition of the
final flavor eigenstates at the stellar surface will depend
on the value of the mixing angle 6,3, see Ref. [30] for a
complete description. As we will explain further below,
the v7 interactions we explore here are flavor blind and
therefore the GZK (anti) neutrino will interact with the
three (neutrino) antineutrino flavors. Therefore we do
not need to account for conversion effects and the rele-
vant quantity would be the total antineutrino (neutrino)

SN relic neutrino spectra, given by:

0
dNﬁ(") — dNPe(Ve) + QdN'(/)m (3)
dE, dE, dE,’

that is, the sum of the three flavor spectra.

The redshift-dependent SN rate is a fraction
0.0122M " of the star formation rate and is given, e.g.
SF1 model in Ref. [31], by

exp(3.4z)
exp(3.8z) + 45

Q(1+2)% + Q4142
(1+2)3

Ren(z) = 0.0122 x 0.32h70

yr=! Mpc ™3 (4)

with a Hubble constant Hy = 70h7 km s~! Mpc~! and
ACDM cosmology. The other parameters are Q,, = 0.3
and Qp = 0.7. The differential number density of SN relic
neutrinos at present from all past SNe up to a maximum
redshift zgy max is then [27]

dnp(v) _
dE,

dNP(V)

dE, 5)

R ALy
| a0 R
Here (dt/dz)~" = —Ho(1 + 2)[Qn(1 + 2)® + Q4]*/? and
E, = E|, /(1+2z) is the redshift-corrected observed energy.

While the number density of the DSNv is orders of
magnitude smaller than those for the CMB relic neutri-
nos (56 cm™3 per each (anti) neutrino flavor), the aver-
age energy of the DSNv is tens of MeV, compared to the
10~* eV for CMB neutrinos. Therefore, the UHE neu-
trino mean-free-path, mfp = 1/0,5n, is many orders of
magnitude smaller in the case of the less abundant, but
more energetic DSNv compared to the 1.95 °K CMB neu-
trinos. If these strongly interacting processes deplete the
UHE cosmogenic neutrino fluxes, the dominant attenu-
ator will be the DSNv targets, which we discuss more
quantitatively below.

An UHE v of observed energy E,.ne may interact
with a DSNv at redshift 2z’ on its way via processes
in Eq. (I) and annihilate. The corresponding s =~
2E, uhe(1l + 2")E, 60 (1 + 2), ignoring the v masses. We
use the maximum SN v energy to be E) = 60 MeV

v,Sn,max
in the SN rest frame. The mfp for vv annihilation is then

Zsn,max

Eil(Eu,uheazl) = / dzg(l + Z)Rsn(z)

2!

E
» on,max AN
dE/ v,sn . .
</ o (5 (O

The mfp for a 10'° eV neutrino, in case of n = 4 extra-
dimensional model, is ~ 37 Mpc in our local universe
(2/ ~ 0), which is comparable to the GZK radius. At
higher energy the mfp is substantially smaller. To ex-
plain GZK CR data with UHE neutrinos through en-
hanced ¥ N cross section requires n > 4. Thus UHE neu-
trinos propagating from outside the GZK radius can not




be the candidates for GZK CR events, since they would
be absorbed by DSNw.

We can now calculate the survival probability for an
UHE v created at redshift z,ne to reach Earth as

fahe g
P(Eu,uhe;zuhe) = exp |:_C/ dzl_,E(EV,uheazl):|
0 dz

= exp

c /Z““e dz'
N
Hy Jo  (142)/Qnl+2)3+ Qs
o /ZS“"“" dz exp(3.4z)
o (1 + 2)3/2 exp(3.82) + 45

E!
vonmex - dNp,sn
dEV n : 14% )
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where Kc/H3 ~ 2.45 x 107%%h} cm~2 and the differ-
ential SN v spectrum is dNp gn/dE, sn ~ 10*° MeV~1.
Large vv cross section then suppresses UHE neutrinos.
We discuss UHE v fluxes that will be attenuated by vv
annihilation next.

Ultrahigh-energy neutrino fluz.— The CR energy gen-
eration rate per unit volume in our local universe
in the energy range 1072 eV is Pop ~ 5 X
10" erg Mpc=2 yr=! [32]. Assuming an injection spec-
trum for CR protons dN,/dE) o« E;?, as typically ex-
pected, we define a convenient conversion formula

c Pcr
47 H, In(10°1/1019)
71x 107 %h7) GeVem 2 s tsr !, (8)

NCR =

X

which is proportional to the CR flux E.J, above 10 eV.
We will use Eq. [B) to fix the normalization of UHE v
fluxes. The CR sources may also evolve with redshift as
S(z)=(1+z2)3forz<1.9, (1+1.9)3 for 1.9< 2 < 2.7
and exp[(2.7 — z)/2.7] for z > 2.7 |32].

The Waxman-Bahcall (WB) bound on UHE v flux |32]
is based on CRs that interact at their sources and lose all
their energy equally to charged and neutral pions. The
resulting v, flux is given by

EEJV,WB = A@ /Zmax d S(ZUhe)P(EV§ Zuhe)
0

Zuhe =
\/Qm(1 + Zuhe) + Qp

< ©)

after integrating over CR source evolution and v anni-
hilation probability in Eq. ().

If UHE CRs interact with CMB photons in the local
universe then the resulting GZK neutrino flux would be

N,
E,J,(z ~0) O(NCR/dES%Y(Eg,E,,,Z ~ 0) (10)
p

Here Y is called the neutrino yield function as in Ref. |33]
and is the number of secondary neutrinos generated per
unit energy interval by a CR proton of energy Eg . We use
a fit to Y(Eg, E,,z ~ 0) corresponding to v, and 7, from

a CR proton propagating 200 Mpc as generated by the
SOPHIA Monte Carlo code as reported in Ref. [33]. The
GZK v spectra are fully evolved by 200 Mpc in our lo-
cal universe and over smaller distance at higher redshift.
Our calculation shows that this distance is much shorter
than the mjfp for vN interactions of UHE CRs with DSNv
in n = 4 large extra-dimensional model. Hence we can
calculate the effect of vv annihilation assuming that a
fully evolved GZK v flux exist at a given redshift of in-
teraction.

The total UHE v flux integrated over all CR sources,
after taking into account the redshift evolution of
the neutrino yield function Y(E),E,,z) = Y(E)(1 +
2), E,(1+ 2)%, 2 ~ 0) [33], the source evolution S(z) and
finally the survival probability P(E,; zunhe) in Eq. (@), is
given by

Zmax S 24 P E,,;Zu
E,Jyczx = NCR/ h (Zune) P( he)
0 \/Qm(l + Zuhe)3 + Qa

dN,
x/dES LY (3, By, Zune)- (11)
PdEp p

In case of no v annihilation, P(E,; zyne) = 1 and the
flux is the same as in Ref. [33].

We have numerically evaluated the GZK flux, both
without and with vv annihilation, using zmax = Zuyhe =
Zsnmax = D and in the energy range 10'% eV < Eg <
10*? eV with an exponential cutoff of the oc E,? spec-
trum at 3 x 10! eV as in Ref. [33]. The results for the
GKZ cosmogenic v, flux are depicted in Fig. [I, assum-
ing a n = 4 extra-dimensional scenario. Also shown is
the WB flux without and with v7 annihilation. Notice
that the extra-dimensional scenario leaves a clear imprint
on the GZK cosmogenic neutrino fluxes, which would be
abruptly truncated above E > 10'7 eV. This character-
istic feature in the GZK cosmogenic fluxes could be rec-
ognized by the presence of a dip in the neutrino spectra,
provided the detection technique has a low enough energy
threshold. For ongoing and future UHE neutrino exper-
iments with higher energy thresholds (E > 107 eV),
such as ANITA and ARIANNA shown in Fig. [l there
would be an absence of neutrino induced events caused by
strongly interacting, KK-modes mediated v processes.
For the n = 2 and n = 3 extradimensional models, the
UHE neutrino flux suppression would occur at UHE neu-
trino energies £ > 1019720 eV, where the cosmogenic
neutrino fluxes are smaller and consequently, also the
statistics expected in ongoing and future UHE neutrino
observatories would be reduced. In this latter case, track-
ing the extra-dimensional induced suppression dip would
be more difficult in general.

Summary and conclusions— We have shown that UHE
neutrinos will be absorbed, in theoretical models that
predict fast-rising cross sections such as large extra-
dimensional models, by a diffuse background of 10 MeV
neutrinos provided by all core-collapse SNe in the his-
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FIG. 1: Ultrahigh-energy v fluxes from the cosmic ray pro-

tons interacting at the source (WB) and in CMB (GZK). If v
annihilation is important, as in large extra-dimensional mod-
els (shown here for n = 4 case), then UHE v fluxes would be
suppressed. Also shown are the projected sensitivities for the
ANITA (50 days) and the proposed ARIANNA (6 months)
UHE neutrino experiments at the South Pole.

tory of the universe. Detection of neutrinos from the
SN 1987A proves the existence of such neutrinos, and up-
coming megaton detectors will measure the diffuse flux
to a good accuracy.

If there exist n = 4 large extra-dimensions in nature,
and the DSNv flux is detected at the level of the current
theoretical models, then UHE neutrinos can not be the
primaries of the super GZK events. In case the DSNv flux
is detected at a much lower level, then the dip in the UHE
neutrino spectrum, due to absorption by DSNv, would
be shifted to higher energy. Note that v annihilation
by UHE neutrinos would not produce v-rays over the
EGRET limit, since the primary UHE CR interactions
with CMB and infrared photons can not account for the
observed diffuse vy-ray flux [34]. Also the GZK CRs are
not affected due to large vV cross section, since they
are expected to be produced within ~ 50 Mpc, a radius
smaller than the vIN mfp with enhanced cross section.

Measuring an enhancement of UHE neutrino cross sec-
tions at ongoing or future neutrino observatories, will be
therefore extremely difficult, since in these scenarios the
GZK cosmogenic neutrino fluxes would be depleted in
their way to the Earth via annihilation with the DSNv
background.

It is pleasure to thank E. J. Ahn, R. Engel, D. McKay
and S. Panda for useful comments. Work supported in
parts through NSF grant AST 0307376 (SR) and the
European Programme “The Quest for Unification” con-
tract MRTN-CT-2004-503369 (OM). Fermilab is oper-
ated by the Fermi Research Alliance LLC under contact
DE-AC02-07CH11359 with the U.S. Dept. of Energy.

[1] J. Ahrens et al. [AMANDA Collaboration]|, Phys. Rev.
Lett. 92, 071102 (2004) [arXiv:astro-ph/0309585].

[2] I. Kravchenko et al., Phys. Rev. D 73, 082002 (2006)
|arXiv:astro-ph/0601148)].

[3] S. W. Barwick et al. [ANITA Collaboration], Phys. Rev.
Lett. 96, 171101 (2006) [arXiv:astro-ph/0512265).

[4] J. Ahrens et al. [The IceCube Collaboration], Nucl. Phys.
Proc. Suppl. 118, 388 (2003) |arXiv:astro-ph/0209556|.

[6] E. Aslanides et al. [ANTARES Collaboration],
arXiv:astro-ph/9907432|

[6] S. W. Barwick, J. Phys. Conf. Ser. 60, 276 (2007)
|arXiv:astro-ph/0610631].

[7] T. J. Weiler, Phys. Rev. Lett. 49, 234 (1982).

[8] E. Roulet, Phys. Rev. D 47, 5247 (1993).

[9] B. Eberle, A. Ringwald, L. Song and T. J. Weiler, Phys.
Rev. D 70, 023007 (2004) [arXiv:hep-ph/0401203].

[10] G. Barenboim, O. Mena Requejo and C. Quigg, Phys.
Rev. D 71, 083002 (2005) [arXiv:hep-ph/0412122).

[11] M. Malek et al. [Super-Kamiokande Collabo-
ration], Phys. Rev. Lett. 90, 061101 (2003)
|arXiv:hep-ex/0209028|.

[12] N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, Phys.
Lett. B 429, 263 (1998) [arXiv:hep-ph/9803315].

[13] G. F. Giudice, R. Rattazzi and J. D. Wells, Nucl. Phys.
B 544, 3 (1999) [arXiv:hep-ph/9811291].

[14] T. Han, J. D. Lykken and R. J. Zhang, Phys. Rev. D 59,
105006 (1999) [arXiv:hep-ph/9811350].

[15] A. Goyal, A. Gupta and N. Mahajan, Phys. Rev. D 63,
043003 (2001) [arXiv:hep-ph/0005030).

[16] S. Cullen and M. Perelstein, Phys. Rev. Lett. 83, 268
(1999) |arXiv:hep-ph/9903422]. V. D. Barger, T. Han,
C. Kao and R. J. Zhang, Phys. Lett. B 461, 34 (1999)
|[arXiv:hep-ph/9905474].

[17] L. Anchordoqui and H. Goldberg, Phys. Rev. D 65,
047502 (2002) [arXiv:hep-ph/0109242|.

[18] R. Emparan, M. Masip and R. Rattazzi, Phys. Rev. D
65, 064023 (2002) [arXiv:hep-ph/0109287].

[19] L. A. Anchordoqui, J. L. Feng, H. Goldberg and
A. D. Shapere, Phys. Rev. D 68, 104025 (2003)
|arXiv:hep-ph/0307228].

[20] E. J. Ahn, M. Ave, M. Cavaglia and A. V. Olinto, Phys.
Rev. D 68, 043004 (2003) [arXiv:hep-ph/0306008].

[21] S. L. Dutta, M. H. Reno and I. Sarcevic, Phys. Rev. D
66, 033002 (2002) [arXiv:hep-ph/0204218].

[22] J. Alvarez-Muniz, J. L. Feng, F. Halzen, T. Han
and D. Hooper, Phys. Rev. D 65, 124015 (2002)
|arXiv:hep-ph/0202081].

[23] M. Kowalski, A. Ringwald and H. Tu, Phys. Lett. B 529,
1 (2002) [arXiv:hep-ph/0201139)].

[24] P. Jain, D. W. McKay, S. Panda and J. P. Ralston, Phys.
Lett. B 484, 267 (2000) [arXiv:hep-ph/0001031].

[25] A. Jain, P. Jain, D. W. McKay and J. P. Ralston, Int. J.
Mod. Phys. A 17, 533 (2002) |arXiv:hep-ph/0011310].

[26] C. Lunardini, arXiv:astro-ph/0610534.

[27] S. Ando and K. Sato, New J. Phys. 6, 170 (2004)
|arXiv:astro-ph/0410061].

[28] M. T. Keil, G. G. Raffelt and H. T. Janka, Astrophys. J.
590, 971 (2003) |arXiv:astro-ph/0208035].

[29] T. Totani, K. Sato, H. E. Dalhed and J. R. Wilson, As-
trophys. J. 496, 216 (1998) |arXiv:astro-ph/9710203].

[30] A. S. Dighe and A. Y. Smirnov, Phys. Rev. D 62, 033007


http://arxiv.org/abs/astro-ph/0309585
http://arxiv.org/abs/astro-ph/0601148
http://arxiv.org/abs/astro-ph/0512265
http://arxiv.org/abs/astro-ph/0209556
http://arxiv.org/abs/astro-ph/9907432
http://arxiv.org/abs/astro-ph/0610631
http://arxiv.org/abs/hep-ph/0401203
http://arxiv.org/abs/hep-ph/0412122
http://arxiv.org/abs/hep-ex/0209028
http://arxiv.org/abs/hep-ph/9803315
http://arxiv.org/abs/hep-ph/9811291
http://arxiv.org/abs/hep-ph/9811350
http://arxiv.org/abs/hep-ph/0005030
http://arxiv.org/abs/hep-ph/9903422
http://arxiv.org/abs/hep-ph/9905474
http://arxiv.org/abs/hep-ph/0109242
http://arxiv.org/abs/hep-ph/0109287
http://arxiv.org/abs/hep-ph/0307228
http://arxiv.org/abs/hep-ph/0306008
http://arxiv.org/abs/hep-ph/0204218
http://arxiv.org/abs/hep-ph/0202081
http://arxiv.org/abs/hep-ph/0201139
http://arxiv.org/abs/hep-ph/0001031
http://arxiv.org/abs/hep-ph/0011310
http://arxiv.org/abs/astro-ph/0610534
http://arxiv.org/abs/astro-ph/0410061
http://arxiv.org/abs/astro-ph/0208035
http://arxiv.org/abs/astro-ph/9710203

(2000) [arXiv:hep-ph/9907423]. [34] O. E. Kalashev, D. V. Semikoz and G. Sigl,
[31] C. Porciani and P. Madau, Astrophys. J. 548, 522 (2001) arXiv:0704.2463| [astro-ph].

|arXiv:astro-ph/0008294]. [35] This flavor blindness character of the extra-dimensional
[32] E. Waxman and J. N. Bahcall, Phys. Rev. D 59, 023002 model presented here no longer holds if one or more of

(1999) |arXiv:hep-ph/9807282|. the neutrino species are in the bulk. Such a possibility is
[33] R. Engel, D. Seckel and T. Stanev, Phys. Rev. D 64, not considered through the present discussion.

093010 (2001) [arXiv:astro-ph/0101216].


http://arxiv.org/abs/hep-ph/9907423
http://arxiv.org/abs/astro-ph/0008294
http://arxiv.org/abs/hep-ph/9807282
http://arxiv.org/abs/astro-ph/0101216
http://arxiv.org/abs/0704.2463

