PROCEEDINGS

oF SCIENCE

Cosmogenic Neutrinos

Todor Stanev*

Bartol Research Institute and Department of Physics and Astronomy, University of Delaware,
Newark, DE 19716, U.SA.

E-mail: st anev@art ol . udel . edu

We discuss the interactions of ultrahigh energy cosmic vaffs photon fields in propagation to
us from their sources and the secondary particles producgach interactions. We identify the
astrophysical parameters that the number of secondariglpartiepends on and demonstrate the
fluxes that different models of the highest energy cosmiceayproduce.

XV Workshop on Neutrino Telescopes,
11-15 March 2013
\enice, Italy

“Speaker.

(© Copyright owned by the author(s) under the terms of the @e&ommons Attribution-NonCommercial-ShareAlike Licen http://pos.sissa.it/



Cosmogenic Neutrinos Todor Stanev

1. Introduction

There are two types of astrophysical neutrinos that we éxpegbserve in the future: neu-
trinos produced at the sources where cosmic rays are aaglerand diffuse neutrinos. From
galactic cosmic ray sources, such as supernova remnanexpeet to see neutrinos from the de-
cay of charged pions and kaons produced in hadronic interecof the accelerated cosmic rays
with the matter surrounding the sources. TeV gamma raystieajenerated by the neutral mesons
decays have been seen from such objects.

Since we do not expect to have large amounts of matter in tirityi of the extragalactic
cosmic ray sources, such as Active Galactic Nuclei (AGN),akpectations are that cosmic rays
accelerated there would interact with the intense radidtalds and producg-rays and neutrinos.
Such interactions are callgghotoproduction. The threshold energy for photoproduction in the
center of mass system of the interactigis should be at least equal to the sum of the proton and
pion masses;+ mp, which is 1.08 GeV. The center of mass energy squaiegphotoproduction
interactions is

s=mj+ 2Epe(1— Bycosh), (1.1)

whereE,, is the proton energy in the Laboratory systenis the energy of the photon, aikis the
angle between the two interacting particles. When thegestigo exactly against each other 8os
= -1 and this defines the lowest proton energy. Photopraoludatiteractions have been extensively
studied in the 1960’s and their cross section is well esthbli to quite high CMS energy. The
accelerator experiments were performed wittays interacting on proton target in the so called
Nucleon Rest Frame (NRF) system. The minimum photon enemgtotoproduction in the NRF
is 145 MeV.

For e = 1 eV (optical radiation) the minimum proton energy is sligtigher than %106
eV, i.e. all extragalactic objects that are seen with optielescopes and can accelerate protons
to 10" eV would producey-rays and neutrinos. Waxman&Bahcall [1] were the first atgtio
use photoproduction interactions and calculate the meuftuxes generated by the extragalactic
cosmic ray sources. Using the average fraction of the pretangy that the generated neutrinos
carry they obtained the maximuwmy, andv,, neutrino flux generated by extragalactic sources to be

E2d, =1.5x 10 8GeV.cm 2.srad 1.s7? (1.2)

Including a(1+ z)® cosmological evolution (whereis the redshift) of the sources they obtained a
limit of E2®,, of 4.5x 108 GeV/(cn?.srad.s). Although we disagree with many assumptions én thi
calculation (including the assumption that all cosmic rases accelerated on a&spectrum) this
provides us with a useful straight line EgPhi, to compare to observations and more sophisticated
models.

Ultrahigh Energy Cosmic Rays (UHECR) are the highest en&agtion of the cosmic rays
that are accelerated (we assume) at extragalactic cosynsoraces. They can have photoproduc-
tion interactions on the most universal Cosmic Microwavekgmound (CMB), the leftover from
the beginning of the Universe, which currently has a tentpegaf 2.728K. This temperature cor-
responds to an average energy of the CMB of &.8@ * eV. Using the same simple calculation for
the minimum proton energy for interactions in CMB we obta@3%eV. The actual minimum en-
ergy is lower (3<10'° eV) as the CMB energy distribution extends in a blackbodyspen above
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102 eV. The existence of such neutrinos, usually cattesmogenic was suggested by Berezin-
sky&Zatsepin in 1969 [2] and independently by Stecker [3].

Since the pioneering work of Berezinsky, Zatsepin & Stetlkey have been quite many calcu-
lations of the expected fluxes of cosmogenic neutrinos. Antba older ones the most interesting
work is that of Ref. [4] that was done with the aim to use thetmea flux to estimate the cosmo-
logical evolution of the cosmic ray sources. The currenstjar is not if the cosmogenic neutrinos
exist, we believe they do, but what is their flux. This depeoids large number of astrophysical
parameters that we will define later.

2. Neutrino production by UHECR on propagation

The first step in all proton propagation calculations in tiéECis the calculation of the mean
free pathA of the protons as a function of their energy. It is given by

ASHEp) = s_ég : de e /Sm "™ ds(s— M)y (9 2.1)

g2
wheree is the photon energy in eV(¢) is the photon number density in cfeV—1. The mean
free path has a minimum of 3.8 Mpc at Ebout 5< 10°° eV and slightly increases at higher energy.
At relatively small,/s the main process that dominates the cross sectipy is A which has a
cross section over 500b. The resonancA™ decays either t@r° or to nr™ with a ratio between
the two decay channels of 2. Then a 2 of heavier resonandew falith lower cross section and
the multiparticle production starts at aboy® of about 5 GeV. It increases with the interaction
energy and is roughly 1% of thep cross section.

Another very important photoproduction interactions paeter is the protonnelasticity 0
King Which defines the average fraction of its energy which thégoréoses in the interaction and
which goes in the production of secondary patrticles. At lgaithis fraction is small. K is 0.17
for 1070 eV protons interacting in CMB. The distribution of this qtignis between 0 and 0.4,
i.e. there are no cases where the proton loses more than 4@%ceoiergy. Above 189 eV King
increases and at #beV it grows to 0.27 and the distribution becomes flatter remcimelasticities
of 60%.

The mean free pathp, and King define the mean loss length: the distance at which a proton
loses all its energy in interactions on the photon backgitoliris

E Aoy(Ep)
L P _ el 2.2

The minimum ofL;es coincides with the position of the minimu#y, and atE, = 5x10%° eV it is
about 16 Mpc and remains roughly constant ag Kncreases.

In calculating they-ray and neutrino fluxes from UHE protons propagating in CNi# ather
universal photon backgrounds one also has to account fotllee processes in which these protons
lose energy. The main such procespys— e"e . The energy loss length for this process is much
larger, never below 100 Mpc. The mean free path is small lutttergy loss in each interaction
is tiny. In propagation on cosmological distances one a#soth account for the proton adiabatic
energy loss from the expansion of the Universe.
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Figure 1: Spectra of different neutrino types generated in protompagation on 20 Mpc in CMB. The
energy spectrum of the injected protons i$E. See text for different symbols.

Figure 1 shows the spectra of neutrinos generated by &f froton spectrum propagated at
distance of 20 Mpc. Electron neutrinos are indicated witaropircles,ve - with filled circles, v,
with open squares, ang, with closed squares. The spectravgf v, andv, are almost identical,
so close to each other that thgpoints are almost invisible. The electron antineutrinogetavery
different spectrum that 3 slightly above#@V. The reason is that are only generated in neutron
decay 6 — pe V). The neutron decay length is smaller than the neutronaotien length up to
energy of 4<10°° eV. A small peak at about:510'8 eV is created in neutron interactions in CMB.

3. Energy spectra of cosmogenic neutrinos

The best way of calculating the cosmogenic neutrinos enspggtra is to propagate protons
on different distances and then integrate the results optbpagation using the astrophysical as-
sumptions [5]. Figure 2 shows the result of the integratimmafproton injection spectrum of &°
and a modest cosmological evolution(aft-z)2. The thick solid line shows the sum of all neutrino
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Figure 2: Spectra of cosmogenic neutrinos integrated on propagatiordshifts from O to 8 in the CMB.
The proton injection spectrum extends t4deV.
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types. Itis interesting to understand what contributegribst to these energy spectra. The highest
energy neutrinos are generated in the present Universe tda=0 because neutrinos generate at
large redshifts have their energy scaled dowriby z). The flux ofve increases and its maximum
moves to higher energy as higher energy neutrons also dddsre is a strong dependence of
these effects on the cosmological evolution of the sour6kard a moderate dependence on the
cosmological model.

Here is the list of all parameters one needs to perform a ledion.

¢ The total emissivity of the Universe in UHE cosmic rays, Uisuexpressed in ergs/Mptyear.
This a coefficient that normalizes the calculation to theiassd proton flux in the Universe.

e The average acceleration spectrum of these particles. @tterfthe spectrum is the more
UHECR can interact in the CMB.

e The chemical composition of UHECR. This relates to the spetbf protons because nuclei
interact in the CMB in a different way that we will briefly disss later.

e The maximum acceleration energy in the UHECR sources. Ibigoas that the higher
the maximum energy is, there are more photoproductiondaotiens and more (and higher
energy) neutrinos are generated.

e The cosmological evolution of the UHECR sources.

Many of these parameters are related. High maximum actielerenergy and a flat acceleration
spectrum generate higher emissivity of UHECR, for examfslstrong cosmological evolution can
compensate for a low current emissivity at high redshiftemtine energy of the CMB was higher
and lower energy protons were able to photoproduce. Itfiedifto describe all relations between
these five parameters.

Figure 3 shows the spectra of muon neutrinos and antinestryenerated on propagation
in 200 Mpc in the CMB as a function of the maximum acceleragmergy of the protons. The
proton injection spectrum is Z°. The difference between I0§®*) of 10°*> and 16° eV is
not big because of the relatively flat injection spectrumth# acceleration spectrum were flatter
the difference would increase. Less and less neutrinosearergted when the maximum energy
decreases and the neutrino spectrum also changes. It iss$ibf@to produce neutrinos of energy
higher than Ig‘ax or course and for this reason the energy spectrum is narrfmwvéhe lowest
maximum energy.

3.1 The other universal photon background

The cosmic microwave background is not the only universat@ibackground. There is also
the extragalactic background light that covers to wavelengetween the microwave and optical
radiation. It exhibits two peaks: one at the maximum of thgcap light close to energy of one
eV, and another above wavelengths of fi0that represents the scattered optical light. The total
number density of EBL is about 1 cr, more than 400 times lower than that of the CMB, but
even the far infrared has energy much higher than that of MB.Crhat means that much lower
energy protons would photoproduce in the EBL and also gemerutrinos. The energy spectra of
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Figure 3: Spectra of cosmogenig, andv, produced on propagation on 200 Mpc (redshif 0.05) of
proton spectra with different maximum energy.

the cosmogenic neutrinos generated in EBL will have rougiiysame shape but will be shifted
to lower energy than these generated in the CMB. While the$bwnergy protons interacting in
the CMB is 4<10'° eV even 187 eV protons occasionally interact in the EBL - see the estisiat
in Section 1 for photons of energy 1 eV.
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Figure 4: Spectra of cosmogenig, andv, produced on propagation in the CMB and in the EBL. The
points show the sum of the neutrinos generated in the twetsirg

The fact that lower energy protons interact in EBL has anr@sting effect on the neutrino
production: while in interactions on the CMB flatter injectispectra generate more neutrinos, in
interactions in EBL steeper proton spectra have the sarmaetedince there are more lower energy
protons for the same emissivity. The steeper the protontgmads the bigger the contribution of
the EBL target is.

3.2 Interactions of nuclei in photon fields

Nuclei heavier than protons have also another source ofgihess — photodisintegration. The
dominant process is the giant dipole resonance inducee inublei by the microwave background
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or any other photon field. The giant dipole resonance cresses peaks in the’ energy range
10-30 MeV. The nucleus absorbs the photon and forms an éxstisé¢ée, which decays, releasing
one or two nucleons. The photoabsorption cross-sectioghtgwbeys the Thomas—Reiche—Kuhn
sum rule. It is usually defined as

« NZ
Ophabs = /0 o(e)de' ~ 607' (3.1)

The photoabsorption cross-sectigphapsis measured in mb.MeV. In (3.8 is the mass numbez,
is the charge anhll is the number of neutrons.

This is only a rough approximation of the real cross-sediia depends on the stability of the
nucleus. At energieg/, lower than about 30 MeV the disintegration is dominatedhgyemission
of one or two nucleons. At higher energy the emission of mioaa two nucleons is possible.

Generally, because of its charge, it appears easier to garot@n than a neutron. Stable nuclei
are more difficult to disintegrate, although there are nokibs rules. It is even more important to
account to the" e~ pair production energy loss since it scales as the nuclearger?.

It is obvious that a nucleus of total energy?d@V will have energy per nucleoA times
smaller and iron nuclei of that energy will never suffer giprbduction and generate high energy
cosmogenic neutrinos. On the other hand, many of the neuted@ased in the photodisintegration
will decay and generate.. For that reason the fluxes of electron antineutrinos irsersmnificantly
if the composition of the UHECR is heavy or mixed, while thex8ia of high energy neutrinos
decrease.

4. Expected fluxes of cosmogenic neutrinos

The expected fluxes of cosmogenic neutrinos are very diffetepending on the interpreta-
tions on the cosmic ray energy spectrum and compositiorctetdy the UHECR detectors, such
as the Auger observatory [7], the High Resolution Fly’'s BBjegind the Telescope array [9]. While
the energy estimates of Auger and the other two detectorsrdyedifferent by about 20% (with
difference decrease reported at the International CosmajcFonference in 2013) they do measure
different cosmic ray composition above'#@V. HiRes and TA measure a very light cosmic ray
composition that would generate cosmogenic neutrinos. Auger observatory claims a mixed
composition above 18 eV that becomes increasingly heavier abov& HY. The statistics is in-
sufficient to have a better model of the chemical composgi®@ function of the primary energy,
but the tendency is to observe a larger fraction of heavyenatlthe highest energies. Since this
energy range coincides with threshold energy for neutrinalpction in the CMB (see Fig. 3, the
expected flux of cosmogenic neutrinos is low.

In addition, the models for the generation of the UHECR epsmectrum also strongly influ-
ence the neutrino production. In classical models wheralih®f the spectrum at aboutx30'®
eV is due to the emergence of extragalactic cosmic rays xthagalactic injection spectrum would
be about E22 and may require a strong cosmological evolution of the ssur©n the other hand,
the dip model of Ref. [10], which explains a proton dominated speutthat fits the observations
down to 187 eV, uses injection spectrum with index -2.7 and requiresasmological evolution
of the sources.
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Figure 5 compares the prediction of the two extreme intéaioms of the energy spectrum:
the fit of the Auger spectrum [11] with protons accelerated t@.3 spectral index withl 4 z)°
cosmological evolution and that of Ref. [10] with &’ acceleration and no cosmological evolution.
The latter model fits well the spectrum measured by the HiResrement [12]. The UHECR
emissivity above 1¥ eV used in the calculation in both models is 1/2 of that defingd].

14
10 T T T T
CMB+EBL, all, 2.25E+44

[N
S
N
13
T
I

[

<
[N
o

N

<,
-
5

N
©

dN,/dInE,, cm?sster®
=
o

10-19 1 A 1 1 1 1 ThS
1012 1013 1014 1015 1016 1017 1018 1019 1020
Log,o Ey, €V

Figure 5: Spectra of all cosmogenic neutrinos generated by the tweme models described in the text.
Both models have purely proton chemical composition. Aliéiactions on the CMB and in the EBL are
included in the neutrino production.

One can easily see that the difference in the neutrino fluoi®rthat two orders of magnitude
in almost the whole energy range. It is true that the maximynai,3, m=5) model is not very
realistic. We show it here to emphasize the huge differemt¢la expectations.

A very good discussion of the dependence of the cosmologwatrino flux on the UHECR
composition is made in Ref. [13], which describes tihgappointing model in which the highest
energy cosmic rays are iron nuclei. In such a model, its astbay, the maximum energy of the
accelerated protons is between two and five EeV (218} eV and the highest energy iron nuclei
are 2.8<1070 eV. Therefore no neutrinos would be produced in currentactéons with the CMB
photons. There would still be some production at high refishin the EBL and, of course, from
neutron decay. If the disappointing model is true, thereoisimance that IceCube [14] will ever
detect cosmogenic neutrinos.

The interest in detecting cosmogenic neutrinos rose suffisty last year when IceCube an-
nounced the detection of two 10eV neutrino induced cascades [15]. Since this energy isfsign
icantly lower than 18 eV the main question was if these two events arevadhteracting with
electrons to generate the Glashow Resonaeee — W~. The resonant cross section reaches
0.47 ub at 6.4<10* eV but the width of the resonance is very narrow 2.1 GeV.Whedecays in
six hadronic and three leptonic channels, but all of themldvoteate significantly higher energy
cascades in IceCube. Eventually the conclusion was thse: thes not likely to beee interactions.

Limits of the cosmogenic neutrinos of energy abové’ YV have been set by the Auger air
shower array [16], the RICE experiment at the South Poledhd]by the ANITA experiment [18].
These limits are significantly higher than the most cosmimgeautrino models. Auger has up-
dated their neutrino limit on the basis of six years obsé@mat by several different air shower
techniques [19]. The new differential limit for a single téno flavor is 8<10~17 in the same units
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as Fig. 5. To compare with the predictions for all neutrineces shown in this figure it seems to
touch exclude the highest predicted neutrino flux.

A possible future detection of cosmogenic neutrinos woualdamly benefit neutrino physics.
It will contribute to many general astrophysical commuestdealing with cosmic ray acceleration,
possible sources of UHECR, and propagation in the Universe.
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