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Abstra ct: Ultra high energy cosmicrays (UHECR) posea problem either for particle
physics or for astrophysics (or for both) by the unexpectedly high number of cosmicray
shawersobsenedwith energyabove ~ 5x 10'° eV , the Greisen-Zatsepin-Kuzmin (GZK)
cuto® ]. Our emphasisis on those possible solutions of the puzzle which assumethat
ultra high energyneutrinos travel cosmicdistances. We presert, in detail, a model which
is basedon a low energy (50 to 100 TeV) transition to a higher than four dimensional
string regime. Neutrino-quark crosssectionsgrow exponertially closeto the threshold of
this new scalebecauseof the fast increaseof the density of string states and e®ecti\ely
acquire hadronic strength.

1. Intro duction

Cosmicrays were discovered about ninety yearsagoby Hessand KohlhArster [P]. Through
all these years they have provided a rich source of vital information on our galaxy and
the universebeyond to astrophysics. Until the early nineteen fties experimertal particle
physicscould useonly cosmicrays asthe \incoming beam" for creating membersof the par-
ticle zoo never seenbefore,like muons, pions, kaons,the lambda etc. Howewer, the emerging
accelerator physics with its well-cortrolled experimental environment put the interest in
cosmicray obsenations to the badc burner asfar asparticle physicswasconcerned. During
the last decadeor so a dramatic turn-ab out took place. Atmospheric and solar neutrino
detectors gave the rst hint to the somewhat cluelessparticle physics community on the
physics beyond the hugely successful,neverthelessincomplete Standard Model. Reactor
and acceleratorneutrino experiments gave con rmation of thosecosmicray resultsjust last
year. The limit on cosmic di®usegamma radiation badkground by EGRET [B] combined
with measuremets of the cosmicray spectrum at the highest energiesprovides restrictions
on possible grand uni ed theories. The number of deeply penetrating horizontal show-
ers measuredby the grand array, AGASA [H] and the nitrogen °uorescencedetector Fly's
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Eye [B] suppliesbounds on larger than four dimensional models with low scalegravity [f].
These are just some examplesfor the renewed interest in using obsenations concerning
astrophysical processesand properties of the hot big bang cosmologyas possibletests for
predictions of theories going beyond the Standard Model [[].

2. The signi cance of the high energy end of the spectrum

A simplistic characterization of the measured cosmic ray spectrum atrms its isotropy,
a composition, which is overwhelmingly hadronic (protons and nuclei) and a power law
(/ Ei®) energy dependencethrough about ten orders of magnitude from 10'° eV to
1070 eV. There are two energyregions,¥s4 £ 10'° eV and ¥ 1085 eV (named the \knee"
and the \ankle", respectively) where ® changesquite abruptly: ® Y4 2:7 for E . 10'°
eV, ® ¥4 3:1 for 101%%V. E . 10'%%eV and ® ¥4 2:8: for E & 10'8°eV. For more details
see[B]. Although a considerablenumber of substartially improved old detectors as well
as new oneswill provide crucial experimental obsenations for the \knee area" in cosmic
rays [8], for GeV and TeV gamma-rays and { hopefully { for neutrinos in the near future,
the presert paper brings into focus only the ultra high energy region of the cosmic ray
spectrum.

The CM energy per particle at the Tevatron and at the LHC (1 TeV and 7 TeV,
respectively) fall betweenthe kneeand the ankle on the cosmicray spectrum, corresponding
to xed target energies¥s 10'° eV and ¥ 10'7 eV. The highest energy evert ever recorded
hasenergy 3£ 10?° eV (by the Fly's Eye detector [f]), which is equivalert to about 500 TeV
in the CM system; otherwise, its extensiwe air shower (EAS) ts the properties of a proton
or maybe a nucleusinduced shawer [fL{]. Clearly, at the high energy end of the spectrum
the primary and someof the secondaryinteractions at the top of the atmosphereinvolve
processesnever tested in accelerator experiments; moreover, the highest energy evens
certainly scrutinize physics beyond the electrowveak scale.

In addition, the region above the ankle preserted the GZK puzzle. Up to about 10'° eV
energythe universeis transparert for protons, although the interaction with the everywhere
preseri regular and chaotic magnetic elds takesaway the directional information pointing
bad to their source. Howewer, above that energy protons produce e* e pairs and more
importantly pionston the cosmic microwave badkground (CMB) radiation . At the energy
10'%° eV the mean free path for protons is down to about 7-8 Mpc and at ead collision
they loseabout 20{ 25 % of their energy Consequetly, the expectation [f] wasthat there
should be a cuto® and just under the cuto®a pileup (a bump on the spectrum) asa conse-
quenceof the pion photoproduction for the above threshold protons or nuclei [[L1]. (Nuclei
photodisintegrate on the CMB and photons are absorbed (through e* e production) on
the CMB and on the universal radio badkground.)

There are somewhatlessthan a hundred extensive air shavers obsened with energies
above 10'%° eV and about ten everts above 10°° eV. The arrival directions are compat-

LAround this energy and above it the e®ectof the de°ection by the galactic and intergalactic magnetic
“elds is small enoughthat with reasonablecertainty a \source box"of a few degreescan be de ned even for
charged incoming cosmic particles.

{2{



Twenty-sixth Johns Hopkins Workshop S. KAvesi-Domolos

ible with an isotropic distribution of sources. Wherever determination was possible, the
properties of the primary patrticles starting the EAS were consistent with being hadrons.

There is considerable disagreemeh on the errors of EAS energy estimates, on the
“ner features of the spectrum, and on the statistical signi cance of the data among the
collaborations [[[5, L8, L7, B, A], which provided the obsenations. The recert analysisof the
data already on Te, the improvemert of statistics by the corntinued operation of AGASA
and HiRes, and by the future obsenations of new detectors (under construction like the
Pierre Auger Obsenatory [fLg], and the planned Owl/Airw atch [[L9]) the reliability of the
obsenational data will substartially improve in the next couple of years.

The propagation of nucleons, nuclei and gamma rays was studied in detail [[[3] with
the conclusionthat their sourcescannot be very distant (at most ¥450; 70 Mpc away)?.
There are only a few astrophysical sources,which can possibly accelerateparticles to these
extreme energies(e.g. AGN-s, radio galaxies). Since few of these objects are in the
"GZK sphere" and the requiremert of isotropy of the incoming extreme energy cosmic
rays (EECR) also preseris a se\ere restriction on their origin, the community started
looking for new explanations for the higher than expected number of particles at the very
end of the spectrum.

3. GZK evading messengers

There are two large classesof models which can provide interpretation for the data, top
down and bottom up models®.

Top down models [RQ, ] all use physics beyond the Standard Model. Topological
defectsand long lived relic particles could be produced everywhereduring phasetransitions
experiencedby the Universeafter the Big Bang. Through their collapse/decy they produce
the small number of EECR (protons) and dominantly photons and neutrinos.Their major
advantage is that they avoid the problems of long range propagation in the badground
photon "gas", as well asthe ditculties of acceleratingparticles to extreme energies. The
art in the construction of these models is to make the required °ux of EECR without
creating too large a cortribution to the di®usegamma ray badkground bounded by the
results of the EGRET detector [B]. Horizontal EAS (zenith angle larger than 60%) give
limits for the neutrino °ux.

Bottom up scenariosall face the acceleration problem. Howeer, if { asa rst step {
one can assumethat the sourcescan be outside of the GZK sphere(Rgzk %2 couple of
tens Mpc), then the number of sitesable to produce EECR increasesconsiderably Among
Standard Model particles only the neutrino can handle cosmicdistanceswithout dramatic
absorption®. Both the Z-burst model and models inspired by string theory of d > 4 use
EECR neutrinos to increasethe pool of sources.

2If the e®ectof the random extragalactic magnetic elds are takeninto accourt, in addition to the energy
loss processesthe average GZK distance of a proton further decreases[@] [@].

3For completeness,we must add the possibility of Lorentz symmetry violation, which could eliminate
the GZK cuto® completely [@, E]

4In principle, some supersymmetric particles can have their GZK cuto® at higher energiesthan the
nucleons. However, LEP2 already excluded light superpartners. @ E]
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The \Z-burst" models[R3] needno particle physicsbeyond the Standard Model (apart
from non-zero neutrino masses)and assumestandard hot Big Bang cosmology They
assert that extreme energy neutrinos (E= MZZ:Zmo) forming Z bosonsresonarily with
antineutrinos of the neutrino halo around our galaxy (or supergalaxy) could produceenough
protons well inside the GZK radius to accourt for the EECR. The ditculties with this
model were pointed out in ref. [[[2, [[4]. Basically, the necessaryrequiremerts on the high
energy neutrino °ux and/or on the density of halo neutrinos make the scenario (nearly)
incompatible with other astrophysical obsenations.

4. String inspired models

In all string inspired modelsthe neutrino nucleoncrosssectionis above the Standard Model
value at very high energies.Internal consistencyof string theoriesrequiresthat strings live
in a multidimensional space(typically, d=10 for superstrings). It has beenrealized a few
years ago that the connection between the string scaleand the Planck scaleis lessrigid
than hitherto believed [R3.

In somemodelswith large compacti ed extra dimensions,(or with a four-dimensional
brane world) together with TeV scalequantum gravity [P4] EECR neutrinos interact grav-
itationally with the nucleonsin the atmosphere; as a matter of fact, that becomesthe
dominant interaction [2§). Unfortunately, the gravitational interaction doesnot give rise
to a suxciently rapidly growing crosssection[2§]. As a consequencepbsenational bounds
on deep (nearly horizontal) showers are violated and it is not possibleto read crosssec-
tions comparableto hadronic onesaround the GZK cuto®. The production of \mini black
holes" has beenalso studied [26, P7]. Preserly, it is unclear whether the upper boundson
deepshawers are compatible with thesetheories.

At presern, there is no internally consistert, phenomenologicallyviable string model
known, in which even the basic features of the dynamics { including a medanism of
compacti cation { would be satisfactorily understood. Nevertheless,various string models
have somany attractiv e propertiesthat oneis tempted to abstract their robust featuresand
seewhether somereasonableconjecturescan be made once CMS energiesof the colliding
particles reach the string scale[fl4, Pg]. For the sake of argumert, let us have a string scale
of the order of 50 - 100 TeV in mind. This can be reaced in ultra high energy cosmic
ray interactions: for instance, the \gold plated" Fly's Eye event mentioned before has
about 500 TeV in the CMS. It was showvn by meansof an explicit calculation [R, that
weakly coupled string models cannot explain the trans-GZK cosmicray interactions. Since
we cannot calculate within the framework of a strongly coupled theory, we use features
of current models, which are likely to be presen in future, phenomenologicallysuccessful
theories. The following basic ingredierts are used:

2 Unitarit y of the S-matrix.
2 A rapidly rising level density of resonancesn dual models.

2 Uni cation of interactions at around the string scale,hereafter denotedby M .
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2 Duality betweenresonancesn a given channel and Reggeexdangesin crossedchan-
nels.

Sinceduality betweenresonancesand Reggepolesis exact only in the tree approximation
to a string amplitude, it is unclearwhat the preciseform of a generalizationto world sheets
of higher gerus is: probably, resonancesf nite width are dual to Reggecuts. Thus, our
formul‘z are likely to be valid to logarithmic accuracy Using the optical theorem, the total
crosssection for the neutrino-parton interaction is®:
gy X
=5 @+ DA jcos(24)); (4.)
i

where,asusual,” and * stand for the elasticity coexcient and phaseshift of a given patrtial
wave, respectively. The quartity N ($) is the level of the resonance,equal to the maximal
angular momertum. For elastic resonances, = 1 and + ¥4 ¥#2 within the width of the
resonance.Closeto the threshold of the string regime, on resonane the total crosssection
is just proportional to the number of states at a given level. In any realistic model the
resonanceshave nite widths, thus we averagethe crosssection over an energy interval
comparable to the widths of the resonances. In sudh an approximation, the density of
states d(8) can be introduced and N is regarded as a continuous variable, suc that
N ¥ 8=M 8. Using this, one gets from eq. (&.1):

%Y, %Md OF (4.2)
As inelastic channelsopen up, the elasticity coexcients in eq. (f.1) becomelessthan unity
and eq. (B.2) is no longer valid. Without any detailed knowledge of the inelastic channels
(world sheetsof a higher gerusin presert day string models), we can estimate the behavior
of the crosssectionasé! 1 only. Duality tells usthat the leptoquark excitations should
be dual to the exchangeof the Z-trajectory in the t-channel. Hence,apart from logarithmic
corrections,

¥y» 8O D). 4.3)

where ®(0) is the intercept (branch point, respectively) of the Z trajectory. Apart from
corrections of the order of (Mz=M)?, onehas®0) = 1, sothat the neutrino-parton cross
section tends to a constart. (We verify a posteriori that Mz=M ¢ 1, sothat the power
correctionsto the crosssection are insigni cant at all energiesof interest.)

The level density is a rapidly rising function of 8. It is known that asymptotically it
risesasexp(a W), with a being someconstart; see,for instance [. Howewer, the rise
is more rapid at the beginning of the spectrum. The rst few levels of the open superstring
can be well interpolated by the function

d(N)/ expli24N; N ¥ 8=M; (4.4)

SAll energiesare assumedto be large compared to the rest energiesof the incoming particles.

8In the last formula, the Reggeintercept has been neglected. However, we shall seeshortly that the
excitations begin to contribute signi cantly to the crosssection for N , 10 or so; hencethis approximation
is justi ed.
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(This approximate formula was calculated from the generatingfunction of the level density,
[BA] eq. (4.3.64).) General considerationson a strongly coupled string model take us this
far. To connect the low excitation regime, eq (f.2) and the asymptotic one, eq. (£.3)
we chose an interpolating function guided by merely the requiremert of simplicity. We
found that after averaging over the parton distribution within the nucleon, the results are
insensitive to the detailed form of the °-quark crosssection. For that reason,we chosea
simple form satisfying the limits at low and high excitations:

M 2% 16% 40exp 1:24Ng
M21+ £ expli24(Ngj $=M?2)

%= £ '8 (4.5)

In eq. (BF), M is the string scaleand Ng is a parameter measuring the onset of
the \new physics". In fact, one can corvert that dimensionlessparameter into an energy
scale. Using our previous relations, one can write Ng % $9=M, or in terms of a laboratory
energy of the incoming neutrino, No ¥ 2mEy=M, m being the massof the nucleon. In
all these equations, the \hat" over the energiesinvolved sernes as a reminder that the
guartities have to be integrated over the parton distribution. As usual, the conversionis
carried out by meansof substitutions such as 8§ = xs, x being the momerntum fraction of
a parton within the nucleon. The step function is inserted becausethe cross section of
the \new physics" vanishesat CM energiesbelov the massof the rst resonance. The
parton distributions have beentaken from CTEQ6 [BJ]. The dominant cortribution comes
from valencequarks; gluonsdo not cortribute, sinceno preserly known uni cation scheme
contains \leptogluons”. Finally, the cortribution of the seais negligibly small, since the
latter is concenrated around x = O.

It isimpossibleto preciselydetermine the two parameters,M and N ertering eq. (4.5).
Nevertheless,the parameterscan be boundedby the trans-GZK data. As it was mentioned
before

2 no deepshawners have beenobsened by AGASA and Fly's Eye,

2 the trans-GZK showers appear to be \hadron-lik e", i.e. they originate high in the
atmosphereand appearto exhibit a developmen resenbling proton induced showers.

These constraints were analysed [B3]. The absenceof deep shawvers excludesa region of
the neutrino crosssection, approximately, 0.02mb - 3% - 1 mb. The crosssection has
to grow fast to roughly hadronic size around the \ankle" in the cosmic ray spectrum,
approximately at 5£ 10'° eV and stay of this sizeor grow slightly. Unlesstheseconditions
are satis ed, the neutrino model of trans-GZK cosmicrays fails. A seard of the parameter
spaceyields Eq ¥4 5£ 10 GeV and M ¥ 80 TeV. With thesevaluesof M and N the
crosssectionis rising suzciently rapidly to satisfy the deepshowver bound and at the same
time, it is suxciently large in the trans-GZK energy region. These valuesof Eq and M
give Ng %2 15:6 con rming the intuitiv e expectation. The neutrino-nucleon crosssectionis
shown in Fig. ().

Due to the exponertial dependenceof eq. (f.5) on the parameters, one cannot vary
their valuesover a broad range without getting a corntradiction either with the bound on
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Figure 1: The v-nucleoncrosssectioncalculatedfrom eq.(@) and the CTEQ6 parton distribution.
FEy = 5x 10"%V, M = 80TeV.

deep shawers and/or with the required value of the crosssection for trans-GZK showers.
Neutrino induced shawers were simulated using the ALPS (Adaptiv e Longitudinal Prole

Simulation) Monte Carlo padage authored by Paul T. Mikulski[$3]. Similarly to earlier
studies, see,e.g. [B4] it was assumedthat quarks and leptons are created in comparable
numbers in an interaction as long as the CM energy of an interaction remains above M .
Oncethe energydrops below M , the usual Standard Model crosssectionsgovern the further
dewvelopmert of the shawver. A qualitativ e consequencef this feature is that, statistically,
neutrino induced shawers exhibit larger °uctuations than proton induced ones,see[B4]’.
In addition, oncethe crosssection becomedarger than about 15-20mb, the shower starts
high in the atmosphere. Hence, on an evert by event basis, such showers are virtually

indistinguishable from hadron induced showers

5. Conclusions

The trans-GZK energyregion preseris a unique opportunit y to get hints on the qualitativ e
features of theories going beyond the Standard Model. In astrophysics, these extensive
air showers may bring information either about cosmologically early times or about the
most violent regionsin the Universe. To be able to distinguish among these humerous
imaginative scenarios,the collection of high statistics data is necessary In the near future
this will becomepossiblewith the cortinued operation and improvemeris of AGASA and
HiRes and with the start of the hybrid (grand array and air °uorescence)megadetactor,
the Pierre Auger Obsenatory.
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