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Abstract

Following the recent revival of the ideathat the highest energy cosmic rays might be magnetic monopoles
which gain their energy from the galactic magnetic field, we study the electromagnetic and hadronic interac-
tions of monopoles and model their interactions with the atmosphere. We find a strong dependence of the sort
of induced shower on the monopole mass, and discuss the possibilities of distinguishing monopole-induced
showers from those due to conventional particles.

1 Introduction

Theorigin of the highest energy cosmic raysis, at present, adeep mystery. Protonswith energies abovethe
GZK (Greisen 1966, Zatsepin and Kuz' min, 1996) cutoff (about 5 x 10*® eV) lose energy rapidly viainelastic
collisionswith the cosmic microwave background radiation and thus must come from a nearby source, which
seems unlikely. Nuclei, though heavier, are subject to photo-disintegration from red-shifted microwave pho-
tonsand will lose energy rapidly with distance. Gammarays of appropriate energy have short mean free paths
to create electron-positron pairs and, again, are unlikely candidates. Neutrinos have lower interaction cross-
sections, so if they are the particles that make up the highest energy cosmic raysthere are alot of them, andin
any case they would likely have to come from the decay of other highly accelerated charged particles. Given
the difficultiesin identifying a known particle as a candidate, it seems reasonable to turn to exotic candidates.
In this paper, we consider the possibility that the highest energy cosmic rays are magnetic monopoles.

2 MonopolesasUHECR Primaries

The idea that UHECR’s might be monopolesis an old one due to Porter (1960), and revived recently by
Kephart and Weiler (1996). Thereare two considerationsthat make the monopole hypothesisattractive: 1) The
energy that a monopole with Dirac charge ¢,, = e/2a would acquire crossing the 3 uGauss galactic magnetic
field isabout 102° eV —surely an intriguing coincidenceat least, and 2) the observed flux of the highest energy
cosmic rays is consistent with the Parker bound which requires that there not be so many magnetic monopoles
around as to effectively “short out” the galactic magnetic field.

Whileno reliabledirect observationshave yet been made of magnetic monopol es, they are attractive objects
from atheoretical point of view as the existence of just one automatically implies the quantization of electric
charge. Many theoriesof physicsbeyond the standard model contain magnetic monopolesnaturally; any theory
with a simple grand unification (GUT) group that breaks leaving an unbroken U(1) (i.e. electromagnetism)
will contain magnetic monopol es with masses around the scale of symmetry breaking. Whileit is possibleto
imagine models with lighter monopoles, and indeed even to simply postulate the existence of pointlike Dirac
monopoles, direct searches at accel erators pretty much exclude masses below a few tens of GeV. Strict model-
independent limits are difficult to set for many reasonsincluding difficultiesin treating pointlike monopolesin
guantum field theory, and estimating form-factors for non-pointlike monopoleswhich arise as solitons.

3 Interactionsof Monopoleswith Matter

Theinteractions of monopoleswith matter can be broken down into two general classes— the obviouselec-
tromagneticinteraction, and amuch less obviousstrong interaction which violatesboth | epton and baryon num-
bers.



3.1 ElectromagneticInteractions At high energies, amagnetic monopole can be thought of as carry-
ing an electric field with it of & x B, where v is the usual Lorentz contraction factor, ¥ is the velocity, and
B isthe magnetic field of the monopole at rest. Asv — ¢ (the highly relativistic limit), the monopole then
lookslikeachargeof Z = 1/2a ~ 137/2. (Here and hence we consider thelowest magnetic charge possible).
Thisleads one to think of a relativistic monopole as a minimum-ionizing charged particle depositing about 6
GeV/(g cm~2). A horizontal shower would them deposit 240 TeV, mainly in the form of ionization, and this
would look nothing like a high energy proton or nuclear interaction.

3.2 Monopole-Proton Interactions Far more promising as signatures are the strong-interaction pro-
cesses in which a monopole can participate. The generic processis one of

p + Monopole — £ + Monopole + X

where X isacollection of other particles with net baryon and lepton number equal to zero and £ is a lepton.
Thisisan extension of the celebrated “monopol e-catalyzed baryon number violation” givingp — et =°, but, as
we shall see, can be rather more dramatic when the centre-of-mass energy is high. We will discussthis process
in more detail in section 4.

The cross section expected is a typical strong interaction cross section of about 10-2¢ cm?. The reason
for thisis the following: the swave wavefunction for a charged fermion in the field of a magnetic monopole
isinfinite at the origin. Any wavefunction then with any admixture of s-wave will then get “sucked into the
monopole” with infinite probability.

This infinity, of course, indicates a pathology in the theoretical description of a monopole-fermion inter-
action, but we can imagine introducing a cutoff at some scale characteristic of the monopole to regularize
the result. In the event of a GUT monopole, the scale isthe GUT scale, and represents the fact that a GUT
monopoleis not pointlike, but rather an extended object with length scale the inverse of the GUT scale. For a
Dirac monopol e one might use the Compton wavel ength of the monopole, or some other reasonable guess. In
any case, the characteristic scale must be much smaller than a proton, so the net result is that the cross section
for aproton to interact with a monopole must be given by the proton —the interaction takes place with a cross
section typical of the strong interaction.

4 Baryon and Lepton Number Violation in Monopole | nter actions

The process described in the previous section may seem rather bizarre, since lepton and baryon number are
strictly conserved in perturbation theory in the standard model. The origin of the phenomenonisin a nonper-
turbative effect in the Standard Model, but may arise dueto tree level processesin GUT's.

4.1 The Standard Model In the standard model, baryon and Iepton number are not conserved. The
origin of this phenomenon isthe chiral anomaly. Imposition of ordinary current conservation d,,j* = 0 leads
to adivergencein the chiral current
5 g9 B
3;,,]” = WGM FMVFalg

where g is the gauge coupling constant and F' the field strength associated to the gauge field. In the standard
model, the SU(2) gaugefield only couplesto left-handed quark and lepton doubl ets. Writing baryon and lepton
currents as sum of left- and right-handed components then leads to
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where and Fg,(l) istheU(1) field strength, Ff,fj@) isthe SU(2) field strength, g1 and g, are the corresponding

coupling constants, and ny is the number of fermion generations, and the trace is taken in the SU(2) adjoint



representation in which the gaugefields lie. Electroweak baryon and lepton number violationsare then essen-
tially a consequence of the chiral anomaly and the left-right asymmetric el ectroweak gauge couplings.

This sort of violation of lepton and baryon number was first considered by 't Hooft (1976), who noted that
fluctuationsin the gauge fields could, in principle, induce proton-decay amplitudes which are suppressed by a
factor of exp(—4w sin? Oy /) ~ 107170, and thus quite unobservable.

The combination of field tensorsthat appearsinthe above expressionsisessentialy E-B, leadi ngtotheidea
that one might be ableto get baryon and lepton number violation with nothing more than el ectric and magnetic
fields. The probleminthelaboratory isthat it ishard to get the required field strength, though very high energy
particle collider experiments might be able to achieve this sort of effect (Mattis & Mottola, 1990).

In the presence of a monopole, however, the effect is huge. The monopole has a B that falls as 1/r2 and
pointsradialy out. It will effectively suck in a proton (or, rather, a quark from a proton) and in combination
with itselectric field dso faling as 1 /72, one getsﬁ ‘B ~ 1/7* and thus the net baryon number change per
unit time obtai ned by integrating the divergences given aboveis singular, or, more precisely, huge with a cutoff
that depends on the details of the monopole.

In principle, the process should be ¢ + Monopole — Monopole + (3ns — 1) + n¢f where g represents
aquark, § an antiquark, and £ alepton and there should be one representative from each generation. In fact,
as discussed by Nair (1983), the number of generations seen is energy-dependent and with the known genera-
tional mixing, one expectsto seejust one generation at energiestoo low to produce more. Notethat the process
violates neither colour, nor charge conservation.

4.2 Grand Unified Theories InGUT'’s, quarks and leptons appear in the same multiplets. The reason
that baryon and lepton number violation don’t take place at anoticeablerateisthat the GUT group is supposed
to be broken to a smaller one which does not mix quarks and leptons. The gauge bosons acquire masses of
order the GUT-breaking scale mgyr, and al processesthey mediate are suppressed by powers of m,,/mgur.

Whileall that was said in the foregoing section remains as true for a GUT monopole as for pointlike Dirac
one, there isadifferent way of looking at the baryon and lepton number violationin the GUT case. A proton,
or one of its quarks falls into a monopole and gets sucked to the centre. A GUT monopoleis atopologically
nontrivial object in whose centre the Higgsfield that broke the GUT symmetry and gave the gauge bosons that
correspond to broken directions masses vanishes. Thisin turn meansthat the all the baryon and lepton number
violation processes become unsuppressed there.

4.3 ModelingBaryon and Lepton Number Violating Interactions Despitethe slightly different
perspectives of the two approaches to monopoles described above, the net result is, fortunately, quite model -
independent. The basic process aswe model it isthe following: 1) Start with a nucleon (proton or neutron) 2)
Decide whether or not to interact based on the proton-proton cross section. 3) Select a quark at random and
have it fall into the monopole 4) The quark now disappears and is replaced by two antiquarks and a lepton.
In principle one might see more generations at once, but thisis alater extension of the work which is yet to
be performed. In fact, once one has charged fermions around the monople baryon and lepton number are no
longer conserved and the net effect onewould expect isthat the the whole proton disappearsand isreplaced by
severa quarks and leptonswith total charge and colour zero, and keeping baryon number minuslepton number
conserved. The energies and momentaof the particlesare chosed according the phase space with the centre-of-
mass energy calculated for the collision. The LUND fragmentation model (Andersson et al.,1983) as redized
in JETSET (Sjostrand, 1986 and Sjostrand & Bengtsson, 1987) is then used to fragment the system.

Work on handling multiply-wounded nuclei in analogy to what isdonein SIBY LL (Fletcher et al., 1994 and
Engel et al., 1992) isin progress. We expect little change to the results since the main effect will be to increase
the number of partonsin theinitial state, an effect which is mimicked by the fragmentation process described
above.



5 A Modified Version of AIRES

Codeto perform the above cal cul ationshasbeen incorporated into an extended version of AIRES (S. Sciutto,
1997) in order to study extensive air showerswhich are caused by an energetic monopoleprimary. In addition
to changes for kinematics and tracking of the monopole, al other particles are handled by the standard AIRES
code, with nuclear interactionsdone using SIBYLL (op. cit.).

6 Qualitative Results

While a detailed comparison of resultsfor various monopolesisthe subject of amore detailed paper (Dova
& Swain, 1999), several qualitativefeature of the process are immediately apparent:

¢ The monopoles must be highly relativistic (mass much less than 102° eV) in order to transfer energy
efficiently to nuclel in the atmosphere — otherwise simple kinematics does not allow them to lose much
energy

¢ |f the monopoles are very light, they can lose most of their energy in the first collision and generate a
proton-like shower.

¢ If the monopoles are intermediate in mass range, they may initiate several showers, each of somewhat
less (again, this depends on kinematics) energy than the previous one making the profile seem more like
astack of proton showers, each started at different depths.

¢ With the possibility at each interaction to direcly produce a highly energetic neutrino, we expect fluctu-
ationsto be larger in monopol e-induced showers. High statisticsMC studies are underway to check this
claim.

Of course one might aso hope that monopol e primaries would show some directional preferences as they are
accelerated by the galactic magnetic field.

7 Conclusions

Theideathat the highest energy cosmic rays might be magnetic monopol esisan exciting one, but adifficult
one to test. While extensive airshowers they produce can be quite different from proton or nucleus initiated
showers, the detail sare highly dependent on kinematics— in particular the monopol e mass and energy. A more
detailed study can be found in Dova& Swain (1999).
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