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Are ultrahigh energy cosmic rays a signal for supersymmetry?
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We investigate the possibility that cosmic rays of energy larger than the Greisen-Zatsepin-Kuzmin cutoff are
not nucleons, but a new stable, massive, hadron that appears in many extensions of the standard model. We
focus primarily on theS®, a uds-gluino bound state. The range of 88 through the cosmic background
radiation is significantly longer than the range of nucleons, and ther&fdsecan originate from sources at
cosmological distance§S0556-282(98)04808-5

PACS numbd(s): 98.70.Sa, 12.60.Jv, 13.66x

from cosmic background radiatiq€BR) and radio photons

[5]. Thus unless the primary is a neutrino, the sources must
be nearby(less than about 50 MpcThis would present a
severe problem, because unusual sources such as quasars and

The detection of cosmic rays of energies abové® &Y Seyfert galaxies typically are beyond this range.
[1,2] has raised yet unsettled questions regarding their origin Ho_wev_er, the_pnmary cannot be a neutrino because the
and composition. The first problem is that it is difficult to Neutrino interaction probability in the atmosphere is very

imagine any astrophysical site for the cosmic acceler@or small. This would implly an implausibly large primary f|u>§,
a re?/iew, sge Re[g])?lThe Larmour relation for a part:(cle of and worse yet, would imply that the depths of first scattering

o8 _ > would be uniformly distributed in column density, contrary
chargeZ, (E/10° eV)=Z(R/kpc)(|B|/uG), sets the scales 14 gpservation. The suggestion that the neutrino cross section

for the required sizeR, and magnetic field strengtfB|, of  grows to a hadronic size at UHE] has recently been shown
the accelerator. One would expect any sources with sufficienb be inconsistent with unitarity and constraints from lower
R|B| to accelerate particles to ultrahigh energies to appeagnergy particle physicks].
quite unusual in other regards. Since UHE cosmic rays should be largely unaffected by
A second issue is the composition of the observed cosmithtergalactic or galactic magnetic fields, by measuring the
rays. The shower profile of the highest energy ev@itis  incident direction of the cosmic ray it should be possible to
consistent with its identification as a hadron but not as drace back and identify the source. Possible candidate
photon[4]. Ultrahigh-energy (UHE) events observed in air sources within 10° of the UHE cosmic ray observed by the
shower arrays have a muonic composition indicative of hadFly’'s Eye[2] were studied in Ref[5].2 The quasar 3C 147
rons[1]. The problem is that the propagation of hadrons—and the Seyfert galaxy MCG 8-11-11 are attractive candi-
neutrons, protons, or nuclei—over astrophysical distances idates. Lying within the & error box of the primary’s incom-
strongly affected by the existence of the cosmic backgrounéhg direction, the quasar 3C 147 has a large radio luminosity
radiation(CBR). Above threshold, cosmic-ray nucleons lose (7.9x10* erg s'!) and an x-ray luminosity of about the
energy by photoproduction of pionlly— N4, resulting in ~ same order of magnitude, indicative of a large number of
the Greisen-Zatsepin-Kuzmii@zZK) cutoff in the maximum  strongly accelerated electrons in the region. It also produces
energy of cosmic-ray nucleons. If the primary is a heavya large Faraday rotation, with rotation measure RM
nucleus, then it will be photo-disintegrated by scattering with= — 1510+ 50 rad m 2, indicative of a large magnetic field
CBR photons. Indeed, even photons of such high energiesver large distances. It is noteworthy that this source is
have a mean free path of less than 10 Mpc due to scatteringithin the error box of a UHE event seen by the Yakutsk
detector. However, 3C 147 lies at a redshift of about
z=0.545, well beyond<0.0125 adopted in Ref5] as the
*Electronic mail: djchung@yukawa.uchicago.edu distance upper limit for the source of UHE proton primaries.
TElectronic mail: farrar@farrar.rutgers.edu
*Electronic mail: rocky@rigoletto.fnal.gov
We use the term ultrahigh energy to mean energies beyond the?Ten degrees is taken as the extreme possible deflection angle due
GZK cutoff (discussed beloywhich can be taken to be 1t eV. to magnetic fields for a proton of this energy.

I. INTRODUCTION
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Just outside the @ error box of the primary’s incoming di- off the CBR photons. Another advantage of a neutral particle
rection is the Seyfert galaxy MCG 8-11-11. It is also un-is that because it will be unaffected by intergalactic and ga-
usual, with large x-ray and low-energy gamma-ray luminosi-lactic magnetic fields, its arrival direction on the sky will

ties (4.6<10*ergs? in the 20-100 keV region and Point back to its source. Third, there will be no energy losses
7x10% erg s in the 0.09—3 MeV region At a redshift of due to synchrotron or bremsstrahlung radiation. Of course
z=0.0205, it is much closer than 3C 147, but it is still too P€cause neutral particles will not be accelerated by normal

distant for the flux to be consistent with the observed protorf!€ctromagnetic mechanisms, it is necessary to provide at
flux at lower energiegs]. east a plausibility argument that they can be produced near

Briefly stated, the problem is that there are no known.the source. For instance, they may be produced as secondar-

candidate astronomical sources within the range of protoné?s in collisions induced by high-energy protons.
In this paper we analyze the possibility that a supersym-

neutrons, nuclei, or even photons. Yet there are good candi- etric baryons® (uds-giuino bound state whose mass is
dhate sources ath100—1OQO Mpc. In th:js paper Webprorf)ose ;hn%.g—z.s GeV—see belgvis the uhecron instead of the pro-
the answer to this cosmic-ray conundrum may be t at_U n, as first proposed in Rdf7]. The S° has strong interac-
cosmic rays are not known particles but a new species Qjong it can be stable, it is more massive than the nucleon,
particle we denote as the uhecrbn The meager informa-  5nq it is neutral with vanishing magnetic moméi. Re-
tion we have about the cosmic ray events allows us t0 asmarkably, this particle is not experimentally excluded. The
semble a profile for the properties of the uhecron: light gluino required in this scenario would have escaped
(1) The uhecron interacts strongly: Although there aredetection. Experimental limits and signatures are discussed
only a handful of UHE events, the observed shower develin [7] and the reviews of Farrd8,9].
opment and muonic content suggests a strongly interacting If UHE cosmic rays areS”’s, we will show that their
primary. range is at least an order of magnitude greater than that of a
(2) The uhecron is stable or very long lived: Clearly if the proton, putting MCG 8-11-11and possibly even 3C 147
particle originates from cosmological distance, it must bewithin range of the Fly’s Eye event.

stable, or at least remarkably long lived, with= While the main thrust of this paper is an investigation into
(10° s)(my/3 GeV)(L/1 Gpc) wherd. is the distance to the the scenario where th8° is the uhecron, most of our analy-
source. sis can also be applied to the case where the uhecron is much

(3) The uhecron is massive, with mass greater than abodnore massive than assumed for t8& Extensions of the

2 GeV: If the cosmic ray is massive, the threshold energy fostandard model often predict new heavy, e.g., multi-TeV,
pion production increases, and the energy lost per scatterirgplored particles which in some instances have a conserved
on a CBR photon will decrease. We will go into the detailsOr almost-conserved quantum number. Bound to light quarks
of energy loss later in the paper, but this general feature cafiese form heavy hadrons, the lightest of which would be
be understood from simple kinematics. Ury— U, the Stable or quasistable. Such a particle would propagate
threshold for pion production ism,=m3+m2+2mym,, . through the CBR Wlthout S|gn|f|ca_nf[ energy loss b_ecause _the
In the cosmic-ray frame where thé has energyE,>m, threshold energy for |r)elast|c collisions is propo_rtlona_l to its
and the photon has energf,~3T (where T=2.4 mass. Some mechar_usms for uhecron producthn discussed
X104 eV is the temperature of the CBR s=m3 below would be applicable for a new very massive hadron.
+4E,Ey. Thus, the threshold for pion productiors However, .SUCh a particle probably WOUId. nqt be an acpept-
>s,., results in the limitE,=m_my,/(2E.). More gener- able candldate fo_r the_z uhecron because its interaction in the
ally, the threshold for producing a resor?ance of misks atmosphere is quite different from that of nucleons, nuclei, or

—My+A is Ey=Amy/(2E.). ForE.,=3T, and if the uhe- an S°. Although it is strongly interacting, its fractional en-
v’ Y ’

cron is the proton, the threshold for pion photoproduction is®9Y loss per collision in the Earth’s atmosphere is only of

Ey~10?°eV. Of course the actual threshold is more in- order (1 GeVM), where M is the mass of the heavy

volved because there is a distribution in photon energy anaa:jdrog.tThusllf ]Ehe uh?cron energly deposition sp::-ctry(;n IS
scattering angle, but the obvious lesson is that if the mass Jpaeed typical of a nucieon or nucleus, as present evidence

the primary is increased, the threshold for pion productior??gb?esrgs'dwe ca_lrnhnot 'de’?“fy thehuhecron with averytmatssn_{[ﬁ
increases, and the corresponding GZK cutoff will increas abié hadron. 1he maximum uhecron mass consistent wi

with the mass of the cosmic ray. Furthermore, since the fracﬁf&erved shower properties is presently under investigation

tional energy loss will be of ordemn,,/my, a massive uhe-
cron will Iose_ energy via plon-photoproduct_lon at a sl_ower Il PRODUCTION OF UHE S%s

rate than a lighter particle. Another potential bonus if the

cosmic ray is not a neutron or a proton is that the cross We first address the question of whether there is a plau-
section forUy— U near threshold may not be strongly sible scenario to produce UHE’s. This is a tricky question,
enhanced by a resonance such\4$232), as when th¥ is

a nucleon. Although there may well be a resonance in the—

U channel, it might not have the strength or be as near the®In the infinite momentum frame for the heavy hadron, this is the
pion-photoproduction threshold as the(1232) is in the fractional momentum carried by light partons since they have the
pion-nucleon channel. same velocity as the heavy parton, but their mass is of oxgerp .

(4) We will assume that the uhecron is electrically neu-Itis the momentum of these light partons which is redistributed in a
tral: Although not as crucial a requirement as the first threehadronic collision. Of course a hard collision with the heavy quark
there are three advantages if the uhecron is neutral. The firgtould produce a large fractional energy loss, but the cross section
is that it will not lose energy througe™ e~ pair production  for such a collision is smalk= a?/E2.
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since there is no clear consensus on the acceleration mechaate that it is possible to have at the source a nucleon flux
nism even if the primary particle is a proton. Here we simplysignificantly greater than thg° flux, and yet at Earth still
assume that somehow UHE protons are produced, and askfive a large enoug8® flux to account for the high energy
there is some way to turn UHE protons into Urs. our ~ €nd of the spectrum without being inconsistent with the rest
intent is not to establish the viability of any particular Of the observed cosmic ray spectrum. To see that this is
mechanism but to see that finding a satisfactory mechanisi2SSible, suppose as an illustrative example thathepec-

is not dramatically more difficult than it is for protons. trum for energies above $d eV is a smooth extrapolation

. . i of the proton spectrum at energies below the GZK cutoff;
Assuming that there exists an astrophysical acceleratqry, ¢ 5 (E)=AE 2 for E<101%6 eV, thenJeo(E)=AE 3
] p ’

that can accelerate protons to energies abové &, one for E>10?% eV. Denoting the’-to-proton suppression fac-
can envisage a plausible scenarioSSfproduction through tor by 7, the proton flux forE>10% eV is then J,(E)
proton collision with hadronic matter surrounding the accel-= 5~ 1AE~3, Protons of energy greater than the GZK cutoff
erator. Ap-nucleon collision will result in the production of (here taken to be 86 eV) will bunch up in the decade in
R,’s, the uud-gluino state whose mass is about 200 MeV energy below the GZK cutoff11,12. The total number in
above thes’. TheR,, decays to ai®’ and ar*,* with theS®  the pileup region will receive a contribution from protons
receiving a momentum fraction of abou‘ngo/me)z. From  from the source above the GZK cutoff as well as those origi-
a triple Regge model of the collision, one estimates that th&2lly in the pileup region. Wity=10 ?, there will be equal

distribution of the produce®,’s as a function of the outgo- contributions from the pileup protons and the protons origi-
ing momentum fraction is d§/dX~ (1—x)129(s')%r L as nally below the source. The statistics of the number of events

. 5 . . _
x approaches unity. Hers/ =(1—x)s and « is the Regge with energy above T6°eV is too poor to exclude this sce

intercept of the supersymmetri¢cSUSY) partner of the Eim);ir:ng?se?ethiiﬁllf some indication of a bump in the spec-
Pomeron. Thusg=ap—1/2=€+1/2, wheree~0.1 is the 9 ’

- ; : . Note that even for a point source as far away as 1200 Mpc
amount the Pomeron trajectory is above 1 at h'gh enfargle%e g. 3C 147, the required flux of high energy protons at the
Hence, we parametrize ti&8? production cross section ina .. > :

g . . accelerator is not unacceptable. For instance extrapolatin
p-nucleon collision aslo/dx=AE;g; X is the ratio of thes? the spectrum as 7 3610182—2.7/(9\/ msr9~t and usFi)ng g
energy to the incident energy. Parametrizing the high ENerg¥ur pessimistic efficiency fo®° production(factor of 1/100
proton flux from the cosmic accelerator abN,/dE,

requires the high ener roton luminosity of the source to
=BE,”, we have a final S° flux of dNg/dE q 9 gy p y

i : _ be~10* ergs/s. This is indeed a high value, but not impos-
=knLABE "¢, wherenL is the matter column density gjpje.

with which the proton interacts to produce Bp and« is of Another possible mechanism of high energ produc-
order 1(for y=2, k=0.4). Note that the p'roducﬁ”s aré  ton is the direct acceleration of charged light SUSY hadrons
distributed according to a spectrum that is a bit flatter thar*(maSS around 2—3 GeV), such B andR,,, whose life-
the high energy proton spectrum. o _ time is about 2 10 °-2x 10 1! sec[7]. Because of the
A disadvantage of this "beam-dump'S” production  |grge time-dilation factor E/m~101), whatever electro-
mechanism is the suppression factor of ab&/ap,,  magnetic mechanism accelerates the protons may also be
wherea, is the proton-proton total d|ffract|v% Cross section. gpje to accelerate the high energy SUSY hadrons. Then, one
This suppression could be of order*J_?(—)lO‘ for typical  can imagine that the high energy tail of the hadronic plasma
energies. However the produc&fl's enjoy a compensating hich gets accelerated by some electromagnetic mechanism
advantage. The large column densities characteristic of Mo§{i|| consist of a statistical mixture of all light strong-
candidate acceleration regions makes it hard to avoid energyteraction-stable charged hadrons. In that case the flux of
degradation of protons before they escape. That isype resultings® will have the same spectrum as the protons,
L(npopnt Neopet N, op,) May be much greater than unity. gitfering in magnitude by a factor of order unity, which de-
By contrast,S”’s may escape with little or no energy loss. pends on the amount of SUSY hadrons making up the statis-
Their electromagnetic interactions are negligible, and analtical mixture. Conventional shock wave acceleration mecha-
ogy with glueball wave functions suggests thaty could be  nisms probably require a too long time scale for this
as small as 1010pN [7]. Thus the emerging® and nucleon mechanism to be feasible.g., Ref.[14]). However, some
fluxes could be of the same order of magnitude. This woulcelectromagnetic “one push” mechanisms similar to the one
be necessary for a very distant source such as 3C 147 to levolving electric fields around pulsaf45] may allow this
acceptable, since the required particle flux for the detectellind of acceleration if the electric field can be large enough.
flux on Earth already pushes its luminosity limit. Assuming It is certainly tantalizing that the time scale of the short time
that the 3.X10?°° eV event of Fly’s Eye came during its structure of pulsars and gamma ray bursts is consistent with
exposure to 3C 147, the resulting time-averaged flux ighe scale implied by the time-dilated lifetime of charged
11 eV cmi 2 571, which is greater than the x-ray luminosity R-baryons.
of 3C 147[5]. A somewhat remote possibility is that there may be gravi-
In connection with the “beam dump” mechanism, we tational acceleration mechanisms which would not work for
a charged particlébecause of radiation energy losses and
magnetic confinemehptut would work for a neutral, zero
“The decayR,—S°m was the subject of an experimental searchmagnetic moment particle such as gh For example, if
[13]. However the sensitivity was insufficient in the mass and life-S”'s exist in the high energy tail of the distribution of accret-
time range of interest[m(R,)=2.1-25 GeV, 7(Ry)=2 ing mass near a black holeither by being gravitationally
X 10" 10-2x 1071%; see[7]] for a signal to have been expected.  pulled in themselves or by being produced by a proton col-
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lision), they may be able to escape with a large energy. Aexcitation of a resonance, is the strongest source of energy
charged particle, on the other hand, will not be able to escapless for energies above about?i@V, while below about
due to radiation losses. Unfortunately, this scenario may run0'®°eV, e*e™ pair production dominates. For the scatter-
into low flux problems due to its reliance on the tail of aning processegpion-photoproduction and*e™ pair produc-
energy distribution. tion), the mean change in the proton enerdg,X per unit

A final possibility is the decay of long-lived superheavy time (in the CBR frame is
relics of the big bang, which would produce all light particles
present in the low-energy world, including ti88. For in-
stance if such relics decay via quarks which then fragment, dEp(scattey
as in models such as Réf6], the S°/nucleon ratio is prob- — at 2 (mean event raje< AE (1)
ably in the range 10'—10 2 based on a factor of about 10 events
suppression in producing a 4-constituent rather than 3-
constitutent object, and possibly some additional suppressionhere the sum is over distinct scattering events with an en-
due to theS”s higher mass. ergy loss ofAE per event. The mean event rate is given by

Of the scenarios considered above, only the last two are
conceivably relevant for a superheai®;1-1000 TeV uhe-

o

cron. Although the energy imp-nucleon collisions {/s Ed_
= 2E,m,~10° TeV for a primary proton energy of b mean event rate y dé f(E,)dE,d¢ @)
eV) is sufficient for superheavy particle production, the pro-

duction cross section is too small for the “beam dump” _ .
mechanism to be efficiefit.Also, the direct acceleration wherey=E, /mj is necessary to convert from the event rate

mechanism is not useful for a superheavy uhecron unless it f the proton frameproton’s rest framg where we perform

itself charged or is produced in the decay of a sufficiently"€ calculation, to the CBR frameg/d¢ is the differential

long-lived charged progenitor. Even if a sufficient density of S70SS Section in the proton frarfi@nd f is the number of
superheavy hadrons could be generated in spite of the sm&l[10tONS per energy per volume in the proton frame. To ob-
production cross section, the time scale required for the earffpn f we start with the isotropic Planck distribution and then
stages of acceleration could be too long since it is proporP©0st it with the velocity parametg to the proton frame
tional to B2. This leaves the decay of a superheavy relic

(either a particle or cosmic defgecas the most promising 5

source of uhecrons if their masses are greater than tens of )= 2E,,

GeV. n(Ey,0)= (2m)3 exd yE,(1+ Bcosh)/T]—1

()

ll. PROPAGATION OF UHE COSMIC RAYS where 6 is the angle that the photon direction makes with

To calculate the energy loss due to the primary’s interacfespect to the boost direction. Integrating E8) over the
tion with the CBR, we follow the continuous, mean energySOIid anglé and taklng the ultrarelativistic limit, we find
loss approximation used in Refsl2] and[19]. In this ap-
proximation we smooth over the discrete nature of the scat-
tering processes, neglecting the stochastic nature of the en- E,T
ergy loss, to write a continuous differential equation for the f=
time evolution of the primary energy of a single particle. The
proper interpretation of our result is the mean energy of an
ensemble of primaries traveling through the CBR. We shalFor AE, the energy loss per event in the CBR frame, we can
now delineate the construction of the differential equation. write

For an ultrahigh energy protofnear 18°eV in CBR
framé), three main mechanisms contribute to the depletion
of the particle’s energy: pion-photoproductiog!e™ pair
production, and the cosmological redshift of the momentum.  AE(cos9,p,)=ym,
Pion-photoproduction consists of the reactiopg— 7°p
and py— 7" n. Pion-photoproduction, which proceeds by

wherep, , which may depend ok, and cog), is the recoil
momentum of the proton and is the angle between the

In

1
= . 4
27.,27 1—exp(—E,//2yT)} @)

BPr
m

1+ cos9— 1+

=] o

Mp

p

SAfter our work was completed, Reff17] appeared with an esti-
mate of the production of gluino-hadrons from the decay of cosmic
necklaces. Note that their pessimism regarding the light gluino sce-8The differentiald¢ is dQdz (Q and % are defined belowfor the
nario is mostly based on arguments which have been rebutted in the"e~ pair production while it is dcos# for the pion-
literature (see for example Ref$18] and[9]). photoproduction.
5The cross section is proportional to the initial parton density at ®The exact angular integration range is unimportant as long as the
x~MU/\/§ times the parton-level cross section, which scales agange encompasses @os—1 (where the photon distribution is
M 52 . strongly peaked in the ultrarelativistic limisince we will be taking
"Let this be the frame in which CBR has an isotropic distribution. the ultrarelativistic limit.
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incoming photon direction and the outgoing proton direction.where only functions yet to be specified are the recoil mo-
Putting all these together, the energy loss rate due to scattementum and the differential cross sectidor each type of

ing given by Eq.(1) becomes reactioni).
dE,(scattey » do; For th'e reaction involving the prod.uction of a single pion,
— a7 J dEyf(Ey)E J dé; d—g(Ey,gi) the recoil momentum of the protons in the proton frame can
: ' be expressed as
xAE(Cogg(E'yvgi)ipr(E'yigi)) (6)
|
20°E . cosf= (E.,+mp) VAEZm;cos 6— 4m>m,(E.,+mp) +m,
p(E, co®) = — (7)
2[(E,+my)?—E2cos 0]
|
where q2=mp(mpﬂL Ey)—mi/Z. When the photon energy X | M(py—mp)|?
E, is approximately at the threshold energy of,
4—me/2mp and the proton recoils in the directidh=0, the
recoil momentum is aboun,.. The recoil momentum is a E,— Emuni
double valued function, where the negative branch corre- Fmuttipion™ atam(—w>®(Ey— Emuri) 8

sponds to the situation where most of the photon’s incoming
momentum is absorbed by the pion going out in the direction
of the incoming photon. Thus, since the positive branch willwhere wy is defined through #wy=dQ|M(A—Xp)|?,

be more effective in retarding the protén the CBR framg M denotes an invariant amplitude, the center of momentum
we will neglect the negative branch to obtain a conservativés given as usual by

estimate of the “cutoff” distance. It is possible to work out
the kinematics for multipion production, but for our purpose

of making a reasonably conservative estimate, it is adequate X [s—(my+ mX)Z][s—(mp—mX)z]
to use Eq.(7) as the recoil momentum even for multipion Pem= 4s ' ©)
productiont®

The pion-photoproduction cross section has been esti- ) o o
mated by assuming that thiewave contribution dominates, @NdOmurpion IS @ crude approximatiohfor the contribution
which would certainly be true near the threshold of the proffom the multipion production whose threshold is B,
duction. The cross section is taken to be a sum of a Breit=2(m,+mZ/m,). Thes,, component of the cross section is
Wigner piece and two non-resonant pieces: fit'? to thepy—»nn-o data of Ref[20], while the amplitudea

for omuripion iS €stimated from the y— Xp data for energies
E,=0.6 GeV. The numerical values of the parameters result-
+ 20 muttipion ing from the fit are @,w,)=0.086 GeV,|M(py— mp)|

2
™

a(pion)zZalﬂ( E,—m,—

2m,
p E—
=0.018,T',;;=0.111 GeV,m,=1.23 GeV, anda=0.2 mb.
. miF(A—> yp)T(A— 7P) The facotor of 2 mult|pl+y|ngg'7T accounts for the two react|ons
T1=— 5 P T ronres py— - p andpy— 7" n, since a neutron behaves, to a first
Pcm (mA—S)2+ mi Tt approximation, just like the proton. For example, the domi-
nant pion-photoproduction reactions involving neutrons are
pém " ny— 7°n andny— 7 p which have similar cross sections
I'(A—Xp) ' as the analogous equations for protons. Thus, we are really
mA\/g estimating the energy loss of a nucleon, and not just a proton.
. Taking the py—e*e p differential cross section from
. PI . 2mAT o Ref.[21] (as done in Ref[12]), we usé®
tot™
Vs \Imi— (m+mp)?][mi — (my—m,)?]
The functional form was chosen to account for the shape of the
1 VIs—(my+m)ZI[s—(my—m,)7] crlc;_srs section given in Reff20]. o
T honres= 16ms > he fit is qualitatively good, but only tolerable quantitatively.
(s— mp) The fit to the data in the range between 0.212 GeV and 0.4 GeV

resulted in a reduceg?s~50 (due to relatively small error bars
This is sufficient for our purposes since our results should depend
OFor example, one can easily verify that the maximum protonmainly upon the gross features of the cross section.
recoil during one pion production is greater than the maximum 3We ignore thah does not pair produce’ e ™. However, this has
proton recoil during two pion production. consequences only for energies below abodfieV.
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do(pair 40 1 1-w E2 1 1 1 2 E2
%W(Eyﬂme)iz—z['”(r) (1— 3 2)>< ——2+2——?—9+Q—2 > 2
Qd7y E> Q w amin 47 7Q 8Q%p2 m 2497 8miy
+wl |1 & 1 ! + ! + ! 1 & (—2Q7n+Q?) (10
will-——— ——t |+t 1-——]|(— ,
4m§ 7? 47> 27Q 7? 2m§ 7? 7

wherew=[1-1/(2Q »—Q?)]¥2 The recoil momentum is mass suppresses the photon number. In fact, it is easy to

contained inQ=p,/2m,, and the photon energy is contained show that if we treat the cross section to be a constant, the

in »=E,cos/2m,. pion-photoproduction contribution to the right-hand side of
The final ingredient in our energy loss formula is the red-Eg. (6) can be roughly approximated as

shift due to the Hubble expansion. We assume a matter-

dominated, flat Friedmann-Robertson-Walk@&RW) uni- dE, () m2T20 3 4
verse with no cosmological constant. Thus, the cosmological B~ T exp(—y/2)| 1+ —+ —) (13
scale factor is proportional t#/%. The energy loss for rela- dt 7 y y?
tivistic particles(such as our high energy protodue to red-
shift is then given by where y=m_m,/(E,T), clearly showing a significant in-
_ crease in the attenuation lengthrag is replaced bymgo.
dEp(redshify _ 25 (11) The relevant resonances for tB&y collisions are spin-1

dt 3t R, andRy [7] (whose constituents are those of the ushal
and3, baryons, but in a color octet state, coupled to a gluino

Furthermore, note that the expansion of the universe caus¢s?]). There are two R-baryon flavor octets wilk=1. Ne-

the temperature to vary with time 8523 glecting the mixing between the states, the states with quarks
Adding Egs.(6) and(11), we have the proton energy loss contributing spin 3/2 have masses of about 385—460 MeV
equation above that of thes® and the states with quarks contributing

spin 1/2 have masses of about 815—-890 MeV above that of
the S°. If we require that the photino be a significant dark
matter component so 13Mlgo/m,<1.6 according to Ref.
[23], and take the mass ®&° to be about 1.6 1.8 GeV as
whose integration from some initial cosmological titjgo  expected, themn,, lies in the range 0.9-1.3 GeV. If we as-
the present timé, gives the present energy of the proton thatsume thatS° is minimally stable, we haveng~ m,+m,,
was injected with energ¥; at timet;. Note that we are resulting inmg in the range 1.9-2.3 GeV. The other reso-
interested in plotting=,(ty) as a function ofty—t; with t, nance parameters are fixed at the same values as those for the
fixed, which is not equivalent to fixing; and varyingt, protons.
because there is no time translational invariance in a FRW In Fig. 1, we show the proton energy and 8 energy
universe. Note also that we need to set the Hubble parametaday (with h=0.5) if it had been injected at a redshif{or
h (where the Hubble constant is 10&m s * Mpc™') in  equivalently from the corresponding distatbewith an en-
our calculation because the conversion between time and thergy of 132 eV, 10°* eV, and 18° eV. To explore the inter-
redshift depends oh. To show the degree of sensitivity of esting mass range, we have setflenass to 1.9 GeV in the
our results toh we will calculate the energy loss fdn upper plot while we have set it to 2.3 GeV in the lower plot.
=0.5 andh=0.8. For the cosmic rays arriving with #eV, the distance is
Now, suppose the primary cosmic ray is &hinstead of increased by more than 30 times, while for those arriving
a proton. Thee"e™ pair production will be absentto the  with 10'°° eV, the distance is increased by about 15 times.
level of our approximationbecause of the neutrality &. In Fig. 2, we recalculate the energies witk-0.8.
Furthermore, the mass splitting betweshand any one of Using the mean energy approximation, we can also calcu-
the nearby resonances that can be excited #B8ainterac- late the evolved spectrum of the prima8) spectrum ob-
tion is larger than the protoA- mass splitting, leading to a served on Earth given the initial spectrum at the source
further increase in the attenuation length of the primary. Pertwhere all the particles are injected at one {im@/ith the
haps most importantly, the mass 8t being about 2 times source az=0.54 (the source distance for 3C 14@nd the
that of the proton increases the attenuation length signifiinitial spectrum having a power law behavior Bf 2, the
cantly because of two effects. One obvious effect is seen ievolved spectrum is shown in Fig. 3. We see that even
Eq. (7), where the fractional energy loss per collision to thethough there is significant attenuation for t8% number at
leading approximation is proportional i /m, while p, has ~ 3X 10?° eV for most of the cases shown, when the overall
a maximum value of aboun, . Replacement ofm,— mgo
obviously leads to a smaller energy loss per collision. The
second effect is seen in Eqg) and(6), where for the bulk ~ “Marked are the luminosity distance =Hg Y0y 4[z0+ (do
of the photon energy integration region, a decreasg {(in —1)(v2goz+ 1—1)] where the deceleration paramedtgris 1/2 in
the exponentresulting from an increase in the primary’s our Qy=1 universe.

dE, 3 dEp(scattey N dEp(redshify

dt dt dt (12)
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FIG. 1. Primary particle’s energy as it would be observed on FIG. 2. Same as Fig. 1 except with the Hubble constant equal to
Earth today if it were injected with various energies {16V, 80 km s'* Mpc™2.
10?t eV, and 16° eV) at various redshifts. The distances corre-
spond to luminosity distances. The massSfis 1.9 GeV in the Although much of the relevant hadronic physics in the
upper plot while it is 2.3 GeV in the lower plot. Here, the Hubble atmospheric shower development will be similar to that for
constant has been set to 50 kim'sVpc™™. the proton primaries, some subtle signatures c®&primary

are still expected. Because 8 is expected to have a cross

cross sectioriwhich was originally estimated quite conser- section on nucleons or nuclei somewhere between 1/10 and

vatively) is reduced by a factor of one-half, the bump lies 4/3 of thep-p cross section, the depth of the shower maxi-
very close to the Fly’'s Eye event. Moreover, taking the Fly

Eye’s event energy to be 2310°° eV which is within a Ir 2=0.54 (1200 Mpe: h=0.8)
error range, we see that ti88 can easily account for the Fly R
Eye’s event. For sources such as MCG 8-113% clearly

)%

pectrum

can account for the observed event without upsetting them 0 s S f
proton flux at lower energies. 5
g-1
IV. CONCLUSIONS E i
g i
We have considered the suggestion that the very long-§ -2 — :-jz-g gez :.jg-;gscévv‘-‘ A\
lived or stable new hadron calle®’, a uds-gluino bound ; —— Mt oo Mm2.79 oy '\.\ Y

state predicted in some supersymmetric models, can accourg —_g
for the primary cosmic ray particles at energies above the.%
GZK cutoff. We noted ways that conventional acceleration & L
mechanisms might result in acceptable fluxes of high energy ~ 20
S%s. We also found that the® can propagate at least 15—30 log;o(E/eV)
times longer through the CBR than do nucleons, for the same £ 3 an initial &° injection spectrum having a power law

amount of total energy loss. Thus, $f)'3 exist and there  form of E2 is evolved through the particle’s interaction with the
exists an acceleration mechanism which can generate an aggRr during its 1200 Mpc travel to Earth. The masses ofshand
equate high-energy spectru’s can serve as messengersits associated resonance are shown. The curve labeled reduced
of the phenomena which produce them, allowing the MCGhas the same mass parameters as the solid curve except with our
8-11-11 Seyfert galaxy or 3C 147 quasar to be viable sourcesnservative estimation of the total cross section reduced by a fac-
for these ultrahigh energy cosmic rays. tor of one-half.

==+ Mg=1.9 GeV N,=2.285 GeV \ ‘\ \
......... reduced ¢ E N
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mum may be a bit larger than that due to the proton. Furtherticles and the primary spectrum of the source accelerator.
more, because it is about twice as massive as the proton, it We noted that the mass range for a new hadron which can
deposits its energy a bit more slowly than a proton, broadaccount for the observed properties of UHE cosmic ray
ening the distribution of the shower. There may be furtherevents is limited: it must be at least 2 GeV in order to evade
signatures in the shower development associated with ththe GZK bound, yet small enough that the atmospheric
different branching fractions to mesons, but we leave thashower it produces will mimic an ordinary hadronic shower.
numerical study for the future.
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