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We study the proposal that the cosmic ray primaries above the Greisen-Zatsepin-Kuzmin cutoff are gluino-
containing hadronsg( hadrons. We describe the interaction gf hadrons with nucleons in the framework of
the Gribov-Regge approach using a modified version of the hadronic interaction quslefrfor the genera-
tions of extensive air shower&EAS’s). There are two mass windows marginally allowed for gluinwsg:
=3 GeV and 25myz=35 GeV. Gluino-containing hadrons corresponding to the second window produce
EAS’s very different from the observed ones. Lighthadrons corresponding to the first gluino window
produce EAS’s similar to those initiated by protons, and only future detectors will be able to marginally
distinguish them. We propose a beam-dump accelerator experiment to seaigthémrons in this mass
window. We emphasize the importance of this experiment: it can dis¢ovexclude the light gluino and its
role as a cosmic ray primary at ultrahigh energies.
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[. INTRODUCTION The prediction of the GZK cutoff is robust in all models
assuming a homogeneous distribution of extragalactic

For a long time light gluinos have attracted attention assources with conservatively steep generation spectra; the cut-
possible carriers of the very high energy signal in the uni-off is more pronounced if the maximal energy of acceleration
verse. In the 1980s, they were studied as a possible primaig not too high,E,=1x10?! eV. The simplest modifica-
particle from Cyg X-31,2] and now as a primary particle of tions of these models, which use flat generation spectra with
the observed ultrahigh energy cosmic réy$iECR’s) [3,4].  index y4=2.0-2.1 and unlimited maximal enerf§4,15,

The observations of UHECR's with energies abovehave a less sharp GZK cutoff and contradict the data only
10%° eV impose a serious probleiisee[5] for recent re- moderately. However, they need large cosmic ray luminosi-
views). The data show the presence of a new, nearly isotropities and high acceleration energies, which is a problem for
component in the UHECR flux above the enerdy sources with large space dendfy6]. A reasonable illustra-
~10' eV [5]. Since the arrival directions of the UHECR’s tion of this possibility is given by gamma ray burst models,
show no correlation with the galactic plane and the galactievhich predict UHECR fluxes two or three orders of magni-
magnetic field cannot isotropize particles of such energiesude less than observéd7,18 and a spectrum in disagree-
this component is thought to be extragalactic. The clusteringnent with observations outside a narrow energy interval
of events(doublets and triplejsfavors extragalactic sources [18]. In contrast, steep generation spectra witp=2.7 give
with large space densif$]. On the other hand, the signature excellent agreement with observations for an energy range as
of extragalactic protons, the Greisen-Zatsepin-Kuzmirwide as 1xX 10"—8x 10'° eV, but predict a sharp GZK cut-
(GZK) cutoff [7] atE=6x10'° eV, is not found. The other off [18]. The other simple modification, assuming a local
natural UHE primaries, nuclei and photons, suffer a similaroverdensity of sources, also does not work very efficiently
cutoff [8,9] or are absorbed at cosmologically short distance$15,18. However, astrophysical solutions cannot be consid-
[10], respectively. Meanwhile, four different UHECR experi- €red as excluded at present.
ments[5] do not show the presence of such a cutoff. The two The proposals involving particle physics include UHE
highest energy events were detected by the AGABIAand  particles from superheavy dark mat{éi9] and topological
Fly's Eye[12] experiments, at an energy ok2.0?° eV and defects[20], the resonant interaction of UHE neutrinos with
3x10% eV, respectively. The total number of events with dark matter neutrinog21], strongly interacting neutrinos
an energy higher thanx10%° eV is about 30, 17 of which [22], new particles as UHE primari¢$,4,23, and such a
were detected by AGASAL3]. The accuracy of the energy radical possibility as Lorentz invariance violatip®4]. (For
determination is estimated to be better than 20—30 %. Th&ore references see also the reviews citefbin
energies of the two highest energy evdrits] and[12] were In this paper, we shall consider a gluino-containing had-
determined very reliably. To resolve this puzzle, it seems thaton (g hadron as a carrier of the cosmic UHE signal, being
new ideas in astrophysics or particle physics are required. inspired by the correlation between active galactic nuclei
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(AGN) and arrival directions of UHE particles suggested byminimal supergravity models the LSP is the lightest neu-
the analyses in Ref§4,25,24. The strongest correlation was tralino (in some part of the parameter space it is the
found between UHE primaries and BL Lacs in RE26]. sneutring, in models with gauge-mediated supersymmetry
Being a rare subpopulation of AGN'’s, the lacertids are dis{SUSY) the LSP is normally the gravitino. In Farrar’'s model
tributed uniformly in the universe at large distances from[30], the gluino is the LSP because the dimension-three
each other and thus from our galaxy. Therefore UHECR'SSUSY breaking terms are set to zero. A theoretically more
generated by them must have the GZK cutoff. Its absencappealing scenario containing a light gluino was developed
implies that the primaries are not absorbed on the cosmith Refs.[31,32. There, the gluino with mass 1-100 GeV
microwave background radiatiof€MBR). The correlation was found in a SQ0) model with gauge-mediated SUSY
of UHECR arrival directions with low-space-density, homo- preaking and Higgs-boson—messenger mixing. In this model
geneously distributed extragalactic sources favors a neutrgither the gluino or the gravitino is the LSP. In the latter case,
S|g_nal carrier. In fact, six of nine UHE candl_date_s for corre-ipe gluino can decay but has a sufficiently long lifetime to be
lation (;ee Tablg 1 fronh26]) arrive from the direction of BL 5 yiable UHECR primaryz~ 2100 yr.

Lacs with redshiftz>0.138, i.e., at distances>640 Mpc. In a physical state, the gluino is bound into colorless had-

prokk;zrl;(l:;irtrTSIiggr;erLaetliJotPal\A'lsiitgnglLC:?r(i:; goigrgisrg?sg d r;:?rt] éons. What is the lightest state of gluino-containing hadrons?
CMBR. A light gluino is a suitable candidate for such a In the 1980g(see[2]), it Yvas~argued OrT the b.e}SIS of QCD
primary: it can be efficiently produced ipp interactions in ~ SUM rules that thglueballino g is the lightestg hadron.
astrophysical sources, it is not strongly absorbed by CMBR'he lightest baryonic state, thgluebaring was demon-
(see beloy, and it produces EAS's in the atmosphere verystrated to be thguud hadron[33]. The gluebarino is a long-
similar to those observed. Heavy gluinos are naturally profived particle because its decay needs violation of either
duced in decays of superheavy partic[@5], but initiate  baryon number oR parity [33]. More recently, Farrar pro-
EAS'’s clearly distinguishable from those of protons. posed 30] the neutral hadros®, agudsbound state, as the

We shall study here the interaction of both light and heavy. ~ . .
gluinos with nucleons at UHE. In most interesting applica-"ghtes’tg hadron(see also the calculations in the MIT bag

tions gluinos must be lightsee below. To be a suitable model of Ref.[34]).

. , ~ . There is some controversy if a light gluino, with a mass of
girtlirgr?éy of UHECR's, theg hadron should satisfy three con- g g, GeV, is allowed. As it stands, the Farrar mo@4l] is

(1) The longitudinal shower profile of the Fly's Eye in conflict with searches for gluebéllino decayd5-37 as
highest-energy event with=3x 10° eV is well fitted by a well as for decays of other unstabighadrons[38]. How-
proton [28,29, although the Fly's Eye Collaboration does ever, these searches were restricted to a narrow band of life-

. ~ times and masses, and their results are not valid in the con-
not exclude a photon as a primdty2]. Thereforeg hadrons

: - . > text of more generic models.
should essentially mimic protorior photon induced air The existence of a light gluinong=<5 GeV) can be
showers.

. . . (dis)proved due to its contribution to the running®f and to
(2) To shift the GZK cutoff to higher energies, the new CD color coefficients in an essentially model-independent

hadron should have a mass in excess of the proton mass: t y. The authors of Ref39] used the raticR between the
threshold energy for any energy-loss reaction on microwav . — . : L .
Fadronlc anduu production cross sections & e~ annihi-

photons increases with increasing primary mass, while the® gif _ 1 the liaht alui
fraction of energy lost per scattering decreases. Moreover, f’m?n at different energies _to constr.am the 9 tgluino sce-
They excluded light gluinos with massng

is desirable that its cross section for interactions with CMBR"&10-

photons is smaller than that of the proton. This can be 3(3) GeV with 93091)% C.L, while the mass range

achieved if, e.g., the mass of the first resonaxdeat can be <1.5 GeV remained essentially unconstrained. Combining
excited in 7the r7eact'o~ hadron- X is relativel these results with the determination of QCD color coeffi-
Ia);gle : 10y Yemer— A 1S WEIY' " cients from the analysis of multijet events [i0], the con-

%) The prmary st b st or quasistale it o521 130 PESATE T shoroe” g guincs i,
time 7= 107 s (m/GeV) (L/Gpc) in order to survive its travel analysis of multijet events relied, however, on the use of
from a source (e.g., an AGN at a distance L Monte Carlo simulations whose parameters are tuned to
~100—.10(.)O Mpc. from thg garth. - QCD without light gluinos. Moreover, the multijet analysis
In principle gluino-containing hadrong(hadrong could  was based on a tree-level calculation with rather large scale
satisfy the above requirements. Below we shall briefly reampiguities. The assessment of these uncertainties is diffi-

view the status ofj hadrons as UHECR signal carriers. cult, thus preventing the definite exclusion of a very light
To satisfy the third condition, the gluino should be the gluino by this argumenit41,42.
lightest supersymmetric particl&SP), or have a very small Direct accelerator limits for the gluino as the LSP were

mass difference from the LSP. It also can be the secondiscussed recently in Reff32,43,44: The authors of Ref.
lightest supersymmetric particle, if the LSP is the gravitino;[43] concluded that the range 3 GeVing=130-150 GeV
in this case the gluino decays gravitationally and its lifetimecan be excluded at 95% C.L. based on currently available
can be long enough. Theoretically the best motivated candi©PAL and Collider Detector at FermilaicDF) data. Their
dates for the LSP are the neutralino and gravitino. While inresults are sensitive to the details of the hadronic interactions
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of g hadrons and, for certain choices of the parameters, & consistent calculations of glueballino-hadron interaction
window in the intermediate mass region 23 GeM cross sections and of cascade particle production in the at-
<50 GeV remains open. Meanwhile, R¢82] noted that mosphere. We found that the development of showers initi-
these limits could be weakened if squarks are not very heavgted byg hadrons with masses above 5 GeV differs substan-
and contribute to the jet missing energy signal, while Ref. tially from that of proton-initiated showers and is
[44] confirmed an open window for a gluino with 25 GeV inconsistent with the current experimental data. In the win-
=mg=35 GeV. dow of masses 1.5—4 GeV, wherg &adron can be allowed,
We also mention here that cosmological constraints do naglueballino-induced showers do not contradict the available
exclude either light and heavy gluinos of inter¢2¥,45. data. Future observations by the detectors HiRes and Auger

The Gustafson experimeft7] also does not excludg had- ~ can either confirm or excludg hadrons as the dominant

rons(see Sec. Y. primary, combining the information from shower profiles and
Until now we have discussed the limits on the gluinothe energy spectrum. However, the best way to test this hy-

massmg. The lightestg hadron with massM; is heavier pothesis is a modified Gustafson experimege Sec. V. In

than the gluino by the mass of its constituent gluon orthe case of the discovery of liglgt hadrons in such an ex-

quarks, which is expected to be less than 1 GeV. periment, we shall reliably know their properties, thus en-
abling us to calculate the production of these particles in

ith the GZK b dth v ob d astrophysical sources and their detection in the earth’s atmo-
with the cutoff beyond the currently observed energyg,pqre “Their absence will preclude further discussion of this
range(see[27] and Fig. 13 of the present papefogether hypothesis.

with the accelerator limits on gluino masses, this leaves a
narrow band of allowed masses for the lighthadrons at

1.5sMg=4. But this window is closed if, as argued[®3], || G UEBALLINO-PROTON (NUCLEUS) INTERACTION
the charged gluebaringuud is lighter than the neutral

guds. Indeed, production of charged gluebarinos in the
earth’s atmosphere by cosmic rays and their accumulation in QGSJET a Monte Carlo generator of hadron-hadron,
the ocean results in too high an abundance of “wild hydro-hadron-nucleus, and nucleus-nucleus interactipf,50,
gen” in contradiction with observational data. In Refs. was developed in the framework of the Gribov-Regge ap-
[30,34], however, it is argued that the lightest gluebarino isproach and is based on the quark-gluon string model of the
the neutral flavor singl@uds, due to strong quark attraction SUPercritical Pomerori52]. Hadronic interactions are de-

in this state. But even in this case the restricié] might ~ SCribed as a superposition of elementary rescattering pro-
. ~ . : cesses between the partonic constituents of the projectile and
work, if the guds gluebarino and proton are bound into

. target nucleonghadrong, resulting in the production of
anomalous deuterium. g s $ g p

In conclusion, a light gluino—although disfavored by color neutral strings, which further fragment into secondary

various arguments—is not excluded. We study here the imerr]adrons. The key parameters of the model are the intercepts
X gum IR ’ y . and slopes of the Regge trajectories of the Pomeron and of
actions of gluinos, being inspired by a possible correlatio

between AGN's and the amival directions of UHECR,Snsecondary Reggeons. These parameters govern the formation

: . .~ of different interaction configurations, how the energy-
[4.25 and by the recent suggestif®,48], that extensive air momentum is shared in elementary interactions, and also the

showers(EA~S’s) observed at the highest energies could bestring hadronization. The model was generalized to hadron-
produced byg hadrons. The authors of R¢48] performed a  nycleus and nucleus-nucleus interactions in the framework of
detailed simulation of EAS’s induced ly hadrons, using, the Glauber-Gribov approacfb3,54), taking into account

however, a phenomenological description for theadron—  low mass diffraction and inelastic screening proce$5é%
nucleon interaction that is not self-consistent. They foundiard QCD processes were included into the Gribov-Regge
that masses as high as 50 GeV are compatible with presentfprmalism via the concept of a “semihard Pomeron,” which
available data. In contrast, it was argued in R&f], using  is at-channel iteration of the soft Pomeron and a QCD par-
kinematical arguments, that the observed shower characteien ladder contributio50,56.
istics exclude any strongly interacting particle much heavier QGSJETdescribes hadron-hadron interaction amplitudes as
than a few GeV. a sum of two contributions, namely, soft and semihard res-
The purpose of the present work is to study EAS's pro-cattering[50]. The soft contributions are of purely nonper-

duced byg hadrons and to restrict the mass range in Whichturbative nature and correspond to the case of a parton cas-
cade with virtualities smaller than some cut@jf. Below

theg hadron is a viable UHE primary using a self-consistent,, . : . . .

interaction model. We have used for the simulation of airth's. CUt.Oﬁ’ pertl_eratlve QCD is not appllcable and the inter-
o ~ . o . action is described by phenomenological soft Pomeron ex-

showers initiated by hadrons a suitably modified version of change. The amplitudégc for Pomeron exchange between

the QGsJeTmodel[49,50 which is known to describe proton two had dcis qi by[52
air showers successfully49,51. Specifically, we have con- wo hadronsa andc s given by[52]
YaYc €Xp(AyY) % b?

sidered the glueballino as tie hadron but we expect that 3
our results apply to alj hadrons. We paid special attention Nac(y) AN ,c(Y)

Light g hadrons withM3~1.5 GeV have a spectrum

A. QGSJET framework

fhe(s.b)= ) 1)
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NacY)=R2+R2+aly, (2)  hadrong49]. The main difficulty is to conr21ect the unknown
physical parameter&oupling yg, slopeR%, and momen-
tum distributionNg) describing the interactions of glueballi-

nos with the corresponding quantities of the usual hadrons.
We use simple scaling arguments to derive the glueballino

wherey=Ins is the rapidity size of the Pomeros,is the

squared center-of-mass energy for the interactioiig the

impact parameter between the two hadrons, and the para
2 .

eters y,) and R, are the vertices and slopes for the parameters from those of the pion.

Pomeron—hadroa(c) coupling, respectively. Finallyh and (1) The couplingy, of a hadrona to the Pomeron de-

) 0| L
ap are the parameters describing the overcriticality and th¢,ends essentially on its size and, consequently, on its reduced
slope of the soft Pomeron trajectory. massM . If r, denotes the radius of the hadrarwith the

In contrast to soft rescatterings, semihard ones correspondy,ceq mas#,, then y,~r2~M; 2, where we have ne-

to the case when at least a part of the parton cascade devall—ected a factous(Mg) in the last step. Thus, the Pomeron-

ops in the region of parton virtualiti€q>2>Q§ and, therefore, lueballino vertexy; can be expressed via the Pomeron-pion
can be described on the basis of QCD techniques. The conl- _E P P

; L O ertexy, as
plete semihard contribution is represented by a QCD parton Y

ladder sandwiched between two soft Pomel&@&. For the M\ 2
Pomeron, the formula&l) and (2) can still be used. How- V&=V -z (6)
ever, since it is now coupled to a hadrafc) on one side Mg
but to a parton ladder on the other side, the sIR@ ) and B )
the couplingy,,) have to be replaced by the 5|0|@€d and For the reduced masdg of the glueballino, we use
the couplingV/,, of the Pomeron-ladder. The latter is param-
etrized as nmgm
Me g, ”
Viad ) =r[1—exp(— )17, 3 o

whereny is the mass of the gluino amdy=0.7 GeV is the
constituent mass of the gluon. Similarly, we use for the pion
. M _.=m,/2 with m;=0.35 GeV as quark constituent mass.
2 2 .R2 ’ 2 ™ q q ) .
Pomeron. Usin®Rjaq=1/Qo<Rg(p) + apy, the slopeRj,y can Note that Eq.(6) does not take into account the different

be_PegIecteId.t the d inti f soft and ihard t.color factors of quarks and gluon/gluinos because we con-
10 compiete the description o Soft an ,Sefg" ard contigijer an effective Pomeron coupling to the hadron as a
butions, the momentum distribution functidd, for soft

ission by a had f v b fied whole, not to individual parton constituents.
Pomeron emission by a hadron of typ@as to be specified. (2) The sIopeRg for the Pomeron-glueballino coupling is
It is parametrized in the form G

also inverse proportional td)/lé. Therefore,R(g3 is small

NL(XP )~ (Xp)H(1—x} )P, (4 compared toR> and R?=ajy and can be neglected in the
formulas(1), (2),

where the first factor does not depend on the hadron type and

describes the probability of slowing down the hadron con- )\ép(y)zRg_,_ aly. (8)

stituents to which the Pomeron is connectedQBBJET the

Pomeron is connected to @ressedl quark-antiquark pair.

Using Regge asymptoti¢s2], i.e., ¢qq=0.5 as the intercept

of the Reggeqq trajectory for light quarks, it follows that

where the parametersand 8 describe the momentum dis-
tribution of a parton(sea quark or gluonin the soft

(3) The momentum distribution for Pomeron emission is
again given by Eq.(4), N“é~(x§)“(1—x],f)ﬁé. Now the
“leading” configuration consists of a valence gluon and
a=1-2agg=0. (5 9luino,
Similar, the second factor in E¢) describes the probability Be=1+ B+ By- ©)
of slowing down the “leading” hadron state configuration; ) o
the parametep, is expressed via the intercept; of the ~ ASSUmIng t.h"."t a vaIencg 9'“0_” behaves similarly to a va-
corresponding Regge trajectory As= — a553. Ience-q.q pair in the lowx limit gives Bg=1—2a,q=0. The

The semihard contribution described above correspond€maining unknown parametggy can be found from the

to the case that gluons or sea quarks of the hadron start t@omentum distribution between the valence constituents of
interaction at the initial scaleQ?. Additionally, valence the glueballino. Using as ansatz for the momentum distribu-
quarks can interact with?= Q3. Then the only nonperturba- tion p9 of the gluino
tive inputs needed are the valence quark momentum distri-
butionsq, (x,Q2) at the initial scaleQ3. € By
d,(x,Qp) €0 Pa(xé)wxag(l_xﬁ)ﬁg (10)

B. Extension for glueballino and assuming that the energy is shared according to the con-

The nucleon-glueballino interaction can be treated in thestituent masses of the valence partons, we obtain for the
QGsJeTmodel in the same framework as the one for the usuahverage momentum fraction carried by the gluino
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TABLE Il. The same as Table | foE,= 10'? GeV.

Mg _ Bgtl
(xg)= = - (1)
my+mg Byt Bgt2 Mg
This results in ™ 2 GeV 5 GeV 10 GeV 50 GeV
Tot 152 103 94.9 91.3 88.0
my My ) 112 71.3 65.9 63.4 60.2
__9 1~ _9_ Tin
Pg= mg(ﬁg+1) ! mg L (12) oo 85.5 69.4 61.8 50.8
ol coup! 72.1 72.4 72.3 74.4
Having fixed the free parameters describing the Pomerons axe 92.2 18.2 13.3 11.8 10.6
glueballino interactions using essentially only one simpleKi 0.26 0.14 0.082 0.018

physically well-motivated scaling argument, the soft and
semihard contributions are determined. These two contribus
tions to the total nucleon-glueballino interaction are referredB ; e ) T
to below as the contribution due to teeft coupling because ~ differs from p’(1—x,) in Eq. (10) because of the emission
they are both caused by soft Pomeron emission of the glugf sea quarks and gluoriglue to the soft coupling defined
ballino. above,

To complete the formalism, we need to define the momen- 2y Bar1 v \Bots
tum distribution of the valence gluon or gluino inside the 9u(Xg.Q0) % (17xg)"07 " (15
glueballino probed at the initial scal®;, when they are  The parameters is fixed by the momentum conservation
involved in hard interactions. We shall refer to this Contrlbu-constraint for the Comp|et@/a|ence and seq)arton momen-
tion below as the the contribution due to ttlieect coupling  tym distributions at the initial scal®3. This completes the

Parton emission by a gluino in the channel is strongly  formulation of the initial conditions for the perturbative evo-
suppressed kinematically in the nonperturbative regién lution.

y contrast, the momentum distribution of the valence gluon

<Q3 by its mass: the virtualitg? of the procesg—g+g is The treatment of the perturbative part of the interaction is
determined by the oﬁ-shellne$q§— |v|§| of thet channel performed to leading-logarithmic accuracy; the correspond-
gluino produced, ing techniques are described in Rd#9]. All emitted
(s-channel partons undergo timelike cascading according to
2 the standard algorithif67], with soft gluon coherence taken

qﬁaaz | .g_ Mﬁ = 1P_¢Z + Mg(l_ 2). (13 into account. At the final stage, soft strings are assumed to be
formed between on-shell partons according to their color
connection pattern. The final gluino is assumed to pick up a
Herep, andz are the transverse momentum and the lightgluon-gluon singlet pair from the vacuum. After a color re-
cone momentum fraction for thtechannel gluino. Therefore, arrangement similar to the one iy production, a glue-
the gluino momentum distribution at the sc&)§ essentially  ballino is formed. String hadronization completes the proce-

remains in the forn(10), dure for glueballino-hadron interaction. The extension of the
~ model to glueballino-nucleus collisions is based on the stan-
~ - 2 o G - _ H H
9,05 ,Qo)—Pg(Xg)- (14) dard Glauber-Gribov approach and does not differ from the
usual hadron-nucleus cafgsb].
TABLE I. Total cross sectionr,, inelastic cross sectiom,, C. Numerical results
cross section due to soft coupling, ", cross section due to direct

The model developed in the last subsection allows both
inelasticity coeffiecenK, for glueballino-nucleon scattering. The Calcul_atlon of the crpss sections for queba}IIIno-nucleqn "T'
data are given for four values of the glueballino mags from 2 teractions and consistent treatment of particle production in
GeV to 50 GeV at glueballino enerdg,,,—100 GeV. As refer- these reactions. Some quantities characterizing the

ences, the total and inelastic cross sections of the pion are alg@ueballino-nucleon interactions are given zin Table | for
given. All cross sections are in mb. Ei.,=100 GeV and in Table Il forE,=10' GeV. We

present both total and inelastic cross sections as well as the
Mg partial contributions arising due to the soft{f°"") and di-
rect (c2°°“") coupling of the glueballind.At low energies,

the soft coupling strongly dominates ti@ proton interac-

coupling o2%P! cross section without hard interactiomgg, and

T 2 GeV 5 GeV 10 GeV 50 GeV

Tiot 24.4 3.9 2.9 24 22 tion for all Mg, being governed by nonperturbative soft in-
Tin 20.9 3.8 2.8 2.4 2.1 teractions, while the direct coupling can be neglected. At
orCouP! 3.8 27 2.4 2.2

ol coupl 0.14 0.15 0.013 0

O AFK 3.8 2.7 2.4 2.2 INote that the total cross section is smaller than the sum of the
Kinel 0.25 0.15 0.074 0.0054 partial contributionsrc®?'and o' "', because it contains contri-

butions from multiple rescatterings of both types.
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high energies, this picture changes considerably. The sof 120

. M_G = 2GeV —
coupling becomes more and more suppressed for lslige M G = 5GEY v
By contrast, the direct contribution, which is purely pertur- ol M_G = 50GeV -m-

bative on the glueballino side, is nearly independentigf.
This important difference from the usual hadron case is due
to the very asymmetric energy partition between the partor 80 -
constituents of the glueballino. For largéz, the valence
gluino carries almost the whole initial energy of the particle Otot 6ol
(88% for Mg=5 GeV and 99% foM3=50 GeV)—Egs.
(10), (1), and (14)—thus leaving just a small part of it to
other partons, to which Pomerons are connected. Therefore 40+
the glueballino behaves in the limit of lardédz essentially
as a perturbative object, as one expects from kinematica 0ol
consideration$27]. Finally, the last row of the tables shows
the inelasticity coefficienk;,¢ as another important quantity g

0 . 1 1

which distinguishes proton-proton adproton interactions. ‘ 6 8
Although at energies of interest for UHECR’s the total cross log(E)a/GeV)

section for G-proton interactions is rather large, a heavy FIG. 1. Total glueballi | tion in mb

glueballino behaves like a penetrating particle in the atmo; ~ ~ ™ ol g u‘f atino-nucieon cross sectiogy In Mo as
. . . . function of E,, for Mg=2,5, and 50 GeV.

sphere, losing only a small part of its energy in one interac-

tion. This conclusion was already reached in R2%] from L . o

semiqualitative considerations. The reason for this effect i€ longitudinal shower profilegig. 3) and the distribution

twofold. On one hand, as discussed above, gluinos of largll the shower maxima,y (Fig. 4) of glueballino-induced
masses carry a larger fraction of the initial particle energyEAS'S are comparable with those induced by protons in the

leaving a smaller part of it for the sea constituentsbase of glueballino masses smaller than 5 GeV. As the glue-

[(antiquarks and gluosand thus reducing the average ballino mass i_ncreases, the shower develops deeper in the
L . o~ . atmosphere with a less pronounced maximum. The fluctua-
number of multiple interactions iG-proton (nucleus colli-

. X . w:tions in X, increase also for larger glueballino masses. The
SIOHS". On the qther hand, the rela}tlve W.e'ght of the dlrectmain reason for both effects is the competition between the
hard” process increases for heavier gluinos, where the v

lence aluino loses tvbically onlv a small part of its ener aaﬁhrge glueballino-nucleus cross section and the small inelas-
9 oses typically only part 9y, Sticity of the interactions: a heavy glueballino injects in one
a large longitudinal momentum transfer is strongly su

i ) Plinteraction only a small part of its energy into secondary
pressed in that case by the process wrtuajéxg, hadronic and electromagnetic cascades, while interactions

with a large momentum transfer are rare and only increase

the fluctuations. Figure 4 clearly shows that the glueballino-

induced EAS’s drastically differ from the proton-induced

showers for glueballino masses larger than 5 GeV, and hence

with p, andz being the transverse momentum and the light

cone momentum fraction for the emittédthannel gluon of

the initial valence gluino, which mediates the gluino hard 80 .

interaction with the target protofmucleus. m—gzzg:z —
We show also in Figs. 1 and 2 the total and inelastic cross 0 ;" _s0gev

sections as functions of the interaction enekgy, for glue- h

ballino massedz=2,5, and 50 GeV. The fast increase of

the direct contribution withE,,, produces an interesting ef-

fect: the total interaction cross section for the largest glue-

ballino mass considere¥)g=50 GeV, which is dominated in

by the direct contribution, overshoots the ones for smaller

glueballino masses in the energy rangé-10 GeV. ol

2 2n 2
2 _ sk +Z Mg
U9 1-z 1-z’

(16)

IIl. EXTENSIVE AIR SHOWERS 0

In this section, we present some results of our simulations 10}
for the glueballino-initiated EAS’s. Shower profiles and dis- L
tributions of shower maxima are shown in Figs. 3-8 for 0% 3 3 10 12
three different initial energie€,=10", 10", and 16° eV, log(Eias /CeV)
for the glueballino as primary with different choices of the *
gluino mass. For comparison, the case of a primary proton is FIG. 2. Inelastic glueballino-nucleon cross sectigpin mb as
also shown. At the highest energy considetggk=10°° eV,  function of E,y, for Mg=2,5, and 50 GeV.

n
P
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XmaX7 g/cm2

FIG. 3. Longitudinal shower profile for EAS’s of enerdy,
=10 eV initiated by protons and by glueballinos witklg
=2,5,10, and 50 GeV.
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7e+09 T

6e+09 -
proton

5e+09 +

4e+09 |

3e+09 ¢

2e+09 +

let09

= L L ) L
200 400 600 800 1000 1200

Xmax; g/cm2

1400

FIG. 5. Longitudinal shower profile for EAS’s of enerdyy
=10 eV initiated by protons and by glueballinos withlg
=2,5,10, and 50 GeV.

these showers can be distinguished even in the case of on)\f1 the G-induced showers due to the much softet spec-

statistics. In the case of a lighter glueballino wiig

oo e trum in the glueballino interactions.
=2 GeV, more statistics is necessary to distinguish glue-

The calculated lateral distribution functiofkDF'’s) for

ballino from proton, when onl¥,.x measurements are used. gjectrons and muonE(,>1 GeV) at the AKENO observa-
The same conclusions can be drawn by compfring the shapg, jevel (900 g/crR) are shown in Figs. 10 and 11 for the
of the calculated profiles for individug- and G-induced  proton and glueballinos with masses 2 and 5 Ge&e also
EAS'’s of energyE,=3.2x 107 eV with the corresponding Tables IIl and V. The plotted values are the LDF’s of elec-
measurements of the Fly's Eye Collaborati@8] (cf. Fig.  trons and muonpe(R), p,(R) at different distanceR from

9). In doing so we choose only those showers that reach thethe shower core. Although these distributions are substan-
maxima near the measured valog,,,=815+50 g/cnt. tially different for showers initiated by glueballinos and pro-
Then we average the profiles obtained and shift them to théyns, they can hardly be used to search for the light glue-
same position of the shower maximuMy,,,=815 g/cnf. It pallino on the basis of existing data, e.g., of AGASA. An
is easy to see that for gluino masses larger than 5 GeV thedequate tool for the glueballino search is the fluctuation of
shape of the calculated profile strongly disagrees with théhe muon density at distancBs=300 m from the core. This
experimental observations. Taking account of the Landaumethod allows one in principle to discriminate showers ini-
Pomeranchuk-Migd&lLPM) effect results in only 5% reduc- tiated even by light glueballinos witMg~2 GeV from
tion of the electron number in the shower maximum forproton-initiated EAS'Ysee Table IV. With the currently ac-
proton-induced EAS'$29] and has an even smaller influence cumulated statistics, ground-array experiments like AGASA

0.35

]

t.
protont proton —

(2 GeV)

p(Xm&X) p(Xmax)

0.05F

400 600 800

tey,

1400

0 L P ot
1600 400 600 800 1000 1200 1400 1600
2
Xinax, g/cm

1000 1200

FIG. 4. Normalized distributiop (X, of the shower maxima FIG. 6. Normalized distributiop (X5 Of the shower maxima
for EAS’s of energyEy,= 10 eV initiated by protons and by glue- for EAS’s of energyE,=10'° eV initiated by protons and by glue-
ballinos withMgz=2 and 5 GeV. ballinos withMg=2 and 5 GeV.
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Te+07

3e+ll T T T T

ber07 2.5e+11 }

Se+07
2etll

4e+07 N
N, & set}

3e+07

letll F
2et07
1le+07 | 5etl0r
%60 460 660 860 1060 1260 1400 %00 400 660 860 2?050 1200
Kinaxs g/cm2 Xmax; g/cm
FIG. 7. Longitudinal shower profile for EAS’s of enerdy, FIG. 9. Comparison of Flye’s Eye highest-energy event with the

=10" eV initiated by protons and by glueballinos withly  longitudinal shower profile for EAS’s of enerdg,=3x10%° eV
=2,5,10, and 50 GeV. initiated (from top to bottom by protons and by glueballinos with

M5=2,5,10, and 50 GeV. The shower profiles are shifted so that

should be able to exclude a glueballino as light as 5 GeV al1eir Xmax agrees with the observed shower maximum.
the main component of the UHECR’s. 5

Finally, we shall compare our results with those of Albu- dominant contribution to th&p cross section and make it
guerque, Farrar, and KoltAFK) [48]. AFK have modified large. In fact, our calculations explicitly show that at ultra-

the event generataByLL including theg hadron G) as a  high energies th&p cross section and particle production

new particle. The interaction properties of #éadron were are dominated by hard interactions for both light and heavy
takenad hoc Two assumptions were used for the total crossgluinos. For light gluinos, valence gluons and sea partons
section: Utot(ép)’“mox(ﬂp) (the favorite choick and have enough momenta for hard interactions. For heavy glui-

= . nos, their own ‘(direct” hard interaction dominates. Soft
010 GP)~0.1o1(7p). The mean energy fraction rans- jieractions without the production of parton jets are negli-
ferred from theG hadron to the shower per interaction was gible in both cases.

modeled by a Peterson fragmentation function. Hard interac- To elucidate the reason for the failure of the AFK ap-

tions with the production of minijets by the incideGthad-  proach, we have calculated the toG&inucleon cross section
ron were neglected. switching off the hard interactiofsee the fifth entryr ey in

It is easy to see that these modifications are not selfTaples | and II: At energies relevant for UHECR’s, the in-
consistent. Indeed, on one hand the authors assume a large
Gp cross section, while on the other hand they neglect the 1e+08 . .
hard processegproduction of minijets which give the g

100000

10000 |
& 1000
100 |

10}

0.1

. :
. 100 1000
800 1000 1200 1400 “T600 R, m

Xmax, g/cm®

FIG. 10. Electron LDFp,(R) in m~2 at the AKENO observa-

FIG. 8. Normalized distributiop(X,,,) of the shower maxima tion level as function of the distand®(in m) from the shower core

for EAS’s of energyEy= 10" eV initiated by protons and by glue- for EAS’s of energyE,=10?° eV initiated by protons and by glue-
ballinos withMg=2 and 5 GeV. ballinos withMg=2 and 5 GeV.
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100000 . TABLE IV. Normalized 1o fluctuations of the muon LDFE,,
>1 GeV) T, (R) /p,(R) at the AKENO observation level for EAS
of energy E,=10% eV initiated by protons and glueballinos of
masses 2, 5 and 10 GeV.

10000 ¢

. R (m)
e 10 100 200 300 600 1200
o 1o Proton 019 016 0.16 017 020 025
— B2 Gev) 018 020 024 027 033 041
Q£

&(5 Gev) 023 030 034 037 043 051

100 G(10 (Gev) 030 036 040 042 048 055

ton —— . . .
p%' 5‘3 — therefore that the first resonance in thehannel is an ex-
T 00 cited pj, state; for its massm(pi, we use m(p},)

R, m =m(py,) +730 MeV, guided by the mass difference be-
tween thep(770) and thep(1400). The Breit-Wigner cross

FIG. 11. Muon LDF >1 GeV R) in m 2 at the . L= ~ ~ .
Ex p(R) section for the reactio® + y— py,— G+ 7 is [42]

AKENO observation level as function of the distarR€@n m) from
the shower core for EAS’s of enerdiy=10?° eV initiated by pro-

- . 2 W2
tons and by glueballinos witMz=2 and 5 GeV. © 2 BinBoutFtotm;)
o(s)=

P2, (5= M2+ (ML g0 % 4
teractions considered by AFK are only subdominant and re- c.m. p pr ot

sult in much smaller total cross sections compared with ours
or those assumed by AFK. wherep, , and+/s are the momentum and the total energy of

the particles in the c.m. systenmy; is the mass of the

P2l p%, particle, and’ s its total decay width. FinallyB;,
andB,,; denote the branching ratios of the resonance to the
initial and final states.

Although both valence constituents of the glueballino are For the determination of the unknown branching ratios
electrically neutral, UHE glueballinos lose energy due toBin. Bou, and the total decay rafé,, we can use the anal-
scattering on CMBR photons. The value of the cutoff in its0gy between the glueballino and the pion together with scal-
energy spectrum is determined by the transition from adiaing arguments as in Sec. Il B for both thg, and thep3,.
batic energy lossegredshify to rapidly increasing energy Then
losses due to the reacti@+ y— G+ #° at higher energies.

This process cannot occur due#§ exchange in the chan- Bou=T (p1/0— G+ 7)o pr2) =1 (18
nel. The dominant contribution is given by the resonant for-
mation ofgqq states in thes channel. The mass spectrum of and

g0qq states was calculated as a function of the gluino mass in

IV. ENERGY LOSSES OF GLUEBALLINOS ON CMBR
PHOTONS AND GLUEBALLINO ENERGY SPECTRUM

Ref.[59] in the MIT bag model. The lowestqq state found o I'(p1—G+7) :F(POH 0+ y) 7% 10-*
was the spin-1/2 stafey»; its mass difference from the glue- " Lol P12 it p) '
ballino, however, except fong<1.2 GeV, is too small as (19

to allow the decayp,,—G+#°, cf. Table V. We assume ~
The total decay ratEtot(pl,z)ocg%m; can be calculated using
TABLE Ill. Normalized 1o fluctuations of the electron LDF m;, from Ref.[59] together with
T (R) /peo(R) at the AKENO observation level for EAS’s of energy
Eo,=10° eV initiated by protons and glueballinos of masses 2, 5,
and 10 GeV. g*p‘:—pgp. (20

My

R (m)
10 50 100 200 300 600 1200 TABLE V. The masses of the glueballinG and thep,, as
functions of the gluino massr; according to Ref[59].

Proton 0.077 0.054 0.068 0.095 0.11 0.15 0.18
9(2 Gev) 020 025 027 030 031 034 036 e /(GeV) 0.64 104 148 241
G(10 Gev) 040 043 045 047 048 050 0.52 m; /(GeV) 1.17 1.58 2.04 3.03
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FIG. 12. Energy losses (B)J(dEdt) yr~! of protons and of FIG. 13. Diffuse glueballino flux from uniformly distributed

glueballinos withM3=1.5, 2, and 3 Ge\(from top to bottom due  sources with injection specttN/dExE 2" for Mg=1.5, 2, and 3
to scattering on the CMBR as function of their laboratory energyGeV, compared with proton flux and observational data from
E(eV). AGASA. Either the gluino flux or a combination of proton and
gluino fluxes can fit the data.
The maximum of the photo-pion production cross section
for the glueballino is at least a factor of 8 smaller than for the  dN Zmax 5 dN dE4(E,zg)
proton due to the differences i;,, the spin factors, and E(O)=af0 dzy(1+2,) d_Eg ZQ)T’
Pem. We neglect multipion productiorG+y—G+ " (23
+ 7, which operates at energies above those we are inter-
ested in. The nonresonant contributions have been calculatéghere dN/dEy(t,) is the injection spectrum at redshiff,
in the vector dominance model and give only a small contri-2nda is a constant depending mainly on the source emissiv-
bution to the total cross section of the glueballino. The hardty. We calculatedd E4(E,zy)/dE as described in Ref61].
processes with gluon exchange are important only at higlror the injection spectrum we usetN/dEq(zg) ~ E4 > with

energies. a maximal redshiftz,,,=2, both without an intrinsic energy
The energy loss of a particle scattering on CMBR photonsutoff (Fig. 13 and with a cutoff atE=1x10?? eV (Fig.
is given by[60] 14).
Lde_ T J'wdE E)Y(E)E h | | | |
Edt 2.7r7)e, r o (EDY(EDE,
In| 1 Er 21
Xy —Inf1l—exp — ﬁ . ( )

Here,I" is the Lorentz factor of the particle in the CMBR
frame,E, is the energy of a CMBR photon in the rest system
of the glueballino,Ey=m_(1+m_/2mg) is the threshold
energy in the glueballino rest system, ands the average
fraction of energy lost by the glueballino in a collision,
which for one-pion production is

log(E3J(E))/m 25 leV?

E, 1+m2/2E,mg
M e Tree img @ M s ws W
G ree log(E/eV)

In Fig. 12, we show the energy losses of a glueballino with g1 14, Diffuse glueballino flux from uniformly distributed
massM3=1.5, 2, and 3 GeV compared to the losses of asources with injection spectrdN/dExE 27 and intrinsic cutoff

proton (from [18]). _ _ E=10" eV forMz=1.5, 2, and 3 GeV, compared with proton flux
The energy spectrurdN/dE of glueballinos emitted by and observational data from AGASA. Either the gluino flux or a
diffuse sources is at the present redshift0 given by combination of proton and gluino fluxes can fit the data.
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TABLE VI. The upper 90% C.L. limit on the invariant cross sectidBg®a/d®p (second ling for
measured masséd ..s(first line) given by the Gustafson experiment. The fourth line gives the calculated
invariant cross sections for gluino productiongp interaction ate,, ;,,=300 GeV and for gluino massg
(third line). All cross sections are in cttGe\~.

M meas GeV 2 3 4 6 8 10
90% C. L. 1.0<107%2  36x10°%¥  1.3x10%¥  53x10%®  2.0x10%®  1.7x10°%
mg (GeV) 2 3 4 6 8 10
Ed®o/d%p 3.8x10°%0  1.7x10°% 1.1x10% 42x10% 39x10% g.ox10 4

The calculated diffuse spectra are presented for three dif= K X ./ X, WhereX;, is the inelastic interaction length.

ferent masses of the glueballimog=1.5, 2, and 3 GeV, and Then the physical madd of ag hadron is connected to the
for comparison the corresponding proton spectra are alsgaasured mass as

shown. The cutoff in the glueballino spectra is shifted to
larger energies not only becausenag >my but also because

of the large mass gap betwe& and p},. Moreover, the M meas™ (Eioss/ EYME - (25
smaller cross section and energy transfer make the cutoff less

pronounced. Th_e calculated spectra for all three masses g the case of a glueballino, one obtains from E2F) to-

in agreement with the observatiofé6]. However, the ob- _gether with the data of TableM .1 GeV for Mg=2
served flux above the GZK cutoff can be reproduced only ifyng 5 Gev. Thus, in both cases glueballinos fall in the region

either the glueballino injection spectrum is rather flat or if atof neutron background and therefore these masses are al-
energiesE~ 10" eV also glueballinos are a non-negligible |geq.

component of the cosmic ray flux. Finally, we stress that the
exact form of the glueballino energy spectrum depend rathe{3 taf . S
strongly on the mass spectrum of the hadronic bound stateg!>'aison expernments: . .
of the gluino; still our general observatiofshift of the cut- ] W_e have ch(.:ulatgd the cross section for glu'ﬂ? produc-
off to larger energies, less pronounced cutaife indepen- tion in pp collision via the two subprocesseg—gg and
dent of the details of the mass spectrum. gg—gg at next-to-leading ordd62] for E,,= 300 GeV us-
ing the progranPROSPERJ 63]. As parton distributions we
have chosen those of Glk, Reya, and Vog[64], while we
have usedQ=my as renormalization and factorization
scales. In Table VI, the production cross sections averaged
The experiment Fermilab E-0330 by Gustafsdral. was  OVer the region allowed by the experimental cuts are com-
designed to search for neutral hadrons with mass2sGeV pared vy|th the upper limits from the Gustafson experiment.
and lifetimes=10"" s[47]. In contrast to the recent experi- Inspection of Tablc_e VI for larger masses shows thgt Fhe c_:al—
ments[35-38, the Gustafson experiment was sensitive tog:ulated cross segtlons are smaller than the upper limits given
long-lived or stable hadrons. It set upper limits on the pro-n the second line. We Conclude~that the results of the
duction cross section of these hadrons in the mass randeustafson experiment do not exclugenadrons.
2-12 GeV which are given in the second line of Table VI. A modified Gustafson experiment has great potential to
However, the relation between the measured mdgs.sin  discover lightg hadrons in the window 2—4 GeV or to reli-
the Gustafson experiment and the physical mas6 d¢fad-  ably exclude them. For this aim, a thicker calorimeter is
rons needs careful consideration. needed. Ifg hadrons lose all their energy in the calorimeter,
In the Gustafson experiment, short pulses of protons withhenM ,..e&<Mg, and the third and fourth lines of Table VI
energy 300 GeV produced in the beam-dump target neutrahow that the calculated cross sectionsNky in the interval
secondary particles, which were detected in a calorimeter a&i—4 GeV are larger than the experimental upper bounds.
distancel =590 m from the target. The calorimeter had the This means that thg hadron in this mass window can be

total thicknessX,=900 g/cnt, and it was assumed that a giscovered or excluded, if the calorimeter is thick enough.

particle loses all its energy therein. Then the measured dif.—l_akin into account the large penetrating powed dfadrons
ference in the time of flightt of massive secondaries and g gep g poweg

. the neutron background can be greatly reduced by placing
photons determines the mass of the secondary, the absorber behind a target whose thickness is tuned to ab-

sorb the neutrons but to be transparentddradrons.
The signature ofj hadrons is given by the compatibility

of the gluino production cross section with the measured flux
Here, the energy losg),s in the calorimeter is taken as the of detected particles. The path length and the average frac-

energy of a particle. In fact, howevergahadron loses only tion of lost energy will serve as further indicators. The mea-
a part of its energy in the calorimeterE /E sured properties of hadrons will then allow reliable calcu-

Are heavier masses ofj hadrons allowed by the

V. EXPERIMENTAL LIMITS FROM BEAM-DUMP
EXPERIMENTS

M neas= (2C Ei)ssﬁt” )1/2- (24)
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lations of g-hadron production in astrophysical sources andcalculated the glueballino-nucleon inelastic and total cross
their detection in EAS's. sections for different masses of glueballiiese Figs. 1 and

2). The longitudinal development of the EAS with energy
3x10%° eV in the atmosphere is shown in Fig. 9. One can
see that glueballinos heavier than 5 GeV resemble penetrat-
There are two mass windows where a light gluino is maring particles. The profiles shown in the figure were directly
ginally allowed: nmz=<3 GeV and 25m;=35 GeV. The measured in the Fly's Eye experiment, and the data are quite

first window is disfavored by the gluino contribution to the different from the graphs displayed here for heavy glueballi-
running of a5 and to the color coefficients. The lightegt nos. The second mass window 25-35 GeV can already be

hadron is heavier than the gluino by the mass of the constitlf-ellably excluded on the basis of these measurements, al-

. . . ~ though a detailed analysis is desirable.
ent gluon or quarks. The existence of a lightasistable g g y

hadron, corresponding to the first window for gluino masses, .The ShOW‘?fS. produced h!/ h."’?d“’”s from th? low-mass
window are similar to proton-initiated showers in all charac-

crucially depends on whether the neutral or chaigéadron e istics(see the longitudinal profiles in Figs. 3, 5, and 7, the
is the lightest one. A light quasistable charggdadron is  distributions oveiX,,. in Figs. 4, 6, and 8, the lateral distri-
forbidden by the production of “wild hydrogen” in the putions for electrons and muons in Figs. 10 and 11, and the
earth’s atmosphere by cosmic rays. The case that the lightefictuations in muon and electron densities in Tables IIl and
g hadron is neutral is also forbidden, if it forms a bound statdV). In principle, the best possibility to distinguish the show-
with the proton(“Wild deuteron”). The status of the ||ght ers produced b)a hadrons with mass 2 GeV from the
gluino and lightesy hadron can be clarified by further the- proton-induced showers is the fluctuations in the muon den-
oretical analysis. At present we conservatively consider theity at large distanced>600 m (see Table Il). However,
first gluino window as disfavored, but not excluded. the statistics of the largest array at present, AGASA, is not

As the carrier of the UHE signal, the liggthadrons with ~ sufficient for such a discrimination. The lar¥,tail in the
a mass larger than 1.5 GeV have a spectrum with the GZKlistribution of showers initiated by hadrons oveiX . of-
cutoff beyond the observed energy rangee Fig. 13 To- fers for HiRes or AUGER another, more promising possibil-
gether with accelerator limits on the gluino massy ity to (dis) prove light gluinos as UHE primaries.
<3 GeV, this leaves fog hadron masses the narrow win-  More reliably, the quasistable 2—3 Ge\hadron could be
dow 1.5—-4 GeV. The other window allowed by acceleratorfound in a specially designed accelerator beam-dump experi-
experiments is 25—-35 GeV. ment(see Sec. Y. In this experiment, it would be possible to

In this paper we have studied the interactiorgdfadrons ~ discover supersymmetiight gluino) and to find a new pri-
with nucleons and nuclei and the development of UHEMary for the UHE cosmic signal.
EAS'’s initiated by such particles. In practice, we have con-
sidered the special case of a glueballino as the primary par-
ticle. We think, however, that any othgrhadron with equal We are grateful to Michael Spira for helpful comments
mass has essentially the same interaction properties. We hasbout the use o0PROSPINO

VI. CONCLUSIONS

ACKNOWLEDGMENTS

[1] G. Auriemma, L. Maiani, and S. Petrarca, Phys. L&84B (1972); V. Berezinsky, S.l. Grigorieva, and G.T. Zatsepin, in
179(1985. Proceedings of the 14th International Cosmic Ray Conference,
[2] V.S. Berezinskii and B.L. loffe, Sov. Phys. JET@3, 920 Munich, 1975, Vol. 2, p. 711.
(1986; ITEP, Report No. 127, 1985. [9] L.N. Epele and E. Roulet, J. High Energy Phy), 009
[3] D.J. Chung, G.R. Farrar, and E.W. Kolb, Phys. Rev5D (1998.
4606 (1998. [10] V. Berezinsky, Sov. J. Nucl. Phy1, 222(1970; R. Protheroe
[4] G.R. Farrar and P.L. Biermann, Phys. Rev. L&1, 3579 and P. Biermann, Astropart. Phy&.45 (1996.
(1998. [11] N. Hayashideet al, Phys. Rev. Lett73, 3491(1994).

[5] For recent reviews, see A.V. Olinto, Phys. Re§83 329  [12] D. Bird et al, Astrophys. J441, 144 (1995.
(2000; M. Nagano and A.A. Watson, Rev. Mod. Phy2, 689 [13] AGASA Collaboration, N. Sakaki, in Proceedings of the 27th

(2000; P. Bhattacharjee and G. Sigl, Phys. R&27, 110 International Cosmic Ray Conference, Hamburg, 2001, p. 333.
(2000; V. Berezinsky, Nucl. Phys. BProc. Supp). 70, 419  [14] J.N. Bahcall and E. Waxman, Astrophys532 542 (2000.
(1999; S. Yoshida and H. Dai, J. Phys. 23, 905(1998. [15] M. Blanton, P. Blasi, and A.V. Olinto, Astropart. Phyib, 275

[6] S.I. Dubovsky, P.G. Tinyakov, and I.I. Tkachev, Phys. Reuv. (2001).
Lett. 85, 1154 (2000; Z. Fodor and S.D. Katz, Phys. Rev. D [16] R.D. Blandford, Phys. Sci85, 191 (2000.

63, 023002(2000. [17] S.T. Sculli and F.W. Stecker, Astropart. Phgd, 207 (2000.
[7] K. Greisen, Phys. Rev. Lett6, 748(1966; G.T. Zatsepin and [18] V. Berezinsky, A.Z. Gazizov, and S.I. Grigorieva,
V.A. Kuzmin, JETP Lett4, 78 (1966. hep-ph/0107306.

[8] V. Berezinsky and G.T. Zatsepin, Sov. J. Nucl. Phig, 11 [19] V. Berezinsky, M. KachelrieR, and A. Vilenkin, Phys. Rev.

083004-12



EXTENSIVE AIR SHOWERS FROM ULTRAHIGH ENERGY . ..

Lett. 79, 4302(1997); V.A. Kuzmin and V.A. Rubakov, Phys.
At. Nucl. 61, 1028(1998.

[20] C.T. Hill, D.N. Schramm, and T.P. Walker, Phys. Rev.3B,
1007 (1987).

[21] T.J. Weiler, Astropart. Physl1, 303 (1999; D. Fargion, B.
Mele, and A. Salis, Astrophys. 817, 725(1999; G. Gelmini
and A. Kusenko, Phys. Rev. Le®2, 5202(1999; 84, 1378
(2000.

[22] V.S. Berezinsky and G.T. Zatsepin, Phys. Le28B, 423
(1969; G. Domokos and S. Nussinov, Phys. Lett1B7, 372

PHYSICAL REVIEW B5 083004

[37] KTeV Collaboration, A. Alavi-Haratiet al, Phys. Rev. Lett.
83, 2128(1999.

[38] E761 Collaboration, I.F. Albuquerquet al, Phys. Rev. Lett.
78, 3252(1997).

[39] F. Csikor and Z. Fodor, Phys. Rev. L€et8, 4335(1997).

[40] ALEPH Collaboration, R. Barateet al, Z. Phys. C76, 1
(1997).

[41] G.R. Farrar, Nucl. Phys. BProc. Supp). 62, 485(1998.

[42] Particle Data Group, C. Cas al, Eur. Phys. J. G, 1(1998.

[43] H. Baer, K. Cheung, and J.F. Gunion, Phys. Re&3>075002
(1999.

(1987, J. Bordes, H. Chan, J. Faridani, J. Pfaudler, and S.T[44] A. Mafi and S. Raby, Phys. Rev. 62, 035003(2000.

Tsou, Astropart. Phys8, 135 (1998; G. Domokos and S.
Kovesi-Domokos, Phys. Rev. Let82, 1366 (1999; P. Jain,
D.W. McKay, S. Panda, and J.P. Ralston, Phys. Letd88,

[45] R.N. Mohapatra and S. Nussinov, Phys. Rev.5D 1940
(1998.
[46] M. Takedaet al, Phys. Rev. Lett81, 1163(1998.

267 (2000: but see also G. Burdman, F. Halzen, and R. Gan147] H.R. Gustafsoret al, Phys. Rev. Lett37, 474 (1976.

dhi, ibid. 417, 107 (1999; M. KachelrieR and M. Plmacher,
ibid. 62, 103006(2000.

[23] T.W. Kephart and T.J. Weiler, Astropart. Phy.271 (1996);
S. Bonazzola and P. Petdjd. 7, 161 (1997).

[24] L. Gonzales-Mestres, Nucl. Phys. @roc. Supp). 48, 131
(1996; S. Coleman and S.L. Glashow, Phys. Rev.5B,
116008(1999; R. Aloisio, P. Blasi, P. Ghia, and A. Girillo,
ibid. 62, 053010(2000.

[25] G. Sigl, D.F. Torres, L.A. Anchordoqui, and G.E. Romero, [51] J. Hoerandel, in Proceedings of the 26th International Salt

Phys. Rev. D63, 081302(2001); A. Virmani, S. Bhattacharya,

[48] I.LF. Albuquerque, G.R. Farrar, and E.W. Kolb, Phys. Rev. D
59, 015021(1999.
[49] N.N. Kalmykov, S.S. Ostapchenko, and A.l. Pavlov, Nucl.
Phys. B(Proc. Supp). 52B, 17 (1997); N.N. Kalmykov and

S.S. Ostapchenko, Report No. INP MSU 98-36/537, Moscow,

1998.

[50] N.N. Kalmykov, S.S. Ostapchenko, and A.l. Pavlov, Izv. Ross.

Akad. Nauk, Ser. Fiz58, 21 (1994 [Bull. Russ. Acad. Sci
(USA), Phys. Ser58, 1966(1994)].

Lake City, Cosmic Ray Conference, 1999, \ol. 1, p. 131.

P. Jain, S. Razzaque, J.P. Ralston, and D.W. McKay[52] A.B. Kaidalov and K.A. Ter-Martirosyan, Phys. Lett17B

astro-ph/0010235; L.A. Anchordoget al, Mod. Phys. Lett. A
16, 2033(2002).

[26] P.G. Tinyakov and I.I. Tkachev, JETP Left4, 499 (200J);
astro-ph/0102476.

[27] V. Berezinsky and M. KachelrieR, Phys. Lett. 822 163
(1998.

247(1982.

[53] R.J. Glauber, inLectures in Theoretical Physicedited by
W.E. Britten(Inter-Science, New York, 1959

[54] V.N. Gribov, Zh. Eksp. Teor. FiZ9, 892 (1969 (in Russian.

[55] N.N. Kalmykov and S.S. Ostapchenko, Phys. At. NG€.346
(1993.

[28] F. Halzen, R.A. Vazquez, T. Stanev, and H.P. Vankov, Astro-[56] S. Ostapchenko, T. Thouw, and K. Werner, Nucl. Phys. B

part. Phys3, 151(1995.

(Proc. Supp).52, 3 (1997.

[29] N.N. Kalmykov, S.S. Ostapchenko, and A.l. Pavlov, Phys. At.[57] G. Marchesini and B.R. Webber, Nucl. Ph$238 1 (1984).

Nucl. 58, 1728(1995.

[30] G.R. Farrar, Phys. Rev. Leff6, 4111(1996.

[31] S. Raby, Phys. Lett. B22 158(1998.

[32] S. Raby and K. Tobe, Nucl. PhyB539 3 (1999.

[33] M.B. Woloshin and L.B. Okun, Sov. J. Nucl. Phy43, 495
(1986.

[34] F. Buccella, G.R. Farrar, and A. Pugliese, Phys. LE&3B,
311 (1985.

[35] KTeV Collaboration, J. Adamst al, Phys. Rev. Lett79, 4083
(1997.

[36] NA48 Collaboration, V. Fantet al, Phys. Lett. B446, 117
(1999.

[58] D.J. Bird et al, Astrophys. J441, 144(1995.

[59] M. Chanowitz and S. Sharpe, Phys. Let6B, 227 (1983.
We use the values given in their Table 2 fofg=1.

[60] V.S. Berezinsky, S.V. Bulanov, V.L. Ginzburg, V.A. Dogiel,
and V.S. PtuskinAstrophysics of Cosmic Ray&lsevier, Am-
sterdam, 1990 Chap. 4.

[61] V.S. Berezinsky and S.I. Grigorieva, Astron. Astrophi9, 1
(1988.

[62] W. Beenakker, R. Hagker, M. Spira, and P.M. Zerwas, Nucl.
Phys.B492, 51 (1997).

[63] W. Beenakker, R. Hoker, and M. Spira, hep-ph/9611232.

[64] M. Gluck, E. Reya, and A. Vogt, Z. Phys. €7, 433(1995.

083004-13



