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Abstract. The interaction properties of hadronic bound statggnel
of a light supersymmetric particle, gluino, are studied in the
framework of the QGSJET Monte Carlo model. All impor- goq |
tant contributions to the interaction mechanism are taken into
account. In particular, it is found that direct hard interaction 400
of the valence gluino plays an important role in the process.
The formalism is applied to the investigation of the properties>% [
of extensive air showers, initiated by such particles. Compar-,, |
ing the results with existing cosmic ray data, we were able

to set the new limit on the gluino mass,; < 5 GeV, for 100
gluino-hadrons to be the carriers of ultra high energy cosmic
ray signal. 0
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Fig. 1. Inelastic hadron-air cross section/mbarn as a function of the
interaction energy for protonp, pion - 7+, and glueballino -G;

1 Introduction the different choices for the gluino mass are shown as dashed, long-
dashed, and dotted curves far; = 2, 5, 50 GeV correspondingly.

The existence of Ultra High Energy Cosmic Rays (UHE CR)

with the energies above the so-called Greisen-Zatsepin-Kuz-

min cutoff (Greisen, 1966; Zatsepin and Kuzmin, 1966) is zinsky and loffe, 1986). More recently, 58, audsj bound-
now well established experimentally (for a recent review S€€gtate. has been proposed as the carrier of the UHE CR sig-

Nagano and Watson, 2000). There exist a wide-spread Opir“ﬁal (Farrar, 1996). A detailed investigation 8f-induced

ion that such very energetic particles have an extragalactkl‘EAS has been performed by Albuquercgteal. (1999), us-
origin. On the other hand, usual cosmic ray primaries, Pr0-jng a modified version of the SIBYLL model (Fletchetral,
tons and nuclei, emitted from distant sources have little chan1994) The authors of that work came to the conclusion that
ces to reach th_e earth with energies above th? GZK_'CUtOfBIuino masses as large as 50 GeV are consistent with cur-
because of their energy losses in the interactions with th‘?ent cosmic ray data. However, their analysis was not self-

cosmic microwave background radiation. As a possible al--,nqistant as they neglected the contribution of minijet pro-

t(herna|t|\{e one may consider §tabledh?d_ron|cr:1.bﬁurr11d stlat'es q;uction in the model while assuming large cross sections for
the gluinog in supersymmetric models In which the gluino  go_pcjeys interactions. This appears to be in contradiction

is the lightest supersymmetric particle (Farrar, 1996; Raby,With the philosophy of the SIBYLL model, where the "soft"
1998). Such exotic hadrons, referred below as gluino-had-

I v mimi | induced nonperturbative physics is considered to be of scaling type
rons, cou h successiully m'md'c usnng p”roton—ln uce EXtﬁn'and very high energy hadronic interactions are dominated by
sive Air S owers (EAS) and would allow to postpone the | 4 parton processes (Fletckerl, 1994).

GZK-cutoff to higher energies.

The bound state of the gluino and the gluon, the so-called I_n our recef“ work (Berezinsket al, 200.1)’ _the Inter-
glueballinoG — §g, has been discussed as a possible UHE&ctions of gluino-hadrons have been studied in the frame-

rimary already in the 80's in connection with Cva-X3 (Bere- work of the QGSJET Monte Carlo model (Kalmykov and
primary Y s lon with Cyg-X3( Ostapchenko, 1993; Kalmykost al, 1994, 1997), known

Correspondence tdS. Ostapchenko (serguei@ik3.fzk.de)  to describe successfully a great variety of existing cosmic
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Fig. 2. InelasticG-air cross section/mbarn fon; = 5 GeV; the  Fig. 3. The same as in Fig. 2 fon; = 50 GeV.
curves correspond to different assumptions concerning the interac-
tion mechanism ("total” — smooth, "direct hard” — dashed, "semi-

hard” — long-dashed, "soft” — dotted), as explained in the text. ments to derive this parameter from that of the pion as
~ 2
M
. e VeP="%P| = | - 1)
ray data. The suitable modification of the model allowed Mg,

to take into account all essential contributions to the inter- ) -

action mechanism, to obtain a self-consistent description of 1€7€ for the reduced mass of the glueballino, we ige =

interactions of gluino-containing particles with protons and mﬁmg/(mgﬂng), Wlt_h mg being the gluino mass ?‘”_ﬂg ~

nuclei, and to perform Monte-Carlo simulations of extensiveU-7 G€V is the constituent mass of the gluon. Similarly, for

air showers, initiated by gluino-particles in the atmosphere.the pion we usell; = mg/2 with m, =~ 0.35 GeV as the

In the current work we discuss in some detail the importantduark constituent mass. o

features of interactions gf-hadrons as well as their impact  For the momentum distributigsf’ of the valence gluinoin

on the calculated characteristics of air showers induced byhe glueballino we use the traditional Regge-inspired ansatz

such particles. In particular, we shall demonstrate that for the®f the QGSJET model

gluino mass being larger than 5 GeV the calculated longitudi- & (25) ~ % (1- x~)gg @)

nal development of such showers appears to be in strong dids 9 g 9

agreement with the experimental observations, thus rejectingvith 5, ~ 0. The unknown parametet; can be fixed as-

these particles as the UHE CR primaries. suming that the energy is shared between the valence gluon
and the valence gluino according to their constituent masses:

(2g) = — 2 @3)
2 QGSJET formalism for the interactions of g-hadrons ! mg +mg’

where the average gluino momentum share is obtained from
The QGSJET model, developed in the Gribov-Regge frameeq. (2) asz;) = (35 + 1)/ (B, + 85 + 2).
work, treats hadronic interactions as multiple scattering pro- In the case of gluino-hadrons, one has to account also for
cesses, with different elementary scattering contributions corthe contribution of the so-called "direct hard” process, where
responding either to pure "soft” nonperturbative dynamics,the valence gluino interacts perturbatively with some parton
described phenomenologically as "soft” Pomeron exchangesfrom the target hadron (nucleus). The specific feature of this
or to so-called "semihard” interactions. In the latter case atinteraction is that it results in very small energy losses of
least a part of the underlying parton cascade develops in thehe valence gluino as a large longitudinal momentum transfer
region of large parton virtualities. This allows to apply the , ~ % is suppressed by the process kinematics, with the

methods of perturbative QCD and leads to the concept of thgirality scale for the reaction increasing quadratically with
"semihard” Pomeron (Kalmykoet al,, 1994; Ostapchenko

z
etal, 1997). 5 o
. . . . P2 z°m2

To include the new hadrons into this scheme one has to fix)? = ~L_ g 4)
the value of the Pomeron-hadron couplifg and to define l—z 1-2

the momentum distribution of the constituent partons in thewith p, andz being the transverse momentum and the light
hadron. As the Pomeron couping is essentially proportionakone momentum fraction for the gluon emitted of the initial
to the effective transverse size of the hadfgp ~ R2, with valence gluino (Berezinsky and loffe, 1986; Berezinsky and
the hadrom radius Ry, being inverse proportional to its re- Kachelriel3, 1998).

duced mas3d/;, (Berezinsky and loffe, 1986), in the partic-  To treat such interactions, the standard QGSJET proce-
ular case of the glueballino one can use simple scaling arguelure for the description of QCD parton evolution has been
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Table 1. Inelasticity coefficient i<, for hadron-air interactions Ne/10
at different energie&. 60 -
50 —
EO: eV 40 -
Reaction type 10'2 | 10'5 | 10'® | 10*! 30 |-
p-air 0.65 | 0.74 | 0.79 | 0.83 20 -
G—air(Mz =2GeV) | 0.26 | 0.28 | 0.29 | 0.29 io L
G—air(Mz; =5GeV) | 0.15| 0.15 | 0.16 | 0.16
G—air (M; = 50 GeV) | 0.02 | 0.02 | 0.02 | 0.02 o e S

1 L
200 400 600 800 1000 X, g/cm?

Fig. 4. Average shower profiles for proton- (smooth curve) ghd

. . induced EAS fr5 = 2 GeV — dashed curvenp; = 5 GeV — long-
generalized to include relevant processes for a supersymme&ashedmg — 50 GeV — dotted) of energfy — 10°° eV.

ric parton (gluino). As the result, we developed the univer-
sal description of the interaction process, which allowed us

both to calculate the interaction cross sections and to perforng; ihe very asymmetric energy partition between parton con-
an explicit Monte Carlo modeling of glueballino-hadron (nu- ityents of the glueballino, with the valence gluino carry-

cleus) collisions (Berezinskst al, 2001). Finally, we made jhq aimost the whole initial energy of the particle: 88% for
simulations ofG-induced air showers, using the traditional M; = 5 GeV and 99% forM; = 50 GeV — see eq. (3).

method based on the combination of numerical and Monte- |, tapje 1 we present another important characteristics of
Carlo techniques (Kalmykost al., 1997). A

G-air interaction, the so-called inelasticity coefficient, i.e.
the relative energy loss of the glueballino in the process.
It is compared with the corresponding quantity for proton-
air interaction, defined as the relative energy difference be-
tween the initial proton and the fastest secondary baryon.
Here one can see that the glueballino inelasticity, contrary to

In Fig. 1 we show the calculated cross sectioff& . for the proton case, remains essentially energy-independent and
) = air . . . . .

inelastic interactions of protons, pions, and glueballinos withfalls down rapidly with increasing gluino mass. The reason

the nitrogen nucleus as the typical representative of the eartfP this effect is twofold. On one side, as discussed above,

atmosphere. One can see from the figure that at high energi¢luinos of larger masses carry a larger fraction of the ini-

the glueballino cross Sectioﬁ%nel _are rather independent tial pgrticle energy, leaving a smaller part of it for thg sea
—am ; gonstituents ((anti-)quarks and gluons) and thus reducing the

average number of multiple interactionsdhair collisions.

On the other hand, for heavier gluinos increases the relative
weight of the "direct hard” process, characterized by very
small energy loss of the valence gluino.

3 Numerical results

3.1 Interaction characteristics

corresponding cross sections for usual hadrons.

To investigate this result in more detail we plot in Fig. 2,3
the cross sectionsglfim for Mz = 5 GeV andMj; = 50
GeV as calculated within different assumptions concerning
the interaction mechanism: taking into account only pure
"soft” nonperturbative contributions to the interaction pro-
cess' — "soft”; accounting for both "soft” and "semihard” in-
teractions but neglecting the contribution of the "direct hard”
process —"semihard”; considering only the "direct hard” con-
tribution — "hard”; and including all the mechanisms — "to-

3.2 Glueballino-induced extensive air showers

The two main features of the interaction — sufficiently large
cross sections and small energy losses — result in a specific
development of3-induced EAS: Contrary to the proton case,
. oS where the leading proton releases most of its energy in very
@l I:f IS ?’asy to see th_at, like in the case O.f usual hadrqnsfew initial interactions at large heights, glueballino contin-
pure "soft” processes give a small contribution at very high o giecting the energy in small portions into electromag-

energlﬁs compared to thg ”sen:;hard” ogeshcharﬁctehnzedd bP{etic cascade throughout the atmosphere, resulting in a rather
a much steeper energy dependence. On the other hand, tr(~5I'ta-:\layed EAS development and giving rise to a much wider

direct hard. contrlput|on is very essential in high ENnerdy shower profile compared to the one for the primary proton —
glueballino interactions and even becomes the dominant ongig 4

for Iarge_glumo masses — see F'g.' 3, with the mteracfuon PO~ e also compared the shape of the calculated profiles for
cess being essentially perturbative on the glueballino side, .": % 20
. . . individual p- andG-induced EAS of energ¥y = 3-10°° eV
This important difference from the usual hadron case is due . . ;
with the corresponding measurements of the Fly’'s Eye col-

This option essentially corresponds to the basic assumptiondaboration (Birdet al,, 1995) — Fig. 5. In doing so we choose
of Albuquerqueet al. (1999). only those showers which reach their maxima in the vicinity
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Fig. 5. ”Individual’ shower profiles for proton- an@-induced EAS ~ Fig. 6. Normalized distribution of the shower maxima for proton-
of energyE, = 3-102° eV. The abbreviations for the curves are the (smooth histogram) an@-induced EAS {3 = 2 GeV — dashed
same as in Fig. 4. The Fly’s Eye data (Bitlal, 1995) are shown histogrammg; = 5 GeV — long-dashedy; = 50 GeV — dotted)
as filled circles. of energyE, = 10 eV.

of the measured valu¥,,,., = 815 4 50 g/cn? and average action contribution of the "direct hard” gluino process, char-
the obtained profiles when shifting them to the same positioracterized by a small energy loss of the valence gluino. For
of the shower maximumX,,., = 815 g/cn?. For gluino  sufficiently large gluino masses the whole interaction process
masses larger than 5 GeV the shape of the calculated profilbecomes essentially perturbative on the gluino-hadron side,
strongly disagrees with the experimental observations, thushus making our conclusions model-independent in this limit.
rejecting the corresponding particle as the cosmic ray pri- In the case of the gluino mass being smaller than 5 GeV
mary. The account for the LPM effect results in only 5% one can finally confirm or reject the hypothesis of gluino-
reduction of the electron number in the shower maximumhadrons as the carriers of UHE CR signal on the basis of fu-
for proton-induced EAS (Kalmykoet al, 1995) and has ture measurements of ultra high energy extensive air showers
an even smaller influence on ti&induced showers due to with the HIRES and AUGER detectors.
much softerr®-spectrum in the glueballino interactions.

In the case of the gluino mass being smaller than 5 GeV
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