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We present results from a new Monte Carlo simulation for jet fragmentation in QCD and SUSY QCD for
large primary energies/s up to 13° GeV. In the case of SUSY QCD the simulation takes into account not
only gluons and quarks as cascading particles, but also their supersymmetric partners. A new model-
independent hadronization scheme is developed, in which the hadronization functions are found from CERN
LEP data. An interesting feature of SUSY QCD is the prediction of a sizable flux of the lightest supersym-
metric particles(LSP9 if R parity is conserved. About 10% of the jet energy is transferred to LSPs which,
owing to their harder spectra, constitute an important part of the spectra foxtargés;.;. Spectra of protons
and secondary particldphotons and neutrinpsre also calculated. These results have implications for the
decay of superheavy particles with masses up to the GUT scale, which have been suggested as a source of
ultrahigh energy cosmic rays.
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[. INTRODUCTION =In(y/s/2A) and A is the dimensional QCD scale.
The analytical expression f@,(¢,Y) is given in Refs.
QCD, being an essential part of the standard model, su¢5,6]. There are two fundamental parameters involved in the
cessfully describes accelerator data for production of hadronigmiting spectrum solution: the scale and the minimal vir-
in e"e” annihilation and deep-inelastic scattering. There areuality Q, of partons, down to which the cascade develops
two distinctive parts in these calculations: the perturbativeperturbatively,Q, can be viewed as the effective mass of the
QCD computation of the parton cascade in jets, and the papartons. Two assumptions are necessary for the validity of
ton hadronization, in which low-virtuality partons are con- the limiting spectrum. The QCD coupling constany(k?)

verted non-perturbatively into hadrons. o ‘evolves withk? effectively, as in the one-loop approxima-
The QCD parton cascade is usually studied in the modision with three flavorsr;=3 for all ki

fied leading logarithmic approximatiqivMLLA ), where large
logarithms, InQ?) and In(1X), play a crucial rolghere,Q?
is the maximum of the perpendicular momentikm, andx 5 127
=k /k["®). This approximation is characterized by remark- as(KD) = (33— 2n,)In(K2/A2)’
able features.
In the MLLA, the QCD cascade has a probabilistic inter-
pretation provided by the absence of interference terms in thAs a matter of factA in Eq. (1) is treated in the limiting
tree diagrams. The color coherence effect is taken into acpectrum solution as a free parameter to fit éhe -data.
count in the MLLA. It suppresses the emission of soft gluonsThe best fit corresponds td =250-270 MeV. For this
and results in the Gaussian peak of the parton distribution ifange ofA values,as(M7), given by Eq.(1) with n¢=3, is
terms ofé=In(1/x) (hump-backed plateau in the interval 0.118-0.120, to be compared with the average
The evolution of parton cascades in the MLIi#s well as ~ experimental valuer(M ;) =0.1184+ 0.0031[7]. Therefore,
in the LLA) is adequately described by the Dokshitzer—the phenomenological parametér coincides well with

@

Gribov-Lipatov—Altarelli—-ParisiDGLAP) equationg1]. Aqcp, Which fits the experimental value afs(M;) in the
The parton spectra can be obtained either analytically ogne-loop approximation witim;=3.
by Monte Carlo(MC) simulations. The second assumption, necessary for the derivation of

Examples for analytical solutions are the limiting spec-the limiting spectrum, iQy=A. It gives a reasonable value
trum[2] and the Gaussian spectrdiBl, in which we include of Qq, but the exact equality of these values has no theoret-
the distorted Gaussian spectr{h5]. The limiting spectrum ical justification.
is the most accurate of them. Since we have a special interest The limiting spectrum solution is valid only for smal
in it, we shall shortly review below the basic assumptions<1. In this region, which includes the maximal values of
under which this solution is obtained. multiplicity (in the Gaussian peakit very accurately de-

The limiting spectrum gives the energy spectrum of par-scribes experimental data at all available energiegsee,
tons Dy (£,Y) for a given center-of-mass energls of an  e.g.,[8,9]). The largex up tox=1 gives the dominant con-
e*e -pair. HereD is the number of cascade partons, tribution to the total momentum of cascade partons. There-
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fore, the limiting spectrum solution does not guarantee thamight be interested in much higher energies, being inspired

I XDjim(X,s)dx precisely equals 2. by the production of superheavy particles up to the grand
Monte Carlo(MC) simulations of the QCD cascade give a unified theory(GUT) scale in the Universe. Such particles

more precise description of the cascade evolution. For excan be produced by both topological defects and many pro-

ample, in contrast to the limiting spectrum, in MC simula- cesses at the post-inflationary stage of the Universe. Re-

tions one can use(k?) with the measured value ®ocp,  cently, superheavy particles with masskls~10'2— 104

varying the number of flavors and two-loop corrections be-GeV attracted much attention as a source of the observed

ing taken into account. The assumptidr=Q,, specific to  yltrahigh energy cosmic raySUHECR) with energies

the limiting spectrum, is not needed. MC simulations areqglo_ 10 ey (for recent reviews, sei20]).

based on a probabilistic interpretation of the jet cascade. Par- ¢ limiting spectrum for SUSY QCD was calculated in

ton branching is described by the Altarelli-Parisi functions,Ref [21] for very high energies/s, corresponding to masses
and the probability of parton evolution between two vaIuesof sﬁperheavy particleld Nlolz_’lou GeV. The supersym-
of virtualities without branching is given by the Sudakov X :

metric partongsquarks and gluinos or jointly spart r-
form factor. Finally, the coherent effect in the soft gluon c P ssqu g jointly spartorsa

L I ) . : ticipate in the cascade until the virtualitie®f the particles

emission(destructive interferengas conveniently taken into drop below the mass scale of SUSY particlésMZ
: M sysy-

f"‘%‘?oum by ag\gu!;r orderlr‘@}[?g:; 05 d ’ [;O]’ where the Then a SUSY particle decays, producing in the end the light-
n IC?; nggll%r Tr?egfinterl\j CI:O 'mn-l(;;'oire .tﬁrgﬁeSTaerso"’r“e est supersymmetric particld.SP), for which the lightest
3:‘?2 Ssas erformedl'rs1 Re[flo? AL: rlese\rﬁl thereg;re e '_ neutralino is usually considered. The role of supersymmetric

Ing was p -0 1N R -ALP . ° SevV partners is twofold: they double the number of parton types
eral detailed MC simulations, e.12-15, which differ in the cascade, and they change the evolutiong(k?)
mainly in their description of hadronization. We shall now P L
briefly discuss the problem of hadronization. Even at smalt<Mg gy, the cascade remembers the number

The description of parton hadronization is based on th@]ttﬂ‘:“i/frz at large be?lilu\?v%i f?]r exrimple, eaé:g squarlij:ﬁavis;
assumption of local parton—hadron dualityPHD) [16].  &fter its decay a quark, which continues QCD cascading.

This hypothesis implies that whey, is small enougtfof the larget and smallx<1, gluons and gluinos dominate and

order of A) there is a proportionality between the spectra Oftheir “children” constitute the dominant part of the cascade

partons and hadrons, with relations between their moment&t smallt. Therefore, the dominant contribution to the limit-

; ; ; ; ; trum is given by gluons and gluinos.
which are local in the phase space. Such an interpretation caid SP&€¢ DY 9 .
be justified by the idea of preconfineméa)]. The SUSY QCD limiting spectrum solution has two

As far as spectra are concerned, LPHD implies a proporgrawbacks with respect to ordinary QCD. First, the number

tionality between the hadron and parton spectra. In Refsc.’f flavors that determine the evolution of the coupling con-

[5,6], it is emphasized that, most reasonably, this proportionStant according to Eq1) has to be fixed to one value of

2 . s
ality holds not on a one parton-one hadron basis, but for thf°r the whole range ok’ . Second, the limiting spectrum for

number of particles averaged over a finite intera~1. ordinary QCD is normalized by experimental data, which are
The LPHD hypothesis for limiting spectrum results @bsent in the case of SUSY QCD. Normalization due to the
straightforwardly{5] in conservation of momenturfixD,(x,s)dx=2 is unreliable
since the limiting spectrum is not valid for large which
Dpad X, V/S) = Kn(Qo) D parf X, Vs,Qo), ) giv[ezsl]t)he main contribution to the integ(ake the discussion
in .
where the constari,, is universal, in the sense that it does ~ During the last few years, the production and decays of
not depend on/s. supersymmetric particles have been included in most MC

Equation (2) completes our description of the limiting simulations_focusing on the CERN ITarge Hadron Callider
spectrum, expressing the hadron spectrum through the spe-HC) studies. Although the LHC will operate above the
trum of partons. The constait,, which connects the two expected threshold of SUSY particle production, its energy is
spectra, is found from a comparison with experimental dat&1°t large enough for these particles to participate in the QCD
asK~1.3 for A = Q,~270 MeV/[8], and it does not change cascade. Therefore, all currently available MC simulations

with energy unless some new physiesg. supersymmetyy consider only on-shell decays of spartons and neglect pos-
appears. sible branchings of gluinos and squatkanother obstacle

In MC simulations, the paramet&, is, in principle, a against the- use of standard MC simullations at extremely
free parameter found by fitting experimental data. Fir-  large energies aroungds~10'*-10" GeV is that the neces-
WIG [12] andPyTHiA [13], for exampleQ,~1 GeV. Several ~Sary numerical precision and required amount of memory
detailed hadronization models are used in simulations, e.gPace and computing time become a challenge for present—
the independent fragmentation model, the Lund string modefay computers. _ _
[18], and the cluster fragmentation modgl9]. Usually, We have therefore developed a new MC simulation,
these models use many free parameters and require us which includes as cascading particles not only gluons and
keep track of the four-momentum evolution of all partons.

The calculations described above are valid up \t®

~1-10 TeV. At higher energies the production of super- The futurec++ version ofHErwIG will include branchings of
symmetric particles is expected to change the results. Orgpartong23]
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quarks, but also gluinos and squarks. We consider cascades TABLE I. Splitting functionsP;_;(z), wherez is the energy
that are initiated by the decay to two jets of superheavy parfraction of the particlg.
ticles with masaM y~ 10— 10" GeV, or bye*e™ annihila-

tion ats=M?2. SUSY partons, squarks and gluinos are pro-  SPlitting channei — jk splitting functionP;_(2)
duced in the fragmentation of ordinary partons, and vice , 1—7
versa. All squarks and gluinos are assumed to have equal g—g+g 3—+—+21-2
masses, for which we usM g gy=200 GeV andM gy sy o 1=z , L
=1000 GeV. When the virtuality of the cascading particles g—g+g 3[z°+(1-2)7]
drops belowM %5y, sparticles decay to LSRseutralinos, g—q+q ﬁ[zz+(l_z)2]
which freely escape. The perturbative development of the -~ ~ 2, 5
cascade continues with ordinary partons until their virtuali- g—a+q 3{1-[z +(l_22) I
ties reachQj, for which we useQ2=0.625 GeV to fit the —a+d -2
data at small energiegs. We use a new hadronization pro- 4
cedure. It is based on a model-independent, phenomenologi- 9—q+q 3z
cal approach, in which hadronization functions for lasder 4142
My) are calculated from hadron spectra observed at ssnall 4—a+g 315
(My). This method can be used for any type of hadron, as 4
well as for photons and neutrinos, if their spectra are known q—q+g —z
with good enough accuracy at small energy. 3
Following Ref.[22], we shall use the following notation: d—d+g 4 1+—22—(1—z)
A is the dimensional QCD scale, 31—z
Y=In(y/s/2A), - - 4
t=p? is the virtuality of cascade partons, 4—a+g 3

Q?=t,aiS the virtuality of the primary parton,
QS is the minimum virtuality of the perturbative evolution
of the QCD cascade, . o reach the minimal virtualityt =4Q3. Here the perturbative
z=E'[/E, whereE andE’ are the energies of ingoing and eyglution of the cascade terminates.
outgoing partons at fragmentation,

: _ In each branching of an incoming partorwith t’, w
{=1-cos6, whered is the angle between two outgoing each branching of an incoming parto ©

generate with the veto algorithf24], a newt andz accord-

artons, > I A
P T—¢E? ing to the probability distribution
k, ,k| are the transverse and parallel momenta transferred, @ d AT
respectively, dP.(1.2)= ad 2(1-2FWP. (2 ———L
x= Ky /K", (12=3 = gl Z(1-2P W2} =
E=In(1/x). 3
Il. MC SIMULATION OE THE PERTURBATIVE PHASE Here, the sum includes all pOSSibIe branChing Chanﬁels
OF SUSY QCD CASCADES 22(1—2)2f is the parton transverse momentum, ands the

: . . . product of the individual Sudakov-like form factoss .
The perturbative part of our simulation is very similar to Elg]

those of MC simulations for ordinary QCD cascades, excep

for including spartons and the condition for their exit from - ,

the cascade. We consider a superhed\particle with mass A, -k(~t)=ex;{ _ ft dif. _k(t,)l ()

My, which decays into two jets with energ,= Mx/2. We - fnt

assume that the primary partons produced inXhgarticle

decay have the maximum virtualiQ?= m§/4 and that theX  with

particle has equal branching ratios to all partons. As to the

first assumption, in reality, there is a distribution of partons _ Zmax 02

with differentt, but the Sudakov form factors suppress small fiﬁjk(t)ZJ z—as[Zz(l—Z)Zf]PH,-k(Z)- (5

t values. The second assumption is made because of the un- Zmin <7

specified interactions of th¥ particles. ) ) o o _
Our simulation closely follows the angular ordered partonThe unregularized Altarelli—Parisi splitting  functions

shower algorithm developed in Refd0,19. In this algo-  Pi—j(2) of SUSY QCD[25] are given in Table I.

rithm it is convenient to use the variabie- (E2, whereE is The angular ordering; ,{,<¢; for the branching — K,

the energy of the incoming partoti=1— cosé, andé is the which takes into account color coherence, is equivalent to

: ) 7 T 7 . ;
angle between the two emitted partons. A primary partortj<Z°ti andt,<(1—2)“t;. These conditions result in
with energyEje; (=my/2) and angular variabl§,<1 ini-
tiates a cascade, which proceeds until the ordinary partons Zein= Vimin/t,  Zma=1— Vimin/t. (6)
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For the evolution of the running coupling; as a function of The assumptions of SUSY QCD Monte Carlo simulations

gluon virtuality t at small momentum transfertsysy, we  are described above. At,,<M3 s, cascade develops ac-
use the standard two-loop dependence with variabland  cording to the ordinary QCD scheme.

thresholds, and normalizes as «s(M7)=0.119, which cor-
responds tm%= 222 MeV. At large momentum transfér

>tgysy We use a minimal SUSY-SB8) coupling constant Ill. HADRONIZATION
evolution [26], normalizing the coupling constant aft . . . . .
-M _:ll:.X1016 G g 2 p~ 9 . a{ The Monte Carlo simulation described in the last section
=Mgur= eV, as ay(Mgyr)=~1/25.8. Explicitly . . . i
we use is completely determined by perturbative physics. How the
spectrum of colored quarks and gluoBs(x,+/s) is trans-
) formed into the spectrum of hadroi, (X, \'s) is still an
. a(Mgyr) 7 open problem. Monte Carlo simulations have to use some
as(t)= 1+bs/(477)|n(t/M(23UT)a(M(23UT), (7 hadronization mode(see Introductio)) which describes the

non-perturbative evolution of the cascade fer4t,,;,. Two
hadronization models, the cluster fragmentation made]
used inHERWIG [12] and the Lund string mod¢L8] used in
THIA [13], require the knowledge of the four-momenta of

| the partons. Thus these models need detailed time and

wherebs=9—n; is a constant that governs the evolution of
the coupling constant with At t>tgysy, Ns=6 andbg=3.

The above assumption means that we introduce, mstead of
many thresholds corresponding to SUSY particles with dif-2

: . memory-consuming computations.
ferent masses, a single threshold attgsy. This is a rea- : .
: S 7 We suggest here a phenomenological, model-independent
sonable thing to do in view of the large uncertainties in our,

knowledge of mass spectrum of SUSY part|cles Equatior) hadronlzatlon scheme based on the knowledge of the hadron

(7 approsmates accuratlycnaugh he culuiong®) a5 -LeCT % SIS STy e e ere) ol messs
calculated in Ref[27], whentsysy~2x 10> GeV°. Starting to the secondary particles ysuch as )h%tons and neutripn%s as
from this value,a4(t) evolves in the regime of E¢7). Note Ty b ! P! AN
well. The application of this method is somewhat restricted
that tg,sy does not necessarily coincide with the scale . : T , )
(e g. it cannot give the angular distribution of particles in a
Msusy, the universal mass of squarks and gluinos, for which | b ffi for the d
we use as two representative valldsg sy=200 GeV and Jeft or corrr]e ation Utl its usr: Is veryle ||C|ent ordt he eca;rq
Meusy—1 TeV. In particular, the low value dfs sy used of superheavy particles, where multiplicity, and hence the

here i mpatible with much laraat mphasized number of partons to follow in a simulation, is very large.
ineReefS[Cz(;] patible uch larg®fsysy, as emphasize Our hadronization scheme depends on only one theoreti-

) ) - cal assumption, which is reliable and testable. Namely, we
Finally, we have to specify the value of the cutoffi, for ~ assume that the unknown non-perturbative physics can be

the shower evolution. We do not distinguish between differtactorized into hadronization functioris(z) that do not de-

ent quark flavors, and we usg,,=0.625 GeV for all pend ony/s,

branchmgs in which only normal particles are produced, and

t min MSUSY, whereM gysy is the typical mass scale of the

spartons, for branchings in which SUSY particles are pro- h

duced, respectively. Dp(x,/s) = lzqg _D (X2 \9)1(2),
Let us now describe a stép- jk in our simulation. For an

incoming partoni with t’, we first generate a new cascade
variablet, according to the probability distribution given by where the index runs through different types of hadrons,
the ratioA;(t')/A;(t). Then we select the branching channel €-9: 7,7 N, efc.

The funcnonsf i (z) give the probability that a parton
ik “S'”Q,f'ﬂ_k(t? ae we|ght2, and g;ner ccording to the with energyE is converted into a hadrdmwith energyzE. It
probability distributiona[ z°(1—2)“t]P;_«(2).

is implicitly assumed in Eq(8) that the perturbative cutoff
The last ingredient in the perturbative part of our simula- ety a8 P

is fixed, andfh is determined for this value , al-
tion is the exit of supersymmetric particles from the cascade Qo o

though in principle, for ever®), andD;(x,/s,Q,) one can
We assume that the neutraligds the LSP and thaR-parity find f| (z, \/§,Q0) to fit the observed hadron spectra.

is conserved. RfaChiffgninZM_éug, squarks and gluinos  Equation (8), with energy independent hadronization
decay asq—q+ y andg—qg+q+ y, thus producing UHE functions, follows from basic principles and is confirmed

®

LSPs. (see belowat energies oé* e~ colliders. It has the form of
In this work we are running two Monte Carlo similations: a Volterra integral equation of the first kind though, in con-
one with ordinary QCD and one with SUSY QCD. trast to the standard case, the right-hand side contains not

In the former case supersymmetric partons are not inene but two unknown function§ for everyh. In principle,
cluded and, for perturbative calculations, we assume the Skhe two functionsfy(x) and f,(x) can be uniquely deter-
particle content withug(t) evolution in two-loop approxima- mined if Dy, is known as an analytic function without errors
tion with proper thresholds. We fiQ3=0.625 GeV. We  for two different values ofy/s. In practice,D(x) is known
need these calculations mostly for the test of our method. only as a discrete set of experimental data and(Bgrep-
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FIG. 1. Hadronization functions for quarkg(¢) (solid line) FIG. 2. Comparison of the spectrum of charged hadrons
and gluonsfy(&) (broken ling obtained by fitting Gaussians to dN,/dé from an ordinary QCD Monte Carlo simulati¢solid line)
experimental data afs=91.2 GeV. with the experimental dat@hown with error bapnsat Js=58 GeV.
resents an ill-posed inversion problef@8g]. Instead of solv- Our hadronization scheme has been tested by two meth-

ing Eq.(8) by an inversion method, we prefer to find physi- o4s: for relatively small energies/s=58 GeV and 133
cally motivated trial functions fof; to fit the experimental GeV, we confronted our calculations with the CERNe ™

data atys=91.2 GeV. . . collider LEP data, and for very larggs (or My), we com-
In terms of the more convenient variatfe-In(1/x), EQ.  pared the calculated spectrum with the limiting spectrum us-
(8) has the form ing a special case when it is corre@ee below In both
| cases ordinary QCD Monte Carlo simulations were used.
Dh(g,@):_z dg’Di(g_gf,\/g)fi(f’), 9) Figures 2—4 display a comparison between _the charged
i=q,9 JoO hadron spectrum from our MC simulation for ordinary QCD

. . . . ) and experimental datg29] at Js=58, 91.2 and 133 GeV,
where the indexh in the hadronization functions is sup- respectively.

pressed. Let us now discuss whether the hadronization functions

In.the limiting spectrym, whe@o=A, thg hadroni;ation f;(¢) found from the fit to data a/'s=91.2 GeV can really
functionsf; are proportional to delta functions. Inspired by be used aMy=10"—10' GeV.

this analytical solution, we choose fér Gaussian functions First of all, we note that a test can be given by LPHD

5 which demands approximate proportionality between parton
fi(d)=a exp( G gfgaxyi) ) _ (10 and hadron spectra. It implies that thevalues that give the

O’.
I 7 T T T
With this hadronization function the approximate proportion- ()
ality holds between spectra of partons and hadrons as LPHL 6t
demands. The position of the peak in the hadronization func-
tion determines the shift between the maxima of parton and 5r 3
hadron spectra. While for gluons the hadronization function s

f4(£€) should vani@ foE—0, because gluons have to split dN 4r 3
their energy to ajq pair, for quarksf,(£) can be finite at dé
£=0.

The hadronization functions we obtained 1@f=0.625
Ge\? from a fit to LEP data at/s=91.2 GeV are shown in
Fig. 1. 1}t

0 1 2 3 4 5 []
2olterra integral equations of the first kind can be solved nor- ¢ =In(1/z)

mally by linearization, even if the left-hand side is data. However,

the lower integration limit in Eq(8) does not represent a sharp FIG. 3. Comparison of the spectrum of charged hadrons

cutoff because the kernel3;(x) vanish forx—1. Therefore, Eq. dN,/d¢ from an ordinary QCD Monte Carlo simulatigsolid line)

(8) behaves effectively like a Fredholm equation, and these aravith the experimental datéshown with error bajsat Js=91.2

known to be extremely ill-conditioned. GeV.
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FIG. 6. Hadron spectraN},/d¢ from the SUSY QCD Monte

FIG. 4. Comparison of the spectrum of charged hadronsCarlo simulation forMy=10 GeV (bottom), My=10'° GeV
dNg,/d¢ from an ordinary QCD Monte Carlo simulatigsolid line) (middle) and M= 10" GeV (top), with all for M g,5y=200 GeV.
with the experimental datéshown with error bapsat Js=133
GeV. In conclusion, we think that our hadronization recipe is a

valid alternative to the extrapolation of the Lund string or the
dominant contribution to the integral in E(®) are about the cluster fragmentation model to extremely lards, .
same atys=91.2 GeV and at largdly. Numerical tests
show that this is indeed the case for both the quark and the
gluon contribution.

As a critical test of our hadronization scheme, we com-
pared the results of our simulation with the limiting spectrum  Using the algorithm for the perturbative evolution of the
in a special, well-controlled case of ordinary QCD with the SUSY QCD cascade as described in Sec. II, and our hadroni-
number of quark flavorsi;=3, and with as(kf) given by  zation scheme from Sec. Ill, we can now compute the frag-
Eq. (1). For the limiting spectrum in this case, we can use thementation spectra of hadrons. As numerical valuesMg,
normalization constank;~1.3 obtained by fitting experi- We choose in the graphs given as examples three values in-
mental datd9]. In Fig. 5, we show the ratio of these two teresting for UHECR physicayl,=10'%,10",10"* GeV, as
(chargedl hadron spectra. The agreement between the tw@ell as My=10° and 16° GeV as the lowest and highest
spectra is excellent, except for the sméatt 6 region where it ~ scale of interest. Similarly, we usé gysy=200 GeV and
is known that the limiting spectrum is not valid. The dis- Msysy=1000 GeV as two representative values for the
agreement reaches 50% é&t2.1 (x~0.12). SUSY mass scale.

In Figs. 6 and 7, the hadron spectid, g,/ dé from SUSY
QCD MC simulations are displayed as functions &ffor

IV. RESULTS: SPECTRA OF HADRONS AND
SECONDARY PARTICLES

3

25¢ 4 14000

12000

10000 -

Rs
dN, 8000 -
1 —hdé .....
e 6000 -
05} \ 4000 -
2000 |
% 5 10 15 20 25 ne
¢ = In(1/z) % 5 16 5 20 %5 a0 35
, £ =In(1/z)
FIG. 5. The ratioR=D);,,(£)/Duc(&) of the limiting spectrum
and the hadron spectrum from the simulation fg= 10" GeV FIG. 7. Hadron spectraN},/d¢ from the SUSY QCD Monte
(solid line), 10" GeV (broken ling and 16* GeV (dashed ling All Carlo simulation forMy=10" GeV (bottorm), My=10"% GeV
are for ordinary QCD with;=3. (middle) and M x=10" GeV (top), with all for Mgygy=1 TeV.
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FIG. 8. Hadron spectraNy,/d¢ for the SUSY QCD Monte

Carlo simulation forM g,gy=200 GeV (broken ling and Mggy
=1 TeV (solid line), both for My=10'° GeV.

FIG. 10. Neutralino spectra from the SUSY QCD Monte Carlo
simulation for M= 10" GeV (bottorm), My= 10" GeV (middle)
andMy= 10" GeV (top), with all for M g,5y=200 GeV.

M susy=200 GeV andM g,sy=1000 GeV, respectively; in
both figures the spectra were calculated fdovly
=10%,10'%,10" GeV. For the GUT scaléy=10'® GeV,
the hadron spectraNj,,o/dé are shown in Fig. 8, and for the
low scaleMy=10° GeV in Fig. 9. The hadron spectra de-

stable neutralinos. They are generated in the cascade mostly
when the virtuality of the spartons approacié§gy. The
calculated neutralino spectra are shown in Figs. 10-13 for
the same parameters as the hadron spectra in Figs. 6—9. Like
AT . . the hadron spectra, they have the characteristic Gaussian
pend only weakly oMsysy, with increasing differences for o “noever. with a shifted position of their maxima due
larger values ofMy. Both effects are easy to understand: . ' :

_ 2 ’ to their larger cutoffM g5y in the shower development. The
when spartons disappear from the cascade-a¥l5,sy due  energy fraction taken away by the neutralinos is typically
to on-shell decays, each of them leaves there an ordinarygoy for values oM interesting for UHECR physics, with
parton with similar virtuality. Therefore, the cascade pro-5 minimum of 5% forM=10° GeV andMgusy=1 TeV,
ceeds as if nothing had happened, except that some energy4sq a maximum of 12% foM =10 GeV and Mgysy
lost through the emission of neutralinos and leptons, which is- 550 Gev.
not large ¢-10%). Second, the importance of spartons for e have only derived a common hadronization function
the cascade decreases with smaller valuedlgf thereby  for a|l hadrons and, consequently, we cannot calculate di-
also reducing the dependence of the hadron spectra QRctly, e.g. pion or nucleon spectra, through E8). Since
Msusy for smallerMy. _ the fraction of energye; going into different meson and

The signature of supersymmetry in decays of superheavijaryon species is determined by the non-perturbative process
X particles is the production of LSPs, which we assume agf hadronization, these fractions as the hadronization func-

120 v T T g T T g 18

80+
aNy I
df 60

4w}

20

§=kll/2) ¢ =M(1/2)

FIG. 9. Hadron spectraMN},/d¢ from the SUSY QCD Monte FIG. 11. Neutralino spectra from the SUSY QCD Monte Carlo
Carlo simulation forM gysy=200 GeV (broken ling and Mg,sy  simulation forMy= 10" GeV (bottom), My= 10" GeV (middle)
=1 TeV (solid line), both forMy=10° GeV. andMy=10" GeV (top), with all for Mgygy=1 TeV.
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FIG. 14. Neutrino, gamma and nucleon fragmentation spectra
FIG. 12. Neutralino spectra from the SUSY QCD Monte Carlo from the SUSY QCD Monte Carlo simulations fivty= 10" GeV
simulation for Mgysy=200 GeV (top) and Mgysy=1 TeV (bot-  (solid lines and 13* GeV (dotted line$, both for Mg sy= 200

tom), both for M =10 GeV. GeV.
tions themselves do not depend snThus, we can use the dN, 2 dN dNV
values fromZ decay,en~0.05 ande ,~0.95. Then 3 (,uﬂv Ve€)
dNnucl thad de thad dN”e )
dx €N dx ' dx € dx (ll) dx (M_>V,U.Vee) ’ (13)
where for pion decay
Using the hadron spectra obtained in the last section, it is
simple to calculate analytically the spectra of secondary par- dN, 1dy dN
ticles, photons and neutrinos. The normalized photon spec- dxp‘(’ﬂ—nu,VM)ZRf m d;ad (14
Rx

trum from a decay of on&X particle at rest is given by

and for muon decay

dNn, 2 1dy dNpaqg
—L=—c¢ f - —= (12
dx 3°7)y dy dN,, - fldyfy/rdy dN,  ANpag "
dx (M_) V,uVee)_ , dy dy ’ ( )
The total neutrino spectrum, given by the sum from decays .
of pions and muons, can be presented in the following formWith
0.35 dN,, 2 3 dNVM > 2.4 3
dy =2—-6y“+4y”, dy =33y 3y, (18
03+
andr=(m,/m_)% R=1/(1-r).
0.25 1 The resulting nucleon, photon and neutrino spectra
| x3dN; /dx are shown as functions aftogether with the spec-
dNy 02r T tra of neutralinos in Fig. 14 foM susy= 200 GeV andM
3 =10" GeV andM = 10" GeV, respectively. We have mul-
015 tiplied the spectra by® in order to facilitate the comparison
o1 of our spectra with the energy spectra of observed UHECR.
At x=0.7, the spectra have some uncertainties because of the
005 | ] unknown branching ratios of th¥ particle into (s)partons
and fluctuations due to the small number of produced par-
04 s - L > = ticles.
=In(1/z) V. DISCUSSION

FIG. 13. Neutralino spectra from the SUSY QCD Monte Carlo  In this section we compare the results of our MC simula-
simulation for Mgysy=200 GeV (top) and Mgysy=1 TeV (bot-  tions for largeM for the two cases, SUSY QCD and ordi-
tom), both forMy=10F GeV. nary QCD, with other computations, and most notably, with
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FIG. 15. Comparison of the limiting spectrum of QCD foy
=3 andn;=6 with the ordinary QCD spectrum from the Monte
Carlo simulation:R=D;;,(QCD,n;=3)/Dyc (solid line) and R
=D;im(QCD,n;=6)/Dyc (broken lind. Both are for My=10"2
GeV.

FIG. 16. Comparison of the limiting spectrum of QCD fioy
=3 andn;=6 with the ordinary QCD spectrum from the Monte
Carlo simulation:R=D;,(QCD,n;=3)/Dy¢ (solid line and R
=D}im(QCD,n;=6)/Dyc (broken ling. Both are forMy=10"
GeV.

limiting spectrum calculations. The latter case of ordinary . . -
QCD is formally a special case of our MC simulation for trum [21]. The spectra disagree both in the position of the

SUSY QCD in the limitM sysy,tsusy—, i.€. ag is given Gaussian peak and in its height. To clarify which assump-

) S ) . _ tions of the SUSY QCD limiting spectrum are responsible
by.t_wo loop approximation W'th variabley, and the prob for this disagreement, we rerun the SUSY QCD MC simula-
ability to produce a sparton is zero.

- [ ith a set of assumptions as similar as possible to those
The validity of our method has been proved by the testéIon wit L D
described in ySec. L If no new physicsp beyondythe thre used in the derivation of the SUSY QCD limiting spectrum.

light quark flavors is introduced, the -dependence o is “We found that the main reason for the disagreement is the

; -1
given by Eq.(1) with n=3 and the limiting spectrum with universal depzend(_ance Ofag(t), taken as %s (1)
K= 1.3 is valid for arbitrary high energies. We can calculate:(b5/477)|n(t/A ), W't.h bs=3 for SU.SY’ together WithA
the hadron spectrum in our ordinary QCD MC simulations — Qo= 250 MeV. It dn‘fers_ froma with a variable _numb_er
(hadronization procedure includedintroducing there the of flavors, which is ,USEd in the SZUSY QCD,MC simulation,
same assumptions abautande.. The excellent agreement PY @ factor 1.4-3 in the whol&’ range, with the largest
is illustrated by Fig. 5. The disagreement seen at large ~ disagreement at smalk, . Changing the evolution of
natural because the limiting spectrum is not valid there. ~ @s(K.), an agreement can be reached between the MC simu-
It is instructive to compare our MC simulation for ordi- 1ation and the SUSY QCD limiting spectrum: we run the

nary QCD with varyingn;, and the exact behavior of SUSY QCD MC simulation including only gluons~and
ag(k, ) with the limiting spectrum with fixed number of fla- (masslessgluinos with fixedbs=3, and with frozena(t)
vorsn;=3 andn;=6. It is clear that, in either cases(k,)  for t<0.9 Ge\?, which is a reasonable physical assumption.
from Eq. (1) does not correctly describes in the whole  The comparison with the SUSY QCD limiting spectrum for
interval of k, , and the MC spectrum should be betweenpartons is shown in Fig. 17. The two spectra agree quite well
these two solutions. Figures 15 and 16 show that this is inindeed.
deed the case. The accuracy of each limiting spectrum com- An interesting alternative approach to computing the frag-
pared with the MC spectra is better than 30—-50 %. mentation spectra produced by decays of superheavy par-
In Ref. [30], HERWIG was used to obtain fragmentation ticles was suggested in a recent w@sd]. In this method,
spectra in the case of ordinary QCD. The maximal mdss the event generat@PYTHIA [33] was used to simulate frag-
possible to simulate wally= 10" GeV, and even for this mentation spectra of partons and spartons into protons, pho-
not very large value ol the computations required several tons, and neutrinos at the scalé,=10" GeV. Then the
months. The spectra were displayed only for laxge0.01, DGLAP equations were used to evolve the fragmentation
beyond the Gaussian peak. One of the conclusions of thifunctions up to the scale 19-10" Gev.
work was that at large the proton yield is higher than the It is premature to compare our results, sincg 3] pre-
photon and neutrino yield. However, it was later realized thatiminary results are presented, but the spectra, as displayed in
this result is caused by the tendencyHBERWIG to overpro-  [31] and[32], do not agree well with ours. In particular, the
duce protons at large (Ref. [31], but see als¢32]). Gaussian peak is broader than in our calculations, shown in
Let us come over to our SUSY QCD MC simulation and Fig. 14. Comparing these spectra one should be aware of the
compare the simulated spectra with the SUSY limiting specdifferences in methods and assumptions. For example, we
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90000

Mgusy- The evolution ofwg(t) takes into account the correct
80000 | ] number of active flavors and spartons at a giteAs one
rHIS ] can see from Figs. 8 and 9, the influence of the shblg sy

Tooor / on the hadron spectrum is rather weak for the studied range

60000 - A 1 300=Mgysy=1000 GeV, and it remains equally weak in
56000 | / \x ] case the mass spectrum of SUSY particles is spread over this
dNgg interval.
€ 40000} : ] The hadronization scheme is model-independent and
30000 L ; | based on the well justified and tested assumption that the
i i hadronization functiorf'(z) [see Eq.8)], does not depend
20000t on ys. Thus the hadronization function could be calculated
10000 | from LEP data. Our scheme was testedyat=58 and 133
o " J GeV against experimental data, and for very large values of

My by a comparison with the limiting spectrum solution for
ordinary QCD. For the aim of this comparison, we calculated
hadron spectra using the MC simulation for ordinary QCD in

_ FIG. 17. Parton spectrum from the SUSY QCD Monte Carlo,o ca56 when the limiting spectrum is known to be correct:
Is.'mmfat'on (E"ng and the SUS\; chD “m't'ng Sl‘pfec””rfsl()"d he Ni=3 andas(t), given by Eq.(1). The excellent agreement
ine) ,Or Mx=1 GgV. Both are for g uong an ,g umos on y;T € between both spectra is illustrated by Fig. 5.
coupling constant in t_he_ Mon_te Carlo simulation is frozentat The spectra of nucleons and secondary particles, photons,
<0.9 GeV/, andb=3 is fixed in both cases. neutrinos, as well as neutralinos, have been calculated and
presented in Fig. 14. These spectra can be used for calcula-
tions of fluxes of ultra high energy cosmic rays, produced by
ks perheavy dark matter and topological defects.

treat spartons as cascading particles, whilsRRTHIA spar-
tons are taken as on-shell particles, which decay but do n
cascade. On the other hand, theyTHIA spectrum is used
only as the input, and the evolution to higher energies in-

cludes Cascading. This difference will be eliminated with the ACKNOWLEDGMENTS
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