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Monte Carlo simulation for jet fragmentation in SUSY QCD
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We present results from a new Monte Carlo simulation for jet fragmentation in QCD and SUSY QCD for
large primary energiesAs up to 1016 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~LSPs! 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 for largex5E/Ejet . Spectra of protons
and secondary particles~photons and neutrinos! are 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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I. INTRODUCTION

QCD, being an essential part of the standard model, s
cessfully describes accelerator data for production of had
in e1e2 annihilation and deep-inelastic scattering. There
two distinctive parts in these calculations: the perturbat
QCD computation of the parton cascade in jets, and the
ton hadronization, in which low-virtuality partons are co
verted non-perturbatively into hadrons.

The QCD parton cascade is usually studied in the mo
fied leading logarithmic approximation~MLLA !, where large
logarithms, ln(Q2) and ln(1/x), play a crucial role~here,Q2

is the maximum of the perpendicular momentumk' , andx
5ki /ki

max!. This approximation is characterized by remar
able features.

In the MLLA, the QCD cascade has a probabilistic inte
pretation provided by the absence of interference terms in
tree diagrams. The color coherence effect is taken into
count in the MLLA. It suppresses the emission of soft gluo
and results in the Gaussian peak of the parton distributio
terms ofj5 ln(1/x) ~hump-backed plateau!.

The evolution of parton cascades in the MLLA~as well as
in the LLA! is adequately described by the Dokshitze
Gribov–Lipatov–Altarelli–Parisi~DGLAP! equations@1#.

The parton spectra can be obtained either analytically
by Monte Carlo~MC! simulations.

Examples for analytical solutions are the limiting spe
trum @2# and the Gaussian spectrum@3#, in which we include
the distorted Gaussian spectrum@4,5#. The limiting spectrum
is the most accurate of them. Since we have a special inte
in it, we shall shortly review below the basic assumptio
under which this solution is obtained.

The limiting spectrum gives the energy spectrum of p
tons D lim(j,Y) for a given center-of-mass energyAs of an
e1e2-pair. Here D is the number of cascade partons,Y
0556-2821/2001/63~3!/034007~11!/$15.00 63 0340
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5ln(As/2L) andL is the dimensional QCD scale.
The analytical expression forD lim(j,Y) is given in Refs.

@5,6#. There are two fundamental parameters involved in
limiting spectrum solution: the scaleL and the minimal vir-
tuality Q0 of partons, down to which the cascade develo
perturbatively;Q0 can be viewed as the effective mass of t
partons. Two assumptions are necessary for the validity
the limiting spectrum. The QCD coupling constantas(k'

2 )
evolves withk'

2 effectively, as in the one-loop approxima
tion with three flavorsnf53 for all k'

2 ,

as~k'
2 !5

12p

~3322nf !ln~k'
2 /L2!

. ~1!

As a matter of fact,L in Eq. ~1! is treated in the limiting
spectrum solution as a free parameter to fit thee1e2-data.
The best fit corresponds toL5250– 270 MeV. For this
range ofL values,as(MZ), given by Eq.~1! with nf53, is
in the interval 0.118–0.120, to be compared with the aver
experimental valueas(MZ)50.118460.0031@7#. Therefore,
the phenomenological parameterL coincides well with
LQCD, which fits the experimental value ofas(MZ) in the
one-loop approximation withnf53.

The second assumption, necessary for the derivation
the limiting spectrum, isQ05L. It gives a reasonable valu
of Q0, but the exact equality of these values has no theo
ical justification.

The limiting spectrum solution is valid only for smallx
!1. In this region, which includes the maximal values
multiplicity ~in the Gaussian peak!, it very accurately de-
scribes experimental data at all available energiesAs ~see,
e.g.,@8,9#!. The largex up to x51 gives the dominant con
tribution to the total momentum of cascade partons. The
©2001 The American Physical Society07-1
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fore, the limiting spectrum solution does not guarantee t
*xDlim(x,s)dx precisely equals 2.

Monte Carlo~MC! simulations of the QCD cascade give
more precise description of the cascade evolution. For
ample, in contrast to the limiting spectrum, in MC simul
tions one can useas(k'

2 ) with the measured value ofLQCD,
varying the number of flavors and two-loop corrections b
ing taken into account. The assumptionL5Q0, specific to
the limiting spectrum, is not needed. MC simulations a
based on a probabilistic interpretation of the jet cascade.
ton branching is described by the Altarelli-Parisi function
and the probability of parton evolution between two valu
of virtualities without branching is given by the Sudako
form factor. Finally, the coherent effect in the soft gluo
emission~destructive interference! is conveniently taken into
account by angular orderingu1.u2.u3 . . . @10#, where the
indices number the generations~non-ordered processes a
suppressed@11#!. The first MC simulation with angular or
dering was performed in Ref.@10#. At present there are sev
eral detailed MC simulations, e.g.@12–15#, which differ
mainly in their description of hadronization. We shall no
briefly discuss the problem of hadronization.

The description of parton hadronization is based on
assumption of local parton–hadron duality~LPHD! @16#.
This hypothesis implies that whenQ0 is small enough~of the
order ofL) there is a proportionality between the spectra
partons and hadrons, with relations between their mome
which are local in the phase space. Such an interpretation
be justified by the idea of preconfinement@17#.

As far as spectra are concerned, LPHD implies a prop
tionality between the hadron and parton spectra. In R
@5,6#, it is emphasized that, most reasonably, this proporti
ality holds not on a one parton-one hadron basis, but for
number of particles averaged over a finite intervalDj;1.

The LPHD hypothesis for limiting spectrum resul
straightforwardly@5# in

Dhad~x,As!5Kh~Q0!Dpart~x,As,Q0!, ~2!

where the constantKh is universal, in the sense that it doe
not depend onAs.

Equation ~2! completes our description of the limitin
spectrum, expressing the hadron spectrum through the s
trum of partons. The constantKh , which connects the two
spectra, is found from a comparison with experimental d
asKh'1.3 forL5Q0'270 MeV@8#, and it does not chang
with energy unless some new physics~e.g. supersymmetry!
appears.

In MC simulations, the parameterQ0 is, in principle, a
free parameter found by fitting experimental data. ForHER-

WIG @12# andPYTHIA @13#, for example,Q0;1 GeV. Several
detailed hadronization models are used in simulations,
the independent fragmentation model, the Lund string mo
@18#, and the cluster fragmentation model@19#. Usually,
these models use many free parameters and require u
keep track of the four-momentum evolution of all partons

The calculations described above are valid up toAs
;1 – 10 TeV. At higher energies the production of sup
symmetric particles is expected to change the results.
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might be interested in much higher energies, being insp
by the production of superheavy particles up to the gra
unified theory~GUT! scale in the Universe. Such particle
can be produced by both topological defects and many p
cesses at the post-inflationary stage of the Universe.
cently, superheavy particles with massesMX;1012– 1014

GeV attracted much attention as a source of the obse
ultrahigh energy cosmic rays~UHECR! with energies
1019– 1020 eV ~for recent reviews, see@20#!.

The limiting spectrum for SUSY QCD was calculated
Ref. @21# for very high energiesAs, corresponding to masse
of superheavy particlesMX;1012– 1014 GeV. The supersym-
metric partons~squarks and gluinos or jointly spartons! par-
ticipate in the cascade until the virtualitiest of the particles
drop below the mass scale of SUSY particles,t;MSUSY

2 .
Then a SUSY particle decays, producing in the end the lig
est supersymmetric particle~LSP!, for which the lightest
neutralino is usually considered. The role of supersymme
partners is twofold: they double the number of parton typ
in the cascade, and they change the evolution ofas(k'

2 ).
Even at smallt!MSUSY

2 , the cascade remembers the numb
of flavors at larget because, for example, each squark lea
after its decay a quark, which continues QCD cascading
large t and smallx!1, gluons and gluinos dominate an
their ‘‘children’’ constitute the dominant part of the casca
at smallt. Therefore, the dominant contribution to the limi
ing spectrum is given by gluons and gluinos.

The SUSY QCD limiting spectrum solution has tw
drawbacks with respect to ordinary QCD. First, the num
of flavors that determine the evolution of the coupling co
stant according to Eq.~1! has to be fixed to one value ofnf

for the whole range ofk'
2 . Second, the limiting spectrum fo

ordinary QCD is normalized by experimental data, which a
absent in the case of SUSY QCD. Normalization due to
conservation of momentum*xDlim(x,s)dx52 is unreliable
since the limiting spectrum is not valid for largex, which
gives the main contribution to the integral~see the discussion
in @21#!.

During the last few years, the production and decays
supersymmetric particles have been included in most
simulations focusing on the CERN Large Hadron Callid
~LHC! studies. Although the LHC will operate above th
expected threshold of SUSY particle production, its energ
not large enough for these particles to participate in the Q
cascade. Therefore, all currently available MC simulatio
consider only on-shell decays of spartons and neglect p
sible branchings of gluinos and squarks.1 Another obstacle
against the use of standard MC simulations at extrem
large energies aroundAs;1012– 1014 GeV is that the neces
sary numerical precision and required amount of mem
space and computing time become a challenge for prese
day computers.

We have therefore developed a new MC simulatio
which includes as cascading particles not only gluons

1The futureC11 version ofHERWIG will include branchings of
spartons@23#
7-2
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quarks, but also gluinos and squarks. We consider casc
that are initiated by the decay to two jets of superheavy p
ticles with massMX;1012– 1014 GeV, or bye1e2 annihila-
tion at s5MX

2 . SUSY partons, squarks and gluinos are p
duced in the fragmentation of ordinary partons, and v
versa. All squarks and gluinos are assumed to have e
masses, for which we useMSUSY5200 GeV andMSUSY
51000 GeV. When the virtuality of the cascading partic
drops belowMSUSY

2 , sparticles decay to LSPs~neutralinos!,
which freely escape. The perturbative development of
cascade continues with ordinary partons until their virtua
ties reachQ0

2, for which we useQ0
250.625 GeV2 to fit the

data at small energiesAs. We use a new hadronization pro
cedure. It is based on a model-independent, phenomeno
cal approach, in which hadronization functions for larges ~or
MX) are calculated from hadron spectra observed at sms
(MX). This method can be used for any type of hadron,
well as for photons and neutrinos, if their spectra are kno
with good enough accuracy at small energy.

Following Ref.@22#, we shall use the following notation
L is the dimensional QCD scale,
Y5 ln(As/2L),
t5pm

2 is the virtuality of cascade partons,
Q25tmax is the virtuality of the primary parton,
Q0

2 is the minimum virtuality of the perturbative evolutio
of the QCD cascade,

z5E8/E, whereE andE8 are the energies of ingoing an
outgoing partons at fragmentation,

z512cosu, whereu is the angle between two outgoin
partons,

t̃ 5zE2,
k' ,ki are the transverse and parallel momenta transfer

respectively,
x5ki /ki

max,
j5 ln(1/x).

II. MC SIMULATION OF THE PERTURBATIVE PHASE
OF SUSY QCD CASCADES

The perturbative part of our simulation is very similar
those of MC simulations for ordinary QCD cascades, exc
for including spartons and the condition for their exit fro
the cascade. We consider a superheavyX particle with mass
MX , which decays into two jets with energyEjet5MX/2. We
assume that the primary partons produced in theX particle
decay have the maximum virtualityQ25mX

2/4 and that theX
particle has equal branching ratios to all partons. As to
first assumption, in reality, there is a distribution of parto
with different t, but the Sudakov form factors suppress sm
t values. The second assumption is made because of th
specified interactions of theX particles.

Our simulation closely follows the angular ordered part
shower algorithm developed in Refs.@10,19#. In this algo-
rithm it is convenient to use the variablet̃ 5zE2, whereE is
the energy of the incoming parton,z'12cosu, andu is the
angle between the two emitted partons. A primary par
with energyEjet (5mX/2) and angular variablej0<1 ini-
tiates a cascade, which proceeds until the ordinary par
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reach the minimal virtualityt̃ 54Q0
2. Here the perturbative

evolution of the cascade terminates.
In each branching of an incoming partoni with t̃ 8, we

generate with the veto algorithm@24#, a new t̃ andz accord-
ing to the probability distribution

dPi~ t̃ ,z!5(
jk

dt̃

t̃

dz

2p
as@z2~12z!2 t̃ #Pi→ jk~z!

D i~ t̃ 8!

D i~ t̃ !
.

~3!

Here, the sum includes all possible branching channelsjk,
z2(12z)2 t̃ is the parton transverse momentum, andD i is the
product of the individual Sudakov-like form factorsD i→ jk
@19#,

D i→ jk~ t̃ !5expF2E
4 t̃ min

t̃ dt8

t8
f i→ jk~ t8!G ~4!

with

f i→ jk~ t̃ !5E
zmin

zmaxdz

2p
as@z2~12z!2 t̃ #Pi→ jk~z!. ~5!

The unregularized Altarelli–Parisi splitting function
Pi→ jk(z) of SUSY QCD@25# are given in Table I.

The angular orderingz j ,zk,z i for the branchingi→ jk,
which takes into account color coherence, is equivalen
t̃ j,z2 t̃ i and t̃ k,(12z)2 t̃ i . These conditions result in

zmin5A t̃ min / t̃ , zmax512A t̃ min / t̃ . ~6!

TABLE I. Splitting functionsPi→ jk(z), wherez is the energy
fraction of the particlej.

splitting channeli→ jk splitting functionPi→ jk(z)

g→g1g 3F z

12z
1

12z

z
1z~12z!G

g→g̃1g̃ 3@z21(12z)2#

g→q1q nf*

2
@z21(12z)2#

g→q̃1q̃ 3$12@z21(12z)2#%

g̃→g1g̃ 3
11~12z!2

z

g̃→q̃1q 3z

q→q1g
4

3

11z2

12z

q→q̃1g̃
4

3
z

q̃→q̃1g
4

3 F11z2

12z
2~12z!G

q̃→q1g̃
4

3

7-3
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V. BEREZINSKY AND M. KACHELRIESS PHYSICAL REVIEW D63 034007
For the evolution of the running couplingas as a function of
gluon virtuality t at small momentum transfert,tSUSY, we
use the standard two-loop dependence with variablenf and
thresholds, and normalizeas asas(MZ)50.119, which cor-
responds toLMS

(5)
5222 MeV. At large momentum transfert

.tSUSY we use a minimal SUSY-SU~5! coupling constant
evolution @26#, normalizing the coupling constant atAt
5MGUT5131016 GeV, as as(MGUT

2 )'1/25.8. Explicitly
we use

as~ t !5
a~MGUT

2 !

11bs /~4p!ln~ t/MGUT
2 !a~MGUT

2 !
, ~7!

wherebs592nf is a constant that governs the evolution
the coupling constant witht. At t.tSUSY, nf56 andbs53.
The above assumption means that we introduce, instea
many thresholds corresponding to SUSY particles with d
ferent masses, a single threshold att5tSUSY. This is a rea-
sonable thing to do in view of the large uncertainties in o
knowledge of mass spectrum of SUSY particles. Equat
~7! approximates accurately enough the evolution ofas(t) as
calculated in Ref.@27#, whentSUSY'23105 GeV2. Starting
from this value,as(t) evolves in the regime of Eq.~7!. Note
that tSUSY does not necessarily coincide with the sca
MSUSY, the universal mass of squarks and gluinos, for wh
we use as two representative valuesMSUSY5200 GeV and
MSUSY51 TeV. In particular, the low value oftSUSY used
here is compatible with much largerMSUSY, as emphasized
in Ref. @27#.

Finally, we have to specify the value of the cutofft̃ min for
the shower evolution. We do not distinguish between diff
ent quark flavors, and we uset̃ min50.625 GeV2 for all
branchings in which only normal particles are produced, a
t̃ min5MSUSY

2 , whereMSUSY is the typical mass scale of th
spartons, for branchings in which SUSY particles are p
duced, respectively.

Let us now describe a stepi→ jk in our simulation. For an
incoming partoni with t̃ 8, we first generate a new casca
variable t̃ , according to the probability distribution given b
the ratioD i( t̃ 8)/D i( t̃ ). Then we select the branching chann
jk using f i→ jk( t̃ ) as weight, and generatez according to the
probability distributionas@z2(12z)2 t̃ #Pi→ jk(z).

The last ingredient in the perturbative part of our simu
tion is the exit of supersymmetric particles from the casca
We assume that the neutralinox̃ is the LSP and thatR-parity
is conserved. Reachingt̃ min5MSUSY

2 , squarks and gluinos

decay asq̃→q1x̃ and g̃→q1q̄1x̃, thus producing UHE
LSPs.

In this work we are running two Monte Carlo similation
one with ordinary QCD and one with SUSY QCD.

In the former case supersymmetric partons are not
cluded and, for perturbative calculations, we assume the
particle content withas(t) evolution in two-loop approxima-
tion with proper thresholds. We fixQ0

250.625 GeV2. We
need these calculations mostly for the test of our method
03400
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The assumptions of SUSY QCD Monte Carlo simulatio
are described above. Att̃ min,MSUSY

2 cascade develops ac
cording to the ordinary QCD scheme.

III. HADRONIZATION

The Monte Carlo simulation described in the last sect
is completely determined by perturbative physics. How
spectrum of colored quarks and gluonsDi(x,As) is trans-
formed into the spectrum of hadronsDhad(x,As) is still an
open problem. Monte Carlo simulations have to use so
hadronization model~see Introduction!, which describes the
non-perturbative evolution of the cascade fort̃ ,4 t̃ min . Two
hadronization models, the cluster fragmentation model@19#
used inHERWIG @12# and the Lund string model@18# used in
PYTHIA @13#, require the knowledge of the four-momenta
all the partons. Thus these models need detailed time
memory-consuming computations.

We suggest here a phenomenological, model-indepen
hadronization scheme based on the knowledge of the ha
spectra at energiesAs smaller than the energy of interes
This method is valid for any hadron type and can be app
to the secondary particles, such as photons and neutrino
well. The application of this method is somewhat restrict
~e.g. it cannot give the angular distribution of particles in
jet or correlations!, but its use is very efficient for the deca
of superheavy particles, where multiplicity, and hence
number of partons to follow in a simulation, is very large

Our hadronization scheme depends on only one theo
cal assumption, which is reliable and testable. Namely,
assume that the unknown non-perturbative physics can
factorized into hadronization functionsf i(z) that do not de-
pend onAs,

Dh~x,As!5 (
i 5q,g

E
x

1dz

z
Di~x/z,As! f i

h~z!, ~8!

where the indexh runs through different types of hadron
e.g.p0,p6,N, etc.

The functionsf i
h(z) give the probability that a partoni

with energyE is converted into a hadronh with energyzE. It
is implicitly assumed in Eq.~8! that the perturbative cutof
Q0 is fixed, andf i

h is determined for this value ofQ0, al-
though in principle, for everyQ0 andDi(x,As,Q0) one can
find f i

h(z,As,Q0) to fit the observed hadron spectra.
Equation ~8!, with energy independent hadronizatio

functions, follows from basic principles and is confirme
~see below! at energies ofe1e2 colliders. It has the form of
a Volterra integral equation of the first kind though, in co
trast to the standard case, the right-hand side contains
one but two unknown functionsf i for everyh. In principle,
the two functionsf g(x) and f q(x) can be uniquely deter
mined if Dh is known as an analytic function without erro
for two different values ofAs. In practice,Dh(x) is known
only as a discrete set of experimental data and Eq.~8! rep-
7-4
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resents an ill-posed inversion problem2 @28#. Instead of solv-
ing Eq. ~8! by an inversion method, we prefer to find phys
cally motivated trial functions forf i to fit the experimental
data atAs591.2 GeV.

In terms of the more convenient variablej5 ln(1/x), Eq.
~8! has the form

Dh~j,As!5 (
i 5q,g

E
0

l

dj8Di~j2j8,As! f i~j8!, ~9!

where the indexh in the hadronization functions is sup
pressed.

In the limiting spectrum, whenQ05L, the hadronization
functions f i are proportional to delta functions. Inspired b
this analytical solution, we choose forf i Gaussian functions

f i~j!5aiexpS 2
~j2jmax,i !

2

s i
2 D . ~10!

With this hadronization function the approximate proportio
ality holds between spectra of partons and hadrons as LP
demands. The position of the peak in the hadronization fu
tion determines the shift between the maxima of parton
hadron spectra. While for gluons the hadronization funct
f g(j) should vanish forj→0, because gluons have to sp
their energy to aqq̄ pair, for quarks,f q(j) can be finite at
j50.

The hadronization functions we obtained forQ0
250.625

GeV2 from a fit to LEP data atAs591.2 GeV are shown in
Fig. 1.

2Volterra integral equations of the first kind can be solved n
mally by linearization, even if the left-hand side is data. Howev
the lower integration limit in Eq.~8! does not represent a sha
cutoff because the kernelsDi(x) vanish forx→1. Therefore, Eq.
~8! behaves effectively like a Fredholm equation, and these
known to be extremely ill-conditioned.

FIG. 1. Hadronization functions for quarksf q(j) ~solid line!
and gluonsf g(j) ~broken line! obtained by fitting Gaussians t
experimental data atAs591.2 GeV.
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Our hadronization scheme has been tested by two m
ods: for relatively small energies,As558 GeV and 133
GeV, we confronted our calculations with the CERNe1e2

collider LEP data, and for very largeAs ~or MX), we com-
pared the calculated spectrum with the limiting spectrum
ing a special case when it is correct~see below!. In both
cases ordinary QCD Monte Carlo simulations were used

Figures 2–4 display a comparison between the char
hadron spectrum from our MC simulation for ordinary QC
and experimental data@29# at As558, 91.2 and 133 GeV
respectively.

Let us now discuss whether the hadronization functio
f i(j) found from the fit to data atAs591.2 GeV can really
be used atMX51012– 1016 GeV.

First of all, we note that a test can be given by LPH
which demands approximate proportionality between par
and hadron spectra. It implies that thej8 values that give the

-
,

re

FIG. 2. Comparison of the spectrum of charged hadro
dNch/dj from an ordinary QCD Monte Carlo simulation~solid line!
with the experimental data~shown with error bars! at As558 GeV.

FIG. 3. Comparison of the spectrum of charged hadro
dNch/dj from an ordinary QCD Monte Carlo simulation~solid line!
with the experimental data~shown with error bars! at As591.2
GeV.
7-5
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dominant contribution to the integral in Eq.~9! are about the
same atAs591.2 GeV and at largeMX . Numerical tests
show that this is indeed the case for both the quark and
gluon contribution.

As a critical test of our hadronization scheme, we co
pared the results of our simulation with the limiting spectru
in a special, well-controlled case of ordinary QCD with t
number of quark flavorsnf53, and withas(k'

2 ) given by
Eq. ~1!. For the limiting spectrum in this case, we can use
normalization constantKh'1.3 obtained by fitting experi-
mental data@9#. In Fig. 5, we show the ratio of these tw
~charged! hadron spectra. The agreement between the
spectra is excellent, except for the smallj&6 region where it
is known that the limiting spectrum is not valid. The di
agreement reaches 50% atj'2.1 (x'0.12).

FIG. 4. Comparison of the spectrum of charged hadr
dNch/dj from an ordinary QCD Monte Carlo simulation~solid line!
with the experimental data~shown with error bars! at As5133
GeV.

FIG. 5. The ratioR5D lim(j)/DMC(j) of the limiting spectrum
and the hadron spectrum from the simulation forMX51012 GeV
~solid line!, 1013 GeV ~broken line! and 1014 GeV ~dashed line!. All
are for ordinary QCD withnf53.
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In conclusion, we think that our hadronization recipe is
valid alternative to the extrapolation of the Lund string or t
cluster fragmentation model to extremely largeMX .

IV. RESULTS: SPECTRA OF HADRONS AND
SECONDARY PARTICLES

Using the algorithm for the perturbative evolution of th
SUSY QCD cascade as described in Sec. II, and our hadr
zation scheme from Sec. III, we can now compute the fr
mentation spectra of hadrons. As numerical values forMX ,
we choose in the graphs given as examples three value
teresting for UHECR physics,MX51012,1013,1014 GeV, as
well as MX5106 and 1016 GeV as the lowest and highes
scale of interest. Similarly, we useMSUSY5200 GeV and
MSUSY51000 GeV as two representative values for t
SUSY mass scale.

In Figs. 6 and 7, the hadron spectra dNhad/dj from SUSY
QCD MC simulations are displayed as functions ofj for

s
FIG. 6. Hadron spectra dNh /dj from the SUSY QCD Monte

Carlo simulation for MX51012 GeV ~bottom!, MX51013 GeV
~middle! andMX51014 GeV ~top!, with all for MSUSY5200 GeV.

FIG. 7. Hadron spectra dNh /dj from the SUSY QCD Monte
Carlo simulation for MX51012 GeV ~bottom!, MX51013 GeV
~middle! andMX51014 GeV ~top!, with all for MSUSY51 TeV.
7-6
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MSUSY5200 GeV andMSUSY51000 GeV, respectively; in
both figures the spectra were calculated forMX
51012,1013,1014 GeV. For the GUT scaleMX51016 GeV,
the hadron spectra dNhad/dj are shown in Fig. 8, and for th
low scaleMX5106 GeV in Fig. 9. The hadron spectra d
pend only weakly onMSUSY, with increasing differences fo
larger values ofMX . Both effects are easy to understan
when spartons disappear from the cascade att̃;MSUSY

2 due
to on-shell decays, each of them leaves there an ordin
parton with similar virtuality. Therefore, the cascade p
ceeds as if nothing had happened, except that some ener
lost through the emission of neutralinos and leptons, whic
not large (;10%). Second, the importance of spartons
the cascade decreases with smaller values ofMX , thereby
also reducing the dependence of the hadron spectra
MSUSY for smallerMX .

The signature of supersymmetry in decays of superhe
X particles is the production of LSPs, which we assume

FIG. 8. Hadron spectra dNh /dj for the SUSY QCD Monte
Carlo simulation forMSUSY5200 GeV ~broken line! and MSUSY

51 TeV ~solid line!, both for MX51016 GeV.

FIG. 9. Hadron spectra dNh /dj from the SUSY QCD Monte
Carlo simulation forMSUSY5200 GeV ~broken line! and MSUSY

51 TeV ~solid line!, both for MX5106 GeV.
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stable neutralinos. They are generated in the cascade m
when the virtuality of the spartons approachesMSUSY

2 . The
calculated neutralino spectra are shown in Figs. 10–13
the same parameters as the hadron spectra in Figs. 6–9.
the hadron spectra, they have the characteristic Gaus
form, however, with a shifted position of their maxima du
to their larger cutoffMSUSY in the shower development. Th
energy fraction taken away by the neutralinos is typica
10% for values ofMX interesting for UHECR physics, with
a minimum of 5% forMX5106 GeV andMSUSY51 TeV,
and a maximum of 12% forMX51016 GeV and MSUSY
5200 GeV.

We have only derived a common hadronization functi
for all hadrons and, consequently, we cannot calculate
rectly, e.g. pion or nucleon spectra, through Eq.~8!. Since
the fraction of energye i going into different meson and
baryon species is determined by the non-perturbative pro
of hadronization, these fractions as the hadronization fu

FIG. 10. Neutralino spectra from the SUSY QCD Monte Ca
simulation for MX51012 GeV ~bottom!, MX51013 GeV ~middle!
andMX51014 GeV ~top!, with all for MSUSY5200 GeV.

FIG. 11. Neutralino spectra from the SUSY QCD Monte Ca
simulation for MX51012 GeV ~bottom!, MX51013 GeV ~middle!
andMX51014 GeV ~top!, with all for MSUSY51 TeV.
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tions themselves do not depend ons. Thus, we can use th
values fromZ decay,eN'0.05 andep'0.95. Then

dNnucl

dx
5eN

dNhad

dx
,

dNp

dx
5ep

dNhad

dx
. ~11!

Using the hadron spectra obtained in the last section,
simple to calculate analytically the spectra of secondary p
ticles, photons and neutrinos. The normalized photon sp
trum from a decay of oneX particle at rest is given by

dNg

dx
5

2

3
epE

x

1dy

y

dNhad

dy
. ~12!

The total neutrino spectrum, given by the sum from dec
of pions and muons, can be presented in the following fo

FIG. 12. Neutralino spectra from the SUSY QCD Monte Ca
simulation for MSUSY5200 GeV ~top! and MSUSY51 TeV ~bot-
tom!, both for MX51016 GeV.

FIG. 13. Neutralino spectra from the SUSY QCD Monte Ca
simulation for MSUSY5200 GeV ~top! and MSUSY51 TeV ~bot-
tom!, both for MX5106 GeV.
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:

dNn

dx
5

2

3
epS dNnm

dx
~p→mnm!1

dNnm

dx
~m→nmnee!

1
dNne

dx
~m→nmnee! D , ~13!

where for pion decay

dNnm

dx
~p→mnm!5RE

Rx

1 dy

y

dNhad

dy
~14!

and for muon decay

dNn i

dx
~m→nmnee!5RE

x

1dy

y E
y

y/r dy8

y8

dNn i

dy

dNhad

dy8
, ~15!

with

dNne

dy
5226y214y3,

dNnm

dy
5

5

3
23y21

4

3
y3, ~16!

and r 5(mm /mp)2, R51/(12r ).
The resulting nucleon, photon and neutrino spec

x3dNi /dx are shown as functions ofx together with the spec
tra of neutralinos in Fig. 14 forMSUSY5200 GeV andMX
51012 GeV andMX51014 GeV, respectively. We have mul
tiplied the spectra byx3 in order to facilitate the compariso
of our spectra with the energy spectra of observed UHEC
At x*0.7, the spectra have some uncertainties because o
unknown branching ratios of theX particle into ~s!partons
and fluctuations due to the small number of produced p
ticles.

V. DISCUSSION

In this section we compare the results of our MC simu
tions for largeMX for the two cases, SUSY QCD and ord
nary QCD, with other computations, and most notably, w

FIG. 14. Neutrino, gamma and nucleon fragmentation spe
from the SUSY QCD Monte Carlo simulations forMX51012 GeV
~solid lines! and 1014 GeV ~dotted lines!, both for MSUSY5200
GeV.
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MONTE CARLO SIMULATION FOR JET . . . PHYSICAL REVIEW D 63 034007
limiting spectrum calculations. The latter case of ordina
QCD is formally a special case of our MC simulation f
SUSY QCD in the limitMSUSY,tSUSY→`, i.e. as is given
by two-loop approximation with variablenf , and the prob-
ability to produce a sparton is zero.

The validity of our method has been proved by the te
described in Sec. III. If no new physics beyond the th
light quark flavors is introduced, thek'-dependence ofas is
given by Eq.~1! with nf53 and the limiting spectrum with
Kh51.3 is valid for arbitrary high energies. We can calcula
the hadron spectrum in our ordinary QCD MC simulatio
~hadronization procedure included!, introducing there the
same assumptions aboutnf andas . The excellent agreemen
is illustrated by Fig. 5. The disagreement seen at largex is
natural because the limiting spectrum is not valid there.

It is instructive to compare our MC simulation for ord
nary QCD with varying nf , and the exact behavior o
as(k') with the limiting spectrum with fixed number of fla
vors nf53 andnf56. It is clear that, in either case,as(k')
from Eq. ~1! does not correctly describeas in the whole
interval of k' , and the MC spectrum should be betwe
these two solutions. Figures 15 and 16 show that this is
deed the case. The accuracy of each limiting spectrum c
pared with the MC spectra is better than 30–50 %.

In Ref. @30#, HERWIG was used to obtain fragmentatio
spectra in the case of ordinary QCD. The maximal massMX
possible to simulate wasMX51011 GeV, and even for this
not very large value ofMX the computations required sever
months. The spectra were displayed only for largex.0.01,
beyond the Gaussian peak. One of the conclusions of
work was that at largex the proton yield is higher than th
photon and neutrino yield. However, it was later realized t
this result is caused by the tendency ofHERWIG to overpro-
duce protons at largex ~Ref. @31#, but see also@32#!.

Let us come over to our SUSY QCD MC simulation a
compare the simulated spectra with the SUSY limiting sp

FIG. 15. Comparison of the limiting spectrum of QCD fornf

53 andnf56 with the ordinary QCD spectrum from the Mon
Carlo simulation:R5D lim(QCD,nf53)/DMC ~solid line! and R
5D lim(QCD,nf56)/DMC ~broken line!. Both are for MX51012

GeV.
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trum @21#. The spectra disagree both in the position of t
Gaussian peak and in its height. To clarify which assum
tions of the SUSY QCD limiting spectrum are responsib
for this disagreement, we rerun the SUSY QCD MC simu
tion with a set of assumptions as similar as possible to th
used in the derivation of the SUSY QCD limiting spectrum
We found that the main reason for the disagreement is
universal dependence ofas(t), taken as as

21(t)
5(bs/4p)ln(t/L2), with bs53 for SUSY, together withL
5Q05250 MeV. It differs fromas with a variable number
of flavors, which is used in the SUSY QCD MC simulatio
by a factor 1.4–3 in the wholek'

2 range, with the larges
disagreement at smallk' . Changing the evolution of
as(k'), an agreement can be reached between the MC si
lation and the SUSY QCD limiting spectrum: we run th
SUSY QCD MC simulation including only gluons an
~massless! gluinos with fixedbs53, and with frozenas( t̃ )
for t̃ ,0.9 GeV2, which is a reasonable physical assumptio
The comparison with the SUSY QCD limiting spectrum f
partons is shown in Fig. 17. The two spectra agree quite w
indeed.

An interesting alternative approach to computing the fra
mentation spectra produced by decays of superheavy
ticles was suggested in a recent work@31#. In this method,
the event generatorSPYTHIA @33# was used to simulate frag
mentation spectra of partons and spartons into protons, p
tons, and neutrinos at the scaleMX5104 GeV. Then the
DGLAP equations were used to evolve the fragmentat
functions up to the scale 1012– 1013 GeV.

It is premature to compare our results, since in@31# pre-
liminary results are presented, but the spectra, as displaye
@31# and@32#, do not agree well with ours. In particular, th
Gaussian peak is broader than in our calculations, show
Fig. 14. Comparing these spectra one should be aware o
differences in methods and assumptions. For example,

FIG. 16. Comparison of the limiting spectrum of QCD fornf

53 andnf56 with the ordinary QCD spectrum from the Mont
Carlo simulation:R5D lim(QCD,nf53)/DMC ~solid line! and R
5D lim(QCD,nf56)/DMC ~broken line!. Both are for MX51014

GeV.
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V. BEREZINSKY AND M. KACHELRIESS PHYSICAL REVIEW D63 034007
treat spartons as cascading particles, while inSPYTHIA spar-
tons are taken as on-shell particles, which decay but do
cascade. On the other hand, theSPYTHIA spectrum is used
only as the input, and the evolution to higher energies
cludes cascading. This difference will be eliminated with t
C11 version ofHERWIG @23#, which will be available soon

VI. SUMMARY

We have developed a new MC simulation for jet fragme
tation in ordinary QCD and SUSY QCD, which is valid fo
initial energies up to the GUT scale. The simulation includ
a perturbative part, operating at virtualities higher than
infrared cutoffQ0

250.625 GeV, and a hadronization part.
The perturbative part for SUSY QCD includes squa

and gluinos as cascade particles with a universal m

FIG. 17. Parton spectrum from the SUSY QCD Monte Ca
simulation ~boxes! and the SUSY QCD limiting spectrum~solid
line! for MX51012 GeV. Both are for gluons and gluinos only. Th

coupling constant in the Monte Carlo simulation is frozen at̃
,0.9 GeV2, andbs53 is fixed in both cases.
o.
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o
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MSUSY. The evolution ofas(t) takes into account the correc
number of active flavors and spartons at a givent. As one
can see from Figs. 8 and 9, the influence of the scaleMSUSY
on the hadron spectrum is rather weak for the studied ra
300<MSUSY<1000 GeV, and it remains equally weak
case the mass spectrum of SUSY particles is spread over
interval.

The hadronization scheme is model-independent
based on the well justified and tested assumption that
hadronization functionf i

h(z) @see Eq.~8!#, does not depend
on As. Thus the hadronization function could be calculat
from LEP data. Our scheme was tested atAs558 and 133
GeV against experimental data, and for very large values
MX by a comparison with the limiting spectrum solution f
ordinary QCD. For the aim of this comparison, we calcula
hadron spectra using the MC simulation for ordinary QCD
the case when the limiting spectrum is known to be corre
nf53 andas(t), given by Eq.~1!. The excellent agreemen
between both spectra is illustrated by Fig. 5.

The spectra of nucleons and secondary particles, phot
neutrinos, as well as neutralinos, have been calculated
presented in Fig. 14. These spectra can be used for calc
tions of fluxes of ultra high energy cosmic rays, produced
superheavy dark matter and topological defects.
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