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The Fortran code SDECAI¥ presented which calculates the decay widths
and branching ratios of all supersymmetric particles in theMinimal Super-
symmetric Standard Model, including higher order e ects. The program
incorporates the usual two-body decays of sfermions and gaginos as well
as the three-body decay modes of charginos, neutralinos angluinos. The
three-body stop and sbottom decays are implemented as wellral even
the four-body stop decays are calculated. Moreover, the imeprtant loop-
induced decays, the QCD corrections to the two-body widths nvolving
strongly interacting particles and the dominant electroweak e ects to all
processes are evaluated.

PACS numbers: 12.60.Jv

1. Introduction

The search for supersymmetric (SUSY) particles is a major g of present
and future colliders. A lot of e ort has been undertaken to ddermine the
production mechanisms of these particles at future collides, their decay
modes and basic properties. Most of the studies have been derin the
framework of the Minimal Supersymmetric Standard Model (MSSM) [1 3].
Although the MSSM is based on a minimal gauge structure, paitle content
and minimal interactions, it contains more than one hundrednew param-
eters in the most general case. Even if the model is constrad to have
a viable phenomenology there still remain over 20 free paraaters. These
enter in the evaluation of the masses of more than 30 supersynetric par-
ticles and Higgs bosons and in their complicated couplingsso that it will
be a very complicated task to pin down all the particle propeties as well as
to make detailed and complete phenomenological analyses cigomparisons
with the outcome from the experiments.
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Experimental studies have shown that the accuracy for the diermination
of the SUSY patrticle properties is expected to be of the ordeof a few per
cent at the LHC [4] and at the per cent level and below at futuree* e
linear colliders [5]. In order to match this experimental acuracy the mass
spectra, the various couplings, the production cross seans and the particle
decays have to be calculated with rather high precision, witch means that
also higher order e ects have to be included. The productiorcross sections
which are dealt with by Monte Carlo event generators have in eme cases
been calculated at next-to-leading order (NLO) [6]. Conceming spectra and
decays, the following requirements emerge:

The physical (pole) masses of the SUSY and Higgs particles,the var-
ious couplings as well as the soft SUSY breaking parametershich
enter these have to be calculated very accurately. They alshave to
take into account the masses of third-generation fermionsthe mix-
ing between the various states, and when important, the raditive
corrections. In constrained MSSMs one has in addition to ddawith
the renormalization group evolution (RGE) of the parameters between
the low-energy scale and the high-energy scale and the costgnt im-
plementation of radiative electroweak symmetry breaking EWSB).
Several RGE codes [7 10] have been developed which calcuathe
SUSY particle and Higgs boson masses and the soft SUSY breagi
parameters in unconstrained and constrained MSSMs.

All possible two-body tree level decays [11] have to be taken into ac-
count as well as the QCD corrections to the decays involvingteongly
interacting particles [12 14]. Since in some cases the elgoweak ra-
diative corrections can be as large as the QCD corrections #y should
also be taken into account. They are available at one-loop el only
for some processes [15]. The bulk of these corrections mighe ac-
counted for, however, by taking the running parameters at tte scale of
the electroweak symmetry breaking in the gauge and third gesration
Yukawa couplings as well as for the soft SUSY breaking paranters
and the third generation sfermion mixing angles entering irthe various
couplings.

All higher order decays that can be important have to be incl uded in
the decay programs for SUSY particles as well. These are thditee-
body decays of the charginos, neutralinos and the gluino it other
gauginos and a pair of fermions [16,17] as well as the threedy stop
and sbhottom decays [18,19]. Even the stop four-body decay2(] can
possibly compete with the loop induced avour changing neutal cur-
rent (FCNC) decay of a stop into a charm quark and the lightestneu-
tralino [21]. Further loop-induced decays that might play a role are
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the radiative decay of the next-to-lightest neutralino into the lightest
neutralino and a photon [22,23] and the decay of a gluino int@a gluon
and the LSP [24].

The Fortran code SDECAJ25] treats the SUSY patrticle decays in the
framework of the MSSM. After the evaluation of the various cauplings of the
SUSY patrticles and Higgs bosons it calculates all tree-leVévo-body decays
including the QCD corrections to the processes involving doured patrticles.
Furthermore, the loop-induced two-body modes have been impmented and
the possibly important higher order decays, which are the thee-body decays
of the charginos, neutralinos, the gluino, the stops and shtoms as well as
the stop four-body decays. The program also calculates theop quark decays
in the MSSM. The mass spectrum, the soft SUSY breaking paranters and
all further Standard Model (SM) and SUSY parameters necessg for the
evaluation of the couplings and the calculation of the SUSY prticle decays
are either taken from the linked RGE program SuSpect [8] or any input
le following the so-called SUSY Les Houches Accord formatd6]. The
latter de nes a general input/output le structure that has been developed
to provide a universal interface between the various speaim calculation
programs, decay packages and high energy physics event geaters.

In the following, the decay program SDECAWill be presented in detalil.
The implementation of the MSSM will be speci ed. All the decay modes that
have been included will be discussed. The main features anthe structure
of the program will be summarized.

2. The MSSM implementation

The codeSDECAihplements supersymmetry in its minimal version,i.e.
in the framework of the MSSM which is based on the assumptionsf a

minimal gauge group, the Standard Model SU(3). SU(2), U(@1)y
one;

minimal particle content, i.e. three generations of chiral sfermions
f1.r (no right-handed sneutrinos) and two Higgs eld doublets, Hy
and Ho;

minimal set of couplings imposed by R-parity conservation so that
baryon and lepton number conservation is enforced in a simplway
and which leads to a stable LSP;

minimal set of soft SUSY breaking parameters: gaugino massterms
Mi, scalar mass termsmy; and Mg, @ bilinear term B and trilinear
sfermion couplingsA;.
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In order to have a viable phenomenology and a reduced numbelf pa-
rameters, the following three assumptions have been made:

(i) All the soft SUSY breaking parameters are real so that no newairce
of CP-violation is generated in addition to the one from the (KM
matrix.

(ii) In the matrices for the sfermion masses and for the trilineacouplings
there is no intergenerational mixing, implying the absenceof FCNCs
at tree level.

(i) The rst and second sfermion generations are universal at lo energy
to cope with some severe experimental constraints. (For siplicity,
also all the masses of the rst- and second-generation ferimns have
been neglected since they are small enough not to have any sigant
e ect.)

These three assumptions leave us with only 22 input paramets:
tan : the ratio of the vacuum expectation values (VEVs) of the two Higgs
doublet elds;
m3 ;m3 : the Higgs mass parameters squared;

M1;M2; M3: the bino, wino and gluino mass parameters;

Me;Mug ;Mg ;M Mey - the rst/second-generation sfermion mass parameters;
Mg; M, s My ;M3 M, ¢ the third-generation sfermion mass parameters;
Au; Ag; Ae: the rst/second-generation trilinear couplings;

At; Ap; A : the third-generation trilinear couplings.

Requiring a proper electroweak symmetry breaking, the higgno mass
parameterj j (up to a sign) and the soft SUSY breaking bilinear Higgs term
B are determined, given the above parameters. In constraineshodels as for
example minimal Supergravity (NSUGRA) [27], the gauge-meidted SUSY
breaking (GMSB) [28] and anomaly-mediated SUSY breaking (ANEB) [29]
models, most of the above 22 soft SUSY-breaking input paranters are
derived from a set of universal boundary conditions at the hgh-energy scale.
The low-energy soft SUSY-breaking parameters are then deed from the
high-energy ones through RGEs. The pole masses of the Higgsdons and all
the supersymmetric particles can then be calculated, inclding the possible
mixing between the current states and the radiative corredbns [up to two
loops in some cases] when they are important. This is done irhé program
SuSpectwhich is linked to SDECAYor the calculation of the MSSM Higgs
boson masses and the mixing angle in the CP-even sectorSuSpectuses the
routine twoloophiggs [30] which has the same level of approximation [31]
as the one used inSuSpect since it includes the full one-loop radiative
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corrections and the dominant two-loop corrections at order s # and ¢,
where ¢ denotes the third-generation Yukawa couplings.

Of course, any other RGE program can easily be linked t&S8DECAMA pro-
cedure that is not necessary if the RGE program provides the wput for
the mass spectrum and soft SUSY breaking parameters in the &Y Les
Houches Accord format that can be read in bySDECAYo that the SDECAY
user is exible in the choice of where to take the input paraméers from!.

With these parameters SDECAthen calculates all the couplings of the
SUSY particles and the MSSM Higgs bosons. The Feynman rulehat are
used in the code are those of Ref. [2], supplemented by the ad for Majorana
fermions given in Ref. [32]. Using the input fromSuSpectthe couplings are
thus de ned in the DR scheme and evaluated at the scale of EWSB. They,
therefore, already include some radiative corrections, sthat care has to be
taken when they are used in one-loop corrected amplitudes iarder to avoid
double counting.

3. The supersymmetric particle decays

In the following the supersymmetric particle decays that hae been in-
cluded in SDECAWill be presented in detail, starting with

3.1. The tree-level two-body decays
The main sfermion decay modes are the ones into their partndermions
and neutralinos and into their partner fermions and chargiros, respectively,
LEL R 1)

where ~ collectively denotes the charginos and neutralinos and herand in
the following no distinction between two isospin sfermion prtners has been
made. Squarks can also decay into gluino quark nal states

g! &9: 2

Furthermore, the heavier sfermion can decay into a lighter ne and a gauge
boson or a Higgs boson, if the mass splitting between two sf@ions of the
same generation is large enough

it fjv, with V=W ;Z; 3)
fi!t 7,  with = hyH;A/H 4)

1 Some care has to be taken, however, that there is still consigency between the linked
program and SDECA¢specially when dealing with the QCD corrected decays, treated
below.
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The heavier neutralinos and charginos decay into the lighteones and gauge
or Higgs bosons as well as into sfermion fermion pairs if the is enough
phase space

~ ! 5V, (5)
S b g (6)
~ 1 ff: @

Finally, for heavy enough gluinos the only relevant two-bog decay is the
one into a squark quark pair

g! aq: )

In case of a GMSB model, the lightest SUSY particle is the gratino G, and
the next-to-lightest (NLSP) SUSY state can be either the lightest neutralino
or a sfermion, generally the~. For the respective NLSP, the possible decays
into the gravitino nal state have been included in SDECAY

L1 G;GzG; with = hH;A; )
~! G: (10)

SDECANalculates the partial widths and branching ratios for all these decays
after checking if the respective decay is kinematically pasble. It uses the
pole masses in the phase space and the runnidR masses at the EWSB
scale for the third-generation fermion Yukawa couplings. ikewise, the run-
ning DR parameters at the EWSB scale are used for the soft SUSY breaig
parameters and mixing angles which enter the couplings. Fathe QCD cou-
pling constants and the third-generation Yukawa couplings however, there
is also the possibility to evaluate these couplings at any dter user chosen
scale, in which case only the QCD corrections are included ithe running,
though, [33].

3.2. The QCD corrected two-body decays

For the two-body decays involving strongly interacting patticles the one-
loop QCD corrections [12 14] have the been incorporated inlie program

! o9 and ! S54d; (11)
6! g and ! gV, (12)
g ! §d; (13)
R K (14)

All the corrections are evaluated in theDR scheme. Since some of the above
references provide the results in theMS scheme the formulae have been
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transformed to the DR scheme beforehand. The results for the physical ob-
servables are of course the same in the two schemes up to thelotdated
order. In case the top and bottom quark masses and the stop andbot-
tom mixing angles (and thus the trilinear couplingsA; and A}) are obtained
form SuSpect they already include some one-loop contributions. Some oca
has, therefore, to be taken when dealing with the renormaliation of these
parameters and their one-loop counterterms in order to avai double count-
ing. In SDECAMe loop-corrected processes have been implemented in such
a way that they are consistent with the parameters taken fromSuSpect
This caveat, therefore, especially holds when the respeué parameters are
taken from any other RGE program.

The gauge and third-generation Yukawa couplings have beervaluated at
the EWSB scale which is expected to account for the dominantlectroweak
radiative corrections. The remaining corrections (includng photon emission
in the initial and nal state) which are of the order of the electromagnetic
coupling constant are expected to lead to corrections at thédew per cent
level only and may, therefore, be neglected in this rst appoach.

3.3. Loop induced decays

If the mass splitting between the next-to-lightest neutralino and the light-
est neutralino is very small, the two-body neutralino decag are kinemati-
cally closed, and the virtuality of the exchanged particlesin the allowed
three-body decays is so large that loop-induced decays of East ~J into ~9
and a photon [22, 23]

S 9 (15)

might become important. This decay is mediated by triangle dagrams
involving virtual charginos with W and charged Higgs bosons and sfer-
mion/fermion loops. The decay has been included Ir6DECA¥s well as the
gluino decay into a gluon and the lightest neutralino [24] wiich is induced
by squark quark loops

g!' g-3: (16)

In case the stop is too light to decay in a chargino/bottom or aneu-
tralino/top pair, the only two-body decay channel that woul d be kinemati-
cally possible is the loop-induced and FCNC decay

t! c?: (17)

This decay is mediated by one-loop diagrams. Since a full aallation tak-
ing into account all loop diagrams is not yet available the deay has been
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implemented in the approximation used in [21] which takes ito account the
leading logarithmic contribution  log( 2=M\%\,) where is an appropriate
cut-o scale. In SDECAN has been chosen equal to the Grand Uni cation
(GUT) scale.

3.4. Multibody decays

If the two-body decays are kinematically closed the multibaly decays (as
well as the loop-induced decays) become important and will & evaluated by
SDECAM should be mentioned that there is a clear separation bet@en the
two-body and higher-order decaysi.e. the propagators of the exchanged vir-
tual particles do not contain their total decay width so as to make a smooth
transition between the two-body and multibody decays. Thee are issues
of gauge invariance which have not been settled yet so that athe present
stage of the program this way of dealing with the problem has ben chosen.

As for the gaugino decays, the incorporated three-body degachannels
are the ones into a lighter chargino/neutralino and a fermiam pair

~ ! ~jff2 (18)

Furthermore, the heavier charginos and neutralinos can ats decay into
a gluino and a quark pair, in particular in models with non-universal gaugino
masses at high scale

S ! e (19)

The gluino decays via the reverse process to (19) into a gaug and
a quark pair

g! ~0q: (20)
Further implemented higher-order gluino decays are

g! tibW + c:.c; (21)
g! tibH + c:c: (22)

For stops there exists a variety of three-body decays. Fomy, >m (1 )
+m 4, possible decay channels are
1

t! bw'-~9 and bH"-?: (23)
If sleptons are lighter than squarks the modes

6! blf~ and b (24)
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become accessible. In addition, the stops can decay into thightest sbottom
and a fermion antifermion pair

! off: (25)

And for the heavier stop there is the possibility of decayinginto the lighter
stop and a fermion pair

B! ff: (26)

For the sbottom the three-body decays into a lighter stop anda fermion
pair or into the lighter sbottom and a fermion pair in case offs, have been
included

B! ogff; (27)
! Byff: (28)
Furthermore, the decays into slepton, lepton and a top quarkare evaluated
B! ot~ (29)
B! oth o (30)

In all these three-body decays the runningdDR parameters at the EWSB
scale have been taken in the couplings as for the two-body days. The
mixing in the third-generation sfermion sector has been tak&n into account.
Furthermore, the masses of the fermion nal states have beerncluded,
which will become important when the mass splitting betweenthe decaying
and the nal state particles is small.

In case the three-body decays of the stops are kinematicallgot acces-
sible, the four-body decays of the lightest stop into a-quark, the LSP and
two massless fermions may compete with the loop induceti decay into
a charm quark and lightest neutralino discussed above, whiicis of the same
order of perturbation theory, i.e. O( 3). The decay [20]

tp! b9ff; (31)
has been, therefore, included iIrSDECA¥s well.

3.5. Top quark decays

The program also provides the decay widths and branching rabs for the
top quark in the MSSM which are besides the standard decay

t ! bw? (32)
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the decays in a bottom quark and charged Higgs boson and a litgr stop
and a neutralino

t ! bH'; (33)
I (34)

The one-loop SUSY QCD radiative corrections are known [34]and are
planned to be included in an updated version of the program.

4. The structure of SDECAY

Besides the necessary les for the parameter settingj.e. either the
SuSpect les or an input le in the SUSY Les Houches accord format, the
program SDECAgOnsists of the following three les:

1. The input le sdecay.in : It allows the user to choose various options,
such as whether or not to include the QCD corrections to the tw-body
decays, the multibody and/or loop-induced decays, the GMSBlecays
and/or the top decays. The scale for the running Yukawa and siong
coupling constant can be changed. Furthermore, the choice lvere to
take the spectrum from can be madej.e. from SuSpector an input
in the SLHA format from any other RGE program.

2. The main routine sdecay.f : In this main body of the program the
necessary couplings are evaluated and the decay branchingtios and
total widths are calculated. The routine is self-containedand contains
all the necessary les for the calculation. The results are lten written
out into sdecay.out .

3. The output le sdecay.out: This le contains the parameters that
have been used for the calculation and all the calculated SUSparticle
branching ratios and total widths. Up to the user's choice, his is done
either in a simple transparent form or according to the rulesof the
SUSY Les Houches accord.

Thus the program SDECANas the following structure:

It reads in the input le containing all the necessary param eters (pro-
vided either by SuSpect or any other RGE program) and the input
le sdecay.in ;

It calls the subroutine  SD_common_igiwhere all parameters necessary
for the calculation of the couplings and decay widths are set

2 All functions and subroutines in the program carry the prex SD_in order to avoid
confusion when other programs are linked.
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It calls the subroutines for the calculation of the couplin gs necessary
in the decay widths;

It calls the subroutines for the two-body, the three-body a nd the loop
decays as well as the stop four-body decays and the top decawysorder
to calculate the partial widths and nally the total widths a nd branch-
ing ratios. The routines call several help functions and sutmutines for
the loop decays and the QCD corrections and some matrix elemts
of the multibody decays;

It writes in the output le  sdecay.out .

The program is maintained regularly to include upgrades andnewest
theoretical developments in accordance with the present ate of the art and
the experimental needs.

A web page has been devoted t&DECAWhich can be found at the
address:

http://people.web.psi.ch/muehlleitner/SDECAY/

The user can download all the necessary les for the programrém there.
Short explanations of the code and how to run it are given. Thecomplete
user's manual can be found and a regularly updated list of imprtant changes
and corrected bugs in the code. Example output les are givems well which
are too lengthy to be displayed here.

5. Summary

The Fortran code SDECANas been presented which calculates not only
the two-body widths and branching ratios of all SUSY particles in the frame-
work of the MSSM but also the higher-order decays, such as Ipeinduced
two-body decays of the lightest stop, the lightest neutralno and the gluino,
as well as the three-body decays of the neutralinos, chargis, the gluino,
the stops and sbottoms and even the four-body decays of thg. In addition,
the QCD corrections to the decays involving strongly interating particles
as well as the electroweak corrections due to the running ohe gauge and
Yukawa couplings are incorporated. In the GMSB models, alsthe decays
of the NLSP into a Gravitino can be calculated. The standard and SUSY
decay modes of the top quark have been implemented, too.

The user can choose where to take the spectrum and all other &Y and
SM parameters necessary for the calculation of the couplirgand decays
from. There is the choice between the linked RGE cod8uSpector an input
le in the SLHA accord provided by any other spectrum calculaor which
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involves the same approximations for the radiative corredbns. The program

is user-friendly and exible for the choice of options and aproximations.
SDECAI¥ under continuous development and maintained regularly ¢ be

up-to-date with the theoretical developments and experimatal needs.
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European Community's Human Potential Programme under the ontract
HTRN-CT-2000-00149 Physics at Colliders and the Swiss Budesamt fiir
Bildung und Wissenschatft.
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