PROCEEDINGS

OF SCIENCE

Pluto: A Monte Carlo Simulation Tool for Hadronic
Physics

. Fréhlich *1, L. Cazon Boado 2T, T. Galatyuk -2, V. Hejny 3, R. Holzmann 2,
M. Kagarlis 2% W. Kithn 4, J.G. Messchendorp 4§ V. Metag*, M.A. Pleier 41
W. Przygoda 5, B. Ramstein ¢, J. Ritman #/|, P. Salabura 2°, J. Stroth 12 and M. Sudol 12

Lnstitut fir Kernphysik, Johann Wolfgang Goethe-Univéitsis0486 Frankfurt, Germany.

2Gesellschatft fiir Schwerionenforschung mbH, 64291 Damihs@ermany.

3Institut fiir Kernphysik, Forschungszentrum Jillich, Ftwsegszentrum Jilich, 52428 Jiilich,
Germany.

411.Physikalisches Institut, Justus Liebig Universitae€sen, 35392 Giessen, Germany.

5Smoluchowski Institute of Physics, Jagiellonian Univgrsf Cracow, 30059 Cracow, Poland.

8nstitut de Physique Nucléaire d’Orsay, CNRS/IN2P3, 91@é€ay Cedex, France.

Pluto is a Monte-Carlo event generator designed for hadriotéractions from Pion production
threshold to intermediate energies of a few GeV per nuclasnyell as for studies of heavy ion
reactions. The package is entirely based on ROOT, with@uh#ed of additional packages, and
uses the embedded C++ interpreter of ROOT to control thetgreduction. The generation of
events based on a single reaction chain and the storage oéghking particle objects can be
done with a few lines of a ROOT-macro. However, the complet#rol of the package can be
taken over by the steering macro and user-defined models enagided without a recompilation
of the framework. Multi-reaction cocktails can be facilid as well using either mass-dependent
or user-defined static branching ratios.

The included physics uses resonance production with mggsatient Breit-Wigner sampling.
The calculation of partial and total widths for resonancesdpcing unstable particles is per-
formed recursively in a coupled-channel approach. Hendicpdar attention is paid to the elec-
tromagnetic decays, motivated by the physics program of H8DThe thermal model supports
2-component thermal distributions, longitudinal broadgnradial blast, direct and elliptic flow,
and impact-parameter sampled multiplicities.

The interface allows angular distribution models (e.g. tfer primary meson emission) to be
attached by the user as well as descriptions of multi-gartiorrelations using decay chain tem-
plates. The exchange of mass sampling or momentum generatidels is also possible. The
first feature allows for consistent coupled-channel calitoihs, needed for a correct description of
hadronic interactions. For elementary reactions, angligatibution models for selected channels
are already part of the framework, based on parametenmatibexisting data.

This report gives an overview of the design of the package,jrbluded models and the user
interface.
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1. Preface

Simulations are an integral part of experimental prograss®eated with scattering experiments
and particle accelerators. Such studies are required hathder to understand the properties of
experimental setups (e.g. reaction-dependent accegtangarious types of detectors), as well as
to gain insight into the processes of interest, so that aslieexperiments may be optimized and
experimental spectra may be interpreted.

In a first step of such a simulation the primary reaction hasetalescribed, which means that a
number of particle tracks (Lorentz vectors) are generaféése tracks form the events, which are
further processed through a digitization package in oget the secondary particles coming from
the interactions of the particles with the detector makehiesuch a way, the response of a detector
system for a certain event topology can be studied. By addialistic background, the sensitivity
of a detector array on a specified process can be verified hvidicormally done before carrying
out the experimental run. Several different models havetoduded in the event generator, either
to describe the reactions which are under study, or a nunilioxground channels.

But event generators are also very useful after data have taéten and should be interpreted.
Here, the caveat is that the degrees of freedom of a reaatonaarelated. Moreover, the effi-
ciency and acceptance of experimental setups are funatfosis phase space parameters. Due to
energy and momentum conservation, this has in particularge leffect in exclusive reactions. By
projecting the multi-dimensional result of the experimenthe observable quantities under study,
and correcting this result for acceptance without a detdileowledge of the detector performance
and the included physics of the hidden degrees of freedoentebulting interpretation might be
artificially changed.

This immediately leads to the conclusion that the obseevajplantities which are already well

known have to be included into event generators in order doess the remaining open questions.
Therefore, each event generator should be adapted to tis&cphgrogram for the corresponding

experiments.

A particular challenge for the generation of events is tle@ith of the Quantum Chromo Dynamics
(QCD), since its coupling constaat strongly depends on the momentum transfer: In high momen-
tum transfer experiments partonic degrees of freedom catuokéed, whereas in low momentum
transfer experiments the hadrons itself can be treatedexgie¢ particles.

For certain fields in the QCD, specified event generators lagady existing. We will not go
through the complete list, a review on high-energy eventganors, including the description of
the hard interactions of partons, matrix element genesaaoid hadronization packages can be
found in [1]. For the hadronization part, which comes cldsdahe experiments studying hadronic
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interactions, Pythia [2] is one of the frequently used pgeka In addition, the EvtGen [3] package
was developed for the production of B-mesons, which hasraftisadly decay model interface and
thus includes a large number of decay processes. Howewuég itontext of hadronic interactions
at lower energies comprehensive event generators are¢acki

The package “Pluto” [4, 5] presented in this report is gedoshrds elementary hadronic as well
as heavy-ion induced reactions at intermediate to modgraigh energies, mainly motivated by
the physics program of the HADE$6] experiment, which is installed at the SIS synchrotron of
the GSI. As the HADES experiment has published the first dadasaccessfully finished various
experimental runs, the need for realistic and detailed Ilsitims is evident and growing. Pluto
is an available, standardized and efficient tool that fatéds such simulations. Moreover, it can
be adapted and integrated into simulation environmentstfoar experiments. In particular it has
been used for the simulations in the context of the plannedl €& periment [7] which is going to
be operated at the new FAIRacility.

Starting from the basic philosophy, that an event genetzsrto fulfill different tasks during the
life-time of an experiment, the Pluto framework was desihte have a standard user-interface
allowing for quick studies, but can be changed on the othed frasuch a way to include sophisti-
cated new models, including coupled channel approacheglhasinterferences between various
channels.

This report is structured in the following way: First, we g@&n overview of the desired calculations
for the physics of hadronic interactions at low energies.e ©hthe main features, namely the
mass-dependent widths of the resonances, is describedtir2 Sen addition, the mass sampling
of the virtual photons and their decay irdoe~ will be discussed in Sec. 3. In Sec. 4, the angular
correlation parameterizations and multi-particle catiehs are shown, which have been utilized
for selected processes. The thermal model, used in the HAI@BS/-ion program [6], is explained
in Sec. 5. In a second part we go more into the technical egaiz of the package and show
the user interface for event production, starting from s@ingple examples up to the level of
generating cocktails in Sec. 6. Finally, in Sec. 7 the irdkstructure of Pluto is described, whose
features allow for the extension of the included data baskthe introduction of user-defined
models.

2. Resonance mass distributions

An important effect that must be taken into account for stiglisimulations of hadronic interactions
at low energies is the deviation of resonance shapes frord-fixdth Breit-Wigner distributions,
which is typically modeled as a mass-dependence in the aesenwidth. This is particularly
important for resonances with large widths (i.e. predomilyastrongly decaying), such as tlpe
A, N* andA* resonance excitations for which the effect is largest. Téw few subsections discuss
the formalism behind the calculation of partial and totadtivs done in the Pluto code.

1“High Acceptance Di-Electron Spectrometer”
2«Compressed Baryonic Matter”
3«Facility for Antiproton and lon research”
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Following the usual Ansatz (see e.g. [8]) we use the rekttosform of the Breit Wigner distribu-
tion:

P (m)
(M& —1m?)2 4 m2(I 4 (m))2
wherem denotes the running unstable mass, Ehdis the static pole mass of the resonance. The
mass-dependent width depends on the partial widths:

g(m) =A (2.1)

ro(m) = %Fk(m) (2.2)

with N the number of decay modes. The factohas been chosen such that the integral is statisti-
cally normalized (dm gm) = 1).

Egn. (2.1) is used between a minimum,i; and maximum mass,ax Which is set for each particle
individually in the data base, thus avoiding to sample nsmggach are extremely off-shell. This
range iSMg — 2t Mg + 12r*°Y by default, but the limits can be changed by the user.

2.1 Unitarity condition and self-consistent approach

For those decay modes for which dedicated models are existiRluto, the decay width*(m)

is calculated explicitly as a function of mass. Alterndtiygéhey may be added by the user of
the package, as described in Sec. 7. The included Breit-&¥igrodel is interfacing to these decay
models via a strictly object-oriented design. This makee tmhave always a self-consistent result.

The known decay modes have an implicit energy thresholayb@lhich their respective decay
widths vanish. This can be deduced in 2 ways: The lowest imvamassM¥ needed for each
decay mode “k” is always the sum of the stable particle mass#se final state (i.e. after all
decays). This is implemented by a recursive call of all imgdlnested decays until stable particles
are reached, and taking the lowest available mass sum asvéréaint mass threshol, which
ensures e.g. that calculated mass-dependent partialsradthzero below the threshold.

For those modes, which have no dedicated model, the fixad ptatial width is used between the
mass thresholdi/lt'ﬁ] (or the minimum mass,;, of the decay parent if larger) and the maximum
massmmax Of the decay parent.

This leads the the following condition for the mass-depehtieanching ratio:

rk .
bk(m) — rtol((r:rz) , m> maX(MtI?w mmin) (23)
0 ; m<maxMf, Myin)

In a second step, Eqgn. (2.2) is used with= Mg to check the partial widths at the mass pole where
in many cases the branching ratios are defined, and scalepaaitdl width model such that it
matches this condition at the mass pole.

In selected cases it is not useful to define the branching siarply at the mass pole, but as
the total fraction of the integrated yielldm d¢(m). This is in particular needed when particle
production occurs at or above the mass pole of the parenth &uexample is the decay mode
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N*(1535 — A(1232mr which has been seen, but the branching ratio is only knowim antupper
limit and thus it is impossible to fix the partial width at theags pole. By combining Eqn 2.3
with the normalized distribution function 2.1, the statramching ratio can be recalculated as the
integral of the weight folded with the mass-dependent bramggcratio:

k
rk  Jdmgm)- e

k = — =
b" = [tot fdm gm) 24)
and combined with the total normalization the partial dew&dth can be rewritten as:
rK(m)
k _ . tot
M= /dm am) Fioi(m) r (2.5)

The mass-dependent branching ratios used in the Breit&#iggn. 2.1 result in asymmetric mass
spectra shapes, but the Eqgns. (2.4-2.5) give some coristvdinch are checked during the initial-
ization. Since they contain the distribution functiagisn) which are based originally on Egn. (2.2)
and thus all decay widths, this is done iteratively untilrajuired conditions (the total normal-
ization as well as the chosen branching ratio definition)falféled or a break condition has been
reached, which serves as a self-consistent calculation.

2.2 Two-body hadronic decays in stable products

The majority of well-established resonance hadronic degaylve channels with two decay prod-
ucts, whereas multi-product decay modes might considerée@ the outcome of a series of suc-
cessive two-body decays through intermediate resonaBees]]]. This is also the approach taken
in Pluto, where two-body hadronic decay widths are caleda&xplicitly.

This width is derived from a well-known ansatz [11], whickshH@een established in particular for
the A(1232-resonance [8, 9, 12]:

R 2Ly+1 R
K o (M) = X (M) (M) (%) r 2.6)

where the subscript R in general refers to resonance olitdesveorresponding to the static mass
pole for the decay mode in hand, which for theéesonance e.g. aMg =1.232 GeV/é andret=
120 MeV, whereas un-subscripted variables refer to theespanding actual-mass observables.
The dependence on the two decay products with the massasdm, enters via the termg?(m)
andg®(Mgr), namely the (equal in absolute value) momenta of one outeofito decay products
in the rest frame of the parent resonance R. In the case oftaktesproducts, the masses and

mp are directly related to the decay mode “k”.

For theA(1232-resonance, calculating the decay width is a simple mattee éts decay strength is
essentially exhausted in tist channel (branching ratio>99%). This means, fh%jmn coincides
with the total width. The pion and nucleon massgsm; may be considered fixed for all purposes,
since the pion has no strong decay modes and its width hasligiblegeffect in Egn. (2.6). In
general, for arbitrary resonances other thantfi232)-resonancel ¥ refers to the decay width of
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the parent resonance with mass equal to the mass pole viathg thode specified by the identity
of the two decay products and the transition angular momentlihe dependence on the decay
mode enters via the angular momentum transfer in thet21 exponent of the rati %ﬁ‘;mz(m>
Eqgn. (2.6), withL the transferred orbital angular momentum for the resondecay. Ilnzthe case
of the A-resonance, which is almost entirely jawave, Ly is equal to 1. However, the transfer
angular-momentum dependence is in general a non-trivilemaince several multi-poles may
be interfering. Nonetheless, data are sparse to non-ekifie high multi-pole transitions, and
it is generally a reasonable approximation to treat the \eddth as entirely due to the lowest-
allowed multi-pole. This has been done on the basis of angudementum coupling and parity

considerations [13].

in

Variants of Eqgn. (2.6) are also encountered in the liteeatparticularly with regard to the expres-
sion in the right-most bracket that represents the effeativtoff. We follow Ref. [8] which uses
for the resonance the cutoff parameterization of Ref. [dith

R B2

Vi, (M) = Bz (R 2

2.7)

and the parametg@@=300 MeV forA(1232 and mesons decays, among with the phase space factor:

XMR(m) = % (28)

For higher baryon resonances, the parameterization
(rg
4 ’

B=(Mr—m—mp)?+ x=1 (2.9)

has been applied.

2.3 Two-body hadronic decays in unstable products

The greatest complication, however, which arises in theeggrcase of a resonance decay with
either or both of the decay products unstable, is due to ttietf@at the product masses are in

general not fixed as in the case of thel232 resonance, but can take values from a distribution
function.

In Ref. [8] and elsewhere few specific cases, with one of tlrayleroducts unstable but decaying
to stable products and the other with fixed mass, are treagatidy. In general, calculating the
decay width when both the decay products are unstable hgdrowith arbitrarily many embedded
decays, is a rather complicated matter. In Pluto, theses @asdreated explicitly, making it possible
to calculate realistic spectral functions for hedV{resonances with multiple decay modes and a
large “depth”, i.e. nested unstable hadron decays. Thigrig @s follows: Let us first consider the
caseHp — hy 4 hy, where one of the decay products (say the first) is an unstaieoh and the
other has a fixed massy). The decay width becomes:

re(m = |

Mimin

™ my o (my) - .k 2.10
My g™ (M) - g (M, My) mlmz(m) (2.10)
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where we have introduced the dependence on the product sreagdiitly in Fﬁhmz(m). The prod-
uct of the daughters mass shapie(my), which is the Breit-Wigner Eqn. 2.1, with the momentum
qﬂg(m, m) of one selected product in the rest frame of the parent paticoduces the product-
mass dependence explicitly. It works as the effectiveibigtion function for the mass variabie;,
and weighs properly the contribution of each combinatioprofluct masses with the correspond-
ing decay WidtH‘Fnlmz(m). The momentum term acts as a phase space factor and isvefecti
cutoff which guarantees a smooth falloff at the kinematiicait [10, 13].

This expression is generalized in the case of two unstalleha:

K "Mmaxt "Mmax H K
M (m) =/ dmy gl(ml)/ dny g2(mgp) - g7 (M, My, M) - iy oy (M) - B(M > My + M)
Mmint Mminz

(2.11)
where the Breit-Wigner shape of the second unstable hadraocounted for as well. The Egns.
(2.10, 2.11) must be normalized, namely the probabilityrithistion must be integrated over the full
range of validity. The normalization factor is obtained eynoving kalmz(m) from Eqgns. (2.10,
2.11) and evaluating the remaining integral which includiglistribution functions folded with
the 2-body phase space factpt. Subsequently, corresponding normalization factors andeti
out. For an unstable particle the mass range is defined inauehy that the sampling function
g(m) in the sampling procedure takes values from its mass ggiedown tog(m) > 0.01- Omax
which avoids numerical instabilities and shows the corbetiavior in the limit of small widths.

The step functior®(m > my + mp) is used to fulfill energy conservation.

An example of the calculations described above can be se€iginl. Here, theN*(1535 is
shown with selected contributions of partial decays. Olsfyg already the existence of tiNn
decay channel build structures in tNet exit channel. Consequently, when simulating the reaction
NN — N*(1535N — NNz, this structure should be observed in tie& invariant mass. This is
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indeed an important feature of the simulation involvingdatoesonances: The decay modes cannot
be treated independently but should be rather combined @upled-channel calculation.

In the case of three decay products, the static, rather tlems4oependent widths and branching
ratios from the data base are used.

2.4 Mass sampling in the hadronic decays

For the decay sampling actually the Breit-Wigner distiitnutg(m) as given in Egn. (2.1) is con-
voluted with a phase-space factor for the sampling of thesrohan unstable hadrdn in a decay
Hp — hy +hy whereH, is the parent resonance ahglis a stable hadron:

—hy+h
Grtme (M) = g™ (my) - Gl my (M) (2.12)

assuming thain, (the mass of the parent resonance) has been obtained bgeatnpling method
on its distribution functiorg“p(mp). This is not a trivial matter; When sampling the parent res-
onance, in principle the decay products should be knownderoio sample the correct shape as
discussed in the previous subsection. This has the furtheegiuence that in Eqn. (2.12) the dis-
tribution g™ (my) has to be replaced by —*(my) if particle h; is unstable and will decay via a
consecutive channel “k” (just assume e.g. thats the N*(1535 but the decay intdN T should

be considered as shown in Fig. 1). Consequemiymust have been sampled before by using the
distribution ng“hth(mp) which takes into account explicitly our chosen decay mode.

If the second particle itself is also unstable, the expossi generalized as:

Gy ™™ (my, mp) = g (my) - g (M. M) - g () (2.13)
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Figure 3: Overview of the dilepton properties: In
addition to the invariant masd&" and the momentum
(1)‘;; pif*, 4 angles have to be taken into account, depending
X on the production plane and momentum of the source
/ P

) X (Fig. taken from [14]).
roduction plane of source X

Again, if consecutive decay modes follow for the partidhesh,, the probability distribution func-
tions g"(m) have to be replaced by ¥(m), respectively. This is ensured automatically by the
Pluto framework in all cases where a particular decay chasmideen set up by the user.

For three-body decays, the phase space cannot be calcolaiedy the parent mass, therefore
a different approach was taken: First all daughter padielee sampled according to Eqgn. (2.1).
Using these masses, the three-body phase space is calcuiaieh is the projection of the Dalitz
plane on e.g.MﬁLhz. By using the rejection method (the test function is a caristalue with
(Mm]’;)z) broad resonance like ti® exhibit the correct shape at the phase space limit (see Fig. 2

3. Production of virtual photons

3.1 Dalitz decay of pseudoscalar mesons

The total width, Egn. (2.2), involves the sum of partial deeadths, only some of which are of
the form (2.6, 2.10, 2.11) for decay modes involving two loadras products. Another process
of interest for the HADES physics program is the Dalitz deo&pseudoscalar mesons. In these
processes one of the two decay products is a virtual (masgh&on y*, which subsequently
decays to a dilepton pair. These are on one hand sources obtii@uum in dilepton invariant
mass spectra [6], but are on the other hand on their own agrolzes of electromagnetic form
factors. The processes of interest afen,n’ — yy* — yete .

In this context, it should be pointed out that a virtual pimo¢decaying into 2 stable particles) has
6 degrees of freedom, which are outlined in Fig. 3: Besideirthariant massrrf@" these are the
momentumpiﬁ, the polaref,ﬁ and the azimuthal emitting ang@ of the virtual photon in the rest
frame of the sourcX. In addition, the 2 decay angles of the photon into dileptainsp which are
usually described with the helicity angB&®, and the Treiman-Yang angig®.

For the pseudoscalar mesons, which are spin-less, no aigrinformation can be carried from the
production mechanism to the decay,& @ andgg®are isotropic. The helicity angle distribution
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however is calculated for pseudoscalar mesons to-beds’ 65° [15], which is included in Pluto
by default.

Since the pseudoscalar mesons have a negligible small mieimomentunpif* is in this case fully
determined by the invariant mass of the virtual phmdm, which is also the invariant mass of the
final dilepton pair.

For pseudoscalar-meson Dalitz decays the mass dependktiue Dalitz-decay width is given

by [16, 17]:
drk(m) L Ame (1 2m§> <1_ﬁ>|FA )2 (3.1)

FA=2vdm 3nm m

where the indeXA refers to the (parent) pseudoscalar meson,manale, andma are the dilepton,
electron, and pseudoscalar masses,l%uﬁd?) is the parent form factor:

e For ther®:

fas(mP) ~ 1+ m? —2> dFag

P = 1+nPbag, bag=b,0 =55+1.6 GeV? (3.2)

m—0
e Forthen:
rnz -1
F(mf) = (1—p> , Ny =0.72+0.09 GeV (3.3)
e Forthenr:
2(N2
\F(mz)fz N +v) An, = 0.76GeV, yp, = 0.10 GeV (3.4)

(A2 =) + A2)2’

Egn. (3.1) is used as the effective distribution functioomrwhich virtual-photon masses are
sampled. Its integral also yields the partial decay widttpeudoscalar Dalitz-decay modes.

3.2 Dalitz decay of vector mesons

Currently only the vector-meson Dalitz decay— y*1°® — ete 1 is implemented in the code.
The mass dependence of the decay width is

dr<(m 4 w \Z [/ 2mam \\Z
|'A—>B‘(yd)m 3nm r:;é((l—l—m) —<m>> ‘FA(mz)‘z (3.5)

where the notation is as in Eqgn. (3.1), and the new irBlesfers to the®. The form factor is as in
Eqgn. (3.4), withA,=0.65 GeV, and,=0.04 GeV.

10
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3.3 Dalitz decay of theA(1232

ForA(1232 — Ny* — Nefe, the mass-dependence of the width is calculated diredtly fthe
matrix element, without scaling factors as in the previous tases [16, 17]:

drA—»NeJr ABy
am 3nrn“ <l-|- >FmAmB (m) (3.6)

where the decay rate is defined as:

. e (M) [ 1
My (M) = '2;‘;12 ‘MA BW( (3.7)
with the indices A and B referring to the parent (resonanecé)@oduct nucleon respectively, and
qﬁAmB(m) the (common) product center-of-mass momentum in the paesbframe. The matrix
element of Eqgn. (3.7) is [18]:

|MA~>BW‘ esz (Ma+mn)?((ma—my)2—n?)

4R, (mat-my)2—m?)2
(7} + 14mZn? + 3m - (3.8)

8ma my -+ 2nME Mg, + 6mPme, + 3

where the indexXN refers to the produced nucleoa,is the electron charge, ar@y=2.7 is the
coupling constant.

The resulting free distribution function, without the pbapace corrections coming from any lim-
ited decay parent mass (or total c.m. energy), can be sedg.id.F

It should be pointed out, that decay of theesonance ilNete~ is unmeasured up to now, and the
correct treatment is still under discussion. Moreover Jf@nsstrahlung has be taken into account
in a coherent ways, since the final state is equal.

11
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A very promising ansatz has been published recently for tambstrahlung and case [21], and
the work to include such processes into the Pluto framewaskidgen started.

3.4 Vector meson direct decay

3.4.1 Calculation of the partial width

Vector mesons couple to photons, as it is well known from teetdt Meson Dominance (VMD)
model, and have a direct dilepton decay mgdew, p — e*e~. The decay products (electron-
positron) have obviously fixed masses, therefore mass sagnigl not an issue here, but since
this is perhaps the most important process from the poiniest wf HADES, the decay widths
(and branching ratios) are explicitly calculated in theeod he mass dependence of the direct
vector-meson dilepton decay width for is given by [20]:

—ete _ Cv 4”% I’T%
rv (m)=-"5\1- 3 <1+ R) (3.9)

where the the inde¥ refers to one of° w and ¢, andoy is 3.079-10°°, 0.287-10°6, and
1.450-10% GeV* respectively [19].

In addition, we follow the ansatz here that {hés governed by the 2-Pion phase space in order to
be comparable to transport code calculations [22]. Thisoffubehavior at 2M,, can be seen in
Fig. 5. However, this is still a question under discussion.
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3.4.2 p — w mixing effect
The Breit-Wigner Eqn. 2.1 can also be replaced by the alswohltie squared
(3.10)

of the complex amplitude

K e '?m,/Tk(m)
nO_AOMF%—mZJrimFtOt(m) (311)

which is an alternative approach and can be enabled in Pyutieebuser interface. This offers the

possibility to let the leading terrrﬁg of the decay channel “k” to be interfered with a various numbe
of different terms. The expression for such an interferaadbe coherent sum of all contributing

terms:

=y Ajdank (3.12)
) J
J

among with the relative phagg and the mixing intensityh;. The additional term§|‘j<, j=1.n
can be obtained from single resonance models, decay modelsen an exchange graph which
is not assigned to a fixed decay mode. Pluto is able to add sasti-alone contributions, which
makes it open for more advanced theoretical studies.

As an example for such calculations, the well kngefh- w-mixing has been implemented, which
arises in the coupling of the®-meson to the&te~ channel because the electromagnetic force does
not conserve thé; component of the Isospin. This discussion has been stdreatg some time
ago [23] and became important in the— 77T Scattering experiments. On the other hand, taking
the time-reversal reaction it should play a role in the gkda decay of the® meson, in particular

if produced in therm-fusion.

After enabling the complex Breit-Wigner model for both th& and thew, the p°® amplitude is
calculated to be:

MP’—ee— M5’ ey Ao ©—ee (3.13)
with the relative phase = —1.60 and the mixing amplitud& = 0.039.

It should be noted that this appearing deviation from thermabBreit-Wigner shape is negligible
for the dilepton cocktail and it is used here for test and destration purpose only.

4. Polar angle distributions and many-body correlations

By default, the code samples scattering angles in the r@siefiof the parent particle isotropically.
Multi-particle emission (after the mass sampling has besreds described before) is performed
by the Genbod algorithm [25] which calculates the momentamting to phase space. For a few
select channels, however, empirical parameterizatiorengbilar distributions and multi-particle
correlations have been implemented.
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4.1 ppelastic scattering

Elastic pp scattering is important for detector and spectrometebiaion studies. It is therefore
useful to have in hand a convenient parameterization fopsagirealistic scattering angles. Pluto
includes a parameterization based on a phase-shift an@gsompassing the world data, from an
algorithm (SAID) supplied by R. Arndt [26]. This yields et&spp scattering distributions accurate
to within a fraction of 1% for proton beam energies expectedHADES experiments. It should be
noted that the sampled range of angles in the center of mEs& 79] degrees, in order to avoid the
singularities at forward and backward angles due to the@wohlpotential. This is not a limitation
since extreme angles practically coincide with the bearh, pethere no detection is possible.

4.2 Then-case
4.2.1 The reactionpp— ppn

The DISTO collaboration has reported an anisotropy ofrtheolar angleg:™ in the pp colli-

sion [27] at 2.15, 2.5 and 2.85 GeV beam energy. Closer tsliotd, this anisotropy seems to
vanish [28]. In addition, the proton angular alignment (g¥his the distribution the polar angle
6{3'0 of any proton in the commopprest frame, with respect to the beam momentum) tends to be
aligned stronger in forward/backward direction with iraseg beam energy. Fig. 7 sketches these
angles.

Such behavior is usually described with a fit using Legemadgnomials. In the) case, the usage
of the first 2 even Legendre-polynomials have found to be@efft and hence the differential cross
section can be parameterized as:
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Figure 7: Parameterization of the angles in three-body productigritlae polar angle of the emitted meson
m, b.) The angular alignment of thep pair.

do 1
EDl+c2-§(3co§e—1) (4.1)
where a fit to the given data points has been applied using aried polynomial as a function of

the total c.m. energ® in the pp system:

Co = ap+ a1 Q+ apQ? (4.2)

Obtained by this method, the following values have been:used

n-case:ag=374,a; = —27.7,a, =5.07

pp-case: ag =5.04,ap = —4.54,a, =1.01

4.2.2 Matrix elementinn — mtm n°

The Dalitz plane of they decay into 3 charged pions shows a strong non-phase spaaedoeh
which is caused by the difference of the light quark mass@ks [Ehe decay slopes of this plane are
usually parameterized as:

T — T T
_J3m g 4.3
x=13 o V=35 (4.3)

with T the kinetic energy of the individual pion in therest frame an®@ = m, — 2my; — mpo.
Then, the matrix element (which is the deviation from thestant value of the Dalitz plot) can
be parameterized astlax+ by+ cxy. Pluto includes the result from Crystal Barrel [30] which is
a=-994b=011c=0.

4.3 Production of w mesons in Pion-induced reactions

This reactioniN — Nw follows Ref. [31], where the angular distribution foy production in
N — Nw in the center-of-mass frame was found to be sharply (exp@tlgh peaked at forward
angles, consistent with the parameterization

f(cosOS™) = 14 ae~41-cosd) (4.4)
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wherea depends on the invariant mass, and has been parameterized as
a(+/(s)) = 6.9 x 1073e?873/s (4.5)

by fitting the data of Ref. [31]. In a similar ways, the + p— AT +wandm™ +p— "+ p+w
reactions have been included, using the data from [32].

4.4 TheA(1232) case
4.4.1 Angular distribution in the NN — NA(1232 production

This follows Ref. [33], which is in excellent agreement witte data. The direct and exchange
matrix elements, averaged over all the spin states, are giye

2
. ot t
%Z)\l)\z)\s)m, ‘M(dlreCt)‘z = <9m_n> t—mg t [t B (m_ mN)z] 3m? (46)

3 Shntsns (M3 Mo+ M Ma) = (%) FELBICum 1.
[tu+ (m? — %) (t+u) — m* + m ] x
[tu+ my (m+ my) (m? — %) ] - (4.7)
[tu— (P + MR (t +u) + (m+my)*] -

[tU— mN(m— mN)(n12 — mﬁ)]

wheref,; = 1.008 andf;; = 2.202 are theiN andmA(1232) coupling constants with all the particles
assumed on-shell) andt are the standard Mandelstam variablesjs the resonance mass as
sampled from Eqgn. (2.1), arfé(t, m) is the mass-dependent form factor

2 2
F(t,m) = F(t)\/'\’TA B+ (Aymmy) (4.8)

M B2+ (m (M))2
wheref3 = 300 Me\/,qﬁwnmp andqﬁnmp(m) are as in Eqn (2.6) the momentum if the frame of the

resonance (the first one at pole mass), and

(4.9)

is the unmodified form-factor, withh = 0.63 GeV from fits to data [33]. The argumenin the
form factor is one of the Mandelstam variables. Likewiseshangingt with u one gets~ (u,m)
in the matrix elements above. The mass dependence in thefémtor is slightly modified from
the corresponding expression of Ref. [33], the differermmiog from the mass-dependent width
of Egn. (2.6). These matrix elements result in the followaxpression for the differential cross
section

do 1 M2 1

dt ~ 64T a2 | = (plpg)z—Mﬁ (4.10)
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andA = 0.4540.02 (right).

| is a kinematical factor witlp; » the beam- and target-proton 4-vectors, &hgdthe nucleon mass.

In switching fromdo /dt of Eqn. (4.10) tado /dQ, actually sampled by the code when scattering
angles are picked, the extra phase space fagtefm, my,m) introduced in Egns. (2.10-2.11)
arises naturally. Thus, sampling the masand subsequently the center-of-mass scattering angle
from Eqn. (4.10) yields spectra consistent with differantiross sections, in good agreement with
experimental data. The scattering-angf¢™ dependence enters through the Mandelstam variables
in the matrix elements.

4.4.2 N(1232 — Nt

Historically, the partial wave contributions of resonamt@ve been found by scattering Pions off
nucleons and the measurement of the outgoing Pion angstabdtion in the resonance rest frame.
In pp collisions, however, the initial situation is differenth& usual picture of such a reaction is
the exchange of mesons (one boson exchange, OBE).

The A(1232 production inpp reactions is well described by pion exchange amplitudesw-Ho
ever, the decay angle in tdg1232 rest frame, expect to be1Acos 62, with A= 3, is a more
complicated issue. On one hand, the direction of the vinimh depends on the question if the
direct or exchange term is dominating. Measurements on ribien@n-Yang angle suggest the ex-
change of virtual Pions [34], but on the other hand, the etemcoefficientA_(averaged over all
terms) gaveﬁ_\m 0.85 for the region co’s(eg-m-) > 0.9 and drops down té ~ 0.41 for the region
cos2(eg-m-) < 0.8. Ref. [35] extracts the coefficieAtto be 0.65. Our approach is to use the polar
axis taken as the momentum transfer direction to the exnitetéon in the c.m. frame by using the
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calculation from the previous section, and so&lsuch that the result of [35] is reproduced. This
is also consistent with the data from [34] (see Fig. 8).

4.4.3 A(1232 — Ny

For the production of virtual photons, one has to calculagephotoproduction amplitudes (for a
very good introduction on this topic see [36]). Assumingyahke M., transition (so the spin flip of
one single quark), which is a good approximation inMNi&232-case, the expected distribution of
the Pion in the photoproductiogrN — NrTis to be 5- 3cog 63. With time-reversal arguments, one
expects that the virtual photon angular distribution shtivessame behavior which is our approach
taken but the same damping factor has been used as obtaitiexirt case.

4.5 Quasi-free scattering

The quasi-free scattering of a nucleNp on a nucleus (or vice versa) is considered in Pluto in
two steps: First, the Fermi-momentum and off-shell masf@fmucleorN, inside the nucleus
are determined and the particle properties are set up tlgrrand in a second step the reaction
N1 + Ny is performed with all the consecutive decay modes as defipgdebuser. At the moment
a dedicated sampling model is included for the deuteron viiavetion [37].

5. Thermal sources

Thermal sources are needed in the case of heavy ion reafflidnrder to extrapolate the meson
production yield measured with HADES to the full solid angled to subtract the cocktail of
“trivial” sources from the measured di-lepton spectrum.

In this case, Pluto is able to emit mesons and baryonic resesavithout a collision and without
considering energy and momentum conservation, by a speaititle which we call “fireball”.
This means that first the particles are created (for eacltlgaspecies we set up one fireball) and
sub-sequentially decay in the Pluto framework as descrii@fdre. This systematic procedure
allows directly comparing the elementary reactions wisules obtained in heavy ion reactions.

In the case of stable (long-lived) particles only the totergyE is sampled as a relativistic Boltz-

mann distribution in the nucleus-nucleus c.m. frame:

dN =y
EOpEeE (5.1)

This distribution is not explicitly normalized to 1, this done numerically by the ROOT TF1
object. A source with two temperatures, as observed e.gom@roduction is realized by:

3—'; OpE [fe &My @1—feB/m (5.2)
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wheref and 1— f are the respective fractions of the two components. Optigrradial flow is
implemented using the Siemens-Rasmussen formulatiofi:[19]

AN e e¥f [(yr + E) S'r;ha _ I cosha (5.3)

dE E

with

e [3: Blast velocity

o ¥ =1/V1-P?

e a=0(vyp/T
° p:vEZ—m2

Note that in the limit3, — 0, Egn. (5.1) is recovered. In case of two temperatuiies T»),
Egn. (5.3) is extended as:

az

GE :
O pE {fe o [(W+%) sinhay —%coshal]

L E . (5.4)
+(1+f)e ¥ [(Vr +g) 8z L coshaz} }
These distributions are sampled spatially isotropic otiooally, with:
dN cm c.m
o 1+ Aycos 5™ + Ascodt gS™ (5.5)

Note that most transport models and some data too show andkpee of the temperature on the
angle, thusl = T(8%™). Such an effect can be optionally and roughly modeled inoRigtwell.

For broad particles, the energy and mass are sampled as:

2
d“N DdN

GEamD gg 9(m) - 6(E>m) (5.6)

with g(m) from Eqn. (2.1). In the case that only one selected subségieeay k should be calcu-
lated,g(m) has to be replaced witgf'(m) which includes the mass-dependent branching ratios.

This distribution depends strongly on the temperature. niptas are shown in Fig. 9 fof =
0.1 GeV andTl = 0.05 GeV.

Fig. 10 shows a final dilepton final spectrum without any deteacceptance effects, where the
parameters of the fireball and the relative abundances cddbeces are adjusted to the reaction
2c+2c [6].

“Note the typos in Eqn. 1, corrected e.g. in [38].
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PReaction
PChannel Parent:
PParticle
PChannel Daughter/Parent: Daughter:
PParticle PParticle
V v
Daughter: Daughter: Daughter:
PParticle PParticle PParticle

Figure 11: Basic classes of the Pluto interface: A single decay stepriefparent into several daughters)
are combined in #Channel . The completd’React i on is formed by consecutiveChannel s.

6. User interface for event production

After the features of the Pluto package have been presethtediser interface and technical im-
plementation of the framework are roughly described. Thek@ge does not need any additional
libraries (beside ROQOT [39]), which makes it possible to iis®es a standalone environment for
quick detector studies. Moreover, it is small and fast (&cfreaction with 1 million events takes
only some few minutes). On the other hand, it is very impdrtanadvanced studies to allow the
user for changes of almost all parameters and including deasi. The latter one can be done
even without recompilation, which is supported by the sthaateraction of the ROOT-interpreter
with C++. An interface to attach different input sources &mdllow 39 party event generators for
interaction is available as well.

6.1 Basic components

The main objects of Pluto afePar ti cl es. This class defines “particle” objects, the most ele-
mentary unit in the context of simulations with this packaged contains functions for handling
particle observables. In the parlance of C++, this claseritthfrom native 3- and 4-vector ROOT
classes [39].

These objects are modified viRChannel s, which handle the decay of one “parent” particle into
several “daughter” particles, respectively. Fig. 11 istehimg this basic concept. During runtime,
thesePChannel s are connected toRDi st ri but i onManager which offers a list of included
distributions and models for coupled-channel calculatiand thus much of hadronic interaction
models, like the empirical angular-distribution parametgions the mass and momentum sam-

pling.
Since particle production is done via a complete chain ofeoutive decays, seveRChannel s

are finally connected in BReact i on, which also contains functions for the execution of simu-
lated event loops (see also Fig. 11).

Last, multi-reaction cocktail calculations are facilitdtvia thePDecayManager .
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The following sub-sections describe how to set up a reactitamting from a very simple example
for the first usage, up to the description of the advancedifestof Pluto. All examples are based
on ROOT-macros (or interactive sessions), which is a vesgagit way to control and steer the
Pluto package.

6.2 Getting started

The simplest approach to perform a reaction is to open a ROMIF session and use the reaction
parser of Pluto:

> PReaction ny_reaction(6,"p","p","p p rho0 [e+ e-]1","rho_sanple",1,0,0,0);
> ny_reaction. | oop(100000);

The arguments of the constructor which is used here, arestiim Imomentum, the beam and target
particle name, and the decay products, separated by spackslihg their decay in brackets),
the filename, and 4 flags which are described in detail in Séc. Bhe second command in this
example actually opens the ROOT file "rho_sample" and presid©0000 events. In each of these
events,p® mesons are sampled jop collisions at 6.0 GeV beam momentum using three body
phase space scaling and a relativistic Breit-Wigner foibtioadp® meson, as already discussed in
Sec. 2.4 (e.g. Fig. 2). This included physics can be showagh ease with th€r i nt () -method

of thePReact i on class:

> ny_reaction.Print();
Reaction of 6 Particles interacting via 2 Channels
Reaction Particles:
0. quasi-particle (fixed p beamand p target)

1.p
2. p
3. rhoO
4. e+
5. e-
Reacti on Channel s:
1. p+p-->p +p + rho0
Interaction nodel (s):
[p + p_nB_p_p_rhoO] 3-body phase space rhoO <PBreitW gner>
[p + p_genbod_p_p_rhoO] Pluto build-in genbod
2. rho0 --> e+ + e-
Interaction nodel (s):
[rhoO_ee_e-_e+] Dilepton direct decay
[rhoO_genbod_e-_e+] Pluto build-in genbod
Qut put Files:
Root : rho_sample.root, all particles on file.

This exhibits that the reaction involves 6 particles andegfgrmed in 2 steps which are the pro-
duction and the consecutive decay of ifemeson. The identifiers in the brackets can be used for
the unique identification of the interaction models (forailstsee Sec. 6.9).

The resultingp®meson (with particle id 42) mass can be analyzed by re-ogetie ROOT file
and projecting the mass to a histogram:
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data. Draw("M)", "1 D()==41");
Decays can also be nested, like in the case y*'y — ete v

PReaction ny_reaction(3.13,"p","p","p p eta [dilepton [e+ e-] g]",
"eta_dalitz",1,0,0,0);
nmy_reaction.Print(); /1 The "Print()" statement is optiona

Virtual photons are named “dilepton” or “dimuon” in Pluteeftending on the final decay.

6.3 Complete example

A single reaction may also be defined by instantiating theabjby hand, which is demonstrated
using the same reaction as above:

PParticle pl("p",0.,0.,3.13);
PParticle p2("p");

PParticle q=pl+p2; [/ construct the beamparticle

/1 eta production

PParticle p3("p");

PParticle p4("p");

PParticle eta("eta");

PParticle *eta_part[]={&q, &et a, &4, &p3};
PChannel eta_prod(eta_part, 3,1);

/1 eta dalitz decay
PParticle di _eta("dilepton");
PParticle g_eta("g");

PParticle dalitz_part_eta[]={&eta, &i _eta, &_et a};
PChannel dalitz_decay_eta(dalitz_part_eta,2,1);

/1 decay of the eta dilepton

PParticle emeta("e-");

PParticle ep_eta("e+");

PParticle *dileptons_eta[]={&di _eta, &m eta, &p_et a};
PChannel dil epton_decay_eta(dileptons_eta,2,1);

PChannel *c[ ]={&eta_prod, &al itz_decay_eta, &Ji | ept on_decay_et a};

PReaction r(c,"eta_dalitz",3,0,0,0,1);
r. |l oop(10000);

The structure of this macro becomes more clear after thesudxsections, where the classes are
described in more detail.
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6.4 PParticle

A PParti cl eis aLorentz vector, together with a particle id (pid) and aght The pid conven-
tion in thePPar ti cl e class is consistent with GEANT3 [40], except for the addiibunstable
particles of Pluto. The weight is unity by default, unlespleitly set otherwise, and is updated
self-consistently depending on the physics model of theraation that produces a given patrticle.
Composite particles made up of two (but not more) constitpamticles may be defined, where
the pid assignment follows the ansatz pid = pid1*1000 + pm2tiie two constituent pid’s. The
“addition” is used for this operation, intended for the ¢i@a of a quasi particle at the entrance
channel from the interaction of a beam particle (1st camstit) with a target (2nd constituent).
For composite particles, the 4-vector is the sum of the dolestt 4-vectors, and the weight is the
product of the constituent weights (uncorrelated weighssimed).

Several constructors are available for instantiatingiglagt, where the last 2 have been used in the
example above:

e PParticle(char = id, double T);
e PParticle(char = id);

e PParticle(char = id, double px, double py, double pz);

Here, “id” is the unigue particle name arfidthe particle kinetic energy.px, px, pz are the 3-
momentum components of the particle. Functions to retugsiphl observables such as the mo-
mentum, velocity- or Lorentz- vector, weight, rapidity, ssaangles are inherited from the parent
TLor ent zVect or class.

Particles participating in a simulation are instantiateddvance and subsequently updated during
the execution of an event loop. In this way, unnecessancation of time-consuming constructors
and destructors is avoided. The masses are reassignedadictdiy via sampling if appropriate,
e.g. for unstable resonances, during the execution of amt &a@p.

An example of declaring a proton is shown, passing the ldratiergy (GeV) as argument (with
the momentum assumed along the z axis):

> PParticle p("p",2.); /1 proton with kinetic energy (GeV)

> p.Print(); /1 print menber function
p (0.000000, 0.000000, 2. 784437; 2. 938272) wt = 1.000000, m = 0.938272 pid = 14
Vertex = 0.000000 0.000000 0.000000

An example of a composite particle is illustrated next:

> PParticle pl("p",0,0,2); /1 pwith 2 GeV/c nmonentum al ong the z-axis
> PParticle p2("p"); /1 proton at rest (default constructor)

> PParticle q=pl+p2; /1 conposite particle: beam+ target (in this
>

/1 order)
Info in <PParticle::operator+> (ALLOCATI ON) Keepi ng beam and t ar get
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particle for further reference
Info in <PParticle::operator+> (ALLOCATION) The conposite p + p has been
added
> q.Print(); /1 displays info
quasi -particle (0.000000, 0. 000000, 2. 000000; 3. 147425) wt = 1.000000,
pidl = 14, pid2 = 14
Vertex = 0.000000 0.000000 0.000000

> cout << . 1D() << endl; /1 conposite particle pid convention: pid2+x1000
/1 + pidl
14014 /1 quasi-particle pid

This demonstrates, that Pluto adds new composite pariictbe data base by a background oper-
ation whenever occurring, and the original scatteringigas are kept for later calculations. More
composite particles are created likewise in case a quasirgaction is studied, e.g. the scattering
of p+nin the p+d reaction. Here, first the momentum of the quasi-free nucissampled and
consequently the composite particle is updated in the daept

The particle properties and decay channels can be obtaiag¢de/following command:

> makeStaticData()->PrintParticle("dilepton")
Primary key=52
Primary name=dil ept on
Pluto particle I D=51
Particle static w dth [ GeV]=0. 000000
Particle pole mass [ GeV] =0.001022

This particle decays via the foll ow ng nodes:
Primary key=160

Primary name=dilepton --> e+ + e-

Decay i ndex=90

Branchi ng rati o=1. 000000

Decay product 1->Primary nane=e-

Decay product 2->Prinmary nane=e+

This gives a simple method to read the information from thedtlata base, where the properties
of all particles and decays are stored. More examples usiddta base, including the addition of
new particles and decays can be found in Sec. 7.4.

6.5 PChannel

A PChannel is a single step in a reaction process, consisting of a pagéerhentary or quasi-
particle from a beam-target interaction, and its subsegiecay into a number of decay products
via a specified decay mode. TIRChannel default constructor requires as minimum input a
pointer to an array of pointers to the parent and decay pestiand the number of decay particles
(default two):

e PChannel (PParticle »+xparticles, int nt);
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Additional constructors are provided, adapted to fad¢ditanulti-hadron thermal decay modes of
quasi-particle fireballs.

The decay models are not included in a sirg@hannel by default, as they are attached in a later
step internally by using a dedicated interface in orderltmaihe user to apply changes. Therefore,
PChannel s are not working as stand-alone objects outside of a reaction

6.6 PReaction

e PReacti on(PChannel =**pchannel, char *file_ nane,
int n, int fO, int f1, int f2, int f3)

e PReacti on(Doubl e _t nmonmentum
char+* beam char=* target,
char* reaction, char+ file_nane,
Int_ t fO, Int_t f1, Int_t f2, Int_t f3);

A reaction is a complete physical process, consisting ofarseveral stepsPChannel s). The
PReact i on constructor requires as inpuP€hannel -type double pointer directed to an array of
individual PChannel -type pointers, a character-string specifying a file nanctuating directory
but without a suffix, and the number of constituent chanrag$alt is two). Additional constructor
arguments are flags of integer type specifying output, detage, and vertex-calculation options.
These are the following:

fO: Output options for the ROOT file (default 0):

0: Only the tracked (i.e. stable) particles are stored iIrRGOT file.
1: All the particles are stored in the ROOT file, including timenposite particles.

f1: Decay-mode options (default 0): obsolete
f2: Vertex-calculation options (default 0):

0: This option is off (no vertex calculation).

1: Production vertices are calculated for those partid¢iasdre written on file (depending
on the output option). The origin is considered to be the @damr beam and target
vertex. This is also the case for the products of the firstieblror particles produced
in subsequent channels the production vertex is calculatextiding straight-line seg-
ments successively, each of length obtained as the prodltiet parent vector velocity
times a lifetime randomly sampled from an exponential ddcag distribution. An
assumption of absence of any external magnetic fields isampl

f3: ASCII output options (default 0):

0: No ASCII output.
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PDecayManager i
PReaction3

PReaction2

PReactionl

| PParticle | | PParticle |

 A—

| PParticle | | PParticle |

Figure 12: The decay manager: It combines several numbers of readtiomsier to facilitate cocktail
calculations. The relative weights of the reaction chairgslaid down by the user or calculated by the
tabulated branching ratio.

1: ASCII output files, formatted for input to HGeantirrespective of the output option,
ASCII files contain only tracked particles. Invoked from tRBecayManager (see
below) class, a separate ASCII file is opened for each reactiannel processed.

2: Common ASCII output file for all reaction channels proeedsy aPDecayManager .

6.7 Decay manager
6.7.1 Setup of the cocktail

The PDecayManager is a front end class for simulations that need to cover a weelef pos-
sible reaction chains (“cocktails”). It uses the tabulgtedicle properties from thEDat aBase,
including (static) branching ratios. Additional partisland decay branches may be included via
the member functions.

The standard way to set up a multi-step reaction is the fatigw

6.7.2 Declaration of the PDecayManager

PDecayChannel *c = new PDecayChannel ;
PDecayManager *pdm = new PDecayManager ;
pdm >Set Ver bose( 1) ; Il Print really useful info

6.7.3 Preparation of the entrance channel

First, the initial state is built (e.g. proton with 3.5 Ge\hktic energy on deuteron):

PParticle *p new PParticle("p",3.5); // proton beam
PParticle *d new PParticle("d"); /1 deuteron target
PParticle *s = new PParticle(*p + *d); // conposite quasiparticle

SHADES digitizer based on GEANT3 [40].
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6.7.4 Preparation of the decay modes

The user should assure that all the required channels dreda@ttin the simulation. The most
simple method is to use the static branching ratios as defiinés data base and switch on any of
the available channels, e.qg.:

pdm >Set Defaul t ("w'); /1 include onega decay nodes
pdm >Set Defaul t (" pi 0") ; /1 include pi0 decay nodes
pdm >Set Defaul t ("dil epton"); // e+e- production

6.7.5 Declaration of the final state(s)

Here, only one channel is used, but more channels can be.afitietis a predefined particle and
has a list of decay modes associated with iPDat a, 'c’ can be omitted and the predefined list
can be used. Otherwise tlRbecayChannel constructor (which is a supporting class) may be
utilized, as illustrated in the first two lines of the sequebelow. Once the final states have been
specified, the reaction can be initialized:

¢ = new PDecayChannel ;

c- >AddChannel (0.1, "p","d","W"); /'l include decay nobdes
c- >AddChannel (0.9, "p","p", "pi 0"); /'l include decay nobdes
pdm >l ni t Reacti on(s, c); I/ initialize the reaction

ThePDecayChannel acts as list containing the default decay modes, which is/sh@ere with

2 decays channels with the relative weights (the first nunmbéhe AddChannel () -method)
selected such that the is produced in 10% of the events but the background frdaproduction
in 90%. The last line actually combines the seed particlarfgarget composite) with its default
decay modes.

6.7.6 Execution of the simulation

pdm >l oop( 10000, O, "pdonega", 1, 0,0, 0, 0);
The arguments are:

1. Number of events: 10000. For reasons of normalizatios nlkamber is the sum of event
weights. The actual event number is returned by the looptimmc

2. Weight flag: 0. If this is set, it acts as an additional ndipagion factor that adjusts the
weight of the decay chain and all the product particles. @ilse, the number of events for
one chain is calculated from the chain weight.

3. Reaction name: “pdomega”. Used in setting up output fileew
4. Flags: 0, f1, f2, f3: These are the same asHBeact i on.

5. Random flag: if=0, process reactions sequentially, ifanple reactions in random order.
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6.7.7 Example:n production

In order to dicuss more applications for the distributionnaiger, then production inpp col-
lisions is shown. Here, thg-meson can be produced directly, or via t&(1535 resonance.
In order to avoid implementing the definition of tlledecay many times in the macro code, the
PDecayManager can be used, which finally constructs all reaction chaingkvhare possible:

/1 beam
PParticle pl("p",2.2);
PParticle p2("p");

PParticle q=pl+p2;
PDecayChannel * c¢ = new PDecayChannel ;
PDecayManager * pdm = new PDecayManager ;

[/ primary nmeson producti on NONRESONANT
c- >AddChannel (0. 42, "p","p","eta");

/1VI A Nx(1535)
c- >AddChannel (0. 58, "p", "NS11+");

// decay of the N«

PDecayChannel * nstar_decay = new PDecayChannel ;
nst ar _decay- >AddChannel (1.0, "eta","p");

pdm >AddChannel (" NS11+", nst ar _decay) ;

// decay of the eta

PDecayChannel * eta_dalitz_decay = new PDecayChannel ;
eta_dal i tz_decay->AddChannel (1,"g","di |l epton");

pdm >AddChannel ("eta", eta_dal itz_decay);

// decay of the virtual photon:
PDecayChannel * eta_dil epton_decay = new PDecayChannel ;

et a_di | ept on_decay- >AddChannel (1.0, "e+","e-");

pdm >AddChannel ("di | ept on", et a_di | ept on_decay) ;
pdm >l ni t Reacti on(&q, c);

pdm >l oop( 100000, O, "eta_sanple",1,0,0,1,1);

In this example, the decay modes are completely controfethé user which means that the
Dalitz decay can be studied without background.

6.8 Interface for bulk modifications

Pluto allows for the seamless modification of the particienyalstreaming out after the defined
reaction was performed) by external classes during thedaepution. In this way, different event

generators may interact with Pluto (i.e. in order to exetlweparticle decay externally) and addi-
tional particles can be added. The latter method is very itapbfor detector studies, e.g. to embed
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single particle tracks into realistic background. Fromdbé&ware architecture point of view, the
realization is done such that objects inherited from the lud@ssPBul kDecay are added to the
PReact i on, which are executed after all decays (as defined ifPResact i on constructor) have
been finished. For external decays, at the moment only oreengttevent generator is considered
which is Pythia [2].

6.8.1 Embedded particles

By using again the) Dalitz example it is demonstrated how to add single tracka meaction
environment:

PReaction ny_reaction(3.13,"p","p","p p eta [dilepton [e+ e-] g]",
"eta_dalitz_enbedded", 1,0, 0, 0);

/[ Construct the bul k container:
PEmbeddedParticl es * enbedded = new PEnmbeddedParticl es();

/1 Add an e+ which we emit at a single point:
PParticle * e_plus = new PParticle("e+",1.,2.,3.);
//Just add the particle to the container:
enmbedded- >AddParti cl e(e_pl us);

//We can also add a "white" dilepton, which we enmt in a snall cone:
PParticle * dilepton = new PParticle("dilepton");
enmbedded- >AddParti cl e(di | epton);

enmbedded- >Set Sanpl i ng(0, 1., //pnmin and pmax in lab frane
Thvat h:: Pi ()/1000., //opening angle
Twvath::Pi ()/2., /1 Theta of pointing vect.
Twvath::Pi ()/2., /1 Phi of pointing vect.
0.2, 1.5); [/ Mass sanpling (optional)

// Add our container to the reaction:
nmy_reacti on. AddBul k( enbedded) ;

nmy_reaction. | oop(100000);

where the clasBEnbeddedPar ti cl es is employed to carry one ore more particle tracks which
are (optionally) re-sampled during the event loop in ordeemitted in selected regions inside a
detector setup.

6.8.2 Pluto bulk decay

As it can be seen in the example above, the dilepton has beksd ad addition to the) Dalitz
decay, but it was not decayed. Here (and in any case wheragalmgtarticles are still un-decayed),
the Pluto bulk decay class can be used. The difference bettheebulk decay and the normal
treatment of decays is that in the first case not a specifidiomachain is constructed, but the
particles are decayed using the mass-dependent branetiogEqn. 2.3). In order to demonstrate
this feature, the decay of ti*(1535) is used:
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PReaction nmy_reaction(6,"p","p","p NS11+", "n1535_sanpl e_bul k", 1,0, 0, 0);

PPl ut oBul kDecay *pl = new PPl ut oBul kDecay() ;

pl - >Set Recur si veMbde(1); //Let also the products decay
pl - >Set TauMax( 0. 001) ; /I maxTau in ns
nmy_reaction. AddBul k(pl);

my_reaction. | oop(100000);

The decay is done recursively, until stable particles (@efisuch to have a life-time larger then
Tmax) are reached. This approach is completely complementatiig®@DecayManager but
should give the same result beside the different norma@izatThe Set Def aul t method of
the PDecayManager is always based on the static branching ratio (and in this thayrelative
weights of the include®React i ons are calculated), whereas the mass-dependent branching ra-
tios are calculated by default to be fixed at the pole massqti 2.5 is explicitly enabled (which
is the case for th&l* (1535 e.g.), the result should be the same and provide an indepeoidess-
check of the framework functionality. For the decay of Mig1535) in total 135 different possible
reactions chains (combinations of possible decays) arsidemred, and the sampling of 200.000
events including all decay products takes usually 1 minotiependent if the bulk decay or the
decay manager have been chosen.

In Fig.13 the obtained spectra for both methods are compdiethn be seen that the distribu-
tions agree within the error bars, which gives confidencehenfinctionality of the framework.
Moreover, they are similar to the original calculation shaw Fig. 1.
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6.9 Distribution Manager

ThePDi st ri buti onManager collects all information about the included physics (sindis-
tributions and more complicated coupled channel calaria)i at one place and controls all objects
which are offered to be used in tiChannel s. ThePChannel s instead do not contain any
calculation algorithm itself, but handle a list of distrilmns matching the requirement given by
each channel. The disabling of distributions is done vigjuaiidentifier strings. This ensures that
the production of events in reaction chains is done alwaysistent.

Therefore, thé’Di st ri but i onManager is a singleton which can be obtained via a constructor
method like:

PDi stri buti onManager * di m = makeDi stri buti onManager ();

and the included physics can be listed with:

dim>Print();

The individual distributions are organized in groups, vihéce not expanded by default:

et a_physics Physi cs about eta production, and decay: 5 enabled (from5)
helicity_angles Helicity angles of dileptons: 3 enabled (from 3)
resonances_pw Partial waves of resonances: 4 enabled (from4)
particle_nodels Mass sanpling of particles: 27 enabled (from 27)
decay_nodel s Phase space nass sanpling & decay partial widths:

178 enabl ed (from 178)

These groups can be completely enabled, disabled, or eggasia the following commands:

makeDi stri buti onManager ()->Enabl e("helicity_angles");
makeDi stri buti onManager () ->Di sabl e("helicity_angl es");
makeDi st ri buti onManager () - >ExpandGroup("helicity_angl es");

The last command makes the distributions appearing inRthient () -method, alternatively
Print("group_id") can be used:

helicity_angl es Helicity angles of dileptons
[X] eta_dilepton_helicity Helicity angle of the dilepton decay of eta
[X] etaprine_dilepton_helicity Helicity angle of the dilepton decay of etaprinme

[X] piO_dilepton_helicity Helicity angle of the dilepton decay of piO

Single distributions can be enabled (or disabled) using thréque identifier string as well:
makeDi stri buti onManager () ->Di sabl e("eta_dil epton_helicity");

Another aspect is that distribution models might be striatternative and marked to be not valid
at the same time. This can be shown e.g. when printing theydaodels:
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> makeDi stri buti onManager ()->Print("decay_nodel s")

(X) w_picutoff_e-_e+ Di | epton direct decay with pion cutoff
() rho0_ee_e-_e+ Di | epton direct decay

Here, 2 independent models of the de@ly— eecan be chosen, by enabling one of them, the
other will be disabled.

6.10 Detector dependent aspects

In addition to the generation of events, Pluto includesrfidted user selection methods for rapid
principle simulation studies adapted for particular ekpental conditions, detector setups and
geometries. A filter object is instantiated by two argumeamtpointer to a reaction, and a char-
acter string specifying explicitly the algebraic expressof the condition that is to be satisfied.
ThePFi | t er class implicitly invokes the ROOT clagg-or rrul a for the interpretation of the
character string, and for transposing it to a mathemataahfila. A variety of expressions are ac-
ceptable, inherited from th€For nul a class, including trigonometric functions, exponentiatio
and standard boolean logic working on particle observables

A general-purpose beam smearing model can be used to rdestimajpeam 4-momentum event by
event. Thus, simulations may take into account the dispeeand (angular) resolution of the beam,
adapted to the individual experimental setup includingabeelerator, and analyze the impact on
the signal resolution.

Finally, a general purpose file output interface makes isibs to define output formats depending
on the individual simulation framework of various experimse

The points as mentioned above make it possible also for @kgeriments to use Pluto and its
included physics. On the other hand, it is very useful to aole@ddition the build-in physics. This
will be discussed in the next section.

7. Customization

Driven by the requirement of the on-going HADES analysisd(anparts also in the context of
simulations for the FAIR experiments) it is important tHag Pluto framework can be customized.
Only by comparing the data with several model assumptionslasions can be drawn. Therefore
the Pluto framework was extendestuich to make the incorporation of new models possible which
can be done be the user without changing basic source codgisTdthieved by a strictly object-
oriented design, in combination with the modular architeet The user is able to interact with the
Pluto-kernel in different ways, according to the level opexence and needs:

1. The parameters of build-in distributions and models @anhanged.

6Included with v5.01 and v5.10.
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2. Build-in classes (serving as templates) can be utilipeddaction chains or decay channels
not yet covered by build-in physics.

3. New classes may be created by the user and compiled dunmgme of a macro. By
implementing standardized interface methods, the coofrdecays or reaction chains can
be taken over. These are named “distribution models” (blassRDi st ri buti on).

4. New models may be created, which change in addition th&paidths and mass sampling
of particles even if they armot directly used in the actud’React i on setup. These are
called “channel models” (base cldB&hannel Mbdel inherited fromPDi st ri but i on).

7.1 Changing the build-in implementation parameters

The way to change parameters can be demonstrated usindperg—t 777 71~ 7° matrix element.
Recent results [41] differ from the build-in distributioand new generation experiments are go-
ing to re-measure the Dalitz slopes with a high precisior].[4hese slopes can be changed by
obtaining first the object from theDi st ri but i onManager by the known identifier:

PDi st ri buti onManager *pdi st = makeDi stri buti onManager () ;
PDal itzDi stribution =*eta_pion_decay = (PDalitzDi stribution *)
pdi st->Get Di stribution("eta_hadronic_decay");

Consequently, the local methods of the given distributiasscan be used:

et a_pi on_decay- >Set Sl opes(1.22,0.22); //new result

7.2 Re-use build-in distributions

The basic concept of th®Di stri buti on (and all distributions inherited from this base
class) is that they can be implemented many times for differeaction chains, including the
(grand)grandparent, and their siblings in addition. Faheke each implementation procedure the
user has to perform the following steps:

1. The object has to be created with thew operator, among with a title and identifier (the
latter one must be unique).

2. The user defines a decay chain template withAithe( ) -method. The right half of Fig. 14
gives an overview of this principle.

3. All local parameters which are needed for the individugbathm have to be initialized
correctly according to the physics case. These methodsidapethe class which has been
used in this context.

4. The new object has to be added to Bi# st ri but i onManager.
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Grandgrandparent: User /
PPalitICIe Build-in physics
y y
Grandparent: Grandparent's Sibling:
PParticle PParticle
PChannel Parent: Add (“pidl,relationl®) ;
PParticle Add (“pid2,relation2“);
* [ :> Add (“pid3,relation3*) ;
¥ v :
Daughter: Daughter: | | Daughter:
PParticle PParticle PParticle PDistribution

Figure 14: Basic idea of the connection between a sing@annel and thePDi stri buti ons (the
base class for all distributions): The user adds a list afksaas a template. Each track is identified by a
particle id and a relationship (e.g. daughter, parent,n@grandparent). During runtime, this template is
being compared to the reaction chain as given byP@ieannel , and thePDi st ri but i on is attached on
success.

7.3 Angular distributions

In order to show how a distribution class is implemented,ugargdistributions are discussed, as
they play always an important role in the production and gexfanesons and resonances. They
could be sensitive to the production mechanism (exchangesafns), and might effect in combina-
tion with the detectors acceptance the integrated yielthfividual channels. Therefore, attention
should be paid on the sensitivity of specific angular distidn cases. Here, it is used as example
to demonstrate the usage of a build-in distribution cl&s@ul ar Di st ri but i on), which is
able to handle many general purpose cases: Polar angléulistns in the production of particles
and polar alignment, as needed e.g. forfghghysics.

The first step it to instantiate the object:

PAngul arDi stribution * ny_distribution = new
PAngul ar Di stri buti on("meson_di stri bution",
"Pol ar angle of my meson");

Here, the first parameter is the unique identifier, and therskés a title. Now, the decay chain
template has to be created, as depicted in Fig. 14, which snbah at least the parent and the
daughters must be defined to be unambiguous.

On the other hand in the case of - let us say the emissiormdfim pp collisions - this information
is not enough, because the angular distribution algoritasmtb knowwhich of the particles in the
three body final state has to be sampled. In order to deal with ambiguities in the internal
calculations the decay chain template can be extended wiitate” option flags which can be
read by the distribution objects during the initializatiprocedure. Here, the angular distribution
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class is able to handle different cases explicitly, by chapghe primary particle by such a flag,
and its reference frame.

For a first simple example, it should be assumed that the pyiparticle (the particle for which
the polar angle has to be sampled) i’ameson, and the reference for the angle is the c.m. frame:

nmy_di stri bution->Add("pi O, daughter, primry");
ny_di stribution->Add("p, daughter");

ny_di stribution->Add("p, daughter");

my_di stribution->Add("q, parent, reference");

In addition to the pid names (as listed in the data base),igtietdition interface offers in addition
helpful identifiers:

g”: Any composite particle
“?". A wildcard for any track
“*. Any number of additional tracks

“N":  Any nucleon

Each particle is finally combined with one of the possibleatiehships: “parent”,
“(grand)grandparent”, or siblings of such relatives (ltkarent,sibling™).

In total, the given template reads like this: The distribatiwhich has been created in our example
will be attached to ani?Channel , which has a composite particle as a parent and 3 selectag dec
products (one® and 2 Protons).

The next step is to define the angular distribution functiime class?’Angul ar Di st ri buti on
uses TF1/TF2 ROOT obijects for this purpose. The latter onsad for mass-dependent parameter-
izations like in Eqgn. (4.2). A simpler application would lzedefine a distribution only depending
onx = cos 6:

TF1 xangl es=new TF1("angl es", " (x*x)/2",-1,1);
my_di stri bution->Set Angl eFuncti on(angl es);

Finally, the new distribution has to be added to the distidmumanager:

makeDi stri buti onManager () - >Add(nmy_di stri bution);

The discussed clag?gAngul ar Di st ri but i on allows also for the sampling of more sophisti-
cated angular correlations. ResonancesMkgl440 should decay intgr with dedicated partial
waves, hence the dashed line in Fig. 15 iskiemomentum in the c.m. frame. In this context, the
configuration would have to be defined like:
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pprimary
ref Figure 15: Definition of the polar angle
primary in the PAngul arDi stribution class:
\pref The polar angle of the particle “primary” is
\ defined with respect to the momentum of
the particle “reference” (The parent by de-
/pbase fault). This momentum, however, is defined in
> the “base” frame as a reference (c.m. by default).

z

my_di stribution->Add(" pi 0, daughter, pri nary");

ny_di stribution->Add("p, daughter");

ny_di stributi on->Add("NP11+, parent, reference");

nmy_di stribution->Add("q, grandparent, base_reference");

By using exactly such a method the— N7t decay angular distribution (discussed in Sec. 4.4.2)
was implemented.

7.4 Changes in the data base

Pluto uses a multi-purpose data base with fast lookup-keystdre all information which are
needed to read the particle properties as well as for thelingnof the models. Internally, these
data base is filled in 2 steps: First, when user-interfacesek likePChannel or PParti cl e
are created the first time, the interface singletakeSt at i cDat a() fills the particle prop-
erties from a fixed table. Second, ifRReacti on or PDecayManager is instantiated the
PDi stri buti onManager is filled and linked to the data base. Tool classes are faigtit to
create dedicated models for each decay using the partigpeeies like lepton number or width.

This has two consequences for the user: particle and deagyemies should be changed
before the first creation of a particle takes place, and nsodbBbuld be chosen using the
PDi st ri buti onManager -Enabl e() or -Di sabl e() method before creating the reaction.

The direct write access to the data base is possible but reeoched only for experts, however for
the normal usage a various number of methods are availahlsiby themakeSt at i cDat a()
interface. An example of defining a new decay ke~ b+ cis depicted below:

nakeSt ati cData() - >AddParticle(-1,"A", 1.2);

makeSt ati cDat a() - >Set Particl eTotal Wdt h("A", 0. 3);

makeSt ati cDat a() - >AddParticle(-1,"b", 0.5);

nakeSt ati cData() - >AddParticle(-1,"c", 0.3);

nakeSt ati cDat a() - >AddDecay(-1,"A->b + ¢", "A", "b,c", 1.);

where the “-1” indicates that Pluto should assign the next availableapid decay index number.

The numbers used in the methods are the mass (for particldgha branching ratio (for decays).
The latter one are re-normalized such that the total sunwigya equal to one.
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PChannel : PDistribution

Figure 16: Technical representation of the coupled
I—* channel calculations done inside the Pluto-framework:

PChannel : PDistribution I—] PChannelModel ln the Pd]annel _Chaln’ thePD stri bUt 1on Ob_

I jects are called via defined interface methods in order

to sample e.g. masses and momenta. As these in-
volve all decays (see e.g. Eqn. 2.2) hidden channels
are called even if they do not participate in the chosen

decay chain.

PChannelModel

PChannel : PDistribution

7.5 Adding new models

A complete description how to implement new distributior @hannel models would go beyond
the scope of this report. However, a short sketch of the ieahrealization in the framework is
presented which is useful in the context of the discussioBeo. 2 and 4. The idea is that during
the event loop the methods of the attached models in B&hlannel are called which allow each
distribution object to update the particle properties withany restriction, these are:

e | ni t () : Called only once before the event loop is started to allandilstribution to obtain
the particle objects via the private identifiers as disaigséec. 7.3.

e Prepare(): Initial action in each event of the loop. Used e.g. for tharhesmearing
model shortly introduced in Sec. 6.10.

e Sanpl eMass() : Change the mass of the particles. Used e.qg. for the resersamepling.
e Sanpl eMorrent um() : Used by the Genbod-model and Fermi momentum sampling.
e Sanpl eAngl e() : Used by the models to sample polar angle distributions.

e | sValid(): Used by rejection models, e.g. tipg polar alignment in thggpp — pN* —
ppn reaction, because in such a case it is not possible to obtanalytical function in the
c.m. frame.

e CheckAbort (): Can be used by the models to force Beeact i on to abort the com-
plete chain and start from the decay of the first channel.

e Finalize():Final actions.

e Cet Local Wi ght () : Update the particle weight of the daughters.
For the coupled channel models, the situation is more compilace they should be able to be
called without existing particle objects. Fig. 16 sketctigs idea: A very large number of hidden
channels might be involved which in particular the case@sdimpling of higher resonance masses.

The reason is that as explained in Sec. 2.4 decay sampliogiatibns involve the mass shapes and
vice versa.
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In order to consider this, coupled channel classes add soone methods. These methods are
notdirectly called by thé>Channel as depicted in Fig. 16, they usé*®i st ri but i on (which

is bound always to a decay) as a doorway to the coupled-chamvdels. We use 2 variants of
channel models, namely:

1. Models used for particle mass shapes for the calculafigino) (or g(m)), and:

2. For decays in order to calcula@(my,m,...). These include the determination of the
partial decay widths.

The latter one may work in addition as the interface toRfBeannel . Both implementations use
one or more of the following methods:

e Get Wi ght (Doubl e_t *nmass, Int_t *decay_i ndex) : Calculating the weight,
eitherg(m) or G(my,my, ...). If thedecay_i ndex array is defined, the functiorggm) and
G(my,my,...) have to be replaced kgf(m) andGK(my,my,...).

e Get Anpl i tude(Double_t *mass, Int_t =*decay_i ndex): Returns the com-
plex amplitude as used in the context of Sec. 3.4.2.

e Get Wdt h(Doubl e_t *mass, Int_t *decay_i ndex): Calculates the mass-
dependent width as discussed in Egns. (2.10,2.11).

e Sanpl eMass(Double_t *mass, Int_t *decay_i ndex): Some as above but
without particle objects.

e Get BR(Doubl e_t mass, Doubl e_t =*br) Calculates mass-dependent branching
ratios.

As a final summary of the implemented framework, let us carsichat will be done if a reaction
has been defined by the user, like

PReaction ny_reaction(3.13,"p","p","p NS11+ [p eta [dilepton [e+ e-] g] ]",
"nstar",1);

This constructor first calls the particle data filler in orderset up the data base. The particle
decays are normalized such that the sum of all branchingsratill be equal to one. The “+”
operator involved in the beam-target interaction adds traposite to the data base (which is
further treated a normal particle). All involvédeChannel s are constructed by theReact i on
among with theiPPar t i cl es. Inasecond step, tieDi st ri but i onManager is instantiated
and filled with all models using an included logic on e.g. p&tspecies and width. Each of these
coupled-channel models is linked to the data base. Morealelistribution models are attached to
their correspondindg’Channel s (if existing) and initialized, thus they have access to tadiple
objects.

By starting the loop:
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my_reaction. Loop(10000)

the distribution interface methods are called in each stegiefined above. At least one model per
channel is required as a doorway to do the mass sampling,riexample it is the decay in one
stable and one unstable particle as outlined in Eqn. 2.18deéti model are called to sample the
N*(1535 mass shape taking all its decay modes into account to getiedieidual partial decay
width. This involves moreover the mass shape of other resmsa(e.g. th&l*(1440).

In the case that a selected chain is calculated, as in ourpgamass sampling is done in each
step using the partial decay width rather then the totalclviié automatically assigned by the
framework.

After the decay products of the firf®Channel have been sampled the secoR@hannel

is called. On one hand this is a simple decay of a resonance timb stable products.
On the other hand, the angles as defined in Figs. 7 and 15 aeemile¢d by the class
PAngul ar Di st ri buti on and used to sample the angular distribution function. Ouorkiof
the rejection method the complete chain is re-sampled tnidiag any distortion of thé&*(1535)
mass shape.

The third decay involves the mass sampling of th®alitz decay, discussed in Sec. 3.1. The
sampled virtual photon is been decayed in a forth step ipimfes with obviously fixed masses.

This demonstrates that many cases are handled in backgnetnuit any required user interaction.

8. Summary

In summary, we presented the Pluto framework, originaltgrided for studies with the HADES
detector. It is based on C++ and ROOT and has a very usedfyiémerface, starting from a few
lines of code the event production for selected channelbeanitialized.

The standardized interface between the event loop and tldelmallows for the implementation

of customized model classes. Several interface methodshmaysed, for mass and momentum
sampling up the handling of complex amplitudes in hiddemtedrchannel calculations. This en-
ables the calculation of spectral functions from first ppfes for hadronic resonances with mul-
tiple decay modes. This capability, together with a numlié¢heoretical and empirical hadronic-

interaction models implemented in the code, provide tootgdalistic simulations of elementary

hadronic interactions, such as resonance excitation acaydelastic proton-proton scattering,
Dalitz decays, and direct dilepton decays of vector mesons.

Several empirical parameterizations on angular disiobstand momentum sampling have been
included. Moreover, a thermal model has been developed. |aftes one handles multi-hadron
decays of hot fireballs, and provide tools for studies ofrtialy produced hadrons and the distri-
butions of their observables, comparison studies and thtessuiion of trivial sources. The addition
of a decay manager interface trivializes the setting up aedwgion of multi-channel (“cocktail”)
simulations in elementary collisions.
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The package presented has been used to perform simulatiovarifous HADES experiment pro-
posals, for the comparison of the HADES C+C heavy ion datafanthe pp model-dependent
acceptance corrections. Moreover, it has been utilizetigrstimulation for the coming CBM ex-
periment at FAIR.

One of the major development in the near future is to impldmaxight (or semi-weight) based

models. In order to implement such a feature, the samplingetso(which are generating the
“events” for GEANT, e.g.) should be separated from the wiaighmodels (which are realizing

the physics). In such a way, users may populate regions oblilhse space with rare statistics
depending on the individual detector system. Also the toianalization of the individual channels
is an important issue.

The versatility and re-usability of the code, as demonestidty a number of user interface classes
and simulation macros distributed with the package, allowrépid principle simulation studies
adapted for particular questions. Moreover, it is fully edijoriented, thus any specific process
model can be exchanged by the user and defined interface dsegtiow for the interaction with
the framework.

Therefore, it is open for future developments, as this igleddor the upcoming HADES experi-
ments and simulations for the new FAIR facility at GSI.
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