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Abstract keep track of the data origin within the detector reconstruc
. . . tion software. Further advantages arising from the usage
The Physics Analysis eXpert (PAX) is an open sourcgf the PAX toolkit are a unified data model and nomencla-

toolkit for high energy physics analysis. The C++ class Co'fure, and therefore increased code lucidity and more effi-

lection provided by PAX is deployed in a number of analy- . L :
: . cient team work. The application of the generalized event

ses with complex event topologies at Tevatron and LHC. In . . : . .
container provides desirable side-effects, such as giotec

this article, we summarize basic concepts and class stru the phvsics analvsis code from chanaes in the underlv-
ture of the PAX kernel. We report about the most recent phy Y 9 y

developments of the kernel and introduce two new PA)?; 9 tizftwssr;gﬁf ki?? a|n?navt?]lgasn;rieogﬁc;?iigufgg:“t%n
accessories. The PaxFactory, that provides a class colle- b Y hpying y

tion to facilitate event hypothesis evolution, and ViswedP various levels ofinput data.
a Graphical User Interface for PAX objects.

PAX physics objects

INTRODUCTION The three types of generalized physics objects provided
Physics analyses at modern collider experiments entefoy the PAX kernel are:
new dimension of event complexity. At the LHC, for in-
stance, physics events will consist of the final state prod- e Particles (or reconstructed objects), i.e. Lorentz-
ucts of the order of 20 simultaneous collisions. In addition vectors, are represented by the clRagFourVector
a number of todays physics questions is studied in channels
with complex event topologies and configuration ambigui- e Vertices, i.e. three-vectors, represented by the class
ties occurring during event analysis. PaxVertexare foreseen to realize particle decays.
The Physics Analysis eXpert toolkit (PAX) is a continu-
ously maintained and advanced C++ class collection, spe-, Collisions, represented by the cla@axCollision are

cially designed to assist physicists in the analysis of com-  foreseen to allow the separation of multiple interac-
plex scattering processes [1, 2, 3, 4]. PAX is realized in  {ionsin high-luminostity environments.
the C++ programming language [5]. It provides additional

functionality in top of the vector algebra of the widely-The yector characteristics of the clasBasFourVectoand
spread libraries CLHEP [6] (default) or ROOT [7]. Thepayvertexis inherited from the corresponding classes of
PAX container model as well as file I/O are based on th§,e cLHEP or ROOT libraries. Commonly needed, addi-

C++ Standard Template Library (STL) [S]. tional properties such as a name, particle-id, statusgehar
a workflag etc. can be stored in data members. Specific
THE PAX KERNEL information complementary to data members, such as b-

, _tags, jet cone sizes or energy corrections, for instanee, ca
The class collection of the PAX kernel allows the defiy)e giqreq in the so-called user records (i.e. collections of

nition of an abstraction layer beyond detector reco”Strugtring-double pairs).

tion by providing a generalized, persistent HEP event con- Each PAX physics object can record pointers to an ar-

tainer with three types of physics objects (particlesivest bitrary number of instances of arbitrary C++ classes. This

and collisions), relation management and file 1/0 SChem?\iay, the user can keep track of the data origin within the

The P.AX ever_1t contame_r IS gapable of stc_)rmg t.h € Comdetector reconstruction software, for instance. Access to
plete information of multi-collision events (including -de

the pointers is possible at the same runtime during any later

cay trees with spatial vertex information, four-momenta ag, :
Stage of the analysis.

well as additional reconstruction data). An automated copy . .
Copy constructors are provided to perform deep copies

functionality for the event container allows the analyst to ) . ) .
unct Y v ! ws ys of PAX physics objects. When copying a PAX physics ob-

consistently duplicate event containers for hypothesis ev. _ . .
ect, all pointers are copied as well. For the convenience

lution, including its physics objects and relations. PAX . . _ .
physics objects can hold pointers to an arbitrary number reconstructing particle fjecay c.hams, PAX physics op-
instances of arbitrary C++ classes, allowing the analyst ﬂSCtS are enabled to establish relations and can be organize
In containers based on the STL class templatap<key,
* Corresponding author: Steffen.Kappler@cern.ch item> andmultimap<key, item»>, respectively.




Event container their physics objects and relations. Like all other PAX ob-

. . . ects, aPaxProcesinstance allows to store data in the user
PAX provides a generalized event container for storadre

X . : . __~récords and can record pointers to an arbitrary number of
and handling of the complete information of one multicolli-, .
. . : . i . instances of arbitrary C++ classes.
sion eventincluding decay trees, spatial vertex infororati
four-momenta as well as additional reconstruction data in 2)
the user records.

This container is represented by the cl&®sEventin-
terpret This class is so named, because it is intended to
represent a distinct interpretation of an event configorati
(e.g. connecting particles to the decay tree according to
one out of a number of hypotheses, applying different jet
energy corrections, etc.). To facilitate the developmént o
numerous parallel or subsequent event interpretations, th

PaxEventinterpretlass features a copy constructor, which

provides a deep copy of the event container with all datai9ure 1: & Schematic view of single top production with
members, physics objects, and their redirected relations.|eptonic top decay. b) The visible reconstructed partons of

The PAX toolkit offers a file I/O scheme for persistenttiS channel.
storage of the event container, based on STL streams. ItA higher degree of automation at the evolution of com-

?"OWS the user to wntg the contgnts Iée@xEventlnterpret binatorial hypotheses is provided by the clBaxAutoPro-
instances with all contained physics objects as well as theéess This derivative of thePaxProcesglass features au-
relations to PAX data files. When restoring the data fro

file, an emptyPaxEventinterpreinstance is filled with the Momatic evolution of all possible combinatorial hypothese

. . . of an event. The rules, according to which these hypothe-
stored data and objects and all object relations are repro- X . .
ses are evolved, are defined by user-defined static process-
duced. model, that is passed to tHRaxAutoProcessnstance at
The PAX data file format is multi-version and multi- ' P

) . . construction time. This process-model iPaxEventinter-
platform compatible and consists of binary data chunks, .- -
that allow file structure checks and fast positioning. pretinstance containing a prototype of the process decay-

) . ) chain with parameters customizing the behaviour of the
PAX also provides the possibility to write/regehx- n Wi p S customizing viou

. . PaxAutoProcesslass. The remaining step, to be done by
Eventinterpretnstances to/from strings. This way, the usef, analyst, is to further process the evolved event ingerpr
can store PAX objects to any data format supporting Strin?ﬁtions in st'andard decision techniques, for instance
or binary data fields like databases or experiment specific ' '
data formats.
All classes of the PAX kernel can be used in compiled
mode within the C-interpreter of ROOT. A more detailed
description of the PAX kernel functionalities can be found

in reference [4].

THE PAX ACCESSORIES
The PAX factory

The PaxFactory is an accessory to the PAX kernel that
facilitates the bookkeeping of event hypothesis evolution
The classPaxProcesds designed to allow the evolu-
tion of different combinatorial hypothesesvent interpre-
tationg of an event according to a certain physics process.
This task arises during the a priori ambiguous partonic re- b
construction of processes with multiple reconstructed ob-
jects of the same type. Figure 1 gives single top production
with leptonic top decay for illustration: permuting the plo Figure 2: Schematic view of a) single top production and
ted three jets from figure 1.b at thexiWb vertex in figure its main backgrounds b) top-pair production and c) jet-
1.a provides three different hypotheses. In addition, thessociated W production.
normally two-fold ambiguity of the longitudinal neutrino
momentum, as provided by a W-mass constraint, doublesA further aspect of hypothesis evolution, besides the res-
the number of combinatorial hypothesis for the t-quarkolution of combinatorial ambiguities, is the parallel evo-
With the PaxProcesglass, the analyst can store and mantution of different physics process hypotheses of an event.
age an arbitrary number of event-interpretations inclgdinAs illustrated in figure 2 for the analysis of single top pro-




duction, the analyst might want to distinguish the signala)

channel (figure 2.a) from its main backgrounds individu-

ally (figure 2.b and 2.c).

To allow easy management of different physics process
hypotheses of an event, the The cl&sProcessFactory
provides storage and easy access to an arbitrary number o
processes (i.e. instances of the clRagProces®r deriva-
tives) as well as user records and recording of arbitrary C++
pointers.

While thePaxEventInterpreinstances with their physics
objects are intented to remain in memory for one event, the

classes of the PaxFactory accessory are designed for life-

times of up to one computing job. Therefore, the classes
PaxProcessand PaxProcessFactorprovide virtual mem-
ber functions to be called at the beginning and end of a job,

at the beginning and end of a run, and, of course, at event

analysis and event finishing time. By default, the methods
of the PaxProcessFactorglass invoke the corresponding
methods of all managdeaxProcesinstances.

The PaxFactory accessory provides the clé&s-
EventinterpretTTreewhich allows to automatically copy
selected observables froRaxEventinterpreinstances on
an event-by-event basis into the TTree of a ROOT file.

Those observables may be kinematic data or user records

certain contained physics objects as well as user-recérds o
the event-interpretation. The automatic copy is performed
according to a user-defined, static copy-model in the for
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of a PaxEventinterpreinstance, that is passed to tRax-

EventinterpretT Treenstance at construction time.
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Figure 3: The Graphical User-Interface of VisualPax al
lows browsing of PAX I/O files and editing #faxEventin-

terpretinstances.

Visual PAX

rieigure 4: Example scheme for the use of the PAX kernel
plus accessories in advanced physics analyses. The same
software is used in different configurations when running
over a) experiment data and b) Monte-Carlo data.

in figure 3, VisualPax allows to graphically display and
modify event interpretations including properties and de-
cay chains of the contained physics objects. Therefore,
with the help of VisualPax and PAX 1/O files, the process-
models forPaxAutoProcesmstances as well as the copy-
models forPaxEventinterpretT Tremstances can be man-
aged in a comfortable way.

PAX ADVANCED ANALYSISEXAMPLE

Advanced physics analyses realized with the PAX kernel
and accessories can be designed according to the schema
shown in figure 4.

_ When running over experiment data, a dedicated,
experiment-specific interface class for filling the PAX con-
tainers (i.e PaxEventinterpreinstances) represents the in-
terface between detector reconstruction software and the
PAX factory. Once all relevant information is filled, the ob-
jects are passed toRaxProcessFactorinstance that man-
agesPaxAutoProcesmistances for each of the physics pro-

VisualPax is a recenlty developed accessory to the PAxesses under study. Each of ®exAutoProcesmstances
kernel that allows browsing of PAX 1/O files and editing ofnow evolves the combinatorial hypotheses for each event
PaxEventinterpreinstances in a Graphical User-Interfaceaccording to its process-model, that has been prepared ear-
VisualPax is based on the wxWidgets open source, crodger, e.g. with VisualPax. The virtual methdithishEvent()
platform native user-interface framework [8]. As showrpf the PaxProcessFactorglass then can be used to process



the resulting event hypotheses of all processes with decif7]
sion techniques such as Likelihood methods, Neural Net-
works, Decision Trees etc. The results of the analysis can
be written to PAX I/O files or selected observables can bgg]
written to a TTree of a ROOT file by using tiRaxEventin-
terpretTTreeclass.

When running over Monte-Carlo data, the generator in-[9]
formation can be passed to the PAX factory in addition.
Furthermore, thdPaxProcessFactorgan be extended by
PaxProcesslerivatives exploiting the Monte-Carlo truth in [10]
order to train the deployed decision techniques in terms of
ambiguity resolution and background-process suppression

VisualPax can be used at any stage of the analysis to fg1]
define process-models or monitor the results.

(12]
PAX PROJECT INFRASTRUCTURE

13
The PAX kernel and its officially supported accessorie[c, ]

are continuously maintained and further developed by cur-
rently eight core developers and undergoes regular quality
ensurance [9]. The PAX webpage [10] provides the PAX
Users Guide [11], a comprehensive text documentation of
the PAX toolkit, as well as class reference and fast naviga-
tor pages for download or online use. Version management
of the software project is handled with a web-browsable
Version Control System (CVS) [12][13].

ACKNOWLEDGEMENTS

The authors would like to thank Dominic Hirschbuehl,
Yves Kemp, Patrick Schemitz, and Thorsten Walter, for
helpful contributions and feedback.

REFERENCES

[1] M. Erdmann et al.Physics Analysis ExperProceedings of
the 14th Topical Conference on Hadron Collider Physics,
HCP2002, Karlsruhe, Germany, 2002.

[2] M. Erdmann, D. Hirschbihl, C. Jung, S. Kappler, Y. Kemp,
M. Kirsch et al., Physics Analysis Expert PAX: First Ap-
plications Proceedings of the conference on Computing
in High Energy and Nuclear Physics (CHEPO03), La Jolla,
USA, physics/0306085, 2003.

[3] M. Erdmann, U. Felzmann, D. Hirschbihl, C. Jung, S. Kap-
pler, M. Kirsch et al. New Applications of PAX in Physics
Analyses at Hadron CollidersProceedings of the confer-
ence on Computing in High Energy and Nuclear Physics
(CHEPO04), Interlaken, Switzerland, 2004.

[4] S. Kappler, M. Erdmann, U. Felzmann, D. Hirschbihl,
M. Kirsch, G. Quast et al.The PAX Toolkit and its Appli-
cations at Tevatron and LHGQEEE Trans. Nucl. Sci., vol.
53, no. 2, 2006.

[5] B. Stroustrup,The C++ Programming Languageiddison
Wesley, ISBN 0-201-88954-2, 1997.

[6] CLHEP library, documentation online available: http://proj-
clhep.web.cern.ch/proj-clhep/, 2006.

R. Brun et al.,, ROOT, an object oriented data analysis
framework Proceedings of the 23rd CERN School of Com-
puting, Marathon (Greece), 2000.

wxWidgets: open source, cross-platform native Ul frame-
work, online available: http://www.wxwidgets.org/, 2004-
2006.

Borland Together ArchitecBorland Software Corporation,
20450 Stevens Creek Blvd., Cupertino, CA 95014, USA,
2005.

M. Erdmann, S. Kappler, M. Kirsch, A. SchmideAX —
Physics Analysis eXpeutnline documentation and support:
http://cern.ch/pax, 2006.

M. Erdmann, S. Kappler, M. Kirsch, A. Schmi@RAX Users
Guide online available: http://cern.ch/pax, 2006.

CVS - Concurrent Version Systemiocumentation online
available: http://www.nongnu.org/cvs/, 2006.

PAX CVS Repositorpnline available:
http://isscvs.cern.ch/cgi-bin/viewcvs-all.cgi/?awst=pax,
2006.



