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Abstract

The program InvMass has been developed to perform a generallindépendent
search for new particles using the ATLAS detector at the Large Hadaiid€r (LHC),
a proton-proton collider at CERN. The search is performed by examinitigtatally sig-
nificant variations from the Standard Model predictions in exclusivatesiasses classified
according to the number of identified objects. The program, called InvMiasis all rele-
vant particle groups identified with the ATLAS detector and analyzes thedymtion rates,
invariant masses and the total transverse momenta. The generic cog®akmcan easily
be adapted for any particle types identified with the ATLAS detector. Skeberachmark
tests are presented.



1 Introduction

The results ofpp collisions at the LHC will allow physicists to search for new particles that carob-
orate or disprove current theories such as the Standard Model (BM)ATLAS detector is a general-
purpose detector that can identify many types of known particles whichdierbe used for searches
when the LHC begins its operation.

One promising path to discoveries at the LHC is through general, modelendept searches in
which events can be classified in exclusive classes according to the nofridentified high-ET ob-
jects. Such event classes can be analyzed by reconstructing eesnimaariant masses and other event
characteristics. A general search analyzes all the collected data amghistte find new parent particles
over the specified kinematic range of that data. Unlike a model-basedambpreuch signature-based
approach is not sensitive to particular models.

To handle the scale of general searches, a computer program hagaedbeped. Since it is possible
to identify many different particles using the ATLAS detector, and sincenggrarticles can decay into
any number of daughter particles, the number of histograms to create alyd@becomes very large.
For example, if it is possible to identify 7 types of high-ET objects and a kdarmade for a parent
object which decays into 2, 3, or 4 daughter particles, 322 unique teugtoups must be investigated.
If the search includes groups of 5 daughter particles as well, the numtreases to 784 groups. To
manually code every possible outcome would be difficult and time consuming,damputer program
can determine each possible grouping easily.

The idea for a general search is not new. A general search whsrpetl using the H1 detector at
HERA, an electron-proton collider. The HERA search [1] broke idemtifiarticles and jets into unique
groups and analyzed the transverse momenta (PT), invariant massafiifigvent distribution of the
groups. The same type of search was performed using the Tevatrorecaliidermi National Laboratory.
The searches were based on the Vista program (examines populatitkinematic features of the high-
pT data), the Bump Hunter [2] (for resonances in invariant mass comhiist@md the Sleuth program
developed for studies of excesses at high quim2, 3]. However, neither search provided conclusive
results.

The InvMass discussed in this node is a ROOT/C++ based program dddigna general search
using the ATLAS detector. InvMass separates high-ET identified objectslfin each event into groups
of daughter particles. Using those groups, it fills corresponding higtogmvith information about the
groups of identified particles; their event rate, IM and total transversementa. InvMass can also
automatically analyze the histograms and output a summary of the peaks that ficayd.

2 Program structure

As stated, InvMass is a program that has been written at ANL to execuweeaa search using high-ET
identified objects. It makes use of the ROOT/C++ framework for data asabysd its architecture is
compartmentalized so that the code is easy to understand and edit. HolmeMass is the very last
step in the data analysis process. It requires an Athena based primgcagate the ROOT ntuple files it
uses.

At present, InvMass uses the PromptGamma athena program [4] whieartdAOD/DPD files into
compact ROOT ntuples. The ntuples organize the data by particle type andiligual particles. The
data to be stored includes the momentum, energy, and charge of each fauticién the events. Once
the ntuples are created by the Athena program, InvMass can be usddasis will execute a general
search, and by analyzing the ROOT ntuples it will output histograms whiclbevillsed to identify parent
particles. Once those histograms are created, they can be analyzed byribther programs if desired.
A schematic representation of the general-search program is showruireRig
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Figure 1: A schematic representation of the InvMass reconstructioré &bject types (for example, for
jet, v, 1, misskT, eJ), there are 21 combinations for 2-body decays, 56 combinations for&@/de126
combinations for 4 decays. In total, this gives 406 histograms with for invianiesses and transverse-
momentum distributions.

There are four steps in InvMass that are used to execute the seardveAview of these steps will
shed light on the overall architecture of InvMass and how it works. fei@umay be a helpful visual
representation of the description. The first step is the file loop. InvMasstien such that it can read
multiple ROOT files each time that it is run. Therefore, no matter how many ROQilastiare being
analyzed, all of the data is outputted in one location. The file loop is located imafive function of
the program and makes use of a class called Class Global to hold the loa#tibwesfiles to run over.
Within the file loop is the next step, the event loop. As previously stated, R@@les are organized by
events. The event loop is nested in the file loop and uses a separat€@ass:ventLoop, to access the
individual events from the ROQOT files. Within the event loop the particles feach event are accessed
and stored, organized by the particle’s type. Next is the particle-type |dtgsted within the event
loop, the particle-type loop is executed by the Class InvMass. Within thea x@m Class InvMass is
passed TClonesArrays, arrays that are full of objects found in RQi@daries, for each particle type.
The particle-type loop collects each possible unique combination of thesel@aypes (see Table 2).
Lastly, there is the particle loop. Nested within the particle-type loop, it is thped#end final step of
InvMass. Also executed by Class InvMass, the particle loop runs thrtheyparticle-type groups and
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finds each unique group of individual particles to analyze (Table 2§ darfalysis of the general search
is preformed within this final loop, and the IM and total PT of the particle gsaspetermined. The
information is stored in histograms based on the particle-type group the pagieédrom. For example,
the IM of all electron-electron pairs are stored in one histogram, and thieR@taf all jet-jet-gamma
groups are stored in another, separate histogram.

Configuration file ‘ Initialize Class InvMass ‘

Input file list “ File Loop ‘

Event Loop

InvMass::WriteHisto()

o

Figure 2: A schematic representation of the InvMass program structure.

3 Features

InvMass has many different features which can be accessed. Teeafjsearch can be altered to fit
different data sets and search ranges, while maintaining its generalitge@iheh can perform basic cuts
to maintain its integrity, and the output can be controlled to the specificationgdeailt of the features
can be changed with little to no alteration of the code, so the program will raeslgl to be recompiled.
This is possible through the use of a configuration file. Data sets anchgaages can easily be altered.
There are a few options that control these tools. InvMass can be attemeark for a specific data set
based on the particle types the data contains. It can be modified to selebtafhimse particle types
to use in the search. Furthermore, InvMass can be told how many partig&sctoin the decay groups
being searched. To alter InvMass to fit a different data set is doneghrooding. It is the only change
which requires the program to be recompiled. In this case, a differ¢atsgd is the set of all data files
stored in ROOT ntuples which contain data for a certain group of particlestyper example, if one
data set contains information of electrons, jets, and photons, a difidganset may contain information
about electrons, photons, and muons. To alter InvMass to a specifisetatuires an alteration of the
code in the event loop. Within the event loop a vector is filled with the TClormagArof each particle
type. But for each different data set, the particle-types change in saye Whe vector created and
passed by the event loop must be altered to contain every particle typebévaitad only those particle
types which are available based on the ROOT ntuples being analyzedth®nisechanged, the program
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must be recompiled before it is used for that specific data set. Howewanglén to modifying InvMass
to choose the particle types to use does not require coding. The catitgufile for InvMass is used
to make this change, so the program does not need to be recompiled. Witkontiguration file there
is a list of particle names. This list must match exactly to the vector created in émt leop, in the
correct order, or else the output data will be misrepresented perlyagledirons being labeled jets and
vice versa.

Once the list is correct and complete, the particle types in the search cao$encby commenting
out those which are not desired. When a patrticle type is commented out, ih@vee from the vector
created in the event loop before the particle type loop is performed. Likewimnging the number of
particles to use in the decay groups is set in the configuration file. Therealsi@, numDecays, which
can be set to any number 2 or greater. For example, if numDecays is sehéoptogram will than
perform a search for all decay groups that contain 2, 3, or 4 partiéleg value can be chosen, there is
no limit the search can be run for decay groups of 2 to 5, 2 to 10, and2tef00 if desired. Since the
feature is set through the configuration file, the program does nottadedrecompiled. Performing Cuts
InvMass also has the capability to perform generic cuts to maintain the integtitg search. There are
three cuts available; a minimum cut on PT for individual particles, a maximuiditaput for individual
particles, and overlap removal for particles that were counted in two @désg The cuts are performed
before the particle type loop is executed for higher efficiency.

All cuts can be set in a configuration file. First there is the PT cut. It isugeelcon a particle type
basis, so each type is given a minimum value. Each individual particle iketieagainst its type’s
minimum value. If the particle’s PT is too low, the particle is removed from the T€ddmray it was
stored in. The rapidity cut is performed in a similar way. There is one majagréifice though only one
cut is performed on all particles, regardless of their type. So, therdysone value to set, the maximum
pseudorapidity value. As with the PT cut, all individual particles are cheand if a particle has a
pseudorapidity value greater than the value set, it is removed from the @€Aoray that it was stored
in. There is a third type of cut, overlap removal. This cut has a booleanroftiturn it on and off, as
well as specific options for how to perform it.

When data is collected and stored, some particles can be tagged as twendiffgres, for example
as both a jet and an electron. Only one of the tags is correct, so the othéd ¢fe removed in order
to maintain data integrity. The problem for InvMass became how to perforemargl cut using overlap
removal without knowing what the particles being cut were. The progragded to make a decision
about which of the tags should be kept. So, a precedence value wed fmdcach particle type. The
particle type which has the higher precedence value is the particle type tidedmunted particle is
removed from. However, there must also be some value used to determinartfchepis being double
counted. Therefore, the value of dR is used; particles must be greateatminimum dR value apart
or else they are the same particle. If they are the same particle, they areegracsording to the
precedence value from the associated TClonesArray.

The output can be controlled using the input configuration file. Therdhsiee main sections of
output that can be modified; the output file name, the histogram bin anddeimjks, and peak searching.
All are fully modifiable through the configuration file. The output file name istomizable. It is set as
a relative path, so it can be placed anywhere relative to the executatile pfogram. By default it is
set to write to the "out” folder. The file name is set as a stub, without the filesixip. The extension is
added by InvMass, based on what the output is, either the ROOT file Wbids the histograms or the
text file which holds the summary of the peaks found by the peak searethistogram details are also
fully customizable. There are two types of histograms created by InvNlgssistograms and total PT
histograms. Both types can be set to different specifications. The etemines the number of bins and
the range covered by the histograms. Finally, there is a peak searchingjhece is a boolean option to
turn peak searching on and off. The peak search InvMass usesddg@n object of the TSpectrum class



from ROOT. When the search is performed there are many differentrigotiiocontrol how it determines
which peaks are important enough to mark and which histograms are impentangh to search. The
ideal values for these search parameters have yet to be found.

4 Tests

4.1 Testsusing signal events

Using a several Monte Carlo samples with signal events, the entire andhgsiswas tested, starting
from AOD events, creation of ROOT ntuples using the PromptGamma progrdrpracessing ntuples
in parallel using the InvMass program.

For the Monte Carlo simulation, we have mixed several samples with arbitragitseising PYTHIA.
The Monte Carlo sample includeti— e e, uy~u*, 717, G— yyandy+ jet events. The created
ntuples include electrons, jets, photons, muons, Z bosons, and missiNg Bparticular trigger selection
was used. A typical even rate of the entire analysis chain is shown in Fig. 1.

The transverse momentum cut was set to 20 GeV for all particles, the rapidityas set to 2.4, and
the dR value for overlap removal was set to 0.3. All particles types in thesg#gavere used, and decay
groups of up to 4 particles were analyzed. The output histograms inclodadant-mass distributions,
transverse momenta of groups of particles and their rates. In case itip gomtains a missing ET, the
transverse invariant mass was calculated.

Due to a large number of generated histograms, we show only a few invarass histograms for
"representative” channels with the expected peaks (histograms fot estes and transverse momenta
are not shown). Figures 3 show several such channels with the feake gravitonG — yy, Z-boson
and peaks due to reflection from te— yy decay (whery was misreconstructed as a jet). The peak
for y-jet channel indicates that the overlap removal discussed before aptiotal and has to be further
tuned.

4.2 Testsusing SM background samples

The program was tested by simulating the standard model QCD backgroasespes. For this, ATLfast
program was used. It created in-memory store-Gate objects (see Fay. djch event class and then
saved to ntuples using the PrompGamma program. The whole analysis wasmegeifusing a Tier3
computer setup as described in [5].

As before, the event sample was generated using the PYTHIA model with-thé settings, after
increasing the minimum transverse momentum cut to 130 GeV (CKIN(3) pargmedi@0OM events
have been generated, which corresponds to 0:5.fdNo trigger selection was applied. The events
have been accepted for thet + X event topologiesX = p,e, 1,missET) or X + X event topologies
(X = u,e 1,missET). Events with dijets were not considered due to reduce event rate ¢brtssts.
Each object should have the minimum transverse momenta 150 GeV. Eveatbd®v analyzed up to
4-body decays, and event rates, invariant masses and transvensenta of group of particles have been
reconstructed.

Figures 4-6 show the most representative distributions for invarianteadssseveral event classes.
The minimum invariant mass was set to 80 GeV and the rapidity range wastezsto2.4.



5 Conclusion

Exotic physics will be a large part of the searches being performed tisngHC data. Where a range
is predicted for finding a certain particle, that range can be analyzedghre general searches. For
unforeseen physics, the broad view of the general search maythipeasibilities in ranges unlikely to
be searched otherwise. A general search will be a first report akstiag areas, it will help to explore
existing theories and perhaps it will even reveal new searches thaltidw performed.

The InvMass program is designed for general, model-independanthes for new physics over
a wide kinematic range and arbitrary depth in grouping of identified objeckse pFogram is easily
adaptable to work for any collection of particles that the ATLAS detectorreaard. Some work must
be done to fully understand the overlap removal algorithm in presencerof difierent types of objects
and the peak search options.

A general search does have its limitations. The broad range does noffatlawery precise search
with detailed background removal. Nevertheless, it can be used as eficst and a starting point for
more detailed searches, and can provide a broad view of decay pdttefmgher studies. The program
is available at [6].
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