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J-PET analysis framework is a flexible, lightweight, ROOT-based software package which provides the tools to
develop reconstruction and calibration procedures for PET tomography. In this article we present the implemen-
tation of the full data-processing chain in the J-PET framework which is used for the data analysis of the J-PET
tomography scanner. The framework incorporates automated handling of PET setup parameters’ database as well
as high level tools for building data reconstruction procedures. Each of these components is briefly discussed.
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1. Introduction

Positron emission tomography (PET) is one of the
most accurate, non-invasive techniques used in modern
medical diagnostics to produce the metabolic image of
patient by reconstructing the spatial distribution of a ra-
diopharmaceutical administered into the patient’s blood.
The signals coming from the patient’s body in the form
of gamma quanta are recorded by scintillator-based to-
mography scanners.

The Jagiellonian PET (J-PET) collaboration develops
a novel concept of a time-of-flight PET (TOF-PET) ap-
paratus based on plastic scintillators, which largely im-
prove the field of view and the timing resolution of the
TOF method [1-5]. In order to achieve this goal, the
J-PET detector consists of large strips of plastic scin-
tillators read out at both ends by photomultipliers [6].
The photomultiplier signals are sampled and recorded
by dedicated front-end electronics (FEE) specifically de-
signed for this project [7, 8].

2. Technology

J-PET analysis framework has been developed mainly
in the C++ programming language applying the object-
oriented approach. Additionally, small parts of the code
are written in Python and Perl. The C++11 standard
and Boost Libraries have been used. Boost Unit Test
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Framework [9] has been chosen to construct a set of auto-
matic test to assure the quality of the code. The package
is based on the Open Source library ROOT [10] which is
a de facto standard in most of the modern high-energy
physics and hadron physics experiments. The documen-
tation of the code is automatically generated using dedi-
cated Doxygen program [11]. Besides, several external
libraries are used: tinyxml [12] and libconfig++ [13].
The database handler module responsible for the commu-
nication with the PostgreSQL database uses PostgreSQL
application programming interface (API) [14]. The SQL
queries have been enclosed in the PostgreSQL functions
which are remotely called from the framework code.

3. Framework architecture

The basic architecture of the J-PET framework was
already explained in Ref. [15]. In this section we shortly
review the main idea and explain in more detail the inte-
gration of the framework with the parametric database.

The data reconstruction in modern PET tomography is
a complex multi-stage process including several low and
high level reconstruction algorithms and calibration pro-
cedures, which needs a special computing support [16].
Also, some monitoring procedures are required to be im-
plemented.

The basic concept of the J-PET Framework is the de-
composition of analysis chains into series of standardized
modular blocks. Each module corresponds to a partic-
ular computing task, e.g. reconstruction algorithm or
calibration procedure, with a defined input and output
methods. The processing chain is built by registration of
chosen modules in the JPetManager, which is responsi-
ble for the synchronization of the data flow between the
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modules. This approach has several advantages e.g. it
permits to quickly interchange modules and to create a
processing chain that can be used for different experimen-
tal setups, e.g. in the J-PET project, the substitution
of the lowest level processing modules allows to analyse
both the raw data delivered by the full data acquisition
system (DAQ) but also data registered in the diagnostic
setup using a digital oscilloscope (see Fig. 1).
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Fig. 1. Scheme of an example data processing chain

with the J-PET framework.

In addition, the framework is well suited to develop
procedures in parallel, by taking advantage of the stan-
dardized module structure and predefined input/output.
This feature is particularly important in the prototype
phase of the project, where the several reconstruction
procedures are developed and tested at the same time by
different subgroups.

3.1. Data processing

The J-PET analysis framework aims at providing the
possibility to implement reconstruction procedures to
users even with little programming experience through
a convenient and simple API abstracting the technical
details. Creation of a simple analysis stage requires pro-
viding a module class which basically comprises three
methods only: one to be called prior to data process-
ing, one after processing, and a method called for each
event in the dataset. Any non-standard processing can
be achieved, however, simply by overwriting more spe-
cialized methods inherited from the base module. The el-
ementary pieces of recorded data are enclosed in objects
containing not only the experimental and reconstructed
information such as recorded time signals from time-to-
digital converters (TDC), but also pointers to objects
representing parameters of all the elements of the DAQ
system related to each signal. These pointers are im-
plemented using the TRef mechanism from the ROOT
framework which allows them to be persistently stored
and retrieved from ROOT files. Therefore, the set of
parameters from the database is downloaded only once
before the processing and then stored along with data
files which allows to access each necessary parameters
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related to a certain signal with O(1) operations at any
time. For every class a list of handful methods defines
an interface that makes the access to data easy. The re-
lation between the parametric objects reflexes the logical
or physical connection between the objects they repre-
sent, e.g. JPetPM object describing the proprieties and
setting of a photomultiplier, points to JPetScint object,
which corresponds to a scintillator module to which this
photomultiplier is connected. The information about all
the relations is encoded in the parametric database and
then is restored while generating parameter objects.

A typical processing scheme with the framework is split
between several modules, each analysing a set of data ob-
jects and combining them into more complex structures
as shown in Fig. 1. The analysis starts with a set of
raw TDC signals and uses them to reconstruct shapes
of electric signals from photomultipliers. Next, pairs of
signals corresponding to a single photon hit in a scintil-
lator strip are identified and used to build hit objects.
Finally, pairs of hits from a single annihilation event are
merged into event structures which in turn constitute the
input to image reconstruction procedures designed for
the J-PET [17-19]. Each of these steps is performed by
a separate module which allows for easy exchange of the
procedures in case of change in the DAQ system. For in-
stance, tests described in [6] were performed with a serial
data analyzer providing dense signal sampling with the
dedicated DAQ, but the respective data can be processed
by the same framework with an exchange of the lower-
level modules while the higher-level processing modules
are common for all DAQ chains (see Fig. 1).

3.2. Connection with the parametric database

During the PET examination all information about de-
tector setup and experimental conditions must be stored.
In the J-PET project the dedicated parametric database
is used for this purpose [20]. It uses PostgreSQL object-
relational database management system. The database
contains records about hardware settings, calibration
constants, initial setup parameters, alignment of the de-
tectors and software configurations. For each single mea-
surement all these settings must be saved and available at
any time for analysis and data processing. The commu-
nication between the parametric database and the anal-
ysis framework is done by a dedicated module (DBHan-
dler) [21]. It works as an interface handling all connec-
tion operations and hiding the details of the database
structure from users. The Parameter Manager gener-
ates necessary information for analysis and reconstruc-
tion modules, based on the data provided by the DB-
Handler, in the form of collections of parametric objects
describing geometry, scintillators, photomultipliers, volt-
age etc. The Parameter Manager is also responsible for
saving and reading the subsets of parameter objects in
ASCII or ROOT file formats. The information retrieved
from the database is stamped with the run number, which
uniquely determines a given measurement condition set.
The whole process is fully automated. The user has to
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give a valid run number identifier and the appropriate set
of parameters will be automatically created and loaded
in its analysis module.

4. Summary

In this article we have presented a software framework
for the PET tomography data analysis and reconstruc-
tion, that has been developed as a part of the J-PET
project. The package is ROOT-based and it is inspired
by several solutions from the hadronic and high energy
physics experiments [22-25]. The JPet framework pro-
vides a set of programming tools and predefined data
objects that helps in the implementation process even
for unexperienced users. As it was shown in the exam-
ples, the proposed modular architecture permits to ef-
ficiently handle different data sources, DAQ setups and
detector geometries by exchanging the low-level modules
in the processing chain. Finally, the J-PET framework
can provide information on the measurement conditions,
geometries and hardware setups as a set of parameter
objects generated based on the database registers in a
fully automated way. The first full analysis chain start-
ing from the “raw” data delivered by scanner data ac-
quisition system up to the reconstructed set of line of
response has been implemented. Currently, the full sig-
nal reconstruction in scintillator methods based on the
compressive sampling [26] and the library of signals [27]
are being incorporated.

Acknowledgments
We acknowledge technical and administrative sup-
port by T. Gucwa-Rys, A. Heczko, M. Kajetanow-
icz, G. Konopka-Cupiat, W. Migdal, and the finan-
cial support by the Polish National Center for Devel-
opment and Research through grant No. INNOTECH-
K1/IN1/64/159174/NCBR/12, the Foundation for Pol-
ish Science through MPD programme and the EU; MSHE
Grant No. POIG.02.03.00-161 00-013/09 and Doctus —

the Matopolska PhD Scholarship Fund.

References
[1] P. Moskal, Patents granted in 2014, N. EP2454612B1,
‘W02011008119, EP2454611, WO02011008118,

Poland.

[2] P. Moskal, T. Bednarski, P. Bialas, E. Czerwinski,
L. Kaplon, A. Kochanowski, G. Korcyl, J. Kowal,
P. Kowalski, T Kozik, W. Krzemiei, M. Molenda,
Sz. Niedzwiecki, M. Patka, M. Pawlik, L. Raczynski,
Z. Rudy, P. Salabura, N. G. Sharma, M. Silarski,
A. Stomski, J. Smyrski, A. Strzelecki, W. Wislicki,
M. Zielifiski, N. Zoin Radiother. Oncol. 110, S69
(2014).

[3] P. Moskal, P. Salabura, M. Silarski, J. Smyrski,
J. Zdebik, M. Zielinski, Bio-Algorithms Med-Syst. 7,
73 (2011).

[4] P. Moskal, T. Bednarski, P. Bialas, M. Ciszewska,
E. Czerwinski, A. Heczko, M. Kajetanowicz,
L. Kapton, A. Kochanowski, G. Konopka-Cupial,
G. Korcyl, W. Krzemiei, K. Lojek, J. Majew-
ski, W. Migdal, M. Molenda, S. Niedzwiecki,
M. Patka, Z. Rudy, P. Salabura, M. Silarski,
A. Stomski, J. Smyrski, J. Zdebik, M. Zielifiski,
Nucl. Med. Rev. 15, C68 (2012).

[5]

[6]

[7]

(8]

9]
[10]
[11]
[12]
[13]
[14]

[15]

[16]

1493

P. Moskal, T. Bednarski, P. Bialas, M. Ciszewska,
E. Czerwinski, A. Heczko, M. Kajetanowicz,
L. Kapton, A. Kochanowski, G. Konopka-Cupial,
G. Korcyl, W. Krzemien, K. Lojek, J. Majew-
ski, W. Migdal, M. Molenda, S. Niedzwiecki,
M. Patka, Z. Rudy, P. Salabura, M. Silarski,
A. Stomski, J. Smyrski, J. Zdebik, M. Zielisiski,
Nucl. Med. Rev. 15, C81 (2012).

P. Moskal, Sz. Niedzwiecki, T. Bednarski, E. Czer-
winski, L. Kaplon, E. Kubicz, I. Moskal, M. Pawlik-
Niedzwiecka, N.G. Sharma, M. Silarski, M. Zielisiski,
N. Zoii, P. Biatas, A. Gajos, A. Kochanowski, G. Ko-
rcyl, J. Kowal, P. Kowalski, T. Kozik, W. Krzemien,
M. Molenda, M. Palka, L. Raczynski, Z. Rudy,
P. Salabura, A. Stomski, J. Smyrski, A. Strzelecki,
A. Wieczorek, W. Wiglicki, Nucl. Instrum. Methods
Phys. Res. A 764, 317 (2014).

M. Patka, T. Bednarski, P. Bialas, E. Czerwinski,
L. Kaplon, A. Kochanowski, G. Korcyl, J. Kowal,
P. Kowalski, T. Kozik, W. Krzemien, M. Molenda,
P. Moskal, Sz. Niedzwiecki, M. Pawlik, L. Raczyiiski,
Z. Rudy, P. Salabura, N.G. Sharma, M. Silarski,
A. Stomski, J. Smyrski, A. Strzelecki, W. Wislicki,
M. Zieliniski, N. Zon, Bio-Algorithms Med-Syst. 10,
41 (2014).

G. Korcyl, P. Moskal, T. Bednarski, P. Bialas, E. Cz-
erwiniski, ¥.. Kapton, A. Kochanowski, J. Kowal,
P. Kowalski, T. Kozik, W. Krzemien, M. Molenda,
Sz. Niedzwiecki, M. Paltka, M. Pawlik, L. Raczynski,
Z. Rudy, P. Salabura, N. G. Sharma, M. Silarski,
A. Stomski, J. Smyrski, A. Strzelecki, W. Wislicki,
M. Zieliriski, N. Zon, Bio-Algorithms Med-Syst. 10,
37 (2014).

Website: BOOST,
www.boost.org/.

R. Brun, F. Rademakers, Nucl. Instrum. Methods
Phys. Res. A 389, 81 (1997).

Website:  Doxygen, available at:
stack.nl/~dimitri/doxygen/.

Available at: http://

http://www.

Website: TinyXML, available at: http://www.grin-
ninglizard.com/tinyxml/.

Website: Libconfig, available at: http://www.hyper-
realm.com/libconfig/.

Website: Libpgxx, available at: http://pgxx.org/de-
velopment /libpgxx/.

W. Krzemieri, M. Silarski, K. Stola, D. Trybek,
T. Bednarski, P. Biatas, E. Czerwiniski, .. Kaplon,
A. Kochanowski, G. Korcyl, J. Kowal, P. Kowalski,
T. Kozik, M. Molenda, P. Moskal, Sz. Niedzwiecki,
M. Patka, M. Pawlik, L. Raczyiski, Z. Rudy, P. Sal-
abura, N.G. Sharma, A. Stomski, J. Smyrski, A. Strz-
elecki, W. Wigdlicki, M. Zieliniski, N. Zoi Bio-
Algorithms Med-Syst. 10, 33 (2014).

W. Wiglicki, T. Bednarski, P. Bialas, E. Czerwiiiski,
L. Kaplon, A. Kochanowski, G. Korcyl, J. Kowal,
P. Kowalski, T. Kozik, W. Krzemienn, M. Molenda,
P. Moskal, S. Niedzwiecki, M. Patka, M. Pawlik,
L. Raczynski, Z. Rudy, P. Salabura, N.G. Sharma,
M. Silarski, A. Stomski, J. Smyrski, A. Strzelecki,
A. Wieczorek, M. Zieliniski, N. Zori Bio-Algorithms
Med-Syst. 10, 53 (2014).


http://dx.doi.org/10.1016/j.nima.2014.07.052
http://dx.doi.org/10.1016/j.nima.2014.07.052
http://dx.doi.org/10.1515/bams-2013-0104
http://dx.doi.org/10.1515/bams-2013-0104
http://dx.doi.org/10.1515/bams-2013-0115
http://dx.doi.org/10.1515/bams-2013-0115
http://boost.org/
http://boost.org/
http://dx.doi.org/10.1016/S0168-9002(97)00048-X
http://dx.doi.org/10.1016/S0168-9002(97)00048-X
http://stack.nl/~dimitri/doxygen/
http://stack.nl/~dimitri/doxygen/
http://grinninglizard.com/tinyxml/
http://grinninglizard.com/tinyxml/
http://hyperrealm.com/libconfig/
http://hyperrealm.com/libconfig/
http://pqxx.org/development/libpqxx/
http://pqxx.org/development/libpqxx/
http://dx.doi.org/10.1515/bams-2013-0109
http://dx.doi.org/10.1515/bams-2013-0109
http://dx.doi.org/10.1515/bams-2014-0001
http://dx.doi.org/10.1515/bams-2014-0001

1494

[17]

[18]

[19]

[20]

[21]

[22]

W. Krzemien et al.

A. Stomski, Z. Rudy, T. Bednarski, P. Biatas, E. Cz-
erwiniski, ¥.. Kaplon, A. Kochanowski, G. Korcyl,
J. Kowal, P. Kowalski, T. Kozik, W. Krzemien,
M. Molenda, P. Moskal, Sz. Niedzwiecki, M. Palka,
M. Pawlik, L. Raczynski, P. Salabura, N. G. Sharma,
M. Silarski, J. Smyrski, A. Strzelecki, W. Wislicki,
M. Zieliniski, N. Zonn Bio-Algorithms Med-Syst. 10, 1
(2014).

P. Bialas, J. Kowal, A. Strzelecki, T. Bed-
narski, E. Czerwinski, ¥.. Kaplon, A. Kochanowski,
G. Korcyl, P. Kowalski, T. Kozik, W. Krzemien,
M. Molenda, P. Moskal, Sz. Niedzwiecki, M. Palka,
M. Pawlik, L. Raczynski, Z. Rudy, P. Sal-
abura, N. Gupta-Sharma, M. Silarski, A. Slom-
ski, J. Smyrski, W. Wislicki, M. Zielinski Acta
Phys. Pol. B Proc. Suppl. 6, 1027 (2013).

P. Bialas, J. Kowal, A. Strzelecki, T. Bednarski,
P. Bialas, E. Czerwinski, K. Giergiel, L. Kaplon,
A. Kochanowski, G. Korcyl, P. Kowalski, T. Kozik,
W. Krzemieri, M. Molenda, I. Moskal, P. Moskal,
Sz. Niedzwiecki, M. Patka, M. Pawlik, L. Raczynski,
Z. Rudy, P. Salabura, N.G. Sharma, M. Silarski,
J. Smyrski, A. Stomski, K. Szymariski, W. Wislicki,
M. Zieliniski, N. Zoni, Bio-Algorithms Med-Syst. 10,
9 (2014).

E. Czerwinski, M. Zieliniski, T. Bednarski, P. Bialas,
L. Kaplon, A. Kochanowski, G. Korcyl, J. Kowal,
P. Kowalski, T. Kozik, W. Krzemien, E. Kubicz,
M. Molenda, P. Moskal, Sz. Niedzwiecki, M. Palka,
M. Pawlik, L. Raczyiski, Z. Rudy, P. Salabura,
N. G. Sharma, M. Silarski, A. Stomski, J. Smyrski,
A. Strzelecki, A. Wieczorek, W.Wiglicki, N. Zoii Bio-
Algorithms Med-Syst. 10, 79 (2014).

A. Gruntowski, M.Sc. Thesis, Jagiellonian University,
2014.

P. Adlarson, W. Augustyniak, W. Bardan,
M. Bashkanov, T. Bednarski, F. S. Bergmann,
M. Berlowski, H. Bhatt, M. Buescher, H. Calen,
H. Clement, D. Coderre, E. Czerwinski, K. Demmich,
E. Doroshkevich, R. Engels, W. Erven, W. Eyrich,
P. Fedorets, K. Foehl, K. Fransson, F. Golden-
baum, P. Goslawski, A. Goswami, K. Grigoryev,
C.-O. Gullstroem, F. Hauenstein, L. Heijkenskjoeld,
V. Hejny, F. Hinterberger, M. Hodana, B. Hoeistad,
A. Jany, B. R. Jany, L. Jarczyk, T. Johansson,
B. Kamys, G. Kemmerling, F. A. Khan, A. Khoukaz,
S. Kistryn, J. Klaja, H. Kleines, B. Klos, M. Krapp,
W. Krzemien, P. Kulessa, A. Kupsc, K. Lalwani,
D. Lersch, L. Li, B. Lorentz, A. Magiera, R. Maier,
P. Marciniewski, B. Marianski, M. Mikirtychiants,
H.-P. Morsch, P. Moskal, B. K. Nandi, S. Niedzwiecki,
H. Ohm, I. Ozerianska, E. Perez del Rio, P. Plu-
cinski, P. Podkopal, D. Prasuhn, A. Pricking,
D. Pszczel, K. Pysz, A. Pyszniak, C. F. Redmer,
J. Ritman, A. Roy, Z. Rudy, S. Sawant, S. Schad-
mand, A. Schmidt, T. Sefzick, V. Serdyuk, N. Shah,
M. Siemaszko, R. Siudak, T. Skorodko, M. Skurzok,
J. Smyrski, V. Sopov, R. Stassen, J. Stepa-
niak, E. Stephan, G. Sterzenbach, H. Stockhorst,
H. Stroeher, A. Szczurek, T. Tolba, A. Trzcinski,
R. Varma, P. Vlasov, G. J. Wagner, W. Weglorz,
M. Wolke, A. Wronska, P. Wuestner, P. Wurm,
A. Yamamoto, X. Yuan, L. Yurev, J. Zabierowski,
C. Zheng, M. J. Zielinski, W. Zipper, J. Zlomanczuk,
P. Zupranski, M. Zurek Phys. Rev. C 87, 035204
(2013).

23]

[24]

[25]
[26]

[27]

G. Amelino-Camelia, F. Archilli, D. Babusci,
D. Badoni, G. Bencivenni, J. Bernabeu, R.A. Bertl-
mann, D.R. Boito, C. Bini, C. Bloise, V. Bocci,
F. Bossi, P. Branchini, A. Budano, S.A. Bulychjev,
P. Campana, G. Capon, F. Ceradini, P. Ciambrone,
E. Czerwinski, H. Czyz, G. D’Ambrosio, E. Dané,
E. De Lucia, G. De Robertis, A. De Santis, P. De Si-
mone, G. De Zorzi, A. Di Domenico, C. Di Do-
nato, B. Di Micco, D. Domenici, S. I. Eidelman,
O. Erriquez, R. Escribano, R. Essig, G. V. Fedo-
tovich, G. Felici, S. Fiore, P. Franzini, P. Gauzzi,
F. Giacosa, S. Giovannella, F. Gonnella, E. Graziani,
F. Happacher, B.C. Hiesmayr, B. Hoéistad, E. Iarocci,
S. Ivashyn, M. Jacewicz, F. Jegerlehner, T. Jo-
hansson, J. Lee-Franzini, W. Kluge, V.V. Ku-
likov, A. Kupsc, R. Lehnert, F. Loddo, P. Lukin,
M.A. Martemianov, M. Martini, M. A. Matsyuk,
N.E. Mavromatos, F. Mescia, R. Messi, S. Miscetti,
G. Morello, D. Moricciani, P. Moskal, S. Miiller,
F. Nguyen, E. Passemar, M. Passera, A. Passeri,
V. Patera, M.R. Pennington, J. Prades, L. Quin-
tieri, A. Ranieri, M. Reece, P. Santangelo, S. Sarkar,
I. Sarra, M. Schioppa, P.C. Schuster, B. Sciascia,
A. Sciubba, M. Silarski, C. Taccini, N. Toro, L. Tor-
tora, G. Venanzoni, R. Versaci, L.-T. Wang, W. Wis-
licki, M. Wolke, J. Zdebik, Eur. Phys. J. C 68, 619
(2010).

E. Czerwinski, P. Moskal, M. Silarski, S.D. Bass,
D. Grzonka, B. Kamys, A. Khoukaz, J. Klaja,
W. Krzemien, W. Oelert, J. Ritman, T. Sefzick,
J. Smyrski, A. Taschner, M. Wolke, M. Zielinski,
Phys. Rev. Lett. 113, 062004 (2014).

T. Galatyuk, Nucl. Phys. A 931, 41 (2014).

L. Raczynski, P. Moskal, P. Kowalski, W. Wislicki,
T. Bednarski, P. Bialas, E. Czerwinski, L. Kapton,
A. Kochanowski, G. Korcyl, J. Kowal, T. Kozik,
W. Krzemien, E. Kubicz, M. Molenda, I. Moskal,
Sz. Niedzwiecki, M. Patka, M. Pawlik-Niedzwiecka,
Z. Rudy, P. Salabura, N.G. Sharma, M. Silarski,
A. Stomski, J. Smyrski, A. Strzelecki, A. Wieczorek,
. Zielinski, N. Zoti, arXiv:1407.8293, (2014).

Moskal, N. Zon, T. Bednarski, P. Bialas,
Czerwinski, A. Gajos, D. Kaminska, L. Kaplon,
. Kochanowski, G. Korcyl, J. Kowal, P. Kowalski,
Kozik, W. Krzemieri, E. Kubicz, Sz. Niedzwiecki,
Paltka, L. Raczynski, Z. Rudy, O. Rundel,
Salabura, N.G. Sharma, M. Silarski, A. Stomski,
J. Smyrski, A. Strzelecki, A. Wieczorek, W. Wislicki,
M. Zieliiski Nucl. Instrum. Methods Phys. Res. A
775, 54 (2015).

NEZHFET Z


http://dx.doi.org/10.1515/bams-2013-0106
http://dx.doi.org/10.1515/bams-2013-0106
http://dx.doi.org/10.5506/APhysPolBSupp.6.1027
http://dx.doi.org/10.5506/APhysPolBSupp.6.1027
http://dx.doi.org/10.1515/bams-2013-0111
http://dx.doi.org/10.1515/bams-2013-0111
http://dx.doi.org/10.1515/bams-2014-0003
http://dx.doi.org/10.1515/bams-2014-0003
http://dx.doi.org/10.1103/PhysRevC.87.035204
http://dx.doi.org/10.1103/PhysRevC.87.035204
http://dx.doi.org/10.1140/epjc/s10052-010-1351-1
http://dx.doi.org/10.1140/epjc/s10052-010-1351-1
http://dx.doi.org/10.1103/PhysRevLett.113.062004
http://dx.doi.org/10.1016/j.nuclphysa.2014.10.044
http://arXiv.org/abs/1407.8293
http://dx.doi.org/10.1016/j.nima.2014.12.005
http://dx.doi.org/10.1016/j.nima.2014.12.005

