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Abstract. We present the HepMC3 library designed to perform manipulations with event
records of High Energy Physics Monte Carlo Event Generators (MCEGs). The library is a
natural successor of HepMC and HepMC2 libraries used in the present and in the past. HepMC3
supports all functionality of previous versions and significantly extends them. In comparison
to the previous versions, the default event record has been simplified, while an option to add
arbitrary information to the event record has been implemented. Particles and vertices are
stored separately in an ordered graph structure, reflecting the evolution of a physics event and
enabling usage of sophisticated algorithms for event record analysis. The I/O functionality of
the library has been extended to support common input and output formats of HEP MCEGs,
including formats used in Fortran HEP MCEGs, formats used in HepMC2 library and ROOT.
The functionality of the library allows the user to implement a customised input or output
format. The library is already supported by popular modern MCEGs (e.g. Sherpa and Pythia8)
and can replace the older HepMC versions in many others.

1. Introduction

The HepMC3 [1] [2] library is designed to perform manipulations with event records of High
Energy Physics Monte Carlo Event Generators (MCEGs). The library is a natural successor of
the HepMC and HepMC2 [3] libraries used in the present and in the past. HepMC3 supports
all the functionality of previous versions and significantly extends it.

2. Data and object model

During the simulation of elementary particle reactions at high energies in MCEGs it is necessary
to store and/or modify the information related to the simulation. HepMC3 aims to aid MCEGs
with this task. The logical structure of the information in the HepMC3 library follows the general
convention of MCEGs. The smallest unit of information is an event which contains particles and
vertices. The particles and vertices are stored separately in an ordered graph structure, reflecting
the evolution of a simulated physics event and enabling usage of sophisticated algorithms for
event record analysis. In HepMC3 the information is represented via C++4 objects and can be
serialised as C++ structures with plain data types. The main types of objects (plain structures)
in HepMC3 are:
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e GenRunInfo (GenRunlInfoData) — type of the main bookkeeping object that holds
metainformation about the generated event(s): list of used tools, names of used event
weights.

e GenEvent (GenEventData) — type of the main data object that holds the position of the
primary interaction, list of vertices, particles and attributes in the event.

e GenVertex (GenVertexData) — type of the objects used to describe decays and interactions,
holds its position, list of incoming and outgoing particles, can have multiple attributes
stored in the parent GenFEvent.

e GenParticle (GenParticleData) — type of objects used to describe particles, holds momenta,
flavour, status of the particle, can have multiple attributes stored in the parent GenFwvent.

o Attribute (std::string) — base class used to store arbitrary information. The attribute data
is stored as a string, which is used to initialise an object of arbitrary type derived from the
Attribute class.

The Attribute objects allow custom information to be stored in the events. Apart from the
attributes used to store plain types (double, int, std::string) the library provides implementation
for the following attributes:

e GenPDFInfo — used to store PDF information, holds same information as the HepMC2
counterpart.

e GenCrossSection — used to store cross-section information, holds same information as the
HepMC2 counterpart.

o GenHeavylon — used to store heavy information for heavy ion collisions. To improve the
treatment of heavy ion collisions the GenHeavylon object has been extended significantly.
The final goal of these changes is to satisfy the requirements (e.g. to comply to Lisbon
Accord [4]) of groups performing heavy ion physics studies.

Thanks to the usage of ISO/IEC 14882:2011 C++ (denoted below as c++11), the object model
of the library has been significantly improved and simplified in comparison to the model used
in HepMC2. All custom iterators were removed and the library became more modular, allowing
the implementation of custom features without breaking the compatibility with core library
components.

Another important novelty in the HepMC3 library with respect to the predecessor is the built
in support of LHEF routines and file format [5] [6]. The Les Houches accord on an event file
format (LHEF) is used for passing events from a matrix element generator program (MEG) to a
MCEG implementing parton showers, underlying event models, hadronisation models etc. The
standard implementation in C++ of the LHEF routines had already been maintained by Leif
Lonnblad. It was decided to merge that implementation into the HepMC3 library and provide
in this way a single package for manipulations with event records used in MCEGs and MEGs.

3. I/0O capabilities

The serialisation of the MCEG event record is the most important part of the library. Historically
the serialisation was implemented in different packages and in different formats. The number of
formats led to problems in the interaction between different simulation packages. For instance,
significant technical difficulties arise when the LHC-era MCEGs are used in the simulation
and reconstruction chains of older experiments. To overcome such difficulties support for the
following formats was implemented in the library:

e 10_GenEvent — the plain text based format used in HepMC2 [3] library, see Listing
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1 HepMC::Version 3.0.0

HepMC::I0_GenEvent -START_EVENT_LISTING
3 E 0 0 9.188128e+01 1.298440e-01 7.818181e-03 221 0 7 10001 10004 0 1 1.0000000000000000e+00
1 "o"
GEV MM
2.6442255100000002e+03 2.6442255100000002e+03
11 -11 9.97420767e-01 9.99999975e-01 9.18812775e+01 1.56824725e+01 2.82148362e+06 0 0
-1 00000120
10001 11 0.0000000000000000e+00 0.0000000000000000e+00 4.5999999997161737e+01 4.6000000000000007e+01 5.1099999999999995e-04 4 0 0 -1 O
10002 11 0.0000000000000000e+00 0.0000000000000000e+00 4.5881355265109356e+01 4.5881355265109356e+01 0.0000000000000000e+00 61 0 0 -3 O
10003 22 0.0000000000000000e+00 0.0000000000000000e+00 1.1864473489064407e-01 1.1864473489064407e-01 0.0000000000000000e+00 1 0 0 0 O
200000120
10004 -11 0.0000000000000000e+00 0.0000000000000000e+00 -4.5999999997161737e+01 4.6000000000000007e+01 5.1099999999999995e-04 4 0 0 -2 0
10005 -11 0.0000000000000000e+00 0.0000000000000000e+00 -4.5999998855671230e+01 4.5999998855671230e+01 0.0000000000000000e+00 61 0 0 -4 O
10006 22 0.0000000000000000e+00 0.0000000000000000e+00 -1.1443287704082650e-06 1.1443287704082650e-06 0.0000000000000000e+00 1 0 0 0 O
-300000010

Listing 1. 10_GenEvent (HepMC2 standard) as implemented in HepMC3
This implementation is fully compatible with one in the HepMC2 library.

<vwwwu<vwUwU<TWag=

e Asciiv3 — native plain text based format, see Listing

HepMC::Version 3.0.0
HepMC::Ascii3-START_EVENT_LISTING

N

W
L EO0 7 12
U GEV MM
6 W 1.0000000000000000000000e+00
A 0 GenCrossSection 2.64422551e+03 2.64422551e+03 -1 -1
8 A O GenPdfInfo 11 -11 9.97420767e-01 9.99999975e-01 9.18812775e+01 1.56824725e+01 2.82148362e+06 0 0
A 0 alphaQCD 0.129844
10 A 0 alphaQED 0.007818181
A 0 event_scale 91.88128
12 A 0 mpi 0
A 0 signal_process_id 221
14 A 0 signal_process_vertex 0
P 10 11 0.0000000000000000e+00 0.0000000000000000e+00 4.5999999997161737e+01 4.6000000000000007e+01 5.1099999999999995e-04 4
16 P 2 1 11 0.0000000000000000e+00 0.0000000000000000e+00 4.5881355265109356e+01 4.5881355265109356e+01 0.0000000000000000e+00 61
P 3 1 22 0.0000000000000000e+00 0.0000000000000000e+00 1.1864473489064407e-01 1.1864473489064407e-01 0.0000000000000000e+00 1
I8 P 4 0 -11 0.0000000000000000e+00 0.0000000000000000e+00 -4.5999999997161737e+01 4.6000000000000007e+01 5.1099999999999995e-04 4
P 5 4 -11 0.0000000000000000e+00 0.0000000000000000e+00 -4.5999998855671230e+01 4.5999998855671230e+01 0.0000000000000000e+00 61
20 P 6 4 22 0.0000000000000000e+00 0.0000000000000000e+00 -1.1443287704082650e-06 1.1443287704082650e-06 0.0000000000000000e+00 1
P 7 2 11 0.0000000000000000e+00 0.0000000000000000e+00 4.5881355265109356e+01 4.5881355265109356e+01 0.0000000000000000e+00 21

Listing 2. HepMC3 Asciiv3 (HepMC3 standard)
While being similar to I0_GenEvent, this format is extendable and in comparison to the
former requires less storage space, as it does not save meaningless information on particles
(e.g. colour flow for hadrons).

e HEPEVT - plain text based format used by many MCEGs written in Fortran (e.g. Pythia6),
see Listing [3]

I EO0 12

4 -11 0 0 3 11 0.00000000E+00 0.00000000E+00 -4.60000000E+01 4.60000000E+01 5.11000000E-04
3 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00

4 11 0 0 4 12 0.00000000E+00 0.00000000E+00 4.60000000E+01 4.60000000E+01 5.11000000E-04
5 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00

61 -11 1 1 5 5 0.00000000E+00 0.00000000E+00 -4.59999989E+01 4.59999989E+01 0.00000000E+00
7 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00

61 11 2 2 6 6 0.00000000E+00 0.00000000E+00 4.58813553E+01 4.588135563E+01 0.00000000E+00
9 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00

21 -11 3 3 7 7 0.00000000E+00 0.00000000E+00 -4.59999989E+01 4.59999989E+01 0.00000000E+00

Listing 3. HepEVT (Fortran era generators) as implemented in HepMC3
The main purpose of the implementation is to provide a compatibility layer for the MCEGs
used in the completed HEP experiments at HERA, LEP and PETRA machines.

e ROOTTTree - ROOT |[7] based format with GenEvent objects serialized as ROOT TTree,
see Fig. This is the format of biggest practical interest. It has several advantages in
comparison to the other formats: it allows random access, access over network, has the best
I/O performance and requires the smallest amount of storage space per event.

e ROOT -~ ROOT [7] based format with GenEvent objects written to ROOT file “as is”.
e LHEF — the plain text based LHEF, see Listing

<event >
2 6 66 0.50109093E+02 0.88344569E+02 0.75563862E-02 0.12114027E+00
2 -1 0 0 502 0 0.00000000E+00 0.00000000E+00 0.62728157E+03 0.62728166E+03 0.33000000E+00 0.0000E+00 0.0000E+00
1 5 -1 0 0 501 0 0.00000000E+00 0.00000000E+00 -.44481443E+02 0.44739678E+02 0.48000000E+01 0.0000E+00 0.0000E+00
6 2 1 2 501 0 -.59350665E+02 0.72244533E+02 0.21037840E+03 0.28804239E+03 0.17311146E+03 0.0000E+00 0.0000E+00
6 24 1 3 3 0 0 0.28747403E+02 0.66692858E+02 0.11544955E+03 0.15832494E+03 0.80398000E+02 0.0000E+00 0.0000E+00
5 1 3 3 501 0 -.88098069E+02 0.55516749E+01 0.94928843E+02 0.12971745E+03 0.48000000E+01 0.0000E+00 0.0000E+00
8 1 1 1 2 502 0 0.59350665E+02 -.72244533E+02 0.37242173E+03 0.38397894E+03 0.33000000E+00 0.0000E+00 0.0000E+00
#aMCatNLO 1 6 2 0 O 0.00000000E+00 0.00000000E+00 9 O O 0.10000000E+01 0.86321681E+00 0.11022720E+01 0.00000000E+00 0.00000000E+00
10 #aMCatNLO 1 6 2 0 O 0.00000000E+00 0.00000000E+00 9 O O 0.10000000E+01 0.91292678E+00 0.10493312E+01 0.00000000E+00 0.00000000E+00
#aMCatNLO 1 6 2 0 O 0.00000000E+00 0.00000000E+00 9 O O 0.10000000E+01 0.91292678E+00 0.10493312E+01 0.00000000E+00 0.00000000E+00
12 #aMCatNLO 1 6 2 0 O 0.00000000E+00 0.00000000E+00 9 O O 0.10000000E+01 0.91292678E+00 0.10493312E+01 0.00000000E+00 0.00000000E+00

"1001"> 0.50109E+02 </wgt>
1002"> 0.43255E+02 </wgt>
16 <wgt id="1003"> 0.55234E+02 </wgt>

Listing 4. First lines of some LHEF event



ACAT 2019 IOP Publishing
Journal of Physics: Conference Series 1525(2020) 012017  doi:10.1088/1742-6596/1525/1/012017

ROOT Object Browser b ) (a) (¢
Browser ‘E\Ie Edit Wiew Options Tools Help

Files | Pad Editor Canvas_1 (¥ | Editor 1

47 Dras Option - hepmc3_event.particles.pid
oot - htemp

[LIPROOF Sessions Entri
3000 ntries 12000
IROT Fles Mean 75

232 1 roat Std Dev 14.51

) % |hepme3 _tree;1
L v b b e b | L I T
-5 0 5 10 15 20

------ % momentum_unit
B length_unit

B HAlpartices

Bk partictes pid

Bk particles status b

2000

& particles is_mass_set 1500
% particles mass

& particles momentur.m_v1
&k particles momentum m_vz2 1000
-k particles momentum m_v3
& particles momentum.m_v4

5 @size
----- vertices 500

Bl Alhepme3_svent 2500
K links2 -15 -10

iRy event_number
. 25
..... Fhattriute id hepmc3_event.particles.pid
----- attribute_name
Alattrioute_string EEmEm] ‘

) GenFuninfa
= L Command (local):

1

- Ahnme
Filter: [ &1l Files () [~ ‘

[ \ \ 4

Figure 1. Inspection of e”et — 7777 events simulated by the Pythia8 [8] Monte Carlo event
generator. The file with HepMC3 events (ROOTTTree) is explored with the ROOT Object
browser without loading of the HepMC3 library.

In addition to that the functionality of the library allows user to implement customised input or
output format via implementation of custom Reader and/or Writer classes inherited from the
base classes Reader and Writer. The formats described above were introduced by different groups
of people for different purposes. Therefore the amount of information they hold is significantly
different. The HEPEVT is the most restrictive format and holds only the information on the
particles without any options for extra information. The I0_GenEvent record has fixed format,
i.e. the information is limited to particles, vertices, weights, PDF and Heavy ion information
and no extension is allowed. The ROOTTTree, ROOT, LHEF and Asciiv3, in addition to the
standard, can hold almost arbitrary information via the attributes mechanism. The attributes
were used to reach compatibility with the HepMC2 software in the I/O ReaderAsciiHepMC2
and WriterAsciiHepMC2, e.g. the attributes alphaQCD and alphaEM emulate the corresponding
class members of GenEvent class in the HepMC2 library. With this emulation the events can be
read from 10_GenEvent files produced by the HepMC2 library without any loss of information.

4. Installation, dependencies and usage
The installation instructions for the package are provided in the README file distributed with
the library source codes and are the same for all the supported platforms.

The only basic dependency for the installation of the library is the availability of a c++11
compatible C++ compiler and the build tool CMake3 [9]. The ROOT6 package is needed
for support of I/O in ROOT-based formats. The Doxygen [10] and LaTeX packages are
needed for the compilation of the documentation. The examples shipped with the library
require a FORTRANT77 compatible compiler, and installation of the ROOT6, Pythia8 TAUOLA,
PHOTOS, HepMC2 and graphviz [11] programs. The library contains a build-in test suite based
on CTest [9].
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Operating system Repository HepMC3 versions| Contributors
MacOS homebrew-hep [12] 3.1 Enrico Bothmann
ArchLinux Standard(AUR) [13] 3.1/3.0 Frank Siegert
Debian9, (+Ubuntuls...) [Standard(NEW) |14] 3.1 Mo Zhou
Fedora28,29,30,31 Standard(EPEL) [15] 3.1 Mattias Ellert
(+CentOS7,RHEL?7. . .)
openSUSE42.3, (+SUSE...)|  Some unofficial 3.0

Windows10 N/A 3.0/3.1

Table 1. Summary on systems where HepMC3 was tested and the availability of HepMC3
precompiled binaries. Only the Intel-compatible 64-bit architecture (x86_64) was considered.

It has been tested extensively on Ubuntu, CentOS, Fedora, openSUSE, Windowsl10 and
macOSX operating systems. Binary packages are available for multiple operating systems, see
Tab. [1] for details. Starting from version 3.1.0, the HepMC3 and HepMC2 libraries can co-exist
in one installation, therefore the migration of user code from HepMC2 to HepMC3 can go as
easy as possible. As of April 2019 several MCEGs were interfaced to HepMC3, see Tab. [2| for
details.

Code Type HepMC3 version|Code version, implementation
SHERPA-MC |[16] MCEG 3.1/3.0 master/2.2.5
JetScape [17] MCEG 3.0 1.0
ThePEG2 |[13] MCEG Toolkit 3.1 master
Herwig7 [19) MCEG 3.1 via ThePEG
Pythia8 [8| MCEG 3.1/3.0 in HepMC3/in HepMC3
Pythia6 [20] MCEG 3.1 in HepMC3
Tauola [21] MCEG 3.1/3.0 in HepMC3/in HepMC3
Photos [22] MCEG 3.1/3.0 in HepMC3/in HepMC3
WHIZARD [23] MCEG 3.0?
Rapgap |24 MCEG 3.1 in progress(>3.303)
EvtGen [25 MCEG ? in progress(>1.7.0)
GeantV |26 Simulation 3.0 master
pyhepme-ng /scikit-hep [27] Utility 3.1/3.0 master /master
MC-TESTER 28] Analysis/Ploting 3.1/3.0 in HepMC3/in HepMC3
Rivet [29] Analysis/Ploting ? in progress(2.8.0)

Table 2. Summary on the usage of HepMC3 in external projects. “master” stands for the
latest version in the used version control system of the official repository, e.g. for master branch
of git repository. If known, the versions where support is expected to be released are given in
brackets.

5. Interfaces, examples and documentation

The presented library contains some interfaces to the MCEGs, which do not ship the interfaces
to HepMC3, see Tab. These interfaces can be used instantly in the production or tests to
generate the Monte Carlo simulated events. The library provides some example programs for
such simulations, e.g. with Pythia8 and Pythia6 MCEGs. The other sophisticated example
programs in the library are the utility to convert the event records between different formats
ConvertExample (see Listing
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| [username@hostnamel outputs]$ bin/convert_example.exe -h
convert_example 3.1
3 Convert between different file formats of Monte Carlo event record.

Example:
5 convert_example -i hepmc2 -o treeroot input.hepmc output.root
7 Usage: convert_example [OPTIONS]... [inputfile outputfilel...
9  -h, --help Print help and exit
-i, --input-format=STRING Input format (possible values="hepmc2",
11 "hepmc3", "hpe", "root", "treeroot",
"lhef") (mandatory)
13 -o, --output-format=STRING Output format (possible values="hepmc2",
"hepmc3", "hpe", "root", "treeroot",
15 "treerootopal", "hpezeus", "dump", "dot")
(mandatory)
17  -e, --extensions=STRING Extensions, in a form extension=value, could be
passed to readers/writers
19 --events-1limit=LONG Limit of events to read from input

(default=100000000")
21 --first-event -number=LONG Lowest allowed event number
(default=‘-100000000")
23 --last-event-number=LONG Highest allowed event number
(default=100000000")
25 --print-every-events-parsed=LONG
Frequency of parsing information printouts
27 (default=100")

29 [usernameChostnamel outputs]$

Listing 5. Help instructions of the conversion utility.
and a graphical viewer of event structure ViewerExample (see Fig. .
The online documentation is available on the HepMC3 home page [2]. It includes the

V) () (x

Event viewer
N
A3

Choose input |
i Hext event
Previous event
Cloar event cache
Exit

[——

Figure 2. Visualization of e”p deep-inelastic scattering event simulated by the Herwig7
Monte Carlo event generator. The interaction/decay vertices are depicted as ellipses (rectangles
in case of violation of 4-momenta) with their vertex ids; the particles are shown as red/black
arrows with their ids and flavour given in brackets. The arrows corresponding to the final state
particles are shown with dots. The histograms displayed in the right panes show the distribution
of particle flavours and masses in the event.

automatically generated documentation on the codes as well as extra material on specific topics,
e.g. the LHEF format.

6. Conclusions
The HepMC3 library is designed to perform manipulations with event records of High Energy
Physics Monte Carlo Event Generators (MCEGs). The library version 3.1.1(3.1.0) has been
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released in April(March) 2019.

The I/0O functionality of the library has been extended to support common input and output
formats of HEP MCEGs, including formats used in Fortran HEP MCEGs, formats used in
HepMC2 library and ROOT. The library is already supported by popular modern MCEGs (e.g.
Sherpa, Pythia8, TAUOLA, PHOTOS) and can replace the older HepMC versions in many
others.
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