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Abstract. Delphes is an open source C++ framework to perform the fast simulation of the
response of a multipurpose detector. The simulation includes a tracking system, embedded into
a magnetic field, calorimeters and a muon system. The framework is interfaced to standard
file formats and outputs observables such as isolated leptons, missing transverse energy and
collection of jets that can be used for dedicated analyses. The simulation of the detector
response takes into account the effect of magnetic field, the granularity of the calorimeters
and subdetector resolutions. The program contains parmetrizations for the CMS and ATLAS
detectors, based on published performances. Basic parametrizations for the LHCb and FCC
detectors are also available. The Delphes framework also includes a simple event display.

Several new features are discussed, such as an emulation of the particle-flow algorithm, pile-
up simulation, N-subjettiness and a simple b-tagging algorithm based on counting tracks with
large impact parameter.

1. Introduction

High energy particle collisions can produce a large variety of final states. Highly sophisticated
detectors are designed in order to detect and precisely measure particles originating from
such collisions. Experimental collaborations often rely on Monte-Carlo event generation for
designing and optimizing specific analysis strategies. Whenever such studies require a high
level of accuracy, the interactions of long-lived particles with the detector matter content are
fully simulated with the GEANT package [I], electronic response is emulated by dedicated
routines, and final observables are reconstructed by means of complex algorithms. To
face the limited computing resources and still allow the use of large samples (for example
when scanning parameter spaces), the LHC collaborations have developed fast-simulation
techniques [2, B, 4, Bl [6] which are two to three orders of magnitude faster than the fully
GEANT-based simulations.

These procedures require expertise and the deployment of large scale computing resources
that can be handled only by large collaborations. For most phenomenological studies, such
a level of complexity is not needed and a simplified approach based on the parameterization
of the detector response is in general good enough. In 2009, the DELPHES framework [7] was
designed to achieve such goal. The DELPHES framework takes as input the most common
event generator output and performs a fast and realistic simulation of a general purpose collider
detector. To do so, long-lived particles emerging from the hard scattering are propagated to the
calorimeters within a uniform magnetic field parallel to the beam direction. The particle energies



are computed by smearing the initial momenta according to the detector resolution. As a result,
jets, missing energy, isolated electrons, muons and photons, and taus can be reconstructed.

With respect to its previous incarnation [7], the present version of DELPHES [8] includes an
attempt to roughly emulate the particle-flow reconstruction philosophy used in ALEPH [20] and
CMS [14], based on the optimally-combined use of the information from all the subdetectors
to reconstruct and identify all particles indvidually. While the aim is not to re-implement the
particle-flow algorithm in all its complexity (for example, electrons, muons, and photons, are
assumed to be perfectly identified and have no fake rate in DELPHES), the simplified approach
adopted here is particularly suitable for the treatment of pile-up, as well as for the emulation
of b and 7 tagging, and is able to reproduce the jet and missing energy resolutions observed
in CMS with their complete reconstruction. From a technical perspective, the code structure
is now fully modular, providing greater flexibility to the user and allowing the integration of
DELPHES routines in other projects.

Among the new features of the DELPHES realease, the particle flow emulation is presented in
section [2| and the pile-up implementation in section Other developments such as B-tagging
and jet substrure are described in section {4 and section

2. Particle Flow emulation
The implementation of the Particle Flow emulation in DELPHES is described in detail in [§]. To
illustrate the method, here are a few simple examples:

e a single charged pion is reconstructed as a track with energy Ergcar, i and deposits some
energy Erpcar in the HCAL. If Egcar, < Egcar i only a particle-flow track with energy
Excarrk is produced. If Egcar, > Egcar ik, @ particle-flow track with energy Egcar ik
and a particle-flow tower with energy Eycar — Ercar,iwrk are produced.

e a single photon deposits its energy Egcar, in an ECAL cell. No tracks pointing to the cell
is reconstructed. A particle-flow tower is created with energy Epcar.

e a photon and a charged pion reach the same calorimeter tower, the former deposits some
energy Egcoar in ECAL and the latter Egcar in HCAL. Furthermore, the charged pion is
reconstructed as a track, with an energy Egcar k- f Egcar < Eucar ik, a particle-flow
track with energy Frycar i and a particle-flow tower with energy Frcar are created. If
Encar > EucArirk, a particle-flow track with energy Egcar i and a particle-flow tower
with energy Epcar + Egcar — EHCAL,trk are created.

Defined that way, the particle-flow tracks contain charged particles estimated with a good
resolution, while the particle-flow towers contain in general a combination of neutral particles,
charged particles with no corresponding reconstructed track and additional excess deposits
induced by the positive smearing of the calorimeters, and are characterized by a lower resolution.
Besides producing high-resolution inputs for jets and missing transverse energy, the particle-
flow approach can be rather useful for addressing pile-up subtraction. While very simple when
compared to what is actually required in real experiments, the algorithm illustrated above is
shown to reproduce well the performance achieved at LHC [§].

Physics application In modern collider experiments at high energy, tt events are among the
most copious signatures observed in the detectors. When one top quark decays leptonically and
the other hadronically, the signature is characterized by one lepton, missing transverse energy
and four jets, two of them originating from the fragmentation of b quarks. Moreover, at the LHC,
about 50% of events have extra hard jets coming from initial or final state radiation. Following
the semi-leptonic tt analysis described in ref. [2I] we focus on the mass of the hadronically-
decaying top quark.
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Figure 1. Left: Reconstructed hadronic top mass for all possible assignment categories. The
DELPHES distribution is normalized to the CMS yield. The CMS contributions are taken from
Ref. [21]. Right: Reconstructed hadronic top mass distribution for the correct assignments only.
The distribution is shown for Generated Jets, Particle-Flow Jets and Calorimeter Jets.

The tt+jets sample has been generated with MADGRAPH5 at a centre of mass energy
Vs = 7 TeV and PYTHIAG was used for parton shower and hadronization. Backgrounds are
not considered here. The reconstruction has been performed via DELPHES using the detector
configuration designed to mimic the performance of the CMS detector.

Following the CMS approach, we select events with exactly one isolated lepton (electron or
muon) with pr > 30 GeV/c and || < 2.1. In addition, we require at least four particle-flow
jets with ppr > 30 GeV/c and |n| < 2.4. The anti-kr [I5] algorithm with a parameter R = 0.5
was used for jet clustering. Among the selected jets, at least two must be tagged as originating
from the hadronization of a b quark (b-tagged) and at least two must be identified as light jets
(i.e. fail the b-tagging criterion). The b-tagging efficiency parameterization has been extracted
from [25]. The signal efficiency for this selection is 2.8%, compared to 2.3% in the CMS analysis,
showing a reasonable agreement between DELPHES and CMS. Given the high jet multiplicity,
the signal selection is extremely sensitive to changes in requirements that can affect the jet
selection.

The top quark mass distributions obtained with DELPHES and CMS for the three permutation
categories are shown in figure (1, left. The DELPHES distributions are normalized to the CMS
total number of events. Overall the shapes and relative contributions corresponding to the three
categories are well reproduced by DELPHES.

For the sake of illustration, the reconstructed hadronic top mass using correct permutations
only is shown in figure [1] (right) using three different jet collections: Generated Jets, Calorimeter
Jets and Particle-Flow Jets. We observe, as expected, a narrow peak when using Generated Jets
and wider peaks when using Particle-Flow Jets or Calorimeter Jets. This illustrates the need
for using realistically reconstructed objects rather that hadron-level quantities in prospective
phenomenological studies.

3. Pile Up implementation

At the LHC, several collisions per bunch-crossing occur in high luminosity conditions, most of
them resulting in a small amount of activity in the detector. Due to the elongated shape of the
proton bunches constituting the beams, such additional pile-up events, take place in a similarly
elongated region (called beam spot) around the nominal interaction point. In DELPHES, pile-
up interactions are extracted from a pre-generated low-Q? QCD sample. These minimum-bias



interactions are randomly placed along the beam axis according to some longitudinal spread
that can be set by the user. The actual number of pile-up interactions per bunch-crossing is
randomly extracted from a Poisson distribution.

Pile-up directly affects the performance of jets, Ejri”“ and isolation. Pile-up interactions
are usually identified by means of vertex reconstruction. If such interactions occur far enough
from the hard interaction, a precise vertexing algorithm is able to detect them. Combining
vertexing and tracking information allows the identification of contaminating charged particles
from pile-up. On the other hand, since neutral particles do not produce tracks, neutral pile-up
contamination can only be estimated on average.

Charged pile-up subtraction In DELPHES we assume that vertices corresponding to pile-up
interactions occurring at a distance z from the hard scattering, such that |z| > §Zytx can be
reconstructed. The parameter 0Zy¢x is the spatial vertex resolution of the detector. We assume
that pile-up interactions occurring at a coordinate z, such that |z| < §Zytx cannot be disentangled
from those originating from the high-Q? process. Therefore every charged particle originating
from such vertices cannot be subtracted from the event, while every charged particle originating
from a vertex positioned at |z| > 0Zyx can be identified as originating from pile-up, provided
that the corresponding track has been reconstructed. If the particle-flow algorithm is being
used, the particle-flow tracks identified as originating from pile-up are removed from the list of
4-vector entering the jet clustering and the isolation procedures.

Residual pile-up subtraction Other techniques are needed in order to extract and remove
residual contributions: these include particles that are too close to the hard interaction vertex
to be identified as pile-up products with tracking information, charged particles that failed track
reconstruction (or outside the tracker volume) and neutral particles. In DELPHES we have opted
for the Jet Area method [17, I8]. This approach, widely used in present collider experiments,
allows the extraction of an average contamination density p on an event-by-event basis. In
practice, this is performed in DELPHES with the help of the FASTJET package.

The pile-up density p, can then be used to correct observables that are sensitive to the residual
contamination, the jet energies and the isolation variable. In the presence of residual pile-up
contamination, these two quantities are corrected in the following way:

Djet — pjet_p‘Ajet7 (1)
P2

P TR ’ )

pr(P)

where Aje is the jet area estimated via the FASTJET package, and R is the diameter of the
isolation cone.

As a validation of the Pile Up implementation, the resolution in missing transverse energy
has been computed as a function of the number of reconstructed primary vertices in the left plot
of the Figure

I(P) — I(P)

4. B-tagging possibilities

The identification of jets that result from the hadronization of heavy flavour quarks — typically b
or ¢ quarks — is important in high energy collider experiments. In DELPHES a purely parametric
approach based on Monte-Carlo generator is available as well as a track counting implementation.

Parametric The algorithm for b and 7 jet identification proceeds as follows: the jet
becomes a potential b(7) jet if a generated b(7) is found within some distance AR =

V/ (niet — )2 4 (piet — ¢b7)2 of the jet axis. The probability to be identified as b(r) depends
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and ATLAS as a function of the number Figure 3. Ratio 73/7 computed with N-
of reconstructed primary vertices [26]. subjettiness in DELPHES. We observe the
The grey band represents the discrepancy discrimination between prompt jets and W-

between the ATLAS simulation and data. jets.

on user-defined parameterizations of the efficiency. The user can also specify a mis-tagging
probability parameterization, that is, the probability that a particle other than b(7) be wrongly
identified. Modularity allows the user to use several b(7)-tagging algorithms for the same jet
collection and to easily implement other tagging algorithms, eventually involving an analysis of
the jet constituents.

Track Counting When the Track counting b-tagging is selected, the impact parameter of each
track inside all reconstructed jet is smeared according to a gaussian distribution. The width of
the gaussian distribution is defined by the user and can be dependent on the pr and 7 of the
corresponding track. The Track Counting is then applied on each jet and require a minimum
number of tracks (typically 2 or 3) with a high impact parameter significance for the jet to be
tagged. While less precise than the parametric approach, this method provides predictive power
needed for future detector design when a full simulation is not yet available.

5. Jet substructure techniques
At high energy, W, Z and Higgs bosons, as well as the top will produce only one jet when they
are highly boosted, making the distinction between those objects more difficult. New techniques
studying the substructure of the jets have been developped to disentangle boosted topologies
from QCD backgrounds. Amongh these methods, the N-Subjettiness algorithm [22] 23] 24] from
the FastJet-Contribs [I3] has been implemented in DELPHES. The method returns the variables
71 (1-subjettiness) to 75 (5-subjettiness) which are saved as jet members in the DELPHES output.
From those variables, it is then possible to build the ratios 7 /7ps to discriminate jets originating
from N or M-prongs.

An example of application of this method is shown in the Figure [3] where it is possible to
discriminate jets comming from a W-boson decay from prompt jets originating from a QCD
sample.

Conclusion
Delphes is an advanced parametric simulation program allowing for a gain of four orders of
magnitude in CPU time and widely tested by the community. A new version of the framework,



DELPHES 3 has been out since 2013 with major improvements: modularity, particle flow
emulation, pile up implementation. Recently other new features such as the implementation
of the Track Counting algorithm and jet substructure techniques were added to the framework.
Thanks to those new implementations, we have shown that DELPHES is able to reproduce LHC
analysis and produce qualitative predictive results.

The aim of DELPHES is to provide a simulation tool that goes beyond the run I for ATLAS
and CMS. Thanks to its speed, DELPHES is able to handle the 200 PU scenario for the HL-LHC.
Other detectors are also considered. Currently, Future Circular Collider (FCC), LHCb and Alice
detector simulations are under preparation.
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