Delphes, a framework for fast simulation of a generic cellidxperiment

S. Ovyri, X. Rouby, V. Lemaitre

Center for Particle Physics and Phenomenology (CP3),
Université catholique de Louvain,
B-1348 Louvain-la-Neuve, Belgium

Abstract

It is sometimes diicult to know whether theoretical predictions can be obsgivea high energy collider experiment, especially
when expected experimental signature involve jets andimgigsansverse energy. For this purpose, we have designed a+*-based
framework,Delphes performing a fast multipurpose detector response siioulal he simulation includes a tracking system, embedded
into a magnetic field, calorimeters and a muon system, ansifdes/ery forward detectors arranged along the beamlihe.flamework
is interfaced to standard file formats (e.g. Les Houches Bvié® or HepMC) and outputs observables such as isolated leptons, missing
transverse energy and collection of jets which can be usedddicated analyses. The simulation of the detector resptakes into
account the gect of magnetic field, the granularity of the calorimeterd anbdetector resolutions. A simplified preselection can bk
applied on processed events for trigger emulation. Detedf very forward scattered particles relies on the trartspdeamlines with
theHectorsoftware. Finally, the FROG 2BD event display is used for visualisation of the collisiorafistates.
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1. Introduction

Multipurpose detectors at high energy colliders are vergglex
systems. Their simulation is in general performed by medns o
*Corresponding author:32.10.47.32.29. the GEANT _[1] pack_ag.e and final obseryables uged for analyses
Email addresssseverine . ovynGuclouvain.be (S. Ovyn) usually require sophisticated reconstruction algorithms
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This complexity is handled by large collaborations, ancdaid
the expertise on reconstruction and simulation softwaeeoaly
available to their members. Precise data analyses reqfutkdse-
tector simulation, including transport of the primary aedendary
particles through the detector material accounting forviugous
detector infficiencies, the dead material, the imperfections and th
geometrical details. Such simulation is very complicatechnical
and requires a largePU power. On the other hand, phenomeno-
logical studies, looking for the observability of given séds, may
require only fast but realistic estimates of the expectgdadisig-
natures and their associated backgrounds.

A new framework, calledelphes[2], is introduced here, for
the fast simulation of a general-purpose collider expenimé&Js-
ing the framework, observables can be estimated for spsdjinal
and background channels, as well as their production andunea
ment rates. Starting from the output of event generatoessitim-
ulation of the detector response takes into account theetebitr
resolutions, by smearing the kinematic properties of thal-fatate
particles (i.e. those considered as stable by the eventaend).
Tracks of charged particles and deposits of energy in cakdric

Table 1: Default extension in pseudorapidifyof the diferent subdetectors. Full
azimuthal ¢) acceptance is assumed.

n ¢
TRACKER [-2.5;25] [-m; 7]
€ EcAL, HCcAL [-1.7:17] [—7; 7]
ECAL, HCAL endcaps {3;-1.7]1&[1.7;3] [-m; 7]
FCAL [-5;-3] &[3;5] [—m; 7]
MUON [-2.4;24] [-m; 7]

generator-level dataGEN tree), the analysis data objects after re-
construction fnalysis tree), and possibly the results of the trig-
ger emulation Trigger tree). In optionDelphescan produce a
reduced output file ik . 1hco text format, which is limited to the
list of the reconstructed high-level objects in the finatesec].

2. Simulation of the detector response

cells (orcalotower$ are then created. These two types of quantities The overall layout of the multipurpose detector simulatgd b

are used for the reconstruction of jets and the isolatioeoifdns.

Delphesis shown in Fig.2. It consists in a central tracking sys-

Delphesincludes the most crucial experimental features, such atem (TRACKER) surrounded by an electromagnetic and a hadron

(Fig. 1):

1. the geometry of both central and forward detectors,

2. magnetic field for tracks and energy flow

reconstruction of photons, leptons, jétgets,r-jets and miss-
ing transverse energy,

lepton isolation,

5. trigger emulation,

6. an eventdisplay.

Although this kind of approach yields much realistic restiian
a simple “parton-level” analysis, a fast simulation coméhkwome
limitations. Detector geometry is idealised, being unifpisym-
metric around the beam axis, and having no cracks nor dead m
terial. Secondary interactions, multiple scattering®tph conver-
sion and bremsstrahlung are also neglected.

Several datafile formats can be used as inpudétphes[a], in
order to process events from manyfdient generators. The stan-
dard Monte Carlo event structur8sdHEP [3] and HepMC [4] can
be used as an input. Besid&glphescan also provide detector re-
sponse for events read in “Les Houches Event Format” (LHEEF [
and*.root files obtained fromx . hbook using theh2root utility
from the ROOT frameworkd].

Delphesuses theExRootAnalysis utility [7] to create out-
put data in a.root ntuple. This output contains a copy of the

1in the currenDelphesversion, particles other than electroms)( photons 1),
muons [i*), neutrinos e, v, andv;) and neutralinos are simulated as hadrons for
their interactions with the calorimeters. The simulatidrstable particles beyond
the Standard Model should therefore be handled with dare [

calorimeters (ECAL and HCAL, each with a central region and
two endcaps). Two forward calorimeters (FCAL) ensure adarg
geometric coverage for the measurement of the missingvieases
energy. Finally, a muon system (MUON) encloses the cental d
tector volume. A detector card]allows a large spectrum of run-
ning conditions by modifying basic detector parameterdpiting
calorimeter and tracking coverage and resolution, thidshar jet
algorithm parameters. Even [Delpheshas been developped for
the simulation of general-purpose detectors at the LHC éigm
CMS and ATLAS), this input parameter file interfaces a flexibl
parametrisation for other cases, e.qg. at future lineaidzol [g]. If

no detector card is provided, predefined values based orcaljp
CMS acceptances and resolutions are used. The geometivead ¢
age of the various subsystems used in the default configurate
summarised in Tal.

2.1. Magnetic field

a|n addition to the subdetectors, theets of a solenoidal mag-
netic field are simulated for the charged particigls. [This afects
the position at which charged particles enter the caloenseand
their corresponding tracks. The field extension is limitedhe
tracker volume and is in particular not applied for muon chars.
Howerver, this is not a limiting factor as the resolution kggbfor
muon reconstruction is the one expected by the experimdmithw
consequently includes thdfects of the magnetic field within the
muon system.

2.2. Tracks reconstruction

Every stable charged particle with a transverse momentuwwveab
some threshold and lying inside the detector volume covbyed
the tracker provides a track. By default, a track is assurodibt
reconstructed with 90% probability if its transverse motoempy

is higher than ® GeV/c and if its pseudorapidity| < 2.5 [h]. No
smearing is currently applied on tracks.
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Figure 1: Flow chart describing the principles behdelphes Event files coming from external Monte Carlo generatorseae by a converter stage (top). The kinematics
variables of the final-state particles are then smeared@iogpto the tunable subdetector resolutions. Tracks a@nstructed in a simulated solenoidal magnetic field and
calorimetric cells sample the energy deposits. Based aetlwv-level objects, dedicated algorithms are appliedpfuticle identification, isolation and reconstruction.
The transport of very forward particles to the near-bearealets is also simulated. Finally, an output file is writtgrtluding generator-level and analysis-object data. If
requested, a fully parametrisable trigger can be emul@etionally, the geometry and visualisation files for the 3re display can also be produced. All user parameters
are set in théetectoyfSmearing Cardand theTrigger Card

LHCO_only

2.3. Calorimetric cells Gaussian smearing of the particle energy with a variance

Z - i [+ N [+ C

E VE E 7
whereS, N andC are thestochasti¢ noise and constantterms,
respectively, ane stands for quadratic additiond.[

The response of the calorimeters to energy deposits of iimgpm
particles depends on their segmentation and resolutiorCMIS
and ATLAS detectors, for instance, the calorimeter charéstics
are not identical in every direction, with typically finersaution
and granularity in the central region8, [9]. It is thus very im-
portant to compute the exact coordinates of the entry pditiie
particles into the calorimeters, via the magnetic field alaltons.

The response of each sub-calorimeter is parametrisedghrau

3

(1)

In the default parametrisation, the calorimeter is assutoed
cover the pseudorapidity ran¢ig < 3 and consists in an electro-
magnetic and hadronic parts. Coverage between pseudiiepid



way for the electrons and photons. The resulting caloriynetr
energy measurement given after the application of the sngpar
is thenE = EncaL + EecaL. For Kg andA hadrons , the energy

fraction isF is assumed to be. D[j].

The smallest unit for geometrical sampling of the caloriengts
acell; it segments the( ¢) plane for the energy measurement. No
longitudinal segmentation is available in the simulatekbrime-
ters. Delphesassumes that ECAL and HCAL have the same seg-
mentations and that the detector is symmetrig and with respect
to then = 0 plane k]. Fig. 3 illustrates the default calorimeter
segmentation.

Figure 2: Profile of layout of the generic detector geomessuaed irDelphes
The innermost layer, close to the interaction point, is atreériracking system Calorimeter segmentation

(pink). It is surrounded by a central calorimeter volumeségr) with both electro-
magnetic and hadronic sections. The outer layer of the @esiystem (red) consist
of a muon system. In addition, two end-cap calorimeterselbéxtend the pseu-
dorapidity coverage of the central detector. The detecoameters are defined in
the user-configuration card. The extension of the variobsetgctors, as defined in
Tab.1, are clearly visible. The detector is assumed to be strigtiymetric around
the beam axis (black line). Additional forward detectors ot depicted.

25

(@ segmentation

15

of 3.0 and 50 is provided by forward calorimeters, withftéirent
response to electromagnetic obje@s {) or hadrons. Muons and 05
neutrinos are assumed not to interact with the calorimgtgrs
The default values of the stochastic, noise and constamstare -5 <4 -3 -2 -1 o0 1 2 3 4 5
given in Tab22. n segmentation

Figure 3: Default segmentation of the calorimeters in the&) plane. Only the
central detectors (ECAL, HCAL) and FCAL are considerg@ngles are expressed

Table 2: Default values for the resolution of the central &oravard calorimeters in radians.

(for both electromagnetic and hadronic parts). Resolusoparametrised by the
stochasti(S), noise(N) andconstant(C) terms (EqJd) [f].

No sharing between neighbouring cells is implemented when
particles enter a cell very close to its geometrical edgee ©ithe

S(GeV?) N (GeV) C

ECAL 0.05 025 Q0055 finite segmentation, the smearing, as defined inlki. applied di-
ECAL, end caps 05 025 Q0055 rectly on the accumulated electromagnetic and hadronigerseof
FCAL, e.m. part 084 0 0107 each calorimetric cell. The calorimetric cells directlyt@nin the
HCAL 15 0 Q05 calculation of the missing transverse energy (MET), anchasti
HCAL, end caps b 0 Q05 for the jet reconstruction algorithms.

FCAL, had. part Z 0 013

The energy of electrons and photons found in the particte Ii53' High-level object reconstruction

are smeared using only the ECAL resolution terms, while gr
and neutral final-state hadrons interact with all caloren&tSome Analysis object data contain the final collections of péesde®,
long-living particles, such as th&{ and A’s, with lifetime cr  u*, ¥) or objects (light jetsb-jets, 7-jets, ET"*9) and are stored in
smaller than 10 mm are considered as stable particles byetre g the output file created bpelphes[l]. In addition, some detector
erators although they decay before the calorimeters. Tkheggn data are added: tracks, calorimetric cells and hits in tig fige-
smearing of such particles is performed using the expecaetion ~ ward detectors (ZDC, RP220 and FP420, $¢cWhile electrons,
of the energy, determined according to their decay progticté = muons and photons are easily identified, some other objeets a
would be deposited into the ECALEEca;) and into the HCAL ~ more dificult to measure, like jets or missing energy due to invisi-
(EncaL). Defining F as the fraction of the energy leading to a ble particles.
HCAL deposit, the two energy values are given by For most of these objects, their four-momentum and related
Encal = EXF guantities are directly ac'cessible Dglphesoutput CE s} Pr, 1
{ E —Ex(1-F) (2) andg). Additional properties are available for specific objdtitse
ECAL the charge and the isolation statusddmndy*, the result of appli-

where 0< F < 1. The electromagnetic part is handled the sameation ofb-tag for jets and time-of-flight for some detector hits).
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3.1. Photon and charged lepton reconstruction isolation cone is provided[:

From here onwardslectronsrefer to both positronsef) and tracks
electrons €°), andcharged leptonsefer to electrons and muons Pr= Z pr(i)
(u*), leaving out ther* leptons as they decay before being de- i#4
tected. The collections of electrons, photons and muon§lee No calorimetric isolation is applied, but the muon colleatcon-

in with candidates observing some fiducial and reconstotiits, tains also the ratip, between (1) the sum of the transverse energies
and are based on the true particle ID provided by the gereratdn all calorimetric cells in @\ x N grid around the muon, and (2)
Consequently, no fake candidates enter these collectibitsv-  the muon transverse momentuai:|

ever, when needed, fake candidates can be added into tle-coll .
. . _ % ET(I)
tions at the analysis level, when processibglphesoutput data. =
As effects like bremsstrahlung are not taken into account alomg th Pr (k)
lepton propagation in the tracker, no clustering is neededife 3 5 jet reconstruction

electron reconstruction iDelphes A realistic analysis requires a correct treatment of pladic
which have hadronised. Therefore, the most widely curyargéd
Electrons and photons jet algorithms have been integrated into bephedramework us-
Real electrong®) and photon candidates are identified if theying the FastJet todls Six different jet reconstruction schemes are
fall into the acceptance of the tracking system and haveawmse ~ available, with three cone algorithms and three recomiainatl-
momentum above a threshold (defapjt> 10 GeV/c). A calori-  gorithms [L1, g]. For all of them, the calorimetric cells are used as
metric cell will be activated in the detector and electroiilsleave  inputs for the jet clustering. Jet algorithmdfdr in their sensitiv-
in addition a track. Subsequently, electrons and photoeatera ity to soft particles or collinear splittings, and in theoroputing
candidate in the jet collection. Assuming a good measuréofen speed performances. By default, reconstruction uses aalgoe
the track parameters in the real experiment, the electrerggican rithm with AR = 0.7. Jets are stored if their transverse energy is
be reasonably recovered. Delphes electron energy is smeared higher than 20 Gevr].
according to the resolution of the calorimetric cell wherpdints

, 1in N x N grid centred onu.

to, but independently from any other deposited energy &sahil. ~ COne algorithms . o
This approach is still conservative as the calorimeterlutism is 1. CDF Jet Clusterg12]: Cone algorithm forming jets by com-
worse than the tracker one. bining cells lying within a circle (default radiusR = 0.7)

in the (@, ¢) space. Jets are seeded by all cells with trans-
verse energ¥r overpassing a given threshold (defal: >

Muons 1GeV) 5.

Generator-level muons entering the detector acceptarcmar
sidered as candidates for the analysis level. The accepianc 2. CDF MidPoint[13]: Cone algorithm with additional “mid-
defined in terms of a transverse momentum threshold to be over  points” (energy barycentres) in the list of seeds; this @illym
passed that should be computed using the chosen geometry of has reduced infrared and collinear sensitivities.
tlhOeGdee\B/ec(;tZ:\gI;cfjt::aep;nei%rgerg;igﬁi/dcgsgrségeersgtrsceieéiﬁ .s;stem 3. Seedless Infrared Safe Cofi4]: The SISCone algorithm
is simultaneously insensitive to additional soft partcénd

(default: —2.4 < < 2.4). The application of the detector resolu- . - ! .
. ) . collinear splittings, and fast enough to be used in exparime
tion on the muon momentum depends on a Gaussian smearing of tal analysis

the pr variable fn]. Neitherrn nor ¢ variables are modified beyond
the calorimeters: no additional magnetic field is appliediltile Recombination algorithms
scattering is neglected. This implies that low energy mutnse The next three jet algorithms rely on recombination schemes

in Delphesa better resolution than in a real detector. Furthermorg, .« calorimeter cell pairs are successively mergesoheme re-
muons leave no deposit in calorimeters. At last, the pagiathich combination):

might leak out of the calorimeters into the muon systems¢h-
through will not be seen as muon candidate®ialphes 4. Longitudinally invariant kjet[15],

5. CambridggAachen je{16],
Charged lepton isolation
To improve the quality of the contents of the charged leptan c
lections, additional criteria can be applied such as igmatThis

requires that electron or muon candidates are isolatederdéh The recombination algorithms are safe with respect to soft r
tector from any other particle, within a small cone. Delphes  diations {nfrared) and collinear splittings. Their implementations
charged lepton isolation demands that there is no othegeligrar-  are similar except for the definition of tlistancesised during the
ticle with pr > 2 GeV/cwithin a cone oAR = y/An? + A¢p? < 0.5  merging procedure.

around the lepton. The result (iisolatedor not) is added to the

Charged Iepton measured properties. In addition, the Bﬁ:lmf. 2A more detailed description of the jet algorithms is giventia User Manual,
the transverse momenta of all tracks but the lepton onenvitté  in appendix.

6. Antik jet[17], where hard jets are exactly circular in thedg)
plane.




Energy flow

In jets, several particle can leave their energy into a gogdari-
metric cell, which broadens the jet energy resolution. Hewghe
energy of charged particles associated to jets can be dediare
their reconstructed track, thus providing a way to idengifyne of
the components of cells with multiple hits. When #agergy flow
is switched on irDelphes, the energy of tracks pointing to calori-
metric cells is extracted and smeared separately, beforérrg the
chosen jet reconstruction algorithm. This option allows#dy jet
E reconstructiont].

3.3. b-tagging

A jet is tagged ad-jets if its direction lies in the acceptance of
the tracker and if it is associated to a parbrguark. By default,
a b-tagging dficiency of 40% is assumed if the jet has a patent
quark. Forc-jets and light jets (i.e. originating i, d, s quarks or
in gluons), a fakd-tagging dficiency of 10% and 1% respectively
is assumedy]. The (mis)tagging relies on the true particle iden-
tity (PID) of the most energetic particle within a cone arduhe
observedy, ) region, with a radius equal to the one used to recon
struct the jet (defaultAR of 0.7). In current version oDelphes
the displacement of secondary vertices is not simulated.

3.4. T identification

Jets originating fronr-decays are identified using a procedure
consistent with the one applied in a full detector simulai]. The
tagging relies on two properties of thdepton. First, 77% of the
7 hadronic decays contain only one charged hadron assotiated
few neutrals (TakB). Tracks are useful for this criterion. Secondly,
the particles arisen from the lepton produce narrow jets in the
calorimeter (this is defined as the gllimation).

Table 3: Branching ratios far- lepton [18]. h* andhC refer to charged and neutral
hadrons, respectivelyn > 0 andm > O are integers.

L eptonic decays

T~ > € VeV; 17.9%

TS U Vv 17.4%
Hadronic decays

7 > h (nxh®) (mxh%) v, 647%

7~ = h™ (mxho) v, 50.1%

7~ = h™ h*h~(mx h%) v, 14.6%

Electromagnetic collimation
To use the narrowness of thiget, theelectromagnetic collima-

Figure 4: lllustration of the identification afjets (1-prong). The jet cone is narrow
and contains only one track. The small cone serves to applgléttromagnetic
collimation, while the broader cone is used to reconstruct the jet aigig from
ther-decay.

Table 4: Default values for parameters used-jgt reconstruction algorithm. Elec-
tromagnetic collimation requirements involve the insarall cone radiusR®™, the
minimum transverse energy for calorimetric ceﬂ!‘#we‘ and the collimation factor
C.. Tracking isolation constrains the number of tracks withgaificant transverse
momentump‘T'aCksin a cone of radiug"™ks Finally, ther-jet collection is purified
by the application of a cut on ther of r-jet candidates\].

Electromagnetic collimation

Rem 0.15
min EFP"¢" 1.0 GeV
C; 0.95
Tracking isolation
Rtracks 04

min placks 2 Gev/c
7-j et candidate

min pr 10 GeV/c

Tracking isolation

The tracking isolation for the identification requires that the
number of tracks associated to particles with significaargverse
momenta is one and only one in a cone of rad¥i&*s (3—prong
7-jets are dropped). This cone should be entirely incorgaorratto
the tracker to be taken into account. Default values of thasam-
eters are given in Tald.

Purity

Once both electromagnetic collimation and tracking isofaare
applied, a threshold on thg of ther-jet candidate is requested to
purify the collection. This procedure seleatdeptons decaying
hadronically with a typical giciency of 66%.

3.5. Missing transverse energy

In an ideal detector, momentum conservation imposes the-tra
verse momentum of the observed final sfat&’sto be equal to the

tion C; is defined as the sum of the energy of cells in a small CONE yector sum of the invisible particles, writtdm™ss.

of radiusR*™ around the jet axis, divided by the energy of the re-
constructed jet. To be taken into account, a calorimetésbeuld
have a transverse ener§f"*" above a given threshold. A large
fraction of the jet energy is expected in this small cone sTrdc-
tion, or collimation factor is represented in Fidh for the default
values (see Tald).

pE(niss - _ pobs

Px ) X
p;nlss — _p)c; s

py)and{

Thetrue missing transverse energy, i.e. at generator-level, @ieal
lated as the opposite of the vector sum of the transverse miame

- )
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Figure 5: Distribution of the electromagnetic collimatiGp variable for truer-jets,
normalised to unity. This distribution is shown for assteiBWH photoproduc-
tion [19], where the Higgs boson decays int\\&W~ pair. Eachw boson decays
into alv, pair, wheref = e, u, r. Events generated with MadGraptadEvent P0).
Final state hadronisation is performedmythia[21]. Histogram entries correspond
to truet-jets, matched with generator-level data.
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Figure 6: Distribution of the number of track&™°*Swithin a small jet cone for true
7-jets, normalised to unity. PhotoproducétH events, wher&V bosons decay lep-
tonically (e u, 7), as in Fig.5. Histogram entries correspond to trogets, matched
with generator-level data.

of all visible particles — or equivalently, to the vector sofinvisi-
ble particle transverse momenta. In a real experimentricadbers
measure energy and not momentum. Any probldéfacéing the
detector (dead channels, misalignment, noisy cells, s)askrs-

ens directly the measured missing transverse erief¥*. In this
document, MET is based on the calorimetric cells and onlymsuo
and neutrinos are not taken into account for its evaluation:

towers

Erme= - 3 Erl) (4)

However, as muon candidates, tracks and calorimetric eedis
available in the output file, the missing transverse eneegy al-
ways be reprocessed a posteriori with more specialiseditigts.

4, Trigger emulation

New physics in collider experiment are often characterised
phenomenology by low cross-section values, compared tStdre
dard Model (SM) processes.

As only a tiny fraction of the observed events can be stored fo
subsequerdfflineanalyses, a very large data rejection factor should
be applied directly as the events are produced. This datatssi
is supposed to reject only well-known SM event®edicated al-
gorithms of thisonlineselection, otrigger, should be fast and very
efficient for data rejection, in order to preserve the experiroat
put bandwidth. They must also be as inclusive as possibledia a
loosing interesting events.

Most of the usual trigger algorithms select events contajiob-
jects (i.e. jets, particles, MET) with an energy scale abawme
threshold. This is often expressed in terms of a cut on thestra
verse momentum of one or several objects of the measured even
Logical combinations of several conditions are also pdssibor
instance, a trigger path could select events containingeet lone
jet and one electron such pﬁt > 100 GeVcandp$ > 50 GeV/c.

A trigger emulation is included irDelphes using a fully
parametrisablérigger table[w] . When enabled, this trigger is
applied on analysis-object data. In a real experiment, tiime
selection is often divided into several stepsl@welg. This splits
the overall reduction factor into a product of smaller fast@orre-
sponding to the dierent trigger levels. This is related to the archi-
tecture of the experiment data acquisition chain, withtiéielec-
tronic bufers requiring a quick decision for the first trigger level.
First-level triggers are then fast and simple but based emlyartial
data as not all detector front-ends are readable within goéstbn
latency. Higher level triggers are more complex, of finet-ot-
final quality and based on full detector data.

Real triggers are thus intrinsically based on reconstcudtga
with a worse resolution than final analysis data. On the eoptr
same data are used Delphesfor trigger emulation and for final
analyses.

3In real experiments, some bandwidth is allocated to minirfigs angbr zero-
bias (“random”) triggers that stores a small fraction ofd@am events without any
selection criteria.



Table 5: Default parameters for the forward detectorsadist from the interaction
point and detector acceptance. The LHC beamline is assuraeddithe fifth LHC
interaction point (IP). For the ZDC, the acceptance depentison the pseudora-
pidity n of the particle, which should be neutral and stable. Thedgaggceptance
is fully determined by the distance in the transverse pldrieeodetector to the real
beam position10]. It is expressed in terms of the particle ener&y.(All detectors
are located on both sides of the interaction point.

Detector Distance Acceptance

ZDC +140m ] > 8.3 fornandy
RP220 +220m E €[6100;6880] (GeV) at2mm
FP420 +420m E €[6880;6980] (GeV) at4 mm

5. Very forward detector smulation

Most of the recent experiments in beam colliders have auftti
instrumentation along the beamline. These extend twwerage to
higher values, for the detection of very forward final-stzdeticles.

In Delphes Zero Degree Calorimeters, roman pots and forwar

taggers have been implemented (Fy.similarly to the plans for
CMS and ATLAS collaborationsg] 9].
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Figure 7: Default location of the very forward detectorsslunling ZDC, RP220
and FP420 in the LHC beamline. Incoming (beam 1, red) andomgg(beam 2,
black) beams on one side of the fifth interaction point (I®5, 0 m on the plot).
The Zero Degree Calorimeter is located in perfect alignmsifit the beamline axis
at the interaction point, at 140 m, the beam paths are segardhe forward tag-
gers are near-beam detectors located at 220 m and 420 m. iBeasithulation
with Hector [10]. All very forward detectors are located symmetrically @and the
interaction point.

5.1. Zero Degree Calorimeters

In direct sight of the interaction point, on both sides of tlea-
tral detector, the Zero Degree Calorimeters (ZDCs) aretéacat
zero angle, i.e. are aligned with the beamline axis at trezdction
point. They are placed beyond the point where the paths ofiinc

The ZDCs have the ability to measure the time-of-flight of the
particle. This corresponds to the delagfter which the particle is
observed in the detector, with respect to the bunch crossifieg-
ence time at the interaction poirtg):

1
~ o X (s-2, (5)
wherety is thus the true time coordinate of the vertex from which
the particle originatesy the particle velocity,s is the ZDC dis-
tance to the interaction poing,is the longitudinal coordinate of
the vertex is the particle emission angle. It is assumed that the
neutral particle observed in the ZDC is highly relativisiied very
forward. For the time-of-flight measurement, a Gaussiaresimg
can be applied according to the detector resolution @gaH].

The ZDCs are composed of an electromagnetic and a hadronic
sections, for the measurement of photons and neutronseaesp
tively. The energy of the observed neutral is smeared aowptd
Eqg.1 and the corresponding section resolutions (BbThe ZDC

Opits do not enter in the calorimeter cell list used for re¢arion

of jets and missing transverse energy.

Table 6: Default values for the resolution of the zero degaerimeters. Reso-
lution on energy measurement is parametrised bystbehastiqS), noise(N) and
constant(C) terms (Eq1) [f]. The time-of-flight is smeared according to a Gaussian
function.

ZDC, electromagnetic part hadronic part

S (GeV/?) 0.7 138

N (GeV) 0 0

C 0.08 013
ZDC, timing resolution

Ot (S) 0

The reconstructed ZDC hits correspond to neutral partielés
a lifetime long enough to reach these detectors (defaatit:>
140 m) and very large pseudorapidities (defay|t> 8.3). Photons
are identified thanks to the electromagnetic section of ét@ritne-
ter, and if their energy overpasses a given threshold (deG&V).
Similarly, neutrons are reconstructed according to thelu¢ien
of the hadronic section, if their energy exceeds a threstusd
50 GeV) [p].

5.2. Forward taggers

Forward taggers (called here RP220, for “roman pots at 220 m”
and FP420 for “forward proton taggers at 420 m”, as at the LHC)
are meant for the measurement of particles following veogely
the beam path. Such devices, also used at HERA and Tevateon, a
located very far away from the interaction point (furthearti50 m

ing and outgoing beams separate. These allow the measuremenin the LHC case).

stable neutral particley @ndn) coming from the interaction point,

with large pseudorapidities (e Jgn,| > 8.3 in ATLAS and CMS).

The trajectory of the neutrals observed in the ZDCs is agittai

line, while charged particles are deflected away from thetep-

To be able to reach these detectors, particles must havegecha
identical to the beam patrticles, and a momentum very closiesto
nominal value of the beam. These taggers are near-beam detec
tors located a few millimetres from the true beam trajectang

tance window by the powerful magnets located in front of themthis distance defines their acceptance (BbFor instance, roman

The fact that additional charged particles may enter the 20C
ceptance is neglected in the current versiondeiphes

pots at 220 m from the IP and 2 mm from the beam will detect all
forward protons with an energy between 120 and 900 GHY. [



In practice, in the LHC, only positively charged muong)( and
protons can reach the forward taggers as other particlésangin-
gle positive charge coming from the interaction points délcay
before their possible tagging. Delphes extra hits coming from
the beam-gas events or secondary particles hitting the fiparim
front of the detectors are not taken into account.

While neutral particles propagate along a straight linehe t
ZDC, a dedicated simulation of the transport of chargedgastis
needed for RP220 and FP420. This fast simulation usedetor
software [L0], which includes the chromaticityfiects and the geo-
metrical aperture of the beamline elements of any arbitaltider.

Forward taggers are able to measure the hit positiang and

angles €y, 6y) in the transverse plane at the location of the detector

(s meters away from the IP), as well as the time-of-flfgfty. Out
of these the particle energi) and the momentum transfer it un-
derwent during the interactiond) can be reconstructed at the anal-
ysis level (it is not implemented in the current version®efphes

The jets made of generator-level particles, here refeisdtijets

are obtained by applying the algorithm to all particles ¢deed

as stable after hadronisation (i.e. including muons). geiduced

by Delphesand satisfying the matching criterion are called here-
afterreconstructed jetsAll jets are computed with the clustering
algorithm (JetCLU) with a cone raditgsof 0.7.

The ratio of the transverse energies of every reconstryeted
Ef°to its corresponding MC jdﬂ"C is calculated in eacpt bin.
TheE!*¢/EMC histogram is fitted with a Gaussian distribution in the
interval+2 RMS centred around the mean value. The resolution in
eachpt bin is obtained by the fit meagx) and variancer?(x):

The time-of-flight measurement can be smeared with a Gaussia

distribution (default value; = 0 s) [x].

6. Validation

Delphesperforms a fast simulation of a collider experiment. Its
performances in terms of computing time and data size aeettijr
proportional to the number of simulated events and on thsiden
ered physics process. As an example QDD pp — ttX events are
processed in 110 s on a regular laptop and use less than 250 MB
disk space. The quality and validity of the output are asskby
comparing the resolutions on the reconstructed data toxjhecta-
tions of both CMS §] and ATLAS [9] detectors.

Electrons and muons are by construction equal to the expatim
designs, as the Gaussian smearing of their kinematics gpirepe
defined according to the detector specifications. Similainlg b-
tagging dficiency (for realb-jets) and misidentification rates (for

A5)
EYC Jfit (o .
—E (Pr(@)), for alli. (7)
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fake b-jets) are taken directly from the expected values of the exFigure 8: Resolution of the transverse energy of recortstrietsE* as a func-

periment. Unlike these simple objects, jets and missingstrarse
energy should be carefully cross-checked.

6.1. Jet resolution

The majority of interesting processes at the LHC contais jet
in the final state. The jet resolution obtained useglphesis
therefore a crucial point for its validation, both for CMSada
ATLAS-like detectors. This validation is based @p — gg
events produced with MadGrafitadEvent and hadronised using
Pythia[20, 21].

For a CMS-like detector, a similar procedure as the one ex-

plained in published results is applied here. The eventg\aer
ranged in 14 bins of gluon transverse momentoim Ih eachpt
bin, every jet inDelphesis matched to the closest jet of generator-
level particles, using the spatial separation betweenihgdt axes

AR = \/(nrec _ nMC)Z + (prec — ¢MC)2 < 0.25 (6)

4It is worth noting that for both CMS and ATLAS experimentse ttaggers lo-
cated at 220 m are not able to measure the time-of-flightragnto FP420 detec-
tors.

tion of the transverse energy of the closest jet of genetetet particlesE¥°, in

a CMS-like detector. The jets events are reconstructed tvithletCLU clustering
algorithm with a cone radius of. ®. The maximum separation between the recon-
structed and MC-jets iAR = 0.25. Dotted line is the fit result for comparison to the
CMS resolution @], in blue. Thepp — gg dijet events have been generated with
MadGrapliMadEvent and hadronised wiBythia

The resulting jet resolution as a function E#"C is shown in
Fig. 8. This distribution is fitted with a function of the following
form:

a

—c ©
MC
EY

®C,

—EMC ®)
/ i

wherea, b andc are the fit parameters. It is then compared to the
resolution published by the CMS collaborati@j.[The resolution
curves fromDelphesand CMS are in good agreement.

Similarly, the jet resolution is evaluated for an ATLASdikle-
tector. Thepp — ggevents are here arranged in 8 adjacent bins
in pr. A kr reconstruction algorithm witR = 0.6 is chosen and
the maximal matching distance between the MC-jets and troare
structed jets is set tAR = 0.2. The relative energy resolution is



evaluated in each bin by: 16

= I T T \ I
Qo n mis . X .
a(E) Erec _ EMC\? Erec _ EMC\2 O, 14 EX*resolution: 0.63 x\[E; . B
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Figure 9 shows a good agreement between the resolution ok © i % DD oh E
tained withDelphes the result of the fit with Equatio and the E N « elphes
corresponding curve provided by the ATLAS collaboratiéh [ & s -
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Figure 9: Relative energy resolution of reconstructedgsta function of the energy x C b
of the closest jet of generator-level particlE¥C, in an ATLAS-like detector. The T 4 —
jets are reconstructed with tike algorithm with a radiuR = 0.6. The maximal s : ATLAS-like detector ]
matching distance between MC- and reconstructed jetfRis- 0.2. Only central 5 2 MGI/ME + Pythia + Delphes ]
jets are consideredn( < 0.5). Dotted line is the fit result for comparison to the § 5
i i i N IR NN BT AT I BT I W
ATLAS resolution PJ, in blue. Thepp — ggdi-jet events have been generated with & 00 100 200 800 400 500 600 Y00 800 900

MadGrapliMadEvent and hadronised wittythia S E, [GeV]
=

] Figure 10:0(EMS) as a function on the scalar sum of all celEg) for pp — gg
6.2. MET resolution events, for a CMS-like detector (top) and an ATLAS-like d&be (bottom), for di-

All major detectors at hadron colliders have been designée t jet events produced with MadGraiMadEvent and hadronised wifPythia
as much hermetic as possible in order to detect the preséonce o
or more neutrinos aridr new weakly interacting particles through

apparent missing transverse energy. The resolution oE_{Hé'SS where then parameter depends on the resolution of the calorime-
variable, as obtained witbelphesis then crucial. ters.

The samples used to study the MET performance are identicalt The MET resolution expected for the CMS detector for similar
those used for the jet validation. It is worth noting that toatri-  events iso, = (0.6 — 0.7) VEr GeV¥? with no pile-up (i.e. extra
bution toE’T“‘SSfrom muons is negligible in the studied sample. Thesimultaneoug p collision occurring at high-luminosity in the same
input samples are divided in five bins of scelgrsums EEt). This ~ bunch crossing)d], which compares very well with the = 0.63
sum, calledotal visible transverse energis defined as the scalar obtained withDelphes Similarly, for an ATLAS-like detector, a
sum of transverse energy in all cells. The quality of the MEBdon-  value of 053 is obtained bypelphedfor thea parameter, while the
struction is checked via the resolution on its horizont@hponent  experiment expects it in the range48 ; 057] [9].

EI)’(hISS.
The EI'ss resolution is evaluated in the following way. The 6.3. r-jet efficiency
i 1 1 miss
distribution of the dfference betweerf;™ in Delphesand at Due to the complexity of their reconstruction algorithrrjets

generator-level is fitted with a Gaussian function in eathr( ) : L
bin. The fit RMS gives the MET resolution in each bin. The re_.have also to be checked. Taflésts the reconstructiorfigciencies

. .
sulting value is plotted in FiglO as a function of the total visible ![EeDﬁIiphess‘boorstgﬁ gager?gﬁzéitss;;\r/? l:ézlz) ;nT d '3-527@2%??3:
transverse energy, for CMS- and ATLAS-like detectors. 99 y

The resolutionoy of the horizontal component of MET is ob- erlus'Vr? ?riugjeva?hsol\;l %rGO?UCtIOorFI)Eg _n)t Hr?ii iﬂd plp t_>nzc>j<)-
served to behave like are pertorme adGrapdadEvent a e lepton de

cay and further hadronisation are handledRyghigTauola All
oy =a JEr (GeV?), (10)  reconstructedr-jets are tprong, and follow the definition de-
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scribed in sectior8.3, which is very close to an algorithm of the
CMS experiment22]. At last, correspondingfciencies pub-
lished by the CMS and ATLAS experiments are quoted for com-
parison. The agreement is good enough at this level to valitia
T—reconstruction.

Table 7: Reconstructionfiéciencies ofr-jets int* 7~ decays fronZ or H bosons,
in Delphes CMS and ATLAS experiment2P, 9]. Two scenarios for the mass of
the Higgs boson are investigated. Events generated wittGvigahiMadEvent and
hadronised wittPythia The decays of leptons is handled by tHeauolaversion
embedded ifPythia

CMS Delphes ATLAS Delphes
Z-thr 382% 324+18% 33% 286+1.9%
H(140)— "7~ 363% 399+ 16% 328+ 1.8% Figure 11: Layout of the generic detector geometry assumBelphes Open 3D-
H(300)— "t~ 47.3% 497+15% 438+ 1.6% view of the detector with solid volumes. Same colour codderaiig. 2 are applied.
Additional forward detectors are not depicted.
notice that the reconstruction algorithms build a faket around
7. Visualisation the electron.
When performing an event analysis, a visualisation tookis-u
ful to convey information about the detector layout and theng <
topology in a simple way. Th€&ast and Realistic OpenGL Dis-

playerFROG 23 has been interfaced Delphesallowing an easy
display of the defined detector configuratioh [
Two and three-dimensional representations of the detecior
figuration can be used for communication purposes, as tieaylg!
illustrate the geometric coverage of thdfdient detector subsys-
tems. As an example, the generic detector geometry assum \
in this paper is shown in Fizg and11. The extensions of the N
central tracking system, the central calorimeters and fovthiard
calorimeters are visible. Note that only the geometricakcage | 4
is depicted and that the calorimeter segmentation is nentako W ol h3
account in the drawing of the detector. Moreover, both thitus et
and the length of each SUb_d,eteC,tors ar_eJUSt display paeasznd Figure 12: Example opp(yp — W1{pY event display in dferent orientations,
are not relevant for the physics simulation. with t — Wh OneW boson decays into av, pair and the second one intceae
Deeper understanding of interesting physics processem;i;j-p pair. The surviving proton leaves a forward hemisphere withadronic activity.

ble by displaying the events themselves. The visibilitymreset The isolated muon is shown as the dark blue vector. Arouneéléwron, in red, is
) reconstructed a fake-jet (green vector surrounded by a blue cone), while the re-

. P .. f
of ObleCtS (:'F’ H N 7, Jets, transv?rse missmg enerQ_Y) is enhance onstructed missing energy (in grey) is very small. Onesjetsible in one forward
by a colour coding. Moreover, kinematics information offeab-  region, along the beamline axis, opposite to the directidth@escaping proton.

ject is visible by a simple mouse action. As an illustratian,as-

sociated photoproduction of \W boson and & quark is shown in

Fig. 12. This corresponds to pp(yp — WtpX process, where  For comparison, Figl3 depicts an inclusive gluon pair produc-
theWtcouple is induced by an incoming photon emitted by one otion pp — ggX. The event final state contains more jets, in par-
the colliding proton24]. This leading proton survives after photon ticular along the beam axis, which is expected as the iniegc
emission and is present in the final state. As the energy ahd vi protons are destroyed by the collision. Two muon candidates
ality of the emitted photon are low, the surviving proton sloet large missing transverse energy are also visible.

leave the beam and escapes from the central detector wiikng

detected. The experimental signature is a lack of hadrantieity

in the forward hemisphere where the surviving proton essapee 8. Conclusion and per spectives

t quark decays into & boson and & quark. BothW bosons decay

into leptons W — uv, andW — eve). The balance between the ~ We have described here the major features oDtbiphesrame-
missing transverse energy and the charged lepton pairas,@e  work, introduced for the fast simulation of a collider exipaznt.
well as the presence of an empty forward region. Itisintergéso  This framework is a tool meant for feasibility studies in phe
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Delpheshas been developed using the parameters of the CMS _

. t but can be easily extended to ATLAS and other non[:e\] See the following classes: HEPEVTConverter, HepMCConverter,

experimen i y LHEFConverter, STDHEPConverter andDelphesRootConverter.
LHC experiments, as at Tevatron or at the ILC. Further dgxelo [b] The list of particles considered as invisible is acdelgsin thePdgParticle
ments include a more flexible design for the subdetectonalsise class. This list currently contains the PIDs 12, 14, 16, 0220 1000023,
a betterb-tag description and possibly the implementation of an__ 1000025, 1000035 and 1000045, in absolute values.

.. dule f i imulati This f K [c] Set theFLAG_LHCO variable to 1 or 0 in the detector card to switchahthe
event mixing module for pile-up event simulation. This flewor creation of. Theo output file.

has already been used for several analy34<2pb, 26], in particular  [d] The detector card is théata/DetectorCard.dat file. This file is parsed by
in photon-induced interactions at the LHC. the SmearUtil class.
[e] Detector and trigger cards for the ATLAS and CMS experitaare also pro-
vided indata/ directory.
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. . [K] As the detector is assumed to be cylindrical (e.g. symimat ¢ and with re-
versity Attraction Pole P&1. spect to they = 0 plane), the detector card stores the number of calorimetri
cells with¢ = 0 andn > 0 (default: 40 cells). For a given the size of thep
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[p] These thresholds are defined by #€_gamma_E andZDC_n_E variables in the
detector card.

[a] The choice is done by allocating thEET_jetalgo input parameter in the
detector card.

[r] See thePTCUT_jet variable in the detector card.

[s] See theJET_coneradius and JET_seed variables in the detector card. The
existing FastJet code has been modified to allow easy mddificaf the cell
pattern in f, ¢) space. In following versions @elphes a new dedicated plug-
in will be created on this purpose.

[t] SetJET_Eflow to 1 or O in the detector card in order to switch on @i the
energy flow for jet reconstruction.

[u] Corresponding to thBTAG b, BTAG_mistag_c andBTAG_mistag_1 constants,
for the dficiency of tagging of @-jet, the éficiency of mistagging a-jet as a
b-jet, and the ficiency of mistagging a light jeu(d,s,g) as ab-jet.

[v] See the following parameters in the detector card:

TAU_energy_scone for RE™ JET_M_seed for min E%gwer;

TAU_energy_frac for C,; TAU_track_scone for RS PTAU_track_pt

for min plakS and TAUJET-pt for min pr.

The trigger card is thelata/TriggerCard.dat file. Default trigger files are

also available for CMS-like and ATLAS-like detectors

[x] The resolution is defined by the RP220_T_resolution and
RP420_T_resolution parameters in the detector card.

[y] To prepare the visualisation, tfR.AG_FROG parameter should be equal to 1.

[w

—
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A. User manual

The availablec++-code is compressed in a zipped tar file which contains evienytneeded to run thBelphespackage, assuming
a running ROOT installation. The package inclu@&8ootAnalysis [7], Hector [10], FastJet 11], and FROG 23], as well as the
conversion codes to read standard StdHEP input filesi(c andstdhep) [27] and HepMC #]. In order to visualise the events with the
FROG software, a few additional external libraries may lipined, as explained inttpy/projects.hepforge.ofgROG.

A.l. Getting started
In order to runDelpheson your system, first download its sources and compile them:

wget http://www.fynu.ucl.ac.be/users/s.ovyn/Delphes/files/Delphes V_x.tar.gz

Replace the* symbol by the proper version number. Always refer to the doamh page on theDelphes website
httpy//www.fynu.ucl.ac.bgusergs.ovynDelphegdownload.htmlCurrent version of Delphes for this manual is V 1.8 (July 200

me@mylaptop:~$ tar -xvf Delphes_V_x*.tar.gz
me@mylaptop:~$ cd Delphes_V_x*.x*
me@mylaptop:~$ ./genMakefile.tcl > Makefile
me@mylaptop:~$ make

Due to the large number of external utilities, the numberriitpd lines during the compilation can be high. The useughaot pay
attention to possible warning messages, which are due texteenal packages used Belphes When compilation is completed, the
following message is printed:

me@mylaptop:~$ Delphes has been compiled
me@mylaptop:~$ Ready to run

A.2. Running Delphes on your events

In this sub-appendix, we will explain how to uBelphego perform a fast simulation of a general-purpose detectgrour event files.
The first step to us®elphesis to create the list of input event files (eihputlist.list). It is important to notice that all the files
comprised in the list file should have the same of extensiohdp, * . 1he, *.hepmc Or *.root). In the simplest way to rubelphesyou
need this input file and you need to specify the name of theudile that will contain the generator-level daGe{ tree), the analysis
data objects after reconstructiomélysis tree), and the results of the trigger emulatitnigger tree).

me@mylaptop:~$ ./Delphes inputlist.list OutputRootFileName.root

A.2.1. Setting up the configuration

The program is driven by two datacards (default cardsiate/DetectorCard.dat anddata/TriggerCard.dat) which allow the
user to choose among a large spectrum of running condititiease note that if the user does not provide these datati@edsnning will
be done using the default parameters defined in the constrofcthe clasfKESOLution (see next). If you choose aftirent detector or
running configuration, you will need to edit the datacardsoadingly. Detector and trigger cards are provided indhga/ subdirectory
for the CMS and ATLAS experiments.

1. Thedetector card It contains all pieces of information needed to Delphes

e detector parameters, including calorimeter and trackavgrage and resolutions, transverse energy thresholdgject recon-
struction and jet algorithm parameters.

o six flags FLAG_bfield, FLAG_vfd, FLAG_RP, FLAG_trigger, FLAG_FROG andFLAG_LHCQO), should be set in order to config-
ure the magnetic field propagation, the very forward detsdimnulation, the use of very forward taggers, the triggézction,
the preparation for FROG display and the creation of an ddijeun * . LHCO text format (respectively).

If no datacard is provided by the user, the default smeariniganning parameters are used (corresponding to tdbRs
Definition of the sub-detector extensions:

CEN_max_tracker
CEN_max_calo_cen
CEN_max_calo_ec
CEN_max_calo_fwd
CEN_max_mu

// Maximum tracker coverage

// central calorimeter coverage

// calorimeter endcap coverage

// forward calorimeter pseudorapidity coverage
// muon chambers pseudorapidity coverage
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Definition of the sub-detector resolutions:

# Energy resolution for electron/photon in central/endcap/fwd/zdc calos
# \sigma/E = C + N/E + S/\sqrt{E}, E in GeV

ELG_Scen 0.05 // S term for central ECAL
ELG_Ncen 0.25 // N term

ELG_Ccen 0.005 // C term

ELG_Sec 0.05 // S term for ECAL endcap
ELG_Nec 0.25 // N term

ELG_Cec 0.005 // C term

ELG_Sfwd 2.084 // S term for FCAL
ELG_Nfwd 0. // N term

ELG_Cfwd 0.107 // C term

ELG_Szdc 0.70 // S term for ZDC
ELG_Nzdc 0. // N term

ELG_Czdc 0.08 // C term

# Energy resolution for hadrons in central/endcap/fwd/zdc calos
# \sigma/E = C + N/E + S/\sqrt{E}, E in GeV

HAD_Scen 1.5 // S term for central HCAL
HAD_Ncen 0. // N term

HAD_Ccen 0.05 // C term

HAD_Sec 1.5 // S term for HCAL endcap
HAD_Nec 0. // N term

HAD_Cec 0.05 // C term

HAD_Sfwd 2.7 // S term for FCAL
HAD_Nfwd 0. // N term

HAD_Cfwd 0.13 // C term

HAD_Szdc 1.38 // S term for ZDC
HAD_Nzdc 0. // N term

HAD_Czdc 0.13 // C term

# Time resolution for ZDC/RP220/RP420

ZDC_T_resolution O // in s
RP220_T_resolution O // in s
RP420_T_resolution O // in s

# Muon smearing
MU_SmearPt 0.01 // transverse momentum Pt in GeV/c

# Tracking efficiencies
TRACK_ptmin 0.9 // minimal pT
TRACK_eff 90 // efficiency associated to the tracking (%)

Definitions related to the calorimetric cells:

# Calorimetric towers

TOWER _number 40

TOWER_eta_edges 0. 0.087 0.174 0.261 0.348 0.435 0.522 0.609 0.696 0.783
0.870 0.957 1.044 1.131 1.218 1.305 1.392 1.479 1.566 1.653
1.740 1.830 1.930 2.043 2.172 2.322 2.500 2.650 2.868 2.950
3.125 3.300 3.475 3.650 3.825 4.000 4.175 4.350 4.525 4.700
5.000

TOWER_dphi 6 5 56 5555555555555555 10
10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 20 20

TOWER_eta_edges is the list of the edges in of all cells, in they > 0 hemisphere (the detector is supposed to be symmetric with
respect to thg = 0 plane, as well as around tkexis). Starts with the lower edge of the most central towefdult:n = 0) and ends
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with the higher edge of the most forward tow@aWER_dphi lists the tower size i@ (in degree), assuming that all cells are similar
in ¢ for a givenn.
Thresholds applied for storing the reconstructed objectise final collections:

# Thresholds for reconstructed objects, in GeV/c

PTCUT_elec 10.0
PTCUT _muon 10.0
PTCUT_jet 20.0
PTCUT _gamma 10.0
PTCUT_taujet 10.0

# Thresholds for reconstructed objects in ZDC, E in GeV
Z2DC_gamma_E 20
ZDC_n_E 50

Definitions of variables related to the charged lepton isofa

# Charged lepton isolation. Pt and Et in GeV
ISOL_PT 2.0 //minimal pt of tracks for isolation criteria
ISOL_Cone 0. //Cone for isolation criteria
ISOL_Calo_Cone O. //Cone for calorimetric isolation
2.
3

(@R SN

ISOL_Calo_ET //minimal tower E_T for isolation criteria. 1E99 means "off"
ISOL_Calo_Grid //Grid size (N x N) for calorimetric isolation

Definitions of variables related to the jet reconstruction:

# General jet variable
JET_coneradius 0.7 // generic jet radius
JET_jetalgo 1 // 1 for Cone algorithm,
// 2 for MidPoint algorithm,
// 3 for SIScone algorithm,
// 4 for kt algorithm
// 5 for Cambridge/Aachen algorithm
// 6 for anti-kt algorithm
JET _seed 1.0 // minimum seed to start jet reconstruction, in GeV
JET_Eflow 1 // Energy flow: perfect energy assumed in the tracker coverage.
// 1 is ’on’ ; 0 is ’off’

# Tagging definition

BTAG_b 40 // b-tag efficiency (%)
BTAG_mistag_c 10 // mistagging (%)
BTAG_mistag_1l 1 // mistagging (%)

Switches for options

# FLAGS

FLAG_bfield 1 //1 to run the bfield propagation else 0
FLAG_vfd 1 //1 to run the very forward detectors else O
FLAG_RP 1 //1 to run the very forward detectors else O
FLAG_trigger 1 //1 to run the trigger selection else 0
FLAG_FROG 1 //1 to run the FROG event display

FLAG_LHCO 1 //1 to run the LHCO

Parameters for the magnetic field simulation:

# In case BField propagation allowed

TRACK _radius 129  // radius of the BField coverage, in cm
TRACK _length 300 // length of the BField coverage, in cm
TRACK_bfield_x 0 // X component of the BField, in T
TRACK_bfield_y 0 // Y component of the BField, in T
TRACK_bfield_z 3.8 // Z component of the BField, in T
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Parameters related to the very forward detectors

# Very forward detector extension, in pseudorapidity

# if allowed

VFD_min_zdc 8.3 // Zero-Degree neutral Calorimeter
VFD_s_zdc 140 // distance of the ZDC, from the IP, in [m]

#\textit{Hector} parameters

RP_220_s 220 // distance of the RP to the IP, in meters

RP_220_x 0.002 // distance of the RP to the beam, in meters

RP_420_s 420 // distance of the RP to the IP, in meters

RP_420_x 0.004 // distance of the RP to the beam, in meters
RP_beamlCard data/LHCB1IR5_v6.500.tfs // beam optics file, beam 1
RP_beam2Card data/LHCB2IR5_v6.500.tfs // beam optics file, beam 2
RP_IP_name IP5 // tag for IP in \textit{Hector} ; ’IP1’ for ATLAS
RP_offsetEl_x 0.097 // horizontal separation between both beam, in meters
RP_offsetEl_y 0 // vertical separation between both beam, in meters
RP_offsetEl_s 120 // distance of beam separation point, from IP
RP_cross_x -500 // IP offset in horizontal plane, in micrometers
RP_cross_y 0 // IP offset in vertical plane, in micrometers
RP_cross_ang_x 142.5 // half-crossing angle in horizontal plane, in microrad
RP_cross_ang_y 0 // half-crossing angle in vertical plane, in microrad

Others parameters:

# In case FROG event display allowed

NEvents_FROG 100
# Number of events to process
NEvents -1 // -1 means ’all’

# input PDG tables
PdgTableFilename data/particle.tbl // table with particle pid,mass,charge,...

In general, energies, momenta and masses are expressed, iB&& ¢, GeV/c? respectively, and magnetic fields in T. Geometrical
extension are often referred in terms of pseudorapiglitys the detectors are supposed to be symmetrgc ifrom version 1.8
onwards, the number of events to run is also be included iddéhector cardNEvents). For version 1.7 and earlier, the parameters
related to the calorimeter endca@glf_max_calo_ec, ELG_Sec, ELG_Nec, ELG_Cec, HAD_Sec, HAD _Nec andHAD_Cec) did not exist

in the detector cards; in addition, some other variablesdiigrent namesHAD_Scen wasHAD_Sfcal, HAD_Ncen wasHAD Nfcal,
HAD _Ccen WasSHAD Cfcal, HAD_Sfwd wasHAD_Shf, HAD_Nfwd wasHAD_Nhf, HAD_Cfwd wasHAD _Chf). However, these cards are
still completely compatible with new versions BElphes In such a case, the calorimeter endcaps are simply assonbeddcated

at the edge of the central calorimeter volumes, with the s@s@ution values.

. Thetrigger card

This card contains the definitions of all trigger-bits. Ccs be applied on the transverse momenpynof electrons, muons, jets,
7-jets, photons and the missing transverse energy. Thenolgpcodes should be used so tizlphescan correctly translate the
input list of trigger-bits into selection algorithms:

Trigger code Corresponding object

ELEC_PT electron
IElec_PT isolated electron
MUON_PT muon

IMuon_PT isolated muon
JET_PT jet

TAU_PT 7-jet

ETMIS_PT missing transverse energy
GAMMA_PT photon
Bjet_PT b-jet
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Each line in the trigger datacard is allocated to exactlytogger-bit and starts with the name of the correspondiigygér. Logical
combination of several conditions is also possible. If igger-bit requires the presence of multiple identicaleais, the order of
their pr thresholds is very important: they must be definedeareasingrder. The transverse momentymis expressed in Ge.
Finally, the diferent requirements on the objects must be separatedbyflag. The default trigger card can be found in the data
repository ofDelphes(data/TriggerCard.dat), as well as for both CMS and ATLAS experiments at the LHC. Aamaple of
trigger table consistent with the previous rules is giverehe

SinglelJet >> JET_PT: ’200’
DoubleElec >> ELEC_PT: ’20’ && ELEC_PT: ’10’
SingleElec and Single Muon >> ELEC_PT: ’20’ && MUON_PT: ’15°

A.2.2. Running the code

First, create the detector and trigger cardtste/DetectorCard.dat anddata/TriggerCard.dat).
Then, create a text file containing the list of input files tdkbe used byDelphes(with extension«.1he, *.hepmc, *.root Or *.hep).
To run the code, type the following command (in one line)

me@mylaptop:~$ ./Delphes inputlist.list OutputRootFileName.root
data/DetectorCard.dat data/TriggerCard.dat

As a reminder, typing the/Delphes command simply displays the correct usage:

me@mylaptop:~$ ./Delphes
Usage: ./Delphes input_file output_file [detector_card] [trigger_card]
input_list - list of files in Ntpl, StdHep, HepMC or LHEF format,
output_file - output file.
detector_card - Card containing resolution variables for detector simulation (optional)
trigger_card - Card containing the trigger algorithms (optional)

A.3. Getting the Delphes information
A.3.1. Contents of the Delphes ROOT trees

The Delphesoutput file §.root) is subdivided into thre&rees corresponding to generator-level data, analysis-objetz and trigger
output. Theséreesare structures that organise the output datalimémchescontaining data (oleaves$ related with each others, like the
kinematics propertied, px, n, .. .) of a given particle.

Here is the exhaustive list ranchesavailables in thestees together with their corresponding physical objet @aHootAnalysis
C++ class name:

GEN Tree
Particle generator particles fromapevr GenParticle

Trigger Tree
TrigResult Acceptance of flerent trigger-bits TRootTrigger

AnalysisTree
Tracks Collection of tracks TRootTracks
CaloTower Calorimetric cells TRootCalo
Electron Collection of electrons TRootElectron
Photon Collection of photons TRootPhoton
Muon Collection of muons TRootMuon
Jet Collection of jets TRootJet
TauJet Collection of jets tagged &agets TRootTauJet
ETmis Transverse missing energy informatioMRootETmis
ZDChits Hits in the Zero Degree Calorimeters TRootZdcHits
RP220hits Hits in the first proton taggers TRootRomanPotHits
FP420hits Hits in the next proton taggers TRootRomanPotHits

The third column shows the names of the corresponding dassbe written in a ROOT tree. The bin number in the unique ileaf
thetrigger tree (namelyTrigResult.Accepted) corresponds to the trigger number in the provided list. ddigon, the result of the
global trigger decision upon each event (i.e. the logd®abf all trigger conditions) is stored in the first bin (numbérdd this leaf. In
Analysis tree, all classes excepRootTracks, TRootCalo, TRootTrigger, TRootETmis andTRootRomanPotHits inherit from the
classTRootParticle which includes the following data members (storeteasesn branchesf thetreeg:
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Most common |leaves

float E; // particle energy in GeV

float Px; // particle momentum vector (x component) in GeV/C
float Py; // particle momentum vector (y component) in GeV/C
float Pz; // particle momentum vector (z component) in GeV/C
float PT; // particle transverse momentum in GeV/C

float Eta; // particle pseudorapidity

float Phi; // particle azimuthal angle in rad

In addition to their kinematics, some additional propertiee available for specific objects:

Leavesin theParticle branch (GEN tree)

int PID; // particle HEP ID number

int Status; // particle status

int M1; // particle 1st mother

int M2; // particle 2nd mother

int D1; // particle 1st daughter

int D2; // particle 2nd daughter

float Charge; // electrical charge in units of e

float T; // particle vertex position (t component, in mm/C)
float X; // particle vertex position (x component, in mm)
float Y; // particle vertex position (y component, in mm)
float Z; // particle vertex position (z component, in mm)
float M; // particle mass in GeV/cC?

Additional leavesin Electron and Muon branches (Analysis tree)

int Charge // particle Charge

bool IsolFlag // stores the result of the tracking isolation test

float IsolPt // sum of all track pt in isolation cone (GeV/c)

float EtaCalo // particle pseudorapidity when entering the calo

float PhiCalo // particle azimuthal angle in rad when entering the calo
float EHoverEE // hadronic energy over electromagnetic energy

float EtRatio // calo Et in NxN-cell grid around the muon over the muon Et

Additional leaf in the Jet branch (Analysistree)
bool Btag // stores the result of the b-tagging
int NTracks // number of tracks associated to the jet
float EHoverEE // hadronic energy over electromagnetic energy

Leavesin the Tracks branch (Analysis tree)
float Eta // pseudorapidity at the beginning of the track
float Phi // azimuthal angle at the beginning of the track
float Etaluter // pseudorapidity at the end of the track
float PhiOuter // azimuthal angle at the end of the track

float PT // track transverse momentum in GeV/C

float E // track energy in GeV

float Px // track momentum vector (x component) in GeV/C
float Py // track momentum vector (y component) in GeV/C
float Pz // track momentum vector (z component) in GeV/C
float Charge // track charge in units of €
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Leavesin the CaloTower branch (Analysistree)

float Eta // pseudorapidity of the cell

float Phi // azimuthal angle of the cell in rad

float E // cell energy in GeV

float E_em // electromagnetic component of the cell energy in GeV
float E_had // hadronic component of the cell energy in GeV

float ET // cell transverse energy in GeV

Leavesin theETmis branch (Analysis tree)

float Phi // azimuthal angle of the transverse missing energy in rad
float ET // transverse missing energy in GeV

float Px // x component of the transverse missing energy in GeV
float Py // y component of the transverse missing energy in GeV

The hits in very forward detector (ZDC, RP220, FP420) haveesoommon data. In particular, teeéde variable tells in which detector
(left:-1 or right+1 of the interaction point) the hit has been seen. Moreowenesgenerator level data is provided for information, as the
correspondance with the contents of @B tree is not possible. These generator-level data correljodhe particle kinematics (energy,
momentum, angle) and identification (pid).

Common leavesfor ZDC, RP220, FP420

float T // time of flight in s
float E // measured/smeared energy in GeV
int side // -1 or +1
Generator level data
int pid; // particle ID
float genPx; // particle momentum vector (x component) in GeV/C
float genPy; // particle momentum vector (y component) in GeV/C
float genPz; // particle momentum vector (z component) in GeV/C
float genPT; // particle transverse momentum in GeV/C
float genEta; // particle pseudorapidity
float genPhi; // particle azimuthal angle in rad

Additional leavesin the ZDChits branch (Analysis tree)
int hadronic.hit // 0(is not hadronic) or 1(is hadronic)

Additional leavesin the RP220hits and FP420hits branches (Analysis tree)

flaot S // detector position from IP in m

float X // hit horizontal position in m

float Y // hit vertical position in m

float TX // hit horizontal angle in rad

float TY // hit vertical angle in rad

float g2 // reconstructed momentum transfer in GeV?

The hit position is computed from the center of the beam f@wsihot from the edge of the detector.

A.4. Deeper description of jet algorithms

In this section, we briefly describe thefldirences between the six jet algorithms interfaceDetphes via the FastJet utiliy]1]. Jet
algorithms difer in their sensitivity to soft particles or collinear spihigs, and in their computing speed performances. The firset
belong to the cone algorithm class while the last three drgssequential recombination scheme. For all of them, dharicnetric cells
are used as inputs for the jet clustering.

Cone algorithms
1. CDF Jet Clusterg12]: Basic cone reconstruction algorithm used by the CDF arpant in Run II). All cells lying in a circular cone
around the jet axis with a transverse enekgyhigher than a given threshold are used to seed the jet caadidahis algorithm is
fast but sensitive to both soft particles and collineartspts.

2. CDF MidPoint[13]: Cone reconstruction algorithm developed for the CDF Ruto Ireduce infrared and collinear sensitivities
compared to purely seed-based cone by adding ‘midpoimsr@gy barycentres) in the list of cone seeds.

3. Seedless Infrared Safe Cofie4]: The SISCone algorithm is simultaneously insensitive ddiional soft particles and collinear
splittings, and fast enough to be used in experimental aisaly
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Recombination algorithms

The three sequential recombination jet algorithms are wéferespect to soft radiationinfrared) and collinear splittings. They rely
on recombination schemes where calorimeter cell pairsuareessively merged. The definitions of the jet algorithnessamilar except
for the definition of thalistances dused during the merging procedure. Two such variables direde the distance;j between each pair
of cells (, j), and a variablalg (beam distandedepending on the transverse momentum of theice€llhe jet reconstruction algorithm
browses the calorimetric cell list. It starts by finding thenimum valuedy,, of all the distances; anddig. If dmin is ad;j, the cellsi and
j are merged into a single cell with a four-momentpin= p“(i) + p*(j) (E-scheme recombinatipnif dn,n is adig, the cell is declared
as a final jet and is removed from the input list. This procedsirepeated until no cells are left in the input list. Furtindormation on
these jet algorithms is given here below, uskygy; and¢; as the transverse momentum, rapidity and azimuth of caddrioncelli and
AR = \(yi — Yj)? + (¢ — ¢))? as the jet-radius parameter:

4. Longitudinally invariant kjet [15], with dij = min(k, k%) x ATFf" anddig = kz,

5. Cambridgghachen je{16], with dij = S anddg = 1,

2
6. Anti k jet[17], where hard jets are exactly circular in thed) plane:d;; = min(1/k3, 1/kt2j) X A%‘ anddig = %

A.5. Running an analysis on your Delphes events

To analyse the ROOT ntuple produced Dglphes the simplest way is to use thmalysis_Ex.cpp code which is coming in the
Examples repository ofDelphes Note that all of this is optional and done to facilitate tinalgses, as the output frobelpheds viewable
with the standard ROOTBrowser and can be analysed using thekeClass facility. As an example, here is a simple overview of a
myoutput . root file created byDelphes

me@mylaptop:~$ root -1 myoutput.root
root [0]

Attaching file myoutput.root as _fileO...
root [1] .1ls

TFilex** myoutput.root

TFilex myoutput.root
KEY: TTree GEN;1  Analysis tree
KEY: TTree Analysis;1 Analysis tree
KEY: TTree Trigger;1 Analysis tree

root [2] TBrowser t;

root [3] Analysis->GetEntries()

(const Long64_t)200

root [4] GEN->GetListOfBranches()->1s()

0BJ: TBranchElement Event Event_ : 0 at: 0x9108f30

0BJ: TBranch Event_size Event_size/I : 0 at: 0x910cfdO
OBJ: TBranchElement Particle Particle_ : O at: 0x910c6bO
0BJ: TBranch Particle_size Particle_size/I : 0 at: 0x9111c58
root [5] Trigger->GetListOfLeaves()->1s()

0BJ: TLeafElement TrigResult_ TrigResult_ : 0 at: 0x90£90a0
0BJ: TLeafElement TrigResult.Accepted Accepted[TrigResult_] : O at: 0x90£9000
0BJ: TLeafl TrigResult_size TrigResult_size : 0 at: 0x90fb860

The .1s command lists the current keys available and in particilarthreetree names. TBrowser t launches a browser and the
GetEntries () method outputs the number of data in the corresponttgey The list ofbranchesor leavescan be displayed with the
GetListOfBranches() andGetList0fLeaves () methods, pointing to thes () one. In particular, it is possible to shown only parts of
the output, using wildcard charactesd:(

root [6] Analysis->GetListOfLeaves()->1s("*.E")

0BJ: TLeafElement Jet.E E[Jet_] : 0 at: 0xa08bc68

0BJ: TLeafElement TauJet .E E[TauJet_] : 0 at: 0xa148910
0BJ: TLeafElement Electron.E E[Electron_] : 0 at: 0xald8a50
0BJ: TLeafElement Muon.E E[Muon_] : 0 at: 0xa28ac80
0BJ: TLeafElement Photon.E E[Photon_] : O at: 0xa33cd88
0BJ: TLeafElement Tracks.E E[Tracks_] : 0 at: Oxa3ccedO
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0BJ: TLeafElement CaloTower.E E[CaloTower_] : 0 at: Oxad4bal88

0BJ: TLeafElement ZDChits.E E[ZDChits_] : O at: Oxab4a3c8
0OBJ: TLeafElement RP220hits.E E[RP220hits_] : O at: Oxa61e648
0OBJ: TLeafElement FP420hits.E E[FP420hits_] : O at: 0xa6d0920

To draw a particular leaf, either double-click on the copareding name in th&Browser or use thedraw method of the corresponding
tree

root [7] Trigger->Draw("TrigResult.Accepted");
Mathematical operations on seveledvesare possible within a givetneg, following the C++ syntax:

root [8] Analysis->Draw("Muon.Px * Muon.Px");
root [9] Analysis->Draw("sqrt(pow(Muon.E,2) - pow(Muon.Pz,2) + pow(Muon.PT,2))");

Finally, to prepare an deeper analysis, th&eClass method is useful. It creates two files. and*.C) with automatically generated
code that allows the access to all branches and leaves obthesponding tree:

root [10] Trigger->MakeClass()
Info in <TTreePlayer::MakeClass>: Files: Trigger.h and
Trigger.C generated from TTree: Trigger

For more information, refer to ROOT documentation. Morgpaa example of code (based on the outpullaifeClass) is provided in
theExamples/ directory.

To run theExamples/Analysis Ex. cpp code, the two following arguments are required: a text filetaiming the inpubDelphesroot
files to run, and the name of the outpubot file.

me@mylaptop:~$ ./Analysis_Ex input_file.list output_file.root

One can easily edit, modify and compiteake) changes in this file.

A.5.1. Adding the trigger information

TheExamples/Trigger Only.cpp code permits to run the trigger selection separately fraag#meral detector simulation on output
Delphesroot files. ADelphesroot file is mandatory as an input argument for theigger Only routine. The newiree containing the
trigger result data will be appended to this file. The trigd@tacard is also necessary. To run the code:

me@mylaptop:~$ ./Trigger_Only input_file.root data/TriggerCard.dat

A.6. Running the FROG event display
e If the FLAG_FROG was switched on in the smearing card, two files have been ettedtiring the running oDelphes
DelphesToFROG.vis andDelphesToFROG.geom . They contain all the needed pieces of information to run BRO

e To display the events and the geometry, you first need to defARIOG. Go to th&tilities/FR0OGand typenake. This compilation
is done once for all, with this geometry (i.e. as long as#ies and*geon files do not change).

e Go back into the main directory and type

me@mylaptop: $ ./Utilities/FROG/FROG

A.7. LHCO file format

The *LHCO file format is a text-ASCIl data format briefly discussed hereAn exhaustive description is provided on
httpy/v1.jthaler.neiblympicswiki This section is based on this webpage. Only final high-lebgcts are available in thedCo for-
mat, and their properties are arranged in columns. Each comesponds to an object in the event and all events are widtiier each
other. Comment-lines starts with a haskymbol.

# typ eta phi pt jmas ntrk btag had/em duml  dum2
0 57 0

1 0 1.392 -2.269 19.981 0.000 0.000 0.000 4.605 0.000 0.000
2 3 1.052 2.599 29.796 3.698 -1.000 0.000 0.320 0.000 0.000
3 4 1.542 -2.070 84.308 41.761 7.000 0.000 1.000 0.000 0.000
4 4 1.039 0.856 58.992 34.941 1.000 0.000 1.118 0.000 0.000
5 4 1.052 2.599 29.796 3.698 0.000 0.000 0.320 0.000 0.000
6 4 0.431 -2.190 22.631 3.861 0.000 0.000 1.000 0.000 0.000
7 6 0.000 0.845 62.574 0.000 0.000 0.000 0.000 0.000 0.000
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Each row in an event starts with a unique number (i.e. in fiokiron). RowO0 contains the event number (her&r) and some trigger
information (here. This very particular trigger encoding is not implemente®elphes). Subsequent rows list the reconstructed high-
level objects. Each row is organised in columns, which tiethé object kinematics as well as more specific informasoch as isolation
criteria orb-tagging.

1st column #). The first column is the line number in the event. Each evenisstéath a 0 and contains as many lines as needed to list all
high-level objects.

2nd column ¢yp). The second column gives the object identification codéye The diferent object types are:
0 foraphotont{)
1 for an electrong®)
2 foramuon [iF)
3 for a hadronically-decaying tau-{et)
4 forajet
6 for a missing transverse enerdsit)
Object types is not defined. An event always ends with the row correspaniitthe missing transverse energy (t@)e

3rd (eta) and 4th ph<) columns. The third and forth columns gives the object pseudorapigiiynd azimuthp. This latter quantity is
expressed in radians, ranging frem to r.

5th (pt) and 6th (jmass) columns. The fifth column provides the object transverse momentpmirf GeV/c) or energy Er in GeV),
while the invariant mass\ in GeV/c?) is in the sixth column.

7th column g trk). The seventh column reports the total number of tracks ast®atio the objects. This &sfor photons;+ 1 for charged
leptons including taus (where the sign reports the leptoasmesd charge) and a positive number() for jets.

8th column btag). The eighth column tells whether a jet is tagged dsjat (1) or not (0). This is alwayso for electrons, photons
and missing transverse energy. For muons, the closest $efairched for, in terms &fR. The integer-part of the quoted number is the
row-number (column 1) of this jet.

9th column gad/em). For jets, electrons and photons, the ninth column is themddetween hadronic and electromagnetic energies in the
calorimetric cells associated to the object. This is alw@jer missing transverse energy. For muons, this numdees (bb) reports two
values related to the muon isolation (sect®f). The integer partgaa) is transverse momentum sufi (in GeV/c) and the fractional
part (bb) is the energy ratip,,.

10th and 11th columnsigm1 and dum2). The last two columns are currently not used.

Warning. Inherently to the data format itself, tk&HCO output contains only a fraction of the available data. Mesgpdealing with text
file may have various drawbacks, such as the output file sidatentime needed for its creation. Whenever possible, wgrkin the
xroot output file should be preferred.
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