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Abstract

This paper presents a n&x+ framework Delphes performing a fast multipurpose detector response sinonlal he simulation
includes a tracking system, embedded into a magnetic fialdrimeters and a muon system, and possible very forwaetttes
arranged along the beamline. The framework is interfaceathtodard file formats and outputs observables such asdddigitons,
missing transverse energy and collection of jets which @ansed for dedicated analyses. The simulation of the detextponse
takes into account theffect of magnetic field, the granularity of the calorimetersl @anbdetector resolutions. A simplified
preselection can also be applied on processed eventsdgetremulation. Detection of very forward scattered plasicelies
on the transport in beamlines with thkkector software. Finally, the FROG 2BD event display is used for visualisation of the
collision final states.
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1. Introduction simulation, including transport of the primary and secagda
) . . particles through the detector material accounting fonue
Multipurpose detectors at high energy colliders are very, s getector ingiciencies, the dead material, the imperfec-
complex systems. Precise data analyses require a fulltdetec jong and the geometrical details. Their simulation is inge
eral performed by means of the GEANT] [toolkit and final
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nstruction algorithms. N - .
co S. uctiona g(.) s Table 1: Default extension in pseudorapidifyof the diferent subdetectors.
This complexity can only be handled by large collabora-gy azimuthal ¢) acceptance is assumed.

tions. Phenomenological studies, looking for the obsalitxab
of given signals, require in general only fast but realigtse

timates of the expected signal signatures and their agedcia TRACKER 2 g 25] [_;f. A
backgrounds. ECAL, HCAL [-17:17] [ 7]

In this context, a new framework, callddelphes[2], has ECAL, HCAL endcaps {3;-17]&[1.7:3] [-x7]
been developed, for a fast simulation of a general-purpose ¢ | [_'5. _'3] & [3.' 5’] [_”f ]
lider experiment3]. Using this framework, observables such ;0N ['_2_4. 2_4]' [_ﬂf ]

as cross-sections andfieiencies after event selection can be
estimated for specific processes. Starting from the output o
event generators, the simulation of the detector resp@hes t

into account the subdetector resolutions, by smearingitiee kK hadron calorimeters (ECAL and HCAL, each with a central re-
matics of final-state particles (i.e. those consideredaslesby  gion and two endcaps) and two forward calorimeters (FCAL).

the event generatdy. Finally, a muon system (MUON) encloses the central detector
Delphesincludes important experimental features, such asolume.
(Fig. 1): A detector card ¢] allows a large spectrum of running

conditions by modifying basic detector parameters, inicigd
calorimeter and tracking coverage and resolution, thiesho
2. the dfect of magnetic field on tracks, or jet algorithm parameters. Even Melpheshas been de-

veloped for the simulation of general-purpose detectothet
3. the reconstruction of photons, leptons, jétgets, r-jets  LHC (namely, CMS and ATLAS, with reference6][and [7]

1. the geometry of both central and forward detectors,

and missing transverse energy, throughout this document), this input parameter file istees
. . a flexible parametrisation for other cases, e.g. at futuresali
4. alepton isolation, colliders [f]. The geometrical coverage of the various subsys-

. . tems used in the default configuration are summarised iniTab.
5. atrigger emulation,

6. an eventdisplay.

Although Delphesyields much realistic results than a sim-
ple “parton-level” analysis, it has some limitations. Dete
geometry is idealised, being uniform, symmetric around th
beam axis, and having no cracks nor dead material. The prop
gated particles do not fiier secondary interactions nor multiple
scatterings that wouldfect their integrity or path throughout
the detector. Photon conversion and bremsstrahlung dinreto t
magnetic field are also neglected.

Several common datafile formats can be used as input i
Delpheda), in order to process events from manyfdient gen-
erators.Delphescreates output data in a ROOT ntupdé [This
output contains a copy of the generator-level data, theyaisal
data objects after reconstruction, and possibly the ®sfithe  Figure 2:  Profile of layout of the generic detector geomesguaed in
trigger emulationl]. In optionDelphescan produce a reduced Delphes The innermost layer, close to the interaction point, isrtred track-
output file in* . 1hco text format, which is limited to the list of ing system (pink). It is surrounded by a central calorimetelume (green)

. . . : with both electromagnetic and hadronic sections. The dag@r of the cen-
the reconstructed high-level objects in the final statps [ tral system (red) is muon system. In addition, two end-cégricaeters (blue)

extend the pseudorapidity coverage of the central dete&tititional forward
! ) detectors are not depicted.
2. Simulation of the detector response

The overall layout of the multipurpose detector simulated b
Delphesis shown in Fig.2. It consists in a central tracking

system (TRACKER) surrounded by an electromagnetic and g'l' Magnetic field

In addition to the subdetectors, théexts of a solenoidal
1 _ _ magnetic field are simulated for the charged particlels [
In the curienDeIphesversmn, particles other than‘electrong)( photons This afects the position at which charged particles enter the
(y), muons f*), neutrinos te, v, andv;) and neutralinos are simulated as . . . .
hadrons for their interactions with the calorimeters. Tineutation of stable C?-Ior}m?t?rs and their corresponding tI‘?.Cl.(S. The fieldrexte
particles beyond the Standard Model should therefore belédmvith care ). sion is limited to the tracker volume and is in particular apt
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Figure 1: Flow chart describing the principles behDelphes Event files coming from external Monte Carlo generatorsreagel by a converter stage (top). The
kinematics variables of the final-state particles are threaased according to the tunable subdetector resolutioreckd are identified in a simulated solenoidal
magnetic field and calorimetric cells sample the energy siepoBased on these low-level objects, dedicated algosthre applied for particle identification,
isolation and reconstruction. The transport of very fodvparticles to the near-beam detectors is also simulatedallsi an output file is written, including
generator-level and analysis-object data. If requestddlyaparametrisable trigger can be emulated. Optionalig geometry and visualisation files for the 3D
event display can also be produced. All user parameterseaie theDetectofSmearing Cardand theTrigger Card

plied for muon chambers. This is not a limiting factor sinke t momentunypry is higher than ® GeV/c and if its pseudorapid-
magnetic field is not used for the muon momentum smearing. ity || < 2.5 [i]. This reconstructionféiciency is assumed to be

uniform and independent of the particle type. The momentum
2 2. Tracks reconstruction of tracks undergoes an intrinsic smearing, corresponaitiget

experiment capabilities for given particles. No furtheresm

Every stable charged part_icle_ Wi_th a transverse momenturmg is currently applied on track parameters. For each frtek
above some threshold and lying inside the detector volume co positions at vertexif, ¢) and at the entry point in the calorime-

ered by the tracker provides a track. By default, a track is aser |ayers f, ¢)ca are available while the helix parameters of
sumed to be reconstructed with 90% probability if its traarse
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tracks, ESpeCIa”y the Impact parameters are not. Table 2: Default values for the resolution of the central tordvard calorime-

ters (for both electromagnetic and hadronic parts). Résolus parametrised

2.3. Calorimetric cells by thestochastidqS), noise(N) andconstant(C) terms (Eq) [g].

The response of the calorimeters to energy deposits of in-
coming particles depends on their segmentation and résojut S (GeV?) N (GeV) C
as well as on the nature of the particles themselves. In CMS ECAL 0.05 025 00055
and ATLAS detectors, for instance, the calorimeter charact ECAL, end caps 5 025 00055
istics are not identical in every direction, with typicafiper FCAL, e.m. part 084 0 0107
resolution and granularity in the central regions. It isstery HCAL 15 0 005
important to compute the exact coordinates of the entrytmdin HCAL, end caps ) 0 005
the particles into the calorimeters, in taking the magnfetic FCAL, had. part /g 0 013

effect into account.

The smallest unit for geometrical sampling of the calorime-
ters is acell; it segments ther( ¢) plane for the energy mea-
surement. No longitudinal segmentation is available irsthe ~ the calorimeters (ECAL and FCAL, e.m.), while charged and
ulated calorimetersDelphesassumes that ECAL and HCAL heutral final-state hadrons are assumed to leave theireentir
have the same segmentations and that the detector is syimmetgnergy interactin the hadronic parts (HCAL and FCAL, had.).

in ¢ and with respect to the = 0 plane []. Fig. 3illustrates the ~Some long-living particles, such as thg and A’s, with life-
default calorimeter segmentation. time cr smaller than 10 mm are considered as stable particles

by the generators although they may decay before reaching
Calorimeter Segmentation the calorimeters. The energy smearing of such particles is
8 therefore performed using the expected fraction of thegner
(0 < F <1), determined according to their decay products, that
would be deposited into the ECAIEEca. = (1 - F) x E) and
2 into the HCAL EpncaL = F XE). The position of these deposits
corresponds to the calorimeter entry point of the motheti-par
15 cle. The resulting calorimetry energy measurement givesr af
the application of the smearing is th&n= EycaL + EecaL-
For Kg andA hadrons, the energy fractidghis assumed to be

25

(@ segmentation

05 0.7 [K].
i S B E— R— 3 4 s No sharing between neighbouring cells is implemented when
n segmentation particles enter a cell very close to its geometrical edges @u

the finite segmentation, the smearing, as defined irlEg.ap-
Figure 3: Default segmentation of the calorimeters in thes) plane. Only plied directly on the accumulated electromagnetic anddvadr
the central detectors (ECAL, HCAL) and FCAL are considergdingles are energies of each calorimetric cell. The calorimetric cetiter
expressed in radians (see Sa2.1). . . .

in the calculation of the missing transverse energy (MEmY, a

are used as input for the jet reconstruction algorithms.

The calorimeter response is parametrised through a Gaussia The output file created Hyelpheqdm] stores the final collec-

smearing of the accumulated cell energy with a variance ~ tions of particles¢”, 4, y) and objects (light jetd)-jets,-jets,
ET'S9). In addition, collections of tracks, calorimetric cellsca
o_ S & N &C 1) hits in the very forward detectors (ZDC, RP220 and FP420, see
E VvVE E Sec.5) are added.

where S, N and C are thestochasti¢c noise and constant
terrr_1§ respectivelyE is in GeV and& stands for quadratic 3. High-level reconstruction
additions [].

In the default parametrisation, ECAL and HCAL are as- While electrons, muons and photons are easily identified,
sumed to cover the pseudorapidity rarigie< 3, and FCAL  other quantities are morefticult to evaluate as they rely on
between D and 50, with different response to electrons and sophisticated algorithms (e.g. jets or missing energy).
photons, or to hadrons. Muons and neutrinos are assumed notFor most of these objects, their four-momentum and related
to interact with the calorimetersl[ The default values of the quantities are directly accessibleDelphesoutput €, B, pr, 7
stochastic, noise and constant terms are given inZab. and¢). Additional properties are available for specific objects

(like the charge and the isolation status &randu*, the re-

To simplify the simulation, electrons and photons aresult of application ob-tag for jets and time-of-flight for some

assumed to leave their energy in the electromagnetic pérts detector hits).
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3.1. Photon and charged lepton AR = /A% + A¢? < 0.5 centered on the cell associated to
the charged leptofi, obviously taking the magnetic field into

From here onwardglectrongefer to both positronef) and
account.

electrons€™), andcharged leptoneefer to electrons and muons o ,
(), leaving out ther* leptons as they decay before being de- The result (i.eisolatedor not) is added to the charged lepton
tected. measured properties. In addition, the sBmof the transverse

The electron, muon and photon collections contains only th@womgnta of. all tracks but the lepton one within the isolation
true final-state particles identified via the generatoadatad- ~ CON€ is providedd]:
dition, these particles must pass fiducial cuts taking irto a tracks
count the magnetic fieldfiects, have a transverse momentum Pr = Z pr (i)
above some threshold (defaulpr > 10 GeV/c). Conse- -y
quently, no fake candidates enter these collections. fRxts
like bremsstrahlung are not taken into account along thietep ~ No calorimetric isolation is applied, but the charged lepto
propagation in the tracker, no clustering is needed for iee-e  collections contain also the ratj@ between (1) the sum of
tron reconstruction ifDelphes Moreover, charged leptons are the transverse energies in all calorimetric cells I & N grid
added in their respective collections if their associatadkis ~ around the lepton, and (2) the lepton transverse momerghm [
available. SEq()

pt=

Electrons and photons pr(0)

Real electron ) and photon candidates are identified if  Finally it should be mentioned that because photons from
they fall into the acceptance of the tracking system and havghysics bremsstrahlung are not added to the electron, they a
a transverse momentum above some threshold (defgsilts  pear in the calorimetric isolation energy. This can leadrtees
10 GeV/c). Delphesassumes a perfect algorithm for clustering ajistically high isolation energies in the case of very hégier-
and for recovery of detector-induced Brehmstrahlung. idec  getic electrons while in a full simulation most bremsstuay

energy is smeared according to the resolution of the cabdfim photons overlap with the electron and do therefore not énter
ric cell where it points to, but independently from any otherthe isolation energy.

deposited energy in this cell. Electrons and photons matere

a candidate in the jet collection. Thg, ¢) position at vertex 3 5 jet reconstruction
comes from their corresponding track vertex. As there iss10 a
sociated track to photons, their reconstructed kinemailess
good than for electrons. Consequently, the mass resolafion
di-photon resonances iffected. Similarly to full simulations,
physics Brehmstrahlung from vertex is not taken into actoun
in the electron reconstruction Delphes Consequently, reso-
nances likeZ — e"e” may have a bias in their reconstructe
peak.

, 1in N x N grid centred or.

A realistic analysis requires a correct treatment of parton
which have hadronised. Therefore, the most widely curyentl
used jet algorithms have been integrated into Belphes
framework using the FastJet totlSix different jet reconstruc-
tion schemes are availablgq, r]: CDF Jet Clusterg11], CDF
d MidPoint [12], Seedless Infrared Safe CofE3], Longitudi-
nally invariant k jet [14], CambridggAachen je{15] and Anti
k; jet[16]. For all of them, the calorimetric cells are used as in-
puts. Jet algorithms ffer in their sensitivity to soft particles or
collinear splittings, and in their computing speed perfances.
%’y default, reconstruction uses the midpoint algorithnts dee
stored if their transverse energy is higher than 20 GgVBy
construction, the jet energy scale is close to reality amdish
not be corrected. However, no corrections are applied K par
fidies do not enter in the constituent list for the jet altfum.
This has an impact on the mass reconstruction of fully hadron
objects liket quark orwW boson.

Muons

Generator-level muons entering the muon detector acce
tance (default-2.4 < < 2.4) and overpassing some thresh-
old (default: pr > 10 GeV/c) are considered as good candi-
dates for analyses. The application of the detector reasalut
on the muon momentum depends on a Gaussian smearing
the pr [n]. Neithern nor ¢ variables are modified beyond the
calorimeters. Multiple scattering is neglected. This ilepthat
low energy muons have iDelphesa better resolution than in
a real detector. At last, the particles which might leak dut o
the calorimeters into the muon systerpaifch-throughare not
considered as muon candidate®ielphes

Energy flow
In jets, several particle can leave their energy in a given
calorimetric cell, which broadens the jet energy resofutio
Charged lepton isolation However, the energy pf charggd particles associate_d .taxq'xets
: . be deduced from their associated track, thus providing a way
To improve the quality of the contents of the charged IeD'to identify some of the components of cells with multipleshit

ton collections, isolation crltgrla can be'applled.'Thlqumes When usingenergy flowin Delphesthe chosen jet algorithm is
that electron or muon candidates are isolated in the detecto

from any other particle, within a small cone. Delphes
charged lepton |so!at|on _demands by defa.UIt. that there is N0 25 more detailed description of the jet algorithms is givertiie User Man-
other charged particle witlpr > 2 GeV/c within a cone of  ual, in appendix.
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applied on the smeared energies of both the tracks and the m
ified calorimetric cells. To avoid double-counting, the yyan
the calorimeter cells has been corrected by subtractinglee
track energy from the true cell energy, before their smearin
This option allows a better jet energy reconstructign [

3.3. b-tagging

A jet is tagged a®-jets if its direction lies in the acceptance
of the tracker and if it is associated to a parbrguark. The
(mis)tagging relies on the identity of the most energetitqra

within a cone around the jet axis, with a radius equal to thee on

used to reconstruct the jet (defaulkR of 0.7). By default, a
b-tagging dficiency of 40% is assumed if the jet has a pakent
quark. Forc-jets and light jets (i.e. originating i, d, s quarks
or in gluons), a fakeéb-tagging dficiency of 10% and 1% is
assumed respectively][ In current version oDelphes the
displacement of secondary vertices is not taken into adcoun

3.4. ldentification of hadronic decays
Jets originating fromr-decays are identified using a proce-

dure consistent with the one applied in a full detector recon

struction. The tagging relies on two properties of thlepton.

First, 77% of ther hadronic decays contain only one charged

hadron in combination with a few neutrallsprong. Secondly,
the particles arisen from thelepton produce narrow jets in the
calorimeter (this is defined as the gllimation).

Figure 4: lllustration of the identification afjets (1-prong). The jet cone is
narrow and contains only one track. The small cdrR¥€" serves to apply the
electromagnetic collimatigrwhile the broaderRacks) cone is used to apply
thetracking isolation

Electromagnetic collimation
To use the narrowness of theet, theelectromagnetic col-

(6]

1dab|e 3: Default values for parameters used-jet reconstruction algorithm.
Electromagnetic collimation requirements involve theeinsmall cone radius
ReM, the minimum transverse energy for calorimetric cﬁ%“ and the col-
limation factorC,. Tracking isolation constrains the number of tracks with a
significant transverse momentquiﬁ“ksin a cone of radiui2ks Finally, the
7-jet collection is purified by the application of a cut on the of r-jet candi-
dates ).

Electromagnetic collimation

Rem 0.15
min E¢® 1.0 GeV
C: 0.95
Tracking isolation
Rtracks 04

min pYacks 2 Gev/c
7-jet candidate

min pr 10 GeV/c

ﬂ 7\ T ‘ T 17 ‘ L ‘ LI ‘ T 17 ‘ T 17 ‘ L L T 17 ‘ T \7
c
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Figure 5: Distribution of the electromagnetic collimati@a variable for true
7-jets, normalised to unity. This distribution is shown fesaciatedVH pho-
toproduction 18], where the Higgs boson decays intt\& W~ pair. Eachw
boson decays into &, pair, wheref = e u,7. Events generated with Mad-
GraphMadEvent [19]. Final state hadronisation is performed Bythia[20].
Histogram entries correspond to trogets, matched with generator-level data.

limation C; is defined as the sum of the energy of cells in a

small cone of radiu&*™ around the jet axis, divided by the
energy of the reconstructed jet. To be taken into account,
calorimeter cell should have a transverse endify} above a
given threshold. A large fraction of the jet energy is expdct
in this small cone. This fraction, @ollimation factor is repre-
sented in Fig5 for the default values (see Tad).

Tracking isolation

The tracking isolation for theidentification requires that the
number of tracks associated to particles with significaangr
verse momenta is one and only one in a cone of ragigss

3-prongr-jets are rejected). This cone should be entirely
corporated into the tracker to be taken into account. Olefa
values of these parameters are given in Bab.

Purity

Once both electromagnetic collimation and tracking isola-
tion are applied, a threshold on tipg of the 7-jet candidate
is requested to purify the collection. This procedure gslec

3In release 1.9, the 3-prong tau decays are also included.



L B L B B i Table 4: Default parameters for the forward detectorsadist from the inter-

(2]
IS 0.7F . — action point and detector acceptance. The LHC beamlinesisnasd around
@7t MG/ME + Pythia+ Delphes 1 the fifth LHC interaction point (IP). For the ZDC, the acceyta depends only
[} C 7 on the pseudorapidity of the particle, which should be neutral and stable. Itis
©0.6 ] expressed in terms of the particle energy. (All detectors are located on both
g E AR < 0.4, ptTrack > 2 GeV E sides of the interaction point.
005 -
© N Events: WHg'- WWW¢q'- lllg’ ]
w r ] '
0.4l m, =150 GeVic? E Detector Distance Acceptance
; ] ZDC +140m Il > 8.3 fornandy
C ] RP220 +220m E €[6100;6880] (GeV) at2mm
03f E FP420 +420m E €[6880;6980](GeV) at4 mm
0.2F =
0.1~ . old. This is often expressed in terms of a cut on the transvers
- . momentum of one or several objects of the measured event.
o ESEET SN ] Logical combinations of several conditions are also pdssib
0 1 2 3 4 5 6 For instance, a trigger path could select events contaiatng

Nracks least one jet and one electron suchpfs > 100 GeV/c and

p§ > 50 GeV/c.
Figure 6: Distribution of the number of track&™swithin a small jet cone for A trigger emulation is included iDelphes using a fully
true -jets, normalised to unity. PhotoproducééH events, wher&V bosons  parametrisablérigger table[x]. While triggers in real experi-
decay leptonically & x, 7), as in Fig.5. Histogram entries correspond to true ments are intrinsically based on reconstructed data witbraev
7-jets, matched with generator-level data. - - - .

resolution than final analysis information, Delphesthe same

information is used for the trigger emulation and for finahln

yses.
leptons decaying hadronically with a typicdlieiency of 66%

relative to all hadronie decays.
5. Very forward detector smulation

3.5. Missing transverse energy

In an ideal detector, momentum conservation imposes the Collider experiments often have additional instrumenotati
transverse momentum of the observed final sf@®*s to be  along the beamline. These extend theoverage to higher val-
equal and in opposite direction to tfg§ vector sum of the in-  ues, for the detection of very forward final-state particlés
visible particles, writterpy™ss. The true missing transverse Delphes Zero Degree Calorimeters, roman pots and forward
energy, i.e. at generator-level, is calculated as the dgpos  taggers have been implemented (Fy.similarly as for CMS
the vector sum of the transverse momenta of all visible partiand ATLAS collaborations.
cles — or equivalently, to the vector sum of invisible pdetic

transverse momenta. In a real experiment, calorimeters me 51505 —Topview ol the beamne |

sure energy and not momentum. Any problefieeting the de- %100:

tector (dead channels, misalignment, noisy cells, cracks}- 3‘08, 505 /

ens directly the measured missing transverse eri?r@“fs. In % - // (|r.z|D>CgA3

Delphes MET is based on the calorimetric cells only. Muons < 0F . "

and neutrinos are therefore not taken into account for atuev 5 .sof N\ o

ation: e IlOOE \ (_4mm
Ermee= - 3 Er) 2) I 5 I B e

: 0 100 200 300 400 500

. . . Distance from IP [m]
However, as muon candidates, tracks and calorimetric agdls

available in the output file, the r."'s.s'r?g transverse .er?ea‘ljy ¢ Figure 7: Default location of the very forward detectorslinling ZDC, RP220
qlways be reprocessed a posterl_orl with more_sp.emallsgm al' and FP420 in the LHC beamline. Incoming (beam 1, red) andoingg(beam
rithms. Moreover, the degradations of the missing trars®/er 2, black) beams on one side of the fifth interaction point (5 0 m on the

energy performance due to noise is not simulated. plot). The Zero Degree Calorimeter is located in perfearatient with the
beamline axis at the interaction point, at 140 m, where tlzerbpaths are well

separated. The forward taggers are near-beam detectatedoat 220 m and
4. Trigger emulation 420 m. Beamline simulation withlector [9]. All very forward detectors are
located symmetrically around the interaction point.
Most of the usual trigger algorithms select events conajini

leptons, jets, and MET with an energy scale above some thresh
7



5.1. Zero Degree Calorimeters 5.2. Forward taggers

In direct sight of the interaction point, on both sides of the Forward taggers (called here RP220, for “roman pots at
central detector, the Zero Degree Calorimeters (ZDCs)are | 220 m” and FP420 for “forward proton taggers at 420 m”, as at
cated at zero angle, i.e. are aligned with the beamline axis 4he LHC) are meant for the measurement of particles follgwin
the interaction point. They are placed beyond the point wherVery closely the beam path. Such devices, also used at HERA
the paths of incoming and outgoing beams separate. These &nd Tevatron, are located very far away from the interaction
low the measurement of stable neutral particleargdn) com-  point (further than 150 m in the LHC case).
ing from the interaction point, with large pseudorapiditie.g. To be able to reach these detectors, particles must have a
7yl > 8.3 in ATLAS and CMS). charge identical to the beam particles, and a momentum very

The trajectory of the neutrals observed in the ZDCs is &lose to the nominal value of the beam particles. These tag-
straight line, while charged particles are deflected aweynfr gers are near-beam detectors located a few millimetres from
their acceptance window by the powerful magnets located ihe true beam trajectory and this distance defines theirpacce
front of them. The fact that additional charged particlesyma tance (Tab4). For instance, roman pots at 220 m from the IP
enter the ZDC acceptance is neglected in the current varsio@nd 2 mm from the beam will detect all forward protons with
of Delphes an energy loss between 120 and 900 G8)V [n Delphes ex-

The ZDCs have the ability to measure the time-of-flight oftra hits coming from the beam-gas events or secondary [eatic
the particle. This corresponds to the detagfter which the hitting the beampipe in front of the detectors are not takem i
particle is observed in the detector, with respect to thechun account.

crossing reference time at the interaction poigt ( While neutral particles propagate along a straight linénto t
ZDC, a dedicated simulation of the transport of chargedpart
t=to+ 1, (S;Z) ~ 1 (s-2) 3) cles is needed for RP220 and FP420. This fast simulation uses
v ‘cos®/ ¢ ’ the Hector software P], which includes the chromaticity ef-

fects and the geometrical aperture of the beamline elenaénts
any arbitrary collider.
Forward taggers are able to measure the hit positigng (

wheretg is thus the true time coordinate of the vertex from
which the particle originates; the particle velocity,s is the

ZD(.: distance to the mtgractlon pqlm;s th? angltudmal €0~ and anglesdy, 6y) in the transverse plane at the location of the
ordinate of the vertexj is the particle emission angle. 1tis yeqecior ¢ meters away from the IP), as well as the time-of-
assumed that the neutral particle observed in the ZDC 'gwghflight“ (t). Out of these the particle energ)(and the mo-

relat|V|st|(;: and'very forwgrd. Folrothe t|r|r.1e(;of-fllgfg' meﬂs&;] cg}]entum transfer it underwent during the interactigf) (can
{netnt, a ﬁUﬁSlanTsEear|ng can be applied according to the e reconstructed at the analysis level (it is not implengkirie
ector resolution (Tal®) [g]. the current versions dbelphe$. The time-of-flight measure-

The ZDCs are composed of an electromagnetic and §,ont can be smeared with a Gaussian distribution (defauléva
hadronic sections, for the measurement of photons and ney- _ s) .

trons, respectively. The energy of the observed neutral is '
smeared according to Efj.and the corresponding section res-
olutions (Tab5). The ZDC hits do not enter in the calorimeter 6. Validation

cell list used for reconstruction of jets and missing tramnse
energy. Delphesperforms a fast simulation of a collider experiment.

Its performances in terms of computing time and data size are
directly proportional to the number of simulated events and
Table 5: Default values for the resolution of the zero degaderimeters. Res- g the considered physics process. As an examplg)QmD

olution on energy measurement is parametrised bgtiehastiq’S), noise(N) ~ .
andconstant(C) terms (Eq.1) [g]. The time-of-flight is smeared according to pp — ttX events are processed in 110 s on a regular |épt0p

a Gaussian function. and use less than 250 MB of disk space. The quality and va-
lidity of the output are assessed by comparing the resaisitio
ZDC, electromagnetic part hadronic part on the reconstructed data to the expectations of both CMS and
S (GeV/?) 0.7 138 ATLAS detectors.
N (GeV) 0 0 Electrons and muons resolutionsielphesmatch by con-
C 0.08 013 struction the experiment designs, as the Gaussian smearing
ZDC, timing resolution
Ot (S) 0

4t is worth noting that for both CMS and ATLAS experimentsg taggers
located at 220 m are not able to measure the time-of-flighttrany to FP420
detectors.
The reconstructed ZDC hits correspond to neutral particles Sperformances obtained on an Intel(r) Pentium M process@s GHz), 1

with a lifetime long enough to reach these detectors (diefaul GB RAM, Chipset 915GM. This processor scores 450 on CpuMarichmark

i from PassMark 2010 (c8]. In case of large amount of events, the duration
>
cr > 140 m) and very large pseudorapidities (defay|t> 8.3). of reagwrite operations on hard disk is sensible (about 6% of the fion the

P.hOtOI’lS and neutrons are identified if their energy ovegsass 4400 rpm hard disk of the precited computer) and might imgraith fast
given threshold (defE, < 20 GeV andE, < 50 GeV) [q]. storing devices.



their kinematics properties is defined according to thealete
tor specifications. Similarly, thb-tagging éficiency (for real
b-jets) and misidentification rates (for fakgets) are taken di-
rectly from the expected values of the experiment. Unlilesih
objects, jets and missing transverse energy should beutlgref
cross-checked.

6.1. Jet resolution

The majority of interesting processes at the LHC contam jet
in the final state. The jet resolution obtained usbelphes
is therefore a crucial point for its validation, both for CMS
and ATLAS-like detectors. This validation is based pp —
gg events produced with MadGrafitadEvent and hadronised
usingPythia[19, 20].

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

w
o

CMS resolution

rec,—MC.
O, Br) _1020

MC
<E’T9°/ET > \E¥°

N
(63}

X — -

Delphes resolution: 057

N
o

Events: pp - gg

15 MidPoint cone algorithm, A R=0.7

MG MC,
O(EI*VEYS) I<EFIEYS, [%]

MG/ME + Pythia + Delphes

10

100 200 300 400 500 600 700 800
EYC [GeV]

plained in published results is applied here. The evente wer

arranged in 14 bins of gluon transverse momengmiri each
pr bin, every jet inDelphesis matched to the closest jet of
generator-level particles, using the spatial separataiwéen
the two jet axes

AR = (e — MO + (gre— gMCY < 025, (4)

The jets made of generator-level particles, here refersdd@
jets are obtained by applying the algorithm to all particles-con
sidered as stable after hadronisation. Jets produc&elphes
and satisfying the matching criterion are called hereafteon-
structed jets All jets are computed with the clustering algo-
rithm (JetCLU) with a cone radiug of 0.7.

The ratio of the transverse energies of every reconstrijeted
E*¢ to its corresponding MC jeEY is calculated in eacipr”
bin. The E’T'SC/E¥IC histogram is fitted with a Gaussian distri-
bution in the intervak2 RMS centred around the mean value.
The resolution in eaclpr”bin is obtained by the fit mea¢x)
and variancer?(x):

)i

of
ETGC
(&)
The resulting jet resolution as a functionBf© is shown in
Fig. 8. This distribution is fitted with a function of the following

form:
b
NEE

wherea, b andc are the fit parameters. It is then compared to
the resolution published by the CMS collaboration. The reso
lution curves fromDelphesand CMS are in good agreement:

rec
E

MC
ET

(Pr (@), for alli. (5)

a S2] @C
MC >
EY

(6)

Figure 8: Resolution of the transverse energy of recongujetsEr*® as a
function of the transverse energy of the closest jet of genetevel particles
E¥°, in a CMS-like detector. The jets events are reconstructitd tve Jet-
CLU clustering algorithm with a cone radius of70and no energy flow cor-
rection. The maximum separation between the reconstruanedMC-jets is
AR = 0.25. Dotted line is the fit result for comparison to the CMS hetson, in
blue. Thepp — ggdijet events have been generated with MadGfislald Event
and hadronised witRythia

Figure9 shows a good agreement between the resolution ob-

tained withDelphes the result of the fit with Equatiof and
the corresponding curve provided by the ATLAS collaboratio
2.5 % atEMC = 50 GeV and 4% at 500 GeV.

w 50—
= A E
W 4s5F -
[$) = ATLAS resolution E
40F . 0(E) _100.0 434.0 —
E - --%--- Delphes resolution: -@ 0110 e E
35F —
30+ —
251 Ini<0.5 E
20— Events: pp — ggX =
15 ky algorithm A R = 0.6 =
10 ; MG/ME + Pythia + Delphes E
= =
- * ]
o Ly by b b by by by 1A
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3.1 % atEY'® = 50 GeV and £ % at 500 GeV.
Similarly, the jet resolution is evaluated for an ATLASdik Figure 9: Relative energy resolution of reconstructed gsts function of the
! energy of the closest jet of generator-level partid24°, in an ATLAS-like

d,Ete(,:tor' Thepp — 99 even,ts are he,re arrgnged in 8 adjacen'ﬂetector. The jets are reconstructed withkhalgorithm with a radiu®k = 0.6
bins inpr. A kr reconstruction algorithm witR = 0.6 is cho-  and no energy flow correction. The maximal matching distdreteeen MC-
sen and the maximal matching distance between the MC-jetd reconstructed jets &R = 0.2. Only central jets are considereg| (< 0.5).

and the reconstructed jets is setAB = 0.2. The relative en- Dotted line is the fit result for comparison to the ATLAS ragiin, in blue.
ergy resolution is evaluated in each bin by: Thepp — ggdi-jet events have been generated with MadGfisliald Event and
2
).

hadronised witlPythia
=N

EI‘eC — EMC
ETEC

El‘eC — EMC

E Erec



6.2. MET resolution

16 —

\E

. . . E," resolution: 0.66 x
All major detectors at hadron colliders have been designe 14

to be as hermetic as possible in order to detect the presénce
one or more neutrinos afat new weakly interacting particles
through apparent missing transverse energy. The resolafio
the E_T)missvariable, as obtained witbelphesis then crucial.

The samples used to study the MET performance are ident
cal to those used for the jet validation. It is worth notingtth
the contribution tcEQ“SSfrom muons is negligible in the studied
sample. Indeed for e/ — pv samples the missing transverse
energy should be corrected for the presence of muons. The il
put samples are divided in five bins of scalar sums EEr).
This sum, calledotal visible transverse energis defined as
the scalar sum of transverse energy in all cells. The qualit
of the MET reconstruction is checked via the resolution en it
horizontal componer&lss,

The Ess resolution is evaluated in the following way. The
distribution of the dference betweeE]"s in Delphesand at
generator-level is fitted with a Gaussian function in ea&if(
bin. The fit RMS gives the MET resolution in each bin. The
resulting value is presented in Fig0 as a function of the total
visible transverse energy, for CMS- and ATLAS-like detesto

The resolutionoy of the horizontal component of MET is
observed to behave like

Ox = \/E_T (Gevl/z),

where thea parameter depends on the resolution of the
calorimeters.

The MET resolution expected for the CMS detector for sim-Figure 10: o(E]"S) as a function on the scalar sum of all celBEf) for
ilar events isry = (0.6 - 0.7) VEr GeVY2 with no pile-up (i.e.  pp — gg events, for a CMS-like detector (top) and an ATLAS-like dtte
extra simultaneoupp collision occurring at high-luminosity in (bor:tom)ﬁ for di-jet events produced with MadGradladEvent and hadronised

. . d ith Pythi
the same bunch crossing), which compares very well with th&/th Pyihia
a = 0.63 obtained wittDelphes Similarly, for an ATLAS-like
detector, a value of.63 is obtained bypelphedor thea param-
eter, while the experiment expects it in the rang&30 057].
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Table 6: Reconstructionfléciencies ofr-jets in 7¥7~ decays fromZ or H
bosons, inDelphes CMS and ATLAS experiment2[l, 7]. Two scenarios for
the mass of the Higgs boson are investigated. Events gedewvdth Mad-
. . GraphMadEvent and hadronised wifythia The decays of leptons is han-
6.3. 7-jet gfficiency dled by theTauolaversion embedded iRythia

Table6 lists the reconstructioniéciencies inDelphedor the

hadronicr-jets fromH, Z — r"r~. The mass of the Higgs bo-

. . : . CMS Delphes ATLAS Delphes
son is set successwely to 140 and 300 G&V The inclusive - 38206 324+ 18% 33% 285+ 1.9%
gauge bqson productionpi — HX andpp — ZX) are per- H(140)— r*r~ 363% 399+ 1.6% 3284 1.8%
formed with MadGrapiMadEvent and the lepton decay and H(300)— r*r~ 47.3% 497+ 15% 438+ 1.6%

further hadronisation are handled BythigTauola All recon-

structedr-jets are %prong, and follow the definition described

in section3.3, which is very close to an algorithm of the CMS

experiment 21]. At last, correspondingf&ciencies published 7. visualisation
by the CMS and ATLAS experiments are quoted for compar-

ison. The level of agreement is satisfactory provided bssi
differences due to the event generation chain and the detail
reconstruction algorithms. Using the samp — ggX events

When performing an analysis, a visualisation tool is useful
t convey information about the detector layout and the even
topology in a simple way. ThEast and Realistic OpenGL Dis-

as in sectior6.1 with a gluon transverse momentum at 80 andplayer FROG R2] has been interfaced iDelphes allowing an

640 GeV/c, the mis-identification rate of jets agets is evalu-
ated at 64 x 104 and 17 x 10~* respectively.

10

easy display of the defined detector configuratin [
Two and three-dimensional representations of the detector



configuration can be used for communication purposes, &s theAcknowledgements

clearly illustrate the geometric coverage of th&atient detec-

tor subsystems. As an example, the generic detector gepmetr The authors would like to thank Jerome de Favereau,
assumed in this paper is shown in Fiy The extensions of the Christophe Delaere, Muriel Vander Donckt and David
central tracking system, the central calorimeters and fmth ~ d’Enterria for useful discussions and comments, and Loic
ward calorimeters are visible. Note that only the geomatric Quertenmont for support in interfacing FROG. We are also re-
coverage is depicted and that the calorimeter segmentation ally grateful to Alice Dechambre and Simon de Visscher for be
not taken into account in the drawing of the detector. ing beta testers of the complete package. Part of this wosk wa

Deeper understanding of interesting physics processesis p SUPPorted by the Belgian Federaffide for Scientific, Techni-
sible by displaying the events themselves. The visibilftgach cal and Cultural Atairs through the Interuniversity Attraction
set of objectsdé*, u*, *, jets, transverse missing energy) is en- Pole P@11.
hanced by a colour coding. Moreover, kinematics infornratio
of each object is also visible. As an illustration, an assied
photoproduction of &V boson and & quark 23] is shown in
Fig. 11
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[b] The ROOT output files are created using Hx®ootAnalysis utility [5].
Generator-level data are located under GB# tree, the analysis data ob-
jects after reconstruction under thealysis tree, and the results of the
trigger emulation under therigger tree.

Set theFLAG_LHCO variable to 1 or O in the detector card to switchath

the creation of.1hco output file.

The list of particles considered as invisible is acdessiin the

PdgParticle class. This list currently contains the PIDs 12, 14, 16,

1000022, 1000023, 1000025, 1000035 and 1000045, in absdalites.

The detector card is thiata/DetectorCard.dat file. This file is parsed

by theSmearUtil class.

[] Detector and trigger cards for the ATLAS and CMS expeniiseare also
provided indata/ directory.

[g] The resolution terms in the detector card are nanigd Xyyy or
HAD_Xyyy, refering to electromagnetic and hadronic terms (regpig;re-
placed bys, N, ¢ for the stochastic, noise and constant terms; and finally
yyy is cen for central partec for end-capsfwd for the forward calorime-
ters andzdc for the zero-degree calorimeters.

[h] See theTrackPropagation class.

[i] See theTRACK_eff andTRACK_ptmin terms in the detector card.

[il The response of the detector is applied to the electrareig and the
hadronic particles through ttBmearElectron andSmearHadron meth-
ods in theSmearUtil class.

[K] To implement diferent ratios for other particles, see BiockClasses
class.

[l As the detector is assumed to be cylindrical (e.g. symimét ¢ and with
respect to they = 0 plane), the detector card stores the number of calori-
metric cells with¢ = 0 andn > O (default: 40 cells). For a given,
the size of thep segmentation is also specified. See TOFER_number,
TOWER_eta_edges andTOWER_dphi variables in the detector card.

[m] All these processed data are located undeihe ysis tree.

[n] See theSmearMuon method in theSmearUtil class.

[0] See theIsolFlag andIsolPt values in theElectron or Muon collec-
tions in theAnalysis tree, as well as th&SOL_PT and ISOL_Cone vari-
ables in the detector card.

[p] Calorimetric isolation parameters in the detector camrelISOL_Calo_ET
andISOL_Calo_Grid in the detector card.

[a] These thresholds are defined by & _gamma_E andZDC_n_E variables
in the detector card.

[r] The choice is done by allocating tHE&T_jetalgo input parameter in the
detector card.

[s] See theeTCUT_jet variable in the detector card.

[u] SetJET_Eflow to 1 or Ointhe detector card in order to switch on tirthe
energy flow for jet reconstruction.

[v] Corresponding to th®TAG_b, BTAG_-mistag-c andBTAG_mistag-1 con-

stants, for the ficiency of tagging of &-jet, the éficiency of mistagging

ac-jet as ab-jet, and the ficiency of mistagging a light jetu(d,s,g) as a

b-jet.

See the following parameters in the detector card:

TAU_energy_scone for R®™, JET M_seed for min E-?-e";

TAU_energy_frac for C;; TAU_track_scone for R™KS PTAU_track_pt

for min kS and TAUJET-pt for min pr.

[X] The trigger card is thélata/TriggerCard.dat file. Default trigger files
are also available for CMS-like and ATLAS-like detectors

[y] The resolution is defined by theRP220_T_resolution and
RP420_T_resolution parameters in the detector card.

[z] To prepare the visualisation, tf&AG_FROG parameter should be equal to
1.

[c

-

[d

[}

[e

_—

[wi

—
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A. User manual

The available++-code is compressed in a zipped tar file which contains evienyneeded to run th2elphegpackage, assuming
a running ROOT installation. The package inclu8eRootAnalysis [5], Hector[9], FastJet10], and FROG 22, as well as the
conversion codes to read standard StdHEP input filesic andstdhep) [26] and HepMC PR8]. In order to visualise the events
with the FROG software, a few additional external librangsy be required, as explainedhttp;/projects.hepforge.ofgROG.

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

wget http://projects.hepforge.org/delphes/files/Delphes V_*.tar.gz

Replace the: symbol by the proper version number. Current version of Begfor this manual is V 1.8 (July 2009).

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 number raitpd lines during the compilation can be high. The usewukho
not pay attention to possible warning messages, which azdalthe external packages usedglphes 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 detectgonr event
files. The first step to useelphess to create the list of input event files (eimputlist.list). Itis important to notice that all
the files comprised in the list file should have the same ofresid (. hep, *. lhe, *.hepmc Or *.root). In the simplest way to
run Delphes you need this input file and you need to specify the name obttiput file that will contain the generator-level data
(GEN tree), the analysis data objects after reconstructiaaXysis tree), and the results of the trigger emulativnigger tree).

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

A.2.1. Setting up the configuration

The program is driven by two datacards (default cardsdate/DetectorCard.dat anddata/TriggerCard.dat) which
allow the user to choose among a large spectrum of runningjitoms. Please note that if the user does not provide thatsedrds,
the running will be done using the default parameters defiméte constructor of the cla8&S0Lution (See next). If you choose a
different detector or running configuration, you will need td #uk datacards accordingly. Detector and trigger cardprangded
in thedata/ subdirectory for the CMS and ATLAS experiments.

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

e detector parameters, including calorimeter and trackavgrage and resolutions, transverse energy thresholdbject
reconstruction and jet algorithm parameters.

e six flags FLAG_bfield, FLAG_vfd, FLAG_RP, FLAG_trigger, FLAG_FROG andFLAG_LHCO), should be set in order
to configure the magnetic field propagation, the very forwgetéctors simulation, the use of very forward taggers, the
trigger selection, the preparation for FROG display andtlation of an output file im . LHCO text format (respectively).

If no datacard is provided by the user, the default smearigranning parameters are used (corresponding to tab®s
Definition of the sub-detector extensions:

CEN_max_tracker
CEN_max_calo_cen

// Maximum tracker coverage

// central calorimeter coverage
CEN_max_calo_ec
CEN_max_calo_fwd
CEN_max_mu

// calorimeter endcap coverage
// forward calorimeter pseudorapidity coverage
// muon chambers pseudorapidity coverage
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http://projects.hepforge.org/FROG/

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
ELG_Ncen
ELG_Ccen
ELG_Sec

ELG_Nec

ELG_Cec

ELG_Sfwd
ELG_Nfwd
ELG_Cfwd
ELG_Szdc
ELG_Nzdc
ELG_Czdc

0.05
.25
.005
.05
.25
.005
.084

.107
.70

O O O O ONO OO OO

.08

//
//
//
//
//
//
//
//
//
//
//
//

S

Q=znaoa=zna=z=na=

term for central ECAL
term

term

term for ECAL endcap
term

term

term for FCAL

term

term

term for ZDC

term

term

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

HAD_Scen
HAD_Ncen
HAD_Ccen
HAD_Sec

HAD_Nec

HAD_Cec

HAD_Sfwd
HAD_Nfwd
HAD_Cfwd
HAD_Szdc
HAD_Nzdc
HAD_Czdc

1.5

.05
.5

.05
.7

.13
.38

OO P, OONO O OO

.13

# Time resolution for ZDC/RP220/RP420
ZDC_T_resolution 0
RP220_T_resolution O
RP420_T_resolution O

# Muon smearing

MU_SmearPt

0.01

# Tracking efficiencies

TRACK_ptmin
TRACK_eff

0.9
90

// S term for central HCAL
// N term

// C term

// S term for HCAL endcap
// N term

// C term

// S term for FCAL

// N term

// C term

// S term for ZDC

// N term

// C term

// in s

// in s

// in s

// transverse momentum Pt in GeV/c

// minimal pT
// 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 5 56 5 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 thep > 0 hemisphere (the detector is supposed to be symmetric
with respect to they = 0 plane, as well as around texis). Starts with the lower edge of the most central towlefgult:
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n = 0) and ends with the higher edge of the most forward to@We¥ER_dphi lists the tower size i (in degree), assuming
that all cells are similar iw for a givens.
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
ZDC_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 0.5 //Cone for isolation criteria

ISOL_Calo_Cone 0.4 //Cone for calorimetric isolation

ISOL_Calo_ET 2.0 //minimal tower E_T for isolation criteria. 1E99 means "off"
ISOL_Calo_Grid 3 //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 // X component of the BField, in T
TRACK_bfield_y // Y component of the BField, in T
TRACK_bfield_z .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]

#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_beamiCard 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 IPS // tag for IP in 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 expresse¥,iiGe¢/c, GeV/c? respectively, and magnetic fields in T.
Geometrical extension are often referred in terms of pseipidity , as the detectors are supposed to be symmetigc in
From version 1.8 onwards, the number of events to run is adsediuded in the detector cartiEvents). For version 1.7
and earlier, the parameters related to the calorimeteragrsd€EN_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 otlagiables had dierent namesHAD_Scen
WasHAD_Sfcal, HAD Ncen wWasHAD Nfcal, HAD_Ccen WasHAD_Cfcal, HAD_Sfwd wasHAD_Shf, HAD_Nfwd wasSHAD_Nhf,
HAD_Cfwd wasHAD_Chf). However, these cards are still completely compatibldwigw versions oDelphes In such a
case, the calorimeter endcaps are simply assumed to bedoatthe edge of the central calorimeter volumes, with theesa
resolution values.

. Thetrigger card

This card contains the definitions of all trigger-bits. Cecéis be applied on the transverse momenfgnof electrons, muons,
jets, t-jets, photons and the missing transverse energy. Theafoigpcodes should be used so tizdlphescan correctly
translate the input list of trigger-bits into selection@aighms:

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 exactly toigger-bit and starts with the name of the correspondiiymér.
Logical combination of several conditions is also possilflehe trigger-bit requires the presence of multiple idestobjects,
the order of theipr thresholds is very important: they must be definedaareasingrder. The transverse momentymis
expressed in GeXe. Finally, the diferent requirements on the objects must be separated&bylag. The default trigger card
can be found in the data repositoryélpheqdata/TriggerCard.dat), as well as for both CMS and ATLAS experiments
at the LHC. An example of trigger table consistent with thevowus rules is given here:

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 thdt be used byDelphes(with extension«. lhe, *.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-oljatzt and
trigger output. Thestreesare structures that organise the output data limémchescontaining data (oleave$ related with each
others, like the kinematics propertids, (px, 7, . . .) of a given particle.

Here is the exhaustive list dfranchesavailables in thesdrees together with their corresponding physical objet and
ExRootAnalysis 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 ddsd®e written in a ROOT tree. The bin number in the uniqueiteaf
thetrigger tree (namelyTrigResult.Accepted) corresponds to the trigger number in the provided list.dditon, the result
of the global trigger decision upon each event (i.e. thedal@Rr of all trigger conditions) is stored in the first bin (numbgiodthis
leaf. InAnalysis tree, all classes excePRootTracks, TRootCalo, TRootTrigger, TRootETmis andTRootRomanPotHits
inherit from the clas§RootParticle which includes the following data members (storeteasvesn branchesf thetreeg:
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Most common |leaves

float
float
float
float
float
float
float

E; // particle energy in GeV

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

Eta; // particle pseudorapidity

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;
int Status;
int M1;
int M2;
int D1;
int D2;

float
float
float
float
float
float

//
//
//
//
//
//
//
//
//
//
//
//

particle HEP ID number

particle status

particle 1st mother

particle 2nd mother

particle 1st daughter

particle 2nd daughter

electrical charge in units of e

particle vertex position (t component, in mm/C)
particle vertex position (x component, in mm)
particle vertex position (y component, in mm)
particle vertex position (z component, in mm)
particle mass in GeV/C?

Additional leavesin Electron and Muon branches (Analysis tree)
int Charge
bool IsolFlag

float
float
float
float
float

IsolPt
EtaCalo
PhiCalo
EHoverEE
EtRatio

//
//
//
//
//
//
//

particle Charge

stores the result of the tracking isolation test

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

particle pseudorapidity when entering the calo

particle azimuthal angle in rad when entering the calo
hadronic energy over electromagnetic energy

calo Et in NxN-cell grid around the muon over the muon Et

Additional leaf in the Jet branch (Analysistree)
bool Btag
int NTracks

float

EHoverEE

//
//
//

stores the result of the b-tagging
number of tracks associated to the jet
hadronic energy over electromagnetic energy

Leavesin the Tracks branch (Analysis tree)

float
float
float
float
float
float
float
float
float
float

Eta

Phi
EtaOuter
PhiOuter
PT

E

Px

Py

Pz
Charge

//
//
//
//
//
//
//
//
//
//

pseudorapidity at the beginning of the track
azimuthal angle at the beginning of the track
pseudorapidity at the end of the track
azimuthal angle at the end of the track
track transverse momentum in GeV/C

track energy in GeV

track momentum vector (x component) in GeV/C
track momentum vector (y component) in GeV/C
track momentum vector (z component) in GeV/C
track charge in units of e
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Leavesin theCaloTower 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, teede variable tells in which
detector (left:-1 or right:1 of the interaction point) the hit has been seen. Moreownesgenerator level data is provided for
information, as the correspondance with the contents ofHetree is not possible. These generator-level data correisiootine
particle kinematics (energy, momentum, angle) and ideatifn (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 interfacddetphesvia the FastJet utiliy]Q].
Jet algorithms dfer in their sensitivity to soft particles or collinear spiigs, and in their computing speed performances. The
first three belong to the cone algorithm class while the laste are using a sequential recombination scheme. Forthléof, the
calorimetric cells are used as inputs for the jet clustering

Cone algorithms
1. CDF Jet Cluster$11]: Basic cone reconstruction algorithm used by the CDF arpantin Run I1). All cells lying in a circular
cone around the jet axis with a transverse en&gyigher than a given threshold are used to seed the jet caedidahis
algorithm is fast but sensitive to both soft particles andiroear splittings.

2. CDF MidPoint[12]: Cone reconstruction algorithm developed for the CDF Rua teduce 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 Coie]: The SISCone algorithm is simultaneously insensitiveddifional 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 arew#ferespect to soft radiationsfrared) and collinear splittings. They
rely on recombination schemes where calorimeter cell @aiessuccessively merged. The definitions of the jet algmstiare
similar except for the definition of théistances dused during the merging procedure. Two such variables direde the distance
dij between each pair of cell§ (), and a variablelg (beam distandedepending on the transverse momentum of theicélhe
jet reconstruction algorithm browses the calorimetrid tist. It starts by finding the minimum valuéy,, of all the distances
dij anddig. If dmin is adjj, the cellsi andj are merged into a single cell with a four-momentptn= p“(i) + p*(j) (E-scheme
recombinatiol. If dmiy is adig, the cell is declared as a final jet and is removed from thetiligtu This procedure is repeated until
no cells are left in the input list. Further information or#e jet algorithms is given here below, uskygy; andg; as the transverse
momentum, rapidity and azimuth of calorimetric delindAR;j = /(yi — Yj)? + (¢i — ¢;)? as the jet-radius parameter:

4. Longitudinally invariant kjet [14], with dij = min(k, k%) x ATFf" anddig = k2,

5. Cambridgghachen je{15], with dij = S5 anddg = 1,

2
6. Anti k jet[16], where hard jets are exactly circular in thed) plane:d;; = min(1/k3, 1/kt2j) X ATP? anddig = %

A.5. Running an analysis on your Delphes events

To analyse the ROOT ntuple producedbglphes the simplest way is to use thalysis_Ex.cpp code which is coming in
theExamples repository ofDelphes Note that all of this is optional and done to facilitate tinalgses, as the output frobelphes
is viewable with the standard ROUBrowser and can be analysed using tikeClass facility. As an example, here is a simple
overview of amyoutput . 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: 0x910c6b0
0BJ: TBranch Particle_size Particle_size/I : 0 at: 0x9111c58
root [5] Trigger->GetListOfLeaves()->1s()

0BJ: TLeafElement TrigResult_ TrigResult_ : 0 at: 0x90£90a0
0OBJ: 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 partichlaithreeree namesTBrowser t launches a browser and the
GetEntries () method outputs the number of data in the corresponiké®g The list ofbrancher leavescan be displayed with
the GetListOfBranches () andGetListOfLeaves () methods, pointing to theés () one. In particular, it is possible to shown
only parts of the output, using wildcard characteds (

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: Oxa4bal88

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

To draw a particular leaf, either double-click on the copaaling name in th&Browser or use theDraw method of the
correspondindgree

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, HaxeClass method is useful. It creates two files.q and*.C) with automatically
generated code that allows the access to all branches ares lebthe corresponding 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. Morgpam example of code (based on the outputiakeClass) is
provided in theExamples/ directory.

To runtheExamples/Analysis Ex.cpp code, the two following arguments are required: a text filtaming the inpubDelphes
root 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 fragrgémeral detector simulation on
outputDelphesroot files. ADelphesroot file is mandatory as an input argument for theigger Only routine. The neviree
containing the trigger result data will be appended to thas fihe trigger datacard 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 beenedediring the running obelphes
DelphesToFROG.vis andDelphesToFROG.geom . They contain all the needed pieces of information to run 6RO

e To display the events and the geometry, you first need to derRROG. Go to th&tilities/FR0OG and typemake. This
compilation is done once for all, with this geometry (i.el@sg as thexvis 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 herén exhaustive description is provided on
httpy/v1.jthaler.neiblympicswiki This section is based on this webpage. Only final high-lebgcts are available in tHe&iCO
format, and their properties are arranged in columns. Eaeltorresponds to an object in the event and all events atewafter
each other. Comment-lines starts with a h&aslymbol.

# 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 foktran). Rowo contains the event number (heg?) and some trigger
information (here0. This very particular trigger encoding is not implemente®elphes). Subsequent rows list the reconstructed
high-level objects. Each row is organised in columns, whlietails the object kinematics as well as more specific in&ion, such
as isolation criteria ob-tagging.

1st column #). The first column is the line number in the event. Each eventisstéath 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 [F)
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 correspanithe missing transverse energy (t@e

3rd (eta) and 4th phz) columns. The third and forth columns gives the object pseudorapigéyd azimuthy. This latter quantity
is expressed in radians, ranging frem to .

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

7th column @trk). The seventh column reports the total number of tracks as®atio the objects. This ésfor photons;+ 1 for
charged leptons including taus (where the sign reportsiiteh measured charge) and a positive numbed) for jets.

8th column btag). The eighth column tells whether a jet is tagged aget (1) or not (0). This is alway< for electrons, photons
and missing transverse energy. For muons, the closestgegirched for, in terms @R. The integer-part of the quoted number is
the row-number (column 1) of this jet.

9th column kad/em). For jets, electrons and photons, the ninth column is themdtetween hadronic and electromagnetic energies
in the calorimetric cells associated to the object. Thidviggs0 for missing transverse energy. For muons, this numiees (bb)
reports two values related to the muon isolation (sec3idh The integer partaaa) is transverse momentum suq (in GeV/c)

and the fractional parbp) is the energy ratig,,.

10th and 11th columnsi@m1 and dum2). The last two columns are currently not used.

Warning. Inherently to the data format itself, th€HCO output contains only a fraction of the available data. Mesgpdealing
with text file may have various drawbacks, such as the outfgusize and the time needed for its creation. Whenever pessib
working on thexroot output file should be preferred.
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