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Abstract

It is always delicate to know whether theoretical preditsi@re visible and measurable in a high energy collider éxyert due to the
complexity of the related detectors, data acquisitionritlhaad software. We introduce here a new-based framework, Brues, for fast
simulation of a general-purpose experiment. The simuidticludes a tracking system, embedded into a magnetic Geldrimetry and

a muon system, and possible very forward detectors arraalged the beamline. The framework is interfaced to stanélerdormats
(e.g. Les Houches Event File #eplMC) and outputs observable objects for analysis, like missiagsverse energy and collections of
electrons or jets. The simulation of detector responsestaike account the detector resolution, and usual recartiirualgorithms, such
as hstJer. A simplified preselection can also be applied on processgal for trigger emulation. Detection of very forward scate
particles relies on the transport in beamlines with tizetbr software. Finally, the koG 2D/3D event display is used for visualisation of
the collision final states. An overview oferhEs is given as well as a fewnc use-cases for illustration.
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1. Introduction systems, including tracking, central calorimetry, fordvaalorime-
try, and muon chambers. Such apparatdkedin their detection
principles, technologies, geometrical acceptances|utsios and
sensitivities. Secondly, due to the requirement of a higfilsctive
online selection (i.e. &rigger), subdivided into several levels for an
*Corresponding author:32.10.47.32.29. optimal reduction factor of “uninteresting” events, buséd only
Email addressesseverine . ovynuclouvain.be (S. Ovyn), on partially processed data. Finally, in terms of the experit

xavier.rouby@cern.ch (X. Rouby) - .
INow in Physikalisches Institut, Albert-Ludwigs-Univetéi Freiburg software, with diferent data formats (|Ik®aW or reconstructed

Experiments at high energy colliders are very complex syste
for several reasons. Firstly, in terms of the various detestib-
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data), many reconstruction algorithms and particle idieation  generator-level datacgn tree), the analysis data objects after re-
approaches. construction (Analysis tree), and possibly the resulthefttigger

This complexity is handled by large collaborations of trands ~ emulation (Trigger tree). In optidn DeLpues can produce a re-
of people, but the data and the expertise are only availalttesir ~ duced output file irx. 1hco text format, which is limited to the list
members. Real data analyses require a full detector silonjan-  of the reconstructed high-level objects in the final states.
cluding transport of the primary and secondary particlesugh The program is driven by input cards. The detec-
the detector material accounting for the various detecificien-  tor card @ata/DetectorCard.dat) allows a large spectrum
cies, the dead material, the imperfections and the gearaktte- of running conditions by modifying basic detector parame-
tails. Moreover, control of the detector calibration anigrinent  ters, including calorimeter and tracking coverage and lueso
are crucial. Such simulation is very complicated, techraca re-  tion, thresholds or jet algorithm parameters. The triggamdc
quires a largeePU power. On the other hand, phenomenological(data/TriggerCard.dat) lists the user algorithms for the sim-
studies, looking for the observability of given signals ymequire  plified online preselection.
only fast but realistic estimates of the expected signadseasoci-
ated backgrounds.

A new framework, called Erpues [1], 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 andumea
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

partigle§ ' _Tracks of charged particles and deposits of energy ir%ystem fruon) encloses the central detector volume The fast sim-
calorimetric cells (ocalotower§ are then created. ulation of the detector response takes into account geaaksc-
Derpres includes the most crucial experimental features, such 38eptance of sub-detectors and their finite resolution, &aetein

2. Detector smulation

The overall layout of the general-purpose detector siredlaty
DeLpuEs is shown in Fig2. A central tracking systenrgacker) is
surrounded by an electromagnetic and a hadron calorim@teus
anducaL, resp., each with a central region and two endcaps). Two
forward calorimeterss¢ar) ensure a larger geometric coverage for
the measurement of the missing transverse energy. Fiaaityon

(Fig. 1): the detector data catdIf no such file is provided, predefined val-
1. the geometry of both central and forward detectors, ues based on “typicakims acceptances and resolutions are fised
The geometrical coverage of the various subsystems usdtkin t
2. magnetic field for tracks default configuration are summarised in Tab.

3. reconstruction of photons, leptons, jdtgets,7-jets and miss-
ing transverse energy,

4. 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 comébwsome
limitations. Detector geometry is idealised, being uniipsym-

metric around the beam axis, and having no cracks nor dead m EBeFe———
terial. Secondary interactions, multiple scatteringstph conver-
sion and bremsstrahlung are also neglected. Figure 2: Profile of layout of the generic detector geomessuaned in Brpues.

Four datafile formats can be used as input infEes3. In or- The innermost layer, close to the interaction point, is atre¢riracking system
der to process events from man)ffd'rent enerators. the standard (pink). It is surrounded by a central calorimeter volumeségr) with both electro-
P 9 ! magnetic and hadronic sections. The outer layer of the @esiystem (red) consist
Monte Carlo event structurestdHEP [2] and HepMC [3] can be 4 3 muon system. In addition, two end-cap calorimetersefbixtend the pseu-
used as an input. BesidesgiPres can also provide detector re- dorapidity coverage of the central detector. The detectoarpeters are defined in
sponse for events read in “Les Houches Event Formatk([4]) the user-configuration card. The extension of the variobsetectors, as defined in
- : - g Tab.1, are clearly visible. The detector is assumed to be strigtiymetric around
androor files obtained fromusooxk using then2root utility from the beam axis (black line). Additional forward detectors raot depicted.
theroor framework p].
Derpres uses theExRootAnalysis utility [6] to create out-

put data in a.root ntuple. This output contains a copy of the

4[code] See theFLAG_1hco variable in the detector datacard. This text file
2Throughout the paper, final-state particles refer as pestaonsidered as stable format is shortly described in the user manual.

by the event generator. 5[code] See th&ESOLution class.
3[code] See theHEPEVTConverter, HepMCConverter, LHEFConverter 6[code] Detector and trigger cards for theLas andcus experiments are also
andSTDHEPConverter classes. provided indata/ directory.
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Figure 1: Flow chart describing the principles behindes. Event files coming from external Monte Carlo generatorseael by a converter stage (top). The kinematics
variables of the final-state particles are then smeared@iogpto the tunable subdetector resolutions. Tracks ae@nstructed in a simulated solenoidal magnetic field and
calorimetric towers sample the energy deposits. Basedesetlow-level objects, dedicated algorithms are appliegdoticle 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 3fre display can also be produced. All user parameters
are set in théetectoyfSmearing Cardand theTrigger Card

LHCO_only

2.1. Tracks reconstruction

Every stable charged particle with a transverse momentwveab
some threshold and lying inside the detector volume covbyed
the tracker provides a track. By default, a track is assurodibt
reconstructed with 90% probabilitif its transverse momentupy
is higher than ® GeV/c and if its pseudorapidity| < 2.5.

Magnetic field

In addition to the subdetectors, thexts of a solenoidal mag-
netic field are simulated for the charged parti€l€ghis afects the
position at which charged particles enter the calorimetatstheir
corresponding tracks.

8[code] The reconstructionficiency is defined in the detector datacard by the
TRACKING_EFF term.

"[code] See theTrackPropagation class.



Table 1: Default extension in pseudorapiditpf the diferent subdetectors. Full azimutha) @cceptance is assumed. The corresponding parameter imaifne detector

card, is given.
Subdetector n 1)
TRACKER CEN_max_tracker [-2.5;25] [—m; 7]
ECAL, HCAL CEN_max_calo_cen [-1.7;17] [—m; 7]
ECAL, HCAL endcaps CEN_max_calo_ec  [-3;-1.7]&[1.7;3] [-m;n]
FCAL CEN_max_calo_fwd [-5;-3]&[3;5] [-m;7]
MUON CEN_max_mu [-2.4;24] [—m; 7]

2.2. Simulation of central calorimeters

Table 2: Default values for the resolution of the central fordvard calorimeters.

The energy of each particle considered as stable in the @ene,Resolution is parametrised by tBchastiqS), noise(N) andconstant(C) terms

tor particle list is smeared, with a Gaussian distributiepehding
on the calorimeter resolution. This resolution varies it sub-
calorimeter caL, HcAL, FcAL) measuring the particle. The response
of each sub-calorimeter is parametrised as a function aftieegy:

S N
I-"9_-0C

E VE E

whereS, N andC are thestochasti¢ noise and constantterms,
respectively, ane stands for quadratic additions.

1)

The particle four-momenturp” are smeared with a parametri-
sation directly derived from typical detector technicasigas. In
the default parametrisation, the calorimeter is assumecbter
the pseudorapidity ranggl < 3 and consists in an electromagnetic
and hadronic parts. Coverage between pseudorapiditie® aigl
5.0 is provided by forward calorimeters, withfi#irent response to
electromagnetic object&¥,y) or hadrons. Muons and neutrinos
are assumed not to interact with the caloriméfersThe default
values of the stochastic, noise and constant terms are given
Tab.2.

The energy of electrons and photons found in the partidetes
smeared using theaL resolution terms. Charged and neutral final-
state hadrons interact with thear, HcaL andrcaL. Some long-
living particles, such as thi€? and A’s, with lifetime cr smaller
than 10 mm are considered as stable particles although teayd
before the calorimeters. The energy smearing of such festis
performed using the expected fraction of the energy, déien
according to their decay products, that would be deposittedthe
EcAL (Eq,) and into thedcar (E,,.). DefiningF as the fraction
of the energy leading to kcaL deposit, the two energy values are

given by

9[code] [7,8]. The response of the detector is applied to the electroetagn
and the hadronic particles through theearElectron andSmearHadron func-
tions.

10In the current Breues version, particles other than electrors)( photons 1),
muons (*) and neutrinosi, v, andv) are simulated as hadrons for their interac-
tions with the calorimeters. The simulation of stable p#et beyond the Standard
Model should therefore be handled with care.

Ewea = EXF

Eren = Ex (1 F) @

4

(Eq.1). The corresponding parameter name, in the detector cagil/en.

Resolution Term  Card flag Value
ECAL

S (GeVH?) ELG_Scen 0.05

N (GeV) ELG_Ncen 0.25

C ELG_Ccen 0.0055
EcAL, end caps

S (GeV*?) ELG_Sec 0.05

N (GeV) ELG_Nec 0.25

C ELG_Cec  0.0055
FcAL, electromagnetic part

S (GeV*?) ELG_Sfwd 2.084

N (GeV) ELG_Nfwd 0

C ELG_Cfwd 0.107
HCAL

S (GeV*?) HAD_Scen 15

N (GeV) HAD_Ncen 0

C HAD_Ccen  0.05
HCAL, end caps

S (GeV*?) HAD_Sec 15

N (GeV) HAD_Nec 0

C HAD_Cec 0.05
rcaL, hadronic part

S (GeV*?) HAD_Sfwd 2.7

N (GeV) HAD_Nfwd 0

C HAD_Cfwd 0.13

where 0< F < 1. The electromagnetic part is handled the same
way for the electrons and photons. The resulting caloriynetr
energy measurement given after the application of the sntear
is thenE = Eyea + Ewew. FOrKg and A hadrond?, the energy
fraction isF is assumed to be.D.

2.3. Calorimetric towers

The smallest unit for geometrical sampling of the caloriengt
is atower, it segments thern(¢) plane for the energy measure-

1lcode] To implement diferent ratios for other particles, see the

BlockClasses class.



ment. No longitudinal segmentation is available in the dated
calorimeters. All undecayed particles, except muons antrines
deposit energy in a calorimetric tower, eitheregnt, in HcAL OF
rcAL. As the detector is assumed to be cylindrical (e.g. symmetri
in ¢ and with respect to the = 0 plane), the detector card stores
the number of calorimetric towers with= 0 andn > 0 (default:
40 towers). For a given, the size of thep segmentation is also
specified. Fig3 illustrates the default segmentation of thed)
plane.

Calorimeter segmentation

25

@ segmentation

15

3 4 5
n segmentation

Figure 3: Default segmentation of the calorimeters in the&) plane. Only the
central detectorse€aL, ucaL) andrcaL are considereds angles are expressed in
radians.

The calorimetric towers directly enter in the calculatidrtiee
missing transverse energydr), and as input for the jet reconstruc-
tion algorithms. No sharing between neighbouring toweirs ge-
mented when particles enter a tower very close to its gedraétr
edge. Smearing is applied directly on the accumulatedrel®cty-
netic and hadronic energies of each calorimetric tower.

2.4. Very forward detectors simulation

Most of the recent experiments in beam colliders have auftti
instrumentation along the beamline. These extend;tbeverage
to higher values, for the detection of very forward finatstpar-
ticles. Zero Degree Calorimeters() are located at zero angle,
i.e. are aligned with the beamline axis at the interactiantpand
placed beyond the point where the paths of incoming and aujgo
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Figure 4: Default location of the very forward detectorgliling zoc, Rp220 and
rp420 in theLuc beamline. Incoming (red) and outgoing (black) beams on aee s
of the interaction point{= 0 m). The Zero Degree Calorimeter is located in perfect
alignment with the beamline axis at the interaction poinf,40 m, the beam paths
are separated. The forward taggers are near-beam detkxtatsd at 220 m and
420 m. Beamline simulation with #dtor [9].

is needed forr220 andrr420. This fast simulation uses thedd
Tor software P], which includes the chromaticityfiects and the
geometrical aperture of the beamline elements of any arfitol-
lider.

Some subdetectors have the ability to measure the time bf flig
of the particle. This corresponds to the delay after whiehghr-
ticle is observed in the detector, with respect to the bumoksing
reference time at the interaction poitd)( The time of flight mea-
surement ofznc andrr420 detector is implemented here. For the
znc, the formula is simply

1

t=to+=x
0 \%)

S—27

(Cose)’ @)
wheret is the time of flight,ty is the true time coordinate of the
vertex from which the particle originateg,the particle velocity,
sis thezpc distance to the interaction poirt,is the longitudinal
coordinate of the vertex from which the particle comes frérig
the particle emission angle. This assumes that the newtratie
observed in theoc is highly relativistic, i.e. travelling at the speed

beams separate (Fig). These allow the measurement of stableof light c. We also assume that c@s: 1, i.e.6 ~ 0 or equivalently

neutral particlesy andn) coming from the interaction point, with
large pseudorapidities (e.lgn,| > 8.3 in atLas andcwms). Forward
taggers (called herer220, for “roman pots at 220 m” ana420
“for forward proton taggers at 420 m”, as at the&) are meant
for the measurement of particles following very closely beam
path. To be able to reach these detectors, such particlaanesa
charge identical to the beam particles, and a momentum Vesg c

nis large. As an example,= 5 leads t& = 0.013 and 1- cosd <
1074, The formula then reduces to

(4)

For example, a photon takesAd us to reach apc located ats =
140 m, neglecting andd, and assuming that= c. Only neutrons

1
t==x(s—
% (s-2

to the nominal value for the beam. These taggers are near-beand photons are currently assumed to be able to reacin¢hll

detectors located a few millimetres from the true beam dtajgy
and this distance defines their acceptance (3ab.

While neutral particles propagate along a straight linehte t
znc, a dedicated simulation of the transport of charged pexicl

5

other particles are neglected in the:. Thezbcs are composed of
an electromagnetic and a hadronic sections, for the maasute
of photons and neutrons, respectively. The energy of therobd
neutral is smeared according to Elgand the section resolutions



Table 3: Default parameters for the forward detectors:adist from the interaction point and detector acceptancee Lihbeamline is assumed around the fififc
interaction pointif). For thezoc, the acceptance depends only on the pseudorapjdifythe particle, which should be neutral and stable. Thegaggceptance is fully

determined by the distance in the transverse plane of tleetdeto the real beam pos|

itio][ It is expressed in terms of the particle energ.(

Detector Distance frone Acceptance

ZDC 140 m Il > 8.3 fornandy
rP220 220 m E € [6100; 6880] (GeV) at2mm
rp420 420m E € [6880;6980] (GeV) at4 mm

(Tab.4). Thezoc hits do not enter in the calorimeter tower list used
for reconstruction of jets and missing transverse energy.

Table 4: Default values for the resolution of the zero degaderimeters. Resolu-
tion is parametrised by thetochastiq'S), noise(N) andconstant(C) terms (Eql).
The corresponding parameter name, in the detector cariyeis.g

Resolution Term Cardflag  Value
zpc, electromagnetic part

S (GeVH?) ELG_Szdc 0.7

N (GeV) ELG_Nzdc 0.0

C ELG_Czdc 0.08
zpc, hadronic part

S (GeV*?) HAD_Szdc 1.38

N (GeV) HAD_Nzdc 0

C HAD_Czdc 0.13

3. High-level object reconstruction

Analysis object data contain the final collections of pdetde™,
1=, v) or objects (light jetsh-jets, 7-jets, E?‘SS) and are stored
in the output file created by irues. In addition, some detector
data are added: tracks, calorimetric towers and hitain rp220
andrp420. While electrons, muons and photons are easily ident
fied, some other objects are mordfidult to measure, like jets or
missing energy due to invisible particles.

For most of these objects, their four-momentum and relate
quantities are directly accessible ireBues output €, B, pr, 1
andg). Additional properties are available for specific objetitse
the charge and the isolation statuséérandu*, the result of appli-
cation ofb-tag for jets and time-of-flight for some detector hits).

3.1. Photon and charged lepton reconstruction

From here onwardslectronsrefer to both positronsef) and
electrons €°), andcharged leptonsefer to electrons and muons

(u*), leaving out the* leptons as they decay before being detected.

Electrons and photons

momentum above a threshold (defapjt > 10 GeV/c). A calori-
metric tower will be seen in the detector, as electrons wdlk in
addition a track. Subsequently, electrons and photonseceeean-
didate in the jet collection. Assuming a good measuremettief
track parameters in the real experiment, the electron groeng be
reasonably recovered. InelruEs, electron energy is smeared ac-
cording to the resolution of the calorimetric tower wherpaints
to, butindependently from any other deposited energy sstiver.
This approach is still conservative as the calorimeterlutienm is
worse than the tracker one.

Muons

Generator-level muons entering the detector acceptarcmar
sidered as candidates for the analysis level. The acceptanc
defined in terms of a transverse momentum threshold to be over
passed that should be computed using the chosen geometry of
the detector and the magnetic field considered (defau : >
10 GeV/c) and of the pseudorapidity coverage of the muon system
(default: —2.4 < n < 2.4). The application of the detector resolu-
tion on the muon momentum depends on a Gaussian smearing of
the pr variablé®. Neithery nor ¢ variables are modified beyond
the calorimeters: no additional magnetic field is appliedilthle
scattering is neglected. This implies that low energy muunse
in DeLpHEs @ better resolution than in a real detector. Furthermore,
muons leave no deposit in calorimeters.

Charged lepton isolation

To improve the quality of the contents of the charged leptn ¢
bections, additional criteria can be applied such as igmatThis
requires that electron or muon candidates are isolatederdé
tector from any other particle, within a small cone. InLBuEs,
charged lepton isolation demands that there is no othegelarar-
ticle with pr > 2 GeV/c within a cone ofAR = 1/An? + A¢? < 0.5
around the lepton. The result (iisolatedor not) is added to the
charged lepton measured properties. In addition, the Byrof
the transverse momenta of all tracks but the lepton one nvitre
isolation cone is providéd:

tracks

Pr=> pr()

i#u

Electron €*) and photon candidates are reconstructed if they fall

into the acceptance of the tracking system and have a tresgsve

12[code] Allthese processed data are located undentha ysis tree.

13[code] See thesmearMuon method.

14[code] See thelsolFlag andIsolPt values in theéElectron or Muon col-
lections in theAnalysis tree, as well as theSOL_PT andISOL_Cone variables in
the detector card.



No calorimetric isolation is applied, but the muon colleatton-

tains also the ratip, between (1) the sum of the transverse energies

in all calotowers in & x N grid around the muon, and (2) the muon
transverse momentur

_ XiEr(i)

= ——=,1iin Nx N grid centred on.
1= e g "

Forward neutrals

3. Seedless Infrared Safe Cof#3]: The SISGNE algorithm
is simultaneously insensitive to additional soft parscénd
collinear splittings, and fast enough to be used in exparime
tal analysis.

Recombination algorithms

The three sequential recombination jet algorithms are wife
respect to soft radiationénfrared) and collinear splittings. They

The zero degree calorimeter hits correspond to neutral-partrely on recombination schemes where calorimeter towes zai

cles with a lifetime long enough to reach these detectorfaite
cr > 140 m) and very large pseudorapidities (defay|t> 8.3). In

current versions of ELpuEes, only photons and neutrons are consid-

ered. Photons are identified thanks to the electromagresttos
of the calorimeter, and if their energy overpasses a givessth
old (def. 20 GeV). Similarly, neutrons are reconstructezbading
to the resolution of the hadronic section, if their energye®ds a
threshold® (def. 50 GeV).

3.2. Jet reconstruction

A realistic analysis requires a correct treatment of phegic
which have hadronised. Therefore, the most widely curyarged
jet algorithms have been integrated into theues framework us-
ing the RstJer tools [1Q]. Six different jet reconstruction schemes

are availabl&’. The first three belong to the cone algorithm class

while the last three are using a sequential recombinatibarse.
For all of them, the towers are used as input for the jet clirgie
Jet algorithms dfer in their sensitivity to soft particles or collinear
splittings, and in their computing speed performances. &gault,
reconstruction uses a cone algorithm witR = 0.7. Jets are stored
if their transverse energy is highéthan 20 GeV.

Cone algorithms
1. CDF Jet Clusterg11]: Algorithm forming jets by associating
together towers lying within a circle (default radinR = 0.7)
in the @7, ¢) space. This so-calledtrLu cone jet algorithm
is used by thecor experiment in Run II. All towers with a
transverse energlft higher than a given threshold (default:

Er > 1 GeV) are used to seed the jet candidates. The exist-
ing FastJer code has been modified to allow easy modification

of the tower pattern inzf, ¢) space. In following versions of

DerprEs, a new dedicated plug-in will be created on this pur-

posé®.

. CDF MidPoint[12]: Algorithm developed for thepr Run

successively merged. The definitions of the jet algorithrasami-
lar except for the definition of theistances dised during the merg-
ing procedure. Two such variables are defined: the distdnbe-
tween each pair of towers, (), and a variableig (beam distance
depending on the transverse momentum of the tower

The jet reconstruction algorithm browses the calotower lis
starts by finding the minimum valugy, of all the distancesi;
anddig. If dmin is ad;j, the towers and j are merged into a sin-
gle tower with a four-momenturp* = p“(i) + p“(j) (E-scheme
recombination. If dyin is adig, the tower is declared as a final
jet and is removed from the input list. This procedure is etpé
until no towers are left in the input list. Further information
these jet algorithms is given here below, usigg vy and ¢; as
the transverse momentum, rapidity and azimuth of calotowaead
AR = \(yi —¥j)? + (¢ — ¢)? as the jet-radius parameter:

4. Longitudinally invariant kjet [14]:

dij = min(ktzi, ktZJ)ARZJ /R2

dig = K3 ®)
5. CambridggAachen je{15]:
dj = ARZ/RZ
dp = 1 . (6)

6. Antik jet[16]: where hard jets are exactly circular in thedg)
plane
dij = min(1/k3, 1/k[2]-)ARi2j/R2 @
dig = 1/K3
Energy flow
In jets, several particle can leave their energy into a gosdari-

Il to reduce infrared and collinear sensitivities comparedMetric tower, which broadens the jet energy resolution. i,
to purely seed-based cone by adding ‘midpoints’ (energ)ﬁhe energy of charged particles associated to jets can hecddd

barycentres) in the list of cone seeds.

from their reconstructed track, thus providing a way to idgn
some of the components of towers with multiple hits. Wheretie
ergy flowis switched on in BLrues??, the energy of tracks pointing

15[code] Calorimetric isolation parameters in the detector card aretO calotowers is extracted and smeared separately, baforéng

ISOL_Calo_ET andISOL_Calo_Grid.

16[code] These thresholds are defined by #1_gamma_E andZDC_n_E vari-
ables in the detector card.

17[code] The choice is done by allocating tHET_jetalgo input parameter
in the detector card.

18[code] PTCUT_jet variable in the detector card.

19(code] JET_coneradius andJET_seed variables in the detector card.

the chosen jet reconstruction algorithm. This option adl@tbetter
jet E reconstruction.

20[code] SetJET_Eflow to 1 or O in the detector card in order to switch on or
off the energy flow for jet reconstruction.



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 parksguark. 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 in, d, s quarks
or in gluons), a fakd-tagging ¢ficiency of 10% and 1% respec-
tively is assumett. The (mis)tagging relies on the true particle

identity (pip) of the most energetic particle within a cone around
the observedy, ¢) region, with a radius equal to the one used to re-

construct the jet (defaultR of 0.7). In current version of ELpHEs,
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 simulafig. The
tagging relies on two properties of thdepton. First, 77% of the
7 hadronic decays contain only one charged hadron assotiated
few neutrals (Talb). Tracks are useful for this criterion. Secondly,
the particles arisen from the lepton produce narrow jets in the
calorimeter (this is defined as the illimation).

Table 5: Branching ratios far- lepton [L7]. h* andhC refer to charged and neutral
hadrons, respectivelyn > 0 andm > O are integers.

L eptonic decays

TS € VeV 17.9%
T > U Ve 17.4%
Hadronic decays

7~ s> h nxhtmxh®y, 647%
7~ >h mxhOy, 50.1%
= h h*hmxh®v, 14.6%

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

tion C; is defined as the sum of the energy of towers in a small

cone of radiusR*™ around the jet axis, divided by the energy of
the reconstructed jet. To be taken into account, a caloentetver
should have a transverse enefg§"*" above a given threshold. A
large fraction of the jet energy is expected in this smallecorhis
fraction, orcollimation factor is represented in Fig for the de-
fault values (see Talp).

Tracking isolation

The tracking isolation for the identification requires that the
number of tracks associated to particles with significangverse
momenta is one and only one in a cone of raddi&*s (3—prong
7-jets are dropped). This cone should be entirely incorjearatto
the tracker to be taken into account. Default values of thasam-
eters are given in Tal6.

2llcode] Corresponding to thBTAG b, BTAG mistag_c andBTAG mistag 1
constants, for (respectively) thélieiency of tagging of &-jet, the dficiency of
mistagging ac-jet as ab-jet, and the #iiciency of mistagging a light jetu(d,s,g) as
ab-jet.

Figure 5: lllustration of the identification afjets (1-prong). The jet cone is nar-
row and contains only one track. The small cone shown as theme is used for
the electromagnetic collimatignwhile the green cone is the cone radius used to
reconstruct the jet originating from thedecay.

Table 6: Default values for parameters used-jgt reconstruction algorithm. Elec-
tromagnetic collimation requirements involve the insarall cone radiusR®™, the
minimum transverse energy for calotowe!i#”’ver and the collimation factoC..
Tracking isolation constrains the number of tracks withgaiicant transverse mo-
mentumpt{ac'(sin a cone of radiug™ks Finally, ther-jet collection is purified by
the application of a cut on ther of r-jet candidates.

Parameter Card flag Value
Electromagnetic collimation

Rem TAU_energy scone  0.15

min EPY®"  JET_M_seed 1.0 GeV
C. TAU_energy_frac 0.95
Tracking isolation

Ruracks TAU_track_scone 0.4

min pYacks  PTAU_track_pt 2 GeV/c
7-jet candidate

min pr TAUJET pt 10 GeV/c

Purity

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

3.5. Missing transverse energy

In an ideal detector, momentum conservation imposes the-tra
verse momentum of the observed final sf@té*sto be equal to the
Pt vector sum of the invisible particles, writtge™ss,

(5]

miss _ obs
px =-p

Px ) X
miss _ (0] 8}5)
Py =—py

Py

—

T (8)



%) m L Bt Bt B B T T
< 0.35[— ]
g C MG/ME + Delphes -
1) C ]
5 03[ z E°"*" (AR = 0.15) —
s | ST 1
5025 Events: WHg'- WWWe'- llig’, m =150 GeV =
S o 7
u - -
0.2~ =
0.151 -
0.1 —
0.05 -

et e b by b by by by
8.8 082 084 086 088 09 092 094 096 0.98

0
=

~

Figure 6: Distribution of the electromagnetic collimatiGp variable for truer-jets,
normalised to unity. This distribution is shown for assteiBWH photoproduc-
tion [18], where the Higgs boson decays int\\&W~ pair. Eachw boson decays
into alv, pair, wheref = e, i, 7. Events generated with MMGraps/MapEvENT [19).
Final state hadronisation is performed byrfia [20]. Histogram entries correspond
to truer-jets, matched with generator-level data.
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Figure 7: Distribution of the number of track&™°*Swithin a small jet cone for true
7-jets, normalised to unity. Photoproduc@tH events, wher&V bosons decay lep-
tonically (e, 1, 7), as in Fig.6. Histogram entries correspond to trtiets, matched
with generator-level data.

Thetrue missing transverse energy, i.e. at generator-level, @ieal
lated as the opposite of the vector sum of the transverse mtame
of all visible particles — or equivalently, to the vector sofrinvisi-
ble particle transverse momenta. In a real experimentricaébers
measure energy and not momentum. Any probléiexcéing the de-
tector (dead channels, misalignment, noisy towers, cjaosens

directly the measured missing transverse enE_@}SS. In this doc-

neutrinos are not taken into account for its evalugfon

towers

Ermse=— 3 Erl) (©)

4. Trigger emulation

New physics in collider experiment are often characterised
phenomenology by low cross-section values, compared iSttre
dard Model §m) 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 event$3. Dedicated algo-
rithms of thisonline selection, ottrigger, 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, particlesyer) with an energy scale above some
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 containingegt lone
jet and one electron such pﬁt > 100 GeVcandp$ > 50 GeV/c.

A trigger emulation is included in Bpues, using a fully
parametrisablérigger tableé4. When enabled, this trigger is ap-
plied on analysis-object data. In a real experiment, thaerde-
lection is often divided into several steps (evely. 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@mlyartial
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 reconstcudega
with a worse resolution than final analysis data. On the eoptr
same data are used irePues for trigger emulation and for final
analyses.

5. Validation

Devphes performs a fast simulation of a collider experiment. Its
performances in terms of computing time and data size agettiir
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 o
disk space. The quality and validity of the output are asskby

22However, as tracks and calorimetric towers are availabteéroutput file, the
missing transverse energy can always be reprocessed a@oste

23However, some bandwidth is allocated to minimum-biag@arzero-bias (“ran-
dom”) triggers that stores a small fraction of the eventhauit any selection crite-
ria.

umentMer is based on the calorimetric towers and only muons and 2*[code] The trigger card is théata/TriggerCard.dat file.
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comparing to resolution of the reconstructed data tathsedetec-
tor expectations.

Electrons and muons are by construction equal to the expatim
designs, as the Gaussian smearing of their kinematics pirepe
is defined according to their resolutions. Similarly, theagging
efficiency (for realb-jets) and misidentification rates (for fake
jets) are taken from the expected values of the experimamiké)
these simple objects, jets and missing transverse eneogydshe
carefully cross-checked.

5.1. Jet resolution

The majority of interesting processes at e contain jets in
the final state. The jet resolution obtained usingHREes is there-
fore a crucial point for its validation, both fets- and arras-like
detectors. This validation is based pp — gg events produced
with MapGrapa/M apEvent and hadronised usingviiia [19, 20].

For acws-like detector, a similar procedure as the one explained,

in public results is applied here. The events were arrangdd!i
bins of gluon transverse momentym. In eachpt bin, every jet

fit

o/\ i
=~ 30 . ]
w —— CMSrresolution B
b5 i
L rec ;—MC. T
w o(E. s 1020 1

vV 25 Delphes resolution;: —I——==£=[57 —

~= T p <EFCEYSS | ENe 1
%T ! ]
o~ 20 —
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— _

. MG/ME + Pythia + Delphes ]
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- R

O bov v b b b v v by v |7
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gure 8: Resolution of the transverse energy of reconstujetsEF as a func-
tion of the transverse energy of the closest jet of genetetet particlesEQ"Q in
a cums-like detector. The jets events are reconstructed withsihe.u clustering

in DeLpHEs is matched to the closest jet of generator-level particlesalgorithm with a cone radius of D. The maximum separation between the recon-

using the spatial separation between the two jet axes

AR = \/(nrec _ nMC)Z + (prec — ¢MC)2 < 0.25. (10)

The jets made of generator-level particles, here refes@tijets
are obtained by applying the algorithm to all particles ¢dered as
stable after hadronisation. Jets produced bypBks and satisfying
the matching criterion are called hereafteconstructed jetsAll
jets are computed with the clustering algorithier¢Lu) with a cone
radiusR of 0.7.

The ratio of the transverse energies of every reconstryeted
EF° to its correspondingic jet E¥'C is calculated in eaclpy bin.
The EF/EYC histogram is fitted with a Gaussian distribution in

the interval+2 rms centred around the mean value. The resolutior

in eachpt bin is obtained by the fit meaix) and variance-?(x):

Erec
(&)
E_rrec
<W>ﬁt
The resulting jet resolution as a function Ef."c is shown in
Fig. 8. This distribution is fitted with a function of the following

form:
_b
JEMC

(Pr (@), for alli. (11)

a ®
MC
EY

®C, (12)

structed andic-jets iSAR = 0.25. Dotted line is the fit result for comparison to
the cms resolution ], in blue. Thepp — gg dijet events have been generated with
MabpGrapa/MabEvent and hadronised withy¥Ruia.

Figure 9 shows a good agreement between the resolution ob-
tained with DeLpues, the result of the fit with Equatioh2 and the
corresponding curve provided by the.as collaboration 8].

Ll\J 50 NN L B B BN B LRLERRLE BARLA
—~ K 4
w45 3
© —— ATLAS resolution =
40 .. 0(E) _100.0 434.0 —
,,,,,,, Delphes resolution: = —@ 0110 =5 ]
35 =
30 é
251 Inl<0.5 =
20~ Events: pp — ggX =
155 k; algorithm A R = 0.6 =
10E MG/ME + Pythia + Delphes 1
5F =
o * E
o) sm——— Lo o b by by e b b by 03

0 100 200 300 400 500 600 " 700
EYC [GeV]

wherea, b andc are the fit parameters. It is then compared to theFigure 9: Relative energy resolution of reconstructedgsta function of the energy

resolution published by theus collaboration ¥]. The resolution
curves from Rrpues andcwms are in good agreement.

Similarly, the jet resolution is evaluated for an.as-like detec-
tor. Thepp — ggevents are here arranged in 8 adjacent birgin
A kr reconstruction algorithm witR = 0.6 is chosen and the max-
imal matching distance between the-jets and the reconstructed

jets is set tcAR = 0.2. The relative energy resolution is evaluated

in each bin by:

2l

EI‘eC — EMC
ETEC

El‘eC — EMC

EfeC (13)

J)- (=)
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of the closest jet of generator-level particle¥C, in an arLas-like detector. The
jets are reconstructed with tike algorithm with a radiu®R = 0.6. The maximal
matching distance betweeamr- and reconstructed jets SR = 0.2. Only central
jets are consideredn( < 0.5). Dotted line is the fit result for comparison to the
arLas resolution B], in blue. Thepp — gg di-jet events have been generated with
MabpGrapa/MabEvent and hadronised withy¥Ruia.

5.2. MET resolution

All major detectors at hadron colliders have been design&e t
as much hermetic as possible in order to detect the presénoe o



or more neutrinos aridr new weakly interacting particles through
apparent missing transverse energy. The resolution oE_{HéSS
variable, as obtained withddrres, is then crucial.

The samples used to study ther performance are identical to
those used for the jet validation. It is worth noting that tieatri-

served to behave like

ox=a JEr (GeV*?),

where then parameter depends on the resolution of the calorime-
ters.

(14)

B m'SS . . - . -
bution toE7™*from muons is negligible in the studied sample. The 1 1 resolution expected for thews detector for similar

input samples are divided in five bins of scaleay sums EEr).
This sum, calledotal visible transverse energis defined as the
scalar sum of transverse energy in all towers. The qualitthef
MET reconstruction is checked via the resolution on its hotiabn
componengmss,

The E'sS resolution is evaluated in the following way. The
distribution of the dfference betweerEl"ss in Derpres and at
generator-level s fitted with a Gaussian function in eaity( bin.
The fitrms gives thever resolution in each bin. The resulting value
is plotted in Fig.10 as a function of the total visible transverse en-
ergy, forcms- andarLas-like detectors.
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Figure 1O:o-(E'X“i5) as a function on the scalar sum of all towex&() for pp — gg
events, for awms-like detector (top) and anmrias-like detector (bottom), for di-jet
events produced with MyGrapu/MapEvent and hadronised withyRHia.

The resolutionoy of the horizontal component afier is ob-
11

events isry = (0.6—0.7) VEt GeVY2 with no pile-ug® [7], which
compares very well with the = 0.63 obtained with Brpuaes. Sim-
ilarly, for an arLas-like detector, a value of.B3 is obtained by
DerprEes for the o parameter, while the experiment expects it in
the range [(63; 057][8].

5.3. 7-jet gfficiency

Due to the complexity of their reconstruction algorithrrjets
have also to be checked. Talldists the reconstructionfiécien-
cies for the hadronie-jets in thecms experiment and in ELpHEs.
Agreement is good enough to validate also this reconstmicti

Table 7: Reconstructionfiéciencies ofr-jets in decays fron¥ or H bosons, in
Deceres and in thecms experiment 21].

cMS
Z—->1tt  38%
H—- 7ttt 36% my =150 GeVc?
H—- 7ttt 47% my =300 GeV/c?
DELPHES
H- 1ttt 42% my = 140 GeV/c?

6. Visualisation

When performing an event analysis, a visualisation tookis-u
ful to convey information about the detector layout and then¢
topology in a simple way. Th&ast and Realistic OpenGL Dis-
playerrroc [22] has been interfaced inddeuEs, allowing an easy
display of the defined detector configurafitin

Two and three-dimensional representations of the detecior
figuration can be used for communication purposes, as tieaylgl
illustrate the geometric coverage of thdfeient detector subsys-
tems. As an example, the generic detector geometry assumed
in this paper is shown in Fizg and11. The extensions of the
central tracking system, the central calorimeters and foothard
calorimeters are visible. Note that only the geometricalkcage
is depicted and that the calorimeter segmentation is nentako
account in the drawing of the detector. Moreover, both tlikusa
and the length of each sub-detectors are just display paeasrend
are not relevant for the physics simulation.

Deeper understanding of interesting physics processesss-p
ble by displaying the events themselves. The visibility afle set

25pijle-upevents are extra simultaneopp collision occurring at high-luminosity
in the same bunch crossing.

26[code] To prepare the visualisation, tHRLAG_frog parameter should be
equal to 1.



Figure 12: Example opp(yp — W1{pY event display in dferent orientations,
with t — Wh. OneW boson decays into av, pair and the second one intcege
pair. The surviving proton leaves a forward hemisphere withadronic activity.
The isolated muon is shown as the dark blue vector. Arounelgwron, in red, is
reconstructed a fake-jet (green vector surrounded by a blue cone), while the re-
constructed missing energy (in grey) is very small. Onesjetsible in one forward
region, along the beamline axis, opposite to the directich@escaping proton.

of objects €*, u*, *, jets, transverse missing energy) is enhanced

by a colour coding. Moreover, kinematics information of leab-

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

Figure 11: Layout of the generic detector geometry assum&diiptes. Open 3D-
view of the detector with solid volumes. Same colour codderasig. 2 are applied.
Additional forward detectors are not depicted.

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

Fig. 12. This corresponds to pp(yp — Wt)pX process, where l
theWtcouple is induced by an incoming photon emitted by one of s
the colliding proton23]. This leading proton survives after photon /f

emission and is present in the final state. As the energy anhd vi
ality of the emitted photon are low, the surviving proton sloet
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 esz.apee

t quark decays into & boson and & quark. Bothw bosons decay
into leptons YW — uv, andW — eve). The balance between the
missing transverse energy and the charged lepton pairas, es
well as the presence of an empty forward region. It is intérgso e
notice that the reconstruction algorithms build a faljet around
the electron.

For comparison, Figl3 dep|cts an inclusive gluon pair prOdUC_ Figure 13: Example of inclusive gluon pair productipp — ggX. Many jets are

t?on pp — ggX The even't final .Stat_e contains more jet;:, _in Par-yisible in the event, in particular along the beam axis. Twaons (in blue) are
ticular along the beam axis, which is expected as the iniegc produced and the missing transverse energy is significahisievent (grey vector).

protons are destroyed by the collision. Two muon candidatels
large missing transverse energy are also visible.

DeLrues has been developed using the parameters afvkex-
7. Conclusion and per spectives periment but can be easily extendedatoas and other noniic
experiments, as at Tevatron or at the. Further developments
include a more flexible design for the subdetector assemtdy a
possibly the implementation of an event mixing module fée-pip
event simulation.

We have described here the major features of theids frame-
work, introduced for the fast simulation of a collider exipgznt.
This framework is a tool meant for feasibility studies in phe

nomenology, gauging the observability of model predicsioncol- This framework has already been used for several analyses, i

lider experiments. _ particular in photon-induced interactions at the [23, 24, 25].
DeLrues takes as an input the output of event-generators and

yields analysis-object data in the formDfree in aroor file. The

simulation includes central and forward detectors to peedeal-  Acknowledgements

istic observables using standard reconstruction algosthMore-
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A. User manual

The availablec++-code is compressed in a zipped tar file which contains evienytheeded to run theHdpues package, assuming a
runningroor installation. The package includBsRootAnalysis [6], Hector [9], FastJer [10], and Froc [22], as well as the conversion
codes to read standastdiuep input files acfio andstdhep) [26] and HepMC [3]. In order to visualise the events with thede software,
a few additional external libraries may be required, asargld inhttpy/projects.hepforge.offyog/.

A.l. Getting started

In order to run Breues on your system, first download its sources and compile them:
wget http://www.fynu.ucl.ac.be/users/s.ovyn/Delphes/files/Delphes V_*.tar.gz
Replace the symbol by the proper version numBér

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 byibBues. When compilation is completed, the
following message is printed:

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

A.2. RunnindeLpHES ON your events

In this sub-appendix, we will explain how to useiPxes to perform a fast simulation of a general-purpose detectgmoar event files.
The first step to use fpHEs is 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 run ipues, you
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 reconstructiolmélysis 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 datatt@edsnning will
be done using the default parameters defined in the constrofcthe clasfRESOLution (See next). If you choose aftérent detector or
running configuration, you will need to edit the datacardsoadingly. Detector and trigger cards are provided indhga/ subdirectory
for thecms andarLas experiments.

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

¢ detector parameters, including calorimeter and trackavgrage and resolutions, transverse energy thresholdgject recon-
struction 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 config-
ure the magnetic field propagation, the very forward detsdimnulation, the use of very forward taggers, the triggézction,
the preparation for oG display and the creation of an output filesinlhco text format (respectively).

If no datacard is provided by the user, the default smeariigranning parameters are used:

# Detector extension, in pseudorapidity units (letal)
CEN_max_tracker 2.
CEN_max_calo_cen 1.
CEN_max_calo_ec 3.
CEN_max_calo_fwd 5.

// Maximum tracker coverage
// central calorimeter coverage
// calorimeter endcap coverage

5
7
0
0 // forward calorimeter pseudorapidity coverage

27Refer to the download page on theiBies websitehttpy/www.fynu.ucl.ac.bgisergs.ovynDelphegdownload.html Current version of Bremes for this manual is V 1.7
(May 2009)
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CEN_max_mu 2.4 // muon chambers pseudorapidity coverage

# 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 (%)

# Calorimetric towers

TOWER _number 40

### list of the edges of each tower in eta for eta>0 assuming

###a symmetric detector in eta<O

### the list starts with the lower edge of the most central tower

### the list ends with the higher edged of the most forward tower

### there should be NTOWER+1 values

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
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### list of the tower size in phi (in degrees), assuming that all
### towers are similar in phi for a given eta value
### the list starts with the phi-size of the most central tower (eta=0)
### the list ends with the phi-size of the most forward tower
### there should be NTOWER values
TOWER_dphi 5 5555 555555555555 55 10
10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 20 20

# 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

# Charged lepton isolation. Pt and Et in GeV

ISOL_PT 2.0 //minimal pt of tracks for isolation criteria

ISOL_Cone //Cone for isolation criteria

ISOL_Calo_Cone //Cone for calorimetric isolation

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

w N O O
O > O

# 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_Db 40 // b-tag efficiency (%)

BTAG_mistag_c 10 // mistagging (%)

BTAG_mistag_1l 1 // mistagging (%)

# 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

# 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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# 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 IP5 // 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

# 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 iddector cardNEvents). For version 1.7 and earlier, the parameters
related to the calorimeter endca@g€ 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 variablesdi@erent namesHAD_Scen wasHAD_Sfcal, HAD Ncen WasHAD Nfcal,
HAD_Ccen WasHAD_Cfcal, HAD_Sfwd wasHAD_Shf, HAD_Nfwd wasHAD_Nhf, HAD_Cfwd wasHAD_Chf). However, these cards are
still completely compatible with new versions ofiDues. 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. Ccés be applied on the transverse momenmof electrons, muons, jets,
7-jets, photons and the missing transverse energy. Thenfiolgpcodes should be used so thatiBies can 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 of reHes (data/TriggerCard.dat), as well as for botlems andarLas experiments at thenc. An example of trigger
table consistent with the previous 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 thdkbe used by Breues (with extensionk. 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 théDeLpuEs information
A.3.1. Contents of thBeLraes ROOT trees

The Dereues output file é.root) is subdivided into thre&rees corresponding to generator-level data, analysis-oljetz and trigger
output. Theséreesare structures that organise the output datalimémchescontaining data (oileaves$ 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 TrREE
Particle generator particles fromapevrt GenParticle

Trigger TREE
TrigResult  Acceptance of fierent trigger-bits TRootTrigger

AnalysiS TREE
Tracks Collection of tracks TRootTracks
CaloTower  Calorimetric towers 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 déasskee written in a&oor tree. The bin number in the unique leaf in the
trigger 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 excepPRootTracks, TRootCalo, TRootTrigger, TRootETmis andTRootRomanPotHits inherit from the
classTRootParticle which includes the following data members (storeteasvesn 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-tower 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 (x component) in GeV/C
float Pz // track momentum vector (x component) in GeV/C
float Charge // track charge in units of €
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Leavesin the CaloTower branch (Analysistree)

// pseudorapidity of the tower

// azimuthal angle of the tower in rad

// tower energy in GeV

// electromagnetic component of the tower energy in GeV
// hadronic component of the tower energy in GeV

// tower transverse energy in GeV

float Eta
float Phi
float E
float E_em
float E_had
float ET

Leavesin theETmis branch (Analysis tree)

// azimuthal angle of the transverse missing energy in rad
// transverse missing energy in GeV

// x component of the transverse missing energy in GeV

float Phi
float ET
float Px
float Py

// y component of the transverse missing energy in GeV

The hits in very forward detectorifc, Rr220,rr420) have some common data. In particular,sheée variable tells in which detector
(left:-1 or right+1 of the interaction point) the hit has been seen. Moreowengsgenerator 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
// time of flight in s
// measured/smeared energy in GeV

float T
float E
int side

Generator level data

int pid;

float genPx;
float genPy;
float genPz;
float genPT;

float genEta;
float genPhi;

//

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

-1 or +1

particle
particle
particle
particle
particle
particle
particle

ID

momentum vector (x component) in GeV/C
momentum vector (y component) in GeV/C
momentum vector (z component) in GeV/C
transverse momentum in GeV/C
pseudorapidity

azimuthal angle in rad

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

int hadronic_hit

Additional leavesin the RP220hits and FP420hits branches (Analysis tree)
detector position from IP in m

hit horizontal position in m

hit vertical position in m

hit horizontal angle in rad

hit vertical angle in rad

reconstructed momentum transfer in GeV?

flaot S
float X
float Y
float TX
float TY
float g2

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

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

A.4. Running an analysis on yoDtLrHES events

To analyse theoor ntuple produced by BrHes, the simplest way is to use thmalysis_Ex.cpp code which is coming in the
Examples repository of Bipues. Note that all of this is optional and done to facilitate thealyses, as the output fromeDues is
viewable with the standanebor TBrowser and can be analysed using tekeClass facility. As an example, here is a simple overview
of amyoutput . root file created by BrpHes:

me@mylaptop:~$ root -1 myoutput.root

root [0]

Attaching file myoutput.root as _fileO...

root [1] .1s
TFilexx*
TFilex

KEY: TTree

myoutput.root
myoutput.root
GEN; 1

Analysis tree
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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: 0x910cfd0
OBJ: TBranchElement Particle Particle_ : O at: 0x910c6b0
0OBJ: 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 particuiarthreetree names. TBrowser t launches a browser and the
GetEntries () method outputs the number of data in the correspontigey 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 characterd:(

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_] : O at: 0xa28ac80

0BJ: TLeafElement Photon.E E[Photon_] : O at: 0xa33cd88
0BJ: TLeafElement Tracks.E E[Tracks_] : 0 at: Oxa3ccedO
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 cop@sding 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, MageClass method is useful. It creates two files.q 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. Morepaa example of code (based on the output of
MakeClass

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

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

One can easily edit, modify and compiteake) changes in this file.
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A.4.1. Adding the trigger information

TheExamples/Trigger Only.cpp code permits to run the trigger selection separately fraag#meral detector simulation on output
DerprEs root files. A Decenes root 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.5. Running the FROG event display
e If the FLAG_frog was switched on in the smearing card, two files have been ettedtiring the running of EpHEs:
DelphesToFrog.vis andDelphesToFrog.geom. They contain all the needed pieces of information tomins.

e To display the events and the geometry, you first need to derfigic. Go to theUtilities/FROG and typemake. 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.6. LHCO file format

The *lhco file format is a textascn data format briefly discussed here.  An exhaustive desgriptis provided on
httpy/v1.jthaler.neiblympicswiki This section is based on this webpage. Only final high-lebgcts are available in thenco for-
mat, and their properties are arranged in columns. Each comesponds to an object in the event and all events are widtitier 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

Each row in an event starts with a unique number (i.e. in fiokiran). Row0 contains the event number (her&r) and some trigger
information (here0. This very particular trigger encoding is not implementediLrHes.). Subsequent rows list the reconstructed high-
level objects. Each row is organised in columns, which tkethé 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 evenisstdth 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 codéyme The diferent object types are:
0 foraphotont)
1 for an electrong®)
2 foramuon [i*)
3 for a hadronically-decaying tau-{et)
4 forajet
6 for a missing transverse energ:‘ﬂﬁsﬂ
Object types is not defined. An event always ends with the row correspaniithe missing transverse energy (ty§)e

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

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

7th column @ trk). The seventh column reports the total number of tracks aasatio the objects. This @sfor photons# 1 for charged
leptons including taus (where the sign reports the leptoasmed charge) and a positive numkbkerq) for jets.
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8th column btag). The eighth column tells whether a jet is tagged dsjat (1) or not (0). This is always0 for electrons, photons
and missing transverse energy. For muons, the closest geiairched 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 themddetween hadronic and electromagnetic energies in the
calorimetric towers associated to the object. This is atw@efpr missing transverse energy. For muons, this numdees (bb) reports two
values related to the muon isolation (sect®). The integer partaaa) is transverse momentum sutq (in GeVj/c) and the fractional
part (bb) is the energy ratig,,.

10th and 11th columnsi¢m? 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. Meezpdealing with text

file may have various drawbacks, such as the output file sidal@time needed for its creation. Whenever possible, wgrkin the
*root output file should be preferred.
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