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Event Generation

3Figure 1: Estimated CPU usage for the LHCb experiment from 2021 through 2025. The bars

give the total CPU usage expected, composed of stripping jobs (blue), all estimated user jobs

(orange) and simulation production (green). The green bars here assume only fully detailed

simulation to be run. CPU usage is also considered under di↵erent scenarios, mainly the

baseline scenario of [1] (light blue line) and the aggressive scenario of the same document, where

2021-2023 have a 40%/40%20% split between Full, fast and ultra-fast/parametric simulations,

increasing to 30%/50%/20% in 2023 through 2025 (dashed purple line). The associated timings

for Full/Fast/Ultra-fast simulations are listed in the Table 1, from [1]. This is compared to the

pledge (red line), which consists of the WLCG pledges (tan area), the use of the HLT farm (light

green area) and opportunistic resources (light red area). The interpretation is that we start 2021

about a factor of two below the pledge, but rapidly outgrow that. With the baseline model,

we are still above the pledged resources, but by 2025 are inline with the pledge, depending

on opportunistic resources. If a much more aggressive approach is taken, we are in line with

resources by 2025.

Year Full Fast Ultra-fast/Parametric

2021 120 40 2

2022 100 36 2

2023 80 32 2

2024 60 28 2

2025 60 24 2

Table 1: Timings in seconds per event for Full, fast and ultra-fast/parametric simulations used

in Figure 1 for the estimate of the aggressive scenario. Taken from [1].
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R(D*) and MC sample size

4

LHCb R(D*) (hadronic tau) PRL 120 (2018) no.17, 171802
PD97 (2018) no.7, 072013

Table 7: List of the individual systematic uncertainties for the measurement of the ratio
B(B0 ! D⇤�⌧+⌫⌧ )/B(B0 ! D⇤�3⇡).

Contribution Value in %
B(⌧+! 3⇡⌫⌧ )/B(⌧+! 3⇡(⇡0)⌫⌧ ) 0.7
Form factors (template shapes) 0.7
Form factors (e�ciency) 1.0
⌧ polarization e↵ects 0.4
Other ⌧ decays 1.0
B ! D⇤⇤⌧+⌫⌧ 2.3
B0

s ! D⇤⇤
s ⌧+⌫⌧ feed-down 1.5

D+
s ! 3⇡X decay model 2.5

D+
s , D

0 and D+ template shape 2.9
B ! D⇤�D+

s (X) and B ! D⇤�D0(X) decay model 2.6
D⇤�3⇡X from B decays 2.8
Combinatorial background (shape + normalization) 0.7
Bias due to empty bins in templates 1.3
Size of simulation samples 4.1
Trigger acceptance 1.2
Trigger e�ciency 1.0
Online selection 2.0
O✏ine selection 2.0
Charged-isolation algorithm 1.0
Particle identification 1.3
Normalization channel 1.0
Signal e�ciencies (size of simulation samples) 1.7
Normalization channel e�ciency (size of simulation samples) 1.6
Normalization channel e�ciency (modeling of B0 ! D⇤�3⇡) 2.0
Total uncertainty 9.1

of the current world average of Ref. [46]. The first determination of R(D⇤�) performed
by using three-prong ⌧ decays is obtained by using the measured branching fraction of
B(B0 ! D⇤�µ+⌫µ) = (4.88± 0.10)⇥ 10�2 from Ref. [20]. The result

R(D⇤�) = 0.291± 0.019 (stat)± 0.026 (syst)± 0.013 (ext)

is one of the most precise single measurements performed so far. It is 1.1 standard
deviations higher than the SM prediction (0.252 ± 0.003) of Ref. [2], and consistent
with previous determinations. This R(D⇤) measurement, being proportional to B(B0 !
D⇤�3⇡), and inversely proportional to B(B0 ! D⇤�µ+⌫µ), will need to be rescaled
accordingly when more precise values of these inputs are made available in the future.
An average of this measurement with the LHCb result using ⌧+! µ+⌫µ⌫⌧ decays [17],
accounting for small correlations due to form factors, ⌧ polarization and D⇤⇤⌧+⌫⌧ feed-
down, gives a value of R(D⇤�) = 0.310± 0.0155 (stat)± 0.0219 (syst) , consistent with the
world average and 2.2 standard deviations above the SM prediction. The overall status of
R(D) and R(D⇤) measurements is reported in Ref. [20]. After inclusion of this result, the
combined discrepancy of R(D) and R(D⇤) determinations with the SM prediction is 4.1�.
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systematic uncertainties in LHCb measurement
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Ship: Simulating the tails

5

SHiP has received a large amount of attention from the particle physics community. The SHiP
physics paper [2] is a highly cited document (see Figure 1), and many groups continue to explore the sci-
entific potential of the experiment, making detailed predictions for models of feebly interacting particles.
In the wake of the SHiP experiment, several dedicated intensity frontier experiments have been pro-
posed in the recent years: CODEX-b [46], MATHUSLA [47–49], FASER [50–52]. Recognising the
importance of diversifying the search efforts, the CERN Management created in 2016 a dedicated study
group “Physics Beyond Colliders” (PBC) [5]. Searches for heavy neutral leptons, dark photons, dark
scalars, light dark matter, and other super-weakly interacting light particles has also been included in the
scientific goals of many presently running experiments [39, 40, 42–44, 44, 53–67].

1.3 Overview of the SHiP developments and advances since the TP
Despite an active program of searches for HS particles in many experiments, SHiP remains a unique
dedicated experiment capable of reconstructing the decay vertex of an HS particle, measuring its invariant
mass and providing particle identification of the decay products in an environment of extremely low
background. Moreover, SHiP is also optimised to search for LDM through scattering signatures and for
tau neutrino physics.

Since the Technical Proposal the SHiP design went through a significant re-optimisation phase.
Figure 2 shows the layout of the re-optimised SHiP detector. While the overall set-up of the detector
remains unchanged, the geometry and the detector composition has been significantly modified, and
technological studies and test beams have brought maturity to the design. SHiP consists of the proton

Figure 2: Overview of the SHiP experiment as implemented in FairShip.

target, followed by a hadron stopper and an active muon shield that sweeps muons produced in the beam
dump out of acceptance. Since the TP, the target has been extended from ten to twelve interaction lengths
in order to reduce the hadronic shower leakage. Studies were made to minimise the distance between
the target and the SHiP spectrometers to improve the acceptance of the spectrometers, and to reduce the
weight and cost of the muon shield. A significant improvement was achieved by starting the first section
of the muon shield within the hadron stopper by integrating a coil which magnetises the iron shielding
blocks.

The SHiP detector itself incorporates two complementary apparatuses, the Scattering and Neutrino
Detector (SND), and the Hidden Sector (HS) spectrometer. The SND will search for LDM scattering and
perform neutrino physics. It is made of an emulsion spectrometer located inside a single long magnet
with a field above 1.2 T in the entire volume, and a muon identification system. The emulsion spectro-
meter is a hybrid detector consisting of alternating layers of an absorber, nuclear emulsion films and fast
electronic trackers. The absorber mass totals � 10 tonnes.

The HS decay spectrometer aims at measuring the visible decays of HS particles by reconstructing
their decay vertices in a 50 m long decay volume. In order to eliminate the background from neutrinos

5

Figure 1. SHiP facility layout [19].

in the decays of heavy hadrons. The facility is therefore designed to maximise the production rate
and detection e�ciency for charm and beauty mesons and their decay products, while maintaining
the lowest possible background rate. The 400 GeV/c proton beam extracted from the SPS will be
dumped on a high density W/Mo target with the aim of accumulating 2 ⇥ 1020 protons on target
during 5 years of operation. The charm production at SHiP will exceed that of any existing or
planned facility. The SHiP detector, shown in Fig. 1, incorporates two complementary apparatuses,
the Scattering and Neutrino Detector (SND), and the Decay Spectrometer (DS). The SND will be
used to search light dark matter particles, and perform neutrino physics measurements. The DS
aims at measuring the visible decays of hidden sector particles by reconstructing their decay vertices
in a 50 m long decay volume, making use of a magnetic spectrometer, veto systems and particle
identification detectors. Further details of the design of the detector can be found in Ref. [19]. Such
a setup will allow the SHiP experiment to probe a variety of models that predict light long-lived
exotic particles.

Since particles originating in charm and beauty meson decays are produced with a significant
transverse momentum with respect to the beam axis1, the detector is placed as close as possible
to the target. The high flux of muons produced in the target represents a serious background in
searches for hidden particles. A critical component of the SHiP experiment is the muon shield [20],
which deflects muons produced in the target away from the detector placed downstream of the
target. The SHiP detector is designed to reconstruct the exclusive decays of hidden particles and to
reduce the background to less than 0.1 events in the full five year period of operation.

3 The SHiP simulation

The simulation of the various physics processes of the response of the SHiP detector are handled
by the FairShip software suite, which is based on the FairRoot software framework [21].
Within FairShip, primary collisions of protons are generated with Pythia8 and the subsequent
propagation and interactions of particles are simulated with GEANT4. Neutrino interactions are
simulated with GENIE [22], while heavy flavour production and inelastic muon interactions with
Pythia6 [23] and GEANT4. Secondary heavy flavour production in cascade interactions of hadrons
originating from the initial proton collision with the SHiP target is also taken into account [24].

1In the SHiP coordinate system the z-axis is along the beam line and the y-axis is pointing upward.

– 3 –

The SHiP experiment will search for new, very 
weakly interacting long-lived particles produced 

in a 400 GeV/c SPS proton beam dump.
Start data taking ~2026

arXiv:1504.04956
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Ship: Simulation challenge
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in the decays of heavy hadrons. The facility is therefore designed to maximise the production rate
and detection e�ciency for charm and beauty mesons and their decay products, while maintaining
the lowest possible background rate. The 400 GeV/c proton beam extracted from the SPS will be
dumped on a high density W/Mo target with the aim of accumulating 2 ⇥ 1020 protons on target
during 5 years of operation. The charm production at SHiP will exceed that of any existing or
planned facility. The SHiP detector, shown in Fig. 1, incorporates two complementary apparatuses,
the Scattering and Neutrino Detector (SND), and the Decay Spectrometer (DS). The SND will be
used to search light dark matter particles, and perform neutrino physics measurements. The DS
aims at measuring the visible decays of hidden sector particles by reconstructing their decay vertices
in a 50 m long decay volume, making use of a magnetic spectrometer, veto systems and particle
identification detectors. Further details of the design of the detector can be found in Ref. [19]. Such
a setup will allow the SHiP experiment to probe a variety of models that predict light long-lived
exotic particles.

Since particles originating in charm and beauty meson decays are produced with a significant
transverse momentum with respect to the beam axis1, the detector is placed as close as possible
to the target. The high flux of muons produced in the target represents a serious background in
searches for hidden particles. A critical component of the SHiP experiment is the muon shield [20],
which deflects muons produced in the target away from the detector placed downstream of the
target. The SHiP detector is designed to reconstruct the exclusive decays of hidden particles and to
reduce the background to less than 0.1 events in the full five year period of operation.

3 The SHiP simulation

The simulation of the various physics processes of the response of the SHiP detector are handled
by the FairShip software suite, which is based on the FairRoot software framework [21].
Within FairShip, primary collisions of protons are generated with Pythia8 and the subsequent
propagation and interactions of particles are simulated with GEANT4. Neutrino interactions are
simulated with GENIE [22], while heavy flavour production and inelastic muon interactions with
Pythia6 [23] and GEANT4. Secondary heavy flavour production in cascade interactions of hadrons
originating from the initial proton collision with the SHiP target is also taken into account [24].

1In the SHiP coordinate system the z-axis is along the beam line and the y-axis is pointing upward.

– 3 –
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Large simulated samples of muon induced background processes are 
required in order to optimise the experimental facility and develop 

background suppression methods. 
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Ship: Simulation challenge
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in the decays of heavy hadrons. The facility is therefore designed to maximise the production rate
and detection e�ciency for charm and beauty mesons and their decay products, while maintaining
the lowest possible background rate. The 400 GeV/c proton beam extracted from the SPS will be
dumped on a high density W/Mo target with the aim of accumulating 2 ⇥ 1020 protons on target
during 5 years of operation. The charm production at SHiP will exceed that of any existing or
planned facility. The SHiP detector, shown in Fig. 1, incorporates two complementary apparatuses,
the Scattering and Neutrino Detector (SND), and the Decay Spectrometer (DS). The SND will be
used to search light dark matter particles, and perform neutrino physics measurements. The DS
aims at measuring the visible decays of hidden sector particles by reconstructing their decay vertices
in a 50 m long decay volume, making use of a magnetic spectrometer, veto systems and particle
identification detectors. Further details of the design of the detector can be found in Ref. [19]. Such
a setup will allow the SHiP experiment to probe a variety of models that predict light long-lived
exotic particles.

Since particles originating in charm and beauty meson decays are produced with a significant
transverse momentum with respect to the beam axis1, the detector is placed as close as possible
to the target. The high flux of muons produced in the target represents a serious background in
searches for hidden particles. A critical component of the SHiP experiment is the muon shield [20],
which deflects muons produced in the target away from the detector placed downstream of the
target. The SHiP detector is designed to reconstruct the exclusive decays of hidden particles and to
reduce the background to less than 0.1 events in the full five year period of operation.

3 The SHiP simulation

The simulation of the various physics processes of the response of the SHiP detector are handled
by the FairShip software suite, which is based on the FairRoot software framework [21].
Within FairShip, primary collisions of protons are generated with Pythia8 and the subsequent
propagation and interactions of particles are simulated with GEANT4. Neutrino interactions are
simulated with GENIE [22], while heavy flavour production and inelastic muon interactions with
Pythia6 [23] and GEANT4. Secondary heavy flavour production in cascade interactions of hadrons
originating from the initial proton collision with the SHiP target is also taken into account [24].

1In the SHiP coordinate system the z-axis is along the beam line and the y-axis is pointing upward.
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This part of the process is computationally very expensive!
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Fast simulation of muons produced at 
the SHiP experiment using GANs

• Use GANs to simulate proton interaction 
with the dense fixed target.


• The residual mis-modelling of the GAN 
approach was found to have a minimal 
impact on the muon rate reaching the 
decay volume


• Using this approach can produce an 
equivalent sample of fully simulated 
muons  times faster.𝒪(106)
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Figure 4. Two-dimensional distributions of all unique combinations of muon features for GAN based
(upper-half) and fully simulated (lower-half) muons produced in the SHiP target. One-dimensional log scale
comparisons of each feature are presented along the diagonal.

7 Reconstructing GAN generated muons

The generated muons are processed using FairShip to simulate their passage through the magnetic
shield and the response of the downstream SHiP detector. Figure 6 shows the p vs pT distribution
of reconstructed muon tracks in the Decay Spectrometer of SHiP resulting from the GAN based
muon sample. A comparison to the reconstructed muon tracks originating from the full simulation
sample is also shown. The e�ect of the residual correction to the kinematics of the GAN based
muon sample discussed in Sec. 6 is found to have a small e�ect.

Figure 7 shows the momentum distributions at the production point of the muons, for muons
that are reconstructed in the DS. The GAN based and fully simulated muons display similar features
in the p vs pT plane. The fully simulated sample exhibits localised hot-spots. These are due to the
use of event weights that account for enhancement factors of particular processes that give rise to

– 10 –

required to transform the output features of the generator into physical values. Generating muons
using the GAN approach on a CPU is an order of magnitude slower than on a GPU.

Table 2 summarises the results of this performance test. The gain in speed using the generative
approach is partly due to the small production cross-section of muons with p > 10 GeV/c, requiring
O(103

) proton-on-target interactions to be simulated through Pythia8 in order to generate a single
muon.

Target simulation method Muons produced in 5
minutes

Time to simulate single
muon (s)

Pythia8 and GEANT4 ⇠ 1 1.1 ⇥ 10�1

GAN (CPU) 7.5 ⇥ 105 4.0 ⇥ 10�4

GAN (GPU) 3.5 ⇥ 106 8.6 ⇥ 10�5

Table 2. Summary of benchmarking results.

9 Conclusion

This paper demonstrates the success of using a modern machine learning method to approximate
the output of a complex and computationally intensive simulation of muons originating from SPS
protons impinging on the target of the SHiP experiment. The GAN models presented in this paper
produce samples that emulate the characteristics of the fully simulated sample and can approximate
the kinematic correlations of the muons produced in the SHiP target. Furthermore, muons generated
by these GANs correctly describe the expected flux and kinematic distributions of muons that survive
the magnetic shield and are reconstructed in the Decay Spectrometer of the SHiP detector.

The generative models developed in this paper can produce muons O(106
) times faster than

the current Pythia8 and GEANT4 simulation of the SHiP target. However, the muons produced
by the generative model are only representative of regions of phase space populated by the full
simulation of the target. These generative models are not capable of accurately extending the
tails of their training distributions, and are not intended to replace the fully simulated background
sample. Generated muons can be used in parallel to complement ongoing background and detector
optimisation studies, where this approach can o�er a vast increase in the sample size of statistically
limited muon background studies at SHiP. Finally, the generative approach presented in this paper
can be used to produce muons according to a model trained directly on real data, such as that
from the recent muon-flux beam-test campaign of the SHiP collaboration [40]. Such an approach
circumvents the challenge of tuning the multitude of parameters that control the simulation in order
to match the data.
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Recovering track information

11

High Bunch Crossing Rate

S.Maddrell-Mander (LHCb) eSRGAN at LHCb 35

S. Maddrell Mander + K. Petridis

Simplified 2-D model for now, but encouraging initial 
results - can even deal with overlapping tracks.

Multiplicity and Decision

S.Maddrell-Mander (LHCb) eSRGAN at LHCb 34

Multiplicity and Decision

S.Maddrell-Mander (LHCb) eSRGAN at LHCb 34

High Bunch Crossing Rate

S.Maddrell-Mander (LHCb) eSRGAN at LHCb 35

Multiplicity and Decision

S.Maddrell-Mander (LHCb) eSRGAN at LHCb 34

High Bunch Crossing Rate

S.Maddrell-Mander (LHCb) eSRGAN at LHCb 35

Input, after multiple 
scattering 

“Truth” w/o 
scattering

GAN-reconstructed 
tracks w/o scattering
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Problems we love to have

12

05/07/2018

Upgrade challenge
• A change in paradigm for the trigger 

• 24% (2%) of bunch crossings contain a charm (beauty) hadron 
• Obviously we cannot save them all at a rate of 30MHz * 0.25 = 7.5MHz! 

• Must separate signal from backgrounds, but also signals from other signal decays 

• Trigger must be flexible and efficient 
• No one size fits all solution 

• Need to cater for high rate charm and  
very rare B decays at the same time 
• Turbo paradigm is the way forward 

• We are limited by bandwidth, not the  
rate, so smaller event sizes let us save 
more signal events! 

 7
R. Quagliani 20th March 2018 6

The MHz signal era for LHCb
The rules of the games at 5 times larger luminosity are different 

☞24 % (2 %) of events contains a charm (beauty) hadron. 

☞We can store only 2-10 Gb/s offline. 

☞Separate signal/background but also efficiently separate signals from 
other signals. 

☞Trigger has to be flexible and efficient.

LHCb upgrade and trigger strategy

then now/future

https://indico.ph.ed.ac.uk/event/66/
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Fitting

• LHCb has millions, in some cases billions of signal events. 
E.g. 1M  in run 1 alone [Eur.Phys.J. C78 
(2018) no.6, 443]. Even “rare” decays like  
require analysing 1M events (run 2, incl decays via ).


• 5- or more dimensional unbinned fits. Binned fit not an 
option. MC-based normalisation requires ~10x dataset. 
Detector resolution requires convolution of PDF.


• Lends itself to parallelisation: 1M events -> 1M processes. 
Also, detector effects -> FFT


• 5-D, 100 parameter unbinned likelihood fit to 1M 
 events, incl detector resolution [Blake et 

al EPJC (2018) 78: 453], took ~5hours in a CPU ~5 min in a 
GPU. 5 min is still rather long. 


• See Ben’s talk tomorrow morning for tools such as zfit.

D0 → K−π+π−π+

B0 → K+π−μ+μ−

K*J/ψ

B0 → K+π−μ+μ−
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Figure 1: Invariant mass and mass di↵erence distributions for RS (top) and WS (bottom)
samples, shown with fit projections. The signal region is indicated by the filled grey area, and
for each plot the mass window in the orthogonal projection is applied.

arising from mistagged decays. Studies of simulated data indicate that the selected sample
has a relatively uniform acceptance across the phase space, with approximately 30%
reductions in acceptance near the edges of the kinematically allowed region. The samples
also have a relatively uniform selection e�ciency in decay time, being constant within
±10% for lifetimes greater than one average lifetime of the D meson.

For the amplitude analysis, a kinematic fit is performed constraining the D0 mass
to its known value [20], which improves the resolution in the D0 phase space. This also
forces all candidates to lie inside the kinematically allowed region. Candidates are only
accepted if this kinematic fit converges.

4 Formalism of amplitude model

The amplitudes contributing to the decays D0
! K⌥⇡±⇡±⇡⌥ are described in terms

of a sequence of two-body states. It is assumed that once these two-body states are
produced, rescattering against other particles can be neglected. Two-body processes are

4

Eur.Phys.J. C78 (2018) no.6, 443

~1M   events in Run 1, 5-D 
amplitude model with 38 fit parameters
D0 → K−π+π−π+
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Figure 2: Distributions for six invariant-mass observables in the RS decay D0
! K�⇡+⇡+⇡�.

Bands indicate the expectation from the model, with the width of the band indicating the total
systematic uncertainty. The total background contribution, which is very low, is shown as a
filled area. In figures that involve a single positively-charged pion, one of the two identical pions
is selected randomly.
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Fitting

14

There are other experiments with large 
signal datasets and complicated analyses. 

See e.g. COMPASS

The COMPASS Experiment

SM1

SM2

Beam

MuonWall

MuonWall

E/HCAL

E/HCAL

RICHTarget

[COMPASS, P. Abbon et al., NIM A 779, 69 (2015)]
Spectroscopy at COMPASS 4

Two-stage spectrometer
Dipole magnets
Tracking detectors
RICH
El.-mag. calorimeter
Hadronic calorimeter
Muon identification

B. Ketzer

Partial-Wave Analysis

B. Ketzer Spectroscopy at COMPASS 7

Total intensity 1++ Waves

• Largest wave-set to date: 88 waves
• Independent fits in 100 bins (20 MeV) of 𝑚3𝜋 and 11 bins of 𝑡´

[COMPASS, C. Adolph et al., PRD 95, 032004 (2017)]

Simultaneous fit of 88 partial 
waves, each with > 10 

parameters in some 
approaches, in 1100 (m3π,t’) 
bins (each bin its own Dalitz 

plot)

https://indico.ph.ed.ac.uk/event/66/
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LHCb Collaboration / Physics Letters B 726 (2013) 623–633 625

Fig. 1. Distributions of (a), (c), (e) m(hhhh) and (b), (d), (f) !m for (a), (b) D0 → K −K +π−π+ , (c), (d) D0 → π−π+π+π−, and (e), (f) D0 → K −π+π+π− candidates for
magnet up polarity. Projections of the two-dimensional fits are overlaid, showing the contributions for signal, combinatorial background, and random soft pion background.
The contributions from D0 → K −π+π−π+π0 and D+

s → K −K +π−π+π+ contamination are also shown for the D0 → K −K +π−π+ sample.

D0 → K −K +π−π+ , 3.3 × 105 D0 → π−π+π+π−, and 2.9 × 106

D0 → K −π+π+π− decays is extracted from the two-dimensional
fits. The sPlot statistical method [20] is used to obtain background
subtracted phase-space distributions for D0 decays to the final
states K −K +π−π+ , π−π+π+π−, and K −π+π+π−. The sWeights
are calculated from the likelihood fits to the two-dimensional
[m(hhhh),!m] distributions.

The phase space of a spin-0 decay to four pseudoscalars can be
described with five invariant mass-squared combinations: s(1,2),
s(2,3), s(1,2,3), s(2,3,4), and s(3,4), where the indices 1, 2, 3,
and 4 correspond to the decay products of the D0 meson follow-
ing the ordering of the decay definitions. The ordering of identical
final-state particles is randomised.

The rich amplitude structures are visible in the invariant mass-
squared distributions for D0 and D0 decays to the final states
K −K +π−π+ and π−π+π+π−, shown in Figs. 2 and 3, respec-
tively. The momenta of the final-state particles are calculated with
the decay vertex of the D∗ constrained to coincide with the pri-
mary vertex and the mass of the D0 candidates constrained to the
world average value of 1864.86 MeV/c2 [22].

An adaptive binning algorithm is devised to partition the phase
space of the decay into five-dimensional hypercubes. The bins are

defined such that each contains a similar number of candidates,
resulting in fine bins around resonances and coarse bins across
sparsely populated regions of phase space.

For each phase-space bin, Si
CP , defined in Eq. (1), is calculated.

The number of signal events in bin i, Ni , is calculated as the sum
of the signal weights in bin i and σ 2

i is the sum of the squared
weights. The normalisation factor, α, is calculated as the ratio of
the sum of the weights for D0 candidates and the sum of the
weights for D0 candidates and is 1.001 ± 0.008, 0.996 ± 0.003, and
0.998 ± 0.001 for the final states K −K +π−π+ , π−π+π+π−, and
K −π+π+π−, respectively.

5. Production and instrumental asymmetries

Checks for remaining production or reconstruction asymme-
tries are carried out by comparing the phase-space distributions
from a variety of data sets designed to test particle/antiparticle
detection asymmetries and “left/right” detection asymmetries. The
“left” direction is defined as the bending direction of a positively
charged particle with the magnet up polarity. Asymmetries in the
background are studied with weighted background candidates and
mass sidebands.
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First Observation of D0 − D̄0 Oscillations in D0 → Kþπ−πþπ− Decays and Measurement
of the Associated Coherence Parameters

R. Aaij et al.*

(LHCb Collaboration)
(Received 24 February 2016; published 17 June 2016)

Charm meson oscillations are observed in a time-dependent analysis of the ratio ofD0 → Kþπ−πþπ− to
D0 → K−πþπ−πþ decay rates, using data corresponding to an integrated luminosity of 3.0 fb−1 recorded
by the LHCb experiment. The measurements presented are sensitive to the phase-space averaged ratio of
doubly Cabibbo-suppressed to Cabibbo-favored amplitudes rK3π

D and the product of the coherence factor
RK3π
D and a charm mixing parameter y0K3π. The constraints measured are rK3π

D ¼ ð5.67$ 0.12Þ × 10−2,
which is the most precise determination to date, and RK3π

D y0K3π ¼ ð0.3$ 1.8Þ × 10−3, which provides
useful input for determinations of the CP-violating phase γ in B$ → DK$, D → K∓π$π∓π$ decays. The
analysis also gives the most precise measurement of the D0 → Kþπ−πþπ− branching fraction,
and the first observation of D0–D̄0 oscillations in this decay mode, with a significance of 8.2 standard
deviations.

DOI: 10.1103/PhysRevLett.116.241801

Neutral mesons can oscillate between their particle and
antiparticle states. This phenomenon, also referred to as
mixing, is of considerable interest for a variety of reasons,
including its unique sensitivity to effects beyond the
standard model of particle physics. Mixing has been
observed in strange, beauty, and, most recently, charm
mesons. Its observation in the charm (D0 − D̄0) system is
particularly challenging, with an oscillation period that is
more than 1000 times longer than the meson’s lifetime. It
took until 2008 for charm mixing to be established, by
combining results from BABAR, BELLE, and CDF [1–4],
and until 2013 for the first 5σ observation in an individual
measurement [5]. Until now, all 5σ observations of
charm mixing in individual measurements have been made
in the decay mode D0 → Kþπ− [5–7]. (Unless otherwise
stated, the inclusion of charge-conjugate modes is implied
throughout.) This Letter reports the first observation
of charm mixing in a different decay channel,
D0 → Kþπ−πþπ−. Previous studies of this decay mode
have been consistent with the no-mixing hypothesis [8,9].
Charm mixing is also sensitive to the phase difference
between charm and anticharm decay amplitudes to the
same final state. This phase information plays an important
role in the measurement of the charge-parity (CP)
violating phase γ (or ϕ3), which is accessible in decays
with b → u quark transitions. The precision measurement
of the relative magnitudes and phases of quark transitions

provides a stringent test of the standard model, and the
parameter γ plays a central role in this effort. Currently, γ
has a relatively large experimental uncertainty, and
can be measured, with negligible uncertainty from theory
input, in the decay Bþ → DKþ (and others), where D
represents a superposition of D0 and D̄0 states [10–14]. In
order to constrain γ using these decay modes, external
input is required to describe both the interference and
relative magnitude of D0 → f and D̄0 → f amplitudes,
where f represents the final state of the D decay.
Previously, it was thought that the relevant phase
information could only be measured at eþe− colliders
operating at the charm threshold, where correlated DD̄
pairs provide well-defined superpositions of D0 and D̄0

states. Recent studies [15,16] have shown that this
input can also be obtained from a time-dependent meas-
urement of D0–D̄0 oscillations. This is the approach
followed here.
In this work the observation of D0–D̄0 oscillations is

made by measuring the time-dependent ratio of D0 →
Kþπ−πþπ− to D0 → K−πþπ−πþ decay rates. The flavor of
the D meson at production is determined using the decays
D&ð2010Þþ → D0πþs and D&ð2010Þ− → D̄0π−s , where the
charge of the soft (low-momentum) pion πs tags the flavor
of the meson. The wrong-sign (WS) decay D0 →
Kþπ−πþπ− has two dominant contributions: a doubly
Cabibbo-suppressed (DCS) amplitude, and a D0–D̄0

oscillation followed by a Cabibbo-favored (CF) amplitude.
The right-sign (RS) decay D0 → K−πþπ−πþ is dominated
by the CF amplitude, and has negligible contributions
of Oð10−4Þ from D0–D̄0 oscillations. Ignoring CP viola-
tion, to second order in t=τ, the time dependence of the
phase-space integrated decay rate ratio RðtÞ is approxi-
mated by

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.

PRL 116, 241801 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending
17 JUNE 2016

0031-9007=16=116(24)=241801(10) 241801-1 © 2016 CERN, for the LHCb Collaboration

LHCb Trigger Run 1

TOWARDS HIGH LUMINOSITY

WITH UPGRADED DETECTORS

x5 Run1 x2 Run2 x10 Run3

2021	 2022	 2023	 2024	 2025	 2026	 2027	 2028	 2029	 2030	 2031	 …	

LHC	

Upgrade	Ia	 Upgrade	Ib	 Upgrade	II	

Run	3	 LS3	 LS4	

HL-LHC	 Run	4	 Run	5	LS3	 LS4	

https://indico.ph.ed.ac.uk/event/66/


Kostas Petridis + Jonas Rademacker (Bristol)                             IPUs for HEP                  Workshop on Efficient Computing for HEP, 17-18 Feb 2020
]2c [MeV/m∆

140 145 150 155

)2 c
C

an
di

da
te

s /
 (0

.1
 M

eV
/

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6
610×

RS candidates

Fit

Background

LHCb

]2c [MeV/m∆
140 145 150 155

)2 c
C

an
di

da
te

s /
 (0

.1
 M

eV
/

0
1
2
3
4
5
6
7
8
9

310×

WS candidates

Fit

Background

LHCb

Figure 1: Decay-time integrated �m distributions for RS (left) and WS (right) candidates with
the fit result superimposed.

of a binned likelihood fit superimposed. The fit includes both a signal and a combinatorial
background component: the signal component is empirically described by the sum of
a Johnson function [27] and three Gaussian functions. The background component is
estimated by randomly associating D0 candidates with soft pions from di↵erent events.
The resulting shape is multiplied by a first-order polynomial whose parameters are free to
vary in the fit. The fit is made simultaneously to four decay categories: WS and RS modes
for D0 and D0 mesons. The background parameterisation is free to vary independently in
each category, whereas the signal shape is shared between WS and RS categories for each
D⇤+ flavour. The RS (WS) yield estimated from the fit corresponds to 11.4⇥ 106 (42, 500)
events.

To study the time dependence of the WS/RS ratio, the �m fitting procedure is repeated
in ten independent D0 decay-time bins. Parameters are allowed to di↵er between bins.
The WS/RS ratio in each bin is calculated from

p
(NWSD0NWSD0)/(NRSD0NRSD0), where

N denotes the signal yield estimated from the fit for each of the four decay categories.
Using the double ratio ensures that any D⇤+/D⇤� production asymmetries or di↵erences
in ⇡s

+/⇡s
� detection e�ciency largely cancel.

Several sources of systematic e↵ects are considered that could bias the measured
WS/RS ratio. Candidates in which both a kaon and an oppositely charged pion are
misidentified have a very broad structure in m(K+⇡�⇡+⇡�), but signal-like shape in
�m. This background artificially increases the measured WS/RS ratio by causing RS
decays to be reconstructed as WS candidates. In each decay-time bin, i, the number
of misidentified decays, NID,i, is estimated from WS candidates that are reconstructed
further than 40MeV/c2 from the D0 mass [26]. The additive correction to the WS/RS
ratio is calculated as �ID,i = NID,i/NRS,i, where NRS,i is number of RS decays in the same
decay-time bin. In the entire WS sample it is estimated that 2334 ± 65 misidentified
decays are present, constituting ⇠ 5.5% of the measured WS signal yield.

The decay D0
! K+⇡�K0

S , K
0
S ! ⇡+⇡� has the same final state as signal decays,

3
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Figure 1: Decay-time integrated �m distributions for RS (left) and WS (right) candidates with
the fit result superimposed.

of a binned likelihood fit superimposed. The fit includes both a signal and a combinatorial
background component: the signal component is empirically described by the sum of
a Johnson function [27] and three Gaussian functions. The background component is
estimated by randomly associating D0 candidates with soft pions from di↵erent events.
The resulting shape is multiplied by a first-order polynomial whose parameters are free to
vary in the fit. The fit is made simultaneously to four decay categories: WS and RS modes
for D0 and D0 mesons. The background parameterisation is free to vary independently in
each category, whereas the signal shape is shared between WS and RS categories for each
D⇤+ flavour. The RS (WS) yield estimated from the fit corresponds to 11.4⇥ 106 (42, 500)
events.

To study the time dependence of the WS/RS ratio, the �m fitting procedure is repeated
in ten independent D0 decay-time bins. Parameters are allowed to di↵er between bins.
The WS/RS ratio in each bin is calculated from

p
(NWSD0NWSD0)/(NRSD0NRSD0), where

N denotes the signal yield estimated from the fit for each of the four decay categories.
Using the double ratio ensures that any D⇤+/D⇤� production asymmetries or di↵erences
in ⇡s

+/⇡s
� detection e�ciency largely cancel.

Several sources of systematic e↵ects are considered that could bias the measured
WS/RS ratio. Candidates in which both a kaon and an oppositely charged pion are
misidentified have a very broad structure in m(K+⇡�⇡+⇡�), but signal-like shape in
�m. This background artificially increases the measured WS/RS ratio by causing RS
decays to be reconstructed as WS candidates. In each decay-time bin, i, the number
of misidentified decays, NID,i, is estimated from WS candidates that are reconstructed
further than 40MeV/c2 from the D0 mass [26]. The additive correction to the WS/RS
ratio is calculated as �ID,i = NID,i/NRS,i, where NRS,i is number of RS decays in the same
decay-time bin. In the entire WS sample it is estimated that 2334 ± 65 misidentified
decays are present, constituting ⇠ 5.5% of the measured WS signal yield.

The decay D0
! K+⇡�K0

S , K
0
S ! ⇡+⇡� has the same final state as signal decays,
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Figure 1: Decay-time integrated �m distributions for RS (left) and WS (right) candidates with
the fit result superimposed.

of a binned likelihood fit superimposed. The fit includes both a signal and a combinatorial
background component: the signal component is empirically described by the sum of
a Johnson function [27] and three Gaussian functions. The background component is
estimated by randomly associating D0 candidates with soft pions from di↵erent events.
The resulting shape is multiplied by a first-order polynomial whose parameters are free to
vary in the fit. The fit is made simultaneously to four decay categories: WS and RS modes
for D0 and D0 mesons. The background parameterisation is free to vary independently in
each category, whereas the signal shape is shared between WS and RS categories for each
D⇤+ flavour. The RS (WS) yield estimated from the fit corresponds to 11.4⇥ 106 (42, 500)
events.

To study the time dependence of the WS/RS ratio, the �m fitting procedure is repeated
in ten independent D0 decay-time bins. Parameters are allowed to di↵er between bins.
The WS/RS ratio in each bin is calculated from

p
(NWSD0NWSD0)/(NRSD0NRSD0), where

N denotes the signal yield estimated from the fit for each of the four decay categories.
Using the double ratio ensures that any D⇤+/D⇤� production asymmetries or di↵erences
in ⇡s

+/⇡s
� detection e�ciency largely cancel.

Several sources of systematic e↵ects are considered that could bias the measured
WS/RS ratio. Candidates in which both a kaon and an oppositely charged pion are
misidentified have a very broad structure in m(K+⇡�⇡+⇡�), but signal-like shape in
�m. This background artificially increases the measured WS/RS ratio by causing RS
decays to be reconstructed as WS candidates. In each decay-time bin, i, the number
of misidentified decays, NID,i, is estimated from WS candidates that are reconstructed
further than 40MeV/c2 from the D0 mass [26]. The additive correction to the WS/RS
ratio is calculated as �ID,i = NID,i/NRS,i, where NRS,i is number of RS decays in the same
decay-time bin. In the entire WS sample it is estimated that 2334 ± 65 misidentified
decays are present, constituting ⇠ 5.5% of the measured WS signal yield.

The decay D0
! K+⇡�K0

S , K
0
S ! ⇡+⇡� has the same final state as signal decays,
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Figure 1: Decay-time integrated �m distributions for RS (left) and WS (right) candidates with
the fit result superimposed.

of a binned likelihood fit superimposed. The fit includes both a signal and a combinatorial
background component: the signal component is empirically described by the sum of
a Johnson function [27] and three Gaussian functions. The background component is
estimated by randomly associating D0 candidates with soft pions from di↵erent events.
The resulting shape is multiplied by a first-order polynomial whose parameters are free to
vary in the fit. The fit is made simultaneously to four decay categories: WS and RS modes
for D0 and D0 mesons. The background parameterisation is free to vary independently in
each category, whereas the signal shape is shared between WS and RS categories for each
D⇤+ flavour. The RS (WS) yield estimated from the fit corresponds to 11.4⇥ 106 (42, 500)
events.

To study the time dependence of the WS/RS ratio, the �m fitting procedure is repeated
in ten independent D0 decay-time bins. Parameters are allowed to di↵er between bins.
The WS/RS ratio in each bin is calculated from

p
(NWSD0NWSD0)/(NRSD0NRSD0), where

N denotes the signal yield estimated from the fit for each of the four decay categories.
Using the double ratio ensures that any D⇤+/D⇤� production asymmetries or di↵erences
in ⇡s

+/⇡s
� detection e�ciency largely cancel.

Several sources of systematic e↵ects are considered that could bias the measured
WS/RS ratio. Candidates in which both a kaon and an oppositely charged pion are
misidentified have a very broad structure in m(K+⇡�⇡+⇡�), but signal-like shape in
�m. This background artificially increases the measured WS/RS ratio by causing RS
decays to be reconstructed as WS candidates. In each decay-time bin, i, the number
of misidentified decays, NID,i, is estimated from WS candidates that are reconstructed
further than 40MeV/c2 from the D0 mass [26]. The additive correction to the WS/RS
ratio is calculated as �ID,i = NID,i/NRS,i, where NRS,i is number of RS decays in the same
decay-time bin. In the entire WS sample it is estimated that 2334 ± 65 misidentified
decays are present, constituting ⇠ 5.5% of the measured WS signal yield.

The decay D0
! K+⇡�K0

S , K
0
S ! ⇡+⇡� has the same final state as signal decays,
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Figure 1: Decay-time integrated �m distributions for RS (left) and WS (right) candidates with
the fit result superimposed.

of a binned likelihood fit superimposed. The fit includes both a signal and a combinatorial
background component: the signal component is empirically described by the sum of
a Johnson function [27] and three Gaussian functions. The background component is
estimated by randomly associating D0 candidates with soft pions from di↵erent events.
The resulting shape is multiplied by a first-order polynomial whose parameters are free to
vary in the fit. The fit is made simultaneously to four decay categories: WS and RS modes
for D0 and D0 mesons. The background parameterisation is free to vary independently in
each category, whereas the signal shape is shared between WS and RS categories for each
D⇤+ flavour. The RS (WS) yield estimated from the fit corresponds to 11.4⇥ 106 (42, 500)
events.

To study the time dependence of the WS/RS ratio, the �m fitting procedure is repeated
in ten independent D0 decay-time bins. Parameters are allowed to di↵er between bins.
The WS/RS ratio in each bin is calculated from

p
(NWSD0NWSD0)/(NRSD0NRSD0), where

N denotes the signal yield estimated from the fit for each of the four decay categories.
Using the double ratio ensures that any D⇤+/D⇤� production asymmetries or di↵erences
in ⇡s

+/⇡s
� detection e�ciency largely cancel.

Several sources of systematic e↵ects are considered that could bias the measured
WS/RS ratio. Candidates in which both a kaon and an oppositely charged pion are
misidentified have a very broad structure in m(K+⇡�⇡+⇡�), but signal-like shape in
�m. This background artificially increases the measured WS/RS ratio by causing RS
decays to be reconstructed as WS candidates. In each decay-time bin, i, the number
of misidentified decays, NID,i, is estimated from WS candidates that are reconstructed
further than 40MeV/c2 from the D0 mass [26]. The additive correction to the WS/RS
ratio is calculated as �ID,i = NID,i/NRS,i, where NRS,i is number of RS decays in the same
decay-time bin. In the entire WS sample it is estimated that 2334 ± 65 misidentified
decays are present, constituting ⇠ 5.5% of the measured WS signal yield.

The decay D0
! K+⇡�K0

S , K
0
S ! ⇡+⇡� has the same final state as signal decays,
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Figure 1: Decay-time integrated �m distributions for RS (left) and WS (right) candidates with
the fit result superimposed.

of a binned likelihood fit superimposed. The fit includes both a signal and a combinatorial
background component: the signal component is empirically described by the sum of
a Johnson function [27] and three Gaussian functions. The background component is
estimated by randomly associating D0 candidates with soft pions from di↵erent events.
The resulting shape is multiplied by a first-order polynomial whose parameters are free to
vary in the fit. The fit is made simultaneously to four decay categories: WS and RS modes
for D0 and D0 mesons. The background parameterisation is free to vary independently in
each category, whereas the signal shape is shared between WS and RS categories for each
D⇤+ flavour. The RS (WS) yield estimated from the fit corresponds to 11.4⇥ 106 (42, 500)
events.

To study the time dependence of the WS/RS ratio, the �m fitting procedure is repeated
in ten independent D0 decay-time bins. Parameters are allowed to di↵er between bins.
The WS/RS ratio in each bin is calculated from

p
(NWSD0NWSD0)/(NRSD0NRSD0), where

N denotes the signal yield estimated from the fit for each of the four decay categories.
Using the double ratio ensures that any D⇤+/D⇤� production asymmetries or di↵erences
in ⇡s

+/⇡s
� detection e�ciency largely cancel.

Several sources of systematic e↵ects are considered that could bias the measured
WS/RS ratio. Candidates in which both a kaon and an oppositely charged pion are
misidentified have a very broad structure in m(K+⇡�⇡+⇡�), but signal-like shape in
�m. This background artificially increases the measured WS/RS ratio by causing RS
decays to be reconstructed as WS candidates. In each decay-time bin, i, the number
of misidentified decays, NID,i, is estimated from WS candidates that are reconstructed
further than 40MeV/c2 from the D0 mass [26]. The additive correction to the WS/RS
ratio is calculated as �ID,i = NID,i/NRS,i, where NRS,i is number of RS decays in the same
decay-time bin. In the entire WS sample it is estimated that 2334 ± 65 misidentified
decays are present, constituting ⇠ 5.5% of the measured WS signal yield.

The decay D0
! K+⇡�K0

S , K
0
S ! ⇡+⇡� has the same final state as signal decays,
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• Indicative of potential only
• Assumptions made on relative trigger efficiencies have significant uncertainty

LHCb Statistics- Timeline

LHCb LHCb Upgrade I LHCb Upgrade II

Chris Parkes, Aix-les-Bains, October 2016

you are here

Further upgrades 
(more data to be 
processed faster 
and better) are likely 
to require new 
computing 
architectures for 
LHCb’s trigger. 
Considerations 
include CPU, GPU, 
FPGAs, ASICs. 

IPUs might occupy a sweet-spot in 
performance vs flexibility. To be investigated.
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Timescales in big HEP projects
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A project to develop and benchmark IPU-based 
software in HEP that, we hope, can be taken further 

in the context of ECHEP
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Initial Projects
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Fast & Friendly python 
programming, using 
tensor-flow interface

Maximum control and 
efficiency with POPLAR

Event generator 
Culomb-scattering 

correction 
Fitting 

and the like

Trigger 
Online Computing
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S. Donato (UZH) CMS Phase-II trigger 2

High Luminosity LHC
● LHC luminosity steadily increases $ experiments needs to be upgraded. 
● High Luminosity LHC will start in 2026,

– expected lumi: 7 (5)·1034 cm-2s-1 - pile-up ~ 200 (140).
● CMS Phase-1 upgrade scheduled between LS1 and LS2,

– L1 trigger fully upgraded during 2015-16 stop $ Olivier's talk.
● CMS Phase-2 upgrade will take place during LS3 (2024-26) $ this talk.

Phase-1 Phase-2

https://indico.ph.ed.ac.uk/event/66/


Parameter estimation using multi-
dimensional maximum likelihood fits

• Amplitude analyses of beauty and charm decays at LHCb require 
fitting 10s to 100s of millions of decays to extract physics parameters

• The large LHCb datasets, coupled with the need to control hadronic nuisance parameters mean that 
even for rare B-meson decays involve fitting millions of decays in LHCb’s Run1+2

• Decays like  involve a 5D unbinned maximum likelihood fit to 
 decays in order to extract  parameters [Blake et al EPJC (2018) 78: 453 ].

• Calculation of pdf also requires to convolve with detector resolution 

Tools like TensorFlow analysis allow a fit that takes ~5hours in a CPU to take ~5minutes in a GPU

Enables toy studies and as a result debugging/physics checks in hours rather than days

Larger datasets and analysis complexity means capitalising on intrinsic parallelisation of our fitting 
methods is paramount

B0 → K+π−μ+μ−

1 × 106 𝒪(100)

https://arxiv.org/abs/1709.03921
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Figure 1: Estimated CPU usage for the LHCb experiment from 2021 through 2025. The bars

give the total CPU usage expected, composed of stripping jobs (blue), all estimated user jobs

(orange) and simulation production (green). The green bars here assume only fully detailed

simulation to be run. CPU usage is also considered under di↵erent scenarios, mainly the

baseline scenario of [1] (light blue line) and the aggressive scenario of the same document, where

2021-2023 have a 40%/40%20% split between Full, fast and ultra-fast/parametric simulations,

increasing to 30%/50%/20% in 2023 through 2025 (dashed purple line). The associated timings

for Full/Fast/Ultra-fast simulations are listed in the Table 1, from [1]. This is compared to the

pledge (red line), which consists of the WLCG pledges (tan area), the use of the HLT farm (light

green area) and opportunistic resources (light red area). The interpretation is that we start 2021

about a factor of two below the pledge, but rapidly outgrow that. With the baseline model,

we are still above the pledged resources, but by 2025 are inline with the pledge, depending

on opportunistic resources. If a much more aggressive approach is taken, we are in line with

resources by 2025.

Year Full Fast Ultra-fast/Parametric

2021 120 40 2

2022 100 36 2

2023 80 32 2

2024 60 28 2

2025 60 24 2

Table 1: Timings in seconds per event for Full, fast and ultra-fast/parametric simulations used

in Figure 1 for the estimate of the aggressive scenario. Taken from [1].
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Figure 1. Possible upgrade scenario in terms of CPU resources. The black line represents the pledge-
able resources coming from the funding agencies, the blue line shows the requirement in the case the
100% of the data is simulated. Orange line shows the CPU resources in the case of 50% of the data
is fully simulated. The green line represent the case in which the 100% of data is simulated using fast
simulation option assuming 1/10th of CPU consumption with respect to the full detailed simulation.

the necessary CPU will not be enough and other options need to be provided. The green line
represent the case when the 100% of the data collected is simulated using a fast simulation
option, assuming a consumption rate of 1/10th of the detailed simulation. In this scenario
the available CPU resources will be sufficient. Currently, some fast simulation options are al-
ready available in the LHCb framework and used for production. One of them consists in the
exclusion of particular sub-detectors used in the simulation, allowing a time reduction of (O)
40% - 90%. Another possibility is to simulate just the decay of interest without including the
rest of the event, with a time reduction of (O) 95% - 99%, or to simulate the rest of the event
once and let the signal part redecay a defined number of times. Other fast simulation options
are currently under development and will be deployed in the LHCb simulation framework,
Gauss [4]. In this proceeding, the status of the integration of the parametric simulation tool
Delphes [5] in LHCb is given.

2 Delphes

Delphes [5] is a modular framework for fast parametric simulations. It is written in C++ and
is available as a library. Delphes has been written originally for the ATLAS and the CMS
experiments at the LHC collider and is used to parametrize not only the detector but also
the reconstruction effects. Its parametric simulation includes: a tracking system embedded
into a constant magnetic field, calorimeters with electromagnetic and hadronic sections, a
muon system and a very forward detectors arranged along the beam-line. Delphes performs
the propagation of stable particles and simulates theris interactin with the detector using a
parametric approach to efficiency and resolution convolution.

3 Delphes in LHCb

3.1 Output for physics analysis

In the context of the LHCb simulation framework, Delphes will substitute the detailed sim-
ulation performed by Geant4, and will give as output only high level reconstructed objects.

The size of an event therefore depends on the amount of information that is stored, ranging from about a few kB, when only signal 
candidates are saved, to tens of kB if extra information is added, to roughly 200–250 kB if the full event is persisted in the RDST or 
RAW formats. 

https://indico.ph.ed.ac.uk/event/66/

