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Goal: Provide a detector 
description to “sell” the physics 
case to unlock funding for 
advanced accelerator R&D ~km scale for ~TeV
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1 Introduction

Modern general-purpose detectors at high-energy colliders are based on the concept of cylin-
drical detection layers, nested around the beam axis. Starting from the beam interaction region,
particles first enter a tracker, in which charged-particle trajectories (tracks) and origins (vertices)
are reconstructed from signals (hits) in the sensitive layers. The tracker is immersed in a mag-
netic field that bends the trajectories and allows the electric charges and momenta of charged
particles to be measured. Electrons and photons are then absorbed in an electromagnetic calor-
imeter (ECAL). The corresponding electromagnetic showers are detected as clusters of energy
recorded in neighbouring cells, from which the energy and direction of the particles can be de-
termined. Charged and neutral hadrons may initiate a hadronic shower in the ECAL as well,
which is subsequently fully absorbed in the hadron calorimeter (HCAL). The corresponding
clusters are used to estimate their energies and directions. Muons and neutrinos traverse the
calorimeters with little or no interactions. While neutrinos escape undetected, muons produce
hits in additional tracking layers called muon detectors, located outside the calorimeters. This
simplified view is graphically summarized in Fig. 1, which displays a sketch of a transverse
slice of the CMS detector [1].

1m 2m 3m 4m 5m 6m 7m0m

Transverse slice
through CMS

2T

3.8T

Superconducting
Solenoid

Hadron
Calorimeter

Electromagnetic
Calorimeter

Silicon
Tracker

Iron return yoke interspersed
with Muon chambers

Key:
Electron
Charged Hadron (e.g. Pion)

Muon

Photon
Neutral Hadron (e.g. Neutron)

Figure 1: A sketch of the specific particle interactions in a transverse slice of the CMS detector,
from the beam interaction region to the muon detector. The muon and the charged pion are
positively charged, and the electron is negatively charged.

Detector this talk
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(Selected) detectors “on the market”
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3 Overall Dimensions and Parameters
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Figure 1: Longitudinal cross section showing the top right quadrant of CLICdet (left) and CLIC_SiD
(right). In CLICdet, the structures shown on the right of the image (i.e. outside of the yoke)
represent the end coils, while in CLIC_SiD these are a schematic illustration of shielding rings.

Figure 2: Transverse (XY) cross section of CLICdet (left) and CLIC_SiD (right).

3.2 Magnetic field vs. occupancies and flavour tagging

Occupancies in the vertex detector due to incoherent electron-positron pairs from beamstrahlung are
directly affected by the magnetic field strength [11]. With an outer tracker radius of 1.5 m a magnetic
field strength of 3.5 T would be sufficient to retain the transverse momentum resolution achieved with the
CLIC_SiD concept. The bore of the solenoid would thus have a radius of around 3 m in case of a tungsten
based HCAL, 3.4 m for an HCAL with steel absorbers. Such a free bore is similar to the CMS coil (but
with a shorter coil, e.g. 8 m in CLIC_ILD vs. 13 m in CMS). Given these dimensions, a magnetic field
strength of 4.5 T should be technically feasible. After investigating the impact of the magnetic field
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CLICdet
highest  collider 
formerly considered

e+e−
4 Detector

4.1 Concepts

4.1.1 System overview

The detector concept for a
p
s = 3 TeV muon collider is based on the detector design proposed by CLIC [1],

modified to adapt it to the machine-detector interface. The forward calorimeters (luminometer) have been replaced
with the shielding nozzles designed by MAP. This structure is constituted by two double-cone made of tungsten
and borated polyethylene having an opening angle of 10

�, which are necessary to mitigate the impact of the beam-
induced background. The nozzles are placed along the beam axis, in the region between 6 and 600 cm away
from the interaction point. As a consequence of that, the inner openings in the endcap region of the tracking
detector, calorimeter and muon stations have been increased to host the nozzles. In addition to that, the spatial
configuration of the vertex detector has been optimised to minimize the occupancy in the region of the tip of the
nozzles. Finally, the magnetic field has been set to 3.57 T for consistency with the magnetic field assumed in
the MARS15 simulation of the BIB particles. The detector is structured as follow. The innermost system closest
to the beam-pipe is a full-silicon tracking system, that includes a vertex detector made of silicon pixels with
double layers, and inner and outer trackers respectively composed of silicon macropixels and microstrips. The
tracking system is surrounded by a calorimeter system consisting of an electromagnetic (ECAL) and a hadronic
(HCAL) calorimeter, the former composed of alternating layers of tungsten absorber and silicon sensors, and the
latter having alternating layers of steel absorber and scintillating pads. A solenoid with an inner bore of 3.5 m
radius, provides a magnetic field of 3.57 T, whose flux is returned by a magnet iron yoke instrumented with muon
chambers (resistive plate chambers). A scheme of the full detector is shown in Fig. 4.1.

Fig. 4.1: Muon collider detector concept. From the innermost to the outermost regions, it includes the
nozzles (cyan), the tracking system (light green), the electromagnetic calorimeter (yellow green), the
hadronic calorimeter (red), the superconducting solenoid (light blue), and muon detectors (light green
and blue).
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Vertex detector closest to the interaction point, and will be most 
susceptible to the large backgrounds at 10 TeV.
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Machine Detector Interface 

• Status of existing efforts 

• Next plans for the group

Detector design 

• Key physics drivers 

• Considerations for 10 TeV optimization

tracker
vtx dete

ct
or

ECAL

HCAL

Muon / yoke 6



7

Jean-Luc Vay

e- beam e+ beame-
e+

e-e+
e-
e+

e+
e-

qq
e-
e-

γe-

e+

γ
γ γ

γ

Beamstrahlung (or beam-beam) interactions… HUGE background at 10 TeV. 

Goal: Design a robust detector for these backgrounds.
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Please interpret these “first 
pipeline” studies qualitatively. 

— Simone Pagan Griso

Arianna’s meme
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Table 1-1.3 Background sources for the nominal 500 GeV 
beam parameters. [ ILC Detailed Baseline Design 1306.6329 ]

Forward processes (expected 
minimal impact on detector design)
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Table 1-1.3 Background sources for the nominal 500 GeV 
beam parameters. [ ILC Detailed Baseline Design 1306.6329 ]Running Guinea Pig for 

incoherent pairs background.   
💕 Ty Arianna Formenti for sharing GP 
samples and configuration.

⚠︎Ty Tim Barklow for sharing CAIN  lumi files 
with us ( might take a bit of time to get off the ground ✈ ) 
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Incoherent production

5%
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Figure 1: Collision of electron and positron beams, resulting
in photon and pair production at the interaction point.

The emitted photons may interact with the macroscopic
field or collide with other high-energy photons to form
electron-positron pairs. The coherent pair production pro-
cess becomes relevant towards ⌥ ⇠ 103, and the incoherent
processes are characterized by their cross sections [4] as
shown in Fig. 2b).

Figure 2: a) Normalized beamstrahlung energy spectrum
for ILC-250 GeV assuming no energy spread and constant
relativistic magnetic field approximated by the infinite thin

wire formula ⌫ = W`0�/
✓
2c

q
f2
G
+ f2

H

◆
⇠ 103 Tesla. b)

Cross-section of di�erent incoherent processes as a function
of the center of mass energy.

MODELLING APPROACH
Overview of simulation codes

WarpX represents plasma with macro-particles with EM
field simulated on a grid [8]. At each timestep C=, the
macro-particles are pushed based on the interpolated EM
fields, which generate a self-consistent current. Each macro-
particle is assigned an optical depth g= updated at each C=
to account for QED e�ects. When g= < 0, quantum events
such as beamstrahlung emission are triggered. Here, we used
the spectral solver with open boundary conditions, which is
more e�cient than the typical iterative electrostatic solver.
Similarly, GUINEA-PIG uses macro-particles to represent
beams, which are divided into slices since the fields are orien-
tated transversely in the relativistic limit [4]. GUINEA-PIG
iterates through all the slices, and the ones at the same I po-
sition are allowed to interact. The slices are further divided
into cells, where the charges are first distributed on the grid.

The field is computed through a Fourier transform method,
allowing the particles’ positions to be updated accordingly.

Table 1 gives an overview of the QED processes, where
beamstrahlung and coherent pair production are available
in both codes. GUINEA-PIG implements these two pro-
cesses through rejection sampling of the distribution shown
in Eq. (4). WarpX interpolates logarithmic look-up tables
generated separately from the simulation, where a range of
⌥ values are specified based on Eq. (3).

Table 1: Overview of Physics Processes in Simulation Codes

Physics Process GUINEA-PIG WarpX
Beamstrahlung X X
Bethe-Heitler X Soon
Linear Breit-Wheeler X Soon
Landau-Lifshitz X Soon
Coherent Pair Production X X
Trident Cascade X ⇥
Hadronic Production + Minijets ⇥ ⇥
Electron-Laser Interaction ⇥ X

Test cases
The test cases conducted include the designs of the ILC

[9] and the ultratight collider [10]. In both codes, mono-
energetic Gaussian beams are initialized with equal energies.
The beams are initially separated in the z-direction then
allowed to propagate and interact as depicted in Fig. 3.

For the test cases of beamstrahlung radiation and lumi-
nosity, we consider ILC scenarios with

p
B = 250 GeV, 500

GeV, 1 TeV. To benchmark the coherent pair production, we
consider an ultra-tight spherical beam collision configura-
tion with fG = fH = fI = 10 nm [10], where ⌥ reaches
approximately 103. Convergence tests were performed to
ensure validity of the results.

Figure 3: Visualization of nominal ILC-250 GeV beam-
beam collision in WarpX. Note that the aspect ratio is not
correct.

RESULTS
Physics comparison

The luminosity results for nominal and disrupted ILC sce-
narios shows an agreement within 5% (Table 2) . With an

Bao Nguyen, Arianna Formenti, Remi Lehe, Jean-Luc Vay, 
Spencer Gessner, Luca Fedeli; 2405.09583

The percentages from the ILC config run:  
Fig 2 from Phys Rev Accel Beams 27, 061001 (2024); 

D. Ntounis, E. Nanni, C. Vernieri

Breit-Wheeler

Bethe-Heitler

Landau-Lifschitz
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https://arxiv.org/abs/2405.09583
https://journals.aps.org/prab/pdf/10.1103/PhysRevAccelBeams.27.061001


Our setup ( starting from       work )

^ main differences, more details in the GP configs: 
ILC: Jim_pars_Aug2023 in acc_ILC.dat (from Dimitris) 
round “ultra-tight”: 10TeV  (from Arianna)

e+e- collisions
Incoherent pair background

ILC round 
“ultra-tight”

E [GeV] / beam 125 5000

εx [nm] 5000 1E-04

εy [nm] 35 1E-04

12

https://github.com/dntounis/C3_GuineaPig_studies/blob/main/testing/acc_ILC.dat
https://drive.google.com/file/d/1-7aCkNMg7_tn7l3bU5-11UrhdKK0ejQU/view


Our setup ( starting from       work )

^ main differences, more details in the GP configs: 
ILC: Jim_pars_Aug2023 in acc_ILC.dat (from Dimitris) 
round “ultra-tight”: 10TeV  (from Arianna)

e+e- collisions
Incoherent pair background

ILC round 
“ultra-tight”

E [GeV] / beam 125 5000

εx [nm] 5000 1E-04

εy [nm] 35 1E-04
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Impact on detector (envelope plot)
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Dimitris Ntounis’s envelope plot code 
More details in Dimitr’s ECFA talk 

Arianna's “ultra-tight spherical” beams

ILC beam pipe

Propagate the incoherent pairs produced by GP through 
uniform 5 T B-field (SiD design).

At 10 TeV, so far these incoherent backgrounds are very forward, very few 
with enough transverse momentum to enter vertex detector. 13
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Varying B-field
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Dimitris Ntounis’s envelope plot code 
Arianna's “ultra-tight spherical” beams
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Stronger B-fields necessary to sweep these e+e- pairs out of the central region.  
Part of the SiD detector design: ILC Detailed Baseline Design 1306.632

Antoine Laudrain (DESY): need 5 T field for HALF detector as well: LHCP talk

https://indico.cern.ch/event/1291157/contributions/5888174/attachments/2900971/5087311/240720-AntoineLaudrain-ICHEP2024-Detector_HALHF.pdf#page=31


Time arrival

Dimitris Ntounis’s ECFA talk

Dimitris Ntounis SLAC & Stanford University October 10th, 2024

Time distribution within each BX for C3

12

• Time distribution of hits in 
the SiD vertex barrel 
within a single BX. 

• The normalization 
corresponds to a full 
bunch train for C3-250. 

• Most hits contained in 
time within the bunch 
spacing. 

• The secondary peak at 
~20-25 ns is due to 
backscattering from the 
BeamCal.

Bunch spacing – 5.25 ns

[30 cm/ns * 20 ns  = 6 m ]
Dimitris Ntounis

This secondary peak 20 ns 
from “back splash”
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DDSim / 
DD4Hep

Key4Hep

pairs.dat

pairs.dat

https://indico.in2p3.fr/event/32629/contributions/143001/attachments/87627/132285/C3_bkg_DN_ECFA_2024.pdf
https://dd4hep.web.cern.ch/dd4hep/
https://key4hep.github.io/key4hep-doc/
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Time arrival

“back splash” 
pairs

in time 
pairs

10 TeV GP run, flat beams

10 TeV

1) A time cut will help suppress this BIB.

2) Understanding the forward 
instrumentation imperative for impact on 
physics analysis.

Discussion with the BDS team 
Wednesday afternoon.
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Hadron photoproduction        250 GeV

e+e- pairs 𝛾𝛾 -> hadrons
Developed by Tim Barklow and Lindsey Gray: ECFA talk

 (GP, CAIN, WarpX … )ℒγγ
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plot from Lindsey’s 
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SiD vertex barrel

Hadron photoproduction        250 GeV

• Small (1% - 0.1%) impact for 
C3 backgrounds

𝛾𝛾→hadrons 
incoherent pairs

https://indico.in2p3.fr/event/32629/contributions/142209/attachments/87571/132184/C3ECFA3_LindseyGray_10102024.pdf
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• 500 GeV: <n> = 1.7 
• 1 TeV:      <n> = 4.1
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Next goal for MDI + Detector: 
 hadron at 10 TeV.γγ →
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And now… with WarpX
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Arianna Formenti’s slides 
Angira Rastogi

Introduction

● Developing the tools/software framework needed to study the environment created by the high energy electron or 
photon collisions along with their background radiations.

○ This will help in coming up with a proposal for the detector layout as well as the required technology needed for such colliders.
● Using the WarpX beam-beam simulation as input (see luminosity spectra below).

○ WarpX output -> Slcio output (standard file for ILC software). Contains gen MC particles.
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Our lumi spectra induced by these beam-on-beam distortions:
e+e- fl e+e- round beam

https://indico.slac.stanford.edu/category/138/
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Our lumi spectra induced by these beam-on-beam distortions:
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Decreases the peak e+e- lumi by 2x
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parameter

Υ =
5
6

Ner2
e γ

α(σ*x + σ*y )σ*z
flat  
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Introduction

● Developing the tools/software framework needed to study the environment created by the high energy electron or 
photon collisions along with their background radiations.

○ This will help in coming up with a proposal for the detector layout as well as the required technology needed for such colliders.
● Using the WarpX beam-beam simulation as input (see luminosity spectra below).

○ WarpX output -> Slcio output (standard file for ILC software). Contains gen MC particles.
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MC particles from WarpX: electrons
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Detector Geometry: MuColl 3 TeV concept
A. Rastogi

4 Detector

4.1 Concepts

4.1.1 System overview

The detector concept for a
p
s = 3 TeV muon collider is based on the detector design proposed by CLIC [1],

modified to adapt it to the machine-detector interface. The forward calorimeters (luminometer) have been replaced
with the shielding nozzles designed by MAP. This structure is constituted by two double-cone made of tungsten
and borated polyethylene having an opening angle of 10

�, which are necessary to mitigate the impact of the beam-
induced background. The nozzles are placed along the beam axis, in the region between 6 and 600 cm away
from the interaction point. As a consequence of that, the inner openings in the endcap region of the tracking
detector, calorimeter and muon stations have been increased to host the nozzles. In addition to that, the spatial
configuration of the vertex detector has been optimised to minimize the occupancy in the region of the tip of the
nozzles. Finally, the magnetic field has been set to 3.57 T for consistency with the magnetic field assumed in
the MARS15 simulation of the BIB particles. The detector is structured as follow. The innermost system closest
to the beam-pipe is a full-silicon tracking system, that includes a vertex detector made of silicon pixels with
double layers, and inner and outer trackers respectively composed of silicon macropixels and microstrips. The
tracking system is surrounded by a calorimeter system consisting of an electromagnetic (ECAL) and a hadronic
(HCAL) calorimeter, the former composed of alternating layers of tungsten absorber and silicon sensors, and the
latter having alternating layers of steel absorber and scintillating pads. A solenoid with an inner bore of 3.5 m
radius, provides a magnetic field of 3.57 T, whose flux is returned by a magnet iron yoke instrumented with muon
chambers (resistive plate chambers). A scheme of the full detector is shown in Fig. 4.1.

Fig. 4.1: Muon collider detector concept. From the innermost to the outermost regions, it includes the
nozzles (cyan), the tracking system (light green), the electromagnetic calorimeter (yellow green), the
hadronic calorimeter (red), the superconducting solenoid (light blue), and muon detectors (light green
and blue).
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Using GEANT4 based simulation of the detector 
via DD4HEP. 
Output looks sensible; MIP produces ~4000 e-h 
pairs with energy 3.6 eV/pair, so roughly of the 
O(10s) KeV.

To investigate:
● Different magnetic field configurations
● Applying pT, pseudorapidity (𝜂) filters on 

gen-level particles which will not reach the 
detector. For ex, removing photons with 𝜂>5 
and e+/e- with pT<10 MeV.
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~ 4000 electron-hole pairs, 3.6 eV / pair, 
expect s keV 

➼ Looks reasonable
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Occupancy

26 8

● Using ATLAS HL-LHC InnerTracker pixel 
chip dimensions for calculating hit density.

● Weight of each macroparticle not applied 
here. So, multiply all numbers by 2400. 

● With a repetition rate of 50KHz, ~18 GHz hit 
rate in innermost vertex barrel layer 
(compared to 1 GHz with ATLAS in HL-LHC).

Next steps:
● Try different FE charge threshold
● Time window around the collision time t=0, 

more relevant for other physics processes in 
beam simulations

● Removing long clusters i.e. with very large 
number of pixel hits at shallow incident 
angles.

Pixel Hits occupancy

Vertex detector Inner tracker 
detector

Outer tracker 
detectorz [mm]

R

0 500 1000 1500 2000 2500

A. Rastogi

As you go farther out from 
the interaction point, the 
occupancy gets lower. 
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Tentative Study Timeline

10
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Solicit input from HEP 
physicists on e+e-, e-e-, 
𝛾𝛾 collisions.

1 year

Unified study of 
SWFA/PWFA/LWFA for 
electron arm of linac

Intensify engagement 
on “traditional systems” 
and begin work on BDS, 
sources, etc

2 year

Review tech options 
and converge on 
accelerator concepts.

Review options and 
converge on HEP 
collider type (e+e-, e-e-, 
𝛾𝛾)

3 year

Collaboration on 
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self-consistent 
parameters.

Identification of required 
R&D and demo facilities

4 year 

End-to-end design 
study report due 
sometime in 2028.

Study organization.

Provide community 
input for the next ESPP, 
March 2025

Intensify engagement 
with HEP on detectors

Spencer’s slide 18 Nov 2024

🙌 We’re doing this!!

https://indico.slac.stanford.edu/event/9405/contributions/10806/attachments/4810/12964/10TeV_DesignStudyIntro.pptx.pdf#page=10
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🙌 We’re doing this!!

• Hadro-photoproduction 
• Same pipelines / metrics for  collider 
• Iterating with BDS team (WG on Wed!) 
• MDI backgrounds → physics benchmarks

γγ

To do:

https://indico.slac.stanford.edu/event/9405/contributions/10806/attachments/4810/12964/10TeV_DesignStudyIntro.pptx.pdf#page=10


P. Jenni colloquia

BENEFIT OF HINDSIGHT:  

[Because of the] granularity of the calorimeters… ATLAS can exploit now with — 
at the time unforeseen — advanced analysis methods a lot of physics well 
beyond the initial dreams. 

— Peter Jenni, founding spokesperson of ATLAS 

Beyond our wildest imaginations!

Photo credit: CERN, Claudia Marcelloni

https://indico.cern.ch/event/1416578/contributions/5954062/attachments/2864648/5013541/COMETA.Colloquium.ZOOM.27May2024.pdf#page=49
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z

R Vertex detector
Why close to the interaction point? Crucial for b/c-tagging.

Running the algorithm in the standard configuration results in the recon-
struction of 9 secondary vertices with positive decay length significance. This
is in good agreement with the 8.9± 0.5(stat.) vertices expected from the same
number of jets, 10 503, in non-diffractive minimum-bias simulation. The vertices
reconstructed with the standard version of the tagging algorithm are predom-
inantly those with higher masses as the low-mass region is dominated by K0

S
mesons.

Figure 14: An event containing a secondary vertex selected by the secondary
vertex algorithm. The pixel detector can be seen on the left and an expansion
of the vertex region on the right. Unassociated hits, in a lighter colour, are
predominantly due to unreconstructed particles such as those with transverse
momenta below 0.5 GeV.

An event display of the highest-mass candidate is shown in Fig. 14. The
secondary vertex consists of five tracks and has a mass of 2.5 GeV. The vertex
is significantly displaced from the primary vertex, with a signed decay length
significance L/σ(L) = 22. From the vertex mass, momentum and L a proper
lifetime of 3.1 ps is estimated. The data was also tested by the impact-parameter
based b-tagging algorithm and this jet is assigned a probability below 10−4 for
originating from a light quark jet.

5.5 Particle Identification using Transition Radiation

The TRT provides substantial discrimination between electrons and pions over
the wide energy range between 1 and 200 GeV by utilizing transition radiation
in foils and fibres. The readout discriminates at two thresholds, the lower set
to register minimum-ionising particles and the higher intended for transition
radiation (TR) photon interactions. The fraction of high-threshold TR hits as a
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SiD : FTAG
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1306.6329 
b-tagging in di-jets

Chapter 10. SiD Simulation and Reconstruction

results in a dip in the bin 30¶ < ◊ < 40¶. That same region results also in a dip of the electron
e�ciency, which is otherwise over 90% for 10 GeV electrons and above 98% for 100 GeV electrons.

The performance of the reconstruction as shown here has not been optimised for particle
identification e�ciency, but rather for jet energy resolution. We expect that a significant improvement
can be achieved - particularly in the transition region between calorimeter barrel and endcap - with
dedicated particle identification algorithms that are optimised for performance with the SiD digital
HCAL.

10.6.2 Jet Flavour Tagging: E�ciency and Purity

Figure II-10.9
Mis-identification ef-
ficiency of light quark
jets (red points) and
charm jets (green
points) as beauty jets
versus beauty identifi-
cation e�ciency in di-
jets at

Ô
s = 91 GeV.

The performance is
shown without (left)
and with background
from gg æ hadrons
events and incoherent
pairs (right).
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The ability to tag bottom and charm decays with high purity is a crucial aspect in the design of
the vertex detector. Figure II-10.9 shows the b-tagging e�ciency of a light quark sample (red curve)
or a charm quark sample (green curve) versus the b-tagging e�ciency of a bottom quark sample. The
neural networks have been trained on a sample of di-jets at

Ô
s = 91 GeV and tested on a statistically

independent sample.

10.6.2.1 Vertex Resolution

One of the most important variables in jet flavour tagging networks is the decay length of the secondary
vertices. The vertex resolution of the SiD vertex detector has been assessed in the context of the
analysis of the top Yukawa coupling and in a sample of Z decays to light quarks at

Ô
s = 91 GeV.

Figure II-10.10 (left) shows the position of the reconstructed primary vertex in events containing two
isolated leptons and four b quarks. The physics interaction has been generated at the position (0, 0,
0), and the beam spot constraint has been turned o� for the purpose of this study.

Figure II-10.10 (right) shows the resolution of the primary vertex position versus the number of
tracks originating from the primary interaction.

Figure II-10.10
Position of the recon-
structed primary vertex
(left) and resolution
of the primary vertex
position as a function
of the number of tracks
originating from that
vertex (right).
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identification e�ciency, but rather for jet energy resolution. We expect that a significant improvement
can be achieved - particularly in the transition region between calorimeter barrel and endcap - with
dedicated particle identification algorithms that are optimised for performance with the SiD digital
HCAL.

10.6.2 Jet Flavour Tagging: E�ciency and Purity

Figure II-10.9
Mis-identification ef-
ficiency of light quark
jets (red points) and
charm jets (green
points) as beauty jets
versus beauty identifi-
cation e�ciency in di-
jets at

Ô
s = 91 GeV.

The performance is
shown without (left)
and with background
from gg æ hadrons
events and incoherent
pairs (right).
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The ability to tag bottom and charm decays with high purity is a crucial aspect in the design of
the vertex detector. Figure II-10.9 shows the b-tagging e�ciency of a light quark sample (red curve)
or a charm quark sample (green curve) versus the b-tagging e�ciency of a bottom quark sample. The
neural networks have been trained on a sample of di-jets at

Ô
s = 91 GeV and tested on a statistically

independent sample.

10.6.2.1 Vertex Resolution

One of the most important variables in jet flavour tagging networks is the decay length of the secondary
vertices. The vertex resolution of the SiD vertex detector has been assessed in the context of the
analysis of the top Yukawa coupling and in a sample of Z decays to light quarks at

Ô
s = 91 GeV.

Figure II-10.10 (left) shows the position of the reconstructed primary vertex in events containing two
isolated leptons and four b quarks. The physics interaction has been generated at the position (0, 0,
0), and the beam spot constraint has been turned o� for the purpose of this study.

Figure II-10.10 (right) shows the resolution of the primary vertex position versus the number of
tracks originating from the primary interaction.

Figure II-10.10
Position of the recon-
structed primary vertex
(left) and resolution
of the primary vertex
position as a function
of the number of tracks
originating from that
vertex (right).
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results in a dip in the bin 30¶ < ◊ < 40¶. That same region results also in a dip of the electron
e�ciency, which is otherwise over 90% for 10 GeV electrons and above 98% for 100 GeV electrons.

The performance of the reconstruction as shown here has not been optimised for particle
identification e�ciency, but rather for jet energy resolution. We expect that a significant improvement
can be achieved - particularly in the transition region between calorimeter barrel and endcap - with
dedicated particle identification algorithms that are optimised for performance with the SiD digital
HCAL.

10.6.2 Jet Flavour Tagging: E�ciency and Purity

Figure II-10.9
Mis-identification ef-
ficiency of light quark
jets (red points) and
charm jets (green
points) as beauty jets
versus beauty identifi-
cation e�ciency in di-
jets at

Ô
s = 91 GeV.

The performance is
shown without (left)
and with background
from gg æ hadrons
events and incoherent
pairs (right).
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The ability to tag bottom and charm decays with high purity is a crucial aspect in the design of
the vertex detector. Figure II-10.9 shows the b-tagging e�ciency of a light quark sample (red curve)
or a charm quark sample (green curve) versus the b-tagging e�ciency of a bottom quark sample. The
neural networks have been trained on a sample of di-jets at

Ô
s = 91 GeV and tested on a statistically

independent sample.

10.6.2.1 Vertex Resolution

One of the most important variables in jet flavour tagging networks is the decay length of the secondary
vertices. The vertex resolution of the SiD vertex detector has been assessed in the context of the
analysis of the top Yukawa coupling and in a sample of Z decays to light quarks at

Ô
s = 91 GeV.

Figure II-10.10 (left) shows the position of the reconstructed primary vertex in events containing two
isolated leptons and four b quarks. The physics interaction has been generated at the position (0, 0,
0), and the beam spot constraint has been turned o� for the purpose of this study.

Figure II-10.10 (right) shows the resolution of the primary vertex position versus the number of
tracks originating from the primary interaction.

Figure II-10.10
Position of the recon-
structed primary vertex
(left) and resolution
of the primary vertex
position as a function
of the number of tracks
originating from that
vertex (right).
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results in a dip in the bin 30¶ < ◊ < 40¶. That same region results also in a dip of the electron
e�ciency, which is otherwise over 90% for 10 GeV electrons and above 98% for 100 GeV electrons.

The performance of the reconstruction as shown here has not been optimised for particle
identification e�ciency, but rather for jet energy resolution. We expect that a significant improvement
can be achieved - particularly in the transition region between calorimeter barrel and endcap - with
dedicated particle identification algorithms that are optimised for performance with the SiD digital
HCAL.

10.6.2 Jet Flavour Tagging: E�ciency and Purity

Figure II-10.9
Mis-identification ef-
ficiency of light quark
jets (red points) and
charm jets (green
points) as beauty jets
versus beauty identifi-
cation e�ciency in di-
jets at

Ô
s = 91 GeV.

The performance is
shown without (left)
and with background
from gg æ hadrons
events and incoherent
pairs (right).
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The ability to tag bottom and charm decays with high purity is a crucial aspect in the design of
the vertex detector. Figure II-10.9 shows the b-tagging e�ciency of a light quark sample (red curve)
or a charm quark sample (green curve) versus the b-tagging e�ciency of a bottom quark sample. The
neural networks have been trained on a sample of di-jets at

Ô
s = 91 GeV and tested on a statistically

independent sample.

10.6.2.1 Vertex Resolution

One of the most important variables in jet flavour tagging networks is the decay length of the secondary
vertices. The vertex resolution of the SiD vertex detector has been assessed in the context of the
analysis of the top Yukawa coupling and in a sample of Z decays to light quarks at

Ô
s = 91 GeV.

Figure II-10.10 (left) shows the position of the reconstructed primary vertex in events containing two
isolated leptons and four b quarks. The physics interaction has been generated at the position (0, 0,
0), and the beam spot constraint has been turned o� for the purpose of this study.

Figure II-10.10 (right) shows the resolution of the primary vertex position versus the number of
tracks originating from the primary interaction.

Figure II-10.10
Position of the recon-
structed primary vertex
(left) and resolution
of the primary vertex
position as a function
of the number of tracks
originating from that
vertex (right).
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V(ϕ)
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Fun to optimize for our MDI, backgrounds, and physics benchmarks.
b

b

* Note: Will be WAY better now, ATLAS FTAG already exceeding these SiD 
performance: c mistag = 0.057; light mistag = 0.0022; more details 

* And with dedicated e+e- ftag trainings: 2202.03285; 2406.08590 ; 2501.16584
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z

R Tracking system
Key process for Higgs physics program is ZH 
production where we’ll “tag” the Z via .μ+μ−

Tracker (+ muon system) defines 
our momentum desiderata.

H → X
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z

R Tracking system

Larger B-field: More curvature 

→ better momentum resolution
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z

R Tracking system

Larger tracker (increasing Rmax), 
also improves the resolution.
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R Tracking system
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FIG. 2. Left: Purity of the flavour tag as a function of the e�ciency, for di↵erent flavours tagged. Right: Material budget in
ILD up to the calorimeter, in percent of a radiation length. (figures from [11])

system also allows the determination of the vertex charge of detached vertices, and contributes strongly to the low-
momentum tracking capabilities of the overall system, down to a few 10MeV. An important aspect of the system
leading to superb flavour tagging is the amount of material in the tracker. This is shown in the right part of Figure 2.

B. Tracking System

ILD has decided to approach the problem of charged particle tracking with a hybrid solution, which combines a
high resolution time-projection chamber (TPC) with a few layers of strategically placed high resolution strip or pixel
detectors before and after the TPC. The time projection chamber will fill a large volume of about 4.6m in length,
spanning radii from 33 to 180 cm. In this volume the TPC provides in the barrel 220 three dimensional points for
continuous tracking with a single-hit resolution of better than 100 µm in r�, and about 1mm in z. This high number
of points allows a reconstruction of the charged particle component of the event with large accuracy, including the
reconstruction of secondaries, long lived particles, kinks, etc.. For momenta above 100MeV, nearly 100% tracking
e�ciency has been found in events simulated realistically with full backgrounds. At the same time the complete TPC
system will introduce only about 10% of a radiation length into the detector [12].

Inside and outside of the TPC volume a few layers of silicon detectors provide additional high resolution points, at a
point resolution of 10µm. Combined with the TPC track, this will result in a momentum resolution of �pt/p2t = 2⇥10�5

for the complete system. Since the material in the system is very low, a significantly better resolution at low momenta
can be achieved than it is possible with a silicon-only tracker. This is illustrated in figure 3, where the 1/pt-resolution
is shown as a function of the momentum of the charged particle. In the forward direction, extending the coverage
down to the beampipe, a system of two pixel disks and five strip disks provide tracking capabilities, with a point
resolution of 5µm for the pixel disks, and 10µm for the strip-disks.

The time projection chamber allows an identification of the particle type through the measurement of the specific
energy loss, dE/dx, for tracks at intermediate momenta [13]. The achievable resolution is shown in figure 3 (right). If
the inner and/or outer silicon layers can provide a timing of the particle at the level of 50 ps, the particle identification
through dE/dx can be supplemented by time of flight measurements, which are particularly e↵ective in the momentum
regime which is problematic for dE/dx. This is shown by the second curve in figure 3 (right).

The performance of the time projection chamber has been the subject of intense R&D over the last 15 years. Several
Micro Pattern Gas Detector (MPGD) technologies for the readout of the TPC have been successfully developed, and

Radiation 
length
Mean length in 
material when energy 
is reduced by 1/e.

ILD

• Minimize multiple scattering ↓ material 
• Drives need to have “light” sensors 
• “Power pulsing” key advantage for 

linear colliders ( especially PWFA /  😉 )γγ
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• Clean environment 
• Low cross section  

• High backgrounds 
• Higher xsec and ℒ
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e+e- : Branching Ratio matters

Similar sensitivity … with 104 fewer Higgs bosons 🙀
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[and refs therein]
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CMS pflow plots 
Max Swiatlowski’s ATLAS Jets Lecture 

(Max’s talk ATLAS internal)Jet composition

10% neutral hadrons (neutrons and )K0
L

✓ Charged hadrons excellent 
momentum resolution in tracker

30% photons : π0 → γγECAL

HCAL
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FIG. 2: The SiD detector concept with the
reconfigured dodecagonal iron yoke.

tations of a large-scale RPC system with several mil-
lion individual channels in terms of uniformity, cal-
ibration and long-term stability became more clear.
As there were neither clear cost or performance ben-
efits of the DHCAL at the time, this led to a switch
to an AHCAL solution. The mechanical structure
of the HCAL was left unchanged.

From a systems point of view, the elimination
of both a 7 kV HV system and an elaborated gas
system had of course significant implications, as no
other other sub-detector of SiD required such sys-
tems.

The second choice was mainly driven by site-
specific studies for the potential Kitakami site. The
SiD iron yoke is assembled by stacking of eleven in-
dividual iron plates into wedges. By switching the
iron-yoke geometry from an octagon to a dodecagon,
the weight of the individual plates could be kept
below 30 t, allowing easier transport by truck on
Japanese highways. At the same time the overall
yoke design changed from a vertical interface be-
tween the barrel and endcap to a thirty degree in-
terface.

IV. UPDATING THE SID DETECTOR
DESIGN

The last time the SiD detector design received a
major overhaul was in the preparation of the DBD.
With almost a decade past, technology choices, in
particular, for the individual subsystems need to be
reviewed. In the follow section, potential updates
are outlined showcasing also the areas where dedi-
cated R&D is needed and new contribution would
be extremely welcome. Also with the advances in
technology driven e.g. by the HL-LHC in terms of
silicon sensor and ASIC development, novel timing

detectors and improved services for power distribu-
tion and data transmission, it would be very inter-
esting to explore how these could be incorporated
into an updated SiD detector concept.

The use of Particle Flow Algorithms (PFA) for re-
construction puts significant constraints on the de-
tector design. PFA detectors meed to have both the
tracker and the calorimeter inside the solenoid for
the best possible performance. in a typical jet, about
60% of the energy are due to charged particles, 30 %
to to photons and 10 % due to neutral hadrons. PFA
matches tracks with showers and therefore tries to
measure the energy of the charged particles by us-
ing the most more precise momentum information
from the tracker instead of the calorimeter measure-
ment. Only the neutral energy measurements are
determined by the calorimeters. Hence a key ingre-
dient of any PFA detector is a combination of large
tracker radius and a strong field to separate the clus-
ters from charged and neutral particles. Secondly a
very high granularity helps to separate the individ-
ual clusters and also is important to minimize the
confusion, i.e. assigning individual calorimeter hits
to the wrong cluster. A schematic view of a PFA
reconstruction is shown in Figure 3.

FIG. 3: Perfect PFA reconstruction of a jet event
inside SiD. The magnetic field nicely separates the
charged clusters from the neutral clusters in the
HCAL, while the highly granular ECAL helps in

identifying clusters from photons.

The most commonly used PFA algorithm is Pan-
doraPFA [13, 14], which has also been used exten-
sively by SiD.

3

2110.09965
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Particle Flow 
Charged momentum from track  
Neutral energy from calorimeter
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Calorimetry

If we perfectly separate, the jet energy resolution becomes: 
(only using the calorimeter for the neutral hadrons)

z

R

σE

E
∼

0.19
E [GeV]

Key challenge for pflow: 
Differentiating the photon from the 
nearby hadron: “confusion”. 

➥ motivates granual calorimetersHCAL

ECAL
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https://arxiv.org/abs/1306.6329


M
APS SiD talk (J. Brau); cited in M

. Sw
iatlow

ski’s talk

What to put in the “active medium”?

Sampling Calorimeter (ECAL)

MAPS: Finely tesselate the space 
Monolithic Active Pixel Sensors 

Although other “active materials” under consideration 
include: Scintillator strips, RPCs (HCAL) …

π0 → γγ

40

Ve
rte

x
Tr

ac
ke

r
C

al
or

im
et

er
Fo

rw
ar

d 
de

te
ct

or
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https://indico.slac.stanford.edu/event/7467/contributions/6142/attachments/2950/8135/thoughts_advanced_colliders.pdf
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z

R Calorimetry

Caterina Vernieri ・ US HF Planning @ SLAC ・ December 19, 2024 

Precision challenges detector design

One more: W/Z separation

14

Drives the requirement on jet resolution

hadronic jet energy resolution σE/E ~ 3 → 5 % over wide 
energy range 

→ distinguish W, Z, H

• ECAL  target resolution of 10-15% /√E for photons
• ECAL granularity resolution needed for efficient photon 

bremstralung recovery  
           3%/√E EM resolution improves mH by 22%

• HCAL  target resolution of  ~ 30% / √E for neutral

arXiv:2203.07622
J. Zhu  FCC week 2024

Key metric: resolution to di-jets pairs

Jet mass resolution: W / Z separation

mW=80 GeV
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mZ=92 GeV

C. Vernieri talk 
[and refs therein]

https://indico.slac.stanford.edu/event/9297/contributions/10936/attachments/4946/13245/SLAC-HFCC-workshop-Detector.pdf#page=22


How to extend to           ?10 TeV

➥ won’t need to go too much deeper as penetration depth ~ log (E)
42

z

R

Make calorimeters deeper
z

R

5

Detector geometry: MuCol 3 TeV concept

Removed the 
shielding nozzles 
from simulation and 
digitization for 
wakefield-based 
detector.

SiD, up to 1 TeV MuColl, 3 TeV

𝝺0 = 7.5
𝝺0 = 4.5
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z

R Forward Detectors
Important for VBS physics, identifying the outgoing 
electron for VBS events.

Simone Pagan Grisso; 
slide13

θ = 10∘

η = 4
θ = 2∘

η = 2.44

η = 5
θ = 0.8∘

= Z , 𝛾

= Z , 𝛾

µ

µ

e

↪︎ Distinguishing W and Z initiated VBF production

BDS exciting machine & detector 
interplay, e.g, with focusing magnets.   
A. Schwarztman & T. Barklow working on for 𝛾𝛾 coll.

5

Detector geometry: MuCol 3 TeV concept

Removed the 
shielding nozzles 
from simulation and 
digitization for 
wakefield-based 
detector.
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Tentative Study Timeline

10

Ongoing

Solicit input from HEP 
physicists on e+e-, e-e-, 
𝛾𝛾 collisions.

1 year

Unified study of 
SWFA/PWFA/LWFA for 
electron arm of linac

Intensify engagement 
on “traditional systems” 
and begin work on BDS, 
sources, etc

2 year

Review tech options 
and converge on 
accelerator concepts.

Review options and 
converge on HEP 
collider type (e+e-, e-e-, 
𝛾𝛾)

3 year

Collaboration on 
designs and 
self-consistent 
parameters.

Identification of required 
R&D and demo facilities

4 year 

End-to-end design 
study report due 
sometime in 2028.

Study organization.

Provide community 
input for the next ESPP, 
March 2025

Intensify engagement 
with HEP on detectors

Conclusion

Arianna’s meme
Forward detector: key to 
our MDI backgrounds 

out-of-time⏰

preliminary 
Conceptual 

Design Report

z

R

That’s why we’re here!! A.k.a, the 
work in workshop 

• Tracker acceptance 
• Reco for high pT (s-channel) an low pT (VBF) jets? 

• B-field; Calo-depth; Muon system 
• Best technologies
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Backup

45



More questions than answers …

z

R

1) What acceptance should we 
design our tracker for?

2) Need to reco both low-pT objects 
(VBF) and high pT obj (s-channel)… 
rethinking: 

B-field; calorimeters; muon system

A selection of relevant questions from Simone

3) What technologies are best suited?

That’s why we’re here!! A.k.a, the 
work in workshop 
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Which physics effects are included
Spencer’s slide

Please interpret these “first 
pipeline” studies qualitatively. 

— Simone Pagan Griso

https://iopscience.iop.org/article/10.1088/1748-0221/18/09/P09022

https://docs.google.com/presentation/d/1wrXR0GsuE8Nd3KrWc9ZUJx-vhu8-UtI_AYzGNVEAX5s/edit?usp=sharing
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Particle ID

48

Tracker

Calorimeter

Multi-modal event 
reconstruction!!



Main Resources
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C3 pipeline: 
• Lindsey’s ECFA talk 
• Dimitris’s ECFA talk

https://indico.in2p3.fr/event/32629/contributions/142209/attachments/87571/132184/C3ECFA3_LindseyGray_10102024.pdf
https://indico.in2p3.fr/event/32629/contributions/143001/attachments/87627/132285/C3_bkg_DN_ECFA_2024.pdf


“Rainbow plots”

No
rm

ali
ze

d 
Ev

en
ts



Accelerator
Variable Description ILC 10 TeV (Arianna)
charge_sign sign difference between the two beams: -1 means 

e+e- collisions -1 -1

particles # of p’cles / bunch [units of 1010] 2 0.1

energy unit GeV 125 5000.0

espread 0.001 0.0

sigma_x 10

sigma_y 1

sigma_z 300.0 10

emitt_x 5.0 1E-07

emitt_y 0.035 1E-07

waist_x 0

waist_y 250.0 0

f_rep 5 1.0

n_b 1312 1

scale_step 1.0 1.0



Parameters 1/2
Variable Description ILC 10 TeV (Arianna)

n_x
The number of cells in the horizontal, vertical, and longitudinal directions 

(respectively)

256
n_y 256
n_z 25 64
n_t # of time steps used to move a slice to the next slice of the other bund 6 1
n_m The number of macroparticles used 100000 5E+05
cut_x

The size of the grid in the horizontal and vertical dirs in mm.
20*sigma_x.1 36*sigma_x.1

cut_y 20*sigma_x.1 36*sigma_y.1
cut_z Long grid size in microns 4*sigma_z.1

do_dump / r 0
rndm_save If not 0, the status of the random number generator is stored in the file 

random.save 0 0
rndm_load 0
load_beam 0
store_beam Save spent beams in beam1.dat and beam2.dat 1 1

electron_ratio 1 1
do_lumi If not zero, a file lumi.dat containing the energies for the e+e- scattering is produced… this 

is the input needed for WIZZARD and circe2/3 that Lindsey was telling me about 1
num_lumi The maximal number of scatters stored in lumi.dat 5E+05
ecm_min 0



Parameters 2/2
Variable Description ILC 10 TeV (Arianna)

do_photons, photon_ratio, store_photons 1 1
do_coherent 1 1
scale_step 1
do_pairs 1 1

store_pairs 1 1
track_pairs 1 1
pair_ecut 0 0.4

pair_ratio 1.0
pair_q2 1 2
grids 7 7

do_trident 0
do_hadrons 1 0
do_compt 0
do_eloss 1 1

do_espread 1 1
do_cross 0
do_jets 1 0
jet_ratio 0

store_jets 0
beam_size 1 0



Our setup ( starting from       work )
Huge thank you to Arianna Formenti 💕 for sharing GP sample and config 🤗

ILC round 
“ultra-tight”

flat 
ILC-like

Beam E 
[GeV] 125 5000 5000

εx 5 1E-07 0.5

εy 0.035 1E-07 0.0035

^ main differences, more details in the GP configs: 
ILC: Jim_pars_Aug2023 in acc_ILC.dat (from Dimitris) 
round “ultra-tight”: 10TeV  (from Arianna)

e+e- collisions
Incoherent pair background

https://github.com/dntounis/C3_GuineaPig_studies/blob/main/testing/acc_ILC.dat
https://drive.google.com/file/d/1-7aCkNMg7_tn7l3bU5-11UrhdKK0ejQU/view
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Varying B-field

2T: ILD design 5T: SiD design
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Dimitris Ntounis’s envelope plot code 
flat ILC-like beams  

(small modification from Arianna’s code)



Impact on detector (envelope plot)

Dimitris Ntounis’s envelope plot code 
flat ILC-like beams  

(small modification from Arianna’s code)



How to reduce the BIB

Our “backsplash” BIB (20ns late) 

beam line interaction point

Idea: Could play “connect the dots” with the tracks to see if they come from 
IP or beam cal (same as the 	 “double-layers” idea from muColl)



5

Detector geometry: MuCol 3 TeV concept

Removed the 
shielding nozzles 
from simulation and 
digitization for 
wakefield-based 
detector.

A. Rastogi
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MC particles from WarpX: photons

60

3

MC particles from WarpX

3

MC particles from WarpX

Same high-level messages as we had for electron backgrounds: 
•  : lower beamstrahlung backgournds for flat beams 
•  : s lower backgrounds (but crazy lower signal)

e+e−

e−e−

A. Rastogi



Comparison of coherent / incoherent at 10 TeV
The caveats

Simplifications
● local constant field approximation (LCFA)
● collinear emission of photons
● only coherent processes (beamstrahlung & nonlinear 

Breit-Wheeler)

Physics open questions
● transition from incoherent to coherent photon emission 
● transition from incoherent to coherent pair generation 
● emission rates at very high quantum parameters
● validity of LCFA
● circular colliders: couple with other codes 
● other processes for muon colliders?
● ...

this simulation 
didn’t finish, 
my bad 😬

Arianna Formenti’s slide

https://indico.slac.stanford.edu/event/9659/contributions/11819/attachments/5186/13620/10TeV_MDI_WG.pdf#page=11


Physics

Physics (Knapen and Szafron)

The goal of a machine of this size should be to discover new particles and answer some 
fundamental questions: e.g. What is the dark matter? Is the Higgs composite or elementary? etc. 

This should be pursued by:

● Direct searches for new particles

● Precision measurements of the Standard Model

○ Most such effects scale as ~ E2, some scale as 

~ E4. 

→ Should be possible to compete with e.g. 

FCCee, even with less luminosity

Simon Knapen 
(10 TeV groups kickoff)

Round beams are better for 
physics ( much worse for 
beamstrahlung )

e+e− round
e+e− flat

e−e− round

e−e− flat

5

500

62

100x reduction in signal from 
 → e+e− e−e−



Angira’s workflow

63

A. Rastogi

• Initial look at the detector-level simulation using DDSIM (DD4Hep) library for 
full GEANT4-based detector simulation 
• Using SLCIO file produced from WarpX output 

• Running realistic digitization for silicon-based detectors to look at the tracking 
detector occupancy i.e. number of individual pixel hits and clusters.  
• Particle-material interaction is emulated i.e. ionization losses (creation of e-h pairs) with real silicon sensor 

thickness as well as the response of the front-end electronics for charge collection and timing information 
-> to get a feeling of the collision environment for detector design R&D.  

• Detector geometry used for these studies is the muon collider detector 
geometry without the shielding nozzles for the 3 TeV scenario (next slide), just 
as a starting point.



BB+MDI WG mtg

https://docs.google.com/presentation/d/1wrXR0GsuE8Nd3KrWc9ZUJx-vhu8-UtI_AYzGNVEAX5s/edit?usp=sharing


C. Vernieri
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z

R Vertex detector
Why close to the interaction point? 
Crucial for b-tagging.

 [GeV]
T

p

-110×4 1 2 3 4 5 6 7 8 910 20

m
]

µ
) [ 0

(d
σ

0
50

100
150
200
250
300
350
400

ATLAS Preliminary
 < 0.2η0.0 <  = 8 TeVsData 2012, 

 = 13 TeVsData 2015, 

 [GeV]
T

p
-110×4 1 2 3 4 5 6 7 8 910 2020

15
/2

01
2

0.6
0.8

1

Better

Closest hit at 5 cm

Closest hit at 3.3 cm



FTAG: ATLAS

FTAG-2023-01

450

17.52

light rej

c rej:

light mistag: 0.0022

c mistag: 0.057

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-01/


FIG. 2: The SiD detector concept with the
reconfigured dodecagonal iron yoke.

tations of a large-scale RPC system with several mil-
lion individual channels in terms of uniformity, cal-
ibration and long-term stability became more clear.
As there were neither clear cost or performance ben-
efits of the DHCAL at the time, this led to a switch
to an AHCAL solution. The mechanical structure
of the HCAL was left unchanged.

From a systems point of view, the elimination
of both a 7 kV HV system and an elaborated gas
system had of course significant implications, as no
other other sub-detector of SiD required such sys-
tems.

The second choice was mainly driven by site-
specific studies for the potential Kitakami site. The
SiD iron yoke is assembled by stacking of eleven in-
dividual iron plates into wedges. By switching the
iron-yoke geometry from an octagon to a dodecagon,
the weight of the individual plates could be kept
below 30 t, allowing easier transport by truck on
Japanese highways. At the same time the overall
yoke design changed from a vertical interface be-
tween the barrel and endcap to a thirty degree in-
terface.

IV. UPDATING THE SID DETECTOR
DESIGN

The last time the SiD detector design received a
major overhaul was in the preparation of the DBD.
With almost a decade past, technology choices, in
particular, for the individual subsystems need to be
reviewed. In the follow section, potential updates
are outlined showcasing also the areas where dedi-
cated R&D is needed and new contribution would
be extremely welcome. Also with the advances in
technology driven e.g. by the HL-LHC in terms of
silicon sensor and ASIC development, novel timing

detectors and improved services for power distribu-
tion and data transmission, it would be very inter-
esting to explore how these could be incorporated
into an updated SiD detector concept.

The use of Particle Flow Algorithms (PFA) for re-
construction puts significant constraints on the de-
tector design. PFA detectors meed to have both the
tracker and the calorimeter inside the solenoid for
the best possible performance. in a typical jet, about
60% of the energy are due to charged particles, 30 %
to to photons and 10 % due to neutral hadrons. PFA
matches tracks with showers and therefore tries to
measure the energy of the charged particles by us-
ing the most more precise momentum information
from the tracker instead of the calorimeter measure-
ment. Only the neutral energy measurements are
determined by the calorimeters. Hence a key ingre-
dient of any PFA detector is a combination of large
tracker radius and a strong field to separate the clus-
ters from charged and neutral particles. Secondly a
very high granularity helps to separate the individ-
ual clusters and also is important to minimize the
confusion, i.e. assigning individual calorimeter hits
to the wrong cluster. A schematic view of a PFA
reconstruction is shown in Figure 3.

FIG. 3: Perfect PFA reconstruction of a jet event
inside SiD. The magnetic field nicely separates the
charged clusters from the neutral clusters in the
HCAL, while the highly granular ECAL helps in

identifying clusters from photons.

The most commonly used PFA algorithm is Pan-
doraPFA [13, 14], which has also been used exten-
sively by SiD.

3

2110.09965
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Track momentum: 

Particle Flow: Best of both worlds! 
Charged momentum from track  
Neutral energy from calorimeter

Calorimeter energy 
σ(E)

E
=

10 %

E
⊕ 0.7% ⊕

0.1 %
E

σ(pT)
pT

= 0.036% ⋅ pT ⊙ 1.3 %

* exact constants from ATLAS 

Smaller pT better resolution!

Larger energy better resolution!

σ(E)
E

=
50 %

E
⊕ 3.4% ⊕

1 %
E



Unpacking the calorimeter error

σ(E)
E

=
a

E
⊕ b ⊕

c
E

a

E
b

c
E

Sampling term 
(Poisson fluctuations)

Inactive material, 
mis-measured calib

Noise from PU and 
electronics



Momentum resolution — preliminary thoughts

σ ( 1
pT ) =

σ(pT)
p2

T

This is how ATLAS 
quotes their pT res

MuColl quotes their pT 
perf this way

In general: 
σ ( 1

pT ) ⋅ pT = a ⋅ pT ⊙ b

Grows w/ pT -> 
the curvature term

bias = multiple 
scattering term



Tracker tensions

Low momentum 
• Low (enough) B-field to avoid 

“loopers” 
• Low material budget

High momentum 
• Want high B-field for strong 

curvature (and good momentum 
resolution)  

• Large volume (large lever am)

BIB 
• Want high B-field to sweep e+e- 

pairs out of the interaction region 
• High granularity to reduce 

occupancy

Simone Pagan Griso’s slide 

Can be in tension!

https://docs.google.com/presentation/d/1CZbjt3Zu8OjGKx1JZSqTGuwpx7Jv5gkw3q83wGDlr1M/edit#slide=id.p1
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Hadronic Calorimeter

Strongly reduced BIB, even more if moving solenoid inside
Hadronic jet resolution

● currently set by viability
of H measurement

● a great example of soft
requirement that should be
expanded

Shower containment
● what’s the max had. E we aim to

really fully contain? what’s an 
acceptable leakage?

Timing capabilities
● less stringent/needed but useful

for ToF measurements of e.g. 
LLP (large volume preferred)

Simone Pagan Griso’s slide 

https://docs.google.com/presentation/d/1CZbjt3Zu8OjGKx1JZSqTGuwpx7Jv5gkw3q83wGDlr1M/edit#slide=id.p1


VBF import

From the luminosity distributions we get the production rate of exotic particles

Drell-Yann

vbf
vbf

Drell-Yann

searching wino-like chargino χ+ as visible charged partner to χ0 (dark matter candidate)

● use MadGraph to generate events for chargino production
● to include luminosity spectra need to run over grid of center of mass energies and fold 

with luminosity spectrum
● repeat for multiple chargino masses
● (implement decays by hand)

preliminary preliminary

From the luminosity distributions we get the production rate of exotic particles

Drell-Yann

vbf
vbf

Drell-Yann

searching wino-like chargino χ+ as visible charged partner to χ0 (dark matter candidate)

● use MadGraph to generate events for chargino production
● to include luminosity spectra need to run over grid of center of mass energies and fold 

with luminosity spectrum
● repeat for multiple chargino masses
● (implement decays by hand)

preliminary preliminary

Arianna Formenti’s slides

These are VBF events where we’d want 
to tag a forward electron!!

Take in xsec is   c.f. 
neutrinos in the final state.

106
 collider at 10 TeVe+e−

 collider at 10 TeVe−e−

https://indico.slac.stanford.edu/category/138/


What about the other backgrounds?

Disrupted primary beams

Bremsstrahlung photons

Radiative Bhabhas

Although these contributions do have the highest <E>, they are the most forward in 
the detector, so are not expected to be the most important component for our work73

Figure 1: Collision of electron and positron beams, resulting
in photon and pair production at the interaction point.

The emitted photons may interact with the macroscopic
field or collide with other high-energy photons to form
electron-positron pairs. The coherent pair production pro-
cess becomes relevant towards ⌥ ⇠ 103, and the incoherent
processes are characterized by their cross sections [4] as
shown in Fig. 2b).

Figure 2: a) Normalized beamstrahlung energy spectrum
for ILC-250 GeV assuming no energy spread and constant
relativistic magnetic field approximated by the infinite thin

wire formula ⌫ = W`0�/
✓
2c

q
f2
G
+ f2

H

◆
⇠ 103 Tesla. b)

Cross-section of di�erent incoherent processes as a function
of the center of mass energy.

MODELLING APPROACH
Overview of simulation codes

WarpX represents plasma with macro-particles with EM
field simulated on a grid [8]. At each timestep C=, the
macro-particles are pushed based on the interpolated EM
fields, which generate a self-consistent current. Each macro-
particle is assigned an optical depth g= updated at each C=
to account for QED e�ects. When g= < 0, quantum events
such as beamstrahlung emission are triggered. Here, we used
the spectral solver with open boundary conditions, which is
more e�cient than the typical iterative electrostatic solver.
Similarly, GUINEA-PIG uses macro-particles to represent
beams, which are divided into slices since the fields are orien-
tated transversely in the relativistic limit [4]. GUINEA-PIG
iterates through all the slices, and the ones at the same I po-
sition are allowed to interact. The slices are further divided
into cells, where the charges are first distributed on the grid.

The field is computed through a Fourier transform method,
allowing the particles’ positions to be updated accordingly.

Table 1 gives an overview of the QED processes, where
beamstrahlung and coherent pair production are available
in both codes. GUINEA-PIG implements these two pro-
cesses through rejection sampling of the distribution shown
in Eq. (4). WarpX interpolates logarithmic look-up tables
generated separately from the simulation, where a range of
⌥ values are specified based on Eq. (3).

Table 1: Overview of Physics Processes in Simulation Codes

Physics Process GUINEA-PIG WarpX
Beamstrahlung X X
Bethe-Heitler X Soon
Linear Breit-Wheeler X Soon
Landau-Lifshitz X Soon
Coherent Pair Production X X
Trident Cascade X ⇥
Hadronic Production + Minijets ⇥ ⇥
Electron-Laser Interaction ⇥ X

Test cases
The test cases conducted include the designs of the ILC

[9] and the ultratight collider [10]. In both codes, mono-
energetic Gaussian beams are initialized with equal energies.
The beams are initially separated in the z-direction then
allowed to propagate and interact as depicted in Fig. 3.

For the test cases of beamstrahlung radiation and lumi-
nosity, we consider ILC scenarios with

p
B = 250 GeV, 500

GeV, 1 TeV. To benchmark the coherent pair production, we
consider an ultra-tight spherical beam collision configura-
tion with fG = fH = fI = 10 nm [10], where ⌥ reaches
approximately 103. Convergence tests were performed to
ensure validity of the results.

Figure 3: Visualization of nominal ILC-250 GeV beam-
beam collision in WarpX. Note that the aspect ratio is not
correct.

RESULTS
Physics comparison

The luminosity results for nominal and disrupted ILC sce-
narios shows an agreement within 5% (Table 2) . With an
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allowed to propagate and interact as depicted in Fig. 3.
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GeV, 1 TeV. To benchmark the coherent pair production, we
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Bao Nguyen, Arianna Formenti, Remi Lehe, Jean-Luc Vay, 
Spencer Gessner, Luca Fedeli; 2405.09583

https://arxiv.org/abs/2405.09583


SiD Parameters

BeamCal: crucial for our 
lMDI story… backsplash 🌊

1306.6329
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SiD : Vertex detector
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1306.6329



SiD : Main Tracker
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1306.6329



SiD : ECAL
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Number of channels

1306.6329



Beamcal

Chapter 8. SiD Forward Systems

from the beamstrahlung pair edge at ◊=20 mrad, with a fiducial region beginning at ◊min=46 mrad,
which gives ¥ 2 ◊ 10≠3 events per bunch crossing.

8.1.1.2 Luminosity precision and detector alignment

Since the Bhabha cross section is ‡ ≥ 1/◊3, the luminosity precision can be expressed as

�L

L
= 2�◊

◊min

,

where �◊ is a systematic error (bias) in polar angle measurement and ◊min = 46 mrad is the minimum
polar angle of the fiducial region. Because of the steep angular dependence, the precision of the
minimum polar angle measurement determines the luminosity precision. To reach the luminosity
precision goal of 10≠3, the polar angle must be measured with a precision �◊ < 0.02 mrad and the
radial positions of the sensors must be controlled within 30 µm relative to the IP.

8.1.1.3 Monitoring the Instantaneous Luminosity with BeamCal

The colliding electron and positron bunches at the ILC generate large Lorentz forces, which cause
radiation of gammas called beamstrahlung. Under the ILC Nominal beam parameters at

Ô
s =

0.5 TeV, approximately 75k of the beamstrahlung photons convert into e+e≠ pairs. Since the number
of pairs is directly proportional to the beam overlap, the instantaneous luminosity can be monitored
to ¥10% per beam crossing by detecting pairs in the BeamCal.

8.1.1.4 Dynamic range and MIP sensitivity

While minimum ionising particles (MIP) deposit 93 keV in a 320 µm-thick Si layer, a 250 GeV electron
can deposit up to 160 MeV or 1700 MIP equivalents in a single cell near shower maximum. If we
want a 100% MIP sensitivity, the S/N ratio for MIP should be greater than 10, and the dynamic
range of the electronics needs to be at least 17,000. This dynamic range can be achieved by using a
10-bit ADC with two gain settings.

8.1.1.5 Radiation hardness

The beamstrahlung pairs will hit the BeamCal, depositing 10 TeV of energy every bunch crossing.
Sensor electronics could be damaged by the energy deposition, and sensor displacement damage
could be caused by the resulting neutrons. The radiation dose varies significantly with radius, and
a maximum dose of up to 100 MRad/year is expected near the beampipe. The main source of
neutrons is from secondary photons in the energy range 5-30 MeV, which excite the giant nuclear
dipole resonance, with subsequent de-excitation via the evaporation of neutrons. The neutron flux is
approximately 5 ◊ 1013n/cm2 per year.

8.1.2 Baseline Design

The layout of the forward region is illustrated in Figure II-8.1. The LumiCal covers the polar angles
from 40 mrad to 90 mrad, and the BeamCal from 3 mrad to 40 mrad.
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from the beamstrahlung pair edge at ◊=20 mrad, with a fiducial region beginning at ◊min=46 mrad,
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�L

L
= 2�◊

◊min

,
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of pairs is directly proportional to the beam overlap, the instantaneous luminosity can be monitored
to ¥10% per beam crossing by detecting pairs in the BeamCal.

8.1.1.4 Dynamic range and MIP sensitivity

While minimum ionising particles (MIP) deposit 93 keV in a 320 µm-thick Si layer, a 250 GeV electron
can deposit up to 160 MeV or 1700 MIP equivalents in a single cell near shower maximum. If we
want a 100% MIP sensitivity, the S/N ratio for MIP should be greater than 10, and the dynamic
range of the electronics needs to be at least 17,000. This dynamic range can be achieved by using a
10-bit ADC with two gain settings.

8.1.1.5 Radiation hardness

The beamstrahlung pairs will hit the BeamCal, depositing 10 TeV of energy every bunch crossing.
Sensor electronics could be damaged by the energy deposition, and sensor displacement damage
could be caused by the resulting neutrons. The radiation dose varies significantly with radius, and
a maximum dose of up to 100 MRad/year is expected near the beampipe. The main source of
neutrons is from secondary photons in the energy range 5-30 MeV, which excite the giant nuclear
dipole resonance, with subsequent de-excitation via the evaporation of neutrons. The neutron flux is
approximately 5 ◊ 1013n/cm2 per year.

8.1.2 Baseline Design

The layout of the forward region is illustrated in Figure II-8.1. The LumiCal covers the polar angles
from 40 mrad to 90 mrad, and the BeamCal from 3 mrad to 40 mrad.
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SiD : BiB

yy -> hadrons incoherent pairs
Chapter 10. SiD Simulation and Reconstruction

Figure II-10.5
Kinematic properties of
the machine-induced
backgrounds from
gg æ hadrons pro-
cesses (left) and from
incoherent pairs (right)
at 1 TeV.
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10.4.3 Clustering

The association of nearby strips, pixels or volume elements into a single hit is referred to as clustering.
The signal sharing across readout elements can lead to improvements in the measurement precision
and is therefore a crucial step in the reconstruction. The silicon strip and pixel signals are clustered
using a nearest neighbour algorithm. Lookup tables are used to achieve approximately linear scaling
of clustering time. Settable parameters are provided for noise, readout and clustering thresholds.
Tracker hits are then created from these clusters. The position measurements (1D for strips, 2D
for pixels) are derived from the energy-weighted centroids of the clusters, and the uncertainties are
provided on a cluster-by-cluster basis. These hits are the input for the track finding. The algorithms
used by PandoraPFA to cluster energy depositions in the calorimeters are described in more
detail elsewhere [174].

10.5 Properties of Machine-Induced Background

Beamstrahlung processes in the ILC machine operated at 1 TeV result in a large rate of e+e≠ pairs at
low transverse momenta that are predominantly produced in the forward region. These processes
result in higher occupancies in the inner layers of the vertex detector and in the forward detectors.
The main source of processes with higher transverse momentum are multiple gg æ hadrons events
per bunch crossing.

The event samples for the compulsory DBD benchmarks are described in detail in Section 11.
They were mixed with machine-induced background on an event-by-event basis. Samples at 1 TeV
were mixed with an average of 4.1 gg æ hadrons events for each physics event and the 500 GeV
processes were mixed with an average of 1.7 gg æ hadrons events. In addition, the 1 TeV samples
include the detector response to an average of 450,000 low-momentum incoherent e+e≠ pairs. These
processes follow a Gaussian distribution with a width of 225 µm in z to account for the finite size of
the ILC bunches. The physics process from the primary e+e≠ interaction was produced at z = 0.

The backgrounds were simulated in a separate step and merged with the primary physics process
before the digitisation step outlined above. In order to keep the file size to a manageable level, particles
that do not leave primary charge depositions in the sensitive detectors were dropped. The tool for
the merging of the processes [94] has been developed for and tested in the CLIC CDR benchmarking
analyses.

Figure II-10.5 shows two-dimensional distributions of the energy versus the polar angle of simu-
lated particles produced in gg æ hadrons processes (left) and from incoherent e+e≠ pair production
(right) at 1 TeV. While particles from incoherent pairs are predominantly in the forward region,
particles from gg æ hadrons processes have significant energy also in the central region and reach
the barrel calorimeters.
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LHC Detectors optimized for e / y and muons

At a 10 TeV discovery machine, 
jets are now also a discovery 
channel and get promoted to a 
first class citizen in the analysis 
pipeline. 

P. Jenni colloquia

https://indico.cern.ch/event/1416578/contributions/5954062/attachments/2864648/5013541/COMETA.Colloquium.ZOOM.27May2024.pdf#page=49
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Detectors on the market

ILD SID IDEA CLD Allegro MuCol 3TeV

Vertex Inner Radius (cm) 1.6 1.4 1.2 1.2 1.2

Tracker technology TPC + Silicon Silicon Si + Drift Chamber Si Si + Drift Chamber Silicon

Outer Tracker radius 1.77 1.22 2 3.3 2

ECAL thickness 24 X0 26 X0 Dual RO 22 X0 22 X0 22 X0

HCAL thickness 5.9 𝛌0 4.5 𝛌0 7 𝛌0 6.5 𝛌0 9.5 𝛌0 7.5 𝛌0

HCAL Outer Radius [m] 3.3 2.5 4.5 3.5 4.5

Solenoidal field [T] 3.5 5 2 2 2 3.57

Solenoidal length [m] 7.9 6.1 6 7.4 6

Solenoid Radius 3.4 2.6 2.1 4 2.7

Caterina Vernieri’s slide
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ILD SID MuCol 3TeV

Vertex

Size 25 x 25 μm2

Technology

number of layers 4 barrel, 4+4 endcap

Inner Tracker

Size 5 μm x 1 mm
Technology macro pixel Si sensors

number of layers 3 barrel, 7+7 endcap

Outer tracker

Size 5 μm x 10 mm
Technology macro strip Si sensors

number of layers 3 barrel, 4+4 endcap

ECAL

ECAL absorber

ECAL active material

Cell size 5 x 5 mm2

ECAL number of  layers

HCAL

HCAL absorber 19mm steel
HCAL active material plastic scintillator

Cell size 30 x 30 mm2

number of layers 60

Muon

Technology RPC
number of layers 7 barrel, 6 endcap

Cell size 30 x 30 mm2
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