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Importance of Order of Magnitude Leaps
} Past Three Decades

} Tens of microseconds to tens of nanoseconds
} Thousands of channels to millions
} kRad to MRad tolerances
} 100kBytes to GBytes of per event data
} Trigger based on a handful of scalar sums to thousands 

of individual particle tag quantities
} …many firsts with every new calorimeter

} With each leap, we create opportunities for 
invention and innovation in the physics program 
and deliver more events, max out resolution 
within constraints, high granularity, and lower 
backgrounds for more sensitivity to new physics
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Muon Collider Era
} We have to be even more impressive than before

} Sub-nanosecond tags for each individual particle region
} Multi-signal/multi-dimensional discrimination to further 

particle identification for all particles
} Tens to hundreds of millions of channels
} Tens of Mrad tolerances
} Tens of GBytes of per event data
} Triggers based on all real-time reco particles in the event
} First AI/ML fully optimized detector design

} Above all, the great leap for the muon collider 
detector calorimeter is to deliver new order of 
magnitude advances across the board while fully 
cleaning each event of beam-induced-background
3 LPC success was grounded in excellent software/computing 



Calorimeter R&D Directions
} Complex landscape of potential technologies

} Si-W based on-detector/MAPS readout
} Cryo/Noble Liquid/LAr high granularity with cold readout
} Optical calorimetry with Dual-Readout/hybrid crystals
} Emerging timing-centric approaches/Fast glass/Crillin

} Time-domain important and pervasive dimension
} (AC-)LGAD/silicon
} Fast glass/Crillin
} LYSO/Fast Scint/SiPM
} And several evolving 10’s to 100’s of picosecond 

leading-edge discrimination for many of the full-detector 
calorimeter technologies
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Calorimeter R&D Future
} Maximize information content

} Measure and identify particles and event - and parameters 
needed to maintain calibration and remove backgrounds

} Dig deep: high quality local data, but save frugally/intelligently
} A strong guiding paradigm is Particle-Flow, but 

previous incarnations were hardly well-implemented
} In fact, PF is largely, at this time, based on a lot of 

assumptions
} Energy “Flow”:  assumes time is measured at different points 

along the trajectories – few examples of that
} Assembly of particles out of the parts collected from 

vertex/tracking/calorimeter/muon – not fail safe
} Calorimetry – often downgraded to minimum performance, 

driving many of the mistakes made in the algorithm
5



Example Muon Collider Outline
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Figure 4: Particle fluences, gammas, electrons, and 
neutrons for G4beamline/ MARS comparison. 

FORWARD DETECTOR STUDIES 
With advances in particle detection and read-out 

technology in the years since the 1996 Muon Collider 
Feasibility Study, it will be possible to extend the detector 
coverage into the forward region that was previously 
considered unsuitable for particle detection. This may 
allow for the recovery of particle ID and some 
information on energy deposition and timing. 
 

 
Figure 5: Conical Shielding configurations at angles 
ranging from 6 to 20 degrees. 

FUTURE BACKGROUND STUDIES 
We are undertaking improvements to G4beamline to 

enhance its capabilities for analysis of muon collider 
physics and detector design. We are increasing the output 
capacity of our simulations on the Northern Illinois 
NICADD cluster shown in Fig. 7. Other developments 
include the generation and study of Bethe-Heitler muons.  
We believe our BruitdeFond software package can be a 

 

 
Figure 6: G4beamline simulation of decay electrons into 
the shield cone (from left). The shower is in green. Below 
is the profile for the forward shielding. 

valuable development tool for the particle physics 
community and will facilitate more widespread 
participation of the particle physics community in muon 
collider physics studies. Understanding the environment 
of a muon collider IR will challenge all current physics 
modeling tools, and the comparison of detailed studies 
between two powerful programs such as MARS15 and 
GEANT4 will be necessary to understand the triggering 
and reconstruction issues that will be particular to this 
new kind of particle accelerator. 

 

Figure 7: Particle fluxes vs. distance from beam. 
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V. DETECTOR BACKGROUNDS 
Figure 8 compares calculated electron and gamma 

fluxes for the following cases: left – no masks between 
magnets, 6° cone with a 5σ radius liner up to 2 m from 
IP; center - 5σ masks inserted between FF quads, cone 
angle increased to 10°, 5σ liner up to 1 m from IP; right – 
same as above plus FF quad displacement.  

The masks and increased cone angle reduce the 
electron and gamma fluxes by factors 300 and 20, 
respectively. Displacing the FF quads slightly increases 
the electron flux (by up to 50%) but decreases the gamma 
flux by another factor of 15, so the overall effect of quad 
displacement may be considered as positive. 

Results of further optimization of the cone nose 
geometry are presented in Fig. 9. It shows gamma flux as 
a function of the angle of inner cone opening towards IP 
at the outer cone angle of 10°. For such a cone and a set 
of other the most optimal parameters – as it is seen now – 
the maximum neutron fluence and absorbed dose in the 
innermost layer of the silicon tracker for a one-year 
operation are at a 10% level of that in the LHC detectors 
at the luminosity of 1034 cm-1s-1. Photon fluence is several 
times higher than that at the LHC. 

VI. SUMMARY & OUTLOOK 
The presented interaction region lattice is a part of the 

complete muon collider storage ring design which 
satisfies all requirements from the beam dynamics point 
of view in the considered case of 1.5 TeV center of mass 
energy and the average luminosity of 1034 cm-2s-1.  

All the required IR magnets can be built using the 
Nb3Sn technology which is being developed for the LHC 

FIG. 8 (color). Electron (top) and gamma (bottom) fluxes in the detector in three cases described in the text. 

FIG. 9 (color). Gamma flux vs. inner cone angle at 
different positions of minimal aperture from IP 

Tungsten cones
(5 sigma elliptic openings)

Electron flux

Gamma flux

https://arxiv.org/abs/1204.5739
https://accelconf.web.cern.ch/ipac2012/papers/moppc037.pdf
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Expected Flux Through Calorimeters
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Time-domain is different than HL-LHC/muC
} HL-LHC has a class of backgrounds that are from 

inelastic proton-proton interactions from the 
beam (sub-ns spread) – Much less of this in muC

} There is significant ambient neutron flux from 
hadron interactions in neutron rich materials in 
the calorimeters (diffuse in time) – More from 
collimators upstream and tungsten nose

} Significant low energy flux from tungsten nose
} Beam halos (muons produced in secondary lost  

beam interactions) – large flux from off-
momentum electron-initiated showers upstream

} Cosmics (grow in rate when there is random 
overlap in broad time window for collecting 
events) – narrower IP time windows help here
8



Example hadron calorimeter time-alignment
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Addressing pre-firing (2)
• Mitigation plan

• Introduction of targeted veto
• Refinement of timing alignment, with 

particular attention to depth-1, which 
requires separate treatment

• Ongoing studies
• Envision phase-scan run with 900b 

commissioning pp collision data
• Redefine usage of HB TDC bits

• Goal: make depth-1 TDC bit distribution 
plot match the one of the other depths

• Quantify time slew contribution

February 21, 2024 HCAL SM Report / February HCAL IB - A. Belloni / University of Maryland 4

Plot by GillianK, more details 
in presentation by JohnH

Blue: prompt (0-6ns)
Green: slightly delayed (6-7ns)
Orange: delayed (7-25ns)
Red: invalid TDC bit

PPD Working Group set up specifically to 
ensure preparedness for 2024 data-taking

2.1 CMS Sub-Detectors

The CMS detector is formed of multiple sub-detector systems designed to detect specific particles. The
innermost layer is the silicon tracker to identify the path of charged particles. Outside of the tracker is the
electromagnetic calorimeter (ECAL) which measures energy from electrons and photons, and following the
ECAL is the hadron calorimeter (HCAL) which measures the energy of composite particles. The supercon-
ducting solenoid sits outside of the HCAL and provides a magnetic field of 3.8 T. The outermost part of the
detector is the muon chambers, as muons will pass undetected through the earlier calorimeters. A detailed
description of the CMS detector is given in [2].

2.2 Hadron Calorimeter

The HCAL is comprised of four sections: barrel (HB), endcap (HE), forward (HF), and outer (HO). This
work focuses on HB, which is a sampling calorimeter made of layers of plastic scintillator alternated with
brass absorber. The light from the scintillation layers is transmitted through wavelength-shifting fibers to
photodetectors for digitization.

During the Phase 1 upgrade of the CMS HCAL, the barrel was upgraded from hybrid photodiodes (HPDs)
to silicon photomultipliers (SiPMs). SiPMs allow for higher photodetection e�ciency and significantly larger
gains than HPDs, and furthermore allow for an increase in the readout channels due to the improved signal-
to-noise performance [6]. With more readout channels, the segmentation of the calorimeter is increased,
giving precise time and energy measurements at each depth layer (four depths in HB, up to seven depths
in HE, in Figure 1). The trigger development presented here takes advantage of this finer segmentation
availability.

HCAL
• Barrel electronics upgrade, last Phase-1 upgrade

✦ Corresponding endcap upgrade completed in 2018

• Replacement of HPDs with SiPM 
✦ Improve noise levels, light yield & radiation tolerance 
✦ Maintain physics performance for jets & MET

• On track to complete installation & commissioning before Dec 2019

5

HPD=Hybrid PhotoDetectors
SiPM=Silicon Photo-Multipliers

HCAL Phase1 motivation overview 

June 4, 2019 Pawel de Barbaro, University of Rochester 2

• Eliminate high amplitude noise, drifting response, and premature aging of HPDs by replacing with SiPMs.

• Mitigate radiation damage to both HE and HB scintillator:
* High photo-detection efficiency SiPM, especially relevant for low light levels;
* Longitudinal segmentation for calibration of depth-dependent effects. 

• Maintain physics performance for jets and missing transverse energy. 

• HE upgrade was completed in 2018, HB upgrade is carried out during LS2.
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0

(a) Diagram of the time delay resulting from a LLP due
to a combination of the path length di↵erence and slow
velocity.

(b) Diagram of LLP decaying within the HCAL volume,
causing significant energy deposit to higher calorimeter
layers.

Figure 1: Diagrams showing the Run 3 depth segmentation in HB (4 layers) and HE (up to 7 layers), and
the unique signatures that LLP decays in or before the HCAL create. Figures adapted from [7].

Figure 1 illustrates a quarter barrel and endcap section of the HCAL, which has nearly 4⇡ coverage. The
physical towers depicted are labeled by i⌘, a detector coordinate that is related to ⌘, the Lorentz invariant
measure of pseudorapidity. Each i⌘ region corresponds to �⌘ = 0.087. The HCAL barrel (HB) extends from
|i⌘| = 1� 16 (about 0 < ⌘ < 1.4), while the endcap (HE) extends from |i⌘| = 16� 29 (about 1.4 < ⌘ < 2.5).
In i⌘ = 16, there are three depth layers in the barrel and one in the endcap. The forward region (HF)
extends from |i⌘| = 29 � 41, but is excluded from this trigger development. A single tower covers one i�

region, with a total of 72 i� around the barrel, so each i� is 5� in �.

4
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Muon Collider Calorimetry
} Need to drop some assumptions

} Measure hit times along trajectories
} Track from IP outward and from Beam Collimators inward

} Standard geometries are designed to be hermetic 
and uniform – tunnel vision on IP
} Locations of calorimeter surfaces influences the separation 

power on beam backgrounds
} Prompt time of arrival distributions should not peak at 

background arrival times – and overlap should be 
suppressed by multiple times along trajectories leading up 
to calorimeter

} Timing layers/walls should be arranged to efficiently catch 
beam backgrounds and maintain high event quality

} Projective to the IP is for signal
10



Optimize w/ Simulation and Test Beam
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Summary Table of Energy Resolutions
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10 Martin Aleksa1, Franco Bedeschi2, Roberto Ferrari3, Felix Sefkow4, Christopher G. Tully5: Calorimetry at FCC-ee

Detector technology E.m. energy res. E.m. energy res. ECAL & HCAL had. ECAL & HCAL had. Ultimate hadronic
(ECAL & HCAL) stochastic term constant term energy resolution energy resolution energy res. incl. PFlow

(stoch. term for single had.) (for 50GeV jets) (for 50GeV jets)

Highly granular
15 – 17% [12,20] 1% [12,20] 45� 50% [45,20] ⇡ 6% ? 4% [20]Si/W based ECAL &

Scintillator based HCAL
Highly granular

8 – 10% [24,27,46] < 1% [24,27,47] ⇡ 40% [27,28] ⇡ 6% ? 3 – 4% ?Noble liquid based ECAL &
Scintillator based HCAL
Dual-readout

11% [48] < 1% [48] ⇡ 30% [48] 4 – 5% [49] 3 – 4% ?
Fibre calorimeter
Hybrid crystal and

3% [30] < 1% [30] ⇡ 26% [30] 5 – 6% [30,50] 3 – 4% [50]
Dual-readout calorimeter

Table 1. Summary table of the expected energy resolution for the di↵erent technologies. The values are measurements where
available, otherwise obtained from simulation. Those values marked with ”?” are estimates since neither measurement nor
simulation exists.
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If the focus is mainly jets, then high-granularity with PFA delivers 4% at 50 GeV 
– often called “PFA calorimetry”

Higher EM performance with Noble Liquid or Fibers – Highest with Crystals
Best Intrinsic Hadron Performance with Dual-Readout Fibers

Noble Liquid is a better calorimeter across the board, but needs PFA studies

Hybrid Dual-Readout Crystals+Fibers attempts to maximize all performances

https://arxiv.org/abs/2109.00391


Many small projects
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Limited full detector
optimization and performance 

benchmarking



Hybrid Dual-Readout Crystals+Fibers
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https://arxiv.org/abs/2008.00338

M. Lucchini



Dual-Readout PFA
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Importance of Timing Layers 
(in front of calorimeter)
} New era of MIP timing

} ~25ps resolution per hit (1/c = 33ps/cm)

16

Low occupancy timing layer timing for ~0.3-1 X0
Transverse orientation w/ stereo readout

3x3x50mm3

Option A for CMS MIP Timing Detector TDR

Non-wrapped crystal bar with 2 SiPMs attached at each end

crystal

incoming particles

MTDBTL detector modules 

3

} Assembled modules show light output a factor 1.5 – 2 lower than expected 
} Observed light outputs:  1100 — 1500 p.e. / MeV
} Nominal light output:                    2100 p.e. / MeV 

} From TDR measurements of single LYSO bars  and SIPM photon detection efficiency (PDE)

} Light loss and sensor properties:
} Market Survey for LYSO and SiPM arrays basically concluded:  ≥ " vendor qualified (within specs)

} SiPM: ~10% lower PDE than assumed in TDR 
} LYSO: Average light output about 10-20% lower than in TDR from various effects

Spread of LO/τscint ~ 15% across vendors
} Additional – recoverable – contributions to the light loss

} Crystal wrapping with enhanced specular reflector (ESR) foils (at the vendor)
} SiPM to LYSO mating (in house gluing)

SiPM and 
LYSO array TECs

Crystal 
wrapping with 
ESR foils

Modules (with non-irradiated SiPMs) used in the Oct ‘21 test beam  

scint.

M. Malberti, MTD Meeting, 2021, Dec 6th

Hermetic 30 ps timing layers a first-ever



Importance of Timing Layers in tracker
} New era of MIP timing

} ~40ps resolution per hit per layer
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Update on LGAD MS 
and

Status of UFSD4
10/01/2022

R. Arcidiacono, N. Cartiglia
UFSD4 wafer - Courtesy of FBK
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Final split table (CMS part)

Original
Wafer # Wafer # DI

Gain Layer
Dose Carbon Diffusion

1 Shallow 0.96 0.8 CH-BL
2 Shallow 1.00 1 CH-BL

1 3 Shallow 0.98 1 CH-BL
2 4 Shallow 0.98 1 CH-BL
3 5 Shallow 0.98 0.8 CH-BL
4 6 Shallow 0.98 0.8 CH-BL
5 7 Shallow 0.98 0.8 CH-BL
6 8 Shallow 0.98 0.8 CH-BL
6* 9 Shallow 0.98 0.8 CH-BL

10 Shallow 0.98 0.8 + CS0.6 CH-BL
11 Shallow 0.98 0.8 + CS0.6 CH-BL

7 12 Deep 0.75 0.6 CL-BL
8 13 Deep 0.77 0.6 CL-BL
8* 14 Deep 0.77 0.6 CL-BL
9 15 Deep 0.77 0.6 CL-BL
10 16 Deep 0.79 0.6 CL-BL
10* 17 Deep 0.79 0.6 CL-BL
10** 18 Deep 0.79 0.6 CL-BL

CMS FBK production has 18 wafers: we requested 10. 
Some are duplicates or FBK added variants. 

Future direction:
AC-Coupled with Doping 
Concentration RadHard

Compensation



Sparks of New Ideas
} Dual-Readout Blue Sky R&D

18
Figure 1.28: Concepts for e�cient estimation of relative Cerenkov (C) and Scintillation (S) sig-
nals. (a) A microfabricated highly transparent di↵ractive filter in conjunction with multiple SiPM
detectors coupled to a deep neural network can e�ciently and accurately detect the C and S
contributions. (b) Example spectrum detection from two closely spaced LEDs (black = reference
spectrometer, other colors = computational reconstruction [79, 80]). (c) A low f-number broadband
flat lens may be used to minimize the number of SIPMs used. PSF engineering of the flat lens can
enable spectral and depth estimation. (d) Example spectral-lightfield estimation from two LEDs
acting as point sources in 3D space. The angular coordinate is the transformed depth information.
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(CalVision Proposal, H. Newman)Look for these from all technologies



10 TeV has to the potential to observe the 
“God Process” of matter creation in the Universe

Sphaleron corresponds to an unstable configuration of fields, which, after 
a small perturbation, decays to the vacuum by emission of many particles. 

 

3 

The sphaleron solution  is known 
explicitly and its energy is 

𝐸 ~
𝑚𝑊

𝛼𝑊
 ~ 9 𝑇𝑒𝑉 
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Major Calo Benchmark:  9 jets and 3 leptons (or neutrinos)



Summary
} Importance of Order of Magnitude Advancement

} Sub-nanosecond for every corner of the calorimeter
} Multi-signal evaluation concurrent with energy measurement
} Real time-domain information
} Energy flow in and out of calorimeter cells
} On detector reconstruction from pulse shapes to multi-signal 

to regional and event reconstruction – the whole range of 
fast and precise on-detector evaluation

} Orders of magnitude in cleanup and robustness against BIB
} State-of-the-art New ASICs
} First AI/ML optimized detector

20



Final Remarks
} Simulation is absolutely central to optimizing the 

calorimeter in concert with PFA/PID performance
} Many options are open, but the software needs to be able to 

cycle through them and compare
} Timing layers at ~20-40ps resolution will quickly be 

indispensable
} Physical self-cleaning demonstrator essential as a 

focus of Detector R&D (CASTOR-table like env)
} Calorimeter R&D should continue to be impressing, 

pushing on ASICs, PID, and novel detector signals 
(look for very new ideas)
} Once even proposed a SQUID sampling array to estimate 

electron longitudinal polarization from statistical sampling of 
the EM shower

} Embedded spatially distributed arrays of entangled coherent 
states for correlated decoherence signals

} …
21
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Additional slides



Three Regimes of EM Resolution
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} For EM showers in a sampling calorimeter, the energy 
resolution is dominated by the sampling fluctuations:

(s
E 

/E
) E
M

*√
E

[%
]

(Courtesy of R. 
Wigmans)

* Si-W (300µm - HGC)

* Si-W (100µm - HGC)

Homogeneous 
crystals

Silico
n

Plastic
/Quartz

FiberSegmented

Crys
tal?

X0(Si)/X0(W)=27



Recoil Analysis – Single Most Important 
Unbiased Sample of Higgs Boson Decays
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} Zàµ+µ- Recoil } Zàe+e- Recoil

Example from CDR reference design
(electron tracks with no Brem. recovery)

Muon Track 
Δp/p ~0.3%

Electron Track 
Δp/p tail ~1-2%

(two tracks)

à ~80% of Resolution Recovery with 3%/√E



Silicon Photomultiplier (SiPM) Cells
} Typical dynamic range customization for SiPM

} More (small) SPADS  to count more photons (50à15μm)
} Bright crystal (LYSO, GAGG) and high photodetection

efficiency (PDE) and light collection efficiency (LCE)
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Hamamatsu MPPC designes

3

Currently:
Large device ~6x6mm2

CMS MTD ~4.5 m2 of SiPMs
(of 3x3mm2)

Segmented Crystal ECAL:
~200 m2 of crystal surface
(3-4 layers)
Which SiPM device?



Further Possibilities for SiPMs with 
High Dynamic Range and Packing Density
} Large pixel count w/ large gain leads to current 

output limitations for large area devices
} Multiple analog outputs per device

} Regional lumped analog sums - split output currents per 
region and sum (1/128, 1/32,1/8,1/2)

} Multi-gain SPADs (5, 15, 50μm) for different cell sizes and 
fill factors – dynamic range built into SPAD layout

} On-chip ADC with regional serializers
} Commercial market for LIDAR advances is growing rapidly 

– many new developments expected

26


