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HCAL - The CMS hadron calorimeter
● Designed to measure the energy of charged and neutral 

hadrons
○ Contributes to the identification of hadrons and the 

measurement of their properties
○ Aids in the reconstruction of jets and missing 

transverse momentum, and the identification of 
electrons and photons

The HCAL is designed to have a good hermeticity
● With the ability to detect hadrons in nearly the full 4π solid 

angle

Composed of four major subdetectors
● Hadron barrel (HB) and Hadron endcap (HE)

○ brass plates interleaved with layers of scintillating 
tiles
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SiPMs are able to withstand the expected CMS radiation
dose, which is 14 Gray for both neutrons and ionizing parti-
cles. The target tolerance dose of SiPMs is 100 Gray for both
neutrons and ionizing particles. Figure 3 represents the signal
loss in the high-⌘ region of the HE detector as a function of in-
tegrated luminosity in 2017. The lines show the response loss
of all 72 tiles at the same ⌘ and layer position but at di↵erent
locations in �. While thin lines represent individual tiles read
out by HPDs, the two bold lines correspond to the tiles read out
by SiPM photodetectors. It is seen that the signal loss for the
two scintillator tiles read out by SiPMs is much smaller than
scintillator tiles read out by HPDs.

Figure 3: Signal loss in the high-⌘ region of the HE detector as a function of
integrated luminosity in 2017. A significant portion of signal loss resulted from
aging HPDs, which have since been replaced by SIPMs.

The other advantage of SiPMs is their readout allows an in-
creased number of channels, which can be exploited to increase
the depth segmentation in HB (Figure 4). This mitigates the ef-
fect of radiation damage to HB scintillator tiles, provides better
calibration of depth-dependent e↵ects, and brings some physics
benefits like long-lived particle detection. Moreover, the new
depth segmentation maintains good physics performance for
jets and missing transverse energy.

Figure 4: Depth segmentation of the HB and HE detectors.The segmentation of
the Phase 0 detector (top) is compared to the Phase 1 detector (bottom).

3. Front-end (FE) Electronics for the HB Upgrade

The front-end (FE) electronics are installed on the detector
within the Readout Box (RBX) at the edge of the HCAL ab-
sorber. The major components of the RBX are Readout Mod-
ules (RMs), Clock Control Modules (ngCCMs) and a Calibra-
tion Unit (CU). Each RM mainly consists of an Optical De-
coder Unit (ODU), one SiPM Mounting Board (SiPM MB)
hosting eight SiPM arrays, one SiPM control board, and four
QIE boards (Figure 5).

Figure 5: Inside an HB Readout Module.

Figure 6 describes the data flow in HB/HE. The scintillator
tiles connect to the RM by a set of multi-fiber optical cables
that connect to the ODU. Each optical cable carries the sig-
nals from all ⌘ values of a given scintillator layer. The ODU
remaps these signals to distribute the light from various layers
to the appropriate phototransducer. At this point, SiPMs receive
light from the calorimeter segments and convert it into electri-
cal pulses. The electrical pulses are received on the QIE boards,
where integration and timing measurements are performed by
QIE chips and the digital results are transferred to two FPGAs.
These FPGAs are responsible for data formatting and for in-
terfacing between the ngCCM modules and the QIE chips. The
data are next sent o↵-detector by a GBT chip and Versatile Link
transmitter (VTTx) residing on the QIE board. Finally, the data
are transferred to the back-end electronics by a µHTR mod-
ule, and from there to the CMS data acquisition (DAQ) by an
AMC13 module [3].

Figure 6: The data flow in HB/HE through the front-end and the back-end
electronics to the CMS DAQ.

4. Installation of the HB Electronics

During the installation of the HB Phase 1 FE electronics, a
total of 36 RBXes, 144 RMs, 72 ngCCMs, 36 CUs, and nearly
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• HCAL measures charged and neutral 
hadrons with 4𝜋 coverage
• Brass absorber interleaved with plastic 

scintillating tiles (HB and HE)
• Wavelength shifting fibers → clear fibers → 

optically decoded on SiPMs
• SiPMs recently replaced hybrid photodiodes

• Higher photon detection efficiency
• Increased energy resolution
• Increased number of readout channels

• Custom ASICS (QIE11) digitize signals 
• Measure energy and time, and send to back-end electronics

https://indico.cern.ch/event/1409212/
https://cds.cern.ch/record/2810162/files/CR2022_049.pdf


Phase-1 Upgrade of the Hadron Calorimeter
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• Phase 1 Hadron Calorimeter (HCAL) upgrade:
• Depth segmentation available due 

to more readout channels 
• Custom ASIC reports time of pulse 

rising edge with high resolution

SiPMs are able to withstand the expected CMS radiation
dose, which is 14 Gray for both neutrons and ionizing parti-
cles. The target tolerance dose of SiPMs is 100 Gray for both
neutrons and ionizing particles. Figure 3 represents the signal
loss in the high-⌘ region of the HE detector as a function of in-
tegrated luminosity in 2017. The lines show the response loss
of all 72 tiles at the same ⌘ and layer position but at di↵erent
locations in �. While thin lines represent individual tiles read
out by HPDs, the two bold lines correspond to the tiles read out
by SiPM photodetectors. It is seen that the signal loss for the
two scintillator tiles read out by SiPMs is much smaller than
scintillator tiles read out by HPDs.

Figure 3: Signal loss in the high-⌘ region of the HE detector as a function of
integrated luminosity in 2017. A significant portion of signal loss resulted from
aging HPDs, which have since been replaced by SIPMs.

The other advantage of SiPMs is their readout allows an in-
creased number of channels, which can be exploited to increase
the depth segmentation in HB (Figure 4). This mitigates the ef-
fect of radiation damage to HB scintillator tiles, provides better
calibration of depth-dependent e↵ects, and brings some physics
benefits like long-lived particle detection. Moreover, the new
depth segmentation maintains good physics performance for
jets and missing transverse energy.

Figure 4: Depth segmentation of the HB and HE detectors.The segmentation of
the Phase 0 detector (top) is compared to the Phase 1 detector (bottom).

3. Front-end (FE) Electronics for the HB Upgrade

The front-end (FE) electronics are installed on the detector
within the Readout Box (RBX) at the edge of the HCAL ab-
sorber. The major components of the RBX are Readout Mod-
ules (RMs), Clock Control Modules (ngCCMs) and a Calibra-
tion Unit (CU). Each RM mainly consists of an Optical De-
coder Unit (ODU), one SiPM Mounting Board (SiPM MB)
hosting eight SiPM arrays, one SiPM control board, and four
QIE boards (Figure 5).

Figure 5: Inside an HB Readout Module.

Figure 6 describes the data flow in HB/HE. The scintillator
tiles connect to the RM by a set of multi-fiber optical cables
that connect to the ODU. Each optical cable carries the sig-
nals from all ⌘ values of a given scintillator layer. The ODU
remaps these signals to distribute the light from various layers
to the appropriate phototransducer. At this point, SiPMs receive
light from the calorimeter segments and convert it into electri-
cal pulses. The electrical pulses are received on the QIE boards,
where integration and timing measurements are performed by
QIE chips and the digital results are transferred to two FPGAs.
These FPGAs are responsible for data formatting and for in-
terfacing between the ngCCM modules and the QIE chips. The
data are next sent o↵-detector by a GBT chip and Versatile Link
transmitter (VTTx) residing on the QIE board. Finally, the data
are transferred to the back-end electronics by a µHTR mod-
ule, and from there to the CMS data acquisition (DAQ) by an
AMC13 module [3].

Figure 6: The data flow in HB/HE through the front-end and the back-end
electronics to the CMS DAQ.

4. Installation of the HB Electronics

During the installation of the HB Phase 1 FE electronics, a
total of 36 RBXes, 144 RMs, 72 ngCCMs, 36 CUs, and nearly
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DocDB

https://cms-docdb.cern.ch/cgi-bin/DocDB/RetrieveFile?docid=13342&filename=HCAL-Depth-Segmentation-Phase1-HBHE-View-HBHEHFHO-v201706A.pdf&version=1


Timing at HCAL
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(4) TDC Response

The Performance Of The QIE10 Prototype 5   (140321)               Elliot Hughes     Rutgers University 15The QIE10 Prototype 5 Tests  (140507)                                             Elliot Hughes     Rutgers University 15The QIE10 Tests  (140507)                                                               Elliot Hughes     Rutgers University 15

The following sketch illustrates how the TDC functionality works:

The QIE10/11  (140604)                                                                         Elliot Hughes     Rutgers University 15

[3] E. Hughes

TDC (time to digital converter) identifies 
when in a bunch crossing the pulse 
arrives, with high sensitivity to the 
pulse rising edge

Timing readout added in Phase 1 
upgrade with the QIE11 (ASIC)

https://home.fnal.gov/~chlebana/CMS/Phase1/Elliot-Hughes.pdf
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Diving into HCAL Timing

Four TDC codes available for HCAL: 

00: Prompt (TDC ≤ 6 ns)
01: Slight delay (6 < TDC ≤ 7 ns)
10: Delayed (TDC > 7 ns)
11: No valid TDC (set in another bunch crossing)
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Phase Scan for Artificially “Delayed” Signals
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During collisions, scan HCAL clock to selectively adjust the timing of incoming jets



HCAL Alignment with Phase Scan
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Four TDC codes throughout timing scan: 
00: Prompt 
01: Slight delay 
10: Delayed 
11: No valid TDC 

 

The prompt timing distribution (blue) is maximized 
at the optimal time alignment (0 ns)
As pulses are moved later, more delayed (green 
and orange) TDC codes are seen
Alignment achieved to within 0.5 ns

June 2023 TDC-based alignment 

CMS DP-2023/043

https://twiki.cern.ch/twiki/bin/view/CMSPublic/Run3LLPHLT


Depth 1 Behavior

• Depth 1 behaves differently than other depths
• Lower prompt fraction that peaks before efficiency plateau
• Prompt rising edge is broadened due to tail of high EM fraction showers

• Thin layer, behind ECAL without HCAL absorber
• Showers reduced in later depths due to absorber

• Solution implemented for 2024
• Delay pulses by +3ns and widen prompt range
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CMS DP-2023/043

https://twiki.cern.ch/twiki/bin/view/CMSPublic/Run3LLPHLT


Comparison to Previous Time Alignment

Charge weighted time (CWT)
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3.5 Method for Time Alignment

Using the TDC code distribution is ideal for time alignment, as this can give alignment to within half a
ns. If pulses are vastly mis-aligned (ie, no valid TDC codes are seen within the SOI in a timing scan),
an approximation can be done by fitting the pulse shape to a Landau, and relying on the rising edge of
the Landau distribution. This can be done by defining a “turn on” point for the Landau(µ = 0,� = 1)
distribution (chosen to be 66% of the maximum value in this case), and then scaling for all other pulse shape
fits given the µ (most probable value) and � (measure of the spread) fit parameters:

TurnOn(µ,�) = µ+ � · TurnOn(0, 1) (1)

This method of fitting is most sensitive to cases where the is significant spillover into SOI-1, however,
only provides an approximate adjustment that is later refined with another timing scan and TDC code
analysis.

The per tower summed energy is also sensitive to the time alignment. In Run-3, HCAL uses the new PFA1’
algorithm, which subtracts a weighted fraction of the energy in SOI-1 from SOI. Thus, if the pulse arrival
time is in SOI-1, the summed energy is harmed both because the early energy is excluded from SOI, and
furthermore this will be subtracted from SOI. The early part of the pulse contains most of the electromagnetic
energy. However, instead of just maximizing ET in SOI, which is likely to put the rising edge in SOI-1, the
pulse rising edge should be as close to the SOI start as possible, so the full early energy is captured.

Figure 1: Diagram of the shifts produced by changing the QIE delays. As the QIE phase is shifted by -4ns,
the pulse is moved earlier (ie, toward SOI-1).

TO DO: TDC Threshold, not high enough to fire from PU, plots

Figure 4 shows the distribution of TDC codes as the QIE scan delay is increased. This shows the Gaussian
spread of arrival times of the rising edge of the pulse, within each QIE phase setting.

3.6 Charge Weighted Time (CWT) Alignment Comparison

Charge weighted time is defined by:

CWT =

P
i
Qi · i · 25P

i
Qi

i = 0...7 (2)

TDC timing is defined by:

TDC time = k · 25 + ti

2
(3)

where k is the index of TS with a valid TDC code, and ti is defined by the TDC LUT. ti is the average of
the times in the TDC code interval. This will be tp

2 , tp + 1, 26 + tp

2 for the three valid TDC ranges, and is
in half ns, thus the additional factor of two in the TDC time formula.
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TDC vs. CWT

• TDC is sensitive to the leading-edge pulse timing
• Very clean way of measuring pulse arrival time
• Straightforward alignment method with newly available timing information 

• CWT measures the mean of the pulse energy
• Very sensitive to pulse shape variations with depth and shower propagation
• 5.8 𝜆! in the HCAL: depths 3 and 4 have more hadronic shower fluctuations

• Depth dependent pulse shapes are being implemented
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Position Dependent Mis-alignments
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v. 2017-06-A
+7ns

-10ns

+5ns+2ns

-3 to -5ns

HCAL DocDB

-1 to -2ns

-5ns 0ns +2ns

Far-Reaching Impacts of HCAL Time Alignment

L. Thomas

• New HCAL timing alignment deployed in June 2023
• Misaligned HCAL has pulses arriving up to 10 ns early at high depth, high 𝑖𝜂
• HCAL barrel energy resolution improved by 10% after alignment 
• Adjustments significantly reduced L1 pre-firing

𝑖𝜂

https://indico.cern.ch/event/1337844/


Calorimeter Based LLP Reconstruction
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Segmented calorimeters are a powerful handle in LLP identification

Unique transverse and 
longitudal spread

Phase 1 HCAL upgrade segmentation + timing = excellent opportunity for LLP triggering



HCAL LLP Trigger

• Two handles for triggering on LLPs:
• Depth segmentation – the trigger algorithm 

identifies displaced jets, resulting from LLPs 
that decay inside the HCAL
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Signatures: energy deposited in deep calorimeter layers
 

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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Signatures: delayed time of arrival of hits in calorimeter
    energy deposited in deep calorimeter layers
Identify LLP L1 jets based on a cluster of flagged towers



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
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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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Signatures: delayed time of arrival of hits in calorimeter
    energy deposited in deep calorimeter layers
Identify LLP L1 jets based on a cluster of flagged towers
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0

HCAL LLP Trigger

• Two handles for triggering on LLPs:
• Depth segmentation – the trigger algorithm 

identifies displaced jets, resulting from LLPs 
that decay inside the HCAL
• Timing information (TDC) – identify delayed 

jets, resulting from the decay of massive 
LLPs

• Create LLP flagged L1 jets 
• Require a cluster of timing or depth flagged 

towers within the jet
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Signatures: energy deposited in deep calorimeter layers
    delayed time of arrival of hits in calorimeter



LLP Trigger Pathway: HCAL through L1
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HCAL TDC in 6:2 bits

HCAL IGLOO2 LUT defines 3 timing 
ranges
00 = Prompt
01 = Delay 1
10 = Delay 2
Set per 𝑖𝜂, depth

HCAL uHTR sends 6 bits to L1 6:1

6 fine grain bits from uHTR are set based 
on TDC and energy measurements
Calo L1 applies 6:1 LUT, requiring either 
depth or timing flag set (with prompt veto) 
and forwards to Calo L2 jet algorithm

TDC Code TDC Code Fine grain bits LLP flag

Per HCAL Cell Per Trigger Tower Per L1 Jet

Jet LLP flag

LLP jet flag set if jet contains ≥ 𝟐 
LLP towers in 9x9 jet region

L1 Accept after jet and HT energy 
requirements applied
5 L1 pathways (single, double jet)
15 HLTs seeded with L1 LLPs

Depth OR Timing = bit0 || (!bit1 && (bit2 || bit3))



LLP Flagged TP Performance with Timing Scan
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Delayed tower efficiency vs. phase offset
• High sensitivity to pulse timing: delayed 

timing tower efficiency greatly increases 
between 0-6 ns, as expected with prompt 
timing range set at 6 ns

CMS DP-2023/043

https://twiki.cern.ch/twiki/bin/view/CMSPublic/Run3LLPHLT


LLP L1 Jet Performance with Timing Scan
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LLP-flagged L1 delayed jet fraction vs. jet ET 
by phase offset
• Fraction reaches 1 as phase delay is increased
• Implicit requirement for a jet to have two cells 

with ET > 4 GeV sculpts the distribution with 
respect to L1 jet ET

CMS DP-2023/043

https://twiki.cern.ch/twiki/bin/view/CMSPublic/Run3LLPHLT


Sensitivity of Triggers to Time Offsets
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Sensitivity of Triggers to Time Offsets

23 June 2023 Gillian Kopp 16
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L1 LLP rates maximized when all 
jets are pushed into delayed region

The total trigger rates of the five L1 LLP triggers during the 2023 HCAL phase scan demonstrate the strong dependence of LLP trigger rate on HCAL timing. 
Relative QIE11 phase values during the scan are shown, including a reference point of the 0 ns in early 2022 data-taking, while the 0 ns point of the phase 
scan is the recommended 2023 HCAL time alignment. L1 LLP trigger rates are maximized at HCAL timing delay of +6 ns, as jets have been pushed into the 
delayed region. At higher HCAL timing delays, the LLP trigger rates are decreased, as a significant amount of the jet energy is pushed into the subsequent 
bunch crossing. At optimal time alignment, the trigger rates for the five L1 LLP triggers implemented have a prescaled rate below 1 kHz. The trigger rates 
are shown vs. lumisection, which is a sub-section of a run (~23.3 seconds) during which time the instantaneous luminosity is unchanging.

Phase scan (2023 collisions) data
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CMS DP-2023/043

Rates have strong dependence on timing – two orders of magnitude 
suppression for the double jet trigger! Total HCAL LLP L1 trigger rates are ~1 kHz.

https://twiki.cern.ch/twiki/bin/view/CMSPublic/Run3LLPHLT


Conclusions
• Calorimeter timing information (TDC) used for new HCAL time 

alignment procedure
• Alignment to within 1 ns achieved
• Improved HCAL energy resolution

• L1 LLP trigger uses the new depth and timing capabilities of HCAL 
• Expands LLP phase space sensitivity into otherwise difficult regions
• First L1 trigger use of the HCAL segmentation
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Thank you!

Questions?

20 May 2024 Gillian Kopp      |      CALOR2024 20



Backup
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The Compact Muon Solenoid Experiment
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Layers of cylindrical detectors: 
• Silicon tracker
• Electromagnetic calorimeter
• Hadron calorimeter (HCAL)
• Superconducting solenoid
• Muon chambers

T. Sakuma, T. McCauley

https://arxiv.org/abs/1311.4942


Particle Detection in CMS
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HCAL Layers and Depths
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HCAL Interaction Lengths
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support). The materials in each layer are:

• Layer 0: 9 mm scintillator, 61mm stainless steel.

Note that this layer has a larger scintillator directly behind ECAL to capture low energy shower-

ing particles from support material between HCAL and ECAL. In addition, there is no absorber

before the scintillator (no dead material), but a significant shower can develop from the ⇡ 1 in-

teraction length provided by ECAL. HCAL depth 1 is unique because it also contains a neutral

density filter.

• Layer 1-8: 3.7 mm scintillator, 50.5 mm brass

• Layer 9-14: 3.7 mm scintillator, 56.5 mm brass

• Layer 15+16: 3.7 mm scintillator, 75 mm stainless steel, 9mm scintillator

The layers are combined in four groups, forming the four depths of the upgraded HB. Depth 1 is

comprised only of layer 0, depth 2 of layers 1-4, depth 3 of layers 5-9, and depth 4 of layers 10-16 as

shown in Figure 3.5. Knowing the composition of each layer allows the number of interaction lengths

in each depth to be calculated. An interaction length (�I) is the mean distance a hadron travels

before being absorbed in the material due to a nuclear interaction. In HB, the average hadronic

interaction length is 16.42 cm. Each barrel depth can be measured in terms of how many interaction

lengths it contains, detailed in Table 3.1 and calculated from the specifications in [16].

At 90 degrees (i⌘ = 1, �1), the HB absorber thickness is 5.82 �I [30]. The interaction lengths

increase with ⌘ as 1/sin ✓ and reach 10.6 �I at ⌘ = 1.3 (end of HB) due to the larger volume of

material traversed at the high ⌘ regions. The ECAL in front of the HCAL also contributes about

1.1 �I of material [16].

Depth 1 Depth 2 Depth 3 Depth 4

�I (brass) - 1.23 1.57 1.72
�I (steel) 0.58 - - 0.72
�I (total) 0.58 1.23 1.57 2.44

Table 3.1: 14 layers of brass (743 mm) gives 4.53 interaction lengths. Stainless steel (136 mm)
would need to provide 1.3 interaction lengths to achieve 5.82 total interaction lengths [30]. Given
this assumption, this table estimates the interaction lengths per depth.

Run-3 HCAL Upgrade and Segmentation

During the Phase 1 upgrade of the CMS HCAL, the barrel was upgraded from hybrid photodi-

odes (HPDs) to silicon photomultipliers (SiPMs) from Hamamatsu Photonics. SiPMs have higher

31

TDR (page 199)
Sunanda can help derive radial 
distances in HB in CMSSW 
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Figure 3.5: Diagram of the radial distances to each depth layer in HCAL, computed from the values
in [29].

photodetection e�ciency and significantly larger gains than HPDs, resulting in an improved signal-

to-noise performance. The improved performance of SiPMs over HPDs allows for an increase in

the number of readout channels, allowing for enhanced depth segmentation [34]. The new front-end

electronics support the increased granularity and record precise time and energy measurements at

each depth layer (4 depths in the barrel, up to 7 depths in the endcap, in Figure 3.6). The trigger

development and implementation presented here exploit this finer segmentation availability.

In Run-3 (2022-2025), there are four depth layers available in the HCAL barrel region (HB), and

up to seven depth layers available in the HCAL endcap (HE) region, as shown in Figure 3.6. The

depth segmentation of the barrel region is a new capability not available in Run-2. The information

available from the HCAL at the L1 trigger includes tower transverse energy (ET , reported in ADC

counts) and TDC measurements at each cell. The total energy of a trigger tower is found by summing

the energy of each cell in the tower, and the noise per trigger tower is ⇡ 200 MeV. Run-3 uses a new

pulse shape filter algorithm, PFA1’, for HCAL energy reconstruction. This is designed to reduce the

out-of-time (OOT) pileup contributions by subtracting a baseline from the time slice of interest and

is based on a single time slice instead of the two time slice energy reconstruction previously used.

PFA1’ also demonstrates better agreement between the trigger primitive energy values and o✏ine

energy reconstruction [22].

HCAL Detector Geometry

Figure 3.6 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 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
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support). The materials in each layer are:

• Layer 0: 9 mm scintillator, 61mm stainless steel.

Note that this layer has a larger scintillator directly behind ECAL to capture low energy shower-

ing particles from support material between HCAL and ECAL. In addition, there is no absorber

before the scintillator (no dead material), but a significant shower can develop from the ⇡ 1 in-

teraction length provided by ECAL. HCAL depth 1 is unique because it also contains a neutral

density filter.

• Layer 1-8: 3.7 mm scintillator, 50.5 mm brass

• Layer 9-14: 3.7 mm scintillator, 56.5 mm brass

• Layer 15+16: 3.7 mm scintillator, 75 mm stainless steel, 9mm scintillator

The layers are combined in four groups, forming the four depths of the upgraded HB. Depth 1 is

comprised only of layer 0, depth 2 of layers 1-4, depth 3 of layers 5-9, and depth 4 of layers 10-16 as

shown in Figure 3.5. Knowing the composition of each layer allows the number of interaction lengths

in each depth to be calculated. An interaction length (�I) is the mean distance a hadron travels

before being absorbed in the material due to a nuclear interaction. In HB, the average hadronic

interaction length is 16.42 cm. Each barrel depth can be measured in terms of how many interaction

lengths it contains, detailed in Table 3.1 and calculated from the specifications in [16].

At 90 degrees (i⌘ = 1, �1), the HB absorber thickness is 5.82 �I [30]. The interaction lengths

increase with ⌘ as 1/sin ✓ and reach 10.6 �I at ⌘ = 1.3 (end of HB) due to the larger volume of

material traversed at the high ⌘ regions. The ECAL in front of the HCAL also contributes about

1.1 �I of material [16].

Depth 1 Depth 2 Depth 3 Depth 4

�I (brass) - 1.23 1.57 1.72
�I (steel) 0.58 - - 0.72
�I (total) 0.58 1.23 1.57 2.44

Table 3.1: 14 layers of brass (743 mm) gives 4.53 interaction lengths. Stainless steel (136 mm)
would need to provide 1.3 interaction lengths to achieve 5.82 total interaction lengths [30]. Given
this assumption, this table estimates the interaction lengths per depth.

Run-3 HCAL Upgrade and Segmentation

During the Phase 1 upgrade of the CMS HCAL, the barrel was upgraded from hybrid photodi-

odes (HPDs) to silicon photomultipliers (SiPMs) from Hamamatsu Photonics. SiPMs have higher
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Approximation of interaction lengths per depth, based on brass and steel absorbers.



HCAL Alignment with Phase Scan
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Four TDC codes throughout timing scan: 
00: Prompt (TDC ≤ 6 ns)
01: Slight delay (6 < TDC ≤ 7 ns)
10: Delayed (TDC > 7 ns)
11: No valid TDC (set in another bunch crossing)

The prompt timing distribution (blue) is maximized 
at the optimal time alignment (0 ns)
As pulses are moved later (increasing phase 
offset), more delayed (green and orange) TDC 
codes are seen
New TDC-based HCAL alignment improves over 
previous methods, which are biased by pulse 
shape differences across 𝑖𝜂 and depths.

June 2023 TDC-based alignment 
Consistent pulse arrival time across detector

CMS DP-2023/043

https://twiki.cern.ch/twiki/bin/view/CMSPublic/Run3LLPHLT


Charge Weighted Time

• CWT is re-weighted and linearized for optimal use as a timing estimator
• Reweighting and calibration procedure relies on alignment known from TDC 
• TDC is a fundamentally accurate measurement of the time of the pulse leading edge 

and does not assume a uniform pulse shape spanning bunch crossings

• CWT assumes identical pulse shapes spanning multiple bunch crossings
• Reweighting accounts for different pulse shapes in each depth
• Calibration enforces 1-1 linearity between QIE phase and CWT
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3.6 Charge Weighted Time (CWT) Alignment Comparison

Charge weighted time is defined by:

CWT =

P
i Qi · i · 25P

i Qi
i = 0...7 (3)

However, CWT assumes that pulse shapes are the same across the whole detector. The above formula is
biased by late fluctuations in the hadronic shower. CWT essentially tries to keep the SOI

SOI+1 energy ratio
consistent across the detector, at the loss of sensitivity to the rising edge. In contrast, for a given pulse shape,
TDC peak and energy ratios are linear in time delay, and there is no assumption on pulse shape.

From the QIE scan data, the dependence of CWT vs. pulses delay (in 2 ns steps) is investigated. For
pulses with over 5000 fC of total charge across the 8 timeslices, CWT is computed for each depth and QIE
delay.

Figure 7: CWT from Equation 3, split by depth and QIE delay in HB.

In Figure 7, it is clear that depth 1 behaves very di↵erently than later depths. Depth 1 has lower CWT
values, due to a cleaner pulse shape and fewer late time fluctuations. Additionally, for all depths the slope
is not 1. When QIE phase changes by 4 ns, CWT should also change by 4 ns.

The di↵erence in late time fluctuations by depth is clear from the SOI+1
SOI and SOI�1

SOI plots, in Figure 8a,b.
Depth 1 has less charge in SOI+1, due to faster falling tails. As CWT assumes the same pulse shape for
each depth, this means that achieving the same CWT value for each depth requires pushing the depth 1
pulse very late in SOI.

To correct for the pulse shape e↵ects in CWT, we derive a re-weighting and calibration procedure. First, the
pulse shape used to calculate CWT is re-weighted. This is done by introducing a vector of weight factors
(depth and timeslice dependent) into CWT, wi,depth:

CWTdepth =

P
i Qi · i · 25 · wi,depthP

i Qi · wi,depth
i = 0...7 (4)

and after re-weighting, a calibration (slope correction) is applied from a linear fit to CWTdepth, giving the
slope and intercept mdepth and bdepth. This gives the final calibrated CWT as:
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Calibrated CWTdepth =
1

mdepth
· CWTdepth + bdepth

 
1� 1

mdepth

!
(5)

Where the CWT at QIE phase of 0 is unchanged, and now there is a one-to-one correspondence between
changes in the QIE phase setting and the CWT result.

wi=2,depth and wi=4,depth (SOI-1 and SOI+1) are determined from SOI�1
SOI and SOI+1

SOI , while all other weights
are 1, resulting in:

wi,depth =
⇥
1, 1, wi=2,depth, 1, wi=4,depth, 1, 1, 1

⇤
(6)

wi=2,depth =
ideal(i = 2)

SOI�1
SOI

(7)

wi=4,depth =
ideal(i = 4)

SOI+1
SOI

(8)

where ideal(i = 2) and ideal(i = 4) are the selected ideal charge ratios between SOI�1
SOI and SOI+1

SOI , respec-
tively, at QIE phase of 0. Deriving the weights based on the SOI±1

SOI ratios normalizes the pulse shapes
to be more uniform in shape across depths, to align with the assumptions of CWT. Given these weights,
the SOI-1 and SOI+1 plots are reweighted, in Figure 8c,d. This is done with selected ideal ratio values of
ideal(i = 2) = 0.05 and ideal(i = 4) = 0.45. The determined weights values are:

wi,depth Depth 1 Depth 2 Depth 3 Depth 4
i=2 0.543 0.918 1.03 1.07
i=4 1.25 1.04 1.02 0.991

Table 3: Weights wi=2,depth and wi=4,depth, determined with ideal(i = 2) = 0.05 and ideal(i = 4) = 0.45 at
QIE o↵set 0ns. All other values in the weights vector are 1. For i⌘ = �15 to 15 inclusive.

wi,depth Depth 1 Depth 2 Depth 3 Depth 4
i=2 0.451 1.01 1.17 1.30
i=4 1.34 1.04 1.08 1.05

Table 4: Weights wi=2,depth and wi=4,depth, determined with ideal(i = 2) = 0.05 and ideal(i = 4) = 0.45 at
QIE o↵set 0ns. All other values in the weights vector are 1. For i⌘ = �8 to 8 inclusive.

wi,depth Depth 1 Depth 2 Depth 3 Depth 4
i=2 0.382 0.811 0.827 1.02
i=4 1.36 0.957 1.01 0.986

Table 5: Weights wi=2,depth and wi=4,depth, determined with ideal(i = 2) = 0.05 and ideal(i = 4) = 0.45 at
QIE o↵set 0ns. All other values in the weights vector are 1. For i⌘ = �1 only.

Using the re-weighting and calibration, a final CWT is determined, plotted in Figure 9. This calibrated
CWT is now linear in QIE delay, and much more consistent per depth.

The final correction applied is a depth dependent o↵set.

3.7 Timing Reconstruction O✏ine

TO DO:
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HCAL Timing Alignment
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• TDC is a very clean way of measuring pulse arrival time
• Accurate alignment is vital both for TDC and energy measurements, 

particularly with new HCAL PFA1’ scheme
• Too early means TDC not set in SOI, too late means energy is under-reported

• Straightforward alignment method
• TDC threshold is low, but does not fire from PU
• Plot distribution of TDC times for each channel
• Adjust delays so that arrival time distributions (given a minimum pulse height 

and low TDC threshold) are the same relative to clock edge

• TDC is linear in clock delay, and makes no pulse shape assumptions 


