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The CMS endcap calorimeter upgrade for the high-luminosity LHC (HL-LHC) uses, for the most
part, silicon sensors to achieve radiation tolerance, with the further benefit of a very high readout
granularity. Developing a reconstruction sequence that fully exploits the granularity, and other
significant features of the detector like precision timing, is a challenging task. The aim is for
operation in the high pileup environment of HL-LHC. An iterative clustering framework (TICL)
is being developed. This takes as input clusters of energy deposited in individual calorimeter
layers delivered by an “imaging” algorithm which has recently been revised and tuned to deliver
excellent performance. Mindful of the projected extreme pressure on computing capacity in the
HL-LHC era the algorithms are being designed with GPUs in mind. In addition, reconstruction
based entirely on machine learning techniques is being developed and studied. This talk will
describe the approaches being considered and show first results.
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1. Introduction

The high luminosity phase of the LHC (HL-LHC) will allow full exploitation of the potential
of the collider and further exploitation of the rich physics program [1]: precision SM measurements
and Higgs properties, as well as search for new physics.
This phase will start in about eight years (2026), and from the start will represent a large increase
of instantaneous luminosity, by more than four times compared to Run3. This will pose challenges
for the detectors, both in terms of high radiation and high pileup, with up to 200 interactions per
bunch crossing. In such a harsh environment, radiation hardness and high granularity will be the
fundamental requirements to allow operation at high luminosity, and precision timing, at the level
of few tens of picoseconds, will be a key innovative tool to exploit [2].
In addition to the operational challenges, the needs from physics at the HL-LHC will imply the
reconstruction of boosted topologies and VBF production mechanisms in the forward region. All
this requires high granularity, fundamental to identify and reconstruct collimated objects, good
coverage in the forward region, also to support the upgrade of the tracker extended to |η | of about
4, and excellent reconstruction and identification of jets. Calorimetry in the forward region will
play a fundamental role for physics, and to preapare for this, the CMS experiment [6] will upgrade
its endcap calorimeters, replacing them with the High Granularity Calorimeter (HGCAL).

2. The High Granularity Calorimeter

The HGCAL detector [3] is designed with a sampling structure. It comprises an electromag-
netic section (CE-E) of 28 layers, covering 25 X0 and corresponding to 1.3 λ , and it is followed by
a hadronic section (CE-H) of 22 layers, for a total depth of about 10 λ . A schematic view of the
design is given in Fig. 1, on the left. The choice of the sensitive material depends on the expected
levels of radiation, with silicon sensors used in the innermost layers and at high eta, while plastic
scintillators are exploited in the rest. Two key elements of the HGCAL are the fine longitudinal
readout segmentation, with each layer read out individually, and the high transverse granularity,
with about 6 millions of silicon channels, of 0.5 or 1 cm2 in size. A distinctive feature of the
calorimeter is the hexagonal shape of the silicon sensors. This choice, made to minimize the costs
from cutting the circular silicon wafers, results in increased difficulty to design the readout elec-
tronics and in the challenge to deal with an hexagonal geometry in the reconstruction. A picture of
a prototype module is shown in Fig. 1, on the right.

3. Reconstruction at the HL-LHC

The high granularity of the HGCAL is ideal to help the pattern recognition and improve the
separation of nearby showers. For illustration, a two-component event from 300 GeV electron
beam reconstructed during the 2018 HGCAL beam tests is shown in Fig. 2.
At 200 pileup, where the average transverse energy deposit per unit area (in η ,φ ) amounts to
200 GeV, the ability to identify and accurately measure VBF jets in distinction to jets arising from
pileup will have to exploit the combined information of longitudinal and transverse shower profiles.
For example, as shown in Fig. 3, pileup jets cluster more energy in the first layers and are less
contained radially.
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Figure 2.7: Six-inch module on carrier plate prior to wirebonding and encapsulation. The elec-
tronics packages seen on the PCB are four SKIROC2-CMS front end readout chips, used for the
beam test, and an FPGA. The corners of the PCB and the sensor under the PCB are removed to
provide direct access to the mounting holes on the baseplate.

A 105 µm thick Kapton foil coated with a thin layer of gold is epoxied to the baseplate, very
nearly covering it completely. The thin layer of gold, on the exposed side of the Kapton, is used
to provide the HV bias connection to the sensor back-plane through a conducting epoxy bond.
The Kapton itself provides electrical insulation of the sensor back-plane from the baseplate,
which is held at ground.

The silicon sensors and the hexaboard are hexagonal with small cutouts at each of the six cor-
ners. The cutouts provide access to the positioning and mounting holes in the baseplate. They
also provide access to a portion of the Kapton-Au layer for wirebond connections to the hex-
aboard, for the biasing of the sensor back-plane. The hexaboard will contain the HGCROC
front-end readout ASICs (Section 3.1.2). The signals from the sensor pads are routed to the
HGCROC for on-board signal digitization. Holes in the hexaboard expose the region around
the intersections of groups of up to four pads. The layout of the module hexaboard for a 432
channel sensor, and a zoomed view of the wirebond holes, are shown in Fig. 2.8.

The baseplate, Kapton, silicon sensor, and hexaboard are bonded together with epoxy to form
a single physical unit. Sets of multiple wirebonds are made between an Au bonding pad on the
hexaboard and each sensor pad, the Au-Kapton layer that provides backplane biasing, and the
sensor guard rings. The wirebonds are protected by encapsulating them with a clear, radiation
tolerant silicon elastomer. An example of the wirebonds in the prototype modules for beam
tests is shown in Fig. 2.9. An automated assembly process has been developed with high-rate
production in mind; it is fully described in Section 7.2.

A rigorous quality control system is necessary to achieve high yield during production; this is
described in Section 7.2.2.2.

2.3 Plastic scintillators and photodetection
As previously stated, the replacement of the hadronic section of the current CMS endcap calori-
meter (HE) is required due to the significant signal loss that will occur even before the HL-LHC
running period begins. The specifications for the scintillator section of the HGCAL are driven
by the requirement that it be possible to calibrate the detector throughout its life using MIPs.

Figure 1: On the left: Schematic view of the High Granularity Calorimeter design. On the right: Six-inch
module prior to wirebonding and encapsulation. The electronics packages seen on the PCB are four front
end readout chips, used for the beam test, and an FPGA. The corners of the PCB and the sensor under the
PCB are removed to provide direct access to the mounting holes on the baseplate
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Figure 2: Two-component event from 300 GeV electron beam reconstructed during the 2018 HGCAL tests

The HGCAL also provides a time information for all silicon cells with energy above a given thresh-
old (about 12 fC), and with a precision that depends on the amount of deposited energy. This intrin-
sic information leads to high timing precision on full showers, by exploiting the high multiplicity of
hits: with a minimum of several tens for photon showers at 2 GeV in pT and about 10 for hadrons.
In ideal conditions, the time resolution achievable for full showers is about 20 ps for electromag-
netic showers with pT > 2 GeV and below 30 ps for hadron showers with pT > 5 GeV. The use
of timing information in a 5D (position, energy, time) reconstruction has great potential for pileup
mitigation, as shown in Fig. 4: a simple selection based on the time compatibility strongly reduces
the hits density and suggests a jet reconstruction and energy estimate less affected by pileup.
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5.1. Reconstruction and detector performance 81

pileup conditions. The events examined consist of pure pileup, and the small amount of energy1713

visible in the zero pileup case is due to zero-suppressed noise. It can be seen that a substantial1714

transverse energy, ET, is deposited in a unit area: in an event with a mean of 200 pileup interac-1715

tions per bunch crossing, this amounts to about 200 GeV. A larger fraction of the energy in jets1716

reconstructed from pure pileup, as compared to energy in quark jets, is deposited in the earlier1717

part of the calorimeter, as pileup is, in general, composed of softer particles. This can be seen1718

in Fig. 5.9 (right) where the transverse energy reconstructed as having been deposited, layer-1719

by-layer, in the calorimeter in quark jets of ET = 100 GeV, 2 < |h| < 2.5, is compared to that in1720

jets from pileup. The lateral energy containment as a function of radius can be seen in Fig. 5.101721

for the electromagnetic (EE), the first 12 (FH) and the last 12 (BH) layers of the hadronic parts1722

of the calorimeter. The narrowness of the quark jets as compared to those created by pileup is1723

clearly evident, especially in the electromagnetic section.1724
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Figure 5.9: Pileup characteristics: (left) transverse energy per unit area in h, f space as a func-
tion of pseudorapidity for events with no pileup (green), a mean of 140 (blue), and 200 (red)
pileup interactions per bunch crossing; and (right) transverse energy deposited as a function
of calorimeter layer, by quark jets (blue-outlined histogram), and by jets reconstructed from
pileup (red-outlined histogram). The jumps in energy after the 28th and 40th layers are due to
increases in absorber thickness, resulting in corresponding changes to the energy deposited.
FIXME: Righthand plot to be redone.

The transverse energy fraction contained in areas of various size for quark jets and for jets made1725

from pileup is compared in Fig. 5.11. The jets are reconstructed using the anti-kT algorithm with1726

R = 0.8, and the ET fraction contained in concentric circles in h, f space is plotted as a function1727

of the radius. In the left plot the containment is shown for different quark jet pT, and in the1728

right plot quark jets with pT = 50 GeV, 2.0 < |h| < 2.5, are compared to jets made from pileup1729

interactions.1730

From Figs. 5.9 and 5.11 it is evident that in order to define an optimal distance parameter for1731

best calorimetric energy resolution, a balance has to be struck between the loss of resolution due1732

to integration of pileup energy and that due to loss of energy out of the region. Furthermore1733

the value of the optimal distance parameter can change from one longitudinal layer to another.1734

Taking account of these observations the energy resolution of quark jets has been studied using1735

the anti-kT algorithm, with differing distance parameters, R. The expected average contribution1736

from pileup, on an event by event basis, is estimated with the r parameter and the jet area as1737
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with R = 0.8, and the ET fraction contained in concentric circles in h, f space is plotted as a1720

function of the radius. In the left plot the containment is shown for different quark jet pT, and1721

in the right plot quark jets with pT = 50 GeV, 2.0 < |h| < 2.5, are compared to jets made from1722

pileup interactions.1723
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Figure 5.11: Transverse energy fraction contained as a function of radius, DR, (left) for quark
jets of various pT, and (right) a comparison of quark jets and jets made from pileup interactions.
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From Figs. 5.9 and 5.11 it is evident that in order to define an optimal distance parameter for1724

best calorimetric energy resolution, a balance has to be struck between the loss of resolution due1725

to integration of pileup energy and that due to loss of energy out of the region. Furthermore1726

the value of the optimal distance parameter can change from one longitudinal layer to another.1727

Taking account of these observations the energy resolution of quark jets has been studied using1728

the anti-kT algorithm, with differing distance parameters, R. The expected average contribution1729

from pileup, on an event by event basis, is estimated with the r parameter and the jet area as1730

inputs, and can be subtracted from the reconstructed jet. The r parameter is the median ET per1731

unit area in the event, calculated at the same pseudorapidity as the jet. Figure 5.12 (left) shows1732

the response, the ratio of the reconstructed energy over the generated energy of a quark jet, for1733

different values of R, and pT. It can be seen that the ak4 algorithm (i.e. the anti-kT algorithm1734

with distance parameter R = 0.4) picks up a large amount of pileup energy if no r correction is1735

applied. This energy can be subtracted, to a large extent, by applying the r correction (Fig. 5.121736

(right)) but at the price of introducing a substantial non-linearity. However, the ak2 (R = 0.2)1737

algorithm, working on a much smaller area, picks up much less pileup energy and does not1738

appear to benefit much from the application of the r correction. It is very encouraging to1739

note that the stand-alone energy resolution, using the ak2 algorithm, is sufficiently good in an1740

environment of high pileup. The ak2 algorithm gives almost the same energy resolution with1741

or without the rho correction, and is sufficiently immune to pileup, this can be seen in Fig. 5.131742

which shows the energy resolution found, as a function of pT, with and without pileup when1743

different distance parameters are use in the /akt algorithm.1744

It should be noted that the fine lateral and longitudinal granularity allows a dynamic definition1745

of the axis of the jet (as there are no large size towers) and of R to suit the local environment1746

of the particular jet being measured. No optimisation has been carried out, nor use made of1747

the detailed longitudinal or lateral information available. Algorithms more suited to a high1748

Figure 3: On the left: transverse energy deposited as a function of calorimeter layer, by quark jets (blue),
and by jets reconstructed from pileup (red). On the right: transverse energy fraction contained as a function
of distance, ∆R, for quark jets (blue) and jets made from pileup interactions (red). Plots from TDR [3].
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Advantage of precision timing
• Potential for 5D reconstruction using timing information  

• Very powerful for pileup mitigation 
- density of hits drastically reduced  
- jet reconstruction and energy estimate less affected by pileup  

• Benefit for global particle ID exploiting time compatibility between measurements  
=> i.e. with MTD (see talk by Adi) 
- Time compatibility = dT between measurements = time-of-flight(ID, track length)
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Status of EK+ HE Reco
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(CERN-PH)

Upgrade TP meeting
On behalf of the GED working team 
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energy estimation less affected by the presence of pileup.
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Figure 5.29: Hits with a charge > 12 fC, projected to the front face of the calorimeter: (upper
plot) without a timing requirement, and (lower plot) after removal of hits with |Dt| > 90 ps.

5.5.2 Vertex location using precision timing

The timing information can be used to localize the vertex of the triggered hard interaction, e.g.
the vertex of the production of the Higgs boson that decays into two photons–the most diffi-
cult case. To illustrate this case we reproduce below two plots from the MIP Timing Detector
Technical Proposal [35].

Owing to the good timing resolution for high energy photons in the barrel and the HGCAL
endcap electromagnetic calorimeters, for 50% of the H ! gg events, i.e. those with a pseudo-
rapidity separation Dhgg > 0.8, the vertex is well localized by triangulation (Fig. 5.30 (upper
plot)), and the mass resolution is unaffected by the angular component in the evaluation of the
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the vertex of the production of the Higgs boson that decays into two photons–the most diffi-
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Technical Proposal [35].

Owing to the good timing resolution for high energy photons in the barrel and the HGCAL
endcap electromagnetic calorimeters, for 50% of the H ! gg events, i.e. those with a pseudo-
rapidity separation Dhgg > 0.8, the vertex is well localized by triangulation (Fig. 5.30 (upper
plot)), and the mass resolution is unaffected by the angular component in the evaluation of the

∆time < 90ps cut

VBF jet
γ

VBF H->γγ in 200PU

Figure 4: Hits with time in the HGCAL, projected to the front face of the calorimeter, in a event of VBF
Higgs → γγ in 200 pileup. On the left: without a timing requirement. On the right: after removal of hits
with |∆ t|>90 ps. Plots from TDR [3].

3.1 HGCAL reconstruction for HL-LHC

The HGCAL detector offers the opportunity to design a reconstruction that fully profits from
the high level of information available. The goal is to exploit the distinctive features of shower
developments to target the reconstruction of several particles that interact differently in the detec-
tor: for example hadron showers show a peculiar lumpy structure, not present for electromagnetic
showers. This will be achieved by developing a local reconstruction that is particle-flow [4] based.
Particle-flow reconstruction is a well established technique, fully adopted by CMS: it combines
the information from different subdetectors (tracker and calorimeters in primis) to provide the best
identification and precise energy estimate of reconstructed particles. The HGCAL provides a 5D
image of the shower with high granularity, and it is ideal for this.
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In the first step of the local reconstruction layer clusters (2Dcl) are built, with an algorithm based
on the local energy density of the reconstructed hits [5]. The result of this is shown on the left in
Fig. 5, where two adjacent clusters are identified and reconstructed, each around an high energy
density core. The following step is to connect compatible 2Dcl over layers, to build 3D showers:
this is done in the iterative clustering framework (TICL), where each iteration produces a collec-
tion of 2Dcl aligned as a track (trackster). Each iteration is realized in consecutive steps. First, a
seeding region is defined: this could be from track extrapolation if the target is a charged particle,
or self-seeded for unconverted photons. The pattern recognition step follows: this aims at con-
necting the compatible 2Dcl in the identified region. A schematic example is given in Fig. 5, on
the right. Currently it is designed to only use geometric compatibility criteria, with the extension
to include energy and time planned for the future developments. The following step of linking
and cleaning classifies the reconstructed particles, with an ID assigned in terms of probability, and
where machine-learning tools are exploited. The final step allows masking of the hits of the objects
successfully found in the present iteration, from the collection passed to the subsequent iteration,
thus reducing combinatoric confusion in later iterations. All the algorithms are designed with par-
allelism in mind, and to run on GPUs.
Modified Algorithm - How did it look like before?

Figure: 2 Clusters, Layer 13 Figure: 2 Clusters, Layer 13

Halo Logic finally manifests its dark-grey side

6th March 2019, HGCAL DPG, Layer Cluster Studies 40

Modified Algorithm - Critical Distance 13mm

Figure: 2 Clusters, Layer 13 Figure: 2 Clusters, Layer 13

Halo Logic finally manifests its dark-grey side

6th March 2019, HGCAL DPG, Layer Cluster Studies 39

First Iteration: MIP-like Objects

• The first iteration aims at
reconstructing track-like objects
within HGCAL

• The inputs are all MIP-like
layerClusters

• Self seeded, use Cellular Automaton
Pattern Recognition

• Allow for at most 3 missing layers
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.
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R .
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#H2

ij
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.
Qm#H2i8

Figure: A reconstructed µ traversing the
full HGCAL

31st January 2019, HGCAL Annual Review, Status and framework development 12

Figure 5: On the left: layer clustering at work. Reconstructed hits are shown with colours representing their
energy. The resulting adjacent clusters identified are then shown with colours representing the 2Dcl. On
the right: schematic example of the pattern recognition algorithm currently used in TICL, where doublets of
compatible 2Dcl are built in consecutive layers.

As an example, Fig. 6 shows the two reconstructed electrons from a photon conversion. This
result is obtained with the self-seeded iteration in absence of pileup and it clearly shows the clean
separation of the two nearby showers and their energy development, achieved thanks to the fine
granularity and segmentation of the HGCAL.
In Fig. 7, all the tracksters reconstructed by the self-seeded iteration for an event with a single pion
(pT = 10 GeV, η = 1.7) in 200 pileup are shown in blue-ish in one HGCAL endcap. In this context,
the use of a track seeded iteration is useful to help the reconstruction of showers initiated by charged
hadrons, by reducing the combinatorics. In this example, high quality tracks, with pT > 5 GeV, are
selected to seed the pattern recognition, and the resulting reconstructed tracksters are highlighted
by the pink contour in the same figure: one corresponds to the charged pion from the hard process,
the other is from a pileup hadron whose track satisfies the seeding criteria. With loose seeding
criteria all particles can be tracked and linked to reconstructed showers in the calorimeter: an
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Two Shower Separation [Link]

Figure: Reconstructed e+e− showers from converted γ

13th March 2019, HGCAL Workshop, MR Reconstruction Overview and plans 18

e+ e- showers from γ conversion

Figure 6: e+e− showers from γ conversion. On the left: the color represents the particle, to evidence the
separation of the nearby showers. On the right: the color refers to the energy of the 2Dcl, to highlight the
high energy cores in the depths of the showers.

optimal working point has to be found to balance reconstruction efficiency with the disadvantages
of high combinatorics.

Two Shower Separation [Link]

Figure: Reconstructed e+e− showers from converted γ

8th May 2019, HGCAL P2UG Review, Reconstruction Software: Present and Future 15

π+ [pT 10GeV, η 1.7]

[2]

[1]

Figure 7: Event display of the reconstructed clusters in the HGCAL, for an event with a single pion in 200
pileup. Only one half of the detector is shown. The reconstructed track associated to the pion from the hard
process is shown in green. All the tracksters reconstructed with the unseeded iteration are shown in blue.
The two tracksters reconstructed with a track seeded iteration are highlighted by a pink contour.

The full reconstruction will benefit from machine learning techniques to improve particle identifi-
cation and the shower shape estimate of the reconstructed tracksters. For example, this will allow
masking of the identified electromagnetic tracksters, obtained with an unseeded iteration, and re-
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duce the ingredients used by subsequent iterations. A first full reconstruction sequence is under
development, aiming for a first full prototype to reconstruct the objects found in the calorimeter in
high pileup conditions.

4. Conclusion

The High Granularity Calorimeter for the HL-LHC is a very ambitious project. Reconstruction
in the calorimeter involves using the fine granularity and fine longitudinal readout segmentation,
with more than 6 millions of channels, and designing the best algorithms to exploit energy, position
and time information, to provide a 5D image of the shower development.
Developing such a reconstruction that fully exploits the features of the detector, is a challenging
and a creative task. Development is ongoing, and the first full-reconstruction sequence is expected
to converge soon, but certainly further developments are to be expected from now until the start of
the HL-LHC.
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