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Abstract
The Compact Muon Solenoid (CMS) detector is one of two general-purpose
detectors on the energy frontier of particle physics at the CERN Large Hadron
Collider (LHC). Products of proton-proton collisions at a center of mass energy
of 13 TeV are reconstructed in the CMS detector to probe the standard model
of particle physics, and to search for processes beyond the standard model. The
development of precision algorithms for this reconstruction is therefore a key
objective in optimizing the precision of all physics results at CMS. While machine
learning techniques are now prevalent at CMS for these tasks, they have largely
relied on high-level human-engineered input features. However, much of the
disruptive impact of machine learning in industry has been realized by bypassing
human feature engineering and instead training deep learning algorithms on lowlevel data. We have developed a novel machine learning architecture based on
dynamic graph neural networks which allows regression directly on low-level
detector hits, and we have applied this model to the calibration of electron and
photon energies in CMS. In this work, the performance of our new architecture is
shown on electrons used in the calibration of the CMS detector, where we obtain an
improvement in energy resolution by as much as 10% with respect to the previous
state-of-the-art reconstruction method.
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1.1

Introduction
Motivation

The Compact Muon Solenoid (CMS) detector is one of two general-purpose detectors at the CERN
Large Hadron Collider (LHC). Products of proton-proton collisions at a center of mass energy of
13 TeV are reconstructed in the detector to probe the standard model of particle physics and to search
for processes not predicted by the standard model. Analysis of the CMS data relies on the precision
that various decay products can be measured and the original interaction reconstructed. Precision
reconstruction of electrons (e) and photons (γ) is of particular importance, as these are some of
the most common decay products and several flagship measurements at CMS rely on electrons and
photons, including Higgs boson physics in the H → γγ and H → ZZ ∗ → 4` (` = e, µ) channels.
The development of precise reconstruction techniques for these objects is therefore essential in order
to optimize the precision and sensitivity of these analyses.
1.2

Electron and photon reconstruction in CMS

The design of the CMS detector is optimized for precision measurement of e/γ energies, with a large,
highly granular homogeneous electromagnetic calorimeter (ECAL) consisting of 75,848 scintillating
PbWO4 crystals [1] arranged in a central barrel and two endcaps. Electrons and photons are detected
as showers of secondary particles in the ECAL. An incident particle is therefore reconstructed as
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a collection of individual calibrated per-crystal energy deposits, termed “RecHits,” with anywhere
from 1 to over 100 RecHits being assigned to each particle. The raw energy, ERaw summed over this
collection is subject to a number of effects that degrade the resolution of the ECAL, including:
• Energy lost before reaching the ECAL and in detector gaps.
• Energy leakage out of the back of the ECAL.
• The use of finite energy thresholds to suppress noise in the detector electronics.
• Interference due to other particles passing through the detector (“pileup”).
These effects are compensated with corrections derived on a per-particle basis using a machine
learning regression. This regression is currently implemented as a Boosted Decision Tree (BDT) with
≈ 30 high-level input features used to describe the shower. These BDT-based energy corrections
have been fine-tuned over several years [2] and have supported all physics analyses using e/γ objects
in CMS during LHC Run 2, including the measurement of the Higgs boson mass with a precision of
0.1% [3]. However, much of the disruptive impact of machine learning in industry has been realized
by bypassing human feature engineering and instead training deep learning algorithms on low-level
data (e.g. [7]). This makes development of a deep learning architecture for these energy corrections a
compelling goal, as improvements in the precision with which e/γ objects can be reconstructed will
directly benefit these analyses.
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2.1

New machine learning approach
The Dynamic Reduction Network

Thanks to recent advances in graph neural network techniques and the widespread availability of
high-performance co-processors for the training and deployment of these models it has become
possible to develop such a deep learning model. This allows us to use the RecHits associated with a
given particle as the direct input to our machine learning model rather than the high-level derived
features input to the current regression. As these collections of RecHits are inherently sparse objects
consisting of anywhere from 1 to over 100 hits distributed widely across the detector, it is natural to
represent them as graphs. Our novel architecture, the “Dynamic Reduction Network” (DRN) [6] is
therefore built on point cloud graph neural network techniques (e.g. [9]). The input to our model is a
point cloud of RecHits in (position, energy) space, and graphs are formed by drawing edges between
neighboring hits in a high-dimensional latent space. This graph-based approach has a number of
advantages both over the current BDT model and other potential architectures such as convolutional
neural networks (CNNs). These include:
• Use of low-level input features ensures access to the full information content of every event.
• Events with arbitrary number of hits distributed arbitrarily across the detector can be treated
without padding or truncation.
• The use of geometric point cloud input allows easy handling of complex detector geometries
and the inclusion of additional detector systems.
The DRN is based on dynamic graph neural networks with the addition of a pooling step analogous
to subsampling in CNNs. Our architecture is summarized in Figure 1, and proceeds as follows:
1. The position and energy coordinates of each RecHit are mapped into a high-dimensional
latent space by a fully-connected neural network
2. Global information is developed by iteratively performing message passing on dynamicallygenerated k-nearest neighbors graphs and max-pooling graclus-clustered [5] pairs of vertices.
3. The resulting learned high-level features are supplemented by additional human-engineered
features to account for information not encoded in the collection of detector hits. In particular,
two additional features, which describe the amount of energy leakage at the back of the
ECAL and the energy density from pileup events, are concatenated to the learned features.
4. The resulting set of high-level features are passed through another fully-connected neural
network to produce the regression output.
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A PyTorch implementation of the DRN can be found at https://github.com/ssrothman/
DynamicReductionNetwork

Figure 1: Flowchart of the operation of the Dynamic Reduction Network. A point cloud of RecHits
is mapped into a high-dimensional latent space by a fully-connected neural network, where it is then
iteratively transformed and pooled by graph operations. This resulting high-level learned features are
then concatenated with extra high-level information not available from the raw collection of RecHits
and passed through another fully-connected neural network to obtain the regression output.
2.2

Physics-motivated loss function

A number of optimizations have been made to the loss function used in this work in order to take into
account various known physical properties of the system. First, rather than directly predicting the
energy corrections y (i) = ET rue /ERaw , we instead use the logarithm of this quantity:
(i)

y (i) = log

ET rue
(i)

(1)

ERaw
This ensures that the loss function is symmetric with respect to proportional over- and undermeasurement of energies, allowing much more efficient training. Second, the response function of the
CMS ECAL has asymmetric tails, which we account for by employing a semi-parametric approach.
In particular, we take the regression output to be the 6-dimensional parameterization of a double-sided
crystal ball probability (dscb) density function [8], which has a Gaussian core with power-law tails
on both sides. This has the additional effect of automatically giving an estimate of both the energy
correction and a per-particle energy resolution. We then take a simple log-likelihood loss function:
`=−

N



1 X
(i)
dscb yT rue ; DRN X (i)
N i=0

(2)

where dscb(y; DRN(X)) is the crystal ball probability density function parameterized by the regression output of the DRN and N is the number of training events.
In order to maintain a stable regression response over all possible inputs encountered during data
taking and to avoid unphysically large energy corrections, we restrict our model to only apply energy
correction factors less than 2 in either direction. As our regression target is the logarithm of the
correction factor, this translates to the requirement,
(i)

− log 2 ≤ yP red ≤ log 2

(3)

which is enforced by a sigmoid response function.
2.3

Training

We train on realistic detector simulation data, which accurately models particle interactions and
detector effects including pileup. This gives us access to the truth energy values, allowing for
supervised training. Our training sample consists of simulated electrons and positrons with a flat
true energy distribution fired directly into the detector. Our training data is generated under exactly
the same conditions as that used to train the current BDT model. Our dataset includes ≈ 17 million
electrons, of which 80% are used for training and 20% for validation. Training is performed on an
NVidia Tesla v100 GPU at the Minnesota Supercomputing Institute, and takes ≈ 20 hours.
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3.1

Physics performance
Validation strategy

In order to validate the performance of our model we construct histograms of EP red /ET rue , where
EP red is the central value of the energy predicted by the DRN. These histograms are then fit with a
Cruijff function [4], allowing extraction of the key metrics: mean response (µ) and relative resolution
(σ/µ). For an ideal regression, µ = 1, and σ/µ is as small as possible. Note that exactly the same
validation strategy is app
3.2

Performance comparison with the previous state-of-the-art

In this work we show only the performance of our regression on simulated electrons reconstructed
using only information from the ECAL; these are used for calibration of the detector but are not the
final energies used in analyses. We find that our regression has a similar highly stable response to
that of the Run-2 BDT, with the mean EP red /ET rue stable to within 0.4% as a function of energy,
detector coordinates, level of pileup, and other variables describing the shape of the electromagnetic
shower. Additionally we find that we obtain an improved resolution with respect to the Run-2 BDT
by a factor of approximately 10% at all values of the energy, detector, coordinates, level of pileup,
and shower shape.
We also expect similar performance on photons, as they have nearly identical interactions with the
ECAL and other subdetectors have minimal impact on the energy resolution at energies greater than
about 25 GeV.
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Summary

We have developed a novel architecture to derive the energy corrections to be applied to e/γ objects
in the CMS ECAL and have shown the application of this model to electrons used in the calibration
of the CMS detector. The mean stability of the new method is similar to the current BDT used by
CMS, and the reconstruction has an energy resolution that is improved by ≈ 10%. The stability and
the resolution are the same in different regions of the detector and are independent of the density of
particles from pileup events and shower size. The development of the corresponding regressions for
the final e/γ objects used in physics analyses is ongoing, and we aim to deploy this model for use
globally within CMS for LHC Run 3. In addition to the application shown here in e/γ reconstruction,
we believe that the DRN is a powerful tool for any problems involving sparse data and complicated
geometries within and without particle physics.
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