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Abstract

A description is presented of the algorithms used to reconstruct energy deposited in
the CMS hadron calorimeter during Run 2 (2015–2018) of the LHC. During Run 2, the
characteristic bunch-crossing spacing for proton-proton collisions was 25 ns, which
resulted in overlapping signals from adjacent crossings. The energy corresponding
to a particular bunch crossing of interest is estimated using the known pulse shapes
of energy depositions in the calorimeter, which are measured as functions of both
energy and time. A variety of algorithms were developed to mitigate the effects of
adjacent bunch crossings on local energy reconstruction in the hadron calorimeter in
Run 2, and their performance is compared.
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1 Introduction
The hadron calorimeter (HCAL) plays a central role in the reconstruction of events recorded
by the CMS detector [1]. Its main purpose is to identify both charged and neutral hadrons and
measure their energies, and it serves an important role in identifying leptons and photons. Its
hermetic design, with geometric coverage up to pseudorapidities of |η| = 5.2, and fine lateral
segmentation aid in the estimation of missing transverse momentum, pmiss

T .

In August 2015, the CERN LHC began delivering proton-proton (pp) collisions with a bunch-
crossing spacing as short as 25 ns [2]; however, the recorded pulse shapes from energy depo-
sitions in the HCAL barrel (HB) and endcap (HE) detectors typically last longer than 25 ns.
Approximately 85–90% of the integrated energy occurs within a 50 ns window. The energy
deposited in the HB and HE from collisions from nearby bunch crossings, referred to as out-
of-time pileup (OOTPU), can spoil the energy estimation from the collision of interest. We
describe the performance of four different algorithms, referred to as local reconstruction al-
gorithms, used to estimate the energy deposited in the detector elements of the HB and HE
during Run 2 of the LHC (2015–2018). These four algorithms exhibit different levels of sophis-
tication in their ability to mitigate the effects of OOTPU, as well as varying degrees of com-
putational complexity. The tradeoff between the ability of the algorithms to suppress OOTPU
and their computational performance is important when deploying them in the high-level trig-
ger (HLT) [3], the second level of a two-tier trigger system consisting of a farm of processors
running an online version of the full event reconstruction. The constraints from the HLT thus
guide the design of the algorithms and play a key role in their evolution in both online and
offline reconstructions.

The paper is organized as follows: Section 2 describes the CMS detector with a particular em-
phasis on the HCAL. Section 3 describes the four different local reconstruction algorithms used
in the HB and HE, and Section 4 evaluates their performance. This paper concludes with a
summary in Section 5.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and
strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and the HB and HE.
The HB and HE are both brass and scintillator sampling calorimeters with pseudorapidity cov-
erages of approximately |η| < 1.3 and 1.3 < |η| < 3.0, respectively. Muons are detected in
gas-ionization chambers embedded in the steel flux-return yoke outside the solenoid. In addi-
tion to the HB and HE, the HCAL subsystem also includes the HCAL outer (HO) detector and
HCAL forward (HF) detector. The HO is composed of plastic scintillators located between the
solenoid and the barrel muon system, and measures the energy from very energetic hadronic
showers that are not fully captured within the HB and punch through the solenoid. The HF is a
quartz-fiber Cherenkov calorimeter with steel absorbers located outside the solenoid, on both
sides of CMS, at about ±11 m from the interaction point and extends the geometric coverage
of the calorimeters to |η| < 5.2. Unlike signals in the HB and HE, the signals in the HF are
contained entirely within a 25 ns window. A detailed description of the CMS detector and the
coordinate system used is presented in Ref. [1].

The HB has an approximately cylindrical structure that extends radially from r = 1.806 to
2.950 m, and consists of 36 wedges covering the full azimuthal angle (ϕ) range. The detector
is divided into two cylindrical halves symmetrically about z = 0; on the positive side is the
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HB plus, and on the negative side is the HB minus. Each wedge is made up of 14 copper
alloy absorber plates and 2 stainless steel plates at the inside and outside faces, alternating
with 17 layers of plastic scintillator tiles. The thickness of the brass plates is 5 cm and that
of the scintillating tiles is 3.7 mm, except the first tile which is 9.0 mm thick. The HB readout
has a symmetric 72-fold segmentation along the ϕ direction, and it is evenly segmented into
32 projective divisions in the η direction (16 each for the HB plus and HB minus); thus, each
projective unit in η-ϕ space (called a “tower”) has a lateral dimension of 0.087×0.087, where ϕ
is measured in radians.

The materials and structure of the HE are similar to those of the barrel system. There is one HE
calorimeter on either side of the HB, denoted HE plus and HE minus. Each endcap consists of
18 wedges in the ϕ direction, and covers and closes one end of the barrel. The HE is constructed
of plates, separated by staggered spacers, that are perpendicular to the beam axis. There are a
total of 19 brass absorbing layers of width 8 cm in the HE, which provide as much as 9 inter-
action lengths of material for particles produced at the collision point. The projective towers
in the HE have a lateral segmentation in η-ϕ space of 0.087×0.087 (0.17×0.17) for |η| < 1.6
(|η| > 1.6).

The readout of the HB and HE towers is subdivided radially into separate depths, each of
which corresponds to a number of consecutive scintillator layers. The light produced in the
plastic scintillating tiles from particles traversing that element of the detector is collected in
wavelength-shifting (WLS) fibers, optically summed, and sent to the photodetectors and front-
end electronics where it is converted into a digital electric signal for data processing. From
the perspective of data processing, a detector element, or “channel,” in the HB and HE can be
uniquely identified by its location in η-ϕ space along with its depth. Integer indices for both η
and ϕ (iη and iϕ, respectively) are used to designate that location. The value of iϕ runs from 1 to
72, whereas iη runs from +1 to +29 or −1 to −29 in the plus and minus sides, respectively. The
depth segmentation of the HE was modified during a year-end technical stop between 2017
and 2018. Figure 1 shows a cross-sectional view of the HB and HE in the r-z plane, illustrating
the depth segmentation in the HE before and after the 2017–2018 technical stop.

From 2018Until 2017

Until 2018

Figure 1: A cross sectional view of the HB and HE in the r-z plane. The iη coordinates are
labeled, and the depth segmentation is coded in different colors. The number of depths of the
HE was increased before the 2018 data-taking period. The location of the front-end electronics
(labeled “FEE”) is also shown.

Hybrid photodiodes (HPDs) were used as the photodetectors in the HB and HE throughout
Run 1, corresponding to the data-taking period from 2010 till 2012. The HPDs were chosen
for their magnetic field tolerance, high gain and linear response over a large dynamic range.
However, they also exhibit high-amplitude anomalous noise from electrical discharges and
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ion feedback [4]. As part of the HCAL Phase-1 upgrade [5], the HPDs in the HE were fully
replaced by silicon photomultipliers (SiPMs) [6] during the 2017–2018 technical stop (the HB
was upgraded in a similar fashion during the long shutdown after 2018). The SiPMs provide
a high gain between 104 and 106, have good quantum efficiency between 20 and 40%, and
operate well within a high magnetic field. The higher gain of SiPMs compared with HPDs, as
well as their reduced size and power consumption, also allows for finer depth segmentation. In
turn, increased depth segmentation improves shower energy resolution and helps mitigate the
effects of radiation damage, since the most significant darkening of plastic scintillator occurs
at high |η| and depths closest to the collision point, and the lowered response in those affected
channels can be calibrated out separately. Finally, the increased depth segmentation aids in the
identification of in-time pileup, caused by additional pp interactions distinct from the collision
of interest and within the same bunch crossing, since such pileup tends to deposit its energy in
the shallower depths.

The analog signal from the photodetectors in the HB and HE is digitized by a charge integrator
and encoder (QIE) analog-to-digital converter (ADC) chip [7], which integrates the charge from
the photodetector over a 25 ns interval. This interval, which corresponds to the LHC bunch
spacing, is called a “time sample” (TS). Typically, HPDs will provide about 5 fC of input charge
to the QIE for 1 GeV of energy deposit in a single HB/HE channel [8], whereas SiPMs provide
about 1300 fC for the same energy [5]. The charge is integrated by the QIE using a modified
floating-point (pseudo-logarithmic) concept in which the input signal is divided into subranges
with only a fraction of the signal being integrated for each subrange. This allows the QIE
to maintain a large effective dynamic range, while keeping the uncertainty from digitization
subdominant to the energy resolution. The internal timing of each channel is adjusted so that
all channels observe a uniform arrival time within approximately 1 ns for particles originating
at the nominal center of the channel.

During the 2017–2018 technical stop, the QIEs in the HE were also upgraded from a 7-bit en-
coding device (QIE8) to an 8-bit encoding device (QIE11); a 6-bit time-to-digital converter of
the pulse arrival time was also included in the new QIE11. A maximum relative quantization
error of 2% (1.4%) for the QIE8 (QIE11) in the upper ranges of input signal is achieved. Prior
to 2018, 10 sequential TSs digitized by the QIEs were recorded in the data stream. The number
was reduced to 8 TSs in 2018 in order to reduce the data volume, with minimal impact on the
performance. In both cases, the sample of interest (SOI), defined as the TS where the triggered
event is placed, corresponded to the fourth TS in the window.

3 Local reconstruction algorithms
The main purpose of the HCAL local reconstruction algorithms is to estimate the energy de-
posited in a given channel in the SOI. Similar algorithms are employed by the ECAL [9]. Un-
derstanding how the resulting pulse, as measured by the front-end electronics, is distributed
as a function of time is critical. The intrinsic pulse shape in the HB and HE is affected by a
number of factors, including the scintillation process in the tiles, the optical transmission in
the WLS fibers, the photodetectors, and the QIE devices. Notably, the QIE introduces a “time
slew” delay in the pulse shape that can be approximated as a logarithmic dependence on the
total integrated charge Q with respect to the start of the TS,

∆slew = 11.98 − 1.56 ln(Q), (1)

where ∆slew and Q are in the units of ns and fC, respectively, although the real amplifier slew
rate actually depends on the (unknown) instantaneous input current. The value of ∆slew is
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constrained to be positive and less than 10 ns. The pulse shapes of SiPMs are different from
HPDs, in part due to the higher gain.

The pulse shape can be extracted with a 1 ns resolution from both test beam data and in situ
with pp collision data. The pulse shape with HPDs was measured with a 300 GeV pion test
beam prior to LHC collisions [10], while the pulse shape with SiPMs was extracted from pp
collision data using isolated bunch collisions. The extraction of the pulse shape was performed
by adjusting the time settings of the QIE in 1 ns increments and measuring the pulses with
different phases. Figure 2 shows the average pulse shape as a function of time for a high-
energy deposition, in a channel in the HE as measured by a SiPM, integrated over 1 ns and
25 ns bins.
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Time [ns]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

A.
U

.

 Pulse shape with 1 ns granularity

 Pulse integrated over 25 ns

(13 TeV)

CMS

Figure 2: Average pulse shape for high-energy depositions for a channel in the HE. The red
solid line is the pulse shape used in reconstruction algorithms with 1 ns granularity. The yellow
filled histogram is constructed from the red shape by integrating over each 25 ns TS. The SOI
corresponds to the TS from 75 to 100 ns.

Fluctuations in the pulse shape can be attributed to a variety of causes. The QIEs have a small
nonzero energy reading even in the absence of a signal. Similarly, photodetectors exhibit in-
creasing dark current on account of radiation damage. The sum of these two effects is referred
to as the pedestal, whose average value and standard deviation are measured in dedicated
pedestal runs, when beams are absent and where other subdetectors are not involved. Figure 3
shows the average value of the pedestal as a function of the integrated luminosity since the start
of 2018 data taking for the HB and HE. The pedestal values differ in the two detectors primar-
ily because of the different photodetectors used. Each horizontal line denotes the time range
where the corresponding pedestal measurement is used in the energy reconstruction, and the
vertical error bars indicate the average of the standard deviation of the pedestal distributions
measured in individual channels. At the start of 2018 data taking, the HE SiPMs had low dark
current, so the pedestal values primarily come from the QIE, whose fluctuations are relatively
small. However, by the end of 2018, the SiPM dark current introduced large fluctuations to the
pedestal values.

The QIE also introduces a quantization uncertainty because of the finite resolution of its en-
coding. Finally, the finite number of photoelectrons collected introduces a Poisson uncertainty,
which is approximated as

√
Npe, since the number of photoelectrons is typically large (Npe ∼ 32

for a 1 GeV signal with SiPMs, whereas Npe ∼ 6 for a 1 GeV signal with HPDs).

The arrival time of the pulse shape can also vary for a variety of reasons, such as fluctuations
in shower development. This has been measured in both test beam and collision data by fitting
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Figure 3: The average value of the pedestal, as a function of the integrated luminosity, since the
start of 2018 data taking for the HB (left) and HE (right). Each horizontal line denotes the time
range where the corresponding pedestal measurement is used in the energy reconstruction,
and the error bars indicate the average standard deviation of the pedestal.

the appropriate template with a floating arrival time and amplitude (adjusted for the time slew)
to individual channels and calculating the standard deviation of the distribution. The variation
in the arrival time is larger at low energy; for energies ≳5 GeV, the arrival times have a standard
deviation of approximately 3 ns in the HE and 5 ns in the HB during the 2018 run. The HE has
less variation than the HB because of the finer depth segmentation, which restricts the range
over which showers develop.

3.1 Method 0

Prior to 2015, the LHC bunch-crossing spacing was kept at a minimum of 50 ns during nor-
mal data taking, so a simple sum of the charge in the SOI with the charge in its subsequent
TS accurately reflects the energy initially deposited in the SOI. To improve the precision, the
average pedestal is subtracted from the total, and it is then corrected by a multiplicative factor
to account for the 10–15% of the energy outside of the two TSs. This algorithm, called Method 0
(M0), is unsuitable when the bunch-crossing spacing is 25 ns because of potentially large addi-
tional contributions from the bunch crossings directly neighboring the SOI.

Three new algorithms were eventually deployed at CMS over the subsequent years, all using
pulse-shape templates to extract the energy from the SOI. During 2016–2017, an algorithm re-
ferred to as Method 2 (M2) was used in the offline reconstruction, whereas Method 3 (M3) was
used for online reconstruction in the HLT. Both algorithms were superseded in 2018 in both
online and offline reconstructions by an algorithm called “Minimization At HCAL, Iteratively”
(MAHI). An algorithm referred to as Method 1 was also developed, but because of its oversim-
plification, such as ignoring the time slew, it never performed well enough to be used.

3.2 Method 2

The M2 algorithm estimates the energy in the SOI by minimizing a χ2 defined as

χ2 =
1

∑
j=−1

(tj − ⟨t⟩)2

σ2
t

+
(ped − ⟨ped⟩)2

σ2
ped

+
NTS−1

∑
i=0

(Ai − mi(µ⃗, t⃗, ped))2

σ2
p,i

. (2)

Up to three separate fitted pulse shapes are used: one for the signal arriving in the SOI and
one each for signals arriving in the adjacent TSs (SOI−1 and SOI+1). The fit extracts the pulse
amplitudes, µ⃗, and the corresponding times of arrival, t⃗, as well as the pedestal, where the
elements of the vector correspond to each of the three pulses. The first term in the equation
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reflects a constrained fit for the arrival time of each pulse, tj, which can be shifted from the
expected mean, ⟨t⟩, with a penalty to the χ2 equal to the square of the difference divided by
the standard deviation of the arrival time for that channel, σt. The second term is a constrained
fit for the pedestal, assumed to be a constant additive offset across all TSs; here ⟨ped⟩ and σped
are the expected mean and standard deviation of the pedestal for that channel, respectively. In
the third term, Ai is the amplitude of the QIE measurement (in fC) of the ith TS; mi(µ⃗, t⃗, ped)
is the sum of the amplitudes of the fitted pulse shapes, µ⃗, and pedestal in that TS; NTS is the
number of consecutive TSs recorded from the QIE, and σp,i is the combined uncertainty due
to the pedestal, quantization error, and photostatistics, computed separately for each of the i
measurements. The number of TSs, NTS, was ten prior to 2018, and eight from 2018 onwards.
In this paper, for the sake of consistency, eight TSs are used when comparing M2 and MAHI.
The χ2 is minimized with the MIGRAD algorithm as implemented in MINUIT [11].

The M2 minimization is performed over two iterations. In the first iteration, the fit is per-
formed with only a single pulse-shape template from the SOI. If contributions from OOTPU
are small (typically when the signal pulse is large), fitting with one template gives a good
result. However, if the χ2 from the first iteration is larger than 15 and the sum of pedestal-
subtracted charges in the SOI and in SOI+1 is less than 100 fC for HPDs or 25 000 fC for SiPMs
(both corresponding to an energy around 20 GeV), a second iteration is performed using three
pulse shapes. In order to reduce the overall CPU time, the algorithm runs only if the sum of
charges in the SOI and in SOI+1 is greater than zero, and if the sum of all pedestal-subtracted
charges is also greater than zero.

3.3 Method 3

The M3 algorithm was developed because M2 did not meet the computational timing require-
ment of the HLT. However, the increased pileup conditions in Run 2 would have resulted in
significantly degraded performance in the HLT had M0 been kept as the default online recon-
struction algorithm. Jet trigger rates, for instance, would have increased manyfold without the
development of M3.

One simplifying technique of the method is to assume a fixed arrival time for the pulses (after
corrections for the time slew); another is to restrict the QIE measurements under consideration
to three TSs: SOI−1, SOI, and SOI+1. Stochastic uncertainties from various sources are also
ignored. The problem can then be reduced from an iterative minimization algorithm to solving
a system of linear equations:ASOI−1

ASOI
ASOI+1

 =

 f0(ASOI−1) 0 0
f1(ASOI−1) f0(ASOI) 0
f2(ASOI−1) f1(ASOI) f0(ASOI+1)

µSOI−1
µSOI

µSOI+1

+

B
B
B

 , (3)

where Ai and µi are the QIE measurements after pedestal subtraction and the amplitude of
the pulse for the indexed TS, respectively. The functions f0, f1, and f2 are the premeasured
fractions of the pulse template contained in +0, +1, and +2 TS, respectively, and are functions
of the amplitude of the pulse in the relevant SOI to correct for the corresponding time slew.
The baseline, B, is the average of the QIE measurements after pedestal subtraction in all TSs
excluding SOI and SOI+1. The value of B is not allowed to exceed three times the value of σped
to avoid bias due to large early or late pulses.

Figure 4 shows an illustration of how the algorithm works to extract the pulse shape in the SOI.
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Figure 4: An illustration of the M3 algorithm. Only three TSs from SOI−1 to SOI+1, indicated
with dash lines, are used in the reconstruction. Pulse-shape templates for SOI−1, SOI, and
SOI+1 are shown in blue, yellow, and pink, respectively. The gray shading shows the baseline.

3.4 Minimization At HCAL, Iteratively

Although M2 and M3 use the same pulse-shape templates, the two algorithms are otherwise
quite different, and the inconsistency between using M3 for online reconstruction and M2
for offline reconstruction introduces difficulties. For instance, threshold effects for jet-based
triggers are worsened, and electron and photon identification algorithms, which require a
low value of the ratio between hadronic and electromagnetic energies, become less reliable.
The MAHI algorithm provides precise measurements of the HCAL energy in the presence of
OOTPU, which are suitable for offline reconstruction while still meeting the timing demands
of the HLT.

The MAHI algorithm constructs an 8×8 covariance matrix (corresponding to 8 TSs for each di-
mension) out of terms for the pulse-shape uncertainty (Dpulse) and the noise (Dnoise). The noise
term includes uncertainties due to QIE quantization, pedestals, and photostatistics. These un-
certainties are added to the diagonal elements of the matrix, although correlations (and hence
off-diagonal elements) will play an increasingly important role in Run 3, when the SiPM dark
current is increased. For each pulse template, one covariance matrix Dpulse

j is constructed,
leading to a total of eight covariance matrices. The final covariance matrix V is constructed
according to

V =
7

∑
j=0

µ2
j Dpulse

j + Dnoise, (4)

where µj is the amplitude of the pulse arriving in TSj.

Then, a non-negative least squares algorithm [12] is run to find µj, whose values are constrained
to be positive, by minimizing

χ2 =

[
∑

j
P⃗jµj − d⃗

]T

V−1

[
∑

j
P⃗jµj − d⃗

]
, (5)

where P⃗j are the 8-element vectors that contain the contributions of the pulse templates to
each TS, and d⃗ is the vector that contains the QIE measurements after pedestal subtraction. At
the beginning, the covariance matrix is initialized with only the noise terms. After the first
iteration, the covariance matrix is updated using the µj values that minimize the χ2 value, and
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the next iteration begins. If the change in χ2 between two iterations is less than 10−3 or the
number of iterations goes beyond 500, the iteration stops. Typically, the number of iterations is
less than 10. Thus, MAHI incorporates the information used in M2 and extends the number of
pulse shapes under consideration (from 3 to 8) while still being able to run on the HLT within
the time budget. For a typical event in the Run 2 data set with large hadronic activity, MAHI is
O(10) times faster than M2, but still O(10) times slower than M3, independent of pileup.

The fit results of MAHI using 2018 pp collision data with ≈50 average interactions per proton
bunch crossing are illustrated in Fig. 5. Representative fits at high and low energy and for
both the HB (with HPD photodetector and QIE8 ADC) and HE (with SiPM photodetector and
QIE11 ADC) are shown. The uncertainty band includes the QIE and SiPM leakage currents,
photostatistics, and QIE quantization. When the energy deposition from the SOI is high and
dominates over the other TSs, a single pulse shape provides a good fit; however, at lower
energies, contributions from OOTPU are important and must be subtracted to provide a good
estimate of the energy in the SOI.
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Figure 5: Representative fit results from MAHI for high-energy (left) and low-energy (right)
pulses, in the HB (upper) and the HE (lower). The recorded pedestal-subtracted charge in the
QIE (converted to units of energy) is given by the points, while the filled histograms represent
the fitted values for the various pulse shapes. The sum of the fitted energy for each pulse,
labeled by its position relative to the SOI, is presented in the legend. The combined uncertainty
from the pedestal, photostatistics, and QIE quantization is shown by the hatched areas.

4 Reconstruction performance
The performance of the various algorithms used to reconstruct HCAL energy can be evaluated
in a number of ways. The removal of the OOTPU contribution has more significant effects at
lower pT and at higher |η|. This can be seen locally in the reconstruction of isolated charged
hadrons, similar to the study in Ref. [13]. Isolated tracks with momenta between 20 and 30 GeV
are selected from a sample of events triggered by an electron or photon to avoid bias from the
trigger. These tracks are extrapolated through the calorimeters, and the energy depositions
in calorimeter channels within a radius of 35 cm are clustered, typically capturing more than
99% of the shower energy. The associated ECAL energies are required to be less than 2 GeV.
Figure 6 shows the ratio of the clustered energy in the HCAL to the track momentum minus
the clustered energy in the ECAL for the various algorithms. The solid lines each represent a
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Gaussian fit to the core of the distributions. The fits are dominated by the HCAL resolution;
the standard deviation is comparable for M2 and MAHI, which both subtract the OOTPU. At
large η, the M0 response is higher due to OOTPU contributions; moreover, the energy response
of M0 exhibits more prominent, non-Gaussian tails.
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Figure 6: The HCAL energy response of M0, M2, and MAHI, measured in an electron/photon-
triggered data set using isolated tracks with 20 < ptrack < 30 GeV and either |ηtrack| < 1.2
(left) or 1.5 < |ηtrack| < 2.3 (right). The vertical bars show the statistical uncertainty in the
number of tracks in each bin. The measured energy resolution for each method in this sample
is comparable.

The impact of OOTPU on the mean response is assessed directly in Monte Carlo simulation.
Single pions are generated with PYTHIA version 2.242 [14] at the interaction point with various
values of momenta and pseudorapidity. The interaction of particles with the CMS detector is
modeled using the GEANT4 toolkit [15]. Reconstructed energy deposits are clustered in a cone
of radius ∆R =

√
(∆η)2 + (∆ϕ)2 = 0.2 about the generated pion’s trajectory, and the clustered

energy is divided by the generated energy to determine the response. Charged pions with
clustered energy in the ECAL exceeding 1 GeV are excluded. The ratios of the response in a
sample with OOTPU to a sample without any pileup is shown as a function of pion energy
in Fig. 7. The OOTPU generated in this sample corresponds to approximately 30 interactions
per bunch crossing, typical of 2018 data, but there is no in-time pileup contribution simulated.
The M0 algorithm exhibits a more substantial deviation from equal response at lower energies,
which is worse at larger values of |η|. Neither M2 nor MAHI is able to achieve equal response
at low energies because both algorithms are designed not to provide negative energies, which
biases the average response in the positive direction.

The global performance of the HCAL energy reconstruction algorithms is evaluated in events
containing a Z boson. Such events have very little intrinsic pmiss

T , hence any reconstructed
pmiss

T can be attributed primarily to the detector resolution. The events are required to contain
two isolated, oppositely charged muons with pT > 20 and 10 GeV, respectively, with their
reconstructed invariant mass satisfying 81 < Mµµ < 101 GeV. The pmiss

T is calculated as the
negative vector sum of the energies in the individual calorimeter towers of the ECAL and
HCAL (excluding HF and HO). The parallel and perpendicular components of the pmiss

T are
computed as projections with respect to the Z boson p⃗T direction, similarly to Ref. [16]. Figure 8
shows a comparison of the resolution of the parallel and perpendicular components of the
recoil system between M0, M2, M3, and MAHI in 2018 data, with an average pileup around
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Figure 7: Ratios of responses to simulated charged pions between a sample with OOTPU in-
cluded to a sample with no pileup, as functions of the generated pion energy. The left plot
shows the response for pions in the HB (|η| < 1.3), whereas the middle and right plots show
the response for pions in the HE (1.4 < |η| < 2.5 and 2.5 < |η| < 3.0).

30. The M2, M3, and MAHI algorithms demonstrate improved resolution in both components
because of their ability to suppress OOTPU. Among these three algorithms, the marginally
worse resolution of M3 was a motivation for switching to MAHI in 2018.
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Figure 8: pmiss
T resolutions as a function of the Z boson pT, measured in a data set triggered by

two muons. The left (right) plot is the resolution of the component parallel (perpendicular) to
the Z boson’s pT. Error bars reflect statistical uncertainties.

To demonstrate the improvements from using consistent local reconstruction algorithms on-
line and offline, Fig. 9 shows the relative difference of pmiss

T in muon-triggered events between
the online and offline reconstructions, along with fits with a Gaussian function and the corre-
sponding σ. The pmiss

T is calculated as the negative vector sum of the energies in the ECAL and
HCAL (this time including HF, but still excluding HO) and the muon momenta. The average
pmiss

T in these events is approximately 40 GeV. In one case, M3 and M2 are used online and
offline, respectively, whereas in the other case, MAHI is used for both. The agreement between
online and offline pmiss

T improves significantly when using MAHI consistently at both levels.
The residual online-offline difference observed with MAHI is mostly attributable to the calor-
imeter calibrations, which, for both HCAL and ECAL, differ because the calibrations used in
the HLT cannot be updated retroactively. There are also slight differences in the configurations
of the MAHI algorithm. This same inconsistency of calibrations applies to the combination of
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M3 online and M2 offline as well. The additional penalty from using inconsistent algorithms
is significant and further increases the differences between online and offline reconstructions,
which can result in less efficient event triggering.
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Figure 9: Relative difference of pmiss
T in muon-triggered events between the online and of-

fline reconstructions. Black: (online pmiss
T (M3) − offline pmiss

T (M2))/offline pmiss
T (M2). Red:

(online pmiss
T (MAHI)− offline pmiss

T (MAHI))/offline pmiss
T (MAHI). The differences are fit to a

Gaussian distribution and the fitted value of the standard deviation is shown.

5 Summary
Four local energy reconstruction algorithms for the CMS hadron calorimeter (HCAL) have been
presented in this paper and their performance compared. When the bunch-crossing spacing is
at least 50 ns, Method 0 performs well; however, a pulse-shape fitting algorithm must be used
when the spacing is only 25 ns. The performance of Method 2 is strong under conditions of high
out-of-time pileup, but its long reconstruction time makes it unusable in the high-level trigger.
The use of a different algorithm, such as Method 3, to accommodate the time constraints of
online reconstruction is possible, but the deleterious effects of mismatched algorithms make
this solution undesirable. “Minimization at HCAL, Iteratively” is a pulse-shape fitting algo-
rithm that readily suppresses out-of-time pileup and has good intrinsic energy resolution, and
is also sufficiently fast to run in the high-level trigger. Hence, it was the preferred local energy
reconstruction algorithm for HCAL by the end of Run 2.
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G. Barbaglia , G. Bardellia,b , B. Camaiania,b , A. Cassesea , R. Ceccarellia,b ,
V. Ciullia,b , C. Civininia , R. D’Alessandroa ,b , E. Focardia,b , G. Latinoa,b ,
P. Lenzia,b , M. Lizzoa,b , M. Meschinia , S. Paolettia , G. Sguazzonia , L. Viliania

INFN Laboratori Nazionali di Frascati, Frascati, Italy
L. Benussi , S. Bianco , S. Meola48 , D. Piccolo

INFN Sezione di Genovaa, Università di Genovab, Genova, Italy
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INFN Sezione di Napolia, Università di Napoli ’Federico II’b, Napoli, Italy; Università della
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Orientalec, Novara, Italy
N. Amapanea ,b , R. Arcidiaconoa,c , S. Argiroa,b , M. Arneodoa,c , N. Bartosika ,
R. Bellana,b , A. Belloraa,b , C. Biinoa , N. Cartigliaa , M. Costaa,b , R. Covarellia,b ,
N. Demariaa , L. Fincoa , M. Grippoa,b , B. Kiania,b , F. Leggera , F. Luongoa,b ,
C. Mariottia , S. Masellia , A. Meccaa,b , E. Migliorea,b , M. Montenoa ,
R. Mulargiaa , M.M. Obertinoa,b , G. Ortonaa , L. Pachera,b , N. Pastronea ,
M. Pelliccionia , M. Ruspaa,c , K. Shchelinaa , F. Sivieroa,b , V. Solaa,b , A. Solanoa,b ,
D. Soldia,b , A. Staianoa , C. Tarriconea,b , M. Tornagoa,b , D. Trocinoa ,
G. Umoreta,b , A. Vagnerinia,b , E. Vlasova,b

INFN Sezione di Triestea, Università di Triesteb, Trieste, Italy
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C. Amsler65 , P. Bärtschi , C. Botta , D. Brzhechko, M.F. Canelli , K. Cormier ,
A. De Wit , R. Del Burgo, J.K. Heikkilä , M. Huwiler , W. Jin , A. Jofre-
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Çukurova University, Physics Department, Science and Art Faculty, Adana, Turkey

https://orcid.org/0000-0002-6366-837X
https://orcid.org/0000-0002-3792-7665
https://orcid.org/0000-0002-4747-9106
https://orcid.org/0000-0001-7760-3537
https://orcid.org/0000-0001-9416-1742
https://orcid.org/0000-0001-8540-1097
https://orcid.org/0000-0001-7077-8262
https://orcid.org/0000-0002-4927-4921
https://orcid.org/0000-0001-8822-4727
https://orcid.org/0000-0002-8336-3282
https://orcid.org/0000-0003-1439-7128
https://orcid.org/0000-0002-2988-9830
https://orcid.org/0000-0002-6515-5666
https://orcid.org/0000-0001-5420-586X
https://orcid.org/0000-0002-5642-3040
https://orcid.org/0000-0001-5066-1876
https://orcid.org/0000-0002-2897-5753
https://orcid.org/0000-0002-2264-2229
https://orcid.org/0000-0002-1643-1388
https://orcid.org/0000-0002-0151-4439
https://orcid.org/0000-0002-5754-4303
https://orcid.org/0000-0003-2570-9676
https://orcid.org/0000-0001-5854-7699
https://orcid.org/0000-0002-9228-5271
https://orcid.org/0000-0001-9573-3714
https://orcid.org/0000-0001-5085-7270
https://orcid.org/0009-0007-5021-3230
https://orcid.org/0000-0002-8502-2297
https://orcid.org/0000-0001-6544-3679
https://orcid.org/0000-0002-3302-336X
https://orcid.org/0000-0001-9179-4253
https://orcid.org/0000-0003-0422-6739
https://orcid.org/0000-0001-6717-0803
https://orcid.org/0009-0001-9331-5145
https://orcid.org/0000-0002-4526-2149
https://orcid.org/0000-0002-9547-7471
https://orcid.org/0000-0003-1920-6618
https://orcid.org/0000-0002-9376-9235
https://orcid.org/0000-0002-2938-2263
https://orcid.org/0000-0003-3209-2088
https://orcid.org/0000-0002-3727-0202
https://orcid.org/0000-0001-7339-4272
https://orcid.org/0000-0001-5639-2267
https://orcid.org/0000-0003-1644-7678
https://orcid.org/0000-0001-5297-1878
https://orcid.org/0000-0001-7507-8636
https://orcid.org/0000-0002-3198-0115
https://orcid.org/0000-0003-4838-3306
https://orcid.org/0000-0003-0885-6711
https://orcid.org/0000-0001-5270-7540
https://orcid.org/0000-0002-0113-7389
https://orcid.org/0000-0003-3748-8946
https://orcid.org/0000-0003-2351-0487
https://orcid.org/0000-0002-6530-3657
https://orcid.org/0000-0003-2155-6692
https://orcid.org/0000-0003-4502-6151
https://orcid.org/0000-0001-7199-0046
https://orcid.org/0000-0001-7432-6634
https://orcid.org/0000-0003-3266-4357
https://orcid.org/0000-0002-0416-696X
https://orcid.org/0000-0003-0887-1882
https://orcid.org/0000-0003-0889-4726
https://orcid.org/0000-0001-5328-448X
https://orcid.org/0000-0003-1939-4268
https://orcid.org/0009-0006-6958-3111
https://orcid.org/0000-0003-2461-5985
https://orcid.org/0000-0002-0250-8655
https://orcid.org/0000-0001-9239-0605
https://orcid.org/0000-0001-8048-1622
https://orcid.org/0000-0003-2181-7258
https://orcid.org/0000-0003-3879-5622
https://orcid.org/0009-0006-8689-3576
https://orcid.org/0000-0002-5144-9655
https://orcid.org/0000-0002-9860-1650
https://orcid.org/0000-0002-5725-041X
https://orcid.org/0000-0002-5456-5977
https://orcid.org/0000-0002-5397-252X
https://orcid.org/0000-0003-4244-2061
https://orcid.org/0000-0002-6448-0168
https://orcid.org/0009-0005-5952-9843
https://orcid.org/0000-0003-1899-2266
https://orcid.org/0000-0001-8584-9705
https://orcid.org/0000-0002-8562-1863
https://orcid.org/0000-0002-4395-1581
https://orcid.org/0000-0001-9791-2353
https://orcid.org/0000-0001-5677-6033
https://orcid.org/0000-0003-4472-867X
https://orcid.org/0000-0001-9964-249X
https://orcid.org/0000-0002-5594-1321
https://orcid.org/0000-0002-9576-055X
https://orcid.org/0000-0003-1979-7331
https://orcid.org/0000-0001-5333-4918
https://orcid.org/0000-0002-3632-3157
https://orcid.org/0000-0002-1780-1344
https://orcid.org/0000-0001-6125-7203
https://orcid.org/0009-0005-6188-7754
https://orcid.org/0000-0002-7671-243X
https://orcid.org/0000-0003-2694-6542
https://orcid.org/0000-0002-5888-2304
https://orcid.org/0000-0001-7774-0099
https://orcid.org/0000-0002-6674-0015
https://orcid.org/0000-0003-2533-2856
https://orcid.org/0000-0002-4549-2569
https://orcid.org/0000-0001-9830-0412
https://orcid.org/0009-0002-0638-3447
https://orcid.org/0000-0002-9408-4756
https://orcid.org/0009-0006-0914-7684
https://orcid.org/0000-0001-5309-1960
https://orcid.org/0000-0002-9443-7769
https://orcid.org/0000-0002-6182-3380
https://orcid.org/0000-0002-3135-6427
https://orcid.org/0000-0003-4970-2217
https://orcid.org/0009-0004-1393-6577
https://orcid.org/0000-0002-7584-5038
https://orcid.org/0000-0001-6627-8716
https://orcid.org/0000-0003-1581-6152
https://orcid.org/0000-0001-6362-5356
https://orcid.org/0000-0002-4721-7966
https://orcid.org/0000-0002-9514-0799
https://orcid.org/0000-0002-3752-4639
https://orcid.org/0009-0002-8559-0531
https://orcid.org/0000-0002-8046-4344
https://orcid.org/0000-0003-1777-7855
https://orcid.org/0000-0002-6220-5496
https://orcid.org/0000-0001-7080-1119
https://orcid.org/0000-0002-2249-0835
https://orcid.org/0000-0002-8610-1130
https://orcid.org/0000-0002-1466-9077
https://orcid.org/0000-0002-6610-4019
https://orcid.org/0000-0002-3533-6191
https://orcid.org/0000-0003-4420-5510
https://orcid.org/0000-0001-8587-8266
https://orcid.org/0000-0001-8038-1613
https://orcid.org/0000-0002-7695-501X
https://orcid.org/0000-0002-8842-6027
https://orcid.org/0000-0002-8072-795X
https://orcid.org/0000-0001-6361-2117
https://orcid.org/0000-0001-7873-3579
https://orcid.org/0000-0002-5291-1661
https://orcid.org/0000-0002-0538-1469
https://orcid.org/0000-0002-9806-5907
https://orcid.org/0009-0009-8976-7702
https://orcid.org/0000-0002-8992-5426
https://orcid.org/0000-0002-6657-0407
https://orcid.org/0000-0002-7561-6091
https://orcid.org/0000-0002-1192-1628
https://orcid.org/0000-0003-0199-6957
https://orcid.org/0009-0001-9480-4039
https://orcid.org/0000-0002-1579-2421
https://orcid.org/0000-0002-9235-3406
https://orcid.org/0009-0002-6473-1403
https://orcid.org/0000-0002-9438-2059
https://orcid.org/0000-0002-9991-195X
https://orcid.org/0000-0002-5846-3919
https://orcid.org/0000-0002-1992-5711
https://orcid.org/0000-0001-5184-2265
https://orcid.org/0000-0001-8149-6180
https://orcid.org/0000-0002-3667-3843
https://orcid.org/0000-0002-6011-8516
https://orcid.org/0000-0002-5976-318X
https://orcid.org/0000-0003-1304-3782
https://orcid.org/0000-0001-6456-7178
https://orcid.org/0000-0002-4260-5118
https://orcid.org/0000-0002-3285-1497
https://orcid.org/0000-0003-3598-556X
https://orcid.org/0000-0001-6828-1695
https://orcid.org/0000-0002-1950-8993
https://orcid.org/0009-0006-4366-3463
https://orcid.org/0000-0001-5732-7950
https://orcid.org/0000-0003-2234-7219
https://orcid.org/0000-0003-3563-2959
https://orcid.org/0000-0001-8251-5160


25

D. Agyel , F. Boran , Z.S. Demiroglu , F. Dolek , I. Dumanoglu67 , E. Eskut ,
Y. Guler68 , E. Gurpinar Guler68 , C. Isik , O. Kara, A. Kayis Topaksu , U. Kiminsu ,
G. Onengut , K. Ozdemir69 , A. Polatoz , B. Tali70 , U.G. Tok , S. Turkcapar ,
E. Uslan , I.S. Zorbakir

Middle East Technical University, Physics Department, Ankara, Turkey
G. Karapinar71, K. Ocalan72 , M. Yalvac73

Bogazici University, Istanbul, Turkey
B. Akgun , I.O. Atakisi , E. Gülmez , M. Kaya74 , O. Kaya75 , S. Tekten76

Istanbul Technical University, Istanbul, Turkey
A. Cakir , K. Cankocak67 , Y. Komurcu , S. Sen77

Istanbul University, Istanbul, Turkey
O. Aydilek , S. Cerci70 , V. Epshteyn , B. Hacisahinoglu , I. Hos78 , B. Isildak79 ,
B. Kaynak , S. Ozkorucuklu , C. Simsek , D. Sunar Cerci70

Institute for Scintillation Materials of National Academy of Science of Ukraine, Kharkiv,
Ukraine
B. Grynyov

National Science Centre, Kharkiv Institute of Physics and Technology, Kharkiv, Ukraine
L. Levchuk

University of Bristol, Bristol, United Kingdom
D. Anthony , J.J. Brooke , A. Bundock , E. Clement , D. Cussans , H. Flacher ,
M. Glowacki, J. Goldstein , H.F. Heath , L. Kreczko , B. Krikler , S. Paramesvaran ,
S. Seif El Nasr-Storey, V.J. Smith , N. Stylianou80 , K. Walkingshaw Pass, R. White

Rutherford Appleton Laboratory, Didcot, United Kingdom
A.H. Ball, K.W. Bell , A. Belyaev81 , C. Brew , R.M. Brown , D.J.A. Cockerill ,
C. Cooke , K.V. Ellis, K. Harder , S. Harper , M.-L. Holmberg82 , Sh. Jain , J. Linacre ,
K. Manolopoulos, D.M. Newbold , E. Olaiya, D. Petyt , T. Reis , G. Salvi , T. Schuh,
C.H. Shepherd-Themistocleous , I.R. Tomalin , T. Williams

Imperial College, London, United Kingdom
R. Bainbridge , P. Bloch , S. Bonomally, J. Borg , C.E. Brown , O. Buchmuller,
V. Cacchio, C.A. Carrillo Montoya , V. Cepaitis , G.S. Chahal83 , D. Colling , J.S. Dancu,
P. Dauncey , G. Davies , J. Davies, M. Della Negra , S. Fayer, G. Fedi , G. Hall ,
M.H. Hassanshahi , A. Howard, G. Iles , J. Langford , L. Lyons , A.-M. Magnan ,
S. Malik, A. Martelli , M. Mieskolainen , D.G. Monk , J. Nash84 , M. Pesaresi,
B.C. Radburn-Smith , A. Richards, A. Rose , E. Scott , C. Seez , R. Shukla ,
A. Tapper , K. Uchida , G.P. Uttley , L.H. Vage, T. Virdee26 , M. Vojinovic ,
N. Wardle , S.N. Webb , D. Winterbottom

Brunel University, Uxbridge, United Kingdom
K. Coldham, J.E. Cole , A. Khan, P. Kyberd , I.D. Reid

Baylor University, Waco, Texas, USA
S. Abdullin , A. Brinkerhoff , B. Caraway , J. Dittmann , K. Hatakeyama , A.R. Kanu-
ganti , B. McMaster , M. Saunders , S. Sawant , C. Sutantawibul , M. Toms ,
J. Wilson

Catholic University of America, Washington, DC, USA

https://orcid.org/0000-0002-1797-8844
https://orcid.org/0000-0002-3611-390X
https://orcid.org/0000-0001-7977-7127
https://orcid.org/0000-0001-7092-5517
https://orcid.org/0000-0002-0039-5503
https://orcid.org/0000-0001-8328-3314
https://orcid.org/0000-0001-7598-5252
https://orcid.org/0000-0002-6172-0285
https://orcid.org/0000-0002-7977-0811
https://orcid.org/0000-0002-3169-4573
https://orcid.org/0000-0001-6940-7800
https://orcid.org/0000-0002-6274-4254
https://orcid.org/0000-0002-0103-1488
https://orcid.org/0000-0001-9516-0821
https://orcid.org/0000-0002-7447-5602
https://orcid.org/0000-0002-3039-021X
https://orcid.org/0000-0003-2608-0494
https://orcid.org/0000-0002-2472-0526
https://orcid.org/0000-0002-5962-2221
https://orcid.org/0000-0002-8419-1400
https://orcid.org/0000-0003-4915-9162
https://orcid.org/0000-0001-8888-3562
https://orcid.org/0000-0002-9231-7464
https://orcid.org/0000-0002-6353-518X
https://orcid.org/0000-0003-2890-4493
https://orcid.org/0000-0002-8485-3822
https://orcid.org/0000-0002-9624-5525
https://orcid.org/0000-0002-8627-7689
https://orcid.org/0000-0002-3829-3481
https://orcid.org/0000-0002-7084-030X
https://orcid.org/0000-0001-7325-1087
https://orcid.org/0000-0002-2567-6766
https://orcid.org/0000-0002-8702-6152
https://orcid.org/0000-0002-8863-6374
https://orcid.org/0000-0002-2646-1230
https://orcid.org/0000-0002-7678-1101
https://orcid.org/0000-0002-0283-5234
https://orcid.org/0000-0003-3857-2496
https://orcid.org/0000-0001-5153-9266
https://orcid.org/0000-0002-7359-8635
https://orcid.org/0000-0002-5412-4688
https://orcid.org/0000-0002-3299-9985
https://orcid.org/0000-0001-5889-7410
https://orcid.org/0000-0002-5016-8886
https://orcid.org/0000-0003-2529-0684
https://orcid.org/0000-0002-2916-6456
https://orcid.org/0000-0003-3412-4004
https://orcid.org/0000-0001-8192-0826
https://orcid.org/0000-0002-5371-941X
https://orcid.org/0000-0003-1591-6014
https://orcid.org/0000-0001-6576-9740
https://orcid.org/0000-0003-2341-8330
https://orcid.org/0000-0001-9712-0030
https://orcid.org/0000-0003-4748-8296
https://orcid.org/0000-0003-4543-2547
https://orcid.org/0000-0002-0113-6829
https://orcid.org/0000-0001-5793-526X
https://orcid.org/0000-0002-2294-5860
https://orcid.org/0000-0002-1733-4408
https://orcid.org/0000-0001-6595-8365
https://orcid.org/0000-0002-6728-0153
https://orcid.org/0000-0003-2427-5765
https://orcid.org/0000-0003-3730-4895
https://orcid.org/0000-0002-2965-6973
https://orcid.org/0000-0001-5637-2653
https://orcid.org/0000-0002-9473-5985
https://orcid.org/0000-0003-1770-5309
https://orcid.org/0000-0001-7555-652X
https://orcid.org/0000-0002-9015-9634
https://orcid.org/0000-0002-2369-4469
https://orcid.org/0000-0003-3703-6624
https://orcid.org/0000-0002-2787-1063
https://orcid.org/0000-0003-0551-6949
https://orcid.org/0000-0003-2419-4439
https://orcid.org/0000-0002-8724-4678
https://orcid.org/0000-0001-9157-4832
https://orcid.org/0000-0001-6716-979X
https://orcid.org/0000-0002-7716-7621
https://orcid.org/0000-0002-7766-6615
https://orcid.org/0000-0002-6245-6535
https://orcid.org/0000-0002-4809-4056
https://orcid.org/0000-0003-0320-4407
https://orcid.org/0000-0001-9959-4977
https://orcid.org/0000-0001-6839-9466
https://orcid.org/0000-0001-8668-5001
https://orcid.org/0000-0001-6497-8081
https://orcid.org/0000-0001-9101-2573
https://orcid.org/0000-0002-6299-8385
https://orcid.org/0000-0001-6634-4517
https://orcid.org/0000-0002-1219-5859
https://orcid.org/0000-0002-3931-4379
https://orcid.org/0000-0001-7945-9188
https://orcid.org/0000-0002-4266-1646
https://orcid.org/0000-0003-3530-2255
https://orcid.org/0000-0001-8893-7401
https://orcid.org/0000-0002-8377-1999
https://orcid.org/0000-0003-0607-6519
https://orcid.org/0000-0003-1488-9675
https://orcid.org/0000-0002-9773-550X
https://orcid.org/0000-0003-0352-6836
https://orcid.org/0000-0002-1637-5494
https://orcid.org/0000-0001-5670-5497
https://orcid.org/0000-0003-4543-864X
https://orcid.org/0000-0003-0742-2276
https://orcid.org/0009-0002-6248-6467
https://orcid.org/0000-0001-7429-2198
https://orcid.org/0000-0001-8665-2808
https://orcid.org/0000-0003-1344-3356
https://orcid.org/0000-0003-4749-8814
https://orcid.org/0000-0003-4582-150X
https://orcid.org/0000-0001-5638-7599
https://orcid.org/0000-0002-7353-7090
https://orcid.org/0000-0002-9235-779X
https://orcid.org/0000-0003-4885-6935
https://orcid.org/0000-0002-4819-7995
https://orcid.org/0000-0002-6088-2020
https://orcid.org/0000-0002-1911-3158
https://orcid.org/0000-0002-6012-2451
https://orcid.org/0000-0002-0789-1200
https://orcid.org/0000-0002-4494-0446
https://orcid.org/0000-0003-1572-9075
https://orcid.org/0000-0002-1981-7753
https://orcid.org/0000-0003-0600-0151
https://orcid.org/0000-0002-7703-3973
https://orcid.org/0000-0002-5672-7394


26

R. Bartek , A. Dominguez , C. Huerta Escamilla, A.E. Simsek , R. Uniyal , A.M. Var-
gas Hernandez

The University of Alabama, Tuscaloosa, Alabama, USA
R. Chudasama , S.I. Cooper , D. Di Croce , S.V. Gleyzer , C.U. Perez , P. Rumerio85 ,
E. Usai , C. West

Boston University, Boston, Massachusetts, USA
A. Akpinar , A. Albert , D. Arcaro , C. Cosby , Z. Demiragli , C. Erice ,
E. Fontanesi , D. Gastler , S. May , J. Rohlf , K. Salyer , D. Sperka , D. Spitzbart ,
I. Suarez , A. Tsatsos , S. Yuan

Brown University, Providence, Rhode Island, USA
G. Benelli , X. Coubez21, D. Cutts , M. Hadley , U. Heintz , J.M. Hogan86 , T. Kwon ,
G. Landsberg , K.T. Lau , D. Li , J. Luo , M. Narain , N. Pervan , S. Sagir87 ,
F. Simpson , W.Y. Wong, X. Yan , D. Yu , W. Zhang

University of California, Davis, Davis, California, USA
S. Abbott , J. Bonilla , C. Brainerd , R. Breedon , M. Calderon De La Barca Sanchez ,
M. Chertok , J. Conway , P.T. Cox , R. Erbacher , G. Haza , F. Jensen , O. Kukral ,
G. Mocellin , M. Mulhearn , D. Pellett , B. Regnery , W. Wei, Y. Yao , F. Zhang

University of California, Los Angeles, California, USA
M. Bachtis , R. Cousins , A. Datta , J. Hauser , M. Ignatenko , M.A. Iqbal , T. Lam ,
E. Manca , W.A. Nash , D. Saltzberg , B. Stone , V. Valuev

University of California, Riverside, Riverside, California, USA
R. Clare , J.W. Gary , M. Gordon, G. Hanson , O.R. Long , N. Manganelli , W. Si ,
S. Wimpenny

University of California, San Diego, La Jolla, California, USA
J.G. Branson , S. Cittolin , S. Cooperstein , D. Diaz , J. Duarte , R. Gerosa , L. Gian-
nini , J. Guiang , R. Kansal , V. Krutelyov , R. Lee , J. Letts , M. Masciovecchio ,
F. Mokhtar , M. Pieri , M. Quinnan , B.V. Sathia Narayanan , V. Sharma , M. Tadel ,
E. Vourliotis , F. Würthwein , Y. Xiang , A. Yagil

University of California, Santa Barbara - Department of Physics, Santa Barbara, California,
USA
L. Brennan, C. Campagnari , M. Citron , G. Collura , A. Dorsett , J. Incandela ,
M. Kilpatrick , J. Kim , A.J. Li , P. Masterson , H. Mei , M. Oshiro , J. Richman ,
U. Sarica , R. Schmitz , F. Setti , J. Sheplock , P. Siddireddy, D. Stuart , S. Wang

California Institute of Technology, Pasadena, California, USA
A. Bornheim , O. Cerri, A. Latorre, J.M. Lawhorn , J. Mao , H.B. Newman ,
T. Q. Nguyen , M. Spiropulu , J.R. Vlimant , C. Wang , S. Xie , R.Y. Zhu

Carnegie Mellon University, Pittsburgh, Pennsylvania, USA
J. Alison , S. An , M.B. Andrews , P. Bryant , V. Dutta , T. Ferguson , A. Harilal ,
C. Liu , T. Mudholkar , S. Murthy , M. Paulini , A. Roberts , A. Sanchez , W. Terrill

University of Colorado Boulder, Boulder, Colorado, USA
J.P. Cumalat , W.T. Ford , A. Hassani , G. Karathanasis , E. MacDonald, F. Marini ,
A. Perloff , C. Savard , N. Schonbeck , K. Stenson , K.A. Ulmer , S.R. Wagner ,
N. Zipper

https://orcid.org/0000-0002-1686-2882
https://orcid.org/0000-0002-7420-5493
https://orcid.org/0000-0002-9074-2256
https://orcid.org/0000-0001-7345-6293
https://orcid.org/0000-0002-8911-7197
https://orcid.org/0009-0007-8848-6146
https://orcid.org/0000-0002-4618-0313
https://orcid.org/0000-0002-1122-7919
https://orcid.org/0000-0002-6222-8102
https://orcid.org/0000-0002-6861-2674
https://orcid.org/0000-0002-1702-5541
https://orcid.org/0000-0001-9323-2107
https://orcid.org/0000-0003-4460-2241
https://orcid.org/0000-0001-7510-6617
https://orcid.org/0000-0003-2369-9507
https://orcid.org/0000-0001-9457-8302
https://orcid.org/0000-0003-0352-6561
https://orcid.org/0000-0001-8521-737X
https://orcid.org/0000-0002-6469-3200
https://orcid.org/0000-0002-0662-5904
https://orcid.org/0009-0000-7307-6311
https://orcid.org/0000-0002-6351-6122
https://orcid.org/0000-0001-6423-9799
https://orcid.org/0000-0002-6957-1077
https://orcid.org/0000-0002-4624-2019
https://orcid.org/0000-0003-2025-2742
https://orcid.org/0000-0002-5374-6995
https://orcid.org/0000-0001-8310-8911
https://orcid.org/0000-0002-2029-024X
https://orcid.org/0000-0003-4461-8905
https://orcid.org/0000-0003-1041-7099
https://orcid.org/0000-0002-7068-4327
https://orcid.org/0000-0002-7590-3058
https://orcid.org/0000-0002-8604-3452
https://orcid.org/0000-0001-9594-6277
https://orcid.org/0000-0002-4184-9380
https://orcid.org/0000-0003-1371-8575
https://orcid.org/0000-0003-0890-8948
https://orcid.org/0000-0002-4108-8681
https://orcid.org/0000-0002-7857-7403
https://orcid.org/0000-0002-8153-8464
https://orcid.org/0000-0002-2614-5860
https://orcid.org/0000-0001-8944-9629
https://orcid.org/0000-0002-6426-0560
https://orcid.org/0000-0001-5921-5231
https://orcid.org/0000-0002-7791-894X
https://orcid.org/0000-0002-6982-6121
https://orcid.org/0000-0002-9552-1006
https://orcid.org/0000-0001-5314-7581
https://orcid.org/0000-0001-9835-4349
https://orcid.org/0000-0002-2729-6273
https://orcid.org/0000-0003-2719-5779
https://orcid.org/0000-0003-1218-2828
https://orcid.org/0000-0001-7170-8944
https://orcid.org/0009-0001-1326-3956
https://orcid.org/0000-0003-3769-9081
https://orcid.org/0009-0007-3858-6659
https://orcid.org/0000-0002-1531-3478
https://orcid.org/0000-0003-1145-6436
https://orcid.org/0009-0000-0389-8571
https://orcid.org/0000-0003-1539-923X
https://orcid.org/0000-0002-5990-4245
https://orcid.org/0000-0002-6158-2468
https://orcid.org/0000-0003-3110-0701
https://orcid.org/0000-0002-5963-0467
https://orcid.org/0000-0003-2695-7719
https://orcid.org/0000-0002-9781-4873
https://orcid.org/0000-0001-8258-5863
https://orcid.org/0000-0001-8664-1949
https://orcid.org/0000-0002-0862-7348
https://orcid.org/0000-0001-8946-655X
https://orcid.org/0009-0004-3633-8967
https://orcid.org/0000-0003-0658-9146
https://orcid.org/0000-0002-9397-5231
https://orcid.org/0000-0002-0783-6703
https://orcid.org/0000-0003-3293-5305
https://orcid.org/0000-0003-0175-5731
https://orcid.org/0000-0002-7273-4009
https://orcid.org/0000-0002-2180-7634
https://orcid.org/0000-0002-3398-4531
https://orcid.org/0000-0002-5879-6326
https://orcid.org/0000-0003-0505-4908
https://orcid.org/0009-0009-5683-4614
https://orcid.org/0000-0002-0922-9587
https://orcid.org/0000-0003-0262-3132
https://orcid.org/0000-0001-6834-1176
https://orcid.org/0000-0002-5076-7096
https://orcid.org/0000-0001-8359-3734
https://orcid.org/0000-0002-5621-7706
https://orcid.org/0000-0002-2155-8260
https://orcid.org/0000-0003-2445-1060
https://orcid.org/0000-0002-1386-0232
https://orcid.org/0009-0000-4634-0797
https://orcid.org/0000-0002-0156-1251
https://orcid.org/0000-0002-8200-9425
https://orcid.org/0000-0003-2533-3402
https://orcid.org/0000-0003-3303-6301
https://orcid.org/0000-0003-2902-5597
https://orcid.org/0000-0003-2076-5126
https://orcid.org/0000-0003-1736-8795
https://orcid.org/0000-0001-8800-0045
https://orcid.org/0000-0002-2270-0492
https://orcid.org/0000-0001-5912-6124
https://orcid.org/0000-0003-4112-7457
https://orcid.org/0000-0002-6108-4004
https://orcid.org/0000-0002-8978-8177
https://orcid.org/0000-0001-6250-8465
https://orcid.org/0000-0002-4160-1844
https://orcid.org/0000-0001-5349-3011
https://orcid.org/0000-0001-9850-2030
https://orcid.org/0000-0002-2602-0566
https://orcid.org/0000-0002-2072-6082
https://orcid.org/0000-0002-3895-717X
https://orcid.org/0000-0002-6890-7624
https://orcid.org/0000-0002-9838-8327
https://orcid.org/0000-0002-2200-7516
https://orcid.org/0000-0002-5189-146X
https://orcid.org/0000-0002-1557-4424
https://orcid.org/0000-0003-2328-677X
https://orcid.org/0000-0001-9800-7822
https://orcid.org/0000-0002-8752-1946
https://orcid.org/0000-0002-4965-0747
https://orcid.org/0000-0001-7887-1728
https://orcid.org/0000-0002-0128-0871
https://orcid.org/0000-0002-8597-9259
https://orcid.org/0009-0002-8988-9987
https://orcid.org/0000-0003-0964-1480
https://orcid.org/0000-0003-3954-5131
https://orcid.org/0000-0001-8172-7081
https://orcid.org/0000-0002-9705-101X
https://orcid.org/0000-0002-0117-7196
https://orcid.org/0000-0003-2509-5731
https://orcid.org/0000-0003-3091-7461
https://orcid.org/0000-0003-0843-1641
https://orcid.org/0000-0002-9740-1622
https://orcid.org/0000-0001-5537-4518
https://orcid.org/0000-0001-8145-6322
https://orcid.org/0000-0001-5958-829X
https://orcid.org/0000-0001-5822-3731
https://orcid.org/0000-0001-9625-1987
https://orcid.org/0000-0002-3100-7294
https://orcid.org/0000-0002-9352-8140
https://orcid.org/0000-0002-1277-9168
https://orcid.org/0000-0002-6714-5787
https://orcid.org/0000-0002-5139-0550
https://orcid.org/0000-0002-5431-6989
https://orcid.org/0000-0002-2078-8419
https://orcid.org/0000-0002-6032-5857
https://orcid.org/0000-0001-8703-6943
https://orcid.org/0009-0008-4322-7682
https://orcid.org/0000-0001-5115-5828
https://orcid.org/0000-0002-2374-6433
https://orcid.org/0000-0001-5230-0396
https://orcid.org/0009-0000-7507-0570
https://orcid.org/0009-0008-3430-7269
https://orcid.org/0000-0003-4888-205X
https://orcid.org/0000-0001-6875-9177
https://orcid.org/0000-0002-9269-5772
https://orcid.org/0000-0002-4805-8020


27

Cornell University, Ithaca, New York, USA
J. Alexander , S. Bright-Thonney , X. Chen , D.J. Cranshaw , J. Fan , X. Fan ,
D. Gadkari , S. Hogan , J. Monroy , J.R. Patterson , J. Reichert , M. Reid , A. Ryd ,
J. Thom , P. Wittich , R. Zou

Fermi National Accelerator Laboratory, Batavia, Illinois, USA
M. Albrow , M. Alyari , G. Apollinari , A. Apresyan , L.A.T. Bauerdick , D. Berry ,
J. Berryhill , P.C. Bhat , K. Burkett , J.N. Butler , A. Canepa , G.B. Cerati ,
H.W.K. Cheung , F. Chlebana , K.F. Di Petrillo , J. Dickinson , I. Dutta , V.D. Elvira ,
Y. Feng , J. Freeman , A. Gandrakota , Z. Gecse , L. Gray , D. Green, S. Grünendahl ,
D. Guerrero , O. Gutsche , R.M. Harris , R. Heller , T.C. Herwig , J. Hirschauer ,
L. Horyn , B. Jayatilaka , S. Jindariani , M. Johnson , U. Joshi , T. Klijnsma ,
B. Klima , K.H.M. Kwok , S. Lammel , D. Lincoln , R. Lipton , T. Liu , C. Madrid ,
K. Maeshima , C. Mantilla , D. Mason , P. McBride , P. Merkel , S. Mrenna ,
S. Nahn , J. Ngadiuba , D. Noonan , S. Norberg, V. Papadimitriou , N. Pastika ,
K. Pedro , C. Pena88 , F. Ravera , A. Reinsvold Hall89 , L. Ristori , E. Sexton-
Kennedy , N. Smith , A. Soha , L. Spiegel , S. Stoynev , J. Strait , L. Taylor ,
S. Tkaczyk , N.V. Tran , L. Uplegger , E.W. Vaandering , I. Zoi

University of Florida, Gainesville, Florida, USA
P. Avery , D. Bourilkov , L. Cadamuro , P. Chang , V. Cherepanov , R.D. Field,
E. Koenig , M. Kolosova , J. Konigsberg , A. Korytov , E. Kuznetsova90 , K.H. Lo,
K. Matchev , N. Menendez , G. Mitselmakher , A. Muthirakalayil Madhu , N. Rawal ,
D. Rosenzweig , S. Rosenzweig , K. Shi , J. Wang , Z. Wu

Florida State University, Tallahassee, Florida, USA
T. Adams , A. Askew , N. Bower , R. Habibullah , V. Hagopian , T. Kolberg ,
G. Martinez, H. Prosper , O. Viazlo , M. Wulansatiti , R. Yohay , J. Zhang

Florida Institute of Technology, Melbourne, Florida, USA
M.M. Baarmand , S. Butalla , T. Elkafrawy52 , M. Hohlmann , R. Kumar Verma ,
M. Rahmani, F. Yumiceva

University of Illinois at Chicago (UIC), Chicago, Illinois, USA
M.R. Adams , R. Cavanaugh , S. Dittmer , O. Evdokimov , C.E. Gerber , D.J. Hof-
man , D. S. Lemos , A.H. Merrit , C. Mills , G. Oh , T. Roy , S. Rudrabhatla ,
M.B. Tonjes , N. Varelas , X. Wang , Z. Ye , J. Yoo

The University of Iowa, Iowa City, Iowa, USA
M. Alhusseini , K. Dilsiz91 , L. Emediato , G. Karaman , O.K. Köseyan , J.-P. Merlo,
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26Also at CERN, European Organization for Nuclear Research, Geneva, Switzerland
27Also at Physics Department, Faculty of Science, Assiut University, Assiut, Egypt
28Also at Wigner Research Centre for Physics, Budapest, Hungary
29Also at Institute of Physics, University of Debrecen, Debrecen, Hungary
30Also at Institute of Nuclear Research ATOMKI, Debrecen, Hungary
31Now at Universitatea Babes-Bolyai - Facultatea de Fizica, Cluj-Napoca, Romania
32Also at Faculty of Informatics, University of Debrecen, Debrecen, Hungary
33Also at Punjab Agricultural University, Ludhiana, India
34Also at UPES - University of Petroleum and Energy Studies, Dehradun, India
35Also at University of Visva-Bharati, Santiniketan, India
36Also at University of Hyderabad, Hyderabad, India
37Also at Indian Institute of Science (IISc), Bangalore, India
38Also at Indian Institute of Technology (IIT), Mumbai, India
39Also at IIT Bhubaneswar, Bhubaneswar, India
40Also at Institute of Physics, Bhubaneswar, India
41Also at Deutsches Elektronen-Synchrotron, Hamburg, Germany
42Now at Department of Physics, Isfahan University of Technology, Isfahan, Iran
43Also at Sharif University of Technology, Tehran, Iran
44Also at Department of Physics, University of Science and Technology of Mazandaran,
Behshahr, Iran
45Also at Helwan University, Cairo, Egypt
46Also at Italian National Agency for New Technologies, Energy and Sustainable Economic
Development, Bologna, Italy
47Also at Centro Siciliano di Fisica Nucleare e di Struttura Della Materia, Catania, Italy
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