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Abstract: This paper describes the experience with the calibration, reconstruction and evaluation

of the timing capabilities of the CMS HGCAL prototype in the beam tests in 2018. The calibration

procedure includes multiple steps and corrections ranging from tens of nanoseconds to a few hundred

picoseconds. The timing performance is studied using signals from positron beam particles with

energies between 20 GeV and 300 GeV. The performance is studied as a function of particle energy

against an external timing reference as well as standalone by comparing the two different halves of

the prototype. The timing resolution is found to be 60 ps for single-channel measurements and better

than 20 ps for full showers at the highest energies, setting excellent perspectives for the HGCAL

calorimeter performance at the HL-LHC.

Keywords: Calorimeter, HGCAL, silicon sensors, test beam, timing performance
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1 Introduction

In recent years there has been a growing interest in precision timing for uses beyond the traditional

time-of-flight measurements for particle identification. In anticipation of the very large number of

simultaneous interactions that will occur in a single bunch crossing (pile up) at the High-Luminosity

LHC (HL-LHC), both the CMS and ATLAS Collaborations are developing specialized detectors

that can measure the time of the passage of a charged particle with a precision of a few 10 ps. These

detectors will allow the separation of different proton-proton interactions within a single bunch

crossing, which occurs over an interval of about 350 ps.
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the time-of-arrival of the incident particles. The sensitive area of the MCP detectors was about

1 cm
2
, defining the transverse extent of the accepted events. One of the MCP detectors (MCP 1) was

used as a timing reference, while the second one was used for cross-calibration to obtain the timing

resolution as a function of the signal amplitude, shown in Figure 2. The MCP timing resolution

depends on the deposited charge and the asymptotic timing resolution of a single MCP was found

to be about 9 ps. The average resolution for positrons selected for this study was measured to be

about 25 ps corresponding to MCP signals of about 700 ADC counts.
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Figure 2: Single MCP time resolution estimated as σ/
√

2, where σ comes from a Gaussian fit to the

distribution of time differences between the two MCPs operated in front of the HGCAL prototype

calorimeter. Given the identical structure of the two MCP detectors, their timing resolution was

assumed to be identical.

Two scintillators, used to generate the event trigger, were placed before and after the MCP

detectors. Four delay wire chambers used to determine the impact position of beam particles were

placed upstream of the trigger scintillators. Further details of the experimental setup can be found

in Ref. [5].

2.2 2018 HGCAL prototype

Full details of the detector construction and its readout electronics can be found in Refs. [3, 4].

In summary, the calorimeter prototype comprised three sections shown in Figure 1: the silicon

electromagnetic calorimeter (CE-E), the silicon hadronic calorimeter (CE-H), and the tile hadronic

calorimeter (AHCAL). The electromagnetic calorimeter was constructed with 28 hexagonal detector

modules, each of which was assembled as a glued stack, consisting of a sintered copper-tungsten

baseplate, a silicon sensor, and a printed circuit board with the front-end readout electronics. The

hexagonal silicon sensor was sub-divided into 128 hexagonal pads, each with a surface of about

1.1 cm
2
. To bias the sensor and shield it from electromagnetic interference, two metalized polyimide

layers were used between the sensor and the base plate. The 28 modules in the electromagnetic

calorimeter were mounted in pairs on either side of copper cooling plates and these were interleaved

with lead absorber plates. The first 26 layers of the electromagnetic section featured 300 µm thick

sensors, while the last two used 200 µm thick sensors. The CE-E was approximately 50 cm long
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In order to obtain a realistic time resolution in the simulation, the time of the signal was

convoluted with a Gaussian that had a width determined empirically for each channel. Still, the

model does not include the response of electronics components or the digitization, and thus any

response non-linearities or similar effects are not simulated.

3 Reconstruction of the timing information

The sequence of the time measurement in the ASIC is shown schematically in Figure 5. When

the signal goes above a fixed threshold, the TAC ramps are started, and after skipping the first

clock edge, the ramps are stopped: one on the rising edge of the clock, and the second one on the

falling edge of the clock. This yields two time measurements, TOA-rise and TOA-fall, from which

two separate signal times are estimated, Trise and Tfall. These times are referenced to the system

clock after corrections for the non-linearity of the TAC ramp, the time-walk that depends on the hit

energy, and the deposited energy in the full module.

laboratory time

12.5 ns

TOFCPD

MCP waveformTMCP

ramp TOArise

ramp TOAfall

TOArise
TOAfallSKIROC2-CMS channel

MCP 1

clock 

clock 

incident particle/shower

St
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 T
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e

St
op

 T
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ll

Figure 5: Timing measurements used in the calibration of the calorimeter hit timestamps. CPD

denotes an arbitrary but constant clock-phase-difference between a given readout channel and the

reference clock. TOF refers to the time-of-flight between the MCP and silicon sensor.

3.1 Signal time reconstruction

To estimate the signal time, T, the procedure for both TOA measurements was as follows:

1. The measured TOA values were normalized to the unit interval to take into account their

pedestal values,

2. the TOAs were corrected for the non-linearity of the TAC ramp (fTOA),

3. an amplitude-dependent time walk correction (fTW) was applied, and

4. a correction for small signals (fR) that depends on the total energy deposited in the module

containing the channel (Emodule) was applied.
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It is worth noting that the first two steps operate on TOA values and their distribution, whereas the

last two steps operate on individual signal times. Accordingly, the signal time, T, for each channel

has three contributions, as shown in Equation (3.1):

Trise/fall = fTOA(TOArise/fall) + fTW(Ehit) + fR(Emodule, Ehit). (3.1)

The signal time T in any given channel is estimated separately from both TOA-rise and TOA-fall.

3.2 Derivation of the corrected time

As the beam particles were asynchronous with respect to the 40 MHz system clock, the signal arrival

times were uniformly distributed within the 25 ns clock period. This resulted in the full range of

possible TOA values being available for the determination of the non-linearity corrections.

The signal from MCP1 was required to have an amplitude greater than 500 ADC counts, where

the time resolution was better than 40 ps, as shown in Figure 2. Also, only readout channels with

more than 1000 hits with Edep ≥ 250 MIP and with 30 000 or more hits in total were considered.

The first requirement selects a large sample of measurements where the energy is estimated from

the TOT measurement, i.e. not from the ADC measurement. As the beam was focused on the center

of the calorimeter, only 116 readout channels, or 3% of all channels, met these requirements.

3.2.1 Correction of the non-linearity of the TOA

First, variations in pedestals (TOA
min

) were corrected, and the values were scaled by the full range

(ΔTOA), yielding TOAnorm normalized to unity, thus corresponding to the relative location of the

TOA value in the clock period:

TOAnorm ≔
TOA – TOA

min

ΔTOA
. (3.2)

After this normalization, the non-linear response of TOAnorm was corrected using the MCP

measurement, which was considered linear. For each channel the response was modelled using

fTOA(TOAnorm| ®Θ) = Θ1 · x +Θ2 +
Θ3

x –Θ4

, (3.3)

where ®Θ is a set of parameters describing the response of the TOA measurement.

The accuracy of this response linearization is improved by using separate ®Θ parameter sets in

the linear (TOAnorm < 0.65) and non-linear regions (TOAnorm ≥ 0.65).

The result of the linearization step is shown in Figure 6a for the normalized TOA-rise of a

representative channel, where the full 25 ns range is presented. This method is found to be in

agreement with the previous response correction presented in Ref. [10], that did not rely on the

MCP reference but on the asynchronous nature of the beam particles.

3.2.2 Time-walk correction

The fTOA linearization corrections were followed by an amplitude-dependent correction for the

time-walk effect. This correction is derived from a fit to the TOA time difference to the MCP

as a function of the reconstructed signal amplitude, Ehit using the same functional form as in

– 7 –
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(a) TOA linearization,

Section 3.2.1.
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(b) Time-walk correction,

Section 3.2.2.

0.3−

0.2−

0.1−

0

0.1

0.2

0.3>
 (

n
s
)

T
W

 -
 f

T
O

A
 +

 T
O

F
 -

 f
M

C
P

<
T

Data

Fit

/ndf = 352 / 922χResiduals: 

500 1000 1500 2000 2500
 (MIP)moduleE

150−

100−

50−

0

50

100

150

D
a

ta
 -

 F
it
 (

p
s
)

 CMS HGCAL CERN SPS beam test 2018

Channel 32228, TOA-rise

(c) Residual correction,

Section 3.2.3.

Figure 6: The three TOA calibration steps (TOA-rise in this case) of a representative channel,

centrally located inside the HGCAL prototype: (a) Linearization of the normalized TOA, (b)

assessment of the signal-induced time-walk correction, and (c) assessment of the residual correction,

a smaller time-walk that depends on the total energy in the module of the given channel. The

magnitude of the time-walk corrections is about one and two orders of magnitude smaller than

the calibrated time range, respectively. The additive TOF term represents the constant time offset

between the MCP and the readout channel.

Equation (3.3). It was also found that the fit was improved by separately fitting two regions of the

signal amplitude depending on whether the ADC (Ehit < ETOT) or the TOT is used (Ehit ≥ ETOT)

to estimate the hit energy:

fTW(Ehit) ≔

{
fTOA(Ehit|

®ΘTW
1 ) for Ehit < ETOT.

fTOA(Ehit|
®ΘTW

2 ) for Ehit ≥ ETOT.
(3.4)

The value of ETOT was determined channel-by-channel and is typically a few hundred MIPs [4].

As can be seen in Figure 6b, the time-walk is found to reach several nanoseconds for hit energies

below a few 100 MIP.

3.2.3 Residual time-walk correction depending on module energy

After the linearization and time-walk corrections, timing corrections of the order of a few 100 ps

were needed for small energies. This effect depended on the total energy deposited in the module

that channel belonged to, Emodule. It is likely that this effect is due to the common-mode estimation

procedure [4] that is applied only to small signals measured with the ADC signals and not to large

ones measured with the TOT. We found that this residual correction can be well modeled by

fR(Emodule, Ehit) ≔

{
P4(Emodule) for Ehit < ETOT,

0 for Ehit ≥ ETOT,
(3.5)
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In Figure 8b, the difference between the constant terms determined from the same-module and

different-module pairs indicates strong correlations in the timing measurement of different channels

within the same module. To estimate this correlation, we fit to the data a model that assumes the

same timing resolution for all silicon cells and one single correlation coefficient independent of

the cell energy or its position within the module. The fit yields a constant term for uncorrelated

cells of about 60 ps and a correlation coefficient ρ ∼ 0.8 between the timing measurements of cells

in the same module. This correlation was found to have a negligible impact on the results, as

discussed in Appendix B. The difference between the per-cell constant terms when measured with

the MCP and a with a silicon cell reference, indicates the presence of an additional smearing of

about 50 ps between the HGCAL prototype and the MCP system. Although the source of this extra

jitter could not be identified, we believe that it is constant and random, and thereby does not affect

the performance of the calibration procedure of Section 3.

To measure the intrinsic timing performance of the HGCAL prototype, the calibrated TOA

values are compared to an internal timing reference provided by the average time of the shower

measured with the calorimeter prototype, as described in Section 4.2. Such a quantity is independent

of any offset between the HGCAL prototype and the MCP system and is dominated by the per-cell

timing resolution. The corresponding result is shown in Figure 8a (blue squares) and fitted with

the same resolution function. The resulting energy-dependent term is essentially the same as that

obtained when using the MCP as the reference, while the difference between the two constant terms

is consistent with the intrinsic timing resolution of the MCP system plus the inferred extra global

event jitter.

As a summary of Figure 8, the timing resolution representative of the average per-channel

performance, measured with the full readout chain, can be expressed as a function of the deposited

energy as:

σ2
(E) ≈

(
13.5 ns · MIP

E

)2

+ (62 ps)
2

(4.1)

This resolution agrees with the electronics specifications of the SKIROC2-CMS ASIC and is

used for the smearing of the Geant4-simulated hit timestamps for the analysis presented in the

following sections.

4.2 Full shower performance

The timing performance measured for full showers in data is compared to the Geant4 simulation

introduced in Section 2.3. Realistic timing values are simulated by smearing the TOA values

from Geant4 with the average per-cell time resolution as discussed in Section 4.1 and given in

Equation (4.1), including a term dependent on the energy deposited in the cell that is uncorrelated

among the cells, and a constant term of about 60 ps. This constant term includes a contribution

from the MCP measurement of 25 ps and an additional jitter, discussed in Section 4.1, of about

50 ps. Both contributions to the constant term are correlated over all the cells.

The average time of a shower, t̄, is estimated as the weighted average over the times, ti, of the

(n) contributing cells:

t̄ =
Σn

i=1witi

Σn
i=1wi

, where wi =
1

σ2 (
Ehit

) (4.2)
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the underlying variety of beam conditions, such as the beam profile that changes substantially with

the beam energy.
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(b)

Figure 11: Time resolution of the reconstructed positron showers as a function of (a) the energy

sum and of (b) the number of hits. The smooth variation of the resolution with these two quantities

shows that the shower time determination is stable with respect to varying beam conditions, including

different beam profiles.

The time distribution of the fraction of hits that were calibrated and used in the reconstruction

of 300 GeV positron showers is displayed in Figure 12a for both beam data and simulated data,

showing a good agreement between the two. For the same showers, Figure 12b shows the energy

distribution average and standard deviation of the hits as a function of their calibrated time. One

can see that the most energetic component of the shower is deposited at times around zero by

construction of the calibration. Also in this case a reasonable agreement is found between data and

simulation.
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Figure 12: For the hits used in the reconstruction of the same 300 GeV positron showers, (a) time

distribution of the fraction of hits and (b) the average and standard deviation of the energy of hits as

a function of their calibrated time. Beam data in full markers and simulated data in empty markers.
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5 Discussion and conclusion

We presented the timing performance of the first HGCAL prototype for positron showers. The focus

of the analysis was to characterize the timing performance of single channels, perform measurement

with full showers, and compare the results to Geant4 simulation.

After the multi-step calibration of the TOA response, 116 readout channels in the central

electromagnetic section could be fully calibrated, with an average asymptotic per-channel timing

resolution of about 60 ps, consistent with the electronics specifications. The time measurement

provided by the MCP system was exploited as a reference throughout the calibration process. The

MCP detector itself was measured to have a time resolution of the order of 25 ps for the average

energy of selected positrons. An additional jitter of about 50 ps between the MCP and HGCAL

systems was found, and its origin could not be identified. This jitter is assumed to be constant and

random, such that its presence does not compromise the calibration. The timing of full positron

showers was measured and compared with a simulation where the ideal timing information was

smeared according to the single-channel resolution model derived from data.

The intrinsic performance of the HGCAL setup was tested by splitting the calorimeter prototype

in two equivalent halves and taking the time difference between the two halves when reconstructing

the same shower. The measured time resolution was found to be in agreement with simulation.

Figure 13 summarizes the measured resolution for positron showers, showing good agreement

after taking into consideration the observed jitter between the MCP and HGCAL systems.
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Figure 13: Comparison of the HGCAL prototype timing resolution for positron showers in data and

simulated samples. For data, the resolution is measured for all layers using the MCP as a reference

(black squares) as well as using only half the layers with respect to the other half and assuming they

have identical resolution (purple triangles). Other measurements in the figure allow to cross-check

and confirm the hypothesis that a global jitter between the MCP and HGCAL systems was present

in the data.

This work represents the first measurement of HGCAL timing performance with a precision

of tens of picoseconds. It also demonstrates the stability of the clock distribution used in this
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prototype. The results can be understood as experimental evidence of the possibility to achieve

O(10 ps) timing resolutions with the new CMS high-granularity endcap calorimeter. This timing

performance is expected to enable effective separation of pile-up interactions and, with it, contribute

towards a successful operation of the CMS detector at the HL-LHC.
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A Example of hit timestamp calibration constants

Table 1: Example of fitted calibration constants from Equations (3.3) to (3.5). The corresponding

functions are plotted in Figures 6a to 6c. Values are rounded to their least significant digits.

Parameter Value Parameter Value Parameter Value

ΘTOA
1,1 –14.21 ns ΘTW

1,1 2.97 ps MIP
–1

p0 314 ps

ΘTOA
1,2 30.70 ns ΘTW

1,2 –0.73 ns p1 –0.24 ps MIP
–1

ΘTOA
1,3 3.62 ns ΘTW

1,3 –177 ns MIP p2 –2 × 10
–5

ps MIP
–2

ΘTOA
1,4 1.253 ΘTW

1,4 –0.8 MIP p3 4 × 10
–8

ps MIP
–3

ΘTOA
2,1 –10.00 ns ΘTW

2,1 0.05 ps MIP
–1

p4 –1.2 × 10
–11

ps MIP
–4

ΘTOA
2,2 f̂

(
0.65

��� ®ΘTOA
1

)
ΘTW

2,2 f̂
(
ETOT

��� ®ΘTW
1

)
ΘTOA

2,3 5.53 ns ΘTW
2,3 –730 ns MIP

ΘTOA
2,4 1.298 ΘTW

2,4 –150 MIP

B Correlation effects

To evaluate the impact of the large in-module timing correlation discussed in Section 4.1, the full

shower performance was re-evaluated by replacing Equations (4.2) and (4.3) with the more general:

t̄ = σ2
t̄

(
J
T
WX

)
and σ2

t̄ =
(
J
T
WJ

)–1
, (B.1)
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where X = [t1, ..., tn], J = [1, ..., 1]
T
, and W = C

–1
, where C is the covariance matrix among the ti

measurements:

C =

©­­­«

σ2
1 . . . σij
...

. . .
...

σij . . . σ
2
n

ª®®®¬
, where σij = ρ · σiσj = 0.8 · σ2

i for off-diagonal terms. (B.2)

The analysis was repeated following the same procedures and the obtained results differ from those

shown in Figure 9 by only a few picoseconds.

The observed large correlation has a small impact on the quoted performance, and the remainder

of the results reported in this paper does not include the correlation model discussed in this section.
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