
Chapter 5

Hadron Calorimeter

The hadron calorimeters in conjuction with the ECAL subdetectors form a complete calorime-
try system for the measurement of jets and missing transverse energy [3]. The central barrel
and endcap HCAL subdetectors completely surround the ECAL and are fully immersed
within the high magnetic field of the solenoid (Fig. CP 1). The barrel (HB) and endcap (HE)
are joined hermetically with the barrel extending out to |"| = 1.4 and the endcap covering
the overlapping range 1.3 < |"| < 3.0. The forward calorimeters are located 11.2 m from
the interaction point and extend the pseudorapidity coverage overalapping with the endcap
from |"| = 2.9 down to |"| = 5. The forward calorimeters (HF) are specifically designed
to measure energetic forward jets optimized to discriminate the narrow lateral shower pro-
file and to increase the hermeticity of the missing transverse energy measurement. Central
shower containment in the region |"| < 1.26 is improved with an array of scintillators located
outside the magnet in the outer barrel hadronic calorimeter (HO).

5.1 HCAL design
The barrel hadron calorimeter is an assembly of two half barrels, each composed of 18 iden-
tical 20$ wedges in ( (Fig. CP 8). The wedge is composed of flat brass alloy 1 absorber plates
parallel to the beam axis. The innermost and outermost absorber layers are made of stainless
steel for structural strength. There are 17 active plastic scintillator tiles interspersed between
the stainless steel and brass absorber plates. The first active layer is situated directly behind
the ECAL. This layer has roughly double the scintillator thickness to actively sample low
energy showering particles from support material between the ECAL and HCAL. The lon-
gitudinal profile in the barrel going from an inner radius of 1777 mm to an outer radius of
2876.5 mm is given by

• (Layer 0) 9 mm Scint/61 mm Stainless Steel

• (Layers 1-8) 3.7 mm Scint/50.5 mm Brass

• (Layers 9-14) 3.7 mm Scint/56.5 mm Brass

• (Layers 15+16) 3.7 mm Scint/75 mm Stainless Steel/9 mm Scint

where the layer number refers to the active scintillator layer. The individual tiles of scintilla-
tor are machined to a size of ""#"( = 0.087# 0.087 and instrumented with a single wave-
length shifting fiber (WLS). The WLS fibers are spliced to clear fibers, and the clear fibers

1Cartidge brass # 260 with 70% Copper and 30% Zinc
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are run down the length of the half-barrel where they are optically added to corresponding
projective tiles from each of the 17 active layers, thus forming 32 barrel HCAL “towers” in
" (Tab. 5.1). The exceptions are towers 15 and 16 located at the edge of the HB half-barrel
where multiple optical readouts are present, as shown in Figure 5.1. The optical signal from
the HCAL towers is detected with a pixelated hybrid photodiode (HPD) mounted at the
ends of the barrel mechanical structure. An additional layer of scintillators, the outer hadron
calorimeter (HO), is placed outside of the solenoid and has a matching "" # "( projective
geometry with a separate optical readout. Specific details of the geometry can be found in
[162].

The endcap hadron calorimeter is tapered to interlock with the barrel calorimeter and to
overlap with tower 16, as shown in Figure 5.1. The HE is composed entirely of brass absorber
plates in an 18-fold (-geometry matching that of the barrel calorimeter. The thickness of
the plates is 78 mm while the scintillator thickness is 3.7 mm, hence reducing the sampling
fraction. There are 19 active plastic scintillator layers. In the high "-region, above |"| = 1.74,
the (-granularity of the tiles is reduced to 10$ to accommodate the bending radius of the WLS
fiber readout, as shown in Figure 5.2. For the purpose of uniform segmentation in the Level-
1 calorimeter trigger, the energies measured in the 10$ (-wedges are artificially divided into
equal shares and sent separately to the trigger. The "" # "( tower size matches that of the
barrel in the range 1.3 < |"| < 1.74. For |"| > 1.74, the " size increases as shown in Table 5.1.
The number of depth segments in the HE includes a pseudo-EM compartment starting with
tower 18, the first tower beyond the " coverage of the ECAL barrel. During startup, the first
depth segment of the HE will be used to feed the regional calorimeter trigger (RCT) in place
of the ECAL endcap signals. The rear compartments will form the hadronic energy inputs
for the RCT. From Table 5.1, the size of rear compartment of tower 28 is unusually large with
"" = 0.35. In the precision readout the two front compartments of this tower are split in
" and readout separately to provide finer granularity, whereas the front compartments are
combined in the trigger readout.

Figure 5.1: A schematic view of the tower mapping in r-z of the HCAL barrel and endcap
regions.

The outer barrel hadron calorimeter consists of layers of scintillator located outside of the
magnet coil. Since these are located within the return yoke along with the barrel muon
detector, the segmentation of these detectors closely follows that of the barrel muon system.
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Tower " range Detector Size Depth
index Low High " ( segments

1 0.000 0.087 HB, HO 0.087 5$ HB=1, HO=1
2 0.087 0.174 HB, HO 0.087 5$ HB=1, HO=1
3 0.174 0.261 HB, HO 0.087 5$ HB=1, HO=1
4 0.261 0.348 HB, HO 0.087 5$ HB=1, HO=1
5 0.348 0.435 HB, HO 0.087 5$ HB=1, HO=1
6 0.435 0.522 HB, HO 0.087 5$ HB=1, HO=1
7 0.522 0.609 HB, HO 0.087 5$ HB=1, HO=1
8 0.609 0.696 HB, HO 0.087 5$ HB=1, HO=1
9 0.696 0.783 HB, HO 0.087 5$ HB=1, HO=1

10 0.783 0.870 HB, HO 0.087 5$ HB=1, HO=1
11 0.879 0.957 HB, HO 0.087 5$ HB=1, HO=1
12 0.957 1.044 HB, HO 0.087 5$ HB=1, HO=1
13 1.044 1.131 HB, HO 0.087 5$ HB=1, HO=1
14 1.131 1.218 HB, HO 0.087 5$ HB=1, HO=1
15 1.218 1.305 HB, HO 0.087 5$ HB=2, HO=1
16 1.305 1.392 HB, HE 0.087 5$ HB=2, HE=1
17 1.392 1.479 HE 0.087 5$ HE=1
18 1.479 1.566 HE 0.087 5$ HE=2
19 1.566 1.653 HE 0.087 5$ HE=2
20 1.653 1.740 HE 0.087 5$ HE=2
21 1.740 1.830 HE 0.090 10$ HE=2
22 1.830 1.930 HE 0.100 10$ HE=2
23 1.930 2.043 HE 0.113 10$ HE=2
24 2.043 2.172 HE 0.129 10$ HE=2
25 2.172 2.322 HE 0.150 10$ HE=2
26 2.322 2.500 HE 0.178 10$ HE=2
27 2.500 2.650 HE 0.150 10$ HE=3

#28 2.650 3.000 HE 0.350 10$ HE=3
29 2.853 2.964 HF 0.111 10$ HF=2
30 2.964 3.139 HF 0.175 10$ HF=2
31 3.139 3.314 HF 0.175 10$ HF=2
32 3.314 3.489 HF 0.175 10$ HF=2
33 3.489 3.664 HF 0.175 10$ HF=2
34 3.664 3.839 HF 0.175 10$ HF=2
35 3.839 4.013 HF 0.174 10$ HF=2
36 4.013 4.191 HF 0.178 10$ HF=2
37 4.191 4.363 HF 0.172 10$ HF=2
38 4.363 4.538 HF 0.175 10$ HF=2
39 4.538 4.716 HF 0.178 10$ HF=2
40 4.716 4.889 HF 0.173 20$ HF=2
41 4.889 5.191 HF 0.302 20$ HF=2

Table 5.1: Sizes of the HCAL readout towers in " and ( as well as the segmentation in depth.
The HF has a non-pointing geometry, and therefore the tower " ranges provided here corre-
spond to |z| = 11.2 m. #The first two depth segments of tower 28 have a finer " segmentation,
divided at |"| = 2.868.
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Figure 5.2: The "-( view of a 20$ HE endcap
section showing the 5$ regions and “split”
10$ regions above " = 1.740 in detector
pseudo-rapidity. The tower 28/29 split in
" is also shown.

Figure 5.3: The r-( view of an HF wedge ("
at z = 11.2 m). The shaded regions corre-
spond to the level-1 trigger sums.

The entire assembly is divided into 5 rings (2.54 m wide along the z-axis) each having 12
sectors. Figure 5.4 shows one such panel being mounted on a ring. The central ring (ring
0) has two layers of 10 mm thick scintillators on either side of the ‘tail catcher’ iron (18 cm
thick) at radial distances of 3850 mm and 4097 mm, respectively. All other rings have a
single layer at a radial distance of 4097 mm. The panels in the 12 sectors are identical except
those in rings ±1. This is due to the chimney structure in the magnet. To accommodate
this structure, special panels were built with a single row of scintillator tiles removed. The
HO covers |"| < 1.26 with the exception of the space between successive muon rings in the
" direction, the space occupied by 75 mm stainless steel support beams separating the 12
layers in ( and the chimney structure. The inclusion of the HO layers extends the total depth
of the calorimeter system to a minimum of 11*int for |"| < 1.26, as shown in Figure 1.3.

The forward calorimeters are located 11.2 m from the interaction point. They are made of
steel absorbers and embedded radiation hard quartz fibers, which provide a fast collection of
Cherenkov light. Each HF module is constructed of 18 wedges in a non-projective geometry
with the quartz fibers running parallel to the beam axis along the length of the iron absorbers.
Long (1.65 m) and short (1.43 m) quartz fibers are placed alternately with a separation of
5 mm. These fibers are bundled at the back of the detector and are readout separately with
phototubes. The " ranges of the cells are listed in Table 5.1 at a distance of 11.2 m from the
interaction point. The r-( view of an HF wedge is shown in Figure 5.3.

The overall segmentation of HCAL is illustrated in a lego plot of a simulated multi-jet event
(Fig. 5.5) which gives a sense of the jet structure available with this segmentation.
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Figure 5.4: A fully assembled panel of the outer hadron calorimeter being mounted on one
of the outer rings(ring +2) of the magnet yoke.

Figure 5.5: Lego plot of a multi-jet event showing the ",( segmentation of HCAL.
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5.2 Detector operation
There is extensive experience in operating HCAL, beginning in 2002 [17] with the testing
of production modules in a CERN test beam and continuing with additional test beams in
2003 and 2004, and continuing operations at the surface hall SX5 beginning in 2004. The test
beams in 2004 included simulated LHC operation with a 25 ns structured beam [163].

The overview of the HCAL controls is given in Fig. 5.6. Several PCs in the CMS control
room operated through PVSS are used to control high and low voltages. The control system
also downloads pedestal DAC and timing parameters to front-ends and controls many of
the calibration and monitoring systems including the source calibration drivers, the LED
pulsers, and the laser system each of which is separately in Section 5.3.

HVLaser

Source motor 
drivers

RBX
parameters

DB LV1

HV

RadMon

Figure 5.6: Overview of HCAL detector controls.

5.2.1 Data path and event format

The overview of the HCAL readout is shown in Fig. 5.7. The readout consists of an optical
to electrical transducer followed by a fast charge-integrating ADC. The digital output of the
ADC is transmitted for every bunch over a gigabit digital optical fiber to the counting house.
In the counting house, the signal is deserialized and used to construct trigger primitives
which are sent to the calorimeter trigger. The data and trigger primitives are also pipelined
for transmission to the DAQ upon a Level-1 Accept (L1A) decision.

The optical signals from the scintillator-based detectors (HB, HE, and HO) are converted to
electrical signals using multichannel hybrid photodiodes (HPDs) which provide a gain of
" 2000. In the forward calorimeter, where the magnetic fields are much smaller than in the
central detector, conventional photomultiplier tubes (Hamamatsu R7525HA) are used.

The analogue signal from the HPD or photomultiplier is converted to a digital signal by
a charge-integrating ADC ASIC called the QIE (Charge-Integrator and Encoder). The QIE
internally contains four capacitors which are connected in turn to the input, one during each
25 ns period. The integrated charge from the capacitors is converted to a seven-bit non-
linear scale to cover the large dynamic range of the detector. The ADC is designed so its
contribution to the detector energy resolution over its multi-range operation is negligible, as
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Figure 5.7: Overview of HCAL readout electronics.

shown in Fig. 5.8. The QIE input characteristics were chosen from test beam data to optimize
speed and noise performance. This resulted in a per channel RMS noise of 4600 electrons (0.7
fC) corresponding to about 180 MeV.

Figure 5.8: Contribution of the FADC quantization error to the resolution, compared with a
representative HCAL resolution curve.

The digital outputs of three QIE channels are combined with some monitoring information
to create a 32-bit data word. The 32-bit data, at a rate of 40 MHz, is fed into the Gigabit Opti-
cal Link (GOL) chip and transmitted using 8b/10b encoding off the detector to the counting
house. In the counting house, the data is received by the HCAL Trigger/Readout (HTR)
board. The HTR board contains the Level-1 pipeline and also constructs the trigger prim-
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itives for HCAL. These trigger primitives are sent to the Regional Calorimeter trigger via
Serial Link Board mezzanine cards. The HTR board receives data for 48 channels (16 data
fibers) and may host up to six SLBs.

When a L1A is received by the HTR through the TTC system, it prepares a packet of data for
the DAQ including a programmable number of precision readout values and trigger primi-
tives around the triggered bunch crossing. For normal operations, the HTR will transmit 7
time samples for each non-zero channel and a single trigger primitive for every trigger tower.
These packets of data, each covering 24 channels, are transmitted by LVDS to the HCAL Data
Concentrator Card (DCC). The DCC is the HCAL Front-End Driver (FED) and concentrates
the data from up to 360 channels for transmission into the DAQ.

5.2.2 Level-1 trigger

The Level-1 trigger primitives (TPG) are calculated in the HTR modules. The QIE data are
linearized and converted to transverse energy with a single look up table. Two or more
consecutive time samples are summed. A sum over depth is made for those towers having
longitudinal segmentation. A final look up table is used to make a data compression before
sending the data across the trigger link to the regional calorimeter trigger. Table 5.2 summa-
rizes the geometry of the trigger towers. The HF towers are summed in " and ( before being
sent to the trigger (Fig. 5.3).

Tower |"max| Detector Size
index " (

1-15 0.087#" HB 0.087 5$
16 1.392 HB, HE 0.087 5$

17-20 0.087#" HE 0.087 5$
21 1.830 HE 0.090 5$
22 1.930 HE 0.100 5$
23 2.043 HE 0.113 5$
24 2.172 HE 0.129 5$
25 2.322 HE 0.150 5$
26 2.500 HE 0.178 5$
27 2.650 HE 0.150 5$
28 3.000 HE 0.350 5$
29 3.314 HF 0.461 20$
30 3.839 HF 0.525 20$
31 4.363 HF 0.524 20$
32 5.191 HF 0.828 20$

Table 5.2: Sizes of the HCAL trigger towers in " and (.

5.2.3 Synchronization and timing

The QIE integration clock is controlled by the Channel Control ASIC (CCA) which allows
for fine-skewing of the integration phase of each tower relative to the machine clock. This
allows each channel’s integration phase to correct for differences in the time-of-flight from
the interaction region as well as differences in the optical pathlength within the detector.
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Additionally, the detector can be operated with an integration phase tuned to minimize the
effect of out-of-time pile-up. The selection of a phase from the full available set depends on
the HCAL pulse shape.

The pulse shape of the hadron calorimeter was measured using a photomultipler during
the 2002 test beam period. This was accomplished by constructing a special optical unit
that coupled the light from one 5$ ( slice of a wedge (16 " towers) into a single 10-stage, 2-
inch photomultiplier (RCA 6342A). The output of the photomultipler was fed into a LeCroy
digital scope which recorded voltage vs. time in 0.4 ns steps. Events were recorded in each of
4 categories: a) 300 GeV pion showers, b) 20 GeV pion showers, c) 100 GeV electron showers,
and d) minimum ionizing muons. Sample events are shown in Figure 5.9. In general, the
pulses show that 68% of the pulse is contained within a 25 ns window leaving 32% of the
pulse subject to out-of-time pile-up.

Figure 5.9: Measured single event pulse shape using a photomultiplier for a) 300 GeV pion,
b) 20 GeV pion, c) 100 GeV electron, d) muon.

Figure 5.10 shows the pulse shape for the forward calorimeter. The Cerenkov process and
phototubes used in the forward calorimeter are extremely fast, so the pulse in HF is only
10 ns wide. The HF is thus subject only to in-time pile-up which is important in the highly
active forward region of CMS.

An additional important effect on the HCAL pulse timing comes from the input stage of the
QIE. The QIE has an amplitude-dependent impedence which implies a faster pulse shape
for large signals than for small ones. This effect was noticed during the test beam 2003 and
confirmed in bench measurements as seen in Fig. 5.11. The amount of time slewing is depen-
dent on the noise characteristics of the QIE, so the final QIE ASICs for the barrel and endcap
were chosen to limit the timeslew to the “medium” case in exchange for somewhat increased
noise. In the outer calorimeter, the noise level is a critical factor for muon identification and
pile-up is much less important so the quieter “slow” characteristics were chosen for the HO
QIEs.

The in-situ synchronization of HCAL will be performed using the HCAL laser system. The
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Figure 5.10: Measured pulse shape, energy collected vs. time, for HF.
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Figure 5.11: Pulse time variation as a function of signal amplitude as measured on the bench
(solid points) for several input amplifier configurations compared with testbeam measure-
ments from 2003.
laser system consists of a single UV laser which can illuminate an entire half-barrel of HB or a
single endcap at once through a series of optical splitters. The quartz fibers which lead from
the laser to the detector have been carefully controlled to equalize the optical path length
to each wedge. The laser can be directed either directly onto a scintillator block connected
to the HPD or into the wedge. Within layer 9 of each wedge is an arrangement of optical
fibers which mimic the time-of-flight from the interaction region. This arrangement allows
the timing of HCAL to be flattened and monitored, as has been demonstrated in testbeam
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data taking which verified the timing determined by the laser using the synchronized beam.
In the HO and HF detectors, only the photodetector can be illuminstated so the alignment
will be based on construction and testbeam data.

The channel-by-channel bunch synchronization of HCAL will be determined using a his-
togramming procedure in the serial link boards (SLBs) which determine the bunch synchro-
nization using the beam structure of LHC. The event and bunch synchronization will be
monitored using fast control signals originination from the TTC system which are transmit-
ted in the data stream between the front-ends and the HTR. On a global scale, the bunch
and event synchronization between the HCAL and CSC Muon systems was demonstrated
during a testbeam run in 2004. These data were also used to measure the punch-through rate
into the forward muon chambers, ME1, and are reported in Section 3.3.2.2.

5.3 HCAL Calibration
The HCAL calibration system will be used to set the initial absolute energy scale, understand
the detector response and uniformity, and will monitor the time stability during physics data
taking.

The initial calibration information came from quality control tests performed with: 1) a colli-
mated radiation source which guaranteed that the scintillating tiles matched specifications,
and 2) a charge injector used to validate the digital converters.

The energy scale constants are obtained by combining test beam data taken with e±, !±, and
muon beams with radiation source data taken for a limited number of modules. The detector
is not assumed to be uniform. Instead, the test beam energy scale information is translated
to the full system by comparing the radiation source data taken in situ for every channel.

Updates to the constants will come from the analysis of physics events.

The full response of each channel (scintillator-photodetector-electronics) will be monitored
using radiation sources and the UV-laser. Additional monitoring of the electronics will also
be done with the UV-laser system and a blue LED pulser.

As described below, a combination of all of the above systems will allow us to have up-to-
date values of the basic calibration constants for all " 10 000 readout channels.

5.3.1 Charge injector calibration for the ADC

The ADC-to-charge conversion factors for each range of a QIE channel (see section 5.2.1)
were obtained using a charge injector. These calibration constants are given by the ratio of
the measured response (fC) over the input response (fC). Figures 5.12a) and 5.12b) show the
measured values for the QIE’s installed in HB/HE and HF. For both types of QIE’s we have a
2-3% spread, while the average values are 0.91 ADC/fC and 0.36 ADC/fC, respectively. The
lower values for HF are required by the difference in gain with respect to HB/HE/HO.

Figures 5.12c) and 5.12d) show the conversion factors needed for the source calibration data.
In this case QIE’s are initialized with a range that is about three times smaller, to cope with
the small signals.
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The pedestal value for a QIE’s depends on which of the four internal capacitors (CAP-ID)
is being used. As a consequence, all the conversion factors are obtained for each of the
capacitors separately as well.

All the ADC-to-charge conversion factors will be kept in the calibration database.
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Figure 5.12: Slope distribution of QIE cards operated in ”normal” mode for HB/HE (a) and
HF (b). The bottom distributions are the QIE slope in ”calibration” mode for HB/HE (c) and
HF (d).

5.3.2 Radioactive source calibration

Source calibration has to be made for each scintillator tile in every layer of the calorime-
ter. For each calorimeter tile the source calibration coefficient has to be derived. The ratio
between source radioactive signal to the response of the different particles in the tower pro-
vides initial calibration coefficients for the HCAL towers that were not exposed in test-beams.

Figure 5.13 shows the responses of a HB scintillating tile as the radioactive source passes
by it. The distribution of scintillating tile response is presented in Fig.5.14. The width of
the distribution is 8%. The difference in peak response taken when the radiative source
is extending versus when it is retracting shows a reproducibility of the calibration signal to
better than 1%, as demonstrated in Fig.5.15. The dependence of the ratio of radioactive signal
to electron signal on the "-number of tower is shown in Fig.5.16 and the same dependence for
the ratio of radioactive signal to the muon signal is presented in Fig.5.17. The comparison
between the radioactive signal and the electron test-beam data gives 0.22–0.25 GeV/ADC
count or 0.2–0.23 GeV/fC. Similarly, the test-beam HE analysis yields 0.163 GeV/ADC count.
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Figure 5.18 shows the measured signal from the in situ source calibration for a series of "-
towers in HB+ (half-barrel on positive "-side), averaged over all ( and layers of a given
tower. (Only the layers with 4mm-thick scintillators were used.) The signal increases steadily
with ", as expected due to decreasing attenuation of the signal from the shorter length of fiber
between the scintillator tile and the HPD photodetector. This behavior must be established
for each value of (. Figure 5.19 shows the uniformity of response at a fixed " stepping
through values of (. As examples, " tower numbers 4 and 12 are shown, as they should
have distinctly different responses as shown in Fig. 5.18. The plots show good uniformity
as a function of (. The values are fitted to a level function and the result is reported in the
box as “A0.” The scatter about the fitted value reflects the variation of the performance of
individual tiles, and the gains of the photo-detectors. It is this variation which the source
calibration will quantify so that it can be taken into account for the sake of obtaining the best
possible energy resolution.

These constants needed to be corrected for the fact that the source data were taken in the
absence of a magnetic field. The magnetic field improves the HPD’s behavior by suppressing
cross-talk between pixels. In addition, a 10% increase in the scintillator brightness is expected
in the nominal 4 T field. These corrections will be calculated using data to be taken during
the magnet test.

HB and HE have the similar strategy for source precalibration and a 2% measurement can
be achieved for a single channel from a measurement of an individual layer. The main dif-
ference between the HB and HE analysis is that for HE is more sensitive to the fact that the
source is not collimated due to the smaller size of its tiles.

The source will also be use to quantify the radiation damage of the tiles during the lifetime
of the experiment. For this purpose, the individual layer information for a given tower will
be tracked in a database.

Figure 5.13: Response of a scintillating tile as the radioactive source passes by it.
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Figure 5.14: Distribution of scintillating tile response to the source calibration. The observed
RMS spread of about 8% is consistent with that observed by source measurements taken
during tile assembly.

Figure 5.15: Difference in peak response when the radiative source is extending or retracting.

Initial precalibration of HF cells energy response will be based on the measurement of the
position of the single photoelectron peak in each cell. It was measured in test beam that the
single photoelectron peak corresponds to 4 GeV to within 10%. Some improvement of the
precalibration accuracy will be achieved basing the cell response on the data taken with a
60Co 5 mCi radioactive source. Comparison of such source calibration with the test beam
results shows this method to be accurate to 5%.

All calibration coefficients will be kept in the calibration database, as discussed in Section 5.3.4.
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Figure 5.16: Ratio of radioactive source signal to electron signal.

Figure 5.17: Ratio of radioactive source signal to muon signal.
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Figure 5.18: Average radioactive source signal for HB+ with a 1.5 mCi Co-60 source.
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5.3.3 Offline calibration and monitoring

During run time the HCAL calorimeter will be immersed in a 4 T magnetic field, while the
calibration coefficients are found in the test-beams without magnetic field. The magnetic
field influences the showering corrections in the transition region between HB and HE; HE
and HF. For data taken at high luminosity, the response in HE will be degraded due to ra-
diation damage [164]. For these reasons, the recalibration and monitoring of HCAL towers
during run time is required.

Fast monitoring can be achieved from pedestal runs, laser, LED and radioactive source data
taken between stores and minimum-bias data during run time.

The Blue-LED system can make a 3% measurement of the response of the electronics for
all individual channels. The equivalent test with the UV-laser has a resolution of 4%. The
radiation source makes a 2% measurement of the response for the full chain of layers 0 and
9. As the LED and the source information have differing sensitivity to ageing and radiation
damage, the combination of the two monitoring signals can be used to diagnose the origin
of a change in the signal strength in an individual channel.

The histogramming of tower energy distributions above threshold in minimum bias events
provides a high statistics test of the uniformity of the energy scale in (. By tracking the higher
order moments of the energy distribution per readout channel, effects of miscalibration can
be more rapidly detected than from studying shifts in the mean response alone. The statistics
needed to calibrate each tower with a precision better than 2% is collected in 1–2 hours.

The barrel part of HCAL and part of HE are covered by the tracker up to |"| <2.4. The
towers can be recalibrated with isolated energetic particles from $ ! !+ in W ! $+ and
Z, ## ! $$ processes [165]. The other possibility is to use isolated energetic particles from
QCD-jets [166]. Both these possibilities allow us to calibrate HCAL towers covered by the
tracker with an accuracy better than 2% during one month using charged particles with
transverse momentum from 15 GeV/c to 70 GeV/c. The calibration method uses the E/p
ratio similar to the techniques used in test beams. The regions that are not covered by the
tracker (|"| >2.4) can be calibrated using ET-balance in di-jet events or #/Z+jet events, as
described in Chapter 11.

5.3.4 Database

The online database (OMDS) contains all values loaded by the control system and data ac-
quisition, channel mapping, and calibration constants. The online-offline (ORCON) database
for the HCAL system contains a replica of the minimal calibration information needed for
event reconstruction.

The OMDS is subdivided in two: “Configuration” database and “Conditions” database, as
described in Section 2.8. The ”Configuration” database contains the relationships or map-
ping for all HCAL detector components: wedges, layers, read-out boxes (RBX), cables, HCAL
Trigger (HTR) cards, and test and calibration results for various components e.g. RBX, QIE,
source types and strength. The ”Conditions” database has the slow controls logging, the
calibration constants like pedestals, gains, timing information, etc., and the ”Configuration”
database downloaded to the readout system during the initialization.

The overview of the HCAL controls and readout chain are given in Fig. 5.6 and Fig. 5.20,
respectively. These systems record temperature, humidity and other constants useful for
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correlation studies of detector/calibration stability. The calibration constants needed for data
analysis are stored in the ”Conditions” database. A brief breakdown of the number of type
of calibration data is listed here:

Channel response [scint-HPD-QIE] - 1 per channel and/or 18 pixel per channel
(see Sections 5.3.2,5.3.3.) 15 per channel or 1 per layer
QIE calibration [ADC-to-Charge(fC)] - 128 per channel (32 per gain, mean CAP-ID’s)
(see Section 5.3.1.) 512 per channel (128 # 4 CAP-ID’s separately)
Charge-to-GeV [HB,HE,HO] - 1 per region (assuming good uniformity)
(see Section 5.3.2.) 1 per LUT channel in case of the trigger
Pedestals - 4 per channel (1 per CAP-ID)

The database information for HF is similar. The spread of the channel response will also be
kept for simulation purposes.

Figure 5.20: Overview of HCAL readout/trigger chain and connections to database.

5.4 HCAL performance in test beams
Test beam data are compared with simulation to validate the modeling of the calorimeter
response, resolution and shower shapes for pions and electrons over the energy range of
5–300 GeV. The low energy performance is studied with muons. The CMS Collaboration
developed the Object oriented Simulation for CMS Analysis and Reconstruction [31] (OSCAR)
framework, based on the GEANT4 tool kit [30], to describe the detector geometry and the
passage of particles through the detector material. GEANT4 uses either parametric (LHEP)
or microscopic (QGSP) physics models to simulate the particle showers arising from the
interaction of particles with matter.
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5.4.1 Longitunidal shower shape and magnetic field brightening

A prototype of this calorimeter was made and tested [167] in a particle beam in 1996. This
prototype geometry has been simulated using OSCAR (version 2.4.5) based on GEANT (ver-
sion 4.5.2.p02) [30] and GEANT3 [28]. The data have been analysed in the same way as data
from the test beam experiment. The features that are compared here are the longitudinal
shower development of single particles, and the effect of a magnetic field in the calorimeter
performance.

The test beam prototype of HCAL is based on a hanging file structure, in which absorber
plates made out of a special type of brass (composed of 59% copper, 39% zinc, 1% iron, 1%
manganese by weight) and varying in thickness from 2 cm to 8 cm are sandwiched with
scintillator tiles. There are 28 tiles, mostly 4 mm thick. A detailed description of the 1996 test
beam setup and the analysis presented here is available in [167, 168].

Data were recorded with several different particle beams going through the HCAL prototype
detector. Electron and pion beams had energies in the 10–300 GeV range, and the muon beam
energy was 225 GeV. One set of data were taken with only HCAL in the beam. Another
set was taken with ECAL upstream of HCAL in the beam. All the test beam data taken
with HCAL only and ECAL+HCAL system were repeated in the presence of a solenoidal
magnetic field. The strength of the magnetic field could be increased up to 3 T.

Figures 5.21 shows the total energy measurement for 100 GeV pions with the HCAL setup
without ECAL. The two plots show measurements at different magnetic field values: 0.0,
0.75, 1.5 and 3.0 T. The peak position shifts towards higher values and the distribution gets
broader as the field value is increased, as predicted by scintillator brightening and showering
effects. The behavior in data is reproduced in the Monte Carlo simulation.

Figure 5.21: Total energy distribution for 100 GeV pions in the HCAL setup without ECAL
for different settings of the magnetic field.

Figure 5.22 shows the mean energy response as a function of the B-field value for 100 GeV
pion in hadron calorimeter. The increase in the measured energy with B-field, as seen in the
data, is well explained by the Monte Carlo simulation models.

Figure 5.23 shows energy resolution for 100 GeV pions in the hadron calorimeter as a func-
tion of B-field value. There is a slight increase in the energy resolution with magnetic field
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Figure 5.22: Energy response for 100 GeV pions at different field values for HCAL only.

which is well reproduced by the Monte Carlo simulation models.

Figure 5.23: Energy resolution for 100 GeV pions at different field values for HCAL only.

Figure 5.24 shows the variation of longitudinal shower profile of 100 GeV pions in the HCAL
due to the presence of 0.0 (no field), 1.5 and 3.0 T magnetic fields. The shower profile for test
beam data is broader than the Monte Carlo prediction and there is a clear indication that the
increase in response is at the shower maximum.
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Figure 5.24: Longitudinal shower profile of 100 GeV pions in HCAL in the presence of mag-
netic field of (left) 0.0 and 1.5 T; (right) 0.0 and 3.0 T.
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5.4.2 Response and resolution

The 2002 HCAL test beam (TB02) experiment [169] was a small scale detector setup designed
to study the performance of the CMS hadron calorimeters. The detector was exposed to
beams of !! (20, 30, 50, 100, 300 GeV), electrons (20, 30, 50, 100 GeV), and muons (225 GeV)
over a large energy range. More than 100 million events were read out with a 29.6 ns period,
slightly longer than the 25 ns planned for CMS. A total of 144 Hadron Barrel (HB) channels
(two wedges) and 16 Outer Hadron (HO) channels were tested in a detector configuration
which included an aluminum slab, representing the solenoid material, and a prototype of
the electromagnetic calorimeter (ECAL). The single particle performance measurements and
comparison with Monte Carlo simulations are discussed in detail in [170, 168].

The way to determine the “nominal” pion energy distributions was to reject the background
events by means of cuts in the HCAL energy versus ECAL energy plane. Figure 5.25 shows
the pion energy distributions after cuts in ECAL versus HCAL energy space. Gaussian fits
to the energy distributions in Fig. 5.25 show non-Gaussian high energy tails for 20-30 GeV
pions as a consequence of the non-compensating nature of the CMS calorimeters. The low
energy tails for higher energy pions are a manifestation of energy leakage beyond the HB
outer limits.
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Figure 5.25: Energy distributions of 20 GeV and 100 GeV pions, after the HCAL versus ECAL
energy based background cuts were applied. Some signal events are lost at low energies. The
non-Gaussian low energy tails are due to energy leakage beyond the HB outer limits.

Figure 5.26 shows the response of the ECAL+HB system to !! as a function of energy calcu-
lated as E#!/Ei, where E#! is the mean of Gaussian function fit to the energy distributions
and Ei is the initial beam energy. The result from a Monte Carlo simulation, based on OS-
CAR 2 4 5 using GEANT4.5.2.P02 and LHEP-3.6 or QGSP-2.7, is compared with the TB02
data measurement. The vertical bars are the statistical and systematic uncertainties in the
data measurement added in quadrature. For comparison, the simulated linearity plots were
scaled up by 5% (LHEP) and 3% (QGSP) to approximately match the data at 300 GeV. Within
the experimental uncertainties, there is good agreement between the data and the simula-



220 Chapter 5. Hadron Calorimeter

tion. While the LHEP (version 3.6) physics list predicts a response growing slightly faster
than the measured in data, the one derived from the QGSP (version 2.7) physics list grows
slower.
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Figure 5.26: In the ECAL+HB configuration for pions, comparison between the simulated
and measured energy response, E#!/Ei, using both LHEP (version 3.6) and QGSP (version
2.7) physics lists.

Figure 5.27 shows the resolution of the ECAL+HB system for !! as a function of energy cal-
culated as '/E#! , where E#! is the mean and ' the square root of the variance of a Gaussian
function fit to the energy distributions. The vertical bars are the statistical and systematic un-
certainties in the data measurement added in quadrature. The data measurement is in good
agreement with the simulation, for the two physics lists tested, given the high correlation of
the TB02 measurement uncertainties point-to-point in pion energy. The LHEP (version 3.6)
physics list gives a fractional energy resolution a few percent larger than the QGSP (version
2.7) list. The data results and Monte Carlo prediction are easier to compare in the ratio plot
shown in Fig. 5.27.

5.4.3 Low energy e/! response

The 2004 HCAL test beam detector configuration was very similar to that of the 2002 exper-
iment [17]. The beam line was more complex to allow for the very low energy beam (VLE),
as well as better particle identification using muon counters, Cerenkov detectors, and wire
chambers. The detector was exposed to !! beams of energies in the 10–300 GeV range, as
well as to VLE beams in the 2-9 GeV range. The HCAL readout was arranged in two differ-
ent configurations. The standard configuration consisted of one channel per tower, giving
maximum transverse granularity but no longitudinal segmentation. The second configura-
tion was designed to study longitudinal shower shapes, and the signal for a channel was
therefore integrated in " for each ( slice. The !/e response ratio was measured as a function
of the pion energy in the 5–300 GeV range. Fig. 5.28 shows a comparison to a Monte Carlo
simulation based on OSCAR 3 7 0 using GEANT4.6.2.P02. The agreement is good over the
full energy range which was tested.
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Figure 5.27: In ECAL+HB configuration for pions, comparison between the simulated and
measured energy resolutions, '/E#! , using both LHEP (version 3.6) and QGSP (version 2.7)
physics lists.
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Figure 5.28: Pion response versus energy in the central HCAL barrel. The error bars are
statistical and systematic uncertainties added in quadradure.

Figure 5.29 shows the measured mean energy depositions in layers 0–16 of a hadron barrel
module for 300 GeV pions. The agreement between data and the Monte Carlo prediction is
excellent when using the LHEP (version 3.6) physics list. The QGSP (version 2.8) physics list
predicts shorter showers than observed.
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Figure 5.29: Longitudinal shower profile for 300 GeV pions.

5.4.4 Cluster-based response compensation

The response of the full ECAL+HCAL barrel calorimeter to electrons differs from pions in a
substantial and energy dependent fashion, as shown in Figure 5.28. This leads to an energy
dependent response and a degradation in the pion and, hence, jet resolution. The measured
raw energy response and fractional energy resolution for pions as a function of energy are
shown in Fig. 5.30. The non-compensated energy resolution is parameterized as $

E = 120%'
(E)

,
6.9%. The uniformity and resolution of the pion energy measurement can be substantially
improved using clustering techniques that utilize the fine granularity and separate energy
measurements of the ECAL and HCAL compartments [171].

The technique in [171] uses test beam data to fit the intrinsic electron to hadron response
(e/h) and the average neutral fraction f0 of the ECAL and HCAL as a function of the raw
total calorimeter energy, 0E + 0H , using the following fitting functions:

(e/h)(H,E) = a(H,E)[1 + b(H,E)/(0E + 0H)] (5.1)

f0 = c log(0E + 0H)d (5.2)

for the free parameters: aH , aE , bH , bE , c and d. The fit is performed minimizing the calori-
meter energy resolution as follows:

(e/!)(H,E) = (e/h)(H,E)/[1 + ((e/h)(H,E) $ 1) · f0] (5.3)
E = (e/!)E0E + (e/!)H0H (5.4)
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Figure 5.30: Nominal raw energy response and fractional energy resolution as a function of
ECAL+HB energy for pions. The fit for the non-compensated energy resolution is shown.

,2 =
#

i

(P0 $ Ei)2/'2
i (5.5)

where ,2 is minimized given the known beam momentum P0 and the computed pion energy
Ei for 2004 test beam data taken at 10, 30, 100 and 300 GeV. The improvement in the compen-
sation of the single pion response using the weighting procedure is clearly demonstrated in
Figure 5.31 for 15 GeV pions from test beam. The result of this procedure over the 5–300 GeV
pion energy range yields an improved pion resolution as shown in Figure 5.32.
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Figure 5.31: Scatter plot of the 15 GeV incident pion beam data. The plots are shown for
raw data (left) and for corrected data (right) showing an improved linearity in pion energy
response for ECAL+HB.
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Figure 5.32: Application of the cluster-based weighting technique to the fractional energy
resolution as a function of ECAL+HB energy for pions. The uncertainty band on the data
points is indicated by the crosses. The test beam data are compared with a resolution curve
with a 70% stochastic and 8% constant term.


