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Abstract

The electromagnetic calorimeter of the HERA B experiment built at the HERA
proton accelarator at DESY (Hamburg) is described. The construction characteris-
tics of the detector, of the related front-end, readout, trigger and service electron-
ics are discussed together with the constraints and the motivations which inspired
the design philosophy. The detector performance are presented as obtained from
the analysis of the data acquired during the HERA B running period, including
calibration procedures and achievements and the electron identification capability
exploiting a method, proposed here for the first time, based on the observation of
the associated bremsstrahlung γ. Finally some observed physical signals and a short
overview of the main obtained physics results are presented.

Preprint submitted to Elsevier Science



1 The HERA B experiment

The HERA B experiment [1] was a
fixed target experiment studying the
interactions of the 920 GeV protons,
provided by the HERA accelerator,
on target wires of different materials.
A sketch of the detector can be found
in Fig. 1.

The physics program included the
field of heavy-quark physics and
QCD studies, in particular charmo-
nium (J/ψ, χc and ψ′) production,
open-charm cross section measure-
ment, multi-quark state search, b-
quark physics, hard photon produc-
tion, etc.

A major part of the program re-
quired the selection of the lepton de-
cays of the J/ψ particle in a physics
environment characterized by a large
background, typical of the hadronic
interactions, and small production
cross sections of the interesting re-
actions, being the typical signal over
background ratio of the order of 10−6.
This required a highly efficient J/ψ
selection with a large background
rejection, obtained thanks to very
selective di-electron and di-muon
triggers and suitable lepton identi-
fication and reconstruction capabil-
ities. These requirements together
with the constraint imposed by the
radiation levels were the main guide-
lines to the design of the detector
and, inside it, of the electromagnetic
calorimeter (ECAL).
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1.1 The ECAL physics goals

ECAL [1][2][3] was designed to per-
form the following main tasks:

• to provide 0-level (pre-trigger,
PT) electron candidates to the
first-level trigger (FLT) of the
experiment. The needed back-
ground suppression (∼ 105) was
obtained thanks to a multi-level,
pipelined, almost dead-timeless
trigger scheme, to which the ECAL
and the MUON detectors provided
the initial seeds [1];

• to detect and reconstruct elec-
trons and photons providing a
suitable particle identification
(PID) and hadron rejection. Elec-
tron/positron (e±) and photon (γ)
PID were provided by exploiting
both classical algorithms, such as
E/p (e±) and cluster shape (e±, γ),
and a completely new and origi-
nal electron tagging method based
on the detection of the γ emitted
for bremsstrahlung, also applied
at trigger level. Such algorithms
needed suitable spatial and energy
reconstruction capabilities.

• to monitor on-line the interaction
rate by means of the features im-
plemented in the firmware of the
pretrigger electronics. The ECAL
information is also used, in com-
bination with other detectors,
for measuring the integrated ac-
quired luminosity with an original
method described in [4].

In Sect. 2 the ECAL general design
and structure are outlined and the
radiation environment in which it
operated is discussed. The front-end,
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Fig. 1. Scheme of the HERA B detector

readout and pretrigger electronics
are described in Sect. 3, 4 and 5,
while in Sect. 6 and 7 the software for
reconstruction and the calibration
procedure are discussed. In Sect. 8
and 10 the ECAL performance and
the main physical results obtained
are shown.

2 The ECAL design

ECAL was positioned ∼ 13.5 m
downstream the HERA B wire tar-
get and was designed in order to
operate in the following conditions:

• maximum charged track occu-
pancy per cell ∼ 10% (at 4 in-
teractions per bunch crossing i.e.
40 MHz interaction rate (i.r.));

• transverse energy deposition per
cell in the 0-6 GeV range (except
16 modules around beam pipe (see
Fig. 2) whose dynamic range was
adjusted to 250 GeV ).

In order to cope with the first condi-
tion, the calorimeter was structured
in 3 sections (INNER, MIDDLE and

OUTER, see Fig. 2) with a differ-
ent granularity in order to follow
the steep radial dependence of track
density in the HERA B environ-
ment. All sections employed the same
“shashlik” technology [5] of a sam-
pling scintillator/absorber sandwich
structure. This technology provides
an economic solution for large size
calorimeters ensuring, at the same
time, good performance and unifor-
mity of response. Moreover adequate
signal time characteristics and easy
precise calibration can be achieved.

The basic elements were 2344 mod-
ules of transverse dimensions 11.2 ×
11.2 cm2. The different granular-
ity was obtained by subdividing the
modules of the INNER section in a
matrix of 5 × 5 cells and the ones of
the MIDDLE section in 2 × 2 ma-
trices, while in the OUTER section
modules were not segmented, adding
up to 5956 individually read out
channels. Within the INNER section,
an INNERMOST part was defined
(see Fig. 2), differing from the rest
of the section in terms of front-end
and monitoring electronics, due to
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Fig. 2. The HERA B Electromagnetic Calorimeter structure

the high radiation environment close
to the beam pipe.

2.1 Radiation environment

The HERA B detector had to cope
with a large radiation environment,
typical of the hadronic interactions
at high energy, strongly depending on
the distance from the beam pipe.

The INNERMOST part of the
calorimeter was designed to cope
with up to ∼ 50 kGy (at shower-max
position) dose per year of operation
while the same numbers for the IN-
NER, MIDDLE and OUTER sec-
tions are respectively ∼ 20, ∼ 4 and
∼ 1 kGy/year. For this reason a dif-
ferent technology was used in partic-
ular for the signal collection devices.

2.2 The INNER section

The schematic construction of the
INNER ECAL module is shown in
Fig. 3.

The stack of absorber/scintillator

tiles consisted of 40 layers, each
made of an absorber plate 2.2 mm
thick and a scintillator plate 1 mm
thick, corresponding, in total, to
23 X0. The small lateral cell size
(∼ 2.5 × 2.5 cm2) and the need of
containing the lateral development
of electromagnetic showers in order
to separate signals in the high parti-
cle density region close to the beam
pipe imposed the choice of a W-Ni-
Fe alloy as absorber, thanks to its
small Molière radius (see Tab. 1).

Due to severe radiation environment,
modules exploited radiation hard
scintillator based on PSM115, sep-
arated from the absorber plate by
a 0.1 mm TYVEK paper sheet to
improve the light collection, to pro-
vide uniform mechanical load onto
scintillator tiles and to ensure elas-
ticity to the assembled stack. Tile
edges were aluminized to prevent
tile-to-tile light cross-talk and to im-
prove light collection. The rigidity of
the complete stack was ensured by
0.12 mm stainless steel bands pre-
tensioned and welded to front and
rear steel lids.

The light produced by scintillators
was collected by nine 1.2 mm di-
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ameter KURARAY-Y11 radiation
hard wavelength-shifter (WLS) fi-
bres penetrating the entire length of
the cell, and transported to the read-
out photomultipliers window. Holes
of 1.5 mm diameter for the WLS
fibres were arranged on a square uni-
form lattice. Fibres for each cell were
bound together, polished and cou-
pled to their PM through 1 mm air
gap. At the front of the cell, fibres
were cut and aluminized. Radiation
tests of module parts showed that
light-yield loss under irradiation did
not exceed 20% at acquired dose of
50 kGy [6].

The 25 PMs, together with power
supplies, were mounted inside a rigid
aluminum housing at the rear of the
module. The front surface of the
module was closed by the printed
circuit board (PCB) of the monitor-
ing system equipped with 25 Light
Emission Diodes (LED) faced to the
central fibre of each cell. The light
from LED was injected into WLS fi-
bre through the small hole drilled in
the center of aluminized fibre edge.

The average amount of light pro-
duced in the INNER ECAL cells was
equivalent to ∼ 130 photoelectrons
(p.e) per 1 GeV of deposited energy.

2.3 The MIDDLE and OUTER sec-
tions

A MIDDLE ECAL module is shown
schematically in Fig. 4. The main dif-
ferences with respect to the INNER
were:

• the absorber/scintillator stack
consisted of 37 layers each made of
a lead absorber plate 3 mm thick
and scintillator tiles 6 mm thick,
corresponding, in total, to 20 X0;

• each of the four cells in the module
housed 18 U-shaped WLS fibres in-
serted into the holes of the scintil-
lator/absorber stack;

• PMs and power supplies were
housed inside the steel cylindrical
tubes attached to the back side of
the module;

• light signal from LED test system
was injected into an additional
straight fibre positioned at the
center of each cell (not shown in
the picture).

OUTER modules shared the same
design, but scintillator tiles had full
module transverse size and only one
tube for PM housing was present in
the module axis.
Both for MIDDLE and OUTER
modules, less radiation tolerant Bi-
cron BCF-91A WLS fibres were used
due to the lower expected deposited
dose with respect to the INNER
case [6].

The average amount of light pro-
duced in the MIDDLE (OUTER)
ECAL cells was equivalent ∼ 800 p.e.
(∼ 1300 p.e.) per 1 GeV of deposited
energy.

All relevant modules parameters are
reported in Table 1.
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Fig. 3. INNER ECAL module structure.

Fig. 4. MIDDLE ECAL module structure

3 The front-end and monitor-

ing electronics

3.1 Photodetectors and power sup-
plies

The large amount of light (see Ta-
ble 1) produced in ECAL modules al-

lowed to use ordinary photomultipli-
ers (phototubes, PMs) to readout the
light collected by WLS fibres. PMs
and their power supplies had to sat-
isfy the following specifications:

(1) to have a photocathode sensi-
tive to the green light of WLS
fibres (490 nm) with quantum
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INNERMOST/INNER MIDDLE OUTER

Channels 2100 2128 1728

Cell size 2.23 cm 5.59 cm 11.18 cm

Absorber W-Ni-Fe alloy lead (Pb) lead (Pb)

Radiation Length (X0) 0.558 cm 1.675 cm 1.675 cm

Equiv. Molière rad. 1.24 cm 4.15 cm 4.15 cm

Depth 13 cm (23 X0) 34 cm (20 X0) 34 cm (20 X0)

Volume ratio W:Sc = 2.2:1 Pb:Sc = 1:2 Pb:Sc = 1:2

WLS Kuraray Y-11 BCF-91A BCF-91A

Light yield (p.e./GeV) 130 800 1300

PM type R-5600/FEU68 FEU-84-3 FEU-84-3

LED (wavelength, nm) Marl (450) L934SRCB (660) L934SRCB (660)

Max. radiation dose (kGy/year) 50/20 4 1

at shower-max

Table 1
HERA B ECAL parameters.

efficiency large enough to avoid
deterioration of ECAL energy
resolution due to photo statis-
tics effects;

(2) to have proper transverse di-
mensions matching the cell size
and the cross-section of the
WLS fibres bundle in the front
of the tower;

(3) to have sufficient radiation resis-
tance, especially in case of IN-
NERMOST region (maximum
radiation dose at PM plane was
15 kG/year);

(4) to operate reliably in the stray
magnetic fields (about few tens
Gauss);

(5) to provide good linearity of re-
sponse (∼ 2%) up to 10 mA out-
put currents.

Three different PM types were
chosen to instrument the INNER-
MOST (HAMAMATSU R-5600),
INNER (Russian FEU-68) and MID-

DLE/OUTER (FEU-84-3) sections
respectively. HAMAMATSU R-5600
had silica windows, whose trans-
parency does not degrade under the
typical HERA B irradiation. Insen-
sitivity to the magnetic field and high
linearity of response in the requested
range of anode currents were guar-
anteed by a mesh dynodes system.
The other PMs were protected from
magnetic fields by steel PM housings
with special cylindrical screens made
of permalloy. Relevant characteris-
tics for all types of PMs together
with the main environmental param-
eters are presented in the Table 2.

The PM power supply [7], or base,
was designed on the basis of the
Cockroft-Walton (C-W) multi-
plier [8] ideal for keeping the PM
performance within design specifica-
tions at the high pulse rates needed
for HERA B (mean PM anode
current can achieve 0.1 mA). It is
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R-5600U-06 FEU-68 FEU-84-3

Max rad. dose (kGy/y) 15 4 1

PhC operating range (nm) 160-650 300-850 300-820

PhC sensitive spot φ (mm) 8 10 25

PhC material quartz borosilicate glass borosilicate glass

Number of dynodes 8 10 12

Max operating gain ×105 1.4 0.4 2.4

Table 2
PM and Photocathode (PhC) parameters

moreover inexpensive, simple in ex-
ploitation and, finally, has low power
dissipation, especially important for
the tight geometry and absence of
a cooling system in the INNER sec-
tion. High radiation tolerance of
the circuitry was achieved by using
a limited number of active compo-
nents and ensuring non-sensitivity of
the circuit to the degradation of the
components crucial parameters.

During the full HERA B lifetime
the PM/C-W system showed an ex-
cellent reliability. The rate of mal-
functioning did not exceed 0.1% per
month, adding up to less than 1.3%
after more than one year of continu-
ous ECAL operation without any in-
tervention. Among all PMs installed
the non-linearity mean values were
-0.24% (RMS=0.59%) for FEU-68
and -0.22% (RMS=0.64%) for FEU-
84-3. All R5600 preserved a linear
response in full dynamic range of
current amplitudes.

3.2 HV control

The ECAL Common High/Low
Voltage (HV/LV) Control System
distributed feeding voltages to the
PM supplies, addressed them indi-
vidually in order to control the PM
amplification and to preserve the
entire system of supplies from over-
current. For the MIDDLE/OUTER
sections a matrix-like individual PM
addressing scheme was implemented.
A different solution was used in the
INNERMOST/INNER sections due
to the tight geometry. The selection
of individual PM channels inside a
module was done by an intermedi-
ate board located at the rear of each
module and carrying the phototube
power supplies (see Fig. 5).

The voltage/control signals distribu-
tion electronics resided in 6 crates un-
der ECAL each serving the left/right
half (with respect to the proton
beam pipe) of a particular calorime-
ter section. Each crate hosted one
board to select the Y-coordinate
(MIDDLE/OUTER only), and sev-
eral identical boards to distribute
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Fig. 5. Photograph of the distribution board equipped with FEU-68 phototube-sup-
ply doublets.

high/low voltages and control signals
to groups of C-W bases. Individual
output channels on each distribution
board were protected from overcur-
rent in +100 V power source. The
crate was administrated by a pas-
sive controller board, responsible for
all VME communications with the
control board, located in the unlim-
ited access electronic hut and used
to program X/Y-address of the PM
HV supply, send DAC pattern and
examine overcurrent-protection cir-
cuits. Each HV/LV control system
had 3 types of DC power sources:
+6 V, -6 V and +100 V. Low voltage
sources (+6 V, -6 V) resided under
the calorimeter in the low level ra-
diation area and could be controlled
remotely from the electronic hut.
Moreover a distinct LV source -5 V,

common for all passive controllers,
feeded circuits responsible for receiv-
ing signal from the control board.
These chains were decoupled from
the rest of controller circuitry by
means of optrons to avoid ground-
ing loops. All +100 V sources were
located in the electronic hut.

During several years of HERA B

continuous operation no malfunc-
tions of the high/low voltage control
system as well as any performance
degrading was observed. The system
proved to be very reliable, easy-to-
operate and fully adequate to its
purposes. The overall system power
consumption from +100 V sources
proved to be low: average currents
∼0.2 mA/C-W were observed with
all PM high voltages set up and
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no beam in the accelerator. Aver-
age value of LV consumption was
∼10 mA per channel.

3.3 ECAL monitoring system

The ECAL monitoring system was
designed to:

(1) perform readout chain function-
ality control;

(2) monitor the long-term stability
of individual readout channel
(dominated by the PM gain
stability) at the level of 2-3%;

(3) emulate physical signals in a
required range of input ampli-
tudes for ECAL pretrigger test-
ing purposes.

Each readout channel was equipped
with a distinct independently oper-
ated LED. This allowed to configure
an arbitrary pattern of flashing LEDs
(LED pattern) on the detector. The
LEDs monitoring all channels of one
ECAL module were controlled by
a LED driver board which provided
feeding voltages and allowed to con-
figure the LED pattern. The LED
pulse shape was similar to the physi-
cal signal being its duration compat-
ible with the signal collecting time of
60 ns. The addressing of the channel
inside a module was done via a dedi-
cated shift register storing the LED
pattern to be fired.

ECAL regions equipped with FEU68
and FEU-84-3 were instrumented
with relatively cheap red LEDs
L934SRCB with 660 nm emitting
wavelength and 300 mcd brightness,

compatible with the corresponding
photocathode performance. Being
the R-5600 photocathode not sensi-
tive enough to red light to provide re-
sponse in the full demanded dynamic
range, more expensive bright blue
Marl LEDs were employed, emitting
at 450 nm and with a brightness of
600 mcd. In this case the output sig-
nal was a steep function of the volt-
age supplied. In order to maintain
good stability and fine adjustment of
LED signal, the corresponding driver
board allowed an additional fine tun-
ing of the light signal magnitude by
means of controlled duration of the
fire-signal (8 programmable steps in
the range 5÷12 ns).

All LEDs were subdivided into 16
sectors each served by a devoted arm
of the monitoring system and em-
bracing 7x21 modules. The signal
magnitude could be varied simulta-
neously for all channels in one sector
in a range covering the full readout
ADC dynamic range. The distribu-
tion of the control signals along LED
drivers was organized according to a
matrix-like addressing scheme sim-
ilar to the one for HV/LV Control
System. LED driver boards were
nodes of a net system of cables used
to deliver all necessary voltages to
the corresponding modules. From
the other side, cables were connected
to the LED distribution boards (one
per sector) delivering all necessary
voltages and fire signals to the slave
drivers, as well as the reproduction
of the desirable LED pattern. Time
spread in the delivery of fire pulses
within one sector was less than 3 ns
entirely depending on cable length.
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Each distribution board was con-
trolled by directives from a distinct
control board, of the same design as
the HV/LV Control System ones, lo-
cated in the electronic hut and used
to configure the LED pattern and
the reference analog voltage needed
to vary pulse magnitude. The LED
power supply system included 8 dis-
tinct sources -6 V (type EWS-300-6),
each of them feeding 2 sectors of the
calorimeter (vertical band 2 x 1/16
part) and 16 independent regulable
positive power sources (one per sec-
tor). All of them were placed beneath
the calorimeter and were connected
to the LED distributors via copper
buses. Current consumption could
achieve up to 8 A/sector from the
adjustable power source and up to
20 A/sector from the -6 V source.
The LED control system organiza-
tion is illustrated in Fig. 6.

During the data taking the LEDs
were fired with a frequency of about
10 Hz in coincidence with the empty
gap of 15 consequent non-filled
HERA bunches. This allowed tracing
individual channel stability directly
during the data taking without in-
terfering with it. The long-term sta-
bility of the ECAL readout chain
was measured by means of the mon-
itoring system to be within 2%, in
accordance with what evaluated by
means of physical signals as π0 and η
mass (< 3%) or E/p position (∼ 3%)
[9] and compatible with the design
specifications.

Adjustment of the LED timing was
performed thanks to a VME pro-
grammable Test Pulse Board and
it was aimed to align it, together

with the ECAL front-end and the
ECAL pretrigger systems to the full
HERA B DAQ system using the
delayed input trigger signal called
first bunch-crossing (1BX). Further
delays could be obtained by means
of coarse and fine adjustments, the
first (0:255BX) being used to select
successive bunch-crossings, and the
second one (0:128 ns in step of 2 ns)
allowing to perform fine LED signal
synchronization with respect to the
front-end drivers gates.

4 The readout electronics

The ECAL readout (RO) system [10]
was designed to handle the analog
signals of the 5956 PMs and consisted
of 226 electronics cards. Its main logic
functions were:

• to provide a fast signal digitization
(96 ns);

• to format and transmit the data for
the ECAL pre-trigger (EPT) sys-
tem;

• to format the calorimeter event
and transmit it to the HERA B

Second Level Processors farm and
to the reconstruction farm.

The global scheme of the designed
RO boards is shown in Fig. 7. The RO
card was built on a 9U VME stan-
dard and was formed by two parts:

• a mother board containing all the
digital circuitry;

• a modular analog part consist-
ing of independent units (ADC
SECTION) to be plugged into the
mother board.
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Fig. 6. LED control system block diagram.

Such modular design was an impor-
tant feature of the system in order to
keep separated, as far as possible, the
analog and digital circuitry and to
allow easy replacement of the faulty
analog cards.

Each board could read out a maxi-
mum of 32 channels and was plugged
into a crate with the backplane using
the two free rows of the connector
P2 (the central row being dedicated
to VME signals) as a private bus
for the HERA B Fast Control Sys-
tem (FCS [11]). This bus, which was
driven by an FCS daughter card, dis-
tributed the machine global timing
signals, such as the Bunch Cross-
ing (BX) Clock (96 ns period, 10.4
MHz frequency) and all the signals
relevant to the First Level Trigger
(FLT [12]) to the RO board.

In order to ensure the needed energy
and spatial resolution in the energy
range 0.3÷200GeV (energy released
by the minimum ionizing particles,
MIPs, used for calibration and maxi-
mum energy release by the electrons
from J/ψ decay respectively), a 12
bit digital linear conversion of the
analog signals was used in the whole
calorimeter, except for the INNER-
MOST section, where such require-
ments could be met only by a 13 bit
effective conversion obtained with a
signal compression (non linear op-
tion). The noise level was at the level
of one ADC channel (0.5µV ) RMS in
order to benefit of the full dynamic
range of the conversion. The design
of the ADC SECTION was such that
both 12 and 13-bit options could be
achieved by simply adding or remov-
ing a few components. The scheme
reported in Fig. 8, which we will use
for the following description, refers
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to the non linear option.

Signals from the PMs were trans-
mitted through ∼ 40 m long coaxial
cables to the ADC SECTION where
they were buffered and pole-zero
compensated, to recover the cable at-
tenuation, and then fed into a gated
integrator. The gated integrator, in
coincidence with the BX clock, per-
formed a 60 ns integration (to allow
for a complete charge collection) of
the signal and then a 36 ns discharge
of the integrating capacitor. In or-
der to get the signal compression
the shaped signal was split into two
branches and successively summed
together (two slopes method). In the
first branch the signal traveled unaf-
fected, while in the second it was fed
into a 100 MHz bandwidth clamp-
ing amplifier. With this compression
technique it was possible to gain
one bit in the transfer function. The
signal was then sent into the ADC
sampling at a rate of 10 Msps.
The 12 bit linear transfer function
version of the ADC SECTION was
simply obtained by eliminating the
clamping amplifier branch.

Data coming from each ADC SEC-
TION were stored at the BX rate
into a Dual Port RAM (DPRAM) or-
ganized as a 256 events deep circular
buffer in order to keep the informa-
tion until a trigger decision was taken
(FLT-accept). At the same time the
ADC content were fed into a look-up
table (LUT) to produce the com-
pressed data required by the electron
pretrigger (EPT) processors. The
LUT output data were then serially
transmitted (on a 2 wire/channel,
40MHz, differential TTL link) to the

EPT board (SERIAL LINK).
The RO board was equipped with a
single FIFO output buffer (EVENT
BUFFER) where the FLT-accepted
data from the DPRAM were trans-
ferred pending its transmission to
the second level buffer (SLB) proces-
sors farm. The FLT accepted event
identifiers coming from the FCS were
stored into an additional TRIGGER
FIFO, to increase the FLT peak rate
handling capabilities of the board.
The EVENT BUFFER and TRIG-
GER FIFO related logic allowed
processing of up to seven consec-
utive FLT accepts (i.e. accepted
events separated by a number of
BXs smaller than the FLT pipeline
depth). The FLT accepted data
were then fetched from the EVENT
BUFFER and transmitted to the
downstream data acquisition (DAQ)
processors (ADSP 21060 SHARC-
based SLB) by means of the dedi-
cated 80 MHz bus (SHARC LINK).
The SHARC INTERFACE handled
the shipping of the FLT accepted
data over the SHARC LINK.
The GLOBAL TIMING section gen-
erated all the timing signals, phase
locked to the BX clock, needed for
DAQ, readout and diagnostic.
The front end control section (FEND)
handled the analog to digital conver-
sion and storing signals (integration
gate, ADC clock, bus enable and
DPRAM channels mapping).
The board was also capable of re-
sponding to other general purpose
FCS commands (as global reset or
test pulse issuing requests).

The RO board featured a VME inter-
face allowing LUTs loading and ex-
tensive diagnostics. To this purpose
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the board included facilities for selec-
tively pulsing each channel with pro-
grammable level pulses and for in-
jecting digital data at various steps
of the acquisition process.

5 The pretrigger system

The ECAL pretrigger (EPT) system
was used to seed the FLT with the
electromagnetic cluster candidates
relevant for the physics goals of the
experiment, i.e.:

• electrons from J/ψ, Υ, b and c-
quark semileptonic decays;

• photons with high transverse en-
ergy ET (“hard photon trigger”).

5.1 EPT algorithm

The designed system was based on
the strategy adopted in the clusteri-
zation algorithm (see Sect. 6). Monte
Carlo simulations showed that, due
to the high tracks density of the ex-
periment, a high efficiency on select-
ing electron clusters and a high re-
jection of the background could be
achieved with an algorithm able to:

• perform a clusterization based on
a 3×3 matrix of readout cells cen-
tered around the cell with the max-
imum deposit of energy;

• perform the recovery of the energy
possibly radiated for bremsstrahlung
by the electron/positron in the re-
gion before the magnet.This last
point was shown to gain a rela-
tive 10% factor on the absolute

EPT algorithm efficiency for J/ψ
detection.

Some simplifications in the algo-
rithm, like to operate with three in-
dependent calorimeter sections were
shown to be acceptable (efficiency
loss for electrons from J/ψ decay of
∼ 5%).

Starting with these considerations,
an algorithm was developed, able to
operate both at the readout and pre-
trigger levels. Its data flow can be
summarized as follows:

• readout board level:
· flag the calorimeter cells having

an energy release above a preset
threshold;

· code the single cell absolute en-
ergy release and flag in a byte to
be transferred to the EPT.

• pretrigger board level:
· store the about 6000 bytes from

the readout for each BX;
· select the addresses of the cells

having the flag set and corre-
sponding to local maximum re-
lease of energy (central cell);

· fetch the energy values of the
eight calorimeter cells surround-
ing the central cell in a 3x3 ma-
trix;

· for the selected nonet calculate:
a) the total cluster energy;
b) the cluster center of grav-

ity corrected for the electromag-
netic cluster shape (S-shape cor-
rection).

· select clusters having ET greater
than a preset threshold;

· calculate the coordinates of the
possible bremsstrahlung photon
clusters and retrieve their energy
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values (the electron/positron
ambiguity can not be resolved
by the pretrigger alone). The
bremsstrahlung recovery feature
is an original idea implemented
for the first time at pretrigger
level.

At the end of the algorithm a mes-
sage was formed, containing all the
relevant quantities to seed the FLT.
Among them the energy information
was crucial to correctly address the
FLT track finding procedure. There-
fore an absolute calibration had to
be available already at this level. In
Fig. 9 the invariant mass distribu-
tion of two pretrigger candidates in
one board is shown as measured by
the EPT energy and position infor-
mation, where a clear π0 → γγ peak
is evident at the correct position.

The designed system was completely
pipelined and capable to process up
to three candidates per BX per pre-
trigger board with a total latency of
∼ 3.5µs (35 BX) sufficient in order
not to loose events up to a target in-
teraction rate of ∼ 40 MHz.

5.2 EPT structure and protocol

The overall system consisted of 128
boards, processing the 5956 read-
out channels, developed on VME 9U
boards. The global scheme of the
EPT boards is shown in Fig. 10 while
a complete description of the EPT
and of its performance can be found
in [13].

All EPT operations were driven by
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Fig. 9. Two cluster invariant mass mea-
sured using the energy and position in-
formation of the EPT only.

a 42 MHz (4 cycles each BX) “Fast
Clock” locally distributed all over
each card and synchronized with the
HERA clock.

The 8-bit input data (7 bits for coded
energy release in each RO channel
plus one flag bit for energy deposit
over a preset threshold) were trans-
mitted by the readout cards, accord-
ing to a serial synchronous proto-
col, on two lines per channel. Each
card could manage signals from one
RO board plus the border cells, dis-
tributed via passive patch panels, in
order to completely map the whole
calorimeter.

The Local Maxima Finder Unit
(LMFU) analyzed the incoming
serial data and flagged the chan-
nels with an energy deposit greater
than all neighbors and over a pre-
set threshold. The flagged channels
were ordered by a Pipelined Priority
Encoder (PPE), implemented into
the LMFU logic block, able to pro-
cess up to three clusters per machine
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Fig. 10. Global logic scheme of the ECAL EPT board.

cycle. The cell number (6 bit) and
the BX (8 bits) were used to address
the Input Interface (IIF) Module for
the cluster energy extraction, being
the cluster a 3 × 3 cell matrix cen-
tered around the defined central cell.
Data were sent by a Process Con-
troller to the Event Buffer and Mul-
tiplexer (MUX) together with the
coordinates of the cells of an even-
tual bremsstrahlung energy deposit.
The MUX logic block provided these
data to nine 7 bits buses for the

Data Processing Unit (DPU). The
whole processing in this block was
performed via lookup tables (LUT).
The relevant information provided
by the LUT block were:

• cluster center of gravity (x and y);
• total cluster energy;
• coordinates of the possible bremss-

trahlung photons;
• a flag if the total cluster energy ex-

ceeded a preset threshold;
• a flag if the total cluster transverse
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energy exceeded a preset thresh-
old;

• coordinates of the cells of an
eventual bremsstrahlung energy
deposit (a dedicated logic, the
Bremsstrahlung Request Interface
(BRI) guided the search for those
cells and stored the relative infor-
mation for further elaboration).

Finally, the FIFO outputs was con-
nected to the pipelined Message For-
matter (MF) formatting and storing
the 80-bit data to be transferred to
the first level Trigger Finding Units
(TFU) via the TFU Interface logic
block. Such transmission took place
at a rate of 4 x 20 bit / BX.

The functioning of the system was
continuously monitored during data
taking by a server-client protocol
based program providing online in-
formation about all relevant quan-
tities elaborated by the EPT as
energy depositions, candidate po-
sitions, trigger rates, latencies etc.
Such quantities were continuously
sampled and shown in histograms
for the three ECAL sections. In case
deviations from normal behaviour
were observed, the information could
be traced down to the single channel
level. The system could quickly iden-
tify noisy channels dominating the
trigger rate and mask them online
in order to recover normal triggering
conditions. In Fig. 11 the EPT rate
is shown normalized to the interac-
tion rate as a function of time, where
a spike due to a noisy channel can be
observed. The recovery of the normal
trigger rate within a few seconds is
due to the described online masking
procedure.
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Fig. 11. EPT rate normalized to the
HERA interaction rate (in arbitrary
units) as a function of time.

5.3 Pretrigger simulation

In order to study the performance
and efficiency of the ECAL pretrig-
ger system, a dedicated package was
developed [14] simulating the pretrig-
ger on a bit level by using both Monte
Carlo information and real data as
input. Studies showed that the simu-
lation was able to reproduce the pre-
trigger behaviour in deep detail.

In addition the simulation allowed to
perform dedicated hardware tests of
the pretrigger system by creating in-
put data to be loaded into the pre-
trigger system out of Monte Carlo in-
formation. Operating the pretrigger
and comparing the pretrigger output
to the simulation results gave a fast
feedback on the correct performance
of the pretrigger system.

The overall efficiency of the pre-
trigger for the detection of the de-
cay J/ψ → e+e− depended on sev-
eral factors. Besides the geometri-
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cal calorimeter acceptance and the
overall reconstruction efficiency, the
determining factors were the trans-
verse energy threshold of the entire
cluster and of its central cell. These
were limited by the maximum input
rate of trigger candidates that could
be managed by the FLT as well as
the reduction factors required by the
further trigger levels. Moreover, as
the pretrigger information was used
to seed the FLT track search, also the
spatial and energy resolutions deter-
mined the overall HERA B trigger
efficiency.
For the design of the FLT, it was
assumed that, at an interaction rate
of 40 MHz, the ECAL pretrigger
could provide an average of two clus-
ter candidates per bunch crossing at
a rate of 8.52 MHz. This could be
achieved via a cut on the transverse
energy of ET ≥ 0.7GeV . An overall
efficiency for detecting the two elec-
trons from J/ψ decay of ∼ 25% was
determined.

6 ECAL reconstruction

The ECAL reconstruction code [15]
was used both in the off-line and on-
line event reconstruction as part of
the HERA B high level trigger. Its
main goal was to isolate and iden-
tify the clusters due to particles re-
leasing at least 0.05GeV transverse
energy in the calorimeter, in partic-
ular e± and γ and, moreover, to pro-
vide a reliable particle identification
for electron-hadron discrimination.

Very different constraint were im-
posed to the reconstruction when

used for trigger decisions (in partic-
ular very stringent time limits and
high efficiency) or off-line, where
a more time-consuming algorithm
could be afforded in view of a more
precise signal reconstruction. For
this reasons a C++ object oriented
code was developed in such a way
to be included in the general recon-
struction of the experiment and, in
a simplified version, in the general
trigger software.

The following main considerations
guided the ECAL reconstruction
code design:

• constraints: the code had to run
with different time and accuracy
performance at the trigger level,
where a decision on the event had
to be taken within ∼ 20 ms, and
at the reconstruction level, where
basically no time limits were im-
posed. Moreover the algorithm had
to be very efficient on the inter-
esting physics channels, with very
small cross sections compared to
the total inelastic one;

• working conditions: the calorime-
ter was hit by about 100 particle
per interaction, releasing a signal
in more than 10% of the ECAL
cells. This implied that the proba-
bility for overlapping signals from
different particles was not negli-
gible, in particular in the INNER
part of the detector, and the code
had to be able to provide the best
separation and reconstruction pos-
sible in such difficult conditions;

• interplay with the general HERA B

reconstruction: the ECAL recon-
struction could profit from the
information coming from other
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detectors (in particular the track-
ing system), and vice versa. This
imposed a modular structure able
to communicate at each step with
the other reconstruction/trigger
codes.

Following these prescriptions, the
code was designed in three main log-
ical steps:

• pattern recognition: this included
hit selection, clustering and shower
reconstruction based on the ECAL
information standalone;

• matching with tracks: the tracking
system information was used in or-
der to identify charged particles;

• final reconstruction: the final
cluster-track association was per-
formed and an identification pro-
vided (electrons, γ, hadrons,
MIPs). Moreover the main param-
eters of the clusters/tracks were
provided, as the position on ECAL
(S-shape corrected center of grav-
ity of the cluster [16]), the energy
release, the presence of an associ-
ated bremsstrahlung cluster, the
e/π discrimination.

The clustering phase was based on
a variant of the hierarchical cluster-
ing method [17] which has the prop-
erty that the time needed to scan and
group in clusters all the N hit cells in
the event is proportional toN logN ,
thus limiting the computing time in
case of high occupancy. Great care
was payed to the clustering also for
what concerns the algorithm separa-
tion power of neighbouring clusters
sharing part of the cells. The energy
of the shared cells is split among the
close-by clusters in fractions propor-

tional to the cluster energies. This
usually small correction to the clus-
ter energy has a marginal impact on
the energy resolution, but helps sig-
nificantly to improve the spatial res-
olution of partially merged clusters,
since the corrected center-of-gravity
algorithm is sensitive to the details of
the small lateral deposits. Fraction-
ing of common cells proved therefore
to be crucial for increasing the γ-γ
separation power at high π0 energies
(see Sect. 8).

Another important task of the recon-
struction algorithm was to allow for
a precise calorimeter calibration. The
full procedure applied in order to ob-
tain the desired calibration level is
described in Sect. 7. The performance
of the reconstruction in terms of en-
ergy and position resolutions, which
depend also on the detector design
and behaviour during the data tak-
ing, are discussed in Sect. 8.

7 ECAL calibration

A calibration precision at the level
of few percent had to be reached in
the whole calorimeter in order not to
spoil the experimental resolution on
the physical states of interest, fully
dominated by the material in front
of the calorimeter. Moreover an en-
ergy calibrated information had to be
available already at pretrigger level,
with a precision sufficient to provide
the correct regions of interest to the
Kalman Filtering FLT processors for
the electron candidates search.

In order to be able to perform cal-
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ibration adjustments frequently in
time and in short dedicated data
taking, most of the calibration pro-
cedure was foreseen almost indepen-
dent of other detectors, leaving to
the offline analysis the duty to refine
the results by adding the tracking
system information. Given the large
number of ECAL cells to be cali-
brated and the required precision, a
multi-level calibration scheme was
adopted, including:

• PM gain pre-calibration in the lab-
oratory;

• equalization of ECAL occupancies
in each cell;

• absolute calibration on physical
signals (π0 → γγ);

• calibration check and refinement
using MIPs and other signals as
the η particle;

• ECAL-tracking combined calibra-
tion using E/p peak position.

The pre-equalization consisted in a
PM gain adjustment in order to have
similar response to a given LED light
amplitude from all cells. This proce-
dure did not provide an absolute cal-
ibration.

The occupancy equalization step
allowed to reach a relative inter-
calibration of nearby channels at the
level of 15% by studying the frac-
tion of events with energy above a
given threshold as a function of the
distance from the beam pipe, and
adjusting the calibration constant
of each cell in order this fraction to
be in agreement with Monte Carlo
predictions. The precision obtained
and the level of determination of the
absolute energy scale was still not

sufficient, after this first step, for the
described requirements.

The following step of calibration was
performed on physical signals to pro-
vide an absolute cell by cell calibra-
tion. It was chosen to perform such
step using the π0 particles as:

• they are copiously produced in pN
interactions (∼ 8π0/BX) and no
special trigger requirements are
needed in order to produce a high
statistics (∼ 107) in a short (∼ 1
hour) time over the whole ECAL;

• their reconstruction does not need
any information from other detec-
tors (fast stand-alone acquisition
in dedicated runs sufficient) ;

• their energy spectrum spans over
a large range (up to ∼ 100 GeV ),
being the upper value limited by
the ECAL γ-γ separation power.

The concept of the method consisted
in building, for each (i-th) ECAL cell,
center of the γi cluster, the γiγ mass
distribution obtained by combining
γi with all other γ in the event. In this
way for each cell i the mass position
of the π0 → γiγ could be extracted by
fitting the distribution with a func-
tion for the signal (gaussian-like) and
a polinomial one for the combinato-
rial background and the calibration
constant of this cell adjusted in order
to obtain the nominal π0 mass. The
procedure was then repeated itera-
tively until the best approximation to
the nominal mass could be reached
in all cells. During iterations not only
the mass position but also the width
of the π0 signal improved. In Fig. 12
the starting and final mass distribu-
tions are shown for all ECAL cells to-
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gether, showing an improvement in
the π0 width from ∼ 17 MeV/c2 to
∼ 10 MeV/c2. Moreover the η sig-
nal becomes visible after calibration
only.
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Fig. 12. γ-γ mass distribution in the π0

and η region before (black circles) and
after (open circles) the π0 calibration
procedure. π0 and η signals are marked
with arrows.

The calibration procedure was then
completed by two more steps aimed
to improve the precision in the high
occupancy regions where it was diffi-
cult to observe a clear π0 signal due
the large background levels.
The first step was based on the detec-
tion of MIPs (mainly muons) which
release in the calorimeter an energy
equivalent to a ∼ 0.3 GeV electro-
magnetic shower. In Fig. 13a) the en-
ergy spectrum released in ECAL by
muons from J/ψ decay triggered by
the muon detector is shown, while
in Fig. 13b) the stability of the MIP
peak position is shown, run per run,
in a time scale of about 6 months. A
stability in time of the overall cali-
bration at the level of 2.5% can be
observed (see Fig. 13c)).

The second step was also performed
at the off-line level. The electron
momentum information from the
tracking system was used in order to
monitor the peak position of the en-
ergy to momentum (E/p) ratio. For
electrons/positrons this distribution
is expected to be peaked near one.
In Fig. 14 a typical E/p is shown
separately for the INNER (a), MID-
DLE (b) and OUTER (c) sections,
using electrons from J/ψ decay. As
expected a mean value < E/p >∼ 1
was found while typical values for
the width of the distributions are
σE/p ∼ 6% for the INNER and MID-
DLE sections and σE/p ∼ 7% for the
OUTER, mainly due to the material
distribution in front of the calorime-
ter and the intrinsic performance of
the detector.

The use of all the described meth-
ods allowed to obtain a final cali-
bration precision < 2% in the whole
calorimeter. Such information was
used in the Monte Carlo in order to
provide a realistic simulation of the
ECAL calibration.

8 ECAL performance

The performance of the electromag-
netic calorimeter were studied using
the large data sample acquired dur-
ing the physics data taking in the
year 2002-2003. Large samples of π0,
η and J/ψ were selected by means of
the ECAL information. This allowed
to determine the main parameters of
the calorimeter, namely:

• the spatial resolution;
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• the energy resolution;
• the light yield non-uniformity;
• the π0 → γγ separation power;
• the readout stability.

The spatial resolution was deter-
mined by selecting a highly purified
electron/positron sample from J/ψ
decay obtained with the following
requests: E/p ∼ 1 and tag given by
the emission of a bremsstrahlung γ.
The measured center of gravity of
the cluster was compared to the in-
formation provided by the tracker
as a function of the energy. The
ECAL energy resolution was deter-
mined, using γ from π0 and η decay,
by studying its contribution to the
width of the signals as a function of
the measured γ energy. In Fig. 15

the dependence of σE

E
and of the spa-

tial resolution σxy are shown sepa-
rately for the INNER, MIDDLE and
OUTER sections. In Table 3 the val-
ues for stochastic and constant term
are reported for both quantities. The
measured resolutions were compati-
ble with what expected at technical
design and project.

The light yield (l.y.) non-uniformity
was determined studying the π0(→
γγ) peak position as a function of
the distance ∆r = rcog − rcent of
the γ cluster center-of-gravity to the
center of the cell. From the observed
π0 mass value the relative distortion
of the measured cluster energy as a
function of ∆r could be obtained.
A maximum non-uniformity of re-
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sponse of ∼ 10% was observed for
all modules close to their edges as
shown in Fig. 16. Such effect could
be corrected with an iterative proce-
dure similar to the one used for π0

calibration and position-dependent
correction functions were determined
to be used in the off-line reconstruc-
tion in order to optimize the energy
and position measurements. An im-
provement on the π0 and η resolu-
tions as much as 20% were achieved
with such corrections. In Fig. 17 the
η signal is shown before and after
the non-uniformity correction: such
signal is also used to verify the cali-
bration procedure as γ from η decay
span a larger energy interval with
respect to the ones from π0.

As pointed out in the reconstruction
section, a crucial feature of the used
clustering algorithm was the frac-
tioning of the hit cells common to two
neighbouring clusters (merged clus-
ters). This had a dramatic impact on
the γ-γ separation power and thus on
the capability of reconstructing π0

of higher energies. In Fig. 18 the effi-
ciency on π0 reconstruction is shown
as a function of the γ-γ opening an-

gle. As it can be seen, full efficiency
was still obtained at angles smaller
by a factor of two (i.e. double π0 en-
ergy) as compared to a standard non
optimized algorithm. In the same fig-
ure the π0 signal reconstructed using
merged clusters is shown compared
to the total π0 signal, showing no
evident mass distortion.

9 The bremsstrahlung PID

method

An original PID method, imple-
mented both at pretrigger and
reconstruction levels, was based
on the identification and recov-
ery of the energy emitted by e± as
bremsstrahlung (BR) γ when cross-
ing the materials before the magnet
(the energy depositions of γ emit-
ted after the magnet were not sep-
arated from the e± cluster) [18]. In
order to identify the BR γ, a cluster
was looked for in the ECAL having
the same coordinate (within the de-
tector spatial resolution) as the e±

candidate cluster in the non-bending
plane and, in the bending plane, a
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Fig. 17. η signal before and after the l.y. non-uniformity correction.

INNER MIDDLE OUTER

σE

E (%) 20.6(.3)/
√
E ⊕ 1.2(.2) 11.8(.2)/

√
E ⊕ 1.4(.1) 10.8(.1)/

√
E ⊕ 1.4(.2)

σxy (cm) 1.25(.03)/
√
E ⊕ 0.022(.003) 1.37(.03)/

√
E ⊕ 0.28(.02) 2.17(.09)/

√
E ⊕ 0.28(.15)

Table 3
HERA B Main ECAL performance parameters. Energy expressed in GeV .

distance from it ∝ 1/Ee±, being Ee±

the e± energy measured by ECAL
(see Fig. 19). The main difference be-
tween the pretrigger and the offline
reconstruction was that, while in the
former it was not possible to resolve
the left/right (i.e. electron/positron)
ambiguity, in the latter this was re-
moved by the charge information
from the tracking system.

As hadrons do not emit bremsstrah-
lung, the method allowed a powerful
electron tag and a hadron rejection
additional to the standard E/p infor-
mation. Moreover the recovery of the
BR energy lost allowed a proper eval-
uation of the electron momentum at
the interaction vertex position, im-
proving the resolution on the phys-
ical signals. The effectiveness of the
tagging algorithm is shown in Fig. 20
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Fig. 18. Left: π0 reconstruction efficiency as a function of the γ-γ opening angle for the
used clustering method (triangles) and for clustering method not separating merged
clusters (circles). Right: π0 reconstructed from merged clusters (below) compared
to the total π0 signal (above).

where the J/ψ signal is shown with-
out any BR tag (b) and requiring that
one (c) or both (d) triggered elec-
trons emitted a BR γ. The statistics
scaled as 1 : 0.7 : 0.15 with a sig-
nal over background ratio increase as
1.2 : 2.0 : 6.5.

The method was used in all analy-
ses requiring very clean electron sam-
ples.

10 ECAL physics achieve-

ments

ECAL played a crucial role in the
HERA B physics program. Apart
from providing the di-electron trigger
to the whole experiment, its informa-
tion was used for all the studies con-
cerning electron and gamma identifi-
cation and reconstruction. These in-
cluded:

X 1/E
e

Fig. 19. Concept of the BR recovery
method

• charmonium studies as J/ψ,ψ(2S)
and χc production and decay, po-
larization and differential distribu-
tions;

• measurement of nuclear effects
in charmonium production (A-
dependence);

• open and hidden b-quark produc-
tion cross section measurements
(Υ, b→ J/ψX);
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• direct γ, π0 and η production in pN
interactions.

Concerning the charmonium produc-
tion studies, a total sample of about
130000 J/ψ, 2500 ψ(2S) and about
6000 χc were selected by trigger-
ing on the decay electrons/positrons
and after the full reconstruction and
analysis selection. An overview of the
main results concerning the charmo-
nium studies can be found in [19]. In
Fig. 20a) the full e+e− mass spec-
trum is shown where, other than the
charmonium states, also the ρ/ω/φ
particles are evident in the low mass
range. The J/ψ particle was observed
with an experimental resolution of
∼ 60 MeV/c2 (Fig. 20b)).

The χc sample (see Fig. 21), the
largest world statistics in fixed
target, was selected through the
χc → J/ψγ → e+e−γ decay chan-
nel requiring the additional detec-
tion of the γ from χc decay. This
last information was also used for
the observation of the independent
χc → J/ψγ → µ+µ−γ channel.

In Fig. 22 the e+e− mass spectrum
of b → J/ψX → e+e−X decay is
shown, while in Fig. 23 the same dis-
tribution is shown in the high mass
interval, where the Υ → e+e− signal
can be observed. A detailed descrip-
tion of the results concerning these
two channels can be found in [20]
and [21] respectively. The HERA B

b production cross section measure-
ment through the b → J/ψX decay
is the world most precise in fixed
target.
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Fig. 20. e+e− mass spectrum. a) with
low mass region. b)-d) J/ψ region with-
out electron bremsstrahlung tag (b),
with one or two (c) and two (d) tags.
X-axis binning is 33 MeV/c2.
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11 Conclusions

The HERA B experiment per-
formed a wide physics program

mainly in the heavy flavor and char-
monium production in pN interac-
tions at high energy. A crucial part
of the measurements performed in-
volved the information of the elec-
tromagnetic calorimeter. The use
of such device was crucial both at
trigger level and in the reconstruc-
tion of reactions involving electron
and gamma identification. During
the whole physics data taking the
behaviour of the electromagnetic
calorimeter was stable with perfor-
mance compatible with what fore-
seen at technical design and project.

HERA B completed its physics pro-
gram in the year 2003.
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