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1 Introduction1

Since the LHC startup, the performances of the LHCb calorimeter system [1] are very satisfactory2

although the beam conditions have been far more aggressive than what was planned during the3

design period [2]. The upgrade consists essentially of increasing the instantaneous luminosity4

up to a maximum of 2× 1033cm−1.s−1 and to remove the first hardware trigger (called L0 and5

based on the information provided by the calorimeter and the muon systems). A pure software6

trigger, more efficient and more flexible will remain. The suppression of the L0 implies that the7

calorimeter system sends its data at 40 MHz to the computer farm on which the software trigger8

runs. It leads to a complete rebuilding of the front-end and back-end electronics.9

The present first hardware trigger disappears, but a similar electronics can be used in order10

to reduce the data rate at the input of the farm. The purpose here is not to limit the data flow11

systematically at a fixed rate like the L0 does, but between 1 and 40 MHz (i.e. no filtering),12

depending on the needs and to enrich the sample reaching the farm. The reasons for such a Low13

Level Trigger (LLT) to which the calorimeter will contribute, are a possible staging of the size of14

the PC farm at the LHC start-up or during a temporary problem on the farm.15

In the upgrade design, the calorimeter system has a reduced complexity, the present scintil-16

lating pad detector (SPD) and the preshower (PS) being removed [3, 4]. Since the requirements17

for a Low Level Trigger (see Sect. 2.1.3) are less demanding than for the L0 trigger their disap-18

pearance does not have important negative consequences. Furthermore this removal simplifies19

the calorimeter calibration and the reconstruction algorithms.20

The module performances can be affected by the high radiation level foreseen close to the21

beam after the planned large integrated luminosity, hence some of the cells in the inner region22

(the closest to the beam pipe) may have to be replaced. The radiation tests and simulations23

indicate that the resolution of the electromagnetic calorimeter (ECAL) modules should still be in24

specifications (with a constant term lower than 3%) up to ≈ 20 fb−1 at the worst location, close25

to the beam pipe. Such an integrated luminosity is not expected before the long shut-down LS3.26

Hence, the replacement of the innermost cells of the ECAL by spare modules is planned for this27

period. The hadronic calorimeter (HCAL) does not suffer so much as the ECAL from radiation.28

Moreover, the measurement of hadrons is largely done by the tracking system of LHCb and the29

importance of the HCAL, essentially used at present by the L0 should be reduced after the pure30

software trigger is in operation.31

Among the physics measurements to which the calorimeter system will mainly contribute32

is the study of the time-dependent decay distribution of the B0
s → φγ decays, that is sensitive33

through the effective CP -violation and lifetime parameters 2βeff
s and τ eff

(
B0
s → φγ

)
/τB0

s
, to the34

polarisation of the emitted photon and to models that predict new right-handed currents. The35

measurement of the angular observables in the rare decays B0 → K?0l+l− (l = µ, e) is also a36

significant aspect of the upgrade programme of LHCb and the electron channel has shown to be37

an important ingredient complementary to the muon final state. The calorimeter performances,38

both in term of resolution and background rejection, should be maintained during the upgrade39

period in spite of the harsher pile-up conditions, in order to improve the precisions and ultimately40

reach the theoretical uncertainties [5].41

Section 2 describes the conception of the new electronics that should provide the data at42

40 MHz and the LLT calorimeter specific information. Then, the results on the effects of43

radiations and ageing are given in Sect. 3.1 and the foreseen intervention on the ECAL during the44

long shut-down 3 will be described. The expected performances in term of pile-up and particle45
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identification of the calorimeter system will be described before the two last sections that present46

the safety aspects and the organization of the LHCb calorimeter upgrade project.47

2 Electronics48

The upgraded LHCb calorimeter system is made of two sub-detectors, the ECAL and HCAL,49

whose modules remain mostly unchanged with respect to the present system (see section 3.1).50

Likewise, the photo-multipliers (PMT) are kept, their gains being reduced by a factor five after51

the luminosity increase foreseen in the upgrade to keep the same mean anode current as presently.52

The 40 MHz readout of the data requires a new design of the front-end and back-end electronics.53

A total of 238 new front-end boards (FEB) is necessary to perform the acquisition of the modules.54

Each FEB is designed to receive the signals of 32 PMTs. The boards are distributed in 18 crates:55

14 for the ECAL and 4 for the HCAL. A new control board located in the central slot of each56

crate must also be designed. It will receive the clock, slow and fast control signals from the57

Timing and Fast Control system (TFC) of the experiment and propagate them to the FEB via58

the backplane. This architecture is compatible with the parts of the existing electronics that will59

be kept for the upgrade (backplanes and crates, for example) in order to reduce the cost of the60

project.61

2.1 Front-end board62

2.1.1 Analogue processing63

The analogue signal processing on the front-end board is mostly performed by a circuit that64

integrates the PMT signal pulse. The signals are transmitted through a 12m, 50Ω coaxial cable65

from the detector to the FEB located in the crates on the platform, above the calorimeter system.66

Table 1: Summary of the requirements for the calorimeter analogue Front-End.

Parameter Requirement

Energy range 0 ≤ ET ≤ 10 GeV (ECAL)
Calibration/Resolution 4 fC/2.5 MeV per ADC count
Dynamic range 4096-256 = 3840 cnts: 12 bits
Noise . 1 ADC cnt (ENC < 4 fC)
Termination 50± 5 Ω
Baseline shift prevention Dynamic pedestal subtraction
Max. peak current 4-5 mA over 50 Ω
Spill-over residue level ≤ 1%
Linearity < 1%
Cross-talk < 0.5%
Timing Individual (per channel)

As the calorimeter measurement must be performed at every bunch crossing (at 40 MHz),67

the system must minimise any spill-over effects and the PMT pulses are therefore shaped so that68

the tail extending after 25 ns is not larger than 1% of the signal. Table 1 specifies the main69

requirements on the upgraded front-end electronics.70
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Compared to the existing design, the gain of the PMTs has to be reduced by a factor five so71

that they can be kept during the upgrade period, the gain being compensated in the electronics,72

since the electronic amplifier gain must be increased by a corresponding factor of five. As a73

consequence, an equivalent reduction of the electronics noise is needed to maintain the same74

performance. The first step of the pulse shaping consists in clipping the signal (described in75

detail in [1]). This is performed on the PMT base, before any amplification. Such an early76

clipping is not compatible with a passive termination at the FEB input stage, if the noise77

has to be significantly reduced with respect to the previous calorimeter electronics design [6].78

However, an active termination should permit the clipping to be kept unchanged and will require79

no intervention on the PMT base. As the implementation of an active termination requires a80

transistor level approach and as a FEB serves 32 channels, an ASIC, termed the ICECAL, is81

being developed.82

Nevertheless, a different approach is also under consideration. Currently the PMT signal is83

clipped in the base, and about 2/3 of the signal charge is lost. An alternative solution would84

consist of postponing the clipping until after the amplification of the signal, on the FEB. This85

would relax by a factor three the noise requirement on the frond-end amplifier, thus allowing86

a passive termination. This solution requires a simple intervention on the detector and is87

implemented with Commercial Off-The-Shelf (COTS) operational amplifiers and analogue delay88

lines.89

The two solutions are discussed in the following sections.90

ASIC implementation The stages of the ASIC solution, named the ICECAL, are depicted in91

Fig. 1. It includes two alternated switched signal paths where the input current is first amplified92

and converted to differential signals in order to be integrated through a fully differential amplifier93

with capacitive feedback. The integration is performed by two alternate integrators running94

at 20 MHz, one being readout and reset while the other is active. A fully differential signal95

processing is adopted in order to minimize the impact of common mode noise, which is important96

in a switched system. The input stage is a current pre-amplifier with an electronically cooled97

termination (the input impedance being adjusted dynamically by active components) to reduce98

the noise. A pole zero filter stage helps to remove the distortions produced by the twelve metre99

cable. Then, the signal is integrated with the switched integrators. A track-and-hold samples the100

integrated signal and the analogue multiplexer selects the correct sub-channel to be processed101

further.102

The input amplifier is made of a regulated common base input stage with double feedback103

and an electronically cooled termination. Two current feedback loops are used to decrease and104

control the input impedance of a common base transistor with emitter degeneration and provide105

additional transconductance linearisation. The assets of the current mode implementation are its106

lower voltage, DC coupling (no external components or additional pads), the low impedance of107

all nodes (less prone to pick up noise), and improved ESD robustness (no MOS transistor gate108

or bipolar base is connected to the input pad).109

The switched integrator is based on a fully differential operational amplifier (FDOA), feedback110

capacitors, discharge resistors, and CMOS switches to perform the operation. The FDOA consists111

of a bipolar pair input with emitter degeneration, a folded cascode stage, a second Miller stage112

with a bipolar output in common-emitter amplifier configuration, and a common mode feedback113

circuit [7]. It has a gain bandwidth of 500 MHz, a DC gain of more than 70 dB, a phase margin114

larger than 65◦ and a slew rate better than 0.4 V/ns, for moderate capacitive loads (below 15 pF).115

3



Detector 
cells 

clip 

PMT 

12m cable 

50Ω 

Front End Board 

FPGA 

Detector 
Clock 

Integrator 

I TH 

Track- 
and-Hold 

TH 

Filter 
Current 

amplifier Multiplexer 
ADC 

driver 

Technology: SiGe BiCMOS 
0.35um AMS 

Delay Line 

Slow Control 

PZ ʃ 

PZ ʃ 

ASIC 

Drv 12b 
ADC 

Figure 1: ASIC schematic.

Feedback switches are on during the integration cycle. When the integration finishes, the reset116

cycle starts: two switches connect the inputs to ground and the feedback switches are off. In117

order to obtain a fast reset and avoid residual amplification, fast discharge switches are used.118

The integrator capacitors are discharged in less than 10 ns.119

A track-and-hold providing a stable output is added after the switched integrator. Its120

specifications are defined by, firstly, the accuracy required for 12 bits, and secondly, by limiting121

the use of half of the clock cycle for settling the output signal. It is based on the flip-around-122

architecture (see Ref. [8]) with bottom plate sampling as it helps in reducing the tracking123

capacitor charge error and ensuring better linearity. The feedback design is preferred with respect124

to an open loop to improve the linearity and the accuracy. The FDOA used for the integrator is125

also used for the track-and-hold.126

As each channel of the detector possesses different latencies primarily because of the differences127

in the PMT high-voltage, the time of flight of the particles reaching the calorimeter surface128

and the length of the signal cables, it is necessary to adjust the integration time for each one129

individually. The exact delay is hard to evaluate at design time and thus tunable delays are130

required. The need to automate the time adjustment procedure and the limited accessibility of131

the electronics imply using digital programmable delay lines, which are included in the ASIC132

(Fig. 1). Each channel includes a DLL (Delay Lock Loop) which generates three independent133

LVDS (Low Voltage Differential Signal) clocks with configurable phases in order to delay the LHC134

clock by intervals of 1 ns, between 0 and 24 ns, for the switched integrator, the track-and-hold,135

and the external ADC. The DLL implementation is fully differential, so that the switching136

noise is lower in comparison to a single-ended implementation. This block receives the reference137

differential CMOS clock signal that passes through a Voltage Controlled Delay Line (VCDL), then138

a multiplexer selects the desired output and implements the phase comparator which generates139

the fine-grain control voltage. Two signals, Vcoarse, which is an external and fixed bias voltage,140

and Vcontrol, ensure that the introduced delay by each VCDL stage is 1 ns.141

Two versions of ASIC prototypes have been designed, fabricated and tested in Austriami-142
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crosystems 0.35 µm SiGe BiCMOS technology. This technology allows a 3.3 V operation and has143

fast HBT transistors, which are useful for the high dynamic range of our system. In particular the144

high transconductance versus bias current ratio of bipolar transistors is very useful for achieving145

good linearity in current mode solutions.146

COTS implementation By removing the clipping from the PMT base and performing it at147

the front-end level, the signal to noise ratio at the input stage is improved. Removing the clipping148

by cutting a PCB track on the bases is a simple operation but quite time consuming when done149

for almost 8000 PMTs mounted on the ECAL and HCAL modules. The replacement of the PMT150

bases is not foreseen as it would require a much more involved operation on the detector with a151

higher risk for its integrity. Under these conditions the actual clipping-subtraction-integration152

scheme can be kept, provided all steps are performed at the FEB level. Delay lines are necessary153

in this case and a discrete component solution, with COTS, is envisaged [9]. Its scheme is shown154

in Fig. 2.155
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Figure 2: COTS solution schematics.

With the clipping being performed on the FEB, the amplification of the input signal is done156

before. To avoid that the noise is amplified in irrelevant parts of the spectrum, it is important157

that the first amplifier has low noise and not too large a bandwidth. The scheme used to clip the158

signal on the FEB is composed of a first amplifying stage followed by an operational amplifier159

subtracter that receives appropriately scaled and delayed signals. This clipping scheme is similar160

to the one described in Ref. [1] but using differential operational amplifiers to generate both161

polarities for the signals instead of using transmission line reflections. The parameter values162

are chosen after studying the response to the actual signal shape in order to obtain the desired163

clipping.164

The next step in the analogue processing is the integration, which is performed by a differential165

operational amplifier with capacitive feedback loop. Its structure is similar to the clipping one.166

The main difference is that the delay line is much longer (25 ns) and that there is no attenuation.167

The clipped signal is integrated and then disintegrated dynamically with a 25 ns delay without168

involving any switch.169

Then, the analogue levels are adapted to the ADC input through AC coupling and bias170
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resistances. Some drawbacks must be taken into account. The system is AC coupled and thus171

will suffer a baseline shift. The shift will depend on the pulse amplitude, the pulse rate and172

the speed at which the capacitors discharge. Hence, relatively big capacitors have been chosen173

for this purpose, both because they should have a small influence in the concerned frequency174

domain and because, in the time domain, undershoots will last longer and have a lower amplitude.175

However, the related time constant has been limited to 5 µs in order to minimize the effects on176

the baseline shift of the empty bunch crossings related to the gap in the LHC bunch structure.177

This affects the ADC adaptation specifically, but may also be applied to the rest of the AC178

coupling of the system. Five percent of the dynamic range of the ADC has been reserved to179

prevent any saturation and furthermore an extra two percent have been reserved for the noise.180

Finally, special care has been taken to keep the inputs of the operational amplifiers balanced.181

Both polarities have equivalent impedances. The power integrity and EMI (ElectroMagnetic182

Interference) have been carefully studied to avoid ruining the low noise performance with external183

interferences.184

Prototype performance results In November 2012, the beam line T4-H8 at CERN Prevessin185

was used for a test beam. An ECAL module equipped with a PMT and its base was used to186

detect the signal from electrons ranging from 50 to 125 GeV. The acquisition was triggered187

using two scintillators in coincidence and the signal sent to the FEB prototype (see Sect. 2.1.2)188

equipped with the two analogue solutions described above and in parallel, to a Lecroy integrator189

and a Time-to-Digital Converter (TDC) in the barracks.190

Hence, the experimental setup included two parallel measurements of the signal of the PMT191

to perform the envisaged tests and comparisons. The TDC was needed to measure the phase192

between the individual particle time arrival and the 40 MHz clock used by the FEB prototype.193

The measurements of noise, resolution, linearity, spill-over, and integrator plateau showed194

behaviours within specifications except for what concerned the integrator plateau and spill-over.195

The cable and clipping effects had been under-estimated leading to a signal pulse wider than196

expected. To overcome this problem in future, it is proposed to implement a pole-zero filter for197

both analogue ASIC and COTS solutions which allows the tail to be reduced and to comply with198

the specifications.199

Figure 3 shows the detail of two measurements. The low frequency contributions to the noise200

are suppressed by a pedestal dynamic subtraction (consisting of subtracting the lowest of the two201

previous samples to the signal) that will be implemented in the digital processing of the FEB202

but which is performed here offline. The remaining noise is measured to be 1.4 and 2.3 ADC203

counts respectively for the ASIC and the COTS solutions. The former is shown in Fig. 3, left.204

In order to cope with the expected time fluctuations of the pulse, the output of the integrator205

must be stable (i.e. must vary by less than 1%) in a ±2 ns wide plateau. To obtain the plateau206

shape, the data are fitted with a Gaussian function. The relative variations with respect to the207

maximum at ±2 ns showed a difference of about 1.5% and 1% respectively for the ASIC and the208

COTS implementations (see Fig. 3, right). Simulations indicate that the plateau is improved209

significantly with the pole-zero filter described above.210

2.1.2 Digital processing211

The design of the digital part of the FEB for the LHCb calorimeter upgrade is inspired by the212

experience with the current electronics FEB [10,11]. Each front-end board handles 32 channels.213
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Figure 3: Left: ASIC electronics noise after pedestal dynamic subraction. Right: Data points
around the maximum value, in the region of the integrator output plateau, for the COTS solution
(ADC vs. time).

The digital part of the FEB is composed of 4 major components.214

� The Front-End-PGA (FE-PGA) [12] processes 8 channels and receives the data from 8 ADCs,215

each with a 12 bit digitisation. It consists of six firmware blocks: data synchronisation,216

pedestal processing, trigger processing, event building (bunch crossing identification tag),217

handling the test and TFC signals and sending the data to the GBT [13] at 80 MHz after218

serialization. It should be noted that there is no need to pipe-line the data in the FE-PGA219

as the system is synchronous.220

Altogether with the analogue chips, the ADC, the GBT and an optical emitter/fibre, the221

FE-FPGA together constitute a FE-Block. There are four such blocks on a FEB (see222

Fig. 4).223

� The Trigger-PGA (Trig-PGA) [14] handles the processing of the LLT on the board. It224

receives the results of the trigger calculations of the FE-PGA and sends its data to the225

fifth GBT/optical link of the FEB.226

� The Control-PGA (Ctrl-PGA) synchronises the processing of the components of the board.227

It is in charge of the global control and correlates information from several FE-PGA in228

order to check the overall processing of the FE-blocks. It also distributes the TFC signals229

to the components of the FEB.230

� The power and slow control blocks, consist of DC-DC converters, power protection systems,231

and a GBT-SCA driving JTAG, I2C, SPI, and parallel bus.232

Figure 4 shows the different components of the FEB. The radiation tolerance constraints on233

the PGA of the board are such that the simplest and safest solution is at present the A3PE chip234

from MICROSEMI. The most suitable FPGA of the A3PE family is the A3PE1500.235

Data processing The ADC of the FEB will receive a phase adjustable clock in order to sample236

the PMT pulse at the proper time. As the timing of the signal from different channels is different237
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Figure 4: Diagram of the constituent blocks of the FEB.

(see Sect. 2.1.1 and Ref. [15]), the first step consists of synchronizing the input data before any238

further processing of the FPGA, avoiding any bunch crossing de-synchronization among the239

channels.240

The low frequency noise removal is performed by using the same techniques as those used for241

the current electronics and consists of subtracting the pedestal dynamically and synchronously.242

Two methods are foreseen.243

1. The smallest of the two previous measurements for each channel is assumed to be the244

pedestal and is systematically removed. This methods relies on the relatively low occupancy245

of the channels and slightly under-estimates the mean pedestal by an amount (by around246

0.5 ADC counts at present and since it chooses preferentially negative fluctuations of the247

noise) which can be corrected in the offline reconstruction.248

2. The second method estimates the pedestal by taking whichever is the lowest of the previous249

pedestal (plus a constant – typically 2 or 3), and the previous measurement. This technique250

is less sensitive to the occupancy and avoid any brutal fluctuations. However, it depends251

on the history of the system and is more difficult to emulate and debug.252
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Both methods are at present implemented in the current electronics. The former is the default253

one for data taking in the current experiment. The latter has been tested during the high254

luminosity and pile-up LHC runs of 2013. From studies performed on the π0 mass and width,255

both methods give equivalent results. Notice that in the case of the ASIC analogue electronics256

the fact that the pedestal could be different for the two interleaved integrators means that the257

subtraction described must be done per sub-channel.258

For debugging purpose, a third mode will be implemented where no subtraction is applied.259

The subtraction methods could potentially produce negative values that are difficult to treat.260

Hence, the data will be shifted by a value (∼ 256) and treated as a 13 bit number until the261

subtraction is done, the final result being in the range [0, 4095] with a mean pedestal of ∼ 256262

and the effective dynamics being marginally reduced.263

Trigger processing The task of the trigger processing in the FE-PGA is to provide roughly264

calibrated 8 bit values of each channel treated by the FEB, eventually multiplexed at 80 MHz,265

as in the current implementation. The values are obtained by dividing the 12 bit ADC values of266

the data path by a 8 bit programmable calibration constant, and saturate at 255. The same267

mechanism will be used as in the current design [16]. These values will be then provided for the268

calorimeter Low Level Trigger (LLT) computations (see Sect. 2.1.3).269

Event building and handling of the synchronous TFC signals The original design of270

the GBT system from CERN had a data rate of 80 bits at 40 MHz per fibre. This design would271

have forced us either to add a fifth optical link or to develop a sophisticated packing algorithm272

in order to send the calorimeter data. The risk in terms of overflow of the packing was limited at273

L = 1033cm−2s−1 but was not negligible at twice that value which is the luminosity that must be274

ultimately sustained by all the sub-detectors. Fortunately, the final design of the GBT included275

a new data format (called wide bus) that increases the data rate to 112 bits at 40 MHz. We276

plan to use this mode for the acquisition path and no packing is necessary any more, reducing277

the risk of data corruption. Finally, 4 optical links are needed for the data acquisition and each278

optical link will be part of a FE-block and connected to a single FE-PGA.279

With each link treating 8 channels (12 bit ADC), 12× 8 = 96 bits are needed. Out of the 112280

bits available, 16 remain that will be used for crate numbering (5 bits), FEB numbering (4 bits)281

and bunch crossing identification number necessary to check the data synchronization (7 bits).282

Note that the LHC bunch crossing number is coded on 12 bits and so not all of them can be sent283

together. Several options are being considered to include these data into the frame: sending only284

the 7 lower significant bits as it seems to cover most of the synchronization problems that we285

may expect, or sharing the bits among the remaining bandwidth of each link of the board.286

The data format described here supposes that the bunch crossing identification number is287

determined independently by each FE-PGA. This will be done by resetting a clock-incremented288

register with the bunch crossing reset synchronous command of the TFC (see Sect. 2.2). The289

bunch crossing identification number would also allow the tagging of the sub-channel used in the290

ASIC based analogue electronics for calibration purpose.291

Control FPGA and slow control on the board The Ctrl-PGA is in charge of the tasks292

which are common to the channels of the FEB. It ensures that the four FE-PGAs run syn-293

chronously, provides the crate and FEB identification numbers to the links and distributes the294
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slow control signals to the different components of the board. This is particularly important as295

we plan to use the SPI protocol which relies on selection lines (slave selection). The selection296

line may be activated by the Ctrl-PGA after it has been properly configured in order to address297

any chip of the board.298

The slow control on the FEB can be driven by a GBT-SCA chip (a component of the GBT299

project devoted to the slow control, see Ref. [13]) which receives its e-links from the backplane300

and is the only interface with the rest of the system. The protocols that may be used are I2C,301

SPI, parallel and JTAG. We plan to implement on our boards the possibility to reprogram the302

FPGA from the GBT link and JTAG is the protocol that would be used for this purpose.303

Optical output The optical output is performed through 5 GBT components and Versatile304

Link transmitters [13] from CERN: four for the data path and an extra link for the LLT path.305

The links are mono-directional. The clock needed by the GBT will be received from the backplane306

and the control board (see Sect. 2.2) that will be equipped with another GBT component.307

Front-End prototype A first prototype of the FEB has been designed and used to assess308

the capabilities of the candidate FPGA (A3PE from MICROSEMI) for our design and also to309

acquire the data from the analogue electronics in a test beam, i.e. close to realistic conditions.310

We also foresee to check the radiation tolerance of some components by putting the prototype in311

a particle beam. However, most of the components we plan to use should sustain the moderate312

radiation level at the position of the calorimeter electronics (which is expected to reach ∼ 5 krad313

for 50 fb−1) or have been already tested in harsher conditions.314

Figure 5: Picture of the prototype of the Front-End board. The analogue mezzanine is visible on
the left. The 2 FPGAs (models A3PE and AX from MICROSEMI/ACTEL, see the text) are in
the central part of the board, in black and under the copper socket.

The prototype includes several regulators for powering and delay chips in order to perform315

all the necessary time adjustments. The acquisition is performed through a USB interface.316

Two FPGAs are located on the PCB: an A3PE (flash technologie) and an AX (anti-fuse)317

FPGA, both from MICROSEMI/ACTEL. The former is our preferred candidate, the latter318
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being a backup solution.The AX FPGA is not soldered on the PCB but pressed firmly under a319

metallic piece and on a golden foam making the contact between the balls of the FPGA and the320

PCB (see Fig. 5). This system permits the AX FPGA to be changed without having to unsolder it.321

322

For the upgrade, the bit flipping rate at the FPGA output is large and the GBT requires323

the clock frequency of the I/Os to be 80 MHz. It is vital to demonstrate that the A3PE can324

cope with such a rate. This test was important since for the ProASIC FPGA family used in our325

present boards (an ACTEL predecessor of the A3PE family) as some problems were observed in326

such tests. Hence, the two FPGA were programmed to exchange a large quantity of data at 80327

MHz on many I/Os. No data corruption was observed showing that the A3PE should satisfy the328

requirements for our electronics.329

2.1.3 Low Level Trigger330

The Low Level Trigger (LLT) is a hardware trigger designed to select interesting events at high331

efficiency, and to reject very busy events at an early stage, in order to reduce the input rate of332

the High Level Trigger (HLT) software trigger, during the commissioning phase of the LHCb333

upgrade running, or at the beginning of the data taking, if not enough CPUs are available in the334

software trigger computing farm. It will reduce the 40 MHz LHC bunch crossing frequency to a335

frequency of about 15 MHz.336

The calorimeter is one of the systems that provides information for the LLT. Since the current337

Level-0 trigger architecture is already capable of delivering information at 40 MHz for a hardware338

trigger, the majority of its features will be kept for the LLT, and will only be adapted to the339

new architecture of the upgrade.340

The goal of the calorimeter part of the LLT is to build ECAL and HCAL clusters of 2× 2341

cells and to select the ones with the highest transverse energy (ET). The first step of the LLT342

computation is to obtain for each cell a roughly calibrated transverse energy value, coded in 8343

bits. This is realized in the FE-PGA of the Front-End boards, dividing the 12 bit measured344

ADC values by a calibration constant. This processing is identical for the ECAL and the HCAL.345

The obtained transverse energy values are then summed to compute the transverse energy of346

2× 2 clusters, and these are compared to select the cluster with the highest value. This step is347

performed in the Trig-PGA of the Front-End boards. Each Trig-PGA handles the 32 channels of348

the FEB but also needs to access the values of the energies of the neighbouring cells in order to349

compute the transverse energies of the clusters located at the borders of the 4× 8 area covered350

by the board. The exchange of data between boards is done via the backplane for the horizontal351

neighbours, and via ethernet cables plugged on the backplane for the vertical neighbours. The352

backplane connections and the cables exist already in the current detector and will be kept and353

re-used during the upgrade phase. Since the scintillating pad detector (SPD) will be removed354

from the detector, the SPD hit multiplicity will no longer be available for rejecting busy events at355

an early stage. Multiplicities computed with the ECAL and HCAL will be used instead, namely356

the numbers of cells with a transverse energy larger than a given threshold. These multiplicities357

will be also computed in the Trig-PGA. The processing will be identical in the HCAL and the358

ECAL.359

The result of the LLT computation (highest energy cluster and multiplicity) will be sent from360

each FEB to the electronics barrack for further processing, via a dedicated optical fibre. These361

data will be received by four TRIG40 boards whose task is the final selection of the ECAL and362
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HCAL clusters, comparing all the inputs and selecting the cluster with the highest transverse363

energy over the ECAL or HCAL. These boards will also compute the total ECAL and HCAL364

multiplicities. These four quantities, the two candidates of highest energy and two multiplicities,365

will then be input to the final trigger decision.366

2.2 Control board367

The control board will be located in the central slot of the front-end crate. It distributes some368

critical signals to the boards of the crate: the clock, the slow control signals and the fast and369

synchronous commands. It will be equipped with one GBT chip and one bi-directional link.370

The e-link outputs of the GBT use the SLVS JEDEC standard. We do not plan to propagate371

directly those signals on the backplane. Hence, the signals from the GBT will first be converted372

to LVDS before being routed. The FPGA of the control board will be of type A3PE from373

MICROSEMI, the same type as used for the FEB.374

Timing and Fast Control system handling The GBT chip of the control board receives375

the clock from the LHCb Timing and Fast Control system (TFC) and its optical link and376

propagates it to the other boards of the crate after SLVS to LVDS conversion. The clock phase377

adjustment capabilities of the GBT can be used at this level to tune the phase of the front-end378

signal processing, after configuration by the slow control.379

The TFC system also distributes the LLT signal and synchronous commands. The380

front-end electronics do not require the LLT decision. On the contrary, the electronics381

provides some information on the energy deposits in the calorimeter to the counting room382

where the decision is taken (see above, Sect. 2.1.3). The front-end electronics requires only a383

sub-sample of the TFC commands defined for LHCb. The TFC system for the upgrade will384

propagate 44 bits through the GBT at 40 MHz [17]. Most of those bits or commands are used385

downstream of the front-end electronics. Only eight commands are related to the front-end.386

This reduced number (without any loss of the electronics capabilities) permits to re-use the387

backplane of the current electronics and to propagate through it reset, test and calibration signals.388

389

Slow control As for the fast commands and the clock, the slow control of the upgraded390

electronics is driven by the bi-directional optical links of the control board. Seventeen e-links are391

necessary in a crate: 16 for the FEB and an extra link for the board itself. Here also, we plan to392

convert the slow control e-links from SLVS to LVDS type before propagation to the backplane.393

We intend to keep the present backplane for the upgrade [18]. This decision has an impact394

on the design. The clock, fast commands and power lines will be re-used. The difficulty concerns395

the slow control where the bus connecting all the FEB to the control board cannot be re-used396

for the e-links connecting the GBT chip of the control board with the GBT-SCA of the FEB.397

However, the LVDS data lines of the backplane become spare lines for the upgrade. They are not398

necessary any more as there is no longer any data exchange between the FEB and the control399

board. Instead, each FEB sends its own data through its own optical links. Each data line used400

at present is made of three differential LVDS pairs and this will be sufficient to operate the slow401

control on the crate for the future electronics.402
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2.3 High-voltage, monitoring and calibration systems403

The high-voltage, monitoring and calibration systems of the ECAL and HCAL are essentially404

slow control based, and therefore are independent of data taking and can be used for the upgrade405

without major changes.406

The following systems, however, communicate with the current LHCb Detector Control407

System (DCS) through the slow control SPECS protocol. Since the SPECS will not be available408

any more for the upgraded electronics, these systems need to be adapted in order to be compatible409

with the GBT transmissions.410

� The HV-LED boards, which control PMT high voltages and LED flash intensities.411

� The integrator readout boards (INTEG), which are used to readout the HCAL PMT anode412

current.413

� The LEDTSB boards, which send firing pulses to the LED drivers with the proper sequence.414

The HCAL calibration system is based on a capsule traversing the modules of the calorimeter415

and containing a 137Cs radioactive source. The source motion control communicates with the416

DCS computers via a CANbus protocol. As CANbus will be available for the upgrade, this417

system will be remain unchanged.418

419

The high-voltage, monitoring and calibration systems include four other types of boards420

which do not communicate directly with DCS and can remain unchanged:421

� The Cockcroft-Walton HV generator boards (CW bases), on which PMT are mounted.422

These boards are electrically very similar for ECAL and HCAL, and differ only mechanically.423

� The HCAL integrator boards, which are used to measure the anode DC current of PMTs.424

One board serves eight PMTs.425

� The LED driver boards that produce LED light flashes for ECAL and HCAL calibration426

and monitoring.427

� The PIN-diode modules, including PIN photo-diodes and preamplifiers. They are used to428

monitor the LED flash amplitude.429

Among the seven boards described, only the LEDTSB boards are installed into the readout430

crates together with the Front-End and control boards. They receive the synchronous calibration431

commands from the backplane and also use its power lines.432

The HV-LED and INTEG boards are installed standalone, on the HCAL or ECAL chariots433

or on the calorimeter platform, and use dedicated MARATON power supplies.434

The number of boards of each type currently used for ECAL and HCAL are given in Table 2.435

436

Each HV-LED, INTEG and LEDTSB board is equipped at present with a SPECS slave437

mezzanine board [19]. SPECS is designed to drive JTAG, I2C and parallel buses and the438

mezzanines have also an ADC on board, which is extensively used to measure various DC voltage439

levels. All these features are also present in the GBT-SCA component from CERN that will440

be used for the upgraded slow-control. Hence, the natural solution is to develop a GBT-SCA441
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Table 2: Number of control and passive boards for the high-voltage, monitoring and control
systems of the ECAL and HCAL. Only the HV-LED, INTEG and LEDTSB boards need to be
interfaced with the GBT slow control.

HV-LED INTEG LEDTSB PMT/CW INT FE LED drv PIN amp

ECAL 34 - 8 6016 - 456 124
HCAL 8 4 2 1488 188 104 104

mezzanine with the same pinout and functionality as the present SPECS one. A total of 56442

GBT-SCA mezzanines will be necessary to equip both the ECAL and HCAL (see Table 2).443

As the GBT-SCA chip power supply voltages differ from those used by SPECS (1.2 V core,444

2.5 V IO), the GBT-SCA mezzanine will have power regulators on board, either linear or switching445

DC-DC converters. Moreover, level adapters will be necessary to connect the GBT-SCA to the446

3.3V logic of the mother boards.447

The LEDTSB boards will use the infrastructure of the FEB crates where they are installed.448

In the case of the standalone HV-LED and INTEG boards, some intermediate fanout boards449

based on the GBT are foreseen to ensure communication through a single bi-directional link to450

several boards. The number of such fanout boards is determined by the e-link maximum length451

and by the maximum number of GBT-SCA which can be served by one GBT. For example, if452

the maximum e-link cable length is 2 m and the maximum number of GBT-SCAs per GBT is453

16, then it will be necessary to have 8 GBT fanout boards, considering the present number of454

HV-LED and INTEG boards to serve and their position.455

2.4 Connections to the counting room456

Here we detail the foreseen optical connections between the front-end electronics and the counting457

room. Those connections serve the data acquisition, the LLT path and the slow control. The458

system described here is based on the ATCA (TELL40, SOL40 and TRIG40) technology with459

four AMC40 mezzanines [20] per board.460

Table 3 lists the connections between the FEB used either to acquire the PMT signals (physics)461

or to acquire the pin-diodes (calibration) and the TELL40 boards located in the counting room,462

on the safe side of the cavern. The connections have been optimized in order to reduce the463

number of links while keeping the system simple.464

Table 3: Connections needed for the calorimeter data.

Detector part FEB TELL40

ECAL A 96 (incl. pin-diodes) 4 (full load)
ECAL C 96 (incl. pin-diodes) 4 (full load)

HCAL Inner part 2× 16 (incl. 2 pin-diodes/side) 2
HCAL Outer part 2× 11 1

One GBT link per FEB is used to send the results of the Trig-PGA to the LLT-Calo acquisition465

in the barracks. The connections are listed in Table 4.466
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Table 4: Optical link connections needed for the LLT data.

Detector part FEB links AMC40 TELL40

ECAL + HCAL A 119 119 6 2
ECAL + HCAL C 119 119 6 2

In addition there must be bi-directional fibres to the control boards in each crate. The 2 sides467

of the calorimeter have nine crates each, seven for the ECAL and two for the HCAL. The link468

being bi-directional and 18 links being necessary per side, two AMC40 mezzanines are needed469

per side. Apart from the control board, optical links are needed for the high-voltage, monitoring470

and calibration system. The fanout board described in Sect. 2.3, permits the reduction of the471

number of AMC40 mezzanines to a maximum of two boards. Table 5 gives a summary of the472

connections for the slow control.473

Table 5: Connections needed for the slow control of the calorimeter upgrade.

System AMC40 TELL40

Ctrl-boards 2 AMC40 (22 links) /side 1 ATCA
Cockcroft-Walton/Integrators 2 AMC40 1 ATCA

3 Radiation effects and module replacement474

3.1 Radiation effects and ageing475

The radiation tolerance of most of the elements of the LHCb calorimeter system have been476

studied in dedicated irradiation measurements. In addition, complementary results have been477

obtained from the 2010-2012 LHC run. The expected dose calculations from Ref. [1] (which are478

broadly consistent with passive dosimeter measurements performed in 2012) have been used for479

the lifetime estimates. The dose accumulated in the innermost ECAL cells for 2 fb−1 is ∼100480

krad at the front and rear planes, and reaches 250 krad inside the ECAL at the position of the481

electromagnetic shower maximum.482

The following elements will suffer radiation damage:483

� ECAL: modules (scintillators and WLS fibres), light readout elements (light guides and484

PMT entrance window), PMT Cockcroft-Walton (CW) bases.485

� HCAL: here only the modules should be affected, since the PMTs are located behind the486

HCAL, and hence are screened by it.487

The PMTs, their CW boards and the light guides can be easily replaced. This can be done488

during LHC winter shut-downs. The central modules of ECAL, in principle, can also be replaced,489

although this is a difficult procedure which can be performed only during long LHC shut-downs490

(see Sect. 3.2). The HCAL modules are not replaceable.491

Several tests of the radiation tolerance of the ECAL modules have been conducted. The tests492

were performed in different conditions, however all results are broadly consistent. The first test493
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performed in 1998 with an ECAL module prototype at an electron beam facility is described in494

detail in [1]. It was shown that the module performance will remain satisfactory until 2.5 Mrad495

is accumulated at the position of the shower maximum (equivalent to 20 fb−1).496

More recently, two studies have been performed making use of spare ECAL modules.497

Irradiation with 24 GeV protons An outer type module was exposed to radiation at the498

CERN PS IRRAD facility 1. The fibre density in the inner modules is higher than in the outer499

ones (144 and 64 per module respectively), so the results obtained should be considered as a500

pessimistic limit when used to extract radiation tolerance estimations for the inner region. The501

outer module was irradiated with 24 GeV protons to ∼ 2 Mrad in 2010 and again to the same502

value in 2012 (total of 4 Mrad) and measured several months after each irradiation.503

Two types of measurements were performed: a longitudinal scan with a 137Cs source with504

a measurement of the PMT DC current, and a test at the CERN SPS with an electron beam.505

A non-irradiated module of the same type was used as a comparison for each measurement506

(before the first irradiation, the two modules were calibrated at SPS and shown to have equal507

performances). The tests at the electron beam were performed with a single module, the beam508

pointing at its centre. The light yield and energy resolution were determined. Considering the509

module transverse dimensions (12×12 cm2), the energy resolution measurements are affected by510

the lateral leakage of the electromagnetic shower and are only indicative.511

Table 6: Results of the tests of irradiated and non-irradiated ECAL outer modules at the SPS
electron beam. The light yield is given in terms of photon-electrons per GeV and the resolution
is in percent.

Ebeam No irradiation 2 Mrad 4 Mrad
(GeV) Light yield Resolution Light yield Resolution Light yield Resolution

50 2598± 52 1.37± 0.04 583± 12 2.16± 0.04 223± 10 2.74± 0.04
100 2611± 52 1.01± 0.03 576± 12 1.57± 0.03 221± 10 2.26± 0.05
120 2604± 52 0.98± 0.03 571± 12 1.36± 0.03 -
125 - - 220± 10 2.06± 0.05
150 - - 219± 10 1.77± 0.05

The results of the SPS tests are shown in Table 6. After the first irradiation (2 Mrad, or512

16 fb−1 for the ECAL shower maximum position), the light yield was found to be lower by a513

factor ∼4.5, with a moderate degradation of the energy resolution. After the second irradiation514

(total of 4 Mrad or 32 fb−1), the light yield was reduced by a factor ∼12 and the energy resolution515

degradation was significant. The results of the 137Cs source scan on the light yield degradation516

(Fig. 6, left) confirm the numbers obtained with electrons.517

Irradiation in the LHC tunnel Another radiation tolerance test was performed with two518

inner type ECAL modules irradiated in the LHC tunnel, next to the accelerator beam pipe and519

close to the LHCb cavern, ∼4 m away from the pp interaction point. This test is of particular520

importance as the module type studied is identical to those in the region of interest (inner type521

module), as is the composition of the radiation. The inner ECAL modules are subdivided into 9522

1We express our gratitude to Maurice Glaser (CERN) for his great help in module irradiation.
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Figure 6: Results of irradiated and non-irradiated ECAL modules scan with 137Cs source: (left)
outer modules irrediated with 24 GeV protons; (right) inner modules, irradiation in the LHC
tunnel.

cells of 4× 4 cm2 transverse size. By the end of 2012, the dose accumulated by the cell closest523

to the accelerator beam pipe was ∼1 Mrad. These modules have been scanned with the 137Cs524

source, the results being shown in Fig. 6, right. A moderate (40-50%) loss of light yield in the525

most irradiated cell is observed. The irradiation will be resumed when LHC starts operation526

after the long shut-down LS1.527

528

Both measurements, with the IRRAD facility and in the LHC tunnel, indicate that the529

performances of the central ECAL modules are expected to remain satisfactory until 20–30 fb−1.530

Replacement of the central modules can hence be postponed until the LHC long shut-down LS3531

(2022–2023), thereby reducing the number of operations that need to be accomplished during LS2.532

533

The radiation tolerance of the Cockcroft-Walton bases was studied with the 50 GeV proton534

beam of the U70 accelerator at IHEP (Protvino)2. The high-voltage produced by the bases was535

continuously monitored during the irradiation. They remained operational until 1.5–2 Mrad536

(corresponding to 30–40 fb−1 for the ECAL central cells) was accumulated. The CW boards may537

easily be replaced during shut-downs when necessary, according to the accumulated dose and the538

degradation in performance. A total of ∼500 boards may have to be replaced over the ten year539

duration of upgrade operation.540

During the same radiation tolerance test, the degradation of the transparency of the541

PMT entrance window was studied. After 2 Mrad (40 fb−1 for the ECAL centre), a minor542

transmittance loss was observed, which amounts to 5% at 467 nm (WLS fibre KURARAY Y11543

emission peak). The radiation damage of the light guides (polystyrene blocks 30× 11× 11mm3)544

was not directly studied, but it is expected to be of a few percent.545

546

The radiation damage of the HCAL modules has been studied during the LHC run of547

2011-2012 using the 137Cs calibration data. The LHCb HCAL is an iron-scintillator sampling548

2Performed during the irradiation run of the ATLAS LAr calorimeter. Many thanks to our ATLAS colleagues.
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calorimeter arranged parallel to the collider beam direction. It has 6 tile rows (#0-5) along549

the beam direction. For the central HCAL cells, the relative light yield for each tile row was550

determined with respect to the rearmost row (#5), which receives the least dose and is not551

expected to be damaged by radiation.552
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Figure 7: Light yield degradation in HCAL during first three years of operation, integrated to
3.4 fb−1. (left) each row, average over HCAL central cells, as a function of delivered luminosity;
(right) row #0, 3.4 fb−1.

The results are shown in Fig. 7. A sizeable degradation is observed at 3.4 fb−1. Hence, the553

HCAL central cells are not expected to remain operational for the full life span of the upgrade.554

However, the LLT, to which the HCAL contributes, will only be used during the early years of555

upgrade operation. Hence, the eventual loss of the HCAL central cells will not impact upon the556

physics performance of the experiment.557

3.2 ECAL module replacement558

As discussed, the calorimeter modules are expected to suffer from radiation damage as the559

integrated luminosity received by the LHCb detector increases. The radiation level is maximum560

close to the beam pipe, more precisely in the horizontal plane where the magnet sweeps a large561

number of low momentum particles. According to the foreseen integrated luminosity, the most562

exposed modules will be replaced during the LS2 shut-down: 32 fully equipped modules are563

available for this purpose, corresponding to 288 channels.564

565

The ECAL is a wall of modules of square section, each following the classical “shashlik”566

design of sandwiched scintillator layers and lead absorber plates, pierced by a set of wavelength567

shifting fibres. The surface covered by one module is 121.2× 121.2 mm2. In the electromagnetic568

calorimeter inner section, 9 square cells of 40.4 cm size are contained in a module. The569

longitudinal size of the sub-detector is equivalent to 25 X0. Its Pb:Scintillator volume ratio is570

2:4 with 132 layers of alternating absorber and scintillator, with a weight of 30 kg per module.571

Figure 8 shows the area corresponding to the 32 modules to be replaced.572

573
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The modules on either side of the ECAL are gathered together in two horizontal rows574

surrounded by a 250 µm thick stainless steel band attached to the side frame and stretched to575

ensure a precise positioning with 1 mm tolerance. The innermost four columns of each side, above576

and below the beam-plug, are grouped together in two-columns, a steel band being wrapped577

around them, and are supported from the top. This design was made to ease the foreseen578

replacement of the central cells. A 1.4 tonne plate at the top of the frame (in red in Fig. 8)579

ensures the uniform distribution of the load onto the modules, except for the four most inner580

columns where individual plates have been installed. The modules to be exchanged belong to581

these four columns. In the centre of the module wall a beam-plug of 500 kg protects the modules582

from a region of very high radiation. Each platform half can slide out perpendicular to the beam583

axis and gives access to the ECAL wall. In order to proceed to the module replacement, the584

following sequences of operations is required:585

� Dismount the individual plates located at the top of each inner column. This necessitates586

disconnecting and removing the LED box system located at the top to easily access the587

modules. Special tools will be designed in order to ensure a safe dismounting procedure.588

� Remove the modules and store them until the region to be exchanged is reached. During589

this operation the steel band pressure is relaxed and dedicated tools will ensure the column590

stability.591

� Remove the beam-plug. The crane will be used for this operation and a specific tool will592

be prepared.593

� Exchange the modules and stack the columns again. A template will ensure the positioning594

of individual module.595

The un-stacking and re-stacking of the 120 modules can be achieved within three months.596

Particular attention has to taken to ensure a final positioning of the structure with a 1 mm597

precision.598

4 Performance599

4.1 Effect of pile-up600

The rate of multiple interactions per crossing pile-up will increase significantly at the higher601

instantaneous luminosities foreseen for the upgrade. This will lead to a degradation of the energy602

and position measurements for the calorimetric objects as other particles can contribute to the603

shower of the object to be measured. In the following the pile-up refers to this overlap of showers604

in the calorimeters.605

In order to reduce the resolution degradation due to the pile-up, the size of the clusters used606

to reconstruct the neutral particles may be reduced with respect to those formed at present.607

Two new shapes of smaller clusters have been analysed, to investigate whether they do mitigate608

the effects of pile-up without degrading the overall resolution.609

To estimate the photon energy resolution, three simulation samples of the decay B0
s → φγare610

used. This decay provides a wide spectrum of photon energy. These samples correspond to three611

instantaneous luminosity conditions, L = 1033, 2× 1033 and 3× 1033 cm−2s−1 and therefore to612

three pile-up conditions, ν = 3.8, ν = 7.6 and ν = 11.4, respectively, where ν is the average613
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Figure 8: The white line delimits the region on one half of the ECAL where the modules should
be replaced.

number of pp interaction per bunch crossing. The intermediate sample corresponds to the614

maximum expected instantaneous luminosity for the upgrade period and the third sample615

provides extreme conditions in order to investigate the limits of the reconstruction.616

From these samples the energy resolution defined by (Etrue − Erec)/Etrue is determined,617

where Etrue is the true photon energy, and Erec is the reconstructed photon energy, for a given618

cluster. The resolution is computed for each cluster shape and for several photon categories. The619

categories are related to the three areas of the ECAL (inner, middle and outer zones) and the620

number of primary vertices (PV) in the event.621

Current Cluster New Clusters Studied

Figure 9: Shapes of the three types of clusters considered.

At present, the ECAL clusters have a square shape with 3× 3 cells whatever the region [2].622

Two new shapes are studied as shown in Fig. 9:623

� 2× 2 clusters: out of the nine cells of the 3× 3 cluster, only the 2× 2 zone made by the624

four most energetic cells is retained.625

� Cross clusters: out of the nine cells of the 3× 3 cluster, the four corner cells are removed626

giving a cross shape to the final cluster.627
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Intuitively, the pile-up should be reduced by a factor 4/9 and 5/9 for the 2 × 2 and cross628

shapes respectively with respect to the standard one. Three types of reconstructed energies are629

now defined corresponding to the three types of clusters.630

Only photon candidates with a transverse momentum pT > 250 MeV/c, originating from631

the interaction region (∆r < 10 mm and ∆z < 150 mm) and successfully associated to a632

true simulated photon are used in order to be mainly sensitive to the pile-up. The study only633

considers non-converted photons.634

635

The photon energy resolution distributions obtained do not have a Gaussian shape (see636

Fig. 10). A tail is present on the left side of the distributions due to the reconstructed energy637

being larger than the true energy. This tail is a consequence of pile-up effects. The right part638

of the distribution (reconstructed energy lower than the true photon energy according to the639

simulation) has a Gaussian shape. To quantify the pile-up effect, these distributions are fitted.640

The model used is a Crystal Ball [21] function defined by641

f(x;α, n, µ, σ) = N ·

{
exp(− (x−µ)2

2σ2 ), for x−µ
σ > −α

A · (B − x−µ
σ )−n, for x−µ

σ 6 −α
.

Out of the four parameters of this function, only α and n are related to the left tail and the642

pile-up effect. The parameters σ and µ are related at first order to the resolution observed on the643

right tail of the distribution and to the position of the maximum of the resolution distribution,644

respectively. A positive µ indicates an average energy loss in the reconstruction. The parameter645

α defines the start and the size of the tail: a smaller α is related to a larger tail. Hence, α646

is strongly related to the observed pile-up and a reconstruction that maximizes α reduces the647

pile-up. The parameter n tunes the amplitude of the tail but has less effect than α in the648

following.649
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Figure 10: Energy resolution in the ECAL inner area, for events with at least 11 PVs, in two
energy range [3; 4] GeV (left) and ≥ 30 GeV (right) and for the 3× 3 (green), the 2× 2 (blue)
and the cross shape clusters (red). The pile-effect is clearly visible, especially at low energy.

The energy resolution is measured for the three reconstructions and fitted using the model650

described above. For all the regions of the detector, energy ranges and number of PVs, the 2× 2651
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and cross shape clusters give larger α values than the 3× 3 type. Moreover, cross clusters seem652

to give slightly better results than the 2× 2 types (see Fig. 11). The fit results are confirmed653

qualitatively by comparing the distributions of Fig. 10.654
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Figure 11: Evolution of the parameters α with the energy, in the middle region and for the events
with 5 PV.

Smaller clusters reduce the pile-up effect, but they potentially lead to a higher energy leakage655

and may degrade the resolution, especially in the inner region whose cells are 4× 4 cm2 large656

to be compared to the 3.5 cm Moliere radius. The larger the energy leakage, the larger the657

µ parameter as can be seen from the uncorrected results plotted in Fig. 12 left. This bias is658

expected to affect essentially the inner region and can be corrected for. A simple correction659

factor β is evaluated in order to recover the proper energy scale, so that Ecorr
rec = (1 + β)Erec660

and 〈(Etrue − Ecorr
rec )/Etrue〉 ∼ 0. Therefore, β ∼ µ/(1− µ) is computed for each energy bin, in661

each region but is averaged over the number of PVs. As can be seen in Fig. 12, left, the energy662

bias is mostly reduced by this rough correction, however the tail parameters α and n are not663

changed by the correction and the impact on the resolution is not significant (see Fig. 12, right),664

especially in the case of the 2× 2 square clusters.665

In conclusion, energy reconstruction with 2× 2 and cross clusters mitigate to a large degree666

the effect of the pile-up with respect to the present reconstruction, without significantly degrading667

the energy resolution. Therefore, one of these methods could be adopted for the upgrade. A study668

is on going to evaluate the benefit of using this new strategy already after the long shut-down of669

2013–2014.670

4.2 Particle identification671

4.2.1 Photon identification672

Although the energy resolution and the calibration of the calorimeter system should be easier after673

removal of the SPD and PS, the particle identification will be affected. Here we present results674

on this topic. Note that the studies presented here use the conventional 3×3 clustering algorithm.675

676

The identification of photons in LHCb is performed in essentially three steps [2]. First, the677

cells of the ECAL that received a significant amount of energy are gathered to build clusters.678
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Figure 12: Left: Evolution of the parameter µ with the energy (before and after β correction), in
the middle region and for the events with 5 PV. Right: Calorimeter resolution obtained from
the parameter σ after applying the β correction on the energy, in the middle area and for the
events with 5 PV. The red curve on the σ plot is an approximated estimation of the calorimeter
intrinsic resolution, σ(E) = 10%√

E
⊕ 1.5%.

Only 3× 3 clusters and photons with a transverse momentum pT ≥ 200 MeV/c are considered.679

Then, the clusters which are close to the extrapolation of a track to the calorimeter are removed680

from the list of “neutral” clusters. The distance between the cluster and the extrapolation of681

the closest track is quantified by a two-dimensional chi-squared, χ2
2D that takes into account the682

uncertainties both on the cluster position measurement and on the track extrapolation. Finally,683

the photons candidates are selected from the list of neutral clusters by using several criteria: the684

energy deposited in the preshower, the shape of the ECAL shower, the quantity χ2
2D already685

defined, the energy in the HCAL corresponding cells, etc. . . A multivariate method is used to686

obtain an estimator on the probability that a neutral cluster is associated to a photon.687

In the following four simulation samples of the decay channel B0
s → φγ have been used.688

The first sample corresponds to the current data taking conditions (ν = 2) and the current689

detector geometry. This sample will be referred as “standard” as this corresponds to the current690

configuration of the detector. The three others are based on a plausible upgraded LHCb (pixel691

VELO, current upstream tracker, fibre tracker covering the whole T-stations and no SPD/PS),692

the foreseen upgrade energy (Ebeam = 7 TeV) and high luminosity conditions (L = 1033, 2× 1033
693

and 3 × 1033 cm−2s−1, corresponding to values of ν of 3.8, 7.6 and 11.4 respectively). The694

last sample is simulated at an instantaneous luminosity beyond the maximum foreseen for the695

upgrade and permits the margins of the performances of the system to be determined.696

Selection of the neutral clusters The neutral clusters are selected with χ2
2D ≥ 4. To697

determine the probability that a photon is associated to a selected neutral cluster, the photons698

incoming from the interaction region (defined by a cylinder ∆r ≤ 1 cm and ∆z ≤ 15 cm about699

the origin of the apparatus) are selected and are associated to the reconstructed clusters using700

the true simulation information.701

Figure 13 (left) shows the number of photons per collision and the number of associated702

neutral clusters seen in the calorimeter system as a function of the instantaneous luminosity. A703

fraction of photons are never associated to any cluster and this component is mainly due to early704

conversions. Results are then shown for the number of neutral clusters for which the energy705
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Figure 13: All photons are shown, together with those passing the χ2
2D and energy requirement

cuts. Results are also given for clusters associated to converted photons in two regions of the
detector.

reconstructed corresponds within 50% to the generated one. Also shown are those associated706

photons coming from conversions, both before the magnet (z ≤ 7 m) and between the magnet and707

the calorimeter system (7 m ≤ z ≤ 12.3 m). The curves indicate a slow degradation of the fraction708

of photons selected, but this degradation is nevertheless limited up to L = 2 × 1033 cm−2s−1
709

and evolves slowly up to L = 3× 1033 cm−2s−1, without any non-linear increase. Most of the710

photons that contribute to Fig. 13 (left) are low pT photons (typically 300 MeV/c) that are most711

easily affected by pile-up and whose energy is more difficult to measure. The physics analyses712

usually select higher pT clusters. Figure 13 (right) shows the same information after selecting713

particles with pT ≥ 500 MeV/c and pT ≥ 1 GeV/c. The efficiency degradation is here reduced714

compared to the case when a looser pT cut is applied. Hence, the track multiplicity increase due715

to the large number of collisions per beam crossing does not seem to remove a significant number716

of photons candidates at the reconstruction level. Moreover, a fraction of the candidates with717

badly measured energy is polluted by the pile-up which affects essentially low pT photons. It718

is expected that adopting the alternative cluster definitions discussed in Sect. 4.1, should help719

recover efficiency.720

The contamination in the photon sample at the reconstruction stage can also be estimated721

from the number of clusters seen in the detector, the number of neutral clusters and the fraction of722

them which are associated to a true generated photons. The corresponding numbers per collision723

are shown in Fig. 14 as a function of the luminosity and for clusters with pT ≥ 200 MeV/c. The724

contamination does not worsen with the luminosity increase and the performance of the detector725

is acceptable up to L = 3× 1033 cm−2s−1. The contamination is reduced further when applying726

more severe criteria on the candidate pT.727

Photon selection Photon candidates selected in physics analysis are combined with other728

candidates or tracks in order to reconstruct beauty or charmed hadrons. To suppress the729

combinatorial background, it is beneficial to apply a second selection on the neutral clusters that730

is based on multi-variate methods.731

To evaluate the performance of this second selection, several boosted decision tree (BDT) [22]732

algorithms have been developed depending on the sample used.733
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Figure 14: Number of clusters reconstructed in the calorimeter as a function of the luminosity.
Clusters identified as neutral clusters (χ2

2D ≥ 4) are shown before and after the χ2
2D cut, together

with those neutral clusters associated to a simulated photon.
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Figure 15: Retention of the signal and background clusters as a function of the cut on the BDT
and for two geometries of the calorimeter system, with and without the SPD/PS.

For the low luminosity (ν = 2.0) sample, two selections have been built, based on the shape734

of the energy deposited in the cluster, the fraction of energy in the central cell with respect to735

the total cluster cell, the energy in the corresponding HCAL cells (extrapolating with respect to736

the interaction point) and the already defined χ2
2D. Each algorithm treats specifically the three737

regions of the calorimeter system. Moreover, one of the two algorithms uses the preshower energy738

in front of the ECAL cluster and the hit in the SPD. Figure 15 shows the signal and background739

selection efficiencies for the two algorithms, quantifying the effect of the removal of the SPD/PS.740

An absolute reduction of 10 to 15% of the efficiency for an identical contamination is observed.741

The occupancy of the ECAL may also have an impact on the photon identification efficiency.742

Hence, three independent BDT have been trained individually at each of the three upgrade743

luminosity settings considered. The compared performances of the three algorithms are shown744
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Figure 16: Retention of the signal and background clusters as a function of the cut on the BDT
for three pile-up conditions, ν = 3.8, 7.6 and 11.4 corresponding to L = 1033, 2 × 1033 and
3× 1033 cm−2s−1, respectively. The geometry used is the upgraded one, without the SPD/PS.

in Fig. 16. No significant difference is observed among the three algorithms both for the signal745

and the background. Therefore, only the removal of the SPD/PS has a significant impact on the746

photon identification performances of the upgraded calorimeter, this impact being an absolute747

reduction of the signal efficiency by ∼ 10-15% for a constant contamination.748

4.2.2 Electron identification749

The electron identification performance has been studied using the same samples as in Sect. 4.2.1750

plus two supplementary samples based on the upgrade pile-up conditions ν = 3.8, 7.6 but where751

the SPD, PS and lead converted were not removed. The signal was selected using upstream photon-752

conversions without relying on the true information of the simulation. The background sample is753

selected through simulation truth matching information. The conversion signal candidates are754

built from oppositely-charged pairs of tracks, having a di-electron mass M(e+e−) ≤ 50 MeV/c2,755

a vertex χ2
vtx ≤ 5, a z position of the vertex Zvtx ≥ 900 mm and pointing to a primary vertex.756

The transverse momentum of the electron candidates should be larger than 100 MeV/c and the757

probability of the track fit should satisfy Prob(χ2
tr,NDF) > 1%. The hadron tracks of the event758

(as defined by the true simulation association) constitute the background sample. They are also759

required to pass the pT ≥ 100 MeV/c and Prob(χ2
tr,NDF) > 1% criteria.760

The background E/p distribution is essentially smooth at the position of the signal peak761

and a rather clean photon-conversion signal is obtained. Two momentum ranges have been762

considered: 0 < p < 10 GeV/c and p > 10 GeV/c.763

The mis-identification rate has been studied for a signal efficiency of 80% or 90%, using764

the standard LHCb electron selection method based on the calorimeter and the RICH detector765

information and without any specific tuning related to the particular geometry of the upgraded766

detector. Table 7 shows the electron mis-identification rates obtained for ν = 2.0, 3.8 and 7.6767

and the two geometries (for the last 2 conditions only). Two regimes clearly appear. For low768

momentum electrons the background rejection worsens significantly as the luminosity increases.769

An additional degradation is seen when the SPD/PS is removed. However for the higher770

momentum sample, which is of relevance for most LHCb physics studies, the absence of the771
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Table 7: Typical electron performance in terms of mis-identification rate (in %) at ε = 80 and
90% for ν = 2.0, 3.8 and 7.6 samples and the two studied geometries.

Momentum SPD/PS SPD/PS no SPD/PS SPD/PS no SPD/PS
(GeV/c) ν = 2.0 ν = 3.8 ν = 3.8 ν = 7.6 ν = 7.6

selection efficiency ε = 80%

0 < p < 10 0.62 0.57 4.6 3.2 9.0
p > 10 0.16 0.12 0.16 0.29 0.32

selection efficiency ε = 90%

0 < p < 10 2.1 2.5 11 12 18
p > 10 1.1 0.73 0.72 1.3 1.4

SPD/PS has very little effect, and also the performance is much more stable as the luminosity is772

raised.773

5 Safety aspects774

The ECAL and HCAL sub-detectors comply with the safety policy at CERN (see Ref. [1]) and775

will follow the safety rules and codes that are relevant for their modifications and operation. This776

concerns essentially the safety instructions for the “use of plastics and other non-metallic materials777

at CERN with respect to fire safety and radiation resistance” (use of polystyrene scintillator778

material in the modules), the dynamic behaviour under seismic excitation, the high-voltage779

to power the photo-multipliers and the radioactive Cs137 source used to calibrate the HCAL.780

The removal and installation procedures for the modules of the ECAL during the LS3 will be781

determined according to the agreed safety measures and all lifting tools will be constructed782

according to the appropriate norms.783

During operations on the detector, all measures will be taken to ensure compliance with the784

radioprotection rules applied at CERN.785

6 Project organisation786

6.1 Responsibilities and costs787

The responsibility of the project is shared among the institutes listed in Table 8. Table 9788

summarises the present cost estimation for the calorimeter upgrade project.789
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Table 8: List of the institutes contributing to the LHCb calorimeter upgrade with the corre-
sponding work packages.

Work package Institute(s)

Analogue electronics Univ. Barcelona (Spain)
Digital electronics (FEB, Control Board) LAL Orsay (IN2P3)
High-Voltage, Control and monitoring IHEP, INR and INR (Russia)
Mechanics LAPP Annecy (IN2P3)

Table 9: Cost estimate for the calorimeter upgrade.

Calorimeter Costs [kCHF]

Electronics
Front-End 680
Control boards 55
Optical Links 323
Readout boards 823
ECS (HV control and monitoring) 50
Crates 40

Total 1971

28



6.2 Schedule790

2012 2013 2014 2015 2016 2017 2018 2019

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4

PID TDR

Electronics R&D

Analogue Front-End

Analogue Development

COTS Development

Analogue Technology Choice

EDR

Verification

PRR

Front-End Board

First Prototype (Digital Motherboard)

Final Prototype (32 Channels)

EDR

Verification

PRR

Control Board

Design and Tests

EDR

Verification

PRR

GBT Mezzanines/Fanout

Design and Tests

EDR

Verification

PRR

Production & Quality Assurance

Analogue Front-End

Digital Front-End

Control Board

GBT-SCA Mezzanine/Fanout

Ready for Installation

Installation

Commissioning

791

792
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