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This report describes the technical design detector for SuperB.
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9 Electromagnetic Calorimeter

9.1 Overview

Calorimetry at SuperB is achieved with
three major components: A CsI(Tl) “bar-
rel” calorimeter covering the central region, a
LYSO(Ce) “forward” calorimeter covering the
small angle region in the direction of the high
energy beam, and a lead-scintillator “backward”
calorimeter covering the small angle region in
the direction of the low energy beam. Table 9.1
shows the solid angle coverage for each of the
three parts of the SuperB EMC. The superB
electromagnetic calorimeter (EMC) will play an
essential role in the study of the flavor physics
especially in the sector in which B meson de-
cays involve neutral particles. The calorimeter
provides energy and direction measurement of
photons and electrons, reconstruction of neu-
tral hadrons such as π0’s and discrimination
between electrons and charged hadrons. Many
channels containing missing energy due to the
presence of neutrinos will rely on information
from the EMC to discriminate against back-
grounds.

The SuperB EMC reuses the barrel part of
the BaBar EMC detector consisting of 5760
CsI(Tl) crystals as shown in Fig. ??. How-
ever the BABAR forward calorimeter will need
to be replaced, due to the higher radiation and
higher rates at SuperB compared with PEP-
II. The forward endcap will be replaced by a
new scintillating crystal calorimeter designed to
work well in this new environment. Compared
with the BaBar calorimeter where good energy
and position resolution are required, the same
criteria apply for SuperB. After an intensive
R&D program the baseline option for the Su-
perB forward calorimeter is to use the faster
and more radiation resistant LYSO crystals. As
will be discussed below, this is the clear favorite

in terms of performance and radiation hard-
ness over the alternatives we have considered.
The faster response time and shorter Moliére ra-
dius serve together to address the higher event
and background rates. LYSO is a fast scintil-
lator largely used in medical applications with
crystals of small size. The R&D was concen-
trated on the optimization of performance for
large crystals (2cm x 2 cm x 20 cm) with good
light yield uniformity and optimized Ce doping
in order to have the best possible light output.
Thanks to this effort, more than one producer
is able to grow LYSO crystals of good quality
that can be used in high energy physics applica-
tions. Table ?? shows the comparison between
LYSO and other materials used in electromag-
netic calorimeters. The largest disadvantage of
LYSO is cost, and we have studied lower cost
alternatives as described below.

Finally, a lead-scintillator-sandwich back-
ward endcap calorimeter improves the hermetic-
ity of the detector. The main purpose of this
component is to detect energy in the bacward
endcap region, as a veto of with extra “extra”
energy. This is particularly important for study-
ing channels with neutrinos in the final state.
Because of the fast time response, the backward
EMC may also have a role in particle identifica-
tion by providing time-of-flight for the relatively
slow backward-going charged particles.

9.1.1 Background and radiation issues

One of the major concerns for the electromag-
netic calorimeter is its capability to sustain the
radiation dose, dose which is larger than in pre-
vious experiments due to the increased luminos-
ity. The dominant contribution to radiation in
SuperB is in fact expected to come from radia-
tive bhabha events, that emit a large number of
low energy photons at an extremely high rate.
This photon rate can impact the performances
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84 9 Electromagnetic Calorimeter

Table 9.1: Solid angle coverage of the electromagnetic calorimeters. Values are obtained assuming
the barrel calorimeter is in the same location with respect to the collision point as for
BABAR. The CM numbers are for massless particles and nominal 4 on 7 GeV beam
energies. The barrel SuperB row includes one additional ring of crystals over BABAR.

Calorimeter cos θ (lab) cos θ (CM) Ω (CM)(%)
minimum maximum minimum maximum

Backward -0.974 -0.869 -0.985 -0.922 3.1
Barrel (BABAR) -0.786 0.893 -0.870 0.824 84.7
Barrel (SuperB) -0.805 0.893 -0.882 0.824 85.2
Forward 0.896 0.965 0.829 0.941 5.6

Figure 9.1: Machine Background rates per crystal
as a function of deposited energy.

of the detector because of two effects: the radi-
ation can reduce the transmittance of the crys-
tals and therefore alter as a function of time the
calibration of the detector; the large number of
photons can pile-up with the other effects thus
introducing a degradation in energy resolution.

To estimate the impact of these effect a
full simulation has been setup as described
in Sec.WHICH SECTION?. The simula-
tion outputs the energy deposited by radiative
Bhabha events in the individual crystals at each
beam crossing. i.e. every 2.1ns. This can
be converted in terms of rate of photons of a
given energy impacting each crystal. The re-
sult is shown in Fig. 9.1, both (left) averaging
over the whole Barrel and the whole FWD and
(right) averaging over the rings of the FWD
which have the same number of crystals per
ring. The result shows that there is no signif-
icant difference in the irradiation between the
Barrel and the Endcap. This can be under-
stood because the dimension of the crystals is
significantly different: due the different density
and consequently molier radius, the transverse
dimensions of LYSO or BGO crystals are two
times smaller than the CsI crystals (both doped
and not) and the overall volume of a LYSO or
BGO crystal is 6.7 times smaller (120cm3 vs
800cm3) than the CsI ones. Since the rates of
signals from the machine background scales lin-
early with volume, the most forward crystals of
the Barrel will suffer a background more than
six times larger than the more central crystals
of the FWD calorimeter, albeit contiguous.

On average therefore each crystal (both of
Barrel or Endcap) will see 1MHz of photons
between 1 and 5 MeV and 10 KHz of photons
between 5-10 MeV. A plausible linear extrapo-
lation in log-log scale would lead to 100Hz be-
tween 10-50 MeV and 1Hz between 50-100 MeV.

SuperB Detector Progress Report



9.2 Barrel Calorimeter 85

Figure 9.3: Integrated dose as a function of iθ for
the Barrel (Left) and FWD (Right)
EMC.

Figure 9.2: Integrated rates for E > 5MeV as a
function of iθfor the Barrel (Left) and
FWD (Right) EMC.

The ring-by-ring details are shown in Fig. 9.2,
where the integrated rate of deposits larger than
5MeV are estimated as a function of an index,
iθ which is iθ < −49 for the backward calorime-
ter, −49 =< iθ < 0 for the barrel (iθ = −1
corresponding to the most forward ring), and
iθ > 0 for the FWD EMC (iθ = 1 correspond-
ing to the innermost ring) . It can be noted that
the forward region of the barrel (iθ > −10) is
more irradiated than the FWD calorimeter, a
part from the innermost ring which is a factor
two worse than any other ring.

From the radiation hardness point of view,
the dose to which the crystals are sensitive is
defined as the total energy deposited in a crys-
tal divided by its mass. The dose expected per
year (conventionally considered 107s long) and
per crystal is shown in Fig 9.3 separately for
the Barrel and the FWD. Conservatively, as-
suming a maximum of 10 years of operations,
crystals need to be radiation resistent up to at
least 30krad. Also the impact on resolution of a
∼ 1rad/hour dose rate needs to be considered.

9.1.2 Simulation tools

9.1.2.1 Fastsim

9.1.2.2 Full sim

9.2 Barrel Calorimeter

We propose to re-use the barrel portion of
the BABAR EMC, retaining the fundamental
mechanical structures and the 5760 CsI(Tl)
crystals and associated pairs of photodiodes
mounted on each crystal, along with some mod-
ifications required for optimal performance at
SuperB .

SuperB Detector Progress Report
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Figure 9.4: Barrel crystal light yield decreases
plotted with respect to absorbed ra-
diation dose, with the different crys-
tal manufacturers indicated.

9.2.1 Requirements Relevant to the
SuperB Environment

9.2.1.1 Crystal Aging at BABAR

Over the span of Babar’s running, the EMC
barrel crystals have been damaged to a certain
extent by high levels of radiation, which was
monitored by 116 radFETs distributed through-
out the subdetector. The most common form of
damage [?] comes from the development of ab-
sorption bands which reduce an affected crys-
tal’s light yield. Although crystals in the EMC
endcap experienced higher levels of radiation
than those in the barrel, all EMC crystals from
the furthest backward to those more forward
integrated non-negligible doses. The resulting

changes in crystal light yields were monitored
and corrected for during Babar operation us-
ing calibrations performed at either end of the
dynamic range of the detector: a low-energy
calibration using a 6.13 MeV radioactive photon
source, which is discussed below in Sec. ??, and
a high-energy calibration with Bhabha events.

The change in light yield for barrel crystals as
a function of absorbed radiation dose, based on
the low-energy calibration data, is shown cate-
gorized by crystal manufacturer in Figure 9.4.
Though care was initially taken to produce uni-
formity between crystals before they were inte-
grated into the detector, there have been vary-
ing degrees of degradation in performance as
time has progressed. Depending on the man-
ufacturer, the total decrease in light yield can
be up to ∼ 10%. Clearly, in the Super-B envi-
ronment, the eventual loss in light yield for the
worst-performing barrel crystals is likely to be
substantial.

9.2.1.2 Backgrounds

In addition to crystal aging, background can de-
grade energy resolution due to electronic signal
pile-up. The dominated source is expected to
be photons and neutrons from radiative Bhabha
events interacting with the detector material.
This effect is negligible in BABAR. But in Su-
perB , it could be substantial, especially in the
low energy range.

The pile-up effect is a function of signal pulse
shape. Since SuperB is reusing BABAR’s bar-
rel, the long decay time of CsI(Tl) crystal can-
not be changed. Nonetheless, readout and elec-
tronics can be optimized to minimize the the
impact of the pile-up effect. To ensure simi-
lar physics sensitivity as BABAR, the background
pile-up should have a negligible effect in energy
resolution of high energy photons (how high?)
and contribute to no more than x% to energy
resolution of photons at 100 MeV.

9.2.2 Description of BABAR Barrel
Calorimeter

9.2.2.1 Mechanical design

The Babar barrel EMC consists of a cylindrical
barrel with full azimuthal coverage, extending in
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polar angle from 26.8◦ to 141.8◦. A longitudi-
nal cross-section, including the forward endcap,
is shown in Figure 9.5. The barrel EMC con-
tains 5,760 crystals arranged in 48 separate az-
imuthal rings, with 120 identically dimensioned
crystals in each ring. Each crystal has a tapered
trapezoidal cross section, with length increasing
from 29.6 cm furthest backward to 32.4 cm fur-
thest forward in order to minimize the effects of
shower leakage from increasingly higher energy
particles. To minimize the probability of pre-
showers, the crystals are completely supported
at the outer radius, with only a thin gas seal at
the front. The amount of material in front of
the crystal faces is 0.3− 0.6X0.

Figure 9.6 is a not-to-scale schematic of a sin-
gle crystal, showing the layered crystal wrap-
pings, silicon photodiodes, diode carrier plate,
preamplifier and the aluminum housing enclos-
ing the items at the crystal rear face. The exist-
ing photon detector consists of two 2×1 cm2 sil-
icon PIN diodes glued to a transparent 1.2 mm-
thick polysterene substrate that, in turn, is
glued to the center of the rear face of the crys-
tal by an optical epoxy to maximize light trans-
mission. The surrounding area of the crystal
face is covered by a plastic plate coated with
white reflective paint. The plate has two 3 mm-

diameter penetrations for the fibers of the light
pulser monitoring system.

The signal from each of the diodes is trans-
mitted to the preamplifier through a cable ter-
minated in a connector which allows straight-
forward decoupling of the preamplifier from the
photodiodes. The entire assembly at the crys-
tal’s rear face is enclosed in an aluminum hous-
ing which is electrically coupled to the alu-
minum foil wrapped around the crystal, as well
as thermally coupled to the support frame to
dissipate the heat load from the preamplifiers.

The barrel crystals are inserted into modules
that are supported individually from an exter-
nal cylindrical support structure. At Babar,
the barrel support cylinder carries the load of
the barrel modules plus the forward endcap to
the magnet iron through four flexible supports,
which decouple and dampen any acceleration in-
duced by movements of the magnet iron during
a potential earthquake.

The crystal modules are built from tapered,
trapezoidal compartments made from carbon-
fiber-epoxy composite (CFC) with 300µm-thick
walls. Each compartment loosely holds a sin-
gle wrapped and instrumented crystal, assuring
that the forces on the crystal surfaces never ex-
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Figure 9.6: A schematic (not to scale) of a
wrapped barrel crystal and the
front-end readout package mounted
on the rear face. Also indicated is
the tapered, trapezoidal CFC com-
partment, which is open at the
front.

ceed its own weight. Each module is surrounded
by an additional layer of 300µm CFC to provide
additional strength. The modules are bonded
to an aluminum strong-back that is mounted
on the external support structure. Figure 9.7
shows some details of a module and its mounting
to the support cylinder. This scheme minimizes
inter-crystal materials while exerting minimal
force on the crystal surfaces, preventing geomet-
ric deformations and surface degradation that
could compromise performance.

The barrel is divided into 280 separate mod-
ules, each holding 21 crystals (7 × 3 in θ ×
φ), except for the furthest backward modules
which are only 6 × 3. After insertion of the
crystals, the aluminum readout frames, which

also stiffen the module, were attached with
thermally-conducting epoxy to each of the CFC
compartments. The entire ∼ 100 kg module is
then bolted and again thermally epoxied to an
aluminum strong-back, which is shown in Fig-
ure 9.7. The strong-back contains alignment
features as well as channels that couple to the
cooling system. Each module was installed into
the 2.5 cm-thick, 4 m-long aluminum support
cylinder, and subsequently aligned. On each of
the thick annular end-flanges, the support cylin-
der contains access ports for digitizing electron-
ics crates with associated cooling channels, as
well as mounting features and alignment dowels
for the forward endcap. Figure 9.7 shows details
of an electronics mini-crate situated within the
support cylinder.

The primary heat sources internal to the
calorimeter are the preamplifiers (2 × 50)
mw/crystal and the digitizing electronics (3 kw
per end-flange). In the barrel, the preamplifier
heat is removed by conduction to the module
strong backs which are directly cooled by Flu-
orinert (polychlorotrifluoro-ethylene). The dig-
itizing electronics are housed in 80 mini-crates,
each in contact with the end-flanges of the cylin-
drical support structure. These crates are indi-
rectly cooled by chilled water pumped through
channels milled into the end-flanges close to the
inner and outer radii.

The entire barrel is surrounded by a double
Faraday shield composed of two 1 mm-thick alu-
minum sheets so that the diodes and preampli-
fiers are further shielded from external noise.
This cage also serves as the environmental bar-
rier, allowing the slightly hygroscopic crystals to
reside in a dry, temperature-controlled nitrogen
atmosphere.

Similar to how it has been maintained
throughout its existence, the EMC barrel is cur-
rently stored at a constant, accurately moni-
tored temperature, During Babar data-taking,
of particular concern were the stability of the
photodiode leakage current, which rises expo-
nentially with temperature, and crystal light
yield, which is weakly temperature dependent.
Currently, the most important issue is that the
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large number of diode-crystal epoxy joints ex-
perience as little stress as possible due to differ-
ential thermal expansion.

9.2.2.2 Readout

9.2.2.3 Calibration

9.2.3 Performance of BABAR barrel

9.2.3.1 Energy and position resolution

9.2.3.2 Gamma-gamma mass resolution

9.2.3.3 Radiation Damage Effects on
Resolution

9.2.3.4 Expected Changes in Performance at
SuperB

9.2.4 Electronics changes

9.2.4.1 Rationale for changes

9.2.4.2 Premp design

9.2.4.3 Shaping and digitization

Synopsis, main discussion in electronics chap-
ter(?)

9.2.4.4 Cabling

changes?

9.2.5 SLAC De-installation, Transport
and Local Storage

9.2.6 Electronics refurbishment

Repair crystals with 0/1 working channels
Preamp replacement
ADC board replacement

9.2.7 Calibration systems

Brief system description
Replace DT neutron generator
New plumbing from generator to detector
Repair and reconstitute light pulser system

9.2.8 Re-installation at Tor Vergata

9.3 Forward Calorimeter

The Forward Calorimeter is designed to extend
the coverage of the electromagnetic calorime-
ter to low angles, as detailed in Tab. 9.1. To
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be effective its performances need therefore be
comparable with the Barrel Calorimeter. Thus,
the design considers a calorimeter made of ho-
mogeneous crystals and read-out by compact
photodetectors capable of operating in magnetic
field.

As detailed in this section, the best option to
fulfill the requirements described in Sec. 9.3.1
is to use crystals made of LYSO readout by
Avalance Photo-Diodes (APD). In Sec. 9.3.13
we will nonetheless report the results of the in-
vestigations on other types of crystals, in case
budget constraints will not allow the baseline
option.

9.3.1 Requirements[RF]

Taking as benchmark the BaBar detector, the
relative energy resolution need be at most 4.3%
at 100 MeV and 2.7% at 1 GeV. Also, in or-
der to assure appropriate resolution on the π0

invariant mass and to allow the π0 → γγ recon-
struction up to sufficiently high energies, a seg-
mentation at least comparable with the BaBar
one is needed. Since the transverse crystal size
is dictated by the Molier radius of the mate-
rial, only crystals with a Molier radius at most
as large as the CsI(Tl) can be considered. Fi-
nally hermeticity is also important, so the re-
quirement on mechanics is that the fraction of
particles originating from the interaction point
passing through the cracks of the

As already described for the Barrel Calorime-
ter, the most stringent constraints come from
the presence of large background due to the ex-
tremely high luminosity. In particular, as de-
scribed in Sec. 9.1.1, the large rate of low en-
ergy photons can create radiation damage on
the crystal themselves, thus reducing the light
yield, and induce a degradation of the energy
resolution due to pile-up.

As shown in Fig. 9.3, the expected dose in-
tegrated in a year ranges from ∼ 200 rad for
the outermost rings to ∼ 2500 rad for the in-
nermost ones. Consequently, the dose rate the
crystals need to tolerate ranges from∼ 0.1 rad/s
to ∼ 1.0 rad/s, respectively.

In order to estimate the effect of the pile-up
on the energy resolution, the study described
in Sec. 9.2.1.2 has been extended to the For-
ward Calorimeter. Contrarily to the case of the
Barrel where only one crystal type was consid-
ered, several possible crystals were considered
for the Forward. The considered options differ,
for the purposes of this study only by the decay
time of the signal (τdec). For a given crystal,
the additional handles are the time constants
of the electronics, in our case the shaping time
(Tshape) and the time constant of the integra-
tion circuit (Tint). Tab. 9.2 shows the expected
contribution from pile-up to the energy resolu-
tion at 100 MeV and 1 GeV. The constraint on
the electronic design is therefore that the con-
tribution to the energy resolution needs to be
significantly smaller than the design resolutions
of 4.3% and 2.7% respectively.

9.3.2 LYSO Crystals[RZ]

In the last two decades, cerium doped lutetium

oxyorthosilicate (Lu2SiO5 or LSO) [1] and

cerium doped lutetium yttrium oxyorthosilicate

(Lu2(1−x)Y2xSiO5 or LYSO) [2] have been devel-

oped for the medical industry with mass pro-

duction capabilities established. This section

addresses the issues of crystal properties, spec-

ifications, production and testing.

9.3.3 Introduction

Table 9.3 [3] lists basic properties of heavy crys-

tals: NaI(Tl), CsI(Tl), pure CsI, bismuth ge-

manade (Bi4Ge3O12 or BGO), lead tungstate

(PbWO4 or PWO) and LSO/LYSO. All have

either been used in, or are actively being pur-

sued for, high energy and nuclear physics exper-

iments, which are also listed in the table. The

experiment names in bold refer to future crys-

tal calorimeters. NaI(Tl), CsI(Tl), BGO, LSO

and LYSO crystals are also widely used in the
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model τdec Tshape Tint outermost innermost
(ns) (ns) (ns) 100 MeV 1 GeV 100 MeV 1 GeV

LYSO 50 50 ?? ?? ?? ?? ??
BGO (short) 300 100 ?? ?? ?? ?? ??
BGO (long) 300 300 ?? ?? ?? ?? ??
CsI(Tl) (BaBar) 1300 700 ?? ?? ?? ?? ??
CsI(Tl) (short) 1300 300 ?? ?? ?? ?? ??

Table 9.2: Contribution to the resolution (in %) induced by machine background on clusters for possible
values of τdec, Tshape, and Tint. The first quote corresponds to an energy of 100 MeV, the second
one of 1 GeV. The extreme cases of photons impinging on the outermost or innermost rings of
the Forward Calorimeter were considered.

medical industry. Mass production capabilities

exist for all these crystals.

Because of their high stopping power, high

light yield, fast decay time, small tempera-

ture coefficient and excellent radiation hardness,

LSO and LYSO crystals have attracted a broad

interest in the high energy physics (HEP) com-

munity [4, 5, 6, 7], and are chosen for the base-

line material for the SuperB forward calorime-

ter. LSO and LYSO crystals from following ven-

dors were tested during the R&D phase of the

project: CTI Molecular Imaging (CTI), Crys-

tal Photonics, Inc. (CPI), Saint-Gobain (SG),

Sichuan Institute of Piezoelectric and Acousto-

optic Technology (SIPAT) and Shanghai Insti-

tute of Ceramics (SIC).

9.3.4 Optical and Scintillation Properties

9.3.4.1 Transmittance and Emission

LYSO crystals of 20 cm (18 X0) long are rou-

tinely produced in industry. They have good

transmittance spectra. The left plot of Fig-

ure 9.8 shows longitudinal (green) and trans-

verse (red) transmittance spectra measured for

a rectangular LYSO sample with a dimension of

2.5 × 2.5 × 20 cm (18 X0). Significant red shift

is observed in the absorption edge of the longi-

tudinal transmittance as compared to the trans-

verse transmittance, which is caused by internal

absorption. The black line at the top is a fit

to the theoretical limit of transmittance calcu-

lated by using refraction index assuming multi-

ple bounces between two end surfaces and no in-

ternal absorption [8]. It overlaps with the trans-

verse transmittance spectrum at wavelengths

longer than 420 nm, indicating excellent optical

quality of the crystal. Also shown in this plot

is the photo-luminescence spectrum (blue) [9].

The fact that a part of the emission spectrum

is at the wavelengths shorter than the absorp-

tion edge indicates that this part of the scintil-

lation light is absorbed internally in the crystal

bulk, usually referred to as self-absorption ef-

fect. There is no such self-absorption effect in

other scintillation crystals commonly used for

HEP calorimeters, such as BGO, CsI(Tl) and

PWO [3]. While this self-absorption has little

consequence to 6 mm long pixels used in med-

ical instruments, it would affect light response

uniformity for 20 cm long crystals used to con-

struct the SuperB calorimeter. This effect will

be discussed in section 9.3.5.
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Table 9.3: Properties of Heavy Crystal with Mass Production Capability

Crystal NaI(Tl) CsI(Tl) CsI BGO PbWO4 LSO/LYSO(Ce)

Density (g/cm3) 3.67 4.51 4.51 7.13 8.3 7.40

Melting Point (◦CC) 651 621 621 1050 1123 2050

Radiation Length (cm) 2.59 1.86 1.86 1.12 0.89 1.14

Molière Radius (cm) 4.13 3.57 3.57 2.23 2.00 2.07

Interaction Length (cm) 42.9 39.3 39.3 22.7 20.7 20.9

Refractive Indexa 1.85 1.79 1.95 2.15 2.20 1.82

Hygroscopicity Yes Slight Slight No No No

Luminescenceb (nm) 410 560 420 480 425 420
(at Peak) 310 420

Decay Timeb (ns) 245 1220 30 300 30 40
6 10

Light Yieldb,c 100 165 3.6 21 0.30 85
1.1 0.077

d(LY)/dTb,d (%/◦CC) -0.2 0.4 -1.4 -0.9 -2.5 -0.2

Experiment Crystal CLEO kTeV L3 CMS Mu2e

Ball BaBar BELLE ALICE SuperB

BELLE PrimEx HL-LHC?

BES III Panda

a At the wavelength of the emission maximum.
b Top line: slow component, bottom line: fast component.
c Relative light yield of samples of 1.5 X0 and with the PMT quantum efficiency taken out.
d At room temperature.
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Figure 9.8: Left: The longitudinal (green) and transverse (red) transmittance spectra and the
photo-luminescence (blue) spectrum are shown as a function of wavelength for a rect-
angular LYSO sample with a dimension of 2.5 × 2.5 × 20 cm. Right: Longitudinal
transmittance spectra are shown as a function of wavelength for eleven LYSO crystals:
ten from SIPAT and one from Saint-Gobain. All, except SIPAT-7, are 20 cm long.
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During the R&D phase for crystal develop-

ment poor longitudinal transmittance was ob-

served in some samples [10]. The right plot

of Figure 9.8 shows that four samples (SIPAT-

7 to SIPAT-10) have poor longitudinal trans-

mittance between 380 nm and 500 nm, show-

ing an absorption band. A further investigation

shows that this absorption band is located at

the seed end and is caused by point defects [9].

The investigation was further pointed to a bad

seed used in their growth, indicating that these

point defects are structure related. With rigor-

ous quality control, LYSO crystals grown later

at SIPAT (SIPAT-11 to SIPAT-16) show no ab-

sorption band at the seed end, as shown in the

right plot of Figure 9.8. An increase of light out-

put at about 30% was found after this problem

was resolved. It thus is important to include in

crystal specifications a requirement to crystal’s

longitudinal transmittance.

The left plot of Figure 9.9 shows typical quan-

tum efficiencies of a PMT with multi-alkali cath-

ode (Photonis XP2254b) and an APD (Hama-

matsu S8664) [11]. Also shown in the figure are

the photo luminescence spectra of LSO/LYSO,

BGO and CsI(Tl) crystals, where the area un-

der the luminescence spectra is roughly propor-

tional to the corresponding absolute light out-

put. Table 9.4 summarizes the numerical val-

ues of the photo luminescence weighted average

quantum efficiencies for various readout devices.

These numbers can be used to convert the mea-

sured photo-electron numbers to the absolute

light output in photon numbers.

A significant red component was observed in

the γ-ray induced luminescence spectra in the

CTI LSO samples, but not in the LYSO sam-

ples from other growers [9]. This red compo-

nent disappeared after a γ-ray irradiation with

an accumulated dose of 5 × 103 rad. This is the

only significant difference observed between the

large size LSO and LYSO samples [9], indicating

that LYSO is a preferred choice.
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Figure 9.9: Left: The quantum efficiencies of a Hamamatsu R2059 PMT (solid dots) and a Hama-
matsu S8664 APD (solid squares)are shown as a function of wavelength together with
photo-luminescence spectra of the LSO/LYSO, BGO and CsI(Tl) samples, where the
area under the luminescence spectra is roughly propotional to the corresponding abso-
lute light output. Right: Light output measured by using a Photonis XP2254 PMT is
shown as a function of integration time for six crystal scintillators.
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Figure 9.10: 0.511 MeV γ-ray spectra from a 22Na source, measured by a Hamamatsu R1306 PMT
(Left) and two Hamamatsu S8664-55 APDs (Right), with a coincidence trigger for four
long LSO and LYSO samples of 2.5× 2.5× 20 cm3.

9.3.4.2 Decay time and Light Output

The right plot of Figures 9.9 shows light output

in unit of photo-electron/MeV, measured by us-

ing a Photonis XP2254 PMT as a function of

integration time, for six crystal scintillators [3].

The light output can be fit to the following func-

tion to determine the fast and slow components

and the decay kinetics:

LO(t) = F + S(1− e−t/τs), (9.1)

where F is the fast component of the scintilla-

tion light with a decay time of less than 10 ns,

and S represents the slow component with a de-

cay time of τs longer than 10 ns. It is clear that

the decay time of both LSO and LYSO crystals

is at a level of about 40 ns.

As shown in Table 9.3 LSO and LYSO crys-

tals have high light output. It is about 85%

and 50% of NAI(Tl) and CsI(Tl) respectively,

and is about 18, 4 and more than 200 times of

pure CsI, BGO and PWO, respectively. Fig-

ure 9.10 shows 0.511 γ-ray pulse height spectra

measured by a Hamamatsu R1306 PMT (left)

and two Hamamatsu S8664-55 APDs (right) for

four LSO and LYSO samples of 2.5×2.5×20 cm3

from CTI, CPI, SG and SIPAT. The corre-

sponding noise for the APD readout is less than

40 keV equivalent [11]. Poor energy resolution

was found in the CPI LYSO sample, but not

other samples. According to the grower this was

caused by intrinsic non-uniformity which may

be improved by appropriate thermal annealing.
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It thus is important to include in crystal speci-

fications a requirement to crystal’s energy reso-

lution.

Because of their fast decay time and high

light output, LSO and LYSO crystals have also

been used in time of flight (TOF) measurements

for medical applications, such as TOF PET(

positron emission tomography). A better than

500 ps FWHM time resolution was achieved for

the time difference between two photons. In

HEP experiments a rms time resolution of bet-

ter than 150 ps may be achieved for TOF mea-

surements for single particles. Since the intrin-

sic rising time of scintillation light is about 30 ps

for LSO and LYSO crystals [14], the measured

time resolution for LSO and LYSO is affected

mainly by the response speed of the readout de-

vice and the choice of time pick-off [13]. Doping

calcium in LSO and LYSO is reported to reduce

the decay time to about 20 ns [15], which would

help to improve the time resolution.

9.3.5 Light Collection and Response
Uniformity

It is well known that adequate light response

uniformity along the crystal length is key for

maintaining the precision offered by a total

absorption crystal calorimeter at high ener-

gies [16]. The light response uniformity of a

long crystal as shown in Figure 9.11 (Left) is

parameterized as a linear function

LY

LYmid
= 1 + δ(x/xmid − 1), (9.2)

where (LYmid) represents the light output mea-

sured at the middle point of the crystal, δ rep-

resents the deviation from the flat response and

x is the distance from the photo-detector. To

achieve good energy resolution, the correspond-

ing |δ| value for SuperB LYSO crystals of 18 X0

must be kept to less than 3% [17].

Effective light collection requires good light

reflector. The glass fiber based support-

ing structure designed for the superB forward

calorimeter is coated with a thin layer of alu-

minum as reflector. All measurements and sim-

ulations discussed in this section are carrired out

with aluminum coated glass fiber supporting

structure cell, referred to as RIBA Cell, around

the crystal.

The light response uniformity of a long ta-

pered LSO/LYSO crystal is affected by three

factors. First, the tapered crystal geometry

leads to an optical focusing effect, i.e. the re-

sponse for scintillation light originated at the

small end far away from the photo-detector

would be higher as compared to that at the

large end which is coupled to photo-detector.

This is caused by the light propagation inside

the crystal, and is common for all optical ob-

jects with such geometry. Second, there is a

self-absorption effect in LSO/LYSO crystals as

discussed in section 9.3.4.1 since a part of the

emission spectrum is self-absorbed in the crys-

tal bulk as shown clearly in the left plot of Fig-

ure 9.8. This effect is specific for LSO/LYSO

crystals. Last, there is a non-uniform light

yield along the longitudinal axis of the crystal.

It is caused by the segregation process of the

cerium activator in LSO/LYSO crystals during

the growth. Because of the small segregation

coefficient (about 0.2) the cerium concentration

increases from the seed end to the tail end of the

crystal. Such effect is common for all crystals

doped with activator, e.g. CsI(Tl).
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Figure 9.11: Left: Light response uniformities without (blue) and with (red) self-absorption ef-
fects, calculated by a ray-tracing program, are shown for a 20 cm long crystal with
tapered geometry with two Hamamatsu S8664-55 APD readout. Right: Light outputs
measured for 17 mm LSO/LYSO crystal cubes are shown as a function of the cerium
concentration.

The left plot of Figure 9.11 shows the light

response uniformities calculated using a ray-

tracing program [16] for a SuperB LYSO crys-

tal with tapered geometry and two Hamamat

S8664-55 APD readout. While the blue dots

show the uniformity with only the optical fo-

cusing effect the red dots show the same with

the self-absorption effect also included. Numer-

ically, the optical focusing effect alone causes a

δ value of 17%, which is reduced to 13% with

the self-absorption effect included. This indi-

cates that the self-absorption effect provides a

partial compensation for the optical focusing ef-

fect. The right plot of Figure 9.11 shows the

light output measured for two batches of 17

mm LSO/LYSO crystal cubes (red and blue)

as a function of the cerium concentrations de-

termined by Glow Discharge Mass Spectroscopy

(GDMS) analysis. It shows that the optimized

cerium doping level is between 150 and 450

ppmw because of the interplay between the

cerium activator density and the self absorption

caused by the over-doping. Also shown in the

plot is a second order polynomial fit. By adjust-

ing the cerium doping the light yield difference

along the crystal can be minimized. A difference

at the level of 10% is more or less the maximum,

which may provide a variation of the δ value up

to 5%. Taking this into account the initial δ

value of the SuperB LYSO crystals may vary

between 8% to 18%.
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Following the experiences of previous crystal

calorimeters, such as L3 BGO and CMS PWO,

a |δ| value of less than 3% may be achieved

by roughening one side surface of the crystal

to an appropriate roughness [18]. The left plot

of Figure 9.12 shows the light response unifor-

mities measured with two Hamamatsu S8664-55

APD readout for a tapered SuperB LYSO crys-

tal SIC-L3. The δ value is reduced from 15% be-

fore (red) to -1.9% after (blue) roughening the

smallest side surface to Ra = 0.3. The right plot

of Figure 9.12 shows a comparison of the δ val-

ues before (top) and after (bottom) roughening

for all 25 SuperB test beam crystals, showing

a reduction of the average δ value from 10% to

0.26%. All 25 |δ| values after uniformization are

within 3%. The reduction of light collection ef-

ficiency caused by this uniformization is about

17%. It is expected that one or maximum two

Ra values would be sufficient to uniformize mass

produced LYSO crystals to achieve |δ| values of

less than 3%.

9.3.6 Radiation Hardness

The radiation hardness of long LSO and LYSO

samples was investigated against γ-rays [19, 20]

and neutrons [21]. It was found that the scin-

tillation mechanism of this material is not dam-

aged, its damage can be completely eliminated

by thermally annealed at 300◦C and does not re-

cover at room temperature, indicating no dose

rate dependence [16]. Studies also show that

it is also more radiation hard against charged

hadrons [22] than other crystals.

Figure 9.13 shows the longitudinal transmit-

tance (left) and normalized average light out-

put (right) for four 20 cm LSO and LYSO

samples from CTI, CPI, SG and SIPAT. The

light output was measured by using a XP2254

PMT (top) and two S8664-55 APDs (bottom).

All samples tested have a consistent radiation

resistance, with degradations of the emission-

weighted longitudinal transmittance (EWLT)

and the light output of approximately 12% for a

γ-ray dose of 1 MRad. This radiation hardness

is much better than other scintillation crystals,

such as BGO, CsI(Tl) and PWO.

Recently, a 28 cm (25 X0) LYSO crystal

(SIPAT-LYSO-L7) was grown at SIPAT. This

LYSO sample has consistent emission, adequate

light response uniformity and good radiation

hardness against γ-rays up to 1 Mrad [10]. The

left plot of Figure 9.14 shows the pulse height

spectra measured by a Hamamatsu R1306 PMT

at seven points evenly distributed along SIPAT-

LYSO-L7. The FWHM resolutions obtained

for 0.511 MeV γ-rays from the 22Na source are

about 12.5%. This is quite good for crystals

of such length. The right plot of Figure 9.14

shows normalized light output and response uni-

formity measured by two Hamamatsu S8664-55

APD before and after γ-ray irradiations with

an integrated dose of 102, 104 and 106 rad. The

degradation of the light output was found to

be about 13% after 1 Mrad dose. The light re-

sponse uniformity of SIPAT-LYSO-L7 does not

change even after 1 Mrad dose, indicating that

its energy resolution may be maintained [16].

In a brief summary, LSO and LYSO crystals

are radiation hard crystal scintillator. Because

of their excellent radiation hardness these crys-

tals are expected to find applications in an en-

vironment where severe radiation environment

is expected.
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9.3.7 Specifications, Production and
Testing

Following our extensive R&D on LYSO crys-

tals, the following specifications are defined for

the procurement of high quality LYSO crystals

ffrom various vendors for the SuperB forward

calorimeter.

• Dimension: +0.0/-0.1 mm.

• Longitudinal transmission at 420 nm: >

75%.

• FWHM energy resolution: < 12.5% for

0.511 MeV γ-rays measured by a Hama-

matsu R1306 with DC-200 coupling at 7

points along the crystal.

• Light output will be required to be more

than a defined percentage of a small crystal

candle with air-gap coupling to PMT.

• Light Response uniformity (|δ|): < 3%

measured by two Hamamatsu S8864-55

APDs.

Crystals will be produced by various vendors.

The total crystal volume for the SuperB forward

calorimeter is 0.36 m3, which is small as com-

pared to LYSO crystals grown for the medical

industry. The following instruments are needed

at each of the crystal vendors as well as the Su-

perB crystal laboratory.

• A station to measure crystal dimension.

• A photo-spectrometer with large sample

compartment to measure the longitudinal

transmission along 20 cm path.

• A PMT based pulse height spectrometer to

measure light output and FWHM energy

resolution with 0.511 MeV γ-rays from a
22Na source.

• An APD based pulse height spectrometer

to measure light response uniformity with

0.511 MeV γ-rays from a 22Na source.
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Table 9.4: Photo Luminescence Weighted Quantum Efficiencies (%)

Photo Luminescence LSO/LYSO BGO CsI(Tl)

Hamamatsu R1306 PMT 12.9±0.6 8.0±0.4 5.0±0.3

Hamamatsu R2059 PMT 13.6±0.7 8.0±0.4 5.0±0.3

Photonis XP2254b 7.2±0.4 4.7±0.2 3.5±0.2

Hamamatsu S2744 PD 59±4 75±4 80±4

Hamamatsu S8664 APD 75±4 82±4 84±4
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9.3.8 Readout and Electronics[VB]

9.3.8.1 APD Readout[DH]

The photosensors chosen for readout of the

LYSO crystals of the forward endcap are an

independent pair of 10×10 mm avalanche pho-

todiodes (APDs). The APDs have several ad-

vantages over photodiodes in this application:

they are a better match to the emission spec-

trum of LYSO, providing a quantum efficiency

integrated over the spectrum of 75% (see Fig-

ure 9.15); they provide useful gain (of the order

of 75) with low noise; and, as they have a thin-

ner sensitive region, they suffer less from the

nuclear counter effect.

Figure 9.15: Quantum efficiency of a Hama-
matsu APD and photodiode, to-
gether with the emission spectra of
LYSO, BGO and CsI(Tl) crystals.

The gain with low noise of the APDs presents

two additional advantages: it can allow a reduc-

tion of the shaping and integration time con-

stants, constants that, as shown in Sec. 9.3.1,

can be used as a handle to fight the machine

background; it improves the signal-to-noise ra-

tio for the signals used for calibration (see

Sec. ??), allowing a crystal by crystal calibra-

tion (see Sec. 9.3.9).
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9.3.8.2 Electronics Block diagram

9.3.8.3 Preamplifier

9.3.8.4 Shaper

9.3.8.5 Digitization

9.3.8.6 Requirements on mechanics

Cables, encumbrances, required cooling, ...

9.3.9 Calibrations[DH]

9.3.9.1 Initial calibration with source

A goal of the design is that the signal rate and

the signal-to-noise ratio with a typical radioac-

tive source such as 137Cs be sufficient to allow

individual calibration of each crystal with the

readout device with which it will actually be

paired. Photodiode readout of large crystals

does not allow the use of sources for calibra-

tion and setup; this is typically done with a

reference photomultiplier, with the results then

convoluted with the results of individually cal-

ibrated photosensors. Such a procedure does

not,of course, fully account for the effects of sur-

face oxidation of the crystal or glue joint losses.

With APD readout, the response of the entire

chain can be measured.

The full setup of each crystal assembly re-

quires each crystal/readout package to be in-

dividually adjusted to meet the uniformity re-

quirements in situ and the characteristics of

each object to be entered into a reference

database. This involves appropriate roughening

of, typically, one crystal surface to conform to a

light collection uniformity specification (∼ ±5%

over the forward 90% of each crystal) formu-

lated to meet the energy resolution specifica-

tion. The output of this setup/calibration pro-

cedure is then entered into a reference database,

which serves as the initial set of calibration con-

stants for the calorimeter system.

The fully assembled calorimeter is then cali-

brated with the circulated fluorinert system al-

ready used in BaBar (see Sec. 9.2.7) at appro-

priate intervals (one to four weeks in the case

of BABAR). A substantial advantage of this ap-

proach is that there is an individual pedestal

and gain constant for each crystal. A limitation

is that the source is at a relatively low energy,

although it is at a higher energy than that ob-

tained from long-lived radioactive sources. This

can be a problem in particular if using crystals

with intrinsic radioactivity, such as for instance

the LYSO. For such a crystal the calibration sys-

tem needs to be properly designed to achieve the

required accuracy in a sustainable time.

Calibration with radiative Bhabhas can over-

come this limitation, but it requires develop-

ment of a complex matrix unfolding procedure,

since high energy electrons deposit shower en-

ergy in many crystals, not in a single crystal as

in the case of source calibration.
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9.3.9.2 Electronics calibration

9.3.9.3 Temperature monitoring and
correction

The characteristics of APDs place fairly strin-

gent requirements on the temperature control

of the system, greater than those imposed by

the temperature variation of light output of the

crystals, as well as on the stability of the APD

power supply voltage.

The Hamamatsu S-8664 APDs specified for

the crystal readout have a temperature coeffi-

cient of gain of ∆G/∆T of 2.5%/◦C, while the

LYSO light output varies −0.2%/◦C. A speci-

fication of an APD gain stability of ±0.5% re-

quires knowledge of the temperature to ±0.2◦C.

The CERN beam test demonstrated that a

measurement of the calorimeter temperature to

0.2◦C can be easily achieved. Furthermore the

energy degradation due to machine background

might allow to tolerate even a less stringent con-

trol.

As far as the overall structure is concerned

we can keep the characteristics of the BaBar

one. The entire calorimeter is surrounded by a

double Faraday shield composed of two 1mm-

thick aluminum walls, so that the diodes and

preamplifiers are shielded from external noise.

Such shield also served as an environmental

enclosure, surrounding the slightly hygroscopic

CsI(Tl) crystals with a dry, temperature con-

trolled nitrogen atmosphere. The preamplifiers

(2 50mW/crystal) and the digitizing electronics

(∼3 kW per end-flange) were the primary inter-

nal heat sources. The temperature was mon-

itored by 256 thermal sensors distributed over

the calorimeter. This system maintained the

crystal environment at 20 ± 0.5◦C. Dry nitro-

gen circulation stabilizes the relative humidity

at 1± 0.5%. This system can be extended to a

forward endcap in a straightforward manner.

As far as gain stability is concerned, a gain

of ∼75, with a reverse bias voltage of ∼375V, a

voltage stability of better than 1 volt is required.

This requirement can be met by commercially

available computer-controlled high voltage sup-

plies, such as those used for the CMS calorime-

ter.
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Figure 9.16: Left: overview of the structure of the FWD EMC. Right: definition of the sides of the
crystals.

Figure 9.17: Nominal dimensions of the sides of the crystals. See Fig. 9.16
for the definition of the sides.
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Figure 9.18: FWD EMC envelope.

9.3.10 Mechanical Design[CG]

9.3.10.1 Introduction and parameters

The calorimeter is designed to measure with

maximum precision the energy deposited by im-

pinging particles into the crystals. All material

out of the crystals is unwelcome because it ab-

sorbs a fraction of undetected (unmeasured) en-

ergy. Material in front (support shell) and be-

tween (cell walls) crystals has to be minimized.

Building materials with low-Z molecular com-

position in limited quantities is favored for this

reason. The basic physical requirement to the

design of this structure is to ensure a nomi-

nal distance between crystal faces of 0.4 mm

within a module (gap) and a nominal distance

between crystal faces across two modules of 0.6

mm (crack). Finally, crystals should point to

the interaction region.

To simplify the design we can exploit both

the symmetry in φ and the possibility to group

the crystals in four rings in theta (see Fig. 9.16

left) each composed of 36,42,48, and 54 modules

respectively. The cells, whose dimensions are

reported in Fig. 9.17, are designed in order to

keep the cell front dimension (B, see Fig. 9.16

right).

9.3.10.2 General contraints and
requirements

The EMC forward volume envelope is the one

defined by the Babar experiment and reported

in Fig. 9.3.10.1. Additional constraints coming

from the new requirements for services and ac-

cess have been considered.

The design of the mechanical structure fore-

sees that the volume devoted to the EMC is di-

vided in two, an alveolar volume and a service

volume (see Fig. 9.3.10.2). The definition of this

two volumes is based on assembly constraints

and is optimized to simplify access to the ser-

vices. Volumes shape and dimensions are such

to allow free insertion of outer row of crystals.

from installation, access and mainte-

nance TBD
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Figure 9.19: FWD EMC volumes and layout

9.3.10.3 Cooling and Calibration
requirements

Structural integrity requires any produced heat

to be evacuated by a cooling system. As dis-

cussed in Sec. 9.3.9 the light / signal conversion

factor of the photo-detector (APD) depends on

the temperature and requires a thermal regula-

tion. There are two separate thermal volumes:

the volume which encloses the crystals and pho-

todetector, where no power dissipation is ex-

pected, and the volume comprised between the

modules and the backplate, where all the ther-

mal power is dissipated. The cooling is ensured

by two active systems. A regulated circuit keeps

the operating temperature of the crystal array

and of the photodetector within a tight tem-

perature spread (±0.5oC in BaBar ). A second

cooling circuit evacuates the heat generated by

all power sources (front-end electronics) in the

space between the modules and the back plate.

A calibration circuit flows a fluid (Fluo-

rinert FC77) activated by a neutron source (see

Sec. 9.2.7). The circuit flows past the ECAL

front face, thus showering every crystal with cal-

ibrated 6,13 MeV γs, with the system shown in

Fig 9.20. Under study either the possibility to

reuse the BaBar monitoring system or to build

a new circuit embedded in the front sandwich

plate of the shell structure.

Figure 9.20: calibration circuit at the front of
BaBar calorimeter
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9.3.10.4 Crystal sub-unit design

The crystal subunit consists of the crystal and

the capsule assembly with the photo-detector.

Upon delivery crystals are visually inspected,

measured and characterized. The crystal tol-

erance ( 0.1 mm), the chamfer width (0.7 mm

maximum). Crystal chamfers are necessary to

ease surface lapping and polishing, avoid edge

chipping and ease safe handling, match cell cor-

ner radii. Chamfer size has to be small enough

to neglect the resulting light losses and maxi-

mize photo device interface (e.g. 0.3 - 0.7mm).

9.3.10.5 Module design

Modules contain a 5 x 5 matrix of crystals

and therefore their approximated dimensions

are 110 x 110 x 230 mm3 and the total weight

of the crystals is about 25kg. The requirements

on the thickness and the material of the walls

constrain the module to be held in a very light

container of 220g, thus making the mechanical

requirements challenging.

Physical constraints

As detailed in Sec. 9.3.10.1, modules are as-

sembled in 4 concentric rings containing grow-

ing numbers of 5x5 modules. With the φ and θ

symmetries the number of crystals types that

need to be produced is reduced to 20. To

achieve the required energy resolution, crystal-

to-crystal separation must be less than or equal

to half a millimeter. The design guarantees a

maximum distance between crystal faces of 0.4

mm within a module and of 0.6 mm across two

modules, either in φ or in θ for crystal nominal

dimensions. For the crystals with the smallest

tolerances these values are reduced by 0.1 mm .

Inside a module, this distance results from the

following contributions (see Fig. 9.21):

• the crystal processing tolerance, from 0 to

0.1 mm.

• a guaranteed air gap between the crystal

nominal (maximal) shape and the alveo-

lar container of 0.1 mm to cope with the

maximal alveolar unit elastic deformation

in the worst case (crystals horizontal) and

handling, transport or installation accelera-

tion. Crystals do not take part in the struc-

tural resistance of the alveoli.

• the alveolar unit nominal wall thickness of

0.2 mm (including its manufacturing toler-

ance of 20 ?m). Between two modules, this

distance results from the following contri-

butions:

• the crystal processing tolerance from 0 to

0.1 mm,

• the 0.1 mm air gap inside the alveolar unit,

• the two facing walls of 0.1 mm each,

• an additional contribution of 0.35 mm due

to the module copper shielding

• the 0.1mm gap between the two modules
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Figure 9.21: crack (crystal to crystal, left picture) and gap (module to module, right picture)

Space is left between modules to make the

assembly possible (module dimensional toler-

ances) for module-to-module mechanical con-

nection insertion of pre-preg fillers

The 5 x 5 modularity is considered an eco-

nomic optimum (moulding cycle, handling, as-

sembly, etc.) for the production aspects. It is

also convenient for general architecture and in-

tegration front-end electronics modularity and

connection and electromagnetic shielding. A

5x5 data matrices are also used in event recon-

struction. A small chamfer on the crystal edges

is required because of the fragility of crystals

and allows a small inner radius on the cell in-

side. This chamfer is also very useful for the

polishing process.

At the front of the crystal the cell is closed by

an insert (see Fig 9.22). The inserts are made of

a CFRP with short C fibers in an epoxy matrix.

This material is easy to machine and a good

match for the insert complex shape. Although

more expensive, carbon is preferred to glass as

making less material in front of the crystal. It

also ensures the electrical continuity with the

Cu foil of the module electromagnetic shielding.

The insert has a central hole used during alve-

ola production. Few of these holes are used for

the final module positioning in the Shell-Module

and for the mechanical interface through com-

posite set-pins.

Figure 9.22: CFRP inserts at the front of the
alveolar cells

At the opposite side metallic clamps tight-

ened on cell walls keep crystals in position (see

Fig 9.23).

Figure 9.23: metallic clamps hold crystals in
position
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Grounding and shielding

An aluminum foil inside the cell acts as a

reflector for the crystal and provides electro-

magnetic shielding. The aluminum surface can

be optically improved by a special metallic or

transparent coating to enhance its reflectivity.

Alveolar design must allow electrical contact be-

tween all conductive materials the Al reflecting

foils of every cell in one alveolar should be elec-

trically connected. Connections are in the cell

rear empty space (see Fig 9.24), through holes

designed for crystal fixation.

Figure 9.24: detail of the cell back open side

Cell grounding just requires to put all cell

Al reflectors in contact. Cell shielding needs

additional metal thickness. Alveolar shielding

is achieved by an ultimate Cu wrap of 50µm

around sides on the external of the module (see

Fig 9.25). The Cu foil does not need additional

adhesive film thickness as it is cured with the

wall prepreg. The price to pay is 100µm more

dead space at every module to module transi-

tion. A similar foil is merged into the Support

Shell bottom plate. The bonded Cu foil, cov-

ering the four sides of the alveolar module, is

connected to the cell ground.

Figure 9.25: Cu foil around the module

Module supporting principles

As described in Fig 9.3.10.5 Alveolar modules

are assembled into the Shell-Support-Structure

(horse collar and wedge). Alveolar front ends

are driven into position by 5 tubular CFRP set-

pins and the front of the module is glued to the

structure front plate.

Alveolar back end sides are glued together

via composite in θ. Connection between mod-

ules at the back reduces the bending moment

of the alveola. Narrow glue strips are used be-

cause gluing of complete adjacent module walls

is technically impossible. To achieve autoclave

gluing of all modules in one operation the resin

used for module front and sides has a lower cur-

ing temperature than that of the shell and mod-

ules. Alveolar unit moulding technique, preci-

sion, wall composition, radii and chamfers The

alveolar container of a module is moulded in a

precision CNC machined aluminium mould (tol-

erance of 0.02 mm) consisting of a box and a

cover, and 25 mandrels (Fig 9.27 ) with shapes

similar to those of crystals.
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Figure 9.26: Alveola supports

Figure 9.27: Alveolar module mandrels
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The wall layers described next are wrapped

around the mandrels. The mandrels are posi-

tioned with accurate setpins in precision holes

of the mould box. A 50µm Cu layer is wrapped

all around the module before closing the mould.

Closing the mould cover presses the layers to-

gether and keeps the mandrels position with

high accuracy. The moulding method requires

a very uniform distance between the mandrels

and the mould cavity in order to balance the

very high pressures exerted when closing the

mould and curing the resin. This is achieved by

giving the mandrel the crystal theoretical shape

increased by 0.1 mm (clearance between crystal

and alveolar cavity).

The assembly (Fig 9.28) is taken to the auto-

clave to cure the resin. This curing is performed

at 120 for 90 minutes, plus the time to reach the

curing temperature and to cool down. A finish-

ing of the ends of the module is performed after

the extraction of the mandrels.

The wall of the alveola is described in

Fig. 9.29. The first layer consists of an alu-

minium foil of a thickness of 25 µm and has

a triple function. It rigidifies the alveolar unit,

acts as a reflector for the crystal and provides

electromagnetic shielding. The aluminum sur-

face can be optically improved by a special

metallic or transparent coating to enhance its

reflectivity. The second layer consists of a glass

fibre epoxy resin prepreg of a thickness of 75 µm.

The 75 microns is obtained by the wrapping of

two layers, 35 microns, of FGRP (Fiber Glass

Reinforced Plastic). This material has been se-

lected for its ability to produce very thin walls

with a very small radius of curvature. Given

wall thickness and radius limit, the combination

of fibre material and diameter is such to avoid

edge breaking at moulding and ensure cell struc-

ture integrity.Glass fibre is also very economical

and easy to process. The 0.02 mm accuracy

of the moulding is consistent with the alveolar

unit tolerances. The total thickness of glass fi-

bre wrapped around a mandrel is nominally 100

microns. The resulting surface density of mate-

rial between two crystals is 200 g/m2. No other

material can produce walls thin enough to main-

tain the gap between crystals to 0.4 mm. Com-

pared to carbon-fibre, glass fibre has a relatively

low elasticity modulus and can be formed with

a sharper bending radius. Mandrels producing

the inner shape are chamfered at 0.3 mm ? 45.

Module Prototypes

To validate the submodule design, two pro-

totypes of the alveola module have been con-

structed (see the photos in Fig. 9.29).

A first prototype (Proto1) was produced to

validate the cell structure concept and the pro-

duction economy It was then used with its 25

crystals in a beam of particles for physics vali-

dation The Proto1 validated the whole produc-

tion process and a 3D dimensional inspection

performed on the internal and external walls

gave evidence of the achievable dimensional tol-

erances. Wall thickness was measured at the

cell open edge over 20mm depth on both sides of

punched holes and produced the following val-

ues : a) for internal walls nominal 0,200mm 0,15

to 0,22 b) for external walls nominal 0,135mm

0,13 to 0,17

The information gathered have been used to

define the production protocol.
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Figure 9.28: alveolar module production process

Figure 9.29: Alveolar module walls internal and external
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A second prototype (Proto2 ) was produced in

September 2011 to confirm process repeatability

and to evaluate the global mechanical properties

of the structure.The alveolar module is identical

to that used for the physics beam test in Octo-

ber 2010, Proto1. The test campaign had the

aim to evaluate the structure overall mechanical

properties. Global deformations of the alveolar

array are significant, and a loading test is essen-

tial for checking the absence of interference with

the shell inside (inner and outer cone) and the

absence of crystal stressing (cell bending ¡ play)

in a first approximation. As shown in Fig. 9.30,

the cells were loaded with dummy crystals that

simulate the mass and different gravity vectors

have been investigated. The mechanical tests

performed on the modular structure provided

basic input data to a Finite Element Analysis

of the complete support structure.

9.3.10.6 Alveolar module structure finite
element analysis

A detailed Finite Element Analysis was per-

formed on the alveolar structure using material

properties form data-sheet. The analysis predic-

tions have been compared with the outcome of

the load test on Proto2 and the model tuned to

best fit the real behaviour. This detailed model,

shown in Fig. 9.31, has been used as reference

to to validate the Global Finite element model

of the whole EMC.

9.3.10.7 Support shell structure design

The shell, shown in Fig. 9.32, consists of the

outer cone and front cone as one single solid

body in CFRP. The inner cone, where material

budget does not pose too stringent limits is a

metallic shell. Back plate is the same as BaBar.

The volume is defined by the line AB, AD, CD

while A’B’ and A’D’ are construction lines re-

sulting from technical choice.

Figure 9.32: Support shell structure

The outer cone end is reinforced by a metallic

ring for easy connection with the back plate.

The back plate provides the EMC interface with

the SuperB bearing points (position reference

and transmission of loads). The alveolar array is

cantilevered from the shell front cone as detailed

in Fig. 9.33.

This configuration provides a logical con-

struction and assembly sequence, in particular

an easier and almost reversible access to the

most delicate part of the detector, its crystals

and photodiodes. There is no connection be-

tween the alveolar array and the inner and outer

cone inner faces. A 1mm gap is introduced for

the free elastic deformations of the alveolar ar-

ray and of the shell. The front cone is connected

to the inner cone by gluing secured by screws.

Support Shell unit production and materials

The outer cone is a massive CFRP (6 to

10mm) while the front cone is either a massive

CFRP or a sandwich plate 20mm thick. For

the production the mould is at the inner face

of the outer-front cone in order to have high

dimensional accuracy at the interface with the
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Figure 9.30: alveolar module test setup

Figure 9.31: Alveolar module finite element model

Figure 9.33: Suppert shell assembly
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crystals modules, while a vacuum bag is at the

opposite side; the parietal aluminum wedge is

embedded in the structure The inner cone is a

precise CNC machined massive Al 7075 piece

with a thickness of 20mm.

9.3.10.8 Global structure finite element
analysis

To the front conical plate are connected 180

alveolar modules (of 5 x 5 cells) of four different

types, displayed in four concentric rings. Be-

cause of the circular configuration each module

is in a different loading case. The resulting FE

model of the complete distribution of alveolar

modules supported by the shell structure would

result in a large size, . An alternative paral-

lel solution was followed to reduce the alveolar

module to its main useful parameters (super-

elements) that do not contain all the geometri-

cal detail but that closely characterize the me-

chanical behavior of the alveola. The input me-

chanical properties used for the superelements

come from the mechanical tests performed on

the Proto2.

9.3.11 Performance in simulations[SG]

9.3.11.1 Resolution studies

Can include comparison with BABAR forward

calorimeter

9.3.11.2 Background studies

9.3.12 Tests on Beam[CC]

9.3.12.1 Description of apparatus

Two tests beam have been performed with a

prototype LYSO matrix, one at CERN in Oc-

tober 2010 and one at the Beam Test Fa-

cility (BTF) in Frascati in May 2011. The

prototype matrix is composed by 25 LYSO

crystals of pyramidal shape with dimensions

2.3cm×2.3cm×22cm inserted in a support

structure assembled by the RIBA company

(Faenza, Italy) described in detail in Sec. 9.3.10.

To improve light output uniformity, each crys-

tal presents a black band of 15mm at the end

of its smallest face and the area of the face not

covered by the APD (or PiN) is painted with a

reflective white painting. The mechanics is com-

posed of glass fiber, covered with copper foils

35µm thick. Between one cell and the other

there is a nominal thickness of 200 µm, while

the external side has a thickness of 135 µm.

Fig.9.3.12.1 shows a picture of the Test Beam

structure with inserted one raw of crystals. Of

Figure 9.34: Picture of the Test Beam mechani-
cal structure with one raw of LYSO
crystals.

the crystals, 20 are read out with an Avalanche

Photodiode (APD) in both Test Beams while

the remaining 5 are read out with PiN Diodes

at the CERN Test Beam and with APDs at the

BTF. As shown in Fig. 9.35, the readout chain
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Figure 9.35: Schematic view of the electronic chain for the forward EMC.

Figure 9.36: Schematic view of the test beam
setup used at CERN.

is composed of: a front end board (VFE) that

contains a Charge Shaper Preamplifier (CSP);

Shaper Range Board which completes the atten-

uation, already applied in the VFE board, and

then divides them according to the different en-

ergy range. Two different ranges are foreseen in

the treatment of the signals, for energies lower

than 200 MeV and for energies greater than

200 MeV, although in the test beams the am-

plifications have been adjusted to use only one

range; a 12 bits Caen ADC to process the signals

and digitize the analogue outputs. Two differ-

ent configurations have been used at CERN for

the power supply of the APD’s, one called High

Gain with voltage APD at 380V and one called

Low Gain with a voltage of 308V applied.

MISSING TRIGGER

9.3.12.2 Description of the beams

The Beam Test at CERN has been performed at

the T10 beam line in the East Area. The beam

is mainly composed of electrons, muons and pi-

ons created by the scattering of protons into alu-

minum and tungsten target. The composition of

the beam is highly dependent on the energy and

for electrons it ranges from 60% at 1 GeV to 1%

at 6 GeV. The maximum energy reachable at

this beam line is 7 GeV with a nominal momen-

tum spread ∆p/p ' 1%. The distance between

the end of the beam line and the matrix is about

15 m. The event rate is of the order of 1 Hz.

Fig.9.36 shows the experimental setup used at

CERN, it is composed of a Cherenkov detector

already present in the CERN beam line, two

scintillators (finger counters) 2×2cm2, the box

containing the matrix and the VFE boards. The

Cherenkov detector plus the two scintillators of

the fingers act as trigger. The Cherenkov detec-

tor allows the separation between electrons and
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Figure 9.38: Schematic view of the test beam
setup used at the BTF in Frascati.

Figure 9.37: Distribution of the signal measured
in the Cherenkov detector as func-
tion of the total energy deposited
in the calorimeter, at 1 GeV.

pions as shown in Fig.9.37 . The same detector

has also been used to select Minimum Ionising

Particles (MIP) used for the calibration.

The Beam Test Facility in Frascati is part

of the ΦFactory, DaΦne. It is composed of

a linear accelerator LINAC, one spectrometer

and two circular accelerators of electrons and

positrons at 510 MeV. The LINAC is the same

which supplies the test beam line at the BTF.

The pulsed beam of the LINAC circulate elec-

trons up to 800 MeV at a maximum current

of 550 mA/pulsation and positrons at a maxi-

mum energy of 550 MeV with a current of 100

mA/pulsation. The typical duration of a pulsa-

tion is 10 ns, with a frequency of 50 Hz. A bend-

ing magnet select electrons of a given momen-

tum, a line of about 12m contains quadrupoles

for the uniformation of the beam and a system

of slits allow to change the flux of arriving par-

ticles. The beam energy spread is 1% at 500

MeV. The setup for the beam test of the ma-

trix at the BTF is shown in Fig.9.38. The setup

shows the end of the electron beam line, four

planes of silicon strip detector (two measure-

ments in x and two measurements in y) and the

box containing the matrix with the crystals and

the VFE boards. As mentioned before, at the

BTF all the crystals are equipped with APD’s,

and it should be mentioned that the gain of the

VFE has changed with respect to CERN from

0.5 to 1, while an amplification factor has been

introduced. To control the position of the beam

with respect to the matrix a detector of 16 x 16

scintillating fibers of 3mm each has been used.

The trigger is performed by the LINAC radiofre-

quency (25 Hz), and does not make any use of

scintillators.

Since the beam energy spread of the CERN

facility proved to be significantly larger than the

specifications, based on the performances of the

detector at the BTF, we will use the CERN TB

data only to study the linearity at high energy,

while resolution studies will be performed ex-

clusively on the BTF data.
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9.3.12.3 Description of data and calibration

For each triggered event, the output of the read-

out are the waveforms of the 25 channels, each

constituted by 384 samples. The signal ampli-

tude in each channel is defined as the maximum

of the waveform, extracted from a guassian fit

to the sampling distribution, subtracted of a

pedestal. For each crystal, the pedestal is calcu-

lated averaging the first 60 samples on a refer-

ence run. The pedestal-subtracted amplitude is

considered to be the measurement of an energy

deposit if it is above a threshold chosen to be

three times the noise fluctuation, whose value is

determined from a run taken with random trig-

gers where no signal is present.

After calibration, the energy released in the

whole matrix, the so-called cluster energy, esti-

mate of the energy of the electron that initiated

the shower, was estimated by summing all the

energy deposits in all crystals.

Figure 9.39: Comparison between data and MC
of the energy deposited in the MIPs
sample. The hypothesis that af-
ter the selection the beam is dom-
inated by pions is made.

At the CERN test beam hadrons traversing

the crystals horizontally were selected as Mini-

mum Ionizing Particles (MIPs) by requiring no

significant signal in the other crystals and a sig-

nal consistent with an hadron in the Cherenkov

detector. Profiting from the fact that MIPs re-

lease a constant amount of energy regardless of

their energy, the amplitude spectra of each crys-

tal was fitted to extract the most likely value.

After determining on the simulation the ex-

pected released energy in each crystal (Fig 9.40)

, the corresponding calibration constants could

be extracted.

At the BTF test beam, where no hadrons

were available, the relative intercalibration con-

stants were obtained on the electron sample it-

self. The relative cluster energy resolution was

minimized by floating a constant in front of

each crystal a part from the central one. The

overall energy scale was then determined from

the knowledge of the beam energy. This pro-

cedure was applied on a small fraction of the

runs where the electrons were approximately

500 MeV (the highest energy reached in the

tests) and the corresponding constants used in

all other runs. This intercalibration was also

cross-checked by means of cosmic-ray data ob-

tained with an ad-hoc trigger made of two plas-

tic scintillator pads positioned above and below

the crystal matrix(see Fig. ??). The channels

where there is a significant difference are those

where the electron data see very little energy

because they are far from the center of the ma-

trix. In such cases, that have little impact on

the resolution studies since they contribute lit-

tle to the total energy measurement, the MIPs

intercalibrations are used.
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Figure 9.40: Comparison between electron and
MIPs calibration at the BTF test
beam as a function of the crystal
number. Calibration constants are
referred to crystal 12 that is there-
fore by definition equal to unity.

9.3.12.4 Electronics noise measurements

The first information we could extract from the

data are the characteristics of the electronic

noise. From the signal distribution in a random

trigger run at the BTF we estimated (Fig. 9.41)

that a part from two channels, the noise is on av-

erage 2ADC counts. After applying the calibra-

tion, this noise corresponds to approximately

0.4MeV. To understand if there were resonant

components, the noise of each crystal i was an-

alyzed in the Fourier space, by estimating its

power spectrum from waveforms acquired with

a random trigger:

PSi(ωk) =< ni(ωk)n
∗
i (ωk) > . (9.3)

The estimated power spectrum of a represen-

tative channel is shown in Fig. 9.41, where it

can be seen that the dominant source of noise is

in the range 0-8 MHz, which corresponds to the

frequency bandwidth of the shaper. Sources of

noise occurring after the shaper give a negligible

contribution, while those occurring before are

filtered according to the shaper transfer func-

tion and dominate.

We investigated the presence of a possible cor-

relation between the noise observed on differ-

ent crystals. The correlation can be in principle

present, because the APDs in the matrix are bi-

ased by a unique power supply, and each Front

End board serves 5 crystals.

The covariance between crystals i and j has

been estimated as

COVij(ωk) =< ni(ωk)n
∗
j (ωk) > (9.4)

The magnitude of an element of these matrices

is the covariance between two crystals as usually

intended in the real domain, while the phase

is the relative time delay between them. As a

consequence the correlation is also a complex

quantity, which is defined as:

ρij(ωk) =
COVij(ωk)√

PSi(ωk)PSj(ωk)
. (9.5)

This study concluded that the noise correla-

tion is negligible, and that each crystal has an

independent noise source. The two crystals with

the highest correlation below 8 MHz were num-

ber 2 and 10, and the corresponding correla-

tion as a function of the frequency is shown in

Fig. 9.42. It can be seen that the correlation is,

on average, very small in the region of interest.
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Figure 9.41: Left: Noise RMS for each channel of the BTF test beam. Right: power spectrum of a
representative channel.
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Figure 9.42: Correlation between crystals 2 and 10 as a function of the frequency. The phase takes
random values when the magnitude is zero, when this happens its value should not be
considered.
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9.3.12.5 Temperature corrections

A temperature dependence of several percent

per degree is expected both in the light yield of

the LYSO crystals and in the gain of the APDs.

At the CERN test beam the position of the MIP

peak as a function of the temperature measured

by sensors places on the rear of the crystals has

been used to extract the temperature correction

(Fig. 9.43) : Ecorr = Eraw/(1 − p0 ∗ (T − T0))
where p0 = 2.8± 0.2× 10−3 and T0 = 34K. The

same figure shows also the effect of the correc-

tion.

Figure 9.43: Dependence of the measured en-
ergy on the temperature before
(black dots) and after (red squares)
correction.

This correction proved irrelevant at the BTF

test beam where the temperature was controlled

to better than 0.2oC

9.3.12.6 Algorithms and results

9.3.13 Alternatives

9.3.13.1 Pure CsI

Description

Performance, tests

Mechanical changes

Electronics changes

9.3.13.2 BGO

Description

Performance, tests

Mechanical changes

Electronics changes
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9.3.13.3 Hybrid Alternative

Table 9.3.13.3 is a comparison of the volume

and total cost of the scintillating crystals re-

quired for the forward endcap in several dif-

ferent configurations. The baseline design, em-

ploying LYSO crystals, contemplates complete

replacement of the existing mechanical struc-

ture. A new carbon fiber aveolar and associated

structure to mount the crystals on the doors of

the magnet is estimated in the SuperB TDR to

cost euro X.Y. The total cost of the endcap is

the sum of the crystal production and prepara-

tion costs, the photosensor readout and associ-

ated electronics, the mechanical structure, as-

sociated cooling and electronic services and the

calibration system. Thus the crystal cost is only

one component, albeit the largest, of the system.

There are nine rings of for crystals in the ex-

isting BABAR CsI(Tl) endcap structure. Com-

plete replacement of the CsI(Tl) requires 3600

LYSO or BGO crystals or 900 pure CsI crys-

tals. Table 9.3.13.3 shows the volume of crys-

tals required for complete replacement and the

estimated costs for these crystals, but does not

include the other mechanical or readout costs

listed above.

The table also lists three hybrid options, in

which a number of the outer CsI(Tl) rings of

the endcap are retained (since they are approxi-

mately at the same distance from the interaction

region as are the forward barrel crystals) and

the inner rings are replaced by LYSO crystals.

The retention of the existing BABAR mechanics

is intrinsic to this option, providing a substan-

tial additional savings. As the Moliére radius

of LYSO is one half that of CsI(Tl), four LYSO

crystals can be placed into one CsI(Tl) compart-

ment. If three CsI(Tl) rings are retained, the

required volume of LYSO is reduced by 40%.

Including the savings in mechanics, this repre-

sents a factor of two reduction in the cost of the

endcap. The volumes for replacement of four

and five of the nine rings are also included in

the table.

Option Number of New Crystal Cost/cc Crystal Cost

New Crystals Volume (cc) (M$)

LYSO full (baseline) 3600 330559 25.00 8.26

3 CsI(Tl) + 6 LYSO 2160 195590 25.00 4.89

4 CsI(Tl) + 5 LYSO 1760 156412 25.00 3.91

5 CsI(Tl) + 4 LYSO 1360 118672 25.00 2.97

Pure CsI 900 680140 7.35 5.00

BGO 3600 330000 9.00 2.97

Table 9.5: Comparison of crystal volume and
crystal costs for several forward end-
cap configuration options.

9.3.13.4 Comparison with baseline

Includes a brief discussion of other, discarded,

options
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Figure 9.44: The backward EMC, showing the
scintillator strip geometry for pat-
tern recognition.

9.4 Backward Calorimeter

The backward electromagnetic calorimeter for

SuperB is a new device with the principal in-

tent of improving hermeticity of the detector at

modest cost. Excellent energy resolution is not

a requirement, since there is significant mate-

rial from the drift chamber in front of it. Thus

a high quality crystal calorimeter is not planned

for the backward region. The proposed device is

based on a multi-layer lead-scintillator sampling

calorimeter with longitudinal segmentation pro-

viding capability for π/e separation. The design

is derived from the analog hadron calorimeter

for the ILC.

The backward calorimeter is located behind

the drift chamber starting at z= −1320 mm (see

Figure ??) allowing room for the drift cham-

ber front end electronics. The inner radius is

310 mm, the outer radius is 750 mm and its to-

tal thickness is less than 180 mm covering 12X0.

It is constructed from a sandwich of 2.8 mm

Pb plates alternating with 3 mm plastic scin-

tillator strips (e.g., BC-404 or BC-408). The

scintillation light of each strip is collected by

a wavelength-shifting fiber (WLS) coupled to a

photodetector located at the outer radius. The

scintillator strips come in three different ge-

ometries, right-handed logarithmic spirals, left-

handed logarithmic spirals and radial wedges.

This pattern alternates eight times. Each layer

contains 48 strips producing a total of 1152

readout channels. The strip geometry is illus-

trated in Fig. 9.44

The WLS fibers, Y11 fibers from Kuraray,

are embedded in grooves milled into the cen-

ter of the scintillator strips. Each fiber is read

out at the outer radius with a 1× 1 mm2 multi-

pixel photon counter (SiPM/MPPC) [?]. A mir-

ror is glued to each fiber at the inner radius to

maximize light collection. The SPIROC (SiPM

Integrated Read-Out Chip) integrated circuit

(IC) [?] developed for the ILC is used to amplify

and digitize the SiPM/MPPC signals, providing

both TDC (100 ps) and ADC (12 bit) capability.

Each ASIC contains 36 channels. Since these

ASICs were developed for SiPM readout, where

the intrinsic gain is much higher, an additional

preamplifier is coupled to the SiPM/MPPCs.

This has the advantage to place the SPIROC

ASICs at a convenient place in the detector

without introducing additional noise.
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9.4.1 Requirements

The main goal of the backward endcap EMC is

to record any charged or neutral particle. This

information is important for analyses that study

the recoil of a B meson fully reconstructed in

hadronic or semileptonic to reduce backgrounds.

In fact the detector can be used as veto device

to reject events in which neutral energy, not as-

sociated to the reconstructed B’s, is recorded in

the backward EMC. More detailed studies on

the backward device may also lead to the de-

cision of using it in the reconstruction process

and this may also enhance the reconstruction

efficiency, depending on the number of neutrals

contained in the B channels of interest. Fur-

thermore, the time-of-flight and energy loss via

ionization capability is useful to perform parti-

cle identification.

9.4.1.1 Energy and angular resolution

Since the backward EMC prototype is still in

the construction phase, presently no results on

energy resolution and angular resolution exist.

However, electromagnetic sampling calorimeter

prototypes with plastic scintillator strips and

tiles have been tested in test beams within the

CALICE collaboration [?]. The energy reso-

lution for the stochastic term is 15%
√
E and

for the constant term is around 1%. For the

CALICE analog hadron calorimeter which has

a non-optimized geometry for electromagnetic

showers, the stochastic term was measured to

be around 20%/
√
E. For low photon energies,

an additional noise term of ∼ 130 MeV/E con-

tributes. Thus, the backward endcap EMC is

expected to have a similar performance with a

stochastic term of 15− 20%/
√
E.

The left-handed logarithmic spirals are de-

fined by

x(t) = r exp b · t cos t− r (9.6)

y(t) = r exp b · t sin t (9.7)

(9.8)

For r = ro/2 = 37.5 cm and b = 0.2 eight left-

handed spiral strips overlap with eight right-

handed spiral fibers defining a specific tile-

shaped region. The radial strips overlap with

five left-handed (right-handed) spiral strips. In

the worst case the resolution is σr = σφ '
29 mm in the outer region. This is improved

to σr = σφ ' 12 mm in the inner region.
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9.4.1.2 Background rates

Present background simulations indicate that

the worst n rate in layer zero of the backward

IFR end cap is 3.5 kHz/cm2. The radiation

profile shown in Figure ?? indicates that the

worst rates for all energies of 3 kHz/cm2 occur

in the inner most region. In ten years of running

this amounts to 6.1× 109 n/mm2 in the region

near the inner radius. The background rates

drop by significantly towards outer radius. At

the the location of the photodetector, the rate

is reduced by more than a factor of 10. Fur-

ther simulation studies are needed, since due to

the high rate at the inner radius an occupation

problem may be present. To deal with this is-

sue one either subtracts a higher average back-

ground energy from each strip or divides the

strips into two segments at the cost of doubling

the number of photodetectors. The former solu-

tion will have an effect on the energy resolution

since the background energy deposit has a wide

distribution. The latter solution is preferable,

but is about $100k more expensive.

9.4.1.3 Radiation hardness

Irradiation of Si detectors causes the dark cur-

rent to increase linearly with flux Φ:

∆I = αΦVeffG, (9.9)

where α = 6 × 10−17 A/cmVeff ∼ 0.004 mm3,

Φ is the flux, Veff is the bias voltage and G is

the gain. Since the initial resolution of SiPMs

of ∼ 0.15pe is much better than that of other Si

detectors, radiation effects start at lower fluxes.

For example, at a flux Φ = 1010/cm2 the in-

dividual single pe signals are smeared out. The

MIP peak is still visible at Φ ∼ 1011n/cm2. The

number of observed hot spots and the noise rate

increase after irradiation of 3 × 109n/cm2. No

significant changes on the cross talk probabil-

ity and no significant change on the saturation

curves are observed. The main effect is an in-

crease in noise after exposure to high n dose.

Hamamatsu has produced news SiPM/MPPCs

with 20 µm × 20 µm and 15 µm × 15 µm,

which have lower detection efficiency due to

more boundaries and thus need a higher bias

voltage to compensate for losses. Figure ??

shows the detection efficiency as a function of

bias voltage for 15 µm×15 µm detectors before

and after irradiation. For the new detectors, sig-

nal/noise and the equivalent noise charge look

fine after irradiation. According to Eugenios

study the backward endcap EMC will record

109 nmm2 after 10 years operation. Thus, if the

25 µm×25 µm pixel SiPM/MPPC show a prob-

lem we switch to one of the new SiPM/MPPCs

with smaller pixel size.

9.4.1.4 Solid angle, transition to barrel

The backward endcap EMC covers a polar angle

region from to .
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9.4.2 Mechanical design

The 3 mm thick scintillator strips are cut in-

dividually from a scintillator plate. Thus, the

plate size and the cutting procedure need to

be carefully thought through to minimize the

amount of waste. For the spiral strips the least

waste and fastest production is obtained by fab-

ricating a mould. However, this approach may

be too expensive since the total number of spiral

strips is rather small. The preferred scintillator

material is BC 404 from St Gobain, since it has

the smallest decay time for TOF capability and

its emission spectrum is reasonably matched to

the Y11 absorption spectrum. The strip width

is 38 mm at the inner edge increasing to 98 mm

at the outer edge. The sides are painted with

a white diffuse reflector. Front and back faces

are covered with reflectors sheets (3M, Tyvec).

To restore uniformity, a pattern of black dots is

printed onto the white reflector sheets.

In the center of each strip, a 1.1 mm deep

groove is milled into which the 1 mm thick Y11

WLS fiber is inserted. At the outer edge of the

strip, the groove is cut a 0.4 mm deeper so that

the SiPM/SiPM/MPPC fully covers the fiber.

The SiPM/MPPC is housed in a small precisely

cut pocket. Especially fabricated fixtures out

of Teflon or Nylon will hold a strip. The fiber

groove at the outer edge is closed with a plug

at the position of the photodetector. The Y11

fiber is pressed against the plug and held with

a drop of glue. After removing the plug the

SiPM/MPPC is inserted and is glued onto the

Y11 fiber to match refractive indices. A mirror

is placed at the other end of the fiber to detect

the light that moves away from the photode-

tector. So tolerances in the length of the Y11

fiber are picked up at the mirror end. The strip

layout is shown in Figure ??.

To hold the strips in each layer in place

1.5 mm deep and 1 mm wide grooves are cut into

the lead plates. The shape of groove matches

that of the strip. A 3 mm thick and 1 m wide

and 550 mm long plastic strip is inserted into the

groove and is glued. This structure is strong

enough to hold the scintillator strips in place.

The calorimeter can be rotated by 90◦. This

is needed for operation with cosmic muons that

yield a MIP calibration and allows for testing

the calorimeter before installing it into the Su-

perB detector.

The entire calorimeter just weighs about 1300

Kg. An Al frame with a strong back will hold

the EMC backward EC layers. It has several

advantages (performance and costs) to build the

backward endcap as a single unit. This requires

the endcap to slide back on the beam pipe sup-

ported on the tunnel walls. It needs to be fixed

at the tunnel and is rolled in. Since the inner

radius is 31 cm, there is sufficient clearance for

pumps and other beam elements. The design of

this capability requires a detailed drawing of the

beam pipe and the position and size of machine

elements.

It is possible, however, to build the back-

ward endcap in two halves with a vertical split.

The impact of such a design is that ten strips

per layer have to be cut into two segments,

where the inner segments have to be read out

at the inner radius. This increases the num-

ber of channels by 240, requiring 240 additional

SiPM/MPPCs, seven extra SPIROC boards

and four extra calibration boards. This layout
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Table 9.6: Properties of Hamamatsu MPPCs

MPPC # cells C Rcell Ccell τ = Rc × Cc Vbreak down Vop Gain

type 1/mm2 [pF] [kΩ] [fF] [ns] [V] at T=23 C [V] at T=23 C [105]

15 µm 4489 30 1690 6.75 11.4 72.75 76.4 2.0

20 µm 2500 31 305 12.4 3.8 73.05 75 2.0

25 µm 1600 32 301 20 6.0 72.95 74.75 2.75

50 µm 400 36 141 90 12.7 69.6 70.75 7.5

will deteriorate the performance near the verti-

cal boundary. The effect needs to be studied in

simulations. This certainly adds extra costs at

the order of ∼ 20%.

9.4.2.1 Calorimeter construction

9.4.2.2 Support and services

.¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿¿

Each SPIROC board has !36*6 cables one mul-

tiplexed output (USB) to DAQ a low voltage

input for +5.5 V and -7.5V a high voltage

input 70V an electronic calibration input an

analog output Each calibration board has

!16*8 cables low voltage for LED 7V operating

voltage 6 PIN diode output 4 thermocouples

per layer !24*4 cables Total number of cables

108+128+96=332 cables ! area: 100*0.3 cm2

9.4.3 SiPM/MPPC readout

The photodetectors are SiPM/MPPCs from

Hamamatsu (type ) with a sensitive area of

1 mm × 1 mm holding 1600 pixels with a

size of 25 µm × 25 µm. These detectors are

avalanche photodiodes operated in the Geiger

mode with a bias voltage slightly above the

breakdown corresponding to 50 − 70 V provid-

ing a gain of a few 105. They are insensitive

to magnetic fields. Each pixel typically has a

quenching resistor of a few MΩ so they recover

within 100 ns. The efficiency is of the order

of 10 − 15%. Since the SiPM/MPPCs record

single photoelectrons, they are auto-calibrating.

They are non-linear requiring non-linearity cor-

rections for higher energies. The dynamic range

is determined by the number of pixels. The

properties of SiPM/MPPCs are listed in Table

9.6.

A concern with SiPM/MPPCs is radiation

hardness. Degradation in performance is ob-

served in studies performed for the SuperB IFR,

beginning at integrated doses of order 108 1-

MeV-equivalent neutrons/ cm2 [?]. This needs

to be studied further, and possibly mitigated

with shielding. Another alternative is look into

a different photodetector. Recently, Hama-

matsu has produced SiPM/MPPCs with pixel

sizes of 20 µm×20 µm and 15 µm×15 µm (see

Table ??). A CMS study shows that the perfor-

mance of these new photodetector deteriorates

only slightly after an irradiation of 1013n/cm2.
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9.4.4 Electronics

The signal of the SiPM/MPPC is first ampli-

fied with a charge-sensitive preamplifier then fed

into the auto-triggered, bi-gain SPIROC ASIC.

The SPIROC board has 36 channels. Each

channel has a variable-gain charge preamplifier,

variable shaper and a 12-bit Wilkinson ADC. It

allows to measure the charge Q from one pho-

toelectron (pe) to 2000 pe and the time t with

a 100ps accurate TDC. A high-level state ma-

chine is integrated to manage all these tasks au-

tomatically and control the data transfer to the

DAQ. The SPIROC ASIC was designed to sup-

ply the high voltage for the SiPM/MPPC. Using

a DAC, individual high voltages within ±5 V

can be supplied to each photodetector.

The SPIROC ASIC gives Gaussian signals

with no tails, shows excellent linearity and low

noise. 32 ASIC readout boards are needed to

read out the entire endcap. The boards are

mounted in two layers behind the endcap. The

first layer hold 20 boards and the second layer

the remaining 12 boards. Each board con-

nects to 36 SiPM/MPPCs via a ribbon cable

that were designed for ILC at a luminosity of

L = 1034cm−2s−1.

9.4.5 Calibration

An LED-based calibration system with fixed

LED intensities is used to monitor the stabil-

ity of strip-fiber-SiPM/MPPC system between

MIP calibrations, to perform gain calibrations,

determine intercalibration constants, and to

measure the SiPM/MPPC response functions.

This is necessary since the SiPM/MPPCs have

a temperature and voltage dependence of the

gain

dG

dT
∼ −1.7%/K (9.10)

dG

dV
∼ 2.5%/0.1V (9.11)

The temperature and voltage dependence of

measuring the charge of the scintillation signal

is

dQ

dT
∼ −4.5%/K (9.12)

dQ

dV
∼ 7%/0.1V (9.13)

Using the design of the calibration system for

the analog hadron calorimeter prototype, the

calibration system is based on an UV LED that

couples to 19 clear fibers, of which 18 fibers

transfer light to 18 strips and one fiber is read-

out by a PIN photodiode to monitor the LED

light. Twelve LEDs are mounted on each cal-

ibration board. The fibers are routed a the

outer edge. They are inserted into a hole in the

strip. Thermocouples distributed throughout

the outer edge of the endsap measure the tem-

perature which is recorded regularly together

with the voltage by a slow control system. After

PIN diode correction the stability of LED sys-

tem is < 1%. For the analog hadron calorimeter

a study is performed in which one fiber serves

several tiles by providing cuts at appropriate

postions so that the light is extracted there. If

this work it would reduce the number of fibers

and calibration boards considerably.

Since the CMB boards are too big to be

mounted at the outer radius of the endcap, new

boards need to be produced. Using the same

concept half-size boards with six LEDs are pro-

duced. If each LED couples to 19 fibers, 11

boards are sufficient.They can be mounted in
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Figure 9.45: Energy depositions in the scintil-
lators of the backward EMC from
mono-energetic photons of various
energies generated in front of the
EMC. See text.
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Figure 9.46: The backward EMC energy resolu-
tions, σE/E, where σE and E are
the Gaussian width and mean in
Fig. 9.45, as a function of gener-
ated photon energy.

two rings around the endcap. To avoid to small

bending radii LEDs from the right ring supply

strips to the left and LEDs from the left ring

supply strips to the right. So in total, 64 LEDs

and 64 PIN diodes are needed.

9.4.6 Backward simulation

Currently there only exists a simple backward

EMC model in GEANT4 simulation. The scin-

tillator and the lead are modeled. Each layer is

modeled with a complete disc without physical

segmentations in r-φ. The supporting structure,

fibers, electronics, and cables are not modeled

yet.

A GEANT4 simulation is performed to study

the energy resolution. We simplify the condi-

tions by ignoring the rest of the detector and

shoot mono-energetic photons perpendicular to

the face of the disc. All energy deposited in the

scintillator is collected. No clustering algorithm

is performed. Figure 9.45 shows the energy de-

position for five different energy photons, 100,

200, 500, 1000, and 2000 MeV. On average ap-

proximately 9.5% of the photon energy is de-

posited in the scintillator for 100 MeV photons.

This percentage drops to 9.0% for 2 GeV pho-

tons.

The energy resolution dependence on gener-

ated energy is shown in Fig. 9.46. It can be fit-

ted with the function σE/E = 10%
E(GeV)0.485

⊕ 6%.

In the fast simulation, the model does not sep-

arate lead from scintillator. It uses an artificial

material that approximates the overall density,

radiation length, interaction length and Moliere

radius of the mixture of lead and plastic. The

volume is divided into eight rings, each of which

is divided into 60 segments. We do not model

the logarithmic spirals and lead-scintillator lay-

ers to avoid complicated cluster reconstruc-

tion and longitudinal shower energy distribution

modeling. The energy resolution used in the fast

simulation is σE/E = 14%√
E(GeV)

⊕ 3%.
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9.4.7 Impact on physics results

Fast simulation studies have been performed to

investigate the performance gain achieved by

the addition of the backward calorimeter. The

channels chosen to evaluate the impact of this

device are B → τν and B → K(∗)νν̄, since they

are both benchmark channels for the SuperB

physics program, and two crucial ingredients for

their measurement are the neutral energy recon-

struction and the detector hermeticity.

The study of the leptonic decay B → τν is

of particular interest as a test of the Standard

Model (SM) and a probe for New Physics. The

presence of a charged Higgs boson (in e.g., a

Two Higgs Doublet Model) as a decay mediator

could significantly modify the branching ratio

with respect to the SM value, depending on the

Higgs mass and couplings [1]. A complemen-

tary search for physics beyond the SM can be

performed using B → K(∗)νν̄ decays [2]. Be-

ing mediated by a flavour changing neutral cur-

rent, these processes are prohibited at tree level

in the SM and the higher order diagrams may

receive contribution from non-standard mecha-

nism. Moreover, new sources of missing energy

may replace the neutrinos in the final state.

The aforementioned decays are challenging to

identify, as the final state contains more than

one neutrino and can only be partially recon-

structed. Signal events are selected using a re-

coil technique, where the signal B-meson (Bsig)

is identified as the recoiling system against the

other B in the event (Breco). The Breco are re-

constructed either in hadronic or semileptonic

decay modes, similar to the ones described in

Ref. [3]. The rest of the event is assigned

to the B → τν candidate if it is compatible

with one of the following decay modes of the

τ lepton: µνµντ , eνeντ , πντ , ππ0ντ , ππ0π0ντ ,

πππντ , ππππ0ντ . These final states cover about

95% of the total τ width, and have one (1-

prong) or three (3-prong) charged particles,

with the possible addition of a π0. Candidates

for the B → K(∗)νν̄ sample should be com-

patible with one of the following final states:

K∗+ → KS(π+π−)π+, K+π0, K∗0 → K+π−,

K+, KS → π+π− (semileptonic analysis only).

In the analyses with a K(∗) in the final state

further selection criteria are applied, using kine-

matical quantities related to the goodness of the

Breco and K(∗) reconstruction and event shape

variables testing the energy balancing in the

event and the presence of missing energy due to

the neutrinos in the final state. This stage of the

analyses is very similar to the ones in Ref. [3] for

the hadronic and semileptonic B → K∗νν̄, and

the one in Refs. [4] for the B → Kνν̄ semilep-

tonic analysis.

Besides the Breco and Bsig selection, the back-

ground is mainly rejected using the total neutral

energy in the detector of particles not associ-

ated with either B-meson, Eextra. Signal events

peak at low Eextra, while background events,

which contain additional sources of neutral clus-

ters, tend to be distributed at higher values.

The discriminating power of this variables ob-

viously increases with the calorimeter coverage.

For this analyses, two different quantity realted

to the neutral energy deposit have been cal-

culated: Eextrabrrfwd and Eextrabwd computed using

extra-photons reconstructed in both the Barrel

and Forward regions and in the Backward re-

gion only, respectively. Since Eextrabrrfwd is uncorre-

lated to Eextrabwd , in order to retain more statistics
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Title Other info

!0 resolution

• Shoot !0 backwards. Select one " in barrel, one " in the bwd EMC.

9

0.1 GeV < pπ < 0.3 GeV 0.3 GeV < pπ < 0.5 GeV

0.5 GeV < pπ < 0.7 GeV 0.7 GeV < pπ < 0.9 GeV

pπ0 (GeV) m (MeV) σ (MeV)
0.1–0.3 133.9 ± 0.4 23.6 ± 0.5
0.3–0.5 130.0 ± 0.2 18.1 ± 0.2
0.5–0.7 130.0 ± 0.2 15.4 ± 0.1
0.7–0.9 130.6 ± 0.2 13.8 ± 0.1

cf. resolution in barrel ~6 MeV
Figure 9.49: Invariant mass resolution of π0 →

γγ where one photon is detected at
the backward EMC.

the former is not used in the selection while the

latter is exploited when studying the backward

EMC impact. Its performances are evaluated

using the statistical precision, S/
√

S + B, where

S denotes the number of signal events surviving

the selection criteria, and B the number of back-

ground events from a BB̄ MC cocktail repre-

senting the main analysis background. The im-

pact of the backward EMC is quantified by cal-

culating the variation of the statistical precision

with and without applying a veto on the Eextrabwd

presence. The effect of background events su-

perimposed on the physics event, as described

in Sec.XXX, has been incorporated.

The results are summarized in Table 9.7 for

the B → K(∗)νν̄ and B → τν reactions. For

the hadronic B → τν channel, the change in

the figure of merit depend on the reconstructed

τ mode, while in the semileptonic analysis, the

different contributions are averaged over all τ

final states. The relative gain in S/
√

S + B is

between 3% and 10% depending on the recon-

structed signal mode. A 6% improvement on

the signal significance has also been observed.

The numbers in Table 9.7 can be translated

in precision on physical quantities. An exam-

ple is given in Figure 9.47, where the expected

precisions on the B → K+νν̄ and B → K∗νν̄

branching fractions evaluated as a function of

the integrated luminosity are shown. The yellow

band represents the theoretical prediction in the

SM framework from Ref. [1]. The points with

the red band errors are obtained by extrapolat-

ing the BaBar experimental results, taking into

account the improvement due to the lower boost

which results in a higher detector hermeticity.

The points with the black band errors are ob-

tained using the same method but considering

also the benefits from the usage of the backward

EMC as a veto device. For the B → K+νν̄

and B → K∗νν̄ the 3 σ significance for the ev-

idence is reached at 5 ab−1 and 51 ab−1, re-

spectively, while adding the backward EMC the

needed statistics to have the same sensitivity

lowers to 4.5 ab−1 and 42 ab−1, respectively.

In addition to acting as a veto device, the

backward EMC can also be used to improve

the π0 reconstruction efficiency. The γγ in-

variant mass resolution where one photon isre-

constructed in the backward endcap is around

24 MeV for 200 MeV/c π0 and about 13 MeV at

1 GeV/c (See, e.g., Fig. 9.49).

We evaluate the impact on the B recon-

struction efficiency using B− → D0π−, D0 →
K−π+π0. Events are separated into two groups:

the first uses only photons from the barrel and

forward endcap, while the second includes pho-

tons from the backward EMC with polar angle

between −0.96 < cos θ < −0.89 as well. The π0
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Table 9.7: Relative change in S/
√

S + B due to the usage of the backward EMC as veto device,
on B → K(∗)νν̄ and B → τν for semileptonic and hadronic recoil analyses. The first
uncertainty is statistical and the second systematic.

channel Semileptonic Hadronic

B → τν (6.1± 0.1− 0.7)% ' 3− 5%

B → K+νν̄ (5.8± 1.0− 0.6)% -

B → KSνν̄ (6.0± 0.4− 0.6)% -

B → K∗+(K+π0)νν̄
(7.0± 0.2− 0.7)%

(5.9± 2.5− 0.5)%

B → K∗+(KSπ
+)νν̄ (6.2± 2.1− 0.5)%

B → K∗0νν̄ (9.1± 0.4− 0.7)% (7.3± 1.8− 0.5)%

]-1Integrated Luminosity[ab
0 10 20 30 40 50 60 70 80

]
-6

 1
0

×
) 

[
ν ν

+
 K

→ 
+

B
R

(B

2.5

3

3.5

4

4.5

5

5.5

6

6.5

SM

SuperB baseline

SuperB with BWD EMC

]-1Integrated Luminosity[ab
0 10 20 30 40 50 60 70 80

]
-6

 1
0

×
) 

[
ν ν*

 K
→

B
R

(B
 

0

2

4

6

8

10

12

14

16

18

SM

SuperB baseline

SuperB with BWD EMC

Figure 9.47: Expected precision of the measurements of the branching fractions of (left) B → K+νν̄
and (right) B → K∗νν̄ evaluated as a function of the integrated luminosity. The yellow
band represent the theoretical expectation for the SM branching fraction, the black
(red) error bars represent the upper limits or the branching ratio measurements with
(without) bacward EMC.
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Figure 9.48: Left: Signal-to-background ratio with and without a backward calorimeter, as a func-
tion of the Eextra selection. Right: Ratio of the S/B ratio with a backward calorimeter
to the S/B ratio without a backward calorimeter, as a function of the Eextra selection.
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K/π separation

• With 100 ps resolution, we get more than 3σ separation for 
1GeV/c at the backward region, ~1.5σ for 1.5GeV/c.
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Figure 9.51: Kaon-pion separation versus mea-
sured momentum for different tim-
ing resolutions in the backward
EMC region. The finite separa-
tion for perfect timing resolution
is because measured momentum is
used.

mass window is defined as 120–145 MeV (100–

180 MeV) for the first (second) group. We select

D0 within 1.830 < mKππ0 < 1.880 GeV, and

−80 < ∆E < 50 GeV for B candidates. The

mES distribution is finally fitted to determine

the B reconstruction efficiency. We find that

including the backward calorimeter, the signal

efficiency increasesby nearly 4% in this particu-

lar channel (Fig. 9.50).

9.4.8 Impact on particle identification

Charged particles moving in the backward di-

rection typically have lower momentum, and

ionization loss and time-of-flight measurements

may therefore provide useful particle identifica-

tion information, e.g. for K/π separation.

A preliminary study is performed with fast

simulation, generating single kaons or pions

pointing towards the backward endcap. The

true arrival time at the first layer is smeared

with a Gaussian resolution as the measured

time. The velocity is calculated from the re-

constructed track path length and the measured

time K/π separation in terms of σ is extracted

using the mean and RMS of the velocity distri-

butions. This procedure includes uncertainties

from momentum measurement and path length

reconstruction. For example for 100 ps time res-

olution, Figure 9.53 shows K/π separation in

units of standard deviations as a function of

momentum. A separation of more than three

standard deviations (σ) can be achieved for mo-

menta up to 1 GeV/c and approximately 1.5σ up

to 1.5 GeV/c.

Since each layer measures the time distribu-

tion, 24 measurements will be averaged. In ad-

dition to timing, the ionization is measured in

each layer. For MIP-like particles, the aver-

age energy loss per layer is dEPb = 4.3 MeV

and dEsintillator = 0.6 MeV. A 0.5 GeV π is

at the ionization minimum, while a 0.5 GeV

K is below the minimum. For MIP particles,

the ionization loss in the 24 layers is DeltaE =

117 MeV. Since the energy loss below the

minimum increases with decreasing momenta as

1/β2, dE/dx measurements in the endcap can

be combined with the dE/dx information from

the SVT and DCH. Figure ?? shows the ioniza-

tion curves for e, µ, π,K and p as a function of

momentum. A > 3 σ K/π separation is achiev-

able for momenta up to 0.6− 0.7 GeV.

9.4.9 Discussion of task force
conclusions
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Figure 9.50: ∆E (left) and mES (right) of B− → D0π− with D0 → K−π+π0 reconstruction. Two
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K/π separation

• With 100 ps resolution, we get more than 3σ separation for 
1GeV/c at the backward region, ~1.5σ for 1.5GeV/c.
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Figure 9.53: Kaon-pion separation versus mea-
sured momentum for different time
resolutions in the backward EMC
region. The finite separation for
perfect timing resolution is because
measured momentum is used.
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9.5 Trigger

This is a reminder that we need a synopsis of the

EMC trigger somewhere in the EMC chapter,

although the detailed description will be in the

ETD chapter. It is to be determined whether

this should be in a separate section or merged

with the three sub-calorimeter sections.

9.5.1 Calorimeter readout trigger

9.5.1.1 Normal mode

9.5.1.2 Calibration mode

9.5.2 Calorimeter trigger primitives

9.6 Detector protection

Personnel ES&H will be elsewhere.

9.6.1 Thermal shock

9.6.2 Mechanical shock, including
earthquakes

9.6.3 Fluid spills

9.6.4 Electrical surges, outages

9.6.5 Radiation damage

Radiation exposure from Bhabha, Touschek and

beam-gas scattering is monitored by a set of

56 realtime integrating dosimeters (Rad-FETs)

placed in front of the barrel and 60 RadFETs

in front of the endcap. The accumulated dose,

measured by these RadFETs over the life of the

BABAR detector, along with the observed loss in

scintillation light output is shown in Figure[?],

separately for the endcap, the forward, and the

backward barrel of the calorimeter. The dose

over the life of SuperB is expected to be two

orders of magnitude greater.
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Figure 9.54: Left: Radiation dose as measured
by RadFETs in the BABAR barrel
and endcap. Right: Decrease in
light output with radiation dose for
the BABAR CsI(Tl) barrel and end-
cap.
These figures are placeholders;
we need higher quality copies.

9.7 Cost & Schedule

This will appear elsewhere.

9.7.1 WBS structure

9.7.2 Gantt chart

9.7.3 Basis of estimates

9.7.4 Cost and schedule risks
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