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Outline
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❖ Evolution of ECAL endcap response:

✦ LHC schedule and data-taking conditions after LS3

✦ effects of crystal transparency loss

✦ performance in high-pileup conditions


!

❖ Detector Phase-II upgrade options:

✦ Shashlik sampling EM calorimeter + HE rebuild


‣ LYSO


‣ CeF3

✦ High-granularity calorimeter (HGCal)
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Present ECAL configuration
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❖ Lead tungstate (PbWO4) homogeneous crystal calorimeter

✦ Barrel (EB):


‣ 36 supermodules, 
1700 crystals each


‣ |η|<1.48


‣ APD photodetectors

✦ Endcap (EE):


‣ 2 endcap sides, 
7324 crystals each


‣ 1.48 < |η| < 3.0


‣ VPT photodetectors

✦ Preshower (ES):


‣ sampling calorimeter 
(lead, silicon strips)


‣ 1.65 < |η| < 2.6

Barrel

Endcap

Preshower
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LHC schedule
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• a25 years of operation since installation instead of anticipated 10 years. 
• We will see that while the ECAL barrel will perform  well to 3000 fb-1,      

the ECAL endcaps must be upgraded at the end of LHC Phase I 

LHC and HL-LHC 
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Phase 1: E = 13-14 TeV  
L=1-2 ·1034 cm-2s-1 

<PU> a 40-60 
шϱϬĨď-1 per year 

by the end of Phase1 
300 - 500 fb-1 

  HL-LHC: 
L=5 ·1034 cm-2s-1 

<PU> a 140 events  
250 fb-1 per year    

by 2035 Æ 3000 fb-1 

Phase1 Phase2 

LS
2 LS1 LS3 

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035

LHC 
Run 1



Marco Peruzzi (ETH Zurich) Evolution studies of the CMS ECAL endcap response and upgrade design options for the HL-LHC
Monte Carlo estimation of the “absorbed dose” at CMS using FLUKA. Primary proton-proton collisions 
with an energy of 7TeV per beam. Inelastic collision cross section used for normalization is 80 mb. 
Used simulation cut offs: Hadrons 1 keV, Neutrons 0.01 meV, Photons 3 keV, Electrons 30 keV. Photons 
and Electrons have significantly higher cut-offs in some regions (heavy parts). The plot shows the 
dose absorbed in the calorimeters for an integrated luminosity of 3000.0fb-1. 
The EE, EB  are modeled with a single volume of  Lead Tungsten. The HE, HB are composed of brass 
and scintillating layers. The calculated dose corresponds to the dose absorbed in the implemented 
material. Any material not implemented in the geometry might have a different dose due material 
dependent interaction coefficients. 
FLUKA geometry version 1.0.0.0 corresponds to the situation prior to LS1, without the CASTOR 
detector. 
 20/09/2013 16 

Data-taking conditions
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F. Nessi-Tedaldi, ETH CALOR 2014, Gießen, April 8th, 2014 3 

  
Evolution of the response of the CMS ECAL
Options for the CMS ECAL endcap upgrade

High Luminosity LHC
Evaluation of the ECAL long term performance

Radiation environment
2012 Design HL-LHC

cms energy [TeV] 8 13 13

Luminosity [cm�2s�1] 7⇥1033 1⇥1034 5⇥1034

Int. Luminosity [fb�1] 23 500 3000
� dose rate 0.2 (EB) 0.3 (EB) 1.5 (EB)

[Gy/h] 4 (EE) 6.5 (EE) 30 (EE)

hadrons fluence 1.8⇥1010 (EB) 4⇥1011 (EB) 2.4⇥1012 (EB)

[cm�2 ] 1.4⇥1011 (EE) 3⇥1013 (EE) 1.8⇥1014 (EE)

Ionizing radiation Hadron fluence

Figure: MARS calculations.

I Expected up to
⇠ 5 times more
radiation during
HL-LHC.

I Radiation is
higher close to
the beam pipe.

Marco Lucchini Evolution of the response of the CMS ECAL IEEE/NSS N32 October 31, 2013 4 / 16

❖ Absorbed dose and hadron 
fluence significantly beyond 
design in HL-LHC conditions


❖ Strong radiation gradient 
as a function of |η|

Photon dose rate

Energetic hadrons 
fluence
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Transparency loss in Run 1
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❖ Crystal transparency 
loss mainly due to 
ionizing radiation 
which causes color 
centers to form 

❖ This component 
rapidly recovers 
when irradiation stops

❖ Laser light injection successfully used for monitoring  
the effect and correcting for it in Run 1 dataset
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PbWO4 radiation hardness
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❖ Crystal ionization damage recovers with time

❖ Hadron damage does not recover, and builds up during data-taking


✦ will become dominant as integrated luminosity increases

✦ causes band edge shift and transparency loss across the emission region

Correla/on%between%rela/ve%change%of%response%from%ECAL%monitoring%data,%observed%between%

6OSEPO11%(end%of%LHC%technical%stop)%and%4OOCTO11,%and%the%absorp/on%coefficient%%μ
std
%induced%

in%crystals%by%a%standard%γ%irradia/on%[1]%performed%during%Quality%Control:%one%entry%per%crystal,%

for%the%frac/on%of%crystals%in%the%ring%2.4%<%η%<%2.6,%where%this%informa/on%is%available.%

The%presence%of%a%correla/on%proves%that%a%frac/on%of%the%signal%loss%is%due%to%a%change%in%crystal%

transmission%from%ionizing%radia/on%damage.%

The%posi/ve%intercept%of%the%correla/on%hints%at%the%presence%of%a%frac/on%of%signal%loss,%

uncorrelated%with%μ
std%
,%which%could%be%caused%by%other%sources,%like%losses%in%VPT%response%or%

cumula/ve%losses%from%hadronOspecific%changes%in%crystal%transmission.%

[1]%The%CMS%ECAL%group,%P.#Adzic#et#al.,#2010#JINST#5#P03010#%
3%

Transparency loss 
during data-taking

Transparency loss measured 
during γ irradiation in quality control

Radiation damage  
to PbWO4 crystals 
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- - - PbWO4 emission  
spectrum 

Crystals are subject to two 
types of irradiation: 
� Gamma irradiation damage 

spontaneously recovers at 
room temperature. 

� Hadron damage creates 
clusters of defects which 
cause light transmission 
loss. The damage is 
permanent and cumulative 
at room temperature. 
Hadron damage causes 
band-edge shift at low 
wavelengths of the PbWO4 
emission spectrum (orange 
and red curves).   



Marco Peruzzi (ETH Zurich) Evolution studies of the CMS ECAL endcap response and upgrade design options for the HL-LHC

Evolution of ECAL resolution
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Contribution of ECAL ageing to the 
Higgs Æɶɶ  mass resolution 

2 

ECAL Endcaps 
response evolution 

� 

Simulation 50 GeV e- 
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  Evolution of progressive deterioration 
of ECAL response vs pseudorapidity 
(damage on photodetector included) 
 
Energy resolution for e/J is still 
acceptable with ECAL response 
greater than a 10% of the non-
damaged detector.  
• 500 fb-1: ECAL coverage to K<2.6 

(i.e. full TK fiducial area) 
• 1000 fb-1: ECAL coverage to K<2.3 
• 3000 fb-1: ECAL coverage to K<2.1 
 

� ECAL endcaps to be replaced after 500 fb-1  (during LS3) ❖ At very high integrated luminosities, the ECAL response 
is progressively degraded in the high-η region 

❖ Results in a strong loss of physics performance for |η|>2 
(transparency loss stays acceptable in the barrel region)


❖ Need for ECAL endcap replacement during LS3

10% residual 
light output
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Amplification of effective noise
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❖ Additional effect: amplification of effective noise

✦ Already observed during LHC Run 1

✦ Noise measured in ADC counts stays 

constant, amplified by per-crystal 
transparency correction factors


✦ Amplified noise in trigger tower readout prevents triggering 
on low ET electrons and photons in the endcap region

Ingredients for precision physics

Electrons and photons deposit energy over several

crystals (70% in one 97% in a 3⇥3 array), spread
in ', collected by “clustering” algorithms

Ee,� = G Fe,�
X

i

cisi(t)Ai

Ai : single channel amplitude, optimal filter in the time domain
si(t): single-channel time-dependent response corrections, via a dedicated laser

monitoring system

ci : inter-calibration of the single channel response, using physics: '- and
time-invariance of the energy flow in minimum-bias events, ⇡0, ⌘ ! �� and
Z ! ee invariant mass peak, electron E/p

Fe,� : particle energy correction (geometry, clustering, . . . )
G: global scale calibration, with Z ! ee events

Resolution, e�ciency and particle ID: Z ! ee

federico.ferri@cern.ch ICHEP 2014, Valencia, July 2-9 2014 6
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210

CMS Preliminary EE SLitrani + MARS Simulation
-1L=3000 fb

 = 2.5η

 = 2.0η

Amplification of noise per 
trigger tower after 3000 fb-1
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Beam Energy (GeV)
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Performance evolution

10

❖ Worsening of all terms of ECAL resolution:

✦ stochastic term from transparency loss

✦ amplification of noise term 
✦ effects from non-uniformity of light collection and 

non-linearity on the constant term 
❖ Evolution model checked in irradiated crystals

ECAL performance at Test Beams

⌅ Perfect calibration, no magnetic field, no material upstream, negligible
irradiation

Energy resolution

central impact, 3⇥3 barrel crystals:

�(E)

E
=
2.8%p
E
� 0.128

E(GeV )
� 0.3%

⌅ constant term to be kept ⌧ 1%
⌅ stochastic term also a↵ected by the
material upstream

Time resolution: constant term ⇡ 20 ps
⌅ from time di↵erence of crystals in the same e� shower

federico.ferri@cern.ch ICHEP 2014, Valencia, July 2-9 2014 4

Reference:

crystal matrix resolution 

in test beam data

Resolution 
after 500 fb-1

Resolution 
after 3000 fb-1
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Effect of pileup in ECAL
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Amplitude reconstruction at high PU 

4/07/14 Alexey Drozdetskiy 

" Shown: 
"  An example of a single 

crystal amplitude with in-
time and out-of-time pileup 
contributions 
"  At least 10 BX on the left for 

out-of-time pileup 
contribution were simulated 

" For illustration:  
"  In-time, out-of-time pileup 

contribution, “signal” shape 
change, pileup-subtraction 
options, etc. 

For&Run1&we&were&taking&average&of&three&for&
pedestal&subtraction.&In&high^pileup&that&
approach&would&not&be&optimal..

Pedestal level

❖ Energy deposition in ECAL crystals based on pulse shape

❖ Dynamic pedestal subtraction used to subtract the noise 

❖ With high pileup, overlapping energy deposits from adjacent bunch crossings

❖ Effect scales with detector occupancy:

➠ Main tool for fighting the effects of pileup is granularity
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Precision timing
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❖ Additional handle available: precision timing in ECAL

✦ identify photon clusters from pileup vertices

✦ identify pileup jets

✦ vertex choice in H￫γγ events 

❖ Resolution needed: 
20 - 30 ps  =  1 cm at vertex 
(contribution to γγ mass reconstruction comparable to energy measurement) 

❖ Generic R&D ongoing: 
direct measurement, or dedicated layer with MCP or fast Si sensor
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Calorimeter upgrade options

13

The two scenarios for the 
Endcap Calorimetry 

11 

� CMS plan is to replace the Endcap calorimeters in LS3 
 
SCENARIO 1: 
� Maintain present geometry 
� New EE and HE will remain  

stand-alone calorimeters. 
SCENARIO 2: 
� Fully replace EE and HE  

with a new EndCap Calorimeter  
system.  

� This opens the possibility  
of extended calorimetry  
coverage up to פǈ4 = פ 

 
 

 

HE 

EE K ~ 3�
K ~ 4�

❖ Requirements for HL-LHC:

✦ improved radiation hardness

✦ resilience to high-pileup 

❖ Options for ECAL + HCAL endcap 
calorimeters replacement in LS3: 

✦ Maintain current scheme, 
with separate EE and HE


‣ new detector technologies 

✦ Replace EE and HE with a new endcap calorimeter

Possibility for coverage 
extension up to |η|~4
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Shashlik option
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❖ Sampling calorimeter 
✦ radiation-hard inorganic 

scintillator (LYSO, CeF3)

✦ heavy absorber (W)

✦ light extraction through 

WLS fibers or capillaries

✦ ΔE/E ~ 10%/√E

3.5. Endcap Calorimetry Upgrades 83

3.5.2 Shashlik ECAL and HE-Rebuild HCAL3179

3.5.2.1 Shashlik system overview3180

The Shashlik concept has been considered by CMS for EM Calorimetry in the past and used3181

successfully in several other experiments including LHCb. The EE Shashlik structure proposed3182

here uses a very dense design to minimize the effects of pileup. The structure consists of al-3183

ternating layers of dense absorber and scintillating crystal tiles. Various materials have been3184

simulated using Standalone GEANT4 and Fastsim techniques, including W and Pb absorbers3185

and LYSO(Ce) and CeF3 scintillators. Of these, initial studies have indicated that the W/LYSO3186

Shashlik combination (Fig. 3.21) provides the best energy resolution, dimensional compact-3187

ness, and the highest light yield for electromagnetic calorimetry in the endcap/forward region.3188

The approach can provide 10%/
p

E performance and excellent potential for minimizing the3189

effects of pileup due to the small Molière radius (13.7mm) and compact module dimensions3190

of 14 ⇥ 14 ⇥ 114 mm3. The current conceptual design has depth of 24.4X0 at |h| = 2, which3191

can be further adjusted in the final design stage. The dimensional compactness of the Shashlik3192

structure and the GaInP photosensor readout also frees up 300 mm of longitudinal space for3193

augmentation of the Endcap Hadronic Calorimeter (HE) located behind, allowing that detector3194

to add new dense and instrumented absorber, and to effectively move it significantly closer to3195

the EM calorimetry and the intersection region. This also opens up the possibility for locating3196

additional detectors for example muon GEM detectors within the high-field region made avail-3197

able downstream of the HE. The elevation view of the resulting endcap calorimeter system is3198

shown in Fig. 3.22.3199

Figure 3.21: The EE Shashlik configuration based upon interleaved W and LYSO layers.
Twenty-nine LYSO crystals and twenty-eight W plates comprise the module. Four WLS quartz
capillaries are used to read out the scintillation light from the tiles. A central calibration fiber is
used for monitoring. (An alternative technology uses the same sampling structure and thick-
nesses, but has CeF3 replacing the LYSO.)

For hadron and jet measurements, the Shashlik provides the initial conversion (0.89l) and the3200

HE-Rebuild provides a deep (10l) and well-segmented and instrumented region in which jets3201

can be contained and measured.3202

The rebuilt HE would be made of brass with sampling using radiation resistant megatiles.3203

❖ Main challenges:

✦ radiation-hard fibers

✦ photodetectors

✦ light output after WLS

3.5. Endcap Calorimetry Upgrades 91

Figure 3.28: Left-hand side, a quartz capillary filled with a luminous core envisaged to be a
liquid WLS based on a quenched EJ309 solvent. Right-hand side, comparison of light transmis-
sion in quartz capillaries with J2 WLS before/after gamma irradiation. The light collection can
be further improved by mirroring the far end of the capillaries and blocking the core light. This
will serve to flatten the attenuation curves shown.

damage is enhanced by a design in which no photon produced in the crystal layers must travel3361

through a long region of radiation-damaged material. The strategy is to wavelength shift (WLS)3362

the crystal light output in a central WLS core of a “capillary” consisting of a quartz tube filled3363

with a WLS liquid. The wave-shifted photons are then transported primarily in the radiation-3364

hard quartz capillary to the photosensors rather than through WLS material alone, which is3365

less robust against radiation damage. This concept is shown schematically in the left side of3366

Fig. 3.28. For use with CeF3, Ce-doped quartz fibers are being developped [94], as an alternative3367

to capillaries.3368

Figure 3.28(right) shows a comparison of light transmission in quartz capillaries of outer diam-3369

eter of 1.2mm and core diameter of 0.4mm containing a quenched EJ309-base core liquid with3370

J2 wavelength shifter before and after exposure to gamma radiation. The structure provides3371

optical transmission over the needed length after 150Mrad of exposure, which corresponds to3372

the expected dose at h =3 for 3000 fb�1. The light collection as a function of distance from3373

the photosensors can be made more uniform by mirroring the far end of the capillaries and3374

blocking the core light. This will serve to flatten the attenuation curves shown.3375

The baseline radiation-tolerant photodetector for the Shashlik is a new device similar in concept3376

and performance to SiPMs but based upon GaInP technology. At present, GaInP pixel arrays3377

have been produced in various sizes, and low dark currents of a few pA have been achieved.3378

The pulses from the GaInP detectors (shown in Fig. 3.29) are robust and clean. Current R&D3379

is focused on reducing the pixel sizes of the devices to the preferred pixel size of 10µm or less,3380

and to further optimization of the device structures, both of which are needed to achieve the3381

design goals and allow the GaInP devices to be mounted directly on the Shashlik modules.3382

The initial measurements of radiation tolerance using electron beams are very encouraging,3383

suggesting radiation hardness has been achieved at a level approximately 100 times that of3384

the silicon-based photosensors. Further development is underway to suppressing tunneling3385

contributions to the dark current and further testing is planned with hadron irradiation.3386

3.5.2.3 The HE-rebuild calorimeter3387

3.5.2.3.1 Detector design The map of the doses expected in the HE region is presented in3388

Fig. 3.1. The radiation doses range from above 35 Mrad to below 1 krad. While it is possible to3389

define a single technology which is robust across this range of doses, it would be overly expen-3390
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Alternative scintillators

15

❖ Alternative scintillators 
under consideration:

✦ LYSO 
✦ CeF3
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never build up during normal running conditions  
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1 year after 
Φp = 2.1x1014 p/cm2 

ΔLO/LO = 11% 

❖ Lower hadron damage than PbWO4, 
or even capable of spontaneous recovery

Induced transparency loss 
after 24 GeV p irradiation
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G. Dissertori et al., 
Nucl. Instr. Meth. A 622 (2010) 41-48

G. Dissertori et al., 
Nucl. Instr. Meth. A 745 (2014) 1-6
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3.5.2 Shashlik ECAL and HE-Rebuild HCAL3179

3.5.2.1 Shashlik system overview3180

The Shashlik concept has been considered by CMS for EM Calorimetry in the past and used3181

successfully in several other experiments including LHCb. The EE Shashlik structure proposed3182

here uses a very dense design to minimize the effects of pileup. The structure consists of al-3183

ternating layers of dense absorber and scintillating crystal tiles. Various materials have been3184

simulated using Standalone GEANT4 and Fastsim techniques, including W and Pb absorbers3185

and LYSO(Ce) and CeF3 scintillators. Of these, initial studies have indicated that the W/LYSO3186

Shashlik combination (Fig. 3.21) provides the best energy resolution, dimensional compact-3187

ness, and the highest light yield for electromagnetic calorimetry in the endcap/forward region.3188

The approach can provide 10%/
p

E performance and excellent potential for minimizing the3189

effects of pileup due to the small Molière radius (13.7mm) and compact module dimensions3190

of 14 ⇥ 14 ⇥ 114 mm3. The current conceptual design has depth of 24.4X0 at |h| = 2, which3191

can be further adjusted in the final design stage. The dimensional compactness of the Shashlik3192

structure and the GaInP photosensor readout also frees up 300 mm of longitudinal space for3193

augmentation of the Endcap Hadronic Calorimeter (HE) located behind, allowing that detector3194

to add new dense and instrumented absorber, and to effectively move it significantly closer to3195

the EM calorimetry and the intersection region. This also opens up the possibility for locating3196

additional detectors for example muon GEM detectors within the high-field region made avail-3197

able downstream of the HE. The elevation view of the resulting endcap calorimeter system is3198

shown in Fig. 3.22.3199

Figure 3.21: The EE Shashlik configuration based upon interleaved W and LYSO layers.
Twenty-nine LYSO crystals and twenty-eight W plates comprise the module. Four WLS quartz
capillaries are used to read out the scintillation light from the tiles. A central calibration fiber is
used for monitoring. (An alternative technology uses the same sampling structure and thick-
nesses, but has CeF3 replacing the LYSO.)

For hadron and jet measurements, the Shashlik provides the initial conversion (0.89l) and the3200

HE-Rebuild provides a deep (10l) and well-segmented and instrumented region in which jets3201

can be contained and measured.3202

The rebuilt HE would be made of brass with sampling using radiation resistant megatiles.3203

LYSO design and test beam
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❖ Very compact and granular 
(RM~14 mm)


❖ 4 readout WLS fibers, 
1 fiber for light injection


❖ SiPM readout at both ends
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Figure 3.24: (Left) A photograph of the W/LYSO Shashlik 4x4 supermodule used in the 2014
beam test at Fermilab. (Right) Response of the W/LYSO Shashlik supermodule to 10 GeV
electrons.

modules. This is done with simulation and relies on an accurate model of the detector material.3307

Again the extended tracker should allow better measurements of detector material with con-3308

versions and hadronic interactions. Finally the absolute energy scale is set using Z to ee events.3309

The resolution of the Z peak in ee and µµg events can be used to validate the intercalibration3310

and energy corrections.3311

3.5.2.2.5 Triggering The L1 Trigger will be able to accommodate single crystal informa-3312

tion from the barrel ECAL and the single module information from the Endcap Shashlik detec-3313

tor using 10 GB/s optical links. Single Shashlik module information will be shipped off the de-3314

tector to an upgraded version of the present Trigger Concentrator Card (TCC, see Sec. 3.5.2.2.23315

above). It will gather the single crystal information, perform pedestal subtraction and gain3316

correction and provide calibrated single module energies to the L1.3317

3.5.2.2.6 Beam Tests Beam tests of Shashlik detectors are ongoing at Fermilab, Frascati3318

and soon at CERN in H4 and the PS. A supermodule containing 16 shashlik modules in a 4x43319

array is currently under test with muon, electron and pion beams at the MTest facility at Fermi-3320

lab. Analysis of the data is currently underway. The structure uses the W/LYSO configuration3321

of absorber and scintillation crystals shown in Fig. 3.21 above. For this initial testing, Kuraray3322

double clad WLS fibers and SiPM photosensors have been used for the readout. By fall 20143323

these will be replaced by WLS capillaries and GaInP photosensors currently under develop-3324

ment. The supermodule used in the test is shown in Fig. 3.24(left). When the array is used to3325

detect 10 GeV electrons, the response is shown in Fig. 3.24(right). A preliminary estimate of3326

the resolution is: s =
q

s2
sampling + s2

beam + s2
calibration  5.3% and we observe from our initial3327

measurements s = 4.5%, consistent with that expectation.3328

Beam tests of a W/CeF3 module read out with WLS fibers in a beam of 491.4 MeV electrons3329

at Frascati have also recently been completed. Figure 3.25(left) shows the structure and Fig-3330

ure 3.25(right) shows preliminary response to electrons. Multiple electrons interacting in the3331

structure can be resolved clearly and further data analysis is ongoing.3332

3.5.2.2.7 Timing The Shashlik pulse structure can provide precise timing information for3333

EM showers (electrons and photons). Given the significant photostatistics available from the3334

Shashlik, work is underway to exploit this property and extract a timing determination from3335

Data analysis on going 
Higher energy test beam scheduled at the end of october in the H4 area at Cern  

Prototype test beam 

13 

LYSO test beam in Fermilab: 
• 4x4 module prototype, 364 LYSO xtals 
• WLS readout at both ends with SiPMs  
• Laser calibration in central fiber  
• proton, electron and pion beams 
• beam energy up to 120 GeV 
 

CeF3 test beam in Frascati: 
• 10 x (3.1 mm W + 10 mm CeF3) 
• Scintillating fiber readout with PMTs  
• ��%*2�surrounding crystals 
• electron beam at 490 MeV  

May 21, 2014 Bob Hirosky 6Shashlik Working Meeting

Examples of 
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displays (over a run)

<===Single event 

shown with wave 
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||

||

V

Beginning of study to 

check inter-module 

calibration with

120 GeV protons 

beam

(E. Wolfe)

Example of matrix readout in test beam
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W-CeF3 sampling channel components 

F. Nessi-Tedaldi, ETH CALOR 2014, Gießen, April 2nd, 2014 22 

W-plates CeF3 samples 
produced by 
Tokuyama 

Dimensions: 
!  10 x (3 mm W + 1 cm CeF3) = 17 X0 as suitable for the 750 MeV e-  beam 

W-CeF3 channel  

Hamamatsu 
H6524 PMT 

NB: PMT and Kuraray 3HF single-clad 
fibers used for this test, not an option 
for HL-LHC calorimetry however 

!  Transverse size: 24 mm x 24 mm to 
optimize containment from 
surrounding, strongly tapered BGO 
crystals 

✦ CeF3 scintillating crystals, 
tungsten absorber plates


✦ Wavelength-shifting fibers on 
channel corners to extract light


✦ Test beam with BGO crystals 
for lateral shower energy containment

The concept: a simple geometry 

F. Nessi-Tedaldi, ETH CALOR 2014, Gießen, April 2nd, 2014 6 

!  Explore a concept that is mechanically simple, as it might 
help minimizing the costs and the construction complexity 

" Light extraction by WLS running along depolished chamfers 
 
 
 
 
 
 
 
 

passive absorber

heavy inorganic scintillator

wavelengthshifter

to photodetector

~ 25 X0

F. Nessi-Tedaldi, Proc. Calor 2014

Total energy spectrum 

CERN, May 27th, 2014 CMS ECAL upgrade meeting 20 

¾ Here showing the sum of the four fiber channels 
¾ Nicely gaussian single-electron energy spectrum 

All events 
+ single electron 
(Front Scintillator) 

+ hodo clustersX == 1 
+ hodo clustersY == 1 

Ȉ ADC channels Ȉ ADC channels Ȉ ADC channels 
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s 
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P. Meridiani et al., 
accepted for IEEE NSS 2014

CeF3 Testbeam 
Preliminary

1e

2e

3e
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❖ E-HG: 25 X0, 1 λ depth

• 10 Si layers separated by 0.5 X0


• 10 Si layers separated by 0.8 X0


• 10 Si layers separated by 1.2 X0


❖ H-HG: 3.5 λ depth

• 12 Si layers separated by 0.3 λ


❖ B-HG as HE rebuild, 5.5 λ depth

• finer granularity than current HE


!
❖ In total: ~ 9M channels, 600 m2 Si

HGCal option
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❖ Main challenges:

✦ number of channels, readout 

and event reconstruction

✦ electronics and cooling (-30 ºC)

3.5. Endcap Calorimetry Upgrades 101

Figure 3.36: Sketch of a possible structure. The E-HG has its front face at the same location as
the front face of the current EE. Directly behind it there is the H-HG, which is a 3.5 l silicon-
brass calorimeter. Behind that is a 5.5 l backing hadron calorimeter, which, since the radiation
levels are low, could use the same technology as the current HE.

❖ Planes of Si separated by absorber 
(Cu or brass) 

❖ Focus on very fine granularity and 
longitudinal segmentation for 3D 
shower profile reconstruction

E-HG

H-HG
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❖ E-HG: 25 X0, 1 λ depth

• 10 Si layers separated by 0.5 X0


• 10 Si layers separated by 0.8 X0


• 10 Si layers separated by 1.2 X0


❖ H-HG: 3.5 λ depth

• 12 Si layers separated by 0.3 λ


❖ B-HG as HE rebuild, 5.5 λ depth

• finer granularity than current HE


!
❖ In total: ~ 9M channels, 600 m2 Si

❖ Planes of Si separated by absorber 
(Cu or brass) 

❖ Focus on very fine granularity and 
longitudinal segmentation for 3D 
shower profile reconstruction

✦ ΔE/E ~ 20%/√E 

✦ 3D shower reconstruction
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Shielding

Printed 
Circuit Board

Si Sensors

Readout Chip Cu

Cooling pipe
Pb Stainless Steel

Air gap

Figure 3.38: Left: Module, consisting of printed circuit board, silicon sensor, and baseplate.
Right: Sketch of modules mounted either side of a copper and tungsten absorber/cooling plate,
showing the longitudinal arrangement in a double layer.

fluence expected where they are located. As mentioned previously, the cell sizes are adjusted3659

so as to limit the cell capacitance to about 50 pF. Table 3.5 shows the regions of the E-HG and3660

H-HG where the different active thicknesses are used, together with the maximum neutron3661

fluence expected after 3000 fb�1, the cell sizes, and the expected signal-to-noise ratio, S/N,3662

for a mimimum-ionizing particle signal, MIP, after 3000 fb�1. The regions are specified by3663

pseudorapidity, h, in the case of E-HG and by the radius, R, measured from the beam axis3664

in the case of H-HG.3665

Table 3.5: Silicon sensor arrangement: thickness of active silicon layer in E-HG and H-HG, with
the associated cell size and S/N for a MIP after an integrated luminosity of 3000 fb�1.

Thickness 300 µm 200 µm 100 µm
Maximum neutron fluence 6 ⇥ 1014 2.5 ⇥ 1015 1 ⇥ 1016

E-HG region 1.48 < |h| < 1.75 1.75 < |h| < 2.15 2.15 < |h| < 3.0
H-HG region R > 860 mm R < 860 mm –
Cell size (cm2) 0.9 0.9 0.45
Cell capacitance (pF) 33 50 50
S/N after 3000 fb�1 9.6 4.9 2.4
Si wafer area (m2) 368 192 97

The physical thickness of the silicon wafers will be 320 µm to allow production on high volume3666

commercial lines. The preferred sensor type is p-in-n, as this minimises the processing costs,3667

but n-in-p remains a possible alternative should it prove to be more radiation tolerant. The3668

sensors, and the cells, will be hexagonally shaped, so as to make best use of the wafer surface3669

(a factor 1.3 gain with respect to a square sensor), while providing a geometry that can be tiled.3670

For the sensor production we assume the timely availability of 8” production lines, so that a3671

full size hexagonal sensor will cover about 230 cm2.3672

Each sensor will be assembled into a module. The 300 and 200 µm active thickness sensors3673

form 256-channel modules, while the 100 µm sensors form 512-channel modules.3674

The front-end readout chips are 128-channel wide, and include an amplifier, a 40 MHz low3675

power ADC as well as logic for digital data handling. There will be either 2 or 4 such chips on3676
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❖ Data-taking conditions at the HL-LHC significantly beyond design 
in terms of instantaneous luminosity (radiation, pileup)


❖ Mechanisms of radiation damage to PbWO4 and other scintillating 
crystals studied in detail, evolution models validated in test beam data


❖ Challenges to physics performance:

✦ loss of transparency (loss of light output, increased effective noise)

✦ high pileup ￫ need for more granularity


❖ While barrel crystals can maintain good performance after LS3, 
the ECAL endcaps have to be replaced 

❖ Upgrade options under consideration (decision in ~ 1 year):

✦ Shashlik LYSO/CeF3 sampling ECAL + HE rebuild

✦ Silicon-based high-granularity endcap calorimeter
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in the regions 2.4 < h < 2.7 and 2.1 < h < 2.4 is expected by the end of 2016 and by mid 20182674

(the end of Run 2), respectively, and for 1.8 < h < 2.1 by the end of Run 3 (at the end of 2022).2675

A small degree of recovery is expected during periods of no beam, at the level of a few percent2676

of the initial loss.2677

The transparency of the VPT faceplates (UV borosilicate glass) decreases in the presence of2678

ionising radiation. The transparency loss for the glass batches used for faceplate production2679

was required to be less than 10% for a received dose of 20 kGy. Further faceplate tests have2680

been carried out with a Co60 source and with a 24 GeV proton beam for proton fluences up2681

to 4.3·1013 cm�2. All the indications to date show that the transparency losses are asymptotic2682

and level out at ⇠10%. The VPT faceplate transparency losses in the region 2.7 < h < 3.0 are2683

expected to saturate by the end of Run 2.2684

Another consideration of relevance for the signal loss in the endcaps is that the gain of the2685

VPTs cannot be further increased to compensate for the crystal light output reduction. The2686

VPT signal loss, even though of minor relevance with respect to the crystal radiation damage,2687

is taken into account in the ageing model described in Section 3.3.1.2688

3.2.1.4 Present ECAL Electronics and its longevity2689

Figure 3.6: The ECAL Barrel on-detector electronics. The Mother Board (MB)(not shown) con-
nects the APDs to the very front end card (VFE) which contains pulse amplification, shaping
and digitization functions. The VFE connects to the front end card (FE) which forms the trigger
primitives and contains a trigger latency buffer. The EE electronics have a similar architecture.

The present ECAL on-detector electronics is shown in Figure 3.6. Two APDs are mounted on2690

the rear face of the crystal and connected in parallel to form one readout per crystal. The APDs2691

are connected to the passive motherboard (MB) which distributes high voltage and low voltage2692

as well as interconnecting the APDs to the very-front-end (VFE) cards. Each VFE card has five2693

readout channels consisting of a multi-gain pre-amplifier (MPGA) with a 43 ns shaping time2694

and a 12 bit analogue to digital converter (ADC) (least significant bit 40 MeV). The digitized2695

signals from five VFE cards are passed to an FE card. The FE card forms the trigger primitive2696

for the 5x5 crystal array and contains a digital latency buffer and the primary event buffer.2697

The trigger primitive is the transverse energy deposited in a trigger tower and a single bit to2698

qualify the energy deposit along h. The trigger primitives are transmitted optically to a trigger2699

concentrator card in the underground service cavern. The per-crystal information is buffered2700
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Figure 3.19: A possible new architecture for the upgraded ECAL Barrel Electronics.

3.4.3 ECAL Barrel electronics upgrade3040

The ECAL barrel electronics will be replaced to meet the latency and bandwidth requirements3041

of the Phase 2 Level 1 trigger system. This upgrade will also allow the provision of individual-3042

crystal information to the Level 1 calorimeter trigger. The impact of this improvement is dis-3043

cussed in more detail in Section 3.4.4. By including the VFE in the ugprade, the pulse shaping3044

and sampling can be optimized to mitigate the increase in APD noise and pileup, as well as en-3045

hance online spike suppression and improve timing resolution. Finally it will reduce the risk3046

of using electronics designed for 10 years running and 500 fb�1 for 30 years and 3000 fb�1.3047

The APDs are connected to the VFE through a passive motherboard (MB). Neither the APDs3048

nor the MBs will be replaced as there is no identified concern with these items (from accelerated3049

ageing or irradiation tests to 3000 fb�1) which would justify the risk of disturbing the cooling3050

block and cooling system joints. The performance goals of the EB upgrade can be achieved3051

through the replacement of the VFE and FE cards, together with the associated low-voltage3052

distribution system and optical links.3053

Figure 3.19 shows a possible new architecture. The individual boards will follow the same3054

configuration and form factor as the present electronics shown in Figure 3.6 in order to fit into3055

the same physical space and use the existing services as far as possible.3056

The VFE will be upgraded to give more optimal noise performance and to help discriminate3057

against spikes using timing information. The shaping time will be made shorter to significantly3058

reduce the effective noise and out-of-time pileup effect. A shorter shaping time will allow bet-3059

ter discrimination between the different pulse shapes of signals from scintillation light in the3060

crystals and those from “spikes”. Shorter shaping time, combined with improved timing dis-3061

tribution, will allow to reach the asymptotic precision of the existing detector for large energy3062

hits [86]. This will also help in the determination of pulse arrival time for spike rejection, pileup3063

suppression and vertex association. Alternatively it may be possible to use charge integration3064

employing an evolved version of the QIE10 chip being used in the phase 1 CMS HCAL up-3065

grade [1] which also encorporates a TDC functionality. The increase in APD noise also means3066

that the least significant bit may increase and this will reduce the dynamic range requirement3067

on a new ADC.3068

In the original design of the present ECAL electronics it was planned to provide the trigger3069

ECAL barrel upgrade
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❖ Crystals capable of standing HL-LHC 
radiation environment in the barrel region 

❖ Damage to APD photosensors: 
increase of dark current 
✦ worsening of effective readout noise


✦ limited by lowering the temperature (￫ 8 ºC) 

❖ Upgrade of electronics to fit the new L1 trigger requirements

✦ single-crystal information available at L1

✦ improved spike rejection, time measurement 

Preliminary sketch 
of upgraded 
configuration


