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ECAL is crucial in CMS physics analysis
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Figure 13: Data points (black) and signal plus background model fits for all categories summed
(left) and where the categories are summed weighted by their sensitivity (right). The one stan-
dard deviation (green) and two standard deviation bands (yellow) include the uncertainties in
the background component of the fit. The bottom plot shows the residuals after background
subtraction.
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Figure 3: Distribution of the reconstructed four-lepton invariant mass m4` in the full mass range
(left) and the low-mass range (right). Points with error bars represent the data and stacked his-
tograms represent expected signal and background distributions. The SM Higgs boson signal
with mH = 125 GeV, denoted as H(125), and the ZZ backgrounds are normalized to the SM
expectation, whilst the Z+X background is normalized to the estimation from data. The order
in perturbation theory used for the normalization of the irreducible backgrounds is described
in Section 7.1. No events are observed with m4` > 1 TeV.

Table 1: The numbers of expected background and signal events and the number of observed
candidate events after the full selection, for each final state, for m4` > 70 GeV. The signal and
ZZ backgrounds are estimated from simulation, while the Z+X event yield is estimated from
data. Uncertainties include statistical and systematic sources.

Channel 4e 4µ 2e2µ 4`
qq ! ZZ 193+19

�20 360+25
�27 471+33

�36 1024+69
�76

gg ! ZZ 41.2+6.3
�6.1 69.0+9.5

�9.0 102+14
�13 212+29

�27
Z+X 21.1+8.5

�10.4 34+14
�13 60+27

�25 115+32
�30

Sum of backgrounds 255+24
�25 463+32

�34 633+44
�46 1351+86

�91
Signal 12.0+1.3

�1.4 23.6 ± 2.1 30.0 ± 2.6 65.7 ± 5.6
Total expected 267+25

�26 487+33
�35 663+46

�47 1417+89
�94

Observed 293 505 681 1479

in the VH-Emiss
T -tagged and ttH-tagged categories (empty star and square markers) have low

values of Dkin
bkg, implying that these events are more compatible with the background than the

signal hypothesis. The distribution of the discriminants used for event categorization and the
corresponding working point values are shown in Fig. 7.
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Excellent e/ɣ energy resolution 
Position measurement 
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CMS electromagnetic calorimeter (ECAL)
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Homogeneous and hermetic 
calorimeter 
Lead tungstate (PbWO4) as 
scintillating crystals (61200 in EB, 
7324 x 2 in EE)

Density: 8.28 g/cm3

X0 = 0.89 cm
Molière radius (RM) = 2.2 cm
Size: 2.2 x 2.2 x 23 cm (EB), 
2.86 x 2.86 x 22 cm (EE)
Granularity (EB): 360 in ϕ and 2 
x 85 in 𝜂 (0.0174 x 0.0174)

APDs/VPTs as photodetector
1% - 5% energy resolution for e/ɣ 
from Z/H boson

2014 JINST 9 C02008
Crystals in a

supermodule
Preshower

Supercrystals

Modules

Preshower

End-cap crystals

Dee

Figure 1. Schematic layout of the CMS electromagnetic calorimeter, presenting the arrangement of barrel
supermodules, endcaps and the preshower in front (left). Geometric view of one quarter of the ECAL (right).

compatible with the 40MHz interaction rate of the LHC). The crystals are arranged in a quasi-
projective geometry and distributed in a central barrel section (EB) covering the pseudorapidity
range |h | < 1.48, and two endcaps (EE) extending the coverage up to |h | = 3.0, as shown in
figure 1. The barrel crystals are 23cm long (⇠ 26 X0) and have a front-face cross section of
2.2⇥ 2.2cm2, while the endcap crystals are 22cm long (⇠ 25 X0), with a front-face cross sec-
tion of 2.86⇥ 2.86cm2. The crystal transverse size is comparable to the typical shower size in
PbWO4, which facilitates photon identification based on shower shape criteria. The main disad-
vantage of PbWO4 is its relatively low light yield, which requires the use of photodetectors with
internal amplification inside the 3.8 T axial magnetic field of CMS. Silicon avalanche photodiodes
(APDs, with an amplification factor of about 50) and vacuum phototriodes (VPTs, with an ampli-
fication factor of about 10) are used as photodetectors in the EB and EE respectively. The signal
from the photodetectors is amplified and shaped by the front-end electronics, and then digitized at
40MHz by a 12-bit analog-to-digital converter (ADC) on the front-end, providing a discrete set of
amplitude measurements. These are stored in a buffer until a Level-1 (L1) trigger is received. At
that time, the ten consecutive samples corresponding to the selected event are transmitted to the
off-detector electronics for insertion into the CMS data stream. Knowing the typical pulse shape
of each electronic channel, the signal amplitude (A) can be reconstructed [4]. Moreover, ratios of
sample amplitudes provide information about the timing of the signal with respect to the trigger [5].
A preshower detector (ES), composed of two layers of lead absorber (2 X0 and 1 X0) instrumented
with orthogonal layers of silicon strip sensors is placed in front of the endcaps (1.65 < |h | < 2.5)
to help with p0/g separation. Since the start of LHC operation, ECAL has run efficiently, with a
small fraction (about 1% in EB, 2% in EE, and 3% in ES) of non-operational channels by the end
of the first LHC running period (early 2013).

2.2 The ECAL performance with test beam data

The performance of the the calorimeter has been extensively tested with electron beams [6]. In a
beam test setup with no magnetic field or inert material in front of the calorimeter, the ECAL barrel
energy (E) resolution has been measured to be

sE

E
=

2.8%p
E[GeV]

� 12%
E[GeV]

�0.3%

– 2 –

TIPP 2017 2017/5/25

CMS Electromagnetic Calorimeter
• homogeneous, hermetic, compact, fine-grain 

PbWO4 crystal calorimeter

• density of 8.3 g/cm3

• short
 
radiation length 0.89 cm

• small Moliere radius 2.2 cm

• fast light emission : ~80% in ~25 ns

• refractive index = 2.2

• light yield spread among crystals 13% 
(RMS) from beam test 

• strengths :

• precise e/γ energy and position 
measurements

• good timing resolution 

• fast and efficient readout for online 
selection (DAQ and trigger)

3

Preshower (ES)

Barrel (EB)
Endcap (EE)

sub-
detector η-coverage read-out

channels X0

EB |η| < 1.48
61200 
crystals

~26

EE 1.48 < |η| < 3.0
14648 
crystals

~25

ES 1.65 < |η| < 2.6
137216 
Si strips

~3

Compact enough to fit inside the 
3.8T superconducting solenoid
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e/ɣ energy reconstruction
e/ɣ energy is reconstructed by the sum over all crystals in the 
supercluster (SC)

4

Ee,� = Fe,� ·G ·
X

i

Si(t) · Ci ·Ai

pulse amplitude

inter calibration 

laser monitoring

global scale

cluster corrections

Dynamic clustering algorithm:
Crystal size ~ RM => EM showers spread in several crystals
Basic clusters are extended in ϕ direction to form supercluster to recover 
further energy spread due to magnetic field + conversion of photons / 
bremsstrahlung from electrons 
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Time sample

pulse	amplitude	-	Ai

5

Each pulse from APD/VPT is 
digitized into 10 samples

Weight method (Run I)

Amplitude is a weighted sum of all 10 
samples

Multifit (Run II)

Contamination from out-of-time (OOT) 
pulses becomes more severe 
Multifit: pulse shape is modeled as in time 
pulse plus several OOT pulses (up to 9)
Minimizing 𝜒2 to get best in-time pulse 
amplitude 
Resolution improved w.r.t. Run I for e/ɣ 
reconstruction (substantial for low pT ones)

TIPP 2017 2017/5/25

Pulse reconstruction 
• When LHC runs with 25-ns bunch-spacing, the level of out-of-time (OOT) pile-up increases 

• to mitigate this effect → Multifit algorithm : pulse shape is modeled as a sum of one in-
time pulse pluses OOT pulses
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Time sample

• up to 9 OOT pulses (one per time sample)

• minimize χ2
 distribution for best description 

of the in-time amplitude 

• LHC isolated bunches are used to extract the 
pulse shapes (binned templates) periodically 

• baseline and electronic noise periodically 
measured from dedicated runs and used in the 
covariance matrix

• Minimization using non-negative least-squares : 
fast enough to be used both offline and online

BX = 0, -4, -1, +1, etc. fitted

χ2 =
10!

i=1

(
"M

j=1
Aj × pij − Si)2

σ2
Si

10 digitized signals are recorded 
and used for pulse reconstruction

25ns

Si

A2pi2

A1pi1

Ee,� = Fe,� ·G ·
X

i

Si(t) · Ci ·Ai



Zhicai Zhang 
CMS ECAL Run II & HL-LHC

response	changes	-	Si(t)	

6

Crystal transparency 
changes under radiation 
damage, and recovers 
through self-annealing 
during shutdowns 
A laser monitoring (LM) 
system is used to measure 
such response change 
Scan over all crystals in 
about 40 mins, and then the 
corrections are delivered in 
less than 48h for prompt 
reconstruction

Ee,� = Fe,� ·G ·
X

i

Si(t) · Ci ·Ai
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laser	monitoring	valida4on	-	Si(t)	

7

𝜋0 mass

Huge amount of data for fast feedback (every 
few mins)

A dedicated trigger with high rate (~ 10 
kHz) and small data size

RMS after LM correction (in 2017): 0.19% 
(EB) 

Ee,� = Fe,� ·G ·
X

i

Si(t) · Ci ·Ai
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laser	monitoring	valida4on	-	Si(t)	
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CMS 2015 Preliminary
 -1 = 13 TeV, L = 2.5 fbs

ECAL Barrel

Mean   1
RMS    0.001537
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Mean   1
RMS    0.001537
Mean   0.9401
RMS    0.006944
Mean   0.9401
RMS    0.006944

electrons from W/Z bosons

Ratio of energy E (measure by 
ECAL) to the momentum p 
(measured by tracker) to provide 
energy scale
RMS after LM correction (in 2015):  
0.15% (EB)

Ee,� = Fe,� ·G ·
X

i

Si(t) · Ci ·Ai
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single	channel	intercalibra4on	-	Ci	

9

)2 invariant mass (GeV/cγγ
0.08 0.1 0.12 0.14 0.16 0.18 0.2

2
 p

ai
rs

 / 
0.

00
4 

G
eV

/c
γγ

0

200

400

600

800

1000

1200
data

Signal + background

background only

ECAL Barrel Crystal

 (13 TeV)-12.5 fbCMSPreliminary 2017 Intercalibration

Relative calibration between channels; 
equalize their crystal+APD/VPT responses

Methods

ϕ-symmetry: equalize the average 
transverse energy in crystals at constant 𝜂 
𝜋0/𝜂 mass: iterative procedure to update 
the Ci which corrects the diphoton mass 
(one photon centered on crystal i)
E/p:  iterative method based on ECAL 
energy and tracker momentum for isolated 
electrons from Z/W decays

Ee,� = Fe,� ·G ·
X

i

Si(t) · Ci ·Ai
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Combination is weighted (by precision) mean of each method
 Precision (contributes to the constant term of final resolution): 

Run I: 0.3-0.5% in EB
Run II: 0.5-1% in EB

Ee,� = Fe,� ·G ·
X

i

Si(t) · Ci ·Ai
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supercluster energy correction - Fe,ɣ
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MVA technique

Supercluster energy containment:
Material budget before ECAL
Shower containment in supercluster: gaps, 
cracks between crystals …

MVA training with MC simulation 
Gen level energy known
Crystal coordinates and shower shapes as input
Electrons and photons are tuned separately due 
to their different behaviors (conversion, 
bremsstrahlung)

validation with Z->ee

Improvement on Z mass is demonstrated by using 
supercluster (vs. 5 x 5 cluster) and the MVA correction (vs. 
raw SC energy)

Ee,� = Fe,� ·G ·
X

i

Si(t) · Ci ·Ai

EB-EB

EE-EE
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4 4 Photon reconstruction and identification

resolution, the energy is corrected for the containment of the electromagnetic showers in the
clustered crystals and the energy losses of converted photons. The correction is computed with
a multivariate regression technique that estimates simultaneously the energy of the photon
and its median uncertainty. This regression is trained on simulated photons using as the target
the ratio of the true photon energy and the energy measured from the sum of the ECAL hits.
The inputs are shower shapes and position variables, preshower information, and global event
observables sensitive to pileup.

A multistep procedure has been implemented to correct the energy scale in data, and to deter-
mine the additional smearing to be applied to the reconstructed photon energy in simulated
events so as to reproduce the energy resolution observed in data. First the energy scale in
data is equalized with that in simulated events, and residual long-term drifts in the response
are corrected, using Z ! e+e� decays in which the electron showers are reconstructed as
photons. Then the photon energy resolution predicted by the simulation is made more realis-
tic by adding a Gaussian smearing determined form the comparison between the Z ! e+e�
line-shape in data and simulation (Fig. 1). The amount of smearing required is extracted differ-
entially in |h| (two bins in the barrel and two in the endcaps) and R9 (two bins).
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Figure 1: Comparison of the dielectron invariant mass distributions in data and simulation
(after energy smearing) for Z ! e+e� events where electrons are reconstructed as photons.
The comparison is shown requiring R9 > 0.94 for both photons and for (left) events with both
showers in the barrel, and (right) the remaining events. The simulated distribution is normal-
ized to the integral of the data distribution in the range 87 GeV< me+e� < 93 GeV.

4.2 Photon preselection

The photons entering the analysis are required to satisfy preselection criteria similar to, but
slightly more stringent than, the trigger requirements. The preselection requirements are:

• pg1
T > 30 GeV and pg2

T > 20 GeV, where pg1
T and pg2

T are the transverse momenta of
the leading (in pT) and subleading photons, respectively;

• a selection on the R9 variable and on shh – the energy-weighted standard deviation
of single crystal h (in crystal index) within a 5 ⇥ 5 array of crystals centered on the
crystal with maximum energy – to reject ECAL energy deposits incompatible with a

absolute	energy	calibra4on	-	G

12

The absolute energy scale 
calibration G is adjusted such 
that the fitted Z->ee peak in 
data agrees with that of the MC 
simulation

Z->ee events are also used to 
calibrate the 𝜂 ring dependence 
of the energy reconstruction

Ee,� = Fe,� ·G ·
X

i

Si(t) · Ci ·Ai

4 4 Photon reconstruction and identification

resolution, the energy is corrected for the containment of the electromagnetic showers in the
clustered crystals and the energy losses of converted photons. The correction is computed with
a multivariate regression technique that estimates simultaneously the energy of the photon
and its median uncertainty. This regression is trained on simulated photons using as the target
the ratio of the true photon energy and the energy measured from the sum of the ECAL hits.
The inputs are shower shapes and position variables, preshower information, and global event
observables sensitive to pileup.

A multistep procedure has been implemented to correct the energy scale in data, and to deter-
mine the additional smearing to be applied to the reconstructed photon energy in simulated
events so as to reproduce the energy resolution observed in data. First the energy scale in
data is equalized with that in simulated events, and residual long-term drifts in the response
are corrected, using Z ! e+e� decays in which the electron showers are reconstructed as
photons. Then the photon energy resolution predicted by the simulation is made more realis-
tic by adding a Gaussian smearing determined form the comparison between the Z ! e+e�
line-shape in data and simulation (Fig. 1). The amount of smearing required is extracted differ-
entially in |h| (two bins in the barrel and two in the endcaps) and R9 (two bins).
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Figure 1: Comparison of the dielectron invariant mass distributions in data and simulation
(after energy smearing) for Z ! e+e� events where electrons are reconstructed as photons.
The comparison is shown requiring R9 > 0.94 for both photons and for (left) events with both
showers in the barrel, and (right) the remaining events. The simulated distribution is normal-
ized to the integral of the data distribution in the range 87 GeV< me+e� < 93 GeV.

4.2 Photon preselection

The photons entering the analysis are required to satisfy preselection criteria similar to, but
slightly more stringent than, the trigger requirements. The preselection requirements are:

• pg1
T > 30 GeV and pg2

T > 20 GeV, where pg1
T and pg2

T are the transverse momenta of
the leading (in pT) and subleading photons, respectively;

• a selection on the R9 variable and on shh – the energy-weighted standard deviation
of single crystal h (in crystal index) within a 5 ⇥ 5 array of crystals centered on the
crystal with maximum energy – to reject ECAL energy deposits incompatible with a
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low bremsstrahlung electrons

15

corresponding to mH = 125 GeV for the best resolution category and also for all categories
combined together, weighted by the ratio S/(S + B), where S is the number of signal events,
and B the number of background events, in each category.

The efficiency times acceptance of the signal model as a function of mH for all categories com-
bined is shown in Fig. 9.
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Figure 8: Parametrized signal shape for the best resolution category (left) and for all categories
combined together and weighted by the ratio S/(S + B) (right) for a simulated H ! gg sig-
nal sample with mH = 125 GeV. The black points represent weighted simulation events and
the blue lines are the corresponding models. Also shown are the seff value (half the width of
the narrowest interval containing 68.3% of the invariant mass distribution), FWHM and the
corresponding interval.

8 Background model
The model used to describe the background is extracted from data with the discrete profiling
method [26]. This technique was designed as a way to estimate the systematic uncertainty
associated with choosing a particular analytic function to fit the background mgg distribution.
The method treats the choice of the background function as a discrete nuisance parameter in
the likelihood fit to the data.

A large set of candidate function families is considered, including exponentials, Bernstein poly-
nomials, Laurent series and power law functions. For each family of functions, an F-test [27]
is performed to determine the maximum order to be used, while the minimum order is deter-
mined by requiring a reasonable fit to the data.

When fitting these functions to the background mgg distribution, the value of twice the nega-
tive logarithm of the likelihood (2NLL) is minimized. A penalty is added to 2NLL to take into
account the number of floating parameters in each candidate function. When making a mea-
surement of a given parameter of interest, the discrete profiling method determines the overall
best 2NLL by considering all allowed functions for each value of the parameter.

Single electron energy resolutions are 
measured by relating them to di-electron 
mass resolution of Z->ee events

Recalibration gives us significant 
improvement
Precision at the level of Run I in low 𝜂 
region

Higgs mass resolution is a combination of the 
resolutions of photon energies and the 
opening angle



Zhicai Zhang 
CMS ECAL Run II & HL-LHC

challenges for HL-LHC

14

VBF	H→ɣɣ	with	200	PU	
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energy resolution of irradiated crystals

15

Energy resolution of irradiated 
PbWO4 crystals have been 
measured in test beam data with 
high energy electrons (10-150 GeV)
Radiation damage affects all three 
terms:

Stochastic: crystal light yield 
Noise: the noise term is 
amplified by the light output loss
Constant: non-uniformity of the 
light collection 
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The damage is quantified through the induced absorption coefficient, µIND, which is expressed
as a function of light wavelength l. It is defined as

µIND(l) =
1
`
⇥ ln

LT0(l)
LT(l)

, (2.1)

where LT0 (LT) is the Longitudinal Transmission value measured before (after) irradiation
over the length ` of the crystal. Generally, the value µIND at the peak-of-emission wavelength
(l = 420 nm) is quoted, unless otherwise stated.

Figure 2.1: Left: Light transmission curves of lead tungstate crystals after g and proton irradi-
ation. Overlaid (black dotted line) is the lead tungstate scintillation spectrum. Right: Linear fit
(red line) to the correlation between hadron fluence and the corresponding induced absorption
coefficient, from Ref. [22].

2.1.2.2 Extrapolation of crystal light output to HL-LHC

By the end of October 2016, the ECAL was exposed to radiation and particle fluences corre-
sponding to a total integrated luminosity of 74 fb�1, partly at

p
s = 7–8 TeV and partly at

13 TeV, as shown in Fig. 2.2 (left). The change of response to the laser monitoring light over
time is shown in Fig. 2.2 (right), where a recovery of the component due to ionising radiation
can be observed during LHC shutdown periods, as well as the onset of a residual, cumula-
tive signal loss that can be attributed to hadron damage. It is thus possible to extrapolate the
longevity of the ECAL barrel crystals at the HL-LHC in two different ways: one makes uses of
test beam exposures of irradiated crystals, and depends on simulations and parametrised mod-
els to obtain predictions. The other method is data driven: the high-h regions of the endcaps
have already been exposed to particle fluences similar to those that the EB will experience by
the end of HL-LHC running. The expected response loss in EB during HL-LHC can therefore
be obtained using existing monitoring data from the appropriate EE h region.

Test beam results have been obtained on hadron-irradiated matrices of crystals, and the corre-
lation between light output (LO) and the induced absorption coefficient is shown in Fig. 2.3.
The crystal damage has been modeled using FLUKA to estimate hadron fluences and g doses
in the CMS detector. The experimental results described above have been used for the attenu-
ation of the light transmission. A full simulation of the electromagnetic shower development
in the crystals has been performed with Geant4. The ray-tracing program SLitrani[29] models
the light output as a function of µIND. The g damage is simulated as a function of the instan-
taneous luminosity, assuming that a dynamic equilibrium between damage and recovery is
reached. The hadron damage has been simulated by modeling the values of µIND measured
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Everything before motherboard 
remain unchanged

APD colder (from 18℃ to 8℃) to 
mitigate radiation induced noise

VFE: similar, optimize shaping time 
& sampling, to reduce OOT pile-up, 
spikes, noise and improve timing
FE card becomes streaming 
readout, most processing off-
detector 
Trigger: single crystal trigger 
primitive vs current 5x5 for spike 
rejection and improved trigger 
performance

See talks from Gianni Mazza, Alexander Ledovskoy
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Figure 2. Gaussian width of the time difference between two neighboring crystals as a function of the
variable Aeff/sn, for test beam electrons with energies between 15 and 300 GeV. The equivalent single-
crystal energy scales for barrel and endcaps are overlaid on the plot.

Gaussian function with negligible tails for all amplitudes. The spread is defined as the sigma of the
Gaussian fit to the distribution and is parameterized, following eq. (3.1), as

s2(t1� t2) =
✓

Nsn

Aeff

◆2

+2C2 (3.2)

where Aeff = A1A2/
q

A2
1 +A2

2, with t1,2 and A1,2 corresponding to the times and amplitudes mea-
sured in the two crystals, and C being the residual contribution from the constant terms. The
extracted width is presented in figure 2 as a function of the variable Aeff/sn. The fitted noise term
corresponds to N = (35.1±0.2) ns. C is very small, C = (20±4) ps. For values of Aeff/sn greater
than 400, s(t) is less than 100 ps, demonstrating that, with a carefully calibrated and synchro-
nized detector, it is possible to reach a time resolution better than 100 ps for large energy deposits
(E >10–20 GeV in the barrel). As a crosscheck, the stochastic component was left free in the fit
and found to be S < 7.9 ns MeV

1
2 (90% C.L.), confirming that this term is negligible.

4 Synchronization between crystals

For each individual ECAL channel, the signals generated by particles originating from the interac-
tion point (IP) are registered with approximately the same value of Tmax, because their flight times to
the crystal do not change (up to small differences related to the precise position of the IP). Because
the time of flight varies across the ECAL by a few nanoseconds and there are different intrinsic
delays among channels, a crystal-to-crystal synchronization of the ECAL must be performed.

The ECAL front-end electronics allows adjustment of Tmax for groups of 5⇥5 channels in steps
of 1.04 ns. The determination of values for these adjustments is called hardware synchronization.
To take full advantage of the high precision of the ECAL time reconstruction, the value of Tmax

– 5 –

Upgrades for timing improvement
VFE with Trans-impedance Amplifier (TIA)
Faster ADC sampling rates: 40MHZ to 160MHZ

Promising intrinsic timing performance measured in test beam: 30ps resolution at A/σ = 250
HL-LHC start: σ ~ 100 MeV => 25 GeV photon
HL-LHC end: σ ~ 240 MeV => 60 GeV photon

See talk from Andrea Massironi



Zhicai Zhang 
CMS ECAL Run II & HL-LHC

energy resolution w/ vs. w/o upgrades

18

With the proposed 
upgrades, the energy 
resolution during HL-LHC 
will be maintained at the 
similar level of current Run II 

96 Chapter 3. Calorimetry
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Figure 3.21: (Left) Expected noise level in the ECAL Barrel versus integrated luminosity at
h = 1.45 if operating the detector at 18�C (red curves) or at 8�C (blue curve), with the present
electronics (continuous line, shaping time t =43 ns), or the upgraded electronics (dotted line,
shaping time t =20 ns). (Right) Energy resolution seff (E)/E for photons from the Higgs boson
decay for different integrated luminosities and pileup, showing the resolution improvement
provided by the upgrade to the barrel electromagnetic calorimeter (EB operated at 8�C and
shaping time t =20 ns).

the concentration of the primary dopant clearly decreases the light output of a non-irradiated
sample (self-absorption is in fact enhanced), but allows the sample to maintain a more-constant
light output after being irradiated.

To understand the effect of self-absorption over longer distances, 10x10x0.4 cm3 tiles were built
with over-doped plastic scintillator, equipped with Y11 fibers, and their light output (using
cosmic rays) compared with similarly sized SCSN-81 tiles. The light output is very similar,
thus demonstrating that over-doping is not affecting the light attenuation enough to be an
issue.

The replacement megatiles will be compatible with the Phase-I HCAL Upgrade front-end elec-
tronics and photodetectors[5]. It may be necessary to adjust the optical decoder units in the EB
readout modules to tune the segmentation depending on exactly which megatiles are replaced.
The Phase-I off-detector electronics may not be compatible with the full trigger bandwidth, but
the readout and trigger primitive generation capabilities will likely be merged with the ECAL
barrel off-detector electronics. The inclusion of the HB data represents only a 17% fiber capacity
increase (or a 10% bandwidth increase) for the EB electronics.

3.5 Endcap Calorimeter Upgrade
For an integrated luminosity of 3000 fb�1 and in the region h ⇠ 3, the electromagnetic calorime-
try near shower max will sustain integrated doses of 1.5 MGy (150 Mrads) and neutron fluences
of 1016 n/cm2. Integrated doses at the location of the front layers of the existing HE are expected
to reach 300 kGy (30 Mrads). At the same time, the effects of pileup will become ever more se-
vere, making the identification of electromagnetic objects more challenging and swamping the
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Excellent ECAL 
performance is 
achieved in Run II 
in a similar level as 
in Run I

Upgrades are 
needed to maintain 
the performance in 
HL-LHC
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