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Overview
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1. the LHC Run II data taking for CMS and the electromagnetic 
calorimeter 

2. a study of the Higgs properties in the diphoton decay channel: 
analysis of the structure of the couplings to gauge bosons W/Z (HVV)



How We Detect Photons: 
The ECAL Detector in the 

LHC Run II
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A Few Words About LHC: the Run II
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operations restarted in spring after a two-year long shutdown 
2015 was a year of commissioning to prepare for:

• higher energy: 13 TeV 
• higher luminosity: 1.4x1034 cm-2s-1

LHC: operation timeline
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April May June July August Sept. Oct. Nov.

April 10 
first beams at 13 TeV

April 5 
first circulating beam

LHC: operation timeline
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June 3 
stable beams: physics!

Aug. 3 
run at 25ns bunch spacing

Nov. 3 
end of proton run

luminosity ramp up 
data taking for physics

heavy ion run



The Run II CMS Dataset 
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18/11/2015

Data taking with magnet on: Golden Physics
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Golden JSON path 
/afs/cern.ch/cms/CAF/CMSCOMM/COMM_DQM/certification/Collisions15/13TeV/
Cert_246908-260627_13TeV_PromptReco_Collisions15_25ns_JSON.txt 
 
 NOTE: Green curve shows data recorded by CMS for standard physics analysis:  

runs taken with special HLT menu and short runs are not included 

Data good for physics analysis:
 79% of recorded data  

Run2 physics guiding principle

Cross section boost at 13 TeV enhances the discovery potential for massive
objects. Few 100 pb−1 can already be a discovery dataset for some specific
models.
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loss of data due to problems 
with the cryogenic system for 
the superconductive magnet 

the Higgs production cross   
section doubles at √s = 13 TeV

still, 2015 datasets are not 
sufficient for rediscovery

for Higgs studies:



2nd November 2015 2A. Massironi - CMS ECAL

OutlineOutline

 The CMS electromagnetic calorimeter (ECAL): characteristics and physics case

 ECAL calibration, inter-calibration and response monitoring versus time

 Run I and news from Run II

 The High-Luminosity LHC

CMS Electromagnetic Calorimeter in a Nutshell
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2nd November 2015 5A. Massironi - CMS ECAL

 Energy resolution from test beam

ECAL energy resolutionECAL energy resolution

 Energy of electrons/photons

A
i
 = amplitude response

S
i
(t) = time-dependent corrections

C
i
 = inter-calibration among crystals

G = ADC to GeV

E
ES

 = preshower energy

F
e,g = cluster corrections

photon

cluster

super-cluster

electron

s
stat

 ~ 2.8%

s
noise

 ~ 128 MeV

c ~ 0.3 %

longitudinal non-uniformity of light collection 

and environmental stability
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Crystals in a

supermodule
Preshower

Supercrystals

Modules

Preshower

End-cap crystals

Dee

Figure 1: Layout of the CMS ECAL, showing the barrel supermodules, the two endcaps and
the preshower detectors. The ECAL barrel coverage is up to |h| = 1.48; the endcaps extend the
coverage to |h| = 3.0; the preshower detector fiducial area is approximately 1.65 < |h| < 2.6.

ation in 2010 and 2011 at a centre-of-mass energy
p

s = 7 TeV with integrated luminosities of
36 pb�1 and 4.98 fb�1, respectively. The LHC bunch spacing was 50 ns throughout this period.
After a brief description of the CMS ECAL (Section 2) we summarize its status during 2010 and
2011 (Section 3), paying particular attention to the quantities influencing the energy resolu-
tion. Section 4 describes the monitoring and calibration techniques employed, whilst Section 5
describes the energy resolution achieved. The energy resolution, estimated from the analysis
of Z-boson decays into electrons, is compared to Monte Carlo (MC) simulation. The energy
resolution for photons relevant to the H ! gg analysis is discussed.

2 The CMS electromagnetic calorimeter

The CMS ECAL (Fig. 1) [1, 6] is a homogeneous and hermetic calorimeter containing 61200 lead
tungstate (PbWO4) scintillating crystals mounted in the barrel (EB), closed at each end by end-
caps (EE) each containing 7324 crystals. A preshower detector (ES), based on lead absorbers
equipped with silicon strip sensors, is placed in front of the endcap crystals, to enhance pho-
ton identification capabilities. Avalanche photodiodes (APDs) [11, 12] and vacuum phototri-
odes (VPTs) [13] are used as photodetectors in the EB and EE respectively. The high-density
(8.28 g/cm3), short radiation length (X0 = 0.89 cm), and small Molière radius (RM = 2.2 cm)
of PbWO4 allow the construction of a compact calorimeter with fine granularity. The PbWO4
properties were improved during a long R&D project in collaboration with the producers in
Russia (BTCP in Bogoroditsk) and China (SIC in Shanghai), leading to the mass production of
optically clear, fast, and radiation-tolerant crystals [14, 15].

The PbWO4 crystals emit blue-green scintillation light with a broad maximum at wavelengths
420–430 nm. The quantum efficiency and surface coverage of the photodetectors are such that
a particle depositing 1 MeV of energy in a crystal produces an average signal of about 4.5 pho-
toelectrons both in EB and EE. The stability of the temperature and of the photodetector gain
are critical for an accurate determination of the energy deposited in the crystals, as described in
Section 3. The crystals have to withstand the damage to the crystal lattice caused by radiation

• homogeneous compact hermetic  fine 
grain PbWO4 crystal calorimeter 

• designed for excellent energy resolution 

• crucial for reconstruction of many 
physics objects: electrons, photons, jets, 
missing transverse energy  

• crucial for the identification of the Higgs 
to diphoton decay

electromagnetic 
shower



Crystal Response Evolution

• radiation damage, more significant in proximity of 
the beam (high pseudorapidity region in EE): 

• loss of transparency of crystals (no change in 
scintillation response)
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monitored by a 
system of laser 

lights and 
corrected for 

in reconstructionComplete ÷ History

Amina Zghiche

CEA/IRFU-Saclay(FR)

- 26/27 -

Ecal Calibration

Workshop oct. 15, 2015

developed at CEA/
Saclay

recovery after the 
long shutdown



Detector Commissioning
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known SM particles serve as 
“standard candles” to test the 
performance of the detectorObject commissioning: e, γ, τ , MET (CMS)
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The dielectron invariant mass 
spectrum with 13 TeV data
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CMS DP2015/013



A Couple of Events @ 13 TeV
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1 TeV electron-positron pair

Featured events @ 13 TeV

! 1 TeV electron-positron

! MET = 9.2 GeV (!!!!)

! 5.4 TeV di-jet
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Featured events @ 13 TeV: 1 TeV di-electron

! 1 TeV electron-positron

! MET = 9.2 GeV (!!!!)

! Textbook event!
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5.4 TeV dijet pair



Study of the Higgs Boson 
Properties in the Diphoton 

Decay Channel 
at √s = 8 TeV
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The Higgs Studies
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Fig. 18 Local p-values as a function of mH for the 7 TeV, 8 TeV, and
the combined dataset. The values of the expected significance, calcu-
lated using the background expectation obtained from the signal-plus-
background fit, are shown as dashed lines

uncertainty which must be included when the full uncertainty
in the number of background events in any given mass range
is estimated. The excess of events over the background expec-
tation visible near mγ γ = 125 GeV can be seen more clearly
after subtraction of the background component, shown in the
lower plot.

11.1 Significance of the signal and its strength

The local p-value quantifies the probability for the back-
ground to produce a fluctuation as large, or larger, than the
apparent signal observed, within a specified search range and
uncorrected for the “look-elsewhere effect” [89]. Figure 18
shows the local p-value, in the mass range 110 < mH <

150 GeV, calculated separately for the 7 and 8 TeV datasets
as well as their combination. Lines indicating the p-values
expected for a SM Higgs boson, for the three cases, are also
shown. The values of expected significance have been cal-
culated using the background expectation obtained from the
signal-plus-background fit, the so-called post-fit expectation.
The post-fit model corresponds to the parametric bootstrap
described in the statistics literature [90,91], and includes
information gained in the fit regarding the values of all param-
eters, including the best-fit mass.

The significance of the minimum of the local p-value, at
124.7 GeV, is 5.7σ where a local significance of 5.2σ is
expected from the SM Higgs boson. To better visualize the
excess of events, with respect to the background expectation,
and its significance, the diphoton mass spectrum is plotted
with each event used in the analysis weighted by a factor
depending on the category in which it falls. The weight is
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Fig. 19 Diphoton mass spectrum weighted by the ratio S/(S + B)
in each event class, together with the background subtracted weighted
mass spectrum

proportional to S/(S+ B), where S and B are the numbers of
expected signal and background events, respectively, counted
in a mass window corresponding to ±1σeff and centred on
mγ γ = 124.7 GeV. The background is calculated from the
signal-plus-background fit. The motivation for this choice
of weights is explained in Ref. [92]. The weighted data, the
weighted signal model, and the weighted background model
are normalized such that the integral of the weighted signal
model matches the number of signal events obtained from
the best fit. The resulting distribution, and the corresponding
background subtracted spectrum, are shown in Fig. 19.

The signal strength is quantified by µ = σ/σSM , where
σ/σSM denotes the production cross section times the rele-
vant branching fractions, relative to the SM expectation. In
Fig. 20 the combined best-fit signal strength, µ̂ , is shown as
a function of the Higgs boson mass hypothesis, both for the
standard analysis (top) and for the cut-based analysis (bot-
tom). The two analyses agree well across the entire mass
range. In addition to the signal around 125 GeV, both anal-
yses see a small upward fluctuation at 150 GeV, which is
found to have a maximum local significance of just over 2 σ
at mH = 151 GeV —slightly beyond the mass range of our
analysis.

The best-fit signal strength for the main analysis, when the
value of mH is treated as an unconstrained parameter in the
fit, is µ̂ = 1.14+0.26

−0.23, with the corresponding best-fit mass
being !mH = 124.7 GeV. The expected uncertainties in the
best-fit signal strength, at this mass, are +0.24 and −0.22.
The values of the best-fit signal strength, derived separately

123

http://arxiv.org/abs/1407.0558

diphoton channel has a 
crucial role:

• excellent mass resolution (thanks to 
ECAL and reconstruction algorithms) 

• low background

• tens of analyses with a common goal: determine the properties of the 
boson discovered in 2012 

• so far all results (signal strength, spin, couplings…) are consistent with 
the SM predictions 

• an update of the studies at a center-of-mass energy of 13 TeV is 
expected for the end of the year: stay tuned!
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The HVV Couplings http://arxiv.org/pdf/1309.4819v3.pdf
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FIG. 1: Illustrations of H particle production and decay in pp or e+e− collision gg/qq̄ → H → ZZ → 4ℓ± (left), e+e−(qq̄) →
Z∗ → ZH → ℓ+ℓ−bb̄ (middle), or e+e−(qq′) → e+e−(qq′)H → e+e−(qq′)bb̄ (right). The H → bb̄ decay and HZZ coupling are
shown as examples, so that Z can be substituted by other vector bosons. Five angles fully characterize the orientation of the
production and decay chain and are defined in the suitable rest frames.
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V

H

FIG. 2: Illustration of an effective HV V coupling, where V = Z,W,γ, g with H decay to two vector bosons (left), associated
H production with a vector boson (middle), and vector boson fusion (right).

We build upon our previous analysis of this problem described in Refs. [7, 8]. Techniques developed there are
well-suited for measuring HV V anomalous couplings since these couplings affect angular and mass distributions and
can be constrained by fitting observed distributions to theory predictions. However, such multi-parameter fits require
large samples of signal events that are currently not available. Nevertheless, it is interesting to study the ultimate
precision on anomalous couplings that can be achieved at the LHC and a future lepton collider since the expected
number of events can be easily estimated.
We organize the rest of the paper as follows. In Sec. II we briefly review parameterization of the HV V vertex.

In Sec. III we discuss Monte Carlo (MC) and likelihood techniques, since they provide the necessary tools for the
experimental studies. In Sec. IV we explore various approaches to anomalous couplings measurements and summarize
the precision that is achievable at different facilities. We conclude in Sec. V. Additional details, including discussion
of the matrix element method and methodology of the analysis, can be found in Appendices.

II. PARAMETRIZATION OF THE SCATTERING AMPLITUDES

Studies of spin, parity, and couplings of a Higgs boson employ generic parameterizations of scattering amplitudes.
Such parameterizations contain all possible tensor structures consistent with assumed symmetries and Lorentz invari-
ance. We follow the notation of Refs. [7, 8] and write the general scattering amplitude that describes interactions of
a spin-zero boson with the gauge bosons, such as ZZ, WW , Zγ, γγ, or gg

A(XJ=0 → V V ) =
1

v

!

g1m
2
V
ϵ∗1ϵ

∗
2 + g2f

∗(1)
µν f∗(2),µν + g4f

∗(1)
µν f̃∗(2),µν

"

. (1)

In Eq. (1), f (i),µν = ϵµi q
ν
i − ϵνi q

µ
i is the field strength tensor of a gauge boson with momentum qi and polarization

vector ϵi; f̃ (i),µν = 1/2ϵµναβfαβ is the conjugate field strength tensor. Parity-conserving interactions of a scalar
(pseudo-scalar) are parameterized by the couplings g1,2(g4), respectively. In the Standard Model (SM), the only non-
vanishing coupling of the Higgs to ZZ or WW bosons at tree-level is g1 = 2i, while g2 is generated through radiative
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Decay Vertex Production Vertex

Vector Boson Fusion 
(VBF)

http://arxiv.org/pdf/1411.3441.pdf

published measurement in 
H>ZZ /H>WW channels

decay into diphoton
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in Section 4. The exclusion of exotic spin-one and spin-two scenarios is shown in Section 5.
Finally, for the spin-zero scenario, comprehensive studies of the tensor structure of HVV inter-
actions are presented in Section 6. The results are summarized in Section 7.

2 Phenomenology of spin-parity and anomalous HVV interactions
The production and decay of H is described by its interactions with a pair of vector bosons
VV, such as ZZ, Zg, gg, WW, and gg, or with a fermion-antifermion pair. The relevant phe-
nomenology for the interactions of a spin-zero, -one, and -two boson, as motivated by earlier
studies [27, 28, 30–32, 52], is presented below.

2.1 Decay of a spin-zero resonance

The scattering amplitude describing the interaction between a spin-zero H and two spin-one
gauge bosons VV, such as ZZ, Zg, gg, WW, or gg, includes three invariant tensor structures
with the coupling parameters aVV

i that can have both real and imaginary parts and in general
are form factors which can depend on the squared Lorentz invariant four-momenta of V1 and
V2, q2

V1 and q2
V2. In the following, the terms up to q2

V are kept in the expansion under the
assumption of small contributions from anomalous couplings

A(HVV) ⇠
"

aVV
1 +

kVV
1 q2

V1 + kVV
2 q2

V2�
LVV

1
�2

#
m2

V1e⇤V1e⇤V2 + aVV
2 f ⇤(1)µn f ⇤(2),µn + aVV

3 f ⇤(1)µn f̃ ⇤(2),µn, (1)

where f (i)µn = e
µ
Viq

n
Vi � en

Viq
µ
Vi is the field strength tensor of a gauge boson with momentum qVi

and polarization vector eVi, f̃ (i)µn = 1
2 eµnrs f (i),rs is the dual field strength tensor, the superscript ⇤

designates a complex conjugate, mV1 is the pole mass of the Z or W vector boson, while the cases
with the massless vector bosons are discussed below, and L1 is the scale of BSM physics and is
a free parameter of the model [30].

In Eq. (1), VV stands for ZZ, Zg, gg, WW, and gg. The tree-level SM-like contribution cor-
responds to aZZ

1 6= 0 and aWW
1 6= 0, while there is no tree-level coupling to massless gauge

bosons, that is aVV
1 = 0 for Zg, gg, and gg. Small values of the other couplings can be gener-

ated through loop effects in the SM, but their SM values are not accessible experimentally with
the available data. Therefore, the other terms can be ascribed to anomalous couplings which
are listed for HZZ, HWW, HZg, and Hgg in Table 1 . Among those, considerations of symme-
try and gauge invariance require kZZ

1 = kZZ
2 = � exp(ifZZ

L1), kgg
1 = kgg

2 = 0, k
gg
1 = k

gg
2 = 0,

kZg
1 = 0 and kZg

2 = � exp(ifZg
L1). While not strictly required, the same symmetry is considered

in the WW case kWW
1 = kWW

2 = � exp(ifWW
L1 ). In the above, fVV

L1 is the phase of the anomalous
coupling with LVV

1 , which is either 0 or p for real couplings. In the following, the ZZ labels
for the ZZ interactions will be omitted, and therefore the couplings a1, a2, a3, and L1 are not
labeled explicitly with a ZZ superscript, while the superscript is kept for the other VV states.

The parity-conserving interaction of a pseudoscalar (CP-odd state) corresponds to the aVV
3

terms, while the other terms describe the parity-conserving interaction of a scalar (CP-even
state). The aVV

3 terms appear in the SM only at a three-loop level and receive a small contribu-
tion. The aVV

2 and LVV
1 terms appear in loop-induced processes and give small contributions

O(10�3–10�2). The dominant contributions to the SM expectation of the H ! Zg and gg de-
cays are aZg

2 and agg
2 , which are predicted to be aZg

2 ' �0.007 and agg
2 ' 0.004 [62]. Anomalous

couplings may be enhanced with BSM contributions and generally acquire a non-trivial depen-
dence on Lorentz invariant quantities and become complex. The different contributions to the

SM scalar coupling pseudoscalar



Studies in H>(ZZ)4l and H>(WW)2l2ν
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6.1 Study of HZZ couplings with the H ! ZZ ! 4` channel 43
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Figure 21: Expected (dashed) and observed (solid) likelihood scans using the template method
for the effective fractions fL1, fa2, fa3 (from top to bottom) describing HZZ interactions. Plots
on the left show the results when the couplings studied are constrained to be real and all other
couplings are fixed to the SM predictions. The cos fai term allows a signed quantity where
cos fai = �1 or +1. Plots on the right show the results where the phases of the anomalous
couplings and additional HZZ couplings are left unconstrained, as indicated in the legend.
The fa3 result with fa3 unconstrained (in the bottom-right plot) is from Ref. [12].

http://arxiv.org/pdf/1411.3441.pdf

H>(ZZ)4l 
spin-0 assumption 

(and real couplings)

• the H>(ZZ)4l channel is the most 
sensitive, the final state can be fully 
reconstructed 

• maximum likelihood fit to disentangle 
signal/background and different 
signal hypotheses 

• several theoretical models are 
considered, and 11 coupling 
parameters for the spin-0 hypothesis  

• all compatible with the SM prediction

whole Run I dataset
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MELA 
(Matrix Element 

Likelihood Analysis)

differential cross-sections for the different 
processes, combined into discriminants
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• the diphoton invariant mass is the most effective variable  

‣ simultaneous maximum likelihood fit of the diphoton mass 
spectrum in all regions together  

‣ determine the best-fit value of the coupling parameters

~ 10 events from VBF 
~ 5 events from ggH 

expected yields in all 
regions (SM) in 8 TeV 

data sample:

example
estimated sensitivity comparable 

with existing public results
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• the first year of the LHC Run II at higher center-of-mass energy is 
concluded 

• all CMS subdetectors have been recommissioned to operate in the 
new conditions, including ECAL, in which CEA/Saclay is strongly 
involved 

• the Run II data are not sufficient yet for a Higgs rediscovery, but large 
datasets are expected for 2016. first results with the available 
luminosity will be delivered by the end of the year 

• a measurement of the anomalous HVV couplings in the diphoton 
channel has been designed using Run I datasets  

• the sensitivity seems promising, comparable with that of the published 
analyses in other channels (not approved by the collaboration yet)
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B. Intercalibrations and energy scale238

Relative calibration of the crystals (parameter Ci in Eqn. 3)239

is obtained from LHC collisions data. These intercalibration240

constants (IC) are calculated using several independent meth-241

ods, and the resulting constants are combined to provide242

one number per crystal. These methods include the use of243

azimuthal symmetry of the energy flow in minimum bias244

events (“� symmetry”), the invariant mass of photon pairs from245

⇡0 and ⌘ decays, and the E/p ratio of isolated electrons from246

W ! e⌫ and Z ! e+e� decays.247

The �-symmetry method is based on the equalization of248

the average energy measured in different channels located at249

a constant value of ⌘. It employs a dedicated data stream with250

a reduced event information. The stream records a high rate251

of events (⇠1.5 kHz) and the method achieves a statistical252

precision of better than 0.2% (0.4%) in EB (EE) for a typical253

LHC fill. The accuracy of the method is limited to few percent254

by systematic uncertainties in the distribution of material in255

front of the ECAL. Since this uncertainty does not vary with256

time, the method can be used to track possible time variations257

in the IC values. In 2012 a drift of the ICs was observed258

compatible with uncertainties in the LC due to the spread of259

the value of ↵ in Eqn. 4. These variations are propagated to the260

final calibration, in time intervals of approximately one month.261

For 2015 a reoptimization of the thresholds is foreseen in order262

to cope with the different signal / noise ratio. This stream is263

not expected to be degraded by the higher pileup, since a larger264

number of interactions per BX corresponds to a higher rate of265

minimum bias events available for this calibration method.266

The ⇡0 mass method is based on the reconstruction of the267

peak in the spectrum of the invariant mass of unconverted pho-268

ton pairs from ⇡0 and ⌘ decays. The photons are reconstructed269

using the energy sum in a 3⇥ 3 matrix of crystals centred on270

the crystal with the highest energy deposit, and an iterative271

method is used to determine the IC value of each channel. It272

employs a dedicated data stream with high rate( ⇠ 7 kHz) and273

reaches a precision of 0.5% in the central barrel (|⌘| < 0.8).274

This precision is dominated by systematic uncertainties. In275

2015 with the higher pileup foreseen, the use of the pileup276

subtracted local reconstruction together with a retuning of the277

pi0/⌘ selections as a function of ⌘ are expected to maintain the278

same precision in the central barrel region and improve it in279

regions that were statistically limited in 2012 (e.g. in the region280

|⌘| � 2 where only ⌘ decays were used). Moreover, the use of281

particle-flow clusters [10] will be exploited to benefit from282

the better cluster calibrations and identification capabilities283

possible in the HLT.284

The E/p method is based on the comparison of the energy285

measured in the ECAL (Eqn. 3) to the momentum measured286

by the tracker for isolated electrons, and an iterative procedure287

is used to extract the IC value for each channel. The method288

uses the full 2012 dataset and in the central barrel the precision289

reaches the systematic limit of 0.5%, while for |⌘| > 1 the290

statistical contribution is the limiting factor.291

The combined intercalibration was obtained from the mean292

of the individual intercalibration constants at a fixed value of293

eta, weighted by their respective precisions. In the region |⌘| >294
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Fig. 4. Precision of the calibration coefficients as a function of |⌘|, for the
barrel (a) and the endcaps (b). The precisions of the different methods and of
their combination are reported.

2.5, beyond the tracker acceptance, the E/p method can not 295

be used and the high pileup prevents the reconstruction of the 296

invariant mass peak from ⇡0 or ⌘, therefore only the ICs from 297

the �-symmetry are available. The precision of the different 298

methods and of their combination is reported in Fig. 4: it is 299

⇠0.3% (⇠0.7%) in the central (outer) barrel, and ⇠1.5% in 300

the endcaps. 301

The relative calibration of the ⌘ rings (⌘ scale) is obtained 302

from the invariant mass of Z ! e+e� decays, selecting a 303

sample of non-showering electrons. The ⌘ scale is set to match 304

the expectation from Monte Carlo simulations. The overall 305

energy scale G is set, separately for EB and EE, such that the 306

reconstructed Z peak in data matches that in the Monte Carlo. 307

For LHC Run II the Z ! e+e� decays will be also 308

exploited to provide per-crystal intercalibration constants by 309

employing an invariant mass constraint on the di-electrons. 310

Preliminary studies indicates that this can improve the ac- 311

curacy of the calibration in the endcap region covered by 312

the tracker and it can also be extended to the region above 313

|⌘| = 2.5 by reconstructing one of the two electrons using 314

only the calorimetric information. 315
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IV. ENERGY RESOLUTION AND SCALE316

THE energy resolution for electrons and photons plays317

a crucial role in the search for the Higgs boson with318

electromagnetic final states, and in particular for the search319

in the Higgs decays channel H! ��. The accuracy of the320

calibration directly contributes to the energy resolution with321

a dilution factor 0.7 due to the sharing of the energy among322

different channels.323

Figure 5(a) shows the measured energy resolution for elec-324

trons from Z ! e+e� decays plotted as a function of |⌘|325

for 2012 data. The resolution is affected by the amount of326

material in front of ECAL (which increases beyond |⌘| > 1)327

and the presence of cracks between modules (vertical lines in328

the plot). The resolution is shown for two sets of intercalibra-329

tion constants: initial calibration constants derived from early330

2012 data (grey points) and with calibration constants derived331

from all 2012 data (blue points). The resolution improves332

significantly when the full 2012 dataset is used, especially in333

the endcaps. This indicates that regular calibration is needed334

to optimise the energy resolution of ECAL, and this will also335

be required in Run II.336

Figure 5(a) also shows the resolution expected from Monte337

Carlo simulations (red points). The residual discrepancy be-338

tween data and Monte Carlo is accounted for by adding in339

quadrature a constant Gaussian smearing to the electron and340

photon energy in the Monte Carlo events. Figure 5(b) shows341

a comparison of the energy resolution of 2012 data with the342

tuned simulation.343

Several improvements to the ECAL simulation have been344

made from detailed comparisons with Run I data, and these345

will be used by default in the Run II simulations. Firstly a346

run-dependent simulation has been developed which mimics347

the evolving conditions, in terms of pileup, noise due to348

the radiation-induced increase of the APD dark current in349

the barrel (which increases the level of electronic noise) and350

crystal transparency losses. Figure 6 illustrates the evolution351

of the dark current measured for the barrel APDs operated352

at gain 50 and kept at 18�C. The run-dependent Monte Carlo353

(not shown in Fig. 5) has been used to derive the results of the354

search of the Higgs bosons in the decay channel H! �� [3].355

The amount of material between the interaction point and356

the ECAL affects the energy resolution for photons that357

convert in the tracker, and for electrons that shower. Thus to358

achieve a good estimate of the energy resolution an accurate359

description of the tracker material budget in the simulation360

is needed. With LHC Run I data it has been possible to361

improve the measurement of the amount of material in front362

of the ECAL, mostly due to the tracker. Methods using the363

energy loss of charged tracks, the energy loss of electrons,364

the comparison between collisions taken with and without365

magnetic field, and the ratio between the energy deposits in366

the preshower and the corresponding clusters in the endcaps367

have been developed. These data-driven methods indicate more368

material than predicted by MC in the region |⌘| ⇠ 0.4 and369

in the region |⌘| > 1. The independent methods agree, and370

these measurements are combined to adjust the distribution of371

material in the MC, in order to match the observed data.372
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the ECAL Barrel (2 APDs are installed on each crystal). The plot shows the
average dark current measured per channel as a function of time. The colors
indicate different eta regions of the ECAL barrel. The delivered luminosity is
also shown.
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tuned simulation 
(addition of Gaussian smearing)

4 2 The CMS electromagnetic calorimeter

expected throughout the duration of LHC operation. The expected integrated ionizing dose in
the ECAL is up to 4 kGy in the barrel and 200 kGy at |h| = 3 after 10 years of LHC operation
corresponding to an integrated luminosity of 500 fb�1 [6]. The expected hadron fluence varies
between about 1013 cm�2 in the barrel and 1014 cm�2 at |h| = 3. The main observable effect of
the radiation is a wavelength-dependent loss of crystal transparency but without changes to
the scintillation mechanism [16]. A second effect of the radiation is that the VPT response de-
creases with accumulated photocathode charge to a plateau [17]. Radiation does not affect the
gain of the APDs but in large doses induces dark currents which cause small reductions in the
bias voltage at the APDs if not compensated for. In order to measure and correct for response
change during LHC operation, the ECAL is equipped with a light monitoring system [18, 19].

The EB crystals have a truncated pyramidal shape and are mounted in a quasi-projective geom-
etry, to minimize inter-crystal gaps aligned to particle trajectories. The geometric construction
of the EE is based on a right-sided crystal with two tapering sides. The EB uses 23 cm long
crystals with front face cross sections of around 2.2 cm⇥2.2 cm, whilst the EE comprises 22 cm
long crystals with front face cross sections of 2.86 cm⇥2.86 cm. In the EB the crystals are orga-
nized in 36 supermodules, 18 on each side of the beam interaction point, and provide 360-fold
granularity in f and 85-fold granularity in each eta direction up to |h| = 1.48. Each supermod-
ule is made up of four modules along h. The EE extends the coverage to |h| = 3.0, with the
crystals arranged in an x-y grid to form an approximately circular shape. The ES fiducial area
is approximately 1.65 < |h| < 2.6. The ES contains two active planes of silicon strip sensors
and associated mechanics, cooling and front-end electronics. The sensors have an active area
of 61 mm⇥61 mm, divided into 32 strips. The planes closer to the interaction point have their
strips aligned vertically while the farther plane strips are horizontal, to provide accurate posi-
tion measurement and fine granularity in both coordinates. Electron and photon separation is
possible up to |h| = 2.5, the limit of the region covered by the silicon tracker.

The ECAL barrel energy (E) resolution for electrons in beam tests has been measured to be [20]:

sE

E
=

2.8%p
E(GeV)

� 12%
E(GeV)

� 0.3%, (1)

where the three contributions correspond to the stochastic, noise, and constant terms. This
result was obtained reconstructing the showers in a matrix of 3⇥3 crystals where the elec-
tron impact point on the calorimeter was tightly localized in a region of 4 mm ⇥4 mm to give
maximum containment of the shower energy within the 3⇥3 crystal matrix. The stochastic
term includes contributions from the shower containment, the number of photoelectrons and
the fluctuations in the gain process. The noise term of 12% at 1 GeV corresponds to a single-
channel noise of about 40 MeV, giving 120 MeV in a matrix of 3⇥3 crystals. The constant term,
which dominates the energy resolution for high-energy electron and photon showers, depends
on non-uniformity of the longitudinal light collection, energy leakage from the back of the cal-
orimeter, single-channel response uniformity and stability. The beam test setup was without
magnetic field, no inert material in front of the calorimeter, and accurate equalization and sta-
bility of the single-channel response (better than 0.3%) [21]. The specification for the ECAL
barrel crystals was chosen to ensure that the non-uniformity of the longitudinal light collec-
tion and the energy leakage from the back of the calorimeter contributed less than 0.3% to the
constant term [6, 22]. The beam test resolution studies show that this target was met.

During CMS operation, the contributions to the resolution due to detector instabilities and to
the channel-to-channel response spread must be kept to within 0.4%, in order to retain the ex-
cellent intrinsic resolution of the ECAL. The ‘intercalibration constants’, used to equalize the
channel-to-channel response, must be measured with appropriate calibration procedures for
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Laser system is used to monitor the 

transmission loss and the variation of the  

photodetectors response

The response loss in the endcaps is a convolution 

of transparency losses and VPT “conditioning”. 

The latter exhibits very little recovery

Radiation damage creates clusters of defects

which cause light transmission loss

Damage from g radiation is recovered

Hadron damage is permanent and cumulative

The response change observed in the ECAL  

channels is up to 6% in the barrel and it 

reaches up to 30% at η ~ 2.5

The response change is up to 70% in the 

region closest to the beam pipe

The recovery of the crystal response during 

the Long-Shutdown-1 period is visible

The response is not fully recovered, particularly 

in the region closest to the beam pipe

ECAL energy reconstructionECAL energy reconstruction

 ES energy Time-dependent

corrections

 intercalibration ADC to GeV Cluster corrections

ECAL DetectorECAL Detector

Scintillating crystals:
  Radiation hardness → only transparency affected

  Fast scintillation → <100 ns

Structure and readout:
  Barrel  (EB)    →         |h|<1.48      →  Avalanche Photodiodes (APD)

  Endcap  (EE)  →  1.48 < |h|< 3.00 →  Vacuum Phototriodes (VPT)

 Transparency loss corrected by the laser system:   

 Crystal by crystal intercalibration due to different light-yield and photodetector response, 

  through dedicated data streams:

    →Φ-symmetry: equalization of the average energy in channels located at a constant value of η. 

          Accuracy  limited to few percent  by systematic uncertainties in the  distribution of material in 

          front of the ECAL.

      →π0/η mass: iterative method exploiting the invariant mass reconstructed from unconverted 

          photons arising from the decays of π
0
 and η. A precision 0.5% in the central barrel  (dominated 

          by the systematics) is foreseen for the Run II.

      →E/p: iterative method, comparison of the ECAL energy  to the tracker momentum 

          for isolated electrons. In central barrel the precision reaches the systematic limit of 0.5%, while 

          for |η| > 1 the statistical contribution was the limiting factor for Run I.

      →Zee:  in Run II the Z  e→ +
 e

−
 decays will be also exploited to provide per-crystal intercalibration 

          constants by employing an invariant mass constraint on the di-electrons.   

The overall scale G: set, separately for EB and EE, such that the reconstructed Z peak in data matches that in the Monte Carlo.

Cluster corrections: clustering algorithms are used to collect the energy deposits, including the contributions from the radiated 

energy and its correlation in the η − φ. F
e,γ

 is particle dependent correction applied to the clustered energy

Run II DataRun II Data

Signal pulse reconstructionSignal pulse reconstruction

Run II 

Barrel

Run II 

Endcap

 Run I: 

amplitude is linear  combination 

of the N = 10 samples S
i
:

 w
i
 calculated  minimizing the variance A

 Run II: 

 → More Challenging LHC Conditions: 

  40 collisions per  bunch crossing instead 

  of 20, bunch spacing of 25 ns instead of 50

 → multi-fit algorithm: in-time signal 

  amplitude and up to 9 out-of-time 

  amplitudes by minimization of the χ2

A
j
 are the amplitudes, p

ij
 are the pulses 

(all identical, shifted by 25ns), σ
Si

 is the 

noise covariance matrix. The fitted amplitudes are constrained to be all positive.
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 → Silicon strips detector (4288 strips,              
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        61mm)
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61200 PbWO
4
 crystals 2.2 x 2.2 x 23 cm3 in EB 

2 x 7324 PbWO
4
 crystals 2.5 x 2.5 x 22 cm3 in EE

  Density: 8.28 g/cm3

  Radiation length: 0.89 cm

  Molière radius: 2.19 cm

RunI: Photon energy resolutionRunI: Photon energy resolution

 Z→e+e- relative energy resolution as a function of η where the electrons are     

   reconstructed as photons

 R9: is defined as the energy sum of the 3x3 crystals centred on the most energetic  

   crystal in the supercluster divided by the energy of the supercluster. Converted       

   photons   have wider transverse profiles and lower values of R9

Z→ee invariant mass plot for 2015 data, from the reconstruction of di-electron events 

with both electrons in the ECAL Barrel (left) and both electrons in the ECAL Endcap 

(right).  The calibrations applied to these early 50ns RunII data are the Run1 ones, 

extrapolated in time using the laser measurements only. The simulation is not tuned 

in terms of the noise and pileup observed in this dataset, and assumes a calibration 

precision that will be achieved at the end of the 50ns LHC run (not yet applied to the 

data)  
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CMS ECAL calibration and timing:
performance during LHC Run I and future prospects

Emanuele Di Marco on behalf of the CMS Collaboration, CERN, CH-1211 Geneva 23, Switzerland

Abstract—The CMS ECAL is a high-resolution, hermetic, and1

homogeneous electromagnetic calorimeter made of 75,848 scin-2

tillating lead tungstate crystals. It relies on precision calibration3

as well as a stable timing measurement to achieve and maintain4

its design performance. A set of inter-calibration pro- cedures, in5

particular utilizing different physics channels, is carried out to6

normalize the differences in crystal light yield and photodetector7

response between channels. The timing precision achieved is used8

in important physics measurements and also allows the study9

of subtle calorimetric effects, such as the timing response of10

different crystals belonging to the same electromagnetic shower.11

The challenges of the different calibration techniques and the12

performance evolution during LHC Run I, as well as the timing13

resolution achieved in beam tests and during Run I, will be14

presented. The impact of the calibration and timing precision on15

physics is illustrated through the successful quest for the Higgs16

boson via its electromagnetic decays, and the subsequent mass17

measurement of the newly discovered particle. Conclusions are18

drawn for the performance to be expected from 2015 onwards,19

following the start of the LHC Run II.20

Index Terms—21

I. INTRODUCTION22

THE Compact Muon Solenoid (CMS) experiment [1] is a23

general purpose experiment at the Large Hadron Collider24

(LHC) at CERN, designed to search for the standard model25

(SM) Higgs boson and for new physics beyond the SM. Many26

of these searches involve electrons or photons in the final state,27

and the electromagnetic calorimeter (ECAL) plays an essential28

role in their reconstruction and identification.29

The CMS ECAL [2] has been designed to achieve an30

excellent energy resolution and energy scale linearity, which31

are important for Higgs boson searches with electrons and32

photons in the final state, in particular for the H! �� [3]33

and H! Z(⇤)Z(⇤) ! 4` channels [4], and to guarantee good34

hermeticity, allowing a precise measurement of the missing35

transverse energy (E
T

/ ).36

The ECAL is a homogeneous and hermetic calorimeter37

containing 61200 lead tungstate (PbWO
4

) scintillating crys-38

tals mounted in the barrel (EB), closed at each end by39

endcaps (EE) each containing 7324 crystals. The choice of40

PbWO
4

with a radiation length X
0

= 0.85 cm and a Moliere41

radius R
0

=2.19 cm ensures the compactness of the detector42

and the radiation hardness necessary to cope with the harsh43

environment of the LHC. The scintillation light is detected44

by avalanche photodiodes (APDs) in EB and by vacuum45

phototriodes (VPTs) in EE, resulting in an average of 4.546

photoelectrons per MeV deposited in the crystals.47

In the EB, which covers the region |⌘| <1.48, the crystals48

have a truncated pyramidal shape (frontal area ⇠2.2⇥2.249

cm2, and a length of 23 cm). They are organized into 3650

supermodules of 1700 crystals, divided into four modules 51

along ⌘. The EE extends the coverage to |⌘|=3.0, with the 52

crystals (frontal area ⇠2.86⇥2.86 cm2, and a length of 22 cm) 53

arranged in an x-y grid. A preshower detector (ES), based on 54

lead absorbers equipped with silicon strip sensors, is installed 55

in front of EE covering a fiducial region 1.65 < |⌘| < 2.6. 56

The fine granularity of the ES strips (2 mm wide) can resolve 57

the signals of high-energy photons from the decays of neutral 58

pions into two photons, when they decay close in space, and 59

can determine precisely the position of the electromagnetic 60

deposits. 61

The ECAL is installed inside the CMS superconducting coil 62

and operates in the 3.8 T magnetic field. This field is used to 63

reconstruct the momentum of charged particleS in the CMS 64

silicon tracker, which covers the region up to |⌘| = 2.5. 65

II. ENERGY RECONSTRUCTION 66

THE electrical signal from the photodetectors photodetec- 67

tors is amplified and shaped by a multi-gain preamplifier 68

(MGPA) [ref], which uses three parallel amplification stages. 69

The output is digitized by a 12 bit ADC running at 40 MHz, 70

which records ten consecutive samples and selects the gain 71

with the highest non-saturated signal. This provides a dynamic 72

range of about 5 ⇥ 104 from the least significant bit of 35 73

MeV to a saturation energy of about 1.7 TeV in EB. The 74

data read out consists of a series of consecutive digitizations, 75

corresponding to a sequence of samplings of the signal at 40 76

MHz. A set of 10 consecutive samplings is readout, and the 77

signal amplitude is reconstructed using these samplings. 78

A. Signal pulse reconstruction 79

During LHC Run I a digital filtering algorithm was used, 80

where the signal amplitude is estimated as the linear combi- 81

nation of the N = 10 samples Si: 82

Â =
NX

i=1

wi ⇥ Si (1)

where the weights wi are calculated by minimizing the vari- 83

ance of Â. For a detailed description of this method the reader 84

is referred to [7]. This method is used both online in the High 85

Level Trigger (HLT) and in the offline reconstruction, and it 86

provides an optimal filtering of the electronics noise. This 87

is estimated event-by-event by the average of the first three 88

digitized pedestal-only samples. 89

The conditions that will be experienced during LHC Run II 90

place particular requirements on the ECAL pulse reconstruc- 91

tion algorithms. The instantaneous luminosity is expected to 92

i runs over the pulses

i runs over the samples 
in one pulse


