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The ECAL detector

Homogeneous, hermetic, high granularity PbWO4 crystal calorimeter
• small Molière radius: rM = 2.19 cm

• high density: ρ = 8.28 g/ cm3

• short radiation length X0 = 0.89 cm

• fast light emission: ∼ 80% of light emitted within 25 ns

Barrel (|η|< 1.48)
61200 crystals read by Avalanche Photo-Diodes (APDs)

Endcaps (1.48 < |η|< 3)
14648 crystals read by Vacuum Photo-Triodes (VPTs)

Preshower (1.65 < |η|< 2.6)
3X0 of Pb/Si strips - to discriminate between prompt
photons and photons from π0 decay
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The role of the ECAL performance in Higgs physics
Design led by the H→ γγ search needs: target 1% energy resolution at low mass
• the excellent ECAL performance was crucial in the Higgs boson discovery

The energy resolution and electron/photon ID performance continue to be a key asset
for the Higgs physics needs
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Figure 14: Data points (black) and signal-plus-background model fit for the sum of all cate-
gories is shown. Each category is weighted by S/(S + B), where S and B are the numbers
of expected signal and background events, respectively, in a ±1seff mass window centred on
mH. The one standard deviation (green) and two standard deviation (yellow) bands show the
uncertainties in the background component of the fit. The solid red line shows the total signal-
plus-background contribution, whereas the dashed red line shows the background component
only. The bottom panel shows the residuals after subtraction of this background component.
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sections.611

A set of THU uncertainties is considered as NPs in the likelihood fit when signal strength612

modifiers, rather than STXS, are measured. In the STXS framework, THU uncertainties only613

enter at the interpretation step and are thus applied only to the SM cross section predictions.614

Additional theoretical effects that only cause migration of signal and background events be-615

tween categories originate from the modeling of the hadronization and the underlying event.616

The underlying event modeling uncertainty is determined by varying initial- and final-state617

radiation scales between 0.25 and 4 times their nominal value. The effects of the modeling of618

hadronization are determined by simulating additional events with the variation of the nomi-619

nal PYTHIA tune described in Section 3.620

10 Results621

The reconstructed four-lepton invariant mass distribution is shown in Fig. 4 for the 4e, 4µ622

and 2e2µ events together, and is compared with the expectations for signal and background623

processes. The error bars on the data points correspond to the intervals at 68% confidence624

level (CL) [116]. The observed distribution agrees with the expectation within the statistical625

uncertainties over the whole spectrum.626
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Figure 4: Four-lepton mass distribution, m4`, up to 500 GeV with 4 GeV bin size (left) and in
the low-mass range with 2 GeV bin size (right). Points with error bars represent the data and
stacked histograms represent the expected distributions for the signal and background pro-
cesses. The SM Higgs boson signal with mH = 125 GeV, denoted as H(125), the ZZ and rare
electroweak backgrounds are normalized to the SM expectation, the Z+X background to the
estimation from data.

The reconstructed four-lepton invariant mass distribution is shown in Fig. 5 for the three 4`627

final states and is compared with the expectations from signal and background processes.628

The number of candidates observed in the data and the expected yields for 137 fb�1, for the629

backgrounds and H boson signal after the full event selection, are given in Table 3 for each of630

the 22 reconstructed event categories (described in Section 6.2) for the 105 < m4` < 140 GeV631

mass window around the Higgs boson peak. Figure 6 shows the number of expected and632

observed events for each of the categories.633

The reconstructed invariant masses of the Z1 and Z2 dilepton systems are shown in Fig. 7634

for 118 < m4` < 130 GeV, together with their 2D distribution in the 105 < m4` < 140 GeV635

Eur. Phys. J. C 81, 488 (2021)
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Data-taking challenges during Run 2

Design LHC luminosity exceeded
during Run2 (up to about×××222)
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Run2: twice the pileup for which ECAL was designed
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https://cds.cern.ch/record/2668200
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ECAL energy reconstruction

Electrons and photons deposit energy over several crystals

• ∼ 70% of energy deposited in one crystal
• ∼ 97% in a 3×3 array
• spread in the φ direction
Super-clustering algorithms to group together the physics objects

Ee,γ = Fe,γ× [G ×∑i (Ai ×LCi × ICi)+EES ]

Cluster correction
from regression method

ADC-to-GeV conversion
global scale factor

Signal amplitude
in ADC counts

Laser corrections
for crystal transparency loss

Channels intercalibration
in η slices

Preshower energy scale
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Laser corrections

Dedicated monitoring system designed to provide corrections within 48h
• Laser light injected in every crystal every 40 mins
• Response to laser light used to monitor response to e/γ
• the relation between response to laser light and e/γ is modelled with a power law

Laser Correction (LC)

Wednesday, May 26, 2021TIPP 2021

8

� Orange: relative response variations to laser light injected in the ECAL crystals
� Green: the residual energy-scale correction after the application of the laser 

corrections
� correction needed due to a drift of the response of the PN diode used in the laser-

based calibration system
� correction determined by comparison with the tracker-measured momentum of 

electrons from W/Z bosons (E/p ratio)
� a few percent variation during the year and independent on instantaneous luminosity

CMS-DP-2019-030

• Response measured through
PN diodes

• Residual correction due to a
drift of the response of the
PN diodes
computed from comparison
with the tracker-measured
momentum of electrons from
W/Z bosons (E/p ratio)
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Channels intercalibration
Combination of several methods based on different physics signals to equalize response
within η slices
slice-to-slice equalization derived from Z→ee mass reconstruction in data and MC
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  CMS Preliminary 2018 

• π0 mass though π0→ γγ reconstruction
• comparison with tracker-measured

momentum of electrons from W/Z
bosons (E/p ratio)

• Z mass though Z →ee reconstruction

Run3 plans: rolling calibrations in automatic
workflows

High precision achieved in all the regions
Barrel (|η|< 1.5):< 0.5%
Endcaps (|η|< 2.5) < 1%
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ECAL performance in Run2
• Resolution measured in Z→ee data events
• Pulse reconstruction and calibration methods evolved through Run2
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Excellent energy resolution maintained along Run2
In spite of harsher data-talking conditions: pileup and detector ageing
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ECAL timing resolution
The timing performance is crucial
• for photon identification
• for in-time PU mitigation

σ(∆t) = N⊕
√

2C N = noise term
C = constant term
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• ∆t of time of arrival of two electrons
• Taking into account geometry,

electronics...
• Measure of uniformity of the response

(and the figure needed for physics)
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EGM-17-001/index.html


Impact on H→ γγ photon reconstruction

Z→ee
calibration

H→ γγ

physics

electrons

photons
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Figure 1: Energy scale corrections applied to data as function of the pT of the photon. The
systematic uncertainty associated to this correction is approximately the maximum deviation
observed in the pT range between 45 and 65 GeV for electrons in the ECAL barrel region.

The agreement between data and simulation in the dielectron invariant mass, after applying
these energy scale corrections and the additional smearings, is shown in Fig. 2 for dielectron
events in the barrel with R9 greater than 0.94, and for dielectron events with a leading trans-
verse energy between 55 and 65 GeV, without a requirement on the second electron. The former
demonstrates the performance of the energy corrections on photons with the highest statistics,
optimal resolution, and the highest sensitivity to the Higgs boson mass. The latter demon-
strates that the energy corrections are effective in a kinematic region where the pT of the elec-
tron has been chosen to be the typical pT of a photon from a Higgs boson decay. In both cases
we observe an excellent agreement between data and simulation in the core of the distributions.

5.2 Photon preselection and identification

The photons considered in the subsequent steps of this analysis are required to satisfy certain
preselection criteria that are similar to but more stringent than those imposed by the trigger re-
quirements. A detailed description of these preselection criteria as well the methods employed
to evaluate their efficiencies can be found in Ref. [7]. A dedicated boosted decision tree (BDT)
is used to classify prompt photons from other photon candidates that arise out of misidentified
jet fragments, but which satisfy the preselection criteria. The full details of the input features of
this photon identification BDT is also described in Ref. [7]. The score of this BDT is used later
in the event categorization, discussed in the subsequent section.

5.3 Vertex Selection

The choice of the diphoton vertex position along the beam axis has a direct impact on the
diphoton mass resolution, since if the vertex position is known to better than about 1 cm, then
the invariant mass resolution is dominated by the photon energy resolution. The distribution of
the position of the interaction vertices along the beam axis has an RMS spread of about 3.4 cm,
and, in typical pileup conditions in 2016, there were on average around 23 interactions in each
bunch crossing. The choice of the diphoton vertex is made following the same procedure in
Ref. [7]: a BDT, whose inputs are observables related to tracks recoiling against the diphoton

Energy scale corrections are
small thanks to the meticulous
calibration from Z→ee
• within 0.2% in wide photon

pT range

8. Systematic uncertainties 9

of radiation damage and crystal size.293

• Mis-modelling of the input variables to the energy correction: The uncertainty in the pho-294

ton energy scale due to imperfect modelling of the shower shape in the simulation is295

found to be negligible (less than 10 MeV) as a result of the good agreement between296

data and simulation in the different input variables used in the photon energy re-297

gression correction.298

0 0.5 1 1.5 2 2.5
|

SC
η|

0

0.1

0.2

0.3

0.4

0.5

0.6

/e
 E

ne
rg

y 
sc

al
e 

re
la

tiv
e 

di
ffe

re
nc

e 
(%

)
γ

Simulation CMS 13 TeV
 0.80≤ 90.00 < R  0.90≤ 90.80 < R
 0.92≤ 90.90 < R  0.96≤ 90.92 < R
 1.00≤ 90.96 < R 2016 conditions

Figure 4: The systematic uncertainty due to the difference between the electron and photon
energy scales from the radiation damage induced nonuniformity of light collection in ECAL
crystals in different supercluster |hSC| and R9 categories. The method used to evaluate this
uncertainty is described in Section 8.2.

8.3 Impact of the sources of uncertainty299

The contribution of each source of the photon energy scale systematic uncertainty to the total300

uncertainty in the mH measurement was evaluated by performing a likelihood scan removing301

all but that source and subtracting the statistical uncertainty in quadrature. The results are302

summarised in Table 1. The leading sources of systematic uncertainty affecting mH are the303

residual pT dependence of the photon energy scale, nonuniformity of light collection, and the304

electron energy scale and resolution correction. The impact of all other sources of systematic305

uncertainty were found to be negligible.306

Table 1: The observed impact of the different uncertainties on the measurement of mH

Source Contribution (GeV)
Electron energy scale and resolution corrections 0.10
Residual pT dependence of the photon energy scale 0.11
Modelling of the material budget 0.03
Nonuniformity of the light collection 0.11
Total systematic uncertainty 0.18

Statistical uncertainty 0.18
Total uncertainty 0.26

γ/e energy scale difference due
effects of radiation damage on
non-uniformity of light
collection
Barrel: < 0.16%
Endcaps: < 0.45%
Larger for high-R9
(unconverted photons)
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Hmass reconstruction
Largest sources of uncertainties:
H→ γγ Electron energy scale and resolution corrections 0.10 GeV

Residual pT dependence of photon energy scale 0.11 GeV
Nonuniformity of the light collection 0.11 GeV

H→ZZ→ 4` Uncertainty in the lepton energy scale 0.04% in 4e, 0.01% in 2e2µ

Syst
± 0.14 GeV

± 0.19 GeV

± 0.10 GeV

± 0.19 GeV

± 0.09 GeV

± 0.09 GeV

± 0.09 GeV

In spite of
higher pileup

and higher
noise, the

performance
did not change

significantly
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Conclusion

Excellent ECAL energy
resolution maintained during

Run2

The ECAL calorimeter design has proven to be successful
• regular calibrations of channel response are crucial for the physics needs

The operations and calibrations in harsh data-taking conditions resulted in a outstanding
performance
• the comprehensive understanding of the detector response will be fundamental in the

upcoming LHC phases
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