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CMS and Calorimeters

CMS detector: general purpose detector, capable of identifying,

and measuring energy and momentum:

- Electrons and photons

- Jets (quark-gluons hadronization), taus and missing-transverse-energy
- Muons

cMms |

CMS ECAL: Compact, homogeneous, hermetic and

fine grain calorimeter, capable of measuring energy of

electrons and photons with excellent resolution

- 75848 lead-tungstate (PbWO ) scintillating crystals:
X,=0.89 cm, r,, = 21.9 mm, 25 ns scintillating time,
intrinsic light yield 100 /MeV — 4 p.e./MeV on the APD pair

- Photodetectors: APDs in EB and VPTs in EE

- Thickness in rad-length (X ): ~26X, (EB) and ~25X (EE)




CMS and Calorimeters

cms, |
A
CMS detector: general purpose detector, capable of identifying, CMS HCAL: sampling calorimeter, capable of measuring
and measuring energy and momentum: energy of hadrons (pions, kaons, protons and neutrons)
- Electrons and photons - 9072 read-out channels:
- Jets (quark-gluons hadronization), taus and missing-transverse-energy HB/HE (HO): layers of brass (iron) absorber and plastic

- Muons scintillator read by SiPMs

HF: steel layers and quartz fibres read by PMTs
- Thickness in attenuation length (A ):
5.6A, < T < 10A, (end HB and HE)

B=38T

Eta index (ieta)
15 14 13 12 11 10 9 8 7 6, 5,4,3,2

HCAL \HO N

Magnet coil

——

HCAL HB

Eta index (i

HCAL
HE 1234567
Collision point

Beam line

7.0 m

11.15m
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Data-taking Challenges

Overlapping interactions, pile-up (PU):
- Nominal luminosity achieved by focusing

beams to enlarge collision probability
- Increasing number of interaction per

bunch-crossing — bigger pileup

- N.B.: Signal amplitudes last for O(100) ns

CMSPublic/LumiPublicResults

35 T T
CMS 1 2023 (13.6 TeV): <y> = 52
30l 1 2022 (13.6 TeV): <y>=46 |
_ [ 2018 (13 TeV): <y> =37
2257 [ ] 2017 (13 TeV): <y> = 38
o 2016 (13 TeV): <p> = 27
EZO’ [ 2015 (13 TeV): <p> = 14
2 1 2012 (8 TeV): <u> =21
£ 1 2011 (7 TeV): <p> = 10
é 15} oP(13.6 TeV) =80.0mb |
g 1ol olP(13 TeV) =80.0 mb |
g oP(8 TeV) =73.0mb
pp
sl Qin (7 TeV)=71.5mb
0.0 tl
N N ,\QQ

Mean number of interactions per crossing

10.5

0.0

y

LHC luminosit
(1033 cm2s)

Relative response

to laser light

Detector aging due to radiation:

- Increase of photo detectors
(APDs, SiPMs) dark current

- ECAL crystal transparency change
and HCAL tile light yield chance

— Laser system used to
monitor the change

EC AL CMS Preliminary
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults
https://doi.org/10.48550/arXiv.2309.05466
https://doi.org/10.48550/arXiv.2309.05466

Pulse Amplitude Reconstruction

Constraints on in-time energy reconstruction
for each channel:
- LHC bunch spacing of 25ns

- Reduce the impact of out-of-time deposits (OOT PU)
for every bunch-crossing (BX)

Multi-fit/MAHI algorithm:
- Template fit with 1 in-time amplitude and 9 (7)

out-of-time amplitudes for each ECAL (HCAL) channel,

by minimizing the x? and taking into account the noise
covariance matrix:

: Npx B T | Npx p
X = ZAjﬁj_S o ZAjﬁJ -9
7=0 7=0

10 (8) read-out samples
pulse templates for each BX
covariance matrix (with noise)
AJ. = signal pulse amplitude

T un
I

Energy (GeV)

CMS, /|

cms Simulation ECAL (13 TeV) o1, CMS_standaione simulation (13 TeV)
T T T T T T T T T = o F K ]
8F — B o= F « weights
7110::16 Endcap 3 5 " . weights, only OOT PU
E ... Out-of-time E 8 o1 " mult!f!t
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https://iopscience.iop.org/article/10.1088/1748-0221/15/10/P10002
https://iopscience.iop.org/article/10.1088/1748-0221/15/10/P10002
https://iopscience.iop.org/article/10.1088/1748-0221/18/11/P11017

Electron/Photon Energy Calibration
N crystals

E,,= ) IAQ L - COl-Gw) - F,,
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Electron/Photon Energy Calibration
N crystals

E,,= ) [A@)-L() - C)]- G - F,,

l A (t): per-crystal amplitude (from multi-fit)

CEPC2024: 8t"-11t" April CMS Calorimeters 08-04-2024



Electron/Photon Energy Calibration
N crystals

E,,= ) [A@)-L() - C)]- G - F,,

l A (t): per-crystal amplitude (from multi-fit)

L.(t): laser correction for transparency change

CEPC2024: 8t"-11t" April CMS Calorimeters 08-04-2024



Electron/Photon Energy Calibration
N crystals

E, = Z [A®) - Li(t) - ] - G(n) - F,,

A (t): per-crystal amplitude (from multi-fit)

L.(t): laser correction for transparency change

C.(t): crystal-to-crystal intercalibrations to equalize ECAL response

E; Intercalibration constants derived with independent methods and
combined: Y .. N— g 0L B STRY)
- Z—ee: targeting the Z mass g 0-0452 +’; CMS-EGM-18-002 *
- E/p: equalizing ECAL response to tracker 0‘:)2;: +zie,e_ E
. ] . E 3
- n®—yy: targeting the t® mass § 003- - combination e =
T 0.025- = =
= 0025 Y s
E 0.0155 -
£ 001 — i -
oSEEpgT T E
Y T 253
ul
CEPC2024: 8t"-11 April CMS Calorimeters 08-04-2024 9



https://doi.org/10.48550/arXiv.2403.15518

Electron/Photon Energy Calibration
N crystals

E,,= ) [A@)-L() - C)]- G - F,,

l A (t): per-crystal amplitude (from multi-fit)

L.(t): laser correction for transparency change

C.(t): crystal-to-crystal intercalibrations to equalize ECAL response

G(n): n-scale to match simulation energy scale to data energy scale,
and fix the absolute scale

Energy scale computed targeting Z mass, using Z—ee events from data
and simulation

CEPC2024: 8t"-11t" April CMS Calorimeters 08-04-2024




Electron/Photon Energy Calibration

E

=y §

CEPC2024: 8t"-11% April

N crystals

- Y U - Lo - o1 Go - F,,

A (t): per-crystal amplitude (from multi-fit)
L.(t): laser correction for transparency change

C.(t): crystal-to-crystal intercalibrations to equalize ECAL response

G(n): n-scale to match simulation energy scale to data energy scale
and fix the absolute scale

F, . refinement correction using a semi-parametric BDT, based on
simulation

Accounts for leakage, material effects, dead channels

CMS Calorimeters 08-04-2024
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Electron/Photon Energy Calibration
N crystals

E,, = Z [A(D) - L(®) - C(0)] - G(n) - F,,

—ECAL energy stability in time
cCMS | | | | | 13 TeV

oof ] cMs-Ecemitsod2 F |
- ECAL Barrel T Mean -
R 91'53 fg A Gevf
> - + RMS -
2 o G
g = - 0.1 GeV -
() = 1 i L4 - 1
ET E‘D 90.5E m Q , B
c - m ; . :
© 90: ; : i 1 -
8 - t $ e i
£ 895" =
89F -
885, : : : ; i i . ‘ -

1
© © © © Y A g gl > > >
RCII \ X N X \ N \ \ \
g W o cfl‘\_qfo 0"(\10 \?\;0/ \’?«‘?’; o g o
ime (month/year

N.B.: at analysis level further refinements are applied to the energy

CEPC2024: 8t"-11t April CMS Calorimeters 08-04-2024



https://doi.org/10.48550/arXiv.2403.15518

Electron/Photon Energy Calibration

N crystals
Ee,y = 2 , [Az(t) Li(t) Cz(t)] G(}’]) Fe,}/
1 —ECAL-only electron resolution
CMS 13 TeV
Lu 0.06_ T T T T I T T T T I T T T T —I T T T T | T T T |e
~ ~ Low bremsstrahlung CMS-EGM-18-002
w u ]
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0.041— — 2018 T W
E “E | ]
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B® 00 0.5 1 1.5 2 2.5

Supercluster n|
N.B.: at analysis level further refinements are applied to the energy
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HCAL Energy Calibration

N channels

Z [AQ) - L(1) - C(H)] - G(n)

A (t): per-channel amplitude (from MAHI)

Quark-gluons hadronize: Jets

Y L.(t): laser correction for light-yield change
A .
neutral ; : C.(t): channel-to-channel intercalibrations to equalize HCAL response
hadron ! $ & , NS 15 (2020) PO5002 370y
: ® o lSpT Ve
': . c,oé Combine @-symmetry methods (3% precision): ‘51_255_"”'3 . 3236 _13:;3;1 3
-: . equalizing the average energy in channels at é 1.2F - 13533;352?8'3 s
.'~:_ Constant r] %1 15;_ o 27.2-35.9qu)
- Iterative method @ 11 E
. . 1.05F- E
Metht?d of moments: i “ ﬁ i%ﬁ é
exploits central moments of the 095t % i
energy distributions
charged 0'9; HE, in = 20, depth 1]
hadrons 0.85 ]
(B

10 20 30 40 50 60 70

i
CEPC2024: 8t"-11% April i
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http://dx.doi.org/10.1088/1748-0221/15/05/P05002

HCAL Energy Calibration

N channels

Z [AQ) - L(1) - C(H)] - G(n)

A (t): per-channel amplitude (from MAHI)

Quark-gluons hadronize: Jets

Y L.(t): laser correction for light-yield change
A 2
neutral C. (t) channel-to-channel intercalibrations to equalize HCAL response
iy :; ;: oe‘." . . 21.15:_'&}.&"""””‘ """ S
: o G(n): absolute scale calibration g | il
:- Using data: é 1'1;_ "ot

- For 50 GeV charged hadrons,
with O<p, ., <60 GeV
- Scale computed as:

Ercal/(Peace Eeeal) 0.95( . § 7
:::’99" - Final scale computed with iterative - ]
rons ,, . : : 09 i
‘ method, using pile-up corrections, T R R T R R T
with a 2% precision

JINST 15 (2020) P05002 M
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http://dx.doi.org/10.1088/1748-0221/15/05/P05002

Jet Energy Calibration M

Detector level jet

Tracker .

Particle-Flow:

- Combine the tracks and the calorimetric deposits to
identify and reconstruct the particles

- ECAL and HCAL calibrated energies from the jet
constituents are combined, and the total jet energy
is calibrated

2018 59.7 fo' (13 TeV)

2 CMS simulation Preliminary Legacy (13 TeV)

.9 q) 1 _2_] L I T I LU | UL I LU I LU I LI I LU l L I 1 I_

© 2] C 2018 JES: AK4, PF+CHS ]

g 8 1.1 Barrel Endcap Forward -

5 o - BB ECt  EC2 HF ]

o (] 1E .o 4

(0] . . (O] C & le * =]

S Jet energy calibration: = gﬁmm i | sefspmmene e, ]

LT Adat 00000000 ° e .

e Factorized approach to correct jet energy scale JES .2, 0-9;** : ""‘: :3_::.::: P —ma® [

lafalel 2ok 2 2" | L] Sngam °° : " &l 3

(in data and simulation) and jet energy resolution JER 8 0.8F okl P SR it Y 3

(in simulation): s g 75 m**. ST ) nE

- MC truth corrections: correct JES at the jet particle g ~E o *1

level o 0.6F i =

& [anik RO PrCHS - Residual corrections: correct JES for residual 0_52_ v po= TGS p* 300 GeV _

g Bl o o differences between data and simulation B s pI =30 GeV + pI =1000 GeV 1

LEJ g: : - Smear jet energy resolution in simulation to match 0.4 © p,=90GeV. p_=3000GeV -

] B E‘ i . ) L ) i i the data —IIIIIII|IIIIII||IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII—

§ 3500 200 1000 2000 005 1 15 2 25 3 35 4 45

. Py (GeV) I
CMS-DP-2020-19 CMS-DP-2021-33
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Jet Energy Calibration

Detector level jet

Tracker ..

2018 59.7 fb™' (13 TeV)

fractions

> 0.7

PF energ

FAnti-k; R=014 PF+CHS

' "1'6'%) 2000
p;? (GeV)

3000 200
CMS-DP-2020-19
CEPC2024: 8t"-11t April

Data-MC (10?)

Jet energy calibration:

Factorized approach to correct jet energy scale JES
(in data and simulation) and jet energy resolution JER

(in simulation):

- MC truth corrections: correct JES at the jet particle

level

- Residual corrections: correct JES for residual
differences between data and simulation
- Smear jet energy resolution in simulation to match

the data

CMS Calorimeters

Particle-Flow:

cmSs. |
- |

- Combine the tracks and the calorimetric deposits to

identify and reconstruct the particles

- ECAL and HCAL calibrated energies from the jet
constituents are combined, and the total jet energy

is calibrated

2018, Legacy (13 TeV)
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5 0.45F Simulation < 3

S = Preliminary “10<p<20

o 0.4 AK4, PF+CHS 420 < p<30°

G;J, 0.352_0.0 <n<05 30 < <40 :

E ——-40 < 1< 50 3

S 0.3 3

& 0.25F E
B ool

= 0.2 E

0.155 E

0.1 .

0.05F

0E 1 ! 11 1 11 | 1 1 L 1111 || 1 1 ;

30 100 200 1000 2000
jet
¥ [GeV]

CMS-DP-2021-33

08-04-2024

17



https://cds.cern.ch/record/2715872
http://cds.cern.ch/record/2792322

Performance at Analysis Level

CMS Simulation 13 TeV 2018
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H—vyy analysis:

- Full ECAL calibration and analysis-level refined corrections

are applied

- Good mass resolution in the best-resolution categories for

cross-section measurements: oeﬁ/mw~1.2%
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fb' (13 TeV)

& | cms
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VH—bb analysis:

- Full HCAL and jet calibrations applied

- Good data to MC agreement within uncertainties in

the cross-section measurement

CMS, /|



http://dx.doi.org/10.1007/JHEP07(2023)091
https://cds.cern.ch/record/2883570

Summary

° CMS calorimeters

o  Made to reconstruct and measure the energy of electrons, photons and jets
o  ECAL: PbWO, crystals calorimeter
o  HCAL: sampling calorimeter made of brass/iron absorber and plastic scintillators

e Data-taking challenges:
o Increase number of overlapping interactions —in-time energy reconstructed using multi-fit algorithm
o Detector aging due to radiation: monitored and corrected using a laser system
m Increase of dark current in the photo-detectors
m  Crystal transparencyttile light-yield change

° Calibration:

o  Laser corrections, per-crystal intercalibrations from data and scale calibration
o  Electrons/photons: additional energy calibration targeting simulation, using both ECAL and tracker information
o Jets: additional energy calibration to Particle-Flow constituents, targeting simulated energy (JESs and JERSs)

o  Thanks to the in-situ and offline calibrations:
m  Good detector stability during the data-taking, e.g. ECAL-EB RMS = 0.1 GeV
m  Good energy resolution, e.g. H—yy signal resolution in best categories
m  Good data-MC agreement, e.g. m; distribution in VH—bb cross-section measurement

CMS,/ |




Backup
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ECAL and HCAL laser monitorin systems

CMS preliminary

HCAL

e o 2
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o
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Response degradation in HCAL Endcap
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HCAL Laser system:

- One quartz fibre per @-segment bring in a pulse

from a nitrogen laser system.
- Laser is fanned out to every tile by 200um
quartz fibre.

ECAL Laser system:

- Lasers send light to crystals via multi-level
optical fiber system

- Optical switch — 1/88 regions

ECAL CMS Preliminary
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CMS and Calorimeters

CMS detector: general purpose detector, capable of identifying, CMS HCAL: upgrade
and measuring energy and momentum: - 2017: SiPMs instead of HPDs in HE
- Electrons and photons - 2019: SiPMs instead of HPDs in HB

- Jets (quark-gluons hadronization), taus and missing-transverse-energy - Measure scintillator light output with better signal/noise
- Muons — improve energy resolution
- Increase the read-out depth segmentation

(4 in HB and till 7 in HE)

v. 2017-06-A

HCAL HB

( ) 4 Depth
i v & 123!567
////A //’/
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HCAL: HPDs vs SiPMs

Response var1at10n° HPD vs SiPM
: Th1n lines: HPD

Bold lmes. SIPMS

2 08
01 é [ ; _
2 HPD (Hybrid Photodiode) | =,  SiPM (Silicon Photomultiplier) (X [ S O ST
g % e § 160 GeV muons '\ J £ SRERRD SERVRREUANE SRR, SURDOII: ORI

HPD: 12-layer sum

7 I S N ORI SO SO S .
= 055

'°4;{ intLumi, fo'*

"’jg . l “ - f ‘ - SiPMs: 32.1 photoelectrons per GeV for pion,
B T —using muons: 4.3 photoelectrons per layer

Figure 2. Top left: picture of an HPD. Top right picture of a SiPM. Bottom: energy spectrum
for 12 (4) layers read out by a HPD (SiPM). Data includes a combination of pedestal and
150 GeV muon data.

CEPC2024: 8t-11% April CMS Calorimeters 08-04-2024 23




HCAL performance from Test beam

CMS  CMS-PRF-21-001  HE test beam data

0.3
% i - HB and HE resolution for 2017 upgrade:
s = Uncalibrated Charge
C isel o 847% __ .
=R — = D 7.6%
% o - Calibrated Charge E \/E
N = ;
@ 02—~ =
e | - HF resolution:
015 . o 280% .,
K "1 — @ 11 /o
- iy E \/E
0.1~ e .
: T
0.05-
or | B S I | I | | { EOS T O | I O (I T | L1 1 1 | | O T | I S DA O |

0 50 100 150 200 250 300 350
Pion Energy [GeV]

CEPC2024: 8t"-11t" April CMS Calorimeters 08-04-2024


https://doi.org/10.48550/arXiv.2309.05466

ECAL+HCAL response from Test beam

1.0F Eur. Phys. J. C 60 (2009) 359
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ECAL+HCAL response to different

particles

- Response of the combined calorimeter
system to six different particles

- EB and HB are calibrated with 50
GeV/c electrons
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ECAL+HCAL not compensated:
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https://link.springer.com/article/10.1140/epjc/s10052-009-0959-5
https://link.springer.com/article/10.1140/epjc/s10052-009-0959-5
https://link.springer.com/article/10.1140/epjc/s10052-009-0959-5

Electron/Photon reconstruction in ECAL cMms|

[ Rechits J - Reconstructed energy deposits in crystals

crystal with highest energy to form clusters

- Rechits are gathered together around the
[ Clusters }
- Each cluster represents a single particle

Magnetic field and material

in front of ECAL
l SuperClusters

- Bremsstrahlung and photon conversion
before the ECAL: clusters have to be
combined together to form a SuperCluster

- Particle energy reconstructed using

Electrons and photons make multiple SuperClusters

energy deposits in ECAL



ECAL Resolution: Contributions
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Electrons/photons into Particle-Flow

clusters, SCs, tracks associated to
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Analysis Level Refinements M
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Additional corrections, after ECAL calibration: S

- Refinement regression on data and simulation
- Fine-grain scale corrections on data, based on the simulation

- Fine-grain smearing of simulation energy resolution, : ' 95 100
to match data Mee [GeV]
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