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Basics
Technology

BASICS
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From the CMS Letter of
Intent (1992): “The CMS

Happy 21st Birthday, S (Compact Muon Solenoid) detector
CMS! FEna e | has been optimized for the search of
SEECR Rl | the SM Higgs boson over a mass
Basics s | range from 90 GeVto 1 TeV” ...
-[EZf:Tclzg?;ition ::Af =

Construction

“A high resolution crystal

|SSUeS LABORATOIRE EUROPEEN POUR LA PHYSIGUE DES PARTICULES

Performance e electromagnetic calorimeter,

Long-term
Organization

designed to detect the two photon
decay of an intermediate mass Higgs,
Is located inside the coil.”

The Compact Muon Solenoid

“Hermetic hadronic calorimeters

surround the intersection region up to

e |n| = 4.7 allowing tagging of forward

v jets and measurement of missing
transverse energy. “
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CMS - = -
CMS Calorimetry: Physics Drlve-
Benchmark for ECAL: H = -
W 2
« Most sensitive channel for m, < 130 GeV =
« Small branching ratio (~0.3%) but very E
clean signature: @
 Narrow resonance of two high E; photons
over a non-resonant background of genuine
Zasies or fake di-photon events
Technology v
ion | H ZZ is the other “golden” channel | o+=Z 2 . \\
| - e/pfinal states
Long-term - - - o
. | =»Need high resolution, high granularity ECAL

HCAL is “less constrained by the physics processes. Good energy

resolution is less important...Emphasis will be laid on hermeticity to
ensure a good missing transverse energy (&1 or MET) measurement...”

(CMS Technical Proposal, 1994)

» Coverage up to |n|~5 is necessary for certain reactions, e.g. heavy H 2> ZZ - I*lI-vv

 Extending from |n|=3 to |n|=5 improves resolution of missing E; by a factor 3
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CMS L

 Overall division into two types of calorimeter in CMS:

— Electromagnetic Calorimeters (ECAL)
» Measure the energies/positions of electrons/positrons and photons

—Hadronic Calorimeters (HCAL)
« Measure the energies/positions of charged and neutral hadrons

Basics
Technology
Data Acquisitior

.. | *ECAL + HCAL divided into “barrel” and “endcap”
... | partitions; HCAL also includes “forward” and “very
~ | forward” partitions

—ECAL.: Barrel (EB), Endcaps (EE), Endcap preShower (ES)

—HCAL.: Barrel (HB), Endcaps (HE), Forward (HF), CASTOR, ZDC

 EB, EE, ES, HB, HE are all inside the 3.8T solenoid
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Basics
Technology
Data Acquisitior]
Construction
Issues

Particles in CMS

Electromagnetic -
Calorimeter

Calorimeter Superconducting

Muon

- =« Neutral hadron (e.g. neutron) -===-Photon

Solenoid Iron return yoke ﬁmﬁ@n’g[@@[f f MR

witth muocn chambers A

Electron

Charged hadron (e.g. pion)
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< Particle ID in Calorimeters

e El@CtrOn
Curves in B field: R=P/0.3B
Signals in Tracker
M ))“] ® Energy deposit in ECAL
No energy in ECAL
-===+ Photon
?aSLCS | No curve in B field
S No signals in Tracker
Cznastrjgtl:éi 4 Energy deposit in ECAL
lssues No energy in HCAL
Performance .
— - Charged hadron (e.g. pion)

Organization

Curves in B field: R=P/0.3B
Signals in Tracker

Possible energy deposit in ECAL
Energy deposit in HCAL

- = = Neutral hadron (e.g. neutron)

Electromagnetic /

o No curve in B field
Calorimeter No signals in Tracker
d Possible energy deposit in ECAL
Flacron Energy deposit in HCAL
Calorimeter
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CMS

Particle ID in Calorimeters _

e El@Ctron
Curves in B field: R=P/0.3B

ol e L
The power of CMS does not
come from any individual

subsystem, but from

combining information from

ALL su bsystems ")
CaEIOrInETEr No signals in Tracker
Yad Possible energy deposit in ECAL
aQromn Energy deposit in HCAL
Calorimeter
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ECAL

Basics
Technology
Data Acquisitior
Construction
Issues
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CMS ECAL Partitions &

ECAL Barrel - EB

ECAL Endcap - EE

ECAL preShower - ES
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CMS HCAL Partitions

HCAL Outer - HO

& HCAL Barrel - HB

—

S T
HCAL Endcap - HE
AXS

T
ata Acquisitio A5
: A P 3 . - "s"/’ -
5/ NE e :
HCAL Forward - HF
SSSSS i (&\ kA
O Nl
N ;
LS Q“
LY

b

ZDC not shown §
(140m away)
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Basics
Technology
Data Acquisition

- TECHNOLOGY CHOICES

Issues
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ECAL: the Early Days (O

Basics
Technology
Data Acquisitior
Construction
Issues

Performance

* Criteria for design of ECAL in CMS

— Hermetic, compact and granular, with excellent energy resolution to |n|<2.5
=» homogeneous calorimeter (minimizes sampling fluctuations)

— Large dynamic range, coupled with excellent linearity, to > 1 TeV

— Provide triggering info. e.g. particle ID, energy, isolation

— Radiation tolerant to expected dose rates and cumulative doses/fluences
— Endcap Preshower to aid particle identification

 Several options in the early days (early 1990s) of CMS, including:

Sampllng Homogeneous scintillators

Property Pb/plastic | Liquid PbWO,
Shashlik | Xenon crystals crystals

Density (g cm) 306 616 | 828 ||Selected
by CMS

Radiation length X, 1.7 2.77 1.68 0.85 ||in 1994

(cm)

Moliére radius R,, (cm) 3.4 4.1 3.39 2.19 || + Preshower
based on Si

Wavelength peak (nm) 500 175 300 440 SeNsors

Fast decay constant (ns) <10 2.2 5 <10

Light yield (y per MeV) 13 ~5x10* 4000 100
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CMS

Homogeneous EB/EE

Basics
Technology
Data Acquisitior i

. = |
Construction E)
Issues g i
Performance 8.
Long-term

Organization

g

8

Transmission 125

Transmission (%)
o
z

=
S

1.00

075

& 3 3

Scintillation

Emission 050

025

0,00
300 350 400 450 500 550 600 650 700
Wavelength (nm)

UOISSIWS pazijewloN

« Incident electron/photon generates EM shower (spread laterally over several
crystals) in the heavy PbWO, material
— Charged particles in the shower produce scintillation light isotropically
— Amount of scintillation light is proportional to incident particle energy

— Scintillation light detected by photodetectors with internal amplification:
Silicon Avalanche PhotoDiodes - APDs (in EB) or Vacuum PhotoTriodes - VPTs (in EE)

ECAL Endcap (EE) Crystal
equipped with a glued
Vacuum PhotoTriode

(VPT)

PbWO, crystals are transparent to
the entire scintillation emission
spectrum — before irradiation (see

later)

CMS Induction Course - Calorimetry
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Homogeneous, compact, hermetic, fine grain

PbWO, crystal calorimeter

« Emphasis on energy resolution ) A\

* No longitudinal segmentation : = L ({
(except ES) \\_——

e Barrel (EB): |In| < 1.48

S — 36 Supermodules: 1700 crystals
echnology

Data Acquisition (1 supermodule = 4 modules):
Construction 61200 crystals total, of 17 shapes
e —(2.2x2.2%23 cm3) ~26X,
Performance

wwen * Endcaps (EE): 1.48 < || < 3.0

— 4 Dees (2 per endcap): 3662 crystals
(mostly in 5x5 supercrystals)

14648 crystals total, of 1 shape
— (3.0% 3.0 %22 cm?3) ~25X%,
* Preshower (ES): 1.65 < || < 2.6

— 4 planes (2 per endcap): 1072 Si sensors
1 sensor = 6.3 x 6.3 x 0.032 cm?, 32 strips
137216 strips total
2X, + 1X, of Pb interspersed with Si strips

—1.90 X 61 mm? x-y view
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HCAL: the Early Days (O

* Criteria for design of HCAL in CMS
— Hermetic and compact — able to fit within the CMS solenoid up to |n|<5
— Large dynamic range, coupled with excellent linearity, to > 1 TeV for jets
— Provide triggering info. e.g. particle ID, energy, isolation
— Radiation tolerant to expected dose rates and cumulative doses/fluences

Basics — Reasonable energy resolution with depth segmentation = sampling calorimeter
Technology y - . .

naw acousiiof » Basic design of HB already fixed at time of Lol

Construction

Issues — Copper plates interleaved with plastic scintillators with embedded wavelength-

e shifting (WLS) fibres (eventually used brass (70% Cu, 30% Zn) absorber)

Long-term
— Light channeled using clear fibres, to photodetectors located at the ends of the
barrel

« For HE, initial design was rather ambitious

— Cu absorber interleaved with 2 x 2 x 0.04 cm? Si sensors = 360m? of Si
(eventually used similar structure to HB — brass + scintillator + WLYS)

» For HF (outside the solenoid), emphasis was on radiation hardness

— Steel plates interleaved with parallel-plate chambers
(eventually used steel absorber with Cerenkov-producing quartz fibres)
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Sampling HB/HE

* Incident charged/neutral hadron generates EM shower in the heavy
brass absorber
— Charged particles in the shower produce scintillation light in the plastic
— Amount of scintillation light is proportional to incident particle energy
— Scintillation light shifted in wavelength and transported to Hybrid PhotoDiodes

'?:(S:ihcnsology Brass — Wavelength-shifting (WLS) fibre
R Plastic scintillator — Clear fibre for light transport to HPD

Construction
Issues
Performance
Long-term

Two depth
segmentations
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CMS I |
HCAL Megatiles @
 Plastic scintillator + WLS + clear fibres
» Different sizes for the different layers in HB/HE
* Individual tile sizes vary with n/¢
r 405.5cm q
Basics ‘ Py om
Technology %’ : \'\ - - - \ - —1? ’
Data Acquisitior - - - T : T T : - : : - ——— _i
Construction — : e : 4 ——d—t—g——— 4 39.8cm
R e e e e e e
o \5ﬁfs;m o umee | Barrel
ptical connectorssrass — Scintillator e E n d Caps

Wire radioactive Quartz fibres
Clear fibres source

CMS Induction Course - Calorimetry 18 D. Barney, P. de Barbaro



HCAL Barrel and Endcap

 Barrel (HB): In|<1.3, 36 wedges (18 HB+, 18 HB-)
— 14 layers of brass + steel front/back plates - ~10 A
— 16 megatile layers; 16 n and 4 ¢ divisions per wedge

« Endcaps (HE): 1.3<|n|<3.0, 36 petals per endcap
— 17 layers of brass = ~10 A

S — 17 megatile layers; 12 n and 1 or 2 ¢ divisions per wedge
echnology - : |
Data Acquisition  — 2 or 3 (high n) longitudinal segments
Construction Ring2 HO IN[<1.2 Ring Ring 0
Issues 15 14 13 11 10 9 s 7_6 5 4 3‘ |
Performance \
M\\\\\\\
—— ‘\ ‘. ‘. ‘. 16 A
lSFEE \\\\\\\\\\\\\\\\
QD::*-:“ = : === { I.".
HF 3<n|<5 22 (R e 'y
» St i HB |n|<1zg £
[—Z - L] B l - o Ln
ol i HE 1.3<|n|<3 UK
( ( o«
) } B BEAMNM LINE 10 m N
< 11.15m >
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Forward HCAL

« Forward (HF): 3.0<|n|<5.0, 18 wedges per end

— Grooved steel plates, 5mm thick, 165cm long = ~10 A

— ~square grid of holes spaced 5mm apart

— 1mm diameter fibres (600um quartz core + cladding + buffer)

— 2 fibre lengths (read out separately) to distinguish e/y from hadron showers:
Basics  Half are 165cm long

Technolo
» « Other half start after a depth of 22cm
Data Acquisition
Construction 34700
Issues
i e S e
e A ameneing T T
R - " N 4 W, ------
Reaiouta%es Light Steel Shielding

R2150.0

HF Absorber + |- .
Cerenkov fibres | £

|
i
} R125.0
—f 22004+ i

400~—|-—
1650.0 290.0
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CASTOR

« CASTOR (Centauro And Strange Object Research), 5.2<|n|<6.6 on “minus”
side of CMS only
— Cerenkov-based calorimeter, similar to HF, 14.38m from the interaction point
— Layers of tungsten (W) plates interleaved with fused silica quartz plates
— Light readout via photomultiplier tubes (PMTS5) |
— Electromagnetic (20.1 X,, 0.77 ) and hadronic (9.24 ) u .
Basics PMTs HAD secti 7 "i:—:‘ :
Technology / Vi plates / = IOI’I‘EM section ! i ‘Uliﬁ’“ '
Data Acquisition N ‘%" \’QQ ~.¥\' SIS AT E T oy
Construction - ‘\
e \\\\\\\\\\\
//;(,/i(‘/- T~ -Q‘/t ‘me /- ;I ‘- ’- - - —/’
ight guides [ i 77 /
g gl
\
\
N = e L =
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ZDC

Basics
Technology
Data Acquisitior
Construction
Issues
Performance

« ZDC (Zero Degree Calorimeter), especially for heavy-ion and
diffractive physics
— Located between the two LHC beam pipes inside the LHC neutral particle

absorbers (TAN), ~140m from the interaction point on both sides of CMS,
In[>8.3

— About 1m of layers of tungsten plates interspersed with layers of quartz fibres

EM SECTION

T g
| T
]
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Basics
Technology

Comrvon DATA ACQUISITION

Issues
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ECAL Front-end Electroni-

Basics
Technology
Data Acquisition
Construction
Issues
Performance

Long-term

 Current pulses from APDs - amplified and shaped by MGPA with 3 separate
gains - all 3 amplified signals digitized by ADC @ 40 MHz
— 1 MGPA + 1 ADC per crystal

« FENIX chip stores digital signals from multiple crystals until reception of a level-

1 trigger signal - data sent via optical link to off-detector data-acquisition
electronics

» Another FENIX chip sums the energy in a group of crystals (5x5 in EB; 5 in EE)
—> “trigger primitive” sent to off-detector trigger electronics

VFE card
FE card

\s
POWO. ST FENIX chips
B Gigabit Optical Links
Zi
A | %
o
L

Crystal Data @ 100 kHz

zenergy for Trigger @ 40 MHz
Multi-Gain Pre-Amplifier (MGPA) AD41240 ADC

CMS Induction Course - Calorimetry 24
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CMS

e Clock & Control

ECAL Electronics Chain

Trigger Concentrator Cards (TCCs) receive FE card trigger primitives

TCCs send trigger tower energy sums to Regional Calorimeter

Trigger (RCT) at 40 MHz

Data Concentrator Card (DCC) reads FE data and TCC information
upon L1 accept; performs data reduction and transfers to DAQ

TTC TTS
Technology System Card i
Data Acquisition (CC S) One set per SM
|Construct|on CCS
ssues
Performance § mEECS
Long-term / \
Organization oo s DAQ
. RCT Dat at: DAQ Dat
Trlgger ata TCC Data FE Data DCC _>a a
Concentrator o5l pe Data Concentrator
ard (TCC) T~ _ Card (DCC)
'1 7 SRP (b )

CMS Induction Course - Calorimetry

Processor (SRP)

TTC: Trigger and Timing Card

TTS: Trigger Throttling System

mFEC: mezzanine Front End Controller card
(connects to FE card via token ring)

SLB: Synchronization and Link Board

e 25

also known as FED)
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HCAL Readout Chain

» Hybrid Photo-detectors
- Designed to operate in high magnetic
fields, up to 4T.
- Proximity-focusing with 3.5mm gap, with
E field parallel to B field.
- HV of 8kV with 18 pixels (20mm? each).
Basics

Technology - Gain of ~2k, linear response over large dynamic range
et from min-ionizing particles (muons) up to 3TeV hadron

Construction

Issues Showers. 2008 JINST 3 508004 * P. Cushman et ol,, NIM A 504 (2003) 502) ——f
Performance B
ong-term Sdntilléogiayefs A

» Charge integrator and encoder (QIE) ADC
chips digitize the signals from the HPD / PMT.

» Each QIE has 4 capacitors which are connected
to the input by 25ns time intervals.

/

HCAL cell

» Integrated charge from the capacitors is then T ".Ff'dfj-’ ADC [
sent to HCAL trigger boards for further 2006 90006 o
processing. HCALJF cel

HF
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Basics
Technology
Data Acquisition
Construction
Issues
Performance

CONSTRUCTION
& ASSEMBLY
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Growing a crystal . ‘Before and after ;
(Russia or China) o cutting & polishing

Basics
Technology
Data Acquisitio
Construction
Issues
Performance
Long-term

Organization (i '\ . G|U|ng APDS tO CryStaIS
L~ (CERN or Rome)
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Basics
Technology T ;
R Insertlng 5x2 crystals+APDs

Construction

Issues into glass=fibre alveolae - Sub-module
Performance

Long-term

organization RS = Pl / A completed Supermodule
b ‘ ready for tests in a beam

A Supermodule 1700 crystals +
cooling+electronics+monitoring+safety
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CMS

Trial installation of 5x5 |
supercrystals on a backplane P4 10N

s @& .
! . e '. - ;;

x

Basics
Technology N
masaseaes Crystals+V/PTs, carbon-fibre alveolar

Construction .
Issues aluminium spacers etc. = supercrystal
Performance
Long-term

Organization

|

. : m 14 S i
Back side of an EE De

5x5 Supercrystals being y ool
showing the coolingpelectronics etc. 4

mounted to.form an EE Dee |
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ES Assembly

Wire-bonding a silicon sensor Sensor + electronics = micromodule
to its front-end electronics

Basics

Technology :
Data Acquisitiorje -
Construction

Issues
Performance
Long-term
Organization

3 3 a Lo " “ ‘,J . e g
Some of the'Preshower team
with the first completed Dee

\
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Basics
Technology ' < -
el Plastic scintillator tiles with One of 36 brass wedges showing

Construction
Issues embedded wavelength-shifting fibres W gaps for the scintillators
Performance
Long-term

Organization

- Assembled HB'wedges, showing 2= -Inserting the final wedge ————
the optical cabling el to form one half of HB
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Basics
Technology
Data Acquisitio
Construction

Issues
Performance
Long-term
Organization

%)
3
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Basics
Technology 3 ¥ ——
e Brass for the HE came from\ § B NGRS g

Construction |} " y e W L o
Issues - Russian artillery shells ¢ NP elting the shells
Performance -
Long-term
Organization

.\ (I

Trial'assembly of HE brass “petals™
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HF Assembly

Basics
Technology Y T
Data Acquisitio

e Close-up of HF steel wedge showing
Issues grooved plates to.allow quartz fibres

Performance
Long-term
Organization

s ¥ = -~

Corhpleted HF ready for installation

CMS Induction Course - Calorimetry D. Barney, P. de Barbaro



Basics

Technology v oy : > . | o, :
Data Acquisitio IR AN NS el N v e P ‘ ‘ S
Construction 1 WX SR ) /1 = W “ A -
Issues BN 2 N /& WM HB+ about to be inserted into YBO
Performance v T 3 . ‘ T

Long-term

Organization

o,
R

nstalling th

e HE on the endcap disc
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CMS

Basics > '— g e \,«, \ '
Technology g 3 ‘ oY, ‘ i _{. Mm

e Installing barrel “supermodules” Al All 36 barrel supermodulesmstalled /"

Construction N

Issues of 1700 crystals each W - supported by HCAL barrel
Performance e ;

Long-term

Organization

‘n e X;,_ 'v.‘k ) - 3 J e
Installing the endcap Preshower sect i Installing one of four endcap ECAL
around the beam pipe : :ﬂ_..;.:,." Dees onto the HCAL Endcap

CMS Induction Course - Calorimetry D. Barney, P. de Barbaro



Basics
Technology

Data Acquisition
Construction

Issues

~ OF DATA TAKING IN 2010
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Issues since startup: EC

Barrel/Endcaps/Preshower

— Some non-working single channels and trigger-towers
+ Cannot fix, but number is not (yet) increasing

Barrel

— Anomalous signals due to direct ionization of the APDs (“spikes”)
» Mitigated with front-end configuration & HLT/offline filtering

» Endcaps
Basics ;
Technology — One non-powered region due to Low Voltage problem
Data Acquisitior » Fixedin LS1
Construction — One non-powered High-Voltage region
Issues » Cannot fix
Performance

* Preshower

— Two non-powered regions due to LV problems
» Fixed in LS1

— Anomalous currents in small fraction (~3%) of sensors after low-level irradiation

» ‘“cured” after higher levels of radiation

Fraction of working channels at the end of Run | and when Run Il starts

EB: 99.11% -> 99.11%
EE: 98.38% -> 98.89%
ES: 96.8% = 99.95%
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Issues since startup: HCA

« Bad channels (out of 9072 total)

— 2 malfunctioning HB & 1 malfunctioning HE channel since 2010

— 3 dead HB channels (front-end chip — QIE — problems) since 2011
« All but one HE channel fixed during LS1

* Problematic channels
N — One HPD (HB, 18 channels) had low bias voltage since 2010 — longer signal

Technology — Three HB/HE QPLL modules (timing synchronization for 3x36 channels)
Data Acquisition were not in exact synch with LHC clock

Construction ) - .
lssUes « All issues fixed during LS1

| * HO (not critical for HCAL operation) had several issues

Long-term
during Run | and was only partly operational

* Now the entire HO (with new Silicon Photomultipliers — SiPMs — instead of HPDs) is fully
recommissioned and ready to take data

Fraction of working channels at the end of Run | and when Run Il starts

HB: 99.81% = 100%
HE: 99.97% - 99.97%
HO: very little 2 100%
HF: 100% - 99.9%
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Basics
Technology

Data Acquisition u
Construction H

Issues
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CMS

ECAL: H-yy Resolution

Performance

« SM Higgs boson discovery potentlal In the H-> yy channel
depends on:

— Invariant mass resolution

)
tan (;7)

Simulated 120 GeV Higgs
decaying to 2 photons

Events/500 MeV

S S
s, _1 B hg S

V)
&
%))

. > £ _energy resolutions _s, _ resolution of angle
E,  E, ofthe2photons tan(g) between 2 photons

— Background rejection (e.g. prompt y vs nt°)
 Energy resolution (c/E) for e*/y quantified as:

A = Stochastic term
(quantifies effects of energy fluctuations)

Op _

A

L

“EY

B
E

®C

B = Noise term

(quantifies electronics and/or pileup noise)
C = Constant term

(quality of construction, stability, uniformity)

CMS Induction Course - Calorimetry
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% ECAL Qualification in beam te_

« ECAL “standalone” performance thoroughly studied at test beams
— No magnetic field, no material upstream of ECAL
— Negligible systematic term from channel response variations

JINST 2 (Z007) PO4004 |2

—

* Energy resolution for central impact u\j 14 F S8 readiltion
on 3x3 arrays of barrel crystals: ¢ b I T
_ 8 hodoscope cut 4x4 mm?
Basics o 2.8% 0.128 i )
Technology E = @ @0.3% E 1
Data Acquisition E +/E (GeV) E (GeV) 08 |3
Construction -
Issues v ) - 06
peformance | — Constant term dominated bP/ longitudinal :
Long-term non-uniformity of light collection Lo _ e
izat — Limited to less than 0.3% at construction 0o [ Central impact
U TN S N T U U S T N W U W A Y O O |
» Results compared to and used to ’ 5 100 150 200 250
tune simulation E(GeV)

« Additional contribution to the energy resolution in CMS:

— Constant term: environmental stability and response uniformity
to be kept < 1% (assumed 0.4% in CMS Physics TDR)

— Electron bremsstrahlung / photon conversion in material upstream of
ECAL - affects all terms
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Basics
Technology
Data Acquisition
Construction
Issues
Performance
Long-term

Performance: Electronics & Tri-

VFE card

FE card

Gigabit Optical Links

Crystal Data @ 100 kHz

zenergy for Trigger @ 40 MHz

Multi-Gain Pre-Amplifier (MGPA) AD41240 ADC

3 1 .QM.S..!?@.Ii.mi.n_a'l_? Nty T
- Efficient and stable efy trigger § | e ffm
« Level-1: E; sum of adjacent Trigger o CT e T [f
Towers (e.g. 5x5 crystals in barrel) - S ———
» EG20 (E;>20 GeV) un-prescaled [ f
0.4
Fully efficient for H>yy ol ﬂl
with m_>100 GeV i
[leading photon E;>40 GeV] o i -
1 " E, [CoV]
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CMS

ECAL Energy Estimation & Clusterin

« Goal: obtain the most accurate estimate of e/y energy

Ee/y = Fe/y G 2I Si(lt) C; Ai

Equalization of channel response
A;: single channel amplitude (ADC counts)
| C;: inter-crystal calibration coefficient
Basics - - . -
. S,(t): time-dependent correction for response variations
echnology 1
Data Acquisiti o = =
"' | Absolute energy calibration & corrections
Construction J "
lssues G: global scale calibration (GeV/ADC count)
Performance Fe,y: energy containment corrections (particle, geometry, Dynamic “suerclustering”
gong't_e”? clustering, upstream material, ...) tz R er? ergy radi ateg
rganization
A0 | along ¢ due to bremsstrahlung
% 0_22;7 CMS Preliminary 2012 Es‘sﬂyslals
E?J 0.2F Vs =8TeV, L = 19.6 fb’ SuperCluster
C)' 018__ E\.mmrrer:led
@ 016 — Econectea _
2 o 1af ECALbAMS Impact on the Z—c¢*e™ energy scale and
o o.12

resolution from the incorporation of
sophisticated “superclustering” and cluster
correction algorithms

0.1
0.08
0.06
0.04
0.02

60 80 120

M. (GeV/c?)
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ECAL Time-dependent Instabili

* Minimize environmental instabilities
— Achieved AT < 0.02°C, AV zpp < 20 mV (well within spec.)
 Radiation-induced effects — heavily n dependent

— Crystal transparency changes
 Colour-centre formation, but no damage to scintillation mechanism

Basics  Electromagnetic damage is spontaneously recovered at room temperature
Technology — Fast damage and recovery on the order of hours
Data Acquisitior . )
Construction « Hadronic damage causes permanent (at room temp.) and cumulative defects
Issues o i . .
e — — VPT photocathode conditioning with accumulated charge®
B APD Ieakage Current increases PR LN | LE"& OSTSUSUOS. FTSTSOTOUN SOUI OO SOROORN e Prelimin?ryjfo“:_zo‘lz 8
--------------------- - I N Qm% i :"r;zt: :::tzf 5 E
----- CMS Preliminary 2011 Q gg \'{\\p :\‘wk“" w % H,‘:""?""-“'\-va I‘é g
0% € 07 bt N4 VLT e N [V E R
9 % 0:6 e \ﬁ{ - '\’{". . i
2 F ooos o B et S S
2¢ = : = S 03 -02j1:m:2:4 . — \MV
g& — Y— Y— = 0.2 24< <27
= 0993 O O 7 o.ﬂ - 2.7 <n| . SO S— SO WS N S— s
> 08 - I I Z . it
Tg; o6 - 1 1 | | g7y 7 ! l T (-
os 02+ ! - ] = 3 i | L4 TR Et] TR
Ez QE > Q?b‘ o cj:)g;g 1 I I‘ﬂ‘l nmmr .’ I | ek :
R @Qu @Qu J = Pt NN ! o M [ R N |
" dZte (day/month) v ° .' 003\\\ 6\\\\ th\\\ ,\’\\\\ Q\\\q’ Q"&\q, Qfo\\q’ Q’\\\q, ch\\q’ \'\\\q’
* . date (month/year)
Not disentangled from transparency changes
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ECAL Monitoring the Response St

Basics
Technology
Data Acquisitior
Construction
Issues
Performance

Into each crystal

— One (averaged) measurement per

crystal every 40 minutes

* Normalized with reference PN diodes

 Corrected for differences in light paths

for scintillation and laser light

— Corrections ready for prompt
reconstruction in less than 48 hours!

« Validity checked using electrons from W decays

 Light from laser (447nm, ~peak emission) injected through fibres

o 1Tl R e R T ST
= F CMS Preliminary 2012 i [ Mean 1
g = _ - 1 ECALendcap -+ ||RmS 0.0028
S 105 Vs=8Tev L=1961b : . 08z
o E : [ [RMS  0.037 |
) E 3
2 095F - NS0 -NO0 3
= 3 cCH RIVIo. U.UY70 -
& 09[%; =
TE Y (agl 3
B E RMS: 0.3% |
& % O‘;i g
08 F M'ﬁwi y =
- ; iy 11
0.75 — —— without laser manitoring correction =
E ——  with laser monitoring correction E | | |
0.7 20/04 20/05 19/06 19/07 18/08 17/09 17/10 16/11 0 50 100 150
date (day/month)

— Weekly corrections for optimizing the L1 e/y trigger
» Endcaps in 2012; will be extended to barrel in 2015

(VPT) ; diode

Light d:mmk
to groups (~200)
of crystals 8 8

Lasers
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(Inter)Calibrating the ECAL (&)

1¢- and time-invariance of energy (,, -
. . —_ = 4 - CMS Preliminary 2012 6=10.0°
flow in crystals at given n 2§ s e N
. I ) % 4(/5) 0] 10005 426 = It
— Short calibration periods ~ 2 days S 5 8
. . E fe)) . 300»—
— Excellent for checking ECAL stability /— 5 £ S |
. } =5~ 2 600/~
I w%m => yy invariant mass ST 2 ! __
. ! . Q [
— Average calibration periods ~weeks — 5 i | Barrel
Basics = b TEOQ’Y'Y
lechnolooy |« Ze*e invariant massand E/lp — < ¢ Qb s e L,
Data ACQUiSitiOF 2 % % 0.06 0.08 01 012 014 016 018 0.2 0.22
e with electrons from W->ev g2 My (GeV/C?)
) ] : -— 4
e — Long calibration periods ~months =5 A
Performance c > <. b
S < = 250}~ CMS Preliminary 2012 c=4.8%
Long-term — Z peak also = absolute energy scale _J = g 3 e B - o047
X1 0 CMS 2012 Preliminary, {s= 8 TeV, L = 2.4 fb™ g 200:
& 'F7 7 7 cmsPreliminary 20117 | | ~ AR nanes s e I
S o ECAL Endcaps 7 | | o 2500 EcAL Barrel Pl
o g 1 % - Z—ee E P
@ sf 1 || © 2000F @ 1001
u ] To L F
% aE Endcaps | 1 || < ,.,,- Barrel i Endcaps
i W>ev | (|2 [ Z%ee : n=>vy
E 91000— | PSRN PPN EUPRPITEN o i sl AP
oF o 0.4 0.45 0.5 0.55 0.6 0.65
: sook: M,y (GEV/C?)
1+ C
of : 5 3 0=™""% %0 100 110
E/p (c=1) M,e [ GeV/c? ]
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. (Inter)Calibrating the ECAL-

« Combining all calibration methods

c 004—— c 0.12—— —_—
% | CMS 2012 Preliminary - ECAL barrel | % L CMS 2012 Preliminary - ECAL endcap
o - 1 I3 _....[—=— §-symmelry i
o) . [—=— ¢p-symmetry ] ) 0.1F R
Q. 0.03—|—*— ege/ctron e . a Rl ;gelcaron e
c a2 A a c i . . I
S [ [=e combination I S 008~ |—e— combination 4=
o - - - S L ’ ]
Basics 2 0.02 - 2 0.06 T g —'—_
Technology 8 i - - o] . 8 i _'_ .
Data Acquisitior] é s o "a I % 0.04. S ]
Construction € 0 01_ vy Ay v 7 2 :_Q_ . 1_ . e
Issues - Tt ) _,‘,:¢:+++++‘ - 0.02 e S, _‘_::::31 ]
Performance T-I-T= ?x=!~x—1-::¢:—0+——: . i o2r e T e :
Long-term B . L i

- 0 T T T T T S SR S N PN [N I 0 L L L L L | L L L L |
Organization 0 0.5 1 1.5 2 2.5
crystal | n | crystal |n |

“1g-symmetry limited by systematic uncertainties
— E/p statistically limited for |n|>1
[17%m limited by systematic uncertainties for |n|>2

Combination Precision
Barrel: <1% (~0.4% for |n|<1)
Endcaps: ~2% (almost everywhere)
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A CMSPeimnavpot  Correct energy clusters for:
§ 1145 —ECALbarel-R084  —— ECAL endcaps - R9:0.94 — Energy loss in material upstream of
——ECAL barrel - R9<0.94 —— ECAL endcaps - 9<0.94 1
g 112 _ . ECAL
§ 1.1gmodule boundaries hiah E * e*e” bremsstrahlung and y conversions
& 108 gn 3 — Local shower containment
o % 106 E — Crystal geometry
1.04 — - s )
o 100l 1 || « Corrections currently derived with
ata Acquisition L - o c 5
Construction an MC-driven multivariate (MVA)
:;‘,s:fes teChnique
errormance
Long-term ><" 2. 5 CMS Simulation - — Using shower location, shape and global
B o e o e el || event variables
S 2r I -
= T ‘ 1 - 1 Use Re shower-shape variable to discriminate:
T osf y ] ® |ow / high bremsstrahlung electrons
- L U e unconverted / converted photons
i Ro = ( 23x3 Extal ) / Eciuster
0.5 n i . —
I . rl 1
- 5 -
U O
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Basics
Technology
Data Acquisition
Construction
Issues

ECAL Energy Resolution

Performance
Long-term

CMS 2012 prellmmary L = 19 5 fb \s 8TeV CMS 2012 prellmmary L=19.5f", Vs = 8TeV
006 P T | T 006_ LN | III L T 0 T
B rompt reconstructlon Incluslve 7 - Prornpt reco structlon R Loo94 ]
- Winter2013 re-reconstruction, inclusive - B Winter2013 re—reconstruc‘ﬂon R >094 i
0.05(- —*——, MG, inclusive . 0.05F. —=— MC.R =094 .
- ; e - - ]
oo N e B X7 R
w o E L e T T w o F A R i0ip U
,0-03 i NS L —— 003~ i 5 [ ’Hf: =
N S R sy acll R A T T Y25 et
0-02m** ' u 0.02} Washt -
HeME Ry All s i Low-brem |
0.01F : : g 0.01F """ =
g P electrons : electrons | -
o_u |'||n||||E||| T T i B S T 0_!lllElJlillIJEllJIJIJllJlll
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
SuperCluster |1 | SuperCluster | |
* Derive electron energy 1 1071'@TeY) 19.7 1" (8 TeV)
d L = XU > x107T
resolution from Z>e*e- width |& | cms & [ Cms
2 20'_ Barrel-Barrel ¢ Data _ g 30__ Mot Barrel-Barrel ¢ Data )
» ~1.2% for low-brem. electrons |z | Hzmeetol 4 B zmeete
: g sl g
in central barrel @ of E
 Differences observed between o
data/MC 5F
— MC adapted by adding an extra ok
smearing term (conservative at 2F ; .
high energies) BE B 1
75 80 85 90 95 100 105 75 80 85 90 95 100 105
Mg, (GeV) m,, (GeV)
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!Cg ECAL Resolution Stability with Ti

Basics
Technology
Data Acquisition
Construction
Issues
Performance
Long-term
Organization

<3 2E CMS Preliminary 2012 I
= 1OF Ns=8Tev, L=19.6 b 1 Barrel |
= 1.8F ECAL Barrel ghonne
m - 5
e e
1.8 N = :t:ﬁt:.t:ﬁ - N S ot S T
1.5 ~ i ;
1.4F
13f .
- A Prompt reconstruction
1.2
1.1 z— @ Winter2013 re-reconstruction -
= L 1 1 i
' 02/05 01/07 31/08 31/10
date (day/month)
— 4 T — T
= - CMS Preliminary 2012
"'E'L ask Vs =8TeV, L=19.6 fb Endcaps
=] L N -
____,m - ECAL Endcap + ++
[&] - ; ; 3
o) 3 : L +; i i"‘l"‘—i—' Lt
C -—i—*“’*ﬁ"ﬂn—r— ﬂ@—q—u« e -i-L,:‘* -
2.5 : e —t
2 :_ S e
C A Prompt reconstruction
15 :_ ........................
- @ Winter2013 re-reconstruction
h: ;

» Width of the Z—>e*e peak fitted
with a Crystal Ball (CB) function
convoluted with a Gaussian
— Use CB width as a measure of the

mass resolution

* “Prompt” reconstruction (<48
hours after data taken) already
excellent

 Absolute resolution and stability
improved further once final inter-
crystal calibration applied for a
“re-reconstruction”, especially in
the endcaps

31 .:‘OB 31 JIF 10
date (day/month)

] 1
02/05 01/07
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ECAL Benchmark: H->

PROMPT
reconstruction

within 48h from

Basics data taking

Technology

Data Acquisitior|

Construction [ |

Issues

i

RECONSTRUCTION
with improved
conditions

m nev I B = = .
w.18b . CMS prelimina
g 1 BE —+— Simulation P $imu|a;:):1 nary
8 18 _ —— Paramelric Model All Categories
w 1.4F Combined
g 1‘25_ 0, = 2.45 GeVic®
= LP 2011
o FWHM = 4.35 GeVic® | '
E 0.8 FWHM = 1.54%
g 35
0.6
0.4F
0.2F
[ -..—:l 1 1 1 I 1 1 1 .'.-i-" —
0950 110 120 130
m,, (GeV/c?)
o F - CMS preliminary
g 7 :_ —+— Simulatien A simulation
8 6 :_ —— Parameiric Model
Ty : Al Categories Combinar
g BE o= 178 Gevic
E 4F  pwhm=a.18 Gevi? ICHEP 2012
= C
L% 3— FWHM - 1.12%
oF 2.35
1
= S —————
10 110 120 130
m,, (GeVic?)

5

Events / { 0.5 GeV )
5 &

8 N

m The energy resolution measured in data with Z — ee is used to model
the expected H — ~y7y signal in the simulation
m Steady progress and excellent results

-->

0, =202 GeV

FWHM = 3.56 Gay

CMS Praliminary
Simulation

Al Categorias Combinad

MORIOND 2013
FWHM _ 131%

15 135
m,, (GeV)
o~ T T S ey
Em' _+_ —— Simulatian
b
=] - Combinad
< [ —— Paramatric model
2 40|
=0
|§ - 0, = 1.88 GeV
30 Fwe=3.05 Gev 2014
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Basics
Technology

Data Acquisition u
Construction H

Issues
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CMS L -
HCAL: Pre-Calibration & GE/_
« LED: illuminate megatiles for checks of FE electronics;
monitoring stability of HPD gains
Beam tests: absolute scale 2%
calibration with single hadrons 2 3
e for a few barrel and endcap § %] SR A
Technology wedges; study of linearity and 3 251 113%
Data Acql.Jisitior I tion /E o — 0 e_) 30/
Construction energy resolu o= W op ] 0
Issues \/E
Performance 15
Long-term
Organization Wi 10
— ScmnHaror >
00 5|0 160 150 260 250 360 350
0.3 — Pion Energy (GeV)
s signal « Wire-sourcing (Co%): relative
T : calibration of all HB/HE towers
™ Torward '“ba"“ckw“é'rd « Cosmic muons (in situ) can be used for
066 4000 6060 5006 70000 12000 P y cross-checks & additional calibration
osition (mm)
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HCAL: Intercalibration in Run |

d-symmetry intercalibration uses two independent methods (giving
similar results)
— Method of moments (variance) on non-zero-suppressed minimum-bias data
— Iterative method on high-energy e/y-triggered events
- weighted sum of both methods used for final intercalibration coefficients
Basics Oyt - 11.2% for HB, and 0.12% for HE
Technology .
Data Acquisitior] 7 GSySt' ~2% for HB/HE
EZ:Z:UCtion Comparison of corrections obtained Final corrections determined by an error-
Performance using the 2 methods weighted average of the 2 methods
Long-term § 2;""'_"_"”"HlllllllHllllH'I"é 300:—IH|IHllll‘lllllllllll,ll_llllll—:
ot C 18- Preliminary 3 - Preliminary ]
'E 16F 2010 Data E 2501 2010 Data  _
1.2F = - :
- ] 150 .
- . ¥ ]
0.8f E 1001 3
sof
0.4F " - B .
Al b b b b B P b L. el L]
04 0608 1 12 14 16 1.8 2 02 14 16 18 2
corr(iterative) corr(combined)
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% HCAL: Absolute Calibration

Mean response for p -40-60 GeV

1.2

§1 A5 E— i----{:Jceafr.n’e corrections- ;
. . . w E ‘Imaﬂer correctlons
 Dedicated triggers for isolated £ L;h . T
tracks with p>40 GeV 5 Abetheclebeenssesrernsats Haterstrorsasebetansis
— Absolute calibrationof all HBand | |3
part of HE (to |n|<2) 0.85E
Basics E
Technology 0.8§—-
Data Acquisition 0.75 = : : : _ ] _ _

. I I A T RN PR FEETE L T e
~onsieren 075 6™ 510 5 0 5 10 15 20
e E 130' CMS preliminar iEta
Performance |< B jL dt = 1.1 fb" at\s=7 TeV i Y
Long-term *E 160:_

Organization 5 140|
ol  Absolute scale for HF from Z->ee
vool- — First electron precisely measured in
sl ECAL; second in HF
sol — Use constraint on Z mass to derive
a0 expected energy in HF
— Fit By constructed! Epredictea 8 @ function of n
86 07 08 08 1 14 4z 13 14
EﬂltoﬂslrutllﬁrEPmdlnled
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CMS

HCAL: Time-dependent Variation

HPD pixel response drifts 14— T T T Tg T T
c [e] : S
(HB, HE, HO) 213p @ NI | i Rl 1
« Changes are consistent with S 12 £ B sieebig =@l '
- O o © [¥] : ] AT ! [¥}
photocathode migration in G gil 1] i ah l cool 1
HPDs g i ] “i i ll “ ; ~
Tost > Bl i !“ - f 1
. £ o it T
Basics 50.8~ S it ot . !a; i} -
Technology a § WS, i
Data Acquisition Eo7r 4 Q& |
Constructi -
.. | PMT gain loss (HF) 95 s 100 160 200 20 30 %0 40 40 50 50 600 650
B — o Related to IuminOSity Days since October 1, 2010
I(_)ong-t.err:! HF Depth=1: LED ratio vs time c
e .0 = || Both effects addressed during
: ﬂ ________________________________________________________________________________ R = : Bun | b_y applying calibration
T ooof £ || corrections at various stages of
B 0.94F = . .
S ook 3 | data-taking and analysis
& 09F 5 -
£ ose £ || » Adjustment of energy look-
0.86 - o
up-tables for L1 trigger
0.82 o o O
oo  Adjustment of calibration
E‘ii: S constants in HLT and offline
L m analysis

CMS Induction Course - Calorimetry 58 D. Barney, P. de Barbaro



CMS

Basics
Technology
Data Acquisition
Construction
Issues
Performance
Long-term
Organization

HCAL: Radiation-induced effects

HE:

» Loss of scintillation and reduced
transmission of light

» Effect observed in Runl at the
level of 30% in the highest n
region of HE (n=3)

HF:

* Reduced light transmission in
quartz fibres

» Effect observed during Runl at
the level of 10% in the highest n
region of HF (n=5)

CMS Induction Course - Calorimetry

P~
@ .
= (&)
3 \-g_a
g 08 1 .
S -
G 07 -ebedet bbb AN AN P
11}
£ 0BFE AR AR -
c
9 ogl..i i | D
§ 0.5 . 8
E 04_ 850“3-1 __i_ ________ O
@ —— 1=1.99, D=649fb-1 | | S
o3 =241, D= 865fb-1 [irivthberooooetodbdrd i A R oot g
o .
c ——1=2.25,D= 3701 | ; ;
2 021 =241,D=321f1 [ aa
& 04 —n2.58,D=275f-1 |
——n=2.76, D=123fb-1 | ! : i ;
0 S| T i H
10" 10’ 10' 10° 10’
Int. Luminosity, fb-1
CMS preliminary
% 1!111 N ) —
© - s A E
= = T HF -
0.9F -
LL - NN \\\ E
T os8fF ™ > s
s F N ]
E . E
% 0.7 = \ 3
o c \\ :
= 0.6 A
© = \ =
S, 05E =
e h 3.66-4.19 expectation 13 TeV N\ E
U) 0 4 ]
. h 4.36-4.54 expectation 13 TeV \ B
h 4.72-5.19 expectation 13 TeV N =
0.3 =
° h 3.66-4.19 \ -
0.2 h 4.36-4.54 -
° h 4.72-5.19
0.1 .
1 10 0? 100
Integrated Lumi,fb
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CMS

HCAL: Energy Response

<response> = <E_ .,/ > £ 1.2 e e
. \/227 TeV min?r?]ALler?-trgci:;s data ,».“-’ " 1; cmsI Prelimilnary 2o|10, w’s=‘7 TeV 7
. . <, - +HB+ 1
» ~nosignal in ECAL; Isolated tracks p>5 GeV | |8 = :
« Cone-based isolation at HCAL surface 09F ]
- 08; —— ¢ ;
Corrections necessary to take into account the 077 :
. energy deposited in upstream material, particularly 0.6/ Inl<1.1 :
asics . . £ . ]
recnnoay | fOr low E; particles/jets 0.5¢ E
Data Acquisition CMS. L = 36 pb \J— 7 Tev 0-4; ;
oo }o 10 - I S -Total uncertalnty f 0.35:' — '10' — '15' — '20' —— — ??0
Issues =. 9° -~ MPF method = (GeVIc)
Performance = 8 —~ Photon scale E P rack
c - Extrapolation = ,
Long-term S 7 - Offset (2010) = A R A I I
Organization o - Residuals E £ ... CMS Preliminary 2010, Vs=7 TeV 1
s 6 = Jet flavor E o 1A 1
- ° . E g :
S a Anti-k,. R=0.5 PF _i LUI - <HE- ]
[ab] = 0.9 * .
= E 0.8F : |
B 2F = T :
<C 1 —— 0.7: ]
o 20 300 200 ~ 1000 0.6 |
p, (GeV) o5 1.7<n|<2.2 | :
The Particle Flow technique 0.4°
gives a substantial improvement 03015 0 G 'wé
in Jet energy resolution P, (CEVI)
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CMS

HCAL: Missing-E; Resoluti *

« Missing E+ (MET) calculated using a combination of measurements
In all calorimeters (CaloMET) and also the Tracking detectors
(Particle Flow - PF_MET and Tracker-Corrected - TC_MET)

— Differences in responses & non-linearities necessitate
E; and n-dependent corrections

e — Special filters developed to eliminate noise, which could otherwise affect MET
Technology performance

Data Acquisitior

Construction ] LM B I e B B R e
Issues jo : —— 1 2 cal E? Data : -
Eerformance g’ - — ;:2 calgﬁé EM%)) ] Resolution for the
ong-term " 20 tcg, (Data i
Organization ; " !CE: EMC)) o 4 Callb-r-ated MET fOf
£ |+ plE (Data) - 1 | multijet events with two
S s ot | | jets with p;>25 GeV
10} o :.::-:_:.":k-.—'
I f . .
5 e The Particle Flow technique
i - CMS Vs =7 Tev | . .
i 1 | gives a substantial improvement
00 %6 f00 150 200 250 300 350 400 In MET resolution

Calibrated pfZE, (GeV)
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CMS

HCAL: Luminosity Measureme

Basics
Technology
Data Acquisitior
Construction
Issues
Performance
Long-term
Organization

« CMS provides real-time
monitoring of the LHC
luminosity to determine an
overall normalization for use in
physics analyses
— The online luminosity measurement

Is based on the forward hadronic
calorimeter (HF)

« The HF Lumi is subject to
calibration drift as a result of

Total Integrated Luminosity (b ')

=
wu

=
=]
T

N N
o 5]
|

CMS Integrated Luminosity, pp, 2012, vs = 8 TeV

Data included from 2012-04-04 22:37 to 2012-12-16 20:49 UTC

| BN LHC Delivered: 23.30 '
[ CMS Recorded: 21.79 v !

(=]

Wt W p® g o Wt o€

A
Date (UTC)

120

115

110

S cluster (b)

gain changes in the HF PMTs S o — <
and possible other effects. Such . E
drifts typically occur over a -2 5 S .
long period of time. st F 2 .
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Basics
Technology

Data Acquisition
Construction

Issues
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CMS

ECAL Benchmark: H2>Yy

Candidate H->yy event in CMS

 Excess of events seen in H>yy

channel at around 125 GeV/c?

— Diphoton final state implies that the
new particle is a boson with integer
spin different from unity

19.7 fo' (8 TeV) + 5.1 fb™ (7 TeV)

> x10°
Basi -
TaS'CS 8 a5k CMS S/(S+B) weighted sum
echnology - H— vy
— =
Data Acquisition ¢» )i X ¥ Daa
. = o S+B fits (weighted sum)
c -
Construction g o8 SR B component
. o 19.7 fb" (8 TeV) + 5.1 fb” (7 TeV)
Performance 8 2F (3. 2 .
Long-term £ : - CMS ]
Organization o 15¢ 150 H— 7y _
g ’ - ~L + 10 uncertainty .
@ osf e ]
n : i
= :
200 0.5
100 i
! 0=
0 [
100 I 1 | | | L | 05 :_
110 115 120 125 130 135 140 145 150 N N PR N R PR Pl S
110 115 120 125 130 135 140 145 150
m,, (GeV) m, (GeV)
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CMS

H-> ZZ - 4 leptons

Basics
Technology
Data Acquisitior
Construction
Issues
Performance
Long-term
Organization

e Excess of events seen in all
4-lepton channels at an
invariant mass ~ 125 GeV/c?

Events / 3 GeV

\s=7TeV,L=5.1fb";{s=8TeV,L=19.7fb"

CMS
T | T T T [ T T T [ T T T [ T T T I T T T
35 * Data
B z+x
30 .
Oz zz
25 [ |m.=126 Gev
20

15

10

,-I-‘-l-l-.ll[l]][[l]l[l]ll[lIIIII]IIIIll[l

JJllIJIllJJIlIJIIlIJIIII]Il

0
80 100 120 140 160 180
m,, (GeV)
Channel de 4u 2e2u 47
Z7Z backg'nound 6.6 +0.8 §13.8 +£1.0 | 181 +1.3 | 385+1.8
Z+ X 2510 1.6+06 40+16 8.1 £20
All background expected § 9.1+1.3 §154+1.2 | 22.0+2.0 | 465 +2.7
my =125 GeV 3.5 £0.5 6.8 £0.8 89+1.0 | 192+14
my =126 GeV 39406 f| 74409 | 9.8+1.1 | 21.1 +1.5
Observed 16 23 32 71

Candidate H>ZZ—->4e event in CMS

F — Observed £, Ia‘r DA

i — Observed ‘:;n 1 ;’/ N :\E 5 o
I — Observed £, | H R
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CMS ]
HCAL: Benchmark Physics
* H(wt) candidate event in the VBF channel, as indicated by the

presence of two forward jets (in green) and a central jet (blue) from
hadronically decaying tau

Performance
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%% HCAL: Benchmark Physics

« Event with several hadronic jets and large MET, as it would be
typical of a gluino-mediated bottom or top squark pair production

CMS Experiment at LHC, CERN
Data recorded: Wed Jun 13 21:51:54 2012 PDT
Run/Event: 196250 / 615309469

b-tagged jet

b-tagged jet

Performance
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CMS

Basics
Technology
Data Acquisition
Construction

PERSPECTIVES FOR THE

Issues H
Performance - [ ]

Long-term
Organization

HIGH-LUMINOSITY LHC
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CMS

Perspectives for the Future

« CMS has collected about 30 fb-1 so far

— LHC Run 11 (2015-2017) will be at higher energy (~13 TeV) and at an instantaneous
luminosity up to ~2x1034 cm=2st = 2x higher than CMS was designed for

« But ECAL and HCAL will still be highly performant!
— Expect 300-500 fb by the end of nominal LHC operation (~2023)
— High Luminosity LHC (HL-LHC) will take this to ~3000 fb! by ~2035

Basics —> we have collected ~1% of the total data expected!

.| * HL-LHC conditions will be even more challenging than LHC
Ezzzzuction — Collision pileup ~140 (c.f. ~20 in LHC)

Performance — Up to 65 Gy/hour in endcaps (c.f. ~6.5 Gy/h in LHC; barrel is ~20x lower)

Long-term — Up to 2x10% hadrons/cm? in endcaps (c.f. ~3x1033h/cm? in LHC; barrel is ~100x lower)

Organization

78 reconstructed vertices
In a special run in 2012
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Perspectives for the Future-

ECAL Barrel HCAL Barrel
below 10*Gy (1 Mrad) below 103Gy (0.1 Mrad)

CMS protons 7TeV per beam
Dose at 3000.0 [fb™ ]

CMS Preliminary Simulatign
2012 FLUKA geometry

300

HCAL Barrel

Basics
Technology
Data Acquisition 200
Construction
Issues
Performance
Long-term

R [cm]
Dose [Gy]

FLUKA nominal geometry 1.0.0.0

2 100 200 /00 400 / 500 600

[cm]
HCAL Endcap

ECAL Endcap up to 10°Gy (10 Mrad)
At n=2.6: 3x10°Gy (30 Mrad), 2x10 * h/cm?
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CMS

ECAL Perspectives for the Futu

« Huge amount of work to qualify ECAL long-term performance
— Main concern is crystal transparency degradation with integrated hadron

fluence
AN Lo i [ | Az st r Ao [ | = | S i A=
L
\ CMS ECAL CMS Preliminary EE SLitrani + MARS Simulation
I3 o (PYTHIAG + Geant4 for event simulation)
n
S 1k — = 9 e
: - ] ~ — 5000 fb" =
Hasics S S 10 L 006! S -
Technology 8 L g [ — 1000 fb™ (IR A N dba—
Data Acquisitior _I - g L — 500 fb ! LI S
; r—  300fp" S
Construction S i o ;
R L F— Simulation \ =
Eerformance ‘-'6 - 50 GeV e- EI
ong-term c 5 S
Organization e E’ 1+
Y a2l |— 10", 5E+33 cm?s” 2
© 10 F | —— 100 ib::,1E+34 cm::s“ _3 1 _500fb-1
T e B Rty  (full c/y accept £ | (full ely accept
r 1000 fb”. 5E+34 ems? vy acceptance) = (full e/y acceptance) |
| =———2000 fb™', 5E+34 cm’s! 1000 fb1; ok to 1’]<23 8 ok to 1’]<25 i
3000 fb", 5E+34 cm?s™! [ECIOIO[OR o] @ (o { eZi | 2 | 3000 fb':okton<2.1l g
‘© ! ;
L P — &”10-1‘..‘i‘.‘.5.‘..
1.5 2 25 3 15 5 55 3
1 max(y1,m»)

EB will be highly performant to 3000 fb-! (with some modifications)
EE and ES will be ok until 500 fb-1; they need to be replaced for HL-LHC
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CMS

HCAL Perspectives for the Futur

Basics
Technology
Data Acquisitior
Construction
Issues
Performance
Long-term
Organization

» Expected radiation damage to HE by ~2023

Eta Position of tiles

Response degradation in HE after 500 fb-1 @ 13 TeV collisions

7 9 (degrees) CMS preliminary

1.305 (30.344)

S qq [
- 1392 (27.919) 13 B undamaged regio
v 1.4 [ g g
1479 (25.673) 15 b
LT 1566 (23.597) :
Layer -1 é 9 1653 (21.679) 16 |-
W ® 1740 (19.910) 1.7
1 f : ; 1.830 (18.2227) 1.8 [ b
1 [ L 1.930(16.517) 10 DR
| L * 2043 (14.773) 20 I s
./,( ‘
o, 21721000 21
’ e :; 13223) o3 [ S
3 7 ; 2650 (8 083) 2_4 ................
L o 550 5700) 2.6 o
Il‘.;l.'..‘"'“"u“" 2-8 5
e 7 %) damaged region
% - 0 2 4 6 8 10 12 14 16
= Depthl « Depth2 = Depth3 Layer

W,

0.8
07
0.6
" os

0.4

0.3
0.2
0.1
0

HB and HF will be highly performant to 3000 fb!
Endcaps will be ok until 500 fb-%; they need to be replaced for HL-LHC

Note: the Phasel upgrade in LS2 will extend the performance of HE to LS3.

QE of SiPMs x3 higher wrt HPDS
finer depth segmentation allowing re-weighting for radiation damage)
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CMS Calorimetry for HL-LI-

Two concepts for forward calorimetry: | | wmm

[ W (2.5mm)

LYSO (1.5mm)
P

« Keep the separation between HE
and EE

— Rebuild HE with rad-hard scintillators
+ fibres, with improved granularity

P

4x WLS fibers

1x Menitoring fiber

Basics — Sampling EE in “Shashlik”

Technology 3 2 5

Data Acquisition configuration, with W absorbers and
IConstruction crystal scintillators (LYSO or CeF,)
ssues

Performance

Long-term

« Combine HE & EE functionality
— High-granularity sampling
calorimeter using same technology
for HE and EE

— W absorbers interspersed with
690 m? of silicon sensors

Decision to be taken in 2015
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Basics
Technology

Data Acquisition
Construction
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ECAL Organization 2

Basics
Technology
Data Acquisitior|

CMS Technical
Coordination

A

CMS Upgrades
Technical Coordinator

Construction

"

[

Editorial Beard

Chairpersan: T. Orimoto (NE)

{

ECAL outreach
E. Auffray (CERN)

Resource Manager
I. Fay {Lyon)

{

Conference Committee
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J

A 4

Institution Board
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Deputy: C. Shepherd (RAL)
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HCAL Organization 2

HCAL Praiect Qraanization in 2014
S [

Institution Board Resource Manager:
Chair: J. Freeman Erhan Gulmez
Technology

L Deputy: A. Zarubin
Data Acquisitior]

—
[e]
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THANKS FOR YOUR
ATTENTION!
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MORE INFORMATION
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agnetic
Ca rimeter (ECAL)
Calorimétre é ectmmagnethue (=@
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How does the ECAL work?
C fo ECAL i 7P
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B0 P e G e o O e wengy

Electromagnetic Calorimeter (ECAL) 75848 crystals of isad tungstate (POWO, - B5% metal but completely transparent) are used
to measure procisoly the energes of clectrons and photons n the barrel and endcaps of CMS. In the barred the crysials are
22 x22 x 23 cm’ and in the endcaps they are 3 x 3 x 22 cm’. A preshower datector, based on 4288 silicon sensors, each
measuring 6.1 x 6.1 x 0.03 cm?, helps particle identfication in the endcaps.

Lo calorimétre dlactromagnétique (ECAL) contiant 75848 cristaux de tungstate de plomb (PEWO,, 4 86% métafique mis complaternant
transparent) Qui permetient de mesurer précisément I'énevgle des dlectrons et 0es photons dans jo tarnea u of les bouchons de CMS,
Les dimensions des cristaux sont, dans le fonneey, 2.2 x 2.2 x 23 o, et dans Jes bouchans, 3 x 3 x 22 cm®. Un dédeciowr de pled
de gevbe, comporiant 4288 coptewrs en sicium mesurant chacun 6,1 x 6,1 x 0,03 ci?, permet didentifier les particuies dans les
bouchons.
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< Some Useful Links _

« ECAL Web site:
https://twiki.cern.ch/twiki/bin/viewauth/CMS/DrupalEcal

« HCAL Web site: http://cmshcal.web.cern.ch/cmshcal/

e “The CMS Experiment at the LHC”, 2008 J. INST 3
S08004 http://iopscience.iop.org/1748-0221/3/08/S08004
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TRIGGERING
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CMS

Level-1 e/y Trigger

<> Use coarse information (1 tower = 5x5 crystals in barrel, more complex in endcaps)
< Build 4 L1 EM candidates (most energetic pair of towers) per region (4x4 towers)
< Keep the 4 candidates with highest E in the entire ECAL

1 tower
(5x5 crystals)

L1 decision
3.5 us
100 kHz

—

YEJOES

* Fine Grain (FG): 90% tower E; contained within 2 adjacent strips
(tower E;>6 GeV)

* H/E : ratio of E; in the corresponding HCAL and ECAL towers < 5%
(L1 E; > 2 GeV)

STREAMS
EM shower : * Isolated stream :
- harrow in n - at least one « quiet corner » < > (5 adjacent towers) < 3.5 GeV
- spread in ¢ - 8 neighbour towers must pass FG and H/E selections

* Non-Isolated stream
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L1 Jet Trigger - @

L1l jets
HCAL
. « Jets |nl<5 HLT jets, E miss
+ Sliding window L)
[T 12x12 ECAL+HCAL » Jets:
towers

* Use an iterative cone algorithm of
+ Central 4x4 amplitude AR = 0.5
E;™™ > neighbours o EMss:

* Algebraic sum of calorimeters
objects plus muons

0.35 . . .

7~ 5x5 crystals
Y

\ f/r"l . T—je‘l’s |r||<3
o + same as jets . ) .
wp ey s s | | BaSIC trigger tower size:
.0 | AnxA¢=0.087 x0.087

jet

Algorithms (e/y and jets) being updated for Run I1; new
trigger hardware also being built, to be installed in CMS
In stages from now until 2016
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H-> ZZ - 4 leptons

» Final state with 4e particularly challenging

— Softest electron often has p; < 15 GeV
« Difficult kinematic region due to B-field and bremsstrahlung
» Crucial to identify and reconstruct electrons down to p; ~ 7 GeV

CMS Simulation, Vs = 8 TeV CMS Simulation Vs =8TeV
@00 Qo14_'I""I""I""|""""""""I""I""
Eo. H— ZZ* — 4e ~ U.l4ar ]
éOO f— o M, = 126 GV % . ECAL barrel %EE
E e ©°0.12 C
2000 :_ HE Before analysis selection [ éﬂﬁ% EI]
= — ’ [ g
::ZZE E_ ;;jiﬁ}t}‘ij After analysis selection 0'1 - %ﬁﬁﬁ
E [ s .
14005— P2 0.08 ; ﬁ;‘rbg’:’ * Eeypoomb.
1200 P 0.06]-% ° ECAL,, .
1000 [ R 5
300% 0.04 _gr.j?i .:(: o Tracker p ]
600;_} 0.2 "'QSWWWW
400 - - .
o I PR NN ST FERT RN N T P
2004 e e 01020 30 40 50 60 70 80 90 100
% 10 20 30 40 50 60 pjgewC] Electron p (GeV)
electron ID variables include: At low p+ the tracker improves
- Shower spread vs 1 - Matching Track the ECAL electron energy

- Isolation (pileup corrected)  with ECAL cluster
ECAL resolution/granularity at work

measurement
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CMS

ECAL Benchmark: H%'y'y -

 Look for a small narrow excess of yy
events on a falling background

« Key analysis requirements:
— Excellent y energy resolution 4000
— Highly efficient y ID and yy vertex-finding
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* The CMS ECAL meets the high expectations from the
design phase

— A Higgs boson was discovered with the strongest signals in the H>yy
and H>ZZ->4l channels

— Excellent energy resolution in the ECAL barrel drives the sensitivity for
H->vy

» ~1% diphoton mass resolution for unconverted photons with |h|<1
— Energy resolution is continuously being improved. Working on
Improving:
» Calibration and time-dependent response corrections
* Local containment and upstream-material corrections

« HL-LHC will require new ECAL endcap, but barrel will
remain highly performant until at least 3000fb-t

 Looking forward to the next LHC run starting 2015!
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Discovery of a Higgs boso

« First announced on 4t July 2012

— 5 channels examined e
© Hgo B =
« H>ZZ>4l | _ _
b HeWW &h:&v;&unofanewhomnatamassu{lﬁ GeV with the CMS experiment at
A H%bb B P e e e e 08t e ot R e e
» HEEG

— All critically depend on ECAL = =
 Analysis of 2010-2012 data finalizin g

« Best mass estimate comes from the two “golden” channels
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I R ° 20 +«= || Higgs boson has a mass of
0 voh - || around 125.6 GeV and its
of § ' || decay rates are consistent
‘ " - || with the Standard Model
of 05| || predictions...but what will
it : || we find in Run 2 of LHC?
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ECAL Groups Worldwi
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Idea of Endcap Preshowe-

One of the main physics goals of CMS is search for SM Higgs
If my, < 150 GeV/c? best chance is through 2y decay

! But large reducible
background from r°
H faking single photons
y

Idea of Preshower:

Transverse
shower profile

Transverse
shower profile
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Single incident
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photon yP

Incident photons
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Have chosen to use Si sensors

6.3cm X 6.3cm, 1.9mm strips
EIeEB dnchiodion Z,0288eN Galoere208 91 D. BaieyBRrueyBabRIY




The CMS ECAL: Silicon
Sensors

Ceramic Support Bare Micromodule

T )
Armenia

Ryssia India: Croece.FalWen s g Micromodule - 4288 required

Aluminium Tile Hybrid for CMS Preshower Detector
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Modifications to ECAL Bar

« Change front-end (and back-end) electronics

— Driven by HL-LHC requirements of trigger system
« 1 MHz L1 rate (c.f. 100kHz now)
» ~10-20 usec latency (c.f. 6.4 usec now)

— Move to individual crystal readout at 40 MHz

» Improved rejection of APD anomalous signals at L1

« All triggering moved off-detector for ultimate flexibility

— Requires removal of all ECAL Supermodules, upgrade, then reinstallation
« APDs also suffer from increasing leakage currents = increased noise

— Can mitigate by cooling EB by 8-10°C 2.0, CME Polminary 2011201 100~
y 1 T 3- oF Average dark current per channel {2 APDs) —290 IE;
— Currently studying technical feasibility 2180 . o -3
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CMS

Time-dependent Instabilitie

« Radiation-induced crystal transparency losses (cont.)

—Hadronic damage causes deeper defects; permanent (at room
temperature) and cumulative

= data: M. Huhtinen et al.,
055 NIM A 545 (2005) 63-87
08 LITRANI

g simulation

—

206
So0s
0.4 Aa *E
03 Oa” EF
R Ab 0G
02 ®: <]
0.1 vd
0 | il L |
10! 1 10

Longitudinal transmission after gamma irradiation & proton irradiation Deﬁne “induced absorbti O n .
o 10 quantify the damage
éso —?f —— T —= .,.:'f-/_ = T(/ ) — e_ mND (/ )XL
qu /} P i - 1
},{,’-Q/I NJo .| Barrel crystals from | _10%
fos == T T = T ¢ CMSEEcrystals
300 350 400 VaVauvelel‘E;UgUth (n;?.; 600 650 tWO producers BTCP \Ero . igi(gﬂidbx&m GeV protons '
¥ (Russia) & SIC _Eqok ST :

(420 nm) (m™)

(China) irradiated
with 20 GeV
protons; Endcap
crystals irradiated i
with 24 GeV protons | 1o~
LHC fluences up to AR

L. I I L nnnnd
~3x1013 plcmz 1012 1013 1014 12015
D, (cm™)

G. Dissertori et al., Nucl. Instr. Meth. Phys. Res. A 622 (2010) 41-48

300 days after irradiation
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