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The electromagnetic and hadronic calorimeters of
ATLAS and CMS experiments will be described in all
the relevant aspects:

design choice

construction

commissioning

calibration

stability

O O O O O O

performance during LHC Runl

Caveat: more details on the CMS ECAL since it is the
only homogeneous calorimeter among ATLAS and CMS
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v rkPhysics requirements for
calorimeters at LHC

High resolution and high granularity
electromagnetic calorimeter:
o to detect the two photon decay of an

intermediate mass Higgs (golden channel
together with H—»>ZZ)

o very precise measurements of Standard Model
candles as Z—ee and W—ev

Hermetic hadron calorimeter:

o coverage up to |n|~ S to tag very forward jets
and good measurement of the missing transverse
energy (light SUSY particles).
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wv eExXperimental conditions
at LHC
Machine luminosity —10%% cm™?s! _ m gw{m
Ginel ~ 100 mb —10° events/s {1
Ohiggs ~ 1 PD —102 events/s i« 3
20 events/crossing —1000 tracks T s moE W eW @
/1.’/, il e Y ..\\\‘\l

1 bunch crossing every 25ns \

Extreme conditions for detectors

eGranularity (10°+107 channels)
Speed of response

*DAQ + trigger (10° > ~ 5x107 ev/s)
*High radiation resistance




An introduction to CMS
calorimeters
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M rCrystal choice for CMS
electromagnetic calorimeter

Nal(Tl) BaF2 CslI(TI) Csl CeF3 BGO PWO
p : 4.88 4.53 4.53 6.16 7.13 3.26 g/lcm3
X0 g 2.05 1.85 1.85 1.68 1.12 0.89 cm
RM / 3.4 3.8 3.8 2.6 2.4 cm
T 0 0.8/620 000 20 30 00 ns
Ap 410 0/310 0 0 0/340 480 420 nm
n (Ap) 1.85 5 1.80 1.80 1.68 2.15 0
LY 00% 15% 85% 7% 5% 10% 0.2% %Nal

( Typical light yield of Nal ~ 40000 y/MeV
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wd (CMS ECAL:
the choice of PbWO,

©

o ) @ — will see how to face the cons
e Fast scintillation

e« Small Xo and Rm e Low Light Yield
e Radiation hardness * High index of refraction
e Relatively easy to grow e Strong LY dependence on T
300 | | | | ¢ 5
Parameter Value temp. coefficient (%/°C) S
Radiation length cm 0.89 s % -1 &
Moliere radius cm 2.2 3 N =
Hardness Moh | 4 o 21 c}ax‘#‘ 178
Refractive index 2.3 3150— . 1.3
Peak emission nm 440 2 o 2
% of light in 25 ns 80% 100 - Mght yield (au) {4 T
Light yield (23 cm) y/MeV | 100 | | | %ﬁ%_ﬁ 3
Efdﬂ - 20 0 20 A0 54:._5 .

. . Temperature (°C)
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[From ingots to crystals

e Crystal R&D phase (1995-1998) f
» 6000 crystal preproduction (1998-2000) !
e Crystal production:

2001-2006 Barrel

2006-2007 Endcap

Q_I_) growing method:
Czochralski
growing T ! |

@ ®

@ @

o [PO+WO; e Heating
. . $1165°C
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[Crystal + photodetector

Incident electron/photon generates EM shower (spread laterally over
several crystals) in the heavy PbWO, material

o  Charged particles in the shower produce scintillation light isotropically

o Amount of scintillation light is proportional to incident particle energy

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

22%

ECAL Endcap (EE)
Crystal equipped with a

glued Vacuum
PhotoTriode (VPT)

Transmission 125

Transmission (%)

g & 3 g
8

LIOISSIWIS PAZI|eWIOpN

0.75

Scintillation

e PbWO, crystals are transparent to the
| entire scintillation emission spectrum —
before irradiation (see part 3) 9

400 450 S00 550 (1] 650 T00
Wavelength (nm)
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[Photo—detector devices

Scintillating crystals and Cerenkov quartz fibers
produce light proportional to the energy lost by
incoming particle

Light converted to analog signal with photo-detector

Design constraints:

O

O O O O

Quantum efficiency (probability to convert an incoming photon
into a photoelectron) meshes with light output

Internal gain (fundamental for low light yield detectors)
Environment — magnetic field, radiation
Readout requirements — single or multi-anode photo-multiplier

Sensitive to wavelength of light from active detector
(or WaveLength Shifter to collect light)

Riccardo Paramatti — INFN Roma
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CMS ECAL photo-detectors

= Most common photo-detectors not suitable:
o Photomultipliers (because affected by magnetic field and too
large volume)

o PIN photodiodes (because no internal amplification and too
sensitive to charged particles)

Barrel - Avalanche photodiodes (APD)

Two 5x5 mm? APDs/crystal, ~ 4.5pe/MeV
-Gain: 50 QE: ~75% @ Apeak= 420 nm
- Gain dependence on T & V: AG/AT =-2.4%/'C, AG/AV = 3.1%/V |

- Excess noise factor F=2.2 (fluctuation in multiplication) s
- Some sensitivity to direct ionization

—

Endcaps: - Vacuum phototriodes (VPT) =y
- Active area ~ 280 mm?/crystal ~4.5pe/MeV '
- Gain 8 -10 (B=4T) Q.E.~20% at 420 nm

- Aeging with cumulated charge

11
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[APD excess noise factor

MN. incident photons

8 .
j
f ‘_______,_..-quan‘[um efficiency: e,
p++
%% - Npe: NT £
P - :
GSD _ stochastic process: N, + f Ny
e - ganM + g
sNeRe M
aNeNa (i)
A
ooo - N_=Mx N,
n-++

photoelectron statistics
‘ M < Npe + M MNpe
multiplication fluctuations
M < Npe + T ¥ NpE.-
{f 2 2
ONe B 1 M + o, =

N /N, ¥ B N
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CMS Electromagnetic Calorimeter

Lead Tungstate (PbWQO,) homogenous crystal calorimeter
Barrel (EB):

o 36 Supermodules (SM),
each 1700 crystals

o |n|<1.48

o APD photodetectors

Endcaps (EE):

o 2 Endcap sides,
each 7324 crystals

o 1.48<|n|<3.0

o VPT photodetectors

Preshower (ES):

o sampling calorimeter
(lead, silicon strips)

o 1.65<|n|<2.6

3.6m

EB Supermodule

EE preshower

Riccardo Paramatti — INFN Roma 13
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The calorimeter preshower

One of the main physics goals of CMS is search for SM Higgs
If my; < 150 GeV/c? the golden channel is through diphoton decay

But large reducible

background from r°
faking single photons

= Photon and n® although very similar in 0

-
,.rn-'--.-

the calorimeter have different topology in
the preshower.

},r — detector ﬂ Calorimeter
—
M :ch
e — L
Ia -: Preshower also used in LHCDb to
L | separate photon, electron and

SPD PbPRS ECAL HC hadron at the trigger level

01 L0 I

h —>




CMS Hadronic Calorimeter

Requirements:

o hermetic and compact

o radiation tolerant

o reasonable energy resolution

Sampling calorimeter with longitudinal segmentation

Hadronic Barrel and Endcap calorimeters:
o sampling brass/plastic scintillator tiles
o additional scintillator layer outside the solenoid cryostat

The forward calorimeter:
o steel absorber and Cerenkov-producing quartz fiber

o outside the solenoid cryostat
o coverage up to [n|<5.2

Riccardo Paramatti — INFN Roma
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&M PCMS Hadronic Barrel and

Endcap sampling calorimeter

Incident charged /neutral hadron generates shower in the heavy
brass absorber

o Charged particles in the shower produce scintillation light in the plastic
o Amount of scintillation light is proportional to incident particle energy

o Light shifted in wavelength and transported to Hybrid PhotoDiodes
Brass — Wavelength-shifting (WLYS) fibre

Plastic scintillator — Clear fibre for light transport to HPD

\ Two depth

HPD segmentations HPD

Riccardo Paramatti — INFN Roma 16
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CMS Hadronic Calorimeter

Readout # Channels

Detector

Ring 2 ng 1 Ring 0
14 13 11 7 3 2 1
—cmno S\RQM@F\%
\ VL
|
|||
‘ ===
ISFEE o ™™ S W S W N W W SN
L) L
20 TR
2 ::: ] :nE _ 0
- _:::: HCAL —HB
it i
- T EE::-— HOAL 10.6 A @ n-= 1.3
29 tEHE + 1.1 A of ECAL
16
BEAN LINE
70 m >
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Construction and assembly
of CMS calorimeters

Courtesy of
Dave Barney and
Pawel de Barbaro



CMS

Growing a crystal Before and after
(Russia or China) HIETIE cutting & polishing

§

Characterizing crystals . pre : Gluing APDs to crystals
(CERN or Rome) i~ (CERN or Rome)

20 D. Barney, P. de Barbaro



CMS

EB Assembly

Yy - ey

- ™

Inserting,5

A completed Supermodule ===
ready for tests in a beam |

R iy T “\“ e

AN _
crystals +

A Supermodule:1700
cooling+electronics+monitoring+safety

21 D. Barney, P. de Barbaro



CMS

EE Assembly

.
Crystals+VPTs, carbon-fibre alveolar
aluminium spacers etc. = supercrystal

> ) __,f*."ff. =

A

5x5 Supercrystals being |
mounted to.form @an EE Dee

I
- i J S 7 d M
: - i I, i
- [ i T | . 3
"" \ ‘ u N \

Trial installation of 5x5
supe

Back side of an EE Dee Zf'
showing the cooling;electronics etc. {4

V-

22 D. Barney, P. de Barbaro



CMS

ECAL Installation — 2007- 2009-

Installing barrel “supermodules” \ All 36 barrel supermodules mstalled
of 1700 crystals each R 7':--.. - supported by HCAL barrel

Installlng the endcap Preshower s o Installmg one of four endcap ECAL
around the beam pipe el Dees onto the HCAL Endcap

D. Barney, P. de Barbaro



" Plastic scintillator tiles with
embedded wavelength-shifting fibres

' Assembled HB wedges showmg
| the optical cabling

One of 36 brass Wedges showmg
gaps for the scintillators

Insertlng the flnal wedge
to form one half of HB

D. Barney, P. de Barbaro



Recycled brass plates Trial'assembly of HE brass “petals”

25 D. Barney, P. de Barbaro
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A general overview of
HEP calorimeters
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The Crystal Ball calorimeter

672 + 60 sodium iodide (Nal)
crystals

pioneering most of the features of
modern calorimeters

dedicated to the study of
charmonium states

80
PHOTOTUBE S
4
(=l INDIVIDUAL "MODULES"
’ m:""' - OR "CRYSTALS"
el 720
\
L - "EQUATOR"
e
My | :
1| Kt/ LUMINOSITY
= " MoniToR s ~"TUNNEL REGION"
) END CAR M8
|V CENTRAL MS CHAMBERS FIG. 3. Development of the ball geometry and
MWPC CHAMBE RS nomenclature,

FIG. 2. Schematic of the detector,

Riccardo Paramatti — INFN Roma

28



/j

-
[Tevatron calorimeters

Proton-antiproton collider at Vs = 2 TeV
More time between bunch crossings and

smaller dynamic range w.r.t. LHC constraints.

No radiation hardness requirements.

CDF:
o ECAL — Lead/Scintillator
o HCAL — Iron/Scintillator

DO:
o ECAL — Uranium/Liquid Argon
o HCAL — Copper/Steel

Riccardo Paramatti — INFN Roma
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wn «Calorimeters at electron-
positron colliders

LEP collider Vs = 90-200 GeV

L3:
o ECAL BGO crystals

o HCAL uranium/wire chambers

OPAL:

o ECAL lead glass

o HCAL iron/streamer tube
Aleph:

o ECAL lead /wire chambers
o HCAL iron/streamer tubes
Delphi:

o ECAL lead glass and HDPC
o HCAL iron/streamer tubes

Riccardo Paramatti — INFN Roma

Babar ECAL: CslI crystals

o shorter w.r.t. L3 and CMS
crystals because
Vs = 10.58 GeV [m_Y(49)]

G —

T
i

Fiber Oplical Ceblo
tz Light Pulser

Diode

Flate
ALIMINLIM —
Frama (i

Silicon 'l
Photo-chodes

TYWEK
(Rellecior =
4
Alumipum CslTh Crystal Ly
[FL.F. 3higld) I
O
M'_I‘i-ﬂf
(Elecirical
[nsulatom
CFC
mr-e;tn‘_lamq
anic
Suppor() ,11,%:5-.;.
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- [LHC calorimeters

Atlas:

o ECAL — Lead/Liquid Argon

o HCAL — Steel/Plastic Scintillator Tiles

o Forward —» Copper & Tungsten/Liquid Argon
LHCDb:

o ECAL — Lead/Scintillator

o HCAL — Iron/Scintillator

ALICE:

o PHOS —» PbWO, crystals
o EMCAL — Lead/Scintillator

Riccardo Paramatti — INFN Roma
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Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic

s

S
«.
\ e r/
o
NS '
A —— o

LAr electromagnetic
barrel

| Atlas calorimeters

Different choices for ECALs:
ATLAS sampling calorimeter
allow to have redundant
measurement of y angle, while
the measure of y angle relies
on vertex reconstruction from
tracking in CMS.

Higher stochastic term with
respect to CMS ECAL.

The choices made for the hadronic central section by ATLAS and CMS are
similar: sampling calorimeters with scintillator as active material.
In both cases the dominant factor on resolution and linearity is the e/h = 1.

ATLAS higher segmentation and containment gives better energy resolution. |3,




) Th Atl L A The Liquid Argon (LAr) calorimeter:
INFN e aS r EM Barrel : (|n|<1.475) [Pb-LAr]
L~ EM End-caps : 1.375<|n|<3.2 [Pb-LAr]

. Hadronic End-caps: 1.5<|1|<3.2 [Cu-LAr]
calorimeter i

— i R e Fast & high granularity
RIS ™, S " Radiation resistance

Large dynamic range:
10 MeV — 3 TeV

Tile colorimeters

LAr hadrenlc end-cap and
, forward calorimeters

1
I'| LAar egiromagnetic calorimaters

Musn chambers Solencid magnet | Transition radiation Mgcker
Semiconductor fracker

Electromagnetic (EM) calorimeter:
— Pb+LAr, accordion geometry
— high granularity 1t layer for |[n| £2.4

Presampler (PS) in front of accordion
calorimeter for [n] £1.8

182468 read-out channels in the whole LAr
calorimeter

— 173312 in EM calorimeter (EMB + EMEC) el

end-cap (EMEC)
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[Working principle

* Accordion shape in EM barrel and endcap
ammz calorimeters (>22X,)

* Sampling calorimeters with Pb absorbers and
active LAr gaps (2mm in barrel, 1.2 — 2.7mm in
endcap)

* Incident electrons create EM showers in Pb
(X,=0.56cm) and LAr gaps (X,=14.2cm)

— secondary e” and e create e— ion pairs in LAr (W=23.3eV)

* lonized electrons and ions drift in electric field (2kV

Upst f Longitudinal
g rea'm y Out of cluster leakage R
accordion leakage

s

Inner detector
Cryostats +
elect qomcs

|
1
1

'

1

Riccardo Paramatti — INFN Roma 34



- [The accordion geometry

Towers in Sampling 3
ApxAn =0.0245:0.05

 The innovative accordion
geometry of the e.m. part of
the calorimeter provides fast,
uniform response without
azimuthal gaps.

e Three longitudinal layers +
presampler

e Longitudinal dimension:
~22 X0 =47 cm (factor 2 w.r.t.
CMS)

Mechanical uniformity is the
challenge of this calorimeter:
non uniformities modify
electric field and detector
response.

Riccardo Paramatti — INFN Roma
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Square towers in
Sampling 2

-\.__h-

Strip towers in Sampling 1
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[CMS vs Atlas ECAL

ATLAS Lead/L. Ar ECAL

CMS PWO Crystal ECAL

Barrel Endcaps Barrel Endcaps
# of Channels 110,208 83,744 61,200 14,648
Lateral Segmentation {An X Adg)
Presampler 0.025x 0.1
Strip/Preshower 0.003 x 01 0.005 x 0.1 32 5 /4 crystals
Main Body 0.025 x 0.025 0.0175x 00175 | Upto 0.05x0.05
Back 0.05 x 0.025
Longitudinal Segmentation
Presampler 10 mm L. Ar 2x2mmL. Ar
Strip/Preshower ~4.3 X, ~4 Xo 3 Xy
Main Body ~16 X, ~20 X, 26 X, 25 X,
Back ~2 X, ~2 %,
Designed Energy Resolution
Stochastic: a 10% 10-12% 2.7% 5.7%
Constant: b 0.7% 0.7% 0.55% 0.55%
Noise: C 0.25 GeV 0.25 GeV 0.16 GeV

Q.77 GeV

Riccardo Paramatti — INFN Roma
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[The ATLAS HCAL

Hadronic Tiles Barrel

(Liqg Arg EM calorimeter cryostat)
(Forward calorimeters cryostats)
Hadronic Tiles Extended barrel

Wavelength Shifting Fiber

Scintillator Steel

\(or n)

» Tiles perpendicular to beam axis

* 3 longitudinal layers

» Wavelength shifting fibers carry
light to PMTs

e Covers |n|<1.7

Riccardo Paramatti — INFN Roma
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especially in the barrel region.

More interaction lengths in Atlas,

L I o R
20 ﬂ ' |
- I ATLAS
i |
i1 i
f ]ll '* Material in front of muon syktem
= 15 | (J’ _'\...,__{_ﬁ. fl
5[ / .{ [ N ] ]
g _J/\ll f .*f"l' - h'll‘* | ]
2 N RN i
E 10 g o #1 -.-q 7™ _l,i
2 Tile | |' '
LX[:,*I:'ld:,"L{,I |
[ Tile barrel\ | barrel ﬂf Hadronic end cap / Forward ¢alorimeter |
5 | ‘lr 1! I]"
:-‘-.#'.-I'V* r lh "
% 3 4 5
PsL udorapidity

Riccardo Paramatti — INFN Roma
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[Atlas vs CMS HCAL ]

CMS

L AT

" WMER e .
_ VT i ME3L ]
_ MB4 = W, ; i
= ‘ ;“;' a -
= e 1.1:""‘.' f. ™ =
l-'| s W Y . e
. S MED = A i
[ MBY AT i
" . P ¥ o
:l"-"‘ll".“i .‘;-":l‘ -
I Sl )
- o A D .
AR A MEI| '
N MB| "\ '-'.HJ HE
' LY .,,-.;_.

HCAL V" =

- ECAL i
I HM‘—_J-.-".(A'-I—"‘HF - =
i I I | | | | | I | (-FI L0 i | | | I 11 I-—:\ N

0.5

1

1.5 2
Pseudorapidity

2.5
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Electromagnetic
calorimeter performance



n e Crystal quality
measurements

Automatic Crystals Quality Control
Systems

for reception tests

* Automatic processing of crystals in
sets of 5 on a tray, also used for
storage and capsule gluing

*Measurements of dimensions by a
standard 3D machine

*Light yield on several points
(uniformity)

*Transmission (lateral on several
points, longitudinal)

+ spot checks of radiation tolerance

Riccardo Paramatti — INFN Roma
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[Pre—calibration Campaign

A very intense 10 vears long pre-calibration campaign. Several orders of
magnitude in energy: from 1 MeV of Co®° source to 120 GeV electron beam.

Laboratory Test Beam:
measurements Cern electron
during crystal beams. bd
qualification ‘
phase. From 15 GeV to |
(2000-2006) 250 GeV.
(2004-2007)
Channel cosmic muons Beam Splash:
intercalibration In September 2008
with cosmic and November 2009,
muons (only beam was circulated
Barrel SMs) in LHC, stopped in
collimators 150m
(2006-2007) away from CMS

red = ECAL, green=ES, blue=HCAL




energy resolution

v = WCAL «standalone»

ECAL «standalone» energy resolution measured at the test beam:
(3x3 arrays of barrel crystals in the absence of magnetic field, with no
material in front of the calorimeter and negligible inter-calibration

contribution in the constant term)

o(E) _

2.

8% :
o 0.128 o 0.3%

E

E(GeV) + E(GeV)

Results used to tune MC simulation.

In-situ, for unconverted photons
with energies in the range of interest
for physics analyses, ~100 GeV, the
in-situ constant term dommates

Constant term in-situ strongly
depends on the quality of the
stability, calibration and monitoring.

Asymptotically to be kept at ~0.5%

Riccardo Paramatti — INFN Roma
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[ECAL stability

Fraction of working channels during LHC Runl: EB 99.1%, EE
98.4% (0.5% recovered in LS1) ES 96.8% (3.1% recovered in LS1)

Temperature stability:

o crystal light yield and APD gain are
temperature dependent.

o  negligible contribution to the energy
resolution constant term if
temperature of the Barrel/Endcap
stable within 0.05 °C/0.1 °C (VPT
are stable in temperature).

High Voltage stability (EB):

Temperature stability of the ECAL
Barrel and Endcap detectors.

10

10°

2
OHH‘ I HIHII‘ I IHHII‘ T IIHIH‘ [T TTIT

-
o

-

(EMS Il’re‘lim‘inalry|201‘1l I 7

T
ECAL Barrel

ECAL Endcaps

" [Mean 0.01489

RMS 0.001876

)

=

w E

< L

QO L1 HIHII‘ 1 IHHII‘ [N

o  APD gain very sensitive to the bias voltage: 3% /Volt

o  Stability < 60 mV is required to provide a negligible contribution to the
constant term of the energy resolution.

o  High Voltage stability well within allowed limits

43
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C
reconstruction in ECAL
( Input: ) Pulse amplitude reconstruction:
L Digitized Sample )
, Aval = Z -(Wi 'Si)
(" ECAL Local Reco: ) time sample i :
Digis to Uncalibrated 4 I’F{ |
g EcalRecHits y '
e e e calib. recHit xtal xtal ( ) Axtal
Uncalibrated to Calibrated A1 (ADC counts) — uncalibrated RecHit
EcalRecHits . .
- - L., (time dependent) — laser correction.
‘ ) Cytal (€Cyia™ = 1) — channel inter-calibration
Multi5x5 Basic Clustering G (GeV/ADC) — EB and EE scale.
- l ~ ¥
Multi : . , raw __ E
ulti5x5 Super Clustering Hybrid Super Clustering sc — SC xtals calib. recHit
! !

[ SuperCluster J Egg _ F(U’ (7¢ /077’ El) . Esrgw

Energy scale correction
EE raw
Esc = F(771(7¢ /0'77’ EJ_)°(ESC + EES)

Riccardo Paramatti — INFN Roma



w n€/7 energy
reconstruction in ECAL

Measurement of electron/photon energy:

Ee,y — Fe,y ] Z (G *Cxtat * Lxta (t) 'Axtal)
xtal

A,.,; [ADC counts| — signal channel amplitude
L...,, — laser monitoring correction (time dependent)

C,a — crystal inter-calibration (<C,;> = 1)

G [GeV/ADC] — ECAL energy scale

X —e.m. shower, energy deposited over several
crystals clustered with dynamic algorithms

F — cluster energy corrections

o  particle dependent

o compensate shower leakage and
bremsstrahlung losses for electrons

The evaluation of above contributions in the next slides

Riccardo Paramatti — INFN Roma 45
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ECAL response monitoring

Radiation |:> Wavelength-dependent loss of light transmission (w/o changes in scintillation)
Crystal Transparency drops within a run by a few percent but recovers in the inter-fill periods

= Inject fixed amount of light to monitor transparency loss

= Response loss up to 5% in EB and up to 60% in EE (25% in the electron

acceptance region |n| < 2.5)
Cycle of response loss during irradiation

APD | and recovery in beam-off periods CMS Preliminary 2011-2012

reference 0 U L WO SR
(VPT) f diode 0; ~ "\': "‘*ﬁ M’““""‘"’" = A oY
1 ' ' |

0.6 | "s’%’f :
T i<t
0.5
777777 15« m| <18
0.4+ 18<in <21

{
/
e’y

jets

crystal

relative response
a & & @

0.2 | 24<n<27 e R B e S S
0.1 | 27<n e ; ‘ ' R L]
‘m ? - Lo ; ; 0 H e P ~
o 5 5 | 5 | 5 | N
U H H H ‘|: H H 1' H
o o ;Nmfll!; | y‘ AL it

30

Lasers

N

N
N
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[ECAL response stability

L 1'12 l I Mean 1]
T onh s i eotenasp 1 [ oomd] »
a Stability of the energy scale after
A i s M monitoring corrections with Wev
7 %L events.
m % - b
© 9N N Barrel: average signal loss ~5%
"o Ty by, , RMS stability ~0.1%
i e FW%M; Endcaps: average signal loss ~25%
078 vt g et RMS stability ~0.3%
07" 20;'04 20;'05 19;'06 19/07 18;'08 17;’09 17;’10 16/11 0 50 100 150
date (day/month)
—~ 25
X [CMS \Vs=7TeV L=4.98fb" ECAL Barrel : | —_
o1 = I 9
Stability of the ECAL e <
resolution from Zee BT e e %
invariant mass peak. s e et el O
Barrel: resolution : :
stable within errors. 1t !
Endcar())s: .Worsenlng 0.5F - : : : : . 2 ® with LM correction
Of ~ 1 .5 /O 1N quad. T —* without LM correction ] 1F & without LM correctiom =
. T —*— with LM correction ] r | | i E
(reSIdual PU effeCt) 0 : i 0205 02:07 01-08 01-11
02/03/11 02/05/11 02/07/11 01/09/11 o1/11/11

Date (day/month/year) date 47
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[Crystal inter-calibration

Several methods to calibrate (and follow-up) in-situ:

o ¢@-symmetry calibration: invariance around the beam axis of energy
flow in minimum bias events. Intercalibrate crystals at the same
pseudorapidity.

o mP%and n calibration: mass constraint on photon energy,
use unconverted y’s reconstructed in 3x3 matrices of crystals.

o High energy electron from W and Z decays (E/p with single
electrons and invariant mass with double electrons).

—~ 1200219 < e o 74 0* | |
o | CMS Preliminary 2012 G =10.0 % £ 250 CMS Prelimi 2012 -4.8% L B — — T T T T T
> | Vs =8TeV % I \'::; ::;,y ° q F CMS Preliminary 2011 ]
@& 1000 S/B,y, = 1.11 IS S/B,,, =0.47 S  6F ECAL Endcaps ]
Q| © 200} oS F 1
8w =" : o —:
2 Pl - Endcaps:
£ so0- IR A @ - 1
g I Q eee” w 2 W->ev
i - 100 3
a00f- :- .
; | Barrel | Endcaps 2
200 0 501 S :
[ T 9yy r. n=vy 1
%06 008 0.1 012 014 ¢ 016 018 02 022 004 05 055 06 065 o
2
,to () (GeVa"C ) MHD{TT} (GBVJ"’C ) 0 1 2 E‘lp (0_1)
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[Crystal inter-calibration

Barrel: <1% (~0.4% for |n|<1)

combining all calibration methods Endcaps: ~2% (almost everywhere)

c 0.04 — T c 012—— T
g | CMS 2012 Preliminary - ECAL barrel j g L CMS 2012 Preliminary - ECAL endcap
@ [ [—=— ¢-symmetry ] § o1 [ ﬁggjgetry o
o 0.03—|—*— egca-/ctron iy o - * TEO /i 0 . —h—]
c A - g c i .. ]
ke " | —e— combination i S 0.08 | —=— combination —*__
(4] © - -
— - - - B
2 0.02 . _ - i —a
4] B - [0 - . -
I o SNt NS e
e A - - B — —— — _|
£ o Ty T 2 =~ a=v . A
£ 0.0 - o] c U e i
B _‘_—A—_._—.—_.__._ 7 0.02 e _‘_—n—::: _]

Y11= ?”"’—‘*::*;fti 1 02 g g g -

s o 8 8500008 8 i ]

i 1 Il 1 1 ‘ 1 1 1 1 | 1 1 Il 1 ] _l 1 1 1 1 | 1 Il 1 1 | i

O0 0.5 1 01 5 2 2.5
crystal | | crystal |n |

o -symmetry calibration: limited by systematic uncertainties
o mPand n calibration: limited by systematic uncertainties
o high energy electron: statistically limited for |n|>1
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~ |ECAL Calibration

Zee invariant mass distribution applying :
o channel Inter-Calibration
o IC and Laser Monitoring corrections

10°
> 120}(—I N e 14000~ T T T 7 '
(GDJ : CMS Prellmlnary 2011, 7Tev ——— ng correc tions B CMS Preliminary 2011, 7Tev no corrections
: 100 :_L - 498 fb-1 12000 :_L - 4-98 fb 1 T N Intecalibrations (IC)
g B 1 OOOO ; IC + laser corrections
2 “F - ECAL end
0 a ECAL barrel 8000 en cap
- 6000 —
40— -
o 4000 —
20 2000
- r 3 ‘
] ar —
%0 0™ %0 80 100 120

M, (GeV/c?)
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num. electron pairs /0.05 ns

Timing fundamental in exotic long
lived particle searches and in
anomalous signal rejection.

Time difference between the seed
crystals for the two Z electrons.

The time resolution for a single
ECAL crystal, for the energy range
of electrons from Z decays, is
0.19/0.28 ns in EB/EE.

><"Iqﬁ"l""l""""I""I"II
| CMS Preliminary 2011 o ; = 0.269 ns i
- Js=7 Tev L=4.98fb"
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o
<]
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o

o

12
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o
<)
N

0.01

-2 -1 1) 1
time of flight corrected: (te|eclron1'teleclron2) [ns]

1©
W

[Ahgnment (in time and space)

No longitudinal segmentation of
ECAL — Photon direction from
shower position and identification

of the interaction vertex

Relative alignment of the ECAL
crystals and the CMS tracker

measured using electrons from
Z—ee and W—ev events.

Position resolution < 1 mm

Number of events

N
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o
o
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[Tracker material

m Complex tracking system + frames + cooling + cables and services

= Up to two radiation lengths between the interaction point and the

electromagnetic calorimeter !

reaching the calorimeter).

M
51
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CMS Preliminary 2011

Cluster Energy corrections vs
pseudo-rapidity for non-showering
and showering electrons.

m compensate for unclustered energy
and energy not reaching the
calorimeter: strongly related to the
amount of material in front of
ECAL.

<energy correction>

o . 1 i
= energy lost inside gaps: intermodule L brem 3
boundary visible in the Barrel 32 o [ M Simuation L B
R . . o B [ | Support Tube [ [ ] ]
Use Re shower-shape variable to discriminate: ﬁ o |TE2P -If:.nd TID -;..m:r'n Pipe"
® [ow / high bremsstrahlung electrons -E 2 AT E
S AT

e unconverted / converted photons = 15 ‘ L,
1T
#Ro = ( 28x3 Extal ) / Eciuster CELRSE

0.5

i
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Events / 1 GeV

' [Optimal clustering

Zee invariant mass distribution

with optimal |

x10°

L CAL clustering

1200 "~ T oo 14000 '~ 1~ T T T T
~ CMS Preliminary 2011, 7TeV —— Egq j _ CMS Preliminary 2011, 7TeV
100/ L = 4.98 fb! 120001 = 4,98 bt
sof- 10000
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- 8000 TECAL endcap
- 6000| i
- i\
I 4000 %\
20— - \ \
2000 — \\ \\\\\§ \
- g B e \
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Data — MC comparison of

energy resolution
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Double effort continuously ongoing to:

1.

Improve the energy resolution both in

Data and MC: inter-calibration precision,

optimization of cluster corrections.

Reduce the difference between data and
MC due to contributions possibly not
fully simulated (laser correction stability,
tuning of the material simulation, etc).

A perfect
simulation of
all the cables
and services
1S a mission
impossible !
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Ultimate tuning of energy

resolution in simulation

Simulation adapted by adding an extra smearing term (as a function
of pseudo-rapidity, shower shape and transverse momentum)

After this final correction, the agreement is excellent.

b
v}

20

Events / 0.5 GeV

Data/MC

19.7 fb' (8 TeV)

[ cMs

[ Barrel-Barrel

¢ Data
[]Z —e'e (MC)
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win m...in ATLAS life is
complex as well...

C

LAr digital-to-analog converter
on calibration board

cell energy

SE o — a
Eeell = FuasMeV FDACuA 2

ADC to DAC

l \ NSEII'I"D|EE

j
/ Meaii N\

optimal filter coefficients

o ¢ }

ionization current to energy deposited,;
depends on sampling fraction

response of physics pulse
vs. calibration pulse

pedestals

Reconstruction of the Liquid Argon cell energy in ATLAS
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win m...in ATLAS life is
complex as well...

C

simulation

EM
cluster
energy

data

training of > Z2ee
MC-based I =3 resolution
efy calibration smearing
MC-based calibrated
ely energy ely
calibration energy
uniformity longitudinal > Z2ee
corrections =4 layer inter- T | scale
calibration calibration
6 Jiwdee Z3lly
data-driven scale validation

Schematic overview of the procedure used to calibrate
the energy response of electrons and photons in ATLAS
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calorimeter matters as well




r e still excellent (and similar

to CMS) performance

Fraction of working channels during LHC Runl:
LAr 99.1%, Tile 99.6%

Timing stability and resolution.

I—|0.50||||||||||||||||||||||||||||| T T 1T
W L
L}_&I Tlrmng Stablhty vs. LHC Fill # in 2012 % | ATLAS Preliminary
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B | o L
oF 50.40/ - » :
i £ >
£ L e 1{[;} ] i
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aulomalically sompensation ofl < ENB 0_35_— +'_" Constant term ~300 bs —_
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Riccardo Paramatti — INFN Roma



~
INFN

Vv rEnergy response stability

and electron reco efficiency
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Energy comection, «

R e T
004 arLAS {s5=8 Tev, J Ldt=203m"
0.02— . —
C o L] . ]
0— * 9 —]
- - .‘_ e 0o - e .-.- T
_Q_in T . e T T . -
- * o
004 -
I —e Z resonance (total uncertainty) r
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3 gg T T T T T T T T T lé
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1.5
1
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Energy scale and smearing

Energy scale (EP%® = EMC » (1 4 a))

Energy scale and energy

Effect

smearing brings to a very
good data-MC agreement.
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ive constant term (P2 = sMC g3 ¢ x F)
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Hadronic calorimeter
performance



wrw eJet and Missing
Transverse Energy

2 LRI B NI L L N A NI B A
2 T 8wk . zow -
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Crucial energy measurements in the quest for new physics!
ATLAS and CMS use different approaches:

e Calorimetric (ATLAS)

e Particle Flow (CMS)
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Hadronic energy resolution

ATLAS test beam CMS test beam
£ .ol 5 (52.9+0.9)% : g%
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o E A E
& 25
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W20 ]
15 |
101
5_
0 ‘ : : ‘ : :
005 01 015 02 025 03 035 0 50 100 150 200 250 300 350
1NE,.,.. (GeV'"?) Pion Energy (GeV)
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[J ets from collisions

We are not going to measure single hadrons... on

Types of jets:

e Parton level —quarks/gluons from initial
collision

FH

“calorimeter jet”

[
EM T y 3

e Hadron level fragmentation, decay,
hadronization produce particles

e Experimental -what we see in the
calorimeter, and how we interpret it

Goal: take detector information to
reconstruct parton level physics.

aui

. “particle jet”

Several jet reconstruction
algorithms used at hadron colliders
(not covered in this lecture).

“parton jet”

Use physics events to understand jet energy q

reconstruction: y/Z(— 1l) + jet, W — jj, ... .
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[Partlcle ID

; ))!i]] ®

Tracker

Electromagnetic /
Calorimeter

Hadromn
Calorimeter

Riccardo Paramatti — INFN Roma

in Calorimeters

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

Energy deposit in ECAL

No energy in HCAL

Electron

oeeoeoes PhOtOn NO curve 11'1 B ﬁeld

No signals in Tracker
Energy deposit in ECAL
No energy in HCAL

Charged hadron (e.g. pion)

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)

No curve in B field

No signals in Tracker

Possible energy deposit in ECAL
Energy deposit in HCAL
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w cParticle Flow technique
(in ALEPH, CMS,..., R&D)

Use the best system yvou have to measure particles in the event

Typical jet composition:
e charged hadrons (~ 60%)

75 Run 124120,

>\ Event 6613074 2.36 TeV data e neutral hadrons (~ 10%)
" PHet2 PRet 1 « photons (~ 30%)
475 o%/‘ / pr 415 GeVe
pr 375 GeV/8y \ / . _ _
N ’ Cluster single particles in Jets

PRlets with (uncorrected) pr > 20 GeV/e C M S X
Particle inside the jet: PY hlgh B
- Charged hadrons

- Photons

- Neutral hadrons
Particles outside the jet:
- Charged hadrons

- Photons

- Nevtral hadrons

pr 21.8 GeVAe

Jet algorithm: Anti-Kt 5

Multijet @ 2.36 TeV

e excellent TK
e gsranular ECAL

1

Strong improvement
in JET/MET resolution
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“Js5=7 TeV CMS Simulation
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% 985 o DijtBalance: Monte Carlo (PYTHIA) P 031~ (Anti-k R=0.5) ]
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83 F + ] 20 30 100 200 1000 2000
g - E PREF [GeV]
30 40 50 60 7080 100 200 300 400 500 1000
(p, +p,,)2 (GeV)
0 — o —
o(p;)/p;~20% @ p,=30GeV o(p;)/p:~12% @ p,=30 GeV
o(p;)/p;< 10% p;> 100 GeV o(p;)/p;< 10% p;> 100 GeV

« Similar performance in the region relevant for new physics with CMS
Particle Flow. Atlas is better comparing calorimetric resolution.
e CMS slightly better in the region of SM physics 69
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Particle Flow vs

Calorimetric Jets in CMS

Jet response: (p° — p5) / pi

Resolution for the calibrated
MET for multijet events with
two jets with p>25 GeV

- o AN T T
& | — typa? calof. (Data)
~ [ — type2 calof, (MC) MET
w200~ ' tcf, (Data)
E g, My - <=
E [ % plE (Datg - CALO
= 151 pfE, (MC) —ut h
2
10 - e
j = PF
5 Ea
& CMS Jsm7Tev
uﬂ” 50 ”I‘Iﬂﬂ' .I1é-ﬂl EEIIIiIIEEIJ.I;l-II]ﬂ EISI};I 400
Calibrated plZE, (GeV)
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gen

~ 60% of Jet Energy measured
with tracks: no invisible energy

and no energy dependent f__
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E s |
0.6 i MC oeeeo| == Particle-Flow Jets |
i mim 3l0-Jets
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[M1ss1ng transverse energy

- . — . — - MS Preli 2012
EmISS — EI E — Emlss > 107 | I | I LI | I ICI IS|I ':ellr;rl:nlalt:yl Iol L I_=
T Zi T T |—T 8 | 1150 at Vs = 8 TeV E
0 106 B zZ->w E
~ f Wl W (=e )
) 2 105 Bl Z-u(=enu1) E
First step to measure MET: g Fh Htp ]
. . . o 10°F [ ] QCD multijets 3
understand what is going on in 5 —— data (before 2012 cleaning)
w 10°E —— data (after 2012 cleaning)
your detector ! g =
: E 1 h _PFE ]
« Beam background, cosmics, 3 7 aing
various kind of noise some of 10g %%W%ﬁ
which not really expected. 1 | "'\'"I i ‘ L
e Special filters developed to o'k L, . -
R . . . 0 500 1 000 1500 2000 2500 3000
eliminate noise, which could £, [GeV]
otherwise affect MET Distributions after detector
performance

cleaning, Including tails, very
well reproduced by MC.
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[missing E. resolution

T prrype i
: 105 E_ \.r 7 TeV _é % .Simulation
‘g % ? 105 ? —e— data
g B - E
> L * Data - -
i 10* = [CIMC MinBias 3 10% E
10°E E - i
- ] 10°g E
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- . 10 —5
1 =
El 1\ | Hl Httl i Il ‘ L 111 | | I | L1 ﬂ |||||| a
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Pf EX!y [GeV]
. o)
Atlas: ~37%VZ E; CMS: ~ 45%73 E,

Again, thanks to the Particle Flow reconstruction, CMS recovers
ATLAS performance on jets and MET and circumvents the non
brilliant performance in hadron energy measurement.
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