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Electromagnetic shower: summary

U Highenergy electrons or photons interact with dense material from calorimeter:
m cascade of secondary particles

U The number of cascade partigiesasriional to the enerdeposited by the incident

particle

U The role of the calorimetertisutoithese cascade particles

U The relative occurrence of the various processes creating the cascage pasticies
A Above 1 GeV, bremsstrahlung radiation and pair production dominates

A The shower develops like this until secondary particleg reaches E

where loss by ionization dominated
A Below E the number of secondary particles slowly decreases as electrons (
stopped (absorbed)

0

U
U
U

Thes hower devel opment 1 s gogy
Needs about 2§ to contain most of the EM showers.
Shower max grows with In(E)

1 90% othoweenergy contained in a cylinder of radiys R

er ne



Calorimeters Principles

Detector for energy measurement via total absorption of particles

Principle of operation

Incoming particle initiates particle shower

Electromagnetic, hadronic

Shower properties depend on particle type and detector matenal
Energy is deposited in active regions

Heat, ionisation, atom excitation (scintillation), Cerenkov light
Different calonmeters use different kind of signal

Signal is proportional to energy released

Proportion — calibration
Shower containment

particle cascade (shower)

incident particle

-16.02.2016
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Calorimeter Features

Measure energy of chargead (p, K, and neutred) , npargcles
Precision improves with energy

Position Measurement
A Important for neutral particles

Particle ID
A Longitudinal (if sampling calorimeter) and lateral profiles diffenent for e and

1 Timing
1 Triggering

Can be built gb detectors
A Hermiticitylmportant for missing energy measurement (see later)



LINEARITY

Response: mean signal per unit of deposited energy
e.g. # of photons electrons/GeV, pC/MeV, pA/GeV

| =2 A linear calorimeter has a constant response \

t

Signal
Response

Energy Energy

Electromagnetic calorimeters are in general linear.
All energies are deposited via ionisation/excitation of the absorber.



Useful Quantities

- | 180A
Radiation Length: Xo 0 (g.cnd)
72
o _ _ . i : fraction of ial |
Radiation Length for composite matena:].L =a 1 ;’é rﬁgggfgﬂgfﬁ r(l)? rLaljer
(in g.cA2)
. . 21MeV
Moliere Radius: R, = X,
Ec
1 " s Wj w: fraction of material |

Moliere Radius for composite materigh— = 3 R,,: Moliere Radio$ material
I

RI\/I RI\/I j .(in g.chR2)

S S N A : quadratic sum
Energy Resolution: — T A A C S: Stochastic
N: noise
E E E C: constant




HOMOGENOUS CALORIMETERS

* |In a homogeneous calorimeter the whole detector volume is filled by a

high-density material which simultaneously serves as absorber as well
as as active medium ...

Signal Material
Scintillation light BGO, BaF;, CeFsj, ...
Cherenkov light Lead Glass
lonization signal Liquid nobel gases (Ar, Kr, Xe)

* Advantage: homogenous calorimeters provide optimal energy resolution

* Disadvantage: very expensive

* Homogenous calorimeters are exclusively used for electromagnetic
calorimeter, i.e. energy measurement of electrons and photons



SAMPLING CALORIMETERS

Scheme of a
sandwich calorimeter

Principle:

passive absorber
l shower (cascade of secondaries)

l

Alternating layers of absorber and
active material [sandwich calorimeter]

i

. incoming particle
Absorber materials: S

[high density]
Iron (Fe) 1 .
Lead (Pb) t
Uranium (U) active layers

[For compensation ...]

Active materials:

Plastic scintillator
Silicon detectors
Liquid ionization chamber

(Gas detectors

Electromagnetic shower

.0



SAMPLING CALORIMETERS

* Advantages:

By separating passive and active layers the different layer materials
can be optimally adapted to the corresponding requirements ...

By freely choosing high-density material for the absorbers one can
bullt very compact calorimeters ...

Sampling calorimeters are simpler with more passive material and
thus cheaper than homogeneous calorimeters ...

* Disadvantages:

Only part of the deposited particle energy is actually detected in the
active layers; typically a few percent [for gas detectors even only ~109] ...

Due to this sampling-fluctuations typically result in a reduced energy
resolution for sampling calorimeters ...



Homogenous vs Sampling EM calorimeter Resolutio

Table 33.8: Resolution of typical electromagnetic calorimeters. E is in GeV.

Technology (Experiment) Depth  Energy resolution Date
NaI(Tl) (Crystal Ball) 20X,  2.7%/El/4 1983
BiyGe30q9 (BGO) (L3) 22X, 2%/VE & 0.7% 1993 T
Csl (KTeV) 27X 2%/VE @ 0.45% 1996 %
CsI(T1) (BaBar) 16-18Xq 2.3%/E/* @ 1.4% 1999 (8
CsI(T1) (BELLE) 16X 1.7% for E > 3.5 GeV 1998 g
PbWO, (PWO) (CMS) 25X 3%/VE ®0.5% ® 0.2/E 1997 8
Lead glass (OPAL) 20.5X9 5%/VE 1990 w
Liquid Kr (NA48) 27X 3.2%/vVE® 0.42% & 0.09/E 1998
Scintillator /depleted U 20-30X, 18%/VE 1988

(ZEUS)
Scintillator /Pb (CDF) 18Xy 13.5%/VE 1988
Scintillator fiber/Pb 15X 5.7%/VE & 0.6% 1995 0

spaghetti (KLOE) Q
Liquid Ar/Pb (NA31) 27X 7.5%/VE & 05%®0.1/E 1988 g
Liquid Ar/Pb (SLD) 21X 8%/VE 1993 g
Liquid Ar/Pb (H1) 20-30X¢ 12%/VE & 1% 1998 ©«

Liquid Ar/depl. U (D®) 205X, 16%/VE ©0.3% & 0.3/E 1993

Liquid Ar/Pb accordion 25X,  10%/VE ©04% @ 0.3/E 1996
(ATLAS)




sics of Hadronic Showers

Gamma shower Hadronic shower
1. Particles interact with matter

depends on particle and matenal
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Hadronic Showers

An Hadronic (HAD) shower is a caschdecondary particles initiated by the intgra
with mattere( energy loss) of an incoming of hadron.

U4 HAD shower s ar e morecomeplicitdd s hower seée b
due tesstrong interactionf hadrons with absorber.

U Many processes involved: “

A lonization,
Ahadron producti on (I,lf/ﬁgmef
A Chargexchange M
p*n- pYphobar
A nuclear dexcitation,
A nuclear breakup,
- spallation neutrons,
A muon and pion decay,
A é

14



C Nuclear

H a d ro n | C S h Owe rS evaporation

Hadronic interaction:

Elastic:
p + Nucleus — p + Nucleus 3
Inelastic: RSN
p + Nucleus —
77 +77 + 7 +... + Nucleus®

Nucleus®™ — Nucleus A +n, p. o, ...

—» Nucleus B + 6p,n, o, ...
— Nuclear fission

Heavy Nucleus (e.g. U) n
v

Incoming
hadron

J

“

Courtesy of H. C. Schoultz Coulon

lonization loss lonization loss P’
f'/-.
S
Intranuclear cascade /
AC (Spallation 10 g) Intranuclear cascade
Inter- and (Spallation 10> s) 46
intranuclear cascade E: D 2

Internuclear cascade

15



Hadronic Showers
HAD showers have thws components

Electromagneticomponent:
A Electronghotons
— (fromexcitation, radiatiolecay of
_ hadrons, phetof f ect , é)

~ A Neutrapiongegp® g.d - 9 g

I ABSORBER

________________________

| T ey 1 [ Hadronic component:

| T eavy rragmen I'e ° ,

N A | N . A Charged hadrops K,p, ¢é

. : A ionization, excitation, nuclei interaction
(spallatiop/nproduction, evaporation n,
spallation products)

A Neutrons
A Elastic collisioniBermalization+capiixed

A Breakup of nuclei

U Part of the energy is lost in breaking nuclei (nucleanéigg)ng

Ve

Y Invisible parof the showeOhly part of the shower energy is sampled !

A LargenonGaussiarluctuations of each component (EMEMhon
A LargeponGaussiaf | uct uations in Ainvisible

16



Interaction Length

U The hadronic shower is governed by the interactign lgngth

A | .. Mean free path between inelastic interaction

/. © 35A"3(g.cm?)

Z P E. X, Mons
(g-cm=) | (Mev) (cm) (cm)
Air 30 420 ~70 000
Water 35 84
PbWO, 8.28 0.89 22 .4
C 6 2.3 103 18.8 38.1
Al 13 27 A7 8.9 39.4
L Ar 18 14 14 84
Fe 26 7.9 24 1.76 16.8
Cu 29 G 20 1.43 15.1
W 74 19.3 8.1 0.35 9.6
Pb 82 11.3 6.9 0.56 17.1
u 92 19 6.2 0.32 10.5
Hadronic shower are |l onger t hain



Particle ID

The ratio R=,/ % is important for Particle Identification

In higkZ material, R~30exeellent ¢ separation !

1Dﬂ[l---.[1:1|-||1|-|r||||

800

/0.1 minl

L=

L=

=
|

n~ (LH scale) T
1 cmPb+ scintillator plates makes '

an exc eShloewetr ofi Plr

e~ (RH scale)

150

A N A

Response (minl)

I 1 L I 5 . L n
0 2 L 6 8 10

200

100

50

Number of electrons / 0.1 minl
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Hadron shower in Cu

red - e.m. component
blue - charged hadrons

e ettt

19



HAD showers: intrinsic fluctuations

270 GeV Incident Pions in Copper

=~ o=, 10
S 1 S
No fAcharacteristiijc prof ills
Size of the EM componghigF g g
essentially determined bysti@dractior )
Considerable evémévent fluctuation g = 10 10
Depth into Cu A Depth into Cu {A)
On average 1/3 of mesons produced ; 3 A
in the first interaction witp’des 3ol 3
The 2dgeneratiop’0 s al so&p
plbs i f sufficienmtt et
25 | J_r
ﬂﬂ-' - ' 10 S 10
Depth info Cu (A Depih info Cu (A
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HAD showers: Longitudinal Profile

U As for EM showetspth to contain an HAD shower increase with In(E

WA78 experiment: 3.410mm U/5Sm&cind, 8l (25 mm Fe / 5m&tint)

EU_UD—_I | | | I | I | | | I | I | | | | | | | | | | | I:

- o 210 GeV 7

CmEE %0, B 135 GeV -

10.00w Eg® :%E%E =

=~ & 500Egeee . mglo v 20 GV -

B = o o -

2 = AL DAL N "m0 m 5GeV -

- E 1 DD-_E . v, 'e m ° —

., O i = 0 = Dﬂ- f' * & o =

= GED% o v & Q =

o = - L L m o o, 7

c @ | i v & = ]
W -. s v + m o

= 010 = o Y, ¢ L

0.05E “ ° v . * =

C . O ’ o ’ ¢ E . ]

c by e b b by by e L1 i

ﬂ'mD 1 2 3 4 &5 6 7 8 9 10 11 121

Calonmeter depth (4, )

A sharppeak near the 1st interaction poinps@roduced ihe 1st interaction)

A Then morgradual falldftharacterized by)

J 22T
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HAD showers: Lateral Profile

U Lateral shower profile has two components:
A Electromagnetic co(fronp®- g )g
A NonEM haldmainly nerelativistic shower particles)

Signal [pC]

103

10-2

150 GeV Pion Shower Profile

- S -

— '] ] - y _JF \
rfr_rl(—j-.E_xp_l__-nyﬁCE?eipt_-_r.y ~

1 ||||||I|
L}
=

L 1111

0 10 20 30 40 20
Radius [cm]
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HAD showers: containment

Longitudinal

S

:; ]00__... S

L .

= i

g ] o

£ 95h .7

) o

o I / / o Iron

g I /D Lo

- L !/ d 10GeV n~

5 %0 S 20 Gev -

= J a50GeVn

o | [ x 99 GeV Tt

bﬂ 85 B O A Ir I-I 9} ]38 GBV Tl:_

g / /o 9

Z 0 2 4 6 8 10 12
Depth (}"im)

Need aboutlOl ;. to contain
most of the hadronic showers

Lateral

9
—g 100 _ .................................................................................................................................................... : ..................................
é A 3
5 | A L J
2 951 A 2
8 ' O
3 'y L ]
E [ - Lead
‘g 90 i . °
% i ® 10GeV 1t~
o 0 40 GeV ™
& i A150 GeVr
5 85F ™ - !
- |
<t | | | |

0.5 1.0 15 2.0 2.5

Radius (A;y)

Lateral containment increases with e¢te
Transverse radius for 95%ntainement 1.3

int

(*)fzmincrease with E, ayfdomp® emitted along theaxis.
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NonrEM fraction breakdown

U In LeadhorEMcomponemnergyreakdown:

7z

A ~560 ionizing particle

A 2/3 are protons (from spallati®rn}:5a.00 MeV

A ~1®% neutrons,

Ve

A verysoft (3 MeV typically),
A onaverage 37 n
per depositése\V!

A ~340invisible

Lead Iron
lonization by pions 19% 21%
[onization by protons 37% S53%
Total ionization 56% 74%
Nuclear binding energy loss 32% 16%
Target recoil 2% 5%
Total invisible energy 34% 21%
Kinetic energy evaporation neutrons 10% 5%
Number of charged pions 0.77 1.4
Number of protons 3.5 8
Number of cascade neutrons 54 S
Number of evaporation neutrons 315 5
Total number of neutrons 36.9 10
Neutrons/protons 10.5/1 1.3/1

24



U EM fractionf{,=E-,,/ E.,) duetop%h - g g

EM fraction (1)

A In first interaction, ~1/3 of produced partiofes are
A Remaining hadrons may undergo p&utsaio.

U Considerable variations fraamower to shower

U Onaveragdi,,increase with shower en@ngyally ~308t 10 Ge\:506 at 100 GeV)

Average em shower fraction, <f.,,>

<
-1

0.5}

 Parameterization: L
: (k-1) e il
Jem =1 - g A~ /
o 4
i P |

— —Cuk=0.82,E;=07GeV) |
Pb (k=0.82, Eg = 1.3 GeV)
e NIM A316(1992) 184 |

<fc,p IS large, energy depend
and material dependent

E‘nt

A NIM A399 (1997) 202
1 P | !

60 200

30
Pion energy (GeV)

100
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EM fraction (2)

100 | 04 T
150 GeV 1t From NIM A316 o - on Cu, measured
sof ~ OMPb (002)184 — 1/VE scaling
= A 0.3F .
5 o8 Jrom
g or v NIM
Q. ~
I - 0.2+ -
g 40 :..3
H ©
0} 01k |
0 ' 1 L ! From NIM A399 (1997) 202
0 0.2 04 06 08 1.0 0 TR ANt
Electromagnetic fraction, fey, 20 50 100 200 500 1000
Energy (GeV)

U Fluctuations i,,are noAPoissonian

U Deviations frorAlR2 scaling

26



HAD shower response (1)
U The response to tha&D part (IQf a hadremduced shower is usually smaller than tr
theEMpart(efdue to invisible energy: energy u:
Yon@mwmpen gsaetnexg n 0

U Moreover, ad-5> varies with eneiggdron calorimeters anenlinear.

[a—
N
i

eh =138

n° component
N

[a—
-
i

Non-nt® component

vy
|

Number of counts (arb. units)

0 0.2 04 06 08 1.0
Signal / GeV (arb. units)
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HAD shower response (2)

p = feyet(d- fgy)h
e e
P fEMe"'(l' fEM)n

p: response monganduced showers
e: response &mshower component
h: response to remshower component

e

(e/h)

p 1- f., (1- e/h)

U e/l energy independent way to characterize

hadron calorimeters

A Cannot be measured directly
(inferred bypeat several energies)

25

Calorimeters can be:

A undeicompensating (e/h>1)
A overcompensatirjg/h<1)
A Compensating (e/h = 1)

e/m signal ratio

0.0

2.0

15 F

0.5 -

\ \
\ e/h = co
\\
e/h=35 \
e/h=2 : \
4 Up y —_
b S ¢ CI‘L‘(’III S~ \\
\,\\ ~ )/)(‘I] ,\\‘\ 25 ~~—
— e ””)n e =
: T e T
eh=1.5 B R e
-—e/h = 1.0
- ~nensating
e/h=0.8 O\"erc()mP‘—matl =

10
Energy (

100

GeV)

1000
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Consequences of (ngoompensation

U (some) Conseguences of rrmpensation:
A Nonlinearity of the hadronic calorimeter response

A Degradation of the energy resolution
A Evenbyevent, fluctuationgimand nofEM fraction creates edsrvent signal fluctuations

™ T T T T T T
z (3L [2 watensn .
5 ® HELIOS (e/h=1) ~
-~ B WA78 eh <) P {‘}ﬁ
S 12+ ‘lf‘ -
= A4
= 4\ prd
g 1L1r - )
2, ~n - -
o - -
T ey .
= T .
E g - .““
S 09 :
s
| | | ] 1 i | 1 1 1 L i L ] ] I || |
0.8 5 10 20 50 100 200



How to achieve compensation ?

U Longst oryé i1t took a | ot of R&D to under st
identify several ways to achieve compensation:

U Build a sampling calorimeter
A Compensation can never be achieved with homogenous calorimeter !

U Boost the no#EM response
A Amplify neutron and soft photons component by:
A Fission: usage?U plategdepleted).
Ahydrogenous detector: optimize sampling

U Suppress EM response
A Usage of highabsorbePh Ur , é-Yactve.d | ow
A Photeelectric effect dominagggyle 2)
A Suppress low energy photon detegtianeV captured in absorber)
A Further suppression: shield active layers with thin sheets of pasgiealow Z
A e.g. Ur wrapped with Stainless Steel sheets in ZEUS.

U Offline compensation:

A Recognize, evdigtevent, cells rich in EM aneEhMomieposits, and weight their energy accordingly
A Need fine segmentation

30



Fi1 r st

ocompeaehent mager

238U
4 . . . . - e C 7
A First Uranium calorimetétaijar& Willis z [ o 1t (Fe/LAr)
5 » 1t (U/Lar)
. 2
25023 plates (1.7mm thick) E
+LAr(20mm gap between plates) gl Fe
A Compensation almost achieved E’ ‘o
=>e/h ~1i11.2 = :
00 ==u4 ! | .1; L ! 110
Available energy (GeV)
U Mechanismmuclear fission
A Extra energy from fission fragment: carries a lotof energy éhuckekard s of t e\
A Should ficompensateo for | osses in nucl
U For a Il ong time, thought to be the solut

31



Compensated calorimeter: example

ZEUS experiment (HERA e-p collider DESY, Germany)
ZEUS at HERA had an intrinsically compensated 238U /plastic scintillator

calorimeter. The ratio of 238U thickness (3.3 mm) to scintillator thickness (2.6 mm)
was tuned such that e/p = 1.00 £ 0.03 (implying e/h = 1.00 = 0.045)
For this calorimeter the intrinsic energy resolution was: o/ E = 26%/V E

et i b

excellent overall energy
resolution for hadrons:
o/ E (HAD) ~ 35%/ E

The downside is that the 238U
thickness required for
compensation (~ 1X,) led to a
rather modest EM energy
resolution:

o /E (EM) ~ 18%/V E

L

EM 25 X,
HAD -5 A,




Compensation: examples

e/n

D@ UitLArcalorimeter

Almost compensated during Run {1998

e/ Retio
1.2 —}
F
* Doto
O GEANT/GHEISHA
1.15 -
Py
1.1 |- i
105 -
1 1 i | R R T T | A 1 P L
0 S0 100 150 200

Beom Momentum {(GeV/c)

1G.

3.22

U DuringevatroRun I (20€2011):

A

Ve

A

bunch crossing 32¢8D6 ns
=> Smaller0-45mgvs~2ms)
chargentegratiowindow

100

o
-

=

Energy /ns (a.u.)

)
=

2

recoll protons
secondary lission v's

/ \\ ——=— s from n capture
/ \ T DG Run Il cuiff
\

0

. Time

100 1000

Time (ns)

structure of various contributions from neutrod-induced processes to the

hadronic signals of the ZEUS uranium/plastic-scintillator calorimeter [ Bru 88].

Decay®f excited uranium nuclei happen long after showel
development and corresponding charge not captured witr
integrationme.

=>Compensation deteriorated and thus resolution for.Run
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-

Pion/electron signal ratio

0.8

0.6

Compensation: examples

Hydrogen in active material (gas mixture)

1 l T I T T | | T
B
d *

_‘-
" 1IC4Hj0
CHy4
= 2] M3
Ar+1Cq4H 0
Ar+CH 4

LAr+CO»2

\ 1 1 | i | | |

0 0.04 0.08 0.12

Mean 1onization deposit per crossing (mip)

Elastic ip scattering:

Efficient sampling of neutrons through

the detectiasf recoiling protbns

e/ (corrected)

Lead / Scintillator

1.2
scintillator thickness 2 mm
4 2 GeV
1.1 v 31GeV| A
o 4 GeV
lOfp——————— < ————
0.9+
| 5 | | )
0 5 10 15 20

Lead thickness (mm)

Sampling fraction can be tuned
achieve compensation

e/h not determined by absorber but by active medium (and in padidelat) its H
3
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Pros & Cons of Compensating Calorimeters

Pros
e Same energy scale for electrons, hadrons and jets. No ifs, ands or buts.

® (alibratewith electrons and you are done.
® Excellent hadronic energy resolution (SPACAL: 30%/\E).
® Linearity, Gaussian response function and all that good stulf.

® Compensation fully understood.
We know how to build these things, even though GEANT doesn t

Cons

® Small sampling fraction (2.4% in Pb/plastic)
—s em energy resolution limited (SPACAL: 13%/VE, ZEUS: 18%/VE)

® Compensation relies on detecting neutrons
— Large integration volume
— [Long integration time (~50 ns)

35



ATLAS & CMS calorimeters




sl

Inner tracker smesomsmmses
75M silicon pixels and stripsj

R

armv/ e g m

76,000 PbWQ4 crystals

% 8 T AETRE\ AN R A \ \
Hadronic calorimeter (HCAL)
brass [ plastic scintillator ¢ o/
Superconducting solenoid frsame : §
providing 3.8 T magnetic field QU #aSaRS. =y Sl SRS /A :

Muon chambers S =5 T e 5 =

. embedded in the steel return

Al g 1—;
\‘ r“‘l‘ W
rdR. Salermo

fRegna

yoke //

Courtesy-0

w
~



CMS ECAL

Homogenous calorimeter made from 7584&é&ibiliating crystalls

e

= '_,/-——'-{///' 4 :’//) / it X ,'?'\ - :‘.~ S "'.-“,ra
, S 8 ?

= \.’_ \
§-" 2 O /j

A Barre(jh|<1.4% ~67 t
A 6120@rystal®ver 36 supearodules

CMS ECAL Endcaps Dee )
A Endcap$l.484{|<3, ~23 t

i A 14648 crystals over 4 Dees (2 per endcap)
IS A Preceded BYSi PreShower
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Excellent energy resolution

Xo = 0.89cm — compact calorimeter (230
Ry = 2.2 cm — compact showe -dgveldp ]
Fast light emission (80% in less than 15 ns) ‘

Radiation hard (10°Gy)
But

Low light vyield (150 y/MeV)
Response varies with dose
Response temperature dependance




CMS ECAL Construction

Module

400 crystals

Supermodule
1700 crytsals

Total 36 Supermodules




LY, /LY, (%)

CMS ECAL: monitoring

Front irrad., 1.5Gy, 0.15Gy/h

105

A Loss of transparency

U Response of PbWO4 crystal change with irradiation

' After laser correction
i Before laser correctior

® PWO4510 (%1
0 PWo4ETE (%)
o PWO45ES (Bl . - .
w ]| + Pwosmesln U Damage and recovery during LHC cycles tracked with &
. Pnow laser monitoring system
& PWO44B1 (%LY)
* PWOAT3 (%1Y)
g s { 15
Dose (Gy)
E/p with\+ en events
GJ j | T T | T T | T T |
a 1.02 CMS P'rellr'r"naryI 2012 OSSOSO S ECAL ban’e'
Q = =
Q qoif f5=8Tev L=toem  FMEET
Qo i
L 1
Q
.é 0.99
]
o 0.98
m Q
0.97
0.96
0.95
0.94 - —e—Wlthout laser monltonng correctlon
093 — W|th Iaser momtorlng correctmn : I I | |
20)’04 20,’05 19;’06 19.’07 18)’08 17/09 1710 16/11 0 100 200

date (day/month)
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CMS ECAL: performance

Stanealone performance assessed during extensive

d“-\-\.

1.4

o(E)/E(

1.2

0.8

0.6

0.4

0.2

test Beam campaigns at CERN...

3x3 resolution

® no hodoscope cut

___.-r-.—

® hodoscope cut 4x4 mm?

n

"H
JINST 2 (2007) P04004
AN TN N T N N T T T N TN T A O O
50 100 150 200 250
E(GeV)

&) Q

_ 8% . 125
N VE(GeV) = E(MeV)

@ 0.3%

Combined performance measuséd in

0]
— 1200%10° p g g 10° Z- ee
o [ CMS Preliminary 2012 s=10.0% > PP
> Vs=8TeV @ {909-CMS \s =7 TeV simulation ECAL Barrel
(5 1000, S/B,, = 1.11 (O] .
s ] FAm= 0.38 = 0.01 GeV
' S 1001
S sool ~ [ Ogg= 129 0.01 GeV
o ] F
a g
2 600 o
q‘;s 601
M 00
40
200~ 20—
S ot B P PO IR T I T B (0 e = :
0.06 008 01 012 0.14 016 018 02 022 70 80 90 100 110
2 M., (GeV
Mo,y (GEV/C?) oo (GEV)
19.7 fo' (8 TeV)
2] 10?% T LI B B I =
S = CMS =
> 5l |
o 10°E z =
N = =
o — 13 =
- — b =
0] = it —
g 10 i -
E L ] -
=] £
= 10°* E —=
E Y(1S 3
= (18) Y(2S,3S) 3
10° - n |
SR ]
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=g ke =
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1 . L | [N
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Dielectron invariant mass (GeV)
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muon
spectrometer

hadronic
calorimeter

the dashed tracks
are invisible to
the detector

electromagnetic
calorimeter
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The ATLAS ECAL

SamplingblLArcalorimetevi t h I nnovati ve MfNacc
U Longitudinal dimension ~25 X0, 47 cm (vs 22 cm for CMS) Towcrsin Sanpivg
3 layers up to [n|=2.5 + presampler |n|<1.8 - S
2 layers 2.5<|n|<3.2 57 y

Layer 1 (y/n° rej. + angular meas.)
An.Ag = 0.003 x 0.1
Layer 2 (shower max)
An.Agp = 0.025 x 0.0.25
Layer 3 (Hadronic leakage)
An.A¢p = 0.05 x 0.0.025
U ~170 000 channels
U Usage of Liguid Argon
A Radiation Hard .
A High number of elecimmpair produced by ionization
(1 GeV deposit5.10¢)
A Stable vs time

A BUT:A Need a cryostat (90K)
A Slow time response (400 ns vs 25 ns LHC bunch crossing)

?'L A\/ £ ‘ .
M o A S NI g \
.;/;\/ N N anpling 2

\lﬁ\*

an = 0025

Strip towers in Sampling 1
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ATLAS ECAL: accordion geometry (1)

Standard Liquid Argon Accordion Liquid Argon

Particle

Parlicle

U Slow response (long integration time)t Accordion geometagt

U Electrodes particles U Electrodeffto incident particles

U Long cables A Signal read out forward & backv
A To bring signal to-praplifiers A No long connection
A Regroup gaps U No cracks (in azimuth)

U Dead zones due to cables
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ATLAS ECAL: accordion geom&R)y

47 cm

| readout e
v X

lectrode

outer copper layer

inner copper layer
kapton

ayr¥

outer copper layer

stainless steel

glue ~



Stanealone performance assessed during extensive

ATLAS ECAL: Performance

test Beam campaigns at CERN...

Linearity of the response
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CMS HCAL

n= 1.1 n= 1 = 0.5
- > - 7.38m
r _ a Barrel Mupy Stafion 4 INB 41 1~ 5’60 m
\ [ lron Yoke '
o MB3 | —598m
z n= 1479 ~ Barrel
2| % & L& | MBZ2 | —491m
=
iE MBI =_ 202 m
n= 2.1 % -1 Sl n:nnduc:tll_ [:DI _ 285m
T :E b xﬁx\ﬁ{{el HbﬁL 170
=30 | PRk 2] |Bf||Endcapj < Barrel EGAL| 129 m
o [ | | [T HEAL e
n=5.31 HCAL =t T fe——— ==—0.44m
== A e e = - — ———==l— 0 00 m
E E E E E E E E
& @ B 2 8§ 3 8 &
< S o ® N & 1 o

A HCAL Barrel (HB)<L.3
A HCAL Endcap (HE): hjBg
A Forward HCAL (HF)hB<5 Fe+Quartgiber

See next




CMS HCAL

HB/HE: Sampling Brass/plastic scintillator calprimeter

HB(17 Iongltudlnal layers) HE(19longitudinal laye)s

U SegmentatioD: xDf =0.087x0.087 (larger at im)gh
U 18x20hwedgeso with &8lcher
and ntileso embedded

A Light from scintillator: flaket

A WLS: absorb light then fluorescence in green
A Green light read by Hybrid Photo Diode (HPD)




CMS HCAL: Brass absorber preparation

Workers in Murmansk
sitting on brass casings of
decommissioned shells of 2= { Lt
the Russian Northern Fleet | nf¥ e

Explosives previously
removed!

Casings melted in St
Petersburg and turned into
raw brass plates

Machined in Minsk and
mounted to become

absorber plates for the CMS
Endcap Hadron Calorimeter
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CMS HCAL: Containment

3'0_I I I I I I I I | I I I I | I I I I | I I I I | I I I I I_
- _ ME41 -
- Y ME32 It -
U Ath|=0, intfrom HB =5.8 !E 25— T TE“ T ttnmpprttrmsenre. ME3 1 —
(7.2 with ECAL) 5 MB4 - g -
a 2, '-"‘.'...r g _.,ﬁ . -.&-"'. ) _- _-M ME21 :
AlLarge I|\a k@ Bof-& T T o =
(- - Jp, MB3 . ‘:__ 3 N
U CMS adds HCAL OuteNHQ): o o™ ¥ o :
A Scintillator + WLS  \g 15 "0 7 A7 0 .
outside coil acting as e, e K- ME11 _
N . T MBL R e - -
Atail catcHh lfﬂpr;}‘."-:‘-f*f’- / .‘t"""-: T
N T HCAL ¥ ° .
N L. B
5F -
N ECAL N

0 ] ] ] ] | ] ] ] ] | ] ] ] ] T ] ] ] ] | ] ] ] ] | ] ] ] IN!] |

0 0.5 1 1.5 2 2.5 3
Pseudorapidity

Poor Resolution: ~100¥% /
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ATLAS HCAL

Tiles Calorimeter Inl <1.7

Fe / Scintillator
3 layers in depth

SLAr/Cu 1.7 <n| < 3.2
4 layers in depth

Forward: 1 layer EM, 2 HAD
LAr/Cuor W 3.2 <|n|<4.9

Total thickness: ~ 8 -10 A
Use of different technics: cope with radiations in forward region
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ATLASTIleCal

TileCalSampling Fe/plastic scintillator calorirheter

»Phrolromqlhplier

5 ¢ _{f‘] Wavelangth-shifting fitxre

Scintillator Steel

A Coverageh|<1.7

A 3 cylinders (1 barrel, 2 extended barrel)
A

A

3 longitudinal sampling i Key elemeriile
Segmentatio: D £0.1 (02) x0.1 A Perpendicmm beanaxis

A ~10 000 channels A WLScarry light ®MT
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