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I ROLE OF CALORIMETRY IN MODERN

COLLIDER EXPERIMENTS Calorimetric measurements of electrons

(positrons, phetons) exploit

The calorimetry plays a major role in :

‘f

characteristic difTerences hetween

. measurements of electrons (example Z — e‘e’) clectromagnetic and hadronic showers

. measurements of jets, the final state particle bundles

from quarks or gluons, containing both charged and good, and improving resolution for high

energy electrons (OE/E e<kK/JE) compared

neutral particles (example W/Z — qQ — jet + jet)
to magnetic spectrometers (Cp/po<kp)

. measurements of neutrinos or other non-interacting

articles causing an apparent transverse ener
?mlnlance (exar?l le Vsp-a ev) * electrons
) P measwres!
wethr a
caltoriumeter

. electron - hadron separation

. fast trigger for interesting events
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Measurements of jets

study interactions between quarks and gluons

example qg — qg

or the decays ol new particles into quarks
(or gluons)

example IVR (W, Z) - qif

the 4-vectors of the q, g cannot be measured
directly (conflinement)

q, g fragment (hadronize) into jets of final
state particles (n, n°, K, D ... p, n ..)

- a hadron calorimeter is needed to measure
the jets
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Mecasurement of neutrinos or other particles
leaving the detector without interactions

Indirect detection by calorimetric measurement
of all the other particles from the reaction.

The appartent (transverse) energy imbalance
is used as signature.
Examples

. PpoW+X
— ev

the missing transverse energy
corresponds to ETV

. signature for SUSY
PP 2q+X
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Netetroro acobiawr peak -for Electron - hadron scparation
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L_; e,\) This is a very important aspect of calorimetry
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Fast trigger for interesting events

At hadron colliders the interesting event
rates are typically 10°* (or even smaller)
of’ all collisions.  ;

example pp o> W+ X
ev

at Vs = 630 GeV o ~ 0.6 nb
compared to 60 mb for Ggot.

Calorimeters offer fast and localized

measurements of energy depositions. It is

possible to make very fast (order 100 ns)
decisions on potentially interesting event
topologies (electrons, clustered hadronic

energy for jets, missing transverse encrgy ...)

I HOW DOES A CALORIMETER WORK ?

Calorimeters are blocks of matter in which the
primary particle interacts and deposits all its
energy in a cascade (shower) of increasingly lower
energy particles.

A fraction of the initial energy goes into a
measurable signal (for example scintillation light
or ionization charge) which is (more or less...)
proportional to the initial energy.

Fluctuations in the shower process and in the
measured signal determine the energy resolution,

Simulation of a 9 GeV
em  shower




basic processes of energy loss of
particles in matter

shower development

a first comparison betwcen
clectromagnetic and hadronic
showers

total absorption vs.
sampling calorimeters.

The basic processes ol energy loss of
particles in matter :

necutral particles

Y clectromagnetic interactions
- e*e” pair creation
- Compton effect
- photoelectric effect

n strong interaction with nuclei

-

v only weak interaction
-3 escapes most of the time
normal detectors

charged particles
et electromagnetic interactions
- bremsstrahlung
- ionization of atoms
- Cherenkov radiation
- transition radiation

hadronst as above plus

- strong interactions with nuclei



Passage of y through matter
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Cross-section approximations as a function
of the reduced photon energy £ = Ey/me :

. Photoelectric effect
Y + atom — ion + e°

€>1: Ope=4nre?Z5at/c

re = 2.8 fm classical electron radius

£E<l: depends on L-, K- ... shells



Compton efTect
Y+e o> y7+e

at very low Ey
‘ §n_,
OTh =¥ re’ = 0.67 barn
(classical Thomson formula)
at high Ey
Klein-Nishina cross-section
(see text books)
fore>>1:
3 1 1
=g —(5+In2e
Oc=gO0Th _(F+In2¢)

Pair production

v + nucleus — e*e” + nucleus

137
l<€<z—m:
0p=4are’Z’(g-ln26-!§%2)
137
£> 'Z-m:

183

7 1
Gp=40rezzzlgln(m)-§z]

at high Ey one has

Hp = 4a r.,!Z!%ﬂ;— In 1-7-’}7} =

i

L
Xo

S|~

where Xo is the so-called radiation length

{(pair creation happens at high Ey with a
probability P = 1 - ¢”? = 54 % within

one X,)
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PARTICLE DETECTORS, ABSORBERS, AND RANGES {Cont'd)
Atomic and Nuclear Properties of Materials*®
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Energy loss of electrons (charged particles)
in matter

DBremsstrahlung
radiation of i)hotons in the
Coulomb field of a nucleus

energy loss for electrons

dE 72 183

- (H)brems =4a No A re Eln VAL
-E
~ Xo

Jonization encrgy loss for fast
electrons (B ~ 1)

dE Z 2mviy?
- ('d'i’)ion =41 No A re? me {In -1 - 1}

(see text books for more complete
formulae and the famous Bethe-Bloch

formula)

typical %—E’- behaviour

______
-

Argon ”
18k (11 ] -

(dE/dx}/(dE/dx ],

At very high clectron energy
(%%)igm can be neglected :

dE dx

E T Xo
and <E> = E; e X0, After I Xo
an  electron loses 1 - e = 63 % of

its energy.

At Tow energies (%)ion becomes

dominant.



The energy where

dE, dE
(@x)ion = (g)brems

W v

is called the critical energy ¢,

Convinient approximations :

A
Xo = 180 7y [cBoy]

£c = 5'%9' [MQV]

Z Xo 111
A

or € = 2.66 ( )

e* energy loss (n <, Fe
ancl U as a Fuwnctiorn

of Eg

10!

c
—— Energy toss by ionization 4
=== Energy loss by radiation
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Other energy loss effects are penerally
less important for calorimetry

Chqrenkov effect :

emission of photons if the
particle velocity > phase

velocity ¢' = c/Vdielectric constant
of light in the material

(the Cherenkov light is used in
lead glass em calorimeters)

Transition radiation :

emission of photons when the particle
traverses discontinuities of material
layers

The development of showers

All the basic tools to understand eclectromagnetic
showers are now available. In practice they can
be simulated very accurately hy Monte Carlo
techniques (EGS4 code).

Longitudinal development :

v

- rather stcep rise of the shower
profile due to the multiplication

Cbremsstrahlung - pair-produclib

- no further particle multiplication

occurs when the average particle
energy equals €¢

- more and more cleclrons stop
— slow decrease of particle

multiplicity.



The energy loss depends mainly on the
p . . ."‘ .
electron density in the medium.

# atoms / volume is about constant —
longitudinal em shower profile depends

on Z. It scales approximately with Xo
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The lateral shower profile is dominated
by two effects :

. multiple scattering of electrons
" (early phase of the shower)

long [ree paths for low energy
photons

(late phase of the shower)

The radial spread is characterized by the Moliére
radius py; *

Xo A
pu=ye " U MeV =77 [Ey]

(multiple scattering lateral spread of an
electron beam with energy £¢ after 1 Xo)

About 95% energy is contained in a cylinder
with R = 2 py.

Gencerally em showers are narrow — good
position resolution is possible

ENERGY LOSS

Lateral
profl

1 GeV

e <hocwer

e ( (ead

RADIUS IN MOLIERE UNITS



The devcloliment of hadronic showers is much
more complex because of the strong interactions

with a very large variety of reactions :

- meson productioi'l

«  nuclear physics reactions (break-up
of nuclei with release of p, n, o, v...,

energy loss due to binding energies...)

The ¥'s (from n°, 11 ... or from the nuclear reactions)
create local em showers,

100 ceV » v Fe ( strmulation)

50

50 1
0 100 200

cm

Monte Carlo simulations of hadronic showers

are therefore much more difTicult and also

less reliable than electromagnetic showers.

A classical calculation for the relative
contributions is

T~ T T 17177}
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More recent progress in understanding
(— simulation) of hadron showers will be

discussed later.



The profile of hadronic showers is
governed by the nuclear interaction

length A which is related to the inclastic

cros;;f-section Oj by
A= Alo; Nep
As an approximation one can use
A = 35 A3 [g/cm?]
very rough shower size :
radial containment for 95%
R =

longitudinal containment for 95%

L/A=06InE-02+4E" (Ein GeV)

Longrudingl  energy depesit [arbeirory umiis )

Tyf)&:a{ hadlrorice shower-

olevelopnrents wn olfferent

niatericals
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E—__Kamf)[eg of wrudated showers

(UAZ endl cap  calorurete; ‘S) Homogeneous and sampling calorimeter
Ener . : | .
e {GeV

\ One would obviously achieve the best

energy resolution il all the energy lost

by the particle of interest could be
measured. Then the ultimate Jimit of a

homogeneously scnsitive calorimeter

would be determined by the Muctuations

i intrinsic to the shower development.

Statistical processes, intrinsic fMuctuations
grow with YE — résolution 6i/E improves
with 1/VE.

In practice homogeneous calorimeters

are only possible for em showers

(small dimensions !)

Hadron calorimeters are "sampling" the
shower development by signal detectors
alternating (or interspersed) with inactive

absorber material.
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L
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EXAMPLES OF SIGNAL DETECTION

Homogeneous fully sensitive calorimeters
which are used in particle physics experiments
are based on the detection of light.

These are either crystals like Sodium iodide
[Nal (TL)),

Bismuth germanate {Bi, Gey Oy, called BGO],
Ba F, ... or glasses like scintillating glass or
lead glass [mixture PbO and Si 0,].

The light is produced mainly by scintiliation
except for the the case of lead glass counters
which are based on the detection of the

Cherenkov light produced by the et from the

shower.

Readout for sampling calorimeters

photon collection

usually by light guides followed by
conversion into charge by photomultipliers
(or photodiodes etc)

charge collection

measuring the jonization charge in
active calorimeter layers (solids,
liquids, or gases)

In all cases the charge has to be amplified
(internally or externally) for measurements
with analog-to-digital converters (ADCs).

The choice of a particular readout technique
depends on many factors and requirements :

energy resolution
signal linearity and uniformity
granularity ,
hermeticity (no dead space)

. signal stability (calibration)
rate dependence
radiation hardness
costs



Signal response can be non-linear with respect

to the ionization density. Saturation effects

occur,

Birk's law :
dE/dx
1 + kB dE/dx

dL/dx =

L signal output
kB Birk's parameter

cin

typically 0.01 g/MeV cm? scint.

0.005 LAr
0.003 gas

important effect for slow heavily ionizing
particles in the shower

RBrciclniamnm ef af,

S-dE/dx

recoil proton efficiency "%
e

kB: Birk™"- purﬂmefar gk= I—:’Rﬁa-!‘?a-i

1
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“Some. properties of .s:cz}vfc'[[ah.}q_q

crystals Typdc:al e xcurple. of a calord-

: meter moclule weth cseveral
Table 14. Properties of scintiflating Inorganic crystals
il - _ . celle reacd ocdt 105 Wt < .

Scintillator NsI(TY) L sy 8i,Ge,0,, BaF,
Mr)udn_ny wem?) 367 ™ 431 10 o - . .

ting point (") 650 450 620
i)..m’ time (sre) , 02 13 10 015 062 6100 T e scurtt U ator P(aées are

Jlemizsion) (nm! , 410 (1. . 5% @0 30 b2 4] )
Light yiekd (photans MeV) ax 10* LA 10t Lix 100 IR 63 10! In 10 e et [ ‘o QO/CXJS e
::;iiution l:ndgrh Aq fem) "1.5’ e ) 112 ) n 4 © 7

ractive index R 1] . 1 1.56 b
[dE/dx),, (MeV/cm) a8 s . Siudes of the cel
Temperature coefflicient of light output

o 022-09 11
Radistion damage yes yeu
yes o

Hygroscopic

Some. properties of plasécc

Scintillators anad Wes. HELIOS
Table 13. Organic fluorescent materials and wavelength shifters TR SHIE LOING.

P Decay  Yield/

_LIGNT TIGHT 80X

emission  time yield
Structure (nm) {ns) (Nal)
tIGHT
Primary fluorescent material GUIDES Y,
Naphthalene OO 348 9% 0.12
Anthracene a0 “w  » 05 - G0k
. lﬂ".‘Sc
X
p-Terphenyl 92020 a0 s o2 CCiom)
N_N URANIUM LWL
FRONT
raD OO0 w 12 (i Secriom)

Wavelength shifter

POPOP OO0 o s
| CS?:,:C,,O{“:C"% o two lengitudinal cectwn:

N/ waveLenGTH FRONT —}-
SHIFTERS PLATE

bis-MSB 12

R —— —— are. read owut separa -
tely for each cell
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Light yield
{Arbitrary units)

Absorption/Emission

(Arbitracy units)
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Non-uniformities affect directly the

resolution of calorimeters.

Recent developments in scintillator

calorimeters :

4

v £

ZEUS :
Very careful studies to eliminate
non-uniformities
(materials with large 4,4, absorption
masks to make the light yields and

transmissions uniform)

Scintillating fibre calorimeters
(known as em for example in Q,
DELPHI luminosity ...)

R + D for hadron calorimeter,
see later.

L EUS /oro{ofgpe <tieAies
ron - wq(/&rm response.
frem the. Wes p(a{es

L T T T T
WLS uniformity
» {before correction)
5
> 15 ]
6
E
3 4L ]
a
&
[7:]
B FM HAD w
S os| N
- 7
EMseclimiHAD seclion
0 i i 1 1 1
0 20 40 60 80 00 Zlcm)

tcla! signal [arbitrary units)

Wp~—~"" T

. |
WLS uniformity
(after correction]

FM HAD u;>J@
. z
3
oM section{HAD section . . A
) 0 20 50 80 100 Zlem)



| Liquid ionizati :
Charge coliection (examples) quid ionization chambers

Silicon layers

eléctron-hole pairs ate created in the
semiconductor with éharges separated
by the electric field

— direct electrical signal

(see lectures by C. Damarell)

used (or will be used) in large detectors are
Liquid Argon (LAr)
at ~ 80° K — neceds cryogenics
examples : Mark II, Tasso, Cello,
Do, H1 ..

Only small em Si calorimeters have been
used so far in experiments, but interesting
R + D work is going on also for hadren

Silicon calorimeters (SICAPQO).
TMP

at room temperature
will be used in UAL

In liquids the charge is collected without
internal amplification. Electrons must be
able to drift over sufficient long gap
distances — purity essential

(LAr < 1 ppm O,, TMP < 1 ppb 0, !)




Some. properties of reon;
lenperatewre. crlorvneter elect ron

2244 THP

| t o
HC—C— C—C—cH, * |
| 11

€
E -
LJ—(?L&( oi:s q ~ 8t '
‘ ql'e‘[d r v Liquid Argon
. . p -
L Ar anc[ =
? -t
Table 1 M 2, |
smt\l"'w“ % -‘
- : n— i
W st TMS i CH, g | —
- : "
HC— §i— CH, : |
[ g |
CH, E
b} Tmp CH, H CH, ::
[TV
o
.

CH. H CH, 0 1 I 1 A |
<) HEDS CH, H H CH, 0 10 20 30 40 S0
] [] 1 1
HE— Sim C--C—Si cH, ELECTRIC FIELD (kV/cm)
T T
CH, H H CH, . Y 1 T ]
10}
Table 2 " GAP = 125mm
Properties of room tempersturs calorimeter liquids . O{r‘bﬂ tw, e
— : <
™S ™ HEDS H - OF the electrons
—— 3 .
Denuity (gicm? 0.645 0.72 ~0.75 - W a 1.25 mmm
OE/dn (MeV/cm) 1.30 1.58 - 1.80 < [
Mability (cm’/V . g) 100 30 as TMP o
Flashpoint (°C) -18 +7 - 10 E 051 3
Boiling point (*C) 85 122 180 ~ -, . *
Dislectric conat, 1.84 1.98 . ¥ - ( smidar +emes
Vapour pressure - £
8120 °C (Tom) 850 15 <10 " - 7[‘7'” L )
Free elactron yield st %
E = 16kViem (10"/mm) | 1.93 2.18 ~ 1.2 -
0 L L : '
0 5 10 15 20 5

(- vA1)
ELECTRIC FIELD (kV/cm) ofrom




example. . A1 T MP - Urarwos

4‘:‘— Stainless Sieel TT—

F Sample § ——
soample 5
E Smm
. U-Plate
the. 7TMI (= I
Cortauned wr l 2 mm
sealed box&:s Position

Detector
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. gas chamber read-out
(wire chambers or tubes)

. v Readout linat
Atuminized mylar = 7 e
e / - = [y (Tinned)
PVC sheel 1 mml N
Cupad S )
Graphitad mylar
B0 W Graphite
Aluminium extrusion
32245 mm cell) A PH
Alymirium chin == o = 1l &
105 mm Anode wires
LY
W-Au plated

15 mm spating)

the internal amplification (avalanche) is
exploited
- proportinal mode
-» signal proportional to the
energy loss
- saturated mode (Geiger, streamer)
— signal proportional to the # of
wires hit (non-linear effects)

This read-out is used for example in LEP
experiments and in future calorimeters

(H1, ZEUS) to catch in an economic way the
tail of hadron showers leaking out at the
back of the main calorimeters.



Comparison of some read-out techniques

(such a table is arbitrary and needs comments Y

scintillator Si  liquids gas

sampiing  1-10%  <1% 1-10% 10°¢
active/passive | |
dead space G G G ‘ G
hermeticity 1cryl?::;m
granularity B G G G
signal B G G ~G
uniformity (fibres ok)
stability B G G B
signal/noise G G B B
radiation B-G B G G
resistance (neutrons)
speed/rate G G B B
costs G B G G
-G means can be good
B means bad or very difficult

As we will see next good or adequate resolutions

can he achieved for all except for gas calorimeters.

1V PURELY ELECTROMAGNETIC SHOWERS
AND CALORIMETERS

The best energy resolutions are obtained in
fully sensitive homogencous calorimeters.

The intrinsic resolution depends on the
fluctuations in the measurable total track
length Ly, in the shower (sum over all
measurable charged track segments). Ly
depends on the minimal detectable energy

Em. The total track length is about
L/Xo ~ E/Ec.

The intrinsic shower fluctuations are typically
op/E ~ 0.005NE  (E in GeV)

Nal (T1) crystals have reached og/E = 0.9%
at 1 GeV (for 24 Xo long crystals which
contain the showers fully).

example : Crystal Ball Detector.
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An other example for a homogeneous em
calorimeter is the BGO (Bi4 Ge; 0;2)
crystal with Xo = 1.1 cm as used for
example in the L3 experiment at LEP.

In both cases the infrinsic resolution

limit is not quite reached

-> fluctuations in the light
collection dominate

In Lead Glass counters (examples OPAL
and DELPHI end caps at LEP) one detects
the Cherenkov radiation of the et in the
shower. The Cherenkov threshold in LG
implies that E;y > 0.7 MeV. |
— intrinsic resolution is of the order
3-5%/AE, corresponding to the
resolution reached in LG counters.



For sampling calorimeter further, and generally
The energy resolution is degraded if the more important, statistical fluctuations occur in
shower is not fully contained due to the sampling procedure.
- longitudinal leakage
- lateral Ieakage _ Only a fraction of the charged shower particles

i
\

: (tracks) are in the active layers, and their
In general the longitudinal loss is more fluctuations are called sampling fluctuations.
dangerous than the lateral loss.

Intuitively it is clear, that the smaller the
approximations thickness of the passive absorber plates, the

smaller are the sampling fluctuations :
1 electrons

1(95%)/Xo < In Elec { }+ 0.08 Z + 9.6

0.5 photons JR——
: og/E = ee- tg

t absorber thickness in
<
r(95%)<2pm units of Xo
o) T ocrecinns mow The detected particles (mainly electrons,
example £ - only in the beginning of the shower y — e*e",
I
15 GeV e 10 /0/ ! Sect. I1) are cither :
in marble }~ TomsimuoniaL . '
/ . created in the absorber and reaching
(CHHARM) b - .
4_____.%-& the active layer
T 1 . created in the active layer
I X 1 1




10 GV e shower
The fraction of soft electrons reaching the
active layer depends on the absorber Z. Ecs 4 calcwdatcons  for

the erergy oleposited by

S S S A . . -+
coruzZatior From e
"“h'_k‘,./
v . '—
me\
..... ' Wiamians
I T | ¥ 1 T 1
. L 3 Deposited by e* <4MeV, ..~ -
abe, achive_ 60— . . e |
3 /',.,-
. number of soft e* created in the absorber > L 1
O
which reach the active layer o< 1/taps o 50 |- /./
o -
number of soft e* created in the active layer b /
c .
o< 1/tahs and also octgetive (sampling fraction) c f’ ]
fast clectrons from y — e*e” fluctuations 2 Lok Deposited by eIMey x|
-~ -
proportional to VN2, may traverse scveral :;:‘ L
active layers 2 i o * 238 7
u- A A Al
— /
o 30 X o Fe N
The relative contributions depend on the calorimeter _g K x Sn
type, the Z of the absorber and active layers. u o 4 Pb
& 20 \ _
«Deposited by e' > 20 MeV
\Ah\*h‘ -4
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Soft electrons created w 4the
LAr  dontnmate as gz /&
c'»yfor‘oves Wit  wcreasing

LAr gao Hor  cornstaat e
absorber plafes .

xg (UQUID ARGON} (mm)

And of course instrumental effects can contribute

to make the resolution worse ...

scintillators : light collection and
photocathode efficiencies (usually
less than 1000 photo-electrons / GeV
— >3 % / VE from photon statistics)

wire chambers : shower sampling
statistics is dominated by
- path length variations
(very soft electrons at large
angles can traverse a long
path in the active gas layer)
- Landau fMuctuations (long
tails in the dE/gx ionization

per thin layer)

To the extend that the intrinsic, sampling,
and instrumental Nuctuations are uncorrelated
their contributions to the resolution have to be

added in quadrature :

ol = Uzimr + Uzsamp + szoleclor-
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SAMPLING FLUCTUATIONS
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Some typical em energy resolutions og/E
which have been reached for E > 1 GeV.

homogeneous detectors

Nal (TI) and BGO 0.015 E-'/4
Lead glass 0.04 E-'2

sampling calorimeters

(T /E [*%)) - VE (GeV)

AE = g¢ - t energy lost in one single
sampling layer for a m.i.p.
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HT1 tect bean recudt

V HADRON SHOWERS AND CALORIMETERS _
. SO Gel/ - | carnd e

The energy resolutio:_: for hadronic calorimetry (‘Pb and Fo n Ar)
is much more complex to describe. 600 " v " ' 7
v ‘ - sool- No Weighting
Remember : A very large variety of strong I S ’ .
interaction processes with meson production : ol
and nuclear reactions which release p, n, o, Y ... £
are occuring. Intrinsic shower fluctuations oo
are an important contribution to the final | toor
calorimeter performance. | = o e P - —
E (Cev)
An important fraction of the incident hadron o N
energy goes into local electromagnetic s00f Jelghting
showers initiated by the ¥'s. | % oot beem __-"
2 ol
On the other hand not all the energy deposited %
in the nuclear processes can be detected due to em
the energy lost due to nuclear binding effects. i ‘K.,' J
[+ K¢ 00 400 &no "o noon

' . E {GeV)
As a conscquence the signals from electrons/ )
Fig.40 Pulse height distributions for 50 GeV electrons and
photons and hadrons of the same energy are pions before (a) and sfler (b) weighting mensured

not the same in genernl. with a liquid argon calorimeter (from H1
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Sh plays a cruccal role for

the tlhadross Olorimeter recoluton.
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The crucial question is then :

how can one obtaine/h =1 ?

There are two approaches.

Weighting method

the shower is sampled longitudinally
and weights are applied to each sample
such as to eliminate event-by-event
fluctuations in M.

does not correct for fluctuations in

the energy lost in nuclear physics
processes

non-linearities are not completely
removed

Compensating calorimeters

the absorber and detection media are
chosen such that the same response
is obtained for the em and hadronic
component of the showers

best resolution can be obtained if
fluctuations in the nuclear physics
processes can be observed

(for example ncutrons)



T he. weugh tuing wmethod was
proreered by cOHS  (1980).

T his -E-ec/ond?u_e. will be wused
al HHeeA b\_lj the H1 experc-
ment (P ol Fe [ LA-)
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correlatiorn betweern ‘the
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Sasmple ve total energy
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As a scale one uses often the response to a

Compensating sampling calorimetry minimum fonizing particle (mip).

The main methods to achieve e/ = 1 are . .
Sampling fraction

dE/dx (read out)

- " reduce em (n°) re'sponéé, can be done " _
samp = dJE/dx (read out + absorber)

by using the knoﬁledge of em shower
physics (mainly photoelectric effect)
-> high Z absorber plates

int €/mip
e/p tntr - -
— low Z active material fion * '°"/mip + [y ®/mip + fy V/mip

- boost (" lify") had ,
oost ("amplify”) hadron response ! fion average hadron energy fraction
by detecting the released neutrons ' . . ]

deposited in form of ionization

from th I :
o € muclear processes ! by hadrons in the cascade.

—» slow recoil protons in the active
layer (needs hydrogen in the

) ] fn neutrons
active material)

fy nuclear y's

— this signal can be tuned through
the sampling fraction

¢/mip < 1  for high Z absorber (soft y's are
! absorbed due to Z* in photoelectric

| cross-section)



&/mipo signal calculations (EGS4)
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) plates (£6S4)
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32mm 220726 mm polystyrene
tJ wrapped in Fe +

12 |- Response to 10 GeV n? /
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—

09 .
08} .
z 2
f sl 1t 1 llllnllnlllllujf
0 05 5 10 15 20

Thickness Fe {(mm)

Ymip

fion

ion/mip

large # v from nuclear de-exitation

in U8 there is an important
contribution from nuclear fission
(~ 10 fissions / GeV, each releasing

~ 7.4 MeV in form of Y's)

typical response y/mip ~ 0.4
the contribution of charged pions
from the cascade is small

(10 - 15% of non-em shower part)

major component comes from protons

nt, Kt ... behave like mip

low energy p behave different
(saturation effects etc )
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n/mip

varies from ~8% for Fe to ~ 15% for U

soft ncutrons are the most
important component to "tune"
the compensation by detection

of recoil protons

depends on the sampling
fraction

depends on the signal
integration time
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effect
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Amplitude {mip}

of the. low - energy neutrons
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Direct ohservation of -Lhe.
qu??:éLr‘3f7C:€3 tr teme <structure
£ . :
of o /uz =9 n' L,: g a; In summary many effects contribute to ¢/h and
, Q. s = ‘OLU-EI‘S.. - have to be considered to achieve ¢/h = 1 :
50 &Gel ( el =) /Scn{—c[[cz{(_ng
f’ *D A4 ) - 7 of the absorber and active media
- hydrogen content of active medium

Fro eﬁecés ) - saturation (kB) active medium
- e <howers wmiore locallzed - nuclear physics properties of absorber
= 0 QOfead L @L,g— Lravel - signal integration time
time. : - thickness of passive and activé layers
- <low COM/OOwen{s (,n haf:(fon(("_ - sampling fraction
B0 | <hower

' L L e/h = 1 cannot be achieved for all absorber and

read out combinations :

o
<o
T

The calculations are often expressed as

function of

NUMBER OF EVENTS
:-.
=
]

[t
(=]
]

Ry = thickness absorber
d = thickness active media

FWHM (ns)
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ZEUS
pre - prototype <Stuclies
Phb ) scirdillator calorimeter
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h
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The resolutlon of hadronic calorimeters has a
large contribution from the Intrinsic resolution
and from the deviation from ¢/h = 1.

The sampling fluctuations are typically

OR/E = 0.09 JAE/E

AE energy lost by a charged particle
in one sampling layer

The intrinsic fluctuations are
OR/E =~ 0.20/ YE (compensation)
= 0.50 / VE (no compensation)

Further contribution can come from instrumental

effects and incomplete shower containment.
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VI CALIBRATION ISSUES

Resolution and linearity are not the only important
aspects for the performance of a calorimeter in a
rcal €xperiment,

One needs to know the absolute energy scale,

namely the equivalence of an observed charge

signal (pC) to the incident particle energy (GeV)
- calibration constant

This calibration constant needs to be known
for each cell of the calorimeter.,

In an ideal case all cells have the same
constant.

The resolution of a physics signal (for example
Z > eteor W jet + Jjet) will depend also on
the Muctuations of the calibration for each cell,

Furthermore for a real experiment the calibration

has to be known typically over long periods of
serveral years,

<Bbermys > JPerBAD

s

Pt

)

A\

n

(2h

185/

€8s/

reb/

=586/

Jy

e~ _

CF -
4 s/~

A M

——
U249 Ssys Pyl
STM Pu oS u1 Saguzmp '

“UEST) TEO  wo bupousdse /

7 om
ra

—

w2r3w o0

7‘-

! SRS UachiiTS  Sv

"

7‘2.7!?'?-;'3 &t

»

v o

s-‘d.s-) =t

T

_—

\ '

&

6T 6

( FIO pored yos30/0 + SIS Frol SN )
HIIOJODS M oD Zyy DYy O

=



Rz X We-s av
A4 w —wxzrn W= u v

UA2 u:mil:- W->ev

- JELES +— :
L lzs Ste” N W

LAY e ,

Z3 4 = - )
LAZ Z-ry&<c” m::{:m

N ] . 1 SM \
= ghat, 80 9o 100
=m syst. m1 - ( GeV)

errors are (abrnost) cloninated
alreacly by cystematics >
calorimeter calibration

T ¥

emp[g: <. mean 0.993

rms 0.021
UAZ2 recalibraton
tn test bearn: of
4 mocludes (of 24) "
after 4-S years
at the collioler

/2%

Cells/ 2%

—
c2lls

oy 10 "
E measwuredt
E owxpectadl

qurF .
f__.._L,f‘,,, [ T O FR S N S

Methods of initial calibrations :

- Test beam with known particle energy for
all calorimeter. Best method, but maybe
not practical for future calorimeters with
very large amount of cells. Very difficult /
impossible for calorimeters which are not
modular (example LAr devices)
examples : UA2, ZEUS in order to
reach an absolute calibration = 1%.

- Test beam with known particle energy
for sample modules. Extrapolating to
other modules by

radioactive sources (example U
noise in U/scintillator calorimeters
material control (measuring
absorber and active layer
thickness, controlling liquid
purely and response with
calibrated test chambers, relying
on an absolutely known dE/dx

response in Silicon, ..)



Uéing known physics signals

(n° — vy, Z — ete" ...) is difficult
at hadron colliders.

e*e” — e*e” has been used at ete”

storage rings.

Checks of the calibration for a running

experiment

radioactive sources

charge injection systems

light Masher systems

average energy distributions in
unbiassed data

muon signals

transverse energy balance of jet-jet
events (hadron colliders) or e-jet
events (HERA)

Two comments on the calibration in a test
beam for calorimeters with longitudinal

samples.

- Often the first samples are used for
(and called) em calorimetry and are
calibrated with electrons.

In most cases a finer sampling is used
for this em part to obtain a good
resolution for electrons.

If e/h # 1 this calibration differs from

the one which has to be used for hadrons.
This is typically the case for mixed
calorimeters with Pb absorber plates for
the em part and Fe absorber plates for the
hadronic part.

The best resolution for hadrons is therefore
not always obtained from the direct sum of
the signals from the different longitudinal
samples. Relative global calibration

constants may be required for these samples.



. In order to calibrated longitudinal samples

in a calorimeter muons are used because Mecorr = Lgn als at varco
they deposite energy that can be fitted more o 9L- ea (o Ao HELIOS
casily (Landau peak) than the broad (J /.Scm tillator < .y (et

V!

distributions from a partial hadron shower.

In this case it is important to take into
account that y/mip is energy dependent.
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VIl

JET CALORIMETRY AND MISSING
TRANSVERSE ENERGY MEASUREMENTS

low energy particle contributton
4o w*—;deﬁ- +J'ei':

Jets consists of many particles with various
energies. Large Nuétuations occur in the
ne/nt composition. Also very low energy
particles contribute in a very significant way

to the total jet energy.

Compensation (e/h = 1) is again the best tool
to have the best jet energy resolution.
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Present collider experiments (UA1, UA2,
CDF) have realized that systematic errors
on jet energy scales depend strongly on

the knowledge of the calorimeter response

fo very low energy’ jet fragments.
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Missing transverse energy measurements
are an important tool to search for new
physics processes (see introduction).

The main factors which determine the
performance of a collider experiment
calorimeter in this respect are :

- angular coverage with respect to
the beam ’

- full azimuthal coverage

- minimal cracks between calorimeter
cells or modules (non-pointing cracks)

- energy resolution

- shower confainment

In addition the experiment should have a
muon detection system to eliminate events
where the missing transverse energy in the

calorimeter is due to muons.
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Parameters for a jet calorimeter

resolution

best performance (og/E with no constant
term and good linearity) is obtained with
a compendating calorimeter with e/h = 1
good calibration needed

granularity,

high transverse granularity for the front
part (ppy) for electrons and larger transverse
granularity (A) for the hadronic part
minimal cracks over lull solid angle
longitudinal segmentation governed

by e/n separation requirements

depth

deep calorimeters (= 10 A for 1 TeV jets) are
required to get best resolution and to
eliminate fake pp events due to late

shower fuctuations

economical solution is to have typically

2/3 of the depth covered with a high
resolution calorimeter and the rest by a
cheaper backing calorimeter combined

with muon detection
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AND FUTURE COLLIDERS the olol Fe- ceimiitlator
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The l‘oll(‘)wing examiiles will be briefly
described :
PP CERN  : UAL, UA2 ror o ST ey ron
pp FNAL :  CDF, D0 ﬂﬂ e 1|
Thyr— 1 ?
HERA DESY : Hl, ZEUS

Some chatlanges for future high energy
high luminosity hadron colliders
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Calorimetry
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The ZEUS detector
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C T MAchine  proects

/—/czo[ror‘; . c:oéb'oler.s

- Large. Haoclrorn Collicddler (LHC ) w the
LEP +twunnel pr s = 16 Tev

— S‘up_er‘coﬁd&(c.ﬁn9 Luper Collder (65C)
rpP" Is = 40 Tav

- UNK  Pp up to (s = 6 TeV

L i 1 The LET™ Zcumel

maur parameters of LHC

‘the. L/-/C maclkune parrameters
are. sweh Ahat even /n'gher
luminocitiec cowld be reached:

= - - .
1.9 /10 cwr 2! with bunch

cmssz'rzgs every o= 15 ns

. or evesry wmore exftre ;e
- — —
S - 103 =it , &= 5 ns

Nominal LHC p-p performance

Number of bunches 3564

Bunch spacing 25 ns

Number of interaction points 4

B values at crossing points 1m

Normalized emittance 4nyu’/a 5% um

r.m.s. beam radius 12,11 pum

Full bunch length (4081 0.31 m

Full crossing angle () 96 prad

Maximum energy BOOO Tev
C'rculating current 164.3 mr
Particles/bunch 2.56 x 10'?
Beam-beam tune shift 2.5 x 10 '
Stored beam energy 116.88 M)
Luminosity 1.42 x 10" em g7’
Luminosity/collision 3.55 x 10°°% cm?
<n> at £ = 100 mb 3.55
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at futwre hadlron colliders
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tnteraction ratec at  hadlron colliders
Compm@é to e praclimec

Number of 10

interactions
per second
for

10*

10*

ml.

?

1

L=10% (m-2 g2

’o-?

10+

~ o 7
z.
e \'=
. \:
Noeeel poewwT X
""\\ crose sats
\ leeve(
\ ey
W'W
\

'l L 1 L

L

10?2 01 w0
Energy of collision
{e* 2~ or constituent)

X Tey



(20 calerenetry will be. a Crew i/

locl at fetrere [iarlivri colliAcpAD
EVesr wrere. Lliasr e,

wia r rements are

o1epm—000¢
muiwny—0s8e
wMy=—-q0%s

O ﬁa;‘ r [m] —  raclation harclness
"‘05\1;;_.&.‘:‘:;:\ §§z \ T — @j::&tfa Zezyy caldbratbions
. Sooo ‘ : X \\\§§ 2 : ;uﬁ%c«zféy :oriya'se fast
2410 — :I'. :‘.‘\‘\ \\\\ Signals {o prowvide. furst

20001,
1000

level -/:rc"gge.rtlnj

—  Cptimal haclron Jef recoluwteon
= h{ejéer level 4riggers
arA offline. physics

dna[gs (s

N\
[~

0 7

-
00LZZ0 4
7 / ’- // -
Z ,// - p///{;? lsl' :emnu:!s . z
_

[ ‘1eakihp ul asop JG;i2|peH

5.10° : '. / : % %
n ‘ ' _é 7 8
l—\j S 7z N7 ' 0d ~
BT %///////////////%”1 3, 0

3 o
Dl

P15




f.v] 6

Frlse chapes fron, the calorimeter Ferst - level  faxed <luser size.
(as st examp(e) curalodg -l—r*c.'gger S hugh - [ HC

[T/'ze_ ShLua)L,an IS even more.
d:%culé 74:‘:7— <low c:a[o-fzme‘{'exg]

-25 0 25 50 75 AT
N M B " Fa
T ] I f : —~m= NMME ng /4{1//;’j
: ! ! ) : oG 1797
@ ' Hﬂi— MACHINE CROSSING A AR (#)
,' \; ] ‘ ‘ SIGNAL 1 /4; /'y ‘:\'\
y | A \
e Sagna[ ® : Jl\/,L ! ! 4 T NRRR
) ] | P N
T TTRERRRRE
L4 .ngna.( ® l | ! SRR R
( "SCOW I | t 1 \\ ] \\\ \1"
| AL AR NN b
<depp ca:/ : : ! ! | kS NNOONNN
|
6!3nac for ® : ! P :
triggesr I :\/l ' | K
I : t | |
i 1 ! 1
i
wrom © H | ! | [ 16 celis in 4 ot 200 MH:
J_j . t ' | ' : . clock
g . i w
Crossuzg o ,' | ; |' . |L
I' ' 1 ! ;
| | ; ! : > 5 Trigger
y @ ! t | | | > Signal
over a0 | | - o
: I ! ' ° E
| I & T
! " ] t I P E o
~ (- by
! t , ' 1 §~
[a] )




J

THE FIRST LEVEL TRIGGER

Schenatic (_agocd— of a secorof-
level .%rz'gger

wg

shifd regicter for
) . - pipe-line of theo
v P el Calorimetesr
sgnal

1 r

o BUFFER =Y
Calormetar FADCESSSE] 7 neec SMIFT REGISTER MemoRYl = o

cell -E

I’L—ZSQCLIP

Singd

fast o&ﬁr'ﬁzafrbn 1
b [em ] %r >

-t-réggar

7 MH:z
cLock

trom 2'% calls

848 Colormeter e -

E! coll anergy ’ Jet >
. |% N
1 v O
cos(#) z cos(# E! %D:OD: $ pmu e 9

A , >

€ < .
s-n(!l 2 snt#) % R
. F
- @
€ 2 L — Z
S— O

PIPELINE of ADDERS

\ A"
xcbv

=lo

OZ x4l

wo

Tz

)ox 5 = Zv-xq;v
rrawrsore> zal T Op7

- USIZTIITP worw -

27372— Jot



biigh - L HC

Adetector Hto meccure

jsotated electrons

- Jé_fs
o
—_ hruions

——

11077 — paagnetic 3

A

N )
— \\N\.\\\\z

! \\\\\\\\.\\\\\\.\\_:
I\\\\\\\\w\ z

=l \\F\_// B
i :







