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at determines Resolution?

jnal Variance >> Baseline Variance

SIGNAL * BASELINE NOISE — SIGNAL + NOISE

I
BASELINE BASELINE BASELINE

— Electronic (baseline) noise not important
Examples: ¢ High-gain proportional chambers
¢ Scintillation Counters with High-Gain PMTs
e.g. 1MeV y-rays absorbed by Nal(T1) crystal
Number of photoelectrons:  Npo~ 810* [MeV™"] x E, x QF ~ 2.410*
Variance typically: Ope = Npe'~ 160 and G/ Npe~ 5 - 8%

Signal at PMT anode (assume Gain= 104): Osig= Gpyr Npe = 2.410% el anc
Osig= GpuT Ope ~ 1.27107 el
whereas electronic noise easily < 10% el



nal Variance << Baseline Variance

SIGNAL % BASELINE NOISE — SIGNAL + NOISE

BASELINE BASELINE BASELINE
— Electronic (baseline) noise critical for resolution

Examples: e Gaseous ionization chambers (no internal gain)

¢ Semiconductor detectors

e i i- - T Edep
.g.In Si: Number of electron-hole pairs N, = 36 eV
oe

Variance o, = ,/F -N,, (where F=Fano factor ~ 0.1)

For 50 keV photons: g ~40el = G4/ Nyp=7.510"

Obtainable noise levels are 10 to 1000 el.



Baseline fluctuations can have many origins ...
pickup of external interference
artifacts due to imperfect electronics

.. etc.,

but the (practical) fundamental limit is electronic noise.



1.10 Detection limits and resolution

In addition to signal fluetuations originating in the sensor, the minimum detec-
tion limit and energy resolution are subject to fuctuations introduced by the
electronics. The gain can be controlled very precisely, but electronic noise in-
troduces baseline fnctuations, which are superimposed on the signal and alter
the peak amplitude. Figure 1.24 (left) shows a typical noise waveform. Both the
amplitude and time distributions are random.

When superimposed on a signal, the noise alters both the amplitude and
time dependence. Figure 1.24 (right) shows the noise waveform superimposed on
a small signal. As can he seen. the noise level determines the minimum signal
whose presence can be discerned.
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Fic. 1.24. Waveforms of random noise (left) and signal 4+ noise (right), where the
peak signal is equal to the rms noise level (S/N = 1). The noiseless signal is shown
for comparison.



Spectroscopy:

- Experiments to determine the decay products Absolute energies may vary a lot
of excited states and their interaction But resolution usually still a
-The excitation energies of a system increase critical issue

as size decrease. To produce these excited
states high energy particles are needed.
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ssolution and Electronic Noise
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\guish signal levels
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2000—
b) Improve sensitivity

Signal to background ratio improves with better

resolution 2000 — 1.75 keV FWHM

(signal counts in fewer bins compete with fewer
background counts)

2000—

56 keV

10.8 keV

COUNTS

1000

[ [ [
G.A. Armantrout ef al.. IEEE Trans. Nucl. Sc1. NS-19/1 (1972) 107 240 300 360 420
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Acceptance effect on proton momentum distribution
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Dead time measurements
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TOF difference needed to mass discriminate particles

Figure 7.13 The time difference per unit flight path for zK, Kp, and np
as a function of momentum.
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How a shower looks like

,, ‘ ¥ 19 L 1..-‘ | ..A‘
Electron shower in lead. Cloud chamber. W B. Fretter, UCLA

7500 gauss in cloud chamber. CALTECH

e
Electron shower i lead.
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EM showers: longitudinal profile
Shower profile for tmax = 1.4 10(E/E)
electrons of energy:

10, 100, 200, 300... GeV Ny = Bo/E.
Longitudinal containment:

- toso, =t + 0.08Z + 9.6
- AR\ | shower max
Eco< /2089 . o \ver tail
ST, Xo snower 1al
na = 5 e 15 .;0 - 28 £ 3s
102 ! I I I T T
Longitudinal development
Shower parametrization wkE | EM showers (EGS4, 10 GeV &)
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N Pt
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EM showers: transverse profile

Transverse shower profile

* Multiple scattering make electrons move away from shower axis

* Photons with energies in the region of minimal absorption can travel
far away from shower axis

Moliére radius sets transverse shower size, it gives the
average lateral deflection of critical energy electrons
after traversing 1X,

75% E, within 1Ry, 95% within 2R,,, 99% within 3.5R,,



20 GeV V in copper (simulation)

charged particles only all particles




Electromagnetic calorimeters.
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Figure 27.18: An E :
iron. The histogram|shows fractional energy deposition per radiation length)
and the curve is a gamma-Tunction 1t to the dIStribution. Circles mdicate the
number of electrons with total energy greater than 1.5 MeV crossing planes
at Xp/2 intervals (scale on right) and the squares the number of photons
with £ > 1.5 MeV crossing the planes (scaled down to have same area as the
electron distribution).
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Fig. 7.20. Schematic representation of an electromagnetic cascade. The wavy
lines are photons and the solid lines electrons or positrons.
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Figure 11.2 Shower profiles in lead. The number of electrons should be
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multiplied by a normalization factor of 0.79. (D. Miiller, Phys.
2677, 1972.)
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Longrtudinal energy deposit

Figure 11.3 Longitudinal development of electromagnetic showers
different materials. Right scale shows radii for 90% shower containmer
(C. Fabjan and T. Ludlam, adapted with permission from the Annu
Review of Nuclear and Particle Science. Vol. 32, © 1982 by Annu
Reviews, Inc.)
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Electromagnetic calorimeters I 23

m Basic readout types for sampling calorimeters

0 Metal-scintillator sandwich structure 0O Metal-liquid argon ionization chamber

SCINTILLATOR

CHMRGE SENSITIVE AMPLINER

ABSORBER  ( comacior )

T OWAYELENGTH STl

[ forencent  emigpion /- 2

® Ar > 4 ) vaw ameow

C. Fabjan and T. Ludlam, 1987

C.Fabjan and T. Ludlam, 1987



Electromagnetic showers l

m Energy resolution: Limitations

0 Dead material effects
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Shower simulation



EM calorimeters used for mass discrimination
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Figura 6.16: Distribuzione dei punti rappresentativi sullo scatterplot (CER vs momento,
delle particelle cariche rivelate dallo spettrometro CHAOQOS, ottenuta dopo la procedura di
identificazione. Nel grafico sono mostrate le particelle con tutti i gradi di identificazione (PID).



Hadronic showers I

m Hadronic shower development
0 General comment: Complexity of of hadronic and nuclear

processes produce multitude of effects that determine the
functioning and performance of hadron calorimeters

* Many channels compete in the development of hadronic
showers

* Larger variations in the deposited and visible energy
* More complicated to optimize

Sizeable electromagnetic () besides hadronic (h) shower
contribution mainly from =° decay (1/3 of pions)

Invisible energy due to delayed emitted photons in nuclear
reactions. soft neutrons and binding energy

Visible energy smaller for hadronic (h) than for electromagnetic
(e) showers: Ratio of response e/h > 1

Larger intrinsic fluctuations for hadronic than electromagnetic
showers

Improvements: Increase visible energy to get e/h=1:
Compensation (Compensation for the loss of invisible energy)l

Discussed instr. effects for e showers also hold for h showers

Step 1: Production of energetic hadrons with a mean
free path given by the nuclear interaction length:

d=/dx  nuclear cascade dE/dx nuclear cascade

Step 2: Hadronic collisions with material nuclei
(significant part of the primary part of primary
energy is consumed in nuclear processes):

Evaporation

Evaporation followed
by evaporation

;I\
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J
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Processes contributing to the energy deposition in hadronic cal.

Table 11.2. Average fractional energy deposition for a 10-GeV proton in
an iron/liquid argon calorimeter

Percent
Process of total
Secondary proton ionization 31.6
Electromagnetic cascade (7t0) 21.0
Nuclear binding energy plus neutrino energy 20.6
Secondary n* ionization 8.2
Neutrons with £ > 10 MeV 4.9
Neutrons with £ < 10 MeV 3.9
Residual nuclear excitation energy 3.7
Z > 1 ionization 2.4
Primary proton ionization 2.3
Other 1.4

Source: T. Gabriel and W. Schmidt, Oak Ridge National Laboratory report,
ORNL/TM-5105, 1975.



Hadronic Calorimeters (are [very] difficult to model)

20 GeV T in copper (simulation)
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Nuclear Interaction Length A,

is the average distance a high-energy hadron has to travel inside a medium
before a nuclear interaction occurs.

Probability not to have interacted after a path z

)

P:e%’

N_ 200

@ /
<150 =

_—

<43

—

= 100

O

<+

Q

o

L 50

R=

N

L

8 O

=z O 50 | 00 150 200 250

O. Ulaland/ 2006



Longitudinal distribution of energy in hadron calorimeter.

Fig. 6.6. Longitudinal distribution of energy deposited in a hadron
calorimeter; Q,, is the energy deposited in counter p consisting of five
layers with 2.5 cm iron and 0.5 cm scintillator each; =), Q,.
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Energy resolution

Fig.6.13. Relative energy resolution o¢(E)/E for different calorimeters;
Fe (1.5 mm) and U (1.7 mm) from [FA 77]; Fe (25 mm) from
[AB 81, BL 82].
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Dependence of resolution on sampling characteristics

Fig.6.16. Reduced energy resolution a(E)/\/ E(GeV)) in units of (%
\/EGCV)) as a function of sampling thickness of iron plates.
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Technologies

Electromagnetic calorimeters

¢ Crystals
2.3%/VE @1.9% BaBar
(current calorimeters) Csl (Tl)
1.5%/*VE @1.2% BELLE
2.8%/VE @0.6% CMS
PbWO,
3.3%/VE (low noise term) ALICE
¢ LAr/Pb 10%/ VE @0.7% ATLAS
(accordion)
¢ Scint./Pb 10%/ VE @ 1% LHCb

(shashlik)




Technologies

Hadron Calorimeters

¢ Scint. / Brass ~100%VE @4.5% CMS

(WLS readout)
¢ LAr/ Brass ~60%VE @3%  ATLAS (end-cap)
¢ Scint/ Fe (WLS readout) ~50%VE @3%  ATLAS (barrel)

(tiles oriented parallel to the beam)

¢ Scint/Fe (WLS readout) ~70%VE @ 10%  LHCb
(similar to ATLAS tile calorimeter,
but planar geometry, 5.4 A depth)

not compensated calorimeters
optimization of the jet energy resolution important !



Two halves on chariots
and electronics platform
on top

Overview
of LHCb ECAL

Fibres with loops
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e

PMT and CW base

Andrey Golutvin ~ VCI 2007




52 modules with longitudinal tiles

Overview of CW base

LHCb HCAL
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ALICE PHOS electromagnetic calorimeter

* 17920 PWO crystals

* distance to IP: 4.6m

* coverage in pseudo-rapidity:
|An| < 0.12

* coverage in azimuthal angle:
AD <100°

e crystal size: 22x22x180 mm?

* Depth : 20X,

* photo readout: APD + CSP

* operating temperature: -25 °C
The temperature dependence of light yield

;-2. 350 B
S - . i i
> 3 | m Measurements with radioactive
) s : source(ALICE)
® 00 |l e CERANAHCE 95-F1AHCCPG oo
= i : s
-§_ - 3I- m cr35 A crd44 Y cr45 @ cr34
il I A \PS data at 2 GeV
% 250 |—-- s vt oo s e TR O TR TR AT
--s‘ :
= WY :
= N 1. - S N S
= w0 1 ALICE PHOS
150 |-
100 |t
!r AAA
a0 40 ~20 a




PHOS: energy and position resolution (Daicu Zhou at OM2006)

01

= i 3 8 ERRis R *:-:- 00 |
0.09 - » bt e | 8 o | E-1Gev
- : {0 Beam test 2003 o i .
0.08 :— Beam fest 2006 at 17 degrees -+ o
0.07 E_ PHOSmquramanl ::
0.06 - SR
w -
;un 0.05 - g ¢
: Eh 45 F
0.04 E_ § 3
0.03F -§ I
C @ 2z
0.02 S 15 |
— o 0 2 4 6 8 10 12 14 16
= E,.GeV
0
10"
<c,> ~ 2.7mm @ 2 GeV
<c(E)/E> ~ 3%, o(c(E)/E) ~0.1% @ 2 GeV
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PHOS:

timing and mass resolution

(Daicu Zhou at QM2006)

Timing resolution measurement with
the electron beam. Standard start-stop
method with an external trigger

] i
251 + Beam Test of PHOS Time of Flight
E 1 June 2004 Runs 2547-2571
2= |# """""""" Beam 6 GeV, Th ré'é'h"b'id“6f“l3:'§é‘fi”rﬁi‘h'é‘t=6f”7“”ﬁiV'"" """"""
- Crystal #1_4
1.5 4 e
C
.
1 oo
n Wy
- |
e R A
i m#,w% Wﬁ i ol
- 3 +
B 1 1 i 1 1 i 1 1 1 1 i 1 1 1 1 | 1 1 1 1 1 1 1 1 1
00 1 2 3 4 5 6
Energy, GeV

c~05nsatE>1,

Invariant mass speci
T+12C >0+ X —>2y+X

" Invariant mass vs E1+E2 |

= Chi2 ! ndf =13.87 /17
50 - Constant = 41.57 + 2439
i Mean =135.6 +0.241
5 GeV<E1+E2<6 GeV
i Sigma =4.704 ! 0.211
40
30r_—
20'.
10| ' l

0
0 20 40 60 80 100 120 140 160 180 200 220 240

Myy, MeV/c™2

5 GeV

o(n®) =4.7 MeV/c?

n? is hard to see in ion-ion collisions
= potential problem for intercalibration with data
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Physics requirements (ATLAS/CMS)
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5000

4000

Events/500 MeV for 100 fb™

3000

Events/500 MeV for 100 fb™

om/m= 0.5 [cE, /E, ® oE,/E, ® o6 /tan(6/2)],
where cE/E=a/NE® b ® ¢/E and E in GeV

10

o
120

Baiia L | 1 | i
130 140 110 120 130 14(
m,, (GeV) m,, (GeV)

CMS: A8 relies on interaction vertex measurement
ATLAS: AB@possible with calorimeter alone



Similar for ATLAS and CMS

Electromagnetic calorimetry
- Excellent energy resolution from 10 GeV to 300 GeV
(H 2yy, H 2 4e)
- Good e/jet and yljet (particularly /2 ) separation

Hadron calorimetry

- Measurement of energy and direction of jets and missing
transverse energy flow (|n| up to 5 )



