3. Calorimeters — energy measurement

Shower of secondary particles

Incoming particle

100 GeV e-

elektromagnetischer Schauer

X,=1.8 cm
Fe

100 GeV =

Hadronschauer

-«

150 cm

40 cm

Particles shower (secondary
particles) and deposit their
whole energy into the detector
volume.

Electromagnetic
shower: length scale
determined by
radiation length

Hadronic shower:
length scale
determined by
hadronic interaction
length (much larger)

Because of the very different shower development one distinguishes between

electromagnetic calorimeters (ECAL) to measure electrons and photons and
hadronic calorimeters (HCAL) to measure the energy of hadrons and jets.
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Two types of calorimeters:

—~—

N
/

Homogenous calorimeters: Sampling calorimeters:

« “Absorber” / shower material is active « “Absorber” / shower material is not
and provides a measurable signal. active but interleaved with active

* All'the deposited energy is transferred material (e.g. scintillators) to provide
into the signal — best possible signals.
resolution. * Only a fraction of the deposited

* expensive energy converted into signal —

* Used only for "compact” electromagnetic sampling fluctuations (degrades res.)
calorimeters.  Used for hadronic calorimeters

(always) and electromagnetic
calorimeters.
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Homogenous calorimeter:

In homogenous calorimeter the active detector material and the absorbing
material is the same. As these calorimeters are typically used for ECALs the
material should have a large Z to keep the calorimeter compact (X, ~ A/Z?).

The following detection mechanisms and materials are used:

Detection
mechanism

Scintillation CsJ, BGO" BaF,, CeF,, PbWO,
Cherenkov light Lead glass (e.g. OPAL exp.)
lonization Liquid nobel gases (Ar, Kr, Xe),

Semiconductors: Germanium

*) Bismuth Germanate Bi, Ge; O,,

Signal detection:

 Light of scintillators is read-out using photo-detectors:
photo-multiplier tubes (expensive) or silicon photo-multiplier (cheap)

« Cherenkov light: photo-detectors (see above)

 lonization: charge collection using E field to drift the charges to collecting
electrodes 30



R1250 |

J

Example of homogenous electromagnetic calorimeter: Belle Il calorimeter

8736 CsI(TI) crystals in total Casing

| Backwand endeap calo rimeter | | Faorward e ndcapealarimeter |
Q60 crystals

Barmrel calormeier 1152 Er}"ﬁ-[ﬂl!&.

6624 crystals : e
T

2 = Peamplifier

AR TR T}

AN 2 SES ==

) ¢ -

g% % 2 % PIN diode
5%: i fi .

(23280

A

\\I \\\

NN

x\\ I
RiAY

M,
FFEFERF Y

[

oS

k
-y
el

unit, mm

! 0 ! 2 im Resolution:
oc/E ~2% for E above 1GeV
https://doi.org/10.1134/S1063779618040494 o, : 9~10mm at incident point

31



Sampling calorimeter:

Advantages:

One can optimally choose the absorber and detection material independently and
according to the application. By choosing a very dense absorber material the
calorimeters can be made very compact. The passive absorber material is cheap.

Disadvantages:

Only part of particles’ energy is deposited in the detection layers. Measured energy
resolution is worse than in homogenous calorimeters (“Sampling-Fluctuations”)

Absorber Scintillator
Light guide

Photomultiplier

Scintillators:

\17

Szintillator
Absorber —

LSchaschlik*-Typ
WLS-Fasern

Kolanoski, Wermes 2015

Multi Wire Proportional
Chamber

Wire chambers

Absorber and
electrodes

High voltage
d 7

Electrodes

Liquid Argon
32



Example: ATLAS Calorimeter System

Tile barrel Tile extended barrel

- | 10.8m /

] e

LAr hadronic
end-cap (HEC)

LAr electromagnetic
end-cap (EMEC)

LAr electromagnetic

barrel
LAr forward (FCal)

Barrel LAr calorimeter (ECAL):
6.4 m long, 53 cm thick, 110 000 channels

Tile calorimeter (HCAL):
500000 scintillator tiles
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LAr Electromagnetic Calorimeter: Tile Hadron Calorimeter:

Absorber: thin lead plates in accordion  Iron (absorber) tiles and plastic

structure in LAr as active material. scintillator tiles as active detector.
(a)
PMT %
waveshifter
fiber =~
outer copper layer o ﬁ
inner kapton layer 3 SClIltt}lllat01‘ |
outer copper layer e ﬁ
stainless steel—
glue 57 (1) r
lead —*| . > , A
« @
0 0 0 0
e _ 10 A) A) @D 0.2% e L 45 A) 2..5%  For hadrons w/
E E ' E  JE E E=16...30GeV

Noise term at larger energies negligible. https://arxiv.org/pdf/2102.04088 4



Electromagnetic shower: (see simple shower model)

Longitudinal and lateral shower

Using detailed Monte Carlo simulations development //@
Shower maximum in units of X,: // 10
E
tmax - In(E—) + B A 1 s
c ,m/ ]
B=-0.5 for e*, B=+0.5 for vy : z —
=100 a
g B
95% longitudinal shower containment " BAN e
& /_Q«e&e
tyeo, =t . +0.08Z +9.6 o —

12345678
lateral shower width [X o]

Rule of thumb: ~25 X,

. . 21MeV
95% lateral shower containment: Moliere radius p,;;: Pu = —X,
(material parameter) Ec

Rosw = 2P T R R
Fe 1.76 1.77

Pb 0.56 1.60
U 0.32 1.00
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Enerqy resolution of electromagnetic calorimeters:

Intrinsic resolution (homogeneous calorimeter)

In an ideal homogenous calorimeter the energy resolution is determined by the
statistical fluctuations of the number of detectable signal particles N ~ E:

Oc _On _ VN 11 Usually called
E N N JN E “stochastic term”

Sampling fluctuations (sampling calorimeters):

In sampling calorimeters only a small part of the deposited energy is measured.
The fractions of how much energy is deposited in the absorber and in the active
detector varies from event to event — these fluctuations cause a degradation of

the energy resolution:
o AE AE is the average energy deposition in an
E ~ ? absorber layer, ratio is a measure of number

of samplings (the more samplings, the better)
o 1

E JE

Sampling fluctuations:
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Additional contributions (for real calorimeters):

* Noise in the detector or the electronics N ;.
AEfake 1

» Constant term: Channel-to-channel response calibration:

Of

~

~

Effect on resolution:

E

E

Of

E

Parametrisation of the energy resolution of a real calorimeter:
The total energy resolution is the quadratic sum of different contributions

Of

E

&) (] -
b

%€ ~ —®c
E

a
S
E JE
@® =quadratic sum

op /E (%)

10

T T T T T T T T
Kolanoski, Wermes 2015

stochastischer Term
L U Rauschterm -
-« konstanter Term

gesamt

........................................................................................................

— fake energy: AE

~C

~
ake N noise

Different
behaviour than
spectrometer

At very high
energy the
calibration
dominates.

<
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Hadronic shower: Energy shawring:

heavy nucleus -
R*'R- We°
/
incident hadron *
S j l’ ry
p+

N NV
ionization ionization
=

intra-nuclear cascade
(spallation, ~10%?s

intra-nuclear cascade ! \ ’ \ .’ \ , \ *

(spallation, ~1022s
J

inter-nuglgar cascade ”O d"‘\- kw ktdﬂ_

~20
Nuckor Exclebion
5-30 Nev
P
~ 30
flow
Nuclons

Significant fraction of deposited energy does not lead to a detectable signal in
active detector: neutrons, K% , nuclear excitations, pion decays n—puv w/ minimal

ionizing muons and undetectable neutrinos escaping the calorimeters.

Additional problem: fluctuating electromagnetic component from = —vyy decays.
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e/h ratio (electromagnetic / hadronic response) :

A v Electromagnetic | Large
5 Component variations
5 T | from event
Hadronic to event

component

100GeVelxr ——

-.CB | 1 I I | I I 1 I 1

c

“E’ i 10-GeV electron

o

=]

@ t i

@

E -

° Contribution

@ due to e.m.

£ [ component .

=

= ] ] 1
2 4 6 8 2

1
[GeV]
Signal (in energy units) obtained for a 10 GeV energy deposit

The electromagnetic component
in a shower is over-weighted. To
reduce the effect of fluctuation of
the electromagnetic component
people tried to build “compen-
sated calorimeters” with an e/h
ratio close to 1. E.g.: ZEUS
uranium / plastic scintillator
calorimeter (not too successful).
Alternatively software compen-
sation is used (needs longitu-
dinal segmentation): works! =



Energy resolution of hadron calorimeters:

A fluctuating e.m. shower component together with e/h = 1, fluctuations in the
shower composition w/ muon and neutrinos escaping the calorimeter, and
undetected energy from neutrons and spallation leads to an energy resolution for
hardon calorimeters which is significantly worse than the one for electromagnetic
calorimeters.

For the stochastic term of HCALs one usually finds values of 40-60%/VE [GeV]

= il
. 3 100 PPl gl bl R
Shower containment: g // e
g 95 i
S / : Iron
. : g ¥ LK
Longitudinal shower extension: g [ 1/ 7 T REvy
] P 5 4 50GeVn_
For high energy hadrons 8...10 B o / 2 5 138G
. . B | /'. X ".r J..O : ) ; )
mteraphon lengths are needed to e > i
contain the shower Depth (Ajn)

100

o

Lateral shower extension:
95% of shower contained within
a cylinder with R=1.5 A

o
w
L]

Lead

8

int « 10GeV -
© 40 GeV 7-

4150 GeV nt~

o
o
L]

Average shower fraction contained (%)
.

th

1 | 1
1.0 1.5 2.0 2.5
Radius (A;,,)

Reminder: A, (Fe) =17 cm



4. Particle identification (PID)

Specific signatures of photons, electrons, muons, charged hadrons, neutral hadrons:

innermost IEI}’CI' » Ooutermost ]Il}’t’fl‘

tracking electromagnetic hadronic muon
system __calorimeter calorimeter _ system

photons

electrons :

— Particle

I:> identification

D using these
rotons signatures.
aons

pions

neutrons

KP

C. Lippmann - 2003

However, some experiments are also interested to distinguish different
charged hadrons: K, &, p are “pseudo” stable and the end-product of many
heavier hadron decays. To reconstruct these decays PID knowledge of their
daughters (K, &, p) is necessary. a1



Hadron PID: (identification of p, K, )

General idea: In addition to the measured particle’s momentum one determines
the particle’s velocity (or the particle’s By value). An independent determination
of momentum and velocity allows to estimate the mass of the particle.

Three different techniques are used to determine the particles velocity:

« Measurement of the specific energy-loss dE/dx from ionization
« Time-of-flight measurement for a given flight-distance
» Measurement of the angle 6, of the of the Cherenkov light-cone

ALICE performance
pp, Vs =13 TeV
B=02T

Specific enerqgy-loss dE/dx

-t

W b~ OO® o O
TN R B
. £ A

Specific energy loss of
different particles as function
of the particle momentum:
see Bethe-Bloch formula

Energy deposit per unit length (keV/cm)
N

llJII L L -l llIIII
107

1 10
Momentum (GeV/c)

42
Figure 35.16: Energy deposit versus momentum measured in the ALICE TPC.



Time of flight measurement:

Ma, P T
One finds w/ p=yBcm —

mB’p tB

c2t2
ng e | —_— | e
C L.2 L

L mac 2 mpgc 2
ta —tgl=—|4/1+ =g .
c P p

Time of flight (ToF)

A
v

l‘{. T T T l"]-_l T T T I.l I-._l T [ T T T T I T T T |
53 Y% =

C. Lippmann - 2010

L=3.5m

!F:JII II'-II!I‘I:I|IIIlIIlIIlllllllllllllllll

.
.
Lo
.,
L7
............
............
.......

" "
..........
--------

Assuming a finite time resolution ;5 and k: 42;
. . . . = ==
approximating /1 + (me/p)? ~ 1 + (me)? /2p? § 4f
for p >> mc, one finds for the flight-time § 35E
: . : ) 5 3F
separation in sigmas (n,): 2 eb
. _|ta—t|  Lc Y ? sk
oToF — = A~ Mp -
re OTOF 2p®oToF 0515_

00:

The plot shows for which momenta a
separation between /e, K/z, K/p is
possible.

4 5
momentum (GeV/c
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Example: ALICE TOF system

Multi-gap Resistive Plate Chambers

Auc Space Frame

/st

signal (arb. units)

0.06+ LHC Run2 (2015) ALICE Performance
Pb-Pb, \s,, =502 Tev  Time-Of-Flight detector
Ceventame = 5 P8 TOF calibration
p =15 GeVic standard
0.04: [] improved
Gaussian model
— o =56 ps
0.02: O1OF ~ o6 PS

1 P
-200 0 200 400

4
p x charge (GeV/c)



Measurement of Cherenkov angle:

I}

With

one finds for the mass:

m="2 V/n2cos2(0¢) — 1
L

Separation in sigmas:

. _9ca—0cs
—ea <g@c>

One can derive the mass separation
for B=1 > B1esn @S function of the
angular resolution to measure 6.

2
C

‘ : ImE — m3|
2p% (oo )Vn? —1

(see for example C. Amsler et al. (PDG),
Phys. Let. B667 (2008) 1.)

~
~

Noe,,

O, (mrad)

W

4@%

///

cosfc = z
on

Average measurement error <O'0 >
c

(several effects contribute)

250 e -
P n=1.03 _|
200 -
150 [ -
100 - -
B n=1.0014 |
50 :_ -.--__._____...-.-.---'-’-‘-’-'_'_-_-_-_-_:: ------------------- __i
- N P K e 'n=1.0005 7

1 10 10
T momentum (GeV/c)

Threshold given by > 1/n 4



Example: LHCb Ring Imaging Cherenkow Detector

(cm)
60
Photon
Magnetic Detectors a0 L
Shield
250 ¥
Aerogel —— "~ _ Spherical
ol Mirror
CaF
4 1(L' —
VELO = [ Track
exit window
\Carbon Fiber
| Exit Window
Plane
Mirror
] 1 ] ]
0 100 200 z (cm)

Refractive index: Aerogel n=1.037 — large rings
C,Fi, n=1.0015 — smallrings
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Comparison: Different PID systems and there ability to seprate K/n

/‘gap for minimum ionizing particles”

ioniza{ion (gas, 1bar)

[ I1IIII|

[T TTTII

— IIITII T T T 1T T 17T

£ @
S He [S3
£ r = =
> | g I
[¢}] - > =
5 102 NG
& r ¢ 10 (1=1.0014) -
| g P i
S 10 <2~\°‘° S °

£

-

o

Q

L.

o
&
aerogel radiator o
(n=1.03) e
C. Lippmann - 2010

K/in separatlon >30

10-1 1 1 1.1 L lllill 1 lllllll

1 10 102
momentum (GeV/c)

I IIIIII|

C. Lippmann, arXiv:1101.3276

liquid radiator
C¢Fy (n=1.3)
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5_ Detector SyStemS (only one example: CMS detector)

CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter : 150 m Pize] { 100x 150 ) ~1m®* =668 channels
Overall length :28.7m Microstrips (E0xl80 pm) ~200m? -9.63 channels
Magnetic field :38T
SUPERCONDUCTING SOLENOID
p— Miobium titanium coil carrying - 18,0004

MUON CHAMBERS
Barrel: 250 D:i:ﬁ:Tuh:,ﬂ-BﬂH.::i:ti‘v: Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

A
7%

PRESHOWER
Silicon strips ~16m* ~ 137,000 channels

. FORWARD CALORIMETER
" Steel + (Quartz fibres 2,000 Channels

CRYSTAL
ELECTROMAGNETIC

CALORIMETER (ECAL)
~76,000 scintillating PEWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator 7,000 channels



Particle signatures in the CMS detector:

Key: buon
= E| ectron

s (_harged Hadron (e.g.Fion)
— — — -Meutral Hadron (e.g. Meutron)

=== e+ [Photon

Transverse slice
thmugh CrI5

Electromag netic A
Calorimeter

Hadren

Calarimeter Supercenducting

solenoid

Iron return yoke interspersed
with Muon charnbers
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