Hadron Calorimeters

Calorimetry



Hadronic Showers

« Extra complication: The strong interaction with detector material
 Importance of calorimetric measurement

* In nuclear collisions numbers of secondary particles are produced

— Partially undergo secondary, tertiary nuclear reactions =» formation
of hadronic cascade

— Electromagnetically decaying particles (,n ) initiate EM showers

— Part of the energy is absorbed as nuclear binding energy or target
recoil (Invisible enerqgy)

« Similar to EM showers, but much more complex e s v
=> need simulation tools (MC) —_— =
- Different scale: hadronic interaction length CUSST o




Nuclear

H ad ro n ic S h owe rs evaporation

Hadronic interaction:

Elastic: Fission
p + Nucleus — p + Nucleus

Inelastic:
p + Nucleus —

7t + 77 + 7% + ... + Nucleus*
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— Nuclear fission
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18t stage: the hard collision
before first interaction: collision according
- pions travel 25-50% longer than to cross-sections

Hadronic Interactions

protons (~2/3 smaller in size)
* a pion loses ~100-300 MeV by
ionization (Z dependent)

Particle nucleus

— particle multiplication . C
. H ILl C

(one example: string model) £
average energy needed to produce a E
pion 0.7 (1.3) GeV in Cu (Pb) p I

i

m, p, N, K

O

N (A, Z)

g-gbar pairs

C * Nucleon is split in quark di-quark

(i a1

— Multiplicity scales with E and particle type

Strings are formed
String hadronisation (adding qqbar pair)
fragmentation of damaged nucleus

— ~1/3 % =» yy produced in charge exchange processes:

ntp 2> an / mn > a

— Leading particle effect: depends on incident hadron type
e.g fewer ni® from protons, barion number conservation




Hadronic Interactions

2"d stage: spallation
— Intra-nuclear cascade
Fast hadron traversing the nucleus frees protons and #

neutrons in number proportional to their numerical
presence in the nucleus.

dominating momentum
Some of these n and p can escape the nucleus ¥

component along incoming
For “%Pb ~1.5 more cascade n than p particle direction

— The nucleons involved in the cascade transfer energy to the nucleus
which is left in an excited state

34 stage: Nuclear de-excitation N y
— Evaporation of soft (~10 MeV) nucleons and a -~
— + fission for some materials > .
The number of nucleons released depends on the binding E / \ h
(7.9 MeV in Pb, 8.8 MeV in Fe)

Mainly neutrons released by evaporation = protons are trapped

isotropic process
by the Coulomb barrier (12 MeV in Pb, only 5 MeV in Fe)
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Hadronic Showers Zf |
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1. p+ Nucleus > Pions + N* + ... .

S
I
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Shower development:

2. Secondary particles ...

undergo further inelastic collisions until they
fall below pion production threshold
Mean number of

3. Sequential decays ... secondaries: ~ In E
Mo + YY: yields electromagnetic shower Typical transverse
Fission fragments +. Bl—decay, y-decay momentum: pr ~ 350 MeV/c
Neutron capture > fission
Spallation ...
Cascade energy distribution:
. [Example: 5 GeV proton in lead-scintillator calorimeter]
Substantial
electromagnetic fraction ... lonization energy of charged particles (p,, ) 1980 MeV [40%)]
fom ~ ng | Electromagnetic shower (%,n°,e) 760 MeV [15%)]
?m. B Neutrons 520 MeV [10%)]
variations significant] o
Photons from nuclear de-excitation 310 MeV [ 6%]
Non-detectable energy (nuclear binding, neutrinos) 1430 MeV [29%)]
5000 MeV




Hadronic vs Electromagnetic Showers

Hadronic vs. electromagnetic Some numeripal values for materials
interaction len g th: typical used in hadron calorimeters
A
XO i ﬁ /\int A4/3 >\int [Cm] XO [Cm]
1/3 "XO
Aint ~ A Szint. | 794 | 422
Aint > X LAr 83.7 14.0
[Ain/Xo > 30 possible; see below]
Fe 16.8 1.76
Typical- . .
Longitudinal size: 6 ... 9 Aint [EM: 15-20 Xq] b 174 0.56
[95% containment] ' '
Typical
Transverse size: one Aint [EM: 2 Rm; compact]
[95% containment] U 10.5 0.32
Hadronic calorimeter need more depth C 381 188

than electromagnetic calorimeter ...




Material Dependence

it (@ €M2) o A1

Hadron showers are much longer than EM ones — how much, depends on Z
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Number of nuclei [arbitrary units]

Longitudinal Shower Development

Longitudinal shower

>

deVGlOpment Strong peak near Aint ...
followed by exponential decrease ....
Shower depth:
15 | T tmax ~ 0.2In(E/GeV) + 0.7
.\-.-.: " "‘...'.‘...:., L95 = tmax 2-5)\att
r e o with Aage ~ (E/GeV )0
10 F A Example: 300 GeV pion ...
S tmax = 1.85; L95 =1.85 + 55~ 7.4
. BRCRS [95% within 8Nin; 99% within 11 Nind
5 ;a AR .
L] . * ..'... -
& . 95% on
Is A average
Longitudinal shower profile for 300 GeV 1~ interactions in a block toe "‘..,"1
of uranium measured from the induced Mo radioactivity ...

01 2 5§ 4 5 6 7 & 9 10 7
Depth [Aint]




Electromagnetic Fraction

absorber

------------ el e O

probability: ™
| -exp(z/A)
I I

| A |

Electromagnetic— ionization, excitation (ex)
— photo effect, scattering (y)

1, production

e+
M IS a one way
__ street:
all energy
//'MfN\/\\/\N/\\]/\/\/\\/"/\(\I\\I\' deposited via

EM processes

N

Hadronic — jonization (11, p)
— invisible energy (binding, recoil)

fey = fraction of hadron
energy deposited via
EM processes
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Number of counts (arb. units)

Electromagnetic Fraction

The origin of the non-compensation problems
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Non-nt°® component
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Signal / GeV (arb. units)

0.2

e}

Charge conversion of n*/~ produces
electromagnetic component of

hadronic shower (i)

e = response to the EM shower component

h = response to the non-EM component

Response to a pion initiated shower:

n=tf e+ (1-f _)h

Comparing pion and electron showers:

e _ € _ e 1

n f e+({-f, )h h 1+f_(e/h-1)
Calorimeters can be:

« Overcompensating e/h <1

* Undercompensating e/h > 1

« Compensating e/h =1
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e/h and e/n

e/h: not directly measurable =» give the degree of non-compensation
e/tr: ratio of response between electron-induced and pion-induced shower

e 1
_ f e+(1-f )h \h/1+f_(e/h-1)

3.0 — —
. . \\ “..' =
e/h is energy independent N *i\“
. . . Ar eh=>3
e/t depends on E via f,,(E) & non-linearity _ | N .
Eﬂ 20 ' N .
. . ef | = 2 "~ -
f.m(E) approximately follows a power law: g 1> E‘_‘f‘_f"f ?m';?é};;t;; -
o1} —_— - — Bl | —
1\ " B\ kL % jeh=15 ———————
femzl_ 1 — — ~]1 — [ — B 1wor—eh=10 .
3 EO “ e/h=0.3 Ox-cr{:ﬂmpmmatmg
0.5
Approaches to achieve compensation:
e/h = 1 right choice of materials or e T T T 7000
f,.. = 1 (high energy limit) Energy (GeV)
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Hadronic Response

« Energy deposition mechanisms relevant for the absorption of the non-EM
shower energy:

 lonization by charged pions f, (Relativistic shower component).

* spallation protons f, (non-relativistic shower component).

» Kinetic energy carried by evaporation neutrons f_

« The energy used to release protons and neutrons from calorimeter nuclei,
and the kinetic energy carried by recoil nuclei do not lead to a calorimeter
signal. This is the invisible fraction f, of the non-em shower energy

The total hadron response can be expressed as:

h=f  rel+f -p+f n+f -in Normalizing to mip:
fre1+f +f +f1nv 1 C e/mlp

h f o rel/mip+1f - p/mip +f -n/mip

The e/h value can be determined once we know the calorimeter response to the
three components of the non-em shower
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PERCENTAGE OF INCIDENT ENERGY

Hadronic Shower Energy Fractions
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Fluctuations

« Same types of fluctuations as in EM showers, plus:

* 1) Fluctuations in visible energy
(ultimate limit of hadronic energy resolution)

* 2) Fluctuations in the EM shower fraction, f,,
— Dominating effect in most hadron calorimeters (e/h >1)
— Fluctuations are asymmetric in pion showers (one-way street)
— Differences between p, i induced showers
No leading n® in proton showers (barion # conservation)

/
E,=f,e+(1-f,)h

h=f  rel+f -p+f n+f -inv




Sampling Fluctuations

100

- A protons

i O pons . .

s0l ® clectrons | sampling fluctuations
— measured resolution . . .
o [ A --= sampling fluctuaions only minor contribution
'D ) L] [l ]
% Ao to hadronic resolution in
| .

2 [ Ao, non-compensating
= -
: ] » calorimeter
Eﬁ. E &%ﬂ"‘“‘n_,_m /
g 5[ TThAo
= L
LT—l \\“\“

- "™~ | EM resolution dominated

™ by sampling fluctuations
| L 1 | [ [ 1 |
0 5 10

Available energy (GeV)

F1G. 4.15. The energy resolution and the contribution from sampling fluctuations to this reso-
lution measured for electrons and hadrons, 1n a calorimeter consisting of 1.5 mm thick iron
plates separated by 2 min gaps filled with liquid argon. From [Fab 77].
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A Typical Calorimetric System

Typical Calorimeter: two components ...

Electromagnetic (EM) +
Hadronic section (Had) ...

Different sstups chosen for
optimal energy resolution ...

But:

Hadronic energy measured in
both parts of calorimeter ...

Needs careful consideration of
different response ...

Electrons
Photons

Taus
Hadrons

Jets

Schematic of a
typical HEP calorimeter

EM

>

Had

EM

Had
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Radius [m]

The CMS and ATLAS Calorimeters

CMS ATLAS
Ring 0 Ring | Ring 2 Numbers on rays are 1) values
4 = HCAL.HO — 0 |Plugtile calorimeter 9-6 p /9-8 - /1'0 ’ 1.2
o MAGNET CRYOSTAT and COIL Iton/SUPpeIt glider e / / /
1 / d N 14
3 Barrel tile calorimeter | tile calorimeter |~
// ST
5 /// TS| Gap scintillator '; 1.8
Pral Cryostat scintillator |~
| s p
1 _ '/ro/magnetlc and
hadronic LAr
calorimeters
4T
O 1 1 1 1 1 1
0 | 2 3 4 5 6
Distance [m]
5 cm brass / 3.7 cm scint. 14 mm iron / 3 mm scint.
Embedded fibres, HPD readout sci. fibres, read out by phototubes
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The CMS and ATLAS Calorimeters

I R R R R R R R RS REREE R HCALonIy
irj- 018 2 ECAL =Pb+scint 1 3\118:—- o _ (52.940.9)% @ (5.7£0.2)%
@ C ] w
= 016 ® pions inTerdcTing in HCAL only b s -
:. B pjons inTeracting in ECAL or HCAL
't CMS Tile-CAL f | e
" ] 005 01 015 02 025 03 0.35
T R 17 BT R TR T M R TN Epean (GeV™)
beawm momentun (Ge/e Improved resolution using full
HCAL only calorimetric system (ECAL+HCAL)
o/E = (93.8 £+ 0.9)%/NE @ (4.4 £ 0.1)%
ECAL+HCAL ATLAS LAr + Tile for pions: 7 (E) _ 42 % o2 9%
o/E = (82.6 + 0.6)%/NVE @ (4.5 £ 0.1)% E JF
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