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Hadronic Calorimetry: History

Pioneering papers

V. 5. Marzin Progr.Elem.Part. and Cosm.Ray
Physics 9 (1967) 245

J. Engler et al.  Phys. Lett. 27B (1968) 599

J. Engler, W. Flauger, B. Gibhard, F. Ménnig, K. Runge,
H. Schopper NIM 106 (1973) 189

V. Béhmer et al. NIM 122 (1974) 313
J. Moritz et al. KfK report 1936 (1974)

Cosmic Ray Physics: V. S. Marzin et al.

propose to exploit o 1
E  VE

Basic understanding:

 ——|

e Sampling structure
(7
e L >6 Ay

e converter plates thickness
< 6 X, in order
to detect w°

e not b properly considered :
transverse leakage




Hadronic Calorimetry: History

n—Calorimeters

H. Schopper et al.
e Transverse dimension of shower \;,;

Systematic study of hadron calorimeters
Questions addressed:
® S ~ E
o 1
L E ~ ﬁ
e Shape of signal for monoenergetic particle
n—+p—-p+n
inclusive n—spectra

parameters influencing resolution

particle identification

spatial information

first crude simulation of detector response



Hadronic Calorimetry: History

e Linearity and ~Gaussian shape
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Hadronic Calorimetry: History

Next step: New read out types
LAr calorimeter: Willis et al.,
Engler et al.
W LS technique: Garwin, Keil,
Hofmann et al.




Hadronic Calorimetry: History

Transport of light
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Basic Observations

Aim : e S~ F

e Gaussian shape of signal (unfolding!)

e Signal (e¢) = Signal ()

1. Generation of experiments: conditions fulfilled
in first approximation, but small deviations:
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Basic Observations

These experiments observed
. . g . X
e weak non linearity & # const
T
o =V FE # const
e non Gaussian tails of signal

o % # 1 for e(m) of same energy

Detailed studies proved

e lLocalized energy due to electromagnetic
component

Vem =~ (].UXO . Ri_{) < < Vh,ad(ﬁ )t'?ﬂf

e S(e)/S(m) # 1 important limitation of energy
resolution and linearity



Contributions to Hadron Signal

Energy deposited by a particle ¢ Egep(1)
Visible energy FEv (i)
Non visible energy (recombination,
nuclear binding) Env(2)
a() = EV(;;J)Ei(g - (1)
NV (3)

Compare signal with those of min. ionizing particles (mip)

High energy p good approximation to mip

e  ale)

(2)

mip  a(mip)

Hadronic component of hadronic shower, i.e. electro—

magnetic component due to % — yy,w — 7%y, ...

excluded

Signal of
S(e)

S(h)

Calibration

hi a(h)
™ (3)
mip  a(mip)
e
= k-FE- 4
Mip (4)
e h;
— k’E{fem__F(l_fem)_} (’5)
mip mip
constant k: record signal of particles
with well defined energy
, E
fem =~ 0.1-4n (6)

1 GeV



Contributions to Hadron Signal

If
e h; S(h)
on st
maip 7 map < 7- cons (7)
Discuss ratio
S(e e/mip
(e) / _ (8)

S(h) B fem,ﬁ + (1 - fem)m

Conclusions

_E
1GeV

distribution deteriorate with increasing signal, if

e Since fom ~ In energy resolution and signal

e h;

map map

e Deviation from linear dependence

S~FE
expected
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Contributions to Hadron Signal
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Aim of detector lay out

e h;

= (9)

mip  map

Different components contribute to ﬂi";p ;
h; on . n ¥ b
? =fion' - ‘I_fn__'_f'}f__‘_fﬁ' -
mip mip mip mip mip

fion » fraction of hadronic component deposited by
charged particles (pu*, 77, p)

fn: fraction deposited by neutrons (n)

f~: fraction deposited by photons ()
from nuclear deexcitation

fB: fraction deposited as nuclear binding energy

Typical values (Monte Carlo simulation, Wigmans)




Contributions to Hadron Signal

Fe U
f-ir:m total h7 % 38 %
spallation | 42 % | 27 %

I~ 3% | 2%

fn 8 % | 15 %

B 32% | 45 %

Fe/Sz | Fe/Ar | U/Sz [U/Ar | dependence

o | 0.83 0.88 0.91 1 et
ﬂ:;-p 05...2 0 0.8...25 0 dact/dpas
,n;';-p 0.7 0.95 0.4 0.4 dpas
e 0.9 0.95 0.55 0.55

Strong correlation of fg, f, and fg, f-:

Energy Carried By Neutrons Under 20 MeV (MeV)

1000 2000

3000

Binding Energy Lost In Shower (MeV)




Contributions to Hadron Signal

fB ~ fn
Nuclei excited by n—capture

f’:f' ~ fn
Since for many calorimeters

h; e

— < —
mip  mip
~~ increase -k y
map

e increase f,, f-
T ¥
mip’ mip

® Increase

or

=
mip

e decrease

Applying this condition and achieving

€ hi
mip mip

Is the aim of compensation calorimetry

Exploit Monte Carlo Simulation:

Pioneers H. Briickmann DESY
R. Wigmans CERN
Gabriel Oak Ridge

2 procedures Software weighting : CDHS, H1
Hardware weighting: Helios, ZEUS

13



Software Compensation: H1 Method

Highly segmented calorimeter allows to identify regions

of high energy deposition (electromagnetic subshowers).

Derive from Monte Carlo simulations proper weights

E(Q)

Q

Optimized with MC for different 6, E

Parametrize

— (A1 exp {_AQQ} + A:—;) +
4 EMC

(Bl exXp {Bg%} —+ Bg)
HAC

A . — Ai (Q) 1 =1 , 2
AS - AS (Q s 6)
Result:
(Go) EGe) | -
D . Fions (no weighllng) — i Plans  {weighted)
Rt | £ .
: 3 5 ¥ By = 20 Gev } -';_-.:'.-,._". E, = 230 Ge¥
00 F Ir,,a,." 4 wo0 | I
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Ca¥
E tHc}m“ GaV E iHC}m
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Software Compensation: H1 Method

L No Weighting
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o/Eq [l

Software Compensation: H1 Method
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Software Compensation: H1 Method

e Linearity within 1%
e S(e)/S(m) =1

o _0.46 GeV1/? 0.73 GeV
¢ (%), =" o 57 90.026

Measurement of sampling fluctuations

Pb LATr
Sy = S1+53+855+...5+5,+855...
SA = 851 —52+853— 854+ 855 — S¢
Oy, = O2n D 02n+1 © Obind
oA = O2n D 0O2p11
T P— S
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I Nuclear binding fluctuations dominate




Software Compensation: H1 Method

Improvements possible

Apply weights via neural network tuned with Monte

Carlo data:
i Entrics 2554 8 Entries 2549
‘B Constant 3745 =1 2 Constant 454
S 102 Mean 17.27 510 Mean 1876
Sigma 2404 | Sigma 2.583
10 10
' Einc = 20 GeV } Einc = 20 GeV
I r g I Ll g clop o9l I | l L I | O - [ Ll I L
0 20 40 &0 80 0 20 40 60 80
E [GeV]- E [GeV]
EE D3 ecriiidininmitit i ifressaniesiofaeans ~ 03 ':_—
01 [ .
u el P T | E L i E - | j. i1 J_i: L
1] 20 40 &0 80
E,,. [GeV]

Got better linearity and resolution for E < 10 GeV,
for £ > 10 GeV same results as standard weighting
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Hardware Compensation: ZEUS

Aim e h;

mip  Tnip
Qualitative discussion of result backed by Monte Carlo

simulation (Wigmans, Briickmann)

o [, >1GeV
fions f~, fn, fB independent of hadron energy

e spallation protons dominant contribution to
flilﬂﬂ- R

fion decreases for increasing Z(% )

e f,. increases, if Z,p5 increases (AEZ /‘)
Can only be exploited, if == # 0

mip
Efficient use only if active material containes

H-atoms
This signal is delayed !

Choice of optimal detector material:

h; ion

, n ~
— = —— * fion + — + fy — + .
mip  mip fion + Jn mip f mip /5 map
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Hardware Compensation: ZEUS

on — ().R8...1

iy

Ratio depends on energy spectrum of spallation

protons
, dE
Ratio depends on ==
Birks :
dsS A% A"é—‘f FE, >> m,
de 1 + kpdk A/B  slow particles
1000 | . Bi
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Hardware Compensation: ZEUS

LOTL = - dF -
ip N, If daet /7, since 5= rises at end of track

If H{abg < RSpaHation

~~ all spallation protons enter active medium

107 ,
If dﬁbs /7(

mip
If dgbg = RProton

~~ only protons of surface region contribute
~=+ saturation expected

Simulation:
’51‘1lTl—T'lll!'lT_rl"lTl“lf}'lllilllli
E
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(=%

s 10 "

L ¢

= bt }

“ o

:E 0.9

]

[ 9 -

s

g 0.8 e U-plates {25 mm PMMA) 7]

x PMMA - plates (3.0 mm U}

-_j_m1':il|1||.i:|_l.1_|-_1.lI-III'III-I!I.L'-I
0 5 10 15 20 25

Plate thickness {mm)



Hardware Compensation: ZEUS

7
mip

Neutrons have to be detected in active medium
Since energy transfer .
AFE ~ -

act

Low mass media necessary (Birks!)
Scintillator optimal detection material

n Aot 1
i — R - \(
‘ol

if

mip T

since n are only stopped in active medium ~~
independent of d,,s, while

) . dact
mip 7 if /
dpﬂ..ﬁ
Monte Carlo simulation:
T T[T T 1 7Tt
30 | i
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Number of elecirons ~ 01ins

Hardware Compensation: ZEUS
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Time dependence of signal complicated :
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Hardware Compensation: ZEUS

[=

® -
mip

hi

mip

€ h;

Instead of increasing

e
mip

one can also decrease

to achieve

maip map

< decreases, if d,,s increases

mip

Ph S

Habs ™~ Z4

Photons deposit energy dominantly in converter,
low energy electrons ~~ small range ~~ only
contribution from absorber surface region
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Hadron Calorimeter Systems: ZEUS

e Scintillator—U Compensating Calorimeter ZEUS

Module
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m il
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Hadron Calorimeter Systems: ZEUS

n—Contribution delayed
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Hadron Calorimeter Systems: ZEUS

Resolution
(E)/E VE[GeV]
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Hadron Calorimeter Systems: ZEUS

Presampler/[\
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Hadron Calorimeter Systems: ZEUS

Achieve Gaussian shape
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Hadron Calorimeter Systems: CMS

Electromagnetic PbW Oy

Hadronic tile—calorimeter (Sc + Cu)
CMS
A Compact Solencidal Detector for LHC

FORMMARD WUGHCHANM BERS T RACKER CRTETAL ECAL
S LORMET ER E

Total welkght :
sl diepts o an

Overmll length e o

Megnetolidld 1ol CWE-P ARA-DET-11/07487 AP

Technique: Calorimeter inside coll
PbW Oy : electromagnetic

Scintillator — Tile calorimeter: hadronic
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Hadron Calorimeter Systems: CMS

Results

e Dependence on B-field
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e Energy sharing between ECAL and HCAL:
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Hadron Calorimeter Systems: CMS
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Hadron Calorimeter Systems: CMS

e Resolution
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Remark: e Excellent energy resolution

for v,em : H — vy
e Poor hadron energy measurement
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Hadron Calorimeter Systems: ATLAS

Detektor

EM Accord ion
Calcrimetz ra

Hadronk: Tile
Calorimetlers

Foramnd [LAr
Calorimetz ra

Hadronie LAr End Cap
Calorimete rs
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Hadron Calorimeter Systems: ATLAS
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Hadron Calorimeter Systems: ATLAS
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Hadron Calorimeter Systems

Punch through

Probability large at 300 GeV :

Frobability
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Good /excellent electromagnetic calorimetry

H — 1

37



