Calorimetry (for pedestrians)

Concept

Electromagnetic calorimetry
- Electromagnetic (em) showers properties

- Energy resolution of em calorimeters

- Two examples: ATLAS and CMS.
different approaches, challenges,

- test beam performance
- the bitter reality (material budget)
* Performance in situ
Hadronic calorimetry
- Hadronic showers properties. Compensation.
- Example: ATLAS TileCal
- Future (or current?) trends
* Dual readout
* Particle Flow



Before I start

A great thanks to the Professors of the EDIT 2011 instrumentation school
(Marcella Diemoz, Daniel Fournier, Patrick Janot, Felix Sefkow, Richard Wigmans)

http://indico.cern.ch/conferenceOtherViews.py?view=standard&confId=96989

I have shamelessly used many of their inputs for this lecture !

Another excellent reference:
C.Fabjan & F.Gianotti : Calorimetry for Particle Physics
Rev. Mod. Phys. 75 (2003) 1243-1286 and CERN-EP-2003-075



http://indico.cern.ch/conferenceOtherViews.py?view=standard&confId=96989
http://cdsweb.cern.ch/ejournals.py?publication=Rev.+Mod.+Phys.&volume=75&year=2003&page=1243

Calorimetry Concept

PARTICLE INTERACTION IN MATTER (depends on the

impinging particle and on the kind of material)
Destructive interaction

ENERGY LOSS TRANSFER TO DETECTABLE SIGNAL

(depends on the material) ' 4
. band| __"-I.r
gap
I |
lonisation scintillation Cerenkov

SIGNAL COLLECTION (depends on
signal, many techniques of collection)

*Electric: charge collection
*Optic : light collection
*Thermal : femperature




Why calorimeters ?

Calorimeters have been introduced mainly to
measure the total energy of particles

Versatile detectors, can measure also position,
angle, tfiming for charged & neutral particles (even
neutrinos through missing E if hermetic)

Compact detectors: shower length increase only
logarithmically with E

Unlike spectrometers, E resolution improves with
increasing E

Provide fast signals which can be used for
triggering

Calorimeters are present in practically all experiments



Electromagnetic Liquid Argon :
Calorimeters TileCal

l___:.‘

n=3.2 *

| Hermetic system

Forward Liquid Argon

Calorimeters
Hadronic Liquid Argon orime
EndCap Calorimeters 0



C.M.5 PARAMETERS
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LHCb calorimeters

SPD& PS
HCAL + ECAL




ALICE calorimeters

EMCAL

PHOS
emcal




Fixed target experiments

Example : COMPASS
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Electromagnetic Calorimetry
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Energy losses by e & vy

In matter electrons and photons loose energy
interacting with nuclei and atomic electrons

Electrons

o
* ionization (atomic electrons) /

- bremsstrahlung (nuclear) _
vy +atom — ion*+e-

Photons
- photoelectric effect (atomic electrons)

- Compton scattering (atomic elec’rr'onea/'Y re > y +e

* pair production (nucleus+ % WM<

vy + Coul. Field > e*+e-
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Electrons

Critical energy E.:
when radiation overcomes
ionisation

610[710]MeV
- Z+1.24[0.92]
(solids, liquids [gas])
7 MeV for lead

Radiation length: thickness of material
that reduces the mean energy

of an electron beam of high energy
electrons by a factor e

716gcn12A

Ao Z(Z+1)1n(287/f )

Fractional Energy Loss by Electrons

Fositrons

"= 1.0

T E Eﬂtmnﬁ

— Bremsstrahlung
b

L=,

L L

T lonisation

w 0.5 - Moller ()

i

Fositron
annihilation

Bhabha

— 0.20

— 0.15

— 0.05

1 10 100
E (MeV)

6.4 gcm? (= 0.56 cm) for lead

1000
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» photo-electric effect

Photons

Contributions to Photon Cross Section in Carbon and Lead

Uinmh

Carbon (Z = 6)
o — experimental o, —

Y

th_ .
‘GOC ZS , E—3.5 'i_vlkb—
- Compton scattering ; |
E T
1h+—
10 mb —
10 eV

co Z, B

1 keV

1 MeV 1 GeV 100 GeV
Photon Energy

* pair production occurs if E, > 2m,c?

constant E >1GeV
o Z (Z+1)

Cross section, barns/atom
—
P
=

Ib

10 mb

g
- e o Lead (Z = 82) ]
N ‘ o — experimental o,

10 eV

1 keV 1 MeW 1GeV 100 GeV
Photon Energy

Legend

K,, = pair on nucleus field
K, = pair on electrons field
Incoh =Compton

Probability of conversion in 1Xg is e””/®
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Electromagnetic showers

In a dense material, cascade of pair production + Bremsstrahlung
until the energy of charged secondaries has been degraded to an
energy dominated by ionization loss (below E,)

e

50 GeV/c

M35

Depth (m)
Big European Bubble Chamber filled with Ne:H, = 70%:30%,
3T Field, L=3.5 m, X =34 cm, 50 GeV incident electron 1



EM showers: a simplistic model

ABSORBER

* In 1X, an e loses about 2/3 of its E
by bremsstrahlung and a high energy
v has a probability of 7/9 of pair
conversion

* Assume X, as a generation length
1 * In each generation the number of

| particles increases by a factor 2
@Ax=X, y > e+e- E=Ey/2
@ax=2X, e—>ye FE=Ey/4
@AX=1X, N(t)=2" E@)=E,/ 2"

Cascade increases until E~Ec
E(Tmax) = Ec EO / ZTmax - Ec

Tmax = In(EO/Ec)/In(Z) N(Tmax) ~ EO/EC
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EM showers: longitudinal profile

Shower profile for
electrons of energy:

/Y. 10,100, 200, 300.. GeV

Shower energy dep parametrization:

d—E oC Eob
dt

(bl‘)a_le_bt

F(a)

Tmax ~ In(EO/Ec) +T0
1o = -0.5 (electrons) or +0.5 (photons)

102 ! I i
- Longitudinal development
10 i EM showers (EGS4, 10 GeV e)
- = Pb
- Fe

—— Al

Longitudinal containment:
to59 = Tmex + 0.08Z + 9.6
With 25 X,, < 1% up to 300 GeV
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EM showers: transverse profile

* Multiple scattering make electrons move away from shower axis
* Photons with energies in the region of minimal absorption (10 MeV for lead)
can travel far away from shower axis

Moliere Radius R;, sets transverse shower size, it gives the
average lateral deflection at the critical energy electrons

after traversing one radiation length 50 GeV lecransin POV
B |
B100 | ;
21 MeV 4 LT
RM = XO < — -l
Ec Z Yl

90% of shower energy within 1Ry, |
95% within ZRM, 20 |
99% within 3.5Ry

5 %
Radius (R )
1/



Summary of em showering process

» Electromagnetic showering process is
- well understood
- very linear

» Simulations reproduce in general very well the
observed distributions

- Optimization by tuning of multiple scattering and
lower energy cuts
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Energy resolution of em calorimeters (1)

Energy resolution of a calorimeter can be parameterized as

E b
G( ) __4 ®—Dc @ means quadratic sum
E JE E

a is the stochastic term and accounts for fluctuations related to physical
development of the shower, i.e. the fluctuation s of the total detectable
track length (ideal situation)

E
Total track length Ty~ —X, = o(E)

1 1
Ec E T, JE

Threshold for detection o(E) 1 1]
where fg = fraction of Tq with kin E > E4y, =
(typical example is Cerenkov detector) E v E \/g | L

Sampling calorimeter

Fluctuation on number of tracks crossing © E) d/Xg
the active layers E = E
N_cross ~ T,/ (d/ X, ) (d =thickness of

a (B} /VE (GeV)
=
|

® SDC (HF)
0.5 ® D179 (400 Gev) |
| Kl 81 {10 Ge\)

& COHS1(HO 78 b)

absorber plate) o Cons2 (48 51)

| | l
0 5 10 15

tape c©m. of Fe




Examples of stochastic performance

Scintillating crystals Cherenkov radiators

E =BE,~eV

gap

~10° +10*y/MeV
o/ E ~(1+3)%/E(GeV)

In practice dictated by light
collection and fluctuations (ENF) at
photocathode of photodetector




Energy resolution of em calorimeters (2)

G(E)_ a b
E _JE@E

Dc

* b the noise term responsible for degradation of low energy resolution
- mainly the energy equivalent of the electronic noise
- or contribution from pileup in the shower area

- ¢ the constant term dominates at high energy
all kind of nuisances :
-stability of calibration
‘radiation effects
-energy leakage
‘non uniformity of signal
*loss of energy in dead materials
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ATLAS & CMS em calorimetry

Homogeneous calorimeter made
of 75000 PbWO, scintillating
crystals + PS FW

‘Very compact Ryp=2.0cm

- Excellent energy resolution
* Fast << 100 ns

* High granularity

*‘No longitudinal segmentation
‘No angular measurement

-Radiation tolerance : needs
follow up

*Room Temperature
*T sensitive 5%/°K

*Requires uniformisation by
calibration

Sampling LAr-Pb, 3 Longitudinal
layers + PS

*Rj=7.3cm

*Good energy resolution

‘Not so fast (450 ns), requires shaping
* High granularity

- Longitudinally segmented

Angular measurement

- Radiation resistance

-Cryogenic detector (cryostat)
*T sensitive 5%/°K
*Instrinsically uniform

22




CMS em Calorimeter

Precision electromagnetic calorimetry: 75848 PWO crystals

PWO: PbWOQO,
about 10 m3, 90 ton e

Previous '/
Crystal |
calorimeters:
max 1m3
supercystals
barrel (5x5 crystals) . |
Super Module EndCap “Dee’—
(1700 crystals) 3662 crystals
Barrel: |n| < 1.48 EndCaps: 148 <|n| < 3.0
36 Super Modules 4 Dees
61200 crystals (2x2x23cm?3) 14648 crystals (3x3x22cm?)

23



CMS ECAL: the performance in test beam

o(E)/E (%)

JRp—

o 9 Super Modules 1700 xl on test beam
CMS ECAL Test Beam

Resolution in 3x3

c":!

:_ — 685 1085 _:
B — 6564 1084) -~
— 683 | |-1083]
L — 705 1105)
B 704 | —1104) A
B —703 | -1103) ]
L 725 1125)
B 724 | -1124) A
B —723 | [-11253] ]
:_ _: gm_ RMS: gain12| [ Entries 1700 |
i 1 L i Mean 1074
_I 1 1 1 | 1 1 1 1 | 1 1 1 | | 1 1 1 | | 1 1 1 | |_ 'émui_ N_OIS_e/XI_ RMS  0.07066
50 100 150 200 250 3= distribution
E (GEV) zﬁun;—
Eﬂﬂli— —
w= 30 MeV 45 MeV
o 2.8% o 125 © 0.3% N3
R 3% :
E \/E(GGV) E(M@V) :nnE— _ |
A 100 —
/ UE..I | L /IR / Loyl

b2 04 08 08 1 12 14 168 18 Fi
ped rms in ADC counts

0
Local resolution




Energy resolution: how to keep it?

* Intercalibration

requires several steps before, during and after data taking
* test beam precalibration

 continuous monitoring during data taking (short term changes)
Intercalibration by physics reactions during the
experiment (=Y, n) with specialized data-stream or ¢ symmetry

. -~ e CMS preliminary/s =7 TeV
imi 5= - = L IT R LN LA | rryrTrTYrY T Y YT YT ETT T
"0 4i 100 CMS F.'r'.EI."',m.".a.n'f P.ata.\.s X T'.ﬂ: x1:ﬂ“‘ CMIS preliminary MC+'s = 7 TeV | oy — H
L UAar i A B B I B B § * Daa i
2 aacf. FoA- Barmel < **1 ECAL Barrel c *° [E] ¢ expsctation | £
E 035 — g i | © 4 4
— 1 w - L
e - o =10.0% E I Pra s 6=9.8% 1% 3e
S i S/B,;, =080 1 |3 SIB., = 0.79 @ = 0 calib
2 02s- ) S 220~ O 5 T~ Ca
gt o 150 1§ Mid 2010
£ o2k = = 25
o I o E
Z0.15¢ = 01 18 2 3
E ™ 3
015 = -
E 0.05 ] E
0.05% = 2 ]
o ] = 7
polee s byl L0 LI l:l-""""' N ETET R AT | =
0.05 e 'ﬂ.15' b2 0.25 %3 0.05 01 -D.IS- 0.2 0.25 %3 Taer el laaiel el le s liiaalasd
vy invariant mass (GeV/c) vy invariant mass (Ge\/c) 0 10 20 30 40 80 B0 70 &0

|Crystal v index|
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CMS ECAL monitoring system

The Solution:

Damage and recovery during LHC cycles e e el ekl

tracked with a laser monitoring system
2 wavelengths are used:

440 nm and 796 nm

Light is injected into each crystal
Normalisation given by PN diodes (0.1%)

APD - - - - - - -
* Monitoring of evolution by light injection system
- 100 Hz operation
CRYSTAL = about 600 pulses per crystal

to get a transparency

(1700/SM) i i measurement
E_’l_l> - whole ECAL in 20-30 min

LEVEL-1 LEVEL-2 WITCH

(200 Channels)
FANOUT FANOUT (select SM/2)

LASER

26




ECAL monitoring system

Stability for a typical channel over about 3250 h

inary)

=~ 1.002F
& =
10015
= = "
- 41 3
1.000SE & -#5 I % oy L ..;g .
IF% ¥ Tﬁxﬁ '
- 1 gt 8 e 1:11
09995 - .
0.999
0.9985
pgogbL o0
0 50 OO 150 200 250 300
time {1}
BIIEE‘_.LI$§IEIR” ||||||||||||||||||||||||||||||||| TTTTTTT CMS 2010 (p
*eg" : CMS 2010 (preliminary) 3 35 W |
£ ! ]
£ Entries 60675 30
10 = Meen 004086
- 1 25
10% = —| % 200"
- 12
- 17 1sf
10 =LY
15 L
=81 NI TR EERE 1 Ll L1
0 0.05 0.1 015 0.2 0.25 0.3 0.25 0.4 0.45 0. -80 60 -40 -20 0 20 40 60 80

APD/PN Stability (%)

1) index

0.2

0.18

0.12

01

0.08

0.02

0.16.

0.14.

0.06

0.04 .

Measure a loss of transparency:
S (particle signal) and R(laser signal)

NB: a is ~ the same for all crystals!

5600

5550

5500

' *‘aﬁ . %2/ndf = 73.9/68

Lt gl i1

S (ADC counts)

Fhgy
L] .
5450 gﬁiéﬁ?ﬁ

i
*
i
‘l
i

MO corrected response

s3s0- Faw response
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ATLAS em LAr

HT —’lphys

Signal is given from collection of
\ released electrons
Drift velocity depends on electron

mobility and applied field. In ATLAS :
LAr gap 2 mm, AV = 2kV

_ | It)
/f‘é«z 2%+ 400 ns =~ 16 LHC BC
/ ions ¥ = § t [\

N

o T
e* ER

ST

Argon £
liquide F
0.8 -

E~1kMmm—— °f

Plomb.|

0.4

0.2 -

QO e

-0.2 £

I BRI BN ... . BT
0 100 200 300 400 500 600
Time (ns)

Pulse is shaped

has O time integral — mean value of pileup is cancelled (no baseline shift). 08



ECAL @ ATLAS A
Shaping = integrate current over 1, =50 ns f

— requires transfer time from electrodes to

readout chain < T, = short cables

— absorber and gap layers are perpendicular Towers in Sampling
. . . ApxAn =0.0245:0.0
to particle direction — cracks N
— Avoided with accordion geometry _ o o

particles é Q Q Q Q Q“:D

* Longitudinal dimension:
~25 X, =47 cm (vs CMS 22 cm)
* 3 longitudinal layers

A
||||||||| |

4 X, n° rejections separation of ||||||| ‘
|I||!!||I|| ||\| ‘m

2 photons very fine grain inn Y, ||

16 X, for shower core ¢ / =
/4

NN
Dr
LF’= 0.0245
Dl

4= 0.025 r

Sampling 2

gl

2 X, evaluation of late started Sy T
Strip towers in Sampling 1
showers _ .
- Total channels ~ 170000 Particles from collisions
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The challenge of LAr accordion

Mechanical non uniformities: modifies electric

400 o= 2.211 mm field and detector response. Take care during
50 ¢ =10 pm construction, try to reproduce effects and

300 Absorber thickness | apply corrections.

250

= 1% Pb variation > 0.6% drop in response
150

100 Measured dispersion ¢ = 10 um

50 translates to<2 %o effect on constant term

D 11 L 11 | 111 | 11 L1
218 218 22 222 224 228

Absorbar thicknass {mm), sliding avg.

Response to 120 GeV e-showers

——— Smulalion [colfection de charge)
Smulation

i: :1 , {apstement de gag) g: ::-
E‘\. - g!.ﬂ!;—
¢-modulations £ e,
. : g
in the EMEC % Casn
oss; =1.7
= Calorimeter
response is

8 affected ~ 3 %

= sagging




LAr electronics calibration

The ionization signal is sampled every 25 ns by a 12 bits
ADC in 3 gains. 5 samples are recorded at ATLAS.

k ME + SB
{) line ) 2 sampled at 40
an} CR=RC" 1 MHz and digitised

pat | & | Lme
g
= |
LATY gap O 0.8
stainess stesl B [
e 1 06 |
F _ L
0.4 I
The shaper output of the :
3 .. . . . 0.2
ionisation and calibration i
& signal is different! olbd N\ Y TR e
i @ Injected signal sh |
E jected signal shape NEED

o 4y sy by e b s s T
0] 100 200 300 400 500 600

@ Different Injection point | CORRECTIONS Time (ns)
"he equalization of the electronic

readout. Requires to know the

: T I T Y _ shaping function of each cell at few percent level
R I R R L — equalization with an electronic control signal

Time o]

—

Shaper-out
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Mean Fargy (Gel')

Fuergy Resoloton (%)

ATLAS EM uniformity (test beam)

Module P13

245.6 GeV

Module P15

245.7 GeV

Il i . lii
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I' "‘!r
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Scan modules with monochromatic electrons
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- i
L ‘,:";i"_:"-"'Tlhf' ":I """"""
i'ﬂ-r; PRI m-i*--;::flshi. e EEee-
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250 _ ;: W
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1
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. - % [
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ATLAS EM: resolution in test beam

0.05
&0.045
0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005

I':LIIII|II.II|IIII

I|IIII|IIII|IIII|IIIIEIII

Saflnpl. Const. Term

[%/\(GeV)]  [%]
10.1:0.1  0.17+0.04

* Data
Data noise subtracte
Noise

TB2002

d

/[\nllmlml

— LOCAL RESOLUTION

QIII
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The bitter reality: material in front

1.4 | All Tracker

- Beam Pipe
1.2 Pixel _
= Inner Silicon | |
# Outer Silicon
Common
= Outside |

cmsim 126

CMS

Tracker material :

- electrons loose energy
via bremsstrahlung

- photons convert

4T (2T) solenoidal B field :

2.5

[Bel‘cre Becordion —E
IB‘-H‘r:re presamgler |

25
Psaudarapidity

Electrons bend = radiated energy spread in ¢

Blur sharpness of Trigger thresholds

<

+ THE SOLE'NOID

— _S_cr_\:iccs

| ATLAS TRT
Pixels

~ Beam pipe
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The bitter reality (2)

Solutions
- Increase clustering in ¢ to collect all energy
- or dynamic cluster algorithm to find the "bits and pieces"”
- or identify brems following track kinks (PFlow in CMS)

- or tag high quality (low brems) electrons, using Tracker
curvature info or E/p

Events

intrinsic ECAL
resolution: 0.7%

5000 - i = 1.000
[ Ggayes /1 =1.06 % W
A000 & o ! H= 2.24 %
3000 W
[ electrons
- pr =35 GeV
2000 B Barrel
‘IDOD:'— }
G-ll.ll..il—l—ﬂ-’_l"_l'._:'-r:lIIlIIIl\J!IIIII
0.7 0775 085% 0.825 1 1.075 1.15
E =

meas

true

Dynamic
super-cluster

CMS example

10 E

?MC super-clyst

basig clus




Number of probes

Performance in situ: ATLAS

EM BARREL
[ ATLAS
20] 161 probes
‘|5f RMS : 59 mK f

10

683 884 885 886 887 888 889
Temperature [K]

Temperature stability

€ Barrel LAr 979% |n 2010
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;2000 T T T T ‘ T T T T | T T T T | T T T T ‘ T T T T | T T T T :
O 1800F- _g. Data | Ldr =39 pb™ ATLAS Preliminary —
I~ 1600 — Fit to data

p= Bkg. from fit to data

= 1400 Pythia MC (direct J/y)

*g 1200F- — Fitto MC+data bkg.

Performance in situ: ATLAS

= 3080+ 2 MeV
=3083+ 1 MeV
ohe =132+2 MeV
Oy =134+ 1 MeV

mi<2.47
(1.37<n|<1.52 excluded)

1 1.5 2 2.5 3 3.5

4

Mee[GeV]

Events / 1 GeV

BDD.....
o Dots [Lat=30pp ATLAS Preliminary
L Moz ee
25[}: —— Fitto dala
T <247

EDD. 25<y | =40

o, = 286+ 0.1 Gev

istn

Oy = 2.32+0.03 Gav

150
100

50"

Excellent agreement with expectations from simulation
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Performance in situ CMS

€ Barrel ECAL 99.10/0 in 2010
e Endcap ECAL 986% in 2010

o _— . I e
Q - CMS 2010 Preliminary Barrel 2 . CMS 2010 Preliminary |
S 103§— Entries 6114 = 2 . i
..g - Mean 0.0066 | @ 0.015

- | : - -
S — Barrel Endcap 2 - ]
I S T Endcap Entries 569 S ool End 2010 ]
g B Mean 0.0093 7] = | F -
- | Q - ++—.—+ -
10 E S r e ]

- . L0005 —w— et
— - L . .
B N i Le— 4
1 ! B ]
. H D [E. K ot .
0 0.04 0.06 0.08 0.1 20 40 60 80
RMS (°C) Imindex |

June 2010 - Dec 2010

Intercalibration precision
38
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Performance in situ: CMS

I IIIIIII| I IIIIIII| I II-&IIII|
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0.04

0.02

Performance LHCb

Shashlik (scint fiber-lead)

Test Beam LHCb 2007-149
oot Bea : 66 layers, total 25 X0
o 0.04 b 6016 channels
L B e ECAL 998% |n 2010
_‘-.\ 'i
-\
\ 2009 LHC data
B " ﬁ' 32 B o 1l 6445 ) 47
~— i 4 Eiee
— . b = weu
| b 300 - i -
50 100 250} g et st
o zl:u:lE pld -1:::;;:_:;:::
o/E~ 0-5% @ 0.1 @0.83% me
E(GeV)  EGeD) 5

E - Tt Tl
bttt i ooy Fro ey

| - L PP PP SRR | |
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di=photon inv. mass, Melic*2

Figure 6: n” and 5 reconstructed from proton proton collisions.



Hadronic Calorimetry

Hadron calorimeter are essential to detect jets,
which are fragments of fundamental constituents
like quark and gluons.

(a far more complicated story)
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Hadron shower development

- Strong interaction is responsible for shower development

* A high energy hadron interacting with matter leads to multi-particle
production, these in turn interact with further nuclei or decay (n°)
*Multiplication continues until the pion production threshold.

Typical scale: interaction length A = 35 AY3 g cm-2 = 17 c¢m for iron

Good containment — 10 A thickness — large size — sampling calorimeters

WA78 : 5.4)% of 10mm U/ 5mm Scint + 8\ of 25mm Fe / 5mm Scint

Energy deposit

(GeV / 0.45 & 7)

5000 I | I | | | I | I | | | | | | | | | I | I | I | IE

» T

eV -

10000Ill. 20.0 :ggge¥ |

. A e E

5.00E¢¢ %04,  "u’ v20GeV 3
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1002 g mg ®0 Tv _®o g E

0.50 Bg o v ® m ° - §

L ..Oo ov * . a m © 4

B = v * m o

0.10L = . YV, v "mg

0.05F : " v . E

= 0 . v . =

E = s 7 y 14 . B
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Hadron showers composition is complex

- s decay before interacting
* Nuclei breakup leading to spallation neutrons/protons
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Hadron showers composmon IS complex

The fractions fluctuate ina
hon-Gaussian way

They are energy dependent

They depend of initial particle (=, p)

This makes also the simulations
very difficult as the number of
physical processes is large and
spans from high (GeV) to low

(< MeV) energies

Ew=diEi]cm]

p of 100 GeV in Lead _

I

I
—
[ pl+-

a4+

e

Ly
il

[Py

o
i i

10° 102

Hadron shower induced by a 100 GeV proton in Lead:

energy spectra of the major shower components
weighted by their track length in the shower

(average) ref Ferrari 2001
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150 GeV nt

Events per bin
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Electromagnetic fraction, fy,

electromagnetic component variation
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The em fraction f,,,

- is large and varies with energy

» fluctuates with non Gaussian tails
- gives a different answer as pure
hadronic one

— non linearity
—non Gaussian response function
—poor energy resolution
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Dependence on shower starting point
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Way out?

Different approaches can be used to solve this problem

1. Compensation

- Software: Identify em hot spots and down-weight
Requires high 3D segmentation ex: H1, (ATLAS)

- Hardware : Bring the response of hadrons and
electrons to the same level (e/h =1) to that
fluctuations do not matter ex: Zeus

2. Dual (or triple) readout
Evaluate the 2 components (+ possibly slow neutrons)
3. Particle flow

Use only the calorimeter for the neutral hadron
component
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Example : ATLAS TileCal

o(E) 52%

E
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_I I L1 1 1 I 11 1 1 I 11 1 1 I 11 11 I 1 11 1 I 1 11 I_
005 01 045 02 025 0.3 1{%35
E e (GEV')
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Nucl. Instrum. Methods Phys. Res., A 606 , 3 (2009) 362-394

TileCal 9836 channels

4 radial segmentations

Epeam (GEV)

E(m)

E beam

— (1= F)+ Fa x (E)_l

e/h = 1.33



http://cdsweb.cern.ch/ejournals.py?publication=Nucl.+Instrum.+Methods+Phys.+Res.,+A&volume=606&year=2009&page=362

Fractional JES systematic uncertainty

ATLAS : final product performance in situ
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Sampling fraction can be tuned to

Hardware Compensation

» enhance n production through fission (38U calo: initial idea of Willis)
-Suppress em component (high Z abs.)
-enhance response to n using active materials hydrogen reach

Pb/Scintillator

scintillator thickness 2 mm

a 2 GeV

0 S0 15
Lead thickness (mm)

achieve compensation

20

Hydrogen in active material (gas mixture)
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1Xo
(0.04 A )

Hardware Compensation - ZEUS, SPaCal

Depleted

uranium

3.3 mm

Scintillator
SCSN-38

2.6 mm

™ Stainless steel foil

Sampling fraction
tuned to have e/n = 1

Excellent energy resolution with Hadrons

Cons:

« small sampling fraction poor em resolution
Long integration time > 50ns for neutrons

[ 706/VE [ ZEUS (Ulscint)
[Beh 9(}]

[Aco 9lc]

« SPACAL (Pb/scint)

o/ E (%)
T

04 03 02 0.1
1/VE (GeV)

o/E (hadrons) = 0.35//E(GeV)
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Dual Readout : DREAM

Proposed by R. Wigmans.
Measure f,, event by event using Cerenkov light emission

Cerenkov radiator: Scintillator:
sample em part of the shower sample all components

==

Q=quartz =Cerenkov
S=scintillator

=2.5 mm4
—4 mm——-

e Some characteristics of the DREAM detector
- Depth 200 cmn (10.00 Ajg)
- Effective radius 16.2 cm
- Mass instrumented volume 10 E
- Number of fibers 35910, diameter 0.8 mm, total length = 90 km
- Hexagonal towers (19), each read out by 2 PMTs
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200+

Average scintillator signal

Dual Readout : DREAM

'Scintillator signals

200 GeV "jets"

Cerenkov signals|
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0.7

Calorimeter response
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ons (raw data)

alibration (e7)
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Gaussian response
*Linear
Correct energy scale

Energy (GeV)
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Energy resolution (%)

Dual readout: DREAM

Hadronic response after C/S correction
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Dual readout : future work

N egated— BGO crystal
o l— UG 11 (UV) filter
Dream work continuing = -'
can be applied to crystals by using timing structure =°| | NEVEATS Q000 1
Other investigators: |
TWICE collaboration, funded by INFN aof |
Heavy Glass SF57 HHT + scintillating fibers w0 o0 i

180 cm




Particle flow

Use "best measurement” of each component
Charged tracks = Tracker

e/photons = Electromagnetic E calorimeter
Neutral hadrons from HCAL: only 10%

Critical points:

Very fine granularity

Confusion due to shower overlaps in calorimeter
Very large number of channels

* Successfully used for ALEPH experiment and
now by CMS experiment (in both case rather poor
HCAL )
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| CMS Preliminary 2010 Anti-k. R=0.5
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€MS real data |
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[ CMS Preliminary |

Particle Flow : CMS case (2010 data)
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Particle Flow : Calice ILC/CLIC

Challlenge : separate W and Z hadronic decays

Large radius: to separate the particles
Large B field to sweep out charged tracks
Small Moliere radius to separate showers

Very small granularity
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Conclusions

Calorimeters are key components of HEP detectors.

Electromagnetic calorimetry is well understood. This
has allowed the design of large, sophisticated, high
resolution detectors.

Hadronic calorimetry becomes more and more
important in HEP to detect jets, which are fragments
of fundamental constituents like quark and gluons.
But the physics of hadron showers is complex

and the battle to reach high resolution is still going
on.
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