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Outline

* Introduction

* Interactions & showers (em&had)
 Basics of calorimetry

* Resolutions

)
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Particle detection

Particles characteristics are measured through different type of
detectors and identified thanks to specific behaviours due to their
interaction with matter

Tracking Electromagnetic Hadron huon
chamber calorimeter calorimeter chamber

+

Innerrmost Layrer... P . Cutermost Layer

Y, e,jets (q,9), missing energy (e.g. v), are detected with calorimeters

)
CERN, 8-9 Feb 2011 M. Diemoz, INFN-Roma &fg 3



Which calorimetric system?

DEPENDS ON PHYSICS (and money...)!

Resolution on single objects (y,e...)

WZZIVWWW (f5=500 GeV)
= 120

Resolution on complex objects (jets)

Resolution, resolution, resolution (and efficiency)... Energy, angle, time...

Often you would like ALL!

)
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Crystal Ball: cC system transitions
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Calorimeters: a simple concept
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Converts energy E of incident particles
to detector response S: acoustic

Soc E

Calorimetry is a “destructive” method. Enerqy and particle get absorbed !
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Calorimeters: some features

» Detection based on stochastic processes
precision increases with E >

 Detection of both charged and neutral particles

* Dimensions necessary to containment o« InE )
compactness

» Easy to be segmented
measure of position and direction &>
particle id on topological basis

* Fast
high rate capability, trigger :

)
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Four steps

PARTICLE INTERACTION IN MATTER (depends on the
impinging particle and on the kind of material)

ENERGY LOSS TRANSFER TO DETE/CTABLE SIGNAL

(depends on the material) ; v _
band| Y
gap A 2
v
SIGNAL COLLECTION (depends on
BUILD A SYSTEM signal, many techniques of collection)
&l N, i [V o e 5 :jf ; - B
d ' 5} Q=N+e :
( © ) N ; =
CERN, 8-9 Feb 2011

M. Diemoz, INFN-Roma  INFN 8
L.



Energy losses by e & y

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

Electrons

.
* ionization (atomic electrons) /
* bremsstrahlung (nuclear) W@ _ @

Y+ atom — ion*+e-
Photons

* photoelectric effect (atomic electrons)
« Compton scattering (atomic ele(:trons)/'Y te > 7y +e

v + Coul. Field > e*+e-

Above 1 GeV radiative processes
dominate energy loss by ely

)
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Electrons

. dE 7 4mot(he) Z7 |, 2mc*y*Bs . S
. lonization | - y, £ 4mecthe) | jp 2l Y P~ g _ 9
dx T A4 m,c” p / 2

> cocZ ; oolnE/m,

* Bremsstrahlung ——|n

Va

USadive

ZNo
> c o« Z(Z+1); o« A/X, E>1 GeV, o o« InE/m, E<] GeV

Radiation length: thickness of material that reduces the mean energy of a
beam of high energy electrons by a factor e. For dense materials Xo ~ 1 cm.

I
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Electrons

- Critical energy E_:

(dE | dx)
(dE [ dx)

rad 1

101

-1/E dE/Mx (L

(solids, liquids)

Strongly material dependent,
it scales as 1/Z (eg. 7 MeV for lead)

Electrons irradiate photons until their energy

becomes less than critical energy Ec

CERN, 8-9 Feb 2011

‘1

Fractional Energy Loss by Electrons

)

—
o

rad

=
tn

0

Electrons

— Moller (g7)

Fositrons

Bremsstrahlung

lonisation

Fositron
annihilation

0.20

0.15

0.05

1
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Photons

 photo-electric effect

Contributions to Photon Cross Section in Carbon and Lead

Y | | | | | | | | “ | | | | | | | | |

. Carbon (£ = 6) — : Lead (Z = 82) I
IMbE % N o —experimental O, \?!}“ \"L = — experimental Oy

Mb

1 kb~

coc 77, B

« Compton scattering

I kb —

Cross section, barns/atom
Cross section, barns/atom

1b

1b
10 mb | 10 mb it
10 eV 1 keV 1 MeV 1 CeV 100 GaV L0 eV 1 ke'V 1 MeV 1 Gel 100 GeV

Photon Energy Photon Energy

coc Z, E!

* pair production occours if E, > 2m,C?

cx Z(Z+1) ; « InE/m, for E< 1GeV, constant E >1GeV
Probability of conversion in 1X, is e

Define a m.f.p. L, = 9/7 X, (;y_)disappears)

CERN, 8-9 Feb 2011 M. Diemoz, INFN-Roma Llﬁ’fy 12



Electromagnetic showers

vy + Coul. Field > e*e-

JV_ 256

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

)
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Electromagnetic showers

Above 1 GeV the dominant processes, bremsstrahlung for e*
and e and pair production for y, become energy independent

Through a succession of these energy losses an
e.m. cascade is propagated until the energy of
charged secondaries has been degraded to the regime

dominated by ionization loss (below E)

Below E_ a slow decrease in number of particles occurs
as electrons are stopped and photons absorbed

)
CERN, 8-9 Feb 2011 M. Diemoz, INFN-Roma tﬂfy 14



EM showers: a simplified model

ABSORBER

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

* Assume X, as a generation length

* In each generation the number of

— particles increases by a factor 2

@Ax=X, vy-—>ete- E=E,2
@Ax=2X, e—>ye E=E./4
@Ax=tX, N(t)=2' E(t)=E,/2

B(tpa) = B Eo/2'max=E_

tmax = I(E¢/EQ)/In(2) | N(tinae) ~ Eo/Ec

)
CERN, 8-9 Feb 2011 M. Diemoz, INFN-Roma &fy 15



EM showers: longitudinal profile

Shower profile for
electrons of energy:

Y 10,100, 200, 300.. GeV

Shower energy dep parametrization:

E.Longo & |.Sestili
NIM 128 (1975)

B material dependent

t =14In(E/E,) N, ocEy/E,

10 | | |
- Longitudinal development
10 i EM showers (EGS4, 10 GeV e7)
- —= Pb
— Fe

— Al

dE / dXg (%)

—
=
=y

—
<
(=]

- shower max
E.al/Z shower tail

Longitudinal containment:
toso, =t ..+ 0.08Z + 9.6

0 5 10 15 20 25 30

N Bl W W) W W 1 R = oo IVIE Er NI N E—y 15 wE 2w

....Na INFN 16



EM showers: some nhumbers

BASIC PARAMETERS

Material Atomic Critical

No.  Energy

(E)

Beryllium 4  116._
Carbon 6 84._
Alominum 13 43,
Iron 26 22._
Copper 29 20._
Tungsten 74 8.1
Lead 52 1.3
Uraninm 92 6.5

CERN, 8-9 Feb 2011

Radiation
Length (X))

(Z) (MeV) (glem®) (cm)

65.19 35.28

42,70 18.8_
2401 89
13.84 176
1286 143
6.76 035
6.37  0.56
6.00 032

E, (MeV)

Moliere
Radius
(Ry)
(cm)
6.4
4.7
4.4
1.7
1.5

0.9
1.6
1.0
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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

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

90% E, within 1R,;, 95% within 2R,;, 99% within 3.5R

)
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EM showers: transverse profile

50 GeV electrons in PhWO, 30 GeV electrons in PBWO ¢
= 1 A 20X =100 EEETTrTOhOUUUNOfOC000CH00C000
2 & SO0 e
N @] .‘r,QXIrj E o
R A 8X, o [ e
o W 5X £80 —°
S @ 3.\’U ® e
10 2o | @

v ¥

S g 60 (o
=
‘t:-:”} - I
N i I
S10 o
] o

< 4

X0k

N

_r‘j:
10 &
0

o 1 2 3 4 5 &6
Radius (R ;)

3
Radius (R )

Central core: multiple scattering  Peripheral halo: propagation of less attenuated
photons, widens with depth of

of the shower

)
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EM showers: energy loss detection

The energy deposited in the calorimeters
IS converted to active detector response

* Evis < Edep < EO

Main conversion mechanism

* Cerenkov radiation from e

» Scintillation from molecules

* lonization of the detection medium

<

Different energy threshold E,, for signal detectability

)
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EM calorimeters: energy resolution

Intl’inSiC ||m|t You are not going to do better!

Detectable signal is proportional to the total track length of e+ and e-
in the active material, intrinsic limit on energy resolution is given by the
fluctuations in the fraction of initial energy that generates detectable signal

E
Nyt > T =NXo X,

Detectable track length T, = £, T,

f, fraction of N, with kin E>E )
Fluctuations in track length: Poisson process

CERN, 8-9 Feb 2011 M. Diemoz, INFN-Roma (/m 21
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EM calorimeters: homogeneous

Homogeneous calorimeters: all the energy is deposited in the
active medium. Absorber = active medium

* Excellent energy resolution (+)
' * No information on longitudinal
| shower shape (-)

* Cost (-)

EO - Nmax Eth

All e+ and e- over threshold produce a signal f

S EO

)
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EM calorimeters: energy resolution

Homogeneous calorimeters: all the energy is deposited in an active medium.
Absorber = active medium mmmmp All e+e- over threshold produce a signal
Excellent energy resolution

Compare conversion processes with different energy threshold

Scintillating crystals Cherenkov radiators

Lowest possible limit in em calorimetry

)
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EM calorimeters: sampling

Sampling calorimeters: shower is sampled by layers of active
medium (low-Z) alternated with dense radiator (high-Z) material.

 Limited energy resolution

 Detailed shower shape
information

 Cost

% A E R E B absorber=shower generator
N E ‘EEER. active layers (scintillators, wire
D

chambers...) negligible in the

U shower development

* only a fraction of the shower energy is dissipated in the active medium
 energy resolution is dominated by fluctuations in energy deposited in

active layers: sampling fluctuations

« intrinsic resolution irrelevant o/E~(0 +20)%/\/E(GeV)

= )
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Cloud chamber photograph of e.m. shower developing in lead plates

(thickness from top down 1.1, 1.1, 0.13 X,,) exposed to cosmic radiation

)
CERN, 8-9 Feb 2011 M. Diemoz, INFN-Roma CFiMFN

25



Sampling fluctuations

Fluctuations in the number of shower particle traversals of the sampling elements

Total track length (AE ps>>AE ): ! | ‘l
E
abs abs
Tr — fSTO — fsNtot)(O ~ fs abs XO 1.5 —
EC
Number of crossings of active .
layers at distance d d> X >
0
T E X w 1.0~
Ne=g=hge g ~
C m)
Resolution scales with absorber © B ® SDC (HF))
thickness (t.,s= d/X,) 0.5 ® DI 79 (400 GeV)
m KI81(10 GeV)
A CDHS1 (HO 78 b)
® CDHS2 (AB 81)
I I I
NB. Crude approx. valid for solid active materials ° 10 15
like plastic scintillators, no path length fluctuations tars cm.of Fe
CERN, 8-9 Feb 2011 M. Diemoz, INFN-Roma  INFN 26



Calorimeters: a comparison

EACH SYSTEM OPTIMIZED FOR THE ENERGY RANGE OF INTEREST FOR THE EXP

\ \ sampling calorimeters
0.1 < N,
W \\. ALEPF
LL
oy Crys@ \
C
o
£ Belle~ S Ao
o) N
7))
& oo | \ATLAS|
= - homogeneous \\;
) - calorimsters .
LI
0.001 bbb A
0.01 0.1 1 10 100 1000
Energy (GeV)
%y

CERN, 8-9 Feb 2011 M. Diemoz, INFN-Roma ny 27



EM calorimeters: energy resolution

Energy resolution of a calorimeter can be parameterized as

- @ means sqrt (quadratic sum)

 d the stocastic term accounts for any kind of Poisson-like fluctuations

 natural merit of homogeneous calorimeters
« several contributions add to the “intrinsic one”

* D the noise term responsible for degradation of low energy resolution
* mainly the energy equivalent of the electronic noise
« contribution from pileup: the fluctuation of energy entering the
measurement area from sources other than the primary particle

* C the constant term dominates at high energy

* its relevance is strictly connected to the small value of a
« it is mostly dominated by the stability of calibration
» contributions from energy leakage, non uniformity of signal

generation and/or collection, loss of energy in dead materials,...

)
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When do you have to worry about c?

<
w — o/E total
©10 a 2.8%

- — b 125 MeV

10-1 IIIIIII| | I | IIII'II| | L

2 3
1 10 10 10 E[GeV]
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The constant term

C = (leakage)®(intercalibration)®(system instability)®(nonuniformity)
To have ¢ ~ 0.5 % all contributions must stay below 0.3 %

* Leakage
front: negligible at high energies

‘rear: dangerous
increases with In(E)

fluctuations are due to interactions in the first X, 4 1/\E
but simple to remove = increase number of X,

an empirical parametrization g [g

~ | — ) 2
(fraction of energy lost £<0.1) g El— (1+4f +50f7)

* Blind material: walls, gaps etc.
(CMS full shower simulation: total contribution < 0.2%)

)
CERN, 8-9 Feb 2011 M. Diemoz, INFN-Roma Lﬂfﬁ' 30



Hadron showers (a complicated story)

» Strong interaction is responsible for shower development

A high energy hadron interacting with matter leads to multi-particle production,
typically mesons =%, ©°, K etc., these in turn interact with further nuclei

* Nuclei breakup leading to spallation neutrons/protons

 Multiplication continues until the pion production threshold, E ~ 2m, = 0.28 GeV

EM.
COMPONENT
A, and X, in cm

| ABSORBER

E n - 1':':'5
T 2 HADRONIC 1 N

: Heavy fraament ‘ COMPONENT 1% S

E | \ | i “-* eavy frragmen ‘ 1. \:‘: ?I.a .

i I I o E [ l *

|
Nuclear interaction length: NIRE al
A Ij} L : -
j’inr - < A A~35A" g cm-2 1
jvxlo-int o1 e
Q 10 20 a0 40 5 &0 7O a0 a0 100
o.= nR? o A% z

int

7~ )
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Hadron showers

p of 100 GeV in Lead

Hadron shower induced by a z

100 GeV proton in Lead: > e ot
energy spectra of the major shower o
components weighted by their track
lenght in the shower (average) 10¢

T T TTTIT]

T T TTTT]
.
1
:
1
:
1
:
n o
o B
2

T TTTT]
g

EE) (end)
I!::l
[

-Soft spectra dominated by
neutrons and photons

‘Hard spectra dominated by o 3 E
charged pions - .: ]
) @

k lab
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Hadron showers

All the fluctuations described in em case plus more and more significant

e Breakdown of ROR=-€M energy deposit in lead absorber:

- lonizing particles 56% (2/3 from spallation protons)

- Neutrons 10% (37 neutrons per GeVl!) An important fraction of

- Invisible 34% energy goes in nuclear
, . . binding: not detectable!
Spallation protons carry typically 100 MeV,

Evaporation neutrons 3 MeV 1

FLUCTUATIONS OF E,;:
INTRINSIC LIMIT
TO HADRONIC ENERGY
MEASUREMENT

« Hadron showers contain em component (n°, n)
* Size of em component F_ is mainly determined
by the first interaction

* On average 1/3 of mesons produced in the 1°
interaction will be a =°, this fraction fluctuates | An important fraction of
in a significant way energy goes in em deposits
* The 2° generation n* will produce n° if enough | and strongly varies
energetic

CERN, 8-9 Feb 2011 M. Diemoz, INFN-Roma Clify 33



Hadron showers

Proton (30 GeV/c) — nucleus interaction in a photographic emulsion

Pions and fast spallation protons
(less dense ionization) follow
the motion of impinging proton

s e
. ok ':l' --Fi_",_..'-
. T L s 40 GV
Neutrons are not visible but gy e
emitted in significant number . G g L
Protons (dense ionization) .
almost isotropic emission iy -

The energy needed to release these nucleons, ~nuclear binding energy,
does not contribute to the calorimetric signal: invisible

=)
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Hadron shower profile

LONGITUDINAL

» Sharp peak from n° from the 1° interaction
» Gradual extinction with typical scale A;,

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

S000ET T " T T T T T P T T T P P T P 1T 1 T ] |E
e

Qo m 135 GeV
10000.....20 =] ’4OGEV —
Y Bg _o, A 30GeV 3
~ = 2.00 .00.“ '.. v 20GeV 3
EE Rt iz, IHEYC
a o v * =] T
8% 1005 agc. vy e = <
>.,O . ... 00 Vv " [} Q 3
o~ 0.0 '-.00 v *, = : o =
23 C .o . i
LIJg | oO v v .’ 7 2 2}
0.10L .o - . -
0.05F . 9 . v - 3

= e * ]

= v L 4

- o -

oo L ¢+ L v 1y I o131 [ Yl l |ﬂ._
0O 1 2 3 4 5 6 8§ 9 10 11 12 13

|
7
Calorimeter depth (1)

~10 A needed to contain 99% E of 200 GeV =«

(about 1 — 2 m of heavy absorber)

Need to sample
CERN, 8-9 Feb 2011

LATERAL

« Average p; secondaries ~ 300 MeV
* Typical transverse scale Ayt
* Dense core due to n°

150 GeV Pion Shower Profile

103 E UL L L L L L |§l
2 rf(r) = B exp(-r/d1) + B exp(-r/A) E
102 E
8 101 E =
= -
© C ]
c

-g, 100 E =
7 = E
h, =143 cm ]
107 = a,=3660cm 3
F B,=269cm 3
B,=16.8cm 4

10-2 [ I N AR N A A N A B A O B A

0 10 20 30 40 50

Radius [cm]

Transverse radius for
95%E containment ~1A

)
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Hadron shower profile

1 3000 =
1] a) b)
L 2 2000} -
AR P 3 =
1 RURRRHENE A5k \ =
R = 1000 -
i i > | ,
14 /f fFoc At ot = 0 ‘ o —
N 7 5 3000r
L. - 2 1o - o
LA v, = 2000 i
,.{%7 e = L
Rl 11 \ j'u '&D
I 7 1000k L
j' 1 0 ] ) L | I
0 20 40 60 80 0 20 40 60 80
Electromagneti Sampling layer
Gharged [hadrans Longitudinal measured profiles

induced by 270 GeV =«

Large fluctuations also in longitudinal profiles of hadron showers

)
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Hadron showers

0.7 ' — —
» A priori e and h in a calorimeter give § + Femdepends onenergy! : 1
a different response, e.g. e/h > 1 £ o6 4 &,_,/-'”"7
* The fluctuations in the fraction of : | o //?
energy deposited by e and h limitis E | - '///’Jr
resolution moreover in average this g e
fraction is energy dependent (non : o~ Cu (k=082.Eo=07GeV)
linearity in detector response) g rca ey
L &  QFCAL|AKke97|

100
Pion energy (GeV)

Elements to obtain e/h=1 (compensation)

. F1G. 2.22. Comparison between the experimental results on the em fraction of pion-induced
° Suppress em component (hlgh Z abs') showers in the (copper-based) QFCAL and (lead-based) SPACAL detectors. Data from
« enhance n production through fission [Ake 97] and [Aco 92b].

* enhance response to n using active materials hydrogen reach

Intrisic hadronic resolution due to fluctuations of invisible energy and
electromagnetic component (no compensation):

o/ E ~(20+40)%//E(GeV ) | [+samping. ..

7~ )
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e/T (corrected)
=

0.9

Compensation

Pb/Scintillator

scintillator thickness 2 mm

a 2GeV
v 3 GeV

0 5
Lead thickness (mm)

] 1
10 15

20

Sampling fraction can be tuned to
achieve compensation

CERN, 8-9 Feb 2011

Pion Zelectron ratio

Hydrogen in active material (gas mixture)

] [ I [ [ | T T
"t +—
L3
1.2 * i
+
| S e e e e
¢ i(:4]‘||“
CHgy
0.87 o Ar+iCaHig
Ar+CHy
0 6 FAr+CO2 )
| 1 S | 1 | | I
0 0.04 0.08 0.12

Mean ionization deposit per crossing (mip)

Elastic n-p scattering:
efficient sampling of neutrons through
the detection of recoiling protons!

)
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1 Xo
0041 1)

Compensation - ZEUS

Depleted
uranium

3.3 mm , Stainless steel foil

Scintillator

2.6 mm
SCSN-38

Sampling fraction
tuned to have e/n = 1

Excellent hadron resolution:

o/E (hadrons) = 0.35/VE(GeV

o/E (electrons) = 0.18/VE(GeV)

CERN, 8-9 Feb 2011

M. Diemoz, INFN-Roma

6 /E (%)

[ 70%/\E |« ZEUS (Ufscin) | |
609 [Beh 90)] |
« SPACAL (Pb/scint)
L S0% [AC[’I QI{:] |
 40%
e
s
d)
] ] 1
0.4 03 0.2 0.1
1/VE (GeV)
)
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|ldeas in hadron calorimetry (Dual Redout)

How to improve energy measurement in hadron calorimetry?

Measure F,_ event by event using Cerenkov light emission

Cerenkov light emission threshold: p>1/n
e.g. quartz n=1.45 E, = 0.2 MeV for electrons, 400 MeV for protons
Enhance electromagnetic response (in a quartz fiber calorimeter e/h ~ 5)

DUAL READOUT
Cerenkov radiator: Scintillator:

sample em part of the shower sample all components
Take electrons signal as reference

C=[f+c(l-f)E|lc=(h/e)c S=[f+s(1—fE|s=(h/e)s
Combine information and get F_, (f) and E ! Constant
. (/S Y. of the
f=—— c — 5(C/5) E = 5= AC calorimeter
(C/S)1—s)—(1—r¢) 1—A
-
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Dual readout: DREAM

250()3— Entries 78198
- Mean 66.1
2000:— RMS 12.4
> 1500
(3 E -
O 1000 100 GeV
g C signal
L 500
a8 =
8 0‘ Al P R R S
5 - i 0.35 < fom <0.40
= H = LI < lem :
"'5 E [L — 0.60< fem <0.65
w3005 iy =---- 0.80< fom <0.85
0 E. o
g 200E
z
100E-
05 i ey A "
0 20 40 60 80 100 120 140 i
Cerenkov signal (GeV) )
CERN, 8-9 Feb 2011 M. Diemoz,

» Some characteristics of the DREAM detector
- Depth 200 cm (10.0 i)

Effective radius 16.2 ¢m
B

Mass instrumented volume 103
Number of fibers 35910, diameter 0.8 mm, total length = 90 kmn

Hexagonal towers (19), each read out by 2 PMTs

INFN-Roma

D)
INFN
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Dual readout: DREAM

Hadronic response after C/S correction

n Energy (GeV)
100

20 oo
2 e T -3‘{_}_ ; L T L | TT ]
e . . N o [ . = Scintillator
! . t 3;{” i ., o Quartz ]
o 4. : ~ = -4 (QfS corrected| -
= S Y ;
e 09+ had o .
) L 490 o
= E 201 n];f + 1% L 86% 1 10%
3 ‘= I h‘ Y ol ]
o 0.8F 1 = .
£ S | :
® L |
= 0.7 Pions (raw data)| A > [
@, e Pions (after Q/S) B ]
a) - - 'Cil“hl‘&llliull (e”) ED IUL
)
O.(-) L 1 L | 1 i 5
0 50 100 150 200 250 300 ]
Energy (GeV)

. . . I ! 1 I | |
NB contains leakage contribution 0 030 015 010 005 0

~— IVE

NICE IDEAS AND STUDIES GOING ON, NEXT STEP TRANSITION TO A SYSTEM?
)
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In summary

Electromagnetic calorimetry

Homogeneous, if well done a ~ 3% (take care of c!)
Sampling, if well done a ~10%

Hadron calorimetry (non compensating)

a ~ 50%-100%

Hadron calorimetry (compensating)

a~ 35%

Dual Readout (R&D) calorimetry

a ~ 15% (potentially)

)
CERN, 8-9 Feb 2011 M. Diemoz, INFN-Roma Cﬁfy
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Position resolution - EM

» Reconstruction of invariant masses of particles
decaying into photons, electron identification using
match with track measured in tracking devices

 Impact position of showers is determined using the
transverse (and longitudinal) energy distribution in
calorimeter cells

» Method based on center of gravity (COG) calculation

» works for projective geometry and particles
coming from the interaction vertex
 calorimeter cell size d < 1R,

» Typical resolutions: few mm/\E

)
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Position resolution - EM

2 o
E h Xc3202
4 5 6 E |
d ol
9 |
¢ _ZlEiXi o |

cog 0] [

Zl E; Z45

 Needs empirical ]
corrections to -2 |
account for finite ;

cell size effect
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CERN, 8-9 Feb 2011

Position resolution - EM

! L3
B Position Resolution Averaged
; Over One Crystal d=0.86 Ry
f EGS-MC 1
0 10 20 30 40 50
Energy [GEV]
=

M. Diemoz, INFN-Roma | INEN
L.~




Readout of detector signal (light)

dynodes

vacuum glass tube anPde

£ v PmT -

APD

L SiN window

Photoy /4
/ N
electrons multiply
at each dynode

E e

PD 200pm- |

O

ﬂ
HPD ¥ Vv ¥ Vv ¥

10 kV l photoeLbctrons i

electrical
output puls

ad

photoelectron

-

O o%%
©

nt

photons
¥~ Photocathode

. Silicon pad
detectors

CERN, 8-9 Feb 2011

M. Diemoz, INFN-Roma

* A

p ++ Y conversion

- p e acceleration
] AT n > multiplication

[T Y11} €
SAaBNeS
(TITrT)
a8 s8es n (i) e drift
88008
(TTITY)
n++ e collection
40
VPT |=
A1
1
$=26.5 ' ‘
mm \ i
A
P | 4.5
2.5
SEMITRANSPARENT
DYNODE
PHOTOCATHODE
MESH ANODE

)

INFN 47



Time resolution (KLOE)

The KLOE design was driven by the measurement of direct GP through the
double ratio: R =T(K;—n*n") ['(K; =n’n’) / [(K; —»x*n) (K, —>n’n”)

* Determine the K s—n°n° with few mm precision | G464 energy & time resolution

S AT

a1 173

» Discriminate K| »n°n® from K| -»n°n°n® ——
- Particle id. via time of flight ( e .vs. p vs. ) /Y/,;%;@@Q\

High efficiency
20 <E, <300 MeV

o(t) ~70 ps / N E (GeV)

o, ., —1 cm for photon

XV,Z

conversion point

Hermeticity

)

CERN, 8-9 Feb 2011 | M. Diemoz, INFN-Roma &fﬁ 48



Time resolution (KLOE)

Fine sampling lead/scintillating

fibers calorimeter
* Volume Ratio Fiber:Lead 50:350
* Energy sampling fraction 13 %
*X,=16cm p=5.3g/cm?

Triangular shape:
high sampling
frequency &
flat response in0

n_polystirene = 1.6 ; n_plexiglass(cladding) = 1.5 ; trapping angle 21°

Light Yeld 5*103 photons/MeV, A_peak = 460 nm

Fiber emission time t = 2.2 ns; 50% absorption @ 2 m

ight collected with plexiglass light guide to fine mesh PM Q.E. 25% G ~5*106
ight output ~1 p.e./MeV/side at 2 m distance

- r

e

]
CERN, 8-9 Feb 2011 M. Diemoz, INFN-Roma L‘ﬂfﬁ 49



Time resolution (KLOE)

as ¥

_ Ny 045}
Energy resolution: o o 0/E=5.7%/NE(GeV)®0.6%

dominated by sampling fluctuations o

025k

O‘E _ 4.2% @ 2.5% @ 061:_*1:;
E E (G@ V) g E (G(B V) e 00sf

0
0 50 100 150 200 250 300 350 400 450 500

E.(MeV)
time resolution
Time resolution: L ol 0,254 psNE(GeV) ® 50 ps
dominated by photo electron statistics : ae >y —> 3y
600 H ad —» iy —> 3y

decay

. Do, Do, ~22ns S0ps
| N(pe.) WN(pe) (EGel) & h,% o
200 E_ +

100

o (T-R/c) (ps)

0 S50 100 150 2000 250 300 350 400 450 300
E (MeV)
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CERN, 8-9 Feb 2011

Outline

* Big Systems (ATLAS&CMS)
 Calibration
* Detection of physics objects

= 3
M. Diemoz, INFN-Roma  INFN
L.
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Large Hadron Collider: Higgs hunt

Natural width (GeV)
0.001 0.004 1.4 30
| ] | | ]
0 50 100 200 400
Higgs Mass (GeV)
Y752 LHC
I
H — ZZ" — 4 leptons
H—> WW or ZZjj
o S "o "o
= ~ 7000} <600
n ] g S
V-G_ [ z
"N 5 50008 > 400 Only precision
LEP leaves a begacy 35000_ g |n 'Y deteCt|0n
s 22 will tell a peak
24000— g I
LEP observed an ~ “ @ ]SH _)th'gnal)
excess of events - it rom a huge
around 115 GeV MO 120 130 140 10 Te0 T 40 (R

m,, (GeV) m,, (GeV)
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Why precision matter so much?

Response to monochromatic + H — vy bad resolution

source of energy E J H — yy good

/ resolution

Perfect
good

Aﬁckground

m,,
Signal = constant

o el AR e

c(calo) defines the energy SINB o< 1/ oyy
resolution for energy E. but o = f(scalo)
Y

=)
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ATLAS CALORIMETERS

. Electromagnetic Liquid Argon
Hermetic SyStem Cc?lor'ime'reqr's ?

Tile Calorimeters

_.---"ﬁ-‘.‘

a-—"l-;_,_,—t—'-'-'-_T_
.."|_l_!_|'-d—"_-____£
n=1.475 .'_,;-ﬂ- | —
n=1.8

Forward Liquid Argon

o Calorimeters
Hadronic Liquid Argon

EndCap Calorimeters

)
CERN, 8-9 Feb 2011 M. Diemoz, INFN-Roma &fy
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CMS CALORIMETERS

Em Barrel : EB
Em Endcap : EE Eﬁgguiﬁﬁia%ﬁa@fs
Had Barrel: HB E o
Had Edcaps: HE
Had Forward: HF
Had Outer: HO

“\\_\_k‘

e “"'m‘
TR

M| e ol
@ Tl e
Lo

Hermetic system

MEFE
M2

= i JeanBos@eernch
- OATE: 05-JUN-2000
= QLT DLEZASOR,
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ATLAS & CMS EM calorimetry

» Compact

« Excellent energy resolution
 Fast

* High granularity

« Radiation resistance

* E range MIP — TeV

‘Homogeneous calorimeter
made of 75000 PbWO0,
scintillating crystals + PS FW

ATLAS and CMS makes different choices:

» Good energy resolution
 Fast

* High granularity
 Longitudinally segmented
« Radiation resistance

- E range MIP — TeV

«Sampling LAr-Pb, 3 Longitudinal
layers + PS

» sampling calorimeter allow to have redundant mesurement of y angle
* homogenous calorimeter with very low stochastic term aims to excellent energy
resolution, the mesure of y angle relies on vertex reconstruction from tracking.

)
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H— vy : ECAL benchmark

I, (m, =100 GeV)~2—100 MeV =y [ /m, <103

m,_=2E E, (1l -cosOy) Precision given by experimental resolution

1Y
— 1/2

| 2 2 2
G_mz_ i + 2 e Ge e
m 2| E, E, tg0/2

.

Homogeneus calo a can be ~ 2%, Sampling calo a can be ~ 10%,
to match it for E, ~ 50 GeV: to match it for E, ~ 50 GeV:
c~0.5% CMS c~0.7% ATLAS
b~ 200 MeV b ~300 MeV
and an angular resolution and an angular resolution
o ~ 50 mrad/VE o ~ 50 mrad/VE

CERN, 8-9 Feb 2011 M. Diemoz, INFN-Roma &fgf' 58



ECAL @ CMS

Precision electromagnetic calorimetry: 75848 PWO crystals

PWO: PbWO, __,_,_,, ‘

P

Previous
Crystal
calorimeters:
max1m3 |\ \ [ & _— < AN iR
supercystals =
(5x5 crystals) \
Super Module EndCap “Dé‘\e\":-\
(1700 crystals) 3662 crystals
Barrel: |n| <1.48 EndCaps: 1.48<|n| <3.0
36 Super Modules 4 Dees
61200 crystals (2x2x23cm3) 14648 crystals (3x3x22cm3)

CERN, 8-9 Feb 2011 M. Diemoz, INFN-Roma &fﬁ' 59



Aiming at precision

Precision has a price... a long list to take care:

 Longitudinal and lateral shower containment

* Light production and collection

* Light collection uniformity

* Nuclear counter effect (leakage of particles in PD)
* Photo Detector gain (if any) stability

« Channel to channel intercalibration
 Electronic noise

« Dead material (energy loss and y conversions)
» Temperature stability and uniformity

« Radiation damage

* Pileup

)
CERN, 8-9 Feb 2011 M. Diemoz, INFN-Roma &fy
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The choice of the crystal

Crystal’s catalog

Nal(TI) BaF2 Csl(TI) Csl CeF3 BGO PWO

p : 4.88 4.53 4.53 6.16 7.13 8.26 g/cm3
X0 : 2.05 1.85 1.85 1.68 1.12 0.8¢ cm
RM 4 3.4 3.8 3.8 2.6 2.4 cm

T 0 0.8/620 000 20 30 D@ ns
Ap 410 [ [ B 0 0/34( 480 420 nm

n (Ap) 1.85 : 1.80 1.80 1.68 215 0
LY 00% 15% 85% 7% 5% 10% 0.2% %Nal

Typical light yield of Nal ~ 40000 y/MeV

)
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CMS developed a new crystal

R

Lead Tungstate Crystals (PWO) for CMS

=

Parameter Value g
Radiation length  cm 0.89 199 199
Moliere radius cm 2.2 1 . .
Hardness Moh 4 % 30- Theoretical transmission
Refractive index 2
Peak emission nm 440 o
% of light in 25 ns 80% 5 40]
Light yield (23 cm) y/MeV Z 20
0
Very low |Ight OUtpUt | Very effective in h|gh Wavelength (nm)
Hard light extraction energy y containment

T T T
temp. coefficient (%/°C)

¢

\

23 cm to contain em showers!

w L -
e Coefficient (% per ©

T dependent: -2%/°C

Light vield (a.u.)
" - na 12

¢¢ it
Mgm yield (au) [, @™

e,
| | M

CERN, 8-9 Feb 2011 1. wieruz, INFN-Roma C’iﬂ," 62
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PWOQO: a scintillating crystal

Conduction band

A Eaep = €-h PbWO,: A, =300nm ; A, ;. =500
. it nm emiss= nm
E=BE, p>1 A et T emiss T
& 5 & I I
— Nep = Edep/ BEg f | Stokes shift | PWO
band
gap M

Ny — SQNeh

. A : |

Eq \ : |

valence band T . 7 |
Adlatlve efficiency of A K

Efficiency of transfer luminescent centres 200 300 400 500 600 700
' length
to luminescent centres wavelength (nm)

T]y: Ny/Edep: SQNeh/Edep: SQ/ BEg

intensity (a.u.)

*S,Q~1, BE,as small as possible
 medium transparent to A

emiss

CERN, 8-9 Feb 2011 M. Diemoz, INFN-om4



Photon detectors for PWO

* Not sensitive to 4T magnetic field

* High quantum efficiency for A 400 — 500 nm
* Internal amplification (low PWO LY)

 Fast and good for high rate (40MHz)

« Radiation hard D
* Not (too much) sensitive to charged particles . ;> i
Photomuiltipliers 5
- affected by magnetic field 200“m§ i
* large volume .
n+

PIN photodiodes
* no internal amplification
» too sensitive to charged particles
(Nuclear Counter Effect)

=)
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Avalanche Photo Diodes

E
ol SiN,
pHt

&
" P

6FUH (XX
adeess B
(LTI
sevsns

2 APDs per crystal: 50
mm? active area

CERN, 8-9 Feb 2011

(1111 ] £ (M

window

T conversion

€

L=

aceeleration

multiplication

¢ drift

* collection

Barrel: Avalanche Photodiodes (APD, Hamamatsu)
Characteristics optimized with an extensive R&D Program
*insensitive to B-field as PIN diodes

°Internal gain (M=50 used)

°good match to Lead Tungstate scintillation spectrum
(Q.E. ~ 80%)

*dM/dV = 3%/V and dM/dAT = -2.3%/°C :
—T and V stabilization needed

* bulk current increase & recovery with irradiation
measured over 1 year: expect doubling of initial noise
after 10 years running, OK

*Capacitance 75 pF

*Excess noise factor F=2.2 (— fluctuations in
multiplication)

*Effective d ;; = 6 um (— small response to ionizing
radiation)

)
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Energy resolution: a, b, c

In scintillating crystals the only intrinsic source of fluctuations is photostatistics:

Light Yield of the crystal is one of G 1 o 1
the factors but not the only one — =
E N, LE(GeV)-N, /GeV

/

Npe/GeV= (y/GeV)e(light collection eff.)e(geometrical PD eff.)e(photocathode eff.)

N,e/GeV=4000
a = (photostatistics)®(lateral containment)®(e multiplication in PD) 1.6%/ VE(GeV)

Electronic noise (1/E):
b= (pd\i:apacitance)@(da\rl( current)®(physics pileup)

oc 1 /\/tshaping oC \/tshaping

c = (leakage)®(intercalibration)®(system instability)®(nonuniformity of xI)

To have c ~ 0.5 % all contributions must stay below 0.3 %

CERN, 8-9 Feb 2011 M. Diemoz, INFN-Roma C’iﬂ)‘ 66




c(E)/E (%)

CMS ECAL: the performance

_] T T T | T T T T | T T T T | T T T T | T T
1.4
B CMS ECAL Test Beami 7
190 Resolution in 3x3 ]
i 685 7085)
B 6584 1084 .
1= 683 | |-1083]
L — 705 1105
B 704 1104 .
0-8__ 703 | |-1103]
o 725 1125
0.6 7
0.4:— h_::,_—,_;
0.2 ]
0: | | | | | | | | | | | | | | | | | | | | | | | | |:
0 50 100 150 200 250
E (GeV)
2.8% 125

& 0.3%

= 9

v/ E(GeV) ¥ BE(MeV)

CERN, 8-9 Feb 2011

M. Diemoz, INFN-Roma

1 Super Module 1700 xl on test beam in 2004

e F
SonE o Entries 1700
o F 0 Mean  1.074
éaoaj— NOISG/ XI RMS 0.07066
sue- distribution
z FE
600
5002— —
w30 MeV 45 MeV
3002—
2002—
1002—
D:\Illl\l‘\llll\l"|||\I‘I'I|I\I‘II\|I\I
| 0 02 04 06 08 1 12 14 16 18 2

ped rms in ADC counts



Energy resolution: how to keep it?

* Intercalibration

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

 continuous monitor during data taking

 absolute calibrations by physics reactions during the
experiment lifetime

THIS IS THE KEY ISSUE TO MAINTAIN PHYSICS PERFORMANCE

+ 7680 EB + 3640 EC BGO crystals
* PIN diode read-out (no gain)
* Noise level around 1 MeV

[T

SLUM Hadron Calorimeter
Endcaps HC1

HC2

T ————- - -t ==

Active lead rings

CERN, 8-9 Feb 2011

M. Diemoz, IN

RESOLUTION (%)

o
&)

on test beams to a precision of 0.4%./

=Y
(9]

-
o

g

L3 -BGO

T
ENERGY RESOLUTION ( T/2.36 ) /
FOR 25 - CRYSTAL SUMS
o DATA ]
® MONTE - CARLO

o/E = 2%NE®0.5%

e ]
-0-8
r)

\\’ Individual calibration constants determined



Things may change unexpectedly...

BGO crystals

reference nobers
,
N photodiods
reference AMETICIUM S0Urce

ference
omultiplier

System

able to track the BGO response
decrease (few %/year) with light injection

1.02

0.98

0.96

0.94

ete-|

1 ]

(e - 170%
£

UNCORRECTED

1991

4400

300

% _125%) ¢ |
- E -.
CORRECTED BY =

XENON LAMP

na
a

Number of evenls

100

— Z—ete- 0.92

Electron energy/Beam energy

0.9

0.88

E dustar" Ebaam

CERN, 8-9 Feb 2011

M. Diemoz, INFN-Roma

Before light correction

After light correction

AEGING GOING ON
1990 @ RB26 (HY 1)
A 1991 |\ RB24 (HY 2)
I 1992
. \M 1993
B \M\ 1994
[ | Barrel \m
[ e
L |(ageing|of somg optical fomponknt)
[ Pl o b ey o Bev e b o el ol hlglg
200 40 800 1000 1200 12400 1600 18
Time (days)
)
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L3 BGO ECAL: calibration

10 T III] | [lil
5000 .
— BGO Resolution -
4000 o e TestBeam i
% o LEP
6 [— _
E 3000 g #
— w n
= b %
< 2000 A e 7
1000 2~ ° . m
L ° .
U | | | | | | 0 1 Lol i L1
0.04 0.08 0.12 0.16 0.20 0.24 107 1 10
M Y (GEV) E (GeV)

CERN, 8-9 Feb 2011

M. Diemoz, INFN-Roma
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CMS PWO vy induced radiation damage
Front irrad., 1.5Gy, 0.15Gy/h

105

Y

—

95 7]

m < > o O e

>

PWO4510 (%l
PWO4579 (%l
PWO04585 (%]
PWO04590 (%l
PWO4622 (%

(%

PWO4623 (%l

PWO4481 (%L

%LY)

Y)
Ny

lY)

%LY)
%LY)

Y)

PW04473 (%l

We know PWO response
will change with irradiation!

RR,

-

© Ill\lllllllllI|I|I|III;IU‘JII|'IIIIII

Simulation of crystal Nn=0.92
transparency evolution at
LHC (L =2x10%3cm2s™)
- based on test beam
irradiation results

g
]

o
8
o

o
8
B

o
8
[N]

0.99

0.988

0.986

0.984

10 20 30 20 50 60
time (hours)

90

CERN

0.5

, 8-9 Feb 2011

The Problem:

Colour centres form in PWO under irradn
Transparency loss depends on dose rate
Equilibrium is reached after a low dose
Partial recovery occurs in a few hours

|



CMS ECAL monitoring system

The Solution:

Damage and recovery during LHC cycles
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

CRYSTAL

- 100 Hz operation
- about 600 pulses per crystal
to get a transparency

(1700/SM) i i measurament
:'_’l_|> . - whole ECAL in 20-30 min

(200 Channels) LEVEL-1 LEVEL-2 WITCH LASER
FANOUT FANOUT _Agelect SM/2)
CERN, 8-9 Feb 2011 M. Diemoz, INFN-Roma  INFN 72
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ECAL monitoring system

Stability for a typical channel over about 250 h

TR BT
300
time {(h}

N
250

5600

CMS 2010 (prelimi

o

5550

5500

5 (ADC counts)

5450

5400

5350

5300

5250

—~ 1.0021
e -
S 0015
= -
=T, l_ﬂﬂlz_%. [
]_{)ngi_ b3
,1% A
0.9995F* - B T4
0.999
0.9985
E o T B B R
0-998=5 50 100 150 200
B|IEE—|LI$§IEIRI.III|IIIIII||II|||IIIIIIIIIIIIIIIIIIIIIIIII
;E" - CMS 2010 (preliminary)
£ i
£ Enfries 60675
c10° 3 Mezn  D.04086
102 e
10 -
15
:I 1 I 1 1 I 1
0 0,05 0.1 015 0.2 0.25 0.3 0.25 0.4 0.45 0.

APD/PN Stability (%)

CERN, 8-9 Feb 2011

5200

-80 -60 40 -20 0 20 40 60 80
1] index

M. Diemoz, INFN-Roma

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

NB: a is ~ the same for all crystals!

' 'ﬁ&i . *2/ndf = 73.0/68

3 -
h"‘*ﬂﬁﬂan;ﬁ

corrected response
raw response

INEN
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»
o
s
i

Test beam data
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ECAL @ ATLAS

Towers in Sampling 3
AgxAn = 0.0245-0.05

. Longitadzié;ial dimension:
~25 X, =47 cm (CMS 22 cm)

« 3 longitudinal layers

4 X, n° rejections separation of 2
photons very fine grain in n

RN Sraciones o

[~ Ap=q
— 0245

7L
\ el ]

<0 0e9 muy

M3]

Strip towers in Sampling 1

16 X, for shower core

2 X, evaluation of late started
showers

* Total channels =~ 170000

Particles from collisions
CERN, 8-9 Feb 2011 M. Diemoz, INFN-Roma Cﬁfy 74



ATLAS: the choice of LAr

@ High number of electron-ion pair produced by ionization
@ No amplification neeeded of signal, low fluctuations
@ Liquid — Very uniform response (purification)
@ Stability with time
@ Main fluctuations are due to sampling fluctuations
@ Intrinsically radiation hard Sroperties of Noble Liquids | LA
@ cheap
- ZIA 18/40
® sloyv time response 400 ns Density glom 139
® boling temperature 87°K dE/dx <mip>  MeViem | 2.11
: Critical energy MeV 41.7
— criogeny neede_c_j _ Radiation Length cm 14.3
® Temperature sensitivity Moliere Radius* cm 7.3
0/. i —1o0
2% signal drop for AT=1°C W value Y 53 3
Drift vel (10kV/cm) cm/us 0.5
Dielectric Constant 1.51
Triple Point Temp K 84

CERN, 8-9 Feb 2011 M. Diemoz, INFN-Roma Cﬁfﬁ 75



ATLAS EM LAr

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

I(t

Y 400 ns ~ 16 LHC BC

HT —>lphys

&
-

5

=}

]
Electrode

n_"'*l

Plomb

Y o B
. e+ B W L
=

Argon g I
liquide —

0.8 -

EE - 1 I: :I 0.6 i

=1

Pulse is shaped and sampled o7 b

DTt A TR
0 100 200 300 400 500 600

. . .y _lime (ng) . .
each 25 ns, has 0 time integral — mean value of pileup 73/0%1ncelled (no baseline shift).
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-
L

Amplitnde | V]

LAr electronics calibration

47 cm

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

=N
ME + 2B
—@ t] line ) 2 sampled at 40
Rm? CR=RC™ M Mbz and digitised
—— s I -
outer copper Ia):fn_e'r IPh!v_‘ g Eca. ! 5
inner r:n.-pperalp?tyu»ﬁr o, = <E( — Z Gi(Si _ p)
outer c-jwpper layer :Q: — E c 0.8 1=51
stamlesss;i{-:: | I = Z bi(si — p)
lead 1 0.6 =1
—_ I 5
4 P - = . s —
o4 : i;[az(sz p)
—Ea: — ETd1?
The shaper output of the N 9i = B9l
lonisation and calibration i
signal is different! ol y Pedestal subtracted
@ Injected signal shape NEED : /

@ Different Injection point

PR S IS SO SR S NS T TS S s W S S S W
0 100 200 300 400 500 600

CORRECTIONS Time (ns)

Shaper-out '

To T a0 200 0 200 0 400 500 e0a

‘I'ime |ns]

The equalization of the electronic

readout. Requires to know the

shaping function of each cell at few percent level
— equalization with an electronic control signal
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The challenge of LAr

Mechanical non uniformities: modifies electric

o= 2.211 mm
o =10 um

field and detector response. Take care during
construction, try to reproduce effects and

Absorber thickness | apply corrections.

1% Pb variation - 0.6% drop in response

Measured dispersion ¢ =9 um (calo)
translates to < 2 %o effect on constant term

216 218 22 222 224 228
Absarbar thicknass {mm), sliding avg.

Response to 120 GeV e-showers

——— Smulation [oollection de charge)

31.54 :: m | prsbesmient da gap) i:::_
g-modulations Ere
in the EMEC Eu,,
> i

Calorimeter
| response is
wCAe | affected ~ 3 %
-sagging »

t i i i
0.4 4.2 -] [F] ﬂ.lq
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Mean Energy (GeV)

Energy Resolution (%)

ATLAS EM uniformity

Module P13

245.6 GeV

Module P15

245.7 GeV

%
250 — 8 250 —v=
H#i " ¥ L L] n L]
*L‘LW bl B e @ Il AFT TR e e T T e
s | oy iii‘}fi-?’::"?ﬁ’i:e-#%e;If*ﬁgfg"’..B*:!;*j:? PRI U U D
¥ ¥ % * . * = § ' £ w® ’Qgi
240 |- - = 2 - -
¢ ¢=3 v o=12 E = 245.6 GaV =2 ¢=12 0,44% E = 245.7 GeV
235 | " ¢=10 - ¢=13 Y - RMS/E = 0.44% 23 - 7 0910 x 0=13 [~ RMS/E = 0.44%
o=11 * =14 0’446 o=11 = ¢=14
zm |\||\||||||\II\||||||\II\l\llllllll‘ll\l\\l‘ll\ z:m ‘\II|‘II||‘|||\||||\|||\||||\||||||\\||||||\\||
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1 M
Scan modules with monochromatic electrons
2 0,7-0,9% I
w
18 — v - £ 18| 0,7'0,9% —
* ] -;
16 — - = L |
: 16
14 — — m 14 — |
&
12 — E 12 oy
* &3]
T e
08 | WMeivin] ’ sozzatt® 0.3 . sl The
T T L T iiﬁﬁﬁam_ﬁ%;mﬁﬂ.ﬁ_'ﬁﬁ%zh
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Module

P13

P15

Global constant term

0.62%

0.56%

M. Diemoz, INFN-Roma

P13/P15 ~ 0.05%

Awuojiun

uoI}N|0S9Y

) Ratio of absolute response
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ATLAS EM: the performance

Hubo'osé Sampl. Const. Term 7

.045 =

° o0dt [95/ \(GeV)]  [%] -

iz 10.1:0.1 0.17+0.04 —

0.035-> . pata E

o.03* ° Data noise subtracted -

- . ° Noise -

0.025:° E
0.02- TB2002 E LOCAL RESOLUTION

0.015% -

0.01- E

0.005:- o =

E = - O | o

0 100 200

E ... [GeV]

*The constant term in the resolution is dominated by:

= the equalization of the electronic readout.

= the non uniformity in the electric field and in the sampling fraction
introduced by the accordion structure.

)
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The calibration

From single channel electrical signal to E

e,y
(The case of CMS)
TBD
SN R
x G
Ee - :/G x F X Z
absolute energy scale Z amplitudes

inter-calibration constants

algorithmic corrections

(particle type, momentum, position & clustering algo)
Account for energy losses due to containment variations

7~ )
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The tough point: material in Trackers

— Tough for both + THE SOLENOID
14| All Tracker & experiments... |
~/ Beam Pipe TP C M S i
1.2 ?—"E IPiXel Sll l.'« il “lilH xo 12 e ‘ e ‘ e ‘ T T e - |5 — SL‘I‘\I\:CD
= Inner Silicon L ] TRT
# Outer SﬂiCOF I‘E-'--"'“u AT LAS DBefore accordion —| B AT LAS SCT
1| = Clommition _5[ 1 10 ALL ] Pixels
= Outside |l i IBefore presampler - Beam pipe

LI L N N B B B N B B |

[N BN AN R R

0.6
0.4
0.2
25 3 _
0 Pseudorapidity

Tracker material :

* electrons loose energy
via bremsstrahlung

* photons convert

4T (2T) solenoidal B field :
Electrons bend = radiated energy spread in ¢
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Calibration: effect of material

EFFECT IN CMS

intrinsic ECAL

The size of the tail is eta depending ! ,

CERN, 8-9 Feb 2011

M. Diemoz, INFN-Roma  INFN
L.

* 50% e — not negligible brem
« definition of algorithm and
selection efficiency for e with

“no brem”

* e track reconstruction (dedicated)

- e reconstruction quality f(n,0)

(SuperCluster from
dynamic clustering
algorithms)

(V3] |
§ 5000 - L = 1.000 H‘ resolution: 0.7%
'-“ [ Caayes / 1 = 1.06 %
4000 -_ Geff / L= 2.24 %
MC
3000
electrons
pr = 35 GeV
2000 | Barrel |
1000 [~
O,_;..I- |||||||||||l\4||||||
0.7 0.775 0.85 0.92% 1 1.075 1.15
Emeas / Etrue

-

Events

o*

'y

- basic clus

MC

super-clyst
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Calibration before LHC Start Up

A very intense 10 years long pre-calibration campaign. Several orders of

magnitude in energy: from 1 MeV of Co%® source to 120 GeV electron beam.

Laboratory

measurements
during crystal |

qualification
phase.

(2000-2006)

Channel
intercalibration
with cosmic
muons (only
Barrel SMs)

(2006-2007)

CERN, 8-9 Feb 2011

Test Beam:
Cern electron
beams.

From 15 GeV
to 250 GeV.

(2004-2007)

Beam Splash:

In September 2008
and November 2009,
beam was circulated

in LHC, stopped in

collimators 150m
away from CMS

red = ECAL, green=ES, blue=HCAL

M. Diemoz, INFN-Roma  INFN 84
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Calibration @ Start Up

Problem: delay in crystals delivery, can not expose all ECAL on Test Beam

* Test Beam at Cern (50 GeV) Inhomogeneity at the construction:
10 Supermodules on electron beam 11.2% due to xI different Light Yield
(intercalibration accuracy ~0.3%) pre-calibration precision of 0.3%-2.2%

« Cosmics Calibration (20 MeV)

36 SMs (~1 4-2 2%) P — Entries 61200
4-2. 2

- Light Yield Measurements (LAB Co®0 1 MeV)  .e000f L";Z” - ;
~ - 0 o C .
36 SMs (~4.5-6.0%) £ so0ol g
Q - g
Combination strategy: £ 4000 E
- ] L] : B ]
Select best calibration available < 30000 c -
Combine when comparable.,,, T ook S
precision from two sources®y; "ttt g 1
SOEE | oo0r BARREL
j];gg_ before intercalibration I,r .' _ E START UP E
Energy scale set at Test Beam e N | AR
with electrons of known energy « " / Calibration Constant

200F f.r‘fl, \

Lot i = G o ST L VR R |
'ROO 1200 1300 1400 1500 1600

S25 (ADC) P
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Calibration in Situ (use physics)

Intercalibration precision goal is 0.5%. Main contribution to the constant term
of energy resolution (all the others minimized!).

= Several methods to calibrate in-situ:

- @-symmetry calibration: invariance around the beam axis of energy flow in
minimum bias events. Intercalibrate crystals at the same pseudorapidity,
other methods are needed to intercalibrate regions at different
pseudorapidity. S

= t9and n calibration: mass constraint on photon energy,
use unconverted y’'s reconstructed in 3x3 matrices of crystals.

= High energy electron from W and Z decays (E/p with single electrons and
invariant mass with double electrons). High luminosity required. Helpful at
the startup only for energy scale. Testing also J/y.

)
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7t° calibration

Pros
High Statistics

xI by x| inter-calibration

Energy scale calibration

Invariant Mass of Photon Pairs [GeV]

noz, INI

Photon Pairs / 0.005 GeV

X
—t
(=]

1w

Reco of low energy y

High energy y overlap

Sizeable background

Calibrated photon energy

70 mass peak at right position
Minimum peak spread

CMS Preliminary MC \s=7 TeV
L B B AL AL B

250

200

150

100

50

M = 134.98 + 0.03 MeV -
oc=10.4 %
S/B . =0.69

=20

MC

r—-"“"f" ’J’/,--"’ff L]
__r_,.-“‘
/ —_— /__/
Lery>r” - e 1
EC'& ;__,_/ T P%
—] P ’/ _//
/_,-"'f -
<]
-] P ?“m%
_,-f’
|~
Di-photon invariant mass
m, = \/2E,E,(1 - cos 4)
<x10° CMS Preliminary Data \s=7 TeV
> 400g T T T T
> H H
‘L;"’) 350} M = 133.82 + 0.02 MeV |
§ 300; 0'=10.6°A: _E
E 250 r S/B:ZO = 0'81 7
a C 2
O 200} 1
: - -
(@] C ]
o 150 =]
E - i
1004 1
DATA
1 1 1 Illlllllllllll'JJllllllLJ
Bos 01 015 02 o025 03 035

dos

01
Invariim/Mass of Photon Pairs [GeVI

015 02 025 03 035
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Combine available methods

CMS preliminary /s = 7 TeV
LIS L L L L L O L O L L

By combining methods
the inter calibration
precision reach 0.5%

in the region with less
material in front.

Of course this precision
will improve with time
(collected statistics).
But remember,
monitoring the variation
of the crystal’'s response
is essential!

Beam Dump Precision
=
2
1%

CERN, 8-9 Feb 2011

0.02

0.5

CMS Preliminary -

ECAL Barrel
0.025 ———— —

& Data
|:| MC expectation

——
il
P e
s ol
——
.
L

Inter-calibration precision (%)

IIII|IIII|IIII|IIII
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'IIII|IIII|III'_uIIII

| crystal n index |

CMS Preliminary 2010 - Ecal Barrel
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And the Higgs?

If light, it will take a while...

Relative Higgs mass resolution

versus mis-calibration.

Higgs Boson Mass Resolution

1400:—|-H-|| ||-I1-|||-r-|||1 i R R R

Hoyy |

No| ;nls callbratltpn

1200 \

After final calibration

- i

S R

coqrections

800¢- -]
‘Barrel !
4% o mis—calipration r
200/ No cc;)rrtctlc:ms __

| I

900 705 110 115 120 125 130 135 140
Higgs Mass (GeV)

225 1
> E
O] - :
S ok "
d - —
515
5 | 5
O - —
N - i
o 1 :
%) i Ol
@ 5
o - il
=050 7
7)) - [
(@) o i
o :
I - | .

0 L1 | I- L | L1l I L1 1l —i_l L1l I L1 1l | L1 I- 1 | L1 I_-i_.i_l L1l | L1l I

0 05 1 15 2 25 3 35 4 45
mis—calibration (%)

CERN, 8-9 Feb 2011

On paper resolution on vy y invariant mass:
CMS 0.7 GeV
ATLAS 1.2 GeV

)
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Tiles perpendicular to beam axis
Wavelength shifting fibers carry light
to PMTs
Covers |n|<1.7

CERN, 8-9 Feb 2011

HCAL @ ATLAS

Hadronic Tiles Barrel
(Liqg Arg EM calorimeter cryostat)
(Forward calorimeters cryostats)

Hadronic Tiles Extended barrel

Wavelength Shifting Fiber

Scintillator _ Steel

Hadronic Calorimeter: :_’j_;..‘/-_-;‘,{':.'-_'_,_'__ T

Iron/Plastic scintillator

sampling calorimeter N
e

S0
M. Diemoz, |NFN-R0|”%,
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I.j . . & §# dota
L Linearity o 84 dota
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W +2%
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2%
0.2 -
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x5

T

ATLAS HCAL

CERN, 8-9 Feb 2011

Epam (GEY)
M. Diemoz, INFN-Roma | INEN
C
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HCAL @ CMS

HCAL Outer HO

HCAL
Forward HF

HCAL End-cap
HE

HCAL Barrel HB

=  Hadronic Barrel and End-cap calorimeters are sampling calorimeters with 50
mm thick brass absorber plates interleaved with 4 mm thick scintillator sheets.

= Hadronic Forward calorimeters are sampling calorimeters with steel absorbers
and quartz fibers for read-out oriented ~parallel to the beam axis.

)
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CMS HCAL

cmseyedza FriMay 12 17:55:31 2006

- 5% of a 300 GeV = energy is Ieaked ~
outside the HB (inside coil)

B HB inside the coil not enough thick for shower containment:
scintillator layers just after the coil (HO) improves = resolution
by ~10% at 300 GeV & linearity
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CMS HCAL
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HCAL: compare parameters

ATLAS

CMS

Technology

— —_—

|Barrel / Ext. Barrel

N 14 mm iron / 3 mm scint”

IEn d-caps

e ——
25 mm (front) - 50 mm (back) copper /
8.5 mm LAr

—
w brass / 4 mm scin

L

80 mm brass / 4 mm scint.

JForward

Copper (front) - Tungsten (back)
0.25 - 0.50 mm LAr

4.4 mm steel [ 0.6 mm gquartz

# Channels

|Barrel / Ext. Barrel 9852 2592
IEnd-caps 5632 2592
IForwara 3524 1728

Granularity (An X Ad)

IBarreI /I Ext. Barrel

0.1 x 0.1 to 0.2 x 0.1

0.087 x 0.087

|End-caps 0.1 x01 to 0.2 x 0.2 0.087 x 0.087 to 0.35 x 0.028
[Forward 0.2 x 0.2 0175 x 0.175
# Longitudinal Samplings
|Barrel / Ext. Barrel Three One
|End-¢::aps Four Two
[Forward Three Two
Absorption lengths

. 58 - 10.3
IE!ar‘reI /I Ext. Barrel 9.7 - 13.0 10 - 14 (with Coil / HO
IEnd-caps 9.7 - 12.5
[Forward 9.5 - 10.5 9.8

CERN, 8-9 Feb 2011
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HCAL

* The choices made for the hadronic central section by
ATLAS and CMS are similar: sampling calorimeters with
scintillator as active material.

* In both cases the dominant factor on resolution and
linearity is the e/h = 1
* ATLAS & CMS: e/h, 4= 1.4

* ATLAS higher segmentation and containment gives better
total resolution

)
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Missing Et

EMs = _Zi =4 METX,METY =Ef*, =-" (E})

very challenging
(calorimeter noise adds up)

E,miss CAN COME FROM CALORIMETRIC
MEASUREMENT FLUCTUATIONS, THE
WORSE YOUR RESOLUTION IS THE MORE
E,mss YOU WILL FIND. HOW TO TELL NEW
PHYSICS FROM INSTRUMENTA EFFECTS?!

Y T Take a cosmic y, if you
‘ 4 CAN BE DUE miss signal in muon ch

Z// TO PHYSICS (v).
7" EVEN NEW

PHYSICS! ot I
SICS L \ l
m~~/ ~ \
q - — XOQ, - _T_ - %/
llision!
LN e +—
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Missing E+:. expected performances

Expected precision of measurement of missing
ET as function of ET measured per event.

SHOULD BE 0 IN QCD EVENTS
0. e A RAARZRasas sesasnaces s

Curve: 0.48 VZE, - Curve: 0.97 \/EET P

L1 L

@
o
l

..'lII|Il..

CMS

o (GeV)
el

k]
L

. |“-|-] u e

]
(=]

-

[ =

a3
-

|

% il l | 12 | I il |. i Il 1 L1 | I B | l [N i | J. L1l J { I o .__ A0 1 1 |_ 1081 |. 115 ._I...I_.._.I._:__!_I . - - . o | :._....-A-—l— I .
200 400 600 800 1000 1200 1400 1600 1800 500 1000 1500 2000 2500 3000 3500 4000
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Physics objects

We are not going to measure single hadrons... b
';: CH
-
Contribution from X
. Physics: g™ *
« Parton shower & fragmentation S EMm W —

* Underlying events

« [nitial State Radiation & Final State
Radiation

* Pileup form minimum bias events
*  Detector:

* Resolution

*  Granularity

“parton jet” “particle jet”

*  Clustering:

* Out of “cone” energy losses p

i

Use physics events to understand jet energy reconstruction:
v/ Z(— 1) +jet, W — jet jet, ...

)
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Particle Flow (ALEPH, CMS,..., R&LC

Use the best system you have to measure all particles in the event

N

Identification and reconstruction of:
* charged hadrons (~ 65%E;)

 Run 124120, y
- neutral hadrons (~ 20% E,,,))

= 2.36 TeV data
="\ Event 6613074

P g 2 PFJEf l ° ~ o .
i ;\I ‘l' LT photons (~ 15% E)
pr 24
" Cluster single particles in Jets
PRets with meorrected) pt >20 I'I“ .
Particle inside the Jet: C M S:
= Charged hadrons o h |g h B

- Photons

- Nevtral hadrons
Particles outside the jet:
- Charged hadrons

- Photons

- Neutral hadrons

PHet 3

pr 218 GV

Jet algorithm: Anti-Kt 5 [[RE

* excellent TK
- granular ECAL

: 1

IStrong improvement

Multijet @ 2.36 TeV

CERN, 8-9 Feb 2011 M. Diemoz, INFN-Roma
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PF:

combine detectors

— ECAL
— = HCAL
------- TRACKER

1072

“--._.__b
— B
———— -
e i p—

1073 b

CERN, 8-9 Feb 2011

|1¥ 10°
E (GeV)

M. Diemoz, INFN-Roma

CALORIMETERS IMPROVE
THEIR PRECISION WITH
ENERGY ON THE CONTRARY
OF TRACKING DEVICES.

TO USE THIS FITURE YOU
MUST BE ABLE TO ASSOCIATE
A TRACK TO THE RIGHT
CLUSTER AND TO
SEPARATE CLUSTERS OF
DEPOSITED ENERGY IN A
DENSE ENVIRONMENT LIKE
A JET.

)
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Particle Flow.vs.CALO JETS

| CMS Preliminary |

Jet Response

Jet resolution: profits of Tracker
excellent momentum resolution,
The benefit is lost for very high
energy Jets.

0.21

Y N S W S —
'0.2 o
By . . L
-0.6[ == Particle-Flow Jets

= Calo-Jets
-0.8 [ Sy AN
- Dl <15
-1 1 | | I1 DOI | 1 IZBUI 1 | I3BDI | 1 I4UBI 1 1 Isuul 1 | IEOU

P; (GeVic)

sot responses (1< — i) /5"

About 65% of Jet Energy measured
with tracks. No invisible energy and
no energy dependent Fem.

CERN, 8-9 Feb 2011 M. Diemoz,

| [ cmS Preliminary |

0.45

Elry

0'4 ------------------------- g —H— Corrected Calo-Jets

0.35

et
:gg
0

\ —i— Particle-Flow Jets

o
w

0.25

0.15

Jet-Energy Resolution

o
-

0.05

(=]
)
TTTT IIII|IIII IIII|IIII|IIII TTTTTTTTT
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w

resolution

T

jetp
o
N

0.1

Particle Flow.vs.CALO JETS

V= _? Te‘v’ |__35 9 pli’

CMS pnellmlmar].|r 2010 \J'_S—T Te'u’ L 35 !] pb’

CMS preliminary 2010

t{:tﬂ s'_.rstﬂmhc LI'IDEI'IHI'I!'_.I' | caml.je-ll;s a tﬂtﬂl wstenmhc unuertuntg.r I FIFJ.IEtsl o

—  MC fruth (c-term added) (Anti-k_R=0.5) —— MC truth {c-term added) (Anti-k_ R=0.9)
R MC truth D<m=05 | [ MG fruth 0<m|c05 ]
i —a— data i —s— (data )
| + — — —
i \‘\. ] ]

: ‘“'»t - Fomy
e — 3 —
e . *_"_"_’-_-7-*?.‘.“?—}————
1 1 1 1 | | 1 1 1 1 1 1 1 | | | | | | | 1 | | 1 | | |
50 100 200 20 100 200

p, [GeV] p_[GeV]
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Missing E+ (MET) & Detector
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Missing E+ (MET): the performance
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Missing E+ (MET)
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Few references
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