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Measurement of showers

To make a statement about the energy of a particle:

1. relationship between measured signal and deposited energy
Detector response = Linearity
« The average calorimeter signal vs. the energy of the particle
« Homogenous and sampling calorimeters
« Compensation

2. precision with which the unknown energy can be measured
Detector resolution = Fluctuations
« Event to event variations of the signal

 Resolution
What limits the accuracy at different energies?
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Response and linearity

“response = average signal per unit of deposited energy”
e.g. # photoelectrons/GeV, picoCoulombs/MeV, etc

A linear calorimeter has a constant response
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In general
« Electromagnetic calorimeters are linear
=>» All energy deposited through ionization/excitation of absorber
* Hadronic calorimeters are not
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Sources of non-linearity
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Instrumental effects

« Saturation of gas detectors, scintillators, photo-detectors,
electronics

Response varies with something that varies with energy
Examples:

« Deposited energy “counts” differently, depending on depth
* And depth increases with energy

« Electromagnetic and hadronic energies “count” differently
« And EM fraction increases with energy

Leakage (increases with energy)
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Example of non-linearity

 Signal linearity for electromagnetic showers
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FIG. 3.1. The em calorimeter response as a function of energy, measured with the QFCAL

calorimeter, before () and after (b) precautions were taken against PMT saturation effects.
Data from [Akc 97]. o
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Homogenous calorimeters

One block of material serves as absorber and active medium at the sarﬁe tirﬁé 4
 Scintillating crystals with high density and high Z

Advantages:
» see all charged particles in the shower =» best statistical precision
« same response from everywhere =» good linearity
Disadvantages:
« cost and limited segmentation CMS ECAL
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» Barrel: 62k crystals 2.2 x 2.2 X 23 cm
+ End-caps: 15k crystals 3 X 3 x 22 cm
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Sampling calorimeters
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Use different media

« High density absorber

 Interleaved with active readout devices

* Most commonly used: sandwich structures =

 But also: embedded fibres, ....
Sampling fraction

* 1:sampl = visible/ E
Advantages:

» Cost, transverse and longitudinal segmentation
Disadvantages:

* Only part of shower seen, less precise
Examples:

« ATLAS ECAL

* Al HCALSs (I know of)

total deposited
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ATLAS LAr ECAL
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Cu electrodes at +HV
Spacers define LAr gap
2 x 2 mm

2 mm Pb absorber
clad in stainless steel.




Sampllng calorimeters

Sampling fractions fSampl are usually determlned W|th a mip (m|n|mum dE/dx) “
NB. mip do not exist !
e.g. DO EM section:

3mm 238U dE/dx = 61.5 MeV/layer
2x2.3mm LAr dE/dx = 9.8 MeV/layer

However, for EM showers, the sampling fraction is only 8.2% = e/mip ~ 0.6

f

sampl

=13.7%

« e/mip is a function of the shower depth, in U/LAr it decreases
e/mip increases when the sampling frequency becomes very high

This is because = Photoelectric effect: ¢ « Z°, (18/92)° ~ 3 104
= Soft ys (E<1MeV) are very inefficiently sampled

Important !!!
« Effect strongest at high Z and late in the shower development watch the MC
« Typical range for photoelectrons < 1mm cutoff scale

* Only photoelectrons produced near the boundary between active and passive
material produce a signal

—>if absorber layer are thin, they may contribute to the signal
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Sampling calorimeters: e/mip
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FIG. 3.7. The e/mip ratio for sampling calorimeters as a function of the Z value of the ab-
sorber material, for calorimeters with plastic scintillator or liquid argon as active material.
Experimental data are compared with results of EGS4 Monte Carlo sumulations [Wig 87].
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e/mip dependence of shower depth

The EM sampling fraction changes with depth!
e e/mip changes as the shower
£ o, . develops
S S 2 ] The effect can be understood
g 08l *\+ . from the changing composition
= L ~ _ of the showers
£ ‘\¢ i
Tg 2 s \¢\+ ) ‘Early phase: relatively fast
: oo - shower particles (pairs)
S g4} |a FePMMA _ -Tails dominated by Compton
2 n AUPMMA .
p R R SR and photoelectric electrons
20 05 10 15 20 25 3635

Shower depth (X)

FIG. 3.8, The e/mip ratio as a function of the shower depth, or age, for 1 GeV electrons in Relevant for IongltUdlna”y
various sampling calorimeter configurations. All calorimeters consist of 1 Xo thick absorber Segmented ECAL: must use
layers, interleaved with 2.5 mm thick PMMA layers. Results from EGS4 Monte Carlo different calibration constants
simulations [Wig 87].
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EM and hadronic response |

The response to the hadronic part (h) of a hadron-induced shower is us.uélly
smaller than that to the electromagnetic part (e)

* Due to the invisible energy
* Due to short range of spallation nucleons
* Due to saturation effects for slow, highly ionizing particles

=>» |f a calorimeter is linear for electrons, it is non-linear for hadrons

The condition e = h is known as COMPENSATION

=>»can be obtained in non-homogeneous calorimeters with proper choice of
materials/ material thickness

Homogeneous calorimeters are in general non-compensating (h/e < 1)
=>» response to hadron showers smaller than to the electromagnetic one

but, because of similarity between the energy deposit mechanism
response to muons and em showers are equal

= same calibration constant = e/mip=1
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e/h and e/11, (non-) linearity

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

1
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e/h is energy independent LN S
. . . = eh=>
e/t depends on E via f, (E) & non-linearity  _ | \\
E 20
. . = feh=2 0 NN
Approaches to achieve compensation: T Do
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f.,, = 1 (high energy limit) Srepmeh=10—————
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EM fraction

The origin of the non-compensation problems
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Charge conversion of n+'~ produces 20 GeV pion shower in a Scint.-Fe calorimeter
electromagnetic component of High energetic EM “clusters” visible

hadronic shower (1)
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Energy dependence of EM component
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f., = 1 (high energy limit)
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Fi1G. 2.22. Comparison between the experimental results on the em fraction of pion-induced
showers 1n the (copper-based) QFCAL and (lead-based) SPACAL detectors. Data from
[Ake 97] and [Aco 92b].
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Hadron non-linearity and e/h
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Non-linearity determined by e/h value of the calorimeter
Measurement of non-linearity is one of the methods to determine e/h

» Assuming linearity for EM showers, e(E,)=e(E,):
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FIG. 3.14. The response to pions as a function of energy for three calorimeters with different
¢/h values: the WA calorimeter (¢/h > 1, [Abr 81]), the HELIOS calorimeter (¢/h =~ 1,
[Ake 87]) and the WATR calorimeter (¢/h < 1.[Dev 86, Cat 87]). All data are normalized to
the results for 10 GeV.
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Hadronic response (I)

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

 lonization by charged pions f, (Relativistic shower component).
* spallation protons f; (non-relativistic shower component).

+ Kinetic energy carried by evaporation neutrons f,

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

The total hadron response can be expressed as:

h=f  -rel+f -p+f -n+f -inv  Normalizing to mip and ignoring (for now)
£ the invisible component

rel

+1 +f, +1, =1

inv

e e/mip

h £ -rel/mip+f, - p/mip+ f, - n/mip

The e/h value can be determined once we know the calorimeter response

to the three components of the non-em shower
Erika Garutti - The art of calorimetry 17



PERCENTAGE OF INCIDENT ENERGY
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Hadronic response (ll)

e/mip

f -p/mip+f, -n/mip

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

Need to understand response to typical shower particles (relative to mip)
1. Relativistic charged hadrons

Even if relativistic, these particles resemble mip in their ionization losses
= rel/mip = 1
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Hadronic response (ll)

e/mi

Cc
h £, -rel/mipG f, - p/mipJ f, - n/mip

I

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

Need to understand response to typical shower particles (relative to mip)
2. Spallation protons

More efficient sampling (p/mip>1)
Signal saturation
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Spallation protons

~ Aspects of compensation: Sampling of soft shower protons * "
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FIG. 3.15. The ratio of energy deposition by non-relativistic protons in the active and passive
materials of various calorimeter structures, as a function of the proton s kinetic energy. This

ratio 1s normalized to the one for mips. From [Wig 87].

» More efficient sampling (p/mip>1)
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~ Aspects of compensation: Saturation effects

Spallation protons
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Hadronic response (ll)

e/mip

hd
h

f -rel/mip+1£ - p/mip€t £, - n/mip

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

Need to understand response to typical shower particles (relative to mip)

3. Evaporation neutrons

(n, n’y) inelastic scattering: not very important
(n, n’) elastic scattering: most interesting
(n, v) capture (thermal): lots of energy, but process is slow (us)
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The role of neutrons
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« Elastic scattering f ;. = 2A/(A+1)?
« Hydrogen f

olastic = 0.9 / Lead f ;. = 0.005
» Pb/H, calorimeter structure (50/50)
* 1 MeV n deposits 98% in H,

. . . } n/mip =45
* mip deposits 2.2% in H,

* Recoil protons can be measured!

= Neutrons have an enormous potential to amplify hadronic shower
signals, and thus compensate for losses in invisible energy

« Tune the e/h value through the sampling fraction!
* e.g. 90% Pb/10% H, calorimeter structure
* 1 MeV n deposits 86.6% in H,

 mip deposits 0.25% in H, } n/mip = 350
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Compensation by tuning neutron response

Compensation with hydrogenous active detector
Elastic scattering of soft neurons on protons
High energy transfer
Outgoing soft protons have high specific energy loss

I [ | T T 1| 1 T
s

1.4 S

1.2 * :

10— — — — — e —_— =

0.8 o el N
’ Ar+1C4Hjo
Ar+CHy
0 6 -Ar+CO7 5
| IR | L I | I |
0 0.04 0.08 0.12

Mean ionization deposit per crossing (mip)

Pion /electron ratio

F1G. 3.32. The pion/electron signal ratio. averaged over the energy range 1 5 GeV. measured
for different gas mixtures with the uranium/gas calorimeter of the L3 Collaboration. The hor-
1zontal scale gives the (calculated) average energy deposit in a chamber gap by slow neutrons

[Gal 86]. 25




Compensation by tuning neutron response

1.2
Compensation adjusting the scintillator thickness 2 mm
sampling frequency a 2GeV
= 1.1 v 3GeV
Works best with Pb and U =
In principle also possible with Fe, & jo0—————IbMf —————
but only few n generated 2
o ™~ R
<« sampling fraction (%) 0.9 i
59 lp 5 2 1I D5 ()._2 Pb/SCIﬂt .
& [Hol 78b] i
2.0_ | | J I
8 e 0 5 10 15 20
Lead thickness (mm)
”’ % Fe/Scint | | | |
=y the ratio 4:1 gives compensation for Pb/Scint

in Fe/Scint need ratio > 10:1 =» deterioration
L I —— of longitudinal segmentation
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Energy released by slow neutrons
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FiG, 3.22, Time structure of various contributions from neutron-induced processes to the
hadronic signals of the ZEUS uranium/plastic-scintillator calorimeter [Bru 88].
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FiG. 3.23. The ratio of the average ZEUS calorimeter signals from 5 GeV/e electrons and
pions (a) and the energy resolutions for detecting these particles (h). as a function of the

charge integration time [Kru 92].

Large fraction of neutron
energy captured and
released after >100ns

Long integration time:

- collect more hadron E

=>» closer to compensation
- integrate additional noise
=>» worse resolution
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Compensation: e/h=1

Hardware compensation -> sampling calorimeter
* Reduce EM response - hydrogenous active medium (recoil p)
« High Z, soft photons - precisely tuned sampling fraction
- Increase hadronic response e.g. 10% for U/scint, 3% for Pb/scint

* |onization part
» Neutron part (correlated with binding energy loss)

Software compensation
 |dentify EM hot spots and down-weight
* Requires high 3D segmentation

Hardware + Software compensation
« Measure EM component of shower :
* Use measurement to re-weight hadron E L
=» Dual readout calorimeter
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Summary on calorimeter response |

To make a statement about the energy of a particle:

1. relationship between measured signal and deposited energy
(response = average signal per unit of deposited energy)

Electromagnetic calorimeters have a linear response

=>» All energy deposited through ionization/excitation of absorber
Hadronic calorimeters are non-linear
=» linear for electrons, non-linear for hadrons when e/h+1

Compensation & the role of neutrons in hardware compensation

Next: - software compensation = the role of high granularity
- energy weighting

2. energy resolution (precision with which the unknown energy can be

measured)
=» let’s talk about fluctuations
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Measurement of showers

or “from signal back to energy”

Detector response = Linearity
* The average calorimeter signal vs. the energy of the particle
« Homogenous and sampling calorimeters
« Compensation

Detector resolution =» Fluctuations
» Event to event variations of the signal

* Resolution
« What limits the accuracy at different energies?
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Fluctuations
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Calorimeter’s energy resolution is determined by fluctuations in the
processes through which the energy is degraded (unavoidable)

« ultimate limit to the energy resolution in em showers (worsened by
detection techniques)

« not a limit for hadronic showers ? (clever readout techniques can
allow to obtain resolutions better than the limits set by internal
fluctuations

=>» applying overall weighting factors (offline compensation) has no merit in
this context
Many sources of fluctuations may play a role, for example:
« Signal quantum fluctuations (e.g. photoelectron statistics)
« Sampling fluctuations

« Shower leakage
* Instrumental effects (e.g. electronic noise, light attenuation, non-uniformity)
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Fluctuations

Different effects have different energy dependence
« quantum, sampling fluctuations  o/E ~ E-"?

« shower leakage o/lE ~ E4
» electronic noise c/E ~ E-
e structural non-uniformities o/E = constant

Add in quadrature:

Energy (GeV) —
3
2 =<2 2 2 2

g 10 20 40 80 150 500 oo
T | T T — |

. —— Stochastic, o/E = 10%/VE
L I e Noise, G = 280 MeV
— — Constant term, 0.35%

e Total resolution

€ example: ATLAS EM calorimeter

Energy resolution (%)
N
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Energy resolution

Ideally, if all shower particles counted: E~N, o~VN~+E
In practice:
absolute o =a \/Eﬂb_EﬁM_

relative |c/E =a/VE® b ® c/E

a: stochastic term
* intrinsic statistical shower fluctuations
« sampling fluctuations
» signal quantum fluctuations (e.g. photo-electron statistics)
b: constant term
inhomogeneities (hardware or calibration)
imperfections in calorimeter construction (dimensional variations, etc.)
non-linearity of readout electronics
fluctuations in longitudinal energy containment (leakage can also be ~ E-1/4)
fluctuations in energy lost in dead material before or within the calorimeter
C: noise term
* readout electronic noise
» Radio-activity, pile-up fluctuations
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Calorimeter types
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There are two general classes of calorimeter:
Sampling calorimeters:

Layers of passive absorber (such as Pb, or Cu) alternate with active detector
layers such as Si, scintillator or liquid argon

Homogeneous calorimeters:

A single medium serves as both absorber and detector, eg: liquified Xe or Kr,
dense crystal scintillators (BGO, PbWO, ....... ), lead loaded glass.

Si photodiode
__— orPMT




Intrinsic Energy Resolution of EM calorimeters

R “m" e AR

Homogeneous calorimeters: VAR W
signal amplitude oc sum of all E deposited by charged particles with E>E,, .4

If W is the mean energy required to produce a ‘signal quantum’ (eg an electron-ion pair
in a noble liquid or a ‘visible’ photon in a crystal) = mean number of ‘quanta’ produced

is (N=E/W
The intrinsic energy resolution is given by the fluctuations on n.
oe/E = 1/vh= V(E/W)
i.e. in a semiconductor crystals (Ge, Ge(Li), Si(Li))
W = 2.9 eV (to produce e-hole pair)
> 1 MeV y = 350000 electrons =& 1/v'n = 0.17% stochastic term

In addition, fluctuations on n are reduced by correlation in the production of
consecutive e-hole pairs: the Fano factor F

oe/E = V(FL/T) = Y(FW/E)

For GelLi ydetector F ~0.1 = stochastic term ~ 1.7%/ E[GeV]
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Resolution of crystal EM calorimeters

Study the example of CMS: PbWO4 crystals r/o via APD:
Fano factor F ~ 2 for the crystal/APD combination

in crystals F ~ 1 + fluctuations in the avalanche multiplication process of APD
(‘excess noise factor’)

PbWO, is a relatively weak scintillator. In CMS, ~ 4500 photo-electrons/1 GeV
(with QE ~80% for APD)

Thus, expected stochastic term:
e = V(F/Npe) = V(2/4500) = 2.1%

Including effect of lateral leakage from limited clusters of crystals (to minimise
electronic noise and pile up) one has to add

Qieak = 1.5% (2(5x5)) and aj., =2% (2(3%3))

Thus for the 2{(3x3) case one expects a = a,, @ ajea = 2.9%
=» compared with the measured value: a,,.,s = 3.4%
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Example: CMS ECAL resolution

e e R R R R B R R R R R

R R e R R

:

A R R R A A aE e R R R R R R e R A R R R e R R R R

w
E - Fit resulls:
160001 | | Without correction m= 120.0 GeV
o] C
« 14000~ i i
_8 _ l_l With correction o= 0,60 GeV
5 12030:— 3x3 crystals aim= 0.50%
10000 .
8000 ¢
4000 / 3
E /f ,
| |
2000 ;r/ \: -
ﬂ—._-—i‘d_rhﬂu‘t‘_r—.‘-l. 1 ¢ » o L l-"' L]
114 116 118 120 122 124

Energy (GeV)
Correction for radial loss

The sampling term is 3 times
smaller than ATLAS:
other terms are similar

2 2 2
o 3.37% 0.107 N2
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E \ /E E
stoch. noise const.
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T 14 | =
— - §=3374010% |
wly, . f :
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E ) C=025:002%
L N=107.63MeV |
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06 \\ g
0.4} T
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Resolution of sampling calorimeters

Main contribution: sampling fluctuations, from variations in the number of
charged particles crossing the active layers.

increases linearly with incident energy and with the fineness of the sampling.
Thus:

Ng, oc E/t (t is the thickness of each absorber layer)

For statistically independent sampling the sampling contribution to the
stochastic term is:

Osamp | E oc 1/ Vg, o« (t/E)
Thus the resolution improves as t is decreased.

For EM order 100 samplings required to approach the resolution of typical
homogeneous devices = impractical.

Typically: Osamp | E ~ 10%/ VE
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EM calorimeters: energy resolution -

Absorber = active medium mmmp All e+e- over threshold produce a signal
Excellent energy resolution

Compare processes with different energy threshold

Scintillating crystals Cherenkov radiators

Lowest possible limit

Erika Garutti - The art of calorimetry 39



Sampling fluctuations in EM and hadronic showers

Fractional width & (%)

50

=

h

A protons
O pions
® clectrons

— measured resolution
--- sampling fluctuations

sampling fluctuations
only minor contribution
to hadronic resolution in
non-compensating
calorimeter

EM resolution dominated
by sampling fluctuations

5

10

Available energy (GeV)

F1G. 4.15. The energy resolution and the contribution from sampling fluctuations to this reso-
lution measured for electrons and hadrons, in a calorimeter consisting of 1.5 mm thick iron

plates separated by 2 mm gaps filled with liquid argon. From [Fab 77].
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Fluctuations in hadronic showers

R R e R R R R R R R R R SR R A e R R R A R A R A R e SR SR b SR R SR SR R e ZRe SR aRe— SR R oA R R e e R R b R R R o

Some types of fluctuations as in EM showers, plus:

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

2) Fluctuations in the EM shower fraction, f,,
« Dominating effect in most hadron calorimeters (e/h+1)
* Fluctuations are asymmetric in pion showers (one-way street)
» Differences between p, © induced showers
No leading =° in proton showers (barion # conservation)

Erika Garutti - The art of calorimetry 41



1) Fluctuations in visible energy

Fluctuatlons In Iosses due to nuclear blndlng energy

12 T T " T T T T T ; T +I T 1 T T ' T
B~ ‘ =
Q) by b)
;g
S o i
e i+
2 . t '
4 “I 4 t n
= - ! b
= '
A ¢ ¢ -
o '
. ey, y
1 L [ & | L4 Titteeter..,,,
0 100 200 300 400 0 10 20 30 40
Binding energy loss (MeV) Number of neutrons produced

F1G. 4.43. The nuclear binding energy lost in spallation reactions induced by 1 GeV protons on
2351 nuclei (a), and the number of neutrons produced 1n such reactions (b). From [Wig 87].

 Estimate of the fluctuations of nuclear binding energy loss in high-Z materials ~15%

* Note the strong correlation between the distribution of the binding energy loss and the
distribution of the number of neutrons produced in the spallation reactions

» There may be also a strong correlation between the kinetic energy carried by these
neutrons and the nuclear binding energy loss
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2) Fluctuations in the EM shower fraction

100 2500 : | '
sof @ ool P Positive tail for
£ unde_r-compensatlng
° ol (500 L calorimeters
g
%
£ 4o} 1000
o
&)
20F s00 |-
{0} ] L | | 0 | ; A
0 02 04 06 08 L0 0 100 200 300 400
- Signal (ADC counts)
fem

F1G. 4.44. The distribution of the fraction of the energy of 150 GeV 7~ showers contained
in the em shower core, as measured with the SPACAL detector (o) [Aco 92b] and the signal
distribution for 300 GeV 7~ showers in the CMS Quartz-Fiber calorimeter (b) [Akc 98].

Pion showers: Due to the irreversibility of the production of ;s and
because of the leading particle effect, there is an asymmetry in the
probability that an anomalously large fraction of the energy goes into the

EM shower component
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Differences in p / = induced showers |

3000 a) T L b) p

= 2000}

& 2000}

— -

]

.Q B

*§ 1000}

S 10001

I; QO R VPN
100 200 300 100 200 300

Signal (a.u.)

=

F1G. 4.49. Signal distributions for 300 GeV pions (a) and protons (b) detected with a

quartz-fiber calorimeter. The curve represents the result of a Gaussian fit to the proton distri-
bution [Akc 98].

<f.,> is smaller in proton-inducer showers than in pion induced ones:
barion number conservation prohibits the production of leading n,s and
thus reduces the EM component respect to pion-induced showers
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Measure f_

|deal:
measure f,, for each event and weight EM and hadronic part of shower
differently

=» dual readout: separate measurement of EM fraction using quartz in
addition to scintillators as active media

=>» very high granularity + software decomposition of shower with
appropriate clustering algorithm

Practically:
=» for many calorimeters neither solution is viable

=> try energy density weighting techniques
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Shape analysis: longitudinal

The parameterization of EM shower longitudinal development with

gamma distribution function was proposed in 19751

‘Q;OI r

I/EQ dE/.

0.08 |

0.06

0.02

0 & L L L

Entries

0 25 5 75 ]Ol 51 17

Gamma function:

[ :fmt:_l._fdt;
()= [ 7%

Later the similar parameterization was introduced for hadronic showers?

as the following 2- oomponent function:

{L% T (Xj ] {klrxz)

T

where w is the EM and 1-w the hadronic fraction of hadronic shower

TE.Longo and I. Sestili, NIM, 128 (1975), 283.
2R.K. Bock et al. NIM, 186 (1981), 533.
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f.,, from longitudinal shower profile

a;—1 a, -1
(] el e
dx A -T(ay) Ay b‘z'r(az) Ay

| HCAL+TCMT Longitudinal curves from shower start (30-GeV pions) |

b= i ; T2
g e CREICE e " 608473
s 1 S SN .- S | TrO :
2 - SCt'Fe HCAL E_shower 2689+ 0
S, - 142 il alphat 2.563 + 0.3532
= - lambdal  5.486:+0.8186
5 i alpha2 1.505+ 0.1988
=] lambda2 21.74 £ 1.053
= | fraction1  0.4308 + 0.08662
= 7 7

-1 B LT TP PR
210
i

102

20 40 60 80 100 120 140 160
Length from shower start [cm(Fe)]

""" “m s .
wWocf,
Beam energy Shower energy w Al Ao
GeV GeV cm cm
Protons
30 25.4 0.21 5.4 21.9
40 34.4 0.22 4.2 21.3
50 43.6 0.20 4.7 20.2
80 69.8 0.49 6.2 17.2
- ———/
30 27.0 0.46 5.7 22.1
40 36.1 0.47 5.9 17.9
50 45.5 0.55 59 17.8
80 1.7 0.62 6.2 15.6

- f,,, increases with increasing energy of shower particle

* larger f,,, for pion than for protons

Large fluctuations in fem event by event are not reflected in this mean numbers!!!




Lateral profile of EM showers

Generally 2 fit components:
Central core: multiple scattering

/ /

50 Gel electrons in PbWO y

Sl

Peripheral halo:
propagation of less attenuated
photons, widens with depth the shower

E L]
= 1} & 20X
% i:l.l\ O 1"5)('{;
= - O 12X,
210 Hay A 8X
o | m 5X
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f.., from lateral shower shape

Use same parameterization as for

EM shower to identify core

component (o f_,) and peripheral

component of hadronic shower

Ay =2cCm
A, =8 cCm

Fe:

Ry = 1.8 cm
Aint = 16 Ccm

Important:
Lateral and longitudinal

profiles are strongly coupled

I.e. wider profile at shower
max

Fit of transversal profile (30-GeV pions, run 331298)

F H H H a a |

g P Zindf 49.73 138
(=] : :

g CAI.;-ICE Prob 0.09632
3 . SciiFe HEAL c 1.542+ 0
1O ETTIT lambda 2.177 + 0.04717
E lambda2 8.172+ 0.1087
=]

-
L=
P

107

|J.J|JJLJ|J.]J.J|J

fraction1 0.9046 + 0.003508

---------------------------------------------------

i
=1

.4II|_J_|J_IIIIIIIIIIIII
107, 5 10 15 20

25

30 35 40

Radial distance from primary track [cm]
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INa

. lateral & longitud

Shower shape

GeVpions (run 331298)

Shower energy density [GeV/cm”3] in HCAL for 30

50
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Summary: Fluctuations in hadronic showers

Some types of fluctuations as in EM showers, plus:

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

2) Fluctuations in the EM shower fraction, f

r'em
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Energy resolution of hadron showers

Hadronic energy resolution of non-compensating calorimeters does not
scale with 1/+/E

> o/E =a/\/E® b does not describe the data

Effects of non-compensation on o/E is are better described by an energy
dependent term:

25

o/E =alvE @ b (E/Ey)-" + ATLAS
& P Fe-scintillator
In practice a good approximationis: & 5| "*“-‘:::?__H prototype
E .
I >
0/ E - da /\/E + b oo
5
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E resolution winners: crystal calorimeters

Among different types of calorimeters those with scintillating
crystals are the most precise in energy measurements

* Excellent energy resolution (over a wide range)
« High detection efficiency for low energy e and y

» Structural compactness:
 simple building blocks allowing easy mechanical assembly
* hermetic coverage
« fine transverse granularity

« Tower structure facilitates event reconstruction
« straightforward cluster algorithms for energy and position
* electron/photon identification

 Perfect for EM calorimeters, impossible to use for
high energy hadron calorimeters
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Compensating calorimeters

Sampling fluctuations also degrade the energy resolution.

As for EM calorimeters: Osamp /| E o« vt where t is the absorber
thickness

(empirically, the resolution does not improve fort < 2 cm (Cu))

ZEUS at HERA employed an intrinsically compensated 2*®U/scintillator
calorimeter

The ratio of #®U thickness (3.3 mm) to scintillator thickness (2.6 mm) was tuned
such that e/7z=1.00 + 0.03

For this calorimeter:
Oine | E = 26%/ VE and  Ogamp/E = 23%/ VE
Giving an excellent energy resolution for hadrons:
Ohagq | E ~ 35%/ VE

The downside is that the 23U thickness required for compensation (~ 1X,) led to
a rather modest EM energy resolution:

JEM/E -~ 18%/ X/E
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Examples: HCAL E resolution

L HCALonIy

0 -
18| 02 (52.940.9)% o o2 ovor | g )
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14__ ..... e data ................................................................................................................................. _:
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e e Improved resolution using full
calorimetric system (ECAL+HCAL)

HCAL only

o/E = (93.8 + 0.9)%/NE @ (4.4 + 0.1)%
ECAL+HCAL ATLAS LAr + Tile for pions: < (E)_42%
o/E = (82.6 + 0.6)%/NE © (4.5 + 0.1)% _ E E

20"
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What is really needed in terms of E res.?
_ S—ed _','““"_"' .

Hadron energy resolution can be improved with weighting algorithms
« whatis the limit?

HEP experiments measure jets, not single hadrons (?)
 How does the jet energy resolution relate to the hadron res.?

Jet energy resolution depends on whole detector and only partially
on HCAL performance = Particle Flow
 What is the true hadron energy resolution required?

What is the ultimate jet energy resolution achievable?
 Dual readout better than PFlow?
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Challenge: W Z separation

= 5ol AE. = 0.30 vE,,
&00 o ete o

Log -

LC de.sv_qn gaa/

200

2z ——N #1'*#; 1‘.
-+ t e +

-200 . 60 % \/E

&0 a0 100 120 1.0
I'I'IJJ [EE"”

At the Tera-scale, we need to do physics with W’s and Z's as Belle and
Babar do with D* and D

Calorimeter performance for jets has to improve by a factor 2 w.r.t. LEP
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From single hadrons to jets

R R R R R b R R B R Ee R SR A A e SR e SR R R A R R R R R R A e R R R A aE e R R R SR R R e R A R R R e R oA R R

- Calorimeter jet (cone)

HAD e . : .
+ jetis a collection of eneray deposits with a
given cone R: R=-/4¢” + 4y

EM Calorimeter jet « cone direction maximizes the total E; of the jet

+ various clustering algorithms

= correct for finite energy resolution
= subtract underlying event
Particle jet = add out of cone energy

LN )

o Particle jet

+ a spread of particles running roughly in the
same direction as the parton after hadronization

Tl

Jet = sum of many particles (e,y,n,p,n,K,...) produced in the fragmentation of a hadron.

technically: charged particles in tracker + ECAL + HCAL clusters + E_
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Example of Jet algorithm: cone

e Cone algorithms
«+ draw a cone of fixed size around a seed
« compute jet axis

«draw a new cone around the new jet axis and recalculate axis
and new E;

« iterate until stable

+ add additional midpoint seeds between pairs of close jets
+ split/merge after stable proto-jets found
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Jets at CDF

Photon + Jet P; Balancing in CDF Data

Central Plug .
: n - e @ Typical CDF Jet Resolution using
EM thickness| 19 X;, 1A | 21X, 1A s Calorimetry only
sample(Pb) 0.6 X, 0.8 X, o | A New CDF Jet Algorithm Using Tracking
; S r Calorimetry and Shower Max Defeciors
sample(scint.) 5mm 45mm 516 |
o7
wavelength sh. sheet fiber £ I c/P;=837%/VP;
.13, u% 14.5% . > 14
resolution 2% | == 3 1 -
HAD  thickness 4.5\ [P 512
sample(Fe)| 25-50 mm 50 mm o |
. 1
sample(scint.)| 10 mm 6 mm ol
wavelength sh. sl 0 /Py = 64 % /Py
resglutign CDF FI“ElII“I"IIr'IUI'}"
--------- 1 e Lo b o Lo g g Lo g g o by s

20 25 SD 35 40 45 50 55 60
Photon P; (GeV)

Jet energy performance in calorimeter worse than hadron performance
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Examples: jet energy resoltuion

CMS ATLAS
Ring 0 Ring 1 Ring 2 Numbers on rays are n values
4 — HCAL.HO Plug tile calorimeter| 0.6 0.8 1.0 1.2
[ron Iron support Ird:r
MAGNET CRYOSTAT and COIL | SONSUPDOIE GRSy
1.4
3 YA,

1.6

Gap scintillator | 18

Cryostat scintillator

HCAL-HB

Radius [m]

Distance [m]
5 cm brass / 3.7 cm scint. 14 mm iron / 3 mm scint.
Embedded fibres, HPD readout sci. fibres, read out by phototubes
Expected jet resolution: Jet resolution with weighting:
o 125% _ 5.6 GeV o 60%

— & B 5 3.3% + 3%

B JE JVE

Stochastic term for hadrons was ~93% and 42% respectively
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Effect of Jet algorlthm (ATLAS)

Cone Algorithm
» Highest E; tower for jet seed + cone
« lteration of cone direction, jet overlap, energy sharing, merging

Cone size influence on reconstructed jet energy and resolution

1 TeVv
200 GeV
50 GeV
20 GeV

0.2

L
(o)
oc/E=a/AE®Db
0.15 n=0.3
a (%GeV17?2) b (%) i
Full Calo 482+ 0.9 1.8+ 0.1 o1 ’

AR=0.7 52.3 1.1 1.7+1.1
AR=0.4 624 +14 1.7+0.2

A AR=0.4
& AR=0.7
® AR=1.5

0 I I I I | I I I I | I I I I
0 0.1 0.2 0.3

1/VE (GeV™?)

0.05
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Summary on calorimeter response

To make a statement about the energy of a particle:

1. relationship between measured signal and deposited energy
(response = average signal per unit of deposited energy)

2. energy resolution (precision with which the unknown energy can be
measured)
=» dominated by fluctuations especially for the hadronic case
=>» Jet E res. normally worse than E res. of single hadrons
=» can generally be improved by software weighting techniques

Next: - software compensation = the role of high granularity
- energy weighting
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Improving the calorimeter response
_____ mr

How to improve the calorimeter response = fight against fluctuations !!!

Two main issue go under the same name of “weighting”:

1. Correction for layers with different sampling fractions

maintain response linearity when adding energy from different
sub-detectors or calorimeter blocks.

=» relevant for EM and hadronic showers

2. Software compensation

improve energy resolution of hadronic shower by correcting the pure
hadronic component for e/h differences and for invisible energy losses

=>» relevant for hadronic showers / jets
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Sampling calorimeters: layer weight

Issue: preserve response linearity
in the calorimeter system

For sampling calorimeters, the signal
deposited in each active layer has to be
multiplied by an adequate factor to get
back the “true” energy

Factors are determined by test beam
and/or simulation

The weights for the early layers have to
take into account the losses due to dead
material in front of the calorimeter

According to the angle of the incident
particle, the amount of dead material
varies layer weights vary
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Electron ener calibration ATLAS

= Energy parameterisation:

E _on = Offset+ W, E, + W,,\/E,E, + AE__ + W.E,
Voo — e

electron beam

5 i “'E

8 b}

E 3

% 25}

presampler calorimeter : 2t

B 1sf

R

o Offsef: energy lost by ionisation in the dead material B osf
i

in front of the calorimeter.

o W correcting for energy lost in front of calorimeter

T F:or
by pre-showering electrons. § Q }PEE
o Wy, empirical correction for the energy lost E i{i E f
in the dead material between the presampler and E 2 E 1.sf
the first compartment. 2o ¢
B E E 'E
/.: out of cluster correction and sampling fraction > B E oH:
23
W .: correcting for the energy leakage at the back £ 2 E L I S S !-! &‘u
R el )]

of the calorimeter



Data ﬁMC compa risons

7 The energy calibration strategy of the LAr calorimeter relies on the oz ‘;”'u ' ]
u -

simulation of the experimental set-up and the exact description of aon 3

the detector response 0 08 E

7 A high level of agreement between data and MC is therefore 008 EI/'EE E

crucial for the performance of the detector.

00 =
7 Inthe CTB a big emphasis was given to a careful data-MC . _ i
comparison. ' ' 503 cluster EVER (E=100Ge1)
o E 155% E _ .::: E
o) 3 200 2 ‘ 50 3
150 = |5:|-_ _E 400
e E e 3 o
s 1 00
a E :":':_ E 100
: 3:"’5'.‘|U-51FE|.|'I'E=;:.|"?-!'-'I & ﬂ?'\:ll'lrl.:l.m F;lir.:':-uu'-.t' Y v 1I.ﬂ£r|..1=|1-|=|'-.?|=.qlrfm.\.-:f
N 1.02 AL L L L L L
IJJE C A 0mm=16X;, ]
i B C25mm=19X,
o Percentage mean energy difference = [ ABDMM=22X, |
= - = _
between data and MC simulation for w101 SULLECUE TS
all energies and all material configurations i i A é é ]
Considering all systematic errors, the level of 0,99 N
agreement between the MC and the data was ;
; 0 A e e i
estimated to be of order 0.4% 0.98; = T = o Ser

Eoeam (GeV)



Hadron shower components

A hadronic shower consists of:

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

ht frel4t | p+t, (n+f,, [0V
Invisible Energy *n LJX ,E IJ.EE | |
= 055 A1) energy fractions
 each fraction is energy dependent = F| ; e
) ) (1] 0.4F ‘:.-"IS!b!E.* non-e.m.
and subject to large fluctuations e invisible
. . . . . 031 * gscaped
« invisible energy is the main source of 0-3: ‘
the non-compensating nature of 0.2 ' T
hadron calorimeters 0.1F ]| E‘
« hadronic calibration has to account N0 R 2 A T O A .r Ll

for the invisible and escaped energy b"20" 40" 6080 100 {204 11;(83&3}““
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Energy density weighting

IDEA:
*separate EM part of the shower from the non-EM part

«apply a weight to the non-EM part to compensate different response (e/h)
and invisible energy

How to separate EM fraction from non-EM fraction?

* Xy O(1-2cm) << A O(20cm)

 high energy density (energy in a cell) denotes high EM activity
* low energy density corresponds to hadronic activity

« apply weights as function of energy density
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Wenee

events/ 1 GeV

H1

*
! |
“ #]
! *

[
1

0.0005 0.001 0.0015 0.002
E‘I}Erl;EC{V EMEC (GEV:’C"'IS)

|-— EM scale

I —weighted
200

100

3

40
E (GeV)

weighting method

E'=weE

different definitions
= - +
W = [c,exp(=¢, <C—3] of the volume

possible

w =21 for large E/V (EM case):

* C,~1

. V\feighting does not change electromagnetic clusters

small energy density dominated by hadronic

activity: w > 1:

*Cyp>0

* exact values depend on total cluster energy, choice of
weighted unit (cell or cluster), . ..

€ 30 GeV pions from ATLAS test beam as a
simple cluster weight example
» improved E scale and resolution after weighting
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H1 weighting method @ clusters level

E sub-calo =W Esub-calo
W= [C1eXp(—C2 Esub-calo/vsub-calo)+ CS]

* reconstruct “3D”-cluster

Cluster:

COO « a group of calorimeter cells topologically connected
OCEOOOo. » often grouped around a seed cell with some large energy
LEmEmEEL « either fixed in size or dynamic
OCEOOO0 y

C OO0 » should be the base for hadronic calibration

» split the cluster in sub-calorimeter parts (ECAL 1, ECAL 2, HCAL)
because weights depend on intrinsic calorimeter properties
 apply cluster-energy dependent weights found in test beam as function of
Esub—calo/ Vsub-calo
» tested on single particle test beam data and MC only
no straightforward extension to jets :-(
serves as a simple test case for H1 weighting

does not need any MC as input :-)
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Energy weighting @ cluster level (CMS)

----------------------------------------------------- o

u_j G.‘?S IIIIIIII I LI I IIIIIIII I LI I LI I LI
&
— ® 7 interacting in HCAL only
U" ]
5 03 —
c
L
o 7 interacting in ECAL or HCAL
© o025 | H ]
o
x - m no weighting
- %o : I g
02 | o passive weighting -
C e o O dynamic weighting
015 F NN ]
LA |
G.Jr — - "\lj._ —
. -
=]
i )
0.05 — —
G|||||||||||||||||||||||||||||||||||||||
a 50 100 150 200 250 300 350 400

pion beam momentum (GeV)

passive weighting (sampling):
increase the weight of the 1st

HCAL readout segment by an
energy independent constant

o(E)/E=122%/E12 5%

dynamic weighting (energy w.):
event-by-event correction
dependent on the fraction of the
energy deposited in the 15t
readout segment of HCAL.
Allows an energy-dependent
correction for single pions

which interact in ECAL.

Note that while the passive weighting can be applied to single particles and
jets, the dynamic weighting may introduce high-energy tails in the case of jets
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H1 weighting method @ cell level

E’cell =wE
w = [cexp(-c, E

cell

IV i)+ C3]

cell

reconstruct “3D"-cluster
split the cluster around cells with high energy density
=» to separate electromagnetic from purely hadronic deposits

apply cluster-energy and region (granularity, sub-calorimeter)
dependent weights found in test beam as function of E_,/V

tested (so far) on single particle test beam data and MC only
should be possible to extend the method to jets :-)
drives the need for cluster classification of the split clusters
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Energy weighting @ cell level (ILC)

e e R R R R R SR R A SR b R R R oA A SR SR R R wR e SR SR oRe R R oA R R e R R aE b R R R o

]
]
]
1}
%
|
1
%
]
l,

Energy density per detector cell
in the AHCAL for 20 GeV pions

entries / (0.04 MIP/cell)

The density is calculated relative
to the cell volume

The subdivision of the energy
density into different bins is
LR e e jllustrated by the colour shading.

HCAL Energy Density [MIP/cell]

After accounting for different samplings and dead material reconstruct the total
energy with energy dependent weightings for each i-cell: E, . = Z E.o

Suitable weights to minimize the energy resolution are found by minimization

of the 2 function: :
;{2 - E (E Eim; — Ebeum)

EVent s
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Energy weighting @ cell level (ILC)

The weights are normally energy dependent

=>»Requires test beam data to determine

™ 'II i i... .1‘;..:? i

Etotal = Z Eia)i (E)

or validated MC (possible for EM, but difficult for hadronic)

Works best when the energy on a shower is shared over many cells

=> role of high granularity !

L_'I:! 025 _I?:, I.IIII I T TTT I TTTT I TrTTT I TTTT I TTTT I TTTT TTTT T TT I_
< Ll ]
. . R . . I
Once WelghtS are applled 9 CheCk '3.2_ I::'EII" Ejas:f;rlgra::;u::nn HCAL contained showears ]
linearity of calorimeter response !!! - » sneigy dependent parsmetization ]
015 & Individual optimization with E:u constraint ]
Improvements in resolution can : L, 5
also come from non linear behavior - i' — .
= 'I-'-'-' - __=;___*_ _'————_______
B _ L e S
Energy resolution improvement with  **[ Y2 0= 00020 ! ]
weights from 62%/+/E to 48%/+/E for P —leaeeomeme
high granularity CALICE HCAL %10 20 3 40 S0 & 70 80 %0
beam Energy [GeV]
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Energy weighting for Jets

Sampling Method

E.. =oFps + ey + /B + 5\/EEM3 X Epap .
« Weights applied to different calorimeter compartments

« Enlarged cone size yields increased electronic noise * |

0.05

H1 Method

"AR=0.4 o Sampling
i o H1
"AR=0.7 e Sampling
i m H1

71111‘1111

‘llll

Ejot = Eps "'Zj:aEM (Eem.j) X Eewm, | "'Zj:aHAD (€1a0,5) X Enn,j T A Ec =03 deewt
« Weights applied directly to cell energies
« Better resolution and residual nonlinearities
Sampling Method H1 Method
ATLAS Parameter
AR=0.4 AR=0.7 AR=0.4 AR=0.7
a (%GeVY?) [ 66.0+1.5|61.2+1.3|53.9+1.3|51.5+1.1
b (%) 12203 | 14+£02 | 1.3+02 | 25%0.2
y?prob. (%) 1.6 0.8 27.3 66.7
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Cell energy w. & topological Clusterlng

Have a Iook at the h|t energy spectrum per calorlmeter ceII

MIP-like energy deposition

105} Large cell energy
| 7" 10 GeV (> 4-5 MIP) typical of
104 Il 5x5cm x 1 layery EM dense cores
: M 1x1 em x 1 layer Remember: e/mip+1
8 10 /
5 402 / Medium energy (2 — 4 MIP)
|1 Typical of hadronic activity
10 b « — . ~ 2-4 hadron tracks in a small
3 TRACK .
: 2 — HAD calorimeter cell (~5x5 cm?)
P I Remember: e/n+1
0 5000 10000 15000

Hit Spectrum (keV)
=>» use energy density as a seed for topological clustering

=> apply E-dependent weights at cluster level according to cluster topology
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Event with 2 hadrons (distance ~6 cm)

reconstruction algorithm:
Deep Analysis (V. Morgunov)

HAD-like hit: E>1.8MIP & E<4MIP
Track-like hit: E>0.5MIP & E<1.8MP

DATA SRR

ECAL
HCAL



Event with 2 hadrons after reconstruction.

Two showers separated in depth are visible

reconstruction algorithm:
Deep Analysis (V. Morgunov)
applied to HCAL only
clusters grouped according to topology and hit amplitude
Separate:

and HAD shower components
+ neutrons (= isolated hits)

DATA

ECAL

HCAL



Topological clustering

« Extremely powerful:

identify event-by-event the EM core of single showers (EM fraction)
hadronic and MIP-like components

* Relies on high granularity:
to provide 3D shower density information

allow separation of adjacent showers (in jets)

Separate shower components in:
EM-like, hadron-like, MIP-like, neutron-like =»
directly from data without MC info
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Conclusions on weighting schemes

« Weighting for different sampling structure mandatory to obtain linear
response

« Energy density weighting technique applied to hadronic showers or
jets improve energy resolution

« High granularity allows more accurate procedure:

topological clustering
more accurate weighting
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Alternating layers of 5 cm

brass absorber (70% Cu + 30% Zn)
and 4 mm plastic scintillator.
Readout by optical fibers and
hybrid photodetectors.

D Pitzl. DESY

DESY summer students lecture 6.8 2008
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ATLAS LAr + Tile for pions: 9 E)_42% ., o

—

D Pitzl, DESY ' DESY summer students lecture §.8 2008
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