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Calorimetry at Colliders
| will give 2 lectures:
Part 1 (yesterday): Calorimeter basic principals and general features

Part 2 (today) : Precision measurement with calorimeters — turning
them into scientific instruments

=> Focus today will be on photons and jets in collider detectors at the
LHC (ATLAS and CMS)
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Outline

The path is
Careful design and quality control during construction
Calibration and monitoring during data-taking (including in situ measurements)

=> Photon reconstruction and measurement

=> Jet reconstruction and measurement
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Design Choices: ATLAS Calorimeter System

LAr hadronic
end-cap (HEC) —

LAr EM end-cap (EMEC) =2
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Design Choices: CMS

Pixel
Tracker
ECAL
HCAL
Muons

Total weight 12500 t, Overall diameter 15 m, Overall length 21.6 m, Magnetic field 4 Tesla
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Absorber properties

Xo (cm) Aing(Cm)

Pb 0.56
PbWO, 0.89
Fe 1.76
Cu 143

Tem Thad

ATLAS, Tilecal (Fe) 1.0 0.11

CMS HCAL (Cu) 35 0.33
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ATLAS Barrel Calorimeter Segmentation

0.003 0.025 0.05 ' ¢rygstat and Coil (0.41)

24 X, +4 X, Pseudo-projective Geometry

0.85 to 1.0M

1 Segmentation as function of Depth at n~0.4
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CMS Calorimeter Depth Segmentation
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N
Material in front of the calorimeter (examples)

Material in front of the
calorimeter

ATLAS Barrel/Endcap Interface
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Design Features/ Expected Performance

= ATLAS

Cryostat+ Coil (0.4 1) is between the barrel electromagetic and
hadronic calorimeters

Absorber plates run normal to the beamline

2 tesla magnetic field
O/E ~ 50%/VE + 3.0 % (for |n| <3)
= CMS

5¢cm Cu sampling; 17 sampling layers
Tail Catcher
e/h > 2 in crystal EM calorimeter

4 tesla magnetic field

Gg/E ~ 100%/VE + 4.5 %
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Key feature of ATLAS EM Calorimeter: Fine
Granularity and Pointing

Measure energy-weighted \
centroid as a function of depth Single vy |
and use to reconstruct the |
trajectory of the photon | 1 |

Pointing resolution is sufficient | | |
to match to the primary vertex '
to within a few mm.
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A

Construction and Calibration
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Layer Response/Sampling Uniformity: ATLAS
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Construction: e.g. ATLAS Barrel Hadronic
Calorimeter

Goal here is maximum affordable uniform
light yield throughout the detector

Depth segmentation is essential to
realize this -> to limit the effect of light
attenuation in the readout fibers

Cell Uniformity from Cesium Source

s Final production QA Measurements
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Layer Response: Signal Measurement
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Global Calibration and Uniformity using Cs'3”/

<—— Wire source

CMS source path

-
SOURCE PATH

ATLAS Source Path
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Crystal Calorimeters need similar QA

To measure light yield uniformity a Co-60
source is scanned along the length of the

. . 45 Crystals crystal and data is acquired by the HPMT at
" Mean = 0.35 /X, every 1cm interval. The light yield data are
5 5 Sigma = 0.11 %/X, fitted with a straight line from which the
uniformity is derived.

{ FNUF Limits |
16 [ <—)J—

Number of Crystals

12

10

o In the barrel detector, it was found that the
| ’ uniformity was not adequate to meet the
: : requirements. Roughening one of the polished
1 crystal faces decreased the non-uniformity to
. within acceptable limits. It was hoped that

W endcap crystals would display satisfactory
T e e @x;  uniformity and so the additional cost and

complication of roughening could be avoided.

Simulations have shown that the change in
light yield per cm can be no more than 0.4% if
the target energy resolution is to be met.
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Monitoring and calibration during operations
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Optical chain calibration - for scintillator

Readout
electronics

Cs source Laser Charge
injection

particles
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CMS EM Crystal Calorimeter Calibration in situ

Laser used to calibrate out time
dependent effects
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relative response
= 440 nm

to laser light, &

Change in response due to radiation dose - e.g.
CMS crystals
Validate correction using in situ

Monitor using laser calibration system response using E/p in W >ev

Luminosity ~ 1033 2X1033 3><'IO33 ¢.':m251

LA T T .71 T T E ‘1.@2 d T T 'I T T T I T T T l T L L] ..e[ .| T T 3
CMS ECAL 2011 = MS 2011 1 :  —=— with LM comegtion 5
1+ ﬁ SR o 2 = ]‘5 Tr'Te"l.-"" L 4Elﬂfb —e— without LM Dd]rr&:ﬂhu:lr .
[ 4 \‘ 5 ‘S‘_ 1.01 : : : e “ bbb+ £ ?L“mmﬂfﬂﬁ o
[ Wi g i : .
0.9 f \, : ® t ,,,,,,, *
| ' g ! '?r‘h" "'ﬂll
08 | @ 0.99f-
[ 15<|n <1.8 C
0.7 F18<n <21 0.881—
F21<|n <24 -
06 24 | 2 27 1 T
< 274 | - ECAL Barfel I |
techmcalstop saeb: ) . ; I D
EEJEH 2'5.‘05 E“E.FDE 2507  24/08  23/09 2310
& T \%“’ @‘b & @“’ \@’ \\Q' \\’\’\ SRS date (day/month)
Q Q) Q Q) (\] Q) Q Q Q Q) Q

date

Calorimeters absorb almost all of the outgoing energy from collisions. Radiation
damage is an important concern for scintillator and crystal calorimeters as both are
subject to a reduction in signal yield due to the formation of color centers in the
scintillator or glass. Degradation is reversible at some level.
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Liquid Argon - robust but not without work too!

2

T
MEIH
Moy

Calibration signal
Physics signal

\cell =~ UA—>MeV ’

\

\

[ Purity Barrel Side A |

Calibration .
board Optimal filtering coefficients ADC Pedestals

p—
'g_ [ |—— Purity Barrel A1
Q. 350 (| Purity Barrel A2
; [ | — Purity Barrel A3
- I | —— Purity Barrel A4
] — -
- | Purity Barrel AS
a 300 - —
250 [—
M
N A
200 oo™ S
150 —
Fe -
e v s, P

. S S i
o ey Ry, M it A"
S A M ~ Q.-..__..-
) "
oy

£1

Require purity better ~ 1000 ppb

02/07/2007  01/01/2008

01/07/2008  31/12/2008  02/07/2009
Date DD/MM/YYYY

Calorimetry at Colliders, Part 2, HCLPS52U1Z J. Proudroot

HV ift)
— gap | 1
i .
em shower | _
-
"
" e
- =
?..-—-r-‘{_.-‘-—r—“'—"
incident | ¥
particle ions © |
e+
o [
E liquid argon g
T —
E Q

Control drift gap
and HV

Sampling fraction: From test beam
ADC to DAC: Amplitude vs voltage Calib. runs
ADC Pedestals: Pedestal calibration runs

Optimal filter coefficients are a fancy way
to sum samples to minimize impact of
electronic noise and pileup.
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Pile-up

EMCAL
£1200_l TrTr T T rr T Trrr '[ TrorT I T rrrr l T 11 I
£ - MIDDLE LAYER EM BARREL "
81000 2 2008 ATLAS cosmic muons E
é 800k ‘g ATLAS Preliminary s
6001 \ * Prediction -
- \ « Data al
400:_ ‘.‘ . (Data-Prediction)/Max(Data) _:
200 ; A Ho.04
e pl % 70.02
0:-\} > 10
:_’ J-0.02
=200 T —-0.04
(USRI VN W VU T U NNV WU U W Y U W S A SN U AU N WANUNEN |
0 100 200 300 400 500 600 700 800
time (ns)
2009 BEAM SPLASH FCal LAYER 3
w '_T TI7 7 I L I I L L I TT17T T'I Trrr ]T T ] Trrr I Trr I_
5§ 1000? ATLAS Preliminary
8 sooF- =
Q E g
E 600; — Expectation from testbeam
4001 ® Data =
200~ v
QE..I.. .....oooo.o..of
2000 h 3
u o 3
-4001 —
= L .
_600"11.1.111,.11‘..1.11‘I.A.KI‘A..IK...l.x‘.'
0 100 200 300 400 500 600 700 800
Time [nsl]

Calorimetry at Colliders, Part 2, HCPSS2012 J. Proudfoot

b

TileCal
: . 'lllllllll!llllll[lllll
Run 1603587
—— LBADS, PMT 10

—— Ref. Puise-shape

—

o
e

e
'y

Nomalized amplitude [a.u.]

(=] o

) [*2]
IllIlllIlll'IllIlllIl

ll]lll]llllllllllllll—

=]

-

Al l L ll - l L1 1L l -1 l L1 L ll - l L1 l
60 -40 -20 0 20 40 60 80 100
Time [ns]

Depends on:
Signal shaping
Digital filter used to reconstruct E,t
Occupancy (cell size, inst. luminosity)
Bunch structure

In-time => calibrate out
Out-of-time => contributes to noise
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e/y identification and measurement

This is almost entirely the job of the electromagnetic calorimeter:

use the transverse and longitudinal shower development to identify
(remembering that pre-shower can play a role here)

Use the well calibrated signal to measure the energy

Use the reconstructed position in the calorimeter along with the interaction vertex
to measure the momentum vector

Add in the track to identify an electron, veto on a track (of sufficient momentum) to
identify a photon

Calorimetry at Colliders, Part 2, HCPSS2012 J. Proudfoot
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Photon identification and reconstruction in ATLAS

Goal is to separate prompt photons from photon-like objects from jet
fragmentation to ~single nt®

Use the fine lateral and longitudinal segmentation of the calorimeter to
accomplish this

Barrel Layer 1 dn size 0.003 (~5mm) ~5 XO thick

3 \ N 0 | |
Single ¥ Single y |

Also apply energy and track momentum isolation — not part of discussion in this talk

Calorimetry at Colliders, Part 2, HCPSS2012 J. Proudfoot
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Compute segment weights using EGS Monte Carlo simulation of
electromagnetic showers.

T in Sampling 3
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A(E) fsamp 3

Depth dependent weights are correct for only one type of incident particle (g’s need
different weights from e®)

Also determine corrections for energy no included in the reconstructed cluster
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Compare shower development in data with that in
MC

st nd i i .
Asymmetry of 15t and 2"® maximum in Layer 1 E(3x7) / E(7x7) cells in the second
(E(max1)-E(max2))/(E(max1)+E(max2)) Layer
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Do this for ALL shower development variables used in e/y identification. Tune
geometry if needed. Any mismatch between MC and data -> systematics
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Events / 0.075 GeV

Validate reconstruction and calibration using well

understood particles

Iy
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NB. Here again it essential that Monte Carlo be in good agreement with the

experimental data.
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Events / 5 MeV

Neutral pions
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CMS Photon Reconstruction and Measurement

No depth segmentation, but awesome resolution

Og 2.8% @ 0.128 @039 MC plays similar role in determination
- - 70 f corrections for upstream material
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Events / 2 GeV

Events - Bkg

Net result: A Higgs-Like Boson decaying to two
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But there is more...

Calorimetry at Colliders, Part 2, HCPSS2012 J. Proudfoot
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Hadronic Calorimetry - the measurements of jets

Calorimeters are ESSENTIAL to Measure Jets AND Jets are ESSENTIAL for
Much of the LHC Physics Program

=  Top Mass Count Jets
= Compositeness/SUSY

= WBF Higgs Production
= |nclusive Jet x-section

Measure Jet Energies

Measure jet angular distributions

= Di-Jet Mass Spectrum Use Jet Vetos

= 7+1,2,3.. Jets Tag jets in the forward region

" W+123. Jets Estimate Standard Model Backgrounds
= yy+Jet

Connect observed energy in the detector to

= Luminosity the parton energy.

When one includes the measurement of energy isolation around photons and
muons, then hadron calorimeters play a role in ALL LHC physics

Calorimetry at Colliders, Part 2, HCPSS2012 J. Proudfoot
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From lecture 1, we know this is not easy
KL

.

Electromagnetic Energy .

So we are going to use a Monte Carlo simulation to model the
detector response and determine weighting as a function of location
of the shower and its energy density in the calorimeter to correct

the measured signal for e/h #1

Calorimetry at Colliders, Part 2, HCPSS2012 J. Proudfoot
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But. We Aren’t Dealing with Single Particles !!

Monte Carlos in pictures
o(d?) 5

Pyg(2)©(4° — 43)

1
Splitting probability: P,(%) = [j dz

27

make hadrons

P

Sudakov %‘
ﬁg(Q2, q7) = exp|— j“;_ ?F’gLQ'JJ

L. Dixon, 7/20/06 Higher Order QCD: Lect. 1 2
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Detection/Event
Measurement/Reconstruction
and Physics Analysis

A\ 4

ZI:(Eparticle) -> G(Ejet)

o = =

Jol aagauiiopm),, m Jol apmand,, * ol uopnd, Y

your favorite event generator
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Interface Hadronic Shower Model to

s

The Physics

Physics/Simulation/Detector
Modeling
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Fraction of jet energy carried by different particles

From Monte Carlo

.6
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An essential detail at the LHC

High Energy Models

. Geant4 has three models for high energies
15 GeV <E < ~10 TeV):

- high energy parameterized (HEP) : derived from GHEISHA,
depends mostly on fits to data with some theoretical guidance

- quark-gluon string (QGS) : theoretical model with diffractive
string excitation and decay to hadrons

[WRIGHT]

Calorimetry at Colliders, Part 2, HCPSS2012 J. Proudfoot
37



Modeling calorimeter response

GEANT4 Model Inventory

High Precision neutron
down to thermal energy
Elastic
Inelastic
Capture
Fission

Evaporation

Fermi break- FTF String (up to 20 TeV
compound

Multifragme nt QC String (up to 100 TeV)

Photon Ev.|p
Bertini cascade Neutrons

Fission
LE pp, pn

“Thermal 1 MeV  10MeV  100MeV  1GeV  10.GeV 100 GeV 1 TeV.(/n)

P | Pre-
_Fermi breakup |
ot compound lons
Photon Evap Binary cascade Light Ions

Rad. Decay
Wilson Abrasion&Ablation

Electromagnetic Disosiation
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But must validate GEANT4 model

EI'EG / Ebeam

CMS
1.1

0.95},

0.9
0.85
0.8
0.75

1 :

HCAL alone
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.................................................................. - T'E TB Data
—— 1 G4 LHEP
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——m G4 QGSP

100 300
Beam Momentum [GeV]
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<

[DAMGOV]
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HCAL alone response to pions

LHEP
models
better

the high
energy
calorimeter
response.
QGSP has
less leakage
on the back
due to shorter
shower.
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17N drididEp)

MG/ DATA

Validate/tune MC using Single Hadron Response

Extrapolate charged tracks to the

calorimeter and sum energy in cells within
0.2 in AR of the track impact point

&

1 T T T T T T T T T T — T T T T
22=p=28GeV
10 P it P ATLAS Preliminary
_'—-.-
Le-
10? &l it
-—++
-
10 e
—— ++++
104 E/'p distribution ++____._ -
-l ——— Data 2010
1% B PYTHIA ATLAS MCA10
1 ] ] ] | | I I:
255 =
e + —=
v +++H~rf_+__+___f£
1= P i S En At o o 3=t R —3
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Ep
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=E/p=

0.8

0.6

0.4

0.2

1.1
1
0.9

MC/DATA

C Inl<0.6 i

— —e— Data 2010({s =7 TeV)

B [ Pythia ATLAS MC10 ]

= systematic uncertainty = .

_ ATLAS

_I +——+—+— +— '_%_: +

- =t

05 1 2 3 4567 10 20 30
p [GeV]

Data are well described by MC within 2% for
2<p<10GeV
Perform similar in situ measurements for K’s
and A’s identified in resonance decays

Use MC to calculate inversion factors to go
from measured jet energy to true jet energy
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Final Systematic uncertainty on Jet Energy Scale

Propagate energy response of all particles in a jet to estimate overall systematic
uncertainty

1.03 ATLAS —e= expected shift + global energy scale E E/p response
—»— E/p response O clustering effect .
1.02 - v Elp acceptance * neutral hadrons - Testbeam response

Clustering thresholds

1.01 Noise
; Z—>e*e global energy
L- scale
§ Response to neutral
0.99:
hadrons

relative calorimeter jet response

20 30 100 2CIJU 1000 200
P [GeV]
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Calorimeter Energy Weighting Schemes

Determine Weights which account for jet fragmentation as
well as shower development characteristics of single
particles to optimize energy resolution

—> Depends on the absorber and calorimeter geometry

Calorimetry at Colliders, Part 2, HCPSS2012 J. Proudfoot
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Calorimeter Segment Weighting

Weight Cells according to Energy Density (as in H1) - but weights
are independent of Jet Energy

Weight Cells according to Energy Density - but weights are
dependent on Jet Energy

Local Cell Calibration — sophisticated Monte Carlo correction
procedure which is possible with fine segmentation

Weight depth segments (sampling layer) - weights are
dependent on Jet Energy (A. Gupta, JP)

All schemes require a noise treatment, and optimization algorithm -
typically Monte Carlo “Truth” versus “reconstructed energy” in the
calorimeter to minimize resolution

Calorimetry at Colliders, Part 2, HCPSS2012 J. Proudfoot
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Why Might SIMPLE Layer Weighting Work for Jets ?

—
—
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—
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—
—
—
—
—
—
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100% | . ,
~100% containment for

........ electromagnetic energy in Jet

cascade  TT=-o__
N
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Resu lt Scale, EM Reso, EM
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Local Calibration of Clusters (I) : ATLAS

Classify as clusters as electromagnetic,
hadronic or unknown based on shower
properties: Width; depth; energy density

Determine weights in single pion Monte
Carlo to calibrate the reconstructed cluster
energy back to the true deposited energy
based on its classification

102

EM and HAD weights are applied to all

d clusters according to the em probability from
the classification

W = pEM X wiy + (1 - pEM) xwyp

104 Use Monte Carlo to determine weights to
correct for dead material (such as in front of
the calorimeter or between the EM and

=i . |
ap) (MR BEEE ]
i\

W i

4000500 0 500 7000 hadronic sections)

+r (mm)
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Ensure that cluster properties in data are well
described by the Monte Carlo

*E A B B B B B w 10°F T L L B L B
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General features reproduce the simple model

=

T L £
n o
%3.5_— 3
S F 2
S 3F =
E’J B _0.? L
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b

Energy Flow: CMS

Tries to reconstruct individual PF-
candidates to form jets

eCharged hadrons

ePhotons

eNeutral Hadrons

eElectrons, Muons

Takes advantage the momentum
resolution of the CMS trackerina 4
Tesla magnetic field and the high
resolution crystal calorimeter

Also has the advantage that e/pi is > 2
in the crystal calorimeter !

Classify clusters depending on location and whether a charged track is pointed at
them

Calorimetry at Colliders, Part 2, HCPSS2012 J. Proudfoot
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Result from simulation
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Global Energy Scale Validation - for completeness

CMS preliminary, L = 1.6 fb™ /s =8 TeV

N I T T I| I I T II| ]
% - <13 -o-y+jet i
The validation of the energy scale is done ~1.04- - Zeetjet -
using momentum balance in physics events: &« = Zuutjet ]
A 1.02- [1JEC extrapolation —~
S N ]
e T B :
e . _
w [ _
098" )
= § ]
And 50.96— -
w - -
o i :
By the W mass measurement in Top <':0.94_— —
t - Data/MC =0.983 = 0.004 (stat.) -
events 092 x*/NDF=17.8/20 N
B | 1 L1 11 I| 1 1 1 L1 1 II| 1
20 100 20 1000
P, (GeV)

The systematic uncertainties then include significant contributions from
physics and in particular gluon radiation and the parton showering model
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o(W + =N, jets) [pb]

Theory/Data

The net result (a couple of examples)
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Calor

Thank You for Your
Attention
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