Hadron Calorimetry at the LHC
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"These Guys are Good"

¢ )




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

B Top Mass Count Jets
u Compositeness/SUSY Measure Jet Energies
B WBF Higgs Production
_ 99 _ Measure jet angular distributions
B Inclusive Jet x-section
B Di-Jet Mass Spectrum Use Jet Vetos
m Z+1.23. Jets Tag jets in the forward region
B W+1.23. Jets Estimate Standard Model
B yy+ Jet Backgrounds
B Luminosity

Connect observed energy in the
detector to the parton energy.



Scope of this talk !

ATLAS and CMS Hadron Calorimeters are
SAMPLING Calorimeters using Lead/Cu/Fe/W
Absorber, with scintillator, and liquid argon readout

—won't discuss compensation by nuclear fission (e.g. ZEUS)

—Won't discuss physics of total absorption (crystal/glass)
calorimeters

—=Will illustrate using the readout technology I know best
- scintillator - This fits in well with the CMS HCAL which
uses megatiles (as developed for the SDC)




To Set The Scale !

The required PRECISION is what
differentiates LHC Calorimeters from those
of earlier generations

CDF Run Il Preliminary (680 pb)

e - 2-tag: 38 events — - 1-tag(T): 105 events
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Systematic uncertainty from Jet Energy Scale is

k 1.8 GeV/c?



ATLAS Barrel Hadron Calorimeter
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Figure 515 Cell geometry of half of a barrel mod-
ule. The fiores of sach cell are routsd to one PMT.
The PMTs are located in the open circles shown in

the girder region.

Figure 516

Proposed cell

geometry for the

extended barrel modules (version “a la barrsl").




CMS Hadron Calorimeter
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Absorber Properties

X, (cm) Lr(cm)
Pb 0.56
PbWO, 0.89
Fe 1.76
Cu 143
Tem Thad
ATLAS, Tilecal (Fe) 10 0.11
CMS HCAL (Cu) 35 0.33




ATLAS Barrel Calorimeter Segmentation !

0.003 0.025 0.05 cryostat and Coil (0.44)

24X,  +4X, Pseudo-projective Geometry
0.85 to 1.0
k n Segmentation as function of Depth at n~0.4



CMS Calorimeter Depth Segmentation !

CMS HB + HO
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Interesting Features/ Design Choices !

BATLAS

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

— Og/E ~ 50%/VE + 3.0 % (for |n| < 3)
- Absorber plates run normal to the beamline

BCMS

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

- Og/E ~ 100%/JE + 4.5 %
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Scintillator Tiles ? What are They?

Ionization Quenching

Birk's Law  9Z dE/dx
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k Signal Pulse Length 20-60 nsec [KOEN]
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In ATLAS, the Electromagnetic Calorimeter and the Endcap
Hadron Calorimeters use Liquid Argon for Ionization Measurement

’Té- 1 S 'y Tonisation signal is sampled: 25ns, 12 bit ADC, 3 gains
< Physics data: Usually 5 samples (6 samples in TB)
0.8 Calibration signal: Up to 32 samples (to determine waveform)
0.6 :
0.4 | ADC to Energy:
0.2 !
I ADC to GeV (Ramp runs) Pedestals

o Y E_Qd_e_gtg_l_s_ub.t_r_a_}i‘l N

E-S'F

02 .0 . 0 T T L
300 400 S0 600
Time (ne)

This technology has 2
specific technical

k Issues: pileup and noise And Must Calibrate




Sampling Calorimetry

B As the name suggests, a calorimeter measures particle energy

B A SAMPLING calorimeter is a calorimeter in which the medium
in which the particle energy is deposited is interleaved with
additional layers to periodically sample the energy

B We infer the total energy deposited from the ionization
deposited in the sampling layers - by converting it to an
k electrical signal and digitising it.
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Calorimeters in Particle Physics

B Advantages
- Measure neutrals as well as charged hadrons and photons

- Resolution improves with particle energy (unlike the case for the
measurement of a particle momentum in a magnetic field)

- If hermetic (i.e. covers a large fraction of the kinematic
acceptance for the process in question) can be used to infer the
presence of neutrinos in the final state

- Can provide a fast trigger

B Disadvantages

- Generally, calorimeters have a non-linear response to charged
hadrons

- Hadron calorimeters need to be BIG to provide adequate
containment for high energy particles. Cost vs performance
compromises must be made

\
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Calorimeter Performance

B The precision of the measurement depends on many well
known factors:

Sampling fraction
Sampling frequency /:3/
Detection uniformity L1

Detection efficiency /

Readout geometry A

Noise / |

Properties of the showers / )
medium

Properties in the medium in which the shower develops

B The calorimeter must be deep enough to contain the
showers of interest. This is of order 10 interaction lengths

\
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Sampling Calorimetry - Characteristics

B All energy in the shower is ultimately lost to ionization, dE/dx
B Sampling fraction is 2(dE/dX),ctive medium’ 22(dE/AX) osorber
B The energy measurement is in principal linear, i.e.
- Epar"ricle =k * {(dE/dx)absorber‘/(dE/dx)ac‘rive medium} * Z:(dE/dx)ac‘rive medium
B Energy deposition is statistical and depends on the number pf
particles in the shower which contribute to ionization
- N
- For an electromagnetic cascade the critical energy, E_.+icq /1S

characterized by the energy at which ionization dominates over pair
production

- For a hadronic cascade the critical energy is characterized by the
energy for Pion multiplication (e.g. np -> nrp

B Resolution Og ™ 1/\/Nshower' =>og ™ 1/\/Epar'ﬁcle

A

shower ~ Epar‘ricle/Ecri‘rical




Sampling Fluctuations

B Path length fluctuations also affect the measurement
resolution of a sampling calorimeter

- just consider a sampling period of 2) vs a sampling period of 0.11
B Numerically, this term in the resolution function is
dependent on the type of showering particle

- For electromagnetic showers o(E)/E = k \(t,,./E), where t,,_ is the
absorber thickness expressed in radiation lengths

- For hadronic showers o(E)/E = k (1, ,,/E), where 1, is the
absorber thickness expressed in interaction lengths

For a much more detailed discussion, see the
k beautiful paper by [AMALDI]




Layer Response/Sampling Uniformity
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Layer Response: Signal Measurement
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Global Calibration and Uniformity using Cs!37
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Global Energy Scale

Measure response to high energy Energy Scale

particle beams. Establish:

: CMS HCAL: 50 GeV n~ with
e/source response ratio

MIP in ECAL

ATLAS TileCal: Set to
electromagnetic scale using

e/n response ratio

pC/Gev (Calibration Constant)

pe/GeV (60-80 for TileCal, mt
CAL)

estimate is ~20 for CMS H electrons
P ,;1.2
EEDD #HH 91:” BM- =20
ATLAS E s00 :* M fi-,, — ] '
N I [ > A 1
° E n ,H-
TileCal 2 N J . KR> = 1.060:40.008 pc/Gev
_ 4 | E RMS = 1.840.6%
’ n.B'J1 1z '1.J:|1Ill?Illit " ':II EID “Im "';u i
E. [ E,.am- ElECtrons Epear Eceﬂ
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Sounds Pretty Easy ? !

—>Measured Ionization = F (Eqqticle)
—In an ideal world this would be linear

—=In an ideal world the signal response for any
given detector layer would be uniform

—In the real world F is non-linear and inverting
this to obtain the most accurate estimate of the
incident particle is THE major issue for both the
resolution and linearity of any calorimeter

k BECAUSE




Response for Single Hadrons: F(E, 1)

Can Only Be

Computed using a

Monte Carlo
Model

Invisible Energy {-.n TN

. EM energy (eg mo—yy) : O(50%)
. Visible non-EM energy (eg dE/dX) : O(25%)
. Invisible non-EM energy (eg nuclear breakup) :0(25%)

k . Escaped energy (eg v) :0O(1%)




Hadron Shower Development (I) !

10 GeV TT'S | [FRIEND] Dense core associated
. | with deposition of
YA / electromagnetic energy
i\
Depth

_:':,~,_ Tail associated with
NG deposition of
hadronic energy

Contribution from
Shower width increases linearly electromagnetic energy

with depth x density diminishes with shower depth




Tiled Calorimeter Prototype !

K (3.Fe)

k [AMARAL] <h;>=23mm , <A,>=58mm, <i;>~250mm

y'




Hadron Shower Development (II)

96 Layers of Pb/Scintillator Sampling Depth is 0-6 A [GREEN]

Fluctuations in depth
are indicative of the
fluctuations associated
with the deposition of
electromagnetic energy

i § E E &£ £ &
« B B E ] ]




Fraction of Energy Carried by n%'s

[AMARAL] 2. Assumese/h =135
Integrate the contribution N
m -
for the first component to
obtain the fraction of energy |
carried by TCO'S PO IR SN U S S
. a i ) PO IR W N U . WU W S
’ _E,f?'=1ﬂ'efie.
For the entire Tile Calorimeter this value is -
(53 4+ 3)% at 100 GeV. »
The observed n” fraction, flo. 1s related to the I
intrinsic actual fraction. f .+ by the equation _
e, efhf(E) %) U U U PN A PO
o = = - 3
B = E i eh-e®el Y R T

Fig. 20. The f.+(x) fractions of hadronic showers as a function
‘ of x.
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Binding Energy Fluctuations

ol The Stochastic coefficient
=1 i scales as t,.4 as expected.

The non-zero intercept
-kl indicates that this is not the
full story =>

o |[E)VIVE [GaV)
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I
L ]
|

nuclear) binding ener
D1 79 (LODGEY) y ( ) g gy

K1 81110 GeV) fluctuations

LOHS51 (HO 78b]
LOHSZ [AB B ]

=
[* ]
-,

6 » B =

| | |

0 S5cm Fe 10 15

d —i




Sample-to Sample Correlations

Relevant for the correction .| +'+«="*"'"" 1 ok . ]
of the measured energy for , Ly - e

i

dead material (colls, o T Sefo . ]
I LR AT R AR S R
cryostats and the like) t m} 1 &= . 1
E - wowv 4 BT . 1
2 :J_L l-:l -I’: _1$I1'| Eﬂ—- .
Flat => No Correlation.~iwf . ~— T
L * = I I :-

+
Proportional => _ . ]

Strong Correlation R T, I
Fig. 13, Avernge showet amergy de- . Erargyin Flans & [MEPT sty

. . . L
prmiled i= Lhe third plane [res (ke Fig 14. Awvarage showes cnergy dopocited

verkee &e & Elll'l:l-:r: '||r ..:'I.'l lh“Fr rn- i Chee MM plass Desss the verben as & [
. iy i [ [

k [HUGHES] " Plane 3 vs 2 " Plane 5 vs 4
A




Features of Hadronic Showers: Recap !

We have now established several of the important
“"well-known” features of hadronic showers:

In general e/n relative response is not equal to 1

A large fraction of the energy is deposited through em
showers (n%'s)

*The starting point for the em component various wildly
(little sample to sample correlation early in cascade)

Fluctuations in binding energy appear to be the principal
mechanism which limit the precision of the measurement of
the energy of the incident particle

*The transverse shower shape is a function of the depth of
the shower




But- Even Electromagnetic Showers Are not Simple

The sampling fraction changes as shower develops™
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k Simple picture is only a useful approximation




The Way to Address These Issues (I) !

Use Longitudinal Segmentation

Zm Fe

G0 om

-~ L

Y | ' ] PP (P R—

y i ' . —— P -
el i ‘ | 0l Beam
! [
Aack 1.5m Fe Calorimeter Front Trigger Anti

hodoscope  counter

k [ABRAMOWICZ]




TOTAL MEASURED ENERGY (nep)

00

The Way to Address These Issues (II)

Weight Signals as a Function of
Depth to Minimize resolution

I 1 L 1 L L
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Response to electrons is
not equal to the response
to hadrons




Shower Weights by Segment

How do we determine the weights?

A Cth A (i)
: -1.:--._'“[‘." L5

=
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Example: EGS4 is used to compute segment weights in the
ATLAS Liquid Argon Calorimeter

c 0.28 - —t T 1 —r T T T 7
2 = =
T 026— —
ATLAS: The longitudinally segmented (LAr) ECAL g aE - -3
o Ye4r ]
: f— = —
Ao B g S 022 — 10GeVE S
E = N - =1
- 100 GeV € 7
= 500GeVE -
0.18— e =
0.16— e i
0.14— ! Section 2 —*|Section 3
1500 1600 1700 1800 1900
shower depth | [mm]
g 022 T e T T T T T T g
o = ]
° 02— -
E [ o
> 0.18— —
£ = =
B 016— x —
E - 2
g 0'14:. o I A Ol ol ) O ] L | 1 L =L =
0 0.5 1 1.5 2 2.5 2 “5'.5 o 4 \ 4';5
: e 1 ,
Tes . | - 74 ' S 3 TIHE u LRV IR TUHES ’ 'y '
.IL.I — {lf{h I|+I.J]|,IFL] f.'-n _'_{1‘{ .PI'..-J {}"'r = .IL-I | " + T Z .IL-I: ‘1|f:-«.|_'\..“i|:upn|:-1(ltr}} L {l i leﬂl"ﬂﬁ":l
ﬂrtﬁ }I ..'rmm:r i=1.3

Depth dependent weights are correct for only one type of incident particle (y’s need
different weights from e*) In particular they have the wrong dependence for the
electromagnetic component of a hadron cascade.




Use a Monte Carlo Model to obtain loniz"(part.) = F(E,q.+)

o = 8L —
CALOR Code circa 1990-based on Sl {0 25 dsY 1, Fem1.90cm
151 Eopr o) .
O ° o - 20 ’» 1
o k e |
codes used for shielding calculations Selr Ny |
,?_J 12 { ‘Tk
=
g s T o
TE00 e T N o4 e
o r | I | | I T 1 - ) | | s e .
g . 0 Pl ] st L
= r (Total jonization) ] g 2 + L e 00
€08 & 0 - Cell Numb
Seconda ell Number
‘E I e L _ef_g;ﬂ___p_r&gw* . ) )
2= - 8 : Fig. 9. Longitudinal hadronic shower profile for the homoge-
S Binding energy losses : S - : . .
Eigople L e ] neous iron-scintillator configuration (conf. 2) for the 25 GeV
= | - n:/*f—fﬁgconda.ry TR pions. The solid histograms are the CALORS9 results and the
= 0_10E_ :,,.»'p B dotted the test measurements. The histograms are normalized
£ £ ,ﬂ___ﬂﬂwms ] conserving the area under the curves.
S I -
= [
0.05— —
'E L Excitation gammas
2 | R = . = -
‘4—!‘-‘ -——- ;ﬁ'\:‘?:'e_,ﬁ——-’-———"l—_—-ei“”—,"';—‘. 7 — 100 :,7 o T T .
-~ o I JY =
B 0.02—  Prmary ionization  [eavy fragments — E [ S 100 CeV n™,Fe=1.90cm
& s B CF
<5} P n , ook
EAE [ J i | Xl i L J T L Y 5 | h
0.01 o 60 - |
5 o ik 50 100 200 500 1000 s (] L
Incident energy (GeV) = 40 r [ S
g b S,
Fig. 5. Hadronic energy loss by various mechanisms in cas- n & s
ol v v 1 ~

cades initiated by protons (solid lines) and negative pions
(dashed lines) in iron, as simulated with CALOR. Energy
deposits are given as fractions of the energy not carried by

(=]
L]
i
»
5

o
o

Cell Number

JHA s gl RE L e of primary and secondary Fig. 10. Longitudinal hadronic shower profile for the homoge-
ionization by pions and protons, and is shown to demon- neous iron-scintillator configuration (conf. 2) for the 100
strate the constancy of the sum of all ionization contribu- GeV pions. The solid histograms are CALORS9 results and
tions. Exclusive of this subtotal the sam of the contribu- the dotted the test measurements. The histograms are normal-

ized conserving the are under the curves.

tions at each energy is unity.

[GABRIEL] [JOB]




The Modern Era - GEANT4

High Precision neutron
down to thermal energy
Elastic
Inelastic
Capture
Fission

FTF String (up to 20 TeV
compound

QG String (up to 100 TeV)
Photon Evap

Rad. Decay Bertini cascade

Neutrons

1 MeV 10 MeV 100 MeV 1 GeV 10GeV 100GeV 1TeV(/m) .
—_—— >

: Pre- |
_1:"1—
E breakup ! compound lons

Multifragment
Photon Evap Binary cascade Light Ions

Wilson Abrasion&Ablation

Electromagnetic Disosiation




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

- Fritiof fragmentation (FTF) : alternate theoretical model with
different fragmentation function

k [WRIGHT]




But must validate GEANT4 model

cms  HCAL alone response to pions
e 1 LHEP
u.l'8 1.051 models
- = better
E 1:_ ........................................................................................................ the hlgh
wl n energy
0952 et L L L LT )
= calorimeter
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- —— 1 G4 LHEP

.................................................................
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—— 1 G4 QGSP
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ek
-

Beam Momentum [GeV]

[DAMGOV]

less leakage
on the back
due to shorter
shower.




Shower Modeling: GFLASH (An Aside)

But full simulation takes huge amounts
of cpu time per event

Therefore must also develop a fast Use parameterizations
shower simulation for the longitudinal and
lateral shower
3 X 15 f | ﬂ development
L_j": & Dala: Comecied uf F 3
TH o momecan =™ 1 %" JM
) mt& AR (See CDFINIM for
Pont] | & | details and further
L
s ¥ s | references)
] Laasbiantosalsoabosade il ooalesal Ir' Lassbiantoanlioaloasdigalsoal ] Losateactanaloasbisal ool sraliasl

Figura 5: Fractional energy ob=sarved in the captral calommeter as a function of inddent
particls momemta. The top row shows (Eoew /o), (Eopa/p) and {{ Ecey + Ecga)/p) for
data signal (triangles) and background (kstogram) and for single track MO simolation
| {open circes). The botiom row shows the same disribotions for data after bachgronnd

subtraction (full cdrdes) and MT simation (open circles).




But. We Aren't Dealing with Single Particles !

Monte Carlos in pictures
a<(a?) g

1
Splitting probability: Pg(qg) = L dz ng(z):&)(-:;2 - q3)

2m

make hadrons

p \
Sudakov \'
ﬁg(Q% qg-) = exDL—jly ?HQI‘Q_JJ
k L. Dixon, 7/20/06 Higher Order QCD: Lect. 1 o
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Detection/Event
Measurement/Reconstruction
and Physics Analysis

v
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Interface Hadronic Shower Model to
your favorite event generator

Physics/Simulation/Detector
Modeling

The Physics
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What Does the Monte Carlo Generate?
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Weighting Schemes !

Determine Weights which Account for Jet
Fragmentation as well as shower development
characteristics of single particles

For this subject, which depends in detail on the
absorber and geometrical geometry for the
calorimeter I will only discuss ATLAS

{CMS is performing similar studies, many of
which are described on the CMS web site}




Calorimeter Segment Weighting:ATLAS Style !

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

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

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




Why Might SIMPLE Layer Weighting Work for Jets ?
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A Preliminary Result
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Summary

B Hadron calorimeters may be "blunt objects” but without
them many of the physics processes of the LHC will be lost
to us

B The reconstruction of jet energies in calorimeters is one of
the more complex analysis procedures of any at the LHC -
complicated by their intrinsic non-uniformity (e/h = 1)

B Precision reconstruction of jet energies and the
reconstruction of the associated partons is not possible
without segmented calorimeters and complex and tuned
Monte Carlo codes

B On the other hand, SUSY will first be signaled by high P,
Jets and Missing Transverse Energy in these detectors




A Cosmic Ray in The ATLAS Calorimeter
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