Copsuomoy syor

SepRed Jusppur

soi1sAyd ABiau3z ybiH ui siajpwiIole)



SJ9pI|I00 uoipey Je juiensuod Absaus weaq ou -
ap

91| S3Jeds Bunpe.y '3 uj 91| S9jeas 3 UAAIB e aunseaus 0] J2J2WuoeD Jo 9zIs —

qq < H spel € « doj “6°3 u uopon.ysuoda. 3ol uoispaid e

JSaiajul Jo ejuenb 3e3s jeuy ay) se suospey uew JaLpes syaf aziseydwie -

s19pi|jod ABsaua yb6iy je Juepodw) AjBuiseanug

o
\\x\« s 5
I_._.WH?

souLgnNau P3RP -

(Bus3z="3) '3IT-=suw'd -
13 Buissi

ABJaua spnued [ennau ainseaw 0} Aem Ajuo —
JUBLIBINSESLW pue uoRedyIuUBPI 33C
jusweinseaw pue uopeoynuapl uojoyd pue uosPI3

éAnawniojed Aym



Bvent  11907[12-JaN-1

|Run 73415

CAL+TKS END VIEW 17-APR-1998 13:31

32.1 GeV

Max ET =

7.5

MISS ET(})=

ETA(MIN:-23-MAX;

994 11:50
—
_ELEC
_TAUS

VEES

John Womersiey



ELECTROMAGNETIC SHOWERS

Cascade of parkicles produced when ugh energy e,y s
vcident own a. block of mokenal,

Above 100 MeV : e* = e*y  BREMSSTRAHLUNG
Yy — e'e™  PAIR PRODUCTION

— domimate energy less

Shower development scoles with # of RADIATION LENGTHS (Xs)

1%Xo = 180 A2 g/cm? AL: 8.9cm
Hy: 8.65m
U: 3.20m

| I

| | i j

.' | :

| \ — e

! | ' Yy
= ' s

| : Y \ =--—..d :e*

\ | [ | e-

[ [ | !

0 ‘!ﬁ Z!., 3!5

Need 25 - 30Xe for complete containment

Tronsverse Size ~ Scoles witia HGLIEEE RADIUS »~ 7 A/y gfmw."
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‘Figure 11.3 Lon

different materi

als. Right scale shows radii for 90% shower containment.

gitudinal development of electromagnetic showers in

(C. Fabjan and T. Ludlam, adapted with permission from the Annual

Review of Nuc
Reviews, Inc.)

lear and Particle Science,

|
L=
o
™TTTrm

ot
o

Longitudinal energy deposit
[

— 'l 1 1 L ‘ L

(A
(P,

20
Depth (Xx,)

Vol. 32, © 1982 by Annual

R(90%)



Number of Parkicles after £t Xo (s
M(t] s B etmz
Averoqe energy of shower porhicle ok depth t (s
E(t) = Eo /ot Eo = (ncident enemy

Shower propogores unhiL E(t) Falls to some volue E. where
bremsshalhlung and pour prodwchon ne longer dominare . At Hae

b ;
e = ln (Eo/EC)

Nmax = E_':' tl’“ﬂ-ﬂ -

Ec w(2zy)

The sum of all. the chorged hock lengHhs wa e calonwaetev
s Haean

tmox
L = %I N(t)dt =z Eeo
y .

( Ya v's, 3 et Yy e )

So total chowged ok lengh ®  (ncident energy

“

z loniZohon tn motenal, o  (ncident energy
v o

MEASURE ENERGY OF INCIDENT PABTICLE BRY
CREATING A SHOWER AND MEASURING CHARGED
TRACK LENGTH (or a fixed Frachon thereof ).



SAMPLING CALORIMETER

For reasons of cost & compoctness :
Somple only a Frachon of total trock lewgn
=" SAMPLING ERACTION “

ARernake Dense absorber [ e.q. merol

wibh Sensitive Loyers B e.9. scinhllorer or
Voruzahon det.



CALORIMETER ENERGY RESOLUTION
= shandard deviahien on measurement of Eq

Expand vanance ua o power seres w E -
C2(E) = ot +CE + G E2+...

G, = NOISE TERM
Independenr of € ¢.g, eleckronac noise

SAMPLING TERM ( STOCHASTIC TERM )
Coniibyon ko resoluhon o JE

e.q. Poisson shahshcs on # elechons vt sensihive
mokenol. (soampling £ Wwctuahons )

a
)

- Reduce sampling lerm by ywcreasing sampling frachon.

Often quoted as x % eqg. 15%°
JE (GeV) €

&, = CONSTANT TERM

Avises Fvom: calibrahon uncertoaunhies
nown - Luineor response
nown- vvuform response

leakage aut of colonmeter

—» Oftew hord to reduce:; dowminares oF high €.
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1
WHY —— 72
JE

Becavse an EM shower = ) many smaller EM Showers

(i.e. Shower processes indep. of energy )

IF a shower of energy E has rm.s. o (E)

E/wn

Break it into w smaller showers of enmergy E,
Then c?(E) = 3 o(E,)

1
= no?(Ey)

Repeat for m # m  showers of energy E, = E/m

= a"(E.) = mc"{E,_]. = not (E4)

:-'((21 =E i E"

= o (&) « J/E le. o(€) .,

1
E JE




Position Resolution (cm)

. _
* POSITION RESOLUTION

0.5

0.4

© Average resolution

at pad edge

O Resolution

0.0

a0 100
Beam Momentum (GeV/c)




O‘D_“_.D I I 1 | I I | I _m I I I _ I _....
e EM LINEARITY .
0.005 [— a)  —
o, " :
= 0000 F % ¢ :
el & ¢ 3 3 :
5] 3 $ :
~0.005 |[— —
-0.010 f——+—+— “ ——t— “ — __ —
Q.10 = - L b EM RESOLUTION |
e Hmv = n._n.+ .MI..T ._llu. . -
0.08 F P P | b) i
. C = 0.003 z 0.003 .
53] 0.06 — S = 0.157 £ 0.006 —
= - N = 0.29 % 0.03 7
0.04 [ -
0.02 — 2 F t
H 1 | | | _ | | | | _ 1 | | | ‘ _H.
0.00
0 50 100 150

Beam Momentum (GeV/c)



HADRONIC SHOWERS

Strongly (wkeraching poskdes alsa cascade ua makeqal but
wony more processes Wvolved.

eg. 10 GeV/c p on Fe /Ar colorimerer (T.Gabrel)

lonizahon of scaitered secandory ho.dwons 4%

EM cascade fom w° o 210 rises w/E
Nuclear binding energy pws Vv prodauchon 21 %

HE. neuivons | > 10 MeV) 5%

L.E. neuvons (< 10 MeV ) &%

Nuclear excitalnen 4%

lonizahan by wucleor fragments (D,%...) 2%
lowizalhon by priwary porhicle 2%
OWer 1%

Hoowon shower development A scoles with the
NUCLEAR ABSORPTION LENGTH (A)
or INTERACTION LENGTH A= 39em AL

A% A /NpGCaps 72w H,
1Ocwn VU

Ininol iwterachon depthh  P(t) = exp (—t/y ) dt

Shower | longer thon EM shower of some evnergy
wider
more Flucruohons
storts larer (onow. )

Need 8 — 10 A lo completely contoun o hodson shower
(shut get “ puncinthuwough” ot E 2, 150 GeV )



DO Calorimeter Upgrade Configuration

====W—

L
—

NES




°N) wdeg

S L £ T T
I 1 | I I
20
k)|
T
L]
Q
® Yo
b
)
4
~ 90
B i
oy —
IV s ok
-_‘LIE amdrm ..l..-l..-
80 e
L | | L ]

10T

o0

(*ou] ‘sma1Ady [enuuy Aq Z861 @ ‘TE IOA "PDUIAIDE 32
-IJBJ PUE JEIONN JO MIIADY [ENUUY 3N} wiolj uoissiwiad yiim paidepe
‘wretpn * 1 pue uelqeq D)) 'syiua) uondiosqe Ul PAINSEIW AL SADUE)
I “JUAWUTEIUOD JIMOYS 9406 JOJ TPEI SMOUS J[edS JYSry 'sjeuajew
JUAIAYIP U1 SI3MOYS Juolpey Jo Juswdoraaap [euipnyiduc g [ dnd|

lisodap AKbieue jouipnybuoy



COMPENSATION (efw, e/h and all that... )

Since hodron Shower energy goes ikto processes like

— wnuclear excitahloh
— Wevitring prodwdhown
—_— hneuvkrans

it is not oMl Sampled by colonveter.

Hadron response of a given energy < EM response .

Usually quote € = EM response
™ T response

e/w >1 (normalry )

If colorimerer measures EM energy witih efrhvienty Egy
ond measures other energy deposiion withh efficiency £,

Then e response = Egu Eo

T response = gy EgyEo + (1—Fem YELE,
where fgy = Prochon of EM energy wituin 1t shower
&% 04 ln (E/Gev) 10-100 GeV
fem T as ET;  fem ~0.5 @ 150GeV .

20 Eem €/

&, -r-‘g.,.(e:.*-s_e) 1 — Fem(1- e/h}

L.
™

where HE_"_; EE.H
h £ii



Eind ... "_E,"

is fixed by calorimerer geomelry, A, Z etc
h
Since Fgy is Funchon (E), sois efrr:

2
—
v

1.0

e i — T — —— T — ——— —

IF e/nh #£1,  colonmeter is NONLINEAR for hadrons.
haderowe resolhon has lamger conskamt term.

= Wont COMPENSATION & €/, =1

- e/wr=1 forau E.
Obtaimed by suppressing EM signal :

— hignh Z obscrber U (Pb)

— thinner sampling layers

Relotively recent understanding ,

eg. CDF iron [scint e/l 2

DP v/ Ar
ZEVS U /Scint

1.6 early 20's

g 11 L lare 20
1.0

e/

R

( see R.Wigmons NIM A265 pp 273-290 )



1.6

14

P
~

e/h
( Intrinsic )
>

=]
oo

0.6

0.4

WIGMANS' e/h PREDICTION

[ S R [ S i b U 5
" 238y calorimeters e
) PMMA (2.5mm)
SN ————-LAr (2.5mm) .
"-:_\ —-=—-— SCSN-38 (2.5mm)

BN o Si (0.&mm) =
o3 \ TN e - TMP  (2.5mm)
R
P "‘x\\ =2 0.1us gate |

N e .

L -..1_; <
= N R s

--_I'I 'i,“ \ > .
R\ I
= ';- \

B Exp. data ; E
| A PMMA (ref. 3,4] ™ —

m SCSN (ref. 25) S i T

O NE 102 (ref. 24) -'1._ kEPHHl:—'-'
— @ LAr (ref. 5)

i bl osiad | 1 --1"'-fttr1

61| B2 .. 3 2 5 10

_ U thickness
Sensitive thickness

Ry



Mean-Fit/Fit

0.03 f
0.02 E

0.01 |

0.0

0,01 |
-0.02 |

-0.03 f

HADRONIC

LINEARITY

L} ¥ Li ¥ L ¥ L | T | T T T

i

I L) L) LI ‘ U ) L) I L) L) L] I T T T

DP ECIH

HH
HH

Lo g b g s a b a3

pa b alasrabeas e s loanelteranlas

g g g g 4 g 4 4 g 3 K 3 .3 3

20 40 €0

80 100 120 140 160

Beam Momentum (GeV/c)

WOMERSLEY 06 7LB



0.20

0.18

0.16

0.14

0.12

0.10

0.08

Fractional Energy Resolution

0.06

HADRONIC RESOLUTION

L S R L T G BT Ll
# * W Data o
- S {> Data (EM1 cut) 3
3 @ Monte Carlo (EM1 cut) 2
s ---~- Fitto Data E
" \ =+=-= Fit o Data (EM1 cut) N
5 N =
: g AP 3
- "“-..‘_ "‘"'-H-....‘_.- :
- S G .
B R b oonoe a4 oo | g oyog 0 o3 ol o5oa s 0 o5.o5 8 0 4 3 I:
0 20 40 60 80 100 120 140 160

Beam Momentum (GeV/c)

(£)2= a8 . 2 '
= -

-

p pt

C = 0.044 £ 0.001 ; S =0.501% 0.008

C=0.039+0.001 ; S= 0.446 + 0.009
with cut on EM layer 1

WOMERSLEY 07 7LB
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Tie Rods in EM Calorimeter

U

L

T !ﬁ i |.
— i

e e e Hdﬁ_ M4

SRR N |

| RO

|
e
|

i
e

RO |

AT

ORI |

AR |

NN

AT |

AR

ARV

NN

TR

I
AR ALY |

TR

SOASURRRWY |

1
-]

|
[t e

AOCOOVRCRRN |

ot
4

[ e,

AR

SO |

AOCR R

PPN, |

|
AU

J.afdrfl.}/}!.rf_.l_

L

|
SRR |
SRR |

s
s

¥ 1 & &im

0.05

0.10

0.00
¢ (radian)

=0.05

-0.10

1
100

80

8o

(aeD) 3

1
100

90

80

(A20) @

0.z8

0.34

0.22

0.20

6 (radian)

indicate

Mean pulse height as a function of azimuth (a), and of polar angle (b) for

—100 GeV electrons in the vicinity of the n=2.05 tie-rod. The dotted Li

the boundary of the 20 mm diameter zone where the resistive coat has been removed
from the signal disks. The points are the data and the histograms are from the

Monte Carlo simulation.



SIMULATION

Essenhol to understond perfovmance & design
GEANT

CERN program krocks porhcles & interocks them va detector

— G.mmu\, wwst be. creotred by user from a repertoire of
standord shapes (BOX, TURE... PGON, HYPE ) ond

Maokenols (can define your own e.g. polymers) .

— Prouide tnput poshicles

— GEANT calks oWner progroms For hodrowe twterachons
GHEISH A

HADRIN
or FLUKA

EGS

Delosiled simwlakhion of EM showers (W. Nelson ef ol )

CALOR 89

Detosled simwiahon o haduwon showers (T- Gabrie| et al.)
— Usehl fo preduck efTr, resoluhion

— too slow For whole event sinmwlahons .
— Shi'tldfng calculations
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® Mixkture MC
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PARAMETRIZATION OF LONGITUDINAL SHAPE
€.9. R.K.Bock,etal; NIM 186 (1981) 533

SE = Ea

w (s)* e bds + _E_(n_ (1-w)(td) e~ st
(o ['{e)
( ’ EM PART

HADRONIC PART
diskance from skart of shower wa X

t

1] fi i i i

W &
ond a,b,¢,d and w ore Rtted paramerers.

o=C= 0.62Z + 0.32nE

b= 022
d= 0.91 - 0.02mmE
w =0.46

Note: w = Fem

o0

[r‘{a.] E_{-tadE'tdt ]

— vuseful for Fast simulation where details of shower
are hot critical



Nuclear Instruments and Methods 186 (1981) 533-539 533

thTm Publishing Company

/

PARAMETRIZATION OF THE LONGITUDINAL DEVELOPMENT OF HADRONIC SHOWERS
[N SAMPLING CALORIMETERS

RK. BOCK
CERY, Geneva, Switzerland

1. HANSL-KOZ ANECKA
fechnische Hockschule, Aachen, Germany

wd

12.SHAH
ford Laboratary, Chilton, Dideot, England

14 November 1980

.

oA parametrization of the longitudinal development of hadronic showers in calorimeters is presented; this is being used for
tion of showers in the experiment UAL. These calorimeters cover almost 4« solid angle, and consist of stacked elecuomag-
(iead) and hadronic {iron) mndwiches. We have used published data of fine pranularity together with new test data obtained
ous calorimeter prototypes in order to extract the longitudinal shower shape in lead and iron. A satisfactory parametrization

the average longitudinal development of the showers is obtained. An example for Muctyating about this mean is also given for
integrated read-oun

iom Attempts to describe showers glahally by empiri-
cal parametrization have been successful for electro-
tric methods have become increasingly magnetic showers [S]. The resulting formula for-the
essential far =—<=sur'- - L -dronic energy and, shape of the longitudinal e.m. shower development is:

| “dron sh
We restrict ourselves to two aa" % v dE=k g1 by

granularity, made available to us in all desirau... ;i e depth of the calorimeter expressed in
detail and to test data from our own UAI] setup. - length units, and @, & are energy-dependent

ibed bel ‘*ss constants describing the shower shape
These data are described below. "« factor k can be chosen lo suit the undl

hower depositions are read out and

2.1. WA hardonic test runs [10,11] Y the “"l:'m“mfﬁmbﬂr ratio, It is
— CERJPO’W te
For calibrating the magnetised iron calorimeter fore co.
used in the CERN neutrino experiment WAL, a test but also
setup was used consisting of 45 plates of iron of aver- The
age thickness 5 cm, each plate being followed by sible sol
6 mm of plastic scintillator (NE110) viewed indivi- hadroniCay satisfactory parameti-
r development in the litera.

sre used various test data



THE PARAMETRIZATION DOES A PRETTY GCOD JGB :

1 —

Energy per interaction length (GeV)

1 - :
3 50 1
. D@ ECIH TESTBEAM GeV |
= Data '
¢ GEANT/GHEISHA Monte Carlo
+ Parametrization
..1 M i A X 1 M 5 i A 1 M i M M I M A " i
u.0 2.0 4.0 6.0 8.0

Depth in Interaction lengths



TECHNOLOGIES
ABSORRER CAN RE:

o PR . High Z for /7t 2 1
URANIUM  Highest density

STEEL Cheap, can weld assembly
COPPER Denser

IRON For magnenc (eld routing
TUNGSTEN $3$3!

SENSITIVE LAYERS CAN BE:

SCINTILLATOR emits light when Howersed by fowizing
poshcle
WIRE CHAMBERS oawalonche ua gas = charge en wive
LIQUID ARGON elechvons liberored — durift under HVY
( “WARM LIQUIDS " TMS, TMP... )

SiLicon usually too expensive, but Rne sompling
(specialized opplicakons )






'CLASSIC' SCINTILLATOR CALORIMETER

e.q9. CDF, ZEus

Woawelength - shilter
readouvt bor

TILE - FIBRE CALORIMETER

e.9. CMS (at LHC)

Wauwelenghh - shifting
Fibres

— ore CnMpOuC—t ;

Disoduonkaqes
— Ro.a.?flrﬂan Dommage Fo plashc; collbrahon complex ; cracks .
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“SPAGHETTI"” CALORIMETER

Scintillating fibers
surrounded by adhesive

.“,—-'..'

Profiled lead plate

Advantoges :
— No cracks bebween towers

— Good resolwhon and e/ =« 1

Disadvantages
— Non- Gawssian response Prova parhicles Yrowelling up
Fibres
— Hord to segwent longi bud.inaddy (eq. inrc EM & hod. )

Exomples: Proposed for GEM



RADIATION DOSES AT LHC

|

10°

10"

Figure 7.1: Lines of constant rudiation doses in Gy /year for a yearly integrated luminosity of 10° pbh-"

— ATLAS LoI
104 Gy = 4 Mrad

For Comparison,
DOE limit js 5 rem /year for humans
450 rem — 307 probability of survival after 30 days
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LIQUID ARGON

HV

Advontoges :
— 1o amplificahon ua argon, so stoble, easy to calibrate,
livear
— vad hard

— arbivory segmentoiion
Disadvonrages:
— operakes ax 20K : cryostat vessel required
(S'-nw signak @ but con dufferenhate to Cast pulse)
Examples: D@ ox Tevorron

H1 ax HERA
SLD ar SLC



Argon gaps Resistive coat

Signal
trace

Copper pad

Shielding
ground
plane
40 23 4.3 (mm)

1 unit cell

Uranium plate






GEM LEAD-LIQUID KRYPTON ACCORDION (BNL )

5 readoul lowars par "Wini-Modulae®
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GAS CALORIMETER

Disadvantages”.
— TEXAS TOWERS
very low sampling Wachon = high gain = can get uge
signals Frome ghly - towizing parhicies (slow protons... )

Examoples : CDF Farward calovimeters
ALEPH , OPAL, L3,
SLD WwWiC

Can posKolly allexioke problems witlh Wigh pressure gas hobes .
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TYPICAL DETECTOR ARRANGEMENT
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"EM LAYERS"
Fine sampling

“HADRONIC LAYERS™

Coorser sompling
Less subdivision

“TAlL CATCHER"
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CALIBRATION

1. ESTABLISH ENERGY SCALE
2. STABILITY GVER TIME

TEST BEAM e, , s of known energy @

RADIOACTIVE SOURCE wa orgon 3
LIGHT PULSER LED or laser into PM ubes @)

ELECTRONICS PULSER kvown Q iuto amplifers (2)

PHYSICS PROCESSES: (4)
oSl §
WO e oy

JIw — ete
Y =—ete”
Z —_— E.*E.-



CALOCRIMETER MEASUREMENT OF JETS

quork - jat of - calorimeter

glvon porticles

Fragmewnts T

showers

Found experimentally thokt

Z R<07 = measure £ p of quark or gluon

Calorimeter
Towers

Cone radivs R = {5‘41 +ﬁ¢p‘).’1

[ Other ways of summing energy also possible — e.g. successive
combinaHon of pairs of cells ]

Need calorimeter becavse M-;- of jel porticles are neutral
(7%, K*...) — no way to see them m a trocking chamber.



JET ENERQGY CORRECTIONS

¢ Jers contain many low energy parhicles (few Gev)
—= response of coloriweter s very won- linear
becavse ef1r >>1 at low E

—» Potenholly lorge correchions toj'e.l- energy
O¢ 15 — 30°/e
CDF ~ §0% — Diveck Y eveanlts

* Normally correct back to I all porhcles wun R < Cone

—» Correchons for shower energy wiich (s losk oubkside
cone ( “ovt of cone cowechons )

— Moute Corle



HOMOGENEOUVUS HMEDIA

Better EM resolution =7 Higher sampling Frackon

(f one wants Me best possible resolvhon , go to a hon-
sampling (Fully -live ) calorimeter

Need high density or size becomes unreasonable
(so plashic scintillator 15 not an ophion )

LEAD GLASS eg CLEO
LIQUID SCINTILLATOR e.g. LSND

CRYSTALS : Cs1I eg. CLEO X, kTeV
BGO eg. L3
PbWO4 e.g CMS
Ba.F;

Can get oz ~ 1— 3%
JE

Issves: radiokion damage
uniformity
efh >> 4
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CALORIMETRY AT LHC
* Precision EM calorimeters (4 < 2.5)

H —» yy lorge QCD 7y background
rﬂduC«E ﬂ-(Mr?-J — EHMEME S/E

ATLAS ; Accordion LAr
CMS PbWO4 Crystals
* Jet Spectroscopy

e9g wm, from m (3jebs)

* Forwosd Colorimeters

Need to cover % &5 for f_ signatures
— go forward (or beampipe subtends N 24)
radiation !

( detectors become dangevovsly achvated )
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CERENKOV TECHNIQUES

All technology described so far samples ronization

Con lsok Por Cerenkov light instead

¢

Lower signal
Restricted ko core of shower

’

An odvantage if you wont to moke the SInowﬂs"Smu.uzr“
e.q. Jet Tagging at very high %
L

radial R=0.7 JET CONE

& s HADRON SHOWER

(em) IONIZ ATION
CERENKOV

o

S

~3 5
)
pp —+ Higgs via W \’\Fo
w H/ Jets
)

Quartz Fibers in “spaghetti” colornmeter
proposed for CMS very forward colorimeter



THE WORLD'S BIGGEST CALORIMETER
FLY’S EYE COSMIC RAY DETECTOR (UTAH)

Use Earth's atmosphere as absorber

CosSMIC
RAY
PROTON

fff;} Ny

SCINTILLATION IN
ATMOSPHERIC Ny
PMT ARRAY



