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CALORIMETERS
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ELECTRON ENERGY LO0SS IN MATTER
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PHOTON ENERGY LOSS
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10 GeV ELECTRON SHOWER

A CCMPOSITE OF NUMERVE LOW-ENERSY PROCTSSES

T | 1 1 T T T !
i Oeposited by e* <& Mel .~ %" -
60 T -
St vl :
’
= ;ﬂ
J S0 / o
c /
1] L F] -
g f Deposifed by e*<1MeV, 4.
= Lo e SAET ~
1+ ____,...-l-"'F
N s
= - S 238 -
2 \ o * S
—— F A Al
L) aﬂ [ _;'r 0 FE’ =T
c &
o w * 5n
= . APD [
'
uL" a0 \ 2
LDeposited by e » 20 MeV
a . i
1 l 1 | ! I 1 |
10 30 50 70 90

Z ABSORBER



EM. SHOWER MODEL #1

{ Rosst dqﬁi}

o QSSUME THE TONIZATION CROSS-SECTION To BE
ENERGY - [WDEPENDERT dE\ _ aee
100,

I;v‘ xu

¢ NEGLECT MULTIPLE ARD compPpTom SCATTERING

e DEFIME te %/
Y = E/F.r:.
s CORSIDER
SHOWER MAX MU
— . ——
x= 0 Xo  Haitp X X
| ] 4
| ! e
| ‘_,E'p:r“‘ﬁ'.::‘“
& .x:','\i_,._q:"; Swowel | ionizaTion
t . T RowtH | oy
' R L
! : .
I [ |
N= 4 b Nmax
E= & 7.=E LEY = Eo
* EXPONEMTIBL GRMWTH: N(x) = € q.
(=2

sowe R NlaX)=b —» k=03%/%,

o BT SHOWEE MAinum, €'€,y SHARE GNERGY BOUALLY
18, N = E%E; = e ¥ Xmax
—r t,,, = s f(n('ij_.) o A5 (dageman)

MAX T haa 3



'EM, SHOWER MODEL #2

{ Rossi | ceuisided, 1944}

INITIAL PARTICLE + e 3
2 max U Y - 40 PN 3-03
Lt> thn R Tony I
N 83y 5.3
terta +:I leoghh Lk&gﬂmv uﬂm} *
EM. SHOWER MODEL #3
T Dny-os D.n 2 +0.5
: -t
BNALY TLCRL FORM dE _ Enb (bf.' m—de 5
dt ™ (a)

EM.SHOWER MODEL #4¢

(Nelon o o, 1975)
THE EGSLl CASCADE SiMULATION

ELECTRON l \

GHOWER, EXTREMELY SuCcBgSFul
5 P Mt



MR R

in Average (M) AT %=X



LONGITUDINAL SHOWER DENELOPMENT

DATRA FoR @ Ge¥ ELECTRONS

— Al
——— [
00— R
E \ —=r—=
P ‘\.
2y i Jdz
E "
€ l &
= .\ -
] \ 43 &
2 N 8
" 1l =
: > |5
~ ~2
: 27 1'%
Ly =
& N2 | =
o LY —+RADyas . | ¢
B \
& % 41
= LY
\
\ 2
Y
™
il i 1 h | 1
20 30
Depth (X))

— wehNY SIMILAR  SHAPES



[ %)

dE/dX,

LONGITUDINAL SHOWER DEVELAPMENT

MONTE CHBRIG SIMULETION {EE'E‘%)

DATA Vv
AQ GeN  ELECTRONS
it T ot e .
LONGITUDINAL DEVELOPMENT 1
" R EM SHOWERS (EGSE, 10 GeV a”) :
= _ll.pi"':__.-" .:.'-:l_'h_—"-l
e S, .
R S =gl
p s S e i
R iy - « P I
1} / AN H{“‘HP“J J
% i, S 3
:lf \\E --l-.q‘. X =
I 4 R ‘h""'l-.._.
b AN, ™
“}- E i -\\ - Bi=
102, : | - ~ PR - E.‘: _
0 5 10 5 20 25 30 i3
x'ﬂ

REMBRYUS ¢ ¢ Fo- SCALIRG |5 AMROAIMNIE

MORE LDW —
ERERGY FRUESES

» SHOWEDR TDECAY 1S SLOWER AFTER AKX,

. SHOWER MAXLOUM is SHWIFTED DEBPER WiTH WigWe® 2

" 3 "
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SHOWER ENERGY MEASUREMENT
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E.M. CALORIMETERS

FULLY ACTWE DEVICES
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Paramatars of Scintiltation Matarials

Scintiflating | Plastic
8GO Csl(Th BaF2 Nai{TH) Glass Scintiiair
Density (g/cc) 7.13 45 . 4,88 ¥ 4.8 1
-+ {Radigion Length {cm) 1.13 185 205 2.6 4.35 43
Interaction Length (cm) 21.9 a4 29.9 41.1 A4 82
-+ | Criticat Energy (MeV) 8.8 10.2 12 128
~=tMolisre Radius (cm) 2.7 38 4.3 43
—»|dE/dx (MeV/icm) 8.07 5.1 572 413 1.72
'Wavelength (nm) 480 550 525,225 410 440 400
Photons/MeV 1.0E+D4 ¢ 5.3E+04 1.5E+Q4 | 4.0E+04 1.5E+03 1.0E+04
- good, falr, -
Machanical Stability good very good | clieaves cleaves socellont good |
Hygroscopicity ik strong
Radiation Resistance meadium fair good fair poad
Price {$/cc) 7-13 235 5 1-2 02305 0.05




- Characteristic Dimensions and Price Comparisons for
¢.m. Calorimeters

Material Nal  BGO  U/Si
sampling
Quantity ¢alorimeter
Xo (mm) 26 11 4
gm (mm) 44 23 11
Reference volume (em*) 1600 180 .15
for 95% containment :

of ~ 5 GeV elecirons

Approx. price/Ref. vol, 1 | 0.1
{arbitrary units) R
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FULLY ACTIVE CAL
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SAMPLING CALORIMETERS
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IONIZATION TEMNIGUES EXPBMPLES

Ph /MWPC  calcumETER
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Measured and Estimated Performance of Elsctromagnetic Sampling Calormeters

Device Al/scint. Fe/LAr Cusscint. WiSidetoctor Ph/ar/CO;  Urscint.
passive/active B9/30 13720 5/2.5 1.0/0.2 ai NTP 1.6/2.5
{mm}) : 2.0/10.0

Enecryy resolution
measured '
at 1 GeV(%) 20 T.5 13.0 23.0 < 20.0 1.0

1 (MeV) 3.0 07m 01N 0.7(D <06(7)  07(D

F({)~2 1.16 1.10 1.10 1.18 1.18 1.20

{fcos g~ 13 1.00 1.0 - 1.Mm 1.27 1.36 1.51

o am 23 4.3 9.2 19.1 8.2 10.6

PLasdars 3.8 1.0 1.9 4.5 8.70 1

Opaih Iengih 5.7 6 17.% 13.0 &(7)

Fentimated P4 7.5 10.0 259 1.7 12.2
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Temporal Response of Readowt Sysieme
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TALORIMETER TRIGGER SIGNAL EXTRACTION
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HADRONIC SHOWERS
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MEASUREMENT OF LONGITUDINAL SHOWER PROCLLE
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I HNGITUDINAL SHOWER  PROFILE
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HAD. SHOWER MODEL
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LONGITUDINAL SHOWER PROFILE FROM IRDUCED RADIGACTIVATY
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LATERAL SHOWER PROFILE Frawm

INDUCED RADIGACTINATY
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HOADRONIC SHOWERS
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SIMULATION ©F HADRONIC CRSCADE
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HADRONIC SHOWER COMPONENTS
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HADRONIC RESOLUTION

HBDAOMIC SHOWELS PARE cowm $OSED OF PURELY
WADAROBNLL PMD PURELY GLELTAQMAGNETIL PARTS

SUBIEET TO LARGE FLOCTURTIONS | TAL FRACTion
Q6 THE E.M, Teem 18 TWHE Showll <an BE
PROLMETRIZRD PS:

fe ™ 042 ImE o)

SEVERDOL TACTORS COWMIRIBWTE 7O THE DEAAADRTION
OF THE ENEAGY RESOHLOWTION:

1) TOVSIBLE PARAS oF THE HADROMIC ENCRGY

®» LOST IN EXQITATION /BREAXVP  oF NVCLED

e LOST DY RUMBWAY NEOTRKDS OR SoME nSaTens

2) DIFFERRNT CALARIMETER REIPONIES ™o THE
DIFFERGRT TYPES QF SEcouDhly PARTICLES

E'F'_' m, P. l."'f-i.'_i..}

¢ SIGUBL SATUDATION Fod MIGHLY 10MZRG PRoTORS

* DETCCTIGA OF THEEMABL WMTuwTRons



7,‘ ENERGY DEPENDENCE

A, RuSPOnRGE

s " —
Ricsans
& h‘;MEH"SJEE{:& HAD QRAPOMSE + T

10 P A —
[ id - (;th)i’ﬂq-'lﬂ-‘:hi{.

e o [‘th) IRTRIANLG
Y = -

el
sk
!

—
=
E

iz 7
l,.|-|.
-
4
L]
=
-
CEgn hpdran/sipnal |16 GeYl) * W rE,

1 Illm'l# I I"“‘H;L' 1IIHI-J
By 1Ee¥)

|
{:‘n" 1% EWERGY DEPERTLERDF , HERCE E&}Hﬁﬁﬁ & (\ f{h‘]'lur_
Lin -:-i;ﬂi'-';#_hL}

CRLORIMETER SIGNALS ARE PROCOATIONAL
TO ENERGY ONLY WHERN 5

S = 4

b



RESOLUTION s &/

eV {GevVT
Bk 05 @b 43 91 o3
T | T T

1Ly T

FH'E

BN WG]
=147

120

1a9

2/E w AT |Gev-Y

o &0

¢4L0

120

yookoyx r o B .3 51 [} '] — i L k1

6 76 &4 &8 00 10 126 LD wWe 180 } s W 20 S0 200 -
€y haV) £y 1Gavi

LJE‘ * . ]
VERY IMPoRTANT AT HidH BUELSIES
CORSTONT TErMm v “h

1 L b T

WL

e Pl

-

T
-

w -y - | - -
Ll |} | ) FER et Rrbea

Fanabpnl Farm ey remala

| [ | 1 1 1 1 L ] 1 1 ] 1 1 L
g4 43 94 o7 &d &% A1k a7 3 Y} 1k AE O WE I

Gy




DISSIPATION OF ENERGY [N HAD. SHOWERS
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HiG6H ENERGY ELECTRONS
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HADRONIC SHOWER PROCESSES
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Characteristic Properties of the Hadronic Cascade

Propertits

Influence on energy Characteristic

Characteristic

resolution time (5} length (g/cm?)
Hadron Multiplicity = A*!Ins /et o 1032 Abs. length X = 35A'*
production Inclasticity = 1/2 Binding energy loss.
Nuclear Evaporation energy == 10%  Binding energy loss. 1075101
de-excitation Binding energy = 0% Poor or different
Fast neutrons = 40%, response to n, charged Fast neutrons e = '00
Fast protons = 40%, particles, and «’s. Fast protons hy = 2
Pion and Fractional energy of u's Loss of »'s 107%-107% Y
muot decays and »'s = 5%
Decayof e, b Fractionalenergy of p"sand  Loss of »'s. 10°2.107% <)
particles »'s 2t percent level Tails in resolution
produced in function.
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HADRONIC ENERGY RESOLUTION
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CONTRIBVUTIONS TO RESQLUTION

Mechanisms Electromagmetic showers Hadronic showers
(sdd in quadrature)
Intrinsic shower Track.length fluctuations:  Fluciuations in the energy loss:
fluctuations o/E = 0.005/VE (GeY).  o/E = 0.45/VE(GeV).
Scating weaker than 1/VE for high
energhes. ' With compensation for neclear
effects: o/E o 0,22/VE (GeV).
Sampling o/E » 0.04VAE/E. o/E = 0.09/AE/E
fluctuations Mature of readoul may
augment sampling
fluctuations.
Instrumental Noise and pedestal width: o/E ~ 1/E
eliects - determine minimum detectable signal;
~ limit low-snergy performance.
Calibration exrors and non-uniformities:
o/E -~ constant and therefore limits high-energy performance.
Incomplete oE~E " a<l/2
coanlainment (see subsec, 2.2, resp. 3.4),
of shower For ieakage fraction & few %s:

non-linear responst And non-Caussian "tail’.

R) AE = energy loss of a minimum ionizing particle in one sampling layer, measured in MeV:
E = total enevgy, mensured in GeV,



Fraction »f events
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Fraction of LUND jets with a shower containmant of
Xew 05 fenction of the calorimeter depth Ac,: for 135 GeV.
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PORTICLE IDENTIFICATION

Particle Identification with Calgrimeters

Particle produced Calorimeter sechnique ; Comment
Elecirom, e Charged partlcle inftlaing Background feom char ke excharygr

the electromagnetic shower x*M = " + X Io calorimerer;

x discrimination of ~ 0= 1000 possible

Phorom, Meutral pariicle initiating Background feaom photone from mesan decays

the electromagnetic showsr :
on =y lovariant mass obtained from Classical application for elsstromagnetic
. d I, T, ... measuremnent of enerpy andd angle  calerimeters;
- -

Protons, deutsrons, Comparicon of visible tpergy Evie  EX¥ = (Fi 4+ mD' — (+) 1
. titons, ... and their in calerimerer with momeenmum

Aatparticles of particle Pretons (omtiprarons )} ideniified ap to 4 (5) Gev/e;
: deuteront (aptidevterons) corespoodingly higher
CAnineuring Visible envergy Evia in calorimers Imporant tool fore¥e™ = o/ + X
compared with missimg momestum  and 21 CERN Collider {FNAL pP collider,
R —rF + X
LT Particlc interacting only Background from noo-interacting pious
elecrromagnetically (range).
E.;, companed 10 §F.
Meutron or KA, KD Neutea! parikche infuiating Some discrimination perhaps possible based

hadronic shower on detailed (Jongicedinal) shower information




PARTICLE IDENTIFICATION
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PARTICLE  IDENTAFICATION

UsSinG  SiLicon MODES  LoepTED AT THE

. —
ExPECTECD (AVERPEE) MRXIMUTY 0F ELECTROMAENETY

.
SHCWERS . % Yew

lm : 1 l [ '[ r . L] 'i F 1 r ' L] I r l' L] I L] I L] l 1 I L] I ) ‘ L] I :
= -
foa 'Eqr_\f 7
-l
[
LU . g
_J -
3
. 1 hadrons -
b : -
19-2 | jiii electrons -
3 =
- il N
R :
n iviiaifd ]
i I HE 1
- - TE =
didnd el
S ] §
LENE RN
- i
107 b ikl =
: : B RAhS .
S L (S i
" P | N % -
o R
R B HH R Tl H v
e i i pL R R ek g g U B [ Jl
1ﬂ.-l- i PR Ao AL XL [ VRN, F-THE I

10.0 12.0 14.0

(MeV] ]‘_E It ‘m}

_ i impaovED SEPARATON BETWEEN ELECTRONS & UmdrowsS



PARTICLE  (DENTIFICATION

USY NG LATERARL SEGMENTRT TN

RESPONSE TO &5 Ca¥ PARTKLES
SiGNAL CENTRAL TOWER

RESPONSE T &5 GeY PARTILES
TOTAL SIGHAL

oul.] GeY
=30 E

" 20 E] | b
E GeV]

THELIOS”  TEST DATA, €4 a 1

(1]



LiQuiD ARGON: DO

Df LIGUID ARGON CALGRIMETER

vl 0ol ol i Hawmeatum §0+¥ 0}



OO

Pl Dw

¥ rujaction fectlor for BX » stfutemcy

EWERLaY

E = &5 8 ¥

[ -]
-y
-rr

REIECTIDW W& MawmiyTUM
Iq. ! L] r Ty ¥y 7T 1 L d | L | L | ?
L L .
[ |
ol | ,
5 { 5
i ] :
1t [ _!
3 i .
F 1
! o 3
v M < ik
L IA:{ “ il b FiyTE §- malna
lnﬂ- R T A 8.4 i T B | 1
-] Bl 1 1K
Farliche momsatum [Ga¥/o)
TS TRl Bution Wy Sy W3
yHLoanEcTLd
F s CoOtnELTE D

L

Fptaal Eomarerioa® By (iG]

LR, & MASILESS GRDS

+ 1R CITESTAT
pRrEetol

[ Ty b
M 2 L, e R



LIiQUiD arcon @ HA

CE
LN
FR/OF r
o . I WAD. & Sheed gakes
] 1. IE
H [ IEERE 2 ) O glades
. P
I ] Internction Poinl
T === FB ——p co }5BEY
1’ = 1 | LA I INERREILIY "
OF
1 m 2 [

TUE tonulEs BRE 1OchTeD MELE THE wbLguETie FIELD
CR1C A2 Ay

[T
i,
Wi

iy
180- A, £ T56-» LinES
" I {
i -
B a
2 f1a
. o

W = prckily of 1 madita

Tl Bodi 3 B Ofd

| e o ] | S e i




i T L e g B R TR N

Eun 54637 Event 3808 Claps: 89 14 22 28 | Date &5,/04,/19

R
Z-IZIi
Ty

DIS NC -t event




LIQUID KRYPTON: GEM'
ARGON: ATLAS

e,
T
— e
MODULE! Sy

L9
BETTER WERMATIAOTY
»
MUSE IMPROVED Time eRLPoRIE ,!]
ACCORDEON STRULTURE !
124
2 L0




PRaSElTAWE

QpticpL. FIHER  REAUDT 1,

Hlikan

Pb plates

Limio FIBER

nabiion KARD B

LIGHT RAY SILICA CORE CLADOING AND COATING

T A L R Ty e

PMT




SCINTILLATI

S,
RN S )
ARty
RN Lt

MODULE STRUCTURE
A% SEEM BY
icominE PRATICLES !

' f-‘&"#ﬁ‘ﬂi’-ﬁ%‘,ﬂ‘ :
T TS -

™. Fillina

SipE LLEW -2 READOST |
i
o o HAD

—

S B N Yy e m—p——]
—_— — —— —l A .. T— — ——

clE (%)

[ = — afE= {12, M2 AEYRIVE + (L94H.0D%

L  SIE=(1740H0.03)%E @ {2.7040.01)% E

0 | L I
0.3 g2 0.1 0

1HE (asv -1




S one Trangr

Cowfifers R0

L% 2

The 30C Dwteator
b vinanl Faaarryy minh
-y

WLS - FIBER  RERDUET gem.: Ph plades
PeoiEtTINE g HAR. . Steel ?‘m:'lns

Tile /Fiber Central Calerimeter
(Quadrant Croea Secikon)

——
am— -

e ——— e T
s

o 2

LA A AT TR e [




SCINTI\LLATING TILES: eﬁ?

il NRIN Ul W Lo BRI TR

Piug| Upgraida
EmPb plales | HAD.: Sfeel plubes

- %0 GeV I

ANKE/P)
2 = G




COF : RESOLLTIONS

8.1
0.28
b24

8.2
.16
.12
.08
.04

=1
S

ELBECTAO M GRETIC
o _ 5%
= - @ 9%
|1J_J_|IlllIIlllelllIrllljlllll|||||||||||1||
i 842 o084 QD 808 OF 012 014 016 OME
HE(GeY)
HADRONGC
3 e
ll!l!lllllllllll|1I|IIIIIIJ!|||||J||-|::$|||||||L:

25 50 7% IGp iX5  Iso 175 2op 225 250
Momentum (GeVic)



RECENT CALORIMETERS

! SCINTY

ZEVS
COF
SDC
GEM
ROA

C

L)

ARSORBER /READOVT
LON M, WAD,
U/ Saat
Ph/Scmk  Shal/Sunt
Ph [Suint Te /Setnt
Cun foeint ( Filowe)

PhfScat (Pl

Ph-epors/Sunt e
P/ Lt.lb"uﬁl 2t

TLiaso IDMNISETION

WA
gl
GEM
SLD
 ATLAS

CRYSTALS

G

iy
LU
oTXEELS

B
LR

Ph /LA Sleel / LRc

U/ LA

Do Sl Gheel /L. ¥r
Pt /LA
Ph AL e

Bata
(21 24]
sl

Pb /Sdhd e
WSS

“Heel f.ﬁr { ruah Lansre j‘“)

% RESOLUTION
EM, WAD.

100 &% 2r

A ng 149 ©1%, BRS %

1.02, 'E"awﬁ K

s %q,m%

. %q_@ 13 %ﬁﬂ %
I’i_?u@ %

’ %ﬁ.a ? g'ﬂ-ﬁ ?

? %%ﬂ.ﬂdl %ﬂs‘-ﬁ 3%

406 %‘F.ﬂ % ~¥¥-ﬂ"l?¢
8a-1% d‘%‘?- A %
2 %ﬂ;@iﬁ nﬁﬂ;ﬂ' »

? g&, DAR %ﬁ.u 3%
%E,Iﬂ, t 45 %
g-?. t.t.sﬂ.
%ta 03% ® ‘%"'n
e % ﬂ%ﬂl
...%ﬂn '
4
: %ﬂ. %‘-ﬂ.



PHYSICS AT HERA

INELRSTIC SOATTERING (DI.S)

VEEP
= | y
e — I-‘-""/’
Az jw
i " i’i
P = A_OE;YW
q ) 9 4

NE‘.L&NJ Curﬂnji‘ event C“ﬂﬁd Cu.mu& anend

¥ = FRACTION OF P-MOMENTGM. 10 STrotk il

L inEMATICS -
QY= EXCHRNGED MOMENTUM \SAUALED)

X &4 ORE COMPLETELY DULIEMOENT ON CPDAIMETER-MEMURED EWERAIES.

THEY DETELMINE HOw S000 B Wi WKW TUE PiReton
STRociyng Punctioni .

PHOTO- PROTUCTION

MUBRY - GLUGk Fusiaw

afc ...



DIS: RATES ACCEPTANCE

HC ' op+aX fiowd _ o

da in ph

A 0
.m’

/d 2590 | 1"
' 10

100 | 10t | S50
B 1.0 | U | 8- |

piot] w0t [ 1x0® § sl




IS - Aq99 DA




PRE-2EUS ERA OF V/Sciet. CAL's

G
Cu ¥ \J Cu j. AFS s CERN ISR
U 3 §] 3!
!
U — W
Cu ( U lu LT, T |“| I

d-rm:.:u\-h-\

b |
ot 1'TE kT M |
ROAAE it Qa5 Pk [ i) }t‘
Bima by & fmm Sgun, : T U
ity B ot m LInE= TR LEY T
L] Showtis | wlfr deMfy mrnt I
T rlemgth Ui '
HELICS (nAmy) U]k
Slit Cu
xr CERM SPS | . i Fb
/ y
4
;.
f; Y
U/Ca A::n / ‘ e
“Tarqet
X
| M N I
0 &0 K I1N




HELIQS

a/E - VE (Gav 1Yy

10

0.9

0.2

0.7

0.6

0.5

0.5

0.3

0.2

&1

RESOLUTION

; T T | 1 | T
< CDHS 1981 (Fe/scint.)

» CDHS (after atf-line weightiagl } plons

@ HELIDS 1985 (U/scint.}

Tl

OHELIOS 1985 electrons v

1 | | 1 [ | I

1 | |

P- CDHS

20 Lo 60 80 10 M WO
E iGeV)

160 16 200

HELICS



HELIOS & HERAVY 10NS

Number of events

150

100

wn
o

s

314620060 TeVY
®¥D+wW at 200GeV/n |

1uﬁ sl o/E=1.9%
E7>100 GeV A5G -

- 3 E

: I i | 1'—- i |

EMeasured  (TEV)

inch IElJl‘-la?-



¥

&,

vy E e .
2 WY N Dl WO AU By 50 13 e it BT T Lo Tl ' P

HENM
WeaMm

=Ars J4 R LR

ZEUS HERAIZSE)

LES



Ousdr:
K -

.

-----

mimge iy T

e

] L .
= - “
] T
< 0 -

] 5 B qx ¥ ' -":.l.!. .-l'-'
e NE
e e .. e s v '-' H 33

TR - E . PN

o i - 5 5 .

: TR . - e Tmperp—————— - -
= o H . - - ay o

ol . o .

ZEUS (HERAY{(I)



Z2EUS CALORVMETERS

" | s
\"&:"‘{ DIMENSIGHS | ¢g’
" Emetm i‘ #

i e MO T

1‘_
’ { *

v | N,
FCAL(7u] DAL {5} ACALIAM]
HAC 1L2: 11k HAGCTLY; 314 HALC: M1
DEPTH: 152m DEPTH: L8 m CEPTH . 9% m

BOARREL CALORIMETER MODULE







H 3 L. ¥
P =

g e e
: . - 0 =
L . i
= = L
== =y =
o ke o e e U et
[ LT LI TP e LA
T 2 5 - J

N —————

T i eke————— = = e
e ee———— e e e .

It Y| Ty - —
\o =L s

e w— man .

O T

IR e
——

. M mr = e -

-

T L

—

o] —_—

- Tl LT .




FORWARD CALORIMETER
MODULE

FEIHTILLATORS

™ LOWER O-LEG

g
:
b

—
b

"L/ 7 TNE



B

IR T I TR L
i e B e e S

H 19 T N
G L) B mmuw.h.v LEH
. 4 -

S W ___-




CALORIMETER TOWER STRUCTURE

g0 TR

2h S S 15 % % AN

CLADDING OF DEPLETED URRNIUM PLATES

189 .8 mm.

U - EMC

TAINLESS STEEL 0,2 mm,

- 184, 8 ;

Hik mm
HAC 2- 179.8 mm,

i§§§§x iaﬁk_ ﬁﬁpﬁx

2TAINLESS STEEL 0,2 nmm. STAIMLESS STEEL ©,2 mm,

—_— ——



LATERAL SEGMENTATIONS

|
E = s o
==h
EEESSESEESS
== %:—J
&
FINER EML
FCAL front view SEEMENTATIONS
/!'
|‘ g =
|
[
)
HE
I
¢
B M mobowis HYECE

RCAL front view



3.

-1 Y

SUPE EURE ¢ OBEN

LT l‘:r R SR
i) ﬁﬁ‘ﬁ:ﬂ PR W

AR T T
SRR

ue

l
|
|
|
I
I
E
|
|
|
|
|
{







SCINTILLATORS

Kalarimeteriurm

WAVELENGTH SHIFTERS

DEPLETED o
LIGHT tREATTN STEEL DADMHG
i THE 07 mm EMC
SN LATR (b m KAl
I 2hmm

- wrapped 1o
white
Tyvek paper

P
Ex"'
o @ﬁf




SCINTILLATOR

[ UNIFORMITY CORRECTION PHTTERN)

L LN 019
.99 0.9 099

1 om

WILS -

o, EMC TLE

#5_1 o 0% O %A .57

0.9 0.9

989
1.0n

[ )
1.00¢

LOW 898 1.00
V.05 1009 1003
1427 10tk 1.010
14% 1029 1.009
17 100 1009
1025 105 1018
1.0% 1485 1.003

1050 109 1,017

1,875 1,085
1.55%
1.06
100
1.0%
1401
14

1,564

1413
35:1.111.1.m
5139 1,
57 1.2 10
15 121 1y
gl 100 1000

1300 1,004

¥ L] L] ¥ L]

LY 1008 1004
1047 1005 o950
1004 0093 1.000
14000 1001 1.500
1.007 108 4399
1004 0.9%5 0.99
09 0.9 0972
257 o9 05

1A% 1.1
L

0 E0

N 0 "

AETER.

LMD 19T LY R 39N D985 T

LN, 560 |0.955 0990 099 0.0% 0.9
DT 1004 0999 1007 D995
LE0E L L%TT 6999 )00 1002 TN 1.004
100 G996 B350 BB 100 19 100 1004
105 0996 090 A0S 1 M3 1T 00 1 000

1SE [0-9R] 09s 0.3 090 0% 1000 1006 1.007 0.0%
60 0.0 G503 DA% G391 0.0 0.99)
5 ‘i. .' v I.,- }JI '- L ! :.'J: '_. I kL .
B B =5 15 95| ol
— ——ngnuniormity < 23 %%

—— miweif ot iy« 50 %



WAVELENGTH SHIFTER

o
T Hﬁﬁ
TEST SETUP ' I:m:l: reflectar
WLS
E' —_— md rﬂle‘atm' = 4ot 'L.I'EH‘I.'.

firat scintidcdor
last scintillator Ou -plate

ak s i
WLS - CASSETTE: —

HACY - LG
HALC2

TUBES FIR THE
CC- SQURCE

HALY LS

CORRECTIVE PATTERNW ° LHNFORMITY

¥

belwrs comerbon

=
g -
i‘ Efler
'E 02 trreHon
s
I wo
JoR

PRI GE. LN L M|
q 20 W L
Dystarce bnom Ha(PH) end of e WES komf




OPTIicAL <HAIN PROCESSES

| | | | ! i

EMISSION (rormolized)
o8 [~ SCSH- 3 -
a b~ (808 in F5i J SCINTILLATOR
[Kamon & ol)
0% - o
0 - a] —
N y L I I
1 i o ! 1 1
L ABSORPTION tnormalizedt |
08 |- \  ——K-27TWPMMA o
Y\ s===¥- 7 inPMMA
oo - ) kwnoreqsurement] T
o \
e 1‘ “ak

1 } WL
02 =  EMISSION hormalized) /“|
ot - K=27 InPHMMA
— (Réhm, Dormehad]
0~  ----Y-TihPHMA -
0sl- [Kamon et al} |
1.0 - [ B
-t
Limasw) |
10 - —
6O = -
&0 . FMT

SPECTYRAL SENSITIVITY
SBAbLCE colhoda

VALYD hond brook)
: wave lengthimmi — = PHCATHGDE
] ] [ L ] 1 Rl BT

50 00 450 S0 550 B0 CEFiCLEN

4 LpnETorL TR RR)




2ZEUS CALORIMETER PROTOTYPE

J —_——— . — p- M.

& cm
1“-"“1‘\.“‘““\"1‘\"‘1

443 » DEEP

SETUP -
|,ﬂEEL_HW
Jnoduled |
beom Lt I L Ilﬂ'ﬁ module 3
modwle 1 BS

a& cod ot ter

Beam=P1 B2 831.B%
t irlgpera Beam,

i leiggers Beam. (2
p iriggér = Bram BS



CERN-TD

ceNERGY 3SCANS

avanls

1. ev/c

2he¥A

evanks

W00 a0

Talal signol | ADC cronnets]
16 e
b ELECTADHS
1000 2000 J00%)

Tolgl sagnol | ADC chonnels)

i, ADSOLUTE EUREGY <BLIBaATIiON

CERn - P2
a4 HADRONWS
Heam momentym WoeVrCl:

r 50 7 100
C 0 0 A
k> J
|
I
E
1
E H
-
E

1] 2000 L0000 T L] B0

Tolal 33gnal INDC channeis)

" Mérmotized lstrdation

W ELECTRONS
Beassbd oy  LOeYAch:
O Ox 1 =l TS

H A | ;

AEAN Jk.JL\,.

H 2000

L0
Tolod sigrual{ ADC chrewix]




ENERGY DISTRIBUTIONS

LOMGITUDINRL -

El:u!rgp
Irat g
(%)
/ Had 1
.._.___l—| — e B — -

“I - ...-—-""-

____‘,.--r'-

R B EEY"
Enecm 1GeVA)

LRTERRAL:

Laleral sproad ef ¥ Gevic hadron shewars

loo1 oz Juortues o0} aszfam
fanz joos [ezs]qa0jazs nasos
DO RS | L3 ] 27 | 13 |4 25)|00T
eon 03073 J195{ 37 [o.30}00s
ot o2 13{ 22 |13 [ nrsom
faoz Jo.03 25 0.20f 0.25 0.5 a0z
o L ajeoz jons
Told 3um s X0




LONGITUDINAL INTERCALIBRATION

of = INTERCALIBRATION  PARBMETER

]
14 = A s
M' \ Jf;‘aﬁm
o ENN | \ ; hadrons
] 4
ENERGY RESULLTION: | Y X
2 *\ ﬂ"'
- . L""n.,,l_ \h..l‘_iu';'fil I“
= TIFFERENT MALniLMp Y LV e e b '
w4t 4w ouw "
a i)
ald |
3 . = e B LR
Of WHILE MMz G P! '
THE ARDROLLC RESGLSTION | !
11
ﬁ!l ] ] T T 1 L
I 1 3 57T ® 2 % %%
C IGeWie )
eih ,:,“-
1M \. B L
Eﬁ"h ARG .\//
i "I:'.‘:*-.b/m Gavic i
=B We UKiGNE SRLaTion Y v
\‘:.:_'h
69 ST
."'n-




LINEARITY |,

OF, WOW WELL |S TwE ENEREY PROPLRTIONAL TO Tée SieumL

DEVIATIONS FRoM RiINEARTY

o.pg b.03 T T T T v
& 4
o.03 } : ] 0,02 BTLI
1 gn * [ W] ] it o
*
-! 1 ¥ r B ..l
0.0 |- fomcmpr-mmmmmrer e e v e e o.01 B ] .
i
) !ll
LTI ] 0.0 [-—wy ]
AL AL
b. : . - : : 0.0k . ' . —
- a0 20.0 yi.0 EJ.0 BO0.0 W0 | 0.0 0.0 20.40 uk.0 E0.0 #0.0 1DO.O 12000
Phonm (GeYSa) Fream [(GeYic)
REBBLUTO
B0 p—— ' = * " 5.0 — . . .
a
0. o } o1 o |
LY LT i“]!“‘ 3 b
B
‘__I.--'. ; ---I'L!I*iil.!=i+l‘|} l
*5'“ Ii n i
Al
L .0 ;rnl o uul ] Eul o _Elul o II'.II;i 0 1200 14.0 At : . . ]
2 : ' r 3 ; 0.0 20.8 §D.0 604 MO0 ;
Pheam {Ce¥ o) R 8 120,.0

Fhenm [GaV/e)



(5/<Q>) B 000

PERFORMANCES

€/ RaTiO
h
1.1 vy e r——p——r—rr ] S —
s 1 dmm U AT
L ";" 'H'“'""_*"_'"*”E 2.4 mee Scintillodor
‘ - '
oy ' :I: -
1 :
o8 F 4 .
1 ! :
o.r ¥ -
[ L) . ]
os [PV «/mip ;
- Eu 1Ge¥] ]
__5_ s v al Y L a4 4 v aal a a L » 2 s uul
o 1 10 T
ENTRLY RESOLUTIONS
‘n L L L] rllll | L T LI | b | L J Lol |'|l-
3 ':'---m-*--.------;---!-i-*-*-l-----l-.---..,--,.-;: 14 0%
2 . ' y ' Hadrons _
¥ +|.
8 I ’ -
s :
* F
24 | 4
L o
* 1
X F i‘ =
[ — - - ;_u_._._---.--_.--..-.._.*----,.-.--___--r-:1a_n:
6 F : Electrons ]
iz | :
PR e e SN Sn R ooy TEMeRR : RO e |
1 10 1
e e fe [GeVY]

HADIOMS © MORE LDSEES DY 10wl ZRTION



PERFORMANCES

€, RATIO (LOWER ENERCY RAwGES)
L S . . ' :
e/h
k.0 |l|- ---———.-.l_i_.*i_.li_
n.a | : El |
0.0 | &P _
F.
& gt
o 5 . aein
0.7 ) e -
1 ; '
0.6 :‘i-“"-';--*f-"“ e/mip ]
Fa 0,82 . |
[] '5 [ M 3 5 | T T | N M N [ I T -
0 2.5 1.0 5.0 10.0
£, [Ge¥)

ENEREY WESILUTIONS

ND.0 ey ey
T
Tl i 15 |
S B e
v . i 'l ]
30.0 } ]‘ s L .
‘h\ 8 Y <E>» UR/VEx
r \\ 2
»
20.49 \J ' .
' I *n p T
M . T
S [IDIS E "
1"1.._‘_ [_\_ ]5% E] - E
I|l||-h""'lh. EK h
10.0 - i PN, R | N . PR S I R B
a.1 o.5 F. 0 .0 0.0

EEI:EIE\I']'



RESPONSE NON-UNIFORMITY BETWEEN
MGCDVLES {HELIDS' WORST cpse)

s .F'F "mr ]
_— [ ; \.1 L *EEL +
: F
BAGNAL woo |- F , i Total anergy
i -l-'i""; \ ’-lh“\-
Tl Lorrected tetal energy T B
st
FMGLE g i Emegy »
1 — ".-,-‘-I"-'I'-—-I---—
LGN RLS -y Ctowwr A% £ Energy tower B ST
Soee L \ ;'5 Y
- Lol
= & L
-E Yoo - I‘..l
8 [ N Ale
Z w0} %) [ ]
! f
i *
el b v !
b y
Fom
ml “
A "
m j .."l"-u-..__
b edge ¢f T T T
E 'y stack B
il /LM
RESHLL TioM i
.r I | 1 i i ! "‘"‘T

i L 41 hi L& LA &0
Facition acrese stack (Em)



UNIFORMATY TEST SCANS

¥ POSITION AWD ANGLE
ADD BRETWEEW MODWETD
T Ph I 4ren Ph = e P
l ThC DR
Bring L
i
Clectrons 130 Gavhc b
] T ] T T ] T T 1 T T T 1 1 T
&> Balprad @ Oar ad B Cmrad
ROL il o daiits im TEY% » 52% "
XM - . g 0 e L « = n 4" .'..u L - -, L, T | I G
ar Pa Imm Fh inm Pb
1] 1 L 1 i E i L 1 1 L i L 1
%8 % T TR e %
A fgm) X bm) ‘I Llem)
.%:ff - Pci0mrad i ' -i-H;n'H Raidmrag
ARGl A =38 A 9% A 1%%
I o
7000 F . . .__l'._ . . L& e st P G . __I._'..‘. * 1 ?_PLS
M Ium Pa- imnPh
' J i i 1 L i ' ] 1 L -l A
I X W % M OES WM 5 WO O¥ A0 W N W 1% W S
Xunm| Apm] Xim )
‘m T ¥ T T T T T | o 1 T T ¥
gg 980 a8 D=blmr ad 9 200 nradt
CASE Al A= H% Aal = W% G
= .. - - F] 14 = L = F [ ] LI L!.'E
HH L | l"'r L - i a whamh " a ¢"l..- +
» P 2mm Pb Tun Ph
.. " M 1 [ 1 1 1 1 LN
¥ 0 5 I M W N M 1 ¥ O %N i M/ W
Xiah ‘Elew!



CALIBRATION SCHEMES

URANILM NOSE SIGNALS (UNGY:

o
HMuks 'yl
mht 2} 23%
. 1.2 7%
. yiags!
Thizs d) -E;;;ﬁ:
0063 | {0053
15107 -
0 e ik f53) 06 %
wruilm 22 50%
Y2008
oy (OTET
J Dl
Fﬂ- 17a 1) {24 'a']
4 BEAM-INDEPENDENT CPLIBRATON METHODS
chorge ilnj,r.u:tnur@I
stee} wir DAL ﬂmilur
m.‘-‘.""m@ Froot-end |
W5 — o 7 P, electronics
Cnlorimeler: séclion light distribulion b
o4 _ e {3
‘ @ optical lighl Tigsher
fibor

(Urgnium rodioackivity)

monilor




STABILITY CHECKS vs TIME

. $ = SHUORT-TERM YAAINTION
PEFINTIONS A LONG- .
| e+ LBy

- A BT T T T ———
- - - ——

1 :
b - - ] *
L 3

L T T S — ——
-t

UND Signal
i

Ao dotedon v ks nan v g Banwn |l g aal .

Time

UG Wikl

¥

ek e sl Bl BB bl b R R M BLEL Rl b b B N B

fubed M)
i plre tnls every 2 hours

>

ol g P P i it et PO T ey, :
(e LI%

M0 Sigral [ADE ch)
g ¥

434

_u_l_u_lJ_l_l_ﬁ..l. i.l.J.-_-_l_'l_i_l_l_l_l_l_l_l_l_Ll—-.-—-—-—l—

¥ [ 1 Fy] F| | K 1)
Time Mays|

g



COBALT

SOURCE SCANS

“a+ NG
¥y
(n} EMCIHE ssurce on the lefL side |
T -
nog -
Seurce on 1the Jufl cide
g - - p
“C|:1}; No " - ne l:z:lmlinl EMCILE source un the right side
of B - tl:lj i : I‘ 4
/ HACIER -7 130 250 jmm|
AR 5 UMO sigmal ' i - Poaliian
Saueck on the right sids
T 4 Scan RLONG THE Wila's,
) BT THE END OF THE SCNTILLRTIRS
o e - A ()
M UNG - 1399 180G o m)
im¥} e t-Pasitica
" .. O Gooh DIiRENOETIC XEUL
- o b 4
- ) E.4. FOR MECHBMICRL TROGLUE RN
./" HAG, \
T T S, i
Source on the el side £
T () |
o - i ;
1 Duik gl 4 1D “"hﬂ]

a-Fositlon



C MUQN SIONALS

Cosm

=
-
=

3
1
12
Q [pC]

REMC

#.
el 5 ﬂ.,

...._..._u_ﬂ..........._.. ..._... .._.._....”...“.u....n....”... f.—ﬂ__.
...,..

..:“.._.... ...“_....

o

2 a o a

L) ™ i

asxb R

| 1 1 ] ¥ _..rmmp

L [ ) =
o

Q [pC]

20

TALLL WG
N

2
o u e
23y
a
l M W
HEN:
L= w o
ZEF
1 1 L | 1 1_u..-
&)
F 3 2
L
L. EL rr..........__”........n_.......w.....r ﬁ/ﬂ/./..aﬁ/:.?//f
-._L.p_.bpp._..:..rz.._ o

2 3 8 & °

.ﬁﬂ.m.ﬁ‘ﬂ.u_hu ¥

Q [pC)



IGNALS

HALO MUON S

._._..--.--.-.

-
o m-r11_|.1..r11_l.|1]|_..131|1 WE
z sl 2 | 2 ,
= - A™ : <L . = m -m
Lol g | < | ;
) | i < W
: ] 3 4 0
: T s K
I N
- 5 :
I g K H
: ., £
: & L59
it [ st TR ,._..,_,....H_..ww.,,,m.uu_,,..,.,.,..,,_.,..,”m,.,_,..ﬁ,..,”,”w” _ 2 F __..._“...p
. al ¢
o ;
g 8 °
o =
ol B B ._.. ‘.M
] w

| SR “

] 1 "I PR | (=] ' RN TE ETEY R T (=

g g 88" p18pac
aEsiubiaay § n.nn_:m_mn._m.ﬂ mmm_c..m._n;u.uu



- CALORIMETER TEST SEV P

TO (NVESTIGRTE THE MBGNETK FIELD TEPEMDRMCE OF THE CALIBRIYIOM

i
SINCE THE SCINTILLATOR LibnT outeyy 8 B~ DEPERDELT

BPw=i0] - 14
Taala :
JL Calorimeter
Collimater
jl, Pz
P
Paddia




LIGHT OUTPUT VARIATION

43 BL

BE
= 0 - .Il
. i
3
&  BEAM/UND--signal
8 - O BEAM-signal
L1 LNQ—signal
& SCSN-38 (KRCAS)
B -
* =
2 |
s o o0 ©
8] [1;._ S ¢_ R T
C
=3 _"H;.IJ. 1] 1 | N |
0 1077 19~ 10" 1

B—field [Tegla)



CALORIMETER SIGNAL : TIME SAMPLING

WE DULSE WELGHT. 1S SHMPLED BT Ency G ns L BEAM (Rpssing Ciag) AND
STORED N P PIPELINE FOR LATER RETRAEVAL IE THE

SNENT IS RCOTTREDR BN ThE TRIGA Q.

PM=Puis

VED ns

h, hy SIGNAL OFTeR “ShPER”
! .
!
:
:

-
~

= = = _— = — -
L | e L e T T

b | e i




RN

NG LF - TTAS Gt T

UCAL transverse ehergy




SHIFTED YERTEY EYENT

{6 453 LAY O

‘SRID DALH



CﬂLORiMER TIME iINFORMATION

IT 13 USE ON-LIRE N THE [RIGGER T SELECT BEugwTsS

# Ernignireg

d 8 £ EB S E

—_
o o




~ FUTURE DETECTORS

@ Q. \inau.r r.::-lli&gtﬁ. t.u'xlii\ \ﬂ'\!&,,%'%, ?Eﬁ%t!ﬁﬂ“ﬂ
THYSICY REQAUIRTMENTT ! Ecm GeN mnoss  Tesolukion

o voed et resolulen
I ':';L'!‘ﬂu.llp.l" t
HOW 7

x 314 »  iSsWg B

TRHCK (MWOMERN TUM »  high rewolukan
» lowgg -'}m-.L.L..Nﬂ ol uuao

BT CLANQRL TAGGING -« verlvarg

s 2 fSraivncas

ERNERGY FLM & %-ms;lLﬁnb

s wanboTitng %rﬁ

= OPTIMVRE DETECTOR DPRSiaN



ENERGY FLOW

GOAL. QPTIONIRZE THE JET TWEAEY Resowation

|- CRARGED PARTICLES  (hedions, o, 1)

hi-f_s)'r\ -hnmgnhm t-esﬁ\whﬁﬁ :’IMI'UE\‘."

2= PUOTQONS

&\u#m m&&m‘%\t iu.."mi‘ c*mnla r~

 3-NEUTRAL WADADNS

hadranie  calo ronede s

Eﬂaﬁ[ﬁ ChoNs el E.E} lﬁmiﬁd l;&r roc PQHEF wE . St‘n..h\hi.u.h*i-ﬁ.. t_'['{_

S EN L 11



CURRENT DETECTORS

exasmpies

cwmm;-m CENEQGY  INCORMATION CAN
2T IMPIDNED RY

¢ SEHOMEQ MRy DeTER T vy, <DE
¢ TRACWIRE cg. RLERH
- DOERPDWERING X E‘%ﬁﬂ

CLEAR  iMPADNEMELTS AQRe OBTRAVED | RT  TWRM

CARE LimiTRD QY THE CORRMT  TRITEW :

" UBLCAAMETEN SARAWULKELITY PN BE  Toa CHEQSE

¢ CRALUIG MBS BOT RCoow - Fodwh D EadaeH



PROJECTS

Tﬂ-ﬂc K\ NE O R e IRTEhL

PASo FORWAAD CoERMSE | TR(C ‘@
AMEH ANEL LAL RESTEYTION
(B8 MHEH‘N.H& neen LOTiaMN o

:E"CHL DEMSE = SMALL K

o TOPMSNLOSE SEGWENTATION
X, /Mg SMALL ~» EoOD LONGITuDINAL
SEPAMATON  HAD wu EM
W oaksantrrr + 51 Pad Asd ot ?

W= CRL INTEGRBTLD

BPYMDACH WERDED

PRARLEM T Ton eAmY CEUS  wRebded P
(Bechrt oF OTERLVAMSY

SOVNTION ©0 TrwY URELS wtw A RT m{-‘n??

STThLL . BLGOAATHMS  ATE MEETRY To TS EMTAEAE  TuRapads
A BRIST NS PORESWVRLE : LOT: ©F SimoupaTious

THE ALEERTHRMAGEY MBY  Bicadm® WOoRE o PelIBdT
THRN  THE CRADEMETRL  VTSRLF,



