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Transparencies from the Calorimetry Meeting held at the SSC Lab 
on August 8 and 9, 1991. 
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Physics Requirements to the precisjons 

of Electromagnetjc calorjmeter at SSC 

Ren-yuan Zhu 
Caltech 

GEM Calorimeter Workshop 

SSCL, August 8, 1991 

• Physjcs Regyjrements on Precjsjon Qf EMC: 

H- l'.1 Physics; 

Htf =t f:r:y physics. 

• Ojsc11ssjon on Performance pf Precj5jen EMC: 

Energy Resolution; 

Position resolution; 

time Resolution. 
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!lj/P Bo/u< 1i.,, iJ= fA.. SSC 

PYTHIA5.5 (Mtop= 140 GeV) 
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Production Cross-Section and Events/SSCY 
Calculated wjth PYTHIA 5.5 

Mn(GeV) u H( "Y"Y) N-y-y uttH( -r-r) N l-y-y u H(4e) N4e 

80 102fb 503 15.5fb 16 

90 124fb 610 15.6fb 24 

100 153fb 751 15.0fb 22 

120 193fb 949 13.5fb 20 

140 171fb 830 8.3fb 15 5.6fb 24 

150 124fb 604 5.0fb 8 7.4fb 33 

160 47.8fb 264 1.6fb 3 3.2fb 13 

170 2.2fb 9 

180 5.6fb 28 

200 21.2fb 99 

400 14.0fb 85 

600 3.9fb 26 

800 l.5fb 10 
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Ho--. 77 Sjgnal/Background 

• Signal· 0.05-0.2 pb for MH E(80, 160)GeV: 

I TJ--r I< 2.5; 

Er> 20 GeV; 

I cose; I< o.s => reduce gg - 11; 

I TJ--r--r I< 3 => reduce qq - II· 

• Qjrect photon Production Background (gg- 'YI 
and qq - 11): 

- Production x-section: 276 pb (198 and 78); 

- After selection with M-y,. > 70 GeV: 43 pb; 

• QCD Background: (2 Jets and qg - q1, qq - g1) 

- Production x-section: 2 mb and 236 nb; 

- Isolation cut: 
1/jet :-- 2 x10-4 , 12 /jet2= 4 x10-s, 

- After isolation: 80 pb and 47 pb; 

- After selection with M,.,. > 70 GeV: 38 pb and 
18 pb. 
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2 Gamma Background (20k) 
~~~~~~~~E-nt-ri-es~~~~2-17_4_9~ y~ . 

2000 gg Mean 36.49 ~ ~6 b 
1000 RMS 17.80 

00 20 40 60 80 100 120 140 160 
'2t of '2gr1Qn ~1g I~~~ 2.5 ~ qg Entries 19815 2000 

Mean 37.30 ~j 

1000 RMS 18.78 

00 20 40 60 80 100 120 140 160 
pt of porton eta less 2.5 , 

2000 QCD Entries 20518 ., 
Mean 36.04 

1000 RMS 16.96 

00 20 40 60 80 100 120 140 160 
pt of parton eta less 2.5 
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2 Gamma Background (20k) 
.------.--------u '(' I 

600J'" 99 Entries 7333 , 
2 Mean 82.63 oi / 
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lsolatjon Cut ... flrHJfd-S:{ 
• Generate QCD jet£. deposit all EM energy and 

part of hadron energy (from GEANT) in calorime
ter cells with parametrized shower spread. Record 
cell numbers hitted by charged track with 8 kG 
field. 

• Search through all cells (AT/ x A</>=0.04 x 0.04) 
to identify all cells hit by photons only, find E¥" · 

• Charge yeto· if there is a charged track hitting 
neighboring 8 cells => Reject; 

• Define the sum of ecell•s of these 9 cells(~ ecell) T L.J9cells T 
as the Ephoton. T , 

• lsolatjon veto· if the sum Of the transverse en
ergies in a cone of radius R (R=v' Af'/2 + A</>2), 
excluding the E~hoton, is larger than 10% of the 

E~hoton plus an isolation energy cut {E¥'t): 

LET - E~hoton > (E!f't + O.lE~hoton)=> Reject; 
r<R 

• Continue for all cells, define the probability (F) 
of a jet faking an isolated photon as the number 
of cells passing all above cuts normalized to the 
number of jets generated. 
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Isolatjoo Cut (Cont.) 

• lsolatjon Cut Rate (10-4): 

Ecut 
T R=0.45 R=0.60 R=0.75 

5 GeV 3.6 2.8 2.0 

10 GeV 9.5 7.8 6.2 

15 GeV 14 11 9.9 

20 GeV 19 16 15 

• Tata! QCQ Background Cross-Sectjon (pb): 11;1 ;J ?oft. 

Erut 
T R=0.45 R=0.60 R=0.75 

5 GeV 160 100 56 

10 GeV 940 650 420 

15 GeV 2000 1200 1020 

20 GeV 3600 2600 2300 

w1i,;A p1reef pk-t- 1#1 ~rr 
A ~ f b 1°"' /t1 rt' '> ~o fe..V 
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Production Cross-Section and Events/(SSC Year) 

Calculated with PYTHIA 5.5 and Mtop = 140 GeV 

For a East EM Calorimeter with 

(2/{E$ 0.5) % Energy Resolution, 

1 mm Position Resolution at r = 75 cm 

and 0.5 mm Zvetex Resolution 

MH(GeV) O"-y-y(fb) aM-y-y(GeV) NB(k) Ns S/.jNB 

80 102 0.34 6.0 352 4.6 

90 124 0.37 4.8 427 6.1: 

100 153 0.40 3.7 526 8.6 

120 193 0.45 2.1 664 14 

140 171 0.53 1.3 581 16 

150 124 0.58 1.0 423 13 

160 47.8 0.65 0.8 168 5.9 
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Ho--+ 11 

Production Cross-Section and Events/(SSC Year) 

Calculated with PYTHIA 5.5 and Mtop = 140 GeV 

For a East EM Calorimeter with 

(7 .5/ VEffJ 0.5) % Energy Resolution, 

1 mm Position Resolution at r = 75 cm 

and 0.5 mm Zvetex Resolution 

Mn(GeV) u "Y"Y ( fb) u M'Y-y ( GeV) NB(k) Ns S/VNB 
80 102 0.66 12 352 3.2 

90 124 0.70 9.2 427 4.5 

100 153 0.73 6.8 526 6.3 

120 193 0.77 3.7 664 11 

140 171 0.89 2.2 581 12 

150 124 0.95 1. 7 423 10 

160 47.8 1.1 1.3 168 4.7 



. " 
''·' 

HO-+ 11 

Production Cross-Section and Events/(SSC Year) 

Calculated with PYTHIA 5.5 and Mtop = 140 GeV 

For a East EM Calorimeter with 

(15/CEB 1.0) % Energy Resolution 

1 mm Position Resolution at r = 75 cm 

and 0.5 mm Zvetex Resolution 

MH(GeV) <7-y-y(fb) u.M-y-y ( GeV) NB(k) Ns S/JNB 
80 102 1.3 24 352 2.3 

90 124 1.4 18 427 3.2 

100 153 1.45 14 526 4.5 

120 193 1.5 7.3 664 7.7 

140 171 1.7 4.2 581 8.9 

150 124 1.9 3.3 423 7.3 

160 47.8 2.0 2.5 168 3.4 



DD -+ Hff.X -+ 11lvX · ·· . 
Production Cross-Section and Events/(SSC Year) 

PYTHIA 5.5 (Mtop = 140 GeV) 

MH(GeV) u -y-ytfX ( fb) Ne(0.3) Ne(0.45) Ne(0.6) 

80 15.5 16 9.8 6.7 

90 15.6 24 16 12 

100 15.0 22 15 11 

120 13.5 20 15 11 

140 8.3 15 9 4 

150 5.0 8 6 4 

160 1.6 ·3 2 0.5 

• Selection: 

- l'hl < 2.5, Pj. > 20 GeV 

- l'lzl < 2.5, P~ > 20 GeV 

- isolation cut: Rcut = 0.3, 0.45 and 0.6. 

L E/r-4"'1tM'l > (5GeV+0.1E~hoton)~ Reject 
R<Rcut 

- Malor background tt Itself. 
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pp --+ Htf.X--+ yylvX (Cont.) 

• tt background calculation with l.OSM top pair events: 

Rcut 0.3 0.45 0.6 
. 

Rate1 (10-4 ) 8.2 6.4 5.0 

Rate-y"Y M-y"Y > 70 GeV (10-5 ) 2.3 1.3 0.4 

X-section ( fb) 370 210 64 

Events/SS CY 3700 ~100 640 

• Ability of distiguashing 71"0 vs. 21: 

1 mrad: 

2 mrad: 

- 5 mrad: 

reject~; 1 ~ ~ .J.}e 
rejec 78%. __ , _ I 

- IUft4.c ,,..~"' 
reje 63%'-c · 

- JewJ~ 

• ,, ~ .... wlw "'7'· ~ 
~Yllll,.tac.\C.llCot """" ~ •C. ...J.~,,.c . 
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Physics Requirements on EM£ 

for pp -+ H ± x -+ :rx + x Qetect;on ~ ( 
. 1. 

~J( 
• Best possible eneroy resolutjon: 

6E =a% EBb% 
E VE 

a < 3, ·b < 0.5 needed. 

• Good oosjtjon resoh1tjon: 

better than 2 x r(cm)/75 mm resolution for a 
calorimeter consisting of a barrel with an in
ner radius of r and two endcaps at z=±2r, 
and a central tracker with adeQuate momen
tum resolution, to determine photon vectors 
at the SSC; 

use built-in position detectors to measure pho
ton vectors at the LHC. 

• Excellent tjme resolytjog: gate in a single beam 
crossing to reduce the pile-up (multi vertex), and 
to apply isolation. 

• Need central tracker to reject electron pair back
ground: 2 Hz. 

E. 
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Time Factor jn Djscoyerjng an 80 Gey Hjggs 

As function of energy resolution (a and b) 

a 1.0 2.0 3.0 5.0 7.5 10 15 

b=O 0.33 0.48 0.68 1.1 1.6 2.2 3.3 

b=.25 0.53 0.63 0.83 1.2 1. 7 2.2 3.3 

b=0.5 0.94 1.0 1.07 1.4 1.8 2.3 3.4 

b=.75 1.3 1.4 1.5 1.7 2.1 2.6 3.6 

b=l.0 1.8 1.8 1.9 2.1 2.4 2.9 3.7 

• Note: Different detectors have different background 
rate. This table is for detectors with the same 
background rate. 



Energy Resolutjon of ... 
''" 

Electromaqnetjc Calorjmeter 

• a0 : Electrical noise, sum over few Moliere radii. 

• a 1 : Photon statistics. 

• b: Constant term: b 2 = b~ + b~ + b~ 
be (Geometry effect): shower leak (front, side 
and rear) and inactive material between cells. 

bn (Physics noise): light collection uniformity 
etc. 

- be (Intercalibration error): 0.4% is the best 
for a large system? 

L3 Experience and L * Design: 

2% EB 0.5% 
,[E 
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Energy Resolution of EMC (Cont.) 

• Sampling Calorimeters: 

Good Dynamic Range has been achieved for a 
fine-sampling device, such as ARGUS. 

The resolution, however, is not enough to do 
'Y'Y physics: best a= 7.5; b = ???, presumably 
1. 

• Homogeneous Calorjmeters· 
• 

L3 experience: be t-te.r than 2%/VEffi 0.5% at 
test beam for 8000 crystals. 

Monte Carlo simulation result is promising, such 
as BaF2 . 

• The kelf jss 11e· Keep intercalibration term down 
at 0.4% level for a large system: wait and see L3 
RFQ calibration experience. 



... 
§nergy Resolution of EMC (Cont.) 

• a0 : ....,2000 electrons/channel when sum 9 chan
nels; 

• a1: ....,1 %/../E => > 10,000 p.e .. /GeV; 

• b: Constant term: b 2 = b~ + b~ + b~ 
be (Geometry effect): 

• length > 24 r.I.; 

• proper lateral segmentation: 0.04 x 0.04 for 
the SSC and 0.02 x 0.02 for the LHC; 

• Mjnjm11m dead materjal jnsjde calorjmeter. 

bn (Physics noise): 

• Good light 11njformjtv along the EMC cell 
axis. 

be (lntercalibration error): 

• Need a good calihratjon, such as RFQ for 
high energy calibration: 0.4% seems feasi
ble; and/or 

• MIP calibration. 



... 



(:;FANT SIMLJI ATION 
i ... 

Eractjoo Energv Deposjted jg .. Baf2 

with Deviated Light Uojformjty 

• Number of BaF2 crystals: 11 x 11 

• BaF2 Crystal length: 50 cm 

• Front (rear) face of BaF2 : 
3 cm x 3 cm (5 cm x 5 cm) 

• Carbon fiber wall thickness between any two crys
tal faces: 0.025 cm 

• Particle is hitting over the front face· of central 
BaF2 crystal. 

• One centimeter Aluminium placed just before the 
crystals and two 0.5 cm Aluminium placed between 
track origin and midway point to crystals (i.e., to
tal 2 cm Al, whose Xo = 9 cm) 

• No magnetic field. 

• Light yield response (Y) is parametrized with de
viation (6): 

X = Y2s[l ± 6(Z/25 - l)] 
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Energy Fraction in 3x3 Crystals 

Entries 
Mean 
RMS 

1000 
93.69 
.5402 

80 82.5 85 87.5 90 92.5 95 97.5 100 

EFRAC 3( 1 ST Layer) 20 GeV Electron 

Entries 
Mean 
RMS 

500 
93.78 
.4801 

80 82.5 85 87.5 90 92.5 95 97.5 100 

EFRAC 3( 1 ST Layer) 50 Gey Electron 

Entries 
Mean 
RMS 

200 
93.51 
.7704 

80 82.5 85 87.5 90 92.5 95 97.5 100 
EFRAC 3( 1 ST Layer) 500 GeV Electron 
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Fractjao Energv Deposjted jn Ba E 4 

wjth Devjated Light Uniformity 

6 = 0% 

E(GeV) 10 20 50 100 200 500 

NEVT 1000 1000 500 500 500 200 

1 x 1 71.0 72.5 73.5 74.0 74.4 74.9 

(u) (4.2) (4.2) (5.5) (4.4) (3.8) (3.4) 

3x3 93.5 93.7 93.8 93.7 93.8 93.5 

{u) (.63) (.49) (.41) (.36) (.34) (.32) 

5x5 97.2 97.3 97.3 97.1 97.0 96.7 

(u) (.43) (.32) (.30) (.31) (.30) (.29) 

7x7 98.4 98.4 98.3 98.2 98.0 97.6 

(u) (.35) (.29) (.26) (.47) (.33) (.39) 



... 
• 1 .. 

Eractjon Energy Deaos;teq io Baf2 
with Deviated Light Uojformjty 

{J = 5% 

E(GeV) 10 20 50 100 200 500 

NEVT 1000 1000 500 500 500 200 

1 x 1 69.6 71.2 72.5 73.2 73.8 74.5 

{u) (4.0) (4.2) (3.9) (4.3) (3.9) (3.6) 

3X3 92.0 92.3 92.7 92.9 93.2 93.2 

{a) (. 76) {.62) (.53) (.47} (.38} (.31) 

5x5 95.6 95.9 96.2 96.3 96.5 96.4 

(a) (.51) (.43) {.36) (.29) (.27) (.25) 

7x7 96.8 97.1 97.3 97.4 97.5 97.4 

(u) (.41) (.37) (.30) (.20) (.26) (.35) 



... 

Eractjon Energy Deposjted jn BaE~ 

wjth Devjated Ljght Unjformjty 

8 = 10% 

E(GeV) 10 20 50 100 200 500 

NEVT 1000 1000 500 500 500 200 

1x1 68.2 70.0 71.6 72.4 73.2 74.1 

(u) (4.2) (4.6) (4.3) (4.2) (3.9) (3.6) 

3x3 90.4 91.0 91.7 92.1 92.6 92.9 

(u) (1.0) (.86) (.76) (.66) (.56) (.45) 

5x5 94.0 94.6 95.2 95.5 95.9 96.1 

(u) (.78) (.69) (.59) (.50) (.44) (.31) 

7X7 95.2 95.7 96.2 96.6 96.9 97.1 

(u) (.69) (.62) (.55) (.45) (.39) (.30) 



... 

fractjoo Energv Deposjted in BaF2 

wjth DeyjatetJ Ljght Uojformjty 

8 = 15% 

E(GeV) 10 20 50 100 200 500 

NEVT 1000 1000 500 500 500 200 

1 x 1 66.8 68.8 70.6 71.6 72.6 73.7 

(u} (4.1} (4.3} (4.5) (4.0) (3.7} (3.5) 

3x3 88.8 89.6 90.6 91.3 92.0 92.6 

(u} (1.2} (1.1) (.97} (.90) (.81) {.72) 

5x5 92.4 93.2 94.1 94.7 95.3 95.8 

(u} (1.0) (.96) (.87} (.78) (.68) (.56) 

7x7 93.6 94.3 95.2 95.8 96.3 96.8 

(u) (.96) (.90} (.82) (.73) (.63) (.48) 
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BaF8 I.ieht Collection Uni.formity 
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QEANT SIMULATION. 

Fraction Energy Deposited in BaF2 

as Function of Carbon Fiber Wall 

• Charge Particle : 20 GeV Electron 

• Carbon fiber wall thickness between any two crys
tal faces: from O to 250µm 

• Number of BaF2 crystals: 11 x 11 

• BaF2 Crystal length: 50 cm 

• Front (rear) face of BaF2 : 
3 cm x 3 cm (5 cm x 5 cm) 

• Particle is hitting over the front face of central 
BaF2 crystal. 

• One centimeter Aluminium placed just before the 
crystals and two 0.5 cm Aluminium placed between 
track origin and midway point to crystals (i.e., to
tal 2 cm Al, whose Xo = 9 cm) 

• No magnetic field. 
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Fractjoo Energy Deposjted in Ba F 2 
as F11nctjon of Carbon Fiber Wall 

Carbon(µ) 0 50 100 150 200 

1 x 1 73.0 73.0 72.8 72.7 72.7 

(u) (5.4) (5.8) (7.0) (4.8) (4.1) 

3x3 94.1 94.0 93.9 93.8 93.8 

(u) (.42) (.41) (.43) (.49) (.47) 

5x5 97.7 97.6 97.5 97.4 97.4 

(u) (.23) (.28) (.30) (.35) (.30) 

7x7 98.8 98.7 98.7 98.6 98.5 

(u) (.20) (.22) (.20) (.28) (.25) 

9x9 99.2 99.1 99.1 99.0 98.9 

(u) (.15) (.15) (.18) (.27) (.27) 

250 

72.9 

(4.7) 

93.7 

(.48) 

97.3 

(.31) 

98.4 

(.26) 

98.8 

(.24) 



Effect of Carbon Fiber Wall (3 x 3) 
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Energy Resolution (%) 

of Ba E 2 Calorjmeter 

GEANT Sjmylatjoo 

E (GeV) 5 10 100 

Electrical Noise 0.8 0.40 0.04 

Photoelectrons 0.2 0.1 0.04 

GEANT 0.67 0.56 0.42 
. 

Intercalibratio·n 0.40 0.40 0.40 
. . 

Total • 1.1 0.80 0.58 

.. " 

500 

0.008 

0.02 

0.36 

0.40 

0.54 
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posjtjoo Resolutjoo .~· . y ~ 

• Tower structure: 

c5:r(mm) :::::: ~ e0.4D 

../E 
where 3/../E is signal/noise term, e0.4D is the lat
eral shower distributions: D is cell size in x0 . Re
questing c5x :::::: 1.5 mm for 20 GeV photon: 

=> D < 2Xo 

• Position detector at the middle of shower: 

- Increase the accuracy of shower center deter
mination: 

* UAl 4 mm/ ../E: 7 mm wide strips in TM P 
at shower max; 

• UA2 3.5 mm/./E: preshower detector with 
f>l mm fibres; 

• COSICA 1 mm/./E: 500 µm pitch silicon at 
shower max. 

I low1eoe1, it SEElllJ Jl)B)' tt;i& pr:i~Q of r959lptjon, 
se is 11ot applicetsle te I teMe!!le11eous calo1 il"ne-

w. ~f .1•4 rr? 11'1( .;C ,.;(" ,,,.,y/J,,..,_ 
Jd'~~ ~ rXo ~ Woe.e. 

• 

• 
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Time Factor jn Discovering an 80 GeV Higgs 

to discover 80 GeV Higgs 

As function of position resolution (8x) and a 

b=0.5 

8x(mm) 0. 0.5 1.0 1.5 2.0 3.0 5.0 

a=l 0.94 0.94 0.95 0.97 1.0 1.1 1.4 

a=2 1.0 !JL 1.01 1.0 1.1 1.2 1.4 

a=3 1.09 1.1 1.1 1.1 1.2 1.3 1.5 

a=S 1.4 1.4 1.4 1.4 1.4 1.5 1.7 

a=7.5 1.8 1.8 1.8 1.8 1.9 1.9 2.1 

• Note: Different detectors have different background 
rate. This table is for detectors with the same 
background rate. 



Higgs(80GeV) Event 
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········-.... ····--.... ··-... --. 

24 
20 
16 
12 

8 -······· ········ ·········· .. . ··-. ·--... ··- ... ······ .. .. ··-... ···- ... ............ ··-... ··-······· ······ ······ 

4 ······· ········· ····· 
··········· ············· 

o-=i-
2.51 5 
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20 

10 

... 
Higgs(SOGeV) ta 2 Photons 

Entries 500 
23.08 
11.89 

0 
0 1 0 20 30 40 50 60 70 80 

N of chrged pt larger 0.2 GeV eta less 1.5 

. 30 Entries 500 

20 
Mean 12.75 
RMS 7.906 

10 

0 
0 10 20 30 40 50 60 70 80 . 

N of chrged pt larger 0.5 GeV eta less 1.5 
Entries 500 
Mean 6.098 
RMS 4.958 

60 

40 

20 

0 
0 1 0 20 30 40 50 60 70 80 

N of chrged pt larger 1 GeV eta less 1.5 
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OCD Events 

Entries 
Mean 
RMS 

. " 

1000 
16.24 
8.790 

0 
0 1 0 20 30 40 50 60 70 . 80 

80 

40 

N of chrged pt larger 0.2 GeV eta less 1.5 
Entries 1000 
Mean 7.404 
RMS 5.205 

0 
0 10 20 30 40 50 60 70 80 

300 

200 

100 

00 

N of chrged pt larger 0.5 GeV eta less 1.5 
Entries 1000 
Mean 2.594 
RMS 2.613 

10 20 30 40 50 60 70 80 
N of chrged pt larger 1 GeV eta less 1.5 
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Effect of Dead 1faterial at 5Xg (5 x 5) 
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Why Tjme Resolutjon 

• Higgs vertex determination with associate charge 
multiplicity: 
A slow detector may have bad vertex information. 

• QCD background rejection: 
Need isolation cut with E¥t=s GeV in large R 
cone to reduce background; 

• Time Factor for Discovery: 

erut 
T R=0.45 R=0.60 R=0.75 

5 GeV 2 1.4 

10 GeV 9.8 6.9 

15 GeV 20 12 

20 GeV 36 26 

• It is important for a precision EMC 
noise in a large isolation cone. 

1.0 

4.6 

11 

23 
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Effect of Vertex z (8Zv) Resolution 

ig,gi§SQ~@rinq an 80 GeV Higgs through 1"Y 

a b 0.5 mm 10 mm 50 mm 

2 0.5 1 1.6 5.0 

7.5 0.5 1.9 2.3 5.2 

15 1 3.8 4.0 6.1 
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HIGGS DETECTION: 
PHYSICS IMPLICATIONS 

Experiment M• Range Implications 

LEP Phase I (1992) < 50 GeV Minimal SUSY 
LEP Phase II (1996) ~ 80 GeV Req'd By Minimal SUSY 
BaF2 at SSC: < 200 GeV Req'd By Nonminimal SUSY; 
H-+ 'Y'Y OR: New Physics below Mp'-' 
Lepton Detector 200 GeV To Standard Model 
at the SSC 1 TeV 

IMPORTANCE of Mn E {80, 150) GeV 
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rz (GeV) 

ALEPH 
2.484±0.017 

DELPHI 
2.465:1:0.020 

LJ 
2.501:!:0.017 

OPAL 
2.492±0.016 

Average (independent errors) 
2.487±0.008 

i/DOF • 0.7 

± 1 0 MeV LEP pt to pt 
Average (overall error) 
2.487±0.010 
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Minimal SUSY & Tree level: 

-At least one HO with mass~zo, 
hence within LEP 200 range 

but Radiative Corrections to Supersymmetric 
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Electron Energy Measured in L3 BGO Calorimeter 
II) t 0.4941 N = 

1 90 
Pl 66.36 ± 3.059 
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Electron Energy Simulated in L3 BGO Calorimeter 
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Position Dependence for 90ab and 91a Data 
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BARIUM FLUORIDE. 
CALORIMETER 
CALIBRATION 

• Minimum Ionizing Particles 
(MIPs) from pp Collisions 

- Pass Through Crystals Longitudinally 

- Calibrate to 0.4% in 12 Hours 

• Verify With Inclusive 
e+e- From z0, Y, J 

- Reconstruct Mass: 
Use RFQ + MIP Results 

- 200 e+ ore- from T, 
20 from zo Per Crystal Per '\iVeek 



PHYSICS of ELECTRONS 
'· 

and PHOTONS 
At The TeV SCALE 

ISOLATE NEW PHYSICS 
SIGNALS 

from "Standard" Physics 
Backgrounds 

• Cleanly Separate Leptons and 
Photons from Jets and Single Hadrons. 

•Reconstruct Multilepton, Multiphoton, 
and Lepton-Photon Invariant Masses 
Precisely 



Run# 318101 Event# 4813 Total Energy: 88.32 GeV 

' " 

L NR 318101 20 

.... 

Transverse Imbalance : 94.0SGeV Longitudinal Imbalance : 0.01 GeV 

Thrust: -.0965 Major: 0.9182 Minor: 0.2396 

Printed Date : Saturday, July 27, 1991 15:17:28 
.... 
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Run# 318101 Event# 4813 Total Energy: 88.32 GeV 

~ ..... :s - 1-. r <r 0 '""' .s. -==- g. li.t &i ......._. J ~ =. rl ·1-

Transverse Imbalance : 94.0SGeV Longitudinal Imbalance : 

Thrust: -.0965 Major: 0.9182 Minor: 

Printed Date: Saturday, July 27, 1991 15:19:29 . 
1-1 (~I, fqi, Cil J= 4-o, IS 

f.-.1,H (~1, Gl, G1J-=:.sf.~1 
H(Et, EJ..) = ~2.. 1/-l, 

M,,1 (F~ "G2.) = S"o. r..b 

0.01 GeV 

0.2396 



... 
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'31 I l\M CVtHU fl' .. ,_ I Vldl Cl ltll \IY • I V;.J. I 0 \:!ti V .... 

NR 311 
NR 4744 

Thrust : -.0323 Major : 0.5993 Minor : 0.5846 

Printed Date: Friday, June28, 199117:23:18 



Run # 311104 Event# 4744 Total Energy : 97.68 GeV 
... , 

e- -

---~---~ 

Transverse Imbalance : 0.03GeV Longitudinal Imbalance : 0.01 GeV 

Thrust: 0.6932 Major: 0.5962 Minor: 0.3037 

Printed Date : Sunday, June 23, 1991 17:34: 2 
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PHOTO TUBE 

F11c1c.ITY 
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GAMMA-RAY 
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MOVING 
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f'icure 2. Gamma Source and Airtube Locations 
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Alrtube with Source (in cask) 

Alrtube with no Source 

Source in Cask (no airtube) 

Source (rack only, no air tube or cask) 

Chiller supply/return pipes and Autofill 
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Hitachi Transmission Scans of BaF2 samples. 
7 /91 Radiation Damage Study 
Sample: K458484B (sampl) 1 " CYLINDER 

1. . 
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7. --- --78.43- --86.02 
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[. Initial Measurement 0 Rad 
2. 10~ Rad 
3.-10+ Rad.- -·- ---
4. 6 x 1o""Rad 
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7. 4.65 X 10" Rad- ·- ····· -
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Hitachi Transmission Scans of BaF2 samples. 
7 /91 Radiation Damage Study 
Sample: K458484B (samp 1) 1 " CYLINDER 

1. 

Recovery After 4.65 X 10
6 

Rad 

%Tat: 200nm 

1. 79.41 
7. . 78.43 

12. 81.00 

320nm 

91.77 
86.02 
87.36 

1. Initial Measurement O Rad 
7. -1 hr after lasl exposure 
8.. .. -s hrs after last exposure 
9. -1 day after ... 
10. -2 days 
11. -7 days 
12. -15 days 
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Hitachi Transmission Scans of BaF2 samples. 
7 /91 Radiation Damage Study 
Sample: K14417B (samp2) 1 " CYLINDER 

1. Initial Measurement 0 Rad 
2. 10s Rad 

7.t at:200nm • 320nm . 3. 10• Rad 
4. 6 X 104- Rad 

1. 86.98 92.23 . 5. 2.6 X tor Rad 
7. 82.50 86.12 6. 9.03 X 10.- Rad 

7. 4.65 X 10' Rad 
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Hitachi Transmission Scans of BaF2 samples. 
7 /91 Radiation Damage Study 
Sample: K14417B (samp2) 1 " CYLINDER 

1. ; 

6 
Recovery After 4.65 X 10 Rad 

%t at:200nm 

1. 86.98 

7. 82.50 

12. 81.92 

320nm 
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1. Initial Measurement 0 Rad 
7. -1 hr after last exposure 
B. -5 hrs after last exposure 
9. -1 day after 

l 0. _- .?_. d~~s __ 
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12. -16 days 
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Hitachi Transmission Scans of BaF2 samples. 
7 /91 Radiation Damage Study 
Sample: Harshaw SI°ab (samp3) 1 " CYLINDER 
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Hitachi Transmission Scans of BaF2 samples. 
7 /91 Radiation Damage Study 
Sample: Harshaw Slab (samp3) 1 " CYLINDER 

1. Initial Measurement 0 Rad 
7. -1 hr after last exposure 

""" .... ---- ---- ,,,,_,__ . ' . -·· -· - ...... _ 
8. -2 hrs after last exposure 
9. - 1 day after ... 
10. -2 days 
11. -7 days 
12 .. -15 days 
- '"' . - " 

3T at:200nm 320nm 

- 1. ''74.4 ··· -aa.2a -
7. 69.34 78.53 

12. 67.12 - - ·- 78.05 
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Light Output 
PMT: BA98 (CsTe) at 1980V, with and without grease 

1. 1 0 

1.05 

1.00 
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0.65 
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0.55 

K458484B (samp 1) 

~ .-A-1::.~ 
/ ,,.'7---~1::.-::_.::::-~--.iv~-\7 ···v ·---V-\7- .. 

V total - with grease 
A fast - with grease 
• total - without grease 
£ fast· - without grease 

0.50 ~-~-~-~-~-~-~-~-~-~-~-~-~ 
0 2 3 4 5 6 7 8 9 1 0 11 1 2 

Data Set # 
1. 7 /2 Initial Measurements 0 Rad. 
2. 7 /8 103 Rad. 
3. 7 /8 104 Rad. 
4. 7 I 9 6 x 10 4 Rad. 
5. 7 /9 2.65 x 10 r Rad 
6. 7 /10. 9.03 x 10'° Rad 
7. 7/15 4.65 x 10 6 Rad. 
8. 7 /15 4.65 x 10" Rad. 
9. 7 /16 no additional radiation exposure 
10. 7/17 
11. 7 /22 



Light Output 
PMT: BA98 (CsTe) at 1980V, with and without grease 

K14417B(samp2) 
1. 10 ~~--~---------------.-----.----.---, 
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Data Set # 
1. 7 /2 Initial Measurements 0 Rad. 
2. 7 /8 10.1 Rad. 
3. 7 /8 lOf. Rad. 
4. 7 /9 6 x 104- Rad. 
5. 7 /9 2.65 x 10' Rad 
6. 7 /10. 9.03 x 10' Rad 
7. 7 /15 4.65 x 10" Rad. 
8. 7 /15 4.65 x 10' Rad. 
9. 7I16 no additional radiation exposure 
10. 7/17 
11. 7 /22 
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Light Output 
PMT: BA98 (CsTe) at 1980V, with and without grease 

Harshaw Slab (samp3) 
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A fast - with grease -- · 

. ~-- total - without grease 
A fast - without grease 
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Data Set # 
l. 7 /2 Initial Measurements 0 Rad. 
2. 7 /8 10.s Rad. 
3. 7 /8 104 Rad. 
4. 7 /9 6 x 104 Rad. 
5. 7 /9 2.65 x 10 s- Rad 
6. 7 /10. 9.03 x 10s- Rad 
7. 7 /15 4.65 x 10" Rad. 
8. 7 /15 4.65 x 10' Rad. 
9. 7 /16 no additional radiation exposure 
10. 7/17 
11. 7 /22 
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Light Output 
PMT: BA98 (CsTe) at 1980V, with and without grease 
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Hitachi Transmission Scans of BaF2 samples. 
7 /91 Radiation Damage Study 
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Sample K14417B 
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* Oxygen containing fluorides can be considered as a 
miXed crystal of MF2 and MO, for example, can consider 
oxygen containing SrF2 crystal as a mixed crystal of 
SrF2 and SrO. It was known that the UV absorption 
band of SrO is located at 215-217 nm('7), and.it is 
205-209 nm (about 6 e. V) for BaO. They are due to 
the transition from 02p state to-conduction band of 
Ba+2 or Sr+2 ions. 

* When oxygen containing BaF2 crystals were irradiated by · 
r-ray radiation, o-i-F+ dipoles decomposed: · · 

which will increase the concentration of lone 0·2 ions 
and o.i ion pairs so as to increase the absorption 
in the 190-250 nm region. F+ vacancies are easy to 
capture electrons to form F centers which are 
responsible to the absorption in the visible region. 
In the mean time, the hollow at 290 nm was reduced 
or disappeared due to the decomposition of 0-2-F+ 
dipoles. 



... 

• When the damaged crystal was irradiated by UV, 
the electrons trapped in the F centers are easily 
escaped from the F+, the crystal was bleached due 
to the destroy of F centers. The F+ could associate 
again with 0-2 ion to form 0-2-F+ dipoles so as to . 
decrease the concentration of 0-2 ions and 0-2 ion 
pairs in the crystaL The absorption in the 190-250 
nm region also decreased. 

~ • An experimental result of electron diffraction· study 
(Fig.15) gave us an idea that probably there is a 
certain amount of oxygen (either in atom or molecule 
state) dissolved in the BaF2 crystals. 
Figure shows that just after the electron beam hitting 
the crystal, a very pure BaF2 pattern was shown, however, 
after certain times, BaO rings appeared associated with 
the BaF2 diffraction pattern. We assume that is the 
result of oxygen atoms or molecules transforming to 
oxygen ions-during the electron beam bombardment. 



Fig.12 Electron diffraction patterns of BaF2 crystal 

(a) Just start bo1nbard1nent of electron 
bcan1 on crystals 
(b) After certain ti1ne of bo111hard1nent of 
electron bean1, pattern shows appearance 
of BaO rings 



Current <nA> Preaftp currents for 1 MeV 

. . . . 

f~~;:~:::~~::-:r'~LA~r~:~~~~~-L~:.: .. :.:.-·f 18" 1 ...... = .........••• :...... •• •• • .••• • . ...•••.•..•.••.......... ···•·••···· ............ ~ : .. :..... ···:. 
: : : . . . . 

······:·············;············:············: .. ···········:·········· . 18" 8 
BaF2: ; LXe (38 ns> . . . 

. .. . . . . . . . I.Xe ... <2if ;;;s » ... ·1·... ... . . .;. ······ ..... : ············j--··· .. ······:· .......... . 
. . . . . . 

8 58 8 
n- (ns) 

! .. F. : I·~ t.t/c, + a.. - t/f's - ~ - '!: -r, l ,. 
ll(~· l: c -~le • 'i" • 

<f 
f~T) L.Ar: I'=I0 (l--:r} 

I 

Io 

T 



I I I I I I 

L--~- ---- ' ' 
I I I 

i : 
I 

I ' I I 
I 

' 

:/' ,,.. 

' ' ... ;cac. .. 

i'4>HI ••1 
i - ! 
I 

' 
I 
I 
I 

~ , 
l 

\ ,,. J...F. - ![It 

\. -
, 

' ~ 
TU' fUL lf r ..... 

I ! I I 

I - i-·--- ·-
I 

I I 
' I 

I I 

w ,..,,..,-f ,11;-f-
I ! I 
' ! "1 0 l 0 

I 
i 
I 
I 

l ' 
; 

I 

i 

~t - i 
; 

i 
I i 

IL~ I 

I 
- -- r 

i 
I 

+ -1 
I 

~--- -1 
I 

--: 

! 
_ _J 

; 
I 
I ---! 

i 
I 

I 
-

i 

I 

-- ---
' I --r--
! 
i 

PATE :Jur 1~"91 

f JM£: 16 :58 :38 

. " 

In 

DATE :Jun J'2/9J 
TJl"E:e9:37:24 

r TRJA:> 1e.e...v :'2!58111 

TR2A: Hil. a...u :2sen1 
~ 



Responae .BGO - T(d)•358 na - c..i.. Integrator 
E• .2 INT• 5 l'8 18A n.~~..,..~~---,~~.......,,--~.....:.,--~...:..;.;,;;....-=....:....;;--~~...,-~~....,-~~--:-~~-. 

1r-

1r-
1r-

8 

. . . . . . . 
············ ············r···········r .... ········~············r···········r· .. ·········r ············ ··········· 
........................ ~· ........... ·j· ............ i ............ ~- ........... ·j· ........... -~ ... ~ ..... . . . . . . .......... . 

. . . . . . . . . . ' . 

r r 1 1 r·r 
. . . . . . . . . . . . . . . 

:::::::::::: ::::::::::::r::::::::::::::::::::::::1::::::::::::r:::::::::::r:::::::::::1:::::::::::: ::::::::::: 
. . . . . . 

............ ············~·············=·············!·········· .. {·············~·· .. ·········~············ .......... . . . . . . . . . . . . 
1 

Bunch Crossings - [eYtH"ll 11 l'al 

.l r 
To II/It 



. . :.~~ ..• ~.;Jo .• • .. 
t-., . .,, 

dt.aa 

:.r···· ......................................................... 1.;···········"!"· . . ' . 
·. ~ .... 

• .f:'-
; :. . ~ 

.. 
-'• __ .... \ 

.. '·. 
f 

....... 
~ .' 

.. .r .. ·.;·< 
:. "~ .. ,.~ .,,·_. -:::; ; 

': ' . 

....•. ' ' ... l 
l 

··- ... 

.. ~· 



Response S.U.ple Bipolar Pulse 

J ... 
'· 

Tl- - Cnsl 

I"-' - Bipolar Shaplns 
.. u. of h&1c - Nor ... 11zeo1 to ZPa 

1.1111r~~---,~~---;;;:..:.;=-==-,,:.::;::::....~.~.r=r=T'--=r-=w.:;..,.,.-..---.--4!1'--I..., .i-•• • : : • 
B. ················~:::::::/!f •.'!..~.~···1········· .. ·····[···············t···········~··1·;;·····"····1······ ........ . 

:: t-1 [;E~l~J F . . . . . . . 

::::::::J.~~1::::::::::::::J·:~:~~~:~r:::::::::::::r::::::::::::::t::::::::::::::l:::::::::::::::r::::::::::::: •• 
. : : : : . : ······11 .. ·······:········ .•.. • •....•.•...... , ................ , .••..••••...••• , ............... , •••••...•.•.... ·: ............. .. B. . : : : : : : 

B. . ...•.......... : ···············~················~···············f···············~················~··············· . . . . . . . . . . 
: : : : : 

···············~················~···············t···············1················~················ . . . . . . . . . . . . . . . . 

p...,Jclng Tl- Cnal 



Error Cx> 

2.5 

Error In pulse height due to calibration error 
Due to T <>488 ns 

2 
. . ''• ................ ················~················1·· ············~···············-r···············~·· .. ············ .............. . 

. . . : ,,,, . . . 
1.5 ................ ················~················~····· ......... !················~················~················ ··············· . . . . . . . . . . 
1 ............................... .;. ............... ;........ . .... ; ............... .:. ............... ~ .............. . 

: : : 

.5 ............................... 7 ............... ;............ ··=···············-=-···············~·-············· . . . . . . . . . . . . . . ............................... -:- .......... ·····~··· ..... .. . . . .. . ........... ··~···············~··············· 8 . . . . . . . . . . 
-.5 ................ ··············· .:. ............... ; ................ ;. . . .......... ,:. ............... ; .............. . . . . . . . . . . . . . . . . . . . . . . . . . 
-1 . . . . ················ ···············-······································ ·······-······························· . . . . . . . . . . . . . . . . . . 
-1.5 

. . . . . ................ ............... r········ .. ·····r········ .. ·····:········· ····r···············r·········· .. ·· 

-2 ················ ................ : ................ i ................ j............ .; ................. : .............. . . . . . 

TCcal> Cnsl 

Error Cx> 

2.5 

Error In pul- height due to rl..tl- .. 1-tdo 
Cal pul- rl..ta-

2 

1.5 

1 

• 5 

8 

-.5 

-1 

-1.5 

-2 

.................. 1················--~··················~··················.; ................ . 
: : : 

··················1··················~··················~··················t················· 

·················-~··················~··················;··················r················· 

··················~··················i··················r·················r················· 

·······:··················:················· 
. . . . .. .... .......... ............... .. ·················~··· ............. .:. ................ . 
. . ................................... ·················r······ ·········T················· 
. . . . . . .................................................... : .. ······ .. :······: .. ··············· 
. . . 
: ~ : ·················· .................................... ;. ................. ; ................. . 
: . 

• 

··················=·················· 
..................................... 

·················-················· 

..................................... 

................. ,:. ................ . 

··················=······"·········· 

• -2~~~::-.-~~~ ....... ~~~-r~~~"">.--~~ ...... --~~~-'-~~__,..J 



Error <x> 
2.5 

hF2 - Error In pul- height due to s&10pllng error 
<Error In length of Integration) 

2· 

1.5 

1 

.5 

8 

-.5 

-1 

-1.5 

-2 

-2 

--
-1.5 -1 -

... 

I 

. e . 1 1.5 2 
T<err> Cnsl 

Error <x> 

2 

S-ple Bipolar Pul-

1.5 

1 

. . 

: .. ::·::::.:::::.:::·:::::::::J:::::::::::::::r::::::::::.::::'.·::·····:···:J:···::·:::::.·::::·:::-..:::::::;:::::: .. :··:::: . . . . . . 
...... ~ .. ~···+···~········t···············~················~···············t···············1············~·~·4 ·~-~ .. ~ .. . ... . . . .... 

: . . : : : . . : 
: : .... : ... ••: : 

················i···············r······ .... ····-r········r·········r········ .... ···r-·············1······ .. ······· 

. 5 

8 

-.5 ............... · i · .............. t .............. 'j" ............ "1'"'"' ...... "'!'' ............. · t ............ "! .............. . 
-1 

-1.5 

................ i ................ r-............. 1 ................ t ................ [ ............... l ............ l ............ .. 
················~···············t ···············t···············~···············t···············!················r··············· 

. . 
-2 1. 

S-pl Ing Tl- Error <ns> 



Pileup 
' .. 

Consider an input of energy E at time t.......'o, and imagine 
that the biporar shaper nas the (idealized) response 
below. As the pulse peaks in two bunches (dots 
represent bunches) at t=2 bunches, the pulse height is 
equivalent to energy E. For this pulse shape, we nave 
arranged that the pulse height 1s 1hE at t=1 and 3 
buncnes, and zero at t=4 bunches. 

E 

<--------><--------------------//------> 
This Area + This Area = 0 

As the positive area (1h + 1 + 1h) E • tbunch must be the 
same as the negative area E • E • 20 tbunch1 E = -0.1 E. 
Now, if ai is the gain of for the ith bunch (0, 1h, i' 1h, 0, -
E etc.) and Ei is the energy deposited in the jt bunch, 
the measured energy at l::iunch k is EM 5 = :LaiEk-i· As 
the energy of eacfl- bunch is statisticcilfy independent, 
<EMe.a.s> = <E>Ia· = 0. Similarly, <E2Meas> = 
<E2 >~a2 i = <E2 >(ih2 +1 2 +1h2 +20E2) so that we will 

·observe (statistically) a!'1e~ = 1.3 aE. 
This factor of 1.3 is the 1 pileup". 
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Reconstructed Inclusive Z
CfrOl'I Z- -> e+e-) 
Mith Pileup, noise 
and Detector sMearlng 
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Ideal Resolution 
L•1E33 .1c...•.1a 

1> LAr 
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3> LAr - no pileup . 

... 
4) BaF2 or LXe - no pileup 

E...-gy CC.VJ 

Ideal Reaol•tl
L-1E34 ,,_.,,. 

1> I.Ar 
2> lla1Z or U. 
3> I.Ar - no pll-• 
4) Ban or U. - no pll-p 

Energy CC.VJ 

BB 
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Some Details ... 
... 

Fraction of Charge in 16 ns 

BaF2 - All 
LXe - 41% (Txe=30 ns), 55% (Txe=20 ns) 
LAr - 8% 

. .. 

Thermal Noise out of preamp 
(based on capacitance ... ) 

aLxe = 30 • aBaF2 
aLAr = 22 • asaF2 

Signal-to-Noise 

S/NLxe = 2 • S/NsaFi (30 ns), 3 • S/NsaF2 (20 ns) 
S/NLAr = 1h • S/NsaF2 

Pileup 

aPileup (LAr) = 1.4 aPileup (Baf 2 or LXe) 

Ercut (LAr) = Ercut (BaF2 or LXe) + 1 GeV 

aE/E for reconstructed Z0 (from e+e-) (With pileup, noise 
and detector smearing; but "constant term" = 0) 

BaF2 or LXe: 0.29% at L=1033, 0.58% at L=1034 
LAr: 0.33% at L=1033, 0.79% at L=1034 
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MEASUREMENT OF ,,o FRAGMENTS FROM JETS PRODUCED IN pp COLLISIONS AT THE CERN ISR 

C. KOURKOUMELIS and L.K. RESV ANIS 
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The jct frasmcnta\iun function into •o, /tz) has been measured usinJ!: the away side h~h Pt wO or ri 1ncson~ as a 111casurc 
of the jet momentum. The fragmentation function is found to have an excess of events neat z .. I co11\pared with the e!\)'to· 
nenlial fall-off observed 11 lower z values. The d1t1 behaves like l/zl up 10 z 1111 J, but devia1es sharply from it for z > J. 
Possible explanations of this effect are the Ung)e parlicle f111ment11don n1odc of 1hc quirk or gluon jtl. or quart f11tlioa. 

The correlation between two high p1 particles can 
be analyoed using different variables. In this letter we 
report on new measurements of the fragmentation 
variable z • (p2/p1) cos~. where p1 is either a very 
high trans...,rse momentum (p1) ,,0 01 Tl meson and p2 
is a .o. The hard scatterin& or \ht proton eonstiluen\1 
produces hi&h p1 jets (I -SJ, which llSllllly fracment 
into se...,111 part~les. The selection of slnsJc hish p1 
l"'rticles introducn a "trigger biu" l2J due to the 

I hrmoftOOI -: Nqoy1 Ulll .. nilY, NaJoya, J1pOA. 
2 R-rc~ - Ille auspkeo of USDO£. 
I hrmaO.•t addr .. : Al1<>nne Na Ilona I Labontory, Argonne, 
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• hrmaaeat adcheu: Te~Avlv Uni .. rlity, l11HI. 
1 Oii ..... of 1blence from the Uni-sity of Pisa and INfN, 

SezioM dl Pia, Italy. 
• Work IUPIJOrt•d by the US Nallonal Science foundation. 

rapidly falling p1 specltum, which alk,ws one lo use 
the approximatiun that the direction and momentum 
of the hiJh p1 meson are a n1tasure of these quantiti~s 
for the scattered constituents in the trannerse plan•. 
The variable z, while defined rtlative to the momentum 
ofa single high p1 tro or Tl meson IPt). is upected to 
provide a measure of the ftagmentalion into wO's of the 
second scattered constituent. 

The appanttus used (fig. I) in lhis experiment con
sisted of four identical liquid-argon calorimeters. Each 
calorimeter module covered a solid angle of approxi
mately I SI. 50° to 130° in polar angle and 40° in azi· 
muth. The energies and position of the eleclromagneli< 
showers were measured in the segmented lead-liquid· 
argon calorimeter. Discrimination between hadrons 
and electromagnetic showers was provided by measure
ment of shower de...,lopment in tht calorimtter. Energy 
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FQ?. I. The apparatus arr1ngcn.eal iii the ISR. 

resolution in the calorimeter wu found to be a(E) 
= I 0%/../£. A more detailed description of the appara· 
tus is fuund elsewhere (6-12). 

The trigger for this experiment was based on a large 
energy deposit in a single calorimeter module. The 
trigger efficiency rises from near zero at 4 GeV/c to a 
constant value of 95~ for p1 abo..e 6-7 GeV /c. The 'I 
production ( 10) was detected via 11-+ 27. The 11 accep
tance increases as a function of p 1, because of both 
increasing trigger efficiency and seometrical acceptance. 
Note that in this experiment low-eaergy .O's (pt $ 3 
GeV) were re1Ul..ed in the calorimeter and were detected 
as two separak electromagnetic W-rs. With increu· 
ing Pt the two showers o..,rlap and the .0 is recon· 
structed as a single shower. Thus one could not distin· 
guish a single photon from ..O's in this analysis, and 
all showers were assumed to be .O's. 

The analysis is done in the plane transverse to the 
pruton-pruion interactions (fig. 2). The data can be 
described by the variables p 1 , p 2 and •· the azimuthal 
differ~nce between the two particles. The azlmuthal 
acceptance of the apparatus being poor in the region 
where•.;; 110°, events in that region were not used. 
In this 1nalysis the e..,nts were grouped in bins of fixed 
Pt or one of the particles (p1). Fur the analysis of the 
71-•0 correlation, p 1 pertains to an '1 nlCson. For .,,.o_ 
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,~... P, 
I I ' 

p""°' • ~ 
\ Q ~ ', ..... \ .......... 
-~ --

Z• P2 cos a/P1 

fig. 2. The definitions of the \lariables p 1 , p1 and z.'. 

.o studies the symmetry ur the correlation between 
lwo identical particles is recognized by treating each 
pion both as Pt and p 2 in turn. Thus events may appear 
twice in the plots. 

In fig. 3 we show the constituent fragmentation 
function /(z) into •O. The constituent energy is esli· 
mated using the highp1 •O on the away side. A rapid 
fall-off in the distribution is observed for all p 1 bins. 

ii • • • 

I 

...... . 

... 

J . 

• • 

., ...... . .. "'' 0 ,., •• 

0 '°'"'" • i" ... 

Fis- 3. Thr constituent frq1nentation distribution inlo wO ror 
•D-wO events. 
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A n1orc Jetailcd investigation shows that for the region 
0.8 > z > 0.2 the fall-off is appmxi1111tely exponential 
with a slope of b ~ 1. An even steeper exponentia) 
fall-off is observed for events with lower z values (z 
.; 0.2). This might be due to the fact Jhat at lower 
nto1ncntunt transfer. wO·s not diJe(tly Jclated tu the 
scattered constituent are included. A more interesting 
feature of the d1t1 is the excess of events with respect 
to the exponential fit observed near z "' 1. Note that 
the functional form l/zl ldotteJ line) drmibes Jhc 
data well in Jhe region up Jo z '"' I, but the data show 
a sharp deviation from this form b<yond z = I. The 
data could also bl: describ<:d as the sum of two expo
nentials, a steep one for the z !> 0.5 region and a flatter 
one for the z <: 0.5 region. This however implies a 
chango in lh• shape of the fragmentation function 
from the one observed with a lower triggered momen
tum, where a single exponential was observed. 

In fig. 4 we show the constituent fragmentation 
function f(z) when the estimator of the constituent 
momentum is an 'I meson on the away side. The frag· 
menlation function using the 11-•0 events shows the 
same features u were discussed in the 110-.0 events. 
While obserqtion of a structure near z,. I for the 11-
,.0 cue indicales that the effect ii not doe to ')'-')' 
events, 1 7-meson correlation Is not ruled out. 

The exponential fall-off of the fragmentation func· 
tion has been observed earlier. It is worth while to note 
that the slope observed at FNAL [ 13 J using lower p1 
jets was 4.6 compared with our 7. This might be due 
to the fact that as the energy of the scattered constitu· 
ent increases, the number of fragments also increases; 
thus (z) is decreased, resulting In 1 sleeper slope. The 
de.iation from single exponential faD-off or lltematlwly 
the changt in the l/zl behaviour at z;;. I could be the 
iesult of a numb<r of effects,•-&· a large single particle 
fr1gmentation mode of the quark or gluon jets either 
in the met0n-meson or ')'-meson mode; a CIM (14) 
pcocrss favouring quark melOfl scallering or quark fu
sion. If we asume that the ex ens of ewnts near z "' I 
ii due to a singlt particle fragmenlatioft mode ils ratio 
to the total number of fragments lsR "'2 X 10-3. 
Assuming the.1-.erage number of fragment in lhls i 
11nge (i,.. 2p1) to be S, the probability of a constituent 
!o show up u a single particle is about I.,., A recent 
ihenomenological analysis of high mass dlhadron data 
'rom FNAL [I SJ concludes that R is smaller than our 
ieasured value and ii consistent with being zero. That 

l ., 
r \ I 

! 

I.\.', 
00000 

a 
~ IOOO 
' 

i w 

l IOO 

0 

... 

~ 

... 
• 

o 4.S• !J' .. ,, .. _, 
01.s.r' 
D ~'Mo 

--··· - --- .. , .. 

• •• 
Fig. 4. The conatitucnt rragnH:nl;1tion distribution into nO ror 
•O-qeventL 

analysis is hued primarily on the Pr dependence of th< 
dihadron pain rathe1 than on diJect measurements of 
the fr1gmentation function, and may be sensitive Jo 
other assumptions used in the analysis. An observation 
of this effect with pairs of mesons in different charge 
states may alk>w the identification of the mechanism 
invuhed. This effect can be an Important tool for study· 
ing constituent ac1ttering, as it implies that this region 
Is dominated by two-body kinematics, and it would seem 
reasonable that the constituent characteristics such as 
quantum numbers would be more eosily detected. 

We would like to thank M. Jacob and R. Horgan for 
helpful discuaions. 
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Muon Production in Hadronic Shower Development ·at Spacal ... 
En (GeU) Events Muons Acceptanc1 Muons J1-r11te {'!.) 

(corr.) 

10 2751 4 ± I 0.749 5±2 0.18 ± 0.04 

20 2352 5 ± l 0.749 7±2 0.30 ± 0.04 

40 2805 10 ± 2 0.749 13 ± 2 0.46 ± 0.11 

80 3272 30 ± 6 0.749 40 ± 8 1.22 ± 0.24 

150 . 3255 51 ± 5 0.749 61 :t 7 2.09 :t 0.20 



For 80 Gev pion Showers · ·· 
' . " 

The ' muon ' event distribution clearly exhibits a low 

energy tall, that Is consistent with an exponentially 

falllr:1g Em 1 ss distribution. 

Average value of Emiss : 5.2 ±0.6 Gev 

Average value of Ev (for K-decay ): 3.2 Gev 

Energy of escaping muon (for k-decy) : 2.0 Gev 

Average value of.Ev (for TT-decay): 1.5 Gev 

Energy of escaping muon ( TT-decay) : 3.7 Gev 

So the muons produced In the hadronlc shower 

devetopment and escaping the 9.5 >.1 dup spaghetti 

c•1slLL1l1r ha4I • •••• 1110mentum of 

<J5f :: u*... ...... ~ ~o~ 11'J 
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Ta.ble 1: Event numbers of signa.ls for Higgs boson production and tha.t of the most 
'm orta.nt ba.ckground processes. The ba.ckground yields a.re computed a.ssuming 

ass resolution. The cuts a.re the sa.me a.s specified in the figures. The num
ref!ect 105pba.rn-1 integra.ted luminosity a.t LHC a.nd 104pba.rn-1 integra.ted 

I SSC Uimnosity a.t enerines. 

CM MH Signa.l ( # of events Background(# of events/:lm) 
energy 

Am -
(GeV) WH tiH total 

C95!) 
W·rr ti11 bb,7 bb, toU1 

(TeV) . . . .. ' 

70 26 28 ~ 2.1 8.4 4.3 4.3 0.43 17 -
~ 
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PHYSICS of ELECTRONS 
'· 

and PHOTONS 
At The TeV SCALE 

ISOLATE NEW PHYSICS 
SIGNALS 

from "Standard" Physics 
Backgrounds 

• Cleanly Separate Leptons and 
Photons from Jets and Single Hadrons. 

•Reconstruct Multilepton, Multiphoton, 
and Lepton-Photon Invariant Masses 
Precisely 



Run# 318101 Event# 4813 Total Energy: 88.32 GeV 

. '· 

L NR 318101 

-.. 

Transverse Imbalance : 94.05 GeV Longltudlnal Imbalance : 0.01 GeV 

Thrust: -.0965 Major: 0.9182 Minor: 0.2396 

Printed Date : Saturday, July 27, 1991 15:17:28 
. -· . 



'"-"'-<lj_C--'1..:::1JJ/ 

~s . ....(;:, 
1-10, '· 61.)= 't I M (41. ~ ~ J::::. !'f, 1- f 

Run# 318101 Event# 4813 Total Energy : 88.32 GeV 

~""' :1 '::o 1-. S" 'i' () •"'-' !. -==: 9. ~6 &i ""-', -::: ""'· ri·-it 

.:::: f. 3 j' I i{.. 

<fJ ::::::- Cl' " ,;.. 7 

Transverse Imbalance : 94.05GeV Longitudinal Imbalance : 

Thrust: -.0965 Major: 0.9182 Minor: 

Printed Date : saturday, July 27, 1991 15:19:29 

H (~1. tqi, 4l >= 4-"'· £S 
1--\,a (G:i1, ~l., G,) J -=:Jf. i I 

,...,, <e1, 'E.lJ ::::: ~ z. 4-l> 

h, s; (c~ -r; z) = S-o . .,, (., 

0.01 GeV 

0.2396 



... 
null 'IP ~I 11\1'9 CYISllL 'IP .. ,_ I Uldl Clltil\IY • I U"1. I 0 ':.::l"'V 

Thrust : -.0323 Major : 0.5993 Minor : 0.5846 

Printed Date : Friday, June 28, 1991 17:23:18 



Run# 311104 Event# 4744 Total Energy: 97.6S GeV 

---~---~-

Transverse Imbalance : 0.03GeV Longitudinal Imbalance : 0.01 GeV 

Thrust: 0.6932 Major: 0.5962 Minor: 0.3037 

Printed Date : Sunday, June 23, 199117:34: 2 
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CALORIMETRY 

Costing Perspective 

$ Cost Estimate Quality Is Directly Proportional To Design Quality. 

$ Detailed Designs (Concepts?) Do Not Exist For GEM Calorimeters 

Therefore 

$ Costing Must Be Based On: 

A) Vendor Estimates For Known Items (ie PMT's) 

B) Enlightened Approximation For Unknown Items (ie Ass. And Test) 

$ Theriot Numbers Must Be The Basis Of All Approximations 

ORNL 

2 
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Muon/SCM Cost Model • V1b 
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Rl,mag ~ 8318mm (fixed) 
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CALORIMETRY 

Comments On Manufacturing and 
Maintenance of GEM Calorimeters 

# Off-Site, Modular Fabrication is Desirable 

ORNL 

# Rapid Assembly in Experimental Hall is Required 

# Maintenance will be Annual 

# Removal of Calorimeter Requires Removal of All End 
Cap Assemblies 



GEM Calorimeter Comoarison-Segmentation and Channel Count 

Electromagnetic Hadron 
Type Coverage Segmentation Lave rs Channels Segmentation Layers Channels Total Chan. 

n:O.O n:3.0 n:O.O n:3.0 
Theoretical 0 to 3.0 0.05 0.05 1 15, 120 0.05 0.05 1 15, 120 15, 120 

0 to 3.0 0.04 0.04 1 23,550 0.04 0.04 1 23,550 23,550 

O to 3.0 0.035 0.035 1 30,780 0.035 0.035 1 30,780 30,780 

Llauld Araon 0 to 3.0 0.035 0.035 2? 58,400 0.07 0.07 4? 61,920 118,000 

Spaghetti O to 3.0 0.05 0.14 1 13,232 0.05 0.14 1 13,232 28,484 

Llauld Sclnt. o to 3.0 - - - - 0.05 0.07 4 40,000 40,000 

Barium Fluor. O to 2.87 0.04 0.11 1 18,580 - - - . 16,580 

Liquid Xenon 0 to 3.0? 0.04? 0.11? 3 42,786 - - - - 42,788 

Mark Rennich/ Oak Ridge National Laboratory/8·5·91 



BASL. oE.XLC 

GEM COST TARGETS (29 JULY 1991) 
($ MILLIONS) 

R&D ($40) Computing ($1 O) 

Trigger ($1 O) 

Tracker ($40) 

Calorimeters ($150) 

Structures ($20) 

Page 1 

Magnet ($1 00) 

Muon ($130) 



-
CALORIMETRY ORHL 

COMMENTS ON ELECTRONICS COSTING 

$ TRIGGER DESIGN DOES NOT EXIST 

$ CABLING ARRANGEMENT IS UNKNOWN 

S NOT ALL CALORIMETER ELECTRONICS ARE THE 
SAME 

$ THERIOT AND DETECTOR HISTORY HA VE 
ESTABLISHED A BASIS FOR ELECTRONICS COSTS 

THEREFORE: 

A BASIC CALORIMETER CHANNEL COST SHOULD BE 
ESTABLISHED BASED ON THE THERIOT REV JEW AND 
FACTORS APPLIED (BY DAN MARLOW?) TO ACCOUNT 

FOR DIFFERENCES IN CA LORI METER READOUTS. 

3 



COST TO WEIGHT RATIOS FOR MAIOR DETECTOR PROPOSALS 

Weight 

L*- Liq Scintill** 1945 

Efr-Spghetti 2378 

Err-Liq Argon 3075 

SDC-Liq Argon 

SDC-Pla. Tile 5300 

GEM -Spaghetti 2100 

GEM-Liquid Arg 2900 

GEM-Liq Scint.** 1945 

CDF-Pb/Scint. 

ZEUS-Ur/Scint. 

Costs include Electronics 
Costs include Therio Adjustment 
GEM estimates are preliminary 
**Does not include EM calorimeter 

Total Cost Costffon 

$89,112 $46K 

$103,000 $43K 

$156,750 $SlK 

$198,300 $37K 

$123,400 $S9K 

$147,600 $SlK 

$81,800 $42K 

Items included in CDF and ZEUS calorimeters unknown 

Cost/Pound 

$21 

$20 

$23 

$17 

$27 

$23 

$19 

$14 

$29 

Mark Rennich/Oak Ridge National Laboratory/7/24/91 



EM CALORIMETER HADRON CALORIMETER 

IL• BaF2EMCAL LXEMCAL LIQUID SCINT \ 
SIGNALS 11.044 41.786 50000 \ I 

CHANNELS 11.044 41.786 50.000 \ I 
MULTIPLEX RATIO I I I \ I 

' 
FRONT END ELECT. 6.748 10.840 15.625 \ I 

CABLE . . - \ I 
INSTALLATION - - - \/ 

DAO - - - /\ 
COMPtJTJNG 843 .... ""' I \ 

TOTAL 7.591 12.839 17.961 I \ 
COST/CHANNEL $421 $300 $359 I \ 

THERIOT CONT. 25.00'll> Jo.OO'll> 25.00'll> I \ 
LOIEDIA 10.70'll> t~ :diL'i'ii1' }~h!} 14.64'll> I \ 

THERIOT EDIA/R&D 36.00'll> 36.00'll> 36.00'll> I \ 
TOTAL CIC 517 479 426 

lEl'll' \ I I\ I SPAGHETII LIQ ARGON 
SIGNALS \ I \ I ""464 120,320 

CHANNELS \ I \ I "'464 120.320 
MULTIPLEX RATIO \ I \ I 1 1 

ELECTRONICS \ I \ I S.009 1•c.9 

CABLE 'I. x - -
INSTALLATION I \ I \ . -

TRIGGER I \ I \ 1n4 J_HO 
DAQ I \ I \ 102 465 

COMPUTING I \ I \ 11 369 

TOTAL I \ I \ "-7fll 11.~2 

COST/CHANNEL I I $256 $155 

~llJ)'.C \ I \ I PLASTIC TILE LIQ ARGON 
SIGNALS \ I \ I ""000 17.400 

CHANNELS \ I \ I u.ooo 17""" 
MULTIPLEX RATIO \ I \ I 1 I 

FRONT END ELECT. \ I \ I ...... JOM 

CABLE \ I \ I . -
INSTALLATION \ I ' I . . 

TRIGGER x l .... ~, 13.in9 
DAO I \ \ 1737 .... 

COMPUTING I \ I \ 1.156 2.451 
TOTAL I \ I \ 'K7J9 '-< 145 

COST/CHANNEL I \ I \ $390 

~ 
THERlOTCONT. I \ I \ 100.00'll> 

WIEDIA I \ I \ 17.00'JI. 
. . . 

THERIOT EDIA/R&D I \ I \ 43-00'll> 'll> 
TOTAL CIC 477 . . 

MARK RENNICH/OAK RIDGE NATIONAL LABORATORY/817191 



MUON FOR.CAL SYSTEM 

IL• WIRE TMS 

SIGNALS 3-000 33124 
CHANNELS 110.000 33.124 278.233 

MULTIPLEX RATIO 3.60 1.00 

FROJ\"I' END ELECT. 22.669 14.005 

CABLE . . 
INSTALLATION . . 

DAO . . 
COMPUfING 5.140 1,548 13.000 

TOTAL 27,809 15-553 101.560 

COST/CHANNEL $253 $470 $365 

THERIOT CONT. 20.00-. so.oo-. 
LOIEDIA 10.46 .. 19.llO .. 11.00-. 

THERIOT EDIA/R&D 36.00-. 36.00 .. 36.00 .. 

TOTAL CIC 311 533 447 

VIr WIRE ? 
SIGNALS 410.000 

CHANNELS 410.000 7""983 
MULTIPLEX RATIO 1 

ELECTRONICS ""456 
CABLE . 

INSTALLATION . 
TRIGGER 13.620 13.514 

DAO 1.584 2.924 
COMPUfING 1 "'" 2.319 

TOTAL 42.915 79u• 
COST/CHANNEL $105 $105 

~K WIRFJSC ? 
SIGNALS lnll400 7nnn 

CHANNELS 1DIL400 7.000 494~""" 

MULTIPLEX RATIO LOO 1.00 

FRONT END ELECT. 15.675 7'5 

CABLE . 
INSTALLATION . 

TRIGGER "'001 259 18.286 
DAO 6.137 396 21l000 

COMPUfING 3.048 197 13.906 

TOTAL 'Uc86l 1.617 10-"Ul 
COST/CHANNEL $506 $231 $290 

THERIOT CONT. --. so.oo-. 
WIEDIA 8.00 .. 11.00-. 29.oo-. 

THERIOT EDIA/R&D 43.00-. o.oo-. uoo-. 
TOTAL CIC 670 282 321 

MARK RENNICH/OAK RIDGE NATIONAL LABORATORY/817191 



COMPARISON OF ELECTRONICS CQSTS: L*/SDCIE-T 

TRACKING 

n.• SI TRACK FIBER STRAW-TUBE \ I 

SIGNALS 3.200000 36.000 52.000 \ I 
CHANNELS 5.065 10.000 52,000 \ I 

MULTIPLEX RATIO 632 3.60 1 \ I 

FRONT END ELECT. 16.440 1.J!IO 11.613 \ I 
CABLE . . . \ I 

INSTALLATION . . . 1/ 
DAO . . . /\ 

COMPUflNG 237 467 2,430 I \ 
TOTAL 1 .. 77 1.857 14.113 I \ 

COST/CHANNEL $3?03 $186 $271 I \ 
THERIOT CONT. 100.001' 30.001' 30.001' I \ 

WIEDIA 17.881' 17.881' 17.881' I \ 
THERIOT EDIAIR&D 36.001' 36.001' 36.001' I \ 

TOTAL CIC 3.799 214 31J I 

lE/'ll' TRD LArSIPADS SPA.SI PADS PRESHOWER 
SIGNALS 2!IO 000 62.000 30.000 467~-

CHANNELS 2'11l000 62.000 "'000 519 
MULTIPLEX RATIO I I I ~ 

ELECTRONICS 19.424 4.618 2.235 260 
CABLE . . . . 

INSTALLATION . . . . 
TRIGGER 5.177 LI07 536 ' DAO t.120 239 116 2 

COMPUTING ... l!IO 92 2 
TOTAL "'"10 6.154 2.978 273 

COST/CHANNEL $92 $99 $99 $526 

~JIJ)(C SR.ICON STRAW-TUBE WIRES \ 
SIGNALS 47"""000 1aooo CAOOO \ 

CHANNELS 75.158 1aooo 50.000 \ 
MULTIPLEX RATIO 

FRONT END ELECT. 1.446 

CABLE . 
INSTALLATION . 

TRIGGER 2.779 

DAO •••• 
COMPUTING "13 

TOTAL 17.593 
COST/CHANNEL $234 

THERIOT CONT. 100.001' 
WIEDIA 34.001' 

THERIOT EDIAIR&D 43.0011> 

TOTAL CIC 250 

EfI' Estlmat• have llOt recelNd aa SSC review 
Deriot Conllnaea<J lnduded 
Radout De- (PMT"a) not lnduded 

I 1 

20.860 u10 

6.951 1~ .. 9 

10.644 2.Jnl 

5.286 1.406 
43.741 14-
$233 S292 

30.001' 100.001' 
34.001' 34.001' I 
43.0011> 43.001' I 

248 312 

Total CIC cost ... euct since DAQ .. d Compudna did ... ha••-· -d•cODCJ • locol electnala 
Shaded numbers are usumed 
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CALORIMETRY ORNL 

Costing Of GEM Calorimeters 

$ Cost Estimates Cannot Be Ready Until Concepts Complete 

$ Concepts Will Not Be Complete Until After Sept. Meeting 



Mechanical Engineering (Costing,) Definition 

Barium Fluoride 9 
Liquid Scintillator - Hadron 9 
Spaghetti - Hadron 8 
Liquid Xenon 8 
Fiber Preradiator 8 
Silicon Preradiator 7 
Spaghetti - EM 6 
Silicon Drift Preradiator 5 
Liquid Scintillator - EM 5 
Liquid Argon 4 



Engineering Issues 

! Total Thickness 
! Active Thickness 
! Separate EM 
! Replacable EM 
! Electronics Costing Methodology 
! Uniform Physics Criteria 
! PreRadiator Requirement 



CERN-PPE./91-45 
March 6th 1991 

EFFECTS OF RADIATION DAMAGE. ON 

SCINTILLATING FIBRE CALORIMETRY 

D. Acosta I, R. DeSalvo2, F.G. Hanjes3, A. Henriques2.4, L. Linssen2, 
A. Maio4,5, B. Ongl, H.P. Paarl, M. Pereira4, C.V. Scheel2,3, 

M. Sivertzl, P. Sonderegger6, R. Wigmans2,3 

Abstract 

We report on measurements of radiation hardness of plastic scintillating fibres to be 

used for scintillating fibre calorimetry. Fibres were irradiated by a 60Co y-source and the 
effects on the emission and on the attenuation of scintillation light in a number of different fibre 

types were studied. Results are given on the changes in the wavelength spectrum induced by 

ionising radiation. The influence of optical filters, glue and sunounding gas were investigated. 
A Monte Carlo study is described that simulates radiation damage in a compensating lead-fibre 
calorimeter and predicts the impact on the performance. By combining the results of the 
radiation hardness measurements of the fibres and the results of the Monte Carlo, a limit is set 

on the acceptable dose level. If we define a contribution of 0.8% to the constant term of the 

electromagnetic energy resolution due to radiation damage as an acceptable performance 

degradation, we determine, with the best fibres that are presently commercially available, an 

acceptable dose limit of 7 Mrad. 

I) University of California, San Diego, USA 
2) CERN (LAA project), Geneva, Switzerland 
3) NIKHEF-H, Amstenlam, The Netherlands 
4) LIP, Lisbon, Portugal 

5) CFNUL, Lisbon, Portugal 

6) CERN, Geneva, Switzerland 

(Submitted to Nucl. Instr. and Meth. in Physics Research) 
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