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 Units and orders of magnitude

* lonization and dE/dx, Multiple
Scattering

 Photon interactions
 Photoelectric effect
« Compton scattering
e Pair Production

e Electron interactions
 Bremsstrahlung
* Critical energy
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/hc=02GeV fm,1GeV =10° eV

=2000eV A

[EEY
>
|

10nm

Me=0.51 MeV
Mp = 938 MeV

a =1/137

| =1/m
a=| /a
KT = 1/40 eV

Fundament

10 %cm, 1fm=10"cm

Quantity Symbol, equation Value Uncert. (ppm)
speed of light in vacuum c 299 792 458 m s~} exact*
Planck constant h 6.626 075 5(40)x10734 J 5 0.60
Planck constant, reduced h=hf2n 1.054 572 66(63)x10™ J 5 0.60

= 6.582 122 0(20)x10~22 MeV s 0.30
electron charge magnitude e 1.602 177 33(49)x10~1° C = 4.803 206 8(15)x10~1° esu 0.30, 0.30
conversion constant he 197.327 053(59) MeV fm 0.30
conversion constant (hic)? 0.389 379 66(23) GeV? mbarn 0.59
electron mass me 0.510 999 06(15) MeV/c? = 0.100 389 7(54)x10~3 kg 0.30, 0.59
proton mass my 938.272 31(28) MeV/c? = 1.672 623 1(10)x 10727 kg 0.30, 0.59

= 1.007 276 470(12) u = 1836.152 701(37) m, 0.012, 0.020
deuteron mass my 1875.613 39(57) MeV/c? 0.30
unified atomic mass unit (u) (mass Y2C atom)/12 = (1 g)/(N4 mol) 931.494 32(28) MeV/c? = 1.660 540 2(10)x10~%" kg 0.30, 0.59
permittivity of frec space €0 M 8.854 187 817 ... x10712 F ! exact
permeability of free space 1o } copo = 1/¢ 4r x 1077 N A~? = 12.566 370 614 ... x10~7 N A~2 exact
fine-structure constant a = e? fdmeghc 1/137.035 989 5(61)F 0.045
classical electron radius re = €2 /dmegm,c? 2.817 940 92(38)x 10715 m 0.13
electron Compton wavelength % = hfmec= rea™! 3.861 593 23(35))(10’13 m 0.089
Bohr radius (mpycieus = 00) oo = dmegh? fmee? = roa? 0.529 177 249(24) 10710 m 0.045
wavelength of 1 eV/c particle  hefe 1.239 842 44(37)x10~% m 0.30
Rydberg energy heRoo = meet [2(dneg)?h? = mec2a?/2 13.605 698 1(40) cV 0.30
Thomson cross section or = 8ari(3 0.665 246 16(18) barn 0.27
Bohr magneton up = eh/2m, 5.788 382 63(52)x 101! MeV T 0.089
nuclear magneton un = eh/2m, 3.152 451 66(28)x 10~ MeV T—! 0.089
electron cyclotron freq./field ‘“EyufB =efm, 1.758 819 62(53)x10'! rad s~! T~! 0.30
proton cyclotron freq./field WLE][B =efm, 9.578 830 9(29)x107 rad s~! T~! 0.30
gravitational constant Gy 6.672 59(85)% 101! m® kg1 572 128

= 6.707 11(86)x 103 hc (GeV/c?)~2 128
standard grav. accel., sea level g 9.806 65 m s~2 exact
Avogadro constant Ny 6.022 136 7(36) x 102 mol ! 0.59
Boltzmann constant k 1.380 658(12)x 102 J K~! 8.5

= 8.617 385(73)x107° eV K ! 8.4
molar volume, ideal gas at STP N 4k(273.15 K)/(101 325 Pa) 22.414 10(19)x 103 m® mol~! 8.4
Wien displacement. law constant b = AmaxT' 2.807 756(24)x10~3 m K 8.4
Stefan-Boltzmann constant o = 2k /6032 5.670 51(19)x10~8 W m—2 K4 34
Fermi coupling constant? Gr/(he)® 1.166 39(2)x 1075 GeV~—2 20
weak mixing angle sin? B(Mz) (vs) 0.2319(5) 2200
W* boson mass my 80.22(26) GeV /c? 3200
2° boson mass mz 91.187(7) GeV/c? b
strong coupling constant as(mz) 0.116(5) 43000

m = 3.141 592 653 580 793 238 e = 2.718 281 828 459 045 235 5 = 0.577 215 664 901 532 861

1in=00254 m 1G=10"*T 1eV=1602 177 33(49) x 1071 ] kT at 300 K = [38.681 49(33)]~! eV’

1A=10nm 1dyne=10"5 N 1eV/c? = 1.782 662 70(54) x 107 kg 0°C=27315K

1 barn = 1028 1? lerg=10"7J 2997 924 58 x 10° esu=1C 1 atmosphere = 760 torr = 101 325 Pa

; The meter is defined to be the length of path traveled by light in vacuum in 1/299 792 458 s. See B.W. Petley, Nature 303, 373 (1983).
; ALQ =0, AL Q2 ~ m3, the value is approximately 1/128.
See discussion in Sec. 26 “Standard Model of electroweak interactions.”
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Properties

ATOMIC AND NUCLEAR PROPERTIES OF MATERIALS

« Table revised June 1994. Gases are evaluated at 20°C, 1 atm, (in parentheses) or at STP [square brackets).

ZIA ~Y>

Material Z A Nuclear® Nuclear® Nuclear¢ Nuclear® dE/dz|,dRadiation length® Density/  Refractive
V —~ A —~ é total inelastic collision interaction MeV Xo [g/cm?] index nf
cross cross length length m lg/cm?) fem] () is for gas() is (n-1)x 108
2/3 . section section Ar i Ar & 0 ii for cag ()5 for gas &/ for gas
S _~ A or [barn] o7 [barn] [g/em®]  [g/em?] "
| Hz gas 1 101 00387 0.033 433 50.8 (4.103) 61.28 865 (0.0838)[0.090]  [140]
Hy (B.C.,26K) 1 1.01 0.0387 0.033 433 50.8 4045 61.28 865 0.0708 1112
[Nor /A]<L>S - 1 D2 1 200 0073  0.061 a7 547 (2.052) 1226 757 0.162[0.177]  1.128
He 2 400 0133 0.102 49.9 65.1 (1.937) 9432 755 0.125[0.178] 1.024[35]
Li 3 684 0211 0157 54.6 73.4 1639 8276 155 0.534 -
Be 4 901 0268 0199 55.8 75.2 1594 6519 353 1848 —
H (o] 6 1201 0331 0231 60.2 86.3 1745 4270 183 2.2659 —
[# targetS(nUCI e| )/VOI Ume] Ny 7 1401 0379  0.265 61.4 87.8 (1.825) 37.99  47.0  0.808[1.25] 1.205(300]
0 8 16.00 0420 0.292 63.2 91.0 (1.801) 3424 300 1.14[1.43]  1.22[266]
I H d al d t d g: 2 Ne 10 2018 0507 0347 66.1 96.6 (1.724) 2894 240  1.207(0.900] 1.092(67|
Ongl tu n |$ance ransverse distance Al 13 2698 0634 0421 706 1064 1615 2401 8.9 2.70 —
Si 14 28.09 0.660 0.440 706 1060 1.664  21.82 9.36 2.33 -
r <L> —_ A /S Ar 18 3995 0868 0.566 764 1172 (1519) 19.55  14.0 1.40[1.782] 1.233(283]
- Ti 22 47.88 0995 0637 799 1249 1476  16.17 3.56 4.54 —
1/3 Fe 2 5585 1.120 0.703 828 1319 1.451  13.84 1.76 7.87 —
-~ A Cu 29 6355 1232 0.782 856 1349 1403 1286 1.43 8.96 —
Ge 32 7250 1365 0.858 883 1405 13711 1225 2.30 5.323 —
rnZ Sn 50 118.69 1.967 1.21 1002 163 1.264  8.82 121 7.81 -
dad(r X) -~ 15 M eV/(gm/C ) Xe 54 13129 2120 129 102.8 169 (1.255) 8.8 277 3.057(5.858] (705)
w 74 18385 2767 165 1103 185 1145  6.76 0.35 19.3 —
Pt 78 19508  2.861  1.708 1133 180.7 1120 6.54 0:808° 2145 —
r XO -~ 1/Z Pb 82 207.19 2960 177 1162 194 1123 637 0.56 11.35 —
U 92 23803 3.378 1.98 1170 199 1.082 600 =032  =1895 —
Air, (20°C, 1 atm.), [STP| 62.0 90.0 (1.815) 36.66  [30420] (1.205)[1.20] (273)[203]
20 60.1 84.9 1.991  36.08  36.1 1.00 133
COp 62.4 90.5 (1.819) 36.2 [18310] [1.977) [410]
Shielding concrete 67.4 99.9 1711 267 10.7 2.5 —
Borosilicate glass (Pyrex) ¢ 66.2 97.6 1.695 283 12.7 2.23 1.474
Si0 (fused quartz)™ 67.0 99.2 1.697 - 2705 - 107 2:32™ 1.458
Methane (CHg) 54.7 74.0 (2.417) 465  [64850] 0.423[0.717) [d44]
Ethane (C;Hg) 5573 8.7 (2.304) 45.66  [34035] 0.509(1.356)™ (1.038)"
Propane (C3Hg) - - (2262) — o (1.879)
Isobutane ((CH3),CHCHj3) 56.3 77.4 (2.239) 452 (16930 [2.67] [1900]
Octane, liquid (CHy(CHg)gCHg) - - 2.123 - — 0.703
Paraffin wax (CH3(CHz)nCHj, (n) ~ 25) - - 2.087 o L 0.93
Nylon, type 6 - — 1.974 — - 1.14
Polycarbonate (Lexan) — — 1.886 — == 1.200
Polyethylene terephthlate (Mylar) (CsHgO2) 60.2 85.7 1.848 3995  28.7 1.39 -
Polyethylene (monomer CHp =CHp) 56.9 788 2,076 448 =479  0.92-0.95 —
Polyimide film (Kapton) - e 1.820 — — 1.420
Polymethylmethacralate (Lucite, Plexiglas) 59.2 836 1929 4055 w344  116-1.20  ~149
(monomer (CHp =C(CH3)CO,CHy))
Polystyrene, scintillator ( CgHsCH=CH,) 58.4 82.0 1.936  43.8 42.4 1.032 1.581
Poly hylene (Tefion) ( CF, =CF;) &t i 1671 — = 2.20
Polyviny intillator ( 2-CH;CgH CH=CHy) e o 1.956 e e 1.032
Batium fluoride (BaF) 92.1 146 1303  9.91 2.05 4.89 1.56
Bismuth germanate (BGO) (BigGezO;2) 974 156 1251 Tae 112 71 215 |
Cesium iodide (CsI) — . 1.243 — — 4.51 )
Lithium fluoride (LiF) . 6200  88.24 1614 3925 1491 2.632 1.392
Sodium fluoride (NaF) 66.78  97.57 169 2987 1168 2.558 1.336
Sodium iodide (Nal) 948 152 1.305  9.49 2.59 3.67 1775
Silica Aerogel © 65.5 95.7 183 2085 =150 01-0.3  1.0+0.25p
NEMA G10 plate? 62.6 90.2 1.87 330 19.4 1.7 —
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TS

Properties of

Table 1: Physical properties of some materials used in calorimeters,

z r |/Z (I/r)dT/dx e X, |

g.cm® eV MeV/g.cm® | MeV cm cm
C 6 2.2 12.3 1.85 103 " 19 38.1
Al 13 2.7 12.3 1.63 47 8.9 39.4
Fe 26 7.87 10.7 1.49 24 1.76 16.8
Cu 29 8.96 1.40 ~20 1.43 15.1
W 74 19.3 114 " 8.1 0.35 9.6
Pb 82 11.35 | 10.0 1.14 6.9 0.56 17.1
U 92 18.7 9.56 1.10 6.2 0.32 10.5

|onization energy

~Eo=13.6 eV

critical energy ~ 1/Z

Xo ~ (AIZ)(UZ) ~ 1Z
<L>~AY3r
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Energy, Size

Electromagnetic and Strong Coupling

a =€ [hc~1/137
a, =g/hc~(1/10- 1) (Tablell)

E=-mc’a’/2 (Table 11, Rydberg)
mc’=0.51MeV,E, =136 eV

a, ~ | /a = 0.56 Angstroms
E =E/n?

a,=a/n’

Amplitude ~a

Binding Energy ~ a?
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@V, B
Atoms - lonization

n=1,1=0ml =1spin=2 e
n=2, =0, 2sates @)
| =1, 6states [ (21+1)2] 20 |- © o
metals = noble gases eV A ¢“p) .
centrifu%al repulsive potential o Les @)
U~L%r
Lower | fillsfirst 3s) (4s)
Metals“see” 1 e of charge (closed shell) L L L |
Lightly bound, E ~ 1/n®, a~n° i 20k
| | | |
10 Z 30
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L, 1
Cross Se ——

B N(x) = N(O)exp(- N,rxs / A)
>« <|_>‘1 =[N,rs /A](cm)‘l
: (Lry " =[N,s / Al(gm/ cr)
Satom~pac2,~3X108b,ao~1,Z\ SN~pai|
Snuc ~p aﬁl ~31mb1a|\| ~1fm ~ A2/3
(hc)® =04GeV?mb (L)~ AL (Eq. 18)
1mb=10"*" cm’,1b=10* e’ | ~(35gm/cnt) A3
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Nuclear vs EM Cr

s, ~ A°R? see Properties
~ s ao crossat Z ~ 3
s. ~(Za)7aks at high Z, Xo <<I , Why
|,/ X, ~(ZI A5.1A*°] basis of calorimetric particle ID
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o Jt.

« Coulomb Collisions
 Multiple Scattering

e “Radiation” Length

e Recoil Energy Distribution
o dE/dX

« Minimum lonizing Particles
« Range and Momentum
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. N A dP ~ db=ds Can'tam

| /
oo NS ds ~ bdbdf g—sdw dW=sinq dqdf
N4
v ds b s
Ze dw angdqg Just relabellingb = q
F(b) = ze’ /b ds .  @za @2/ )
Dt=2b/v W Ewmvig ]
Dp, ~ F(b)Dt, F © dp/ dt Rutherford scattering off the nucleus
q ~Dp,/p,Dp; =2Za /by %Qqudq = (ppiao=
g ~2Za/ pvb Amin
~pa’~1/qZmin~ (‘plq/q3
Dpr =2 2Za/bc 0

independent of incident particle mass, velocity
-2 MIP
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Mean sguare scattering angle

,ds
B aw s
(a%)° TR Gulk) Eq5.4
O_S\S/de  Qda/a’)

- 2qmln [In(qmax /qmin)]

(ahs)=N{a?)
N =(N0r s/ A)dx, (Section 1)
=dx /(L)

| 2\ :eNrquZ eZZau |
\dms/ & A U gprH[n()]
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Define for now, see brem later
E ° \/E(mcz) = 21MeV
a Radiation length

E. [d
e

Stochastic process — e.g. diffusion goes as Ok

MS — (D:)T) MS DpT \/7 WVt

FNAL Academic Lectures, Feb. 2000 14



Dp; ~2a/bv,Z2=1
De ~ Dp?/2m
De ~2a°/b*v’m

| ncoherent

ds =db =bdbdf =(ds /dT)dT Relabelb>T
Energy given to recoil

ds adbo _é 2pa® U .
= 20b T=a 7 n.b. e here not the nucleus since~ 1/m
dT P ngg gbzcszmH ( )

lonize the e, kick out of the atom — |
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- !
Energy Loss lnm;

de ~ ¢ppbdb (de/ db) d(:rE;) GENA 0
e ﬂ
4pa [
IN(Byy / By )] B2 21 0,
mv* d(rx) A f,( )é 4in( )

IN O / Brin )~ [IN (T K1 )] de > 4pa’/(mc’)(1/b%)(11.5)

T .. =2m(bg)*
~2m~1MeV (MIP)

{1} ~10eV

In(T__ /{1})=115 medical uses of the Bragg peak

~ 3.0[Z/A] [MeV/gm/cm?](1/b°)
numerically
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~ | dE/dx and Mo

&,

yyyyyy

~dE /dx (MeV g~lem?)

1 1 il il g piinnl b i
0.1 1.0 10 100 1000 10000
By = pe/M
L LA ll!l]l ' 1 L IS lll.]l.l ' 4 1 |J|I|1 L 1l ||’li| g | llllll 2
0.1 1.0 10 100 1000

Muon momentum (GeV/c)
. ILL]l].I}_ IS l_LI.I.LI_Il 'S A 1lllllj 1 i lllll![ L i IIIIlll

0.1 1.0 10 100 1000
Pion momentum (GeV/c)
I i i IldllII L L hlllllr L LJ]IJJII i L !IlIIII i il 48 ikl
0.1 1.0 10 100 1000 10000

_Proton momentum (GeV/c)
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| 1 Range and

Ultra-relativistic

50000 T

20000 :

and 10000

- - - 5000 -

Non - relativistic
Vs

& dE, © 7
& /s
. ~ R~T,~e,~g
ed(r X)g,,, q—-
2 fif-A-
1l.’J.l 2' 5 10 2 5 100 =
Py=pe/M
0 R o&zl Iotllﬁ'”(:'lll 0‘2 : ‘015”‘1.'0 2.0 : ..0...1.{;0
\ \ X V it i ; i > 5. i
QTdT — @X Muon momentum (GeV/ec)
o | ] Bt S

0.2 0.;35 0.1 o2 0.5 ]l,,O 2.0 5.0 HIIO,O
R~T 2 s p 4 s b 4 : Piorll momentum (Ge\lﬂc)
— o o 0 0.1 02 05 10 20 50 100 200 500
Proton momentum (GeVi/c)
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E%w Range and Incidem

if Dpr ~ F(b)Dt ~ za
then dE/dx ~ Z°(Z/A)
l.e. 1, 4,9, bubbledensity

slow down toward the end of range
multiple scattering has g ~ 1/pb

FNAL Academic Lectures, Feb. 2000
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e Cross section as a function of photon
energy

 Photoelectric Effect

e Thompson Scattering

e Relativistic Photon Scattering
« Compton Effect

e Pair Production by Photons
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s,

Photon Cros

bRy | | I I . | | | | | |
B _ \\"—&h
. - | ~n ; |
Carbon {7 = G) ° 59:% Lead (7 = 82)
3
I Mb ? o — experimental Oy, — b f‘? ‘% a — experimental Oy, N
_ | o ’ Ope. U
= ¥ 1§ L _
?‘: B Gu " . é
g : B
=1 kb — = !kt Yeoherent
=) = [
7 o 7 —
w | coherent W
8 5
3 -} — Uiru‘.ﬂh ,’/
'
£
IbhH— ’
1 bh— I
.
E
— ¢
[ E
i’
lr."
10 mb - y 10 mh ! | | : _ _
10 eV I keV I MeV 1GeV 100 GeV 10 eV 1 keV I MeV I GeV 100 GeV
Photon Energy Photon Energy

FNAL Academic Lectures, Feb. 2000 21




L3 e
i Photoelectrm;

Photoeffect dominates for photon energy < (10-100) keV

il ////‘//f

Uo()
Theinner e “see’ the full electron charge Z

1 .
Uo(r)~Fe r/a 2
pa émc U,
=- s~—(Za) ,/n
a,=Ala,a~a,/Z = g2 ( )H
=-136eVZ° /n’
émc® U 5
2 X1 &
S e ~ak ghw H[IDB/a]
~1/W7/2

aw ~p®/2m (Eq.2.2)
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Inverse mean free path 1/[r <L>]

Photoelectri

100

10

-
=

w/p (cm?/g)

0.0

0.001

001 01
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L. 2

32 om &
S e ~Tpx/§(2a)425m5 (ax)?
S ~%Z(a7&)2

712
S pe /57 ~442 (za)" (mc? 1 aw)"”.
s ~2°
Compare Thompson (g - e non-relativistic)

If (Za) ~ 1 — Pb then the cross sections
crossat ~ m,=0.51 MeV
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Photon Mea

PHOTON AND ELECTRON ATTENUATION
Photon Attenuation Length

102 T ™ II'IIII T T T |||=|I T T ||rv'1l T T T TTI1TH 100 : T T 7T IIIFI’F L] 1 I*l"'L L T “l”Ii
. 90 f
1 i
10 80
& & 70 f
§ 100 S 4
5 T 60 |
a 107! a 50 7
3 2 :
= S w0
2
b L o800
10-3 -
™ 0
S i [ | | ]
10'-4 i i lII.IlII I.l |||1u] ¥ —" -llxlnl i i1 1 iiia 0 i L1 1181k A AL L LilLl 1 ' 1L|u|. -
10-3 10-2 10-1 100 101 101 102 103 104 105
Photon energy (MeV) Photon energy (MeV)

Dominated by thephotoeffect  Thompson/Compton ~ congtantr<L>  pgiy production goes as Xo ~ 1/Z

75 and W™ Energy independent Energy independent
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s,

Photon -e S

Dipole — Larmor, Non-relativistic

3 a@&mo
dP _ & | o S ~ =S 6= [1+In( )] ~a?s
_4pc3a sin“q 8 Jsg
a=eE /m

d;V\T/ = (€2 /mc?) sin?q © <dE/d\N)/<‘§{>
P

ST :?(a y Nor <L>Zs /A ~ 1

8 r<L>~ (A/Z) ~ const
s =3lea)e” ~/2)

a =xla (Section 1) see photon cross section figure

(0]

s./pa~a*~10"°

Reduced by a* w.r.t. atomic geometric cross section
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s, | =

0
o = Ptk
&l 10 1

&w W, @ m(1 cosq)

| -1, =2pk(1- cosq)

dynamics - etakes off most of the energy

FNAL Academic Lectures, Feb. 2000 26



Gy : L, 1
Pair Prod =

isolated photon cannot “decay” into an ete- pair  unaccel erated e cannot radiate a photon

<

T~

— — €

g+Z-->ee+”Z e+Z->e+Z+g

Pair Production and Bremsstrahlung are topologically similar.

Defer the cross section discussion until radiation by charged
particles in accelerated motion.
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e Radiation In relativistic motion
e Linear and Circular acceleration
 Angular distributions

 Bremsstrahlung as the scattering off
virtual photons of the target by the
projectile

e Radiation length
e Critical energy
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Relativistic Fm;

Linear
262 m 26 4
P=2=_A A _ 52
_ 2, 5, 3 68x2 | 2y
=5 (e7/c)g ga - b xa Circular
_aghodr (- _
A _%dxle(b )|, ox = boot
2 & adled’

(P = 3PC? Bl o
generalize Larmor

—> strong g dependence
—> radiation isimportant at high energies
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Angular Dis

of | == 528%
o
15f D
2 a5 1 o5 0 05 1 15 2 e
3
dipoletips forward at high g 3
Linear Acceleration Synchrotron Radiation -
Circular

complex in general but
<g> ~ 1/g - “searchlight effect”

—> calorimetry is approximately 1 dimensional
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TS

4
. & bsT

e

(Ze)

The Thompson scattering
of the virtual quanta of
the target by the projectile

Bremssitr Jt

L. .3

in a Coulomb collision we can decompose the fields
of acharged particleinto adistribution of
“virtual quanta’

dN,W)  a g
" zgwﬁ'”()]
=@§F3'§el%n( ]
4]
but coherent!

Recall de ~a/b?[In()](Z?)

ds, _,dN

- ZZ g S .
dw ( diN
=== ar) ()]

coherent because the nucleus ~ 1 fmis small on the scale of the
projectile deBroglie wavelength. Thus no phase change over
nucleus, amplitude ~ Z, cross section ~ Z°

FNAL Academic Lectures, Feb. 2000
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s,

o - 2F LK o o

laadE O 1
— -0 ,EX :Eoe-rx/XO
ESraxs x, -0 = EO)

s, °[A/(N,rX,)]

Xo =(L}
16 o
X, =28 2Ozza)an, ) 2ln()

~(ZIANZ~Z

oy L, 1
Radiation m;

By definition Xoisthe
bremsstrahlung mean free path

L ook at the photon cross section table

It is the projectile because that
acceleration cause the radiation

FNAL Academic Lectures, Feb. 2000

32




dE, l6ad\| o

- 38 a)(ah »)?[In()|E
dE, ]

30 x)[(In0)]

radiation rises with E (relativity)

(Za) coherence vs coupling

lonization transfers energy to the atomic e
radiation accelerates the projectile

3p &m,Hém,c” U
Ec~ ? A ]
4 ém. o€ Za H

~165MeV/ Z

Za?2

/7
‘I &«
I
I

¢
72a3

Incoherent ionization — 2 vertices
coherent bremss — 3 vertice
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Critical

Pb
400 s I I T I
—0.20 200 |- -]
100 -
10 k. % 710 MeV
s ) S 50
-3 Electrons 0.15 ;;,50 Z+124
—
o Bremsstrahlung = 20 |- + Solids
- ‘:.. o (Gases
% —010 S 10
< 5»1 | e
= 0.5 Meller (e7) 1 2 5 g) 20 50 100
f Positron
g annihilation —0.05
~ 1/Z behavior of Ec
0 [l i 1143 III! n L sk . .
10 100 1000 EM casc_:ade stops muItlp_Iy| ng at Ec
E (MeV) and beginsto die out by ionization

and photoeffect.
1/E[dE/dX] ~ /X0

Ec~7MeV
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] Critical En
i

o

L. .3

Sameforceson i and e

But accel ~1/m
And radiation ~ &
So much less muon radiation

1000 g——rrvre

% 100

Tm _ 2

E = Ec ~ (mp")

; Soif 24 MeV for eon Fe

5 1 Then ~ (200)*(200) or ~1 TeV

For muon

0.1

Muon energy (GeV)

Another process
etZ—>e+Z+“g" 2 e+”Z+ete
Spar ~SB
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 Basic parameters

e The EM Cascade

 Energy Resolution

« Sampling Fluctuations

 Nobel Liquids - Pulse Formation
e Crystals

 Transverse Size

e Leakage

o Calibration
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gh5_ : =
i Basic Param;

(dE, /E) ~ (r dx)/ X,

X0~[1809m/ cmz][A/ZZ] Radiation Length
t=x/ X, [Basic EM Length Unit]

(dE /dx)~- E. / X, .
Critical Energy

E. ~[550(Mev)|/ Z [EM Energy Unit]
y=E/E;

) lonization energy loss
dE, / dx~[3(gm/ cm )][Z/ Al [After shower ceases to grow]
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TR

Bremss + Pair = multiplication

} >
4 t
>
2 4 8 N{t)
>
12 1/4 1/8 £(t)/E
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CTe

e()=E/2' =E/ N(1)
N(t)=2!

E. =E/2™=e(t__)=VE

tex ~1NCY)
N_~E/E.=N(t_ )=y

t
L ~X,a N(

i=1
L N max tmax
o~ ONOdt~ 't

~(E/E.)/In? = N

Simple EM Cas

Geometric growth of cascade
|gnore Fluctuations:

But for initial interaction point
<L>=Xo
s = Xo

And energy sharing of daughters
- goesfrom O to full parent
- energy, = ¥2 on average

egd.1GeV einPb
Nmax - 140

L = total path length
of all tracksin the shower

n. b. calorimetry is linear - non trivial
ears, eyes, dynamic range
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TS =
EM Showers - En
L. 2

ENERGY DEPOSIT in 10 GeV e” SHOWER

(EGS 4)
T ] T | T [ ! I
B Deposited by e* < 4Me_\£A___.0—_

s P 7 After shower maximum thereis
T . Deposited by 6% < 4MeV 1 No more particle multiplication
&\; 50— /.’ — But
5 |/ | Ec~7MeVinPb
c A ..

'% 10— ! Deposited by e < 1 MeV, __o._| e—lonize
5 e photons Compton scatter
s [y -7 . ilssu 1 orphotoeffect (g e)
L§ o ’ ® Fe ]
» m s» | ultimately the shower dies off
ol A P —> energy deposit is due to soft e
Deposited by e* > 20 MeV ]
l I | §

10 30 50 70 90

Z\BSORBER
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TS

N_. =E/E,

d—EE~1/\/E~dN/N

E,g, 1GeV einPb
dE/E ~ 8 % dueto
statistical fluctuations

Profile

dlzl/JE = [uae'“]/G(a+1)

u=bt,b~1/2
t ~Iny~(a- 1/b

1GeV einPb
tmax~5

Stochastic T

Individual showers ~ profile smeared by

o

L. .3

+- X0 due to first interaction point fluctuations

170 GeV electrons

(Energy in Scintillator)

1200

1000

800

600

T T T T T

T

I

T T 1200
1000

800

400

1 | | | | i

600—
200}

0

|

| 1
20 40 60 80 ’ 0

20

1 L
40 60 80

i T T T

T

1

T T 1200

1000

L ! I 1 | )|
o
(=3
o

T | T T T

T

T T T

1 1 1 1 !

1 13
20 40 60 80 0

20

L ]
40 80 80

1200
100¢Q
860

800

400

! | 1 1

0

29 4

200}
! L]
60 80 0

Depth in Rl{e #

20

13 ol
40 64 80
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Shower developsin high Z inert plates
Shower issampled in low Z detectors
(scintillator, gas chambers, Si, noble liquids, crystals)

dt

ALV
N =L/ DX number sampled ? ? ? ?
T | 171
- T’?r VY

e.g. Pb with 0.5 Xo thick samples.
dE/E ~ 6%/OE
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CTe

Scint-WL

= .':-E.'.-.L-l-f .-‘__‘_ -I L ra
- e -u'*-:;“”'-f.ﬁ-r.'?llp :'L'I- .. I
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CTe

Dt ® Dt/<coquS>

Ous ~(Es / E¢){/Dt ~1 (Sectionb)
~(Es/ Ecp)

Shower isnot ssimply 1 —d

Energy is deposited by soft tracks
Multiple scattering islarge, qus ~ 1

—> effective plate thicknessis increased

W=dE / (dE + DE)

If sampling fraction becomes large
The assumption of development solely
In the samples breaks down

Coefficient of lf\/E Term

12

1 10

o

L. .3

N o o0 BB o T | O R R e
g Data - Liguid Argon

A Daia - Scinuillator
m M.C. - Liquid Argon : 0.3Xo Pb 4

- 6% M.C. - Liquid Krypton

A 0.5 XoPb

3% @ 0.1 Xo Fb

T
L 0.5 XoPb/LKr

sl 1 I1|]__I_LI L | ERSEE W BN |

% of Energy Deposited in the Active Medium

A 6%/C E stochastic term is possible
With fine sampling and alarge

Sampling fraction
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C

Sampling Fracti

! | I | T I T I T
4 - . . . . .
ZEUS(PY)  m Scintillating Fibers can be fine grained
o0 L And have alarge sampling fraction, f
- . JEUS (U Good resolution is achievable with SciFi
~ 16 HELIOS ] L)
&\0/ — p—
L ~ UA2 n R
L] SPACAL
w 12F A
© [~ RD1500um PUN RD3 Accordion .
8 - RD11.8:1 oA SLD -
-SPAKEBAB =® JETSET ® Fibre i
4 - A LAr 43
- ® Plates 15
] | 1 1 ] ] ] ] L
0 2 4 6 8 10
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TS

Nobel Liquids for

lonization in noble liquids
Typical is pardld plate
| onization chamber

e.g. DO, ATLAS, ....
LAr LKr L Xe

Density glcm3 139 245 3.06
Radiation Length cm 14.3 4.76 2.77
Moliere Radius cm 7.3 4.7 4.1
Fano Factor 0.11 0.06 0.05
Scintillation Properties
Photons/MeV - 19104 2.6.104
Decay Const. Fast ns 6.5 2 2

Slow ns 1100 85 22
% light in fast component 8 1 77
| peak nm 130 150 175
Refractive Index @ 170nm 1.29 1.41 1.60
lonization Properties o
W vaue eV 23.3 20.5 15.6  Charge collection time
Drift vel (10kV/cm) cm/ns 0.5 0.5 0.3  Isdefined by thedrift velocity
Dielectric Constant 151 1.66 1.95
Temperature at triple point K 84 116 161
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GV _. =
= Pulse Form;

Q=CV Parallel plate gap
U=CV42=0%2C~QV

U = stored energy

dU =Q,dQ(t)/ C = Fdx Field E does work on the
Charge q(t) in the gap
=[q(t)E] [<Vd >dt] Which moved with drift velocity vq

dat) =atYv.) dtlE/V. 1=latnE2 /V. | dt Charge Q isinduced on the
W q()< d> [E/V.] lCI() OJ electrodes. vq = nE. | ~q.

dat) o | 4 — 2
“dt 1(©) =q)nE"/\,

m= v /E
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-

Line Charge (muon) Point lonization ( a source)
q(t) = qsgl i% t<t dQ = qi/: ((vq )dit)
=0 >t q(t) =g, fort<t §,=0,t>t §t $° x, /(vy)

I(t) =(as/t4)1-t/ty)

At °© Q) I(t):?_s’tqétzo’wtét
, _ Q(t) =q.t/t,
= s = /2, _t/td
O [y-y /2],y £ q. (x./d)
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RS #
E % Pulse Formm

T T ] Vv Qo I
]
q(t) 4 XO I d
]

()
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CTe

1 1 1 ]
0| 100 200 300 400 t (ns)

\/10’0 200 t(ns)

LA Pulse

Q~t°

Bipolar pulse shaping
Risetime due to source/cable
Capacity

Fast rise time pul se shaped
Followed by long drift time

If d~1mm, thent ~ 200 nsec
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ATLA

FNAL Academic Lectures, Feb. 2000

51




TS

ATLAS
dE/Eis~ 1.2 % at 100 GeV

Constant term, dE/E = b, dueto
Non-uniformity of the medium
Controlled hereto ~ 0.3 %

An issue with large volume
Detectors, controlling uniformity

Energy Resol ——

L. .3

Q Barrel 2 meter prototype
v"  Energy resolution

,9.06
~ [
o i
9
0.05 I 7=0.28
0=(9.99+0.29)%
-4 b=(282.24+16.9) MeV
0.04 Tk ¢=(0.35+0.04)%
L1 n=0.9
003 F ¥ 0=(10.42+0.33)%
- L b=(386.6115.6) MeV
c=(0.27+0.08)%
0.02 |
o.o1 b
o-....l....l.-..llj..L....In;.;
0 50 100 150 200 250 _ 300

Energy (GeV)
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CTe

Xtals - Full

CB & ———-

Xtal istransparent to it's emissions

Uses activators, e,g, Thallium in NalJ

Trap on activator quickly
For fast light output.
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&) Energy Res
' Xtal

e.g. PbwO4-CMS

fully active devices have no
sampling :
fluctuations. However, there
5 i
noise and photon statistics,
and

collection non-uniformity. Intrirsis

Fr
J'lr.lll
A~
4] .I"'Iri

| % |

dE/E ~0.7 % at 100 GeV h——
even though stochastic o e bl
coefficient isonly ~2.3 % g 10 1K) L0

EGeV]

Fig. 1.3: Different contributions to the energy resaluticn of the PRWO, calorinseter.
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EC

Two APDs 5 x 5 mm surface mounted
in a supporting structure (capsule)
glued at the rear of the crystal

- Crystal 2070
| E =280 GeV
o/E =0.40%

80

60

I

Events/100 MeV

265 275 285 _ 295 Q’

E (GeV)
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1.4 Electromagne
(ECA

« The ECAL group has determined that Hamamatsu will be
the vendor of choice. The cost and performance of the APD
Is within CMS specifications.

o B N W b O N 00 ©

dPSP/IDose (107 plent)

«2 original wafers (packaged externally, tested at
CERN)
Functionally OK, but quite low yields. ESD
suspected...
» 4 wafers probed 11/98 at Honeywell
Good yields - ESD (ElectroStatic Discahrge) will
be fixed with improved protection pads i
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TS

Xtals and Ca

Dense — compact — fast — good photon yield — stable

Crystal Nal(Tl) Csi(Tl) Csl BaF, BGO CeF, PbWO,

Density gcm? 367 451 451 489 713 616 8.28
Rad. length cm 2.59 18 18 206 112 168 0.89
Moliére radius cm 45 38 3.8 3.4 2.4 2.6 2.2

Int. length cm 41.4 365 365 299 220 259 22.4
Decay Time ns 250 1000 35 630 300 10-30 <20>

6 09

Peak emission nm 410 565 420 300 480 310- 425

310 220 340

Rel. Light Yield % 100 45 56 21 9 10 07
23 27

dlLY)dT %°C  ~0 03 -06 -2 -16 015 -19
"0

Refractive Index 185 180 180 156 220 168 216
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Y, Transvers
= Mol

Physics
< pT > - rne "00 “ —— Monte Carlo (Cu) 7
(@)~m, /e(t) * 4 o
<q>s|v| ~m / Ec .:. s 4
Multiple Scattering '

TRPRNCN Y
<Q>glvls~Es/Ec

r, ~Es X, /1 Ec = (@) ey X,
rv ~[7(gm/ cn?)] (A1 2)

EM shower is well localized transversely
Find e position using energy centroid to

A fraction of the Moliere radius — (2-5cm)
In crystals
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Transverse Siz

n.b logarithmic plot E

shower easily contained in 1 X0
~056cminPb

the shower widens as the depth
Increases since <q(t)> ~ Es/€(t)

Log (Energy loss)

-«—— Central component

Long tail
(~isotropic)

Radius (X,)

15
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Leakage Energym

Any EM calorimeter is of finite length
Recall tnax ~ Yy

—> fluctuations hurt because energy lost
In leakage fluctuates

getsworse with E

1 @ 20 Xototal depth 2 2% @ 50 GeV
this dE/E would dominate all other

error sources for CMS = deeper crystals

I
I
—
-
)
i 1
=
]

IO T
10 14 18 22 26

Depth (Xg)

0
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TS

Muon Call

Calibrate the EM calorimeter in atest beam
With e of variable energy.

15 GeV Muons, Mean Energy Deposit/Layer

3 s 50 GeV Muons, Mean Energy Deposit/Layer
25 25 .
2 2
1.5 KD 15 R .
¥ Pc R
sl i ﬁfi i /
) P &g 1 <RG g W ile }? Ral
D)
AR 2% I eI
Energy/}@yéf (afbitrasyfuni Energy/| d¥er (g Bitrafyunits)
O
0.5 0.5
0 0
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Layer # Layer #

Use muons from cosmics or p = nn from beam
PutsaM.I.P. in each sample
e.g. 96 individually read out samples.
n.b. 15, 50 GeV muons give ~ dE/dx
recall therelativisticrisein
lonization energy isasmall effect
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Hadronic

« Basic Parameters

« Hadronic Cascade

 Profiles

e Individual Cascades and Neutral Clusters
« Sampling Fluctuations

e Non-Compensation

« Transverse Size

 Energy Leakage

o Calibration

 Radiation Damage
 Neutrons

« Standard Model and Detectors
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@IS

|, ~[35(gm/ cn?)| AV
v=x/1,

p.p.p

(Pr)gw ™~ Me
(pr), ~ 0.4GeV

Note large multiplicity
And small angle production
- limited Py

Basic Para

200 GeV p p Interaction
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Ci Yy : L, 1
| Basic Para —4—

Threshold for p multiplication g
Average ete™, pp, and pp Multiplicity
Pp=>pPpp -

35 — e e*e data :.23 + -
En ~2m, =0.28GeV 0 pphp data 55
30 F 3.53. .
: 5 ;
25 E *Q -
L JADE, TASSO
N~(N)~InE w : ;
ZQ 20 L_ E"', +AML «—UAS—> B
oAl . g
XO/||<<1 | 2, ]
: S t ]
fo =1/3 L g * o 1
e vy2, MARK I “.‘ » 3
[~ S ]
Basis of EM/HAD separation b Mg O :
e © bubble 1
0: Chanllben- Lt aad L Pt T TR BT T Y | ]
' e e 02 103
Neutral fraction 1 10 & R,

Multiplicity of secondary pions
Depends only on log of energy
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IV : L, 1
Hadronic =

Simple Model, <N>=3

e(v)=E/NY, N=(N) Ignorefluctuationsin multiplicity,
. v Energy sharing, and interaction
Ny ~Nf, [ N(- fo)] Points
+ v+l
N '“[ N(1- fo)]

o}
E,~a e(V)N(?/)
\

E, ~Ef,q[1 f,], total neutral energy
\

Vgax (] 2 4
" fou"" foa. (1' fo)v 9 1 0 1 2 4 -
o NO (v)
Neutrals are quickly absorbed. — ¥ 0

Charged pions transport energy of shower
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TS

Hadronic Ca

Simplified model for a hadronic cascade devel oped
by a 250 GeV incident pion.

Generation e(v) Eo(v)
v GeV N*(v) N°(v) (Gev)
0 250 1 0 0
1 28 6 3 84
2 31 36 18 56
3 0.35 216 108 38
178 GeV

f,=1/3“f,” =0.71

|gnore energy deposited by charged pions

Total path length ~[& N*]I

Energy lost in ionization =
Path length * dE/dx ~ 49.6 GeV
lonization fraction ~ 0.2

Ignore binding

energy and nuclear
fragments
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Monte Carlo Models

Hadronic C

(%)
30-—
‘LA" €0
% »
& %
fo=p°/ (p*p%p) ~ 1/35 i 5
]k 18
: :
g or &
- e i
(8] 1 1 1
3 8 ol 50
E (GeV)
In EM cascade, P ~ Me and rre——rrree L S N
. . (%) 80F e 4
nUCI el are Inert a) i‘:zg:T;Z b) meL! e {1 c) G,:zg;%:;ﬁ
In hadron cascade, P; ~ 400 MeV % of - / d ;
. . u BINDING ENERGY ELECTROMAGNET
And nuclel are disrupted . sovey o —
=1
B ~ 8 MeV/nucleon : - N S B
g 20" ELECTROMAGNETIC \\h““-..‘ N g
o SHOWERS CHARGED e
g NUCL FRAGVENTS
Q tloainl 1 laiss n Lo dasaed o . N
I 50 S 10 50 o MR 50
E (Gev)
68
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aSE=2, Ny 2
Niax [IN(<N>)]

s,

= IN(E/Eqy)]

ex. E=250 GeV, <N>=8

Nax ~ 3.3

Fewer generations than EM

And lower cascade multiplicity

Hadron Showers,

1994 CAFE WAL TR, 71 pEAMLINE

| Bwm( Tealo, ™ interosting In ECAL ar HOAL

qverage pion energy deposion/layer (MIF)

g g i ..

EEB—Hnrrer‘ HE) .

mLII'IEId;{ coil= 90 cm Cu,

=

LY

u

10
fe- Baseline —.—)r@‘an me_ IDuter HD)
H-t'-ﬂLIn:I-du n:u-1|— 78 am CulE

300 GaV o |
150 G o |
100 Gav
B0 GeV m

lc- Baseline+ 2 Cu plates > rCcII IHC@_qmtirFH(

P}

absorber depth {cm of Cu)

HJ—?1ﬂt'I]--U =

EB—+ HB [ |
g ...|.[.."-|m.'r..}|...|...|..'.|...|5§.-l.
f 20 40 &l 20 1 124 FR] 1

Flg. 2. Average 50, 100, 150 and 300 GeV plon shower profiles 5a 8 fonetlon of eslorimet er

Bhanrher depth.

Falloff with length scalel
~15cminCu
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s,

Profiles and

Cc W

FEO_CUC ¢ 4yl (1. 1 )ow)
CEZ 8G@a+1) ° G(c+1) °7H
w=dv,d~1 (Eqg 11.7)
10°
45*
%
%%*
10" %
& e, | wT,
wy e
@) &qu%p@oﬁ;ﬂ*
b %s%%o**z_
10 i
QSQ *’“:k .
%50 bk
ho QD%*
10" gl

10 20 30 40

o

L. .3

Profile with an EM (X0)
and a hadronic (I ) conponent

Profile in calorimeter and
Profile with interaction point
Subtracted. 2 see EM infirst
| nteraction of cascade, |ater
Generations washed out by
Fluctuations
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e N
-~~~ Individual Casc

1
Pb calorimeter with Xo/l ~ 30
EM shower contained in ~ 6 samples

150}

100

50

900 T T T T T T T T T 600

96 layers of sampling large fluctuations are seen
each read out by a phototube w.r.t. the smooth profile

0 10 20 30 40 50 60 70 80 90 100

[ 10 20 30 40 50 60 70 80 90 100

hadron shower must be understood
event by event because the fluctuations
arelargein a hadron shower
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Energy Re

dE/E=a/JEAbC Ja?/E+b? SR e e
090 &
a,/a,~JE./E. (Sectionll) )
o8B0+
~6 B JEGev) o
070 o &
e .0 © HADROMS
060 -
Ery ~ 280 MeV Bt @R e
Ec~7MeV
040 -
- expect ~ 50 % stochastic coefficient o R
¢"c|.:. a 0 o unweighied
in addition, there are fluctuations between - ' B ol
ioni zati on/bi nding/photons and interaction 0%
multiplicity/neutral fraction :
> T L = TN S | Ii.ﬂ T [ |
E (Gev)
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- L
Sampling Fl =

The stochastic coefficient scales

1 I T
¢ roughly as sgrt of sample thickness
5k L as expected, but with anon-zero
e intercept. Sampling fluctuations
s are not the full story.
> 10} g il -
=
- 3
— /,’ o
° 05f e DI 79 (400GeV) 5
= KI81(10 GeV)
a CDHS1 [HO 78b)
o (DHS2([ABB1 ]
1 | 1
0 Scm Fe 10 15

d —
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dE/E and

80% stochastic coefficient +
4% constant term RS ETRI) PEE SEAM va Maeta Cur shumiasian:

03 T T T | £ A PR A A
Ralativae Enarqy resalution of HCAL
ECAL out of beam line, B=0 Tesla

Fions interacting in HCAL anly

45

| s the device inhomogeneous?

L/
HCAL uzing all 27 available =amplings

fis

f3 = data (HZ2, 189E)

o/E = [ B2 /= 2.0)%/~E @ (3.7 +,/= 0.50%
.25

Relative Energy Resclution, ¢/E

' MC {GCALOR)

0z T/Em [ 72 /= (LEYGVE @ (4.5 +/= Q13T

IIIIIIIIIIIIIIIIIIIIII_;‘IIIIII.L! II|IIII|IIIIIIIII

1%
LA
a5
ﬂ L L1 L I 11 11 I L L L L I L 11 L I L L 11 I 11 11 I L 11 L I 11 L L
f =0 AN 150 2 250 a 35 K]

pien baam mementurm [(Gev)

Flg. 32 Belatlwe reaniotlon of the salorimeter for plons and eompe rlasn wlth MO almolation,
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CIVIY . :
Sampling Uniform

Relation of constant term to the
r.m.s. of the sampling medium
(scintillator tiles) 016

0.14
> constant term < 3 % iz yaw

’ ) ) 0l /
since uniformity <7 % 008 //
was achieved 006

0.04 L
2.02
0

2

<7

0 0t 0.2 0.3 04 0.5

Fig. 6. 6: Induced constant term in the fractional energy error in the HCAL (y axis) as «
function of tile manufacturing quality (fractional rms of light yield, x axis). The star symbols
correspond to global calibration case and the open circles correspond to the local calibration
case.
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s,

E~[e" f,"+h(1-" f,") |E,
a8lE

=—> ~le/h- 1'df,"
SE g, e/ - 3 f,

d" f"~d f, ~ [(N°}(N)~0.17
?'EEQ - lerh- JJ%/W/(M%

Dt

alE 6

c—= ~1/,In(E)® 0asE® ¥
e E g

Non-Comp

o

L. .3

What if the medium responds differently
to EM shower (e) and the hadron
cascade (h) ? Recall ionization,

binding and nuclear fragments

Typically a medium respondsto EM
More efficiently than HAD because of
Time delay in fragments and |oss of
Neutron energy to the sampling.

Fluctuations in the neutra fraction
Induce a“ constant term” in the
Energy resolution dE/E

If eh=1.2, then a 6.8 % constant
Termisinduced.

n.b. not “constant”
at high energies, as“fo” - 1,
“dfo” > 0Oand dE/E 2 0
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GV _. =
Quartz Sampl ==

&0 T T T T o Quartz calorimeter responds to
—~ 70 F O 7+ resolution (rms) ~  Cerenkov light of fast ein the EM
ﬁ O & o-hotodectror statice subtracted part of the shower. h ~ 0.
= eo - " 7 dE/E ~“dfo’/"fo”
= 50 - O | Expect resolution determined by
% " Neutral fluctuations. Note the
@ A0 @ O 7 In(E) behavior.

s e O
— 30 - e 0, =
) (W]
& 20 - ‘.‘Eﬁ%\ i
LI}
10 T
)
0 1 1 1 1 1 1 1 | 1 1 1 1 L1 |
10 100 1000

Energy (GeV)

FNAL Academic Lectures, Feb. 2000 77




o

CNTY

Non-Compe =

At low energy, €/h decreases.

Il

o Sk | ‘ | ASE - Ey~ 280 MeV from
i e R R TR T above, e/h falls even for devices
Lo gt ¢ | designedto havee/h ~1for

, w o E > 5 GeV. Intrinsic physics
0.8 - F ‘; e+/]—c+
0.7 | - e/

LN
0.6 1 F;
i 1 | B ‘5.0 l‘D.U

Ek(ﬁe\/}
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TS

1 1 — T T T T 1
# COHS 1981[Fe ! scirk]
& COHS[after aft-line weighting]
& HELIOS 1937 I 1 scint]
10— WWaT5 1937 (U1 scint —
# SDC [Phiscirt] e
0.9 & _.d_.__,_..r""=
0ol A _|  U/scint can be made compensating
w A
o7 BT — o . _
o w - Fe/scint istypically not compensating
ﬁ DE’._.H-_@_ " & & & & )
L o5 —
LU i
= i H I_.__ R
I:I 3_ |iIT 1 1 ]
0.2 BMERGY RESOLUTION
0.1 —
ﬁI
I I L1 ! L 2

]
20 60 100 140 180
E (Gev)
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'~  FeHCAL Jt
Non - linearity due to
s o CMTTNESTRELM M et non-compensation
Py E Linearity of HCAL response to pions 1 p= e’fo” + h(]_-”fo”)
. E ECAL out of beam llne, B=0 Tezla &
=k Fians interocting in HCAL only - e=e
B HCAL using all 27 available samplings i
s : ple = 1 + (1-"fo”)(h/e-1)
N . | B Z - .
-
il ki If e/h=1 then p/e =1
i ] iIf “fo”-->1thenp/e-->1
a8 - —
: plii o if e/h>1thenple <1
s T MC (GCALOR} ki _
T : If “fo” = fo=1/3 and e/h
T — = 1.4, thenp/e =0.81
. 54 i 1/ / /S /R /1 i 1/ I/
plon beam momentum (GeV)

Flg. I1. I'nmarity of energy reapomes of plons end enmperiann with MO almoletian
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CRS

Fe calorimeter

Fit to non-linearity

using a parametrized
“fo(E)”.

Find that e/h ~ 1.4 for Fe

—

e ratio

-
5

K= I

nfe HE%L respons
S
L=

LR

0ay

0825

o8

0r7s

=
[

Fe HCAL a

O BYIPHL Mot il Hinpporst Sufpuiiin fa FEAL

v plon/elackran responze in HCAL
crarractad for langhudima mkags

— Wi Fmy )iy 114
R mane A T st mrest)

w1+ (g =1} F{w}
* fl
wigmane fit § =138 £+ 0.1
i Groom fit § =1.48 + 0.0
electron—to—pion in HCAL ot 50 Gey
E#le}/Efri=1.20 + 0.01
Illlﬁlllljﬁlllj-jl-ﬂllIlﬁllhﬁllﬁllljjl-gl":‘lm

mementum {Gev/c)

Flg. 25 Hi{1995) date: the plon (electron metlo of responmes of the eopper eempling prototype
HCAL es & fonetlon of heem momentom. The misrimeter conekts of the Tiner BOAL (ten
& em Co aemplings followred by nine & em Co semplings], the magnetle enll mimle (& em
Cot+2 em Al] end the HCAL Outer {twa & em Cn and twn 10 em Cn semplings]. The
pelntllininr 1a 4 mm thiek SCSN-2]. The plon reapoamees of HOAL hea heen eorrected fior lon-
gindnel lmimgs. We heve panmed B linmr electron respomes of HOAL, E{ele] /E{r Bt 50
Ge¥]=L2HL0L The extrecied wines of & f& correspond to the to different parameteris-
{lone of the Bvemge frectlon of »™& prodnced 1n plon Indneed ehowrere.
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F

<q>g\/| - <pT>h/ETH rM,(Es)
8
Xo, (E¢) a) EM
' ~II<pT>h/ETH :
- §<pT>h8~| Hadronic
! mep { ' Th, (<PT>h)
91

ko Etg) b)

Expect that a hadron shower v ~ 2 cm for crystals

Has atransverse size ~ | | ~15cmfor Cu
EM showers are transversely

smaller than hadronic showers
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CTe

Transvers ——

' : ! ' : - 150 Gel Pion Shower Profile
10 pr PLA]L 139 “')\] e EI T T | I'T 171 | ' T 1 I| T 171 | | Ig
G,isgon products %\. r(r) = B expl 101) + B expl-riy E
L 239 .
Np 102 _ \ .
O 10 =
3 — : =
' C 7
| o O F Rt E
R L - 14.3am \ -
s ] 107 ,1;= 3.66 om TH
- B,=263cm 3.
. 4 . B.=168c¢m 44
|‘+‘-‘\J}L" 102 ||||||||||||||||||||||||1I
10 O 10 20 a0 40 50
i Radius [cm]
Transverse distribution has n.b. there are 2 distance scales,
A EM “core’” and ahadronic one~ryv and the other ~1I .
k tal |” _ 2 Components Data|S|ntegrated over al

depths in the shower
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D L
Energy L N

200 v ——— T g 12 For 95 % containment, the
] ol A Fluctuation in the leskage is
- asg % 10 | o
! s e " ® 3 With 71 total depth, single pionsare
"g“ 150 s 2 49 > 95% contained for energies < 100 GeV
2 . A B _J, < AstheLHCisa7TeV +7 TeV machine,
o A - e 95%:' 18 <~ . o
& -, ) . § That is abit thin.
- - 0 g ‘_: T ™
—E—P R 8 o 1 =
B 10— Al ° 46 8
a A O/’ Bock param. T
15 A
- a/a CDHS data i
- ©/® CCFR data —14
50 l,,.l L 1 ||||nl i 1 |I;1_||1 '3
5 10 50 100 500 1000
Single Hadron Energy (GeV)
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4|

@IS

250

CMS - Leakage an

300 GeV pie—, H2 beam, energy in ECAL+HB vs HO

2

EO*WTO (GeV)
2
o

| 1

s . "\
0 50 100 150 200 250 300 350 4000 450
Ee+WT1°E1+E2+WTex"Ex (GeV)

o

L. .3

CMS outer calorimetry

300 Gev pions

“exit weighting” to

oversample late devel oping showers

igure. 7: Scatter plot of energy inside the solenoid vs. the energy outside the solenoid in the
HO layers for single 300 GeV pions.

71
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1S dE/E and T
Leaka L. 2

C AR ARAT O O IO Gt A S ENER T REI O LT o0

__""-_,.. LI R | T 11 [ rrri :"-_q. T T 1T LI L LI
L B li L= N B Bozali TS late .
B 162 e Lo 4 SndmiZii ooy 6% Leskage“tails’ are reduced
S o ol . I s 3 . . .
P N a4 By adding in the outer calorimeter
E167 fr b | Eioil / ‘\\1 1 y ng . :
= S \ 14 F o ) 1 With suitable relative weights.
O e - & 44 -
" f‘[' 5 1 i i 5”1‘ 3 ﬁ'l. =
=" | IPTE T b -
."I III. { [
_F = II I 11 1 1 I 1 1 1 HI 1 | I IL : :I 1 IIII 1 1 I 1 IlI 1 1
PUNR AR R WY fit AT M) ATWE i
Etot (GaW) Etot (GeV)
-‘:_-- I-I LI B | I LI I I | I LI I B | -:_"h LI I I | . [} I 1 [}
ey Daseling L T0AL Cruler en .« Beseline+d Cu plates
Suefeme=54 GV (8.5 0 o o' TTCAL Uliter (11,1 A
e i —- Frra=33 a{
i Ao0h 1 = - i Y T
plf T { T o i \ =
& = J‘-:' 3 &-I - rl" =|rIII 3
FL = -I-II.'I E Fie E h.“.l}r k
?! 3 .|l | I |f | . ‘l :
j :- | I|II 11 1 1 I 1 1 11 I |]|I]I I-: .! _.-I 1 1 I|I 1 1 I 1 -|I- |. I-I
FLAE L St LI L o ST 2 LT ST
Etat (S Etot (Cov

Flg. 27. Comperiann of enerey reanlntlon {rma] for 2000GeY plone for d1fferent HOAL aampling
confignratlnna: Baasline Inmer HOA L, Bearlne Tomer HCAL + 2 pletm, BaasAne Tomer HCOAL
+ HO, and Beseline Inner HOAL + 2 plet s + HOL
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Intrinsic Neutrin

T T T T T—I
1 jmmsmygponas, PRELIMINARY _
- en® 0 02 u
- '"“ooﬁga a 30 ReWe N
. o 4,0 R .
B oF 4 o DA o 100 Ge¥/e n
B w400 A T GeV/c 1
- * 4 0® s 5 Ve J

e a0, e 15 fEV/c

—1 @
1 — °©Qa —
a: el 5
- . Py ]
: ¢ & ° é 4 :
bt o0 gl

L s ]

i y ¢¢ i %‘#

+ B

0 2 + ¢ ++$ ‘?‘+++

1 lllli1
——
+
—p—
—0-
—0—-
—0— —0-
Z —
—_—
—

S

| 1 1

J I[lllll

[ 11'_—;1:3:0.“

! !
S 10 15 20 23 30 35

COUNTER NUMBER
{~11 em tteel equiv. cer counter)}

o

L. .3

“punch through” displays alength scale
~ | except for very deep into high
energy showers.

There is acomponent that does not fall off
rapidly in depth and which has a fraction
which rises rapidly with energy.

1 % at 300 GeV
due top = mn decays of cascade pions

n.b. earth’ s atmosphere -

We live at the bottom of avery diffuse
~10 | calorimeter —the atmosphere.
Cosmic ray muons supply the background
dose of ~ 0.2 rad/yr natural background
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N Muons and Sing #

Single scint tile test
o U 1.3 p.e/MIP
Eﬂa_ g camper AT g it B
S 238 LW mgaa ] exp[—<N>] = 1'8
9 e rper o 28 JoU S (e 3
M - _
% B0 7 <N> = 3is 95 % efficient
I -
E'EJEJ_—
JEJEJ_—
T R R R R R B
ADC counts

Flg 3. H2{1995] Teat Beam reanlta: ADC apecirom of 225 Ge¥ /e mmone 'n g single connter,
Beesd on the abeerved Insfidency of the coont er, e smilmate the everage onmhber of photo-
eleeiromn per minimnm lonieing partlels to be 1.3 PE_fmlp.
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{_t@-\'ts. Muons In S L
' Calorime "

Muon calibration for the full
e~ SR HCAL in depth
= 720 |- i
E?hi i soipd hist = 225 Gev, ¢ muone ] < EIT> - 3 Gev
E w00 |- Hrin S fadr e o

20 |-

50 |-

R ie

20 [

a-:? .EJ "2“'4"';"'3",@
energy daposition (Gev)

Flg & HX1905)] Tmit Beam reanlia: Energy depoalted hy 225 GeY fc moone In HOAL Broken
llne ghowe the mergy recomtirnetsd Inthe HOAL for random trigeerm {pedminl evente]. The
pedeats]l pmk hep BMS width of &0 MeV sqolvmlent emerey
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HCA

i
1"

! B

i;l =
Rl _ _
-
_.._‘1‘-\.-!"&%'-*‘-“_;—‘ '-"-"" ' 5
S Y Eot

- = ) | f
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PPP1 and PP

CTe

92
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| o

« absorber done in industry to FNAL
design

escintillator done in Lab5

swedge assembled at CERN
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TR

Pulse Formati

300 micron R9814032

200 micron S9849328

He,
L.

80

7
L
—Vb=180 6 N —vVb=200 ||
A 5 \ —Vb=150 [
— \\ Vb=120
4 - = -
s s ~ —Vb=100 | |
% ;: : 7 —Vb=75
3 : | ! /\ v Vb=50
2 g_ R X’\
0 \A \\ Y
1 ‘/ ol h::\..\ N
2 } §€§§5 -
20 30 40 50 60 70 80 90 100 ? 0 10 20 30 40 50 60 70
time[ns] time[ns]
A Photocathode
10KV n
l‘ Si Diode k E field
v
FNAL Academic Lectures, Feb. 2000 94



o

I

Backscatter 4

Backscatter focus yields | — 7" =

- : o0, O, OO * BUE
10% more signal with =100 | oo

: o o0 &
magnetic field on S 60 o
2 40

Off-angle gain is reduced | « T — -
by longer path length 35 15 05 25 45
through surface layer ssitisn

5000

4500 h\ m

4000 | \hwﬁ - BJE

3500 ; { U \f-'w* — B=0

3000 i Hj bv‘

2500 .rl \'Q"q“

2000 4 d‘“

1500 F‘ i

1000 ’

500

] 50 100 150 200 250 300 350 400
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o

Scintillator an 4

Ficn, electren, end gemma source response vz B field

- | | | | Scintillators get brighter in B fields
CME HZ BEAMIINE [19495)

o roaf B field perp. to scint. plenes § FOF B perpendicular to sampling plates,
I ! p, & mgal show ~ 6 % increase
M . .
3 roaf | | Theeffect saturatesfor B> 2T
-% ;
by Lodr 7
u
] L
A - .
r‘i Lod 4 160 GeV plona 7
E : 0 150 GeV electrons

L{!ﬂ:- O I WIre spurce -

0.5H O G I I O A s Ao |

4] 1 A J -
B field strength (Tesla)
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HCAL and e/p | S

CM5 1998 H2 TEST BEAM DATA vs GEANT SIMULATION For B parallel to the %mpl | ng pl ates

i B field parallel to scintillater planes. : p, & m gall show different effects.
L ECAL removed, w and e beams into HCAL only mg show onIy the 6 % brighteni ng
v L 1mm plastic+4mm scint4+2mm plostic pockoge e show ~ 20% incr | response,

- r w{100 CeV) /muonz, H2( 12967 DATA
[ = 2100 Gev}/muons, HZ{1998) DATA
L3 e wSmuens, GEANT
[ o0 e&/mMucng, GEANT

while 100 GeV p show ~ 10% increase —
after correcting for brightening

relative e/ and w /4 response

! p ae<esince“fo” <1.
i Recall shower energy deposited by
W soft ein the EM clusters. Foe Ec ~ 7 MeV,
the radius of curvatureis~ 7.7. mm
e
Y T e
B fiald, in Taslo

Flg. T. Effect of B fsld on the everage snergy reapoms of the tlle fAher mlorimeter to plom,
electrome {H2 date)] {d1vlded by the mmon responee] end eomparloon with GEANT predle-
tlone. B fleld lnen were parallel to the aentiletor plates {Barrel confignmtlon]. The overall
acimtiiatnr brightening B fsld sfect caneelh when the miln of elecirom to moom 18 teken
{npper curve], thma llnatmting the Increpse from corling low energy elecirons In the ahoerer,
The ratln of adrons to mmons {lower corve] shows B EmEllsr Inereane the Indiceting that
the effect b B fonrilon of the eleciromagmetle frectlon In the ahomwer.
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= | HCAL -Path L

GCALOR: B-Field efiect

o Il
=
N
& ol 50 GeV pions
= L
I scilifalor package
106 - i 0
14 F
102 F

FETHFETI UL PERA FETE SUTL FERY FERE FEFs funs
D ez 0a 06 08 1 12 14 16 14 2

Fromt Air Space {mm}

Fig 1.35: Mome Carlo study on response of HE 1 50 Ge'V pions i 4 Tesla field relative 1o
responss in 0 Tesla field with different ar space between upstream ahsorber and scintiliaioe
package placed in Smen gap between absorbers. The scimllmor packige comsists of 4 Jmm
phastic frant cover plite, 4 4 scistillaior end a | mm plastic back cover plaie:

Can tune the effect out by playing Increased path length gives increased light.
“loopers” off against path length — This competes with “loopers’ if thereisa
but there are open spacesin the gap between the plate and the scint

caorimeter which isinefficient

n.b. mm scale
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B Jt.

E T T T T I T T T T I T T T ; I T T T T I
E Barrel 1F  Endeap dose < 10 Mrad over the
[P I & Neurons = UH ke o e - llfetl me Of the LHC
= FL Targed Hiilrosis i E I}
E 1§ 1 notethe large n background
g 1007 Jaer—— . 4 inherent in pp machines
0 = & MNeurons E= 100 keV
F = 3 Clharged Hadeons 3
1 I 1 1 1 1 I 1 1 1 1
; T T T T I T T T T I T T T ; ! T T T T I T T T T I T T T T i
- Barrel 1E Endeap »7]
oo
I 17 ~* 1 dose~exp(3h)
B ® Absorbed Dinse 17T r.' T
e E q4 F P =
5’ = -4 = -
1 £y 3
® Absorbed Dose .
i TN S RN T A A R
(] ns 1 T 2 L
n n
Fig. A.7: Meutran (B = 100 keV) and charged hadron fleence and absorbed dose
immediately behind the crystals as & function of psesdorapidity. The wvalues are
obtained in an aluminium—air mixture. Values cormespond o an integrated luminosity of
5= 108 po-!
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LHC - HC

HCAL dose is monotonic, falling
From max in ECAL with length

Scale ~| . The doseis due to soft
pions, Pt ~0.4 GeV,h ~ 3, P~4 GeV

. uata, 30 Ge' pon beam, eneny denosfl pofie, P 5 brastied
:...... . .......... I.............-.-.. \:!'.r. TTiaic
w0
P
gm‘ :
é E
;‘ &
'510"
0 s
B E
i [
g E
'|ﬂ"!Li
n_‘ - 1 1 L '} L 1 i
0 1 g a 4 5 B 7 ] 8

HEAL geslh in Bmbds

Fig. 1.9: Energy deposit as a function of depth for 30 GeV pions from the H2 test beam.
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o

Scintillator - Do
L. 2

Standard SCSN81/BCF21A(or Y7)

g 1.0 g 1 Scintillator under irradiation forms
2 ' 1 Color centers which reduce the
‘g Collected light output (transmission 10ss).
Sl A | LY ~ exp[-D/Da], Do ~ 4 Mrad
s b w
o
T - & -
': O Beijing(IHEP) %d;
fg” oz L° Tsukuba(KEK) ° ]
- = Saclay
oz + & & 1

Dose (Mrad)
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_~~|HCAL - Raddam

induced constant term for 2 and 3 HE compartments
20 T T T ; T T T T T

0 =2, = 3 compartments

induced dE/E term due to raddam
IS » © > R =
T T T T T v
L

N
T

dose(Mrad)

Fig. 1.10: Induced constant term in the energy resolution as a function of dose for 2 and 3
. longitudinal compartments.

o

L. .3

Solve Radiation Damage with Longitudinal Segmentation

Independent calibration and readout of
Each distinct segment.

N| F

o

For HCAL, at 5 Mrad maximum, dE/E goes from
10% > 2 % with 2 = 3 compartments
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L3 e
i Neutr —4—

——L Recall hadrons disrupt the medium

Tz A
/
/
i

- 1! For 100 GeV pion, there are ~ 500 n near

hadron shower maximum with Tn~1 MeV
[ B ~8MeV/nucleon] , slow down and
escape - sea of soft nat the LHC

o
[=3
1

-~
(=]

Binging energy per particle, MeV
(%]
o

W
=]

Iy
=3

=
(=]

1.1 11 11 1.1 i1 11 4 1
0 50 100 150 260 250
Mass aumber

N, ~[5 E(GeV)]

{T ) ~1MeV
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TS

Neutron D

3
2=
10 1
8 oo |
e Bt
A 1 Ay N
—~ 8 = £
£ ¢ e 3
3 N !
S 4 N =
S 3 N k=
: N .
N Swave unitarity
a1 9
8
& . .
- _ Geometric cross section
3 2 34 68 2 34 68 2 34 68 2 34 68 2
0.01 0.1 1 10 100 300
E, in (MeV)
2
A-1y . T
— £—£1
€A+19 T,

Recall billiards: off cushion - T/Tn~1
Off cue—T/Tn> 0

n.b. scintillator sampling “eats’ then

exothermic reactions to detect thermal n

n+p® D+g (2.2MeV)and n+°Li ® *H+a (4.76 MeV).
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Lﬁm. EStEHW(jEUTj |="r
The Basic Constituents of the “ Standard Model”
CHARGE
Generations Q
*
MATTER 22 6 MG A 6 26 LEPTONS
cnve | B E L&D | & | %
28l 0 260 & 0 amsg
Gy | B | B | Gusp | QRS
QUANTA FORCE | COUPLING | #QUANTA SYMBOL
INTERACTIONS Gluons Srong | a, = g2 8 g
(SPIN 1) Photons EM a = ge? 1 g
Weak Bosons| Wesk | a =g2 3 W Z° W*
le] W
* Units are electron charge

+ Unitsare .
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SM - Detec

Detection/ldentification Methods

SIGNATURE DETECTOR PARTICLE
Jet of Hadrons Calorimeter u, c,t® Wh
ls d,s b

g
“Missing” Energy Calorimeter Ver Vo Vo
Electromagnetic Shower % Calorimeter ed W& &
Only lonization Interactions, Muon Absorber mt ® mw
dE/dx Z® mm
Decay with 0™ Si Tracking ¢b,
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@Nis =

Particle | Tracking| ECAL HCAL Muon
type

g —

e /

N
Jet e <
—
\&
Et
miss
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HCAL + ECAL a

FEIT BRAM 33

e,mp
in
“ECAL” +
HCAL

T T T [ T T T T T T [T T T[T T T [ T T T [T T T T T T T
[ *
g o
.

E  }
B . g ¥
- i.ﬂ ii_i“
7 i t_-_- "
| bt -
- ___._.__._..:__.h.__,“ . "

HE
| R G
B s e
| = » _.__JJ- . L}
i { .__..r.,#_. ...._._._.__...__.__._ " . .__v.,
B ¥ _.__.__._q_..__......_ HL.__-;
£ . " f u— _-i_.____ k] .-_h___

» .
L
o o .._-_- _...._,ﬂ_ ﬂ.—iﬂﬂi #_f - . ot
E N a._ - _._H+h _._..__._ _.._._a * &
[ _.__._ ; +ht _._h_ !u.*_ -._..hov . ._._ -
= - .u 4 » _-_____-_ L _” LM e -y - h
N % "y %ﬁr; at et L tay si._
b b by by by by e by by by

1
fon

ECAL energy, 77 crystals sum, (GeV)

120

i

i)

40

20

] ] = = = = ] = =
T B o4 B = & W N
{(#99] WNS Jan0} pxp 'ABIBUS TyOH
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Jets and Ca

CDF: Highest Transverse Energy Event
from the 1988-89 Collider Run

Sum of Transverse Energy = 782 GeV

Jets

If quarks have Pt ~ 0, then final state
Is (2 body) “back to back”

Calorimeter lego plot
Two Jets, 424 GeVoand 37 GeY

h = -In[tan(/2)]

Centra Tracking

: T___‘// Chamber View

#
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W --> e + n and

CTe

W - en

My ~ 2 Pt ~ 80 GeV

461674 -107-1994 19:30

Z-DEC-1397 10:03 [Run__ G6L30 Event

Miss ET — 3.7 gev

Max ET = 32.7 Ga¥

CALHTES EID ¥IEW

EM Calor (e) + HCAL (missing Et)

110
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CTe

o

Calorimeters an =

Missing Et isaglobal variable

%) 15

-~ B ¢ Jlow luminosity new data dE/E ~ a/Cﬁ. (Et)

= L — caseven summed over al Et in the event
g

g

©

Ilillllllllllllilil’llll

0
0 100 200 300 400 500
2E+ in calorimeters (GeV)
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