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e Units and orders of magnitude

 lonization and dE/dx, Multiple
Scattering

* Photon interactions
* Photoelectric effect
« Compton scattering
e Pair Production

* Electron interactions
* Bremsstrahlung
e Critical energy
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Fundamental

hc=0.2GeV fm, 1GeV = 10 eV

Quantity Symbol, equation Value Uncert. (ppm)
0] speed of light in vacuum c 299 792 458 m s~} exact®
—_ ZOO%V A Planck constant h 6.626 075 5(40)x1073% J 5 0.60
- Planck constant, reduced h=hf2r 1.054 572 66(63)x1073¢ J 5 0.60
= 6.582 122 0(20)x10~2 MeV s 0.30
0 electron charge magnitude e 1.602 177 33(49)x10~'® C = 4.803 206 8(15)x 100 esu 0.30, 0.30
— 8 f — 13 conversion constant he 197.327 053(59) MeV fm 0.30
1 A_ 10_ Cm, 1 I I I_ 10 CI I l conversion constant (he)? 0.389 379 66(23) GeV? mbarn 0.59
electron mass m, 0.510 999 06(15) MeV /e? = 9.109 389 7(54)x10~3 kg 0.30, 0.59
—_ 10nm proton mass my 938.272 31(28) MeV/c? = 1.672 623 1(10)x 1027 kg 0.30, 0.59
= 1.007 276 470(12) u = 1836.152 701(37) m, 0.012, 0.020
deuteron mass my 1875613 39(57) MeV /c? 0.30
unified atomic mass unit (u) (mass '2C atom)/12 = (1 g)/(N4 mol) 931.494 32(28) MeV/c? = 1.660 540 2(10)x10~2" kg 0.30, 0.59
permittivity of frec space € 2 8.854 187 817 ... x10~12 F m~1 exact
permeability of free space o } como = 1/c 4r x 1077 N A~% = 12,566 370 614 ... x10~7 N A2 exact
M e = 0 R 5 l M eV fine-structure constant a = e?/dreghe 1/137.035 989 5(61)! 0.045
classical electron radius re = €2 [dmegmec? 2.817 940 92(38)x10715 m 0.13
M p - 938 M eV electron Compton wavelength % = A/mec = roa~! 3.861 593 23(35)x10"2% m 0.080
Bohr radius (myyeleus = 00) o = dmegh?fm el = roa~? 0.529 177 249(24)x10 10 m 0.045
wavelength of 1 eV/c particle  hc/e 1.239 842 44(37)x10~% m 0.30
Rydberg energy heRoo = meed [2(4mep)?h? = mec2a®/2 13.605 698 1(40) eV 0.30
Thomson cross section o = Bar2/3 0.665 246 16(18) barn 0.27
o =1/137 -
Bohr magneton np = eh/2m, 5.788 382 63(52)x 101 MeV T—! 0.089
)\ - nuclear magneton an = ehf2my 3.152 451 66(28)x 10~ ¢ MeV T-! 0.089
- 1/ m electron cyclotron freq./field wiya/B =efme 1.758 819 62(53)x 10! rad s™! T~} 0.30
a — )\ /a proton cyclotron freq./field “’fyclfe =efmp 9.578 830 9(20)x 107 rad s~1 T~! 0.30
- gravitational constant Gn 6.672 59(85)x10~!! m? kg~! s~2 128
kT — 1/40 eV = 6.707 11(86)x 1073 hc (GeV/c?)~2 128
- standard grav. accel., sea level g 9.806 65 m s~ exact
Avogadro constant Ny 6.022 136 7(36) %1023 mol~! 0.59
Boltzmann constant k 1.380 658(12)x10~23 J K~! 8.5
= 8.617 385(73)x 1075 eV K~ 84
molar volume, ideal gas at STP N 4k(273.15 K)/(101 325 Pa) 22.414 10(19)x10~3 m® mol~! 8.4
Wien displacement law constant b = AmaxT 2.897 756(24)x10~% m K 8.4
Stefan-Boltzmann constant o = nki/60R3c2 5,670 51(19)x10™% W m~2 K4 34
Fermi coupling constant? Gr/(he)* 1.166 39(2)x10~% Gev—2 20
weak mixing angle sin? 8(Mz) (W8) 0.2319(5) 2200
W# boson mass mw 80.22(26) GeV/c? 3200
2° boson mass mz 91.187(7) GeV/c? 7
strong coupling constant a,(mgz) 0.116(5) 43000
= = 3.141 592 653 589 793 238 e = 2,718 281 828 459 045 235 -+ = 0.577 215 664 901 532 861
1in=00254 m 1G=10""T 1eV =1602 177 33(49) x 107! J T at 300 K = [38.681 49(33)]~ eV
1A=10nm 1dyne=10"%N 16V/c? = 1.782 662 70(54) x 1073 kg 0°C=27315K
1 barn = 10728 y? lerg= w73 2.997 924 58 x 10° esu=1 C 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).
. AtQ =0 At @2~ mi, the value is approximately 1/128.
See discussion in Sec. 26 “Standard Model of clectroweak interactions.”
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Properties of

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~Y5>

Material Z A Nuclear® Nuclear® Nuclear® Nuclear dE/dz|, ;% Radiation length® Density/  Refractive
V ~ A ~ é total inelastic collision.interaction [y o/ Xy {Efen®)  indexnd
cross cross length length [m] lg/em?] fem] () is for gas() is (n~1)x10°
23 . section section A : Ar ) ig! oo (isfor gas ] horices
O— ~ A ; o [barn] a1 [barn] [g/cm?]  [g/cm?) g
| Hy gas 1 101 00387 0033 433 50.8 (4.103) 61.28 865 (0.0838)[0.090]  [140]
Hz (B.C.,26K) 1 101 0.0387 0.033 433 50.8 4.045 61.28 865 0.0708 1112
N A <L>O' - 1 D2 1200 0073 0.061 457 547 (2082) 1226 757  0.1620.077] 1128
[o] He 2 400 0133 0.02 49.9 65.1 (1.937) 9432 755 0.125[0.178] 1.024[35)
Li 3 694 0211 0157 54.6 73.4 1639 8276 155 0.534 —
Be 4 901 0268 0.99 55.8 75.2 1594 6519 353 1.848 —
. ] 6 1201 0331 0231 60.2 86.3 1745 4270  18.8 2.2659 -
[# targ etS(n u CI e |)/VO I u me] Na 7 1401 0379 0.265 613 . 4TY (1.825) 3799 470  0.808[1.25] 1.205(300)
02 8 16.00 0420 0.292 63.2 91.0 (1.801) 34.24 300 1.14[1.43)  1.22266]
H H H d H Ne 10 20.18 0507 0.347 66.1 96.6 (1.724) 2894 240  1.207[0.900] 1.092[67]
longitudinal distance (transverse distance M > s ot el e
Si 14 28.09 0.660 0.440 70.6  106.0 1664 2182 9.3 2.33 -
< L> —_ A/ o Ar 18 39.95 0.868  0.566 7.4 1172 (1.519) 1955  14.0 1.40[1.782] 1.233(283]
p - Ti 22 47.88 0995 0637 79.9 1249 1476 1617 3.56 4.54 -
/3 Fe 26 5585 1120 0.703 82.8 1319 1451 13.84 1.76 7.87 —
~ Cu 29 63.55 1232 0.782 856 1349 1403 12.86 1.43 8.96 -
Ge 32 7259 1365 0.858 883 1405 1371  12.25 2.30 5.323 -
rﬁ Sn 50 118.69 1967 121 1002 163 1264 882 1.21 7.31 —
d E/d ([)X) -~ 1 . 5 MeV/(g m/C ) Xe 54 13129 2120 129 102.8 169 (1.255)  8.48 277 3.057[5.858] [705]
w 74 183.85 2767 165 1103 185 1145 6.76 0.35 19.3 —
Pt 78 195.08 2861 1.708 1133 189.7 1129  6.54 0.305 2145 —
pXO -~ 1/Z Pb 82 207.19 2960 177 1162 194 1123 637 0.56 11.35 —
U 92 23803 3378 1.98 170 199 1.082 600 032 1895 -
Air, (20°C, 1 atm.), [STP] 62.0 90.0 (1.815) 36.66  [30420] (1.205)[1.29] (273)[293]
H20 60.1 84.9 1.991 3608  36.1 1.00 1.33
€O, 62.4 90.5 (1.819) 362  [18310) [1.977) [410)
Shielding concrete " 67.4 99.9 S 10.7 25 -
Borosilicate glass (Pyrex) ¢ 66.2 97.6 1.695 28.3 12.7 2.23 1.474
$i0g (fused quartz) ™ 67.0 99.2 1697 27.06 117 Dgam 1.458
Methane (CHy) 54.7 74.0 (2417) 465  [64850] 0.423(0.717] [444)
Ethane (C2Hg) 5573  75.71 (2.304) 4566  [34035] 0.509(1.356)" (1.038)"
Propane (C3Hg) - —_ (2.262) — - (1.879)
Isobutane ((CHg)2CHCHgz) 56.3 774 (2.239) 452  [16930] [2.67) (1900]
Octane, liquid (CH3(CHz)sCH3) — - 2.123 - — 0.703
Paraffin wax (CHs(CHz)nCHg, (n) = 25) - - 2.087 - — 0.93
Nylon, type 6 — — 1.974 — = 114
Polycarbonate (Lexan) —_ - 1.886 — = 1.200
Polyethylene terephthlate (Mylar) (CsH4O2) 60.2 85.7 1.848  30.95 287 1.39 -
Polyethylene (monomer CHa =CH3) 56.9 78.8 2076 448 =479 0.92-0.95 —
Polyimide film (Kapton) — — 1.820 — — 1.420
Polymethylmethacralate (Lucite, Plexiglas) 59.2 83.6 1929 4055 =~344  1.16-1.20  ~1.49
(monomer (CH; =C(CH3)CO»CHs))
Polysty , scintillator ( CgHsCH=CH3) 58.4 82.0 1.936  43.8 424 1.032 1.581
Poly hylene (Teflon) ( CF3 =CF) - - 1.671 — - 2.20
Polyvinyl intillator ( 2-CH3CgH4CH=CH;)  — = 1.956 - — 1.032
Barium fluoride (BaFj) 921 146 1303 9.1 2.05 4.89 1.56
Bismuth germanate (BGO) (BigGe3012) 974 156 1251  7.98 112 3 215 |
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  O7.57 169 2087 1168 2.558 1.336
Sodium iodide (NAI) 948 152 1.305 9.49 2.59 3.67 1.775
Silica Aerogel® 65.5 95.7 1.83  29.85 =150 0.1-0.3  1.0+0.25p
NEMA G10 plate? 62.6 90.2 187 330 19.4 17 -
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Properties of

Table 1 Physical properties of some materials used in cakiers

Z ) 1/Z (1/p)dT/dx 3 X, A,
geni® | eV MeV/g.cni® | MeV cm cm
C 6 2.2 12.3 1.85 103 19 38.1
Al 13 2.7 12.3 1.63 47 8.9 394
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 1.14 8.1 0.35 9.6
Pb 82 11.35 10.0 1.14 6.9 0.56 17.
U 92 18.7 9.56 1.10 6.2 0.32 10.5

lonization energy

~E0=13.6eV
critical energy ~ 1/Z

Xo ~ (A/12)(1/1z2) ~ 1iZ
<L> ~ A1/3/p
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Energy, Size,

Electromagnetic and Strong Coupling

a =e*/hc~1/137
a, =92/ hc~ (1/10- 1 (Table 1)

E=-mc’a’/2 (Table 11, Rydberg)
mc”=0.51MeV,E,=13.6eV

8 ~ Ao = 0.56 Angstroms
E,=E/n’

a, = a/n’

Amplitude ~a

Binding Energy o
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Atoms - lonization En

(1s)

He

:1,I—Oml 1 spin=2
=2, | =0, 2 states 2p)

|=1, 6 states [(21+1)2] 20 |- Yo ep
metals—=> noble gases v Ar 4p) .
centrifugal repulsive potential CLes Gd)
U~ L%r !
Lower | fills first (3s) (4s)

Metals “see” 1 e of charge (closed shell) | | |

Lightly bound, E ~ 1/ a ~ 1A

a(A) 2.0 F

wk\““&

UTeV, Nov., 2004 8



o

—> - N(x) = N(O)exp(-N,oxo [ A)
> | <|_>_1 :[NO,OU/ A](Cm)—l
a (Loy™ =[N, o/ Al(gm/ cn?)™
O-atom~ﬂa§ ~3X108b,a0 ~ ]_Z\ oy, ~7Ta§
g,,.~ma, ~31mb,a, ~1fm XL
(7c)®=0.4GeV°’mb (L)~ A% (Eq.18)
1ﬁb:10_27cm2’1): 1024cm2 AI ~(359mlcrnZ)A]/3
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STC NS,
| Nuclear vs EM Crom

o, ~ A*°RY see Properties
N 2 A2 cross atZ ~ 3
7.~V ae athigh Z, Xo <4, Why
A IX, ~(ZIAI[51A*"°] basis of calorimetric particle 1D
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- N L, 5
lonization am;

e Coulomb Collisions

* Multiple Scattering

e “Radiation” Length

* Recoil Energy Distribution
o dE/dx

 Minimum lonizing Particles
« Range and Momentum
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L, .
Coulomb Scam;

A dP ~db=do Can't aim
o

/
, do

I
| do ~ bdbdp=—-dQ,dQ =sinéd&
| b// ¢ dQ ¢
¥ do_ b ( dbj
ze dQ sind\ do
_ 2 2
F(b)=Z€e /b do, _(za )
At=2b/v do M2
Ap. ~ F(b)At, F = dp/dt Ruttlerford scattiring off the nucleus
6 ~Ap;/p, Ap; =2Zalbv o ~j (d_aj 2ﬂ6d6':jzmdb:
O, dQ o]
6, ~2Zal pvb
~ 71} ~1/ 6% min~ [ 6/ 6°
Apr = 2Za/be s

iIndependent of incident particle mass, velocity
- MIP

UTeV, Nov., 2004 12



Mean square scattering angle

I9233d9 _ [weie)

2\ =
67)= (9940 [@oI6) e
dQ
~ 202, [IN(Bprax ! O]

(6s) =N (67)
N =(N,p0/ A)dx, (Section 1)
=dx /(L)

>\ _ | N, x1 [2za 1
(6 = =8 275 | O]

UTeV, Nov., 2004 13



SICNEY, - o
~~| Multiple Scattm

X b = %S(N—:j (z2a)(a? 1 m2)[inQ)]

Define for now, see brem later

E. = 4_”(mc2):21|v|ev

S

Radiation length
dx

Bus . e
< > pﬂ Stochastic process — e.g. diffusion goegxas

ax

ﬁoﬁ

Bus = (0p;) ./ . (BP;) =

UTeV, Nov., 2004 14



Ap; ~2a/bv,Z=1
Ae ~ Ap: 12m
Ae ~2a’ /b*vm

do =db =bdbdg=(do/ dT)dT

2
daé:zm(ﬁj: 271
dT dT ) | B%°c’T*m

Recoil Energy Dim

Incoherent

Relabel b> T
Energy given to recoil
(n.b. e here not the nucleus since ~ 1/m)

lonize the e, kick out of the atom — |

UTeV, Nov., 2004
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de ~ | 27bdb (de / db)

Armr?
mv?

~

[ I(B1a /0,3

IN (00 / B) ~ [IN (T, )]
T =2M(By)°

~2m~ 1MeV (MIP)
{1} ~10eV
In(T._/{1})=11.5

max

Energy Loss in Sm

dE, ~(Nozjd£
d(ox) A

o =ar 2 o, | 2 in( )

de > 4na®/(mc)(1/8°%)(11.5)

~ 3.0[Z/A] [MeV/gm/cnf](1/p?)
numerically

medical uses of the Bragg peak

UTeV, Nov., 2004
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dE/dx and Mo

dE, 1 M?
dX ﬁZ p2
&
g
o
B
() 2
= _ P
3 T =0
% 2M
dx p*> T dx
0.1 1.0 10 100 1000 10000
By = pc/M
IJI.I!IJ] ’ 1 'S I.IIJ]I.I ' !.llllllj ' 1 llI!llI i ' !IlIIII k&
0.1 1.0 10 100 1000
Muon momentum (GeV/c)
' l]l].lj_ A l_LI.l_LI_Il 'S A 1]1Illj 1 1 lll!l![ L I IIIIlIl
0.1 1.0 10 100 1000
Pion momentum (GeV/c)
I 1 1 IldliII L lllllllr L LJ]IJ..III i I!IlIIII i Ll 4 8iki
0.1 1.0 10 100 1000 10000
_Proton momentum (GeV/c)
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Range and

Ultra-relativistic
and

Non - relativistic

=] BT~y
d(ox) MIP

[FraT = j:éx
R~T?~p," ~B°

50000 |
20000
10000
5000
~~ 2000
& 1000
& 500 [
[~ ]
s 200 }
s 100
g 50
2
20
10
b
2
1 i
i 5 10 .9 5 10.0
Py=pc/M
S e e e ek et il et
002 005 0.1 02 05 10 20 50 10.0
Muon momentum (GeV/e)
02 D05 Q.1 o2 05 10 20 50 10.0
Pion momentum (GeV/e)
| i il R B | e
0.1 02 05 1.0 20 50 10.0 20.0 500
Proton momentum (GeVi/c)
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Range and Incidentm

if Apr ~ F(b)At ~ 20
then dE/dx ~ XZ/A) slow down toward the end of range

i.e.1,4,9, bubbledensity Multiple scattering ha8 ~ 1/i3

UTeV, Nov., 2004 19



L, .

* Cross section as a function of photon
energy

* Photoelectric Effect
 Thompson Scattering

e Relativistic Photon Scattering
 Compton Effect

e Pair Production by Photons

UTeV, Nov., 2004 20



Photon Cross

W

S I | I | o | | | | |
~ n N
' Carbon (£ = G) - 5%, Lead (£ = B2) ]
I Mb— 7 o — experimental O, — \:9 kP o — experimental Oy
’ IMb— |
- l - NS
= ¥ 1 3 b .
?‘: B GIJ_E. B ?t
g : L B
1 kb i O coherent
= Elkb—
# o # |
o | coherent i
g S .
&) S — incoh -
I b ;a’
’ b .
— J'r'.’
o, ol ' TTLH.— B .
; incoh L th v N € ¢
L 5 o . ]
Omb= P ombl L | | _
10 eV I ke I MeV 1 GeV 100 GeV 10 eV 1 keV I MeV | GeV 100 GeV
Phaton Energy Photon Energy
UTeV, Nov., 2004 21



: L, :
Photoelectrlcm

Photoeffect dominates for photon energy < (10-kaQ)

Uo(r)

w

The inner e “see” the full electron charge Z

A 7B
e En:—[ﬁ(zmz}/nz
a,=Ala,a~a, lZ 2
=-13.6eV Z* In?

mc? 5
. ~a7&{ hw} [ 1os /2]
~1/a)7/2
hw ~p° 12m (Eq.2.2)

UTeV, Nov., 2004 22



~| Photoelectric

2 712
| 02 2(za) 2 ) ()

- ] 81T
10 4 O, ~—Z(0‘7&)2

] 3
1 One | 0 ~42 (2a)* (me? /hw)m.

Frasg
=]
I

| Compton

= —

o~2

Compare Thompsoty € e non-relativistic)

o
|
U

!

o
~
o~
E
o
Q
i
=

T,
Photo\. ™

001 . \, . If (Za) ~ 1 — Pb then the cross sections

7 cross at ~ 1. = 0.51 Me\

0.001 | |
001 01 0 - W0 100
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> o e
N
| Photon Mean —4—
o \\ \|
PHOTON AND ELECTRON ATTENUATION
Photon Attenuation Length
102§ T |at11|[ r— ....:.I ™7 ..x—vn] T '.."E 100 T IH---L ) l‘lHli T =|H-lE
g 90 !
) & 70 f =
,_'-Ej E e ]
.| w 60 [ T -3
i . “HgO SR
a 2 50 |7 e i e 4 i 3
S 3ol :
= = 40 —E'
< L o0 F o S =
20 f=_ -
] 10 s _'.'.':':.':'.'."_":"_'T,':':':'.'_':':"_".'.':_.:'_".'.':I"_"f.'—f
Nal "~ :
10—4 1 1 lIlI!II 1 ." Il.ll.lll Al -n-ull i i1 i idsa 0 i A i 1 iid A i lllll1| I i 1L|u|.| bl AL il
103 10-2 10-1 100 101 101 102 103 104 105
Photon energy (MeV) Photon energy (MeV)

Dominated by the photoeffect Thompson/Compton ~ constaL>  pair production goes as Xo ~ 1/Z

75 and 100" Energy independe Energy independent
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~| Photon -eS

Dipole — Larmor, Non-relativistic

2
3 m
dP e ., JKN~0T(j [1+In( )]~a
0" 20 lal” sin* 6 38 \/g
a=eE, /m
do; (. AR ~
o =(e?/me? )’ sin” 0 = (dP/dQ) /(|§))
_ 8 2
oy == (an) Nop<L>Zar/A ~ 1
8 <L> ~ (A/Z) ~ const
o :5[ mg] o P (A/Z)
a, =Xi/a (Section 1) see photon cross section figure

o, lm;~a*~107°

Reduced byt* w.r.t. atomic geometric cross section

’Is

UTeV, Nov., 2004
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Compton Scattering W

22

A=A, =27k (1-cosf)

dynamics—> e takes off most of the energy

UTeV, Nov., 2004
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Pair Produ

Y+ Z-->ete +7 e+Z->e+7Z+Yy

Pair Production and Bremsstrahlung are topologically similar.

Defer the cross section discussion until radiation by charged
particles in accelerated motion.

UTeV, Nov., 2004 27



L, :
Electron Intm

e Radiation In relativistic motion
e Linear and Circular acceleration
e Angular distributions

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

 Radiation length
 Critical energy

UTeV, Nov., 2004 28



Relativistic Rm

Linear 5
_2¢€° U 267 4.2
E—ggAluA (E)o —50—31/ al
— 2 1 ~3\,,6||22 _| P |2
=" /c)y {a ‘/Bxa‘ ] Circular

A (2[4 -

o= Srea)

generalize Larmor

-> strongy dependence
- radiation is important at high energies

UTeV, Nov., 2004 29



Angular Distri

2 T T T T T T T magnetic-field line

L [— p=001
0 B =0.30

2 -15 -1 0.5 0 0.5 1 15 2

dipole tips forward at high

mmGuUL)k) k) Kj

Linear Acceleration Synchrotron Radiation -
Circular

complex in general but

<0> ~ 1§ - “searchlight effect”

—> calorimetry is approximately 1 dimensional

o G

e 3

UTeV, Nov., 2004
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. .

e

(Ze)

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

Bremsstrah 4

W

in a Coulomb collision we can decompose the fields
of a charged particle into a distribution of
“virtual quanta”

dN, (@) o (1
S H{In()}

_2a( 11
= [ﬂzj(wj[ln()]

but coherent!

Recall & ~ o/BqIn()](Z?)

dUB 2 dNV

~Z O,
dw ( d)a)
do, (Z°a 2
i OB 0]

coherent because the nucleus ~ 1 fm is small osdhle of the
projectile deBroglie wavelength. Thus no phase ghaver
nucleus, amplitude ~ Z, cross section®~ Z

UTeV, Nov., 2004
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: L, .
Radiation LM

= (ha))( Nopdxj(d%)dw

0 A dw
(dE] 1 - S By definition Xo is the
,E(X) =E(0)e ™ ™
£l o) = X (x) = E(0) bremsstrahlung mean free path
Look at the photon cross section table
It is the projectile because that
acceleration cause the radiation
4, 16
X, "= 3( ](z a)(ah )*In()]
~(ZIA)Z~Z
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Critical Energy - lo
Bremsstrahl

e Lo

’
i

Za?
radiation rises with E (relativity) Y
(Za) coherence vs coupling ? &
lonization transfers energy to the atomic e |
radiation accelerates the projectile |
®
7203

E - 377( mpj [ myc? |

4 L 7 J incoherent ionization — 2 vertices
™ . coherent bremss — 3 vertice
~165MeV/ Z

UTeV, Nov., 2004 33



Critical E

Pb
—40.20
1.0 /
,:3 Electrons —10.15
—
4] Bremsstrahlung >
o .
\ o~
L —0.10
[V )
:3' 0.5~ Meller (e7)
}‘ Positron
h
- g annihilation ~0.05
G 1 i1 14 !III [y
10 100 1000

E (MeV)

1/E[dE/dx] ~ 1/X0

Ec ~ 7 MeV

400 1 I I T I
200 .
100 — -
% 710 MeV
= 50 7+ 1.24
<
€3]
20 |- + Solids
o Gases
10
i b Doy
1 = 5 10 20 50 100
zZ

~ 1/Z behavior of Ec

EM cascade stops multiplying at Ec
and begins to die out by ionization

and photoeffect.
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s, Critical Ene 7t
Muon M

Same forces op and e

But accel ~ 1/m

And radiation ~4a

So much less muon radiation

10005 T T T T000T

—
f=4
L=

Ec ~ (m)

—t
=}

So if 24 MeV for e on Fe
Then ~ (200)*(200) or ~ 1 TeV
For muot

dE/dx (MeV g-1cm?)

e
T T

0.1

Muon energy (GeV)

Another process
et+tZ2e+Z+Y 2>e+Z+ete-
Opair ~ OB
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L, .

e Basic parameters

 The EM Cascade

* Energy Resolution

o Sampling Fluctuations

* Nobel Liquids - Pulse Formation
e Crystals

 Transverse Size

* Leakage

o Calibration
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(dE, 1 E) ~ (pdX)/ X,
X, ~[180gm/ cm? | A/ 2]
t=x/ X,

(dE /dx)~-E. / X,
E. ~[550(Mev)| / Z
y=E/E;

dE, / dx~[3(gm/cm?)|[z 1 A

: L, :
Basic Param

Radiation Length
[Basic EM Length Unit]

Critical Energy
[EM Energy Unit]

Ionization energy loss
[After shower ceases to grow]

UTeV, Nov., 2004
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E. =E /2" =g(t

max ~IN(Y)
N__~E/E. =N(t

yE

max)

max)

L ~x0t"f N(t)

TXN (t)dt~ szt dt

(0]

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

o G

Simple EM Casc
P =

Geometric growth of cascade
Ignore Fluctuations:

But for initial interaction point
<L>= Xo
o = X0

And energy sharing of daughters
- goes from 0 to full parent
- energy, =% on average

e.g.1GeVeinPb
Nimax ~ 140

L = total path length
of all tracks in the shower

n. b. calorimetry is linear - non trivial
ears, eyes, dynamic range

UTeV, Nov., 2004
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o G

~~| EM Showers - En

ENERGY DEPOSIT in 10 GeV " SHOWER

(EGS 4)
' l : I ! I ' l
B Deposited by e* < AMeV 5 .- #-
o T | After shower maximum there is
T . S = No more particle multiplicatic
&\; 50— /.’ — But
: |/ Ec ~7 MeV in Pb
: A i Tela]
'% o ! Deposited by ¥ < 1 Me P € —lonize
£ me- T photons Compton scatter
e T /,/’ . i?au 7 or photoeffect {2 e)
§ o= ’ ® Fe .
_, = s» | ultimately the shower dies off
ool A Fe - energy deposit is due to soft e
Deposited by &t > 20 MeV N
[ 1 3
10 30 50 70 90
ZABSOHBER
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o G

Stochastic Ter —4—

N =E/E Individual showers ~ profile smeared by
max c +- X0 due to first interaction point fluctuations
dE

E ~1/ \/E —_ dN / N 170 GeV electrons -

E,g,1GeVeinPb il ] o
dE/E -~ 8 % due tO z00f 4 2004 _
statistical fluctuations T E e W s
g 1200 T T i T 1200 T T T T
Profile E L L 1
CCI.J) 800 - 800}~ -
dE/ E _ E 400 i q00l- R
= [uae u]/r(a+1) Eﬁ 200~ - 2004 -
d u g o 0 210 40 6|0 8‘0 0 1] ZIO 40 6'0 5'0
=
u=">bht,b~1/2 e
tmax~ Ny~ (@ - 2)/b . 1™ ;
1 Gev e in Pb 200~ :I zoo|: -

3 ! 13 ol
20 40 60 89 20 40 (] 80

=

tma><~5

Depthﬁin ﬁ{e #
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Shower develops in high Z inert plates
Shower is sampled in low Z detectors
(scintillator, gas chambers, Si, noble liquids stays)

ot

dE
(Ej ::|./1/NS Easamp /\/E
samp

Agmp ~+ ECAL
~~AE

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

NN N
NONNNN

FONONONN N T
NN N

OE
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Scint -WLS

e '!: i el

'I--l.- Ijj--
. '
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At - At/<cos€MS>
O, ~(Es /E.)yAt ~1 (Sectionb)
~(Es /E.T)

Shower is not simply 1 —d

Energy is deposited by soft tracks

Multiple scattering is largéys ~ 1

—> effective plate thickness is increa

%] )

P ™ (l_W)(<COSt9MS>

W=JE / (& + AE)

If sampling fraction becomes large

CoefTicient of INIE Term

Samplin

-
Y

-
4]

-
=]

[=2]

=4}

F

L]

o G

e 3

- 6%

L 3%

=]
T

L 0.5 XoPb/LKr

1 1

M e R |
g Data

A Data

m MC

IlIJ_III

- Liquid Argon
- Scintillator
. - Liquid Argon : 0.3Xo Pb

M.C. - Liquid Krypton

| e R R L O |

A 0.5 XoPb
® 0.1 XoPb

1 1 L 1

| R P B C

10

100

% of Energy Deposited in the Active Medium

The assumption of development solely  sampling fractio

In the samples breaks down

A 6%HN E stochastic term is possible
With fine sampling and a large

UTeV, Nov., 2004
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Sampling Fraction

Data points on precision EM calorimeters

I | T | T T T T T
4 - - .. . . . .
I ZEUS(PY)  m Scintillating Fibers can be fine grained
oy | And have a large sampling fraction, f
I s zEUSQ) Good resolution is achievable with St
~ 16 L HELIOS n
&\.; —
w ~ UA2 n -
° SPACAL
w 12 _
© [~ RD1500um oA RD3 Accordion .
8 - RD11.8:1 oA SLD =
-SPAKEBAB =® JETSET ® Fibre i
4 | A LA -2
B ® Plates 13
! | 1 1 I | i ] ]
0 2 4 6 8 10
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Nobel Liquids for C

lonization in noble liquids
Typical is parallel plate
lonization chamber

e.g. DO, ATLAS, ....
LAr LKr LXe

Density glcrd 1.39 245 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 - 191 2.6.16¢
Decay Const. Fast ns 6.5 2 2

Slow ns 1100 85 22
% light in fast component 8 1 77
A peak nm 130 150 175
Refractive Index @ 170nm 1.29 1.41 1.60
lonization Properties
W value eV 23.3 20.5 15.6 Charge collection time
Drift vel (10kV/cm) cmps 05 0.5 0.3 Is defined by the drift velocity
Dielectric Constant 1.51 1.66 1.95
Temperature at triple po K 84 11€ 161
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e

Q=CV Parallel plate gap
U= CV22 = @/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 y

dqt) :q(t)<vd> dt[E/V,] :[q(t),uEz /\/oldt Charge Q is induced on the
dat electrodes. y= UE. | ~q.
oy 9=y,

H=vy/E
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Line Charge (muon)

q(t) = g [inj' <7,
4

d
=0 , t>1,

Iy = d/<Vd>

I(t) =(a,/79)A-t/7y)
J1®dt = Q)
= q,[y-y* /2], y=tiz,

L, .

Point lonization @ source )

4Q = qS)E (v, )t

(0]

q(t) = g, for t<ry, =0t>7},75 = X, /(vy)

| (t) :$,t<r{]I =0, t>ry
Ly

Q(t) :qst/Td
< g, (x,/d)

UTeV, Nov., 2004
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L, :
Pulse Formam

._'.i'ﬁ-_-'ﬁ

e v kil na o D

q(t) ¢ XO d

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

LA Pulse S

|~
Q-~t

Bipolar pulse shaping
Risetime due to source/cable
Capacity

Fast rise time pulse shaped
Followed by long drift time

If d ~1 mm, thert ~ 200 nsec

UTeV, Nov., 2004
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ATLAS
dE/Eis ~ 1.2 % at 100 GeV

Constant term, dE/E = b, due to
Non-uniformity of the mediui
Controlled here to ~ 0.3 %

An issue with large volume
Detectors, controlling uniformity

Energy Resolut 4

W

Q Barrel 2 meter prototype
v'  Energy resolution

.§.06
~ [
o |
O
005 I n=0.28
0=(9.99+0.29)%
A b=(282.2416.9) MeV
004 Ik c=(0.35+0.04)%
7n=0.9
0.03 | § 0=(10.42%0.33)%
Ry b=(386.6+15.6) MeV
c=(0.27+0.08)%
0.02 |
oo1 |
o."--l----l.-..ll...L.,,,|,J‘J_
0 S0 100 150 200 250, 300

Energy (GeV)
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Xtal is transparent to it's emissions
Uses activators, e,g, Thallium in NaU

Trap on activator quickly
For fast light output.

UTeV, Nov., 2004 .
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Energy Resol
Xtals

e.g. PbwO4 — CMS

I o

fully active devices have no
sampling :
fluctuations. However, there
IS m |
noise and photon statistics,
and

collection non-uniformity. Intrirssi

:
£

A% |
1

dE/E ~ 0.7 % at 100 GeV [
even though stochastic o Naive v [,
coefficient is only ~ 2.3 % O 10 1K) 1K)

E[Gev]

Fig. 1.3: Different contributions to the energy resoluticn of the PRWO, calorimeter.
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L, .
= E

Two APDs 5 x 5 mm surface mounted

~ T in a supporting structure (capsule)
= E =080 GeV glued at the rear of the crysta

S 80 5/E =0.40%

E |

e

0 60

LU

40- ¥f

265 575

E (GeV)
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Xtals and Cal

Crystal Nal(Tl) CslI(Tl) Csl BaF BGO CeE PbwQ
Density g.cm  3.67 451 451 489 7.13 6.16 8128
Rad. length  cm 2.59 1.85 185 2.06 1.12 1.68 0.89
Moliére radius cm 4.5 3.8 3.8 3.4 2.4 2.6 2.2
Int. length cm 41.4 36.5 36.5 29.9 22.0 25.9 22.4
Decay Time ns 250 1000 35 630 300 10-30 <20>
6 0.9
Peak emission nm 410 565 420 300 480 310- 425
310 220 340
Rel. Light Yield % 100 45 56 21 9 10 0.7
2.3 2.7
diLY)dT  %/C "0 03 -0.6 -2 -16 015 -1.9
"0
Refractive Index 1.85 1.80 1.80 1.56 2.20 1.68 2.16

Dense — compact — fast — good photon yield — stable

UTeV, Nov., 2004
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Transverse
Molier

Physics

<pT>~rne 100_; :

o Monte Carlo (Cu) ]

(6)~m, / (1) ) - '
_ o Pb

<5>s|v| ~m / Ec ot .

Multiple Scattering
<pT>MS - Es‘/file
(@) 4, ~Eq I E

r, ~Es X, /E. = ()4 X,
ru ~[7(gm/em?)| (A12Z)

|IU CLA2[9]|2
Vv LL9C[IOU O [P6 INO|I6L6 LgqIn2 — (S-PCW)

EIugq 6 bozaiflou n21ud@ eueldA ceufLolq [O
EIN 2MOME6EL 12 M6|| |OCI|IS6(Q [LIU2AEL26]|A
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Transverse Size

n.b logarithmic plot E

shower easily contained in 1 Xo
~0.56 cmin Pb

the shower widens as the depth
increases sincedft)> ~ Es£(t)

Log (Energy loss)

<«—— Central component

Long tail
(~isotropic)

Radius (X,)

1.5

UTeV, Nov., 2004
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Leakage Energy W

Any EM calorimeter is of finite length
Recall thax~ Y

—> fluctuations hurt because energy lost
In leakage fluctuates

gets worse with E

| T @ 20 Xo total depth> 2% @ 50 GeV
"-ﬂ,ﬂ 00 GeV this dE/E would dominate all other
 spgev | error sources for CMS deeper crystals

10 GeV

I M
10 14 18 22 26
Depth (Xq)

0
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Muon Calib

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

3 15 GeV Muons, Mean Energy Deposit/Layer 50 GeV Muons, Mean Energy Deposit/Layer

w

N
&

®

[N
2l

N

N

i

Mﬁ%&v B%LME&Z&’/\&%J&@ L%

=
o

I
o

.
b LA
wf@&wyg ! W ¢ &Z’&fw

-

Energy/Layer(arbitrary units)
Energy/Layer(arbitrary units)

i

Q‘f

I
o

o
o

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 ar-> pv from beam
Puts a M.I.P. in each sample
e.g. 96 individually read out samples.
n.b. 15, 50 GeV muons give ~ dE/dx
recall the relativistic rise in
lonization energy is a small effect
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e Basic Parameters

e Hadronic Cascade

o Profiles

* Individual Cascades and Neutral Clusters
o Sampling Fluctuations
 Non-Compensation

 Transverse Size

 Energy Leakage

o (Calibration

e Radiation Damage

 Neutrons

o Standard Model and Detectors
 Intrinsic Limitations — Jets and Missing Energy

- L, .

UTeV, Nov., 2004
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Basic Param

200 GeVn p Interaction

+
1,71 ,71

<pT>EM ~ Me
(pr), ~ 04GeV

Note large multiplicit
And small angle production
- limited P;

UTeV, Nov., 2004
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: L, :
Basic Param —4—

Threshold fom multiplication

Average ete™, pp,and pp Multiplicity

TP =2 TITIP o AR
35 — e ete data :“Z] + 4
E., ~2m_ =0.28GeV o p(Pp data 55
30 f < .
B &i J
25 | %ﬁ .
N~<N>~|nE . ; E'TEASSO ﬁ o ]
g wE E*AM‘Y"‘ o[ L g ]
XO /AI << 1 15;_ i_.EI\i.L J‘: 4 -
[ S t ]
fo :1/ 3 E‘ ’* ooo .
el € vy2, MARK 1 ‘?.‘ . " __‘
: . L . <ISR>
Basis of EM/HAD separation A .
L e~ © bubble
. T ..ﬁben. bl i e e ]
Neutral fractio e 10 102 103
Vs (GeV)

Multiplicity of secondary pions
Depends only on log of energy
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y ! ’h
Hadronic C aF

Simple Model, <N> =3

gv)=E/N*, N=(N) Ignore fluctuations in multiplicity,
NG, ~ NfO[N(l— fo)]v Energy sharing, and interaction

Points
NE ~[N@- )]

E, ~ Ze(v) N&)
\

E, ~ Ef, > [1-f,]", total neutral energy

—t

Vimax 0 2 4 Y

" f0"~ fOZ(l_ fO)V 9 1 0 1 2 4 -
o) NO (v)
Neutrals are quickly absorb 0

Charged pions transport energy of shower
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Hadronic Ca

Simplified model for a hadronic cascade developed

by a 250 GeV incident pion.

Generation g(v) Eo(v)
v GeV N*(v) N°(v) (GeV)
0 250 1 0 0
1 28 6 3 84
2 3.1 36 18 56
3 0.35 216 108 38
178 GeV
fo=1/3,, = 0.71
Ignore energy deposited by charged pions Ignore binding
. energy and nuclear
Total path length XN A fragments

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

UTeV, Nov., 2004
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Hadronic Ca

fo=7n"/ (n'n°m) ~ 1/3

(ELECTROMAGNETC ENERGY) / E
8 8

we

In EM cascade, P~ Me and T B e R L

. . (%) B8Of
nuclel are Inert I a) !:_»;;_&;2 1l b) BAR;)ELLIM Il c) G%?ﬁ
In hadron cascadey P 400 MeV E oof I gt 4
And nuclei are disrupted > eI N, I
B ~ 8 MeV/nucleon 5] K mmsoem by
3 - S
Ef NUCL FRAGMENTS
0 Lok fryial o sl il PEETEEE BETTI PRETEE N NPT i daanad . acic i dase
I 5 © 50 I 5 © 50 0 | 0
E (Gev)
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Hadron Showers, L

IS4 T AT TR, P R M INE
o LA L A L B BN B
= | BmdTeal, winteracting n ECAL ar HCAL * 300 Gav o |
g | + 150 Gev |
£ | ™ v 100 GaV
= L
@ 0 M = 50 GeV n
as Ee, Vmaxe g :‘l‘..“ " " b v ]
Vmax [IN(SN>)] = In(E/ o A T ] .
max (IN(N)] = In(E/Er) "% I *a v, ] Falloff with length scal@
F 3 — .
ex. E =250 GeV, <N>=8 T T s, 7, ] 15cmin Cu
~3.3 ot - L & L i
VmaX ’ . = - & - L
Fewer generations than EM = L a v
iplici @ 10 v ]
And lower cascade multiplicity %" & Baseline - I L.::TIIT—I AL IDuter HO)
o CHEAL inakde ewll= 78 am CuP & v ]
= L Mt =8.3 at =0 g ]
~ L [EEHnrer HEY L o g

l& Baseline+ 2 Cu plates 3> r::c.il IHC.‘L IcutngHE:}
'I-IB."uLinaidﬁ cail= 90 crm Cu, - b

rt]=7_1 ot =0 =

EB+i HE
] ...I.[.."-Im.'r..}l...l...I....I...I..'.'.
f 20 +0 &l an 1 124 FEy] 1l

absorber depth {cm of Cu)

Flg. M. Awerage 50, 100, 150 end 300 GeV plon shower proflls ga 8 fonetlon of ealorimeter
Bbanrher depth.
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4 " #
Profiles and C aE

(dE)_| ue™ we” ] Profile with an EM (Xo)

\ E)_Lr(a+1) & dU+r(c+1) d f°)de and a hadronic\() conponent
w=adv,d~1 (Eq. 11.7)

Profile in calorimeter and

10 Profile with interaction point
o Subtracted> see EM in first
%ﬂﬁ& Interaction of cascade, later
o T, Generations washed out by
é@ﬁ%@%@ gl Fluctuations
o &%%p%zﬂi#
10° i Q&Wémé*%
&> "1 N
s
°w N
10" %&*o

10 20 30 40 50 60 70 80 0
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~| Individual Cascad

Pb calorimeter with X/ ~ 30
EM shower contained in ~ 6 samples

900

800

700

600

500

400

300

200

100

i,
0
0 10 20 30 40 50 60 70 80 90 100

900

800

700

600

500

400

300

200

100

o

0
0 10 20 30 40 50 60 70 80 90 100

96 layers of sampling
each read out by a phototube

450

400
350
300
250
200
150
100

50

e

[
0 10 20 30 40 50 60 70 80 90 100

600

500

400

300

200

100

FO A‘K

0 10 20 30 40 50 60 70 80 90 100

large fluctuations are seen
w.r.t. the smooth profile

Jt.
L.

i

0 10 20 30 40 50 60 70 80 90 100

bl

0 10 20 30 40 50 60 70 80 90 100

hadron shower must be understood
event by event because the fluctuations
are large in a hadron shower
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Energy Res

dE/E=a/JEOb=a?/E+b? r—————
a la,~JE, /E. (Sectionll) i3 |

~6 "—fhfﬂ@w}ﬂmh
Ery~ 280 MeV i i
Ec ~ 7 MeV
- expect ~ 50 % stochastic coefficient ax}

oo o
om}- ¢

in addition, there are fluctuations between
ionization/binding/photons and interaction 0%
multiplicity/neutral fraction

ELECTRONS

0 o unweighied
® weighted

UTeV, Nov., 2004
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o G

Sampling Flu

W

The stochastic coefficient scales

1 I T ]
% roughly as sqrt of sample thickness
.5l Ay as expected, but with a non-zero
' e intercept. Sampling fluctuations
i are not the full story.
:1:;.1 1'3 [ /’// - %
= .
- X
: ‘//-. Q
= o
° osp e DI 79 (400GeV) .
= KI81(10 GeV)
a CDHS1[HO 78b]
o C(DHS2[ABB81 |
1 | 1
0 Secm Fe 10 15

d —

UTeV, Nov., 2004

72



L, .
dE/E and aF

80% stochastic coefficient +
4% constant term o5 RS L TP ] ERWE FEASE w2 Bierts Coaria 3sshatiasy
I e U ] U [ [ U [ B (U B
H'E'; - Ralativae Enarqy resalution of HCAL 3
Is the device inhomogeneous?§ “* | ECALout of beam lins, B=0 Tesla E
= 0 C Fions interacting in HCAL anly ]
ﬁ ' - HCAL using all 27 available samplings 3
n; 635 | -
E B i
o | ]
N = data (HZ2, 1885} -
Y - o /E = [ B2 +/= 2.0Y5/E § (3.7 +,/— 0.50% .
B ors | -
o : MC {GCALOR) ;
nz b T/E m [ T2 4= (LEYEAVE # (4.5 +/= L13% 3
.45 E— | —E
oy = k_ e
- gy .
aaos [ i 3
Iﬂ:""I""I""I""I""I""I""I"":
f 50 fO0 SR 2 s 3000 330 460
pien baam momenturm [(Gev)

Flg. 32 Belatlwe reaniotlon of the salorimeter for plone and eompe rlasn wlth MO almoletion,
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Sampling Uniformit

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

0.14
- constantterm <3 % S .L/ /’c

since uniformity < 7 % - // A
was achieved 206 e
o pay'd

7’

-

.02
0

0 0.t 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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L, .

Sampling calorimeter brass (passive) & scintillator (active)
Coverage: In|<1.3
Depth: 5.8 A\t (at n=0) segmentation:px n =

niresolution: ~ 120 %/ /E 0.087x0.087
Completed & assembled 17 layers longitudinally,
- WO R RS @Xxn=4x16 towers
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o
CMS HE Ca ——

Samplihg calorimeter: brass (passive) & scintillator (active)
Coverage: 1.3<|n|<3
Depth: 10 Ay

|
i resolution: ~ 120%/

— —

segmentation: px n =

JE 0.087x0.087
e 19 layers

Completed, assembled,
HE-1 installed
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- - -
Optical Design fo

Common Technology for HB, HE, HO

Layer to Tower Decoding Fiber

\ HPD in RBX

\ ) AL
[ L

RBX 7////////
:I%\ . \ Mir\r‘Or WLS \f:iber

p—i

Optical Connector / /

Tile

Optical cable

Clear Fiber
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HCA

&5
=
€ - —
sl
=< —
ox | Sancin]
T -
. -
- - 2
T
- —
& EL =L = =, — =l el 2w el e E
| = | —  — . m— v — L — v '
' — ey — X ¥ ¥ ¥ 5 =
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PPP1 and PPP

UTeV, Nov., 2004
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o

 absorber done in industry to FNAL
design

escintillator done in Lab5

swedge assembled at CERN
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E~[e" f,"+h@1-"f,")]E,,

dEj
=1 e/h-1"df,"
( EE df ‘ 1

[o]

d" f,"~df, ~ [(N°)/(N)~ 017
(%Ejdfo ~ \e/h—u[ <No>/<N>}

(d—Ej ~1/,/In(E) - 0asE - o
E df

o]

Non-Compe

o G

W

What if the medium responds differently

to EM shower (e) and the hadron
cascade (h) ? Recall ionization,
binding and nuclear fragments

Typically a medium responds to EM

More efficiently than HAD because of

Time delay in fragments and loss of
Neutron energy to the sampli

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

If e/lh = 1.2, then a 6.8 % constant
Term is induced.

n.b. not “constant”
at high energies, as “fo> 1,
“dfo” > 0 and dE/BE> 0O
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Quartz Samples ——

80 I I I L | I I I I I [ .

_ Quartz calorimeter responds to
~ 70 [ O 1 resolution (rms) - Cerenkov light of fast e in the EM
s u ® photodectron statics subtracted part of the shower. h ~ 0.

s 60 ° 7 dE/E ~ “dfo”/"fo”
= Expect resolution determined by
% Neutral fluctuations. Note t|
a In(E) behavior.
o
==
=
@
Lo
Ll -
E'
]
0 | | | 1 1 11 | | | | | | 1 1 |
10 100 100C

Energy (GeV)
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Non-Compen

Il

e/h t
]

s e T R R T T e W b St . g-jg-{i—
ind
- [] |
= ]
- - -'?{p
‘; . +/Tc+
o] o T
i - e/ |
§ .
?1_______{__&-“* e/mip
o 0.5 “l1.0 ‘5-0 1‘0-0
Ek[GGV}

o G

W

At low energy, e/h decreases.
As E—> Ery~ 280 MeV from
above, e/h falls even for devices
designed to have e/h ~ 1 for

E > 5 GeV. Intrinsic physics

UTeV, Nov., 2004
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: dE/E and

1 - I — | —
# CDHS 1951 [Fe ! scint]
& CDOHS [after aff-line weighting)
i HELIOS 1957 [ scint)
10— WWaTE 1987101 scing —
# SDC [Phiscint) #
0.9 i f_._f":
0.8 L _| Ul/scint can be made compensating
w A
a7 B — . - -
ol w Fe/scint is typically not compensating
ﬁ DE’._.-H-E_ " # & & & )
LY 05 —
L i
- O, i ‘. —
e e ____
0.3 5’ T —
0.2 BNERGY RESOLUTION |
01 —
4
L [ T IR B e
20 B0 100 140 180

E [GeY)
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o
Fe HCAL a e

Non - linearity due to

s mmfﬂmﬂ?'m'fhn',"*ﬁf' B non-compensatlon
oy I Linearity of HCAL response to pions 1 Tt=e¢e”fo” + h(1-"f0”)
i o B ECaAL out of beam llne, B=0 Teszla 7
s Ficens interocting in HCAL only - e=¢e
i HCAL using all 27 available samplings i
M : We =1 + (1-"fo”)(h/e-1)
 E 2 [ |
= . - -
= - -
wo | : if e/h=1 then e =1
i ' if “fo”-->1 then e --> 1
a8 - —
: Pt DI, if e/h>1 then e <1
0r [ MC (GCALOR} ]
oL i if “fo” = fo=1/3 and e/h
e e e T e = 1.4, then 17e = 0.81
g 50 10 50 XM 250 30 350 400
plon beam momentum (GeV)

Flg. 31 Llnearlty of energy reaponas of plone end enmparianm wrlth MO elmoletian.
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Evading “Mi

If you identify energy as hadronic, you can correct for non-linearity
due to different ECAL and HCAL materials but not non-

compensation. ~ R=resonse=ek, +hE,
combined setup

E=E.+E,
E=1/e.(e/n) R +1/e,(e/m), R,
ECAL/HCAL calibto electrons— e, e,

(e/h) =(e/ m)(1-F)/[1-F(e/ )]

Works over a large energy range. Still dfo and e/h > 1 cause dE.

300 GeV pion data-HIWT=1 .
400 : ‘ ‘ : : : (e/h) for ECAL and HCAL - 300 GeV Pions

400

350 - 350

300 - 300 1

N
a
o
T
N
13
o

EH

HCAL(GeV)
N
o
o
N
o
o

-
1
o

i
o
Is]
T

Eh(GeV) + Eh1(GeV)

=
o
o
T
i
o
o

o
o
T
a
o
T

@

(@)
@
3

I Il Il I Il |
50 100 150 200 250 300 350
Ee(GeV)

h ©

a
o
o

L L L
100 150 200 250 300
ECAL(GeV)

a
o
ol
a
o

EE
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Fe HCAL an

Fe calorimeter g PR
Fit to non-linearity Pl e LIRS
using a parametrized

“fo(E)”.

Find that e/h ~ 1.4 for Fe

—

e ratio

=
o
[

=
=

L= o o o e

— Wi Fmiy iy, 11
i L At A N

nSe HE%L respons
= ¥

375
Ay
w1+ (g =1} F{w}
04525 < .H
.5 wigmane fit § =138 + 0.4
v Groom fit § =1.48 + 0.0
w7 electron—to—pion In HCAL ot 50 Gey ]
Efele}/E{mi=1.20 + 0.01 ]
PN SN T N T T U N N N T U TN U T A T A A A N O T O A O B
T R R BT TR R T R

mementumn (Gev /5]

Flg. 25 Hi{1995) date: the plon (sleciron mtlo of responmes of the eopper eempling prototype
HCAL ga & fonetlon of beem momentom. The misrimeter conekts of the Tiner BOAL {ten
& em Co eemplings 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
pelntilininr 1n 4 mm thiek SCSN-#]. The plon reapomee of HOAL hea heen eorrected for lon-
gindinel lmimgs. We have poanmed B linmr electron respomes of BOAL, E{ele] /E{r 8t 50
Ge¥]=L20H10L The extirecied wines of & fi correspond to the to different parameterios-
flone of the Bvemmge frectlon of »™& prodnced 1n plon Indneed ehomrers.
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L, .

M, (Eg)
- 8
Xo, (Ec) a) EM
M ~A <pT>h = :
' (pr), g Hadronic
"l 2m, ! Th, (<PT>p)
91
Xo (Erp) b)

Expect that a hadron shower r ~ 2 cm for crystals

Has a transverse size\~ A ~15cmfor Cu
EM showers are transversely

smaller than hadronic showers
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I Li l I i

10} PLATL 139 (4\) . 237

o fission products
x 23 6

[

\ )

Wl
10

4

y (cm)

Transverse distribution has
A EM “core” and a hadronic
“tail” — 2 components

Signal [pC]

o G

s Transverse —4—

150 GeV Pion shower Profile

1[:]3EIIII|IIII|IIII|IIII|IIIIE
g\\ FAr) = B, exp( A1) + B exp-rA) ]
102 E_\ =
10 = 3
10 F . 3
- A= 1430m \m .
101 = ,1;= 3.66 cm R%@
E B,=269cm 3
[ B,-168cm 15
102 RS RN N T
g 10 20 a0 40 50

Radius [cm]

n.b. there are 2 distance scales,
one ~ f; and the other .

Data is integrated over all
depths in the shower
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200 LR I 1 L) 1 I TTIE l 1 L] 1 l + 13N | ;
.
A 99% 3
: ‘ A.“‘ u ]
‘g 150 — A ﬁ . E
S’ - D _:
:E ot o, as %o z
- - & ‘&OA C ]
- N ;
& - A “ O/a Bock param. 7
i a/a CDHS data 3
1 ©/® CCFR data —_
so-lllll L 1 u‘;;nl I 1 |I;1_||1 E

5 10 50 100 500 1000

Single Hadron Energy (GeV)

12
11

LW & O -1 o W

Energy Le

" Depth in Iron (Ap)

o G

W

For 95 % containment, the
Fluctuation in the leakage is
> 5 %.

With 7 A total depth, single pions are

» 95 % contained for energies < 100 GeV
Asthe LHCisa 7 TeV + 7 TeV machine,
That is a bit thin.
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o G

~| CMS - Leakage and
i aF

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

20 CMS outer calorimetry

300 Gev pions
“exit weighting” to
oversample late developing showers

2

AN
>

EO*WTO (GeV)
8

8

] ' 3 L1 1 J
0 50 100 150 200 250 300 350 4000 450
Ee+WT1°E1+E2+WTex*Ex (GeV)

Figure. 7:  Scatter plot of energy inside the solenoid vs. the energy outside the solenoid in the
HO layers for single 300 GeV pions.
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dE/E and E '
Leakage L 2

DA A ZT O O IO Tt A A0 ENER T REI O LT o

= rrrr Sy rrrrrri = A S ik
ﬁm—*g—ﬁﬂi‘i@i ':i&?:"‘-' . i’imﬁ E—Eﬁiﬂ'ﬁ“ﬁﬁ"‘“ }‘_:11'33—5 Leakage “tails” are reduced
£ 4 " 12 N 1 By adding in the outer calorimeter
g S | 12 4 3 With suitable relative weights.
A ] ] 5 ! ]
I -E|—1L[ { 1Jl E it 5”1' ,."J o
SAACE I A
= -'|....|...|'||.||.I: “E J L1 Y

ERFLE] Al NI 't St T R I HEE A1 Iy

Etot (GaW) Etot (GeV)
-‘:_-- -I | I I | I LI I I | I LI I I | -:_"h LI I I | [} I 1 [ |
o Daxeling | 1CAL Coler cn .o Bosgline+ 2 Cu plates
W =mmes=24 Ca¥v 185 0 0T HHCAL Quter (11,1 A)g
> N = rrra=.:-3},$a{
ﬂ 'I_ IIJI. 11 T 'ﬂ B I ‘L T
plf T [ 3 ¥YF i \ E
+ = J-? 3 E-I = rl" =|rlll 3
5 = I_r—'.f' <4 o W}ﬂ’ |
- ! r 7] f 1 _
?! ; I h | \ ‘l
j :- | |III 11 1 1 I 11 1 1 I |]||]I I-: .l-' 11 1 I|I 11 I 1 -'I- |. I-I
Inn o IGn Fen @60 FG0 G0 MG IR0 4G SO6
Etot (S0 Etot (T

Flg. 27. Comperiann of emerey reanlntlon {rma] for 2000GeY plona for different HCAL aampling
confignratiloma: Baasline Inmer HCOAL, Baarl'ne Tomer HCAL + 2 platm, Bassines Tnmer HCAL
+ HO, end Bearline Inmer HOAL 4+ 2 plat s + HOL
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Intrinsic Neutrino —
L. 2

* T ™ “punch through” displays a length scale
! ?‘"'QEEEgéAA PRELIMINARY . ~A exceﬁt for very deep into high
- nooots, A 0 ] energy showers.
- o 4, g8 o 20 GeY/e 7
i "n“"o“z o I eve i There is a component that does not fall off
i * a0, » Bk - rapidly in depth and which has a fraction
» o toC. B which rises rapidly with energy.
R oot % E
- AERACY 1 1% at300GeV
- o] é A .
i th o b )
i g 44 5 %‘;% i due tort-> p v decays of cascade pions
i ¢ TTp7%
o2l ‘4 ++ ¢¢ ++ﬁ*é+++ o n.b. earth’s atmosphere -
= + + ++ 5 |+ ‘H‘ﬂz We live at the bottom of a very diffuse
- : + ++$ I % ﬂ,;* l ~ 10 A calorimeter — the atmosphere.
L .|. H +#¢+ | ‘? fl Cosmic ray muons supply the background
- d! %‘ %ITH Iy dose of ~ 0.2 rad/yr natural background
Illﬁ 6
10_3 = J \+ 'ﬁi
: | ‘ :
2 1|O 1|5 2!0 215 ISLC) 3|:'> 410

COUNTER NUMBER
{~11 ¢m ¢teel equiv. oer counter)
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Muons and Single
i aF

Single scint tile test

T 1.3 p.e./MIP
f@ﬁfw ] exp[-<N>] =1 -¢
i g of L8 - im 7

] <N> = 3 is 95 % efficient

;00 —

M -

IﬂllllfallllzallIlmllllmlllljﬂllllmlllm Im
ADC counts

Flg 3 H2{1005] Teat Beam reanlta: ADC apectrom of 225 GV /¢ mnons n B elngles connter.
Bpasd on the abeerved Inefldeney of the coont er, we milmate the pverage anmber of photo-
elecirome per minimmm lonizing particls to be 1.3 FE/mip.
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Muons in Sam =H=
Calorimete "=

Muon calibration for the full
HCAL in depth
T ; <E,> ~ 3 GeV

solid higt = 226 Gev'.'c muons

events/ 20 MeY

a1 brokon hist= rendom triggors —

_2 a al 2 L1 1 1 4 1 1 1 é 1 1 1 3 1 1 }ﬂ
energy daposition (Gev)

Flg. & HX189058] Tt Beam reanlia: Energy depoalied by 225 GeY fc moone In HOA L Broken
llne ghowe the merey recomirneisd Inthe HOAL for random trigeerm {padminl eventa]. The
pedeatnl pmak han BEMS width of &0 MeY sgolmlent emerer
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Pulse Format

300 micron R9814032

200 micron S9849328

Jt.
L.

pulse height[mV]

—\Vb=200 ||
- —Vb=150 ||
Vb=120 ||
- —Vb=100
2 2 H
/ = — \b=75
/ /| 5 —\/b=50
/ 8
2 A
A
N LN
\KC\ N N =

N

10kV n

70

Photocathode

Si Diode k E field

70
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Backscatter in

o G

W

Backscatter focus yields | — %] : o
S ; i i e Pl 1 B i | + BIE
10% more signal with =100 Ll
; o S0 &
magnetic field on £ &0 o
& 40
Off-angle gain is reduced | « . T v —
by longer path length 35 15 05 25 45
through surface layer b sitie [it]
5000
4500 o
4000 M %WM\ — BJE
3500 f ﬂ[ \@\ — B=0
3000
2500 \d‘rﬂ?\l\\
2000
1500 \%ﬂ
1000 fJ
500
0 j mMm
0 50 100 150 200 250 300 350 400
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2| Scintillator and —4—

Ficn, electron, end gemma scurce reeponse ve B field

- | | | | Scintillators get brighter in B fields
CMS HE BEAMLINE {1996

o Logh B field perp. to scint. planes ] For B perpendicular to s_ampling plates,
L ' ] 1 e,y yall show ~ 6 % increase
b L{Jﬂ:- + 1 The effect saturatesforB>2T
L
4 I .
b LO4r T
U
1] L
A . .
o Loy 5 150 GeV plons —_
E ' 0 150 Ge¥ electrons

L{!EJ:- O T WirE SQUICe -

I:l.ﬁﬂ-' R R R S

4] 1 A d -
B field strength (Tesla)
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HCAL and e/ 111

13

i+

L3

12

relative /i and w /4 response

I

CMS 1998 HZ TEST BEAM DATA vs GEANT SIMULATION

L L L [ ] P L] L ] [ L L] [ L L oL L
B field parallel to scinfillotor planes

ECAL removed, w and & beams into HCAL only

1mm plastic+4+mm scint+2mm plostic pockoge

* w{100 GeV) /muons, H2(1996) DATA
= 2100 GeV}/ muong, HZ{1298) DATA
w/muens, GEANT
a/muons, GEANT

no b

BTN

on
-
m_
[
+

5 & 7
B fiald, in Taglo

Flg. T. Effect of B fleld on the average smergy reapomaes of the t1le fiher smlorimeter to plom,
eleciroms {H2 dete] {d1vlded by the mmon reepomee] end comperienn wlth GEANT predie-
tlona. B feld l'men were parallsl o the acdntllsior pletes {Ba.rrgl :n:uigumtinn]. The overnll
pelmietor brightming B fsld sffect ceneels when the miln of eleeinomm o moome 18 teken
{npper curve], thma lnatmtlng the Increpse from corling low energy electrons 1n the shoawrer.
The ratln of mdrons to mmons {lower curve] chows B ameller Inersnae { e Indiesting that
the sfect b B fonrtlon of the eleciromaenetle fractlon In the ahoerer.

o G

W

For B parallel to the sampling plates,

T, e,|, y all show different effects.

U, y show only the 6 % brightening

e show ~ 20% increased response,
while 100 GeVitshow ~ 10% increase —
after correcting for brightening

nare < e since “fo” < 1.

Recall shower energy deposited by

soft e in the EM clusters. Foe Ec ~ 7 MeV,
the radius of curvature is ~ 7.7. mm

UTeV, Nov., 2004
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~| HCAL - Path Len

il
= \
o 1
GCALOR: B-Field effect
2 L1
S L
g
a L X
ST 50 GeV pions
< [
scitiflator package
1.06 - in 9mm gap
1.04 -
102 -
1

Arnllnnalinanllnnnltanalnnllnal i
0 02040608 1 12141618 2
Front Air Space (mm)

Fig. 1.35: Monte Carlo study on response of HB to 50 GeV pions in 4 Tesla field relative to
response in 0 Tesla field with different air space between upstream absorber and scintillator
package placed in 9mm gap between absorbers. The scintillator package consists of a 2mm
plastic front cover plate, a 4mm scintillator and a 1mm plastic back cover plate.

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

calorimeter which is inefficient

n.b. mm scale
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. o L, .
L HC - Radiatio aF

LN e e T S R
: Barrel 1F Endeap dose < 10 Mrad over the
o™ :_ & Newtrons Fo= U keV _: :_ — Ilfetlme Of the LHC
E ¥ Charged Hadrons E E .
j: F___‘_______ ’ 1 note the large n background
B . g1 inherentin pp machines
10 :_ _: & Neutrons 1= 100 ke _:
E E I Charged Hadrons E
1 I 1 1 1 1 I 1 1 1 1 1
FrT 1 7T T T i
E Barrel E E FEndeap -'"“r: dose _ exp(ﬁ)
i ® Absorbed Dose 1T o i
e EN3 F ol E
é 5 4 F J
@ Absorbed Dose ]
L I B AR B R R
(%] = 1 T 2 5
M n

Fig. A.7: Meutran (E = 100 keV} and charged hadron fleence ard absorbed dose
immediately behind the crystals as & functicn of psesdorapidity. The welues are
obita |1%d in ian alurmninium—air mixture. Walues correspond o an integrated luminosity of
5= 107 pb

UTeV, Nov., 2004 103



LHC - HCA

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

Scale -A. The dose is due to soft
pions, R ~0.4 GeVn ~3,P ~4 GeV

H2data, 30 GeV picn baam, enengy depost profie, IP subtractad

_.
=

L I L i
1 2 3 4 S
HCAL dacth in embca

1 1 L
B 7 8 £

Fig. 1.9: Energy deposit as a function of depth for 30 GeV pions from the H2 test beam.
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$ Scintillator - Dos o
L. 2

Standard SCSN81/BCF91A(or Y7)

0 - L
g 1.0 ¢ 1 Scintillator under irradiation forms
4 | Color centers which reduce the
E Collected light output (transmission loss).
—imed * d
< -
< oS ¢@@ { LY ~ exp[-D/Do], Do ~ 4 Mrad
N
g s w
3 :
T - $ .
¢

z O Beijing(IHEP) % P
fg” 0z | ¢ Tsukuba(KEK) ° )
- 2 Saclay

0 2 4. 6 8 10

Dose (Mrad)

UTeV, Nov., 2004 105



_~|HCAL - Raddam a #

induced constant term for 2 and 3 HE compartments

o Solve Radiation Damage with Longitudinal Segmentation

l Independent calibration and readout of
02 "= 3 compariments | Each distinct segment.

N |

\,t\/

-

>
v
n

-
n
T

-

d
T
"

induced dE/E term due to raddam

L 1 . L 1 ) i

=4

dose(Mrad)

Fig. 1.10: Induced constant term in the energy resolutio functi i
longitudinal compartments, & n e a function of dose for 2and 3 £y HOAL at 5 Mrad maximum, dE/E goes from

10%-> 2 % with 2-> 3 compartments
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Iron calorimeter

Covers 5>n >3

Total of 1728 towers, i.e.

2 x 432 towers for EM and HAD

n X @ segmentation (0.175 x 0.175)

HF det

o G

W

To cope with high radiation levels (>1
Grad accumulated in 10 years) the
active part is Quartz fibers: the
energy measured through the
Cerenkav light generated by shower

particles.

ETa
2866

2718
2976

3064

3132

3.240
3327

33503

3677

3833

4,027
4.204

4377
4352
4730
4,303
3.205

RADIUS
13000——
12342—

lle20—

10654 —

9750—

g993.3—
g18.0——

ed60—

I760——

4830——

406,0——

3400——
280.0——

240.0——
201.0——
169.0——

125.0——
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Neutro ——

9.0 e
£ ]

=70
=
2‘ }
=3
o
o,
o
8
i
o
Enq,o
=2
=
@30

20

LW L ST T Y N O O OO O T Y T T A Y [N AR

0 50 100 150 200 250

N, ~[5E(GeV)]

(T ) ~1MeV

o G

Recall hadrons disrupt the medium

For 100 GeV pion, there are ~ 500 n near
hadron shower maximum with Tn ~ 1 MeV
[ B ~ 8 MeV/nucleon] , slow down and
escape> sea of soft n at the LHC
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‘\ Neutron Det

Y
— !
o 1
3 T T
H —-._..,‘____\" Xel®
10
: LN 105~ —{10-8
4 it
o~ g \'\ :
3 N Wl o
‘? \.\ 115 (36%)
=1 N E o0 13(12%) 2
< 2 ~ & - 107
§ 4 "\\ '2 . 5_
3 N 5 w0tk o &
2 5 . .
N S wave unitarity
U.g o 107 1~ 1o
s B . .
dre . Geometric cross section
: 10 i =
: 2 34 68 2 34 68 Z 34 68 2 34 638 2 - ="V ]
0.01 0.1 i 10 100 300 o R N N
Ep in (MeV) 1 ! L ] \ 1 1
) 02 10 1 T) w100
(A-1)° T “
L <—<1
A+1 T T,

Recall billiards: off cushion - T/Tn~ 1
Off cue-T/T& 0O

n.b. scintillator sampling “eats” the n

exothermic reactions to detect thermal n
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Standard

The Basic Constituents of the “Standard Model”

CHARGE
Generations Q
*
MATTER e P r 1 LEPTONS
(SPIN 1/2)+ Ve] Vﬂ] Vr] oj
u C t 213
q < b ~1/3 QUARKS
QUANTA FORCE | COUPLING | # QUANTA SYMBOL
INTERACTIONS Gluons Strong | q_ = g2 8 g
(SPIN'1) Photons EM a =g? 1 Y
Weak Bosons Weak | @ =g2 3 W Z° W*
W
* Units are electron chargs.

+ Units arer .
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SM - Detect

Detection/ldentification Methods

SIGNATURE DETECTOR PARTICLE
Jet of Hadrons Calorimeter u,c,t -Wb
Ao d, s, b

g
“Missing” Energy Calorimeter Ves Vs Vs
Electromagnetic Showex, Calorimeter e,y W - ev
Only lonization Interactions, Muon Absorber U, T - W
dE/dx 2~ M
Decay withcr =2100um Si Tracking C,l¥;
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L, .
Detector Subsm

Particle | Tracking | ECAL HCAL Muon
type
V <
e /
N
\k
Et
MmIss
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L J

L ]
1-""
[ 3

HCAL + ECAL an
P

.. ™ .

. *
r 34 L N . .
L v YA e e e an s van il

0 A0 hon f20

40
ECAL energy, 7»7 crystals aum, (GeV)

20

T S a 3 & z % & =
{(A99) NS JaM0] Pt 'ABIBUS TyOH
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Jets and Cal

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

Sum of Transverse Energy = 782 GeV

Jets

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

Calorimeter lego plot
Two Jets, 424 Gey and 371 GeV

n = -In[ftan®/2)]

Centra Tracking

: ____‘// Chamber View

#

UTeV, Nov., 2004
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W -->e +v and

W - ev

Mw ~ 2 Pt ~ 80 GeV

4616[2a-10%-1594 19:30

Z-DBC-1557 10:08[Run _ BG180 Bvenk

347 GV

CALFTRS EID %IEW
Max ET = 42.7 GeV
Mizz ET =

EM Calor (e) + HCAL (missing Et)

117
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o G

Calorimeters and
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Missing Et is a global variable
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Intrinsic le

Transverse size set by shower extent, either
Xo or A -> limit to tower size.

Longitudinal depth set by containment to ~
10 A. Limit on depth set by jet leakage.

Speed needs to be fast enough to identify
bunch crossing (25 ns/LHC ; 12.5
ns/SLHC)

Jet resolution limited by FSR at LHC, not
calorimeter energy resolution.
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100 GeV electrons. 25ns bins. Each histo is average
pulse shape, phased +1ns to LHC clock
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LHC — CI\/ISW
FS C n

M,,/Mo plots for dM/M
dijets in CMS with and
without FSR. The
dominant effect of FSR
IS clear.

The d(M/Mo)/(M/Mo)
rms rises from SN
~ 11% to ~ 19%, the |
distribution shifts to
smaller M/Mo, and a
radiative low mass tail

B i T L L
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b ident.
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: L, 8
Hadron Collider M;

A series of Monte Carlo studies were done in order to identify
the elements contributing to the mass error. Events are low
P, Z->JJ. dM/M ~ 13% without FSR.

Z->JJ , Mass Resolution FSR iS the

biggest effect.
The
underlying

= 6E (Calon) event is the

m Fragmentation Second |argest

O Underlying Event ;

- Radiation error (if cone

w547 R ~0.7).
Calorimeter

resolution is a
minor effect.
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Track Ma

For a Monte Carlo sample of 120 GeV Z’ match
tracks in n and @to “hadronic” clusters within the
jet — cone size ~ 0.9. Units are HCAL tower
sizes.

Z(120) Data, Match of Tracks to Calorimeter Clusters ing Z Data, Match of Tracks to Calorimeter Clusters im

L L L L
40 50 60 70 80 90 40 50 60 70 80 90
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Improved Dij

There is a ~ 22 % improvement in the dijet mass resolution.
This is welcome but clearly implies that calorimeter resolution
IS not the whole story.

Mean 81.7 GeV, (21%) Mean 165GeV, (17%)

Dijet Mass, Cut on Total Etin the Event, Calorimeter Clusters

40 Dijet Mass, Cut on Total Etin the Event, Energy Flow
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Study done for CMS. Three major sources of detector induced missing E; —

incomplete angular coverage, B field “sweeping” to small angles and

calorimetric energy resolution.

Clearly need radiation hard calorimetry to go to smaller angles — as C.M.

energy increases particularly. Presently dose < 1 Grad at |[n| = 5.

At SLHC, pileup events create a background of ~ 5GeV * sqrt(62) = 40 GeV
E.-miss / crossing. Fatal for W’s, no problem for SUSY.

minhias Events - Missing Et ws Angular Coverage

<E;-miss>/minbias

[om]
O

't/ eventvs eta coverage\ -

1 1 1 1
2 4 6 B
nmax

Event Missing Et - 6.7 GeV Total

o max y

m B field

O dE calor

Contributions to E-miss for
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INntrinsic lelm

Jet “splitting”, g -> QQ and Q -> glv, puts intrinsic
limit on required depth. Jets themselves “leak”.

Jets “leak”

t00 — 0.1 %
# Jets will lose >
with . Y5 of the
energy >¥ T energy due
Missing § %SS%SS%S% to splitting.
ET é ‘9%%&

%@%ﬂe@e@%

0 50 100 150 200 250 300 350 400
Missing Energy (GeV)
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Gluon Splitting is a major source of real
missing transverse energy

Require missing E -+ to not point at a jet? OK but

not very efficient.
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