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SI Vertex and b decays

‘4 D—a+b
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HEP collider detectors have o =<(y—(y)) >(y) =
“vertex detectors” which serve to >
: = dy/|dy |-
tag the production and decay of U y ey I y]
heavy flavors. The “impact P2,
parameter” b, is ~ the proper I_p/z y“dy/ .‘- dy
decay length of the parent. The _p2 /19

spatial resolution should be << b.



b Tagging

Prompt tracks

Jet Axis

Figure 4: Displaced secondary vertex from decay of a long-lived particle. Tracks
from the decay are not expected to point back to the primary vertex as prompt
tracks do. Flavor tagging (b-tagging) algorithms are designed to identify tracks
with significant impact parameter dy and a vertex with significant decay length
Lop.

Impact parameter, decay length and mass of tracks at the
decay point are all possible tagging variables.

US PAS, June 18-22, 2012



CMS 7 TeV - Heavy Flavor, (b)
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b Efficiency
Note error ellipses on the primary and secondary vertices.

Typical operating point is 60% efficient with a light flavor
rejection of 100.

US PAS, June 18-22, 2012



Sl

n=p.=10"/cm’

0

T=300K

po.=L/ gun. =200kQcm
=1/ o,

E . ~ 3.6eV
d ~ 300 um
qs - q(AEion / Epair)

g. ~ 5 fC ~ 32,0004

Intrinsic/Doped Si

n. = N;\'O ~5.0140%/cm®,n. /n_~107"

Intrinsic charge is due to thermal
excitation of a e-h pair. Since kT
~1/30 eV and Eg~ 3.6 eV this
charge is very small and intrinsic
Si has a high resistivity.
Therefore very low levels of
donor(n) and acceptor (p) states
can determine the resistivity and
the majority charge carriers

A typical detector has a MIP
signal of ~ 5 fC or ~ 32 thousand
e-h pairs in the VB-CB.



. Si Energy Bands

CB (MT) n(e) l Excite e- to CB from donor states
D In gap, leave fixed + ions

Eg

-A . .
Excite e- into acceptor states
VB(full) p(h) T leaving mobile holes in VB. The
— fixed states remain

—

Incident
N D particle



] Si Diode

“Dope” S1 with a small

5 N D R fraction of donor/acceptor

o Wi BRI S l - sites which are still >>

N s § T BRG] intrinsic conductivity. Form a
e e diode from a sandwich of n

and p type.
Schematic of a reverse biased p-n semiconductor diode showmg the depletion
region. (From Ref, 11, with permission.)

(V) =1,[ e —1] lo = reverse
L KT current
R-  =(dl/dV) :q—|:25Q 100°K 1mA (minority
carriers). V<0
Forward bias, V
> 0 (majority
carriers)




Si1 Diode -

Charge is conserved

V.5 =p pl === -- .
V.E=[gn]/C, C or & (CGS) — =
4 E®

Applied voltage => depletion region. g

Charge swept to electrodes. Static U

charge remains, p type <0, ntype > / o
O. - A
E(x>0)=—qn,(x—A)/C T
E(x < 0)=qn, (x+D)/C 2s0 \ T

_q[ }(x+ D)/C o

LBl Geometry of 2 p-n junction. The static charge number density is np and ny, The
full depletion region is d = A +D ~A. &) Electric field for 2 p-n junction. <)
Electric potential for 2 p-n umection.
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Si Diode Fields - Depletion

potentials

A+ D)’ Derive V from E.
__gn AKX+

2DC
A(X B A)2
2C

(V (x>0)+V,) = -0

d~A, fully depleted when

: Just at depletion the
all free carriers are swept

to electrodes electric field is O at
| the electrode
V. ~qn,d?/2C location
D A ~

V, =[ap]d*/2C, (Z—E[qp]dz,MKSj
&

11



Si1 — Pulse Formation

Si Is a unity gain device, so the treatment is as before.

i 2 E',.-' !

E(x)=—| ﬂfJ_:'[x—d_}.Fnr V=30V andd=300wmisE(0)=3kl"/em  Just at depletion
dx = uEdt = - H(ZVZDJ(X_d)dt E field is 0 at x=d, drift
d velocity

X(t) = d[1-e"* |, 7, = C/ u[qp],
x(0) = 0, x(0)=d

Line ionization over
distance d, t = arrival

|(t) =dQ/dt = uq,E*/V,, time at electrode
:Me-ﬂ’% — 20 /7| e Time to collect charge at
d2 qs D ] ] )
| _oq depletion = distance/drift
(0) =20, /7, velocity @ x=0.
)= =5fC
q —
r, =|d*/ 2V u s
l ot 7, ~7nsec(20nsec) e h
=d /[uE(0)]

1 (0)~q, / 7,=710nA(240nA)

12



MATRIX OF PADS ON SILICON WAFER, BUMP-BONDED TO READOUT
ELECTRONICS:

Present pixel generation = diode pixels bump bonded to readout chip.

13



3-d Silicon

3D-Introduction

# Electrodes are processed inside the
detector bulk instead of being
implanted on the wafer's surface (3D
silicon detectors - by 8. Parker in
1995),

# Le.narrow columns along the detector
thickness with a diameter of 10m and
separation of 50-100um.

1
electrodes # Active Edge Concept : The edge itself is
By 5. Parkar in 1885 an electrode, thus reducing the dead
volume at the edge to <2pm (by C.
Kenney in 1997).

3D vs Planar

3|
>
o
o,
'/d >

/
H-active edge
By C. Kenney in 1887

» Almost the same charge generation

» Carrier drift length independent of chip thickness
» Sensitivity up to chip edge

#» Lower depletion voltage and noise

% Shorter Drift Length:

7 Increased Radiation Hardness
» Faster Response

» Higher Capacitance and Increased Production Cost

Basic cross section ~
1/M”2 so a factor 2x
In mass reach is at
least a factor 10 x in
luminosity — and PDF
falloff makes it often
very much worse.

Upgrade @ LHC will
be a large increase in
luminosity. The
geometry of vertex
detectors will evolve.
One option is a 3-d
detector.

14



(cr), =87 um
(cz), ~ 475 um
(cr), ~(123,312) um (D°,D%)

Pixel size scale set by
the lifetimes. PU is a
problem so that means
occupation of a pixel
must be small in order
to do robust tracking.

Vertex Detectors
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Tracking - Pixels and Strips
<& & B

“vertex” pixels ~ 200 um x 200 um.
Silicon strips ~ 200 um x 20 cm.
For V=50V, d =300 um, uE =42
um/nsec, time~ 7 (21) nsec for e
(h). 100 M pixels, |y| < 2.5.

US PAS, June 18-22, 2012
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Readout -Noise — Reverse |

High resistivity, back biased Si
IS ~ a current source.

-

DARK CURAEMT (&)

-

P P

TEMPERATURE (T}

Fig. 9.10: Charge zensitive preamplifier.

Feverse leakage cumrent as a fimction of temperature.

The reverse (minority carrier) diode leakage current is a strong
(exponential) function of T, exp(qV/KT). The scale is ~ nA.
Radiation damage makes defects => impurity states in the diode gap
=> enhanced leakage current. Run detectors at low T.

17



Noise — Thermal and Shot

- ]
Iqsg — g = W |7> e
2

Fig. 9.11: Amphfier and bandwidth hmutng filter, flw) wath source capacity, Cs, source
resistance, Bz, source charge, gs. and nput noise voltage, e;.

i

Thermal energy kT=> thermal

power. Shot noise due to o ;__ (@) =Glaz (@z7)’]
quantized g of I => fluctuations |
|
I
di 2:2kT(da) i
" R k T l
1/7
d Plot ofthe transfer fimetion Gf{o)which — 0 aso — 0 andaso — < andpeaks at
Q) =1/
dl 2—ql( j
T Must limit the bandwidth to limit the

noise - filter
18



Base Resistance Noise V

Jal=0.4nA/I (A) Hz, _
Numerical values for shot

/2kT_0 09nA R( and thermal noise

Base current of front end
transistor thermal noise

R,=kT/ql. =1/g,,
dV *=dI?ZZ+d12Z2+dIR?

2kT gl KT —Ida) rms voltage due to
B VR thermal source resistance,

] 2 i 2!
Rs (C‘)Cs) (a)CS ) O J 4 base current shot noise
B B and thermal base
<V?>= j f(o)|” (AV* /dw)de resistance.

_c?|[ KT ale ) m2, KT Output voltage after the
2R, 4 ® 2g.r|  bandwidth limiting filter.

19



o ENC — Series and Parallel

An input charge gs becomes a voltage V ~(q,G/C;)/e at the output at
the frequency peak of the filter, @ ~1/7 1n “electron units”.

(ENC-G/Ce)’=<V?>  signal

Compare the signal to the Equivalent Noise Charge (ENC) referred to
the input.

The “parallel” noise

ENCP=(Cse/G)y/<V2 >, = e\/r(k—Tm I /4] depends on the shaping
ZRs time and is due to thermal
ENCS =((:Se/c;)ﬁ/<v2 > =eC, kT /29,7 source resistance and base
current shot noise. The
“series” noise depends on
inverse shaping time,
source capacity and thermal
base resistance noise.

20



ENC - Parallel, Series and Shaping

| D00 mrrree
oo s /

0
Lo |

500

Equivalent noise charge (&)

20T

1761
0.0l 0.l 1 18] a1

Shaping time (ps)

Optimize the shaping time for a
particular application. The 2
contributions have different shaping
time dependence.



ENC vs Input Capacity

Best Operation

Low T

Large Rs (current source)
Small base current
«Small source capacity
«Small base resistance
*Short shaping time (HEP)
*Good front end transistor

1000

..-.-..__.._
sl o oam g

AMS WOISE ELECTROMNS

]
a2

1 i [i] 100 1000
IPUT CAPACITANCE (pF)

Noise in REMS electrons referred to the input as a function of source capacitance for
typical preamplifier parameters. The linear dependence for series noise dominance

is evident for >100 pF capacity. (Erpm Ref. 12, with permission.)
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° ENC vs. Shaping Time and Total ENC

'||.||r|'!'| LRLLL N B ERLL
Noise iljEI\llZ,r':'l'ls. electrons, cp=10 pF
from 2.1D]h

| Monalithee MOSFET
frontend [\,

transistor [V

Microwave
bipelar fransistor

Example:

Source charge = 5.1 fC

kT =300K°

g, =(25Q)™",C, =30pF,r =10nsec
ENC, =1125¢

R, =1IMQ, I,

ENC, =825¢

S/N = q,//ENCS?+ENCP? ~ 23
Front end noise = (e, CS)/«/; ~ 800e

Equivalent noise charge in RMS electrons as a function of shaping time t for a 10
pF source capacity and a variety of front end transistors. (From Ref 13, with

(ENCS) ~e C./~Jz,e, ~InV /VHz

23



. Demo — Radioactive Decay

Monte Carlo 1000 Decays - Decay Time
T T T

T T T T

10° 3
Yy
] i

T o

Y

* 40 T WT A

I II
i ’_; 1‘0 1 I5 2‘0 2‘5 3I0 3’5 4K0 4‘5 50

10 year lifetime

Data fitting — with constant

errors, using a MATLAB
utility.

™ Center and scale X data
Plot fits

Check to display fits on figure

[~ spline interpolant e
[~ shape-preserving interpt
v linear

[~ guadratic

[~ cubic

[~ 4th degree polynomial

[~ 5th degree polynomial |
KK [ |

IV Show equations

Significant digits: {2 v

v Plotresiduals

Bar plot v
Subplot v

™ Show norm of residuals

: !’Eim rigure No. Z

Select data: |data1

= LA
NEEdS "A T/ B2LD
Log of the Decay Histogram Data - Do Linear Fit
B T T T T T T
O datai
5 —  linear |J

residuals

35

0.4r

02 I

o

02+

D4
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NR Dipole Radiation

Translate electrostatic g . dsind [ar}
results to NR radiative r’ |c°
solutions using the

addition of a factor =

u~Eg?*~ (qasin 0/ rcz)2 =energy density,

dimensionless quantity — P ~cr?E?

acceleration causes . 2

radiation. dP /do = * (qasin0)
— A ¢

Ez%(qa)2 /c’

Power through a
sphere is
independent of r =>

o c | radiative solution.
Vector diagram in the far zone for plane waves, (E.B.k), caused by dipole :
acceleration. Static situation shown for companson Power Is ~ square of

acceleration.

25



Dipole Power

b—d, dipole moment=D=2g[b+d sin at]

jsinZHdQ ~1/3(87) Relate the acceleration to
the size of the radiating

(P) %[qzdzwzt /cﬂ system and the frequency.

(P)=w'(8D) /3¢’ Result is that power * c/3

2 g ) IS = dipole moment
- <D> /3, D=JDl acceleration squared

26



Thompson Scattering

S = E(E <B).(CGS)  poynting vector

= C 2
S|\=—|E
<‘ ‘> 87z‘ 0‘
2 . —_
dP _ e [afsinZ o Dipole radiation
dQ 4xc
a=eE,/m
do, :(ez /mcz)zsinz 0 <dE/dQ>/<‘§‘> Scattering viewed as
e the radiation of
8x 2 ] i
oy =~ (ah) incoming power
o = §[ﬂa§]a4 Cross section is Compton
3 | wavelength squared times
a, =i/ a (Section ) fine structure constant
o, lra; ~a* ~107° squared. Much smaller the

atomic cross section

27



Thompson Form Factor

u = Rr, R =radial wave function,  ~ RY," Scattering off an object

, L
d I;l J{kz U0 - é(f:rl)}u o with internal structure.
r

r

/+1

Uy 50 1 Wave function near r=0 is
defined by centrifugal

5} - (ka)2,€+1 pOtentia|

0, ~ —ka>>o,

Phase shift goes as a
power of ka, ifka< 1S
wave dominates

o~ sin?s
k® ° Structure has a
o~A 3’ characteristic size ~ a.

Black sphere in this case,
totally absorb r<a.

28



Form Factor - |1

k*+U, = K (interior solution K)

tand, = —Ira{l— fan [K‘I}} - a{
Ka

- 4m|(kaf 13| K ~ k

'q (] Pl

vvvvvvv

(Ka)

3

.

Wave number
For square
well

Phase shift, S
wave

Op,~a A" ~ala .-"E:I4=£Fm | e ~(a .-"E:Ij' ~ [kcz:l4

Why is the sky blue ?
Scattering of the blue while
transmitting the yellow
wavelengths. Rayleigh
scattering.

Small Uo
approximation.
“Form factor:
due to
structure of
scattering
objects.

29



l/= |
— -t
3 mY .
Oy~ 2 JT[—J [+ In( )] ~ &’/s

Vs

SR Thompson/Compton
Scattering

iz’ 87nb
35 [s(Gev)|’

O, =

UR scattering of e - e

1nb =107 cm?

Compton Scattering

In Thompson scattering the
radiation emitted has the
same frequency as the
incident wavelength.

However, as the photon
wavelength -> the e
Compton wavelength, the
emitted photons have a
lower energy as the recoil e
take off substantial energy.

The cross section then fall
with energy, in a fashion
clear from the Feynman
diagram.

30



Compton - |1, Kinematics

SR conservation of
momentum and energy.

Kinematic definitions for photon scattering off a particle of mass (m).
@, +mM=£+a

k=p+k
Energy outgoing is <
(l_ij - l(l—cos 0) incident energy. The
© @) M shift in wavelength is ~
A— A, =277 (1—cos 0) the Compton wavelength

and angle dependent (no
forward shift)

31



Compton and QM

kinematic limit for back-scattering, (1/@ -1/ @;)=2/m, is that the maximum e energy, or

"Compton edge", 15 Tpe = Sma — M = @[ 1-m/(m+2w,)] 2 @, if @, == m.

" W The dynamics (t
channel exchange)
e leads to large energy
transfer to the e.

2

Fevnman diagram for Compton scattering. Fermion exchange leads to fast,
forward electrons.

p*~s/2~ Jo,m/2, dQ=dQ*(p*/p)’ ~ dQ*(;LTj
a

Transform from CM to lab frames. SR “searchlight throws everything
forward.

32



1.5

0.5

-0.5

-1.5

Compton Scattering Angular Contours for Photon Energies from 10 keV to 100 MeV

Demo — Angular Distribution

Low energy Is ~
forward/backward
symmetric. At
high incident
energy, the final
state particles are
thrown forward.

33



x“ = (X,ct)

U“=dx“/d(s/c)
=y(V,c)

ds’ =dx,dx* = dx® — (cdt)? = (cdt / y)*

y=1/J1- B, B=vlc

p“ =mU* =(p,e/c)
=ym(V,c),V =dX/dt
£ =ymc’

P=yBmc=pelc

Special Relativity

Formulated as 4
dimensional tensorial
objects — position,
velocity, momentum.

Instead of classical
mechanics and time as a
label, now need a
relativistic invariant —
proper time ds.

Momentum and energy
are conserved — not
Kinematic energy due to
the rest energy.
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o Demonstration — Time Dilation

40

35

30

25}

20}

15+

10+

Clock in the Rest Frame

&

-0.5 0 0.5

40

35

30

251

20F

15+

10+

Clock in the Moving Frame

e

100

Tick/Tock —in
rest frame time
IS measured on
a single clock
— proper time.
In the moving
frame the time
IS measured on
spatially
separated,
synchronized,
clocks.
Basically, the
length the light
travels is just
longer.
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A# =dU# /d(s/c),
o)

dy 22\ A5 A

=7 (B-d), a=dv/dt

A =y[a+y*B(B-4), y*(B-8)]

Acceleration in SR

Accelerationin SR is a
complex object when

formulated in terms of
local clocks and rulers.

In SR acceleration is the
proper time rate of change
of the 4-velocity.

The SR power radiated by
a charge due to
acceleration is the
“length” of the 4-
acceleration.
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Radiation in Linear/Circular
Acceleration

(E)LIN =2/3 (ez /Cg)‘ér?/G

The power radiated in
circular motion is much
larger than expected in
NR case. Note — that is
why e accelerators are
linear recently.

In the linear case, the
required power is simply
proportional to the lab
energy supplied per unit
length — e.g. r.f. cavities.

37



Searchlight Effect

e=y(e*—pp*cosd*) =ye*(1— [ cosF*)

1- Bcosd ~1- B(L-6212)

~1(i2+02j
2\ y

<<9> ~1/y

Transform the energy of the
radiation from the C.M>
(starred) frame to the lab
observer frame.

For a more isotropic
distribution in the C.M, the
radiation in the lab frame is
typically localized in a
small angle region. This is

called the searchlight effect.
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Demo

Radiation vs sin for Linear Acceleration

10°

1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
sin(e)

linear

dP,, /dQ=caa’®/4xnc? [sin2 0/ (1—,BC036’)5]

dP, , /dQ— aa®/4xc’(sin® )

- Radiation

Radiation vs sin for Perpendicular Acceleration, Azimuthal Angle = 0

0

1 1 1 1 1 1 1 1 1
0.1 0.2 0.3 0.4 05 0.6 07 0.8 0.9 1
sin(6)

circular

NR dipole radiation
goes forward in
both the linear and
circular case.
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Demo — “Searchlight”

Radiation vs sin for Parallel Radiation, p from O to 0.999

10" : : : : l : : . .
10"} .
10° | ! The sharp rise
ol _ of the total
d . radiated power
g0 y with energy is
10* |, . very evident,
o | as Is the
forward nature
ot “ of the angular
et S — distribution.

1
0 01 02 03 04 05 0B 07 08 09 1
sin(B)

Radiation of Accelerated Charge Moving Relatiwvistically

Enter the Instantaneous Speed of the Charge w.r.t. c: 0.9

The Radiation Field is Plotted w.r.t the Angle Between the Observer and the Acceleration
Linear Radiation Radiates gamma*4 Less than Circular Acceleration

For Perpendicular Radiation the Polar Angle is between the Velocity(z) and the Obserwver
For Perpendicular Radiation the x Axis is the Direction of the Acceleration

40



Circular Acceleration

o ~chla
3 Al{e) dea
@, =7 W,

=3y°c/2a

2ra
AE=| — |P
cp

~ 4—”0:7)(730)0) ~ " o

3 Schematic representationofthe frequency distnbution o fthe mtenaty for circular

motion
~ OKQ/COC

~[dl(w)/ do][Aw = o,]

The NR frequency is given by the velocity and the radius. The SR
frequency (time dilation) rises rapidly with energy and extends up
to a critical frequency. The energy loss due to radiation is the power
times the lab time interval. This leads to the fourth power. The
frequency spectrum is ~ flat out to the critical frequency.

41



Synchrotron Radiation

Schematic representation of the emussionof synchrotronradiationby an electron
spiralingin a magnetic field.

AE (keV) =90[E(GeV)]* / a(m)
haoo,(keV) =2.2[ E(GeV)] /a(m)

An e in a magnetic
field spirals around
the field line while
emitted synchrotron
radiation => smaller
radius of curvature —
the “death spiral™.

Numerical values for
e at bend radius a.

42



Demo — Circular, SR

Contour of the Radiation for  from 0 to 0.5

| T T T

As before,
the dipole
like pattern
become
much larger
in absolute
| power
radiated and
become

| much more
forward
peaked.

instantaneous v axis

2=

43



Ze
Feynman diagram for photonp air productionin the field of anudeus wath atonme
number Z.

As the Compton scattering cross
section falls off with photon
energy, the pair production
becomes the dominant energy
loss mechanism for photons at
high energies.

Pair Production

An isolated charged
particle cannot
radiate (good idea
or we would not
exist). A photon can
virtually decay into
an electron-positron
pair by using energy
from the photons in
the Coulomb field
of a nucleus.

44



Pair Production - 11

J— 7 h
9 pair ~9°B

o5 ~ (2% (an.) [IN0)]

(Ao 1Y) @l n(ly?)
do, / dy a/y)
y=E,/E

Note the “death
spiral’

Pair production and Bremmstrahlung are closely related processes
(later). They are coherent over the small size of the nucleus and go
like the third power of the fine structure constant — see Feynman
diagram. Pair production favors soft electrons.
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Bremm — WW Virtual Quanta

dU = Idu _ ” E(a))2 dw27bdb The nucleus can be viewed
as a source of virtual photons

:_Hdu /do]do which then scatter incoming
charged particles. Recall that
dU /dw =4a/ 52| In( )] a Coulomb collision has
energy loss ~ the inverse of
duU = hdey the velocity squared.
N, (0)  « ( 1 j[ln()] ;I'he energy candb? converte(tj
do 7\ o rom energy and frequency to

the number of virtual photons

_ Zﬁ(izj(ij[m()] of a given frequency. The
T\ B )\o basic dependence of the
spectrum is that it falls as the

inverse of the photon energy.
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Bremm - |1

The Feynman diagram is closely
related to that for photon pair

. (/] ., production. The nuclear
— Coulomb field supplies the

op o) virtual photon which allows the
i electron to radiate a photon and

o) still conserve energy/momentum.

- Fevnman diagram for Bremsstrahlung in the field of a nucleus of atomic number Z.

dog , AN,

do Z 4o 7 coherent The Bremm frequency spectrum
(Zza) can be (NR) viewed as the

dos _ (oﬁ;e)2 [In()] Thompson scattering of the sofft,

do @ virtual photons of the nucleus. The
£ N_podx\(do, energy loss of the electrons has a

dE ~ !, (hw)( A j( do jdw characteristic inverse photon

energy emission spectrum.
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Radiation Length

Xo(gm/cm?) = [180(A/2)]/Z.

1( dE 1 _
— = , E X) = E e_pX/XO 100 1
E ( pdxj X (x)=Ele) :

X, = 1;’[ j(z )@, ()]

~(ZIANZ~Z

o

= [A / ( N 010 X )] Plot of the radiation length X, in gm/cm? as a function of the atomic number Z. The
< > line, . has the functionalitv 1/Z for comparison.

In Lecture | the radiation length appeared — arbitrarily. Here it
Is defined to be the mean free path to emit a photon. It goes as
Z (coherence less 1/A) times the third power of alpha
(counting vertices).
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Muon Energy Loss

H; E.,/E.~(m,/m,)’
TE
s%* 6 If the critical energy
~ g : was ~ 10 MeV for e,
L j: then the critical
@ : energy for muons will
X 3F be ~ 420 GeV. That

becomes important at
] new colliders such as
- e Ypuclear S the LHC
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Muon energy (GeV)
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.'-;'_:" h

Muons are just heavy electrons (so far), responding to the same forces
as electrons. That means the muon energy loss is dominated by
radiative processes at high energies.
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Conversions/0.2 cm

Tracker Material
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For a complete understanding of the momentum scale and
resolution a detailed understanding of the tracker material
throughout the system is needed — use photon conversions
for high Z and nuclear interactions for low Z material.
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Particle ID
o, ~ A2/37l2p
o, ~ (Za)* ak’
A X, ~(Z1A)/[5.1A%"]

It iz nteresting to note thatthe nuclear crozz section, aswe sawin Section 1, goes as A*®

times the Conptonwavelensthof the proton squared By companzon the Bremsstrahhmg cross

zection goes az Z*becauseof coherence. Since thiz iz an electromammetic process with 3 vertices,
(Fig. 10.13), we pay thepenalty I:If'!a factor *. Even so, the electromagnetic Bremsstrahlung
cross sectionis comparable to thenudear cross secton for A-~3 (hthinum). A glance at Table 1.2
shows that for Be and heawvier elements the charactenstic length for radiation,
(X.)e.=632gm /em’ iz lesz than the characterstic length for nuclear interaction,
(41 )e.= 732em /em’ . Ttis amusing that this particular electromagnetic process is stronger than
the “strong” mteraction because of coherence effects. We will explam how the fact that

X »» A, for heavy elements 1s exploited to provide calonmetric “particle identification™ in

o1



