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WITH MATTER
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|.INTRODUCTION




.| HADRON COLLIDER ENVIRONMENT  reoescenrmaissisienietenimyr

* High energetic collisions occur at the interaction vertex
* Heavy SM (or beyond-the-SM) particles cascade-decay

* The interaction of secondary particles with the detector material is
governed by the SM at low energies.

* Many aspects of detector technology and conceptual design are
governed by the need to isolate leptons (e/pt) in the dense
environment of the rest of the event.

* E.g. leptons from e.g. the decay of W/Z bosons can be isolated and very
energetic (~100 GeV)

* QCD multijet production and hadronic decay modes of t/W/Z/h
produce highly energetic strongly interacting particles (quarks,
gluons) that shower and ‘hadronize’, producing jets (6(QCD)/o(tt)
= 10'0) of relatively low energetic particles.

* At hadron colliders, simultaneous collisions happening at the same time
(‘pile-up) are always significant. LHC in 201 6: <PU>=|5-40!

* Need to find the isolated, energetic particles in a very dense
environment of low energetic background



1.2 JET CONSTITUENTS

arXiv: 1506.03239, arXiv:1607.03663
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The average jet composition does not depend on E

The interaction of the decay products with the
detector is governed by Q,E (p),mand T

— enormous simplification for data analysis



.3 A FEW OF THE KNOWN SM PARTICLES
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|.4 WHEN CAN WE DETECT A PARTICLE?

* Particles can only be measured, if they

A.

live long enough after creation to reach the detector
* The majority of particle states are short lived. From the hundreds of particles only few particles (and their

antiparticles) have track lengths long enough to measure them:
Y P n e* pE n* K=* Ko (Ks/K))
g =0 =0 =0 =0 2.2 us 26 ns 12 ns 89 ps/51ns
lirack =0 @0 o0 0 6.1km [ 5.5 m 6.4 m aocm/27.5m
(p=1GeV)
(I )
) o definition of ack
* Track length: L., = vt = cByt, where 1, being the lifetime at rest. track impact “ jet axis
* small but finite life-time: B-mesons have ps lifetimes Paraessy /
—> sub-mm impact parameter (IP) resolution allows tagging of b-quarks! '
B. interact with the detector < ;'
L @T[: )

* deposition of energy (dE/dx), transferred into a detector signal
* neutrinos interact only weakly: need large detector volumes (e.g. lceCube) or giant fluxes (reactor experiments)



|.5 OVERVIEW OF INTERACTIONS INTHE DETECTOR

* Different type of interactions for charged and neutral particles

* Difference “scale” of processes:

* atomic scale for the electromagnetic and nuclear scale for the strong interactions

|. Detection of charged particles

* lonization, Bremsstrahlung, Cherenkoy ...

2. Detection of y-rays

* Photo/Compton effect, pair production

3. Detection of neutrons * In the following, a phenomenological treatment
* strong interaction is given with a focus on the implications for

. . ‘o
4. Detection of neutrinos detector design!

* weak interaction



|.6 DETECTOR DESIGN CRITERIA

|. little interaction with the measured particle * there is no detector that satisfies 1.-8.

* tracking detectors should trace the passage of a
charged particle without disturbing it

2. high efficiency

* probability of detection in case of a signal particle

3. high purity (high signal-to-noise ratio)

* low probability of instrumental noise R >
and unintended signal 6:I:
4. high resolution
po—>

* spatial, time, energy, momentum, angle, ...

5. fast signal processing

6. simple maintenance and detector control KO, R
/. radiation hardness ) —>
8. low cost

tracking

electro-
magnetic
calorimetry

s

hadron

calorimetry

 a well established compromise with existing technology:

muon
system




|.7 ABSORPTION OF PARTICLES AND RAYS

* Particles can either be a) consumed by a single reaction or b) continuously loose energy until stopped

a) Particle loss by absorption (dN/dx, typical

for photons) leads to an exponential decay

of particle intensity

Photons

Kolanoski, Wermes 2015

b) Energy loss through matter for heavy charged
particles (dE/dx) results in a limited area with a

strong drop in intensity
Charged particles
. Alpha particles, 1926

(b)



|.7 ABSORPTION OF PARTICLES AND RAYS

Consider a thin detector volume V = F'-[ with a number N+

v
particles calculated as N7 = p—NA . The density p is
M
Nin
given in g cm3, the relative atomic mass M+ in mol-/,
and N4 = 6.022-10%mol ™! js Avogadro’s constant. o
. N :
The target density is n = v - %NA where A is * In a thick volume we have the differential
the nuclear number. equation dN
— = —nodz

N
The beam sees a total cross section of N6 such that

with solution N(z) = Nye #* (Beer-Lambert)

the probability of a collision becomes )

Nr Nro and A = u~
= = nol o
N; if Ng 1 * For cross-sections we have (r,=|.2fm,a;,=0.5A)

The cross-section can be calculatedas 0 = — —
Ny 1l Onucl ~ TrE A% ~ 45mb - A%/3

Oall ';mg ~ 10%b

= (no)~! is the mean free path.
w =




2. INTERACTION OF CHARGED PARTICLES WITH MATTER




2.1 OVERVIEW

|. lonization (or excitation) of detector material

The incoming particle loses energy by ionizing or

exciting the atoms

2. Interaction with the nucleus

The particle is deflected (scattered) causing multiple
scattering of the particle in the material. During this

scattering a bremsstrahlung photon can be emitted.

3. Emission of Cherenkov light

In case the particle’s velocity is larger

than the velocity of light in the medium,
the resulting EM shockwave manifests itself as
Cherenkov Radiation.

Emission of transition radiation

When the particle crosses the boundary between two
refractive media, there is a probability of the order of
=|% to produced and X ray photon, called Transition

radiation.




2.2 MAXIMUM ENERGY TRANSFER

* Simple rearrangements of energy momentum conservation

P+p. = P +p, P-p, = P p P
(P-p.)? = (P'—p.)? EE. — |P||p.'|2cosf = E'mec?
EEI . El 2 )
lead to cosf = ;|13|| _)T?FC where cos 0 is the angle of the scattered
C Pe

electron with respect to the direction of the heavy charged particle.

* From the definition of the kinetic energy T = E’ — m.c® itfollowsthat E = E'+T.
We express the electron momentum by using the kin. energy as E*'2 = &p2 +miét
* |t follows that cp? = E; —m2et = T? + 2m AT
cosd = YMA(T +mec?) — (E—T)mec? T (v + ) cp.| = T2+ 2m.2T
L c2ByMA/T? 4 2m.c2T ~ BWT2? + 2m.c2T )
2 322 cos2 6 | dmuc? 32 2me ¢ (87)° ym, < M
or T(0) = AE(l 5 CC;‘-:-? 0) + 2 me + ™2 = with Tmax = |+ o mf Lo m2 ~ YyMe =E v — 00
* ' T T2 | mP(y—1) = E—m.® M =m,.

Maximum energy transfer if all momenta aligned, cos 6 = |!



2.3 ENERGY LOSS BY IONIZATION

* The energy loss by ionization can be described

M,Y(v),ze
by QM: Rutherford scattering in the electron rest frame /
(single photon exchange) LL;<
[ ]
. charged

* In the following, however, we give Bohr’s classical result / \ particle atomic
d m electron

* Particle with charge ze, mass M and velocity v moves ¢ o o

through a medium with electron density n..

N
] /
* Electrons considered free and initially at rest. S~

e The momentum transferred to a single electron is:

1t dr
&g}l:/FLdt:/FLf—dI:/FL i ﬂnpnzﬂ —_——————— c .
dx v / / ?’I\\ b impact
l
i

! e A~ parameter’
* Furthermore [°| = eF/| and we can therefore use Gauss Law (Sl units) : v 1 g x
ze ze | Lelc \ /l
E (2xb)dz =" — [ E\dz=—""— g \
£0 2mepb T T T A
1x 2 Ap?
¢ transferred momentum: Ap, = €/EJ_( '— 2% and energy: AF(b) = P
v 2megbv 2Me



2.3 ENERGY LOSS BY IONIZATION

* Next, we integrate the loss over the electron density

* For N electrons distributed on a barrel: N = n_-(21b)-db dx db o /N \
*he ) '| b
: |
* Energy loss per path length dx for distance between = '! _‘ . ‘— )
: : : : |
b and b + db in medium with electron density n_: '\'.\jy';l /'
: <+ Cylindric barrel
Ap? ne.z2e* db y -
—dE(b) = —2mnbdbds = —o——de . with N electrons
2me dmegmev= b
dE nez2el bmax ) -*1*:??1._._.-32?*511’1..,3{:2 l ey
——— — . — = ' n
dez  dmeZmev? Jp b 32 brnin
e’ 9
* Here, we simplified the factors with the ‘classical electron radius’ rp— meC
AMEQT e

* b is the ‘impact parameter’ in a single-particle interaction.

b

* For a finite stopping power we need to determine the relevant range of interactions [b

min? max]



2.3.1 CLASSICAL RESULT

From conservation of energy it follows (see 2.2) that the maximum
energy transfer happens for a ‘head-on’ collision and is given by 7., = 2m.c>3%~? (valid for y m_ < M)
Ap* (ze?)?  2r2mec?z? 1

N ,@252 = b2

min min

For the maximal energy transfer: A = 559 572
2me  8miegmev<bs .

b 1. b 1. T 1. 2m.c*B%y
Insert in the logarithm of impact parameters: In —— = —In 2% = —In = = —In — f
bmin 2 bmiﬂ 2 Tmin 2 I

What about T, (b
However, below a minimal material-dependent ionization threshold |, there are only discrete energy

)? Classically, the energy transfer to an electron can become arbitrarily small.

max

levels. Moreover, if the movement of the electron during the interaction is important, interference effects

need to be taken into account that further reduce the interaction to negligible levels.

Substituting also the electron density n, = Z% N 4 we find: A = atomichi el L
dE . 1 Z221, 2mec?B2y?
n— AT N arimec? = —In ————
dz oA ,rﬁz A 2 I

Sy

K =0.307 MeV em?2 mol 1



2.3.2 BETHE-BLOCH EQUATION

* The QM treatment based on Rutherford scattering gives

. 2 o 2 R2 A2
—<dE>:f{£ 2 [1 2m,c }3 meaﬂ:

Apﬁ_g — In

22
2 12 3 S

dx

6(By) C(By, 1)
2 I Z
* fundamental constants

e K =4w N4 Tg-m.e 2 = 0.307 MeV cmg/‘mﬂ]

o« 1o = e /ATegmec® & 2.8fm  (the classical radius of the electron) The properties of the EM field
in the medium govern the density

correction

Shell corrections

* properties of the incident particle
* z, ,Y are the charge (in units of e), the velocity, and the relativistic y factor . . _ .
Spin-1/2 interactions (Mott scattering)

R L St ct material instead of scalar Rutherford scattering is

e Z atomic number, A the atomic mass in g/mol responsible for the B2 term.

* |is the average energy required to ionize the medium

* T,.x is the maximum energy in a head-on collision These are the important dependencies:
* ¢ is the density correction, relevant for high 7y dE 7 |

* C/Z is an additional ‘shell’ correction for low values of 8 _ <E> ~ K @ lll(CE)ﬂst ) .BT)



2.3.2 BETHE-BLOCH EQUATION

* Often, dE/dx is divided by p and then given

in units MeV cm? g/,

* The Bethe-Bloch equation, with its various
corrections, holds in a wide range of applications

for charged particles heavier than electrons.

* It describes the ‘stopping power’ of matter on particles.

* The plot shows 1* on silicon. At low energies,
the -2 term dominates, at high energies the In(fY).

* There is a broad minimum at By = 3-3.5 or £=0.95.

* ‘Minimum lonizing particles’ (MIP)

10

—(dE/dx) (MeVcm®qg')

Kolanoski Wermes 2015
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* lonization is the universal detection principle of semi-conducting sensors, gaseous detectors, etcetcetc!

20



2.3.2 BETHE-BLOCH EQUATION

* Often, dE/dx is divided by p and then given material 7 A . 7 T
in units MeV cm? g/, (Z35) (V) (Mcvcm?
* The Bethe-Bloch equation, with its various C graphite 6 1201 221 78 1.74
! holds i i f licati Al 13 26.98 2.70 166 1.62
corrections, holds in a wide range of applications S: 14 9800 233 173 166
for charged particles heavier than electrons. Fe 26 5585 7.87 286 1.45
_ ) . : _ Pb 82 207.2 11.35 823 1.12
* It describes the ‘stopping power’ of matter on particles. Ar 18 3905 0.00166 188 152
- . Csl 108 259.8 4,51 553 1.24
* The plot shows 1* on silicon. At low energies, >
polysterene 56 104.2 1.06 68.7 1.94
the -2 term dominates, at high energies the In(fY). water 10 18 100 797 1.00
) ,, rock 11 22 2.6 136.4 1.69
* There is a broad minimum at By = 3-3.5 or =0.95. nuclear emulsion 387 3310 149

* ‘Minimum lonizing particles’ (MIP)

* lonization is the universal detection principle of semi-conducting sensors, gaseous detectors, etcetcetc!

* Example: Fe 7.87 g/cm3:A MIP looses = | 1.4] MeV/cm



2.3.2 BETHE-BLOCH EQUATION

http://pdg.Ibl.gov/2017//

* mass stopping power of muon
over 9 orders of magnitude in

momentum

* Bethe-treatment is accurate to |%
down to =0.05, below that there
is no accurate theory. Even further
below, non-ionizing nuclear recoils

dominate.

* At ultra-relativistic energies, radiative

losses become important.

* At the muon critical energy E , , this

po
effect equals the ionization loss

described by the Bethe-Bloch equation.

p—
]
o

Mass stopping power [MeV cm?/g]

[ I L [ |
I 77 N\ 1w on Cu
,/ : g
= 3
- / ‘ \ -
F / \ Bethe .
- #  Anderson- -
o Ziegler 1
10 F£3 ICh Radiative 3
» . Minimum losses S
- \ lonization [ 4 -
Nuclear 7 _ =] N -
l losses N =1 Without &
11 2 1| 2 1 1 21 | | |
0.001  0.01 0.1 1 10 100 1000 10° 10°
By
| | | | | ‘ J
0.1 1 10 100 1 10 100 1 10 100
[MeV/c] [GeV/c] [TeV/c]

Muon momentum



2.3.2 BETHE-BLOCH EQUATION

* The ‘Bethe’-region is 0.1<fy<100-1000.

* The plot shows mass stopping power in
liquid (bubble chamber) hydrogen, gaseous helium,

carbon, aluminum, iron, tin, and lead.

* Typical value of 2 MeV cm?/g (except H,) for a MIP.
* liquid H, has Z/A=1 which otherwise is = 0.5

* Radiative effects, relevant for muons and pions,

. -~ _ 1
are not included (significant for muons in iron for By 21000), ¢ 1 10 10 100 1000 10000

and at lower momenta for muons in higher-Z absorbers.

* Note the qualitatively different behavior of the density

correction in gaseous Helium.

* The minimum drops from By=3 to 3.5 from Z=7 to 100.
(or B =0.95).

-dE/dx (MeV g 'cm?)

-
S A
T o

i 1III1| Eifd

0
8
5 ‘i Hs, liquid
5
4

(Y

By=p/mc
0.1 1.0 10 100 1000
Myon Impuls (GeVi/c)

0.1 1.0 10 100 1000
Pion Impuls (GeV/c)

|—;LLLLLLL.|_I_J_LL_LJ.LIJ_J_LI_LLLU.[_L_I_LI_LLL;LLLMLL[
0.1 1.0 10 100 1000 10000
Proton Impuls (GeV/c)

23



EXAMPLE: MUONS TRAVERSING A LARGE DETECTOR

* CMS magnet: 12.5m length, 6.3m
diameter, cooled to 4.7K

* 3.8T magnetic field inside, return yoke

(steel) provides ~2T

* The magnet and the return yoke are

large metallic structures

* What is the ionization loss of a
50 GeV muon in a 50cm iron layer?

dF
‘“'<a>

, 2
MeVem ' 7.87i .50 cm =~ 0.86 GeV — few % losses in the

~ 2.2 3
g cm whole detector

pr(p)=50GeV

24



2.3.3 PARTICLE IDENTIFICATION WITH BETHE-BLOCH

- “ T NET U 1\_4 T "‘I T T T T
= o \Wa—\"fe Pb-Pb
‘\ “' Ly ':\aHe \ £
\‘ \; :' t \‘\. ‘-.‘ 'k‘ ‘\ u SNN = 2.76 Tev
\ d Vi “o 10 pr=
x, \ \ o« T -
\ Ll \ = He
\ " 3
1. (5]
\ He
v

15 225 335 4

’;"f (GeV2icY)

yllllllllIlllllllllllllllllllllllll'lllll

0.1 0.2 03 1 2 3 45

Pb-Pb \/sny = 2.76 TeV

run: 137171, 2010-11-09 00:12:13 _ p/Z (GeV/C)

* dE/dx can be used for identifying particles.

* Left:Time Projection Chamber (ALICE detector, Ne/CO, gas). Right: dE/dx measurement in Pb/Pb collisions.

* Note:The spread in dE/dx limits particle Identification. 25
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2.3.4 STOCHASTICS OF THE ENERGY LOSS

* Bethe-Bloch equation describes the mean energy loss / o 10 GeV " in 300 ym Si
* “Few concepts in high-energy physics are as misused as ‘ f — - Landau-Fit:
i - 2/ ndf }
<dE/dx>" [Pdg Live review of particles in matter, 2017] \ ,' St Lm_ ?522?2!33.;
Jl; \ B AE,, 0.0B453+0.00014
* &-electrons : F \ £ 0.006536 +0.000088
2MeC? { % . .
For ultra-relativistic particles (2.2) gives T(9)| = — ; N Vavilov-Fit
y—oo  tan?6 | S '—‘ ¥l ndf 2173/ 37
* rate of electrons in relatively central collisions (§-electron) || B Lll ;‘ are--
1 MTes
is significant and limited only by T, . < YMc? e \ AEw 0.08456+0.00014
(s LL € 0.006576x0.000086
* These large fluctuations are described by ‘Landau’ i . hLIL—,! Norm.  7435:120.4
Kolancski, Warmes 2005
distribution: | 1958, 2m Bubble Chamber operated with der o [;L%‘;“Lura?—r—c -
. —tlnt—At s/ [ 150 liters of liquid hydrogen (later - - ) . .
fL(d) = T /CI € sin(t) dt discovered Q- predicted by M. Gell-Mann) Energieverlust (MeV)
- _ AFE - AFE, N 1 7 22
. A=AAEy, §) = £ — * The shape parameter is k = ¢ where { = - K —p— Az
* Effects in the detector Tnax 2 A"
T e tor resolution is the prefactor in the Bethe-Bloch equation multiplied with
the thickness of the material and divided by T,__..

(can correct only the mean energy loss AE,)
* limit the separation capabilities in particle Id .
* > > * For thick absorbers (k= 1), the energy loss becomes

spatial widening of secondary ionization and bremstrahlung Gaussian, for thin absorbers (k< 1) it has strong tails



2.3.5 DELTA ELECTRONS Image source:Wikipedia

= \‘\JG" T,
- o 87 s
BHIBH &nergy electrons or muons

4
1

e
. -

o Agn

TNty

.

Y

Proton with « delta ray »
(electrons)




2.3.6 EXAMPLE: ATLAS MUON RECONSTRUCTION

* The ATLAS calorimetry for 100 GeV muons is equivalent to 175cm of Fe,but large T, ., so k=0.001.

max’®

A small faction of high energetic muons deposits a significant energy fraction in the calorimetry.

* Because this is an instrumented region, the muon reconstruction can correct for the effect.

improved resolution for hypothetical signal:

3
(;'3.)_ 6000 :_ T T 1 I _: % 1.6 >_<10I . ] e .
- o L N
i B 1 w14 -
S 5000 |- ~ 1 2 ]
_.g E I PC I Gev E E 1.2 — Z,(l TBV}_)u+u- \:| Parametrization Only__
AE g: B 1 w N — Calo Measurement -
a 4000 — —] 1.0 + Parametrization -
H i i C ]
0.8— —
3000 | ] : |
E 5% loss {1 osp .
2000 a for 100 GeV u! B 04 o
g E ] . ]
1000 |- - % _ E
‘E_. : : n s .' I ‘- . i L I L L L L I | Il . L | | L L i I Il Il .” | | ..-I i = i’ .__
% 0 1 ) L ﬂOO -300 -200 -100 0 100 200 300 @ 3-)00
2 Y v Mieco My (I€
J b 2 4 B 8 10 -
Spurdetektor Kalorimeter Myonkammern @

= Absorber

http://inspirehep.net/record/826342 29



2.3.7 PENETRATION DEPTH AND BRAGG PEAK

* Because <dE/dx> grows with -2 below the minimum (MIP) in the

Bethe-Bloch regime, most heavy charged particles deposit their

energy in a relatively narrow region.

* Example (right): 100 MeV protons on water

* The dislocation effect of e.g. 6-electrons is not taken into account

* This ‘Bragg-Peak’ is exploited

in e.g. medical cancer treatment.

energy deposits vs. depth in water

5 250 MeV/u

12
C'% lons gamma rays p

18 MeV
Photonen

2C-lonen

| L
300 MeV/u

/

120 keV
Rontgen

5Co-Gamma

-
1

/

10

o
8]

15

20

Bragg peak

SLOT SPLUSAA ‘1ysoue(oy

iy
=

X (cm)
| i
N(x)
< r L0 o
N dx =
c 2
< [ i
- =
- z
| . )
6.5 7 7.5 8 8.5
X (cm)

w
o



2.4 BREMSSTRAHLUNG

So far; we have dealt with heavy charged particles where ionization of the atomic shell is the most
important source of energy loss.

Particles can also loose energy by interacting with the nucleus or the atomic shell.

For electrons, this ‘bremsstrahlung’ is the dominant source of energy loss.

Bremsstrahlung interaction of an electron

In lecture |, we calculated the energy loss of an in the Coulomb field of 2 nucleus
2,72 ~
1V »
accelerated charge as P = qiq o ~ i
brepc é ), -
Because mv o< Ze in the field of a nucleus O
ice? £
of charge Z, we find| P o« —~| (Note: « Z? because interaction is coherent).
m

Therefore, the bremsstrahlung of the muon is suppressed by a factor (m,/m.)*= 40000.

Careful QM calculations take into account dielectric suppression (polarization of the medium for low

energies), coherent scattering on the shell,and energy dependent shielding of the nucleus by the shell.
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2.4 BREMSSTRAHLUNG

* The fractional energy loss is nearly independent of energy,

. density Xo E; E*
TP (e (gem) (em) (M) (G)
therefore, the loss per unit length is efficiently described by o . 5 610 3 1137 138
¢ inti ’ : C (Graphir) 6 221 42.65 193  81.7 1060
the ‘radiation length’ X, after which the energy of N o S
q g — o, Si 14 2.33 21.82 936 40.2 582
a highly energetic electron reduces to |/e = 36.7% - ” Tar 3er 1o o17 e
dE E Cu 29 8.96 12.86 143 194 317
e Ge 32 5.32 1226 230 182 297
(1:5- X(] W 74 19.30 6.76 0.35 8.0 150
. ) o o Pb 82 11.35 637 056 74 141
* The radiation length can be approximated to within 2.5% U 92 1895 600 032 67 128
. . Lo . e . Szintillator
(Helium: 5%) by the empirical expression o 153 366 o049 250 134 228
Csl 55, 53 453 8.39 185 11.2 198
-9 BaFs 56, 9 4.89 9.91 203 138 233
0X 716.408 g cm™ <A PbWO, 82,748 830 739 089 0964 170
0 — 987 Polystyrol 1,6 1.06 43.79 413 031 1183
Z(Z + 1) ]‘Il A Gases (20°C, | bar)

Ha 1 0.0838-10~* 61.28 731000 344.8 3611
* The critical energy E_is defined as the energy where He 2 012491078 8276 662610 257.1 2352
¢ Air ~ 736 120510~* 36.66 30423 87.0 1115
bremsstrahlung (dominant at high energies) and ionization Ar 18 1661077 1055 11763 380 572
Xe 54 5.48.10-3 8.48 1547 123 232

losses (dominant at lower energies) agree. other materials:
water 1,8 1.0 36.1 36.1 783 1031
* Factor 10000 between electrons and muons! rock 11 2.65 265 100 491 693
fotoemulsion 3.82 1133 297 174 286

* high-Z materials have low E_ (lon. < Z while brem. is « Z?)



2.4 BREMSSTRAHLUNG

* The fractional energy loss is nearly independent of energy,
therefore, the loss per unit length is efficiently described by
the ‘radiation length’ X, after which the energy of
a highly energetic electron reduces to /e = 36.7%

dE E
dz ~  Xo
* The radiation length can be approximated to within 2.5%

(Helium: 5%) by the empirical expression

o 716.408 g cm™2A

‘W Z(Z—l—l)lnf}}T

* The critical energy E_is defined as the energy where

bremsstrahlung (dominant at high energies) and ionization

losses (dominant at lower energies) agree.

* Factor 10000 between electrons and muons!

* high-Z materials have low E_ (lon. < Z while brem. is « Z?)

GE  (1/x,)

]

ax

E
o
3

—
O

L Moller (&™)

-

d
Positro
annlihi!a’gion

Bhabha (e*)

Pb-Target (Z = 82)

Bremsstrahlung

lonization

/

1

10

100
E (MeV)

—0.20
—0.15

0.10

0.05

(cm?/g)
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2.5 MULTIPLE SCATTERING - MOLIERE THEORY

* Charged particles can change their direction when interacting with the nucleus. Rutherford

Rutherford scattering formula (the two charges are z and Z in units of e) scattering

do 1 1
dQ B2p? 4sin? 6/2

Ze

— 22 7%a%hR?
Rutherford

* For many subsequent scattering events,
Moliere-theory allows to predict the angular spread.

Expect a Gaussian distribution: _
P F(Brtane) = el 289
PR V2mb,
Streuung von Protonen in Aluminiumfolie BRas
Left: Scattering of protons with T=2.18 MeV on an
Al Aluminium foil of x = |3 um. The large-angle
deviations predicted by Rutherford scattering
102 make a ‘non-Gaussian tail’ for §2>4. (b ; 1 0
Fplane/ — T 0
3
Here, 62 = 1/2(8/6,)* where 6, 1 o > 1 ]
. . a1 ;, ane) = —— Splane) = —=
ol ) is predicted by the ‘Highland formula’: (yptane) \/gm 0 \%p 430
Iafge-angle scattering with 13.6 MeV /c % i
high momenturn transfer Oo = ([ (02100e) & B & < (1 +0.038In X—> — x/X, characterizes deflection
| | | | | 0 0
0 1 2 3 4 5 6

52 = 1/2(6/8,) 34



2.6 IMPACT PARAMETER RESOLUTION

* In order to identify b-quarks, the displaced

CMS simulation

decay of B mesons inside a jet is identified et 111 ;ﬁzﬂa,;e, ,ag,on
-UE 3 i ]
by reconstructing secondary, transversally ,gm . * W, Transition region
displaced, vertices. é | . Encempreaon
, . Prim.-Vertex B é
* B lifetime |.5ps, <I> = Byct = 2mm for — 10%F
e.g.a 10 GeV particle. 30\-
* The impact parameter is the most g 10F:
discriminating feature of a secondary S—— :
vertex. Multiple scattering in the beam-
pipe limits impact parameter resolution. Material Xo [mm] z/Xo fo [rad] Ady [um]
_ Al 89 0.011 0.0003 15.0
* Assume rz=50 mm and a beam-pipe of Be 353 0.003 0.00015 75

thickness Imm and p(m) of 5 GeV.
Choose Be instead of Al for the beampipe

* The resulting resolution is Ady = 6 rp to gain a factor 2 in impact parameter resolution!
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2.7 ELECTROMAGNETIC FIELD IN DIELECTRIC MEDIUM

* Energy can be lost to photons in a medium. Consider a dielectric medium.

* The medium is modelled as N, damped harmonic oscillators (w,, I')) per unit

volume. The relative permittivity ¢ is complex:

2 - =
e N; k202
E:]_-l— Z : - - —_— ) — g ,,2_|'|C
mey ~ (w? — w?) + iwl; Ve=n—ix W = ———
F 3
* Behavior as a function of the frequency of an incident wave: Dispersion relation

* high frequencies, above resonance: n<| but reaching | quickly (X-Ray regime)

* low frequencies, below resonance n>1| (optical regime)

* at a resonance frequency: absorption/ionization (anormal dispersion)

2.0‘
I
K L M /’ !/ ! \ n
" R ’ ! '
' ﬂ ﬂ )\1!! }\21' "}\3
! . !
1.0 A=A N \ ] \ /
1 1 1 / —
e near UV near IR
Rontgen Ay far IR radio waves
8 visible light
0 = -
A

€ | schematically !
1
Im &
optical | absorptive X-ray
Cer_er!knv ionization | transition radiation
radiation
typical dispersion
relation for a transparent
medium. Dashed lines show
regions of anomalous
dispersion

http://pcwww.liv.ac.uk/~awolski/Teaching/Liverpool/PHYS370/AdvancedElectromagnetism-Part2.pdf

> )
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2.7 ELECTROMAGNETIC FIELD IN DIELECTRIC MEDIUM

Let’s write the 4-momentum of the incident charged particle:

m x| € 1 % f . isfi 1 2 y
' =M~y (Z) = Mey 3 @cpqwmxmum E(E —c

2}32) :ﬂiIr?{jQ )

U ﬁ p fiw c
For the photon we make the ansatz  p, = (hcﬁ_{) :
Then we can use p’ = p — P~ to find -
2 Fhw -
M ﬂ[z——p py or 0=p-py=—— —hk-p .
c
WVe can express the angular frequency as D
k' - D — —
w = 4 :k-ﬁ:\k||-ﬁ|c056’ = kv cos 6,
E/c? 2 2
2 _ |"‘f “c 7 W .
and use the dispersion relation w » |k| = e— tofind
' C

IF(!) we are in the optical regime, there is is a real solution

cosf. = (,Sn) .

1—(‘ cos 6,

* real photon emission for v > ¢/ n (Cerenkov)

* Close to resonance (ionisation), or in the hard UV, there is no real solution.
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2.8 TRANSVERSE REACH OF THE EM INTERACTION

Next, we assume k =0 (no loss of generality) and use w = vk, = vk cosf,
2
wee

2, 1.2
and > k, + kZ to express k as

5= () (5=1) =) ()

The phase velocity in the medium is

cm = ¢/\/e, B =v/c,, and therefore k, = %\/5’2 —1. D—>
For f’>1 (optical!), the plane wave solution is real and the field extends

infinitely in the y direction: ei(’-’h’f—kﬂ

Take home message (1):

, —1Z(2—vt) ,—Y/Yo \pi
For f’<I,however, we have ¢~ v € with The transverse reach of the

_v 1 B vVE _ ¢ Bl = By electromagnetic interaction is governed
SIS V1 — 37 wo U wo k by yo=L’Y’/k of the incident particle!
— This explains the dependence of the

Y A
where w, and k, are the vacuum angular frequency and wave vector: density effect on BY.
w = ck/ve =wy/Ve ko =w/c=k/Ve
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2.9 CERENKOV RADIATION

* Below the excitation energies of the medium (optical regime) ¢ is real and € > | so that cosf. = (3n)™"

has a real solution if B > n = Ve. In this case, ‘Cerenkov’-radiation is emitted. For B—1: Oax = cos™ ' n~!

* The minimum energy of the particle can be calculated from
Eynw 1 _ 1 o
mc2 I 1—p2  V1- el Vn?2-1"

* The maximum angle is attained for f=1 and satisfies

flight path

1 1
sin 6 = /1 — 082 Omae = /1 — = =
mair maxT ﬂg "}'th
* The angle of radiation for a given f as a function of 8 is o
| 1 B2 1 72 —~42
SOV 24 _ N Pth th v .
sin“f. = 1 —cos“f.=1— B2 = 1— B2 = AR Cerenkov ring:
— sin? 6,42 ’}KQA and therefore C ——° =~ 4/1- ig”
i 1 gmar Rma:r Y

* For y > Y,., Cerenkov light is emitted in narrow rings. It is very weak: =0.1-1% of lonization.

* |t also emitted promptly, in contrast to scintillation and ionization signals.




2.10 TRANSITION RADIATION

* If a particle traverses a surface separating two materials

T

—rt
g

with different refraction index n #n,, transition radiation is emitted.

* The most probable emission angle is 8, ~ ¥"',and Intensity ~ y.

* For ultra-relativistic particles (y>1000), hard UV
radiation is emitted, closely collimated with the particle.

* Measuring the intensity (y) allows to identify charged particles

when their momentum is known. _
AMS TRD for e*/p separation:

principle:

g
L
N1 IV‘) -
Q

Fleece—Radiator

LRP 375 BK (ATLAS)
3

> >

No A~y

22 mm

16001
1400 +=6000
1200 Mylar, hw, = 24.6 eV
1000 ]
BOO |
800 .. hw=5keV
400 ] | A """““mdukeif"‘--«.
200] | T 15 E‘V .
20keV ~— _ T = _
0 02 04 06 08 10 12 14 16 18 2
8 (mrad)
/ 1
I/'
Hmn
flight path
e
‘/ surface Kolanashi, Wermes 2015



3. INTERACTION OF PHOTONS WITH MATTER




3.1 OVERVIEW

* High energetic photons typically interact by
absorption.Ansatz: N(z) = Nge #*

Photo effect (ox Z°/E *~)
Y _€

Compton effect (x Z) N

Kolanoski, Wermes 2015

' Comptan- odlgr; Raarbildung | = ' 1}
Photo&ffekt | durchi NG :
il 'Brems\strah‘fu gleg ) b
———— \ ks ’ o« /
| | AN \ | # {
©) | | £ N\ .? ; JI /,"r ,
! . 1 { . |
> ! NI ¥ A".l\'; g

electromagnetic shower (bottom-up) in the
| 5-foot Bubble Chamber at FNAL

* Photo effect: the photon looses its energy to an atom which emits an electron
VN e’ ,
Y * secondary emission of characteristic X-rays and Auger electrons when the holes are re-filled
- = » Compton effect: (quasi-) elastic scattering on an electron in the atomic shell (>>E, ,)
Zed\r‘,q * Pair creation: the photon converts to an e*e" pair in the electric field of the nucleus
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3.2 MEAN FREE PATH OF PHOTONS htxpsiIphysics.nist.govl (Photon cross section database)

* Photo-effect increases when the energy passes
the energy thresholds of nuclear shells (K,L,M,..)
(there is always a smaller contribution from

elastic coherent Rayleigh scattering on the shell)

* The Compton effect and pair production
dominate = |MeV = 2m _c?

I — e-

J{'\.
g
Kolanoski, Wermes 2015

I~y

—
i

€ /a

"]

pair creation

electron
bremstrahlung

104 ¢
L Pb target (Z=82)
108 &

1025

10 E

)
o L
5§ f
=1 1L
- Rayleigh
[ scayttegng/ total absorption coefficient
10 & e
C 7 T
i / ™ pair production in nucleus|field
102k Compton \
5’/ scattering photo \palr production in e field
[ ~effect !
10—3 1 I\IIIIl 1 IIIIIII| 1 I\IIHl 1 11 III| 11 11 11111l IIIIII| 1 1 1 1iiil
103 102 107 1 10 102 108 10* 10°
E (MeV)

Pair creation( E>1.022 MeV ) and electron bremsstrahlung,
the two dominant processes at high energies, have the same

(leading-order) matrix element and are thus related

9
by /\,}. = ?Xc- . When e* brem |/e= 63%, y loose 54%.
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3.3 MATERIAL DEPENDENCE

Photon Total Cross Sections

bR | I I ! I ! I o b ! J

-

15 o Carbon (Z = 6) g | ead (Z = 82)
! 1 Mb [ ] —

) Photo effect

11 MeV

1 kb

Cross section (barns/atom )

Cross section (bams/atom)

1kb[~ Pair -
. production
Rayleigh 7 1b|-
scattering /" OCompton
L 3 UCnmpton ;;.
i A O S 10 mb A Y I i
10eV 1 keV 1 MeV % 1GeV 100 GeV 10eV  ; 1keV 1 MeV 1GeV 100 GeV
Photon Energy - Photon Energy

Pair Production -
Compton scattering



3.4 OVERVIEW OF ELECTROMAGNETIC INTERACTIONS

Photons

Photo effect (ox Z°/E *~)

Y

.
i '
¥ : : 1
‘ [l
i
v
i
t v
b .
~
. -

Compton effect (x Z)

Electrons

lonization (x<Z)

=
0)

.

Bremsstrahlung («<Z?)

Jfﬂv
e
-

"

small for all heavier
charged particles

.

E

dE/dx
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4. HADRONIC INTERACTIONS




4.1 OVERVIEW

* Hadrons interact inelastically with a single nuclei in
the nucleus

high energetic cascade

» Secondary hadronic decay products interact with

other nuclei, leading to shower formation. el.-mag.
. nucleus » -~ " """ T T T/ T T T ET TS
* If neutral pions are produced, they decay to hadronic
. . incoming hadron h
photons with subsequent electromagnetic shower
component
showers.
* Between hadronic interactions, charged shower intra-nuclear 8
particle also ionize the material, leading to an EM timescale of cascade :
. . o and spallation =10-22 s =
cascade (also, nuclei can de-excite emitting Y) -
, , de-excitation of the nucleus 5
* The fluctuation of the shower components is large timescale > 1018 .
and, depending on the charge and the momenta of n . n
the particles, each has a different reconstruction
efficiency. o L
I_FLL, L
n Y o Y

 This limits the resolution in reconstructing the
energy of the incident particle.

evaporation spallation



4.2 HADRONIC AND ELECTROMAGNETIC SHOWERS

The hadronic interaction is stronger, but has a short range.

Again, an exponential law is an excellent description

N(z) = No e */* with the absorption length A,

Aa

(bremsstrahlung, pair production) lead to electromagnetic

A

NA P Oinel

L
L

35

logarithmically with energy.

Neutral hadrons (e.g. neutrons) therefore penetrate deeply.

1
o ;iiﬁ
= x A3
2 o
CITl p

(assuming pxA)

The processes for energy loss of photons and electrons

shower development, however, at a shorter length scale.

The shower depth (electromagnetic and hadronic) grows

100 GeV e-

elektromagnetischer Schauer

Fe

100 GeV n

Hadronschauer

A

electromagnetic 3
shower in WO,  on

0.1

008 [ |

40 cm

40 cm

1 GeV

;«%1 0 GeV

boof % 100Gev
Pl e,

"y, 1 TeV

006 1 + [ 2

004 i [}

002 [ /5

5



4.3 MATERIAL DEPENDENCE

* It is beneficial
to have similar response
to EM and hadronic

showers (‘compensating’)

* Low-Z materials

have a lower (benéfitial)
ratio A,/X,.

Material Z p Xo A Aa Ae/Xo dE/dz|,...

(g/cm?) (cm) (cm) (MeV /cm)
H,O 1,8 1.00 36.1 18 83.3 2.3 1.99

Luft 78 1205-100% 30-10* 143 75-104 2.5 2.19-10-3
Be 4 185 35.3 9 421 1.2 2.95
C 6 221 19.3 12 38.8 2.0 3.85
Al 13 2.70 8.9 27 39.7 4.5 436

Fe 26 7.87 1.76 56 16.8 9.5 11.42

Cu 20 8.96 1.43 64 15.3 10.7 12.57

W 74 19.30 0.35 184 9.9 28.3 22.10

Pb 82 11.35 0.56 207 17.6 31.4 12.73

U 92 18.95 0.32 238 11.0 34.4 20.48
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THE END!
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