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• Typo in problem set 1 

• thanks to Eric Yeung for pointing this out 

• Office hours: 

• 1500-1600 on Thursdays

A N N O U N C E M E N T S

Problem Set 1:
Due 1700, 6 October (Tuesday) in the drop box

Problem 1 (5 pts): Explain why the following processes are forbidden:

• ⇡+
+ ⇡0 ! ⇡0

+ p

• ⌫e + p ! e+ + n

• ⌫̄µ + n ! ⇡+
+ p

• ⌧� ! µ+
+ µ�

+ µ+

Problem 2 (5 pts): Draw Feynman diagrams for the dominant contributions to the following

processes:

• B+ ! ¯D0
+ e+ + ⌫e

• ⇤ ! p+ e� + ⌫̄e

• ⌃

+ ! p+ �

• �

++ ! p+ ⇡+

• ⌫⌧ + n ! ⌧� + p

Problem 3: (10 pts) Problem 2.5 in Gri�ths

Problem 4: (15 pts) Problem 2.11 in Gri�ths

Problem 5 (20 pts): In Compton scattering, we considered for the scattering of an incident

massless particle (photon) on a massive particle (electron) at rest and derived the relation-

ship between the scattering angle and energy of the outgoing photon. Derive the equivalent

relationship for the scattering of a massive incident particle A on another massive particle

B at rest:

A+B ! A+B

In other words, express the scattering angle of the outgoing particle A in terms of the

energy of the incident A particle, the energy of outgoing A particle, and the masses mA

and mB of the two particles.

Show that the Compton scattering formula can be recovered when mA = 0
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B A S I C  D E T E C T I O N  P R I N C I P L E S
• Ionization 

• electrons unbounded from their atoms by electromagnetic disturbance of 
charged particle passing nearby. 

• Cherenkov radiation 

• light emitted by charged particle exceeding the speed of light 

• Scintillation: 

• molecular excitations leading to light emission 

• Thermal 

• heat deposited/phonons generated by particle 

• Other . . . . .  (maybe your idea!) 

• The primary detection mechanism is usually accompanied by amplification to 
make the signal (usually electric) macroscopic 

• semiconductor (electron/hole pair) 

• vacuum/electrostatic 

• gas avalanche  

•  . . . . . . .



I O N I Z AT I O N :

• Cloud chamber: 

• ionization induces droplet formation in super-
saturated gas. 

• Particle trajectory “recorded” by trail of 
droplets which are then photographed. 

• Bubble chamber: 

• ionization induces bubble formation in 
superheated liquid  

• provides much more “target mass” when 
considering scattering of particles 

• Emulsion: 

• chemical transformation induced by ionization 

Emulsion in the 
OPERA experiment

from CERN



B E T H E  F O R M U L A

• Valid for “heavy” particles with M>> me 

• β= v/c, γ= (1-β
2
)
-1/2

 

• Wmax: maximum energy transfer of 
particle to atomic electron 

• I: mean excitation energy of electron 

• δ: “density effect” correction

32. Passage of particles through matter 5

32.2.3. Stopping power at intermediate energies :
The mean rate of energy loss by moderately relativistic charged heavy particles,

M1/δx, is well-described by the “Bethe equation,”
〈

−
dE

dx

〉

= Kz2 Z

A

1

β2

[

1

2
ln

2mec2β2γ2Wmax

I2 − β2 −
δ(βγ)

2

]

. (32.5)

It describes the mean rate of energy loss in the region 0.1 <∼ βγ <∼ 1000 for intermediate-Z
materials with an accuracy of a few %. With the symbol definitions and values given in
Table 32.1, the units are MeV g−1cm2. Wmax is defined in Sec. 32.2.2. At the lower limit
the projectile velocity becomes comparable to atomic electron “velocities” (Sec. 32.2.6),
and at the upper limit radiative effects begin to be important (Sec. 32.6). Both limits are
Z dependent. A minor dependence on M at the highest energies is introduced through
Wmax, but for all practical purposes ⟨dE/dx⟩ in a given material is a function of β alone.

Few concepts in high-energy physics are as misused as ⟨dE/dx⟩. The main problem is
that the mean is weighted by very rare events with large single-collision energy deposits.
Even with samples of hundreds of events a dependable value for the mean energy loss
cannot be obtained. Far better and more easily measured is the most probable energy
loss, discussed in Sec. 32.2.9. The most probable energy loss in a detector is considerably
below the mean given by the Bethe equation.

In a TPC (Sec. 33.6.5), the mean of 50%–70% of the samples with the smallest signals
is often used as an estimator.

Although it must be used with cautions and caveats, ⟨dE/dx⟩ as described in Eq. (32.5)
still forms the basis of much of our understanding of energy loss by charged particles.
Extensive tables are available[4,5, pdg.lbl.gov/AtomicNuclearProperties/].

For heavy projectiles, like ions, additional terms are required to account for higher-
order photon coupling to the target, and to account for the finite size of the target radius.
These can change dE/dx by a factor of two or more for the heaviest nuclei in certain
kinematic regimes [7].

The function as computed for muons on copper is shown as the “Bethe” region of
Fig. 32.1. Mean energy loss behavior below this region is discussed in Sec. 32.2.6, and the
radiative effects at high energy are discussed in Sec. 32.6. Only in the Bethe region is it a
function of β alone; the mass dependence is more complicated elsewhere. The stopping
power in several other materials is shown in Fig. 32.2. Except in hydrogen, particles with
the same velocity have similar rates of energy loss in different materials, although there
is a slow decrease in the rate of energy loss with increasing Z. The qualitative behavior
difference at high energies between a gas (He in the figure) and the other materials shown
in the figure is due to the density-effect correction, δ(βγ), discussed in Sec. 32.2.5. The
stopping power functions are characterized by broad minima whose position drops from
βγ = 3.5 to 3.0 as Z goes from 7 to 100. The values of minimum ionization as a function
of atomic number are shown in Fig. 32.3.

In practical cases, most relativistic particles (e.g., cosmic-ray muons) have mean energy
loss rates close to the minimum; they are “minimum-ionizing particles,” or mip’s.

Eq. (32.5) may be integrated to find the total (or partial) “continuous slowing-down
approximation” (CSDA) range R for a particle which loses energy only through ionization
and atomic excitation. Since dE/dx depends only on β, R/M is a function of E/M or
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Fig. 32.1: Stopping power (= ⟨−dE/dx⟩) for positive muons in copper as a function of
βγ = p/Mc over nine orders of magnitude in momentum (12 orders of magnitude in kinetic
energy). Solid curves indicate the total stopping power. Data below the break at βγ ≈ 0.1
are taken from ICRU 49 [4], and data at higher energies are from Ref. 5. Vertical bands
indicate boundaries between different approximations discussed in the text. The short
dotted lines labeled “µ− ” illustrate the “Barkas effect,” the dependence of stopping power
on projectile charge at very low energies [6]. dE/dx in the radiative region is not simply
a function of β.

32.2.2. Maximum energy transfer in a single collision : For a particle with mass
M ,

Wmax =
2mec2 β2γ2

1 + 2γme/M + (me/M)2
. (32.4)

In older references [2,8] the “low-energy” approximation Wmax = 2mec2 β2γ2, valid for
2γme ≪ M , is often implicit. For a pion in copper, the error thus introduced into dE/dx
is greater than 6% at 100 GeV. For 2γme ≫ M , Wmax = Mc2 β2γ.

At energies of order 100 GeV, the maximum 4-momentum transfer to the electron can
exceed 1 GeV/c, where hadronic structure effects significantly modify the cross sections.
This problem has been investigated by J.D. Jackson [9], who concluded that for hadrons
(but not for large nuclei) corrections to dE/dx are negligible below energies where
radiative effects dominate. While the cross section for rare hard collisions is modified, the
average stopping power, dominated by many softer collisions, is almost unchanged.
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• Features: 

• rapid rise towards low energy/momenta 

• slow rise in high momentum region (“relativistic rise”) 

• minimum in between: “minimum ionization particle” or “MIP”

From pdg.lbl.gov

http://pdg.lbl.gov


I O N I Z AT I O N  L O S S :
• Two examples of π → μ → e decay. Note: 

• magnetic field 

• “darkness” and “thickness” of the track 

• From the curvature we have an independent 
measurement of the momentum 

• Together with the velocity estimated from the ionization 
loss, we can estimate the mass of the particle. 

π

μ

e

π

e
μ

p = �mv ) m =
p

�v

CERN

from NA61/SHINE  
collaboration

“particle 
identification”



T O W A R D S  T H E  E L E C T R O N I C  E R A
• Spark Chamber: 

• Adjacent wires/planes at 
relatively relatively high voltages 

• Ionization from passing particle 
results in “break down”and a 
spark  

• Visible, but can also be detected 
by pulse current on the wires 
which can be recorded 
electronically

• With increasing statistics critical to: 

• faster detector response/less dead time 

• automation of data analysis

BNL



M U LT I  W I R E  P R O P O R T I O N A L  C O U N T E R
• Ionization from charged particle eels electrons + ions 

• anode wires attract electrons, cathode plane attracts ions 

• acceleration of electrons results in more ionization, 
etc. an “avalanche” that results in “gain/
amplification” of signal .

from nobelprize.org

• “Drift chamber” 

• Use time between primary ionization and detection (“drift”) 
to refine measurement 

• Time Projection Chamber: 

• “drift” the electrons all the way to one side of the detector 
and read it out there 

• use drift time to infer coordinate along the drift direction 

• 3D tracking!

http://nobelprize.org


S I L I C O N  
• Typically: reversed biased pn junction collects electron-

hole pairs produced by ionizing particles passing through 

• Miniaturization allows extreme precision: 

• devices laid out in strips or pixels 

• Ubiquitous now as first layer of tracking in collider 
experiments 

• detached vertices, etc. arising from decays of short 
lived particles. 

• vertex displacement for time-dependent studies, etc.



E L E C T R O N S  A N D  P H O T O N S
• Bremsstrahlung: 

•  “braking radiation” 

• radiation of photons from acceleration of electron 
in the intense field near an atomic nucleus 

• “Radiation length” X0 

• characteristic distance over which electrons 
will emit a Bremsstrahlung photon 

• Photon pair production/conversion: 

• Process where photon “converts” to e+e- pair 

• at high energies “conversion length” = 9/7 X0

32. Passage of particles through matter 19

Figure 32.11: Fractional energy loss per radiation length in lead as a function of
electron or positron energy. Electron (positron) scattering is considered as ionization
when the energy loss per collision is below 0.255 MeV, and as Møller (Bhabha)
scattering when it is above. Adapted from Fig. 3.2 from Messel and Crawford,
Electron-Photon Shower Distribution Function Tables for Lead, Copper, and Air
Absorbers, Pergamon Press, 1970. Messel and Crawford use X0(Pb) = 5.82 g/cm2,
but we have modified the figures to reflect the value given in the Table of Atomic
and Nuclear Properties of Materials (X0(Pb) = 6.37 g/cm2).

32.4.3. Bremsstrahlung energy loss by e± : At very high energies and except at the
high-energy tip of the bremsstrahlung spectrum, the cross section can be approximated
in the “complete screening case” as [43]

dσ/dk = (1/k)4αr2
e
{

(4
3 − 4

3y + y2)[Z2(Lrad − f(Z)) + Z L′
rad]

+ 1
9 (1 − y)(Z2 + Z)

}

,
(32.29)

where y = k/E is the fraction of the electron’s energy transferred to the radiated photon.
At small y (the “infrared limit”) the term on the second line ranges from 1.7% (low Z) to
2.5% (high Z) of the total. If it is ignored and the first line simplified with the definition
of X0 given in Eq. (32.26), we have

dσ

dk
=

A

X0NAk

(4
3 − 4

3y + y2
)

. (32.30)

This cross section (times k) is shown by the top curve in Fig. 32.12.
This formula is accurate except in near y = 1, where screening may become incomplete,

and near y = 0, where the infrared divergence is removed by the interference of
bremsstrahlung amplitudes from nearby scattering centers (the LPM effect) [45,46] and
dielectric suppression [47,48]. These and other suppression effects in bulk media are
discussed in Sec. 32.4.6.
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γ = 3.3); for positrons, 1.46 MeV cm2/g (at γ = 3.7), and for muons, 1.66 MeV cm2/g (at
γ = 3.58).

32.4.2. Radiation length : High-energy electrons predominantly lose energy in
matter by bremsstrahlung, and high-energy photons by e+e− pair production. The
characteristic amount of matter traversed for these related interactions is called the
radiation length X0, usually measured in g cm−2. It is both (a) the mean distance over
which a high-energy electron loses all but 1/e of its energy by bremsstrahlung, and (b) 7

9
of the mean free path for pair production by a high-energy photon [42]. It is also the
appropriate scale length for describing high-energy electromagnetic cascades. X0 has
been calculated and tabulated by Y.S. Tsai [43]:

1

X0
= 4αr2

e
NA

A

{

Z2[Lrad − f(Z)
]

+ Z L′
rad

}

. (32.26)

For A = 1 g mol−1, 4αr2
eNA/A = (716.408 g cm−2)−1. Lrad and L′

rad are given in
Table 32.2. The function f(Z) is an infinite sum, but for elements up to uranium can be
represented to 4-place accuracy by

f(Z) =a2
[

(1 + a2)−1 + 0.20206

− 0.0369 a2 + 0.0083 a4 − 0.002 a6
]

,

(32.27)

where a = αZ [44].

Table 32.2: Tsai’s Lrad and L′
rad, for use in calculating the radiation length in an

element using Eq. (32.26).

Element Z Lrad L′
rad

H 1 5.31 6.144
He 2 4.79 5.621
Li 3 4.74 5.805
Be 4 4.71 5.924

Others > 4 ln(184.15 Z−1/3) ln(1194 Z−2/3)

The radiation length in a mixture or compound may be approximated by

1/X0 =
∑

wj/Xj , (32.28)

where wj and Xj are the fraction by weight and the radiation length for the jth element.
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Z ρ (g/cm3) X0 (cm)

C 6 2.0 21.0
Al 13 2.7 8.9
Cu 29 9.0 1.4
Pb 82 11.4 0.6

e

e

γ
e

e

γ

from PDG



C H E R E N K O V  R A D I AT I O N

EM radiation emitted in when a charged particle exceeds 
velocity of light in a dielectric medium 

• optical analog of “sonic boom” 

• blue-shifted optical light (1/λ2
) 

• For water, n ~ 1.33  

• “threshold” for Č radiation is 0.75 c 

• Θ ~ 42° for v ~ c

Θ=cos-1(1/nβ)

from findagrave.com

http://findagrave.com


A P P L I C AT I O N S ;
• Threshold counter: 

• Ring imaging:

• A charged particle traversing a radiator with refractive index n with b = v/c > 1/n emits
Cherenkov photons on cone with half opening angle cos qc = 1/nb.

• If n>2 some photons are always totally internally reflected for b1 tracks.

• Radiator and light guide: Long, rectangular Synthetic Fused Silica (“Quartz”) bars 
(average <n(l)>  1.473, radiation hard, homogenous, low chromatic dispersion; 144 long  bars,
4901.73.5 cm3, polished to surface roughness <5Å (rms); square to better than 0.3 mrad.)

• Rectangular radiator bar  magnitude of angles
preserved during internal reflections.
Typical DIRC photon:

l  400 nm, 
~ 200 bounces, 
~ 10-60 ns propagation time
~ 5 m average path in bars.

BaBar DIRC Basics, PART I 

15 300 nsec trigger window               8 nsec Dt window
(~500-1300 background hits/event) (1-2 background hits/sector/event)

Calculate expected arrival time of Cherenkov photon based on
• track TOF
• photon propagation in radiator bar and in water

Dt: difference between measured and expected arrival time



s(Dt) = 1.7 nsec

Dt (nsec)

DIRC RECONSTRUCTION

Time information provides powerful tool to reject accelerator and event related background.

"Physics and Friendships” - Leith                 Blair Ratcliff, SLAC 18

• Only one end of bar instrumented; mirror attached to other (forward) end. 

• Spectrosil wedge glued to readout end reduces required number of PMTs by ~ factor 2 
and improves exit angle efficiency for large angle photons .

• Photons exit from wedge into expansion region (filled with 6m3 pure, de-ionized water).
(<nwater (l)>  1.346, Standoff distance  120 cm, outside main magnetic field; shielding: B < ~ 1 Gauss)

• Pinhole imaging on PMT array (bar dimension small compared to standoff distance).
(10,752 traditional dynode PMTs ETL 9125, immersed in water, surrounded by hexagonal “light-catcher”,
transit time spread ~1.5nsec)

• DIRC is a 3-D device, measuring: x, y and time of Cherenkov photons.
• PMT / radiator bar combination plus 

track direction and location from tracking
define qc, fc, tpropagation of photon.

~<

BaBar DIRC Basics, PART II 

16

Use gas or other 
transparent material 
to set a velocity 
threshold with 
appropriate 
refractive index

from BaBar collaboration

from Super-Kamiokande collaboration



E X A M P L E S :

Super-Kamiokande: 
50 kT water Cherenkov detector 
instrumented with 11,000 
photosensors

IceCube: 
1 km3 array of photosensors 
embedded in antarctic ice

from Super-Kamiokande

from IceCube collaboration



P H O T O M U LT I P I E R

• How to detect light? 

• photon on photocathode can eject an electron 

• electron is accelerated to a “dynode” with high  voltage (~1 kV) 

• dynode releases more electrons which continue to the next 
dynode, amplifying the signal 

• photon is “covered” to an electric pulse. 

• Latest innovations include silicon based detection and amplification

▲ Photomultiplier Tubes

▲ Photomultiplier Tube Modules

© 2007 HAMAMATSU PHOTONICS K. K.

From hamamatsu.com
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from Super-Kamiokande

http://hamamatsu.com
http://hamamatsu.com


U N I N T E N T I O N A L  C H E R E N K O V  
D E T E C T O R ?

• Several other reports of observing 
Cherenkov radiation with the human eye: 

• astronauts report observing “flashes” 
in space (debated) 

• criticality accidents at nuclear reactors

“Bugorski, a 36-year-old researcher at the Institute for 
High Energy Physics in Protvino, was checking a piece of 
accelerator equipment that had malfunctioned - as had, 
apparently, the several safety mechanisms. Leaning over 
the piece of equipment, Bugorski stuck his head in the 
space through which the beam passes on its way from 
one part of the accelerator tube to the next and saw a 
flash brighter than a thousand suns. He felt no 
pain.” (WIRED magazine)



S C I N T I L L AT I O N
• General idea: 

• band gap between ground and excited states 

• ionization induces excitations with decay to ground state, emitting 
photons 

• examples:  

• organic scintillators: usually hydrocarbons in both solid and liquid form 

• polystyrene 

• linear alkylbenzene 

• inorganic crystals (NaI, CsI, PbWO4) 

• Noble gases/liquids (Ar, Xe, etc.)

from CMS collaboration
from LUX collaboration

from KamLAND collaboration

from Fermilab



N E U T R A L  PA R T I C L E S
• To first order: 

• make it interact to produce/eject charged particles and observe those 

• wait for it to decay (if it does decay) into charge particles 

• if “daughter” particles are neutral, may need to have those decay.

• Three examples in this picture: 

• π
0
→ γ + γ decay 

• γ then “converts” to e
+ 

+
 
e

-
 

• K
0

s→ π
+
 + π

-
 decay 

• antineutron annihilates on a proton 

• Other examples: 

• neutrons can capture to produce photons: 

• n + p → d + γ (2.2 MeV) 

• neutrino interactions: 

• νμ + n → μ- + p 

• νμ + p → νμ + p 

• νμ + e → νμ + e



E L E C T R O M A G N E T I C  S H O W E R S

• Cascade of electromagnetic interactions from 
bremsstrahlung and photon conversion 

• allows particle identification of e/γ from more 
massive particles that exhibit “mip” behaviour 

• Similar processes can happen hadronically (via hadronic 
interactions)

µ

e/γ



A C C E L E R AT O R S

• Basic principle: 

• use electric fields to accelerate 
charged particles (usually e

± 
or p/p) 

• most acceleration is done by RF 
alternating currents to “pull” 
and “push” the particles 

• magnetic fields play an essential 
role in guiding and focussing 
particles.

Thomson’s vacuum tube



A C C E L E R AT O R S :



F I X E D  TA R G E T  V S .  C O L L I D E R
• Fixed target: 

• incident “beam” 
particle on stationary 
“target” particle

• Collider: 

• two beams of 
particles in opposite 
directions collide 

ECM ⇠
p

2EA ⇥mBc2

A B

A B

ECM ⇠ 2⇥ Ebeam



S E C O N D A R Y  B E A M S :

• Beams of “secondary” particles produced from other 
interactions. 

• Typical arrangement:  

• “primary” proton beam strikes a target



N E X T  T I M E

• Move to more “quantitative" discussion about Special 
Relativity and relativistic kinematics.


