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A  F E W  N O T E S

• There were a few typos in the last lecture 

• I’ve placed an updated version of the slides on the website 

• Please note that Problem Set 2 is posted 

• due 25 October



L A S T  T I M E
• We calculated the cross section for  e+e->m+m- 

• Evaluated the matrix element with various helicity combinations 
in the massless limit 

• Obtain the differential (unpolarized, spin-summed) cross section
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A  F E W  N O T E S :

• The derivation applies to any spin 1/2 fermion so long as  

• massless approximation(s) is appropriate 

• charge is appropriately scaled 

• We can integrate over angles to get the total cross section 

• If we did not neglect the masses, we would obtain:
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D E T E C T I N G  PA R T I C L E S

• For the most part, we can only detect charged particles 

• neutral particles can be detected if they 

• interact with charged particles which are in turn detected 

• decay to produce charged particles 

• Detection methods: 

• ionization 

• scintillation 

• Cherenkov radiation 

• acoustic 

•  . . . ..



I O N I Z AT I O N :

• Knock out of electrons from atom 
as a charged particle passes 
through a medium 

• Ionization rate depends on velocity 
of particle 

• if we independently know the 
velocity of momentum of the 
particle, we can determine the 
particle identity 

• e.g. if the medium of  

• “Tracking” detectors which 
determine the trajectory of a 
particle typically use ionization 

6 33. Passage of particles through matter
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Figure 33.2: Mean energy loss rate in liquid (bubble chamber) hydrogen, gaseous
helium, carbon, aluminum, iron, tin, and lead. Radiative effects, relevant for
muons and pions, are not included. These become significant for muons in iron for
βγ >∼ 1000, and at lower momenta for muons in higher-Z absorbers. See Fig. 33.23.

in the figure is due to the density-effect correction, δ(βγ), discussed in Sec. 33.2.5. 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. 33.3.

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. (33.5) 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
pc/M . In practice, range is a useful concept only for low-energy hadrons (R <∼ λI , where
λI is the nuclear interaction length), and for muons below a few hundred GeV (above
which radiative effects dominate). R/M as a function of βγ = p/Mc is shown for a
variety of materials in Fig. 33.4.

The mass scaling of dE/dx and range is valid for the electronic losses described by the
Bethe equation, but not for radiative losses, relevant only for muons and pions.
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H O W  T O  D E T E C T  I O N I Z AT I O N
phase transitions

sparking, streaming

drifting in gas/liquid

semiconductor



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

• electrons differ from other charged particles 
by their lightness and the presence of 
electrons in media 

• nuclear field can induce acceleration leading 
to radiation “bremsstrahlung” 

• Photons will interact via Compton scattering 
or pair production at high energies

33. Passage of particles through matter 19

where wj and Xj are the fraction by weight and the radiation length for the jth element.

Figure 33.11: 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).

33.4.3. 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)

}

,
(33.29)

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. (33.26), we have

dσ
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=

A

X0NAk

(4
3 − 4

3y + y2
)

. (33.30)

This cross section (times k) is shown by the top curve in Fig. 33.12.
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Figure 33.15: Photon total cross sections as a function of energy in carbon and lead,
showing the contributions of different processes [51]:

σp.e. = Atomic photoelectric effect (electron ejection, photon absorption)
σRayleigh = Rayleigh (coherent) scattering–atom neither ionized nor excited
σCompton = Incoherent scattering (Compton scattering off an electron)

κnuc = Pair production, nuclear field
κe = Pair production, electron field

σg.d.r. = Photonuclear interactions, most notably the Giant Dipole Resonance [52].
In these interactions, the target nucleus is broken up.

Original figures through the courtesy of John H. Hubbell (NIST).
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E L E C T R O M A G N E T I C  S H O W E R S

• Cascade of 
Bremsstrahlung, pair 
production, compton 
scattering, etc.



• Several generations of electron accelerators 

• CESR @ Cornell 

• SLAC linear accelerator 

• SLAC collier 

• Also  

• PETRA at DESY (Hamburg, Germany) 

• TRISTAN at KEK (Tsukuba, Japan) 

• VEPP at BINP (Novosibirsk, Russia) 

• BES (Beijing, China)

A C C E L E R AT O R S



L E P

• Before the LHC there was LEP: 

• “large electron positron collider” 

• operated primarily at 91 GeV to study Z 
production and decays 

• “LEP-II”: 

• increase of energy up to 209 GeV



D E T E C T O R S

• Most collider detectors share a similar “cylindrical onion” design 
surrounding the interaction point 

• inner tracking region (silicon, drift chambers, etc.) 

• particle identification (Cherenkov counter, time-of-flight, etc.) 

• electromagnetic calorimeter (measure/identify electron/photon energy) 

• muon detector: identify muons by their penetration through lots of material 

• magnetic field throughout to bend particles and measure sign/momentum



• e++ e- → e+ + e- event (“Bhabha scattering” 

• “straight” track: high momentum 

• large deposition in electromagnetic 
calorimeter (green) 

• e++ e- → µ+ + µ- would look similar but with 
little calorimeter deposition

E V E N T S  AT  B A B A R

• “Hadronic” event 
at BaBar 

• e++ e- → qq 
• b and c quarks 

produced 



τ  P R O D U C T I O N
• General expression without massless assumption: 

• if we consider e+e- -> t+t-, we can still assume electron mass is ~0, 
but keep the mass of the t. 

• Now putting into our cross section formulas 

• Integrate to obtain total cross section
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R AT I O  O F  C R O S S  S E C T I O N S

• e++ e- → µ+ + µ-  has a very distinct signature in the detector. 

• predict the ratio of τ production to μ production:

R⇥µ =
�⇥+⇥�

�µ+µ�
=

�
1� (M⇥ c2/E)2�
1� (Mµc2/E)2

⇥
1 + 1

2 (M⇥ c2/E)2

1 + 1
2 (Mµc2/E)2

• Step the accelerator in energy  

• count the number of τ and μ produced 
at each energy 

• Plot the ratio vs. beam energy 

• Ratio depends on: 

• Dirac nature of τ 

• τ mass



T O TA L  C R O S S  S E C T I O N

• If we go to high energy (E>>mτ~1.777 GeV) 526 M. Althoff et al.: Production and Decay of Tau Leptons 
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Fig. I. a Measured tau pair cross section (nb). The solid curve 

shows the lowest order QED prediction, b Normalised tau pair 

cross section, a~+/crQ~D. The 95~o confidence level limits on A• 

(dashed curve) are shown, where the overall normalisation was 

allowed to vary within the systematic error 

and 46 events of this category at the three energies 

respectively. Event selection, background subtrac- 

tion, radiative corrections, acceptance corrections 

and trigger efficiencies were calculated as described 

above. Using our measured values of BIBs above o-~ 

is determined to be 0.47+0.06, 0.18+-0.03 and 0.049 

+-0.008 nb respectively. The results shown in Fig. 1 

are in good agreement with QED and with other 

recent measurements [14]. 

In a previous publication [15] BtB3=0.19 was 

used together with the then existing z decay branch- 

ing fractions. In this analysis the use of all decay 

categories and improved knowledge of r decays in- 

volving 7r~ allows a better calculation of the cross 

section. 

The W-dependence of the cross section was used 

to determine the z cut off parameters, A+ and A , 

defined by 

o-r, = o-QEDE 1 T- W 2 / ( W  2 - -  A 2 )] 2 

Fits to the cross sections, allowing the overall nor- 

malisation to vary within the systematic error, yield- 

ed the following bounds at 95% confidence level, 

A+ > 161 GeV and A_ > 169 GeV as shown in Fig. 1. 

(v)  Asymmetry Measurements at 34.5 GeV 

and z Neutral Current CouplinGs 

The tau pair events were used to measure the weak 

neutral current couplings of the tau lepton. Contri- 

butions from electromagnetic and weak neutral cur- 

rents lead to a differential cross section for z+z - 

production of the form [16, 17] : 

do- ~X 2 
dr2 - 4 W  2 {(1 +cos  2 8)(1 + 2g~g; Re(z) 

+g~ )(g~ +g;2)lz12) 
+4cos0(gag" e + e  9 2 + Re(x)+2gvgvgag, IzI )} (2) 

GeM 2 W 2 
where Z=21/~Tzc . (W2_MZ+iM~F~ ) is the weak 

neutral current pole term with mass Mz and width 

F~, 8 is the scattering angle measured between the 

incoming e + and outgoing z + and gv and ga are the 

vector and axial vector coupling constants. The pres- 

ence of a weak neutral current can produce chang- 

es in the cross section (~g~g~) and introduce a for- 

ward-backward asymmetry (~g~g]). The most prom- 

inent effect at our energies is the forward-back- 

ward asymmetry. 

The differential cross section of (2) has the gener- 

al form : 

do- 
dO = b~ + bl cos 0 + cos 2 0) (3) 

where we define 8 by cosS=e+ . (v+-v - ) / l e+ l l~  + 

- v - l ,  with e + being the momentum vector of the 

incident positron and v + and v-  being the summed 

momentum vectors of the outgoing charged decay 

products of the tau. Figure 2 shows the differential 

cross section at W=34.5 GeV after applying cor- 

rections for acceptances, QED radiative effects [18] 

and backgrounds. The dashed curve corresponds to 

the 1 + cos a 8 form expected from lowest order QED. 

To quantify any forward-backward asymmetry two 

approaches have been used: 

(a) The direct asymmetry was determined by count- 

ing the number of events with 0.8 > cos 8 > 0 (F) and 

0 >  c o s 0 >  -0 .8  (B) and forming 

F - B  
Amr(lCOS 81 < 0.8) -- 

F + B  

Higher order QED processes [17] lead to a radiative 

correction to Adir of 0.007+0.005, higher order cot- 

E (GeV) Cross section (nb)
14 0.44
22 0.18
34 0.075
43 0.047

⇤ =
⇥

3

�
�c�

E

⇥2

= 2.2x10-5 mb/E2(GeV2) 
= 22 nb/E2(GeV2)

⇤ =
⇥

3

�
�c�

E

⇥2 ⇧
1� (Mc2/E)2

⇤
1 +

1
2

�
Mc2

E

⇥2
⌅



B H A B H A  S C AT T E R I N G
•  e++ e- → e+ + e- 

• additional diagram contributes

173 

Table 1. Data  samples used for the analysis e + e---*e + e -  

( r  (GeV) ~ d t  (pb 1) NBhabh a 

14.0 1.7 10730 

22.0 2.7 7106 

34.8 174.5 166348 

38.3 8.9 6035 

43.6 37.1 22951 

track candidate at the trigger level was required to 

have hits in the central proportional  chamber, the 

central drift chamber, the corresponding time-of-flight 

counter, and for part of the data also in the vertex 

detector. The trigger and reconstruction efficiencies 

were checked with data taken concurrently with other 

independent triggers, e.g. two track triggers with no 

acoplanarity condition and shower counter triggers. 

The efficiencies were determined with a typical accu- 

racy of -t- 1% and, most important, did not show any 

significant polar angle dependence (the maximum de- 

viation observed for a small fraction of the data was 

3% over c o s 0 = 0  to Icos01=0.8). 

The Bhabha event analysis is solely based on event 

topologies, no electron identification was attempted. 

The selection of two prong events required: 

- two oppositely charged tracks, 

- an acollinearity angle between the two tracks of 

~< 10 ~ 

-- a polar angle acceptance of ]cos01 <0.80 for each 

track, 

- a momentum p>0.2"pbeam for each track and 

p > 0.7- Pbcam for the sum of both tracks, 

- the vertex of both tracks to match the nominal 

interaction point within 0.6 cm perpendicular to 

the beam and 7.5 cm along the beam, 

- the time-of-flight for each track to be within 
- 3.0 < t meas - -  t p r e d i c t e d  < 2.0 ns. 

The background in the thus selected two prong event 

sample from two photon processes e § e -  ~ e  + e l + l -  

and cosmic rays was negligible. The contributions 

from # pairs (5% overall and 20% in the backward 

hemisphere) and ~ pairs (1%) were subtracted bin by 

bin taking the standard model production cross sec- 

tion with our measured charge asymmetries into ac- 

count [1, 7, 8]. The charge identification was ensured 

by our high precision central tracking devices. By 

studying the correlations of the charge weighted re- 

ciprocal momenta of forward versus backward going 

tracks we found a charge confusion probability per 

track of 0.33-0.1% (0.5+0.1%) at ] / s = 3 5 G e V  

(44 GeV) and a correlated probability that both tracks 

flip the charge simultaneously of less than 10 -5 

10-5) at ] ~ =  35 GeV (44 GeV). This is consistent (2. 
with the assumption that both curvature measure- 

ments are independent of each other as can be derived 

from the achieved transverse momentum resolution 

for high energy tracks of a(1/p•177 

4 .  E x p e r i m e n t a l  r e s u l t s  

The acceptance functions to correct the measured an- 

gular distributions were calculated using a Monte 

Carlo program [9]. The showering of electrons and 

radiating photons was simulated with the EGS code 

[10]. The simulations were checked with Bhabha 

events identified by the liquid argon calorimeters and 

good agreement with the data was found. The overall 

uncertainty in the bin-to-bin polar acceptance due 

to shower corrections, trigger and reconstruction effi- 

ciencies was estimated to be less than 1% and was 

added in quadrature to the statistical errors. 

The data have also been corrected for QED radia- 

tive effects up to order ~3 [9]. Weak radiative correc- 

tions have not yet been provided in a form of a Monte 

Carlo generator program, but are estimated to be neg- 

ligible at PETRA energies [-11 ]. 

The overall systematic uncertainty for the lumino- 

sity determination from wide angle Bhabha scattering 

amounted typically to _+ (3.0--3.5)%. The luminosity 

measurement as derived from small angle Bhabha 

scattering had a typical uncertainty of 4-(3.5-4.5)%. 

Since both luminosity determinations from wide angle 

and small angle measurements agree very well and 
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Fig. 1. The differential Bhabha cross sections at average energies 

of  14, 22, 34.8, 38.3, and 43.6 GeV. The curves show the QED predic- 

tions. The data points include statistical and systematic errors apart  

from an overall normalization uncertainty due to luminosity deter- 
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T H E  “ G Y R O M A G N E T I C  R AT I O ”

• Ratio of magnetic moment to the spin x Bohr magneton 

• This is not exactly 2 for an electron  

• higher order electromagnetic corrections 

• a = (g-2)/2 = ~ 0.0011596521807328 

• “anomalous” moment 

• first calculated by Julian Schwinger in 1948 

• a ~α/2π = 0.0011614

e e e e
γ

γ

γ

µ = gµBs/� µB =
e�
2m



T H E  M U O N  g - 2  E X P E R I M E N T

• Precess muon spin in a magnetic field as it 
circulates around a ring 

• direction of electron emerging from muon decay is 
correlated with its polarization 

• measure the precession of the spin to extract 
magnetic moment 

• Predicted (g-2)/2=(1165918.81±0.38)x10
-9 

• Measured (g-2)/2=(1165920.80±0.63)x10
-9



S U M M A R Y

• Please read Chapter 7 for next time


