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Midterm:

• Replace the midterm grade with final grade is higher


• i.e. if final grade > midterm grade, final is worth 60% of your grade.


• otherwise, midterm is 20%, final is 40% (as before).



So far:

• Examined the weak charged current interaction of leptons (muon decay, etc.)

• We saw how the coupling includes a vector and axial-vector piece


• parity violation is built into the weak interaction

• From a calculation standpoint, the new element is g5:


• we learned how to evaluate traces with g5

• Now we move on to quarks. Two issues arise:


• Quarks are in bound states that we don’t know how to describe

• we’ll need to make some guesses/ansatz


• Quarks can transition between “generations”

• Leptons always stay within their generation



Pion Decay:
• Lepton fermion leg


• Quark Fermion leg


• Propagator
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Summing over spins:

• We’ve done this trace already:


• So:
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Decay Rate:

• Going into the rest frame of the decay, we can work out the kinematics:

• Recall that “2” is the outgoing neutrino which we take to be massless
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Now Consider the l=µ/e

• We take the ratio of the decay rates:


• using the known masses of e/µ/π


• Experiments can measure this and obtain (1.230±0.004) x10-4


• The PIENU experiment at TRIUMF will use this to test the universality of 
the lepton coupling to the W.
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A new measurement of the branching ratio Re=μ¼Γðπþ→eþνþπþ→eþνγÞ=Γðπþ→μþνþπþ→μþνγÞ
resulted in Rexp

e=μ ¼ ½1.2344& 0.0023ðstatÞ & 0.0019ðsystÞ' × 10−4. This is in agreement with the standard
model prediction and improves the test of electron-muon universality to the level of 0.1%.

DOI: 10.1103/PhysRevLett.115.071801 PACS numbers: 13.20.Cz, 14.40.Be, 14.60.St, 14.80.-j

The standard model (SM) assumes equal electroweak
couplings of the three lepton generations, a hypothesis
known as lepton universality which is studied in high-
precision measurements of π; K; τ; B, and W decays. A
recent measurement of Bþ → Kþlþl− decays [1], where l
represents e or μ, hinted at a possible violation of e-μ
universality in second-order weak interactions that involve
neutral and charged currents. The branching ratio of pion
decays, Re=μ ¼ Γ½ðπ → eνðγÞ'=Γ½ðπ → μνðγÞ', where ðγÞ
indicates inclusion of associated radiative decays, has
been calculated in the SM with extraordinary precision
to be RSM

e=μ ¼ ð1.2352& 0.0002Þ × 10−4 [2,3]. Comparison
with the latest experimental values Rexp

e=μ ¼ ½1.2265&
0.0034ðstatÞ & 0.0044ðsystÞ' × 10−4 [4] and Rexp

e=μ ¼
½1.2346& 0.0035ðstatÞ & 0.0036ðsystÞ' × 10−4 [5] has
provided one of the best tests of e-μ universality in weak
interactions for the charged current at the 0.2% level giving
sensitivity to new physics beyond the SM up to mass scales
of Oð500Þ TeV [3]. Examples of new physics probed
include R-parity violating supersymmetry [6], extra leptons
[7], and leptoquarks [8]. In this Letter, we present the first
results from the PIENU experiment, which improve on the
precision of Rexp

e=μ and the test of e-μ universality.
The branching ratio Re=μ is obtained from the ratio of

positron yields from the πþ → eþνðγÞ decay (total positron
energy Eeþ ¼ 69.8 MeV) and the πþ → μþνðγÞ decay

followed by the μþ → eþνν̄ðγÞ decay (πþ → μþ → eþ,
Eeþ ¼ 0.5–52.8 MeV) using pions at rest. Figure 1 shows a
schematic view of the apparatus [9] in which a 75-MeV=c
πþ beam from the TRIUMF M13 channel [10] was
degraded by two thin plastic scintillators B1 and B2 and
stopped in an 8-mm-thick scintillator target (B3) at a rate of
5 × 104 πþ=s. Pion tracking was provided by wire cham-
bers (WC1 and WC2) at the exit of the beam line and two
(x,y) sets of single-sided 0.3-mm-thick planes of silicon
strip detectors S1 and S2 located immediately upstream
of B3.

FIG. 1. Top half cross section of the PIENU detector. The
cylindrical NaIðTlÞ crystal is surrounded by a cylindrical array of
CsI crystals as described in the text.
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The positron calorimeter, 19 radiation lengths (r.l.) thick,
placed on the beam axis consisted of a 48-cm (diam)
×48-cm (length) single-crystal NaIðTlÞ detector [11]
preceded by two thin plastic scintillators (T1 and T2).
Two concentric layers of pure CsI crystals [12] (9 r.l.
radially, 97 crystals total) surrounded the NaIðTlÞ crystal
to capture electromagnetic showers. Positron tracking was
done by an (x; y) pair of Si-strip detectors (S3) and wire
chambers (WC3) in front of the NaIðTlÞ crystal.
A positron signal defined by a T1 and T2 coincidence,

occurring in a time window −300 to 540 ns with respect to
the incoming pion, was the basis of the main trigger logic.
This was prescaled by a factor of 16 to form an unbiased
trigger (prescaled trigger). Events in an early time window
6–46 ns and high-energy (HE) events with Eeþ > 46 MeV
in the calorimeter provided other triggers (early and HE
triggers), which included most πþ → eþν decays. The
typical trigger rate (including monitor triggers) was 600 Hz.
Events originating from stopped pions were selected

based on their energy losses in B1 and B2. Any events with
extra activity in the beam and positron counters (B1, B2,
T1, and T2) in the time region of −7 to 1.5 μs with respect
to the pion stop were rejected. About 40% of events
survived the cuts. A fiducial cut for positrons entering
the NaIðTlÞ detector required a track at WC3 to be within
60 mm of the beam axis to reduce electromagnetic shower
leakage from the crystal.
The summed NaIðTlÞ and CsI energy for positrons in

the time region 5–35 ns is shown in Fig. 2. The time spectra
for events in the low- and high-energy regions separated at
Ecut ¼ 52 MeV are shown in Fig. 3. Events satisfying the
early trigger or prescaled trigger filled the low-energy
histogram [Fig. 3(a)], and HE-trigger events filled the
high-energy histogram [Fig. 3(b)]. There were 4 × 105

πþ → eþν events at this stage. The raw branching ratio was
determined from the simultaneous fit of these timing
distributions. To reduce possible bias, the raw branching

ratio was shifted (“blinded”) by a hidden random value
within 1%. Prior to unblinding, all cuts and corrections
were determined, and the stability of the result against
variations of each cut was reflected in the systematic
uncertainty estimate.
In the low-energy time spectrum, the main components

were πþ → μþ → eþ decays at rest (L1), μþ → eþνν̄
decays (L2, about 1% of L1) after decays in flight of
pions (πDIF) and decays coming from previously stopped
(“old”) muons remaining in the target area (L3):

L1∶FL1 ¼
λπλμ
λπ−λμ

ðe−λμt − e−λπtÞ for t > 0;

L2∶FL2 ¼ λμe−λμt for t > 0; and
L3∶FL3 ¼ λμe−λμt for any t:

The distribution coming from the presence of plural
muons in the target area was estimated to be < 0.01% and
was ignored in the fit. The low-energy fraction of πþ →
eþν events due to shower leakage and radiative decays was
also negligible in the low-energy time spectrum fit.
The primary time distribution component in the

high-energy region was the πþ → eþν decay (H1:
FH1 ¼ λπe−λπ t for t > 0). The amplitude of H1 also
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FIG. 2. Energy spectra of positrons in the time region 5–35 ns
without and with (shaded) background-suppression cuts (see the
text). The vertical line at 52 MeV indicates the Ecut position.
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FIG. 3 (color online). Time spectra of positrons (thin line
histograms) in the (a) low- and (b) high-energy regions separated
at Ecut. The notches at t ¼ 0 ns are due to a veto for prompt pion
decays, and the peak at −3 ns in (b) is due to positrons in the
beam. Each curve labeled with the corresponding component
described in the text indicates the amplitude in the fit. L1 and part
of L3 significantly overlap with the data. The thick solid line in
(b) for t < 0 ns shows the fit. The fit for the other regions is
almost indistinguishable from the data and is omitted here.
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The positron calorimeter, 19 radiation lengths (r.l.) thick,
placed on the beam axis consisted of a 48-cm (diam)
×48-cm (length) single-crystal NaIðTlÞ detector [11]
preceded by two thin plastic scintillators (T1 and T2).
Two concentric layers of pure CsI crystals [12] (9 r.l.
radially, 97 crystals total) surrounded the NaIðTlÞ crystal
to capture electromagnetic showers. Positron tracking was
done by an (x; y) pair of Si-strip detectors (S3) and wire
chambers (WC3) in front of the NaIðTlÞ crystal.
A positron signal defined by a T1 and T2 coincidence,

occurring in a time window −300 to 540 ns with respect to
the incoming pion, was the basis of the main trigger logic.
This was prescaled by a factor of 16 to form an unbiased
trigger (prescaled trigger). Events in an early time window
6–46 ns and high-energy (HE) events with Eeþ > 46 MeV
in the calorimeter provided other triggers (early and HE
triggers), which included most πþ → eþν decays. The
typical trigger rate (including monitor triggers) was 600 Hz.
Events originating from stopped pions were selected

based on their energy losses in B1 and B2. Any events with
extra activity in the beam and positron counters (B1, B2,
T1, and T2) in the time region of −7 to 1.5 μs with respect
to the pion stop were rejected. About 40% of events
survived the cuts. A fiducial cut for positrons entering
the NaIðTlÞ detector required a track at WC3 to be within
60 mm of the beam axis to reduce electromagnetic shower
leakage from the crystal.
The summed NaIðTlÞ and CsI energy for positrons in

the time region 5–35 ns is shown in Fig. 2. The time spectra
for events in the low- and high-energy regions separated at
Ecut ¼ 52 MeV are shown in Fig. 3. Events satisfying the
early trigger or prescaled trigger filled the low-energy
histogram [Fig. 3(a)], and HE-trigger events filled the
high-energy histogram [Fig. 3(b)]. There were 4 × 105

πþ → eþν events at this stage. The raw branching ratio was
determined from the simultaneous fit of these timing
distributions. To reduce possible bias, the raw branching

ratio was shifted (“blinded”) by a hidden random value
within 1%. Prior to unblinding, all cuts and corrections
were determined, and the stability of the result against
variations of each cut was reflected in the systematic
uncertainty estimate.
In the low-energy time spectrum, the main components

were πþ → μþ → eþ decays at rest (L1), μþ → eþνν̄
decays (L2, about 1% of L1) after decays in flight of
pions (πDIF) and decays coming from previously stopped
(“old”) muons remaining in the target area (L3):

L1∶FL1 ¼
λπλμ
λπ−λμ

ðe−λμt − e−λπtÞ for t > 0;

L2∶FL2 ¼ λμe−λμt for t > 0; and
L3∶FL3 ¼ λμe−λμt for any t:

The distribution coming from the presence of plural
muons in the target area was estimated to be < 0.01% and
was ignored in the fit. The low-energy fraction of πþ →
eþν events due to shower leakage and radiative decays was
also negligible in the low-energy time spectrum fit.
The primary time distribution component in the

high-energy region was the πþ → eþν decay (H1:
FH1 ¼ λπe−λπ t for t > 0). The amplitude of H1 also
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FIG. 3 (color online). Time spectra of positrons (thin line
histograms) in the (a) low- and (b) high-energy regions separated
at Ecut. The notches at t ¼ 0 ns are due to a veto for prompt pion
decays, and the peak at −3 ns in (b) is due to positrons in the
beam. Each curve labeled with the corresponding component
described in the text indicates the amplitude in the fit. L1 and part
of L3 significantly overlap with the data. The thick solid line in
(b) for t < 0 ns shows the fit. The fit for the other regions is
almost indistinguishable from the data and is omitted here.
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The PIENU Experiment at TRIUMF



Kaons:

• Branching fractions:

• K+→e+ + νe =  (1.582±0.007)x10-5


• K+→μ+ + νμ =  0.6356±0.0011

• Ratio = 2.49x10-5


• Can also apply to D+ and B+, but:

• electronic decay mode for D+ not observed yet (BR<8.8x10-6)

• electronic/muonic decay mode for B+ not observed yet (BR<10-6)
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Weak interactions of leptons

• We have used the following Feynman rule for the 
vertex of a leptonic weak interaction


• This had two properties:

• the neutrino and lepton must “match”

• the coupling is the same for each lepton type


• We say that the interaction is “diagonal” with 
respect to lepton flavor and that the coupling is 
“universal”
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Weak Interaction of the quarks
• We’ll step back several decades to 1963 when 

we only knew of three quarks (sort of)

• People noticed that decays of strange particles 

to non-strange particles were “slower” than 
expected


• We can compare pion and kaon decays:
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Cabibbo Angle:

• Experimentally, the ratio is more like 1.3, indicating 
that something is missing from the above analysis.


• Cabibbo introduced the “Cabibbo angle” θC

• u↔s transitions have a factor sin θC in the vertex

• u↔d transitions have a factor cos θC in the vertex

• Experimentally, θC~13.15º


• With this, Cabibbo was able to relate a host of 
decay of strange and non-strange particles

• Overall, it shows that u↔s are disfavored while 

are u↔d are favoredu
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A Problem:

• The above process should occur as K0 →µ + µ 

• But it doesn’t (or at least a rate much less 
than expected even after taking into 
account the Cabibbo factors)u
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The GIM Mechanism (1970)

• Introduce 4th quark (charm) with coupling -sin θC 

• Cancels contribution from u quark

• Formalizes idea of “generations”


• Mass eigenstates “rotated” slightly from 
“flavour” (or weak) eigenstates

u c

d s

d

 u

cos ⇥C
�igw

2
⇥

2
�µ(1� �5)

s

 u

s

 c

± sin ⇥C
�igw

2
⇤

2
�µ(1� �5)d

 c
W

W

u

d

s µ

µ

νµ

µ

µ

νµ

W

Wd

s

c

A1 � sin �C cos �C A2 ⇥ � sin �C cos �C

�
d�

s�

⇥
=

�
cos �C sin �C

� sin �C cos �C

⇥�
d
s

⇥



The “November” Revolution

• 1974: Discovery of the J/ψ meson at BNL, SLAC

• e+e- and qq collisions produce a cc state

• Confirmation of GIM model

1974 Nobel Prize in Physics 



CP Violation and the 3rd generation

• Prior to the discovery of charm, Kobayashi and Maskawa contemplated CP 
violation (discovered in 1964)


• One way to introduce CP violation is by having a complex phase 

• This will switch sign from quark ↔ antiquark, changing the amplitude

• Found no way to introduce a complex phase with 2 generations

• Concluded that three generations are needed to have complex phase


• Cabibbo matrix incorporated as upper 2x2 part of 3x3 matrix.
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How it works:

• A factor of Vab is applied for a→b transition:

• e.g. Vud refers to u → d + W+


• A factor of Vab* is applied for b→a transition

• e.g. Vud* for d → u + W-


• (I think the book has it reversed)
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Discovery and Completion of the 3rd Generation

• First indications of the third generation came from 
the discovery of the τ in 1975 (Nobel Prize 1995)


• The bottom quark (third generation quark) 1977

• Top quark in 1994

• ντ in 2000

• Experiments (BaBar/BELLE) confirm Kobayashi and 

Maskawa’s theory of CP violation

• Nobel Prize 2008 with Nambu
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The Weak Neutral Current
• The weak neutral current is mediated by the Z 

boson (MZ=91 GeV/c2)

• It also shows the parity-violating structure of 

having both vector and axial-vector couplings

• However, it is a bit more complicated than the 

case of the W (weak charged current)

• The vector and axial vector components 

depend on the type of particle

• sin2θW = 0.23126 ± 0.00005
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Z vs. γ
• Note that (almost) every interaction that can 

occur via the Z can happen via the photon

• At low energies (E << MZc2)


• Z propagator suppressed by Z mass

• EM interaction masks weak interaction


• The exception is the neutrino

• No electric charge, no EM interaction
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Observation:
• Intense anti neutrino beam produced


• Scattering of atomic electron out of nowhere observed



Z production in e+ + e- collisions

• f = e, μ, τ, q

50. Plots of cross sections and related quantities 5

σ and R in e+e− Collisions

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

1 10 10
2

σ
[m

b
]

ω

ρ

φ

ρ′

J/ψ

ψ(2S)
Υ

Z

10
-1

1

10

10
2

10
3

1 10 10
2

R
ω

ρ

φ

ρ′

J/ψ ψ(2S)

Υ

Z

√

s [GeV]
Figure 50.5: World data on the total cross section of e+e− → hadrons and the ratio R(s) = σ(e+e− → hadrons, s)/σ(e+e− → µ+µ−, s).
σ(e+e− → hadrons, s) is the experimental cross section corrected for initial state radiation and electron-positron vertex loops, σ(e+e− →
µ+µ−, s) = 4πα2(s)/3s. Data errors are total below 2 GeV and statistical above 2 GeV. The curves are an educative guide: the broken one
(green) is a naive quark-parton model prediction, and the solid one (red) is 3-loop pQCD prediction (see “Quantum Chromodynamics” section of
this Review, Eq. (9.7) or, for more details, K. G. Chetyrkin et al., Nucl. Phys. B586, 56 (2000) (Erratum ibid. B634, 413 (2002)). Breit-Wigner
parameterizations of J/ψ, ψ(2S), and Υ(nS), n = 1, 2, 3, 4 are also shown. The full list of references to the original data and the details of
the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. Corresponding computer-readable data files are available at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, May 2010.)
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Next Time

• Today:

• “helicity” suppression for weak decays

• “mixing” for quarks: 


• Cabibbo angle in 2x2 quark model

• CKM matrix for 3x3


• weak neutral curent

• Please have a look at 9.7 on electroweak unification


