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O D D  F E AT U R E S  O F  W E A K  I N T E R A C T I O N

• Heavy gauge bosons  

• “Chirality” associated with γ5 

• projects helicity states in the limit of massless particles 

• revisit today 

• Flavor change 

• unitarity of “mixing” 

• introduce today
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• Quark Fermion leg


• Propagator



C A R RY I N G  O U T  T H E  C A L C U L AT I O N
• As before, we consider the various 

helicity combinations . . .  

• assume decay occurs along the z-axis 

• but some interesting things happen
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B A C K  T O  M AT R I X  E L E M E N T

• if pion is at rest, only p0 matters(= mπ) 

• ignore µ≠0 

• ū γµ = u†γ0 γµ → u† 

• we only need to consider v↑2
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S O M E  K I N E M AT I C S
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D E C AY  R AT E
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R AT I O S :
• Consider the two decays: 

• π-→e- + νe 

• π-→µ- + νµ  

• Using the masses 

• mπ = 139.57 MeV 

• mμ = 105.65 MeV 

• me =  0.511 MeV
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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. 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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F O R M  O F  I N T E R A C T I O N
• We said this is a “vector - axial vector” interaction 

• What would a: 

• vector interaction look like? 

• scalar interaction? 

• The form of the interaction affects the decay rate 

• if we assume a scalar interaction we would get 
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H E L I C I T Y  S U P P R E S S I O N
• For massless particles, chiral states are also helicity states, i.e. 

• we concluded 

• but we also concluded 

• i.e. antineutrino is right helicity, muon is left helicity 

• impossible to conserve angular momentum so the decay will not happen! 

• this is apparent also from the matrix element 

• The decay only happens to the extent that the chiral projection of 
one of the particles departs from a helicity state due to its mass. 

• the closer the particles are to the massless limit, the more suppression

1

2
(1� �5)v2 ) v2"

M =
g2W f⇡m⇡

4M2
W

p
E3 +m3

p
|p3|

✓
1� |p3|

E3 +m3

◆

ū3
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E X A M P L E :  K A O N  D E C AY
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• Lepton fermion leg


• Quark Fermion leg


• Propagator
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W E A K  C C  F O R  L E P T O N S

• Reasonably simple 

• charged lepton connects to 
corresponding neutrino
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W E A K  I N T E R A C T I O N  O F  Q U A R K S
• Step back to 1960s when we “knew” of 

three quarks 

• Noticed that decays of “strange’ particles 
was much slower than expected 

• We can compare pion/kaon decays
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C A B I B B O  A N G L E
• Experiments find that this ratio is more like 

1.3, indicating that something is wrong 
with our picture 

• Cabbibo postulated that: 

• d ↔ u transitions scaled by factor of cos θc 

• s ↔ u transitions scaled by factor of sin θc 

• experimentally θc ~ 13° 

• Cabibbo was able to relate a host of decay 
rates for strange and non-strange particles 
with a single parameter 

• “Cabibbo favored”: decays with cos θc factor 

• “Cabibbo suppressed”: decays with sin θc 
factor
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S T I L L  A  P R O B L E M

• Above process should happen as K0→μ++μ- 

• but its branching fraction (<10-8) is much lower 
than expected,  even after considering Cabibbo 
factors
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G I M  M E C H A N I S M

• Introduce a fourth quark 

• “charm” that cancels contribution from u quark 

• “Mixing” 

• mass eigenstates (conventional name for quarks) are linear combination 
of “flavor eigenstates” as indicated above 

• d’ is defined as state that couples to u via the W boson 

• s’ is defined as state that couples to c via W boson
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T H E  N O V E M B E R  R E V O L U T I O N
• 1974: Discovery of the J/ψ particle 

• evidence of a bound state with a heavy quark 

• Brought together many elements of what we 
call the standard model 

• quarks, gauge theory, etc



T O WA R D S  T H R E E  G E N E R AT I O N S
• Prior to the discovery of the Charm quark, 

Kobayashi and Maskawa contemplated the 
possibility of six quarks (three generations) in 1964 

• Generalize Cabibbo angle to 3x3 matrix relating 
mass/flavor states 

• Apply 

• factor of Vab* for a→b transition 

• factor of Vab  for b→a transition 

• note that antiquark transitions are complex 
conjugated relative to quark transitions 

• “just follow the arrows”
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G I M  M E C H A N I S M  I N  C K M

• In general, “flavor changing neutral currents” that proceed 
via a loop and two CC transitions will have this suppression 

• “Nature abhors flavour changing neutral currents”
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T H R E E  S U P P R E S S I O N  M E C H A N I S M S
• (coupling constant) 

• Propagator 

• Helicity Suppression 

• GIM suppression 

• When are they (not) in effect?



C O N C L U S I O N S
• Please read 12.1, 12.2, 14.1-3, 14.7


