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Outlook 
• PS 4 due next Tuesday

• No class on 8 December

• Will have extended office hours thereafter (will keep updated on website)


• very helpful if you can let me know in advance if you plan to come
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Last time:

• We completed our discussion of the weak CC interaction

• GIM mechanism

• considered CKM matrix elements (quark transitions)


• numeric factors depending on quark transition

• We started talking about the weak neutral current


• varying “vector”/“axial-vector” components depending on particle type

• no new calculations elements; we know how to calculate relevant traces


• Explore the weak interaction further today . . . 
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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
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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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Electroweak unification
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A b s t r a c t :  Weak and electromagnetic interactions of the leptons are examined under the hypoth- 
esis t h a t  the  weak interactions are mediated b y  vector bosons. W i t h  only an isotopic triplet 
of leptons coupled to a t r iplet  of vector  bosons (two charged decay-intermediaries and the 
photon) the ±heory possesses no partial-symmetries.  Such symmetr ies  may be established if 
additionM vector  bosons or addit ional  leptons are introduced. Since the latter possibility 
yields a theory disagreeing with experiment, the  simplest partialIy-symmetric model repro- 
ducing the  observed electromagnetic and weak interactions of leptons reqnires the existence 
of at  least four vector-boson fields (including the photon).  Corresponding partially-conserved 
quanti t ies suggest leptonic analogues to the conserved quanti t ies associated with strong inter- 
actions: strangeness and isobaric sp in .  

1. In troduct ion  

At first sight there  may be little or no similarity between electromagnetic 
effects and the phenomena associated with weak interactions. Yet certain 
remarkable parallels emerge with the supposition that  the weak interactions 
are mediated by  unstable bosons. Both interactions are universal, for only a 
single coupling constant  suffices to describe a wide class of phenomena: both 
interactions are generated by vectorial Yukawa couplings of spin-one fields t*. 
Schwinger first suggested the existence of an "isotopic" triplet of vector fields 
whose universal couplings would generate both the weak interactions and 
e lec t romagne t i sm-- the  two oppositely charged fields mediate weak interac- 
tions and the neutral  field is light 2). A certain ambiguity beclouds the self- 
interactions among the three vector bosons; these can equivalently be inter- 
preted as weak or electromagnetic couplings. The more recent accumulation of 
experimental evidence supporting the AI  = ½ rule characterizing the non- 
leptonic decay modes of strange particles indicates a need for at least one 
additional neutral  intermediary a). 

The mass of the charged intermediaries must be greater than the K-meson 
mass, but  the photon mass is zero--surelythis is thepr incipals tumblingblock 
in any  pursuit of the  analogy between hypothetical vector mesons and photons. 
It  is a stumbling block we must  overlook. To say that  the decay intermediaries 

t National Science Founda t ion  Post-Doctoral  Fellow. Present  Address: Physics Department, 
California Ins t i tu te  of Technology, Pasadena.  

t t  A scalar in termediary  is also conceivable. See ref. 1). 
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The challenges of unification
• (electroweak) unification seeks to show that electromagnetic and weak 

interactions have a common “origin”:

• The structure of the interactions are different


• The intermediaries are (very) massive in one case, massless in the other


• We will deal with the first of these issues (mass is a “stumbling block”)
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Chirality:

• What is chirality or a chiral state?

• Let’s look at some of the mathematical features


• First, the definitions:


• Note that PL and PR satisfy the conditions of “projection operators”

• PL + PR = 1

• PLPR = PRPL = 0

• PLPL = PL, PRPR = PR


• Other examples of projection operators?

uR = PRu =
1
2
(1 + �5)uuL = PLu =

1
2
(1� �5)u

Projection operators are “complete”

Projection operators are orthogonal
Once you project out a component,  

projecting further has no effect



More explicitly:

• In our chosen representation, this is what PL and PR look like


• In full 4x4 form, we have:


• Of course, all the properties from before hold for these explicit matrices
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What do they do to Dirac spinors?

• Recall our plane wave states:


• When the momentum is along the z-axis, we found that these are helicity 
states along the z-axis:


• i.e. these are eigenstates of Sz=ħ/2 Σz
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Apply the chiral projections on u(1):

• Chiral projections of the “right” helicity state:


• if m = 0 (pc=E), u(1) is a right-chiral (and helicity state) state

• If p = 0 (E=mc2), u(1) has equal parts of left- and right-chiral states
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Chiral projections of u(2)

• Applying our projection matrices:


• if m = 0 (pc=E), u(2) is a left chiral state

• if p = 0 (E=mc2), u(2) has equal parts of left- and right-chiral states
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In other words:

• For a particle at rest:

• Helicity eigenstates consists of equal parts 

of chiral states

• Chiral states consist of equal parts of each 

helicity

• For a massless particle (or E>>mc2)


• Left/right helicity states correspond to left/
right chiral states.


• In general, a left chiral particle has:

• probability (1 - β )/2 of being right-helicity

• probability (1 + β)/2 of being left-helicity


• Since weak interactions couple only to left-
chiral states, polarization (right-left helicity) 
goes as -β
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Fig. 3. Experimental results of polarization 

measurements for 45Ca. Polarization P is 

given in units of - v / c  

Fig. 4. Experimental results of polarization 

measurements for a4VPm. Polarization P is 

given in units of -v/c .  Also shown are the 

experimental results of other groups 

Fig. 5. Experimental results of polarization 

measurements of z~ Polarization P is 

given in units of -v /c  

rors most  probably an insufficient source depolariza- 

tion correction. The total measuring time was 3800 h. 

For  the next type of/~--transit ion,  the unique first 

forbidden ones, we chose 2~ as isotope to be mea- 

sured. But due to the high Z of z~ depolarization 

in the source is rather high and we had to use a 

very thin source (see Table 1). The statistical errors 

therefore were higher than those of the Pro-measure- 

ments. Nevertheless, from our measurements we can 

clearly confirm the -v/c-law. The total measuring 

time was 3110h. 

Influence of Nuclear Structure- 

and Renorrnalization Effects 

From the results of the first non-unique forbidden 

transition of a47Pm the influence of nuclear structure- 



Chiral States:

• Consider a weak interaction “current”:

• Redefine the vertex so that the γ5 

structure is part of the fermion


• We can go further:
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Relation to EM interactions

• We can work on the electromagnetic side now

• Having defined “uL”, we can also define “uR”

• We then have 
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Now Compare Weak CC and EM:

• Electromagnetic and weak interactions have the same structure if we 
specify the chirality of the fermions. Weak interactions are missing a 
coupling to right-chirality particles that are present in the electromagnetic 
interactions.


• We’ll start labeling spinor states by the particle species:


• Define “currents”:
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Building the structure of the weak interaction

• Up until now, the transition from νe ↔ e has 
been somewhat ad-hoc


• We now formalize this transition by defining 
a doublet structure to contain the fermions


• and defining two operators to enact the 
transitions:


• Then we can write the currents as:
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A third current:

• Where did τ+ and τ- come from?

• Recall that the raising/lowering operators


• where τ are Pauli matrices (relabeled to avoid confusion with spin)

• Evidently, the weak charged currents are effected in a two-dimensional 

spinor space with SU(2) matrices (yet another space!)

• This means there should be a third transformation associated with τ3


• The third current is given by:
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EM as the Weak NC?

• Why can’t the photon be the neutral current?


• Note that there is an “orthogonal” current:


• Mathematically, two left-chiral weak isospin 1/2 objects have produced a


• spin 1 triplet


• We can also add in a right handed component


• which is also  spin 0 singlet.
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Diagramatically:
• Thus far, we have three interactions associated with the three τ matrices:


• characterized by a single coupling g

• We introduced one more interaction


• historically called “weak hypercharge” 

• separate coupling strength (g’/2)
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Electroweak mixing

• The charged currents have the structure we want:


• but the neutral currents do not (they don’t look like Z/γ):


• Define the A, Z particles to be linear combinations of W3 and B
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ēL�µeL)

i
g�

2
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Creating the Photon:

• The choice of “A” and “Z” was deliberate.

• Can we make “A” have the properties of the photon:


• No coupling to neutrinos (no charge)

• Equal coupling to eL and eR


• If g sinθW  = g’ cosθW  = ge:
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Consequences for the Z:

• if we define
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What did we do?

• We defined chiral states of our fermions

• “pre-selects” particles that undergo the weak charged current 

• Placed “left” components of the chiral states into doublets of weak isospin

• “right” components are on their own: 


• isospin “singlets” do not undergo the weak charged current interaction

• Based on the isospin, three ways of transforming the isospin: 


• W1 W2 correspond to the weak charged current. 

• W3 is a neutral current, but it doesn’t quite have the property of the Z


• Introduce another neutral current interaction with the “B” boson

• This has a separate coupling g’ to “weak hypercharge”


• The A/Z are linear combinations of W3 and B appropriately chosen to 
reproduce the known properties of the A and Z



Some observations:

• Note that left-chiral particles are endowed with the weak charged current 
coupling by placing them in isospin doublets transformed by the τ matrices

• The transformative property is the interaction. Thus we talk about how 

particles “transform under SU(2)” to determine their interaction with the W

• Singlets (not in SU(2) n-plets) do not transform: no interaction

• Generalized notion of charge


• The electroweak “unification” may seem just like bookkeeping

• In some sense it is.

• But it relates electromagnetic and weak interactions in a non-trivial way 

with a single parameter θW



Extending to other particles:

• We have set up a electroweak theory of a lepton and its neutrino:

• Make three copies for the three generations of neutrinos/leptons


• For quarks, make similar isospin doublets of chiral fields:


• “Right” chiral fields are on their own again, don’t interact via the weak CC


• Assign weak isospin to get the right charge:


• Complete theory of the electroweak interactions of quarks and leptons
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Relations:

• Recall that the muon decay rate involves the W mass and gW:


• NC processes involve the Z mass (neutrino elastic scattering)


• Now we have a relation between ge/gW/gZ

� =
�

mµgW

MW

⇥4 mµc2

12�(8�)3

gZ =
ge

sin �W cos �W
=

g

cos �W
=

g�

sin �W

⇥ =
2
3�

(�c)2
�

gZ

2MZc2

⇥4

E2(c2
V + c2

A + cV cA)



Conclusions

• The weak and electromagnetic interactions arise from a strange mixture of 
two interactions

• “Weak” sector with three bosons

• “Hypercharge” sector with one boson


• The weak charged current is a pure manifestation of the “weak” sector

• The weak neutral current,electromagnetic interaction are a hybrid of the two

• This introduces nontrivial relations between the weak CC, NC, and EM 

interactions called “electroweak mixing” or “electroweak unification”


