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Precision electroweak physics in e+e- -> Z0

In the 1990s, 2 facilities made the most precise tests of the
neutral current weak interaction, via e+e- -> Z0:
LEP at CERN (4 detectors: ALEPH, DELPHI, L3, OPAL)
SLC at SLAC (1 detector: SLD) 

LEP collected 18 million Z0 decays; 
SLD 500,000 Z0s, 
but with polarized electrons.
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“giant” resonance (by particle physics
Standards)

LEP/SLD also measured “Z pole asymmetries”

LEP made very precise measurements
of the resonance:
mZ = 91.187 GeV      ΓZ = 2.495 GeV



Parameters of the electroweak theory
All W,Z masses, self-couplings, and couplings to leptons,
and Z couplings to quarks,  depend on just 3 parameters: 

g,   g’,   v

Trade these for the 3 most precisely measured quantities:

1)  Muon lifetime: 
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Predict all other quantities using GF, mZ, α as inputs.



Precision electroweak tests

Slight problem regarding α input:    Measure α(0), but what
appears in electroweak formulas is               α(mZ) = α(0) + ∆α
Part of “running” due to quarks/hadrons cannot be
reliably calculated, though experiment can be used.

Net result is that 
fractional uncertainty is
δα(mZ)/α(mZ) ~ 2 – 7 x 10-4,
significantly bigger than
δmZ/mZ ~ 2.4 x 10-5

δGF/GF ~ 9 x 10-6

Next, test theory with additional quantities 
that can be predicted/measured accurately:
mW,   ΓZ,   σhad,   Br(Z -> l+l-),   Br(Z -> bb), 

AFB(Z -> l+l-),   AFB(Z -> bb), 
plus Z pole asymmetries with polarized electrons,
plus a few “low energy” measurements: 
atomic parity violation,  neutrino scattering.

-
-



Precision electroweak tests (cont.)

Tests are of sufficient accuracy that loop calculations are required
-> more parameters enter.
1) Strong coupling constant: αS(mZ) = 0.118 +- 0.005  

can be obtained from 3 jet rates.
2) Top quark mass:  mt = 175 +- 5 GeV    from the Tevatron
3) Higgs boson mass MH = ???   
One of the main goals of a fit to all the electroweak data

tProblem is that while top quark 
contributions enters 
quadratically, ~ αW (mt/mZ )2 ,

Higgs contribution only 
enters logarithmically,
~ αW ln(mH/mZ )



Left-right asymmetry for e+e- -> Z0 -> anything
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Experimentally, electron polarization is Pe< 100%, measure: 
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SLD, with 500,000 Z0s, measured:
002.0151.0 ±=LRA

0002.02310.0sin2 ±== WWs θ
Through loop diagrams, constrains mHiggs< 200 GeV



Polarized forward-backward asymmetry for e+e- -> Z0 -> bb
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Again can use QED helicity amplitudes,
“dressed” with appropriate weak couplings:
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Measured at SLD

LEP measured the
same asymmetry,
but with unpolarized
electrons & positrons.



Polarized forward-backward asymmetry for e+e- -> Z0 -> bb
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But b vs. b tagging is not perfect. 
Use (for example) vertex charge,
~ 80% probability of getting b
sign right.
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Polarized forward-backward asymmetry for e+e- -> Z0 -> bb
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Including 80% tagging probability:
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Data provide one of best measurements of Zbb coupling
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Quark mixing and the CKM matrix

ll ⇔νRecall the charged leptonic weak current paired 
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The charged quark weak current is a bit different 
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Same SU(2) structure for quarks, but lower component of doublet
is a linear combination of d, s, b     - denoted d’,s’, b’



Why is that? 

Write mass terms for up- and down- type quarks as:
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We diagonalize the mass terms by unitary transformations
on the L and R quark fields:
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But then the charged weak current becomes off-diagonal:
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V is a unitary 3 x 3 matrix, called the Cabibbo-Kobayashi-Maskawa
(CKM) matrix.



To summarize: The charged quark weak current is given by 
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Note that the same phenomenon does not happen for quark
neutral currents because 

i
L

i
L

j
Lij

u
L

u
L

i
L

i
L

i
L uuuUUuuu µµµ γγγ ≡→ + ])[( etc.

-> No tree-level flavor-changing neutral currents (GIM mechanism)



Experimental values of the CKM quark mixing matrix
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Note that the diagonal elements are approximately 1 
while the off-diagonal elements are 1,2 or 3 orders of magnitude smaller

btscdu →→→   , , transitions are favored

ubcbus →→→   , , transitions are suppressed

->   K and B mesons will be rather long-lived

The mixing happens because up and down quarks both have mass. 
Since neutrinos have mass the same mixing is possible in the lepton sector
- called the Maki-Nakagawa-Sakata(-Pontecorvo) [MNS(P)]  matrix.



Neutral Meson Mixing via Box Diagrams
(c.f. presentations by Evan Kirby (K) & Adam Edwards (B))
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The weak interactions (and the long lifetimes of K and B)
allow neutral mesons to be converted to anti-mesons



CP Violation

Recall that parity violation in the weak interactions was related to the 
fact that left-handed fermions interact, right-handed fermions don’t.
Opposite for anti-fermions.
In fact, there is no right-handed neutrino (left-handed anti-neutrino)
in the Standard Model.

Parity turns interacting left-handed neutrino into 
non-interacting right-handed neutrino (which need not exist)
-> not a symmetry:

ν
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ν



Charge Conjugation Symmetry

Another discrete symmetry is called charge conjugation symmetry (C).
This is the operation of turning particle into antiparticle. The charge
is reversed but the helicity is unchanged.   For convenience we also
rotate the neutrino direction around:

C

ν ν



Combine C and P to get CP

CP turns left-handed neutrino into right-handed antineutrino which
does exist and interacts weakly. 
Weak interactions are almost invariant under CP.
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How is CP violated in the Standard Model?

The only violation (apart from the “strong CP problem”, about which
we shall say no more) is in the charged current weak interaction,
if the CKM matrix V contains a nonzero phase, so it cannot be made real.
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Neutral Meson Mixing revisited
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CP symmetry of Interactions
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So the CP eigenstates are linear combinations 

Weak interactions almost conserve CP so beginning and final states of weak
decays must be eigenstates of CP but in mixing   
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CP Violation in K system (c.f. Evan Kirby’s presentation)

Cronin et al.’s observation of KL -> ππ
can be interpreted as CP violation due to mixing:
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CP Violation in B system

Described in analogous way.  However,     and  LS BB
have almost identical lifetimes, so you can’t wait for SB
to decay away.  Instead, look for CP violation in 
interference between mixing and decay to CP eigenstate f
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CP Violation in B system (cont.)

CP odd.   Measures one of the angles, β, of the “unitarity triangle” 



CP Violation in B system (cont.)
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Different fCP asymmetries measure different 
angles of the “unitarity triangle” - apex is at (ρ,η).
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There are several other ways to measure the sides, etc.
- goal is to overconstrain it, look for a contradiction.
- Some hints already, but nothing definitive yet.



Why is there CP violation?

The laws of physics are symmetric in matter <-> antimatter except for
CP violation.  So if Big Bang starts without a matter-antimatter asymmetry,
we would not exist: there would remain equal amounts of matter and antimatter,
which would annihilate efficiently, if not segregated on large scales.

However, we observe universe to made entirely of matter (as far as 
we can measure or infer it astronomically )

CP violation seems to be required to allow our universe to exist.  On the other
hand, the CP violation in the Standard Model does not appear to be sufficient.
This is one of the prime motivations for the CP violation studies being carried
out at the SLAC and KEK B factories (and in other experiments now in planning
or construction). 



Conclusion

We have outlined the basic ingredients of modern particle physics

- Relativistic Quantum Mechanics
- QED, QCD and the Electroweak interaction
- The underlying symmetries to make sense of the structure of

the interactions

- The experimental devices used to establish these theories

There are many open questions:   
- Where is the Higgs boson? 
- Why are there 3 generations? 
- Can we understand the origin of matter-antimatter asymmetry? 

But we do have a firm foundation for understanding the basic
interactions of the constituents of matter:

The Standard Model of Particle Physics:   SU(3)c x SU(2)L x U(1)Y



Final Thoughts


