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• Lecture 1
• Motivations
• Symmetries, Parity, and the Weak Interaction
• The Fermi Constant
• Muon Decay as a test of V-A theory
• Neutrons … started …

• Lecture 2
• Neutron beta decay … continued
• Parity as a tool to probe matter:  PVES
• Highly sensitive low-energy probes of New Physics
• Start … CPV and Electric Dipole Moments

• Lecture 3  
• Charged Lepton Flavor Violation
• Muon g-2



Last time we finished with …
• Having explained a new neutron 

lifetime experiment

• Having setup the experimental 
confusion of lifetimes and 
asymmetry measurements in the 
2007 timeframe

BEAM

BOTTLE

http://inspirehep.net/record/1608886


The UCN-Tau Annimation

• Load trap for 150 sec

• Clean high-energy 
ones out for  (100-400 
sec)

• The Cleaner and 
Detector (dagger) are 
raised during the 
storage time (10 –
1510 sec)

• The Detector is 
lowered to count 
remaining UCN






Why else is neutron lifetime important?
Big-Bang Nucleosynthesis  (brief)
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Why else is neutron lifetime important?
Big-Bang Nucleosynthesis  (brief)
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Etc.

Cosmic He/H Ratio Depends on 3 quantities:
1. Cooling rate of the Universe
2. Rate at which nuclear interactions occur
3. Rate at which neutrons are decaying

• THE NEUTRON LIFETIME

n LifetimeCosmic 
baryon 
density

Cosmic He 
abundance



The neutron asymmetry …
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We’ll concentrate on the 2 recent 
experiment that measured ‘big A’

But, note, there is a new major effort being launched nowish
to measure “little a” and “little b”  … called Nab



Modern Asymmetry Experiments

e- momentum

n polarization θ
“Big A”

PERKEO II
dλ/λ = 0.11%

UCNA
dλ/λ = 0.24%



2013 Update on beta decay asymmetry

UCNA:

Y
E
A
R



One more thing: Superallowed 0+  0+ Beta Decays

Z of daughter

The special case of a transition between isobaric 
analogue states, where the structure of the final 
state is very similar to the structure of the initial 
state, is referred to as "superallowed" for beta 
decay, and proceeds very quickly.



One more thing: Superallowed 0+  0+ Beta Decays

J. Hardy

Z of daughter

What is learned from this?
• Test CVC from many transitions

• & validate correction terms

• Test for Scalar current

Then, IF CVC verified:
• Precise Vud :

• Test CKM unitarity


Tests of CKM Unitarity via nuclear beta, 

muon and Kaon decays at the 0.05% level 



2017 Picture:  Lifetime, Correlations, Vud all painting a very 
consistent picture now IF we use the “precision” results only

Sorry, this plot is turned and arranged differently
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How does this story end?
• I draw the conclusion that the SM is pretty 

well tested and confirmed here, IF, the 
Beam lifetime experiments were wrong.

• Community of experts needs to resolve 
this before drawing exotic physics 
conclusions

• The Lifetime is important on its own



Topic 4
Parity as a Tool to Probe 

the Nucleon and to search 
for New Physics



The basic idea is this …
 Compare elastic scattering of Left and Right handed 

electrons on some target …
 Target could be a proton (e, p), or a deuteron (e, d), etc.
 Target could even be an electron (e,e)  “Moller” scattering

Image: Physics today

Photon has no 
handedness preference But Z boson does

Interference of processes a and b causes a tiny difference in cross 
sections vs incoming polarized electron direction



In elastic electron-proton scattering
(diverse physics probed depending on kinematics)

Proportional to the 
neutral weak axial 
form factor and 
contains 
contributions from 
the anapole
moment

Proportional to 
the Weak Charge

Our focus Proportional to the hadronic 
structure, including strange-
quark form factors

This was a major program for 
years at JLab and elsewhere, 
looking for strange quark 
contributions to the proton’s 
electric and magnetic properties







The canonical display of the running of 
sin2θW vs 4-momentum transfer Q

Direct using 
e+e- Colliders

Here in 
Boulder using 
atoms

New physics sensitivity 
is deviation from this 
expected running curve. 

The effective weak mixing angle is the fundamental parameter of parity 
violation involving the Z boson

It is expected to vary (‘run’) depending on the energy scale (E) probed by a 
given experiment.

Andrzej Czarnecki and William J. Marciano, Nature



High Energy

Let’s start with some interest at the high energies.



SLAC and CERN are 3 σ apart !  Lots of discussion….
Technicolor?  SUSY?  

J. Erler

proposed

But, then the precision measurement of the Higgs mass fixes 
the central value of sin2θW



Why is it running?
Quantum effects, particularly ‘clouds’ of quark–antiquark excitations 
surrounding the electrons at short distances, modify the mixing of the 
photon and Z boson. This causes the effective weak mixing angle to 
change slowly as a function of the energy scale probed

Andrzej Czarnecki and William J. Marciano, Nature

Higher-order quark loop 
shields the weak force 
between electrons

W loop here provides 
anti-shielding



So far, I only showed you (e,e) scattering, 
but (e,p) very important



Tribble @ NNPSS

Weak Charge Phenomenology

Roles of proton and neutron almost reversed
neutron weak charge dominant
proton weak charge nearly zero
electron weak charge nearly zero



The focus now is how precisely do things line up 
with expected running (blue line)

Many new experiments in pipeline
(the error bars are representative)

Neutrino DIS
“controversial”



Or, Dark Photons?

E.g., Next-Generation experiments sensitive to 
new, heavy, neutral current interactions?

Heavy Z’s and neutrinos, technicolor, 
compositeness, extra dimensions, SUSY…

Sensitivity to TeV-scale contact interactions if:  •δ(sin2θW) ≤ 0.5%
•away from the Z resonance 

Z0

Qweak result will 
be announced 
this summer….



Or deviations from Supersymmetry



Kumar

Most sensitive new test is:



.. This is a “stay tuned” moment …

• Qweak to announce
• Mainz program running
• MOLLER at JLAB
• SOLID at JLAB

• These things are ambitious … and will take time 
and $



Topic 5
Can low-energy 

experiments discovery 
New Physics? 



Particle Physicists ask few* questions:

* But, very important !!

1. Why mass? 
Higgs field

2. Why matter? 
New sources of CP Violation

3. Why Dark Matter
WIMP?  Axion?

4. Why this standard model?
SUSY, Dark Photons, UED, …



Often: Direct answers are found at the
Energy Frontiers

FNAL

1. Higgs !!

2. But, sources of CP?

3. Hunt for Dark Matter?

4. And, so far data is almost behaving as expected … 
And, if it was the case:   How would we interpret some kind of 
BUMP at hundreds of GeV or at a TeV?

CERN-LHC



Let’s discuss some very sensitive low-
energy experiments that might help 
resolve these questions

1. Higgs

2. CP:  no answer yet:  EDMs, 0νββ

3. Dark Matter:   so far, null

4. New Physics?  

ADMX

cLFV or Muon g-2 ?

See 
Kumar



Today: Some very sensitive experiments that 
might help resolve these questions

1. Higgs

2. CP:  no answer yet:  EDMs, 0νββ

3. Dark Matter:   so far, null

4. New Physics?  

g-2, Mu2e

ADMX

cLFV or Muon g-2 ?



What does it take to explain the Baryon 
Asymmetry of the Universe ?  (BAU)





Baryogenesis: At first, it was all about CPV 
in the CKM mass mixing matrix
 1964:  Observation of CPV in 2π decays of K0 1

 Occurs ~ 2x10-3 times per normal decay
  INTERESTING!!!  But, not enough for BAU
 Lots of great work with kaons, direct CP, direct T violation, and so 

on, but … not enough 

 What about B mesons?
 “B Factories”, experiments like BaBar and BELLE
 CP discovered there too !
 But, still not enough …

 Now what do we do?  We need “something” ?
 EDMs of paramagnetic atoms and molecules, diamagnetic 

atoms, and the neutron … oh yeah, and maybe the muon

1Christenson, Cronin, Fitch, Turlay, PRL 13: 138 (1964)



Topic 5
Time Reversal Invariance

 CP Violation
  Electric Dipole Moments



A Permanent Electric Dipole Moments violate P and T;  
thus a new source of CP Violation under assumption of 
CPT invariance.  

38



Current EDM Limits

(−2.20 ± 2.75stat ± 1.48syst) × 10−30

Graner et al,PRL 116, 161601 (2016)Many systems … mostly small





Experiments are largely the same

• Spin is only Vector in system, so
– EDM aligned with or against it 

• Measure Larmor precession frequency in a B field 
with a parallel vs anti-parallel E field.

• Example then for a neutron:
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Cold polarized neutrons enter superfluid helium vessel, 
and get stopped & trapped

Aim

Superfluid helium

n
phonon

n
polarized neutron

T = 1 meV

Incident neutrons have same energy and momentum as phonons 
in superfluid helium: they interact and stop

Spin out of 
page

So clever, it’s worth 2 minutes: S. K. Lamoreaux and R. Golub,

Aim: 2 orders of magnitude improvement 
to < 5 x 10-28 level
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Neutron spins precess because of 
external magnetic field

Superfluid helium

n

n

n

n

n

n

B0

Bpulse

hBf n /2 0µ−=
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So do spins of polarized 3He, which are also 
brought into the same vessel 

Superfluid helium

n

n

n

n

n

n

B0

3He

3He 3He

3He

3He

3He
3He

3He

3He atoms precess slightly faster* than neutrons 
(nearly same magnetic moment)
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When neutrons and 3He collide, interaction 
depends on relative spin orientations

Superfluid helium

B0

n3He

3He, n spins parallel: “no” interaction

n3He
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Superfluid helium

B0

n3He

3He, n spins anti-parallel – large reaction probabilty → p + 3H

3H p

p and 3H give off scintillation light

When neutrons and 3He collide, interaction 
depends on relative spin orientations
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Now, add external electric field: spin rate 
of neutrons affected if EDM is non-zero

Superfluid helium

n

n

n

n

n

n

B0

( ) hEdBf nn /22 00 ±−= µ

E0



49

status
• Experiment is in a long phase of technical developments

• Perhaps starting in 202x, with x a small integer

• Several other nEDM experiments going on now
– PSI 
– Others in planning



The Seattle 199Hg (atomic) EDM Measurement

4 mercury vapor Cells: 
2 with opposite E fields 
2 for B field normalization



Optical pump with polarized laser, then

Larmor precession “in the dark” to avoid influence 
of light 

Extract precession phase f at the Start of the final period and the 
End of the initial period



Latest result … 

History of Hg-199 Results



Stopping 
Point
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