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¢ƘŜǊŜ ƛǎ ŀ ƭƻǘ ƻŦ t± ǇƘȅǎƛŎǎ ƻǳǘ ǘƘŜǊŜ Χ  

The stated topic of Parity Violation is huge!

Here is what I will not be talking about, but these are no less significant/important:

Å Atomic parity violation

Å Hadronic PV at low to very low energies

Å PVES in nucleon structure physics (form factors, etc.)

Å Hadronic PV measurements at higher energies are not discussed (collider physics, e.g. future EIC physics)

Å PV measurements on resonances are also not discussed (LHC, e+e- colliders, etc.)
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Outline

Å Introduction / for context
Å Introduction to PV / some basic theory ς brief summary (make you feel relaxed since you already know all this)
Å Motivation (why use PV:  BYSM tests, Astro-physics)
Å Experiments (historical view)

Å Modern PVES experiments 
Å Basic measurement principle (helicity reversal, detection mode, asymmetries)
Å Accelerators and sources (what qualities do we need)
Å Basic experimental components (the basics of how to take the measurement)

Å Measurement details
Å Beam properties and diagnostics 
Å Targets
Å Spectrometers 
Å Acceptance defining collimators
Å Detectors
Å Asymmetries
Å Tracking 
Å Systematic effects
Å Analysis 
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Parity Violation (a brief summary)

Parity violation in beta decay (Columbia U.): 

Å T-D. Lee and C-N. Yang proposed to test the weak interaction for parity violation (1956) 

Å C-{Φ ²ǳ όάaŀŘŀƳέ ²ǳύ ƻōǎŜǊǾŜǎ ǇŀǊƛǘȅ Ǿƛƻƭŀǘƛƻƴ ƛƴ ōŜǘŀ ŘŜŎŀȅ ƻŦ φπὅέ (not the earliest observation ς 1928  by R.T. Cox et al.)

In the decay of nuclei with spins aligned in a strong magnetic field and cooled to 0.01° ὑ

It was found that electrons were emitted predominantly in direction (a), opposite the φπὅέ spin. 

If parity were conserved one would expect (a) and (b) to be equally probable.
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Parity Violation (a brief summary)

Parity violation in beta decay (Columbia U.): 

Å The intensity of emitted electrons from φπὅέ was found to be consistent with the angular distribution:

The polarization or helicity is defined as:

For ╘ denoting the detector signal intensity for emission parallel and anti-parallel to the momentum.

PV Experimental amplitudes are formed from a product axial and polar vectors: ▼ẗ▬ 

²Ŝ Ŏŀƴ ƛƴŘǳŎŜ ŀ ǇŀǊƛǘȅ άǘǊŀƴǎŦƻǊƳŀǘƛƻƴέ ŜƛǘƘŜǊ ōȅ ǎǇƛƴ ǊŜǾŜǊǎŀƭ ƻǊ ƳƻƳŜƴǘǳƳ ǊŜǾŜǊǎŀƭΣ ƻǊ ōƻǘƘ όƴƻǘ ǎƛƳǳƭǘŀƴŜƻǳǎƭȅύΦ
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Parity Violation (a brief summary)

Parity violation in beta decay (Columbia U.): 

Experimentally one finds:

  

 and

  

Neutrinos (setting ά π O ὺ ὧ ) are fully polarised along the axis of motion with  Ὤ ρ.

Experimentally find neutrinos are always Ὤ ρ      Ҧ 'Left-Handed'

Anti-neutrinos have Ὤ ρ.

Ὢ ρÆÏÒὩ ᴼ Ὤ
ὺ

ὧ
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Parity Violation (a brief summary)

A model to describe (some of) the observations: 

Fermi's theory of Weak 
 Interactions (1930s) 
 had a point-like interaction.

 Fermi Coupling constant   GF

 Ҧ ΨǎǘǊŜƴƎǘƘΨ ƻŦ ǘƘŜ ²Ŝŀƪ ƛƴǘŜǊŀŎǘƛƻƴ

 Modern interpretation:

 Weak Interaction due to W° and Z0(not shown) boson exchange. Short range (previously thought 
point-like) due to large ~80 GeV (~100 GeV for Z0) mass.

╜╦
╖╕ᴼ▌▌Љ

╜╦
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Parity Violation (a brief summary)

A model to describe (some of) the observations: 

Either no spin transfer    or there is spin transfer
Between initial and final state:   between initial and final state:

W has momentum but   W has momentum and
no angular momentum    angular momentum
­  Vector coupling    ­  Axial Vector coupling

  Experimentally it is found that ▌╥ ▌═
     
    ­  V-A interaction

V+A not ruled out by current Standard Model

Charged current leptons
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Parity Violation (a brief summary)

A model to describe (some of) the observations: 

Dirac equation
(Describes relativistic 

spin ½ particles)

Maxwellôs Equations
(Describes neutral mass-less spin 1 

particles) 

Maxwell-like Equations, but with 

a modified field strength tensor
(Describes ñchargedò mass-less spin 1 

particles)

Proca Equation (Klein-Gordon 

with sources or Maxwell with 

mass term) (Describes massive spin 1 

particles) 

Klein-Gordon Equation

(Describes massive spin 0 particles) 

Graphics adapted from Wikipedia:Licensed under CC BY-SA 4.0 via Wikimedia Commons

Graphics adapted from Wikipedia:
Licensed under CC BY-SA 4.0 via Wikimedia Commons

http://commons.wikimedia.org/wiki/File:Beta_spectrum_of_RaE.jpg#/media/File:Beta_spectrum_of_RaE.jpg
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Parity Violation (a brief summary)

A model to describe the observations: 

Experimental fact: The Weak interaction is not invariant under parity transformation. How to put this into the model?

Left and right handedness: 

The Dirac equation turns out to have the correct transformation behavior under parity:

Turns out, the left and right-handed ǇǊƻƧŜŎǘƛƻƴǎ ƻŦ ǘƘŜ ǎƻƭǳǘƛƻƴǎ ǘƻ ǘƘŜ 5ƛǊŀŎ Ŝǉǳŀǘƛƻƴ ƘŀǾŜ ǘƘŜ άŎƻǊǊŜŎǘέ behaviour:

  Particles:

  Anti-particles 

╟╡ ♬   ╟╛ ♬ ⱶ ╟╡ ╟╛ⱶ ⱶ╡ ⱶ╛ ♬ ⱶ ♬ ⱶ╟╡ ╟╛ ╘

Ὥ‎‬ ά ‪ π

ɩ

ρ π π π
π ρ π π
π π ρ π
π π π ρ

‎

ɩ ‪ ὸȟ▬ȟ● ‪ ὸȟ▬ȟ●

ɩ ‪ ὸȟ▬ȟ● ‪ ὸȟ▬ȟ●
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Parity Violation (a brief summary)

A model to describe the observations: 

Experimental fact: The Weak interaction is not invariant under parity transformation. How to put this into the model?

Left and right handedness: 

Turns out, the left and right-handed ǇǊƻƧŜŎǘƛƻƴǎ ƻŦ ǘƘŜ ǎƻƭǳǘƛƻƴǎ ǘƻ ǘƘŜ 5ƛǊŀŎ Ŝǉǳŀǘƛƻƴ ƘŀǾŜ ǘƘŜ άŎƻǊǊŜŎǘέ behaviour:

  Particles:     Anti-Particles:    

ⱶ╡ ♬ ⱶ

ⱶ╛ ♬ ⱶ

ⱶ
╡
ⱶ ♬

ⱶ
╛
ⱶ ♬

ⱶ╡ ♬ ⱶ

ⱶ
╡
ⱶ ♬

ⱶ╛ ♬ ⱶ

ⱶ
╛
ⱶ ♬
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Parity Violation (a brief summary)

A model to describe the observations: 

Intrinsic Parities of fundamental (Dirac) particles:

Using the Dirac equation one can show that (within that model) all spin ½ particles have opposite parity to spin ½ anti-particles. 

All spin-½ particles have ɩ ρ :

And anti-particles have ɩ ρ :

Also, 

For the Spin 1 bosons: ♬ ▌■◊▫▪ ╦ ╦ ╩

ⱨ ▲ Ⱳ Ⱨ ▄

ȇⱨ ȇ▲ Ⱳ Ⱨ ▄

Ὥ‎‬ ά ‪ π

ɩ

ρ π π π
π ρ π π
π π ρ π
π π π ρ

‎

ɩ ‪ ὸȟ▬ȟ● ‪ ὸȟ▬ȟ●

ɩ ‪ ὸȟ▬ȟ● ‪ ὸȟ▬ȟ●
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Parity Violation (a brief summary)

A model to describe the observations: 

Particle currents:

One can prove (W. Pauli) that the following bilinear currents are the only ones needed to form any particle interaction of this type 
(they are a complete set and form a basis): 

  Type   Form    Parity

Å Scalar     even 

Å Pseudoscalar     odd 

Å Vector     even  

Å Pseudovector     odd

Å Tensor     even 

ⱶⱶ

ⱶ♬ⱶ

ⱶ♬Ⱨⱶ

ⱶ♬Ⱨ♬ⱶ

ⱶⱭⱧⱨⱶ
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Parity Violation (a brief summary)

A model to describe the observations: 

Parity violating particle currents:

So we can write down the following currents that transform under parity in a well-defined way:

ParticlesO Particles:

Anti-ParticlesO Anti-Particles:

Anti-ParticlesO Particles:

ParticlesO Anti-Particles:

ⱶ
╛
♬Ⱨⱶ╛ ⱶ♬Ⱨ ♬ ⱶ ⱶ

╡
♬Ⱨⱶ╡ ⱶ♬Ⱨ ♬ ⱶ

ⱶ
╛
♬Ⱨⱶ╛ ⱶ♬Ⱨ ♬ ⱶ

ⱶ
╡
♬Ⱨⱶ╛ ⱶ♬Ⱨ ♬ ⱶ

ⱶ
╡
♬Ⱨⱶ╡ ⱶ♬Ⱨ ♬ ⱶ

ⱶ
╛
♬Ⱨⱶ╡ ⱶ♬Ⱨ ♬ ⱶ

ⱶ
╡
♬Ⱨⱶ╛ ⱶ♬Ⱨ ♬ ⱶ ⱶ

╛
♬Ⱨⱶ╡ ⱶ♬Ⱨ ♬ ⱶ

♂
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Parity Violation (a brief summary)

A model to describe the observations: 

Parity violating particle currents:

So we can write down the following currents that transform under parity in a well-defined way:

ParticlesO Particles:

Anti-ParticlesO Anti-Particles:

Anti-ParticlesO Particles:

ParticlesO Anti-Particles:

Onlytheseare observedfor the chargedweakinteractions ὡ Χ ǘƘŜ ὠ ὃ (vectorςaxial vector)

ⱶ
╛
♬Ⱨⱶ╛ ⱶ♬Ⱨ ♬ ⱶ ⱶ

╡
♬Ⱨⱶ╡ ⱶ♬Ⱨ ♬ ⱶ

ⱶ
╛
♬Ⱨⱶ╛ ⱶ♬Ⱨ ♬ ⱶ

ⱶ
╡
♬Ⱨⱶ╛ ⱶ♬Ⱨ ♬ ⱶ

ⱶ
╡
♬Ⱨⱶ╡ ⱶ♬Ⱨ ♬ ⱶ

ⱶ
╛
♬Ⱨⱶ╡ ⱶ♬Ⱨ ♬ ⱶ

ⱶ
╡
♬Ⱨⱶ╛ ⱶ♬Ⱨ ♬ ⱶ ⱶ

╛
♬Ⱨⱶ╡ ⱶ♬Ⱨ ♬ ⱶ

♂
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Parity Violation (a brief summary)

A model to describe the observations: 

Parity violating particle currents:

Example: In the relativistic limit, the only possible electron ς neutrino interactions are:

       Left-handed       Right-handed    Left/Right-handed

ⱶ
╛
♬Ⱨⱶ╛ ⱶ♬Ⱨ ♬ ⱶ ⱶ

╡
♬Ⱨⱶ╡ ⱶ♬Ⱨ ♬ ⱶ ⱶ

╡
♬Ⱨⱶ╛ ⱶ♬Ⱨ ♬ ⱶ
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Parity Violation (a brief summary)

A model to describe the observations: 

Parity violating particle interactions:

A linear combination of axial-vector and vector current (now with couplings).

With a parity transformation we get: 

╙
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● ⱶ▌╥♬

Ⱨ ▌═♬
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Parity Violation (a brief summary)

A model to describe the observations: 

Problems:
1. The left and right-handed fields do not satisfy the Dirac equation separately unless they are massless:

2. The YM lagrangian for the vector bosons (ὡ ȟὤ) has not mass terms 

The model so far describes a mass-ƭŜǎǎ ǳƴƛǾŜǊǎŜ ŦƻǊ ǿŜŀƪ ƛƴǘŜǊŀŎǘƛƻƴǎ Χ

░♬Ⱨ⸗Ⱨ □ ⱶ╛ȟ╡● ░♬Ⱨ⸗Ⱨ □ ⱶ●ᶸ ░♬Ⱨ⸗Ⱨ □ ♬ⱶ● ♬ ░♬Ⱨ⸗Ⱨ □ ⱶ●

╨︡╜ ╔Ⱨⱨẗ╔
Ⱨⱨ

         ⸗Ⱨ║ⱨ ⸗ⱨ║Ⱨ ẗ⸗
Ⱨ║ⱨ ⸗ⱨ║Ⱨ ▌⸗Ⱨ║ⱨ ⸗ⱨ║Ⱨ ẗ║

Ⱨ ║ⱨ ▌ ║Ⱨ ║ⱨ ẗ║
Ⱨ ║ⱨ
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Parity Violation (a brief summary)

A model to describe the observations: 
  
ü The Weak interaction is not invariant under parity transformation, which takes left-handed particles into right-handed particles and 

vice-versa. 

ü Left-handed particles are observed to only transform as iso-spinors, while right-handed particles are observed to transform only as 
iso-scalars (charged). The opposite is true for anti-particles. So there is a clear distinction in nature, between these two groups. 

ü Left- and right-handed fields are given by  ‪ ρ ‎ ‪   and   ‪ ρ ‎ ‪

ü But  Ὥ‎‬‪ ά ‪ȟ π . So the left-handed and right-handed fields do not satisfy the Dirac equation separately, unless the 

mass term is zero. 

ü We must keep the Dirac equation if we want to correctly describe spin ½ relativistic point particles

ü But in this case we are then dealing with a theory of massless particles. The fact that the Weak interaction behaves differently for 
left-handed and right-handed particles forces us into this situation. 

ü Lagrangians for the massive bosons that have added mass terms violate the gauge invariance

ü So we have to somehow generate the mass terms differently in the theory.
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Parity Violation (a brief summary) 

So ǿŜ ƴŜŜŘ ǎƻƳŜ ǿŀȅ ǘƻ άƎŜƴŜǊŀǘŜέ ǘƘŜ ƳŀǎǎŜǎ ƛƴ ǘƘŜ ǘƘŜƻǊȅ Η

    Spontaneous Symmetry Braking

    Higgs Mechanism

 

     Neutral Weak boson

     Photon

Not discussed in detail here (see literature)

︡ ╓Ⱨ♠ ╓Ⱨ♠ Ⱨ ♠ ⱦ♠ ╔Ⱨⱨẗ╔
Ⱨⱨ ╕Ⱨⱨ╕

Ⱨⱨ

Ὀɮ ‬ɮ Ὥ Ὣ ὄẗὝ ɮ
ρ

ς
ὭὫὃɮ

╦Ⱨ ║Ⱨ ░║Ⱨ

╦Ⱨ ║Ⱨ ░║Ⱨ

ɮὼ
ρ

ς

π
‡ „

╓Ⱨ♠ ╓Ⱨ♠ ⸗ⱧⱭ ⱳ⸗ⱧⱭ ⱳ Ɑ ⱳ ▌╦Ⱨ╦
Ⱨ Ɑ ⱳ ║Ⱨ ═Ⱨ

▌ ▌▌ᴂ

▌▌ᴂ▌ᴂ

║Ⱨ
═Ⱨ

╩Ⱨ
▌║Ⱨ ▌ᴂ═Ⱨ

▌ᴂ ▌

Ⱨ

▌ᴂ║Ⱨ ▌═Ⱨ

▌ᴂ ▌
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Parity Violation (a brief summary) 

{ƻ ǿŜ ƴŜŜŘ ǎƻƳŜ ǿŀȅ ǘƻ άƎŜƴŜǊŀǘŜέ ǘƘŜ ƳŀǎǎŜǎ ƛƴ ǘƘŜ ǘƘŜƻǊȅ Η

ü If we now use the following definitions        

            

            

            

            

            

            

                    

we get (ⱳ only)

ü So if we define the masses for the photon ὓ π and the neutral ὤ boson ὓ ‡Ὣᴂ Ὣ , then we finally get

╓Ⱨ♠ ╓Ⱨ♠ ╜╦╦Ⱨ╦
Ⱨ ⱳ Ⱨ ╩Ⱨ ▌ᴂ ▌

Ⱨ

╩Ⱨ

╩Ⱨ
▌║Ⱨ ▌ᴂ═Ⱨ

▌ᴂ ▌

Ⱨ

▌ᴂ║Ⱨ ▌═Ⱨ

▌ᴂ ▌

╜╦╦Ⱨ╦
Ⱨ ⱳ Ⱨ

Ⱨ ⱳ ▌ᴂ ▌ ╩Ⱨ╩
Ⱨ

Neutral Weak vector boson

Photon

╓Ⱨ♠ ╓Ⱨ♠  ╜╦╦Ⱨ╦
Ⱨ ╜╩╩Ⱨ╩

Ⱨ ὓ ‡Ὣ 
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Parity Violation (a brief summary) 

So ǿŜ ƴŜŜŘ ǎƻƳŜ ǿŀȅ ǘƻ άƎŜƴŜǊŀǘŜέ ǘƘŜ ƳŀǎǎŜǎ ƛƴ ǘƘŜ ǘƘŜƻǊȅ Η

ü The gauge constants Ὣ  and Ὣᴂ are clearly not independent now (they are coupled by the definitions of the photon and the neutral 
weak boson). 

It is more convenient to have one neutral electro-weak coupling constant and let the other one vary continuously (over all possible 
values) relative to the first.

Since Ὣ is already used to define the mass of the ὡ boson, we keep it as the fundamental weak coupling constant and let the 
ƻǘƘŜǊ ƻƴŜ ǾŀǊȅ ǿƛǘƘ ǊŜǎǇŜŎǘ ǘƻ ƛǘΦ ¢Ƙƛǎ ƛǎ ŘƻƴŜ ōȅ ŘŜŦƛƴƛƴƎ ŀ ǘǊƛƎƻƴƻƳŜǘǊƛŎ ŦǳƴŎǘƛƻƴ ƻŦ ŀ άƳƛȄƛƴƎ ŀƴƎƭŜέΥ

ü Weak mixing angle (also called the Weinberg angle)  

ü With this we have 

ἼἩἶⱣ╦
▌

▌

╩Ⱨ ║ⱧἫἷἻⱣ╦ ═ⱧἻἱἶⱣ╦╩Ⱨ
▌║Ⱨ ▌ᴂ═Ⱨ

▌ᴂ ▌

Ⱨ

▌ᴂ║Ⱨ ▌═Ⱨ

▌ᴂ ▌
Ⱨ ║ⱧἻἱἶⱣ╦ ═ⱧἫἷἻⱣ╦
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Parity Violation (a brief summary) 

So ǿŜ ƴŜŜŘ ǎƻƳŜ ǿŀȅ ǘƻ άƎŜƴŜǊŀǘŜέ ǘƘŜ ƳŀǎǎŜǎ ƛƴ ǘƘŜ ǘƘŜƻǊȅ Η

ü Coupling the matter fields to the Weak bosons happens in a similar way (example for left-handed iso-spinors):

 !ƴŘ ǎƛƳƛƭŀǊƭȅ ŦƻǊ ǉǳŀǊƪǎ Χ

░♥Љ
╛
♬Ⱨ╓╛Љ
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╛
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Ⱨ
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░▌║
Ⱨ
░║
Ⱨ

ⱶⱨЉ
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ⱶЉ
╛

  
▌
ⱶ
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╛
♬Ⱨ╦

ⱧⱶЉ
╛ ▌

ⱶ
Љ

╛
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ⱧⱶⱨЉ
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▌
ⱶ
Љ
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╛
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Ⱨ
♥Љ
╛ᴼ ╝︡╦ȟ█╘  ░ⱶⱨЉ

╛
ⱶ
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╛
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Ⱨ

ⱶⱨЉ
╛

ⱶЉ
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▌
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♬Ⱨ ▼░▪Ᵽ╦ ⱶЉ
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Charged Current

Neutral Current

Ὀɮ ‬ɮ Ὥ Ὣ ὄẗὝ ɮὭὫὣὃɮ
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Parity Violation (a brief summary) 

So ǿŜ ƴŜŜŘ ǎƻƳŜ ǿŀȅ ǘƻ άƎŜƴŜǊŀǘŜέ ǘƘŜ ƳŀǎǎŜǎ ƛƴ ǘƘŜ ǘƘŜƻǊȅ Η

ü Neutral Current Weak charges:
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QWeak , P2@Mainz

MOLLER

PREX/CREX, MREX@Mainz
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The Weak Mixing Angle 

The weak mixing angle is a central parameter of the 
electroweak part of the Standard Model:

SU(2): Gauge fields ὄȟὄȟὄ  and coupling Ὣ

U(1): Gauge field ὃ and coupling Ὣᴂ

άhƴ-ǎƘŜƭƭέ ŘŜŦƛƴƛǘƛƻƴ ƛƴ ǘŜǊƳǎ ƻŦ ōƻǎƻƴ ƳŀǎǎŜǎΥ

ά-3-{ŎƘŜƳŜέ ŘŜŦƛƴƛǘƛƻƴ ƛƴ ǘŜǊƳǎ ƻŦ όǊǳƴƴƛƴƎύ ŎƻǳǇƭƛƴƎ 
constants:

♬
╩

▼░▪Ᵽ╦ ╬▫▼Ᵽ╦
╬▫▼Ᵽ╦ ▼░▪Ᵽ╦

║
═

▼░▪Ᵽ╦
□╦

□╩

▼░▪Ᵽ╦
▌

▌ ▌ᴂ

J. Erler (JGU), reproduced with permission

PVES Measurements (focus on BSM tests)  
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The Weak Mixing Angle 
J. Erler (JGU), reproduced with permission

¢ƘŜ ǿŜŀƪ ƳƛȄƛƴƎ ŀƴƎƭŜ ŎƘŀƴƎŜǎ όάǊǳƴƴƛƴƎέύ ǿƛǘƘ ƛƴǘŜǊŀŎǘƛƻƴ 
energy (e.g. momentum transfer), due to:

     etc.

     etc.

Different radiative correction apply to different particle 
interactions (e.g. electron with electrons vs. electron with 
quarks).

PVES Measurements (focus on BSM tests)  
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PVES Cross-sections  

Parity Violating Cross-sections: Interference between indistinguishable Ὁὓ and ὡὩὥὯ amplitudes

Å P2 @ Mesa:

Å MOLLER

Å New Physics ? 
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The Weak Mixing Angle and New Physics 
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Adapted from Marciano, Davoudiasl, Lee (2014)  

The running of the weak mixing angle away from the Z-Pole 
would change with the addition new physics models.

Dark matter Z bosons with different mass would produce 
different levels of deviation from the Standard Model prediction 
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The nuclear matter equation of  state  (EOS) is the pressure as a function of density: ╟ⱬ

Basis for understanding:

Å Nuclear structure/matter stability

Å Formation of elements

Å Star collapse (neutron star or black hole)

Å Neutron star structure

Present nuclear data does not yet constrain (symmetry energy density dependence):

Å Strong correlation between ╛ and the neutron skin thickness ╡▪ ╡▬ 

Å ╡▪ not yet well measured with previous methods

Measure neutral weak form-factor ╕╦ in PVES
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╛ ⱫⱭ║►╝╢╣

Parity Violating measurements for Astrophysics  

═╟╥
╖╕╠

 Ⱬ♪╩
╠╦
╟╫╕╦ ╠

╕╬▐╠

C.J. Horowitz 
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PVES Measurements in Time 

Å Long and active history of PVES measurements

Å Asymmetries and errors now push on the (sub) ppb level 

Å Percent-level relative errors now allow for beyond two-loop 
level investigations of the SM and potential new physics 

Å Making such measurements requires:

Å High luminosity (beam and high-power targets)

Å Parity quality beam: 
High polarization with high beam stability and 
systematic control

Å High precision beam polarimetry measurements

Å Better and better detector systems with faster readout
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Parity violation measurements

almost never work out exactly the way 

you plan them!  



The P2 Experiment (Mainz MESA Facility ς {ŜŜ aŀƭǘŜ ²ƛƭŦŜǊǘΩǎ ¢ŀƭƪ) 
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Ὁ ρυυ ὓὩὠ

Ὅ ρυπ ‘ὃ

fl ςȢτ ρπ ὧά  ɇ ί

Main Observable: 
PV asymmetry with detectors
Weak Charge of the proton

ὃ
Ὃὗ

τς “‌
ὗ Ὂὗ

ὖ ψπ πȢτ Ϸ

ὗ ρ τίὭὲ—

Ўὗ ρȢψσϷ

P2@MESA

e- e-

g , Zo

ή ή

ὃ τπ ὴὴὦ

ὃ‏ πȢφ ὴὴὦ

ЎίὭὲ— πȢρτϷ

P2 CDR
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Ὁ ρρ ὋὩὠ

Ὅ φυ ‘ὃ

fl σ ρπ ὧά  ɇ ί

ςȢχυ Ὁ ψȢςυ ὋὩὠ

Main Observable: 
PV asymmetry with detectors
Weak Charge of the electron

ὃ άὉ
Ὃ

“‌ς

τίὭὲ—

σ ὧέί—
ὗ

e- e-

e- e-

g , Zo

ὖ ωπ πȢυ Ϸ

ὗ ρ τίὭὲ—

Ўὗ ςȢτϷ

The MOLLER experiment (Jefferson Lab) 

ὃ σς ὴὴὦ

ὃ‏ πȢψ ὴὴὦ

ɝίὭὲ— πȢρϷ



Magnet

Tracking Tracking

Particle ID, 

Counting,

Calorimetry

Beam

Target
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Basic Experimental Components  

Å A stable, high intensity, highly polarized beam, optimized 
for asymmetry measurements

Å A highly stable target that maximizes luminosity and 
simultaneously minimizes excess noise (e.g. a long LH2 
cryogenic target)

Å A set of precise collimators that define the acceptance.

Å ! ƳŀƎƴŜǘ ǎȅǎǘŜƳ όάǎǇŜŎǘǊƻƳŜǘŜǊέύ ƻǇǘƛƳƛȊŜŘ ŦƻǊ ƘƛƎƘ 
ŀŎŎŜǇǘŀƴŎŜΣ ōǳǘ ŀōƭŜ ǘƻ άŦƻŎǳǎ ŎƘƻǎŜƴ ŜǾŜƴǘǎέ ƻƴǘƻ ŀ 
system of detectors

Å A set of detectors capable of deadtime-less precision  
measurements at extreme rates

Å A set of detectors for tracking individual scattered 
electrons to characterize the experimental performance

Å A set of detectors to determine sources of background 
and characterize beam conditions (e.g. polarization)

Critical factors in experimental design for PV experiments:

Generic Fixed Target Experiment
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Basic Experimental Components 

Jefferson Lab Continuous Electron Beam Accelerator Facility JLab QWeak Experiment

Example: QWeak



P2
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Particular beam properties that are important include:

Å High luminosity 

Å Parity quality beam: High polarization with high beam stability 
and systematic control

Å Highest precision beam polarimetry measurements

P2@MESAThe P2 Experiment (Mainz MESA Facility ς See Talk by Kurt Aulenbacher) 
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Parity violating elastic scattering of polarized electrons:

Å Prepare electron beam with a given helicity (spin)
Å Scatter electrons and measure cross-section 
Å Flip spin and measure cross-section again
Å Calculate the difference for the period of measurement 
Å Extract an asymmetry:

Å The rest is all about picking the right kinematics and controlling 
backgrounds and systematic effects

Å hƪŀȅ άŜŀǎȅ peesyέ Χ ǎƻ ǿƘŀǘΩǎ ǘƘŜ ǇǊƻōƭŜƳ ΚΚ

LǘΩǎ Ƨǳǎǘ ŜƭŀǎǘƛŎ ǎŎŀǘǘŜǊƛƴƎ Χ
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Integration Mode Asymmetry Measurements
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The experiments measure the asymmetry in the number of scattered electrons as a function of beam helicity.

At high rates (to collect enough statistics) the measured flux is integrated (both spatially 
and in time) over the helicity window, to form the measured asymmetry at the pair, 
quartet, or octet level (see later).

All systematic effect must be taken into account:

Then there are additional experimental factors to go from  ╨ᴼⱭ

Integration Mode Asymmetry Measurements
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Measurement Methodology

We need multiple pieces of instrumentation, before the target.
 
Å Helicity Generator: Everything is synched to this frequency, 

defining the integration window.

Å Laser and Pockels cell: Allowing rapid reversal of helicity, 
preferably with minimum deadtime (ringing) between stable 
helicity states.

Å Source Photocathode: High efficiency electron source ς beam 
spot movable.

Å Helicity Reversal: Several ways to reverse the beam helicity (fast 
and slow).

Å Beam Monitoring: Beam position (BPM) and beam current (BCM) 
measurements. 

Å Beam Modulation and Feedback: Move (modulate) the beam to 
study false asymmetries. Feedback on BM data to stabilize beam. 

Integration Mode Asymmetry Measurements

QWeak collaboration, unknown source
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Measurement Methodology

We ideally have three independent techniques for helicity 
reversal of a longitudinally polarized beam:
 
Å Rapid pseudo-random reversal: (~ 1 kHz). 
wŜƧŜŎǘǎ [Iн ǘŀǊƎŜǘ άōƻƛƭƛƴƎ ƴƻƛǎŜέΦ

Å IHWP at ~8-hour intervals: Mechanical action unable to 
induce electrical or magnetic induced false asymmetries. 

Å Wien filter at monthly intervals: Rejection of beam size 
(or focus) modulation induced false asymmetry and 
suppression of slow drifts in apparatus linearity.

Å Also as check construct NULL: άƻǳǘ-of-ǇƘŀǎŜέ ǉǳŀƴǘƛǘȅ 
from the two slow reversal techniques to bound 
unaccounted for false asymmetries. 

Integration Mode Asymmetry Measurements

QWeak collaboration, unknown source
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Measurement Methodology

Main experimental components:

Å Target: High power capable (high beam currents) LH2 target 
with low target boiling.

Å Collimation: Define the acceptance of the experiment.

Å Magnet: Not really a spectrometer ς ǳǎŜŘ ǘƻ άŦƻŎǳǎέ ǘƘŜ 
scattered electrons on the detectors, maximizing event rate 
(at the chosen kinematics). Reject background events.

Å Detectors: Experiment needs to run in two modes: data 
production in integration mode and tracking for kinematics 
determination and background/efficiency checks. Requires 
two different sets of detectors (tracking and integration).
Set of auxiliary detectors for systematics and monitoring.

Å Data acquisition: High precision, low noise data acquisition 
integrated accurately in the helicity synchronization. Low 
noise amplifiers - linear electronics - fast, high-resolution 
ADCs. 

Integration Mode Asymmetry Measurements

QWeak collaboration, unknown source
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Beam Characteristics and Linearity

High rates require signal integration (timing and spatial) and a detector that produces a response that is strictly proportional to 
the number of electrons detected.

In this mode you integrate every single noise source into your signal (within your defined bandwidth).

We are trying to make highly precise relative measurements of average/mean signal levels to form asymmetries. 

Any non-linearity in the experimental response to the variation in the scattering rate (for +/- helicity states) is a problem.

Normally drifts caused by diurnal variations, general temperature fluctuations, slow electronics drifts, etc. would preclude any 
ŎƘŀƴŎŜ ƻŦ ǎǳŎƘ ŀ ƳŜŀǎǳǊŜƳŜƴǘΣ ōǳǘ Χ

 Fast helicity reversal , fast (over)sampling, signal integration mitigate this to levels we can handle   

The spectrometer has to separate wanted events from background since there is no way to implement amplitude threshold 
cuts, timing cuts, or tracking cuts (at highest rates).

Some conditions which can change rapidly during these measurements ς notably the electron beam trajectory, energy, and 
intensity ς must be averaged over the same integration periods and used to correct the measured asymmetry for the changing 
conditions.
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Asymmetry Corrections

Measured asymmetry: 

Regressing out systematic effects (e.g. beam motion)

Removing the backgrounds and applying radiative corrections
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Polarized beam  

The accuracy of a PV experiment is ultimately limited by the degree and knowledge of the electron beam polarization.

The source:
Å The most important aspects (including almost all systematic beam effects) are determined at the source

Å The polarized electron beam is generated using photoemission due to circularly-polarized light on a photocathode.

Å The circular polarization is created in a Pockels cell and determines the spin of the emitted electrons

Å The Pockels cell allows fast flipping of the laser polarization, by reversing the applied high voltage - providing for the important 
fast flipping of the beam helicity

╟▄
╡▄
ᴻ ╡▄

ᴽ

╡▄
ᴻ ╡▄

ᴽ

NIM A 1046 (2023) 167710

Unknown source
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Polarized beam  

The source:

Photoemission of electrons from GaAs:

ü Bulk GaAs typical ὖḗσχϷ
Theoretical maximum: ὖ υπϷ 

ü Strained GaAs = typical ὖḗψπϷ
Theoretical maximum: ὖ ρππϷ 

Figure of Merit:   Ὅὖ

Unknown source

Unknown source
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Polarized beam  

The source:

Å The voltage applied to the Pockels cell is the only change in the electron 
beam generation or transport that is correlated to beam helicity. 

Å The photocathode quantum efficiency has an analyzing power for linear 
polarized light, but is the same for right- and left-handed circular 
polarization.

Å Helicity-correlated asymmetries in the electron beam are directly 
related to the voltage applied to the Pockels cell or the polarization-
sensitive transport of the laser light to the photocathode.

Å Residual linear polarization on the cathode is impossible to completely 
eliminate (Pockels cell alignment, vacuum windows, etc.)

Å The residual linear light polarization is the major reason for beam 
charge asymmetries 

Å The cathode QE is also position dependent and changes over time, 
requiring laser spot changes.   

NIM, A 1046 (2023) 167710

QE anisotropy
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Polarized beam  

The source:

Å The voltage applied to the Pockels cell is the only change in the electron 
beam generation or transport that is correlated to beam helicity. 

Å The photocathode quantum efficiency has an analyzing power for linear 
polarized light, but is the same for right- and left-handed circular 
polarization.

Å Helicity-correlated asymmetries in the electron beam are directly 
related to the voltage applied to the Pockels cell or the polarization-
sensitive transport of the laser light to the photocathode.

Å Residual linear polarization on the cathode is impossible to completely 
eliminate (Pockels cell alignment, vacuum windows, etc.)

Å The residual linear light polarization is the major reason for beam 
charge asymmetries 

Å The cathode QE is also position dependent and changes over time, 
requiring laser spot changes. 

QWeak ,Unknown source
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Polarized beam  

The source:

          Position Differences

Å Pockels cell electric-field non-uniformity + Pockels cell alignment errors creates 
a polarization gradient. 

Å Gradient causes helicity correlated changes in electron beam spatial profiles and 
ǊŜǎǳƭǘ ƛƴ ŜƭŜŎǘǊƻƴ ōŜŀƳ ΨΨǇƻǎƛǘƛƻƴ ŘƛŦŦŜǊŜƴŎŜΩΩΦ 

Å Position differences can also emerge from physical modification of the cell 
dimensions when voltage is applied

leading to helicity-correlated beam steering or focusing 
(helicity-ŎƻǊǊŜƭŀǘŜŘ άǎǇƻǘ ǎƛȊŜ ŀǎȅƳƳŜǘǊȅέύ

Energy Asymmetry

Å Caused as a side-effect of beam charge differences and beam loading: The beam in each helicity state extracts energy from the 
SRF cavities depending on the beam charge , reducing the field . 

Å If there is a charge asymmetry, the helicity state with the higher charge will draw more energy, leaving less for the next state.

B. Waidyawansa , QWeak Ph.D. Thesis 
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Polarized beam  

The source:

          Position Differences
Å Pockels cell electric-field non-uniformity + Pockels cell alignment errors creates 

a polarization gradient. 

Å Gradient causes helicity correlated changes in electron beam spatial profiles and 
ǊŜǎǳƭǘ ƛƴ ŜƭŜŎǘǊƻƴ ōŜŀƳ ΨΨǇƻǎƛǘƛƻƴ ŘƛŦŦŜǊŜƴŎŜΩΩΦ 

Å Position differences can also emerge from physical modification of the cell 
dimensions when voltage is applied

leading to helicity-correlated beam steering or focusing 
(helicity-ŎƻǊǊŜƭŀǘŜŘ άǎǇƻǘ ǎƛȊŜ ŀǎȅƳƳŜǘǊȅέύ

Energy Asymmetry
Å Caused as a side-effect of beam charge differences and beam loading: The beam in each helicity state extracts energy from the 

SRF cavities depending on the beam charge , reducing the field . 

Å If there is a charge asymmetry, the helicity state with the higher charge will draw more energy, leaving less for the next state.

Å the energy is treated as a position because the energy differences are measured as a position difference in the dispersive 
transport lines.

QWeak, Unknown source
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Polarized beam  

The source:

Å PV experiments usually rely on longitudinal beam polarization, which is how it is emitted from the cathode (but spin precesses in 
the accelerator dipoles)

Å We need a way to mitigate this ς spin manipulation in the injector ς create the opposite spin position to what is expected to be 
caused by precession in the accelerator 

Å Horizontal Wien ς ration from longitudinal to transverse 
in the accelerator plane 

Å Vertical Wien added to allow for slow helicity reversal 

Å Vertical Wien also used for transverse asymmetry 
measurements

Å The g-2 rotation can also be used as a slow reversal tool 
to study systematics, since all sources of HCBAs will be 
reversed under this operation.

MOLLER collaboration: Unknown source
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Polarized beam  

The source:
Use a combination of Wien filters and solenoids to rotate and focus the beam.

Top: 
Å 1st Wien rotates the spin vertical 
Å (out of horizontal plane)
Å Solenoids focus and rotate back into 

the horizontal plane, but transverse
Å Solenoids are used to flip the spin 
Å 2nd Wien rotates by angle opposite to 

g-2 precession

This method is quick, with low downtime, but 
introduces helicity correlated beam changes

Bottom:
Å 1st Wien is used to flip the spin (transverse)
Å Solenoids rotate spin back into horizontal plane
Å Solenoids current remains the same (no flip)
Å 2nd Wien rotates by an angle opposite to g-2 precession

This method is slow, requires beam tuning (8 hour downtime), but does not add helicity correlated beam changes

NIM, A 1046 (2023) 167710
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Polarized beam  

Beam Monitoring

The fact that helicity correlated beam parameter changes (intensity, position, angle, energy) are unavoidable means that we have to 
monitor these parameters continuously and correct the main detector data with the information we get from the beam monitors.

Å Measure the beam current, position, angles (at the target) with special detectors placed at various positions along the beam.

Å Normalize the detector signal by the beam current for each helicity state:

Å Subtract out the false asymmetry 

       ░   Detector ,  ▒  Measured beam parameter 

Å The false asymmetry includes the measured beam current asymmetry (in-situ) as well the other parameters which are 
determined from asymmetry dependence studies and removed in linear regression.
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Polarized beam  

Beam Monitoring

Current Monitors:

CƻǊ ŜȄŀƳǇƭŜΥ ¦ǎƛƴƎ ΨΨǇƛƭƭōƻȄΩΩ-style ╣╜  mode resonant RF cavity beam-current monitors (BCMs) 

¢ƘŜ ǎƛƎƴŀƭ ƳŜŀǎǳǊŜŘ ŦǊƻƳ ŜŀŎƘ ./a ƛǎ ǇǊƻǇƻǊǘƛƻƴŀƭ ǘƻ ǘƘŜ ŎŀǾƛǘȅΩǎ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘΣ ǿƘƛŎƘ Ŧŀƭƭǎ ƻŦŦ ƴƻƴ-linearly from the central axis of a 
╣╜  resonant cavity

MOLLER collaboration: Unknown source



2025-09-23 SFB 1660 CRC Annual Graduate School (Michael Gericke) 54

Polarized beam  

Beam Monitoring

Current Monitors:
Need multiple beam monitors (e.g. 7 BCMs used for MOLLER)

The Measured beam charge is slightly different for each BCM 
due to beam trajectory differences

Displacement from monitor central axis causes a drop in sensitivity

Å Beam steering needed to center the beam on target 1 or 
2 mm, and the displacement will be different in each BCM.

Å Beam raster causes the beam to traverse each BCM at a 
different radius as a function of time and position along the 
beamline

Å Beam jitter

For a precision PV experiment, a sensitivity of  ▬▬╫Ⱦ▪□ ( at  □□ from the central BCM axis) can become a limiting uncertainty.

Need dedicated measurements to explore the BCM sensitivity to beam position for each BCM separately 
(induce deliberate beam position and charge changes at the source/injector)

MOLLER collaboration: Unknown source



2025-09-23 SFB 1660 CRC Annual Graduate School (Michael Gericke) 55

Polarized beam  

Beam Monitoring

Precision:

BCM asymmetries and differences and their widths are measured continuously

The precision of the beam monitors is limited by their resolution 

The resolution is measured using the BCM double-difference, which is independent of accelerator fluctuations:

The additional uncertainty should normally be a small percentage ( Ϸ ) of the detector counting statistics width for a single 
detector.
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Polarized beam  

Beam Monitoring

Precision:
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QWeak data: Unknown source

M. Pitt, MOLLER collaboration



Beam Monitoring

Systematic uncertainty:

Systematic differences between beam current measured with different BCMs can be investigated by looking at the detector 
sensitivity to each BCM  

 With ▪ different beam current monitors, for each detector. ═▀▄◄
▪
В═▒
▀▄◄

One can establish these sensitivities by:

1. Measuring detector sensitivity do natural beam jitter (random fluctuations of the beam)

2. Modulating the beam charge and position deliberately 
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Polarized beam  
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Polarized beam  

Beam Monitoring

Beam Jitter:

Å Exploit experiment/detector symmetry to measure detector sensitivity to natural beam parameter changes at or above the line 
frequency 

Å This sensitivity can (in principle) be measured continuously, during production data taking.

Beam modulation (see later):

Å Reduce the uncertainty in the measured detector sensitivity to beam parameter changes.

Å This is done by actively modulating the beam position and angles on target using steering coils in front of the target

Å Can also be done for current monitoring

Å Requires dedicated runs during which the detectors are not taking regular asymmetry data

Å Usually done for 5-10% of the run time, short runs every few minutes 
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Polarized beam  

Beam Monitoring

Beam Position Monitors (BPMs):

Used to verify beam tune (steer the beam through the different elements of the beamline onto the experimental target). 

Experiments also use position locks using BPMs and corrector magnets to keep the beam centered on the experimental target, 
especially at the higher beam currents characteristic of PV experiments. 

Measure energy variations, using the beam position for two monitors separated by some distance (e.g. ρͯπ ά) to measure position 
and angle and at a third point at the maximum beam dispersion to measure energy variations

Also required to measure helicity-correlated beam asymmetries (exploit the detector symmetry)

Usually require a resolution of about σ ‘ά per helicity pair

This is mostly driven by the requirement to reduce the jitter contribution to ρπϷ (see earlier), and

study the detector sensitivity to beam motion, and to precisely measure the azimuthal asymmetry contribution.
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Polarized beam  

Beam Monitoring

Beam Position Monitors (BPMs):

Different styles of BPMs: Antenna-wire BPMs (right), strip-line BPMs (left) and cavity BPMs. 

The majority of BPMs used for PV experiments are antenna BPMs with four equally-spaced antennas which detect the presence of 
ǘƘŜ ōŜŀƳ Ǿƛŀ ŎŀǇŀŎƛǘƛǾŜ ŎƻǳǇƭƛƴƎ ǘƻ ǘƘŜ ŜƭŜŎǘǊƻƴ ōŜŀƳΩǎ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘΦ

Need several BPMs to:

Å monitor beam position and angle at the target, 

Å measure beam energy

The beam position and the angle at the target are 
determined from a linear least squares fit of 4 or 5 
BPMs located in a magnetic field-free drift region 
between Ḑ1 and 10 m upstream of the target.

NIM, A 1046 (2023) 167710
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Polarized beam  

Beam Monitoring

Beam Position Monitors (BPMs):

The stripline BPMs are used for their

Å Ability to measure the electron beam absolute position relative 
to a mechanical fix-point or to any other absolutely known axis 
e.g. the symmetry axis of a quadrupole magnet.

Å The stripline BPM sensors are CNC machined, complete with external
fiducial dimples on the main corpus to facilitate precise placement on
the beamline, and directly traceable from the prints to within CNC tool
accuracy. 

Å Typical measurement offsets of ςππτππ ‘ά.

Å Intrinsic BPM resolution can be extracted by using two (or more) upstream monitors to project to downstream monitor
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MOLLER, unknown source
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Polarized beam  

Beam Monitoring

Beam Position Monitors (BPMs):
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B. Waidyawansa , QWeak Ph.D. Thesis 
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Polarized Beam 

Active Beam Feedback:

Å One can reduce beam effects with active/fast 
feedback on the charge and position 
differences.

Å The associated noise is known to converge 
faster with active feedback than the statistical 
detector noise. 

Å The charge jitter can be suppressed by 
applying small changes to the voltage setpoints 
for the source Pockels cell, based on the 
measured charge asymmetry width.

Å Position differences can also be reduced using 
active feedback on both, the Pockels cell, as 
well as helicity magnets in the injector

NIM, A 1046 (2023) 167710
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Polarized Beam 

Experiment Sensitivity

Active Beam Feedback:

Å One can reduce this effect with active/fast feedback on the charge and position differences.

Å The associated noise is known to converge faster with active feedback than the statistical detector noise. 

Å The charge jitter can be suppressed by applying small changes to the voltage setpoints for the source Pockels cell, based on the 
measured charge asymmetry width.

Å Position differences can also be reduced using active feedback on both, the Pockels cell, as well as helicity magnets in the injector

Qweak, unknown source 

Caryn Palatchi, Indiana U. 
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Polarized Beam 

Experiment Sensitivity

Pockels cell feedback:

Phase  Induced  Transport  Anomaly (PITA)

This is a driven beam intensity asymmetry : ═╘ Ⱡ◕▼░▪Ᵽ

where Ⱡ
╣● ╣◐

╣● ╣◐

Laser  at  Polarized   Source

ɝ drifts,  but  slope is ~ stable           
Feedback  on  ɝ

Perfect 
DoCP

Scanning the Pockels Cell 
voltage = scanning the residual 
linear polarization  (DoLP)
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QWeak collaboration, unknown source

QWeak collaboration, unknown source
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The QWeak Experiment

Experiment Sensitivity

Polarized Beam 
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Polarized Beam 

Experiment Sensitivity

Modulation:

Beam modulation refers to the deliberate variation 
of beam parameters, such as
 

Å Beam current
Å Beam position
Å Beam angle/energy

Performing detector studies that measure the 
correlation between the detector signal and beam 
parameters is used to remove the corresponding 
false asymmetries.

Detector symmetry can also be used to measure 
transverse spin asymmetry (later).
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Detector symmetry allows measurement of:

Å Beam motion
Å Beam position
Å Beam angle

Performing detector studies that measure the 
correlation between the detector signal and 
beam parameters (deliberate variation) is used to 
remove the corresponding false asymmetries.

Detector symmetry can also be used to measure 
transverse spin asymmetry.

Examples of experimental effects


