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High Precision Measurement
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Contributions to σpair - “Pair width”

σAexpt
=

σpair

Npair

Systematic uncertainty budget

Precise measurement of parity-violation in electron-electron scattering to search for new physics
Difference in cross-section in 
scattering of left-handed vs 
right-handed electrons

δ(QeW) = ± 2.1 % (stat.) ± 1.1 % (syst.) 
δ(APV) ~ 0.8 ppbAPV ~ 32 ppb

• Asymmetry measurements at 960Hz, each with precision 91 ppm 
• Requires ~130 GHz signal rate 
• Integration requires magnetic separation of backgrounds

Rapid (1kHz) measurement over 
helicity reversals to cancel noise Integra<on of analog detector current

σpair = 1
N



Seven Sectors and Optimizing the Figure of Merit
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Figure of merit highest at θCM = 90°  
Op8mum Acceptance  [90°,120° ]
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frame
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Iden8cal par8cles - you only need one of 
the two for flux integra8on

Odd number of octants. Accept CM[60°,120°] so you always get 
one of the two electrons from each Møller scaMering event

• E’ = 2.5-8.5 GeV 
•θlab = 0.3° - 1.1° 

Requires polar-angle acceptance with 
broad range and very forward angles

but provides detec8on of each event in 100% of the azimuth while 
leaving ample space for the magne8c elements and supports

Identical particles, so same to measure either 
forward or backward scattering.

Center of mass Lab

boost



Spectrometer Outline
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Acceptance defining 
collimator 1 & 2

5 toroidal coils of varying strength and shape



map E-θ correlation for ee scattering to detector ee
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γ

MOLLER Spectrometer

Kent Paschke February 28, 2024 5

inelastic

ep elastic

Møller 
elastic 

r [cm]

ra
te

Radial field component stretches 
the larger angles over the azimuth

Acceptance defining collimator

radial flux distribution

Azimuthal field 
separates ee, ep, 
and line of sight (γ) 
at detector plane

Lab Energy (GeV)

La
b 

An
gl

e 
(m

ra
d)

forward in 
CoM

backward 
in CoM

E’ = 2.5-8.5 GeV 
θlab = 5 - 18 mrad 

Disrupted 

beam to dump



Spectrometer Conceptual Function
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Irreducible background: radiated and/or inelastic ep or aluminum scattering, pions  
Reducible background: rescattering from photons (2-bounce design), beam line, or radiative tail e± from target

Hygiene on reducible background sources is a major focus 
Relatively small “source” terms for re-scattering could create difficult-to-model backgrounds

target beam collimator

Inner Photon Envelope

Outer 
Photon 

Envelope

ep elastic

Møller 
elastic

Møller / ep 
detector 

line of sight

detector

Lintels, collars
Shield walls detector 

window

Barite wall, 
 collar22:1 aspect ratio



Capturing the Scattered Flux

13

Wide variation in flux intensity and weights of different 
scattering processes: 1) e-e, 2) elastic e-p, 3) inelastic e-p

Both radial and azimuthal segmentation 
in scattered flux measurements required 
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 E>1 MeV for open regionπRate weighted Radial distributions e/

✦ Black: e-e scattering
✦ Red: elastic e-p scattering
✦ Green: inelastic e-p scattering
✦ Dark blue: elastic e-Al scattering
✦ Light blue: inelastic e-Al scattering
✦ Magenta: Al quasi-elastic scattering

Background deconvolution

Kent Paschke 7

Capturing the Scattered Flux

13

Wide variation in flux intensity and weights of different 
scattering processes: 1) e-e, 2) elastic e-p, 3) inelastic e-p

Both radial and azimuthal segmentation 
in scattered flux measurements required 
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✦ Black: e-e scattering
✦ Red: elastic e-p scattering
✦ Green: inelastic e-p scattering
✦ Dark blue: elastic e-Al scattering
✦ Light blue: inelastic e-Al scattering
✦ Magenta: Al quasi-elastic scattering

Each detector septant segmented (radial,azimuthal)
Wide variation in relative rates of various scattering processes

1) e-e  2) elastic e-p  3) inelastic e-p  4) e-Al

Capturing the Scattered Flux

13

Wide variation in flux intensity and weights of different 
scattering processes: 1) e-e, 2) elastic e-p, 3) inelastic e-p

Both radial and azimuthal segmentation 
in scattered flux measurements required 
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✦ Black: e-e scattering
✦ Red: elastic e-p scattering
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✦ Dark blue: elastic e-Al scattering
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G4 simulation

G4 simulation thin quartz Cerenkov detectors are insensitive to soft backgrounds



Flux Distribution
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Capturing the Scattered Flux

13

Wide variation in flux intensity and weights of different 
scattering processes: 1) e-e, 2) elastic e-p, 3) inelastic e-p

Both radial and azimuthal segmentation 
in scattered flux measurements required 
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✦ Black: e-e scattering
✦ Red: elastic e-p scattering
✦ Green: inelastic e-p scattering
✦ Dark blue: elastic e-Al scattering
✦ Light blue: inelastic e-Al scattering
✦ Magenta: Al quasi-elastic scattering

• The MOLLER acceptance derives from the acceptance-defining collimator 
• The accepted flux is well contained within detectors 
• The field is generated by coil currents, with no ferrous materials 
• Field gradients are modest in the region of accepted particles, so position sensitivity is low 
• Acceptance, normalization, and irreducible backgrounds are not highly sensitive to precise location of coils 
• Edges of acceptance (clipping in the spectrometer) and rescattering in the beamline (uncancelled fringe fields 

along the beam axis) dominate alignment tolerance for spectrometer components



Frame and Coil

ee, ep, γ 
envelopes

beam 
center

Envelopes
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Engineering has been guided by “envelopes” of simulation ee, ep, and 
photon distributions as they traverse the spectrometer (demarcated at 
0.1% of maximum flux).   
This identified open regions for support structures, visualized tolerance for 
acceptance path and identified regions of close approach for further study.

 CoilFrame

ee, ep, γ 
envelopes

beam 
center

TM1 TM3

G4 simulation



Collimation
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collimator Power@65μA
1: beam 
interceptor 3500 W

2: primary 950 W
4: cleanup 60 W
Lintels; photon 
blockers; 6a/b <55 W each

Target

Collar 0 Collar 1

Collimator 1 & 2

Collimator 5, Lintels, 6a/b

Downstream torusUpstream 
torus

Primary collimator and 
beam interceptor

(simulation geometry)

Collimator 4

Photon 
Scraper

Design optimized with 
• “2-bounce” principle: rays from the target cannot illuminate a surface 

with line of sight to the detector 
• G4 simulation of rescattered backgrounds



Ferrous Materials
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Double-spin ee or γe scattering from ferrous material can have large asymmetry. 

Ps in ~1G ambient field: 
• mild steel: ~  
• Stainless steel: ~  
• Inconel 625: ~  

• Aluminum (paramagnetic):  

10−2

10−5-10−7

10−8

< 10−9

Estimate false asymmetry Af as

Af = frPePsAn
fr rate fraction of process 
Pe incident electron polarization 
Ps material electron polarization 
An analyzing power

Goal: Af < 10−11

 ⟶  fr bound of 10-2 -10-9 corresponds to 10-6-10-13 absolute rate 
Simulations in G4, using ad hoc “biasing” for rare event estimation 
Examples:  Bellows, pivot and HRS structure, coil support hardware 
in high fields, rebar, support frames, motors and power supplies, 
vacuum and water connections 
Resulting in: new shielding, materials specifications, and other 
design modifications to control technical risk

Conservative estimates: An ~ , Pe ~ 10−3 0.3 - 1



Summary
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•The MOLLER apparatus is optimized with an acceptance covering θ ∈ 0.3° 
-1° in angle and p ∈ 2.5-8.5 GeV  

•The unusual requirements have led to an unusual configuration, with 
unusual challenges 

•Design has been guided by detailed G4 simulation, both for acceptance 
and background reduction 

•Alignment tolerances mostly driven by edges of acceptance channels and 
symmetry around the beam axis 

•Ferrous components are excluded from high field regions, with careful 
qualification of any materials with non-negligible magnetic susceptibility



Appendix



Target

MOLLER Apparatus Overview
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Toroid magnets (TM)

Collimators, Collars and Scrapers

Beampipes

Vacuum enclosures

TM-1 TM-2 TM-3

TM-4

TM-0

Detector 

Pipe

Drift P
ipe

Detector Window

100” OD

Main Detector



Collars, walls, Shielding collimators 
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Collimator 6a/b (coil 4): Intercept off-axis scatters in beampipe 
that are swept out between coils by magnet fringe fields

concrete 
shield 
wall

Lead 
collar

lead + 
concrete wall

target

Collar 1

Collars and walls Radiated flux swept 
out by spectrometer, 
re-scatters in vacuum 
enclosures, support 
structures, etc.  

Lead collars and 
concrete shield walls 
cut off this 
background

6a 6b Designed to meet 
background requirements 
with magnet alignment 
tolerance

Collar 2 + 
Barite wall



Background Hygiene: design for “2-bounce” 
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• Python code 
－Target, collar, collimators, beam shields, detector 

(600, 690-1300 mm) 

－Uses straight lines to simulate an isotropic source 
(with random position, angle) 

－Surfaces that “see” the target (red) become new 
sources 
－Make it so detectors see no red surfaces  

• Tolerance study 
－move the collimators and/or coils by +/-1 mm w/o 

seeing green on the detectors

1-bounce source
sees 1-bounce from target

sees the target

removed 1-bounce source

de
te

ct
or

target spectrometerAvoid “1-bounce” line-of-sight to target



Tracking and Counting detectors
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Event Mode Tracking 

18 MOLLER Design Review, December 2019 

Event	mode	tracking	will	be	done	at	low	(few	nA)	beam	current	for:	
•  weighted	kinematic	factor	in	asymmetry	
•  verification	of	spectrometer	optics	
•  background	determination	

The MOLLER Experiment p. 90

F Tracking Detectors

F.1 Introduction

Precision tracking systems are important for several auxiliary measurements within the MOLLER experi-
ment. These include verifying the acceptance of the quartz detectors, understanding the optical properties of
the magnetic field configuration, and position dependent responses of the quartz detectors. The tracking re-
quirements for this experiment are full azimuthal coverage (though not necessarily in a single configuration),
moderate position and angle resolution, and reasonably uniform efficiency.

The challenge of measuring the acceptance and quantifying its uncertainty is non-trivial, but important as
the relative contributions of Møller-scattered events over the full range of acceptance, with proper weighting,
is required to relate the measured parity-violating asymmetry APV to the underlying theoretical prediction.
This is the kinematic-dependent term defining the “kinematic factor” or analyzing power, A ⌘ APV /Qe

W
from Eqn. 3 in Sec. 1.2, dependent on the beam energy E and the center-of-mass scattering angle ✓

A ⌘
mGF
p
2⇡↵

4E sin
2 ✓

(3 + cos2 ✓)2
. (15)

Because of the very broad momentum acceptance of the spectrometer and the possibility for accurate
placement of acceptance-defining collimators, the problem simplifies greatly. If the momentum accep-
tance is uniform as a function of accepted angle, sufficiently accurate construction and placement of the
acceptance-defining collimators is all that is required. The purpose of the magnetic optics reconstruction in
this context is to validate the underlying assumptions.

The proposed tracking system would consist of several GEM layers after the magnetic elements and im-
mediately before the quartz. Multiple layers spaced along the beam axis provides a lever arm to reconstruct
not only the positions, which we will denote with cylindrical coordinates r and �, but also the directions,
which we will call r0 = dr/dz and �0

= d�/dz, shown in Fig. 56. These four independent variables map
from the independent variables which describe the scattered particle, the lab scattering angle ✓lab, the elec-
tron momentum p, the lab azimuthal angle �lab and the reaction vertex position vz (we neglect the vx and
vy coordinates as these are known event-by-event from the raster current and represent small perturbations
in the map).

F.2 Calibration Requirements

To measure the acceptance of the apparatus, a model of the magnetic transport optics must first be obtained.
Calibration of the optics over a relatively broad range can be performed by mapping out specific and iden-
tifiable points with defined polar and azimuthal angles, momentum, and target position. Using a nuclear
elastic or Møller interaction with a well defined beam energy correlates the momentum and polar angle.

With the use of foil target and a removable sieve before the magnetic elements, the remaining variables
can be constrained. The sieve must be at least ⇠ 40 X0 to be able to sufficiently stop the highest energy
electrons. As this sieve must be tied to the acceptance-defining collimator, absolute positioning can be done
both by survey and cross-checked by measuring and then minimizing the azimuthal modulation of rates
resulting from a small transverse displacement of the acceptance defining collimator.

Figure 57 shows the amplitude of the rate modulation as a function of the collimator displacement.
An array of scintillator pairs immediately behind the quartz will allow for counting mode operation with
well-defined relative azimuthal efficiency. Assuming a modulation amplitude measurement to an accuracy
of 2% of the average rate per sector, the positioning of the collimator can be determined to an accuracy
⇠ 1 mm. The impact of the residual uncertainty of 1 mm on the transverse position of the acceptance-
defining collimator will be less than 1% on the average analyzing power variable hAi, and thus negligible.

Tracking	system	will	give	a	much	finer	grained	view	of	radial	event	distributions	at	focal	plane	
compared	to	main	detectors	–	good	for	detailed	check	of	background/optics	expectations			
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What the main detectors “see”

           (assuming perfect gain matching)


What a tracking system would see


Tracking System -  Backgrounds


Tracking system: 

   - verify expected Moller/e-p ratios (radial and angular distributions) 

   - tune-up magnet optics   

   - look for collimator punch-through/scraping backgrounds

   - in anti-coincidence with main detectors to study neutral backgrounds


   - along with a PID system, use for π, µ background rate determination


Tracking	detectors	–	Armstrong,	Liyanage	

Verify design acceptance model 

Blocker

Sieve

Calibration using insertable 
sieve blocker

“Event mode” tracking with few nA beam current for: 
• kinematic weighting in asymmetry interpretation 
• Verification of spectrometer optics 
• background estimation 

GEM chambers and trigger scintillators inserted for 
calibration, removed for high flux operation

Integrating detectors also operate in a 
triggered “event mode” for calibration



Detector Package
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9/10/2014' MOLLER'Science'Review' 13'

Detectors'Overview'

•  Integra4ng'(current'mode)'
detectors:'asymmetry'
measurements'of'both'signal'
and'background,'and'beam'and'
target'monitoring.'

•  Tracking'(coun4ng'mode)'
detectors:'spectrometer'
calibra4on,'electron'scavering'
angle'distribu4on'and'
background'measurements.'

The MOLLER Experiment p. 18

momentum) Møller tracks so that they only experience field for a short distance in the magnet, which results
in a negative curvature in the downstream part of the coil. The details of the conceptual design, Monte Carlo
studies and preliminary studies of the mechanical design are presented in App. D

3.4 Detectors

The MOLLER apparatus consists of a number of detector systems. These include integrating (current mode)
detectors, for the asymmetry measurements of both signal and background, and beam and target monitoring,
as well as tracking (counting mode) detectors for spectrometer calibration, electron momentum distribution
and background measurements. An overview of the main detector systems is shown in Fig. 13. The toroidal
spectrometer will focus the Møller electrons ⇡ 28 m downstream of the target center onto a ring with a cen-
tral radius of ⇡ 100 cm and a radial spread of ⇡ 10 cm. As we describe in the following, the region between
a radius of 60 to 110 cm will be populated by a series of detectors with radial and azimuthal segmentation.
These detectors will measure APV for Møller scattering and, equally important, will also measure APV for
the irreducible background processes of elastic and inelastic electron proton scattering. Detectors at very
forward angle will monitor window to window fluctuations in the scattered flux for diagnostic purposes.
Lead-glass detectors placed behind the main Møller ring detectors and shielding, combined with two planes
of gas electron multipliers (GEMs) will measure hadronic background dilutions and asymmetries. Finally,
four planes of GEM tracking detectors will be inserted periodically just upstream of the integrating detec-
tors, at very low current, to track individual particles during calibration runs and to measure the detailed
shapes of all the charged particle trajectories. The following subsections provide a brief overview of the
various detector systems, including basic criteria and design choices. Additional details about the design
and prototype testing status of the various detectors can be found in the appendices (E, F and H).

GEM GEM
GEM GEM

quartz 
assembly

pion detectors

luminosity
monitor

beam centerline

Figure 13: Layout of the main integrating and tracking detectors. Predicted trajectories from elastically
scattered electrons from target protons (green) and target electrons (blue) are also shown.

3.4.1 Main Integrating Detectors

For the primary APV measurement, the detector response will be integrated over the duration of each helicity
window to measure the scattered flux. Integration of the signal, rather than event counting mode, is required,
due to the high flux of scattered electrons. The ideal detector material is artificial fused silica (henceforth
”quartz”), since it is radiation-hard, and has negligible scintillation response. When operating detectors in
integrating mode, there is no way to make event mode cuts, based on pulse shape, and true counting statistics
is not achievable. Therefore the two primary concerns for the detector design are to reduce background
sensitivity as much as possible and to reduce excess noise to a level that allows the detectors to operate
as close to counting statistics as possible. Both of these issues are intimately connected to the detector
geometry. In particular, aside from electronic noise, the level of excess noise in the detectors is primarily

Møller'

eNp'

Quartz''''''''''''APV'measurements'for'Møller,''
''''''''''''''''''''''''elas4c'and'inelas4c'eNp'events'
'

Quartz/W''''''Shower'max.'detector,'provides'a''''
''''''''''''''''''''''''second,'independent''''''''''
''''''''''''''''''''''''measurement'of'Møller'peak''
'

Pion''''''''''''''''PbNglass'and'two'GEM'planes'''
detector'''''''''for'hadronic'dilu4on/asymmetries'
'

Lumis'''''''''''''''monitor'for'target'density'''''
''''''''''''''''''''''''''fluctua4ons,'false'asymmetries'
'

GEMS'''''''''''''''backgrounds,'kinema4cs,'''''''
''''''''''''''''''''''''''spectrometer'diagnos4cs'

Quartz/W'
shower'max.'detector''

Detector concept schematic (2010) Integrating mode: asymmetry measurement 
Counting mode: counting/tracking for calibration

Coordinate GEMS 
Trigger scintillators

Thin Quartz

Shower-Max

Pion 
Detectors

SAM 
Detectors

Downstream 
scanner

LAM detectors 
(on barite wall)

Auxiliary detectors for background and 
calibration studies

• Intercept the primary electron flux with a radiation hard pure 
Cherenkov radiator (fused silica or “quartz”) with high radial 
and azimuthal segmentation  

• Ensure the required sensitivity to the electron flux asymmetry 
in the quartz tiles, approaching the shot-noise-limit with little 
additional background or crosstalk; have a redundant way to 
measure this asymmetry 

• Calibrate the primary electron flux, the irreducible electron 
background and their relationship to the spectrometer optics 
and acceptance collimators 

• Measure the anticipated few per mille pion/muon background 
flux rate and asymmetry in the Møller ring 

• Monitor the small/large angle and diffuse scattered flux as an 
additional monitor of beam helicity correlations in the primary 
beam parameters and the beam halo



Background deconvolution
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APV =
Aexpt

Pb
− fbAb

1 − fb

Radial / Azimuthal binning - measures backgrounds under the Møller peak 
• Elastic ep: ~10% of the signal, asymmetry is well known 
• Inelastic ep: <0.3% of the signal but asymmetry ~20x larger, not well known 
• The inelastic contribution is prominent in rings 2 and 3, will be measured there


