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Outline

• Introducing P2 (quark weak charges) and MOLLER (electron weak charge)

• Theory, Motivation, and Complementarity 

• Some details about the P2 experiment

• Some details about the MOLLER experiment

• Status and Outlook

P2@MESA

J. Erler (JGU), reproduced with permission
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𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 11 𝐺𝐺𝐺𝐺𝐺𝐺

𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 65 𝜇𝜇𝜇𝜇

ℒ = 3 × 1039 𝑐𝑐𝑐𝑐−2 � 𝑠𝑠−1

2.75 ≤ 𝐸𝐸𝑠𝑠𝑠𝑠𝑏𝑏𝑠𝑠 ≤ 8.25 𝐺𝐺𝐺𝐺𝐺𝐺

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

𝜇𝜇𝑃𝑃𝑃𝑃 = 𝑐𝑐𝑏𝑏𝐸𝐸
𝐺𝐺𝐹𝐹

𝜋𝜋𝜋𝜋 2
4𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃

3 + 𝑐𝑐𝑐𝑐𝑠𝑠2𝜃𝜃 2 𝑄𝑄𝑊𝑊
𝑏𝑏

e- e-

e- e-

γ , Zo

𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ≥ 90 ± 0.5 %

𝑄𝑄𝑊𝑊𝑏𝑏 = −(1 − 4𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃𝑊𝑊)

∆𝑄𝑄𝑊𝑊𝑏𝑏 = 2.4%

The MOLLER experiment (Jefferson Lab) 

LH2 Target

Tracking 
Detectors

Main Cherenkov 
Detectors

PID and 
Background 
Detectors 

𝜇𝜇𝑃𝑃𝑃𝑃 = 32 𝑝𝑝𝑝𝑝𝑝𝑝

𝛿𝛿𝜇𝜇𝑃𝑃𝑃𝑃 = 0.8 𝑝𝑝𝑝𝑝𝑝𝑝

Δ𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃𝑊𝑊 = 0.1%
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MOLLER will run at the Thomas Jefferson National Accelerator Facility, Virgina, USA
making use of the high intensity high energy electron beam with the highest possible electron 
beam polarization. 

The experiment will be located in hall A, the largest of the 4 halls.

Particular beam properties that are important include:

• High luminosity 
• Parity quality beam: High polarization with high beam stability and systematic control
• High precision beam polarimetry measurements
• High power LH2 target

The MOLLER experiment (Jefferson Lab) 



The P2 Experiment (Mainz MESA Facility – See Talk by Malte Wilfert, Friday) 
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𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 155 𝑀𝑀𝐺𝐺𝐺𝐺

𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 150 𝜇𝜇𝜇𝜇

ℒ = 2.4 × 1039 𝑐𝑐𝑐𝑐−2 � 𝑠𝑠−1

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

𝜇𝜇𝑃𝑃𝑃𝑃 =
𝐺𝐺𝐹𝐹𝑄𝑄2

4 2 𝜋𝜋𝜋𝜋
𝑄𝑄𝑊𝑊𝑏𝑏 − 𝐹𝐹 𝑄𝑄2

𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ≥ 80 ± 0.4 %

𝑄𝑄𝑊𝑊
𝑝𝑝 = (1 − 4𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃𝑊𝑊)

∆𝑄𝑄𝑊𝑊
𝑝𝑝 = 1.83%

P2@MESA

e- e-

γ , Zo

𝑞𝑞 𝑞𝑞

𝜇𝜇𝑃𝑃𝑃𝑃 = −40 𝑝𝑝𝑝𝑝𝑝𝑝

𝛿𝛿𝜇𝜇𝑃𝑃𝑃𝑃 = 0.6 𝑝𝑝𝑝𝑝𝑝𝑝

∆𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃𝑊𝑊 = 0.14%



P2
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P2 will run at the New MESA Facility, Mainz, Germany
making use of the high intensity electron beam with the highest possible 
electron beam polarization. 

Particular beam properties that are important include:

• High luminosity 
• Parity quality beam: High polarization with high beam stability 

and systematic control
• Highest precision beam polarimetry measurements
• High power LH2 target

P2@MESAThe P2 Experiment (Mainz MESA Facility – See Talk by Malte Wilfert, Friday) 
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The Weak Mixing Angle 

P2@MESA

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

SU(2): Gauge fields 𝐵𝐵+,𝐵𝐵−,𝐵𝐵0 and coupling 𝑔𝑔𝑔

U(1): Gauge field 𝜇𝜇 and coupling 𝑔𝑔

“On-shell” definition in terms of boson masses:

“MS-Scheme” definition in terms of (running) coupling 
constants:

𝜸𝜸
𝒁𝒁𝟎𝟎 = 𝒔𝒔𝒊𝒊𝒊𝒊 𝜽𝜽𝑾𝑾 𝒄𝒄𝒄𝒄𝒔𝒔 𝜽𝜽𝑾𝑾

𝒄𝒄𝒄𝒄𝒔𝒔 𝜽𝜽𝑾𝑾 −𝒔𝒔𝒊𝒊𝒊𝒊 𝜽𝜽𝑾𝑾
𝑩𝑩𝟎𝟎
𝑨𝑨

𝒔𝒔𝒊𝒊𝒊𝒊𝟐𝟐 𝜽𝜽𝑾𝑾 = 𝟏𝟏 −
𝒎𝒎𝑾𝑾

𝟐𝟐

𝒎𝒎𝒁𝒁
𝟐𝟐

𝒔𝒔𝒊𝒊𝒊𝒊𝟐𝟐 �𝜽𝜽𝑾𝑾 =
𝒈𝒈𝑔𝟐𝟐

𝒈𝒈𝟐𝟐 + 𝒈𝒈𝑔𝟐𝟐

J. Erler (JGU), reproduced with permission
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The Weak Mixing Angle 

P2@MESA

J. Erler (JGU), reproduced with permission

The weak mixing angle changes (“running”) with interaction 
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).



2022-08-29 SSP2022 (Michael Gericke) 9

The Weak Mixing Angle and New Physics 

P2@MESA

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 

Adapted from Davoudiasl et al. PRD 92, 055005 (2015)  

M
. Cadeddu

et al. arXiv:2104.03280v3 [hep-ph] 

𝒔𝒔𝒊𝒊𝒊𝒊𝟐𝟐 �𝜽𝜽𝑾𝑾 ⟶ 𝜿𝜿𝒅𝒅𝒔𝒔𝒊𝒊𝒊𝒊𝟐𝟐 �𝜽𝜽𝑾𝑾

𝜿𝜿𝒅𝒅 = 𝟏𝟏 − 𝜺𝜺
𝒎𝒎𝒁𝒁
𝒎𝒎𝒁𝒁𝒅𝒅

𝜹𝜹 + 𝜺𝜺 𝒕𝒕𝒕𝒕𝒊𝒊 �𝜽𝜽𝑾𝑾 𝒄𝒄𝒄𝒄𝒕𝒕 �𝜽𝜽𝑾𝑾 𝒇𝒇
𝑸𝑸𝟐𝟐

𝒎𝒎𝒁𝒁𝒅𝒅
𝟐𝟐
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The Weak Mixing Angle and New Physics 

P2@MESA

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 predition

M
. Cadeddu

et al. arXiv:2104.03280v3 [hep-ph] 

𝒔𝒔𝒊𝒊𝒊𝒊𝟐𝟐 �𝜽𝜽𝑾𝑾 ⟶ 𝜿𝜿𝒅𝒅𝒔𝒔𝒊𝒊𝒊𝒊𝟐𝟐 �𝜽𝜽𝑾𝑾

𝜿𝜿𝒅𝒅 = 𝟏𝟏 − 𝜺𝜺
𝒎𝒎𝒁𝒁
𝒎𝒎𝒁𝒁𝒅𝒅

𝜹𝜹 + 𝜺𝜺 𝒕𝒕𝒕𝒕𝒊𝒊 �𝜽𝜽𝑾𝑾 𝒄𝒄𝒄𝒄𝒕𝒕 �𝜽𝜽𝑾𝑾 𝒇𝒇
𝑸𝑸𝟐𝟐

𝒎𝒎𝒁𝒁𝒅𝒅
𝟐𝟐
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The Weak Mixing Angle and New Physics 

P2@MESA

Additional physics sensitivities include:

• Type II seesaw neutrino mass motivated 
doubly charged scalars 

• R-Parity Violating SUSY

• New contact interactions

• Lepton Compositeness (up to 47 TeV)

• SMEFT constraints for dim 6 operators

𝓛𝓛𝒆𝒆𝟏𝟏𝒆𝒆𝟐𝟐 = �
𝒊𝒊,𝒋𝒋=𝑳𝑳𝑳𝑳

𝒈𝒈𝒊𝒊𝒋𝒋
𝟐𝟐𝜦𝜦𝟐𝟐 𝒆𝒆𝒊𝒊𝜸𝜸𝝁𝝁𝒆𝒆𝒊𝒊𝒆𝒆𝒋𝒋𝜸𝜸

𝝁𝝁𝒆𝒆𝒋𝒋

𝜦𝜦

𝒈𝒈𝑳𝑳𝑳𝑳𝟐𝟐 − 𝒈𝒈𝑳𝑳𝑳𝑳𝟐𝟐
= 𝟕𝟕.𝟓𝟓 𝑻𝑻𝒆𝒆𝑻𝑻

P. S. Bhupal Dev, et al. PysRev D 98, 055013 (2018)

R. Boughezalet al., arXiv:2104.03979v1 [hep-ph]
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Both experiments will measure the asymmetry in the number of scattered electrons as a function of beam helicity.

The measured flux will be integrated (both spatially and in time) over the helicity 
window, to form the measured asymmetry at the pair, quartet, or octet level.

All systematic effect must be taken into account:

Measurement Methodology

P2@MESA

θe

e'

𝑘𝑘 = 𝐸𝐸𝑘𝑘, �⃗�𝐤

𝑘𝑘′ = 𝐸𝐸𝑘𝑘′ , �⃗�𝐤′

𝑞𝑞 = 𝐸𝐸𝑘𝑘′ − 𝐸𝐸𝑘𝑘,𝐪𝐪′

𝑝𝑝 = 𝑀𝑀, 0

𝑝𝑝′ = 𝐸𝐸𝑝𝑝′ ,𝐩𝐩′

𝑨𝑨 =
𝝈𝝈𝑳𝑳 − 𝝈𝝈𝑳𝑳
𝝈𝝈𝑳𝑳 + 𝝈𝝈𝑳𝑳

𝜇𝜇𝑞𝑞𝑞𝑞𝑠𝑠 =
∑𝑌𝑌+ − ∑𝑌𝑌−
∑𝑌𝑌+ + ∑𝑌𝑌−

𝑨𝑨𝒎𝒎𝒔𝒔𝒎𝒎 =
𝒀𝒀+ − 𝒀𝒀−

𝒀𝒀+ + 𝒀𝒀−
= 𝑷𝑷𝒆𝒆 𝒇𝒇𝒑𝒑𝑨𝑨𝑷𝑷𝑻𝑻 + �

𝒃𝒃

𝑨𝑨𝒃𝒃𝒇𝒇𝒃𝒃 + 𝑨𝑨𝒃𝒃𝒆𝒆𝒕𝒕𝒎𝒎 + 𝑨𝑨𝒊𝒊𝒊𝒊𝒔𝒔𝒕𝒕



The P2 Experiment 
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P2@MESA

Pe = electron polarization
fp = flux fraction from desired physics signal
fb = flux fraction from background signal
APV = physics asymmetry
Ab = background asymmetries
Ai = instrumental (false) asymmetries
𝑄𝑄2 = momentum transfer

𝑨𝑨𝑷𝑷𝑻𝑻 =
𝑮𝑮𝑭𝑭𝑸𝑸𝟐𝟐

𝟒𝟒 𝟐𝟐 𝝅𝝅𝝅𝝅
𝑸𝑸𝑾𝑾
𝒆𝒆 − 𝑭𝑭 𝑸𝑸𝟐𝟐

𝑨𝑨𝒎𝒎𝒔𝒔𝒎𝒎 = 𝑷𝑷𝒆𝒆 𝒇𝒇𝒑𝒑𝑨𝑨𝑷𝑷𝑻𝑻 + �
𝒃𝒃

𝑨𝑨𝒃𝒃𝒇𝒇𝒃𝒃 + 𝑨𝑨𝒃𝒃𝒆𝒆𝒕𝒕𝒎𝒎 + 𝑨𝑨𝒊𝒊𝒊𝒊𝒔𝒔𝒕𝒕



The P2 Experiment 
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P2@MESA

The main Cherenkov detectors measure 
the physics asymmetry.

Using 72, 65 cm long, highly fused silica 
bars

Total internal reflection of signal light, 
guided to PMT

Use low noise integrating electronics



The P2 Experiment 
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P2@MESA

The tracking detectors measure the momentum 
transfer and possible backgrounds 

Using two planes of multiple, large area, tiled 
HVMAPS (P2Pix - MuPix chip adaptation)



MOLLER Experiment 
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Pe = electron polarization
fp = flux fraction from desired physics signal
fb = flux fraction from background signal
APV = physics asymmetry
Ab = background asymmetries
Ai = instrumental (false) asymmetries

The event rate in the detector is 𝑄𝑄2
dependent, but the asymmetry is not.

𝑨𝑨𝑷𝑷𝑻𝑻 = 𝒎𝒎𝒎𝒎
𝑮𝑮𝑭𝑭
𝟐𝟐𝝅𝝅𝝅𝝅

𝟒𝟒 𝐬𝐬𝐬𝐬𝐬𝐬𝟐𝟐 𝜽𝜽
𝟑𝟑 + 𝐜𝐜𝐜𝐜𝐬𝐬𝟐𝟐 𝜽𝜽 𝟐𝟐 𝑸𝑸𝑾𝑾

𝒆𝒆

LH2 Target

Tracking 
Detectors

Main Cherenkov 
Detectors

PID and 
Background 
Detectors 

𝑨𝑨𝒎𝒎𝒔𝒔𝒎𝒎 = 𝑷𝑷𝒆𝒆 𝒇𝒇𝒑𝒑𝑨𝑨𝑷𝑷𝑻𝑻 + �
𝒃𝒃

𝑨𝑨𝒃𝒃𝒇𝒇𝒃𝒃 + 𝑨𝑨𝒃𝒃𝒆𝒆𝒕𝒕𝒎𝒎 + 𝑨𝑨𝒊𝒊𝒊𝒊𝒔𝒔𝒕𝒕
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MOLLER Experiment 

Pion Detectors (14)

ShowerMax (28)Thin Quartz (224)
6-ring Cerenkov detector

Ferris Wheels (4)

Trigger Scintillators 
(14)

GEM modules (28)

Beam

US Scanner DBM (21)

DS Scanners (4)

SAM (8)

LAM (7)
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A set of room temperature spectrometers:

• Steers the electrons onto the detectors and 
Perform event type separation:

The scattering profile in the 
detector planes has to be 
separated into a suitable 
number of radial and 
azimuthal bins to allow:

• Event separation,
• Statistics collection
• Control of systematic 

effects, such 
• Beam motion
• Backgrounds

MOLLER Experiment 
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1. Full coverage of 𝐺𝐺 + 𝐺𝐺 → 𝐺𝐺 + 𝐺𝐺 events

2. Radial binning to understand backgrounds: 𝐺𝐺 + 𝑝𝑝 → 𝐺𝐺 + 𝑝𝑝 and 𝐺𝐺 + 𝑝𝑝 → 𝐺𝐺 + 𝑋𝑋

3. Azimuthal binning required for deconvolution of 𝐺𝐺 + 𝐺𝐺 → 𝐺𝐺 + 𝐺𝐺 from
𝐺𝐺 + 𝑝𝑝 → 𝐺𝐺 + 𝑝𝑝 and 𝐺𝐺 + 𝑝𝑝 → 𝐺𝐺 + 𝑋𝑋 background

4. Cover wide range of rates across the 224 modules (1 𝑀𝑀𝑀𝑀𝑀𝑀 to 4 𝐺𝐺𝑀𝑀𝑀𝑀)

5. Low excess noise

6. Good linearity

7. Suppression of soft backgrounds (photons and neutrons)

8. Radiation hard to peak dose of  ~35 and ~80 Mrad (rings 5 and 2)

9. Suppress false asymmetries

MOLLER Experiment 
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MOLLER Experiment 

Large area GEM detectors will be used for tracking, together with a set of trigger scintillators. 



2022-08-29 SSP2022 (Michael Gericke) 21

The integrating detector package consists of 252 separate 
detector modules, including:

1. Mounting structure 
2. Quartz active material
3. Light guide
4. Photo-multiplier tube and base 
5. Preamplifier
6. ADC
7. Cabling, Power Supplies, etc. 
8. Cooling/dry air flushing 

The detectors are used to measure
the asymmetry for all event types.

Ring 5:  84 detectors - quartz /HVMAPS       
combination 

Other rings:  140 detectors - quartz only 

MOLLER Experiment 
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Ring 5 region includes HVMAPS  (same as the P2Pix) to map the scattered 
profile and to be used in tracking mode to diagnose detector performance. 
This includes

1. Chips (estimate 80 wavers, with 40 chips each)
2. Mounting structure (including flex-print)
3. Readout boards (84, one for each detector)
4. FPGA boards 

𝑅𝑅 = 2.2 × 10−4 × ⁄70 25 ≃ 600 ⁄𝑘𝑘𝑀𝑀𝑀𝑀 𝑐𝑐𝑐𝑐2 ⟹ ≃ ⁄4 𝑘𝑘𝑀𝑀𝑀𝑀 𝑝𝑝𝑠𝑠𝑝𝑝𝐺𝐺𝑝𝑝

MOLLER Experiment 



3” pmt

25 cm long 
LG

16 cm 
radial tile
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28 Shower Max Sandwich detector 
behind Ring 5

MOLLER Experiment 

There are an additional 28 shower max sandwich detector 
modules including 

1. Mounting structure 
2. Quartz active material
3. Tungsten radiator material
4. Light guide
5. Photo-multiplier tube and base 
6. Preamplifier
7. ADC
8. Cabling, Power Supplies, etc. 
9. Cooling/dry air flushing 

These are designed to make and 
energy weighted asymmetry 
measurement of the elastic Moeller 
peak are are less sensitive to soft 
background.



2022-08-29 SSP2022 (Michael Gericke) 24

P2@MESA

Front-end Electronics Design:

Operating Principle:

• For each detector in a given helicity window we have the following 
sampling scheme …

• The small asymmetry requires oversampling in each helicity window

Digitization:

ADC range and 
resolution (0 suppressed)

18 bit Resolution:

~ 0.12 𝜇𝜇𝐺𝐺

𝑠𝑠𝑝𝑝𝑏𝑏~25

𝑅𝑅~ 5 𝐺𝐺𝑀𝑀𝑀𝑀
𝐺𝐺𝑃𝑃𝑃𝑃𝑃𝑃~1000

𝐺𝐺𝑏𝑏𝑏𝑏𝑝𝑝~100𝑘𝑘Ω

Using:

∆𝐺𝐺 ≃
4 𝐺𝐺
217 ≃ 16 𝜇𝜇𝐺𝐺

𝑁𝑁𝑠𝑠𝑏𝑏𝑏𝑏𝑝𝑝𝑠𝑠𝑏𝑏𝑠𝑠
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Detector Prototype Tests: 

P2@MESA

May 2022 beam time:

• The PMT/electronics housing is a combination of 3D printed holder and 
aluminum housing (the top part would be metal as well in the final design)

• The PMT/electronics holder inserts into housing and is held by bayonet twist
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Electronics Development: 

P2@MESA

May 2022 beam time:

• Custom low noise 16 channel ADC board (developed at U Manitoba and TRIUMF)

• Beam test was conducted with full integrating electronics chain including first full 16 channel ADC board 
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May 2022 beam time:

• Tested various detector module geometries with different light guide materials and quartz 
thickness

• Tested the full integrating (with the two-channel prototype board) and event mode 
electronics chain

• Most important integration mode test is counting statistics performance at high beam 
current (see plots below) – tests showed excellent performance of the prototype

Detectror Prototype Tests: 

Ring 5 prototype

P2@MESA
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P2@MESA
Status and Outlook

MOLLER  and P2 are roughly on the same trajectory (distressingly …)

• Both are fully funded (Major funding  from German, US, and Canadian agencies)

• Both are wrapping up R&D and getting started with construction of components

• Significant upgrades and new construction underway for Hall A at JLab

• MESA construction is well advanced (See Malte Wilfert’s talk on Friday)

• Installation scheduled to start in late 2024

• Running starting in 2025 

Thank You!
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