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BSM PVES Experiments

MOLLER, SoLID, and P2 all improve precision

A 𝜹A 𝜹A/A(%)
SoLID 500 ppm 3 ppm 0.6

MOLLER 0.035 ppm 0.0008 ppm 2.2

P2 0.020 ppm 0.0004 ppm 2.0
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Goals of SoLID, MOLLER, (and P2)

Moller (Simple formula)

P2: e P  and 12C elastic
(Simple formula at low E and 𝜃)

SoLID PVDIS (Simple for d at 
large E and 𝜃, only way to get 

C2’s)

Goal: Measure all the C’s as 
precisely as possible

Precision Physics with SoLID and MOLLER
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Goals of PVDIS with SoLID
APV with the Deuteron

1.  Search for BSM physics at a high 
energy scale.

2.  Search for CSV at the quark level
3.  Search for quark-quark higher twist effects 

APV with the Proton
1.  Help determine d/u PDF’s
2.  Insight into nuclear effects at high x 
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Figure 1: Left panel: History of PVES experiments in the size and precision of the asymmetry measured.
Right panel: Anticipated kinematic coverage for SoLID in the PVDIS configuration. The top band is for
a 11 GeV beam and the bottom band is for a 6.6 GeV beam. The number in each bin (with bin boundary
shown by red dashed lines) represent the relative statistical precision in percent, while the color scale
shows the size of APV for the deuteron in ppm.

where ↵ is the fine structure constant and the PDF and many other possible corrections cancel to first order
due to the isoscalar nature of the target. The SoLID spectrometer is designed to have large acceptance at
large y, so that APV is very sensitive to the geqV A couplings.

The main motivation for the experiment is that PVDIS is the only known experiment that can isolate
one combination of the coupling constants, 2geuV A� gedV A with minimal theoretical errors. For processes at
lower values of Q2, large, uncertain radiative corrections involving hadrons limit the possible precision.
The fundamental motivation for PVDIS is that it is important to measure as many of the couplings as
possible, each to as high a precision as possible.

From Eq. 2, we se that PVDIS is also sensitive to the geqAV , but presently these are known from Atomic
parity-violation and the recently-published Qweak experiment [6]. In the future, the P2 experiment [7] at
MESA will further improve on the precision of these couplings. With the new data published by Qweak
and anticipated from P2, the uncertainty on the geqAV will essentially be completely negligible in extracting
2geuV A� gedV A, an important development since the proposal was submitted. The projected uncertainties on
the couplings from SoLID and P2 are shown in the left panel of Fig. 2. We note from Fig 1 that the the
12C part of P2 proposes to measure an asymmetry at the 0.5% level.

3 Physics beyond the Standard Model

One possibility for BSM physics is new interactions that occur at the multi-TeV scale. At low energies,
these interactions are manifest as contact interactions of the form of Eq. 1. In total, there are 86 possible
operators for SM particles. The theoretical framework to model these heavy-particle new physics is called
Standard Model Effective Field Theory (SMEFT), and global analyses can be done to identify regions of
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FIG. 12. Adapted from Ref. [47]: Current experimental
knowledge of the couplings g

eq
V A (vertical axis). The latest

world data constraint (red ellipse) is provided by combining
the 6 GeV Qweak [39] on g

eq
AV (yellow vertical band) and the

JLab 6 GeV PVDIS [40, 41] experiments (grey ellipse). The
SoLID projected result is shown as the cyan ellipse. Also
shown are expected results from P2 (purple and pink vertical
bands) and the combined projection using SoLID, P2, and all
existing world data (magenta ellipse), centered at the current
best fit values.

addition to the weak mixing angle. The upcoming
MOLLER, P2, and the SoLID PVDIS deuteron mea-
surements will provide precision measurements of the879

low-energy e↵ective couplings g
ee

V A
, g

eq

V A
, and g

eq

AV
, re-

spectively. For PVDIS, we do so by expressing A
SM

PV,(d)

in Eq. (22) as functions of the electron-quark e↵ective882

couplings and perform a simultaneous fit of the combi-
nations (2geu

AV
� g

ed

AV
) and (2geu

V A
� g

ed

V A
), shown as the

cyan-colored ellipse in Fig. 12. The PVDIS projection885

can be further combined with that from P2 to provide the
best world fit, represented by the magenta-colored ellipse.
Due to the small value of geq

V A
’s in the SM, they could888

be particularly sensitive to BSM physics. One model
that the g

eq

V A
’s are sensitive to involves the leptopho-

bic Z
0s [46], corresponding to additional neutral gauge891

bosons (Z 0) with negligible couplings to leptons, and thus
would cause only sizable axial couplings to quarks while
leave the g

eq

AV
relatively una↵ected.894

3. BSM Reach of PVDIS with SoLID

The potential of BSM search can be generally charac-
terized by the energy scale ⇤, quantified as perturbations897

of the SM Lagrangian by replacing

GF
p
2
gij !

GF
p
2
gij + ⌘

q

ij

4⇡

(⇤q

ij
)2

, (23)

where ij = AV, V A and we assumed that the new physics900

is strongly coupled with a coupling g given by g
2 = 4⇡,

and ⌘
q

ij
= ±1 represents if the new physics increases

(constructive) or decreases (decreases) the couplings. For903

measurements sensitive to a certain flavor combination of
the couplings, a rotated operator basis is used [48]. The
energy scale that will be explored by the SoLID PVDIS906

deuteron measurement is projected using the rotated ba-
sis and is shown in Fig. 13. Such BSM limits are compli-
mentary to those from high energy facilities. As an ex-909

ample: the LHC Drell-Yan cross section data also deter-
mine linear combinations of both the parity-violating and
parity-conserving electron quark couplings, but their con-912

straint on BSM parameters has certain degeneracy (“flat-
ness”) defined by the observable measured. In this con-
text, the PVDIS program provides constraints on com-915

pletely di↵erent combinations of the couplings, thus re-
moves the flatness of LHC data in the BSM parameter
space [49].918

FIG. 13. Energy scale for BSM physics that is tested by all
low energy experiments that access the V A vs. AV electron-
quark e↵ective couplings. Limits from existing data are shown
by the red region. The green region shows the projected limits
with P2 at Mainz [43], while the light-blue region represents
the improvement from the projected SoLID PVDIS deuteron
results. Xiaochao:We are still trying to understand how this

plot was made. I am contacting Jens about this

SoLID will undoubtedly push forward the EW/BSM
physics study in the low to medium energy regime. On
the other hand, a variety of challenges exist. First, one921

must carry out both electromagnetic and electroweak ra-
diative corrections to high precision. Significant progress
has been made on this topic: We have adapted the event924

generator Djangoh [50], originally developed for HERA
cross section analysis, to fixed-target experiments and to

2C1u-C1d

2C
2u

-C
2d
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PVDIS for eD Scattering

e-

N X

e-
Z* γ*

At high x, Aiso becomes independent 
of pdfs, x & W, with well-defined 

SM prediction for Q2 and y

Q2 >> 1 GeV2 , W2 >> 
4 GeV2

€ 

APV =
GFQ

2

2πα
a(x) + f (y)b(x)[ ]

Unique feature: sensitivity to C2’s
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SM Effective Field Theory (SMEFT) and LHC Data 

SoLID and LHC data 
are complementary 

Goal: Measure each Cd
ij

as precisely as possible
(Nobody really knows where

the new physics is.)

New Drell-Yan LHC data  measures a 
combination of parity conserving and 

parity violating couplings. 

Figure courtesy of Frank Petriello…
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Exploring Dark Parity at Future Colliders

• Polarized electron beam of the future electron ion collider (EIC) a potential probe
- Production of Zd in coherent Z2-enhanced electron-ion scattering

HD, Marcarelli, Neil, work in progress

• Precision on sin2 ✓W based on 40 ab�1 of “Chiral Belle” data: ±0.00018
- Approximately 70% longitudinally polarized electron beam; Q2 = (10.58 GeV)2

- Possible sensitivity [mostly invisible; Br(Zd ! `+`�) ⇠ 0.003]: |"�0| <⇠ 3⇥10�4 ) � sin2 ✓W <⇠ 5⇥10�4

From: S. Banerjee et al. [US Belle II Group and Belle II/SuperKEKB e-Polarization Upgrade
Working Group], 2205.12847

16

Dark Boson Zd and other Sub-TeV BSM Models
• Davoudiasl, et al. Phys.Rev.D 92, (2015) 5, 055005
•

Page 19

Constraints of new W mass versus PV

Using Cs value from Dzuba et al., Phys Rev Lett 109 (2012) 203003

Thomas and Wang, arXiv: 2205.01911
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PVDIS and EW @ JLab and beyond- 16 June 2022accardi@jlab.org

● Global QCD analysis is a powerful tool:

⟶ d/u, nuclear dynamics, parton correlations, CSV

⟶ PVDIS still relevant in BONuS 12 / Marathon era !!

Need half a honeycomb, at least!

3333

W asym, PVDIS p, 
𝜈 DIS, e++p

tagged DISDIS on D

d/u
& nucl dyn.

 & Higher Twists

MARATHON
3He/3H

PVDIS on D

CSV
BSM

PVDIS with the Proton

PVDIS is complementary to 
the rest of the Jlab d/u program. 

Only PVDIS has 
no nuclear effects

The MARATHON Data on d/u has different interpretations.  Hence as many 
targets as possible should be studied: PVDIS, BONUS (D), and MARATHON

Phys.Rev.Lett. 127 (2021) 24, 242001
Phys.Rev.Lett. 128 (2022) 13, 132003

Figure courtesy of A. Accardi

SU(6)

Scalar Diquarks

Helicity Conservation
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SoLID PVDIS Apparatus Described in Pre-CDR

Baffles                             GEM Chambers       

• 50 𝜇A beam current.
• 40 cm LD2\LH2 target
• ~40% azimuthal coverage with 

baffles which provide curved 
channels that block positive and 
neutral background particles

• Azimuthally symmetric.
• High-rate GEM tracking Chambers

Achieving High Luminosity

Magnet from CLEO 
experiment at Cornell 
is at JLab.  Cold test 

is  expected to be 
completed by October. 
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MOLLER – World leading measurement of APV

δ(sin2θW) = ± 0.00023 (stat.) 
± 0.00012 (syst.) ~ 0.1%δ(QeW) = ± 2.1 % (stat.) ± 1.1 % (syst.) 

δ(APV) ~ 0.8 ppbAPV ~ 32 ppb

11  GeV, 65 μA 90% beam polarization

Look for tiny but measurable deviations from 
precisely calculable prediction for SM processes

Search for new flavor diagonal 
neutral currents

MOLLER: improve QW(e) by a factor of 5

JLab Measurements

Only e-e measurement: 
SLAC E158

Unique (purely 
leptonic) new physics 
reach

MOLLER Reach

Discovery space comparable to a 500 GeV lepton collider

Anew

Special opportunity with the 12 GeV upgrade
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Fixed target MOLLER versus LEP 200

LEP200

E158 Reach (actual limits asymmetric)

95% 
C.L. 
Limits

LEP-200 insensitive

MOLLER is accessing discovery space that cannot 
be reached until the advent of a new lepton collider

MOLLER Reach

Conventional Collider Contact Interaction 
Analysis: 
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MOLLER PROJECT

ray traces

Downstream coils

Single channel

• Full project team in place since January 2019
• Prototyping/construction/installation (2022-25)
• DOE OPA CD-1 Approval:  December 2020 
• CD-2/CD-3 Review~Summer 2023

• High intensity polarized electron source
• 1 nm control of beam centroid on target
• ~ 9 gm/cm2 (1.25 m) liquid hydrogen target
• Full Azimuthal acceptance w/ θlab ~ 5 mrad
• ~ 134 GHz scattered electron rate
• Robust & Redundant 0.4% beam polarimetry

Liquid Hydrogen Target

spectrometer housing

DOE MIE (Office of Nuclear Physics):

MOLLER apparatus 
features: 
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Detector Assembly Engineering Design Progress and Tests

• Main detectors and Shower-Max integrated on “rotator” so all 
modules can be installed from above rather than needing 
complex materials handling to insert, e.g. from underneath the 
structure

Moller Ring 5 Prototype

Beam 
Directio

n

Test Beam 
Pulse Height 
SpectrumPrototype Ring 5 

and Ring 6 modules 
evaluated in test 
beam

Engineering CAD of Main Detector Assembly
Latest beam test at Mainz (May 2022) 
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SoLID and MOLLER MIE Project

Precision Physics with SoLID and MOLLER

• Successful DOE Science Review, March 2021
• Successful PAC review for all previously approved experiments: July 2022

• Wrapped up all Preliminary Design Reviews in June 2022
• Targeting Final Design Review(s) in late CY2022 to support spring 2023 CD-2/3 approval
• Technically driven schedule is then ~15 months construction and ~18 months installation
• Now fully funded

SoLID

MOLLER MIE Project Schedule
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MOLLER Schedule
Review Start End Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
PDR - Downsteam Toroid 3/29/21 3/29/21 1

PDR - Trigger and DAQ 3/18/21 3/18/21 1

PDR - Magnet Power Supplies, Leads, Jumpers 4/30/21 4/30/21 1

PDR - Beam Pipes, Bellows and Windows 7/12/21 7/12/21 1

PDR - GEM Modules 9/14/21 9/14/21 1

PDR - Detector Systems (except GEMs) 1/12/22 1/14/22 1

PDR - Hydrogen Target 1/20/22 1/20/22 1

PDR - Spectrometers 5/23/22 5/24/22 1

PDR - Shielding and Utilties 6/1/22 6/1/22 1

FDR - All Systems 12/5/22 12/8/22 1

CD-3a Directors Review 11/15/22 11/17/22 1

CD-3a Independent Project Review 1/10/23 1/12/23 1

CD-3a Approval 2/12/23 2/12/23 1

Independent Final Design Review 2/6/23 2/9/23 1

CD-2/CD-3 Directors Review 5/9/23 5/13/23 1

CD-2/CD-3 Independent Project Review 6/27/23 6/30/23 1

CD-2/CD-3 ESAAB Approval 7/20/23 7/20/23 1

Long-Lead procurements 2/13/23 1/29/24 1 1 1 1 1 1 1 1 1 1 1 1

Construction 7/21/23 9/3/24 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Installation 9/4/24 12/15/25 1 1 1

2021 2022 2023 2024
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SoLID and MOLLER Collaboration

P. A. Souder: Contact
P. Reimer: Co-spokesperson
X. Zheng: Co-spokesperson

MOLLER Collaboration and Project

~ 160 authors, 37 institutions, 6 countries

Precision Physics with SoLID and MOLLER

~ 247 authors, 62 institutions, 13countries

SoLID PVDIS Collaboration

K. Kumar: Contact
J. Fast: Project Manager
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