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Mgaller Scattering 4,

MOLLER is aimed at precision measurement of the parity-violating asymmetry Ay, in fixed
target, polarized electron-electron (Mgller) scattering.

Standard Model gives remarkably precise prediction for Mgller A, which can be measured as a test

e--.___ - e- - P— A _ A')/AZ - m GF 4' Sinz 0 Q e
— e Ta Y — L —
g > é /€ PV Az ¢~ V2ma (3+cos? ) W
7" 0 | "'::.,/"
Z /§ Z §’ N Weak charge . e = 4. g e {—4sin2p Weinberg
e e e e — / e of electron - QW =% 9y 94 = _( — 4 SIn W) (Welak) mixing
o o angle

Y - Z mixing diagrams and W loops, “Hard” radiative corrections involving the massive
vector bosons—modify the tree level prediction significantly.

Ve  Two groups working on full
1-loop and leading 2-loop
radiative corrections

--Aleksejevs and Barkanova
Series of publications

--Du, Freitas, Patel and Ramsey-Musolf
Recent closed-fermion loops:
arXiv:1912.08220
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The Weak Mixing Angle

« Played a central role in developing and validating electroweak . . . -
theory, especially testing at the quantum loop level Atomic Pa"ty Violation: Cs-133

+ future measurements and theory challenging

Neutrino DIS: NuTeV

0.245

llnll'l T TTIT

measurements

+ proposed

0240 Q) Iow(e, ~ 4+ future measurements and theory challenging
T .
- ™\ PV Mgller Scattering: E158 at SLAC
oz [Qw"“"” eDIS + statistics limited, theory robust
@ 4+ next generation: MOLLER (factor of 5 better)
0230 _ Tevatron PV elastic e-p scattering: Qweak
MOLLER =
Mainz-P2 = T SoLID 4+ theory robust at low beam energy
MOLLER: * 0.00028 4+ next generation: P2 (factor of 3 better)
0.225
0.0001I ---3::1)01- ----(-;:101- I”"lill)ll.1 l “m“l1 l “m';IO I -----1u‘lm- “"1'3'00' ”l1.;)000 PV Deep Inelastic Scattering: PVDIS

u [GeV]
* y-Z mixing and other diagrams are absorbed

into the coupling constant causing it to ‘run’ as
a function of energy scale.

4+ theory robust for 2H in valence quark region
4+ factor of 5 improvement: SOLID

« Renormalization scheme defines sin? 6,, at the Z-pole.
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MOLLER Sensitivity to New (BSM) NC Weak Interactions

Weak charge measurement from purely leptonic neutral current amplitudes

A Anew
A, + Ay + Ape > —— A$[1+2(—2)+2( )]

AV AV
Constraint on new 4-fermion contact inter_a_ctions
e- e- e
Qr, ~ 0.045
Q5/Gr . - :
0Qw > 49 = Apew ~ 0.001 - G PVES Initiative:
- - ~ L. 0 .
° = Q8 Unprecedented C°mpL’:)'t’:§:"a’ ity
4+ In this way, new physics can reveal itself through™ sensitivity!
interference with SM physics Qo
(as long as ¥ << M so that Az not imaginary - underscores importance
of low energy measurements in looking for these new interactions N \
Other complementary semi-leptonic measurements off quarks: (rauark Qw Qw ravark
. 5(Qw (133Cs) /A) ~ 0.6 % => Apew ~ 0.0033 - Gz Atomic PV Future Cs meas. ? Semi-Leptonic
- JLab Qweak:5(QL) ~6% = Auew ~ 0.0045- G Future Mainz P2: Improve by factor of 3
. 6(2Cy, — Coy) ~5% = A,y ~0.004 -G SOLID (at JLab): unique sensitivity to axial quark couplings
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Electron Scattering and Parity Violation

4+ Use unique parity violation signature of weak force to access Neutral Current scattering amplitude

Parity Transformation: Changing beam helicity is equivalent to changing parity

4 e ) - a4 e ) e ) Polarized beam
-\ e / . ,\
lﬂﬂlgit‘ll(lcilﬂﬂh.\’ \ reflectiop / : rotation \
polarize - I [ 3
(4 -~ _ e ¢
g _/ T\ _/ g _

Right-handed Left-handed Unpblarized target
2
* Access NC Weak amplitude (4,) via EW interference
0= i "‘_ """ 7 dominated asymmetry measurement

 Flip sign of longitudinal beam

2 polarization while measuring flux

* Measured observable is parity
e violating fractional rate difference

or asymmetry (Apy)
Born

oR—0 .
Approx: APV — £ . zoc Q\ﬁ/ = 4 ) gg ) gfl = _(1 _ 4 Slnz HW)

OR+oy,
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4 Decades of Technical Progress

4+ photocathodes, polarimetry, high power cryotargets, nanometer beam stability, precision beam
diagnostics, low noise electronics, rad hard detectors  pPVeS Experiment Summary

« E122 — 1st PVES Expt (late 70’s at SLAC) ;

« Mainz & MIT-Bates in mid 80’s 10k

« JLab program launched in mid 90’s :

« E158 at SLAC measured PV Mgller scattering  1o°
in mid 2000’s

Pioneering

Strange Form Factor (1998-2009)
S.M. Study (2003-2005)

JLab 2010-2012

Future

1st generation
2nd generation
3rd generation
4th generation

] . 10°
Hall A JLab PVES Experiments: £
(Flux Integration Technique) 3 107
1999 HAPPEX-I: 2 MHz (Apy~ 15 ppm)
2004 HAPPEX-II: 100 MHz (Apy~ 1.5 ppm) 10°®

2009 HAPPEX-Ill: 2 MHz (Apy~ 25 ppm)
2010 PREX-I: 2GHz (Apy~ 0.5 ppm)
2019 PREX-ll: 4 GHz (Apy~ 0.5 ppm)
2020 CREX: 50 MHz  (Apy~ 2 ppm) 5010 bk il il il il

2026 MOLLER: 135 GHz (Apy~ 0.035 ppm) 10° 107 10° 10° 10 10°

PV
« Parity-violating electron scattering has become a powerful precision measurement tool
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The MOLLER Measurement and Observable Sensitivity

« At proposed kinematics: 11 GeV CEBAF e— beam (65 YA, 90% pol.), and 100% acceptance of
scattered Maller electrons from 5 mrad < 6,,;, < 20 mrad (~60° < 6,,,, < 120°) :

— Predicted (4,,) = 35.6 ppb at (Q?) = 0.0056 (GeV/c)?

. . . . A _ OR—O0], _ GF 4-Si1’12 Hcm e
(with total integrated signal detection rate of 135 GHz) PV = Gata, et Zma (3+cos2 0. ) Qw
« For 49 (PAC) week run: 3 x 1018 Mgllers detected HigheSt figure of merit at fcm = 90°
— 8(Apy) = 0.73 parts per billion 40: do/dQ
— 8(Q5)/QE, = +2.1% (stat) £1.0% (syst) :5} so—
— §(sin? 6,,) = + 0.00026 (stat) + 0.00012 (syst) £ a Any
8(sin 64,) _ 10 - Bl
snze, ~01 /o precision! £

el e e
l)0 20 40 60 0 100 120 140 160 180
Center of Mass Angle

4+ Statistics-limited precision!
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Identical Particle Scattering and Full Acceptance

oo G 4sin20 s highly boosted S0t CM angles 90° — 120°
Apy = R TL m, F Qf, & laboratory frame £ 11 GeV in: 5.5 to 2.75 GeV out
OR+oL V2ma (3+cos? 9cm) 5 ! =8 Lab angles ~9 mrad - 17 mrad
@ &= 20
_ _ _ W [ Forward & [
Highest figure of merit at 8.,,, = 90° [ R o1
= 8 4 Backward | S0 N
45— w - N ® C
- ° 2 s P pomnmen ‘
= 8 . . | a ' Backward! Forward !
g 35;_ E 00‘“25“‘4‘0"‘6‘0"‘8‘0”|1(|)0‘H12|0H|1AOIH160 1&0 S 0; ”2|'”:':|3”",I;""é":"s‘“";""s‘”"‘9‘""1‘0"”1‘1
g a0 2 COM Scattering Angle (degrees) Scattered Electron Energy (GeV)
> E
£ 25F
£ 2
£ 20:— 19,
5 .F o f2d .
< 155 00y, =190° 120°] Acceptance defining
0 \ collimator
5F . ;
OE L I L I L | | | i\ | ! I: ! | ! |
60 80 100 120 140 160 180 s
Center of Mass Angle -5 Mraq Unique Concept allows
/" for ~full azimuthal
» — acceptance, but
/ challenging design
Center of mass Lab

Not part of acceptance

* Identical particles - _
] . orward scattering
« Measure either forward or backward scattering Backward scattering 8 e o0
CcoOM '
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Measuring this tiny asymmetry

+ Rapid (2 kHz) helicity reversals
Detector Signal _] ................... l .................. I ......... I_ ........ I ................... l_ .......

Helicity States + - - + -4 + -l 4+ - - +
- A A _J
N Y Y
A, A, A, A,

4+ Place a detector where it sees the Mgller scattered
electron flux

4+ Analog integrate detector current over individual
helicity windows

0 100 ns | time

OR—O
4+ And form the asymmetry: A,,.qs = ——

oRr+ojy,
2023 CAP Congress, Fredericton NB 10
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10°
10°

£10*

o 10°
o

10?
10

4+ Measure to 0.01% at 1 kHz,
repeat for a year straight

Ameas
No non-Gaussian tails to +50
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MOLLER at Jefferson Lab’s Hall A

.;g_f_f;?son Lab

omas Jefferson National Accelerator Facility

ST

N\
R &
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Experimental Apparatus: Injector Beam Preparation

RTP Pockels

Linear
Cell

Laser Polarizer

» Precision polarized source laser alignment

« Anew and improved RTP Pockels cell for fast flipping

Vacuum
Window

" . .. Rotatabl GaAs
- Independent methods for “slow” helicity reversals: I‘ﬁ‘;ﬁ’;‘ﬁ;‘;‘: Halfwave Photocathode
Plate Plate

(important for cancelling helicity-correlated false
asymmetries)

Revers mbinations

Laser Beam

1. Insertable half-wave plate for source laser:
--state (In or Out) changed every =8 hrs of
production

Circularly
polarized light

2. Injector e-beam spin manipulator (Wien filter):

--configuration (Right or Left) changed on g \ ¢
once a month time scale _§ | ?é
_ _ _ _ _ Randomized c‘q@) k
3. ‘g-2’ spin flip by changing incoming beam Hehclty Slgnal ~g 1

energy and spin precession. Will do at least
once during MOLLER

/ \
\ )
AN /

|
|
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Prepari a'g the beam

Helicity: HV +/-, IHWP out/in

Electron Beam
e- : Right handed

\ ,
=

Din
e- : Left handed

Spia
S _———————__ Solenoid
_—~ Injector spin manipulation: - off
/// original N 8
spin Vertical
e o SR Wien kg Horizontal
\ propagation P / ~ Wien
direction E ( Mfl{w

=XB
T for In 7 pre,
. Ce,

S
- Soll s \ 12



Experimental Apparatus: Beam Monitoring

. . . polarized EA
+ Active feedback on beam intensity asymmetry (Ag)
Electron
| aser }—{ ockels Ce otocathode Beam 1 BC
~ Microscope
~ Slide Compton
I 1 Feedback Loop detector
; Helicity F Moller Moller
. Pockels Cell T emememesepeesee=, detector target
Voltage Control 1 ' ! = ’C
1 [ ' a
o : v | ADCBoard |
FIV Helicity  Delayed Helicity ! oan ' Target
Generator ' i DAQ System :

Syl

< CEBAF >

spectrometers

data
acquisition
& control

Helicity Control Electronics

..............................

Polarized Source Hall A

i PITA Offset (freq) ' 1 '
: ; V/F DAC | !

...............

detectors

» Precision beam position monitoring with active calibration of
detector slopes (o, and ¢;s)—detector’s response to tiny
changes in beam positions, angles and energy (AM’s)
(beam modulation system)

A =\Ameas -A9\— (ZaAM. + o AM)

corr I;T
- \ \
Araw Abeam

* Precision beam polarimetry:

1. Continuous monitoring with Compton polarimeter
2. Invasive Mgller polarimetry

corr (blue) .
2023 CAP Congress, Fredericton NB 13 @

Steering Coils
B Position Monitors
= Intensity Monitors

Beam motion corrections

Example data
from CREX

Hall A Parity Quality
Beam Monitoring
(Figure for PREX-II)
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Spectrometer Concept

» Bend scattered particles, separate signal (ee) from
background (ep) and photons

« Small angles and high beam power

« Large energy range (2 - 8 GeV)

« Long target (1.25 m liquid hydrogen)

_— L . ~3 m floor to
beamline

» Two toroidal magnets (Upstream and Downstream)
» Collimation + “shields” or “blockers”
* Vacuum pipe to take beam to dump
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Apparatus Overview (from target to dump)

Collimator 1 & 2

y
| l | \
= IHQEI "

1 ir ,

Spectrometer
Tracking  Main Showermax
Downstream Chambers Detectors / Pion
Torus Drift Region N\ 1 Detectors

FiTnra
[ IO -

Target Upstream
Chamber Torus

2023 CAP Congress, Fredericton NB

|11
SAMs

Upstream  poynstream
LAMs Scanner Scanners
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Magnet Concept and Spectrometer Optics
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Main Detector (original concept

e-p peak flux

shower
max.
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Main Detector

Main detector module

Particle Type

— moller
— elastic

— inelastic

Ring 1
Ring 6

RITTTTTTTT[TTT[TTT[ T T[T T T TTTI[TTT[TTT
RRRN RN LR LR RN LR LR LR

o I PPON

gOO 600 700 800 900 1000 1100 1200 1300
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103

107
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. 0.02
. £
--3 inch & 0018
o
PMT § 0.016
] é 0.014
- - O
Air core S oor2
aluminum & ool
Lightquide '
g g 0.008
0.006
"ngh'purlty 0.004
fused silica 0.002
Cherenkov
radiator
~ 50
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) =
X 40
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20—
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Auxiliary Detectors

4+ Used to monitor and help ensure the quality of experimental setup and
production data; Enable increased understanding and control of systematic
effects and background asymmetries

LAM ring (located within Shower-
barite/concrete wall) max ring

V'S

Pion det. ring (embedded :

. in pion lead donut)

. Main Detector l

h .
e —-Makes supplemental
ik : Megller A,, measurement
. : :
beamline : =
| i
: N
AV )
|~
GEM
rotator Upstream
& ascanner &

--Measures pion bkgd in main
and shower-max detectors
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» Various Beam Scattering Monitors: LAM and SAM rings, and
upstream and downstream scanners
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Projected Systematic Errors

Error Source Fractional Error (%)
Run 1 Ultimate

Statistical 114 v |

Absolute Norm. of the Kinematic Factor 3 0.5

Beam (second moment) 04

2
Beam polarization 1 0.4
e+ p(+7) = e+ X(+7) 2 0.4
Beam (position, angle, energy) 2 0.4
Beam (intensity) 1 0.3
e + p(+7) = e+ p(+7) 0.6 0.3
& +p— (m,pu, K)+ X 1.5 0.3
e+ Al(+v) — e+ Al(+7) 0.3 0.15
Transverse polarization 2 0.2
Neutral background (soft photons, neutrons) | 0.5 0.1
Linearity 0.1 0.1
Total systematic LR 1.1
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Summary

MOLLER proposed precision on sin? 8,, is ~0.1% (on par with most precise collider experiments).
(This will be a significant test of electroweak theory and provide powerful search for new potential physics)

MOLLER gives best contact interaction reach for leptons at low or high energy!
(Need new lepton collider to do better!)

« MOLLER is a fully funded project with a strong collaboration and integrated Jefferson Lab
management team; achieved CD-1 project status in Nov 2021, CD-3a in Jan 2023; CD-2/3 review

will take place this fall; installation scheduled to start in early 2025 and commissioning in 2026
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