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Detectors for Parity Experiments at JLab

Outline
e The Weak force and Parity Symmetry Violation

e Introduction to Parity-Violating Electron Scattering
— Why PVES?
— Experiment blueprint, "how-to”, and technical progress

e PREX-II/CREX at Jefferson Laboratory

— Experimental concept, techniques and apparatus

e New Integrating Detectors for PV
— PREX-I Main and A_T Detectors
— PREX-II/CREX Main and A_T Detectors
— Shower-max Sampling Calorimeter for MOLLER (if time)

e Summary and Future Plans
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The Weak Force: Oh, I didn’t know that?
* Through a series of nuclr::m.' reactions, four ‘(':wmber of Neutrons)
protons (hydrogen nuclei) in the core of our 4
Sun combine to form a helium nucleus i
emitting two positrons and two neutrinos and
releasing 27 MeV of energy:

ptptpt+tp—He* +e"+e"+v, +v, +27TMeV

126

* Thermonuclear fusion--Perhaps the most
important reaction for all life on planet Earth

20 S
1s caused by a fundamental force of nature Y/ Type of
that 1s rarely discussed in the classroom: - . Decay
Weak Interactions or the weak nuclear force ol - '_E’“
i : o
- ® - ; I F‘ H
» Responsible for nearly all radioactive sl  mProton
! . WNeutron
decay processes el 5 . mStable Nuclide
» Beta decay is most common o | ¥ | . Unknown
» Theoretical understanding is at same N 5 5 -
6 14 28 50 82 Z

level as Quantum Electro Dynamics (Number of Protons)
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Beta Decay Examples

Beta-minus Decay

Carbon-14 Nitrogen-14
d T i Antineutrino Electron
o« [- . -
f-decay: n—p +V, +e - + © 4+ ¢
-- Moves nuclei up the periodic | % 7 protons
table (Z — 7+ 1) 8 neutrons 7 neutrons
Beta-plus Decay

Carbon-10 Boron-10
Neutrino Positron

+ © + @

* f"decay: p—n +v, te'

-- Moves nuclei down 1n the 6 protons S protons
periodic table (Z — Z - 1) 4 neutrons 5 neutrons
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Beta Decay — Nature’s Window into the
Weak-nuclear Force

A Quick History:

1899 Rutherford Rutherford classifies three types of
radioactive emissions: alpha, beta, and gamma

1931 Pauli postulates existence of neutrino to explain
non-discrete energy spectra of f-decay electrons

1933 Fermi develops theory to explain 5 decay --
precursor to theory for weak interaction

1956 Neutrino discovered by experiment. V,+p —n-+e’

1957 Parity Violation discovered in £ decay of ®°Co
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Fermi’s Interaction — Precursor to Weak Theory

p
)
Y
p
Electrodynamics Weak interaction

* Fermi's theory invented a physical mechanism for  decay

* 4-fermion contact interaction at single space-time point

* Modeled after electrodynamic field interactions -- where J_,; of a charged
particle interacts with A to create a photon

* For Fermi's theory, the ~"weak" current of pn-pair interacts with the ~ weak"
current of ev-pair

* Fermi's "weak" currents/potentials had vector form just as EM.
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* Quantum Mechanically, if P commutes with the Hamiltonian, then Parity 1s
conserved (invariant or symmetric)

* Fundamental symmetry of nature known to be conserved 1n electromagnetism,
strong interactions, and gravity

Dustin E. McNulty

Parity Symmetry

Detectors for Parity Experiments at JLab

X

y
Z

Parity operation: Spatial reflection through the origin

“Even” functions: P {(x, y, z) = H(X, y, z)

“Odd” functions: P f(x, y ,z) = -f(x, vy, z)

Classically, scalar quantities (m, E, p, V, M, ...) are mainly “even” while
vector quantities (X, @, F, E, A, ...) are mainly “odd”

Feb 3, 2020
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£~ Decay and Standard Model

¢t P
A udu
mass - =2.3 MeV/c? =1.275 GeV/c? =173.07 GeV/c? 0 =126 GeV/c?
charge - 2/3 213 2/3 0 0
spin » 1/2 l:j/ 12 Q" 12 L 1 0 0 H
Higgs
up charm top gluon bogsgn
=4.8 MeV/c? =95 MeV/c? =4.18 GeV/c? 0
-1/3 -113 -1/3 0
- @9 -0 | @
udd down strange bottom photon
n
. N - M 0.511 MeV/c? 105.7 MeV/c? 1.777 GeV/c? 91.2 GeVic*
e Julian Schwinger modifies Fermi's theory to . . ) .
incorporate parity violating potential term . € "2 l-l N : 2 »
=
(V-A) and idea of intermediate vector electron muon tau Zboson | O
bosons; Glashow, Weinberg, and Salam 1979 : ? : o
N b 1 Prize wn <2.2eVlc <0.17 MeV/c <15.5 MeV/c? 80.4 GeVic e
obcC = 0 0 0 £1
LL
" . E 12 ve 7 Dl'l 112 .I)T 1 w O
* W= only couples to left-handed particles and 7 >
. ) _ Lu electron muon tau W boson >y
nght—handed antl-partlcles o neutrino neutrino neutrino C)
« 7Y couples predominantly to left-handed particles
Dustin E. McNulty Detectors for Parity Experiments at JLab Feb 3, 2020 7



"Physics Colloquium ldaho State U.
Why Parity-Violating Electron Scattering?

Provides model-independent determinations of nuclear
and fundamental-particle weak-charge form factors and
couplings with widespread implications for:

e Understanding nuclear and nucleon structure

— Strange quark content of nucleon

— Neutron radii of heavy nuclei — density dependence of
Symmetry Energy and EOS of nuclear matter; neutron stars;

calibrate hadronic probe reactions on radioactive beams

e Search for physics Beyond the Standard Model (BSM)

— Indirect searches using low energy (Q2 << M %) precision
electroweak tests at high intensity or precision frontier

— complements direct searches at high energy frontier

JLab PVES Programs: HAPPEX, GO, PVDIS, PREX, Qweak, CREX
MOLLER, SoLID
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Parity-Violating Electron Scattering

Parity Transformation: Changing beam helicity equivalent to changing parity

(N ~e N N
L 180°
e' N I | N e. rotation e' N

T e e s B

lungitur’inaily reflectiop
polarized - | | 3
e =~ <~ e- \

Polarized beam
e

Unpolarized target

Right-handed P-V S|gnatu re Left-handed
2 . y :
/ N\ * Access NC Weak amplitude via EW interference-
o~ /\T‘< + /\ o dominated asymmetry measurement
€; e'/
: ]2 . * Flip sign of longitudinal
= /x/?\/ +h, | Sl polarization

N\ : .

o N ! Y * Measure fractional rate

difference or asymmetry

or + 0y My 4noc
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Blueprint of a PVES Experiment
(E122 at SLAC)

C. Y. Prescott, et. al. (1978)

BEAM MONITORS

GUN
‘ CURRENT
ACCEL. .} ENERGY .Q'EE TILHGET} . MPDLLER e ——

. POSITION POLARIME TER
ANGLE ™~

——

GaAs SOURCE

L . COMPUTER

TO ELECTRONICS =— A

TO ELECTRONICS =
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Anatomy of a PVES Experiment
(E122 at SLAC)

High-power cryotarget
for high luminosity.

Gon| BEAM MONITORS | Polarimetry
CURRENT -
ACCEL ENERGY MBLLER
“'i - POSITION POLARIMETER
ANGLE

GaAs SOURCE

| \
| . [s |
L u COMPUTER \SN ‘
'OA”E';-&?
v —

polarized-source TO ELECTRONICS =

Gt Beam Monitors to Magnetic Spectrometer directs

N measure helicity- flux to bkgd-free region.
' 100 kY correlated changes to
A TO ELECTRONICS =——

beam parameters.

——

specialized

optics

laser
EED 74
_ ! ckels
. L polarized _
L electrons

vmeplate  ooeerator Calorimeter

ik

phototube integrator

High intensity beam using new GaAs = u,,,,,(.r
photocathode. Achieved highest P2l (by electron flux : quartz
far). Technique used ever since.

Flux Integration measures high rate without deadtime.
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How to do a Parity Experiment

ST for each window

YA )77/ 4
%40, 100 kV 99% liveti
.1i9 4 ), 2 Rl 7 ¢ livetime R Ez -F
P R '.'l =
' >{ l larized 2 HV Awindow pair l‘; +E
| S window| Ll o

\ 7 Accelerator 15 Hz

rapid, random, helicity flipping

polarized-source
specialized 4 GaAs
e | Rapid, Random Helicity Flips Measure flux F
Iaserﬂ ST~ P, y ¥hip

. . G(A)
Flux Integration Technique: Signal Average N Windows Pairs: A +/- =
HAPPEX: 2 MHz  (Apy~ 15ppm) A Noindows
HAPPEX-II: 100 MHz  (Apy~ 1.5ppm) Calorimeter Raw Window Pair Asymmelry
PREX: 1GHz  (Apy~0.5ppm) 10°F 23 Million o= 3.8x10°
PREX-II: 2GHz  (Apy~ 0.5ppm) Window Pair *
MOLLER: 150 GHz ~ (Apy~0.035ppm) |10}
~ 90 mi 0.8 ppm
Calorimeter | | icroamps

= § @—H‘» 02 01 0 01 02
(///(/ ‘ ] : copper phototube integrator . .
dectronflux [ quarts No non-gaussian tails to +/- 5¢

Detector signal noise dominated by electron counting statistics
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3 Decades of Technical Progress

photocathodes, polarimetry, high power cryotargets, nanometer beam

stability, precision beam diagnostics, low noise electronics, rad-hard dets
PVeS Experiment Summary

Pioneering

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

JLab 2010-2012

Future

1st generation 104 L

2nd generation
3rd generation

4th generation

E122 — 1% PVES Expt (late 70’s at SLAC)
Mainz & MIT-Bates in mid 80’s

JLab program launched in mid 90’s

E158 at SLAC meas PV Mgller scattering
MOLLER at JLab in mid 2020’s

| IIII[II| 1 Illlllll 1 IIIIIII' | IIlIIIJI | IIIJIII|

10° 107 10° 10° 10 10°
PV
e Parity-violating electron scattering has become a precision tool!
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Physics Colloquium

PREX/CREX Concept
(Probing the Weak Charge Distribution of N-rich Nuclei)

ldaho State U.

Nuclear theory predicts a

Present knowledge of neutron distributions comes primarily from
neutron skin on heavy nuclei hadron scattering — model-dependent interpretation, large and
v C ] Horowitz | uncontrolled uncertainties

\ +* Parity violation can measure neutron and weak-charge form
P o . 9%Ph factors model-independently with statistics-dominated uncertainty
‘g 0.06 \‘\
£ o M. — 4ma EM amplitude accesses charge
87 | — Edichiame EM or proton form factor
—— Weak charge
—— Nacitog N\ NG G 2 2 2
o Myear = 72 [(1 — 4sin®6y,)F,(Q*) — F,(Q%)]
r (fm) \ i

I T
P~ () Qn ~ —1
—mm ks !

2 2
Electric Charge 1 GFQ F n(Q ) Clean neutron
4 APV ~

4na\/§ FP(QZ) " probe
* Neutron distribution not accessible to 77| %

the charge-sensitive photon F (0% = —fd3r 74lar 9o o) -203“,3;3",
h,p n,p i -
Z° couples primarily to neutron 4 :

Weak Charge ~0.08

Dustin E. McNulty
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At low Q7 there is a tight
correlation between R, and F,,,(O?)

PREX/CREX Concept

—

A single measurement of F,; ,(Q?) translates to a
measurement of R, (via mean-field nuclear models)

1 I I \1\1 T T = 1 T T T T T T  prcccrees 0.3 | — T. o T T
L i e
e # i FSI‘,{GOld W covariant meson
= & 0.8 —— "Ca [0207(6)] 029} ® A covariant point coupling —
ool & = e 2PH[0.223(6)] o
=" : - L o—e PREX [0204(28)] \
LLT L 0.475 fin™! bk i - 0.6 52| A
o ool LA A = | J. Piekarewicz | z 0 ‘e, ’
= = S .
E u” 0.4 - = ‘5
B *} & o 027 % .
0.7 FSUGold 3 0.2 - “
e = . & . 026 2 -
| 1 . %
B et '8 0 = R. J. Furnstahl
(fm) 1 | 1 1 | 1 0.25 T T L
9 0 04 0.8 1.2 1.6 : 56 565 57 575 5.8
Relativistic Mean-field q(fm™) ‘ in 208p1, (fm)
EDF covariant analysis r T T
. . . [ —— Linear Fit, r = 0.979 (Corr. Coefl’)
* Energy Density Functions (EDFs) char'actenzed [ 0 Nonrelativistic models e
by a dozen free parameters that are calibrated to a 03F o Relativistic models % %
host of well known properties of finite nuclei _ 1
£ 0.25F ]
% There is a strong correlation between Rn and = _ ]
the density dependence or slope of the 5 02} .
symmetry cnergy, aS Arbitrary central \=aM: ]
L =3pg|\+ with PREX 0.06 fm™  ( |5[ i ]
6,0 p proposed errorbar ¢ i
0 ‘. i
. . “ » 01y 50 T 750
At present, L is not well constrained by “Real” data! L (MeV)
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PREX/CREX Overview

PREX/PREX-II: CREX: Jefferson Lab, Newport News,
0.95 GeV e beam, 50-70 pnA 2.22 GeV e beam, 150 pA
0.5 mm thick 2°Pb target 5 mm thick ¥Ca target
5° scattered electrons 5° scattered electrons
0’ =0.0088 GeV2, Apy~0.5ppm 0? =0.037 GeV?%, Apy~2ppm J15 = .
680 hours, ~35M pairs 780 hours, ~40M pairs
6Apy ~ 15 ppb (3%) 6Apy ~ 80 ppb (4%)

* high polarization, ~89% ¢+ helicity reversal at 240&30 Hz

* New thin quartz detectors

Hardware resolution HRS and optics
dp/p~ 10° schematic

Dipole -~
Septum Ql Q2

N R [N - | L=
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"Parity Quality” Beam Monitoring

- (normalization and false-asymmetry systematics control)

* Precisionsource-laser alignment
polarized Ell

. Electron — source
Laser Pockels Cell Photocathode BCM >
i . y Beam .
= Microscope
3 Hall A
+'_ Feedback Loop
Cr o Helicity :
' Pockels Cell = ] 8 susescajeccssas,
v | Voltage Control : ' Y - Compton
. r N
[ Hebicity | ! * | ADC Board
- FrV (!""*"lb ' Delayed Helicity % ' A detector
| ! | (irenerator = * DAQ System +
: ' PITA Offset (freq)  * ——  [—— » Moller Moller
' : - V/F =— DAC | !

detector target

Helicity Control Electronics

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

Polarized Source Hall A

* Active feedback on charge asymmetry

Pb, Ca
Ta(get

spectrometers

data
acquisition
& control

* Precisionbeam position monitoring
with active calibration of detector
slopes (via beam modulation)

detectors

* Two independent methods for “slow”
helicty reversals:

Steering Coils
B Position Monitors
= Intensity Monitors

1. Insertable half-wave plate

2. Double Wien filter Hall A Parity Quality
Beam Monitoring

Schematic

Continuous beam polarization
monitoring with Compton polarimeter

CEBAF

Dustin E. McNulty Detectors for Parity Experiments at JLab
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--- Use C()Inpton

Polarization

Detector
Linearity

Beam current
normalization

Rescattering

Transverse
Polarization

QZ

Target Backing
Inelastic States
TOTAL

Dustin E. McNulty

PREX goal for ~

0.0083
0.0076

0.0015

0.0001
0.0012

0.0028
0.0026
0

0.0140

PREX-I Systematic Errors

1.3
1.2

0.2

0.2

0.4
0.4
0

EY

Detectors for Parity Experiments at JLab

2% total systematic error achieved!

Crucial normalizations:

Araw

Polarization: enters result directly — Apy =

e — y scattering

Polarimetry for non- [ - {
invasive, continuous T
measurement Y
“Hal AC ompon ¥
g o
*  4-momentum transfer: Q2 4EE’ sin 25

Calibrations:
E (beam energy): spin precession in the machine

E’(scattered energy): NMR probe in HRS B-field

d (scattered angle): surveyed to ~1 mrad and
measured to 0.2% absolute using water cell target

Absolute angle calibration . Water Cell Target
via nuclear recoil variation ™ "o

6% E*? 200
SEIoss ~ ? F \

O’ distributions obtained by
dedicated low-rate runs with
tracking detectors triggered on  *® ., \
quartz pulse-height (0.4% overall , POAT et "*‘“’ “J‘*“J"""W L

R " 298 3.02
error on Q) Saatterad Eletron Energy (GeV)
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Integrating Detector Focal Plane for PV Experiments:
HAPPEX through PREX-II/CREX

Hardware resolution
Ap/p ~ 1073 Symmetric High
Resolution Spectrometers

HallA

Standard FP
Detector
Package

* For PREX, inelastic events e PV Detectors
(with AE = 2.6 MeV — first excited .

state) rejected geometrically ———

positioned in FP inside
,/'/lll‘ {c . h B
i\ shielded HRS hut
+
Quartz

* Standard focal plane (FP) detector
packages are removed during high PREX Optics Schematic
flux PV experiments VDCs __, / Smallest angle: +12.5°

, Need Septum to get to +5.0°

* Specialized focal plane detectors 03
installed and positioned to intercept '
only elastically scattered electrons

o . Target Dipole -~
— uses precision optics and hardware ,
. Septum QI Q2
resolution { J - J—
l | |1

PR

* Integrated PE yields from detectors
are proportional to electron flux

Dustin E. McNulty Detectors for Parity Experiments at JLab Feb 3, 2020 19
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Requirements for PVES Integrating Detectors

e Radiation hardness — active medium must give
consistent response under extreme and prolonged flux
exposures

e Should count individual electrons with good (~ 20%)
resolution — to minimize statistical error inflation

e Photo-sensitive device must give highly linear
response (at 0.3% level for PREX-II/CREX) — so care
must be taken to understand photo-cathode light
levels and anode currents during integration mode
A py measurements

Dustin E. McNulty Detectors for Parity Experiments at JLab Feb 3, 2020
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UVT Acrylic (Lucite)

. Main integrating Xo: 4055 {g'em "3}, ~34.4 cm

5 Sheets

detector for HAPPEX, "

Physics Colloquium
£ Burle $854
oto Multiplier Tube
/f'(‘)l"." = 10-20% @ 400nm
Xo: 637 {g/cm” 3}, ~0.56 cm
Dimensions: 6.35mm x 10cm x 153cm >
4 sheets

H-II, H-He, H-III

* 5 layer Pb-Acrylic calorimeter
1.5 m long with 5 inch Burl PMT e i Spacer cenon
i);.uenﬂml{: :::9 x}io X lSSf?m 4’0%

» Installed just above Vertical e /"o,
Drift Chambers (VDC)s in FP~ —— ——

Spacer (Teflon)

=
=
S
= l
) |
5 |
l v
S —_— 10cm
=
g
|
&
| '
S |
Q
5] |
Q|
|
—-J Angle
Detectors for Parity Experiments at JLab Feb 3, 2020 2]_
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Main Integrating Detector for PREX-I (“thin” quartz Tandem Detector)

pr—
Inelasic © A
+/Elsstic . . » y . dxre ™
. ‘ £ = ) Z Transport Coord. Sys. R
PREX Optics Schematic "/ Quartz 7 &
vDCs |, /«-" o o
~
= % ' y - y \‘F\
Q) X : N
,,'--"/ o\\ .
52 Spectrometer Coord. Sys. S,
Target Dipole ==~ / X o
e e NOT TO SCALE
j [ = . v
— it
sO \ L — e |
. PMT
i
TOP of VDC BOX [ S ] |
[VDC2 J
L& Transport z at detl location
N
ZIIYDCIZZZZIIIZZZIIZZZIIZZIZZIZIIZIIZZ:IZZ:T;;IZIIIZZZI:ZZIZIZ:IZII::Z:ZZ:ZZZZI:I:Z:ZIIIZIﬂ
> ul
Transport z= 0

Elastic stripe (parallel to Central Ray) -

* Uses rad-hard, optically polished fused silica (quartz) tiles for Cherenkov active medium

* Scattered electrons traverse quartz at nominal angle of 45 degrees

* Aluminum air-core (specular reflector)light guide directs Cherenkov light to 2 inch PMT
* Linear translation stages provide precision positioning in “dispersive” X and “transverse” y

Dustin E. McNulty
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Main Integrating Detector for PREX-I (“thin” quartz Tandem Detector)

* Quartz geometry: 160 mm by 35 mm by
6 mm (upstream) and 10 mm (downstream)

* Conservative Design for PREX-I: orientation
between pmt, quartz and central ray gives
consistent light yields...but relatively low
overall yield and okay resolution...

Lo Quartz Det (ped sub, 27037, trig T5) Em':""e"quammn

| ningted: <m

2500051 /\/ Ny 12— i
: Lwidth 3.123 + 0.061
2000 R S——— e i
: Integral 1.206e+05 + 510
1500 F= ,,,,,,,,,,,,,,,,, i Gségm 1319 0.11

- high light
1000 fous g ’g . RMS

= 299% resolution

“Landau’ Tail

mabc el b e MLl ] Meahn
: . , | Error Inflation = J 1+ (RMS/Mean )’
% 50 100 150 200 —1.04
Detector ADC pulse-height distribution
(acquired during “counting-mode” calibration runs) So A,y statistical error increases by ~4%

Dustin E. McNulty Detectors for Parity Experiments at JLab Feb 3, 2020 23
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Integrating Detectors for PREX-I (Tandem and A T Dets)

A T Detectors
* Monitor any residual

transverse beam
polarization

* Positioned to intercept
larger OOP scatters
(enhancing analyzing
power)

Elastic scattered
flux envelopes

Main Tandem
Detectors

Left HRS Views along dispersive X Right HRS

Dustin E. McNulty Detectors for Parity Experiments at JLab Feb 3, 2020 24



Physics Colloquium ldaho State U.

Integrating Detectors for PREX-I (Tandem Dets, A T Dets and GEMs)
4

Left HRS Photo (2010) Right HRS CAD

* First GEM tracking system to be used at JLab was during PREX-I; system was noisy and cumbersome
« Each HRS used three triple GEM chambers; each 10 by 10 cm? active area

* These supplement VDCs during high rate Q% and optics calibration runs

Dustin E. McNulty Detectors for Parity Experiments at JLab Feb 3, 2020 25
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Integrating Detector Design change between
PREX-I and PREX-II/CREX

* Orientation between quartz, pmt, and scattered
electron changed

* Allows capture of both sides of Cherenkov cone
— instead of losing one side due to critical angle

* Use TIR 1nside quartz as light guide — instead of
aluminum air-core reflector to direct light to PMT

* Less sensitivity to extra noise due to delta-ray
production N

PREX-I vs
PREX-II/CREX
thin quartz dets

* This change effectively doubles light yield and
improves RMS by /2

IT XHdd

{ LINd

* However, there 1s more light yield variation for
electrons with different incident angles

L)

» Design validated with G4 optical Monte Carlo
benchmarked to “real” Testbeam data

L)

Dustin E. McNulty Detectors for Parity Experiments at JLab Feb 3, 2020 26
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(G4 Event Visualizations: PREX-I vs PREX-II/CREX

N

. PMT

[ XHudd

LIAd -
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Main Integrating Detectors for PREX-II/CREX

i Educational Product. For Instructional Use Only

* Both Left and Right HRS main detectors are assembled and ~ready to go
 PREX will use 5 mm thick quartz for all detectors
 CREX will use 6 mm thick quartz upstream and 10 mm downstream

Dustin E. McNulty Detectors for Parity Experiments at JLab Feb 3, 2020 28
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MAMI testbeam May 24-27, 2016
e 3, shift total for PREX-II/CREX and SAM

e O \ a i e

-—

PREX thin quartz ';&‘
tandem detector [ER

| Hall A SA I\v ' . e
 6mm and 10mm Tandem mount * v3(2015) SAM detector PE yield

e Near normal e incidence studies:

* Miro27 and UVS light-guides
* With and without 1cm
tungsten pre-radiator

Dustin E. McNulty Detectors for Parity Experiments at JLab Feb 3, 2020 29
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PREX-II/CREX Tandem Detector Tests

I W
* Quartz spacing same as for rotary
tandem mount (~16 cm)
* Used two Hamamatsu R7723Q pmts
* Quartz 1s wrapped with 1 mil Al.

Spectrosil2000

thicknesses:

10mm

6mm

¢ beam |
Centered oh
quartz at

~90°

Raw PREX-Tandem ADC, run 957

6mm upstream, No light guide

all'W

§10°
E
10

!
iz
i

6mm

and

R7723Q PMTs

PREX-Tandem pedestal fit, run 957

A

Mean 99.67
RMS 7.793
Integral 1.08e+
Constant 9749 +94.0

JJJI‘ Mean 57.03 £0.01
i .745 + 0.

Sigma__ 0.745 +0.005

06

;

L
b

100 T
ADC Channel

« Took runs for each quartz thiekness  {F/ — T T T
10° ; g J‘ Integral1.239e+06
upstream and downstréam / / \\ =
* Example rawdata, pedestal fit, and BN L\
ped-corrected ADC and PE dists — | g, Lo
Dustin E. McNulty Detectors for Parity Experiments at JLab Feb 3, 2020 30
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Optlcal Monte Carlo (q51m) Benchmarking

?R%X'”/CREX Quartz 6mm ' che o 1[pl,[[[ e Geant4'’s
andem mount  * j anspor .
: | ) FTFP_BERT physics
| e- beam —
giqu:\]Ael\J/atr)tezaSW ;ff;am “ I — list & GLISUR and
q P I ! /04 | UNIFIED optical
| ; model

Quartz 10mm

Photo-Electron Distribution - Prototype B Detector

10°
Prolotype 8 E55MeV slectron beam

Events

f \ resl data, run 452, thets -89 deg. pen 1 2488
10* ¢ Sensitiviy 2000C.Cr
1 Simuated data Qvck Gmm, sep 3 Gmm, DetAnge 1deg
@hsur palish 0 5881, QF R77T2IQ (hlaleali)

[ hit_n_hist

10 I ! Envms S80000

* Detailed geometry; pmt quantum efficiency ams = 0.191 sgnas 20486 |Mm oo
. . . . . o . \ ean :“. ) O -.l,;:‘.,::
sampling; refractive index dispersion; light 107 ,  es0s

attenuation in quartz; photo-cathode attenuation
and reflection; quartz ground polish parameter

10

* Glisure ground polish parameter 1s tuned to ,
make agreement between simulation and data T T T e 1m0 200 250 %0

Pholo-electrons
Fri Fab 36 $4:44:35 3098
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Optical Monte Carlo (gqsim) Benchmarking

Photo-Electron Distribution - simulated vs real data

10°

()

s

‘@ RMS

§ 1 Oa - 0.19982, Peak = 37, (real)

T Rm = 0.2088, Peak = 47, (real, wrapped)
107
10°

S::'ai = 0.1977, Peak = 47, (qsim, wrapped)

10° g% = 0.1885, Peak = 37, (gsim)

PREX-IWCREX, 855MeV electron beam, Mainz

Real data, run 461, PMT 1 (R7723Q)
6mm quartz, Mainz 2015, gain 1.178E6
Real data, run 957, PMT 1 (R7723Q)

6mm quartz, wrapping, Mainz 2016, gain 1,178E6

Real data, run 960, PMT 1 (R7723Q)

10mm quartz, wrapping, Mainz 2016, gain 1.178E6

Real data, run 350, PMT ? (R7723Q)
10mm quartz, Mainz 2015, gain 8.78E5
Simulated data, polish finish: Ground

6mm quartz, polish parameter: 0.981, wrapping 0.97 rel.

Simulated data, polish finish: Ground
6mm quartz, polish par

Simulated data, polish finish: Ground

< 0.081, "o wrapping

10mm quartz, polish parameter: 0.981, wrapping 0.9825 red.

Simulated data, polish finish: Ground

10mm quartz, polish paramater: 0.978, no wrapping

l ||IIII|| I IIIIIII| I IIIIIII{ I IIIIIIII I IIIIIII‘ I IIIIIII| l IIIIIII| [ T

RMS _ _ Mean 38.13 Mean 3784
Mean = 0-1944, Peak = 83, (qsim, wrapped) _ o p S 2.1
RMS _ _ Integral 11780406 Integral 1250406
1 04 Mean ™ 0.1685, Peak = 85, (qsim) Constant 7380404 + 88310401 Constant 7790404 5 8856401 |
Mean 37.61+ 0.01 Mean 37.99 + 0.01
Sigma 6.247 + 0.004 Sigma 6.26 + 0.00
1 03 Mean 48.42 Mean 86.04 |
RMS 10.11 RMS 16.72
Integral 11780408 Integral 1.250406
Constant 6.7280404 + 7.8140401 Constant 4.7130404 + 54620401
1 02 Mean 47.15 1 0.01 Mean 83.46 : 001 |
Sigma 7.038 + 0.005 Sigma 9.821+ 0.007
L Maan 47.74 Mean 6563
L"[ﬁp—k RMS 9.437 || RMs 1083
1 O -U;ﬂ f Indogrod i1 250406 || - integral 1250408 |
] " 0 f Constant 6.7310+04 & 7.5780+01 || Constant 5.6830+04 + 6.4290+01
'.‘1. 1 1 r Maan 4723001 Mean 65.12 + 0.01
: M 71091 £ 0.008 Sigma 8.479 + 0.006
1 B eCne 11 f

|

1 1

1 1 1

1

0

Sep 19 17:18:33 2017
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Optical Monte Carlo (qsim) Benchmarking
Peak PEs Vs Detector-Beam Angle

H
o

855MeV, R7723Q, 1.24E6 gain

O Data

#PE (Peak)

w
(9]

& Simulated data

IR

IR NI ¥ S S — A S
AN S R — WSS R S 2

TASEN BT S H— S S— SN N S

-: L1 I L1 1 1 l L1 1 1 l L1 1 1 I L1 1 1 l | I N | l L1 1 1 l L1
70 80 90 100 110 120 130
Angle[deg]
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RHRS Tandem PREX-II/CREX Dets with GEMs

GEMs: Three
10 cm by 20 cm

active area

0 degree of
freedom

Educational Product. For Instructional Use O

X degree of

Y degree of freedom

freedom

Electron’s view (from below)
I EEEEEE——
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e

" Tandem

integrating

detector (cover®
removed)

GEMs: Three
10 cm by 20 cm
active area

6 degree of
freedom

: X degree of
..!e/ff.;;gon Lab freedom

y degree of
freedom

* PREX-II took place over summer 2019 and completed successfully in early September
» Measured ~0.5 ppm Apy from 208Pb with ~1 GeV beam at 5° 8, to ~3% stat. precision
» Integrated flux rates were >2 GHz per arm (Left and Right HRS); 26% detector resolution
» Achieved 14 ppb statistical precision with a few nanometer control on beam positions
» GEMs operated at 95% efficiency; provided precision Q? avg and systematic checks
» Overall systematic error well below 14 ppb; will extract neutron skin to +0.07 fm precision
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Spectrosil 2000
fused silica

PREX-II/CREX Main Detector Package | >

P, P S

Tandem

integrating

detector (cove
removed)

GEMs: Three
10 cm by 20 cm
active area

6 degree of
freedom

X degree of
freedom

.;gf;;gon Lab

y degree of
freedom
* CREX (Calcium Radius Experiment) will run from this Dec to April 2020 in Hall A, JLab
» Measure ~2 ppm Apy from 48Ca with ~2 GeV beam at 5° 0, to ~2% stat. precision
» Integrated flux rates are ~30 MHz per arm (Left and Right HRS); 26% detector resolution
» 45 ppb (proposed) statistical precision with a few nanometer control on beam positions
» Overall systematic error contribution 26 ppb (proposed); will measure neutron radius and
skin with +£0.02 fm precision
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Examples of Focal Plane, Elastic Peak Spectra

Projected x on detector plane (run2652)

><1O3
4 872‘,:\:2 f * (CREX has established its HRS tune
B s /) giving expected rates and Q*> (FOM)
3 fromey i
25 J 1

?ll IHII ITIIII IIIII I]ll(l TTTT IIIII
—t—
R

| Projected x on detector plane (run2649
15 / I
o ],. 5103
1 § b 1.6/~ Spectra Ca-48 . Total FP
p 11 - 3.831MeV I"L flux
05 . ){fr "\, 14—  4283Mev L Accepted
ol IO Quacs Edge - H — '
i e e 1"“'FT"1ME»VJ‘A~1’:%”T L '"*“‘-’f—"(‘i‘—‘l—'_‘v'r fh,,.;__yb ) Ll — 4.612MeV p b\r quul'tz
0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 1.2 & J
L.tr.x[0]+0.9"L.tr.th[0] (m) u ; Missed
iy f by quartz
* HRS dispersion: 14.3 cm / %dp/p atdet. plane os[- J
: B i
* At 1-pass(2.183 GeV), this corresponds to 0.6— j
~6.57 mm elastic-peak shift per MeV change oaf ﬂ I
 Energy lock with full-scale slow drift - } Jw”t:firf{ \
ege . 0.2 . 1l P L artz ]
stability of 0.4 MeV (1.8%10%) provides e l_fré:’?s.oigf:,
+ 1.3 mm stability in peak position %1 008 006 004 C 002 0002 004

L.tr.x[0]+0.9"L.tr.th[0] (m)
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PREX-II/CREX Detector Package
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PREX-II/CREX Detector Package

Electron’s View
(from below)
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Right HRS Detector Package Installation June 2019

i
d T}
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PREX-II/CREX Main Detector Assemblles
rpe— ’ I

W
4
e
- < o
> il -
& y
y £ » % 5
= Ry A J w - L 4 ¢,
> - e - ey
- ; -
- /& — 1/ § i .
Lol P AN 4 “ ,E_
e -

N o TR el | RS !
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LHRS GEM stand in Cosmic-ray mode

e PREX-II will use 5mm thick

quartz.
* Main and A T detectors will use
R7723Q pmts
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List of past and present undergraduate research

assistants within past 6 years

Student

Contribution

Current Status

Kevin Rhine
Brady Lowe
Blake French
Dayah Chrisman
Will Gorman
Max Sturgeon
Chase Juneau
Daniel Sluder
Joey McCullough
C. Royal Cole
Eighdi Aung
Rajul Chauhan
Justin Gahley
Alec Lepisto

Brandon Pearson

LG Designs: SAMs and Shwr-max
DAQ setup, PMT gains, CREX det.
CODA event-viewer, Cosmic-stand
PMT gain analysis macro
Cosmic-ray data analysis
Bending Al. Light Guides for SAMs
CAD; reflectivity meas.
Shower-max support frame CAD, ...
GEM readout backplanes;SLAC tests
SLAC testbeam stand
GEM CAD
PREX-II/CREX det. motion control
SLAC testbeam stand motion control
3D printing parts; SLAC analysis
Designing and 3D printing parts

Grad. 2015
Grad. 2015; MS 2019
Grad. 2015; job at Micron
Grad. 2015; Grad.Stud. MSU
Grad. 2014;Grad.Stud. U of Roch.
Grad. 2017
Grad. 2017; job at INL
Grad. 2016; MS 2018
Grad. 2017; MS expected 2019
Grad. Dec 2018; Medical School
Grad. 2019; Grad. Stud. Va Tech
Grad. 2019
Expected Grad. 2020
Expected Grad. 2021
Expected Grad. 2021

Detectors for Parity Experiments at JLab
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Summary and Future Plans

e PVES is a precision tool for measuring weak-charge distributions

with implications for nuclear structure and BSM discovery
PREX/CREX:

e PREX-II collected 80% of proposed data and together with PREX-I
will reach full precision: £0.07 fm resolution on the neutron radius

and skin of 2°®Pb with implications for neutron stars, ...

e CREX currently running and on target to reach proposed
measurement goal: £0.02 fm resolution on the neutron radius and

skin of *Ca with implications for nuclear structure and forces
Integrating Detectors
e Much progress over past 5 years — new robust design
e "thin” quartz detectors becoming well understood

e Future detector work for MOLLER will quantify rad-hardness of

detector materials, including quartz and aluminum reflectors
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Extra Slides
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Motivations for Downstream Lumi’s or SAM’s

e Need them for their high sensitivity

to helicity-correlated beam parameters
— Detect charged particle flux at
extreme forward angles =~
— Very high rates and thus narrow t.)
pulse-pair widths — powerful
diagnostic tool

e Provides measure of overall electronic noise ﬂoor in the hall

e In theory, should have very low/no PV asymmetry and can serve
as null asymmetry monitor

e Symmetric 8 piece design helps disentangle beam position and
angle HCBP’s while 8 SAM sum is insensitive

e Could provide important tests of regression procedures

Dustin E. McNulty Detectors for Parity Experiments at JLab Feb 3, 2020 47



Physics Colloquium

ldaho State U.

Old Hall A Luminosityv Momtor

Luminosity Monitor

L_J et

:\ A{/@/\PME’

/¢<

Vertica. distance from LHRS
platform te respertive cathode

‘§ \\\% 314cm (from Al
/%\ Pty

\&vz)
0<A .
a W

LHRS platform

20104"
RHRS platform

o Conceptual Design 2002-Riad Suleiman; refurbished in 2008

e 8 quartz Cherenkov detectors with air-core light guides placed
symmetrically around beam line 7m downstream of pivot

e Used 6.0 x 2.0 x 1.0 cm?® quartz placed 4.5 cm from beam center

= 0.3 - 0.8 deg polar angle acceptance

Dustin E. McNulty
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Luminosity Monitor Re-design (SAMs)

- = ®

TEM TPART NUMBER | DESCRIPTION |G,

375 (3/8) thick
1| FontPlate | (3138, 10Ck
3.00 OD x 500

Tube holder |wall x2.001D 6061
Al Round Tube

Mu_Metal AD-MU-80 Tube

Plastic_tube |Black Delrin 3" rod
0.20 Anolux MIRO-
Silver Reflective
6 Mirror Plate | Aluminium Sheet |

(Folded) (Caution: no-
scratch mirror
surface required)

mengon

2
3 Plastic_Insert |White Delrin 3" rod
4
5

s DaE me
MATER A . (L ] Y

TTOAssem_LUMIL A

e Incorporate Qweak’s downstream Lumi experience:

—Use pre-radiator and "unity gain” PMT
—Use radially smaller, but thicker quartz

—May achieve desired linearity at anticipated photocathode
currents, but running unity gain mode guarantees it

—Use TRIUMF preAmps at SAM for signal cond. and gain

o Work within constraints of existing beampipe insertion tubes
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Final SAM Design and 2016 Testbeam

MAMI testbeam run May 24 —27, 2016 * Final (v3) SAM detector PE yield studies:
* MiroSilver27 and UVS light-guides

855 MeV ¢ beam

: <t} N * With and without 1cm tungsten pre-
" o —— radiator
' Hall A SAM ‘ : m / '
. i >" Small Angle Monitors:
Assembled & Installed in Hall A Fall 2015 ;3 S AM detector Detect ~0.5° target scattering

* Quartz: 33x20 x 13 mm?

* Miro27LG: 36 x 2.6 x 2.1 cm? ) ¢
* Optimized I-bounce funnel mirror \

\-’,!

+ %

%y O ‘_,>> .‘.1.__
/0

* Unity or high-gain R375 2” PMTs
* Use of pre-radiator not decided .‘\ .

* Dry-air inlet and outlet ports
* Custom flange adapter for easy de-
install/re-install (radcon permitting)
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Optical Monte Carlo (gsim) Benchmarking: SAMs

Photo-Electron Distribution - simulated vs real data

o 10°
% Real data, run 976, PMT 1 (R7723Q), gain 1.24E6
= nrj\ - 0.3926, Peak = 8.612 MIRO 27, N2 flowing, No W radiator
0 Real data, run 978, PMT 1 (R7723Q), gain 1.24E6
Lu 1 . "
10* | er = 04429, Peak = 44.39 MIRO 27, N2 flowing, 1V0mm W radiator
Simulated data, no tungsten, polish finish: Ground
Polish parameter 0.98, wrapping 0.97 ref.
.GMS = 0.36, Peak = 8.505
T T e, S e Simulated data, 10mm tungsten, polish finish: Ground
i v Polish parameter 0.98, wrapping 0.97 ref.
10° | B P Jq{; S = 0.4724, Peak = 43.76 : .
[—L_, Mo 8964
H\ RMS s
Imegrs 11780405
| Moan 8612 : 0,010
Sigma 2.905 + 0.008
v | J] Wean 539
- . RMS I ) 201
102 b— : Lightguide's reflectivity 0.79 for A ‘::%qiﬁ n{h; 0.2 for 200 nm. < A< 300 nm; 0.4 forA_<200 nm Cornd 2usens |
- — Mean 4439 = 0,06
- Lightguide's reflectivity 0.835 for 1> nm; 0.2 for 200 nm < A <300 nm; 0.4 for A <200 nm Sipma 20392000
L ~ all -
u J - s
10 = e R
E Sgre 2108
In Uﬁ%
1 1 L 1 l 1 | 10| | | | | 1 | l | | | | | | | I 1 | Ll I il I | | | | | | | I
0 20 40 60 80 100 120 140 160 180 200
Photo-electrons
' Sep 25 01:24:10 2017
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Reflectivity

o
o

0.6

0.4 }

0.2 H-

SAM light guide reflectivity: explored many options

Sevsusarssissnnassnnndassnnassnnns

X .
...................

e

Reflectivity (~90 degree)

Miro-silszfer Sun

Alzak Al.

Anolug UvsS

Dustin E. McNulty

: Miro-silver 27
0 ; ; S | I I I B | l L1 1 1 | | I I B | l | I S | | | S I | ; L1 1 1
200 300 400 500 600 700 800
Wavelength (nm)

Detectors for Parity Experiments at JLab Feb 3, 2020

52



Physics Colloquium ldaho State U.

The MIOLLER Project at Jefferson Lab:

Measurement

Qf e
Lepton
Lepton

Electroweak
Reaction

0.248 | ,
0.246 | » proposed
0.244

(1)
—
o)
&
=
T
=
—
0
=
G

0.234

0.23
0.228
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Mgller Scattering Apy Measurement

e MOLLER aimed at precision measurement of parity-violating
asymmetry Apy in polarized electron-electron scattering.

e Standard Model gives precise prediction for Mgller Apy —which
can be measured as a test.

.
OR — 0], MVMZ GF 4sin Qlab e
A — = =mek )
"V optor M3 “Hb Vara (3+COS29zab)2QW
Q?vzﬁl-gxe/-gfi— (1—4sin” 9W (1)

o —Pi Pl_—o o —Pi ,
Pi
i Y
e e e 2
P2 P P2
Feynman diagrams for Moller Scattering at tree level
7 7z B
f W¢ 3w W
Y Y ¥

¥ - Z mixing diagrams and W loops. “Hard” radiative corrections involving
the massive vector bosons—modify the tree level prediction significantly.
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The MOLLER Apy Measurement

o At proposed kinematics: 11GeV e_ . (751A, 80% P.), and
Smrad < 0,4, < 20mrad:
— Predicted (Apy)=36ppb at (Q?)=0.0056 (GeV/c)?

e For 49 (PAC) week run: §Apy= 0.74ppb:
—0Q%, / Q% = £2.1%(stat) = 1.0%(syst)
— d0w= £0.00026(stat) & 0.00012(syst) ~0.1% precision!

Challenging 4th generation measurement requiring:

e Unprecedented precision matching of electron beam
characteristics for Left versus Right helicity states

e Precision non-invasive, redundant continuous beam polarimetry

e Precision knowledge of luminosity, spectrometer acceptance
(Q?) and backgrounds
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MOLLER Motivations

Ultra-precise (~0.1%) measurement of weak mixing angle will test SM

0.25
' in28.,, : — oM Electroweak fit with
Runn//?g of sin?8,, : 0248 |, current ‘ .
complicated and scheme- 0.246| + proposed uncertainty
dependent — many orders 0.244 L
. P y Parity violating Moller
in loops of all particles 0.242 .
. aute) scattering (E158)
. R Taaev " /]
= 0238 1 ]
# v-DIS 5\
133 e : i
6s — 75 33Cs 034 ZMOLLER '%% Collider experiments near
atomic transition 0.232 Joweax PN | Toaron Z-pole (most precise 0.1%)
Major improvements 0.23 Ioos ¥
for near future 0.228 | Erler, Kuryloy, Ramsey-Muysol f _ <+ Probe potential kinetic-mixing
0.0001 0001 0.01 0.1 1 ] 10 100 1000 10000 of super-light (10 to 500 MeV)
& san o . . u :3.3',' .
% Sensitivity to radiative loop effects dark Z bosons with SM Z
of new particles predicted by MSSM s 0 T
' ;' 90% exclusion limits ! SOLID (0.57%) . ‘ E158 K 4
1| - M, =1.2TeV ) SOLID (0.6%) | 0 \A ., Qweak ,/(B‘E.Bjr
< 05 souo "MSSM N a A A
s | (RPC) 110 "x,‘\‘ ‘ \/ //;
;: SXI07 T ‘_\:f //I/
= 0.5 0 oL\ XN v
% RPV SUSY B B ),74
2 4 === AR
< 1x107% A Vi
1.5 \ | /. idflce
n ooyt X | 0 El41\ | S
- ) Rep. (2008) ' “(’ Combined
% 5 .10 5 0o 5 10 M SOLID(0.55%) ——— i [For 8%=10°7)
Qu)sysy/(Qlgy (%) _ EEE MOLLER (2.3%) Erler and Rojas | ; T -
- v I 1 1 f Il | 2 1 1 1 110 \
-1 0 1 5 10 50 100 SO0 1000
i RPC) ¥ . o COS B myzs (MeV]
>‘< )"< ‘ % MOLLER can help discriminate between competing

GUT models which predict new 1 -2 TeV Z’s
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MOLLER Apparatus

(major new installation experiment for Hall A)

& upstream liquid
hydrogen
target

toroid

electron
beam
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Optimized Spectrometer (~ 100% Acceptance)

§ highly boosted

gw laboratoryframe BC0M=[90’120]

§ The rays that are
e g o blocked here...
E“ § 4~ Backward

; G ‘5@ w 0 W 120 1 168 im0
_g:: ®  COM Scattering Angle (degrees) ShadOWS Of 7
£ Toroid Coils
‘E . Backward Forward BCOM
! I 4 @6 & T# kW
Scattered Electron Energy (GeV) ...are collected
over here.

e The combination of a toroidal magnetic system with an odd number
of coils together with the symmetric, identical particle scattering

nature of the Mgller process allows for ~ 100% azimuthal acceptance
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Toroid Design Concept

Projected radial coordinate of scattered  Single Hybrid coil shown with 1/10

Mgaller electron trajectories. Colors scale in z direction. Note the 4
represent d,,, (rad). Magnet coils (grey) current returns give successively
and collimators (black) are overlaid. higher downstream fields.

e Spectrometer employs two back-to-back toroid magnets and

precision collimation:
— Upstream toroid has conventional geometry

— Downstream “hybrid” toroid novel design inspired by the need to
focus Mgller electrons with a wide momentum range while
separating them from e-p (Mott) scattering background
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MOLLER Integrating Detector Layout and Rates

e Spectrometer separates signal from bkgd Detector Plane Radial Distributions
and radially focuses at detector plane RI|R2| R3 | Rd RS R6

e Rates for 11 GeV /75 pA (80% pol.) beam,
1.5m liquid hydrogen target. See fig. —

-
o

m)

Rate (GHz/5m

N W R OO N 0 W

e Six radial rings, 28 phi segments per ring*

e Ring 5 intercepts Moller peak (~150 GHz),
Ring 2 intercepts bkgd "ep” peaks

1
e 250 quartz tiles: allow full characterization ¢

and deconvolution of bkgd and signal processes

) . Shielded PMTs
2 "IH)JI

r (m)

252 detectors

pion detector

GEM shower
max.

GEM
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