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The weak interaction changes with
mirror imaging
which allows to isolate it.

Positive spin Incident electron

Spin  momentum

Mirror Image  — —>

Negative spin € >
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The weak interaction changes with
mirror imaging
which allows to isolate it.

Positive spin Incident electron

spin  momentum Target

Mirror Image  — —> @

A nucleus In
target

Negative spin ¢ N ‘

Method: Flip spin of electrons and
look for difference in scattering rate.



Using Parity Violation
Electron - Nucleus Potential \7 (r) =V (r) + Ve A(r)

electromagnetic / \ axial

- =
V(r) =fd3r’ Z p(r)/|r=T | A(r) = zf @ - 4sin6,)Z po (r) = N py ()]
A(r) is small, best observed
forward ﬂ — by parity violation
angle do do a\ 12 _
o 40 |F- (Q7) | —> 1-4sin®g, << 1 neutron weak
Mot charge >> proton weak charge
Proton form factor Neutron form factor
Q%) = - [d°r foar FuQ) = [d° |
JORES jo(ar) pe(r) 0 Q%) = [d’r jo(ar) py (1)

T T
Parity Violating Asymmetry \
do do

a0y a0 2
Ao o), do) _ G.Q [1 4sin29W_FN(Q)}

dﬁ N d70' 272'0[\/7 FP(QZ)
da). lda), M

Robert Michaels, Hall A Mtg, Jan 2023 p4



Weak Interaction: Sees the Neutrons

proton neutron
Electric charge 1 0
Weak charge 0.08 1

APPLICATIONS

T.W. Donnelly, J. Dubach, and Ingo Sick,
Nuc. Phys. A 503 (1989) 589.

Nuclear
Theory
(Symmetry
Energy )

C.J. Horowitz, S.J. Pollock, P.A.
Souder, R. Michaels, Phys. Rev. C63,
025501 (2001)

Atomic
Parity

Violation
Neutron

Stars

[ Measured Asymmetry J

Correct for Coulomb
Distortions

[Weak Density at one Q2 ]

Small Corrections for
S

GE Gg MEC

surface thickness




Experimental Overview

Hall A
High Resolution
Spectrometers

Polarized
Electron
Source

Parity violation experiments at Jefferson Lab use a high-intensity
polarized electron beam, with very low beam jitter, and high-
resolution spectrometers to isolate elastic scattering.

Robert Michaels, Hall A Mtg, Jan 2023 p6



Producing Polarized Electrons

Reversal combinations

Laser Beam Helicity: 11V +/-, ITHWP out/in Electron Beam
\é e Circularly R e- : Right handed
N NF |L) polarized light @ - GaAs - |
f’z/)/ﬂ:%}/%]jm p - crytsal

NS

el =i . ‘

\ Spin
I\
N

O

2

@ e- : Left handed

Randomized
Helicity Signal

N\

“Wien” — another slow reversal

Pockels

original
Cell f ast spin Vertical
’ rientation Solenoid
beam " ~°l°TY p Wen g Horizontal
propagation ‘\ -~ N\ Wien

Half-Wave
Plate(IHWP)

slow

\
|
\
*
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Measuring a Small Asymmetry

Goal: measure beam-helicity-correlated elastic scattering asymmetry to high precision

Detector Signal
0,-0

— R L R

0R+0L Helicity States [ 4. = = (| = i (4 = | 4 = =1 4

o =775ppm At + Avina A+ Avting A3 + Apling
"’ 30Hz, 150uA
10° 56MHz » Integrating, not counting -- total number of
" 2 HRS detected electrons was ~2.4x10%!, ~383 C

*  Online analysis showed we were dominated by
counting statistics fairly early in the experiment

e Number of flips ~ 300 million, quartets ~ 80
million

*  Technique built for big rates and small
asymmetries (PREX 4GHz, 0.55ppm)

* CREX less challenging in terms of rate (CREX

” | Ll 50MHz, 1% of PREX rate, larger asymmetry)

000150000000 500005006 1000015000 20080
Alppm]
Robert Michaels, Hall A Mtg, Jan 2023 p8
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Detectors at the HRS Focus

. . ?

melastic ¢ elastic
!
1/

/
l:’ QUEIITZ
scintillator
— / ]
— | VDCs

Quartz detectors are
placed in the detector
hut. They were used for
both PREX and CREX.

Robert Michaels, Hall A Mtg, Jan 2023

Integrating
detectors (zero
deadtime DAQ)

Thick and thin
quartz bars
(different
systematics)



Targets Isotoplcally pure “8Ca and %%8Pb

3.84% 4°Ca y

CoId target Iadder (2°8Pb and 48Ca)

Robert Michaels, Hall A Mtg, Jan 2023

Started with Ended with
* Single puck * Ipuck+2 foils
*  Smm thick sandwiched
e 96% *Ca e ~5.7mm thick total

~91.7% #Ca

~7.96% 40Ca
= =4 0511 mm
- ¥ 1118 mm

I 4.094 mm

A

v

pl0



Extracting the Asymmetry

Acorr = Adet - Abeam - Atrans _ Anonlin _ Ablind

Acorr - PL Zi fiAi

A =R R R 2
phys radcorr "“taccept 'Q PL (1 _ Zlﬁ)

A hys €Xtraction requires effort on multiple fronts:

Robert Michaels

R

radcorr

Raccept
R

1:)L
1

1-% fi
P2 fiA;
A
Abeam
A
Anonlin
Aplind

CoIrr

trans

, Hall A Mtg, Jan 2023

(radiative correction)
(acceptance)

(Q?-scaling)
(beam polarization)

(Overall background dilution)

(backgrounds)

(Corrected Asymmetry)

(Beam corrections)

(Transverse asymmetry correction)
(Detector nonlinearity)

(Blinding factor)

pll



(qdd) AnswuwAsy

— ==
A —
—l— -.lWﬂ_l
== .
— ==
ok et
) — —p—i
- 4 e
—-al— —— |
() —= .
_— = —
— _lTWl
& —— BT
— —p—
e < ——
——
S 1 —l—
—p—
> p = =
—— —
%) e ——
— —p—
a * ——
' _A ! —p—
e 1 ——
—p—
——
> s T
—— —
o
— ——
—— ——
y —— —
- — — —p—
) = -
I.ﬂ”— _|I
—— —
_l.A.l_A_|'|.
—p—
—_—
& i
—— . —
- —_
y u.l.n.nuu mumv i b F g
-~ = —_— —
S m = I & —_—— —p— _
< 3% T T
= = i
W - W - —_— u“ﬂ_
© Looo o —t— ——
Q) =32 T ——
— 1
S Hift R , N
____________________i_ _ __
o o o o o o o o o
o o o o o o o o
o o o o o o o o
= 8 ¥R § % §F g

220

200

180

160

140

120

100

Slug # (~8 hour period)

pl2



48Ca Asymmetry Measurements

4500

4000

3500

3000

t 2/ ndf=20.2/23
<A py>=2668 £ 106 ppb

2500

PV asymmetry Apv (ppb)

2000

1500

A
c
=]
—

Run 2 Run 3

1000

Three run periods demarcate injector spin orientation reversals.

Robert Michaels, Hall A Mtg, Jan 2023

Run periods
(~40 hour periods)
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Difference between charge and weak form factor for 48Ca

O 06 = | I I | ! ‘/I. .\I ! | ] I ! ! I ] ! ! | | ! ! I I ;l
. ’ : —— UNEDFI .
i ; S SI Density
. /7 .
| : ——— UNEDKO| fynctional
0.05 ! / —-——- SLY4
B 7/ .= NL3 models

Robert Michaels, Hall A Mtg, Jan 2023
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Weak Form Factor -- Model Independent

Comparing PREX (?°®Pb) and CREX (*8Ca) to Theory

O-O6§|""""'""""'"""""""""I"I"""""""""""g

: o® -

: @ :

0.05F -

3 004F £
ﬂ'\_/ [~ -
I 5
s N A ]
Sk 90%;
0.02F -

: PREX data :
0.0lzt_lllIIIIII|IIIIIIIII|IIIIIII:IiIIIIIIIIIi-IIIIIIIIiIII:IIIII|IIIIIIIII|IIII__

0 001 002 003 004 005 006 0.07

208
F.-F, (" Pb)
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Neutron Skins -- Has a small model dependence

0.3

<
ho

P

R (*Ca, fm)

R
n
o

Neutron Skins vs Theory

_l 17T 17T 17T 1T 1T 1T 11 | 1T 17 1T 1 1T 1T 1 | 17T 17T 17T 1T 1T 1T 11 | | 1T 1T 17T 1T 1T 11 I T 1 I_

B DDMT i

- I I -

- )

5 o 4P ]

~ CREX DO -

" data el i

_ Coupled Cluster = T |

a@ H‘* ]

%/ \ ]

o~ 90%]

;]

P

- -\Hﬂ'\.\_ ___,-'Jf; —

- e i

i PREX data i

—I_I | I N I N N N A | | | I N I N I N | | I:I I T T 1 1 !I : L 1T T 1 I:I | I | | L1 1 1
0 0.1 0.2 0.3 04

208

R -R (" Pb, fm)
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PREX/CREX Related Publications

Recent or Planned
Authored by the PREX collaboration or by subsets of it.

- CREX PRL 129, 042501 (2022)

- PREX-2 PRL 126, 172502 (2021)

- SSA  PRL 128 14, (2022)

-- Moller polarimeter D.E. King et al, NIM.A 1045 (2023) 167506.
-- Compton polarimeter (planned)

-- Polarized source and beam P.A. Adderley et al, NIM.A 1046 (2023) 167710.
-- Phys Rev C archival paper (draft)

-- Target NIM (draft)

-- Quartz detector and PMT non-linearity NIM (planned)

-- New analysis methods (planned)

-- Theory (inelastics, extracting skins)

pl7/



Conclusions

* New and precise measurement of the PVES Asymmetry from #8Ca

* Model-independent extraction of the weak form factor at q = 0.8733 fm?

 Weak Skin and Neutron Skin extracted (w/ small model dependence).

e 48Ca: thin skin

compared to models
o 208pp : thick skin

e Consistent with a number of DFT models and with microscopic coupled-
cluster model

http://hallaweb.jlab.org/parity/prex

;17 son Lab

Robert Michaels, HallAM tg, Jan 2023 omas Jefferson National Accelerator Facility
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48Ca Weak minus charge rms radius vs charge minus weak
form factor (top), and neutron minus proton radius (bottom)

" (a) Weak skin -

P T I T T T T

....... Quantity  Value £ (exp) £ (model) [fm]

-7 Rw — Ren 0.159 £ 0.026 £+ 0.023
, : Rn — Rp 0.121 £ 0.026 £ 0.024

1 . 1
|I||!|||||.|||||'||l||||||

(b) Neutron skin

R I N R R R R PR R

5 CREX data

L L 1
P T o o e . e s e S S S S S S R [ N S N S U S M T U A T S S T S A A

0.02 0.03 0.04 0.05 0.06
48
F, -F, ("Ca)
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High Resolution Spectrometers

Spectrometer Concept:
Resolve Elastic

1st excited state
Pb 2.6 MeV

Elastic
Ca 3.84 MeV detector
Inelastic
T

Left-Right symmetry to Quad
control transverse
polarization systematic

y

Q Q



Integrating Detectors Countmg Detectors

§ 23& —.g‘ﬁ'&
UVA 3EM

(T"Dets,

. The HRS Vertical Drift Chambers
(VDCs) below the quartz detectors

. . . - GEMs that we installed upstream and
Fused silica Cerenkov radiator, Smm thick, downstream of our quartz detectors

3.5x16 cm? area, mated to a single PMT

The challenge: all electrons need to count the
same - high photon statistics but low shower
fluctuations

- Used to align the elastic peak on the quartz
~56 MHz signal rate in a 3x3 cm? area at the end  and to measure accepted kinematics
of the detector - Used at very low beam currents (<1uA)

Non-linearity of detector response was tested on ~ counting experimental mode”

the bench and with beam during the experiment p13



Neutron form factor

2 (Fu@)
A~ OEQ 1-4sin’ 4, —.

272'05\/5 Fo (Qz)

Choice of Nuclear Targets
* First excited state far from elastic =
* Neutron excess :
* Doubly-magic

Stable




Acceptance Function

4350

400

) = [ d6 sinbA(6) 9% €(6)
o, J d6 sinf 42 €(6)

L

L)
S T T it e e e i e
3.5 4 4.5 2 2.2 B 6.5 f f.9

Lab Scattering Angle 6 [degree]

I

(5]

Robert Michaels, SSNET 22



Beam Polarimetry

Compton Polarimetry

Electron

Moller Polarimetry

detector

Detector

Méller
~ stripe

Fabry-Perot
Optical Cavity

- Dipole
=)

Helmholtz

COils—s, % d

&7

target
e-beam foil

Acknowledgments: S. Malace, E. King, D. Jones, P. Souder

Acknowledgments: A.J. Zec, J. C. Cornejo, M. Dalton, C. Gal, D. Gaskell, Low-current, invasive measurement

C. Palatchi, K. Paschke, A. Premithilake, B. Qui . N
alatcht, K. Paschke, A. Premithilake, B. Quinn - 3-4T field provides saturated magnetization

perpendicular to the foil

- Spectrometer redesigned for 11 GeV

« CREX reoptimized the spectrometer tune (and
detector configuration), to provide high precision
and sensitivity to systematic effects

- Polarimeter runs were taken approximately every
week

- Continuous, non-invasive measurement

- Utilized integrating technique with
photon detector

- Evaluated systematic uncertainty

- Polarimeter runs taken continuously
alongside main detector data

Robert Michaels, SSNET 22 P26



Compton and Moller polarimeter results
15t period Spring 2020  7nd period Spring 2020 3rd periodSummer 2020

Right (In/Out) Left (In/Ou1) Right (In/Out)
A A A
[ | | \
B —— ‘

= E
c =
o =
4‘—0’ 175 __ a
N =
8 g ‘ Spans
IS - ~+-1.3%
€ 15 relative
S E error

— i{[—¥— Left Out (Compton) ‘

— — — Left In (Compton)

855 —— | —f@— Right Out (Compton) ¥
= : —J— Right In (Compton)
— (| —%— Left Oul(Mollgr‘,
85 — : ‘; g i E‘l}'lnéﬁ:‘fmm
1 I I | | I | | | I | ] | | | | i | | | || —— RightIn {Moller)
100 120 140 160 180 200 220
Average Slug Number
Acknowledgments: A.J. Zec, J. C. Cornejo, M. Dalton, C. Gal, D. Gaskell, C. Palatchi, K. Paschke, A. Premithilake, B. Quinn
Average Compton polarization: Average Moller polarization:

87.10 + (0.52% dP/P) 87.06 £ (0.85% dP/P)

CREX Polarimetry Result:
P .=87.09 +/- (0.44% dP/P)

Robert Michaels, SSNET 22 This precision is a world record. p27



Scattering angle calibration with water cell

HAO gold p run270

Enfies b ° :
p:glmgmevi%umev i Nuclear recoil method
Sid Doy ‘

Energy spectrum
from water target
<D 1567AGeY ¢ 002206

4P=16.225 = 0.022MeV

- 'H and %0 in one target
(same E-loss) pI‘OVideS
measurement of angle 0

N

Elastic H peak Elastic O peak

~ QW Fw (Q%)
471'(14\/_ Z Fn(Q?)

** Analysis by Siyu Jian
and Nilanga Liyanage

1 | | | | | | | | | | | | | | | | | | | | | | | | | | | ‘ |

2.155 2.16 2.165 2.17 2.175 2.18
Momentum [GeV]

PV ~

Determined central angle

recoil momentum difference — scattering angle with pointing with
precision of
1 1 50 = 0.02° (0.45%)

AE'=E,—E), =E -

Robert Michaels, SSNET 22 p28



Beam Corrections

Ap, Raw (red) vs. Corrected (blue)

Beam jitter noise several times greater than
counting statistics

o =765ppm

0=1650ppm

Analysis removes noise and evaluates
residual helicity correlations (systematics).

Ara :A

W det

Agta At IBAX |

The a for energy is another B

for a monitor. = ‘

B | | | | | | | | | | | | | | | | | | | | | |
-15000  -10000 5000 0 5000 10000 15000
asym (ppm)

 Potential for systematic error if average beam asymmetries are not well corrected

» Multiple techniques used to calibrate correction factors (,Bi )

Robert Michaels, SSNET 22 p29



The Math of Beam Corrections -- 3 Methods

Ara :A

Regression

=3 (A ¥ sam), 9X =0

Dithering

aC, <

i=1

Yac, T oM

aD NBZW" oM, , _ 9D

for u = 1,2, .., Noir, and can be solved if
N N

Lagrange -- a combination of the above two

2 JdD . OM
L =x +Z)‘u<’;( L By, )
g ‘ ‘

Y~ minimization with beam
modulation sensitivities con

straints: o ‘
—£ ==t ,_()E =0
(),/3,' ()/\“

Robert Michaels, SSNET 22

-Ag T o At X AX

The a for energy is another
for a monitor.

Credit: Paul Souder,
Tao Ye, Kent Paschke,
Cameron Clarke, Ye
Tian, Victoria Owen
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Beam corrected (but still blinded) Asymmetries
Half Wave Plate: IN/OUT Wien(Spin Manipulator): Left/Right

Sign-uncorrected, Each point: 8h time-scale Sign-corrected, Each point: ~1week time-scale

260I\gean =2080.3 +- 83.8 pp Chi2/NDOF =3.1/5 Probability = 0.68

' |
8 |+ e [Blinded| 2 =} [Biinded ]
% 000 _:v— IHWP Out, Wien Right ;; 2400__
§4ooof— h HH { } ‘ By g :
< C [ ) L ]
o W HM#M }H#H}H}}ﬁh}IH““l} e T
A TR T (o
_ g : »
2000 m HM H#, l{{ H HH H LY ﬁ ﬁ #Hi 20001
~4000 f—v + + } * { }H} } | * H{ : |
s000f- Y 1800
- |1 Spring 2 Spring 3 Summer . 1 Spring 2 Spring 3 Summer
-8000Right (In/Ouyt) Left (In/O 1) Right (In/Out) Right (In/Out) Left (In/0ur) | Right (In/Out)
T e e e e | e e b b b

R,In R,Out L,In L,Out R,In R, Out

Slug

» Entire data set! 6 colors on left correspond to 6 points on the right (zoomed in y-scale)
* Measuring continuously flipping sign by 2 methods (IHWP, Wien)
* The corrected asymmetry removed effects from beam asymmetries and noise
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High Resolution Spectrometers -- HRS

- Spectrometer separates elastic peak, directs it
onto integrating detector (quartz).

- Integrate detector in each of the spectrometer

pair independently

" x10°

2 "% Total Fit (4¥NDF = 4.8) a3 Elastic
2 [ 3.831 MeV, 2%, 2.144% a '

S [ 4507 MeV,3,4.319% Spectrum

it

~12.5° Spectrometers

i 6! Excited States

f B
i P "
2— 5-state {3
" mg S
o.i Relced | 1 .__._’_TZ' /\f{-‘—j\’\“—i—i | \ . T - I - l 1 !:l 1 l - x103 N50 (J"I
2173 2174 2175 2.176 2177 2178 2179 218 2181 , =
. _ Momentum (MeV/c) scattering
Theoretical locations

Robert Michaels, SSNET 22 p32



Tatal Filux
Accepted Flux
3.831 MeV, 27

4.507 MeV, 3
5.370 MaV, 3

0.4

0.2

Fraction Accepted
=
&h

E-‘F""'."F.. 2

0
2.1

Robert Michaels, SSNET 22

T3 2174 2175 2ATE 2A7T 2178 2.1789 2.18 2.181
Momentum (Ge\ic)

FIG. 3. Momentum spectrum in the spectrometer (top) and
acceptance as a function of momentum in the spectrometer
(bottom). The significant inelastic levels are marked. Shaded
region in the momentum spectrum registered pulses in the
integrating detector.
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