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Outline

* PVES measurements

* Recent PVES example

* HPV measurements

* Recent HPV examples

e Common measurement principles and some of the systematic effects

* Some upcoming experiments and precision goals



Many PV Measurements

The talk title has a touch of unjustified grandeur, as this talk has some important omissions:

* There is an enormous amount of atomic parity violation effort in both PVES and HPV that | am not
discussing

e PVES results produce important results for nucleon quark structure physics, which | am not discussing

e PVES results produce important results and nuclear-astrophysics, such as the neutron radius
measurements

* Hadronic PV measurements at higher energies are not discussed

* PV measurements on resonances are also not discussed



PVES Measurements

Long and active history of PVES measurements

-4
Asymmetries and errors now push on the (sub) ppb level 10
Percent-level relative errors now allow for beyond two-loop 1075
level investigations of the SM and potential new physics
-6
Making such measurements requires: 10
§-
* High luminosity (beam and high-power targets) g, 107
e Parity quality beam: .
High polarization with high beam stability and 10
systematic control
107
* High precision beam polarimetry measurements
* Better and better detector systems with faster readout 1077
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PVES Measurements (focus on BSM tests)

The Weak Mixing Angle
J. Erler (JGU), reproduced with permission
0.045 The weak mixing angle is a central parameter of the
: RGE Running .
Pl Throshold electroweak part of the Standard Model:
Measurements |
Proposed .
004 i ISLAC-E158 l“'—'Te‘-" . ()’) B sm(HW) COS(BW) (BO)
b I—" - VA cos(0y) —sin(@y)/\ A
—_ Oweak \ '
E”: - APV eDIS N"\ ’
< 0235 - SU(2): Gauge fields (B*,B~, BY) and coupling g
” | EP 1 ] U(1): Gauge field A and coupling g
3 Tevatron sLC *LHG i
0.23F - - o
jMOLLER ——— “On-shell” definition in terms of boson masses:
r P2 1SoLID .
[ ] I mz
. |14
. ' sin®(Oy) =1 - —-
0t 107° 102 107" 1 10 10° 10° 10° _ my
LL [GeV] “MS-Scheme” definition in terms of (running) coupling
constants:
g’
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sin*(Oy) = 5———
2 12
g°+g
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PVES Measurements (focus on BSM tests)
The Weak Mixing Angle

J. Erler (JGU), reproduced with permission
0.245

RGE Running

The weak mixing angle changes (“running”) with interaction
Particle Threshold energy (e.g. momentum transfer), due to:
Measurements
Proposed
SLAC-E158 | NuTeV
0.24
™ etc.
—_ Dweakl_-
= \‘\
- 3 eDIS
ilm" 0235k -
@
LEP 1
Tevatron sLC * LHC
0.23F - MOLLER -
= ——
r P2 1SoLID
. I etc.
0.225 — -
107 10 1072 107" 1 10 10° 10 10°
L [GeV]

Different radiative correction apply to different particle

interactions (e.g. electron with electrons vs. electron with
quarks).



PVES Measurements
The QWeak Experiment Ql, =1 —4sin? 0y,

Measure Apy as a function of electron helicity

Average Q2: 0.0249 + 0.0006 GeV?
1.154 + 0.003 GeV
145 pA — 180 pA

Beam Energy:

Beam Current:

Beam Polarization: 0.89 +0.018
Target Power: 2.5 kW
Luminosity: 1.7x10° ecm? s

Integrated Rate (per detector): 875 MHz (7 GHz total)
Acceptance averaged asymmetry: —0.23 ppm (nominal)

Standard Model: QIIZ,(Q2 =0) =0.0713 + 0.0008
Results (Nature volume 557, pages 207-211 (2018)):

Apy(e,p) = —226.5 + 7.3(stat) +5.8(sys) ppb
Qy = 0.0719 + 0.0045
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PVES Measurements

Measurement Methodology

Experiments will measure the asymmetry in the number of scattered electrons as a function of beam helicity.

Right Helicity (R) o—— .ﬁ_\/’re_f_, o /{'
O —Op S(R) e k_(Ek'k) __ 9
A=—_"1
O'L‘I‘O'R

e' k' = (Ekl,f(')

Left Helicity (L) s:_ ./‘1’8' q = (Ey — Ex.q)
S0 -
® p=wW0)
. . ] . . . . p' = (Ep"l_)n)
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.
V
etector Signal
All systematic effect must be taken into account: ’ —
Helicity States +i R _i+;+: - .|.i - '3+
\ A B
Y Y Y
Y+ Y & A, A; o '/An
Apsr = W = P, prPV + Z Apfp | + Apeam + Ainst i‘: i i
b P17 1 A
TNy, +YY.
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PVES Measurements

Measurement Methodology

* Precision scales with event rate (VVN) — so the high precision goals require extremely high detector event rates

* Individual detector event counting not always feasible at the highest rates — even with high segmentation and fast
electronics

* Integration mode operation of detectors makes sense when:

 When we deal with high rates, and

* high segmentation is not an option, and

* backgrounds can be “eliminated by design”, and
* technology allows for “low noise operation”

* In this case we measure the integrated detector yield

Y% - LGDGD(I T PAph + Apeam T Ainst) * Aped

Gp =I'pQpe9pmramp

* Experimental design determines how good this linear approximation will be



PVES Measurements

Measurement Methodology

The faster the helicity reversal the better the approximation of the signal
as a linear drift for many experimental effects.

So, locally, the signal “looks like” a linear function of time:

S(t) 4  Lots of large-scale slow drifts present in the
experiment

dY
Y (1) = a+a t|(1+A4 )

t

* The quartet helicity pattern removes linear drifts +--+ or -++-

* An octet helicity pattern removes quadratic drifts +--+-++-

* Pseudo random reversal of the fist sign in quartet patterns
removes higher order drifts

Example of these drifts:

* Target drifts (e.g. diurnal variations) and boiling noise
* Detector gain and electronics drifts

* Spectrometer field drifts

* Slow beam drifts




PVES Measurements

Front-end Electronics Design:

A Tztabis TAD'E_P&W _lug_ Tzanis
Operating Principle: Helicity - ¥ -
* Ver fast and precise (low noise) electronics is a requirement for these types
of measurements Detector
Signal : !
« The small asymmetries require oversampling in each helicity window Time (not to scale)
If, v Nsamples
Digitization: { n
J ‘;?L_L_ // A T N *
B 7 \\ ff TN Ll~0.12 uv
ADC range and Jeahocsd Cp \ /f \\ ; WV 4‘ R :
7 Iix x x — :
resolution (0 suppressed) I A Using: n,,~25
I av] R~5GHz
#op Sampls ?i———’—\/‘\,'/ t Gpyr~1000
#eﬁ'c{'b{'a linAoe Gamp"’lOOk.Q

_ e 4V
18 bit Resolution: AV =~ 17 ~ 16 ulV
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PVES Measurements

| qwk_md1ineg.hw_sum Yield |

— | qwk_md1ineg.hw_sum Yield FFT | snomsonso

Systematic effect example S Moan 239
§ 10'5 = RMS 139
N § — g 150 A, 3x3, 30 Hz
Target b0|I|ng: < % i 20 pA, 3x3, 30 Hz
§ 10°
* With high beam power target boiling is E =
. . B £
inevitable - , <
. ! 107
0.0408[-
B ’ ' A R R T T P I I S
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; A . £ 3 Fe S
width in the detector and asymmetry signal c| £ o R :
< < a0l 1 [ P ‘#* ’
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PVES Measurements

Systematic effect example

Detector symmetry allows measurement of:

* Beam motion
* Beam position
* Beam angle

Performing detector studies that measure
the correlation between the detector signal
and beam parameters (deliberate variation)
is used to remove the corresponding false
asymmetries.

Detector symmetry can also be used to
measure transverse spin asymmetry.







PVES Measurements

. | - SR . e | [Ty T e
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HPV measurements

* Hadronic PV overall is still an active field (there is much that
is not included in the figure on the right) , but

e Ideally, we want measurements in simple systems (np, pp,
pD, nD, n3He, n4He, pa) to understand nPT Strong
interaction

* Asymmetries and required errors are small (ppb level)

* Measurements are challenging (some of them), requiring:

* High-intensity (very) low-energy proton or neutron
beams and sources

» High efficiency polarization/polarimetry

e Tight control of backgrounds and systematics

Better and better detector systems

2020

2010

2000
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1980

=~ n+ *He — T+ p (2020)
n+p —>d+ y(2018) —=—

-—.—- n+p —>d+~;'(2011)

—m—p+p —>p+p (1991)

p+p > p+p (1987) — =
-— P+ o —p+ o (1985)

n+i) —}d+"'f(197?;)

-20
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HPV measurements — NPDGamma

» NPDGamma result (Phys. Rev. Lett. 121, 242002 (2018))

» Prediction (based on DDH best):
A py = —0.107h; = =5 x 107°
» Experimental result:
Aypy = (-3.0£14+0.2) x107°
» Weak-pion-nucleon coupling result
hl =(0.26 +0.12 + 0.02) x 107°

» In pion-less EFT formalism this result gives

APt = (810 + 380) X 1077

2023-09-26

AS = 0 n-N weak coupling measurements

.
n+p ->d+ vy
Cavaignac, et al.
Phys. Lett. B. 67 (1977) 148

'8F Evans, et al. ; Bini et al.
Phys. Rev. Lett. 55 (1985)

133Cs Wood et al.
Science 275 (1997) 1641

Flambaum and Murray
Phys. Rev. C 56 (1997) 1641

Compound Nuclei
Phys. Rep. 354, 157 (2001)

NPDGamma SNS (Final)
0.26 + 0.12 (stat) = 0.02 (sys)

Spin 2023 (Michael Gericke)
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HPV measurements — NPDGamma

» Measurement of the parity-violating up-down asymmetry in the angular distribution of gamma rays with respect to the neutron
spin direction

A A= Pe (A COS(H ) + A Sin(H ))
meas — - PV PC
o7 + 0] Y Y
"Racetrack" holding field coils
Lead shielding 8y
Chopper2 Shutter Csl crystal detectors

Parahydrogen

From spallation
source and LH2

. target
Polarizer Spin rotator / /, + >
moderator Guide L
o/para
> []] [ ] NN é-@-@ | [ om
Chopperl A \»
Beam monitor -+ >
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HPV measurements — NPDGamma

"Racetrack" holding field coils

( )

Lead shielding

Chopper2 Shutter Csl crystal detectors

Parahydrogen
. _ target
From spallation Polarizer Spin rotator
source and LH2
moderator
Ortho/para
’ monitor

Chopperl
Beam monitor

30
Measured neutron beam spectrum
25—
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£ 150 N
“:’g E c B
E 10 % 0.96 j L A I
T N L
=
5 K] r
. g 0-94j
[ b . |-
0 16 18 2 C
0.92 —
0.841 [
E="-5" J L
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P Y T I B B IR AP AR A A W S|
3.8 4 4, 44 46 438 5 52 5. 56 5.8

Wavelength (A)

Detector
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HPV measurements — NPDGamma

» Raw asymmetries are measured simultaneously for each detector pair to filter
pulse to pulse intensity fluctuations and for a valid spin sequence of eight
pulses to suppress detector gain drifts up to second order.

> Point target and detector: do x L (1 + Ay py COS(Q),))
dQl 4m
» Acceptance corrected: COS(Qy) Gqa({z,0,9))
Va
» Detector yield: Yy = E (1 + AyPV Gg P, Ry Sn)

PR i S/ A 1Y
mer T Ja+1 Vi Yirs

» Detector pair asymmetry:

Geometric mean detector pair asymmetry removes beam and pedestal variations.

2023-09-26 Spin 2023 (Michael Gericke)
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HPV measurements — n3He

> n3He result (Phys. Rev. Lett. 125, 131803 (2020))

Apy = (1.58 + 0.97 + 0.24) x 1078

> From NPDGamma 10
hl = (0.26 £ 0.12 + 0.02) x 107 < -150
ha —20:— >
» From n3He s T : .
< —25:— NT e
Apy = —0.185h; — 0.038h) — 0.023h)) - - %&
+0.023h; + 0.05hg, — 0.001h; =20E 1 o,
Aev_ _ 0205h . — i = (8.37 + 5.4) x 1078 _35;—
0_185_. p_w T[_ ) - _40_I|IIIIIII|III|III|III|III|III

—4 -2 0 2 4 6 8 10

h', (107
» Which provides a comparison of the pion to heavy meson contribution 10°]

hy_ = hS + 0.605h% — 0.605h} — 1.32hY, + 0.026h% = (—17.0 £ 6.56) x 107



HPV measurements — n3He

» Measurement of the parity-violating up-down asymmetry in the
angular distribution of protons with respect to the neutron spin
direction
0r — 0y

0350 I A -
.35 ) meas O_T + O-,l,

o
)
T

0.25)-

Preamp Out [V]

o
¥
T T

o
e
o

[

Guide Field Coils

%%%%%%% /

8888443

Collimator Target/Detector

Guide
Field

y Polarizer
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HPV measurements — n3He

>

>

Combined target—detector wire chamber

Exploit construction symmetry to measure PV and PC
asymmetries with the same apparatus

Tight alignment conditions to make independent measurements
Measurement of pedestal asymmetries

Measurement of beam fluctuations and associated asymmetries
Measure and simulate correlations between wires

Measure and simulate acceptance for each wire cell

Multiple analysis with different wire combinations to extract false
asymmetries and

~+

Single wire: Al.,mw ~ ePG;Apy — %ABeam + Ai,ped
i

Wire pair: Ay_dgraw = 26PGyApy + Ay ped — Adped

2023-09-26 Spin 2023 (Michael Gericke)
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HPV measurements — n3He

» Integration mode experiments require very good
understanding of detector acceptance and

PV Wire Pair Asymmetry (x 107)

Frame

CorreleatiOnS 0.1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
. : . 0'09; " IData
Interplay between experiment and simulation o 008 « Simufation
$ 007 |
n3He exceedingly well understood target-detector S 06
R= -
geometry P o005k
;’% 0.04)
§ 0.03 |-
Z
0.02
X2 / ndf 181.8/171 -
% % % i ,.]L PO 0.1059 + 0.08674 0.01 ﬁﬁ ﬂ ﬂ
'I-I--_ --'I.I::-l. [;i: 7| |]- 21l ey 0™ =Xl Lk
e TRl To7 7 i [T Ry QU T ¢ o e g £
e e T TR T (T S
PETR T e o
[
% +2 [ ndf 182.8 /171 _‘g 1 e o T T e S St TVCER CUMPTL PPURTLPE LPILES S
PO 0.1103 +0.08713 £ 20 .
g P ‘2I0‘ L w4|0w L ‘6|0I L -8‘0- . IW[‘JOI . -12‘0- L '150‘ L ‘1é0‘ L ‘160‘ T \(2’ 4-i\l\IIII-\loHI\II\-igIHHII\28\IHHI3\7IHIIH4I.IIIIIII\ LOLCUCL D b b e i e gL

Batch (time ordered)
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New PV measurements
The MOLLER experiment (Jefferson Lab)

Tracking
Detectors

5960“0‘“ >

LH2 Target

Viain Cherenkov
Detectors

Main Observable: GF

4sin’6 ,
a2 (3 + cos?6)? Qw

PV asymmetry with detectors
Weak Charge of the electron

APV — meE
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e e

Y.z

e e
Epeam = 11 GeV
Iyeam = 65 A

L=3%x103cm™2 . s71
2.75 < Eqeqr < 8.25 GeV
Pponry = 90 + 0.5 %

Apy = 32 ppb

0Apy = 0.8 ppb

Qf, = —(1 — 4sin6y,)
AQy, = 2.4%

Asin?6y, = 0.1%
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New PV measurements

The MOLLER experiment (Jefferson Lab)

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
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P2@MESA

New PV measurements
The P2 Experiment (Mainz MESA Facility — See Talk by Frank Maas, Thursday)

e e
Y, 2

-

solenoid 4 ! ‘

Eppam = 155 MeV

Lead Shield
§

Scattering Ibeam = 150 ,UA

targ 1
chamber S 4 g a 2 '
g L=24x10"cm™? - s7*

Pyeam = 80 £ 0.4 %
Apy = —40 ppb
6Apy = 0.6 ppb

Qi = (1 — 4sin?6y,)

Main Observable: GFQZ

AQL, = 1.83%
PV asymmetry with detectors Apy = — (Qﬁ, F(QZ)) Qw °
Weak Charge of the proton 42 ma Asin?8y,, = 0.14%
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The P2 Experiment (Mainz MESA Facility — See Talk by Frank Maas, Thursday) P2@MESA

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

e Parity quality beam: High polarization with high beam stability
and systematic control

* Highest precision beam polarimetry measurements

e High power LH2 target

Workshop crey 4

Institute of Nuclear Physics -
HIM - Helmholtz | 2
o Institute Mainz

Storage |
| Facility wcee |

Experimental Hall |
MESA icre

Institute of P
Physics

4

Office and Laboratory |
Euilding {CFR

S

T ew Buildings
[Comter of Fundamental Phyiics)

Il Existing Buiding
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Thank you
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