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Weak Interactions

Neutron & nuclear 3 Decay Fermi Theory for weak interactions
Vv C

GF “Effective” low energy theory that explains many
n p observed properties of radioactive nuclear decays

Universal strength: coupling constant Gr

charge and flavor-changing
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Weak Interactions

Observed NOT to be invariant under parity transformations

Neutron & nuclear 3 Decay Fermi Theory for weak interactions
A C Universal strength: coupling constant Gr
XGF “Effective” low energy theory that explains many
n p observed properties of radioactive nuclear decays

charge and flavor-changing
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Weak Interactions

Observed NOT to be invariant under parity transformations
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Parity Violation Signature

Zel’dovich speculation. Is Electron Scattering Parity-Violating?
JETP 36, pp 964-66 (1959)
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Zel’dovich speculation. Is Electron Scattering Parity-Violating?
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Parity Violation Signature
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Parity Violation Signature

Zel’dovich speculation. Is Electron Scattering Parity-Violating?
JETP 36, pp 964-66 (1959)
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Glashow, Weinberg and Salam: SU(2). X U(1)y

Neutral Weak Interaction Theory

The Z boson incorporated

One free parameter: weak mixing angle Ow
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Glashow, Weinberg and Salam: SU(2). X U(1)y

Neutral Weak Interaction Theory
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Anatomy of a Parity Experiment

The E122 Experiment at the Stanford Linear Accelerator Center
C.Y. Prescaott, et al.
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Anatomy of a Parity Experiment

The E122 Experiment at the Stanford Linear Accelerator Center
T C.Y. Prescott, et al.
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Anatomy of a Parity Experiment

The E122 Experiment at the Stanford Linear Accelerator Center
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4 Decades of Technical Progress

Continuous interplay between probing hadron structure and electroweak physics

Parity-violating electron scattering has become a precision tool

Pioneering

Nuclear Studies (1998-future)
S.M. Study (2003-2012)

S.M. Design/Planning

S.M. Future

MIT-Bat
Mainz

Jefferson Lab

es

10-10 LLLL
10°® 107 10° 107 10™

10°

® Beyond Standard Model Searches
® Strange quark form factors

® Neutron skin of a heavy nucleus
® QCD structure of the nucleon

Mainz & MIT-Bates in the mid-80s
JLab program launched in the mid-90s
E158 at SLAC measured PV Magller scattering

State-of-the-art:

e sub-part per billion statistical
reach and systematic control

e sub-1% normalization control

photocathodes, poIaPt}l{metry, high power cryotargets, nanometer beam stability,
precision beam diagnostics, low noise electronics, radiation hard detectors
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.+ PREX Concept

Pb-Radius EXperiment
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QpEM ~ 1 QnEM ~0 ~1- 48’”26W
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QpEM ~ 1 QnEM ~0 ~1- 43’"26W

T 0 "
2 PREX Concept
: Pb-Radius EXperiment

0.1 47'('04

2
e Mpy X —5Fep(Q7)
) ~., C. Horowitz @
\ GF
G ‘ e —————— MWeak X _’75FW(Q )
£ 0.06 \/5
>
B
g 004
Q E+M charge
—— Weak charge
002 Proton
------ - Neutron
0
0 2 -

Krishna S. Kumar NSKIN2016: The PREX-I Result 11



QpEM ~ 1 QnEM ~0 ~1- 43’"26W

/.. PREX Concept

Pb-Radius EXperiment

0.1 4o
2
e Mpy X —5Fep(Q7)
) ~., C. Horowitz @
\ G
R e Mw eak X _’YSFW(Q )
£ 0.06 \/5
>
@
g 004
Q E+M charge
—— Weak charge
002 Proton
------ - Neutron
0
0 2 -

r(fm)

Fch and Fw: Functions of single
nucleon form factors Fp and Fp

W anvs
£ 4Jta\/§Fp(Q2)

Small corrections involving

electric form factors Ge (p,n,s)
Krishna S. Kumar NSKIN2016: The PREX-I Result 11

==




Y QpEM ~ 1 QnEM ~0 ~1- 48’”26W

/... PREX Concept

Pb-Radius EXperiment

0.1 ' A7
2
e Mppm X — il o (Q7)
oos - — .. C. Horowitz 9
\_ | €
o [ MWeak X _’YSFW(Q )
‘g 006 \/5
>
§ 0.04 6 ppm ' I i TR
Q E+M charge E =1GeV : :
—— Weak charge — — - Plane Wave " ;
0.02 Proton ~ Dist. Wave i \
...... ' Neutron Plane W. p=n :‘ :
0 4 + Donnelly, Dubach & : : :
0 2 4 Sick (1988) i\
r(fm) Horowitz, Michaels | \
E 3 and Souder (2001) q \
Fch and Fw: Functions of single A | |
| |
nucleon form factors Fp and Fp i |
.
2 2t b 'n “
2 |
60 BAD : .
PV e 4 2 F 2 + I N | :
SEi ,,(Q ) |
[
L
0

Small corrections involving 0.0 50 100 15
electric form factors Ge (p,n,s) T ceg)
Krishna S. Kumar NSKIN2016: The PREX-I Result 11

20.0



%;g;g Cleanly Interpretable?

Pb-Radius EXperiment
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Q2 ~ 0.01 GeV?
5° scattering angle

|

Apy ~ 0.7 ppm
Rate ~ 1 GHz
6(Apy) ~ 20 ppb!

NSKIN2016: The PREX-I Result
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%zog,',; Cleanly Interpretable?

Pb-Radius EXperiment
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“b Cleanly Interpretable?

Pb-Radius EXperiment
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“b Cleanly Interpretable?

Pb-Radius EXperiment
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» Clean “translation” from Apv uncertainty to hf‘
neutron RMS radius uncertainty

* Apv uncertainty dominated by statistics!

At this level of precision, one must account
carefully for radiative corrections
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r in~ Pb(fm)

Q2 ~ 0.01 GeV?
5° scattering angle

|

Apy ~ 0.7 ppm
Rate ~1 GHz
6(Apy) ~ 20 ppb!

FSUGold
— *Ca [0.207(6)]
~——= 2%Pb[0.223(6)]
e—e PREX [0.204(28)]

J. Piekarewicz
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C.Horowitz

Radiative Corrections

;Y’ZO + Y e ;Y,ZO + Y i EY,ZO
. astic | nelastic |
Born Coulomb distortions Dispersion corr.

® Coulomb distortions are coherent, order Z&. Important for PREX (Z£=82)

® Sum elastic intermediate states to all orders in Z&x by solving Dirac equation for
electron moving in coulomb (V) + weak potential (A) of nucleus.

® Coulomb distortions reduce A,, by ~30%, but accurately calculated (uncertainty
estimated to be sub-1% of correction)

® Dispersion corrections are of order & (not ZX).

® Note: Both Coulomb distortion and dispersion corrections can be
important for Transverse Beam Asymmetry A, for %py,



PREX Overview

1 GeV electron beam, 50-70 nA
high polarization, ~89%

helicity reversal at 120 Hz

§ 5° scattered electrons
+ Q?=0.0088 GeV?z/c?
-

new thin quartz detectors

&
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PREX Overview

polarized
source

Hall A

CEBAF

Compton
detector

Moller
detector

Pb
Ta r(get

spectrometers

detectors ¢

Steering Coils
- | Position Monitors
= Intensity Monitors

Moller
target| |

data
acquisition
& control

Krishna 5. Kumar

NOKINZU16: 1he FPREX-1 Result

208ph diamond-sandwich
target

50 pA, 1.05 GeV, 5°
Ap, = 500 ppb
(2x) 860 MHz
100 ppm precision at 15 Hz
680 hours, ~¥35M pairs
OA,, ~ 15 ppb (3%)

14



Krishna S. Kumar

PREX-I ran from March to May 2010

Polarized Beam at JLab

Record Performance (2012): Electron Gun Requirements
180 uA at 89% polarization

« Ultrahigh vacuum
* No field emission

A . ~3500 ppb * Maintenance-free

Acorr = Adet - AQ T O AE_I_ Zﬁ1 AXi

NSKIN2016: The PREX-I Result
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Polarized Beam at JLab

half-wave
circularly plate
polarized R L
NV e VW a e -
light

3 = »
{o
J
- J 4
'///“‘\ji v 1. Vertical Wien filter
f e precesses spin 50 to Vertical
tuding

Krishna S. Kumar

Record Performance (2012):
180 uA at 89% polarization

A . ~3500 ppb

Electron Gun Requirements

« Ultrahigh vacuum
* No field emission
« Maintenance-free

Acorr = Adet - AQ T O AE_I_ Zﬁ1 AXi

NSKIN2016: The PREX-I Result
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Polarized Beam at JLab

Record Performance (2012): Electron Gun Requirements
180 uA at 89% polarization

« Ultrahigh vacuum
* No field emission
A . ~3500 ppb * Maintenance-free

Acorr = Adet - AQ T O AE_I_ Zﬁ1 AXi

' JHWP OUT/Wien L A=22.676 +/- 8.724 nm, dof=60 , "= 0.98, P=0.52
diff_bpm4ax | jywp IN/Wien L A=11.685 +/- 7.995 nm, dof=72 , 2= 1.36, P=0.02
— : wp OUT/Wien R A=24.702 +- 5.396 nm, dof=100, / = 1.20,P=0.08 H
half.wave . — WP IN/Wien R A=22.450 +/- 4.256 nm, dof=91 = 1.28, P=0.04
cnrcularly plate - AVG + A=22.537 +/- 4.256 nm, dof=152, ;.“‘— 1.16, P=0.09
lariz ~ AVG- A=19.121 +/- 4.610 nm, dof=173 , = 1.27, P=0.01
polarized R L 0'1 5— AVG A=2.386 +/- 3.130 nm, dof=326 , y°= 1.45, P=0.00
VNN > NP N - .
- Traw average. ~2011N1Mm
light n 0.1 corrections:
Pipge: - = g - { ! < 5 nm or 100 ppb
5. Morlzontal Wien '-_ T Es]
et H0.05-; | { it }
3. Two pin solencids do the o pu| — 1
fnpﬁg‘o mﬂd;f‘)‘ E : % l - é { %
; \"\}v -Sign tlips using 12 wave plat & Wien filter
| B e 0.05 TR -
> -
T I 1 1 L 1 I I L 1 1 1 I

precesses spin 50° to Vertical

_/,/2’\& A :':w-mlw.(-m.{m s . L o .
0.} 200 25 30 35 40
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Target and Spectrometers

Lead-Diamond Sandwich Target 4 Septum Q1
|

magnets

1

Q1 detector

Inelastlc\ 4

target

Collimators
Krishna S. Kumar NSKIN2016: The PREX-I Result



Target and Spectrometers

Lead-Diamond Sandwich Target 4 Septum Q1
|

magnets

!
!
T
}
: :
'
| /
i
}

detector

] | Inelastic— . il

hardware resolution:

Ap/p ~ 1073
Quad
target
\_
Collimators Q Q
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Integrating Detectors

T w0

Final Momentum for Thin Lead ]

=

Background negligible thanks to Hall A HRS spectrometer pair

Entries 402257
Mean 1.06
RMS 0.001127

1
Lead 3- State  J |}

«—— ~10cm /

- Lead 4- State
- Lead 3- State

J \'~_ ,
/ Ugad Grourjd State

10’ — - 1

: B 1

E ™V 11

E X

> S L_’

10° =

= 3- 34 | P [ - PR | b ;s

1.054 1.055 1.056 1.057 1.058 1.059 1.06 1.061 1.062

T Ly T s s E o i o it i EE 0 o

pure, thin 208Pp target

Krishna S. Kumar

® 1 GHz rate: extreme
radiation hardness
® 1 GeV: calorimeter
sandwich RMS ~ 50%
® Thin fused silica:
optimize RMS
® thick: higher photo-
electron yield

® thin: smaller RMS
degradation

NSKIN2016: The PREX-I Result
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Integrating Detectors

Background negligible thanks to Hall A HRS spectrometer pair

AT S A Gl BTt Ay i G b 5 i il s P AT~ Y P WP B P i B TS 3 B B 5 At 5 PTG R 4 o
Final Momentum for Thin Lead | . h1
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Lead 4- State . ~10 Cn}rﬁ 1\‘ = f
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.: i N ""JVA'N H\
B p r"’."“"\"‘;‘ s ( L‘\ B
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: i Py Sy § sy §l g i ! e | 3 L-)-Cr-'¢ E
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T — ST ————r—— — r—
pure, thin 208Pp target
® 1 GHz rate: extreme
A Transport Coord. Sys. Py 3 3
7 & radiation hardness
Yoo Yo & :
X | ® 7 GeV: calorimeter

Spectrometer Coord. Sys.

X e o
NOT TO SCALE sandwich RMS ~ 50%

. = e ® Thin fused silica:
| == PMT] optimize RMS
\ ® thick: higher photo-

al Plane 'rr;ul«ponzawcu location el@CtTOi’l yleld
S | e thin: smaller RMS

degradation

TOP of VDC BOX
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HRS Foc

ul

Transport z= 0
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Integratlng Detectors

Background negligible thanks to Hall A HRS spectrometer pair
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Final Momentum for Thin Lead | . h1
Entries 402257
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Transport z= 0
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y
% PR et

lowerQuartz

2500

2000

1500

1000

® 1 GHz rate: extreme
radiation hardness
1 GeV: calorimeter

sandwich RMS ~ 50%
® Thin fused silica:
optimize RMS
® thick: higher photo-
electron yield

® thin: smaller RMS
degradation

NSKIN2016: The PREX-I Result

Entries 58676
Mean 71.42
RMS 2259
7% 1 ndf 75760
Lwidth 3.123: 0.061
MPV 66.93: 0.11
Integral 1.206e+05 : 510
= GSvoma

1319: 011

200
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Integrating Detectors

,_;_a‘ckround ne h tblethanks to Hall A HRS spectrometer pair
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Physics Data: April/May 2010

Raw Asym