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Applications of Parity Violation

Outline

e Beta Decay and Parity Violation
e Standard Model and the Weak Force

e Experiments: PREX/CREX and MOLLER
e Quartz Cerenkov Detector R&D at ISU

e Summary and Outlook
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Radioactive Decay Processes
N
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e 'The Weak-nuclear force is responsible for all radioactive decays

e DBeta decay is most common process /
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Beta Decay Examples

Beta-minus Decay

Carbon-14 Mitrogen-14
B . Antineutrino Electron

—) 4+ © 4 ¢

& protons 7 protons
& neutrons 7 neutrons

Beta-plus Decay

Carbon-10 Boron-110

Neutrino Positron

+ © + ¢

o+

& protons o protons
4 neutrons o neutrons

o [ decay: n — p+ Ve + €

\o BT decay: p — n + v + €T /
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A Quick History

\_

Weak-nuclear Force

alpha, beta, and gamma,

theory for weak interaction

Beta Decay — Nature’s Window into the

e 1899: Rutherford classifies three types of radioactive emissions:

e 1931: Pauli postulates existence of neutrino to explain

non-discrete energy spectra of #-decay electrons

e 1933: Fermi develops theory to explain  decay — precursor to

e 1956: Neutrino discovered by experiment. ¥ + p — n + e™

e 1957: Parity Violation discovered in 3 decay of %°Co

/
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/ Fermi’s Interaction — Precursor to Weak Theory\
P T

Y

P

Electrodynamics Weak interaction

e Fermi’s theory invented a physical mechanism for (3 decay.

e 4-fermion contact interaction at single space-time point.

e Modeled after electrodynamic field interactions — where Jg of
charged particle interacts with A to create photon.

e For Fermi’s theory, the “weak” current of pn-pair interacts with

“weak” current of ev-pair.

\o Fermi’s “weak” currents/potentials had vector form just as EM/
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First Neutrino Observations 1956

Clyde L. Cowan, Frederick Reines
(Awarded 1995 Nobel Prize)

Experiment conducted near

nuclear reactor (~ 103 v’s /s/cm?)

and 11m from reactor

Used inverse beta decay reaction:
(176 TP — N+ 6+)
The e’ annihilated with an e~

-
producing two v rays (detected) — ¢
4,
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Parity Symmetry

T —T
Z —Z

e Parity operation: Spacial reflection through the origin

e “Even” functions: Pf(x,y,2) = +f(x,y, 2)

e “0Odd” functions: Pf(z,y,z) = —f(x,y,2)

o C(lassically, scalar quantities (m, E,p,V,M,...) are mainly “even’

Y

while vector quantities (T, i.F E A, ...) are mainly “odd”

o (Quantum Mechanically, if P commutes with the Hamiltonian,
then Parity is conserved (invariant or symmetric)

e Fundamental symmetry of nature known to be conserved in

electromagnetism, strong interactions, and gravity

\_ /
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/ Parity Violation Discovered in (3-decay: 1957 \
e Chien-Shiung (Madame) Wu Experiment

e Took place at NBS (now NIST)
e Studied 3~ decay of super-cooled,

spin-aligned %°Co nuclei
e 59Co—ONi + e + e+ 27
e Achieved 3x1073K and 60% pol

Scintillator (for
measurement of Photomultiplier

gamma ray /
polarization) / Light pipe

Dewar

-
Scintillakr

CeMg-nitrate + 0co specimen

Solenoid (for specimen
Ve polarization)
Scintillator (for

E‘,_/measurement of
gamma ray

\ polarization)

\\ Magnet (for cooling by

adiabatic demagnetization)
\ liquid helium liquid nitrogen /
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Preferred direction
of beta ray emision

\

S

'\
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Cobalt-60
nuclei

Direction of electron

flow through the /|

solenoid coils

Mirror plane
Original Mirror-reversed
arrangement arrangement
’N\ ) \\
L' Predicted direction

of beta emission if

| parity were conserved

Observed direction
of beta emission in
mirror-reversed
arrangement

Parity Violation Discovered in (-decay: 1957 \

e Parity found to be maximally violated
e T.D. Lee and C.N. Yang
awarded 1957 Nobel Prize
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J Q0
[nap]
|| =2
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5~ Decay and Standard Model

‘L u d u vl mass - =2.3 MeV/c? =1.275 GeV/c? =173.07 GeV/c? 0 =126 GeV/c?
charge -» 2/3 u 2/3 C 2/3 t 0 0
spin - 1/2 1/2 1/2 1 g 0
- Higgs
=) up charm top gluon bosen
=4.8 MeV/c* =95 MeV/c? =4.18 GeV/c? 0
173 d 173 S -3 b 0
112 112 12 1 &
down strange bottom photon
W_ 0.511 MeV/c? 105.7 MeV/c? 1.777 GeV/c? 91.2 GeV/c?
-1 e -1 -1 T 0
12 12 l']' 12 1
electron muon tau Z boson
<2.2eVic? <0.17 MeV/c* <15.5 MeV/c* 80.4 GeV/c?
0 0 0 +1
u d d 1/2 ])e 1/2 -I)u 12 ])T 1 W
n electron muon tau
neutrino neutrino neutrino W boson

e Julian Schwinger modifies Fermi’s theory to incorporate
parity violating potential term (V-A) and idea of intermediate
vector bosons; Glashow, Weinberg, and Salam 1979 Nobel Prize

e W= only couples to left-handed particles and right-handed
anti-particles

\o ZY couples predominantly to left-handed particles /

Dustin McNulty Applications of Parity Violation Pocatello, 1D ].0



Physics Dept. Colloquium ldaho State U.

Standard Model of Elementary Particles
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Parity Violation and Electron Scattering

Electron scattering experiments make first measurement of
neutral (Z°) weak current in late 1970’s (at SLAC).

PVeS experiments scatter longitudinally spin-polarized electron
beams (with relatively low energies) off unpolarized, fixed
nuclear targets.

Since ZY couples to opposite spin (helicity) particles with
different strengths, one can measure cross section (o) differences

for opposite helicity beams to access the neutral weak current.

Following technological breakthroughs (at SLAC), ~high beam
polarizations and ~fast helicity reversals become possible.

PVeS experiments measure an Asymmetry: Apy = A7k

Since weak scattering process is only tiny fraction of total o,

PV asymmetries are tiny and difficult to measure accurately. /
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/ Apy: Dominated by Electroweak Interference \

e Amplitude for Scattering Process: Stot — Sem + Sw, but cross
section 0 — |Siot|? = [Sem|? + [Sw|? + 2Sem Sw

e Since 0" =0¢™ and |S,|? is negligible,

28emSw __ -~ 4 2
APV ? 2Sem|? — Sem 10~ Q

\ where Q2 is 4-momentum transferred during interaction (GeV)/
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Selected Applications of PVeS

e Strange Quarks: What is the role of strange quarks
in the electromagnetic structure of the proton or nucleon?

Size of Nucleus: What is the size of a neutron-rich, complex
nucleus? What is R,,, nsrin? Implications for Neutron Stars 7

e BSM Searches: Searching for physics Beyond the Standard
Model. Obvious Motivations here: SUSY, Dark sector,...

P N

»
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/What is the size of a 2’*Pb nucleus (82p+126n)? \

»

proton

¥~ neutron

e What do we mean by size? The mass radius, the charge radius?

e PREx (Pb Radius Experiment) addresses this question in a
unique way: Uses a “Weak” nuclear force probe to measure how
much neutrons stick out past protons (The Neutron “skin”)

e CREx (Calcium Radius Experiment) performs same

\ measurement but on 48Ca nucleus /
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Mass versus EM Charge Radii of ?°Pb

o7 Pb

Degsfry (fm™°)

—— E+M charge
—— Weak charge
——————— Proton

------- Neutron

0.02

0 2 4 6 8 10
r(fm)

e Electromagnetism: Force mediated by v exchange; Protons
have EM charge “+e” while neutrons have 0...

e Weak Nuclear: Force mediated by Z% and W*; Neutrons
\ have 12 times more Weak charge than protons
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PREx Measurement (Pb Radius Ex)

Og— @,

GR+GL

M>L< >ZU< 10°Q°
>.1.< 2 Gev?

e Uses ~1 GeV elastically scattered electrons (at +5deg) off 0.5
mm thick isotopically pure 2°®*Pb target

e ¢~ beam is longitudinally spin-polarized, target is unpolarized

e Measurement relies on the maximal parity-symmetry violating

nature of the Weak force

e ¢ ’'s dominant interaction is EM, but it can also interact via
the Weak force; but it does so predominately for only one of

\ the polarization states and not the other /
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/ Jefferson Lab Hall A (Newport News, Vlrgmla)\
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e Thin quartz Cerenkov detectors with PMTs used to measure
scattered electron flux

e Highly relativistic electrons travel faster than light travels through
the quartz, thus creating Cerenkov radiation (UV light)

e High purity quartz necessary due to its extreme radiation hardness

(maintains transparency during high doses (Grad) of radiation)

PREX Optics Schematic

Dustin McNulty Applications of Parity Violation Pocatello, 1D
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/ Focal Plane Detectors: ISU’s Responsibility \

Z Transport Coord. Sys. 7
Z Q.
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/ Ongoing Work at ISU for PREx and CREx \

Quartz Cerenkov detector development

e Cosmic ray tests
—Constructed baseline prototype detector
—Constructed cosmic/beam test stand
—Established counting Data Acquisition System (DAQ)

e Optical Monte Carlo Simulation
—Using “qsim” framework: GEANT4, C++4 based
—Modeled precise geometry of cosmic test setup
—Continuing to develop and refine.

—Once benchmarked, will use to optimize detector design

\_ /
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/ Baseline prototype Quartz Detector \

5 o
LR

AR

=Sl

e SolidWorks CAD base Ex I (Carlos Bula )

o C%uartz: Spectrosil 20007 14 x 3.5 x 1.0(0.6) cm?, 45°
bevel on one end, optical polish all sides

\ e Light guide: Anolux Miro-silver 4270AG, ... /
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Baseline prototype Quartz Detector \

\_
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Cosmic Rays

Primary cosmic rays
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Cosmic/Beam Test Stand
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Countmg DAQ

Lmux ROC """" ™
SIS3610 TS
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Initial Cosmic Test Results (Real Data)

Quartz Proto-1 ADC LanGau Fit, run 243
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e “qsim” framework developed by Seamus Riordan
e Geometry adapted to ISU cosmic test setup

e Additional realistic features implemented: muon angle
K smearing, PMT QE, scintillator coinc. trigger

/ G4 Optical Simulations (gsim): Carlos Bula \
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gsim Geometry: Cosmic Tests

Detector Array

e Two scintillators: each 20 cm X 7 cm, separated by 110 cm

e bare PREX detector: quartz bar, 5 mm from 2in PMT, angled
at 45° wrt scintillators

\ e 8 inches of Pb installed just above lower scintillator /
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qgsim Beam Source: Cosmic Tests
b E ¥ ¢) acceptance: +—3.6"
e 4~ beam Emergy: realistic Sagngcepmme e 10 o

e Angles: i e -
0: {34.7°,55.3°) R
¢:{—3.6°,3.6°}
Uniformly sampled

e Positions:
Uniformly sampled

over scintillator area

\ NOT TO SCALE
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Realistic Muon Beam Energy
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/ Distribution of Photons/Muon Hitting PMT \
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/ Distribution of Photo-electrons (PE’s) per Muon\
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/ Comparison between Simulation and EXperiment\

Normalized Ped subtracted preliminary prototype Quartz ADC, run 243 & Simulation
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New Detector Prototype (B)

Designed by Brady Lowe using Solid Works

ITDAHO)]
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/ New Detector Prototype B (Alternate Views) \
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/ New Detector Prototype B (Alternate Views) \

\_ v
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/ New Detector Prototype B: Parts Machined \
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/ New Detector Prototype B: Constructed \
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New Detector Prototype B: Constructed

T e
i

\_
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New Detector Prototype B: Cosmic Tests \

\_
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Prototype B: Cosmic simulations
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Prototype B: Cosmic PE Distribution
Photo-Electron Distribution photo_electrons
Entries 11237
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/ Prototype B: Cosmic simulations PE vs. 6 \

Photo Electrons vs Polar Angle hit_pe_vs_ev_theta
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Prototype B: e Beam simulations

\_
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Prototype B: e Beam simulations
| Photo-Electron Distribution |
..2 L photo_electrons
g1000i %Res. = 0.164684 | Entries 25000
w Mean 82.11
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Summary and Plans

e Continued cosmic ray testing of baseline prototype

e Continued refinement and studies of GEANT simulations by
Carlos Bula

e New prototype design completed by Brady Lowe
e New prototype constructed and ready for cosmic testing

e Work started on shower-max quartz detector for MOLLER:
Carlos — simulation, Kevin Rhine — light guide and support

structure designs

e Plans to test Prototype B using 850MeV e~ beam at MAMI
May /June 2015

\ More info can be found at http://www.isu.edu/~mcnudust /
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