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I. Context 
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Ernest Henley & Parity Violation 

> 40 papers in 30 years ! 

•  PV π NN coupling  
•  Polarized ep, eD, pp scattering 
•  PV pA, AA scattering 
•  Nuclear PV 
•  Atomic PV 
•  Anapole moment  

•  1968: Nuclear Parity Violation Tests of Nonleptonic Weak 
 Currents Physics Letters B 

 
•  1996: The Weak Parity Violating Pion-Nucleon Coupling  

 Physics Letters B 
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Ernest Henley & Parity Violation 

This talk: connecting Ernie’s 
parity violating passions 
•  PV π NN coupling  
•  Polarized ep, eD, pp scattering 
•  PV pA, AA scattering 
•  Nuclear PV 
•  Atomic PV 
•  Anapole moment  

•  1968: Nuclear Parity Violation Tests of Nonleptonic Weak 
 Currents Physics Letters B 

 
•  1996: The Weak Parity Violating Pion-Nucleon Coupling  

 Physics Letters B 



8 

II. Nuclear Parity Violation 



ΔS = 0 Hadronic Weak Interaction

Use parity-violation to filter 
out EM & strong interactions 

€ 

N

€ 

N
€ 

π ±,ρ,ω

Meson-exchange model  Seven PV meson-
nucleon couplings 

€ 

hπ1, hρ0,1,2, hω0,1, hρ1ʹ

Desplanques, Donoghue, 
& Holstein (DDH) 

€ 

q

€ 

q
€ 

W ±,Z0
Nuclear effects:         
λW,Z ~ 0.002 fm << Rcore 



ΔS = 0 Hadronic Weak Interaction
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N
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π ±,ρ,ω

Meson-exchange model  Seven PV meson-
nucleon couplings 

€ 

hπ1, hρ0,1,2, hω0,1, hρ1ʹ

How to compute couplings from 4q interaction ? 
Desplanques, Donoghue, & Holstein (DDH): SU(6)w + Quark Model 



ΔS = 0 Hadronic Weak Interaction

S. Page & MJRM ‘06 



ΔS = 0 Hadronic Weak Interaction

Nucl-th: 9511002, 
9809064  

~ 3 x 10-7 



ΔS = 0 Hadronic Weak Interaction

1807.10192 [nucl-ex] 



PV NN Interaction

S. Page & MJRM ‘06 
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HADRONIC PARITY VIOLATION 7

nuclear anapole moments extracted from atomic PV experiments, computations of
nuclear PV contributions to PV electron scattering asymmetries, and new global
fits of the hi

M to nuclear and hadronic PV data. Experimentally, there has been
the completion of the TRIUMF 221 MeV p⃗p-scattering experiment, a neutron
spin rotation experiment at NIST, the launching of an n⃗p → dγ experiment at
LANCSE, and the first nonzero result for a nuclear anapole moment in an atomic
PV experiment with 133Cs.

2.1. Meson-Exchange Model of the Weak
Nucleon-Nucleon Interaction

The meson-exchange, PV NN potential, V PV
DDH, is generated by the meson-exchange

diagrams of Figure 1a, wherein one meson-nucleon vertex is parity conserving and
the other is parity violating. The Lagrangians for each set of interactions are widely
available in the literature, so we give only the final form of the static potential:

V PV
DDH(r⃗ ) = i
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Here p⃗i = −i∇⃗i , with ∇⃗i denoting the gradient with respect to the coordinate x⃗i

of the i-th nucleon, r = |x⃗1 − x⃗2| is the separation between the two nucleons,

wi (r ) = exp(−mir )
4πr
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nuclear anapole moments extracted from atomic PV experiments, computations of
nuclear PV contributions to PV electron scattering asymmetries, and new global
fits of the hi

M to nuclear and hadronic PV data. Experimentally, there has been
the completion of the TRIUMF 221 MeV p⃗p-scattering experiment, a neutron
spin rotation experiment at NIST, the launching of an n⃗p → dγ experiment at
LANCSE, and the first nonzero result for a nuclear anapole moment in an atomic
PV experiment with 133Cs.

2.1. Meson-Exchange Model of the Weak
Nucleon-Nucleon Interaction

The meson-exchange, PV NN potential, V PV
DDH, is generated by the meson-exchange

diagrams of Figure 1a, wherein one meson-nucleon vertex is parity conserving and
the other is parity violating. The Lagrangians for each set of interactions are widely
available in the literature, so we give only the final form of the static potential:

V PV
DDH(r⃗ ) = i

h1
π gAm N√

2Fπ

(
τ1 × τ2

2

)

3
(σ⃗1 + σ⃗2) ·

[
p⃗1 − p⃗2

2m N
, wπ (r )

]

− gρ

(

h0
ρτ1 · τ2 + h1

ρ

(
τ1 + τ2

2

)

3
+ h2

ρ

(
3τ 3

1 τ 3
2 − τ1 · τ2

)

2
√

6

)

×
(

(σ⃗1 − σ⃗2) ·
{

p⃗1 − p⃗2

2m N
, wρ(r )

}

+ i(1 + χρ)σ⃗1 × σ⃗2 ·
[

p⃗1 − p⃗2

2m N
, wρ(r )

])

− gω

(
h0

ω + h1
ω

(
τ1 + τ2

2

)

3

)

×
(

(σ⃗1 − σ⃗2) ·
{

p⃗1 − p⃗2

2m N
, wω(r )

}

+ i(1 + χω)σ⃗1 × σ⃗2 ·
[

p⃗1 − p⃗2

2m N
, wω(r )

])

−
(

gωh1
ω − gρh1

ρ

)(
τ1 − τ2

2

)

3
(σ⃗1 + σ⃗2) ·

{
p⃗1 − p⃗2

2m N
, wρ(r )

}

− gρh′1
ρ i

(
τ1 × τ2

2

)

3
(σ⃗1 + σ⃗2) ·

[
p⃗1 − p⃗2

2m N
, wρ(r )

]
. 2.

Here p⃗i = −i∇⃗i , with ∇⃗i denoting the gradient with respect to the coordinate x⃗i

of the i-th nucleon, r = |x⃗1 − x⃗2| is the separation between the two nucleons,

wi (r ) = exp(−mir )
4πr

3.

A
nn

u.
 R

ev
. N

uc
l. 

Pa
rt.

 S
ci

. 2
00

6.
56

:1
-5

2.
 D

ow
nl

oa
de

d 
fr

om
 a

rjo
ur

na
ls

.a
nn

ua
lre

vi
ew

s.o
rg

by
 U

ni
ve

rs
ity

 o
f W

is
co

ns
in

 - 
M

ad
is

on
 o

n 
05

/1
2/

09
. F

or
 p

er
so

na
l u

se
 o

nl
y.



Observables

S. Page & MJRM ’06 
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Figure 6 The most precise measurements of parity violation in pp scattering at
low and intermediate energy, and recent theoretical predictions. Experiments were
performed at Bonn (13.6 MeV) (143), PSI (45 MeV) (144), and TRIUMF (221 MeV)
(48). The solid curve shows the calculation by Carlson et al. (58), including a fit of the
weak meson-nucleon coupling constants to the data. [Reprinted with permission from
Reference 48, Figure 13. Copyright by the American Physical Society (2003).]

neutron spin direction if the beam is polarized. Closely related to the first of these,
Pd

γ , is the helicity asymmetry Aγ
L in the photodisintegration of deuterium with

circularly polarized photons; the two are asymptotically equal to each other at
threshold, whereas Aγ

L is predicted to drop rapidly with increasing photon energy,
falling an order of magnitude as the photon energy increases to 1 MeV above
threshold (61). Finally, the transmission of polarized neutrons through hydrogen
should reveal a tiny PV spin rotation about the neutron propagation direction
ẑ: dφnp/dz.

Unfortunately, all of these np system measurements are extremely challeng-
ing; the first three have been attempted (62–64) but have yielded null results with
limits at least one order of magnitude too large to provide a meaningful constraint
on the weak meson-exchange predictions (61, 65–68), all of which are at the
level 5 × 10−8 or smaller. The two PV observables involving the np capture reac-
tion, Pd

γ and Ad
γ , have complementary dependences on the weak meson-nucleon

couplings—notably, Ad
γ can yield a unique constraint on h1

π , whereas Pd
γ depends

on a linear combination of π , ρ, and ω weak couplings (9). Measurement of γ -ray
circular polarization requires a Compton polarimeter with typical sensitivity at the
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 Light nuclei 

Parity-doublets: nuclear amplifier 

Adelberger & Haxton ‘85 

 4He spin rotation 
 Anapole 
Moment 



ΔS = 0 Hadronic Weak Interaction

T=1 force 

T=
0 

fo
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Long range: π-exchange?

€ 

0+,0
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0+,1
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1+,0
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0+,1
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β +

€ 

18F
€ 

18Ne

€ 

γ Analog 2-body 
matrix elements  
Model 
independent 

 hπ ~0
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N
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N
€ 

π ±,ρ,ω

€ 

133Cs
Boulder, atomic PV 

Anapole 
moment 

 hπ ~ 10 gπNPDG ‘18 
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III. Anapole Moment 

1957 
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What is an Anapole Moment ? 
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⇤
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F2 :    Pauli      

   (magnetic) ff 
 
F3 :    Electric Dipole ff 
 
FA :    Anapole ff 

P, T 
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P, T 
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P, T Violating 

P Violating 



What is an Anapole Moment ? 
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Nuclear Moments 

EDM, Schiff… 

MQM…. 

Anapole… 

Coulomb 
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Transverse 
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What is an Anapole Moment ? 

 Anapole 
Moment 

 Friar & Fallieros 1984: “Extended Siegert Theorem” 

 Haxton, Henley, MJRM 1989 



How to Look for the Anapole Moment ? 

Nuclear spin-dependent 
contribution to atomic PV 



How to Compute the Anapole Moment ? 



Evidence for the Anapole Moment  



What is an Anapole Moment ? 



What is an Anapole Moment ? 

Holstein, MRM ‘90 
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IV. The Anapole Moment & PVES 



Parity-Violation & Nucleon Structure 

  

€ 

! e −€ 

e−

€ 
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γ

Parity-Violating electron scattering 
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APV =
N↑↑ − N↑↓

N↑↑ + N↑↓

=
GFQ

2

4 2πα
QW + F(Q2,θ)[ ]

“Weak Charge” ~ 0.1 in SM 
Enhanced transparency to  new 
physics 

Small QCD uncertainties 
(Marciano & Sirlin; Erler & R-M) 

QCD effects (s-quarks): 
measured (MIT-Bates, 
Mainz, JLab) 
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Ernest Henley & Parity Violation 

1990 Caltech Workshop 



Generating theoretical activity 
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Interpreting the asymmetry 
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Interpreting the asymmetry 

Now called “ GA
e ” Strange axial current 



Strange Quarks: Radiative Corrections 
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Hadronic PV  
“Anapole” 



at Q2=0.1 (GeV/c)2  

SAMPLE Results R. Hasty et al., Science 290, 2117 (2000). 

•  s-quarks contribute less 
than 5% (1σ) to the 
proton’s magnetic moment. 

E. Beise, U Maryland 
Radiative corrections



Strange Quarks: Radiative Corrections 



at Q2=0.1 (GeV/c)2  

125 MeV: 
no π background 
similar sensitivity  
to GA

e(T=1) 

SAMPLE Results R. Hasty et al., Science 290, 2117 (2000). 

200 MeV update 2003: 
Improved EM radiative corr. 
Improved acceptance model 
Correction for π background 

•  s-quarks contribute less 
than 5% (1σ) to the 
proton’s magnetic moment. 200 MeV data 

Mar 2003 
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Zh
u,

 e
t a

l. 

E. Beise, U Maryland 
Radiative corrections
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Summary 

•  Pioneer in fundamental 
symmetry tests in general & 
PV in nuclei in particular 

•  Example of insatiable drive 
to understand laws of nature 

•  Inspiration to many  


