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Parity Violation in Deuteron 
Photodisintegration

Theoretical background/recent developments
Recent experimental progress in NN weak interactions
PV in deuteron photodisintegration at HIGS2

MAIN MESSAGE: we can test QCD sector of Standard Model 
in the two-nucleon regime to ~20% accuracy using parity 
violation in quark-quark weak interactions as an “inside-out” 
probe

Thanks: R. P. Springer, S. Gardner, A Walker-Loud, J. Nico, C. Crawford, A. Cordon…









A. Walker-Loud

The ΔI=2 P-odd 4-quark operator is the easiest one to
calculate on the lattice. Cal-Lat +collaborators are performing
the calculation now. GOAL: 10% accuracy



R. P. Springer



R. P. Springer

Pionless Effective Field Theory for NN Weak Interaction 

This is a complete, low-energy realization of NN weak interactions of QCD with all
the terms to lowest order in p/Λ . Once C’s determined from measurement, one can
then PREDICT other measurements.

Works well for strong interactions of mesons and baryons.
We can test it in a new sector (weak NN)



large Nc expansion for NN weak DDH

NN Weak Amplitudes in EFT+ 1/Nc Expansion of QCD

Large N expansion of QCD: works well for many low E 
observables (including strong NN couplings): what about 
weak NN couplings?

Large Nc estimates in rough agreement with data for strong 
NN interactions, and possibly weak NN interactions 

This is good enough to guide choices for future NN weak experiments



Few-Body P-odd NN in progress: n-p, n-3He, n-4He 
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Anp=(-3.0 +/-1.4 [stat] +/- 0.2 [sys]) x 10-8 

D. Blyth et al, Phys. Rev. Lett. 121, 242002 (2018). 

 Aγ
np ≈ C 3S1−>3P1 Pionless EFT

DDH model

NPDγ Measurement of Aγ at Oak Ridge SNS: done



Sensitive to isoscalar couplings (ΔI=0) of the hadronic weak interaction

Ap=(1.58 +/- 0.97 [stat] +/- 0.24 [sys]) x 10-8 

M. T. Gericke et al, Phys. Rev. Lett. 125, 131803 (2020) 
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n-3He PV measurement of Ap at Oak Ridge SNS: done



Constrains a linear 
combination of P-odd 
amplitudes

Still more work in 
theory and experiment 
is needed

NPDγ Measurement of Aγ and n-3He PV measurement of Ap



“pi-coil on”® L-R measures PNC asymmetry, L+R 
measures systematics
“pi-coil off”® must give zero in absence of systematics

jPNC= [+2.1 ± 8.3 (stat) ±2.9 (sys)] x 10-7 rad/m
W. M. Snow, et al., RSI 86, 055101 (2015)
H. E. Swanson et al, Phys. Rev. C 100, 015204 (2019). 

In preparation for NIST, expect ~9E-7 rad/m

P-odd Neutron Spin Rotation jPNC in 4He at NIST

















N- N Weak Interaction: Size is Small, but Dynamical 
Mechanism is Interesting

Relative strength of weak / strong amplitudes:

Use parity violation to isolate the weak contribution to NN interaction.

NN strong interaction at low energy largely dictated by QCD chiral symmetry.
Can be parametrized by effective field theory methods.

NN repulsive core → 1 fm range for NN strong force
~1 fm

= valence + sea quarks + gluons + …

interacts through NN strong force, mediated by mesons

QCD possesses only vector quark-gluon couplings → conserves parity

W and Z exchange probe a range [~1/100 fm] small
compared to nucleon size

weak



NN weak interaction: DI=0, 1, and 2, 5 S-P amplitudes

Below the W±/Zo mass, q-q weak interaction can be written in a
current-current form (charged currents and neutral currents)
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At low energy only S-waves are 
important for strong interaction, 
parity violation is dominated by S- P 
interference,

Then we have 5 independent NN 
parity-violating transition 

amplitudes:
3S1Û 1P1(DI=0, np); 3S1Û 3P1(DI=1, 
np); 1S0Û 3P0(DI=0,1,2; nn,pp,np)





NN Weak Amplitudes in EFT: 5 s-p Amplitudes, 2 lead in Nc

1/Nc analysis: Phillips, Samart, Schat, arXiv:1410.1157, PRL 114, 062301 (2015) 
Schindler, Springer, Vanasse, arXiV:1510.07598, PRC 93, 025502 (2016)

Nc=3
1/Nc=1/3
sin2θw~1/4



NN Weak Amplitudes in EFT+ 1/Nc: ΔI=0 and ΔI=2 

Constraints from 
existing NN parity 
experiments (pp, 
pα, 19F)

Impact of planned
lattice calculation of
ΔI=2 NN weak 

amplitude to ~10%

leading order NN weak amplitudes are constrained-> make PREDICTIONS
Other three amplitudes are suppressed by 1/N2

c=1/9 or  sin2θW/Nc ~1/12
from Gardner, Haxton, Holstein, arXiv: 1704.02617  



NN Weak Amplitudes in EFT+ 1/Nc: ΔI=1 Amplitudes 

Constraints from one 
existing NN parity 
experiment (18F, 
~vertical band) and 
NPDGamma, 
(horizontal band, 
centered at zero, 
width from 
measurement 
error)

This data determines the two ΔI=1 amplitudes which should be suppressed by 
1/N2

c=1/9 or  sin2θW/Nc ~1/12

18F experiment is already consistent with the predicted 1/Nc suppression in a 
combination of ΔI=1  partial waves. 

NPDGamma has determined one ΔI=1 channel
Then: we will know something about 4 out of the 5 NN weak amplitudes

from Gardner, Haxton,
Holstein, arXiv: 1704.02617  

from 18F
NPDGamma
(zero centered)







NN Weak Interaction:  use EW parity violation to probe QCD
In the Standard Model, the structure of the quark-quark weak interaction is known from
the electroweak sector. However, strong QCD confines color and breaks chiral
symmetry, thereby strongly correlating the quarks in both the initial and final nucleon
ground states.

Two aspects of qq weak interaction make it useful as an interesting probe of QCD:

(1) Since it is weak, it probes the nucleons in their ground states without exciting them.

(2) Since it is short-ranged compared with the size of the nucleon, NN weak amplitudes
should be first-order sensitive to quark-quark correlation effects in the nucleon.
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(1) NN weak interactions can DIRECTLY test quantum chromodynamics (QCD) 
via lattice gauge theory.

Calculation of the ΔI=2 NN weak amplitude on the lattice is in progress 
(a “computational frontier” of the Standard Model).

ΔI=2 NN weak amplitude measurement can test QCD 

(2) NN weak interactions can test QCD in low energy limit using effective field 
theory (EFT) treatment. 

New 1/Nc expansion+EFT predicts LARGE isospin dependence of NN weak 
amplitudes. 

Chiral EFT of QCD testable by slow neutron experiments

(3) NN weak interaction is a “test case” for our ability to trace symmetry-
violating effects across strong interaction scales

How to use EDM/ν0ββ constraints in nucleons/nuclei to constrain physics of T 
violation and L violation?

Let’s understand the P violation physics in QCD systems, where 
we know the P-odd operators from the Standard Model        

qq Weak → NN Weak:  What can we learn?



QCD and Baryons in the Nc Expansion

t’Hooft 1974, 
Witten 1979A. Cordon

t’Hooft 1974, 
Witten 1979



Large Nc Implications for Future Hadronic Parity 
Violation Experiments: Some P-odd effects are “large”

Only two leading-order EFT terms (Λ0
+, Λ2) in large Nc analysis

Relatively large expected P-odd asymmetries for experiments!

Measure Λ2 to compare with lattice prediction  

Measurable in future experiments at NIST, ILL, ESS, PIK,…



N+D->T+γ Parity Violation

3-body system: calculation doable in pionless EFT and using Fadeev equations

PV asymmetry should be “large” (~10-6)

~10-7 statistical error on asymmetry would be possible at NIST, ILL, ESS,… 

C. Crawford sketch
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Liquid Parahydrogen Spin Rotation
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2-body system, sensitive to ΔI=2 amplitude!

PV spin rotation angle seems to be “large”  (10-6 rad/m) using 1/Nc estimate

Can use same components as for the helium spin rotation apparatus except for 
the cryogenic target



The famous “Lobashev”
n-p parity experiment

Unpolarized n-p capture, look for 
circular polarization of 2.2 MeV 
gamma

Result (1984):
Pγ=(1.8 +/- 1.8) x 10-7

2-body system, sensitive to ΔI=2 
amplitude!

1.4 X10-7 in EFT+1/Nc estimate

Now it is interesting as a QCD test

V. N. Knyazkov et al,
Nucl. Phys. A417,
209 (1984)

!
σγ ⋅
!
kγ



Conclusions 

Advances in Lattice& EFT theory-> NN parity violation can test 
nonperturbative QCD in a qualitatively new regime 

Final NPDGamma and n-3He PV results public very soon

Three experiments appear within reach statistically:

(1) n-4He spin rotation (EFT+1/Nc test, under construction)
(2) NDTGamma parity violation (EFT+1/Nc test, R&D needed)
(3) n-p spin rotation (sensitive to ΔI=2)

Circular polarization in n-p capture (“Lobashev experiment”): can see 
ΔI=2 piece: can we find a very intense thermal n beam somewhere?

When ANNI beam at ESS beam is constructed, can get ~X5 more 
POLARIZED, PULSED cold neutrons for this physics



q-q Weak Interaction->N-N:  Isospin Dependence

At energies below the W± and Zo mass, the q-q weak interaction can
be written in a current-current form, with contributions from charged
currents and neutral currents.

possible isospin changes from
q-q weak interactions

Δ I

charged current 0, 2 : (~V2
ud) 

1 : (~V2
us)

neutral current 0, 1, 2

MCC =
g2

2MW
2 Jµ,CC

† JCC
µ ______________MNC =

g2

cos2θWMZ
2 Jµ,NC

† JNC
µ

JCC
µ = u 1

2
γ µ (1−γ 5 ) cosθ sinθ

−sinθ cosθ

"

#
$

%

&
' d

s

"

#
$

%

&
';JNC

µ = q 1
2
γ µ (cV

q − cA
qγ 5 )q

q=u,d
∑



Using isospin symmetry applied to NN elastic scattering we get the 
usual Pauli-allowed L,S,J combinations:

If we use energies low enough that only S-waves are important for strong 
interaction, parity violation is dominated by S- P interference,

Then we have 5 independent NN parity-violating transition amplitudes:
3S1Û 1P1(DI=0, np); 3S1Û 3P1(DI=1, np); 1S0Û 3P0(DI=0,1,2; nn,pp,np)

Itot = 1 (isospin-Symmetric ):

Space-S (even L) Ä spin-A (Stot = 0) Þ 1S0 , 1D2 , 1G4 , …

or Space-A (odd L) Ä spin-S (Stot = 1) Þ 3P0,1,2 , 3F2,3,4 , … (2S+1)LJ notation, 
with L=0,1,2,3,4,… 
denoted as S,P,D, 
F,G,…

Itot = 0 (isospin-Antisymmetric ):

Space-A (odd L) Ä spin-A (Stot = 0) Þ 1P1 , 1F3 , … 

Space-S (even L) Ä spin-S (Stot = 1) Þ 3S1 , 3D1,2,3 , 3G3,4,5 , …

NN Weak Interaction:
5 Independent Elastic Scattering  Amplitudes at Low Energy



QCD and Baryons in the Nc Expansion

t’Hooft 1974, 
Witten 1979


