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1 Introduction

We present a concise summary of our study of chirality induced in intermediate-energy proton knockout reactions
by longitudinal proton polarization [1]. The primary reaction of interest is 16O(p⃗, 2p)15N at 250 MeV. The central
claim is that beam helicity can be transferred to a measurable chirality in the non-coplanar final-state momenta.

In the laboratory frame, mirror symmetry of isolated nuclei implies that chiral preference does not appear
unless an external probe breaks the symmetry. A longitudinally polarized proton beam provides that probe. In
quasi-free kinematics, strong spin correlation in the elementary NN process selects the spin orientation of the
struck nucleon. These features are understood as the origins of the so-called Maris effect [2–8]. When combined
with single-particle orbital motion and nuclear distortion, this produces a helicity-dependent asymmetry in the
final state.

2 Vector analyzing power and an intuitive picture

Here, a set of momenta in the final state is denoted by K = (K1,K2,KB), where the labels 0, 1, 2, and B
denote the initial proton, the scattered proton, the knocked-out proton and the residual nucleus, respectively.
The (p⃗, 2p) cross section with positive (+) and negative (−) helicity can be expressed as a function of K as
σ±(K). We denote the mirror partner of K under x → −x as K̃.

The vector analyzing power along the z-axis (beam direction, equivalent to the helicity) is defined by

Az = pz
σ+(K)− σ+(K̃)

σ+(K) + σ+(K̃)
, (1)

with pz being the polarization of the beam particle. Az can be defined equivalently by

Az = pz
σ+(K)− σ−(K)

σ+(K) + σ−(K)
. (2)

Thus, Az directly measures how beam helicity selects one chirality of final-state kinematics K over its mirror
partner K̃. The mechanism can be interpreted in three steps: (i) strong spin correlation in quasi-free NN
scattering, (ii) spin-orbit coupling in bound single-particle states, and (iii) kinematical selection of the reaction
region due to the distortion (absorption) of the optical potential. The readers are referred to Ref. [1] for the
details of the framework.

We evaluate helicity-dependent cross sections for non-coplanar kinematics characterized by the relative
azimuthal angle of the two protons in the final state, ϕ12. When ϕ12 = 180◦, all the particles are in the same
2D plane (coplanar condition), and Az = 0 from the symmetry. Thus, deviation from ϕ12 = 180◦ serves as a
measure of chirality in the (p, 2p) reaction.

Figure 1 shows a typical non-coplanar (p⃗, 2p) kinematics. The proton beam with momentum (wave number)
K0 is incident on the target nucleus A. A typical kinematic configuration is shown in the left panel of Fig. 1.
In the (p⃗, 2p) kinematics, the vector K0 defines the z-axis. K0 and K1 are in the z-x plane, and the x-axis is
defined so that the x component of K1 is positive. The y-axis is defined by K0×K1. Here, we define the “right
side” as the x < 0 region, and the “left side” as the x > 0 region. Similarly, the y > 0 region is the “upper side”
and y < 0 region is the “lower side”. In a semi-classical understanding, if we select kinematics with small K2

directed to the right, this indicates that the proton is knocked out from the right side of the target nucleus, since
the proton with low K2 is emitted from the nucleus without being absorbed by the residue. Assuming a proton
knockout reaction from the p1/2 single-particle orbital, for example, the p-wave orbital angular momentum of
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Figure 1: Schematic view of chirality generation in non-coplanar 16O(p⃗, pN) kinematics. The figure is taken
from Ref. [1].

the struck proton and its spin are anti-aligned. There are two possible configurations of such classical motion.
One is that the proton orbital angular momentum is antiparallel to the beam direction, and the spin direction
of the struck proton is parallel to the beam, as shown in the left panel of Fig. 1, and vice versa. These two can
be distinguished by the beam proton helicity. Since the pp scattering amplitude favors the spin-parallel pair
(Czz ≈ 1) at this energy region, a configuration in which the helicity of the beam and the struck proton inside
the target has the same spin direction, µ0 = µN , dominates the (p⃗, 2p) cross section. In such a case, the struck
proton is likely knocked out to the upper side (y > 0), reflecting its orbital motion in the initial state. This
leads to the conclusion that Az > 0 for (p⃗, 2p) from the p1/2 orbital if ϕ12 < 180◦. A similar argument gives the
behavior of Az for 0p1/2 and 0p3/2 proton knockout around ϕ12 = 180◦ as shown in Table 1.

Table 1: The sign of Az expected from semiclassical picture.
ϕ12 < 180◦ ϕ12 = 180◦ 180◦ < ϕ12

Az(0p1/2) + 0 −
Az(0p3/2) − 0 +

3 Theoretical framework and results

The quantitative analysis is performed based on the distorted-wave impulse approximation (DWIA) [4, 9–11].
The transition amplitude is constructed from distorted waves generated using optical potentials [12–14], an
effective NN interaction in free space [15, 16], and the bound-state proton wave function [17]. Numerical
calculations were performed using the pikoe code [11]. See Ref. [1] for further details.

Figure 2 presents the theoretical results. The left panel shows the triple differential cross section (TDX)
of 16O(p⃗, 2p)15N reaction from the 0p1/2 and the 0p3/2 orbitals, and the middle panel shows Az of the same
reactions. First, Az vanishes at the coplanar point ϕ12 = 180◦, as required by symmetry. Second, mirror

Figure 2: Calculated TDX (left) and Az (middle) for 16O(p⃗, 2p) at 250 MeV as a function of ϕ12. These figures
are taken from Ref. [1]. The right panel shows Az of a simplified DWIA calculation. See text for details.



transformation gives Az(ϕ12) = −Az(360
◦ − ϕ12). Third, proton knockout reactions from the 0p1/2 and 0p3/2

orbitals yield opposite signs of Az, as expected from Table 1, showing opposite beam helicity dependence for the
(p⃗, 2p) reaction from the 0p1/2 and the 0p3/2 orbitals. Notably, both TDX and Az are large in 140◦ ≲ ϕ12 ≲ 220◦,
making it suitable for experiments.

A simplified calculation can be obtained by neglecting several terms and inputs in the standard DWIA
framework. The intuitive picture can be reproduced by neglecting 1) spin-orbit potential for both scattering
and binding potentials for the initial and final protons, 2) LS term of the NN effective interaction, 3) µ0 ̸= µN

components. The results, multiplied by the maximum occupation numbers of 0p1/2 and 0p3/2 orbitals, are
shown in the right panel of Fig. 2. As expected, Az(0p1/2) and Az(0p3/2) show completely opposite behavior,
and both are symmetric with respect to ϕ12 = 180◦.

4 Discussion and Summary

The observable Az provides a useful probe of single-particle motion in nuclei. Compared with conventional
coplanar observables, it is intrinsically sensitive to three-dimensional non-coplanar geometry and is therefore
complementary to transverse analyzing power Ay. The same strategy can be extended to other proton-induced
knockout reactions with at least three final-state particles, provided the spin correlation coefficient is sufficiently
large. For future measurements, combined analysis of cross sections, Ay, and Az is expected to improve the
extraction of various interaction terms relevant to structure and reaction calculations. The method is also
promising for inverse-kinematics experiments on unstable nuclei, where wide azimuthal acceptance and non-
coplanar kinematics can be exploited efficiently.

We have introduced a longitudinally polarized proton beam to induce chirality in the (p, 2p) reaction. Under
the non-coplanar kinematics in the final state, the longitudinal vector analyzing power Az can distinguish the
orbital motion of the knocked-out proton, whose spin is effectively selected to be parallel to the beam helicity,
due to the large spin correlation coefficient Czz of the pp scattering at the intermediate energy.

An intuitive understanding of Az is introduced, and the theoretical calculation based on the standard
DWIA shows the expected behavior of Az as a function of ϕ12. It is also possible to perform a simplified DWIA
calculation incorporating the assumptions in the intuitive picture, and the results agree with the expectations.

Kinematic selection is also important. The calculations indicate that the central non-coplanar region provides
a favorable balance between the cross section and Az. Combined analysis of TDX, Ay, and Az is expected to
give stronger constraints on reaction dynamics and structure than any single observable. For inverse-kinematics
experiments on unstable nuclei, the method is expected to be promising. Non-coplanar observables benefit from
wide azimuthal coverage, and modern detector systems can sample mirror-partner configurations efficiently.
This suggests that chirality-sensitive spin observables may become a useful tool for spectroscopy of exotic
systems.
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