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New polarization observables with which we can study the two-nucleon weak interactions at low energies
are considered. In the breakup of the deuteron by photons, polarization of outgoing neutrons can depend on the
parity-violating component of two-nucleon interactions. We express the parity-violating polarization in general
forms, and perform numerical calculations with a pionless effective field theory. The theory has three unknown
parity-violating low energy constants, and new polarization observables are expressed in linear combinations of
them. We discuss how the unknown constants may be determined and their implication to the understanding of

the hadronic weak interactions.
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I. INTRODUCTION

The present understanding about the most fundamental
interactions is that parity is not conserved only in the weak
interactions. Such a nature of the weak interaction has been
successfully probed in leptonic and semileptonic processes
in high-energy experiments as well as in radioactive decays.
In principle, parity-violating (PV) aspects of the weak interac-
tion can emerge in the pure hadronic processes too at both high
and low energies. However our understanding of PV aspects
of the weak interaction in the low energy region is still very
poor even though more than 50 years have passed since the
first observation of the parity violation in nuclear phenomena.

Nevertheless, efforts in both experiments and theories have
been continued. Especially there has been significant progress
in the low energy few-nucleon systems in the last three
decades. In Ref. [1], the authors wrote down the two-nucleon
PV interactions in terms of -, p-, and w-meson exchanges
(so-called DDH potential), which contain seven weak meson-
nucleon coupling constants. Several PV observables in nuclear
and hadronic processes have been calculated in terms of the
DDH potential, and experiments were attempted to determine
the values of the seven weak meson-nucleon coupling con-
stants. In the last decade, calculations have been improved
by using modern nucleon-nucleon (NN) phenomenological
potentials such as Argonne v18, CD Bonn, and Nijmegen93.
Relevant PV observables are the asymmetry of the photon
momentum with respect to the neutron spininzp — dy [2,3],
the anapole moment of the deuteron [4,5], several quantities
in elastic e — d scattering [6], polarization in np — dy [7]
or asymmetry in dy — np [8-10] due to the circularly
polarized photons, and the longitudinal asymmetry in pp
scattering [11,12]. The PV observables were expressed in
terms of the seven meson-nucleon coupling constants in the
DDH potential. Longitudinal asymmetries were measured with
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good accuracies at low energies [13]. PV circular polarization
of the y ray in np — dy was measured in the late 1970s,
but the experiments could provide only the upper limit [14].
PV up-down asymmetry A, with respect to the neutron
spin direction of y rays emitted from np — dy is under
measurement at SNS in Oak Ridge [15], and there was an
experimental trial for the measurement of the deuteron anapole
moment.

In the meantime, there was a reformulation of the theory
for the PV interactions in the framework of effective field
theory (EFT) [16]. The authors in Ref. [16] derived the NN
PV interactions from a theory with pions (pionful theory)
and also without pions (pionless theory). In the pionless
theory where all the interactions are described in terms of
contact terms only, it was shown that only five PV low energy
constants (LECs) are independent after removing redundancy
in the DDH potential [17]. PV observables in the two-nucleon
systems were recalculated with the EFT PV potentials with
and without pions [18-23]. Nowadays, determination of the
PV LECs in the pionless theory is getting more attention
in the field. Asymmetry in dy — np is now becoming a
potential candidate for the measurements in the two-nucleon
processes. Measurements have been proposed at JLab,
SPring-8, Shanghai Synchrotron, and most recently at TUNL.
The aimed accuracy in the experiment at TUNL is of the order
of 1078, with which one can obtain stringent constraint to pin
down the values of either meson-nucleon coupling constants
in the DDH potential or the PV LECs in the pionless theory.
For precise determination of the coupling constants or LECs,
however, it is necessary to have additional observables.

In this work, we calculate polarization of the neutron in
dy — np at low energies. There is a long history of dis-
crepancy between theory and experiment for the polarization
P, [24-28], which is a parity-conserving (PC) quantity. This
problem of discrepancy was revisited by using a pionless EFT
with dibaryon fields as auxiliary fields for the two-nucleon
states [29]. With dibaryon fields, the calculation becomes
simple and the convergence is especially efficient at low
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energies. In fact, we applied the theory successfully to various
quantities such as the electromagnetic moments of the deuteron
[30], np capture at the big-bang nucleosynthesis energies [31],
and pp fusion in the Sun [32]. Though we observed good
agreement with other theoretical results for P, at low energies
by using dibaryons, the discrepancy with the measurements
still remains unresolved. P, is the polarization along the y’ axis
(convention for the coordinate system will be shown later). One
can also think of the polarization along z’ and x’ directions, but
they vanish if only PC interactions are considered. As will be
shown in the following section, however, PV interactions cause
nonzero contributions to P, and P,.. Motivated by this simple
observation, we calculate P, and P, with a pionless EFT with
dibaryon fields. By assuming the first order approximation,
the observables are obtained in the linear combination of
PV LECs. Since the values of PV LECs are completely
unknown, we cannot determine the numerical values of the
polarizations. Instead, the coefficients for the PV LECs can be
calculated easily. We compare the resultant coefficients with
those appearing in other PV observables such as the asymmetry
in7ip — dy and the polarization in np — dy. Through this
comparison, we can roughly estimate the order of the physical
quantities, and discuss the feasibility of the measurements.
The paper is organized as follows. In Sec. II, we present
the basic Lagrangians. In Sec. III, we obtain the diagrams
and calculate the amplitudes up to the next-to-leading order
(NLO). The numerical results are discussed in Sec. IV.
We summarize the work in Sec. V, and detailed forms of
complicated equations are given in the Appendix.

II. EFFECTIVE LAGRANGIAN

In the pionless theory, pions are treated as heavy degrees
of freedom, and thus the typical scale of expansion parameter

Q/my, where Q is a physical or exchange momentum. In
a system where scattering length is unusually long or binding
energy is very shallow, one can also treat these small scales
as expansion parameters. It is natural to assign order Q to
the quantities such as y, 1/ag, 1/ay, 1/rg, and 1/p,, where
ao, a, are the np scattering length in the 'Sy and 3S; states,
respectively, and r is the effective range in the 'S, state. y =
my B where B is the binding energy of the deuteron and
pq is the effective range corresponding to the deuteron. In
a diagram, propagators of a single nucleon and a dibaryon
field are counted as Q2 and the integration of a nucleon loop
generates Q°.

A. Parity-conserving part

PC part of the Lagrangian consists of strong and electro-
magnetic (EM) interactions. PC Lagrangian with dibaryon
fields can be written as [30]

L:PCZEN+£3+£I+£$[» (1)
where Ly, L, L;, and L, include interactions for nucleons,

dibaryon in 1S, state, dibaryon in 38, state, and EM transition
between 'Sy and 3S; states, respectively. Retaining terms that
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are relevant to the present work, we have

D2 e >
Ly=N'1iDy+ — — ——(Ms-f-Mst)G'B N,

ZmN 2m N2
2)
L, = sl {1D0+—+A }
—y[si[NTPOON] + Hee.], 3)
E,: tlT {ID()-{———I-AZ}
2L
— |/ [NTPOON] + Hee) = = (i)egjut]1; By,
My Pd
“4)
L
Ly = ————[t/s;B; + H.c], ®)

my\/ropPd

where the projection operators for the 'Sy and 3S; states are
respectively defined as

1 3 1
PUS) = ﬁ@fﬂm P = —5y0,15. (6)

i \/g
The covariant derivative is defined as D, = 9, —ieqV*
where V:x‘ represents the external vector field. For the nucleon,
we use Dy = 9y — ieq Vg and D =V +ieqV®™, where g =
%(1 + 13) is the charge operator. For the dibaryon fields, we

have Dy = 9y — ieV;™ and D=V +ieV™, Dibaryon fields
in 1Sy and 39 states are denoted by s, and i, respectlvely, and
B; is the external magnetic field given by B =V x Ve, Ag,
are defined by the mass difference between the dibaryon and
two nucleon states, i.e., Ay, = my, — 2my.

LECs y, and y, represent the strength of the coupling
between a two-nucleon state and a dibaryon field. They
are determined from the empirical values of effective range

parameters, y; = = /2% and y, = mZN i—’;. LECs L; and

my ro
L, can be determined from the np capture cross section at
threshold and the deuteron magnetic moment, respectively
[30].

B. Parity-violating part

It was shown that the insertion of a nucleon loop in the
propagator of a dibaryon field leaves the order of the diagram
the same as that of a single dibaryon propagator [33]. As a
result, PC diagrams have only dibaryon-NN (dNN) vertices for
the strong interaction, and other types of strong vertices, e.g.,
four-nucleon contact terms belong to subleading contributions.
If we are to consider the weak effects, we have to include PV
interactions in a diagram. This can be easily achieved by simply
replacing one PC vertex in a diagram for PC transition with a
PV interaction. Even with this replacement, the remaining part
of the diagram is unchanged, and so the ordering of the diagram
is not affected by the insertion of a PV vertex. Therefore, it
may suffice to represent the weak interactions in terms of only
PV dNN vertices.

035501-2



POLARIZATION OF THE NEUTRON INDUCED BY ...

At low energies, two-nucleon systems are dominantly
occupied by S-wave states, i.e., 'Sy and 3S;. PV interactions
change the spatial parity of the S-wave states to the next low
lying opposite parity states such as *P; or 'P;. 'P, is isosinglet,
and thus it is allowed to np system only. On the other hand,
3P; (J =0, 1) are isotriplet, and thus nn and pp as well as np
can occupy the states. If we consider the change of the states
from S wave to P wave by the PV interaction, we have the
following selections: 'Sy to 3Py (nn, pp, np), 3S; to 'P; (np),
and 35; to 3P, (np). As a result, we have five terms for the PV
dNN interactions as

3 Osa ;
h 1 <« —
£0 ' NTOQUiTZTa_(V — V)iN
e ZZ«/Z,odromN 2
+H.c. )
hOl
51 N 0Ty = (V V),N +H.c.,
2204 m’) 52
@
£1 = lh—; €iik [T NTUZG’Tzf’;i((V_ - %))kN
PV Zﬁpd mi{z JK T J )
+H.c. )]

The superscript in Lpy denotes the change in the isospin
accompanied in the interaction. In Eq. (7), a =1 and 2
give isospin operator proportional to t3 and identity matrix,
respectively. With the isodoublet of the proton and the neutron,
these matrices give a mixture of nn and pp states. These
terms are irrelevant in this work, and the term corresponding
to a = 3 generates isotriplet state of the np system. Thus, we
disregard the constants 29! and 29°%, and replace A% with hY*
for brevity. Consequently we have three unknown LECs 1%,
hg’ and h;, for the coupling constants of PV interactions.

III. AMPLITUDE

With the counting rules, we can arrange the pertinent
Feynman diagrams order by order. We have verified in former
works that applications to the PC processes were successful
[29-32] already up to NLO. PC amplitude of dy — np
reaction is written as [29]

S T S P
Apc = XITGszzsz “{lew) x (k x €)1 X ms

el DY)+ xioatsmax,y i€
(k x &) Xnv + x{Goatsaxy |+ (Earéy) - P Xk
+ [€@y x (k x €)1 Yy}

+ )(It?zfz)(;T i€ay - (k x €,)) Yus, (10

where € and €, are the spin polarization vectors for the
incoming deuteron and photon, respectively, while X1T and )(2T
are the spinors of the outgoing nucleons. k is the momentum of
an incoming photon, p is the relative three-momentum of the
two nucleons in the final state, and unit vectors k = 12/|12 |
and p = p/|p|. Details for X’s and Y’s can be found in
Appendix 1.
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FIG. 1. (Color online) PV diagrams for dy — 7 p. Single solid
line denotes a nucleon, a wavy line refers to a photon, and a double
line with a filled circle represents a dressed dibaryon propagator. A
circle with a cross represents a PV dNN vertex.

PV vertices have a spatial derivative as shown in Egs. (7)—
(9), and thus they are linear in momentum. It is natural to
count the order of a PV vertex as Q'. When a photon is
minimally coupled to a PV vertex, it is equivalent to replacing
the derivative by a photon field, and thus the order of minimally
coupled PV vertices becomes Q°. With the additional counting
rules for the PV vertices, the diagrams for dy — np are
obtained and depicted in Fig. 1. If we neglect the orders of the
propagators for incoming dibaryon and outgoing nucleons, the
diagrams are of Q°. PV amplitudes obtained from the diagrams
can be written as

h
Apy =Y Apy(i). (11

Detailed expressions for Apy(i) are summarized in Ap-
pendix 2. The sum of both PC and PV contributions is

A = Apc + Apy. (12)
The polarization is defined as

Oi+ — 0O
P=———-, (13)
O+ +oi—

where o;41 and o;_ are the differential cross sections with
the neutron spin up and down along a specific direction i,
respectively. Polarization of neutrons can be expressed by
introducing the projection operator

P.=11-w)id+s- ), (14)

where 71 denotes the direction of the neutron spin. Squaring
the amplitude given by Eq. (12) with the polarized neutrons,
we obtain

,
ST Y IAPR = 40X us + [Yurv P = 2YuvReXus)
apin

+2(1X v > + [Yus)* = 2YyusReX )
+3[1 = (k- pYNIXE + |YI* — 2XpYE)
F2i - (k x p)(Xg — Yp)ImX yy
F2(k - MImf, F2(p - kb)(k - D)Im f>
F2p - AImfs F2(p - k)(p - DImfy, (15)
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where S is a symmetry factor for spin average, S = 2, and f;’s
are the PV-PC interference terms, whose details can be found
in Appendix 3.

Conventions for the coordinate systems are quoted
from [24]. We have the incoming photons along k =
(0,0, 1), relative momentum of the nucleons along p =
(sinf cos ¢, sinf sin ¢, cos f), and orthogonal basis vectors
are defined as £ = (cosf cos ¢, cosfsing, —sinf), ' =
(—sin¢, cos¢, 0),and 2’ = (sin6 cos ¢, sin O sin ¢, cos H). If
the neutron spin component along ¥’ is measured, scalar
products of the unit vectors for the PV-PC interference terms
fi vanish. In this case, we obtain the PC polarization Py/ [29].
If one measures polarization of the neutrons along i = %/,
k-% = —sin® while p-%' =0, and thus f; and /> terms
are nonvanishing. With /i = 2/, all the f, terms contribute to
the polarization P,. With /i = £’ and %/, one can easily check
that PC interference term proportional to 7 - (k x p) becomes
null. Consequently, we can obtain hadronic weak effects by
calculating the polarizations P, and P,.

IV. RESULT AND DISCUSSION

A. Polarization along 2’

In this section, we present and discuss the results for P,.
With Egs. (13) and (15), we obtain P, as

Py = (=2)Im[(fi + fa)cos® + frcos’ 0 + f31/Zpc, (16)
where
Tpc = 4 Xusl* + 1 Yuv * —

+2(X v * + [Yusl® —
+3(1 —cos® (| X g|> + |Ye|> —

ZYMvReXMs)
2YusReXyy)

2XgYg).  (7)
Since f;’s contain linear combinations of / 2 s(T =0t 0s, 1)

whose values are not known, we may rewrite the polarization
in the form

Py =cYhy +cPhY +clhy. (18)
Coefficients ¢! are functions of the colatitude angle 6 and

the relative momentum p (or equivalently photon energy in
the laboratory frame E}f‘b), and they take into account the
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characteristics of PV as well as PC interactions of the theory.
Explicit forms of cZT can be found in Appendix 4.

In Fig. 2, we plot the numerical results for ¢ ’s as functions
of photon energies in the laboratory frame. Angle dependences
are examined by choosing three angles, 61, = 30°, 60°, and
90°. A common feature in c is that there is a minimum in
the range E}* = 2.4 ~2.8 MeV regardless of angles and the
isospin structure of the PV vertex, i.e., the superscript T in hg.
This pronounced minimum comes from the manifestation of a
large scattering length ag in 'Sy channel of np scattering, which
is embedded in the dibaryon field through the propagator of
d; of Eq. (A17). At higher energies, cg’ tends to converge to
a value, while c?s and cZ' show a more or less linear increase.
Another noticeable behavior at higher energies is that cgs
and Czl show distinct dependence on the angles, but c?t is
relatively independent of the angles, and the magnitude of the
coefficients ¢ and ¢! can be greater than that of ¢** nearly by
an order.

Next, we investigate the behavior of c ’s by changing the
angle 6 continuously for a few values of E ] fab between threshold

and 10 MeV. We have calculated czT at nine energies from
E'yab = 2.3 MeV to 10 MeV, but here we only show a few
results at E;j‘b = 2.75 and 10 MeV, because the tendency of
results look more or less similar. Eij‘b = 2.75 MeV is chosen
arbitrarily in the range E }j‘b = 2.4 ~ 2.8 MeV where there are
minima of ¢I’s. We find that the behavior of ¢! at E}* =
10 MeV shows very unique features. Figure 3 shows c ’s at
two energies, E*° =2.75 MeV and 10 MeV. Figure 3(a) shows
cg“ is almost zero regardless of the angles. The magnitude of cgs
and ¢ does not exceed 7.5 x 1072, and thus the contribution
from c; dominates at forward or backward angles, where its
magnitude is greater than 2 x 1072, Figure 3(b) shows that
0’ for Elab = 10 MeV is smaller than that for 2.75 MeV,
and c is, though the sign is reversed, similar in behavior

and in the order of magnitude. A remarkable feature is that

the signs of c(’Y and c; are the same at forward angles, but
opposite in backward angles. We may be able to neglect the
contribution from c?t atall angles for E i,ab = 10MeV. If precise
measurements of P, can be performed at the energies close to

threshold, we may be able to determine A} with less uncertainty

0.2 0.6 1.2
0.0 @ () 0.8
0.4/
s 021 0.0
204l . 0.4
= -0.6 v _300 = 00 = 08/
i - =60 0.2 -1.2
081w -2 90° o -1.6]

-1.0 * ; ; ; -0.4 2.0 :

0 3 6 9 12 15 0 0 3 6 9 12 15
Iab(MeV) lab(M V)

FIG. 2. (Color online) (a) ¢, (b) ¢

,and (c) ¢! as functions of E}™ at 6, = 30°, 60°, and 90°.
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FIG. 3. (Color online) ¢, ¢?*, and ¢! as functions of cos 6 for (a) E;"* = 2.75 and (b) E"* = 10 MeV.

since P, is dominated by czlh}i term. Next, if we can have
reliable measurements at the energies around 10 MeV, we can
extract the value of 2%° by using the value of 4} determined
from the measurements at low energies.

Since the values of hg are unknown, it is not feasible to
estimate directly the order of magnitude of P,. However,
we can roughly estimate the order of magnitude of P, in
comparison with other PV observables.

In Ref. [18], PV up-down asymmetry of y rays with respect
to the neutron spin direction in ip — dy, A, defined from

1 dr’
I" cos6

where I' is the width for np — dy and 6 is the angle
between the photon momentum and the neutron polarization
was calculated at threshold with the dibaryon fields. The result
is

=1+ A, cosb, (19)

3/2
A — my A l—ya/3 (20)
’ 2W2r kil —yag) —yragLi /2’

where hélg) is the convention used for the PV dNN LEC in
Ref. [18]. hg? and h(lj are related through

The experimental value of A, measured with cold neutrons
is —(1.5 +4.8) x 1078 [34], and NPDGamma collaboration
aims at determining the value unambiguously at the order of
107, The magnitude of Py, e.g., for EX* = 2.75 MeV at
forward angles can be larger than that of A, at threshold by
a factor of about 8. It seems certain that P, is an observable
experimentally advantageous in measurement to determine PV
LEC h/, with a better accuracy than one can achieve with A,,.

B. Polarization along x’

Polarization along the x’ axis is obtained as
Py = 2sin@Im[ fi + f>cos6]/ Epc. (23)
We can cast it in the form
P =cYhY + % hY 4+ clhl, (24)

and investigate the characteristics of ¢!’s. Complete expres-
sions for ¢! are shown in Appendix 4.

Figure 4 shows the energy dependence of ¢! s at the angles
O, = 30°, 60°, and 90°. cg’ and CES show the behavior and
order of magnitudes similar to those of ¢ and ¢, respectively.
The magnitude of ¢! is smaller than c; by roughly a factor of 2,
and shows a structure with a maximum and a minimum slightly
below and above 3 MeV, respectively. As was observed for
cI’s, ¢I’s have extrema for EJ** = 2.3 ~ 2.7 MeV reflecting
the large scattering length aq in 'Sy channel.

InFig. 5, we plotc! withrespect to cos 6 only for E)lf‘b =23

and 2.75 MeV, though calculations of cf are done for various

1.5

(c) —_30°

m hy
hy; = 7 5 21)
bg My
which allows us to write A, in terms of h:l as
371
A, =-32x10"hy,. (22)
0.2 0.6
(b)
.0 0.4
s 021 g 0.2
©"-0.41 o
N o 0.0
S -0.61 —
0] 0.2
-1.0 : . . . -0.4
0 3 0 9 12 15 0

lab

E" (MeV)

FIG. 4. (Color online) (a) ', (b) ¢, and (c) ¢, as functions of E}™® at 6, = 30°, 60°, and 90°.
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FIG. 5. (Color online) ¢, ¢*, and ¢} as functions of cos 6 for (a) E}> = 2.3 and (b) E}"* =2.75 MeV.

energies of Eif‘b, to see the dependence of ¢! on the energy
from threshold to 10 MeV. As we see from CZT ’s at 10 MeV,
cI”s around 10 MeV show behaviors different from those at
lower energies. However we have obtained more interesting
differences among the low-energy results which are worthy
of discussions. Figure 5(a) shows c[’s for E® = 2.3 MeV.
At 6 =90°, ¢ and ¢% are of the order of 107 or less,
while ¢! ~ 1.3 x 1072, At this angle, we can neglect the
contributions from ¢ and ¢%. Again we have a unique
chance to determine /) with a small uncertainty. Note that
the magnitude of this value is roughly four times larger than
the magnitude of the coefficients of A, at threshold, A, =~
—3.2 x 10’3h(11. With the measurements of A, innp — dy,
P, at forward or backward angles, and P,  at around 6 = 90°,
we can simultaneously check the consistency of the theory and
determine the value of hgll. In Fig. 5(b), we show the values of
el for Elyab = 2.75 MeV. ¢ becomes maximum at 6 =~ 22°
with the value ¢ ~ —8.8 x 1073, The values of ¢% and c!
at this angle are —2.0 x 1072 and 2.0 x 107*, respectively,
and thus the contribution from &)} can be safely ruled out at
this angle. In Ref. [22], we calculated PV polarization P, in
np — dy at threshold with the same theory as in the present
work, where we obtained the result

P, = —(2.59h% — 1.014%) x 1072, (25)

The coefficient of 2 in P, is larger than ¢% in Py at 6 ~ 22°
by a factor of 3, but they are roughly similar in order. Therefore,
the measurement of P, at the 6 ~ 22°, in addition to PV
P, in np — dy, can provide a complementary constraints to
determine hg’ and hgs. At the angles around 6 = 157°, all
the ¢’s become maximum with ¢! >~ 1.15 x 1072, and the
ratios of ¢ and ¢% to ¢! are 0.76 and 0.27, respectively. By
determining hg’ from Py at @ ~22°, and h), from A,, P, at
6 ~ 0°or 180°, and P, at# =~ 90°, we may be able to pin down
the value of hgs through the measurement of P, at the angles
in the backward direction. The result will serve a countercheck
of the value extracted from the measurement of P, at around
10 MeV.

V. SUMMARY

We have considered the polarization of the neutron in
dy — np with a pionless EFT incorporating dibaryon fields.

Polarization along the azimuthal direction y’ gives us the
information about the interactions that conserve parity. Along
the radial (z’) and colatitude (x’) directions, on the other
hand, nonvanishing contributions reflect the effect of PV
interactions. We focused on the PV components of the
polarization, and calculated P, and P, as functions of the
incident photon energies up to 15 MeV. Since the coefficients
cI’s and ¢!’s can be evaluated at different angles and
energies, one can determine the unknown PV LECs by
comparing the calculated P, and P, with the experimental
values.

At low energies, pionless EFT with dibaryon fields is
verified to a good accuracy for many observables in the
two-nucleon processes, but care should be taken as we increase
energy near ~15 MeV [35]. Therefore, if measurement is
performed, it may be most desirable to have it done at low
energies.

By choosing the photon energy as 2.75 MeV, we explored
the dependence of cZT and ¢! on the angle 6. Concerning P/, the
coefficients of the isoscalar components of the PV interaction,
c?s and cg’, are more or less constant in the angle, but the
coefficient of the isovector component, czl, changes drastically
in the forward and backward angles. In these directions, P,
is exclusively dominated by the PV isovector interaction, and
thus the measurement of P, along with A, innp — dy can
provide a chance for a unique determination of hfj. P, is
expected to give more information about the PV LECs. At
the angles close to the forward direction, the values of cg’
are more significant than those of ¢ and ¢!, and thus P,
is expected to be dominated by hg’ . On the other hand, in
the backward directions, contributions from % [11, hg’ , and hg“‘
terms are expected to be of the same order. By combining
the measurements of P, and P, at various angles, we can
determine the PV LECs in the np system, Ko, h?f, and h}l.

The fact that the value of P, can be an order of magnitude
larger than that of A, is a striking result. Since the prediction
can imply significant impact on the experiments, the results
in this work need to be counterchecked by other calculations.
One possibility is to adopt the DDH potential, and obtain
the results for P, and P, in terms of the PV meson-
nucleon coupling constants. Many PV observables in the
two-nucleon systems were already calculated in terms of the
DDH potential. The work is in progress for evaluating P,
and P, [36].
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APPENDIX: SUMMARY OF LENGTHY EXPRESSIONS

1. PC terms
Several quantities in the PC amplitude up to NLO in Eq. (10) are expressed as follows.

T 1 1 m my + Lo, +
XMV_—/1 Y : - ) Wy | arccos N +iln NTa% TP
T YPd g TP = 3TopT SN \/(mN + %wy)z - p? \/(mN + %wr)z -p?

1 1
-2y <—+ip——rop2> Ft+w,L; ¢, (A1)

my \ o 2

Xys =—,] Ty , - — ws | arccos i +iln N TP
L=ypay +ip—5paly* + p?) 2my \/(mNJr%wy)z_pz \/(mNJr%a,yy_pz

1 . 1
-= [V +ip— —pa(y* + pz)} F*+2w,L, ¢, (A2)
my 2
1 1
Xp= |2 LPpr oy = [T P, (A3)

1 —ypsm} o, 1 —ypa m} o,

Yy = | L Y e vy = [T S e (Ad)
L — ypa 2my, L — ypa 2my,

where w, is the incident photon energy in the c.m. frame, and

1 1 1
Ft=— + ) (A5)

2 1_|_&_5_"2 1+&+Z_f

2my my 2my

2. PV amplitudes

Each amplitude for diagrams from Fig. 1(a) to Fig. 1(h) can be expressed as follows. Xf and XZT " are the spinors of the nucleons
in the final state.

2
. . T A P . T L. 2p -
lApv(a) = Chgt |:(Z)X102‘L'2X2 TE(d),'e(y)jki pj—F+ — (I)XITO'sz)(Z TE(d)[E(y)jPin—F
my mpy y,
2
. T Aa P . Tt A~ 2p
+ (l)XlTszsfzxz T'5(01),-6(;/>jki pj—F — (l)Xltdzfsfzxz Té(d),-é(y)jl?i Dj F*
my mywy

T P C 2 _ T A on LS
+xioi0aTa T6:'_z'k€<az>aE(y)kkjPam—PF — X{oi0272, Tfijkﬂd)afw)kkjkaﬁwy Ft
N N

T ~ . Ky T Ao~ MV -
+ 1010213725 Téi./ke(d)ae(y)kkjpdm_pF+ — xloiotstay, TGz‘jkﬂd)a€<y>k’<jkaﬁwﬂl’ }
N N

2

i Tt s o 2D
+Chd|:X10;JzT2X2 GijkE(d)jE(y)upkpamey
2

f Tt poa P
FT — x|oio2ta X, "€ijea) j€) kn Pa——F
my

T A A - T a4
+Xjoi02 13121 T6[,'k6(d),f(y),,PkPa F~ — x{ointsnax, Teijké(d)]f(y)akkpam_F-'_
. . N

mywy

. T KLy - A7 MV - . T ~oa MV
+(xiotax, TG(d)f(y),-(—z wyF~ — pjkj—pF )+(1)X1T<7272Xz Yewi€o kipi—pF*
mpy mpy my
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ny nv _
+ X, 0;02T2 X, 1Eabcé(ai)f(y),kapb PF - XITGszszXz TGabce(d)Ce(y)ak DPy—pF
my

Hs
+ X[ 010212 X; | €abe€idy € hik k,, “w, F* + (Dxjoatstaxy €€, (—2m
my

s ILs
(l)lefzfsfzxz T6(&1),6(;/)j"< PJ PF + lefozf%TzXz eubce(d)ce(y),kupb_pF+
T Tt Hs us _
— X[ 0i02T3T2 X | €abe€a) €0 ki Pb—PF + X] 010273T2X2 Eabcf(d)f(y)ak kb - —w, F |,
N

iApy(b) = Cp w,[hY d\Lix{oi001372%) TEabcé(d)aE(y)bkcﬁi +hY d()2Lax ortaxy (e(d),-e(y),'iéjlaj - e(d)ie(y)jiéiﬁj)
T ~ o P
+hyd2Lox{oi00Tsmx) (€rjrer €onakiPi — €ijrea€nikaP)].

iApy(c) = Cd,/[h;XIUiUZTZXQTTEabce(d)Ce(y)aiéiiébMV(mNfl —y—ip)— hgtXlTai02TZXzTTeijke(d)aG(V)klejlga,us(mNfl

1
T j !
_ h},xfaiazfzh Tfijkf(d)jE()/)kfz] + Cdj. [h},(z)xfazt3rzx2 Te(d),f(y)iﬂs {(mzv + wy) fi—v - }
hOt . T TT
+h, ()x|02T3T2 Xy €@y €0 f2 |
o 1
) T
iApy(d) = Cdt/ |:h21X1TO'iO'21—2X2 Teabce(d)ce(]/)akikbu’s {(mN + wy) fl e }
e i ik ! —y—ipt—nliylo; e
aX10i022 Xy €ijk€d)q€(y)pKjKalty |\ mN + 5% fi—y—ip aX10i02T2 Xy €ijk€d) j€r)y 2

+Cd, |:h2‘v(i)Xjﬁzfﬂz)(z”f(d),f(y),»ll«v {(mzv + 1wy> fi—v— } + hg‘v(i)XlTUzTﬂzXzTTf(d)ié(y)ifz],
iApy(e) = Cfip[hy d;/iVX]j-aia2773T2X2TT6abc€(d)C€(y)ai<\bpi + hY d;MS(l)Xl02‘52X2Tj-(6(d)i6(y)i]2jﬁj - G(d)i6(y)j/€iﬁj)
+hy /s x| 0102t T x; (€€ €on ki by — €ujréiar€nika ]
iApy(f) = C[hgl(l')xfﬁzf.%TzXZTTG(d)iG(y),» - hclixlTO—iUZTZXZTTGijkG(d)jE(y)k],
iApy(g) = Cp[hY) d;XjO-ZTSTZXQTTE(d)iG(y)i + h) dz/(i)XIO'iO'ZTZXZTTGijkE(d)jE(y)k],

. . T T
iApy(h) = Cy [RY d/()x|o2t3maxs €€ — My dix{oi0aTaxy €ijkeay 1€ )

where
C—l YPd 1
2V 1= ypa 23/2pgm3l*
my + to, +
f1 = arccos N > +iln NT2 y2P ,
oy + )" = p2 Vo + )" = p2
2

f ! +i +1 +1 2

= —|m i\m —w — m —w — s
J2 o, NY N 2@ p N 2@ p 1
A S !

wtip=grop? Ty +ip = 3pay?+ pd)

3. PV-PC interference terms

The transition rate can be written as

P
ST Y IAP = 40X s + [Yauv P —2YuvReXus) + 20 Xuav P + [Yyrsl® — 2YusReXpy)

spin
+3(1 = (k- POUXE? + |Ye* = 2XpYp) £ 21 - (k x p)(Ye — Xp)ImX v
+itk-A)fi — fF1Ei(p-k)k-af— HF1Ei(p-Af— F1Ei(p-bp-ADfa — fi]
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PV-PC interference terms f; are given as
fi=[hd Zifs — hg Zigy + ha Zifs (X — Yi) — (209 s Z' + hg(X pp — Vpp + 20y Kgg — 215 ¥ +2Z5 +2uv Z') [ X3y
+[2hY (ZY + usZ') + 203 (2% + uvZ*®) = 2hy(Zp — uv Z'¢ — nsZ°) Yy
+ [hgr(pr - l?pp - 2M5ng + ZMVYgg - ZZ%I - 2“Szt) - ZhSS(ZOEs + /LVZJg)
+hy(Xpp = Vpp — 215X gy + 2uv Yo +2Z — 2y Z'8 — 2us Z°)| Xiys + [20Y s Z'¢ + 20 (Z + v Z') | Yigs,
(A19)
fo=[-hY(Z¥ + nsZ' — usZ'®) — Y (Z% + uvZ*®) + hy(2Zp + uvZ' — usZ® — uy Z'%) (X5 — Y5)
+ [hgt(ﬂvipg — sV pe) — hzli()?pg — Vg + s Xpg — MVng)]XX/IV - [hgtzft}gs - hclizzztzngs]yny}v
+ [h?tt(xpg — Vg — v Xpg + us¥pg + 21117483) + h[ll(f([,g — Vg — v Xpg + ss¥pg + 205X pg — 211y ¥ — fos)]XLS,
(A20)
B=[h)(ZY + usZ' — usZ'¢) + h) (Z¥ + uvZ*®) —hy(2Zy — pvZ' — usZ’ + uv Z') (X5 — Y3
- [hgt(“Vng - Msypg) - 2h2‘“Z,’\’fV - hclz(f(pg - I7pg - st(pg + MV?P&’)]XX/IV - [hglzzlti}gs + 3h41121[t)4gs]yntlv
- [hgt(xpg - I?pg + /‘V}?pg - V“Sng - Z}[(/Igs) + hzll(xpg - ng + /*LVf(pg _:“S?pg + 2:““5}?%' - ZMV?pg - 321[\)/1gs)]X;/IS
220 1Y a21)
fo=[=hd Zifs + hg Zify — haZys (X5 = Yi) + [ha(Xpp = Yo Xagy = [ Ky = Vpp) + hi(Xpp = Tpp)| X5, (A22)

where
- - 1 B
ng = Cme (p(l)y)F+’ ng = Cm(pa)y)F s (A23)
Y 14
X, =C QpHF*t, Y,,=C QpHF~, (A24)
mywy mywy
- 1 w2 ~ 1 w2
X,..=C L VFr, Y,=C—— | L) F, A25
88 myw, ( 2 > 88 myw, < 2 ( )
Z0s / ~0t / 1 1 2
2% =cdlfr+yl, Z¥=cd|f+ w0 "3 (A26)
. ) 1
7\ = —cd [2f2 +2y — zpd(yz + p%} : (A27)
. 1 .
7' = Cd, [(mzv + Ewy> fi—v— ip} . Z'=Cd]myfi —y —ipl, (A28)
- 1 .
7' = Cdy [(mzv + Ewy) fi—y— ip} . Z'=CdImy fi —y —ipl, (A29)
ZV = Cd/plusfi + 2w, L),  ZV, = Cd.plpv fi +wy L] (A30)

T T
4. c¢; and c,

2 . N N N N s
= —E—Im[sin29(Z0E’ +usZ' — usZ¥) (X — Y§) + {—2cosOusZ' —sin® O(uy X pg — ws¥p)} Xigy

Z

PC
+{2c0s0(ZY¥ + usZ') — (1 +cos® N ZYi A Yy + {208 0(—pusX gy + v ¥ee — Z — usZ') — sin® (X — V)
+ (14 cos®0)( — uy X pg + isYpe + Zis) | Xirs +2c0s 05 Z'8Y 5], (A31)
2 : 7 7 * * 7 *
= _E_Pclm[ sin® 0(Z% + nv Z8) (X5 — Y3) + 2255, Xy
+2c0s0(ZY + uy Z°) Y3y — 2cos0(ZF + uv Z°) Xy — 2255, Vi) (A32)
c; = “soml sin*0(—2Zp + uvZ' + usZ’ — pv Z') (X5 — Yi) +{=2c0s 0(uy X gp — pisVeg + Zjp + v Z')

+ 8in* 0(X pg — Vo) — (1 + o8 O) (s X pg — v Yp )} Xy + {—2c0s0(Z — v Z'¢ — usZ*) — (3 — cos® ) ZY5 WYy

+{2cosO(— s X g + pv Yoo + Zp — v Z'® — pusZ%) —sin? 0(X pg — Vo)

— (1 +cos>0) v X pg — sV pg) — 28in* O(1us X g — v Vpe) + (3 — cos” ) Z5h Xiys + 208 0(Z g + pnv Z')Yiis].
(A33)
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= EL sin@Im[{Z}f — cosO(Z% + pusZ' — nsZ¥) WXy —Y5)

+{—2usZ" + cos Oy X pg — s Vp )} Xigy + {2(Z% + usZ') — cos 0 Z45 )Yy

+{(Xpp — Vpp — 25X gg + 21y Vg — 22 —2usZ")

+ 008 0(X pg — Ypg — 1ty Xpg + 15 ¥ pg + Z3is) | Xy + 205 2" Y ] (A34)
2 - ~ ~ ~ ~ ~ ~
&= s sin@Im[—{Z}7, + cosO(Z¥ + uy Z°)}(X5 — Y3+ 2(Z% + uv Z°4) Yy — 2(Z% + nv Z%) Xys), (A35)
PC
2 ~ ~ ~ ~ ~
cl = s sin@Im[{Z4fs 4+ cos 0 (2Zp + uvZ' — usZ® — py 2} X5 — Y5)
PC
- {(f(pp — Vpp 4+ 21y Xgg — 2115V + 27 + 2:“'Vzt) +c0s0(X pg = Vo + s X pg — “V?pg)}xxlv
+{=2(Zp —uvZ'® — usZ®) + cos O Zi Y an { (X pp — Yop — 25X g + 21y Voo + 271 — 20y Z'8 — 2usZ°)
+ cosO(X pg — Vg — v X pg + 15V pg + 215X pg — 2v Ve — ZiN} Xips + 2(Z1 + v Z') Y] (A36)
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