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The parity-violating (PV) nucleon-nucleon (NN) interaction in the three-nucleon system is investigated
using pionless effective field theory (EFT(j)). This work shows that a next-to-leading order (NLO) PV
three-body force is necessary, in contradiction with a previous claim [H. W. GrieBhammer and M. R. Schindler,
Eur. Phys. J. A 46, 73 (2010)]. Including three-body P- to D-wave transitions, PV three-nucleon observables
are calculated to higher energies than previously considered. Using the recent large-N¢ analysis of the PV
NN interaction in EFT (st ), the current understanding of low energy PV few-body measurements is reassessed.
The recent measurement of the asymmetry A, in np — dy from the NPDGamma Collaboration [D. Blyth

et al. (NPDGamma), Phys. Rev. Lett. 121, 242002 (2018)], gives the value g¢ ’ = [—1.4 % 0.63(stat.) +
0.09(syst.)] x 1071 MeV~! for a next-to-next-to-leading order (N>LO) in large-N low energy constant (LEC).
Using the large-Nc hierarchy of LECs, the sizes of the leading order (LO) in large-N- LECs are estimated using
an experimental bound on a parity violating asymmetry in pd scattering at Ej;, = 15 MeV and a measurement

of pp scattering at Ey,, = 13.6 MeV. Comparing the size of the resulting LO(O(N¢)) in large-N¢ LECs to the
—1
N2LO(O(N;:")) in large-Ne LEC giNC ’ shows they are roughly the same size, in contradiction with current

large-N¢ counting.

DOI: 10.1103/PhysRevC.99.054001

I. INTRODUCTION

Hadronic parity violation in the Standard Model arises
from the exchange of W and Z bosons between quarks, which
below ~100 GeV can be described by an effective four-quark
interaction. Although the charged-current nonleptonic weak
interaction has been studied extensively through hadronic
decays, the neutral-current nonleptonic weak interaction has
not, because its contributions are suppressed compared to the
charged current in hadronic decays. Hadronic parity violation
offers a probe to study the neutral-current nonleptonic weak
current in the Standard Model because at the quark level the
Al =1 contribution from the charged-current—current four-
quark interaction is Cabibbo suppressed by tan”6c ~ 0.04
compared to the neutral-current—current four-quark interac-
tion. At energies below Aqcp this four-quark interaction is
dressed by a complex exchange of gluons and virtual quarks
arising from the nonperturbative nature of QCD whose so-
lution is a nontrivial task. Lattice QCD offers an avenue to
solve this [1-3]. Thus hadronic parity violation offers a unique
probe of both fundamental weak and strong physics of the
Standard Model.

In nuclear systems, hadronic parity-violation has tradition-
ally been investigated in terms of the DDH (Desplanques,
Donoghue, and Holstein) model [4]. It consists of seven phe-
nomenological parity-violating (PV) couplings between nu-
cleons arising from the exchange of pseudoscalar and vector
mesons. DDH estimated reasonable ranges and best guesses
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for the values of these couplings using a quark model and
SU(6)w symmetry [5]. A more modern approach to describe
hadronic parity violation in nuclear systems is provided by
effective field theory (EFT), which is model independent and
systematically improvable [6,7]. At low energies in EFT the
PV nucleon-nucleon (NN) interaction is characterized by five
unknown low energy constants (LECs) [8,9]. These LECs
must be determined from experiment or calculated at the
quark level from the fundamental PV effective four-quark
interactions using lattice QCD [2]. In order to cleanly extract
the LECs from experiment, observables for few-body nuclear
systems should be measured for which reliable theoretical
calculations can be made. Recently, a large-N¢ analysis has
shown that not all of the LECs are equally significant [10,11].
In the large-N¢ counting [10-12] a linear combination of
the isoscalar LECs and the isotensor LEC are leading order
(LO) or O(N¢) in large-N¢ counting, while another linear
combination of the isoscalar LECs and the isovector LECs are
suppressed by ~1/NZ. Thus at LO(O(N¢)) in large N¢, PV
NN interactions are characterized by two LECs, and this has
been shown to be consistent with available experimental data
[12]. Note that Ref. [12] did not consider recent results from
the NPDGamma Collaboration [13] as they were unavailable
at the time.

A self-consistent theoretical framework to combine parity-
conserving (PC) and PV interactions at low energies (E <
m2 /My) is provided by pionless effective field theory
(EFT(st)). The power counting of EFT(jf), in powers of
Q/Ay, makes it systematically improvable and allows for
estimation of theoretical errors, where Q is a typical mo-
mentum scale and Ay ~m;. Unlike its higher energy cousin

©2019 American Physical Society
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chiral EFT, the power counting of EFT (st ) is well understood
and unambiguous [14]. EFT(;t) has had great success in
describing PC (see Refs. [15,16] for a review) and PV (see
Ref. [7] for a review) properties of few-nucleon systems.

PV asymmetries of few nucleon systems are roughly of
the size Gpm2 ~ 1077 and require precision experiments.
At energies where EFT(jf) is valid there are currently only
three trusted few-body nonzero PV measurements: two of the
longitudinal asymmetry in pp scattering at laboratory energies
of [17,18]

AP — {(—0.93 +0.204+0.05) x 1077,

L (—1.7£0.8) x 1077,

13.6 MeV,

15 MeV,
R ey
and the photon asymmetry A, in np — dy from the
NPDGamma Collaboration [13],

A, =[-3.0 + L4(stat.) £ 0.2(sys.)] x 1075, (2)

Both A, [19] and A}” [20] have been calculated in EFT(jt).
While the asymmetry from pp scattering is sensitive to the
two LO LECs in the large-N¢ counting, A, is primarily sen-
sitive to the isovector contribution in the §'S1 — 3P, channel,
which is next-to-next-to-leading order (N2LO) in the large-N¢
counting [12]. Another possible few-body PV experiment is
the asymmetry in the photodisintegration cross section of deu-
terium using circularly polarized photons, P,, in the process
dy — np, which could be carried out at an upgraded High
Intensity Gamma Ray Source (HIyS) at the Triangle Univer-
sities Nuclear Laboratory [21] (TUNL). This experiment has
been calculated at threshold in EFT () [19,22] and the ideal
energy at which to run it was considered in Ref. [23]. It has
the advantage of being sensitive to the two LO(O(N¢)) LECs
in the large N¢ counting. Thus dy — np in combination with
pp scattering would completely characterize the LO(O(N¢))
in large-N¢ behavior of the two-body PV LECs.
Three-nucleon measurements offer another potential av-
enue to study PV interactions. The PV isotensor contribution
in three-nucleon systems is highly suppressed since Al = 2
cannot connect the isospin-1/2 Nd system to itself without
isospin violation in the PC sector. Hence, the three-nucleon
sector is only sensitive to one of the LO(O(N¢)) LECs in
large-N¢ counting. Three-nucleon experiments have measured
a bound for the longitudinal asymmetry in pd scattering

J
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N

at 15 MeV [24] and a y-ray asymmetry in the capture of
polarized neutrons in nd — ty [25]. However, the latter
measurement is much larger than expected, likely due to an
unidentified experimental systematic. Meanwhile, theoretical
EFT(st) calculations have investigated the spin rotation of
a neutron through deuterium [26,27] and the longitudinal
asymmetries in Nd scattering [27]. In this work longitudinal
asymmetries in Nd scattering are calculated to higher energies
than Ref. [27] and include three-body P- to D-wave contribu-
tions. Implications of large N¢ on two- and three-nucleon PV
experiments are also considered.

Another important matter in the three-nucleon system is
the order at which three-body PV forces first occur. GrieSham-
mer and Schindler demonstrated that up to and including
next-to-leading order (NLO) in EFT (s ) there is no PV three-
body force [28]. This implies that two- and three-body PV
experiments can be described to ~10% accuracy with only
five two-body PV LECs. Assuming there are no significant
higher body PV forces, this should also hold for A > 3.
The argument made by GrieBhammer and Schindler for the
nonexistence of a NLO PV three-body force relied on Fierz
rearrangements. However, as will be shown, the spin-isospin
structure on which their argument relies is not invariant under
Fierz rearrangements. In addition, it will be shown by a rigor-
ous asymptotic analysis that a PV three-body force is needed
at NLO, and that there is no need for a LO PV three-body
force, in agreement with GrieBhammer and Schindler [28].

This paper is organized as follows. Section II gives the
necessary Lagrangians and discusses two-nucleon scattering.
In Sec. IIl LO PC and PV Nd scattering is described and in
Sec. IV their asymptotic forms are given. Section V reviews
the arguments by GrieBhammer and Schindler for the nonex-
istence of a NLO PV three-body force and then, performing
an asymptotic analysis of the NLO PV scattering amplitude,
demonstrates the necessity for a NLO PV three-body force. In
Sec. VI PV three-nucleon observables are calculated and the
consequences of large N¢ on few-body PV measurements are
discussed. Finally, conclusions are given in Sec. VII.

II. LAGRANGIAN

The NLO PC Lagrangian including two- and three-body
terms in EFT(sf) is given by

'a+%2+y’2 i
Ty Ty ) |"

vy o
§ A, — 9+ —— + = ) 15, — y[F'NTPN +5NT PN + H.c.
+Sa|: s COs<lo+4MN+MN>]Sa y[, iN + 5, alN ~+ C]
2
Y*My(HLo(A) + HnLo(A)) 1 w0 wqira . o o
+ ( )[ti(OiN)—su(fAN)] [fi(oiN) — 8a(zaN)]. 3

3A?

where N is the nucleon field and #; (5,) is the spin-triplet (spin-
singlet) dibaryon field. The projector P; = \/lgozoirz (P, =

%gﬁz T, T,) projects out the spin-triplet isosinglet (spin-singlet

(

isotriplet) combination of nuclei. Using the Z parametrization
[29,30], the two-body parameters are fit to reproduce the poles
in the 3S; and 'Sy channels at LO and their residues about the
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poles at NLO. This leads to the values [30]

4 My
2 (n) n n+1
Y = A=yi—n ¢y =D - )+2t
n n n MN
Ay=ys— i, = (=1"(Z—1) “—2 ,
Vs
“

where y; = 45.7025 MeV (y, = —7.890 MeV) is the deuteron
binding momentum ('S, virtual bound state binding momen-
tum) and Z, = 1.6908 (Z; = 0.9015) is the residue about the
381 (1So) pole. The value w is a mass scale arising from power
divergence subtraction [31] with dimensional regularization.
Note that all physical observables are independent of u.
The LO and NLO three-body forces, H o(A) and Hxro(A)
respectively, are fit [32] to the doublet S-wave nd scattering
length a,; = 0.65 fm [33]. The scale A comes from using
cutoff regularization in three-body calculations.

The LO NN scattering amplitude is given by an infinite
sum of diagrams [31,34], which can be solved via a geometric
series leading to

. 4
iAg g = ATND{z,x} (E,0) )

in the center-of-mass (c.m.) frame, where

1

V3@ — MyE — i€ — vy

is the LO dibaryon propagator with the subscript ¢ (s) repre-
senting the *S; ('Sp) channel. Taking the residue about the
pole of the spin-triplet dibaryon propagator gives the LO
deuteron wave function renormalization

Dy.5(E, q) = (6)

Zio=——. (7N
Low energy NN parity-violation is characterized by five
independent two-body LEC’s described in EFT(jf) by the
Lagrangian [19]
Lpy = _[g(ssl_lpl)ﬁ(NTUﬂzi % N)

So—Po) s REE
+ g((A}’ 0)0) T(N 020 - TaT,i VN)

So—>P T _ - o X
+ g((A? 1) 0) 3abg T(1\/ 070 - TOTp V N)

So—>P, - LS
+ g((A}’ Z)O)I“b (N 0y0 - 1210 V N)

A

+ ¢S P (R 0ty §j1§7)]+H.c.,

®)
where V V V and T% = diag(l, 1, —2). Following
Ref. [27] the definitions
g(si='P) gC5i=P) g
S =—"—" =" —» 8=
y y y
('So=2Py) ('So=2Py)
Al=1 Al=2
g =D g 2D )
y y

H

ANEN ERNED @
+ IX(X-I— i()
A EAY
i KRN &

FIG. 1. Coupled integral equations for the LO PC scattering
amplitude. The double (double-dashed) line is the spin-triplet (spin-
singlet) dibaryon, the single line a nucleon, the blue box the LO PC
three-body force, and the red oval the LO PC scattering amplitude.
Three-body force diagrams only appear in the 2S|/2 channel. In the
quartet channel, all diagrams with three-body forces or spin-singlet
dibaryons are absent.

-

are made for the two-body PV LECs, which helps to simplify
expressions. Using these definitions the linear combinations

gV =1gi+3g, & =g LO

) Nz (N:!

) =lg e =g =g, NLO
(10)

of the two-body PV LECs are defined, in which the first
line shows LECs LO in large N¢ and the second line LECs
suppressed by ~1/NZ [12]. The actual scaling of each LEC is
(11]

g1 ~Ne, g5 ~ Nesin® by LO(O(Ne))
—1 —1

g~ NG g~ Nesin? 0y, N’LO(O(NZ'))
—1

o) ~ N2sin? 6y N2LO(O(N:1),

an

where factors of sin? 6y ~ 0.24 are treated as 1 /Nc¢ correc-
tions. Note that Refs. [10,12] did not contain the factor of
sin Oy on the g(ZNC) LEC as it was only later discovered
in Ref. [11]. Desplte s1n GW appearing to be an additional
factor of Ng on the g ) LEC, comparison to experiment
in Ref. [11] indicates that g(NC) and g(NC) are of roughly the
same size. This suggests that there is little suppression from
sin? @y at hadronic scales for the isotensor contribution g( e),
Therefore, in this work g( ) is kept as LO(O(N¢)) in large-N¢
counting.

III. LEADING-ORDER SCATTERING

A. Parity conserving

The LO half off-shell PC scattering amplitude is given
by the integral equation represented in Fig. 1. Projecting the
integral equation into spin, isospin, and angular momentum,
the LO half-off shell PC scattering amplitude is given by the
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integral equation

tPCi/S/,Ls(k, p.E)= KPCi/s/,Ls(k’ p. E)v,

+ 3 Kuchis 0.0 EIDE. )
L//’SH

® tpcyrgr 5k, g, E), (12)

where L (L) is the total incoming (outgoing) orbital angular
momentum, S (S’) is the total incoming (outgoing) spin, and
J is the total angular momentum. k (p) is the magnitude of
the incoming on-shell (outgoing off-shell) c.m. momentum

J

27 L(k2+p27MNE7ie)(71 73) + 4rrHAL(2)(A)8L0(7} 71)7 S

and E = % — % s the total energy of the Nd system.

My
tpci/ SLS (k, p, E) represents a vector in cluster-configuration
(c.c.) space [30],

J:Nt—Nt
tPCLrS/ LS (k, P, E)
J
tecps sk p E)=| 0 . (13)
IPCL/S/ LS (k, va)

where fpci;,{;l/{ fSN "(k, p, E) is the Nd scattering amplitude and

tec) I;I,TSN *(k, p, E) is an unphysical scattering amplitude for

Nd going to a nucleon and spin-singlet dibaryon. The kernel
Kpc{/S/’LS(k, p, E) is a matrix in c.c. space given by

=

Keclg sk, p. E) = 810,855 (— 1)) 7 i P 1 14
PCL’S’,LS( » Ds )_ LL SS'(_ ) 4z k2+p27MNE*i€ Lo §— 3 ( )
kp L( kp )(0 0)’ -2
[
which matrix multiplies the c.c. space matrix of dibaryon +Z Koy s 1rs(q, p. EY®D(E, Q)tpcyigr 15k, g, E)
propagators Lr.§"
g o — (PED 0 s +> " Kecl g 1rs(q. pr EY®D(E, @)teviig 15k, 4. E),
( ’ Q) - 0 DS(E, q) . ( ) L"s"
(19)
Q1 .(a) is a Legendre function of the second kind defined by
: where
1 Pr(x)
oo = [ ax, (16) v
2 -1 X —d 7 tPVL/S/ LS (k, D, E)
tPVLfS/,Ls(kv p.E)= (20)

where Py (x) are the standard Legendre polynomials and v, is

a vector in c.c. Space,
1
v=,) (17)

which picks out the contributions from the kernel where the
initial dibaryon propagators are spin triplet. The ® notation is
a shorthand for integration:

A
A(q) ® B(q) = dq¢*A(g)B(q), (18)

22

with A a cutoff used to regulate potential divergences.

B. Parity violating

The LO PV Nd scattering amplitude has been calculated
previously by convoluting the appropriate LO PC scattering
amplitudes with the tree-level PV diagrams in Fig. 3 [26,27].
However, this method does not allow for a straightforward
asymptotic analysis of the LO PV scattering amplitude. In-
stead, the LO PV scattering amplitude can be represented by
the integral equation in Fig. 2 [27], where diagrams related
by time reversal symmetry are not shown. Projecting in spin,
isospin, and angular momentum, the diagrams in Fig. 2 yield
the integral equation

tPV{/S’,LS(k’ p. E)
= KPVifS/,Ls(k» P, E)Vp

JiNt—N
PVLIS/I’ZS' s(ka ps E)

is a vector in c.c. space. Kpyy,¢ ;5(k, p, E) is the projection
of the sum of tree-level diagrams containing the two-body PV

K+K+K
T )
+Ix<i+}(>
RISRVEN RNEN RN
+ XN )
TR

FIG. 2. Coupled integral equations for the LO PV scattering
amplitude. The green box represents an insertion of a two-body PV
LEC and the yellow oval the LO PV scattering amplitude. Some
diagrams only exist in certain channels, with the LO three-body force
only existing if the outgoing partial wave is 25, /2

PV

_—
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(@) (b)

FIG. 3. LO tree-level three-body PV diagrams. Diagrams (a) and
(b) are related by time reversal symmetry and the green box is an
insertion of a two-body PV LEC.

LECs shown in Fig. 3. Diagram (a) of Fig. 3 appears in Fig. 2
and diagram (b) is the time reversed version of diagram (a),
not shown in Fig. 2. KPVifs',Ls(k’ p, E) is given by

KPV{/S/ LS(k D, E)

ny J
=Ky 15k P E) + Koy 15k p E). (21)

where Kﬁ,“\, vs sk o E) (K;@ vs 15k p. E)) is the contribu-
tion from d1agram (a) (diagram (b)) in Fig. 3. By time reversal
symmetry, contributions from diagrams (a) and (b) are related
by

J a T
K& sk p E) = [K& s 1o (p b E)]' (22)

where the superscript 7 denotes the transpose of the c.c.
space matrix. The S- to P-wave transitions for the tree level
PV diagrams have been calculated previously using pro-
jectors in Ref. [26], while the general projections for any
combination of orbital and spin angular momentum can be
found in Ref. [27]. These generic projections are updated in
Appendix A following the methods of Ref. [35] and include
arbitrary isospin. Following Ref. [26] the linear combination
of LECs

81 =3g1 + 21382, T =383+ 21384
(23)
are defined, where 13 = 1 (73 = —1) for the pd (nd) system.
This set of LECs simplifies the PV kernels and gives the same
form for nd and pd systems. The S- to P-wave transitions of

the PV kernels for diagram (a) are [26]

S =381 — 1382,

1
Kivi1 o1 (k. p. E)

42 -

”3[ o 2rev@ - kQ1<a>](_§l ;) (24)
Kf»”v)é 1k p E)

471«/_

2 o -20@)(T§ 7). 09

1
Ké“&;%,%(k,p, E)

16w 1 Si1=5)
=T”k—[2on<a>—kQ1(a)]< 3 ’g) (26)
Kifhoy 1y k.. )

8 1

=§5[on<a>—2le<a>](§j 8) @7)

3
Kivi1 o2 (k. p. E)

4 1
= ”;f [20Q0(@) — k01 (@)] ( 8) (28)
Kifys 11 (& 9. E)
8 1 S1=8) T
= ”3[ [kQo(a) - 2pQ1(a)]( ; O),

(29)
3
Kl()a\zlzi’oi(kv D E)

_ 8710 1 G
3 [2PQo(a)—kQ1(a)]< o o GO
and
KI(DL{/)S% ];(k,p,E)
8 01 (§1=8) 0
”!_ [on(a)—Zle(a)]< ; O). 31)

The P- to D-wave transition projections are!

3
(a)3
KP‘{/;%J%(IC’ pﬂE)

4 1
2 cl-wo@+ie@)(T§ T o
Kty as ko )
471«/—1 =S 7T
ol le(a)+2sz(a)]< o T), (33)
Ky (k.. E)
16 1 (S1=5)
=Sl 2pQ1(a)+sz(a)]< z g) (34)

Ké“v)f%,2%<k,p, E)

87 1
_Sk[

Kl()a\;; ]?(k’psE)

L
V53 kp

3
(a)2
KP[{IIZ%’Z%(](’ va)

8 1 &1=5)
- fsfk[ le(a)+2sz(a)]< : ”g)
G7)

kQi(a) + 2sz(a)]( 8) (35)

2pQ1(a) +kQ2(a)] (ﬁj 8) (36)

'The P- to D-wave transitions were independently calculated using
projector methods by Balint and GrieBhammer, and their calculations
agree with the results of this work.
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Kl(;ezi%l%(k,p,E)
87‘[\/5 1 SE1=8) 0
— = 3
3 kp[ 2PQ1(a)+sz(a)]( 5 0>,
(38)
and
1
Kiv1s 55 (k. p. E)
87‘[\/5 1 SE1=8) 0
— [ 3
3 il le(a)+2sz(a)]( : 0>,
(39)
where
K2+ p* — MyE — i
g = TP~ MNE i (40)

kp
Transitions with the same orbital and spin angular momentum
but different J values are related by overall constants given by

KO (hop E)= K9 (ko pE). @D
PVZ%,I% 5p7 PVZ%,I% ’p7 )

V2
KO\ (ko p E)= —K9 (k. p.E).  42)
V132t P B T RVt P R

3 3
Kivsy s (ko p E) = VOKRy, o (kop E). (43)

2

Kiy;s o1k p E) = VEKiy ! (ko p. E), (44)

3 4 1
Kivs: 3k p E) = —=Ki0ss 3 (k. p. E)

NG

4 a 3
= KRk p B @)

and

a 3 4 a 3
Kl()\zlz%l%(kv ps E) = _K}()\;f%,Z%(k’p’E)

NG
4 (a)%
= ﬁKng,z%(k’ p, E). (46)

IV. LEADING-ORDER ASYMPTOTIC BEHAVIOR

A. Parity conserving

To calculate the asymptotic behavior of the scattering am-
plitudes it is instructive to transform the scattering amplitudes
into the Wigner basis defined by the linear combinations [36]

JWs
tecyis sk, p. E)
J:Was
tPCL’S/(,lZS(k’ p,E)

tecys 1s (k, p E) —tecris 15 (k, p, E) w
tecyiy s (ks pE) + tecyis' 1k, p E)
where Ws (Was) denotes the Wigner symmetric (Wigner anti-
symmetric) combination of amplitudes. In the Wigner basis,
consequences of Wigner SU(4) symmetry [37], which is a

combination of spin and isospin into a single four-vector, be-
come apparent. The Wigner symmetric (Ws) amplitude does
not change sign under the interchange of spin and isospin,
whereas the Wigner antisymmetric (Was) amplitude does.
In the Wigner limit (y; = y,) the LO integral equations for
the Ws and Was scattering amplitudes decouple, making the
Ws amplitude equivalent to three-bosons [36,38,39]. When
¥, = Y, the interactions between neutrons and protons become
identical at LO, giving a purely symmetric spatial wave func-
tion like three-bosons. The spin and isospin part of the wave
function factors out from the symmetric spatial part since
there is no other spatial component to mix with. Expansion
about the Wigner limit leads to good predictions of properties
of three-nucleon systems [40].

Transformation into the Wigner basis is achieved by the
matrix projector

1 -1
tWPC‘l]/S’,LS(kv p, E) = <1 1>tPC£’S/’LS(k7 D, E)v (48)

where

tecyis sk, p. E)

. (49)
tecyg s (k. p, E)

tWPCi’S’,LS(kv p.E)=

By repeated use of the identity

10\ _ 1/ 1 1\/1 -1
G- e

and the matrix projector for the Wigner basis, the LO PC
scattering amplitude Eq. (12) can be written into the Wigner
basis, giving

twecy s sk, p. E)

= KWPCi/s/,Ls(k’ P, E)vw, + Z KWPCi's/,LNSN (g, p, E)
1S

® Dw(E, Qtwecl s 15k, q. E). (51

The matrix Dw(E, ¢g) is the dibaryon matrix in the Wigner
basis, defined by

1 _
Dw<E,q>=§<} })D(E,m(_} })

_ DWY(E7 q) DWaX(Ev LI)
= (DWas(E,q) DWS(E,q)>’ 2)

where
Dw,(E, q) = 3[Di(E, q) + Ds(E, 9)].
Dyu(E, q) = 3[Di(E, q9) — Dy(E, 9)]. (53)

and Kwpci,s,,LS(k, p, E) is the kernel in the Wigner basis
given by

KWPCi’S’,LS(kV p. E)

L1 -1 11
=§<1 1>KPC{/S’,LS(kvPvE)<_1 1). (54)
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Projecting the LO PC kernel Eq. (14) into the Wigner basis gives

B0, () () 4 (1), 5=

Kweclrg 15k, p, E) = awasy(—nL

and v, is given by

w, = G _Dv,, = (}) (56)

After going to the Wigner basis, the integral equation must
be expanded in the asymptotic limit p ~ g > k, E, y,, and y;.
In this limit, the dibaryon propagators in the Wigner basis can
be expanded, yielding

21 Ayt
Diy(E. q) ~ 7—+§V’q2’/ 4o 57)
and
— %
Dys(E, 61)'\“3 T+ (58)
q

Here the utility of the Wigner basis is apparent, because
Dyys(E, q) is subleading compared to Dy,(E,q) in the
asymptotic limit. This means that in the leading term of the
asymptotic expansion the Ws scattering amplitude decouples
from the Was amplitude. In the asymptotic limit the energy
present in the Legendre functions of the second kind must
also be expanded out [41,42]; however, to NLO this is not
necessary and the energy dependence can be dropped from
the Legendre functions of the second kind. Further details
of calculating the asymptotic form of the LO PC scattering
amplitudes can be found in Refs. [43—45]; below their results
are given.

The asymptotic behavior of the 251/2 scattering amplitude
in the Ws channel takes the form [43,45]

Liws
tPCél ()l(k’ q, E)
2°72

sin [so In (%)] 1
= A L C—(y + B
q \/g y[ V 1
sin [so1n (L) 4+ Arg(B_
Sl (A)2 B0l L s
q
and in the Was channel the form
Wa?
tPCO Ol(k qu)
_ sin[soIn (%) + Arg(B_))]
=——=W — vs)IBl , (60)
2\/— yt V 1 q2
where
I(iso — 1)
B i=— 61
YT T Is — 1) ©1)
and
- I(isg — 1
B, = _MGso—1) (62)

+ M(iso — 1)

1
2
B0, (S ), s=4

e (55)

(

The value sy = 1.00624 ... comes from solving the transcen-
dental equation /(isp) = 1, where

4 e 24xt1 8 sin (%
I(s) = / dxIn <ﬂ>)fl = — sin (%) ,
N&T X2 —x+1 V3s cos (£)
(63)

comes from the leading asymptotic behavior of the Ws 251/2
scattering amplitude [43]. C =0.4315 MeV~! and A* =
1.6251 MeV must be determined by fitting the numerically
calculated half off-shell scattering amplitude to the asymptotic
form of the scattering amplitude. The value of A* depends
on the three-body force and the regularization method used,
while the value of C depends on the infrared (IR) physics,
where k = 1 MeV is chosen to calculate the LO half off-shell
scattering amplitude for different cutoffs A.

The leading asymptotic behavior of the Was 2P, ), scattering
amplitude calculated by GrieBhammer [44] and its subleading
behavior takes the form

as — Py (s
tPCl IWI (k,q,E) ~ Pl/zq (s1+1) + B,l/_q (51+2) R
(64)
sy = 1.77272 ... is determined by the transcendental equa-

tion —%./\/l[l, s1] =1, [44] where

[E S] \/%7-[ /w dx Qg <X + )lc)xs—l (65)

is the Mellin transform of Q, (x + )lr) up to a multiplicative
constant chosen such that M[O0, s] = I(s). The general solu-
tion for the Mellin transform of Q, (x + 1) has been calculated

by GrieShammer [44]. B'Pn = 1.274 MeV* ! is determined

by fitting to the numerically calculated half off-shell scattering
2

amplitude for which k = 1 MeV, while the value of B_Pll/ > and

its derivation are given in Appendix B. The Ws 2P, /, scattering
amplitude is subleading compared to the Was part [44] and
will not be needed.

The asymptotic scaling of the 4P1/2 channel has the same
leading power law scaling as the Was 2P1/2 channel [44]:

p Was k.q.E ~B4P1/2 —(s1+1) B4P‘/2 —(s1+2)
o,y g E) ~ BTg 0D 4 Blrg O

(66)
The leading coefficient B2 = 1.929 MeV*' ! is again fit to
the numerically calculated half off-shell scattering amplitude

4
for which k = 1 MeV. The subleading coefficient, Bj/z and
its derivation are given in Appendix B.

B. Parity violating

To carry out an asymptotic analysis on the LO PV scat-
tering amplitude, Eq. (19) must be rewritten into the Wigner
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basis, yielding?

twevs Ls(k. p. E) = Kwevig stk p E)wp + Y Kweviig 1050(q. p. E) ® Dw(E. twecns 15k, q. E)

bt
J J
+ Y Kweclig1rs/(q: p- E) @ Dw(E. )tweyiig 15k, q. E), (67)
ot
where
1/1 -1 11
KWPV{’S’,LS(ka PaE) = z(l 1>KPV£’S”LS(]<9 va)<_1 1) (68)

is defined analogously to KWpci;Sr’ sk, p, E). The only PV channels that have divergences at NLO contain 2S,, and their
respective kernels in the Wigner basis are given by

1 B 0 —HT +8)\ Q@ 0 AT +8SH\ Q1@
KWPVléﬂoé(hp’E)_4nﬁ[<—§(T+Sl) 3’T—$] ) k _(—%(T-FS]) S’T—Sl ) p i|’ (69)

1 _ 0 —2(T + 81\ Q@) 0 LT +8)\ 2@
KWPVO;J;("””E)‘4”‘/§[<—§(T+sl) T_8 > » _<—§(T+Sl) T_8 )T} (70)

K % . . - 2(31 -5) 27 2513+Sz 427 Oo(a) Slg& —-T Sl+3582 N 0,(a) .
WPVI%,O%( » Ds )_ = 2(3[ -S») 2T 251;_52 +2,7- k - Sl Sz _ 7' 51-2582 +7— p ) ( )
and
2(8—-8 25,—S S1—-8 Si=8& S
Kund toppy e T[5BT 0@ (52T 25T 0@ )
1 3 ’ ’ - ’
05.135 3 251;r$z +27— 231;82 +27— p 81+3582 +7— 81+3552 +T k

where a is given in Eq. (40).

The asymptotic behavior of the LO PV scattering amplitude is determined by both the kernel and inhomogeneous term
of Eq. (67). While the kernel reproduces exactly the same asymptotic behavior as in the PC scattering amplitudes, the
inhomogeneous term creates new asymptotic behavior that depends on the two-body PV LECs. The asymptotic form of the
W scattering amplitude for the 2Py, — %Sy, and *Py, — %S/, channels is given by

s1n [so In (A)] CL()/, N J/s)|371|sm [so ln( ) + Arg(B_ 1)]

4D g 4D g
V3 q 1 - ’

(73)

L.ws
vk g, E) =
L

where X = 1 (X = 3) for the 2P,,—2Sy, (*P,,—Sy,) channel and X = 2X + 1. For the same channels the Was scattering
amplitude is given by

1:Was C - sin|sgIn —|—Arg(B D) > N
tPVO lx(k 9. E) = _m(% — ¥s)IB_1l [ ( 6)]2 ] +EXP‘/2q S, (74)

- ip -
Details of the derivation of D' 7 2, D_"", and E *Pin are given in Appendix C, and their values are

L (@011 = s1) = B MIL, —511) B

DPp —

' 75
I=10=s) (75)
L0 101 o 20 i
E?Pl/z — Z(aWas 1(1 Sl) bWas M[l, s1]>B 2 (76)
+ 511 —s1) ’
and
Py, 1/2 ) ) .
Do {5 (ﬁ(y’ +hym)B e+ BTF) (i) 1(=50) = BEOMIL, =51 = 11)
2 e =
Al 7D " + (= J/s)EXPl/Z]} / [1 - 1(=s1)]. (77)

Further details of the asymptotic analysis of the LO nd scattering amplitude can be found in Refs. [36,38]. Reference [43] discusses the
asymptotic analysis beyond LO and Ref. [42] gives further details into an asymptotic analysis of similar three-boson systems.
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where Sx% =138y,

2 1
o[ 1=
s S1—-& 3
3( =5 _T)’ X = %’
and .
(X) _ \/5(7-_8]), X - E’
Was %(251;-52 _}_27‘)’ X = %’

The asymptotic form of the Was PV scattering amplitude
for the 28 1> 2p, /, and 28, = ‘P s, channels is given by

L.w
v iy o1 (K g, E)

|H P‘/2| sin [soln <f ) +Arg< PVZ)] + -+ (80)
where
S LC( i) = ghin ML iso +11) o
- EM[I, iso + 1]
and
W _ {—2I<T+Sl), X =3
e 3(81382 _T)’ X = %’
&0 {2—-8«/;(7'4-31), X=1 &2
(052 -7), Xx=3

Details of the derivation of H "'~ are given in Appendix C.
The asymptotic form of the Ws PV scattering amplitude for
these channels is not shown because it is already known or
subleading compared to the Was PV scattering amplitude.
From Eq. (69) it is apparent that the Ws part of 2§ 1), —> 2P1/2
scattering amplitude only picks out the Was symmetric piece
of the 2SI/2 PC scattering amplitude which is subleading in
the asymptotic limit, and the Ws and Was PV scattering
amplitudes in the 28, —> ‘p /» channel are identical.

V. NEXT-TO-LEADING-ORDER THREE-BODY
PARITY VIOLATION

A. Next-to-leading-order Parity-Violating three-body force

The existence or non-existence of a PV three-body force
can be addressed by looking at the asymptotic behavior of the
Nd PV scattering amplitude. If the PV scattering amplitude
converges as the cutoff A — oo then a PV three-body force is
not required. GrieShammer and Schindler explicitly showed
that the LO on-shell PV scattering amplitude converges and
therefore a LO PV three-body force is not required. However,
at NLO they did not calculate the asymptotic scaling of
the scattering amplitude but rather attempted to demonstrate
that the only possible PV single derivative three-body force
that can exist does not have the same divergence structure
arising from the two-body PV contributions to the scattering
amplitude and therefore no NLO PV three-body force should
exist.

Using Fierz rearrangements GrieBhammer and Schindler
showed that all possible single derivative PV three-body

Ws %(5138‘) _ 7‘)’ X — %’
W _ VAT =8), X=1
byyus = {%(81-2552 +7~)’ X — % (79)

(

forces are equivalent to

yMN

£3NI —
PV 3A2

[H(A’ DM [NTol — KT8]

x [4@ - iV)o'N — 35 - iV)r°R]
i ng$1 U(A)[ JrM '—IV'I@ZIA]

x [ - iV)o'N — 355 - i%’)rBN]] fHe.
(83)

Projecting the tree-level PV three-body force onto the %S 1 —>
’p /» channel gives the contribution to the scattering amplitude

:3NI

K] T (b py E) = Ay (Hyy ™" (A)

K “(A))( 1 ‘}>, (84)

where Asn; contains all the momentum dependence which
is not essential in the proceeding. Projecting the c.c. space
matrix into the Wigner basis gives

;3NI 3NI
K, | (6 p, E) = (1 {) 0]<kp,E>( 1)

= Asni(H="(A)

o)

Thus, the only possible single derivative PV three-body force
connects only Ws amplitudes to Ws amplitudes. The PC
scattering amplitudes that are integrated with the tree level
PV three-body force diagram to get the full contribution to
the scattering amplitude from the PV three-body force are
diagonal in the Wigner-basis.> Therefore, the full scattering
amplitude due to the PV three-body force only has a Ws to
Ws piece in the Wigner basis.

Meanwhile, projecting out the PV two-nucleon tree level
diagrams into the 251/2 — 2Pl/2 channel and Wigner basis
gives Eq. (69). Since the PC amplitudes which must be
convoluted with the two-nucleon PV tree level diagrams are
diagonal in the Wigner basis, and the tree-level diagrams do
not contain a Ws to Ws term, as seen in Eq. (69), the full

(85)

3The NLO PC scattering amplitudes are diagonal in the Wigner
basis only if cé?) = c(()?), which is nearly the case. The difference

(C(O) (0)) can be treated as a perturbative correction to the value
0
2(C:)r) + Os)) (28].
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NLO 3BF

FIG. 4. Diagrams for the NLO PV scattering amplitude. The cross represents an effective range insertion and the empty box an instance of
the NLO PC three-body force. Diagrams in the enclosed area occur for both the 28| = ’p, /> and 28, o —> 4p, /> channels, but the diagram outside

of the enclosed area only occurs in the 251/2 — 2Pl/2 channel.

scattering amplitude due to two-nucleon PV interactions will
not contain a Ws to Ws contribution. However, this is the only
part of c.c. space that the PV three-body force occupies and
therefore it cannot renormalize divergences from the NLO
PV two-nucleon diagrams. This is the argument made by
GrieBhammer and Schindler [28].

By Fierz rearrangement, it can be shown that [28]

o' fiN? = — (M)’ 5,N°¢ (86)
and
G- V)oK = 5,45 V)(za) N°. 87)

This allows the form of the single derivative three-nucleon
force to be written as

2
Y Mynine - =
L3N = TN [N‘zja/](Hlﬁé’ O(A) + P HY 1>(A))

x [#G - iV)o'N], (88)

which, projected onto the %Sy, — 2Py, channel and Wigner
basis, gives

L3N L (1 —1) . Lon
iK1 o, (k. p. E) 5({ 1):K;£,O;(k,p,E>(_} %)

1 — -
= A (HY=" () + P HG = ()

x G {) (89)

It is immediately obvious that this form of the PV three-body
force has a structure in c.c. space that will overlap with the
structure of the scattering amplitudes due to the two-nucleon
PV contributions to PV Nd scattering. Thus, the argument
made by GrieBhammer and Schindler does not hold since the
Wigner-basis structure of an operator is not invariant under
Fierz rearrangement. This does not mean that a PV three-body
force must exist, but only that it could. To show the existence
or nonexistence of such a NLO PV three-body force, a proper

asymptotic analysis of the NLO PV scattering amplitude must
be carried out, which is done below.

B. Next-to-leading-order asymptotics

The NLO PV Nd scattering amplitude in the 2S1/2 — 2P1/2
and 251/2 — 4P]/2 channels is given by the set of diagrams in
Fig. 4, where the cross represents an effective range insertion
and the empty box an insertion of the NLO PC three-body
force fit to the doublet S-wave nd scattering length [32].4
Diagrams inside the enclosed area occur for both channels,
while the diagram outside the enclosed area does not occur in
the 281/2 — “Pl/2 channel. Summing these diagrams gives

J;Nt— N
ivOrses (kok E)
T
= [tpvis,gs/(k, 4. E)]" ® Dnio(E, CI)tPcis,Ls(k, q,.E)

T
+ [tpcirsgysr(k, q,E)] ®DNL0(E,Q)tPV{/5/,L5(k, q,E)
4 Hyo(A)
A2

x (_% _D[vp+D(E,€)®tpC£S,LS(k,€,E)] (90)

T
[tPViS,L'Sf (k, q, E)] ®D(E, q)

for the on-shell NLO PV scattering amplitude, where the NLO
dibaryon propagators are defined by the c.c. space matrix

Dnio(E, 9)

Z-1 V36 MNEicty 0
_ W IR -MyE—ie—y,
0 Z—1 A/ 314 —MyE—iety,

LAY £y
1)

4The NLO Nd PV scattering amplitude can also be calculated using
integral equations following the methods of Ref. [46], which gives
results in agreement with the summation of diagrams in Fig. 4.
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To get the asymptotic form of the NLO PV scattering amplitude it is transformed to the Wigner basis, and the asymptotic forms
of the dibaryon propagators, Hxpo(A ), and the LO PC and PV scattering amplitudes are plugged in, keeping only those pieces
that are divergent in the limit A — oo. Doing this for the 25, > p ), channel gives

Nt—N Ws
tffvmf o1 Gk Eay = 1 2<p,+p3>quq2téc”; o1 (k.q. Etgy ””, 11k g E)
T ps>/dqq2téc”g g £y D g )
Was

+@<p,+ps>/ da g1, s (k. 4. E Vi ”>f, kg, E)
4H, A
37N,+01E2) tlgc”g o (&, q,E)/ de ey, ””1 11 (kL E), 92)

A

where the superscript in parentheses refers to the part of the scattering amplitude with that power law scaling in the asymptotic
limit. For convenience
1 Z-1 1 Z,—1
27T Ty 2P T Ty,
is defined. Plugging in the asymptotic forms for the scattering amplitudes into Eq. (92) and solving the resulting indefinite
integrals gives

iNt—N 1 A2 . A s
’E\Eof él "k k. E)ay = |:(/0r + ,Os){CDZP'/2 sin <so In (F) + arctan <s1 E 2))

2
167 s34 (51— 2)?

2p, 2p, A S0 2p,
+ B "'2|H "'2|sin | 5o In + arctan + Arg(H ‘/2)

A S1 — 2
2p . A S0
+ (o — ps)CE "'28in | soIn [ — ) + arctan
A* S1 — 2

4Hyi o(A 1 A
Mo per, U gy soln [ — ) — arctan(sy) | + b (94)
552 = 51)

93)

for the NLO scattering amplitude, where the leading contribution to Hxpo(A), calculated previously [45,47,48], is

1 — ———sin[2soIn (&) + arctan (5 )]
3r(l+s o 1+4s
Hyio(A) = — %(m +ps>( _l ) 95)
sin® [so In (&) — arctan(so)]

The resulting indefinite integrals are only evaluated at their upper limit A and not at zero momentum. At zero momentum the
form of the scattering amplitudes is not known analytically, and this unknown IR physics is encapsulated in the constant b which
is obtained by fitting the asymptotic form to the numerically calculated scattering amplitude.

Going to the Wigner basis and keeping divergent pieces for the 25, ) —> ‘P /, channel gives

Ws

Nt— Nt
NLO SN (p,+ps>quqzlﬁc”g 01k g, E)tyy ””] 1y (k.q.E)

tPV l 0] (k7k7E)diV= 16 B

b pof dg @t s (ke Eiy' Dk g )
1 PP RCLALI (27)2Wafk E
+@,0: A a9 tpvllo'( g, Etp 131%( 9. E)
4Hnio(A)
% dqqtlgc”g o k. q,E)/ dwgv”“ 1k € E)
A
4H, A 1 W
;TLTOZEZ) dqqtgc”o Ol(k q,E)/ de e, 27)5 fs(k,E,E)
A
2 4Hnpo(A) (D3 (-17)3
+$(Vz—ys)W AdCICIpc 5 Ol(k tLE)def 2 %(k L E)
4H; s
neo(A) CnaWs g q,E)/ daus, '7)21W3(k ¢, E). (96)

+%(Vz S)T A qqtpc o1 01
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The last three pieces are not strictly divergent in the A — oo limit, however, they give rise to a series of log periodic first order
poles that will be noticeable at sizable, but smaller cutoffs. Plugging in the asymptotic forms for the scattering amplitudes and

solving the resulting indefinite integrals as before gives

2—
NLo%;Nt%NI 1 AT

tPV 120l (k’ kaE)div =
2°72

4p . A A\
3 (o1 + ps)CD "2 sin ( soIn [ — ) + arctan
16 /S(Z)—}-(SI—Z)Z A S1—2

+ (o — )CE4P 2 in | so In A + arctan %
Pr Ps 0 A* 5] — )

4 A 4
+4p,B |H4P1/2| sin (so In <A_) + arctan < %0 2) + Arg(H P1/2)>:|
* §1 —

4HNLO(A)CD4P1/2
3r3A2

4Hn1ro(A) | up
TN ep'he
3m3A2

4HnLo(A) cp
3m3A2 -

4HnLo(A)

37A2 CE'™e
T

for the NLO scattering amplitude in the %S, — *Pi, channel.
The constant b is fit to the cutoff dependence of the on-shell
scattering amplitude for k = 1 MeV, and the resulting values
for different channels and two-body PV LECs are given in
Table I.

The NLO PV scattering amplitude is calculated numeri-
cally using Eq. (90). To avoid finite A effects the LO PC and
PV amplitudes are calculated at a large cutoff A = 10'> MeV,
and then using these the integrals in Eq. (90), and Ay o(A)
using the methods in Ref. [45], are calculated at smaller cut-
offs A up to A = 10° MeV. The numerically calculated cutoff
dependence of the NLO PV on-shell scattering amplitudes for
k = 1 MeV is compared to the analytical asymptotic behavior
in Fig. 5. Each plot sets one of the two-body PV LECs to
one and all others to zero. To convert poles from Hnio(A)
to zeros and divide out the dominant A2~*' behavior, A2~
divided by the NLO PV scattering amplitude is plotted in

Fig. 5. However, for the LEC g, D4P 2 and H4P 2 are zero,

TABLE 1. Value of b fit to the on-shell NLO PV scattering
amplitude with k = 1 MeV for 25, n—> 2p, /> and 25, n—> ‘p, /> channels
for respective combinations of the two-body PV LECs. The factor of
73 1s +1 (—1) for pd (nd) scattering.

LEC LEC 28— 2Py Sy =Py

g SRt 0.00267 MeV™2  —0.001078 MeV 2
@ 513;;92 —0.00178 MeV 2 0.0019 MeV 2
g+3imgs 3T —0.00160MeV?  —0.0019MeV >

14532 —s1)

0+ W)

A% sin <s0 In
J1 +s3(l —s51)

1~|—s(2)(1 —51)
Z—v)
ﬁ t s
1+s(2)(1 —51)

1

— arctan(sg)

1

— arctan(sg) | + b o7

)

() o)
SYES E—"
() o)

(

which makes the subleading behavior from Hypo(A), from
the last two lines of Eq. (97), apparent for small cutoffs. Thus
for g; in the 2S,— *Py, channel the NLO PV scattering
amplitude is plotted in Fig. 5, and subleading behavior from
Hnio(A) leads to first-order poles that are apparent only
at small cutoffs. Overall, good agreement is found between
the analytical and numerical calculations for the asymptotic
behavior of the NLO PV scattering amplitudes. The slight
disagreement at large cutoffs for the g; LEC in the 2s, n—> ip, /2
channel is a numerical issue occurring at the poles of the NLO
three-body force and stemming from numerical fine tuning.
Changing the number of mesh points can noticeably change
the appearance of this discrepancy, and further methods will
need to be developed to deal with it properly.

Since D72 and H'P~ are zero for 81, E'Pr is the only
contribution to the divergent asymptotic behavior in Eq. (97).
However, if p, = p, then this term is also zero. Therefore, in
the limit p, = p, there is no divergence for g; in the le/2 —
4P1/2 channel and this is observed numerically. It should also
be noted that in the Wigner limit (y; = y;) the last two lines of
Eq. (97) for g in the 2§ 1) —> 4P » channel disappear since the

4
contribution to D_ " from g1 comes with a factor of y, — y;
in front. This means that in the Wigner limit the asymptotic
behavior for g; in the 2S1/2—>4P1/2 contains no contribution
from Hynpo(A) and hence has no poles even at small cutoffs,
as is visible in Fig. 6.

Overall it is found that the NLO PV scattering amplitude in
the 2S 1y —> 2P1/2 and %S 1> 4P1/2 channels diverges like A%
for large A. To remove this divergence a NLO PV three-body
force will be required. The LO PC quartet S-wave channel
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FIG. 5. Asymptotic behavior of the NLO PV scattering amplitudes for two-body PV LECs. The black dots represent the numerical
calculations and the red lines the analytical predictions. Plots on the left (right) are for the 2S1/2—> 2P|/2 (251/2 —>4P1/2) channel. For each

plot, the titled LEC is set to one and all other LECs to

goes asymptotically like g—316022

instead of ¢~! as in the
LO PC doublet S-wave channel [44]. Therefore, NLO PV

zero. k* =1 MeV and E* =

§ (k*)Z

4 My

scattering amplitudes in the channels *Sy, — 2Py, and *Sy, —
4P1/2 converge as A — oo, and this is observed numerically.

All P-wave to D-wave transitions up to NLO also converge as
A — 00, and this is observed numerically and can be shown

054001-13

v
My

analytically using the asymptotic form of the Ws and Was D
wave given in Ref. [44].

VI. OBSERVABLES

To calculate PV observables, the scattering amplitude
My wtymy.m, 0 the spin basis is related to the scattering
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g1 (0 =) where m; (m;) is the initial spin of the deuteron (nucleon)
and m} (m}) is the final spin of the deuteron (nucleon). The
amplitude M ¢ is related to the numerically calculated

0.01 | )

. ; scattering amplitudes by

* ¢

< 00 | /] Mi.g 15 = Ziotis 1s(k. p. E). 99)
f» K where Z; o is the LO deuteron wave function renormalization
ii/m 0 "'... ; | in Eq. (7) and t],g, , s(k, p, E) can be either PC or PV. One
= 3 ! possible PV experiment is neutron spin rotation through a deu-
BT kY ; terium target. In this experiment, the de Broglie wavelength of
%E -0.005 kY f the neutron must be larger than the average spacing between
L deuterium atoms so that the neutron interacts coherently.
001 ‘ ‘ ‘ ‘ v Thus the neutron must have low energies for which only S
103 104 105 106 107 108 109 and P waves are relevant. Spin rotation has been calculated
AMeV| previously in EFT(sf) using only S and P waves [26,27].

However, there are other PV observables that are preferable

FIG. 6. Asymptotic behavior of the NLO PV scattering ampli- to perform at higher energies for which D-wave contributions

tude for the )/, - *Py/, channel and the LEC g, in the Wigner limit ~ are more relevant. One such observable is the longitudinal
* 2 N . .

(y, = v5). k* =1 MeV and E* = %(&f - AVT'N asymmetry, f.\ﬁd, which is the asymmetry constructed from

the cross sections of the deuteron unpolarized and the nucleon

. . o polarized along and opposite the scattering axis. In terms of
amplitude in the total angular momentum basis via the scattering amplitude in the spin basis, AN is given by
Zm’pm/z ZWH ,mz(_l)%7’112 f dQ|M'"’1v’",23ml'm2 |2

- — L 5 .
- Z Z Z Z Z 2L+1 CWLI e mSC;ﬂl' ";2, s Zm’pm/z Zml,mz f dQ|Mmi,mé;l711,11zz|
(100)

J LL S.S msmy my

Mm’pmé;ml,mz A
A =

Using Eq. (98), A]Z’d , in terms of scattering amplitudes in the

0,mg, M Iy 1 m J
xCrsi Cuisy i Y10, )My 15, ©8) partial wave basis, is
J
AN _ el (M2, | +M? v\ +ova(mr o+ (M% *
L3 03.03 Tz 13 JAUT1.03 R ERE) AN ERT

2

2
i|, (101)

1
RE

3
2’M7
+2|MZ, s

% 2
M
[

where all partial waves up to and including D waves have been summed over. By using Eqs. (41)—(46) and the fact that the LO
PC amplitudes are independent of J, this expression is simplified by relating all partial wave channels differing by their J values

to the partial wave channel with the smallest possible value of J.
Another possible PV observable is the PV deuteron vector asymmetry, 7o, which is constructed from the cross sections with

the nucleon unpolarized and the deuteron polarized with spin 1 along and opposite the scattering axis. In terms of the spin-basis

scattering amplitude, Ty is

T]() _ \/>Zm m2 Zmz fdQ(|M’”/ ’"2 1 m2| |Mm/1 mz -1 m2| ) (102)

2
Z:m’],m’2 Zm1$m2 fdQ|Mm'],m'2§m|,mz|
in the Madison conventions [49]. Transforming to the partial wave basis and summing over all partial waves up to and including

D waves gives

—2(M02 o3

054001-14
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3
+2)M0—%,01

2
‘11
22

where again Eqgs. (41)—(46) and the fact that the LO PC
amplitudes are independent of J have been used to simplify
this expression.

To garner insight into the contributions of various LECs
to AM? it is transformed into the large-N¢ basis of LECs in
Eq. (10), giving

AIL’M (N( )A<1> +g(Nc >A(3> + Ts( WG >A<4> +g(Nc )A(S’)
(104)

where 73 is +1 (—1) for pd (nd) scattering. Although
Coulomb contributions are not included, they give correc-
tions of the size My /p. Thus for pd scattering at Ej,, = 1
MeV Coulomb corrections are ~24%, which is less than the
LO error from EFT(jf) power counting, and as the energy
increases contributions from Coulomb corrections become
even smaller. Values of A(L") for various laboratory energies
are given in Table II, and contributions from A(Ll), A(L3), and
A(L4) are roughly the same size at lower energies and notably
larger than A(LS) over all energies. For higher energies the
contribution from A(Ll)
tions. However, since A(LI) corresponds to the only LO(O(N¢))
LEC in large-N¢ counting, the longitudinal asymmetry should
essentially be determined by the contribution from A(Ll) .

Transforming the deuteron vector asymmetry Tjo to the
large-N¢ basis gives

Tio = MOV + g )T(3)+T3<g

starts to dominate the other contribu-

—1
PR (N )T<5>)
(105)
and the contribution from each LEC is given in Table III. The
value from Tl(g) dominates at low energies and the contribution
from TI(OS) is suppressed relative to the other contributions
at low energy. Despite Tl((f) being the dominant contribution

at low energies it becomes comparable to Tl(ol) at higher
energies, and since g(lNC) is the only LO(O(N¢)) contribution

TABLE II. Coefficients in front of LECs in large-N¢ basis for
nucleon longitudinal asymmetry AN 4 [see Eq. (104)].

2
}, (103)

in the large-Nc basis its contribution should be the important
contribution for all energies. )
Using the experimental bound for Aid [18],

AP (B, = 15 MeV) = (—3.5+£8.5) x 1075, (106)

and noting that it is primarily determined by the LO(O(N¢))
large-N¢ contribution g(lNC), the bound

(Nc)

=(3.74£9.0) x 107" MeV~! (107)

is placed. Combining this bound with the experimental value

of pp scattering at 13.6 MeV [17],
AP (B = 13.6 MeV) = (—0.93 £0.21) x 1077, (108)

and the theoretical EFT(jt) prediction in the large-N¢ basis
(201,

APP(13.6 MeV) = [602.7g") + 904.0¢0¢) — 602,82
+904.0g '] MeV, (109)
gives the value
e = (~1.3+£0.83) x 1071 MeV~! (110)

for the remaining LO(O(N¢)) LEC in large Nc. In this anal-
ysis all NZLO(O(N’I)) LECs in the large-N¢ counting are
dropped. This bound for g( ) and prediction for g(N‘) are also
consistent with the bound from the asymmetry of circularly
polarized photons in np — dy near threshold [24],

P,=(18+18)x107,
which in EFT (5t ) in the large-N¢ basis is given by [19]

(111)

P,(np — dy)
= [-2804g% — 12830 — 36595 ] MeV.  (112)

Finally, I consider the impact from the recent results of the
NPDGamma experiment. The photon asymmetry A, innp —

TABLE III. Coefficient in front of LECs in large-Nc¢ basis for
deuteron vector asymmetry i, [see Eq. (105)].

Ei, MeV) Ei, (MeV)
1 2 3 5 10 15 1 2 3 5 10 15
AV 2174 2965 —363.1 —4934 7524 -942.6 T 1058 156.8  206.7  306.5 460.3  572.8
AP —1915  -256.1 —309.5 —4249 5753 —6364 T’ 81.05 117.0 1548  243.0 2926  283.0
AP 2516 2994 3340 3956 4954 5680 T\ 287.1 3369 3741 4507 556.0  618.6
AP 29.16 45.49 60.33 77.10 1992 3445 T 2788 —44.69 —5841 —71.41 —188.6 —326.0
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dy was calculated previously in EFT (st ) [19], and in the large-
N¢ basis yields

NH

A, =22287) MeV. (113)

Matching to the experimental [13] value in Eq. (2) gives the
LEC value

gD = [~ 1.4+ 0.63(stat.) = 0.09(syst.)] x 1071 MeV~".

(114)
Comparing this to the bound on g(NC) Eq. (107), and the
prediction for g(N‘) Eq. (110), it is apparent they are of similar
size, in disagreement with large-N¢ counting. Another recent
preliminary analysis also shows inconsistencies in the large-
N¢ counting [50].

VII. CONCLUSION

Investigating the asymptotic behavior of the LO PV scatter-
ing amplitude, it was shown that no LO three-body PV force
is required, in agreement with GrieBhammer and Schindler
[28]. Continuing the asymptotic analysis to NLO, it was
demonstrated that a NLO PV three-body force will be needed
to absorb divergences that scale roughly like A%2? in the limit
A — oo, which disagrees with the claims of GrieBhammer
and Schindler [28]. The arguments made by GrieBhammer
and Schindler relied on the use of Fierz rearrangements and
the Wigner basis structure of PV three-body forces. However,
Fierz rearrangements carried out separately in the SU(2) spin
and isospin space do not preserve Wigner basis structure and
Wigner-SU(4) symmetry, invalidating their claims. Therefore,
to predict PV observables to LO (~30%) only five two-body
PV LECs will be needed, but to predict PV observables for
nuclear systems with A > 3 to NLO (~10%) will require at
least one additional PV three-body force. Ideally, this PV
three-body force should be fit to three-nucleon data and should
be addressed once such data becomes available.

Building on the work of Refs. [26,27], the calculation of
PV Nd scattering was extended to include thee-body P- to D-
wave transitions. Using these new transitions, the longitudinal
asymmetry AM and the deuteron vector asymmetry T} were
calculated to higher energies than in Ref. [27]. Since the
Al =2 LEC is suppressed in three-nucleon systems, only
one LO(O(N¢)) in large-No LEC, g(lNC), appears at LO in
EFT(zt). Over a wide range of energies this work finds A}
and Tyo should essentially be dominated by the LEC g(NC) in
the large-Nc basis. Using this fact with an experimental bound
for AP at 15 MeV [18] gives the bound g™ = (3.7 £ 9.0) x

J

10~'"" MeV~!. Calculations here did not include Coulomb
corrections for pd scattering, but at laboratory energies of
15 MeV Coulomb corrections are roughly a ~6% effect
and can be ignored compared to the LO EFT(jf) error of
~30%. Isospin breaking effects in the PC sector should also
only contribute a few percent and can be ignored. With this
bound and the experimental measurement of pp scattering
at 13.6 MeV [17] the value for the remamm}& LO(O(NC))
LEC in large N¢ can be predicted, yielding g2 —1.3+
0.83) x 107! MeV~!. Fitting to the recent measurement
of A, [13] for ﬁp—> dy from the NPDGamma Collab-

oration gives g( h = = [—1.4 £ 0.63(stat.) = 0.09(syst.)] x
1071 MeV™" for a N’LO(O(N;")) in large-Nc LEC. The
LO(O(N¢)) and NZLO(O(Ng ) LECs in large- N¢ appear to
be of similar size, in apparent contradiction with the large-N¢
hierarchy.

In this large-N¢ analysis the experimental data are at labo-
ratory energies of 15 MeV in the Nd system and 13.6 MeV in
the NN system, which are equivalent to c.m. momenta of 112
and 80 MeV respectively. These momenta are both less than
the naive breakdown scale of EFT(jt)Ay; ~ my, but are close
to it. A rigorous analysis of errors both theoretical [51,52]
and experimental should be carried out in future and could
potentially mitigate some of the observed discrepancy in large
Nc. More experiments of few-body systems at lower energies
will make an analysis of the relative scaling of LECs clearer.
It should also be noted that the factor of sin? 6y in the g(NC)
coefficient is observed to be unimportant at hadronic scales
[11]. If this pattern applies to the isovector LECs then the
large-N¢ scaling of one of the two isovector LECs would be
suppressed by only a factor of 1/N¢ vs the current 1 /Ng rela-
tive to the LO(O(N¢)) in large-N¢ LECs. This would also help
to mitigate the observed discrepancy in large Nc. However,
this analysis suggests disagreement between experiment and
the current large-N¢ analysis of the five PV two-body LECs,
in agreement with another preliminary analysis [50].
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APPENDIX A: PROJECTIONS

1. Parity conserving

Following the methods of Ref. [35], the projection for the LO PC kernel in angular momentum and isospin is

[Kpci’S’T’,LST (k, p, E )]xy

— X
=27 55)71—)(1—)1<4{
y

N o=

1

L ®I—
[STER ST

4 Hio(A)

3 (AD)

1
} EQL(a) + 5L05SI/25T1/2> dr1/8ss'8r7,

ST STE
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where T (T") is the total initial (final) isospin of the Nd system. The values of x and y pick out the matrix elements in c.c. space,
where x = 1 (y = 1) refers to an initial (final) spin-triplet dibaryon propagator and x = 0 (y = 0) to an initial (final) spin-singlet
dibaryon propagator. In the Legendre function of the second kind the value of a is given in Eq. (40).

2. Parity-violating
The LO PV kernel projected out into angular momentum and isospin is split into three parts:
J 7 an/ -/
[Kevisr sk, p, E)]xy = [KPVL’S/T/,LST(k’ P E)]XV + [KPV vs st ks Ps E)]xy + [KPV vst.Lsr ks Ps E)]xy’ (A2)

where parts (I), (II), and (IIT) are the contributions from the two-body PV LECs g1, g», and g3, g4, and g5 respectively. Each part
can then be split up into a contribution from each of the tree-level diagrams (a) and (b) shown in Fig. 3:

x)7 _ e’ (@ x)/ ®)
[KPV vst.st ks P E)]Xy = [KPV vst st ks P, E)]Xy + [KPV vst.sr K P E)]Xy ’ (A3)
where X = I, II, or III. The contributions from diagrams (a) and (b) can be related by time reversal symmetry, giving
J ®) J (a)
K&V ssr ke p.B)] = K sr s 0ok D] (A4)

For diagram (a), the kernel for X = I is given by

J (a) _ —— S S/
I:KI(DI\)/L/S’T/,LST(k’ I E)]xy = (=) ST —xxS/L{ o L}Cg:?:g,arr/ély(Ssl/z[ZkQLr(a)—i—pQL(a)]gl, (AS5)

for X = II by

1 1
J (@) g — | 3 3l (s 1 s)fi-x L
[KI(DI\I/)L/S/T’,LST(kvp,E)]xv S g PAV —xSS/L’{l ; i“% S S/}{L J LH 1T %}
- 2
X 81y871,Cp 1 [2kQp (@) + pOL(a)]g., (A6)

and for X = III by

J (@) ' =[x 1 SV[(s 1 S
[KSSQ,S,T,,LST(k,p,E)]xy = (—1)¥*HS ’2¢3xSL'{1 Z ;}{ . 7 L,}CB:?{,"Lao_vasu/z[pQL(a)+2kQL/<a>]
x (1;% O, Y)gs + I (x, y)ga + Iy (x, y)gs), (A7)

where the isospin projections are given by

0 ——[1-y 3 3
Ip e, y) =2y T—xT —y L (8T, (A8)
1—x T 2
(1) L _yt1 TSy % % 1 1- y T’ mr,0,myr
Ipp(x,y) = (—1)2 6\ 21 —xT Lx 7 ] ? T L (G (A9)
2
and
1 1 1 ’
| , — 2 2 2 1— r mr,0,myp
1;%fT(x,y):(—1>z”*T6\/1o1—xr{l ; f”; Ty 1}CT330T’,T. (A10)
i 1
2

APPENDIX B: ASYMPTOTIC ANALYSIS OF PC AMPLITUDES

Expanding the LO quartet P-wave and the LO Was doublet P-wave scattering amplitude in the asymptotic limit, g ~ p > k,
E, y,, and y;, gives

1

iy 1x(P) = A I/wdQQl(q-i-p)ch; (@) + * 12 (vi+3 IJ/)/oodqu1<q+p>ch; (q)

- = - - = =\ 1LVs - - - 5
X V3rpJo p q) ¥ V3 p/3 Pl g \p )T
(B1)
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where the y; + 5;(%% term comes from expanding the dibaryon propagators, and X = % X = %) for the 2P1/2 (4P1/2) channel.

. ! g Py, . I .
Taking the ansatz tpc{y 1y (P) = B p ol B_ll/‘ p 12 and making the substitution ¢ = xp gives

tp P, 4 xp o [ I\ _._ 4 xp 5 [ 1\ _._
B Pl/zp S 1 + 37 /Zp 51 2 — B Pl/zp S 1 / dx Q (x + _)x 51 1 + B7 /2p S 2/ dx Q (x + _)x 51 2
: NeE: 0 A N 0 T
+ iByPl/gp—sl—zi(y + 8y 1 )/) /oo dx Q1| x+ 1 x—Sl—Z (B2)
NEY N R A x '

The resulting integrals are Mellin transforms defined in Eq. (65), solved in Ref. [44], and give the solution
Bi?p,/zp—sl—l + Bipll/zp_sl_z

(v +8x17s)

NG MI1, —s1 —1]. B3)

1 XPIQ —s1—1 1 XP‘/Z —s1—2 Py =2
= EB 2p M[l,—Sl]-i-EB_] D M[1, —s; — 11+ B "'2p

Equating polynomial coefficients on both sides gives the transcendental equation
LML, =51 =1 (B4)

for the value of s, and

XPI/Z _ B)?p]/z (Vl‘ + SX%J/A) M[l, —s1 — 1]

B :
- V3 L= MIL - - 1]

(B5)
APPENDIX C: ASYMPTOTIC ANALYSIS OF PV AMPLITUDES

To ascertain the asymptotic behavior of the LO PV scattering amplitude due to the two-body PV LECs, one looks at the
inhomogeneous part of Eq. (67), which gives

A
57 | da aKwevis 15(q, p. EY)DW(E, Qtwecys sk, g, E). (Cl)
0

The leading contribution to the Was part of the 25, — *Pi/, and *Sy, — *P,, PV scattering amplitudes comes from the Ws part
of the 251/2 PC scattering amplitude that scales like C¢**~! in the asymptotic limit. Expanding the inhomogeneous term and the
kernel in the asymptotic limit gives

L:Was 4 (% 10 x q P @) q P o1, 4 1% q P\, lwas
14 2’ = — d — — - | — - — C 50 _— d - — |5 2’ s
Mot P = /0 qp[ was PO, g )~ e 4@+ ) GO A P/o Wt )P @
(C2)

where the coefficients f) and g\x) can be read off from Eqgs. (69) and (71) for the 2Si;,— 2Py, and 2Si;,— *P,, channels

1. ¢ .
respectively, and their values are given in Eq. (82). Making the ansatz fpy lzxuglf (p)=H P p"*" and setting g = xp gives
()

¢ . 4 . e 1 . 1 . 4 ¢ . o0 1 .
HxPl/Zplso — \/gnpmoc'/(; dx|: é})‘iz QO (.X + ;>x1sol _ g(V)V(a)s Ql (x+ )_C)xlso:| + \/gonpl/zpzsg/O dx Ql (x+ ;)xmo'

(C3)
Dividing out p™ and using Egs. (63) and (65) and the fact I(isp) = 1 gives
H'Me = 1O f8) — g, MULiso + 11} + 2H' P2 M1 iso + 11, (4

and solving for H P, gives the value in Eq. (81).
The leading contribution to the Was part of the 2P, g 28, » PV scattering amplitude comes from the Was part of the ’p ;, PC
scattering amplitude that scales like B 72¢~*~! in the asymptotic limit, while the leading contribution to the Was part of the

*P,,— 28/, channel comes from the Ws and Was *P,, PC scattering amplitudes, which are the same and scale like B Vgt
in the asymptotic limit. Expanding the inhomogeneous term and the kernel in the asymptotic limit gives

Lowas 4 (17 x q , p ) g, P\ r, st
tPVZ’ (P) = _/ dq_|:a as qQO —+=)-0 as le -+ = B 1/2q B
07.1X VarJo TpLl" P g W P q

. 1/wd 0o L+ 2 )ipv "™ (g (C5)
e NPT g ) Nor
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where aé‘,a)s and b( ) can be read off from Eqs. (70) and (72) for the 2P, = 28, /, and 4P1/2 —28 ), channels respectively and are
L.was X . .
given in Eq. (79). Taking the ansatz fpy éiwlx (p) = E P p~* and setting g = xp gives
3

2 4 b 1 1
E P1/2 St — iR PI/Z/ b(X) - —s1—1
p «/§71p A x| ay Qo x+ was Q1 x+x X

A P p=si /Oodx Qo (x + l)x_‘”. (C6)
NEL 0 X
Using Eqgs. (63) and (65) gives
EPp — %B*Pvz{agi; I(1 = 5y) — b M1, —sl]} — LE" PRI — 5y, (7

and solving for EPn gives the value in Eq. (76).
The leading contribution to the Ws part of the 2P, > 25, /, and ‘p > 25, /» channels is the same as the Was part. Expanding
the inhomogeneous term and the kernel in the asymptotic limit gives

Liws 4 R N IS 9_7p x) + P B Pyt
tov., <>=—/ d [“(s Q(‘ = by, pQ B fig™
PVl ix p N q— | aws 9%0 » ' g 1 q q
4 2(% + Sxé)’s) | q b
* 2 / dq [a(XY) Q0<_ ) b(X) Ql< )]B Pl/2q7s}72
V3t 3 o pL™ P q q
4 /OO 1[ o0 <q P> ) AP
+ dq—|ay, qQo| — by, PO B_\"q™"
Var Jo w P q Ty !

8 1 [ q p) 8 2(yz+ys)l/ 1 (q p) Lws
+— | d 1 t Y dg-0o[ L + = )1
fnpf CIQo(p p on 1X( q) NS Cquo A on 1x(q)

8 2(7/1 - Vs) 1 /oo 1 (q p) 1\Was
S dg=0o L+ L)ty , C8
f]‘[ ﬁ p o quO p q PVO%,]X(Q) ( )

where the subleading behavior from the dibaryon propagators and the x Py, PC scattering amplitude are included. The value

. 1w, ¢ < <P . .
Sy:=1— X3 Making the ansatz tpvé;"]‘x (p) = DXPI/Zp_él 4+ D "2 p==1 and setting ¢ = xp gives

2 X 4 2 1 1
D'Pep= 4D pil = NN p'B PI/Z/O I:an)Q() <x + ) = b0 (x + )—C)xs‘l]
N
2 8(]/1 + S)(i VA) 1 1
+ 751713 P]/Z—Z/ X) + b(X) s1—2
P e ) anenlx 0 x
4 1. Xp 1\ _._ x 1\ .
+——pu-lp’ /2/ dx|:a )0 <x+ ) si=l b( )Q ( )x 5 2]
\/gnMN 0 e 20

b p' e / oodeo<x+ 1) S p P‘/2 p! / oodeo(erl)x-Sl—l
V3n 0 NEE 0 X
0 X

(ST

V3t V3
8 2y —vs) Xp __1/00 < 1>__1
4+ — =0 VR Py dx Qo x+ — Jx~ 7. (C9)
N /3 p A 0 X
Finally, using Eqgs. (63) and (65) and collecting the coefficients of polynomial terms gives
D' = 3B M fafO10 = 1) = MU, =511} + D" Pa1(1 = ), (C10)
and ( _ )
% 127 +0x3%5) b
Df;l/z — 5<tTXZBXPI/2 +Bf;1/2) {aWs)I( s1) — bE,VX;)./\/l[l, —5 — 1]]
X 2 0 X 2 — Vs X 2
+D P]/ZMI(_Sl) +E Pl/zwj(_sl) +D_I:1/“[(—S1) (C11)

V3 V3

P2 in Egs. (75) and (77) respectively.

‘ %
giving the solutions for D"z and D_
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