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I. INTRODUCTION

Three-nucleon forces (3NFs) are an indispensable ingredi-
ent in accurate few-nucleon and nuclear structure calculations.
In particular, the three-nucleon system shows clear evidence
for 3NFs (see the recent general introduction [1]). Chiral
effective field theory is the appropriate tool to analyze nuclear
forces. Precise two-nucleon potentials have been developed
at next-to-next-to-next-to-leading order (N?LO) in the chiral
expansion (see Refs. [2,3]). Three-nucleon forces first appear
at NZLO in the Weinberg counting scheme [4,5] and have been
analyzed and scrutinized in Refs. [6—11]. There are various
reasons for improving the theoretical precision of these 3NFs:
1. One should utilize the two- and three-nucleon forces at the
same order in the expansion. 2. There are some outstanding
discrepancies between theory and experiment such as, for
example, the recently measured differential cross section in
deuteron breakup at low energies [12] or the long-standing
Ay puzzle [13,14]. 3. The theoretical uncertainty employing
only the leading 3NFs quickly grows with increasing energy
if one investigates, for example, nucleon-deuteron scattering
or breakup. It is therefore timely and necessary to derive the
chiral 3NF at N3LO. In this work, we focus our attention
on the long-range contributions at this order, which are free
of unknown coupling constants. Here, we consider the chiral
effective Lagrangian with pions and nucleons. The precise
relation of the results presented here to an effective field theory
also including spin-3/2 degrees of freedom will be the subject
of a subsequent paper.

As we will show later, there are five different topologies
contributing to the 3NF at N3LO. From these, three topologies
make up the long-range contribution, which is defined by not
including any multinucleon contact interactions. This long-
range part is given by two-pion (27) exchange graphs, two-
pion-one-pion (2w-17) exchange graphs, and the so-called
ring diagrams, where the pion loop connects all three nucleon
lines. The first type of graph has recently been considered
based on the so-called infrared regularization in Ref. [15], we
will compare our results to that work in the following. The
spin-isospin structures originating from ring diagrams with
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one explicit delta intermediate state have been incorporated
in the Illinois 3NF model [16]. Earlier, Coon and Friar [17]
systematically constructed the 1/m (with m the nucleon mass)
corrections to the 27 exchange 3NF, and the so-called drift
effects resulting from the boost of the two-nucleon force were
worked out in Ref. [18]. We will compare to these works in our
subsequent paper, where we discuss the shorter ranged part of
the 3NF at this order and the corresponding 1/m corrections.
Notice further that ring diagrams have already been studied
in the pioneering work of Ref. [19]. As the authors of this
work concentrated mainly on the contributions from the Ps3
7 N partial wave, a direct comparison with their results is only
meaningful by using an effective field theory with explicit
delta degrees of freedom. In addition, the authors of Ref. [19]
do not provide the momentum-space expressions and do not
explicitly carry out the spin-isospin algebra.

This manuscript is organized as follows. In Sec. II we
first write down the effective chiral Lagrangian and discuss
the general structure of the 3NF at N3LO. In the subsequent
Secs. II A, I B, and II C we give our results for the 2, 27 -1,
and ring graphs, respectively, both in momentum- and
coordinate-space representations. We end with a summary
and conclusions in Sec. IIl. In particular, we make some
comments on the 3NF arising in an extension of this work with
explicit delta degrees of freedom. The lengthy expressions for
the momentum-space representation of the ring diagrams are
relegated to the Appendix.

II. LONG-RANGE CONTRIBUTIONS TO
THE 3NF AT N°LO

The calculations performed in the following are based on
the effective chiral Lagrangian for pions and nucleons. We
employ here the heavy-baryon formulation and display only
the terms of relevance for our study:

£=LA=O+£AZI+£A=2+"',
2

LA=0 — FT(V”UV,LUT + X))+ NGv-D+gau-S)N
+ ...,

LA = N (e1{x+) + 20 -u)* + c3u - u
+ c4[S*, S“]uﬂuv) N-+...,

L7 = N (di6S - u(x+) + idisS"[Dy., x-1
+d(i(x4)v-D+he)+.. )N+..., (21
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FIG. 1. (Color online) Various topologies that appear in the 3NF at N°LO. Solid and dashed lines represent nucleons and pions, respectively.
Shaded blobs are the corresponding amplitudes. The long-range part of the 3NF considered in this paper consists of (a) 27 exchange graphs,
(b) 2r-17 diagrams, and (c) the so-called ring diagrams. The topologies (d) and (e) involve four-nucleon contact operators and are considered

of shorter range.

where the ¢; are low-energy constants and N, v,,, and S,, denote
the large component of the nucleon field, the nucleons four-
velocity, and the covariant spin vector, respectively. We use
standard notation: U (x) = u?(x) collects the pion fields, u w =
i(u'd,u —ud,u’), x4 = ulxu' + uy'u includes the explicit
chiral symmetry breaking resulting from the finite light quark
masses, (...) denotes a trace in flavor space, and D, is the
chiral covariant derivative for the nucleon field. Notice further
that the first terms in the expansion of U (;r) in powers of the
pion fields read

1 n?—

2F2" F3 P

U(n)—l—i——r T ——
Sa—l
8F3

where T denote the Pauli isospin matrices and « is an arbitrary
constant. For further notation and discussion, we refer to
Ref. [20]; a recent review is given in Ref. [21]. Following
Weinberg [4,5], we define the dimension A of the Lagrangian
via

+ Tt

2.2)

A=d+1in-2, (2.3)

where d and n are the number of derivatives or insertions of the
pion mass M, and nucleon field operators, respectively. The
pertinent low-energy constants (LECs) of the leading-order
effective Lagrangian are the nucleon axial-vector coupling
ga and the pion decay constant F;. Notice that although all
couplings and masses appearing in the effective Lagrangian
should, strictly speaking, be taken at their SU(2) chiral limit
values, to the accuracy we are working, we can use their
pertinent physical values. In addition, we have the LECs
dg, dis, and dg from the 7 N Lagrangian at order A = 2. The
ellipses in the parentheses in the last line of Eq. (2.1) refer to
terms proportional to the LECs d; 53 5,14,15 and 324.26,27,23,30,
which generate w7 N N vertices [20] but do not contribute to
the 3NF at N°LO as will be shown later. We also omit in
Eq. (2.1) pion vertices with A = 2 and proportional to the
LECs I3 4, which do not show up explicitly in the formulation
based on renormalized pion fields at the considered order; see
Ref. [22] for more details.

For a connected N-nucleon diagram with L loops and
V; vertices of dimension A;, the irreducible contribution'

I'This is the contribution that is not generated through iterations in
the dynamical equation and that gives rise to the nuclear force.

to the scattering amplitude scales as Q", where Q is a
generic low-momentum scale associated with external nucleon
three-momenta or M, and

v=—4+42N+2L+) VA 2.4)

Consequently, at N3LO, which corresponds to v =4, one
needs to take into account two classes of connected diagrams:
tree diagrams with one insertion of the A = 2 interactions
and one-loop graphs involving only lowest order vertices with
A = 0. Notice that it is not possible to draw 3N diagrams
with two insertions of A = 1 vertices at this order. We further
emphasize that similar to the case of the leading four-nucleon
force considered in Refs. [23,24], disconnected diagrams lead
to vanishing contributions to the 3NF and will not be discussed
in what follows.

The structure of the 3NF at N3LO is visualized in Fig. 1
and can be written as

“) “) “) 4 ) () “)
V3N - V + VZJ{ &4 + Vr&n)g + Vlﬂ -cont + V271 -cont + Vl/m'
(2.5)
Whereas the 2m-17, ring, and two-pion-exchange-contact
(27 -cont) topologies start to contribute at N*°LO, the 27 and

one-pion-exchange-contact (17 -cont) graphs already appear at
N2LO, yielding the following contributions to the 3NF [6,8]:

Vo _ B aibD
8F7 [af + M2][q5 + M7]
x [t1- 73 (—4ei M2 + 2634, - §3) 26
+c4T) XT3 T §1X§3'52]’ .
1(73r)-com = gAD % qg 1 T3 013,

8F2 q3 —i—M2

where the subscripts refer to the nucleon labels and g; = p —
Pi, with p} and p; being the final and initial momenta of the
nucleon i. Further, g; = |¢;|, o; denote the Pauli spin matrices,
and D refers to the low-energy constant accompanying the
leading m NN N N vertex. Here and throughout this work, the
results are always given for a particular choice of nucleon
labels. The full expression for the 3NF results by taking into
account all possible permutations of the nucleons,? that is,

Vsl = V3 + all permutations. .7

2For three nucleons there are altogether six permutations.
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FIG. 2. Two-pion exchange 3N diagrams at N*LO. Solid dots (filled rectangles) denote vertices of dimension A; = 0 (A; = 2). Diagrams
that result from the interchange of the nucleon lines and/or application of the time-reversal operation are not shown. For remaining notation

see Fig. 1.

In this work, we focus on the long-range contributions
V;i), Vz(i)_m, and Vr(iﬁ?; resulting from diagrams (a), (b), and
(c) in Fig. 1, respectively. The remaining terms resulting from
graphs (d) and (e) in Fig. 1 and the relativistic 1/m corrections

will be discussed separately.

A. Two-pion exchange topology

The 27 exchange diagrams at v =4 corresponding to
topology (a) of Fig. 1 are depicted in Fig. 2. We do not show
graphs involving tadpoles at pion lines, which just renormalize
the pion field and mass (see Ref. [22] for details). A close
inspection of the diagrams in Fig. 2 shows that most of them
do not generate 3NFs. First, the contribution from graphs
(12)—(17) involves an odd power of the loop momentum !

to be integrated over and thus vanishes. Second, diagrams (1),
(2), 4), (8), (10), (30)—(32), (34), and (35) just renormalize
the external nucleon legs. Similarly, Feynman diagrams (3),
9), (22)—(24), and (26)—(28) lead to renormalization of the
leading pion-nucleon coupling without producing any new
structures. All these contributions are taken into account by
replacing the bare LECs in the leading 2w exchange 3N
scattering amplitude by renormalized ones. This suggests
that there are no N®LO corrections to the 3NF from these
graphs since the 2w exchange 3N diagrams at order v = 2
do not generate any nonvanishing 3NF. Given the fact that
nuclear potentials are, in general, not uniquely defined, this
argument based on the (on-shell) scattering amplitude should
be taken with care. We have, however, verified that this is
indeed the case by explicitly calculating the corresponding
3NF using the method of unitary transformation along the
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FIG. 3. 27-17 diagrams at N*LO. Graphs resulting from the interchange of the nucleon lines are not shown. For notation see
Figs. 1 and 2.

lines of Ref. [24]. From the remaining graphs in Fig. 2, diagram
(11) does not contribute at the considered order owing to the
1/m suppression caused by the time derivative entering the
Weinberg-Tomozawa vertex.? For the same reason, diagram
(25) also leads to a vanishing result at the order considered.
Here, the time derivative acts either on the pions exchanged
between two nucleons, leading to a 1/m suppression, or on
the pion in the tadpole, giving an odd power of the loop
momentum [° to be integrated over. Further, it is easy to see
that Feynman diagrams (18) and (21) also do not contribute.
Diagram (29) involves one insertion of the mw N N vertices of
dimension v = 2. The relevant vertices are proportional to the
LECs d1,2,3,5,14,15 and 6?24,26,27,28,30~ The corresponding 3NFis
shifted to higher orders since all these vertices involve at least
one time derivative (see Ref. [20] for explicit expressions).
Last but not least, we also found that diagram (33) does not
generate any 3NF. Thus, we are left with diagrams (5)—(7),
(19), and (20). The 3NF contribution from diagrams (5)—(7)
can be evaluated straightforwardly by using the expressions
for the effective Hamilton operator from Ref. [24]. Diagrams
(19) and (20) do not involve reducible topologies and can
be evaluated by using the Feynman graph technique. Notice
that the individual contributions from graphs (19) and (20) in
Fig. 2 and from diagram (20) in Fig. 3 depend on the
arbitrary constant ¢, which specifies the parametrization of the
matrix U [see Eq. (2.2)]. Clearly, their sum is «-independent.

3This graph does not involve reducible time-ordered topologies. Its
contribution to the nuclear force is, therefore, most easily obtained
by using the Feynman graph technique. The 1/m suppression from
the time derivative entering the Weinberg-Tomozawa vertex follows
then simply from the four-momentum conservation.

We are now in the position to present our results. The
expressions for diagrams (5)—(7) and (19) can be cast into
the form of Eq. (2.6), leading only to shifts in the values of
the LECs ¢;:

2 4
_ gAMn _ gAMn
— = — s — = —+ s
AT AT g T TS T en 2
4
_ 8a M
C4 —> C4 = C4 — , 2.8
e 19 (2.8)

with 8¢; = —0.13 GeV~! and 8¢5 = —8cs = 0.52 GeV~L.
These shifts are of the order of 20% to 30% of the correspond-
ing LECs and thus cannot be neglected in precision studies
of 3NFs. In contrast to this, the contribution from graph (20)
takes a more complicated form compared to Eq. (2.6) and is
given by

8j o141 03 - q3
2567 F? [qi + M7][a3 + M7]
x [T1 - 13(Mz (M2 + 3q] + 343 + 441 - G3)
+(2M? + 47 + g3 + 241 - 43) 2.9
x (3M3 + 347 + 345 + 441 - 43) A(g2))
— T XT3-T2q1 X G302
X (M + (AM7 + g7 + g3 + 241 - §3)A))].

@ _
VZJT -

Here, we have used dimensional regularization to evaluate the
loop integrals. In this framework, the loop function A(g) is
given by

1
A(qg) = — arctan (2.10)
2q

q
oM,
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We further emphasize that these expressions correspond to
the choice o = 0. Notice also that some pieces in Eq. (2.9)
can be brought into a form corresponding to the 27-17 and
2m-cont topologies by canceling out the pion propagators
with terms in the numerator. The 27 exchange contributions
arising from diagrams in Fig. 2 have also been considered
recently by Ishikawa and Robilotta based on the infrared
regularization [15]. We have verified that the long-range 27
exchange contributions in Egs. (2.6), (2.8), and (2.9) agree with
the ones given in Ref. [15] provided the latter are expanded in
powers of 1/m and the leading terms are kept.

The coordinate-space representation of the 27 exchange
3NF can be obtained in a straightforward way. For the leading
terms in the first line of Eq. (2.6) and the corrections in Eq. (2.8)
one gets

Var (F12, F32)

dq $Pas o i PR
Qn)3 m@l‘“ "2 BTV, (g1, g3)
_ gaM; G1-Via &3 - Vaol Ty - 1346 +26;V12 - V32)
12872 F4 ) ’

+ &1 X T3 T2 Vi X Vay - 52]Uy (x12) Uy (x3),
@.11)

where 7; = o ; 1s the distance between the nucleons i and

j,the X; = M, 7#; are dimensionless distances, the V; acton ¥;,
and x;; = |X;;|. Further, the scalar function U (x) is defined as

U,(x) 4 d3q £l4x/ Mz e~
X)) = — _—
! M, | @n) ¢+ M2

(2.12)

Similarly, for the terms in Eq. (2.9) that do not involve the loop
function A(g,), one obtains

Var (F12, F32)
4247
gAMJr

= _2ATT 5 .V, 55 Va[t) - T3(—1 + 3V
4096713F7§01 12 03 32[1 3( 12

+3V§2 +4%12 . %32) —T1 XT3 1T %12 X 632 . 5.2]
x Ui(x12) Ui(x32). (2.13)

It should be understood that the obtained expressions are only
valid in the region of space where the interparticle distances
are large (i.e., larger than the inverse pion mass). The behavior
of the potential at shorter distances is, in general, affected by
the regularization procedure, which is not considered in the
present work.

To obtain the coordinate-space representation for the terms
in Eq. (2.9) that involve the loop function A(g), it is more
convenient to proceed in a different way to avoid a complicated
angular integration:

Var (Fi2, F32)
d*q1 d’qx d’q3

- 2n)3 27)3 2n)? (271)383(51 + (,_iz + g3 )ei‘}]‘;l

G272

xXe elq3‘r3 V27T (al ’ 62’ 63)
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/d3 / Pq1 dqp d’gs
= ro e
2m)* 2m)* 2m)3

X D70V (G1, G §3)

___ &My o
409673 F2

2%, %32) (3 _ 3V122 — 3V322 — 4V, - %32)

> - . ) )
+11 X1T3:-T2 Vi X V3o -0y (4—V12—V32

iqi1-r10 ,iqg2T20

V12 63+ Va[T1 - 73(2 — Vi — V3

- > 1 R N
—2Vi2: V32)]@/d3)€(/1(|)€12 +x[) Wix)

x Up(|X32 + X ), (2.14)
where
4 d3q - e
Wix) = — | ——=¢€/9%/Mn A(q) = . (215
0 =35 / oy @)=F7 @15

For various techniques to evaluate the integral in the last line
of Eq. (2.14) the reader is referred to Ref. [15].

B. Two-pion-one-pion exchange topology

Consider now the 277 -1 3NF arising from diagrams shown
in Fig. 3 corresponding to topology (b) in Fig. 1. They can be
written in the form

Vor-1n

03 - 43
a3 + M2
+ 62 - q1 Fa(q1) + 62 - 3 F3(q1))
+ 1273 (61 - G1 41 - G3 Falq1)
+ 6143 Fs(q1) + 62 - 41 Fs(q1) + 62 - g3 F(q1))
+ 171 X 127361 X 62 - q1 Fs(q)], (2.16)

[t1-13(02-G1 ¢1 - g3 Fi(q1)

with F) _s(q1) being scalar functions. Using the formal
expressions for the effective Hamiltonian from Ref. [24] we
obtain the following result for the first six graphs:

6
8A M, 2M,
Fi(q) = —
av 2567 FS [4M§ TP
8M; +4qi
= —zq‘A(ql)],
6‘ (2.17)
Fi@) = =352 [3Mx + (8M2 +3¢1) A1)
- 1 g4
a(q1) = —— Fs(q1) = TR FE Alq).
1 T

Consider now diagrams (7)—(15), which involve one insertion
of the Weinberg-Tomozawa vertex. The first three graphs only

064004-5



BERNARD, EPELBAUM, KREBS, AND MEIBNER

contribute to the functions F 3(q;):

M. 2 _4M2
Filgn = —54 | B a g |,
256 FS | g7 q;
4 (2.18)
F(q1) = 256 F6 =AM, + (g7 +4M2)AlqD)].-

We find that diagrams (10) and (11) do not generate a 3NF
whereas the contribution from graphs (12)—(15) has the form

4
128 F6

The next two diagrams (16) and (17) do not involve reducible
topologies and can be dealt with by using the Feynman
graph technique. It is easy to see that their contribution to
the scattering amplitude is suppressed by 1/m owing to the
time derivative that enters the Weinberg-Tomozawa vertices.
The next two diagrams (18) and (19) yield vanishing contribu-
tions to the 3NF for exactly the same reason as do the two-pion
exchange diagrams gi atorder v = 2. Next, the contribution
from diagram (20) reads

Fy(q1) = [Mx + (q7 +2M2)A(g)]. (2.19)

4
Fe(q) =2F(q1) = ¢ 4 F6 [My + (47 +2M3) Ag)],

. (2.20)
Fy(q1) = — 515 Fé [M: + (g7 +4M2) A(qD)].

Here, we again use the choice o = 0. Finally, it is easy to see
that the last Feynman diagram (21) in Fig. 3 yields a vanishing
result at the order considered.

The coordinate-space representation of the 2w -1 3NF can
be obtained straightforwardly by employing the same Fourier-
type integrations as in the the first line of Eq. (2.14). This leads
to the following expression where short-range terms resulting
from constant contributions to F3 3 ¢ 7.3, Which are proportional
to M, are not shown:

Var-12(F12, T32)
4 g7
84 Mn R~
=2 T _053.-V3 21 -
8192713F,§G3 32 (27113
x [62 - Via Viz - %32( — 285U (2x12)
+ (14 g2) Wilr2) + (1 — 2¢3) Wa(x12))
— 26, - Vi@ Wi (x12) + Walx12))
-0y 632(4(1 —283)Wix2) + (1 — 3g3) Wa(xp2))]
—471y-13(g5 01 - Viz Via - Vi Wi(x12)
+ g% a1 - Var Wa(x12) +2 65 - Vip @Wi(x12)

+ Wa(x12)) + 62 - Vaa QWi(x12) + Wa(x12)) ]

M (2 ©)} “
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+7T1 X Ty 7301 X 02 - Via(4Wi(x12)

+ W) Ui (xs). @21)
with
—2x
Wa(x) = —Vﬁwl(w =S+ 2x( + ),
Wi = @ny ¢ [cﬂ g @
672x
— 2Ei(=2x) + (2.22)
and
) ® e~ldt
Ei(x) = — / — (2.23)

We emphasize again that these expressions are only valid at
large distances.

C. Ring diagrams

We now regard ring diagrams shown in Fig. 4, which
correspond to topology (c) in Fig. 1. These are most cum-
bersome to evaluate. The contributions from the first two
diagrams can be obtained by using the expressions for the
effective Hamilton operator given in Ref. [24]. This leads to
the following structures:

. [ 4, 4 4
ring ~ Dopwe | wewiwe wewpwd |’
a c a W, D¢ a c
2.24
, , 4 4 4 (2.24)
Ve =M"|— — — ,
Hng WO W, ©aw) ©

where M’ represents the spin, isospin, and momentum struc-
ture that results from the vertices entering the diagram i and w
denotes the pion free energy, ® = \/q? + M2. By substituting
the expressions for the vertices, the result can be written in the
form

6
1 - = R
Vring = (%) (271:)3 /d3lld3lzd3l353(l3 — I — q1)
x 8 — 1 — 3) v
2~ — 43 )
[+ M2][13 + M2T°[13 + m2]
(2.25)

with the numerator
V=87, Tl x -Gyl x -Gy D13
— 41, ~1371 ~72i1 -7372-13 + 21, xrz~1371
xly-oly Ll I3+ 6l x I3-61 1) x I - 33 1 - I3
(2.26)

©)] (6) M ®

FIG. 4. Ring diagrams at N°LO. Graphs resulting from the interchange of the nucleon lines are not shown. For notation see Figs. 1 and 2.
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Carrying out the two trivial integrations over, say, /; and /; leads
to the standard three-point function integrals. The latter can be
evaluated but the resulting expressions are rather involved (see
the Appendix). It is more convenient to evaluate Eq. (2.25)
in configuration space by using again the same definition as
in the the first line of Eq. (2.11). This leads to the following
compact result:

Viing (F12, 32)

8A d?’ll d3lz d3l3 i7 7 i7, .7 iTh 7

ellrrzz ily-r3) ell3-r|2
2F, (27)3 27)3 (27)3
v
2

[1F + m2][53 + M2]°[5 + M2]
M

409673 F8
X [~4T1 - T3 Vo3 X Vi3 - G2 Va3 x V31 - 53 Va1 - Vi
=271 73 Va3 - V31 Vp3- Vi V31 -V
+ 71X T2 T3 Va3 x Via- G2 Va3 - V31 V31 - Vo
+3Va1 X Via - 61 Va3 X V3103 Va3 - Vio]
x Ui(x23) Ua(x31) Ui (x12),

where the derivatives should be evaluated as if the variables
X12, X23, and X3, were independent4 and we have introduced

X

(2.27)

3 i§-3/ My
Us(x) = 87 M, / (jﬂ‘; i et (228)
97 + M7]

Consider now diagrams (3)—(5) in Fig. 3, which involve one
insertion of the Weinberg-Tomozawa vertex. The correspond-
ing contribution to the 3NF can be evaluated in a similar way
as previously described and by using the explicit expressions
for the effective Hamilton operator from Ref. [24]. We find
that graphs (3) and (4) lead to vanishing 3NF whereas the
contribution from diagram (5) reads

Viing(F12, F32)
4047
= &[211 -1 (Vaz - Va1 Va1 - Vio
204873

— V31 X Vi - 61 Va3 X V31 - 63)
+ 71 X Ty T3 V31 X Vip 61 Vs - V3]
x Ui(x23) Ur(x31) Ur(x12).

Finally, we found that the contributions from the last three
diagrams in Fig. 3 are suppressed by the factor 1/m and,
therefore, need not to be taken into account at the order
considered.

(2.29)

III. SUMMARY AND CONCLUSIONS

In this work, we have derived the long-range contributions
of the 3NF in chiral effective field theory at N*LO in the
chiral expansion. These results constitute the first systematic

“Clearly, the relative distances 7|,, 7»3, and 73, are related via 7}, +
;23 + ;31 = 0
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corrections to the leading 27 exchange that appears at N2LO
in the Weinberg counting. We have shown that there exists
three different topologies that contribute to the long-range
components of the chiral 3NF. Although some of these simply
renormalize the LECs of the leading order 2w exchange
topology, there are many new spin-isospin structures gen-
erated at N3LO from all three topologies. We have given
the momentum- and coordinate-space representations of the
various contributions. At this order, there is an arbitrariness
in choosing the multipion interactions [cf. Eq. (2.2)] that
allows us to shuffle strength among the various contributions.
The individual contributions presented in this work are given
for the specific choice o = 0. We have explicitly verified
that the sum of all diagrams contributing to the 3NF is
independent of the choice of this parameter as demanded by
field theory. It is important to stress that the corrections to
the 3NF discussed here are local and free of any unknown
low-energy constants and can be expressed entirely in terms of
the nucleon axial-vector coupling g4, the pion decay constant
F,, and the pion mass M. It should further be emphasized
that the dimension-two LECs c3 and c4 that enter the leading
3NF and would also contribute at N*LO are larger than
their natural values ¢; ~ g4 /(4w Fy) ~ 1 GeV~! [21]. This is
understood in terms of A(1232), s-channel and vector-meson
t-channel excitations [25]. It is, therefore, expected that the
theory with explicit spin-3/2 degrees of freedom leads to an
improved convergence as compared to the pure pion-nucleon
theory considered here. Of course, the theory with explicit
deltas leads to many more structures and has also been much
less developed phenomenologically. Still, it is important to
confront the results obtained here with similarly accurate
calculations in the delta-full theory. Work along these lines is
in progress.
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APPENDIX: EXPRESSIONS FOR RING DIAGRAMS
IN MOMENTUM SPACE

In this appendix we give lengthy expressions for the ring
diagrams in Fig. 4 in momentum space. The contributions from
diagrams (1) and (2) can be expressed as
Viing = 0102 T2 T3 Ri + 01102 - ¢1 T2 - T3 Ry

+01-G102-G3 T2 T3 R3 + 01 - 4302 - 1 T2 - T3 Ry
+01:G302-G3 T2 T3 Rs + 71 - 73 Rg

+01-G103-G1 R7+61-4103- g3 R

064004-7
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+01-4303-G1 Ry + 6103 Ryo where the functions R; = R;(q1, g3, z) with z = §; - §3 are

+G1-G3 XG> T1 -T2 X T3 Ry1, (A1) defined as follows:

_ G+ 2)gi M (2M7 + a3) (a3g3 +4MZ (a1 +93))  AWg2)g545 (2M7 (a1 + 243) + 205( = 4f + 43))

R =
T T 8PS (-1 + M2 — ) (#M205 + 4)) 128Fem (=1 + g5
A5 (205 a1 — g3)g3 + 2M7 (2(=2 + g — (1 + 2)q193 — 243))
128 For (—1 + 22)q143
L A@si(2M743 + g5(— 201 + (2 = 34103 — 22+ gi + 43))
128 FOr(—1 4 22)g2
1(4:0, —q1, g3, 0)g5¢2
B ( 2 q1, 93 3&«122 —(8(=1 + 2)M;(2zq1 + (1 + 2))g3)
32F6(—1 +z )(4(—1 +z )Mn - q2)q3
+6303(2°q7 + 2(=1 4+ 2)q1g3 — 43) + 2M3 (2(=2 + 2D)g; — (1 +229q7g3 + 32(=2 + D)q1g3 + (=3 +22943)),
o _ AGIEB(2ME( + 1 +2205) +203((1+ 2} ~ 202))
2 =

128 FOmr(—1 + z2)2g3q?

N A(g3)85 (M2 (22g7 + (1 + 320)q195 + 22¢3) + zq3(—24} — 2%q%q3 + 20143 + G3))
64FOm(—1+ 22)2q} g3

Aq1)g4
128Fom(—1 + 22)2qiq3

M1+ 2)q} + 23+ 2D)q195 + (1 +29)g3)

+q3(—@+2)g] + 2 =527 + 2Mqiqs + (1 + 2)q143 + (1 + 2D)q3))

1(4:0,—q1, q3;0)85

_ 4 ) 2.2 1 2\ 2
32F5(—1+ 22)2q} (—4(—1 4+ 22)M2 + 43 )q3 (1205(=22%7 + (1 4+ 2)a3)

—8(=1+ (1 + M (22 + )¢} + (1 +2222¢2q3 + 22 + T3 + (1 +22)¢3)
+2M2q3 (2247 + (1 — 22 + 62)g7qs — 22(—1 = 322 + 2Hq143 + B + 327 — 42%)qd))

S M (2M2 + 43)(3qs + 4M2(zq1 + 3))
128 FOmq} (4(—1 + 2HM2 — ¢3)(4M2q3 + q3)

_ 2A@)8845 (—AM (1 +243) + q3(22g7 + (=1 +2)q195 — 2243))
128 FOmr (—1 + z2)2q%¢3

B zA(g3)85
128 Fr(—1 + 22)2q}q3

(MZ(—22(=3 4+ 2D)q] +4(1 + 29195 + 4243) + g3(—(1 + 27)q}

—22q1q3 + (1 + 2)q145 +2243))

_ 2A(g0gh (2M3 (247 + 42q195 + (1 + 29)g3) + 93(=22¢7 + (1 — 329g7g3 + 22143 + (1 + 29)g3))
128 Fomr (—1 + z2)2q143

1(4:0, =41, q3;0)z8% 4 2y,2 2 2y,2
- 1+27g7 +z2(=1+z —(1+z
32F0(—1+22)2q1 (—4(—1 4+ M2 + ¢3)q3 (20 ( i+l Jands = ¢ )

+8(=1+ 2)(1 + DM (3207 + (=1 + 1029q2q5 + 32(1 + 2:0q142 + (1 + 22)g3)
+2M2q5(2(=3 + 29)q; + 3 — 929)q1qs — 25+ 29)q1q5 + (-3 — 327 + 42")q3))

284 M (2M7 + 43) (9593 + 4M2 (291 + ¢3))
128FSmq (—4(—1 + 2OM2 + ¢2) g2 (AM2 + ¢2)’
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. _ A@2)8305(=22%105 + (1 + 2943 + 2M7 (22q1 + (1 + 0)g3))
¢ 128 FS(—1 + 22)2q%q3
N Alg)gq (—2M32 (227 + (1 4 329)q193 + 2243) + q3(22%q] +22°q7q3 + (1 — 42% + 290193 — 2243))
128FSm(—1 4 22Y2q143

B Ag3)g5
128FOrr(—1 4 22)2q%q3

(M2 (=22(=3 + g7 + 23 + D)qigs + (1 + 29q3)

+g3(—(z + z3)q13 —(1=-z2+ 214)q12q3 +z(1 + zz)qlq32 + (1 + zz)qé’))

B 1(4:0,—q1, 930085
32FS(—1+ 222q1 (—4(—1 + 2)M2 + 43)q3

+8(—1 +2)(1 + M7 (32%q; +92°q1q3 + (=2 + 92° + 22H)q195 + 22+ 2°)q3)
+2M2q5(2(=3 +20)q; + 2z — 820)qiqs + (4 + 522(=3 + )13 + 22(=3 + 22 + 29)q3))
284 My (2M2 + 43) (4393 + 4M2 (21 + q3))
128FSmr gy (—4(—1 + 22)M2 + ¢3)q3 (4M2 + ¢3)’

_ Ag)E593 (=AM (q1 + 2g3) + q3(22q7 + (=1 + 2)q193 — 2243))
128FOm(—1 4 22143

(q§q3((z +2qt + (=1 + 2% q195 — 216]32)

Rs
6
B A(g3)85

128 F6(—1 + 22)2q143

Alg)g (2M2(2q7 + 4zq1q3 + (1 + 29)q3) + q3(—2247 + (1 — 32%)q7q3 + 229143 + (1 + 29)q3))
128 FOrr (—1 + z2)2q5

(M2 (2(=3 + 27 — 200 + 22)q1g3 — 2243) + q3((1 + 2D)gq; +22°q7q3 — (1 + 29143

—22¢3)) +

N 1(4:0,—q1,q3;0)8
32F5(—1 + 222 (—4(—1 + 2)M2 + ¢2)q3
+8(=1 4 2)(1 + M2 (327 + (—1 + 10:9g7 g3 + 321 + 220q143 + (1 + 229)g3)
+2M3q5 (=3 + g} + B = 92Dq7q3 — 25+ D)qug5 + (=3 = 327 + 42%)q3))
B 8GM (2M2 + g3) (4393 + 4M2(zq1 + g3))
128FSm (—4(—1 + M2 + ¢3)q3 (4M2 + ¢2)
_ A(g2)s5(2M2 + 3) N Aq1g4 (22(M7 + q7)as + a1 (8M7 + 347 + 43))
= 128 F67 128 Fbmq,

N Ag3)85 (2291 (M7 + ¢3) + q3(8M + 47 + 3¢3))
128 Fbm g3

e M.

128 F6qy (4M2 + ¢2) (4(=1 + 22)M2 — ¢3)q3(4M2 + ¢3)
+2(19 — 182)q195 + 2(=3 + 420)q3) + 2M2 (d2(=1 + 22)g} + (77 — 3627)q} g3 + 2233 + 820)q3q2
+(77 = 362)q193 + 4z2(—1 + 29)q3) + 2M2q193((10 + 2)g} + 2209 + 220)g7 g3 + (29 — 7257 g3
(410, ~41, 450085 (2M;, + 43)

32F6q (—4(—1 + 2)M2 + ¢3) g3

+4M;(zq7 — 2(=2+ 2)q1q5 + 203) + 2M (4q193(q7 + 43) + 2(ai + 64743 + 43))).

B 385 M (2M2 + 43) _ 3A(g3)85 (2M7 + g3)((1 + 201 +2243)
T 256F%mq? (—4(—1 + )M + ¢2) 256 FOr (—1 + 22)q]
_ 3A@)sA (M7 + 3)Qzqn + (L +20g3) | 3428 (2M; +43) (2203 + (143204195 + 2243)
256 FSm(—1 + 22)%¢2q3 256 FOm(—1 4 22)%q; g3
064004-9

(63931 +2D)g} + 2(—1 + 2D)qigs — (1 + 22)q3)

R¢

(5 + )} a3q3 + 8ME (2(=3 + 420)q?

+22(9 +229)q145 + (10 + 29)q3)) (119593 (a7 + 20193 + 43)

R;
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L 314:0.-q1. 4 0)¢5(2M; + 43)
64F0(—1 + 22)2q} (4(—1 + 22)M2 — q3)

FA(=1 4+ M1 +22%)q] + 222+ 2D)q193 + (1 +229)g3)),

(— @3 ((1 +2P)qf + 28 + 2Dq195 + (1 + 29)qg3)

R — 328§ M, (2M2 + q3) 3zA(g3)85 (2M2 + g3)((1 + 2)q1 + 2243)
ST T 256F%mg) (—4(—1 + M2 + ¢2) g 256 Fr(—1+ 22)%q2q;
32A(q085 (2M2 + ¢3)2zq1 + (1 +2)g3)  32A(g2)85 (2M2 + q3) (224} + (1 + 32D)quqs + 2243)
256 FOm(—1 + 22)q14> 256 For (=14 22)%q{q;3
31(4:0, —q1, g3:0)z85 (2M2 + ¢3) 2 2y 2 2 242
- —q; (1 +z7)g7 +z3 +z7) ++2z7)
6AFS(—1 + 221 (4(—1 + M2 — ¢2)q (—a:( h N %)
+A(—1+ DML (1 +220q7 + 222+ Dqugs + (1 + 229)q3)).
o 3A@EE (M2 + ) (1 +22)gf + 26+ 145 + (1 +27)g3)
°T 256 FSm(—1 + 22)%q2q3
N 3A(qDS ((1 + 2Dg} + 222 + 2D)qiqs — (=T + 2)q143 + 2243 + 2M2((1 + 22)q1 + 2243))
256 FSm(—1 + z2)2q143
. 3A(g3)85 (227 — 22(=7 + 2)qiqs + 222 + 2D)q1q3 + (1 + 29)q5 + 2M2(2zq1 + (1 + 29)g3))
256 F6m(—1 + z2)2q?q3
31(4:0,—q1,g3; 00285 (2M2 + ¢3
3 5 Al o 2)2 (93 (=247 + 2(=5+ 2)q193 — 243)
64FO(—1 + 22)2q1 (—4H(—1 + 2H)M2 + ¢3) g3
3285 M (2M2 + ¢3)
+ 41+ M2+ 2D)g] + 62q195 + 2 +2D)q3)) — - ,
( M (( )qi +62q193 + ( )43)) 256 F6mr g (—4(—1 + 2)M2 + ¢3)qs
ro _ L+ M (2M7 +q3) | 3A(42)g3 (2M7 + 63) (41 + 43)(@1 + 243)
07 256 For (—4(—1 + M2 + ¢2) 256 FOm (=1 + z9)q193
~ 3Aq)84 (zg7 + (1 +22)g7q3 — 2(=4 + Dq1g3 + g3 +2M7(2q1 + 43))
256F6m(—1 + z%)g3
34385 (a7 — 24+ 2Dgigs + (1 +22°)q145 + 243 + 2M7(q1 + 245))
256 Fom (—1 + z%)q,
31(4:0,—q1. q3: 0085 (2M2 + q3) 2 2 > 2
- —z2(=3+z +
o1 T A+ ME —qf) | 1 04: +43)
+4(=1 + M1+ 22)g7 +42q193 + (1 + 29)q3)).
o _ AWM +4i +43)
11 = —

256 FSr(—1 + z0)q?q3

N A(g3)85 (2M2((—1 + 29)g} + 22q193 + 263) + q3(zq7 + (=1 4+ 229)qiq3 + zq143 + 43))
256 FSm(—1 + z2)g%q?

N A(qDgs (2M7 (247 + 22193 + (=1 +2°)g3) + q1 (¢} + 2473 + (=1 +22°)q145 + 243))
256 FSm(—1+ z2)q2q?

1(4:0,—q1, 43 0854 (—(
(64FS(—1+ 227 (—4(—1 + M2 + 43)q3)

+223q1q3(—4M2 + g1 q3) + 22 (4M2 + qf + ¢3) (4M3 + 3q1q3 + 2M2 (47 + 43))

+2q193(8M2 + g} + g5 + 4M2(q] + 43)))

2M2 + q}) (2M2 + q3)(4M? + g + ¢3)
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 256F%mq?(4M2 + q7) (—4(—1 + 2)M2 + gD)g2 (4M2 + ¢2)

(—222(4M2 g2 (4M2 + ¢7)

TAMZ (M +q1)" a3 + (M3 + 7)) + 22 (4M + qF + 43) (4743 + 2V (47 + 43)

—2q193(32MS + 12M2 (g7 + 43) + 4743 (a7 + a3) + 2M2 (g} + 44743 + 43))).

In these expressions, g; and g3 are always to be understood as
the magnitudes of the corresponding three-momenta (except
in the arguments of the function I) : g; = |q;| and g3 = |g3|.
Further, the function I(d : pi, p2, p3; pa) refers to the scalar
loop integral

I(d : p1, p2, p3; pa)
1 dil 1 1

i) @Quy A+ pi)? - M2 tie(+ pr)? — M2 +ie
1 1
X - —.
U+ p3)?2—M2+iev-(I+ ps)+ie
In a general case, this function depends on the four-momenta
pi. For the case p? =0 we are interested in, it can be

expressed in terms of the three-point function in Euclidean
space

(A3)

S =

(A2)
[
VIV N Sy L — B
Q) ([ + pr)> + M2 (I + p2)* + M2
1 (A4)

X - . __ -
(I + p3)* + M?
In particular, the function /(4 : 0, —qy, g3; 0) that enters the
expressions for R; can be written as

1(4 : 07 —q1, Q3,O) = %](3 : 63 _élv 53)

For diagram (5), we obtain the following representation:

(AS5)

Vring=‘f1"l’251+51-67153-511 -T2 5
+061:¢303-G1 T1 -T2 8340141033 T1 -T2 Sa
+01:G303-G3 T -T2 S5+ 0103 T -T2 Sg
+q1-q3 X061 T -T2 X T3 87, (A6)

where the functions S; = Si(q1, g3, z) are given by

CA@OSA(ME +4qf)  A@IgA(M2 +ql + 2193 +43)  Alggi (M2 +4d)

128 For 128 Foxr

128 Fbx
gaM,

L 164:0,—q, g3 0084 (2M; +47)(2M; +45)

32F°
S =

64For’
A +20)q1 +22g3)  A(g3)gaa3 Rz + (1 +2°)g3)

128 For(—1 + 22)2¢q;

128 FOr (—1 4 22)2¢?

N 1(4:0,—q1,q3;0084q3(—4z(—1 + 2HM2 + 227 + (1 + 329)q193 + 2243)

32FS(—1 1 2Pq,
N Ag)gh (1 +22)q7 + 28 + 2)q193 + (1 + 29)g3)

128 FSmr (—1 + z2)2q?
_ A(g3)gh (1 + z9)q1 + 22q3)

Algghzqr + (1 + 2%)g3)

’

zA(@2)g4h (—29} + 2(—=5 + 2)q193 — 243)

128 F6mr (=14 22)*q,

128 Fémr (=1 + 22)%¢3

128 FOrr (—1 4 22)2q143

1410, —q1, 30083 (—4(=1 + )M + (1 + 29)g7 + 2B +2Dq195 + (1 +2)g3)

3DF6(—1 + 2)?
7A(g3)84(2zq1 + (1 + 2%)g3)

2A(gDEA (1 + 201 + 2243)

k]

S =
! 128FS(—1 + 22)2q;

128 Fémr(—1+ 22)%q,

. I(4:0, —q1., q3;0)z8% (42(—1 + 2HM2 — 2247 — (1 + 32%)q193 — 2243)

32FS(—1 + 22)?

B zA(qz)gj ((1 + zz)ql2 +28+)q1q3 + (1 + zz)q32)

128 FOr(—1 + 22)2q143

Ss =

’

_AlgDgaai (A +2Dq1 +22g3)  Alg3)gi (221 + (1 + 2°)gs)

128 FOrr(—1 + 72)2g3

128 F6r(—1 + z2)2q5

L1620 ~q1.45 0)g4q1(—42(=1 + 2HM3 + 2zq7 + (1 + 32%)q193 + 2243)

32F%(—1+2%)qs
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128 FOrr (—1 + z2)2q3
A(g3)g4a3zqr + ¢3)

’

A@gh (@} — 23+ Dags +43)  Algnsiaa +243)

S = —
‘ 128FSr(—1 + 22) 128F6m(—1 + 22) 128FSr(—1 + 22)
L 143071, 45:0830195Ga1 + 43)(q1 + 295)
32FS(—1 + 22)
E Alg)gh (M2 + q3)  A@2)gh (2a3(za1 + q3) + 2M2(q1 +2g3))  zA(g3)g4 (2M2 + ¢3)
= _

© 256FSm(—1 4 723

_1(4:0,~q1, 93 0084 (zq1 +43)(2M7 + ¢3)
64F0(—1 + z2)g3

Examining these results one observes that the individual terms
in the expressions for R; and S; are singular for z = +1, g =
0, and/or g3 = 0. These singularities, however, cancel in such a
way that the resulting terms in Egs. (A1) and (A6) are finite. In
principle, it is possible to obtain a representation for functions
R; and S; that is free of at least some of the singularities. In
particular, the singularities at z = 1 can be avoided if one
expresses the results in terms of the functions J, and J, defined
as

Jid, 41, q3)

1 > L, 1
= 2{J(d:O,—c11,q3)—5(14-2)

1—-z

| 7@:0.d)  J@:0.G)  J@:0.G+G)
a3 +q193 qi + 9193 9193

1 Jd:0,§
Loy (2 6]1)+
2 935 — 4193

J(d : 0,3s)
qlz — 4193

+J(d:0,q1+q3>” As)

q193

hd, g1, q3)

1 .1 ,
—m{J(d~O,—fILC]3)—Z(1—Z)

J@d:0,G)) J@:0,43) J(d:0,4 +q3)

X 2 +— +
q3 — 4193 q7 — 49193 q143

8M? —2g} 4+ (d — (g1 — ¢3)2q1 — q3)

256 Fom(—1 +z9)q143

256 FOm (=1 + z%)q143

(A7)

1 _
o “)[ d — Das(@r — 3)°

x J(d: 0,q)
8M? —2q3 +(d — 1)(q1 — ¢3)(q1 — 2¢3)
d — Dqi(q1 — q3)°
24M? + (d — 2)(q1 — 93)%)
d — Dq1g3(q1 — q3)*
Jd:0,q)
i+ 9193

J(d: 0,33

J(d: 0,4 +53>H

J(d :0,3)
lhz + q193

1 2
_Z(1+Z) |:

Jd:0.G1+33)
q193
#(1 - [P Dt 4 )00 00
(d — Dgs(q1 + g3)°

x J(d: 0,q)
8M?* —2q3 + (d — 1)(q1 + ¢3)(q1 + 2q3)
(d — Dqi(g1 + ¢3)°
x J(d : 0, 33)
_ 24M? + (d — 2)(q1 + 93)%)
d — Dq1g3(q1 + q3)*

J(d 0.4, +c73>m ,
(A9)

rather than the three-point function J(d : 0, —q1,q3) and

uses certain linear combinations of two-point functions and

tadpole integrals. In these expressions, the two-point function
is defined as
R
Qo) ([ + p1)? + M2 (I + pr)* + M2
(A10)
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