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A calculation of the pion-production operator up to next-to-next-to-leading order for s-wave pions is performed
within chiral effective field theory. In the previous study [Phys. Rev. C 85, 054001 (2012)] we discussed the
contribution of the pion-nucleon loops at the same order. Here we extend that study to include explicit delta
degrees of freedom and the 1/m3, corrections to the pion-production amplitude. Using the power counting scheme
where the delta-nucleon mass difference is of the order of the characteristic momentum scale in the production
process, we calculate all tree-level and loop diagrams involving delta up to next-to-next-to-leading order. The
long-range part of the delta loop contributions is found to be of similar size to that from the pion-nucleon loops
which supports the counting scheme. The net effect of pion-nucleon and delta loops is expected to play a crucial

role in understanding of the neutral pion production data.
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I. INTRODUCTION

Thereaction NN — N N, being the first inelastic channel
of NN interaction, provides a good possibility to study
NN dynamics at intermediate energies. The interest in pion
production in NN collisions was revived almost 20 years ago
when it was proposed [1,2] that the process may be studied in
a model-independent way within chiral perturbation theory
(ChPT)—the low-energy effective field theory of QCD—
lately reviewed in Refs. [3,4]. In this effective field theory
the approximate chiral symmetry of QCD is exploited in
a systematic way. The study of the NN — NN reaction
at threshold builds on the detailed understanding of the
necessary two-body ingredients, the 7 N and N N interactions
and reactions, which have been successfully evaluated within
ChPT at low energies; see, e.g., Refs. [5,6] for recent reviews.

Surprisingly, the naive application of the standard ChPT
power counting, where one assumes the typical momenta |p |
to be of the order of the pion mass m, to the reaction NN —
NNr by Refs. [2,7-11], did not only fail to describe the
data, especially in the pp — ppm® channel, but also revealed
a problem with the convergence of the chiral expansion.
However, in Ref. [1,12] it was advocated that the proper
treatment of the reaction NN — NN requires taking into
account the new intermediate momentum scale, p = |p| ~
J/mzmy (my is the nucleon mass), which corresponds to the
relative momentum of the initial nucleons required to produce
a pion at threshold. This new scale led to a new hierarchy of
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diagrams driven by the expansion parameter
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with A, >~ my being the typical hadronic scale. In what
follows, we will refer to this power counting as the momentum
counting scheme (MCS). The MCS has been applied in a
variety of pion threshold production reactions for the outgoing
pionin an s wave [13—18] and p wave [19-21], and for isospin
violating pion production reactions [22-24].

It has been known for years that the strength of the
s-wave pion production amplitude in the charged channels
pp — dnt and pp — pnrmt is dominated by the leading
order (LO) Weinberg—Tomozawa (WT) operator [25]. On
a more quantitative level, the cross sections for these two
reactions were underestimated by a factor of 2 [3]. Meanwhile,
the application of the MCS to s-wave production in the pp —
dm™ channel at next-to-leading order (NLO) [14] revealed
quite good agreement with experimental data. To obtain this
agreement it was important to realize that the nucleon recoil
corrections o 1/my contribute in MCS at lower order than
what is indicated naively by the order of the Lagrangian, since
in MCS p?/my ~ m . In effect, the leading WT operator was
enhanced by a factor 4/3 due to the recoil correction to the
WT pion rescattering vertex. This enhancement resulted in an
increase of the cross section by about the missing factor 2. In
contrast, for s-wave pion production in the neutral channel
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pp — ppn’, the situation is completely different. In this
channel the large isovector WT rescattering vertex does not
contribute while the direct emission of the pion from the
one-nucleon leg at LO is dynamically strongly suppressed
[1]. Furthermore, the resulting contribution of loops at NLO
was shown to vanish both for the pp — ppn® [13] and
pp — dnt [14] reaction channels. In fact, we believe that
the experimentally measured pp — ppm® reaction is unique
in that it directly probes the higher order MCS contributions
which in the charged channels are masked by the dominant
lower order Weinberg—Tomozawa term. Following this logic,
in Ref. [16] we extended the analysis of pion-nucleon loops to
next-to-next-to-leading order (N>LO). The pertinent results of
Ref. [16] can be summarized as follows:

(i) Significant cancellations of loops found at NLO are also
operative at N2LO. In particular, all loop topologies
involving 1/my corrections to the leading vertices
cancel completely, as do the loops involving low-energy
constants (LECs) ;.

(ii) The cancellation of pion-nucleon loops at N°LO is not
complete, yielding a nonvanishing N’LO contribution.

(iii) Using dimensional regularization, all UV divergencies
in the loops were absorbed into redefinition of LECs
in the Lagrangian at N’LO. These LECs parametrize
short-range physics not resolved explicitly at the ener-
gies relevant for pion production at threshold.

(iv) The scheme-independent long-range part of pion-
nucleon loops was found to be of a natural size as
expected from the MCS, both for charged and neutral
pion production. This puts in question the earlier
phenomenological studies [26—32] of these reactions
where none of these N?LO loop contributions were
considered.

Due to the fact that the delta-nucleon (A-N) mass splitting,
8 = mp — my, is numerically of the order of p (i.e., § ~ p),
the delta isobar should be explicitly included as a dynamical
degree of freedom’ [1,12,13]. At tree-level, the effect of the
delta manifests itself already at NLO as discussed within chiral
EFT in Refs. [1,12,13,34]. In addition, starting from NLO the
delta-resonance also gives rise to loop contributions which at
NLO were shown in Ref. [13] to cancel exactly both for the
neutral and charged channels. Meanwhile, the role of the delta
loops at N2LO has not been discussed in the literature and is a
topic of the present investigation.

In this work we complete the calculation of the loop
diagrams for the s-wave pion-production operator at N’LO.
In particular, the previous calculation [16] is extended and
improved in the following aspects:

(i) We treat the delta resonance as an explicit virtual degree
of freedom in all loops and confirm the cancellation of
all loop contributions containing delta at NLO.

(i) We extend the calculation of the loops with the explicit
delta to NLO. It is found that some of the loops

'InRef. [33] the same power counting was applied to study Compton
scattering off the nucleon in the delta region.
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renormalize the bare m NN coupling constant while a
group of other N°LO loop diagrams vanishes in a close
analogy with pion-nucleon loops.

(iii) The N2LO remnant of the loops yields a long-range
contribution to the pion-production operator amplitudes
similar in size to those from pion-nucleon loops at the
same order.

(iv) We include the 1/ mlz\, corrections to the tree-level
operators at N’LO and present the operator for s-wave
pion production with explicit delta degrees of freedom
up to and including N2LO.

The paper is organized as follows. In the next section we
review the arguments and results of Ref. [16]. In particular,
in this section we present some features special to the MCS.
In Sec. II we discuss the cancellation mechanism of NLO
loop diagrams before we explicitly give the expressions for
the tree-level and loop-diagram production operators to N2LO
derived in Ref. [16]. In Sec. III we present the Lagrangian
which includes the A, give the tree-level amplitudes for the A
contribution to s-wave pion production, and then evaluate all
the loop diagrams involving delta excitation to N?LO. Here
we heavily rely on the arguments presented in Sec. II. The
last subsection in Sec. III contains the details on regularization
of the UV divergences present in the loop diagrams including
a discussion of the necessary decoupling requirements in the
heavy A mass limit. In Sec. IV we compare the pion-nucleon
and A-loop contributions before we make our conclusions in
the last section.

II. S-WAVE PION PRODUCTION TO N?LO: THE
CONTRIBUTIONS OF PION AND NUCLEON
DEGREES OF FREEDOM

For completeness and to prepare the stage for the main
part of the paper, where the inclusion of the A as dynamical
degree of freedom is discussed, in this section we summarize
the results of Ref. [16] and extend them to include the missing
tree-level operators up to N>LO.

A. Diagrams and power counting

The most general form of the threshold amplitude (where
the pion is in an s wave relative toa N N S-wave final state) for
the pion-production reaction Ny(p) + Np(—=p) — N + N +
7 in the center-of-mass frame can be written as [16]

Myu(NN — NN7w) = AG x62) - p 14 ¢*
+B@1+062)-p ()T - 9%, (2)

where Ty = 7|+ 72,Tx =i T| X Tz,and oy, and 7, ; are the
spin and isospin operators of nucleons 1 and 2. This expression
incorporates the selection rules for the NN states. The final
pion’s isospin state is denoted by ¢, e.g., ¢ = (0,0, 1) for
70 production and ¢ = (1, i, 0)/+/2 for =+ production. For
example, the amplitude A corresponds to the production of
an s-wave pion accompanied with the final state spin-singlet
S-wave NN interaction (pp — ppn?), while B corresponds
to the spin triplet N N final state (pp — dn ™).
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FIG. 1. (Color online) Complete set of diagrams up to N>LO (in the A-less theory) for s-wave pions. Solid (dashed) lines denote nucleons
(pions). Solid dots correspond to the leading vertices from L'y and £?, © stands for the subleading vertices from L%, whereas the blob
indicates the possibility of having both leading and subleading vertices from EST',\), and Lf,z,f, (see Fig. 2 for an illustration), and the opaque symbol
o stands for the vertices ~1/m% from ESX, The NN contact interaction in the top row is represented by the leading S-wave LECs Cy and Cr
from Lyy whereas the contact five-point vertices in the bottom row are given by the LECs Act and Bcr. The red square in the box diagrams
indicates that the corresponding nucleon propagator cancels with parts of the 7 N vertex and leads to the irreducible contribution; see text for

further details.

As mentioned in the Introduction, the reaction NN —
N N at threshold involves momenta of “intermediate range”
p ~ J/mzmy, Eq. (1). For near-threshold s-wave pion pro-
duction, the outgoing two-nucleon pair has a low relative
three-momentum p’ and appears therefore predominantly
in S wave. We therefore assign p’ an order m,, i.e., the
expansion parameter in Eq. (1) is augmented by xmcs =~
p/p=mg/p=>=p/my.

The calculations are based on the effective chiral
Lagrangian given explicitly in Ref. [16], see Refs. [35-38]
for more details. To N2LO, one needs to keep the corrections
~1/m3,, as will be shown below. This means that we need
to keep vertices ~1/ m%\, from the pion-nucleon Lagrangian
£f,3, [37,38]. In Appendix B the terms in the Lagrangian
relevant for our study are listed explicitly.

The diagrams containing only pion and nucleon degrees of
freedom that contribute to the reaction NN — NNm up to
NZ?LO in the MCS expansion are shown in Fig. 1. The first row
of diagrams represents contributions at LO. In the first row
the first two diagrams are sometimes called the “direct” one-
nucleon diagrams or impulse-approximation diagrams in the
literature, whereas the other two graphs are called rescattering
diagrams. At NLO for s-wave pion production loop diagrams
start to contribute, as shown by the second row of graphs.
As will be reviewed below, these NLO amplitudes cancel
completely [13-16]. At N?LO, there are several contributing
tree-level diagrams which are topologically similar to those
at LO but with subleading vertices from C;ZK, and even L:gz,
These diagrams are shown in the third row in Fig. 1. In addition,
one needs to account for the pion-nucleon loops which, at
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FIG. 2. An example illustrating the notation used for N*LO operators in Fig. 1. The subleading vertex should only appear at one vertex in

each diagram.

this order, can be combined in two series of amplitudes, one
proportional to g3 with a topology like the NLO pion-nucleon
loop diagrams and one proportional to g4. These diagrams are
given in rows five and four in Fig. 1, respectively. To the order
we are working, it suffices to include the subleading vertex
from Lff,\), only once (but we have to consider all permutations
of /3;213, acting on a vertex) in the loops while retaining the
other vertices at leading order as illustrated in Fig. 2.

For illustration of how the order of diagrams are estimated
(or counted) in the MCS, we concentrate on the tree-level
rescattering diagrams in Fig. 1 and will compare the LO and
the subleading diagrams designated as N?LO in Fig. 1. First
we consider the rescattering diagram in the first and third rows
where the 7 NN vertex on the lower nucleon line originates
from KS,)\, In Eq. (3) below, the p/f, and 1/p? in front of
the curly bracket stand for the dimensional estimate of the
7w N N vertex and the pion propagator, whereas the expressions
after the curly bracket multiplied by 1/f? originate from
the rescattering vertices and correspond to the = N scattering
vertices from ﬁgrllz, and 551213] [first row in Eq. (3)], E;ZZ\), [second
row in Eq. (3)] and /.3;313, [third row]:

2

O My (or n’;—N),
Megcar X ﬁ — 5 %p (or mypc;),
f 2 f2 N
n P T P3 P3Ci
ny (or m)’
1, LO,
XMCS
=5 Xucs,  N°LO, 3)
" A xdes,  NPLO.

The LO operator scales as ~xmcs/f; for s-wave pions with
fr being the pion decay constant. As seen in the last two
rows of terms in Eq. (3) both the 1/my corrections from
551213/ and the 1/m3, corrections from LSX, need to be taken
into account at N2LO. Meanwhile, the inclusion of a 1/ mfv
correction in the loops results in a higher-order diagram and is
ignored. Analogously, the estimated order of the “direct” and
rescattering contributions with subleading 7w N N vertices from
Eff}, and LS}, yield the same results. For example, for the “di-
rect” contribution one finds [pmi/(ﬁ,m%v)][l/mn][l/ﬁf] =
X1\3/ICS /f3, which generates an amplitude at N’LO. To obtain
this we used that the first term on the left-hand side (lhs)
corresponds to the 7 NN vertex from Eflz,, the next term
reflects the energy v - p ~ m,, of the nucleon propagator while
the last term corresponds to the estimate of the one-pion
exchange (OPE) or the contact term. Notice that while the

tree-level contributions at N’LO with the subleading vertices
from Eﬁf]f, were already taken into account in the literature—

see, e.g., Refs. [1,12]—the corrections stemming from ES}\)/
are new and are derived here for the first time.

Before discussing the results at N’LO, one comment is in
order. We noticed above that the loop diagrams at NLO cancel
exactly. Here we want to explain the cancellation pattern in
more detail since it is quite general and will be used later to
establish cancellations among the loops at N’LO both with
nucleons and delta.

For the channel pp — ppm®, the sum of NLO diagrams of
type IL, I, and IV in Fig. 1 is zero due to a cancellation between
individual diagrams [13], while the box diagrams vanish due
to the isovector nature of the WT operator. However, the
same diagrams II-IV give a finite contribution to the channel
pp — dn [13]. As a result, the net contribution of these
diagrams depends linearly on the NN relative momentum,
which implies a large sensitivity to the short-distance NN
wave functions [39]. This seeming puzzle was solved in
Ref. [14], where it was demonstrated that for the deuteron
channel there is an additional contribution at NLO, namely the
box diagrams in Fig. 1, stemming from the time dependence of
the WT pion-nucleon vertex. To demonstrate this, we write the
expression for the Weinberg-Tomozawa pion-baryon (nucleon
or A) scattering vertex in the notation of Fig. 3 as

Venp = lo+mn _M

ZmB
[+ p)?
ot (zo_mﬁE_ﬂ s+ l-o)
ZmB
=2
—(E—p——8+i0), @)
21’)13

where we kept the leading WT vertex and its baryon recoil
correction, which are of the same order in the MCS, as
explained above. If the baryon line is a nucleon one has § = 0,
whereas § # 0 for the case of the A. For simplicity, we omit
the isospin dependence of the vertex. The first term in the

\(ln,f) (M, 6)/

'
N -
V/TWBB = EN ¥
< .
ED) S g

o (Etlo—mgp+1)

FIG. 3. The pion-baryon (x B — 7 B) transition vertex; defini-
tion of kinematical variables as used in Eq. (4). Solid thick lines
stand for the baryon (nucleon or A) fields, dashed lines denote pions.
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FIG. 4. Single-nucleon and rescattering diagram contributions to s-wave pion production up to N*LO: the diagrams in the first row on the
right-hand side appear at LO; the diagrams in the second row give the N>LO contributions. The last diagrams in the first and second rows
involve the WT recoil correction, whereas the second diagram in the second row involves the ¢; rescattering vertex.

second line is the WT vertex for kinematics corresponding to
the on-shell incoming and outgoing baryons, the second term
is the inverse of the outgoing baryon propagator, while the
third line is the inverse of the incoming baryon propagator.
Note that, for on-shell incoming and outgoing baryons, the
expressions in brackets in (4) vanish, and the pion-baryon
scattering vertex takes its on-shell value 2m, (even if the
incoming pion is off-shell). A second consequence of Eq. (4)
is that only the first term leads to a reducible diagram when the
rescattering diagram with the w B — 7 B vertex is convoluted
with NN wave functions. The second and third terms in
Eq. (4), however, lead to irreducible contributions, since one
of the baryon propagators gets canceled. This cancellation is
illustrated by red squares on the nucleon propagators in the two
box diagrams of Fig. 1. It was shown explicitly in Ref. [14]
that those induced irreducible contributions cancel exactly the
finite remainder of the NLO loops (II-IV) in the pp — drn*
channel. As a consequence, there are no contributions at NLO
forboth 7% and 7+ productions; see also our results in the two
first rows of Tables I and II of Ref. [16].

In Ref. [16] we extended the analysis of the previous studies
and evaluated the contribution from pion-nucleon loops at
N2LO. As follows from Eq. (4), the part of the 7 N vertex
in diagrams IIIa, I1Ib and boxes a, b (the operators o< gi) and
in diagrams Ia and Ib (the operators o< g4) cancels the nucleon
propagator, yielding a contribution that has the topology of
diagrams II or “football,” respectively. Interestingly, diagrams
IV and “mini-football” also acquire contributions topologi-
cally similar to diagrams II and “football” after canceling one
of the pion propagators by a part of the four-pion vertex. In
conclusion, Ref. [16] found that only those parts of the gi
(ga) diagrams which cannot be reduced to the topology of
diagram II (football) in Fig. 1 give a nonzero contribution to the
transition amplitude. Thus, only very few N?>LO contributions
to the pion-production amplitude remain. Especially, all recoil
corrections o 1/my and also all corrections o ¢; vanish
completely in the sum of the loop diagrams at N’LO. The
nonvanishing amplitudes emerge from diagrams Illa, IIIb, and
IV in the case of the gf1 graphs and from diagrams Ia, Ib, and
“mini-football” for the g4 operators, where all the vertices,

except for the recoil correction to the WT vertex, originate
from the leading Lagrangian LSX, The explicit expressions of
the resulting amplitudes are given in Sec.II C.

B. Pion-production operator from tree-level diagrams

In this section we derive the amplitudes from diagrams
shown in Fig. 4 up to and including N?LO in the theory
involving pion and nucleon degrees of freedom for s-wave
pion production. The tree-level and loop contributions due to
the explicit delta resonance will be discussed in Secs. III C and
I D.

The rescattering operator at LO involves the Weinberg—
Tomozawa r N vertex from ESK, and its recoil correction from

Ef,f,, which give the resulting operator amplitude

. agLO - agLO . a rrecoil
erescat - lMWT + lMWT
8A v-q

== (S -k’ +(1 2), 5
2f,§k§—m%+i0(2 DT +(1 < 2) (@)

where the superscript a (a = 1, 2, 3) here and in what follows
refers to the isospin quantum number of the outgoing pion field.
The momenta are defined in Fig. 4. Further, k, = p, — p5,
vt =(1, 6) is the nucleon four-velocity and S* is its spin
vector; see Appendix B for further details.

The rescattering operator at N’LO contains the corrections
suppressed as 1/my due to the vertices from Cfg, and also
the corrections o 1/ m%, from E?X, We call these amplitude

N2LO N’LO
operators M - and M ;.

expressions are

respectively. The explicit

iMNLO 84 (82 - k2)Ty
rescatl — 2 .
f2k5 —m2+i0

2
X |:4clmi—v~qv«k2<2cz+263— 84 >:|
4m

N
STh S, - !
B g_é 2(v 612)rX _52 (P2+P2)(U k)
f7 ki —mZ +i0 4my
+ (1 < 2), (6)
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iMNLO 8A v-q
rescat2 — f3 k% —m2 +i0
m g
4 ky - (p1+ pY) g3
X { -1 (Sg kz)m—zl mycy — 1—2
N

1+ g4 +8mycs
8m?,

pi+ b
16m3

+ 1 (82 ko) |:

k2
X ([Sl ko, S - (p1 + PD1+ 32):|

(,1

8?v

[(S2- p)P3 = (S2- p2)p5 ] } + 1 < 2),
(N

where [S1,, Siv] = S1,S1v — S1,51,. The first two terms in
the curly brackets in Eq. (7) are due to the corrections to
the 7w NN vertex from L’?,z,, while the last one stands for
the correction to the # NN vertex at the same order. Both
amplitudes MrI;ISCL,“Ct)1 and Mrl\eISCLa% contribute to the isoscalar (A)
and isovector (3) amplitudes.

In addition to the rescattering operators just derived, one
needs to account for the contributions from the direct pion
emission from a single nucleon, the so-called direct diagrams
which are shown in the first and third rows of Fig. 1 and
contribute at LO and N2LO. Note that, in these direct diagrams,
the OPE or the NN contact term, which appear together with
the w N N vertex for outgoing pion in Fig. 1, will be considered
as part of the final (or initial) N N wave function. In Fig. 4, the
OPE and the N N contact term are, therefore, not shown. After
this separation of the N N-interaction part, the contribution of
the “direct” diagrams shown in Fig. 4 becomes a one-nucleon
operator and can be written as

. 8A
Mgy = =—

S 1
i v-q 8(pr — p2') |:__Sl “(p1+p)
fn N

2m

o 2[v pi(Si - py)+v - pi(Si - Pl)]] (I < 2).

®)

This amplitude contributes to observables only when convo-
luted with the N N wave functions. For further discussion see
Appendix A.

These LO and N?LO operator amplitudes generated by the
diagrams in Fig. 4 have to be added to the N>LO loop diagrams
to be presented in Sec. IIC in order to generate the complete
N2LO s-wave pion-production operator amplitude from pion-
nucleon diagrams. We postpone the discussion of the combined
s-wave pion-production amplitude until the end of Sec. III,
where also the A degrees of freedom will be added to the pion
production s-wave amplitude.

C. Pion-production operator from pion-nucleon
loop diagrams up to N>LO

The contribution of pion-nucleon loops to the production
operator for s-wave pions was derived in Ref. [16] and we just

PHYSICAL REVIEW C 88, 064003 (2013)

summarize the results:

1 1
.MN2LO=gA( q)aS s X k2 1 ’
1 f;, ( 1+ 2) 1 6 7r7'r( 1) 18_(47'[)2
9

3 (0 -
ngzLO — 8a (fs q){f_f i8°‘/wﬁvakluslu52ﬁ [—21717[ (k%)]
19 5 1

S 4 8) k| —— L (K + = ,

+ 1 (S1 4+ 52) 1|: o e ( ])+9(4n)2]}
(10)

where the integral I, (k7) is defined in Appendix C.’Note
that both M g\zm and M;ZLO are proportional to the outgoing
A

pion energy v - ¢ >~ m; i.e., both operator amplitudes vanish
at threshold in the chiral limit as expected.

The contributions of the loops to the amplitudes A and B,
see Eq. (2), can be separated into singular and finite parts,
where the singular parts are given by the UV divergences
appearing in the integral, I, (k}), in Egs. (9) and (10):

(4 ﬁ1)2f3 (AS‘“gUIaT + -Ahmte)

My
T @SR

The UV divergences are absorbed into LECs accompanying
the (NN)?>m amplitudes Acy and Ber, given in the last
row in Fig. 1. By renormalization, the singular parts of the
loop amplitudes are eliminated and we are left with the
renormalized finite LECs, A{.; and B{.;, which will be added
to the finite parts of the loop amplitude operators. Based on
the renormalization scheme of Ref. [16], the finite parts of the
pion-nucleon loops are

3 2 =2
7 8 my w4
Afinite(1) = —TA |:1 —In (?) —2R ( p) >:| :
2
Binie(w) = =52 [— = <19 A 1) {1 —1In (m—g)
n

6 AL

-2
—p 5, 1
”I(m%)}u“ 6]’

where p is the scale and the function F is defined in Appendix
C, Eq. (C3). In general, as discussed in Ref. [16], the finite
parts of the loops ./Z(ﬁnite and Bﬁnite can be further decomposed
into short- and long-range parts. The former one is just
a (renormalization-scheme-dependent) constant to which all
terms in Eq. (12) except F; contribute. On the other hand,
the long-range part of the loops is scheme independent. By
expanding the function Fi(—p 2/m72,), Eq. (C3), which is the
only long-range piece in Eq. (12), in the kinematical regime
relevant for pion production, i.e., (p 2 / m,zr) > 1, one obtains

an
(Bsmgular + mate)

12)

’In Ref. [16], the integral I, (klz) was called J(klz).
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up to and including N’LO terms
m2
lon; 8

'Ahm%e: Al( >+0<—>>

P p

19 2 2
z 1)m(@%)+o<@%)

P p

Sl
Bt = 4 (Fei -

I
A numerical evaluation of these terms gives Ay .o = 2.2

m|:lN

13)

and Bg:ﬁtge = —1.5. In Ref. [16] these numbers were compared
with those from the most important phenomenological con-
tributions which were proposed in Refs. [26-29] in order to
resolve the discrepancy between phenomenological calcula-
tions and experimental data. Using the mechanisms suggested
in Refs. [26-29], one obtained AL >~ 2 and BET >~ 1 in the
same units. Based on this, it was concluded in [16] that the
scheme-independent long-range contributions of pion-nucleon
loops, not included in the previous studies, are comparable in
size with the contribution needed to bring theory in agreement
with experiment.

In the next section, Sec. ITI, we derive the results for N2LO
loops including the delta resonance. In particular, it will be
shown that the long-range contributions of the pion-nucleon
and the delta loops are of similar size, in agreement with the
power counting estimate.

III. S-WAVE PION PRODUCTION TO N2LO:
A-RESONANCE-INDUCED CONTRIBUTIONS

The threshold pion-production reaction involves energies
where the A resonance is not heavy enough to be parametrized
justby w N LECs. The A should in fact be explicitly included in
the loops as virtual nucleon excitations in order for the effective
theory to properly describe the physics in this energy region.
Indeed, whereas the mass difference § is nonzero even in the
chiral limit of the theory (when m, — 0), the physical value
of §, § ~ 300 MeV, is numerically very close to the “small”
scale in the MCS, i.e., the momentum scale p ~ /m my.
Hence, Hanhart and Kaiser [13] argued that, as a practical
“consistency” in MCS, é should be counted as p. In this section
we will outline the operator structure due to the inclusion of
explicit A degrees of freedom for the NN — N Nx reaction.

When the delta is explicitly included, the LECs c5, ¢3, and
¢4, which are determined from pion-nucleon data, have to be
reevaluated. As a consequence, in the delta-full theory, one
obtains the LECs in which the delta contribution is subtracted.
These residual LECs enter the calculation of the pion-
production operator derived in Sec. II; see Eqgs. (6) and (7).
Once we include explicitly the A field in the Lagrangian,
the parameter § ~ p will appear in loops containing the A
propagator and the resulting loop momentum will naturally be
of the order of p; i.e., these loop diagrams will then contribute
at NLO and N”LO in the MCS.

In the MCS with a A explicitly included, we also have
to consider loop diagrams with topologies different from
those discussed in previous sections. Some of these additional
loop diagrams containing a A propagator will renormalize
LO diagram vertices as well as the nucleon wave function.

PHYSICAL REVIEW C 88, 064003 (2013)

This is in contrast to the loop diagrams with only nucleon
and pion propagators, which contribute to renormalization
of the vertices at N*LO only, as argued in Ref. [16]. This
is a higher order than what is considered in this work.
These considerations will be explained in detail in the next
subsections.

A. The Lagrangian with A interactions

The evaluation of the amplitude contributions involving A
is based on the effective Lagrangian [40,41], which reads in
the o gauge

EnNA
= —wl(v-9—8)Wa+ %\pl SYSPS, Tt - T Wy

/e

L i i
4f2\Il al@ xm) - T'tT; + 2i((T" - 7w )(T - 1)

— (T 2)(T - )] Wa
_ha vy a“n+in(n - 3"m) ) S, Wa + Hec
2fx 22 peeTEE
ha
2my fr
where g; is the mAA coupling constant, g; = 9/5g4 from
Ref. [42], h, is the leading w N A coupling constant, and S

and T are the spin and isospin transition matrices, normalized
such that

+ (N'T-%S-0Ws+Hec]+---, (14)

SHS‘TJ = 8 — Uyl — S.Su,

1—-d

T.T = %(25,, —ieppm), i j=1,23
An estimate of the w NA coupling constant h4 = 2g,na =
3ga/v/2 =2.7 is derived from large-N, arguments [43],
whereas a determination of g,ya from a fit to the decay
width of the A resonance to leading order in the small-scale
expansion gives hy = 2.1 [41].

B. Reducible diagrams with A resonance

The application of the scheme originally proposed by
Weinberg [44,45] to pion-production reactions suggests that
the full pion-production amplitude can be evaluated by
convolving the pion-production operator, which consists of
irreducible graphs only, with N N wave functions in the initial
and final states. The inclusion of the A resonance in the theory
may be accomplished using, e.g., the following two different
methods:

(i) The procedure used for NN can be generalized to
incorporate the N A interactions nonperturbatively. The
corresponding NN to N A transition amplitude is then
obtained as a solution of the coupled channel system
with NN and NA interactions.The short-range part
of the NA interaction is constrained in this case by
the NN observables. Since the NN and N A states are
coupled inthe N N models [46,47] which will be used to
evaluate the initial and final state NN wave functions
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FIG. 5. Reducible A contributions at NLO (first two diagrams) and at N>LO (last two).

in NN — NN, the full pion-production amplitude
also receives contributions from the building blocks
containing N A states as shown in Fig. 7. In full analogy
to the “direct” single nucleon diagrams in Fig. 1, and
as discussed in Sec. II, diagrams shown in Fig. 7 do not
contribute to the on-shell pion-production operator but
are relevant only when convolved with the NN-NA
amplitude either in the initial or in the final state.

(i) Alternatively, one can include the A resonance per-
turbatively by incorporating it into the pion-production
operator, as shown in Fig. 5, and sandwich this operator
with the NN wave functions. This strategy is inspired
by the fact that the NN-N A contact operator, which
appears in this case as a part of the pion-production
operator, is suppressed by Xl\z/lCS relative to the corre-
sponding OPE potential. Since the A in NN — NNrx
starts to contribute at NLO, to the order we are working
the unknown short-range part of the N A potential can
be dropped. Hence, only the reducible diagrams shown
in Fig. 5 are relevant.

Although the second scenario seems to be more appealing
since no unknown short-range N A physics is involved, it
remains to be seen in practical calculations if this treatment of
the A is justified. Special concerns are related to the NN-N A
transition from the 'D, initial state where it is known from
phenomenological studies [46,47] that the N A contribution is
as large as the corresponding N N amplitude. The amplitude
with the 'D, initial state provides the leading contribution
to the p-wave pion-production amplitude, e.g.,in pp — dn .
Further insights on this issue will be provided in the subsequent
publication where the production operator derived in this work
will be convoluted with the nuclear wave functions.

Only on-shell amplitudes are physically meaningful and
can be compared to each other via power counting. To find the
MCS order we estimate the order of the diagrams shown in
Fig. 5. For example, the first diagram in Fig. 5 is suppressed
relative to the LO direct one-nucleon diagram in Fig. 1 since
the A propagator is reduced by m,/§ ~ m,/p compared to

the nucleon one.®> Therefore, this direct A diagram in Fig. 5
contributes at NLO. Meanwhile, the reducible box diagrams
(the last two) in Fig. 5, which are to be evaluated with the on-
shell (2m,) m N vertex as shown in Eq. (4), start to contribute
at N2LO. Interestingly, the diagrams in Fig. 6 involving the
AA intermediate state contribute to the on-shell production
operator only with subleading vertices at the loop level and
are therefore of a higher order. In particular, a comparison of
the box diagrams with one and two A propagators in Figs. 5
and 6 reveals that the latter are suppressed due to the absence
of the t N — m A vertex at leading order.

C. Tree-level diagrams with A resonance

In this subsection we provide explicit expressions for the
contributions of the diagrams in Fig. 7, and we obtain the
following expressions:

. 8xNA - R
iMairpa = ———=T{'v - q(S1 - pDS(P2 — Py),
my fz
. 8xNA N R
iMairar = == T - q(S] - pS(p2 — B3).
my fr
(15)
; _ 8xNA - _bac__cb
| Mrescatna = 2](7.13 v-qle T T2 k%—m% +IO(SZk2)a
1 — 8aNa . _bac_cotb 1 +
i Miescatab = 2 v-qie’ T, m(gg < k).

Of course, these tree-level pion-production amplitudes with a
N A initial or final state cannot by definition contribute to the
NN — NN irreducible production operator. On the other
hand, the amplitudes (15) give a nonzero contribution to the
full pion-production amplitude when they are inserted as a

31t is understood that, when the first method is applied, the OPE in
the diagrams will in the actual evaluations be considered as a part of
the NN-N A amplitude similar to the direct-diagrams discussion in
Sec. II B.

FIG. 6. Examples of N3LO contributions involving A A intermediate states.
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FIG. 7. Single-baryon and rescattering diagrams with A contributions which appear as building blocks in the construction of the pion-
production amplitude. In the last two rescattering diagrams only the on-shell part of the w N vertex (2m ) from Eq. (4) should be included.

building block into those of FSI and ISI diagrams which have
an N A intermediate state. The corresponding expressions are
given in Appendix A; see Egs. (A2), (A3), and (A4). The
contribution of these operators corresponding to charged pion
production in pp — dn ™ was evaluated in Ref. [34].

D. Loop diagrams with A propagators

In order to illustrate the power counting of the loop
diagrams with A in MCS, as an example, we discuss in
detail the power counting for diagram type AIV in Fig. 8.
First, note that the four-pion vertex of the leftmost diagram
in Fig. 8 can be rewritten as a linear combination of the three
pion propagators adjacent to this vertex plus a residual vertex
term* (see, e.g., Appendix A.4 in Ref. [16]). This results in
a separation of diagram AIV in four parts: for the diagrams
AIVa—AlIVc the pion propagator cancels corresponding parts
of the four-pion vertex, as indicated by the red square in
Fig. 8, while diagram AIVd appears as the residual part in this
separation. To estimate the magnitudes of the amplitudes of
these diagrams, we first remind the reader that for the reaction
NN — NNx close to threshold the initial nucleons have
four-momenta p| = (m,/2, p) and py = (m,/2, —p) with
p=1pl~ Jmymy (see Fig. 8 for the notation). Secondly,
we note that the loop diagrams with the explicit A all
involve the A-N mass difference § ~ p in the A propagator.
The power counting for the loop diagrams also requires
the inclusion of the integral measure [*/(47)?, where all
components of the loop four-momentum / are of order § ~ p,

4While the first three terms depend explicitly on the parametrization
(or “gauge”) of the pion field, the residual term is pion-gauge
independent [17].

P1

ie, v-l~ |7 | ~ p. In addition to this integral measure, in
diagrams AIVa—AIVc one has to account for one A propagator
[~1/(v-1) ~ 1/p], three pion propagators [~1/(p?)’], the
47 vertex (~p?/f2) and two 7 NA and one T NN vertices
[~(p/f»)’]. Combining all these factors and using 47 f, ~
my, one obtains the order estimate for this diagram as
follows:
1 p? 1

P11 ppY 2

GE O 2 <—) ~ i S i kes (16)

(4m)> p (p?) f7i \Jfx femy o f;
This order estimate of diagrams AIVa—AIVc based on dimen-
sional arguments should be compared with the corresponding
estimate of a leading-order diagram for the NN — NN#&
reaction, namely the rescattering diagram with the Weinberg-
Tomozawa vertex, as given by Eq. (3). Thus, we find that
diagrams AIVa—AIVc in Fig. 8 start to contribute at NLO.
Meanwhile, the pion-gauge-independent diagram AIVd starts
to contribute at N?°LO only. The reason is that the residual
pion-gauge-independent 4w vertex is suppressed compared
to the leading 4w contributions. Finally, notice that the
expression for diagram AIV contains more terms than the
corresponding pure pion-nucleon diagram IV. In the pion-
nucleon case, the contributions similar to type AIVb and AIVc
are strongly suppressed since they involve only the momentum
scale of the order of m,, as explained in Appendix A.4 in
Ref. [16].

The loop diagrams involving A which contribute to s-wave
pion production up to N>LO are shown in Fig. 9. In the
first row of Fig. 9, we have the two-pion exchange diagrams
with topologies completely analogous to the pion-nucleon gf\
graphs in the second row in Fig. 1. The two-pion exchange
diagrams in the first row of Fig. 9 individually start to
contribute at NLO. However, these NLO diagrams cancel
completely in the sum for the same reason as do the NLO

1 0 1 1 1
g------ 1 = NETR— + oo + - + oo
Do ’ N p_/z ’ N ’ N ’ N 7 N
pa—1
AIV AlVa AIVbH AlVe AIVd

FIG. 8. (Color online) An example of the loop diagrams with the explicit A. Double lines denote the A propagator; remaining notation is
as in Fig. 1. The red squares on the pion propagators indicate that, for each diagram, the pion propagator cancels parts of the four-pion vertex

expression, as explained in the text.
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AIl Allla AITIb AIV ABox a ABox b

. \~ . e - Y l~~ 1 . 1 ,~ [y \~ N )
AV e. AVIa ™=~ AVIIZ -~ AVIITE - ALK =~

v Yl ’ 1 . 1 |~ 1 1 v 1

AVIbL AVIIb %, AVIIIb “~~ AIXb ™,

. | . ‘. i \ S \
AX AXla AXIb

FIG. 9. (Color online) Loop diagrams with the A degree of freedom contributing to s-wave pion production up to N>LO. Double lines denote
the A propagator; remaining notation is as in Fig. 1. Again, the red square on the nucleon propagator in the two box diagrams indicates that the
corresponding nucleon propagator cancels parts of the Weinberg—Tomozawa 7 N rescattering vertex leading to an irreducible contribution of

the box diagrams as discussed in Sec. II B.

pion-nucleon ones in Fig. 1. In fact, it is relatively straightfor-
ward to show that, on the operator level, this cancellation
of the NLO level diagrams is independent of whether we
have a nucleon or a A propagator on the lower baryon
line in Figs. 1 and 9. Consequently, in MCS there are no
contributions from these two-pion exchange diagrams at NLO.
Moreover, the N2LO contributions of the diagrams in the
first row in Fig. 9 also show cancellation patterns among
the diagrams absolutely analogous to the purely pion-nucleon
case. In the first row of Fig. 10, we demonstrate graphically
this systematic cancellation pattern of these diagrams at NLO
and N?LO, where a nucleon (pion) propagator cancels parts
of a Weinberg-Tomozawa 7 N rescattering (four-pion) vertex
expression, rendering an effective diagram of topology like
diagram AII but with an effective three-pion-nucleon vertex
which vanishes. It should be mentioned that the diagrams in
the first row of Fig. 9 also obtain corrections from higher-order
vertices « 1/my from 57(121\)/ Those corrections, however,
again cancel completely at N’LO in a full analogy to the
cancellations among the corresponding pion-nucleon loop
contributions; see Ref. [16] and the discussion in Sec. IIC.
The net sum of the N?LO diagrams in the first row of Fig. 9
receives contributions only from diagrams Allla and AIIIb,
where the Weinberg-Tomozawa w N vertices are on-shell, and
aremnant of diagram AIV, the pion-gauge independent AIVd
shown in Fig. 8. In other words, the contributions of the
diagrams AIVa—AIVc in Fig. 8 cancel against other diagrams,
as indicated in Fig. 10, and only AIVd with a residual part of
the four-pion vertex remains.

In addition, there are several new loop diagrams contain-
ing A propagators where one effectively has a pion being
exchanged between the two nucleons; see diagrams AV-AXI
in Fig. 9. Surprisingly, parts of diagrams AV-AIX in rows
two and three also undergo significant cancellations. Again,
as illustrated in rows two and three in Fig. 10, after the
cancellations of the vertex structures with the propagators,
some parts of diagrams AV-AIX and AIV acquire the effective
topology of diagrams AVIa and AVIb. The net effect of such
contributions again vanishes at NLO and N2LO for s-wave
pion production as indicated on the right-hand side (rhs) in
rows two and three of Fig. 10. After the cancellations, only
those parts of diagrams AV-AIX remain that are proportional
to the on-shell part, 2m, of the t A-m A and w N-r N vertices.
Although the dimensional analysis estimate indicates that
these residual contributions are naively of N?LO in MCS, most
of the N’LO amplitude expression vanishes due to loop angular
integration. For example, for diagrams A VII the numerator of
the integrand o< 2m, S - (p1 — p})(S - 1) is odd with the loop
momentum / yielding the vanishing contribution at N>LO. As
a consequence of these cancellations almost all loop diagrams
in rows two and three in Fig. 9 do not contribute to the
s-wave N’LO pion-production amplitude. Only diagram AV
in the second row yields a nonvanishing N’LO contribution
from the loop diagrams in rows two and three, where again
only the on-shell part of the 7 A-w A rescattering vertex in
diagram AV remains.

Finally, the three one-pion-exchange A loop diagrams in the
last row of Fig. 9, which have to be taken into account at N2L0,
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- + 0+ et T = =0
ATl Allla AIIIb AIV ABox a ABox b
4 + + J + + + S = } =0
RIS et RSN LT LT o ;'." '\‘
AV s AVIRTs. AVIEET- AVIDas AIKE- AV
g+ L+ + .. + L+ A = 1 =0
SN R RN K . S <o RSN
——— —_—— - e e — >— —
AV . AVIb v AVIIb »  AVIIIb*-. AIXb ™ ALV )

FIG. 10. (Color online) Illustration of the cancellation pattern among the A-loop contributions for different topologies shown on the lhs of
each row. The red squares on the nucleon or A propagators indicate that for each diagram this nucleon or A propagator cancels parts of the
adjacent w N or A rescattering vertex. The red squares on the pion propagators indicate that for each diagram the pion propagator cancels parts
of the four-pion vertex expression. These propagator cancellations generate the rightmost effective diagrams in each row where the effective
vertices (blobs) receive contributions from all the diagrams on the lhs in the corresponding row. The zero on the very rhs in each row means
that the sum of all diagrams on the lhs contributes nothing to the s-wave pion production at least up to N°LO.

contribute only to the renormalization of g4 at N2LO; see the
next subsection. Furthermore, the time-dependent Weinberg-
Tomozawa v N vertex in these three diagrams appears on-shell
as discussed in the text after Eq. (4).

E. Regularization of UV divergences and renormalization

The loop diagrams with explicit A are UV divergent at
N2LO. These A loop diagrams require that the couplings and
masses appearing in the Lagrangian should be renormalized.
In particular, up to N?LO in MCS we concentrate on two
relevant renormalization corrections, namely the ones to the
N coupling constant g4 and the nucleon wave function
renormalization factor Zy, as shown in Fig. 11. These
renormalization corrections of order 82/Ai ~ XI\2/ICS were
evaluated in Ref. [37,38] for N scattering with explicit A
in the loop using dimensional regularization. We confirm the
results of Ref. [37,38,48]:

A2

106+d—4d*>+d* , &
9(d — 1) 8187xNA f_”z VEIN

Lled-2) o B o™ (17)
3d — 1) 8A87NA ];2 TA A2 )

where g4 is the bare axial coupling, g-ya = h4/2, and g; =
9/5g4 is the T AA coupling constant. In order to calculate
the production operator up to NLO it suffices to use Zy =1
and g4 = g4. However, in a theory with explicit A degrees
of freedom, renormalization corrections to the tree-level
diagrams at LO in Fig. 1 generate N’LO contributions. At
N?LO, the nucleon fields (N) in the Lagrangian must be
renormalized, i.e., N — N+/Z, and, similarly, for the axial
constant ¢4 — g4 (i.e., g4 deviates from the physical value),

) m?2
2 kg
ZN =1 +2(d _Z)g”NA_fZJ”A + o <_> .
T

o

84 =84+

due to the loop corrections with explicit A in Eq. (17). The
explicit evaluations of the diagrams in Fig. 9 reveal that the
contributions of diagrams AX and AXI reproduce the N’LO
correction to the tree-level rescattering diagram in Fig. 1 due
to renormalization of g4 and Zy (see the first five diagrams
in Fig. 11), meaning that at N?LO there are no genuine
contributions of diagrams AX and AXI in MCS.

The N2LO contribution from Zy to the WT vertex (the
last two diagrams in Fig. 11), is included in the rescattering
operator together with the residual contributions of diagrams
Alll, AIV, and AV and gives nonvanishing correction at
N2LO. The individual nonvanishing contributions of the A
loop diagrams in Fig. 9, expressed in terms of four well known
scalar integrals, J;a, I, Jrza,and Jy;ya, which are defined
in Appendix C, Egs. (C1)—(C6), read

. . 1
I M Atiatv) = l(Sll)m
1 Jra 1,
IT[JI - = (Sjjrr[ _k ]JTJI
x{ 37 + A+4 1 NA}
. d—2 (1 1J,
+i(Sh) — {5 = 5

1 1,
+ E(SJTHTA + Zk] JmTNA )

May =ik 22 (2 - ! VLAY
LMAIV =1 2d—1 d—1 k12 T
_4ﬁJnA

2

iMP = i(Sh)d —2){-3—=2

e

2
iMay = i(Sh)(d —2) {55— Ira } ,
{ (18)

82 JﬂA}
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FIG. 11. Various renormalization diagrams relevant at N2LO. The first three diagrams contribute to the renormalization correction of the
7 N coupling constant g4, whereas the last four diagrams renormalize the nucleon wave function using the leading vertices in the theory with

explicit A degrees of freedom.

where the two spin-isospin operators in Eq. (18) are:

2
(Sh) = (—z>g7}f§Ag { (

+(1 <—>2)},

1
51'2[1) 4[52/“ Szv]kai}'U - q

(Sh) = (—hSzs

£ 8a —{(1'1 X T2)*S1 -kv-g + (1 < 2)}.

19)

The four different loop integrals in Eq. (18) can be charac-
terized in the following manner. The integral J,, A, Eq. (C5),
contains two pion propagators and a A propagator whereas
the integral J;,nya, Eq. (C6), has an additional nucleon
propagator. Furthermore, we note that both of these integrals
are UV finite. Meanwhile, the integrals J, o and I, contain
UV divergences and, similar to the pion-nucleon loops, some
of these divergencies can be absorbed by the five-point
NN — NN contact term; see the last row in Fig. 1.

Before we present the final transition amplitude contribu-
tion for s-wave pion production from A loop diagrams, there
is one issue which deserves attention. In a theory containing
a “heavy” resonance A, it is not sufficient to require just the
cancellation of the UV divergent terms with the corresponding
LECs. The integrals J;n and I, in Eq. (18) which are
multiplied by the factor §?/k7 pose an additional problem.
Such polynomial behavior would give divergences if the A
resonance was infinitely heavy, i.e., if § — oco. Therefore,
to find the most natural finite values of the renormalized
LECs, the explicit “decoupling” renormalization scheme was
introduced [49]. In such a scheme, the finite parts of LECs are
chosen such that the renormalized contribution from diagrams
with A loops vanish in the limit § — oo. It is demonstrated in
Appendix C 2 that the following combinations of loop integrals
(up to N’LO in MCS) do vanish when § — oo:

k%JT[T[NAs (20)
Lix +1J +8Jpan + —— 2 (1)
278 AT Ay
82 AN 2
") Ir[ "~ o 8-]7'[71
1 1Jen 102
—— (1 — - 22
12 ( ™S 3(47‘[)2> (22)

We find that the combination of the two integrals J; o and I,
in Egs. (20)-(22), I, + %Jﬂ A, cancels the UV divergences
of the individual integrals, as proven at the end of the

Appendix C2. Hence, Egs. (20)—(22) are all UV finite and
vanish when § — oo.
Rewriting the sum of the amplitudes Mamatb)y, Marv,

My, and Mf"’ from Eq. (18) in terms of the integral
combinations (20)—(22), we obtain the following transition
amplitude from the A loop diagrams:

2

PO 8A87NA
A-loops — f5
s

2 1J 2
x{— (1,,7, + o8 4 S ha + = )2>

9 25
7]l

v q T Pugki S1y Sap)

2 Jrn

1
— KT L
T Na [3(d— 1))

18

gAgnNA

17
O (hp o+ 2 sy 2
X1 = Jrr[ T
9 285 4 (4 @)
1

2 1 Jea
g\t t

+ V-q T (S1+82) ki

k JrrnNA

3 (4m)? )

+882 T S
9 k2 e 375 AT (42

@=2 (190 5 V], g
- [3<d—1><12 5 +(4n>2>}+5’”}'

(23)

2 46

Additional terms, that do not vanish at the large § limit, shown
in the square brackets in Eq. (23), are short-ranged and are
canceled in the amplitude expression by the parts of the five-
point contact terms ACT and BCT due to the explicit A. In
other words, the decoupling condition fixes the magnitude of
the five-point contact interactions due to the explicit A, AéT,
and l’;’éT, up to higher order terms. In fact, by defining the five
A 2 Jra

point contact terms as
m2
A 0 —=Z )
TT3d—1) & + (32>

s (d=2) (19754 5 m_;i)
BCT_3(d—1)<12 ) +(4n)2>+0<82 2

we obtain the fully renormalized, finite A loops amplitude
contribution, which satisfies the decoupling condition, to

(24)
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s-wave pion production at N’LO:

. 2
lME—II(;f))ps
2
= —gchfsNA v-qtf (is““”ﬁvakluSluSzﬂ)
b1
2 1 Jya 2 1,
X {§ (Im'r + o +8Jznn + W) + Ekl Jaana
2
848,
+%U'C]TX(S1 + 82) - ki
T
5 1 Jza 2 1
N Inn A o 5-]7'[7{ DY) _kzjnn
x{9< +28 + A+(47[)2)+181 NA

L R 7 S R
92\ 2 AT (42
1 en 12

2
5 (e 35 ) |

This expression should be added to the finite s-wave produc-
tion operators presented in Sec. II.

(26)

IV. COMPARISON OF THE PION-NUCLEON
AND A LOOP CONTRIBUTIONS

In Ref. [16] (see also discussion in Sec. II) we argued
that the long-range scheme-independent part of the pion-
nucleon loops at N?LO is sizable and could resolve the
problem with the description of pion production data in the
neutral channel, pp — ppn®. We now add the long-ranged
A contribution. First, we note that the spin-isospin structure
of the A loops in Eq. (26) is exactly the same as for the
pion-nucleon case in Eq. (10). Meanwhile, the dimensionless
integrals are different and the coefficients in front of the
spin-isospin operators also differ. We want to compare the
resultant amplitudes from the nucleon and A-loop diagrams
for NN relative distances relevant for pion production, i.e.,
forr ~ 1/p ~ 1/,/mzmy.In order to separate the long-range
scheme-independent contributions of the A-loop expressions
from the short-range ones in a transparent manner, we make
a Fourier transformation of our expressions. The Fourier
transformation of a short-range (constant) contribution gives
a § function, &(r), which does not influence the long-range
physics of interest and we therefore ignore this contribution in
this section. The Fourier transformation of the long-range part
of the loop integrals is evaluated numerically as follows:

I( ) f d3k ikr I(k) *kz/Az (27)
r) = e e .

(2m)?
Here, the regulator e~F/A* is used in order to minimize the

influence of the large momenta in the loop integrals, denoted
by 1(k) for short. We have verified that for A >2 GeV this
regulator does not affect the results in the long-range region
of r ~ 1/p. Specifically, we Fourier transform the integral
combinations in the curly brackets in Eq. (26) (multiplied by
ga gi ~ ) corresponding to 7 (neutral) and 7, (charged) chan-
nels. We compare the resulting Fourier transformed amplitudes
with the Fourier transformed amplitudes of the corresponding
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FIG. 12. (Color online) The ratio of the A contributions to the
pion-nucleon ones for 7, (red dashed curve) and 7. (black solid
curve) channels. The arrow indicates r ~ 1/p = 1/ /m my.

pion-nucleon contributions in Egs. (9) and (10), —2gj I
and (—19/24g§4 + 1/6g4) I, respectively. The ratio of the
r-space A-loop contributions to those of the nucleon is shown
in Fig. 12. One can see that in the neutral channel, the
long-range part of the A contribution constitutes less than
20% compared to the pion-nucleon loop amplitude. This can
be understood by the specific combination of the coefficients
for the spin-isospin operator in the case of the A-resonance
amplitude, which results in a suppression by almost one order
of magnitude. Therefore, the conclusion of Ref. [16], regarding
the importance of the pion-nucleon loops in explaining the
neutral pion production, appears to be only slightly modified by
the A-loop contributions. Regarding the charged channel the
A-loop contribution to the s-wave pion-production amplitude
is almost of the same magnitude (roughly 60%) but of opposite
sign compared to the pion-nucleon one. The net loop amplitude
from the nucleon and A-loop diagrams is therefore not as
important as in the neutral channel.

The pattern that emerged from the loops is therefore exactly
what is necessary to quantitatively describe the data on both
pp — ppr’and pp — dn™ very near threshold: while in the
former reaction there persists a huge discrepancy between data
and the chiral perturbation theory calculation to NLO, in the
latter at NLO the description is already quite good [14]. In line
with this we now find that due to large cancellations amongst
the pion-nucleon and the delta loops the N?LO corrections
from the loops are small in the charged pion channel. On
the other hand, this cancellation is by far not that efficient
in the neutral pion channel leading to a significant loop
contribution. In combination with the observation that in the
neutral pion channel the leading order diagrams are suppressed
both kinematically as well as dynamically [3], this provides a
dynamical reason of why it was so much harder to understand
phenomenologically the neutral pion production compared to
the charged pion production.

V. SUMMARY AND CONCLUSIONS

We have investigated the pion production operator in
NN — N Nm near threshold within chiral EFT. Specifically,
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by explicit inclusion of the delta-isobar and the 1/m%
corrections we have calculated the pion production operator
to next-to-next-to-leading order (N>LO) in the momentum
counting scheme (MCS). The MCS keeps track of the large
initial momenta necessary in order to produce a pion from
two nucleons. The MCS approach accounts for the scales
encountered in this reaction, namely the pion mass, and the
intermediate momentum scale p ~ ,/m;my compared to the
hadronic scale A,. An understanding of such a two-scale
problem is important also for other systems; e.g., to formulate
a power counting for the decays of heavy charmonia via
meson loops it is necessary to keep track of various energy
and momentum scales [50].

While all loops cancel at NLO, at N2LO there is a finite
remainder of the A-loop contributions which is of the same
order of magnitude as its purely pion-nucleon counterpart
calculated in Ref. [16]. This finding confirms the conjecture
that the new scale introduced by the delta-nucleon mass
splitting should be treated at the same order as the one from
the initial momentum.

It is encouraging to observe that the sum of pion-nucleon
and delta loops shows exactly the pattern required by the data.
In the channel where there is an isoscalar NN pair in the
final state, there is a large cancellation between the N2LO
delta loops and the pion-nucleon ones as indicated in Fig. 12.
Note that in this channel the NLO calculation of Ref. [14] was
already close to reproducing the data. On the other hand, in the
channel where the final state NN pair is in an isovector state
the delta-loop contributions are much reduced compared to
the pion-nucleon loops as seen in Fig 12. This means that the
sum of delta- and nucleon-loop contributions is sizable and it
is precisely in this channel where earlier calculations revealed
huge deviations from data.

This indicates that the large quantitative difference between
the two near threshold amplitudes A and B in Eq. (2) can
be well understood on dynamical grounds based on nucleon,
delta, and pion degrees of freedom. Meanwhile, the short-
ranged physics contribution is parametrized by local contact
terms in effective field theories, and these LECs might well
give similar contributions in the two channels. However, in
order to make this finding more quantitative, a convolution
with proper NN wave functions is necessary. Formally, in
a consistent chiral EFT calculation one should derive the
transition operators and the initial and final nucleon wave
functions from the same effective Lagrangian. This has not
yet been carried out and is beyond the scope of this work.
For pragmatic reasons we will consider the hybrid approach
where, as in this work, the transition amplitudes are evaluated
in ChPT, whereas the nucleon wave functions are generated
by modern phenomenological N N potentials. As a next step,
the calculation of observables in the hybrid approach and
the comparison with experimental data will be presented in
a subsequent work. The intrinsic scheme-dependence inherent
to the hybrid approach also needs to be quantified.

Our work provides an important step forward towards
understanding the important class of reactions, namely the first
inelastic NN reactions NN — N N. Especially, it confirms
the observation of Ref. [16], where it was pointed out that
the long-range physics is not described properly in earlier
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phenomenological calculations [26-32]. Indeed, none of the
loop contributions with nucleons and delta that survived
significant cancellations, like the pion crossed boxes (cf.
diagrams IITa and IIIb in Figs. 1 and 9), were included in
these works. In addition, similar to cancellations among the
pion-nucleon loop terms, also all the delta loops that can be
associated with scalar-isoscalar 7 N interaction in the pion
rescattering term cancel. This cancellation is in conflict with
the claims of Refs. [30,31], where these diagrams provided the
essential contributions necessary to describe the data.

ACKNOWLEDGMENTS

This work was supported in part by funds provided by
the EU HadronPhysics3 project “Study of strongly inter-
acting matter,” the European Research Council (ERC-2010-
StG 259218 NuclearEFT), a DFG-RFBR grant (436 RUS
113/991/0-1), and the National Science Foundation Grant No.
PHY-1068305.

APPENDIX A: REACTION AMPLITUDE

In the most general case, an amplitude corresponding to the
matrix element of a particular production and/or absorption
operator between two-nucleon states with given initial (j, [, s)
and final (', I, s”) total angular momentum of a nucleon pair,
its orbital momentum, and total spin’ is written as®

Mfull[jls, j/l/s/] — Mpmd[jls, j/l/s/] +MFSI[le, j/l/s/]
+ MBjls, j'I's']

+MISI+FSI[J-1S’ j,l/S,]. (Al)

Here MP™[jls, j'I's'|(p, p’), with p and p’ being the initial
and final nucleon relative momenta, stands for the NN —
N Nr production amplitude where there is no N N interaction
in the initial and in the final state, and MFSU AMISL AfISIHFSI
refer to the amplitudes with final state, initial state, and both
final and initial state interaction included, in order. In this
equation we imply that the spin-angular parts (as well as the
isospin part) of the amplitudes are factored out. Note that since
there is a third particle that carries angular momentum, the
pion, the total angular momentum j of the initial two-nucleon
state can be different from that of the final two-nucleon state,
J'. Obviously, the total angular momentum of the final particles
equals that of the initial one. The pion-production amplitude
for off-shell kinematics (MP™) includes, in addition to AMPd,
the single-nucleon (the direct diagrams) production operator
Eq. (8) as well as the tree-level operators involving NA
intermediate states Eq. (15) (see Fig. 7 for the corresponding
diagrams). The other amplitudes in Eq. (A1) are given by the

In order to unambiguously specify the partial wave, the pion
angular momentum should, in general, also be given. We, however,
omit it since it is only the s-wave pion production that is considered
here.

For connection of the amplitude M™ with observables see, e.g.,
Ref. [20].
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following formulas:

PHYSICAL REVIEW C 88, 064003 (2013)

g MP4jls, j'1"s"1(p, q) Myglj', 1"s", Is1(q, p')

MU jls, j'I's'] = Csp 2/ )

; (A2)

MISHESIE e 7] = CNBZZ/ d*q d*¢
Qn)* 2n)?

i dmymylq?/2uyy) — (E' — 8) — i0]
d3q MNB ] lS s //](p q) Mprod[Jl// ” /l/s/](q p/)
M8 jls, jI's'1 = C / ’ —, (A3)
7 ”B,,,Z @ny dmymalg?/Qur) — (E — 8) — i0]
15" 1 5"
MNB[J, lS, l//s//](p’ q) MPrOd[leS”, j/l//ls///](q’ E) MNB[j/5 l///s///, l/S/](E, p/) (A4)

4m1m2

where m, (my ) are the masses of the particles in the
intermediate state that are related via the NN interaction
to the initial (final) state, pjp () are the corresponding
reduced masses, E (E’) is the energy of the initial (final) two-
nucleon state in its center-of-mass frame, Myglj, lisi, {rs/]
is the nucleon-baryon NN-NB or vice versa half-off-shell
M matrix (with B standing for N or A) corresponding
to a transition from the state (jl;s;) to the state (jlrsy),
and the sums are over all the intermediate states with
given j, j', I, l', s, and s’. We use the following relation
between the M matrix and the commonly used 7 matrix:
Mpyp = —SHZWT, where the m; are the masses
of interacting particles. Furthermore, in the formulas given
above the coefficient Cyp equals 1 for N N intermediate states
and 2/«/5 in the case when one of the intermediate states
(either initial or final) contains A.” In addition, one has to put
8 in the propagators to zero (§ = 0) for N N intermediate states
while for a N A intermediate state § = ma — my.

In case of a deuteron in the final state, the corresponding M
matrices should be replaced by the deuteron wave functions
according to

FSIy .
MBS jIs 11 = — NZ/(%P

x MPjls, 1"s"1(p, )i v (q),

where ¥ (¢) are the deuteron wave functions corresponding
to the angular momentum /", normalized by the condition

d*q
/ (2m)? (

Thus, the two-nucleon propagator for the deuteron in the final
state is absorbed in the wave functions and the normalization
has changed. Analogous expressions can be written down for
the deuteron in the initial state. Note that in the case of the
deuteron in the initial or final state the N?LO production oper-
ator derived in this paper appears only as the building block for
the calculation of the MFSI, M and MBS amplitudes

(AS5)

VOO + @) = 1. (A6)

"Note that keeping A both in the initial and final states constitutes
a higher order effect, as discussed in Sec. III B.

[q%/Q2p12) — (E = 8) —i0] - dmymy[ €2/ Quiy) — (E' — 8) — i0]

according to Egs. (A2)-(A4) and (AS), respectively. They do
not contribute independently because then there are no free
nucleons in the initial or final state.

APPENDIX B: THE PION-NUCLEON LAGRANGIAN

The leading order pion nucleon Lagrangian has form

LD =NGv-D+gaS-u)N. (B1)

The pion field is contained nonlinearly in the u field which in
the sigma gauge is

_ _ T ? (t-7)
u(n)—‘/U(n)—l—i—lzfn _8_ﬁ+l 1672 +

(B2)

Furthermore, the chiral Lagrangian contains the derivative of
the u field and the chiral covariant derivative D,,, defined as

u, =i @uuul +u'd,u), (B3)
D, =39, +T,, (B4)
T,= 3, duul. (B5)

The heavy baryon formalism involves the covariant spin
operator S, and the four-velocity v* where
S'UZO, {SM,SV}:

! v
ZV50,0 ,

S, =
)

1
z(vuvv - g;w)-
(B6)

In four-dimensional space-time, the commutator of two spin
operators can be simplified to [S,, S,] = le,wy(;vVS where
we use the convention €% = —1.

The next-order Lagrangian has two derivatives or one m>
insertion:

(1 1
£ =N{—@-D?-—D-D
TN ) (v ) 3

my my
l
—2gA {S-D, v u}+ci{xs)
my

&
+(c‘2— A )(v-u)2+63u~u
my

8
1
+ <C4+ —) [S*, S"]u“uv} N+---, (BT
4mN
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where x = ulxu' +uyx'u (x = m2 up to isospin violating Y He)— 24 (SDu-D+He)
corrections) and where we have only written those terms my 4mi,

relevant for this paper, in addition (- - -) denotes the trace in
flavor space.

1 248
M(e“”“ﬁva&g [, v-ulD, + He.)

The relevant third order Lagrangian takes the form 16my,
2
O = NOD N, (BS) ~ 84 _(ivuu-D+He)
16m3y,
where 148
. % [U'u’ [D.U«’ up.]]
g m
Og;==§é%[DM,ULuSwn]—z4m2(v1»3
N N 2 (l(v wu,)D* +He) + - (B9)
< my
— 84 4D S-uv-D+ —5(i D*v-D + He)
4my, 8my, APPENDIX C: BASIC INTEGRALS
4 2 ({S-D,v-u}v-D +Hc.) 1. Definitions and analytic expressions for various integrals
In this subsection we give the explicit definitions of the
3 5 common dimensionless loop integrals used in this work. The
+ i 2 ({(v-u))v-D +H.c) first integral J;a = u¢Jo(—8), where w is the dimension-
regularization scale and the integral Jo(—4) is defined in
+ 5 (e“”“’svaSﬁ[uM, u,]Jv-D +H.c) Ref. [36]:
32my,
Me d*—¢l 1
nA( )

QY€ (12 = m2 +i0)(—v -1 — 8 + i0)

(—=2) e 4 VI-y—=i0[ =
L*«mﬂ[ 1+]<m )]+m V{_J+ NG [_5+”mm“< )]} b
k
z

—i0
Lin (k7)) = = A ! =—2L— 1 [m (m—’z’) —1+42F <—>} (C2)
! i) @Quy=e (12 = m2 +i0)[( + k)? — m2 +i0] (4m)? u? m

where

F - vy
1(x) NG arctan( — —i0>’ (C3)
1 1 1
= any [_Z + E[VE -1- 111(471)]} ) (C4)

and the variables x, y are defined via x = k?/m2,y = §2/m?.
Further, the integrals in Egs. (C5) and (C6) can be reduced to simple one-dimensional integrals which can be calculated
numerically.

Me d*—¢l 1
8Jynn = 8— C5
A Qr)*=c (12 = m2 +i0)[( + k1)> —m2 4+i0](—v -1 —8§4i0) €5
u d*=<l 1 1
K = k2 ) C6
TrNA = (Q2m )t [(12 —m2 +i0)[( + k)> —m2 +i0] (—v - [ +i0)(—v -1 —8+i0)} (€6)

It is also convenient to define finite, scale-independent parts of J; o and I, in which the divergency L and the In(m /1)
terms are removed (the finite contributions Ji® and 7® will be used in the subsequent section):

I oL — () o g (€7
T — — 5 n\ — s
(42 \ p? i

A 1 JE—x—=i0

ffinite — s1-2 = ' arctan <L> , (C8)
(4m) Jx V4 —x—i0

1 2 m2 1
—Jia =4L+——In| = Jfinite 9
5 +wﬁ“<w)+8” )
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l]ﬁnitez 4 —l‘i‘ vIi—y—i0
§ A @ | 2 NG

[_% + arctan (%)“ .
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(C10)

From the expressions above it is easy to obtain the important relation, which is used in the analysis of the integral combinations,

relevant for our study,

1
Irrrr + %JrrA

__ yfinite
_Im'r + 55

1 Jﬁmte

55 TA (C11)

2. Combinations of basic integrals in the limit § — oo

In this subsection we discuss the behavior of the integral combinations, see Eqgs. (20)—(22), relevant for loop-diagrams
considered in this work. While the integrals I;, and J; have analytic expressions for any §, the integral J,, can be done
analytically only in the limit § — oo. Using the dispersive analysis, one finds the asymptotic expression for § J,; ;o when § — oo

m
(47)28Jpzn = 21n [2—;’]

— Ay 4 3662<(36m — 6k2)In [23] G 6m2 + (k] — 1202 ) (4 P11

1
+ 0 ( 83) (C12)
Note that, to get the MCS terms relevant at N*LO, one ignores m2 compared to k7 in the expression above.
Using the expression above, Eq. (C11) and the expansion of J:Zite for large §,
(47)? finit m 1
s = —am | 22| =24 22 [ 22 ] - 1)+ 0 (). c13
§ A 28 * 28 O\ (13
one obtains
1 Jra 2 1
Iz +8J P — =0|=]. Cl4
(rr + nnA+2 S +(4JT)2) <52> ( )

Thus, this combination vanishes in the limit § — oo.
Analogously, one finds

28 | @n2) 12 2

1

82 1J 2 1 1J
k_<7r71+8J717rA+ ﬂA+_)__<Iﬂn+_LA+

) =3 (om[55] -1 - ) o ().

(C15)

This combination vanishes in the limit § — oo up to higher order terms. To make it vanishing also at higher order one would
need to extend the calculation and keep the so far neglected higher order terms.

Finally, the integral J;,ya obviously vanishes at large &,

JraNa =

where Jn = Jzza(8 = 0).

1
E(JnnA -J

nrrN)v (C16)
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