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Abstract
We investigate p-wave pion production in nucleon-nucleon collisions up to next-to-next-to-leading
order in chiral effective field theory. In particular, we show that it is possible to describe simulta-
neously the p-wave amplitudes in the pn — ppr—, pp — pnrw+, pp — dr ' channels by adjusting a
single low-energy constant accompanying the short-range operator which is available at this order.
This study provides a non-trivial test of the applicability of chiral effective field theory to reactions
of the type NN — NN.
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I. INTRODUCTION

With the advent of chiral perturbation theory (ChPT), the low-energy effective field
theory (EFT) of QCD, high accuracy calculations for hadronic reactions with a controlled
error estimation have become possible [1,2]. In that framework, 77 [3] and 7N [4] scattering
observables and nuclear forces [5] are calculated based on a perturbative expansion in ¢/A,
with ¢ referring to either a generic momentum of external particles or the pion mass m,,
and A, ~ 1 GeV being the chiral symmetry breaking scale. An extension of this scheme
to pion production in nucleon-nucleon (NNN) collisions turned out to be considerably more
difficult. A straightforward application of the power counting proposed by Weinberg [6, [7]
to the reactions NN — NN [8,19] failed badly (see also Ref. [10] where it was pointed
out that the naive power counting using the heavy baryon formalism is not applicable above
the pion production threshold). Indeed, for neutral pion production in pp collisions, the
corrections due to the next-to-leading order (NLO) increased the discrepancy with the data
and, moreover, the next-to-next-to-leading order (NNLO) contributions turned out to be
even larger than the NLO terms [11]. The origin of these difficulties was identified quite
early by Cohen et al. [12], see also [13], who stressed that the additional new scale, inherent
in reactions of the type NN — NN, needs to be accounted for in the power counting.
Since the two nucleons in the initial state need to have sufficiently high kinetic energy to
produce the onshell pion in the final state, the initial center-of-mass momentum needs to be
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where m, and My refer to the the pion and nucleon mass, respectively. The proper way to
include this scale was presented in Ref. [14] and implemented in Ref. [15], see Ref. [16] for
a review article. As a result, pion p-wave production is governed by the tree-level diagrams
up to NNLO in the modified power counting scheme of Ref. [14]. On the other hand, for
pion s-wave production, pion loops start to contribute already at NLO. It was demonstrated
in Ref. [17] that all irreducible loop contributions at NLO cancel altogether, and the net
effect of going to NLO was shown to increase the most important operator for charged pion
production, first investigated in Ref. [18], by a factor of 4/3. This was sufficient to overcome
the apparent discrepancy with the data in that channel. But the neutral pion channel is
more challenging — it still calls for a calculation of subleading loop contributions. First
steps in this direction were taken in Refs. |[19]. We further emphasize that the A(1232)
isobar should be taken into account explicitly as a dynamical degree of freedom [12] because
the Delta-nucleon mass difference, AM, is also of the order of p;,,.. This general argument
was confirmed numerically in phenomenological calculations |20, 21, 22].

Pion p-wave production in NN collisions receives an important contribution from the
leading (NN)2m contact term in the effective Lagrangian, which also figures importantly
in the three-nucleon force [14, 23]. In addition, the same operator also contributes to the
processes vd — wNN [24, 25] and 7d — yNN |26, 27] as well as to weak reactions such
as, e.g., tritium beta decay and proton-proton (pp) fusion [28, 29], as visualized in Fig. [l
Notice that this operator appears in the above reactions in very different kinematics, ranging
from very low energies for both incoming and outgoing NN pairs in pd scattering and the
weak reactions up to relatively high initial energies for the NN induced pion production.
In Ref. [30] it was shown that both the H and *He binding energies and the triton 3-decay
can be described with the same contact term. However, an apparent discrepancy between
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FIG. 1: Tllustration of the various reactions, where the leading (N N)?m-contact term contributes.

the strength of the contact term needed in pp — pnm™ and in pp — de™ v, was reported in
Ref. [31]. If the latter observation were true, it would certainly question the applicability of
chiral EFT to the reactions NN — NN.

To better understand the discrepancy reported in Ref. [31], in this paper we simulta-
neously analyze different pion production channels. In particular, we calculate the p-wave
amplitudes for the reactions pn — ppr~, pp — pnnt, and pp — dr™. Note that even in
these channels the contact term occurs in entirely different dynamical regimes. For the first
channel p-wave pion production goes along with the slowly moving protons in the 1S; final
state whereas for the other two channels the 1S, pp state is to be evaluated at the relatively
large initial momentum. Notwithstanding, all three channels of the reaction NN — NN
seem to give consistent results for the low-energy constant (LEC) d that represents the
strength of the contact term, as we will show in the present paper. We discuss which ad-
ditional data are needed to further support this conclusion. We argue that the origin of
the discrepancy reported in Ref. [31] is not due to the different kinematics of NN — NN7
and pp fusion, but rather in the inconsistency in the partial wave amplitudes used in the
analysis. In addition, we also comment on technical issues related to the work of Ref. [31].

Our manuscript is organized as follows: In Sec. [T we discuss the general features and the
relevant observables for p-wave pion production. In Sec. [Tl the power counting is outlined
with special emphasis on the p-wave amplitudes. Our results for the various pion production
channels are presented in Sec. [Vl Here, we also discuss the role of the leading 7N scattering
parameters, c3 and ¢4, for the p-wave pion production amplitudes. We close with a short
Summary.

II. GENERAL REMARKS

It is not obvious, a priori, that with just a single contact term, which contributes to
the various reactions shown in Fig. [Il a consistent description of all these channels can
be achieved. The purpose of the contact term is twofold: it should, on the one hand,



absorb any sensitivities to the employed NN wave functions and in this way remove the
model dependence in the evaluation of the observables. On the other hand, it provides a
parameterization of the short-range physics that contributes to the process being considered.
Thus, the strength of the contact term is necessarily dependent on the method applied to
regularize the integrals (typically a cut-off) and also on the NN interaction that is used for
generating the wave functions.

For the case at hand the contact term connects NN S-waves in the initial state with
NN S-waves in the final state. Since the contact term is a local four-nucleon operator, after
including the NN distortions its contribution scales as the product of the initial and final
NN wave functions at the origin. Each of these wave functions, in turn, may be represented
by the inverse of the corresponding Jost function [32]. The reason why it is expected to
be possible that the same contact term can be used in all reactions listed above is that the
energy dependence of the Jost function is fixed by the onshell NN data and is therefore
independent of the unknown short range physics. Specifically, the NN distortions can be
represented as an integral over the relevant phase shifts by means of the so-called Omnes
function [33] — see also the discussion in Ref. [34]. This is correct up to contributions from
the left-hand cuts and the high energy behaviour of the NN interaction, both are expected
to be of higher order in the expansion. As opposed to the energy dependence, the overall
scale of the distortions can be shown to be sensitive to things like the NN interaction and
the cut-off employed [35]. Clearly, what needs to be assumed in the argument given is that
there is a proper separation of scales in the problem. Note that the expansion parameter
Dtnr/ Ay ~ 0.4 is quite large. In this sense a consistent description of all mentioned reactions
with the same contact term provides a non-trivial test of the applicability of the chiral
expansion to pion production in NN collisions.

One might ask why we take the effort of this study, since in Ref. [31] it was already shown
that a consistent description is not possible. The answer is twofold: first of all, we found
that the partial wave decomposition of Ref. [36], the result of which was used in Ref. [31],
is not correct (see discussion in Sec[V.Cl) — this is why we decided to directly compare to
the data in the present work. Secondly, there is also a conceptual problem in the work of
Ref. [31]: as was outlined above, as long as different phase-equivalent NN interactions are
used, it should be possible to absorb the model dependence of the calculation in a single
counter term up to higher-order corrections. However, in Ref. [31] pion production from
initial NN and NA states is not treated on equal footing. Rather the contribution from the
A isobar excitation is added on top of and independently of the employed NN interactions.
Thus, it is quite possible that the utilized NN — NA transition potential is too strong.
Specifically, it is not constrained by the empirical NN phase shifts as it is the case when
considering the NN and NA amplitudes consistently within a coupled-channel (Lippmann-
Schwinger-like) scattering equation [20]. In this sense, it should not come as a surprise that
it was not possible to absorb the model dependencies in a single counter term within the
scheme used in Ref. [31]. To avoid this problem, in this work we employ the coupled-channel
NN model of Ref. [37] which involves the NN — NA transition potential.

Eventually all reactions shown in Fig. [Il should be analysed consistently. This would,
however, require a calculation to third order in the chiral expansion of the process vd —
7NN and 7d — vNN or a rather involved three-nucleon calculation for the tritium beta
decay which goes beyond the scope of this work. Instead, as a next step in this ambitious
program, we analyse here in detail various pion production channels. Notice that although
these reactions appear to have similar kinematics, the relevant transition for the reaction



pn — ppm~ involves very low momenta in the NN 1S state and considerably higher momenta
(~ pmr) in the 35; channel while the situation is just opposite for the reactions pp —
(d/pn)r*. Thus, a simultaneous description of these reaction with a single short-range
operator indeed provides a highly nontrivial consistency test of our approach. Notice further
that the (NN)2m short-range operator we are interested in here does not contribute to the
pp — ppm transition which is, therefore, not considered in the present work. Thus, the only
reactions of interest for this study are pp — (pn/d)7* and pn — ppr~. Here the relevant
transitions are 1Sy — 39;p for the former and (351 — 3D1) — 1Syp for the latter, where the
small letter labels the pion angular momentum. Since the main focus of this work is on the
role of the contact term, we will concentrate on observables where the final NN system is in
an S-wave — which largely simplifies the numerical work. However, as outlined below, the
contribution of NN P-waves to observables might be relevant for the reaction pp — pnz™.
This potential problem renders this channel not very convenient for the extraction of the
counter term, as will be discussed in Sec. [V]

To be specific, we calculate in this work the differential cross sections and analyzing
powers for the reactions pp — dnt, pp — pnnt, and pn — (pp)ig,7~. Here the symbol
(pp)1s, indicates that in the corresponding measurement the final pp relative momentum
was restricted kinematically to be less than 38 MeV/c (M, —2My < 1.5 MeV) which leads
to a projection on the 1Sy pp final state. For all the mentioned observables experimental
data are available or will be available soon in the energy range of relevance here. Besides the
anisotropy of the pion angular distributions, all observables are sensitive to both s- and p-
wave pion production. Although there exists an NLO calculation for s-wave pion production
in pp — dnt using ChPT, its theoretical uncertainty is still sizable [17]. For s-wave pion
production accompanied by a transition of an isospin-one NN pair to an isospin-one NN
pair (e.g. in pp — ppr®), no sufficiently accurate ChPT calculation is available at present.
Since we focus here on the p-wave amplitudes, we extract the s-wave amplitudes directly
from the data in order to minimize the uncertainties of our calculation. The phase of these
amplitudes is then imposed using the Watson theorem [32], see the discussion in Sec. [V]

It is well known that p-wave pion production in pp — dn™ and in pp — pnz™ is strongly
dominated by the transition 'Dy — 3Sip due to a strong coupling of the initial NN state
to the 555 NA state [38]. Therefore, the amplitude we are interested in has only a minor
impact on the observables. In other words, the uncertainty for the extraction of the counter
term from these reactions will be significant. The situation is much more promising for the
reaction pn — ppm~: here the amplitude of interest is the leading p-wave. In addition, the
strength of the s-wave amplitude can be taken from the reaction pp — ppm® using isospin
symmetry and correcting for the final state interaction (FSI) as discussed in Sec.
Unfortunately, no data are presently available for pn — ppn~ at sufficiently low energies.
Nevertheless, as will be shown below, already the higher-energy data provide some insights.
In addition, data at lower excess energies will be available soon [39)].

The goal of the present investigation is to explore whether it is possible to obtain a
simultaneous description of all NN — N N7 channels. A more quantitative study including
a statistical analysis of the data and an estimation of the theoretical uncertainty is postponed
until accurate experimental data will become available for pn — ppm~— at low energies.



III. FORMALISM

Our calculations are based on the effective chiral Lagrangian with explicit A degrees of
freedom. The leading 7N and 7N A interaction terms read [40, |41

£O = NT —T (7'1'><7T)+—T V7T‘| N—i—h— {NT(T S. ﬁﬁ)\I’A—Fh.C.}—H“, (2)
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The ellipses stand for further terms which are not relevant for the present study. In the
equations above f; denotes the pion decay constant in the chiral limit, g4 is the axial-vector
coupling of the nucleon, hy is the AN7 coupling, N and Wa correspond to the nucleon
and Delta fields, respectively, and S and T are the transition spin and isospin matrices,
normalized according to:

SZSJT = %(2&] — iEiijk) y E]}T = %(2(2] — iEijka) . (4)
We also emphasize that the effective Lagrangian of Ref. [40] contains another (NN)2r con-
tact operator which can be shown to be redundant as a consequence of the Pauli principle
114, 123, 128].

We are now in the position to discuss the relevant scales and counting rules for p-wave pion
production. We assign the outgoing two-nucleon relative momentum p’ and the outgoing
pion momentum k, to be of order of m, and introduce the expansion parameter

ke P _m. p AM
X~ — o~~~ (5)
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where p >~ py,, is the initial two-nucleon relative momentum. The counting rules for the time-
dependent vertices, such as e.g. the Weinberg-Tomosawa (WT) vertex in £, are discussed
in detail in Refs. |17, 42]. At leading order one finds that the WT vertex is o 2w, with w,
being the energy of the outgoing (onshell) pion. The diagrams contributing to the production
operator at LO and at NLO are shown in Fig. 2l whereas the corresponding graphs at NNLO
are depicted in Fig. Bl At NLO there are only diagrams in which the pion is produced
through the excitation of the A resonance. The relative suppression of these diagrams as
compared to the ones involving the nucleon is accounted for by the A propagator which is
suppressed by 1/p as compared to 1/m, in the nucleon case. To see that the diagrams in
Fig. Bl indeed contribute at NNLO for p-wave pion production consider, as an example, the
first graph in this figure. Its contribution can be estimated using dimensional analysis as
follows:
wyr 1k, N 1 &k m,

T Bm, My (6)
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FIG. 2: 7(Color online)” Leading and next-to-leading diagrams for the p-wave amplitudes of NN —
NN7. Single (double) solid lines denote nucleons (Deltas), dashed lines denote pions, green ellipses
correspond to the NN wave functions in the initial and final states.

2
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FIG. 3: ”(Color online)” Diagrams that contribute at NNLO to the p-wave amplitudes of NN —
N Nr. Subleading vertices are marked as ©.

Here we used that the outgoing pion momentum k, enters the 7NN vertex to allow for the
p-wave amplitude. To understand the suppression factor this operator should be compared
with the LO contribution k,/(f2m,). Thus, one gets an order x? suppression for the first
diagram of Fig. Bl Similarly, using the 7w NN vertex from £() in combination with the p/ f,-
scaling for the 7NN vertex one arrives again at a y? suppression for the second diagram in
Fig. Bl Further details can be found in Appendix [Al which contains explicit expressions for
the diagrams shown in Figs. Pl and Bl Once the amplitudes are evaluated they need to be
convoluted with proper NN wave functions. Ideally, one would use wave functions derived
from the same formalism, namely ChPT. However, up to now these are only available for
energies below the pion production threshold ﬂﬂ] We therefore use the so-called hybrid
approach, first introduced by Weinberg ﬂ], based on the transition operators derived within
the effective field theory and convoluted with realistic wave functions ﬂﬁ] This procedure
should also provide reasonable results, however, a reliable uncertainty estimate is possible
only at the level of the transition operator.



IV. RESULTS AND DISCUSSION
A. Parameters of the calculation

To the order we are working, the following low-energy constants (LECs) appear in the
calculation: f,, ga, ha, c3, ¢4 and d. Only the last LEC cannot be taken from other sources,
for its value strongly depends on the NN wave functions employed. We adopt the following
values of the parameters: fr, = 92.4 MeV, g4 = 1.32, hy ~ 2.1g4 = 2.77, c5 = —0.79 GeV !
and ¢; = 1.33 GeV~!. The values of the LECs c¢3 and ¢4 are taken from Ref. [43]. From the
fit to mN threshold parameters, two solutions for the ¢; are given in Ref. [43] corresponding
to the different choices of hy (ha ~ 2.1g4 and hy ~ 2.1). The sensitivity of the results
to the different values of ¢35 and ¢y will be also discussed. As already mentioned in the
Introduction, the power counting scheme calls for a dynamical treatment of the A isobar
as a result of the comparable numerical value of the Delta-nucleon mass difference and py;.
The implications of integrating out the A degrees of freedom for the processes at hand are
discussed in Appendix [Bl

The deuteron wave function and the NN scattering amplitudes used in the calculation are
generated from the CCF NN potential [37]. As described above, we do not calculate the s-
wave pion amplitudes in this work but rather take both their strength and the phases directly
from experiment. To be specific, for the reaction pn — ppm~ we aim at the description of the
double differential cross sections and the analyzing power measured at TRIUMF [44, 45] and
PSI [46]. Following the Watson theorem to parameterize the relevant 3Py — 1Sys amplitude,

we use the ansatz Ce®ro \Ilz(j)('r = 0), where the inverse Jost function in the 'S, partial
wave, \Ifl(j)(r = 0), and the initial phase shift dsp, are calculated from the NN model used,

and the parameter C' is fitted to reproduce the corresponding amplitude extracted from
the TRIUMF data using a partial wave analysis [45, |47]. It is interesting to note that the
3Py — 1Sps amplitude from the TRIUMF analysis at! n=0.66 (T}, = 353 MeV) is about 25%
larger than that extracted from the pp — ppr® measurement at CELSIUS [48]. A similar
inconsistency is discussed in Ref. [49] where it is argued that the total cross sections at low
energies for pp — ppr® recently measured at COSY are about 50% larger than those at
CELSIUS and IUCF as a result of the missing acceptance at small angles for both CELSIUS
and [UCF.

For the reaction pp — dr* the s-wave amplitude occurs in the 3P, — 355 partial wave
and can be related to the total cross section at threshold. The most precise way of getting
this quantity is to extract it from the width of pionic deuterium atom, measured at PSI
with high accuracy [50, [51]. This procedure gives the following value of «, the total cross
section divided by n: o = 25275, ub [52]. Thus, we adjust the magnitude of the 3P, — 39s
amplitude to be in agreement with this observable.

As mentioned above the value of d depends on the NN interaction employed and on the
method used to regularize the overlap integrals. Indeed, in Refs. [14, 28] a strong sensitivity
of the LEC d to the regulator is reported. It therefore does not make much sense to compare
values for d as found in different calculations. What makes sense, however, is to compare
results on the level of observables and this is what we will do below. We will adjust the

! Traditionally, the energy in the pion production reactions is given in terms of 7, the (maximum) pion

momentum allowed in units of the pion mass.
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FIG. 4: ”(Color online)” Results for As/Ap (see Eq. [7) (left panel) and the analyzing power at
90 degrees (right panel) for the reaction pp — dr* for different values for the strength of d (in
units 1/(f2My)). Shown are d = 3 (red solid line), d = 0 (black dashed line), and d = —3 (blue
dot-dashed line). The data are from Refs. |53, 154, 55, 56, 57]. The strength and phase of the
s-wave amplitude is fixed from data.

value of d in such a way to get the best simultaneous qualitative description of all channels
of NN.

B. Reaction pp — dnt

We begin with a discussion of the results for the reaction pp — dr™. In Fig. @ we
compare our calculation for various values of d with the experimentally available angular
asymmetry parameter A;/Ag. The coefficients A; are related to the unpolarized differential
cross section via

do
q°= Ag + Ay Py(cosby) (7)

with Py(x) being the second Legendre polynomial and €, the pion angle in the c.m. frame.
We also show results for the analyzing power at 90 degrees. In both cases the observables
are plotted as functions of the parameter 7. Here and in what follows, the value of the LEC
d is always given in units 1/(f2My). Notice that at low energies, it is sufficient to just show
the analyzing power at 90 degrees since its angular dependence is proportional to siné,. To
illustrate this we also present in Fig. [ the analyzing power as a function of the scattering
angle for two different energies n=0.14 and n=0.21. At n ~ 0.5 the angular dependence of
the analyzing power starts to deviate significantly from sin 6, due to the onset of d-waves.
Clearly, at these (and higher) energies we cannot expect our calculation to agree with the
data anymore. As can be seen from the figures, the data at small ), especially the analyzing
power, prefers a positive value for d — our fit resulted in d = 3 for the best value. To
demonstrate the effect of the LEC d on the observables, in Fig. B and in subsequent figures
we also give the results with d = 0 and with the negative LEC d =-3.
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C. Reaction pn — ppw—

We now turn to the reaction pn — ppr~. As it was already explained in Sec. [} for
this reaction channel the relevant pion p-wave occurs in conjunction with the two-nucleon
pair in the 1S; state. It is known experimentally that in the isospin-one channel the final
P-wave diproton contributions (Pp and Ps) start growing with the energy rather rapidly
so that already for excess energies around 30 MeV they provide about 50% of the total
cross section [48]. Therefore, in order to be sensitive to our particular amplitude one needs
to isolate experimentally the S-wave diproton state by putting kinematical cuts on the
two-nucleon relative momentum. This is exactly what was done in the experimental study
of pn. — ppr~— at TRIUMF [44, 45]. In particular, they measured the differential cross
section d”c /(dQ2dm? ) and analyzing power A, for Tjo, = 353 MeV (=0.66), where the final
diproton relative momentum p’ was restricted to be not larger than 38 MeV /¢ (M, —2My =~
1.5 MeV). A similar measurement for the analyzing power was also performed at PST [46] for
Tiap = 345 MeV and pp invariant masses M, —2My < 6 MeV. It is interesting to note that
the positions of the peaks in A, seem to be somewhat different in these experiments (see
Fig.[d), although the data of Ref. [46] have much larger uncertainties than those of Ref. [44].
Unfortunately, presently data for pn — ppr~ are only available at such high energies where
our corresponding results in the pp — dn™ channel already start to deviate considerably from
the experiment. Therefore, for the reaction pn — ppr~ we expect likewise only a qualitative
description. Nevertheless, a comparison with the experimental data in this channel is quite
instructive too and shows also a preference for a positive value of d as visualized in Fig.
Fortunately, there will soon be a measurement for the same observables at lower energies at
COSY [39]. Once this data will be available we should be able to draw more quantitative
conclusions on the value of the parameter d needed for the reaction pn — ppr~.
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FIG. 6: ”(Color online)” Results for d’c/dQ:dMp, (left panel) and A, (right panel) for pn —
pp(1So)7~. Shown are the results for d = 3 (red solid line), d = 0 (black dashed line) and d = —3
(blue dot-dashed line). The data is from TRIUMF [44, 45] (black squares) and from PSI [46] (blue
circles) .

D. Reaction pp — pnnt

The reaction pp — pnm™ is the most difficult and the least convenient one for the ex-
traction of the contact term. Besides the fact that here, as in pp — dnt, pion p-wave
production is mainly driven by the 'D, initial state, in addition NN P-waves contribute
for isospin-one as well as for isospin-zero NN final states. At the energies considered in
the experimental investigation, n =0.22, 0.42, and 0.5, the Pp amplitudes may contribute
significantly [48, |58, 59]. They should be particularly important in view of the smallness
of the 1Sy amplitude — even small contributions to Ay, see Egs. () and (@), can affect the
partial wave analysis considerably. In the partial wave analysis performed in Ref. [36], these
Pp contributions were not taken into account at all. Also there are contributions to Ag from
the isospin-one NN final states that potentially increase the uncertainty of the analysis,
especially in view of the differences in the experimental results in pp — ppr® as already
discussed above. These arguments alone cast serious concerns on the partial wave analysis
performed in Ref. [36]. But there is an even more direct evidence of problems with the
extraction of the partial wave amplitudes of Ref. [36] which we now discuss in detail. The
observables measured for the reaction pp — pnz™ in Ref. [36] include the coefficients Ay and
A, in the differential cross section, see Eq. () and the analyzing power Ay(90°). Neglecting
the Pp contributions these observables can be expressed in terms of the three partial wave
amplitudes with the isospin-zero pn-state ay (1Sy — 35p) (the single amplitude, where the
(NN)?r contact term contributes), a; (*P1 — 351s), az (*Dy — 3S1p) and the contribution
of the isospin-one channel denoted as Al~=! via

aol? +Jar? + |ag)?

AO - 4 + A(I):17 <8>
= a2 _ L elagas
A2 — 4 \/ﬁR [ 0 2], (9)
A4,(90°) (49— 52) = L (vImlasaq] + Tl 3], (10)
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FIG. 7: ”(Color online)” Results for the magnitude of Ay (left panel) and A,(90°)(A — A2/2)
(right panel) for the reaction pp — pnz™ for different values of the contact term. The notation of
curves is the same as in Fig. @l The data are from Ref. [36].

where (Ag — Ay/2) is just do/dQ(90°) from Eq. ([@). Using the system of Eqgs. (8)-(I0) one
can determine the amplitudes ag, a; and ay provided one knows the isospin-one piece AJ=1.
The latter was extracted in Ref. [36] from the measurement of the total cross section in the
reaction pp — ppr® reported in Ref. [60]. However, the FSI in the pp — ppn® reaction is
very different to that in the pp — pnn™ channel. To estimate the difference note that in
the energy region studied, which is less than 20 MeV, the dominant partial wave is the one
where the final two-nucleon state is in the S-wave. In this case the correction factor would
be proportional to the ratio of the inverse Jost functions squared integrated over the phase
space

- fd3p,k7r|Fpn<p/>|2

R - 9
f d3plk:7r|FpCI))C (p/) |2

(11)

where I}, (p’) and FSOC (p') are the inverse Jost functions for the pn and pp 1S, states, respec-
tively. As discussed above, although the Jost function itself depends on the NN model used,
its energy dependence does not. We may, therefore, evaluate R using any sensible model
for the NN interaction. For a separable NN potential there exists an analytic expression
for the Jost function in the pp system in the presence of the Coulomb interaction [61, [62].
Using it one finds that the ratio R is about 1.5 for n = 0.22 and about 1.2 for n = 0.42.
Similar results are obtained using the CCF NN interaction [37]. Thus, compared to the
original analysis performed in Ref. [36], the isospin-one contribution at n = 0.22 should be
enhanced by more than a factor of two if, in addition, one utilizes the new, larger experimen-
tal data from COSY for the total cross section for pp — ppr® [49]. This change, of course,
will significantly affect the results of the partial wave analysis. Given the above difficulties
with the partial wave analysis of Ref. [36], we decided to compare our results directly to the
experimentally measured quantities. Aiming presently at a qualitative description of the
data, we will not include the Pp-states in this work.

The results of our calculation for A, are shown in Fig. [l Again, positive values of the
contact term with d ~ 3 seem to be preferred. We emphasize, however, that these results
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should be treated with care since the calculations at higher energies can be affected by P-
wave contributions whereas the lowest point is not very sensitive to the value of d due to the
large experimental uncertainty. We can also check whether our results are consistent with the
measurement of the analyzing power that is related to our amplitudes via Eq. (I0). To allow
for this comparison, however, we need to know the pion s-wave amplitude a;. At present,
this quantity is known theoretically only up-to-and-including terms at NLO. Therefore, to
minimize the uncertainty of the current study, we extract this amplitude directly from data
on the total cross section in pp — pnat through Eq. (§). We employ the amplitude AJ=*
consistent with the data at COSY and correct for the FSI factor as described above and
take the amplitudes ag and ay from our NNLO calculation. In the right panel of Fig. [1]
we compare our results for A,(90°) (Ag — A2/2) with the corresponding data. Since we use
the experimental total cross sections to extract aj, our results, given by red (d = 3), black
(d = 0) and blue (d = —3) squares in the right panel of Fig. [7, can be presented at specific
energies only. The squares include the experimental uncertainty in the total cross section
Ag used to extract a;. To guide the eye, we also show the results of interpolations between
the three energies. It is seen that the magnitude A,(90°) (Ay — A2/2) is much less sensitive
to the value of the LEC d than, e.g., Ay. Notice further that the experimental points do not
include a 12% uncertainty due to systematic errors in Ay and As.

Since we do not know the contribution of the NN P-waves to the pp — pnn™ observables
at present, and an improved partial wave analysis would require a careful study of various
uncertainties, we do not try to extract ag from the data. However, in order to illustrate the
potential effect of the changes discussed above (up to NN P-waves) on ag, in Fig. 8 we show
the results of our calculation for ag in comparison to the old extraction of Ref. [36]. Evidently,
although all data presented in Ref. [36] are in a good agreement with our calculation (as
demonstrated in Fig.[7), the partial wave amplitude is not at all described — see solid curve
for our results with d=3 in Fig.[§] which illustrates clearly that the partial wave solution given
in Ref. [36] should be abandoned. It is interesting to note that in Ref. [31] it was stressed
that a positive value for aq is necessary in order to achieve a result for pion production that
is consistent with the ones for the weak rates. This is in accord with our findings based
solely on the data for NN — N Nmr. Here we do not aim at a more quantitative comparison
with Ref. [31], because of the technicalities discussed in the beginning of Sec. [

Finally, we would like to discuss the sensitivity of our results to the parameters c;. As
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shown in Appendix [A] for the 1Sy — 3S; or 35; — 1Sy NN transitions the parameters c;
occur in the combination Cfsl = ¢3/2+ ¢4 + 1/(4My). This combination appears to be
largely constrained by the 7N data since the different sets of ¢; from the recent analysis [43]
give basically the same value for C’;Sl. In addition, to the order we are working at, this
combination is fully absorbed in the counter term since the corresponding potential for
NN — NN, see the second diagram in Fig. 3] is just a constant up to higher order terms

L B e U G (1+00) (12)
150,351 i (]7—17')2+m3r Y X )

Due to a coupled channel effect, the same combination of ¢; also contributes in the *D; —
381 — ISyp partial wave. The situation is different when D-waves contribute at the level of
the transition operator. The combinations of ¢; in the 3D; — Syp amplitude for pn — ppr~
and in the Dy — 35)p amplitude for pp — (d/pn)7™ will influence the observables, for at the
order we are working at there is no contact term that can absorb the resulting dependence
on the LECs ¢;. It is worth mentioning that the combinations of ¢; in these partial waves are
constrained only weakly by 7N data. In particular, the combination of ¢; in the 3D, partial
wave, C’le = c3 —cq — 1/(4My), changes from 2 to 7 depending on which of the sets of ¢;
given in Ref. [43] is used. Thus, we conclude that the reaction NN — N N7 may serve as an
additional source of information to constrain the ¢;’s, complementary to the 7N [43,63] and
NN [64] data (see, however, Ref. [65] for some criticism). However, for a more quantitative
study of the constraints implied by pion production, and by wN- and NN scattering data,
a more complete and consistent analysis is necessary, which we postpone to a future work.

V. SUMMARY AND OUTLOOK

We performed a calculation of p-wave pion production amplitudes in NN collisions in
three different channels (pn — ppr~, pp — dr™ and pp — pn7™) in the framework of chiral
effective field theory. The relevant partial wave transition that depends on the (NN)2m
low-energy constant d is 3S; — Sop for the first channel and 1S, — 3S;p for the others.
Therefore, it is clear that the study of different channels of the pion production reaction
NN — NN probes the corresponding operator in very different kinematical regimes and,
thus, provides a non-trivial test for the validity of the employed approach. Our analysis of
all the three channels resulted in values for the LEC d that are consistent with each other.
In addition, we also point out an inconsistency in the partial wave analysis for pp — pna™
carried out in Ref. [36]. Our findings can be interpreted as an indication that the source of
the discrepancy reported in Ref. [31] is not due to the difference in the kinematics between
NN — NN and tritium (-decay, but rather caused by the inconsistency in the partial
wave analysis for pp — pnzt as well as by some technicalities with respect to the work of
Ref. [31] that we also discussed in our paper.

Our investigation implies that calculations within effective field theory yield reliable re-
sults for pion production in NN collisions utilizing the same value for d even though the
corresponding contact term enters at very different kinematics in the reactions pn — ppn—,
pp — drt and pp — pnwt. To confirm this conjecture, (i) one needs to reanalyse the re-
action pp — pnwt using the complete experimental information available for pp — ppr® as
input and (ii) one needs new data for the process pn — ppr~ at lower energies. We would
like to stress that the near-threshold measurement of the reaction pn — (pp)ig, 7, where
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(pp)1s, signifies that the final pp state is constrained to be in the S wave by a kinematical
cut, is the cleanest way to extract information on the contact term from pion production pro-
cesses. Such measurements are already under way at COSY. Indeed, in the near future both
pp — (pp)is,™ and pn — (pp)ig, 7~ will be measured even with polarized initial state [39].
In addition, a consistent calculation for both tritium beta decay as well as low-energy pd
scattering should be performed. We plan to perform these calculations in the future.
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APPENDIX A: REACTION AMPLITUDES

In this Appendix we present expressions for the matrix elements for the reactions we
consider. To calculate them, we used the technique developed in Ref. [66].

1. General Considerations

Let us consider pionic reactions involving the NN system, for example NN — NN,
md — NN, etc. In the most general case, an amplitude corresponding to the matrix element
of a particular production and/or absorption operator between states with given initial
(7,1, s) and final (j',1’, s') total angular momentum of a nucleon pair, its orbital momentum
and total spin? is written as

Afun[jls,j/l/s/] :Atree[jls,j/lls/]+AFSI[le,j/l/s/]+AISI[jl$,jllls/]+AISI+FSI[jl$,jIlI$I] ,(Al)

where “tree” stands for the tree production amplitude, i.e. where there is no NN (or NA)
interaction both in the initial and in the final state, and FSI, ISI, ISI+FSI 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 part (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

2 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 p-wave pion production that is considered here.
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can be different from that of the final two-nucleon state, j’. Obviously, the total angular
momentum of the final particles has to be equal to that of the initial ones. Given the tree
amplitude as a function of the initial p and final p’ relative momenta, A™"[jls, j'I's'](p, p'),
the remaining amplitudes are given by the following formulae:

AFSUj1s, 7S] Z / Atreeﬂs 3'"s")(p, q) M[j',1"s",1s)(q, ") (A2)
s AMy My [/ (2pry) — B — i0] ’
AISI Jls j/l/ ) Z/ d3q M ],ZS "s //](p’ ) .Atree[]l/lsl/,j/l/sl](q,pl) (A3>
s 4M1M2[ 2/<2,U/12> - E - ZO] ’
AISI+FSI ]ZS j/l/ ’ Z Z / d3q d3f
l// 1" l/// 1"
y M[ja ls, I"s //}( ,Q) .Atree[jl”S”,j/lmsm](q, g) M[j,, lmsm’ l/sl] (g’p/) (A4>

4M1M2 [q2/(2,u12) —F— ZO] . 4M1/M2/[£2/(2,u1/2/) — B — ZO]

where M 5 (My/ o) are the masses of the particles in the intermediate state that are related
via the NN interaction to the initial (final) state, u12 (p11/9/) are the corresponding reduced
masses, F (E') is the energy of the initial (final) two-nucleon state in its center-of-mass
frame, M{[j,1;si,lrsf] is the NN half-offshell M-matrix corresponding to a transition from
the state (jl;s;) to the state (jlsss), and the sums are over all the intermediate states with
given j, 5/, [, l', s, and s’. We use the following relation between the M-matrix and the
commonly used 7-matrix: M = —8n%\/M,MyM;M, T, where the M; are the masses of
interacting particles.

The formulae given above also hold for the case when there is a transition through an
intermediate NA state going to a final (from an initial) state via an NN — NA interaction.
In this case the NN M-matrices have to be replaced by the appropriate NN — N A matrices,
and also the propagators entering Eqs. ([A2)-(A4]) that correspond to the NA intermediate
state have to be modified according to

1 1
AMMGI? (2pz) — E — 0] 4v2M Mo/ (2pma) — (E — AM) — i0]

(A5)

where AM is the nucleon-A mass difference (note also the factor 1/4/2). Of course, a tree
diagram with a NA initial or final state gives a nonzero contribution only when it is inserted
as a building block into those of FSI and ISI diagrams that have NA as an intermediate
state.

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

APSjls 1] = / &g = A™[jls, 11"s"](p, )i" " (q), (A6)

N "

where 9! (¢q) are the deuteron wave functions corresponding to the angular momentum 1”,
normalized by the condition

| s (0@ + @) = 1. (A7)
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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 and also for the deuteron in the initial and final states.
Note that in the case of the deuteron in the inital and/or final state the tree diagrams appear
only as building blocks for the calculation of the IST/FSI and ISI4FSI diagrams according to
Eqgs. (A2)-(A4)) and [A6), respectively. They do not contribute independently because then
there are no free nucleons in the initial and/or final state.

2. The reaction pn — ppn—

Here and below we use the spectroscopic notation 2L ; for the NN and NA partial
waves rather than the [jls] notation used in the previous section. The transitions that
contribute to the reaction pn — ppr~ at energies close to threshold are 3S; — Syp, 3D; —
ISop in the isospin-zero initial state, and 3Py — Sys in the isospin-one initial state. The
spin-angular structure of the amplitude reads

_ _ S
Mopn—ppr— = |A1(SP) + C1(Sky) + Co S((Pky)p — gkﬁ) 7, (A8)

where § = Xg%ﬁxl, 1 = X;% X1~ denote normalized spin structures corresponding to the

initial spin-triplet and final spin-singlet states, in order. Here and below, p, p’, k, denote unit
vectors of initial and final relative momenta of two nucleons and that of the pion momentum,
respectively, and the x’s with corresponding indices stand for the spinors of the initial and
final nucleons. In turn, A;, C;, and Cs are the amplitudes corresponding to the 3Py — 1Ss,
38, — Sgp, and 3D; — Syp transitions, in order. They are related to the corresponding
amplitudes in the JLS basis via

1
A = — Afull 3P,1S ’ A9

NG ["Po, So] (A9)
Cy = AMIES,, 1Sy, (A10)
Cy = 3 AMIBD, 15,]. (A11)

V2
The observables we consider are expressed in terms of these amplitudes in the following way:

Lo 1 1 ”/ Cy 2
- k- (p))p™dp l\A1|2 + ‘Cl - =
dQddm?, 4AM2 (4m)* Mysp / 3

| 2

2
+2Re (A7(C + %)) cos 0, + {QRe (C5Ch) + ‘C;f } cos” Qﬂ] , (A12)

d20' 1 1 Pcut
A, - — /kw No2dp
v d0dmz, ~ AAME, (4m) Mysp (#)p~dp

G

x| sin 20, Im (C7Cy) — 2sin 6, Im (A (C) — 3

)] (A13)

where peys is the maximum relative momentum of the final protons in the measurements at
TRIUMF [44, 45], AM?, = (2My + pZ,;/Mn)* — (2My)? = 4p2,, k=(p') is the momentum
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of the final pion, and s and p are the invariant energy squared and the relative momentum
of the initial nucleons, in order.

Below we give the expressions for the tree amplitudes A[3S, 1Sy, A[*D;, 1Sy] resulting from
various pion production mechanisms as well as those for the relevant production amplitudes
involving the A isobar. Note that from here on we suppress the label ”tree” on the tree-level
transition amplitudes. We also explain how we extract A; from experimental data.

a. Direct production

APS:, Sl(p.p) = € / i |kt o (k) | 20O R ), (AL
APDL S0 1!) = 5 [ e [l 1)+ 30 55— ()
(2W)%ﬂ3(p —p+ka/2), (A15)

8MNgA
A

both the leading 7NN vertex and its recoil correction which enters at NNLO.

where C =

and w, = (/k2 + m?2 is the energy of the final pion. Here we included

b.  Production via the A(1232) isobar

The A(1232) contribution comes from the NA intermediate states. In the reaction pn —
ppr~ with the initial isospin of the pn system being I = 0, the NA < NN transitions are
allowed only in the final state interaction. As we consider those kinematical configurations
where the relative kinetic energy of the final protons is small, it is only the 1S, final state
that contributes. Therefore, the only coupled channel where the A(1232) contributes is
"Do(NA) — 1S3(NN). For p wave pions the relevant amplitudes that correspond to the
31 (NN) — 3Dy(NA) and 3D;(NN) — °Dy(NA) transitions in the production operator
read:

dQdz . -
APSL D p) = On [ [ 36k 1)) @O g Red), (A1)
T
APD D) = & [ T [ 0039 ) ) 39 35?1
1, 0 ) \/5 A T T g T g
x(2m)*8 0 (5"~ k) (A17)
MyM, M M

where Ca = —i8 N Maha N and ¥ = N and p’ is the relative momentum of

3faV/2 MA’ My + Ma
the NA state.

c. Rescattering via the s-wave WT vertex

Cuw.k, dQs 1 2(p—p’)?
3 1 AN p 1—
A[ Sla SO](pap) 2]07% A (ﬁ_ﬁ’)2+m72r 3[(ﬁ—ﬁ/)2+m%]

, (A1)
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wak:ﬂ dQﬁ3(ﬁ/ﬁ_p)2 - (ﬁ_ﬁl)Q

3122 ) dr [(F—p")? + m2]?
Note that in these expressions, and also in the expressions for the amplitudes that stem

from operators with c3, ¢4, and recoil corrections to the WT vertex (see below), we keep only

the leading term in the expansion in powers of k. /p. The same is true for the corresponding
amplitudes in the reactions pp — drt and pp — pnw™.

A[3D17 150]<p7p/) =

(A19)

d. Operators with c3, cq4, and recoil corrections to the WT vertex

ACky [dQ [ s  (F— ') 1 p?—p’
3¢ 1 no_ ul 2 51 A2
A[ 517 SO]<p7p> 3][2 / A [ (ﬁ—ﬁ’)Q—i-m% SMN (ﬁ_ﬁ/)Q_'_m% 7( 0)
20k, [ d%: [ sp, 3(0'D —p)? — (F— p")?
“43D 715 ) ' = E i iDl — —
SIAN2 9N 2 2
1 3((pp2 ﬁpQ) p2+p]7 (A21)
4-Z\4N (p - p,) + mx
c 1 1
where C;SI = 53 +c4 + M) C;Dl =C3—C4— M
e. Contact term
2C k.,
ALy Sol(p.pf) = == (A22)
A
APDy, 'So)(p, 1) = 0. (A23)

f. Coulomb interaction

Since the final two protons are at low relative momenta, there are sizable effects from
the Coulomb interaction between the two protons. The effect of the Coulomb interaction
was taken into account along the lines of Refs. [67, 168]. To be specific, we multiply all tree
diagrams that do not contain the A isobar by the Gamow-Sommerfeld factor

2my(p') 1/2

G(p) = op 2y () —1) (A24)
/ MN

where « is the electromagnetic fine structure constant. At the same time, the half-offshell pp
M matrix in the 1Sy partial wave that we use in our calculation is corrected for the Coulomb
interaction according to

G(q) MC(',p')

CC AN /
M (qvp) - M(Q7p)G(p/) M(p',p') )

(A25)
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where M(q,p') and MCC(q,p’) are, in order, the half-offshell pp M matrices without and
with the inclusion of the Coulomb interaction, whereas M(p',p') and MCEC(p/,p') are the
corresponding pp onshell M matrices. See Ref. [67] for more details.

As far as diagrams with the A are concerned, where we have the transition *Dy(NA) —
ISo(N'N), we apply the following argument in order to take into account the Coulomb in-
teraction. First, we note that the typical relative momenta of the intermediate NA state
are large so that the Coulomb interaction in this intermediate state is expected to be unim-
portant. In order to take into account the Coulomb interaction between the protons in the
final state, we multiply the amplitude with NA by the ratio of the inverse Jost functions

CC(,y/
Gralp) = Fyp (7) (A26)

Fop () ’

where F{C(p') and Fp(p') are the pp inverse Jost functions with and without Coulomb
interaction, respectively. They are related to the corresponding M matrices via

1 P*q GgM (q,p)
CCyr, 1\ __ / )
Foo () = G(p)+4MN/<27T)3 e (A27)
N 1 *q  Ml(q,p)
Fpp(p) =1 + 4MN / (27T)3 qg _p/g . ’LO (A28)

Notice that the overall normalization of the Jost functions is of no relevance, for they only
occur in the ratio (however, both Jost functions have to have the same normalization factors).

g. The contribution of the I =1 initial state

We write A; in Eq. (AS) in a form which takes into account the ISI phase as well as the
dependence of the final state Jost function on the momenta:

A = iXexp(i6 ) FSC(p)). (A29)

The constant (real) factor X is adjusted in such a way to reproduce the corresponding
amplitude extracted from the TRIUMF data using a partial wave analysis [45,47]. The sign
of X is adjusted to the behaviour of observables in pn — ppr~.

3. The reaction pp — dn™

The transitions that contribute to the reaction pp — dn™ at energies close to threshold
are 150 - 351]9, 150 - 3D1p, 1D2 - BSlp, 1D2 — 3D1p, and 3P1 — 3518, 3P1 - 3D18. The
spin-angular structure of the amplitude reads

Mp—art = |Co (S x p)E + CLL(kE) + Cy I[(pk) (p) — = (k)| (A30)

where € is the deuteron polarization vector, S = Xg%ﬁxl, 7 = Xg%xl are normalised
spin structures corresponding to the initial spin-triplet and spin-singlet states, in order.

Here, the x’s refer to spinors of the initial nucleons, and Cy, C4, and C5 are the amplitudes
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corresponding to the 3P, — &'s, 1Sy — &p, and Dy — £p transitions, in order. Further, we
denote the final states as €'l, where £ stands for the deuteron final state, and [ is the angular
momentum of the final pion relative to the deuteron. The amplitudes Cy, C}, and C5 are
related to the corresponding amplitudes in JLS basis via

Cy = \/g AMIPP 1], (A31)
Cy = A™Sy, 1], (A32)

Cy = \/g ARUD, 1], (A33)

Note that, as it can be seen from Eq. ([A6l), the amplitudes of the transitions to the deuteron
state are sums of the amplitudes where the transition goes to the S-wave component and
those where the transition goes to the D-wave component of the deuteron wave function.
Note also that here the total amplitudes are distinguished only by the initial state, as
the final state, the deuteron, is the same for all transitions. However, at the level of tree
amplitudes, one has to distinguish between the ones that correspond to transitions to the
S-wave component and those to the D-wave component.

The observables under consideration are expressed through the amplitudes Cy, C, and

Cy as

do k, 2 5 1 5 ) 2 . ,
dQ ~ 256m2sp 2|Col” + [Ch]" + 9|Cz| (3cos” 0.+ 1) + 3Re (C1C3)(3cos” 0, — 1),
(A34)
do k. . Cy
A 38 St 250 Or o0 I (G5(C = ). (A35)

Below, we give expressions for the tree amplitudes A['Dy, D], A['Ds,35:], A[*Sy,*D1],
A['Sy,351], contributing to C; and Cy, as well as those for the relevant production amplitudes
involving the A isobar. We also provide details of the determination of C.

a. Direct production

Allsn, 'S1)(p.#) = € / o ety (R 2 (7~ R 2). (A36)
dQd; w .
AL D) = = [ S B0k 14 )
x (27 35<3( Ptke/2), (A37)
AD2, 1] (p,1) = 39k )? 1)y - B00") () 5]
x (27) 35<3 p—H{:ﬂ/Q) (A38)
dsd . . A
LDy D1 (p. ) = f\f [ T [ 90 ) ') )~ 358?35 R 41
el H’)(pk:) ORI e (A30)
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b. Production via the A(1232) isobar

In the reaction pp — drn™, the initial isospin of the pp system is I = 1, so the
NA « NN intermediate states are allowed only in the initial state interaction. The
coupled channels that contribute are® So(NN) — °Do(NA), 'Dy(NN) — °Dy(NA),
and 'Dy(NN) — 5S5(NA). The relevant transitions in the production operator for p-
wave pions are “Dy(NA) — 35 (NN), Do(NA) — 3Dy(NN), 5Dy(NA) — 351 (NN),
SDo(NA) — 3Dy (NN),5S5(NA) — 35 (NN), and 3Sy(NA) — 3D (NN). The expressions

for the corresponding amplitudes read:

AFDo, *S1](p,p) = Ca / df;f [—kw[:%(zai%ﬂf —1]](2w>35<3><ﬁ’—ﬁ+1a/2>, (A40)
APDo D). tf) = 2 [ e [halo 905k () =307 05 e 41
x (27) 35<3 (7' —f+k=/2) (A41)
APDs (0,0 = cﬁf /dQ” B0k 11| 20)*5O 7'~ +Ee/2), (A42)
Sy . .
AT, D) = B[S / 90692~ 6(55 ") (o) ()
42(phy)* +2(0 ) —g]](%)?’é(?’)(ﬁ’—ﬁﬂ?ﬂ/?), (A43)
AP, 5, )(p.1f) = a6 [ S 47T (26 (5"~ 5+ K f2) (A44)
A D) = ey [ L [ ~ ka3 "kn)? — 1)| )0~ Faf2) . (A5)

c. Rescattering via the s-wave WT vertex

Cuwrk, dQs 1 20— p’)?

lg 3¢ no_ P — A46

A['So, °S1](p, p') 212 A (F—p')2 +m2 [ 3[(p—p")? + m2] ) ( )
Cwky [dQ 300 —p)° — (5 — ")’

A 15 ,3D , N — P , A47
[So, "Dl (p, ') 322 ) 4m [(p—p")?+ m2)? A

Cwﬂkﬂ dQdy 3(ﬁ/ﬁ_p)2 - (ﬁ_ﬁ/)Q
A[1D27351]<p7p/) = _fg\/% 47: [<ﬁ_ﬁ/)2+m2]2 ’ <A48>
3 Cuwky [dQ 1 3(pp')* —
1 3 N o2 P
A[ D, Dl](pap) = \/ﬁf,?\/% A (ﬁ_ﬁ/)2+m2 9
=D B0 )0 3= p"D) 3 B+ PP )

3[(F—p")* +mZ]

3 We do not take into account the channel !Dy(NN) — 3Dy(NA) because the corresponding NN — NA
M-matrix is subleading according to the power counting and it is also numerically small at the energies
considered [37].
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d. Operators with c3, cq4, and recoil corrections to the WT vertex

A['So, %81 (p, ) =

A[So,°Di](p, ) =

A[1D27 351](19,2?,) =

A[lDQ, 3D1](papl) =

e. Contact term

(r—p")? 1 p?

—p?

AC ky /dQﬁ, [ -

32 =5

3f2v/2 (p—p ) + m2
1 3((pp)* —p?) —p* +p"?
4AMy (P —p")? 4+ m2 ’
20 k.. (p—p’)?

dQp | 0, 30D —p)* —
fA/30 ' (0= p")* +m3
L 3((@"p)? = p) —p” 4D’
4 My (p—p")%+m2 ’
Che [dQy | ap, [Ip—0"D) (@D —p)(PP)
fA/15 ' (0= p")* +m3
—3(p—p'p)* =3 —pp )*+(p—p")*
+
(F—1p")?%+ m2
L {9p"D +p)(p 0P (BP)
4My (P —p")?+m2
| 35 (=)~

3(p'p+p)P'p—p)+ 0

8My (p'— p’)? +m2

(7= ") + m2
3(pp')? — 1)(p—p")*
(F—p")2+m2 |~

—|—3 (C4‘|— 4MN)

=T
SR
S— N S~—
Il
S

f- Coulomb interaction

2_p2}

(A51)

(A52)

(A53)

For this reaction, the Coulomb interaction between the initial protons gives only a small
effect since the initial relative momentum is large. On the contrary, the deuteron and pion
in the final state are at low relative momenta, and the Coulomb interaction between them is
taken into account at the level of experimental data, by factoring out the Gamow-Sommerfeld
factors that stem from the 7d Coulomb interaction — see, e.g. [54].
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g. Pion production in the s-wave

In order to calculate the amplitude of the s-wave pion production, that is, the value of
Co, we took the result of Refs. [17, |69], where the amplitude of the s-wave pion production
was calculated up to NLO. We correct this amplitude by a constant factor so as to get at
threshold the value of s-wave production parameter v = 252ub. This quantity, «, is the
total cross section divided by the final pion momentum in units of the pion mass, and the
given value is extracted from the width of pionic deuterium [50, |51].

4. The reaction pp — pnnt

The transitions that contribute to the reaction pp — pnz™ at energies close to threshold
are 1Sy — 391p, Sy — 3Dip, Dy — 3Sip, 'Dy — 3Dip, and P, — 3Ss, 3P, — 3Dys. At
very low energies, the final 2D, state does not contribute, however, the transitions to the 3D;
state contribute via the ®D; « 35) coupled channel. At these low energies, the spin-angular
structure of the amplitude reads

L X 2 1 - =
Moppnre = |Co (8 x 9) 8" + CLI(kS") + O, T[(pk) (5S”) — 3 (kST (A58)
where S = XQT\U/Q—UM, I = XQT\(;Q—X S’ X;&’%X; are normalized spin structures corre-

sponding to the initial spin-triplet, initial spin-singlet, and final spin-triplet states, in order.
Here, Cy, C;, and Cy are the amplitudes corresponding to the *P; — 3S;s, 1Sy — 35p, and
Dy — 38,p transitions, in order. Their relation with the corresponding amplitudes in the
JLS basis is given by

C«O — \/gAqu[?;Pl’BSl]’ <A59)
Cy = AMILS, 35, (A60)

. /1
Cy = 75 AMID, 351 . (A61)

Besides these amplitudes, there are also amplitudes that correspond to the transition to the
isospin-one 1S, final pn state. However, these amplitudes do not interfere with Cy, C}, and
C5 because of different spins in the final state and generate only an additive part in the cross
section — see also the discussion in the text. The observables in the reaction pp — pnz™
can be expressed through Cj, C;, and C5 in the following way:

do 1 Prax ) i -
dQ) 2(4m)* My sp 0/ (p")p=dp'|2|Co|” + |Ch| +9|C'2| (3cos” 6, + 1)
2 ~ dO‘I 1
—l-gRe (C1C3) (3 cos? b, — 1)} ) (A62)
d 1 Pmax
Ay = ey | R 2 0n cos T (G3(Cy — C;». (AG3)

dQ 2(4m)*Mysp /
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FIG. 9: Leading diagrams for 7N scattering with intermediate Delta. Shown are the s-channel (a)
and the u-channel (b) contribution.

I=1
Here, pmax is the maximum relative momentum of the final nucleons, and — is the

ds?
contribution of the final pn state with isospin one to the cross section.

_ The expressions for the transition matrix elements relevant for the calculation of C, and
Cy are the same as for the reaction pp — dn™, and therefore we refer the reader to the
corresponding formulae, given in Sec. [A3 above. However, we should make a remark about
the value of Cy. Instead of calculating it at NLO we extracted Cj directly from the data —
see the discussion in the main text.

APPENDIX B: RESONANCE SATURATION VS. EXPLICIT DELTA

In the chiral limit the masses of both the A and the nucleon stay finite and differ from each
other. Thus, there is a well defined limit of QCD where m,/AM, with AM = Mx — My, is
a small parameter. Consequently, the Delta degrees of freedom may be integrated out and
the effects of the A isobar are then absorbed into the LECs of the resulting Lagrangian.
On the other hand, when the Delta degrees of freedom are included dynamically in the NN
system, certain selection rules apply. In particular, the A is allowed to contribute only, if
the NN system has the total isospin equal one. It is instructive to discuss the implications
of these selection rules for the reaction NN — N N using both the EFT with and without
explicit Delta degrees of freedom. The corresponding discussion for 7N scattering can be
found in Ref. [41].

For simplicity, let us start from elastic 7N scattering. Using the interactions defined in
the main text one finds straightforwardly for diagram (a) of Fig. @ in the limit AM — oo

) [ 2M nh? _— -
ZA?a)elaSt = - <4f22.7\2> (S : q,)Tb(ST : @Tj
[ Myh? . .
- — (W) q:q; (2055 — 1€;j50%) (2000 — 1€pacTe) (B1)

where a (b) and ¢ (¢”) denote the isospin quantum number and momentum of the incoming
(outgoing) pion. Analogously, one finds for the u-channel diagram

2Mnh? = =
- A7 elast : NTA .7 T
'lA(b) t = —1 <4f7%AM> (S . @TG(S . q/)Tb
[ Myh? : :
= —1 (MT?M) q;QJ (251] - ZEjikak>(25ba - ZGabCTC> . <B2>

In the second line of the above equation we used Eqs. (). Thus, diagrams (a) and (b)
are individually given by four terms. However, two of them get canceled when adding the
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contributions together. The remaining two terms in the sum exactly resemble the structure
of the c3 and ¢4 terms of the effective Lagrangian. One then finds for the Delta contribution
to the LECs ¢; the following result [41]:

A A h124

(B3)

Obviously this matching is only possible after adding the two diagrams together. On the
other hand, the above mentioned selection rules for NN — NN are operative at the level
of the individual diagrams. We now show how these two facts can be realized simultaneously.

In full analogy to the expressions given above, one finds for the amplitudes corresponding
to the diagrams of Fig. 2 involving the Delta:

» M5 gah’ 2) ((2) 2 1 / : (1) ; (1)
ZA(C) = — <w Ta (0’ . q) mqlqj (252J — Zeijko-k; ) (25ba — 1€pacT, )

18f3AM 2 —m2 Y

({451]5ba ewka,i )ebacr(l)} — 2 {eijka,gl)éab + 5Z-j€bac7'c(1)}) , (B4)
. MNgAhA 1 .
Mo = <18f3AM mq;qj (26 = dejnor”) (2000 = deare)

gAhA 1 /
18f3AM PR
I3 q —m3
X ([45ij5ba ewka,i )EbacT(l)} + 21 {eijkalil)5ab + 5Z-jebac7'c(1)}) , (B5)

where in both amplitudes the momentum of the outgoing (virtual) pion is labelled as ¢’ (¢).
In both amplitudes the terms in [...] exhibit the same spin-isospin structure as the ¢; terms
discussed above, while those in {...} have a different structure.

Therefore, when diagram (c) and (d) are added together, only the structures of the ¢;
parameters survive. However, due to the above mentioned selection rules, the diagrams
contribute individually to different channels of NN — NN=. To be specific, the diagram
(d) vanishes for the isospin-one to isospin-zero transition, i. e. for pp — (d/pnj—o)7t, whereas
the diagram (c) does not. Furthermore, once the isospin matrix element is evaluated for
the diagram (c) it turns out that the expression in {...} gives the same contribution as the
one from [...]. The same holds for the isospin-zero to the isospin-one transition, i. e. for
pn — ppm~ — the diagram (c) does not contribute whereas the terms in brackets {...} and
[...] for the diagram (d) are equal. Therefore, in the limit AM — oo, one indeed observes
both properties simultaneously, namely that the NA intermediate state does not contribute
if the external NN state is in the isospin-zero state and that the Delta effects can be absorbed
in local counter terms, namely c3 and cy.

We are now also in the position to see how the pattern changes when we start to move away
from the limit AM — oo. Then the factors 1/AM that appear in Eqs. (BI)-(B3]) should
be replaced by the dynamical NA propagators. One finds for the resulting combination of
the propagators for both 7N scattering and NN — NNm

1 1
+
AM —w,  AM +w, '

(B6)
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where we used that w, ~ F;; and dropped terms significantly smaller than m,. In this
expression the upper (lower) sign refers to the combination of propagators relevant for the
terms that can (cannot) be mapped onto the ¢;. Thus, the additional terms are suppressed

by
5= we/AM . (BY)

Numerically § is already as large as 0.5 at threshold and grows as one goes to higher energies.
Clearly, near the two-pion production threshold, § ~ 1 and it is necessary to keep the Delta
as dynamical degrees of freedom. See Ref. [70] for a power counting that allows one to also
study the latter regime.
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