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The cross sections for the pp — ppn reaction are evaluated at energies relevant for the HADES, PANDA,
and SIS100 experiments at GSI-FAIR (Facility for Antiproton and Ion Research). Consideration includes the
n-bremsstrahlung mechanism involving intermediate proton exchange via the 7%, 5, p°, and w exchanges and
the mechanism involving the nucleon resonances N(1535), N(1650), N(1710), and N(1880) excited via the
pseudoscalar- and/or vector-meson exchanges, depending on the model. The role of the ww- and p°p°-fusion
processes with the Reggeized vector-meson exchanges is also discussed. The calculation is done in an effective
Lagrangian approach. To determine the parameters of the model, the yp — np and 7~ p — nn reactions are
studied and the results are then compared with the Crystal Ball and CLAS data. For the pp — ppn reaction, the
model results are compared with the energy dependence of the cross section measured far from the threshold
and with the differential distributions do /d cos 6, and do /dp, measured by the DISTO Collaboration. The
comparison shows that the N(1535) resonance is the dominant contribution and that other contributions are also
important due to interference effects. Assuming that the p exchange is the dominant resonant excitation process,
the model is able to describe the available data, e.g., it reproduces the shape of the angular distributions measured
by the DISTO Collaboration. Predictions are given for the HADES experiment at center-of-mass energy of
/s = 3.46 GeV, which can be verified in the near future, and for planned PANDA and SIS100 experiments at

higher energies.

DOLI: 10.1103/73rr-shyt

I. INTRODUCTION

The production of light pseudoscalar 1 and 1'(958) mesons
with quantum numbers I¢(JF€) = 0+(0~F) is very interest-
ing. In particular, the production mechanism of 1 has been
discussed in a number of papers. However, it still requires
further theoretical and experimental investigation. For a nice
review of physics with the n and " mesons see [1]. The exclu-
sive production of the n meson near the kinematical threshold
in nucleon-nucleon collisions was discussed in [2-22] and in
[23].

Most calculations of n production in nucleon-nucleon col-
lisions indicate a dominant role of resonances, in particular
the N(1535) resonance formed by the exchange of virtual
mesons. Several phenomenological models, although based
on different assumptions about the excitation mechanism of
nucleon resonances, describe the pp — ppn near-threshold
data quite well. For example, in [2,3,6,7] the p exchange is
found to contribute much more to N(1535) than the 7 or 5
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exchanges. The importance of the w exchange was empha-
sized in [4], while some importance of the two-m exchange
(simulated by a o exchange) was found in [5]. The one-meson
exchange model developed by Féldt and Wilkin [9], which
assumes a dominant excitation of the N(1535) resonance by
the exchange of the p meson with destructive p/m interfer-
ence, reproduces the near-threshold data. There it was found
that the contribution of the p exchange is larger than that
of the m exchange. An alternative model discussed in [10]
explains that the relative importance of the different meson
exchange (rescattering) contributions is strongly influenced
by the nucleon-nucleon initial state interaction (ISI) effect.
It was shown that the 7 and p exchanges have almost the
same strength and give comparable cross sections before the
ISI effect is included. After including the ISI effect, the &
exchange plays the dominant role. However, the contributions
of the other terms (p, 1, o) and the direct term are still signif-
icant due to interference effects with the 7 term. In the model
presented in [15], the n exchange contribution is comparable
to the leading m exchange term, and due to the phenomeno-
logical final state interaction there is no need to introduce
other meson exchanges. In recent calculations [18-20], it was
shown that a good agreement with the near-threshold data can
also be obtained by excitation of the nucleon resonances by
different exchange mesons, including nucleonic and mesonic
currents and possible interference effects. The interference
between several amplitudes influences the behavior of differ-
ential cross-section distributions, which is a way to distinguish
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different models by comparison with experiment. In
[15,18,19] it was suggested that the initial (NN ISI) and
final state (NN and nN FSI) interactions are essential to
obtain the shape and size of the total cross section. In
[11,19] it was found that terms corresponding to the excita-
tion of the N(1535) resonance via the m-exchange process
dominate the cross section. In [20] Nakayama and coau-
thors developed the model based on a combined analysis
of 1 meson hadro- and photoproduction off nucleons, and
discussed two scenarios for the NN — NNn reactions that
differ in the dynamical content. In the first scenario, the
S$11(1535 4+ 1650) term dominates over the D;3(1520 + 1700)
resonance contribution to the cross section, while in the
second case the D3 resonance excitation is the dominant pro-
duction mechanism, especially at lower energies. The quality
of the near-threshold experimental data does not allow one
to unambiguously distinguish different dynamical contribu-
tions. It still remains to be verified whether the dominance
of the D;3 contribution discussed in [20] is indeed true.
The predictions available in the literature are still not con-
clusive. It is clear that high-precision data on the pp —
ppn reaction are needed to draw firm conclusions about its
dynamics.

The present study estimates the total and differential cross
sections for the pp — ppn reaction at higher energies. The
emphasis is on the production mechanism of the n me-
son in the kinematic region where existing data are scarce
and of relatively low accuracy. The results presented in this
work will be compared with data obtained by the DISTO
Collaboration [24] and the HADES Collaboration [25-27].
Recently, efforts have been made to complement and extend
cross-section database, in particular at the GSI facilities in
Darmstadt (Germany). In February 2022, proton-proton reac-
tions at 4.5 GeV beam kinetic energy (center-of-mass energy
A/s = 3.46 GeV) were measured by the HADES Collabora-
tion; see, e.g., [28,29]. They may provide new and valuable
information to test theoretical models for the exclusive pro-
duction of light mesons, and notably in a kinematic region
that has been poorly studied so far. In Ref. [30], the exclu-
sive production of f1(1285) meson at energies relevant for
the HADES and PANDA experiments at GSI-FAIR (Facility
for Antiproton and Ion Research) was discussed. There, the
vector-meson fusion mechanism was investigated. It is worth
mentioning that at higher energies the diffractive mechanism
described by Reggeon and Pomeron exchanges, as well as
the fusion mechanism of corresponding Regge exchanges,
begin to play an important role. Additional measurements,
including those in the energy range of SIS100 at GSI [31]
(v/s ~ 8 GeV), are needed to explore the size and signifi-
cance of individual contributions and would therefore be very
welcome.

Diffractive exclusive production of 1 and n’ mesons in
proton-proton collisions at high energies was discussed in
[32,33], more recently in [34,35] within the tensor-Pomeron
approach [36], and in [37,38] in the Sakai-Sugimoto model.
Two-gluon component of the n and " mesons to leading-twist
accuracy was discussed in [39]. For a study of gluon dynamics
in low-energy QCD and a discussion of the connection of light
pseudoscalar mesons to anomalous glue, interested readers

are referred to [40]. Hopefully, new experimental data for the
pp — ppn reaction will be accurate enough to learn more
about short-range hadron dynamics.

For a review of n and n’ photo- and hadroproduction
on nucleons and on nuclei see, e.g., [23]. The n photo-
production y p — np was measured by several experimental
groups, e.g., MIT [41], DESY [42], Dewire et al. [43],
CLAS [44,45], CBELSA/TAPS [46], and MAMI [47]. In
Refs. [46,47] the n mesons were observed in their neu-
tral decay modes. Recently, the CLAS Collaboration [48]
measured the photoproduction of n mesons in their domi-
nant charged decay mode n — 7 "7~ 7¥. Several approaches
were developed to describe the experimental data available
at that time; see, e.g., [49, 20], a chiral quark model [50],
JPAC [51], and n-MAID 2018 [52,53]. There, the z-channel
p and w exchange (either Regge trajectories or meson ex-
changes) is the dominant reaction mechanism for the small-z
behavior of the cross section, i.e., in the forward scattering
region. The CLAS data on 1 photoproduction [48] give access
to the energy range beyond the nucleon resonance region
and thus allow a comparison with the Regge-based model
predictions.

The paper is organized as follows. In Sec. II, the model
for the n production in proton-proton collisions is briefly
described. Section III presents the numerical results of the
calculations for the total and differential cross sections of the
pp — ppn reaction. The numerical results for three models
are presented and discussed for energies far from the threshold
relevant for upcoming and planned measurements. Section [V
summarizes my conclusions. In Appendixes A and B, the
m~p — nn and y p — np reactions which are helpful in de-
termining and validating some model parameters used for the
pp — ppn reaction are discussed. Appendix C focuses on
PpNN* coupling constants.

II. FORMALISM

The exclusive production of the pseudoscalar n meson in
proton-proton collisions is the subject of this study:

P(Pa> M) + p(py, M) — p(p1, A1) + p(pa, A2) + n(k),
2.1)

where pup, p12, and Agp, Ajp = j:% denote the four-
momenta and helicities of the nucleons, respectively, and k
denotes the four-momentum of the n meson. The cross sec-
tion is as follows:

1

1
o(pp = ppn) = - —F———
2 2, /s(s — 4m12,)
d3p1 d3P2 4
5 (2m)

» / d’k
(27 )32k0 27 )3 2p9 (27 )3 29
x 8D (p1 + pr +k — pa — pp)

1
x 1 Z |Mppﬁppn|2’

spins

2.2)

including a statistics factor % due to identical particles appear
in the final state.
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FIG. 1. The diagrams for the n (or n’) production with an in-
termediate nucleon (N) or a nucleon resonance (N*). M stands for
a single meson exchange. The diagrams (a), (c) and (b), (d) are
usually called pre- and post-emission diagrams, respectively. There
are also the diagrams corresponding to the interchange of the two
final protons p(p;) <> p(p2). These are not shown here.

The amplitude reads

MPP”PPW = Mpp»ppn(plv P2) - Mpp%ppr](va P1)~ (23)

The relative minus sign here is due to the Fermi statistics,
which requires the amplitude to be antisymmetric under in-
terchange of the two final protons.

In the calculations, the complete amplitude M, ,,, is
considered as a sum due to the bremsstrahlung (BS) and
the VV fusion processes (VV = p°p°, ww) contributing to

pp — ppn-

Mﬁﬁ—wlm = MP¥)

(VV)
pp—ppn T M

pp—ppn’

2.4)

Details will be given when discussing the production mecha-
nisms below.

A. The p-bremsstrahlung mechanism
The n-production mechanism via an intermediate nucleon
and nucleon resonances is shown in Fig. 1.
The generic amplitude for the pp — ppn reaction reads

MBS = 373 (MO MO MOT D),

pp—ppn
i=N,N* j=M

(2.5)

The amplitudes for the diagrams corresponding to the
exchange of protons p(p;) <> p(p,) are also taken into
account with appropriate kinematics and with a negative
sign.

For the n-bremsstrahlung mechanism with the intermediate
proton all set of the diagrams is shown in Fig. 1 with the
exchange of virtual mesons M = 7°, 5, p°, w. In the present
analysis, the processes with the o, n’, and @y exchanges were
neglected due to small or/and rather poorly known relevant
MNN and MNN* coupling constants. In addition, these ex-
changes are expected to be small relative to the 7° exchange
because of the heavier mass occurring in the meson propa-
gator. The analysis includes the mechanism involving the N*
resonances excited through the exchange of a single meson,
limiting one to the so-called post-emission diagrams, i.e.,

the diagrams (b) and (d) of Fig. 1. In these diagrams, the
n meson is formed through the decay of the N* resonance.
Pre-emission diagrams give only a negligible contribution
because of kinematic reasons. This is a reasonable simplifi-
cation, since the analysis of the 77”p — nn and yp — np
processes indicates that the u-channel N*-exchange contri-
butions are very small; see the discussion in Appendixes A
and B.

As an example, the amplitude for the pp — ppn reaction
with excitation of the intermediate spin-1/2 nucleon resonance
after the 7°-meson exchange [the post-emission diagram
shown in Fig. 1(b)] is written as

(DN, 7°
M 5 1y (5 12)

= (=da(p, AT (py, piy)
x iPME) (p )it N2 (py g, pa)u(pay ha)

x iA™ (q2) @(pa, 22)iT T (py, ppyu(py, Ap),
(2.6)

where piy = pa+q> = p1 +k, g2 = py — p2, 12 = g3. The
effective vertices tNN, nNN, tNN*, nNN* are obtained
from the interaction Lagrangians given in Appendix A. The
absolute value of the coupling constants MNN* can be de-
termined by using the partial decay widths of the resonances
with the compilation of Particle Data Group (PDG) data; see
Table IT in Appendix A.

Each vertex in (2.6) incorporates a phenomenological cut-
off function

Fann< (4, Pys PY+) = Fr (@) F3(py) Fs (Py-)

where g denotes the four-momentum of the intermediate pion
7%, while py and py« are the four-momenta of the two
baryons. For the form factor Fz(p®) with B = N, N, one
proceeds as in (A20),

Q2.7)

A2y —m2
Frlq) = 55— (2.8)
anN: — 4

In the calculations the cutoff parameter A,yy- = 1.2 GeV for
each N* resonance is used. Furthermore, in the 7 NN vertex,
the monopole form factor is taken:

A2 — m?
Fenn(g?) = 20— (2.9)
AJZrNN - ¢

Here A,yy = 1.0 GeV. Analogously, the n-exchange ampli-
tude is derived, but with the parameters A,y = 1.0 GeV and
AnNN* = 1.2 GeV.

The amplitude with the p°-meson exchange, corresponding
to Fig. 1(b), is obtained from (2.6) by making the replace-
ments

AP (gy) — AL (q0),
iy pa) = TN (D D),
TN (py, pp) — TN (py, py).

The vector-meson-proton vertex is given in (2.18) and the
effective coupling for pN N7, is discuss in Appendix C.

[(TNN7,

(2.10)
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In the calculation of the amplitudes the propagators for
various baryons and mesons are needed. For nucleon and
nucleon resonances see Eqgs. (A13)—(A15). For pseudoscalar
mesons one has AT (q) = (¢> —m ,)~". The propagators
for p and w mesons are given by Eq. (2.21). The amplitudes
with vector-meson exchanges were multiplied by a purely
phenomenological suppression function in order to ensure a
correct energy dependence:

fsup(s) = eXp <_%>

sup

@2.11)

with sg = 2m, + mn)2 and Agp =4 GeV (unless stated
otherwise).

Before presenting the calculated results for the pp — ppn
reaction, it is worth discuss the possible role of the initial
state interaction (ISI) and final state interaction (FSI) between
the nucleons, i.e., the effects before and after the n creation.
The ISI and/or FSI effects were discussed in more detail
in [10,15,18,19,54-57]. The NN FSI effect is significant for
small excess energies Qexc = /S — /Swmr. In the present case,
for the n production at /s > 3.46 GeV one has Qex. > 625
MeV and the NN FSI effect can be safely neglected. As
mentioned in [10] for the n production at near-threshold ener-
gies, for the model calculation without NN ISI the dominant
contributions come from 7 and p exchanges, both being of
comparable magnitude. There, however, the ISI reduces the
contribution of p exchange much more than that of 7 ex-
change, leaving 7 exchange as the only dominant production
mechanism. The author of Ref. [19] predicted that, close to
the threshold, the full (NN and nN) FSI effect can have
similar strength as NN ISI, but increase the cross section. It
is known that ISI also plays an important role in the HADES
and PANDA energy range; see, e.g., [58,59]. Previous studies
have shown that both ISI and FSI effects are not universal,
but depend, among other factors, on the considered reaction
and the concrete meson production mechanism. Further study
on the consistent treatment of these effects in the considered
approach, including their potential impact on the final results
(both on the energy dependence of the cross section and on
the shape of the distributions) is postponed for future work.

B. The V'V -fusion mechanism

The V'V -fusion mechanism (VV stands for p°p° or ww) is
represented by the diagrams in Fig. 2. The kinematic variables
are

q1 = Pa — D1, k=q1+q,

2
tl = q17

q2 = P — P2,
th = q%, mfl = kz,
s = (pa+pp)* = (p1 + p2 + k)7,

s1 = (pa+q2)* = (p1 + k),

2= (pp+q1)* = (p2 + k). (2.12)
For the kinematics see, e.g., Appendix D of [34].
The V'V -fusion amplitude (VV = p°0°, ww) is
(VV) s 4(pp fusion) (wo fusion)
MopSpon = MpLspm + Mo ooy (2.13)

() p(p1)

| - ==,
P’
Vs /QQ
P (o) S
P (p2)
p(p1)
p<pu)
~ q1
w\\\‘ k
O =0
w 7
///QQ
P (o)

p(p2)

FIG. 2. The pp- and ww-fusion mechanism for n production in
proton-proton collisions. In addition there are the diagrams corre-
sponding to the interchange p(p,) < p(p2).

where one has'

MY = (=i)a(py. 2T Y PP (pr, pa)u(pa: ha)

x iAVI (s 1) iT YYD gy, ¢o)

Vv
X iA(V) V2i2 (SQ, t2)
X (2, 2Ty PP (P2, py)u(pp, Ap)

—[p1, A1 < D2, A2l (2.14)

Here, omitting the Lorentz indices, I'VV" and I'V?P) are the
VVn and V pp vertex functions, respectively, and AY) is the
propagator for the Reggeized vector meson V. I now discuss
all these quantities in turn.

The VVn vertices are derived from an effective La-
grangians [18,60]

g vV qo
Lo = 2290 ¢ s (3407, 0°0F) @, (2.15)

2m,,

where gyy, are dimensionless coupling constants, ® are the
meson fields (a bold face letter stands for an isovector). For
the Levi-Civita symbol the convention g3 = 1 is used. The
VVn vertex, including form factor, with ¢, u and ¢, v the
momenta and vector indices of the incoming V mesons, is then

!'The last term in (2.14), corresponding to the exchange of protons
p(p1, A1) < p(pa, A2), is calculated in a similar way as the first term
but with appropriate kinematics and with a negative sign.
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given by
. .8vv
1foV”)(q1, Q) = l—2m‘:' Euvap q‘fqzﬁ F(VV”)(q%, %, kz).

(2.16)

According to the procedure for determining the coupling
constant gyy, from the radiative meson decays V — ny in
conjunction with the VMD assumption (see Appendix B), the
form factor FVV™ is normalized to unity when one vector
meson is on mass shell and the other one becomes massless,
ie., FYYD(0, m3, m%) = 1. One can use

N A -m
A, —1n Ay -1
and Ay = Ay, mon = 1.2 GeV motivated by analysis of the

y p — np reaction in Appendix B.
The vector-meson-proton vertex is

FYYD (11,1, m?) (2.17)

Ky ( /)v
0wl p— ,
. on p—Pp

2.18)

TP (p, p) = — igypp Fyan (t)[yﬂ —i
P

where ky = fynn/gvan is the tensor-to-vector coupling ratio
with the following values for coupling constants:

8opp =3.0, k, =061, gupp =90, k,=0; (219

see also the discussion in [30]. The form factor Fyyy(¢) in
(2.18), describing the t dependence of the V -proton coupling,
can be parametrized as

A% —m?
Fynn(t) = —58—F, (2.20)
AVNN —1

where Ayyy > my and t < 0. Here, Ayyy = 1.4 GeV was
used for both p°- and w-proton coupling.?

The standard form of the vector-meson propagator is given,
e.g.,in (3.2) of [36]:

(V) . quqv Wy, 2
. qu4v
q* + i€
Here A(TV)(t) =(t— m‘z, )~!. With the relations for the VVp
vertex (2.16),

oY ¢4 =0, T8 (q1.42) g5 =0,

the terms o ¢, ¢, in (2.21) do not contribute in (2.14). Accord-
ing to the arguments presented in [30] the Reggeized vector
meson propagator A%)(s,», t;) is used in (2.14). It is obtained
from (2.21) with the replacement

AV @) — AV (si, 1),

AV

2.21)

(2.22)

N\ avt)—1
AV (si, 1) = A%”(n)(exp(iqs(s,-))i) . (2.23)
thr

2From the Bonn potential model [61] A,yy = 1.4 GeV and
Aony = 1.5 GeV are required for a fit to NN scattering data; see
Table 4 of [61].

where
pls) = —exp ") _ T (2.24)
2 Sthr 2
St = (my, + my)%, (2.25)

and the nonlinear form of the vector-Regge trajectory, the so-
called “square-root” trajectory [62],

av(t) = ay(0) + y(VTy = VT —1).

The parameters are fixed to be «,(0) =0.55, y =3.65
GeV™', \/T, = 2.46 GeV; sce Table I of [62]. The intercept
of the p trajectory is rather well known, «,(0) ~ 0.55; see
[62] and references therein. Since m,, > m,, the intercepts of
o and p trajectories should satisty «,,(0) < «,(0). Note that
ay(0) < 0.5 in Refs. [51,52]. Therefore, for the w trajectory,
a,(0) = 0.5, and /T, = /T, in (2.26), are used.

Other fusion mechanisms, such as w@(¢pw) — n and
¢¢ — n, can be neglected due to much smaller coupling
constants and the heavier mass of ¢ occurring in the prop-
agator; see the discussion in [60,63]. There can be also the
aom®(%ay) — n fusion processes discussed in [11]. In the
present work, these contributions are neglected due to the un-
certainty in the off-shell form factor and rather poorly known
coupling constants. Note that in [11,60] these processes were
estimated to be small contributions.

(2.26)

III. RESULTS

This section presents the numerical results of the calcula-
tions and the comparison of these with existing experimental
data. It should be stressed that the results presented here for
the pp — ppn reaction may not represent optimal solutions
within the present approach. The results should be considered
as examples of the possible features that can be obtained
within a rather simplified model. The model parameters are
obtained by fitting the model results to the available data
for the yp — np and w~p — nn reactions and by match-
ing the experimental radiative decay widths, as explained in
Appendixes A, B, and C.

In the following, theoretical predictions for three models
are presented. They differ in the way the resonances are ex-
cited (the number and type of exchanged mesons) and may
differ in the type of couplings and their parameter values.
Model 1 and model 2 assume the dominance of the p ex-
change (there is no exchange of pseudoscalar mesons). Model
1 uses the pseudoscalar (PS) type g,yn+ couplings (AS), (A6)
for all included N* resonances, i.e., for N(1535), N(1655),
N(1710), and N(1880). Model 2 is the same as model 1 except
that for the even parity resonances N(1710) and N(1880)
the pseudovector (PV) type g,yn+ couplings (A7), (A8) were
used. In both model 1 and model 2 the g,yy- coupling con-
stants were taken from Table II in Appendix A, assuming the
upper value for N(1710). For model 1, the pNN* coupling
constants are as follows: g,nvn(1s35) = 5.0, gonn(issoy = 1.5,
gonnarioy = 0.4, gonn(isgoy = 1.5, and a universal value of
[\p = 1.2 GeV for all resonances. Model 2, on the other
hand, uses a smaller value of g,yn(1535) = 4.5 and leaves the
other parameters unchanged. In model 3, in addition to the p
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FIG. 3. Total cross section for the pp — ppn reaction as a func-
tion of collision energy +/s. Shown are the complete model result
(“total, model 1”) and the individual contributions included in the
calculations together with the compilation of experimental data. The
data points from the figure legend are referenced in the text. There
are also shown two experimental points corresponding to pp — ppn.

exchange, the pseudoscalar meson exchanges 7% and 7 are
also taken into account. This model uses PS-type couplings
(as in model 1) for both g;yy- and g,yy- for all N* reso-
nances, but with the lower values for g, yy(1710y and g,nn(1710);
see Table II of Appendix A. Again, the same values were used
for the pNN* couplings as in the model 1. The important
difference here is the change of Ay, parameter that occurs
in (2.11), from 4 to 2 GeV. It should be stressed again that,
for all the models considered, the calculations for the nu-
cleon resonances N(1535), N(1650), N(1710), and N(1880)
were performed using the coupling constants g, yy+ and g,y
from Table II of Appendix A and g,yn+ from the analysis in
Appendix C.

Figure 3 shows results of integrated cross sections for the
exclusive n meson production as a function of center-of-mass
(c.m.) energy ./s together with experimental data. Model
results include the n-bremsstrahlung mechanism with the in-
termediate nucleon (N), the nucleon resonance contributions,
and the VV-fusion contributions. The coherent sum of all
contributions, which of course includes the interference term
between them, is denoted by the black solid line (“total, model
1”). The individual contributions included in the amplitude
are also shown. One can see that the N(1535) component
dominates. The results calculated for the N* contributions
excited by the p exchange reproduce energy dependence of
the measured pp — ppn cross section.

It is worthwhile to review, even briefly, the experimen-
tal data for the pp — ppn reaction, which can be found in
the literature. The experimental data in Fig. 3 displayed as
solid circles (o) are from the HEPData repository [64, 65],
and [66-72]. Some experimental results were corrected for
the branching ratio B(n — n*7 %) = 23.02% from [73].

Figure 3 presents also two experimental points (H) which
correspond to the pp interactions [74,75]. Clearly, the bubble
chamber experimental data are not precise enough to pro-
vide a quantitative constraint on the theoretical model. The
DISTO Collaboration [24] measured the pp — ppn reaction
in the n — m*7 7" decay channel at three c.m. energies
/s =2.748,2.865, and 2.978 GeV (at proton beam kinetic
energies Ey, = 2.15,2.50, and 2.85 GeV, respectively). The
data points marked as (o) in Fig. 3 are taken from [24] and
have been estimated by the DISTO Collaboration; see [76]
for a description of the method used. It is important to men-
tion that the DISTO Collaboration does not provide values
for the total cross section for the pp — ppn reaction, but
only an absolute normalization of their data (based on fits
of data with /s ranging from threshold up to 3.4 GeV and
without taking into account both results of Pickup et al. [66]
at /s = 2.7 GeV). The data point marked as (A) was ob-
tained by the HADES Collaboration [27]. In this experiment,
the exclusive n production in pp collisions was studied in
hadronic (n — 77~ (°)) and leptonic (n — yete™) chan-
nels at By, = 2.2 GeV (/s = 2.78 GeV). The extracted cross
section of o = 142 + 22 ub by HADES Collaboration has a
larger value than those obtained by DISTO Collaboration in
a similar energy range. In Ref. [25] the preliminary total pro-
duction cross section o = 211 £ 47 ub for /s = 3.16 GeV
(Exin = 3.5 GeV) was determined. The result o = 136.9 +
0.9 (stat) &= 10.1 (syst)ub from Teilab’s thesis [26] seems to
be inconsistent with the result of [25]. Note the very small
error in the estimation from [26]. The HADES experiment at
/s = 3.46 GeV (Eyi, = 4.5 GeV) will provide further impor-
tant information on the exclusive n production; see [28,29] for
some details on the analysis.

The integrated cross sections for the pp — ppn reaction
from /s = 2.748 to 8.0 GeV for three models are given in
Table I. For model 1 the cross sections of the individual contri-
butions are also shown. The complete results for models 2 and
3 are summarized at the end of the table. Presented theoretical
results for different models can be used as a prediction for
future experiments on the pp — ppn reaction.

From Fig. 3 and Table I one can see that the V'V -fusion
contributions are much lower than the experimental data. The
cross section from the VV — n fusion quickly rises from
the reaction threshold /sy, = 2m,, + m,, it reaches a max-
imum about /s ~ 3.46 GeV, and then it starts to decrease
towards higher energies. It should be mentioned that without
the Reggeization effect, calculated according to (2.23)—(2.26),
the cross section would continuously grow from the threshold.
The reduction of cross section due to the Reggeization is
about a factor of 10 at /s = 3.46 GeV. Both the HADES and
PANDA experiments have a good opportunity to verify this
sizable effect of the model. The V'V -fusion contribution has
different characteristics than the bremsstrahlung processes,
and, as can be seen from Table I, it turns out to be more
significant at higher energies.

For the n-bremsstrahlung mechanism with the intermedi-
ate proton exchange (contribution denoted by N in Table I)
different type of processes were included in the calcula-
tions, i.e., the pre- and post-emission diagrams of Fig. 1
with the 79, n, po, and o exchanges. For model 1, the total
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TABLE 1. Cross sections (in ub) for the pp — ppn reaction calculated for /s from 2.748 to 8.0 GeV. Results for the individual
contributions and their coherent sum (“Total, model 1) for model 1 are given. The last two columns contain the complete results for models 2
and 3.

o (ub)
/s (GeV) Total, model 1 N N(1535) N(1650) N(1710) N(1880) V'V fusion Total, model 2 Total, model 3

2.748 139.0 3.1 212.1 11.6 1.3 0.9 39 111.9 174.6
2.978 149.1 5.7 208.1 13.0 2.1 7.1 53 129.4 143.9
3.46 136.9 8.0 156.5 10.2 1.7 8.8 6.1 116.2 80.8
5.0 37.1 39 344 23 0.3 1.9 4.8 31.9 21.1
8.0 33 0.7 0.3 0.02 <0.003 0.01 25 33 54

cross section for /s = 3.46 GeV is oy o = 8.02 ub. It is this contribution plays an increasingly important role at

instructive to give the relative contribution to the cross sec-  higher energies. On the other hand, the contribution of the
tion for each exchange. The results are as follows: oy 0 =  nonresonant bremsstrahlung (indicated by the green dotted
1.47 b, oy, = 0.9 nb, oy, =2.08 ub, and oy, = 2.43 line) is significant in the region of.cos 0, ~ £1, p, = 1 GeV,
ub. Clearly, the larger total cross-section value indicates in-  and for |xg,| &~ 0.55. The nucleonic contribution is also char-
terference effect between different exchanges in amplitude. acterized by smaller values of the pp invariant mass and the

It is noteworthy that the predominant N contribution to the n and p transverse momenta. Experimental observation of
cross-section comes from pre-emission diagrams (a) and (c) an enhancement in these kinematic regions can be used to
of Fig. 1 than from post-emission diagrams (b) and (d) of = determine the magnitude of the nucleonic term, at least the
Fig. 1. There is also interference between them. For the pre-  strength of the nNN coupling.

emission diagrams one finds oy pre = 8.52 ub, while for the Figures 7 and 8 represent the differential cross sections for
post-emission diagrams one finds only oy post = 0.26 ub. One model 3. It can be seen from Fig. 7 that, with increasing
can see from Table I that the N contribution calculated within  energy, the contribution of N* resonances excited via 7° ex-
model 1 is important even going to higher collision energies. ~ change becomes more significant than the N* term excited via
For models 2 and 3, the N contribution is less significant (see ~ ©° exchange. The predictions of model 3 with the admixture
the results of Figs. 4 and 7 below) because there for p and w of pseudoscalar meson exchanges describe the DISTO angular
exchange contributions the more restricting parameter A, = distributions less accurately than models 1 and 2 (see Fig. 4) as
2 GeVin (2.11) was assumed. These predictions represent my far as the shape of the distributions is concerned. The impor-
educated guesses for the cross sections, the validity of which tance of the N(1710) and N (1880) resonances is more visible

is to be determined by comparison to future data. in model 3 [see two distinct resonant bumps after N(1535) in

In Figs. 4-6, results obtained in models 1 and 2 are pre- do /dM,,]. Such prediction of the model (resonant features)
sented. Figures 4 and 5 show the distributions in cos6,, may be verified by examining the distributions in the proton
py and Mp,, M, respectively. As explained above, several transverse momentum and in the np invariant mass. In par-
mechanisms for exclusive 1 meson production were included.  ticular, compared to p exchange processes, excited states by

Their individual contributions and the coherent sum (details ~ pseudoscalar meson exchanges have the do /d p;,, distribution
in legend and description of Fig. 4) for the two models 1  shifted towards smaller values.

and 2 are presented. One can see that the contribution of Figure 9 shows the two-dimensional differential cross sec-
N(1535) (through p exchange) is dominant and that there is tions in the Ml()l,,) -M ,(37) plane (left panels) and in the M ,(,}7) —
a large interference of different components in the amplitude. =~ M), plane (right panels) calculated for model 1 (top panels)

The shape of complete theoretical predictions of cosf, and  and for model 3 (bottom panels). The resonance structure is
py seems to be in good agreement with the DISTO data  clearly visible in both models with dominance of N(1535).
[24]. The experimental data points were normalized to the Model 3 highlights the possible role of heavier states N(1710)
values of the total cross sections from [24] and include both ~ and N(1880) due to the inclusion of pseudoscalar meson exci-
statistical and the relative systematical uncertainties, but do tations. These resonance patterns provide crucial information
not include additional global systematic uncertainties of the ~ about the reaction mechanism and can be used as benchmarks
absolute scale of 22% and 33% for /s = 2.748 and 3.46 GeV,  for experimental analysis.
respectively. At higher energies other fusion mechanisms may be
Figure 6 shows the distribution in Feynman-x variable = important. As discussed in [34,35], the Pomeron-Pomeron-
for the n meson (defined as xg, =2p.,/+/s with the  fusion mechanism and the subleading Reggeon exchanges
longitudinal momentum of the meson in the c.m. sys- (Pomeron- g, for-Pomeron, for — for) seem to dominate at
tem) and the distributions in meson transverse momentum  WA102 energy of /s = 29.1 GeV. The inclusion of secondary
Pry and proton transverse momentum p, , for /s = 3.46 Reggeons in the calculation seems to be particularly important
GeV. From these and previous results, one can see that  to explain the available data from experiments at intermediate
it is difficult to separate the VV-fusion contribution (indi-  energies. It can be expected that these processes will give
cated by the red short-dashed line) from others. However,  a rather small contribution up to /s &~ 5 GeV. To quantify
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FIG. 4. Differential cross sections do /d cos 6, and do /d p, for the pp — ppn reaction at /s = 2.748, 2.978, 3.46 GeV. The experimental
data points are from [24]. The black solid line presents the coherent sum for the model 1, while the black long-dashed-dotted line corresponds
to calculation for the model 2. The individual contributions for the model 1 are also shown.

the diffractive mechanism in the intermediate energy range IV. SUMMARY AND CONCLUSIONS
and to understand the role of subleading exchanges, future
measurements of exclusive meson production from the FAIR
accelerator (SIS100) would be necessary.

The present study investigates the n meson exclusive pro-
duction in the pp — ppn reaction at energies relevant for
the HADES, PANDA, and SIS100 experiments at GSI-FAIR.
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FIG. 5. Differential cross sections do /dM,, and do /dM,,, for the pp — ppn reaction at /s = 2.743, 2.978, 3.46 GeV. The meaning of

the lines is the same as in Fig. 4.

The production mechanism was studied by using an effec-
tive Lagrangian approach. Concretely, the n-bremsstrahlung
mechanism with the intermediate proton exchange via the 7°,
n, ,00, and w exchanges, the mechanism with an excitation of
nucleon resonances [N (1535), N(1650), N(1710), N(1880)]
via the pseudoscalar- or/and vector-meson exchanges (de-
pends on the model), as well as the ww- and p°p°-fusion

mechanism were considered. The model results were com-
pared with the available DISTO [24] and HADES [25-27]
data. The numerical analysis indicates that the N(1535) con-
tribution is the most important process at lower energies,
but other contributions cannot be omitted due to interference
effects. Resonances like N(1650), N(1710), N(1880) and
vector-meson fusion processes contribute significantly to the
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FIG. 6. Differential cross sections for the pp — ppn reaction at 4/s = 3.46 GeV. The meaning of the lines is the same as in Fig. 4.

considered reaction, but their relative importance has to be
verified by experiment.

To determine the parameters of the model, the 7 ~p — nn
and y p — np reactions were discussed. An attempt was made
to describe both integrated and differential cross-section data
for these processes, in which the nucleon resonances play a
crucial role. The use of Reggeized-p and -w exchanges for the
photoproduction of the n meson is justified at higher energies
and in the forward scattering region. There are new CLAS ex-
perimental data [48]. By comparing the model to experimental
data for 7~ p — nn and y p — np, the form factors and the
cutoff parameters occurring in the vertices were fixed. The
coupling constants gyy, (V stands for p? or w) were extracted
from the radiative decay rates of V. — ny using an effective
Lagrangian approach and a vector-meson-dominance ansatz.
The  NN* and nNN* coupling constants are known from the
relevant partial decay widths; see Table II in Appendix A. The
PpNN* coupling constants can be constrained by the available
experimental data from the radiative decays N* — Np°® —
Ny as shown in Appendix C. Additionally, the N(1535) —
Np® — Natr~ decay was discussed. These findings showed
that the pNN* coupling constants are very sensitive to the
off-shell effects of the intermediate p° meson.

The results presented in this work provide valuable the-
oretical guidance for future experimental efforts aimed at
measuring the pp — ppn reaction at intermediate energies.
The way in which the nucleon resonances are excited is the
reason for the discrepancy between the theoretical results
(models 1-3) and the DISTO experimental data measured
at proton-proton collision energies /s = 2.748-2.978 GeV.
This is mainly a matter of the N(1535) resonance created by
the exchange of virtual pseudoscalar and/or vector mesons.
The angular distribution of the n meson (do /d cos 6,)) should
be forward peaked if 77° plus 1 exchanges (or o exchange not
included in the present calculations) are dominant processes
in the bremsstrahlung mechanism. When compared to the
DISTO differential cross-section data, one finds that a model
with the dominance of the p exchange is the preferred option.
The V'V -fusion mechanism plays an important role at higher
energies. To learn more about the relevant reaction mecha-
nism, a detailed analysis of observables other than the total
cross section, such as the invariant mass distributions of the np
and pp systems, the polar angle and momentum distributions
of the n meson, and the transverse momentum distribution of
the proton, seems necessary.
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FIG. 7. Differential cross sections do /d cos 6, and do /d p, for the pp — ppn reaction at /s = 2.748, 2.978, 3.46 GeV. The experimental
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Total and differential cross sections for the pp — ppn
reaction for the HADES experiment at /s = 3.46 GeV are
provided. The calculations were also done at /s = 5.0 GeV
(PANDA) and ./s = 8.0 GeV (SIS100). The results can

serve as a prediction for the already performed HADES
[28,29] and may offer a new perspective for planned PANDA
and SIS100 [31] measurements at GSI. Upcoming experi-
ments in the intermediate energy range will be crucial for
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FIG. 8. Differential cross sections for the pp — ppn reaction at 4/s = 3.46 GeV. The meaning of the lines is the same as in Fig. 7.

validating theoretical predictions presented here, and will ~ Further measurements would be useful to confirm the theoret-

be especially useful if they provide accurate data account- ical findings, particularly those concerning the role of excited
ing for differential distributions in several variables. This is N* resonances and V'V -fusion processes, as well as the inter-
important for clarifying the production mechanism in the con- play between them. Related works on the pp — ppn’, pp —
sidered kinematic range and checking different models for ppw, and pp — pp¢ reactions are currently in progress and
the FSI and IST effects (not included in the current analysis). will appear elsewhere.
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APPENDIX A: THE REACTION n~p — nn, EFFECTIVE
COUPLING LAGRANGIANS, PROPAGATORS,
AND FORM FACTORS

In this section, the 7~ p — nn reaction shown in Fig. 10 is
discussed. The differential cross section is given by

do 1 k| 1

- = Y Mo pal’, (A1)
spins

64m2s |ky| 2

MO, M
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o » Mpp) for the pp — ppn reaction for model 1 (top panels) and for

where k, and k, are the c.m. three-momenta of the initial 7~
and the final n mesons, respectively. The amplitude can be
expressed as a sum of the s-, -, and u-channel pole diagrams:
M- posn = M + M, + M, In the present work, the n and
neutral N* exchanges in the s channel and the p exchange
in the u channel are taken into account. For simplicity, the
charged N* exchanges in the u channel and the ap-meson
exchange in the ¢ channel are neglected. The N*-resonance
contributions in the u-channel are suppressed by the kinemat-
ics [see the discussion after Egs. (A20), (A21)].

7 (kr) n (k’,,)/ 7 (kx) 1 (ky)
> Ve =~ *+ _ -
™~ n, N* - ~ pﬁﬁ -7
P (po) n (pa) P (po) n (pa)

FIG. 10. Diagrams for the 7~ p — nn reaction with baryon ex-
changes in the s and u channels.
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TABLE II. Coupling constants for the MNN* (M = 7, n, ') vertices obtained from (A7)-(A12). Shown are the hadronic Breit-Wigner
parameters for nucleon resonances, and the branching ratios (3) for adopted values and in the brackets from the PDG [73]. The coupling
constants gy yy+ are dimensionless. The symbol “(—)” indicates the negative sign of the g,yn(1650) coupling constant.

N*JP Mass (MeV) Width (MeV) Decay channel B (%) [PDG] S /AT
N(1520)3/2~ 1515 110 aN 65 [60 + 5] 0.204
nN 0.08 [0.08 £ 0.01] 3.945
nrN 34.92 [30 £ 5]
N(1535)1/2~ 1530 150 TN 50 [42 £ 10] 0.040
nN 42 [42.5 £ 12.5] 0.290
arN 8 [17.5 £ 13.5]
N(1650)1/2~ 1650 125 aN 60 [60 £ 10] 0.037
nN 2525 £ 10] (=) 0.076
nraN 15 [39 + 19]
N(1700)3/2~ 1720 200 N 12 [12 £ 5] 0.021
nN 2 [seen]* 0.916
nrN 86 [>89]
N(1710) 1/2* 1710 140 N 12.5-20 [12.5 £ 7.5] 0.101-0.161
nN 30-50 [30 £ 20] 2.021-3.368
anN 57.5-30 [31 &£ 17]
N(1720)3/2% 1720 250 aN 11 [11 £ 3] 0.002
nN 3[3+2] 0.079
nrN 86 [>50]
N(1880)1/2* 1880 300 N 17 [17 + 14] 0.198
nN 28 [28 +27] 1.798
TN 55 [>32]
N(1895)1/2~ 1900 120 aN 510 £ 8] 0.0025
nN 30 [30 £+ 15] 0.058
n'N 25 [25 £ 15] 0.510
arN 40 [45.5 £ 28.5]
N(1900)3/2% 1920 200 TN 10.5[10.5 £9.5] 0.001
nN 8 [8 + 6] 0.064
n'N 6[6 £+ 2] 9.862
nraN 75.5 [>56]
N(2100) 1/2% 2100 260 aN 20 [20 &+ 12] 0.138
nN 25 [25 +20] 0.750
n'N 8 [8 £+ 3] 0.942
nraN 47 [>55]

*Note that B(N(1700) — nN) = (1 £ 1) % from [90].

The amplitude M-, ,, reads

N N,
M- pogn = MP 4 MP 57 MO 3

NI*/Z N;/z

= (P2, 12) {FW")(kn)S(")(s) TP (k) + T () S ) TP (k)

+ Z F("”NF/Z)(/(,,)P(NT/Z)(S) F(n’le"/z)(kn) + Z Fu(nnN;/z)(kn)P;(L]\\;];/z)(s) Fv(npN3*/2)(kn)}up(pb’ As), (A2)

Ni) N

where s = an,p = p? and p,; = pp + k. For the u channel, the 7 NN and nNN vertices need to be interchanged and there is

an exchange of charge particles in the middle of the diagram, with u = p?, p, = p, — k,. The MNN, MNNY ), and MNN3),
interaction vertices could be read as below with the coupling constants from Table II taking into account isospin factor, g;-,, =

V2grnn and gr- pyo = gr-uv+ = v28rNN+-
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The pseudoscalar-meson—nucleon coupling Lagrangians
can be written as

__ 8xNN

Lany = N Vs¥ud" (T ®x)N, (A3)

Lony = —gnNNl\_f(i)/S)» +1 - A)WVSV;LW)(%N, (A4)
N

where N and ® denote the nucleon and meson fields, re-
spectively. The parameter A in (A4) controls the admixture
of the two types of couplings: pseudoscalar (PS) (A =1)
and pseudovector (PV) (A = 0). Note that the 7NN cou-
pling constant g2 /47 = 13.4-14.4 [77-79] is much better
determined than the nNN coupling constant. The 7 NN cou-
pling is preferred to be pseudovector [80]; however, there
is no compelling reason to select the PV coupling rather
than the PS form for the nNN vertex [81,82]. From fits
to n photoproduction of [81] one can deduce that the PS
coupling with g%]NN/4n = 0.4 is preferred. In [82] the PV
admixture was found. More accurate data are needed for
further study of the problem. Different values of nNN
coupling have been determined/used in the literature, see
e.g. [11,20,50,83]. From [77,78] one has gf7NN/4n =0.6-64
and even smaller g%NN /4 < 0.1 from [20,53]. The coupling
for the nNN vertex is uncertain, but significantly smaller
than the 7NN coupling. In this work, g2 y/47 = 14.0 in
(A3) is taken. For the nNN coupling (A4) the parameters
are taken from [82]: A = 0.504 and g,ny — &, = guwN/A =
Sann/(1 —4) =4.03.

The T™NN2) vertices involving spin-1/2 nucleon res-
onances obtained from the effective Lagrangians are
[11,20,60,77]

Lavye . = Eigayy N* <)} )(T‘Pn )N +H.c., (A5)
1/2F 5
—f 1

»Cl,;zswv;/z = tigynn N ()/5) ®,N +H.c., (A6)

LY, =+ STV ( Vi )8”(r<l>n)N +Hc,
1/2F my= F my VsVu
(A7)
8yNN* —
ey =41 ¥ 3" d,N + H. A8
NNy my« F my VSV/A +He. (A8)

where the upper (lower) sign and factor in parentheses
correspond to negative-parity (positive-parity) resonances.
For the wNN* and nNN* vertices one has the choice of
(pseudo)scalar (PS) or (pseudo)vector (PV) couplings; i.e.,
scalar and vector in the case of an odd parity resonance, and
pseudoscalar and pseudovector in the case of an even parity
resonance. The PS and PV couplings are equivalent when both
baryons are on their mass shell.

Note that in [84] the PS coupling is used in the case of
odd-parity S;; resonances (with the incoming partial wave
notation Ly »5), and the PV form in the case of even-parity P;
resonances (just as in the nucleon case). As was mentioned
there, this choice of PS-PV coupling for the resonances is
supported by the fact that, in the #N — 7N partial wave
data, the resonant structures are more pronounced in the S

wave (J¥ = 1/27) than in the P wave (J* = 1/2%). In [19]
the calculations for the pp — ppn reaction were done with
two types of couplings, PS and PV, and little difference was
found there; see Fig. 10 of [19]. In principle one can select a
linear combination of both and fit the PS/PV ratio to the data
[20]. .

The F,(LMNN”) vertices involving spin-3/2 nucleon reso-
nances can be written as [11,18,77]

Lann: . = ’;;VN N*“@uv@(”)a (t®,)N + H.c.,

3/2F -
(A9)

&nNN+

EnNN;/ﬁ =

o N @,w(z)<’f)a”c1>,71v +Hec., (A10)
where ©,,,(2) = guv — (A(1 4+ 42)/2 + 2)y,.¥». The choice of
the so-called “off-shell parameter” z is arbitrary and it is
treated as a free parameter to be determined by fitting to the
data; see Table XII of [85] and Table V of [84]. Following
Refs. [11,18], for simplicity, the valuesA = —1 andz = —1/2
are adopted.

The partial decay widths of the nucleon resonances
are calculated from the above Lagrangian couplings as
follows:

g2 . Eyxtm
PN = NM) = fiso 5 py =% (All)
mpy=
. g2 . Py En Fm
T(Nipe = NM) = fiso 2 BN 2L TR (A1)

127 m3y, my-

where the upper (lower) sign corresponds to negative-
parity (positive-parity) resonance. Above, py = |py| =

A(mpy., my, m3,)/(2my-) and Ey =/ p% + m% denote the ab-
solute value of the three-momentum and energy of the nucleon
in the rest frame of N*, respectively. Here, 1 denotes the
Kaéllén function with A(x,y, z) = \/ (x —y —z)* — 4yz. Fur-
thermore, the isospin factor fiso is equal to 3 for decays into
mesons with isospin one (), and to 1 otherwise (n). The
absolute value of coupling constants gyyn+ (M = 7, 1), could
be determined by the experimental decay widths of I'(N* —
NM) in the compilation of the PDG [73]; see Table II.

The propagators Sz and P12 of the spin-1/2 for nucleon

. N3)0) .
and resonances, respectively, and P,,"*" of the spin-3/2 reso-
nances are expressed as

pEtm
iSF(p?) = i5——, (A13)
N
. + "
PR () = i PN ~. (Al4)
p* — my. + imy: Ly (p?)
( *,/2) 2 p:l:mN* P
= ,(p), (Al5
P = i gy PP (A1)
1 1
Puw(p) = —guw + Vet + %(m?v = YvPu)
42 (A16)
3m]2\]*pllpl)s
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where + are for the particles and antiparticles, respectively.
mpy= and I'y+ denote the mass and total width of the N* res-
onance, respectively. The complex term is introduced to take
care of the finite width I+ of the unstable nucleon resonance.
For a resonance with mass near the n production threshold
the approximation of a constant width is not very good and
the energy-dependent width is needed; see, e.g., [53,86-88].
Using a formalism analogous to that in Refs. [53,88], one can
restrict to the dominant decay channels of N* — 7N, nN, and
TrN:

L+ (s) = Tan(s) + Tyn(s) + Cran(s),

ky 2wl 2 4 g2 ¢
FnN(S)=B(N*—>nN)FN*<k—(S)) Xt by )

(A17)

v X2+ K2(s)
(A18)
k 2044
Tran(s) = BIN* — wN) FN*<2”—(S)>
k27r,N*
42
X2+ k2 .
« 2 ,N ] (A19)
X2 4+ k%n (s)

The width I',y has a similar dependence as I'yy. Above
£ is the orbital angular momentum of a resonance: ¢ =
0 for N(1535), N(1650), N(1895); £ =1 for N(1710),
N(1720), N(1880), N(2100); £ = 2 for N(1520), N(1700),
N(1900). X is a damping parameter, which has been
fixed in the present work to X = 0.2 GeV for all res-
onances. B(N* — nN) and Ty« are the wN branching
ratio and total width, respectively. The c.m. momenta of
pion and 1 are denoted by k.(s) and k,(s), respectively.
Here, ky(s) = /s — (my + mz)*[s — (my — my)*]/4s and
kz v+ = kp(m3.). In (A19), ko, is the momentum of the
compound (27) system with mass 2m,, ko, y+ iS equal to
kyr at s = m3., and B(N* — 7aN) =1 — B(N* - nN) —
B(N* — nN). For the N(1895), N(1900), and N(2100) res-
onances, the relevant n’N width is also taken into account.
The expression is similar to (A18) but with B(N* — 7N) —
B(N* — n'N), my — myy.

Each vertex in (A2) is multiplied by a phenomenological
cutoff function

4
AB

BpH)=—28———,
(p? — m3)" + A}

B=N,Nj, (A20)

where p? denotes the four-momentum squared of off-shell
baryon and Ajp is the cutoff parameter. For spin-3/2 nucleon
resonances the multidipole form factor is used and it is given
by the following expression:

~ 2
A ( Wiy )
2 2 ~ )
(P> = m3)" + A\ (p* —mp)" +mTg
B =N, (A21)

Fp(p?) =

with T's = I'g/+/2173 — 1; see [89] where the spin-dependent
hadronic form factor was introduced. In order to reduce the
number of free parameters, for the cutoff parameters for spin-

1/2 and spin-3/2 resonances, Ay = 1.2 GeV is used, while
Ay = 1.0 GeV for the proton and neutron exchanges.

In considering of the nucleon and nucleon resonances in
the s and u channels (see Fig. 10) some additional comments
are in order. While the four-momenta squared of transferred s-
channel baryons is p? = an,p > (my +my)* > 2.21 GeV?,
this is not the case for transferred u-channel baryons where
one has p? < (my —m,)*> <0.15 GeV? The form factors

(A20) and (A21) used to describe the piu dependence of

baryons are defined so that they reach unity if p} = mj,

i.e., the four-momentum squared is equal to the baryon mass
squared m,zg. These factors have a large impact on the cross
section result, since 0y-,_.,, is proportional to [FB(pz)]4,
and the exchanged baryons are relatively away from their
mass shell (p* # m3). In practice, due to the form factors
according to my parametrization, the N* contributions in the
u channel are largely suppressed. To be more precise, for the
N(1535) contribution, the s-channel term gives o = 3.184 mb
for Wy-, = 1.53 GeV and o = 0.791 mb for W;-, = 1.65
GeV, while the u-channel term gives only o = 0.062 pb and
o = 0.106 ub, respectively. For higher mass resonances, there
is also a similar order-of-magnitude difference between these
two terms. This is the reason why the N* exchanges in the u
channel can be neglected. For the nucleon (N = n, p) contri-
butions, the situation is different, partly due to the form-factor
functions, but also due to the smaller mass in the propagators.
There, the s-channel term gives o = 1.7 ub for W;-, = 1.53
GeV and 0 = 1.4 ub for W;-, = 1.65 GeV, while the u-
channel term gives greater contributions, o = 17.7 pb and
o = 33.9 ub, respectively. Adding coherently these two con-
tributions, one finds o = 12.5 pb for W;-, = 1.53 GeV and
o =31.6 ub for W;-, = 1.65 GeV. Since these terms are
of similar order and interfere destructively especially in the
low energy region, they cannot be neglected. The u-channel
proton-exchange contribution plays an important role mainly
in the backward scattering region, cos @ =~ —1 (see the upper
right panel of Fig. 12).

In the present calculation, to estimate the potential role
of N(1650), N(1710), and other resonances, the values of
gunn+ coupling constants are taken from Table II. Note that
the branching ratios determine only the square of the corre-
sponding coupling constants, thus their signs must be fixed
from independent studies. For example, for this purpose, the
parameters of [19] follow the predictions of [84] (see Table IV
of [84]).

There are a few remarkable observations to the Nn channel.
Note that from the PDG [73] the N(1535) — N, Ny branch-
ing ratios are ~0.42 (see Table II). The following N* — Nn
branching ratios can also be found in [90]: 0.41 £ 0.04 for
N(1535),0.33 4+ 0.04 for N(1650), 0.18 £ 0.10 for N(1710).
In Table II of [19] (Table 1 of [91]) to estimate the g,yn-
coupling constants for the N(1650) and N(1710) smaller
values 0.03-0.1 (0.065) and 0.06 (0.062), respectively, were
used. As a result, the predictions presented there for the above
resonances may be underestimated.

Figures 11 and 12 shows the total and differential cross-
sections, respectively, for the reaction 7~ p — nn. Theoretical
results for two models 1 and 2 are presented. Model 1 uses the
PS-type couplings (AS5), (A6) for all N* resonances. Model 2
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FIG. 11. Total cross section for the reaction 7 ~p — nn as a function of the c.m. energy W, -
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is similar to model 1 with the difference that for model 2 the
PV-type couplings (A7), (A8) are used for all even-parity reso-
nances included in the calculation. In both cases, the values for
gunn+ were taken from Table II with the upper values for the
N(1710). The experimental data are from [92—-101] (detailed
analysis of the data obtained before 1980 can be found in
the review by Clajus and Nefkens [102] and they were also
discussed in Sec. III C of [103]). It can be seen from Fig. 11
that the N(1535) resonance gives a major contribution to the
7~ p — nn reaction. Clearly, the complete result indicates a
large interference effect between different contributions, for
example between N (1535) and N(1650). From the upper right
panel of Fig. 12 one can see that angular distribution of the
N(1535) contribution is flat. The N (1520) contribution is very
small, but it interferes with other contributions and is therefore
necessary to describe the shape of the angular distribution at
low energies. The u-channel N contribution plays an impor-
tant role at the backward angle cosf ~ —1. Model results
for this reaction around W = 1.6 GeV indicate an important
contribution from N(1710) (see also [104]). At higher en-
ergies, the reaction mechanism is still under discussion; see
[20,83,103-108].

APPENDIX B: PHOTOPRODUCTION OF THE n» MESON
VIA REGGEIZED-VECTOR-MESON EXCHANGES

The unpolarized differential cross section for the y p — np
reaction is given by

do 1 k|1 s
o= ) Myl
dQ ~ 64n3s |‘1|4§s| vh=ne

dQ = sin0 do d. (B1)

The considerations are made in the center-of-mass (c.m.)
frame, s is the invariant mass squared of the y p system, and ¢
and k are the c.m. three-momenta of the initial photon and
final n meson, respectively. Taking the direction of ¢ as a
z axis, the polar and azimuthal angles of k are defined as
0 and ¢, respectively. The amplitude M, ,,,, contains the
processes shown in Fig. 13, that is, the s- and u-channel p
and N* exchanges and the 7-channel vector-meson (V = p°,
) exchanges. In principle the contact-type interaction current
that ensures gauge invariance should also be considered; see
the discussion, e.g., in [109]. From a pragmatic point of view,
however, only the tensor-type coupling in y pp vertex is kept,
while the vector-type coupling is omitted.
The standard kinematic variables are

s=W2,=(pp+ P = (p2 + k),

ps=pp+qg=pr+k, s=p,
pu=pr—k=pr—q. u=p,
p=pr—pr=k—gq, t=pl (B2)

The amplitude for the y p — np reaction reads

NF)2) v
Mypory = MP + MP + 3 M L3 MW,
Nl"/2 14

(B3)

p(py)

FIG. 13. Diagrams for photoproduction of the 7 meson.

It was checked numerically that the contributions from the
u-channel N* exchanges are small. The reason for this is ex-
plained in the previous section. Thus, these terms can be safely
neglected in the considerations. Therefore, in the current
analysis, only the s-channel N* resonances with J© = 1/2%
are considered. To calculate the amplitudes with the N* and
V (vector-meson) exchanges, the vector-meson-dominance
(VMD) approach is used. Amplitudes with the virtual pro-
ton and N* resonances are treated analogously as for the
7~ p — nn reaction discussed in Appendix A. Therefore, the
focus will now be on the n-photoproduction process via the V
exchanges.

The amplitude via the vector-meson exchanges includes
two terms,

M[(V) — M(pexchange) _{_M(wexchange)' (B4)

The generic amplitude with V = p°, w, for the diagram in
Fig. 13, can be written as

MV enze) — (e G,y in Y (g)in ™1 (g)
< iCY Y7 (g, p)iA™)" (s, 1)

X (2, }2)iT PP (py, py)ulpp, hp),  (BS)

where pp, pr and Ay, Ay = :I:% denote the four-momenta and
helicities of the incoming and outgoing protons. In the equa-
tion above, Reggeized treatment of p and w exchanges is used;
see Eq. (2.23). For the building blocks of the amplitude (BS)
see Sec. II. The VMD relations for the yV transition vertices
and yy couplings are given in Eqgs. (3.23)—(3.25) of [36]. The
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above amplitude then can be expressed as follows:

MO = TG ) T, p0) B (5,
x @(p2, 22)T VPP (pa, pp)u(pp, Ap).
(B6)
Here
4 T
— = 0.496 £+ 0.023, V =0.042 £0.0015, (B7)
yp w

where y, > 0 and y,, > 0.

The g4y and g,,, coupling constants occurring in the VVn
vertices (2.16) were adjusted to the experimental decay widths
I'(w — ny) and T'(p° — ny), respectively. The amplitude
for the reaction V (ky, €")) — n(k,)y (k,, € is given by

e
MV=nr) — gvvn( (y)u()L )) e (V)”(Av)

o 2my

X uapklk FYVD(0,my, m2),  (BS)

where F(VV”)(kf, =0,k = m}, k,27 = m?) = 1. In the calcu-
lations, I', = 148 MeV, m, =775 MeV, I', = 8.68 MeV,
m, = 783 MeV, and the central values of branching fractions
B(V — ny) are taken from the PDG [73]. Estimated values
are |g,on| = 12.36 and |guwy| = 12.16. It was assumed in the
calculations that these coupling constants are positive.

The form factor in the V'V vertex iT'()' (g, p;) in (B6) is

FYO(, ) = FY0(0, ) = Fo(p?) (B9)
and
A —mj

@) =
A} —t

(B10)
From comparison of the model to the n-meson angular dis-
tributions from the CLAS experiment one can extract the
cutoff parameter Ay = Ay, mon. Details will be given when
discussing differential distributions below.

Figure 14 shows the integrated cross sections for the y p —
np reaction for two models, 1 and 2 (explained in the pre-
vious section), together with experimental data. It can be
seen from the calculation results that the dominant production
mechanism is via N(1535) resonance. At low energies, also
the N(1650) play an important role, while at higher energies
the N(1880) resonance is especially pronounced. From the
top panel, one can see that the V-exchange contribution has
different energy dependence of cross section and it plays some
role rather at higher energies. There, the p-exchange term is
much larger than the w-exchange term due to larger coupling
constants both for the y — V transition vertex (B7) and for
the tensor coupling in the V-proton vertex (2.19). There is a
large interference between the two components.

Figure 15 shows the calculated results for the y p — np re-
action together with selected experimental data on do /d cos 6
from [45-48]. The new CLAS data [48] are shown in the
bottom panels, (c)—(e), as the black solid circles (o). They are
consistent with earlier CLAS results [45] shown in the panel
(b) but extend the energy range beyond the nucleon resonance
region into the Regge regime, i.e., large W), and cosf. As

° 20_ T T T T ]
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FIG. 14. The elastic n photoproduction cross section as a func-
tion of the center-of-mass energy W, , for —1.0 < cosf < 1.0. The
data from Crystal Ball (e) [47] and CBELSA/TAPS (o) [46] experi-
ments are shown. Several contributions were included. The coherent
sum of all contributions is shown by the solid and long-dashed lines,
corresponding to model 1 and model 2, respectively. In the top panel,
the N contribution is multiplied by a factor of 10 to make it visible.
In the bottom panel, the N* resonances included in the calculation
are shown.

illustrated in panel (c) for W,,, ~ 2.38 GeV and in the very
forward region the CBELSA/TAPS data [46] appear to be
higher than the CLAS data [48]. The V -exchange contribution
describes the new CLAS data [48] within their uncertainties
only in the forward scattering region (0.5 < cosf < 1.0) and
for W, » 3 2> 2.4 GeV. The Reggeized-vector-meson-exchange
model is not expected to describe the experimental data at
lower energies. Indeed, this region is dominated by nucleon
resonances; see Fig. 14 and the discussions in [20,49]. It can
be seen from Fig. 15 that with the increase of energy, the
contributions of u-channel proton exchange and #-channel V
exchange become more significant at the backward angle and
forward angle respectively.
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FIG. 15. The differential cross sections do /d cos 6 for the y p — np reaction. The curves represent the model results, calculated for various
W, , using Ayyy = 1.4 GeV and Ay, mon = 1.2 GeV. The Crystal Ball data in panel (a) are from [47]. The CLAS data on the panel (b) are taken
from [45]. In panels (c), (d), and (e) the new CLAS data from [48] are presented; see the black solid circles (e) (these data points were scanned
from Fig. 17 of [48]). In panel (c), data from the CBELSA/TAPS experiment [46] are shown for comparison.

Figure 16 shows a comparison of the theoretical results
for do/dt with various experimental data, as described in
the figure caption. Here, one deals with the kinematic region
suited for the Reggeized-vector-meson exchange mechanism.
It should be noted that the differential distribution at W,,, =

2.38 GeV peaks for cos @ = 0.88 corresponding to —¢ = 0.23
GeV?, while at W, , = 2.98 GeV it peaks for cosf = 0.94
corresponding to —¢ = 0.20 GeV? (see the right panel of
Fig. 16). As a result of these comparisons, one can estimate
the form factor in the VVn vertex, which describes the ¢
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FIG. 16. The differential cross sections do /dt for the reaction y p — np. The curves represent the model results calculated for various
W, using Ayyy = 1.4 GeV and Ay, non = 1.2 GeV. Shown are data from CLAS [48] (e) (for W,,, = 2.88-2.92 and 2.98 GeV in the left and
right panels, respectively), MIT [41] (M) (for W, , = 2.694-3.084 GeV), DESY [42] (A) (for W, , = 2.895 and 3.484 GeV), and Dewire et al.
[43] (V) (for W,,, = 2.895 and 3.986 GeV). The new CLAS data (e) were scanned from Fig. 18 of [48].

dependencies of the V exchange. One finds the cutoff param-
eters Ayyy = 1.4 GeV and Ay, pon = 1.3 GeV with the same
values for p° and w.

APPENDIX C: THE N(1535) - Ny AND N(1535) - Nx*n~
DECAYS AND THE pNN(1535) COUPLING CONSTANT

In this Appendix, the pNN(1535) coupling constant is de-
termined in two ways: one using the N(1535) — Np’ — Ny
decay, and the other using the N(1535) — Np® — Nmx*tm~
decay.

In the first method, the radiative decay of the N(1535) is
considered as follows:

N(1535)(kn+, An+) = N(ky, Ay) + y (ky, €7)),  (C1)

where ky, ky+ and Ay, Ay = £1/2 denote the four-momenta
and helicities of the nucleon and resonance, and &, and e®
denote the four-momentum and polarization vector of photon
with helicities A,, = %1, respectively.

The amplitude for the reaction (C1) is given by

MNZN = (—iyiaky, AT N e v uys, Aye)
% iA(p)/w(ky) irl()ﬁﬁy)(ky) (E(V)K()‘V))*

e *
= —ii(ky, M)TLYN ) (kv ko Yk, Aoy
14

SN GALIV) (C2)

using the VMD ansatz for the coupling of the p° meson
to the photon; see (3.23)—(3.25) of [36]. The vertex for the
PNN(1535) coupling can be derived from an effective cou-
pling Lagrangian. However, different forms are commonly
used in the literature. The gauge invariant Lagrangian from

(A6) of [20] is

_ L (vs\[. v Y02 :
‘CPNNr/ﬁ - 2mNN ( 1>[gpNN*<—mN* tmy lau)

— gi)TA),N*GWB"] (®")N + Hec.; (C3)
see Refs. [11,12,110], where the vector- and tensor-type cou-
plings were discussed. It is worth mentioning that a pure
vector type of the form o )/5[)/“82 — (my+ + my)o,] was de-
rived in [111] and another variant of vector-type coupling in
(23) of [112]. A pure tensor-type coupling was used, e.g.,
in [18,19]. Note that the vector-type term of (C3) vanishes
for the real photon in (C1), (C2) in the limit kf/ = 0. The
consideration here is limited to the pure tensor-type coupling
of (C3) with gyy+ = gl

In practical calculations, one introduces in the I'(PMV"
vertex [derived from an effective coupling Lagrangian (C3)]
the form factor

Fowwe (k. ey o) = B (k) Fi (k) Fi(ky-). -+ (C4)
with the assumption that F,, (k%) is parametrized as
. A4
Fy(k . (C5)

)= T e
Aj + (& —m3)

where A, is cutoff parameter. For the on-shell case
Fyony-(m, my, my.) = 1. Then, for (C1) one has

FpNN* (ki, k]%], k]%]*) = FpNN* (0, m,zv, mz*)
= F,(0)F3(my)Fg(my.) = F,(0). (C6)
In the first method, the radiative decay width is

igPNN* k(mlzv — mlzv*)z

F,(0)).
v 16n  mim, Ol

(o))

F(N* g Ny)lensor =
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FIG. 17. Coupling constant constrained from the two decays
N(1535)" — py and N(1535)" — pr*m~ as a function of the
cutoff parameter A p 1N F,, (C5).

Here k is the photon momentum in the N* rest frame,
k = (m%. — m3%)/2my-. Then, the absolute value of coupling
constant |g,yn+|, for i =2 or 3, can be adjusted to the

where A;, represents the transverse helicity-1/2 amplitude
for the proton, A , = 0.105 + 0.015 GeV~"/? [73]. Note, that

in Table IIT of [113] the value A, = 0.107 £ 0.003 GeV~"/?
is given.

One can compare the results with those obtained using
the experimental branching ratio for helicity 1/2 from the
PDG compilation, B(N(1535) — py) = 0.15-0.30% [73].
The value of the coupling constant |g,ny-| found in this way
is smaller by a factor of 1.2 than that based on (C8).

In the second method, one considers the decay of N(1535)
into a nucleon and two pions via an intermediate p meson,
taking into account its mass distribution:

N(1535)(ky+, An+)

— Nk, av) + [p°(kp) = 7 (ki) + 7 (k)] (C9)

The amplitude for the reaction (C9), denoted by
MWV =NTITT) s obtained from (C2) by making the

v
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é 6l Tensor coupling ] E Tensor coupling O:G/ L Tensor coupling i
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FIG. 18. Coupling constant constrained from the decays N(1650)*, N(1710)*, N(1880)", N(1895)*, N(2100)" — py as a function of

A,. The numerical results correspond to the tensor coupling case.
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replacement

l.A(p);LV(ky) il"l()ﬁ_)y)(ky) (e(V)"()»y ))*
— PAPI (k) iT P (ky, k)

kike
=ngm<—g“ +2 )A(")(kz)(kl k)", (C10)

and taking

Fowne (K2, ko ko) = Fonne (K2, my, mi.) = F, (k) (C11)

with k> = (k; + k»)*. The p° propagator function and the

o’ T~ coupling in (C10) are taken from (4.1)-(4.6) and
(3.35), (3.36) of [36], respectively.

For the decay process (C9) the phase-space integration
can be evaluated numerically using the DECAY Monte Carlo
generator [114]. The value of g,yn+ can be obtained from
the experimental partial decay width I'(N(1535) — Np —
Nnmm). Unfortunately, the branching ratio of the N(1535)
state into the Np channel appears to be not well known
in the literature. In [113] the following values were re-
ported: B(N(1535) = Np) =14 +£2% and B(N(1535) —
NpP)pwave < 0.3%. However, notably smaller value for the
decay into S wave was found by the HADES Collabo-
ration [115], B(N(1535) - Np) =2.74+0.6% and 0.5 +
0.5% for the decay into D wave. In the calculations, the

value from [115] for the S wave was used. The results are
shown in Fig. 17. From the radiative and two-pion decays
of N(1535) resonance, one estimates the coupling constant
SoNN: = g(pT,\}N* occurring in the vertex I'Y"V) (C3) ver-
sus the cutoff parameter A, in F, (C5). The values of
coupling constants extracted form the available experimen-
tal data on the two decays are large. This implies that
the p-exchange contribution may play an important role
for the pp — ppn process and should not be ignored. The
thin upper and lower lines in Fig. 17 represent the re-
sults that comes from uncertainties in the input data used
(A7, =0.105 +0.015 GeV~"/2 [73], B(N(1535) — Np) =
2.7+ 0.6% [115]).

Finally, Fig. 18 shows the numerical values of cou-
pling constants pNN(1650), pNN(1710), pNN(1880),
PNN(1895), and pNN(2100), assuming the tensor-type cou-
pling only, versus A o estimated from (C7). For N(1650) one
takes A, = 0.045 +0.010 GeV~!/2 from [73], for N(1710)

one takes A7, = 0.014 £ 0.008 GeV~'/? [113], for N(1880)
one takes A7, = 0.119 £ 0.015 GeV ™"/ [113], for N(1895)
one takes Al =0.0170.005 GeV~"/> [113], and for

N(2100) one takes A}, = 0.032£0.014 GeV~'/2 [113]. In
the calculations of photon- and hadron-induced reactions the
following values were used: g,ywn(1535) = 5.0 or 4.5 (respec-
tively, for models 1, 2 or 3), g,nn1650) = 1.5, gonn(1710) =
0.4, gpvnvasso) = 1.5, gonnises) = 0.5, gpnn2100) = 0.5, and
a universal value of A, = 1.2 GeV for all resonances.
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