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Abstract Thermal radiation of photons and dileptons from
hadronic matter plays an essential role in understanding
electromagnetic emission spectra in high-energy heavy-
ion collisions. In particular, baryons and anti-baryons have
been found to be strong catalysts for electromagnetic radi-
ation, even at collider energies where the baryon chemi-
cal potential is small. Here, we conduct a systematic anal-
ysis of π - and ω-meson-induced reactions off a large set
of baryon states. The interactions are based on effective
hadronic Lagrangians where the parameters are quantita-
tively constrained by empirical information from vacuum
decay branchings and scattering data, and gauge invariance is
maintained by suitable regularization procedures. The ther-
mal emission rates are computed using kinetic theory but can
be directly compared to previous calculations using hadronic
many-body theory. The comparison to existing calculations
in the literature reveals our newly identified contributions to
be rather significant.

1 Introduction

Electromagnetic (EM) radiation from the fireballs formed in
heavy-ion collisions offers a wide range of insights into the
properties of matter governed by quantum chromodynam-
ics (QCD). Low-mass dilepton spectra, at invariant masses
M � 1 GeV, directly probe how the spectral functions (SFs)
of vector mesons (most notably the ρ-meson) transit from
massive and confined degrees of freedom in the QCD vac-
uum into a rather structureless spectrum at high tempera-
ture and density, suggestive of a quark-antiquark continuum
[1]. At intermediate masses, M � 1.5 GeV, continuum radi-
ation is chiefly emitted from the early phases of the fire-
ball, and its inverse slope serves as an excellent thermome-
ter of the medium [2]. While invariant-mass spectra are,
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by definition, unaffected by any Doppler blueshift caused
by the collective expansion of the fireball, this is no longer
the case for the transverse-momentum (qT ) spectra of both
photons and dileptons. Temperature extractions from the qT
spectra therefore require a deconvolution of the radial flow
of the emitting fireball cells. The spectra of “direct” pho-
tons (obtained after subtracting long-lived final-state hadron
decays) measured at RHIC and the LHC not only exhibit
excess yields indicating a robust signal of thermal radia-
tion, but also carry a significant asymmetry in the azimuthal
emission angle (φ) in the transverse plane, commonly asso-
ciated with the “elliptic flow” of the underlying hydrody-
namic medium. Measurements of the pertinent coefficient,
v2(qT ), of the cos(2φ) modulation in the photon qT spectra
reach values which are not far from those observed for pions.
The latter, however, are only emitted at the end of the fire-
ball evolution, i.e., at the kinetic decoupling of the hadrons
which typically occurs at a freezeout temperature of around
Tfo � 100 MeV. This suggests that many of the photons
are radiated well into the fireball evolution, where most of
the medium’s v2 has already built up. The typical timescale
for hydrodynamic simulations to achieve this in mid-central
collisions of heavy nuclei is about 5 fm/c, at which point the
medium has cooled down to temperatures near the pseudo-
critical one, Tpc � 160 MeV. On the other hand, the experi-
mentally measured inverse-slope parameters amount to about
Teff � (240±30)MeV in 0.2 TeV Au-Au collisions at RHIC
[3] and Teff � (300 ± 40)MeV in 2.76 TeV Pb-Pb colli-
sions at the LHC [4]. The former is consistent with thermal
emission over a broad window around Tpc once the blueshift
effect is included [5], Teff � T

√
(1 + βavg)/(1 − βavg), with

an average radial flow velocity of βavg � 1/3, yielding
Teff � 230 MeV, while the LHC results possibly indicate
somewhat higher local emission temperatures. These results
suggest the photon emissivity in hot hadronic matter as a
key ingredient to interpret the data [5,6]. One may argue that
the present understanding of the direct-photon data at RHIC
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and the LHC is not yet complete, as state-of-the-art calcu-
lations [7–9] still fall somewhat short of the experimental
results, both in spectral yields and v2 [10,11], at the 1–2 σ

level, cf. e.g., Ref. [12] for a recent assessment. The calcu-
lations of [7,8] utilized the most recent hadronic emission
rates available from the literature [6,13,14], together with
the complete leading-order QGP rates [15], thereby corrob-
orating the importance of the hadronic sources in the inter-
pretation of the data. Similar findings were reported in the
microscopic transport calculations of Ref. [16]. It is thus of
interest to further scrutinize the thermal photon emissivities
of QCD matter, specifically in the confined phase.

The photon polarization tensor needed to compute the
thermal emission rate is continuously connected to that of
low-mass dileptons via the M → 0 limit of the latter at
finite three-momentum, q. The low-mass dilepton excess
is known to receive important contributions from baryonic
sources [1] even at the small baryon chemical potentials cre-
ated in the mid-rapidity region at collider energies [17]. This
is due to the sum of rate contributions from baryons and
anti-baryons, together with their total number being consid-
erable at hadrochemical freezeout at RHIC and the LHC. Of
particular interest for the production rate of photons at phe-
nomenologically relevant energies, q0 � 1 GeV (which, as
mentioned above, get blueshifted to higher qT in the mea-
sured spectra), are t-channel exchange reactions (e.g., π

exchange in πN → γ N ), since they do not suffer a 1/q2
0

suppression as do the resonant production channels (e.g.,
πN → 	 → γ N ). In the language of hadronic many-body
theory, the t-channel production processes correspond to
medium modifications of the virtual meson cloud of the pho-
ton, or, within the vector meson dominance model (VDM),
of the meson cloud of the light vector mesons (mostly the ρ).
In cold nuclear matter, the pion cloud modifications of the ρ

meson have been well constrained [1,18], but the effects due
to thermally excited baryons have thus far been treated in an
approximate way, by introducing an effective nucleon den-
sity [19] (and as such are part of the thermal emission rates
from the ρ spectral function contained in the parametrisa-
tion of Ref. [13] as used in Refs. [7,8] referred to above; the
calculations of Ref. [9] do not include baryonic sources). In
the present manuscript we elaborate on this approximation
with an explicit calculation using a rather extensive set of
baryon resonance states, Bi , for πB1B2 couplings where the
corresponding vertices are constrained by scattering data and
empirical decay branchings, B2 → B1π . Furthermore, moti-
vated by the importance of the πρω coupling as found in our
previous work on photon rates from a meson gas [14], we
extend these calculations to the baryonic sector by includ-
ing the πω cloud of the ρ meson corresponding to ω (π ) t-
channel exchange reactions in πB1 → ρB2 (ωB1 → γ B2)
reactions. We compute the pertinent production rates with the

standard kinetic-theory expression and conduct quantitative
comparisons to existing rates from the in-medium ρ SF.

This article is organized as follows. In Sect. 2 we lay out
the microscopic ingredients of our model, by first introduc-
ing the hadronic interaction Lagrangians (Sect. 2.1) followed
by a discussion of the phenomenological vertex formfactors
(Sect. 2.2) and the evaluation of the adjustable parameters
(Sect. 2.3). In Sect. 3 we report the results for the energy
dependent photon rates classified into contributions from
pion-baryon S-wave (Sect. 3.1), P-wave (Sect. 3.2 and D-
wave (Sect. 3.3) interactions and their total in comparison to
previous calculations. In Sect. 4 we discuss baryon-induced
photon rates involving the πρω vertex, classified into pro-
cesses with internal ω exchanges (Sect. 4.1) and with in- or
outgoing ω mesons (Sect. 4.2). In Sect. 5 we give an overall
assessment of how our newly calculated rates figure in the
context of existing calculations, both in the net-baryon free
region relevant for collider energies and for moderate baryon
chemical potentials. We summarize, conclude, and give an
outlook in Sect. 6.

2 Hadronic Lagrangians and parameter constraints

Our calculations of the thermal photon emission rate from hot
hadronic matter will be based on the standard kinetic-theory
expression for production channels of the type h1 + h2 →
h3 + γ (hi : hadrons),

q0
dRγ

d3q
= N

∫
d3 p1

(2π)32E1

d3 p2

(2π)32E2

d3 p3

(2π)32E3
|M12→3γ |2

× (2π)4δ4(p1 + p2 − p3 − q)

× f (E1, T ) f (E2, T )
[1 ± f (E3, T )]

2(2π)3 ,

(1)

where N = N1N2 is the overall degeneracy factor of incom-
ing particles, the f ’s are Fermi or Bose distribution func-
tions and the “±” is “+(−)” if h3 is a meson (baryon). The
key ingredient is the invariant matrix element M12→3γ for
the photon producing scattering process, which we calculate
from suitably defined and constrained hadronic Lagrangians.
Throughout this paper, we will invoke the VDM, i.e., all our
photon producing reactions will be channeled through an
intermediate ρ meson converting into a photon.

Let us briefly recall the relation of the kinetic-theory
framework to many-body calculations of the in-medium
ρ selfenergy, to which we will refer on several occasions
throughout this paper. Within the VDM, the cuts (imaginary
parts) of the two-loop ρ selfenergy directly correspond to
Born-level scattering diagrams for photon production figur-
ing in the kinetic-theory expression, Eq. (1), as illustrated in
Figs. 1 and 2. The outer loop, ππ or πω, generates the imag-
inary part of the (timelike) ρ selfenergy in vacuum, while
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(a)

(b)

(c)

(d)

Fig. 1 Cuts to pion cloud modifications of the in-medium ρ selfen-
ergy which yield Born scattering diagrams considered in this work.
Vertex corrections and internal-propagator dressing give rise to s-, t-
and u-channel diagrams as well as 4-point interactions dictated by gauge
invariance

a further in-medium loop on the pion or omega propaga-
tors (or medium-induced vertex corrections) produces a non-
vanishing imaginary part at the photon point, M → 0. This
connection is also the origin of referring to pion cloud or πω

cloud contributions to the selfenergy. We further note that
πB1 → γ B2 reactions can be quite generally considered as
pion-baryon Bremsstrahlung upon further decay of the final-
state baryon, B2 → B3 + meson. As such they are closely
related to the meson-baryon (mB) Bremsstrahlung processes
introduced (and found to be important) in the transport cal-
culations of Ref. [16]. However, a more detailed comparison
to those calculations is beyond the scope of the present work.

The remainder of this section is organized as follows.
In Sect. 2.1 we introduce the effective Lagrangians used
in this work, where we first lay out the fully relativistic
versions (Sect. 2.1.1) followed by a non-relativistic reduc-
tion for baryons (Sect. 2.1.2). In Sect. 2.2 we implement

hadronic vertex formfactors which simulate finite-size effects
and are essential for quantitative applications to phenomenol-
ogy; specifically, we discuss the pion-induced reactions with
baryons (Sect. 2.2.1), mesonic interactions involving the
πρω vertex (Sect. 2.2.2), and ω-induced interactions with
baryons (Sect. 2.2.3), while taking special care to maintain
electromagnetic gauge invariance. In Sect. 2.3, our proce-
dures for fixing the parameters are elaborated upon, starting
with coupling constants estimated from baryon resonance
decay branching ratios (Sect. 2.3.1) and followed by evalu-
ating constraints for the formfactor cutoffs by using nuclear
photoabsorption cross sections (Sect. 2.3.2) and πN scatter-
ing data (Sect. 2.3.3).

2.1 Effective Lagrangians

2.1.1 Relativistic interaction Lagrangians

We use the notation aB1B2 to indicate an interaction between
a meson a and two baryons B1 and B2, which may or may
not be the same particle species. We begin with the free-field
Lagrangian terms for π mesons, ρ mesons, and massive spin-
1/2 baryons:

LB 1
2

= ψ̄
(
iγ μ∂μ − mB

)
ψ, (2)

Lπ = 1

2
∂μ �π · ∂μ �π − 1

2
m2

π �π · �π, (3)

Lρ = −1

4
�ρμν · �ρ μν + 1

2
m2

ρ �ρμ · �ρ μ, (4)

where the notation B 1
2

indicates a spin-1/2 baryon, and the
ρ field strength tensor is

�ρμν = ∂μ �ρν − ∂ν �ρμ. (5)

To describe spin-3/2 baryons we use the Rarita-Schwinger
formalism [20], where the free-field Lagrangian for a massive
spin-3/2 particle is given by

LB 3
2

= −ψ̄μ

(
iγ μ∂μ − mB

)
ψμ + i

3
ψ̄μ

(
γ μ∂ν + γν∂

μ
)
ψν

ψν − 1

3
ψ̄μγ μ

(
iγ μ∂μ + mB

)
γνψ

ν. (6)

For a πB1B2 interaction term with two spin-1/2 baryons, we
choose a derivative coupling to respect chiral symmetry [21],

LπB 1
2

1
2

= fπB1B2

mπ

ψ̄(γ5)γ
μ∂μ �π · �T ψ. (7)

Since the pion field is parity-odd, a γ5 factor is needed (or
not) if both baryon fields are of the same (different) internal
parity. In the above expression �T is the pion isospin transition
operator acting on the baryon fields. For couplings between
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Fig. 2 Cuts to the πω cloud of
the ρ selfenergy giving rise to
processes involving an
“internal” ω in the scattering
process (top row), and to an
“external” ω (bottom row)

(a)

(b)

pions and two spin-3/2 baryons we make the ansatz

LπB 3
2

3
2

= fπB1B2

mπ

ψ̄μ (γ5) γ ν∂ν �π · �T ψμ, (8)

with the same requirement for inclusion of the γ 5 term as
in Eq. (7). Interactions between pions, spin-1/2, and spin-3/2
particles are given by [18]

LπB 1
2

3
2

= − fπB1B2

mπ

ψ̄μ (γ5) ∂μ �π · �T ψ + H.c., (9)

where “H.c.” indicates the Hermitian conjugate of the previ-
ous term.

To obtain a non-relativistic D-wave interaction we use the
following interaction term between pions, spin-1/2, and spin-
3/2 baryons with differing parity quantum numbers [22]:

LD
πB 1

2
3
2

= fπB1B2

m2
π

ψ̄μγ5γ
ν∂ν∂μ �π · �T ψ + H.c.. (10)

The parity-violating πρω interaction is incorporated using
the Wess-Zumino term [23,24],

Lπρω = gπρωεμναβ∂αωβ∂μ �ρν · �π. (11)

We generate interactions with the ρ meson by applying the
process of minimal substitution to the above Lagrangians,

∂μ → ∂μ + igρ �ρμ · �T , (12)

where gρ is the isospin gauge coupling of theρ. Owing to vec-
tor meson universality [25,26], the ρ couples with approxi-
mately universal strength to all particles carrying isospin. We
identify gρ with the ρππ coupling, gρ = gρππ . Applying

this gauging procedure to the above Lagrangians generates
the following interactions:

Lρππ = −gρ �ρ μ · (
∂μ �π × �π)

,

Lρρρ = −1

2
gρ �ρ μν · ( �ρμ × �ρν

)
,

Lπρρω = gπρωgρεμναβ∂αωβ

( �ρμ × �ρν

) · �π,

LρB 1
2

1
2

= −gρψ̄γ μ �ρμ · �T ψ,

LρB 3
2

3
2

= gρψ̄μγ ν �ρν · �T − gρ

3
ψ̄γ μ

(
γ μ �ρν + γν �ρ μ

)

· �T ψν + gρ

3
ψ̄μγ μγ ν �ρν · �T γσ ψσ ,

LπρB 1
2

1
2

= gρ

fπB1B2

mπ

ψ̄(γ5)
(
γ μ �ρμ × �π) · �T ψ,

LπρB 3
2

3
2

= gρ

fπB1B2

mπ

ψ̄μ(γ5)
(
γ ν �ρν × �π) · �T ψμ,

LπρB 1
2

3
2

= −gρ

fπB1B2

mπ

ψ̄μ(γ5)
( �ρμ × �π) · �T ψ + H.c.,

LD
πρB 1

2
3
2

= gρ

fπB1B2

m2
π

ψ̄μ (γ5) γ ν
( �ρν × ∂μ �π + �ρμ × ∂ν �π)

· �T ψ + H.c.. (13)

Since the ω is an isosinglet vector meson, we model the
ωB1B2 interaction to be similar in structure to the ρB1B2

vertex [22,27,28]:

LωB 1
2

1
2

= gωB1B2ψ̄(γ5)γ
μωμψ,
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LωB 1
2

3
2

= gωB1B2ψ̄
μ(γ5)ωμψ + H.c.. (14)

There is no �T operator in Eq. (14) since the ω is an isospin-0
particle and cannot induce transitions between isospin-1/2
and -3/2 states. Electromagnetic interactions are modelled
using the VDM, where the EM current couples to hadrons
exclusively through neutral vector mesons, i.e., the ρ, ω, and
φ. In the present work we only account for the ρ coupling to
the photon, as the ω and φ couplings are smaller by factors
of ≈ 11 and ≈ 7, respectively, relative to the ργ coupling
[6,14,25]. The latter is given by

Lργ = −AμCρm
2
ρρ0

μ, (15)

where ρ0
μ is the charge neutral (I3 = 0) component of the ρ

field. Using strict VDM would give theCρ = e/gρ . However,
as in the previous work [14], we treat it as an adjustable
parameter which can be fitted via the ρ di-electron decay. In
practice, these two values differ by ≈ 15%.

In the present work all processes involving the ω, whether
as an external or internal particle, will be coupled via the
πρω vertex of Eq. (11) with the ρ coupling to an on-shell
photon via VDM. The Levi-Civita tensor structure of the
πρω vertex ensures the corresponding Born diagram to be
gauge invariant by itself.

Equations (7)–(15) are the relativistic Lagrangians from
which we will derive our non-relativistic interactions.

2.1.2 Non-relativistic reductions

To simplify our calculations we exploit the energy scale of
baryon masses by expanding Dirac and Rarita–Schwinger
spinors to 0th order in momentum, i.e. (| �pB |/mB)0. This
treatment avoids possible ambiguities in use of the Rarita-
Schwinger propagator [29,30] and agrees with the non-
relativistic interactions used in the works we are augment-
ing [18,19,31]. Additionally, the non-relativistic treatment of
spin-3/2 particles significantly simplifies calculations while
maintaining accuracy at values of three-momenta up to at
least q ≈ 2 GeV [32]. We also simplify the baryonic prop-
agators by neglecting antiparticle contributions, but keeping
relativistic kinematics in the denominator [18]:

GB(p) =
∑

spin ψ̄ψ

p2 − m2
B + iε

→ 1

p0 − ωB( �p ) + iε
, (16)

where ωB( �p ) =
√

�p 2 + m2
B is the on-shell energy of the

baryon and p0 is its off-shell energy.
The inclusion of the γ5 matrix to compensate for baryon

parity differences results in differing non-relativistic inter-
actions. We use the notation L+ to indicate the two baryon
spinors to have the same parity quantum number (+1 or -1)
and L− to indicate they have opposite parity quantum num-

bers. For the interaction of a pion with two spin-1/2 or two
spin-3/2 baryons the non-relativistic reduction of the Dirac
spinors in Eqs. (7) and (8) leads to

L+
πB1B2

= fπB1B2

mπ

χ
†
1

(
�π · �T

) (�k · �S
)

χ2 , (17)

L−
πB1B2

= fπB1B2

mπ

χ
†
1

(
�π · �T

)
ωπ(k) χ2. (18)

The three-momentum of the pion is denoted by �k, and its on-

shell energy is ωπ(k) =
√
m2

π + �k2. Here the χ are either
two- or four-component spinors in both spin and isospin
space, depending on the quantum numbers of the baryons.
The �S denotes the spin transition operator connecting the
baryon spinors. We see that the L− yields an S-wave interac-
tion, while the L+ gives a P-wave interaction. In principle,
we could expand the relativistic interactions to higher orders
in (| �pB |/mB) to obtain a D-wave interaction. However, this
would be at variance with a strict leading-order expansion.
Therefore, we perform our non-relativistic reduction on the
relativistic Lagrangian of Eq. (10). The non-relativistic spin
structure of the resulting D-wave interaction is slightly more
complicated than the P-wave interaction and depends on the
spin of χ2, either 1/2 or 3/2. Under the assumption that χ1 is
spin-1/2, the resulting interactions are

LD
πB1B2

= fπB1B2

m2
π⎧

⎨

⎩

χ
†
1

(
�π · �T

) (�k · �S
) (�k · �σ

)
χ2, χ2 spin = 1

2

χ
†
1

(
�π · �T

) (�k · �σ
) (�k · �S†

)
χ2, χ2 spin = 3

2 .
(19)

The non-relativistic reduction of baryon interactions with the
ρ is similarly straightforward. However, the ρB1B2 interac-
tion requires modification to satisfy a non-relativistic Ward-
Takahashi identity [18,33,34]. The resulting modified inter-
action vertex is

L+
ρB1B2

= −gρχ
†
1 ρμ

⎛

⎝
G−1

B1
(p+q)−G−1

B2
(p)

q0

0

⎞

⎠

μ
(

�ρ · �T
)

χ2 ,

(20)

where p and q are the baryon and ρ four-momenta, respec-
tively. We use the notation
(
1
�S
)μ

=
{
1, μ = 0

Sμ, μ = 1, 2, 3
(21)

to indicate the four-vector nature of the object in parenthe-
ses. We note that in our framework there exists no interaction
between the ρ meson and two different species of baryons.
This is a result of effectively introducing the ρ as a gauge
boson via minimal substitution, so that the ρB1B2 inter-
actions generated via gauging the free-field Lagrangians of
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Eqs. (2) and (6) result only in interactions between baryons of
the same type. This implementation ofρ interactions also pre-
cludes the possibility of double-counting direct ρB1B2 inter-
actions which have already been included in the in-medium
ρ spectral function of Refs. [18,19,31]. The non-relativistic
baryon contact terms are

L+
πρB1B2

= gρ

fπB1B2

mπ

χ
†
1 ρμ

(
0
�S
)μ

( �ρ × �π) · �T χ2 , (22)

L−
πρB1B2

= gρ

fπB1B2

mπ

χ
†
1 ρμ

(
1

0

)μ

( �ρ × �π) · �T χ2 . (23)

The purely mesonic interactions in Eqs. (11) and (13) are
unaffected by the | �pB |/mB expansion since they have no
dependence on baryon spinors. The non-relativistic versions
of Eqs. (14) are

L+
ωB1B2

= gωB1B2 χ
†
1 ωμ

(
1

0

)μ

χ2 ,

L−
ωB1B2

= gωB1B2 χ
†
1 ωμ

(
0
�S
)μ

χ2 . (24)

In principle, these interactions require the same modifications
as Eq. (20) to satisfy a Ward–Takahashi identity. However,
in our analysis we will not be using the ωB1B2 vertex when
the ω is an external particle, as it is not part of a conserved
vector current. It then does not require the same modification
as Eq. (20) and we may use Eq. (24) without modification.

Before using this set of non-relativistic baryon propaga-
tors and Lagrangian interactions, together with the meson
interactions, to evaluate the Feynman diagrams shown in
Figs. 1 and 2, we must account for finite-size effects by imple-
menting hadronic formfactors.

2.2 Hadronic formfactors

The above Lagrangian interactions treat particles as point-
like objects. To account for finite-size hadronic effects, we
use the Pauli-Villars regularization via attaching a hadronic
formfactor to each interaction vertex. However, maintain-
ing gauge invariance when implementing formfactors in
scattering processes can be a challenging process. For the
πB1 → γ B2 processes, we can insert formfactors on all
πB1B2 vertices in a fully gauge-invariant manner. Formfac-
tors for other interaction vertices will be handled in a more
indirect manner.

2.2.1 Gauge-invariant heavy-pion formalism

In Ref. [35] it was suggested that the insertion of a monopole
πNN formfactor, �2

π/(�2
π + �k2), in nucleon-nucleon scat-

tering diagrams could be diagrammatically visualized as a

γ

ρ

B2B1

π

π̃

π̃

(a) t-channel diagram 1

γ

ρ

B2B1

π

π̃

π

(b) t-channel diagram 2

Fig. 3 Two t-channel diagrams that amount to an implementation of
πB1B2 formfactors via application of Feynman rules. The long dashed
lines indicate “normal” pions while the short dashed lines indicate
“heavy” pions

fictitious “particle” of mass �π with the same quantum num-
bers as the π -meson attaching to the “normal” pion lines, see
Figs. 7–9 in that work. Here, �π is the value of the formfactor
cutoff and �k is the pion’s three-momentum. We shall denote
this fictitious pion as π̃ . A rigorous way of using this “heavy-
pion” method to implement the πNN and πN	 formfactors
was introduced in Refs. [18,33]. There it was shown that, by
assigning appropriate Feynman rules for the inclusion of the
heavy-pion propagator and ππ̃ vertices, the resulting Feyn-
man diagrams for ρ selfenergies generate formfactors on all
pertinent vertices thereby maintaining gauge invariance. In
Ref. [36] these Feynman rules were implemented in the con-
text of πN → ρN Born scattering diagrams, as opposed
to selfenergies. There it was found that the gauge-invariant
implementation of the πNN formfactor requires the inclu-
sion of two t-channel terms: one where the heavy pion is
attached to the external pion line, and one where the heavy
pion is attached to the internal pion line. These two diagrams
are shown in Fig. 3. The remaining contact, s-, and u-channel
diagrams have only the external pion to attach to the heavy
pion; therefore, the inclusion of theπNN formfactor on those
diagrams is straightforward.

As mentioned above, the application of these rules
includes a t-channel diagram [36] containing a ρπ̃π̃ ver-
tex term where the ρ attaches to two heavy pions, shown in
Fig. 3. This introduces a complication, as the structure of this
vertex is a priori not known. However, it was shown in Ref.
[18] that a gauge-invariant heavy-pion vertex can be con-
structed by the requirement to satisfy the Ward–Takahashi
identity,

qμ�̃μ
!= −gρ

(
G−1

π̃
(k − q) − G−1

π̃
(k)

)
, (25)

where q is the four-momentum of the incoming photon, k is
the four-momentum of the incoming heavy pion, and we have
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suppressed isospin indices for simplicity. Since the expres-
sion for the heavy-pion propagator is known, we can calculate
the difference between the inverse propagators:

G−1
π̃

(k − q) − G−1
π̃

(k) = �2
π + (�k − �q )2 − �2

π − �k2

= �q · (�q − 2�k). (26)

We then find that

qμ�̃μ
!= −gρ �q · (�q − 2�k). (27)

Since the four-momentum of the ρ (which we denote by
q) necessarily has a non-zero temporal component (as it is
attached to a photon, soq0 = |�q |), the only possible ρ-heavy-
pion interaction vertex which satisfies the Ward-Takahashi
identity is

�̃μ = −gρ

(
0

2�k − �q
)

μ

. (28)

The monopole formfactor �2
π/(�2

π + �k2) is sufficient to
ensure convergence in the S- and P-wave πB1B2 interac-
tions. However, our D-wave interaction, Eq. (19), contains
two powers of pion momentum so that the use of a monopole
formfactor for this vertex does not generate sufficiently rapid
convergence of the photon emission integral given by Eq. (1).
Therefore, we introduce a dipole formfactor of the form
�4

π/(�4
π + �k4). We may then introduce the formfactor in a

gauge-invariant manner using the following Feynman rules
[18] for processes involving a D-wave πB1B2 interaction:

1. A heavy pion (π̃) attaches to a normal pion in all possible
places,

2. the heavy-pion “propagator”, Gπ̃ , receives a factor of
−i/(�4

π + �k4), and
3. the pion–heavy-pion vertex receives a factor of i�4

π .

Implementing these rules gives the same results as for the
monopole formfactor, but with higher powers of �π and �k.
However, since we have altered the propagator of the heavy
pion, the above result for the ρπ̃π̃ vertex, Eq. (27), no longer
applies. We must repeat the procedure using the new 1/(�4

π +
�k4) propagator to construct a new ρπ̃π̃ vertex. The structure
of the Ward-Takahashi identity is identical, but the difference
in the inverse heavy-pion propagators becomes

G−1
π̃

(k − q) − G−1
π̃

(k)

= �4
π + (�k − �q )4 − �4

π − �k4 ,

= −4�k2(�k · �q) + 4(�k · �q )2 + 2�k2 �q 2 − 4(�k · �q)�q 2 + �q 4

=
[
−4�k2�k + 4(�k · �q )�k + 2�k2 �q + �q 2 �q

]
· �q − 4(�k · �q )�q 2 .

(29)

Here we encounter an ambiguity we did not have with the
monopole formfactor. We need to “factor out” a �q from the
above expression in order to identify the vertex, which we
have already done to the term in brackets. In Eq. (28) there
is one unique choice for this. However, in the second term in
Eq. (29) we may factor out the �q from either the (�k · �q ) or
the �q 2 term. We have checked both choices and found that
there is a negligible difference between the resulting photon
emission rates for all photon energies. Therefore, for our
purpose of calculating thermal photon emission rates either
choice is fine; we choose to factor out the �q from the �q 2 term
in Eq. (29). This leads to a D-wave ρπ̃π̃ vertex of the form

�̃D
μ = −gρ

(
0

4�k(�k2 − �k · �q ) + �q (4�k · �q − 2�k2 − �q 2)

)

μ

.

(30)

2.2.2 Gauge-invariant meson formfactors

We now have defined our πB1B2 formfactors and established
an implementation that ensures gauge invariance. However,
there remain vertices in the πB1 → γ B2 processes which
do not have formfactors applied to them. For example, the s-
channel diagram shown in Fig. 1a our above method applies
a formfactor to the πB1B2 vertex on the left of the diagram.
However, we have not applied a formfactor to the ρB2B2

vertex. Similarly, in the t-channel diagram of Fig. 1b, the
ρππ vertex at the top of the diagram also lacks a form-
factor. In order to fully account for finite-size effects, we
employ the method used in Refs. [6,14]. We identify the
dominant diagram, which is the t-channel pion exchange.
We then apply a factorized formfactor using an average pion
exchange momentum. Then we apply a dipole ρππ form-
factor to the overall scattering process [37],

FFρππ (t̄ ) =
(

2�2
ρππ

2�2
ρππ − t̄

)2

, (31)

where we evaluate the average exchange momentum, t̄ , via
the expression

(
1

m2
π − t̄

)2
(

2�2
ρππ

2�2
ρππ − t̄

)4

= − 1

4q2
0

∫ −4q2
0

0
dt

(
1

m2
π − t

)2
(

2�2
ρππ

2�2
ρππ − t

)4

. (32)

We use �ρππ = 1 GeV in accordance with Refs. [6,14,
37]. This averaged formfactor is then applied to the overall
amplitude appearing in Eq. (1):

|M |2 → |M |2 FF(t̄)4. (33)
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This method accounts for formfactor effects that are not
incorporated with the heavy-pion technique. This is the final
ingredient for formfactor implementation in πB1 → γ B2

processes.

2.2.3 ωB1B2 processes

Due to the relatively large πρω coupling, we consider two
other processes involving the ω meson, shown previously in
Fig. 2. The process shown in Fig. 2a involves the ωB1B2

vertex of Eq. (24), where the ω is an exchange particle.
For this vertex, we use the standard monopole formfactor
�2/(�2 + �k2) with �k being the momentum of the ω. The
second process, shown in Fig. 2b, involves the ω as an exter-
nal particle, attaching to the πρω vertex of Eq. (11). As this
is a purely mesonic vertex, we use a dipole formfactor [37]
of

[
2�2/(2�2 − t2)

]2
. Due to the gauge invariance of the

πρω photo-emission vertex in both processes, we only need
to consider the t-channel diagrams. This allows a straightfor-
ward implementation of formfactors on both vertices without
the need to resort to a factorized formfactor.

2.3 Evaluation of parameters

The large number of vertices involved in our photoemission
processes leaves us with a similarly large number of param-
eters. The purely mesonic parameters we will be using have
already been evaluated in Ref. [14]. In addition, the following
quantities must be evaluated:

• the coupling constant fπB1B2 for each possible πB1B2

vertex, where B1 and B2 are any of the baryons under
consideration,

• the cutoff �πB1B2 for each πB1B2 vertex formfactor,
• the coupling constant gωB1B2 for each possible ωB1B2

vertex, and
• the cutoff �ωB1B2 for each ωB1B2 vertex formfactor.

2.3.1 Coupling constants

We use data from the Particle Data Group [38] on B1 → πB2

decays to calculate the fπB1B2 coupling constants. Only
“established” baryons, i.e., nucleons, deltas, and hyperons
with a three- or four-star status, are included. The data used
to calculate decays are collected in the Appendix. We neglect
all πB1 → γ B2 processes which contain couplings that can-
not be calculated due to lack of available decay data. The
coupling constants are found by applying Feynman rules
to B1 → πB2 decay processes and inserting the resulting
amplitude into the standard two-particle decay formula. In
the rest frame of B1, the latter is given by [39]

�B1→πB2 = pCM

8πm2
B1

|M |2 FF(pCM )2, (34)

where �B1→πB2 is the partial width for the decay pro-
cess, pCM is the magnitude of the center-of-mass three-
momentum of each daughter particle, FF(pCM ) is the form-
factor for the πB1B2 vertex, and |M |2 denotes the initial-
state averaged and final-state summed squared matrix ele-
ment. This amplitude contains the (squared) coupling we
wish to evaluate. The center-of-mass momentum can be cal-
culated straightforwardly by applying conservation of four-
momentum to the invariant mass of the parent particle. Many
resonances more massive than the 	(1232) have consid-
erable uncertainty in both their total widths and branching
ratios, both of which are needed to evaluate the πB1B2 cou-
plings. To account for this uncertainty, we introduce an uncer-
tainty parameter 0.6 ≤ y ≤ 1.4 which multiplies the partial
width in Eq. (34), so that �B1→πB2 → y�B1→πB2 . Addi-
tionally, to simplify calculations, we use the same formfactor
cutoff for all resonances other than the nucleon and 	(1232),
so that we have only three cutoffs for πB1B2 interactions:
�πNN , �πN	, and �πBB .

This method of calculating couplings is appropriate when
the decay products have zero or relatively small width. How-
ever, if the daughter baryon has a non-negligible width, treat-
ing it as a stable particle may no longer be justified, especially
if there is limited decay phase space (i.e., when the sum of
the daughter masses is close to the parent mass). We can
then no longer use a fixed-mass approximation for the daugh-
ter baryon’s spectral distribution, and rather should integrate
over its invariant mass. The pertinent extension of Eq. (34)
reads [40]

�B1→πB2

=
∫

dm m
pCM (m)

8πm2
B1

|M(q)|2 FF(pCM (m))2 ρB2(m) ,

(35)

where m is the (variable) mass of the daughter baryon B2,
and ρB2(m) is its SF. For simplicity, we model ρB2(m) using
a Breit–Wigner resonance with a mass-dependent width,

ρB2(m) = − 1

π
Im DB2(m)

= 1

π

m�(m)
(
m2 − m2

B2

)2 + m2�(m)2
. (36)

The width of B2 is generated by the decay process B2 → πN .
This gives us the lower bound for the integration over m in
Eq. (35) asmmin = mN +mπ . The upper bound for q is given
by the amount of energy available for B2,mmax = mB1 −mπ .
These limits also give us a criterion for when we need to use
Eq. (35) over Eq. (34). Quantitatively, we integrate over the
SF when particle masses and widths satisfy the condition
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mB1 − (mB2 + mπ ) <
�B2

2
. (37)

In practice, only one of our couplings requires this treatment,
namely for the 	(1600) → πN (1440) decay. The N (1440)

has a width of 350 MeV, and m	(1600) − (mN (1440) +mπ ) =
20 MeV, which necessitates the use of Eq. (35). The cal-
culation of the πN (1440)	(1600) coupling with a sharp
N (1440) mass using Eq. (34) gives fπN (1440)	(1600) = 8.4,
which turns out to be a gross overestimate. The calcu-
lation using Eq. (35) and a finite N (1440) width gives
fπN (1440)	(1600) = 4.9.

We may calculate the gωB1B2 couplings in the same man-
ner as the fπB1B2 couplings. Since the ω is an isoscalar par-
ticle it can couple only to baryons with identical isospin;
there are no ωN	 couplings. Additionally, since the ω is
not easily reconstructed from its dominant 3π decay, direct
data on B1 → ωB2 decays is greatly lacking. However, it
was found in Ref. [41] that one can use helicity amplitudes
of N∗ → γ N decays together with the vector meson dom-
inance model to indirectly estimate ωNN∗ couplings. This
also allows us to calculate couplings that occur below the
ω production threshold. The couplings are found by equat-
ing Eq. (34) with the expression for the partial width of a
radiative decay in terms of helicity amplitudes, given by [38]

�N∗→γ N = �p 2
CM

π

2mN

(2J + 1)mN∗

(
|A1/2|2 + |A3/2|2

)
, (38)

where J is the spin of the parent particle. We note that
A3/2 = 0 for radiative decays of spin-1/2 resonances. It was
shown in Ref. [41] that by taking the appropriate combi-
nations of proton and neutron helicity amplitudes, one can
isolate the contributions from the isoscalar (ω) and isovector
(ρ) channels. These combinations are

As
i = 1

2
(Ap

i + An
i ), Av

i = 1

2
(Ap

i − An
i ), (39)

where s and v indicate the isoscalar and isovector combina-
tions, respectively, and i is 1/2 or 3/2. Using the isoscalar
combination of helicity amplitudes then allows us to solve
for gωNN∗ .

The final step in quantifying the πB1B2 and ωNN∗ cou-
plings requires to establish values for the formfactor cut-
offs, �πNN , �πN	, �πBB , and �ωNN∗ . Information on the
πB1B2 cutoffs can be inferred by fitting phase shift data for
elastic πN scattering. However, there are several constraints
on parameter choices we must observe.

2.3.2 Formfactor cutoffs

Previous calculations of the in-medium ρ spectral function
[18,19,31,37,40], which serve as our benchmark, found that
the πNN formfactor cutoff, �πNN , could be no larger than
≈ 500 MeV in order to remain consistent with photoabsorp-

tion data on the proton. Larger values yielded non-resonant
background cross sections that exceeded experimental data
(see also Ref. [42] for a similar way of constraining the
nucleon contributions to the EM emission rates in the chi-
ral redution formalism). Furthermore, a calculation of the
π− p → ρ0n cross section using the same vertices employed
here [36] found that consistency with experimental data
demanded that �πNN be ≈ 310 MeV using a coupling of
fπNN = 1. We therefore take this cutoff value and coupling
as restricted, allowing only a possible 10% variation of their
values.

A second constraint applies to the πN	 formfactor cut-
off. The works we are augmenting use a cutoff of �πN	 =
�πNN = 310 MeV. This value is constrained by the 2π

production contribution to the total proton photoabsorption
cross section. The pioneering works which evaluated �πN	

via fits to P33 phase shift data found excellent agreement
with a value of 360 MeV [43,44,47,48]. We therefore allow
our cutoff to vary up to this value. Additionally, we allow the
values of �πBB to vary from 310 MeV (to match the πNN
cutoff) up to a value of 1500 MeV, which is a typical size
for formfactor cutoffs in the Bonn nucleon-nucleon potential
model [27].

We are also constrained in our choices for the ωNN cou-
pling and formfactor. The process γ N → πN via ω t-
channel exchange contributes to the photoabsorption cross
section on the proton. Since this process was not included
in the fits using the in-medium ρ SF [1,40], we add the ω

t-channel photoabsorption cross section to the overall result.
Our choice of coupling and formfactor should not raise the
total cross section above the experimental data. The reso-
nance couplings of ωNN∗ are similarly constrained by the
cross sections of γ N → ωN∗ photoproduction processes.

2.3.3 πN scattering phase shifts and summary of
parameter values

To evaluate the parameters fπNN , �πN	, and �πBB , we
fit phase shift data for elastic πN → πN scattering in the
P11 and P33 channels. We neglect the S-wave channel since
these involve t-channel diagrams with the exchange of ρ

mesons. These diagrams include a ρBB interaction. Since we
are not using the ρBB formfactor in our photoemission rate
calculations, calculation of the S-wave phase shifts would
involve introducing an extra parameter, �ρBB , that would
not enter into our final calculations for photon rates. The P13

and P31 channels are neglected due to the relatively small
size of their phase shift, δ � 5◦.

The P-wave phase shifts are relatively easily calculated
using the K -matrix formalism [49]. For elastic scattering, the
relation between the K -matrix and the phase shift is Kα =
1
k tan δα , where k is the magnitude of the center-of-mass
three-momentum and α is a given partial wave and isospin
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(a) (b)

(c) (d)

Fig. 4 Pion nucleon scattering phase shifts with parameters fit to P11 data only (top row) and with parameters fit to P33 data only (bottom row)

Table 1 Parameter combinations for πN partial-wave phase shift fits

P11 only fit P33 only fit Simultaneous fit Weighted fit

fπNN 1.1 0.9 1.1 1.1

y 0.69 0.6 0.6 0.6

�πN	 310 360 360 360

�πBB 1360 410 520 920

channel. The relativistically improved K -matrix (RIKM)
model [26,50] provides a suitable way to carry this out. It
is composed of Born diagrams using non-relativistic interac-
tions identical to ours. Energy denominators for the s- and
u-channels are then treated relativistically as shown below.
This relativistic treatment also involves moving beyond the
static approximation where nucleon momenta are neglected,
i.e., center-of-mass momentum is used instead of simply the
momentum of the incoming pion.

As an example, the contributions to K11 from the nucleon
and 	(1232) are given by

KN = 1

4π

mN√
s

2mN �k2

3

f 2
πNN

m2
π

(
�2

πNN

�2
πNN + �k2

)2

×
(

9

s − m2
N

+ 1

u − m2
N

)

,

K	 = 1

4π

mN√
s

2m	
�k2

3

f 2
πN	

m2
π

(
�2

πN	

�2
πN	 + �k2

)2
16

9

1

u − m2
	

,

(40)

where s = (ωN + ωπ)2, ωN =
√
m2

N + �k2, ωπ =
√
m2

π + �k2, and u is approximated by u ≈ m2
B + m2

π +
2ωNωπ [26]. Contributions from other resonances and for
other channels follow by constructing the relevant Born dia-
grams and evaluating the projections into the pertinent spin
and isospin channel. We include all P-wave nucleon and delta
resonances up to a mass of 1.9 GeV in our list of particles
(see Appendix, namely the N (1440), N (1710), N (1720),
N (1900), 	(1232), 	(1600), and 	(1910).

We now use the RIKM model to evaluate our parameters
�πN	, �πBB , and fπNN by fitting phase shifts to the data
from Ref. [51] for center-of-mass momenta from 0 to 300
MeV. In principle, we should limit our analysis to the π pro-
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(a) P11 channel (b) P33 channel

(c) P11 channel (d) P33 channel

Fig. 5 Pion-nucleon scattering phase shifts with parameters simultaneously fit to both channels (top row), and with parameters fit to both channels
with increased weighting toward the P11 channel (bottom row)

duction threshold of kcm ≈ 215 MeV. After this point the
phase shift acquires an imaginary part, indicating the onset
of inelasticity in the scattering channel. However, we have
verified that there is a negligible difference in the resulting
parameter fits when fitting phase shifts up to 215 MeV versus
a maximum value of 300 MeV. We note that the phase shift
is much larger in the P33 channel than in the P11 channel.

The fits are performed by minimizing the integrated dif-
ference between our K -matrix phase shift and the data fit
from Ref. [51]. We define this difference to be

D =
∫ kmax

0
dk

{[
δdata

11 (k) − δRIKM
11 (k)

]2

+
[
δdata

33 (k) − δRIKM
33 (k)

]2
}

, (41)

where δdata is the fit to data from Ref. [51] and δRIKM is our
phase shift calculated using the RIKM model. In Fig. 4 we
display the results for the fits that result from optimizing the
parameters for one channel at a time. We see that the parame-
ter combination which provides an optimal fit in one channel
does not yield good a fit in the other channel. This suggests
that we need to find a suitable balance of parameter values
which better satisfies both channels. We show the simultane-

ous fit of both channels given by Eq. (41) in Fig. 5a, b. Since
the P33 channel phase shift varies from 0 to ≈ 150◦ while the
P11 channel phase shift varies from 0 to ≈ 20◦, the former
carries a larger weight and it appears that the P11 channel has
a worse fit than the P33 channel; in particular, this fit does not
display the repulsive (negative) phase shift in the P11 chan-
nel at momenta below ≈ 180 MeV which is featured in the
data. We can remedy this issue by giving a greater weight to
the P11 channel in Eq. (41); with an extra weight factor of
10 of the P11 relative to the P33 channel, the only parameter
that changes is �πB1B2 , increasing from 520 to 920 MeV.
These fit results, shown in Fig. 4c, d, now display the desired
repulsion in the P11 channel at the cost of a slightly worse fit
in the P33 channel. We shall use the parameters from the fit
shown in Fig. 5c, d for our calculations, i.e., �πB1B2 = 920
MeV. However, since couplings and formfactors figure into
the decay rates as f 2FF2, changing (increasing) the form-
factor cutoff causes a compensatory (decreasing) effect on
the couplings. We have found that the resulting seesaw effect
produces a negligible difference in our photon emission rates
when using a value of �πB1B2 = 520 MeV. There is some
variance in both the phase shift data used in Ref. [51], as
well as its corresponding fit to the data. However, the above-
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Fig. 6 Calculations of the total photoabsorption cross section on the
proton from Refs. [1,40] without ω t-channel exchange (solid black
line), and including the t-channel exchange with �ωNN = 500 MeV
(dashed blue line) and with �ωNN = 750 MeV (dot-dashed red line).
The lower solid red line is the individual ω t-channel contribution with
�ωNN = 500 MeV. Data are from Refs. [45,46]

mentioned compensatory “seesaw” effect results in a negli-
gible difference in our results using Ref. [51] versus using
other fits to phase shift data.

To constrain the ωNN coupling, gωNN , and formfactor
cutoff, �ωNN , we calculate the contribution of ω t-channel
exchange to the γ p → πN cross section. We add this con-
tribution to the total proton photoabsorption cross section
calculated using the low-density limit of the ρ-meson SF.
With a conservative value of gωNN = 11 [27], we then find
the maximal value of �ωNN that renders a total cross sec-
tion compatible with the data, see Fig. 6. The results for
�ωNN = 500 MeV are rather compatible with the data
while for the 750 MeV cutoff value they are sightly higher
in the 1100–1300 MeV photon energy range. Therefore, we
choose �ωNN = 500 MeV. For simplicity, we assume this
value for all ωNN∗ formfactor cutoffs. Figure 6 also shows
the individual contribution of the ω t-channel exchange to
the photoabsorption cross section, illustrating its relatively
slow growth as a function of photon energy. This contri-
bution reaches half its maximum value of ≈ 11 µb at a
photon energy of Eγ ≈ 500 MeV, and its maximal value
at Eγ ≈ 2000 MeV. This suggests that contributions from
processes of γ p → πN∗ via ω t-channel exchange do not
become appreciable until photon energies reach several hun-
dred MeV higher than the πN∗ production threshold.1 The
lowest-lying resonance we consider in this process is the
N (1440), which has a πN∗ production threshold of ≈ 860
MeV. Therefore, contributions to resonance production pro-
cesses via proton photoabsorption that are mediated by an ω

t-channel exchange are negligible in the energy range con-
sidered in Fig. 6. In principle, we could also use the process
γ p → ωp to constrain the formfactor cutoff. However, the

1 The π	 production threshold is irrelevant since the ω is an isosinglet
and cannot excite the nucleon’s isospin state.

ωp production threshold is ≈ 1100 MeV, which is too large
to be relevant for the photon energy range considered here.

This completes our evaluation of free parameters in our
photoemission model. The resulting coupling constants are
collected in the Appendix. We now proceed to calculations
of thermal photon emission rates.

3 Thermal photon emission from ππ cloud

In this section we present our photon emission rates which
correspond to modifications of the pion cloud of the ρ meson.
Each process corresponds to an imaginary part of the in-
medium ρ selfenergy as shown in Fig. 1. These Born scat-
tering processes are equivalent to the processes contained in
the ρ spectral function. However, instead of using an effec-
tive baryon density to approximate the contributions from
all excited baryon states [19], we calculate the contribution
from each individual combination of baryon states explic-
itly. In order to examine the impact of each process individ-
ually, we first display rates for a temperature of 150 MeV
and zero baryon chemical potential, where we multiply the
resulting rates by a factor of two to account for the effect of
anti-baryons (we do not include the effects of strangeness- or
isospin-chemical potentials which are small near midrapidity
at collider energies; in principle they are, however, straight-
forward to account for). In the following, we arrange the
discussion of the rates by partial-wave channel, i.e., whether
the πB1B2 interaction is an S-, P-, or D-wave.

3.1 S-waves

Our S-wave results are collected in Fig. 7. We immediately
see a trend where, in the photon energy range of q0 = 0.2–0.5
GeV, processes involving an initial-state baryon that is less
massive than the final-state one lead to relatively large photon
emission rates. We also see that photon rates from processes
involving more massive baryons in the initial state than in the
final state are heavily suppressed in the low-energy range.
This is due to the phase space favoring a more energetic final
state when the initial state contains a large amount of extra
invariant mass. These processes dominate at photon energies
above ≈ 1 GeV.

For the processes involving only nucleons and their
isospin-1/2 resonances, the low-energy rates are largest for an
incoming nucleon being excited into a N (1535) or N (1650)

resonance (both processes also have similar coupling con-
stants). Basically, the incoming pion can still take advan-
tage of producing a near on-shell resonance in the final state.
On the other hand, for photon energies beyond 1 GeV, the
dominant role is played by processes where those two reso-
nance are incoming with a nucleon in the final state. Here,
the extra invariant mass in the process is effective in produc-
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Fig. 7 Thermal photon
production rates from S-wave
baryon resonances in pion
t-channel exchange reactions in
π + B1 → γ + B2. The upper,
middle and lower panel are for
processes involving nucleon
resonances only, nucleon and
delta resonances, and hyperons,
respectively

ing rather energetic photons. Similar results are seen in pro-
cesses involving both nucleon and delta states, in particular
the 	(1232)	(1700) combination which dominates at low
and high energies, with an incoming and outgoing 	(1232),
respectively, and to a lesser degree, the N (940)	(1620) and
	(1232)N (1700) combinations.

3.2 P-waves

We now proceed to the P-wave processes, displaying the
resulting photon rates in Fig. 8 (containing all processes
involving a ground-state nucleon) and Fig. 9 (involving all
processes which do not involve a ground-state nucleon). We
first note the greater number of P-wave processes as com-
pared to S-wave processes. This alone suggests the P-wave
interactions will have a greater contribution to the overall
rate. In addition, we also find that the magnitude of the indi-

vidual P-wave rates is generally greater than for S-waves.
Inspecting the individual plots, the top panel of Fig. 8 shows
that the πN → γ N process is quite large, as expected
(and already included in previous ρ spectral function cal-
culations). However, the πN (1440) → γ N process (not
previously accounted for explicitly) begins to exceed it at
q0 ≈ 1 GeV. Two factors contribute to this. First, while
the πNN (1440) coupling is half that of the πNN one, the
increased amount of mass in the initial state makes an extra
500 MeV available to be injected into the final state, although
this is somewhat mitigated by the increased suppression from
the thermal Fermi factor. Second, the πNN formfactor cutoff
is constrained to be 310 MeV, while we recall that the cutoff
value for our πB1B2 formfactors is 920 MeV. This harder
formfactor generates less high-energy suppression than in
the πN → γ N process.
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Fig. 8 Thermal photon
production rates from
π + B1 → γ + B2 involving
P-wave πN couplings to
nucleon resonances (upper
panel) and delta resonances
(lower panel)

γ
γ

Figure 8 displays another expected (and previously calcu-
lated) result: processes involving the πN	 coupling domi-
nate (with initial nucleon at lowq0 and initial delta at highq0).
This is mainly due to the large πN	 coupling and relatively
small masses of the particles, which gives these processes a
generous thermal phase space. Processes with πN	(1600)

still contribute up to ≈ 50% at higher energy, but only around
10% at low q0.

The double resonance processes displayed in Fig. 9 exhibit
an unexpected and significant result, namely the magnitude
of the rates from N (1440) ↔ 	(1600) processes, which
use the coupling calculated in Sect. 2.3.1 using the N (1440)

SF. Since the resulting πN (1440)	(1600) coupling is rather
large, fπN (1440)	(1600) = 4.9 (60% larger than the πN	

coupling), the resulting photon emission rates are compa-
rable to the largest ones in the nucleon sector (πNN and
πN	), especially toward higher energies. This result occurs
despite the rates being mitigated by thermal suppression from
larger resonance masses. At energies q0 � 1 GeV (i.e., not
far from the πN	 processes) smaller but still significant
results are found for processes involving 	(1232)N (1720),

	(1232)N (1440), and 	(1232)	(1600) exchanges, in good
part due to large spin/isospin factors resulting from spin-
and/or isospin-3/2 particles in both the initial and final states.
Finally, we find that the contributions from P-wave hyperons
are overall smaller than in the light-flavor sector, by almost
an order of magnitude, but are not entirely negligible.

3.3 D-Waves

Our final contribution from the ρ-meson’s ππ cloud is due
to processes from D-wave pion-baryon couplings. The cor-
responding rates are summarized in Fig. 10. In the light-
flavor sector of nucleon and delta states the largest rates
are those involving N (940)N (1520) and 	(1232)	(1620)

exchanges. At the highest photon energies of near 3 GeV con-
sidered here they are very comparable to (and even slighter
larger than) the largest P-wave sources discussed previously.
However, in the phenomenologically more relevant region of
q0 � 1–2 GeV, they are somewhat smaller than the leading
P-wave induced emission rates. Additionally, the number of
individual channels in the latter largely outnumber those in

123



Eur. Phys. J. A (2020) 56 :292 Page 15 of 23 292

Fig. 9 Thermal photon
production rates from
π + B1 → γ + B2 involving
P-wave πB1B2 couplings for
light-flavor resonances without
nucleons (upper panel) and for
hyperons (lower panel)

γ

γ

the former, thereby reducing the overall impact of D-wave
processes. The harder spectra of the D-wave rates can be
attributed to the higher power of momentum in the perti-
nent vertices as compared to the P-wave (and even more so
S-wave). This implies that phase space effects lead to sub-
stantial deviations of the rates’ spectral slopes from a purely
thermal behavior. Other “distortions” away from the ther-
mal behavior are the effects of formfactors and the different
combinations of baryon masses in the entrance and exit chan-
nels as discussed above. As for the processes with D-wave
hyperons, their rates are much smaller than those from the
nucleons or deltas by typically two orders of magnitude, and
are thereby largely negligible.

3.4 Total ππ cloud rates

The total pion cloud contributions by partial wave, as well as
their sum, are compiled in Fig. 11. We compare these rates
to those from the in-medium ρ spectral function [18,19,31],
both for the total and for the pion cloud component only,
evaluated with an effective total nucleon density of 0.13ρ0 at
T = 150 MeV and baryon chemical potential μB = 0 [17]
to approximately account for higher resonances and anti-
baryons. Our explicit calculation involving 25 baryon reso-
nances results in a total rate which is quite close to the one
from the ρ SF with only the ground-state nucleon and delta

states but with an upscaled effective nucleon density esti-
mated as the nucleon density plus half of the density of all
excited states (including deltas and hyperons) in Ref. [19].
There is some discrepancy at low photon energies, below
about 1 GeV, where the SF-based results are larger, possibly
due to resummation effects or the finite width included in
the in-medium delta and nucleon propagators. However, at
vanishing baryon chemical and T = 150 MeV potential the
pion cloud contribution only makes up ≈ 17% of the total
rates from the ρ SF at q0 = 1.0 GeV. This implies that under
these conditions the photon rates are dominated by mecha-
nisms other than the ππ cloud; namely radiative decays of
meson (and to a lesser extent baryon) resonances, as well as
other mesonic reactions which are not part of the SF, such as
ω t-channel exchange in πρ → πγ (the importance of the
latter channel drives an exploration of a similar reaction in
the baryonic sector in the next section). We therefore believe
that the omission of the S = 5/2 resonances, as well as pos-
sible other channels for which no data are available, does
not give substantial (more than, say, 10%) contributions to
our pion cloud rates for small chemical potentials, especially
since the omitted channels likely involve rather high-mass
states which are thermally suppressed.
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Fig. 10 Thermal photon
production rates from
π + B1 → γ + B2 involving
D-wave πB1B2 couplings for
light-flavor resonances (upper
panels) and hyperons (lower
panel)

γ
γ

γ

4 Photon emission from πω cloud

In this section we investigate the contributions from mod-
ifications to the πω cloud of the ρ meson. Other than
ωN → γ N , these processes are thus far unexplored for
thermal photon rates; specifically, they are not contained in
in-medium ρ selfenergy calculations. As mentioned above,
due the structure of the πρω vertex, additional diagrams are
not required to ensure gauge invariance. This simplifies the

photoemission calculations as we need only calculate the
dominant t-channel ω exchange processes.

4.1 ω exchange processes

Photon production from pion-baryon scattering with an ω t-
channel exchange corresponds to cuts of the πω cloud of the
ρ SF as shown in Fig. 2a. Since the emitted photon is attached
to the πρω vertex, these processes, which involve the ωNN∗
vertices, are stand-alone gauge invariant, which eliminates
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γ

Fig. 11 Thermal photon rates from π + B1 → γ + B2 reactions with
pion exchange calculated in this work in the S-wave (blue line), P-
wave (green line) and D-wave (red line) channels, and their sum (black
dotted line), compared to the pion cloud contribution from the ρ SF [19]
including only N and delta states but using an effective nucleon density
(black dashed line), and the total rate from the ρ spectral function (black
solid line)

γ

Fig. 12 Thermal photon emission rates from πB1 → γ B2 processes
involving t-channel ω exchange

the need to consider further diagrams. In the present work
the data only supported estimation of the coupling constants
for nine N∗ resonances, so the baryon spectrum is not as
extensive as for πNN∗ couplings. The resulting rates for
the ω t-channel exchanges are shown in Fig. 12. The process
with two nucleons produces a rate which is rather comparable
to that from leading pion-exchange channels, but the magni-
tudes of the ωNN∗ coupling constants (which are all less than
3) are much reduced relative to gωNN = 11 which dwarfs all
other processes (the rates depend quadratically on the cou-
pling). Since the rates from the resonance processes with ω

exchange are all three or more orders of magnitude smaller
than the total pion exchange contribution, we will neglect
them and keep only the contribution from the πN → γ N ω

t-channel process in our final results.

4.2 External ω mesons

The second contribution from the cut of the πω cloud of the ρ

SF, as shown in Fig. 2b, corresponds to scattering processes of
the type ωB1 → γ B2 via t-channel pion exchange. As with
the diagrams involving a t-channel ω exchange, these pro-
cesses involve photon emission from the πρω vertex, and are

Fig. 13 Feynman diagram of
photon emission from u-channel
pion exchange in the πω → γρ

scattering process as considered
in Ref. [14]

thus gauge invariant by themselves. They are topologically
similar to the processes generated by the ππ cloud and only
involve swapping the ρππ vertex for the πρω vertex. This
yields a new set of processes, all involving the same combi-
nations of baryons as considered in Sect. 3. While these new
processes are suppressed by the ω mass in the exchange prop-
agator, they also receive a significant boost from the large size
of the πρω coupling constant. We therefore anticipate their
contribution to the overall photon rate to be appreciable.

We note that these processes have the same topological
configuration as the u-channel pion exchange diagram in the
πω → γρ process (shown in Fig. 13), whose contribution
to thermal photon production was calculated in Ref. [14].
In that work it was found that is was kinematically allowed
for the exchanged pion to go on-shell. This resulted in both
a non-integrable singularity in the photon emission integral
and a double-counting of the ω radiative decay, which was
already included in the in-medium ρ SF of Refs. [19,31].
The same on-shell behavior shows itself in Fig. 2b. If the
incoming baryon is less massive than the outgoing baryon by
at least the pion mass, the exchanged pion can go on shell. We
then have two separate processes for the ω → π0γ radiative
decay and a B1 → πB2 absorption, all involving on-shell
particles. However, using a correspondence between thermal
field theory and relativistic kinetic theory, it was found in
Ref. [14] that the problem can be dealt with in thermal field
theory by excluding the Landau cut of the ρ/γ selfenergy. In
the kinetic theory formalism this is equivalent to restricting
the energy range of the incoming ω particle such that it is less
energetic than the outgoing photon. We use that procedure
here by applying the same kinematic restriction of Eω < q0

to the integration range of the photon emission integral. This
precludes the possibility of the exchanged pion going on-
shell.

Since we again have a considerable number of processes,
we will only plot the rates of the ones with the lightest exter-
nal baryons, then analyze the total. The former are displayed
in Fig. 14. We first note the effect of the kinematic restric-
tion, Eω < q0, which removes the low-q0 range from the
ωN → γ	 process, causing it to have no contribution for
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γ

Fig. 14 Thermal photon rates at T = 150 MeV and μB = 0 from
processes with an external ω particle scattering off baryons (red and
blue solid lines, as well as red dashed line), compared to the πN → γ N
process with pion exchange (solid pink line), the total pion cloud rate
(black dashed line) and the total rate from the medium ρ SF from Ref.
[19]

photon energies less than 1 GeV. This is the same behavior
displayed by the kinematic restriction (or equivalently, the
Landau cut) in Fig. 4 of Ref. [14]. Second, we note the sizes
of the individual processes. For comparison, we plotted rates
from πN → γ N scattering as calculated in Sect. 3. In the
phenomenologically relevant range around q0 ≈ 1 GeV, the
ωN → γ N rate is comparable to the πN → γ N one, sug-
gesting its possible relevance in the overall rates. This is due
to the large size of the πρω coupling constant overcoming
the increased thermal suppression of the ω as an external par-
ticle as compared to the pion. Third, we see that at energies
above q0 ≈ 1 GeV, the incoming ω processes rapidly gain
strength. This indicates that the total rate from the external
ω processes is rather significant at high photon energies.

5 Total rates and comparison to existing calculations

The final step is to evaluate the relevance of our total rates
photon from the πω and ππ cloud in comparison to existing
results, specifically, to the total rate from the in-medium ρ

SF of Ref. [19]. We first focus on conditions of a net-baryon
free system, for a temperature of T = 150 MeV and μB = 0,
cf. Fig. 15. As anticipated earlier, the effect of the πω cloud
processes is quite significant at photon energies q0 � 1.0
GeV (cf. the green solid line in the upper panel of Fig. 15).
For example, at q0 = 1 GeV, the inclusion of πω cloud
effects lifts the total from 17% with just the ππ cloud to
24%, while at q0 = 2 GeV the increase is from 12 to 32%,
and at q0 = 3 GeV it is from 8 to 31% (cf. the lower panel
of Fig. 15). Therefore, for photon energies above 1 GeV, the
effect of the πω cloud is substantial.

Next we inspect the size of the contribution of our ππ

cloud calculations relative those of the ρ spectral function in
a more baryon-rich environment, by increasing the baryon
chemical potential to μB = 340 MeV at the same temper-
ature of T = 150 MeV. In Ref. [6], the left-hand panel of

Fig. 3 separates out the individual contributions to the SF
under these conditions. At a photon energy of q0 = 1 GeV,
we take the difference of the value of the full spectral function
and the SF with no baryons. This gives us the baryonic contri-
bution whose value is ∼ 1 × 10−6 fm−4 GeV−2. This is split
approximately evenly between pion cloud effects and direct
ρBB interaction effects. Therefore, the estimated contribu-
tion from the pion cloud is 5 × 10−7 fm−4 GeV−2. A direct
calculation of our pion cloud rates at T = 150 MeV and
μB = 340 MeV at the same photon energy yields a rate of
9.76 × 10−7 fm−4 GeV−2. This indicates that at q0 = 1 GeV
we have found a 100% enhancement of pion cloud rates,
which is a 50% enhancement of baryonic rates, resulting in
a net 25% enhancement of the photon rates given by the in-
medium ρ SF. We note however, that in the latter the pertinent
selfenergies are added coherently, while our kinetic-theory
results correspond to an incoherent sum of all processes. The
extent to which this difference depends on this effect warrants
further scrutiny.

Finally, let us compare our results to the rates from the
ρ SF at chemical-freezeout conditions at the top center-of-
mass energy available in Pb-Pb collisions at the super proton
synchrotron (SPS, (

√
s = 17.3 GeV), T = 160 MeV and

μB = 240 MeV, cf. Fig. 16. Here, the total baryon density
amounts to 0.776ρ0 with a nucleon density of 0.204ρ0. Fol-
lowing the prescription of an effective nucleon density of Ref.
[19] one obtains ρeff

N = ρN +ρB∗ = 0.51ρ0, which also con-
tains a 5% increase from anti-baryons. This is approximately
a factor of four larger than the value of 0.13ρ0 at μB = 0 and
T = 150 MeV. Consequently, relative to Fig. 15, the effects
of baryons in the ρ SF increases substantially. We first note
that our calculated ππ cloud contribution (red solid) line
now shows good agreement with the SF calculations at low
photon energies, while it becomes slightly larger for ener-
gies above ≈ 0.8 GeV. In addition, the process πN → γ N
with ω t-channel exchange has markedly increased relative
to the total rates, so that our total calculated ππ plus πω

cloud effects are now quite comparable to the total ρ SF con-
tribution for energies above ≈ 1.3 GeV This suggests that
our newly calculated contributions to thermal photon emis-
sion further increase the significance of baryonic sources at
higher densities.

6 Conclusions

In this work we have calculated thermal-photon emission
rates from hadronic matter through 2 → 2 pion-baryon and
ω-baryon Born scattering processes using a rather exten-
sive set of 15 light-flavor resonances (plus nucleons) and 11
hyperons, including various mutual couplings. We have con-
sidered most of the reaction channels for which the particle
data group lists significant coupling strength for π -baryon-
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Fig. 15 Upper panel: total
thermal photon rates at T = 150
MeV and vanishing baryon
chemical potential calculated in
this work from the ππ cloud
(red line) and the πω cloud
(blue dotted and dash-dotted
lines); their sum (green solid
line) is compared to the total
rate from the in-medium ρ SF
(solid black line) as well as its
ππ cloud component only
(black dashed line). Lower
panel: ratio of rates from ππ

plus πω cloud as calculated in
this work (corresponding to the
green line in the upper panel) to
the total rates from the
in-medium ρ SF (black solid
line in the upper panel)

Fig. 16 Upper panel: total
thermal photon rates at typical
chemical freezeout conditions of
T = 160 MeV and μB = 240
MeV from our calculations of
the ππ cloud (red line), πω

cloud (blue solid and dashed
lines); their sum (green line) is
compared to the total rate from
the in-medium ρ SF (solid black
line) as well as its ππ cloud
component only (black dashed
line). Lower panel: ratio of rates
from ππ plus πω cloud as
calculated in this work
(corresponding to the green line
in the upper panel) to the total
rates from the in-medium ρ SF
(black solid line in the upper
panel)
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baryon and ω-baryon-baryon vertices, leading to a total of
about 60 channels. The pertinent coupling constants have
been constrained by the relevant baryon decay branchings,
and combined with additional information on the momen-
tum dependence through vertex formfactors constrained by
pion-nucleon scattering data and photoabsorption cross sec-
tions on the nucleon. Electromagnetic gauge invariance has
been enforced through the Pauli–Villars scheme in the pion
sector while processes involving the ωρπ vertex are either
gauge-invariant by themselves or have been treated by a pre-
viously used formfactor averaging procedure. While our rate
calculations have been carried out within the kinetic-theory
framework, we have emphasized their intimate connection
to thermal field-theory calculations of the ρ-meson spectral
function. In the latter framework, the processes that we have
calculated correspond to medium modifications of the ππ

and πω cloud of the ρ meson.
For the pion-baryon processes, we have found that the

dominant contributions to photon emission are generated by
P-wave processes up to energies of about 1 GeV. At higher
energies D-wave processes become very comparable, even
slightly larger in the rate, while the S-wave contributions
are more than an order of magnitude smaller. Among the
individual processes, the importance of the previously con-
sidered delta- and nucleon-induced processes was confirmed,
but notable new contributions of comparable magnitude were
identified as being due to NN (1440) couplings, 	(1232)

couplings to N (1440), 	(1600), and N (1720), as well as
the N (1440)	(1600) channels. When comparing our total
results for pion exchange calculations to existing ρ spectral
function calculations using only N	 states but with a previ-
ously defined effective nucleon density, we found fair agree-
ment. Some discrepancies at low photon energies were found,
which might be due to resummation effects in the ρ selfen-
ergy which warrant further investigation. Our microscopic
calculations carried out here largely validate the approximate
rates used in numerous phenomenological applications to
date and put our understanding of the role of excited baryons
for the EM emissivity of hot and dense hadronic matter on a
firmer basis.

The second part of our study was devoted to processes
with ω meson-baryon couplings, most of which constitute
novel sources of thermal photon production. These turn out
to be significant relative to the pion cloud contributions for
photon energies of around 1 GeV (several tens of percent),
and exceed those for energies above ≈ 1.5 GeV. The ω-
induced rates also have potential for additional contributions,
as many of their manifestations in baryon decay branchings
are likely not well established or not even yet known. These
novel processes, as well as the potential additional contribu-
tions, should serve to alleviate some of the tension between
theoretical predictions and experimental measurements of
direct photon spectral yields and elliptic flow.

Directions for future work include applications of our
results in calculations of thermal-photon spectra in heavy-ion
collisions, where they could help to mitigate current tensions
with experimental data. The implementation of our Born dia-
grams into the ππ and a newly introduced πω cloud of the
in-medium ρ meson are also of considerable interest, not
only toward a more complete description of EM emission
but to study interference effects in the (resummed) propaga-
tors in the ρ selfenergy that we have not assessed within the
kinetic-theory framework employed in the present paper.

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: The data/results
are currently being collected into a parameterized form for ease of use.
This parameterization will be made available upon completion.]

Appendix: Particle information

See Tables 2, 3, 4, and 5.

Table 2 Nucleon and 	 particle decay data used to calculate fπB1B2

coupling constants. Partial widths are the average of minimum and max-
imum uncertainty ranges listed in PDG [38]

Parent Full width
(MeV)

Decay
mode

Partial
width (%)

Partial
wave

pCM (MeV)

N (1440) 350 Nπ 65 P 391

350 	π 20 P 135

N (1520) 115 Nπ 60 D 453

115 	π 15 S 225

N (1535) 150 	π 2 D 242

150 Nπ 45 S 468

N (1650) 140 	π 12.5 D 344

140 Nπ 60 S 546

140 N (1440)π 3 S 147

N (1700) 150 	π 50 S 385

150 Nπ 12 D 580

N (1710) 125 Nπ 12.5 P 587

125 	π 39 P 393

125 N (1535)π 15 S 100

N (1720) 250 Nπ 11 P 593

250 	π 75 P 401

N (1875) 250 Nπ 7 D 694

250 	π 40 S 520

N (1900) 200 Nπ 5 P 710

250 	π 7 D 305

	 117 Nπ 100 P 229

	(1600) 320 Nπ 17.5 P 513

320 	π 55 P 328

320 N (1440)π 22.5 S 75
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Table 2 continued

Parent Full width
(MeV)

Decay
mode

Partial
width (%)

Partial
wave

pCM (MeV)

	(1620) 140 Nπ 25 S 534

140 	π 45 D 318

140 N (1440)π 9.5 P 107

	(1700) 300 Nπ 15 D 580

300 	π 37.5 S 385

	(1910) 280 Nπ 22.5 P 716

280 	π 60 P 545

280 N (1440)π 47 P 393

	(1920) 150 Nπ 12.5 P 722

Table 3 Hyperon particle decay data used to calculate fπB1B2 coupling constants. Partial widths are the average of minimum and maximum
uncertainty ranges listed in PDG [38]

Parent Full width (MeV) Decay mode Partial width (%) Partial wave pCM (MeV)

�(1405) 50 �π 100 S 151

�(1520) 16 �π 42 D 266

�(1600) 150 �π 35 P 336

�(1670) 35 �π 40 S 393

�(1690) 60 �π 30 D 409

�(1810) 150 �π 25 S 500

�(1890) 100 �π 10 P 558

�(1385) 36 �π 87 P 208

�(1385) 36 �π 11.7 P 126

�(1670) 60 �π 45 D 415

�(1530) 10 �π 1 P 654

Table 4 Data used to calculate coupling constants for ωNN∗ interactions derived from helicity amplitudes. Helicity amplitudes taken from PDG
[38]

Parent Ap
1/2 An

1/2 Ap
3/2 An

3/2 pCM (MeV) gωNN∗

N (1440) − 0.060 0.040 0 0 414 0.867

N (1520) − 0.020 − 0.050 0.140 − 0.115 470 2.711

N (1535) 0.115 − 0.075 0 0 480 1.228

N (1650) 0.045 − 0.050 0 0 558 0.193

N (1700) 0.015 0.020 − 0.015 − 0.030 591 2.968

N (1710) 0.040 − 0.040 0 0 597 0

N (1720) 0.100 − 0.080 0.150 − 0.140 604 2.091
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Table 5 Baryonic coupling constants used in this work

Coupling Value Coupling Value Coupling Value

fπNN 1.1 fπ	N (1440) 1.785 f��(1385) 0.683

fπN	 3.044 fπ	N (1520) 0.305 f��(1405) 1.093

fN N (1440) 0.576 fπ	N (1535) 0.128 f��(1520) 0.216

fN N (1520) 0.125 fπ		(1600) 0.464 f��(1600) 0.541

fN N (1535) 0.253 fπ		(1620) 0.158 f��(1670) 0.222

fN	(1600) 0.668 fπ	N (1650) 0.135 f��(1670) 0.155

fN	(1620) 0.285 fπ	N (1700) 0.368 f��(1690) 0.131

fN N (1650) 0.252 fπ		(1700) 0.329 f��(1810) 0.306

fN N (1700) 0.049 fπ	N (1710) 0.338 f��(1890) 0.251

fN	(1700) 0.109 fπ	N (1720) 0.531 f��(1385) 0.325

fN N (1710) 0.095 fπ	N (1875) 0.328 f��(1670) 0.110

fN N (1720) 0.243 fπ		(1910) 0.379 f��(1530) 0.654

fN N (1875) 0.030 fπN (1440)	(1600) 4.903 gωNN 11.0

fN N (1900) 0.138 fπN (1440)	(1620) 0.754 gωNN (1440) 0.867

fN	(1910) 0.332 fπN (1440)N (1650) 0.185 gωNN (1520) 2.711

fN	(1920) 0.412 fπN (1440)	(1910) 0.702 gωNN (1535) 1.228

fπN (1535)N (1710) 0.487 gωNN (1650) 0.445

fπN (1535)N (1900) 0.142 gωNN (1700) 0.193

gωNN (1710) 0.0

gωNN (1720) 2.091

gωNN (1875) 2.015

gωNN (1900) 2.887
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