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We evaluate the cross section for the pp → ppf1ð1285Þ and pp̄ → pp̄f1ð1285Þ reactions at near
threshold energies relevant for the HADES and PANDA experiments at GSI-FAIR. We assume that at
energies close to the threshold the ωω → f1ð1285Þ and ρ0ρ0 → f1ð1285Þ fusion processes are the
dominant production mechanisms. The vertex for the VV → f1 coupling is derived from an effective
coupling Lagrangian. The gρρf1 coupling constant is extracted from the decay rate of f1ð1285Þ → ρ0γ using
the vector-meson-dominance ansatz. We assume gωωf1 ¼ gρρf1 , equality of these two coupling constants,
based on arguments from the naive quark model and vector-meson dominance. The amplitude for the
VV → f1 fusion, supplemented by phenomenological vertex form factors for the process, is given.
The differential cross sections at energies close to the threshold are calculated. In order to determine the
parameters of the model the γp → f1ð1285Þp reaction is discussed in addition and results are compared
with the CLAS data. The possibility of a measurement by HADES@GSI is presented and discussed. We
perform a Monte Carlo feasibility simulation of the pp → ppf1 reaction for

ffiffiffi
s

p ¼ 3.46 GeV with the f1
decaying into the πþπ−πþπ− (not shown explicitly) and πþπ−ηð→ πþπ−π0Þ final states using the PLUTO
event generator. The latter f1 decay is especially promising as a peak in the πþπ−ηmass distribution should
be observable by HADES.

DOI: 10.1103/PhysRevD.104.034031

I. INTRODUCTION

The production of light axial-vector mesons with
quantum numbers IGJPC ¼ 0þ1þþ is very interesting
and was discussed in a number of experimental and
theoretical papers. For example, the f1ð1285Þ meson
was measured in two-photon interactions in the reaction
eþe− → eþe−ηπþπ−ðη → γγÞ by the Mark II [1], the TPC/
Two-Gamma [2,3], and, more recently, by the L3 [4]
collaborations. In such a process the γ�γ� → f1ð1285Þ
vertex, associated with corresponding transition form

factors, is the building block in calculating the amplitude.
Different vector-vector-f1 vertices and corresponding tran-
sition form factors were suggested in the literature [5–14].
It was suggested in [15] that a measurement of the eþe− →
eþe−f1ð1285Þ reaction with double tagging at Belle II at
KEK could shed new light on the γ�γ�f1 coupling with two
virtual photons.
The f1ð1285Þ meson was also measured in the

photoproduction process γp → f1ð1285Þp by the CLAS
Collaboration at JLAB [16]. The differential cross sections
were measured from threshold up to a center-of-mass
energy of Wγp ¼ 2.8 GeV in a wide range of production
angles. The f1ð1285Þ photoproduction was studied exten-
sively from the theoretical point of view; see [17–21].
There, the t-channel ρ and ω exchange (either Regge
trajectories or meson exchanges) is the dominant reaction
mechanism for the small-t behavior of the cross section,
that is, in the forward scattering region. The contribution of
the u-channel proton-exchange term with the coupling of
f1ð1285Þ to the nucleon is dominant at the backward angles
[18–20,22]. In [20] the authors showed that also the
s-channel nucleon resonance Nð2300Þwith JP¼1=2þ may
play an important role in the reaction of γp → f1ð1285Þp
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around
ffiffiffi
s

p ¼ 2.3 GeV. As was shown in [20] other
contributions, the s-channel proton-exchange term, the
u-channel Nð2300Þ-exchange term, and the contact term,
are very small and can be neglected in the analysis of the
CLAS data. The Primakoff effect by the virtual photon
exchange in the t-channel was discussed in [21]. This
mechanism is especially important in the forward region
and at higher Wγp energies.
The pp → ppf1ð1285Þ reaction was already measured

by the WA102 Collaboration for center-of-mass energiesffiffiffi
s

p ¼ 12.7 and 29.1 GeV [23–26]. There the dominant
contribution at

ffiffiffi
s

p ¼ 29.1 GeV is most probably related to
the double-Pomeron-exchange (PP-fusion) mechanism;
see [27]. In [27] the pp → ppf1ð1285Þ and pp →
ppf1ð1420Þ reactions were considered in the tensor-
Pomeron approach [28]. A good description of the
WA102 data [25] at

ffiffiffi
s

p ¼ 29.1 GeV was achieved. A
study of central exclusive production (CEP) of the axial
vector mesons f1 at high energies (RHIC, LHC) could
shed more light on the coupling of two Pomerons to
the f1 meson [27]. As discussed in Appendix D of [27]
at the lower energy

ffiffiffi
s

p ¼ 12.7 GeV the Reggeized-vector-
meson-exchange or Reggeon-Reggeon-exchange contribu-
tions should be taken into account.
The ωω → f1 and ρ0ρ0 → f1 fusion are the most

probable low energy production processes. We know
how the ω and ρ0 couple to nucleons. However, the
couplings of ωω → f1 and ρ0ρ0 → f1 are less known.
We note that future experiments at HADES and PANDA
will provide new information there. The ρ0ρ0 → f1ð1285Þ
coupling constant can be obtained from the decays: f1 →
ρ0γ and/or f1 → πþπ−πþπ−.
In the present analysis we obtain the gρρf1 coupling

constant from the radiative decay process f1ð1285Þ →
γρ0 → γπþπ− using the vector-meson-dominance (VMD)
ansatz; see Appendices A and B. We discuss briefly our
results for the γp → f1ð1285Þp reaction and compare with
the CLAS data in Appendix C. From this comparison we
estimate the form-factor cutoff parameters.
The PANDA experiment (antiProton ANnihilations at

DArmstadt) [29] will be one of the key experiments at the
Facility for Antiproton and Ion Research (FAIR) which is
currently being constructed. At FAIR, a system of accel-
erators and storage rings will be used to generate a beam of
antiprotons with a momentum between 1.5 and 15 GeV=c.
The design maximum energy in the center-of-mass (c.m.)
system for antiproton-proton collisions is

ffiffiffi
s

p
≃ 5.5 GeV.

The exclusive production of the f0ð1500Þ meson in
antiproton-proton collisions via the pion-pion fusion
mechanism was discussed for the PANDA experiment in
[30]; see also Fig. 3 of [31]. The pion-pion fusion
contribution grows quickly from the threshold, has a
maximum at

ffiffiffi
s

p
≃ 6 GeV and then drops slowly with

increasing energy. The predicted cross section for the

pp̄f0ð1500Þ final state is σf0 ¼ 0.3–0.8 μb forffiffiffi
s

p ¼ 5.5 GeV; see Sec. III C of [30]. At intermediate
energies (e.g., for the WA102 and COMPASS experiments)
other exchange processes such as the Reggeon-Reggeon,
Reggeon-Pomeron and Pomeron-Pomeron exchanges are
very probable; see e.g., [31].
A measurement at low energies, such as HADES@GSI

would be interesting to impose constraints on the VV →
f1ð1285Þ vertices. In this paper we wish to make
first estimates of the total and differential cross sections
for the pp → ppf1ð1285Þ and pp̄ → pp̄f1ð1285Þ reac-
tions at energies relevant for the HADES and PANDA
experiments. We shall present some differential distribu-
tions for the HADES energy at

ffiffiffi
s

p ¼3.46GeV and for
the future experiments with the PANDA detector atffiffiffi
s

p ¼ 5.0 GeV. The experimental possibilities of such
measurements will be discussed in addition.

II. THEORETICAL FRAMEWORK

A. f 1ð1285Þ meson production via ωω and ρρ
fusion mechanisms

We study central exclusive production of the f1ð1285Þ in
proton-proton collisions

pðpa; λaÞ þ pðpb; λbÞ
→ pðp1; λ1Þ þ f1ðk; λf1Þ þ pðp2; λ2Þ; ð2:1Þ

where pa;b, p1;2 and λa;b, λ1;2 ¼ � 1
2
denote the four-

momenta and helicities of the protons, and k and λf1 ¼
0;�1 denote the four-momentum and helicity of the f1
meson, respectively.
In [27] for the reaction (2.1) the Pomeron-Pomeron-

fusionmechanismwas consideredwhich seems to dominate
at the WA102 energy of

ffiffiffi
s

p ¼ 29.1 GeV. As discussed in
Appendix D of [27] at lower energies other fusion mech-
anisms may be important. We shall take into account only
themain processes at energies close to the threshold, theVV-
fusion mechanism, shown by the diagrams in Fig. 1. There
can also be the a00ð980Þπ0- and a01ð1260Þπ0-fusion mech-
anisms not considered in the present paper. Since the
coupling constants ga0NN ≃ 3.7 [32–34] and gf1a0π ¼ 2.5
[35] are rather small we expect the a00ð980Þπ0-fusion

FIG. 1. The VV-fusion mechanisms (VV stands for ωω or ρ0ρ0)
for f1 production in proton-proton collisions.
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mechanism to not give a sizeable contribution. Moreover,
the form factors for virtual mesons at the a0NN and f1a0π
vertices are rather poorly known. For the a1 case, we expect
that the a1ð1260Þ meson propagator will reduce the cross
section. Note that due to the large width of the a1ð1260Þ the
decay f1ð1285Þ → π�a∓1 can easily occur for off-shell
a1ð1260Þ and this is an important decay mode in the f1 →
2πþ2π− channel as will be discussed in [36].
The kinematic variables for the reaction (2.1) are

q1 ¼ pa − p1; q2 ¼ pb − p2; k ¼ q1 þ q2;

t1 ¼ q21; t2 ¼ q22; m2
f1

¼ k2;

s ¼ ðpa þ pbÞ2 ¼ ðp1 þ p2 þ kÞ2;
s1 ¼ ðpa þ q2Þ2 ¼ ðp1 þ kÞ2;
s2 ¼ ðpb þ q1Þ2 ¼ ðp2 þ kÞ2: ð2:2Þ

For the kinematics see e.g., Appendix D of [31].
The amplitude for the reaction (2.1) includes two terms

Mpp→ppf1ð1285Þ ¼ Mðωω fusionÞ
pp→ppf1ð1285Þ þMðρρ fusionÞ

pp→ppf1ð1285Þ:

ð2:3Þ

The VV-fusion (VV ¼ ρ0ρ0 or ωω) amplitude can be
written as

MðVV fusionÞ
λaλb→λ1λ2λf1

¼ ð−iÞðϵαðλf1ÞÞ�ūðp1; λ1ÞiΓðVppÞ
μ1 ðp1; paÞuðpa; λaÞ

× iΔ̃ðVÞμ1ν1ðs1; t1ÞiΓðVVf1Þ
ν1ν2α ðq1; q2ÞiΔ̃ðVÞν2μ2ðs2; t2Þ

× ūðp2; λ2ÞiΓðVppÞ
μ2 ðp2; pbÞuðpb; λbÞ: ð2:4Þ

Here ϵαðλÞ is the polarization vector of the f1 meson, ΓðVppÞ
μ

and ΓðVVf1Þ
ν1ν2α are the Vpp and VVf1 vertex functions,

respectively, and Δ̃ðVÞμν is the propagator for the
Reggeized vector meson V. At very low energies the latter
must be replaced by ΔðVÞμν, the standard propagator for the
vector meson V. We shall now discuss all these quantities
in turn.
First we discuss the VVf1 coupling. We start by

considering the on shell process of two real vector particles
V fusing to give an f1 meson:

V þ V → f1: ð2:5Þ

The angular momentum analysis of such reactions was
made in [31]. The spins of the two vectors can be combined
to a total spin S ¼ 0, 1, 2. Then S has to be combined with
the orbital angular momentum l to give the spin J ¼ 1 and
parity þ1 of the f1 state. From Table VIII of [31] we find
that there is here only one possible coupling, namely

ðl; SÞ ¼ ð2; 2Þ. A convenient corresponding coupling
Lagrangian, given in (D9) of [27], reads

L0
VVf1

ðxÞ ¼ 1

M4
0

gVVf1ðVκλðxÞ∂
↔

μ∂
↔

νVρσðxÞÞ

× ð∂αUβðxÞ − ∂βUαðxÞÞgκρgμσελναβ; ð2:6Þ

where

VκλðxÞ ¼ ∂κVλðxÞ − ∂λVκðxÞ; ð2:7Þ

with M0 ≡ 1 GeV and gVVf1 a dimensionless coupling
constant. UαðxÞ and VκðxÞ are the fields of the f1 meson
and the vector meson V, respectively. For the Levi-Civita
symbol we use the normalization ε0123 ¼ þ1.
The expression for the VVf1 vertex obtained from (2.6)

is as follows

iΓðVVf1Þ
μνα ðq1;q2Þjbare
¼ 2gVVf1

M4
0

½ðq1−q2Þρðq1−q2Þσελσαβkβ

× ðq1κδλμ−qλ1gκμÞðqκ2gρν−q2ρδκνÞþðq1 ↔ q2;μ↔ νÞ�;
ð2:8Þ

see (D11) of [27]. Here the label “bare” is used for a vertex
as derived from (2.6) without a form-factor function. The
vertex function (2.8) satisfies the relations

ΓðVVf1Þ
μνα ðq1; q2Þ ¼ ΓðVVf1Þ

νμα ðq2; q1Þ;
ΓðVVf1Þ
μνα ðq1; q2Þqμ1 ¼ 0;

ΓðVVf1Þ
μνα ðq1; q2Þqν2 ¼ 0;

ΓðVVf1Þ
μνα ðq1; q2Þðq1 þ q2Þα ¼ 0: ð2:9Þ

For realistic applications we should multiply the ‘bare’
vertex (2.8) by a phenomenological cutoff function (form
factor) FVVf1 which we take in the factorized ansatz

FVVf1ðq21; q22; k2Þ ¼ F̃Vðq21ÞF̃Vðq22ÞFf1ðk2Þ: ð2:10Þ

We make the assumption that F̃VðtÞ is parametrized as

F̃Vðq2Þ ¼
Λ4
V

Λ4
V þ ðq2 −m2

VÞ2
; ð2:11Þ
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where the cutoff parameter ΛV, taken to be the same for
both ρ0 and ω, is a free parameter. For the on-shell V and f1
mesons we have FVVf1ðm2

V;m
2
V;m

2
f1
Þ ¼ 1.

The vector-meson-(anti)proton vertex is [37]

iΓðVppÞ
μ ðp0; pÞ ¼ −iΓðVp̄ p̄Þ

μ ðp0; pÞ

¼ −igVppFVNNðtÞ
�
γμ − i

κV
2mp

σμνðp − p0Þν
�

ð2:12Þ

with the tensor-to-vector coupling ratio, κV ¼ fVNN=gVNN .
We use the following values for these coupling constants:

gρpp¼ 3.0; κρ ¼ 6.1; gωpp¼ 9.0; κω¼ 0: ð2:13Þ

We give a short discussion of values for the ρpp and
ωpp coupling constants found in the literature. For the
ρNN coupling constants one finds gρpp ¼ 2.63–3.36
[38,39] and κρ is expected to be κρ ¼ 6.1� 0.2 [40].
There is a considerable uncertainty in the ωNN coupling
constants. From Table I of [37] we see a broad range of
values: gωpp ≃ 10 to 21 and κω ≃ −0.16 to þ0.14. For
example, in [40] it was estimated gωpp ¼ 20.86� 0.25 and
κω ¼ −0.16� 0.01; see Table III of [40]. Within the (full)
Bonn potential [32] values of gωpp ¼ 15.85 and κω ¼ 0 are
required for a best fit to NN scattering data. In [41] it was
shown that such a fairly large value of gωpp must be
considered as an effective coupling strength rather than as
the intrinsic ωNN coupling constant. They found that the
additional repulsion provided by the correlated πρ
exchange to the NN interaction allows gωNN to be reduced
by about a factor 2, leading to an “intrinsic” ωNN
coupling constant which is more in line with the value
one would obtain from the SU(3) flavor symmetry
considerations, gωNN ¼ 3gρNN cosðΔθVÞ [39], where
ΔθV ≃ 3.7° is the deviation from the ideal ω − ϕ mixing
angle. The values of gωpp ¼ 7.0–10.5 and κω ≃ 0 were
found to describe consistently the πN scattering and π
photoproduction processes [42]. The values of gωpp ¼ 9.0
and κω ¼ −0.5 have been used in the analysis of the pp →
ppω reaction to reproduce the shape of the measured ω
angular distribution; see Fig. 7 of [43]. It was shown [44]
that the energy dependence of the total cross section and
the angular distribution for pp → ppω can be described
rather reasonably even with a vanishing κω (gωpp ¼ 9.0,
κω ¼ 0); see Fig. 4 of [44]. Finally we note that in [28]
the couplings of the ωR and ρR Reggeons to the proton
were estimated from high-energy scattering data and
found as

gρRpp ¼ 2.02 and gωRpp ¼ 8.65; ð2:14Þ

see (3.60) and (3.62) of [28]. Taking all this into account
we think that our choice (2.13) for the coupling constants
is quite reasonable.
The form factor FVNNðtÞ in (2.12), describing the t-

dependence of the V-(anti)proton coupling, can be para-
metrized as

FVNNðtÞ ¼
Λ2
VNN −m2

V

Λ2
VNN − t

; ð2:15Þ

where ΛVNN > mV and t < 0. Please note that the form
factor FVNNðtÞ is normalized to unity at t ¼ m2

V . On the
other hand, the Reggeon-proton couplings (2.14) are
defined for t ¼ 0. Since FVNNð0Þ < 1 we expect that
gρRpp < gρpp and gωRpp < gωpp, which is indeed the case;
see (2.13) and (2.14).
The coupling constant gVVf1 and cutoff parameters ΛV

and ΛVNN should be adjusted to experimental data.
Examples are discussed in Appendices B and C. There,
the form factor FVVf1 (2.10) is used for Ff1ðm2

f1
Þ ¼ 1 and

for different kinematic conditions of F̃Vðq2Þ (2.11), that is,
for spacelike (q2 < 0) and timelike (q2 > 0) momentum
transfers of the V meson, and also at q2 ¼ 0. In Appendix B
we discuss the radiative decays of the f1ð1285Þ meson in
twoways f1→ργ (B1) and f1 → ðρ0 → πþπ−Þγ (B2) where
we have Fρρf1ðm2

ρ; 0; m2
f1
Þ and Fρρf1ðq2 > 0; 0; m2

f1
Þ,

respectively. In Table III in Appendix B we collect our
results for gρρf1 extracted from the decay rate of f1 → ρ0γ
using the VMD ansatz. The process f1 → ρ0ρ0 → 2πþ2π−,
where both ρ0 mesons carry timelike momentum transfers,
will be studied in detail in [36]. For the γp → f1p reaction,
discussed in Appendix C, we have Fρρf1ð0; q2 < 0; m2

f1
Þ.

This is closer to the VV → f1 fusion mechanisms shown in
Fig. 1 where both V mesons have spacelike momentum
transfers. From comparison of the model to the f1-meson
angular distributions of theCLAS experimental data [16]we
shall extract the cutoff parameter ΛVNN in the V-proton
vertex (2.15); see (C7)–(C12) and Fig. 14 in Appendix C.
In the following we shall use the VVf1 coupling (2.6)

and the corresponding vertex (2.8)–(2.11) for our VV → f1
fusion processes of Fig. 1 for both: normal off-shell vector
mesons V and Reggeized vector mesons VR.
The standard form of the vector-meson propagator is

given e.g., in (3.2) of [28]

iΔðVÞ
μν ðkÞ¼ i

�
−gμνþ

kμkν
k2þ iϵ

�
ΔðVÞ

T ðk2Þ− i
kμkν
k2þ iϵ

ΔðVÞ
L ðk2Þ:

ð2:16Þ

With the relations from (2.9) for the VVf1 vertex (2.8) the
kμkν term does not contribute in (2.4). For small values of
s1;2 and jt1;2j [see (2.2)] the simplest form of the transverse

function, ΔðVÞ
T ðtÞ ¼ ðt −m2

VÞ−1, should be adequate. For
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higher values of s1 and s2 we must take into account
Reggeization. We do this, following (3.21), (3.24) of [45],
by making in (2.16) the replacements

ΔðVÞ
T ðtiÞ → Δ̃ðVÞ

T ðsi; tiÞ

¼ ΔðVÞ
T ðtiÞ

�
expðiϕðsiÞÞ

si
sthr

�
αVðtiÞ−1

; ð2:17Þ

where

ϕðsiÞ ¼
π

2
exp

�
sthr − si
sthr

�
−
π

2
; ð2:18Þ

for i ¼ 1 or 2, and sthr is the lowest value of si possible
here:

sthr ¼ ðmp þmf1Þ2: ð2:19Þ

We use the standard linear form for the vector meson Regge
trajectories (cf., e.g., [46])

αVðtÞ ¼ αVð0Þ þ α0Vt; ð2:20Þ

αVð0Þ ¼ 0.5; α0V ¼ 0.9 GeV−2: ð2:21Þ

Our Reggeized vector meson propagator, denoted by

Δ̃ðVÞ
μν ðs; tÞ is obtained from (2.16) with the replacement

ΔðVÞ
T → Δ̃ðVÞ

T from (2.17).
In the following we shall also consider the CEP of the

f1ð1285Þ with subsequent decay into ρ0γ:

pðpa;λaÞþpðpb;λbÞ→pðp1;λ1Þþ ½f1ðp34Þ
→ ρ0ðp3;λ3Þþ γðp4;λ4Þ�þpðp2;λ2Þ

ð2:22Þ

with p34 ¼ p3 þ p4. Here p3, p4 and λ3 ¼ 0;�1, λ4 ¼ �1

denote the four-momenta and helicities of the ρ0 meson and
the photon, respectively.
The amplitude for the reaction (2.22) can be written as in

(2.4) but with the replacements

s1 → s̃1 ¼ ðp1 þ p34Þ2;
s2 → s̃2 ¼ ðp2 þ p34Þ2;

ðϵðf1Þα ðλf1ÞÞ� →
e
γρ

Δðf1Þ
T ðp2

34ÞΓðρρf1Þ
ρσα ð−p3;−p4Þ

× ðϵðρÞρðλ3ÞÞ�ðϵðγÞσðλ4ÞÞ�: ð2:23Þ
Here ϵðρÞ and ϵðγÞ are the polarization vectors of ρ0 and γ,

respectively, and Δðf1Þ
T is the transverse part of the f1

propagator which has a structure analogous to (2.16). The
factor e=γρ comes from the ρ − γ transition vertex; see
(3.23)–(3.25) of [28].

In practical calculations we introduce in the ρρf1 vertex
the form factorFf1ðp2

34Þ [see (2.10)] for the virtual f1meson

Ff1ðp2
34Þ¼ exp

�−ðp2
34−m2

f1
Þ2

Λ4
f1

�
; Λf1 ¼1GeV: ð2:24Þ

In (2.23)we shall use a simpleBreit-Wigner ansatz for the f1
meson propagator

Δðf1Þ
T ðp2

34Þ ¼
1

p2
34 −m2

f1
þ imf1Γf1

: ð2:25Þ

The mass and total width of f1 meson from [47] are

mf1 ¼ ð1281.9� 0.5Þ MeV; ð2:26Þ
Γf1 ¼ ð22.7� 1.1Þ MeV: ð2:27Þ

Wenote that themass of 1281.0� 0.8 MeVmeasured in the
CLAS experiment [16] is in very good agreement
with the PDG average value (2.26). The total width
measured by the CLAS Collaboration is however smaller
than the value (2.27):

Γf1 ¼ ð18.4� 1.4Þ MeV: ð2:28Þ
For the proton-antiproton collisions we can write

Mpp̄→pp̄f1ð1285Þ ¼ Mðωω fusionÞ
pp̄→pp̄f1ð1285Þ þMðρρ fusionÞ

pp̄→pp̄f1ð1285Þ:

ð2:29Þ

Then the corresponding amplitudes are as in (2.4) but with
the replacement

ūðp2; λ2ÞiΓðVppÞ
μ2 ðp2; pbÞuðpb; λbÞ

→ v̄ðpb; λbÞiΓðVp̄ p̄Þ
μ2 ðp2; pbÞvðp2; λ2Þ

¼ −ūðp2; λ2ÞiΓðVppÞ
μ2 ðp2; pbÞuðpb; λbÞ: ð2:30Þ

Using the V-(anti)proton coupling (2.12) in the VV-fusion
amplitudes we obtain

MðVV fusionÞ
pp̄→pp̄f1ð1285Þ ¼ −MðVV fusionÞ

pp→ppf1ð1285Þ: ð2:31Þ

B. Background processes to the ρρ and ργ channels of
the f 1 decay in CEP

The main decay modes of the f1ð1285Þ are [47] 4π, ηππ,
KK̄π, and ρ0γ. If the f1 is to be identified and measured in
CEP in any one of these channels one will have to consider
background processes giving the same final state, for
instance, pp4π. Therefore, in this section we discuss
two background reactions: CEP of 4π via ρ0ρ0 in the
continuum and CEP of ρ0γ in the continuum.
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First we discuss the exclusive production of ρ0ρ0 in
proton-proton collisions,

pðpa;λaÞþpðpb;λbÞ
→pðp1;λ1Þþρ0ðp3;λ3Þþρ0ðp4;λ4Þþpðp2;λ2Þ; ð2:32Þ

where p3;4 and λ3;4 ¼ 0;�1 denote the four-momenta and
helicities of the ρ0 mesons, respectively. In Fig. 2 we show
the diagrams for two mechanisms which will contribute to
the reaction (2.32) at low energies, ωω and π0π0 fusion.
There can also be the ρρ fusion with exchange of an

intermediate σ ≡ f0ð500Þ meson and the σσ fusion
with ρ0 exchange. From the Bonn potential [32,48] we
get for the squared coupling constant g2σpp=4π ≃ 6.0 which
is smaller than g2πpp=4π ≃ 14.0. Moreover, we can expect
that jgσρρj ≪ jgρωπj. Due to large form-factor uncertainties
and the poorly known σρρ coupling we neglect these
contributions in our present study. Other contributions may
be due to the exchanges of the f2ð1270Þ meson (f2-ρ0-f2
or ρ0-f2-ρ0) and the neutral a2ð1320Þ meson (a2-ω-a2 or
ω-a2-ω). For the f2ρρ and a2ωρ couplings one could use
the rather well-known couplings from (3.55), (3.56),
(7.29)–(7.34) and (3.57), (3.58), (7.38)–(7.43) of [28],
respectively. Since the f2pp coupling, taking it equal to

f2Rpp from (3.49), (3.50) of [28], is rather large, the
f2-ρ0-f2 fusion may give a large background contribution.
Since gωRpp > ga2Rpp, see (3.52) and (3.60) of [28], and the
a2ωρ couplings have values similar to the f2ρρ couplings
the ω − a2 − ω contribution may also be potentially
important. However, we expect that the tensor meson
propagator(s) will reduce the cross section for these
processes.
At higher energies the Pomeron plus f2 Reggeon

(Pþ f2R) fusion [(Pþ f2R)-ρ0-(Pþ f2R)] and ρ0 fusion
with Pþ f2R exchange [ρ0-(Pþ f2R)-ρ0] will be impor-
tant, probably the dominant processes; see [49]. We expect
that these processes will give only a small contribution in
the threshold region, of interest for us here. Therefore, we
shall neglect also these mechanisms in the following.
With the assumption, motivated above, that the diagrams

of Fig. 2 represent the dominant reaction mechanisms in the
threshold region, the continuum amplitude for the reaction
(2.32) can be written as

Mðρρ continuumÞ
pp→ppρ0ρ0 ¼ Mðωω fusionÞ

pp→ppρ0ρ0 þMðππ fusionÞ
pp→ppρ0ρ0 : ð2:33Þ

The ωω- and ππ-fusion amplitudes (2.33) are given by

Mðωω fusionÞ
λaλb→λ1λ2λ3λ4

¼ ð−iÞðϵðρÞρ3ðλ3ÞÞ�ðϵðρÞρ4ðλ4ÞÞ�ūðp1; λ1ÞiΓðωppÞ
μ1 ðp1; paÞuðpa; λaÞ

× ½iΔ̃ðωÞμ1ν1ðs13; t1ÞiΓðρωπÞ
ρ3ν1 ðp3; q1ÞiΔðπÞðptÞiΓðρωπÞ

ρ4ν2 ðp4; q2ÞiΔ̃ðωÞν2μ2ðs24; t2Þ
þ iΔ̃ðωÞμ1ν1ðs14; t1ÞiΓðρωπÞ

ρ4ν1 ðp4; q1ÞiΔðπÞðpuÞiΓðρωπÞ
ρ3ν2 ðp3; q2ÞiΔ̃ðωÞν2μ2ðs23; t2Þ�

× ūðp2; λ2ÞiΓðωppÞ
μ2 ðp2; pbÞuðpb; λbÞ; ð2:34Þ

Mðππ fusionÞ
λaλb→λ1λ2λ3λ4

¼ ð−iÞðϵðρÞρ3ðλ3ÞÞ�ðϵðρÞρ4ðλ4ÞÞ�ūðp1; λ1ÞiΓðπppÞðp1; paÞuðpa; λaÞ
× ½iΔðπÞðq1ÞiΓðρωπÞ

ρ3ν1 ðp3;−ptÞiΔ̃ðωÞν1ν2ðs34; p2
t ÞiΓðρωπÞ

ρ4ν2 ðp4; ptÞiΔðπÞðq2Þ
þ iΔðπÞðq1ÞiΓðρωπÞ

ρ4ν1 ðp4; puÞiΔ̃ðωÞν1ν2ðs34; p2
uÞiΓðρωπÞ

ρ3ν2 ðp3;−puÞiΔðπÞðq2Þ�
× ūðp2; λ2ÞiΓðπppÞðp2; pbÞuðpb; λbÞ; ð2:35Þ

FIG. 2. Diagrams for exclusive continuum ρ0ρ0 production in proton-proton collisions. There are also the diagrams with p3 ↔ p4.
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where sij¼ðpiþpjÞ2, pt¼pa−p1−p3, pu¼p4−paþp1.

In the formulas above the ϵðρÞμ ’s denote the polarization
vectors of the outgoing ρ0 mesons. The standard pion
propagator iΔðπÞðkÞ ¼ i=ðk2 −m2

πÞ is used in the calcula-
tions. The Reggeized vector meson propagator, denoted by

Δ̃ðVÞ
μν ðsij; tiÞ is obtained from (2.16) with the replacement

ΔðVÞ
T → Δ̃ðVÞ

T from (2.17) and (2.18) and with the relevant
sij, sthr, and ti, the four-momentum transfer squared, in the
pρ0 and ρ0ρ0 subsystems.
With k0; μ and k, ν the four-momentum and vector index

of the outgoing ρ0 and incomingωmeson, respectively, and
k0 − k the four-momentum of the pion the ρωπ vertex,
including form factor, reads1

iΓðρωπÞ
μν ðk0; kÞ ¼ −i

gρωπffiffiffiffiffiffiffiffiffiffiffiffimρmω
p εμνρσk0ρkσFðk02; k2; ðk0 − kÞ2Þ;

ð2:36Þ

where gρωπ ≃�10 [37,39,44]. We note that the value of
gρωπ ¼ þ10, has been extracted in [39] from the measured
ω → π0γ radiative decay rate and the positive sign from the
analysis of pion photoproduction reaction in conjunction
with the VMD assumption. In [44] it was found that the
data for the reaction pp → ppω strongly favor a negative
sign of the coupling constant gρωπ. In our case, the sign of
gρωπ does not matter as this coupling occurs twice in the
amplitudes (2.34) and (2.35).
We use a factorized ansatz for the form factor

Fðk02;k2;ðk0−kÞ2Þ¼Fρðk02ÞFωðk2ÞFπððk0−kÞ2Þ: ð2:37Þ

The form factor (2.37) should be normalized as
Fð0; m2

ω; m2
πÞ ¼ 1, consistent with the kinematics at

which the coupling constant gρωπ is determined. This is
the ω → π0γ reaction where ω and π0 are on shell and the
virtual ρ0 which gives the γ has mass zero. Following [39]
we take

FVðtÞ ¼
Λ2
MV − xm2

V

Λ2
MV − t

; ð2:38Þ

FπðtÞ ¼
Λ2
Mπ −m2

π

Λ2
Mπ − t

; ð2:39Þ

where x ¼ 0 for V ¼ ρ and x ¼ 1 for V ¼ ω. In this way
FρðtÞ in (2.38) is normalized at t ¼ 0 and FωðtÞ at t ¼ m2

ω.
We assume for the cutoff parameters that they are equal to a
common value ΛM ≡ ΛMω ¼ ΛMρ ¼ ΛMπ. Following [39]
we take ΛM ¼ 1.45 GeV. Smaller values of the cutoff
parameters,ΛMρ ¼ ΛMπ ¼ 1.0 GeV, were used in [43] (see
Table I there). Also a dipole form factor FVðtÞ in (2.38) was
considered; see [50,51] and Table II of [43].
For the π0-(anti)proton vertex we have [see (3.4) of [52]]

iΓðπppÞðp0; pÞ ¼ −iΓðπp̄ p̄Þðp0; pÞ
¼ −γ5gπppFπNNððp0 − pÞ2Þ: ð2:40Þ

We take gπpp ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4π × 14.0

p
and the form factor FπNNðtÞ as

in (2.39) with the replacement ΛMπ → ΛπNN . We take
ΛπNN ¼ 1.0 GeV; see the discussion in [37,41].
Likewise, the monopole form factor (2.15) in the Vpp

vertex (2.12) is assumed with the cutoff parameter ΛVNN.
We take ΛVNN ¼ 0.9 GeV and 1.35 GeV in accordance
with (C10) and (C7), respectively.
Taking into account the statistical factor 1

2
due to the

identity of the two ρ0 mesons in (2.32) we get for the
amplitude squared

1

2
jMpp→ppρ0ρ0 j2 ¼

1

2

1

4

X
spins

jMλaλb→λ1λ2λ3λ4 j2

¼ 1

8

X
spins

ðMλaλb→λ1λ2λ3λ4Þ�Mλaλb→λ1λ2λ3λ4 :

ð2:41Þ

Now we discuss the proton-antiproton collisions. Here
the amplitudes of the ρρ continuum via ωω and ππ fusion
can be treated as in (2.34) and (2.35) but with the
replacements (2.30) and

ūðp2; λ2ÞiΓðπppÞðp2; pbÞuðpb; λbÞ
→ v̄ðpb; λbÞiΓðπp̄ p̄Þðp2; pbÞvðp2; λ2Þ
¼ ūðp2; λ2ÞiΓðπppÞðp2; pbÞuðpb; λbÞ; ð2:42Þ

respectively. Using (2.30) and (2.42) we obtain

Mðωω fusionÞ
pp̄→pp̄ρ0ρ0

¼ −Mðωω fusionÞ
pp→ppρ0ρ0

; ð2:43Þ

Mðππ fusionÞ
pp̄→pp̄ρ0ρ0 ¼ Mðππ fusionÞ

pp→ppρ0ρ0 : ð2:44Þ

As will be discussed in the following, from the
πþπ−πþπ− channel it may be rather difficult to extract

1The effective Lagrangian is as given in (1) of [44] taking into
account that we use the opposite sign convention for εμνρσ
(ε0123 ¼ þ1).
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the f1ð1285Þ signal. Another decay channel worth con-
sidering is ρ0γ.
Therefore, now we discuss the exclusive production of

the ρ0γ continuum in proton-proton collisions,

pðpa;λaÞþpðpb;λbÞ
→pðp1;λ1Þþρ0ðp3;λ3Þþ γðp4;λ4Þþpðp2;λ2Þ ð2:45Þ

with p4 and λ4 ¼ �1 the four-momentum and helicities of
the photon.
In order to calculate the amplitude for the reaction (2.45)

we use the standard VMD model with the γV couplings as
given in (3.23)–(3.25) of [28]. We shall consider the
diagrams shown in Fig. 3. The result is as follows:

Mðργ continuumÞ
pp→ppρ0γ ¼ Mðωω fusionÞ

pp→ppρ0γ þMðωρ fusionÞ
pp→ppρ0γ þMðππ fusionÞ

pp→ppρ0γ:

ð2:46Þ

We could also have πη and πσ fusion contributions.
For these we have to replace in the left (right) diagram
in Fig. 3(c) the lower (upper) particles ðπ0; ρ0Þ by ðη;ωÞ or
ðσ;ωÞ, respectively. Discussing first πη fusion we note that

the couplings ηpp and ωωη are smaller than those of π0pp
and ρωπ [37]. In addition, the η exchange is suppressed
relative to the π0 exchange because of the heavier mass
occurring in the propagator. Another mechanism is the πσ
fusion involving the σpp and σωω vertices. However, here
gσωω ∼ 0.5 [37] is extremely small. Moreover, the ω → γ
transition coupling is much smaller than the ρ → γ one; see
(A5). Therefore, we neglect the πη and πσ contributions in
our considerations.
Thus, we are left with the ðωþρ0Þ−π0-ω, ω-π0-ðωþρ0Þ,

and π0-ω-π0 contributions, which we shall treat in a way

similar to (2.34) and (2.35). As an example, theMðωω fusionÞ
pp→ppρ0γ

amplitude can be written as in (2.34) with the following
replacement:

ϵðρÞρ4ðλ4 ¼ 0;�1Þ → e
γρ

ϵðγÞρ4ðλ4 ¼ �1Þ: ð2:47Þ

In the case of the diagrams with the ω → γ transition, the
outgoing ω has four-momentum squared p2 ¼ 0. Since
nothing is known about the form factor at the ρωπ vertex
where both the π0 and ρ0 are off their mass-shell, we

(a)

(b)

(c)

FIG. 3. Diagrams for continuum ρ0γ production: (a) ωω fusion, (b) ωρ and ρω fusion, (c) ππ fusion.
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assume in (2.36) the form factor (2.37) as Fðm2
ρ; 0; m2

πÞ ¼ 1

which is consistent with (2.38) and (2.39).
The ργ-continuum processes in proton-antiproton colli-

sions can be treated in a completely analogous way to the
ργ-continuum processes in proton-proton collisions but
with the appropriate replacements given by (2.30)
and (2.42).

III. NUMERICAL RESULTS

We start by showing the integrated cross section for the
exclusive reaction pp → ppf1ð1285Þ as a function of
collision energy

ffiffiffi
s

p
from threshold to 8 GeV. Note that

due to (2.31) the cross sections and distributions for the
VV-fusion mechanism are equal for pp and pp̄ scattering
for the same kinematical values.
In Fig. 4 we show results for the VV-fusion contributions

(V ¼ ρ, ω) for different parameters given by (C7), (C9) and
(C10) in Appendix C. We assume gωωf1 ¼ gρρf1 ≡ gVVf1 ;
see (A9). The cross section first rises from the thresholdffiffiffiffiffiffiffi
sthr

p ¼ 2mp þmf1 to
ffiffiffi
s

p
≈ 5 GeV (PANDA energy

range), where it starts to decrease toward higher energies.
The region of fast growth of the cross section is related to
the fast opening of the phase space, while the Reggeization
is responsible for the decreasing part. Without the
Reggeization the cross section would continue to grow.
The Reggeization, calculated according to (2.17)–(2.19),
reduces the cross section by a factor of 1.8 already for the
HADES c.m. energy

ffiffiffi
s

p ¼ 3.46 GeV. For comparison we
also show the high-energy contribution of the PP →
f1ð1285Þ fusion (see the red dashed line) with parameters
fixed in [27]; see Eq. (3.7) there. As mentioned in
Appendix D of [27], due to the possible influence of
subleading Reggeon exchanges, the PP-fusion contribu-
tion should be regarded rather as an upper limit.

At near-threshold energies one should consider
final state interactions (FSI) between the two produced
protons; see e.g., [37,51]. But the effect is sizeable
only for extremely small excess energies of tens of
MeV: Qexc ¼

ffiffiffi
s

p
− ffiffiffiffiffiffiffi

sthr
p

. In our case, we have Qexc >
300 MeV and this FSI effect can be neglected.
We remind the reader that our calculation of the

VV-fusion processes should only be applied at energiesffiffiffi
s

p ≲ 8 GeV. In the intermediate energy range also other
processes like f2Rf2R fusion must be considered; see the
discussion in Appendix D of [27].
The salient feature of the results shown in Fig. 4 is the

high sensitivity of the VV-fusion cross section to the
different sets of parameters. In our procedure of extracting
the coupling constant gVVf1 and the form-factor cutoff
parameters from the CLAS data [see Appendices B and C]
the dominant sensitivity is on gVVf1 , not on the form
factors. Also the form of Reggeization used in our model,
according to (2.17)–(2.21), affects the size of the cross
section. With the parameter values of (C10) we get

for
ffiffiffi
s

p ¼ 3.46 GeV∶ σpp→ppf1 ¼ 40.22 nb; ð3:1Þ

for
ffiffiffi
s

p ¼ 5.0 GeV∶ σpp̄→pp̄f1 ¼ 413.85 nb: ð3:2Þ

With the parameter values of (C7) we get

for
ffiffiffi
s

p ¼ 3.46 GeV∶ σpp→ppf1 ¼ 153.52 nb; ð3:3Þ

for
ffiffiffi
s

p ¼ 5.0 GeV∶ σpp̄→pp̄f1 ¼ 2071.43 nb: ð3:4Þ

As mentioned above, the different numbers in (3.1) and
(3.2) compared to (3.3) and (3.4) reflect mainly the
different couplings gVVf1 . Indeed, from (3.3) and (3.1)
we get for the cross section ratio 3.8, from (3.4) and (3.2)

FIG. 4. Integrated cross section for the pp → ppf1ð1285Þ reaction as a function of collision energy
ffiffiffi
s

p
for VV → f1ð1285Þ fusion

with different parameters from Eqs. (C7), (C9), and (C10). We show also the Pomeron-Pomeron fusion mechanism (red dashed line). In

the right panel, the solid line is for the parameters of (C10) and the Reggeized propagators Δ̃ðVÞ
T , the dotted line corresponds to the result

for the standard vector-meson propagators ΔðVÞ
T , i.e., without Reggeization; see (2.17)–(2.19). No rescattering effects are included here.
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we get 5.0, and from (C7) and (C10) we get for the ratio of
the coupling constants squared 5.6, not far from the two
numbers above.
In Fig. 5 we show the distributions in the four-momen-

tum transfer squared from one of the proton vertices [we

have t ¼ t1 or t2, cf. (2.2)] for
ffiffiffi
s

p ¼ 3.46 GeV (HADES)
and 5.0 GeV (PANDA). One can observe that dσ=dt
decreases rapidly at forward scattering jtj → jtjmin, where
jtjmin ≃ 0.3 GeV2 at

ffiffiffi
s

p ¼ 3.46 GeV. At near threshold
energy the values of small jt1j and jt2j are not accessible

FIG. 5. Distributions in −t for
ffiffiffi
s

p ¼ 3.46 and 5.0 GeV. Results for different parameters (C7), (C9), and (C10) are shown. In the
calculations we take the Vpp coupling constants from (2.13).

FIG. 6. Distributions in −t for
ffiffiffi
s

p ¼ 3.46 (left panels) and 5.0 GeV (right panels). In the calculations we take the parameters given in
(2.13), (C10) and (C7). The results shown on the top panels correspond to (C10) and those on the bottom panels are for (C7).
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kinematically. The maximum of dσ=dt appears at −t1;2 ≃
0.65 GeV2 for the parameter values of (C10) and at −t1;2 ≃
0.77 GeV2 for those of (C11). The close-to-threshold
production of the f1 meson, therefore, probes correspond-
ing form factors, (2.10), (2.11) and (2.15), at relatively
large values of jt1j and jt2j, far from their on mass-shell
values at t1;2 ¼ m2

V where they were normalized. Thus, the
VV-fusion cross section is very sensitive to the choice of
the form factors. Therefore the HADES and PANDA
experiments have a good opportunity to study physics of
large four-momentum transfer squared.
In Fig. 6 we present the contributions for theωω- and ρρ-

fusion processes separately and their coherent sum (total).
The interference term is shown also (see the green solid
line). Both processes play roughly similar role. For large
values of jt1j and jt2j, in spite of gρpp < gωpp (2.13), the
spin-flip term of the ρ0-proton coupling is important. Forffiffiffi
s

p ¼ 5.0 GeV the ωω-fusion contribution is the dominant
process for jt1;2j≲ 0.5 GeV2. There one can see also a large
constructive interference effect.
In Figs. 7 and 8 we show several differential distributions

for the reaction pp → ppf1ð1285Þ for
ffiffiffi
s

p ¼ 3.46 GeV

relevant for the HADES experiment and for the reaction
pp̄ → pp̄f1ð1285Þ for

ffiffiffi
s

p ¼ 5.0 GeV relevant for the
PANDA experiment, respectively. We show the distribu-
tions in the transverse momentum of the f1ð1285Þ meson,
in xF;M, the Feynman variable of the meson, in the cos θM
where θM is the angle between k and pa in the c.m. frame,
and in ϕpp, the azimuthal angle between the transverse
momentum vectors pt;1, pt;2 of the outgoing nucleons in the
c.m. frame. We predict a strong preference for the outgoing
nucleons to be produced with their transverse momenta
being back-to-back (ϕpp ≈ π). The distributions in cos θM
for the energies

ffiffiffi
s

p ¼ 3.46 GeV and
ffiffiffi
s

p ¼ 5.0 GeV have a
different shape. This is explained in Fig. 9. One can observe
from Figs. 6 and 9 that the ωω- and ρρ-fusion processes
have different kinematic dependences. With increasing
energy

ffiffiffi
s

p
the averages of jt1j and jt2j decrease (damping

by form factors), hence the ωω contribution becomes more
important.
Now we turn to the pp → ppðf1ð1285Þ → ρ0γÞ reaction

and the discussion of background processes.
In Fig. 10 we show the invariant mass distributions of the

ρ0γ system at
ffiffiffi
s

p ¼ 3.46 GeV (HADES experiment) and at

FIG. 7. Several differential distributions for the reaction pp → ppf1ð1285Þ at
ffiffiffi
s

p ¼ 3.46 GeV relevant for the HADES experiment.
The meaning of the lines is as in Fig. 5 (left panel).
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ffiffiffi
s

p ¼ 5.0 GeV (PANDA experiment). The red solid line
represents the f1ð1285Þ signal via the ρρ and ωω fusion
processes while the other lines represent the background
corresponding to the processes via the VV (ωω, ρω) and ππ

fusion shown by the diagrams of Fig. 3. Results for the two
sets of parameters (C10) and (C7) which correspond to the
top and bottom panels, respectively, are shown. In the f1
meson propagator (2.25) we take Γf1 ¼ 18.4 MeV

FIG. 8. Several differential distributions for the reaction pp̄ → pp̄f1ð1285Þ at
ffiffiffi
s

p ¼ 5.0 GeV relevant for the PANDA experiment.
The meaning of the lines is as in Fig. 5 (right panel).

FIG. 9. Distributions in cos θM for
ffiffiffi
s

p ¼ 3.46 GeV (left panel) and
ffiffiffi
s

p ¼ 5.0 GeV (right panel). The meaning of the lines is as in the
bottom panels of Fig. 6. Results for the parameter values of (2.13) and (C7) are shown.
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measured in the CLAS experiment; see (2.28). For the set
of parameters (C10) the VV-continuum contribution, due to
the small value of ΛVNN , turns out to be negligible. The
situation changes when we use the parameter set of (C7).
But still the ππ-continuum contribution is larger than the
VV-continuum contribution. In both cases the f1ð1285Þ
resonance is clearly visible, even without the Reggeization
effects in the continuum processes. This result makes us
rather optimistic that an experimental study of the f1 in the
ρ0γ decay channel should be possible.
In our calculations we find practically no interference

effects between the ππ and VV fusion contributions in the
continuum. For our exploratory study we have neglected
interference effects between the background ρ0γ and the
signal f1 → ρ0γ processes. We have also neglected the
background processes due to bremsstrahlung of γ and ρ0

from the nucleon lines. For an analysis of real data these
effects should be included or at least estimated. But this
goes beyond the scope of our present paper.

Now we wish to discuss the integrated cross sections for
the reactions pp → ppðf1 → ρ0γÞ and pp̄ → pp̄ðf1 →
ρ0γÞ treated with exact 2 → 4 kinematics. In our calculation
we took into account the Reggeization effects according to
(2.17)–(2.21) and the replacements given in (2.23). We
consider two sets of parameters, (C10) and (C7), extracted
from the CLAS data. With the parameter values of (C10)
we get

for
ffiffiffi
s

p ¼ 3.46 GeV∶ σpp→ppðf1→ρ0γÞ ¼ 1.26 nb; ð3:5Þ

for
ffiffiffi
s

p ¼ 5.0 GeV∶ σpp̄→pp̄ðf1→ρ0γÞ ¼ 11.45 nb: ð3:6Þ

With the parameter values of (C7) we get

for
ffiffiffi
s

p ¼ 3.46 GeV∶ σpp→ppðf1→ρ0γÞ ¼ 5.38 nb; ð3:7Þ

for
ffiffiffi
s

p ¼ 5.0 GeV∶ σpp̄→pp̄ðf1→ρ0γÞ ¼ 62.86 nb: ð3:8Þ

FIG. 10. Invariant mass distributions of the ρ0γ system for the HADES experiment (left panels) and the PANDA experiment (right
panels). The VV → f1ð1285Þ resonance term and continuum processes via ππ and VV fusion are shown. Results in the top panels are for
the parameter values of (C10), while in the bottom panels for those of (C7). In the calculations we take ΛM ¼ 1.45 GeV and
ΛπNN ¼ 1.0 GeV. In the bottom panels, the green lines (upper lines for the same type) correspond to the continuum processes without
Reggeization.
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The results (3.5)–(3.8) are for Γf1 ¼ 18.4 MeV; see (2.28).
We have checked, that if we take for the cutoff parameter
Λf1 ¼ 1.2 GeV in (2.24) that the cross sections will
increase slightly, by about 1.6%.
Now we compare the above results with those

estimated as

σpp→ppðf1→ρ0γÞ ¼ σpp→ppf1 ×BRðf1ð1285Þ→ ρ0γÞ ð3:9Þ

with the corresponding values of the 2 → 3 cross sections
from (3.1)–(3.4) and BRðf1 → ρ0γÞ from CLAS (B8). For
the parameter set (C10) we get

for
ffiffiffi
s

p ¼3.46GeV∶ σpp→ppðf1→ρ0γÞ ¼1.00þ0.28
−0.36 nb; ð3:10Þ

for
ffiffiffi
s

p ¼5.0GeV∶σpp̄→pp̄ðf1→ρ0γÞ ¼10.35þ2.89
−3.72 nb: ð3:11Þ

For the parameter set (C7) we get

for
ffiffiffi
s

p ¼3.46GeV∶ σpp→ppðf1→ρ0γÞ ¼3.84þ1.08
−1.38 nb; ð3:12Þ

for
ffiffiffi
s

p ¼5.0GeV∶σpp̄→pp̄ðf1→ρ0γÞ ¼51.79þ14.50
−18.64 nb: ð3:13Þ

The errors in (3.10)–(3.13) come from the uncertainty of
BRðf1 → ρ0γÞ; see (B8). The results (3.5)–(3.8) are larger
than the corresponding central values of (3.10)–(3.13).
For pp̄ at

ffiffiffi
s

p ¼ 5.0 GeV we obtain about 10 times
larger cross section than for pp at

ffiffiffi
s

p ¼ 3.46 GeV; see
(3.8) and (3.7). respectively. Thus we predict a large
cross section for the exclusive axial-vector f1ð1285Þ
production compared to the continuum processes consid-
ered in the ρ0γ channel.
In Table I we have collected integrated cross sections in

nb for the continuum processes considered. These numbers
were obtained for gρωπ ¼ 10.0, ΛM ¼ 1.45 GeV in (2.36)–
(2.39), ΛVNN ¼ 1.35 GeV in (2.15), and ΛπNN ¼ 1.0 GeV
in (2.40). The Reggeization effects were included. We can
observe very small numbers for the production of ρ0ρ0

at
ffiffiffi
s

p ¼ 3.46 GeV which is caused by the threshold
behavior of the process (the assumption of a fixed ρ0-
meson mass of mρ ¼ 0.775 GeV in the calculation) and
limited phase space.
Now we compare the cross section for the ρρ continuum

from Table I to the cross section for the f1ð1285Þ signal
according to

σpp→ppðf1→2πþ2π−Þ ¼σpp→ppf1×BRðf1→2πþ2π−Þ ð3:14Þ

with σpp→ppf1 from Fig. 4 and a branching ratio

BRðf1ð1285Þ → 2πþ2π−Þ ¼ ð10.9� 0.6Þ% ð3:15Þ

from [47]. Taking into account the values of σpp→ppf1 in
(3.14) that correspond to (C10) we get

for
ffiffiffi
s

p ¼3.46GeV∶ σpp→ppðf1→2πþ2π−Þ ¼4.38 nb; ð3:16Þ
for

ffiffiffi
s

p ¼5.0GeV∶ σpp̄→pp̄ðf1→2πþ2π−Þ ¼45.11 nb: ð3:17Þ
With (C7) we get

for
ffiffiffi
s

p ¼3.46GeV∶ σpp→ppðf1→2πþ2π−Þ ¼16.73 nb; ð3:18Þ
for

ffiffiffi
s

p ¼5.0GeV∶ σpp̄→pp̄ðf1→2πþ2π−Þ ¼225.79 nb: ð3:19Þ

These roughly estimated results show that, for the cases
treated here, the background processes considered in the
ρ0ρ0 channel (see Table I) can be important only for

ffiffiffi
s

p ¼
5.0 GeV in the pp̄ case.
The reaction pp → ppρ0ρ0 is treated technically as a

2 → 4 process. A better approach would be to consider the
pp → ppπþπ−πþπ− reaction, as a 2 → 6 process. This is
however beyond the scope of the present study. In addition,
as will be discussed in the following, the background for
the pp → ppπþπ−πþπ− reaction measured long ago by the
bubble chamber experiment [53] was found to be much
larger than the result for the continuum terms (“total”)
presented in Table I.

IV. HADES AND PANDA EXPERIMENTS

TheHADES (HighAcceptanceDielectron Spectrometer)
is a magnetic spectrometer located at the SIS18 accelerator
in the Facility for Antiproton and Ion Research (FAIR) in
Darmstadt (Germany) [54]. It is a versatile detector allowing
measurement of charged hadrons (pions, kaons and pro-
tons), leptons (electrons and positrons) originating from
various reactions on fixed proton or nuclear targets in the
energy regime of a fewA · GeV. The spectrometer covers the
polar angle region 18° < θ < 80° and features almost
complete azimuthal coverage with respect to the beam axis.
The detector has been recently upgraded by a large area
electromagnetic calorimeter and a forward detector (for a
recent review see [55]) extending the coverage to very
forward region (0.5° < θ < 7.5°). These upgrades allow us
to measure hadron decays involving photons and signifi-
cantly improve acceptance for protons and hyperons which
at these energies are emitted to large extent in forward
directions.

TABLE I. The integrated cross sections in nb for the continuum
processes in proton-(anti)proton collisions. We show results for
the VV- and ππ-fusion contributions separately and for their
coherent sum (“total”).

Reaction
ffiffiffi
s

p
(GeV)

σ (nb)

VV fusion ππ fusion Total

pp → ppρ0ρ0 3.46 0.6 × 10−3 6.7 × 10−3 7.3 × 10−3

pp̄ → pp̄ρ0ρ0 5.0 156.24 1823.25 1979.50
pp → ppρ0γ 3.46 0.13 0.45 0.58
pp̄ → pp̄ρ0γ 5.0 1.06 2.49 3.56
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The spectrometer is specialized for electron-positron pair
detection but it also provides excellent hadron (pion, kaon,
proton)-identification capabilities. It has a low material
budget and consequently features an excellent invariant
mass resolution for electron-positron pairs of ΔM=M ≈
2.5% in the ρ=ω=ϕ vector meson mass region.
The PANDA (antiProton ANnihilations at DArmstadt)

detector is currently under construction at FAIR. PANDA
will utilize a beam of antiprotons, provided by the High
Energy Storage Ring (HESR), and with its almost full
solid-angle coverage will be a detector for precise mea-
surements in hadron physics. HESR will deliver antipro-
tons with momenta from 1.5 GeV=c up to 15 GeV=c
(which corresponds to

ffiffiffi
s

p
≃ 2.25–5.47 GeV) impinging

on a cluster jet or pallet proton target placed in PANDA.
The scientific programme of PANDA is very broad and
includes charmonium and hyperon spectroscopy, elastic
proton form-factor measurements, searches of exotic states
and studies of in-medium hadron properties (for a recent
review of stage-one experiments see [56]).
The luminosity of both detectors are comparable and are

at the level of L ¼ 1031 cm−2s−1 (after first years of
operation and completion of the detector PANDA will
increase it by one order of magnitude).
For the count rate estimates and signal to background

considerations for the f1 meson production we will use the
properties of the HADES detector. This presents a “worst
case” scenario. As it was shown in previous sections cross
sections for the meson production in proton-proton inter-
actions are about a factor 10 lower than for the proton-
antiproton case. Furthermore, the PANDA detector features
also larger acceptance for the reaction of multiparticle finals
and presents better opportunities for the studies discussed
in this work. On the other hand HADES will measure
proton-proton reactions at the c.m. energy

ffiffiffi
s

p ¼ 3.46 GeV
(proton beam energy Ekin ¼ 4.5 GeV) already in 2021.
Hence it will provide first valuable experimental results to
verify our model predictions.

A. Simulation for 2π + 2π − and π +π − η decay channels

We have considered production of the f1ð1285Þ meson
in proton-proton reactions and its decay into final states
with four charged pions reconstructed in the HADES
detector. For the f1 production cross section we have
assumed σf1 ¼ 150 nb [estimate using the C7 parameter
set; see (C7) and (3.3)].
Two reaction channels were simulated:

pþ p → pþ pþ f1ð → 2πþ2π−Þ with

BRðf1ð1285Þ → 2πþ2π−Þ ¼ 10.9%; ð4:1Þ

pþ p → pþ pþ f1ð → πþπ−ηÞ with

BRðf1ð1285Þ → πþπ−ηÞ ¼ 35%: ð4:2Þ

In the second case the η meson is reconstructed via the
η → πþπ−π0 decay channel, hence the final state has also
four charged pions. The neutral pion from the η decay can
be reconstructed via missing mass technique or via two
photon decay. However, the latter case has smaller total
reconstruction efficiency (see below for details).
The f1ð1285Þ meson decay into four charged pions has

been simulated using the PLUTO event generator [57–59].
For the meson reconstruction four pions from the decay and
at least one final state proton have been demanded in the
analysis to establish exclusive channel identification. The
HADES acceptance and reconstruction efficiencies for
protons and pions have been parametrized as a function
of the polar and azimuthal angles and the momentum.
Furthermore, a momentum resolution Δp=p ¼ 2% of the
spectrometer for charged tracks has been taken into account
in the simulation, as described in [54].
For the pp → pp2πþ2π− reaction a total cross section

σback ¼ ð227� 23Þ μb has been measured; see Table I of
[53]. This reaction was measured in [53] at slightly higher
energies Ekin ¼ 4.64 GeV (corresponding to proton beam
momentum P ¼ 5.5 GeV=c or

ffiffiffi
s

p
≃ 3.5 GeV).2

We tried to understand the large background in the
πþπ−πþπ− channel. We analysed a few contributions due
to double nucleon excitations. We considered the following
processes:

pp → Nð1440ÞNð1440Þ via π0; σ; ð4:3Þ
pp → Nð1440ÞNð1535Þ via π0; ð4:4Þ

pp → Nð1535ÞNð1535Þ via π0; η; ρ0: ð4:5Þ
Both resonances have considerable branching fraction to
the Nππ channel and the Nð1535Þ to the Nη channel; see
PDG [47]. In our evaluation (estimation) we used effective
Lagrangians and relevant parameters from [60]. These
parameters were found in [60] to describe the total cross
section for the pp → pnπþ reaction measured in the close-
to-threshold region. The coupling constants and the cutoff
parameters in the monopole form factors used in the
calculation are the following ones:

g2Nð1440ÞNσ=4π ¼ 3.20; ΛNð1440ÞNσ ¼ 1.1 GeV;

g2Nð1440ÞNπ=4π ¼ 0.51; ΛNð1440ÞNπ ¼ 1.3 GeV;

g2Nð1535ÞNπ=4π ¼ 0.037; ΛNð1535ÞNπ ¼ 1.3 GeV;

g2Nð1535ÞNη=4π ¼ 0.34; ΛNð1535ÞNη ¼ 1.3 GeV;

g2Nð1535ÞNρ=4π ¼ 0.097; ΛNð1535ÞNρ ¼ 1.3 GeV: ð4:6Þ

2In [53] a four-pion invariant-mass histogram was shown for
the pp → pp2πþ2π− reaction [see Fig. 28(a) therein]. No
attempt has been made to analyse this channel there and only
an upper limit on the resonance (there f�ð1250Þ → 2πþ2π−)
production cross section, σ < 15 μb, was estimated.
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Similar values were also taken in [61] for the pn → dϕ
reaction. To describe the total cross sections of the pN →
NNππ and p̄N → N̄Nππ reactions measured in the near-
threshold region the cutoff parameters ΛN�NM ¼ 1.0 GeV
were assumed in [62,63]. Therefore, our estimates for the
reactions (4.3)–(4.5) with the parameters given in (4.6)
should be regarded rather as an upper limit.
There is a question about the role of the η0 exchange in

the reaction (4.5). For example, in [64] subthreshold
resonance-dominance of the Nð1535Þ was assumed with
g2Nð1535ÞNη0=4π ¼ 1.1 to describe both the πN → η0N and

NN → NNη0 cross section data. However, it was shown in
[65] that the Nð1535Þ contribution is not necessary in these
processes (see Figs. 9–14 of [65]) or, at least, its significant
role (significant coupling strength of Nð1535Þ → η0N used
in [64,66]) was precluded.
For energy

ffiffiffi
s

p ¼ 3.5 GeV we get the cross section for
the pp → Nð1440ÞNð1440Þ reaction of the order of
0.8 mb. With the input from [67–69], g2Nð1440ÞNσ=4π ¼
1.33 and ΛNð1440ÞNσ ¼ 1.7 GeV, we get even smaller cross
section by about 30%. For the pp → Nð1440ÞNð1535Þ
reaction we get the cross section of 10 μb and for the pp →
Nð1535ÞNð1535Þ reaction about 7 μb. So we conclude that
the double excitation of the Nð1440Þ resonances via the σ-
meson exchange is probably the dominant mechanism of
this type in the pp → pp2πþ2π− reaction. This is due to
the large Nð1440ÞNσ coupling. Taking BRðNð1440Þ →
pπþπ−Þ ¼ 0.1 we get σpp→N�N�→pp2πþ2π− ≃ 80 μb. This
background is much higher than that for the ωω- and
ππ-fusion mechanisms considered in Sec. III; see Table I.
The background channel was simulated assuming multi-

pion production via two intermediate charged baryon
resonances, each of them decaying into two pion final
states. Since the exact production mechanism is not
known we have assumed production of two Nð1440Þ.
We take the total cross section for the background in the
four pion channel to be σ4πback ¼ 227 μb [53]. For the signal
we take σ4πf1 ¼ σf1 × BRðf1ð1285Þ → 2πþ2π−Þ ¼ 16 nb
[see (3.18)]. A total reconstruction efficiency ϵ ¼ 2% for
the f1 decay in four charged pions has been estimated and
the signal is hardly visible on the top of the background. We
conclude that it will be difficult to see a peak on the four-
pion continuum without additional cuts.
Now we wish to consider the pp → ppπþπ−πþπ−π0

reaction. In Table II we have collected the cross sections

which we use in the simulations. We take the total cross
section for the continuum background in the five pion
channel to be σ5πback ¼ 88 μb [53], which seems to be rather
an upper limit for the background. Taking into account both
processes (4.4) and (4.5) we estimate the cross section in
the ppπþπ−η final state of the order of 0.8 μb to be
compared to 53 nb for the signal pp → ppf1ð→ πþπ−ηÞ.
We include BRðη → πþπ−π0Þ ¼ 0.23 to get the
ppπþπ−πþπ−π0 final state. For the pp → ppπþπ−ωð→
πþπ−π0Þ contribution we assume about 0.07 μb taking
BRðω → πþπ−π0Þ ¼ 0.89 [47]. The narrow width of the η
meson allows to impose an extra mass cut on the πþπ−π0
invariant mass and suppresses the multipion background
efficiently. The reconstruction of this decay channel has a
smaller efficiency (ϵ ¼ 0.8%) compared to the 2πþ2π−
decay channel.
Figure 11(a) shows the reconstructed invariant mass of

πþπ−π0 with a clear signal of η meson on top of a large
background. The shape of this background was also
studied by multipion production with uniform phase
space distribution. No significant difference was found.
A cut on the η meson mass 0.54 GeV < Mπþπ−π0 <
0.56 GeV allows for efficient background subtraction
and observation of f1ð1285Þ meson peak [see Fig. 11(b)].
The expected signal (about 4000 counts) and background
distributions in Fig. 11(b) display projections for about
30 days of measurement.
So far we have considered the 5-pion background with

all components (1, 2, 3) listed in Table II. The contribution
(1) can, in principle, be eliminated by using the side-band
subtraction method. We wish to discuss now separately the
contributions (2) and (4), in the πþπ−η mesonic state, to
proof feasibility of the f1ð1285Þ measurement. In Fig. 12
we make such a comparison. The nonreducible background
contribution from double excitation of N� resonances has a
broader distribution than the VV → f1 signal. With our
estimate of the cross section for the pp → ppf1ð1285Þ
reaction (see Table II) we expect that the f1ð1285Þ could be
observed in the πþπ−η (→ πþπ−π0) channel.
Finally, the following comment on this measurement is

in order. Since f1ð1285Þ and ηð1295Þ are both decaying to
the πþπ−η channel, care must be taken for potential overlap
of these resonances with each other in the measurement.
These two mesons are close in mass, but the ηð1295Þ has
about 2 times larger total width than the f1ð1285Þ. Thus,
precise mass measurements and/or partial-wave analyses

TABLE II. Contributions and cross sections used in the simulations of the pp → pp2πþ2π−π0 reaction.

Contribution Cross section (μb) Discussion

(1) pp → ppπþπ−πþπ−π0 88 σ ¼ ð88� 14Þ μb [53], P ¼ 5.5 GeV=c
(2) pp → ppπþπ−ηð→ πþπ−π0Þ 0.18 estimates via two N� resonances, see (4.4) and (4.5)
(3) pp → ppπþπ−ωð→ πþπ−π0Þ 0.07 σ ¼ ð0.09� 0.03Þ μb [70] for pp → ppπþπ−ω at P ¼ 6.92 GeV=c
(4) pp → ppf1½→ πþπ−ηð→ πþπ−π0Þ� 0.012 σ ¼ ð3.2 − 12.4Þ nb, see (3.1) and (3.3)
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must be done in order to distinguish both resonances. The
distribution in the azimuthal angle ϕpp between the trans-
verse momenta of the outgoing nucleons may also be used
to disentangle f1 and η contributions; see the discussion in
Appendix E of [27]. There the following theorem was
proven. If s-channel helicity conservation and helicity
independence hold (as it is expected to be the case at high
energies) the ϕpp distribution for CEP of η-type mesons
must vanish for ϕpp ¼ 0 and π. On the other hand, for the
f1ð1285Þ production via the VV-fusion mechanism we
predict a strong preference for the outgoing nucleons to
be produced with their transverse momenta being back-to-
back (ϕpp ≈ π); see the right bottom panel of Fig. 7. But we
have to ask if we can apply the above theorem to CEP of the
ηð1295Þ in the threshold region. As for f1 CEP we shall

assume that the ηð1295Þ CEP near threshold occurs mainly
through VV fusion (V ¼ ω, ρ0) and that gωωηð1295Þ∼
gρρηð1295Þ. With the couplings of ρ and ω to protons from
(2.13) we see that the helicity flipping tensor coupling of the
ρ to the protons is large whereas the tensor coupling of theω
is small, actually taken to be zero in (2.13). Thus, near to the
threshold the assumptions on which the above theorem rests
are probably not well fulfilled. But at higher energies,
available in the future at PANDA, ωω fusion giving
ηð1295Þ should dominate over ρρ fusion as is the case for
f1 production; see the right panels of Fig. 6. Then the ϕpp

distribution for ηð1295Þ should (nearly) vanish for ϕpp ¼ 0

and π. But clearly, if this becomes an important issue for the
experiment, a complete calculation for CEP of the ηð1295Þ
should be done along the same lines as done here for the f1.
For some estimates we note the following. In [17] the
gηð1295Þργ coupling constant was estimated using the con-
stituent quark model relationships for the two-photon width
of the pseudoscalar mesons ηð1295Þ, ηð1475Þ and the VMD
model. The gηð1295Þωγ coupling was estimated using the
relation gηð1295Þωγ ¼ gηð1295Þργ=3which is similar to the f1Vγ
coupling-constants relation (A3). The ηð1295Þ coupling
constants found in [17] have small values and as a result
the γp → ηð1295Þp cross section was estimated to be
smaller (about a factor 4) than the γp → f1ð1285Þp cross
section. A greater difference between these cross sections,
using the coupling constants from [17], was found in [21].
The results on photoproduction indicate that also CEP of the
ηð1295Þ in proton-(anti)proton collisions should be smaller
than the f1ð1285Þ production. This suggests that the
measurements of the f1ð1285Þ should be possible, even
without a detailed partial wave analysis, in the HADES /
PANDA kinematics.

V. CONCLUSIONS

In the present paper we have discussed the possibility to
observe the f1ð1285Þ in the pp → ppf1ð1285Þ reaction at

FIG. 12. Invariant mass distribution of πþπ−η observed in the
ppπþπ−πþπ−π0 final state corresponding to the measurement
with the pþ p reactions at Ekin ¼ 4.5 GeV (

ffiffiffi
s

p ¼ 3.46 GeV)
with the HADES apparatus. Here, the two contributions (2) and
(4) of Table II were included. The result includes the cut on the η
meson mass 0.54 GeV < Mπþπ−π0 < 0.56 GeV.

(a) (b)

FIG. 11. Invariant mass distributions of (a) πþπ−π0 and (b) πþπ−πþπ−π0 of the ppπþπ−πþπ−π0 final state corresponding to the
measurement with the pþ p reactions at Ekin ¼ 4.5 GeV (

ffiffiffi
s

p ¼ 3.46 GeV) with the HADES apparatus. All components listed in
Table II were included in the simulation. The result in panel (b) includes the cut on the ηmeson mass 0.54 GeV < Mπþπ−π0 < 0.56 GeV.
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energies close to the threshold where the Pomeron-Pomeron
fusion, known to be the dominant mechanism at high
energies, is expected to give only a very small contribution.
Two different mechanisms have been considered:
(a)ωω → f1ð1285Þ fusion and (b) ρ0ρ0 → f1ð1285Þ fusion.
We have estimated the cross section for

ffiffiffi
s

p ¼ 3.46 GeV
for which a measurement will soon be possible for
HADES@GSI.
We have presented our method for the derivation of the

VV → f1ð1285Þ vertex for V ¼ ρ0;ω. The coupling con-
stant gρρf1 has been extracted from the decay rate of f1 →
ρ0γ using the VMD ansatz. From naive quark model and
VMD relations we have obtained equality of the gρρf1 and
the gωωf1 coupling constants; see Appendix A. In reality
this relation can be expected to hold at the 20% level. Then,
we have fixed the cutoff parameters in the form factors and
the corresponding coupling constants by fits to the CLAS
experimental data for the process γp → f1ð1285Þp. There,
the ρ- and ω-exchange contributions play a crucial role in
reproducing the forward-peaked angular distributions,
especially at higher energies, Wγp > 2.55 GeV.
The corresponding ρρ and ωω fusion amplitudes have

been written out explicitly. The two amplitudes have been
used to estimate the total and differential cross sections for
c.m. energy

ffiffiffi
s

p ¼ 3.46 GeV. The energy dependence close
to the threshold has been discussed. The distributions in t
(see Fig. 6) and the distributions in cos θM (see Fig. 9) seem
particularly interesting. The shape of these distributions
gives information on the role of the individual fusion
processes.
We have discussed the possibility of a measurement of

the pp → ppf1ð1285Þ reaction by the HADES collabo-
ration at GSI. For this, the πþπ−πþπ−, ρ0γ, and πþπ−η
channels, have been considered. For the four-pion channel
we have estimated the background using the cross section
from an old bubble chamber experiment [53]. We have
found that the double excitation of the Nð1440Þ reso-
nances via the σ-meson exchange is probably the dom-
inant mechanism in the pp → pp2πþ2π− reaction. The
mechanisms considered by us: π0−ω−π0 and ω − π0 − ω
exchanges give much smaller background cross
sections. We conclude that it may be difficult to identify
the f1ð1285Þ meson in this channel. The ρ0γ channel
should be much better suited as far as signal-to-back-
ground ratio is considered. There, however, the dominant
background channel ppπþπ−π0 is of the order of 2 mb
[53] and the ρ0 is so broad that cuts on its mass will not
provide sufficient background reductions. This is very
different for the decay channel f1 → πþπ−ηð→ πþπ−π0Þ
since the η has a very small width and a cut on the η mass
will reduce the background efficiently. We have per-
formed feasibility studies and estimated that a 30-days
measurement with HADES should allow to identify the
f1ð1285Þ meson in the ppπþπ−η final state. No

simulation of the πþπ−ηð→ πþπ−π0Þ channel has been
done for PANDA energies.
In [71] the f1ð1285Þ decays into a0ð980Þπ0, f0ð980Þπ0

and isospin breaking were studied. An interesting proposal
was also discussed in [72,73]: to study the anomalous
isospin breaking decay f1ð1285Þ → πþπ−π0 in central
exclusive production of the f1. There is another important
decay channel, KK̄π, with branching fraction 9% [47]
which can be used for f1 meson studies in CEP. See also
[74] for a discussion of theKK̄π decay and the nature of the
f1ð1285Þ meson.
Predictions for the PANDA experiment at FAIR, for the

pp̄ → pp̄f1ð1285Þ reaction, have also been presented. The
possibility to study the underlying reaction mechanisms
have been discussed. For the VV → f1ð1285Þ fusion
processes for

ffiffiffi
s

p ¼ 5.0 GeV we have obtained about 10
times larger cross sections than for

ffiffiffi
s

p ¼ 3.46 GeV. Thus
we predict a large cross section for the exclusive axial-
vector f1ð1285Þ production for the PANDA energy range.
To conclude: we have shown that the study of f1ð1285Þ

production at HADES and PANDA should be feasible.
From such experiments we will learn more on the nature of
the f1. For instance, is it a normal qq̄ state or K̄K� molecule
[74,75]? Can it be described in holographic QCD [18]? In
particular, we shall learn from f1 CEP at low energies about
the ρρf1 and ωωf1 coupling strengths. These in turn are
very interesting parameters for the calculations of light-by-
light contributions to the anomalous magnetic moment of
the muon [10–15]. The final aim for studies of f1 CEP in
proton-proton collisions should be to have a good under-
standing of this reaction, both from theory and from
experiment, in the near threshold region, in the intermediate
energy region 8 GeV≲ ffiffiffi

s
p ≲ 30 GeV, and up to high

energies available at the LHC as discussed in [27].
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APPENDIX A: ON THE RELATION
OF gρρf 1 AND gωωf 1

Here we discuss some simple theoretical ideas on the
relation of these two coupling parameters. First we note that
isospin symmetry alone provides no relation. We shall use
the most naive quark model and VMD to get a handle on
the ratio gρρf1=gωωf1 .
In the simple naive quark model the f1, ρ0 and ωmesons

are represented with the following quark content
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f1ð1285Þ ∼
1ffiffiffi
2

p ðuūþ dd̄Þ;

ρ0 ∼
1ffiffiffi
2

p ðuū − dd̄Þ;

ω ∼
1ffiffiffi
2

p ðuūþ dd̄Þ: ðA1Þ

Consider now a radiative decay of the f1. After the
emission of the photon by the f1 the quark state should
have the structure, with the quark charges eu ¼ 2=3,
ed ¼ −1=3, es ¼ −1=3:

γf1∼
1ffiffiffi
2

p ðeuuūþeddd̄Þ

¼ 1

2
ðeuþedÞ

1ffiffiffi
2

p ðuūþdd̄Þþ1

2
ðeu−edÞ

1ffiffiffi
2

p ðuū−dd̄Þ

∼
1

6
ωþ1

2
ρ0: ðA2Þ

Therefore, this simple argument suggests for the f1Vγ
coupling constants the relation

gf1ργ
gf1ωγ

¼ 3: ðA3Þ

This is the relation suggested, e.g., in [17].
Now we can combine this with VMD which allows to

relate the gVVf1 and gf1Vγ by the standard Vγ transition
vertices; see e.g., (3.23)–(3.25) of [28]. This gives, with
e ¼ ffiffiffiffiffiffiffiffiffiffiffiffi

4παem
p

,

gf1Vγ ¼
e
γV

gVVf1 ; ðA4Þ

where γρ > 0, γω > 0, and

4π

γ2ρ
¼ 0.496� 0.023;

4π

γ2ω
¼ 0.042� 0.0015: ðA5Þ

In the naive quark model plus VMD the hadronic light-
quark-electromagnetic current is written as follows:

Jemμ ¼ e½euūγμuþ edd̄γμdþ ess̄γμs�

¼ e

�
1ffiffiffi
2

p ðeu − edÞ
1ffiffiffi
2

p ðūγμu − d̄γμdÞ

þ 1ffiffiffi
2

p ðeu þ edÞ
1ffiffiffi
2

p ðūγμuþ d̄γμdÞ þ ess̄γμs

�

¼ e

�
m2

ρ

γðidÞρ

ρð0Þμ þ m2
ω

γðidÞω

ωμ þ
m2

ϕ

γðidÞϕ

ϕμ

�
: ðA6Þ

Assuming m2
ρ ¼ m2

ω (which is quite good) and m2
ρ ¼ m2

ϕ
(which is less good) we find from (A6) the following “ideal
mixing” coupling ratios:

γðidÞω

γðidÞρ

¼ eu − ed
eu þ ed

¼ 3;
γðidÞϕ

γðidÞρ

¼ eu − edffiffiffi
2

p
es

¼ −
3ffiffiffi
2

p : ðA7Þ

From (A4) and (A7) we obtain with the “ideal” γV
couplings

gf1ργ
gf1ωγ

¼ γðidÞω

γðidÞρ

gρρf1
gωωf1

¼ 3
gρρf1
gωωf1

: ðA8Þ

With (A3) plus (A8) we obtain, thus, the simple estimate

gρρf1
gωωf1

¼ 1; ðA9Þ

based on naive quark-model relations plus the simplest
VMD ansatz.
If we include form factors in our considerations as in

(2.8)–(2.11) we will get instead of (A4)

gf1Vγ ¼
e
γV

gVVf1F̃Vð0Þ; ðA10Þ

see also Appendix B below. Assuming F̃ρð0Þ ¼ F̃ωð0Þ we
get again the relation (A9).
In reality we get from (A5), using the central values there,

γω
γρ

¼ 3.44: ðA11Þ

That is, ideal mixing (A7) gives only an approximation,
valid to within 15%, compared to the experimental value
(A11). We can, therefore, expect that also the relation (A9)
may be violated in the real world by 15 to 20%.
We emphasize that the arguments presented in this

Appendix depend crucially on the assumption made in
(A1) that the f1ð1285Þ is a normal qq̄ state. The relation
(A3) in particular could be quite different if this assumption
is violated and the f1ð1285Þ has another structure. In
[74,75], for instance, the f1ð1285Þ is described as a K�K̄
molecule, not as a qq̄ state.

APPENDIX B: THE RADIATIVE DECAYS OF
THE f 1ð1285Þ MESON AND THE ρρf 1

COUPLING CONSTANT

In this Appendix we shall discuss the radiative decays of
the f1ð1285Þ meson using VMD and the VVf1 coupling
vertex (2.8) for V ¼ ρ0. We consider two theoretical
treatments. In the first method we consider the decay f1 →
ρ0γ with a fixed mass for the ρ0 meson:

f1ðk; ϵðf1ÞÞ → ρ0ðkρ; ϵðρÞÞ þ γðkγ; ϵðγÞÞ: ðB1Þ

In the second method we consider the decay f1 → πþπ−γ
via an intermediate ρ0 meson taking its mass distribution
into account:
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f1ðk; ϵðf1ÞÞ → ½ρ0ðkρÞ → πþðk1Þ þ π−ðk2Þ� þ γðkγ; ϵðγÞÞ:
ðB2Þ

From (B1) and (B2) we will estimate the gρρf1 coupling
constant and the cutoff parameter ΛV in the form factor
Fρρf1 from experiment.
The amplitude for the reaction (B1) is given by

Mλf1→λρλγ ¼ ð−iÞðϵðρÞμðλρÞÞ�ðϵðγÞνðλγÞÞ�iΓðρρf1Þ
μν00α ð−kρ;−kγÞ

× iΔðρÞν00ν0 ðkγÞiΓðρ→γÞ
ν0ν ðkγÞϵðf1Þαðλf1Þ

¼ e
γρ

ðϵðρÞμðλρÞÞ�ðϵðγÞνðλγÞÞ�Γðρρf1Þ
μνα

× ð−kρ;−kγÞϵðf1Þαðλf1Þ; ðB3Þ

where ϵðρÞ, ϵðγÞ and ϵðf1Þ are the polarization vectors for ρ0,
photon and f1ð1285Þ meson with the four-momenta and
helicities kρ, λρ ¼ �1, 0, kγ , λγ ¼ �1 and k, λf1 ¼ �1, 0,
respectively. We use the VMD ansatz for the coupling of
the ρ0 meson to the photon; see e.g., (3.23)–(3.25) of [28].
We assume in the Γðρρf1Þ vertex (2.8) the form factor
according to (2.10)

Fρρf1ðk2ρ; k2γ ; k2Þ ¼ Fρρf1ðm2
ρ; 0; m2

f1
Þ

¼ F̃ρðm2
ρÞF̃ρð0ÞFf1ðm2

f1
Þ ¼ F̃ρð0Þ; ðB4Þ

with F̃ρð0Þ given in (2.11).
The amplitude for the reaction (B2), Mλf1→πþπ−λγ , is

obtained from (B3) by making the replacement

ðϵðρÞμðλρÞÞ� → iΔðρÞμμ0 ðkρÞiΓðρππÞ
μ0 ðk1; k2Þ

¼ −
gρππ
2

ðk1 − k2ÞμΔðρÞ
T ðk2ρÞ; ðB5Þ

and taking

Fρρf1ðk2ρ;k2γ ;k2Þ¼Fρρf1ðk2ρ;0;m2
f1
Þ¼ F̃ρðk2ρÞF̃ρð0Þ ðB6Þ

with k2ρ ¼ ðk1 þ k2Þ2. The ρ0 propagator function and the
ρ0πþπ− coupling in (B5) are taken from (4.1)–(4.6) and
(3.35), (3.36) of [28], respectively.
Then, the coupling constant gρρf1 , occurring in Γðρρf1Þ in

the amplitudes above, can be adjusted to the experimental
decay width Γðf1ð1285Þ → γρ0Þ. For the 1 → 2 decay
process (B1) this is straightforward. For the 1 → 3 decay
process (B2) this will be done with the help of a new
Monte Carlo generator DECAY [76] designed for a general
decay of the 1 → n type.
Unfortunately the partial decay width Γðf1ð1285Þ →

γρ0Þ appears to be not well known in the literature, see also
the discussion in Sec. VII C and Table IV in [16],

from PDG ½47�∶ Γðf1ð1285Þ→ γρ0Þ¼ 1384.7þ305.1
−283.1 keV;

ðB7Þ

from CLAS ½16�∶ Γðf1ð1285Þ→ γρ0Þ¼ ð453�177Þ keV:
ðB8Þ

Using the values of total widths accordingly from PDG
(2.27) and the CLAS experiment (2.28) we get

from PDG ½47�∶ BRðf1ð1285Þ→ γρ0Þ¼ ð6.1�1.0Þ%;

ðB9Þ

from CLAS ½16�∶ BRðf1ð1285Þ → γρ0Þ ¼ ð2.5þ0.7
−0.8Þ%:

ðB10Þ

We note that the CLAS result is in agreement with that
found in [77],

BRðf1ð1285Þ → γρ0Þ ¼ ð2.8� 0.7ðstatÞ � 0.6ðsystÞÞ%;

ðB11Þ

where the decay f1ð1285Þ → ρ0γ was studied in the
reaction π−N → π−f1N. Theoretical estimates based on
the QCD inspired models such as the covariant oscillator
quark model [78] and the Nambu–Jona-Lasinio model [8],
which assume that the f1ð1285Þ has a quark-antiquark
nature, suggest (B8) rather than (B7). We hope that the
future experimental measurements can clarify this issue. In
the following we shall use both values, (B7) and (B8), to
highlight the problem.
In Table III we collect our results for the two

processes (B1) and (B2) obtained from (B7) and (B8).
In the calculations we take mρ ¼ 775 MeV. We show
results for the cutoff parameter from Λρ ¼ 0.65 GeV to
2 GeV in (2.11). We expect the upper limit of the ρρf1
coupling constant to be not much larger than jgρρf1 j ≃ 20.
Otherwise one gets a nonrealistically large cutoff param-
eter ΛVNN in the VNN vertex (see the discussion in
Appendix C).
It is also interesting to compare our results with those of

[75]. In [75] the radiative decays f1ð1285Þ → γV were
evaluated with the assumption that the f1ð1285Þ is dynami-
cally generated from the K�K̄ interaction. In this model the
partial decay widths strongly depend on the cutoff param-
eter Λ, for instance, Γðf1ð1285Þ → γρ0Þ ¼ 420 keV, or
880 keV, for Λ ¼ 0.8 GeV, or 1.5 GeV, respectively; see
Table I of [75]. Moreover, there were also determined the
ratios

R1 ¼
Γðf1 → γρ0Þ
Γðf1 → γϕÞ ≃ 60; ðB12Þ
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R2 ¼
Γðf1 → γρ0Þ
Γðf1 → γωÞ ≃ 30: ðB13Þ

The dependence of both ratios on the cutoff parameter
is rather weak. In the model of [75] the partial decay
width of Γðf1 → γρ0Þ is much larger than the ones of the
γω and γϕ channels due to constructive (destructive)
interference of the triangle loop diagrams for the ρ0 (ω
and ϕ) production.
Now we consider the decay f1 → ωγ in our approach.

We use the formula of (B3) with the replacements ρ → ω
[γρ → γω (A5), gf1ρρ → gf1ωω, mρ → mω]. In the calcula-
tion we take mω ¼ 783 MeV. We assume gωωf1 ¼ gρρf1
(A9) and take gρρf1 corresponding to Λρ ¼ 0.65 GeV and
2.0 GeV from Table III (f1 → ρ0γ).
With Λρ ¼ 0.65 GeV (first line in Table III), we obtain

Γðf1 → γωÞ ¼ 106.61 keV for jgf1ωωj ¼ 27.37 and
Γðf1 → γωÞ ¼ 34.90 keV for jgf1ωωj ¼ 15.66. Using the
central values of (B7) and (B8) these correspond to the
ratios of R2 ¼ 12.98 and R2 ¼ 12.99, respectively. With
Λρ ¼ 2.0 GeV (fourth line in Table III), we obtain Γðf1 →
γωÞ ¼ 112.61 keV for jgf1ωωj ¼ 9.27 and Γðf1 → γωÞ ¼
36.81 keV for jgf1ωωj ¼ 5.30. With the central values of
(B7) and (B8) we obtain the ratios R2 ¼ 12.31 and
R2 ¼ 12.30, respectively. These values for R2 are similar
to the result in [78] (see set b for the mixing angle ϕA ¼ 21°
of Table XI therein) but are about 2 times smaller than
(B13) estimated in [75].
The recent average for R1 given by PDG [47] is

R1 ¼ 82.4þ11.4
−23.8 . This is about 1 s.d. away from the

theoretical result (B12) of [75]. But we have to keep in
mind the differences in the width of f1 → γρ0 given by

PDG and CLAS; see (B7) and (B8). There are currently no
experimental data available for f1ð1285Þ → γω decay.
Further experiments will hopefully clarify the situation.

APPENDIX C: PHOTOPRODUCTION
OF THE f 1ð1285Þ MESON AND

COMPARISON WITH THE CLAS
EXPERIMENTAL DATA

Here we discuss the photoproduction of the f1ð1285Þ
meson. Using VMD and the gVVf1 coupling constants
introduced in (2.8) we have to calculate the diagram shown
in Fig. 13. The differential cross section for the reaction
γp → f1ð1285Þp will be compared with the CLAS data
[16]. From this we will estimate the form factor and cutoff
parameters of the model.
The unpolarized differential cross section for the reaction

γp → f1ð1285Þp is given by

dσ
dΩ

¼ 1

64π2s
jkj
jqj

1

4

X
spins

jMγp→f1ð1285Þpj2;

dΩ ¼ sin θdθdϕ: ðC1Þ

Here we work in the center-of-mass (c.m.) frame, s is the
invariant mass squared of the γp system, and q and k are the
c.m. three-momenta of the initial photon and final
f1ð1285Þ, respectively. Taking the direction of q as a z
axis we denote the polar and azimuthal angles of k by θ
and ϕ.
We use standard kinematic variables

s ¼ W2
γp ¼ ðpb þ qÞ2 ¼ ðp2 þ kÞ2;

qt ¼ pb − p2 ¼ k − q; t ¼ q2t : ðC2Þ

The amplitude for the γp → f1ð1284Þp reaction via the
vector-meson exchange includes two terms

Mγp→f1ð1285Þp ¼ Mðρ exchangeÞ þMðω exchangeÞ: ðC3Þ

The generic amplitude with V ¼ ρ0;ω, for the diagram in
Fig. 13, can be written as

FIG. 13. Photoproduction of an f1 meson via vector-meson
exchanges.

TABLE III. Coupling constant jgρρf1 j extracted from our model
analysis of the radiative decays of the f1ð1285Þ. The results
correspond to the two central values of Γðf1ð1285Þ → γρ0Þ from
(B7) (“PDG”) and (B8) (“CLAS”), respectively, and to various
values of the cutoff parameter Λρ in (2.11).

Process Cutoff parameter
PDG,
jgρρf1 j

CLAS,
jgρρf1 j

f1 → ρ0γ, Eq. (B1) Λρ ¼ 0.65 GeV 27.37 15.66
Λρ ¼ 0.7 GeV 22.68 12.97
Λρ ¼ 1.0 GeV 12.33 7.05
Λρ ¼ 2.0 GeV 9.27 5.30

f1 → πþπ−γ, Eq. (B2) Λρ ¼ 0.65 GeV 35.02 20.03
Λρ ¼ 0.7 GeV 28.54 16.33
Λρ ¼ 0.8 GeV 20.98 12.00
Λρ ¼ 0.9 GeV 17.05 9.75
Λρ ¼ 1.0 GeV 14.85 8.49
Λρ ¼ 1.5 GeV 11.52 6.59
Λρ ¼ 2.0 GeV 10.97 6.27
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hf1ðk;λf1Þ;pðp2;λ2ÞjT jγðq;λγÞ;pðpb;λbÞi≡MðV exchangeÞ
λγλb→λf1λ2

¼ð−iÞðϵðf1Þαðλf1ÞÞ�iΓðVVf1Þ
μ00ν0α ðq;qtÞiΔðVÞμ00μ0 ðqÞiΓðγ→VÞ

μ0μ ðqÞϵðγÞμðλγÞ
× iΔ̃ðVÞν0νðs;tÞūðp2;λ2ÞiΓðVppÞ

ν ðp2;pbÞuðpb;λbÞ; ðC4Þ

where pb, p2 and λb, λ2 ¼ � 1
2
denote the four-momenta and helicities of the incoming and outgoing protons.

We use the relations for the γ − V couplings (V ¼ ρ0;ω) from (A4) and (A5). For the other building blocks of the
amplitude (C4) see (2.8)–(2.21) in Sec. II. We can then write

MðV exchangeÞ
λγλb→λf1 λ2

¼ −
e
γV

ðϵðf1Þαðλf1ÞÞ�iΓðVVf1Þ
μνα ðq; qtÞϵðγÞμðλγÞΔ̃ðVÞ

T ðs; tÞūðp2; λ2ÞiΓðVppÞνðp2; pbÞuðpb; λbÞ: ðC5Þ

We perform the calculation of the total and differential
cross sections with the cutoff parameter Λρ and corre-
sponding VVf1 coupling constant gVVf1 from Table III. We
choose the values from the last column (CLAS). For
instance, jgρρf1 j ¼ 8.49 corresponds to Λρ ¼ 1.0 GeV
and jgρρf1 j ¼ 20.03 corresponds to Λρ ¼ 0.65 GeV. We

assume gωωf1 ¼ gρρf1 ≡ gVVf1 ; see (A9). For the Vpp
coupling constants we take (2.13). For the V-proton form
factor FVNNðtÞwe take the monopole form as in (2.15) with
the parameter ΛVNN to be extracted from the CLAS data.
In Fig. 14 we compare our results for the photoproduc-

tion of f1ð1285Þmeson with the CLAS data [16]. Since the

FIG. 14. The differential cross sections for the reaction γp → f1ð1285Þp → ηπþπ−p. Data are taken from Table Vof [16]. The vertical
error bars are the statistical and systematic uncertainties. Our results are scaled by a factor of 0.35 to account for the branching fraction
from f1ð1285Þ → ηπþπ− (C6). We take the Vpp coupling constants from (2.13) and the different values of gVVf1 corresponding to ΛV

from the column “CLAS” of Table III. In the bottom right panel we show the individual contributions of ρ and ω exchanges and their
coherent sum (total) atWγp ¼ 2.75 GeV. For the ρ-exchange contribution also the results for only one type of coupling, tensor or vector,
in the ρ-proton vertex (2.12) are shown.
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CLAS Collaboration presents the differential cross sections
for γp → f1ð1285Þp → ηπþπ−p, our theoretical curves in
Fig. 14 have been scaled by the branching fraction
BRðf1ð1285Þ → ηπþπ−Þ ¼ 0.35 from [47]

BRðf1ð1285Þ → ηπþπ−Þ ¼ 0.35� 0.15: ðC6Þ
From Fig. 14 we see that with the Reggeized ρ and ω
exchanges we describe the CLAS experimental data [16]
at Wγp ¼ 2.75 GeV in the forward scattering region.
dσ=d cos θ decreases rapidly at forward angles, cosθ¼ 1.
We cannot expect our exchange model to also describe the
data at the lower CLAS energies since there we must expect
s-channel resonances and u-channel nucleon exchanges to
become important; see e.g., [20]. The model results are very
sensitive on the form-factor cutoff parameters ΛV and
ΛVNN at the VVf1 and VNN vertices (V ¼ ρ, ω).
Fitting the CLAS experimental data at Wγp ¼ 2.75 GeV
we find

ΛVNN¼1.35GeV forΛV¼0.65GeV; jgVVf1 j¼20.03;

ðC7Þ
ΛVNN ¼ 1.17GeV for ΛV ¼ 0.7GeV; jgVVf1 j ¼ 16.33;

ðC8Þ
ΛVNN ¼ 1.01GeV for ΛV ¼ 0.8GeV; jgVVf1 j ¼ 12.0;

ðC9Þ
ΛVNN ¼ 0.9GeV for ΛV ¼ 1.0GeV; jgVVf1 j ¼ 8.49;

ðC10Þ
ΛVNN¼0.834GeV forΛV¼1.5GeV; jgVVf1 j¼6.59;

ðC11Þ

ΛVNN ¼ 0.82GeV for ΛV ¼ 2.0GeV; jgVVf1 j ¼ 6.27:

ðC12Þ

There is not much difference between the angular distri-
butions resulting from the four parameter sets (C7)–(C10).
The results for ΛVNN < 0.9 GeV in the monopole form
factor (2.15) are rather unrealistic, ΛVNN being too close to
the vector meson masses mρ, mω. Note that the value of
ΛVNN ¼ 1.35 GeV is close to the values used in the Bonn
potential model: ΛρNN ¼ 1.4 GeV and ΛωNN ¼ 1.5 GeV;
see Table IVof [32]. Therefore, we are left with the sets of
parameters (C7)–(C10) for our considerations in the pp →
ppf1 reaction.
In the bottom right panel of Fig. 14 the individual ρ- and

ω-exchange contributions at Wγp ¼ 2.75 GeV are shown.
Here we use the parameters given in (C10). The ρ-exchange
term is larger than the ω-exchange term due to larger
coupling constants both in the γ → V transition vertex
(A5), (A11) and for the tensor coupling in the V-proton
vertex (2.12), (2.13). The differential distribution atWγp ¼
2.75 GeV peaks for cos θ ¼ 0.7 corresponding to
−t ¼ 0.66 GeV2. The tensor coupling in the ρ-proton
vertex with parameters κρFρNNðtÞ plays the most important
role there. One can observe also an interference effect
between the ρ and ω exchange terms.3

FIG. 15. The elastic f1ð1285Þ photoproduction cross section as a function of the center-of-mass energy Wγp. Five data points are
obtained by integrating out the differential cross sections given in Table V of [16]. The experimental results have been scaled by the
branching fraction BRðf1ð1285Þ → ηπþπ−Þ ¼ 0.35; see (C6). We take the coupling parameters the same as in the bottom right panel of
Fig. 14. We integrate for −0.8 < cos θ < 0.9. In the left panel the Reggeized contributions of ρ and ω exchanges, their coherent sum
(total), and the interference term are shown. In the right panel the solid line is the result from the Reggeized model, the dotted line
indicates the result without the Reggeization.

3In [21] a different relation for the coupling constants was
used, namely gf1ωγ ¼ −gf1ργ=3 instead of (A3). The relative sign
of these couplings has physical significance in the process γp →
f1ð1285Þp as the ρ- and ω-exchange terms interfere. Therefore,
the corresponding cross sections, see Figs. 5 and 6 of [21], are
different from ours.
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In Fig. 15 we show the integrated cross sections for the
reaction γp → f1ð1285Þp together with the CLAS data.
Results for −0.8 < cos θ < 0.9 are presented. In the cal-
culation we take (C10). In the left panel we show the
respective contributions of ρ and ω exchanges and their
coherent sum with the same V-proton coupling parameters
as in the bottom right panel of Fig. 14. There, for

Wγp ≃ 2.7 GeV, a large interference between the ρ
exchange term and the ω exchange term can be observed.
In the right panel we compare our Reggeized model results
with those of the model without this effect. We note that the
form of Reggeization used in our model, calculated
according to (2.17)–(2.21), affects both, the t-dependence
of the V exchanges, and the size of the cross section.
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