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Abstract: The photoproduction of the f1(1285) meson off the proton target is investigated within an effective Lag-
rangian approach. The #-channel p- and w-exchange diagrams, u-channel nucleon-exchange diagram, generalized
contact term, and s-channel pole diagrams of the nucleon and a minimal number of nucleon resonances are taken in-
to account in constructing the reaction amplitudes to describe the experimental data. Three different models, that is,
the Feynman, Regge, and interpolated Regge models, are employed, where the #-channel reaction amplitudes are
constructed in Feynman, Regge, and interpolated Regge types, respectively. The results show that neither the Feyn-
man model with two nucleon resonances nor the interpolated Regge model with one nucleon resonance can satisfact-
orily reproduce the available data for yp — f1(1285)p. Nevertheless, in the Regge model, when any one of the
N(1990)7/2%, N(2000)5/2%, N(2040)3/2%, N(2060)5/2-, N(2100)1/2%, N(2120)3/27, N(2190)7/2",
N(2300)1/2%, and N(2570)5/2" resonances is considered, the data can be well described. The resulting resonance
parameters are consistent with those advocated in the Particle Data Group (PDG) review. Further analysis shows
that, in the high-energy region, the peaks of yp — f1(1285)p differential cross sections at forward angles are domin-
ated by the contributions from #-channel p- and w-exchange diagrams, while in low-energy region, the s-channel pole

diagrams of resonances also provide significant contributions to the yp — f1(1285)p cross sections.
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I. INTRODUCTION

The study of nucleon resonances (N*'s) and A reson-
ances (A*'s) has always attracted significant interest from
the hadron physics community because a thorough under-
standing of the structure and properties of N and A reson-
ances is essential to understand clearly the nonperturbat-
ive behavior of quantum chromodynamics (QCD), the
fundamental theory of strong interactions. It is well
known that the experimental and theoretical studies of 7NV
scattering and 7 photoproduction reactions provide most
of the knowledge about the N*'s and A*'s. Nevertheless,
quark models [1-3] predicted larger numbers of N*'s and
A*'s than those experimentally observed. The possible
reason might be that some of the unobserved N*'s or A*'s
couple weakly to the 7N channel and thus escape from
the observation. Further, there are many one-star and
two-star N*'s and A*'s whose parameters, especially the
decay branching ratios to various final states, are not
known in the most recent Particle Data Group (PDG) re-
view [4]. These situations force us to investigate the N*'s

and A*'s in reaction channels other than 7 hadro- and pho-
toproductions. In the past few years, substantial experi-
mental and theoretical efforts have been devoted to the
study of yN, N, KY, wN, K*Y, and KY*(Y = A,Z) pho-
toproduction reactions, and valuable results have been
obtained [5—21]. In the present study, we concentrate on
the photoproduction reaction of the f;(1285) meson off
the proton target. f1(1285) is an axial-vector meson with
quantum numbers I°J€ =0"1**, mass M =1281.9+0.5
MeV, and width ' =227+ 1.1 MeV [4]. As the f,(1285)p
threshold is above 2.2 GeV, this reaction is more suitable
than 7 production reactions to investigate the N*'s with a
higher mass in the less-explored energy region. Further-
more, the f1(1285)p photoproduction reaction acts as an
“isospin filter,” isolating the nucleon resonances with
isospin / =1/2 and eliminating the interference of the A
resonances with isospin I = 3/2.

Experimentally, the differential cross-section data for
vp — f1(1285)p with f1(1285) —» nr*n~ in the energy
range from the f,(1285)p threshold up to the center-of-
mass energy W ~ 2.8 GeV were released in 2016 by the
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CLAS Collaboration at the Thomas Jefferson National
Accelerator Facility (JLab) [22]. Compared with the sim-
ultaneously released cross-section data for yp — 1'(958)p
with 77(958) — pa*n~, the f(1285) cross sections are
much flatter in cosé angular dependence, indicating less
important 7~ and u-channel contributions and possible s-
channel nucleon resonance contributions.

Several theoretical studies have been committed to
the investigation of the yp — f1(1285)p photoproduction
reaction. Before the publication of the CLAS data, pre-
dictions of the differential cross sections for yp —
f1(1285)p from various theoretical models were available
in Refs. [23—25]. Nevertheless, none of them seemed to
be able to even qualitatively describe the CLAS data re-
ported in 2016 [22]. Since the CLAS differential cross-
section data for yp — f1(1285)p became available, two
theoretical studies analyzed them, both in the framework
of the so-called interpolated Regge model [26, 27].
However, the conclusions drawn from these two analyses
are quite different. In Ref. [26], all the contributions from
the resonance-pole diagrams, NNy vector coupling
(< Ny,A*N) in the s-channel N-pole diagram and u-chan-
nel N-exchange diagram, and contact term were omitted.
Only the contributions from the #-channel p- and w-ex-
change diagrams together with those from the NNy
tensor coupling (o« No#*8,A,N) in the s-channel N-pole
diagram and u-channel N-exchange diagram were con-
sidered in the calculation. It was concluded that the
CLAS differential cross-section data can be reproduced
without considering any nucleon resonances. In Ref. [27],
besides the #z-channel p- and w-exchange diagrams, s-
channel N-pole diagram, u-channel N-exchange diagram,
and contact term contributions, the N(2300)1/2* -pole dia-
gram was further considered in constructing the reaction
amplitudes. It was reported that the contribution from the
N(2300)1/2*-pole diagram plays an important role in re-
producing the CLAS differential cross-section data.

As both Refs. [26] and [27] used the interpolated
Regge model and analyzed the same set of data, it is not
clear whether the differences in their conclusions about
the yp — f1(1285)p reaction mechanisms and the extrac-
ted resonance contents are due to the fact that the contri-
butions from the contact term and NNy vector coupling
(< Ny,A*N) were omitted in Ref. [26]. Furthermore, one
is curious whether the N(2300)1/2" resonance is the only
one that is needed to describe the CLAS differential
cross-section data for yp — f1(1285)p in an interpolated
Regge model, as in Ref. [27]. Besides, one wants to make
clear whether the traditional Feynman model and/or
Regge model are capable of describing the available
cross-section data from the CLAS Collaboration for the
vp — f1(1285)p reaction.

To eliminate the above-mentioned confusions, in the
present study, we present an independent and compre-
hensive analysis of the CLAS data [22] on differential

cross sections for f1(1285)p photoproduction in an effect-
ive Lagrangian approach. We build three different reac-
tion models, that is, the Feynman, Regge, and interpol-
ated Regge models, where the reaction amplitudes of #-
channel p and w exchanges are constructed in Feynman,
Regge, and interpolated Regge types, respectively. In
each of these three models, the z-channel p- and w-ex-
change diagrams, s-channel N-pole diagram, u-channel
N-exchange diagram, and generalized interaction current
are considered as background ingredients. Moreover, the
s-channel pole diagrams of a minimum number of nucle-
on resonances are considered to obtain a satisfactory de-
scription of the available data. The gauge invariance of
the photoproduction amplitude is guaranteed by introdu-
cing an auxiliary current, which ensures that the full reac-
tion amplitude satisfies the generalized Ward-Takahashi
identity and thus is fully gauge invariant, independent of
any specific type of form factors introduced in hadronic
vertices [28—31].

The present paper is organized as follows. In Sec. 1,
we introduce the framework of our theoretical model. In
Sec. III, we present our theoretical results and a discus-
sion of them. Finally, a brief summary and conclusions
are given in Sec. [V.

Io. FORMALISM

The full photoproduction amplitudes for yN —
f1(1285)N can be expressed as

M*¥ =M%+ M + M* + M, (1)

with v and u being Lorentz indices of the f;(1285) meson
and photon, respectively. The first three terms, M, M}*,
and M*, stand for the s-, t-, and u-channel amplitudes,
respectively, with s, ¢, and u being the Mandelstam vari-
ables of the internally exchanged particles. They arise
from the photon attaching to the external particles in the
underlying NN, interaction vertex. The last term, M.,
stands for the interaction current that arises from the
photon attaching to the internal structure of the NNf; in-
teraction vertex. All four terms in Eq. (1) are diagram-
matically presented in Fig. 1.

As shown in Fig. 1, in the present study, contribu-
tions from the following interaction diagrams are con-
sidered in constructing the s-, #-, and u-channel reaction
amplitudes: (i) s-channel N- and N*-pole diagrams, (ii) -
channel p- and w-exchange diagrams, and (iii) u-channel
N-exchange diagram. Note that the u-channel interaction
is expected to contribute significantly at high energy
backward angles. However, the available cross section
data for yp — f1(1285)p are sparse in this energy and
angle regime. In this situation, we simply ignore the u-
channel resonance exchanges in the present study, as the
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Fig. 1.
f1(1285)N. Time proceeds from left to right. The symbols fi
denote f1(1285).

(d) Interaction current

Generic structure of the amplitude for yN —

additional parameters introduced with these interactions
cannot be well determined by the available data. The ex-
pressions for all the s-, #-, and u-channel amplitudes can
be obtained straightforwardly by evaluating the corres-
ponding Feynman diagrams, except that in Regge and in-
terpolated Regge models, appropriate substitutions are
made for the propagators of intermediate p and w mesons
in the ¢-channel Feynman amplitudes (cf. Sec. I11.D). The
interaction current M.% in Eq. (1) cannot be calculated
directly, and we follow Refs. [28—31] to model this term
by a generalized contact current,

Mlynﬂt = r}/VNfl (@ C*H. 2

Here, I'yy;(¢) is the vertex function of the NNf; coup-
ling given by the Lagrangian of Eq. (12),

Kh
2m N

Lons (@) = ignwy, <1 + q) Yy, (3)

with ¢ being the four-momentum of the outgoing f;
meson; C* is an auxiliary current, which is nonsingular
and is introduced to ensure that the full photoproduction
amplitudes of Eq. (1) satisfy the generalized Ward-Taka-
hashi identity and thus are fully gauge invariant. Follow-
ing Refs. [29, 30], we choose C* for yp — f,(1285)p as

fi—F
§— p?

fu_ﬁ
u_p/2

C* =—Qy, (2p" —kY' = Ow, @p+ky, @
with

F=1-h(1-£)A~f). )

Here, p, p’, and k are the four-momenta for the incoming
N, outgoing N, and incoming photon, respectively; Oy,

and Qy, are electric charges of the u-channel N and s-
channel N, respectively; f, and f; are the phenomenolo-
gical form factors attached to the amplitudes of the u-
channel N-exchange diagram and s-channel N-pole dia-
gram, respectively; / is an arbitrary function that goes to
unity in the high-energy limit to prevent the “violation of
scaling behavior” [32]. In the present study, we choose
h =1 for the sake of simplicity.

A. Effective Lagrangians

The effective interaction Lagrangians used in the
present study for constructing the production amplitudes
are given below. For further convenience, we define the
operators

'™ =ys and re=1, 6)

and the field-strength tensors
L =0 =0 (7
F = 9'A” - 9" A¥, (8)

with f and A* denoting the f; vector-meson field and
electromagnetic field, respectively.

The electromagnetic interaction Lagrangians for the
s-channel N-pole diagram, u-channel N-exchange dia-
gram, and z-channel p- and w-exchange diagrams read

1. Ry
Lyny, =—eN KEV" - 2MNN0"’ 3v> Ay} N, )
Ly iy =18v 1y Euvap (A7) (62 Vv) flﬁv (10)

where e is the elementary charge unit; ¢ stands for the
charge operator; ky =k, (1+73)/2+x,(1=73) /2, with the
anomalous magnetic moments «,=1.793 and «,=
—1.913; My stands for the masse of N; g,,45 is the totally
antisymmetric Levi-Civita tensor with &y =1; and V
represents the vector meson p or w. The coupling con-
stant g,5, can be determined by the decay width of

fi—py,

2 2
Ff _ Eoniy™p
1-pY 5
96mm f]

(i +m) (i, =) (1)

With the value I'y;_,,, ~0.45 MeV from the CLAS experi-
ment [22], one obtains g,4, = 0.94 GeV-2. The coupling
constant g, can be estimated within a quark model as-
suming that f; consists of two-flavor u,d quarks, which
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results in sy = 8ory/3 [23].

The hadronic interaction Lagrangians for the s-chan-
nel N-pole diagram, u-channel N-exchange diagram, and
t-channel p- and w-exchange diagrams read

Lyns = gwvaN <f1 —i = Vavfl )7’;17’51\/, (12)

_ K
Lyny = —gnnvN {7;1 VH— Lvaavvﬂ} N. (13)
2mN

The value of coupling constant gyyys = 2.5 is obtained ac-
cording to the relation between the reduced elements F
and D from a study of the axial vector currents in Ref.
[33]. The coupling « is treated as a parameter to be
fixed by fitting the CLAS experimental data [22]. For
nucleon and vector meson couplings, the empirical val-
ues gvn, =3.25, gvnw = 11.76, «,=6.1, and «, =0 from
Refs. [30, 34] are quoted.

The Lagrangians for resonance-nucleon-photon trans-
ition read

(1)

L2 = 50 pre @A N +Hec., (14)
“2My
(1)
[2/}3; =—1 iRNV R# Vr(+)Fqu
N
g(z)
+e—W R I®F”,N+H.c., (15)
2My)?

(1)

sppe 8RNy ) [ @ pv
LRN)/ - (2M ) R;u/}/vrx (8 F* )N

2
8rNy 5

(2M )3 /1(1/

R, ¥ (@ F")0,N+H.c.,  (16)

(1)

7/2+ —ie 8RN () (A v
Ly =i (2M 7) Rupy T (0°PF™) N

(2
—e; jﬁ’;vy) RuupT™® (0°°F™) 0,N +H.c.,

(17)

where R designates the nucleon resonance, and the super-
scripts of Lgy, denote the spin and parity of the reson-
ance R. The coupling constants g%}vy(i =1,2) are treated as
fit parameters.

The effective Lagrangians for hadronic vertices in-

cluding nucleon resonances read

12 8RNI 5i(x) K ia »
f == RI™ 7+a) }N+H. .
Lns, My M, 7 M, i0, ) f! c
(18)
+ -8 D ¥ v
£13€§V2_f1 = lﬁRuyvr( )fiu N+H.,, (]9)
5= _ _ 8RNA 5 £) [ q v
Livi =~ pgop Ry T (") N +He 20)
72+ _ gRNf = &) (aa "
-LRNf] - (2M 1)3 Ruaﬁyvr ((9 aﬁflp )N+H.C.
€2y

The couplings ggry; are fit parameters. Actually, in a
single-channel calculation as the one performed in the
present study, only the products of the electromagnetic
coupling constants and hadronic coupling constants are
relevant to the reaction amplitudes. In practice, we fit
these products directly instead of fitting the hadronic and
electromagnetic couplings separately.

B. Resonance propagators

In the present study, contributions from s-channel
pole diagrams of a minimal number of nucleon reson-
ances with various spin and parity are included to de-
scribe the data. For spin-1/2 resonance, the propagator
reads

i
S1p2(p) = P Mp+il)2’ (22)

where Mg, I', and p are the mass, width, and four-mo-
mentum of resonance R, respectively.

Following Refs. [35—-37], the prescriptions of the
propagators for resonances with spin-3/2, -5/2, and -7/2
read

i B |
S3p(p) = m (g,uv + g?’u?’v) ) (23)
i 1
Ssp(p) = m (gyozgvﬁ + gyﬁgm)
1. . 1, -  _
- gguvgaﬁ + E (gﬂa)lV)/ﬁ + gﬂﬁyvya
+ gmi’yi’ﬂ +g’vﬂ7ﬂ7&)} s (24)
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i 1
S = 2y A A (~ V~ v~ V3
7/2(17) ﬁ—MR-l'lF/Z 36 ; 8u1vi8uava8usvs
uPy

- 7§M1#2gvlvzgl43v3 + 75/;4171’1 gﬂzvzgﬂw}

7 7
3. .
- gyﬂl’yvlgﬂzmgvzvs ’ (25)
where

- PuPv
v =~ 8w T ;;41% ) (26)
N v Pu b
Vu=Y" 8= Y+~ (27)

M3

C. Form factors

Each hadronic vertex obtained from the Lagrangians
given in Sec. II.A is accompanied by a phenomenologic-
al form factor to parametrize the structure of the hadrons
and normalize the behavior of the production amplitude.
Following Refs. [38, 39], for intermediate baryon ex-
change, we take the form factor as

N )21 ; (28)

[P = | —F—5
A+ (p* - M3,

where p denotes four-momentum of the intermediate ba-
ryon, and Mj is the mass for the exchanged baryon B. For
intermediate meson exchange, we take form factor as

Ay =M,

fM(Clz) = ma (29)

where ¢ represents the four-momentum of the intermedi-
ate meson, and M), is the mass of the exchanged meson
M. The cutoffs Apuy for each exchanged baryon (meson)
in Egs. (28) and (29) are treated as fit parameters.

D. Treatments of t~-channel reaction amplitudes

The t-channel reaction amplitudes are usually con-
structed in three different types, that is, the Feynman,
Regge, and interpolated Regge types [40]. In the present
study, we implement these three possibilities to explore
how the reaction mechanisms of yp — f1(1285)p and the
extracted resonance contents and parameters depend on
the choices of different types of z-channel interactions. In
addition, we determine what we can learn from the avail-
able cross-section data for yp — f;(1285)p.

1. Feynman model

In the Feynman model, the reaction amplitudes from

t-channel p and w exchanges are constructed directly by
evaluating the Feynman diagram in Fig. 1(b). The elec-
tromagnetic and hadronic vertices can be obtained dir-
ectly using the Lagrangians given in Sec. II.A. The amp-
litudes for p and @ exchanges read

2
. - + m
MY =—ignnv &vhy e k<xf4gﬁn Qﬂgn/ ’
t—m?
Ky

no
o, " 9| (30)

X [yT—i

where V represents p or w, and g denotes the four-mo-
mentum of the exchanged vector meson.

2. Regge model

In the high energy region, the differential cross sec-
tions are dominated at forward angles, where the effects
of high-spin meson exchanges are important. An econom-
ic way to describe the #- and s-dependence of the cross
sections in forward direction is Regge phenomenology
[41-43]. The standard Reggeization of the #-channel
Feynman amplitudes of p and @ exchanges corresponds
to the following replacements of the propagators:

1 v s\t nal,
= 7\ S
v 0 sin[zray(1)]

X ! .
Ty (0]

€3]

Here, so is a mass scale, which is conventionally taken as
so=1 GeV?, and ¢}, is the slope of the Regge trajectory
ay(). For V =p and w, the trajectories are parametrized
as [44]

,(1) =0.55+0.8 GeV 1, (32)

() = 0.44+0.9 GeV 21, (33)

Note that, in Eq. (31), the degenerate trajectories are em-
ployed for p and w exchanges, and thus, the correspond-
ing signature factors reduce to 1. Such a choice is pre-
ferred by data, which has been tested by our numerical
calculation.

3. Interpolated Regge model

It is believed that the Regge model works properly in
the large-s and small-|s| region, whereas the Feynman
model works properly in the low-energy region. In literat-
ure, the so-called interpolated Regge model is widely
used [40, 45—47]. In this model, an interpolating form
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factor is introduced to parametrize the smooth transition
from Feynman amplitudes to Regge amplitudes. Instead
of the replacement given in Eq. (31), in the interpolated
Regge model, one has the following replacement of the
propagators of z-channel p and w exchanges in Feynman
amplitudes:

= Pr=PuF+ 1-F), 34
-, IR R r—m} ( ) (34)
where F = F,F, with
1
5= 1 + e—(—=sr)/s0 ’ (35)
1
' (36)

= 1 +e+R)/t0”

Here, sk, o, tr, and f, are parameters to be fixed by fit-
ting the data. The parameters si and 7z denote where the
amplitudes transit from the Feynman type to Regge type,
and sy and 7, indicate how fast this transit occurs.

It can be observed that, by making the replacement of
Eq. (34), the ¢-channel amplitude is a combination of the
Regge and Feynman amplitudes, with a weight factor F
for the former and (1 -F) for the latter. In the low-en-
ergy (s < sg) region, the factor F' tends towards 0, ensur-
ing that one has an almost pure Feynman amplitude. In
the high-energy (s> sz) and small-|f] (Jt| < tg) region, the
factor (1-F) tends towards 0, ensuring that one has an
almost pure Regge amplitude. In the intermediate energy
region, the amplitude is constructed as a mixture of Feyn-
man and Regge amplitudes, which transits smoothly to a
Feynman amplitude in the low-energy region and to a
Regge amplitude in the high-energy region.

1. RESULTS AND DISCUSSION

In the present study, we perform a comprehensive in-
vestigation of the yp — fi(1285)p reaction within an ef-
fective Lagrangian approach. The contributions from the
s-channel N-pole diagram, u-channel N-exchange dia-
gram, t-channel p- and w-exchange diagrams, and inter-
action current are considered as background ingredients
in constructing the reaction amplitudes. We build three
reaction models, that is, the Feynman, Regge, and inter-
polated Regge models, where the #-channel reaction amp-
litudes of p and w exchanges are built in the Feynman,
Regge, and interpolated Regge types, respectively (cf.
Sec. I1.D). In each model, we consider pole diagrams in
the s channel of as few as possible nucleon resonances in
order to achieve satisfactory descriptions of the available
differential cross-section data.

In the most recent PDG review [4], there are nine

nucleon resonances with spin J =1/2 ~7/2 in the energy
region considered in the present study, namely, the
N(1990)7/2%, N(2000)5/2*, N(2040)3/2%, N(2060)5/2,
N(2100)1/2%, N(2120)3/2°, N(2190)7/2", N(2300)1/2*,
and N(2570)5/2" resonances. As it is not clear how many
and what nucleon resonances are really needed in the
vp — f1(1285)p reaction, we follow the strategy em-
ployed in Refs. [7, 12—14, 17-20] to choose nucleon res-
onances, that is, we strive to describe the available data
by introducing as few as possible nucleon resonances in
our theoretical models. In practice, we make numerous
trials of various numbers and different combinations of
these nine nucleon resonances in our calculations. First,
we attempt to reproduce the data without considering any
nucleon resonance. If that fails, we introduce one nucle-
on resonance to the model by testing the above-men-
tioned nine nucleon resonances one by one. If the data
still cannot be well reproduced, various combinations of
two nucleon resonances will be further considered in the
model. In principle, more nucleon resonances should be
further introduced in the calculations unless the data can
be satisfactorily described. Nevertheless, for the yp —
f1(1285)p reaction, so far, we only have differential
cross-section data with relatively large error bars at five
energy points. Adding more than two nucleon resonances
to the model will bring in too many parameters (masses,
widths, cutoffs, coupling constants, etc.) to the model,
which are difficult to be well determined by the available
(very limited) data. Therefore, in each model, we stop in-
troducing more than two nucleon resonances if the data
cannot be satisfactorily described.

In the following, we show and discuss the results
from each model separately.

A. Results for the Feynman model

In the Feynman model, it is expected that the near
threshold structures exhibited in the angular distributions
of yp — fi(1285)p are dominated by contributions from
nucleon resonances, and the cross-section peaks in the
high-energy region at forward angles are governed by
contributions from ¢-channel p and @ exchanges.
However, after numerous tests, we found that in the cases
when no nucleon resonance or any one or any two of the
above-mentioned nine nucleon resonances are introduced
in the calculations, the available differential cross-sec-
tion data for yp — f1(1285)p from CLAS Collaboration
[22] cannot be well reproduced in the Feynman model.

In Fig. 2, we show the results of differential cross sec-
tions of yp — f,(1285)p as a function of cosine of scatter-
ing angle 6 in the center-of-mass frame obtained in the
Feynman model with the N(2000)5/2" and N(2060)5/2~
contributions being considered. The fit with these two
nucleon resonances being considered is the best one as
the corresponding y?/N (x* per data point) is the smal-
lest among all the fits with no nucleon resonance, one
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do/dQ [nb/sr]
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Fig. 2.  (color online) Differential cross sections of yp —
f1(1285)p as a function of the cosine of scattering angle 6 in
the center-of-mass frame obtained in the Feynman model con-
sidering the contributions from the ~N(2000)5/2" and
N(2060)5/2~ resonances. The black solid lines represent the
results from the full calculation. The blue dash-double-dotted,
green dashed, and red dash-dotted lines represent the individu-
al contributions from the f-channel p- and w-exchange dia-
grams, s-channel N(2060)5/2 -pole diagram, and s-channel
N(2000)5/2* -pole diagram, respectively. The scattered sym-
bols denote the CLAS data in Ref. [22]. The numbers in par-
entheses denote the centroid value of the photon laboratory in-
cident energy (left number) and the corresponding total cen-
ter-of-mass energy of the system (right number), in MeV.

nucleon resonance, or two nucleon resonances being con-
sidered. In Fig. 2, the black solid lines represent the res-
ults from the full calculation. The blue dash-double-dot-
ted, green dashed, and red dash-dotted lines represent the
individual contributions from the #-channel p- and w-ex-
change diagrams, s-channel N(2060)5/27-pole diagram,
and s-channel N(2000)5/2*-pole diagram, respectively.
The scattered symbols denote the CLAS data from Ref.
[22]. The numbers in parentheses denote the centroid
value of the photon laboratory incident energy (left num-
ber) and the corresponding total center-of-mass energy of
the system (right number), in MeV. As can be observed
from Fig. 2, the differential cross-section data in the low-
energy region can be well described, whreas the data in
the high-energy region near the forward angles are ex-

cessively underestimated. Therefore, this set of results is
not considered as acceptable. The model parameters cor-
responding to this set of theoretical results are listed in
Table 1. One sees that the fitted mass and width of
N(2000)5/2" are a little bit far away from the correspond-
ing values advocated in the PDG review [4]. If we manu-
ally restrict these parameters in the fitting procedure in a
range, as advocated in the PDG review [4], the agree-
ment of the fitted differential cross sections with the cor-
responding data will be even worse than that shown in
Fig. 2.

The differential cross-section data of yp — f,(1285)p
in the high-energy region near the forward angles cannot
be well reproduced in the Feynman model. The possible
reason is that the Feynman type amplitudes of 7-channel p
and w exchanges do not result in proper angular depend-
ence of the high-energy differential cross sections as
demonstrated by the data. As so far we only have differ-
ential cross-section data at five energy points, introdu-
cing more nucleon resonances to this model to improve
the quality of the theoretical description of the data does
not make too much sense. We thus conclude that the
available differential cross-section data of yp—
f1(1285)p cannot be well reproduced in the Feynman
model.

B. Results for the Regge model

Asindicated in Sec. 11.D.2, the Regge type amp-
litudes of t-channel p and w exchanges have rather differ-
ent angular dependence than the Feynman type amp-

Table 1. Fitted values of parameters in the Feynman model
with the N(2000)5/2* and N(2060)5/2~ resonances being con-
sidered. The asterisks below the resonance names denote the
overall status of these resonances evaluated by the PDG re-
view [4]. The numbers in brackets below resonance mass Mg
and width I'z represent the range of the corresponding quantit-
ies given by the PDG review [4].

K, ~5.96+5.0
An/MeV 578+8
Ap/MeV 769+ 1
Aw/MeV 834+3
N(2000)5/2* N(2060)5/2"
. .
Mg/MeV 2250+3 2030+7
[~2000] [2030 ~ 2200]
Tx/MeV 126 +30 450+52
[~300] [~ 400]
Ar/MeV 1396+ 28 1399+ 59
Ny 8RN, 0.013+0.002 ~185+0.8
Sy 8RN, 16.8£0.7 ~61.0£2.0
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litudes. Thus, although the Feynman model fails, the
Regge model may still have the opportunity to describe
the available differential cross-section data for yp —
£(1285)p.

We conducted numerous tests and found that if no
contribution from the s-channel N*-pole diagram is con-
sidered in the Regge model, the resulted y*/N will be
greater than 10, indicating significantly poor fitting qual-
ity of the obtained results. This means that in the Regge
model when no nucleon resonance is considered, the
shapes of angular distributions in the low- and high-en-
ergy regions cannot be simultaneously described by non-
resonant contributions, which are mainly #-channel p and
w exchanges only. We then tried to add one of those nine
nucleon resonances as mentioned in Sec. I.LA to this
model. We tested them one by one, and it was found that
by adding any one of those nine nucleon resonances in
the Regge model, the available differential cross-section
data of yp — f1(1285)p can always be satisfactorily de-
scribed with similar fitting qualities, 4.0 < y*/N < 6.5, as
listed in Table 2.

In Fig. 3, we show the theoretical results, compared
with the corresponding data, for differential cross sec-
tions of yp — f1(1285)p as a function of the cosine of
scattering angle 6 in the center-of-mass frame obtained in
the Regge model with the contribution from the s-chan-
nel N(2000)5/2*-pole diagram being considered. The
notations in this figure are the same as those in Fig. 2.
The fitted values of model parameters corresponding to
this set of results are listed in the second column of Ta-
ble 3. It can be observed that the fitted resonance mass
and width are consistent with the values advocated in the
most recent PDG review [4]. Note that the resonance
electromagnetic and hadronic couplings are not shown
separately because in a single-channel calculation as that
performed in the present study, the reaction amplitudes
depend only on their products. In the PDG review [4], no
electromagnetic decay amplitudes or f;(1285)p hadronic

Table 2. x?/N for differential cross sections fitted by includ-
ing one nucleon resonance in the Regge model. The asterisks
below resonance names denote the overall status of these res-
onances rated by the PDG review [4].

N* N(1990)7/2* N(2000)5/2* N(2040)3/2*
o o %
X2IN 6.5 4.0 4.1
N* N(2060)5/2~ N(2100)1/2* N(2120)3/2"
. . ok
XN 5.1 6.5 49
N* N(2190)7/2~ N(2300)1/2* N(2570)5/2"
. o ok
X2IN 6.2 4.7 4.6

(2474, 2350)

do/dQ [nb/sr]

cosO
Fig. 3.  (color online) Differential cross sections of yp —
/f1(1285)p as a function of the cosine of scattering angle 6 in
the center-of-mass frame obtained in the Regge model with
the contribution from the s-channel N(2000)5/2*-pole diagram

being considered. Notations are the same as those in Fig. 2.

Table 3. Fitted values of parameters in the Regge model
(second column) and interpolated Regge model (third column)
with the N(2000)5/2* resonance being considered. The aster-
isks below resonance names denote the overall status of these
resonances evaluated by the PDG review [4]. The numbers in
brackets below resonance mass My and width I'r represent the
range of the corresponding quantities given by the PDG re-
view [4].

Regge interpolated Regge
Kfy 14.4+7.0 14.6+5.0
An/MeV 500+ 103 500+ 124
Ap/MeV 108317 1079 +5
Aw/MeV 745 + 83 749 +51
N(2000)5/2* N(2000)5/2*
o o
Mg/MeV 2042 +33 2042+ 11
[~2000] [~ 2000]
Tgr/MeV 450 +57 450 +£72
[~300] [~300]
Ar/MeV 116717 1172+3
Ny 8RN, —64.7+0.5 ~62.8+0.5
Sy 8RN, 27.9+1.5 28.6+1.5
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branching ratio for the two-star resonance N(2000)5/2*
are advocated. If we use the helicity amplitudes A, =
0.031 GeV~1/2 and A;,, =-0.043 GeV~'2 from a BnGa
partial wave analysis [48] to fix the electromagnetic
couplings, we obtain gg,)w =-3.9, gféz,y =3.6. A refit of
the hadronic coupling results in ggys, = 19.8, while the
cross-section results change very little.

It can be observed from Fig. 3 that the angular distri-
bution data for yp — f1(1285)p in the entire energy re-
gion considered are quite well described in the Regge
model with the N(2000)5/2* resonance being considered.
In the high-energy region, the peaks at forward angles are
dominated by the #-channel p and w Regge exchanges. In
the low-energy region, the resonance contribution also
provides significant contributions to the observed cross
sections. Note that, compared with the contributions from
the z-channel p- and w-exchange diagrams in the Feyn-
man model (cf. Fig. 2), the contributions from the #-chan-
nel p- and w-trajectory exchanges in the Regge model
provide much steeper uplifts of the angular distributions
at forward angles, which is the main reason why the
Regge model succeeds in reproducing the data, while the
Feynman model fails. Considering that a meson traject-
ory exchange is an economic treatment of the exchanges
of all mesons lying on the trajectory, such a fact may in-
dicate that, for the yp — f(1285)p reaction, contribu-
tions from the z-channel exchanges of high-spin mesons
are important. y*/N is 4.0 for this set of solution. For the
other eight sets of solutions, each with one of the other
eight nucleon resonances being considered, the resulting
X*/N are between 4.0 and 6.5. They all reproduce the
available differential cross-section data for yp—
f1(1285)p satisfactorily. The reaction mechanisms in
those sets of solutions are shown to be quite similar —
the #-channel p and @ exchanges dominate the high-en-
ergy peaks at forward angles, and the s-channel reson-
ance contribution provides considerable contributions in
the low-energy region. Nevertheless, the available differ-
ential cross-section data are not sufficient to distinguish
those different sets of solutions in the Regge model.

The predicted total cross sections with dominant indi-
vidual contributions for yp — fi(1285)p in the Regge
model with the N(2000)5/2* resonance being considered
are shown in Fig. 4. As can be observed, in the high-en-
ergy region, it is the 7-channel interaction that dominates
the cross sections, while in the low-energy region, the
N(2000)5/2* resonance also contributes significantly.
This observation is consistent with the behavior of the
differential cross sections as shown in Fig. 3. The results
for models with other nucleon resonances are very close
to those with the N(2000)5/2* resonance.

In Fig. 5 we show the predictions of target nucleon
asymmetries at two selected energies in the Regge model
with each of the N(2100)1/27, N(2300)1/2*,
N(2040)3/2%, N(2120)3/27, N(2000)5/2*, N(2060)5/2",

L L

L — Full |
- N(2000)5/2"
--=+ t-channel

90 —

)
£ 60—
o

30 -

0 |1 A S S AN S AN S AR TR bkt et et

22 24 26 28 30 32 34
W [GeV]
Fig. 4.  (color online) Predicted total cross sections with

dominant individual contributions for yp — f1(1285)p in the
Regge model with the
N(2000)5/2* -pole diagram being considered. The notations are
the same as those in Fig. 3.

contribution from s-channel

1.0 T T T T T T T T T T T T T T

- (2474, 2350) T (2996, 2550) 1
0.5 4+

Fig. 5.
as functions of cosé for yp — f1(1285)p at two selected ener-

(color online) Predicted target nucleon asymmetries

gies. The numbers in parentheses denote the photon laborat-
ory incident energy (left number) and the total center-of-mass
energy of the system (right number), in MeV. The black solid,
blue dotted, green dashed, red long-dashed, cyan dot-dashed,
brown dot-long-dashed, magenta dash-double-dotted, violet
dot-double-dashed, and orange solid curves represent the res-
ults for the Regge model considering the contribution from s-
channel N(2100)1/2+, N(2300)1/2*, N(2040)3/2*, N(2120)3/2",
N(2000)5/2%, N(2060)5/27, N(1990)7/2*, N(2190)7/2~, and
N(2570)5/2, respectively.

N(1990)7/2*, N(2190)7/2", and N(2570)5/2" resonances.
It can be observed that the signs and magnitudes of the
target nucleon asymmetries predicted in the Regge mod-
el with various nucleon resonances are different. Future
data on this quantity are expected to be used to distin-
guish the Regge models with various nucleon resonances.

C. Results for the interpolated Regge model

As mentioned in the introduction section, two studies
[26, 27] have already been devoted to the investigation of
vp — f1(1285)p photoproduction reaction in the interpol-
ated Regge model. Although these two theoretical stud-
ies used the same reaction model, their results and con-
clusions are quite different. In Ref. [26], it was claimed
that the available differential cross-section data for
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vp — f1(1285)p can be reproduced without considering
any nucleon resonances. However, in Ref. [27], it was ar-
gued that the N(2300)1/2" resonance plays an important
role in describing the available differential cross-section
data for yp — £1(1285)p. In the present study, we also
perform a comprehensive investigation of yp — f,(1285)p
in the interpolated Regge model, paying special attention
to whether the available data for yp — f1(1285)p can be
reproduced in the interpolated Regge model without or
with the contributions from any nucleon resonances.

As the interpolated Regge model contains four addi-
tional parameters, compared with those in the Regge
model [cf. Egs. (35) and (36) in Sec. 11.D.3], naively, one
may expect that the interpolated Regge model can de-
scribe the data better than the Regge model. However,
this is not the truth.

First, we varied the parameters in non-resonant con-
tributions by use of MINUIT to fit the data in the inter-
polated Regge model without considering any nucleon
resonances. After numerous trials, it was found that the
fitting quality of the results is poor, as y*/N is 7.9. The
fitted results are illustrated in Fig. 6, from which one can
clearly observe that the available differential cross-sec-
tion data for yp — f1(1285)p cannot be reasonably de-
scribed in the interpolated Regge model when no s-chan-
nel N*-pole diagrams are considered. Such a conclusion
contradicts Ref. [26] but is in agreement with Ref. [27].
Note that, in Ref. [26], the contributions from the NNy
vector coupling [« Ny, A*N, cf. Eq. (9)] in the s-channel
N-pole diagram and u-channel N-exchange diagram, as
well as the contact term [cf. Egs. (1) and (2)], were totally
omitted, which requires further justification.

We then tried to add one of those nine nucleon reson-
ances as mentioned in Sec. III.LA to the interpolated
Regge model to reproduce the data. Surprisingly, for each
set of results, the obtained y*/N is very close to that of
the solution in the Regge model with the same resonance
content. Actually, the corresponding values of x?/N in
these two models only differ in the second digits (see Ta-
ble 2 for x?/N in the Regge model). Moreover, the fitted
values of the model parameters in the interpolated Regge
model are also very close to those in the Regge model
when the same nucleon resonance is considered. As an
example, the fitted values of the model parameters with
the N(2000)5/2" resonance considered in the interpolated
Regge model are listed in the third column of Table 3. As
can be observed, they are very close to those listed in the
second column of this table for the Regge model.

This unusual phenomenon is not difficult to be under-
stood from the fitted values of those four auxiliary para-
meters introduced in the interpolated Regge model, as lis-
ted in Table 4. The parameter sz indicates the approxim-
ate energy point at which the Feynman amplitude transits
to the Regge amplitude, and the parameter s, demon-
strates how fast this transition occurs. As can be ob-

15 T T T T T T T T T T T T T T
(2730, 2450) (3561, 2750)
= 12
wn
2 o 1 ‘-
% 6 ¢ 3 ¢ € : %_
S 3 :
[] % s —
0 1 | 1 | 1 | 1 1 | 1 | 1 | 1
-1.0 -0.5 0.0 0.5 1.0 -0.5 0.0 0.5 1.0
cosH

Fig. 6. (color online) Differential cross sections of

vp — f1(1285)p as a function of the cosine of scattering angle 6
in the center-of-mass frame obtained in the interpolated Regge
model with no resonance being considered. The notations are
the same as those in Fig. 2.

Table 4. Fitted values of auxiliary parameters introduced in
the interpolated Regge model. See Sec. I1.D.3 for the defini-
tions of these parameters. All numbers are in GeV?2.

S0 SR fo IR

0.26+0.35 0.80+2.30 0.05+0.70 10.20+6.25

served from Table 4, for the yp — f1(1285)p reaction, the
t-channel amplitudes transit from Feynman type to Regge
type around s = 0.8 GeV?, and the transition occurs very
fast as s¢ is a very small number, 0.26 GeV?2. This means
that above the f,(1285)p threshold, that is, s ~4.95 GeV?,
the #-channel amplitudes are almost purely in the Regge
type. In other words, the so-called interpolated Regge
model is in substance the Regge model for the yp —
f1(1285)p reaction. In Ref. [27], the values of these two
parameters also indicate that the interpolated Regge mod-
el claimed by the authors is essentially the Regge model.

If we manually force the parameter s to be greater
than the f;(1285)p threshold value, ~4.95 GeV?, and s
to be not excessively small in the fitting procedure so that
the reaction amplitudes indeed have the spirits of the in-
terpolated Regge model, that is, they transit smoothly
from the Feynman type in the low-energy region to the
Regge type in the high-energy region, the resulting y*/N
will be greater than 10.0, and consequently, the fitting
quality will be too inferior to be accepted. We thus con-
clude that the available angular distribution data for
vp — f1(1285)p cannot be reproduced in the interpolated
Regge model.

IV. SUMMARY AND CONCLUSION

The CLAS differential cross-section data for the
vp — f1(1285)p reaction [22] have so far been analyzed
in Refs. [26, 27]. Although both these theoretical studies
used the interpolated Regge model, their conclusions are
quite different. In Ref. [26], it was claimed that the avail-
able data for yp — f1(1285)p can be reproduced in the in-
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terpolated Regge model without considering any nucleon
resonances. However, in Ref. [27], it was argued that the
N(2300)1/2* resonance is needed in the interpolated
Regge model to describe the data.

In the present study, we performed a comprehensive
investigation of the yp — f,(1285)p reaction in an effect-
ive Lagrangian approach. We considered the contribu-
tions from the s-channel N-pole diagram, u-channel N-ex-
change diagram, z-channel p- and w-exchange diagrams,
and generalized interaction current in constructing the
non-resonant reaction amplitudes. We built three reac-
tion models, that is, the Feynman, Regge, and interpol-
ated Regge models, where the #-channel amplitudes were
constructed in the Feynman, Regge, and interpolated
Regge types, respectively. In each model, we introduced
as few as possible nucleon resonances to reproduce the
data. All nine nucleon resonances listed in the most re-
cent PDG review [4] with spin J=1/2~7/2 inthe en-
ergy region considered in the present study, namely the
N(1990)7/2%, N(2000)5/2", N(2040)3/2*, N(2060)5/2",
N(2100)1/2%, N(2120)3/27, N(2190)7/27, N(2300)1/2",
and N(2570)5/2 resonances, are allowed in practice. The
purpose of the present study was to find concise and clear
answers of the following questions: i) Can the available
differential cross-section data for yp — f1(1285)p be re-
produced in the Feynman, Regge, and interpolated Regge
models? ii) If yes, how many nucleon resonances are at
least needed and what are the resonance contents and as-

sociated parameters in these three models?

Our results showed that the available angular distribu-
tion data for yp — f1(1285)p from the CLAS Collabora-
tion [22] cannot be well reproduced in either the Feyn-
man or interpolated Regge models. In the Regge model,
when no nucleon resonance is considered, the data can-
not be satisfactorily described either. However, when any
one of the N(1990)7/2*, N(2000)5/2", N(2040)3/2",
N(2060)5/27, N(2100)1/2", N(2120)3/2, N(2190)7/2",
N(2300)1/2", and N(2570)5/2" resonances is taken into
account in the Regge model, the experimental data can be
well described. The resulted resonance masses and widths
are consistent with those advocated in the PDG review
[4]. In each set of results in the Regge model, it was
found that in the high-energy region, the peaks of differ-
ential cross sections at forward angles are dominated by ¢-
channel p and w exchanges, and in the low-energy region,
the resonance contribution also provides significant con-
tributions.

The fact that the available differential cross-section
data for yp — fi(1285)p can only be reproduced in the
Regge model but not in the Feynman model or interpol-
ated Regge model reveals that the angular and energy de-
pendence of the fi(1285) photoproduction amplitudes is
rather unusual. This indicates that the f;(1285) meson
might have an unconventional ¢g content, which de-
serves further investigations.
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