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Study of the a1(1260) resonance in the yp —» n*z*n~n reaction”
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Abstract: Within an effective Lagrangian approach and resonance model, we study the yp — a1(1260)*n and

yp — ntn*nn reactions via the w-exchange mechanism. For the yp — n*n*n™n reaction, we perform a calculation

of the differential and total cross-sections by considering the contributions of the a; (1260) intermediate resonance de-

caying into prr and then into 7*zx*x~. Besides, the non-resonance process is also considered. With a lower mass of

a1(1260), the experimental data for the invariant 7*z* 7~ mass distributions can be fairly well reproduced. For the

yp — a1(1260)*n reaction, with the model parameters, the total cross-section is of the order of 10 pb at the photon

beam energy E,~2.5 GeV. It is expected that the model calculations in this work could be tested by future experi-

ments.

Keywords: photoproduction, mass distributions, total cross-section, a;(1260)

PACS: 14.40.Be

1 Introduction

The a(1260) resonance with quantum numbers
JPC€ =17+ is a candidate for the chiral partner of p meson
[1-3]. It is also described as a gg state in the Numbu-
Jona-Lasino model [4, 5]. Apart from the quark model, it
is considered as a gauge boson of the local hidden sym-
metry [6, 7]. By using the chiral unitary approach,
a1(1260) is a state arising from the interactions of pairs of
hadrons in coupled channels [8, 9]. In addition, the nature
of a;(1260) has also been investigated using the r decay
spectrum into three pions [10-12], and multi-pion decays
of light vector mesons [13, 14]. Recently, the a;(1260)
resonance was studied in Ref. [15] in the decay of
T — v~ a1(1260) through a triangle mechanism.

The dynamically generated nature of «;(1260) has
been tested in the radiative decay process. The decay of
a1(1260) into 7wy in Ref. [16] was also studied in Refs.
[17, 18] and found to be in agreement with the experi-
mental data if a;(1260) is associated with the dynamic-
ally generated picture. In Ref. [19], the lattice result for
the coupling constant of a;(1260) into the pzr channel is
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similar to the one obtained in Ref. [8]. Recently, the pro-
duction of a(1260) in the 7~ p — a;(1260)”p reaction
within the effective Lagrangian approach was studied in
Ref. [20] based on the results of [8]. Besides, it was
found that the elementary gg component of a;(1260) is
comparable to the hadronic composite [21-23]. Using the
chiral unitary approach, the large N, behavior of the
a1(1260) state was investigated in Ref. [22], and it was
found that ¢g is not the main component of a;(1260).

Based on the values obtained by two different experi-
mental groups [24, 25], it is estimated that the mass and
Breit-Wigner width of a;(1260) is M, 2600 = 1230 + 40
MeV and T, 1260) = (250 - 600) MeV, respectively [26]2).
The large uncertainties of the mass and width of a;(1260)
in the Particle Data Group (PDG) [26] show that the
knowledge of a;(1260) is very limited. Therefore, a study
of a;(1260) photoproduction could be helpful to determ-
ine the mass and width of this resonance.

Meson photoproduction off a proton provides one of
the most direct platforms to extract information about the
hadronic structure [27, 28]. We should point out that in
the experiments, no signal representing a;(1260)*n photo-

* Supported by the National Natural Science Foundation of China (11475227, 11735003), and the Youth Innovation Promotion Association CAS (2016367)

1) E-mail: xiejujun@impcas.ac.cn

2) The result reported by COMPASS provides the mass M, (1260) = 1255 6ﬂ7 MeV and width 'y, (1260) = 367 + 932 MeV [24], while the analysis results of Ref.

[25] are M4, (1260) = 1225 +9+20 MeV and Lo, 1260) = 430+24 +31 MeV.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution of this work must main-

tain attribution to the author(s) and the title of the work, journal citation and DOI. Article funded by SCOAP3 and published under licence by Chinese Physical Society
and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese Academy of Sciences and IOP Pub-

lishing Ltd

064104-1



Chinese Physics C  Vol. 43, No. 6 (2019) 064104

production [29-33] could be isolated even though the my
radiative width of a;(1260) very likely exceeds that of
a»(1320) [16, 34-36]. The absence of the JF€ = 1** state
in charge exchange photoproduction is puzzling. In this
paper, by investigating the yp — a;(1260)*n process with-
in the m-exchange mechanism, we calculate its total
cross-section. The n*n*x~ mass distribution and the total
cross-section of yp — n*n*n~n are studied. In addition,
we consider the non-resonance contributions to the
yp — ntr*n n resonance, which involve nucleon pole
terms. Other contributions, which involve A(1232) and
nucleon excited states, can be removed based on the n*n
invariant mass spectrum from the experiments [33].

The article is organized as follows. After the introduc-
tion, we present the reaction mechanism of a;(1260) pho-
toproduction. The possible background relevant to the
production of a;(1260) is discussed and the n*z*7~ mass
distribution is presented in Sec. 3. This work ends with a
discussion and conclusion.

2  yp- a;(1260)*n reaction

In this section, we discuss the a;(1260) production
mechanism. Fig. 1 shows the basic tree-level Feynman
diagram for the a;(1260) production in the yp—
a1(1260)*n reaction via the m-exchange process.
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Fig. 1. Feynman diagram for the yp — a;(1260)*n reaction
via r-exchange.

For the 7NN vertex, we adopt the commonly used ef-
fective Lagrangian

L =—igmnNys@ RN = ~igann(pyspr’ + V2pysna
+ V2ityspn~ —frysna®), (1)

where the standard value, giNN /4 = 14.4, is adopted as in
Refs. [37, 38]. In addition, the form factor is introduced
for suppressing the vertex coupling when one or two in-
teracting particles go off-shell. For the 7NN vertex, the
form factor satisfies the relation
A2 —m?
/\2—q2 (2)
where A, is a cut-off parameter [39, 40], which will be
discussed in the following. ¢, is the momentum of the ex-
changed = meson.

The vertex depicting the interaction of a;(1260) and
my is [17, 18]

FﬂNN(qn)

phpl,

‘Y.pal

ta]*—nr*y = 8a,ny (gﬂv - ]%(Pa. )gv(py)’ (3)
where &,(p,,) and &,(p,) are the polarization vectors cor-
responding to a;(1260) and photon, respectively.

With the vertex above, we can easily get the partial
decay width of a; — 7y,

ga.ﬂy
247rML3,1

where M, = 1230 MeV is the nominal mass of a;(1260).
Using the partial decay width T, ., =640+246
keV of a;(1260) as listed in PDG [26], we get
8any = 244+£94 MeV, where the error is from the uncer-
tainties of I';,_,r, and the mass of a,(1260). In the follow-
ing calculations, we take the average value g, ., =244
MeV.

With the above integrants, one can get the scattering
amplitude of the y(p1)p(p2) — a1(1260)*(ps) +n(p3) pro-
cess as

Lgomy = (Mi _mzzr)’ 4)

- ‘/_lg NN&a,
M=———T""10 im T a(p3)ysu(pa)

U s

% (gﬂv _ P; )5;1(174)8V(p1)FnNN(617r)- (O]
P1-P4

By defining s = (p; + p2)?%, the corresponding unpolarized
differential cross-section reads

> |M|2] ()

do ™ [
dc0s9 327rs Ip M 4 s
where 6 is the scattering angle of af meson relative to the
beam direction in the c¢.m. frame, while 5™ and p,>
are the three-momenta of the initial photon and the final
aj, respectively.

In Fig. 2, the solid, dashed and dotted lines are ob-
tained with A, = 1.0, 1.3 and 1.6 GeV, respectively. From
Fig. 2 one can see that the total cross-section via 7 ex-
change increases very rapidly close to the threshold, and
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Fig.2. Dependence ofthetotal cross-section of yp — a;(1260)*n
as a function of £,
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the peak position of the total cross-section is E, ~2.6
GeV. The total cross-section is proportional to gzm,
which indicates that the cross-section is proportional
to the partial decay width I';_,,. Since the exact value
of I'y -y 1s not determined by theory or experiment, in
this work we take I'; _.», = 640 keV. The result is com-
parable with the cross-section of a;(1320) photoproduc-
tion [41].

3 yp-atata n reaction

Next, we consider the yp — a1(1260)"n — p°7tn —
rtntrn and yp — p’p — ntntan  processes. Here
yp — p°p — n*w*a"n can occur via the nucleon pole term
[42].

3.1 yp- a;(1260)*n - p’ntn — n*n*a~n reaction

The yp— a;(1260)*n — p’n*tn — a*tatn~n reaction
with 7 exchange is shown in Fig. 3, where the relevant
kinematic variables are shown. As discussed in the intro-
duction, we take the coupling of a;(1260) to the pmr chan-
nel as obtained in Ref. [8].

Pes +
4
B s pr
s N =
P a:(1260)* 1‘9 s~ T
ANV - = = = > = - = - = <
: G, S a
q - P
'[* T
1
1
P2 ! P
p —L n
Fig. 3. Feynman diagram for the yp — a;(1260)*n — p%7*n —

a*xtx"n reaction via r exchange.

The af p°n* vertex can be written as

—ity = —igi'/%” & &y, )
where g, and ¢ are the polarization vectors of a;(1260)
and p, respectively. g, - is the coupling of a;(1260) to
pr. We take g, ,on = (-3795+12330) MeV as obtained in
Ref. [8], where only the S-wave interaction was con-
sidered. Note that there is also a p-wave contribution to
the a;prr vertex as investigated in Ref. [43], where the D-
wave contribution was found to be small.
For the vertex of a;(1260)* interacting with p°z*, we
also introduce a form factor F, ,, which is

4

A
Fapn(qa,) = ﬁ, (®)
Aa. + (Qa. - Ma,)

with a typical value of A,, = 1.5 GeV as in Refs. [20, 44].
The a;(1260) propagator is

o8 8P +ql o IM2
Ga‘ (Qa.) =1 2 2 . ’ (9)
qa, —Mz; +iM, Ty,

where the width I';, is dependent on its four-momentum
squared, and we can take the form as in Refs. [45, 46],

Fal = ro +1"3,,, (10)
where T3, is the decay width for the process a;(1260) —
o — 3 [44], and T is the decay width for the other pro-
cesses. Following the experimental result in Ref. [24] for
the total decay width of a,(1260), we take Iy = 201 MeV
for T, =367 MeV at \JgZ, = 1230 MeV.

For the structure of the pzrr vertex, we use the gener-
al interaction as,
Lppy = —ig < V¥[P,0,P] >, (11)

where <> stands for the trace in SU(3) , and g = ’;ﬂ, with

my =m, , and f =93 MeV is the pion decay constant. The
pnr vertex can then be written as

—it = =i V2g(p7 - pe)a&’(pa). (12)
For the vertex of p interacting with sz, we also introduce
a form factor F.,, which satisfies the relation
Ay
A} + (g3 —m3)? (13)
with a typical value of A, = 1.5 GeV as used in Ref. [44].
The p propagator is

Fpmr(qp) =

A A 2
G7(g ):i—_g{f My (14)
p P g2 —m3+im,T,’

where T', is energy dependent. Because the dominant de-
cay channel of p is i, we take

3
I, ) = ron(q‘*f) L (15)

inv
on Minv

with 'y, = 149.1 MeV, and

[.2 2
mg —4mg

gon = (16)

(17

where M2 =g’ = (ps+p7)* or (ps+p7)* is the invariant
mass squared of the n*n~ system. We take m, = 775.26
MeV in this work.

It is worth to mention that the parametrization of the
width of p meson shown in Eq. (15) is meant to take into
account the phase space of each decay mode as a func-
tion of the energy [40, 47, 48]. In the present work we
take explicitly the phase space for the P-wave decay of
the p into two pions.

We finally obtain the scattering amplitude for the dia-
gram shown in Fig. 3,

qoft =
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V2igrvnga, pia,
1= #Tm)nu(m)( L ]
n— Mg P1°4aq,

XSV(PI)GH' (Qa.)FnNN(CIn)Fa.pn(CIa.)(gplrg)
X (GZA(PG +p7)(P7 = P6)aF prr(p6 + P7)
+(GSN(ps +p1)(p1 = P)aFore(ps + 7). (18)

32 yp-p’p- nntp - ntata nreaction

Besides the resonance contribution of the a;(1260)
resonance, we study another kind of reaction mechanism
for the yp — n*n* 7~ n reaction, which is depicted in Fig. 4,
where we have considered the contribution from
yp — p’p — ntn~ntn. In Fig. 4, the relevant kinematic
variables are also shown.

To compute the contribution of Fig. 4, we take the in-
teraction density for pyn as [49, 50],

€8pyr v,
Loy = nfy €"9,0,0,Apm, (19)
79

where Ag, 7 and p, denote the fields of the photon, 7= and
p, respectively. The coupling constant g,,, canbe ob-
tained from the experimental decay width T'y_,, [26] ,
which leads to g,y = 0.76.

Other vertexes are the same as given above. With the
above preparation, we get the transition amplitude for the
diagram shown in Fig. 4,

\/_gnNNgnNN egpyﬂ'

2 2
qn — My

(ﬂ%%u(ﬁz)ﬂv(m +ps)e”
3+ D5

X (s + P1)aP1p6/Gl’ (Ps + P1)(P7 = P6)or Fonn(P6 + P7)

+ ﬁ%% u(p2)Fn(p3 + pe)e” P (ps + p1)a
3 6

M= gFann(gr)u(p3)ys

X pip&,Gh’ (ps + p1)(P7 = P5)oForn(ps + pv)), (20)

with
4

= @1

TN+ gy )

ﬁ
L o e - - -
&
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Fig. 4.
action via r exchange.

Feynman diagram for the yp — p%*n — n*n*an re-

where A, =0.6 GeV and Ay =0.5 GeV are taken from
Refs. [49, 50, 51]. This choice of the cut-off leads to a
satisfactory explanation of the p° photoproduction at low
energies. Note that the value of A, is different from the
one we used for the yp — na;(1260)* production. Other
cut-off parameters are the same as given above.

3.3 Numerical results

The total cross-section of the yp — n*n*n~n reaction
can be obtained by integrating the invariant amplitude in
the four-body phase space:

1 2my- 2m,,[

do(yp —» ntntnn) =
21 4ip; - pa

> IMI2]

spins

x (2m)*dga(p1 + p2; P3: Pss Pes P7)s
(22)

with
M= M] + M][, (23)

where 2! is a statistical factor for the final two 7" mesons,
and the four-body phase space is defined as [26]

dg4(p1 + p2; p3; Ps» P6, P7) =
BN pAIdQ AL dQ My - AMip o
(24)

where 5| and Q¢ are the three-momentum and solid
angle of the out-going zn* in the c.m. frame of the final
mta” system, |5, and Q:” are the three-momentum and
solid angle of the out-going #* in the c.m. frame of the fi-
nal 7*n*tn~ system, and |3 and Q3 are the three-mo-
mentum and solid angle of the out-going n in the c.m.
frame of the initial yp system. In the above equation,
M, is the invariant mass of the 772~ two body system,
and My, is the invariant mass of the 7* 77~ three body
system, and s = (p; + p»)? is the invariant mass squared of
the initial yp system.

In Ref. [33], the yp - a*x*x~n reaction was studied
in the photon energy range 4.8 5.4 GeV. The 37 mass
distributions are measured from the 17*(or)g partial wave.
In Fig. 5, we show the theoretical results, ¢;do-/dMy-p-r-,
for the n*n*zx~ invariant mass distributions for the
yp — n*n*n"n reaction at E, =5.1 GeV, compared with
the experimental measurements of Ref. [33]. The theoret-
ical results are obtained with ¢; =21.5 and ¢; = 18 for
M, =1080 and 1230 MeV, respectively, which have been
adjusted to the experimental data reported by the CLAS
collaboration [33]. From Fig. 5, it is seen that the bump
structure around 1.4 — 1.6 GeV may account for the nucle-
ar pole contribution. If we use M, =1080 MeV, the
a*ntn” invariant mass distributions agree well with the
experimental data. On the other hand, the theoretical res-
ults with M, =1230 MeV can not describe the bump
structure around 1.1 GeV.

1
16278 s

064104-4



Chinese Physics C

Vol. 43, No. 6 (2019) 064104

50 : : : : :
— M:MI +MII
%) 401 -- M=M ]
dN ===- M=Mg
= \
S 30 \ i\ :
Ay \
[2]) \
£ 20 \ ]
3 et
1| 10_ _,—"“"_i_'\\'{-““;:[_". ..1.4 ]
e s

0 L L L
08 10 12 14 16

Mn*n’*rr(GeV)
Fig. 5.

50 e :
— M:MI +MII

> [ -- M=M ]
3 40 H:P T v
o 30 {- S \ ]
N . \
%] / AN
'.GC-.; 20- /// \\+ ]
Lﬁ 10' /// ““___'-.]:-:--\-'C-E'\.\\;P + ]

a-°"" g \u\h]::‘.:;;:'—.';-_.

0 L L
08 10 12 14 16
Mn*n’*n*(GeV)

1.8 2.0

The 3 n invariant mass spectrum for the yp — a*n*n~n process compared with the data obtained by the CLAS collaboration

from the 1**(on)s partial wave [33]. Left and right plots correspond to M,, = 1080 and 1230 MeV , respectively.

In addition to the differential cross-section, we also
calculated the total cross-section for the yp —» n*a*nn
process as a function of the photon beam energy E,. The
results are shown in Fig. 6, where one can see that the
total cross-section increases rapidly near the threshold,

— M=M; +My ]
-— M=M
<e-- M=My

o)
2 <
b \\\\‘\
0.5¢ T~
0.0 : ' :
2 3 4 5 6
E,(GeV)

Fig. 6.

4 Conclusion and discussion

In recent years, it has been found that the a;(1260)
resonance, although long accepted as an ordinary ¢g state,
can be dynamically generated from the pseudoscalar-
meson-vector-meson interaction, and therefore qualify as
a pseudoscalar-vector molecule. In this work, we have
proposed to study the a;(1260) resonance in the photopro-
duction process. Since a;(1260) was observed in the radi-
ative decay of a;(1260)* — n*y, the yp — a;(1260)*n re-
action by 7= meson exchange is the main process for pro-
ducing a;(1260). Our numerical results show that the total
cross-section of yp — a(1260)*n is of the order of 10 pb,
which is comparable with the cross-section for photopro-
duction of a,(1320).

In addition, taking the coupling constant obtained

and the peak of the total cross-section is at E, =2.5 and
2.9 GeV corresponding to M, = 1080 and 1230 MeV, re-
spectively. The differential and total cross-sections could
be checked in future experiments, such as those at CLAS.

1.5 — M=M; +Mp 1
-= M=M;

===+ M=Mp
6 10'
2
o)
0.5¢ =1
0.0 : : :
2 3 4 5 6

E,(GeV)

Total cross-section for the yp — n*n*n~n process. Left and right plots correspond to M,, = 1080 and 1230 MeV , respectively.

from the picture where the a,(1260) resonance is a dy-
namically generated state from pseudoscalar-meson-vec-
tor-meson interaction, the #*7" 7~ invariant mass distribu-
tions from the yp — a*x* 7~ n reaction were studied. With
M,, = 1080 MeV, we can describe the experimental data
for the n*z*n~ invariant mass distributions fairly well.
The total cross-section of the yp — n*a*z~n reaction was
also studied using the model parameters determined from
a comparison with the experimental data for the n*n*n™
invariant mass distributions. It is expected that our model
calculations could be tested by future experiments with
the yp — 77" n reaction at the photon beam energy E,
around 2.5~2.9 GeV.

One of us (Xu Zhang) would like to thank Yin Huang
for helpful discussions.
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