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Strange molecular partners of P, states in the yp — ¢p reaction
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Based on the high-statistics data of the CLAS Collaboration on the y p — ¢p reaction in the center-of-mass
energy range of 2.2 GeV to 2.8 GeV, we investigate the possible existence of strange molecular partners of P,
states, i.e., N*(2080) and N*(2270) as K*¥ and K*¥* molecular states. In addition to the ¢-channel Pomeron
exchange, 7-channel meson exchange including pseudoscalar meson (77, 1), scalar meson [o, a¢(980), fo(980)],
axial-vector meson f;(1285), tensor meson f>(1270), as well as s- and u-channel proton exchange, the inclusion
of the s-channel N*(2080) and N*(2270) states can fit the data very well. The fitted coupling constants of these
N* molecular states to p¢ and y p are consistent with the results calculated directly from the relevant hadronic

triangle diagrams of the hadronic molecular picture.
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I. INTRODUCTION

The observation of three narrow P, states decaying to J /v p
by the LHCb experiment [1,2] has triggered great interests
and a lot of efforts to understand their nature [3-5]. In fact,
the observed three narrow P, states, i.e., P.(4312), P.(4440),
and P.(4457), are consistent with earlier predictions [6-9]

of one narrow DY, bound state with spin-parity J* = 1~

H 2
and two nearly degenerate narrow D*X. bound states with
JP =1"&3". From heavy quark spin symmetry, one DX

bound state with J* = %_ and three D* X} bound states with

JP=1 _, 3 &5 are also expected to exist [10-12]. Evi-
dence of aP (43 80) was claimed by Refs. [1,12], with its mass
consistent with the expectation of the DX * bound state. Since
these hidden-charm P, states can be successfully and naturally
described within the hadronic molecular picture, their strange
partners are also expected to exist [13—16]. As the P, states
were observed through their J/y p decay mode, for those of
their strange partners above ¢ p threshold, they are expected to
show up in the corresponding ¢ p decay mode. This prompts
us to look for the K*¥ and K*X* bound states in yp — ¢p
reaction.

In 2014, the CLAS Collaboration at Jefferson Laboratory
reported high-statistics measurements of differential cross
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sections for the reaction yp — ¢p [17,18]. The experimental
results show that there may be some structures near the center-
of-mass energies W = 2.1 GeV and 2.3 GeV. And there is a
bump structure at the forward angle around W = 2.1 GeV.

Before the results of this experiment were released, there
were many studies on this process [19-26]. Due to the insuffi-
cient statistics of the previous experimental data, the previous
models need to be improved accordingly when describing the
latest experimental results.

Then based on the latest CLAS data, Yu er al. [27]
used Reggeized parametrized meson (7, o, f>) exchange and
Pomeron exchange to explain this forward angle behavior.

Kim and his collaborators [28,29] considered ¢-channel
Pomeron exchanges, 7-channel meson exchanges includ-
ing [, n, ao, fo, f1(1285)], s-channel and u-channel proton
exchange, and s-channel nucleon resonances exchange in-
cluding [N*(2000, 5/2%), N*(2300, 1/27)] by the Particle
Data Group (PDG) [30]. In later work [31], they also
considered the ¢N — ¢N final state interaction includ-
ing the gluon-exchange interaction, the direct /N coupling
term, and coupled-channel effects arising from the one-
meson-exchange mechanisms in ¢N — KA, KX, 7N, pN
processes, and found that the effect of the final state inter-
action of y p — ¢p is very small.

In the W =2.1-2.3 GeV energy region for the yp —
¢p reaction, there may be two hadronic molecular states:
S-wave K*X molecule N*(2080) and S-wave K*X* molecule
N*(2270), we examine whether the data can be fitted by using
N*(2080) and N*(2270) instead of previous N*(2000, 5/2%)
and N*(2300, 1/2%) for the s-channel N* exchange together
with the above-mentioned background terms.

The article is organized as follows. In Sec. II, we present
the theoretical framework of our calculation. Our results as
well as discussions and a brief summary are shown in Sec. III.
The Appendix is presented last.

Published by the American Physical Society
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II. THEORETICAL FRAMEWORK

For the reaction of ¢ photoproduction: y (k;) + p(p;) —
¢(ky) + p(p2) in the center-of-mass system, the four-
momenta of these particles can be defined as

ki = (k. k), (1)
p1 = (Ep(k), —k), )
by = (Ey(K), k), 3)
p2 = (Ep(K'), —K), )
P=k +pi =k +p=W,0), (5)

where k(k’) is the magnitude of three-momenta KK, Eg(k) =
VM2 + k? is the energy of a particle with mass M, and W is
the invariant mass of the system.

Then the differential cross section can be expressed as
follows:

do 1 K1
10 = Wi K d Z M, 53,0, k1, pis Koy p2)I?, (6)

all spins

where the invariant amplitude M can be written as

MM,Sz.,Az,sz (kls P1, k2s Pz)
= €;(ky, M)ia(p2, s:) MW (ki p1, ka, p2)
x u(pr, sp)eu(kr, L), @)

where €, (k;, A1) and €] (ka, A,) are the polarization vector of
photon y and meson ¢, respectively, u(p, s1) and #(p2, $2)
are the spinor of the incoming and outgoing baryon, respec-
tively, with the normalization @(p, s)u(p, s') = 2M 5.

As shown in Fig. 1, the full amplitude in our model
consists of 7-channel Pomeron exchange, ¢-channel meson
exchange including pseudoscalar meson (77, n), scalar meson
[o, ag(980), fo(980)], axial-vector meson [ f;(1285)], tensor
meson [f>(1270)], s- and u-channel proton exchange, and
s-channel N* molecule exchange. Then, M"" can be written
as

le — MMV

t—ch,

pF M MY M ()

t—ch,

In the following parts, these amplitudes are presented in
details.

A. Pomeron exchange

The Pomeron exchange, based on the Regge phenomenol-
ogy, stands out as one of the most successful frameworks for
describing high-energy elastic scattering. In the study of Don-
nachie and Landshoff [32], Pomeron is often approximated
as a particle with 71(J) = 0(1%), which primarily couples to
the quarks in hadrons. This is shown schematically in Fig. 2.
And the Pomeron couples to quarks with y,, type, similar to a
photon.

After considering some approximations [19,33,34], the
amplitude for Pomeron exchange can be expressed as follows:

M ok, prka p) = Gp(s, DTE" (k1. pr. k2. p2) (9)

withs = P2 = W21 = (p1 — p2)* = (ki — ka)?,

T (ki, p1, k2, p2)
. eMé vV v
= llzf—ﬂ.s@(f)ﬁu/dFl(f)(/llg“ —kjy"), (10)
[

where the decay constant f, = 13.48 can be calculated from
the decay width of ¢ — e™e™ in the vector meson dominance
(VMD) model [9]. And B, (B,/q) is the coupling constant of
the Pomeron with the quarks s (u or d) in the vector meson
¢ (proton p). The Fy(¢) and Fi(¢) are the form factors for the
Pomeron-vector meson vertex and the isoscalar electromag-
netic form factor of the nucleon, respectively, which can be
expressed as follows:

Fyt) = — 2 ) (11)
My —1\2u5+ M5 —1t

4AM2 — 2.8t
(4M2 —1)(1 —1/0.71GeV?)?’

k@) = (12)
where [t is a cutoff of the form factor related to the Pomeron-
vector meson vertex.

The Gp in Eq. (9) is the Regge propagator of the Pomeron,
and it is written as follows:

&\ @r-1 i
Gp = (—) exp {_?[QP(Z) - 1]} (13)

S0

with Regge trajectory ap(t) = ag + apt.

The parameters ,u%, Busas Bs» So, o, op can be determined
by fitting the total cross section of pg, @, and ¢ photoproduc-
tion at high energies [35]. Here, we use the same values as in
Refs. [9,31]:

ng =1.1GeV?, B,a=207GeV™"', B;=1386GeV ',
ap=1.08, ap=1/sp=025GeV >

B. Meson exchange

In the low-energy region, we also consider #-channel com-
mon meson exchanges, including pseudoscalar meson ¢ =
{r, n}, scalar meson S = {o, ap(980), fo(980)}, axial-vector
meson f(1285), and tensor meson f>(1270). The correspond-
ing effective Lagrangians are given as in Refs. [28,31]:

Lypp = L1 vty A 5, Vs, (14)
M,
Lyso = SLF .S, (15)
¢
Ly = 8rnse" P 0,Avdafip (16)
g f2¢ o v
Lypo == “Fuad dpfs". (17)
Lony = —igennNysNo, (18)
Lsyn = gsnnNNS, 19)
»CfINN = _gleNNvallLVSNs (20)
2g - v
Loy = 2L (K, 0N, Q1)
My

045201-2
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where ¢ ={m,n}, S= F = 9grAY — 9VAH,
¢;w = 8/.L¢D - av¢u~
The amplitudes can be calculated from the above effective

Lagrangians:

{07 ao, f()},

nv egW B sz (t)
My = M¢ —el klakZﬂVS e (22)
egs Fs(1)
MiZns =29, (kg™ = kiky) 7005 (23)
. Graqin |5 Fr (1)
Mf—vch,f, = ’g.fleﬂm’s |:_gak + MJ% ] sklﬁ_l—w,
1 fi
(24)
Fp, (1)
Bo ~2 A f
chh H= F;f)‘éq;’Gﬂp Ao (%)F‘{NNI—Z—M% (25)
J2

Wlth g(l = g)/(l¢g(lNN (a = {(p’ S7 f] })7

;‘;ﬁp(k ky) = 8y r¢ (kﬂkpg“” Ttk - kzgv;ffgup
my

—kjk5g"? — kPky ), (26)

ﬂp Aa(f]) 2(§ﬁk§pa + gﬁagkp) - %gﬂpg)m’ (27)

- 28 o
Mo (P, p2) = LN (5 4 poYry 28)

My

with my = 1.0 GeV, 3/r = —ghr + qﬂqp/m]zcz. F, (1), Fs(1),
Fy, (1), and Fy, (t) are off-shell form factors taken as

. A4
Fy5(t) = eiPos - 0.5 — 29
Aos+ (t N Mw,S)
4 2
i A
Fi, () = Prr finhs G0

2
A; 2 + ( M]%l f?)

In order to better describe the experiment, we use Regge
theory to deal with the o exchange, the f; exchange, and the
/> exchange, which can be referred to Refs. [27,28]. Then we
replace the Feynman propagator 1/(r — m), 1/(t —m7 ), and
1/(t — mi) with Regge propagator:

> = Py(s,t)

a

mal x Dy (1) < s )O‘”(t)
= - x| — ., (3D
[lo, () + 1] sin [mo, (2)] So

2 - pfl(svt)

t—mf
J1
wa, x Dr (1) ap (-1
fi” A (i) .6
1

Cloty, (8)]sin [ray, (1)] s,
— sz(s, 1)
t — mi
may, x Dy, (1) s\ 33
Tlay, (1) — 1sin [ra, ()] (;) &3

with s, =55 =57, =1.0 GeV?. The Regge trajectories
log (1), (1), a, ()] and phases [D, (1), Dy, (t), Dy, ()] take
the following form:

oy (t) =al +alt = —0.175+0.71, (34)

ap(t) =af +aft =0.95+0.0281, (35)

ap(t) = af +aft =0.537+091, (36)
—imo, (1) 1

D)= *T1 (37)

2

e—inafl ) _ 1

Dy (t) = — (38)
e*l’JTOlfz([) +1

sz ) = f 39)

The coupling constants in Egs. (14), (15), (16) can be
determined by the radiative decays of ¢ and f;. Using the
branching ratios data in PDG [30],

Bry 0, = (1.32£0.05)x 107,
Bry_,, = (1.301 £0.025)x 1072,
Bry_ay, = (7.6 £0.6)x107°,
Bry_ sy = (3.22£0.19)x107%,
Brf, ., = (7.4 £2.6)x107%,

we can get the relevant coupling constants

8ynp = —0.14,
8yne = —0.71,
8yawp = —0.77,
8y he = —2.44,
8yfp =0.17.

The coupling constants in Eqgs. (18), (19) can be deter-
mined by the Nijmegen potential as

g=nn = 13.0,
gnony = 6.34,
Zaonn = 4.95,
gy = —0.51.

The other coupling constants are considered as fitting pa-
rameters within some given ranges. For the o exchange, the
value of g, = gy5¢8snn falls within the range of 0.5-1.5.
The selection of the range can be found in Ref. [27]. For the
f1 exchange, the value of gsnn can be taken from 2.0 [36]
to 5.8 [37]. So, the value of gs, = g, r¢8nnn is Within the
range of 0.3-1.0. For the f, exchange, we take the value of
85 = &y 08NN to be within the range of 0.1-1.0.

The cutoff parameters (Ay, As, A, Af, Ay,) and the am-
plitude phases (B, Bs, B, By,, By, ) are the fitting parameters.

C. Proton exchange

Considering proton exchange in the s and u channels, from
the perspective of gauge invariance, the two amplitudes must

045201-3
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14 ¢

p p

(a) t-channel Pomeron exchange

p p

(b) t-channel mesons exchange

(¢) u-channel proton exchange

(d) s-channel nucleon exchange

FIG. 1. Relevant Feynman diagrams for y p — ¢p.

be taken together. The associated effective Lagrangians can be
written as

_ KN v
‘CVNN = —eN(yu — MO'M\;B )NAM’ (40)
_ K
‘C¢NN = _8¢NNN(VM — ;M_NII\\],GIAVBU)Nqu‘ (41)

And the amplitudes can be written as

M/’\L/V(Pl, kl » P2, kZ) = (ngCh,p + ijzch’p)Fp(sy u)v

(42)
M, (1K pa k) = S"’f"’ﬁfv (V” _ i;q&MNza““sz
ngch,p(p]’khpb ky) = %(V“ + iZZNUWkl"‘)

(43)

where g¢; = ki + p1, qu = p1 — ko, u = g2. F,(s, u) is a form
factor, taken from Ref. [31]:

Fy(s,u) = ePr[F(s) + Fy(u) — Fy()F,(w)?,  (44)

A4
Fp(s) = £ 27
Ab+ (s — M2)
A4
Fyu) = ———F—. (@5)
Ab+ (u— Mp)

0 O p

FIG. 2. The Pomeron exchange mechanism of yp — ¢p in
quark level.
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TABLE I. The model parameters.

Phases Cutoffs (GeV) Other constants
Bps 2.699 £+ 0.027 Apy 0.36 +0.07 Lo 0.540 £ 0.029 y; (GeV) 0.23 +£0.04
Bs 3.255£0.033 Ay 0.751 £ 0.028 g5 0.86 £0.17 i g 2.5+0.5
By 5.76 £+ 0.06 A, 0.766 + 0.021 gn 0.25+0.04 P —2.0+0.6
B 2.830 +0.028 Ao 2.00 £0.02 Iy (GeV) 0.099 +0.011 & 2.54+0.6
By, 0.419 £ 0.004 Ay 1.47 £ 0.06 g1 0.0395 + 0.0024 I —0.90 + 0.05
B, 3.027 £0.030 Ay, 1.96 £0.15 2 0.095 4+ 0.007
Bny 2.733 £0.027 Any 1.432 +0.022 g3 0.1937 £ 0.0034
Bny 1.001 £ 0.010 Ang 0.752 +£0.028 ho —954+05

In this part, the coupling constant ky is the anomalous
magnetic moment of the nucleon. For the proton, «, = 1.79.
And ggnn, kgnn can be determined by the Nijmegen potential
model [38,39]. There, we take ggny = —1.47, kyyy = —1.65
[31]. The cutoff A, and relative phase B, are fitting parame-
ters.

D. N* molecule exchange

As the P, states observed by the LHCb collaboration can be
well described by the S-wave DX, D}, and D*¥, molec-
ular states [6,7,40,41] with three D*Ej bound states with
JP=17,3",and 3" expected to exist from heavy quark
spin symmetry [10-12], their hidden strange partners are
also expected to exist [13,15]. For the process of yp — ¢p,
the CLAS data [17,18] observed two peaks around K*X
and K*¥* thresholds, respectively. We expect these peaks
to be due to K*Y and K*X* molecular states, denoted
as N*(2080) and N*(2270), respectively. Since the energy
range is not far away from the p¢ threshold, the S wave
is dominant. We consider only N*(2080)(3/27) [30] and
N*(2270)(1/2~or 3/27). For the process N* — K*X® —
y(@)N, it can be represented by a triangle diagram, as ex-
plained in the Appendix in detail. For simplicity, we describe
these two processes with tree-level diagrams. The correspond-
ing coupling constants are treated as fitting parameters, which
are going to be compared with the results of triangle diagram
calculations.

aM?

VY5t
2My (Mg F My)

v _ 82
M (1)27) = FR<s)< M

efi
wmkzys)c (95)52 e ys(—i)a, gkl

The corresponding effective Lagrangians can be written as
[42]

Lrny (%i) = e/

2My
e

—— NI'%o,,0"A"R, (46)

iefi
2My

efa
 2My)?

Lrny (%i) - R[i

+ 22 r#g, Na}
2 My

—— NITHFHR,

—= 3, NTEFHR,, 47)
2
81My )
2My (Mg F+ My) "

= ig + 82 +
c (ii) =R,| = THN + 22 1@ N
RWVA2 “loMy Y (2My)?

F—" T®nNj ]V“”, (48)

(2sz)2
where R and R/, are the fields for the spin-1/2 and 3/2 reso-

nances, respectively. V and N are the spin-1 vector meson and
baryon, respectively. And V#¥ = 9#V" — 9"V# with Ffti) =

() )
Yu ’ 1

Then the N* exchange amplitudes can be written as

(49)

_ 81 (8202 — g3k2), f1 efs P
MMV : 3/2 - F, k& gPH kp oL G7 . o kP oo _ kO Bu ,
M (3/27) R(s)(ZMNVp+ v (kg )G (4s) oM —4M]2V(p1) (ki'g 7e)
(50)
where
1 i(p+ Mg)
G? = — 51
)= TTME T il b
3 i(p+ Mg) 1 2Pupu
Go(p) = ———F—| —guv + =Vuvy + = v wDv) |- 52
w(p) s—M,%+iMRFR( e M2 * 3 v (YuPv = 1vpv) (52)
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cosf=-08 7 0.09F

0.091 cosf@=-0.7 7 0.09¢ cos@=-0.6 7 0.097 cosf=-05 1
0.06} «Charged | 56| 74 —twol - goel B L e - proton 1 0.06
« Neutral Mg B e pomeron
0.03/ 1 : 1003/ -~ meson 4 0,03 1 0.03
0.00F I — 0.0 B | 0,00
0.09}4 { 0.09H 1 0.09 1 0.09
0.06 1 0.06] ] 1 0.06 1 0.06
0.03 {003 1 0.03 {003
0.00f= ‘ - { 0.00f" it = | 0.00f" 1 0.00f
0.09f 10.12 {012
0.06 1 0.08 1 0.08}
0.03 1 0.04ff 1004
2 0.00 ™ 1 0.00f 4 0.00=
(en]
8 0.24r cos@=0.375 1 0.24r cosf=0.425 | 0.24- cos@=0.475 1 0.24- cosf=0525 -
S
T 016
0.08
0.00
0.48¢ cosf=0.575 1 0.48 cosf=0.625 1 0.48- I cosf=0.675 7 0.84r cosf=0.725
0.32 0.32 0.56
0.16 0.16 0.28
0.00 0.00 0.00 &
0.84 0.90 1 1.20f cosf =0.875 He ] a0 cosf = 0.92
0.56 0.60 10808 EgEabgeer Tih 160
0.28 0.30 1 040f & T 1 0.80
0.00 0.00 ) 0.00&z=: 0.00 2% =
2.0 20 22 24 26 28
W (GeV)

FIG. 3. Differential cross sections do /d cosO(ub) as a function of W (GeV) at different cos 6. The blue solid line stands for the total
contribution. The red dotted line, green dashed line, gray dash-dotted line, purple dotted line, and brown dotted line correspond to the
contributions from Pomeron exchange, pseudoscalar and scalar mesons (7, n, ag, fo) exchange, s- and u-channel proton exchange, Reggeized
mesons (o, fi, f>) exchange, and two N* molecules exchange, respectively. The magenta dashed line represents the full contribution without the
N* exchange. The experimental data are taken from Ref. [17], where the red triangles and blue circles represent the charged- and neutral-mode,
respectively.

The form factor Fg(s) takes the following form: For N*(2270), JP = 3/27(1/27), the fitted parameters are
mP hy(f/11). 815 &2+ &30 By Angs T,
Fir(s) = ePre * . (53) /11 &/ Fls Buer Ans, Tas).
For N*(2080), J* = 3/27, these parameters need to be fitted: III. RESULTS AND DISCUSSIONS

According to the KK decay mode of the ¢, the
ha(f2/ 1), 815 82, 83, Bwys Ay Ty CLAS Collaboration divided the results of yp— ¢p
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do/dcos6 (ub)

107

1072

10°L W =1.985 GeV

LW =2.015 GeV

LW=

2.045 GeV

4 W =2.075GeV 4

10°

107"

1072

L W =2.135 GeV

4 Lw=2195Gev o

10°F W = 2.225 GeV

L W =2.255 GeV

LW=

2.285 GeV

5 1 FW=2315GeV 4

10°L W =2.345 GeV

L W =2.375 GeV

LW=

2.405 GeV

4 L W=2435GeV i o

[ W =2.495 GeV

[ W =2.645 GeV

[ W=

2.675 GeV

L Le7

n

[ W=2815 GeV

1.0
cosf

05 1.0 -1.0

—— total
---------- Regge
Data - pomeron Nstar
o Neutral ----meson 7 s
_____ proton w/o Nstar

FIG. 4. Differential cross sections do /d cos 6 (ub) as a function of cos 6 at different W (GeV). The marks are the same as in Fig. 3.
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‘
cosf

cosf=-0.7 1

cosf=-0.5 1

0.09} =-08 1 0.09f 0.09} cos@=-06 1 0.09f
0.06] total 1 0.06 0.06 1 0.06
0.03 1003 0.03 1003
0.00 £ 1 0.004 0.001- 1 0.0
0.09 1 0.09 0.09 1 0.09
0.06 1 0.06 0.06 1 0.06
0.03 10.03 0.03 1 0.03
0.00¢ 1 0.00¢ 0.00¢ 1 0.00f
0.09 1 0.09 0.12 1012
0.06 1 0.06 0.08 1 0.08
0.03ff 1 0.03f 0.04 1004
S ook { 0.00 000k | o0k
8 0.24r cosf=0.375 | 0.24 0.24 cosf =0.475 - 0.24
3 0.16] I 1016 0.16] 1016
0.08] I 1 0.08 0.08} 1 0.08
0.005 : =1 000k 0.00 5 1 0.00E=
0.48} c0s6=0575 | 0.48 0.48 1084
0.32} 1032 0.56
0.16 0.16 0.28
0.00 ez 0.00 &= 0.00
0.84 0.90 120] cosd =087 2.40| cos6 =092 -]
0.56 0.60 0.80 1.60 ]
0.28 0.30 0.40 0.80 ]
0.00 0.00 0.00 0.00

FIG. 5. Mesons contribution to the differential cross sections do /d cos 6 (ub) as a function of W (GeV) at different cos 6.

into charged-(¢ — K*K™) and neutral-(¢p — KgKB ) modes.
Considering the contamination of the process yp —
Kt A(1520)/A(1800) — pK+tK~ on the charged mode, al-
though relevant cuts have been done in the experiment, we
only use the neutral mode to fit.

By using the MINUIT algorithm [43—45] to minimize the
x? function, we fit the experimental data of the differential
cross section do /d cos 0 in Eq. (6) and obtain the best fitting
result x2/dof = 0.87. Since with JP[N*(2270)] = 1/2~, we
cannot get good fitting results, so we only show J* = 3/2~
results. The corresponding parameters and results are shown
in Table I and Figs. 3-7.

Based on the fitting results, the following observations can
be made:

®
(ii)

(iii)

045201-8

Proton exchange: The contribution of proton ex-
change can be negligible in all regions.

Pomeron exchange: The contribution of Pomeron
exchange is relatively small in the backward angle
region. However, as cos 6 increases, its contribution
starts to increase. It becomes the main contributor to
the differential cross section when cos6 ~ 1, and its
contribution increases with the center-of-mass energy
in this region. In other angles, the contribution of
Pomeron exchange tends to increase initially and then
decrease.

Meson (7, n, ap, fo) exchange: The overall contri-
bution of meson exchange to the differential cross
section is relatively small. It also increases initially
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0.091 cosf=-08 7 0.09F cosf =-0.7
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0.091 cosf=-0.6 7 0.09¢ cosf=-05 1

0.06 1 0.06

0.03 - 1 0.031

0.00F == 1 0.00f

0.09 1 0.09

0.06 1 0.06

0.03 1 0.03

0.00F" 1 0.00f

0.09 1 0.09

0.06 1008 ¥
0.03 1 0.03

0.00 1 0.00

0.09 1 0.09

0.06 7% 1 0.06[f ©
0.03 1 003

0.00f 1 0.00f

0.12
0.08 /4t { 0.08}/

0.04 1 1 0.04f

0.00 1 0.00

0.24 1 0.241 cosB =0.425
0.16

0.087 1 0.08l

0.00 -4 0.00

0.24f c0s6=0475 | 0247 | cos6=0525 |

0.16 .

0.08; 1 0.08

0.00 =4 0.00

0.48f cosf =0.575 1 0.48f cosB = 0.625

0.48f cosf =0.675 1 0.84r cosf =0.725 -

0.32 1 0.56r b

0.16 ,,.-'" 1 028

0.00 =1 0.00

0.84r cosfB=0.775 1 0.90- cos6=0.825

0.56 1 0.60

0.281 7 10301

1 2.40r cosB =0.925 [
1 1.601 1 [ B

1 0.80

1.20

0.80

0.40

0.00

J 0.00&5

0.004 0.00 £

FIG. 6. Reggeized mesons contribution to the differential cross sections do /d cos 6 (ub) as a function of W (GeV) at different cos 6.

and then decreases with the center-of-mass energy.
Among the mesons, the contribution of pseudoscalar
mesons is much smaller than that of scalar mesons,
and the contributions of n and f;, are much smaller
than those of 7 and ay, respectively.

(iv) Reggeized parametrized mesons (o, fi, f>) exchange:
The contribution of Reggeized parametrized mesons
to the differential cross section is minimal in the back-
ward angle region, except near the threshold. Their
contribution becomes larger as the angle increases.
The change trend with the center-of-mass energy is
similar to that of meson exchange with a peak whose
position and height increase with the angle.

(v) N* molecules exchange: The contribution of N*
molecules exchange is most dominant in the back-
ward angle region and smaller in other regions.

Considering the behavior of the total cross section, in the
high-energy region, besides the largest contribution from the
Pomeron, only the Reggeized parametrized mesons contribute
significantly. Due to their relative phase, the exchange of
Reggeized mesons has little effect on the total cross section.

From the fitting results about N* molecules exchange:

Ty: =0.099 +0.011 GeV, Ty; = 0.23 £ 0.04 GeV,
g1 = 0.0395 +0.0024, g, = 0.095 = 0.007,
g3 =0.1937+£0.0034, f/f; = —9.5+0.5,
g, =25+05 g,=-20+0.6,
¢ =25+06, f/f =—0.90%0.05,

045201-9
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[ —total e Regge
0.8 eeeee pomeron ..o Nstar ]
i meson  _____ w/o Nstar L
0.6f ------ proton
3 L
3
O 0.4f
0.2}
0.0l
1 100

E;” (GeV)

FIG. 7. Total cross section o (ub) as a function of the photon
energy in the laboratory frame E**(GeV). Experimental data come
from Refs. [46-49].

we can calculate the properties
A3/2/A1/2 160i013,
A’3/2/A’1/2 = —1.12+£0.25,

Ty opp X Divessyp = (8.2 £2.6)x107* MeV?,
Tz pp X Tinzosyp = (6 £ 6)x 1077 Me V2.

The above results are roughly consistent with the calculation
from the molecular state triangle diagram in the Appendix
at small cutoffs Ag = 0.6—0.8 GeV and A; = 0.8—1.0 GeV.
Then, we discuss other mechanisms that may affect this pro-
cess.

First, for the charged mode, we need to consider the
final state of the three-body decay. The corresponding
process is yp — ¢p, KT A(1520), Kt A(1800) — pKTK~.
After adding the corresponding hard cuts of M k- according
to the experimental analysis, we can simultaneously fit both
the charged-mode data and the neutral-mode data.

Second, the thresholds of KT A(1520) and p¢ are very
close. So there may be coupled-channel effects [26]. Then
we can fit the experiment data of both K™ A(1520) and p¢
together.

In summary, through fitting the experimental data of CLAS
in 2014, we carefully analyzed the process of yp—¢p.
It is found that the data can be fitted well by using
N*(2080) and N*(2270) instead of previous N*(2000, 5/2)

N* A EP
2 L > 2

FIG. 8. The triangle diagram for the two-body decays of the
exotic N*s in the K*¥* and K*¥ molecular pictures, where C1,
C2 denote the constituent particles of the composite system K*X*
or K*%, F1, F2 denote the final states, £P denotes the exchanged
particles.

TABLE II. Used decay channels of N*.

Initial state Final states Exchanged particles
K, K*
N*(2270)(K*%%) pe .
144 K
K,K*
N*(2080)(K* %) pe
yp K

and N*(2300, 1/2%) for the s-channel N* exchange together
with other background terms. The fitted coupling constants of
these N* molecular states to p¢ and y p are consistent with the
results calculated directly from the relevant hadronic triangle
diagrams of the molecular picture. The new solution gives
a natural explanation of the two N* peaks in the process of
yp — ¢p, a further support of the existence of the strange
molecular partners of P, states.
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APPENDIX: N* HADRONIC MOLECULES

For the N*(2270) as the K*X* molecular, it should
be mentioned that the sets of spin and parity for
(K*,¥*) is (17,3/2%). Thus the N* states of spin-parity
(1/27,3/27,5/27) may be considered as S-wave bound
states of K*X*. Subject to the Lorentz covariant orbital-spin
scheme, the S-wave couplings for the N* with J© = 1/2~ and
3/2~ with the meson-baryon pairs of interest are given by

Liesen+(1/2-) = g}(ﬂ;]\/ LINTKH, (A1)

Lgsen=3/2-) = 83,(/*2);*,\,* S HyspUNK, (A2)

where 7 = (g, — p;f “)y* with p, representing the mo-
mentum of initial N* state. And two S-wave coupling

constants g}(/g,\, and gi(/zé,\, can be estimated by the

TABLE III. The coupling constants used in our calculation.

gknzr (GeV™') greyz+ (GeV™) 8K*Ko 8K*K*¢
6.202 8.444 9.077 4.271
8KNE 8K*NT 8K Koy (Gev™) 8KrK.y (Gev™h)
2.7 —3.25 —0.385 0.253

045201-10
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Weinberg compositeness criterion [4,50,51]:

1/2- _ 27tm2\/ 2¢
gK*):*N* - Ta

(A3)
g%‘z);w* — 1271m—2 v2€’ (A4)
5302

where u = mymy/(m; + my) is the reduced mass of the bound
particles, m; and m, denote the masses of £* and K*, respec-
tively, and € = m; + mp — M is the binding energy.

Similarly, for the N*(2080)(3/27) as the K*X molecular,
the S-wave coupling can be written as

LsneGrr) = ooy ENIKH, (A5)
- 4w my~/2e€
3/2 _ 2
Sken T\ T (A6)

As shown in Fig. 8, we calculate the partial decay width
of the molecular state by calculating this triangle diagram, the
process considered in Table II. Therefore we also need the
following effective Lagrangians [40]:

Lyv,p = —8vvep &P (8, V1,94 Vap ) P,
Lyvv, = —igvvv {VI (0. V5 Vo — V5 8, V3,)
+ (3,ViL Vs = V1,0, V) V4
+ V3 (V0. Vs — 0,V V3) |
Lppg = gppp-B*"0,PB,
Lypp = —igyps-B"y"ys[0,V, — 8,V,.]B,
Lpp,p, = —igpp,5,B1ysB2P,
Lvp,B, = gprs,8,B17,V"Ba2,

where V|V, P denotes K*K¢ or K*Ky, ViV, V3 denotes K*K*¢
or K*K*y, PBB* denotes KpX*, VBB* denotes K*pX*,
PBB; denotes K pX, VBB, denotes K*pX.

Here, we list the exact values of the coupling constants in-
volved in our calculations in Table III, where g, k-x is derived
from the radiative decay of K* in PDG [30], and the other
constants are derived from the SU(3) flavor symmetry [52,53].

J

q,mq, 51

FIG. 9. The particle’s momentums of the triangle diagram.

In order to make the calculation reasonable, we add two
form factors. We adopt the following Gaussian regulator f
to suppress short-distance contributions, and introduce the
monopole form factor f, to suppress the off-shell contribu-
tions for the exchanged particles:

f1(P*]AF) = exp(—p*/ A)), (A7)
4

AP = —— D (A8)
? (m? — ¢ + A

where p is the spatial part of the momentum of K* or £* in
the rest frame of the N* state, m is the mass of the exchanged
particle, and ¢ is the corresponding momentum. Ag and A
are ultraviolet cut-off and off-shell cutoff, respectively. The
cutoff Ay denotes a hard momentum scale that suppresses the
contribution of the two constituents at short distances ~1/Ay.
There is no universal criterion for choosing the cut-off, but
as a general rule, the value of A should be much larger than
the typical momentum in the bound state, given by +/2ue. It
should also not be too large since we have neglected all other
degrees of freedom, except for the two constituents, which
would play a role at short distances. Here, we range A( from
0.6 GeV to 1.4 GeV. The cut-off A; for the off-shell form
factor varies for the different systems, and we vary it in the
range of 0.8 GeV to 2.0 GeV.

So, following the momentums notation in Fig. 9, the corre-
sponding amplitude can be written as

M; = 808182/

@y

* A% [—(g+k)?
{ A }(

A;(k)

my — k2)2 + A}

* [(q +Kk)> —m? +ieq|[(p — q — k)? — m} + i€ (k2 — m} + i)

ANty k. = (g, 1)(g + K+ miaYPy (g + k, mi)u(p, soYku@o, € 7P (p — g = k,.(p — @)atl(p — g, 52),

Aoty ke = 8(q, s0)ysy" (g + K+ mi )Py (q + k, min)u(p, so){ku (p — q + k) 85,857

+ku(p— g — 2)PZL 8" + ku(k — 2p + 29)3

Ao x = (g, 1)+ K+ mi )Py, (q + k, mi)ys 9w (p, s)ku@on €7 (p — g = k)1 (p — Qah (P — ¢, 52),

Aoy = (g, s0)ysy" (g + Kk +mi )Py (q + k. ma)ys7Pua(p, so){ku(p — g + k)" 25,87

+hu(p— q — 2k)° 85, 80 + ku(k — 2p +2q);

(A9)

2 (A10)
FXE — (u o n)es(p —q.5), (A1)
(A12)

ZE — (ol (p—q5), (A13)
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TABLE IV. The values of (|A3//A1,l, Ty, I'jg) at different cutoffs from the triangle diagram.

(Ao, A1)(GeV) (0.6,0.8) (0.8,1.1) (1.0,1.4) (1.2,1.7) (1.4,2.0)
|A3/2 /A1 1.90 2.04 2.16 2.27 2.39
N*(2080)(3/27) I, ,(KeV) 0.047 0.28 0.69 1.16 1.64
I'pp(MeV) 2.34 14.97 41.09 78.70 127.98
|A3/2 /A1 2] 1.06 1.12 1.19 1.26 1.32
N*(2270)(3/27) I, ,(KeV) 0.53 4.56 15.65 35.56 65.72
I'py(MeV) 2.87 21.86 88.85 256.19 605.63
A ooy x = (g, s1)Ys(q + K+ mi)u’ (p, 5080, (p — q = )u(p — Das (P — ¢, 52), (A14)
A osor ke =BG, sDVu(g + K+ minu(p, so){(p — ¢ + KBS ZY
+(p — q — 2KV 8o 8y + (k= 2p+ 20)aB B Yo (0 — 4. 52)
= (g, s1)yu (¢ + K + mj)u, (p, SO)E?é’é’éﬂ{gm(p —q+ k)
+8ap(P — g — 2k)5 + gralk — 2p +2q) )™ (p — ¢, 52), (A15)

where € =mj Ty, € =mpln, €3 =mplia, and g’i,fu =8u(p—q—k,mp), 5’13., = gk, m3), gu(p,m)=gu —

Pupy/m?.
AL/23/2

N*(2270):K.K* OF A13V/*2(2080); .k correspond to the py or pg channel with K, K* exchange of triangle diagrams for two-body
decays of the N*(2270)(1/27), N*(2270)(3/27) or N*(2080)(3/27).

So, we can calculate the squared amplitude and width by

IM? = [IMg[* + Mg,

1

T 32p22 4 1md

Then we list the corresponding results in Table IV.
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2 -
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