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We present a recent investigation on the productio®9f4459) in the K~ p — J/¢ A reaction, using both the effective Lagrangian and
Regge approaches. We assume six different spin and parity assigniments/2®, 3/2% and5/2% to the newly foundP.,. The total

and differential cross sections for tié~p — J/¢ A reaction are calculated. We examine the dependence of the results on the different
assignments of © for P.
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1. Introduction strangenes#,, in the K~p — .J/vA reaction. Employ-

ing two different methodg,e., the effective Lagrangian and
The strong decays of heavy mesons and baryons have dRegge approaches, we are able to compute the scattering am-
fered a great deal of findings of exotic hadrons over the lasplitude of theK —p — J/¢ A reaction. Then, we can directly
decade. The first heavy pentaqudikis one of them, which predict the differential and total cross sections. Since the en-
was observed in tha) — J/¢K~p decay [1]. Very re- ergy of the threshold is already high enough, the hybridized
cently, the LHCb Collaboration sharpened the spectrum oRegge approach is a very plausible method to study flie\
the heavy pentaquarks by increasing the yieldd$f2] and  production [15-17]. Because the spin-parity quantum num-
found yet another heavy pentaquark that has strangenessier of P2, (4459) is experimentally unknown, we will con-
the analysis of th&, — J/¢AK~ decay [3]. The mass and sider the spin-parity states up frani2* to 5/2%. We scruti-
width of the hidden-charmed pentaquark with strangenessize the different behaviors of the differential and total cross
labeld asP? (4459) were determined to be, respectively, sections with the spin-parity states. The present study will
4458.8+2.9717 MeV and17.372- MeV. Its spin and parity ~ provide a useful guidance for future experiments.
are still unknown.

_Before the new finding of.,(4459) was announced, its 2 Formalism

existence had been predicted by many authors [4-10] (see
also a recent review [11]). Since the massR¥(4459) is  2.1. Effective Lagrangian approach
located below theD*=? threshold energy by about 19 MeV, N . _ _
P (4459) may be interpreted as a molecular state of she The transition amplitude fok™™p — .J/+4A is derived from
and.J/+. This picture being assumed, the quantum numbegffective Lagrangian approach. We take the Born approxi-
of P2, is proposed to bé/2~ or3/2-. mation, so that we calculate the tree-level exchange diagrams

If the hidden-charm pentaquaiR. and P.. exist, then shown in Fig. 1. Since we are intere_zsted in the production
one can also find them in the two-body processes. Actually?! the heavy pentaquark.,(4459), we include thef’ pole
The GlueX Collaboration measure thi¢ photoproduction diagram in thes-ghannel. ) i
off the nucleon, searching for the existence of the hidden- Moreover, since the spin-parity quantum numbers 9f
charmed pentaquarkg. [12]. However, the results show no Pfg(4459) are urknovin, we employ six different cases:
direct evidence of this exotic state. Furthermore, there is stil! = 1/27,3/2%,5/2 : By con5|d_er|ng these spin-parity
no experimental program to investigate the production of thé&@SSignments, the effective Lagrangian for igA.J /4 ver-
hidden-charmed pentaquarks through hadronic processes W can be expressed as
using meson beams. On the other hand, there are several the-,1/2+ =
oretical studies on the production Bf in ther~p — J/yn Lpxspe= — 9paspPTIAY the.,

reaction. They provide a simple mechanism as to lidis 3/24 _ 9PAJ/Y 5 1t T
are produced [13, 14]. One can carry out a similar investiga- ~PAJ/¢~ — "o, P,y A (8" —8"¢") + hc.,
tion on the production of,;, using the kaon beam. This is 5 /24 IPAT 0 =
H H s /l/) (0% ' v 17
the subject we discuss now. P/AJ/wZ - om? P, TFAOY (9M4p"—0" M) + h.c.,

In the present talk, we report a recent investigation
on the production of the hidden-charmed pentaquarks with @)
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T T/ A The non-resonance contribution to the transition ampli-

tude forK—p — J/¢¥A come fromK and K* meson ex-

change int-channel and nucleon exchangeufthannel de-

i A picted as in Fig. 1. The effective Lagrangian for each vertex
HLH, ,,,,, in those diagrams is given by
SRR
K- K- » p Lrprr = —igrpxx V" (KT0,K~ — K~ 9,K"),
FIGURE 1. Tree-level_ Feynman diagrams used in the presentwork. KK = — 9I/pKK* gl""w@ud}u[(aaf(é,
The left, center and right parts correspond respectivedy,te, and ’ My
u-channels. - u
Liynn = = 9ypnnNY "N +h.c.,
where theP, A, andy* denote theP?, (4459), A°, and.J /¢ FANE ~
fields respectively. The hyperon mass is labeled by, . LANK = — Ay, s NO"K +hec.,
The parity factors are given by "
X oanger | JANK® £
i ’ weo ’ * *
e T x (0,K; — 0,K}) +hec.. @)

The Lagrangian in Eqlj is already in the truncated form of : * .
that given in Ref. [18], where we neglect higher momentumThe coupling constants fof/y KK and J/u K K" vertices

: i . . are determined by the experimental data on theirs branch-
tear;Zh;gfcsN K vertexis described by following effective ing ratios [21] while the coupling constants farV K and

AN K* vertices are taken directly from the Nijmegen model
(ESCO08a) [22]. Lastly, the coupling constainy., y v is ob-

1/2+ - PTF
Lpng gpnk PTTNK +hee, tained from Ref. [23].

L2 — gPNK ey BTN K + hec., Since the hadrons have finite sizes and the scattering am-
Mmy plitudes should satisfy the unitarity, we introduce a form fac-
5/24 _ YPNK _vafBq 5 tor at each vertice. We use the widely used form factor in
Epnk = = Mm%, 0L LN 95K + hec, (3) reaction calculations as follows:
whereM andm denote the masses corresponding respec- F,(s) = At
tively to P., and nucleon. A% 4 (s —m?2)?’
To determine the coupling constants in the Ef). dnd A2 2
(3), we need information on the branching fraction féf; Fi(t) = A2
decays. Unfortunately, there is no experimental data on the ) )
decay ofP,.,. However, on the theoretical side, several stud- Fo(u) = AZ—m . (5)
ies have already predicted the branching ratid’af decays “ A2 —u

to J/+A [19, 20]. This help us to assume the branching ratiothe cutoff mass\ is chosen by adding abo6t0 MeV to the

of the P.; — J/4A is about 1 %. Furthermore, since the gxchange particle’s mass [18]. So, we use a rather high cutoff
decay ofP,, to K pis OZI-suppressed process, we assUMEnassAp = 5.0 GeV for P.,-exchange.

its branching ratio to be of order 0.01%. Having determined

all the branching ratios, we are able to calculate the coupling 2.  Regge approach

constants for theé’.;AJ/v) and P.; NK vertices, using the

partial decay width formula [18]. The results are listed inIn the present work we calculate thi&, production by us-
Table I. ing the hybridized Regge approach. The hybridized Regge
amplitude was suggested for the quantative description of the
TABLE |. The coupling constants faP..A.J/v and P..N K ver- high-energy behaviours of the hadronic reactions [15]. This
tices by considering six different cases of spin-parity assignmentsapproach can be achieved by replacing the standard Feynman

of P2, (4459). propagator with one from the Regge theory

J* 9PAT /Y gPNK 1 B ) s\ ex®

1/2- 4.41 x 1072 3.77 x 1072 P Pregge = —I'(—ax (t))&x () o'y - :

1/2% 1.26 x 1071 5.82 x 1073 (6)
3/2 5.46 x 1072 3.18 x 1073 . .

/ % % whereax (t) stands for the Regge trajectory of particte
3/2% 1.48 x 1071 2.06 x 1073

: : so denotes the scale parameter.

5/27 3.83x 107" 119 % 107° The J/4 production inK ~p scattering is strongly sup-
5/2% 1.33 x 1071 1.84 x 1073 pressed by OZI rule. Considering the quark components of

Supl. Rev. Mex. Fis3 0308040



THE EFFECT OF HIDDEN-CHARM STRANGE PENTAQUARK®-s ON THE K~ P — J/¢ A REACTION 3

incident beams, we find thdt and K* Reggeon exchanges

: ! Model Il Spin-1/2 -
are relevant to b&channel processes. One can determinethe 15| I U Spin-1/2+
value of thesy employing the result of Model | as a guideline. i — — — spin-3/2~
Comparison of théo/dt at the pole position between Model S Spin-3/2

I and Il results insy = 5 GeV? and2 GeV? for K andk* | %  TTTTTC Spin-s/2”
exchange, respectively. In addition, we consider the nucleon 5 0] — spin-sf2
Reggeon as a-channel contribution. Since the asymtotic be-
havior of thel" function does not allow large,, we fix the
So = 2 GeV2.

In order to take thé{ and K* Regge poles precisely, we
utilize the nonlinear Regge trajectories as follows [24]:

oln

0.51

ak(t) = ax(0) +7v (\/ Tk = VTk — t) ; () 007y 42 46 a8 50 52 54

W [GeV]

where~ is the universal slope ariflx indicates the point at
which the Regge trajectory is terminated. The values of paFicure 3. The calculated total cross section from Model Il by tak-

rameters are listed below. ing into account six different assignments of spin-parity quantum
number ofPY, (4459).
ax(0) = —0.151, ag-(0) = 0.414,
VI =296 GeV, +/Tg-=258GeV, s Model |
= 3.65GeV". ®) W =4.409 GeV /
0.8 — Spin-1/27 ;
As for theu-channel, we use the linear Regge trajectory. The ' I e [
values for the intercept and slope are given as = — = SNk o
L o0l ——— Spin-32*
@ —————— 5pin-5/2~
an(0) = —0.384, o'y = 0.996. 9) A Spin52*
i 0.4 1
. . 3]
3. Results and discussions ©
. . 0.2
The total cross sections for tH€~p — J/¢ A reaction are —-
calculated by using two different theoretical frameworks, ef- IR
fective Lagrangian (Model 1) and hybridized Regge approach 0'91 0 05 00 05 10
(Model 11). In each model, we examine the dependence of the ) ' ' ' '
results on different assignments 6f for P.,. As shown in 0.9
Figs. 2 and 3, the variation of” gives no change in the en- 0.8
ergy distribution shape of the total cross section for both '
% 0.71
1.5 = 5el
Model | Spin-1/2- o8
N Spin-1/2* 8 0.5
| — — — Spin-3/2- ke '
—— Spin-3/2+ S04
io4 &  ==———— Spin-5/2~
- —imimnms Spin-5/2 0.3
Q 3
= 0.2
b T T T
] -1.0 -0.5 0.0 0.5 1.0
0.5 b) cos B
FIGURE 4. The calculated differential cross sectiafv(/dS2) as
________________ a function of scattering angle for a given total energyV from
0.0~ : : : - : Model | by taking into account six different assignments of spin-
4.2 4.4 4.6 W [é-:\/] 5.0 5.2 5.4 parity quantum number aP?, (4459).

FIGURE 2. The calculated total cross section from Model | by tak- Models. Indeed, a significant difference of cross section oc-
ing into account six different assignments of spin-parity quantum curs around the resonance mass. The reason can be found
number ofPY, (4459). from the resonance and non-resonance interference part that
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5 X107 Model Il only in Model I but also in Model Il. This peculiarity appears
W = 4.409 GeV | since the hadronic form factor used in the present work is not
— 5pin-1/2 - enough to suppress the high power momentum in the ampli-
------------- Spin-1/2+ tude for spin-5/2 resonances. Actually, this unwanted behav-
=157 == == Spin3/2- f‘ ior for the spin5/2~ case still exists at higher energy regions.
& N Y However, we will not resolve this problem, since it is not our
o | ———— Spin-3/2~ / . .
2 o Spin5/2* S main concern in the present _vvork. _ _ _
S0l Ve In Figs. 4 and 5, we depict the differential cross section
B do/dS) as a function of the scattering angles 6 with the
® total energy?’ from Model | and Model Il fixed. At the res-
onance regions, one can clearly distinguish the shape of the
0.5 graph from the results on different spin-parity quantum num-
bers of P, except those for the spih/2* and 3/2~ cases.

a) —1.0 05 0.0 0.5 1.0 Both of them give almost similar shapes in the forward di-
rection while their behavior differs slightly in the backward
direction. In the vicinity of about 50 MeV above the res-
onance region, all the results give rather similar shapes. It
is not surprising since the width df.,(4459) is only about

17 MeV. Therefore, the experimental data on the differen-
tial cross section, especially near the resonance mass region,
is really crucial in determining the spin-parity assignment of
the hidden-charm strange pentaqu&fk(4459).

1.01

dofdcosf [nb]
o o
o (w+]

o
o
L

4. Conclusions

60| We investigated the production of hidden-charmed pen-
1.0 05 0.0 05 10 taquark with strangenesd’, (4459) by utilizing two differ-
b) cos 6 ent theoretical schemdss., the effective Lagrangian and hy-
bridized Regge approach. By considering six different spin-
parity quantum numbers dP.,, we examined its effect on
the total cross section and differential cross section. While it
is hard to distinguish each spin-parity in the total cross sec-
tion, we found the distinct difference in the differential cross
is sensitive to the spin and parity of the resonance. Nevesection specifically around the resonance mass region. How-
theless, this difference is not enough to distinguish the spin€Ver, it will be hard to distinguish the results for sgife*
parity quantum number d?., experimentally. and 3/27, since their shapes are almost similar each other.
We also investigate the difference between Model | and || Nevertheless, the present work may provide a helpful guid-

Model I produces the total cross section which increases vergnce for future experiments on finding the hidden-charmed
slowly as the energy increases where it falls off fast, as th@entaquark with strangene#3, and determining its quan-
energy increases further due to the inclusion of form factortum number.
On the other hand, Model Il enhances the total cross section
near the threshold and after the resonance region. As the eg:  Acknowledgments
ergy increases, the results decrease, as expected. This shows
that the Regge approach gives a better asymptotic behavior ahe present work was supported by Basic Science Re-
high energy while the effective Lagrangian approach requiresearch Program through the National Research Founda-
phenomenological form factors to achieve the similar resultstion of Korea funded by the Korean government (Ministry
If one takes a look closely, the result fBy,, with spin5/2~ of Education, Science and Technology, MEST), Grant-No.
yields different behavior, compared to the rest that appear n@@021R1A2C2093368 and 2018R1A5A1025563.

FIGURE 5. The calculated differential cross sectiatr(/df2) as a
function of the scattering angtefor a given total energyV from
Model Il by taking into account six different assignments of spin-
parity quantum number aP2, (4459).
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