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Questions:  1. How abundantly are charms produced? 
                    2. What we can learn about the structure? 
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Λ, Λc, N

π

N

D, D*, J/ψ

2. How abundantly are charms produced?

K, K*;  D, D*; ρ, π 
Reggeons

• Correct large s behavior 
• Absolute value not determined  
→ Fit to strangeness production 
     and predict for charm

removing the extra s and t dependence possibly coming
from the interaction Lagrangian. The normalization factor
is defined by

N ðs; tÞ ¼ A∞ðsÞ
Aðs; tÞ

; A2ðs; tÞ ¼
X

si;sf;λf

jMðs; tÞj2; ð18Þ

where A∞ðsÞ is the dominant term when s → ∞. In the
present case, however, such a factor is not needed, because
the amplitude (17) already satisfies the desired large s-
behavior, and moreover the normalization factor (18)
removes the favorable t dependence of the differential
cross section in the small −t region. In fact, the decreasing
behavior of dσ=dt for small −t arises from the t-dependent
structure of the effective Lagrangian amplitude that is
incorporated in the amplitudes (14) and (17).
We can derive the Regge amplitudes for the charm

production in a similar way. Replacing the s quarks in
Fig. 7 with c quarks, we can draw the quark diagrams for
the π−p → D$−Λþ

c process similar to Fig. 7. The relevant
amplitudes are written as
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C. Results for K$0Λ production

Having established the strategy above, we fix the
strengths of the free parameters a and Λ in Cexðp2Þ in
Eq. (16) by the following procedures:

(i) The cutoff masses Λ are chosen to be the typical
values: ΛK;K$;Σ ¼ 1.0 GeV.

(ii) The K$ Reggeon dominance being known, its
strength is determined by the global s and t
dependence of the observed K$Λ production cross
sections: aK$ ¼ 0.8.

(iii) The strength of the K Reggeon amplitude is chosen
to reproduce the small jtj behavior of dσ=dt together
with the dominant K$ Reggeon contribution:
aK ¼ 0.6.

(iv) The Σ Reggeon is determined to reproduce the
backward peak behavior: aΣ ¼ 1.5.

In Fig. 11, the total cross section is illustrated, together
with each contribution. K$ Reggeon exchange governs its
dependence on s. The contribution of K Reggeon exchange
is smaller than that of K$ Reggeon exchange, which
becomes clear as s increases. The reason is obvious from
the value of αKðtÞmentioned previously: the corresponding
intercept is smaller than that for the K$ trajectory and its
slope is steeper than that of the K$ one. We have seen in
Fig. 3 that the contribution of K$ exchange in the effective

1 2 4 8
s/sth

10
-2

10
-1

10
0

10
1

10
2

10
3

σ 
[µ

b]

KR
K*R
ΣR

[Regge]

π−p -> K*0Λ

0 1 2 3
-t  [GeV2]`

10
-2

10
-1

10
0

10
1

10
2

dσ
/d

t [
µb

/G
eV

2 ]

KR
K*R
ΣR

Plab = 6.0 GeV/c

π−p -> K*0Λ
[Regge]

FIG. 10 (color online). Total cross sections for the π−p → K$0Λ based on the Regge approach without form factors. The data are taken
from Ref. [24] (triangles) and Ref. [25] (circles).
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FIG. 11 (color online). Each contribution to the total cross
sections for the π−p → K$0Λ reaction given as a function of
s=sth, based on a Regge approach. The dotted and dashed curves
show the contributions of K Reggeon exchange and K$ Reggeon
exchange, respectively. The dot-dot-dashed one draws the effect
of Σ Reggeon exchange. The solid curve represents the total
result. The experimental data are taken from Ref. [24] (triangles)
and from Ref. [25] (circles).

KIM et al. PHYSICAL REVIEW D 92, 094021 (2015)
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Total cross sections

Kim, AH, Kim,  
Phys.Rev. D92 no.9, 094021 (2015);  D94, no. 9, 094025 (2016) 

compared to each other. D! Reggeon exchange plays a
crucial role throughout the whole angle region. However,
its contribution is diminished as cos θ decreases, compared
with effective Lagrangian method (see Fig. 7).

IV. COMPARISON OF THE TWO MODELS

To analyze what causes the large difference in the cross
sections between the strange and charmed productions, we

first calculated the cross section without considering form
factors. In the effective Lagrangian method, it is interesting
that, when excluding the Feynman propagators in Eq. (8) as
well as the form factors, each contribution for the charm
production is even larger than that for the strangeness one
within a factor of 10 except for the N exchange. In the case
of N exchange, the difference is between the factors of 10
and 100. Since the energy scale for the charm production is
larger than the strangeness one, the Feynman propagator
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FIG. 14 (color online). In the left panel, each contribution to the total cross sections for the π−p → D!−Λþ
c reaction is drawn as a

function of s=sth from a Regge approach. The dotted and dashed curves show t-channel contributions, i.e., those ofD Reggeon exchange
and D! Reggeon exchange, respectively. The dot-dot-dashed curve depicts the contribution of Σc Reggeon exchange. The solid curve
represents the full result of the total cross section. In the right panel, the total cross section for the π−p → D!−Λþ

c reaction (solid curve) is
compared with that for the π−p → K!0Λ one (dashed one). The experimental data for the π−p → K!0Λ reaction are taken from Ref. [24]
(triangles) and from Ref. [25] (circles).

0 0.5 1 1.5 2

10
-2

10
0

10
2

dσ
/d

t [
µb

/G
eV

2 ]

KR
K*R
ΣR
total

Plab = 3.93 GeV/c

0 0.5 1 1.5 2

10
-2

10
0

10
2

dσ
/d

t [
µb

/G
eV

2 ]

Plab = 3.95 GeV/c

0 0.5 1 1.5 2
-t  [GeV2]`

10
-2

10
0

10
2

dσ
/d

t [
µb

/G
eV

2 ]

Plab = 4.5 GeV/c

0 0.5 1 1.5 2
-t  [GeV2]`

10
-2

10
0

10
2

dσ
/d

t [
µb

/G
eV

2 ]

ΣR*102

Plab = 6.0 GeV/c

FIG. 13 (color online). Differential cross sections for the π−p → K!0Λ reaction as functions of −t0 at four different pion momenta
(Plab), based on a Regge approach. The experimental data denoted by the squares are taken from Ref. [26], while those denoted by the
stars are from Ref. [27]. Those designated by the circles are taken from Ref. [25]. The notations are the same as Fig. 11.
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FIG. 5. (color online) Total cross section with each contribution is plotted as a function of s/sth
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p ! D
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p ! K

0⇤. The experimental data are
taken from Refs. [39–41].

has a similar tendency as in the case of the ⇡�p ! K0⇤. As s/sth increases, the total cross
section is almost controlled by the D⇤ Reggeon exchange. However, the magnitude of the
total cross sections for the charm production is about 104 � 106 times smaller than that for
the strangeness production. We find the similar results in the study of the K⇤⇤ and D⇤⇤+

c

production reactions [21]. Both the inptercept ↵(0) and energy scale parameter s0 are crucial
to determine the total cross section for a corresponding process. While ↵K⇤(0) is given as
↵K⇤(0) = 0.414 as listed in Table I, ↵D⇤(0) is found to be �1.02 in Table II. This di↵erence
makes the total cross section fall o↵ faster than that of the strange production as s/sth
increases. The suppression of the present result is also seen in Ref. [30] where a simplified
Regge model is employed. It is found that the cross sections are sensitive depending on the
values of the intercept and hadron mass. The most optimistic estimation suggested 0.5 nb
at peak position with ↵D⇤(0) = �0.6 [30], whereas the present work yields 4 nb.

Now we would like to check the uncertainties of the present results by using di↵erent sets
of parameters. As mentioned already, we have employed the set (⇤ = 1GeV, at = 0.40, au =
2.00) for the charm production, which is determined from the strangeness sector. However,
this is not a unique choice. Within a reasonable range of the cut o↵ ⇤ around 1 GeV, the
parameter sets (⇤ = 1.2GeV, at = 0.37, au = 1.80) and (⇤ = 0.8GeV, at = 0.45, au = 2.10)
can equally reproduce the strangeness production. When we apply these values to the charm
production, the total cross sections lie in the range 1 nb� 13 nb near threshold as shown in
the left panel of Fig. 6. As the production energy increases, the di↵erence becomes smaller
gradually. It is worthwhile to compare our results with those from the other work [31] in
which the same reaction ⇡�p ! D�⇤+

c was investigated within a generalized parton picture,
focusing on the reaction threshold and forward angle region. As shown in the right panel of
Fig. 6, the results of this work lie between those of Model I and Model II given in Ref. [31].
The s dependence of the present results look very similar to those of both Model I and Model
II near threshold (20GeV2  s  30GeV2). However, as s increases, the results of Ref. [31]
fall o↵ rather slowly [43], which deviates from the present ones. It indicates that the models
developed in Ref. [31] do not satisfy the asymptotic behavior of the cross sections.

In Fig. 7, we continue to compare the present results of the di↵erential cross sections

10

~ 10–4
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FIG. 3. (color online) Background (BG) contributions to the total cross sections for ⇡�p !
(�, J/ )n with ⇢ and ⇡ Reggeon exchanges. The experimental data on ⇡�p ! �n are taken
from Dahl et al. [19] (red circles, squares, and triangles) and the data on the upper limit of the
⇡�p ! J/ n reaction are taken from Jenkins et al. [6] (blue circle) and Chiang et al. [7] (blue
square).

sections are drawn as a function of s/sth so we can easily compare the total cross section of
the ⇡�p ! �n reaction with that of J/ production. sth denotes the threshold value of s,
i.e., ssth = (M�+Mn)2 = 3.84GeV2 and scth = (MJ/ +Mn)2 = 16.3GeV2 for the ⇡�p ! �n
and ⇡�p ! J/ n reactions, respectively. The ⇢ Reggeon exchange dominates the ⇡ Reggeon
exchange, which is expected due to the relatively smaller values of gV ⇡⇡ compared with those
of gV ⇢⇡, where V generically represents � and J/ mesons (see Table I). The Regge approach
is known to describe the experimental data well at higher energies, so we fit the scale factor
C⇢(⇡)(t) defined in Eq. (9) such that it explains the total cross section for ⇡�p ! �n [19] in
the higher energy region. We use the form of C⇢(⇡)(t) = 0.5/(1� t/⇤2)2 with the cuto↵ mass
⇤ = 1 GeV fixed in Eq. (16) to avoid additional ambiguity. We use the same form of the
scale factor to obtain the total cross section for the ⇡�p ! J/ n reaction. The results of
the background contribution lie below the experimental upper limit [6, 7] on the total cross
section of the ⇡�p ! J/ n reaction.

As shown in Fig. 3, we find that the magnitude of the background contribution to the total
cross section for ⇡�p ! J/ n is about 106 times smaller than that for ⇡�p ! �n. This is
due mostly to the greatly suppressed value of gJ/ ⇢⇡/MJ/ in Eq. (1) compared with g�⇢⇡/M�

in the case of dominant ⇢-meson Reggeon exchange: (g�⇢⇡/M�)2 ' 2.5 ·105⇥(gJ/ ⇢⇡/MJ/ )2.
It is interesting to compare the current results with those of previous theoretical studies.
For example, Kodaira and Sasaki [20] estimated the total cross section for the ⇡�p ! J/ n
reaction by using generalized Veneziano models many years ago. The results were obtained
as �(⇡�p ! J/ n) = (1.1, 0.44) pb at plab = (50, 100)GeV/c, respectively, and we obtained
(0.17, 0.071) pb at the corresponding momenta. Thus, the orders of magnitude appear to be
similar to each other. However, Wu and Lee [21] predicted about 1.5 nb near the threshold
region (W ⇠ 4.2 GeV) within a coupled-channel model. Lu et al. [5] computed the total
cross section for the ⇡�p ! J/ n reaction by considering the heavy pentaquark states,

7

• ρπ Reggeon model reproduces the large s behavior of φ 
• J/ψ production is largely suppressed by ~ 10–6 

• Wish to see more data

~ 10–6

πN → φN, J/ψN

Kim, AH, Kim, Phys.Rev. D92 no.9, 094021 (2015) 

gπρφ ≫ gπρJ /ψ

π, ρ Reggeon
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Vector meson production: γ p → V p

~10–2 µb
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3. What we can learn about the structure?
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1 : 2
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Establishing single particle orbits: 89Y
 Similarity with hyper nuclei

Hypernuclei

Charmed baryons
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4. Productions of Pc
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Not much is known except for masses and widths
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Estimation for the J/ψ production

11

Formation of hidden-charm pentaquarks in photon-nucleon collisions

V. Kubarovsky1 and M. B. Voloshin2,3,4
1Thomas Jefferson National Accelerator Facility, Newport News, Virginia 23606, USA

2William I. Fine Theoretical Physics Institute, University of Minnesota,
Minneapolis, Minnesota 55455, USA

3School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455, USA
4Institute of Theoretical and Experimental Physics, Moscow 117218, Russia

(Received 14 August 2015; published 28 August 2015)

The cross section for formation in γ þ p collisions of the recently found hidden-charm pentaquark states
Pcð4380Þ and Pcð4450Þ is discussed and estimated. The studies of these resonances in photon beam
experiments can be complementary to those in the LHCb experiment setting, and may be more
advantageous for measurement of their additional decay channels. It is pointed out that both the relative
importance of such decays and the yield of the resonances in the γ þ p collisions are sensitive to the
internal dynamics of the pentaquarks and can resolve between theoretical models. Specific numerical
estimates are discussed within a simple “baryocharmonium” model, where the observed Pc resonances are
composites of J=ψ and excited nucleon states with the quantum numbers of Nð1440Þ and Nð1520Þ.

DOI: 10.1103/PhysRevD.92.031502 PACS numbers: 14.20.Gk, 14.20.Pt, 13.60.Rj

The newly discovered [1] baryonic peaks Pcð4380Þ and
Pcð4450Þ in the J=ψp system emerging from the decays
Λb → J=ψpK− extend to the baryonic sector the set of the
known in the mesonic sector exotic multiquark hadrons
containing a heavy quark-antiquark pair. The internal
dynamics of such hadrons is a subject of an intensive
discussion in the literature, and it is yet to be seen whether
models developed for the mesonic state resonances can be
applied to the new baryonic states, and where those latter
states fall within the spectrum of the discussed models. The
so-far suggested interpretations of the Pc peaks include
molecular states [2–5] “made from” a charmed baryon and
an (anti)charmed meson, pentaquarks containing tightly
correlated diquarks [6,7], or colored baryonlike and meson-
like constituents [8,9], and a model [10] where the peak
Pcð4450Þ is interpreted as a composite made of the
charmonium state χc1 and the proton. Finally, it has been
also suggested that at least one of the peaks is not a
resonance at all, but rather a kinematical singularity due to
rescattering [7,11–13] in the decay Λb → J=ψpK−.
Clearly, resolving between the models and clarifying the

nature of the discovered hidden-charm pentaquark peaks,
and possibly searching for similar peaks with other quan-
tum numbers, requires further experimental studies. The
purpose of the present paper is to estimate the yield of
the novel baryonic channels in a medium energy photon
beam on a proton target where the pentaquark peaks
should appear in the s channel at the photon energy around
10 GeV. Such experiments can be advantageous for
detailed studies of the production and decay properties
of the pentaquark resonances in comparison with the LHCb
environment. The discussed yield is determined by the
branching fraction BrðPc → γ þ pÞ, and it will be shown
here that this parameter can be expressed in terms of
BrðPc → J=ψpÞ by a relation similar to a vector

dominance for the J=ψ . Although such dominance cannot
be justified as a general rule, in the situation at hand it can
be applied due to arguments based on the heavy quark pro-
perties and special kinematics of the processes involved. As
a result the peak cross section for γ þ p → Pc → J=ψ þ p,
proportional to ½BrðPc → J=ψ þ pÞ%2, can reach tens of
nanobarns or more, if BrðPc → J=ψ þ pÞ ∼ 10%. Such a
relatively large cross section may allow fairly detailed
studies of the pentaquarks and a search for other similar
states. In particular, it may be realistic to study the decays
of the Pc states into J=ψpπ and J=ψpππ. As will be argued
below, such decays should be prominent, if the Pc states are
dominantly a baryocharmonium, i.e. a hadroquarkonium-
type [14,15] composite of J=ψ and excited nucleon states
similar to the known resonances Nð1440Þ and Nð1520Þ.
Such a pattern of the decays of the Pc resonances would
disfavor the molecular models [2–5], where one would
expect the natural decay channels into a charmed hyperon
and a meson, or from the χc1p complex model [10], where
the expected dominant decay is Pcð4450Þ → χc1 þ p.
Naturally, any observation of the Pc peaks in the γp cross
section would strongly disfavor the interpretation [7,11–13]
in terms of “accidental” singularities in the Λb decays.
For a resonance Pc in the s channel the cross section is

given by the standard Breit-Wigner expression (see e.g. in
Ref. [16], Sec. 48.1.)

σðγ þ p → Pc → J=ψ þ pÞ

¼ 2J þ 1

4

4π
k2

Γ2=4
ðE − E0Þ2 þ Γ2=4

× BrðPc → γ þ pÞBrðPc → J=ψ þ pÞ; ð1Þ

where J is the spin of the Pc resonance, E ¼
ffiffiffi
s

p
and k is

the center of mass (c.m.) momentum of the colliding

PHYSICAL REVIEW D 92, 031502(R) (2015)

1550-7998=2015=92(3)=031502(4) 031502-1 © 2015 American Physical Society
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} → 600 µb at the resonance point 
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J = 1/2

Pc
γ, π J/ψ

p N

To be consistent with the available data of at most ~ 1 nb,  
the product of the BR’s is ~ 10 –6 or less

π

π

K. Jenkins et al.,  
Phys. Rev. D 17, 52 (1978) 
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Open charm molecular states

transitions between VB and PB states because in our
t-channel vector meson exchange model they involve an
anomalous VVP vertex which is found to be very small
[15]. The transitions between VB and PB states through
t-channel pseudoscalar meson exchanges are also found to
be very small. As an example, we estimate the partial decay
width of our !D"c molecular state N!þ

c !c ð4265Þ to the J=cp
final state through the t-channel pseudoscalar D0 meson
exchange as shown by Fig. 2. Following a similar approach
as in Ref. [17], the partial decay width is about 0.01 MeV,
which is 3 orders of magnitude smaller than the corre-
sponding decay to !cp of 23.4 MeV.

It is very interesting that the six N! and #! states are all
above 4200 MeV, but with quite small decay widths even
after taking into account a possible uncertainty of a factor
up to about 2 due to model dependence from our empirical
experience. In principle, one might think that the width of
these massive objects should be large because there are
many channels open and there is much phase space for
decay. However, because of the hidden c !c components
involved in these states, all decays within our model are
tied to the necessity of the exchange of a heavy charmed
vector meson and hence are suppressed. If these predicted
narrow N! and #! resonances with hidden charm are
found, they definitely cannot be accommodated by quark
models with three constituent quarks.

In order to look for these predicted new N! and #!

states, we estimate the production cross section of these
resonances at FAIR. With a !p beam of 15 GeV=c one hasffiffiffi
s

p ¼ 5470 MeV, which allows one to observe N! reso-
nances in !pX production up to a massMX ’ 4538 MeV or
Y! hyperon resonances in !#Y production up to a mass
MY ’ 4355 MeV. We take N!þ

c !c ð4265Þ as an example. Its
largest decay channel is !cp. Following the approach as
in Ref. [18], we calculate its contribution to p !p ! p !p!c

through processes p !p ! N!þ
c !c !p mediated by " exchange

followed by decay of N!þ
c !c to !cp, and the analogous one

exciting !N!þ
c !c , plus those from the conventional mechanism

where instead of the intermediate N!þ
c !c we simply have

a proton. For the conventional mechanism, the pp!c

coupling is determined from the partial decay width of
!c ! p !p [1]. For the new mechanism with the
N!þ

c !c ð4265Þ, its couplings to !cp and "p are determined
from its corresponding partial decay widths listed in
Table IV. It is found that, while the conventional mecha-
nism gives a cross section about 0.1 nb, the new mecha-
nism with the N!þ

c !c ð4265Þ results in a cross section about
0:1 #b, about 3 orders of magnitude larger. With the
designed luminosity of about 1031 cm&2 s&1 for the !p
beam at FAIR [12], this corresponds to an event production
rate of more than 80 000 per day. With branching ratios
for !c ! K !K", !"", KþK&"þ"&, 2"þ2"& of a few
percent for each channel, the N!þ

c !c ð4265Þ should be able to
be observed from the !cp and !c !p invariant mass spectra
for the p !p ! p !p!c reaction by the designed PANDA
detector [12]. The N!þ

c !c ð4265Þ should also be easily ob-
served in the p !p ! p !pJ=c reaction with clean J=c signal
from its large decay ratio to eþe& and #þ#& although the
production rate is about 3 orders of magnitude smaller
than the p !p ! p !p!c process.
The !D!"c molecular state N!ð4415Þ has a large decay

branching ratio to J=cp. Its contribution to the p !p !
p !pJ=c reaction is estimated to be around 2 nb, about
1 order of magnitude larger than the contribution from
the N!þ

c !c ð4265Þ, and hence should be observed more clearly
in this reaction. Similarly, the predicted D&

s #
þ
c - !D$c

coupled-channel bound state #!
c !cð4210Þ states could be

clearly observed in the p !p ! # !#!c reaction at FAIR.
The other three predicted #!

c !c resonances have too high
masses to be produced at FAIR, but may be studied in
some future facilities with higher !p beam energies by the

p !p ! # !#!c or p !p ! # !#J=c reactions. This is an ad-
vantage for their experimental searches, compared with
those baryons with hidden charms below the !cN thresh-
old proposed by other approaches [19].
In summary, we find two N!

c !c states and four #!
c !c states

from PB and VB channels. All of these states have large c !c
components, so their masses are all larger than 4200 MeV.
The widths of these states decaying to light meson and
baryon channels without c !c components are all very small.

TABLE IV. Mass (M), total width (%), and the partial decay
width (%i) for the states from PB ! PB, with units in MeV.

ðI; SÞ M % %i

ð1=2; 0Þ "N !N !0N K" !cN

4261 56.9 3.8 8.1 3.9 17.0 23.4

ð0;&1Þ !KN "" !# !0# K$ !c#

4209 32.4 15.8 2.9 3.2 1.7 2.4 5.8
4394 43.3 0 10.6 7.1 3.3 5.8 16.3

TABLE III. Pole position and coupling constants for the bound
states from VB ! VB.

ðI; SÞ zR (MeV) ga

ð1=2; 0Þ !D!"c
!D!#þ

c

4418 2.75 0
ð0;&1Þ !D!

s#
þ
c

!D!$c
!D!$0

c

4370 1.23 3.14 0
4550 0 0 2.53

TABLE V. Mass (M), total width (%), and the partial decay
width (%i) for the states from VB ! VB with units in MeV.

ðI; SÞ M % %i

ð1=2; 0Þ $N !N K!" J=cN

4412 47.3 3.2 10.4 13.7 19.2
ð0;&1Þ !K!N $" !# %# K!$ J=c#

4368 28.0 13.9 3.1 0.3 4.0 1.8 5.4
4544 36.6 0 8.8 9.1 0 5.0 13.8

PRL 105, 232001 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

3 DECEMBER 2010

232001-3

J = 1/2– J =  1/2–, 3/2–DΛc, … D*Λc, …

Wu et al, PRL105, 232001 (2010)

Br(Pc → πN ) ~ 6% Br(Pc → J ψ N ) ~ 40%

If 1/2–, physical Pc can be a mixture of them, and then

Br(Pc → πN )× Br(Pc → J ψ N ) ≤ 0.006 ~10−2

Implying that σ is about 104 larger 
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In the case of the πN → φN reaction, the contributions of the nucleon resonances come
into play at low energies, which was studied in Ref. [28], the role of N∗(1535) being focussed.
Similarly, the heavy pentaquark resonances will play a certain role in the π−p → J/ψn
reaction near threshold. Upon taking into account the heavy pentaquark resonances, we en-

1 2 4 8
s/sth

10-4

10-2

100

102

104

σ 
[n

b] BG (ρ + π)
total
P0

c(4380)
P0

c(4450)π−p → J/ψn

FIG. 4. (color online) Total cross section for the π−p → J/ψn with the assumption of B(P 0
c →

J/ΨN) = 40% and B(P 0
c → πN) = 6% extracted from Ref. [29]. The spin and parity are given

as JP = (3/2−, 5/2+) for the (P 0
c (4380),P

0
c (4450)), respectively. The experimental data on the

π−p → φn are taken from Refs. [19–25] (red) and the data on the upper limit of the π−p → J/ψn
reaction are taken from Ref. [6] (blue circle) and Ref. [7] (blue square).

counter a problem in determining the coupling constants because of the unknown branching
ratios of the Pc states to any other channels. Wu et al. [29] predicted new resonances with
the cc̄ component based on a unitarized coupled-channel formalism, before the observation
of the Pc states was reported. The branching ratios of these predicted states for the J/ψN
and πN decay channels were proposed to be about 40 % and 6 %, respectively. Assuming
that they are the heavy pentaquark states announced very recently, we find that the mag-
nitude of the total cross section reaches about 104 nb, as depicted in Fig. 4, which is even
closer to the magnitude of the total cross section for the π−p → φn reaction. Moreover, it
exceeds the experimental upper limit on the π−p → J/ψn reaction [6, 7] by approximately
104 times. Note that here we have considered JP = (3/2−, 5/2+) for the Pc states, which
are mostly favored ones. Even though we consider different combinations of the spin and
parity for the Pc states, we cannot avoid this large result for the total cross section.

We can consider another suggestion proposed by Ref. [2], in which B(P+
c → J/Ψp) = 5 %

was assumed for the study of J/ψ photoproduction. As a result, Wang et al. [2] were able
to describe the old experimental data even with the heavy pentaquark states considered.
In the same line of reasoning, we take into account the experimental upper limit [6] for the
πN → J/ψN reaction, which is given around 1 nb. It implies that the branching ratio of
Pc → πN should be very small: B(P 0

c → πN) ∼ 10−5. Keeping this in mind, we can obtain
the corresponding coupling constants, using Eqs. (12) and (14). The results are listed in
Table II.

8

πN → J/ψ N

Resonance Pc contribution seems too large
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State Coupling 3/2+ 3/2− 5/2+ 5/2−

Pc(4380) gPcNπ 2.74× 10−4 4.23× 10−4 4.47× 10−5 2.89× 10−5

Pc(4450) 1.17× 10−4 1.79× 10−4 1.86× 10−5 1.21× 10−5

Pc(4380) gPcNJ/ψ 0.771 0.345 1.53 3.61

Pc(4450) 0.291 0.141 0.568 1.24

TABLE II. The coupling constants for the heavy pentaquark states with each JP assignment.
The branching ratios for the pentaquarks are assumed to be B(P 0

c → πN) = 10−5 and B(P 0
c →

J/ΨN) = 0.05.

Figure 5 represents the present results for the total cross section as functions of the
center of mass (CM) energy W , different combinations of the spin and parity for the heavy
pentaquark states being taken into account. As illustrated in Fig. 5, the results are not much
sensitive to the selection of the spin and parity for the heavy pentaquark states. The peaks
of the Pc states reach the experimental upper limit, i.e., about 1 nb. Since the Pc(4380) has
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FIG. 5. Total cross sections for the π−p → J/ψn. The spin-parity selections of (a-d) are JP =
(3/2−, 5/2+), (3/2+, 5/2−), (5/2+, 3/2−), (5/2−, 3/2+) for the (P 0

c (4380),P
0
c (4450)), respectively.

The experimental data are taken from Ref. [6] (blue circle) and Ref. [7] (blue square).

a broad width (ΓPc(4380) ≈ 210MeV), its peak overlaps with that of the Pc(4450), of which
the width is ΓPc(4450) ≈ 40MeV. Thus, it may be of great difficulty to distinguish directly
the Pc(4380) from the Pc(4450), based on the π−p → J/ψn reaction.

In Fig. 6 we draw the results of the diffetentlal cross sections for the π−p → J/ψn
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• Binary reactions for strangeness and charm productions 
   have been studied by Regge model

πN → D*Λc

πN → DΛc

πN → φ(J/ψ)N

Strangeness [µb] Charm [µb]

~ 102 ~ 10–2

~ 1 ~ 10–6

Ratio

~ 10–4

~ 10–6

γN → VN ~ 1 ~ 10–2 ~ 10–2

• For Pc, we need more data and realistic theory study
Coupled channel of MB and 5q configs 

}

γN → K(D)Λ(c) ~ 1
~ 10–1 
~ 10–5

our predictions

~ 10–1 
~ 10–5

* 
**

* Prediction by Gustafsson et al, PRD69, 094015 (2004) 
** by Goritschnig et al, POS (Photon 2013) 061


