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Abstract
We investigate the reaction”p — =« .J/¢p via the open-charm hadron rescattering diagrams. Due to
the presence of the triangle singularity (TS) in the resciaiy amplitudes, the TS peaks can simulate the
pentaquark-like resonances arising in the)p invariant mass distributions, which may bring ambiguities
on our understanding of the nature of the exotic states. cBiggr for the heavy pentaquark in different
processes may help us to clarify the ambiguities, becausedfighly process-dependent characteristic of
the TS mechanism.
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. INTRODUCTION

The LHCDb collaborations recently reported the observatiointwo resonance-like structures
in the invariant mass spectrum gf+p in the decay\) — K~.J/vp, which could be the long-
searching-for pentaquark states [1]. The narrower peataqeandidate’,.(4450) has a mass of
4449.8+1.7+2.5 MeV and a width of 385+19 MeV, while the pentaquark candidate(4380)
has a mass of 4388B+29 MeV and a much broader width of 2638+86 MeV ﬂ]. These
observations have intrigued a lot of studies regarding titerlying structures of the two exotic
states. Many interpretations were proposed in the liteeaguch as the meson-baryon molecular
statesﬁhQQ], the pentaquark states composed of two dig@entt one antiquark (or one diquark
and one triquark dg.8], the kinematic threshold eff ], and so on. Some production
modes to search for these states were also proposed, suuh @satoproduction process@ [22—
241, or pion-induced reactions [25-28].

When studying these heavy pentaquark candidates, usualyvdl confront two issues, i.e.,
what their underlying structures are and how to search femtin experiments. In Ref|:L|19],
we pointed out that these resonance-like peaks may beedduitm some kinematic threshold
effects, in particular the triangle singularity (TS) megisan. Some similar studies can also be
found in Refs.@bﬂl]. The TS mechanism is a highly proaegsendent mechanism, which is
very different from other dynamic mechanisms. This maydpambiguities on our understanding
of the nature of those exotic states. We therefore needeliff&kinds of processes to check this
mechanism. The N collisions could be a promising reaction to search for theviigoentaquark
or the effects induced by the TS mechanism. An experimenttdyshe open-charm hadrons has
been proposed at the forthcoming J-PARC high-momentum bmm’ﬂﬁ], which may offer a
good opportunity to study the heavy pentaquark.

The paper is organized as follows: In Section II, we will fysgive an introduction to the
TS mechanism; The explicit formalism of our model, incluglithe rescattering diagrams and
the construction of the effective Lagrangians, will be disd in Section Il (A) and (B); The
numerical results will be given in Section Il (C).

II. TSMECHANISM

The possible manifestation of the kinematic singularitiethe S-matrix elements was first no-
ticed in 1960s and theoretical attempts were made to tnarifgithe resonance-like structure, i.e.
whether they are caused by the kinematic singularitiesey #te genuine resonance pe@ [30-
@]. Unfortunately, most of those proposed cases were laekmerimental support at that time.
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FIG. 1: Triangle diagram under discussion. The internalswasich corresponds to the internal momentum
¢; iIsm; (1=1, 2, 3). The momentum symbols also represent the corresmppdrticles.



The TS mechanism was rediscovered by people in recent yednssed to interpret some exotic
phenomena, such as the largely isospin violationg 1405)— 3, the production ofi; (1420), the
production of someX'Y Z particles and so orh__Lh 9]. This mechanism is based on tidy sif
the analytic properties of thg-matrix. For the triangle rescattering diagram displaye#&ig.[1,

in some special kinematic configurations, all of the thrdermediate states can be on-shell si-
multaneously, which corresponds to the leading Landawsanidy of the triangle diagram. This
leading Landau singularity is usually called the TS. Thegitsl picture concerning the TS is:
The initial states:, andk;, firstly scatter into particleg, andgs, then the particle; emitted from

¢ catches up witlys, and finallyg; andgs will rescatter into particlep, andp... This implies that
the triangle rescattering diagram can be interpreted aasaichl process in pace-time when the
TS occurs, and the TS will be located on the physical boundtiye scattering amplitudat%].
In Fig.[d, we define the invariants = (k, + k)2, s2 = (py + gcgz andss = p2. The locations
of the TS can be determined by solving the Landau equa . For instance, if we fix the
internal masses.;, the external invariants, andss, we can obtain the solutions fer, i.e.,

1
sli = (my +ms)* + W[(m% + m% — 53)(82 — mf — mg) — 4mfm2m3
1
/

£ N2(s2,m3, m3NY? (s5,m, m3))], (1)

with \(z,y, z) = (x — y — 2)? — 4yz. Likewise, by fixingm;, s; ands; we can obtain the similar
solutions fors,, i.e.,

1
sgt = (my +ms3)* + w[(m% + m% — s3)(81 — m% — mg) — 4m§m1m3
2
+ M2 (s1,m3, m)AY?(s3,mi, m3)]. (2)

By means of the dispersion representation of the triangigrdim, we learn that within the physical
boundary only the solution of;” or s, corresponds to the TS of the amplitude, and we gaknd
s, as the anomalous threshol@[ﬁﬂ, 51, 52]. For convenientiefiee the normal threshold »
(s2n) and the critical value; ¢ (so¢) for s; (s2) as follows @3],

m

SIN = (mg + m3)2, S1c = (mg -+ m3)2 -+ Eg[(mg — m1)2 — 83], (3)
1
m

son = (my +mg3)?, sec = (my + mg)* + Hg[(ﬂw —my)® — s3). (4)
2

If we fix s; and the internal masses, » 3, whens; increases frons,y to s;¢, the anomalous
thresholds; will move from s, to son. Likewise, whens, increases fromsoy to sqc, s; will
move froms;c to s;y. This is the kinematic region where the TS can be present. aNeatso
use the discrepancies between the normal and anomaloskdhds to indicate the TS kinematic
region. The maximum values of these discrepancies read

AmaX _ ~
s1 vV S1c vV S1IN 2my (mz T ms

m
A = Ve = Ve g

mo(my + ms

ms

)[(mg —my)° — s3],

)[(m2 —my)® — s3] (5)

If the above discrepancies are larger, usually it may beseasiexperiments to observe some
effects induced by the TS in the corresponding rescattgmiogess.
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FIG. 2: 7~ p — «— J/¢p via the open-charm hadron rescattering diagrams. The ntiowe of momentum
and invariants are the same with those of Elg. 1.

. 7= p— 7" J/vYpVIA THE TRIANGLE RESCATTERING DIAGRAMS
A. Possiblerescattering processes recognizing the TS

Motived by the observations of the heavy pentaquark cateda(4450) andP.(4380), we are
going to apply the TS mechanism to the charmed meson andrbaygtems. We firstly introduce
some notations of the charmed hadrons in relevant with @audsions in Table I.

According to Eq.[(b), we learn the point that to enlarge thekir@matic region, we need to
enlarge the quantity(m, — m;)? — s3]. Physically, this quantity corresponds to the phase space
factor of the particle, decaying into particleg, andg, in Fig.[1. However, the larger phase space
usually implies that the particlg will be more unstable, and if the intermediate state has ya ver
large decay width, the TS will be removed far away from thegitsl boundary, which will weaken
the influence of the TS over the physical amplitu @,—We therefore need a balance
between the phase space and the stability of the interneestitie. In another word, to observe the
resonance-like peaks induced by the TS, we will requiretti@iphase space ¢f decaying into
p. @andq, is relatively large, and at the same tiggeshould not be a very broad resonance. Taking
into account the above requirements, some possible resogtprocesses where the TS may be
detected are illustrated in Figl. 2 for the pion-induced tieacr—p — 7~ J /¢p.



TABLE I: Properties and notations of the charmed hadronglgvant with our discussion. The experimen-
tal values are taken from the Particle Data Group (Plﬁ) [53].

Particle in PDGNotation| J | Mass [MeV] | Width [MeV]
AS AF |17 ]2286.46:0.14
Ae(2595)F A5 |37 ]2592.25:0.28  2.6+£0.6
A.(2625)F AP |37 12628.11£0.19 <0.97
$.(2455)TF | =it |17 |2453.98:0.16| 2.26+0.25
%(2455) 1 i |17 | 2452.9:0.4 <4.6
3.(2455)° 20 |17 |2453.74:0.16| 2.16+0.26
$.(2520)TF | mett | 37| 2517.900.6 |  14.9£15
$.(2520)F | met | 37| 2517.5:2.3 <17
6(2520)° 0 | 37| 2518.8:0.6 | 14.5t15
2.(2800)TF | =L 377 2801 75722
¥.(2800)* o |37 27920t 6275
2.(2800)° 20 37?7 28067 7222
DY DY |0~ |1864.84-0.07
D* D* |0~ |1869.610.10
D*(2007)° | D* |1~ |2006.96:0.10 <2.1
D*(2010)* | D** |1~ |2010.26:0.07|0.0834: 0.0018
D1 (2420)° DY |17 | 2421.4-0.6 27.4£2.5
D(2460)° DY |2t | 2462.6:0.6 49.0+1.3
Do(2460)* | DF |2t | 2464.3-1.6 3746

In Fig.[2, the rescattering diagramsp — DY, — 7~ J/¢p are divided into four categories
according to the quantum numbers of the intermediate &atirced meso® and charmed baryon
}/C) i'e')

) (a1)-(a3): BothD andY, areS-wave states,

1) (b1)-(b4): D is a P-wave state andf, is anS-wave state,
l1) (c1)-(c2): D is anS-wave state and. is a P-wave state,
IV) (d1)-(d3): BothD andY, are P-wave states.

The kinematic regions where the TS can be present are listeabie[1] for each of these diagrams.
From Tablel, we can see that the diagrams of Eig. 2 whichlimv®,, D, or X, in the loops

have the relatively lager TS kinematic regions. This is beeahe phase spaces for — D*r,
Dy — DWW andS., — A.r/S 7 are sizable, as discussed in the above section.

B. Formalism

To quantitatively estimate the rescattering amplitudesesponding to Fid.12, we will build
our model in the framework of heavy hadron chiral pertudratiheory (HHChPT)@@l].
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TABLE II: The TS kinematic regions corresponding to the dags in Fig[2, in the unit of MeV.

Diagram # \/s1n | /510 | AP [ /san | /520 |AT
(al) [4317.74318.50.7734151.44152.1 0.75
(a2) |4459.94460.70.8064293.54294.3 0.78
(a3) |4524.54527.7 3.28|4293.54296.7 3.14
(bl) |4708.04726.3 18.4|4293.54310.2 16.7
(b2) |4750.94794.5 43.7|4151.44189.2 37.8
(b2) |4750.94773.5 22.7|4293.54314.4 20.4
(b3) |4874.34893.4 19.1|4459.94477.1 17.3
(b4) |4917.24962.4 45.2|4317.714356.7 39.0
(b4") |4917.24940.7 23.5|4459.94481.0 21.1
(cl) |4665.84687.2 21.4|4151.44171.0 19.6
(cl’) |4665.94674.1 8.284317.74325.6 7.83
(cl”) |4665.94670.7 4.83|4382.34387. 4.62
(c2) |4808.04830.3 22.3|4293.54313.9 20.4
(c2') |4808.04816.6 8.65|4459.94468.0 8.16
(c2”) |4808.04813.q 5.05|4524.54529.3 4.82
(d1) |5013.75033.2 19.6|4599.24616.9 17.7
(d2) |5049.55069.2 19.7|4635.14652.9 17.8
(d3) |5092.45139.2 46.8|4493.04533.1 40.2
(d3") [5092.45116.7 24.3|4635.14656.9 21.8

In HHChPT, to encode the heavy quark spin symmetry (HQS®)ctiarmed meson doublets
(D, D*)and(D;, D,) are collected into the following superfields

1+¢,
Hla = Tﬁ[Da‘uf}ﬂu - Da'Y5]a (6)
_ _ 1—
Hon = (D + Dl L. )
1+ ) 3
T{fz: 2¢{D5afyu_\/;DlaV
1
X5 [g”” — 370" = v“)} } : 8)
0 A 3 A
T2a = D2a Yv + §D1al/
1 1-—
Xy | 9" — 27" (" — ") 1y ; 9)
3 2
Hla,Za = VOHIa,Z(z’yO? T1a72a = 70T11-a,2a707 (10)



where H,, (13,) is the charge conjugate field éf,, (71.), anda is the light flavor index. The
charmed baryons., A, A%, 3., ¥ andX., are collected in the following superfileds

1 1+

T = §€ijkT(Bf’>)jk> (11)
1 149 L+9 ..
R, = %(% + U5 AL+ : AL (12)
S = 736,5 + %(% + Uu)75736]7 (13)
17 1 «@ «@ 17
Xl = 7% (v + vu) 598 + (v + v)1595] X7, (14)
with the matrices
0 AF =F
(Bs)yj = | A 0 =), (15)
_=+ _=0
—c —c ij
St sz LE/CJr
B _ A v+ 220 E:/O 16
( 6)2] - N c V2 "¢ ) ( )
A=+ 1 =0 Q0
\/iic \/iic c ij
++ Lyt 1=+
B
(X)ij = ﬁzﬁ X Vo) (17)
1 =+ 1 =0 0o
5 —c2 5 —c2 c2

ij
For the charmed hadron decaying into one pion and anothemeldahadron, we have the
following effective Lagrangians which respect the HQSS:
Lmeson= iA—Tr [IrlgaTz’fﬁ”%(DuAy + D,,Au)ba} + h.c, (18)
X
+ ihloqjkﬁ(Du.Ay + DV.A“)ﬂXIZV
+ h11€uwoa Tr[S#(D" Ay + Do AY) X*7] (19)

whereA* is the chiral axial vector containing the Goldstone bosons

]
A = 5 (60,6 - 0.7 . (20)
with
%7‘.0_‘_%” 7T+ K+
g=eMi M= | T T g K (21)

K- KO —\/gn



and the covariant derivative is defied2s=0, + V,, with the chiral vector

V=5 (€06 +€0,6). 22

The reader is also referred to Re@[ﬁ—Gl] for more detaiscerning these effective La-
grangians. The coupling constants in the above interaxtoam be determined by the corre-
sponding decay widths measured in experiments. We adopavitigaged values estimated in
Refs. Egl__ah 2],

N =0.43, (23)
g2 = 0.565, (24)

By means of the quark model, the couplings andhy; will satisfy the relation|,; |=+/2|hy|
[Bé]. The chiral symmetry breaking scale is set\{g=-1 GeV, and the pion decay constant is taken
as f,= 132 MeV. From Eqs.[(18) and _(IL9), one may notice that the dantitwo-body decay
modesD; — D*r, Dy — DWr andX., — Acw/Eﬁ*)w are actuallyD-wave decays due to
the HQSS and the angular momentum conservation, which nthkegecaying particles become
relatively stable, although the phase spaces of these deodgs are large enough. This is one
important advantage to be able to observe the effects eeslojt the TS mechanism.

The effective Lagrangian in relevant with the ver®@X, — .J/v¢p takes the form

Ect = gACNHQJE -+ gch’yu%ngS“ + igAd@HNngR“, (26)

whereN is the isospin doublefp, ), and.J indicates the5-wave charmonia

5= 08y, — (S L
J=7"J9". (27)

For these short range interactions, from the dimensiorayais, it is expected that the couplings
ga. (9s.) andg,,, are of the order of magnitude ef;,* andm;® respectively, wheren, is the
mass of theD meson. Notice that in HHChPT, the heavy fil&d (J) in Eq. (26) will contain a
factor\/ My, (/M) for normalization. In addition, we will estimate the sesithg amplitudes in
the static limit, which means the four velocity is sette- (1,0,0,0).

For the vertexr—p — DY, in Fig.[2, the effective interactions involving the fewestigtatives



are constructed as follows:

Loy = Qi‘leDDT-m-SCN, (28)
Lao = 2‘?;; D7 -m7- 357 N, (29)
Lag = 2%; D% 7w SN, (30)
Lpp = f;’iﬁ% DY 7 -, A, N, (31)
Lpp = jgz% D5 7 - 8y Ays N, (32)
Lpz = 2Z7grl;§D DY 79,77 BN, (33)
Lpa = 2%3% DY 7 0,1 7 - Beys N, (34)
Leg = ;i% Dr7-d,mr S N, (35)
Leo = QZTQH% D;, 7 - 0, 7 - Bhyys7” N, (36)
Ly1 = \/‘gj;D DY 77 Aaysyu N, (37)
Lyo = \/gii - DY r-m A%, N, (38)
Ly3 = éﬁD Dy 7 -7 A, s N, (39)

wherer, D and N represent the usual Pauli matrix, isospin doub{é$, D*) and(p, n)?, re-
spectively. To our knowledge there is little informatioroabthe open-charm hadron near thresh-
old production int N collisions, both in experiments and theories. The onlylatée data come
from the BNL more than thirty years ago, where the upper limiteach of the cross sections
o(r”p — D*"Af) ando(n~p — D*~XT) at 13 GeV pion-beam energy is about 7 hbl [63].
In Refs. [64) 65], the authors estimated that the crossaecfor the open-charm hadron near
threshold production are at the order of magnitude of 1 nbmbgns of an effective Lagrangian
method and a Regge approach. A similar production rate wediqgted within the generalized
parton picture in Ref. [66]. The charmed baryon productioyss section of 1 nb was also as-
sumed for the J-PARC experimental des@ [29]. To deteritiaeoupling constantgs,;—g43, we
therefore assume that each of the cross sectignsp — DY,) is 1 nb at 20 GeV pion-beam
energy. According to this assumption, the estimated cogmlonstants are listed in Talpl€l I11.

We should mention that the above estimations on the couplimgtants of the two contact
interactionst—p — DY, andDY, — J/¢p will have larger uncertainties, and we only expect that
those crude estimations will make sense in the order of madmi Nevertheless, when the TS
being present in the rescattering amplitude, the line-slh@havior of the corresponding invariant
mass spectrum will mainly depend on the kinematics, whichasgel-independent.

Because there may be unstable particles appearing in tregkei rescattering diagrams, in
order to account for the width effects of the intermediattest, we will adopt the Breit-Wigner
type propagators when calculating the triangle loop iralezg@]. For instance, for the spin-0
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TABLE IlI: Coupling constantsj,; — gq3 adopted in our calculations, in the unit of 1.

Jal | Ya2 | Ga3 | 9b1 gv2 9u3
0.0350.0200.0250.024/0.0180.023

g4 | Yel 9c2 | 9d1 | Yaz2 | 9d3
0.0170.0270.0090.0240.0260.029

charmed mesof and spin% charmed baryo#,, the propagators read

D = 40
Gp q%—m%+impfp (40)
and
1 tmy, (1 +
G%) = Y, ( 7@ (41)

2 . )
Gy, — My, +1 my. 'y,

respectively. The propagators of other higher-spin chdrimedrons will take the similar for-
malisms with different spin projection operators. The Ra8chwinger spin wave functions for
particles of arbitray spin will be used in calculatiohs! [8@}: The Breit-Wigner type propagator
will remove the TS from the physical boundary by a small dis& if the corresponding decay
width T is smaller[35| 40].

C. Numerical results

To observe the effects induced by the TS mechanism, we atieparly interested in the en-
ergy regions where the center-of-mass (CM) energies pfare located close to tlY, thresh-
olds for the reactiom—p — 7~ .J/¢p. The numerical results for the invariant mass distribigion
of J/vp in the process—p — =~ J/¢p via different triangle rescattering diagrams are dispiaye
in Fig.[3. For each of the diagrams in Fig. 2, the differentiass section is calculated at the
correspondingDY, threshold, and we did not take into account the interferaaoms between
different diagrams. For instance, thigyp distribution displayed in Fid.]13 (al) is calculated at
V/51=mpo + msxp, and only the contribution from the diagram of Hig. 2 (al)iken into account.
This is because for most of the diagrams in Eig. 2, the kinemegjions of the TS iy, are well
separated, which can be seen from TaLle Il. If wefix at one specifi®Y. threshold, usually
the TS ins, can only be present in one of the diagrams, the contribufilmms other diagrams
can then be taken as the background. Besides, the relatiyging strength and phases among
those diagrams are actually not well determined in our mddielvever, for the diagrams in Figl. 2
of which the pertinent couplings are constrained by the H@8&h as diagrams (H2and (b2),
(b4) and (b4), (c1”) and (c1"), (c2’) and (c2’), or (d3) and (d3), the interference terms have
been included in calculations.

In Fig.[3, one may notice that many resonance-like peaks arithe.J/«p invariant mass dis-
tributions, and these peaks stay aroundfheA,, DMWY, D®¥*, D*A. or D®A¥, threshold.
Besides, due to multiple decay modes of the intermediate fparticleq, in Fig.[d), one may
observe two or three peaks at the same CM energy of collisions, such as in Figg] 3 (b2),
(b4), (cl), (c2) and (d3). However, we did not introduce aegigne “pentaquarks” in the current
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TABLE IV: Total cross section off~p — 7~ .J /4p via the rescattering diagram in Fid. 2 at the correspond-
ing DY, threshold.

Diagram #Cross Section [nb]

(al) 0.003
(a2) 0.015
(a3) 0.011
(b1) 0.153
(b2) 0.056
(b3) 0.330
(bd) 0.113
(c1) 0.032
(c2) 0.166
(d1) 0.016
(d2) 0.024
(d3) 0.056

model. These peaks are just induced by the TSs of the resegttenplitudes, which implies a
non-resonance explanation of the pentaquark candidagddition, because of the proximity of
these TS peaks to the meson-baryon thresholds, they may ithixxhe meson-baryon molecular
states, which are supposed to be genuine resonances gfrtfaecular states truely exist.

The line shapes of the invariant mass spectrum in[Fig. 3 mdepend on the kinematic con-
figurations of the corresponding loop integrals, which widt be affected too much by the explicit
coupling formalisms of the rescattering diagrams. Howelfehe backgrounds are extremely
large compared with the contributions from the rescattedimagrams, the resonance-like peaks
induced by the TS in Fid.]3 may be absent. Here we use the warcktjsound” to indicate the
contributions from the processes without &, rescatterings for the reaction p — 7= .J /¢p.

The production cross sections of the reactionp — 7~ .J/¢p via the rescatterings at different
DY, thresholds are listed in TallellV. Those estimated crogssecare of the order of magnitude
of 1073 to 10~! nb, which are not very large. One of the reasons is that werasseiatively lower
production rates of the open-charm hadrons i collisions. But taking into the high luminosity
of the forthcoming J-PARC experiments, some effects inddmgethe TS mechanism may still be
observed.

IV. SUMMARY

In this paper, we investigated the reactiang — 7~ .J/¢p via the open-charm hadron rescat-
terings. When the CM energies being taken aroundhg thresholds, the TS may be present
close to the physical boundary of the rescattering ampmgudhe TS peaks can then simulate the
genuine resonances, which implies the possibility thatesohthe resonance-like peaks observed
in experiments are resulted by the kinematic singularitBzsng different from the genuine reso-
nances, the TS peaks are rather sensitive to the kinemafigaoations of the pertinent production
processes. If the kinematic conditions of the TS are nosfsadi, there will be no peaks appearing
in the physical amplitudes. However, one would expect thatgenuine state should also appear
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FIG. 3: Invariant mass distributions of/v)p in 7~p — 7~ J/vyp via the open-charm hadron rescattering
diagrams in Fig. 21V and E,c.r, represent the CM energy’s; and the corresponding pion-beam energy
in the laboratory frame, respectively.

in the processes where the kinematic conditions of the TQatréulfilled. The presence of the
TS means that a combined study of the TS mechanism and othamily processes are neces-
sary. This should be crucial for our better understandintho$e threshold enhancements. The
forthcoming J-PARC pion-induced experiment may offer usacgopportunity to check different
kinematic or dynamic mechanisms and clarify the ambigsiitigth its high luminosity.
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