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In the present work, we study the production problem of the charmed baryon A.(2860)" at PANDA.
With the J® = 3" assignment to A(2860)", an effective Lagrangian approach is adopted to calculate the

cross section of pp — A7A.(2860)". The Dalitz plot analysis and the D°p invariant mass spectrum
distribution are also given for the pp — AZA.(2860)* — A7 pDO process. The numerical results show that
the total cross section may reach up to about 10 gb. With the designed luminosity of PANDA
(2 x 10°2 cm™2s71), about 103 A_(2860) events can be expected per day by reconstructing the final pD°.
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I. INTRODUCTION

The charmed baryon family has a special place in whole
hadron spectroscopy. Focusing on the charmed baryon,
theorists and experimentalists have made a lot of effort to
reveal their nature, which has a close relation to construct-
ing the charmed baryon family and finding out the exotic
state (see review articles [1-5] for the progress). In the past
few years, the charmed baryon family has become more
and more abundant with the observation of more excited
states of charmed baryon, which can be reflected by the
present status of charmed baryons listed in the Particle Data
Group (PDG) [6].

Among these observed charmed baryons, A.(2860)"
was reported by LHCb in the D°p channel [7]. The
measured mass and width are

M = 2856.1779(stat) £ 0.5(syst) "3 (model) MeV,
I = 67.6135 (stat) & 1.4(syst) 5y, (model) MeV,

respectively. It should be noted that the uncertainty related
to the amplitude model was considered in the analysis
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presented in the LHCb paper [7]. Thus, when giving the
experimental data of mass and width of A.(2860)", this
uncertainty was listed. This model uncertainty is marked by
(model) in the resonant parameter. Meanwhile, the avail-
able experimental analysis indicates that the observed
A.(2860)" state has the spin-parity J© = 3". Before the
discovery of A.(2860)", many studies were carried out on
the mass spectra of charmed baryons with different
scenarios and a D-wave charmed baryon with a mass
around 2.85 GeV was predicted [8—11], which is consistent
with the observation of A.(2860)* from LHCb [7]. Since
then, the newly observed A.(2860)" attracted more
and more attention from theorists to decode its inner
structure and decay property. The Lanzhou group further-
more studied the mass spectrum of the A-mode excited
charmed and charmed-strange baryon states [12]. Their
results indicate that A.(2860)" associated with former
A.(2880)" can form a D-wave doublet [3/2F,5/2%]. More
discussions can be found in Refs. [13—17], where different
phenomenological methods/models were applied.

Besides the investigation of the mass spectrum, the
strong decay properties of the low-lying D-wave charmed
baryons were also studied within some methods. The D°p
decay channel is of great importance to provide information
on the inner structure of these highly excited A,. The
authors carried out the two-body Okubo-Zweig-lizuka-
allowed decays of A.(2860)" within the 3P, model and
gave the decay widths of different processes [12]. It is
obvious that the DN branching fraction reaches up to
95.6%. A smaller value of 75% was obtained with a similar
model in Ref. [18]. These results indicate that the DN
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channel should be the major decay channel. However, the
authors pointed that due to the limited phase space, the
partial widths decaying into the DN channel should be
small [19].

In addition, the X,z decay channel should be a channel
of concern. However, no signal has been measured for
A.(2860) experimentally to date. We notice that the partial

decay width and the ratio R = % have been
predicted theoretically. The ratio R = 0.47 was predicted
in Ref. [12]. Similarly with the 3P, model, the authors
obtained a value range from 2.8 to 3.0 [20]. By virtue of a
constituent quark model, Yao et al. got the partial widths to
be 4.57 MeV and 0.95 MeV for the decay modes
’D;37) - . and [’D;;3%) > i, respectively [21],
which leads to a value R = 0.21. Considering the mea-
sured width, the relatively large branching fractions indi-
cate that A.(2860)" might be observed in the X.(2455)x
and X,.(2520)z channels as well. In addition, it was pointed
out that the ratio R for the nearby state A.(2880) may be
strongly affected by A.(2860) [21]. Thus, for the purpose
of deeply understand A.(2860) and other charmed baryons,
it is very important to measure the branching ratio.
However, the current available information of A.(2860)"
is the measured mass and width from the channel decaying
to D°p. Consequently, more experimental information is
strongly required to further understand the decay behavior

of A.(2860)". The ratio R = % for the nearby state
A,(2880) may be strongly affected by A.(2860) [21].

Just as reviewed above, the study of A,(2860)" mainly
emphasize its mass and decay [8—21]. The discussion of the
production of A.(2860)" is still absent. Until now,
A.(2860)" was only observed in the Cabibbo-favoured
decay A, = D°pz~, where another two states A.(2880)"
and A,(2940)* previously observed by the BABAR experi-
ment [22] were also confirmed [7]. Thus, it is interesting in
exploring the A.(2860)" production in other processes. As
indicted by the strong decay behavior of A.(2860)"
[12,18], the DN decay channel is dominant, which inspires
our interesting in exploring the A.(2860)" production via
the low energy antiproton-proton interaction. We notice
that the future facility PANDA will exploit the annihilation
of antiprotons with protons and nuclei to study the
fundamental forces in nature [23]. Study of the charmed
baryon is one of the main physics goals of PANDA. Some
parallel theoretical investigations were previously imple-
mented on the productions of charmed baryons in anti-
proton-proton collisions [24-27]. The above reason also
pushes us to study the discovery potential of A,(2860)" at
PANDA, which can provide valuable information to future
experimental exploration of A,(2860)" at PANDA.

This work is organized as follows. After the
Introduction, we present the theoretical model and the
corresponding calculation details in Sec. II. The numerical
results of the A.(2860)% production at PANDA will be

b2 2!
p > > A.(2860)"
af| D
p = = A
h b3 )
FIG. 1. The diagram describing the pp — A7A.(2860)"
process.

given in Sec. III, including the cross sections, the Dalitz
plot, and the pD° invariant mass spectrum. Finally, this
paper ends with a discussion and conclusion (see Sec. I'V).

II. A.(2860) PRODUCTION IN pp ANNIHILATION

As discussed above, A.(2860)" could be produced in
the antiproton and proton collision by exchanging a D°
meson, as shown in Fig. 1. It should be noted that the pp
annihilation (s channel) is an Okubo-Zweig-lizuka (OZI)
suppressed process. Thus, the contribution from the anni-
hilation channel can be negligible compared with the
contribution from the ¢ channel shown in Fig. 1. In our
calculation, only the ¢ channel is considered.

Before evaluating the cross section of pp —
A7A.(2860)", we display the kinematically allowed region
of the square of the transfer momentum ¢ in Fig. 2, which
is the function of the center-of-mass (c.m.) energy /s. As
shown in Fig. 2, the maximum of ¢? is negative and less
than the mass square of the exchanged D° meson in the
energy range of our interest.

q* (GeV?)
&

_12 n 1 n 1 n 1 n 1 n 1 n
5.10 5.15 5.20 5.25 5.30 5.35 5.40

Vs (GeV)

FIG. 2. The kinematically allowed region for the momentum of
the transfer momentum in the processes pp — A.(2860)TA;.
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A. The formalism

The effective Lagrangian approach is utilized to study
the pp — A.A.(2860)" process. As measured by LHCb
[7], we take the quantum number of A.(2860)" to be
JP =3/2". To describe the interaction of the nucleon with
the charmed meson and the charmed baryon, we adopt the
following effective Lagrangians [24,28-32]

Lppr, = gDOpAL./_\ci}/SDOp +H.c., (1)
Lppr, = 90 pa, Acr*D;0p + He., (2)
Lpys, = —gpoys Niyst-E.D +H.c., (3)
Lpys, = gpns, Ny't - E.Dj;, + Hee., (4)
Lppr = 9po,zR*0,Dp +H.c., (5)

where p/N, A, Z., R, D° and D*® denote the
proton/nucleon, A.(2286)%, £.(2455)", A.(2860)*, D°,
and D*0 fields, respectively. In the following formulas, the
abbreviations  gx. = gppa,» §/AL, =9p'pA,> Y9z, = YDNx,»
9/2,. = gp'nx,» and gg = gp,g are implemented. The cou-
pling constants gy = —13.98, g) = —5.20, g5 = —2.69,
dzr =3.0 are determined from the SU(4) invariant
Lagrangians in terms of grNN = 13.45 and g,yy = 6.0
[28-30]. The coupling constant g will be discussed later.

The propagators for the fermion with J = 1/2, and 3/2
are expressed as [32-35]

2m
G”+(1/2) — pln+(1/2) temy 6
7 (p) (p)pz_mzf ims TS (6)
with
+m
pl2(p) = P 7
(p) oy (7)
y+mg
P3%(p) = . Q;w( ) (8)
(D) = ~Gu + = +#< )
Hv p)= g;w 37/;47/11 3m}_ },ﬂpl/ yl/pﬂ
2
+—5 Pulus )
3m%r k

where p and mz are momentum and mass of the fermion,
respectively. The propagators for the exchanged D° and
D*0 are written as

Gp(q*) =—5—= (10)

(=g +4F)
Gpolq®) = (]_7 (11)
D0

In the effective Lagrangian approach, the cross section of
pp — A.A.(2860)" is proportional to g% and the line
shape depends on the c.m. energy. Here, a concrete g value
is adopted to execute the calculations. Generally, the
coupling constant g can be obtained by fitting the measured
partial width of the A.(2860)% (k) = D°(q)p(p) decay,
where the partial decay width is

dr; = mRmN MPEL i > d0 (12)

with
g, = "R (13)
3] = VImg = (mp + my)?J[m3 — (mp — my)?] ' (14)

ZmR

Here, E, and g denote the energy and the three-momentum
of the daughter D° meson, respectively. m, and m, are the

masses of proton and D° meson, respectively. Furthermore,
the concrete expression of the corresponding decay width is

r;,= Q%QmNMZT q,,uR(k)aye(k)qy]
N 1961:1'|r6)11|R Tr{(# + my) PY2(K) 9., (15)

where P3/2(k) is the projection operator for a fermion with
J = 3/2 as defined in Eq. (8). Until now, the branching ratio
of A.(2880)* — D°p is still not measured experimentally.
We notice that the branching ratio of A,(2860)" — D%p
has been theoretically predicted in several previous work.
Thus it is feasible to determine the coupling constant gz by
the theoretical result, where the branching fraction
BR(A.(2860)" — Dp) = 48% estimated in Ref. [12] is
adopted. Considering the above situation, in this work we
extract gg = 10.25 GeV~! by taking a typical value
[(A.(2860)" — D°p) = 32.4 MeV. In addition, the dis-
cussion for the contribution of the width uncertainty is
necessary. By considering the experimental systematic and
model uncertainties, one may obtain the uncertainty to be
73, MeV on the total width. Here, we find that the positive
one +7.3 MeV is about ten percent of the total width
67.6 MeV. To estimate the effect of the uncertainties
of the coupling constant on the cross section, we suppose
the total width has a margin of error of plus or minus
10 percentage points. The value of g is in the range of
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9.73-10.76 GeV~!. These results are applied to the follow-
ing calculations.

Additionally, since the hadrons are not pointlike par-
ticles, the monopole form factor [24,30]

A
Fuld ') = 35— 1o
is introduced to phenomenologically describe the inner
structure effect of the interaction vertices and compensates
the off-shell effect for the ¢ channel with the D° or D*°
meson exchange. Meanwhile, a form factor [36]

A4
e ey 7

is also employed for the intermediate baryons. Here, the ¢
and m denote the four-momentum and mass of the

exchanged hadron, respectively. The cutoff A will be
discussed below.

B. The cross section of pp — A7 A.(2860)*

The transition amplitude for the process pp —
A7A.(2860)" as shown in Fig. 1 can be expressed as

M = ig(ps)Vr(q)u,(p2)v5(p1)V(q)v4 (P3)
x Gp(q*)Fu(q*, mp), (18)

where py, p», P3, P4, and g are the momenta of p, p, A,
A.(2860)", and the exchanged D° meson, respectively. Vg
or V describes the Lorentz structure of the A.(2860)" pD°
or A,pD° interaction vertex including coupling constant.
They can be derived by virtue of the Lagrangians in Egs. (1)
and (5).

The unpolarized cross section is [6]

do mymympa mpe 1
— = ¢ M2, 19
dt 167xs |131\2Z| | (19)

where

D IMP =(Go(a))PFh (g mp)

+m
x Tr {PS/Z(POVR(Q)%VJ’OVR(‘I)TJ/O}

x Tr Vl — v Vp3 — A yOV*yO] . (20)

2my 2my,

Before studying the cross section for the A.(2860)7, it is
necessary to calculate the total cross section for the reaction
pp — AZAL. Tt is of great importance for the background
analyses. The transition amplitude of pp — AZA] can be
obtained by replacing Vi(g) with V(g) in Eq. (18). In
Fig. 3, the total cross section of pp — A7 Al with different

10* L D A S S NP
R il R T =
1 e e mm e s e e st c e — e — -
He —°
3k T e e e e e e e e e e e ]
10° e
e ]
= /
S o} E
b
10° f/ J
—— A=2.00GeV — - -A=2.75GeV
s | — —A=2.25GeV —-- A=3.00GeV ]
- - - A=2.50GeV ----A=3.25GeV
10-2 1 s s 1 s s 1 s s 1 s s s
4.60 4.80 5.00 5.20 5.40
Vs (GeV)
FIG. 3. The obtained total cross section for pp — AZA/ with

different cutoff values.

cutoff values is presented. The cutoff A in the form factor is
a phenomenological parameter and we restrict the A value
within a reasonable range from 2.00 GeV to 3.25 GeV.

With the similar consideration, the cross sections for the
production of A.(2860)" with different cutoffs are pre-
sented in Fig. 4. Our results indicate that the cross section
strongly depends on the values of A. The cross section with
A = 2.00 is much smaller than that with A =3.25 by a
fraction of ~10*. In addition, the cross section of pp —
A7ZAJ is smaller than that of pp — A7 A (2860) if taking a
same cutoff. This is mainly due to the reason that the
exchanged AJ is off-shell while the A;(2860) can be
on-shell.

105 T T T T T
0t f o ST T I T T
{'/, — T T e e e e e
103 r/. Lest oo .
— 102 7 h
O
E 1ok
b
10° 1
101 L [——A=2.00 GeV —-—A=2.75GeV| ]
— — A=2.25GeV —---A=3.00 GeV
102 F - A=2.50 GeV - =-A=325GeV| 1
10-3 1 1 1 1 1
5.15 5.20 5.25 5.30 5.35 5.40
Vs (GeV)

FIG. 4. The obtained total cross section for

A7 A.(2860)" with different cutoffs.

pp —
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() (b)

FIG. 5. The diagrams for pp — D°pA, with different inter-
mediate particles. (a) The signal channel with exchanged D°
meson and intermediate A.(2860)" contributions. (b) The back-
ground with exchanged D°/D*? mesons and intermediate A/,
contributions.

In Ref. [24], the production of A.(2940)" via the pp
collision was studied, where the cutoff was set to be 3 GeV.
Considering the obvious similarity between these reactions,
we adopt the same value to estimate the production
rate of A.(2860)" in the pp reaction. In addition, we
use other cutoff parameters Ap = Ay = Ay: = Ay =
A = 3.0 GeV for minimizing the free parameters.

III. THE BACKGROUND ANALYSIS

The background analysis and invariant mass
spectrum are also important for the study of A.(2860)"
production in pp reaction. They may give more informa-
tion for the corresponding reaction. In this section, we
present Dalitz plot and pD? invariant mass spectrum for the
reaction pp — AZA.(2860)" as shown in Fig. 5, where the
intermediate states A.(2860)", A.(2286)", and Z.(2455)*
are involved. The processes pp — AZA}F — AZpDP and
pp — A7ZF — AZpD® with both D° and D*® exchanges
are as the main background contributions.

The transition amplitude of pp — AZA.(2860)" —
AZpDC is written as

M, = i, (pa)Ve(ps)GY > (k)Vr(q)u,(p2)Gp(q?)
X”AC(P3)VAC( v (Pl)f (q Mz)
xfB(k2,M§), (21)

The involved momenta are defined in Fig. 5. One can easily
obtain the amplitudes of the other four processes, as shown
in Fig. 5(b), by replacing the relevant masses, form factors,
propagators, and vertices which can be derived from
Egs. (1)—-(5). Here, the sum of the four amplitudes is
expressed as M.

With the above amplitudes, the square of the total
invariant transition amplitude reads as

10
10°
10?
10'

10°

o (nb)

107

102

103

10+

5.10 5.15 5.20 5.25 5.30 5.35 5.40

Vs (GeV)

FIG. 6. The obtained total cross section for pp — AZ pD° with
gr = 10.25 GeV~L.

IMP =M, + My (22)

The corresponding total cross section of the process pp —
AZpDY is

my M
|p1-pa| 4

do = (27)*d®;(py + pa; p3. pa.Ps)  (23)

with the definition of n-body phase space [6]

SI)) S

t:l

d®, (P;ky. ... k,) _54<P

In Fig. 6, the total cross section is given, which is
dependent on +/s. Here, 6 and o7 correspond to the signal
and total cross section, respectively. o;,; and ¢, correspond
to that of pp — AZAT — AZpD" with D° and D*°
exchanges, respectively. 0,3 and o, correspond to that
of pp - A7Z} — AZpD° with D° and D** exchanges,
respectively. As shown in Fig. 6, 6,1 + 04, is much larger
than 6,3 + 0,4, which indicates that the reaction pp —
AZpD° via the intermediate A should be the main

L n L o L L L L L
5.10 5.15 5.20 5.25 5.30 535 5.40 5.10 5.15 5.20 5.25 5.30 535 5.40

Vs (GeV) Vs (GeV)

FIG. 7. The obtained total cross section for pp — A7 pD° with
different gg. The left and right figures correspond to 6, and o7,
respectively.
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>
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92 94

FIG. 8. The Dalitz plot (left) and pD° invariant mass spectrum
distribution (right) for pp — AZpD° at /s = 5.32 GeV.

background. One can also find that 6,,; reaches up to about
100 nb at /s = 5.4 GeV, which is about one order of
magnitude larger than ¢,,. Thus the main contribution to
the background comes from the reaction pp — A;A —
AZpD° with the D° exchange. The cross section for the
production of A.(2860)" increases rapidly near the thresh-
old and then reaches up to about 13 ub at /s = 5.4 GeV.
The results indicate that the signal can be easily distin-
guished from the background. In addition, if the total width
of A.(2860) has an uncertainty of 10%, the coupling
constant gz is the range of 9.73-10.76 GeV~!. The
corresponding cross sections with these different g values
are shown in Fig. 7.

With the help of Mathematica and FOWL codes, we
present the Dalitz plot for the pp — AZ pD° process and
the pD° invariant mass spectrum at /s = 5.32 GeV
in Fig. 8.

IV. SUMMARY

In this work, we investigate the production of the
charmed baryon A.(2860) via antiproton-proton reaction,
which is different from the A.(2860) production observed
in the Ag decay [7]. The present study can supply valuable
information for the experimental search for A,.(2860) in the
future experiments at PANDA [23].

It should be noted that the initial state interaction (ISI)
and final state interaction (FSI) may play an important role
on the nucleon-nucleon entrance channel [37-40].
However, the ISI and FSI effects are thought to be
described by the nonperturbative QCD and should be
rather complicated. We notice that the authors in
Refs. [37,39] studied the ISI effects on nucleon collisions.
Their results indicate that the ISI leads to a suppression on
the cross section, which may change the cross section by a
factor no more than 10%-15%. Furthermore, with the
frame of the Jiilich meson-baryon model [40], the FSI
effect on the cross section was implemented. However, the
aim of the present work is to carry out the discovery
potential of A.(2860) produced at PANDA. The ISI and
FSI effects are rather complicated and go beyond the scope

103

10?
10°
o
= 10°
N
b
107
1072 J : — " ~Oor Or| 4
i' [ T %1 " " "%
10-3 ' 1 1 1 1
4.9 5.0 5.1 5.2 5.3 54

Vs (GeV)

FIG. 9. The obtained total cross section for pp — A7 Tz~
with (gg, k) = (10.25,1.01).

of this work. Therefore, as suggested by previous research
[24,38], an reasonable factor is introduced to reflect the ISI
effect, which makes the cross section of pp —
A7A.(2860)" suppressed by 1 order of magnitude (this
factor is considered for the above calculations). With the
above consideration, one can roughly estimate the events of
A.(2860) produced at PANDA. Considering the designed
luminosity of PANDA (2 x 10’2 cm™2s7!), one may
expect that there are about 108 A.(2860) events accumu-
lated per day by reconstructing the final pD°. The Dalitz
plot and pD° invariant mass spectrum analyses are also
performed. We find that the signal can be easily distin-
guished from the background.

Inspired by the theoretical predictions [12,20,21], we
also study the A.(2860) production in pp — A;X T 7~.
Here, pp — AZA.(2860)" - AZZ/ 2~ and pp —
AZAS - A7 2™ correspond to the signal and back-
ground channel, respectively. For the background channel,
the contributions are both from D® and D** exchanges,
which are labeled as 0,1 and o, in Fig. 9. The cross section
with BR(A.(2860)" — X" 7z7) ~3.0% is presented in
Fig. 9, where the coupling constant g, s , =9.32 is

— — (9r 9R)=(9.73, 0.96)
102 ——(9r, 9R)=(10.25, 1.01)| ] e
- - - (9r 9R)=(10.76, 1.06)

= = (9r 9r)=(9.73, 0.96)
— (9r. 9r)=(10.25, 1.01)| 4

[ - - (9r. 9r)=(10.76, 1.06)

49 5.0 5.1 52 53 54 4.9 5.0 5.1 5.2 5.3 54

Vs (GeV) Vs (GeV)

FIG. 10. The obtained total cross section for pp — AZZ 7~
with different g and gj. The left and right figures correspond to
o and o, respectively.
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FIG. 11. The X"z~ invariant mass spectrum distribution for
pp = AZZ T at /s = 5.32 GeV.

adopted [30]. As discussed above, the uncertainties of the
coupling constants gg and g = gy . are also considered,
with g} varying from 0.96 to 1.06 GeV~!. The correspond-
ing results are shown in Fig. 10. The invariant mass
spectrum of Xz~ is also simulated and presented in
Fig. 11. As shown in Figs. 9 and Fig. 11, the signal is

several times larger than the background and can be
distinguished clearly. Thus, the channel pp — A7 7~
is also a suitable channel to study A.(2860). Due to the
small branching fraction, we do not consider the contri-
bution from X.(2520)z channel.

In addition, as discussed in Ref. [21], the ratio
R :% for the nearby state A.(2880) may be

strongly affected by A.(2860). Thus, it is an interesting
topic to study the pp — A:X.(2455)" 7z~ and pp —
A7Z.(2520)" 7~ reactions within the contributions from
both A,.(2860) and A.(2880), which can be accessible at
future experiment like PANDA.
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