PHYSICAL REVIEW D 95, 014017 (2017)

Production of charmed baryons in pp collisions close to their thresholds

J. Haidenbauer' and G. Krein®
'Institute for Advanced Simulation, Institut fiir Kernphysik, and Jiilich Center for Hadron Physics,
Forschungszentrum Jiilich, D-52425 Jiilich, Germany
Instituto de Fisica Teorica, Universidade Estadual Paulista, Rua Dr. Bento Teobaldo Ferraz, 271—Bloco I,

01140-070 Sdo Paulo, Sdo Paulo, Brazil
(Received 11 November 2016; published 18 January 2017)

==

Cross sections for the charm-production reactions pp — AZZt, X 2., E.5,, and Z.=/, are presented, for
energies near their respective thresholds. The results are based on a calculation performed in the meson-
exchange framework in close analogy to earlier studies of the Jiilich group on the strangeness-production

reactions pp — AX, X, == by connecting the two sectors via SU(4) flavor symmetry. The cross sections
are found to be in the order of 0.1-1 ub at energies of 100 MeV above the respective thresholds, for all
considered channels. Complementary to meson exchange, where the charmed baryons are produced by the
exchange of D and D* mesons, a charm-production potential derived in a quark model is employed for
assessing uncertainties. The cross sections predicted within that picture turn out to be significantly smaller.
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I. INTRODUCTION

The FAIR project at the GSI laboratory has an extensive
program with the aim of a high-accuracy spectroscopy of
charmed hadrons, along with heavy quarkonia including
the exotic X, Y, Z mesons, and of exploring the interaction
of these particles with ordinary matter [1]. For the fea-
sibility of such studies, specifically those of the PANDA
experiment [2,3] the production rate for charmed hadrons
in antiproton-proton (p p) collisions is a key factor. Indeed,
issues discussed in the literature over the last few years like
charmed hypernuclei [4], J/y binding to nuclei [5,6] and
D-mesic nuclei [7-9] or in-medium changes of charmed
hadrons [10-13] cannot be addressed experimentally with-
out a sufficient production rate. However, presently very
little is known about the strength of the interaction of
charmed hadrons with ordinary baryons and mesons. In
view of that, over the last few years we have looked at the
exclusive charm-production reactions pp — AZAF [14]
and pp — DD, D,D, [15,16] close to their thresholds with
the objective to provide with our predictions estimations for
the pertinent cross sections.

In the present paper we extend our study of the reaction
pp — AZAF [14] to the production of other charmed
baryons such as the X, the =, and the =.. The projected
antiproton beam momentum available for the PANDA
experiment reaches up to 15 GeV/c corresponding to a
center-of-mass energy of /s = 5.5 GeV [17]. Thus, the
production of most of the charmed members of the lowest
SU(4) JP = 1/2% baryon 20-plet is possible at PANDA,
including the =, and =, and even the Q0 [18]. While there
is a large number of calculations for pp — AZAF [19-25]
this cannot be said for the production of other charmed
baryons. Khodjamirian et al. [23] published cross sections
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for A_X+ and =X Titov and Kimpfer provided results for
do/dt, for A7X} and XX, in [21] and for Z.Z, in [26].
However, their analysis focuses on the region of small
momentum transfer and integrated cross sections are not
given. The earliest study we are aware of where integrated
cross sections for X-~X+" were presented is the one by
Kroll, Quadder, and Schweiger [19]. Wang and collabora-
tors [25] calculated total and differential cross sections for
Pp — AZAS in the energy region relevant for the exotic
charmoniumlike state ¥ (4630).

Our analysis of charm production is done in complete
analogy to that of the reactions pp — AA, AX, X, E=
performed by the Jiilich group some time ago [27-30]. In
those studies the hyperon-production reaction is considered
within a coupled-channel model. This allows one to take
into account rigorously the effects of the initial (pp) and
final (YY) state interactions which play an important role
for energies near the production threshold [27,28,31,32].
The microscopic strangeness production is described by
meson exchange and arises from the exchange of the K and
K* mesons. The elastic parts of the interactions in the initial
(pp) and final (YY) states are likewise described by meson
exchange, while annihilation processes are accounted for
by phenomenological optical potentials. Specifically, the
elastic parts of the initial- (ISI) and final-state interactions
(FSI) are G-parity transforms of a one-boson-exchange
variant of the Bonn NN potential [33] and of the hyperon-
nucleon model A of Ref. [34], respectively. With this
model a good overall description of the Pp — AA,
pp - AX+cc., and pp — =X data obtained in the
P185 experiment at the low-energy antiproton ring
LEAR (CERN) [35] could be achieved and its results
are also in line with the scarce experimental information for
pp — Z= [30].
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The extension of the model to the charm sector is based
on SU4) flavor symmetry. Accordingly, the elementary
charm-production process is described by #-channel D and
D* meson exchanges. Note that the symmetry is invoked
primarily as a guideline for providing constraints on the
pertinent baryon-meson coupling constants. Though we do
not expect that the SU(4) symmetry should hold, recent
calculations of the relevant coupling constants within QCD
light-cone sum rules suggest that the actual deviation from
the SU(4) values could be only in the order of a factor 2 or
even less [23]; even smaller deviations have been obtained
[36] in a constituent quark model calculation using the * P,
pair-creation mechanism. We examine the sensitivity of the
results to variations in the elastic and annihilation parts of
the initial pp interaction. Furthermore, as already done
for A; A} [14], we investigate the effect of replacing the
meson-exchange transition by a charm-production potential
derived in a quark model. Again this serves for assessing
uncertainties in the model, since one could question the
validity of a meson-exchange description of the transition
in view of the large masses of the exchanged mesons. In
this context we want to note that meson exchange as well as
the quark model lead to rather short-ranged transition
potentials. Thus, practically speaking those can be viewed
as being contact interactions where the pertinent coupling
constants are simply saturated [37] by the dynamics
underlying the two considered approaches.

In the next two sections we introduce the basic ingre-
dients of the model. In Sec. IV we present numerical results
for total cross sections for the various Y.Y, channels,
utilizing for the charm-production mechanism meson
exchange as well as the quark model. A summary of our
work is presented in Sec. V. Details on the transition
potential in the quark model and on the SU(4) coupling
constants that enter the meson-exchange transition poten-
tial are collected in Appendixes.

II. THE MODEL

We calculate the charm-production reactions pp —
Y. Y, in close analogy to the original Jiilich coupled-
channel approach [27-30] to strangeness production.
The transition amplitude is obtained from the solution of
a multichannel Lippmann-Schwinger (LS) equation,

T=V+VGyT, (1)
which reads explicitly in terms of the channels u (v)

corresponding to NN, AZAF, A7XF, T-AF, I.%,, and

— =
—c—ics

Tﬂy(pﬂ*pwz) = Vﬂy(pwpwz) + Z/CBPT’VW(I)WPWZ)
¥

X Go(py» )T (P Do 2)- (2)
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Here z is the total energy and p, (p,) the relative
momentum in the initial (final) state in the center of mass.
The propagator G (p, z) is given by

Gi(p,.z) =1/(z— E{,y + i€) (3)

with E}, = EQ’NN + E{;’NN,
gies of the two baryons in the intermediate state. The
calculations are performed in isospin basis, which is
sufficient for an exploratory study. Moreover, the mass
splitting between =}, =, and X0 is rather small [18]. This
is different in the strangeness sector where there is a sizable
mass difference between the T, 29, and £~ which made a
calculation in the particle basis mandatory [29].

The transition potential from NN to the Y,Y, channel is
given by t-channel D and D* exchanges; see Fig. 1 (upper
row). The expressions for the transition potentials are the
same as for K and K* exchange and can be found in
Ref. [34]. They are of the generic form

etc., being the relativistic ener-

- Fxz (1) Fyy (1)
NY .M
VY(.YC.NN(t)N E INY MINY .M t— m2 ’ (4)
M=D,D* i

where gyy ) are coupling constants and Fyy,_y(#) are form
factors. Under the assumption of SU(4) symmetry the
coupling constants are identical to those in the correspond-
ing strangeness-production reaction for NN — AJAF,
NN = A;Xf, T-AS, and NN — XX, but differ for
=.E.; see Appendix B. With regard to the vertex form
factors we use here a monopole form with a cutoff mass A
of 3 GeV, atthe NY D as well as at the NY .D* vertex, as in
our study of A7 A} production [14].

The =.Z, channel cannot be reached from NN via single
meson exchange, and the same is also the case for XX

Y. Y. Y. v Y,
D,.D?

N N N@N

U
= VR W £ = B
DY m K-
n| = In A DY A A DY A
P P P P p P
FIG. 1. Upper row: Contributions to the NN — ¥_.Y, transition

potential V¥ in the meson-exchange picture (left) and the quark
model (right). Lower row: Selected contributions to the pp —
3030 and pp — Z0=0 transition amplitude generated by the
coupled-channel framework.

014017-2



PRODUCTION OF CHARMED BARYONS IN pp ...

from an initial pp state. The corresponding transition
potentials V#* are zero. However, the employed coupled-
channel framework [cf. Eq. (2)] generates automatically
multistep processes so that the corresponding transition
amplitudes T are no longer zero. Some contributions that
arise at the first iteration in the LS equation are depicted in
the lower row of Fig. 1. In principle, there are also
contributions from noniterative two-meson exchanges.
However, we expect those to be much less important in
comparison to iterated one-meson exchange. In the latter
case the two baryons in the intermediate states can go on
shell and the pertinent contributions are accordingly
enhanced [38].

The diagonal potentials V#* are given by the sum of an
elastic part and an annihilation part. For the NN channel we
use again the set of potentials introduced and described in
Refs. [14,15]. Their elastic part is loosely connected (via
G-parity transform) to a simple, energy-independent one-
boson-exchange NN potential (OBEPF). However, since at
the high energies necessary for charm production any NN
potential has to be considered as being purely phenom-
enological several variants were constructed in order to
explore how strongly the results on charm production
depend on the choice of the NN interaction. In two of
those variants (called A and A’ in [14,15]) only the longest-
ranged (and model-independent) part of the elastic NN
interaction, namely one-pion exchange, was kept. Models
B and C include also some short-range contributions; see
the discussion in [14].

All variants are supplemented by a phenomenological
spin-, isospin-, and energy-independent optical potential of
Gaussian form, in order to take into account annihilation,

VER=NN(r) = (Ug + iWg)e /3, (5)

The free parameters (U,, Wy, ry) were determined by a fit
to NN data in the energy region relevant for the reactions
pp — AZAF and pp — DD, i.e. for laboratory momenta
of pia, = 610 GeV/c. (Their actual values can be found
in Table 1 of Ref. [14].) The data set comprises total cross
sections and integrated elastic and charge-exchange
(Ppp — nn) cross sections. With all four variants a rather
satisfying description of the NN data in that energy region
could be obtained as documented in Refs. [14,15]. Even at
Piab = 12 GeV/c, ie. at a momentum that corresponds
roughly to the =,=, threshold, the differential cross section
is nicely reproduced by all models, as exemplified in Fig. 2.
Evidently, not only the magnitude at very forward angles
but also the slope is reproduced well by all considered NN
interactions. We want to emphasize that differential cross
sections were not included in the fitting procedure and are,
therefore, predictions of the models.

Note that yet another NN model was considered in [14],
namely model D, which is based on the full G-parity
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FIG. 2. Differential cross section for elastic pp scattering at
Py = 12 GeV/c as a function of 7. The curves represent results
based on the NN potentials A (dash-dotted line), A’ (dotted), B
(dashed) and C (solid); see text for details. The experimental
information is taken from Foley et al. [39].

transformed OBEPF. However, its results disagree consid-
erably with the empirical pp differential cross sections as
well as with the integrated charge-exchange cross sections
and, thus, cannot be considered to be realistic. Because of
that it was no longer utilized in our study of pp — DD
[15,16] and we will not use it here either.

In Ref. [14] the interaction in the final A7 A system was
assumed to be the same as the one in AA. Specifically, this
means that the elastic part of the interaction is fixed by
coupling constants and vertex form factors taken from the
hyperon-nucleon model A of Ref. [34], while the annihi-
lation part is again parameterized by an optical potential
which contains, however, spin-orbit and tensor components
in addition to a central component [27]:

VAN AN (1) — U, + iW, + (Ups + iWs)L - S

+ (U, +iW,)6, -to5 -tle” /5. (6)

The free parameters in the optical AA potential were
determined in Ref. [27] by a fit to data on total and
differential cross sections and analyzing powers for
Pp — AA. As already emphasized in [14], we do not
expect that the AZAJ interaction will be the same on a
quantitative level. But at least the bulk properties should be
similar, because in both cases near threshold the inter-
actions will be governed by strong annihilation processes.
In the present study we need also interactions in the final
AZX), .., and .2, systems. Those interactions have
been fixed by adopting the same philosophy as for A7 A
and the parameters are likewise taken over from corre-
sponding studies in the strangeness sector [29,30].
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ITII. TRANSITION POTENTIAL FROM THE
CONSTITUENT QUARK MODEL

As an alternative to meson exchange we consider a
charm-production potential inspired by quark-gluon
dynamics. The strange-hadron production in pp reactions
has been studied extensively within the constituent quark
model in the past. The best known works are perhaps those
of Kohno and Weise [31], Furui and Faessler [40], Burkardt
and Dillig [41], Roberts [42] and Alberg et al. [32]. For an

|
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extensive list of references see the review [35] and for a
fairly recent work Ref. [43]. In the present study we adopt
the interaction proposed by Kohno and Weise, derived in
the so-called 3S; mechanism. In this model the ss (or ¢c)
pair in the final state is created from an initial 7u or dd pair
via s-channel gluon exchange; see Fig. 1. After quark
degrees of freedom are integrated out the potential has the
form [31]

VT = 24 ﬁ>3/2‘,‘jj—:551 4ﬂ?r2>)”2 exp Hwa, >—>} )
V=T () = %A (. B2 ‘ZZ <5SO 5S,> (ﬁ) 7 exp [—%B,(a, ):—;] )
VAT () = oyE-TY(p) yI-EE (p) =, (10)

The corresponding expressions for the transitions to
charmed baryons (pp — A7 A/, etc.,) are formally identi-
cal. The quantity a@/m% in Eqgs. (7)-(9) is an effective
(quark-gluon) coupling strength, (r2) is the mean square
radius associated with the quark distribution in the nucleon
and S is the total spin in the pp system. The effective
coupling strength is practically a free parameter that was
fixed by a fit to the pp — AA data [28]. Contrary to
Ref. [31] and to our initial study [14] now we take into
account the quark-mass dependence of the intrinsic wave
functions of the baryons. This dependence is encoded in the
functions A;(a, ) and B;(a, ) for which explicit expres-
sions can be found in Appendix A, together with the
transition potentials to other channels such as Z=. For equal
quark masses A and B, reduce to 1 so that one recovers the
result of Kohno and Weise. However, considering the
difference in the constituent quark masses of the strange
and the charmed quark one arrives at somewhat different
strengths and ranges for the transition potentials in the
strangeness and charm sectors. Choosing (r?)!/? =
0.571 fm and &/m% = 0.252 fm? ensures agreement with
the parameters used in our studies of pp — AA [28] and
pp — AT [29].

The effective coupling strength depends explicitly on the
effective gluon propagator m%, i.e. on the square of the
energy transfer from initial to final quark pair;
cf. Refs. [40,41,44]. Heuristically this energy transfer
corresponds roughly to the masses of the produced con-
stituent quarks, i.e. mg~2m,, so that we expect the

|

effective coupling strength @/mZ for charm production
to be reduced by the ratio of the constituent quark masses of
the strange and the charmed quark squared, (m,/m,)> ~
(550 MeV /1600 MeV)? ~ 1/9 as compared to the one for
pp — AA. This reduction factor is adopted in our calcu-
lation for the charm sector.

In the calculation for the quark-model transition potential
the same diagonal interactions (NN — NN, AA — AA, ...)
as described in the last section are employed. However, the
parameters in the optical potentials for AA [cf. Eq. (6)] have
been readjusted in order to ensure a reproduction of the
pp — AA data [28] and the same has been done in
Ref. [29] for AX+c.c. and now for the new data on the
Y% channels. For the extension to the charm sector we
assume again that the Y, Y, interactions are the same as
those for YY.

IV. RESULTS

Before we present our results for charm production let us
discuss briefly the reaction pp — XX. When the Jiilich
group published their results back in 1993 [29] the only
experimental information on the XX channel at low
energies consisted in a preliminary data point for X~XF.
In the meantime the final result for X"X* has become
available [45] and also a measurement for > X~ [46]. The
latter channel is of particular interest because it requires a
double charge exchange and, therefore, at least a two-step
process. In our model calculation such processes are
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FIG. 3.
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Cross sections for pp — ZX. On the left results based on the meson-exchange transition potential are displayed while on the

right those for the quark model are shown. The solid, dashed, and dash-dotted lines correspond to £~X*, £%0, and £+ X, respectively.
Data taken at p,, = 1.922 GeV/c are from Refs. [45,46]. The symbols are placed at slightly lower and higher momenta, respectively,

so that the error bars do not overlap.

generated automatically by solving the LS equation (2), and
it had been predicted in Ref. [29] that X" X~ production is
by no means suppressed at low energies as one could have
expected. The actual measurement of the cross section,
published several years after our calculation [46], nicely
confirmed this prediction; see Fig. 3 (left). Results for
Pp — XX based on the constituent quark model had not
been presented in Ref. [29]. This is done here for the
first time; see Fig. 3 (right). Information on the model
results for p — AA and pp — AX can be readily found in
Refs. [27-29] (for meson exchange and for the quark
model) and we refrain from reproducing those here.

It is instructive to recall the kinematical situation for the
production of strange and charmed baryons in pp colli-
sions. This is done in Fig. 4 where the thresholds of the
various channels are indicated. One can see that the
openings of the AA, A, and X channels are much closer

AA AT IX AT == T
| \l L \l L L | | L L P | PR B |\ |
2200 2300 2400 2500 2600 2700 2800
Vs [MeV]
T ™
A TrEF
o o cC C o . C (L .
A A AT ¥y EE =E EE
c C cC C Cc C cC C CcC C cC C
|\ l 1 \|\ L ‘l\ L ‘l\l\ 1 \”\ P \l
4600 4700 4800 4900 5000 5100
Vs [MeV]

FIG. 4. Thresholds of various channels in the strangeness and
charm sectors. X* stands for the X*(1385) and X! for the
3%(2520) 3/2% resonances. Thresholds involving 1/2~ baryons
such as the A(1405), for example, are not displayed.

together than those of their charmed counterparts. On the
other hand, the == threshold is much farther away than that
of Z,Z,.. And in the charmed case there are in addition
thresholds involving the =... We indicate also the thresholds
of channels that involve the 3/2% baryons X*(1385) and
2%(2520). Those channels are not included in the present
study which aims at a rough and qualitative estimation of
the (strangeness and) charm-production cross section. It
should be said, however, that their presence could have a
sizable quantitative impact on the production cross sec-
tions, specifically in those reactions whose thresholds lie
above the ones for the production of 3/2% baryons.
Predictions for the charm-production reactions pp —
A;AS and pp — A T} are shown in Fig. 5. The meson-
exchange result for pp — AZA7 is identical to the one
presented in Ref. [14]. However, as already said in Sec. I1I
we no longer consider the unrealistic NN model D because
it predicts a too large pp cross section and, as a conse-
quence, leads to a much stronger reduction of the pp —
AZA} amplitude as compared to the other NN potentials
(A—C) that reproduce the NN data in the relevant energy
region very well [14,15]. Accordingly, the variation of the
predicted production cross section due to differences in the
employed NN ISI, represented by bands in Fig. 5, is now
much smaller, namely less than a factor 2. Thus, for NN
potentials that not only reproduce the integrated cross
sections but also describe the pp differential cross in the
forward direction satisfactorily the resulting uncertainty in
the predicted charm-production cross sections remains
modest. Evidently, now the bands from the meson-
exchange and quark-model transition potentials are clearly
separated. Note that for the latter in the present work the
dependence of the mean square radius (r?) on the quark
masses is taken into account (cf. Sec. III), and because of
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FIG. 5. Cross sections for pp — AZAS (left) and pp — AT} (right) as a function of p,,. The solid (red) bands are results based on
the meson-exchange transition potential, and the hatched (blue) bands are for the quark model. The solid and dashed lines are results

taken from Ref. [23]; see text.

that the predictions are slightly increased as compared to
the ones shown in Ref. [14].

In order to facilitate a quantitative comparison between
the two model approaches, but also between the predictions
for charm production with those for the strangeness sector,
we provide tables with results corresponding to the excess
energies of 25 (Table I) and 100 MeV (Table II) in the
respective channels. One can see from those tables that the
quark model yields pp — AZA cross sections that are
roughly a factor 2-3 smaller than the ones based on meson
exchange.

The pp — A_ZF (Z2AJ) cross sections predicted by the
meson-exchange model are more or less an order of
magnitude smaller than those for pp — AZAJ; cf. Fig. 5
and Tables I and II. This could be somehow expected based
on the corresponding ratio in the strangeness sector. On the
other hand, the predictions based on the quark model are
much smaller. In particular, they are roughly a factor 100

smaller than the pertinent results for the A7 A} channel, and

TABLE 1.

they are a factor 30 smaller than the A7 A/ results in the
meson-exchange picture.

For the ease of comparison we include in Fig. 5 also
results from Khodjamirian et al. [23] (solid curve; the
dashed curves indicate the uncertainty). In that study,
following Kaidalov and Volkovitsky [20], a nonperturba-
tive quark-gluon string model is used where, however, now
baryon-meson coupling constants from QCD light-cone
sum rules are employed. Interestingly, those results
obtained in a rather different framework are more or less
in line with our quark-model predictions.

Results for the pp — X.X, channels are presented in
Fig. 6. The cross sections predicted by the meson-exchange
model are all of similar magnitude, even the one for X0X0
where a two-step process is required. The magnitude is also
comparable to the cross section for 7p — AX. Also here
the results based on the quark model are significantly
smaller, i.e. even by roughly 3 orders of magnitude. Again
we include here the results from Khodjamirian et al. [23].

Production cross sections for strange and charmed baryons at the excess energy ¢ =25 MeV in microbarns. The

corresponding laboratory momenta are indicated in the table. The variations in the charm case are those due to the NN models A-C.

==

e

Note that the results for

are from a truncated coupled-channel calculation; see text.

Strangeness Charm
Plab Meson Quark Plab Meson Quark

(GeV/c) exchange model (GeV/c) exchange model
pp — AN (AZAD) 1.507 24.7 27.7 10.28 2.65-4.00 0.66-1.27
pp = AX (AZZh) 1.724 5.84 6.38 11.12 0.32-0.49 0.01-0.02
pp = Xt Ez 1.942 3.51 3.67 11.98 0.63-1.09 0.001
pp = 2020 (o6 1.942 1.40 1.45 11.98 0.19-0.29 0.001
pp = =tz (2029 1.942 2.65 2.86 11.98 0.26-0.40 0.001
pp — 2020 (=75 2.677 0.21 0.45 12.15 0.42-0.60 0.003-0.005
pp = ZtE- (2920 2.677 0.17 0.32 12.15 0.17-0.26 0.003-0.005
pp — EEH 13.32 0.15-0.22 (0.5-0.7) x 107
pp — 200 13.32 0.05-0.08 (0.5-0.7) x 10~
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TABLE II.

PHYSICAL REVIEW D 95, 014017 (2017)

Production cross sections for strange and charmed baryons at the excess energy € = 100 MeV in microbarns. The

corresponding laboratory momenta are indicated in the table. The variations in the charm case are those due to the NN models A-C.

Note that the results for =.=Z/ are from a truncated coupled-channel calculation; see text.

Strangeness Charm
Plab Meson Quark Plab Meson Quark

(GeV/c) exchange model (GeV/c) exchange model
pp — AN (AZAY) 1.719 72.6 70.6 10.66 5.65-8.37 2.22-3.49
pp = AZ (AZZH) 1.937 10.6 9.5 11.50 0.60-0.91 0.02-0.04
pp = 7Tt (£ 2.157 5.63 8.48 12.38 0.91-1.58 0.002
pp = 2020 (7 2.157 2.35 2.77 12.38 0.30-0.46 0.002
pp — ZrZ (200 2.157 3.27 3.66 12.38 0.38-0.58 0.002
pp = 220 (720 2.904 0.40 0.94 12.55 0.62-0.87 0.007-0.010
pp = == (29Y) 2.904 0.29 0.76 12.55 0.31-0.45 0.007-0.010
pp — ZCEH 13.74 0.27-0.39 (0.1-0.2) x 1073
pp — =020 13.74 0.08-0.13 (0.1-0.2) x 1073

In this case only isospin averages results are available. Let
us mention that Kroll, Quadder, and Schweiger [19] have
already published integrated cross sections for X~ XF+
more than two decades ago. Their predictions amount to
about 1073 ub at py,, = 16 GeV/c and, thus, are more or
less compatible with those by Khodjamirian et al..

-4 N R 1 R 1 L
11.5 12.0 125 13.0 13.5
P (GEV/C)

Production cross sections for pp — Z.Z, are displayed
in Fig. 7. The results exhibit a similar pattern to what we
already observed for the XX case. Once again the cross
sections based on the meson-exchange transition potential
are in the order of 0.1-1 ub while the predictions for
the quark model are orders of magnitude smaller. We

-4 N . ! . I .
11.5 12.0 12.5 13.0 13.5
P (GEV/C)

12,5 13.0 13.5

P (GeV/c)

FIG. 6. Cross sections for pp — £.Z, as a function of py,,. Top left, -~ Z++; top right, £ =7 ; bottom, £230. The same description of
curves as in Fig. 5.
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=0-_.0 E

Oyt (1D)
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12.0 12.5
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13.0 13.5

=0=0

FIG. 7. Cross sections for Z.Z, as a function of py,. Left, Z-ZF; right, Z9Z0. The same description of curves as in Fig. 5.

performed also exploratory calculations for the reaction
pp — Z.Z2.. Its threshold lies significantly higher than
those of the other charmed baryons and several more
channels are already open; see Fig. 4. Therefore, in this
case only a very rough estimate can be expected from our

—_

model study. Because of that we omitted the =.=. and
=.2.,2.Z,. channels in that calculation for simplicity
reasons. The corresponding results are quoted in Tables I
and IL.

There is a clear trend that the cross sections in the quark
model become more and more suppressed as compared to
those from meson exchange for channels with higher-lying
thresholds. The main reason for the stronger suppression is
presumably related to the exponential r dependence of the
potential; see the expressions in Sec. III and Appendix A. It
amounts to V*(g) o exp(—¢*(r?)/3) in momentum space
with q = p, — p, being the transferred momentum. With
increasing masses of the baryons there is an increasing
momentum mismatch between the on-shell momenta in the
initial (NN) and final states and, because of the exponential
g* dependence, the on-shell matrix elements are strongly
reduced for transitions to higher channels. In the meson-
exchange picture the potential is given by V*(gq) « 1/
(—q> — m3,); see Eq. (4). Since m,, is already of the order
of 2 GeV variations in ¢ due to the different charm
thresholds have only a moderate effect on the strength of
the (on-shell) potential.

TABLE III. Color-spin-flavor factors y, and y; for the tran-
sitions to double-strange baryons =0+ =0-),

Initial state > AA X030 A0 ¥-3*+  Final state |
_ 8 16 4 32 =0=0
§=0 s "% 3f 3 =2
8 16 4 =te-
9 27 93 = =
S—1 28 L R (! 200
27 81 o3 27 ==
2 2 _ 6 0 Sio-
27 1 3 ==

In addition also the interactions in the final Y, Y, states
play a more important role. For A7 A} production we had
found that the results are rather insensitive to the FSI [14],
leading to a reduction of the cross section in the order of
only 10%—-15% when it is switched off altogether. This is
no longer the case for channels with higher-lying thresh-
olds. Indeed, an increased sensitivity is not too surprising in
view of the fact that some channels like V%0 and, of
course, =,.Z, can only be reached by two-step processes,
which means via Y_.Y, FSI effects. We explored the
sensitivity by (arbitrarily) increasing the annihilation in
the X%, channel by multiplying the strength parameters of
the .X. annihilation potential with a factor 2 and found
that this reduces the pertinent charm-production cross
sections by one order of magnitude. Note that specifically
for the quark model, where the on-shell transition matrix
elements are rather small as discussed above, off-shell
rescattering in the various transitions becomes very
important.

The charm-production cross sections based on the
meson-exchange picture depend also sensitively on the
form-factor parameters at the NY_.D and NY_.D* vertices.
As said in Sec. II, for the results discussed above a cutoff
mass of A =3 GeV has been used. When reducing this
value to 2.5 GeV the cross sections for pp — A7 Al drop
by roughly a factor 3 [14]. For the other charm-production
channels considered in the present paper such a decrease of
the cutoff mass in the transition potential yields a reduction
of a factor 5 in the cross sections. One can view that
variation as a further uncertainty of the predictions based on
the meson-exchange model. If so, one can conclude that the
results of the meson-exchange and quark transition poten-
tials for pp — A;A} are indeed compatible with each
other. However, this is definitely not the case for the other
charm-production channels considered. In principle,
employing even smaller cutoff masses would further
decrease the cross sections of the meson-exchange
charm-production mechanism. However, as argued in
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. .. =(0,—) —(0.+ =/(0,—) —=/(0,+
TABLE IV. Color-spin-flavor factors y, and y,; for the transitions to :E ):E ) and :C( ):c( ) final states.
Initial state — AA 3030 AXO AZAS SOy AZZH DI s Final state |
_ 2 2 _2 =00
S=0 5 0 0 5 ) 0 0 —c=c
2 i _4 =-5+
0 0 0 5 5 9 S Ze
4 4 1 _2 10 4 0 20510
9 9 7 9 27 93 =c =c
4 4 _ 4 _2 10 __4_ 20 o=+
9 27 93 9 27 93 27 =c =c
— 2 2 _2 2 2 =00
S=1 27 3 33 3 27 0 0 —c—c
2 2 2 2 2 0 4 St
9 3 33 3 27 27 —c=c
14 14 14 2 62 __4 0 =10=/10
27 27 27 27 81 271V3 =c =c
14 14 __l14_ 2 02 _4_ 124 St
27 81 273 27 81 273 81 —c —¢

Ref. [14], in view of the fact that the exchanged mesons
have a mass of around 1.9-2 GeV we consider values
below 2.5 GeV as being not really realistic.

Finally, a comment on the SU(4) flavor symmetry which
is used here as a guideline for providing constraints on the
pertinent baryon-meson coupling constants. As already
said in the introduction, recent calculations of the relevant
(D and D*) coupling constants within QCD light-cone sum
rules suggest that the actual deviation from the SU(4)
predictions could be in the order of a factor 2 or smaller; see
Table 1 in Ref. [23]. Indeed, in several cases the ratio of the
NY.M to NYM coupling constants turned out to be
practically consistent with SU(4) symmetry (where that
ratio is 1) within the quoted uncertainty. In any case, since

TABLE V. Coupling constants and cutoff masses at the ZAK,
==, etc., and the corresponding Z.A K, =.E.7, etc., vertices.
The coupling constants are obtained from SU(4) relations with
Iune/ VAT =3.795, gyn,/VAr =0917, and fyy,/VAz =
5591 and the F/(F+ D) ratios a, =2/5, aj =1 and
a) =2/5.

Strangeness Charm

Vertex ga/\/z"; f(l/\/4—7; Aa (GCV) ga/\/47n f{z/\/z";
=ZAK 1.315 2.0 —1.859

=K -3.795 2.0 2.147

=ZAK* 1.588 0.666 22 -3.188
=XK* -0917 -5.591 22 1.297 2.385
== —0.759 1.3 1.518

==p 0971 -2.219 1.3 0.917 1.686
ZEw 1491 -2.800 2.0 1.491 1.398
== -4.216 -3.953 -2.108 -1.977
=EJ y 2.108 —3.953
==o 3.162 1.7 3.162

=Z.XK 2.0 1.859

=.AK* 22 1.297 -1.297
=.XK* 22 1.682 1.682
=2 1.3 0917 -0.917
SASH0) 2.0 1.491 —1.398
SASH -2.108 1.977
=2y 2.108 3.953
.20 1.7 3.162

the coupling constants enter quadratically into the potential
[see Eq. (4)] and with the 4th power into the cross sections
it follows that a factor 2 (1.5) in the coupling constant
implies roughly a variation in the order of a factor 16 (5) in
the cross section. Such variations are larger than those from
the pp ISIrepresented by the bands. However, they are well
within the difference we observe between the predictions
based on the meson-exchange transition potential and those
of the quark model.

V. SUMMARY

In this paper we presented predictions for the charm-
production reaction pp — A;AF, A_TH, .2, and Z.E,.
The production process is described within the meson-
exchange picture in close analogy to our earlier studies on
Pp — AA [27], AZ, IX [29], and Z= [30] by connecting
the dynamics via SU(4) symmetry. The calculations were
performed within a coupled-channels framework so that the
interaction in the initial pp interaction, which plays a
crucial role for reliable predictions, can be taken into
account rigorously. The interactions in the various Y Y,
channels and the transitions between those channels are
also included.

The obtained A;X (Z-AJ) production cross sections
are in the order of 0.5—1 ub for energies not too far from the
threshold. Thus, they are about a factor 10 smaller than the
corresponding cross sections for AZAf. The T.X, cross
sections are likewise in the order of 0.5-1 ub where those
for ;X4 are predicted to be somewhat larger than those
for ;X and 00, The cross sections for =Z.Z, produc-
tion, for which the threshold is only slightly higher than the
one for £.X,, are found to be around 0.5 ub.

In order to shed light on the model dependence of our
results we investigated the effect of replacing the meson-
exchange transition potential by a charm-production
mechanism derived in a quark model. In our earlier work
on the reaction pp — AZA we had found that both
pictures lead to predictions of essentially the same order
of magnitude [14]. Thus, it seemed that the details of the
production mechanism do not matter; only the involved
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scales and these are fixed by the masses of the exchanged
mesons or, correspondingly, the constituent masses of the
produced charmed quarks. Now, it turned out that our
conclusion drawn from that work was perhaps too optimis-
tic. The extension of the study to other charmed baryons in
the present work revealed drastic differences between the
predictions of the two production mechanisms for channels
with higher thresholds. Specifically, for pp — A =
(Z-A}) the quark model yields results that are more than
one order of magnitude smaller than those obtained for the
meson-exchange model and in case of pp — X X, or pp —
=,.Z, the differences even amount to 3 orders of magnitude.

Clearly, this large difference or uncertainty in our
predictions is a bit disillusioning. But to some extent it
does not really come unexpected. While for the lowest
channel, A7A}, the magnitude of the cross section is
mostly influenced by the initial pp interaction (which is
known and fixed from experimental data) this is no longer
the case for the other reactions. Here two-step processes of
the form pp — A A} = .2, pp = AT (S A)) —
Y%, etc., become increasingly important. Accordingly,
the influence of the interactions in the AZA}, AZX/, ...,
channels become more significant and those are not con-
strained by any empirical information. Specifically, for the
quark-model results these interactions play a decisive role
because direct transitions are suppressed due to the large
momentum mismatch. Accepting the difference between
the predictions based on meson exchange and those for the
quark model as the basic uncertainty of our model
calculation leaves ample room and, thus, might be not
so encouraging for pertinent measurements. The results for
meson exchange taken alone convey a much more opti-
mistic perspective for experimental efforts. In any case,
which of those scenarios is closer to reality can be only
decided by performing concrete experiments that will
hopefully be pursued at FAIR in the future.
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APPENDIX A: QUARK MODEL

The microscopic quark-model interaction of the strange-
and charm-baryon production potentials is inspired by an
s-channel one-gluon exchange amplitude for light quark-
antiquark [/ pair annihilation and heavy quark-antiquark hh
pair creation that can be parametrized in terms of an
effective quark-gluon coupling strength &/ m%; as

PHYSICAL REVIEW D 95, 014017 (2017)

dra

V(ll = hh)=~ - (r; = 17)8 (1), = 17)& (1), = 1)),

(A1)

where C is the color matrix

C(ll - hh) = ézi: [</10> (;120) hh] (A2)

and S is the total spin of the light quark-antiquark pair (or of
the heavy antiquark-quark pair; any quark mass factors
involved in either case are absorbed in the effective
coupling). Also, [ stands for (u,d) and, depending on
the case, i for s or c. For example, while in the process
Pp — A(AA,), h = s(c),in AA - Z.Z,, 1 = (u,d) and
h = ¢, and so on.

To evaluate the transition potential, we need quark-
model wave functions for the baryons and antibaryons. For
simplicity, we use harmonic oscillator wave functions, that
for the ground states are given by

¢B(r]’r2a rZ) = ¢B(p’2’)
1 3/4 1 3/4
(@) &)
1
X exp <— z—bgpz - le)

where p and A are the Jacobi coordinates p = r; — r, and
A =r3— (mr| + myr,y)/(my +m,), respectively, with
m;, my, and msy being the quark masses. For example,
for the proton we have m; = m, = m, and mz = my, (in
the present paper, we take m, = my = m), by = \/2(r?),
and b} = \/3/2(r?), where (r?) is the proton mean square
radius. For A (Z), m; = my, = m, my = my, and the size
parameters bA and b? are related to those of the proton as
b} = b} and bf = /ab? (and analogous for X), where a
depends on the quark masses as

(A3)

mg +2m
(lz = T . (A4)

For A, (£,.), m, in Eq. (A4) is to be replaced by the charmed
quark mass m,.. For = one has m; = m, = myand my = m
and, analogous to A, one can relate the respective size
parameters to those of the proton as b[E, = b} and

b7 = \/BbY, with

m—+ 2m
3m

P = (AS)
Finally, for the =, and Z, states, which involve u(d), s and
¢ quarks, in order to keep the calculation simple we define
an average mass m = (m + my)/2 so that in the wave
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function (A3) the size parameters are related to those of the
proton as b,* = b2 and by = \/Bb’, with

PHYSICAL REVIEW D 95, 014017 (2017)

The expressions for the corresponding charm-production

potentials pp — A-A7, ..., are identical. But @ and f differ
and, accordingly, the values of the factors A; and B;. And,

7= m, +2m (A6) of course, also the effective coupling constant is different.
- 3m, The transition potentials for double-strange baryon pro-
duction, AA, 030 A0, T-30  Z0=0 =+=-, can be
Given the microscopic interaction and the baryon and  ritten generically as
antibaryon wave functions, one can evaluate rather easily
the transition potentials. For the transitions pp — AA, 4
0%, AX?, £-%* the potentials have been given explicitly Vs Pod(p) = A, (a, §)3/2 < na) (20050 + x16s1)
in Egs. (7)—(10), where the functions A, («, ) and B, («, f3) mg;
take into account the different sizes of the baryons due to 3 3/2 3 r?
quark-mass differences encoded in the parameters « and /3 x 47(r?) CXp |~ _BZ(" P) —>
defined above:
(A8)
2 1 + a
A(a,p) = , B (a . A7
(@p) =1 Biap) = an
|
2%a*p
As(a, p) = , A9
2(2.) [3+58+a(5+3p)][3+58+6a*(=1+ ) + 12a°f + a*(3 + 9p)] (A9)
2033+ 56+ a(5 + 3p
Bafaf) = | o (A10)
34+58+6a°(=1+p)+ 12&°B + a* (3 + 9p)
and y, and y, are color-spin-flavor coefficients whose ,  mg+2m,
values are given in Table III (we use the phase conventions O =—F7—": (Al4)

of Ref. [47] for the spin-flavor wave functions).

In the production of the charmed antibaryon-baryon
=050+ /(0.-)=/(0+) N
states = and = =/, there are two situations
to dist1ngu1sh, those w1th strange antibaryon-baryon
(AA, 2020, A%, 3°A) in the initial states and those with
charmed antibaryon-baryon (A7Af, ;X A ZH, ToAL,
S-7X ). While in the first case an anticharm-charm quark
pair is created, in the second an antistrange-strange quark
pair is created and the symmetry of the wave functions
leads to different transition potentials in the two cases. The
corresponding transition potentials are of the generic form
given in Eq. (A8), with the coefficients y, and y; given in
Table IV, and the functions A, and B, replaced by

Az(a.f) = As(a. p), Bs(a.f) = By(a. ) (All)
for the strange antibaryon-baryon initial states and
_ 24atp
Asla,, p) = = < —, Al2
Do mrsap A
_ 403 (a, + f
By(a.,p) = dacac+h) (A13)

3at + 26+ 3a2p

for the charmed antibaryon-baryon initial states, with a,
being the charmed counterpart of a:

3m,

Though we provide here all transition potentials between
the strangeness and the charm sectors for completeness
reasons, it should be said that only transitions of the form
pp = A;AF - E.E,, etc., are included in the actual
coupled- channel calculation. Transitions via strange bary-
ons like pp - AA — Z.Z, are ignored. We expect such
processes to be less significant. At least, in our study of the
production of the charm-strange meson D, in pp — D} Dy
it had turned out that two-step processes involving strange
hadrons are practically negligible [15].

APPENDIX B: SU4) CONSIDERATIONS

For calculating the baryon-baryon-meson coupling
constants within the assumed SU(4) symmetry we utilize
here the tensors v, (4, v, A=1,...,4) introduced
by Okubo [48] for representing the baryon 20-plet; see
also the Appendix of Ref. [49]. These tensors fulfill the
conditions

l//;w/l + Wu/lﬂ + l/’zl;w = 01 l//;w/l = Wu;t/l' (Bl)

In terms of the baryon fields the tensor is given
by [48]
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Vi = Ps Yoor = 1, Vi3 = %20,

7651 :%(—%ZO‘F\/%A} W312*%(—%20— %A) Wiz =27,

Wy =27, wa = =, Wi ==,

Yiog = \/%Zi Wl =3 ( %Zj + %A?) Wi =3 (—ﬁEi %AZL),

wia = Z8T, Wos = X, Vi34 = ﬁEi,

W34 =3 (—%Ej - %E/ch), Wiz =3 ( J5EE+ \/VH”F) W = 52,

Y342 ( %EB - %:/Co)’ Wiz =3 ( 12 =+ \/7 = 0) Wiz = Q.

Yaq1 = See > War = EL, Waaz = Q¢

The SU(4) 15-plet of the mesons is represented by the tensor

M=% 40y s M} =gt M} = K™, M =D°,
M) =n, M} =—Z gt M=K Mi=D",
M=K, M2 =TR", = o+ s, Mi=D;,
M} =D, M? =D+ M;} D} Mﬁ:—%.

Note that the structure for vector mesons is identical
and, therefore, we do not give its form explicitly. It
can be obtained via the obvious replacements 7z — p,
K — K*, etc.,

In terms of those tensors the SU(4) invariant interaction
Lagrangian is given formally by

L = glay* ™ Mawg,, + by Mayg,,).  (B2)

In the actual evaluation of the baryon-baryon-meson

coupling constants for the SU(4) case we take as reference

the standard SU(3) calculation. There those couplings are
obtained from [50]

£= <§F{M,B} L2 BM, B]>, (B3)
|
9=.2.7 = OpsYNNz»
= E.r = \/% (aps - 1>gNNm
9=.2.05 — —%%SQNN”’
== (aps - 1)9NN7n
9= Eaps = \/Lg (3- 4aps)91v1vm

9= A K = \/%(aps - 1)9NNm

9=z, Kk = \/EapsgNNm

where B and M are the baryon and meson octets, respec-
tively, in the usual matrix representation [50] and the
brackets (...) denote that the trace has to be taken. The
two independent coupling constants F' and D are usually
=F/(F+ D) and 1- a,,
respectively. The SU(3) relatlons for the coupling constants
can be read off by regrouping the terms that arise in the
explicit evaluation of Eq. (B3) into multiplets within the
isospin basis; cf. Eq. (2.17) in Ref. [50]. The expressions
based on the SU(4) Lagrangian (B2) can be mapped
onto our SUQ3) results with a = (—4 + 10a,)3
b= (=54 8ay)3.

The coupling constants at the baryon-baryon-meson
vertices relevant for the present study are given by

expressed by the ratios ap

and

9=.2ms = 33 (2- Saps)gNNm

= %/—( ~7 + 4atps) Iz

= =
Se=cs

g

9=ZAK =3 (2 Sa )gNNzrv

=y K — \/%(1 - aps)gNNm
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I\ 3.7 = \/Lg (1 - aps)gNNm
IA Ay = 2\/—( 2+ Saps)gNNm

—_ 2
gE(,chg - TapsgNNm

9AND = _T(l +2a s)INNz>

In case of pseudoscalar mesons the ratio Ops is fixed

from the nonrelativistic quark model [SU(6)], i.e. a, =
2/5 [34]. The contribution of the 7 meson has been
neglected [34,51].

For the isoscalar vector mesons w, ¢, and J/y we

assume ideal mixing of the w5, wg and w; states, i.e.

1 1 1
w = ECO] + gwg + 86015»
1 2 1
»= 5@ + \/;G)S —\ s

1
J/y 25601 —76015,

(B4)
and fix the coupling constant of the SU(4) singlet by
imposing the Okubo-Zweig-lizuka rule so that gyyg = 0.
This also ensures that gy, = 0.

For the vector coupling constant the F/(F + D) ratio
ay, = 1is used which then yields the following relations for
the @ coupling constants:

2
IAAo = 9530 = AN 0 = 9550 = ggNN(m
1
==w — 9550 = 9220 — §gNNma (BS)
V2
Gang = Gssp = — ?gNNaN
22
9z=p = = 2g= S — 29“’;’45 = _TgNNaN
V2
IANT )y = 9550y = TQNNCU?
V2
9=, 20)y = 9220y = 3 5 YNNo- (B6)

In case of the tensor coupling constants f the SU(3)
relations are actually applied to the combination of the
electric and magnetic coupling, G = g + f, and with the
F/(F + D) ratio a} = 2/5 [34]. Taking also into account
that in the full Bonn NN model one has fyy, =0 [51]
yields then the following relations for the f’s:

PHYSICAL REVIEW D 95, 014017 (2017)

95,50 = zapsgNN;w

IAA s = ( ~T + 4ays) gy
9z zoms = ﬁ (3 — 4ap5) Iz
gz.np = (1 = 20) Iz

faro = fane = ;fzva,
frzo = Frz =+ xnn
Sfzmw = —2f55.0 = 2250 = _%fNpr (B7)
fang = —Jszp = _\éifNN/)i
Jamp =2fz59 = 25z = —gfzva,
Fangpy =—fss0m = \/Tifzva,
=50y = —fz=im = ngNp' (B8)

In the study of strangeness production [27-30] the
contribution of ¢ meson exchange was ignored. Since its
contribution is of rather short range it was argued that it is
effectively included via the real part of the phenomeno-
logical annihilation potential, which is also of short range
and has to be determined by a fit to data anyway. We adopt
the same point of view here, and we also omit the
contribution of the even shorter-ranged contribution from
J/y exchange. Exploratory calculations for strangeness
production with inclusion of ¢ exchange resulted in an
increase of the cross sections by a factor of roughly 2.
However, as expected this increase can be easily compen-
sated by an appropriate adjustment of the parameters in the
annihilation potential so that one arrives again at results that
agree with the measurements. A corresponding compensa-
tion takes place also in the charm sector if we include the ¢
meson but then adopt likewise the readjusted parameters
(from the strangeness sector) for the final-state interaction
in ACKC, etc.,

In the works of the Bonn-Jiilich groups the ¢ meson
stands for the correlated zz s-wave interaction and is
neither considered to be an SU(3) singlet nor a member
of the 0"-meson octet. Here, for simplicity reasons we
simply take over the coupling constants used at the AAo-,
X¥0-, and ==¢ vertices in previous works [30,34] for the
corresponding vertices for charmed baryons. Table V
summarizes the values of the coupling constants and cutoff
masses of the vertex form factors employed in the present
calculation.
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