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Cross sections for pentaquark baryon production from protons in reactions induced
by hadrons and photons
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Using hadronic Lagrangians that include the interaction of pentaddabaryon withK andN, we evaluate
the cross sections for its production from meson-proton, proton-proton, and photon-proton reactions near
threshold. With empirical coupling constants and form factors, the predicted cross sections are about 1.5 mb in
kaon-proton reactions, 0.1 mb jnucleon reactions, 0.05 mb in pion-nucleon reactionsu0n proton-
proton reactions, and 40 nb in photon-proton reactions.

DOI: 10.1103/PhysRevC.68.045203 PACS nunerl3.75.Gx, 13.75.Jz, 12.39.Mk, 14.2@&

I. INTRODUCTION Therefore, knowledge of the cross sections@dmproduction

and absorption by hadrons is important for understanding

. Re_cently, a narrow bary+0n Stage was inferred frqm thethe mechanism for its production in relativistic heavy ion
invariant mass spectrum &'n or K°p in nuclear reactions . isions

induced by photonEl,Z]_or kaong[3]. The extracted mass of In this paper, we evaluate the cross sections@émpro-
about 1.54 GeV and width of less than 21-25 MeV are conyyction from nucleons induced by mesons and protons using
sistent with those of the pentaquark bary®@hconsisting of 5 nadronic model that is based on QUflavor symmetry
uuddsquarks predicted in the chiral soliton modél. Its  with empirical hadron masses and form factors at interaction
existence has also been verified recently in the constituenfertices. For the coupling constant betwedhandKN, it is
quark model5,6] and the QCD sum rulel¥]. Although the  determined from the width o®*. Introducing the photon as
spin and isospin 0B are predicted to be 1/2 and 0, respec-a U,,(1) gauge boson, we extend the hadronic model to also
tively, those of the one detected in experiments are not yetalculate the cross section f@" production from photon-
determined. Studies have therefore been carried out to pr@roton reactions, which is relevant to the experiments in
dict its decay branching ratios based on different assignmentghich ®* was detectedl1,2].

of its spin and isospifi8,9]. Since both kaons and nucleons  This paper is organized as follows. In Sec. Il, the cross
are present in the hadronic matter formed in relativisticsections fol®* production from meson-nucleon reactions are
heavy ion collisions, the number &* produced in these evaluated. Production @* from proton-proton reactions is
collisions may be appreciable. Using the statistical modelstudied in Sec. Ill with inclusion of both two-body and three-
which assumes tha&™ baryons are in chemical equilibrium body final states. The cross section f@f production from

with other hadrons, Randrufl0] has estimated its abun- photon-proton reactions is then determined in Sec. IV. Fi-
dance and has found that thg A ratio in the midrapidity is  nally, a summary is given in Sec. V.

about (10-20% in central Au+Au collisions atysyy

=200 GeV available from the Relativistic Heavy lon Col- II. ® PRODUCTION FROM MESON-NUCLEON

lider. With about sever\’s produced in midrapidity11,12, REACTIONS

one expects that there would be about one midrapi@ity ) ) . o

present in these collisions. Since a quark-gluon plasma is Possible reactions fo®™ production in meson-nucleon
believed to have formed in the initial stage of relativistic interactions aremN—K®, KN—70®, and pN—K® as
heavy ion collisions®* baryons can also be produced dur- shown by diagrams in Fig. 1. The interaction Lagrangians
ing the hadronization of the quark-gluon plasma. This conneeded to evaluate the cross sections for these reactions are
tribution has been studied in RgfL3] using the quark coa- . _ _

lescence model and was found to be important as production Lkno = i0kne(®ysNK+ Nys0K),

from later hadronic matter is less significant due to the small
coupling betweer®* and other hadrons as predicted in the
chiral soliton model[4]. The coupling may even be smaller
as reanalysis ok*p andK*d elastic scattering data has indi-
cated that they are consistent with the existence of reso- - Ko
nances with width of only 1 Me\[14]. In this case,®* Lonn=GonnN{ Yo+ 2my” a“pV>N’
baryon, like other multistrange baryori$5], can also be
used as a signal for the quark-gluon plasma in relativistic . v o
heavy ion collisions. On the other hand, if tk¥ baryon Lok = 19xk(Kp 9, K = 9,Kp"K). @
interacts strongly in hadronic matter, its final number in rela-In the above o**=i[y*,¥"]/2 with y* denoting the Dirac
tivistic heavy ion collisions would become independent of itsgamma matrices; the isospin doublet kaon and nucleon
initial number produced from the quark-gluon plasma.field are denoted byN and K, respectively; while the

Lonn=~ g nnNysmN,
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FIG. 2. Spin and isospin averaged cross section®foproduc-
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tion from meson-nucleon reactions as functions of center-of-mass

FIG. 1. Diagrams for®* production from meson-nucleon €nergy:mN—Ke (solid curvg, KN— 70 (dashed curve andpN
reactions. — KO (dotted curve

isospin triplet pion andp meson fields are given byr  above,p; and p, denote the momenta of initial state par-
=7-7 andp*=7-p*, respectively, with7 denoting the Pauli ticles while p; and p, denote those of final state particles
spin matrices. The spin 1/2 and isospin 0 pentaquarkn the left and the right side of a diagram. The usual
baryon is denoted by th® field. For coupling constants Mandelstam variables are given k8= (p;+p,)? t=(p;
involving normal hadrons, they are taken to lgeyy -p3y)? andu=(p;—py)>
=13.5, g,nn=3.25, g,k =3.25, x,=6.1 as usually used in The spin and isospin averaged cross sections for these
hadronic modelg16]. The coupling constangkne be-  reactions can be written as

tween®* andNK is determined from its width given by

do _
2 2 2 e 2
= M, (4)
F® — gKN@) (\ N N) , (2) t 647TSHZS I|§ | |
21 Mg
wherem, and m, are the masses of nucleon a@d, re- In the above § andl; denote spin and isospin factors, and

and K in the rest frame o@®*. Usingmy=1.54 GeV and for the reactionkN— 70, and 6 and 6 for the reaction

I'g=20 MeV, wefind gkne=4.4, Which is comparable to pN—K®O.

that given by the chiral soliton modé4]. To evaluate the cross sections for these reactions, form
The amplitudes for the three reactions shown in Fig. 1 aréactors are needed at interaction vertices to take into account

b the finite sizes of hadrons. We adopt the monopole form
Ml_ngNgKNO®(p4)#N(p2)y factor used in Refg17-2Q, i.e.,
N A2
F(g®) = , (5
— P2+ P3 k A%+ P
My = ngNgKN®®(p4)—mN(p2)
N

with g? denoting either the squared three-momentum of
L external particles ins and u channel diagrams or the
squared three-momentum transfertichannel diagrams.
Maa 'ngKgKNO@(pA)ySN(pZ) 2(2p3 2py)" ey, The cutoff parameter is taken to be=0.5 GeV for all
interaction vertices, based on fitting the measured cross
section for the reactiomrN— KA using similar hadronic
Pyt P2+ my L .
e agrangiang 21].
ST mﬁ The resulting spin and isospin averaged cross sections are
shown in Fig. 2 as functions of center-of-mass energy. It is
X(V"— iﬁ(”‘l%) N(po)€,, (3)  seen that all cross sections peak at energies slightly above
N their threshold. The largest cross section is from the reaction
where €, is the polarization vector op meson. In the KN— 70, with peak value of about 1.6 mb as result of small

Mg, = igpNNgKN®6(p4) Vs
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FIG. 3. Diagrams for ® production from proton-proton

reactions.

mass difference between initial and final states. The cross

sections for other two reactionsN—K® and pN—>K® are
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For the reactionspp— 7*A®* and pp—K%0* with
three-body final states, their amplitudes can be written in
terms of those of off-shell two-body subprocesses involving
the exchanged meson and the proton on the right side of a
diagram[19,2Q, i.e.,

1
Msg= |9KNAA(p3) Vsp(pl) 2 My+p ot 9

Mg =—1ignnP(P3) ysP( Pl) m2 M 05 k06 + JonnP(P3)

X y“+iio“"(p = P3)a [P(P1)
2mN 1 3« 1

. {—gﬂﬁ (p1- p3)r,¢;(2pl_

P

p3)v:| 1 _
M 0 0@+
_ 27 e p—KP0T
t m,

(10

much smaller, with values about 0.05 mb and 0.1 mb, reWhere My, g+, M0y xog+, and M o, xop+ are the

spectively.

Ill. ® PRODUCTION FROM PROTON-PROTON

amplitudes for the subprocesseK*p— 7*0*, =%

K", andpop—>K°®+. In terms of their off-shell cross
sections, the cross sections f& production in proton-

REACTIONS proton reactions with three-body final states are given by
The ®* baryon can also be produced from proton-proton dopp a0+ gﬁN A —

. ++ . _ : = k / [_ t+ (m
reactionspp— >0 with two-body final state as well as dtds; 327’2392 Sy N
pp— 7"AO®* and pp—K%®* with three-body final states. )
These reactions are shown by the diagrams in Fig. 3. Addi- my)2]—— F(@9) TSy, ), (11)
tional interaction Lagrangians besides those given in(Eqg. M (t- n12)2 KIpom OTL:
needed to evaluate their cross sections are

doppkope+ gw f(t)
Lyna = |gKNA(KA75N + N7’5AK) F():Itdslp BZﬂENgzk\’Sl( t) 2)20 20pK00+(S1, 1)
3 —
Lyns =igknsNysEK + H.c., (6) N 64?:2,\“;2'(\’ : (#)2{4(1 )i~

whereA andS =73 denote the isospin singlet and triplet '
hyperons, respectively. The coupling constagtg, and ( -1)
Okns are related tay,y via the SU3) relations[16,19]: - 2my) ~ 2 ozt AL+ k) K, (A - 1)

3 - 2ap

Okna = ngN =13.5,
V3

Okns = (1 = 2ap)gnn=—3.78, (7)
with ap=D/(D+F)=0.64.

For the reactiorpp—2*0®* with two-body final state, the

two amplitudes are

1 —
— 2 9(Pa) ysP(p2),

Mypa=- gKNG)gKNEg( P3) 75P(P1)t
K

— 1 —
Map =~ GenoGins>(P3) YsP(P2) -7 O(Pa) Yp(Py).-
u-—my
€)

Its cross section can be evaluated using Ey.without
isospin factor.

X 0,0p_k0e+(S1, 1). (12
In the abovep, is the center-of-mass momentum of two
initial protons,t is the squared four momentum transfer of
exchanged mesors is the squared total center-of-mass
energy, ands; andk are, respectively, the squared invari-
ant mass and center-of-mass momentum of exchanged me-
son in the subprocess. We note that there is no interfer-
ence between amplitudes involving exchange of pion and
p meson.

For form factors atTNN and pNN vertices involving pion
meson orp meson exchange, we use the usual covariant
monopole form factof19]

AZ_ ZX
(=" (13

with m,, denoting the mass of exchanged meson. The cut-
off parameterA is taken to have value 1.3 GeV for pion
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FIG. 5. Diagrams fol®* production from photon-proton reac-
tions with two-body final state.

0" width of 5 MeV [22]. Its value at 100—200 MeV above
threshold is about 80—-120 nb and is about a factor of 20
smaller than our value. Part of the difference is due to the

larger®* width of 20 MeV used in our study for determining
FIG. 4. Cross sections fo®* production from proton-proton the coupling constardyye.
reactionsp_p—&”@)+ (dashed curve pp— 7"A®* (dotted curve

and pp—KO°®* (dash-dotted curvefunctions of center-of-mass IV. ® PRODUCTION FROM PHOTON-PROTON
energy. The total cross section is given by solid curve. REACTIONS

exchange and 1.4 GeV fgr exchange as in Ref19]. At The hadronip Lagrgngians introducgd in previous sections
other interaction vertices, we use monopole form factors3" be general|zed+to mcludg photons in order to evaluate the
F(g?) of Eq. (5) with same cutoff parametek=0.5 GeV cross section fol®* production from_photon—proton reac-
as introduced in Sec. II. tions. This includes the reactiopp— K°®* with two-body

In Fig. 4, we show the cross sections @F production  final state as shown by the diagrams in Fig. 5 as well as the
from proton-proton reactions with either two-body or three-reactionsyp—K~7*@* and yp— K p*®@* with three-body
body final states as functions of center-of-mass energy. It i§nal states as shown by the diagrams in Fig. 6.
seen that the cross section for the reactiop—3*0* To evaluate the cross sections for these reactions, we need
(dashed curvewith two-body final state has a peak value the following interaction Lagrangians involving photons
about 2ub around 3.3 GeV. This cross section is compa-[22]:
rable to that for the reactiopp— 7*A®* (dotted curvgwith _
three-body final state, which is aboui® at center-of-mass L an=i1eANy,[(1+73)/2]N,
energy 4.2 GeV. These two cross sections are much smaller
than the peak cross section of &B for the reactionpp

—K%0O* (dash-dotted curyewith three-body final state. The
total cross section fo®* production from proton-proton re-
actions obtained from the sum of above three partial cross Lynn= €AY, X )3,
sections is shown by the solid curve. TiE production
cross section from the reactiggp—2*0®* has been previ- _ O - . v - -
ously estimated from thekK* invariant mass spectrum in the Lypp = eN(0,0" X p)s + (A5, = A0up,) X 713
reactionpp— n*K* using the phase-space argument with a +[p" X (A"d,p,— 9,A"p,) 13},

Ey@)@ = IeA“G—)y#G) s
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e R 1
L= 1BATKQI,K = 9,KQK], (14) Mi:'gKN@)@(ps)?’sN(pl)t—mZ(MiS;jb+MiSbUb+Miscu ’
K

L = — €G- UK, (27Q - QDK + K(2Q7 (18

— 7K, - 7, with i=8 and 9 denoting, respectively, the reactipp
— K™ 7*®* and the reactionyp— K p*®* in Fig. 6. In the
_ ; sub sub sub
£ = G AK(7Q + QAK -7, above, the am_phtude:A/*lia . Mi,, and M are for the
subprocessesK®— 7K™ and yK°— p*K~, and they are
where A, denotes the photon field ar@ is the diagonal ~9given explicitly by

charge operator with elements 0 and —1. Also needed is the
interaction Lagrangian betweemn and KK*, which is given

by Mga’= 2e0, k(= 2k + ka)”m(kl —ks
‘CWKK* = igWKK*K*’U‘(E&‘uﬂ_ (9#E’7T) +H.c., (15) + k4)V83M82V!
with the coupling constang, xx*=3.28 determined from
the decay width oK™.
For the reactionyp—K®* with two-body final state, its M=~ v2eg i (— kg = M)“W[gaﬁ
amplitude is (ki =ky)™ = m-
(k1 = Kg) oKy = ky) ’
M7= Mzat Mz (16) - T2 B X [(- ko~ ko)Pg”
o
with + (= Ky + Ky + k) "9 + (Ky + kg = k4)”gﬁy]83ﬂ82w
1 J—
M7a:‘39<N®3_7®(ps)75(¥51+ P2+ my) ¥“N(py ey, b =
N Mgc = V2€0xk 9" 3,82,
1 —
M?b =—ekne U m%®(p3) 7’“((’1 - p4 + mAc) ‘YSN(pl)e ’

sub_ [5 _ “w___ - _
(17) Mga \ZengK( 2k1 + k3) (kl _ k3)2 _ mi(kl k3
wheree, is the polarization vector of. +ha)eaue2n,
For form factors, an overall one is multiplied to the total

amplitude of each reaction in order to maintain gauge invari-
ance for the resulting amplitude, as in REX0] for photo-
production of charmed hadrons on protons. This form factor
is taken to have the monopole form of E&) but with g
denoting the photon three-momentum in center-of-mass sys- (kg = kg oy = k4)/3} X [(~ Ky — ka) PG

Mggbz - \“EengK(_ Ky — M)a; g
(ky = kg)2=mp [ =7

tem. As in photoproduction of charmed hadrons, we use a m;’f

cutoff parameter\=0.75 GeV. The cross section for the re-
P + (= Ky * ko + k) "GP + (kg + kg = Ko 0P 3,80,

action yp— K°@* with two-body final state can be similarly
written as that of E@4) without isospin factor.

For the reactionsyp—K 70" and yp—K 7 p*®* with
three-body final states vid® exchange, the photon couples b= \2eqk 0 e 3,80, (19
either toK meson as in first three diagrams or to external
baryons as in other two diagrams. Since the contributions o
from latter diagrams are much smaller than those from théh the abovek; andk, are the momenta of initiak and
former diagrams, as shown explicitly in charmed hadron profinal pseudoscalar meson, while and k; are those of
duction from proton-proton reactions with three-body finalinitial photon and final vector meson with their polariza-
stateg[20], they are thus neglected in following calculations. tion vectors denoted by, and e, respectively.

As a result, results obtained in the present studyeidipro- As in proton-proton reactions, cross sections for the two
duction with three-body final states violate slightly the gaugg€actionsyp—K~ 70" and yp—K"p"®" with three-body
invariance. The amplitudes for the two reactions with threefinal states can be expressed in terms of off-shell cross sec-
body final states can then be written as tions for the subprocessed&’— K™ 7" and yK°— p*K™ in-
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O with two-body final state, i.e.yp—K°0* (dashed curve
dominates at low center-of-mass energies with peak value
40k about 36 nb, while those with three-body final states are
more important at high center-of-mass energies with maxi-
mum value of 8 nb foryp—K~#'®* (dotted curvg and
30 L 6 nb for yp—K p*®* (dash-dotted curye The total cross
Py section including both two-body and three-body final states
'8 is given by the solid curve.
~ 20}
© V. SUMMARY
10l The cross sections for the production®f baryon con-
sisting ofuuddsquarks from meson-nucleon, proton-proton,
and photon-proton reactions are evaluated in a hadronic
0 model that includes thEN® interaction with coupling con-

stant determined from the width é¥*. This model is based
on a gauged S(3) flavor symmetric Lagrangian with the
photon introduced as aJ{1) gauged particle. Symmetry
breaking effects are taken into account by using empirical
FIG. 7. Cross sections foB™ production from photon-proton  hagron masses and coupling constants. Form factors of
reactions as functions of center-of-mass energy: (stlld curve,  ponopole type are introduced at interaction vertices to take
yp—K%* (dashed curve yp—K™~ 7"@* (dotted curvg andyp  into account finite hadron sizes, and values of the cutoff
—K7p"@" (dash-dotted curye parameters are taken from fitting known cross sections of
other reactions based on similar hadronic models. It is found

that for meson—n_ucleon reactions, i.en,N—>E®+, KN
—70*, and pN—K®*, the one induced by kaon has the

volving two particles in final states, i.e.,

. 2
doyp k- mtor _ Ykne

—
dtds, = 32ﬂzsqzk\/sl[_t+ (my largest cross section of about 1.5 mb and is almost an order
of magnitude larger than those for reactions induced by pion
) F(g?) _ and p meson. For proton-proton reactions, the total cross
0) ](t _ mﬁ)z[ayKoﬂK*‘f(sl' vl section is about 2(b and is dominated by the reactipp

—KO%0* with only about 25% from the reactionpp

doyy ket Oone —23*0* and pp— 7"A®*. In photon-proton reactions, the
Yp—K pTOT KNG

— s
dtds, 32ﬂzsq2kw'51[—t+ (my reactionyp— K°®* with two-body final state is most impor-
, tant near threshold, and its value is about 36 nb. At higher
; LKt LK ptOF wi
o) F(g9) (00 50 D] energy, the feactlonsp K~7"0 _ and yp K.p 0" with
0 (t—mﬁ)z WO—p* KA1 U three-body final states become important with comparable
20 cross sections of about 10 nb. Knowledge on these cross sec-

tions is useful for studying®* production not only in el-
wherep;, k, ands are similarly defined as in Eq12) for ~ €mentary reactions involving hadrons and photons but also
proton-proton reactions with three-body final states. Thel relativistic heavy ion coII|S|ons,.Where final hadronic ef-
form factorF(q? atKN® vertex is taken to have the same fects on®” production and absorption need to be understood
form in Eq. (5) with the cutoff parameteA=0.5 GeV as N order to infer its production from the initial quark-gluon
used in ®F production from meson-proton and proton- Plasma.

proton reactions. Furthermore, we have introduced an

overall monopole form factor for two-body subprocesses ACKNOWLEDGMENTS
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