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®* baryon production in KN and NN reactions
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We study® *(1540) production in kaon-nucleoi(N) and nucleon-nucleorNN) interactions by assuming
that the®* is an isosinglet with1”=1*. Possiblet-channel diagrams witk* exchange are considered in
both reactions as well & exchange iNN reactions. The cross section fop— A°® *, which has not been
considered in previous calculations, is found to be about a factor of 5 larger than timgi-fo¥°® * due to
the large coupling of th&NA interaction. The cross sections are obtained by settiq@ =1 and varying the
ratio of gxne /Okne SO that future experimental data can be used to estimate these couplings. We also find
that the isospin relations hold for these reactions.
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[. INTRODUCTION suggested a diquark-diquark-antiquark picture for the pen-
taquark antidecuplet. For physical stated &f1/2 andl =1
The first experimental observation of a pentaguarkbaryons, they considered mixing with a pentaquark octet and
baryon, the® *(1540), was made in a photon-nucleus reac-identified N(1440) andN(1710) as pentaquark statesur-
tion [1]. Later, the existence of tf@ * was confirmed by the ther extensions of this picture for pentaquark baryons can be
analyses on kaon-nucle(ig], photon-deuterof3], photon-  found, e.g., in Refd.16—19. Other theoretical investigations
proton[4,5], and neutrino-nucleon reactiof®]. Up to now, on the®* and/or baryon antidecuplet can be found, e.g., in
only the upper bound of thé *(1540) decay width is Refs.[20-40Q.
known; it is around 9-25 MeV. Because of its positive The production of®* can also be investigated in heavy-
strangeness, the minimal quark content of @&(1540) is  ion collisions as discussed in Refd1—43. In Ref.[41], a
uuddsand thus has a hypercharye=2. This means that statistical model is used to predict that ¢ yield is about
the® ™ cannot be a three-quark state, and hence should be d2—14 % of theA yield in heavy-ion collisions. The depen-
exotic[7]. Such a narrow pentaquark state was predicted byence of the yield on the collision energy was discussed in
the chiral soliton mod€]l8,9]. There, the® * is an isosinglet  Ref. [43]. Moreover, in Ref[42], it was claimed that® *
and forms a baryon antidecuplet with other pentaquarlproduction can be a useful probe of the initially produced
states, which is also anticipated in the Skyrme mc[dél— quark-g|uon p|asma state, because the number® ofs
12]. If we consider baryons consisting of four quarks and ongormed in the quark-gluon plasma can be nontrivial and the
antiquark, the flavor S(3) group structure says that such fing| state interaction through the hadronic phase is not large.
systems can form the multiplets 85, 27, 10, 10, 8, andl.  However, as emphasized in R¢#2], such claims depend
If the © *(1540) is an isosinglet, then it would be a membercrucially on understanding the strength of the hadronic inter-
of the baryon antidecuplét. The recently observed actions of the®*. Thus investigating the hadronic interac-
E*77(1862), which carriesS=—2 and Q=—2e [13],  tjon of the ®* is important not only in understanding its
could be a m_ember of the antidecuplet as its minimal quarktructure but also in probing heavy-ion collisions.
content isdduss. Such a state was also predicted by quark The elementary production processes of @é baryon
models and soliton models as dr-3/2 member of the have been investigated by several groups. In Re4,45,
baryon anti-decuplet. Therefore, if confirmed by other ex-Lin and Ko estimated the total cross sectiongof produc-
periments, the observation of tli#* (1862) strongly sup- tion in photon-nucleon, meson-nucleon, and nucleon-nucleon
ports the existence of a baryon antidecuplet withiflosca-  reactions. It is further improved by including the anomalous
lar ®*. However, thel=1/2 andl=1 members of the magnetic moment interaction terms fon reaction in Ref.
baryon antidecuplet are under debate, since these are cryjg6]. In Ref.[47], we have reported the total and the differ-
toexotic states and cannot be distinguished from three-quarntial cross sections foyp, yn, and =N reactions, which
baryons by the quantum numbers. Therefore, identifyingvas an improvement over previous studies in that we consis-
those members is strongly dependent on the structure of thently includedK* exchanges. Recently, Liat al. consid-
low-lying pentaquark states. In RéfL4], Jaffe and Wilczek ered the reaction ofp— 7*K~® " [48]. Some polarization
observables in®@ " photoproduction are also estimated in
Ref. [49]. In this paper, as a continuation of our efforts to
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understand th&® * production processes, we investigate its K~ Ll K™ zal K" T

production inKN and NN reactions. These reactions were -')_T::__ RN - N A

previously investigated in Ref44] for KN—7®" andpp S N N !

—3 7@ reactions, and then the cross sections were isospin ~ p o p n o P 0" o

averaged. We improve this calculation by consideringittie () (b) (©)

exchanges and we also consider thp—A® reaction,

which will be shown to have a larger cross section than FIG. 1. Tree diagrams for thé p—7"® " reaction.

—20. In addition, we derive isospin relations for different

isospin channels ilKN and NN reactions. p’, respectively. The Feynman diagrams for the other isospin
As shown in Refs[46-50, the production cross sections channels can be obtained in the same way.

are strongly dependent on the quantum number® of There are a few comments regarding the production

which is an important issue to be resolvkirst, the spin of mechanisms. First, in Ref44], the authors considered the
O" is believed to be} [14]. But the parity of® " is still  diagram of Fig. 1b). In this work, however, we extend the
under debate. If we assume that every quark is irheve  model of Ref.[44] by including t-channelK* exchange,
ground state as in the usual three-quark baryons, the parity gfhich allows the diagram of Fig.(4). As we shall see later,
the pentaquark ground state would be odd because of tHbe contribution from th&* exchange is nontrivial although
existence of one antiquark. Some quark mod@$,39, its magnitude depends on the unknown couplipgne - A
QCD sum rules[31,33, and lattice QCD[36,37 support recent estimate on this coupling giveg«ne /9dkne~0.6
JP=1". However, it is also claimed that the state with an[48]. If this is true, then the contribution from th&* ex-
antisymmetric spatial wave function should be the grouncchange should be important. Second, one may consider other
state[14], which is consistent with the soliton model predic- nucleon orA excitations as an intermediate baryon state in
tions[8]. Furthermore, recent quark model studies show thaFig. 1(b). To begin with, theA excitation is excluded be-
the ground state is in ® wave if one includes the orbital cause of its isospin if®* is an isosinglet. Furthermore,
motion of the quarks, which makes the ground state hav&U(3) symmetry does not allow the coupling of the antide-
even parity[22,51]. This is also consistent with the heavy cuplet baryon with baryon decuplet and meson ofté}.*
pentaquark @, and®,) study in the Skyrme model, which Other nucleon resonances such as the nucleon anal®g of
predicts that the ground state haS=3" while the state in the antidecuplet can contribute through the diagram of
with 3~ is the first excited statgs2]. Thus, in this paper, we Fig. 1(b). However, this brings in additional unknown cou-
assume tha® *(1540) had =0 andJP=3". pling constant for antidecuplet-antidecuplet-octet interaction.
This paper is organized as follows. In Sec. I, we computeThus it will not be considered in this exploratory study. In
the total and differential cross sections ®N— 7@ reac- Fig. 1(c), we haves-channel diagram which contais" * as
tion. The cross sections fddN—Y® is then obtained in an intermediate state. ® * " is an isovector particle, it can
Sec. Ill, with Y=A° and 3. We shall find that theA ® contribute to the production process. But if it is an isotensor
channel has larger cross sections than 3@ channel by particle, it cannot. Since the nature, mass, and couplings of
about a factor of 5. Section IV contains a summary and dis® " are very unclear, we do not consider Figc)lin this
cussion. paper.
We start with the S(B) symmetric Lagrangian for the
II. KN— 7O+ REACTION interactions of baryon anti-decuplet with meson octet and

baryon octe{16]
As we have discussed before, we assume @atis a

JP=1" isoscalar particle belonging to a baryon antidecuplet.
Then in the case of thKN reaction, we have four possible
isospin channels i® * production

Lopg=—igTK ysPl BKeM '+ H.c., 2

where T is the baryon antidecupleB!, the pseudoscalar
K'p—0* 7", K%—0"x° meson octet, anBf the baryon octet. This leads to

K'n-0"7°% Kn—0"x". (1) , —
[’KN@): _|gKN®’)/5KCN+H.C.
The possible tree diagrams f&* p— 70" are shown in i — = 5
Fig. 1. Here we denote the momenta of the incoming kaon, =—igkne(@ysK ' Nn—=0ysK'p)+H.c, (3
outgoing pion, initial nucleon, and fin®™* ask, g, p, and

where

3In Refs.[46,47), it is claimed that the magnitudes of the cross
sections foryN—K® are strongly dependent on the parity of the “If the observedd ™ (1540) is an isotensor partic[&3], it should
®™". The cross sections for odd-pari®* were shown to be much be a member of th&€5 multiplet [54]. Then it has very different
smaller than those for even-pari®* by an order of magnitude. It selection ruleg55] and only the diagram of Fig.(f) with the A
is also shown that the differential cross section would have differenexcitation as an intermediate state is allowed for its production from
angular distribution for different parity of th®@ * depending on the KN reactions with two-body final state. Diagrams similar to Figs.
coupling gy ne - 1(a),1(c) are forbidden by isospin in this case.
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p —KO KN elastic scattering data favor such a small decay width of
N= , K= B (4 O" [57,59 or a smaller decay width, namely, 1 MeV or
n K even lesg59].° There is only one piece of experimental in-

formation about the total cross section®f production in

vp reaction near thresholdt], which, however, should be

confirmed by further analysd60]. Therefore in this paper,

we do not try to fixgkne - INstead, we give the results with

Okne=21 so that future experimental data can be used to

®) estimate the coupling constants with our predictions. We also
note thatgxne=21 corresponds td'(®)~1.03 MeV. We

where we have dropped tensor coupling terms as in Re@ISO point out that thé couplings toK “n andK°p have

The couplinggkne is related to the universal coupling con-
stantg by gxne = V69. The effective Lagrangian fd¢* N©
interaction can be obtained in the same way,

‘CK* NO = — Okx* N®(67MK* thn— ’y’uK*O’up) +H.c.,

[47]. different phases, which differs from R¢8]. Our convention
The other effective Lagrangians necessaryKoi— N IS consistent with the S@) symmetry for the antidecuplet
reaction are [16] and is crucial to obtain the isospin relatioidg). Finally
for gxxne » there is no information for this coupling. In Ref.
O NN— [47], we have mentioned that precise measurements on the
L= WNN ¥ vsd,mN, differential cross sections foyN and wN reactions can be

used to estimate this coupling. Recently it was estimated to

; a * oo * be gxxne/ »~0.6 based on some theoretical assump-
Lrkn= ~1Gkxk (KK, = KKy )+ H.c. (6) tiongsK[4l\Elsﬁ). ggguse of the lack of precise information, howFi
Here, we follow the prescription, e.g., of Rg&6], namely, ~ ever, we trea«no as a l‘reeT parameter and give the results
we use pseudovector coupling for pion interactions and psetfy Varying its value as we did in Reff47]. It should also be
doscalar coupling for the interactions involving strangenesgioted that thek*N@ interaction contains tensor coupling.

The production amplitude for Fig. 1 is given by The contribution from this term should be examined but will
not be discussed in this qualitative study.
MK+p~>w+®+:U®(p,)Mup(p)! 7) The other isospin channels can also be calculated using
the effective Lagrangians above, and it is straightforward to
where find the following isospin relatiofi:
(1a) _ V20k k- Okx no Mic+p=—Mygon=— Vam KOp= — 2Mn. (10

Ktp ™ (k_q)z_MZ . _ —
K* Note that the different phases between @€ n and®K°p

interactions are essential to have the above relation. In this

X{ k+q— 12 (Mﬁ— Mi)(k_ﬂ) , paper, we give the results for the€* p reaction only. Cross
K* sections for the other isospin channels can then be read from
our result by using the isospin relation above.
" V20kne9 NN The total cross section fa¢ " p— 7" ® " is plotted in Fig.
/\/lf@i): - 5 14— p+My}d. 2. Since we do not have any experimental information, we
2Mp{(p—a)*— My} first present the result without a form factor in FigaR The

(®) results with the form facto(9) are then given in Figs.(B),
2(c) with A=1.8 and 1.2 GeV, respectively. The cutoff pa-
rameterA = 1.8 GeV is from kaon photoproduction analyses

4 [61], while A=1.2 GeV is from wN scattering analyses

. (9) [56]. Here, the solid lines are obtained wittp«ye=

A%+ (r=M3)? + gkne » the dotted lines are withy« e =0, and the dashed

lines are withgk+ne= —9kne -
whereM., andr are the mass and the momentum squared of pjtferential cross section fok *p—7©* is shown in

the exchangeq partiqle, respectively. The value of the cutoff:ig_ 3 at\s=2.4 GeV as a function of the scattering angle
parameter\ will be discussed later. in the c.m. frame, wheré is defined by the directions d&f
For the coupling constants, we use the well-known valugnqq Here again, we give the results with different cutoff

for g as g7/ (4m) =14.0. TheK* decaying intoKm A Figure 3 shows the role of tHé* exchanges in a trans-
then yieldsgk+ k.= 3.28, which is close to the SB) sym-

metry value 3.02. The couplingkne Can be, in principle,

determined from the decay width & —KN. However, at  5yq evidence for®** in the existing data for th&*p channel
this moment, only its upper bound is known from experi- g reported in Ref59].

ments, 9-25 MeV. Theoretically, the chiral soliton model 6, the reactions oK *n and K°p, one may consider diagrams
predicted 15 MeV in Ref[8], which was later imPTOV?‘d t0  similar to Fig. Zc) with the® * as the intermediate state. However,
be about 5 Me\[9]. If we assume that th® © decay width  these diagrams are not allowed since @ 7 interaction is pro-
is 5 MeV, then we havgkne =2.2[47]. Recent analyses on hibited by isospin.

Each vertex has a form factor in the form of

F(r,Mg)=
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FIG. 2. Total cross sections for

0.1
Kfp—7"0" (a) without form

IIIIIIIIIIIIIIlIIIIIIIII
P SR U R SN RN U SN S NV Y N S S N

& 08 = factor, (b) with form factor(9) and
E | i E A=18GeV, (c) with A
© 06 i o =1.2 GeV. The solid lines are ob-
| i tained withgyne= +Okne » the
— 0.05 dotted lines with gyx+ne=0,
04 F and the dashed lines with o
i r = —0kne -
02— L
0.0 —1k ' ' 0.00
1 41 4

parent way. WithoutK* exchange, we have thechannel need additional Lagrangians in additiondQye and Ly« ne
diagram only{Fig. 1(b)] whose results are given by the dot- given in Eqs.(3) and(5), which are
ted lines in Fig. 3. They are peaked at backward scattering

angles. WithK* exchanges, the differential cross sections Lxny=—1gknyNysY K+H.c.,

(the dashed and solid linekave additional peaks at forward

angles. Thus, the forward peaks in Fig. 3 are purely devel- Lyxny= _gK*NYVV K* AN

oped from theK* exchange and can be larger than the back- a

ward peak depending @k ne /Ikne - SO measurements of gL*NY _

the differential cross section can give information on the —mﬁ”K*“YUWNJFH-C-, (13)

magnitude of the couplin@yne, Which cannot be esti-

mated from the® * decay Wi_dth. BL_lt we f_ind that the phase whereY=A,3- 7. For ggyy, We use the S(B) symmetry
of gkxne /Jkne cannot be distinguished in these results. |56

. NN—=>Y®* REACTION

1
In this section, we investigatd N— Y® reactions where gkna= \/§g”NN(1+2f)’ Gknx = gmun(1-21),
Y stands for2 or A baryons. Thepp—2*0®* process was (12
considered within thé&k exchange model in Ref44]. Here
we give a more extensive calculation by includikg ex-  which leads to
changes. We also studyp— A°® " reaction which was not

considered in Refl44]. To calculate the cross sections, we Okna /V4T=—3.74, Okns/V47=1.00, (13
300 L T T I T T I | T | 200 T T T T [ T T l T T T T I LI I T T I T 100
- (@ 1 I O © |

r 7 FIG. 3. Differential cross sec-
tions for K'p—7 0" at s
=2.4 GeV (a) without form fac-

150
200

% % : g tor, (b) with form factor (9) and
3 3 = A=18GeV, (c) with A
a a 100 =150 a =1.2 GeV. The dotted line iiic)
° 5 | o almost overlaps the other linéso
3] %) © o A

© ° o it is not distinguishable at 6

100 ; .
. =90°. It is also suppressed in the

other region and is not seen (o).
The notations are the same as in

/ Fig. 2.
0 JTIRTIEES L M I MR [ ] Lewol™ 0 1y | [

0
0 45 90 135 180 0 45 90 135 180 45 90 135 180
0 (degree) 0 (degree) 0 (degree)

50
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n(py) AV E (p) n (py) 6" (p3)
N '
Y K™ Yx &
p (P 6" (py) p (P A%5 (py)
(@) (b)

FIG. 4. Tree diagrams for thep—=°(A%®* reaction.

with d+f=1 andf/d=0.575. These values are within the
range of phenomenological valugg2]

O [ NAT=—4.49~ —3.46, gyns /VAm=1.32-1.02.
(14

The K*NY couplings are estimated in Ref62,63. For
example, the new Nijmegen potential giVjé&2]

Okena=—6.11~—4.26, gl ,=—14.9~—113,

Okrng=—3.52~ —2.46, Qpeps=4.03~1.15.

(15
In our numerical calculation, we use
Okrna=—426, Guepyy=—11.3,
Okrns=—2.46, Gpsps=1.15. (16)

The transition amplitudes fanp—2°@* obtained from
Fig. 4 read

K OknzOkne  — —
= u u u
" oy pa)?— M2 (P4) ysU(p2)u(ps) ysu(py)
+(P1P2) (17

for K exchange and

* Jk*Ne
M Kt o 9RTN®
" (pz—p4)2—M2

K*

1
5= (Pa—P2)*(Pa—P2)"

K*

X EJ%LV__

X u(p) TN (= po)u(po)u(ps) y,u(py)

+(P1-P2) (18
for K* exchange with
ol
KNS/ ooy . JK*NX e
I "2 (Pa=P2) = Gk*ns Vo |—ME+MNUua(p4 P2)“.
(19

The momenta of the particles are defined in Fig. 4.
The other isospin reactionspp—2"®* and nn
—370", have the following relation:

PHYSICAL REVIEW D69, 074016 (2004
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g 300
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/ 100
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|
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FIG. 5. Total cross sections fae) np—A°@* and (b) np
—39%9" without form factors. The notations are the same as in
Fig. 2.

Mpp=—Mun=—2Mpp. (20)
Since the cross sections fpp—2 0" andnn—3" 0%
reactions can be read off from that fop—2°@" by the
above relation, we give the results fop reactions only.

In the np reaction, we have an additional channel in the

final state, i.e.np—A°®*. The production amplitudes of
this reaction read

OknaGkne — —
M L A0p+= 5 U(P4) ysu(p2)u(psz) ysu(py)
AT (py—pa)2—ME
+ (P12 P2),
K* Jk*nNe
an—}AOQ‘)+:

(P2—Pa)— Mi*

X gl"V_

(Pa—P2)*“(Pa—p2)"
2
M.

X u(p) T N (py—po)u(p)u(ps) y,u(py)

+ (P12 P2)s (21
for K andK* exchanges, where
T
F'S* M (04— P2) = grena v, %‘Tm(m_ P2)“.
(22

The form factor(9) is assumed to be multiplied to each ver-
tex.

In Fig. 5, the total cross sections fop—A°®* and
np—2°0* are given, which do not include the form fac-
tors. Shown in Fig. 6 are the results with the form fad@r
andA=1.2 GeV. These results show that k& exchange
dominates the processdkxne /Ikne IS NOt SO small. They
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150 L L L L T 1 T 7T T 1 T 7T 30 50 T T T T I T T I T T T T T T I T T T T 8

@ 1 ® 1
1 40

L ®

(a)

100 — —20

r 1T . B 30 L - %
ER 1T 1 % 20 ] g
e | I 1 ® g [ ] 8

o 110 1 g2l . &

50— i -1 F 10 i .
r T r 7 10 -_ _-
ol ; B 3|54 L ;3,5 =p 0' e LA
’ i ’ ' ; ' 0 45 90 135 180 0 90
Vs (GeV) Vs (GeV) 0 (degree) 6 (degree)
FIG. 6. Total cross sections fag) np—A°®* and (b) np FIG. 8. Differential cross sections f¢a) np—A°0©* and (b)
399+ with the form factor(9) and A =1.2 GeV. The notations NP—3°@* at s=3 GeV with the form factor(9) and A
are the same as in Fig. 2. =1.2 GeV. The notations are the same as in Fig. 2.

also show thaK and K* exchanges have different energy IV. SUMMARY

dependence in the total cross sections. We have estimated the cross sections@ar baryon pro-
The role ofK* exchange can also be identified in differ- guction fromKN and NN reactions focusing on the role of
ential cross sections. Figures 7 and 8 show the differentiahe K* exchanges. We found that isospin relations hold in
cross sections afs=3 GeV without and with the form fac- KN— 7@ andNN—3® reactions. We have also estimated
tors(with A=1.2 GeV). The scattering angteis defined by  the cross section farp—A°® *, which is found to be much
the directions ofp; andp; in the c.m. frame. It is clearly larger than that fonp—3°0 ™.
seen from these figures that the differential cross sections WithoutK* exchange, we found that there is only a back-
have symmetric shapes abo#t=90° in both reactions, ward peak in the differential cross sections k¥ reactions.
which can be expected from the structure of the productiorrhe forward peak in Fig. 3 is completely ascribed to itie
amplitudes, e.g., in Eq21) regardless of the exchanged me- exchange. Thus precise measurements on the differential
son. Since the ratio of the minimum and maximum values otross sections will give a chance to determine the magnitude
the differential cross sections depends on the ratio of couef the gy« e coupling. INNN reactions, we found that both
pling constants, measurement of the ratio would shed lighk exchange an&k* exchange give double peaks, forward
on the determination of the magnituded«ne /9kne - But  and backward peaks, and symmetric differential cross sec-
the results are nearly independent on the phase dfons. Therefore, measuring the ratio of the maximum and

gkne /Ikxne (Fig. 8). minimum values of the differential cross sections can also
give information on the couplings.
40— T LB L L L As we have discussed, investigation ®f" production

processes in meson-nucleon and nucleon-nucleon reactions
are useful in understanding the interactions and the produc-
tion mechanisms of th® *, as well as in providing impor-
tant information for the®* yield in heavy-ion collisions,
where hadronic final state effects should be taken into ac-

(a)

(®

300 30

‘.3 g count. Experimental studies on these reactions are, therefore,
;200 203 highly required and might be available at current experimen-
2 3 tal facilities.
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