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We show that energetically favored meson-baryon fluctuations present in the light-cone wave function of a
transversely polarized proton can account for the left-right asymmetries measured in inclusive meson produc-
tion processeq.S0556-282(199)50303-2

PACS numbd(s): 13.88+¢e, 13.85.Ni

Recently, remarkable left-right asymmetries have beerSince these soft interactions involve small momentum trans-
measured in inclusive meson production using transverselfers between target and projectile, the momentum distribu-
polarized projectile hadrons and unpolarized hadron targetéon of the produced leading particles should closely re-
[1]. It is observed that these asymmetries have many strikingemble the momentum distribution of the Fock stditght-
features characteristic of leading particle production. Theyone wave function[4,5]. Since the transverse momenta of
are significant in and only in the fragmentation region of thethe produced particles in the single-spin experiments are
transversely polarized projectile, they depend on the quariypically p, ~0.7 GeVk, a picture based rather on meson-
tum numbers both of the projectile and of the produced parbaryon than on quark degrees of freedom should be more
ticles, but are insensitive to the quantum numbers of théppropriate for the description of the asymmetries.
target. Let us recall the definition of the left-right asymmetries

While considerable amount of experimental informationfor the reactiomp(7) +p(0)—M + X, wherep(T) andp(0)
has been collected over the last few yddisthere is stillno ~ stand for the transversely polarized projectile and unpolar-
accepted theoretical concept for the explanation of the exized target protons, respectivelyt stands for the inclusive
perimental finding$2]. Since such asymmetries are expectedProduced meson ar for the unobserved final states:
to vanish because of helicity conservation of the almost
massless quarks] in leading twist, leading order QCD, it
has become widely accepted that modeling of higher twist, An(Xe|M)=
nonperturbative effects is needed to understand these phe- NATF
nomena. Here, we make such an attempt and show that en-
ergetically favored meson-baryon fluctuations present in the
light-cone wave function of the projectile, can account forwhere
the nonvanishing left-right asymmetries in the projectile
fragmentation region. )

It is instructive to review briefly the connection between N, (X ,i[M) = ij 2 Go(Xe,p. Ji[M) @
light-cone fluctuations and leading particle production. Me- LR oinJioy Tt dxed®p,
sons produced in the fragmentation regions in hadron-hadron
collisions are known to reflect the quantum numbers of the ) . )
projectile and, thus, carry information about its wave func-(i=1 or |) is the normalized number density of the produced
tion. It has been realized that the production of leading memesons observed in a given kinematical regibn (p,
sons for moderately large transverse momenta, especially the0-7 GeVk for example on the left-hand side of the beam
flavor asymmetry between leading and nonleading particléL) looking down streama, is the total inelastic cross sec-
production, can be understood on the basis of higher Fockon, X is the usual Feynmar-xg=2p, /s, wherep;, p,
states present in the light-cone wave functions of hadrongre the longitudinal and transverse momenta of the produced
[4]. In this picture, the projectile can fluctuate into higher mesons andys is the c.m. energy. Sincé,(xg,T|M)
Fock states containing quark-antiquark pairs in addition to=Ng(Xg,[|M) and N_(Xg,l|M)=Ng(Xg,T|M), where
the valence quarks which carry its quantum numbers. Th&g(xg,i|M) are the corresponding number densities mea-
most probable fluctuations are those which have minimasured on the right-hand side, it is clear why, is usually
invariant mass. Coalescence of the antiquark with valenceeferred to as left-right asymmetry.
quarks of the projectile produces then leading particles in the According to this definition, nonvanishing left-right
projectile fragmentation regiof#,5]. Alternatively, one can asymmetries reflect a remarkable correlation between the di-
think of leading particles as preexisting in the higher Fockrection of transverse motion of the produced particles and the
states of the projectile in form of energetically favoredtransverse polarization of the projectile. In the above picture
meson-baryon fluctuatiorig,6,7]. Then, production of lead- for leading particle production, this correlation is expected to
ing particles happens when soft interactions between the prdse presentin the wave function of the projectile and to be
jectile and target break the coherence of the light-conearried over to the leading particle appearing in the final
meson-baryon fluctuation and bring the particles on shellstate. Thus, left-right asymmetries resemble rather a correla-

NL(Xg, TIM) = NL(Xg,[[M)
NL(Xg, TIM)+NL(Xg, [ [M)’

@
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tion preexistingin the initial state than a correlation pro- 1 1

duced in the final state, for example, by fragmentation. We \I}'i/};(f/lzz?l’g/g: \[zt,bl 1)(;23/2— \[gllngéf/zl/z

note that this conjecture is in agreement with recent experi-

mental observations by the Tag®j, ALEPH [9], and SLD 1

Collaborationg10] showing no transverse polarization of the + \[E Wy 1)(:;,21’2. (4)

produced particles ie*e™ annihilations.
In pion production, the lowest Fock states involving

- _ 3 : ; .
and dd fluctuations are p(uud)=s"(ud)n(udd), We see that tht1B(3) system is more likely to have nega

= tive than positive orbital angular momentum. Thus, pseudo-
.0
p(uud) =7 (1v2) (uu+dd)]p(uud), and  p(uud) scalar mesons in these Fock states perform orbital motion

- ++ ; ; ;
=m (du)A™ " (uuu), respectively. Since higher mass fluc- iy clockwise with respect to the polarization axis of the
tuations have relatively small probabilities, the e”erget'ca”%ransversely polarized proton

favored lowest fluctuations play the most impof‘am role. In order to understand the significance of these observa-
However, for the sake of completeness, we also include thﬁons, we discuss the formation of the leading mesons. It is

relatively less important m* and 7 fluctuations convenient to work in the center of mass of two particle

p(uud)=7"(ud)A°(udd) and p(uud)==°[(1V2)(UU  system. In this system, the projectile is an extended object
+dd)JA*(uud). While the lowest lying meson-baryon and the target is Lorentz contracted. Soft interaction between
fluctuations for* and 7w° contain spin-1/2 baryons, the the projectile and target become effective when the target
lowest fluctuation forr~ contains the spin-3/2 baryakn® *. and the projectile partially overlap. In leading meson produc-

This will be crucial for understanding the left-right asymme-tion, the meson is expected to be brought on mass shell
tries. Therefore, let us examine the wave functions of théhrough soft interaction with the target. If this happens on the
meson-baryon fluctuations containing spin-1/2 and spin-3/4#ront surface of the extended baryon-meson state, i.e., when
baryons, respectively. The form of the wave function followsthe target begins to overlap with the target, the freed meson
from the requirement that the total quantum numbers of thavill have a larger probability to “go” left or to “go” right if

proton must be conserved. Since pions and kaons are pse-belongs to aMB(3) or MB(2) fluctuation. This is be-

doscalar particles with nggatlve parity and the baryons 'n'cause, on the front surface,=1 (L,=— 1) of theMB(2)
volved have the same parity as the proton, the meson-baryon y . ‘
system must have odd angular momentum. Thus, the totAMB(2)) system means that the probability for the pion to

angular momentum part of the wave functiotis)®. in have transverse momenta pointing to the (&ftthe righy is
e larger than to have one pointing to the riglid the lefy

?{1,12 . However, when this happens on the back surface,
. i.e., after the target went through the projectile, the soft in-
1/2-baryonB(z) is given by teractions of the spectator quarks with the target destroy the
coherence of the Fock state and the produced mesons can not
5 1 retain _t_heir pref_erred transverse direction. Our e>_<pectat_i0n
\pg"/zBfll/zz?wz: \[ﬁ o xyaP— \[§ HBxi?. (3 that initial state interactions with spectator quarks in leading
particle production plays an important role agrees with the
observation that leading particle production occurs domi-
Here,J, L, SandJ,, L,, S, are the total angular momen- nantly when the spectator quarks interact strongly in the tar-
tum, total orbital angular momentum, and total spin of thed€t, leading to strong nuclear dependefip Preliminary

meson-baryon fluctuation and their components, respec- esults from the E704 Collaboration showing a strénge-
tively. wtz and Xiz are the total orbital-angular momentum pendence oAy are also consistent with such an expectation

. : [13].
and total spin part of the wave function. It follows that the Since the leadings" and #° are mainly produced by

MB(3) fluctuation is predominantly in a state with positive jight-cone fluctuations containing spin-1/2 baryons, we ex-
orbital angular momenturh,=1 in a transversely upwards pect positive left-right asymmetries for both" and #°. On
polarized proton. Thus, the meson and the baryon perforithe other hand, the asymmetry far~ should be negative,
orbital motion around their center of mass; since the baryonsince, here, the lowest lying Fock state contains a spin-3/2
involved are much heavier than the mesgp®ns and ka-  baryon. Furthermore, the remarkable “mirror” symmetry of
ong, it is essentially the meson which “orbits” around the the |eft-right asymmetries between transversely polarized
baryon. Hence, one can speak of effective “pion currents”proton and antiproton projectiles follows immediately from
in such Fock states. This current is anticlockwise with rethe proposed picture. This is because the lowest lying Fock
spect to the polarization axisz (axis) of the transversely states of the antiproton containing® and 7~ areﬁ(wa)

the center-of-mass reference frame of the pseudoscal
meson-baryon (MB(S)) fluctuation containing a spin

polarized proton for pseudoscalar mesoh) (in a MB(3) _ 7r+(uE)K++(m) and H(WEF w‘(dﬁ)ﬁ(ﬁd_d) re-
state, since thé,=1 component dominates. spectively. Thus, contrary to the situationdp collision, the

On the other hand, the total angular momentum part of th%artner of ther" is a spin-3/2 and that of the " is a spin-
wave function of the meson-baryon fluctuation of an up-1/> haryon. Therefore, we expect positive left-right asymme-
wards polarized proton containing a spin-3/2 bary&() try for 7~ and negative asymmetry far®. Note that the
and a pseudoscalar mesawsis given by asymmetry forz® remains unchanged. Furthermore, we also

051501-2



RAPID COMMUNICATIONS

LIGHT-CONE MESON-BARYON FLUCTUATIONS AND . .. PHYSICAL REVIEW D 59 051501

expect to see left-right asymmetries fpmeson production.
These asymmetries should be similar in magnitude to that in
w0 productions and positive for both proton and antiproton
projectiles. All these features have been observed experimen-
tally [1].

Encouraged by the good qualitative agreement with the
experimental data, we want to describe the asymmetries
guantitatively. While leading mesons are predominantly pro-
duced by meson-baryon fluctuations and populate the large
Xg region, nonleading mesons are produced by other mecha-
nisms such as string fragmentation, higher Fock states and
populate the central rapidity region. For large enough trans-
verse momenta, the production of mesons in the central re-
gion (and also in the fragmentation regigrsn be described
by leading twist perturbative QCD. However, since the typi-
cal transverse momenta involved in left-right asymmetry
measurements are in the orderpf~0.7 GeVk, we cannot

E do/dp® ( mb/GeV?)

FIG. 1. The invariant cross sectidada/d%p for 7~ (a), ="

. . _ (b), and K* (c) production as a function of-. The dash-dotted
expect perturbative QCIPQCD to be applicable and fac curves represent the calculated contributions of leading particle pro-

}g{lez?ﬁgr;;%gfavi?:I?ﬁgg?gi:g[ﬁé Ifr; ;gfn;cﬁ:ig\t,;/cl)r;g}evéfoﬁalﬁ% duction. The dashed curves stand for the spectra of the nonleading
. . £?)articles obtained by fitting thi€ ~ distribution. The full curves are
t_he light-cone wave functions of_the meson-baryon fluctua-the sum of the leading and nonleading contributions. The solid and
tion and use a fit tq the nonlea_dlng spectra of the producegpen circles are for the, =0.75 GeVE andp, =0.8 GeVk data
mesons. In separating the leading from the nonleading spegyints; respectively. The 0.8 GevHata have been normalized to
trum, we can use kaon-production as guideline. This is befe 0,75 GeV¢ data to account for the difference between the trans-
causeK™ has no common valence quarks with the projectileyerse momenta in the two experiments. The data are taken from
proton, i.e., there are no leading in proton-proton colli-  Ref. [20]. (d) The calculated left-right asymmetries; the solid,
sions. Thus, the inclusivK™ spectrum is equivalent to the dashed, and dash-dotted curves are#or, #°, and =™, respec-
nonleading spectrum df *. Assuming that théorm of the tively. The data are taken from Réfl].
nonleading spectrum is independent of the produced mesons,
we can use the exact same form as obtained by fitting{the mg are the meson and baryon mass&gg is a normaliza-
spect_rum for the ”Of"e@d“"g parts of the pion prOdUCtiontion constant, for the other parameters, we use the values,
allowing for a normalizatiori14]. . . . .a=330MeV andp=3.5 Ref.[15]. The relative weights of
In the r'neson-baryon' fluctua'qon model, Fhe.d'ﬁerem'alfluctuations containing proton, neutron, and Delta baryons
cross section for producing leading mesons is given by are given by the isospin factorszr( n):(#%p):(m*A0):
doyg 1 dPyy (mPA"):(m~ AT T)=2:1:3:%2:1 [18]. We fixed the normal-
m:UpBié Wﬁhﬂ’)- 5 ization by fitting thewr~ cross section. Then, the probabili-
ties for the above fluctuations, are 16%, 8%, 0.8%, 1.6%, and
Here,o g is the total inclusive proton-baryon inelastic Cross_2.4%,orespect|vely. The probability for the” A fluctuation
section at c.m. energy a(1—Xg). We useop, and the is 1.7_/0. These probabilities have qpprOX|mater the r!ght
numerical value 4Qmbarn for o pg. dP,\S,,SB/dydsz is the magnitude to account for the Gottfried sum rule violation

probability that the proton fluctuates in a meson and baryoﬁg_l\/% mealsu[e:j gyty:he' Nevy Mtuon Co”ab?.gsmmg)
with longitudinal momentum fractiong and 1-y, trans- |. We calculate € invariant cross sectian8o/d=p

verse momenturp, and—p, , respectivelyS ands denote - (X¢/m) do/dxed p? for pion and kaon production as a
the spin projections of the proton and the baryon with respedt!nction of xg at p, =0.75GeVkt. The result is shown in
to a conveniently chosen axis. In the following, we use both19- (&—1(c) together with the datg20].
a nonrelativistic toy model and the meson-cloud model to _ N the meson-cloud model, the probabilities in E8). are
calculate these probabilities. given by
In a nonrelativistic approximation, the probabilities for
different angular momenta are simply related by Clebsch- dpss 2 17552 |G 2|2
Gordan coefficients as given by E@) and in Eq.(4). For v _ 9nem [Zue nme(YP1)
the spin-independent momentum-space part, we use a simple dydp,  167° y(1-y) (my—Mpyg)?®"
phenomenological ansatz, used in Héab]:

)

dPus B 2 2 p Here,|T5%|2 contains the spin-dependence of the probabili-
dyd’p, (M) =Anp(1+ M a®) P, ©) ties and can be obtained by calculating traces over nucleon
and baryon spinor§6,7]. Gyus(Y.p?) are phenomelogical
Here, M is the invariant mass of the meson-baryon fluctuawertex functions. They are often parametrized in a power
tion M?2=(p?+mZ)/y+(p?>+m3)/(1—y) and my, and form
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E do/dp® ( mb/GeV?)

FIG. 2. The same as in Fig. 1 calculated in the meson-clou

model. The parametet is set to 0.4.

2 2
Ayt my

n
—7 | - t)
Ays+M f/IB)

GNMB(y:pf):(

We found a good fit to the data by choosing=3 and

A ,AWA Axa=1.6,1. 25 1.7 GeV. The coupling constants

are gl o/AT=13.6, Q5,.., [4m=123 GeV? and

g AK+/477 14.7. The results are shown in Fig. 2.
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The asymmetries forr*, 7—, and#° production are then

given by
S e
AR (xe) = Nn_'(isf;f;(fxl) ’ (19
aey CLEPos) = § Py (k)

N™(xg) + P 0p(Xg) + P roa+(Xg)

Here, we dropped thep, dependence ofPyg(xg) for
simplicity. For the parameteC, we use the value 0.6.
drhe results, calculated fop, =0.75GeVE, are shown in
Fig. 1(d) and are compared to the data of the E704 Collabo-
ration[1].

In the (relativistico meson-cloud model, the probabilities
for different angular momenta are not connected by Clebsch-
Gordan coefficients. They have to be calculated explicitly.

For aMB(3) fluctuation, we obtain

| Taml?>=[(p-P)—mymg][1+s-S]—(p-S)(P-s).
(12)

[Note, that| T55,(y)|?=|T55(1—y)|%.] Here,P, Sandp, s

In order to calculate the left-right asymmetries, we noteare the four-momenta and spin of the nucleon and the
that only the leading particles will contribute to the asymme-baryon, respectively. We choose theaxis as polarization

try In the nonrelativistic toy-model, the probability,

MB Z(xF p.)= dPJZ I‘Z/ddeZpi , for a meson-baryon
fluctuation contammg a baryon with sprto be in an orbital
angular momentum state with,, when the projectile has
total angular momentum projectiod,, is equal to the un-
polarized probabilitiesP g (Xg ,p,) multiplied by appropri-
ate Clebsch-Gordan coefficients.

axis andx as “longitudinal direction” and consider the case
p,=0 which is relevant for the left-right asymmetry. Then,
in the infinite momentum fram@MF) the four-momenta and
transverse spins vectors can be parametrizedPagP,
+MmR/2P ,P,0,0), p=[yP +(m3+p?)/2yP .yPL.p.,
0], S=(0,0,0,1), and=(0,0,0,1). We immediately see that
TWAWD= 0 andTY2 V2 s given by

According to the proposed picture, only mesons produced

by MB fluctuation contribute to the difference of the mea-

sured number densitiedAN, (Xg,p, |M)=N_(Xg,p, ,T|M)
—N_(Xg,p, ,/|M). Obviously, this quantity should
be proportional to  APyg(Xg,p,)=Pi Bl(xF,pl)

1
| 75w 1’22=§t<mNy—mB>2+pf]. (13

The orbital angular momentum componéntmust be posi-

PY2=1(x- p,), the difference of the probabilities for the tive (+1) in order to compensate the spln of the baryon.

MB fluctuatlons to havé,=1 andL,=—1 in an upwards Thus, the left-right asymmetry is positive far” and also for

polarized proton. [Note that we have the relations 7 F 3 b h litud be obtained b
L J,,—L

P Z Z(xF o) PMB fxe.p)  and P (xep.) or spins baryons the amplitudes can be obtained by

_PMB (x,:,pl).] The proportionality constanC (0<C
<1), betweenAN, (Xg,p,|M) and APyg(Xg,p,), effec-

tively describes how strong spectator quarks interact in the

target. The sum of the number densitiég (Xg,p,)
=N (Xg,p. ,TIM)+ N (Xg,p, ,||M) is twice the corre-

calculating the trace over the nucleon and the Rarita-
Schwinger spin-vectors,,, for the baryon

| Tam|>=Tru(P,SU(P,S)u,(p,s)Us(p,s)]

X(P=p)*(P-p)*, (14

sponding unpolarized number density measured on the left-

hand side and is given bW"(xg,p,)+Pus(Xe.p,).
(There is no factor 2 in front o™ and Py, since both of
them refer to quantities summed over “left” and “right,”

Uy(p,S)==nC(3s|1m;3s—m)e, (m)u(p,s—m) are the
Rarita-Schwinger spin-vectar, for the baryon. The polar-
ization vectors are e(m)=[gy-p/Mmg,ent+ p(en

thus, they are already twice the unpolarized number densitie)/mg(po+mMg)] and we use the representations ;=

measured on one side exclusivel{" (x,p, ) is the num-

F(1,%i,00~2 andgy=(0;0,0,1) in the rest frame of th&.

ber density due to nonleading particle production and is obWehaveP.e(0)=0 and only two amplitudes are nonzero.

tained by fitting theK™ cross section as discussed above.

We obtain| 752 122= 1| 72322 anq
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a2 1 0. 2s Note, that the probabilities for the special cagg=0,

|T(BM | :W[(mmw mg)“+p7] are related to each other by “Clebsch-Gordan-like” expres-

B sions. The result we obtain for the asymmetries is shown
X[ (myy—mg)?+p?]. (15 in Fig. 2d). SinceP ., peak at largey values thanP .\,

) ) the asymmetries forr™ and #° turn down at highxg.
Since the total orbital angular momentum of the meson-q confirm this, relativistic effect data at highes is

baryon system is¥1 for the transitions|7&2G22 L aded.

1/2—1/2 : 1/2)(3/2 1/2—1/2 . .
and |Tgy 1% respectively, anqﬂBM)(_ )|2>|TB_M 2, In conclusion, we have shown that energetically favored
the left-right asymmetry is negative fer~ production. light-cone meson-baryon fluctuations cannot only account

Collecting all factors and defining the unpolarized prob-for the leading meson spectrum in inclusive meson produc-
abilities asPyg(y), the left-right asymmetried\y in the  tjon at moderate transverse momenta, but also explain the

meson-cloud model can be expressed as substantial left-right asymmetries measured in such
CIP. (%)= 1P - sa(xe)] processes using transversely polgrized proton projectiles and
A”+(x )= TR 2 TaTARVE unpolarized protqn targets. Left-right asymr_netrles, thus, re-
N TN (xE) Pt n(XE) + P ao(Xe) flect the correlation between total and orbital angular mo-
menta of energetically favored light-cone meson-baryon
- — 3 CPo—5++(Xg) fluctuations.
AQ (Xp)=

nl )
N (XE) + Py s+ (Xp) The author would like to thank Liang Zuo-tang and Meng

N Ta-chung for helpful discussions at an early stage of this
0 CLP2op(XF) = 2 Proa+(xp)] k. This work i ted by the Australian R h
AT (Xp) = — _ (1)  Work. This work is supported by the Australian Researc
N N™(Xg) + P 0p(Xg) + P 105 +(XE) Council.
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