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Light-cone meson-baryon fluctuations and single-spin asymmetries

C. Boros
Department of Physics and Mathematical Physics, and Special Research Center for the Subatomic Structure of Matter,

University of Adelaide, Adelaide 5005, Australia
~Received 9 June 1998; published 21 January 1999!

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 processes.@S0556-2821~99!50303-2#

PACS number~s!: 13.88.1e, 13.85.Ni
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Recently, remarkable left-right asymmetries have be
measured in inclusive meson production using transver
polarized projectile hadrons and unpolarized hadron tar
@1#. It is observed that these asymmetries have many strik
features characteristic of leading particle production. Th
are significant in and only in the fragmentation region of t
transversely polarized projectile, they depend on the qu
tum numbers both of the projectile and of the produced p
ticles, but are insensitive to the quantum numbers of
target.

While considerable amount of experimental informati
has been collected over the last few years@1#, there is still no
accepted theoretical concept for the explanation of the
perimental findings@2#. Since such asymmetries are expec
to vanish because of helicity conservation of the alm
massless quarks@3# in leading twist, leading order QCD, i
has become widely accepted that modeling of higher tw
nonperturbative effects is needed to understand these
nomena. Here, we make such an attempt and show tha
ergetically favored meson-baryon fluctuations present in
light-cone wave function of the projectile, can account
the nonvanishing left-right asymmetries in the project
fragmentation region.

It is instructive to review briefly the connection betwe
light-cone fluctuations and leading particle production. M
sons produced in the fragmentation regions in hadron-had
collisions are known to reflect the quantum numbers of
projectile and, thus, carry information about its wave fun
tion. It has been realized that the production of leading m
sons for moderately large transverse momenta, especially
flavor asymmetry between leading and nonleading part
production, can be understood on the basis of higher F
states present in the light-cone wave functions of hadr
@4#. In this picture, the projectile can fluctuate into high
Fock states containing quark-antiquark pairs in addition
the valence quarks which carry its quantum numbers.
most probable fluctuations are those which have minim
invariant mass. Coalescence of the antiquark with vale
quarks of the projectile produces then leading particles in
projectile fragmentation region@4,5#. Alternatively, one can
think of leading particles as preexisting in the higher Fo
states of the projectile in form of energetically favor
meson-baryon fluctuations@4,6,7#. Then, production of lead
ing particles happens when soft interactions between the
jectile and target break the coherence of the light-co
meson-baryon fluctuation and bring the particles on sh
0556-2821/99/59~5!/051501~5!/$15.00 59 0515
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Since these soft interactions involve small momentum tra
fers between target and projectile, the momentum distri
tion of the produced leading particles should closely
semble the momentum distribution of the Fock state~light-
cone wave function! @4,5#. Since the transverse momenta
the produced particles in the single-spin experiments
typically p';0.7 GeV/c, a picture based rather on meso
baryon than on quark degrees of freedom should be m
appropriate for the description of the asymmetries.

Let us recall the definition of the left-right asymmetrie
for the reactionp(↑)1p(0)→M1X, wherep(↑) andp(0)
stand for the transversely polarized projectile and unpo
ized target protons, respectively;M stands for the inclusive
produced meson andX for the unobserved final states:

AN~xFuM !5
NL~xF ,↑uM !2NL~xF ,↓uM !

NL~xF ,↑uM !1NL~xF ,↓uM !
, ~1!

where

NL~xF ,i uM !5
1

s in
E

~D !
d2p'

ds~xF ,p' ,i uM !

dxFd2p'

~2!

( i 5↑ or ↓! is the normalized number density of the produc
mesons observed in a given kinematical regionD (p'

.0.7 GeV/c for example! on the left-hand side of the beam
(L) looking down stream.s in is the total inelastic cross sec
tion, xF is the usual Feynman-x xF52pi /As, wherepi , p'

are the longitudinal and transverse momenta of the produ
mesons andAs is the c.m. energy. SinceNL(xF ,↑uM )
5NR(xF ,↓uM ) and NL(xF ,↓uM )5NR(xF ,↑uM ), where
NR(xF ,i uM ) are the corresponding number densities m
sured on the right-hand side, it is clear whyAN is usually
referred to as left-right asymmetry.

According to this definition, nonvanishing left-righ
asymmetries reflect a remarkable correlation between the
rection of transverse motion of the produced particles and
transverse polarization of the projectile. In the above pict
for leading particle production, this correlation is expected
be presentin the wave function of the projectile and to b
carried over to the leading particle appearing in the fi
state. Thus, left-right asymmetries resemble rather a corr
©1999 The American Physical Society01-1
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tion preexisting in the initial state than a correlation pro
duced in the final state, for example, by fragmentation.
note that this conjecture is in agreement with recent exp
mental observations by the Tasso@8#, ALEPH @9#, and SLD
Collaborations@10# showing no transverse polarization of th
produced particles ine1e2 annihilations.

In pion production, the lowest Fock states involvinguū

and dd̄ fluctuations are p(uud)5p1(ud̄)n(udd),
p(uud)5p0@(1/&) (uū1dd̄)#p(uud), and p(uud)
5p2(dū)D11(uuu), respectively. Since higher mass flu
tuations have relatively small probabilities, the energetica
favored lowest fluctuations play the most important ro
However, for the sake of completeness, we also include
relatively less important p1 and p2 fluctuations
p(uud)5p1(ud̄)D0(udd) and p(uud)5p0@(1/&) (uū

1dd̄)#D1(uud). While the lowest lying meson-baryo
fluctuations forp1 and p0 contain spin-1/2 baryons, th
lowest fluctuation forp2 contains the spin-3/2 baryonD11.
This will be crucial for understanding the left-right asymm
tries. Therefore, let us examine the wave functions of
meson-baryon fluctuations containing spin-1/2 and spin-
baryons, respectively. The form of the wave function follo
from the requirement that the total quantum numbers of
proton must be conserved. Since pions and kaons are p
doscalar particles with negative parity and the baryons
volved have the same parity as the proton, the meson-ba
system must have odd angular momentum. Thus, the
angular momentum part of the wave functions,CJ,Jz,L,S

MB(S) in

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

1/2-baryonB( 1
2 ) is given by

C1/2 ,1/2,1,1/2
MB~1/2! 5A2

3
c1

11x1/2
2 1/22A1

3
c1

0x1/2
1 1/2. ~3!

Here, J, L, S and Jz, Lz, Sz are the total angular momen
tum, total orbital angular momentum, and total spin of t
meson-baryon fluctuation and theirz components, respec
tively. cL

Lz and xS
Sz are the total orbital-angular momentu

and total spin part of the wave function. It follows that th

MB( 1
2 ) fluctuation is predominantly in a state with positiv

orbital angular momentumLz51 in a transversely upward
polarized proton. Thus, the meson and the baryon perf
orbital motion around their center of mass; since the bary
involved are much heavier than the mesons~pions and ka-
ons!, it is essentially the meson which ‘‘orbits’’ around th
baryon. Hence, one can speak of effective ‘‘pion curren
in such Fock states. This current is anticlockwise with
spect to the polarization axis (z axis! of the transversely

polarized proton for pseudoscalar mesons (M ) in a MB( 1
2 )

state, since theLz51 component dominates.
On the other hand, the total angular momentum part of

wave function of the meson-baryon fluctuation of an u

wards polarized proton containing a spin-3/2 baryonB( 3
2 )

and a pseudoscalar mesonsM is given by
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C1/2 ,1/2,1,3/2
MB~3/2! 5A1

2
c1

21x3/2
1 3/22A1

3
c1

0x3/2
1 1/2

1A1

6
c1

11x3/2
2 1/2. ~4!

We see that theMB( 3
2 ) system is more likely to have nega

tive than positive orbital angular momentum. Thus, pseu
scalar mesons in these Fock states perform orbital mo
mainly clockwise with respect to the polarization axis of t
transversely polarized proton.

In order to understand the significance of these obse
tions, we discuss the formation of the leading mesons. I
convenient to work in the center of mass of two partic
system. In this system, the projectile is an extended ob
and the target is Lorentz contracted. Soft interaction betw
the projectile and target become effective when the tar
and the projectile partially overlap. In leading meson prod
tion, the meson is expected to be brought on mass s
through soft interaction with the target. If this happens on
front surface of the extended baryon-meson state, i.e., w
the target begins to overlap with the target, the freed me
will have a larger probability to ‘‘go’’ left or to ‘‘go’’ right if

it belongs to aMB( 1
2 ) or MB( 3

2 ) fluctuation. This is be-

cause, on the front surface,Lz51 (Lz521) of theMB( 1
2 )

„MB( 3
2 )… system means that the probability for the pion

have transverse momenta pointing to the left~to the right! is
larger than to have one pointing to the right~to the left!
@11,12# . However, when this happens on the back surfa
i.e., after the target went through the projectile, the soft
teractions of the spectator quarks with the target destroy
coherence of the Fock state and the produced mesons ca
retain their preferred transverse direction. Our expecta
that initial state interactions with spectator quarks in lead
particle production plays an important role agrees with
observation that leading particle production occurs do
nantly when the spectator quarks interact strongly in the
get, leading to strong nuclear dependence@4#. Preliminary
results from the E704 Collaboration showing a strongA de-
pendence ofAN are also consistent with such an expectat
@13#.

Since the leadingp1 and p0 are mainly produced by
light-cone fluctuations containing spin-1/2 baryons, we e
pect positive left-right asymmetries for bothp1 andp0. On
the other hand, the asymmetry forp2 should be negative
since, here, the lowest lying Fock state contains a spin
baryon. Furthermore, the remarkable ‘‘mirror’’ symmetry
the left-right asymmetries between transversely polari
proton and antiproton projectiles follows immediately fro
the proposed picture. This is because the lowest lying F
states of the antiproton containingp1 and p2 are p̄(ūūd̄)
5p1(ud̄)D̄11(ūūū) and p̄(ūūd̄)5p2(dū)n̄(ūd̄d̄), re-
spectively. Thus, contrary to the situation inpp collision, the
partner of thep1 is a spin-3/2 and that of thep2 is a spin-
1/2 baryon. Therefore, we expect positive left-right asymm
try for p2 and negative asymmetry forp1. Note that the
asymmetry forp0 remains unchanged. Furthermore, we a
1-2
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expect to see left-right asymmetries forh meson production.
These asymmetries should be similar in magnitude to tha
p0 productions and positive for both proton and antiprot
projectiles. All these features have been observed experim
tally @1#.

Encouraged by the good qualitative agreement with
experimental data, we want to describe the asymmet
quantitatively. While leading mesons are predominantly p
duced by meson-baryon fluctuations and populate the la
xF region, nonleading mesons are produced by other me
nisms such as string fragmentation, higher Fock states
populate the central rapidity region. For large enough tra
verse momenta, the production of mesons in the centra
gion ~and also in the fragmentation regions! can be described
by leading twist perturbative QCD. However, since the ty
cal transverse momenta involved in left-right asymme
measurements are in the order ofp';0.7 GeV/c, we cannot
expect perturbative QCD~PQCD! to be applicable and fac
torization to be valid. Therefore, in the following, we calc
late the spectra in the projectile fragmentation region us
the light-cone wave functions of the meson-baryon fluct
tion and use a fit to the nonleading spectra of the produ
mesons. In separating the leading from the nonleading s
trum, we can use kaon-production as guideline. This is
causeK2 has no common valence quarks with the projec
proton, i.e., there are no leadingK2 in proton-proton colli-
sions. Thus, the inclusiveK2 spectrum is equivalent to th
nonleading spectrum ofK1. Assuming that theform of the
nonleading spectrum is independent of the produced mes
we can use the exact same form as obtained by fitting theK2

spectrum for the nonleading parts of the pion product
allowing for a normalization@14#.

In the meson-baryon fluctuation model, the different
cross section for producing leading mesons is given by

dsMB

dxFd2p'

5spB

1

2 (
Ss

dPMB
Ss

dyd2p'

d~xF2y!. ~5!

Here,spB is the total inclusive proton-baryon inelastic cro
section at c.m. energy ofs(12xF). We usespp and the
numerical value 40mbarn for spB . dPMB

Ss /dyd2p' is the
probability that the proton fluctuates in a meson and bar
with longitudinal momentum fractionsy and 12y, trans-
verse momentump' and2p' , respectively.S ands denote
the spin projections of the proton and the baryon with resp
to a conveniently chosen axis. In the following, we use b
a nonrelativistic toy model and the meson-cloud model
calculate these probabilities.

In a nonrelativistic approximation, the probabilities f
different angular momenta are simply related by Clebs
Gordan coefficients as given by Eq.~3! and in Eq.~4!. For
the spin-independent momentum-space part, we use a si
phenomenological ansatz, used in Ref.@15#:

dPMB

dyd2p'

~M!5AMB~11M 2/a2!2p. ~6!

Here,M is the invariant mass of the meson-baryon fluctu
tion M 25(p'

2 1mM
2 )/y1(p'

2 1mB
2)/(12y) and mM and
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mB are the meson and baryon masses.AMB is a normaliza-
tion constant, for the other parameters, we use the val
a5330 MeV andp53.5 Ref.@15#. The relative weights of
fluctuations containing proton, neutron, and Delta baryo
are given by the isospin factors: (p1n):(p0p):(p1D0):

(p0D1):(p2D11)52:1:1
3 : 2

3 :1 @18#. We fixed the normal-
ization by fitting thep2 cross section. Then, the probabil
ties for the above fluctuations, are 16%, 8%, 0.8%, 1.6%,
2.4%, respectively. The probability for theK1L fluctuation
is 1.7%. These probabilities have approximately the ri
magnitude to account for the Gottfried sum rule violati
@16–18# measured by the New Muon Collaboration~NMC!
@19#. We calculated the invariant cross sectionsEds/d3p
5 (xF /p) ds/dxFdp'

2 for pion and kaon production as
function of xF at p'50.75 GeV/c. The result is shown in
Fig. 1~a!–1~c! together with the data@20#.

In the meson-cloud model, the probabilities in Eq.~5! are
given by

dPMB
Ss

dyd2p'

5
gNBM

2

16p3

uTMB
Ss u2

y~12y!

uGNMB~y,p'
2 !u2

~mN2MMB
2 !2 . ~7!

Here,uTMB
Ss u2 contains the spin-dependence of the probab

ties and can be obtained by calculating traces over nuc
and baryon spinors@6,7#. GNMB(y,p'

2 ) are phenomelogica
vertex functions. They are often parametrized in a pow
form

FIG. 1. The invariant cross sectionEds/d3p for p2 ~a!, p1

~b!, and K6 ~c! production as a function ofxF . The dash-dotted
curves represent the calculated contributions of leading particle
duction. The dashed curves stand for the spectra of the nonlea
particles obtained by fitting theK2 distribution. The full curves are
the sum of the leading and nonleading contributions. The solid
open circles are for thep'50.75 GeV/c and p'50.8 GeV/c data
points, respectively. The 0.8 GeV/c data have been normalized t
the 0.75 GeV/c data to account for the difference between the tra
verse momenta in the two experiments. The data are taken f
Ref. @20#. ~d! The calculated left-right asymmetries; the soli
dashed, and dash-dotted curves are forp1, p0, and p2, respec-
tively. The data are taken from Ref.@1#.
1-3



ts

t
e
,

ce
a-

e

s

th

le

’
iti

ob
.

.

bo-

s
ch-
tly.

the

e
n,

t

n.

by
ita-

o.

ou

RAPID COMMUNICATIONS

C. BOROS PHYSICAL REVIEW D 59 051501
GNMB~y,p'
2 !5S LMB

2 1mN
2

LMB
2 1MMB

2 D n

. ~8!

We found a good fit to the data by choosingn53 and
LpN ,LpD ,LKL51.6,1.25,1.7 GeV. The coupling constan
are gppp0

2 /4p513.6, gpD11p2
2 /4p512.3 GeV22, and

gpLK1
2 /4p514.7. The results are shown in Fig. 2.

In order to calculate the left-right asymmetries, we no
that only the leading particles will contribute to the asymm
try. In the nonrelativistic toy-model, the probability
PMB

Jz ,Lz(xF ,p')[dPMB
Jz ,Lz/dxFd2p' , for a meson-baryon

fluctuation containing a baryon with spins to be in an orbital
angular momentum state withLz , when the projectile has
total angular momentum projection,Jz , is equal to the un-
polarized probabilities,PMB(xF ,p') multiplied by appropri-
ate Clebsch-Gordan coefficients.

According to the proposed picture, only mesons produ
by MB fluctuation contribute to the difference of the me
sured number densities,DNL(xF ,p'uM )[NL(xF ,p' ,↑uM )
2NL(xF ,p' ,↓uM ). Obviously, this quantity should
be proportional to DPMB(xF ,p')[PMB

1/2,1(xF ,p')
2PMB

1/2,21(xF ,p'), the difference of the probabilities for th
MB fluctuations to haveLz51 andLz521 in an upwards
polarized proton. @Note that we have the relation
PMB

Jz ,Lz(xF ,p')5PMB
2Jz ,2Lz(xF ,p') and PMB

Jz ,2Lz(xF ,p')

5PMB
2Jz ,Lz(xF ,p').] The proportionality constant,C (0<C

<1), betweenDNL(xF ,p'uM ) and DPMB(xF ,p'), effec-
tively describes how strong spectator quarks interact in
target. The sum of the number densitiesNL(xF ,p')
5NL(xF ,p' ,↑uM )1NL(xF ,p' ,↓uM ) is twice the corre-
sponding unpolarized number density measured on the
hand side and is given byNnl(xF ,p')1PMB(xF ,p').
~There is no factor 2 in front ofNnl andPMB , since both of
them refer to quantities summed over ‘‘left’’ and ‘‘right,’
thus, they are already twice the unpolarized number dens
measured on one side exclusively.! Nnl(xF ,p') is the num-
ber density due to nonleading particle production and is
tained by fitting theK2 cross section as discussed above

FIG. 2. The same as in Fig. 1 calculated in the meson-cl
model. The parameterC is set to 0.4.
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The asymmetries forp1, p2, andp0 production are then
given by

AN
p1

~xF!5
C@ 2

3 Pp1n~xF!2 1
3 Pp1D0~xF!#

Nnl~xF!1Pp1n~xF!1Pp1D0~xF!
, ~9!

AN
p2

~xF!5
2 1

3 CPp2D11~xF!

Nnl~xF!1Pp2D11~xF!
, ~10!

AN
p0

~xF!5
C@ 2

3 Pp0p~xF!2 1
3 Pp0D1~xF!#

Nnl~xF!1Pp0p~xF!1Pp0D1~xF!
. ~11!

Here, we dropped thep' dependence ofPMB(xF) for
simplicity. For the parameterC, we use the value 0.6
The results, calculated forp'50.75 GeV/c, are shown in
Fig. 1~d! and are compared to the data of the E704 Colla
ration @1#.

In the ~relativistic! meson-cloud model, the probabilitie
for different angular momenta are not connected by Clebs
Gordan coefficients. They have to be calculated explici

For aMB( 1
2 ) fluctuation, we obtain

uT BM
Ss u25@~p•P!2mNmB#@11s•S#2~p•S!~P•s!.

~12!

@Note, thatuT BM
Ss (y)u25uTMB

Ss (12y)u2.# Here,P, S andp, s
are the four-momenta and spin of the nucleon and
baryon, respectively. We choose thez axis as polarization
axis andx as ‘‘longitudinal direction’’ and consider the cas
pz50 which is relevant for the left-right asymmetry. The
in the infinite momentum frame~IMF! the four-momenta and
transverse spins vectors can be parametrized asP5(PL

1mN
2 /2PL ,PL,0,0), p5@yPL1(mB

21p'
2 )/2yPL ,yPL ,p',

0#, S5(0,0,0,1), ands5(0,0,0,1). We immediately see tha
T BM

(1/2)(1/2)50 andT BM
1/221/2 is given by

uT BM
1/22 1/2u25

1

y
@~mNy2mB!21p'

2 #. ~13!

The orbital angular momentum componentLz must be posi-
tive (11) in order to compensate the spin of the baryo
Thus, the left-right asymmetry is positive forp1 and also for
p0.

For spin-32 baryons the amplitudes can be obtained
calculating the trace over the nucleon and the Rar
Schwinger spin-vectors,ua , for the baryon

uT BM
Ss u25Tr@u~P,S!ū~P,S!ua~p,s!ūb~p,s!#

3~P2p!a~P2p!b, ~14!

ua(p,s)5(mC( 3
2 su1m; 1

2 s2m)ea(m)u(p,s2m) are the
Rarita-Schwinger spin-vectorua for the baryon. The polar-
ization vectors are e(m)5@«m •p/mB ,«m1 p(«m
•p)/mB(p01mB)# and we use the representations«615
7(1,6 i ,0)/& and«05(0;0,0,1) in the rest frame of theD.
WehaveP.e(0)50 and only two amplitudes are nonzer
We obtainuT BM

1/221/2u25 1
3 uT BM

(1/2)(3/2)u2 and

d

1-4
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uT BM
~1/2!~3/2!u25

1

8y3mB
2 @~mNy1mB!21p'

2 #2

3@~mNy2mB!21p'
2 #. ~15!

Since the total orbital angular momentum of the mes
baryon system is71 for the transitions uT BM

(1/2)(3/2)u2

and uT BM
1/221/2u2, respectively, anduT BM

(1/2)(3/2)u2.uT BM
1/221/2u2,

the left-right asymmetry is negative forp2 production.
Collecting all factors and defining the unpolarized pro

abilities asPMB(y), the left-right asymmetriesAN in the
meson-cloud model can be expressed as

AN
p1

~xF!5
C@Pp1n~xF!2 1

2 Pp1D0~xF!#

Nnl~xF!1Pp1n~xF!1Pp1D0~xF!
,

AN
p2

~xF!5
2 1

2 CPp2D11~xF!

Nnl~xF!1Pp2D11~xF!
,

AN
p0

~xF!5
C@Pp0p~xF!2 1

2 Pp0D1~xF!#

Nnl~xF!1Pp0p~xF!1Pp0D1~xF!
. ~16!
05150
-

-

Note, that the probabilities for the special case,pz50,
are related to each other by ‘‘Clebsch-Gordan-like’’ expre
sions. The result we obtain for the asymmetries is sho
in Fig. 2~d!. SincePpD peak at largery values thanPpN ,
the asymmetries forp1 and p0 turn down at highxF .
To confirm this, relativistic effect data at higherxF is
needed.

In conclusion, we have shown that energetically favor
light-cone meson-baryon fluctuations cannot only acco
for the leading meson spectrum in inclusive meson prod
tion at moderate transverse momenta, but also explain
substantial left-right asymmetries measured in su
processes using transversely polarized proton projectiles
unpolarized proton targets. Left-right asymmetries, thus,
flect the correlation between total and orbital angular m
menta of energetically favored light-cone meson-bary
fluctuations.
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