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Polarization in hadronic L hyperon production and chiral-odd twist-3 distribution
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Polarization of theL hyperon produced with a large transverse momentum in unpolarized nucleon-nucleon
collisions is analyzed in the framework of QCD factorization. We focus on the mechanism in which the
soft-gluon component of the chiral-odd spin-independent twist-3 quark distributionEF(x,x) becomes a source
of the polarized quark fragmenting into the polarizedL. Our simple model estimate for this contribution
indicates that it gives rise to a significantL polarization at largexF . This is in parallel with the observation
that the soft gluon pole mechanism gives rise to a large single transverse spin asymmetry in pion production at
xF→1.
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It is a well known experimental fact that the hypero
produced in unpolarized nucleon-nucleon collisions are
larized transversely to the production plane@1–3#. In this
paper we focus on the polarization forL hyperon production
with a large transverse momentum (l T) in pp collisions:

N~P!1N8~P8!→L~ l ,SW'!1X. ~1!

The ongoing experiment at the BNL Relativistic Heavy I
Collider ~RHIC! is expected to provide more data and sh
light on the mechanism for polarization. As in the case
single transverse-spin asymmetries in direct photon or p
production, p↑1p→$g,p%1X, nonzeroL polarization in
the above process~1! indicates the effect of particular quark
gluon ~higher twist! correlations and/or the transverse m
mentum of partons either in the unpolarized nucleon or in
fragmentation function forL @4–12#. According to the gen-
eralized QCD factorization theorem@13#, the polarized cross
section for this process consists of two types of twist-3 c
tributions:

~A! Ea~x1 ,x2! ^ qb~x8! ^ dDc→L~z! ^ ŝab→c , ~2!

~B! qa~x! ^ qb~x8! ^ Dc→L
(3) ~z1 ,z2! ^ ŝab→c8 . ~3!

Here the functionsEa(x1 ,x2) and Dc→L
(3) (z1 ,z2) are the

twist-3 quantities representing, respectively, the unpolari
distribution and the fragmentation function for the tran
versely polarizedL hyperon, anda, b, and c stand for the
parton’s species. Other functions are twist-2:qb(x) the un-
polarized distribution~quark or gluon! and dDc→L(z) the
transversity fragmentation function for theL. The symbol̂
denotes convolution.ŝab→c and ŝab→c8 represent the par
tonic cross section for the processa1b→c1anything that
yields large transverse momentum of the partonc. Note that
~A! contains two chiral-odd functionsEa anddDc→L , while
~B! contains only chiral-even functions.

In this paper, we derive a QCD formula for the polariz
cross section~1! from the~A! term which becomes dominan
in the kinematic regionxF→1, using the valence quark-so
gluon approximation proposed by Qiu and Sterman@9#. Em-
ploying this approximation, they reproduced the E704 d
for the single transverse-spin asymmetries in the pion p
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duction atxF→1 reasonably well. The fact that the pertu
bative QCD description for the pion production is valid
the pion transverse momenta as low as a few GeV enc
aged us to apply the method to the polarizedL hyperon
production~1! for which the data exist only in the same lo
l T region. At largexF.0, where the largex and smallx8
region of the parton distributions is mainly probed, the cro
section is dominated by the particular terms in~A! that con-
tain the derivatives of thevalence twist-3 distribution
EFa(x,x). The reason for this observation is the relati
u(]/]x)EFa(x,x)u@EFa(x,x) owing to the behavior of
EFa(x,x);(12x)b (b.0) at x→1. We thus keep only the
terms with the derivative ofEFa(x,x) for the valence quark
~valence quark-soft gluon approximation!.

The polarized cross section for Eq.~1! is a function of
three independent variables,S5(P1P8)2.(2P)P8, xF

52l i /AS @5(T2U)/S#, and xT52l T /AS. T5(P2 l )2.
2(2P) l and U5(P82 l )2.22P8l are given in terms of
these three variables byT52S@AxF

21xT
22xF#/2 and U5

2S@AxF
21xT

21xF#/2. In this convention, production ofL in
the forward hemisphere in the direction of the incide
nucleon@N(P)# corresponds toxF.0. Since21,xF,1,
0,xT,1, andAxF

21xT
2,1, xF→1 corresponds to the re

gion with 2U;S andT;0.
The cross section for Eq.~1! from the ~A! term can be

derived by the method described in Eqs.~8!,~9!,~11!. In the
valence quark-soft gluon approximation, it is obtained as

El

d3DsA~S'!

dl3

5
pMas

2

S (
a,c

E
zmin

1 dz

z3 dDc→L~z!E
xmin

1 dx

x

1

xS1U/z

3E
0

1dx8

x8
dS x81

xT/z

xS1U/zD « lS'pnS 1

2û
D

3F2x
]

]x
EFa~x,x!GFG~x8!dŝag→c

1(
b

qb~x8!dŝab→cGdac , ~4!
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wherep andn are the two lightlike vectors defined from th
momentum of the unpolarized nucleon~massM ) as P5p
1M2n/2, pn51, and« lS'pn5«mnlsl mS'

n plns;sinf with

f the azimuthal angle between the spin vector of theL
hyperon and the production plane. The invariants in the p
ton level are defined as

ŝ5~pa1pb!2.~xP1x8P8!2.xx8S,

t̂5~pa2pc!
2.~xP2 l /z!2.xT/z,

û5~pb2pc!
2.~x8P82 l /z!2.x8U/z. ~5!

The lower limits for the integration variables are

zmin5
2~T1U !

S
5AxF

21xT
2, xmin5

2U/z

S1T/z
. ~6!

qb(x8) andG(x8) are the unpolarized quark and gluon d
tributions, respectively.dŝag→c anddŝab→c are the partonic
cross sections for the quark-gluon and quark-quark sub
cesses, respectively.EF(x,x) is the soft gluon component o
the unpolarized twist-3 distribution defined as

EFa~x,y!5
2 i

2ME dl

2p
eilx^Puc̄a~0!n”g'sH E dm

2p
eim(y2x)

3gFsb~mn!nbJ ca~ln!uP&. ~7!

dDc→L(z) is the twist-2 transversity fragmentation functio
for L defined by

dDc→L~z!5(
X

z

4E dl

2p
e2 il/z^0ug5S”'n”Lcc~0!uL~ lS'!X&

3^L~ lS'!Xuc̄c~lnL!u0&, ~8!

where the lightlike vectornL is an analog ofn for l ( lnL

51). The summation for the flavor indices ofEFa(x,x) is to
be overu- and d-valence quarks, while that for the twist-
distributions is overu, d, ū, d̄, s, s̄. The missing contribu-
tions in Eq.~4! are the soft gluon pole contribution propo
tional to EFa(x,x) itself ~without derivative! and the soft
Fermion pole contribution proportional toED(x,0) which
does not appear with the derivative.ED(x,y) is obtained by
the replacement of the gluon field strengthgFmnnn by the
covariant derivativeDm in EF(x,y) ~see @11#!. As stated
above, at largexF ~i.e., largex) (d/dx)EF(x,x) receives an
enhancement, and Eq.~4! becomes the most dominant co
tribution. At largexF , z is also large and we anticipate th
the term proportional to (d/dz)Dc→L

(3) (z,z) in the ~B! contri-
bution ~3! also brings another large contribution. We left t
analysis of this term for future study.

After the soft gluon poles are properly handled,dŝab→c

and dŝag→c in Eq. ~4! can be obtained from the 2→2 cut
diagrams shown in Figs. 1 and 2, respectively@8,9,11#. In
these figures, the quark lines labeled asa come from
03401
r-

o-

EFa(x,x) and the quark line labeled asc fragments intoL.
Because of the chiral-odd nature ofEFa and dDc→L they
have to appear in a pair along a fermion line, and hence o
four diagrams in Fig. 1 contribute todŝab→c . The result for
the hard cross section reads

dŝqq8→q5S ŝû

t̂2 D F2

9
1

1

9 S 11
û

t̂
D G

@Fig. 1~a!#,

dŝqq̄8→q5S ŝû

t̂2 D F7

9
1

1

9 S 11
û

t̂
D G

@Fig. 1~b!#,

dŝqq→q52S ŝ

t̂
D F10

27
1

1

27S 11
û

t̂
D G ~9!

@Figs. 1~c! and 1~d!# for dŝab→c , and

dŝqg→q5
9

8 S ŝû

t̂2 D 1
9

8 S û

t̂
D 1

1

8
1F1

4 S ŝû

t̂2 D 1
1

72G S 11
û

t̂
D ,

~10!

for dŝag→c . We note that in the largexF region t̂ becomes
small compared toŝ and û. Thereforedŝab→c @from Figs.
1~a! and 1~b!# anddŝag→c ~from Fig. 2! contribute to a large
polarization as was the case for the single transverse-
asymmetry for the pion production@9#. This is in strong con-
trast to the chiral-odd contribution for the single transver
spin asymmetry for the pion production studied in@11#. In
the contribution identified in@11#, two chiral-odd distribu-
tions come from the initial nucleons and have to form
closed quark loop in a pair. Therefore there is no contrib

FIG. 1. Quark-quark 2→2 scattering diagrams contributing t
the hard cross section.

FIG. 2. Quark-gluon 2→2 scattering diagrams contributing t
the hard cross section.
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POLARIZATION IN HADRONIC L HYPERON . . . PHYSICAL REVIEW D 64 034019
tion from Figs. 1~a! and 1~b! and Fig. 2, leading to the neg
ligible asymmetry.„See Ref.@11#~b!.…

We now present a simple estimate of theL polarization
PL . To this end we employ a model forEF(x,x) introduced
in Ref. @11#. It is based on the comparison of the explic
form ~7! with the transversity distribution

dqa~x!5
i

2
«S'spnE dl

2p
eilx^PSuc̄a~0!n”g'

sca~ln!uPS&,

~11!

where«S'spn[«msnlS'
mpnnl. We make an ansatz

EFa~x,x!5Kadqa~x! ~12!

with a flavor-dependent parameterKa which simulates the
effect of the gluon field with zero momentum inEF(x,x).
We note that even thoughEF(x,x) is an unpolarized distri-
bution, the quarks inEF(x,x) are ‘‘transversely polarized’
which eventually fragments into the transversely polariz
L. The relation~12! is in parallel with the ansatz originally
introduced in@9#,

GFa~x,x!5Ka8qa~x!, ~13!

which is also motivated by the explicit forms forGFa(x,x)
andqa(x):

GFa~x,x!5
1

M
«S'spnE dl

2p
eilx^Puc̄a~0!n”

3H E dm

2p
gFsb~mn!nbJ ca~ln!uP&, ~14!

qa~x!5
1

2E dl

2p
eilx^PSuc̄a~0!n”ca~ln!uPS&. ~15!

From these relations, we expect that the signs ofKa andKa8
are the same and their magnitude is similar. Using the un
larized parton distribution in@14# ~scalem51.5 GeV) and
the fragmentation function for the pion in@15# ~scale m
52 GeV), Ku,d8 was determined to beKu852Kd850.06 so
that it approximately reproduces the Fermilab E704 data
the single transverse-spin asymmetryAN in the pion produc-
tion @16# at largexF .

In calculating theL polarization, we use each distributio
and fragmentation function at the scale 1.1 GeV which
equal to the average transverse momentuml T of the pro-
ducedL in CERN R608 data@2#. For the unpolarized distri-
butionqa(x) andG(x), we use the Glu¨ck-Reya-Vogt~GRV!
leading-order~LO! distribution@14# ~the same distribution to
determineKu,d8 from AN). For the transversity distribution
dqa(x), we use the Glu¨ck-Reya-Strectmann-Vogelgan
~GRSV! helicity distributionDqa(x) ~LO, standard scenario!
@17# assumingdqa(x)5Dqa(x) at the scalem51.1 GeV.
Fragmentation functions ofL are taken from Ref.@18#. For
the transversity fragmentation functiondDc→L(z) we use
longitudinally polarized fragmentationDDc→L(z) ~three dif-
ferent scenarios! assumingdDc→L(z)5DDc→L(z) at the
03401
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scalem51.1 GeV. We note that theL fragmentation func-

tions given in@18# are forL1L̄. But in the kinematic region
of our interest~large xF; large z), Du,d→L1L̄(z) can be
regarded as the one forL itself, so that we useDL in @18# for
the L fragmentation function. With these preparations, o
first choice forKu,d is to setKu,d5Ku,d8 as noted above. We
also show the result forKu52Kd50.24 which is deter-
mined to approximately reproduce the R608 data onPL ~see
below!.

The calculatedL polarization PL obtained with Ku,d

5Ku,d8 is shown in Fig. 3 for the three scenarios
dDc→L(z) in @18# together with the CERN R608 data. Sc
nario 1 corresponds to the expectation from the naive n
relativistic quark model, where only strange quarks can fr
ment into a polarizedL. In our approximation,EF(x,x)50
for the s-quark and thus the polarization is zero in this sc
nario. Scenario 2 is based on the assumption that the fla
dependence ofDDc→L(z) is the same as that of the pola
ized quark distribution inL obtained by the SU~3! symmetry
from g1

p data,dDu→L5dDd→L520.2dDs→L . In scenario
3, three flavors of quarks equally fragment into the polariz
L, dDu→L5dDd→L5dDs→L . From Fig. 3 one sees tha
scenarios 2 and 3 give rise to increasing polarization at la
xF as expected, the former giving the same sign ofPL as the
data. To get negativePL , negativedDu,d→L(z) is necessary
if the ~A! term turns out to be responsible for the hyper
polarization. To get an approximate fit to the data with s
nario 2 fordD(z), one needsKu52Kd50.24. This curve is
also shown by the solid line in Fig. 3. At intermediatexF , we
expect a moderate contribution from the nonderivative te
of the soft-gluon pole as well as the soft-fermion pole co
tributions, which may bring better agreement with the da

The curves in Fig. 3 are obtained by the ansatz for
transversity distribution and fragmentation functions,dq(x)
5Dq(x), dD(x)5DD(x). If we had used the saturation a
sumption in the inequality@19#, 2udq(x)u<q(x)1Dq(x),

FIG. 3. The calculatedL polarizationPL with three scenarios
for dDc→L at AS562 GeV and the transverse momentum ofL at
l T51.1 GeV together with the R608 data@2#. For the scenario 2,
the result with Ku,d5Ku,d8 and Ku52Kd50.24 are shown by
dashed and solid lines, respectively. For the scenarios 1 and 3,
the result with Ku,d5Ku,d8 is shown by dash-dotted and das
double-dotted lines, respectively.
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Y. KANAZAWA AND YUJI KOIKE PHYSICAL REVIEW D 64 034019
2udD(x)u<D(x)1DD(x), we would have gotten smalle
Ku,d than estimated above.

Since we kept only the valence distribution forEF(x,x),
polarization ofL̄ becomes identically zero in all three sc
narios, which is consistent with the experimental data.~For

other antihyperons such asS̄ and J̄, however, nonzero po
larization has been experimentally observed@3#, so that the
nonvalence component of the distribution function is c
tainly necessary for the complete description of the hype
polarization.!

In Fig. 4 we plotted the L polarization for AS
520, 40, 200 GeV atl T51.1 GeV with the scenario 2 fo
dDc→L andKu52Kd50.24. One sees that the result is a
most independent ofAS. This tendency is the same as th
experimental data.

The hyperon polarization shown above shares comm
features with the single transverse spin asymmetryAN in the
pion production,p↑1p→p( l T)1X, studied in@9#. With our
model assumption~12! for EF(x,x), the approximate for-
mula for theL polarization at largexF can be written as

PL;
KpMl T

~2U ! F11OS U

T D G 1

12xF

dq~x! ^ dD~z!

q~x! ^ D~z!
. ~16!

Here the factorl T /(2U) comes from« lS'pn /(2û) in Eq.

~4!, theO(U/T) term is from those withû/ t̂ in Eqs.~9! and
~10! with the coefficients smaller than for the other terms a
1/(12xF) dependence comes from the derivative
EF(x,x). The last factor represents the ratio of parton dis
bution and fragmentation functions between polarized
unpolarized production cross section, which is absent in
analogous formula forAN @9#. PL obtained with the assump
tion Ku,d5Ku,d8 in the scenario 2 is smaller thanAN , which
is mainly due to the small ratiodD(z)/D(z). At xF@xT ,
U→2xFS and T→2 l T

2/xF . Accordingly, PL has typically
two contributions proportional tol T /S and 1/l T correspond-
ing to O( l T /(2U)) andO„l T /(2T)… terms in Eq.~16!, re-
spectively. Figure 5 shows thel T dependence of theL po-
larization at xF50.7 for AS520, 40, 200 GeV. The
polarization changes rapidly atl T,2 GeV, which indicates
the second term in Eq.~16! becomes dominant in this region
Experimentally,PL tends to decrease asl T increases in the

FIG. 4. TheL polarizationPL at AS520, 40, 200 GeV and
l T51.1 GeV. Scenario 2 is used fordDc→L andKu52Kd50.24.
03401
-
n

n

d
f
-
d
e

region l T;123 GeV atxF.0.6, while it shows flatl T de-
pendence in the smallerxF region. At AS520 GeV, PL

increases slightly asl T increases toward the edge of th
phase space (;7 GeV), as was seen inAN @9#.

We remark that the effect of theL massML is completely
ignored in our formula forPL . The rapid increase ofPL at
small l T is due to our unjustified neglect ofML compared
with l T . In particular,PL should be zero atl T50. The com-
parison of our formula with experimental data should
more ideally done at largerl T ( l T@ML) as well as largexF

in future collider experiments.
The complete formula for the hyperon polarization r

ceives the~B! contribution in Eq.~3!. Analysis of this term
involves some complications due to the presence of
kinds of hadron matrix elements for the twist-3 fragmen
tion function. We hope to present the analysis of this term
a separate publication. At this stage we can only say that
~A! contribution in Eq.~2! brings a significant polarization o
L at largexF if the soft-gluon pole mechanism analyzed
@9# is a major source for the single transverse-spin asym
try in the pion production.

A different approach to the hyperon polarization intr
duces the so-calledT-odd distribution or fragmentation func
tions with the intrinsic transverse momentum@5,6,12,20# in-
stead of twist-3 distributions introduced here. Similarly
~A! and ~B!, this approach starts from the factorization a
sumption for the two types of contributions to the polariz

tion: ~i! h1
'(x,p') ^ q(x8) ^ dD(z) ^ ŝ, ~ii ! q(x) ^ q(x8)

^ D1T
' (z,k') ^ ŝ8, where h1

' represents distribution of a
transversely polarized quark with nonzero tranverse mom
tum inside the unpolarized nucleon, andD1T

' represents a
fragmentation function for an unpolarized quark fragment
into a transversely polarizedL with the transverse momen
tum ~‘‘polarizing fragmentation function’’!. Anselminoet al.
fitted the experimental data for theL polarization assuming
the above~ii ! is the sole origin of the polarization@12#. Ex-
perimentally, however, no significant transverse polarizat
of L has been observed ine11e2→L↑1X @21#, in which
origin of theL polarization resides only in the fragmentatio
process. These data suggest that the wholeL polarization
may not be ascribed to theD1T

' effect in the hadronic

FIG. 5. l T-dependence ofPL at AS520, 40, 200 GeV and
xF50.7. Scenario 2 is used fordDc→L andKu52Kd50.24.
9-4
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production.1 We also expect from the present study that
significant portion of theL polarization should be ascribe
to the twist-3 distribution in the unpolarized nucleon a
dD(z) which should be related to the above contribution~i!.
It is also interesting to explore the connection between
present approach and that in@12#.

To summarize, we have derived a cross section form
for the polarizedL production in the unpolarized nucleon

1A recent paper@22# ascribed the smallness of theL polarization
in @21# to the Sudakov suppression.
.

03401
e

e

la

nucleon collision at largexF . We focused on the mechanism
where the soft-gluon component of the unpolarized twis
quark distribution becomes the source of the polarized qu
fragmenting into the polarizedL. A simple model estimate
for this contribution suggests the possibility that the con
bution from the soft gluon pole gives significantL polariza-
tion.
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