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PolarizedL-Baryon Production in pp Collisions
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We study the production of longitudinally polarizedL baryons in single-spinp $p collisions at BNL
RHIC and DESY HERA-$N as a means of determining the spin-dependentL fragmentation functions.
It is shown that a measurement of the rapidity distribution of theL’s would provide an excellent way of
clearly discriminating between various recently suggested sets of polarizedL fragmentation functions
that are all compatible with presente1e2 data. We also address the main theoretical uncertaintie
which appear to be well under control. [S0031-9007(98)06651-4]
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The understanding of spin-dependent deep-inelas
scattering (DIS) processes in terms of QCD-evolved pola
ized parton distributionsDfsx, Q2d s f ­ q, q̄, gd is still
far from being satisfactory, despite significant exper
mental and theoretical progress over the past few yea
In particular, the angular momentum component of th
proton’s spin and the polarized gluon densityDgsx, Q2d
remain almost completely unknown for the time being
and more experimental results are required.

Studies of spin-transfer reactions could provide fu
ther invaluable and completely new insight into the fie
of “spin physics” and, in addition, might also yield a
better understanding of the hadronization process. Su
cross sections can be expressed as convolutions of p
turbatively calculable partonic spin-transfer cross sectio
with certain sets of parton distributions and fragment
tion functions, whose scale dependence is completely p
dicted by QCD once a suitable nonperturbative input
some reference scale has been determined by data. To
tain a nonvanishing twist-2 spin-transfer asymmetry, th
measurement of the polarization of one outgoing partic
is obviously required, in addition to having a polarize
beam or target. This certainly provides a great expe
mental challenge.L-baryons are particularly suited for
such studies due to the self-analyzing properties of th
dominant weak decayL ! pp2, and recent results onL
production reported from large electron-positron collide
(LEP) [1] have demonstrated the experimental feasibili
of successfully reconstructing theL spin.

In [2] a first attempt was made to determine the spi
dependentL fragmentation functions by analyzing thes
LEP data [1] in leading and next-to-leading order QCD
using the results of a preceding study of unpolarizedL

fragmentation functions. Unfortunately it turned out, how
ever, that the available LEP data, all obtained on theZ
resonance and, hence, sensitive only to the flavor nons
glet part of the cross section, cannot even sufficiently co
strain the valence fragmentation functions for all flavor
0031-9007y98y81(3)y530(4)$15.00
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Rather different, but all physically conceivable, scenario
adopted for the input valence distributions appear to d
scribe the data equally well, and for the “unfavored” se
quark and gluon fragmentation functions one has to ful
rely on mere assumptions. Clearly, further measureme
of other helicity transfer processes are required to test t
models proposed in [2].

With the advent of RHIC [3], spin transfer reactions
can be studied for the first time also inpp scattering at
center of mass system (c.m.s.) energies of up to

p
s ­

500 GeV. In the following we will demonstrate that such
measurements would provide a particularly clean way
discriminating between the various conceivable sets
spin-dependentL fragmentation functions presented in [2]
and are almost unaffected by theoretical uncertainties. F
this purpose, onlyonepolarized beam at RHIC would be
needed. It should be noted here that similar (and almo
equally useful) measurements could be performed also
a possibly forthcoming experiment at DESY, HERA-$N
[4], utilizing the existing polarized “fixed” gas target of
HERMES and theunpolarized HERA proton beam.

The process we are interested in isp $p ! $LX (the ar-
rows denoting a longitudinally polarized particle) at larg
transverse momentumpT of the L, where perturbative
QCD can be safely applied. For the time being, the r
quired partonic helicity transfer cross sections, i.e.,q $q !

q $q, . . . , g $g ! g $g, are calculated only to leading order
(LO) accuracy and can be found, for example, in [5
Hence, we have to restrict our analysis to LO, implyin
the use of LO-evolvedL fragmentation functions, con-
trary to the case ofe1 $e2 ! $LX or SIDIS (e $p ! $LX,
$ep ! $LX) where all relevant coefficient functions are
now available at next-to-leading order (NLO) [2,6–8]. In
various analyses of processes sensitive to polarized par
distributions it has turned out to be particularly useful t
study distributions differential in the rapidity of a produced
particle [9], on which we will therefore focus also in the
present analysis.
© 1998 The American Physical Society
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The relevant differential polarized cross section can be schematically written as (the subscripts “1”, “ 2” below
denote helicities)

dDsp $p! $LX

dh
;

dspp1!L1X

dh
2

dspp2!L1X

dh

­
Z

pmin
T

dpT

X
ff 0!iX

Z
dx1 dx2 dz fpsx1, m2dDf 0psx2, m2dDDL

i sz, m2d
dDsf $f 0!$iX

dh
, (1)
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the sum running over all possible LO subprocesses, a
where we have integrated overpT , with pmin

T denoting
some suitable lower cutoff to be specified below. Th
Dfp s fpd are the usual (un)polarized parton distribution
of the proton, and

DDL
i sz, m2d ; D

Ls1d
is1d sz, m2d 2 D

Ls2d
is1d sz, m2d (2)

describes the fragmentation of a longitudinally pola
ized partoni into a longitudinally polarizedL, where
D

Ls1d
is1d sz, m2d fDLs2d

is1d sz, m2dg is the probability for finding
a L at a mass scalem with positive (negative) helicity in
a partoni with positive helicity, carrying a fractionz of
the parent parton’s momentum.

The directly observable quantity will be not the cros
section in (1) itself but the corresponding spin asymmetr
defined as usual by

AL ;
dDsp $p! $LXydh

dspp!LX ydh
, (3)

where the unpolarized cross sectiondspp!LX ydh is
given by an expression similar to the one in (1), with a
D’s removed.

To study the sensitivity of (3) to the poorly known
L fragmentation functionsDDL

i , we use the three LO
sets obtained in [2]. For the discussion below, the ide
behind these very different models for spin-dependentL

fragmentation should be briefly recalled here.
Scenario 1.—is based on expectations from the non

relativistic naive quark model, where only strange quar
can contribute to the fragmentation processes that even
ally yield a polarizedL.

Scenario 2.—is inspired by estimates of Burkardt and
Jaffe [10,11] for a fictitious DIS structure functiongL

1 ,
taking into account a similar breaking of the Gourdin
Ellis-Jaffe sum rule [12] forL’s as is observed for
nucleons. Assuming the same features also for theDDL

i ,
a sizable negative contribution fromu andd quarks toL

fragmentation is predicted here.
Scenario 3.—is the most extreme counterpart of sce

nario 1 since all of the polarized fragmentation function
are assumed to be equal here, which might be realis
if, for instance, a sizable contribution to the productio
of polarizedL’s results from decays of heavier hyperon
who have inherited the polarization ofu andd quarks pro-
duced originally.

For the unpolarized parton distributions of the pro
ton, fp , appearing in (1) and (3) we use the LO set o
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Ref. [13] throughout our calculations (using other rece
LO sets would not lead to any sizable differences her
Unless otherwise stated we use for the correspond
polarized densitiesDfp the LO Glück-Reya-Stratmann-
Vogelsang (GRSV) “standard” scenario [14]. For th
unpolarizedL fragmentation functionsDL

i needed for cal-
culating dspp!LX ydh we use the LO set presented i
[2], which provides an excellent description of all avai
able, rather precisee1e2 data. It should be emphasized
however, that there are still sizable uncertainties for t
DL

i , mainly related to possible SUs3df breaking effects
not discernible from the presently available data. We no
that, in contrast to this, the assumption of SUs2df symme-
try (DL

u ­ DL
d ) appears to have a far more solid found

tion. Clearly, further measurements of theDL
i are required

here. Nevertheless, the uncertainty in theDL
i resulting

from SUs3df breaking does not really affect our con
clusions to be drawn below, since the contribution fro
strange quark fragmentation to the unpolarized cross s
tion is only about 5%.

Figure 1(a) shows our predictions for the spin asymm
try AL as a function of rapidity, calculated according t
Eqs. (3) and (1) for

p
s ­ 500 GeV andpmin

T ­ 13 GeV.
Note that we have counted positive rapidity in the forwa
region of thepolarizedproton. We have used the thre

-0.1

0

0.1

0.2

0.3

0.4

-2 0 2

scen. 1

scen. 2

scen. 3

η

pT> 13 GeV
√
s=500 GeV

a)

AΛ

std. ∆Dg
max. ∆Dg

std. ∆DΛ

max. ∆DΛ

µ=pT/2
DSS set 1

∆g=0

η

Scen. 3

b)-0.1

0

0.1

0.2

0.3

0.4

-2 0 2

FIG. 1. (a) The asymmetryAL as defined in Eq. (3) as a
function of rapidity of theL at RHIC energies for the various
sets of spin-dependent fragmentation functions. The error b
have been calculated according to (4) and as discussed in
text. (b) same as for scenario 3 in (a), but using the “maxima
DDL

g (see text), a hard scalem ­ pT y2, Dg ­ 0, or the spin-
dependent parton distributions of the proton of set 1 of [15
For comparison the solid line repeats the original result f
scenario 3 of (a).
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different scenarios for theDDL
i discussed above, em-

ploying the hard scalem ­ pT . The “error bars” should
give an impression of the achievable statistical accura
for such a measurement at RHIC. They have been e
mated via

dAL .
1
P

1p
bLeLL spp!LX

, (4)

assuming a polarizationP of the proton beam of about
70%, a branching ratiobL ; BsL ! ppd . 0.64, a con-
servative value for theL detection efficiency ofeL ­
0.1, and an integrated luminosity ofL ­ 800 pb21 [3].
The cross sectionspp!LX is the unpolarized one, inte-
grated over suitable bins ofh. A typical value for the
bin 20.5 # h # 0.5 is spp!LXspT . 13 GeVd ø 3 nb.
It should be mentioned that results almost identical
the ones in Fig. 1(a) can be obtained also for a low
c.m.s. energy of

p
s ­ 200 GeV and a correspondingly

loweredpmin
T and luminosity of 8 GeV and240 pb21, re-

spectively. Figure 2(a) shows our results for a conceivab
future measurement at HERA-$N at a much lower energy
p

s ­ 40 GeV and forpmin
T ­ 4 GeV andL ­ 240 pb21

[4]. Here, one findsspp!LX spT . 4 GeVd ø 1.8 nb for
the bin20.5 # h # 0.5. It should be stressed that thepT

cuts we have introduced do not only guarantee the appli
bility of perturbative QCD [the hard scalem in (1) should
beO spT d], but also ensure that finite-mass corrections
the cross section, which would become increasingly impo
tant for z # 0.05, remain small [2]. Furthermore, smal
values ofz also have to be excluded in order to make su
that there are no unreasonably large NLO contribution
as was noticed for the DIS case in [2], the (unpolarize
NLO kernels for the evolution of the fragmentation func
tions have an extremely singular behavior at smallz, which
eventually must lead to a complete breakdown of the “pe
turbative” formalism we use.

The behavior ofAL in Figs. 1(a) and 2(a) for the dif-
ferent sets of polarizedL fragmentation functions can be
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FIG. 2. (a) Same as Fig. 1(a), but for HERA-$N kinematics.
(b) Same as Fig. 1(b), but for HERA-$N kinematics and
scenario 2.
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easily understood from the fact that the process, in this p
ticular kinematical region, is dominated by contribution
from u andd quarks, so that the differences between t
predictions in Figs. 1(a) and 2(a) are driven by the diffe
ences in the correspondingDDL

u andDDL
d . This imme-

diately implies that the asymmetry has to be close to ze
for scenario 1, negative for scenario 2, and positive a
larger for scenario 3. Theh dependence is also readily
understood: At negativeh, the parton densities of the po
larized proton are probed at small values ofx2 (i.e., in the
“sea region”), where the ratioDqsx2dyqsx2d is also small.
On the contrary, at large positiveh, typical values ofx2
correspond to the valence region where the quarks are
larized much more strongly, resulting in an asymmetry th
increases withh.

Information on the polarizedL fragmentation functions
is also expected to be revealed by thepT dependence of the
asymmetryAL. From Figs. 1 and 2 one sees that the r
gionh * 1 should be considered here in order to discrim
nate between the scenarios. Indeed, we found thatALspT d
also shows strong sensitivity to theDDL

i , the asymmetries
for the three scenarios actually becoming more and m
different with risingpT . However, the problem concern
ing thepT dependence is the sharp decrease of the cr
sections withpT , resulting in a strongincrease in the size
of the expected statistical error bars. For instance, wh
for the HERA-$N situation the expected error onALspT d
for a bin aroundpT ­ 4 GeV would be about1%, it
becomes bigger than35% already atpT ­ 7 GeV. It
therefore seems much more promising to stick to theh

dependence ofAL as we did in Figs. 1 and 2.
The results in Figs. 1(a) and 2(a) clearly demonstra

the usefulness of the proposed kind of measurements
determine the polarizedL fragmentation functions more
precisely. The expected statistical errors are much sma
than the differences inAL induced by the various models
Thus an analysis ofAL would provide an excellent way
of ruling out some of the presently allowed sets
spin-dependentL fragmentation functions,provided the
observed differences inAL are not obscured or washed ou
by the theoretical uncertainties inherent in this calculatio
We will therefore finally address this important point i
some detail to demonstrate that the uncertainties app
to be well under control for this particular process and
not impose any severe limitations.

There are three major sources of uncertainties:
dependence ofAL on variations of the hard scalem in
(1), which is of particular importance since we are limite
to a LO calculation, our present inaccurate knowled
of the precisex shape and the flavor decomposition o
the polarized densitiesDfp , especially ofDg, and our
ignorance ofDDL

g which is not constrained at all by the
presently availablee1e2 data [2]. Figure 1(b) gives an
example of the scale dependence ofAL by changing the
scale fromm ­ pT to m ­ pT y2 for scenario 3. The
same is shown in Fig. 2(b) for the HERA-$N situation
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and scenario 2. Even thoughdDsydh and dsydh

individually change by as much as a factor 2 at certa
values ofh, the uncertainty almost cancels in the rati
AL. This gives us some confidence that the (unknow
NLO corrections might also cancel to some extent
the asymmetry, a pattern observed for all available NL
corrections involving polarized particles. We also sho
in the same figures the changes in the predictions result
from varying the polarized parton distributions, using th
recent LO set 1 of Ref. [15], denoted by DSS, instead
the GRSV [14] one. As can be observed, the asymme
remains practically unchanged, and differences can
found only at the end of phase space (at large valu
of h) where the cross section becomes small anywa
Also, as an extreme way of estimating the impact of th
polarized gluon distribution, we have artificially set it to
zerofDgsx, m2d ; 0g. The corresponding results are als
included in Figs. 1(b) and 2(b). We find that changes
our predictions occur only in the region of negativeh,
but are small in the interesting regionh . 0 where the
asymmetries are larger.

Finally, in order to examine the role played byDDL
g

in our analysis, we have used two different approache
the standard one for our polarized fragmentation fun
tions, where the polarized gluon fragmentation functio
is assumed to be vanishing at the initial scale [2] and
then built up by evolution (“standardDDL

g ”), and a set
corresponding to assumingDDL

g ; DL
g at the same ini-

tial scale of Ref. [2] (“maximalDDL
g ”) while keeping the

input quark fragmentation functions unchanged. As ca
be observed, the resulting differences are also negligib
again due to the fact thatu andd fragmentation dominate.
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[1] ALEPH Collaboration, D. Buskulicet al., Phys. Lett.
B 374, 319 (1996); Proceedings of the XVIII Interna-
in
o
n)
in
O
w
ing
e
of
try
be
es
y.
e

o
in

s:
c-
n
is

n
le,

d

tional Symposium on Lepton Photon Interactions, 1997
Hamburg, Germany (Report No. LP279) (to be pub
lished); DELPHI Collaboration, P. Abreuet al. (Report
No. DELPHI 95-86 PHYS 521) (to be published); OPAL
Collaboration, K. Ackerstaffet al., Eur. Phys. J. C2, 49
(1998).

[2] D. de Florian, M. Stratmann, and W. Vogelsang, Phys
Rev. D57, 5811 (1998).

[3] RHIC Spin Collaboration, D. Hillet al., letter of intent
RHIC-SPIN-LOI-1991 (updated 1993); G. Bunceet al.,
Part. World 3, 1 (1992); PHENIXySpin Collaboration,
K. Imai et al., Report No. BNL-PROPOSAL-R5-ADD,
1994.

[4] V. A. Korotkov and W.-D. Nowak, inProceedings of
the 2nd ELFE Workshop, Saint Malo, France, 1996
[Nucl. Phys. A622, 78c (1997)]; M. Anselminoet al.,
Report No. DESY-Zeuthen 96-04, 1996;Proceedings of
the Workshop on Future Physics at HERA, Hamburg
Germany, 1995[Report No. hep-ph/9608393], p. 837.

[5] R. Gastmans and T. T. Wu,The Ubiquitous Photon
(Clarendon Press, Oxford, 1990).

[6] D. de Florian, C. Garcı´a Canal, and R. Sassot, Nucl. Phys
B470, 195 (1996).

[7] D. de Florian and R. Sassot, Nucl. Phys.B488, 367
(1997).

[8] M. Stratmann, Ph.D. thesis, University of Dortmund
[Dortmund Report No. DO-TH 96/24 (unpublished)].

[9] See, for example, M. Glück and W. Vogelsang, Phys. Let
B 277, 515 (1992).

[10] M. Burkardt and R. L. Jaffe, Phys. Rev. Lett.70, 2537
(1993).

[11] R. L. Jaffe, Phys. Rev. D54, 6581 (1996).
[12] M. Gourdin, Nucl. Phys.B38, 418 (1972); J. Ellis and

R. L. Jaffe, Phys. Rev. D9, 1444 (1974);10, 1669(E)
(1974).

[13] M. Glück, E. Reya, and A. Vogt, Z. Phys. C67, 433
(1995).

[14] M. Glück, E. Reya, M. Stratmann, and W. Vogelsang
Phys. Rev. D53, 4775 (1996).

[15] D. de Florian, O. Sampayo, and R. Sassot, Phys. Rev.
57, 5803 (1998).
533


