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Polarization in hadronic A hyperon production and chiral-odd twist-3 distribution
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Polarization of theA 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 distribEtitx, x) becomes a source
of the polarized quark fragmenting into the polariz&d Our simple model estimate for this contribution
indicates that it gives rise to a significaft polarization at largexgz . 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
Xg—1.
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It is a well known experimental fact that the hyperonsduction atxg— 1 reasonably well. The fact that the pertur-
produced in unpolarized nucleon-nucleon collisions are pobative QCD description for the pion production is valid at
larized transversely to the production plaife-3]. In this  the pion transverse momenta as low as a few GeV encour-
paper we focus on the polarization farhyperon production aged us to apply the method to the polariz&dhyperon

with a large transverse momentury) in pp collisions: production(1) for which the data exist only in the same low
I+ region. At largex>0, where the largex and smallx’
N(P)+N’(P")—A(l ,§L)+x_ (1) region of the parton distributions is mainly probed, the cross

section is dominated by the particular termgAy) that con-
The ongoing experiment at the BNL Relativistic Heavy lontain the derivatives of thevalence twist-3 distribution
Collider (RHIC) is expected to provide more data and shedg,(x,x). The reason for this observation is the relation
light on the mechanism for polarization. As in the case of|(g/9x)Eg,(x,X)|>Er,(X,x) owing to the behavior of
single transverse-spin asymmetries in direct photon or pio__(x,x)~(1—x)? (8>0) atx— 1. We thus keep only the
production, p'+p—{y, 7} + X, nonzeroA polarization in  terms with the derivative oE,(x,x) for the valence quark
the above procedd) indicates the effect of particular quark- (valence quark-soft gluon approximation
gluon (higher twis} correlations and/or the transverse mo-  The polarized cross section for El) is a function of
mentum of partons either in the unpolarized nucleon or in the@hree independent variableS=(P+P')2=(2P)P’, Xg
fragmentation function foA [4-12]. According to the gen- =2|H/\/§ [=(T—-U)/S], and x;=2I7/\S. T=(P—1)2=
eralized QCD factorization theorefi3], the polarized cross _(2p)| and U=(P’'—1)2=—2P’| are given in terms of

s_ecti(_)n for this process consists of two types of twist-3 conypase three variables by=— S \/m_ xc]/2 andU=

tributions: —S[\/x2F+xT2+xF]/2. In this convention, production &f in

2 the forward hemisphere in the direct_ion of the incident
nucleon[N(P)] corresponds toxg>0. Since —1<xg<1,

0<xy<1, and \/x2F+xT2<1, Xg—1 corresponds to the re-

gion with —U~S andT~0.

Here the functionsE,(x;,x,) and D(ci)A(Zl,Zz) are the The cross section for Eq1) from the (A) term can be

twist-3 quantities representing, respectively, the unpolarize@®rved by the method described in E¢8),(9),(11). In the
distribution and the fragmentation function for the trans-Valence quark-soft gluon approximation, it is obtained as

(A)  Ea(X1,X2)®p(X')® D¢ A (2)® Tap_c,

(B) 0a(x)@qp(x)®DP \(21,2)® 0%, .. (3

versely polarized\ hyperon, anda, b, andc stand for the dPAcA(S,)

parton’s species. Other functions are twistgg(x) the un- El—l

polarized distribution(quark or gluon and 8D, . ,(z) the di®

transversity fragmentation function for tile The symbol® M o 1 dz L dx 1
denotes convolutiono, .. and &gb% represent the par- = S E —5 0D (2) _—
tonic cross section for the process b—c+anythingthat S &t JamnZ xmin X XSt U/Z

yields large transverse momentum of the partohlote that Ldx!
(A) contains two chiral-odd functiors, andéD._, , , while % f axt 5
(B) contains only chiral-even functions. o x’

In this paper, we derive a QCD formula for the polarized
cross sectiorgl) from the(A) term which becomes dominant v
in the kinematic regionxc— 1, using the valence quark-soft
gluon approximation proposed by Qiu and Sterrf@h Em-
ploying this approximation, they reproduced the E704 data " osh
for the single transverse-spin asymmetries in the pion pro- +% Au(x )&Tab%} Pac: @

) XT/z 1
Xt St urz) Eiseen —0u

14 ~
—X&E,:a(x,x) G(X') 60 ag ¢
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wherep andn are the two lightlike vectors defined from the 2
momentum of the unpolarized nucledémassM) as P=p <
+M?n/2, pn=1, andes pn==¢ 4! “Sp'n’~sing with g
¢ the azimuthal angle between the spin vector of the /“’—
hyperon and the production plane. The invariants in the par
ton level are defined as

(a) (b) (c) (d

S=(Pa+tPp)2=(XP+x'P")2=xx'S, FIG. 1. Quark-quark 22 scattering diagrams contributing to
the hard cross section.
t=(pa—pc)?=(xP—1/z)?=xTlz,
Era(X,X) and the quark line labeled asfragments intoA.
U=(pp—P)=(x'P’ —1/z)2=x'U/z. (5)  Because of the chiral-odd nature Bf, and 6D._,, they
have to appear in a pair along a fermion line, and hence only
four diagrams in Fig. 1 contribute t&}ab_,c. The result for
the hard cross section reads

The lower limits for the integration variables are

—(T+U) -U/z
Zmin:T: VXg+XT, Xmin:ﬁ- (6) - . .
. . 604 —q=| ||zt |l 1+t=
gp(x') andG(x’) are the unpolarized quark and gluon dis- Taq'~q ( t2]19 9 i
tributions, respectivelydo,g .. andda,p, . are the partonic
cross sections for the quark-gluon and quark-quark subprdFig. 1(a)],
cesses, respectivelli(x,x) is the soft gluon component of
the unpolarized twist-3 distribution defined as A (ga 1 U
So o —a— | == —+ =1+ =
E - f N i p g0 fdﬂ ia(y=x) wre)le el
FaXY)= 5y | 5Pl 0y | 5—e .
[Fig. 1(b)],
XgF”B(Mn)nﬁ] $A(AN)|P). v 210 1 -
5&qqﬂq=—( —t+ 1+:” 9
6D, A(2) is the twist-2 transversity fragmentation function 21" 27 t

for A defined by

i [Figs. 1c) and Xd)] for 8oy, .., and
— E ANz c
(SDCHA(Z)_EXD 4f 2m° OB A0S 56 9(5“>+9(u)+1

X (A(IS,)X[¢(Any)|0), ® 9-9 gl2) 8\t 8

1fsu| 1
"2\ 72
where the lightlike vecton, is an analog oih for | (In,
=1). The summation for the flavor indices Bf,(x,x) isto  for 50’agﬂc We note that in the largeg reg|ont becomes
be overu- and d-valence quarks, while that for the twist-2 sma|| compared tG and 0. Thereforeda,, .. [from Figs.

distributions is ovem, d, u, d, s, s. The missing contribu- 1(a) and 1b)] and&rag% (from Fig. 2 contribute to a large
tions in Eq.(4) are the soft gluon pole contribution propor- ho|arization as was the case for the single transverse-spin
tional to Er4(x,x) itself (without derivative and the soft  asymmetry for the pion productid®]. This is in strong con-
Fermion pole contribution proportional thp(x,0) which  rast to the chiral-odd contribution for the single transverse-
does not appear with the derivatiie(x,y) is obtained by  gpin asymmetry for the pion production studied[i]. In

the replacement of the gluon field strengtk“*n, by the  the contribution identified in11], two chiral-odd distribu-
covariant derivativeD* in Er(x,y) (see[11]). As stated tions come from the initial nucleons and have to form a

above, at large (i.e., largex) (d/dX)Eg(x,x) receives an  closed quark loop in a pair. Therefore there is no contribu-
enhancement, and E¢4) becomes the most dominant con-

tribution. At largexg, z is also large and we anticipate that

1+

u
t

(10

the term proportional tod/dz)D® , (z,2) in the (B) contri- a\( ci / Nreoto
bution (3) also brings another large contribution. We left the S a
analysis of this term for future study. S ! ng + +
After the soft gluon poles are properly handlesdr,,, .. (66 G 0233 ((,(s c %
and 5&ag% in Eq. (4) can be obtained from the-22 cut
diagrams shown in Figs. 1 and 2, respectivgdy9,11]. In FIG. 2. Quark-gluon 2>2 scattering diagrams contributing to

these figures, the quark lines labeled ascome from the hard cross section.
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POLARIZATION IN HADRONIC A HYPERON . ..

tion from Figs. 1a) and Xb) and Fig. 2, leading to the neg-
ligible asymmetry(See Ref[11](b).)

We now present a simple estimate of thepolarization
P, . To this end we employ a model f&t(x,x) introduced
in Ref. [11]. It is based on the comparison of the explicit
form (7) with the transversity distribution

i d\n —
5Qa(x):§83ﬂrpnf Ze”\X(PS‘//a(O)W)’I'J/a()\nHPs>v
(11)

WheresSLUansMV)\Sfp”n”. We make an ansatz

Era(X,X) =Kz604(X) (12
with a flavor-dependent parameti€r, which simulates the
effect of the gluon field with zero momentum Ee(X,X).
We note that even thoughg(x,x) is an unpolarized distri-
bution, the quarks irEg(x,x) are “transversely polarized”
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0.2 T T T 7 T
./'

-
ey
.........

-

scenario 2
]

¢
-0.3
O R608 data

'05 C | 1 1

0.1 0.2 0.4 0.6
Xg

-0.4

0.8

FIG. 3. The calculated\ polarizationP, with three scenarios
for 6D, at yS=62 GeV and the transverse momentumAofit
It=1.1 GeV together with the R608 daa]. For the scenario 2,
the result withK, 4=K| 4 and K,=—K;=0.24 are shown by
dashed and solid lines, respectively. For the scenarios 1 and 3, only
the result withK, 4=K| 4 is shown by dash-dotted and dash-

which eventually fragments into the transversely polarizedyoypie-dotted lines, respectively.

A. The relation(12) is in parallel with the ansatz originally
introduced in[9],

GFa(X-X):K;qa(X)1 (13)

which is also motivated by the explicit forms f@r,(x,x)
andq,(x):
1 dA iAX a
Gea(X,X)= Mssﬂrpn Ee <P|‘// (0)n

d
X[JﬁgF“ﬁ(un)nﬁ] g (m)|P), (14

1(dN . —
1003 | = (PSROMFONIPY. (19

From these relations, we expect that the sign& phndK}

scaleu=1.1 GeV. We note that thd fragmentation func-
tions given in[18] are forA + A. But in the kinematic region
of our interest(large xg~ large z), Dy 4 .A+a(2) can be
regarded as the one far itself, so that we usB* in [18] for

the A fragmentation function. With these preparations, our
first choice forK, 4 is to setK, =K/, 4 as noted above. We
also show the result foK,=—Ky=0.24 which is deter-
mined to approximately reproduce the R608 datdPgn(see
below).

The calculatedA polarization P, obtained withK, 4
=K/ 4 is shown in Fig. 3 for the three scenarios of
8D ¢_,A(2) in [18] together with the CERN R608 data. Sce-
nario 1 corresponds to the expectation from the naive non-
relativistic quark model, where only strange quarks can frag-
ment into a polarized\. In our approximationEg(x,x) =0

are the same and their magnitude is similar. Using the unpdor the s-quark and thus the polarization is zero in this sce-

larized parton distribution if14] (scalex=1.5 GeV) and
the fragmentation function for the pion ifl5] (scale u
=2 GeV),K| 4 was determined to bK;=—K;=0.06 so

nario. Scenario 2 is based on the assumption that the flavor
dependence oAD_, ,(2) is the same as that of the polar-
ized quark distribution im\ obtained by the S(B) symmetry

that it approximately reproduces the Fermilab E704 data ofrom gf data,dD, ,y=6Dgy_,=—0.26Dg_,, . In scenario

the single transverse-spin asymmefty in the pion produc-
tion [16] at largex .
In calculating theA polarization, we use each distribution

3, three flavors of quarks equally fragment into the polarized
A, 6D, A=6Dy_r=06Dg_,,. From Fig. 3 one sees that
scenarios 2 and 3 give rise to increasing polarization at large

and fragmentation function at the scale 1.1 GeV which isx_ as expected, the former giving the same sigi® gfas the

equal to the average transverse momentynof the pro-
ducedA in CERN R608 dat§2]. For the unpolarized distri-
butiong,(x) andG(x), we use the Glck-Reya-Vogt(GRV)
leading-ordefLO) distribution[14] (the same distribution to
determineK, 4 from Ay). For the transversity distribution
804(X), we use the Glck-Reya-Strectmann-Vogelgang
(GRSV) helicity distributionAg,(x) (LO, standard scenanio
[17] assumingdq,(x)=Aqs(x) at the scaleu=1.1 GeV.
Fragmentation functions of are taken from Refl18]. For
the transversity fragmentation functiofD._, ,(z) we use
longitudinally polarized fragmentatiohD_, ,(z) (three dif-
ferent scenarigsassumingsD._, ,(z)=AD._,(z) at the

data. To get negative, , negativesD, 4. (2z) is necessary
if the (A) term turns out to be responsible for the hyperon
polarization. To get an approximate fit to the data with sce-
nario 2 foréD(z), one need& = —Ky4=0.24. This curve is
also shown by the solid line in Fig. 3. At intermediate, we
expect a moderate contribution from the nonderivative term
of the soft-gluon pole as well as the soft-fermion pole con-
tributions, which may bring better agreement with the data.
The curves in Fig. 3 are obtained by the ansatz for the
transversity distribution and fragmentation functiofg(x)
=Aq(x), 6D(x)=AD(x). If we had used the saturation as-
sumption in the inequalityf19], 2|5q(x)|<q(x)+Aq(x),

034019-3



KANAZAWA AND YUJI KOIKE

0.0 T T T
0.1 e .
N
\'\
-02f .
I~ — 5" -20 GeV “-*
031 - - 8" =40GeV b
---- 8" =200 GeV .
-0.41 v
I =1.1GeV A
-0.5[ 1 1 1 1 “'
0102 04 06 08
Xg

FIG. 4. TheA polarizationP, at \/§= 20, 40, 200 GeV and
It=1.1 GeV. Scenario 2 is used féD._,, andK,= —K;=0.24.

2|8D(x)|<D(x)+AD(x), we would have gotten smaller
Ky.q4 than estimated above.

Since we kept only the valence distribution #B¢(x,X),
polarization of A becomes identically zero in all three sce-
narios, which is consistent with the experimental défar

other antihyperons such &s and =, however, nonzero po-
larization has been experimentally obsery8f so that the

nonvalence component of the distribution function is cer-

tainly necessary for the complete description of the hypero
polarization)

In Fig. 4 we plotted the A polarization for /S
=20, 40, 200 GeV aty=1.1 GeV with the scenario 2 for
6D._,, andK,=—Ky=0.24. One sees that the result is al-
most independent of/S. This tendency is the same as the
experimental data.

The hyperon polarization shown above shares commo
features with the single transverse spin asymmatyyn the
pion productionp' + p— 7 (1) + X, studied in[9]. With our
model assumptior{12) for Eg(x,x), the approximate for-
mula for theA polarization at largexg can be written as

o

Here the factod+/(—U) comes froms,SLpn/(—ﬁ) in Eq.

(4), the O(U/T) term is from those withi/t in Egs.(9) and
(10) with the coefficients smaller than for the other terms an

P K’ﬂ'MIT
)

u

T

1 689(x)®6D(z)
1-x¢ q(x)®D(2)

. (16
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FIG. 5. |;-dependence oP, at yS=20, 40, 200 GeV and
xg=0.7. Scenario 2 is used f@iD._,, andK,=—Ky=0.24.

regionl~1—3 GeV atxg>0.6, while it shows flat; de-
pendence in the smallet= region. At \/S=20 GeV, P,
increases slightly as; increases toward the edge of the
phase space<7 GeV), as was seen iy [9].

We remark that the effect of th& massM , is completely
ignored in our formula folP, . The rapid increase d?, at
small |1 is due to our unjustified neglect &fl , compared
with I +. In particular,P, should be zero dt=0. The com-

I?)arison of our formula with experimental data should be

more ideally done at largér (I+>M,) as well as largeg
in future collider experiments.

The complete formula for the hyperon polarization re-
ceives the(B) contribution in Eq.(3). Analysis of this term
involves some complications due to the presence of two
hinds of hadron matrix elements for the twist-3 fragmenta-
tion function. We hope to present the analysis of this term in
a separate publication. At this stage we can only say that the
(A) contribution in Eq/(2) brings a significant polarization of
A at largexg if the soft-gluon pole mechanism analyzed in
[9] is a major source for the single transverse-spin asymme-
try in the pion production.

A different approach to the hyperon polarization intro-
duces the so-calle@-odd distribution or fragmentation func-
tions with the intrinsic transverse moment(i§6,12,2Q in-
stead of twist-3 distributions introduced here. Similarly to

O(A) and (B), this approach starts from the factorization as-

1/(1-xg) dependence comes from the derivative ofSumption for the two types of contributions to the polariza-

Er(x,X). The last factor represents the ratio of parton distri-

tion: (i) hf(x,pi)®q(x')®5D(z)®fr, (i) g(x)®q(x’)

bution and fragmentation functions between polarized and D1,(z,k,)®¢’, where hi represents distribution of a
unpolarized production cross section, which is absent in th&ansversely polarized quark with nonzero tranverse momen-

analogous formula fofy [9]. P, obtained with the assump-
tion K, 4=K{, 4 in the scenario 2 is smaller thak, which
is mainly due to the small rati@dD(z)/D(z). At Xg>Xg,
U——XxgSandT—— I%/xF . Accordingly, P, has typically
two contributions proportional tb;/S and 1l correspond-
ing to O(I+/(—U)) andO(l/(—T)) terms in Eq.(16), re-
spectively. Figure 5 shows tHe dependence of thd po-
larization at x,=0.7 for \/S=20, 40, 200 GeV. The
polarization changes rapidly <2 GeV, which indicates
the second term in E16) becomes dominant in this region.
Experimentally,P, tends to decrease &s increases in the

tum inside the unpolarized nucleon, aBd; represents a
fragmentation function for an unpolarized quark fragmenting
into a transversely polarized with the transverse momen-
tum (“polarizing fragmentation functionf. Anselminoet al.
fitted the experimental data for the polarization assuming
the above(ii) is the sole origin of the polarizatidii2]. Ex-
perimentally, however, no significant transverse polarization
of A has been observed & +e~— AT+ X [21], in which
origin of the A polarization resides only in the fragmentation
process. These data suggest that the whbolpolarization
may not be ascribed to th®7; effect in the hadronic

034019-4



POLARIZATION IN HADRONIC A HYPERON.. ..

PHYSICAL REVIEW D 64 034019

productiont We also expect from the present study that thenucleon collision at larger . We focused on the mechanism

significant portion of theA polarization should be ascribed

where the soft-gluon component of the unpolarized twist-3

to the twist-3 distribution in the unpolarized nucleon andquark distribution becomes the source of the polarized quark

6D (z) which should be related to the above contribution

fragmenting into the polarized. A simple model estimate

It is also interesting to explore the connection between théor this contribution suggests the possibility that the contri-

present approach and that[ib2].

bution from the soft gluon pole gives significaftpolariza-

To summarize, we have derived a cross section formul&On.

for the polarizedA production in the unpolarized nucleon-

A recent papef22] ascribed the smallness of the polarization
in [21] to the Sudakov suppression.

We thank D. Boer, J. Qiu, and G. Sterman for useful dis-
cussions and W. Vogelsang for providing us with thedr-
TRAN code for theA fragmentation functions. This work is
supported in part by the Grant-in-Aid for Scientific Research
(No. 12640260 of the Ministry of Education, Science,
Sports and CulturéJapai.

[1] G. Bunceet al, Phys. Rev. Lett36, 1113(1976); K. Heller
et al, ibid. 41, 607 (1978; B. Lundberget al, Phys. Rev. D
40, 3557(1989; E. J. Rambergt al, Phys. Lett. B338 403
(1994).

[2] A. M. Smith et al, Phys. Lett. B185, 209 (1987).

[3] P. M. Ho et al, Phys. Rev. Lett65, 1713(1990; J. Duryea
et al, ibid. 67, 1193(1991); A. Moreloset al, ibid. 71, 2172
(1993.

[4] A. V. Efremov and O. V. Teryaev, Sov. J. Nucl. Ph§, 140
(1982; 39, 962(1984); Phys. Lett.150B, 383(1985.

[5] D. Sivers, Phys. Rev. @1, 83(1990; 43, 261 (1991.

[6] J. C. Collins, Nucl. PhysB396, 161 (1993.

[7] M. Anselmino, M. Boglione, and F. Murgia, Phys. Lett.382,
164 (1995; Phys. Rev. D60, 054027(1999.

[8] J. Qiu and G. Sterman, Phys. Rev. Léff, 2264(1991); Nucl.
Phys.B378 52 (1992.

[9] J. Qiu and G. Sterman, Phys. Rev.5D, 014004(1999.

[10] Liang Zuo-tang and C. Boros, Phys. Rev. Let9, 3608
(1997.

[11] Y. Kanazawa and Y. Koike, Phys. Lett. 878 121 (2000);
490, 99 (2000.

[12] M. Anselmino, D. Boer, U. D'Alesio, and F. Murgia, Phys.

Rev. D63, 054029(2001).

[13] J. C. Collins, D. E. Soper, and G. Sterman,Rerturbative
Quantum Chromodynamicedited by A. H. Mueller(World
Scientific, Singapore, 1989%. 1; J. Qiu and G. Sterman, Nucl.
Phys.B353 137(1991).

[14] M. Gluck, E. Reya, and A. Vogt, Z. Phys. €7, 433(1995.

[15] J. Binewise, B. A. Kniehl, and G. Kramer, Z. Phys66, 471
(1995.

[16] D. L. Adamset al,, Phys. Lett. B261, 201 (1991); 264, 462
(1992); A. Bravaret al, Phys. Rev. Lett77, 2626(1996.

[17] M. Glick, E. Reya, M. Stratmann, and W. Vogelsang, Phys.
Rev. D53, 4775(1996.

[18] D. de Florian, M. Stratmann, and W. Vogelsang, Phys. Rev. D
57, 5811(1998.

[19] J. Soffer, Phys. Rev. Letf4, 1292(1995; D. de Florian, J.
Soffer, M. Stratmann, W. Vogelsang, Phys. Lett4B9 176
(1998.

[20] P. J. Mulders and R. D. Tangerman, Nucl. Phgg61, 197
(1996; B484, 539E) (1997.

[21] ALEPH Collaboration, D. Buskuliet al, Phys. Lett. B374,
319(1996.

[22] D. Boer, hep-ph/0102071.

034019-5



