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Spin alignment of the high pT vector mesons in polarizedpp collisions at high energies

Xu Qing-hua and Liang Zuo-tang
Department of Physics, Shandong University, Ji’nan, Shandong 250100, China

~Received 29 December 2002; published 13 June 2003!

Using the same method as that used ine1e2 annihilation and lepton-nucleon deep inelastic scattering, we
calculate the spin alignment of vector mesons with high transverse momenta in high energypp collisions with
one longitudinally polarized beam. We present the results obtained at BNL RHIC energies. We also study the
spin alignment of such vector mesons in the case of a transversely polarized proton beam and present its
relation to the transversity distribution in the nucleon. Numerical results obtained using simple models for the
transversity distributions are also given. These results show that significant spin alignment exists in both cases
and can be measured in experiments such as those at the RHIC.
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I. INTRODUCTION

Spin effects in high energy fragmentation processes h
attracted much attention recently~see, e.g., Refs.@1–12# and
the references given therein!. One of the important issues i
the study of spin transfer from the fragmenting quark to
produced hadrons. It can be studied by measuring the p
izations of the hadrons produced in the fragmentation o
polarized quark. Hyperon polarization has frequently be
used in this connection@2–10#. On the other hand, it ha
been pointed out@11,12# that the vector meson polarizatio
can also be used for this purpose since the polarization
vector meson can also be studied easily in experiments.
thermore, compared with the hyperon, the production rat
a vector meson is usually higher and the origin is simp
because of the much smaller contribution from the decay
heavier hadrons. This implies fewer theoretical uncertain
in calculations and better statistics in experiments. Theref
study of the polarization of vector mesons may provide
with important information for understanding the role of sp
in hadronic reactions.

The polarization of a vector meson is described by
spin density matrixr or its elementrm,m8 , wherem andm8
label the spin component along the quantization axis, usu
thez axis of the frame. The diagonal elementsr11, r00, and
r2121 for the unit-trace matrix are the relative intensities
the meson spin componentm taking the values 1, 0, an
21, respectively. In experiments,r00 can be measured from
the angular distribution of its decay products and a devia
of r00 from 1/3 indicates spin alignment. In the helicity b
sis, i.e., in the case that thez axis is chosen as the movin
direction of the vector meson, the matrix is usually called
helicity density matrix, andr00 represents the probability o
the vector meson to be in the helicity zero state. Measu
ments have been carried out in different reactions@13–16#,
in particular, ine1e2 annihilation at the CERNe1e2 col-
lider LEP recently@16#. The data@16# show thatr00 is sig-
nificantly larger than 1/3 for vector mesons with largez and
increases with increasingz ~here z[2pV /As, wherepV is
the momentum of the vector meson andAs is the totale1e2

center of mass energy!. This means that significant spi
alignments exist for vector mesons in the helicity frame
0556-2821/2003/67~11!/114013~9!/$20.00 67 1140
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e1e2 annihilation at theZ0 pole, and the effect is more
significant for the large momentum fraction region. A simp
statistical model@17# based on spin counting gives the res
r0051/3. A QCD-inspired model is given in Ref.@18#, where
a fast quark combines with a soft antiquark to form a vec
meson, and the soft antiquark preferentially has the sa
helicity as the fast one. This model leads tor0050. Another
model @19# describes the production of vector meso
through the channelq→qV, with the vector meson coupling
to the quark like a vector current. In this case, the helici
conserving vector current gives rise tor0051. None of these
predictions is consistent with the data@16#.

In a recent paper@11#, we calculated the helicity densit
matrix of vector mesons inclusively produced ine1e2 anni-
hilation at theZ0 pole by taking the spin of a vector meso
that contains a fragmenting quark as the sum of the spin
the polarized fragmenting quark and that of the antiqu
created in the fragmentation process. By comparing the
sults obtained with the data@16#, we showed that the experi
mental results forr00 imply a significant polarization for the
antiquark that is created in the fragmentation process
combines with the fragmenting quark to form the vector m
son. It should be polarized in the opposite direction to tha
the fragmenting quark, and the polarization can appro
mately be written as

Pz52aPf , ~1!

where a'0.5 is a constant;Pz is the polarization of the
antiquark in the direction of movement of the fragmenti
quark, andPf is the longitudinal polarization of the frag
menting quark of flavorf. The results forr00 obtained from
the above relation are in good agreement with the data
different mesons. Since the calculations are rather strai
forward, the relation given by Eq.~1! can be considered as
direct implication of the data@16# in e1e2 annihilation. It
implies that there exists a spin interaction between the fr
menting quark and the antiquark during the hadronizat
process. It would be interesting to extend the calculation
other processes and make further tests to see whethe
relation is universal, in the sense that it is true for qua
fragmentation in all different reactions. Hence we ma
similar calculations for polarized lepton-nucleon deep inel
©2003 The American Physical Society13-1
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tic scattering~DIS! and polarizedpp collisions. The results
for DIS was given in Ref.@12#. In this paper, we present th
calculations and results for highpT vector mesons in polar
ized pp collisions, where the factorization theorem can
used so that fragmentation effects and other effects suc
those from the structure functions can be studied separa

Compared with those in lepton-induced reactions such
e1e2 annihilations and DIS, the study of highpT vector
mesons inpp collisions has the following properties.~1! The
hard scatterings involved are strong interaction proces
rather than the electroweak processes in the lepton-indu
reactions, so the corresponding cross section should in
eral be larger. Furthermore, the luminosity of the incom
proton beams can in general be made higher than tha
leptons. Hence, the statistics in experiments can be bette~2!
Not only longitudinally but also transversely polarize
quarks can be produced, so that we can study the prope
in both cases.~3! There are many different hard subproces
which contribute to the highpT hadron production. This
makes the study more interesting and, at the same time, m
complicated than in lepton-induced reactions. For exam
gluon fragmentation is also involved here, which is uncle
even for the unpolarized case. It is very important to kn
whether its contribution is significant in different kinemat
regions. We first make an estimation of it in the next sect
using a Monte Carlo event generator and then present
calculation method for the spin alignment of vector meso
in pp collisions. In Sec. III, we calculate the spin alignme
of vector mesons with highpT in the helicity frame inpp
collisions with one longitudinally polarized proton beam a
present the results. In Sec. IV, we extend the study to the
spin alignment of highpT vector mesons for the case th
one proton beam is transversely polarized. Finally, a sh
summary is given in Sec. V.

II. THE CALCULATION METHOD

In this section, we first summarize the calculation meth
for the spin alignment of vector mesons that was used
e1e2 annihilation, and then extend it to inclusive highpT
vector meson production in longitudinally polarizedpp col-
lisions.

A. e¿eÀ annihilation process

The calculation method for vector mesons produced
e1e2 annihilation was presented in Ref.@11#. The main
points are summarized as follows. Fore1e2 annihilation at a
given energy, we need to consider vector mesons produce
the fragmentation of a polarized initial quarkqf

0 of flavor f

and from a polarized initial antiquarkq̄f
0 . The polarization of

qf
0 or q̄f

0 is a given constant which can be calculated us
the standard model for electroweak interaction. To calcu
the spin density matrices of these vector mesons, we di
them into the following two groups and consider them se
rately: ~A! those that contain the fragmenting quarkqf

0 ; ~B!
those that do not contain the fragmenting quark. The s
density matrixrV(z) for the vector mesonV is given by
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rV~z!5(
f

^n~zuA, f !&

^n~z!&
rV~A, f !1

^n~zuB!&

^n~z!&
rV~B!, ~2!

where^n(zuA, f )& andrV(A, f ) are, respectively, the averag
number and spin density matrix of the vector mesons fr
group A; ^n(zuB)& and rV(B) are those from group B
^n(z)&5( f^n(zuA, f )&1^n(zuB)& is the total number of vec-
tor mesons; andz is the momentum fraction of the initia
quark’s momentum carried off by the vector meson. The
erage numberŝn(zuA, f )& and ^n(zuB)& are independent o
the spin properties and can be calculated using an event
erator based on a fragmentation model which gives a g
description of the unpolarized data. We used the gener
PYTHIA @20# in our calculations.

In terms of the cross section and fragmentation functio
usually used, Eq.~2! has the following form:

rV~z!5

(
f

DV/ f
A ~z!rV~A, f !se1e2→q

f
0q̄

f
0

(
f

DV/ f~z!se1e2→q
f
0q̄

f
0

1

(
f

DV/ f
B ~z!rV~B!se1e2→q

f
0q̄

f
0

(
f

DV/ f~z!se1e2→q
f
0q̄

f
0

, ~3!

whereDV/ f
A (z) and DV/ f

B (z) are the fragmentation function
of the initial quark qf

0 ~antiquark! into vector mesons of
groups A and B with momentum fractionz, respectively;
DV/ f(z)5DV/ f

A (z)1DV/ f
B (z) is the usual fragmentation func

tion; se1e2→q
f
0q̄

f
0 is the cross section of the processe1e2

→qf
0q̄f

0 . We see thatDV/ f
A (z)se1e2→q

f
0q̄

f
0 is just the cross

section of the production of the mesonV which contains the
initial quark via the fragmentation of thef-flavor quark in
e1e2 annihilation, i.e.,e1e2→qf

0q̄f
0→V(qf

0q̄)X. It is pro-
portional to the average number^n(zuA, f )& in Eq. ~2!. The
denominator is the total cross section of inclusive vector m
son production, which corresponds to^n(z)& of Eq. ~2!.

There are many different possibilities for the producti
of the vector mesons in group B; we take them as unpo
ized, i.e.,rV(B)51/3. For those vector mesons from grou
A, i.e., those that containqf

0 and an antiquarkq̄ created in
the fragmentation, the spin is taken as the sum of the spin
qf

0 andq̄. The polarization ofqf
0 is taken as the same as th

before the fragmentation. Then the spin density ma
rV(A, f ) can be calculated from the direct product of the sp

density matrixrqf
0

for qf
0 and r q̄ for q̄. Transforming the

direct productrqf
0q̄5rqf

0
^ r q̄ to the coupled basisus,sz&

~wheresW5sWq1sW q̄), we can obtain the spin density matrix o
the vector mesonrV(A, f ). In the helicity frame ofqf

0 , i.e.,
the z axis is taken as the direction of movement ofqf

0 , the
density matrix of the vector meson of type A is given by
3-2
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rV~A, f !5
31Pf PzS 2

~Px1 iPy! ~12Pf Pz! A2
~Px2 iPy!

0
12Pf

A2
~Px1 iPy! ~12Pf !~12Pz!

D , ~4!
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where Pf is the longitudinal polarization ofqf
0 and PW

5(Px ,Py ,Pz) is the polarization vector of the antiquarkq̄.
Hence, the 00-component of the density matrix takes
following simple form:

r00
V ~A, f !5~12Pf Pz!/~31Pf Pz!, ~5!

in which there is only one unknown variablePz , the polar-
ization ofq̄ along the moving or polarization direction ofqf

0 .
Using Eqs.~2! and ~5!, we can determinePz in different

cases by fitting the data@16# in e1e2 annihilation at theZ0

pole for the production of different vector mesons. As me
tioned in the Introduction, we found@11# that the data for
different vector mesons can be fitted reasonably if we t
Pz satisfying the relation given by Eq.~1!. Now we insert
Eq. ~1! into Eq. ~5! and obtain that@21#

r00
V ~A, f !5~11aPf

2!/~32aPf
2!. ~6!

Finally, from Eqs.~2! and ~6!, we have

r00
V ~z!5(

f

11aPf
2

32aPf
2

^n~zuA, f !&

^n~z!&
1

1

3

^n~zuB!&

^n~z!&
. ~7!

B. Polarization of the outgoing quark in the hard subprocess
in pp collisions

Now we come to the highpT vector meson production in
polarizedpp collisions. Such vector mesons come main
from the fragmentation of outgoing partons in hard scatter
subprocesses. The outgoing parton can be a gluon or a q
and the cross section of the gluon-involved subproces
even larger than others. However, the gluon distribution
fragmentation functions are both poorly known yet, es
cially for the polarized case. Fortunately, the moment
fractions carried by the gluons in a proton are usually v
small, so the gluon contributions to very highpT hard scat-
tering subprocesses are suppressed. In addition, it is kn
that the gluon fragmentation function is softer than the qu
fragmentation function. Consequently, for the final hadr
production with highpT , the contribution from gluon frag-
mentation is much smaller than that from quark fragmen
tion @10#. To see it numerically, we calculated these con
butions usingPYTHIA. In Fig. 1, we show the results fo
inclusive r0 production withpT.13 GeV atAs5500 GeV
in pp collisions. We see that, at this highpT cutoff, the
11401
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contribution of gluon fragmentation is indeed much smal
than that of quark fragmentation, especially for the largeh
region (h is the pseudorapidity of the vector meson!. Thus,
as we did in studying hyperon polarization in highpT jets
@10#, we neglect the contribution of polarized gluon fragme
tation to the spin alignment of vector mesons and cons
only the contribution of the polarized quark’s fragmentatio

For quark fragmentation, we can use the same metho
calculating spin alignment as that used ine1e2 annihilation.
To do it, we need to know the polarization of the outgoi
quark in the hard subprocess. This quark is also longitu
nally polarized when one proton beam is longitudinally p
larized and its polarization can be calculated in perturba
QCD ~PQCD!. The polarization obtained can be written a

Pq~xa ,Q2,y!5DL~y!Pq
in~xa ,Q2!, ~8!

whereDL(y) is the longitudinal polarization transfer facto
in the scattering from the incoming parton to the outgoi
parton;DL(y) is a function only ofy which is defined asy
[kb•(ka2kc)/ka•kb for the subprocessab→cd, whereka ,
kb , kc , andkd are the four-momenta of the partonsa, b, c,
and d respectively.DL(y) has been calculated using PQC
and the leading order results can be found in many publ
tions, for example, in Ref.@10#. We take the partona as the
parton from the polarized proton beam, and the polarizat
of the incoming parton a is given by Pq

in(xa ,Q2)

FIG. 1. ~a! Contributions of quark and gluon fragmentation
r0 production, and~b! the ratio of the quark fragmentation’s con
tribution to the total rate inpp→r0X at As5500 GeV andpT

.13 GeV.
3-3
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5Dq(xa ,Q2)/q(xa ,Q2), whereDq(xa ,Q2) andq(xa ,Q2) are
the helicity and unpolarized distribution functions at mome
tum fraction xa and scaleQ2. Therefore, the longitudina
polarizationPq is a function of the variablesxa , Q2, andy.
Since we are now discussingpp collisions with one polar-
ized beam, it is clear that the outgoing quarks with posit
momenta in thez direction have a much larger probability o
being polarized than those with negative momenta when
positive axis ofz is taken as the direction of the incomin
polarized proton.

C. Spin alignment in longitudinally polarized pp collisions

As we did for e1e2 annihilation, to calculate the spi
density matrix of the highpT vector mesons inpp collisions,
on
n

b
f

f
f
-
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m

p
n

o
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e
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we also divide them into two groups A and B according
whether or not they contain an outgoing quark in the h
scattering and consider them separately. The differenc
that now the fragmenting quark is an outgoing quark in
hard scattering subprocesses and its polarization is not a
stant. It depends on the origin of this quark and is given
Eq. ~8!. Obviously, it is a function ofxa , Q2, andy. Hence,
r00 for vector mesons of group A should also be a function
xa , Q2, andy and it is given by

r00
V ~xa ,Q2,yuA!5~11aPq

2!/~32aPq
2!. ~9!

To obtainr00 for vector mesons at a given pseudorapid
h, we need to replace the products in Eq.~3! with the cor-
responding convolutions, i.e.,
rV~h!5

(
f

@DV/ f
A ~zc! ^ rV~A, f !1DV/ f

B ~zc! ^ rV~B!# ^ spp→qfX

(
f

DV/ f~zc! ^ spp→qfX

. ~10!

To write it more precisely, we have

r00
V ~h!5

E d2pT (
abcd

dxadxbf a~xa ,m2! f b~xb ,m2!~dŝ/dh!@DV/c
A ~zc ,m2!r00

V ~A,c!1DV/c
B ~zc ,m2!r00

V ~B!#

E d2pT (
abcd

E dxadxbf a~xa ,m2! f b~xb ,m2!~dŝ/dh!~ab→cd!DV/c~zc ,m2!

, ~11!
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wherepT is the transverse momentum of the vector mes
f a(xa ,m2) and f b(xb ,m2) are the unpolarized distributio
functions of partonsa andb in the proton at the scalem; xa
andxb are the corresponding momentum fractions carried
a andb; DV/c(zc ,m2) is the usual fragmentation function o
parton c into vector meson V; DV/c

A (zc ,m2) and
DV/c

B (zc ,m2) are those of partonc into vector mesons o
groups A and B, respectively;zc is the momentum fraction o
partonc carried by theV produced;dŝ/dh is the cross sec
tion at the parton level. The cross section of the hard sub
cess can be calculated using perturbative QCD. The sum
tion in Eq. ~11! runs over all possible subprocesses.

The fragmentation functions are independent of the s
properties and can be calculated using an available Mo
Carlo event generator. In practice, we generate app collision
event and then search for the produced vector mesonV. We
then calculate its contribution tor00

V (h) by tracing back its
origin. If the vector mesonV belongs to group B, then its
contribution tor00

V (h) is given byr00(B)51/3. If it belongs
to group A, we then need to further trace back the origin
the fragmenting quark to calculate its polarizationPq using
Eq. ~8!. We insertPq into Eq. ~9! to get the contribution
r00(A) of such vector mesons tor00

V (h). After running the
program for a sufficiently large number of events, we obt
the final r00

V (h). In terms of a mathematical formula, th
;

y

o-
a-

in
te

f

n

calculation in this procedure is expressed as

r00
V ~h!5F (

i 51

N(huA)

r00
i ~xa ,Q2,yuA!1

1

3
N~huB!G Y N~h!,

~12!

whereN(huA) and N(huB) are the numbers of vector me
sons of groups A and B as a function ofh, and N(h)
5N(huA) 1N(huB) is the total number of vector meson
The results forr00

V (h) in longitudinally polarizedpp colli-
sions are presented in the next section.

III. RESULTS FOR THE LONGITUDINALLY POLARIZED
CASE

Using the method described in the last section, we ca
late ther00’s for different vector mesons inpp collisions
with one proton beam longitudinally polarized. We now su
marize the results obtained. Using the generatorPYTHIA @20#,
we first calculate the different contributions to vector mes
production, i.e., those of groups A and B. As an example,
show the results forK* 1 at As5500 GeV and pT
.13 GeV in Fig. 2. From these results, we can see clea
that the decay contribution is indeed very small. The con
bution of those vector mesons containing an outgoing qu
in the hard scattering subprocess is very high, even la
3-4
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than 90% for the largeh region. The results for ther00’s for
different vector mesons are shown in Fig. 3. We see that
spin alignments forK* 1, r6, andr0 are significantly high.
The r00’s obtained for these mesons increase from 1/3
about 0.45 with increasingh. There is nearly no spin align
ment in the negativeh region since the scattered quark mo
ing in the negativez direction is almost unpolarized. Th
spin alignment forK* 0 is smaller in both the positive an
negativeh regions, this is becaused quark fragmentation
dominatesK* 0 production at highpT and the polarization of

FIG. 2. Different contributions toK* 1 production in pp
→K* 1X at As5500 GeV andpT.13 GeV as functions ofh.
Here ‘‘containing hardu’’ and similar denote the contributions o
those vector mesons containing the outgoing quark from the h
scattering subprocess.

FIG. 3. Spin alignment of different vector mesons withpT

.13 GeV inpp→VX at As5500 GeV in the helicity frame when
one proton beam is longitudinally polarized. The standard LO se
GRSV2000@27# and LO set of GRV98@28# are used for the helicity
and unpolarized distribution functions respectively. The scalem is
taken as the transverse momentum of the hard scattering su
cess.
11401
e

o

thed quarkuDd(x,Q2)/d(x,Q2)u is smaller than that of theu
quark uDu(x,Q2)/u(x,Q2)u.

We can also make calculations for other vector meso
such asK* 2, K̄* 0, andf. However, since these mesons d
not containu or d valence quarks, which dominate the hig
pT hadron production inpp collisions, their production rates
at high pT are small. This makes the statistics much wo
than those forK* 1, K* 0, r6, andr0. For the same reason
the s quark distribution is much more important. Hence, t
spin alignments for these mesons are much more sensitiv
the helicity distribution of the strange quark in the nucleo
which is less precisely determined yet. It is thus not a go
choice to study the spin transfer in a fragmentation proc
by measuring the spin alignment of these mesons. But
possible to use them to study the helicity distribution of t
strange sea in a nucleon if they can be measured with g
accuracy.

IV. RESULTS FOR THE TRANSVERSELY POLARIZED
CASE

When one of the proton beams is transversely polariz
the incoming quarka for the elementary hard scattering pr
cess can also be transversely polarized in the same direc
Its polarizationPaT is determined by the transversity distr
bution function@22# dq(xa ,Q2) and the unpolarized distri
bution function q(xa ,Q2), i.e., PaT
5dq(xa ,Q2)/q(xa ,Q2). There is no gluon transversity dis
tribution at leading twist@22#; thus the incoming gluon in the
hard scattering is not transversely polarized, which is diff
ent from the longitudinally polarized case. The transve
polarization can also be transferred from the incoming qu
to the outgoing quark in the hard scattering. The polarizat
direction of the outgoing quark is also transverse to the
rection of motion of the quark but is in general different fro
that of the incoming quark. Both the magnitude and the
rection of the polarization of the outgoing quark can be c
culated@23# using PQCD for the hard elementary proce
The results are summarized in the following.

We recall that, for a quarka with transverse polarization
PaT , the spin density matrixra in the helicity basis is given
by

ra
( in)5

1

2 S 1 PaTe2 if

PaTeif 1 D , ~13!

wheref is the angle between the polarization direction a
the x axis. Thexy plane is perpendicular to the direction o
motion of the quark, which is taken as thez direction; and
the x axis is taken as the direction normal to the scatter
plane. The spin density matrix of the outgoing quark in t
helicity basis can be obtained fromra

( in) given in Eq.~13!
and the helicity amplitudes of the scattering. The result
given by @23#

rq5
1

2 S 1 PaTDT~y!e2 if

PaTDT~y!eif 1 D , ~14!

rd

f

ro-
3-5
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whereDT(y) is the real function ofy defined in Sec. II B for
the scattering and is called the polarization transfer fac
DT(y) values for different subprocesses have been calcul
using PQCD and can be found, for example, in Ref.@23#.

From Eq. ~14!, we see that the outgoing quark is al
transversely polarized. The magnitude of the polarization
given byDT(y)PaT , i.e.,

PqT~xa ,Q2,y!5DT~y!•dq~xa ,Q2!/q~xa ,Q2!. ~15!

We see also that the angle between the polarization direc
and thex axis remains the same before and after the sca
ing. More precisely, the polarization vector of the outgoi
quark is in the plane transverse to the direction of motion
the quark, and the angle between the polarization direc
and the normal to the scattering plane is the same as tha
the incoming quark. In other words, the direction of tran
verse polarization of the incoming and that of the outgo
quark are related to each other by a rotation around the
mal to the scattering plane, which changes the direction
motion of the quark from the incoming to the outgoing d
rection~cf. Fig. 2 of Ref.@23#!. We note that the direction o
polarization of the outgoing quark depends not only on
scattering angle but also on the azimuthal direction. In c
trast, the magnitude of the polarization depends only on
scattering angle. The dependence is given by the corresp
ing spin transfer functionDT(y), which is a function only of
y defined above.

Having seen that the outgoing quarks are also transver
polarized if the incoming protons are transversely polariz
we now discuss the spin alignment of the vector mes
produced in the fragmentation of such quarks. We recall
the relation given in Eq.~1! is obtained for the fragmentatio
of longitudinally polarized quarks by fitting thee1e2 anni-
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hilation data@16#. It shows that the antiquark that combine
with the fragmenting quark to form the vector meson is p
larized in the opposite direction to that of the fragmenti
quark. To test whether the relation is true in general for
fragmentation of a longitudinally polarized quark in any hig
energy reaction, we extended the calculations of the s
alignment of vector mesons to other lepton-induced reacti
in @12# and to longitudinally polarizedpp collisions in the
previous sections. Now we further assume that the relatio
also true for the fragmentation of a quark polarized in a
direction, i.e., we extend the relation to

PW q̄52aPW q . ~16!

We use this relation to calculate the spin alignment of
vector mesons in transversely polarizedpp collisions so that
this extension can be tested in future experiments. The
culations are carried out in a way similar to that in the lo
gitudinally polarized case. We now present the calculatio
and the results in the following two different frames.

~1! In the helicity frame. In the helicity frame of the out-
going quark of the hard scattering, its spin density matrix
off diagonal and is given by Eq.~14!. From the relation
given by Eq.~16!, the spin density matrix of the antiquar
that combines with the fragmenting quark to form the vec
meson is

r q̄5
1

2 S 1 2aPqTe2 if

2aPqTeif 1 D . ~17!

We build the direct product ofrq given by Eq.~14! with r q̄
given by Eq. ~17!, transform it to the coupled basis, an
obtain the spin density matrix of the vector meson of group
as
r (h)~A!5
1

32aPqT
2 S 1

1

A2
PqT~12a!e2 if 2aPqT

2 e22if

1

A2
PqT~12a!eif 12aPqT

2 1

A2
PqT~12a!e2 if

2aPqT
2 e2if 1

A2
PqT~12a!eif 1

D , ~18!
i-
ing
ced

tor

at
where the superscript~h! denotes the helicity frame. Henc
r00

(h)(A) for such vector mesons in the helicity basis is giv
by

r00
(h)~xa ,Q2,yuA!5~12aPqT

2 !/~32aPqT
2 !. ~19!

We can see that, as can be expected, if we look only at th
component of the spin density matrix, the result is indep
dent of the azimuthal direction of the transverse polarizati
i.e., independent of the anglef. It depends only on the mag
00
-
,

nitude of the transverse polarizationPqT and thus on the
variablesxa , Q2, andy. We see also thatr00

(h)(A) is smaller
than 1/3, which is different from the results in the longitud
nally polarized case. This shows that, if the fragment
quark is transversely polarized, the vector meson produ
should have a larger probability of being in the helicity61
states. As long as there exists a contribution of the vec
mesons of group A, the final results forr00

(h)(h) in this frame
should also be smaller than 1/3. We know from Fig. 2 th
the contributions of group A increase with increasingh, so
3-6
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we expect a decreasingr00
(h)(h) as h increases for vecto

mesons such asK* 1 andr6. It is significantly smaller than
1/3 for largeh. Hence, measurements ofr00

(h)(h) of vector
mesons in transversely polarizedpp collisions should give a
good check of the extension of the relation of Eq.~1! to the
transversely polarized case.

~2! In the transversity frame. To compare with the result
in the helicity frame for the longitudinally polarized case, w
also calculate the spin alignment of the vector mesons in
transversely polarized case in the ‘‘transversity frame.’’
this frame, similar to the helicity frame for the longitudinal
polarized case, we take the~transverse! polarization direction
of the fragmenting quark as the quantization axis. The s
density matrix of the outgoing quark and that of the an
quark are both diagonal in this frame, and they are given

rq
(t)5

1

2 S 11PqT 0

0 12PqTD , ~20!

r q̄
(t)

5
1

2 S 12aPqT 0

0 11aPqTD , ~21!

where the superscript~t! denotes the transversity frame. W
see that they have completely the same form as those fo
corresponding quarks and antiquarks in the longitudina
polarized case in the helicity frame. The corresponding s
density matrixr (t)(A), which can be obtained from the d
rect productrq

(t)
^ r q̄

(t) , is also diagonal, and the result for th
00 componentr00

(t)(A) is given by

r00
(t)~xa ,Q2,yuA!5~11aPqT

2 !/~32aPqT
2 !. ~22!

We note that, sincer (t)(A) is diagonal in the transversity
frame, there is a simple relation betweenr00

(h)(A)
and r00

(t)(A). The relation can easily be obtaine
by using r00

(h)(A) 5^h50ur(A) uh50&5(mT ,m
T8
^h50umT&

3^mTur(A) umT8&^mT8 uh50& and ^mTur(A) umT8&5rmT ,m
T8

(t)

5rmT ,mT

(t) dmT ,m
T8
. ~Here, h denotes the helicity andmT ,mT8

denote the spin components along the quantization axi
the transversity frame.! It is given by

2r00
(h)~xa ,Q2,yuA!1r00

(t)~xa ,Q2,yuA!51. ~23!

We see thatr00
(t)(xa ,Q2,yuA) can also be obtained from thi

relation and the result forr00
(h)(xa ,Q2,yuA) given by Eq.

~19!. We also see that ther00
(t)(xa ,Q2,yuA) given by Eq.~22!

is in general larger than 1/3. This means that the probab
for the produced vector mesons to be in spin states tha
transverse to the moving direction is smaller. We see t
although the values of r00

(t)(xa ,Q2,yuA) and
r00

(h)(xa ,Q2,yuA) are different, they represent the sam
physical meaning.

We should note that, to measurer00
(t) in experiments, we

need to determine the quantization axis in this frame. Si
the quantization axis is chosen as the polarization direc
of the quark before fragmentation, it can be different
11401
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different vector mesons. The polarization direction is det
mined by Eq.~14!. In practice, we first find the normal di
rection to the scattering plane and then determine the po
ization direction according to the rules described below E
~15!. ~cf. also Fig. 2 of Ref.@23#.! The moving direction of
the fragmenting quark can be replaced by the thrust axis
the quark jet.

Inserting Eqs.~19! and ~22! into Eq. ~12!, we can calcu-
late r00(h) for different vector mesons in the above tw
frames inpp collisions with one beam transversely pola
ized. For these calculations, we first need to calculatePqT
using Eq.~15!. So far, the transversity distributiondq(x,Q2)
is not known yet. In order to get a feeling for how large t
spin alignment can be, we make an estimation using
simple form for dq(x) in the light-cone SU~6! quark-
spectator model@24# as input. In this model,dq(x) is given
by

duv~x!5Fuv~x!2
1

2
dv~x!GM̃S~x!2

1

6
dv~x!M̃V~x!,

ddv~x!52
1

3
dv~x!M̃V~x!, ~24!

where M̃S(x) and M̃V(x) are related to the Melsh-Wigne
rotation, which can be calculated according to the proced
given in @25#. The results obtained forr00(h) for different
vector mesons atAs5500 GeV andpT.13 GeV in the he-
licity frame are shown in Fig. 4 and those in the transvers
frame are shown in Fig. 5. For comparison, we also show
results obtained by taking the upper limit ofdq(x,Q2) in
Soffer’s inequality@26#

FIG. 4. Spin alignment of different vector mesons withpT

.13 GeV inpp→VX at As5500 GeV in the helicity frame when
one of the proton beams is transversely polarized. The solid l
denote the results obtained using the light-cone quark-spec
model fordq(x); the dotted lines correspond to the results obtain
using the upper limit in Soffer’s inequality.
3-7
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udq~x,Q2!u<
1

2
@Dq~x,Q2!1q~x,Q2!#. ~25!

From these figures, we see that, in the helicity frame,
r00’s of vector mesons are smaller than 1/3 in the largeh
region, but the effect is not very significant. In the transv
sity frame, however, ther00’s of K* 1, r6, andr0 are larger
than 1/3 and increase to about 0.5 with increasingh, which
is similar to the results for the longitudinally polarized cas
However, the results forK* 0’s r00 in both frames are much
nearer the unpolarized case of 1/3. This is because thd
quark fragmentation dominates theK* 0’s production at high
pT , and, according to Soffer’s inequality,udd(x,Q2)u should
be small, sinceDd(x,Q2) is negative for the valence quark

As we mentioned above, the gluon is not transvers
polarized, so it is much safer to assume that there is
contribution of gluon fragmentation to the spin alignment
vector mesons in transversely polarizedpp collisions. There-
fore, the highpT cut that we invoked in the longitudinally

FIG. 6. The same as Fig. 4, but forpT.8 GeV.

FIG. 5. Spin alignment of different vector mesons withpT

.13 GeV in pp→VX at As5500 GeV in the transversity fram
when one of the proton beams is transversely polarized. The s
lines denote the results obtained using the light-cone qu
spectator model fordq(x); the dotted lines correspond to the resu
obtained using the upper limit in Soffer’s inequality.
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polarized case to ensure a small contribution of gluon fr
mentation is unnecessary now. Here, only a relative highpT
cut is required to ensure the validity of PQCD. We therefo
also make the calculations forpT.8 GeV atAs5500 GeV
and the results are given in Fig. 6 and Fig. 7. The results
very similar to those obtained in the case of the higherpT cut
pT.13 GeV.

V. SUMMARY

In summary, we calculated the spin alignment of vec
mesons with highpT in high energypp collisions with one
longitudinally polarized beam by taking the spin of the ve
tor meson as the sum of the spin of the scattered quark
that of the secondary antiquark produced in the fragme
tion process. The results for different vector mesons at RH
energy are presented. These results show that quite sig
cant spin alignment exists forK* 1, r6, and r0. We also
studied the spin alignment of vector mesons in the case
one of the proton beams is transversely polarized. Using
same method as that in the longitudinally polarized case,
obtained the results in the helicity and the transvers
frames. The results show that, in the largeh region, ther00’s
in the helicity frame are smaller than 1/3, while ther00’s in
the transversity frame are larger than 1/3. The magnitude
the effect depends on the transversity distribution of
quarks in the proton. It is expected to be more significan
the largeh region. Its measurement can provide useful
formation about spin effects in strong interactions and
spin structure of the nucleon.
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FIG. 7. The same as Fig. 5, but forpT.8 GeV.
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