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Spin alignment of vector mesons in unpolarized hadron-hadron collisions at high energies
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We argue that the spin alignment of the vector mesons observed in unpolarized hadron-hadron collisions is
closely related to the single-spin left-right asymmetry observed in transversely polarized hadron-hadron colli-
sions. We present the numerical results obtained from the type of spin-correlation imposed by the existence of
the single-spin left-right asymmetries. We compare the results with the available data and make predictions for
future experiments.
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I. INTRODUCTION

It has been observed@1# for a long time that hyperons
with moderately large transverse momenta in unpolari
hadron-hadron collisions are polarized transversely to
production plane. Data for different hyperons at different e
ergies in reactions using different projectiles and/or targ
have been available@2#. Different efforts @3–5# have been
made to understand them. Progress has been achieved
last few years, but the role of spin in the production dyna
ics is still not well understood. It should be interesting a
helpful to see whether similar effects exist for the product
of other kinds of hadrons. In this connection, we note
measurements on the polarization of vector mesons along
normal of the production plane in unpolarized hadron-had
or hadron-nucleus collisions@6–8#, especially those ofK* 1

in K1p and neutron-carbon collisions@7,8#. The obtained
results show an obvious ‘‘spin alignment’’ forK* 1. Clearly,
the study of them may shed new light on the searching of
origin of the hyperon polarization in unpolarized hadro
hadron collisions.

In this paper, we study the spin alignment of vector m
sons in unpolarized hadron-hadron collisions by relating i
the single-spin left-right asymmetries (AN) observed in
transversely polarized hadron-hadron collisions@9#. We ar-
gue that these two effects are closely related to each o
and make calculations for the spin alignment of vector m
sons using the same method as that used ine1e2 annihila-
tion at Z0 pole @10#. We compare the results obtained wi
the available data@6–8# and make predictions for future ex
periments.

II. QUALITATIVE ARGUMENTS

A. Spin alignment of a vector meson in the fragmentation
of a polarized quark

The polarization of a vector meson is described by
spin density matrixr or its elementrmm8 , wherem andm8
label the spin component along the quantization axis. T
diagonal elementsr11, r00, and r2121 for the unit-trace
matrix r are the relative intensities form to take the values
1, 0, and21, respectively. In experiment,r00 can be mea-
sured from the angular distribution of the decay products
the vector mesons. If the meson is unpolarized, we h
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r005r115r212151/3. Hence, a deviation ofr00 from 1/3
indicates that the spin of the vector meson has a large~if
r00,1/3, or smaller ifr00.1/3) probability to be parallel
than antiparallel to the quantization direction. Such a p
nomenon is referred to as spin alignment of the vector me
along the quantization axis.

Recently, high accuracy data onr00 have been published
for different vector mesons ine1e2 annihilation atZ0 pole
@11#. The results show a clear spin alignment for the vec
mesons along the moving direction of the produced quark
particular, in the large momentum fraction region. Ther00

measured in the helicity frame is, e.g., larger than 0.5 foz
.0.5, wherez[2pV /As, pV is the momentum of the vecto
meson,As is the totale1e2 center of mass~c.m.! energy. We
note that the vector mesons with largez are predominately
fragmentation results of the initial quarks, and according
the standard model for electroweak interactions the ini
quarks produced ate1e2 annihilation vertex atZ0 pole are
longitudinally polarized@12#. These data@11# lead us to the
following conclusion: In the longitudinally polarized cas
the vector mesons produced in the fragmentation of a po
ized quark have a significant spin alignment with the fra
menting quark. The resultingr00 for the vector mesons is
significantly larger than 1/3 in the frame where the polariz
tion direction of the fragmenting quark is chosen as
quantization axis.

The above-mentioned conclusion is derived from t
e1e2 annihilation data@11#, and applies to the fragmentatio
of a longitudinally polarized quark. If we now extend it t
the fragmentation of a quark polarized in any direction,
obtain the following general conclusion: In the fragmentati
of a polarized quark, the vector mesons produced hav
significant spin alignment with the fragmenting quark. T
resultingr00 for the vector meson is significantly larger tha
1/3 in the frame where the polarization direction of the fra
menting quark is chosen as the quantization axis.

We should emphasize that the extension of the abo
mentioned conclusion from the longitudinally polarized ca
to the transversely polarized case is not obvious. This can
seen from the difference between the helicity distribution
the quarks in longitudinally polarized nucleon and the tra
versity distribution@13#. Because of the relativistic effects
the magnitudes and/or shapes~i.e., thex dependences, wher
x is the fractional momentum carried by the quark in t
©2003 The American Physical Society23-1
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nucleon! of them are in general different from each oth
But it seems that the qualitative features, in particular
signs of them, are the same, especially in the largex region
@13,14#. The relativistic effects do not change the signs
them. Similarly, we expect that the magnitude and thez de-
pendence ofr00 for the vector meson obtained in the fra
mentation of a longitudinally polarized quark can be diffe
ent from those in the fragmentation of a transvers
polarized quark, even if the quantization axis is chosen as
polarization direction in each case.~Here,z is the fractional
momentum carried by the vector meson.! But, we also expect
that the qualitative features, in particular whetherr00 is
larger or smaller than 1/3, should be the same. The dif
ences in the two cases should be reflected in the calcula
of r00 as a function ofz and we will come back to this poin
in the next section when formulating the calculation meth
Since we are, at the present stage, more interested in
qualitative features, we will assume the conclusion is in g
eral true and use it as a starting point for the following d
cussions.

B. Spin alignment of the vector meson in unpolarized
and left-right asymmetry in singly polarized

hadron-hadron collisions

Having the conclusion obtained above in mind, we n
ask what we can obtain from the data@7,8# mentioned in the
Introduction for the spin alignment ofK* 1 in unpolarized
K1p and neutron-carbon collisions. These experime
show, in particular, that@8# r0050.42460.01160.018 for
K* 1 with pV.12 GeV produced in unpolarized neutro
carbon collisions withpinc560 GeV. We see that ther00
obtained for the vector mesonK* 1 is significantly larger
than 1/3 if the normal of the production plane is chosen
the quantization axis. Together with the conclusion obtain
above, these data lead immediately to the following sta
ment: There should be a significant polarization of the qu
which contributes to the vector meson production and
polarization is transverse to the production plane. In ot
words, there exists a spin correlation of the typesWq•nW in the
reaction.@Here, sWq is the spin of the fragmenting quark;nW

[(pW inc3pW V)/upW inc3pW Vu is the unit vector in the normal di
rection of the production plane,pW inc andpW V are, respectively,
the momentum of the incident hadron and that of the p
duced hadron.# The spin alignment of the vector meson
unpolarized hadron-hadron or hadron-nucleus collisions
one of the manifestations of thesWq•nW type of spin correlation
in the reaction.

Now, we recall that, in another class of hadron-had
collision experiments where a transversely polarized bea
used, a significant single-spin left-right asymmetryAN has
been observed@9#. The existence of the nonzeroAN implies
a significant spin correlation of the formsWP•nW in such pro-
cesses, wheresWP is the spin of the projectile. We recall tha
this effect exists mainly in the fragmentation region and h
rons in this region are predominately the fragmentation
sults of the valence quarks of the incident hadron. Having
mind that the valence quarks are, in general, also tra
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versely polarized if the beam hadron is transversely po
ized, we reach the conclusion that the kind of spin corre
tion indicated by the existence ofAN is very similar to that
inferred from the existence of spin alignment of vector m
sons in unpolarized hadron-hadron collisions. Hence,
suggest that they are two different manifestations of the sa
spin correlation of the formsWq•nW in hadron-hadron or
hadron-nucleus collisions. This is similar to@4# where it is
suggested that hyperon polarization in unpolarized hadr
hadron collisions has the same origin as the single-spin
right asymmetryAN . Both of them are also manifestations
thesWq•nW type of spin correlation in hadron-hadron or hadro
nucleus collisions.

III. A QUANTITATIVE CALCULATION

Since the purpose of this paper is to demonstrate the c
relation between the existence ofAN and that of spin align-
ment in unpolarized hadron-hadron collisions in an expl
and possibly quantitative manner, we follow the same way
that adopted in@4# and do the following calculations. We us
the results derived from theAN data@9# for the strength of
the above-mentionedsWq•nW type of spin correlation as input to
calculate the polarization of the valence quark before
hadronization. Then, to calculater00

V in unpolarized hadron-
hadron collisions, we need only to calculater00

V in the had-
ronization of a transversely polarized quark. We do the c
culation using the same method as that used in calcula
r00

V in e1e2 annihilation atZ0 pole wherer00
V is calculated

in the hadronization of a longitudinally polarized quark. T
details of each step is given in the following.

A. Calculating r00 in e¿eÀ\Z0\VX

The method for calculatingr00
V in e1e2 annihilations at

Z0 pole is given in Ref.@10# and can be summarized a
follows. To do the calculations, we need to divide the fin
state vector mesons into the following two groups and c
sider them separately:~A! those which are directly produce
and contain the polarized fragmenting quark;~B! the rest.
Then,r00

V is given by@10#

r00
V ~z!5

r00
V ~A!NV~z,A!1r00

V ~B!NV~z,B!

NV~z,A!1NV~z,B!
, ~1!

where NV(z,A) and NV(z,B) are the number densities o
vector mesons of groups~A! and (B), respectively,r00

V (A)
and r00

V (B) are their correspondingr00
V ’s, and z is the mo-

mentum fraction carried by the vector meson.
The vector mesons in group~B! do not contain the polar-

ized fragmenting quarks and there are, in general, many
ferent possibilities to produce them in a collision proce
Hence, they are simply taken as unpolarized@10#, i.e.,
r00

V (B)51/3. For those in group (A), the spin density matrix
rV(A) is obtained@10# from the direct product of the spin
density matrix of the fragmenting quark,rq, and that of the
antiquark,r q̄, which combines with the fragmenting quark
form the vector meson. Taking the most general form forr q̄,
3-2
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we obtained that@10#, if the polarization direction of the
fragmenting quark is chosen as the quantization axis,r00

V (A)
is given by

r00
V ~A!5~12PqPz!/~31PqPz!, ~2!

wherePq is the polarization of the fragmenting quark, an
the polarization direction is taken as thez direction;Pz is the
z component of the polarization of the antiquark. By co
paring the results with thee1e2 annihilation data@11#, we
see that@10#, to fit the data, we have to take the antiquark
polarized in the opposite direction as the fragmenting qua
and the polarizationPz is proportional toPq , i.e.,

Pz52aPq , ~3!

wherea'0.5 is a constant. Inserting Eq.~3! into Eq.~2!, we
obtain thatr00

V (A)51/31Dr00
V (A), and

Dr00
V ~A!54aPq

2/@3~32aPq
2!#. ~4!

Using this, we can fit@10# the e1e2 annihilation data rea-
sonably. We note that two assumptions are used in th
calculations. First, the spin of the vector meson is taken
the sum of the spin of the fragmenting quark and that of
antiquark which combines with the fragmenting quark
form the meson anda is a constant. Second, the influen
from the polarization of the fragmenting quark on the pol
ization of the vector mesons which are produced in the fr
mentation but do not contain the fragmenting quark is
glected, thusr00

V (B) is taken as 1/3. It should be emphasiz
both of them should be tested and the situations can be
ferent for longitudinally or transversely polarized case.
other words, these are the places where the differences
tweenr00

V in the longitudinally polarized case and that in t
transversely polarized case can come in. Because of th
fluences of the nonperturbative effects, we cannot de
them from QCD at the moment. We therefore applied
calculation method to calculater00

V not only in e1e2 anni-
hilations but also in deeply inelastic lepton-nucleon scat
ing and highpT jets in polarizedpp collisions@15# for both
longitudinally and transversely polarized cases. The res
can be used to check whether these assumptions are
Since we are now mostly interested in the qualitative beh
ior of the r00

V in unpolarized hadron-hadron collisions, th
two assumptions seem to be quite safe and we will just
the method in the following.

B. Calculating r00
V in unpolarized hadron-hadron collisions

According to the method described above, to calculater00
V

in unpolarized hadron-hadron collisions at moderately la
transverse momentum, we need to find out the number d
sities for those from groups~A! and (B), respectively. For
this purpose, we follow the same way as that in Ref.@16#
where single-spin left-right asymmetriesAN are studied. In
Ref. @16#, the hadrons produced in the moderately la
transverse momentum region are divided into the dire
formation part and the non-direct-formation part. The nu
ber density of the former is denoted byD(xF ,V) and that of
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the latter byN0(xF ,V). ~Here, xF52pVuu /As, pVuu is the
component of the momentum ofV parallel to the beam di-
rection, andAs is the c.m. energy of the incoming hadro
system.! The direct-formation part denotes those that are
rectly produced and contain the fragmenting valence qua
They are described by the ‘‘direct-formation’’ or ‘‘direct fu
sion’’ process,qv1q̄→M , in which the valence quarkqv

picks up an antiquarkq̄ to form the mesonM observed in
experiments. Obviously, this part just corresponds to the v
tor mesons of group~A! mentioned above. The non-direc
formation part denotes the rest which is just the mesons
group (B). More precisely, we have,NV(z,A)⇔D(xF ,V),
NV(z,B)⇔N0(xF ,V). Hence, ther00

V (xF) in the unpolarized
hadron-hadron collisions is given by

r00
V ~xF!5

1

3
1Dr00

V ~A!
D~xF ,V!

D~xF ,V!1N0~xF ,V!
. ~5!

The quantization axis is now taken as the normal direction
the production plane of the vector meson, andPq is the po-
larization of the valence quark of the projectile with respe
to this axis before the hadronization or the direct format
takes place. We see from Eq.~5! that r00

V (xF) can be calcu-
lated if we knowPq and the ratioD(xF ,V)/N0(xF ,V).

1. Determination of Pq from the s¢q"n¢ spin correlation

The polarizationPq of the quark before the direct forma
tion of the mesons is determined by the strength of thesWq

•nW type of spin correlation in the process. Assuming t
same origin for the single-spin left-right asymmetry in tran
versely polarized hadron-hadron collisions and the s
alignment of vector mesons in unpolarized hadron-had
collisions, we can extractPq from the experimental result
@9# for AN . This is exactly the same as what we did in R
@4# and now described in detail in the following.

We recall that@9,16#, in the language commonly used i
describingAN , the polarization direction of the incident pro
ton is called upward, and the incident direction is forwa
The single-spin asymmetryAN is just the difference betwee
the cross section wherepW V points to the left and that to the
right, which corresponds tosWq•nW 51/2 andsWq•nW 521/2, re-
spectively. The data@9# on AN show that if a hadron is pro
duced by an upward polarized valence quark of the pro
tile, it has a large probability to have a transverse momen
pointing to the left.AN measures the excess of hadrons p
duced to the left over those produced to the right. The d
ference of the probability for the hadron to go left and that
go right is denoted@16# by C. C is a constant in the region o
0,C,1. It has been shown that@16#, to fit theAN data@9#
C should be taken as,C50.6.

Now, in terms of the spin-correlation discussed above,
cross section should be expressed as

s5s01~sWq•nW !s1 , ~6!

wheres0 and s1 are independent ofsWq . The second term
just denotes the existence of thesWq•nW type of spin correla-
3-3
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tion. C is just the difference between the cross section wh
sWq•nW 51/2 and that wheresWq•nW 521/2 divided by the sum of
them, i.e.,C5s1 /(2s0).

Now, we assume the same strength for the spin correla
in vector meson production in the same collisions and
Eq. ~6! to determinePq . For a vector meson produced wit
momentumpW V , nW is given. The cross section that this vect
meson is produced in the fragmentation of a valence qu
with spin satisfyingsWq•nW 51/2 is (s01s1/2), and that with
spin satisfyingsWq•nW 521/2 is (s02s1/2). Hence, the polar-
ization of the valence quarks which lead to the production
the vector mesons with thatnW is given by

Pq5
~s01s1/2!2~s02s1/2!

~s01s1/2!1~s02s1/2!
5

s1

2s0
5C. ~7!

It should be emphasized that, similar to hyperon polari
tion in unpolarized hadron-hadron collisions,PqÞ0 just
means that the strength of the spin correlation of the fo
sWq•nW is nonzero in the reaction. It means that, due to so
spin-dependent interactions, the quarks which have s
along the same direction as the normal of the produc
plane have a larger probability to combine with suitable
tiquarks to form the mesons than those which have spin
the opposite direction. It does not imply that the quarks
the unpolarized incident hadrons were polarized in a gi
direction, which would contradict the general requirement
space rotation invariance. In fact, in an unpolarized react
the normal of the production plane of the mesons is u
formly distributed in the transverse directions. Hence, av
aging over all the normal directions, the quarks are unpo
ized.

2. Qualitative behavior ofr00
V as a function of xF

Using the the numerical valuesPq5C50.6 anda'0.5,
we obtainDr00

V (A)'0.085 from Eq.~4!. We see clearly from
Eq. ~5! thatr00

V (xF) is larger than 1/3 as long asD(xF ,V) is
nonzero. Since 0<D(xF ,V)/@D(xF ,V)1N0(xF ,V)#<1,
r00

V (xF) should be in the range of 1/3<r00
V (xF)<0.42. The

detailed form of thexF dependence ofr00
V (xF) is determined

by that of the ratioD(xF ,V)/N0(xF ,V).
To see the qualitative behavior ofD(xF ,V)/N0(xF ,V) as

a function ofxF , we recall that the valence quarks usua
take the large momentum fractions of the incident hadro
Hence, at moderately large transverse momenta, had
which contain the valence quarks of the incident hadr
dominate the largexF region. It is therefore clear that, t
discuss the behavior ofr00

V (xF) as a function ofxF , we
should divide the vector mesons into the following tw
classes according to their flavor compositions:~1! those
which have a valence quark of the same flavor as one of
valence quarks of the incident hadron;~2! those which have
no valence quark in common with the incident hadron. T
behaviors ofr00

V (xF) as a function ofxF for these two classe
of vector mesons should be quite different from each oth

Examples of class~1! are
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p1A→~r1,r2, or r0!1X, ~8!

p1A→~K* 1 or K* 0!1X, ~9!

K11A→~r1 or r0!1X, ~10!

K11A→~K* 1 or K* 0!1X. ~11!

For such vector mesons,D(xF ,V) dominate the largexF
region andD(xF ,V)/N0(xF ,V) should increase with in-
creasingxF . We therefore expect that, for such vector m
sons,r00

V (xF) increases with increasingxF . It should start
from 1/3 atxF50, increase monotonically with increasin
xF , and reach about 0.42 asxF→1. For different vector
mesons in this class, there will be only some small diff
ences in the detailed forms of thexF dependences, but th
qualitative features remain the same.

Examples of class~2! are

p1A→~K* 2 or K̄* 0!1X, ~12!

K11A→r21X, ~13!

K11A→~K* 2 or K̄* 0!1X. ~14!

Here, there is no kinematic region where the vector mes
of origin ~A! play an important role. More precisely, for th
vector mesons in this class, the mesons of origin~B! domi-
nate for allxF in 0,xF,1 at moderately large transvers
momenta. Hence, we should see no significant spin al
ment for such vector mesons, i.e.,r00

V (xF)'1/3 for all xF .
We see that although the difference between ther00

V ’s of
different vector mesons in the same class is negligible, th
is a distinct difference between ther00

V of the vector mesons
in class~1! and that of the vector mesons in class~2!. This
can be checked easily in experiment. Presently, there are
enough data available to check whether these features
true. But they seem to be in agreement with the existing d
@8#. Here, we note thatr0050.42460.01160.018 were ob-
tained for K* 1 with pV.12 GeV produced in neutron
carbon collisions withpinc560 GeV. This is an example in
the first class and the correspondingxF of the produced
K* 1’s in this experiment is quite large so that theK* 1’s are
mainly from group (A). The resultingr00

V should be very
close to 0.42 which is in agreement with the data. Anot
data are @8#, r0050.39360.02560.018 for K* 2 in the
neutron-carbon interaction. This is an example of the sec
class and it is also consistent with the theoretical res
within the experimental errors. Further measurements
needed to check whether the theoretical predictions are t

3. A rough estimation ofr00
V as a function of xF

The detailed form of thexF dependence of the ratio
D(xF ,V)/N0(xF ,V) is independent of the spin propertie
and can be obtained from the model calculations and/or
polarized experimental data. A detailed procedure was gi
in @16#. It has been shown that@16#, from the general con-
straints imposed by the conservation laws such as ene
3-4
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momentum and flavor conservation on the direct-format
process,D(xF ,M ) should be proportional to the product o
the distribution function of the valence quark and that of
sea antiquark which combines the valence quark to form
vector meson. The proportional constant is determined
fitting the data for unpolarized cross section at largexF . The
nondirect formation partN0(xF ,M ) can be obtained by pa
rametrizing the difference between the unpolarized data
the number density in the corresponding transverse mom
tum region and the direct formation partD(xF ,M ). We can
now follow this procedure to getD(xF ,V)/N0(xF ,V). But
unfortunately, there are no appropriate unpolarized d
available for the differential inclusive cross section of vec
meson production in the corresponding reactions. On
other hand, we expect that the qualitative behavior
D(xF ,V)/N0(xF ,V) for the vector mesons should be qui
similar to those for the pseudoscalar mesons with the s
flavor. Hence, we simply use the results for the correspo
ing pseudoscalar mesons to replace them to make a ro
estimation ofr00

V (xF) as a function ofxF . For example for
pp→K* 1X, we take D(xF ,K* 1)/N0(xF ,K* 1)
'D(xF ,K1)/N0(xF ,K1), where the latter has been di
cussed in detail in the second paper of Ref.@16#. Using this,
we obtainr00

V (xF) for K* 1 as a function ofxF from Eq. ~5!

as shown in Fig. 1. We see that the obtainedr00
K* 1

(xF) in-
creases from 1/3 to 0.42 with increasingxF . In the fragmen-
tation region, e.g.,xF.0.5, it is almost equal to 0.42. This i
consistent with the available data@7# and can also be checke
by future experiments.

We note that it is, in principle, also possible to calcula
the transverse momentum dependence ofr00

V . For that cal-
culation, we need to know the transverse momentum dep
dence ofAN , thus that of the correspondingC. Presently,
there are not enough data available for such a calculat
Recent data from BNL E0925 Collaboration@17# show a
significant energy dependence ofAN . It seems that@18# this
energy dependence can be obtained from the energy de
dence ofD(xF ,suM ) in the above-mentioned formulation
ics
.J.

ro
.
,
,

D
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Presently, we are working on this and if it is true, we can a
apply it here to obtain the energy dependence ofr00

V .

IV. CONCLUSION AND DISCUSSION

In summary, we argue that the spin alignment of the v
tor mesons in unpolarized hadron-hadron collisions and
single-spin left-right asymmetry are closely related to ea
other. Both of them are different manifestations of thesWq•nW
type of spin correlation in high-energy hadron-hadron
hadron-nucleus collisions. We calculate the spin alignmen
vector mesons in unpolarized hadron-hadron collisions fr
the spin correlation derived from the single-spin left-rig
asymmetries in hadron-hadron collisions. The obtained
sults are consistent with the available data and predicti
for future experiments are made.
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