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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 Poo=p11=p_1-1=1/3. Hence, a deviation giy, from 1/3
indicates that the spin of the vector meson has a lafifer
It has been observefd] for a long time that hyperons py,<1/3, or smaller ifpo;>1/3) probability to be parallel
with moderately large transverse momenta in unpolarizethan antiparallel to the quantization direction. Such a phe-
hadron-hadron collisions are polarized transversely to th@omenon is referred to as spin alignment of the vector meson
production plane. Data for different hyperons at different engjong the quantization axis.
ergies in reactions using different projectiles and/or targets Recently, high accuracy data @i, have been published
have been availablg2]. Different efforts[3-5] have been ¢, gitferent vector mesons ia*e~ annihilation atz° pole

made to understand them. Progress has been achieved in 4] The results show a clear spin alignment for the vector

!ast_few_years, but the role of spin in the prOQUct|on .dynam'mesons along the moving direction of the produced quark, in
ics is still not well understood. It should be interesting and

L . . i i fraction region. T
helpful to see whether similar effects exist for the productlonpart'CUIar’ n the Iarge_ momentum g e
measured in the helicity frame is, e.g., larger than 0.5zfor

of other kinds of hadrons. In this connection, we note the herez=2p, /s i< th fth
measurements on the polarization of vector mesons along thg -2 Wherez=2py/ys, py is the momentum of the vector

normal of the production plane in unpolarized hadron-hadrof€sON,'s is the totale* e~ center of maséc.m) energy. We

or hadron-nucleus collisiorf§—8], especially those ok* * note that the vector mesons with largere predominately

in K*p and neutron-carbon collision,8]. The obtained fragmentation results of the initial quarks, and according to
results show an obvious “spin alignment” fé¢* *. Clearly, the standard model for electroweak interactions the initial
the study of them may shed new light on the searching of thguarks produced & e~ annihilation vertex aZ° pole are
origin of the hyperon polarization in unpolarized hadron-longitudinally polarized12]. These datd11] lead us to the
hadron collisions. following conclusion: In the longitudinally polarized case,

In this paper, we study the spin alignment of vector me-the vector mesons produced in the fragmentation of a polar-
sons in unpolarized hadron-hadron collisions by relating it tazed quark have a significant spin alignment with the frag-
the single-spin left-right asymmetriesA() observed in menting quark. The resultingy, for the vector mesons is
transversely polarized hadron-hadron collisi¢@s We ar-  significantly larger than 1/3 in the frame where the polariza-
gue that these two effects are closely related to each otheion direction of the fragmenting quark is chosen as the
and make calculations for the spin alignment of vector me-quantization axis.
sons using the same method as that usee’i@ annihila- The above-mentioned conclusion is derived from the
tion at Z° pole [10]. We compare the results obtained with e"e™ annihilation datd11], and applies to the fragmentation
the available datg6—8] and make predictions for future ex- of a longitudinally polarized quark. If we now extend it to
periments. the fragmentation of a quark polarized in any direction, we

obtain the following general conclusion: In the fragmentation
of a polarized quark, the vector mesons produced have a
Il. QUALITATIVE ARGUMENTS significant spin alignment with the fragmenting quark. The
resultingpqg for the vector meson is significantly larger than
1/3 in the frame where the polarization direction of the frag-
menting quark is chosen as the quantization axis.

The polarization of a vector meson is described by the We should emphasize that the extension of the above-
spin density matrixp or its elementp,y , wherem andm’ mentioned conclusion from the longitudinally polarized case
label the spin component along the quantization axis. Theo the transversely polarized case is not obvious. This can be
diagonal element®11, poo, and p_,_, for the unit-trace seen from the difference between the helicity distribution of
matrix p are the relative intensities fon to take the values the quarks in longitudinally polarized nucleon and the trans-
1, 0, and—1, respectively. In experimenp,y, can be mea- versity distribution[13]. Because of the relativistic effects,
sured from the angular distribution of the decay products othe magnitudes and/or shapeés., thex dependences, where
the vector mesons. If the meson is unpolarized, we hava is the fractional momentum carried by the quark in the

A. Spin alignment of a vector meson in the fragmentation
of a polarized quark
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nucleon of them are in general different from each other.versely polarized if the beam hadron is transversely polar-
But it seems that the qualitative features, in particular thézed, we reach the conclusion that the kind of spin correla-
signs of them, are the same, especially in the largegion  tion indicated by the existence & is very similar to that
[13,14. The relativistic effects do not change the signs ofinferred from the existence of spin alignment of vector me-
them. Similarly, we expect that the magnitude andzlie-  sons in unpolarized hadron-hadron collisions. Hence, we
pendence opg, for the vector meson obtained in the frag- suggest that they are two different manifestations of the same
mentation of a longitudinally polarized quark can be differ-spin correlation of the form§q-ﬁ in hadron-hadron or
ent from those in the fragmentation of a transverselyhadron-nucleus collisions. This is similar fd] where it is
polarized quark, even if the quantization axis is chosen as theuggested that hyperon polarization in unpolarized hadron-
polarization direction in each casglere, z is the fractional  hadron collisions has the same origin as the single-spin left-
momentum carried by the vector mesdBut, we also expect  right asymmetryAy . Both of them are also manifestations of
that the qualitative features, in particular whethey IS thes, . type of spin correlation in hadron-hadron or hadron-
larger or smaller than 1/3, should be the same. The differpcleus collisions.

ences in the two cases should be reflected in the calculations

_of Poo @s a func_tion ok and we WiI_I come back to _this point lll. A QUANTITATIVE CALCULATION

in the next section when formulating the calculation method.

Since we are, at the present stage, more interested in the Since the purpose of this paper is to demonstrate the close
qualitative features, we will assume the conclusion is in genrelation between the existence A&f, and that of spin align-
eral true and use it as a starting point for the following dis-ment in unpolarized hadron-hadron collisions in an explicit

cussions. and possibly quantitative manner, we follow the same way as
that adopted if4] and do the following calculations. We use
B. Spin alignment of the vector meson in unpolarized the results derived from thay data[9] for the strength of
and left-right asymmetry in singly polarized the above—mentioneﬁg- n type of spin correlation as input to
hadron-hadron collisions calculate the polarization of the valence quark before the

Having the conclusion obtained above in mind, we nowhadronization. Then, to calcula,p%o in unpolarized hadron-
ask what we can obtain from the d4f8] mentioned in the hadron collisions, we need only to calculaty, in the had-
Introduction for the spin alignment d€* © in unpolarized ronization of a transversely polarized quark. We do the cal-
K+p and neutron-carbon collisions. These experiment§ulati0n USing the same method as that used in CalCUlating
show, in particular, thaf8] pgy=0.424-0.011+0.018 for  pgo in € e~ annihilation atz® pole wherepy, is calculated
K** with p,>12 GeV produced in unpolarized neutron- in the hadronization of a longitudinally polarized quark. The
carbon collisions withp;,.=60 GeV. We see that thg,, details of each step is given in the following.
obtained for the vector mesadk* * is significantly larger
than 1/3 if the normal of the production plane is chosen as A. Calculating pog in ete™—2%—VX
the quantization axis. Together with the conclusion obtained The method for calculatina. in e*e~ annihilations at
above, these data lead immediately to the following state- o . Qoo :
ment: There should be a significant polarization of the quar(lf pole is given in Ref[10] and can be summarized as

which contributes to the vector meson production and th ollows. To do the calculations, we need to divide the final

polarization is transverse to the production plane. In othePtale vector mesons into the follqwmg two groups and con-
h . . lati ¢ the teaen in th sider them separatelyA) those which are directly produced

words, there exists a spin correlation of the tggen inthe g contain the polarized fragmenting quafB) the rest.

reagtion.LHere; Sq isﬁthe spin of the fragmenting quark;  Then, pY, is given by[10]

=(PincX Pv)! |PincX Pyl is the unit vector in the normal di- v v

rection of the production plang;,. andpy are, respectively, pY(2)= Pool AINV(Z,A) + poo B)N(z,B) 1)

the momentum of the incident hadron and that of the pro- 00 Ny(z,A)+Ny(z,B) '

duced hadron.The spin alignment of the vector meson in

unpolarized hadron-hadron or hadron-nucleus collisions isvhere Ny/(z,A) and N\(z,B) are the number densvities of

one of the manifestations of tisg- n type of spin correlation ~ vector mesons of grouph) and (), respectively,po(A)

in the reaction. and pgo(B) are their corresponding})’o’s, andz is the mo-

Now, we recall that, in another class of hadron-hadronmentum fraction carried by the vector meson.

collision experiments where a transversely polarized beam is The vector mesons in grouj@) do not contain the polar-

used, a significant single-spin left-right asymme#y has ized fragmenting quarks and there are, in general, many dif-

been observefP]. The existence of the nonzefy, implies  ferent possibilities to produce them in a collision process.

a significant spin correlation of the forsp-n in such pro-  Hence, they are simply taken as unpolariZe0], i.e.,

cesses, Wherép is the spin of the projectile. We recall that por(B)=1/3. For those in groupA), the spin density matrix

V . . . .
this effect exists mainly in the fragmentation region and had” (A_) IS obtglned[lo] from th‘? direct product of the spin
density matrix of the fragmenting quarg?, and that of the

rons in this region are predominately the fragmentation re="~" ) ) ) i
sults of the valence quarks of the incident hadron. Having ir@ntiquark,p9, which combines with the fragmenting quark to

mind that the valence quarks are, in general, also trangorm the vector meson. Taking the most general formpfr

034023-2



SPIN ALIGNMENT OF VECTOR MESONS IN . .. PHYSICAL REVIEW [®8, 034023 (2003

we obtained thaf10], if the polarization direction of the the latter byNy(xg,V). (Here,xF=2pVH/\/§, Py is the
fragmenting quark is chosen as the quantization @4gA) component of the momentum &f parallel to the beam di-

is given by rection, andy/s is the c.m. energy of the incoming hadron
v system). The direct-formation part denotes those that are di-
Poo A)=(1=Pg4P)/(3+PgP,), (2 rectly produced and contain the fragmenting valence quarks.

. L . They are described by the “direct-formation” or “direct fu-
where P is the polarization of the fragmenting quark, and .~ LM, in which th |
the polarization direction is taken as theirection: P, is the ~ SO Process,q, +d-—M, in which the valence quark,

z component of the polarization of the antiquark. By com-Picks up an antiquark to form the mesorM observed in
paring the results with the* e~ annihilation datg11], we  €xperiments. Obviously, this part just corresponds to the vec-
see thaf10], to fit the data, we have to take the antiquark astor mesons of grougA) mentioned above. The non-direct-
polarized in the opposite direction as the fragmenting quarkformation part denotes the rest which is just the mesons of

and the polarizatio®, is proportional toPy, i.e., group (B). More precisely, we havey(z,A)<D(xg,V),
Ny(z,B)=Ny(xg,V). Hence, thq»go(x,:) in the unpolarized
P,=—aPy, (3)  hadron-hadron collisions is given by
wherea~0.5 is a constant. Inserting E) into Eq.(2), we v 1 v D(Xg,V)
obtain thatpl(A) = 1/3+ A p(A), and pooXe) =3+ ApadA) BV Nge vy
ApooA)=4aPi[3(3—aP})]. (4)  The quantization axis is now taken as the normal direction of

] ) ) . o the production plane of the vector meson, dhis the po-
Using this, we can fif10] thee™e™ annihilation data rea- |arization of the valence quark of the projectile with respect
sonably. We note that two assumptions are used in thesg this axis before the hadronization or the direct formation
calculations. First, the spin of the vector meson is taken ag,es place. We see from E@) that pli(xe) can be calcu-

the sum of the spin of the fragmenting quark and that of thefated if we knowP, and the raticD (xg ,V)/No(X¢ ,V)
antiquark which combines with the fragmenting quark to a P RIOAE T

form the meson and: is a constant. Second, the influence
from the polarization of the fragmenting quark on the polar-
ization of the vector mesons which are produced in the frag- The polarizatiorP, of the quark before the direct forma-
mentation but do not contain the fragmenting quark is netion of the mesons is determined by the strength ofdhe
glected, thugpy(B) is taken as 1/3. It should be emphasized.n type of spin correlation in the process. Assuming the
both of them should be tested and the situations can be dikame origin for the single-spin left-right asymmetry in trans-
ferent for longitudinally or transversely polarized case. Inversely polarized hadron-hadron collisions and the spin
other words, these are the places where the differences bglignment of vector mesons in unpolarized hadron-hadron
tweenpy, in the longitudinally polarized case and that in the collisions, we can extrad®, from the experimental results
transversely polarized case can come in. Because of the ifi9] for Ay . This is exactly the same as what we did in Ref.
fluences of the nonperturbative effects, we cannot derivg4] and now described in detail in the following.

them from QCD at the moment. We therefore applied the We recall thaf9,16], in the language commonly used in
calculation method to calculaueg’o not only ine*e™ anni-  describingAy, the polarization direction of the incident pro-
hilations but also in deeply inelastic lepton-nucleon scatterton is called upward, and the incident direction is forward.
ing and highpy jets in polarizedpp collisions[15] for both  The single-spin asymmet#y is just the difference between
longitudinally and transversely polarized cases. The resultghe cross section wher@, points to the left and that to the
can be used to check whether these assumptions are trurf'ght, which corresponds tg,- n=1/2 and§q-ﬁ=—1/2, re-

_Slnce we a(/e now mostly interested in the qualltgtl_ve behavépectively. The dat89] on Ay show that if a hadron is pro-
ior of the pyy in unpolarized hadron-hadron collisions, the

) . o duced by an upward polarized valence quark of the projec-
two assumptions seem to be quite safe and we will just USgje it has a large probability to have a transverse momentum

1. Determination of P, from the §,+n spin correlation

the method in the following. pointing to the left Ay measures the excess of hadrons pro-
_ v _ . duced to the left over those produced to the right. The dif-
B. Calculating po, in unpolarized hadron-hadron collisions ference of the probability for the hadron to go left and that to

According to the method described above, to calch%ge go right is denotedl16] by C. Cis a consta_mt in the region of
in unpolarized hadron-hadron collisions at moderately largd <C<1. It has been shown thft6], to fit the Ay data[9]
transverse momentum, we need to find out the number der Should be taken a&;=0.6. o
sities for those from group6d) and (B), respectively. For Now, in terms of the spin-correlation discussed above, the
this purpose, we follow the same way as that in R&6]  Cr0SS section should be expressed as
where single-spin left-right asymmetridg, are studied. In - -
Ref. [16], the hadrons produced in the moderately large o=09+(Sq-n)ory, (6)
transverse momentum region are divided into the direct- _ .
formation part and the non-direct-formation part. The num-Where o, and o, are independent od,. The second term
ber density of the former is denoted By(xr,V) and that of  just denotes the existence of thg n type of spin correla-
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tion. C is just the difference between the cross section where p+A—(pt,p~, or p9)+X, )

Sq-N=1/2 and that where,- n= —1/2 divided by the sum of

them, i.e.,.C=o0,/(20y). p+A—(K** or K*9)+X, 9)
Now, we assume the same strength for the spin correlation

in vector meson production in the same collisions and use K*+A—=(p" or pO)+X, (10

Eq. (6) to determineP,. For a vector meson produced with

momentumpy, N is given. The cross section that this vector K*+A—(K*" or K*9)+X. 11)

meson is produced in the fragmentation of a valence quarEOr such vector meson®(xe V) dominate the largex
. . . . z oz . . F F
with spin satisfyings,-n=1/2 is (op+ 01/2), and that with region andD(xe,V)/No(xe,V) should increase with in-

spin satisfyingsq-n=—1/2 is (oo~ 01/2). Hence, the polar-  creasingx. . We therefore expect that, for such vector me-
ization of the valence quarks which lead to the production okons ,¥ (x:) increases with increasing: . It should start

the vector mesons with that is given by from 1/3 atxg=0, increase monotonically with increasing
Xg, and reach about 0.42 as—1. For different vector
(0ot 01/2)—(0o—01/2) oy mesons in this class, there will be only some small differ-
q=(00+01/2)+(00_01/2) = 27:02 . (7 ences in the detailed forms of the dependences, but the

qualitative features remain the same.

. - ) Examples of clas§2) are
It should be emphasized that, similar to hyperon polariza-

tion in unpolarized hadron-hadron coIIision_E’,q#O just p+A—(K*™ or K*0)+ X, (12)
means that the strength of the spin correlation of the form
Sq-N is nonzero in the reaction. It means that, due to some K*+A—p~ +X, (13)
spin-dependent interactions, the quarks which have spins
along the same direction as the normal of the production K*+A—(K*~ or K¥%)+X (14)

plane have a larger probability to combine with suitable an-

tiquarks to form the mesons than those which have spins ifyere, there is no kinematic region where the vector mesons
the opposite direction. It does not imply that the quarks iny¢ origin (A) play an important role. More precisely, for the

the unpolarized incident hadrons were polarized in a giveRactor mesons in this class, the mesons of ori@ndomi-

direction, which would contradict the general requirement ofaia for allxe in 0<xg<1 at moderately large transverse

space rotation invariance. In fact, in an unpolarized reactiony, omenta. Hence we should see no significant spin align-

the normal of the production plane of the mesons is UNithent for such vector mesons, i.ﬁ})’o(xp)~1/3 for all X .

formly distributed in the transverse directions. Hence, aver- We see that although the difference between )ﬁ of

?delgg over all the normal directions, the quarks are unpOIaraif'ferent vector mesons in the same class is negligible, there

is a distinct difference between tipg, of the vector mesons
in class(1) and that of the vector mesons in clggs. This
can be checked easily in experiment. Presently, there are not
Using the the numerical valug3,=C=0.6 anda~0.5,  enough data available to check whether these features are
we obtainApXO(A)mO.OSS from Eq(4). We see clearly from true. But they seem to be in agreement with the existing data
Eq. (5) thatpg(xg) is larger than 1/3 as long @(x¢,V) is  [8]. Here, we note thapo,=0.424+0.011+0.018 were ob-
nonzero. Since &D(xg,V)/[D(Xg,V)+No(xe,V)]<1, tained for K** with p,>12 GeV produced in neutron-
poo(Xe) should be in the range of 1¥3p3,(Xz)<0.42. The carbqn collisions witlp;,.=60 GeV. This is an example in
detailed form of thec: dependence giy(x¢) is determined  the first class and the corresponding of the produced
by that of the ratidD (xg ,V)/No(Xg ,V). K*' s in this experiment is quite Iarge %o that & "’s are
To see the qualitative behavior Bf(xg,V)/No(xg,V) as ~ Mainly from group @). The resultingpg, should be very
a function ofxg, we recall that the valence quarks usually close to 0.42 which is in agreement with the data. Another
take the large momentum fractions of the incident hadronsdata are[8], poo=0.393+0.025-0.018 for K*~ in the
Hence, at moderately large transverse momenta, hadrof§utron-carbon interaction. This is an example of the second

which contain the valence quarks of the incident hadron§lass and it is also consistent with the theoretical result

discuss the behavior qégo(xp) as a function ofxg, we needed to check whether the theoretical predictions are true.

should divide the vector mesons into the following two
classes according to their flavor compositiori$) those
which have a valence quark of the same flavor as one of the The detailed form of thexr dependence of the ratio
valence quarks of the incident hadrd@) those which have D(xq,V)/Ny(xg,V) is independent of the spin properties
no valence quark in common with the incident hadron. Theand can be obtained from the model calculations and/or un-
behaviors ofogo(xp) as a function ok for these two classes polarized experimental data. A detailed procedure was given
of vector mesons should be quite different from each otherin [16]. It has been shown th@f6], from the general con-
Examples of clas§l) are straints imposed by the conservation laws such as energy-

2. Qualitative behavior ofpyy, as a function of x

3. A rough estimation ofpy, as a function of x-
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momentum and flavor conservation on the direct-formation
processD(Xg,M) should be proportional to the product of
the distribution function of the valence quark and that of the
sea antiguark which combines the valence quark to form the
vector meson. The proportional constant is determined by 038
fitting the data for unpolarized cross section at laxge The

S
S 044

0.42

I
S

o TIT[ TN [T T[T AT[ T I T[T [ TTT[T

nondirect formation parNy(xg,M) can be obtained by pa- 036
rametrizing the difference between the unpolarized data for 0.34
the number density in the corresponding transverse momen- 0.32

tum region and the direct formation pd@{xg,M). We can el el L
now follow this procedure to gdd (xg,V)/Ng(xg,V). But 0.1 02 03 04 05 06 07 08 09 1
unfortunately, there are no appropriate unpolarized data X

available for the differential inclusive cross section of vector

meson production in the corresponding reactions. On the FIG. 1. Spin alignment oK* * along the normal of the produc-
other hand, we expect that the qualitative behavior oftion plane in unpolarizegp—K* "X at pj,.=200 GeV.
D(xg,V)/Ng(xg,V) for the vector mesons should be quite

similar to those for the pseudoscalar mesons with the samiéresently, we are working on this and if it is true, we can also
flavor. Hence, we simply use the results for the correspondapply it here to obtain the energy dependence gt

ing pseudoscalar mesons to replace them to make a rough

estimation ofp})’o(xp) as a function ofkg . For example for IV. CONCLUSION AND DISCUSSION

pp—K**X, we take D(Xg,K*")/No(xg K*¥)
~D(xg,K")/No(xg ,K*), where the latter has been dis-
cussed in detail in the second paper of R&6]. Using this,
we obtainpgy(xg) for K* * as a function okg from Eq. (5)

0.3

In summary, we argue that the spin alignment of the vec-
tor mesons in unpolarized hadron-hadron collisions and the
single-spin left-right asymmetry are closely related to each

A . + . other. Both of them are different manifestations of fen
as shown in Fig. 1. We see t_hat the_obtalrp%ﬁ (Xg) in- type of spin correlation in high-energy hadron-haﬁgron or
creases from 1/3 to 0.42 with increasixg. In the fragmen-  p5qron-nucleus collisions. We calculate the spin alignment of
tation region, e.9xg>0.5, itis almost equal to 0.42. ThiS IS \ector mesons in unpolarized hadron-hadron collisions from
consistent with fche available ddta and can also be checked o spin correlation derived from the single-spin left-right
by future experiments. asymmetries in hadron-hadron collisions. The obtained re-

We note that it is, in principle, also p(\)/ssible to calculategjts are consistent with the available data and predictions
the transverse momentum dependencegf For that cal-  for future experiments are made.

culation, we need to know the transverse momentum depen-
dence ofAy, thus that of the corresponding. Presently,
there are not enough data available for such a calculation.
Recent data from BNL E0925 Collaboratiga7] show a This work was supported in part by the National Science
significant energy dependenceAy . It seems thaf18] this  Foundation of ChinaNSFQ under the approval number
energy dependence can be obtained from the energy depetB®175037 and the Education Ministry of China under Huo
dence ofD(xg,s|M) in the above-mentioned formulation. Ying-dong Foundation.
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