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We calculate the spin density matrix of the vector meson producedén annihilation at az° pole. We
show that the data imply a significant polarization for the antiquark which is created in the fragmentation
process of the polarized initial quark and combines with the fragmenting quark to form the vector meson. The
direction of polarization is opposite to that of the fragmenting quark and the magnitude is of the order of 0.5.
A qualitative explanation of this result based on the LUND string fragmentation model is given.
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Spin effects in high energy fragmentation processes haviaking all different contributions into account. Herz
attracted much attentiofi—11] recently since they provide =2p,,/\/s, wherepy is the momentum of the vector meson
not only useful information on the spin dependence of hadand /s is the totale“ e~ center of mass energy. We now first
ronic interaction but also a promising tool to study the spinoutline the calculation method in the following.
structure of the nucleon. One of the important issues in this Similar to that for hyperon polarizatidril], to calculate
connection is the spin transfer of the fragmenting quark tadhe polarization of vector mesons in the inclusive process
the produced hadron which contains this quark. There ar@+ef_)ZO_,q?a(fJ_,\/Jr X, we need to divide the produced

two related questions here: one is whether the fragmentingector mesons into the following two groups and consider
quark retains its polarization, and the other is how onghem separately(Here the subscript denotes the flavor of
should connect the spin of the fragmenting quark to that ofhe quark) They are(a) those which contain the initial quark

the hadron which contains the quark. a¥’s or the initial antiquarlg®’s; and (b) those which do not

A series of papergl—3,6—11, both experimental and the- . - : ) . )
oretical, have been published on this topic. These papers iff.)mam the initial quark or antiquark. The spin density ma

V .
concentrate on the hyperon polarization in lepton induce fix p*(z/k,) for the vector mesoW should be given by
reactions since hyperon polarization can easily be obtained

in experiments by measuring the_angular distribut_ions of its pV(Z,kL)ZE MPV(Z,kJa,f)

decay products. Although the available data are still far from T (n(z,k))

accurate and not enormous enough to make a definite con- K b

clusion, the comparison of the data and theoretical results (n(zk,| )>pV(Z,kL|b), (1)
seems to suggest thi@, 11] the polarization of the fragment- (n(z,k,))

ing quark is retained in the fragmentation and that the simple

SU(6) wave function can be used in connecting the spin ofwhere(n(z,k, |a,f)) andp"(z,k, |a,f) are the average num-
the fragmenting quark to that of the produced hadron whictber and spin density matrix of vector mesons frda);
contains the quark. (n(z,k,|b)) and pY(zk, |b) are those fromb). (n(z,k,))

It is also interesting to note that information on polariza- =>(n(z,k, |a,f))+(n(zk, |b)) is the total number of vec-
tion of vector mesons can also be obtained from angulator mesons and, is the transverse momentum of the vector
distributions of their decay products. Such measurementsieson with respect to the moving direction of the initial
have also been carried out by the OPAL, DELPHI, andquark or antiquark. Here, in contrast to the case fohy-
ALEPH Collaborations at the CERB"e™ collider LEP for  peron production, contributions from the decay of heavier
different vector mesons ia*e~ annihilation at thez® pole  hadrons are very small. We just treat them in the same way
[12-16. The results show clearly that the produced vectoras those fron{b).
meson favors the helicity zero state which implies a nonzero Similar to the case for hyperon production, there are many
polarization of the vector meson in the direction perpendicudifferent possibilities to produce the vector mesons in group
lar to the moving direction. There are also measurements ofb) and the polarization in each possibility can be different
the off-diagonal elements of the spin density matrix. It isfrom that in the other. Hence, it is very likely that these
then natural to ask whether the data can also be understoagctor mesons as a whole are unpolarized. We will, just as
from the same starting points as those for hyperon polarizawe did in Ref.[11] for hyperons, take them as unpolarized.
tion and what they imply for the polarization of the antiquark This means that we simply tak&/(z,k, |b) as a unit matrix.
produced in the fragmentation process of a polarized quarkThe spin density matripV(z,k, |a,f) of the vector mesoW

In this Rapid Communication, we study these questiongyhich contains the fragmenting quadf (or antiquarkq?)

?gr ?Lcsﬂigngytgg dslﬁg] tﬂin:;)ti):] n(;fa :LD; ];?;;rrl]eeﬁtri?%ug&gr\éec and an antiquarky (or a quarkqg) which is created_m the

: . . . fragmentation process can be calculated from the direct prod-
antiquark with that of the antiquarkor quark created in the . . o 0 2. —
fragmentation together. With the aid of an event generatoHCt of the spin density matrix® for g (or p for gr), and
JETSET, we calculate the dependence of the polarization by that p? for the antiquarkg (or p? for g). Now, we are going
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will take the casa/=(q?q) as an example. (2) and Eq.(3), i.e.,
According to the standard model for electroweak interac-

tion, the initial quark or antiquark producedéie™ annihi- — o — lepa 0
lation at theZ® pole is longitudinally polarized and the av- pdtd=pli®pi= 7l (4)
erage value of polarization B;=—0.94 forf=d,s, andb; 0 Catp

P;=—0.67 for f=u,c [3,11]. Hence the normalized spin o— _ o o .
density matriqu? is given by We0 noote Eha_t thg 94 obgamed in this way is in the basis
of |s%,s77;s9,s%), wheres% ands are the spins of? and

C 0 _ 0 —
Pq?z( Sf c ) (2 q, ands]" ands{ are theirz components. To obtain the spin
of density matrix for the meson, we need to transform it to the
where ¢;¢=(1+Py)/2, cy=(1—Py)/2. Here we use the coupled basigs,s,), wheres=s%+s% The bases of these
helicity frame ofq?, which we denote byxyz where the two representations are related to each other by a unitary
z-axis is taken as the moving direction @f in the overall matrix U,
center-of-mass frame and the x-axis as the direction of the

transverse momentum of the antiqua_rlwith respect to the 1 0 0 0

z-axis. Thep? is taken as the most general form in the frame 0 1/\/5 1/\/5 0

oxyz i.e., U=1o o 0 1l 5
— 1[ 1+P, PPy 0 12 —1/2 ©

9—_
" =2\pip, 1P, ) @ . o
The spin density matriy™ in the coupled basis is obtained

> — 0
whereP (P, ,P, ,P,) is the polarization vector af. The spin  from p™= Up%au—1 ie.,

Ci(1+P,) (1l \2)(Py—iPy) 0 (Cui/N2)(P—iPy)
1| CND(PriPy)  F(1-PPy)  (Cal V2)(Px=iPy) 3 (P—Py)
P2 0 (Car/ 2)(Py+iPy) Car(1-P)) el DPripy |
(Ca/V2)(Px+iPy) 3(P—P) — (Cof/N2)(Py—iPy) H(1-PP,)

Hence the spin density matriX V(a,f) for the vector mesoWN in the basis ofsV,s;’> can be read out from E@6) as follows:

ci(1+P)  H(p—ipy) 0
J2
“p vipy S1-ppy Z(p._ip
p'V(a,f)=2/(3+P;P,) ﬁ( xTiPy) 5 (1=P¢P, JE( Py | )
0 C—E(Pwpy) Cor(1-P,)

In addition, we also obtain the ratiB/V of pseudoscalar helicity beam frame which we denote XY Z In this

meson to vector meson from E() as frame, the Z-axis is taken as the moving direction of the
vector meson and the Y-axis is taken as the vector products
PIV=(1-P:P,)/(3+P¢P,), (8) of Z and thee™ beam direction(see Fig. 1 This frame
transformation can be carried out by two successive rota-
with P/V=1/3 atP,=0 andP/V>1/3 atP;P,<0. tions: first a rotation of anglgd around they-axis which

To comparep’V(a,f) with the data[12—16, we need to  transformsoxyzto ox’yZ, and then a rotation of anglg
transform it to the helicity basis of the vector meson, i.e., thearound the Z-axis which transfornes<'yZ to OXY Z i.e.,
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/{ Repy 4(zk,|a,f)

z

Ay _PiSInB o5 2y(P, sing— P P, sin2
‘_ —3+—prz[cos y(P,sing—P, cosp)— P, sin2y],

e Y (13)

V-qf plane
Y

ql') Z
Impy _4(zk |a,f)
e of plane Pf sin,B . .
:m[sm 2y(P,sing—P, cosp)+ P, cos 2y],
z
FIG. 1. Relation between the helicity franoexyz of the initial (14)
quarkq? and the helicity beam fram@ XY Zof the produced vector
mesonV. There are three planes involved: the horizontal plane de- v R,
termined by the incoming™ e~ and outgoingy’q’ , thex—z plane, Repidzki[a.f)=ps-1(zki|a.f)]
i.e., theV—q? plane determined by the moving directiongff and 2P,
that of V and e,=¢,x &, /|€,X¢ |, and theX—Z plane deter- =37 p.p.Lcosy(Pycos2B—P,sin2p)
mined by the moving direction 0¥ and that of thee™ beam and e
ey=e,xe, /le;xe, |. +PycosBsiny], (15)
pV(zk,[a,H)=D1(B,9p Y (a DBy, (@ IMpidzkilaf—pg i(zk[a]
, _ , V2P .
whereD(,y) is the rotation matrix = ———[siny(P,cos 28— P,sin 2B)
3+ PP,
. B 1 . B — P, cospg cosy]. (16
e cods ——=sing  €7sits _ .
2 V2 2 From these results, we see already the following qualita-
1 1 tive conclusions.
—e 7sing cosp ——¢€7sing | . (10) (1) From Egs.(8) and (12), we see that not only
V2 V2 pos(z.k, |a,f) but alsoP/V depends on the polarization of
_ B _ B the fragmenting quarlq? and that of the antiquarly created
e*'ysinzz —=sing e"coszE in the fragmentation process. There is a simple relation be-
\/E tween them, i.e.,

Here 3 is the angle between the momentum of the initial 2P;sing

poozk |a,f)=(PIV)+

quark q and that of the vector meson andis the angle 3+P¢P, (P,sinf—Pycosp).
between the y-axis and the Y-axisee Fig. 1 Clearly, a7

B, v, z, and k, are related to each other by g¢n

=2k, /(z\/s) and We see that the relation is in general dependent on the mo-

mentum of the produced vector meson. If we take as usual
_ k, =0.35 GeV, we obtain sif=2k, /(zy/s)~0.0077¢ for
kzcos¢ sinf—k, cosd (11) Js=91 GeV, which is much less than 1 for largeHence

cosy= , (11 .
’ VK2 sir? ¢+ (k, sin 6—k, cos¢ cosé)? we have approximately

\%
z,k, |a,f)=P/V. 18
wherek,=\z%s/4—k? and siny<0 for ¢< and siny>0 podzk,[a,f) (18)

for ¢>m; 6 is the angle between the moving direction of g, P,=P,=0, we havepgo(z k,|a,f)=P/V=1/3. This is

the initial quark and thee™ beam direction in the overall ihq result that is expectdd 7] in the unpolarized case.

center-of-mass frame, and is the azimuthal angle ok, (2) From Egs.(13)—(16), we see that the nondiagonal el-
with respect to the plane of the initial quark aed beam. ementSp\{,l and (0\1/0_ pg,l) depend not only o3 but

. Alter some straightforward _algebra, we obtqin the follow- 55, ony which is a function of¢ and other variables. Since

ing expressmns.for the matrix elements which have bee‘?or a givenk, and a giverz, ¢ is distributed uniformly, we

measured experimentally: should average over¢ for these quantities. Fork;
<(z\/s/2), we expand cog and siny in terms ofk, /k,

pod .k, |a,f) and keep only terms up tk, /k,. Then averaging oves,
we obtain (cosy)~—tangcotd/2, (siny)=~0, (cos 2y)
=——  [1—P«(P,cos28+P,sin28)], 12 ~—tarf 8 and(sin 2y)~0. We insert them into Eqg13)—

3+ Psz[ ((P7C0S 28+ Py sin 26)] (12 (16) and obtain
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Repy 4(zk |a,f)
P;sing ]
= 3+ PfPZtarFﬁ(PZSInﬂ_PXCOSB)v (19)
Pssing
V A — —
Impy _4(z,k,|a,f) 3+PszPytanz,8, (20
Re(pYdzk.[a,f)—pp_1(zk [a,f)] 0sl HW . ;
_\/EpftanBCOta(P COS?,B—P sin 2 ) (21) 02||||||||||
T2(31P.P (3+P,P,) X z B), 0 01 02 03 04 05 06 07 08 09 1
F4
Im [P\ll,o(Z:kL|a7f)—Pg,—l(Z,kﬂaaf)] FIG. 2. Spin density matrix elemep, of K*° produced inz°
_ . decay obtained from Eq24) by taking P,=0.48 as a function of
-~ \/EPny sinB cotd/2(3+PiPy). (22 the momentum fractioz. The dotted straight line corresponds to

. o the unpolarized cas@/3); the data are from Refl16].
We see that they contain at least one Biwhich is of the

order of 0.01 at large. This shows that these nondiagonal . .
elements obtained in this way are all very small. More pre_generator. We use the LUND string fragmentation model

cisely, both Re, , and Imp, _, should be smaller than [19] implemented byeTsET[20] to do this calculation.

10-% and Ré&p1 o— po_1] and Infp1 o—po_1] should be Using the event generatoneTse] we calculated

smaller than 10°. Significant nonzero results of these eIe-<r\1,(Z|a’f)> an_d (n(_z| b)). We use Eq.(24) to calculate
a,f) in which the only free parameter B,. We

ments may imply significant interferencgb8] between the PooZ K.

: _ ) first calculat for K*© as a function of since the corre-
fragmentation ofy? anda?, which are not taken into account P00

: sponding data is availabld4]. We found out that, to fit the
here. Experimental resulf$3—19 from OPAL and DELPHI  qa45 the value oP, has to be quite large. In Fig. 2 we show
forimp; 1, Rep1o—po-1], and IMpyo—po-1] seem to

Y ) ' the results obtained by takirfg,= 0.48. We see that the data
show no deviation from the above-mentioned expectations.,, pe reasonably well fitted.

There is however a signature of deviation for i3e ,, but Similar calculations can certainly be made for other vec-
the statistics are still too low to make any definite conclu-;o. mesons such as, ¢, D**, B* etc. But, for these

sions.
(3) From Eq.(12), we see that ifP,=0, i.e., theq is
unpolarized in the moving direction of’, we obtain that

mesons, only the average valuesgf in certainz ranges are
available. It can easily be obtained from Hd), that such
average values are given by

v e .
podzK.|a,f)]p o= (1-P(P,sin2B)/3. (23 , (vany |
<P00>:§f: m—vpoo(avf)"‘

)

(n¥(b))

Wpoo(b), (25

As we discussed above, siBZ1l for large z, so that

polz.K. |a,f)|p—o~1/3. This shows clearly thd®,#0 is a

necessary condition fqig,# 1/3 at largez. Furthermore, ne-
glecting terms proportional to spin Eq. (12), we obtain

where pgo(a,f) is given by Eq. (24 and pyb)
=1/3; (nY(a,f)) and(n"(b)) are the number of vector me-
sons from(a) and (b) in the corresponding range, respec-
tively, and(nV) is the total number of vector mesons in that
zrange. UsingETSET, we calculate/n(a,f)) and(nY(b)).
After that we can determine the, which we need to fit the
data on{py,. We found out that, for most of the vector

poo(z.k,|a,f)=(1—PP,)/(3+PP,). (24)

This shows thapyy(z.k, |a,f)>1/3 if P; andP, have oppo-
site signs. Both OPAL and DELPHI dafa3-1§ explicitly

show thatpg,>1/3 for all the vector mesons except for
This implies thatP,#0 and has the opposite sign Bs in
these cases.

mesons, the resulting, can be written a$,= — aP; with
a, which is common for most of the;’s. In Table I, we
show the obtained results by choosiag=0.51 as deter-

After we obtain the results fgsV(z|a, f) andpV(z|b), we ~ mined above from the data fét* °. We see that the data can
can calculatep¥(z) if we know the average numbers be fitted reasonably well except those rand B*. The
(n(zla,f)) and(n(z|b)). These average numbers are deter-data of(pg, can only be fitted by taking: as negative. The
mined by the hadronization mechanism and should be indedeviation in the case d* may be attributed to the helicity
pendent of the polarization of the initial quarks. Hence, weflip of the b quark caused by gluon radiation, which is neg-
can calculate them using a hadronization model which give$igible for light quarks.

a good description of the unpolarized data for multiparticle The results except those far can be understood qualita-
production in high energy reactions. Presently, such calculaively in the string fragmentation model. Here, it was shown
tions can only be carried out using a Monte Carlo eventhat [19] the probability to create a meson of massis

111301-4



RAPID COMMUNICATIONS

SPIN ALIGNMENT OF A VECTOR MESON INee™ ... PHYSICAL REVIEW D 63 111301R)

TABLE I. Spin density matrix elemenpg, for different vector mesons obtained from E@5) using
P,=—0.51P;. The data are taken from Refd2-1§.

Meson Poo Data Z range
p* 0.398 0.3730.052(OPAL) 0.3Xz<0.6
p° 0.428 0.430.05(DELPHI) z>0.4
® 0.405 0.142-0.114(OPAL) 0.3Xz<0.6
K*O 0.504 0.46:-0.08(DELPHI) z>0.4
¢ 0.557 0.54-0.06+0.05(OPAL) z>0.7
0.55+0.10(DELPHI) z>0.7
D** 0.415 0.40:0.02-0.01(OPAL) z>0.5
B* 0.567 0.32-0.04+0.03(DELPHI) <z<1
0.33+0.06+ 0.05(ALEPH) <z<1
0.36+0.06+ 0.07(OPAL) <z<1

proportional toe "™/ wherex is the fractional energy of Pj. In the case oK*® which contains an initiatl or s we

the meson from the fragmenting quark ands a positive  obtain a;tr=0.3 for x=0.3 by takingb=0.58 GeV ?, as
parameter in the LUND model. For a polarized quafk was used inETSET[20].

with polarizationP;, if the spin ofq is in the opposite di- In summary, we calculated the spin density matrix of the
rection as that ofj?, the resulting mesons can be a vectorVector meson produced ke annihilation at thez® pole
meson or a pseudoscalar meson with equal probabilities. THEOM a direct sum of the spin of the polarized fragmenting
average mass i, = (my+mp)/2, wherem, andmp are the  quark and that of the antiquark created in the fragmentation
masses for the vector meson and pseudoscalar meson, @ocess. The result fqi, implies a significant polarization
spectively. If the spin off is in the same direction as that of for the antiquark which is created in the fragmentation pro-
q°, only vector mesons can be created and its mass,is €SS and combines with the fragmenting quark to form the
—my. Itis clear thatm§<m§, thus the corresponding prob- vectqr meson in the opppsn_e direction as t_hat of the fra_g-
ability is larger for the former case than for the latter. ThisMenting quark. The polarization can approximately be writ-

leads to a longitudinal polarization ofand the polarization €" @SP2=~aPr anda~0.5 for most of the mesons.

is proportional toPs, i.e., P,= —a;trPf, We thank Li Shi-yuan, Xie Qu-bing, and other members
. of the Theoretical Particle Physics Group in Shandong for
a;":2/(6—b(mz—ml)/><4r 1) —1. (26) helpful discussions. This work was supported in part by the

National Science Foundation of ChifdSFO and the Edu-
We can see that the sign &Y, is indeed opposite to that of cation Ministry of China.
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