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Spin alignment of a vector meson ine¿eÀ annihilation at the Z0 pole

Xu Qing-hua, Liu Chun-xiu, and Liang Zuo-tang
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~Received 9 January 2001; published 20 April 2001!

We calculate the spin density matrix of the vector meson produced ine1e2 annihilation at aZ0 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 h
attracted much attention@1–11# recently since they provide
not only useful information on the spin dependence of h
ronic interaction but also a promising tool to study the s
structure of the nucleon. One of the important issues in
connection is the spin transfer of the fragmenting quark
the produced hadron which contains this quark. There
two related questions here: one is whether the fragmen
quark retains its polarization, and the other is how o
should connect the spin of the fragmenting quark to tha
the hadron which contains the quark.

A series of papers@1–3,6–11#, both experimental and the
oretical, have been published on this topic. These paper
concentrate on the hyperon polarization in lepton indu
reactions since hyperon polarization can easily be obta
in experiments by measuring the angular distributions of
decay products. Although the available data are still far fr
accurate and not enormous enough to make a definite
clusion, the comparison of the data and theoretical res
seems to suggest that@8,11# the polarization of the fragment
ing quark is retained in the fragmentation and that the sim
SU~6! wave function can be used in connecting the spin
the fragmenting quark to that of the produced hadron wh
contains the quark.

It is also interesting to note that information on polariz
tion of vector mesons can also be obtained from ang
distributions of their decay products. Such measureme
have also been carried out by the OPAL, DELPHI, a
ALEPH Collaborations at the CERNe1e2 collider LEP for
different vector mesons ine1e2 annihilation at theZ0 pole
@12–16#. The results show clearly that the produced vec
meson favors the helicity zero state which implies a nonz
polarization of the vector meson in the direction perpendi
lar to the moving direction. There are also measurement
the off-diagonal elements of the spin density matrix. It
then natural to ask whether the data can also be unders
from the same starting points as those for hyperon polar
tion and what they imply for the polarization of the antiqua
produced in the fragmentation process of a polarized qu

In this Rapid Communication, we study these questio
by calculating the spin density matrix for the produced v
tor mesons by adding the spin of the fragmenting quark~or
antiquark! with that of the antiquark~or quark! created in the
fragmentation together. With the aid of an event genera
JETSET, we calculate thez dependence of the polarization b
0556-2821/2001/63~11!/111301~5!/$20.00 63 1113
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taking all different contributions into account. Herez
[2pV /As, wherepV is the momentum of the vector meso
andAs is the totale1e2 center of mass energy. We now fir
outline the calculation method in the following.

Similar to that for hyperon polarization@11#, to calculate
the polarization of vector mesons in the inclusive proc
e1e2→Z0→qf

0q̄f
0→V1X, we need to divide the produce

vector mesons into the following two groups and consid
them separately.~Here the subscriptf denotes the flavor of
the quark.! They are~a! those which contain the initial quar
qf

0’s or the initial antiquarkq̄f
0’s; and~b! those which do not

contain the initial quark or antiquark. The spin density m
trix rV(z,k') for the vector mesonV should be given by

rV~z,k'!5(
f

^n~z,k'ua, f !&

^n~z,k'!&
rV~z,k'ua, f !

1
^n~z,k'ub!&

^n~z,k'!&
rV~z,k'ub!, ~1!

where^n(z,k'ua, f )& andrV(z,k'ua, f ) are the average num
ber and spin density matrix of vector mesons from~a!;
^n(z,k'ub)& and rV(z,k'ub) are those from~b!. ^n(z,k')&
5( f^n(z,k'ua, f )&1^n(z,k'ub)& is the total number of vec-
tor mesons andk' is the transverse momentum of the vect
meson with respect to the moving direction of the init
quark or antiquark. Here, in contrast to the case forL hy-
peron production, contributions from the decay of heav
hadrons are very small. We just treat them in the same w
as those from~b!.

Similar to the case for hyperon production, there are ma
different possibilities to produce the vector mesons in gro
~b! and the polarization in each possibility can be differe
from that in the other. Hence, it is very likely that the
vector mesons as a whole are unpolarized. We will, just
we did in Ref.@11# for hyperons, take them as unpolarize
This means that we simply takerV(z,k'ub) as a unit matrix.
The spin density matrixrV(z,k'ua, f ) of the vector mesonV
which contains the fragmenting quarkqf

0 ~or antiquarkq̄f
0)

and an antiquarkq̄ ~or a quarkq) which is created in the
fragmentation process can be calculated from the direct p

uct of the spin density matrixrqf
0

for qf
0 ~or r q̄f

0
for q̄f

0), and

that r q̄ for the antiquarkq̄ ~or rq for q!. Now, we are going
©2001 The American Physical Society01-1
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to formulate the calculation ofrV(z,k'ua, f ). For clarity, we
will take the caseV5(qf

0q̄) as an example.
According to the standard model for electroweak inter

tion, the initial quark or antiquark produced ine1e2 annihi-
lation at theZ0 pole is longitudinally polarized and the av
erage value of polarization isPf520.94 for f 5d,s, andb;
Pf520.67 for f 5u,c @3,11#. Hence the normalized spi

density matrixrqf
0

is given by

rqf
0
5S c1 f 0

0 c2 f
D , ~2!

where c1 f5(11Pf)/2, c2 f5(12Pf)/2. Here we use the
helicity frame ofqf

0 , which we denote byoxyz, where the
z-axis is taken as the moving direction ofqf

0 in the overall
center-of-mass frame and the x-axis as the direction of
transverse momentum of the antiquarkq̄ with respect to the
z-axis. Ther q̄ is taken as the most general form in the fram
oxyz, i.e.,

r q̄5
1

2 S 11Pz Px2 iPy

Px1 iPy 12Pz
D , ~3!

wherePW (Px ,Py ,Pz) is the polarization vector ofq̄. The spin
th

11130
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density matrixrqf
0q̄ of the qf

0q̄ system is obtained from Eq
~2! and Eq.~3!, i.e.,

rqf
0q̄5rqf

0
^ r q̄5S c1 fr

q̄ 0

0 c2 fr
q̄D . ~4!

We note that therqf
0q̄ obtained in this way is in the basi

of usqf
0
,s

z

qf
0

;sq̄,sz
q̄&, wheresqf

0
andsq̄ are the spins ofqf

0 and

q̄, ands
z

qf
0

andsz
q̄ are theirz components. To obtain the spi

density matrix for the meson, we need to transform it to
coupled basisus,sz&, wheresW5sWq1sW q̄. The bases of these
two representations are related to each other by a uni
matrix U,

U5S 1 0 0 0

0 1/A2 1/A2 0

0 0 0 1

0 1/A2 2 1/A2 0

D . ~5!

The spin density matrixrm in the coupled basis is obtaine

from rm5Urqf
0q̄U21, i.e.,
rm5
1

2 S c1 f~11Pz! ~c1 f /A2!~Px2 iPy! 0 ~c1 f /A2!~Px2 iPy!

~c1 f /A2!~Px1 iPy! 1
2 ~12Pf Pz! ~c2 f /A2!~Px2 iPy! 1

2 ~Pf2Pz!

0 ~c2 f /A2!~Px1 iPy! c2 f~12Pz! 2 ~c2 f /A2!~Px1 iPy!

~c1 f /A2!~Px1 iPy! 1
2 ~Pf2Pz! 2 ~c2 f /A2!~Px2 iPy! 1

2 ~12Pf Pz!

D . ~6!

Hence the spin density matrixr8V(a, f ) for the vector mesonV in the basis ofusV,sz
V& can be read out from Eq.~6! as follows:

r8V~a, f !5 2/~31Pf Pz! S c1 f~11Pz!
c1 f

A2
~Px2 iPy! 0

c1 f

A2
~Px1 iPy!

1

2
~12Pf Pz!

c2 f

A2
~Px2 iPy!

0
c2 f

A2
~Px1 iPy! c2 f~12Pz!

D . ~7!
he
ucts

ta-
In addition, we also obtain the ratioP/V of pseudoscalar
meson to vector meson from Eq.~6! as

P/V5 ~12Pf Pz!/~31Pf Pz!, ~8!

with P/V51/3 atPz50 andP/V.1/3 atPf Pz,0.
To comparer8V(a, f ) with the data@12–16#, we need to

transform it to the helicity basis of the vector meson, i.e.,
 e

helicity beam frame which we denote byOXYZ. In this
frame, the Z-axis is taken as the moving direction of t
vector meson and the Y-axis is taken as the vector prod
of Z and thee2 beam direction~see Fig. 1!. This frame
transformation can be carried out by two successive ro
tions: first a rotation of angleb around they-axis which
transformsoxyz to ox8yZ, and then a rotation of angleg
around the Z-axis which transformsox8yZ to OXYZ, i.e.,
1-2
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rV~z,k'ua, f !5D†~b,g!r8V~a, f !D~b,g!, ~9!

whereD(b,g) is the rotation matrix

S e2 ig cos2
b

2
2

1

A2
sinb eig sin2

b

2

1

A2
e2 ig sinb cosb 2

1

A2
eig sinb

e2 ig sin2
b

2

1

A2
sinb eig cos2

b

2

D . ~10!

Here b is the angle between the momentum of the init
quark qf

0 and that of the vector meson andg is the angle
between the y-axis and the Y-axis~see Fig. 1!. Clearly,
b, g, z, and k' are related to each other by sinb
52k' /(zAs) and

cosg5
kz cosf sinu2k' cosu

Ak'
2 sin2 f1~kz sinu2k' cosf cosu!2

, ~11!

wherekz5Az2s/42k'
2 and sing,0 for f,p and sing.0

for f.p; u is the angle between the moving direction
the initial quark and thee2 beam direction in the overal
center-of-mass frame, andf is the azimuthal angle ofk'

with respect to the plane of the initial quark ande2 beam.
After some straightforward algebra, we obtain the follo

ing expressions for the matrix elements which have b
measured experimentally:

r00
V ~z,k'ua, f !

5
1

31Pf Pz
@12Pf~Pz cos 2b1Px sin 2b!#, ~12!

FIG. 1. Relation between the helicity frameoxyz of the initial
quarkqf

0 and the helicity beam frameOXYZof the produced vector
mesonV. There are three planes involved: the horizontal plane

termined by the incominge1e2 and outgoingqf
0q̄f

0 , thex2z plane,
i.e., theV2qf

0 plane determined by the moving direction ofqf
0 and

that of V and eW y5eW z3eW k'
/ueW z3eW k'

u, and theX2Z plane deter-
mined by the moving direction ofV and that of thee2 beam and

eWY5eWZ3eW pe2 /ueWZ3eW pe2u.
11130
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Rer1,21
V ~z,k'ua, f !

5
Pf sinb

31Pf Pz
@cos 2g~Pz sinb2Px cosb!2Py sin 2g#,

~13!

Im r1,21
V ~z,k'ua, f !

5
Pf sinb

31Pf Pz
@sin 2g~Pz sinb2Px cosb!1Py cos 2g#,

~14!

Re@r1,0
V ~z,k'ua, f !2r0,21

V ~z,k'ua, f !#

5
A2Pf

31Pf Pz
@cosg~Px cos 2b2Pz sin 2b!

1Py cosb sing#, ~15!

Im@r1,0
V ~z,k'ua, f !2r0,21

V ~z,k'ua, f !#

5
A2Pf

31Pf Pz
@sing~Px cos 2b2Pz sin 2b!

2Py cosb cosg#. ~16!

From these results, we see already the following qual
tive conclusions.

~1! From Eqs. ~8! and ~12!, we see that not only
r00

V (z,k'ua, f ) but alsoP/V depends on the polarization o

the fragmenting quarkqf
0 and that of the antiquarkq̄ created

in the fragmentation process. There is a simple relation
tween them, i.e.,

r00
V ~z,k'ua, f !5~P/V!1

2Pf sinb

31Pf Pz
~Pz sinb2Px cosb!.

~17!

We see that the relation is in general dependent on the
mentum of the produced vector meson. If we take as us
k'50.35 GeV, we obtain sinb52k' /(zAs)'0.0077/z for
As591 GeV, which is much less than 1 for largez. Hence
we have approximately

r00
V ~z,k'ua, f !'P/V. ~18!

For Pz5Px50, we haver00
V (z,k'ua, f )5P/V51/3. This is

the result that is expected@17# in the unpolarized case.
~2! From Eqs.~13!–~16!, we see that the nondiagonal e

ementsr1,21
V and (r1,0

V 2r0,21
V ) depend not only onb but

also ong which is a function off and other variables. Sinc
for a givenk' and a givenz, f is distributed uniformly, we
should average overf for these quantities. Fork'

!(zAs/2), we expand cosg and sing in terms of k' /kz
and keep only terms up tok' /kz . Then averaging overf,
we obtain ^cosg&'2tanb cotu/2, ^sing&'0, ^cos 2g&
'2tan2 b and ^sin 2g&'0. We insert them into Eqs.~13!–
~16! and obtain

-

1-3
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Rer1,21
V ~z,k'ua, f !

'2
Pf sinb

31Pf Pz
tan2 b~Pz sinb2Px cosb!, ~19!

Im r1,21
V ~z,k'ua, f !'2

Pf sinb

31Pf Pz
Py tan2 b, ~20!

Re@r1,0
V ~z,k'ua, f !2r0,21

V ~z,k'ua, f !#

'2
A2Pf tanb cotu

2~31Pf Pz!
~Px cos 2b2Pz sin 2b!, ~21!

Im @r1,0
V ~z,k'ua, f !2r0,21

V ~z,k'ua, f !#

' A2Pf Py sinb cotu/2~31Pf Pz! . ~22!

We see that they contain at least one sinb which is of the
order of 0.01 at largez. This shows that these nondiagon
elements obtained in this way are all very small. More p
cisely, both Rer1,21 and Imr1,21 should be smaller than
1026 and Re@r1,02r0,21# and Im@r1,02r0,21# should be
smaller than 1022. Significant nonzero results of these el
ments may imply significant interferences@18# between the
fragmentation ofqf

0 andq̄f
0 , which are not taken into accoun

here. Experimental results@13–15# from OPAL and DELPHI
for Im r1,21 , Re@r1,02r0,21#, and Im@r1,02r0,21# seem to
show no deviation from the above-mentioned expectatio
There is however a signature of deviation for Rer1,21, but
the statistics are still too low to make any definite conc
sions.

~3! From Eq. ~12!, we see that ifPz50, i.e., theq̄ is
unpolarized in the moving direction ofqf

0 , we obtain that

r00
V ~z,k'ua, f !uPz505~12Pf Px sin 2b!/3. ~23!

As we discussed above, sin 2b!1 for large z, so that
r00

V (z,k'ua, f )uPz50'1/3. This shows clearly thatPzÞ0 is a

necessary condition forr00
V Þ1/3 at largez. Furthermore, ne-

glecting terms proportional to sinb in Eq. ~12!, we obtain

r00
V ~z,k'ua, f !'~12Pf Pz!/~31Pf Pz!. ~24!

This shows thatr00
V (z,k'ua, f ).1/3 if Pf andPz have oppo-

site signs. Both OPAL and DELPHI data@13–16# explicitly
show thatr00

V .1/3 for all the vector mesons except forv.
This implies thatPzÞ0 and has the opposite sign asPf in
these cases.

After we obtain the results forrV(zua, f ) andrV(zub), we
can calculaterV(z) if we know the average number
^n(zua, f )& and ^n(zub)&. These average numbers are det
mined by the hadronization mechanism and should be in
pendent of the polarization of the initial quarks. Hence,
can calculate them using a hadronization model which gi
a good description of the unpolarized data for multiparti
production in high energy reactions. Presently, such calc
tions can only be carried out using a Monte Carlo ev
11130
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generator. We use the LUND string fragmentation mo
@19# implemented byJETSET@20# to do this calculation.

Using the event generatorJETSET, we calculated
^n(zua, f )& and ^n(zub)&. We use Eq.~24! to calculate
r00

V (z,k'ua, f ) in which the only free parameter isPz . We
first calculater00 for K* 0 as a function ofz since the corre-
sponding data is available@14#. We found out that, to fit the
data, the value ofPz has to be quite large. In Fig. 2 we sho
the results obtained by takingPz50.48. We see that the dat
can be reasonably well fitted.

Similar calculations can certainly be made for other ve
tor mesons such asr, f, D* 6, B* , etc. But, for these
mesons, only the average values ofr00 in certainz ranges are
available. It can easily be obtained from Eq.~1!, that such
average values are given by

^r00
V &5(

f

^nV~a, f !&

^nV&
r00

V ~a, f !1
^nV~b!&

^nV&
r00

V ~b!, ~25!

where r00
V (a, f ) is given by Eq. ~24! and r00

V (b)
51/3; ^nV(a, f )& and^nV(b)& are the number of vector me
sons from~a! and ~b! in the correspondingz range, respec-
tively, and^nV& is the total number of vector mesons in th
z range. UsingJETSET, we calculatê nV(a, f )& and^nV(b)&.
After that we can determine thePz which we need to fit the
data on^r00

V &. We found out that, for most of the vecto
mesons, the resultingPz can be written asPz52aPf with
a, which is common for most of theqf

0’s. In Table I, we
show the obtained results by choosinga50.51 as deter-
mined above from the data forK* 0. We see that the data ca
be fitted reasonably well except those forv and B* . The
data of^r00

v & can only be fitted by takinga as negative. The
deviation in the case ofB* may be attributed to the helicity
flip of the b quark caused by gluon radiation, which is ne
ligible for light quarks.

The results except those forv can be understood qualita
tively in the string fragmentation model. Here, it was show
that @19# the probability to create a meson of massm is

FIG. 2. Spin density matrix elementr00 of K* 0 produced inZ0

decay obtained from Eq.~24! by taking Pz50.48 as a function of
the momentum fractionz. The dotted straight line corresponds
the unpolarized case~1/3!; the data are from Ref.@16#.
1-4
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TABLE I. Spin density matrix elementr00 for different vector mesons obtained from Eq.~25! using
Pz520.51Pf . The data are taken from Refs.@12–16#.

Meson r00 Data z range

r6 0.398 0.37360.052(OPAL) 0.3,z,0.6
r0 0.428 0.4360.05(DELPHI) z.0.4
v 0.405 0.14260.114(OPAL) 0.3,z,0.6
K* 0 0.504 0.4660.08(DELPHI) z.0.4
f 0.557 0.5460.0660.05(OPAL) z.0.7

0.5560.10(DELPHI) z.0.7
D* 6 0.415 0.4060.0260.01(OPAL) z.0.5
B* 0.567 0.3260.0460.03(DELPHI) 0,z,1

0.3360.0660.05(ALEPH) 0,z,1
0.3660.0660.07(OPAL) 0,z,1
f

to
T

,
f

-
is

f
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ro-
the
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rs
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the
proportional toe2bm2/x, wherex is the fractional energy o
the meson from the fragmenting quark andb is a positive
parameter in the LUND model. For a polarized quarkqf

0

with polarizationPf , if the spin of q̄ is in the opposite di-
rection as that ofqf

0 , the resulting mesons can be a vec
meson or a pseudoscalar meson with equal probabilities.
average mass ism15(mV1mP)/2, wheremV andmP are the
masses for the vector meson and pseudoscalar meson
spectively. If the spin ofq̄ is in the same direction as that o
qf

0 , only vector mesons can be created and its mass ism2

5mV . It is clear thatm1
2,m2

2, thus the corresponding prob
ability is larger for the former case than for the latter. Th
leads to a longitudinal polarization ofq̄ and the polarization
is proportional toPf , i.e., Pz52astr

f Pf ,

astr
f 52/~e2b(m2

2
2m1

2)/x11! 21. ~26!

We can see that the sign ofPz is indeed opposite to that o
C
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Pf . In the case ofK* 0 which contains an initiald or s̄ we

obtain astr
f 50.3 for x50.3 by takingb50.58 GeV22, as

was used inJETSET@20#.
In summary, we calculated the spin density matrix of t

vector meson produced ine1e2 annihilation at theZ0 pole
from a direct sum of the spin of the polarized fragmenti
quark and that of the antiquark created in the fragmenta
process. The result forr00 implies a significant polarization
for the antiquark which is created in the fragmentation p
cess and combines with the fragmenting quark to form
vector meson in the opposite direction as that of the fr
menting quark. The polarization can approximately be w
ten asPz52aPf anda'0.5 for most of the mesons.
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