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Spin alignment of the high p vector mesons in polarizedpp collisions at high energies
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Using the same method as that useaire annihilation and lepton-nucleon deep inelastic scattering, we
calculate the spin alignment of vector mesons with high transverse momenta in high pperglisions 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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[. INTRODUCTION e*e” annihilation at theZ® pole, and the effect is more
significant for the large momentum fraction region. A simple
Spin effects in high energy fragmentation processes havetatistical mode[17] based on spin counting gives the result
attracted much attention recentlsee, e.g., Ref§1—-12 and  poo=1/3. AQCD-inspired model is given in RfL8], where
the references given thergirOne of the important issues is a fast quark combines with a soft antiquark to form a vector
the study of spin transfer from the fragmenting quark to theneson, and the soft antiquark preferentially has the same
produced hadrons. It can be studied by measuring the polaRelicity as the fast one. This model leadspip=0. Another
izations of the hadrons produced in the fragmentation of anodel [19] describes the production of vector mesons
polarized quark. Hyperon polarization has frequently beerfhrough the channej—qV, with the vector meson coupling
used in this connectiof2—10]. On the other hand, it has to the q_uark like a vector c_urren_t. In this case, the helicity-
been pointed oufL1,19 that the vector meson polarization CONServing vector current gives risedgy,—1. None of these
can also be used for this purpose since the polarization of Bred|ct|ons is consistent with the dd(E6]. - .
vector meson can also be studied easily in experiments. Fur- In & recent papefl1], we calculated the helicity density

thermore, compared with the hyperon, the production rate O?jath of VeCtOE mesons |ncllu5|ve|y perucedeﬁe annk-
. . o hilation at theZ” pole by taking the spin of a vector meson
a vector meson is usually higher and the origin is simpler,

oo hat contains a fragmenting quark as the sum of the spin of
because of the much smaller contribution from the dec_ay.o he polarized fragmenting quark and that of the antiquark

: ) ST i Breated in the fragmentation process. By comparing the re-
in calculations and better statistics in experiments. Thereforgy ;s obtained with the dafa6], we showed that the experi-

study of the polarization of vector mesons may provide USyental results fopg, imply a significant polarization for the

with important information for understanding the role of spin antiquark that is created in the fragmentation process and

in hadronic reactions. _ _ combines with the fragmenting quark to form the vector me-
The polarization of a vector meson is described by theson. It should be polarized in the opposite direction to that of

spin density matrixp or its elemenpp, . wheremandm’  the fragmenting quark, and the polarization can approxi-
label the spin component along the quantization axis, usuallyhately be written as

thez axis of the frame. The diagonal elemepts, pog. and

p_1_, for the unit-trace matrix are the relative intensities of P,=—aPy, (1)

the meson spin component taking the values 1, 0, and

—1, respectively. In experimentsgy can be measured from where a~0.5 is a constantP, is the polarization of the
the angular distribution of its decay products and a dEViatiOQntiquark in the direction of movement of the fragmenting
of pgo from 1/3 indicates spin alignment. In the helicity ba- quark, andP; is the longitudinal polarization of the frag-
sis, i.e., in the case that theaxis is chosen as the moving menting quark of flavof. The results fop, obtained from
direction of the vector meson, the matrix is usually called thehe above relation are in good agreement with the data for
helicity density matrix, angqo represents the probability of different mesons. Since the calculations are rather straight-
the vector meson to be in the helicity zero state. Measureforward, the relation given by Eql) can be considered as a
ments have been carried out in different reactifif®-16,  direct implication of the dat&l6] in e"e~ annihilation. It

in particular, ine"e” annihilation at the CERNe"e™ col-  implies that there exists a spin interaction between the frag-
lider LEP recently{16]. The data[16] show thatpy is sig-  menting quark and the antiquark during the hadronization
nificantly larger than 1/3 for vector mesons with laand  process. It would be interesting to extend the calculations to
increases with increasing (here z=2p,//\/s, wherepy is  other processes and make further tests to see whether the
the momentum of the vector meson agslis the totale™ e~ relation is universal, in the sense that it is true for quark
center of mass energyThis means that significant spin fragmentation in all different reactions. Hence we made
alignments exist for vector mesons in the helicity frame insimilar calculations for polarized lepton-nucleon deep inelas-

0556-2821/2003/611)/1140139)/$20.00 67 114013-1 ©2003 The American Physical Society



XU QING-HUA AND LIANG ZUO-TANG PHYSICAL REVIEW D 67, 114013 (2003

tic scattering(DIS) and polarizedbp collisions. The results (n(z|A, 1)) (n(z|B))

for DIS was given in Ref[12]. In this paper, we present the pV(2)=2 WPV(A-f)+ WPV(B), 2

calculations and results for highy vector mesons in polar- !

ized pp collisions, where the factorization theorem can be

used so that fragmentation effects and other effects such a¢here(n(z|/A,f)) andp”(A, f) are, respectively, the average

those from the structure functions can be studied separatelpumber and spin density matrix of the vector mesons from
Compared with those in lepton-induced reactions such a8roup A; (n(z|B)) and p¥(B) are those from group B;

e*te” annihilations and DIS, the study of highy vector (N(2))==¢(n(z|A,f))+(n(z|B)) is the total number of vec-

mesons |rpp collisions has the fo"owing propertie@‘) The tor mesons; and is the momentum fraction of the initial

hard scatterings involved are strong interaction processedtark’s momentum carried off by the vector meson. The av-

rather than the electroweak processes in the lepton-inducedfage numberén(z|A, f)) and(n(z|B)) are independent of

reactions, so the corresponding cross section should in geff?€ spin properties and can be calculated using an event gen-

eral be larger. Furthermore, the luminosity of the incomingerator based on a fragmentation model which gives a good

proton beams can in general be made higher than that fétescription of the unpolarized data. We used the generator

leptons. Hence, the statistics in experiments can be béjer. PYTHIA [20] in our calculations.

Not only longitudinally but also transversely polarized In terms of the cross section and fragmentation functions

quarks can be produced, so that we can study the propertigésually used, Eq(2) has the following form:

in both cased3) There are many different hard subprocesses

which contribute to the highpy hadron production. This

makes the study more interesting and, at the same time, more > DY(2)pVY(A, f)oere —qte
complicated than in lepton-induced reactions. For example, NN

gluon fragmentation is also involved here, which is unclear p(2)=

even for the unpolarized case. It is very important to know Z DV/f(Z)Ue+e’ﬂq?q7f)

whether its contribution is significant in different kinematic

regions. We first make an estimation of it in the next section 5 v

using a Monte Carlo event generator and then present the Z Dvii(2)p"(B)e+e .0
calculation method for the spin alignment of vector mesons + , 3
in pp collisions. In Sec. lll, we calculate the spin alignment Duye(z o

of vector mesons with higlp; in the helicity frame inpp Z vif(Z)Tet el
collisions with one longitudinally polarized proton beam and
present the results. In Sec. IV, we extend the study to the the A B , ,
spin alignment of highpr vector mesons for the case that WhereDy;;(2) andDy((2) are the fragmentation functions

one proton beam is transversely polarized. Finally, a shor?]c the ':\'t'al dtuark_?rf] (ant|quezrl§ 'TO ;/_ector mesctj_nsl O_f
summary is given in Sec. V. groups A an with momentum fraction respectively;

Dy,s(2)=D%,;(z)+ D,((2) is the usual fragmentation func-
tion; Oete—qlq? is the cross section of the processe™

II. THE CALCULATION METHOD —0{q;. We see thaD{(2) o+ oo is just the cross
In this section, we first summarize the calculation methodsection of the production of the mesdwhich contains the
for the spin alignment of vector mesons that was used irnitial quark via the fragmentation of thiflavor quark in

e’e” annihilation, and then extend it to inclusive high e+~ anninilation, i.e.ete”—q%q?—V(q%g)X. It is pro-

vector meson production in longitudinally polarizpg col- portional to the average numbgn(z|A,f)) in Eq. (2). The
lisions. denominator is the total cross section of inclusive vector me-
son production, which corresponds(i(z)) of Eqg. (2).

There are many different possibilities for the production
of the vector mesons in group B; we take them as unpolar-
, The calculation method for vector mesons produced inged, i.e.,p"(B)=1/3. For those vector mesons from group

e’e annihilation was presented in Refll]. The main A, i.e., those that contaiq? and an antiquarlacreated in

; . . L
pplnts are summarized as fOHO.WS' Feore™ annihilation at a the fragmentation, the spin is taken as the sum of the spins of
given energy, we need to consider vector mesons produced Iy

the fragmentation of a polarized initial quaq? of flavorf 4 andq. The polarization ofj; is taken as the same as that

dqf larized initial ant @ Th larizati ¢ before the fragmentation. Then the spin density matrix
an rggn a polarized initial antiqua . The polarization o pY(A, ) can be calculated from the direct product of the spin
a? or g is a given constant which can be calculated usin q

Yensity matrix a for q° and p® for g. Transforming the
the standard model for electroweak interaction. To calculate y P qr andp q g

(Om 0
the spin density matrices of these vector mesons, we divid@irect productp®ii=p%@p? to the coupled basigs,s,)
them into the following two groups and consider them sepa{wheres=s+s%), we can obtain the spin density matrix of
rately: (A) those that contain the fragmenting quaﬁc (B) the vector mesopV(A, f). In the helicity frame ofq?, ie.,
those that do not contain the fragmenting quark. The spirthe z axis is taken as the direction of movementasf, the
density matrixp"(z) for the vector mesoWV is given by density matrix of the vector meson of type A is given by

A. eTe™ annihilation process
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1+Ps .
(1+Pp)(1+Py \/E (PX—IPy) 0
(1+Py) ) 1-Ps )
pV(A!f):?)_l_JI;fP 2 (PX+IPy) (1_prz) W(Px_lpy) , (4)
0 1_—\/;(Px+iPy) (1-P)(1-P,)

where P; is the longitudinal polarization of? and P contribution of gluon fragmentation is indeed much smaller

—(Py.,P,.,P,) is the polarization vector of the antiquaﬁﬁ than that of quark fragmentation, especially for the large

Hence, the 00-component of the density matrix takes théegion (7 i§ the psgudorapidity of the_ veptor_me?wﬁhus,
as we did in studying hyperon polarization in high jets

followi imple form:
ofiowing simple form [10], we neglect the contribution of polarized gluon fragmen-

pe A F)=(1—P:P,)/(3+PP,), (5) tation to the s_pin_alignment of vector mesons and con;ider
only the contribution of the polarized quark’s fragmentation.
in which there is only one unknown variabig,, the polar- For quark fragmentation, we can use the same method of
ization ofq along the moving or polarization directionqf.  calculating spin alignment as that useckine™ annihilation.

Using Egs.(2) and (5), we can determin®, in different 10 do it, we need to know the polarization of the outgoing
cases by fitting the dafd 6] in e*e~ annihilation at thez®  quark in the hard subprocess. This quark is also longitudi-
pole for the production of different vector mesons. As men-nally polarized when one proton beam is longitudinally po-
tioned in the Introduction, we founfll1] that the data for larized and its polarization can be calculated in perturbative
different vector mesons can be fitted reasonably if we tak@CD (PQCD. The polarization obtained can be written as
P, satisfying the relation given by Edql). Now we insert

2 _ in 2
Eg. (1) into Eq.(5) and obtain thaf21] Pa(Xa,Q%Y) =Di(y)Pq (X2, Q%) (8)
poAF)=(1+aP?)/(3— aP?). (6)  whereD(y) is the longitudinal polarization transfer factor
in the scattering from the incoming parton to the outgoing
Finally, from Egs.(2) and(6), we have parton; D (y) is a function only ofy which is defined ay
) =k (ka—k¢)/K4- kp for the subprocesab—cd, wherek,,
V=S 1+aPf (n(z|A, 1)) L1 (n(z|B)) (7)o, ke, andkq are the four-momenta of the partoasb, c,
Pod T 3—aP? (N(2)) 3 (n(z)) ° andd respectivelyD, (y) has been calculated using PQCD

and the leading order results can be found in many publica-
tions, for example, in Ref.10]. We take the partoa as the
parton from the polarized proton beam, and the polarization
of the incoming partona is given by Pa”(xa,Qz)

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

Now we come to the higlp; vector meson production in
polarizedpp collisions. Such vector mesons come mainly ,

o 1

from the fragmentation of outgoing partons in hard scattering§ E

subprocesses. The outgoing parton can be a gluon or a quarE

and the cross section of the gluon-involved subprocess is©

even larger than others. However, the gluon distribution and2 09

fragmentation functions are both poorly known yet, espe-

cially for the polarized case. Fortunately, the momentum

fractions carried by the gluons in a proton are usually very 10? E=500 GeV 3

small, so the gluon contributions to very high hard scat- Pr>13 Gev [ el i
tering subprocesses are suppressed. In addition, it is know 1o £ ——fromquarkjet 1 | ]
that the gluon fragmentation function is softer than the quark A from glion Jet ©
fragmentation function. Consequently, for the final hadron [, . | ,(a,) 1 ol o
production with highpy, the contribution from gluon frag- -2 0 2 -2 0 2
mentation is much smaller than that from quark fragmenta- n n

tion [10]. To see it numerically, we calculated these contri- k|G, 1. (a) Contributions of quark and gluon fragmentation to
butions usingPYTHIA. In Fig. 1, we show the results for ,° production, andb) the ratio of the quark fragmentation’s con-
inclusive p° production withpr>13 GeV at\/'s=500 GeV tribution to the total rate ifpp— p°X at S=500 GeV andpr

in pp collisions. We see that, at this highy cutoff, the >13 GeV.
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=Aq(%,,Q9)/q(%,,Q%), whereAq(x,,Q?) andq(x,,Q? are  we also divide them into two groups A and B according to
the helicity and unpolarized distribution functions at momen-whether or not they contain an outgoing quark in the hard
tum fractionx, and scaleQ?. Therefore, the longitudinal scattering and consider them separately. The difference is
polarizationPy, is a function of the variables,, Q?, andy. that now the fragmenting quark is an outgoing quark in the
Since we are now discussinmp collisions with one polar- hard scattering subprocesses and its polarization is not a con-
ized beam, it is clear that the outgoing quarks with positivestant. It depends on the origin of this quark and is given by
momenta in the direction have a much larger probability of Eg. (8). Obviously, it is a function ok,, Q?, andy. Hence,
being polarized than those with negative momenta when thgq, for vector mesons of group A should also be a function of
positive axis ofz is taken as the direction of the incoming x,, Q?, andy and it is given by
polarized proton. v 5 5 )
pOO(Xan vy|A):(1+an)/(3_an)- (9)

C. Spin alignment in longitudinally polarized pp collisions To obtainpgy for vector mesons at a given pseudorapidity

As we did fore"e™ annihilation, to calculate the spin 7, we need to replace the products in E8). with the cor-
density matrix of the higlp; vector mesons ipp collisions,  responding convolutions, i.e.,

2 [DY(20)® V(A 1)+ DY(20) 99" (B) 1@ 0pp-qyx

V()

Z DV/f(ZC)® Tpp—q;X

To write it more precisely, we have

f dsz%ddxadxbfa<xa,uz>fb<xb,;ﬂ)(d&/d MIDYre(Ze 1) pool A, ©) + DY (26, 1% pog(B) ]
pod 1) = - . (1
fdsz%d AXa X f a(Xa, 122) Fp(Xp , %) (da/d ) (@ab—cd)Dye(Ze , 1?)

wherepy is the transverse momentum of the vector mesongalculation in this procedure is expressed as
fa(Xa, %) and f,(xp,, %) are the unpolarized distribution .
functions of partons andb in the proton at the scale; x i

andx are thg corresponding morﬁentum fractions I(ﬁ:]ie\rriaed by pgo( )= .21 poola Q" YIA) + §N(77|B) N,
aandb; Dy,(z.,u?) is the usual fragmentation function of (12
parton ¢ into vector meson V, DC,C(ZC,,uZ) and

DE, (z.,u?) are those of partor into vector mesons of whereN(7|A) and N(7|B) are the numbers of vector me-
groups A and B, respectively; is the momentum fraction of SONS Of groups A and B as a function of, and N(z)

. - . =N(7|A)+N(7|B) is th | number of v r mesons.
partonc carried by theV produceddo/d» is the cross sec- (7A) (7]B) is the total number of vector mesons

V . . . . ._
tion at the parton level. The cross section of the hard subpro-l-—he results foipgg( ) in longitudinally polarizedpp colli

cess can be calculated using perturbative QCD. The summarons are presented in the next section.
tion in Eq.(11) runs over all possible subprocesses.

The fragmentation functions are independent of the spin”" RESULTS FOR THE LONGITUDINALLY POLARIZED
properties and can be calculated using an available Monte CASE
Carlo event generator. In practice, we genergig &ollision
event and then search for the produced vector m&sae  |5te the py,s for different vector mesons ipp collisions

then calculate its contribution top(#) by tracing back its  ith one proton beam longitudinally polarized. We now sum-
origin. If the vector mesofV belongs to group B, then its marize the results obtained. Using the generataria [20],
contribution topyy( ) is given bypo(B)=1/3. If it belongs  we first calculate the different contributions to vector meson
to group A, we then need to further trace back the origin ofproduction, i.e., those of groups A and B. As an example, we
the fragmenting quark to calculate its polarizati®p using  show the results forK** at \/s=500 GeV and pt

Eq. (8). We insertP, into Eq. (9) to get the contribution 13 GeV in Fig. 2. From these results, we can see clearly
poolA) of such vector mesons tayy( 7). After running the  that the decay contribution is indeed very small. The contri-
program for a sufficiently large number of events, we obtainpution of those vector mesons containing an outgoing quark
the final pyy(7). In terms of a mathematical formula, the in the hard scattering subprocess is very high, even larger

N(7|A)

Using the method described in the last section, we calcu-
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~ 1 thed quark| Ad(x,Q?)/d(x,Q?)| is smaller than that of the

' : quark|Au(x,Q?)/u(x,Q?)|.

c We can also make calculations for other vector mesons,
08F such ak* ~, K*° and¢. However, since these mesons do
075 not containu or d valence quarks, which dominate the high

r pt hadron production i p collisions, their production rates
06k at high py are small. This makes the statistics much worse
than those foK* ™, K*°, p*, andp®. For the same reason,
0.5} the s quark distribution is much more important. Hence, the

f —— containing hard u ] spin alignments for these mesons are much more sensitive to
04F  ------- containing hard sbar — = . . . .

A decay contribution ] the helicity distribution of the strange quark in the nucleon,
03F oo contalning hard u or sbar 3 which is less precisely determined yet. It is thus not a good

s e ] choice to study the spin transfer in a fragmentation process
02 I P E by measuring the spin alignment of these mesons. But it is
o1E 3 possible to use them to study the helicity distribution of the

: T strange sea in a nucleon if they can be measured with good

g S R e R 3 accuracy.
n

IV. RESULTS FOR THE TRANSVERSELY POLARIZED

FIG. 2. Different contributions toK** production in pp CASE
—K**X at s=500 GeV andp;>13 GeV as functions ofy.
Here “containing hardu” and similar denote the contributions of
those vector mesons containing the outgoing quark from the har
scattering subprocess.

When one of the proton beams is transversely polarized,
Hwe incoming quarla for the elementary hard scattering pro-
cess can also be transversely polarized in the same direction.
Its polarizationP . is determined by the transversity distri-

. , bution function[22] 8q(x,,Q?) and the unpolarized distri-
than 90% for the largey region. The results for thgyg's for bution function q(%,,Q?), ie.. P,

different vector mesons are shown in Fig. 3. We see that the: 2 P . Lal
spin alignments foK* *, p=, andp® are significantly high. . 90(xa,Q7)/A(xa,Q%). There is no gluon transversity dis

- . . tribution at leading twisf22]; thus the incoming gluon in the
Tge fzooojgbt?;]n.ed for t-heseTrr]nesqns |nc|rease frpm |.1/3 t ard scattering is not transversely polarized, which is differ-
a OLf{. .th wi '?Creas".‘@- : ereth neartty nc:jspm i'gn' ent from the longitudinally polarized case. The transverse
ment in the negative; region sSince the scatlered quark mov- polarization can also be transferred from the incoming quark
ing in the negativez direction is almost unpolarized. The

S . ; " to the outgoing quark in the hard scattering. The polarization
*0

Spin a_lllgnment_ forK _|s_smaller in both the positive _and direction of the outgoing quark is also transverse to the di-

negative n regions, this is becauseg quark fragmentation

domi %0 product hi dth Irizati ¢ rection of motion of the quark but is in general different from
ominatesK*™ production at higipr and the polarization of 5+ of the incoming quark. Both the magnitude and the di-

rection of the polarization of the outgoing quark can be cal-
T culated[23] using PQCD for the hard elementary process.
] The results are summarized in the following.
We recall that, for a quark with transverse polarization
P.t, the spin density matriyx, in the helicity basis is given
by

0.5 ——

>§ T '(b)IK_'ol

— T
(@K™

045F
04f
035}

0.3 ——1

RETEE P.re ¢

04s| pgn)zi Pare'’ 1 : (13
0.4F

F where ¢ is the angle between the polarization direction and
the x axis. Thexy plane is perpendicular to the direction of
P R T R TP T TR N TN S TN R T motion of the quark, which is taken as thelirection; and

3 2 4 0 1 2 4 2 4 0 1 2 3 the x axis is taken as the direction normal to the scattering

L plane. The spin density matrix of the outgoing quark in the

helicity basis can be obtained fropg”) given in Eq.(13)
and the helicity amplitudes of the scattering. The result is
given by[23]

035}

FIG. 3. Spin alignment of different vector mesons wibh
>13 GeV inpp— VX at \/s=500 GeV in the helicity frame when
one proton beam is longitudinally polarized. The standard LO set o

GRSV200(027] and LO set of GRV9828] are used for the helicity 1 P.D (y)e_i¢

and unpolarized distribution functions respectively. The sgais . 1 . ar=t

taken as the transverse momentum of the hard scattering subpro- pq_i PaTDT(y)e'¢ 1 J (14
cess.
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whereD+(y) is the real function of/ defined in Sec. II B for hilation data[16]. It shows that the antiquark that combines
the scattering and is called the polarization transfer factomnwith the fragmenting quark to form the vector meson is po-
D+(y) values for different subprocesses have been calculatd@rized in the opposite direction to that of the fragmenting
using PQCD and can be found, for example, in R28]. quark. To test whether the relation is true in general for the
From Eq.(14), we see that the outgoing quark is also fragmentation of a longitudinally polarized quark in any high
transversely polarized. The magnitude of the polarization i€nergy reaction, we extended the calculations of the spin
given byD(y)P,7, i.e., alignment of vector mesons to other lepton-induced reactions
in [12] and to longitudinally polarizeghp collisions in the
Pqr(Xa ,Q2y)=D1(y)- 8q(X,Q)/q(x,,Q%). (15 previous sections. Now we further assume that the relation is

o ~_also true for the fragmentation of a quark polarized in any
We see also that the angle between the polarization directiogirection, i.e., we extend the relation to

and thex axis remains the same before and after the scatter-

ing. More precisely, the polarization vector of the outgoing |5§: - a|5q. (16)

quark is in the plane transverse to the direction of motion of ] ) ] )

the quark, and the angle between the polarization directio§Ve use this relation to calculate the spin alignment of the

and the normal to the scattering plane is the same as that f§€Ctor mesons in transversely polarizeg collisions so that

the incoming quark. In other words, the direction of trans-this extension can be tested in future experiments. The cal-

verse polarization of the incoming and that of the outgoingculations are carried out in a way similar to that in the lon-

quark are related to each other by a rotation around the nofitudinally polarized case. We now present the calculations

mal to the scattering plane, which changes the direction ofnd the results in the following two different frames.

motion of the quark from the incoming to the outgoing di- (1) In the helicity framein the helicity frame of the out-

rection(cf. Fig. 2 of Ref.[23]). We note that the direction of 90ing quark of the hard scattering, its spin density matrix is

polarization of the outgoing quark depends not only on the?ff diagonal and is given by Eq(14). From the relation

scattering angle but also on the azimuthal direction. In congiven by Eq.(16), the spin density matrix of the antiquark

trast, the magnitude of the polarization depends only on théhat combines with the fragmenting quark to form the vector

scattering angle. The dependence is given by the correspontl€son I1s

ing spin transfer functio®+(y), which is a function only of 1 —aP e 1?

y defined above. 1 . ; 1
Having seen that the outgoing quarks are also transversely Pa=3| - anTe"" 1 ' (7

polarized if the incoming protons are transversely polarized,

we now discuss the spin alignment of the vector meson¥Ve build the direct product gf, given by Eq.(14) with pg

produced in the fragmentation of such quarks. We recall thagiven by Eq.(17), transform it to the coupled basis, and

the relation given in Eq(1) is obtained for the fragmentation obtain the spin density matrix of the vector meson of group A

of longitudinally polarized quarks by fitting the"e™ anni-  as

1 ) )

' ﬁPqT(l—a)e*"b —aPgre Y
1 ) 1 )

1 - _ i} _ 2 - _ —i¢
h _ P,1(1— )€ 1-aP P,(1—a)e
e A 1
q
_ 1 .
_ apgTeZHﬁ EPqT(l_ a)el¢ 1

where the superscriggh) denotes the helicity frame. Hence, nitude of the transverse polarizatid®,r and thus on the
pM(A) for such vector mesons in the helicity basis is givenvariablesx,, Q2, andy. We see also thai{)(A) is smaller
by than 1/3, which is different from the results in the longitudi-
nally polarized case. This shows that, if the fragmenting
pgg)(xa,Qz,y|A)=(1—aPéT)/(3—aPéT). (190  quark is transversely polarized, the vector meson produced
should have a larger probability of being in the helicityl
We can see that, as can be expected, if we look only at the (8&lates. As long as there exists a contribution of the vector
component of the spin density matrix, the result is indepenmesons of group A, the final results fpg(‘))(n) in this frame
dent of the azimuthal direction of the transverse polarizationshould also be smaller than 1/3. We know from Fig. 2 that

i.e., independent of the angée It depends only on the mag- the contributions of group A increase with increasingso

114013-6



SPIN ALIGNMENT OF THE HIGHp; VECTOR MESONS . .. PH®ICAL REVIEW D 67, 114013 (2003

we expect a decreasinghy(7) as 7 increases for vector >g 04r—
mesons such a§* * andp™. It is significantly smaller than 035 F
1/3 for large . Hence, measurements pg(‘))(n) of vector
mesons in transversely polarizpg collisions should give a 03
good check of the extension of the relation of Et). to the
transversely polarized case. :
(2) In the transversity framelo compare with the results 0.2 |——4
in the helicity frame for the longitudinally polarized case, we :
also calculate the spin alignment of the vector mesons in the ;
transversely polarized case in the “transversity frame.” In 03F
this frame, similar to the helicity frame for the longitudinally ;
polarized case, we take tligansversgpolarization direction
of the fragmenting quark as the quantization axis. Thespin  gpbo v v v v v 0 v 0 o ¥ 0 0 00 00 000
density matrix of the outgoing quark and that of the anti- sz -

K

025}

025 + E

quark are both diagonal in this frame, and they are given by m
1 1+PqT 0 FIG. 4._ Spin alignment of differe_nt vector_ mesons wiph
W_= B (20) >13 GeV inpp—VX at \/5.: 500 GeV in the he!|C|ty frame w.her.l

Pq 2 0 1-Pgr > one of the proton beams is transversely polarized. The solid lines

denote the results obtained using the light-cone quark-spectator
1—aP 0 model for §q(x); the dotted lines correspond to the results obtained
0) 1 ar using the upper limit in Soffer’s inequality.
Pe =35 0 1+ aPgr | (2D

different vector mesons. The polarization direction is deter-
where the Superscrimt) denotes the tranSVErSity frame. We mined by Eq(l4) In practice, we first find the normal di-
see that they have completely the same form as those for th@ction to the scattering plane and then determine the polar-
corresponding quarks and antiquarks in the longitudinallyization direction according to the rules described below Eq.
polarized case in the helicity frame. The corresponding spiQ15)_ (cf. also Fig. 2 of Ref[23].) The moving direction of

density matriXp(‘)((,tA)\), which can be obtained from the di- the fragmenting quark can be replaced by the thrust axis of
rect productog‘)@pa , is also diagonal, and the result for the the quark jet.

00 componenp{(A) is given by Inserting Eqs(19) and (22) into Eq. (12), we can calcu-
© 5 5 5 late poo( ) for different vector mesons in the above two
Poo(Xa,Q%Y|A)=(1+aPg)/(3—aPgr). (220 frames inpp collisions with one beam transversely polar-

() . , . ized. For these calculations, we first need to calcul%ée
We note that, sincg™(A) is diagonal in the tran(sh\)/ersny using Eq.(15). So far, the transversity distributiafg(x,Q?)
frame, (t)there is a simple relation betweepgy (A) s not known yet. In order to get a feeling for how large the
and P_oo(A)(h) The relation can easily be obtained gpin alignment can be, we make an estimation using the
by using pog(A) =(h=0[p(A)[h=0)=Zp m(h=0/mr)  simple form for 5q(x) in the light-cone SIB) quark-
X{(my|p(A)|m;)(mi|h=0) and <mT|P(A)|m+>:Pf:])T,m; E;))/ectator moddI24] as input. In this modeldq(x) is given
:pg)Tva‘smT'mé' (Here, h denotes the helicity anchy,m;
denote the spin components along the quantization axis in
the transversity framglt is given by

200 (%4, Q% Y|A) +pR(xa,QEY|A)=1. (23

We see thap{)(x,,Q% y|A) can also be obtained from this
relation and the result fop{(x,,Q?y|A) given by Eq.
(19). We also see that the{)(x,,Q?,y|A) given by Eq.(22)
is in general larger than 1/3. This means that the probability
for the produced vector mesons to be in spin states that are
transverse to the moving direction is smaller. We see thahvherelT/IS(x) and Mv(x) are related to the Melsh-Wigner
although the values of p{(x,,Q%y|A) and rotation, which can be calculated according to the procedure
pW(x,,Q%y|A) are different, they represent the samegiven in[25]. The results obtained fqsg(7) for different
physical meaning. vector mesons af's=500 GeV andp;>13 GeV in the he-
We should note that, to measus§) in experiments, we licity frame are shown in Fig. 4 and those in the transversity
need to determine the quantization axis in this frame. Sincérame are shown in Fig. 5. For comparison, we also show the
the quantization axis is chosen as the polarization directionesults obtained by taking the upper limit 6§(x,Q?) in
of the quark before fragmentation, it can be different forSoffer’s inequality[ 26]

~ 1 ~
M)~ 5,00 My(),

1
0, ()~ 50,0

Ou,(X) =

1 ~
5dv(x):_§dv(X)MV(X)r (24)
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FIG. 5. Spin alignment of different vector mesons wibh
>13 GeV inpp—VX at ys=500 GeV in the transversity frame
when one of the proton beams is transversely polarized. The soli
lines denote the results obtained using the light-cone quark
spectator model fofq(x); the dotted lines correspond to the results
obtained using the upper limit in Soffer’s inequality.

FIG. 7. The same as Fig. 5, but fpr>8 GeV.

Bolarized case to ensure a small contribution of gluon frag-
mentation is unnecessary now. Here, only a relative lpigh
cut is required to ensure the validity of PQCD. We therefore
also make the calculations fpr>8 GeV at/s=500 GeV

and the results are given in Fig. 6 and Fig. 7. The results are
very similar to those obtained in the case of the highecut

1
|80(x,Q%)|< §[AQ(X,Q2)+OI(X,Q2)]- (29
pr>13 GeV.

From these figures, we see that, in the helicity frame, the
pooS Of vector mesons are smaller than 1/3 in the large
region, but the effect is not very significant. In the transver-
sity frame, however, thpogs of K* ¥, p=, andp® are larger In summary, we calculated the spin alignment of vector
than 1/3 and increase to about 0.5 with increasjpgvhich  mesons with higlp+ in high energypp collisions with one
is similar to the results for the longitudinally polarized case.longitudinally polarized beam by taking the spin of the vec-
However, the results fok* %'s pyo in both frames are much tor meson as the sum of the spin of the scattered quark and
nearer the unpolarized case of 1/3. This is becausedthe that of the secondary antiquark produced in the fragmenta-
quark fragmentation dominates tKé& %’s production at high  tion process. The results for different vector mesons at RHIC
pr, and, according to Soffer’s inequalifyjd(x,Q?)| should  energy are presented. These results show that quite signifi-
be small, sinceAd(x,Q?) is negative for the valence quark. cant spin alignment exists fdt* *, p=, and p°. We also

As we mentioned above, the gluon is not transverselystudied the spin alignment of vector mesons in the case that
polarized, so it is much safer to assume that there is none of the proton beams is transversely polarized. Using the
contribution of gluon fragmentation to the spin alignment of same method as that in the longitudinally polarized case, we
vector mesons in transversely polarizegol collisions. There- obtained the results in the helicity and the transversity
fore, the highpy cut that we invoked in the longitudinally frames. The results show that, in the largeegion, thepgy's

in the helicity frame are smaller than 1/3, while thg's in

V. SUMMARY

>3 04— '(a)IK_"I T

0.35
0.3F

0.25 |

'(b)l KO

0.25 |

.2:.I.I.I.
0.2 L~

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

the transversity frame are larger than 1/3. The magnitude of
the effect depends on the transversity distribution of the
quarks in the proton. It is expected to be more significant in
the large» region. Its measurement can provide useful in-

formation about spin effects in strong interactions and the
spin structure of the nucleon.
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