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Spin alignments of vector mesons in deeply inelastic lepton-nucleon scattering
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We extend the calculations of the spin alignments of vector mesoasdn annihilation in a recent Rapid
Communication to deeply inelastic lepton-nucleon scatterings. We present the results for different mesons in
the current fragmentation regions af N— u~ VX at high energies and,N— x~ VX at both high and low
energies. We also present the predictions#fgN— u~VX at NOMAD energies in the target fragmentation
region using a valence quark model.
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Spin alignments of vector mesons in high-energy reac- In this paper, we extend the calculations to deeply inelas-
tions have attracted much attention recepily 8]. Since the tic lepton-nucleon scattering®IS) and present the results
influences from the decay of heavier hadrons are relativelyor poy's of different mesons in different cases. We now start
small and the production rate is in general higher than that obur calculations by summarizing the main points of the
the hyperon, such studies provide important information formethod in Ref[8]. To calculate the density matrix of vector
the spin effects in the fragmentation process, in particula@mesons which are produced in the fragmentation of a polar-
the spin transfer from the fragmenting quark to the producedzed quarkq?, we divide them into the following two groups
hadrons. Measurements have been carried out in differerind consider them separatelg) those which contain the
reactions[1—4] in particular ine*e~ annihilation at the fragmenting quarlq?, and (b) those which do not contain

CERNe*e™ collider LEP recently{4]. The data show that the fragmenting quark. The spin density matpX(xg) for
the vector mesons produced éfie™ annihilation at theZ®  the vector mesow is given by

pole have a large probability to be in the helicity zero state,

and the effect is more significant for large momentum frac- =« (n(xgla,f)) |, (n(xg|b)) |,
tion region. p (XF)—Z o)y P (a’f)+—<n(xp)) pY(b),
In a recent papel8], we calculated the spin density ma- )

trix of vector mesons ire" e~ annihilation atz® pole by
taking the spin of vector meson which contains the fragmentwhere(n(xg|a,f)) andp"(a,f) are the average number and
ing quark as the sum of the spin of the polarized fragmentingpin density matrix of vector mesons frofa), (n(xg|b))
quark(antiquark and that of the antiquariquark created in  and pY(b) are those from(b), (n(xg))==¢(n(xela,f))
the fragmentation process. Compared with the dldtawe  +(n(xg|b)) is the total number of vector mesons, andis
showed that the experimental results fgp, i.e., the prob- defined asxc=2p3 /W, p; is the momentum of vector me-
ability for vector meson in the helicity zero state, imply a son in thez direction in the center-of-mass system of total
significant polarization for the antiquartquark which is  hadronic system\ is the total energy of the hadronic sys-
created in the fragmentation process and combines with thiem, and thez axis is taken as the direction of the interme-
fragmenting quark to form the vector meson. It should bediate boson. The average numbef®i(xg|a,f)) and
polarized in the opposite direction as that of the fragmentingn(xg|b)) are determined by the hadronization mechnism
quark and the polarization can approximately be written asand can be calculated using hadronization mod&@ as
implemented by the Monte Carlo event generators.
P—_aP 1) The vector mesons from group) are taken as unpolar-
z " ized, thusp"(b) =1/3. For those from groufs) which con-

) tain q? and an antiquarﬁcreated in the fragmentatidgal],
where @~0.5 is a constant for most of the vector mesons iy spin density matrip"¥(a,f) is calculated from the direct

(Here, P, is the polarization of the antiquark in the moving . . g0 0 q —
direction of the fragmenting quark ami} is the longitudinal product of the spin density matrir for q; andpf for q.

(O 0
polarization of the fragmenting quark of flavby Using this ~ Transforming the direct productpfi=p%®p9, to the
result, we were able to fit the data pfys for different  coupled basigs,s,) (wheres=s%+s%, we obtain the spin
vector mesons reasonably. The relation given by(Egcan  density matrixpV(a,f), and the 00-component as
be considered as a direct implication of the daihin e*e™ v
annihilation. It should be interesting to extend the studies to poda,f)=(1=PP,)/(3+P¢P,), 3
other reactions, in particular, to check whether the relation ) o o 0 _
shown in Eq.(1) is also true for the fragmentation of quarks WhereP; is the longitudinal polarization aj¢ andP, is the
in other processes. In this connection, it is encouraging to segolarization ofq in the z direction. We insert the relation
that not only some previous data are available but also newhowed by Eq(1) into Eq. (3) and obtain
measurementfd] can be made by the NOMAD Collabora- v 5 5
tion in v,N—u~ VX poo@,f)=(1+aPf)/(3—aPf). (4)
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FIG. 1. Different contributions t&* * production in the current [

region of u " N—u~K**X atE,=500 GeV. 03"""

Finally, from Egs.(2) and (4), we have Xg
2 FIG. 2. pgo in the current region ofu p—u~ VX at E
pYi(xp) = 1t aPr (n(xela.f)) + 1 (n(x,:|b)). (5) =500 GeV. The straight lines atpo=_1/3 show the unpolarized
T 3—aP? (N(Xg)) 3 (n(X¢)) cases.

Using this result, we obtaineldB] a good fit to the data of . .
pgo’s in e*e annihilation. Now, we apply it to the DIS Using Eg.(5) and the average numbers obtained above,

processes. we calculate they,s for K*0, K**, p* andp®. The results

We first consider the process af p—u~VX. For a suf-  are shown in Fig. 2 for different combinations Bf and PN
ficiently largeW, the hadrons produced in the current frag-in the same kinematic region as in Fig. 1. We see Higs
mentation region are mainly from the struck quark’s frag-increase with increasing: and reach about 0.5 in the cases
mentation. Considering only the leading order subproces8f polarized lepton beam, which is much larger than 1/3 and
u-q—u"q, the polarization of the outgoing struck quark ¢an easily be detected in experiments. However, the magni-

can be obtained from QED and can be found in differentude of pgg's for P'=0 and PN=1 is much smaller than
publications(see, e.g.[12)), i.e., those in other three cases. The reason is that the ratio
Ag¢(x)/g¢(x) is small in the chosen smal region, soP;
P'DL(y)d(x)+PNAg(x) obtained from Eq(6) is small. In contrast, thB | (y) is large

(6)  for the considered large region; it leads to relatively large

= | N '
a(x)+PDL(Y)PTAGH(X) P in the other three cases. Hence, to get reasonably large

whereD (y) is the longitudinal depolarization factor poo- the polarization of the lepton beam is required.
For inclusive meson production in unpolarizeg reac-
Du(y)=[1-(1-y)?/[1+(1-Yy)?] tions, the struck quark is unpolarized. Henés=0 and

peo=1/3 in the current fragmentation region. There have
been measuremerts] for p° with z>0.4 (z= E,/vandvis
the energy loss of the lepton beam in the lab framein-

andy=p-(k—k")/p-k wherep, k, andk’ are the four mo-
menta of the incoming], »~—, and the outgoing. ™, respec-
tively. P' and PN are the longitudinal polarizations of the elasticep scattering aE,=11.5 GeV and the result iso

incoming lepton and nucleon, respectively;(x) and  _g 41+0.08, which is in agreement with the theoretical ex-
Aq;(x) are the unpolarized and longitudinally polarized dis'pectation.

tribu_tion_ functiong. In our _calc_:ulation, _the unpolarized and’ g v,N— u VX, the leading subprocess,q— uq is
Iorj.gltudlnal polarized distribution fu_nctlons are taken as they charged current weak interaction with the exchange of a
Gluck-Reya-Vogt 199§GRV98) leading orderLO) set[13]  \;ra) W+, which selects only left-handed quarks or right-
and the standard LO scenario of @IhﬂReya-Stratmann— handed antiquarks. We haw = —1 for struck quarks and
Vogelsang 2000GRSV2000 [14], respectively. P;=1 for struck antiquarks, whose polarizations reach the

WS use thelge:eratm(lePTo [lfﬂ to c}:o\alculate the alverage maxmum. Hence, we expect larggfys in neutrino DIS than
num ers(n(xF a,f)) an <n()ff+ .)>' S an exampie, We 4, oiher reactions. We calculaﬁé{o’s for different mesons in
show the different orgions d{* ™ in the current fragmenta- : ) _

the current fragmentation region of N—u VX at E,

; ; - —K* T

tion region o.f'“ N—p K% X at the beam energy of EOO =500 GeV and the results are shown in Fig. 3. We see that,
GeV in Fig. 1. We choose the events foQ the o%'s for K** »* ando® increase to about 0.6 with
>5 (GeV/lc)?, 10 4<x<0.2, and 0.5y<0.9 to ensure a Poo P Pl ut 9.5 Wi

. . *O .
reasonably larg®V and a reasonably high polarization of the increasingx . However, thepgo for K* * is much smaller.

. . O . . .
fragmenting quark. We see that, in contrast with hyperonThls is because, fok*", the only contribution of typéa) is

production in the same reacti§h2], the decay contribution from outgoing strucls quark which is a result of the absorp-
is indeed very small. tion of W* by ac in the nucleon sea. It is very small due to

017301-2



BRIEF REPORTS PHYSICAL REVIEW D56, 017301 (2002

>§0.65:I”:+IIlll”l”l::'lllo”ll”.I'”: >§0'65:"'I"'I"'I"'_:"'I*‘;"I"'I"'
os5f @K g3 (b) K ; 055t i (b) K, 1/3+20(p,-1/3)
0-455- -- — o.455 =
035 1 /"“”ﬂﬂi 035
0.255:::I:::I:::}:::ff:::}:::{:::}:::f 0.255:::
0ssE©F" 3 @ e 055
0asf £ ] 045
035 1 E 035
0.255|..I||.I|..I...EE...I...I...I...E 0.255|..I||.I|..I..|::...I...I...I...'
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6 0.8 08 -04 0.0 0.4 08 -04 0.0 04 0.8
Xp Xg

FIG. 5. pgo inv,p—u-VXatE,=43.8 GeV. The solid line
represents the results where the contribution of target fragmentation
is taken into account, the dotted line denotes the results where only
the contribution of the current fragmentation is included. The re-
sults fork*° are the same.

FIG. 3. pgo in the current region ofy,p—u~VX at E,
=500 GeV. The straight lines atyo=1/3 show the unpolarized
cases.

the rarity ofc in the nucleon. Other kinds of contributions
lead only to 1/3 forpg,. For other vector mesons, such as diquark-antidiquark pair is needed for producing hyperons
K*~ andp, there is no contribution of typ@) at all. Their  which contain the struck quark and there should be at least
poos are just equal to 1/3. one more baryon and one antibaryon produced. However, the

It has been pointed out thgt6], at lower energies, such excitation of diquark-antidiquark pair is unnecessary for pro-
as at the NOMAD energies whe(&,)=43.8 GeV, the in-  ducing hyperons which contain one quark of the remnant
fluence of the fragmentation of target remnant to hyperordiquark. At the NOMAD energies)V is only of several GeV,
production is very large, in particular in the smajl region  the probability for the former case should be much smaller
[16]. It has to be taken into account in calculating the hy-than that for the latter. Hence, in thg~0 region, the con-
peron polarization in such energy region. The characteristigibutions from the latter case can dominate. For meson pro-
features of the hyperon polarization in this region are deterduction, to produce mesons containing the struck quark or
mined by this contribution. It is therefore natural to askoneu quark of the remnaniu diquark, only quark-antiquark
whether similar effects also exist for mesons production. Tgair excitation is needed. The probability for the mesons con-
check this we make an analysis usirPTO and the results  taining one quark ofuu diquark to move in the opposite
for v,p—u K* "X atE,=43.8 GeV are shown in Fig. 4. direction of the diquark is rather small. Hence, the influences
We see that, there is indeed a mixture of the contributiorfrom target remnant fragmentation on the spin alignments of
from the mesons containing the struck quark and that convector mesons in current fragmentation region are small.
taining one of the quarks in the target remnant in the region Having the abovementioned results for meson production
nearxg~0, but the effect is much smaller than that for hy- of different origins, we can also calculate their spin align-
peron production. This can be understood easily. We recall

that, in the case of hyperon production, the excitation of>g %8 T T T T T T ]
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FIG. 4. Different contributions t&* * production both in the Xg
current and target fragmentation region @ijM’K**X atg,
=43.8 GeV. FIG. 6. pgoin v,n—u~ VX atE,=43.8 GeV.
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ments by taking the fragmentation of the nucleon remnant-u~ p°X at low energies similar to NOMAD. The data are
into account. The polarization of the quarks in target remnanboth for ps with z>0.4 (z= E,/v). Our results in the same
is unclear. We calculate it in the same way as in RE6] in kinematic region argg,=0.511 foere_,M+p0x and poo
studying hyperon polarization, where a valence quark modek 0,518 for vN,— u~p°X [17]. They are in agreement with
was used. The results obtained fgfys in v,p—u VXat the data and further measurements with high precision are
E,=43.8 GeV both in the current and target fragmentatiorrequired to give a better check of the model.
regions are shown in Fig. 5. We see that, fgr>0, the In summary, we calculate the spin alignments for different
influence from the target remnant fragmentation is indeediector mesons in the current fragmentation regiong oN
very small. Compared with those obtained &, —u~ VX andv,N—u VX at high energies by taking the
=500 GeV, poo of K*© is smaller. This is because at such spin of a vector meson as the sum of the spins of the polar-
low energy, the probability for the outgoing struck quark toized fragmenting quarkantiquark and that of the antiquark
bes is very tiny. For the target fragmentation region, the spin(quark created in the fragmentation process. We also present
alignments are smaller than those in the current region. Théhe predictions for spin alignments im,N— " VX at
results for a neutron target are shown in Fig. 6. ];%5@\5 are NOMAD energies both in the current and target fragmenta-
much smaller in the target fragmentation region than those ifion regions. The results show that there are significant spin
the case of a proton target, because the polarization of th@lignments for most of the vector mesons in the above reac-
quark in the remnantu diquark from a proton is larger than t@ons. Measurements of .them can provide. important informa-
that in the remnantid diquark from a neutrori16]. The  tion for the spin effects in the fragmentation process.
difference_ in the current r_egion is tiny for the two different  \\ie thank Li Shi-yuan, Liu Chun-xiu, Xie Qu-bing and
targets, since the partonic subprocesses are the same aifler members in the theoretical particle physics group of
v,d—p~u dominates others for both targets. Shandong University for helpful discussions. This work was
There have been measureméidfisfor p° in neutrino DIS  sypported in part by the National Science Foundation of
and the results arpgg=0.65+0.18 and 0.6 0.08 in¥N,  China (NSFQ and the Education Ministry of China under
—u"p®X and pg=0.41+0.13 and 0.320.08 in vN,  Huo Ying-dong Foundation.
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