PHYSICAL REVIEW D 102, 034001 (2020)
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The spin alignment of vector mesons produced in high energy reactions is determined by the spin-
dependent fragmentation function D, (z, i) that is shown to be independent of the polarization of the
fragmenting quark. In this paper, we extract the spin-dependent fragmentation function Dy, (z, piy) from

data on the spin alignment of K** in e*e~ annihilation at the large electron-position collider (LEP) in two
different scenarios and apply them to make predictions in pp collisions. We make detailed analysis of
contributions from different subprocesses and show that the spin alignment should be quite significant also

in high energy pp collisions.
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I. INTRODUCTION

The spin dependence of fragmentation functions (FFs) is
one of the important aspects in high energy spin physics
and plays an important role in studying the properties of
QCD in general and the hadronization mechanism in
particular. So far, as the polarization of produced hadrons
is concerned, two classes of polarizations have been often
studied, i.e., the vector and the tensor polarizations. The
former can be studied by measuring the polarization of
hyperons via their spin self-analyzing weak decays, and the
latter is studied via strong decays of vector mesons into two
pseudoscalar mesons. The tensor polarization is usually
decomposed into five components. Among them, the S;;
component is directly related to the probability for the third
component of spin to take zero that is called the spin
alignment. The spin alignment of vector mesons has been
measured in e"e” annihilations and other high energy
reactions [1-8].

Comparing with that of parton distribution functions
(PDFs), we know even less about the spin dependence of
FFs. Among different aspects, hyperon polarizations are
best studied both experimentally [9-26] and phenomeno-
logically [27-47]. Parametrizations of the corresponding
spin-dependent FFs have been proposed [48].
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For the tensor polarization of vector mesons, the study has
in fact two advantages: 1) There is little contamination from
decay processes. 2) No decay parameter is involved in the two-
body strong decay of the vector meson so that there is no
uncertainty caused by the decay parameter [26] and the
measurement efficiency is high. Measurements have been
carried out on the spin alignment and also the off-diagonal
components in high energy reactions [1-8]. We have in
particular data on the spin alignment with relatively high
accuracy from experiments at large electron-position collider
(LEP) [1-4]. The data show an evident spin alignment of
vector mesons produced in et e~ annihilations and triggered
many phenomenological studies [49-56]. Since the collision
energy is at the Z° pole, the fragmenting quark and antiquark
are highly polarized. Therefore, it was quite natural to attribute
the spin alignment to the polarization of the parent quark
and/or antiquark. Most of the phenomenological efforts have
been accomplished following such a perception [53-56].

Recently, progresses in the theoretical study have been
achieved in particular in the formal QCD description
of the spin dependence of FFs [57-67]. In the QCD field
theory, FFs are defined via Lorentz decompositions of
the quark-quark correlator. A systematic study of such
a decomposition has been accomplished [63,64], and
the results show in particular that the spin alignment is
determined solely by the S; ;-dependent FF D;;; and Dy;
is independent of the spin of the fragmenting quark.
Correspondingly, the first attempt to extract D;;; (z) from
the LEP data [1-3] has been performed in Ref. [65].

Although it might be counterintuitive, this conclusion is
actually expected by the parity invariance. This can be
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seen clearly in the helicity base. As a component of the
polarization tensor, Sy ; is a scalar that is invariant under the
space inversion. Hence, one cannot establish a relation
between S;; and the helicity of the quark in a parity-
conserved manner. This is quite different from the case for
the longitudinal polarization of A, where 1,4, is a parity-
invariant structure that should be included in the decom-
position of fragmentation function, where 1, and 1, are
helicities of the quark and A, respectively.

Though the prediction is very solid, it is, however, quite
difficult to understand why the fragmentation of an
unpolarized quark leads to vector meson with a larger
probability at the helicity zero state. An experimental
check of the quark polarization independence of the vector
meson spin alignment should be a very basic test of the
fragmentation picture, and deep studies in this direction
should lead to new insights on the hadronization mecha-
nism. In this connection, it might be also interesting to
mention that spin effects have also attracted much attention
recently in heavy ion collisions. Here, a very special state
of hadronic matter—the quark gluon plasma (QGP)—is
formed, and the hadronization mechanism is different.
Both hyperon polarization and vector meson spin align-
ment have been studied at the Relativistic Heavy Ion
Collider (RHIC) as well as at the LHC in this connection.
The studies have been inspired by the theoretical predic-
tions [68,69] and the experimental confirmation [70] on
the global polarization of QGP with respect to the reaction
plane. The vector meson spin alignment was predicted [69]
to be strongly dependent on the global polarization of
quarks and antiquarks because they are produced via the
quark coalescence rather than the quark fragmentation
mechanism.

Currently, both the RHIC and the LHC provide good
opportunities in experiments to study vector meson spin
alignment in pp collisions. In particular, at the RHIC,
the quark polarization independence can easily be tested
since the RHIC is also a polarized pp collider. It is
thus timely and important to make predictions for such
measurements.

In this paper, we study the spin alignment of vector
mesons in pp — VX. We extract the S;;-dependent FF
Dy, from the LEP data and make predictions for pp
collisions. In Sec. II, we present the basic formulas needed
for such numerical calculations. In Sec. III, we present
parametrizations of D;;; and numerical results in Sec. I'V.
A short summary is given in Sec. V.

II. FORMALISM

In this section, we present the differential cross section of
vector meson production in pp collisions needed to
calculate the spin alignment. We do the calculations up
to the order where the first order of perturbative QCD
evolution of FFs is included and present the formulas
needed for such calculations.

A. Differential cross section

We consider pp — VX in the high p; region where
collinear factorization is applicable and study the spin
alignment of produced vector meson V. Since the spin
alignment is independent of the polarization of the frag-
menting quark, the calculations are similar in the polarized
or unpolarized collisions. We simply take unpolarized pp
as an example.

To calculate the spin alignment of V, we need to consider
the spin-dependent differential cross section. We recall that
the polarization of spin-1 particles is described by a 3 x 3
spin density matrix p. In the rest frame of the particle, p is
usually decomposed as [63,64,71]

1

R .
1+=-82+ 3TV |, 1
3( R ) W)

P
where X/ is the spin operator of a spin-1 particle, and
¥ =12 4 25 - 216V, TV = Tr(px) is the polari-
zation tensor and is parametrized as
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Here, the polarization vector S is similar to that for
spin-1/2 hadrons. The polarization tensor 7 is further
decomposed into a Lorentz scalar S;;, a Lorentz vector
St =1(0,8,,5,7,0), and a Lorentz tensor S4; that has
two nonzero independent components S35 = —S7; and
S7r = Syr. It has in total five independent components.
The spin alignment pg, is directly related to S;; by
poo = (1 —28;,)/3, where py takes the physical meaning
of the probability for the third component m of spin of V to
take zero, while S;; = (p, +p__)/2 — pyo is the differ-
ence of m to take +£1 and 0. In the helicity basis, m is just
the helicity Ay of the vector meson V.

To calculate the spin alignment pg, of the produced
vector meson V, we need to consider the S;;-dependent
part of the cross section and sum over all other components
of polarization. Since S;; is a Lorentz scalar, the S;; -
dependent part takes the same form as that of the unpo-
larized part. In this way, we obtain the differential cross
section in the collinear factorization form as [72]

dep—WX dz
0. — d ) s
dydpy ;bai/ Y2/—Z2 X1 fa(xrs pp)xafp (X2, py)

1dé b—cd
x ;% (DY (z.pts) + SpiDYp o (zopip)],

(3)

where [, ,(x;, /) is the parton distribution function [73]
with x; the longitudinal momentum fraction and p; the
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factorization scale; DY (z.us) and DY), (z,us) are the
spin-averaged and S;;-dependent FFs of ¢ — VX, respec-
tively; y and py denote the rapidity and transverse
momentum of V, and they are related to x;, x,, and z
by x; = pr(e” +€2)/zy/s, xa = pr(e™ + e72)/z\/s3 ya
is the rapidity of parton d after the scattering; and
d6,,_.q/dt is the cross section of the partonic process
ab — cd at the leading order. The partonic process includes
all the elementary processes at the parton level such as
9192 = 192: 9192 =~ 192 9191 = Q191> 919 ~ 919

99 = 99, 191 = 9191, 9191 = 9242, 99 — g9, and
gg — qg. We consider the unpolarized reaction and the

cross sections for these elementary processes are available
in the literature [72]. Here, we note in particular that in
Eq. (3) FFs are defined for a given polarization state
following the same convention as that in Ref. [61] where
DY (z.u ) is the spin-averaged FF and is related to the spin-
summed FF D{(z, pt) by D¢ (z, ) = 3DV, (2. py)-
Besides presenting the differential cross section in terms
of y and pr, we can also make predictions in terms of
other variables such as (xg, pr), where xp =2p./\/s =

2my sinhy/+/s, my = \/m* + p%, and
dyd’p; = ddeQpT/ x% +4m?/s. (4)

B. Spin alignment
The spin alignment of V is then given by

Py = do*=0 / > dotv. (5)
Ay

==+1,0

For the helicity A, = +1 state, S;; = 1/2, while for
Ay = 0 state, S;; = —1. Hence, we obtain

(6)

NS spin-summed
v 1 do ) yx [ do,, vy
Pooly: Pr) =73 =

dyd® pr dyd®’pr

where the spin-summed cross section is given by

5y / iy, / gxlmxl,ﬂf)

abed

d spin-summed
pp—VX

dyd® pr

1 dau —C
X X f (%2, ﬂf) (% <

Di(z,up),  (7)

while the S;;-dependent part is

/d)’2/ Xifa xl,/"f)
abed

1 dUab—»cd
di

do ﬂﬂ—>VX
dyd’pr

X X f (%2, #f) DYy p (2 ). (8)

From the definition of S;;, in particular, its relation to
Poo» We see that its value range is —1 < §;; < 1/2 so that
=2 < Dy1r(z.pp)/Di(z.uy) < 1. In this way, 0 < pgy < 1
is guaranteed.

C. QCD evolution of Dy;;,

The QCD evolution of collinear FFs is given by
corresponding DGLAP equations [74—77] with timelike
splitting functions [78—80]. The evolution equation of the
S;-dependent FF Dy, is the same as that for unpolarized
FF Dy, ie.,

0

g’ Dy, (z.0%)

ocs(Q2 Z / ‘d‘quzLLb( Q2>Pba<r§>, (9)

where a or b denotes different types of partons including
different flavors of quarks, antiquarks, and gluon. P,,(¢) is
just the leading-order splitting function.

III. PARAMETRIZATION OF THE
FRAGMENTATION FUNCTION

Even in the unpolarized case, we do not have an
appropriate parametrization for the fragmentation function
of vector mesons. Hence, we take the form of parametriza-
tions based on symmetry properties, models, and conjunc-
tions and fix the free parameters using data available.

A. Unpolarized fragmentation function

Currently, there is no parametrization of the fragmenta-
tion function of vector meson production available in the
market even for the unpolarized case. However, we have
parametrizations of the pseudoscalar meson (K*) produc-
tion e.g., AKKOS8 [81] and DHESS [82]. Also, a simple
relation between the yields of K**/K*? and K* has been
observed [83] that leads to a linear dependence of z for the
ratio DX" /DK" approximately [65], i.e.,

lu

DY, (2. p9) = ARz + 1)DE, (2, o), (10)
where uy =2 GeV is the initial scale and A = 0.3 is the
overall normalization factor. We extend this relation to FFs
of all different kaons, i.e.,

DK (o) = AQz + DK (zopp). (1)
where a stands for u, d, s, i, d, 5 and gluon g; K* stands for
K0 and K*° and K for the corresponding pseudoscalar
mesons.

For FFs of pseudoscalar mesons, we apply isospin and
charge conjugation symmetries and take
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D =D =pfj =D, (2)
D =D =pE =D, (3
DX’ = DK' = pK* — pk~ (14)
D ~Df =Dl —nf. (3)
DX = Df) = DX, = DX, (16)
DX = DK" — pK~ — pK* (17)

Here, for clarity, we omit arguments of fragmentation
functions in Eqgs. (12)—(17).

For the unpolarized FF of p meson, we take it similar to
that of K* besides the strangeness suppression factor in the
fragmentation process. As usual, we differentiate between
the favored and unfavored fragmentations. For the favored
FF, we separate it into the leading and nonleading parts.
The leading part is for hadron that contains the fragmenting
quark, and the nonleading part is the rest; i.e., we take

D/lz;lfavored (Z, ﬂO) _ D/f;lfavored,leading (Z, ﬂO)

+ Dp,favored,nonleading (Z 'u0> (18 )

la

Dplv;lfavored,nonleading (Z, ’uo) _ D;fszavored (Z, /"O) ] (19)

We relate those for p to K* by

p.favored, leading __ K" favored leading
1 nonstrange ( ’ 0) - Dl strange (Z’ MO)’ (20)

D;f;lunfavored (Z, /"0) _ Dﬁ: ,unfavored (Z, ,“O)/)*s’ (21)

where 4, is the strangeness suppression factor and is simply
taken as 4, = 1/3 in the numerical calculations presented
in the following of this paper. In this way, we obtain, e.g.,

1- 4,
A

+0

X
D, (2. o) = DS (2, o) +

DY (z.uo).  (22)

D?d(Z’ﬂO) = D{(;O(Z’ﬂ())/ﬂm (23)

0 )0
DY, (2, po) = Dy(z, ko)

1 24, ..
= 5D (@ uo) + =D (2. o). (24)

+ 0 +
DA (2. po) = D (2. o) = D'y (z. o). (25)

B. S;;-dependent fragmentation function

We take two different scenarios for the parametrizations
of S;;-dependent FFs. In the first scenario, we follow the

same strategy employed in Ref. [65] and differentiate
between favored and unfavored fragmentations, i.e.,

Dlllzfiwored(zhuO) — Clthnfavored<Z”u0>’ (26)
Dz po) = ci(arz+ 1)D{" (2. ), (27)

where c¢; and a; are two free parameters.

In the second scenario, we adopt the same form of
parametrizations for both favored and unfavored fragmen-
tations. In this case, we find that the linear factor az + 1
does not offer a good description to the data available [2],
and we change the power of z to 1/2, i.e.,

D11 (2, o) = c2(a2z"? + 1)Dy (2, po). (28)

where ¢, and a, are free parameters.

From the condition that —2 < D{;,/D; < 1, we obtain
constraints for the parameters in the parametrizations
given by Eqgs. (26)—(28). They should be taken in the
range —2<c¢; <1 and min{l/c;,-2/c;} <a;+1<
max{1/c;,—=2/c;}. It should be mentioned that by choos-
ing the parameters in this region we obtain the FF D,
satisfying the positivity condition —2 < Dy;;/D; <1 at
the initial scale. It can be shown that, because the DGLAP
evolution equation for Dy;; is the same as that for D, the
results obtained at other scales remain in this physical
range. We also check this constantly in the numerical
calculations.

We note that, as we usually do for the spin-dependent
FFs, here we choose to parametrize the relationship
between the S;;-dependent FFs and unpolarized FFs in
both scenarios. In this way, we take the standpoint that the
unpolarized FFs are known to much higher accuracies than
those for the polarized ones. However, in reality, there are
still very high uncertainties in the unpolarized FFs. We
have also different parametrizations available. They can
influence the values of the parameters in the parametriza-
tions in both scenarios given by Egs. (26)—(28) and also our
numerical results for pp — VX. In this paper, we choose
two sets of parametrizations, AKKO08 [81] and DHESS
[82], to show the influences.

C. Fits to the LEP data and results of Dy;;

We fix the parameters in the parametrizations given by
Egs. (26)-(28) by applying a y? analysis with the data
available [1,2]. For each value of parameters in Egs. (26)—
(28), we evolve the corresponding FFs utilizing the
DGLAP equation given by Eq. (9) to obtain a dataset of
FFs at different factorization scales. Then, we calculate the
spin alignment of K** with this dataset and compare
the results obtained with the LEP data [1,2] to get the
corresponding y? value. We note that, to be consistent with
the LEP data [1,2], here as well as in the following of the
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paper, K** represents the sum of K* and its antipar-
ticle K*°.

Shown in Fig. 1 are the y> plots in scenario I with
AKKO8 and DHESS parametrizations for unpolarized
FFs. The minimal values are x> =0.88 at (cj,a;) =
(0.24,-5.6) with AKKO8 and x> =0.83 at (c;,a;) =
(0.43,-3.7) with DHESS, respectively. With these values
of ¢, and a,, we obtain the spin alignments of K** and p°
mesons and compare the results with data [1,2] in Fig. 2.
We also see that the data can be well described in both
cases.

From Fig. 2, we see that the scale dependence is more
obvious in the small z region but quite small at large z. It is
also more obvious for K*° than that for p°. To see where this
difference comes from, we take AKKO08 as an example to
look at the corresponding results for FFs.

AKKO08
Scenario I

o 047, 45 5

FIG. 1. The y? plot in scenario T with AKKO8 and DHESS
parametrizations. Here, as well as in all figures in the following of
this paper, K** denotes the sum of K** and K*°.

[| o OPAL o DELPHI

[|==r /5=2GeV anme /5 =2 GeV
[ m— /5 = 91.2 GeV — /5 =912 GeV
0.6 H === s=500 GeV He== /5=500GeV 1
SO ]
0"11 [ AKKO08 i AKKO8 ]
TR et
p Scenario I Scenario T 1
02l etem — KX | etem = X |
L L L L L L L L
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
z z
[| o OPAL o DELPHI
[[ === /5 =2 GeV mamn /5 =2 GeV
|| m—/5 = 91.2 GeV —/5 = 91.2 GeV

0.6 === /s=500 GeV =ns /5 =500 GeV B

< [

0.4 1
o ]
LR et

p Scenario I Scenario I
0.2 [ ete™ — K*0X ete — pX ]
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8

z z

FIG.2. The spin alignments of K*° and p° in e*e~ — VX at the
Z-pole calculated in scenario I with AKKO8 and DHESS
unpolarized FFs compared with experimental data [1,2]. In the
calculations, we have chosen the center-of-mass energy of ete™
as the factorization scale.

In Fig. 3, we show the ratios DX, /DK for different
flavors of quarks and that of gluon with AKKOS FFs.

The corresponding S, ; -dependent FFs DX/, . are shown
in Fig. 4,

We note that for the production of K*° u-quark frag-
mentation is unfavored, while d and s fragmentations are
favored. From Fig. 3, we see that, in scenario I, the ratio
Dy, /D, is almost the same for favored fragmentations of
different flavors of quarks but it is very different from that
for the unfavored quark fragmentation. It is negative and
relatively larger in magnitude in most of the z region in the
favored case but is positive and relatively smaller in the
unfavored case. The scale dependence in the favored case is

-0.3

AKKO08
-0.6

Scenario I

-0.9

DfS1(z,1p) /DI (2, 1)

1 [ [ = =2Gev
0ok |=—pg=912GeV
S s = 500GeV

026l g L
0.1 0.3 05 07 09 0.1 0.3 05 07 0.9

FIG. 3. The ratio of the spin-dependent fragmentation function
D11 (2. pts) to that of the corresponding spin-averaged D (z. yis)
at different scales in scenario I with AKKOS8 FFs.

-3 -3
30 (10— “5-3°-X‘1q“““““6-
E K* ] E K+ ]
FAKKOS “#Dira {0 ¢ ~#Diss ]
20p 1 20F SRR
: 1 ’ N
10} R T Ll St A ]
P T e S o] Es TN ]
.-.-:‘:77,7777777777':': 77777 ~ b R
o 1 O / ]
7 Scenario IT 1 L ]
-10:10.3 3 -10.‘10.3 7
30:::}:::}:::}:(}): 30 F—+
L K ] L
t zZDi7p, ] F
20 1 20
[ = = =2GeV ] L
108, — oy =912GeV| ] qof
R py = 500GeV ] F
\ ] "3
0™ 1 of
10 1 -10F
P I IR S R 1 1 1

0.1 0.3 0.5 0.7 0.9 0.1 0.3 0.5 0.7 0.9

FIG. 4. The spin-dependent fragmentation function Dy (z. uy)
at different scales in scenario I with AKKOS FFs.
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quite weak but seems much stronger in the unfavored case.
We see also that, though starting from the same ratio at the
initial scale, the gluon fragmentation function behaves quite
differently from the unfavored quark fragmentation func-
tion after the QCD evolution. It even becomes negative at
large z. This is because in QCD evolution to the first order
gluon splitting to a gg pair g — ¢g and gluon radiation of a
quark g — qg are considered. For the gluon fragmentation,
after the gluon splitting g — ¢g, different flavors of quarks
can be produced so that favored quark fragmentation can
contribute; thus bringing large change to gluon FF. In
contrast, for the unfavored quark fragmentation, after the
gluon radiation of the quark ¢ — ¢gg, the flavor of ¢ is
unchanged, and the fragmentation remains unfavored.

From Fig. 4, we see similar behaviors as those for the
corresponding ratios in Fig. 3. We see again similar
behaviors for the favored FFs that are very different from
the unfavored FF and also different from gluon FF. Here,
we see explicitly that favored FFs dominate at larger z
while unfavored and gluon fragmentations play important
roles at small z. We also see that, because of the strangeness
suppression in fragmentation, the leading contributions
from s-quark fragmentation are much larger than that from
the d quark.

From the results shown in Figs. 3 and 4, we can now
understand why there is a slight difference between the
scale dependence of the spin alignment of K*° and p° as
shown in Fig. 2. Because of the strangeness suppression in
the favored d fragmentation, contributions from unfavored
quark and gluon fragmentations are relatively larger for
the production of K* than that of p°. The stronger scale
dependence of D;;;/D, for the unfavored and gluon
fragmentation leads to a slightly stronger scale dependence
of the spin alignment of K*O than that of p°.

The corresponding results of scale dependence
with DHESS FFs are similar, and we skip the detailed
discussions here.

The calculation in the second scenario is similar. The
obtained y? distributions are shown in Fig. 5. Here, we see
that with this scenario for polarized FFs the y? distributions
in the case with AKKO8 unpolarized FFs and that with
DHESS are quite similar to each other. The minimal y?
value flows in the valley where a, ~ —1.9. With AKKOS,

AKKO08
Scenario II

0.85
09 g
0.95
cy 1-15

az

FIG. 5. The »? plot in scenario II with AKKO8 and DHESS
parametrizations.

we reach the minimal y?> = 2.68 in physical regions of ¢,
and a, at (¢,,a,) = (1.0,—1.9) and y*> = 1.78 at the same
values of ¢, and a, with DHESS.

We then calculate the spin alignment of K** and p°
mesons with these parameters and compare with data in
Fig. 6. We see that a reasonable agreement with the data can
also be achieved in this case.

We again take AKKO8 as an example and show our

results obtained in this scenario of the ratios DX, ./DK"

and the corresponding S, ; -dependent FFs DX, _in Figs. 7
and 8, respectively.

o OPAL o DELPHI
[|=nme /5 =2 GeV menn /5 =2 GeV
|| m— /5 = 91.2 GeV — /5 =91.2 GeV
0.6 H{=== /5=>500GeV = s /5 =500 GeV

Poo

N
ol

Scenario II Scenario IT

0.2 [ etem - KX |, ete” — p0X ]
. 3
L L L L L L L L
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
z z
- T T T r T T
[| o OPAL o DELPHI
[|«nee 5 =2 Gev wans /5= 2 GeV

|| m—/5 = 91.2 GeV
0.6He==

— /5= 91.2 GeV

Poo

N
P

Scenario 1T 'o‘. Scenario IT
t g
0.2 etem S K0X | etem x|
eI S S S R S S S S R S S
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
z z

FIG. 6. The spin alignment of K*° (left panel) and that of p°
(right panel) in e e~ — VX at the Z-pole calculated in scenario II
with AKKO8 and DHESS FFs compared with experimental
data [1,2].

0.5
N AKKO08

T T T T [ T T T T T T T T

Scenario 1T

—————+———+—
= =y =2GeV
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FIG. 7. The ratio of the spin-dependent fragmentation function
D11 (z. uy) to that of the corresponding spin-averaged D (z, sis)
at different scales in scenario II with AKKO8 FFs.
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FIG. 8. The spin-dependent fragmentation function Dy (z. pts)
at different scales in scenario II with AKKO8 FFs.

From Fig. 7, we see that the ratios D,;;/D; in this
scenario for favored, unfavored, and gluon fragmentations
are quite similar with each other. By starting with the
same parametrization at the initial scale, we obtain similar
results after the QCD evolution. The tiny differences
are resulted from the differences in the corresponding
unpolarized FFs. Since scenario II does not discriminate
between favored and unfavored partons in parameterizing
D,;. /D, the spin alignments of K** and p,, shown in
Fig. 6, behave similarly to each other at different collisional
energies. This is quite different from the results shown in
Fig. 2 obtained in scenario I.

Because of the differences in the corresponding unpo-
larized FFs, the obtained D,/ (z,u;) shown in Fig. 8
exhibits also quite large differences between the favored
and unfavored quark fragmentation and that of gluon. Here,
we see that, similar to those in scenario I, the favored FFs
also dominate at larger z but the unfavored and gluon FFs
may have large contribution in the small z region. The
gluon FF Dy;;,(z,pf) is negative and quite large in
magnitude for small z and should play an important role
in this region.

Comparing the FFs obtained in the two different scenar-
ios, we see quite large differences. Nevertheless, the
obtained spin alignments in both cases can describe the
LEP data [1,2]. This is because the freedom to choose
different parametrizations is quite large, and the LEP data
[1,2] alone cannot fix them to high accuracy. In this
connection, we note that we have not considered the flavor
dependence of the ratio between the unpolarized and the
S;r-dependent FFs besides different choices for the
favored and unfavored fragmentation in scenario I. It is
clear that more data in different reactions are necessary in
order to determine these FFs to high precisions.

IV. NUMERICAL RESULTS FOR pp —» VX

In this section, we apply the FFs obtained in Sec. III to
pp — VX and calculate the spin alignment of vector
mesons numerically. To have a better understanding of
the results in such a complicated process, we first present
the fractional production rate of different flavor of partons.
After that, we show our predictions on the spin alignment
of K** and p° mesons in both scenarios. We recall that, for
all the results presented throughout the paper, to be
consistent with the LEP data [1,2], K** represents the
sum of K* and its antiparticle K*°.

A. Contributions of different flavors

From Eq. (3), we can calculate contributions from
different subprocesses to the cross section separately.
The fractional contribution from a given type of parton
¢ to jet production is given by

: do . do .
R_]Cet v, p _ pp—)LX/ pp—cX , 29
0. pr) dyd®pr 2 dyd® py 29)

c

doy, ..
—oeoet = Z/dy2x1fa(x17/"f)

2
dyd Pr abd
l da’ab—»cd
x di

X x2fp (xz,ﬂf) . (30)

Similarly, the fractional contribution to vector meson
production is given by

do do
RV . _ pp—=cX—->VX pp—>VX’ 31
c (y pT) dydsz dydsz ( )
do dz
pp—cX—=VX
—_— = d —X1Ja X1,
dydsz %;/ yZ/Zz lf( lﬂf)
1 d&ab—wd

szfb(xbﬂf); 5 DY.(z.up).  (32)

In Fig. 9, we show the results of RS (y, py.) calculated
from Egs. (29) and (30) at the RHIC and LHC energies in
the middle rapidity as functions of p;. Taking K*° as an
example, we show the corresponding results of RY (y, pr)
calculated with Egs. (31) and (32) in Fig. 10.

From Fig. 9, we see that in the presented py regions the
gluon contribution dominates at both RHIC and the LHC
energies for jet productions. The u/z contribution is the
largest among the three flavors of quarks, while s/5 is the
smallest. This results from the differences in PDFs [73] for
different flavors of partons.

However, when FFs are taken into account, from
Fig. 10, we see that the gluon contribution becomes less
dominate. With AKKOS8 FFs, the d/ d contribution is even
larger than the gluon contribution at the RHIC energy
for py > 12 GeV, while u/u contribution becomes the
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FIG. 9. Fractional contributions ijl(y, pr) to jet production
from different flavors of quarks/antiquarks and gluon at |y| < 0.5
as functions of p; in pp collisions at RHIC energy /s =
200 GeV (left) and LHC energy /s = 5.02 TeV (right).

smallest one. With DHESS FFs, the d/d and s/5 contri-
butions dominate at almost all p; range at the RHIC
energy, and they dominate at the LHC energy for
pr > 50 GeV. The exact value of RY depends on the
specific FF parametrizations, but the overall trends are
similar. This is because the differential cross section for the
production of parton ¢ decreases very fast with increasing
pr, much faster than the FF of ¢ — VX decreases with
increasing z. Usually the z dependence of FF is much
smoother compared with the p; dependence of the cross
section. As a result, in the large py region for hadron
production, contributions from relatively large z (say
z > 0.3) dominate. The leading contribution from favored
quark fragmentations plays a more and more important role
with increasing pr.
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FIG. 10. Fractional contributions RY (y, py) to the production
of K*0 from different flavors of quarks/antiquarks and gluon at
|y| < 0.5 as functions of p; in pp collisions at RHIC energy
/s =200 GeV (left) and LHC energy /s = 5.02 TeV (right)
obtained with AKKO8 and DHESS FFs, respectively.

From Fig. 10, we also see that, by studying the pr
dependence in the central rapidity region, we can study the
interplay of contributions from gluon and favored quark
fragmentation, while at the LHC, we mainly study the
contribution from gluon fragmentation. Quark fragmenta-
tions should dominate the fragmentation regions in the
collision processes, i.e., at very forward or very backward
rapidities.

To see the behaviors at the fragmentation regions
explicitly, in Figs. 11 and 12, we show the corresponding
results at the RHIC energy with py > 5 GeV and those at
the LHC energy with p; > 10 GeV as functions of xg.

From Fig. 11 and 12, we see clearly that in the large xp
region quark contribution dominates. For jet production,

T T
pp —jet + X pp —jet + X

100
51071
B
1072 )
pr>5GeV Ve, pr>10GeV e,
1073 \/5=200 GeV Me. f VFE=5027TeV R
B e e
0 0.2 0.4 0.6 0 0.2 0.4 0.6
T TR

FIG. 11. Fractional contributions ijl(y, pr) to jet production
from different flavors of quarks/antiquarks and gluon as functions of
xp in pp collisions at RHIC energy /s = 200 GeV with p; >
5 GeV (left)and LHC energy /s =5.02 TeV pr > 10 GeV (right).

— g K70 T g/ K0

nen d/,iﬁ K*  wim

— g — K0
send/d— KO w5 K0

| pp— K*°X, AKKO8 | pp— K*°X, AKKO8

pr > 5 GeV
V5 =200 GeV £+

.
PR
L=

— s KT ey K0

wed/d— KT mmns/s o K wed/d— K wens/s o K

pp — K*0X, DHESS

pp — K*0X, DHESS

FIG. 12. Fractional contributions RY (y, py) to the production
of K*0 from different flavors of quarks/antiquarks and gluon as
functions of x in pp collisions at RHIC energy /s = 200 GeV
with py > 5 GeV (left) and LHC energy /s = 5.02 TeV with
pr > 10 GeV (right) obtained with AKKO8 and DHESS FFs,
respectively.
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u/u plays the most important role. Taking the FFs into
account, for K* production, the favored fragmentation
from d/d dominates. Hence, by studying hadron produc-
tion at larger x, we study predominately the favored quark
fragmentation.

At the end of this part, we emphasize that, by studying
vector meson production in pp — VX for large py at RHIC
and LHC energies, even in the central rapidity regions,
contributions from FFs at relatively large z dominate. From
the results for FFs obtained in Sec. Il B, we find D, is
significantly different from zero as well in the relatively
large z region. This leads us to the expectation that the
vector meson spin alignment should be quite significant in
pp collisions.

B. Spin alignment in pp - VX

Using the spin-dependent FFs obtained in Sec. III B, we
calculate the spin alignment of vector meson in pp — VX
using Egs. (6) and (8). We present our predictions in the
following.

In Fig. 13, we show the spin alignments for K*° and p° at
the RHIC energy in two rapidity regions as functions of pr.
From Fig. 13, we see the following distinct features for the
spin alignment in pp — VX at RHIC energy.

First, both the results for K** and those for p° are
significantly different from 1/3; i.e., they show quite
significant spin alignments in both cases. The deviations
of pyo from 1/3 increase monotonically with increasing py.
This is just consistent with the qualitative expectation
mentioned at the end of Sec. IVA. The increases with
increasing pr are mainly due to increasing relative

T T T T T T
T| ly] < 0.5:  mmmSce. I mmms Sce. 1T ]
1<yl <2

=us Sce. [ mimin Sce. 11

0.7yl <05: === Sco. 1 =mms Sce. 11
H1<|yl<2 =enSce. I mminSce. I
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0.6F

Poo
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FIG. 13. Spin alignments of vector mesons in pp collisions at

RHIC energy /s = 200 GeV for K** and p° in two rapidity
regions as functions of pry.

contributions from the quark fragmentation, in particular
those in the large z region where D,;;/D; is more
significant. We emphasize that these qualitative features
are essential properties of the results and they are inde-
pendent of the details of the parametrizations of the
polarized FFs and unpolarized FFs.

Second, there is a significant difference between the
results of the precise magnitudes obtained in scenario I and
those in scenario II, and there is also a quite obvious
difference between results obtained using the two different
sets of unpolarized FFs. We see in particular a large
difference between the results obtained with AKKO8 and
DHESS FFs in scenario I. These differences are mainly due
to the large difference in gluon fragmentation functions in
the two scenarios and in the two sets of unpolarized FFs.
With AKKOS8, the gluon contribution to vector meson
production is very large (see Fig. 12), and this leads to a
large difference between the results obtained with polarized
FFs in scenario I and those in scenario II (upper panel in
Fig. 13); while with DHESS, the gluon contribution is
much smaller than that with AKKO8 (see Fig. 12), and the
difference becomes much smaller (lower panel in Fig. 13).

Third, there is also a quite significant difference between
the results obtained in the two different rapidity regions.
This is mainly because there are more contributions from
the quark jets in the forward/backward rapidity. This leads
to a larger vector meson spin alignment in a more forward/
backward rapidity.

Fourth, there is no distinct difference between the results
for K*° and those for p°. This is because that we have not
considered the flavor dependence in our parametrizations
of Dy;;/D,. The small difference comes mainly from
strangeness suppression in the unpolarized fragmentation
functions.

In Fig. 14, we show the results obtained at the LHC
energy. From Fig. 14, we see quite similar qualitative
features as those seen from Fig. 13 at the RHIC energy.
Here, we have the advantage to study a much wider pr
range so that we can study the p; dependence more
intensively. As mentioned above, the increase with py of
the spin alignment is caused by the increasing contributions
from quarks fragmentations relative to the gluon fragmen-
tation. It is also because the gluon contribution becomes
more dominant at LHC energy in the relative small pr
region in Fig. 14, the spin alignment in that region is closer
to 1/3, and the differences between scenario I and II are
also more significant.

In Figs. 15 and 16, we show results for pr-integrated
spin alignments of K** and p° as functions of x, at RHIC
and LHC energies, respectively.

Here, from Figs. 15 and 16, we see rapid increases of the
spin alignment with increasing xy, quite similar to that
observed in e e~ shown in Fig. 2, and such a behavior is
more obvious in scenario I. The increase reflects again
the increasing relative contributions from favored quark
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FIG. 14. Spin alignments of vector mesons in pp collisions at
the LHC energy /s = 5.02 TeV for K** and p° in two rapidity
regions as functions of pr.
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FIG. 15. Spin alignments of vector mesons in pp collisions at
the RHIC energy /s = 200 GeV for K** and p° at p; > 5 GeV
as functions of x.

fragmentations to the gluon fragmentation and also z
dependence of the favored S; ; -dependent FF D, ; relative
to the corresponding unpolarized FF D,. The relative larger
values in the small x region in scenario II are due to the
quite large D;;; of gluon fragmentation in the small z
region. We recall that gluon fragmentation is even less
known in the unpolarized case; this provides also a good
opportunity to study gluon fragmentation mechanism.
From all the results shown in Figs. 13-16, we see clearly
that spin alignments of vector mesons are in general
quite significant in pp — VX at high energies. Studying
these spin alignments should provide a good test to QCD
fragmentation mechanism. It can be used to differentiate
between various parametrization scenarios and therefore

L e e e e e G o e e e £ o e e e e e
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FIG. 16. Spin alignments of vector mesons in pp collisions at
the LHC energy /s = 5.02 TeV for K** and p° at p; > 10 GeV
as functions of xp.

provide precise information on quark or gluon fragmenta-
tion in different kinematic regions in particular.

V. SUMMARY

In the QCD description of high energy reactions, the spin
alignment of vector meson in a fragmentation process is
described by the S;;-dependent fragmentation function
D, defined via the Lorentz decomposition of the quark-
quark correlator. A systematic study of the Lorentz decom-
position shows that D;; is independent of the polarization
of the fragmenting quark. The first attempt to extract D
for K*0 from the LEP data [1,2] on et e~ annihilations has
been made in Ref. [65].

In this paper, we follow the same procedure of Ref. [65]
and make parametrizations of D;;; in two different
scenarios for K** and p° from different flavors of quarks,
antiquarks, and gluon and evolve them using the DGLAP
equation. We apply the results obtained to pp — VX and
make predictions for the spin alignment of vector mesons at
RHIC and LHC energies.

The results show that the data [1,2] available are far from
enough to determine the precise forms of D,;; for different
vector mesons from different flavors of quarks, antiquarks,
and gluon. Nevertheless, we predict very significant spin
alignments for vector mesons in pp collisions at high
energies. The results show a number of distinct features so
that measurements of vector meson spin alignments in
different kinematic regions in pp collisions are not only
able to check the quark polarization independence of D
but also sensitive to study the favored quark fragmentation
and/or gluon fragmentation.
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