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ARTICLE INFO ABSTRACT

Editor: F. Gelis The global spin alignment of the vector meson has been observed in relativistic heavy ion collisions, but its
theoretical origin is still on hot debates. Here we propose to apply the light front framework to explain this
phenomenon since the light front form explicitly describes the hadron spin including both the quark spin and
the orbital angular momentum. After applying the light front spinor, we find that the spin alignment in the
polarization of vector mesons with py, > 1/3 can be naturally manifested and in particular, the obtained spin
alignment for ¢ meson is in good agreement with the experimental data. This implies that to explain the spin
alignment it is important to properly include the contribution from the gluon interactions that are presented in
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terms of the orbital angular momentum of the hadron bound state.

1. Introduction

In relativistic heavy ion collisions, the system can carry a large
amount of initial angular momentum and polarize the created particles
through the vorticity of the quark-gluon plasma (QGP) [1]. The global
spin polarization of A and A hyperons has been observed in Au+Au
collisions by the STAR collaboration, whose behavior has been well
described by the hydrodynamic and transport model calculations with
thermal vorticity polarization [2-7]. The mechanism of the shear in-
duced polarization has also been recently proposed to explain the local
spin polarization of hyperons [8,9]. Besides the widely studied hyperon
polarization, a “twin effect” named spin alignment of vector mesons
has also been proposed as a possible observable of the global polar-
ization, where the spin density matrix component p, deviates from
1/3 [10]. However, an unexpectedly large global spin alignment has
been reported recently in the ¢ meson measurements at RHIC, which
cannot be explained by the conventional mechanisms of spin alignment,
including vorticity and electromagnetic field, local vorticity loop, quark
fragmentation, helicity polarization, and axial charge current fluctua-
tions [10-16].

The success in describing the global spin polarization of A and A hy-
perons is largely because the hyperon’s polarization is carried solely by
the strange quark according to the flavor-spin wave function [17]. On
the other hand, the unexpected large spin alignment of the vector meson
indicates that the spin recombination of the immediate quark may not

* Corresponding author.

be enough to describe the meson case. The difference between the quark
spin and the meson spin is technically because the Lorentz boost always
mixes the kinematic part and interaction part of the hadron spin dynam-
ically in the instant form with the conventional Dirac spinors [18-25].
This makes it difficult to describe the spin structure of hadrons by
quarks in the instant form. Such a discrepancy has been long noticed
in the proton case which is considered as “the spin puzzle” of the pro-
ton [23,26,27]. The strongly correlated gluon interaction contributes a
large fraction of the proton spin which is realized in terms of the or-
bital angular momentum of hadrons. Similarly, the contribution of the
gluon interaction has also been noticed in the spin kinetic theory, where
the spin alignment can be explained after including the gluon fluctua-
tions [14,28].

Besides the careful inclusion of gluon states and/or the orbital an-
gular momentum, one can instead apply the light front framework
where the spin of hadrons is explicit in terms of the spin of light front
quarks and thus has great advantages in describing the spin structure of
hadrons [22,23]. The light front form is different from the conventional
instant form, as it provides a different expansion scheme and contains
the interaction term even in the leading order. In particular, the light
front spinor consistently includes the orbital angular momentum in the
hadron, which then leads to a nontrivial result of the vector meson’s
spin alignment. In this paper we illustrate that the meson global spin
alignment is naturally manifested after the application of the light front
spinor for quarks.
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2. Light front Wigner function and spin density matrix

The spin density matrix of the vector meson is related to the Wigner
function of the vector meson, which can be written as:
Wi = / d*yeY < V‘(% + X)W (X - %) > '6h)
where V* is the vector meson state with A denoting the polarization
index of the vector meson. Without losing generality, the vector meson
state can be expanded upon the Fock states as |V >~ |...A M‘i“{’... > with
the gluon field A, and the quark field '¥. The vector meson state is then
related to the vector current in the bilinear form of the quark field at
the leading order. In the momentum space, one can define the meson
wave function as [29-32]:

Py, p's P) = €' (P) <y (p)y, w(p)|V(P) > @)

where P is the momentum of the meson, p and p’ are the momentum
of the antiquark and quark field, and e; (P) is the polarization vector of

the vector meson with e;}(P)e*A’f (P)= 62‘,. Note that the above formula
defines the meson wave function stands for the quark distribution inside
the meson. Now we focus on the formula of the wave function in Fock
space in terms of the quark creation/annilation operator a;‘) +, a:,’ , which
is written as:

_ ' oo’
Y. p) =@ (DAL y, 1 (0 Pyr 3
with the component of polarized wave function as the quark distribution
inside the polarized meson

R o asta? [VAP) > @

Here, u’ (p') is the quark spinor and the matrix A 4 is the positive energy
projection matrix which is writtenas A, = l’?—MM in the Dirac representa-
tion with the meson mass M. The positive energy projection is usually
taken in the light front framework as the transformation property for
the positive and negative energy is different [23], while in the Lorentz
covariant framework, the projection does not have a impact. The term
ny = 6*/1‘7 ﬁ"(p)yﬂu"l(p’) is proportional to the polarization of the vector
meson which can be immediately seen if putting the Fock space formula
into Eq. (2). One has < n,|V* >~ 6%,, and hence, one can treat n* as
the polarization direction of the vector mesons [29]. The complete form
for the spin density matrix of the vector meson p, ;s is then written as:

iy =<V PWH(P)>/ Y <VIPWVAP)>,
A=0,%+1

<VAPW*(P)>
=% / &pd*p'8*(p+p — PYela® (" (el @ (p)y a7 (o)
_ V,o‘ltrg , V,O'zo’; ,
XWyp '(0.p Py “(0.pP).
)

Now, we introduce the light front spinor in the Dirac representation
which can be written as [33,34]:

Wt (p) =

1 po+m+35-pod -
N LS (6)
Vot L o—mai+5-5 |

with p* = p, + p, and p, = \/p? + m?. x° is the two component spinor
in rest frame. Here we simply set the meson into the rest frame and thus
the momentum of the meson can be parameterized as P,=(M.,0,0,0).
1, 0

The positive energy projection then becomes A, = [ 0 0

] . The polar-

ization vector can also be simply expressed as:

€ = (0,0,0,1),¢# = \/L_(o, 1,41,0). @
>
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Therefore, in the meson rest frame, one has 6% = e#o# with A=1,-1,0

corresponding to the respective polarization of vector meson and relat-

ing to the Pauli matrix as ' = —— (¢! + ic? 671 = L (6! —ic? ,69 =
8 \/5( ) \/5( )

o3,

Now one may have the relation between the light front bilinear vec-
tor currents in the meson rest frame as:

A
+ o”, 0 !
uLF,(r (p)/\+ [ 0 6_A ] uLF,a (P)
= Fhateh

k,o”r .
= [Po+m+o-35'~ﬁ]&’1[p6+m’+8-p’03]

V2pt

One then has the transition matrix as:

17 ®)
V2t

7"2,=Tr [7(p0+m+633-[J')&’I(pg+m'+3-1;’03)&y] )]
2 p+p/+

The transition matrix is to transform the vector current in the bilinear
form from the quark rest frame into the light front frame, which contains
the orbital angular momentum of hadron with the term & - po> [22].
The inclusion of this orbital angular momentum indicates that the light
front quark is roughly speaking equivalent to the conventional rela-
tivistic quark together with the gluon interaction. Consequently, it is
equivalent to consider the polarized quark wave function with gluon in-
teraction which can be achieved by solving the respective bound state
equation of quarks or the interaction Hamiltonian equation of quark
model. Note that the interaction does not apparently appear in the light
front form as it is moved into the so called “angular condition” [35].
The angular condition ensures the interaction absent from the explicit
form but only into the wave function of the bound state.

Now one could first define the spin density matrix pg ¥ with quarks
in the rest frame and then apply the transition matrix to transform it
into light front quarks. The transformed matrix is then able to describe
the spin density matrix of vector meson. With the two component spinor
in the rest frame y° and its bilinear vector form, one can easily see that
pg ¥ has the equal polarization for three directions with p?l = pﬁ,_] =
pgo = 1/3. After then, one has the spin density matrix in the light front
as:

74, = VNF* 10)

_qi' 0 gt
p}L/l’_r]-}L pi/jl(]— YA A

with g2 = (p* + m)(p'* +m’) and the normalization factor

N =125 p"*3(g* + p}) —4g7p] + 201 (T - P!

to keep pyy + p_1_1 + poo = 1. The relation p, = —pl, pi =p)2( +p§ has
been applied in the derivation. The spin density matrix in the light front
can be then directly regarded as the spin density of the vector meson.
We then have the component p:

@+ +pl (" —ph)?

382+ p%)2 —4g2p% + 20 (p* — 't

Note that the light front spinor is essential to describe the polariza-
tion of the bilinear form with interaction, and Eq. (11) is its natural
result. One can easily see that py, is always larger than 1/3 for any mo-
mentum in Eq. (11), and hence, the light front spinor naturally induces
the spin alignment of vector meson with correct sign and magnitude.

For comparison, one may also repeat the computation in the instant
form spinor with the conventional Lorentz transformation in the Dirac
representation as:

W +m) [;{"]
\/2m(m + pgy) &

and the corresponding transition matrix for the vector is:

pooPt.p"t b)) = an

u’(p)= (12)
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Fig. 1. A sketch of the intrinsic polarization distribution in the instant form and
light front form which contains the internal angular momentum or equivalently,
the gluon interaction.

‘Fj" —Tr [(ﬂ n m)€i,70}’”(ll + m)e;fvyon] , (13)

and thus one has pgy = p;; = p_1_; = 1/3 for any conventional Dirac
spinor in the bilinear form after integrating out of the quark momentum.

By comparing these two spinor forms, we emphasize that the light
front approach defines an intrinsic spin alignment along the quantiza-
tion direction as 5%-direction by considering the inside orbital angular
momentum of the hadron bound state. In the phenomenological study,
such orbital angular momentum will be polarized through the coupling
between the inside angular momentum and the global angular momen-
tum of vorticity. More specifically, the vorticity not only polarizes the
spin of quarks but also polarizes the orbital angular momentum of the
bound state (or equivalently considered as the gluon spin polarization)
and finally leads to the global spin alignment of the vector meson. This
also naturally defines the polarization direction as the direction of the
global angular momentum of vorticity which, on average, points to the
out-of-plane direction (—y axis) in non-central heavy-ion collisions.

To illustrate the difference of these two spinor forms, we make a
sketch plot in Fig. 1. In the instant form, the spin of a meson consist of
unpolarized quarks is equally distributed and behaves as a sphere struc-
ture when the external effect is weak. While in the light front form, the
gluon interaction is incorporated in terms of the inside orbital angular
momentum of the meson and consequently, even without any external
fields, the polarization vector is preferred to along the direction of inside
angular momentum as the 6, quantization direction and shows an ellip-
soid distribution (intrinsic spin alignment) in meson rest frame. Now for
a single meson, this quantization direction is arbitrary and distributed
randomly, which means py, = 1/3 when without external angular mo-
mentum. However, in the non-central heavy ion collisions with external
angular momentum, the inside orbital angular momentum of any par-
ticle system will be preferred to direct along the same direction of the
average vorticity along —y axis and allows a non-zero average effect
(global spin alignment). More specifically, the vorticity not only polar-
izes the spin of quarks but also polarizes the orbital angular momentum
of the bound state and finally leads to the global spin alignment of the
vector meson.

However, to build an exact relation between the &)-quantization
direction and the out-of-plane direction, one needs the statistical po-
larization distribution of the mesons under the global polarization of
vorticity which can be obtained from the hydrodynamics simulations.
Besides, the full consideration of Py dependence is also required which
needs to change the definition of the momentum P together the energy
and polarization projection and also the parametrization of the quark
momentum. These details will be further investigated in the future. To
connect to the measurements, the momentum distribution is required
and pgo(p*, p'*, p,) should be integrated out upon the momentum dis-
tribution as will discuss below. However, the difference of momentum
distribution will not change the results qualitatively since despite of
these details, the spin density matrix has pyy(p*, p'*, p,) > 1/3 for any
momentum as can be seen from Eq. (11).
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3. Incorporation with the light front wave function

In the light front framework, one has p* = xP*, p'* = (1 —x) P*, and
Pt =24/m? + y? with m the respective quark’s mass and y the renor-
malization scale of the quark in hadron, which is typically chosen as
u =1 GeV [36-39]. Note that u is not a free parameter, instead, it rep-
resents the interaction scale of the quarks at the hadronization moment
which accounts for the amount of gluon interaction in mesons. This scale
gives a microscopic description for the parameters in the phenomeno-
logical studies with the ¢ field [14,40]. It needs to mention that the
expression of the light front spinor shows that the spin distribution is
more sensitive to the renormalization scale than the momentum dis-
tribution as studied in the unpolarized wave functions [36-39], which
needs to be carefully considered in the studies of the polarized wave
functions.

Before going to the numerical computations, we firstly make an es-
timation in the equal quark mass case with x = 1/2 and neglecting the
mass of quarks and hadrons. The relation between p, and the meson’s
energy P and the quark transversal momentum p, then becomes:

1
Poo = a4

3= (pu/PH /(DL P+ 1)

In this case, py is always larger than 1/3, and reaches the limit py, = 1/3
with Pt >> p,. A sketch plot is shown in Fig. 2 with p, =0.5 GeV. py,
gradually decreases from 0.43 to the limit 1/3 as P* goes to infinity.

For a complete calculation of the spin density matrix, one needs
to integrate out of the momentum distribution of the quark. For the
thermalized case at finite temperature, a full knowledge of the ther-
mal distribution of quarks is needed [41,42], which is out of current
scope and will be further investigated in the future. For simplicity, we
assume that the quark momentum distribution at hadronization temper-
ature is not the thermal Fermi-Dirac distribution. Instead, we take the
light front wave function y(x, p, ) in this work. The difference is that the
thermal distribution does not contain the gluon interaction which will
shift the momentum distribution. One may apply the coalescence model
with considering the angular momentum between quarks, which will be
investigated further. Nevertheless, the momentum distribution does not
affect our results as for any momentum, the above formulae gives pg, >
1/3. For the temperature correction on the light front wave function, we
put it in by modifying the energy scale as P* =2+/m2 + u2 + QaT,)?
with m and yu the same as the vacuum case above and additionally, a
parameterized effective temperature T ~ 7, 173 (dNy,/d n):’i ‘?) [14] is

applied with T,y =300 MeV at /sy x =200 GeV:

Ty ~(1/y/5)71/% X (=0.4+0.39In 5)!/2. as)

It is also interesting to consider a case that one quark in the meson is
fully thermalized with P* ~ T, >> p,, then the transition matrix for
this quark becomes unity and Eq. (9) now becomes:

Fi=Tr Sy +m +5-pod)s; | . 16

A /2p1+

This means that regardless of whether the other quark is thermalized or
not, the spin density matrix has py, = 1/3, which could partly explains
the py, difference between ¢ and K*0. A similar behavior has been men-
tioned in [10], where the coalescence between a polarized quark and an
un-polarized quark leads to pyy =1/3.

As explained above, we simply apply the light front wave function
for ¢, J/¥ and Y meson in this paper. Then, the average p,, can be
directly defined as:

dxd?p,

———= poo(x, )W (x, p I 17

Poo = x1-x)
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Fig. 2. A sketch of P* dependence of p, with setting x =1/2 and p, = 0.5 GeV.

Table 1

Parameter « of the light front wave function for
¢, J/¥ and Y meson and the meson masses M
together with the respective current quark masses
m for s, ¢ and b quark.

¢ J/¥ Y
K 0 1.5 3.0
m [GeV] 0.1 12 42
M [GeV] 1.0 3.1 9.5

The associated wave function y(x, p,) can be estimated by separating
the momentum distribution wave function in Eq. (17), and parameter-
ized with the Brodsky-Huang-Lepage (BHL) prescription [45-48] as:

» J(m2 42y 2
L
w(x,p))=AVx(1 - x)e x-x) (18)

where M is the respective meson mass, and A is the normalization fac-
tor for the parton distribution function g(x), defined as:

4(x) = ﬁ / & lw(x.p )P / dxg(x)=1.
19)

In the chiral limit with g2 = x(1 — x)(P*)?, the above BHL prescrip-
tion leads to a simple relation between the parton distribution function
and the decay constant since the k;, dependence can be fully scaled
as ki /x(1 — x) and the x dependence is the same for the transversally
and longitudinally polarized vector meson with the longitudinal direc-
tion being the spin quantization oj-direction in the rest frame. One
can then estimate the spin density matrix element with the transver-
sal and longitudinal decay constants of the vector meson at the lead-

ing twist [32,36,38], f,, and fT, and one has approximately 5y, ~

1y

FeH2s0?
f E /fr=1/ \/5 [49,50], an upper limit for the spin alignment may also
exist as gy = 1/2.

Note that the parameter k¥ mainly influences the shape of the wave
function and can be determined by the parton distribution ampli-
tudes [32,51,52]. Here the amplitude can be expressed as:

1 2
—— [ dpyy(x,p))
Vx(1 —x)/

2

=Ax(1 — x)e x(1=9), (20)

in the meson rest frame. With the large N, limit result of

P(x)=

We then perform a numerical calculation, with parameter ¥ match-
ing the parton distribution amplitudes in the early studies [32]. Table 1
shows the choice of the parameter together with the meson mass and
the respective current quark masses. Fig. 3 clearly shows that for all
three types of mesons, the integrated matrix j, is larger than 1/3 at
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lower collision energies, even for J/¥ and Y mesons where the pg,
is suppressed by heavier mass. Moreover, for larger collision energies,
the increased temperature suppresses the interaction and the related in-
trinsic spin alignment. The collision energy dependence of the obtained
spin alignment for ¢ meson is in good agreement with the experimental
data [43,44,53].

Note that the results are obtained without fully considering the ther-
mal effect on quark distribution and the effects of bulk evolution. These
effects, together with the model uncertainties, can be roughly taken into
account by varying the interaction scale u in the light front form. In the
right panel of Fig. 3, the band shows the possible range of py, when the
scale y is varied by 10% percent, which does not change the qualita-
tive feature and always describes the experimental data within the error
bars. However, one needs the knowledge from the kinetic theory and/or
hydrodynamics to understand the quark distribution and its evolution,
as well as the time and pattern of hadronization to get a more decent esti-
mate of the model uncertainties. For future research, we plan to develop
the conventional coalescence model with light front spinor incorporat-
ing with hydrodynamics to make a thorough investigation for the global
spin alignment of the vector mesons including K*, J /¥ and Y.

4. Summary

To understand the polarization of the hadrons, one may first separate
the effect from the spin distribution and the momentum distribution.
This can be understood within the Fock representation. For instance, for
the quark field, one has w(p) « u(p)ai with operators like ai determining

the momentum distribution and the spinors like u(p) determining the
spin distribution.

In this work, we emphasize the importance of the light front spinor
to deal with the spin alignment of vector mesons. As already mentioned
above, the Lorentz boost will mix the kinematic part and the interaction
part of hadron’s spin with the conventional Dirac spinor. The conven-
tional way to sum up the spins of quarks and antiquarks in the instant
form is not complete to describe the spin of hadrons. The contribution
from the gluon interactions is presented in terms of the orbital angular
momentum of the hadron bound state.

Here, instead of involving the interaction term of gluons or consid-
ering carefully about its mixture with the angular momentum, we apply
the light front spinor of quarks which is explicit in the hadron’s spin and
contains the angular momentum consistently. The light front form then
naturally induces the spin alignment in the polarization of vector mesons
with py, > 1/3. Note that this result is independent of the modeling of
the momentum distribution in hadron since it holds for any momen-
tum. The magnitude of p, excess relies on the renormalization scale 4,
which is not a free parameter but depends on the interaction scale of the
quarks at the hadronization moment. The fixing of the scale requires the
knowledge of evolution procedure and the generating mechanism of the
respective mesons, which requires further investigations together with
hydrodynamic simulation and/or chiral kinetic theories. Nevertheless,
the description we proposed here offers a dynamical mechanism of the
spin alignment which connects global spin properties of the hadron with
its inside structure.

After applying a simple ansatz for the wave function of the vector
meson, we show that the value of p,, can be approximately related to
the ratio of the transversal and longitudinal decay constants. Further, we
apply the vacuum light front wave function for various mesons and find
obvious spin alignment of ¢, J /¥ and Y gives p,, > 1/3. The spin align-
ment increases with the decreasing collision energy which is consistent
with the experimental measurements of ¢p meson qualitatively. How-
ever, to fully describe the polarization and spin alignment of hadrons
in heavy ion collisions, the thermalized distribution of quarks and the
hadronization procedure are needed to be considered. We expect to in-
corporate the kinetic theory and hydrodynamics to further study this in
the future.
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Fig. 3. Collision energy dependence of p, after integrating out of the momentum distribution in the meson rest frame (right panel). As a comparison, the left panel
shows the experimental data of ¢) meson from STAR and ALICE at the out-of-plane direction (-y axis) [43,44], together with our result for ¢) meson which is in good
agreement with the measurements. In the right panel, the band shows the corresponding range of p,, with varying the renormalization scale y by +10% for each

meson.
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