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Abstract: The spin alignment of J/¢ with respect to the event plane in relativistic heavy ion collisions exhibits a

significant signal. We propose a possible mechanism for spin alignment through the spin-dependent dissociation of

quarkonia in vortical quark-gluon plasma. The spin-dependent dissociation is realized through inelastic scattering

between constituents of quarkonium and those of quark-gluon plasma polarized by vorticity. The spin-dependent dis-

sociation rate is found to depend on the directions of vorticity, quantization axis, and quark momentum. We imple-

ment our results in a dissociation-dominated evolution model for quarkonia in the Bjorken flow, finding that the spin

0 state is slightly suppressed compared with the average of the other two, which is consistent with the sign observed

in experiments. We also observe the absence of logarithmic enhancement in the binding energy in the vortical cor-

rection to the dissociation rate, which is understood from the requirement that a spin-dependent dissociation can only

result from quark coupling to a pair of chromomagnetic and chromoelectric fields.
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I. INTRODUCTION

The spin physics in relativistic heavy ion collisions
(HICs) has recently become an emergent field under in-
tensive studies. Researchers first realized that the final
particles in off-central HICs should be spin polarized [1].
The first measurement was made in the global polar-
izaiton of A hyperons [2], which has been easily under-
stood from the coupling of the spin of A hyeprons with
the vorticity of quark-gluon plasma (QGP) [3—5]. Fur-
ther measurement of local polarization revealed a more
refined structure of the spin interaction [6], enabling us to
characterize the spin response to more general hydro-
dynamic gradients [7—14].

A closely related phenomenon is the spin alignment
of vector mesons, originally proposed from the polariza-
tion of the two constituent quarks based on the quark
model [15, 16]. In HICs, the spin alignment is measured
with a quantization axis selected to be perpendicular to
the event plane. The spin component along the axis
defines 1,—1,0 states. With the polarization of quarks
from spin-vorticity coupling, we would have a spin align-
ment quadratic in vorticity. However, the measurement of
the spin alignment of the ¢ meson has revealed a signific-
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antly large signal, with the probability of finding the 0
state significantly larger than the other two states. Vari-
ous mechanisms have been explored to understand the
large signal [17-26]"; see [27] for a recent review. More
recently, a proposal on constraining the mechanisms ex-
perimentally has been made [28].

A second vector meson observed with spin alignment
is J/y. Measurements revealed a spin alignment different
from the counterpart of the ¢ meson in sign [29]. This
might not be a surprise as the production mechanism of
J/y is completely different from that of ¢, which results
primarily from thermal production. Because the charm
quark is much larger than the temperature of QGP,
thermal production is negligible. J/¥ can be produced
either directly in initial hard scatterings or from a recom-
bination of charm and anti-charm quarks, which are also
produced by initial hard scatterings. Both sources are sub-
ject to significant medium modifications. The early pro-
duced J/y is partly dissociated because the interaction
with the medium and charm quarks evolving with the me-
dium also carries information about the medium before
they recombine to form J/y. We shall refer to the two
cases loosely as dissociation and recombination produc-
tions. The dissociation and recombination productions are
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known to dominate in low and high energy collisions, re-
spectively [30—32].

While the vorticity coupling to spin of constituent
quarks correctly gives the sign for spin alignment of J/y,
the overall magnitude is expected to be much smaller
than what has been observed in experiments [15, 16].
This is because the spin alignment is quadratic in the phe-
nomenologically small vorticity. This is not the only ef-
fect of vorticity on spin alignment. In this paper, we pro-
pose another possible mechanism through spin-depend-
ent dissociation in a QGP with vorticity. Because dissoci-
ation occurs throughout the evolution of the QGP, the
small vorticity can be compensated for by a long evolu-
tion time. For simplicity, we focus on dissociation pro-
duction in medium-high energy collisions. We consider
the dissociation rate of quarkonia in a spinning QGP
characterized by vorticity w. For quarkonia in the vortic-
al QGP, we expect through rotational symmetry that the
vortical contribution to the dissociation rate for quarko-
nia in the spin s state can be parameterized by
[, =Tsp-w(@ p)+Tysn-w+O0w?*), with 7 and p being
the directions of the quantization axis and quarkonium
momentum, respectively. s =1,—1,0 labels the spin states
of the quarkonia. The survival probability of the initially
produced quarkonia is given by exponential decay as
exp(— [T,dr). Because exponential decay is a concave
function, the splitting in the dissociation rate above leads
to a suppressed rate of the 0 state compared with the av-
erage of the other two. This is independent on the signs of
I'; and T, in the parameterization above. The objective of
this paper is to determine the spin-dependent part of the
dissociation rate and study its impact on the spin align-
ment of J/y.

The remanider of this paper is structured as follows:
In Sec. II, we first review the spin-independent dissoci-
ation of quarkonia in the QGP in the quasi-free picture
and then calculate the spin-dependent vortical correction
to the dissociation rate of quarkonia. In addition to de-
pendence on spin component s, the correction is found to
depend on the quantization axis and momentum of
quarkonia. In Sec. III, we apply the results to calculate
the spin alignment of J/¢ in medium-high energy colli-
sions and discuss the phenomenological implications.
Sec. IV is devoted to the conclusion and outlook. Details
of the calculations are given in three appendices.

II. QUARKONIA DISSOCIATION IN
VORTICAL QGP

With application to J/¢ in mind, we consider the dis-
sociation of spin-triplet S-wave quarkonium states
(henceforth referred to as quarkonium states) in the vor-
tical QGP. Because the magnitude of the vorticity pro-
duced in HICs is ~ 10MeV, still much smaller than that at
the typical temperature of the QGP (~200MeV), we may

treat the vorticity-dependent part of the dissociation rate
as a perturbation. The dissociation rate of the quarkoni-
um state in the absence of vorticity has been well under-
stood, which we briefly review below.

A. Quarkonia dissociation rate in equilibrium QGP

The dissociation of unthermalized quarkonia results
from two types of processes: gluo-dissociation and in-
elastic scattering. In the former, the color singlet
quarkonium dissolves into a color octet by absorbing a
gluon from the QGP [33—36]. This process is leading or-
der in the coupling constant. In the latter, one of the
heavy (anti-) quark constituents scatters with a light
quark or gluon in the QGP, converting the color singlet
quarkonium into a color octet. It is next to leading order
in the coupling constant and formally suppressed.
However, the naive power counting ignores the bound
state nature of quarkonium. The gluo-dissociation pro-
cess is only possible for the bound state: in the limit of
vanishing binding energy, the gluo-dissociation cross sec-
tion simply vanishes by vanishing the phase space. There-
fore, the effect of a finite binding energy should be con-
sidered. Scholars have realized that the cross section for
gluo-dissociation is rather small as quarkonium is loosely
bounded at high temperatures [37]. Thus, the dominant
process for dissociation is the inelastic scattering. A
quasi-free picture has been proposed for quarkonium, in
which the two constituents of quarkonium scatter with
light quarks and gluons in the QGP independently [38,
39], see also [40, 41]. The validity of the scenario is stud-
ied in the framework of a potential non-relativistic QCD
[42—-45], which treats the bound state effect more system-
atically.

Binding energy also plays a crucial role in the inelast-
ic scattering process, which includes Coulomb scattering
and Compton scattering. It is well known that the perturb-
ative damping rate for heavy quarks suffers from infrared
(IR) divergence when the exchanged gluon carries very
soft momenta [46, 47]. Fortunately, the finite binding en-
ergy, denoted as ¢,, sets a threshold for the energy of an
exchanged gluon to dissolve the quarkonium; thus, the
binding energy effectively cuts off the IR divergence,
leading to a logarithmic enhancement in the binding en-
ergy. Similar IR divergence does not occur in Compton
scattering as the exchanged particle is the heavy constitu-
ent [46]. At a sufficiently low binding energy, the Cou-
lomb scattering process is logarithmically enhanced,
providing the dominant contribution to the cross section.

T
Such an enhancement of form ln; was found in [43],

with 7T being the temperature of the 6GP. Focusing on the
logarithmically enhanced contribution allows one to con-
sider only Coulomb scattering.

With Coulomb scattering, the evaluation of the disso-
ciation rate can be reduced to the effective one-loop self-
energy diagram for heavy quarks shown in Fig. 1. The
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Self-energy diagrams for heavy quarks. The cut propagators can be put on-shell. The left/right diagram corresponds to Cou-

lomb scattering off light quarks/gluons. The logarithmic enhancement results from the exchange of gluons with soft momenta; there-

fore, we must use HTL resummed propagators for them, indicated by blobs.

gluon propagator running in the loop is the hard thermal
loop (HTL) resummed propagator, which screens the IR
divergence of Coulomb scattering. The remaining logar-
ithmic divergence is cut off by ¢,, as we have already dis-
cussed.

B. Vorticity correction to dissociation rate

The question we now ask is how the vorticity enters
the diagram above. We still assume the quarkonium to be
unthermalized such that the vorticity affects only the light
quarks and gluons. The modifications are known from
quantum Kinetic theories; see [48] for a recent review.
Crucially, the vorticity modifies only the on-shell light
quarks and gluons but not their off-shell counterparts.
Aiming at vortical correction to the dissociation rate to

T
leading logarithmic order ln;, we will also restrict

ourselves to the Coulomb scatbtering process. The role
played by the vorticity is to affect the distribution and po-
larization of light degrees of freedom in the initial and fi-
nal states.

With the light degrees of freedom polarized by vorti-
city, we expect a spin-dependent damping rate of heavy
quarks inside the quarkonium though collisions with po-
larized light degrees of freedom. The spin-dependent
damping rate for the constituent can further lead to a
spin-dependent dissociation rate for the bound state. The
spin averaged damping rate can be related to self-energy
as [49]

1 >
= TEptr[(P"'m)z P)]. (1

To derive the damping rate for a particular spin state, we
must project the self-energy into a spin state. To determ-
ine the appropriate spin projection operator, we first re-
call the following representation of the free retarded
propagator for the particle state:

Z us(Pug(P) 1 uy(Pyuj(P)y’

1
Sr(P)= — - ,
*(F) 2E, ~ py—E,+ie 2E, “~ py—E,+ie

N

where u,(P) is the eigenspinor solution to the free Dirac

equation, normalized as u/u, = 2E,6,,. This is the general
eigenstate representation of the retarded function in
quantum mechanics applied to Dirac theory with labels of
us(P)uy(P)
2E,
the projection operator onto a specific spin state and
>, us(P)ul(P)
2E,
With the same logic, we can rewrite the spin average in
(1) more explicitly as

eigenstates being spin. We readily identify as

as the identity operator in Dirac space.

o
r-l ol > s us(Puy(P)y
2 2E,

Z°(P)]. 3)
This suggests the following damping rate for specific spin
states:

1 1
T, = Etr[u.;(P)ukP)y“?(P)] = Etr[ux(Pms(P)Y(P)J.
4)

Let us comment on the validity of this representation: (4)
implicitly assumes E, to be degenerate and free eigen-
spinors can be used. In principle, both emanate from the
solution to the following Dirac equation in the presence
of self-energy:

(P—m—Zg)uy(P) =0, )

with X; being the retarded self-energy. However, in the
perturbation theory, Xz ~ £~ is small and has a leading or-
der contribution to I'y; hence, we may ignore modifica-
tions to the energy and eigenspinor in (4), which are high-
er order effects.

The case of anti-particles can be analyzed similarly.
Because the vorticity effect in a charge neutral QGP is
expected to be identical for a particle and an anti-particle,
we will focus on the damping rate for particles in the fol-
lowing.

Now, we are ready to calculate the self-energy of
heavy quarks in a vortical QGP. As argued in the previ-
ous subsection, only Coulomb scattering contributes to
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the leading logarithmic order in ¢,, corresponding to the
self-energy diagrams in Fig. 1.

The vorticity corrections to the diagrams enter
through modifications of propagators for light quarks and
gluons. The explicit forms are known from quantum kin-
etic theories. The gluon lesser propagator in the Cou-
lomb gauge is given by [50—52]

D;,(X,0) = D;"(X,0)+ D (X, 0),
DX, Q) = 27P,,6(0")e(Q - w) f(Q - w),

. iP Q/IP O_P(Tﬁ
D;V(X, Q) = 2me(Q - w)5(Q°) {Maﬁf@ “u)
ayp
~op) =i %22 0,1 (0. ©

where X is a coarse-grained coordinate labeling fluid ele-

ments. We assume a uniform temperature and slow-vary-

ing fluid velocity u,(X). The vorticity is defined as
1 oo QHMP + qull QIJ QP

W= e P = o+ = = and

P,, = u,u, —n,are the transverse and spatial projectors,
respectively. eis the sign function, and f'is the Bose-Ein-
stein distribution function. Superscripts (0) and (1) indic-
ate the order in vorticity. D;" can be further simplified.
In the fluid rest frame with " =(1,0,0,0), only spatial
components of D" are nonvanishing and are expressed
as

< i,‘ diu , . .
DV = 275(Q%)e(qo) { - %f —(ie))
0
1€k ,
- 2qk (‘%wz)f}
90
el w; i€
= 23 Q)| AL )
un 2

0 )
where f' = gf(%). We have used 0;u;, = ¢*'w, in a vor-
0

tical fluid and the Schouten identity —g;e* +q;e" -
qr€" +q,€7* =0 in the second equality. The greater
propagator D;, can be obtained by replacement f — 1+ f
in (6). Note that D" = D>V, indicating that the spectral
function is not modified at this order. The color structure
is the trivial one inherited from the free gluon propagator,
which we have suppressed for notational simplicity.

The quark lesser propagator is given by [53, 54]

S*(X,K)=SOX,K)+5 VX, K), (8)

S<OX,K) = —2re(K - w)d(K*) Kf(K - u),
S<O(X,K) = —nK"Qy v e(K -u)s(K*) f (K - u), )

with O = w'u’ —w'u*. f is the Fermi-Dirac distribution
function. Greater propagator S~ can be obtained from (8)
by replacement —f — 1— f. Again, we have §<0 = §>0
indicating no modification of spectral function at this or-
der. In the following, we confine to the rest frame of the
fluid with «* =(1,0,0,0) and suppress the explicit de-
pendence on X.

The self-diagrams adopt the same representation be-
low:

0P) = ¢Cr [ 55P+ Oy D Q)
Q

=—g’Cr / Y'S7(P+Q)y Dy, (QIP<V(Q)Dy (Q),
(¢
(10)

2

C

with Cr= N
114 = Cry. Here, S;(P+ Q)= 2x(P+ @ +m)3(P+ Q)
m?) is the greater propagator for probe heavy quarks.
D;V(Q) = -DE,(QI*<V(Q)Dy (Q) is the vortical correc-
tion to the gluon propagator, with the correction located
entirely in gluon self-energy H;él) [55]. The gluon self-
energy emanates from either the quark loop or gluon loop
captured by the two diagrams in Fig. 1. DJ/* represents
retarded/advanced gluon propagators in the absence of
vorticity, given by

resulting from the color sum

D;va = uyuvAL +P§VAT, Dﬁy = Dllfv* (11)

P!, is the transverse projector defined earlier, and w'u” is
the longitudinal projector in the Coulomb gauge. We use
HTL resummed propagators relevant for exchanged
gluons with soft momenta [49], for which

-1
AT: 2 s
Qz—mg(x2+7x(1;x)lniti)
A= -1 (12)
" q2+2m2(1—{1nﬂ>.
8 2 x—1

m, is the gluon thermal mass defined by m§= gngz

1
(Cy+ ENf)' X = @, where gpand ¢ are the temporal and

spatial components of the momentum in the QGP frame,
respectively. Using (8), we obtain I1%*< from the quark
loop as

T1570(Q) = ~2¢° N, T / tr [y"s V(K +Q)y'sO(K)
K
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= —4ig’N;Tr(2n)’ / e"PYK + Q)”ﬁwl(,le(ko)

K
x (k" +4°) (1= (ko)) f (ko + q0)
x8(K*)6 ((K+0)), (13)

2

< 1 <l > < >
M7<0(Q) = ~gCa 5 / DV (K + QD (K) + Dt (K + Q)D;(K)]

with Tr = %
and Nyis the number of light quark flavors. Prefactor 2
occurs because vortical correction can enter either quark
propagator in the loop. Clearly, I1%<() denotes anti-sym-
metric indices. Using (6), we obtain I1%< from the
gluon loop as

resulting from the color sum tr[#f*] = Tz,

(14)

[8"(~K =20) +g™(Q - KV + g 2K + Q)" | [¢* (K +20)" + ¢ (K - Q) + g™ (2K - 0¥,

where C, =N, results from the color sum fodfbed =
C,6%. The two terms in the square bracket in the first line
correspond to vortical corrections to two gluon propagat-
ors. A symmetry factor of 1/2 is included. We now show

1
Hg[k(])(Q) — _gZCA5 / [D;E/O)(_K)D;I()l)(_[{_ Q) +D:_§/1)
K

that it is also anti-symmetric in indices. By relabeling in-
dices ueo o, veop and redefinition of momentum
K —» —K - Q, which amounts to the interchange of two
vertices, we find

(-K)D; " (-K - Q)] (15)

[87°(K = QF + g (K +20)" + " (<2K - 0)°| [g*(Q~ K} + g*(~K ~20)" + g" 2K + 0¥ |. (16)

Using properties D;”(P)=D;”(-P), and D;"(P)=
-D;\P(=P), we immediately find TIP<) = —[F*<h),
Moreover, I1%<M is purely imaginary from the explicit
representations (13), (14), and (6). It follows that D}V is
also anti-symmetric and purely imaginary. The anti-sym-
metric property of D;{" enables the following replace-
ment in the product of gamma matrices in (10)

,y,u,y/l,yv — ,yvn/l/l _,y/lnyv +,yyn/lv _ iey/lvp,yS,yp - _iey/lvp,yiyp’
Yy = ¥ — TP — i,
(17)

i
with % = S [y, y"].
To evaluate the trace in (4), we require the following
representation of eigenspinors:

Pot+m

u.(P)ia,(P) =

u(P) = [po+m (1_17]:;1-0;1)53 (18)
5 2 (1+ pa )fs .
po+m

&,(s =+/-) are the spin up/down spinors along a given

quantization axis n, with the following explicit expres-
sions:

1 n,—in,
e N A'\ N — =G+ —n). 1
¢ 2(1—ﬁz)<1—nz> £ =&m—-m. (19

We analyze the case s =+ below. The other case can be
simply obtained by flipping the direction of n. Product
u,(P)ii,(P) is determined as

(1-pHI+ Ez’/s’-fk(nk(l +P7) = 2p-ap) + 25" p iy

(20)

+(1+ )Y +2p- Ay’ =2py — (1= P +2p- APy’ |,

where we have defined p = plj_m Using replacement (17), we evaluate the trace as
0
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trlu, (P)it, (PYY(P + 0)y Dit(Q)] = —(po +m) [ — i€ (P + Q). D" (Q)25 -
trfue, (P)it, (P)(—iZ*)D;"(Q)m] = —(po + m)[ - 21Dy " (Q)2me

Using D;{"(Q) = D5 (QU*<V(Q)Dg,(Q), the anti-sym-
metric property of I%<( and explicit representation of
D®A (11), we observe that only the following contrac-

ijk ~

A—ie""(P+ Q) D5 (Q)(mi(1 = p*) + 2 - Ap)]»
P —iD5 " (Qme™ (1 + p*) = 2p - Apy)].

2D

[

tions of gluon self-energy are required: P2™I1°"<() and
Pymprnm<() These are derived in Appendix A, with
the following results:

PP = —28* N Ty /K [4ie™ *(k + @)ow,diky] 22 S((K + QMK f (ko +go)(1 — f ko)),

Py P = — 28Ny Ty / [—4ie” " g (K" + @K' = (k+ g)oko)]

K

X (272 6((K + Q16K f (ko + qo)(1

— flko))

m’ myp0m<(1) _
Py "I, =-g

’C, / @k+a)2a (2-

(kj+q)q ) 1" I3 wr + (2+
(ko + go)?

E_W)

4k% 2q 4(k0 + qO)Z

1elma L
X ——— }(Zﬂ) S((K + Q))3(K?) f (ko + qo) f (ko).
A , Kkq Kk (ky+q)q
prmpn nHmn<(l) - _ 2 / |: n'lm H( Il >(_ Il _4> k2
i e f e g T N\ e rar e )2( v
iekm’n’w\ll 4qk”ki (lenmawl\kﬁ ien’m’awl\)}
2 a1 22 5((K + Q)*)S(K?) f(k " (ko). 22
2k3 (ko +qo)* 2k2 t— Q2r)*8((K + Q))6(K") f (ko + qo) [ (ko) (22)
P o
Subscripts "¢" and "g" denote contributions from the 9—4 +2k0‘10‘

quark and gluon loops, respectively. The common part of
the phase space integration is calculated as

/ S(KHS(K + Q)% = / kzdkdcosadq) |k0
K
/ kzdkdcosed¢ |k0__k

11
= Kdion— —1|; -
/ "2k 2kgq ko=t

+/ kzdkdcosﬁdxﬁ Iko__k, (23)
qﬂlo

2kq
Using (4), (10), and (21) and performing the angular

average of ¢ (details given in Appendix B), we obtain the
following representation for IV

'Y =T\sp-w@-p)+Tash- w. (24)
1 .
In the above, s= ii has been inserted for the cases of

both spin states. Functions I'; and I, are scalar functions
that depend on quark momentum p, energy p,, binding
energy e,, and temperature 7, with explicit forms given

1
where Jdcos65(K + Q)*) = g’ fixing  cosf= by
N2—1po+m,_ . [ d 5 7
M=g =P o | Tliag {4|AT| A+ A0 | (1= )04 =) +47 o+ o+ ) =450+ 1)
N dp T am
ALAT +ArA} . . N -
& +A3)5 x {(pz = Dpai+34i =g +4P* " — g + 4mpq@ } : (25)
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N2 =1 po+m dgo . ¢ 1
0=g—5 27 dg5— |41Ar (AT + AD— (1= pP)q0(q” — q))
2N, 4py 2n)° " 2pg 7 :
ALAT + A7 A} 1 -2 ) N
+4f(AZ+A§)5 (1-5°) (2pq) +4* +qi) —4mpqg | |- (26)
2 2 ’ ’ ’r
_ . -4 +2p0q0 . pr'mpn nH’m’K(l) — 'l IAq/g
Here, ¢y=q-p= T following from o&((P+ T 7T “4lg € @i
. . m’ myOm<(1) _ _m'kl, k ~ A4/
0)* —m?)=6Q2P-Q+ Q% for on-shell P. The integration Prilly s =€ W giAy” 27
bounds of gy and g are given respectively by g € [€,
+o00) and g € [\/p?+2poqo+ G — P> \/P* +2Doqo + G + P). In Fig. 2, we show I'; and T, as functions of p, e,
Functions A”¢ and A%%(¢°,q) are related to the projected and T with ¢,=0.3, Ny =N, =3, and m taken to be the
gluon self-energies in (22) as charm quark mass. For simplicity, we take ¢, =
T20.3GeV, m=1.27GeV, £5=0.0233GeV T=0.3GeV, m=1.27GeV, £5=0.0233GeV
0.07
0.003| 0.06
0.05
0.002|
., 0.04
= [
0.001} 0.03
0.02
0.000} 0.01
0.00
0 2 4 6 8 10 0 2 4 6 8 10
p (GeVic) p (GeVic)
T=0.3GeV, m=1.27GeV, p=1GeV/c T=0.3GeV, m=1.27GeV, p=1GeVic
0.0245
0.004|
0.0240
0.003l 0.0235
0.0230
= 0.002} ] = 0.0225
0.0220
0.001; 0.0215
0.0210
0.000L ]
0.005 0010 0015 0020 0025 0.030 0.005 0010 0015 0020 0.025 0.030
£g (GeV) £g (GeV)
£5=0.0233GeV, m=1.27GeV, p=1GeV/c £5=0.0233GeV, m=1.27GeV, p=1GeV/c
0.04}
0.006
0.03
0.004
© 0.002 - 002
0.000 0.01
-0.002} . . . . . 0.00[
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
T(GeV) T(GeV)

Fig. 2. (color online) I'; and I'; defined in (24) as functions of p, €,, and 7, respectively, with e, =0.3, Ny = N, = 3, and m taken to be
the charm quark mass. ¢, is temperature dependent. For simplicity, we take ¢, = 0.0233GeV for an average temperature of 210MeV cor-
responding to the weak binding scenario [56]. We find |T| > |I'j| numerically, indicating that the angular dependence of T is largely
set by w-n, with only a small correction from the dependence on the quark momentum direction p.
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0.0233GeV for an average temperature of 210MeV cor-
responding to the weak binding scenario [56]. We find
IT,| > ||, indicating that the angular dependence of TV
is largely set by w-n, with only a small correction from
the dependence on quark momentum direction p. T
tends to zero as p — 0, which is consistent with the ex-
pectation of no p-dependence in this limit.

T
A surprising result is the absence of 111* enhance-

ment, which we now explain. Note that ln*enhance—

ment has indeed been found in earlier calculatlons of the
spin-independent dissociation rate; see [43]. It results
from quark coupling to fluctuations of incompletely
screened chromomagnetic fields. Because two spin-mag-
netic vertices exist, the dependence on spin cancels in the
product. In our case, the fluctuations of the chromomag-
netic field can be identified with terms o |A7|* in (25) and
(26). In the mean time, we have explicitly calculated the
IR limit of vortical correction to gluon self-energy in Ap-
pendix C, finding the same scaling with ¢ as their coun-
terpart in the absence of vorticity. However, similar lni
does not occur for vortical correction owing to the pres-
ence of an additional factor of ¢y in the corresponding
terms. The appearance of g, can be understood as fol-
lows: we are seeking a spin-dependent dissociation rate.
The quark can only have spin-dependent coupling to the
chromomagentic field in one vertex and spin-independ-
ent coupling to the chromoelectric field in the other ver-
tex” such that the product is still spin dependent. The
factor of ¢, is necessary for converting one of the trans-
verse gauge fields in D" < = —|A7P Py Py L Dto a
chromoelectric field. Because the chromoelectric field is
completely screened, no logarithmic enhancement is ob-
served.

Thus far, we have calculated only the dissociation
from scattering with one of the constituent quarks. In the
quasi-free picture, we can easily obtain the dissociation
rate for quarkonia by adding contributions from two con-
stituents:

re=or), r=2?, ry=r)+r%,=0. (28

M. SPIN ALIGNMENT OF J/y IN VORTICAL
QGP

To implement the spin-dependent dissociation rate in
the spin alignment for J/y, we take the Bjorken flow for
the evolution of the QGP and the evolution of vorticity
from Eq. (8) of [58]; see also [59]

1) See [57] for explicit form of couplings in the non-relativistic expansion.

0.000000

-5.x10"%

-0.000010

-0.000015

Poo-1/3

-0.000020

-0.000025

0 2 4 6 8
Puiy(Gevic)

Fig. 3.
of p.

(color online) Spin alignment pgo—1/3 as a function

w(t,b, \sxy) = tanh(0.285)(0.001775 tanh(3 — 0.015 /swy)

+0.0128)(exp(=0.016b \swy) + 1)+
(0.023885 +0.01203)(0.581)°% exp(—0.581)
x (1.751 —tanh(0.01 v/syy))

x (exp(=0.016b v/syy) + 1)
(29)

For illustration, we consider quarkonia spin alignment in
collisions with +/syy =200GeV. The temperature profile
is modeled using Bjorken flow with

T=T, (T)_m, (30)

To

with T, =350MeV and 79=0.6fm. 7= Vi2—z2 is the
proper time. Given that |I';| < |[;|numerically, we ignore
the term dependent on quark momentum direction p. Be-
cause the quark and anti-quark should carry close mo-
menta in the quasi-free picture, the spin-dependent disso-
ciation rate is nearly independent of the quarkonia mo-
mentum direction. We can then obtain a simple form of
spin alignment as follows: assuming spin-independent
distribution function f for initially produced quarkonia
and considering the dissociation contribution only, the
distribution of quarkonia in the i-th spin state is given by

f=e oty &)

with i = 0,+,—. Further assuming # || w, we determine the
corresponding spin alignment as

L (R
PO 3= v S 3

1 1 1( )2
= ——~—— ([ Thdr) . (32
1+efr2dT+e’frzT 3 9 / el (32)
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In the final step, we have expanded to the first non-trivial
order f I',dr. The r-integration is chosen to start at 7, and
stop at T =150 MeV. In Fig. 3, we show the p depend-
ence of spin alignment.

IV. CONCLUSION AND OUTLOOK

We have considered the dissociation of quarkonia in
the vortical QGP and proposed the spin-dependent disso-
ciation rate as a possible mechanism for the quarkonia
spin alignment observed in heavy ion experiments. In this
mechanism, small vorticity in high energy collisions may
be compensated for by a long evolution time of the QGP.
With QGP constituents being polarized by vorticity, in-
elastic scattering between quarkonium and QGP constitu-
ents naturally leads to a spin-dependent dissociation rate
for quarkonia. Aiming at leading logarithmically en-
hanced contribution in binding energy, we focus on Cou-
lomb scattering process in this work. We have obtained a
non-trivial angular structure of the vortical correction to
the dissociation rate that depends on the directions of the
quantization axis, vorticity, and constituent quark mo-
mentum. The dependence on the quark momentum direc-
tion is found to be weak for phenomenologically interest-
ing parameter choices. We have implemented the results
in a simplified dissociation-dominated evolution of
quarkonia, which gives a slightly suppressed spin zero
states compared with the average of the other two states.

A surprising result we have found both numerically
and analytically is the absence of logrithmical enhance-
ment in the binding energy in the vortical correction to
the dissociation rate. This is understood as resulting from

the requirement that a spin-dependent dissociation can
only come from quark coupling to a pair of chromomag-
netic and chromoelectric fields. In this case, the screen-
ing effect is sufficient to render the results free of logar-
ithmical enhancement.

Clearly, a complete study requires the inclusion of
Compton scattering. Indeed, early calculations of heavy
quark energy losses [46] indicate a possible significant
contribution from Compton scattering, suggesting a simil-
ar contribution to the dissociation rate. A more interest-
ing question is, how do other hydrodynamic gradients af-
fect the spin alignment? A specific example is the shear,
which can sustain for long time and is known to contrib-
ute to local spin polarization significantly [7-9]. Study-
ing spin-dependent dissociation in a QGP with shear flow
would be an interesting direction. We leave these interest-
ing directions for future explorations.
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APPENDIX A. VORTICAL CORRECTION TO
GLUON SELF-ENERGY

We start with the evaluation of the vortical correction
to the gluon self-energy from the quark loop. Working in
the QGP frame with «* = (1,0,0,0), we can give the expli-
cit form of (13) as

<V = —2¢° N/ T / [— 4ie (k + q)wiky + 4™ (k + q)okow, ] 2m)6(K + Q)S(K)e(ko)e(ko + qo) X f (ko +o)(1 = f (ko))

K

00 = 2N, Tr [4i€" (k + g)ow ke ] 20 6((K + Q))S(K*)e(ko)elko + o) f (ko + qo)(1 = f (ko).

Note that the heavy quarks are on-shell in quasi-free pic-
ture P> = (P+Q)* = mj,. The gluon energy threshold is set
by binding energy go > ez > 0. We can easily show that
the gluon is spacelike as long as Q < my. Using §(K?),
we obtain §((K + 0)?) = 6(¢3 — ¢* + 2koqo — 2kg cos 6), with
6 being the angle between k and ¢q. 6((K+Q)*) fixes
90— 9" +2kogo
2kq
ematic constraint on k:

cosf = . |cosf| <1 gives the following kin-

2k>qg—qy forky=k; 2k>qg+qy forky=-k (A2)

For both cases, we have e(ky)e(ky+qo) = 1. To simplify

(AT)

[
the tensor structures, we note that I1¥<(V should be con-
tracted with transverse projectors on both sides; therefore,
we may simply take i and j to be transverse indices. Thus,
index k£ must be longitudinal. Formally, we can express
this statement by the following identity:

eFPIPIPY =0 = €FPPIS! = €MPI PG, (A3)
The first identity can be shown by expanding it and using
the Schouten identity €™g™ — '™’ + €™ g" — e""g' = 0. We
can then obtain projected IT/<() as
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PP = 2N Ty | [ = 4€" " (k + @)wik] + 4i€™ ™ (k + @lokow]] 276K + QPS(K?) X f (ko +qo)(1 = f(ko))

=—2¢’N;Tr | [—4ie" " gl (K" + k' — (k+ @)oko)] 272 8(K + Q)S(KD) f (ko + qo)(1 = f(ko))-

—

(A4)

We use || to denote longitudinal projection. k! =k-g. In  (k"+¢),. This is because kjl;}l vanishes on the angular in-
the second line, we have made the replacement (k + ¢); — tegration of . Similarly, ITY" is projected as

Py = —2¢7 N T / [4i€" 7 (k + qYow;quky] (26K + QK f (ko + qo)(1 — f (ko). (A5)
K

Now, we turn to vortical correction from the gluon
loop. Noting that vortical correction to either gluon
propagator gives an identical contribution and gluon write

propagators in the loop take only spatial indices, we may

s _kla : kla
<0 = - 2gch% / 2mP5((K + QPIS(Kelko)etko + go)PHK + Q) [ Z’j”“’}’ + ‘Ekz‘”“ 1f
K 0
[8(-K -20)' +g"(Q— K) + 8"(2K + Q)" | [¢*(K +20)" + g (K — Q)" + g (2K - Q¥].. (A6)

The product of vertices in the second line above can be

expressed explicitly. For a = Om, we have where the last term is dropped upon contraction with

ik kyw, i€ w,
o . o Pl(K + Q){ kab 2+ 5 } , which is symmetric in
867 (2k + @Yok +2q)x + 6" 5™ (2k + @)o(=2q,) + 678" 2k + q)o 0
(=2k = @) = 66" 2k + @Yok + 2q); + 676" (2k + @)o(—24), ij and anti-symmetric in kl. For af = mn, the product is

(A7) slightly complex:

"7 (—k = 2q)i(k+2q); + 6™ 8™ (=k = 2q)i(=2q) + "5 (~k = 2q)i(~2k — ), + §"'5"" 2, (k + 2q)i + "5 2q,(~24)
+6"8"2Gi(=2k = @), + 676" 2k + ulk + 2q) + 6" 6™ 2k + @)n(=2) + 66 kA @ (=2k = @), (A8)

The first and last terms are symmetric in mn; thus, they can be dropped". The remaining terms can be organized as

6" (—k = 2q)i(=2q) + 6" 5 (k= 2q)i(=2k — @), + 6" 5" 2qi(=2k = @), = (m > n) +6"'5"2q,(=2q). (A9)

i€k kywp,  i€%w,

We then contract (39) and (40) with P};(K+Q) 2 T and project the spatial indices to the transverse
plane. For o3 = Om, we have ’

0 1 1 0
1) The anti-symmetric part of the contribution from D;( )(K + Q)D;l( )(K) is doubled by the counterpart from D;-( )(K + Q)D;Z( )(K), while the symmetric part is

canceled. This can be seen easily from the discussion below (14).
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I ™(Q)6" 6™ (2k + q)o(k +29)s {5@/' & +(Z)':'(];;2- 2 FEkla;CIac]gbwb - iek’;wa } = (Zk+q)o2q1 . km:lfﬁi =
0k ol 2 5+ kg
Ty "(Q)5" 8™ (2K + q)o(~24,) {% & +(Z)jr(];; 2. } {iemfilgbwb " iEkaa }
- ks an(-20) (1- B ) IR o g (1- D) 10 (A10)

where w} = (6. —§uqp)w,. In arriving at the above, we have used §((K+Q)*) and made replacements such as

krky — Eki(étzb —449») using rotational invariance in the transverse plane. Similarly, for a8 = mn, we have

e k+q)ik+q);] [1€¥k,k, i,
P’;j mP;l-ndIm(snk(—k—Zq)l(—Q,Qj) |:6ij_( ‘I)( q)J:| |:1 »rWp 1€ W, :|

k+q) w2
(ky+q)q i€ I kyew) e ag) ( 1 2)}
=2 -2 al _— 7k s
horqr |l a0t 2"
o (k+q)(k+q) } {ie""’kakbwb ie""’wa} i€ kyw) i€
PmmPnn51m6k] k=2 Dk — n|:6i'_ J — 12 k2 a 2,
T (K =22k =@ |01 = (7 22 2 e kit k
— . (k+q)k+q) } {iek’“kakbwb ie’d“wa}
PmmPnnémlé‘ka . 2k — n|:6i'_ J
T T Q( ‘I) J (k+q)2 2k(2) + 2
kiky 2 € Wy 2qt+ ), [1€T WG i€ w)
=49 (_kj_) 2 1 2 + 5
(ko + q0)? 2kg (ko + qo)? 2k; 2
, , (k+q)ik+q) } |:i6klakakhwh ieklawa} qzkz Fen’m’awlikﬁ ie’magl }
Pn1inPn116m16nk2 ) —24: |:6i‘_ J =4 L a All
T 91(=24)) |0 == s K 2 Gotqrl 22 2 (A1D)
Collecting all terms, we have
- K +2( ki +q)*
, ki +q)q \ i€k wt kot ( L
PmmHOm<(l) — ZC / 2k 2 |:<2_ ( Il 1%a 24 _
T g 8§ Ca K( +51)0 qi (k()+q())2 4k(2) +( + 2q 4(k() +q0)2
ielm’a 1
. } 2r)*6((K + Q))S(K*) f (ko + o) f* (Ko),
— oo o (Kkg K (ky+q)q Kk
PmmPn nHmn<(l): _ ZC / |:€nlm H( 1M i)(_z" I _4> 4 17 —k2
r Ll g8Ca ; 1 w 262 + 4 o +q0)? + qi(k0+qo)2( )
iekm'n’w” dak k2 ien'm/uwgkz iEn’m’awH
TeR (i ( TR )} QrYS(K + QPSR ftko+ao)f (ko). (A12)
APPENDIX B. ANGULAR AVERAGE OF ¢q
We start by writing out explicit expressions of (21) as
trlu, (P)it, (P (P + Q)y" D3 "(Q)] = ~(po +m) [ie"™ (p + @uDi (Q)2p - A+ (€™ (p + @) Dy +2i€™ (p + q)Dy,,)
u
X (=mi(1-p*)+2p-np,)],
trlu, (P)it, (P)(=iZ")D}"(Q)m] = —(po +m) [ - 2iD " (Q)2me" p i +iD5"(Qyme” (m(1+ p*) = 2p - apy)|. (B1)
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Using (27), we may further simplify the above as

trlu (P)i (PYY“(P+ @)y Dy (Q)] = (po +m) [iAi| A7 PQ(—p — e} 25 1+ 2(p + @owl(ni(1 = 57 + 2 7))

ArAs+ALAL
2

trlu, (P)L, (P)(—iZ")D5"(Qym] = (po +m) |1,

2

1A ArP2ml(n(1 - 5*) + 25 )|

To perform an angular integration of ¢, we decompose
g = g} + g+ with the parallel and perpendicular compon-
ents defined with respect to p. Note that

)
%ppo% is already fixed by &((P+Q)*-

m?) =8Q2P-Q+ Q*. Thus, we only need to perform an
angular integration in the perpendicular plane. Recall that
o' and w' are defined with respect to § instead. The an-
gular integration can be easily performed following the
same logic as the angular integration of & in Appendix A,
i.e., keeping only the even power of g; and replacing

q =

1
g q; = quﬁfj with &} = 6;;— pip;. After straightforward

calculations, we obtain

pw) = pweose,
(p+q)iw! = (pcose+q)p-wcosp,
1
w',-‘ni - 3 [a)-nsin2<p+(3cosz<p— 1)ﬁ-wﬁ-ﬁ},

1 1
win; — (1 —Esinztp)a)-ﬁ+(§ sin? p—cos’)p-wp- A,

2=p - Pul@uw; — G (1 - ) +2p-7p,)].
ATA; + A;—AL
2

4m(§ Wy — @ewy p )

(B2)

APPENDIX C. IR LIMIT OF VORTICAL COR-
RECTION TO GLUON SELF-ENERGY

We will require the IR limit of (36), (37), and (44).
For the quark loop contribution, the dominant contribu-
tion is from the phase space with K ~ T > Q, which leads
to the following approximation:

Py QY™ ~ 26’ N, T / k*dk
0

I g 1 1 ~
—(4 mjka Loy AON_ — k,
X 5 ie Rwia s b

PYM(QPY T ~ —2¢* N, T / k*dk
0

2
x5 @ier - Ty 2w, e

q*" 2kq 2k
with subscript "g" denoting the quark loop contribution.

In the above, the angular part of the k-integration is calcu-
lated as

/ dQS((K + Q)*) = / dcos8ded(qy — q* + 2koqo — 2kq cos 6)

1
Lo &2 =2n—.
wi P, — p-wsin” g, 2kq
1 3 (C2)
. J_ A _ - -2 o Al RPN 2 . . . .
piwiq-n=— 2p e 2 Wp-TCos s g, "£he two. pole contributions of §(K?) are combined using
(B3) fko) + f(=ko) = —1. (48) scales as T?w/q with the correc-
tion suppressed by O(q/T). A similar approximation for
with cosgp =g p. the gluon loop contribution is
, © 1 kg 11
prm H()m<(1) ~ -2 2C / kzdk*Zk ma, 1L ™ 410 — ' (k ,
7 (D haa 8 Ca ; o 2kqie™ W, 24 q 2kq 2kf( )

, , © 1 - 2\ 11
PyM(Q)P T ~ —287C,y / kzdkz—(—l)de" maglk? <1 - @) —— k),
: ; .

(C3)

q*>/ 2kq 2k

with subscript "g, hard" denoting the gluon loop contribution from hard loop momenta. (50) also scales as T?w/q.
However, it is incomplete. Because of Bose enhancement, an additional contribution comes from the phase space with

1 T
K ~ Q. In this case, we may expand the distribution function f(ko +qo) = tao 2 S (ko) = —g to obtain
0 0

+qo
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(k+q)q ﬁ (2+ﬂ_ki+2(k”+q)2)l}
2

PO = ~g°C / kg Ok + g |2 G

(ko +qo)* " 4k§ 2q 4(ko + qo)*
XLL(L E)Zlgma .
g2k \kotqo 2/ 12 a dilko=k>
Rlkg KR\ 4k +q)q Rl K
Pm mPn nHmn<(l) ~ 2c / kzdkf {(_ LM 7J.) <_ I _4) 4 T A
gott = T8 firy w2 4 Go+q0r ) T kT q02 282
gk (kﬁ 1)}( T 1>T N

_ - n'm'a s C4
(oraor \2G "2/ \igrgy 2/ Wbt (9

with subscript "g, soft" denoting the gluon loop contribution from soft loop momenta. Two contributions in (51) are

+
from the poles at ky = £k, with the corresponding integration lower bound set by 1 2% , respectively. We will extract the

leading T?w/q contribution, which clearly comes from the term in the expansion of f(ko+ ¢o). The correspond-

ko + qo
ing integral can be calculated analytically. While the contributions from the poles at ky = £k are separately ultraviolet

(UV) divergent, their sum is UV safe". Pushing the integration upper bound to co, we obtain

0m<(1) 2 1 Tz 1

Py = _ g?2c, — — —54x+123x3 +725x° = 44757 +177%°
QMo = —87Can 48qx5(x4—10x2+9)[ e x o *

1_
120 4 1225(18 = 202 — 9x* — 8x° + x¥) tanh™! Tx +30x°(9 — 22— 9x* + x%) tanh™! g

+3(=3+x)(=1 +X)(1 + )3 +2)((2 = 3x% + 28x* — 13x° — 10x®) tanh ™" x +4x°(2 + 22 + x*)

1+
x tanh™! 72)6)] € wty,,

172 1
Py P = = g2Cy —24x4[ 30x" +35x° = 1617 +3(x— D(x+ 1) (10x° = 5x* + 6x° +17)
xtanh™' x+51x]ie""“w]. (CS)

The hard parts for quark (48) and gluon (50) can be calculated and combined as

1 ﬂzngz

P QI + T ) = —

(Nf+ )1€mal aql’

m’ m pn’n ymn< mn< 1 7r2g2T2(1—x2)
PT PT (H '(])+Hq (1)):_§T

g.hard

Cas. ows
(Ny+ 7’*)16” magl. (C6)

We have verified that the combination of (52) and (53) of D) and DY given by (52) and (53) scales the same
accurately reproduces a direct numerical integration of  as counterpart D;éo) in the absence of vorticity.
the full expressions when ¢ < T. Moreover, the IR limit
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