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

ficant signal. We propose a possible mechanism for spin alignment through spin dependent dissociation of quarko-

nia in a 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 the vorticity. The spin dependent dissoci-

ation rate is found to depend on the directions of vorticity, quantization axis, and quark momentum. We implement

our results in a dissociation dominated evolution model for quarkonia in the Bjorken flow, finding the spin 0 state is

slightly suppressed compared to the average of the other two, which is consistent with the sign found in experiments.

We also find absence of logarithmic enhancement in binding energy in the vortical correction to dissociation rate,

which is understood from the requirement that a spin dependent dissociation can only come from quark coupling to a

pair of chromomagnetic and chromoelectric field.
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I. INTRODUCTION

The spin physics in relativistic heavy ion collisions
(HIC) has become an emergent field under intensive stud-
ies recently. It was first realized that the final particles in
off-central heavy ion collisions should be spin polarized
[1]. The first measurement was made in global polar-
izaiton of A hyperons [2], which has been nicely under-
stood from the coupling of A hyeprons spin with vorti-
city of quark-gluon plasma (QGP) [3—5]. Further meas-
urement of local polarization has further revealed more
refined structure of spin interaction [6], allowing us to
characterize the spin response to more general hydro-
dynamic gradients [7—14].

A closely related phenomenon is the spin alignment
of vector meson, originally proposed from polarization of
the two constituent quarks based on quark model [15, 16].
In HIC, the spin alignment is measured with a quantiza-
tion axis chosen 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 coup-
ling, we would have a spin alignment quadratic in vorti-
city. However, the measurement of spin alignment of ¢
meson has revealed significantly large signal, with the
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probability of finding O state significantly larger than the
other two state. A variety of mechanisms have been ex-
plored to understand the large signal [17-26]", see [27]
for a recent review. More recently there has been a pro-
posal on constraining the mechanisms experimentally
[28].

A second vector meson observed with spin alignment
is the J/y. The measurement has found a spin alignment
different from the counterpart of ¢ meson in sign [29].
This might not be a surprise as the production mechan-
ism of J/y is completely different from that of ¢, which
comes mainly from thermal production. Since 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 recom-
bination of charm and anti-charm quarks, which are also
produced by initial hard scatterings. Both sources are sub-
ject to significant medium modification. The early pro-
duced J/y partly dissociate due to interaction with the
medium and the charm quarks evolving with the medium
also carries information about the medium before they re-
combine to form J/y. We shall refer to the two cases
loosely as dissociation and recombination production re-
spectively. The dissociation and recombination produc-

1) Besides that, we can also refer to "F. Li, S.Y.F. Liu, Tensor Polarization and Spectral Properties of Vector Meson in QCD Medium. (2022)"
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tion are known to dominate in low and high energy colli-
sions respectively [30—32].

While the vorticity coupling to spin of constituent
quarks does give the correct sign for spin alignment of
J/y, the overall magnitude is expected to be much smal-
ler than what has been observed in experiments [15, 16].
This is because the spin alignment is quadratic in the phe-
nomenologically small vorticity. In fact, this is not the
only effect of vorticity on spin alignment. In this paper,
we will propose another possible mechanism through spin
dependent dissociation in a QGP with vorticity. Since dis-
sociation occurs throughout evolution of the QGP, the
small vorticity can be compensated by long evolution
time. For simplicity, we focus on dissociation production
in medium-high energy collisions. We consider dissoci-
ation rate of quarkonia in a spinning QGP characterized
by vorticity w. For quarkonia in the vortical QGP, we ex-
pect by rotational symmetry that the vortical contribution
to dissociation rate for quarkonia in spin s state can be
parameterized by T, =T sp-w@-p)+Tysn-w+0(w?),
with 7 and p being the direction of quantization axis and
quarkonium momentum. 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(— [ Tdr). Since exponential decay is a concave func-
tion, the splitting in the dissociation rate above leads to a
suppressed rate of 0 state compared to the average of the
other two. This is independent on the sign of I'; and T, in
the parameterization above. The goal of this paper is to
work out the spin dependent part of the dissociation rate
and study its impact on spin alignment of J/y.

The paper is structured as follows: in Section 2 we
first review the spin independent dissociation of quarko-
nia in QGP in the quasi-free picture, and then calculate
spin dependent vortical correction to dissociation rate of
quarkonia. Apart from dependence on spin component s,
the correction is also found to depend on quantization ax-
is and momentum of quarkonia; in Section 3, we apply
the results to calculate the spin alignment of J/¢ in medi-
um-high energy collisions and discuss the phenomenolo-
gical implications; Section 4 is devoted to conclusion and
outlook. Details of calculations are reserved to three ap-
pendices.

II. QUARKONIA DISSOCIATION IN VORTICAL
QGP

With application to J/y in mind, we consider dissoci-
ation of spin-triplet S-wave quarkonium states (to be re-
ferred to as quarkonium state in short) in vortical QGP.
Since magnitude of vorticity produced in HIC is
~10MeV still much smaller than typical temperature of
QGP ~200MeV, we may treat vorticity dependent part of
dissociation rate as a perturbation. The dissociation rate
of quarkonium state in the absence of vorticity has been

well understood, which we briefly review below.

A. Quarkonia dissociation rate in equilibrium QGP

The dissociation of an unthermalized quarkonia arise
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 QGP [33-36]. This process is leading order in
coupling constant. In the latter, one of the heavy (anti-
)quark constituents scatters with light quark or gluon in
the QGP, converting the color singlet quarkonium into
color octet. It is next to leading order in coupling con-
stant and formally suppressed. However, the naive power
counting ignores the bound state nature of quarkonium. In
fact the gluo-dissociation process is only possible for
bound state: in the limit of vanishing binding energy, the
gluo-dissociation cross section simply vanishes by van-
ishing phase space. Therefore it is crucial to take into ac-
count the effect of finite binding energy. Indeed it has
been realized that the cross section for gluo-dissociation
is rather small as quarkonium is loosely bounded at high
temperature [37]. It follows that the dominant process for
dissociation is the inelastic scattering. A quasi-free pic-
ture has been proposed for quarkonium, in which the two
constituents of quarkonium scatter with light quarks and
gluons in QGP independently [38, 39], see also [40, 41].
The validity of the scenario is studied in framework of
potential non-relativistic QCD [42—46], which treats
bound state effect more systematically.

In fact, binding energy also play a crucial role in the
inelastic scattering process, which includes Coulomb
scattering and Compton scattering. It is well known that
the perturbative damping rate for heavy quark suffers
from infrared (IR) divergence when the exchanged gluon
carries very soft momenta [47, 48]. Fortunately the finite
binding energy to be denoted as ¢, sets a threshold for the
energy of exchanged gluon to dissolve the quarkonium,
thus the binding energy effectively cuts off the IR diver-
gence, leading to a logarithmic enhancement in the bind-
ing energy. Similar IR divergence does not occur in
Compton scattering as the exchanged particle is the heavy
constituent [47]. At sufficient small binding energy, the
Coulomb scattering process is logarithmically enhanced
giving the dominant contribution to the cross section.
Such an enhancement of the form lng has been found in
[44], with T being temperature of the QGP 7. Focusing
on the logarithmically enhanced contribution allows one
to consider Coulomb scattering only.

With Coulomb scattering, the evaluation of dissoci-
ation rate can be reduced to the effective one-loop self-
energy diagram for heavy quark shown in Fig. 1. The
gluon propagator running in the loop is the hard thermal
loop (HTL) resummed one, which screens the IR diver-
gence of Coulomb scattering. The remaining logarithmic
divergence is cut off by ¢, as we already discussed.
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The self-energy diagrams for heavy quark. The cutted propagators can be put on-shell. The left/right diagram corresponds to

Coulomb scattering off light quarks/gluons. The logarithmic enhancement comes from exchange of gluons with soft momenta, so that
we need to use HTL resummed propagators for them, indicated by blobs.

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 so that the vorticity only affects the light
quarks and gluons. The modifications are known from
quantum kinetic theories, see [49] 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 dissociation rate to lead-

ing logarithmic order InZ we will also restrict ourselves

€p

to Coulomb scattering process. The role played by the
vorticity is to affect the distribution and polarization of
light degrees of freedom in the initial and final 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 spin-
dependent dissociation rate for the bound state. The spin
averaged damping rate can be related to self-energy as
[50]

I'= Ltr[(/P +m)X”(P)].

4E,

(M

To derive damping rate for a particular spin state, we
need to project the self-energy into a spin state. To find
the appropriate spin projection operator, we first recall
the following representation of free retarded propagator
for particle state

>

s

us(Pins(P) 1

1 us(Pug(P)y”
po—E,+ie 2E,

1
Sgr(P)= — ,
#(P) po—E, +ie

3, @

)
where u,(P) is the eigenspinor solution to the free Dirac
equation normalized as u/u, = 2E,6,,. In fact, this is gen-
eral eigenstate representation of retarded function in
quantum mechanics applied to Dirac theory with labels of
uy(Pyul(P)

2E,
the projection operator onto a specific spin state and

eigenstates being spin. We readily identify as

S us(Pyul(P) | vy . . .

=g s the identity operator in Dirac space.
p

With the same logic, we can rewrite the spin average in

(1) more explicitly as

>, us(Pui(Pyy’

|
L= -t
Zul 2E

7 (P)]. A3)

p

This suggests the following damping rate for specific spin
state

(P (PYOE (PY] = ——teluy (Pt (PYE (P)].

r,=
‘T 2E, 2E,
4)

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

crgy

(P—m—Zp)u,(P)=0, )

with X being retarded self-energy. However in perturba-
tion theory the X ~ X~ is small and consists leading or-
der contribution to T, so that we may ignore modifica-
tions to energy and eigenspinor in (4), which are higher
order effect.

The case of anti-particle can be worked out similarly.
Since the vorticity effect in a charge neutral QGP is ex-
pected to be identical for particle and anti-particle, we
will focus on damping rate for particle below.

Now we are ready to calculate self-energy of heavy
quark in a vortical QGP. As argued in the previous sub-
section, to the leading logarithmic order in ¢,, only Cou-
lomb scattering contributes, corresponding to the self-en-
ergy 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-
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lomb gauge is given by [51-53]

D}, (X,0) = D;\(X, 0) + D (X, Q),

D" (X, Q) = 27P,,6(QM)e(Q- ) f(Q - w),

i /MQ
2(0- >2

== Qw,f(Q: M)}

DiV(X,0) = 21e(Q - u)s(Q%) { (%f(Q u)
upaﬂQ

—-(pep)- (Q)

(6)

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

ments. We assume uniform temperature and slow-vary-

ing fluid velocity u,(X). The vorticity is defined as
1 o X Q#MP+QPM}1 0%

W' = € Ot P = o+ = = oy and

P,, =u,u,—1,, aretransverse and spatial projectors re-
spectively.e is the sign function,f'is the Bose-Einstein dis-
tribution function. The superscripts (0) and (1) indicate
the order in vorticity. D" can be further simplified. In
the fluid rest frame with " = (1,0,0,0), only spatial com-
ponents of D" are nonvanishing and read

i9:90uk ,
7110

D" =278(Q )6(610){ 27 )
0
ze ( C]zwz)f}
U ;i jk
= 2n00 )e(qo>{ | LT
0

0 )
where f’ = @f (90). We have used d;u = €"w, in a vor-
0

tical fluid and the Schouten identity
—qie™ +q;€" — g€+ qie* =0 in the second equality.
The greater propagator D;, canbe obtained by the re-
placement f — 1+ f in (6). Note that D}V = D>V, indic-
ating 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 [54, 55]

S<(X,K)=S“OX,K)+S VX, K), (8)
S<OX,K) = —2re(K - u)o(K*) K f(K - u),
S<O(X,K) = —nK"Q,y"y (K -u)s(K*) f' (K - u), )

with O" = w'u’ —w'u*. f is the Fermi-Dirac distribution
function. The greater propagator S~ can be obtained from
(8) by the replacement —f — 1—f. Again we have
§=<1 = §>M "indicating no modification of spectral func-
tion at this order. Below we will work in rest frame of

fluid with & =(1,0,0,0) and suppress the explicit de-
pendence on X.

The self-diagrams adopt the same representation be-
low

= (P) = g’Cy / Y'S7(P+Q)y' Dy (Q)
o

=—8°Cr / V'S (P +Q)y Dy QN V(Q)D;, (0),
0

(10)

2 _
with Cr = 2N coming from color sum #t% = Croy.
Here S;,(P+Q)=2n(P+ R+m)d(P+Q)*-m?) is the
greater  propagator for probe heavy  quark.
D;"(Q) = D (QN*<V(Q)Dy, (Q) is the vortical correc-

tion to-gluon propagator, with the correction sits entirely
in the gluon self-energy HZ[(;U [56]. The gluon self-energy
arise from either quark loop or gluon loop captured by the
two-diagrams in Fig. 1 respectively. DX/* are retarded/ad-
vanced gluon propagators in the absence of vorticity, giv-
en by

D;va = u/.tMVAL + P}{VAT’ D;/jv = Dﬁv* (11)
P!, is the transverse projector defined before and w'u” is
the longitudinal projector in Coulomb gauge. We use
HTL resummed propagators relevant for exchanged
gluon with soft momenta [50], for which

-1
AT: >
x(1-x¥) x+1
Qz—mg(x2+ 5 lnx—l)
-1
AL = (12)
q2+2m2(1—71 il)
& 2 x-1

1
m, is the gluon thermal mass defined by m§= 88272

1
(Ca+ 7N 7). x= % with gy and g being temporal and spa-
tial components of momentum in QGP frame. Using (8),
we obtain I1%<() from quark loop is given by

MA0(Q) = ~2¢°N, Tr / tr [7”S<“)(K+Q)7ﬂ5>(°)(K)
K

= —4ig’N;Tr(2n)’ / €PAK + Q) QK €(k")

K

x €k +4°) (1= f (ko)) f (ko + q0)

x8(K)6 (K +0)),

(13)
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1
with Tr = 2 coming from the color sum tr[#*t’] = Tr6* quark propagator in the loop. Clearly, I1**<® is anti-sym-
and N, being number of light quark flavors. The prefact- ~ metric indices. Using (6), we obtain 1< from gluon
or 2 arises because vortical correction can enter either loop as

< 1 < > < >
M) = ~g'Ca5 /K [D0(K + QD" (K)+ Dy (K + QD (K)|

(14)
[ (~K =20) +g™(Q~ KV + g 2K + Q)" | [¢* (K +20)" + ¢ (K - Q) + g™ (2K - 0¥,
[
where C, =N, comes from color sum fedf>d =C,6®.  also anti-symmetri¢c in indices. By relabeling of the in-
The two terms in the square bracket in the first line cor- dices ue o, veop and redefinition of momentum
respond to vortical corrections to two gluon propagators. K —» —K - Q, which amounts to interchange of two ver-
A symmetry factor 1/2 is included. We now show it is tices, we find
|
< 1 < > < >
Q) = ~¢°Ca /K D3 (KOD; (K - Q)+ DA (KD 0(-K - 0)] (15)
(87" (K = QY +8™ (K +20)" +¢" (-2K - 0)°] [¢(Q~ K} + ¢*(-K —20)" + ¢" 2K + QY. (16)
Using the properties D;(P) = D;\”(~P), and D;{"(P)= representation of eigenspinors
-D;P(-P), we immediately find T = —[F*<), L
Moreover, TI%<M) is purely imaginary from explicit rep- (1 _pro ) £,
resentations (13), (14) and (6). It follows that D;("is also u(P) = /2 tm Po+1 . (18)
anti-symmetric indices and purely imaginary. The anti- 2 (1 + 29 )gg
Po+m .

symmetric property of D;{" allows for the following re-

placement in the product of gamma matrices in (10) ) ) )
&,(s = +/-) are spin up/down spinor along a given quant-

y , . vy iy ization axis n, with the following explicit expressions

YV =Y =y 0y — iy, - ey y,,
v _ v UV UV 1 Ax - ’Av

Py = =i s i, P S <n1 i ) £=&n—-n). (19
(17) V2(I=n) \ 1-n

IV I We shall work out the case s =+ below. The other case
with 2% = [y y"]. can be simply obtained by flipping the direction of n. The
To evaluate the trace in (4), we need the following product u,(P)i,(P) is worked out as

_ +m ~ Lo i ~ U i ik A
u,(P)ii.(P) = ”(’T (1= PO+ SEVXOu(1 + ) = 2p- ) + 25" €Xp iy
(20)
+(1+ )Y +2p -y =2y — (1 = P +2p- Py Y |,

where we have defined p = . Using the replacement (17), we evaluate the trace as

pot+m

trlue, (P)ii, (PYY (P + Q)Y D (Q)] = —(po +m) [ —ie" (P + Q),D5(0)2p - i — ie"" (P + 0), D5 (Q)(ni(1 = P + 2 - 7p,)]
trfu, (P)it (P)(—iZ™)D;"(Q)m] = —(po + m) | — 2Dy " (Q)2me" p ny — iD5(@Q)me™ (i (1 + p*) = 2p - Apy)].
1)
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Using D;"(Q) = -Df,(QT**<V(Q)Dy,(Q), anti-symmet-
ric property of IT**<() and explicit representation of D®/4
(11), we can see only the following contractions of gluon

self-energy are needed: Py"T1"<() and Py™prr ™=,
These have been worked out in appendix A, with the fol-
lowing results

PP = —2¢*N, T / [4ie" *(k + @)ow,dik)] QY2 S((K + Q1)K f (ko +qo)(1 = f(ko)),
K

Py PTID = Z2@N T / [ 4i€" "™ gguo (K + @K' = (k + @)oko))

K

x (202 6((K + Q16K f (ko + qo)(1 — f ko))

, kj+q)q \ i€k wt k- k> +2(ky +q)?
PmmH0m<(|) — ZC / 2%k 2 |:(2_ ( Il 1% 24 A L
T §C J BT o2al(2=q ) e T\ T T ake oy
iflm,awal 2 2 2 ,
X ——— | (2m)"0((K + Q) )o(K") f (ko + qo) f* (ko)
Pm’mPn’nHmn<(l) — / n ' Im’ H k2 k||q + L k2 ) <_ (k” +q)q _4) +4q ki Il ( k2)
rorTe K 2k2 4 (ko +q0)* (ko +q0)*
jekm'n’ w\]l 4C]k|\ki (len m’awl\kﬁ jerma ) )}
- 4 )1 2r)*6((K + Q)HS(K?) f(k " (ko). 22
W kv qor \ 20 ) |@RPS(K + 0PIED [+ a0 (ko). (22)
with the subscripts "q" and "g" denoting contributions  .ogg = ‘13_‘12*'2]‘040.

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

/ S(KM)S((K + 0)) = / 1 dkd cos 9d¢ o
K
/ k*dkd cos 0d¢ Iko,,k

1
= | Rdkor—
/(,2,, ”2k 2kq o=t

+ / kzdkdcosedqﬁ Lo (23)
q+4q0

2kq
Using (4), (10) and (21), and performing angular av-
erage of ¢ (details reserved for appendix B, we obtain the
following representation for 'V

'Y =T sp-w@-p)+Tash- w. (24)

1
In the above, s= ii has been inserted for the cases of

both spin states. The functions I'; and I, are scalar func-
tions that depend on the quark momentum p, energy p,
binding energy ¢, and temperature 7, with explicit forms

where Jdcos85((K +0)*) = ko fixing  given by:
|
N-—1po+m_ . [ d - - -
r=glec iy [ g, 0 [4|AT| (AMA”’)— (1= )a0(34} =)+ 454 (po + 4o + m) = 45(pa +01°)
2N.  4po (2ny’
ALA; +ArA;
+A= (A +A§)5 x {(ﬁ2 - D2pq+34i —¢*) +45*(@* —q}) +4mﬁqn} }
(25)
N>—1po+m dqo q {
I =g"—¢ 2mi dq 4|A A‘1+Ag—1—
2=8 N, 4p, 7Tl 2n)y | T| ( )1 -p )QO(CI q”)
ALA; +ArA; ) i
A= (A +AY) {(1 -7°) 2pqi+4* +qj) —4mpquH (26)
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@9 +2poqo
W=qp="—5
p

S((P+Q)*—m?) =6Q2P-Q+ Q%) for on-shell P. The integ-
ration bounds of ¢, and ¢ are given respectively by
qo € [€&,+) )
q € [\/P*+2podo + 5 = P» \/P*+2Podo + 45 + P)- The
functions A?¢ and A?%(¢°,q) are related to the projected
gluon self-energies in (22) as

Here following  from

m’'m pn’nyymn<(l) _ _m’'n’l, 1 19/8
PP = @l AT,

P = et giagl. @7)

In Fig. 2, we show TI'; and I'; as functions of p, €, and
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Fig. 2.

T with a,=03, Ny=N.=3 and m taken to be charm
quark mass. For simplicity, we take €, = 0.0233GeV for
an average temperature of 210MeV corresponding to the
weak binding scenario [57]. We find |I;| > ||, indicat-
ing the angular dependence of T'V is largely set by w-n,
with only a small correction from dependence on quark
momentum direction p. I'; tends to zero as p — 0, which
is consistent with the expectation of no p-dependence in
this limit.

A surprising result is the absence of ln;Tb enhance-
ment, which we now: explain. Note that lné enhance-
ment has indeed been found in earlier calculations of spin
independent dissociation rate, see [44]. It arises from
quark coupling to fluctuations of incompletely screened
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(color online) Ty and I', defined in (24) as functions of p, ¢, and T respectively, with o, =0.3, Ny =N, =3 and m taken to be

charm quark mass. ¢, is temperature dependent. For simplicity, we take ¢, = 0.0233GeV for an average temperature of 210MeV corres-

ponding to the weak binding scenario [57]. We find [T > T';| numerically, indicating the angular dependence of T{" is largely set by
w-n, with only a small correction from dependence on quark momentum direction p.



Liang Yuhao, Lin Shu

Chin. Phys. C 49, (2025)

chromomagnetic fields. Since there are two spin-magnet-
ic vertices, the dependence on spin cancels in the product.
In our case, the fluctuations of chromomagnetic field can
be identified with terms o |Az|* in (25) and (26). In the
mean time, we have calculated explicitly the IR limit of
vortical correction to gluon self-energy in appendix C,
finding the same scaling with ¢ as their counterpart in the
absence of vorticity. However, a similar lné does not oc-
cur in case of vortical correction due to presence of an ad-
ditional factor of g, in the corresponding terms. The ap-
pearance of g, can be understood as follows: we are after
a spin dependent dissociation rate. The quark can only
have spin dependent coupling to chromomagentic field in
one vertex and spin independent coupling to chromoelec-
tric field in the other vertex", so that the product is still
spin dependent. The factor of ¢, is necessary for convert-

ing one of the translverse gauge field in
D’""<<‘):—|AT|2P’;’”1P’;”HZ’/’;<() into a chromoelectric

field. Since chromoelectric field is completely screened,
no logarithmic enhancement is found.

So far, we have only calculated dissociation from
scattering with one of the constituent quark. In the quasi-
free picture, we can easily obtain the dissociation rate for
quarkonia by adding contributions from two constituents

rv=orf), T®=or?, 1 =1 +1",=0. (28)

III. SPIN ALIGNMENT OF J/y IN VORTICAL
QGP

To implement the spin-dependent dissociation rate in
spin alignment for J/y, we take Bjorken flow for the
evolution of QGP and take the evolution of vorticity from
Eq.(8) of [59], see also [60]

w(t,b, \syy) = tanh(0.285)(0.001775 tanh(3 — 0.015 /syw)
+0.0128)(exp(—0.016b /syy) + 1)+
(0.02388b +0.01203)(0.58¢)"* exp(-0.58¢)
% (1.751 —tanh(0.01 v/syy))

X (exp(—0.016b y/syy) + 1)
(29)

For illustration purpose, we consider quarkonia spin
alignment in collisions with +/syxy =200GeV. The tem-
perature profile is modeled by Bjorken flow with

.
T=Ty(—)"", (30)
To

1) See [58] for explicit form of couplings in the non-relativistic expansion.
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(color online) Spin alignment pgo—1/3 as a function

with Ty, =350MeV and 7, =0.6fm. 7= Vi2—-7z2 is the
proper time. Given that |I';| <« || numerically, we shall
ignore the term dependent on quark momentum direction
p. Since the quark and anti-quark are supposed to carry
close momenta in the quasi-free picture, this means the
spin dependent dissociation rate is nearly independent of
quarkonia momentum direction. We can then obtain a
simple form of spin alignment as follows: assuming a
spin independent distribution function f for initially pro-
duced quarkonia and considering dissociation contribu-
tion only, we find the distribution of quarkonia in the i-th
spin state given by

= e—f(l"o+l"f.]))drf, (31)

with i = 0,+,—. Further assuming n || w, we find the cor-
responding spin alignment given by

L (N
3T hAfirf 3
1 1 1

2
- —r=g([rur)
1+efrzd7'+e—fr2‘l' 3 9 (/ 24T

In the last step, we have expanded to first non-trivial or-
der in [Tdr. The r-integration is chosen to start at 7,
and stop at 7 =150MeV. We show in Fig. 3 the p-de-
pendence of spin alignment.

Poo —

(32)

IV. CONCLUSION AND OUTLOOK

We have considered dissociation of quarkonia in a
vortical QGP and proposed spin dependent dissociation
rate as a possible mechanism for quarkonia spin align-
ment observed in heavy ion experiments. In this mechan-
ism, small vorticity in high energy collisions may be
compensated by long evolution time of QGP. With QGP
constituents being polarized by vorticity, inelastic scatter-
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ing between quarkonium constituents 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
non-trivial angular structure of the vortical correction to
dissociation rate that depends on directions of quantiza-
tion axis, vorticity and constituent quark momentum. The
dependence on quark momentum direction is found to be
weak for phenomenologically interesting parameter
choices. We have implemented the results in a simplified
dissociation dominated evolution of quarkonia, which
gives a slightly suppressed spin zero states compared to
the average of the other two states.

A surprising result we have found both numerically
and analytically is the absence of the logrithmical en-
hancement in the binding energy in the vortical correc-
tion to the dissociation rate. This is understood as from
the requirement that a spin dependent dissociation can
only come from quark coupling to a pair of chromomag-
netic and chromoelectric field. In this case, screening ef-
fect is sufficient to render the results free of logarithmic-
al enhancement.

Clearly a complete study requires inclusion' of
Compton scattering. Indeed, early calculations of heavy

/<" = —2¢°N, T /
K

quark energy loss [47] indicates a possible significant
contribution from Compton scattering, suggesting a simil-
ar contribution to the dissociation rate. A more interest-
ing questions 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]. It would
certainly be desirable to study spin dependent dissoci-
ation in a QGP with shear flow. 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 vortical correction to
gluon self-energy from quark loop. Working in the QGP
frame with v* = (1,0,0,0), we can spell out explicit form
of (13) as

[ — 4i€” (ke + @ik + 4ie” (k + q)okowr ] 2m)*S((K + Q)S(K)e(ko)e(k + qo) X f (ko + qo)(1 = f (ko).

0 = 2N, Tr [4ie" (k + g)gw ke ] 2 *6((K + Q))S(K*)e(ko)elko + o) f (ko + qo)(1 = f (ko).

Note that the heavy quarks are on-shell in the quasi-free
picture P> = (P+ Q)* = mj,. The gluon energy threshold is
set by the binding energy ¢y > €5 > 0. We can easily show
that the gluon is spacelike as long as Q < mgy. Using
8(K?), we have S((K +Q)?) = 8(¢% — ¢ + 2kogqo — 2kgqcos ),
with 6 being the angle between k and ¢. 6((K + Q)?) fixes
%o — 4" + 2k
2kq
ematic constraint on &k

costl = . |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

Pr]r_l’mP};ftzl—I;ntz<(l) — _zgszTF /
K

(AT)

[
the tensor structures, we note that I1V<( is to be contrac-
ted with transverse projectors on both sides, so we may
simply take 7 and j to be transverse indices. It follows that
the index £ has to be longitudinal. Formally, we can ex-
press this statement by the following identity

e*PIPIPY =0 = €*PyPIsM = PP G . (A3)
The first identity can be shown by expanding it out and
using the Schouten identity ™" —e"™mg + €™M~
€""g' =0. We can then obtain the following projected
<M g

[—4ie" " (ke + guwik] + 4i€" " (ke + g)okow] ] 22 S((K + Q)1)S(K?) % £ (ko + go)(1 = f(ko))

= —2¢°N/Tr / [ - 4ie" " guqeo((K" + K" = (k + @)oko)] (21 6((K + QI)S(K) f' (ko + qo)(1 = f (ko).
K

(A4)
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We use || to denote longitudinal projection. k! =k-4. In

(k+q); — (k! +¢),. This is because ktk] vanishes up on
the second line, we have made the replacement

angular integration of k. Similarly IT)" is projected as

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

Now we turn to vortical correction from gluon loop.

gives identical contribution and gluon propagators in the
Noting that vortical correction to either gluon propagator

loop take only spatial indices, we may write

- 1 ik kyw, ie"w, ,
M0 = —2gCa / Qr)°5((K + QPO(Keh)etko + q0) P(K #Q) [=— 57— + == f
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

written out explicitly. For af8 = Om, we have where the last term is dropped up on 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,) + 6" 8" 2k + q)o 0
(=2k = @) = 66" 2k + @Yok + 2q); + 676" (2k +)o(—24)), ij and anti-symmetric in k. For af3 = mn, the product is a

(A7) little complicated:

8" 6™ (—k = 2q)(k +2q)i + 6" " (—k = 2q)i(~2q;) + 6" (=k — 2q)/(=2k = ), + 6"'6" 2q;(k + 2q ) + 6" 6" 2qi(=2q;)

+ 0™ 2q(—2k = @)y + 6”67 2k + @)k +2q); + 6" 5™ 2k + @)n(=2g) + 6”5 2k + @), (= 2k — @) (A8)

The first and last terms are symmetric in mn thus can be dropped”. The remaining terms can be organized as

6" (—k = 29)i(=2q)) + 6" 6 (—k = 2q)i(=2k — @), + 6" 5" 2qi(=2k = @), = (m > n) +6"'5"2q,(=2q). (A9)

kla

. , ik kyw, i€ w, ) L
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 ’

m’'m il cjm (k + Q)z(k + q), iéklakakbwb iéklawa
2 ™(Q)6™' 6™ (2k + ok +2q)x {& s g et
13 k i km' aw; 2

s i k q e "w
= Gkt o2 =5 + Gt ol + 29— — + Gy G =

4 i k+q)itk+q);] ik kpw, iew,
Hm m il cmk 2 _2 ) |: - ( j
POk D20 (k+g) 2Kk3 " 2

ki + i€ g2 ot ki+g)? \ ie" "t
:(2k+61)0(—26]1)(1— Ll ")q) L% +<2k+q>o<—2q,)(1— (K +4) )

<, A10
(k() + Q())z 4k(2) (k() + q0)2 2 ( )

s km'ap2 1

0 1
1) The anti-symmetric part of the contribution from D;( )(K + Q)D;( )

1 0
1 (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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where @' = (64 —§ugy)w,. In arriving at the above, we have used o(K+Q)?) and made replacement like

kiky — Eki (0u> = 4aQs) by rotational invariance in the transverse plane. Similarly for a8 = mn, we have

' < k+q)itk+q); 7 [ i€k k i w,
PrTrt mP;n(Slménk(—k— 26])1(—2%) I:(SU _ ( (Z)-'-( )2 Q)j:| I:lf Zkzba)b + 113 2(,0 :|
q 0
(ky+q)q [i€"" k2 kyew) ie’magl ( 1 2)}
=2 -2q)+ A —=ki ),
CE A A
"' cim ok (k+q)itk+q);] [ie"kkpw, i€ w, ie’”/l”/kua)” i€ )
Prmprnsmsti(—k —2g)(=2k - q), {6,—-— ! + = Logk® + 412,
ToT (K =22k = |04 = 7 212 2 2z T TR
o’ ; k+q)ik+q);] [ie"k.k e,
Py Py S §42,(~2k - g), [6,,—( (Z)Jr( E ‘D-’} [’E e }
q 0
g Kk i o 2qit), {if”/’"/“w‘ikﬁ if”/’"’“wli}
T kg T2 v L 28 > b
I (k+q)itk+q);] ik kpwp i€w, K Tie" Wkt e )
PmmPnn5m16nk2 i_2 . {61”_ J - N L a a All
T T Q( q]) J (k+q)2 2k(2) 2 (k0+q0)2 2k(2) 2 ( )
Collecting all terms, we have
o k2 +2| ky +g)*
, ki+q)q \ i€k w* ko < 1
PmmHOm<(1): _ 2C / 2%+ 2 |:<2_ ( I > 1% +(24+ 2 _
T 1l 8 Ca K( Doq; (ko +0)? 4k(% ( 24 74(](0_‘_%)2

R
lelma i

w 4
< | ompo (K + QPIOK™) (ko + a0 o),
|:l-€n'lm/a)\| (kiknq N ﬁ) (_4 (ki +q9)q _4> +4g ki ki —2)
'\ 2k2 4 (ko +qo)* (ko+qo)*
i€ wy  Aqhylc (ifnlmlaw‘ikﬁ + e
Zk(% (ko + q0)? 2k§ 2

P,;fmpl;:nl—[z1il<(l) — _gZCA/

K

Il
Yo )} 2m)*6((K + Q)*)S(K?) f (ko + qo) f (ko). (A12)

APPENDIX B: ANGULAR AVERAGE OF ¢q

We start by writing out explicit expressions of (21) as

trlu, (P)it, (P (P + )y D ()] = —(po+m) i€ (p+ @D (Q)2p - i+ (€™ (p+ @)Dy, + 2i€™ (p + gDy, )
X (—ni(1=p*)+2p-7p)].
trlu, (P)it, (P)(—iZ™)D;\"(Q)m] = —(po + m) [ = 2iD5 " (Q)2me™ p ;ny + D5 (Q)me (m(1+ ) = 2p - )] (B1)

Ji

Using (27), we may further simplify the above as

[, (PYaL (PYY' (P + Q)Y Dy ()] = (po +m) [iAi|Ar PQ2(—p — que|2p - 7+ 2(p + @l (i1 = ) +2p - 2y)

AN+ AGA X . IR
+iA, %Z(—p — UGt — g n(1 = ) +2p-7p,)]
AN HAGAL L
trlue. (P, (P)(—2") D (Q)m] = (po +m) iy == == 4m(G i = Gueo i)
—iA|Ar2me) (n(1 = p*) + 2 - ﬁﬁk)} ) (B2)
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To perform angular integration of ¢, we decompose
g = ¢ + g+ with the parallel and perpendicular compon-
ents 2def;ned with respect to p. Note that
q = %;Zpoqo fixed by
O(P+Q)*—m?) =6Q2P-Q+ Q?). It follows that we only
need to perform angular integration in the perpendicular
plane. Recall that ' and w* are defined with respect to §
instead. The angular integration can be easily performed
following the same logic as angular integration of & in ap-
pendix A, i.e. keeping only even power of gi and replace

is already

61,*6],**56]153 with 6;;=6;;—pip;. We obtain after

straightforward calculations
P} = prwcosg,
(p+q)iw! = (pcosg+q)p-wcosy,
wln; — % [w-nsin’ p+@cos’ - 1)p-wp-il,
win; — (1 —%sinzgo)w~fz+(%sinztp—cosztp)ﬁ-wﬁ-ﬁ,
Wi p; = prwsin’ g,

piwig-n— —Epcosgpsinzgow-ﬁ+ §ﬁ~wﬁ-ﬁcos<psin2(p,
(B3)

with cosgp =g p.

4 Om<(1) _,
Pf]'} m(Q)Hg,/wrd -

’ ’ (]) -
Py QP =

* 1 ,
—2¢%Cy / kzdk2—2kqi6]"’ ‘wr
O ”

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

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

Py QY™ ~ 26’ N, T / K*dk
0

1 R q0 1 1 ~
X — (4ie™ jka 1 D — ' (k ,
PO ST St TR

P M(Q)PFI 0 _282NfTF/ ke
0

21 1 ~
Boyy — — Pk,

1 -
74-En1nk Hk21_
X e ek = )

(ChH

with the subscript "q" denoting quark loop contribution.
In the above, the angular part of the k-integration is calcu-
lated as

/dQé((K +0)) = /dcos 0dps(q5 — q* + 2kogo — 2kq cos6)

1
=2r—.
2kq (C2)
The two pole contributions of 6(K?) is combined using
flko) + f(=ko) = —1. (48) scales as T?w/q with correction
suppressed by O(q/T). A similar approximation for gluon
loop contribution reads

k qo0 1 1
= __ & k7
q q 2kq 2kf( )
-2¢%C /mkzdki(—l)'e"’m’a ”k2<1—qj>iif'(k) (C3)
SR 2 e e #/) 2kq 2k’

with the subscript "g,hard" denoting gluon loop contribution from hard loop momenta. (50) also scales as T w/q.

However, it is incomplete. Because of Bose enhancement,

K ~ Q. In this case, we may expand the distribution function f(ko +qo) =

P;l’m(Q)HOin<(l) ~

1
-g°C, / Kdk— 2k +q)o2q {(2
el 2r

there is an additional contribution from the phase space with
1

—Z k) ~
> S’ (ko)

12 to obtain

)3l

T
ko +qo

+(2+

RN kK 20k +g)?

solt " (ko +q0)*” 4k3 2g  Ako+qo)
1 1 < T 1) -elm’an_A|
— - =i (o=ks
2kq 2%k \ky+qo 2/ 12 a Allko=k
. 1 kg K 4k, + q)q Rk K
pr mPnnHmn<(l) ~ —2C / Pdk— |:<_ LM + 71.) (_ I _4> +4 LY Ry
et 73 AT Bl AN (R 0% T ho+ a0 20
kygk? (kﬁ 1)}( T I)T_ .
4 9 (D L O T C4
Gorar 22 T2 \rq 2/ " Calamsk 4
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with the subscript "g,soft" denoting gluon loop contribution from soft loop momenta. There are two contributions in (51)
F
coming from the poles at ky = +k, with the corresponding integration lower bound set by 1 2q0 respectively. We will

extract the leading T?w/q contribution, which obviously comes from the term in the expansion of f(ky+¢qo). The

ko +qo
corresponding integral can be calculated analytically. While the contributions from the poles at k, = £k are separately ul-
traviolet (UV) divergent, their sum is UV safe”. Pushing the integration upper bound to co, we obtain

Pm’m(Q)HOWK(l) — _g2C LT: 1
T g.50ft Aon q 48¢gx3 (x* —10x2+9)

[—54x+123x° +725x° —447x" + 177x°

1_
120 4 1225(18 = 202 — 9x* — 8x° + x¥) tanh™! Tx +30x°(9— 2 - 9x* + x%) tanh ™" g

+3(=3+ (=1 + (1 +x)3 +2)((2 - 3x* +28x* — 13x° =10x%) tanh ™ x + 4x°(2 + 2x% + x*)

1+x ,
x tanh ™' T)] i€ wtq,,

A 172 1
PP = -gchE;W [—30x7 +35x° = 16x° +3(x= D)(x+ 1) (10x° = 5x* + 627 + 17)
xtanh™' x+51x]ie""“w]. (C5)

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

, 1 n%g’T?x C ,
m’ m Om<(1) Om<(1)y _ AN: mal PN
PT (Q)(Hg,hard +Hq ) = _ETC](NIV + 7)16’” qul,
m'm pn'n (Tpmn< mn< 1 7T2g2T2(1 _XZ) Ca.. 'm'a
PP+ T = = =S (N = e w (C6)

[
We have verified that (52) and (53) combined accurately
reproduces direct numerical integration of the full expres-
sions when ¢ < T. Moreover, the IR limit of Dj;,, and  terpart D in the absence of vorticity.

m'n’

D;') given by (52) and (53) scale the same as the coun-
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