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ABSTRACT: We study quarkonium transport in the quark-gluon plasma by using the po-
tential nonrelativistic QCD (pNRQCD) effective field theory and the framework of open
quantum systems. We argue that the coupling between quarkonium and the thermal bath
is weak using separation of scales, so the initial density matrix of the total system factorizes
and the time evolution of the subsystem is Markovian. We derive the semiclassical Boltz-
mann equation for quarkonium by applying a Wigner transform to the Lindblad equation
and carrying out a semiclassical expansion. We resum relevant interactions to all orders in
the coupling constant at leading power of the nonrelativistic and multipole expansions. The
derivation is valid for both weakly coupled and strongly coupled quark-gluon plasmas. We
find reaction rates in the transport equation factorize into a quarkonium dipole transition
function and a chromoelectric gluon distribution function. For the differential reaction rate,
the definition of the momentum dependent chromoelectric gluon distribution function in-
volves staple-shaped Wilson lines. For the inclusive reaction rate, the Wilson lines collapse
into a straight line along the real time axis and the distribution becomes momentum inde-
pendent. The relation between the two Wilson lines is analogous to the relation between
the Wilson lines appearing in the gluon parton distribution function (PDF) and the gluon
transverse momentum dependent parton distribution function (TMDPDF). The centrality
dependence of the quarkonium nuclear modification factor measured by experiments probes
the momentum independent distribution while the transverse momentum dependence and
measurements of the azimuthal angular anisotropy may be able to probe the momentum
dependent one. We discuss one way to indirectly constrain the quarkonium in-medium real
potential by using the factorization formula and lattice calculations. The leading quantum
correction to the semiclassical transport equation of quarkonium is also worked out. The
study can be easily generalized to quarkonium transport in cold nuclear matter, which is
relevant for quarkonium production in eA collisions in the future Electron-Ion Collider.
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1 Introduction

Heavy quarkonium has been used as a probe of the quark-gluon plasma (QGP) in heavy ion
collisions for many years. The basic idea is the static screening effect in the hot plasma [1, 2]:
the real part of the attractive potential between the heavy quark-antiquark pair (QQ) is
significantly suppressed at high temperature and quarkonium “melts”. Therefore, suppres-
sion of quarkonium production in heavy ion collisions can be used as a signature of the
QGP formation. The melting temperature can be defined for each quarkonium state as the
minimum temperature when the state becomes unbound in the plasma. Since all quarko-
nium states have varying sizes, they are influenced by the static screening differently and
thus have distinct melting temperatures, ordered by their sizes (or binding energies). A
sequential melting pattern is expected where shallower quarkonium states melt at lower
temperatures.

However, the simple static screening picture is complicated by several other factors:
cold nuclear matter effects, as well as quarkonium dissociation and recombination inside
the plasma. One cold nuclear matter effect is the nuclear modification of parton distribu-
tion functions (PDF) inside heavy nuclei. Dissociation and recombination are hot medium
effects. It has been shown that static screening and dissociation can be generated simul-
taneously from thermal loop correction to the quarkonium in-medium propagator [3, 4].
Thus if the static screening is included in the study, dissociation should also be taken into
account for consistency. Furthermore, if a quarkonium state can still exist as a well-defined



bound state above T, ~ 150 MeV, which is a rough estimate of the transition temperature
from the QGP phase to the hadronic phase,! then (re)generation of this quarkonium state
inside the QGP should also be possible [5]. It is expected that deeply bound states can
start to (re)generate at high temperatures and do not have to wait until 7;, when light
particles hadronize.

Quarkonium suppression has been intensively investigated in experiments at both the
Relativistic Heavy Ion Collider (RHIC) and Large Hadron Collider (LHC). Semiclassical
transport equations that account for static screening, dissociation and recombination [6—
20], as well as statistical hadronization models [21, 22], have been used to study quarko-
nium production in heavy ion collisions and achieved great success in phenomenology.
Anisotropic effects in the QGP have also been explored [23-25]. Recently, we derived the
semiclassical transport equations using nonrelativistic QCD in the potential regime and
the open quantum system formalism. The validity of this approach relies on a hierarchy
of scales: M > Muv > Muv?, T, where M is the heavy quark mass, v is the velocity of
the quarks in the quarkonium and 7 is the temperature of the plasma [26]. Long after
quarkonium suppression was proposed as a diagnostic for the existence of the QGP, several
other observables such as jet quenching and elliptic flow have been studied which more
convincingly establish the existence of the QGP (see refs. [27-30] for recent reviews on
each topic). We no longer need to use quarkonium as a probe to answer the question
whether the QGP is formed in heavy ion collisions. Then the natural question to ask is
what we can learn about the QGP from quarkonium measurements. Since now the hot
medium effects contain static screening, dissociation and recombination, a simple answer
seems implausible.

In deep inelastic scattering (DIS), electrons are shot onto protons to probe the inner
structure of proton. The reason why this works is the possibility of constructing factor-
ization theorems in certain kinematic limits (for a general discussion of factorization, see
ref. [31]). These factorization theorems express physical observables as convolutions of
perturbatively calculable cross sections with parton distribution functions (PDF) that can
be expressed as matrix elements of operators within the proton state. Thus measurements
of these cross sections determine specific correlation functions within the proton. Further-
more, different observables can probe different kinds of parton distributions of the proton.
Studying these distributions such as the transverse momentum dependent (TMD) PDF
will be among the central scientific goals of the future Electron-Ion Collider.

This then leads us to ask: what correlation functions are measured when we study the
production of quarkonium within the QGP? The same question could be asked of quarko-
nium production within, say, cold nuclear matter. We will use effective field theory (EFT)
and the open quantum system framework to answer this question. For processes involving
light-like partons, Soft-Collinear Effective Theory has been widely applied to study fac-
torization in various processes [32-42]. In our case since the quarkonium is nonrelativistic
we will use potential nonrelativistic QCD (potential NRQCD or pNRQCD) [43-45]. This

IThe transition is smooth at zero baryon chemical potential. So the 150 MeV is just a rough estimate.
In reality, the transition may happen in a range of tens of MeV in temperature.



EFT has been used to study static screening and dissociation [46-48]. Also, it has been
used in a Lindblad equation to define a transport coefficient of quarkonium [49]. New de-
velopments of nonrelativistic EFT for quarkonium can be found in refs. [50, 51]. The open
quantum system framework describes the dynamics of a subsystem, interacting with an
environment. When the environment is traced over, the subsystem evolves as an open sys-
tem. The open quantum system framework has been recently applied to study quarkonium
transport in the QGP [26, 52-65] and provides new insight to our understanding of quarko-
nium transport. The open quantum system approach can be thought of as an extension of
the Schrédinger equation with a complex potential [66, 67] and it takes into account both
correlated and uncorrelated recombination consistently. The difference between correlated
and uncorrelated recombination is discussed in ref. [68].

We will derive the semiclassical Boltzmann equation for quarkonium in the QGP by
applying a Wigner transform (a Gaussian smearing is required for sustaining positivity)
to the Lindblad equation, which is the evolution equation for the open system. The in-
teraction between quarkonium (subsystem) and the thermal QGP (environment) is weak
according to the power counting of pNRQCD under the assumed hierarchy. Therefore the
density matrix of the total system can be assumed to factorize into the density matrix of
the subsystem and that of the environment. Furthermore, in the weak coupling (between
the subsystem and the environment) limit, the time evolution of the subsystem can be
shown to be Markovian. We will work to leading order in the power counting parameter of
pPNRQCD but resum interactions to all orders in the strong coupling constant, which can
be written in terms of Wilson lines. We will show that the reaction rates in the Boltzmann
equation factorize into a quarkonium dipole transition function and a chromoelectric gluon
distribution function of the thermal QGP. For the differential reaction rate, the chromo-
electric gluon distribution function is momentum dependent and has spatially separated
chromoelectric fields connected via a staple-shaped Wilson line extending to the time in-
finity. For the inclusive reaction rate, the function is momentum independent and the
Wilson line collapses into a straight timelike line of finite length. The structures of the
Wilson lines are very similar to the case of gluon TMDPDF and gluon PDF| respectively,
except that here the Wilson lines lie along a timelike direction rather than the lightcone.
The momentum independent chromoelectric gluon distribution function has been studied
in ref. [49] as one quarkonium transport coefficient and in refs. [69, 70] as the heavy quark
diffusion coefficient. A recent lattice calculation of the heavy quark diffusion coefficient
can be found in ref. [71]. What is new in this paper is the definition and discussion of the
momentum dependent chromoelectric structure function. We will discuss one application
of the factorized rate to constrain the in-medium real potential between a QQ pair. A
point of emphasis is that the factorization of the reaction rate crucially depends on the
factorization of the density matrix into the subsystem density matrix and the environment
density matrix. This is generally believed to be true in the weak coupling limit, where
the weak coupling is between the subsystem and the environment. The subsystem and the
environment themselves can be strongly coupled.

This paper extends our earlier work [26] which derived semiclassical transport equations
from pNRQCD and the open quantum system formalism. Major improvements compared



to ref. [26] include:

e We resum the Ag interaction and the interaction mediated by Coulomb modes be-
tween the octet QQ state and the thermal QGP. This allows us to define the chromo-
electric gluon distribution function nonperturbatively and construct the factorization.
The derivation of ref. [26] only works for a weakly coupled QGP while the deriva-
tion we show here is also valid for a strongly coupled QGP. A formalism compatible
with a strongly coupled QGP is crucial for phenomenological studies of the future
experiments at RHIC and LHC, especially the one carried out by the sPHENIX
collaboration since the plasma temperature achieved at RHIC is not very high.

e We carry out a systematic semiclassical expansion for the recombination term. For
dissociation, no semiclassical expansion is needed. The semiclassical expansion is a
gradient expansion. We work out the leading quantum correction to the semiclassical
Boltzmann equation.

The paper is organized as follows: in section 2, we will discuss the hierarchy of scales
in the problem and briefly explain pNRQCD with a focus on the power counting. Then
in section 3, a short introduction to the open quantum system framework will be given.
Derivation of the semiclassical Boltzmann equation will be elucidated in detail in section 4.
Factorization of the reaction rates will also be discussed there. We will derive the leading
quantum correction to the Boltzmann equation in section 5. Finally, we will summarize
and draw conclusions in section 6.

2 Separation of scales and potential NRQCD

We consider the following hierarchy of scales: M > Mv > Mv?, T, Aqcp, where M is the
heavy quark mass, v is the typical relative velocity between the heavy quark pair inside
quarkonium, 7" is the temperature of the medium and Aqcp is the nonperturbative scale of
QCD. In vacuum, M > Mv > Mwv? is the standard separation of scales for nonrelativistic
heavy quarks [72]. For both charmonium and bottomonium, Mv? ~ 500 MeV. In current
heavy ion collision experiments, T' ~ 500 MeV is roughly the highest temperature achieved
in the early stage of the medium expansion. Naively, we would expect Mv? > T to
be approximately valid during the whole lifetime of QGP. But due to the static plasma
screening, the binding energy decreases as the temperature increases, and Mv? ~ 500 MeV
is probably no longer true except for the bottomonium ground state at T' ~ 500 MeV. So
we do not specify the hierarchy between Mv? and T. However, we still believe Mv >
T is a relevant hierarchy for quarkonium transport. The reason is the following: when
the temperature is high and the quarkonium size is large, this hierarchy Mv > T may
be violated and the interaction between the heavy quark pair is significantly suppressed.
Loosely bound quarkonium states at such a high temperature, even if they exist in the
medium, are no longer well-defined bound states, the dissociation rate is very large and
formation is ineffective and can be neglected. The state of the heavy quark and antiquark
will be more like two open heavy quarks and their dynamics is governed by the transport of



open heavy flavors rather than the transport of quarkonium. Only when the QGP expands
and the temperature drops, does the quarkonium formation become effective and transport
become applicable. At the end of the QGP expansion when hadronization starts to occur,
the temperature is about T, ~ 150 MeV and every quarkonium state should regain their
vacuum properties. Therefore, the hierarchy M > Mv > Mv?, T, Aqcp should be valid
for ground and lower excited quarkonium states in the later stage of the QGP expansion,
when the formation of these states becomes effective.

Under the separation of scales M > Muv > Muv?, T, Aqcp, one can construct an
effective field theory of QCD, pNRQCD, by systematic nonrelativistic expansion in v and
multipole expansion in 771" ~ %, where r is the typical size of a quarkonium state.? In our
assumed hierarchy of scales, the effective field theory can be constructed perturbatively at
the scale Mv. The Lagrangian can be written as

LoNRQOD = /di’w Tr (sf(mo — H,)S+ O (iDy — H,)O 4+ V4(O'r - gES + h.c.)
VB T
—|—7O {’I‘ . gE, O} +- ]+ »Clight quark + [’gluon ) (2'1)

where higher order terms in the expansion are neglected. We will work at leading power in
the nonrelativistic and multipole expansions throughout the paper. Here E = EATA (A
is the adjoint color index) represents the chromoelectric field and DyO = 9y0 — ig[Ay, O].
The gluon and light quark parts are just QCD with momenta < Mwv. The matching
coeflicients are V4 = Vg = 1 at lowest order in the coupling constant at the scale Mwv. The
composite fields for the quarkonia are the color singlet S(R, r,t) and color octet O(R, r,t)
where R denotes the center-of-mass (c.m.) position and r the relative coordinate. The
composite fields here are constructed by projecting onto the proper color space, a heavy
quark field and a heavy antiquark field at the same time, connected by a spatial Wilson
line. We will assume the medium is invariant under translation so the existence of the
medium does not break the separation into the c.m. and relative motions. Hg; and H,
denote the color singlet and octet Hamiltonians of the relative motion. At leading order in
the nonrelativistic expansion, Hy, = —VWE‘ + Vs o(r), where V; , are the singlet and octet
potentials and are attractive and repulsive, respectively. So only a color singlet QQ pair
can be bound. Both potentials are spin independent. Thus the pNRQCD Lagrangian is
invariant under heavy quark spin symmetry and we will ignore spin quantum numbers in
this paper. In the v expansion, the Fock state |QQg) of quarkonium, in which the QQ pair
is a color octet state, is suppressed by at least v? in probability with respect to the leading
Fock state |QQ) in which the QQ pair is a color singlet state. Therefore, at leading order
in the v expansion, which is the order we are working, quarkonium can only be a color
singlet QQ pair. Furthermore, the QGP is a deconfined phase of QCD, where light quarks
and gluons are liberated. Thus it is reasonable to assume no gluon can be bound with an

octet QQ pair.

2When T ~ Mv?, the multipole expansion is equivalent to the nonrelativistic expansion. Then v is only
power counting parameter.



For our construction that is at leading power in v and 77T but resummed to all orders
in ag(Mv?,T), we do the following redefinitions:

O(R, 7, t) = Wyr (rip OB ™, )(Wira) (Rin))
= Wirp), (Rt OB, 7, OWi(Rtp)(R 1)) 5 (2.2)

where the Wilson line in the fundamental representation is defined by

[l
WiR,).(rt:)) = P exp (zg /t dsAy(R, s)) , (2.3)

in which the path is a straight line from (R, ;) to (R, ts). Ineq. (2.2), t, and tg are choices
of the end points. If we want O to be invariant under a gauge transformation (i.e., to behave
like a singlet operator), we need to set t;, = tr = tp to guarantee that both the left and
right sides of eq. (2.2) transform in the same way under a gauge transformation. Then we
can write eq. (2.2) in a simpler form by using Wilson lines in the adjoint representation

O(Ra r, t) - W[(R,t),(R,to)]é(Rv r, t) ) (24)

where W(R,1),(R,t,)] denotes a Wilson line in the adjoint representation that has a straight
path from (R,ty) to (R,t). So far tg is an arbitrary constant, but later we will follow
arguments given in ref. [73] and show the results are independent of the choice of ¢y;. Now
we can simplify the octet kinetic term

DoO(R,r,t) = OO(R,7,t) —igAo(R,t)O(R,r,t) + igO(R,r,t)Ap(R, 1)

= Wi(R),(Rt0)] 00O (R, 7, )W 10) (R.0)]
= WMi(R),(R10)) O0O(R, 7, 1) (2.5)

The octet kinetic term can then be rewritten as
/ &1 (01 (i0y — H,)0). (2.6)

The new dipole interaction between the singlet and octet is given by

g/d37“T1“<6TT1'W[(R¢O)7(R¢)]E¢S + STTiEiW[(R,t),(R7tO)]6) . (27)

If we define
Ei(R,t) = Wyn),(ro) Ei(R, 1) (2.8)
El(R.t) = E(R,)W(Ra).(Rito) - (2.9)

the dipole interaction term can be written as

g/d3TTr(6TriEiS + STriEJG) . (2.10)



For later convenience, we introduce the “bra-ket” notation:

1
(rIS(R.0) = S(R.r.0) = Z=S(Ror) (2.11)
(r|OA(R, ) = OA(R, ) = TlFTr[TAO(R,r,t)] (2.12)
(r|OAR, ) = OA(R, ) = TiTr[TA(“)(R,r,t)] (2.13)
F
(S(R,t)|f(r)|O*(R,1)) = / SrSt(R, v, t)f(r)OY(R, 7, 1), (2.14)

for any function f of . At the current leading power calculation, we will use f(r) = r;
where i = x,7, 2. Here N, = 3 and Tp = %, which is defined by Tr[TAT?] = Trs4B. For

later use, we define Cp = ]\;Tc The quantlzatlon of the fields is given by

d Pcm —i( d prel
|S(R, t)> = / (27‘() e (Et—Pem: R)<Zanl pcm & W}nl +/ 3 Prel pcm) ® |17Z}prel>>

3 d? Pcm d? Prel
A _ c (Et—p., R A
0/ (R, 0) = [ Glsge Pt [ TG (p) © 1y, (215)

(1)

where E is the eigenenergy of a state that will be explained below. The operators a,; (Pcm),
bgr)el (Per) and cprg)(pcm) act on the Fock space to annihilate (create) composite particles
with the c.m. momentum p., and the corresponding quantum numbers in the relative
motion. These quantum numbers can be nl for bound singlet states, p,, for unbound
singlet states and color A and p, for unbound octet states. When we compute the matrix
elements, we will average over the polarizations of non-S wave quarkonium states. So in
our notation, we omit the quantum number m; of the bound singlet state. In the octet
channel no bound state exists because of the repulsive octet potential. The corresponding
wavefunctions of the relative motion are [1,;) and |1/, ) for color-singlet states and [¥,, )
for color-octet states. They can be obtained by solving the equations of motion of the

free composite fields, which are Schrodinger equations. The eigenenergies are £ = —|E,;|

and B =2 ]{24‘” for the bound and unbound states, respectively, with higher order terms in v
neglected. Here E,; is the binding energy of the bound state [i)y;).

The dissociation and recombination of quarkonium occur via the dipole interaction
between the color singlet and octet states. As explained above, quarkonium is treated as
a color singlet Q@ pair in this work, consistent with the leading power (in v) calculation.
The dipole vertex scales as rT" where r ~ ﬁ is the typical quarkonium size and T is the
typical energy and momentum scale of excitations in the plasma (the excitation energy and
momentum comes from the derivative in the chromoelectric field). In our assumed hierarchy
Mwv > T, the dipole vertex between the singlet and octet states scales as rT" < 1. Thus,
the interaction between quarkonium and the medium is weak. This argument is about the
weak coupling between quarkonium and the QGP and is valid even if quarkonium and the
QGP are strongly coupled themselves.



3 Open quantum systems

In this section, we briefly introduce the framework of open quantum systems. We consider
a total system consisting of a subsystem and an environment (thermal bath). The total
Hamiltonian is given by

H:H5+HE+H[, (31)

where Hg is the subsystem Hamiltonian, Hg is the environment Hamiltonian, and H;
contains the interactions between the subsystem and the environment. The interaction
Hamiltonian is assumed to be factorized as follows: Hy = )", O&S) ® O&E) where o denotes
all quantum numbers. (For local quantum field theory, this is generally true and « includes

the spatial coordinates.) The operators Oés) are of the subsystem while OgE) are of the

environment. We can assume <O&E)> = TrE(O&E) pr) = 0 because we can redefine ol

and Hg by O&E) — <OC()(E)> and Hg + Y, O&S)<O£¥E)> respectively. Here pg is the density

matrix of the environment. Each part of the Hamiltonian is assumed to be Hermitian.
The von Neumann equation for the time evolution of the density matrix in the inter-

action picture is given by

dp(int) (t)

= —ilHM @), 0™ (1) (32)

We will omit the superscript “(int)” in the following. The symbolic solution is given by
p(t) = U(t,0)p(0)U(¢,0), (3.3)
where the evolution operator is
U(t,0) = Te~tJo Hi)dt (3.4)

and 7T is the time-ordering operator. The starting time ¢ = 0 is arbitrary in the Markovian
limit. So for later convenience, we will shift the starting time to —¢/2 and obtain

o3 GDPD G

We will assume the subsystem and the environment are weakly interacting. This
is valid for quarkonium inside the QGP with the hierarchy of scales M > Mv >
M2, T, Aqcp because the heavy quark pair interacts with the medium chromoelectric
field via the dipole interaction, which scales as rT ~ % < 1. Then we can assume the
initial density matrix factorizes

p(;t) = P5<_2t> ® pE, (3.6)

which is generally true for weakly coupled systems (factorization breaking terms come
at higher orders in the coupling). The environment density matrix is assumed to be in
thermal equilibrium thus pp = %e_BHE where f = 1/T, and is time-independent. We



will use (OF))7 to denote Trp[OF) pp] from now on, where the subscript 7 indicates the
environment is a thermal bath at temperature T. If we expand the interaction to second
order in perturbation (which corresponds to leading power in 71") and take the partial trace
over the environment degrees of freedom, we obtain the Lindblad equation:

(8) = (7) - Sowifown(2)

-%2:%mﬂﬂO@m{;)Lg—;&ggmm{;v}>+om%.@ﬂ

a,b,c,d

Each term is defined as

Loy = |a)(b| (3.8)

%ME—Z/&J

u [SIES

Aty Trp | sign(ty — £2)(a|O5) (t1)05” (£2)[b) Cap(t1, 12)]

(3.9)

Yanea® = 3 [ dy / dtaTrp [(d| O (t1)[) (alOF (82)[b) Caas (11, 12) | (3.10)
a,B Y 2 2

Casltr,t2) = O (1)05" (t2) i (3.11)

where {|a)} forms a complete set of states in the Hilbert space of the subsystem. We can
choose them to be the set of eigenstates of Hg.
To calculate these in pNRQCD at finite temperature, we need the following dictionary:

0 - (S(R,1)|r]O(R, 1)), (OA(R,t)|r:|S(R,1)) (3.12)
,/ EM(R, 1), M EARt (3.13)

>~ /d3RZZ» (3.14)
a i A

where ¢ = z,¥, z is the spatial component and the superscript A denotes the adjoint color
index. The complete set of states |a) in pNRQCD is

Ik, nl, 1) = a (k))0) (3.15)
|Pems Pre1s 1) = b;r)rel(pc )10) (3.16)
|pcm7pre17A>(t) = CETL (Pem ) [to, t]’0> (317)

where the label 1 means the state is a color singlet while A means the state is in a specific
color octet state. Since the redefined octet field is dressed with a Wilson line, eq. (3.17)
contains a Wilson line for the octet state created by the original octet field |p.,,, Pyers 4) (t),
where cgr il (Pery) 1s creation operator for the redefined octet field.

With these preparations, we are ready to derive the semiclassical transport equation
and construct factorized reaction rates.



4 Transport equation and factorized rates

We will first sketch the derivation of the semiclassical transport equation and then explain
it in detail. The semiclassical transport equation for quarkonium can be obtained from the
Lindblad equation by first making the Markovian approximation, which is valid when the
environment correlation time is much smaller than the subsystem relaxation time. The
Markovian approximation is generally true when the subsystem interacts weakly with the
environment. The environment correlation time is given by ~ 1/7 while the subsystem
relaxation time can be estimated as ~ W ~ %73)2, where we use the dipole interac-
tion between quarkonium and the medium as the relaxation process. It can be seen that
the Markovian approximation is valid in our power counting. Under the Markovian ap-
proximation, the Lindblad equation (3.7) in the Schrodinger picture when ¢ is small turns

to [26]

fnl (a:,k:, ;) = fu (ac,k, _;)

k —t —t - !
—tm . menl <m7 k7 2) + tc;l_l <CL’, k7 2) - tcnl (ZD, k’ 2> ) (41)

if a Wigner transform is applied to the subsystem density matrix®

B sy ).

2
Dividing (4.1) by t and taking the limit ¢ — 0, we obtain the Boltzmann transport equation

fri(x, Ky t) E/

at t = 0. Since the starting time is arbitrary, we interpret a similar equation at an arbitrary
time ¢ as

0 k _
afnl(w, k.t)+ M Vaefu(x k,t) = C:{l(x, k,t)—C,(x k,t). (4.3)

The Boltzmann equation describes the phase-space evolution of the quarkonium state with
the quantum number nl. To solve this equation, one needs to couple it with transport
equations for unbound singlet and octet QQ’s, since the recombination term depends on
the distribution of unbound QQ’s (see section 4.3).

In egs. (4.1), (4.3), the free streaming term —ﬁ - Vafn(x, k,t) comes from the
von-Newmann evolution of the density matrix in the Schrodinger picture, i.e., —i[Hg +
> ab TabLab, ps]. This has been explained in ref. [26] in detail, and will not be repeated
here. We will explain the dissociation C_; and recombination C:{l collision terms in the

following. In the derivation of C1,

> @ semiclassical expansion will also be used.

4.1 Dissociation

We will first work out the dissociation term C,; from >, . 4 ’Yab,cd(t)LZdLabpg(—t/Q). When
we sandwich it between (ki,nl, 1| and |k2,nl, 1), as in the Wigner transform (4.2), we find

3The phase space distribution defined in this way is not generally positive-definite, but one can make it
positive-definite by a Gaussian smearing.

~10 -



the state |d) in le must be |ki,nl,1) and |c) = |a). Since at the order we are working,
the only vertex that couples the color singlet state and the environment is the singlet-octet
dipole interaction, we must have |¢) = |a) = |Pey, Prel, 4)(t/2) where the A denotes the
color of the octet state. By the same argument, we find |b) = |ks,n'l’,1). So we need to
compute

—t
Z Vab,cd(t)LidLabpS(2>
a,b,c,d
T d3 md ol Ak
2F222/ Dc pl S/dSRl/dSRQ/dtl

n/ I A,B1,B2 i1,i2
XTrp | (er, 1\<S<Rl,tmm|631<R1,t1>>\pcm,prel,A>
X<pcm7prel7A|<6B2(R27t2)|ri2|S(R2vt2)>|k3an,l/7 1>

dity

u [SIES

><EJr I(Rl,tl) (Rg,tg)pE}<k3,nl 1‘/)5( )’kﬁg,nl 1> (4.4)

Under the Markovian approximation, we can set the upper limits of the two time integrals
to infinity ¢ — +o00.r Then the octet state |P.m, Pre, A)(t/2) can be thought of as an
“asymptotic” outgoing state, which is defined at t — +o00 by the original octet field creation
operator O4. Using eqgs. (2.4), (2.15), (3.15), (3.17), we find

<k17 7’Ll, 1|<S(R1> tl) |ri1 |6B1 (R17 tl)) |pcm7 Drels A>
_ ei(Enltlfkl-Rﬂefi(Epm *PCII]'RI)W[?§T7tO)7(R1,t/2)] <wnl ‘Th ’qlprel> , (45)

where E, = (p,q)%/M. Similarly,
<pcm> Dyels A| <6B2 (RQ’ tQ)‘riz |S(R27 t2)> |k3> n/l/¢ 1>
= 6i(Ept27p°""RQ)eii(E”/l/tQ7k3.R2)Wf?gg,t/z),(Rg,to)]<‘I’prcl|7’iz ). (4.6)

Plugging everything into eq. (4.4) gives

QTFZ Z Z/dpcmd preldk?) /dSRl/ngZ/ dtl

/l’ABlBQ’MZQ

w (SIS

dt2

X ei(Enltl —ki1-Ry ) 71;(Ept1 —Pem-R1 ) e*i(En/l/tQ 7k3-R2)+i(Ept2 7pcm-R2)

B1A
XTep Wk o) oy Vi (oo B (B 1) B (Ra, )|
a7 W) (i) (s, 7 1\ps( [t 1), (@.7)

Together with the redefined chromoelectric fields (2.8), (2.9), the term inside the partial
trace over the environment degrees of freedom can be written as (in the Markovian limit

“The limit ¢ — 400 in the time integral and the limit ¢ — 0 when we obtained (4.3) from (4.1) are not
contradictory in the Markovian limit. What seems to be a short time to the subsystem during its relaxation,
is actually a long time in terms of the environment correlation. The Boltzmann equation is coarse-grained.
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(R1,+00) (R, +00) (00, +00) R
e — E;, (Ry,t1)
t o
Eiz (Rz, t2)
E;, (R, t2)
.
E;, (R1,t1)
R (th_oc) (RQV_OC) (OO,—OO)

E++

(a) For dissociation, g, " (b) For recombination, 951‘_1_-

Figure 1. Staple-shaped Wilson lines in the definition of the chromoelectric gluon distribution
functions of the thermal quark-gluon plasma. The double arrow indicates the adjoint representation.
The spatial Wilson lines at infinite time cancel partially and only the part between R; and Rs
remains. The existence and necessity of the spatial Wilson lines at infinite time are explained in
the appendix A.

t — +00)
dm ABI,B%#@ e Wikt (Raayo ViR /2 (Rosto)
x Ei(fl (R, tl)W[C(jllﬁf,ltl)y(Rhto)]W[j?lé(zj?to%(Rz»tz)]EgQ (Ro, t2)pE]
= TlF (Treoten (Biy (Ray 1) Wicat ), (1 o) Wi 00) (002 Bis (B2, 1)) )
= Tnggy(tl,tZ,Rl,Rg), (4.8)

where E; = EZATA and (--- )7 = Trg(--- pg). In the last line we defined the chromoelectric
gluon distribution function ggzg"’ of the thermal QGP. In the definition of gz-El;;‘F, the
chromoelectric fields at different spacetime points are dressed with timelike Wilson lines
extending to infinity. A spatial Wilson line connecting the open ends of the timelike Wilson
lines is needed to restore gauge invariance, however, it cannot be generated from the field
redefinition applied above. The spatial Wilson line at the infinite time is generated from
resumming offshell Coulomb modes which are exchanged between the color octet pair and
the medium. Details of the calculation are shown in appendix A. The timelike and spatial
Wilson lines together form a staple shape, as shown in figure 1. The shape of the Wilson
lines is similar to the case of the gluon TMDPDF, though the time direction here is along
the real time, rather than the lightcone time.

If we assume the thermal QGP is invariant under spacetime translation, we can define

gl (t1,ta, Ry, Re) = gf 17 (t1 — ta, R1 — Ry)

d4q iq0(t1 —to)—iq-(R1—
= /(27r)4€q (t1—t2)—iq-(R1 R2)95£+(q0,q). (4‘9)
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We can plug the Fourier transform (4.9) into (4.7) and carry out the integrals over R; and ¢;
where i = 1, 2. The spatial integrals lead to (27)%63(k1 — pem +q)5° (k3 — Pery +4q). The two
time integrals in the Markovian limit ¢ — +oo give & §(En — Ep + ¢°)6(Enyy — Ep + ¢%).
If we assume quarkonium states with different quantum numbers nl are non-degenerate
(they have different binding energies), then the summation over n'l’ will fix n’ = n and
I’ = 1. Finally using the following integral

/

we find (4.7) can be simplified to

L e

t
dt; [ D dty et et 2 o) | (4.10)
2

[

1 d pcm d prel d k3 d4q 7¢3 3
tg? § :/ om) 763 (kg — 83 (ks — 4.11
9 - 27_‘,) (27_‘_)4( 7'(') ( 1= Pem T+ Q) ( 3~ Pem t+ q) ( )

€ 41,02

X6(Eni — Ep + ¢°) (nilri, [Wp, ) (W, i [} 91T (6, @)
x(ks3,nl, 1|ps(—t/2)|ka,nl,1).

Defining the quarkonium dipole transition function

1
d;zlzz (prel) = 92 N <¢nl|ri1 ’\PPre1><\IJPre1 |Ti2 |¢nl> s (4'12)
c

and making the Wigner transform (4.2) (by setting k1 = k + %’7 ko =k — %’ and shifting
Pem — Pem + %), we find (4.11) turns to

tz / d pcmd prel d q (27’[‘)463(k§ — Pem +q>5(Enl — E'p_|_q0) (413)

11,0 2 )4

- XA, (D)9 (0" @) e, —1/2) = 1€ (. e, —1/2).
So far, we only consider the > ., .4 'yab,cd(t)LZdLabpg(—t/Z) term in the Lindblad equa-
tion (3.7). The other term in the anti-commutator >, ; . 4 yabvcd(t)pg(—t/Q)deLab can be
shown to give the same result (4.13). Their sum will cancel the factor of % in eq. (3.7).
So in the Markovian limit, after the Wigner transform, the anti-commutator term in the
Lindblad equation leads to tC,;(x,p, —t/2), as previously shown in eq. (4.1). It should
be pointed out that in the derivation of the dissociation collision term, no semiclassical
approximation is made.

4.2 Recombination

To derive the recombination term C;/; from the Lindblad equation (3.7), we need to sandwich
Za,b,c,d’Yab,cd(t)Lab,OS(—tﬂ)le between (ki,nl,1| and |ka,nl,1) and apply the Wigner
transform (4.2). We find the state |a) in Lgp is |k1,nl,1) and |c) in le is |ko,nl,1).
Since at the order we are working, the only vertex that couples the color singlet and the
environment is the singlet-octet dipole interaction, we must have |b) = |Pjcms Pirels A1)
and |d) = |Pocms Porel, A2) where the A; denotes the color of the octet state. We need to
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compute

—t
Z Yab, cd abpS( 9 )le

a,b,c,d
T, Bprem Apirel Ppoem d>por ¢
7 iAleBlZBMZQ p13 2];“1 27;2 erl/d3Rl/d3Rz/ dty _Ttdtg
xTrp (1, nl, 1|(S(Ry, 0|73, |OP (Ri, 1)) |Prcms Prrets A1)
X (Paems Paret» A2/ (072 (R, t2) |13, | S (R, t2)) o2, ml, 1)
XE@'E;Q(R% )ET (Rlatl)PE]<P1cm7p1re1w41’,05< >‘p20m7p2relﬂ"42> (4.14)

Now we note that the octet states |p;.m; Pirels Ai) (i = 1,2) are defined at —t/2 by the
original octet field O since they sandwich pg(—t/2). Similar to eqs. (4.5), (4.6), we
can show

(k1,nl, 1|(S(R1, t1)|ri, |0 (R, 1)) [P1ems Prrers A1)

{ —k1- —1 — . A
= Bt =B P BOWEE | py ey (Wil [ Pp,,) - (4.15)
(Poems Paxets A2 (0P (Ra, t2) |ri, |S (R, t2)) k2, nl, 1)
= el Eatapaen ) I BT ROWR ) () (Vo Taltfnt) + (4.16)

where E,, = (p;;a)?/M. Plugging into (4.14) and using the Wilson lines dressed on the
chromoelectric fields gives

—t
Z Yab, cd abpS( 9 )Lid

a,b,c,d

_ g / d Plem d Pirel d P2cm d D2rel
c A1 Ag i1,i9 3 27T (271—) (27T)

X /ngl/ngg /;i dtl
2
><6( nit1— kl Rl) i(Epltl_plcm Rl) _Z(Enth k2 R2)+i(EP2t2 P2cm RQ)
- Az A
X [glE;u (t2’t17R27R1>] ’ l<plcmap1re17A1‘pS< )‘p2cmap2re17‘42> (417)

where the function [gi; “(to,t1, Ra, Rl)]A?A1 is defined in the Markovian limit by

oL i

_dte (Yulriy [Op,, ) (Upga | Tia | Vni)

(92 (t2,t1, Ry, Ry)) "
=Tplim Y Tep[WEN e .
By.B2.Ch.Co
WD o) Bty Vi) (oo B (B, 2) B (R )WL 0|
(W (e 000 (Rt B (B2 12)) 4 (B, (R 01 Wiy ) (amoe)) ™) -
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The newly defined function (ggi_l_)A?A1 is different from the previously defined chromoelec-
tric gluon distribution of the thermal QGP in two aspects: first, (gg i _)A2A1 has open color
indexes and thus one may worry that it is gauge dependent. However, the timelike Wilson
line together with the spatial Wilson which is explained in appendix A connects the chro-
moelectric field to a point at R = 0o, = —o0. So the combination Wj(se, —o0),(r,1) E(R, 1)
transforms as an adjoint representation at R = oo,t = —oo, which can be set to be a trivial

transformation by a choice of the global gauge. Therefore, both WE and EWW are gauge
——\A24

“ ) 241

of the Wilson lines along the time axis is t = —o0 in (gf;i_l_)A?Al rather than ¢t = +o0.

invariant objects independently in the definition of (gZE2 Second, the end point
The physical interpretation of the different end points of the time axis is as follows: in
quarkonium dissociation, the color octet state is a final state and the Wilson line resums
the Ag interaction between the octet state and the medium, which is not suppressed by the
nonrelativistic expansion. Since only final state interactions are involved, the Wilson lines
go to t = 400. In quarkonium recombination, the color octet state is an initial state and
the Wilson line resums the Ag interaction before recombination occurs, which is an initial
state interaction. But one should keep in mind that the density matrix for the incoming
state may be off-diagonal in color space and still contribute to recombination.

Recombination from the state with an off-diagonal color density matrix is genuinely a
quantum effect with no classical analog. To further simplify the recombination term (4.17)
and derive the recombination term in the Boltzmann equation, we need to make a semi-
classical approximation, which will be explained in the next subsection.

4.3 Semiclassical approximation in recombination

As discussed above, we will make semiclassical approximation to write the recombination
term (4.17) as a collision term in the Boltzmann equation (4.3). First we approximate the
subsystem density matrix by its diagonal piece in the color space

ng) (—2t> ‘p20m7p2rel> )

(4.19)
where the superscript (8) indicates the density matrix is a color octet state. With this

<plcm7p1r617 Al’PS <—2t> ‘p2cm7p2relv A2> ~ gAd <p10m7p1rel

approximation, we can contract the color indexes in (gzjgi_l_)AZ““1 and define
E——
gizl‘l (t27 t17 R27 Rl)

— Az A
=) 5A1A2[9£i1 (ta,t1, Ry, Ry)]
A1,Az

= TF< > (Wi(Rar—c0),(Rasta)) Eia (R2, t2) ) (Eiy (R, tl)W[(Rl,tl),(R1,—oo)])A>
A

= <Trcolor (Wi(Ra,—o00),(Ro o)) Bin (R, 12) Eiy (R1, t1) Wiy 1) (Ry—o0))) >T . (4.20)

T

The function gi;_(tg,tl,Rg,Rl) is another chromoelectric gluon distribution function
of the thermal QGP, similar to the previously defined gE++(t1,t2,R1,R2). The only

1192

difference is the orientation of the Wilson line. For gf;;+(t1,t2,R1, R;y), the Wilson line
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goes to t — 400 while for giEﬂ_l_(tg,tl, Ry, R;), the Wilson line comes from ¢ — —oo. A
spatial Wilson line connecting the end points of the timelike Wilson lines is also needed
for gauge invariance and can be generated from resumming Coulomb modes, as in the case
of gF*T*. Detailed calculations of the spatial Wilson line at infinite time can be found in
appendix A. The timelike and spatial Wilson lines in the definition of gg o (t2,t1, Ro, Ry)
form a staple shape, as plotted in figure 1.

Using the assumption of translational invariance, we have

92" (ta,t1, Ro, R1) = g~ (ta —t1, Re — Ry)

dq ; )
E/(Qﬂ-)46qO(t2 t1)—iq-(R2— Rl)glE221 (QO,Q). (421)

Plugging everything into (4.17) and integrating over R; and Ry leads to

1 d Plcm d Pirel d P2cm d DP2rel d4 /t /
2
4.
N Z/ P (@n)? (@n)? (@n) @mt Jo o9 (4.22)

11,12

!Bt~y =) o =i =Epy =012 (27)55% (g = gy — @)0° (K2 = Poern — 9)

PEGS) (_2t> ‘p20m7p2rel> .

When applying the Wigner transform to (4.22), we set k1 = k + k'/2 and ko = k — K'/2.
Changing variables p;.., — Pem + Pom/2 and Doy — Pem — Pl /2, we find

X <¢nl ’T’il |\I}p1re1> <\I/P2rel ‘r’bé ’wnl>ng2‘z_1_ (q07 q) <plcm7 Direl

1 d Pcm d DPirel d DP2rel d4 /;
2 e
dt
Z / )3 (2m)3 (2m)3 (2m)? !

€ 41,i2

X (277)353(k — Pem — Q) <wnl |7ni1 |\Ilp1rel> <\IJP2re1 ‘7“1'2 |¢nl>g£;7(q0> Q)

K g [ —t
X<pcm + Eaplrel pECj) (2>

Applying the Wigner transform, we find

Br K g [ —t
/76 em <pcm + Eaplrel P(s) (2>

2n)?
) —1
= /d3$rel€_l(p1re1_pzrel).mmfg% <mcm7pcma Lrel, IM’ 2> ) (4'24)

dtg ez(Enl Ep,—q 0)tq —z(Enl Epy—q Nty

"’L ol

k/
Pcm — E7p2rel> . (423)

k:/
Perm — 57 p2rel>

2

where fg%(:ccm, pcm,mrel,%,—tﬂ) is the phase space distribution function of

a color octet QQ pair with center-of-mass and relative positions and momenta

Temy Pems Lrels %. If the color reaches thermal equilibrium, statistically we will have

N3—1

(4.25)

where fQQ is the distribution function of an unbound QQ pair that can be either a color
singlet state or an octet state.
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Now we take a crucial step in the derivation of the semiclassical transport equation:
the semiclassical expansion, also known as the gradient expansion. A general discussion of
the gradient expansion in the derivation of semiclassical transport equations can be found,
for example, in ref. [74]. We will expand fgg—? around some ¥, = xg and assume the
distribution varies slowly as x.. changes

Pirel + Dorel t)
;

8
f((QC)? <xcm7 Pcms Lrel, 9

Direl + Dorel t)

fé)% <mcmapcmam07 9

Jr
+(.’.Urel - mO) : v:l?ofé;% (wcmvpcma Zo, W7 t) + -y (4-26)

where higher order terms in the gradient expansion are omitted. In this section, we will
focus on the leading term in the gradient expansion. The next-to-leading term, which
will be discussed in section 5, corresponds to a quantum correction to the semiclassical
Boltzmann equation. In practice, we want to choose xg such that quantum corrections are
minimized. We will choose g = 0 when we compute the correction in the next section.

The derivation shown in ref. [26] uses the gradient expansion implicitly, by assuming
the distribution function of a QQ pair is uniform in the relative position. This assumption
of uniformity is exactly the leading term in the gradient expansion (4.26). The argument
given in ref. [26] relies on a large diffusion rate for open heavy quarks and the angular
dependence of the octet state wavefunctions [W, ) (see eq. (D8) of ref. [26]). Thus it is
not obvious how to generalize the derivation in ref. [26] to incorporate quantum corrections.
Here the derivation is based on a gradient expansion and higher order corrections can be
worked out systematically.

Plugging the leading term in the gradient expansion back into (4.24), we find the
integral over @, can be done trivially which gives (27)363(Pyye — Porel)- Now we can carry
out the time integrals in (4.23) in the Markovian limit when p;,, = Poye] = Pre- The time
integrals in the Markovian limit have been explained in section 4.1. We can show after the
Wigner transform (4.24), eq. (4.23) turns to

d cm d re d
e~ Z | G @ oy O~ Pen — 03B By = )

__ 8
X <1/Jn[‘7'i1 |‘Ilprel> <\I]pr51 ’7"2‘2 \¢n1>9£” (q07 q)fé%(a:cnu Dcems L0s Prels _t/2)

_y Z / d3 pcm d prel (37_5 (27T)453(k — P — q)(s(Enl _ Ep _ qo) (4.27)

01,12
1 - 8 —
Xdznlzz (prel)gigil (qO’ q)féc)? (xcma DPcms 05 Prels _t/2) = tc:l (xcma k:, _t/2) )
where E, = (p,1)?/M and we defined the collision term for recombination C, in the

Boltzmann equation (4.3). The structure of (4.27) is very similar to that of (4.13). We will
discuss these two collision terms in the next subsection.
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4.4 Factorization of reaction rates

In the previous subsections, we have derived the collision terms in the semiclassical Boltz-
mann equation for dissociation and recombination. From egs. (4.13), (4.27), we have

Cafakt) = 3 [ G dp”“dpfe‘ V9 (2 453(k — o + )3 (Bt — By + )

4
i1,i2 (2 )
xd;, (prel)gfﬁ(q ) fui(, ke, 1) (4.28)
d? pcm d pre dg
C+l xcma 7 Z / l (2 )4 (27T)453(k — Pem — q)d(Enl - EP - qo)
i1,i2
Xd;nllzg (prel)gz‘Eg;li(qu q)fésc)?(mcma Pcms 05 Prels t) . (429)

Then the dissociation and recombination rates can be defined. General expressions for the
reaction rates can be found in refs. [75, 76]. We will first study the dissociation rate of a
quarkonium state with position & and momentum k, which can be written as
C(x k,t)
fnl(w k t)

where the rate depends on position and time via the dependence of the QGP tempera-

Rz k. t) = (4.30)

ture on position and time.® The QGP temperature determines the chromoelectric gluon
distribution function. Using (4.28), we find

d3 pcmd prel d* q
R (z,k,t) Z/ 7 2y 1(2m)16° (k — poy + @)0 (Bt — By +¢°)

11,12

Xlezz (prel)nglj;—i_ (q(]’ Q) . (431)

The summation over i1,49 can be further simplified. So far we have not written out the
dependence on the third component of the orbital angular momentum m; explicitly. In
practice, we will average over m; since current heavy ion experiments do not measure m;.
Temporarily restoring the m; dependence in the bound state wavefunction, we obtain (note
that in the integrand, the only dependence on p,; is in the dipole transition function)

l

mp=

1 1
= Z / prelg2 <7/}nlmz |T11 |\IJprel>< Prel ‘rlz |wnlmz>

ml——l

iy 1 2

= b, | 2 (432

SWe assume the spacetime variation of the QGP temperature is much slower than the typical relaxation
time of quarkonium, such that during quarkonium dissociation or recombination, the QGP can be treated
as translationally invariant in spacetime.
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where d€), =~ =dcosfp, dg¢p . Defining
97" @) = ) 0iingi (0 a). (4.33)
7/17742

we can write the dissociation rate as

Ppem Ppret d*q o 4 00 5
R- — cm re 9 6 (k — 0(E, — FE d, ++
nt / (2m)3 (2m)3 (2@4( )16 (k — Pew + @)8(Bpt — Ep + ¢°)du(Pre)) 9" (¢", @)

d*perm d®p 15 Pret)’
/ " 2;63 nl(prel)gE++<(]\e41—)_ nlapcm_k>

2
= /mdnl (prel)GE++ ((prel) - Enl) ) (434)

M

where GFT+ is the integrated chromoelectric gluon distribution function:

d —1
GEHH(¢0) = g+ (q0, q) = [ dte="tgB++ (1, 0)
(2m)3

— / dt e—iq0t<Trcolor(Ei(t)w[t,o] E;(0)) >T . (4.35)

In the integrated chromoelectric gluon distribution function GE+7, the spatial index i is
summed over and W denotes a Wilson line in the adjoint representation. The Wilson lines
connecting R; and Ry shown in figure 1 overlap at the same position and only the part
between t; and t9 remains after cancellation.

The differential rate can be written as

dR; dgprel d4q =
(27r>3d3pcri1 = / (27‘(‘)3 (271')4 (27T)453(k — Pcm + q)d(Enl - Ep + qo)dnl (prel)gE++(qu q)
2
= prd 1(Pre)g ™t <@A}1) — Enl, Pem — k) . (4.36)

Eqgs. (4.34), (4.36) are important results of this paper. They show the inclusive and dif-
ferential dissociation rates of quarkonium factorize into the quarkonium dipole transition
function d,,; and the chromoelectric gluon distribution function of the QGP. In the inclu-
sive rate, the gluon distribution function is momentum independent while in the differential
rate, it is momentum dependent. The connection between the Wilson line structures in the
definitions of the momentum independent and momentum dependent chromoelectric gluon
distribution functions is very similar to the relation between the gluon PDF and the gluon
TMDPDF. Through the use of this factorization theorem, experimental measurements of
quarkonium nuclear modification factors probe the chromoelectric gluon distribution func-
tion of the QGP. The centrality dependence of the quarkonium nuclear modification factor
probes the momentum independent distribution while the transverse momentum depen-
dence and measurements of the azimuthal angular anisotropy may be able to probe the
momentum dependent distribution, since both the differential dissociation and recombina-
tion rates depend on the momentum dependent distribution.

One application of the factorization formula (4.34) is to combine it with lattice QCD
calculations to constrain the real part of the in-medium potential of quarkonium. The
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thermal width extracted from lattice QCD calculations of the spectral functions contains
both the dissociation rate and the diffusion rate. In the diffusion process, the singlet QQ
pair exchanges some momentum with the medium but does not break up. The diffusion
process is suppressed with respect to dissociation when the temperature is small, i.e.,
T < 1 where r ~ 1/(Mwv) is the typical size of a quarkonium state. In our power
counting, the dissociation amplitude scales as 1" while the diffusion amplitude scales as
(rT)? [76]. So at leading order in the multipole expansion, the thermal width is equal to
the dissociation rate R~. Then if the chromoelectric gluon distribution function GF++
can be calculated in lattice QCD, we can combine the two lattice calculations and use the
factorization formula (4.34) to constrain the quarkonium dipole transition function d;.
The dipole transition is between the bound state and the unbound scattering state. Their
wavefunctions can be solved by using parametrized in-medium real potentials. So we can
calculate d,,; with different parametrizations of the real potential to compare with the one
constrained by lattice QCD calculations. This method can indirectly constrain the in-
medium real potential of quarkonium. It may also be used to test the consistency between
the real and imaginary parts of the potential calculated in lattice QCD [77]. In practice,
one may first carry out the above analysis for T(15) at low temperature, where the power
counting parameter is small and the framework presented here is under good theoretical
control. Recent lattice QCD calculations of the thermal width and other developments for
bottomonium at finite temperature can be found in refs. [78-80].

Next we will study the recombination term C*. Using (4.32) and integrating over p,,,,
we find (4.29) becomes

ChH(Tem, K, t) (4.37)
d? Drel d3 q E—— (prol) ®)

/ (27T) (27_‘_)3dnl(prel) <E7Ll >f (ow)k - an(]vprelvt) 9
which factorizes into three pieces: dipole transition function, chromoelectric gluon distribu-
tion function and the octet QQ distribution function. Eq. (4.37) should be thought of as a
differential recombination process because the final state momentum, i.e., the quarkonium

momentum, k, is not integrated over. Integrating over k leads to

A3k Bpre o . 2
/( Cnl(mcmakat) :/ P ld ( rel)GE ( nl — <p]\e41) >n(QS)Q($0m,$0,pre1,t),

27)3 (2r)3 ™"

(4.38)
where GF~~ is the integrated chromoelectric gluon distribution function and ngc)? is a

density. They are given by

d3q - 0
E——( 0y — E——( 0 .\ _ —ig% E——
G ) = [ o™ () = [t P (1,0)
= [ dte " Tregior (Eilt Ei(0 4.39
[ dtem " T (B )W Ei(0)) ) (4.39)
8 d3k

né?é(wcmammprel)t) = /( )3fQQ(mcm7k » L0y Prel» ) (440)

We note that the integrated chromoelectric gluon distributions GF*+ and GF~~ are the
same. Converting egs. (4.37), (4.38) into differential and inclusive recombination rates of a
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heavy quark requires knowledge of the relation between the two-particle QQ distribution
and the one-particle Q distribution. We will not pursue writing out the recombination
rates explicitly here. Relevant formulas can be found in ref. [76].

Finally, we comment on the scale dependence of each component in the factorization
formula. The chromoelectric gluon distribution function has a natural scale T', the plasma
temperature. So we need to compute the dipole transition function d,; at the scale T.
The EFT pNRQCD is constructed by matching at the scale Mwv, we need to solve the
renormalization group equation for d,; from Mwv to T. It has been shown that at one loop,
no extra renormalization is needed for the dipole interaction vertex beyond the renormal-
ization of the strong coupling constant a, [81]. We believe this is true to all orders due
to the reparametrization invariance of the Lagrangian QE(iDo — %)w for a single heavy
quark field v, from which the leading pNRQCD Lagrangian is derived (see the derivation
of pNRQCD in [45]).

5 Quantum correction to semiclassical transport

In this section, we work out the leading quantum correction to the semiclassical Boltzmann
transport equation. For dissociation, no semiclassical expansion is applied. For recombina-
tion, we make two semiclassical approximations. The first one is (4.19), where we assume
the octet state density matrix is diagonal in the color space. We want to point out that
this assumption is not necessary if one works at leading order in the coupling constant.
The reason why we have to make this semiclassical assumption is the open color indexes
in (4.18). If we only keep the leading terms (in the coupling constant) in (4.18), we can
set all the Wilson lines to be unity. Then (4.18) becomes

(B (Ro, ) B (Ry 1)) (5.1)

which is proportional to §4142 up to higher order corrections (in the coupling constant).
Therefore, at leading order, only the diagonal entries of the color density matrix contribute
to recombination. But in general, off-diagonal entries can contribute. To derive the recom-
bination collision term in semiclassical Boltzmann equation, we have to approximate the
octet density matrix to be diagonal in color.

The second semiclassical approximation is the gradient expansion (4.26). So far, we
only take the leading term in the gradient expansion. We now work out the recombination
term from the next-to-leading term: (&, — o) - Vwofé%(mcm,pcm,mo, %,t). For
simplicity, we will set g = 0. In practice, one wants to choose a x( such that the gradient
expansion converges fastest. With the next-to-leading term, (4.24) becomes

3 —i — . (8) Divel + Porel
/d Trel€ UP1re1 —Pare) YEImrel . V:EQ Lcms Pems L0, 7t

o . (5.2)

xo=0

- i B e ] Dy 1+p2 1
— /d3xrel |:zvp1re16 1(P1rel—Parel) Tr 1:| . [vmofé% (wcm7pcm7w07re2re7t>:|mo_0

v -V
= [’L.M(27r)353(plrel - p2rel)}

2
8 Pirel + P
'[vmoféc)_?(mcm)pcmamOuMI2M7t>:| .
xo=0
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Plugging this into the Wigner transform of eq. (4.23) and integrating pj,. and ps. by
parts leads to

d? Pem d? Pirel d? D2rel a q /5 / E.—FE —
dt dtoeiEBni—Ep, =01 ,—i(Eni—Ep, —¢°)ta
Ne Z/ )3 (2m)3 (27)3 (2m)* ! 2¢ ' ’

01,12

X (277)653(k_pcm_q)53 (plrel_pQrelanl |Ti1 ’\Ilplrel> <\Pp2rel |Ti2 |¢nl>gi2i_1_ ((] ) Q)

|:_ivplrel <¢nl|ri1 |‘1jp1rel> va2r61< P2r91|ri2|7/)nl> . plrelt _ DPorel to

1
2<¢nl ‘ril |\ij1rcl> 2< Porel ‘riQ |wnl> M M
8 +
N [V$O é% (wcm7 pCm7 a:07 plrel 2 p2rel ) t)]

xo=0

_ dpcmdprel dq 4¢3 0
> | o (27 6k = P — )8 Bt — By — o)

_ivprel <wnl |Ti1 ‘\ijr(ﬂ) + ivprel <\Ilprel ”riQ ‘wnl>
2(Pnilriy [¥p,,) 2(Wp, |7is[Vnt)

. [on fc% (mcma Pem> Z05 Prels tﬂ

l E——
<2k (ol (0 0)|

xo=0
=t (Tem, k. 1) , (5.3)
where we have used the fact
t t
2 2 . .
/4 dtq /775 dtz(tl + t2)ezwt1€—zwt2 =0. (5.4)
z =

We have derived the leading quantum correction Q:{l to the recombination term qul in the
semiclassical Boltzmann transport equation. Higher order quantum corrections from the
gradient expansion can be similarly worked out. The quantum correction is small when
the distribution in the relative position between the QQ pair varies slowly.

6 Conclusions

In this paper, we derived the semiclassical Boltzmann equation for quarkonium in the ther-
mal QGP by applying pNRQCD and the open quantum systems framework. Under the
hierarchy M > Mv > Mv? T, Aqcp, we worked at leading order in the power counting
parameter v and %, which correspond to nonrelativistic and multipole expansion respec-
tively. In our power counting, the interaction vertex between the subsystem (quarkonium)
and the environment (thermal QGP) scales as % and thus is weak. In the weak coupling
(between the subsystem and the environment) limit, the total density matrix factorizes into
the subsystem density matrix and the environment density matrix. We demonstrated how
the Lindblad equation for quarkonium as an open system turns into a Boltzmann equation
after taking the Markovian limit and applying a Wigner transform (a Gaussian smearing is
required for maintaining positivity). We justified the Markovian approximation using our
power counting. The derivation is valid for a strongly coupled QGP at leading power of
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the nonrelativistic and multipole expansions since we resummed relevant interactions to all
orders in the coupling constant at the scale Mv? and T. Reaction rates in the Boltzmann
equation factorize into the quarkonium dipole transition function and the chromoelectric
gluon distribution function of the QGP. The factorization originates from the factorization
of the total density matrix. The structures of the Wilson line in the chromoelectric gluon
distribution function are different for inclusive and differential reaction rates. The relation
between the two is similar to that between the gluon PDF and the gluon TMDPDF, ex-
cept that the time axis here is along the real time rather than the lightcone time. In the
recombination, we also made semiclassical approximations. One semiclassical approxima-
tion assumes the initial state density matrix is diagonal in color space, while the second
semiclassical approximation keeps only the lowest term in the gradient expansion. Finally
we worked out the leading quantum correction to the semiclassical Boltzmann transport
equation by computing the next-to-leading term in the gradient expansion.

The factorization in the transport equation allows us to use experimental measure-
ments on quarkonium suppression in heavy ion collisions to probe the chromoelectric gluon
distribution functions of the QGP. The chromoelectric gluon distribution functions are de-
fined nonperturbatively here so in principle, they can be computed by using lattice QCD
or the AdS/CFT correspondence. It would be interesting to investigate how much per-
turbative and nonperturbative calculations differ for the distribution function. Once the
distribution function is determined nonperturbatively, one can combine it with the thermal
width of quarkonium extracted from lattice QCD calculations to constrain the quarkonium
in-medium real potential indirectly. In practice, one may choose Y(15) at low temperature
for a well-controlled power counting. Furthermore, the differential reaction rates depend on
a new momentum dependent chromoelectric distribution function defined by two electric
fields connected via staple-shaped Wilson lines. It will be interesting to explore what other
physics processes are sensitive to this correlation in the QGP. Finally, one can implement
the quantum correction to the semiclassical transport equation in phenomenological studies
and investigate the importance of quantum corrections. The framework developed here can
be easily generalized to study quarkonium transport in cold nuclear matter by replacing the
thermal QGP density matrix with a density matrix describing cold nuclear matter, which
is relevant for quarkonium production in eA collisions in the future Electron-Ion Collider.
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A Gauge link at infinite time

In the main text, the Wilson lines along the time axis arise due to field redefinitions. Here
we show how to obtain the Wilson line along the spatial direction at infinite time. The
derivation is similar to that of ref. [82] where the gauge link at infinite lightcone time was
derived for the TMDPDEF. For our purposes here, we first discuss modes that contribute
to this gauge link.

The effective theory pNRQCD is based on separation of scales: M > Mv > Mv? > T.
We will distinguish modes by their momentum scaling p* = (p°, p*, p?, p?). The hard, soft
and ultrasoft modes scale as

P~ M(1,1,1,1) (A1)
P~ M(v,0,0,0) (A.2)
Pl ~ M(0%, 0%, 02, 07). (A.3)

In the derivation of pNRQCD, the hard and soft modes are integrated out, so this theory
describes the dynamics of the ultrasoft modes. The Wilson line along the time axis dis-
cussed in the main text resums the interaction between the c.m. motion of the octet and
the ultrasoft Ag field.

In fact, another mode with a scaling that falls between the soft and ultrasoft modes
can influence the ultrasoft dynamics. It has the momentum scaling

pE ~ M(UQ,U, v,v), (A.4)

and thus is named the Coulomb mode. The Coulomb modes that mediate the interaction
between the QQ pair has been included in the pNRQCD Lagrangian (2.1) as potentials.
However, the Coulomb mode that couples the c.m. motion of the octet with the medium
has not been considered yet. As we will show below, it is this Coulomb mode that leads
to the gauge link at infinite time.

The relevant part of the Lagrangian density is

/d3rTr(OT(th)(iD +D%‘+V3—V(r)+---)o<th)> (A.5)
s Ty 0 AM M o s Ty ) .

where the new term compared with eq. (2.1) is the c.m. kinetic energy D%/(4M). For
ultrasoft gauge fields, the c.m. kinetic energy can be omitted since it is at higher order in
the v expansion. However, for Coulomb gauge fields, the c.m. kinetic energy is at the same
order as ¢Dg, which is at leading order. In the adjoint representation, the c.m. kinetic
energy can be written as

\%: ig
3 i YR _ 2 Of .
/d rTr(O (R,rt) T RO(R, 7,1) - LLO(R 1) (A(R,1) - Vr (A.6)
2
+VR AR 0)O(R,7,1) — 2O (R,7,1) A%(R, t)O(R,r,t)) .

We will first focus on the interaction given by the term linear in A and discuss the
term quadratic in A later. For the interaction linear in A, we will resum a series of
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q1 q2 q3 Gn—1 dn

@

Figure 2. A general Feynman diagram in the series contributing to the gauge link at infinite time.
The outgoing octet field has ultrasoft momentum p. All the attached gluons originate from the
interaction term linear in A and scale as Coulomb modes.

Y'Y

Feynman diagrams. The n-th diagram is depicted in figure 2. The outgoing octet field is
on-shell and ultrasoft: p ~ M (v? v?,v2,v?). All gluon fields interacting with the octet are
Coulomb: q; ~ M (v?,v,v,v), so g, +p=gq;+ O(Mw?) for the spatial components of the
momentum. The amplitude can be written as (we want to keep the A fields explicitly for
later convenience)

o[ dY | i g R [ G 1
M, = / ) ] e g=1 0= qy - A(Qn):|
L:Hl (2m)t AM g0 — g8 — & +ic
X{_g ! (2q, + q,_1) - A( )}
VRV 2 n n—1)" dn—1
4Mpo — g0 — q2—1 B (%E{\Zq) +ie
X
—g 1 n
X | —= — 2) gqi+q, | Alq)| - (A7)
aM no o Q.19 . —
PP =24 — g Tie N i=2

Here Ry is the starting position of the octet field sitting on the left end of figure 2. We
set Ry = 0 for simplicity for the moment and discuss the case with Ry # 0 later. (We can
also keep tg in the phase where t is the starting time of the octet field. But ¢ty will become
irrelevant in the following derivation.) Shifting ¢, — ¢, + p and applying the trick used in
ref. [82], we find

1
—4Mqd — g2 + ie

= —z'/ d\, exp {z)\n[ —4AMq® — ¢ + ZE]} , (A.B)
0

for the first propagator and a similar expression for a generic propagator

1 /oo . n 0 n 2 .
- - — = —4 d)\lexp{z)\l{—llM q-—< q‘> —|—ze}}.

—4M Zj=1 qE) - ( j=1 q])2 + 1€ 0 ];[ J ];_ I
(A.9)

Then the integral over ¢0, can be thought of as a Fourier transform, with the conjugated

time 4M Z;ﬁ:I Aj, since the gluon lines are incoming with the phase defined by e~ In
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the large mass limit, the conjugated time 4M Z;-”:l Aj — 400, since the \;’s are positive.
The octet field is outgoing in figure 2 so the diagram corresponds to final-state interactions
in dissociation. If the octet field is incoming, as in recombination, a different sign will be
obtained in the conjugated time, which leads to —oo in the large mass limit. After the
Fourier transform in the large mass limit, the expression (A.7) becomes

[H/ d‘”’q]H 0 <t—+oo,qn>}{<2qn+qn_1>-A<t=+oo,qn_1)

qn) — i€ (qn + qn—1>2 — i€
25" o q; + At = +o0,
NI |:( Z]_Qq] nql) 2( ‘ o0 ql):| (AIO)
( =1 Qj) — e
Plugging the Fourier transform,
At = +00,q,) = /d3Rm e~ Rm A(f — 400, Ryy), (A11)
into (A.10) leads to
. q] 3 —z R | |9n A(t = 09, Rn)]
n = d q J
Mn =g [1;[/ ’ H (q,)? — i€
[ 1) At =400, Rp_1) +iVy_1 - A(t = +00, R, 1)])(
(@, + qn1)* — i€
2T A(t =400, Ry) +iVi - A(t = +o00, R
x[ (25-19;) Al = oo, Ry) iV, - Aff = oo 1)}. (A.12)
( j:l Qj) — e
One can show
ﬁ ity Ry _ iy (B Ro1) y=i(@u+ 1) (Booi—Ra2) o |
=1 . n . n
’ o1, 4 (Ra—Ry) ~i(T)_, a,)Ri (A13)
Then we can do a change of variables, k., = >, g, to simplify the momentum integrals:
d3 t R v dSk. efzkn (Rn—Rnp—1)
M, = =+
- [ / ] [ o B / k2 — e ]
dgkn—l eﬂkn—l-(Rn—ar_z)

2A(t = aRn* "vn,
X{( oo Bna) iV [ T e T

dgknfl e_ikn—l'(Rn—l—Rn_g) .
+/ (2m)3 k2 1 — t€ iVio1- At = —i-oo,Rn_l)} X
2A(t = R i d"Rp e ™
x{ (t = 400, Ry) le/ o e
/ d3k1 e Zkl R1

(2 )3ﬁzvl At = +OO,Rl)} : (A.14)
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Using the standard integral in the derivation of Coulomb potential from the propagator,
we find

n

M, = (ig)" { -Hl/ng]} {A(t = too R) VR, - Rn_ld
p

1
"'47|Ry_1 — Ru_s]

w1 A(t = +00, Ry
+47r]Rn_1 — Rn_2’V 1- At =+o00 1)} X

1 n 1
dm|Ry| = 4m|Ry|

X [QA(t = 400, Rl) -V1 Vi A(t = 400, Rl)] . (A.15>

At time t = 400, the gauge field is a pure gauge:°
A(t = +00, Rm) - Vm¢(Rm) . (A'16)

The term with A(R,,) integrated over R,, can be written as (we use integration by parts)

1
ig / &R [V d(Ro)| Vi TR =90 Ra) (A.17)

Now we keep the term with A(R,,) and the term with A(R,_1), then after the integration
over R,,, we find

1
"Ryt — Ry o]

(ig)* / AR, [ng(Rnl)A(t = 400, R,y 1)V

1

R, _
OB TR Ryl

Vo1 A(t = 400, Rn—l):|

1
"47|Ry_1 — Ry_o]

— (i9)* [ @Ry [gzs(Rnl)A(t oo, By 1)V

1
47T|1%nfl - Rn72|
1

= (i9)° [ d* R O(Rut) Vs 6] - Vi

Fn- 47T|Rn 1—Rn,2|

—Vn_1¢(Rn_1) . A(t = +OO, Rn—l):|

(ig)2 / 3 A2 t =400, Ry—1)
= d°R,,— A1l
¢ (Ry (ig) Y4n|Ry1 — Roa| (A.18)

where we have used ¢(Ry—1)Vi_1¢(Ry—1) = 3Vn-1¢*(Rn—1). As we will show later, the
term (igg)?/2 contributes to the Wilson line structure we are seeking for. The second term
in (A.18) will be cancelled exactly by the interaction term quadratic in A. No analogous

6This follows from ref. [82]. A pure gauge field is given by A*(x) = éU(m)@”UT(m) where U(z) is a
gauge transformation. We consider a gauge transformation that is a perturbation of the identity: U(z) =~
1+ igp'(z) where ¢f () is group valued.
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Figure 3. Feynman diagram contributing to the gauge link at infinite time, similar to figure 2
except that the rightmost two gauge fields originate from the interaction term quadratic in A.

cancellation appears in the derivation of ref. [82]. The relevant diagram is shown in figure 3.
By similar calculations as above, one can show the contribution to the amplitude from
the part on the left of the g,_o gluon line in the diagram is the same. The diagram in
figure 3 gives:

[H/ = ] [_lg 0_ 40 _ 0 i (@, +a,_1)° A(qn) - A(gn-1)

—q) — Gy — g +ie

Xl_g 1 (2q, +2q,_1 +4,_2) - A(q 2)]

4M ntln_1Fn_2)> . n n—1 n—2) " n—

4Mpo_q2_q271_q272_(q +q4]1uq 2) + e
X"'XLM ¥ <2qu+q1>-A<q1>

PO =0 d) — g L e\ i
d*q /d3q 1 1
2 n n
- B At:+ooa At:+00, _

o o A = ) Al = 0.

(@, +a, 1+, _2)* —ice

l H / d3(]] ] [ 2qn + 2qn—1 + qn—2) i A(t = 00, qn—Q)]

2370 oq; + - At = +oo,
x| B2 an) 2( ' q1) (A.19)
(Zj:l q;)? — ie
Plugging the Fourier transform (A.11), doing a change of variables, k,, = >, g, as

done above and using (A.13) we find the term in the third to last line of (A.19) leads to

A%(t = 400, Ry1)
d3R,_ . A.20
Y / "4r|Ry_1 — Rys| (A.20)

which cancels the second term in (A.18) exactly.
Repeating the same procedure, one can show the n-th order (in g) diagram contributes

(ig)"
n!

¢"(R=0), (A.21)
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where the position is set to the origin since the last delta function obtained by the above
procedure is simply 6%(R;).
From (A.16), we find

$(R = 0) = —/ dR- A(t = +o0, R), (A.22)
0
where we have used ¢(R = oo) = 0. Using
Vre"(R) =n¢" ' (R) Vré(R), (A.23)
we can show
1 o0 R1
EQSTL(R == 0) == (—1)“/ dR1 . A(t == —|—OO, Rl) dR2 . A(t == +OO, RQ) ce
! 0 0

Rnfl
></ dR,, - A(t = +00, Ry,). (A.24)
0

Summing over n leads to

(i9)" [
Z —¢"(0) =Pexp | — zg/ dR-A(t=+co,R) ). (A.25)
n n: 0
The negative sign with respect to (2.3) is due to the signature of the Lorentz metric.

In this derivation we chose Ry = 0 and thus the Wilson line starts at Ry = 0. For a
nonvanishing Ry, we need to restore the factor

exp (z Z q;- R0> , (A.26)
j=1

in (A.7). Then the last delta function will become §3(R; — Ry) and the Wilson line will
start at Ry.

The gauge link in the amplitude starts from the spatial position of the octet field and
extend to spatial infinity. In the complex conjugate of the amplitude, the gauge link comes
from the spatial infinity and stops at the spatial position of the other octet field. This
leads to the Wilson lines at infinite time shown in figure 1.
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