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Quarkonium as Probe of Quark-Gluon Plasma

Static screening: suppression of color attraction —> melting at high T
—> reduced production —> thermometer
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Quarkonium as Probe of Quark-Gluon Plasma

e Static screening: suppression of color attraction —> melting at high T
—> reduced production —> thermometer

 Dynamical screening: related to imaginary potential, dissociation induced
by dynamical process, lead to suppression even when T(QGP) < melting T

e Recombination: unbound heavy quark pair forms quarkonium, can happen
below melting T, crucial for phenomenology and theory consistency
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Simple physics picture of thermometer does not work

What QGP properties are we probing by measuring quarkonium?

This talk:

In certain limit, we are probing chromoelectric distribution
functions of QGP/nuclear medium

Leading-power, all-order construction, gauge invariant

Two tools: open quantum systems, effective field theory



Open Quantum System

Total system = subsystem + environment: H = Hq¢ + Hp + H;

p(t =0) = ps @ pE

Subsystem & environment

Unitary evolution U(t, O) (IOS =Y IOE)UYJr (t7 O)

Time reversible

>
Subsystem & environment

(Heavy quark pairs & QGP)
l Trace out (integrate out) environment l
Ps (t — O) Non-unitary
> TrE {U(ta O) (IOS X IOE)UJr (t7 O)}
Subsystem Time irreversible




From Open Quantum System to Semiclassical Transport

Subsystem + environment: von Neumann equation

Trace out environment

A 4

Subsystem: non-unitary, time-irreversible evolution

Quantum optical limit Quantum Brownian motion

Markovian(weak-coupling)

(pre-)Lindblad equation Lindblad equation

Wigner transform

Semiclassical (gradient expansion)
A4 \4

Boltzmann Fokker-Planck

Wigner transform f,;(z,k,t) = /
9




Separation of Scales and pNRQCD

Separation of scales

2N h .
M > Mv > Mv?, T, Aocp v2 ~ 0.3 charmonium

v?2 ~ 0.1 bottomonium

QCD
Hard M perturbative matching
Heavy quark physics, A.Manohar, M.Wise
HQET/NRQCD hep-ph/9407339, G.Bodwin, E.Braaten, G.Lepage
Soft Mo perturbative / non-perturbative matching
. hep-ph/9907240, hep-ph/0410047,
Ultrasoft potential NRQCD N.Brambilla A.Pineda, J.Soto, A.Vairo
Mv?* ~ 500 MeV
T

Hard  Dp NM(l,l,l,l)
Soft Dg ~ Mv(l,l,l,l
Ultrasoft Dys MUQ(L 1,1,

)
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Case 1: Mv > T > My?

Lindblad equation in limit of quantum Brownian motion

dpg(t , Diw=0R=0
IOS( ) — —1 [HS + AHS, pS(t)} + ( 5 ) (LaipS — {L oty pS })
dt Nz —1
AHg = Y(w=0,R=0) 2 Cr 20 N.Brambilla, M.A.Escobedo, M.Strickland,
2(]\[02 _ 1) 0 ]\;61\7_2 A.Vairo, PV.Griend, J.H.Weber arXiv:2012.01240
L a
Evolution determined by transport coefficients b E v (tv R)
Dw=0.R=0) = [ dt (E:(t, )Wy E:(0. R
N(w=0,R=0)=Im / dt (TE;(t, R)W;y.0,E:(0, R)) 7
D is just the heavy quark diffusion coefficient
e - .. .
Why HQ diffusion coefficient affects quarkonium? s Ez’ (O, R)
T > Mv? binding energy effect is subleading
3
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Case 2: Mv > Mv* > T

Quantum optical and semiclassical limits: Boltzmann equation

0 k
%fnl(w7k7t) ! Wi

Vafn(x, k,t)=CH(x,k,t) —C (x,k,t)

Dissociation term

C— — & Z dgpcm dgprel d4q
nt N, & (2m)3 (2m)3 (2m)

7:177/2

X <wnl ‘rzl ‘\ijrel > <\ijrel

1 (2m)* 6% (k — P + Q)0 (Eri — Ep + ¢°)

Tiq Wnl>Dz'1@'2 (QO, q)fnl(wa k)

Chromoelectric structure function of QGP

Di1i2 (q07 q) — / dt dSR eiqo (b1 =t2)~iq (Fa = Ry) <EZ1 (tly Rl)WEzz (t27 R2)>T

More general than the previous case:
Binding energy effect matters here: different quarkonium states respond differently
Finite momentum transfer, momentum dependence
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Chromoelectric Distribution Function of QGP
Staple shaped Wilson lines
Di,i,(¢°,q) = /dtdSR€iq0(t1_t2)_iq'(Rl_R2)<E7;1(tlaR1)WEz'2(t2,R2)>T

For dissociation: final-state interaction For recombination: initial-state interaction

t
A
(R1,+00)  (Rg,+00) (00, +00) > R
A >
) ) = E; (Ry,t1)
t 8
A
Ei,(Ra,12)
e
L)
E;, (Ra,1t2)
E; (f{ t =
11 1, 1) : :
> R (R17 _OO) (R27 _OO) (007 _OO)
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Inclusive v.s. Differential Reaction Rates

Take dissociation rate as example

d3pcm d3pre d*q )
Z / 1 (27T)453(k — Pem T q)é(Enl R EP +q )d21l7,2 (prel)Di1i2 (qoa q)

; 3 (2m)4
1, 7/2 T
Inclusive rate L (Pra) = VF Wna |73 |V, ) (W, 752 [ V)
d3p el 7 p2
R, — rel D( el _ ,R:O)
nl / (27_‘_)3 (prel) M nl

D(°. R = 0) — / dt ¢4 (B, (t, RYW,.0/Ei(0, R)) 1

Momentum independent distribution

Zero frequency limit = HQ diffusion coefficient, appear in quantum Brownian motion
Differential rate

dR’r_L dgprel m p?e
) ey / 2y ') D (57 — Bt P — k)

Momentum dependent distribution

Similar to PDF v.s. TMDPDF, though different in time axis
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Summary

 \What are we probing by measuring quarkonium?
* Open quantum + EFT: leading-power, all-order construction

 Reaction rates depend on chromoelectric distribution function in
hierarchy Mv > Mv? > T which all quarkonia go through

* |nclusive rates depend on momentum independent one,
straight-line Wilson line structure, affect inclusive RAA

e Differential rates depend on momentum dependent one, staple-
shape Wilson line structure, affect pT differential RAA, v2

e Easily generalized to cold nuclear matter by replacing environment
density matrix
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Backup: Case 1: My > T > My?

Lindblad equation in the limit of quantum Brownian motion

dps(t Dw=0,R=0 !
ps(t) = —9 [HS + AHg, ,05(75)} + (@ ) (Laips(t)[’jm‘ — _{LLiLO‘i’ ,05(?5)})
dt Nz -1 :
Z(w — 07 R = O) 2 CF 0
AHg = 2_
S Q(NCQ — 1) r ( 0 Aijf

1 Ne.agri\ (0 0
Ly = (z 7 Vi — )
1= VOt Vi T 5y <1 O)

1T'r 1 N. agr; 0 1
Lo = _(z 7 Vi )
: N\ o Vit s, (0 o)

N2 —4 1 0 O
Ls; = - (z —Vz')
3 \/ iN, T o (0 1)
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Backup: Leading Power

* Nonrelativistic & multipole expansions: v & r

LpNRQCD = /dg"“ TT(ST(Z'@O — H,)S+ O"(iDy — H,)O —|—‘VA(OTT - gES + h.c.)|+ %OT{T -gE O} + -- )

Dipole interaction

e Boltzmann equation at leading-power in v & r, leading-order in g

Dissociation and recombination rates depend on QGP via XY, T.Mehen 1811.07027
Trg(peEi(ty, 1) Ei(ts, 2)) = (Ei(t1, 1) Ei(t2, 2)) 7

Not gauge invariant!
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Backup: All-Order Construction: Sum A0

Interactions
LoNRQCD = /dS’f“ TI‘(ST(iao — H)S +|OT(73D0 - HO)O‘+ Va(Olr - gES + h.c.) + %OT{T .gE, O} + - )

Octet— A0 interaction not suppressed by v or r

Need sum AO to all orders at leading power

Field redefinition:

~

O(R,7,t) = WiRt).(Rts)O(R, 7, 1)

~

Ez(Ra t) — W[(R,to),(R,t)]Ei(R7 t)

ty
WIR,t5),(R,t:)] = P exp (739 / ds Ao (R, s))
t

New form of dipole interaction:

g/d3rTr(6TriEiS + SJ“/“?;E;[@)
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Backup: Chromoelectric Distribution Function of
QGP

gflj;:r (t1,t2, R1, Ro) = <Ei1 (R1, t1)WH(R, 1), (R1 +00)] W (Ra,+00),(Ra )] His (2, ?52)>T

Wilsons not connected at infinite time!

For gauge invariance, need spatial gauge link

t (Rh OO) (R27 _|_OO)
A A

A

E;,(Ra,ts)

Eil (Rl , tl)
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Backup: Wilson Lines at Infinite Time
L NRQCD = /d% Tr(sT(iﬁo — H,)S+ O"(iDy — H))O + V4(Or - gES + h.c.) + %OT{r .gE,O} + - )
Coulomb interaction between octet heavy quark pair included in potential
But Coulomb between octet center-of-mass motion and medium not considered
2
For Coulomb modes p’cj’ ~ A’é ~ M(v , U, U, U)

D2 2
/d?’rTr(OT(R,r,t)(z'Do—l— 4]\1} I X/}' Vo(r)—l—---)O(R,r,t))

C.m. kinetic term same order as DO, so leading power in v

Write out ¢.m. kinetic term

/d3rTr(OT(R,r,t) VRO(R r,t) —

2 9ot (R, r, 1) (A(R,t) VR

4M
+ Ve - A(R, t))O(R r,t) — &OT(R r,t)A%(R, t)O(R,r,t)) .
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Backup: Wilson Lines at Infinite Time: Resum
Coulomb

di1 q2 q3 dn—1 dn

gl g gt

Single Coulomb attachment

> —>— D
O ,
Q1* QZ* QnQ* qn\1\ q/n
Double Coulomb attachment ° o %
> —>— D
O ,

Calculations have some similarity with A.V. Belitsky, X. Ji, F. Yuan hep-ph/0208038
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