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Overview

EFT potential NRQCD: nonrelativistic expansion
Contributing Feynman diagrams

e Real gluon induced process (LO in g for QGP)

e Virtual gluon induced process (NLO in g for QGP)

Dependence on momentum, temperature, binding energy



The potential NRQCD

Separation of scales M > Muv > M0v? >T 2 mp v? ~ 0.3 charmonium
5 :

QCD v° ~ 0.1 bottomonium

M perturbative matching

Heavy quark physics, A.Manohar, M.Wise

HQET/NRQCD hep-ph/9407339, G.Bodwin, E.Braaten, G.Lepage

Mo perturbative matching / non-perturbative matching
Potential NRQCD

MU2 ~ 500 MeV hep-ph/9907240, N.Brambilla A.Pineda, J.Soto, A.Vairo
T
mp

Color singlet S(R,r,t) Coloroctet O(R,r,1)
LHNRQCD = /dS"“ TT(ST(WO — H,)S+O0'(iDy — H,)O + V4(O'r - gES + h.c.) + %OT{T cgE, O} + - --

NR and multipole expansions

Vem)? | (iViel)? vt v iV5el)?
H, = (¢ 4M) 4 (7 Ml) JrVs(o) 1 - 4 e T > H,,= ( ]\;) 4 Vs(,%)
_ (iDew)? | ((Vea)® | oy Vo | VS e Virial theorem
Ho="—pr T TVt tap * No hyperfine splitting
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The potential NRQCD: Dipole Interaction

Separation of scales M > Mv > Mv* > T > mp

LpNRQCD = /dST TI'(ST(iaO — H,)S+ 0" (iDy — H,)O HV4(O'r - gES + h.c.)|+ %OT{T cgE, O} + - --

1
Dipole interaction » ~ —

Muv

Weak coupling between quarkonium and QGP: quarkonium small in size

When at rest in medium 7/’ ~ v suppressed

Moving quarkonium? in c.m. frame, gluon more energetic

1
Require 71’ ~ /v

) \/1 o Ur2ned
B In c.m. frame, dipole vertex and c.m. energy
still suppressed if V.9 < V1 — v

quarkonium ; ro ° lcmbound palr g 7];,—1250’[)((109“7’ — QZQMO)<\I’prel‘TZ|¢nl>

pCl’Il) prel; b

y

k,nl
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From Open Quantum System to Transport Equation

Lindblad equation: Correction to Hamiltonian

ps(t) = ps(0) i[tHs +3" oa(®)Larps(0)] + 3 anea ([Larps O LL[-{5 {LLiLas ps})

é<3p

Y

S

R g* (B} (R, 1) E;? (R, t2)) 1

Recombination Dissociation

\4

Boltzmann transport equation

nls nls

%fnls(w,k,t) + v - V:nfnls(wakat) C(—l_)(w k t) _C( )(w k t)

XY T.Mehen, arXiv:1811.07027



. ! 5 T
LO Medium Description = ¢*(E: (Bi, ) B (B, t2))r
q,€*,a
By = —|En
binding energy 2

Ep _ Prel

= Q) T M

k, nl Pem; Prel; b

E&p conservation

— dgpcm d3prel d3q
Cﬁz ) = / (27)3 (27)3 (2w)32an(q)(27T)453(k — Pem T 9)0(Ex — Ep + q)

2
Phase space measure chq2gQ\<¢nl |V WP (Rt )

For Coulomb, neglect octet

Amplitude squared potential —>Peskin-Bhanot

C(+) _ 1 / d3pcm d3pre1 d3q
nl —

9 (1+np(q)folx1,py, t)f@(wz,pg, t) Real-time heavy

(2m)3 (2m)? (2m)32¢q quark distributions
2

Drel s 2
(27)*6°(k — Do + @)0(—|Ei| + g — Ml)g(?qugQI(wnzlrl\prreJ
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NLO Medium Description ¢ (£ (Bi, 1) B2 (Bs, t2))r

Light quark
q, €], a q2, €2, b
X A2 Ay
Pis 81,0 P22,
. A . .
+q k,ni Pcm) Prel, €

q1, €1, a q2, €2, b
> ) > X\ A
k, nl Pcm; Prel; ¢
AO
> U—= >
k,nl k. nl
" Pcm; Prel; € "

Ward identity
i(q1)p Yy M* (e2), = 0+ O(v?)

Reaction rates written as phase integral + E&p conservation + amplitude squared
Cross sections are not needed



Infrared Safety

16
D IMBP=DY Y D Myl = §Q4VXTFCF|<‘I’prel|"°|¢nz>|2

a,t,) 51,52 u,ﬂ,d,d

e pip2+ Py Py 2(¢°)*(pip2 — Py - G- Py Q)
S T 2 T 0)2 2 1 i.)\2
--——* q ((¢°)? — q* + i¢)
q
Infrared safe: Soft safe: finite binding energy
- ) finite binding energy Collinear divergent
k,nl Pcm; Prel; @
q, 6%
Collinear divergence cancelled by interference PN

q? 6*7(1/ é
)

\ C >
k, nl Pcm) Prel, b
< > + more
> ) : ) )

&
k, nl Pcm; Prel, b

9 k, nl Pem; Prel, d



Dependence on Parameters

Temperature: only in distributions nB, 1+nB, nB(1+nB), nF(1-nF)

Binding energy: part of energy conservation, give minimum
energy required for reactions to happen, serve as IR regulator in t-
channel processes

Quarkonium momentum: calculate rates in rest frame of
quarkonium or heavy quark pair, then boost to lab frame; medium
is boosted, gluon more energetic (make sure NR expansion valid,
charmonium pT range)

Dissociation rate of Y(2S) blows up —> breakdown of multipole
expansion; interpretation of Y(2S) changes

10



Conclusions

 The potential NRQCD provides controlled way to calculate reaction

rates when there is a separation of scales; NR is crucial for
Schrodinger equation

e NLO corrections in multipole expansion? rA2 terms of pNRQCD are
known, need to calculate rates; other ways to go beyond dipole

* New process in NLO in multipole expansion: diffusion

* *
q17€17a q27627b q17617a q27627b

.
>

ki, nl ko, nl ki, nl ko, nl

B d3 kg d3 Q d3 s
(g1 — q2)*(2m)*6° (k1 + q; — ko — q2)d(q1 — q2) Y _ M|

Diffusion coefficient of Y(1S) ~ 0.05, but could be important for J/psi and Y(2S) because of the
breakdown of multipole expansion, include it when extracting dissociation rate from lattice?

11 XY, B.Muller arXiv:1811.09644



Coupled with Transport of Open Heavy Flavor

9, _

heavy quark (875 +x -V )fQ(a:,p, t) = CQ — CZQ_ + CQ

. 0 T
anti-heavy quark (815 +x-Vg)folx,p,t) =Co — C5+C5

each quarkonium state 0 4 _
+x - Vg)[ns(x, P, cCr —C
nl=1S, 2S,1P etc. (8t 2) fuis(T;P; 1) = nls nls

©—®B—
/hadronization

/

diffuse

‘ hadronization

—

initial
production

QGP medium expands and cools hadron gas

>
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Coupled with Transport of Open Heavy Flavor

heavy quark (% +& - Vg)fo(x,p,t) =Cq —C,H +Cq
0
anti-heavy quark (& +&-Va)fo(x,pt) =Cq — (}5 +C5
each quarkonium state 2 v/ N —Ct
nl=1S, 2S,1P etc. (8t T & Va) fus(@,p, ) nls  “nls
\ @ recombine T
@ 7 \i melting T
_.@< diffuse —>@ »@
~ ya 1S,2S,1P...
|

/ dissociate

from other open b

initial
production

QGP medium expands and cools hadron gas

>
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From Open Quantum System to Transport Equation

Weak coupling to 2nd order: Lindblad equation

. 1
ps(t) = ps(0) — i [tHS + E Tab(t)Lab, PS(O)} + E Yab,cd (LabPS(O)Lid — §{LidLab7 Ps})
a b aabacad

é “ é Ps > < Ps é > é

ps

Hyp = ZO((IS) & O((XE)

o t t
YVabed(t) =Y /O dtl/@ dtsCop(t1,t2)(alO5 (t2)|0)(c|OL (t1)|d)*
o,

iy ! !
() = =3 / it / 2o (b1, t)sign(ty — 12){a] O (110 () b)
v 2 <5 Jo 0

Boltzmann transport equation Cog(ty, ts) = Trg(OF) (tl)OéE) (t2)pE)

la)  Eigenstates of H¢
Lab = |a)(b

14



. = g 1
Dissociation —ve.cag{LiiLabrs(0)}

For LidLabpS : ’d> — |k17n1117 1> |CL> — ‘C> — |pcmaprelaa'1> ‘b> — ‘k37n3l37 1>

Linear order in r : transition between bound singlet & unbound octet

’Yab cd — /d3R1 /d3R2 Z / dtl/ dtQ CRl?,lbl RQ’LQbQ (t17t2)

’Ll ,’1,2 ,bl,

(k1,maly, 1{(S(Ry, t1)|ri, |O" (Ry, 1)) [Pem» Pret» 01)
(Pems Pret» a11{0% (R, t2) |7, | S (Ra, t2)) |3, nals, 1)

!

>5a1b2€—i(Ek3 t2—k3'R2)6’i(Ept2 —pcm-Rg)

<\ijrel Tiq ‘¢n3l3

Weakly-coupled
plasma

v

S 2 (EY Ry 41) B (Ry, t2))r

Nc

T A*q o (b —t) —ia (R — :
— d 25b1b2/ﬁ62%(t1 ta)—iq-(R1 R2)(q05i1i2—qilqw)nB(qo)(Qﬂ')Slgn(qO)5(qg—q2)

Markovian approximation:

t —» oo when doing time integral —> time length + energy conservation
15



Recombination 7aw.calaes(0)L],

Phase space measure E&p conservation
A*Perm d°pret  d°q s p;
" cm re 1 9 53 e — S(— En _ Frel
| o S i (1 (@) 22 (20) 8% (0 = P+ @)3(—| Bl + 0 = B2

a,1

%q 92<¢nl|7ai’qure1> /dgrwnl(r)riqj;rel(r)fcg@(w’pcm7r7prel7a’7t — O)

» A/Amplitude squared, mixed with distribution function
Pret ~ @ ~ Mv  pard to implement numerically

When can we take distribution function out?

Uniformly distributed when r < Bohr radius @B Diffusion length >> Bohr radius

Mo

2192
Qsv

Prel <

: 1
BBGKY hlerarChy fQQ(mvpcm7r7prel7a7t) — §fQ(w17p17t)fQ(w2ap27t)
3 3 3
th(qj) — tl / d Pcm d Prel d q

(1 + nB(Q))fQ(wlaplvt)f@(w%p%t)

9 (2m)3 (27)3 (2m)32¢
4¢3 p?el 2 2 9 2 Spin
(2m)70°(k — Pey, + @)0(—|Eni| + q — A )§CF61 g [ n|r|¥yp ) 3
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