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Heavy lon Collisions and Quark-Gluon Plasma

Asymptotic freedom N> deconbned phase of QCD expected at high temperature
/ density N> quark-gluon plasma (QGP)!

Study QGP: heavy ion collision experiments at RHIC and LHC!
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Quark gluon plasma created in Au-Au / Pb-Pb collisions: nearly OperfectO liquid
(small viscosity), strongly coupled, temperature ~150-500 MeV, lifetime ~ 10 fm/c!

Hard probes of QGP: jets, heavy quarks; large scale involved
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Quarkonium as Probe of Quark-Gluon Plasma

" Quarkonium: bound state of QQ, nonrelativistic potential description!

" Static screening: suppression of color attraction N> melting at high T
N> reduced production N> thermometer

A
T=0:V(r)= - + Br » T £E0: Conpning part Rattened
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Quarkonium as Probe of Quark-Gluon Plasma

" Quarkonium: bound state of QQ, nonrelativistic potential description!

" Static screening: suppression of color attraction N> melting at high T
N> reduced production N> thermometer

A
T=0:V(r)= - + Br » T £E0: Conpning part Rattened

T/T¢ 1/(r) [fm]
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x(1P)  w'(2s)

. : : A.Mocsy, 0811.0337
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Quarkonium as Probe of Quark-Gluon Plasma

Static screening: suppression of color attraction N> melting at high T
N> reduced production N> thermometer!

Dynamical screening: dissociation induced by dynamical process,
Imaginary potential

e 1 S
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Quarkonium as Probe of Quark-Gluon Plasma

Static screening: suppression of color attraction N> melting at high T
N> reduced production N> thermometer!

Dynamical screening: dissociation induced by dynamical process,
Imaginary potential

Recombination: unbound heavy quark pair forms quarkonium, can happen
below melting T

0.00 0.05 0.10 0.15 0.20
RL. Thews, M. Schroedter, J. Rafelski !

Phys.Rev.C 63, 054905 (2001) 6 Xianun Yao (MIT)



Recombination Crucial for Phenomenology
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Success of Semiclassical Transport

Evolution of distribution in phase space
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B Du, He, Rapp
Krouppa, Strickland —
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(O +Vvav)f(x,p,t)=—-C(x,p,t) + CH(x,p,¢)
Dissociation Recombination
______ PbPb368/464 ub", pp 28.0 pb” (5.02 TeV)
- pT'<30Ge'v | | | | CMS —
E lyl <2.4 _

X.Du, R.Rapp, M.He,1706.08670
B.Krouppa, M.Strickland,1605.03561

Why semiclassical transport equation successful? Connection to QCD?
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Compute Recombination from QCD

Evolution of distribution in phase space
(0 +V &V) f(x,p,t) = —=C(x,p,t) + C ) (x,p, 1)

Dissociation Recombination

Two screening effects from thermal loops

A

@) S Y,
unbound pair

Y
Y

guarkonium

Real & imaginary parts —> static screening & dissociation

x folo
Recombination modeled:

calculate from QCD?
Put screening and recombination into same framework?

Importance of correlated recombination?
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Contents

Derivation of Boltzmann transport equation:!

Open quantum system!

Separation of scales, e#ective beld theory!

Phenomenology:!

Coupled transport equations of open and hidden heavy [3avors!

Impact of correlated recombination on bottomonium production
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Open Quantum System

" Total system = subsystem + environment:

H=Hs+ Hg+ Hj

U(t,0) = Te ' odtHI®)

p(t=0) = ps ® pe
System & environment

(Heavy quark pairs & QGP)

Unitary evolution

>

Time reversible

l Trace out (integrate out) environment

ps(t =0)

U(t, 0)(ps! pe)UT(t,0)

System & environment

l

Non-unitary

System(heavy quark pairs)

Time irreversible

| T 5| U(2,0)(ps @ p) U (£, 0)
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General Procedure
Assume weak coupling between subsystem/environment!
H=Hq¢+ Hp +HHjy

Expand unitary evolution operator (time ordered perturbation theory)!

Trace out environment N> Lindblad equation

ps(t) = ps(0) — i{tHS + > oab(t) L, Ps(o)} + Y Yavealt) (LabpS(O)Lid - %{Lidl’aba ps(O)})

a,b a,b,c,d
é < é Ps > < Ps é > é

Hy =Y 01 o s D,

pPSs

8%

"Yab,cd (t) — Z /Ot dtl /Ot dtzC!" (tl, t2)<a’0.(.8) (t2)|b> <C|O!(S) (tl)‘d>*

Coplts,t2) = Trp(OF) (t1)057 (t2)! &) Loy = |a)(b]
|al Eigenstates of H ¢
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General Procedure

Lindblad equation:

T

.: W 1 7
ps(t) =ps(0) —i tHs+  oap(t)Lap, ps(0) + Yabed Lapps(0)L!, — §{LidLab7 ps}
a,b a,b,c,d

Markovian approximation (separation of time scales)

Wigner transform (smearing for positivity)

k' k' k'
| 1k’ -an v v
fnl(w,lc,t) ! / (27_‘_)39 k + 5 nl, 1‘,05(1:)’]{:# 5 nl, 19

Semiclassical limit

v
Boltzmann transport equation

(’) ) . _
o7 s (@, k,t) + v 8 ofns (T k,t) =C (@, k,t)" C ) (x,k, 1)
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From Open Quantum System to Transport Equation

Lindblad equation: Correction to Hamiltonian, static screening

T

‘: 1 /
ps(t) = ps(0) —i tHs +|  0uw(t)Lan.|ps(0) + wab,cd1babps(0)Lid |5 {LlaLav, ps}

a,b a,b,c,d /
é < 3 p = p, é = %
ps

S

Recombination Dissociation

v
Boltzmann transport equation

O ) . _
afnls (w7k7t) —I_ (% a! a:fnls (Q?,k,t) — (;)(wakat) (|S)(w7k7t)
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Two Key Assumptions

1. System interacts weakly with environment ?

2. Markovian approximation (no memory effect) ?

Separation of scales and effective field theory can be used
to justify these

15 Xiaojun Yao (MIT)



Separation of Scales

Separation of scales in vacuum M > Mo > Mv?

QCD
M perturbative matching
Heavy quark physics, A.Manohar, M.Wise
HQET/NRQCD hep-ph/9407339, G.Bodwin, E.Braaten, G.Lepage
Mv perturbative / non-perturbative matching
potential NRQCD e "
- 7240, N.Brambilla !
Muv? ~ 500 MeV A?Feinpeda,J.Soto, AVaro
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Separation of Scales

Separation of scales in vacuum M > Mo > Mv?

QCD
M perturbative matching
Heavy quark physics, A.Manohar, M.Wise
HQET/NRQCD hep-ph/9407339, G.Bodwin, E.Braaten, G.Lepage
Mv perturbative / non-perturbative matching
pOtentiaI NRQCD h h/9907240, N.Brambill
ep- , N.Brambillla !
M”U2 ~ 500 MeV A.Igirﬁ)eda,J.Soto, A.Vairo

Inside QGP: thermal scales: T M > Muv > Muv2 ! T

PNRQCD in medium

L yNRQCD = /d% Tr(sT(z'ao | Ho)S+ O (iDy! Hy)O + Va(Ofr 4gES + hoc.) + %Bof{r 49E , O} + éé}

_ (iVem)? .\ (1 V1e1)? v . v.® . H'" Q@+ |Qdqg! + - -
aM M M M= Octet Fock state suppressed inv

no hyperpPne splitting to lowest orderinv - Quarkonium = color singlet pair

H, + V.0 +




Weak Coupling & Resummation
Separation of scales )N > Mo > Mv2 ! T

Dipole interaction

L yNRQCD = /d3rTr(ST(7j80! Hs)S + Ot (iDy ! Ho)O +|Va (Ofr 4gES + h.c.)|+ VTBOT{r 4gE , O} +éé}

Arguments breakdown if

" (1) large log: Mv —> T, VA has no
~ 7T < U Weak coupling running at one loop
(2) large pT: medium boosted in
@) r o~ L rest frame of quarkonium,
! Pem: Pret. & M constrain to low pT

Resum octet-A0 interaction by field redefinition
O(R,7,t) = Wir.t),(R,t1)) O(R, 7, ) W R,t), (Rt1))]

Caplisst2) = Tp(OP @O @) p) [
l For dissociation
4
(WE(Ry,t1)WE(Rg, t2))7 Bitnt
Eil(:elltl)
18 .




Dissociation ! 7.5 Ll psO)}

t t
FOr LCd Labps ”Yab,cd — /dSRl/dBRQ Z / dtl/ dt2 CR 1i1b1,R 2?:21)2 (t17t2)
0 0

7:1 77:2)b1 7b2

(k1,m1l1, {S(R1,t1) |7, |0 (R1, 1)) | Poms Prets @1)
(Poms Prets @1 [{O% (Ra, t2)|ri, | S(Ra, t2))| ks, nals, 1)

'

i . n§a1b2 a—i(Eggto —k3aR2) oi(Epts —Poy 82 )
2 1¥'n3ls

1
Dye|

v
Weakly-coupled

plasma, LO:
TF 2 blbg d4q ’iqo(tl—tg)—’iqé(Rl—Rg) 2 L ) ) n ' 2 _ 2
N_Cg ! We (6! irin — G, Gi,)NB(G)(2" )sign(p)! (5 — q°)

t t
Markovian approximation: { — oc / dty / dtae™tre ™t 2220 onts(w)
0 0

E&p conservation

_ " Bpem & d>
tC( ) S t pcm prel q B(q)(zﬂ_)453(k L pcm _|_ Q)é(Ek L Ep _|_ q)

(27)3 (27)% (2m)32¢

2
Phase space measure ngqz 9| (ni|P|Yp P fru(x, Kyt = 0)

19 Amplitude squared



Everything Together: Boltzmann Equation

ps(t) = ps(0) ! it[Heq, ps(0)] + Z Yab,cd (LabPS(O)Lcd! %{Lchab,ﬂs})

, a,b,c,d
Wigner!
transform
\ 4 \ 4 v v

K
fnz(X,k,t)anl(X,k,O)! tm'" fnl(xak70)+tc(+)l tC(_)

Dividing by t, sett—> 0 add spin dependence
atfnls(wa ka t) + v - vacfnls(wa k7 t) — C(+) o C(_)

nls nls

Not contradictory with t N> OO
Markovian: environment correlation time << system relaxation time —> coarse-grained

environment correlation time << t << system relaxation time

1 1

— LT K —
T V2T
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Semiclassical Expansion in Recombination

When evaluating recombination term

d3k' .. k' 8
/ (27_‘_)36"{: o <pcm _l_ §1p1rel IO(S )(O)

no " e 8 Pirel +p2r 1
— /dSXrele |(P1rer” Porel) @ lfé% (wcm1pcm1wrel1 - 9 = ;t — O)

k' >
Pcm 9 y Porel

Classical analog exists for same relative momentum

Gradient expansion LO = classical

(8) P1irel - Porel £ (8) P1irel - Porel
fQQ(wcm1pcm1wrel1 9 1t) —fQQ(wcm1pcm1ajO; 9 1t)
8 Pire _|_p re

(mrel T ','BO) ) Vﬂ)of ng_?(mcmspcnp L0, el 2 2 I!t)

NLO = leading quantum correction
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Importance of Scale Hierarchy

Success of transport equation in quarkonium phenomenology
A

\4

Separation of scales M > Mv > Mv?1 T
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Importance of Scale Hierarchy

Success of transport equation in quarkonium phenomenology
A

\4

Separation of scales M > Mv > Mv?1 T

What if hierarchy breaks down?

M! Mv!I T! Mv? M! Mv" T! Mv?

Practically not possible: Dipole vertex no longer works

v ~ 0.3 for bottomonium No well-defined bound state

23



Coupled Transport Equations of Heavy Flavors

open heavy guark antiquark

a . . + !
(57 T 20" Vxo T 2@ Vxq)foa(®q:Pg Tg:Pe:t) = Cog — Cog + Cog

i 0
each guarkonium state! t i V) fos(m,p ) = CF

nl = 1S, 2S,1P etc. (8t

hadronlzatlon

/v
— @ < diffuse
propagate \
‘ \hadronlzat|on
—
initial :

oroduction QGP medium expands and cools hadron gas

o>

time
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Coupled Transport Equations of Heavy Flavors

open heavy guark antiquark

8 . . + !
(57 T 20" Vxo T 2@ Vxq)foa(®q:Pg Tg:Pe:t) = Cog — Cog + Cog

el

nls

each quarkonium state! 0 . s
— +x - Vy)fns(x,p,t) =C
nl = 1S, 2S,1P etc. (8t ) Jnts (@, 9, ) = Gy

recombine if

- @ T <melting T

i, : @

1S,2S5,1P...

\~@ @

.@/’

from other open b

initial
production

QGP medium expands and cools hadron gas

>
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Coupled Transport Equations of Heavy Flavors

open heavy guark antiquark

a . . + !
(57 720 Vxo T 2@ Vxq)foa(®q:Po: Tg:Pg:1) = Cog — Cog + Cog

each quarkonium state! o | . . |
—t+tx-V nls(Z, P, t) = C —C
nl = 1S, 2S,1P etc. (g T & Vo) fuis(@, 2, 1)

nls nls

correlated recombination

from other open b

uncorrelated recombination
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Coupled with Transport of Open Heavy Flavor

heavy quark antiguark

a . . + '
(57 T2 Vxq + &g Vxg)log(2Q:Po:Tg:Pg:1) = Coa — Chg T+ Cog

each quarkonium state! o . s !
— +x - Vy)fus(xe,p,t)=C_,. —C
nl = 1S, 2S,1P etc. (8t <) Jis (@, P, 1) nls — “nls

Can handle both correlated and uncorrelated recombination

Cog = Cg +C5 Each independently interact with medium:
(1) Potential between pair screened
(2) Potential depends on color, average =0

We use OLidoO for open heavy Ravor transport

W.Ke, Y.Xu, S.A.Bass, PRC 98, 064901 (2018)
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Detailed Balance and Thermalization

Setup: !
" QGP box w/ const T=300 MeV, 1S state & b quarks, total b Bavor = 50 (bxed) !
" Initial momenta sampled from uniform distributions 0-5 GeV!

" Turn on/o# open heavy quark transport

Quarkonium percentage v.s. time Quarkonium percentage v.s. time

=
Q

w
PR |
—_

=

w

w/o open heavy flavor transport w/ open heavy flavor transport

Nphidder/N biot
H
Q
Nphidden/N bot
=
IS

— simulation w/ uniform initial momenta simulation w/ uniform initial momenta

— == relativistic equilibrium 107 ] — == relativistic equilibrium
10 51 —==non-relativistic equilibrium === non-relativistic equilibrium
0 10 20 30 40 50 60 0 10 20 30 40 50 60
t (fm/c) XY, B.MVller arXiv:1709.03529 t (fm/c)
Dissociation-recombination Heavy quark energy gain/loss necessary

interplay drives to detailed balance to drive kinetic equilibrium of quarkonium
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Upsilon in 5020 GeV PbPb Collision

t —
Coulomb potential! CVEO =0.3€
Pythia + nuclear PDF. EPPS16, uncertainty band!

2+1D viscous hydro (calibrated)!
Bottomonium: 1S, 2S, 3S, 1P, 2P

with cross-talk (correlated) recombination

—— 1S theory = [ 2S syst

10 1 [ 1S syst ¢ 2Sstat

® 1S stat 3S theory

— 2S theory w77 3S 95% CL

0.81

::C 0.6
aa

0.4-

0.2

0.0

0 100 200 300 400

Npart

1.0
0.8
0.6 I

<
0.4-
0.2

0.01

Qg = 0.3 vary by +(-)10%

without cross-talk recombination

- == 1S w/0 cross recombination

_ [ 1S syst
¢ 1S stat
L | === 2S w/o cross recombination
il [ 2S syst
¢ 2S stat
m 3S w/o cross recombination
E 777 3S 95% CL
X ¢
Ns ¥
%zt~\ C R
\¥:~: ~~~~~
g ~+: o :::IZ‘EEEEEF:::
\.‘. , ? ¥ ===
g ..--4------—--———{— _________
0 100 200 300 400
Npart



Raa

Raa

1.0

0.81

0.61

0.4 1

0.21

0.0+,

1.0

0.81

0.61

0.4 1

0.21

0.0+,

Upsilon in 5020 GeV PbPb Collision

—— 1S theory 1 2S syst
[ 1S syst ¢ 28 stat

® 1S stat 3S theory
—— 2S theory w77 3S 95% CL

5 10 15 20
pT(GGV)
——= 1Sw/o CNM [ 2 syst
N [ 1S syst ¢ 2Sstat
~ ¢ 1S stat 3S w/o CNM
N\, === 28w/oCNM %% 3S95% CL
\\\ \\
\\ \\
\\ \\

~~ '————
~—y L —
e e e ,
._

Rcnwm

<
<
o
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0.8 —
0.7 —
o — 1S
061 — 2>
— 35S
— — 1P
0.5+— ' ' ' ' ' '
0 5 10 15 20 25 30
pr(GeV)
1.0
—-—== 1S w/o CNM w/o cross recobination
-== 2S w/o CNM w/o cross recobination
0.8; 3S w/o CNM w/o cross recobination
0.6-
0.4 HI gt g u
0.2{ f-------cooooooooooooooozooooIoo
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Raa

1.0

0.81

0.61

0.4+

0.2

0.0

Upsilon in 5020 GeV PbPb Collision

= 1S theory = [ 2S syst
1 1S syst ¢ 2S stat

® 1S stat 3S theory
= 28 theory vz 3S 95% CL

@ t J£
I/ 4 |
0.5 1.0 1.5 2.0
y

Flat y dependence: !

1. medium description is longitudinally boost invariant!
2. nPDF mild dependence ony
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Upsilon(1S) Azimuthal Anisotropy in 5020 GeV PbPb

d¢°N 1 d°N
dp® 2! prdprdy

(1 + 2vpcos(2" ) +--+)

0.15
— theory, 10! 90% |y| < 2.4
¢ ALICE, 5! 60%25< |y|< 4
0.10- ¥ CMS, 10! 90%|y| < 2.4

ALICE arXiv:1907.03169!

& 005 CMS-PAS-HIN-19-002
0.00¢
1 0.05
v2 from:! 0 10 20 30 40 50
N GeV
1. path dependence! Pr( )
2. reaction rates depend on relative velocity between medium and quarkonium!
3. correlated recombination: medium interaction after dissociation but before

recombination; uncorrelated b-quarks negligible (di#erent for charm)
32



Experimental Evidence of Correlated Recombination

10 — 2S5 -—-= 2S w/o cross recombination
' — 1P -== 1P w/o cross recombination
0.81 0.4-
jf 0.6 <
> 4
0.4 - 0.2-
0.2
—_——
0.01_ | | | | 0.01 | | | | |
0 100 200 300 400 0 100 200 300 400
Npart Npart

Dissociation rate of 1P ~ dissociation rate of 2S, due to similar binding energy/size
In medium, P(LPN>2S) ~ P(2SN>1P), via dissociation and correlated recombination

But more 1P states produced initially than 2S, so more 2S regenerated than 1P
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Conclusion

" Quarkonium transport inside QGP:!

Derivation of Boltzmann equation from open quantum system
and e#tective beld theory!

Hierarchy of scales, nonrelativistic expansion, weak coupling,
Markovian limit!

Phenomenological results from coupled transport equations ,
Importance of correlated recombination for bottomonium

Experimental test of correlated recombination: 1P v.s. 2S
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Backup: NLO Contributions

pl,Sl,i ,p27527.]

Y
YY

Pcm) Prel; @

C]1;€>f;a 42, €2,

X 28 Ao

> O <
k; nl pcm y pre| y C k’ nl pCl’n7 preb C
ST . !2, b '3, @ 2, b
I Ag
> O0— > > Oo—
k, nl
Pcm s Prel, C K, ni Pcm, Prel, C

35 and more ...



Backup: Running of Dipole Interaction

k, nl

Pcm; Prel; d

0
€

k’ nl Pcm; Prel; d

K, nl w Pem, Prel, d

d—“VA () =0

A. Pineda and J. Soto, Phys. Lett. B 495, 323 (2000)
36 XY, B.MYller arXiv:1811.09644



Backup: Numerical Implementation
» Test particle Monte Carlo f(x,p,t)=  13(x! y;())!3(p! ki(t))

Each time step: read in hydro-cell velocity, temperature; consider di#usion,
dissociation, recombination in particleOs rest frame and boost back!

If specibc process occurs, sample incoming medium particles and
outgoing particles from di#erential rates, conserving energy momentum!

Recombination term contains! fog(T1,p1, T2, Py, 1)

For each HQ, search anti-HQ within a radius, weighted sum

e (Y ; )?/2ag X1+ X y,+ 9.
fQ(Q(CB].?pl?wZ)pZ?t) - Z (27TCLB)3/2 53( 1 2 2 - 2 ])53(p1 R kz)ég(pZ o QJ)

i,]
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Backup: Nuclear PDF
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