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Heavy lon Collisions and Quark-Gluon Plasma

"' Use heavy ion collision
experiments to study QGP!
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" QGP: deconbned phase of QCD
matter, strongly coupled 3uid
with a small shear viscosity
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Quarkonium as a Probe of QGP

Heavy quarkonium: bound state of heavy quark-antiquark pair ! Q@

A
T'=0:V(r)= r - Br » T £ 0 : conbning part Rattened

" Static plasma screening: real part of attractive potential suppressed
N> melting of quarkonium at high temperature N> suppression

Fo(r,T)[GeV] = T/Te 1/(r) [fm]
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Quarkonium Transport inside QGP

Dynamical plasma screening: dissociation induced by scattering!

Q
Energy transferred! —
from medium > @ Thermal width, increase with T
\ @

Recombination: inverse process of dissociation, happen inside QGP
below melting temperature, J/psi less suppressed at LHC than RHIC
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Quarkonium Transport inside QGP

. dN
Transport equations:! - = —I(T)N + a(r)L(T)N°YT)

"/

Dissociation rate calculated from QCD!

\4

Recombination modeled: detailed balance, phenomenological factor!
Phenomenological success, but need improvement:!

Dissociation and recombination not same theoretical framework
Cannot explain approach to equilibrium

Recombination should depend on real-time distributions of open
heavy flavors

Relation to the underlying quantum evolution?
6



Quarkonium Transport inside QGP

. dN
Transport equations:! - = —I(T)N + a(r)L(T)N°YT)

"/

Dissociation rate calculated from QCD!

\4

Recombination modeled: detailed balance, phenomenological factor!
Phenomenological success, but need improvement:!
Dissociation and recombination not same theoretical framework

Cannot explain approach to equilibrium

Recombination should depend on real-time distributions of open
heavy flavors

address In this talk

Relation to the underlying guantum evolution?




Open Quantum System

H=Hg+ Hg + H,|

1(t=0)= lg! !g

Unitary evolution

U(t, 0)(!s! 'g)U (t, 0)

: >
(Heavy quark pairs & QGP)
l Trace out (integrate out) environment l
| S (t — O) Non-unitary

System(heavy quark pairs)

=
Time irreversible

Tre U(t,0)(1s! 1g)U (t,0)

t

U(t, 0) = T expf{! H, (t")dt")

0




From Open Quantum System to Transport Equation

- (S) (E)
Lindblad equation: Assume weak coupling H; = Z 0O @0,

ps(t) = ps(0) — i{Hs + > oab(t)Las, PS(O)} + > Vabealt) (LabIOS(O)LZd - —{L Lab, /OS(O)})
ab a,b,c,d

) =3 / ity [ daCap(tr, 12)(alOF (t2) (O (1) )

%Z/ dtl/ dt5C aﬁ(tl,t2)81gn(t1—t2)<a|0(s)(tl)o(s)(t2)’b>

Oab(

Cr (t1,t2) ! Tre (O (t1)0F) (t2)! e)

la) Eigenstates of H g

L = |a"b

\4

Boltzmann transport equation

a —
%fnls(mapa t) T U vmfnls(w7p7 ) Cf:ls(w7P7 t) o Cnls(w’p’ t)
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From Open Quantum System to Transport Equation

Lindblad equation: Correction to Hamiltonian
: 1
ps(t) = ps(0) = i|Hs 4 > 0an(t) Lani ps(0)| + D Yav.ea(?) (ILabpsw)Llid 5L Lav, ps(0)})
ab a,b,c,d
Markovian approximation
Wigner transform Recombination Dissociation

v
Boltzmann transport equation

O —
@fnzs(wjpj t) +v- Vacfnls(wapa t) — qus(w?p? t) B Cnls(w’p’ t)

10 XY, T.Mehen, arXiv:1811.07027



Two Key Assumptions

1. System interacts weakly with environment ?

2. Markovian assumption (no memory effect) ?

Effective field theory and separation of scales

11



Potential NRQCD

Separation of scales M > Mv > Mv? > T > mp v21 0.3 charmonium
Boun Xi 2 '
QcD ound state exists vel 0.1 bottomonium
M Perturbative matching
Heavy quark physics, A.Manohar, M.Wise
HQET/NRQCD G.Bodwin, E.Braaten, G.P.Lepage, hep-ph/9407339
M Perturbative matching / nonperturbative matching
Potential NRQCD
MvZ! 500 MeV N.Brambilla A.Pineda, J.Soto, A.Vairo, hep-ph/9907240
T
mp
NR & multipole expansions up to linear order of r S(R,r,t) O(R,r,t)
I—pNRQCD = d°rTr S (II 0! HS)S+O (IDO ' HO)O+ VA(O r égES+ hC) + V7BO {r é.gE,O} + adc
1 2 (j! 2 SR VIC A _ (! re)? 0

e In quarkonium c.m. frame, c.m. energy suppressed e Virial theorem
by at least one power of v when v,,.,q < V1 —w * No hyperfine splitting

12



Potential NRQCD

Separationof scales M! Mv! Mv?" T! mp

TT

I—pNRQCD = d3r Tr S(i'lg! H)S+0O (iDg! HY)O+|VA(O r &gES + h.c.)l+ 7BO{r agke , 0O} + aac

1

Dipole interaction r! —
P ' MV

Weak coupling between quarkonium and QGP: quarkonium small in size

rMvZ! rT ! rmp ! v suppressed

13



Potential NRQCD

Separationof scales M! Mv! Mv?" T! mp

_ . . , Vi , L .
I—pNRQCD = d3r Tr S(I'QI HS)S+O (IDo! HO)O+ VA(O r agES+h.C.)+ 780 {r agE,O} + aac
|
1
di ole interaction r! —
P Mv

Weak coupling between quarkonium and QGP: gquarkonium small in size

rMvZ! rT ! rmp ! v suppressed

v
Perturbative matching gives Va(L = Mv) =1

Running? large log? not at one loop

14



Running of Dipole Interaction

q,!",a
S a1
401
Quarkonium > e >
k,nl pcm,prel,d k,nl pcm,prel,d
Octet unbound pair
q,!',a

'Yy
YY
YY

Y

k, nl

K, nl w Pem, Prel, d
S~o—

A. Pineda and J. Soto, Phys. Lett. B 495, 323 (2000)



Derivation of Boltzmann Transport Equation

Correspondence between pNRQCD operators and the general Lindblad
equation!

Wigner transform on system density matrix N> phase space distribution!
Markovian approximation, justibPcation from separation of scales!
Write down free streaming and collision terms of transport equation!

Check gauge dependence and infrared safety of scattering amplitudes
contributing to the collision terms

16



Mapping Operators

In general theory
H; = ZO&S) 2 OF) Lo ! [@"#D)

ps(t) = ps(0) — Z{Hs + Zaab Loy, ps( )} + Z Yab,cd(t) (LabPS(O)LZd - _{LidLabapS(O)})
In pNRQCD
O 1" S(R,1)ri|0*(R, t)#+ "O?(R,1)|ri|S(R, t)?

T .
OfF) ! N—ZgEia(R , 1) | d°R |

Complete set of states |a!

|k’ nl, 11 = A (k)l()! |pcm’prel 11 = bp (pcm)l()! |pcm1prel al = Cgrel (pcm)l()!
Bound singlet Unbound singlet Unbound octet

rel

Wigner transform —> formulation in phase space, focus on bound state

3!, ’ k'

Need to calculate |'K1,n1l1,1|ps(t)|k2, nalz, 1-"
17

fo (K, 1) !




. = g 1
Dissociation !'ac5{lelan"s(O)}

For 1st term: |[d! = |kq,nqlq, 1! |al = |c! = [Pems Prers Q1! ol = |k, nsls, 1!

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

! ab,cd - dSRl d3R2 dtl dt2 CR 111b1,R212by (tl,tZ)

I1,2,b1,b2 0 0

k1, nalg, 'SR 1, t1)|ri, |0 (R1,t1)"|Pem s Prer» 81"
1Dems Prer» 1! O™ (R 2, t2)|ri,|S(R 2, 12)"|k 3, n3l3, 1"

18



. = g 1
Dissociation !'ac5{lelan"s(O)}

For 1st term: |[d! = |kq,nqlq, 1! |al = |c! = [Pems Prers Q1! ol = |k, nsls, 1!

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

; ; " :t :t
! ab,cd - dSRl d3R2 dtl dt2 CR 111b1,R212by (tl,tZ)
0 0

11,12,b1,b2

kg, N1y, 'SR 1, t1)|ri, O™ (R1,t1)"|Pem» Prel» @1
1Dems Prer» @1]'O%2 (R 2, t2)|ri,IS(R 2, t2)"[K 3, n3l3, 1'

!

<\ijrel Tiy ‘¢n3l3>5a1b26_i(Ek3t2_k3'R2)ei(Ep t2=Pem R2)
T \
= 2|Eb1(R t1)E%(R2,t2)"r
_ TF | b1by d4q ICIo(tl' t2)! igdR 1! R2) 1. . 1 |
= mg ! (2 )4 (Cb 1119 - q q )nB(Cb)(Z )S|gn(Cb) (OO q )

19



. = g 1
Dissociation !'ac5{lelan"s(O)}

Markovian approximation: tI'# when doing time integral
Valid when environment correlation time << system relaxation time

T'1 dissociation frequency

- l T2
correlation scale T (TYV2T 1 TS
rate (9rT) MvY?

2
T gveT

Putting everything together, make Wigner transform:

Spatial & time integrals give delta functions (E&p conservation)

d®pem Bper d3q E&p conservation
I " 11
@) @) @)szqe D@ Pen + @) (B! B+ )
2

Phase space measure §CF " #n ! ., #F i (X, K, t =0)

t

q,!',a

Amplitude squared

For Coulomb potential, get Peskin-Bhanot result

YY

@)

k,nI pcm,prelib

20



Recombination 'wcla"sO)L

Phase space measure E&p conservation
. d3p d3p | d3q " ) ) 2
t o3 oI ryasg Lt Me (@) ()(k! oy + @) (1 [En |+ at )
! . ! | y
2TF 2 2egt il # dEr#g (! L (Nfoe(x r a,t=0)
BNng nl Vi l: pog nl i po 0@\ X, Pems Vs Prepy 1=
o IAanlitude squared, mixed with distribution function
Prel * 3 v hard to implement numerically

When can we take distribution function out?

Uniformly distributed when r < Bohrradius @8 Dt " ag
1 ag 1 Mv
D ! t! — l ——
| &T Vrel Prel V Prel | 2v2

1
Molecular chaos assumption fqog(X,Pem,l i Prers @, t) = éfQ(xl,pl,t)f@(xz,pz,t)
1 d3pcm dgprel d3q
ts 213 @ )3 2! )32q(1+ Ng () fo (X1, P, ) g(X2,ps,1)

21)*"3(k ! pem + )" |En |+ q!

w

o Spin Gs =
I\;IeI )§CF G| #nlr ]! p,, #°

21
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Correction of Potential !'i !a®I[Lab, "s(0)]

ab
| | d*k _ .. | dqg  d% d3Prel
I | n 2 cm re
b . abl—ab . t N (2n )3 Re Ig CF - (2n )4 (2:: )4 (2-: )3

$(2")4#"’(k " Pem " DHEK" P2 " o)

Y
24 | " 2u 2
(B#i, " G.0,) Z Z+is nB(|QO|;L(2 ACTI,

il o S,
o |1 e “—ri, %% L :
Q'Ill I1 pgm n Ep + |$ |2| Gl |k,n|, 11" k ,nl, 1|
(%, Q) parts in unbound singlet / octet neglected

y

-

\
Y

(Ep, Pcm: prel)

| (t) = (1 + sign( t))/ 2 2

\= Im —> dissociation rate

22
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Boltzmann Transport Equation
Phase space free streaming Heif = Hs + 1l
ls(t) = !s(0) ! it(Hefs !S(O)a!b s(O)Hefr ) + aé

l Wigner transform

- 3! o ! ! .
(0GR = T (0GK,0) L it SR GKa(E 1 E L )k ol @)l 184 (O 1 tC
(2' )3 K+ 5 K™ % 2 2
(k £ X)2
Eewt =V [En]+ M

Add spin dependence —> transport equation:

a _
Efnls(wapv t) T vwfnls(w7p7 t) — C7—7|,_ls(w7p7 t) o Cnls(w7p’ t)

Open quantum system
Effective field theory: separation of scales

Weak coupling between quarkonium & QGP
Markovian approximation

23 XY, T.Mehen, arXiv:1811.07027



LO Amplitudes

q,",a
> O T
k,nl pcm,prehb
' — | ﬁ Oy!i 1! Oyn | o b FRA
IM = N_(q! L gl o) I #E S I E(M),
C
Ward identity (M), =0

Higher order corrections of

2 —b 5 > Inelastic scattering in t-channel
— 0 'E; (R, t1)E; 7 (R2, t2)"y

24 XY, B.MYller, arXiv:1811.09644



NLO Amplitudes: Light Quark and Gluon

pll S]:’ I ’,p21 SZ;J

k,nl Pcms Prels C
q11!!11a qZ1!2 b
9%%% 5
> ') > >
” \/ =
K, Pcm s Prels C

Ward identity
Infrared safety

G, ', Q e, !2,b

K, nl Pcm s Prels C

@

k’nl Pcm s Prels C

25 XY, B.MYller, arXiv:1811.09644



Coupled with Transport of Open Heavy Flavor

0

heavy quark (ﬁ

+ - Vm)fQ(CU,p, t) = Co — CZQ_ —|—Cé

s,
anti-heavy quark (5 +@-Va)fg(x,pt) =C5—CL +C;
ot Q ' 7Q
each quarkonium state! 0 4 _
+ @ Vga)lnslT,p, Ct —C
nl = 1S, 2S,1P etc. Gt 2) fris (2, P, 1) = Cpjg = G
/ @
XY, W.Ke, Y.Xu, S.Bass, B.MVller © hadronization
arXiv:1807.06199 /
— @ < diffuse
propagate \
‘ hadronlzatlon

initial
production

QGP medium expands and cools hadron gas

>

26 time



Coupled with Transport of Open Heavy Flavor

0

heavy quark (ﬁ

+ - Vm)fQ(CU,p, t) = Co — CZQ_ —|—Cé

. 0 n B
anti-heavy quark (ﬁt +x-Vg)folx,p,t) =Co — Co+Co
each quarkonium state! 0 4 _
+ @ Vga)lnslT,p, Ct —C
nl = 1S, 2S,1P etc. Gt 2) fris (2, P, 1) = Cpjg = G
. \ recombine T
XY, W.Ke, Y.Xu, S.Bass, B.MYller! / @ < melting T

arXiv:1807.06199

—>@< diffuse : @ »@

1S,2S5,1P..

propagate \ ' / l
/ dissociate

from other open b

initial
production

QGP medium expands and cools hadron gas

>

27 time



Approach to Equilibrium

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

=
Q
w
=
Q
w

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

N b hidden!N biot
H
Q
N b hidden!N biot
=

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

5
=== relativistic equilibrium 10 === relativistic equilibrium
10 5- —==_non-relativistic equilibrium j —==_non-relativistic equilibrium
0 10 20 30 40 50 60 0 10 20 30 40 50 60
t (fm/c) t (fm/c)

XY, B.MYller, arXiv:1709.03529

Dissociation-recombination Heavy quark energy gain/loss necessary
interplay drives to detailed balance to drive kinetic equilibrium of quarkonium

28



Collision Event Simulation

Initial production: !

. " " Sjostrand, et al, Comput. Phys.Commun.191 (2015) 159
PYTH IA 82 NRQCD faCtOrlzatlon! Bodwin, Braaten, Lepage Phys. Rev. D 51, 1125 (1995)

Nuclear PDF: EPS09 (cold nuclear matter e#ect)kskola, Paukkunen, Saigado, JHEP 0904 (2009) 065

Trento, sample position, hydro. initial condition!
Moreland, Bernhard, Bass, Phys. Rev. C 92, no. 1, 011901 (2015)

Medium background: 2+1D viscous hydrodynamics (calibrated)!

Song, Heinz, Phys.Rev.C77,064901(2008)!
Shen, Qiu, Song, Bernhard, Bass, Heinz, Comput. Phys. Commun.199,61 (2016)!
Bernhard, Moreland, Bass, Liu, Heinz, Phys. Rev. C 94,n0.2,024907(2016)

Study bottomonium (larger separation of scales); include 1S 2S; ~26% 2S
feed-down to 1S in hadronic phase (from PDG); initial production ratio 1S : 2S5
~ between 3:1to 4:1 (PYTHIA)

29
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Upsilon in 2760 GeV PbPb Collision

Fix 's=0.3
0.42
Tune Vg =1 Cg —
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m | I —
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CMS Phys.Lett. B 770 (2017) 357-379
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Upsilon in 5020 GeV PbPb Collision

Use same set of parameters

1S,
1S,

theory
syst

100

200
Npart

300

CMS arXiv:1805.09215

1.0

0.8

0.61

3

nd

0.4+

0.2

0.0

1.0

0.8

0.61

<
<
e

0.4+

0.2

0.0-:
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— 2S5, theory
[ 2S, syst

¢

2S,

Stat
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e
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15
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Raa

1.0

0.8

0.61

0.4+

0.2

0.0—

Upsilon in 200 GeV AuAu Collision

Use same set of parameters

—— 1S, theory
[ 1S, syst
¢ 1S, stat
\_ 28, theory
0 100 200 300

Npart

STAR measures 25+3S

32
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Upsilon in 200 GeV AuAu Collision

Use same set of parameters
<
<
0%
sPHENIX kinematics |y| < 1
1.0
—— 1S, theory
— 2S5, theory
0.81
0.6] \
0.4 o
0.2- D%
0075 100 200 300
Npart
33
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Upsilon(1S) Azimuthal Anisotropy in 5020 GeV PbPb

_EN 1 @N
dp? 2! prdprdy

(1+2v,ocos(2' )+ aa)

0.025 0.10

10-60% calculation, 10! 60%|y| < 2.4
0.020 ¢ ALICE,5! 60%25< |y|< 4
0.015 SIS i 0.05
S 001 i N
o / ” gH/ W””Hééaazzz///////////a
0.005 Y- 000 H
0.000 I(1S) total
i EEH 1(1S) direct | 0.05
I 0.005 ' ' ' ' ' '
0) 5 10 15 20 5 10 15
pr(GeV) pr(GeV)
4 (see talk by B.Paul (ALICE) at The 13th'!
Produced from initial hard collision International Workshop on Heavy Quarkonium)
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Conclusions

Derivation of transport equations from open quantum system and
e#ective Peld theory, importance of separation of scales!

Phenomenological results on bottomonium production in heavy ion
collisions!

Future considerations:!

Nonperturbative matching for pNRQCD using Wilson loop on
lattice? l

A. Rothkopf, T. Hatsuda and S. Sasaki, arXiv:1108.1579
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Backup: Weak Coupling Expansion
H=Hs+He+H H =) 00

Redebne s so that !O!(E)" # TrE(O!(E)! e)=0

Expand unitary evolution to second order: !(t) = (1+ sign( t))/2

ls()=Tre(! (1)) = !5(0)+ ! to|t1 tdtZC!-- (tl,tg)FOfS)(tz)!S(O)O!(S)(tl)
v 0 0

$
(1! t2)Of (1) 08 (12)! s (0) ! "(t2! t1)! s(0)O(® (1) (1) + O(HP)

Correlators of environment operators

Cr (t1,t2) ! Tre (OfE)(t1)0F) (t2)! g)

Insert complete sets of system, define Lindblad operators

Lap ! [@"#0) a) Eigenstates of [ ¢

36



Backup: Basis Change in Relative Motion

TT

I—pNRQCD = d3r Tr S(I'oI HS)S+O (IDo! HO)O+ VA(OragES+h.C.)+ 7BO{Y agE,O}+aa£

Bra-ket notation in relative motion

S(R,r,t)= !%S(R,r,t) ¥ J.%#rlS(R,t)ﬂ

C C

1 1
O(R,r )= L=0%(R,r )T*" L_—#|0*R,1)$T*

F F
- — v 7

: : : T .

Dipole interaction N—F 102(R, 1)|r 4gE (R, 1)|S(R,t)" +h .c.
C
Composite fields
. d3 cm __—j — 3 # n n . d3 re n n -
|S(R,t)| = (2?)3 e I(Et Pem aR) anl (pcm) | n | + (2|p)3lbpre| (pcm) | Dye I
nl '
_ - Ppem (Et! po. &R) d°prel - _ P :

|I0%(R,t)! = @ )39 i Pem B ¢ (Pem) "™ 1" pr! =1 |En|, M Power counting

Quantization [an,1; (Pem1)s 8,1, (Pem2)] = (21)°"*(Pemz ! Pemz) " nans "It

[Cgiell (pcml)’ Cgfelz (pcmz)] - (2 ! )6"3(pcm1 ! pcmz)ng(prell ! prelz)"alaz
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Backup: Correction of Potential !i !a(D[La,"s(0)]

ab
| ! Bk ! d*qg  d%p dBpye
| | " 2 cm re
ab bt a2 e L, @)@t @)

$ (2" )4#3(k " pcm n q)#(Ek n pgm " qOO)
. 7/

24 | " 2u 2

(B#i, " G.0,) Z Z+is nB(|CIO|;L(2 ACTI,

Il' Prel $# P rel | 0
pd, " E, + i$r'2|/‘hl$ Lk ni, 20k 0, 1

o |ri

(%, Q) Parts in unbound singlet / octet neglected

z%

Y

(Ex, k,nl)
= Re > ON

)

y

(Ep, Pcm: prel)

| (t) = (1 + sign( t))/ 2 2

\= Im —> dissociation rate
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