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Heavy flavor transport as probes of QGP
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Lecture 111

heavy quarkonium production in AA collisions

VVVVY

vacuum properties: spectroscopy, static energy & pNRQCD
HQ potential vs free energy at finite T

Equilibrium properties: potential models & T-matrix, reaction rates
Phenomenology: semi-classical modelling of transport
Phenomenology: Open quantum system approach
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Heavy quarkonium: multi-scale system

Quarkonium non

i e ir, Charm bottom T
relativistic scailes In QCDJ’QED
QCD‘ -t
A perturbative matching | perturbative matching
m production (perturbative) e "
1.5 GeV 4.7 GeV |
NRQCD/NRQED
........................................... ]_['
]_ blndlng/relatlve mom. v non—perfurbative perturbative matching
mtv ~ ? -_— 09 Gev 15 GeV I matching
pPNRQCD/pNRQED
level-spacing/Es NRQCD factorization: short-dist rt produci
2 . actorization: short-distance part producing
E m 0.5GeV 0.5GeV ccbar in singlet/octet with small relative p;
V2 long-distance part: pointlike ccbar to bind & form chi_c
E,p~Mv 0.3 0.1 N 3 , 5
/ v~ag(mv) do(xcs+X) = do(ce(L,"Pr)+X) ‘RXC(U)‘
3 f FoTTT 0.5 0.3 + (2J 4+ 1) do(ce(8, 381) + X)) (OF°)
:mm”r /‘_‘"E-‘p ~ M - pNRQCD: further integrating out the scale mv~1/r
oy )4 T d.o.f. = QQbar singlet & octet
. i(.. P> , . p?
/ Braaten et al. hep-ph/9602374 c= ]d&r I {51 (“’do =TT ) 2@ (ZDO = o ) O}

Brambilla, 2204.11295 Tr {OTL‘ -gES + H‘c.} =F %Tr {Ofr -gEO + C‘C.} +o
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Non-relativistic potential model

use phenomenological static potentials, e.g., Cornell potential
e
Vir)=or— —
r

long-range scale: confining (non-perturbative QCD),

string tension, o ~ 0.2 GeV?

short-range scale: Coulomb-like (pQCD), a =~ 7/12
heavy-quarkonium states from non-relativistic Schrodinger equation

1
2mg — _—A + V(r)} D (1) = M;pi(r)

fit to spin-averaged heavy-quarkonium spectra
= m. = 1.25 GeV, my, = 4.65 GeV, /o = 0.445 GeV, oo = 7w /12

from wave function <rf> = (D, |7| P;) 15 240 ‘
7 |« onyY(1s)is

state

LT I A I O I O I G O O I

y(2S) | color-Coulomb

mass [GeV] | 3.10 | 3.53 | 3.68 | 0.46 | 9.99 | 10.02|10.26 | 10.36 95 T

Jhy, Y(25)

- JIp&Y(2S)

r a ¥ o : - L"' . I . -!"_ - | ]
AFE _F‘E.‘u] 064020 [ 005110 067 | 054 | 031 | 0.20 o R Y(IS) are bound by
AM [GeV] | 0.02 [ -0.03 ] 0.03 | 0.06 | -0.06 | -0.06 | -0.08 | -0.07 g5 | -4o/3r+or confining force
ro [fm] 050 0,72 0901028 044 | 056 | 0.68 | 0.78
: 4 r [fm]

0.25 05 075 1 125 15
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Mass (GeV/c?)

Charmonium spectroscopy

y(4S) or hybrid '
qJ(ZD)—* -y Quantum numbers Mass Width
v(39) ’ n L JPC ¥+, Name (MeV) (MeV?)
4.0 Xa(2P) %,(2P) 5 -+l 5543
- 387%;1_!‘”_‘% 10 0__ 1350 7.(15) 298Q.4i 1.2 25.5+3.4
h'(;:w)'r)ﬂq; 1 0 1 1°Sy J/y 3096.916+0.011 93.4+2.1 keV
----- MO 2T 0 B yo(IP) 341476:035 104207
e —— ) 11 1 1Py xq(1P) 351066+0.07  0.89+0.05
3.5 \‘*\.x”“ P > — 1 1 2+ 1P (1P)  3556.20+0.09  2.06+0.12
. x(u“P);_ | 2 X 220,20 U5 O+,
= 11 1 1+ 1Py h(1P)  3525.93+0.27 <1
" Charmonium | 1 2 1I— 1°D;  @(3770)  3771.1+24 23.0+2.7
. —+ 1 :
famlly 2 00 2'So 525) 363814 14+7
30 20 1 235 w(2S)  3686.093:£0.034 337+13 keV
ottt 2 1 2% 2°P, xa(2P) 392915 29+10
1 1 1
Eichten et al., RMP80,1161(2008)
+ Schrodinger equation with spin-dependent potential: V(r)=Vgmen(r) + Vgp(r)
=> fine and hyperfine spllttlr;g Vss() = 3 omg V2V (1) — gif;fzs@ 53(r)
Vsp(r) = Vss(r) [S[S +1) — _“—} + Vis(r)(L - S) Vis(r) — — (3‘1"”“” _ 4vs()
2 QQOQr dr dr
+Vr(r) [S(S+1) = 3(S - )(S - 7)] vy = - (394950 _ LdTr})
QOQ r r r

Eichten & Quigg, PRD49,5845(1995); Soni et al., Eur.Phys. J. C(2018)78:592
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Bottomonium spectroscopy

___________ Quantum numbers Mass Width
10.50 i 3(3203 . n L JPC HZSHLJ Name (MGV)
1 0 1= 135,  Y(S) 9460.30£026 54.02+1.25keV
1025 | 3 {1 1 07 3Py yuo(1P) 9859.44+0.52 Unknown
& i L.-.( 1D) ++ 3 C ;
L 1 11 1°P;  xp1(1P)  9892.78+0.40 Unknown
> 000 L 1 1 27 13P,  yp(1P) 991221+040  Unknown
& 1 1 2 2= 13D/ YD) 10161.1+1.7 Unknown
% 2 0 17 235, Y(2S) 10023.26+0.31 31.98+2.63 keV
S 975 — 2 1 0" 2Py xp(2P) 10232.5+0.6 Unknown
Bottomonium 2 1 1% 2°P; yp(2P) 10255.46+0.55 Unknown
- + transitions fa m | Iy 2 1 27 23P2 sz(QP) 10268.65+0.55 Unknown
9.50 SoPED — oM - _
- ) 3 01 3§ Y(3S)  103552+05 20.32+1.85 keV
i*‘ (a.i.z}“ (1.2,3)“ 4 0 17 485 Y@4S) 105794+12 20.5+2.5 MeV

Eichten et al., RMP80,1161(2008)

n=n, + 1, n. = number of nodes of radial wave functions

P=(-1)\*1, C=(-1)t+
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Vacuum static Q-Qbar potential

A quark-antiquark color singlet state with gauge link/Wilson line

ST TR (0
00fs) = %ﬁf& (U™ (x,3,C)ys (v)[0)

Q-Qbar meson correlator
G(T)=(¢0(x,0)[¢(y,T)) = (¢(x,0)|exp (—iHT)|¢(y,0))

=> in large Euclidean time limit

Ulx,y:C) = Pexp{ig [TAH(EZI d;«:h}

U'(z,y; C) = exp {if(x) }U(x,y; C) exp {—if(y) }

only ground state survives n | | |
— (¢(x.0)|wo) (Wol¢ (v.0))exp(—ET) for T —eo

ground state energy:
logG(—iT)

Ey = — lim

T e

T

consider statice Q-Qbar pair (separation r) created at t=0,

and annihilated at t=T

M—on

G prayan (T) —

Wilson loop along a rectangular loop I t
=

ig ¢ dz

W(Ig) =TrPe

=>» Static Q-Qbar energy/potential:

Vq}(.“] = ED(.")

53{3'1 — }’1}53(3’2 —}"EJ{P+J.!31G1 (P—]'ﬂzﬁz

e 2mT {Tl’ P E,!J? fr[] dzy Ay (z) )

Iy

1 .
— lim — log(W (Ip))
Jim = log (W (I9),

=T

,uA,u{z} :

w--—l'—--h

=
t=0

Voen

G(=iT) = } (9(x,0)|yn) (¥n|@(y,0))exp (=E,T)

lattice Q-Qbar potential
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Sumino, 1411.7853

Y Brambilla, 2204.11295
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Finite-T Q-Qbar potential (I)

The Wilson loop obeys the Schrodinger equation
id Wt r) = ®(1, YW1, r).

Q-Qbar potential defined at late times ~ V(r) = }ﬂl;ofll(r. 7).
Spectral function of real-time vs imaginary time Wilson loop
Wqolr, 1) = fdwe_f“*pg(r, w), Wno(r, 7) = fffw-‘-’_“?ﬂm{h w).

= Q-Qbar potential

d —iaw : . ) iy
V{r} = lim f ww‘i{_w! ﬂD(r w} = limi dlﬂgwi-’:"f it, T)

It is challenging to reconstruct the spectral function from lattice data of Euclidean Wilson loop

If time-independent potential description holds for all times: ®(z, r) = V(r) =» W(t,r)=exp(-iV(r,T)t)
=>» Breit-Wigner peak position & width

associated with ReV & ImV £} l Wo
P, T) = [ dtW(r, t, T)e E 4
' Qa
> o ) — Im[V](r) rU.
PR T Im[VI(P2 + (Re[V](r) — @)
Burnier & Rothkopf, PRD87,114019(2013) Ll | | | L 3
Y,
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Finite-T Q-Qbar potential (1I)

 Perturbative evaluation from HTL (static) gluon propagator Laine et al,JHEP03(2007)054

—1 L JT!??%)T
I
g>+mp  lql(g? +mp)?

one-loop self-energy of the space-like gluon exchanged between Q-Qbar
has an imaginary part =» cutting it corresponds to Q scattering off medium g/g: Landau damping

Doo(w=0,q) =

* Fourier transform = ReV + ImV

M“"-~~~h~_~‘hhh~(€\)ﬁl) (Qsﬁ?)_/_/ -
S d e | 2T T e
Voo (r) —12) = ¢° 1 —6“3"“‘"2))[ e ,,} —~
(2m)- q*+mp  lql(g? +mp)? y
B gz N e mpr ,gET ( ' 2
=T ag |0 r " ¢mpr) ;(G”,fﬂ
. HTL ReV identical to free é
1 energy (screened Coulomb ().0) S (e, 71)

only) at the same order

Fig. C.1. The collision process responsible for the imaginary part of the Q0 correlator.

ImV 2T owhen r> 9

Blazoit et al., NPA806(2008)312-338

o0
Z sin(zx)
=2 di———|1—
) f (zz+l)2[ zx ]
0

00 2 4 6 8 10
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0[GeV]

Finite-T Q-Qbar potential (11I)

ReV & ImV extracted from lattice data of Eucliean Wilson loop  Petreczky et al., PRD105, 054513 (2022)

2 T T T T T J 1 N S B B S —
i .y 667 MeV b=—+=—i 251 MeV == &
15 -~ 0.5 | 562 MeV i 100 MeV bt |
1 | ReV(r,T) od . * [ 474 Mev 160 MeV +—e— =
‘.ﬁ."- 408 MeV 151 MeV it .
051 g% 1 06 [273 MeV =t * . F
D B = E ‘ - I .
s L 667 MeV b=t=d 251 MeV F=o=1 | 04 | Ao g .
' 562 MeV F=+=i 199 MeV F=t=i ImV(r,T) L o @& "
-1F 474 MeV 160 MeV bt 4 5 | o A . '
15k 408 MeV 151 MeV et | I 5k :
9 : I 273 MF‘Vl-.T I I ] . .I ' | = I' ] ] ] ] ]
0 02 04 06 08 1 0 01 02 03 04 05 06 07 08 09
« ReV little screening up to 3-4*Tc; ImV large & increases toward high T
1% T T T T T T T T
1 ReVvs F(r,T)
0s L TIT1L 4 <+ Q-Qbar potential represent interactions
S of T LAE - on time-scale 1/Eg or 1/T 4 ,Shorter
S osf M - than 1/T=> insignificant screening
al T=0 Potential
Free Energy
- L T=0 Unsubtracted Pade =i _| ° - i -
1-2 . 70 Subiracted Padg +—a Q-Qbar free energy F on long time-scale >>1/T

=> significant screening

o o1 02 03 04 05 06 07 08 089
r{frm]

FIG. 21. Comparison of cxtracted £2 using subtracted and
unsubtracted correlators wsing Padé pole analysis with the T =
() effective mass and color singlet frec energy at T = 408 MeV
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Finite-T Q-Qbar potential (IV)

lattice data of bottomonia:
little mass shift & large width

100¢ I

200f - Y(3S) l:

otk
- 100,

._

—
. —m
S —

3 ' ’ Y~ V(25
T, (%)

AMg (MeV)

-50f ! : +

40f
40f - Y(1S)

20}
-40f

Ofx & Y ; i‘

150 200 250 300

800"
= Y(1S) « Y(25) = Y(35)

150 200 250 300
T (MeV)
Petreczky et al., PLB800(2020)135119

DNN extraction of Q-Qbar potential by

fitting to lattice data within Schrodinger eq.
> Shi et al., PRD105, 014017 (2022)

——y, + [Ve(T,r) + iV, (T,r)ly, = Ew,
my,

Re[E,] = m, — 2m,, [m[En] = -T,

ReE ~ ReV, ImE~T ~ ImV: little mass shift =
ReV little screening; large width = large ImV

—1 L B B B

DG o e e —
I | | i
0.0 0.2 0.4 0.6 0.8 1.0

r (fm)

M. He Heavy flavor probes lecture, Nov.2, 2022 12



Extracting HQ potential from bottomoium R, ,

« statistical transport analysis of Y data

L DA , ; 14 AuAU@200GeV lyl<05 | 1.4} PbPb@5.02TeV |yl<2.4
with trial mput potentlal Du et al. ’19 ot —e— STAR Y(15+25+3S) ol —e— CMS Y(19) |
' —a— STARY(28+35) ' —a— CMS Y(25)
« trial screened Cornell potential with 1 \ — %ggg)ﬁ& o — $H3)Y(38} '
screening parameters > T-matrix to get % i 208 i I8
Y(nS) binding energies - quasifree 06 F PN 06 ~ '
reaction rates (Eg larger >interference 04+¢ 04 1RO, XR\\\‘&\\\W
stronger) - rate equation > Ry, 0-2' 0-2 \ W22

0 50 100 150 200 250 300 350 400
N

: L 0 50 100 150 200 250 300 350 400
« Kon single-Q collisional rate ', larger N

- stronger potential - larger Eg = stronger
interference to render I ;. amenable to R,,

part part

1"? L IE [ ] ¢ extracted potential
0.8 | K=5 S ; 08 f K=5 | little screening at T<250 MeV
0.6 | ] 06 | §
S 04} ~ 04} * even at T~ 400 MeV, still
& 0.2 & 0.2 | significant residual confining
= 0 = 0 force
>-02} >-02F}
o8l /T T-194MeVas005 ] TJef /oo T-400MeV =005 | - consistent with T-matrix
—DE i —— T=194MeV best fit 1 —Dﬂ i —— T=400MeV best fit 1 solution of potentia] in the
_1 - - - - - L - - - - - strongly coupled scenario,
0 02 04 06 08B 1 12 0 02 04 06 08 1 1.2 & qualitatively consistent with
r [fm] r [fm] latest lattice results
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Free energy of static Q-Qbar

McLerran, Svetitsky, PRD 24 (81) 450

e’};(f, x), wa(7,x)-creation annihilation operators for static quarks
at time 7 and position =

q,b;r;r"(q—, x), ¥5(7,x)-creation annihilation operators for static anti-
quarks at time 7 and position z

[a(r, 2), 4 (1 )] 4 = 8(z — ¥)Sup

(_38'7' - QAO(T!'I')) w(/r:m) =0

-
formal solution ¥(r,z) = P exp (z'g /0 dr’ Ao (7, a:)) (0, 2) = W(z)y(0, z)
) Nr—1

lattice : W(z) = || Uo(z.7)
Free energy of static quark anti-quark pair 20=0

Z(ﬁ)e_ﬁh-($’y) — Z < Sle_'ﬁH‘S >
S

|s > denotes any state with a static quark at position = and static
anti-quark at position y;
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Free energy of static Q-Qbar

Let us denote by |s’ > states with no static quarks

—BF(xzy) — 1
’ Lz 2
s a=a',b=>b

- ' fe
=Y 5 2 <sleu(B,2)u(8,9)v,,(0,2)1y (0, )]s

s 7 C a=a b=V

= Z(ﬁ)ﬁ%{? < Trw (2)Trwi(y) >= Z(B)G(r,T), r = |z —y|

o 3H ,H

L(z) = TrWW(x)- Polyakov loop

=>» Singlet Q-Qbar free energy ~ correlator

of two Polyakov loops:

expl—Fy(r,T)/T) = !

T

LO HTL: screened Coulo
N?-1a,
Fi(r,T) = —T%vxp[—m;;r] -

(Tr[L1(z)L(y)]},

mb only F<0
(N? - 1)a;mp
IN

Lattice: F>0 for T<2*T,, remnant of

linear confining term

Singe-Q F=deconfinement order parameter
for pure YM without dynamical light quarks o
i 0

1
P = —strL, (P) = exp(—Fo(T)/T)

< '|9a(0,2)05(0,y)e Py (0,2)3)1(0, )]s £1)

e PHO(r)eH = O(r + )

147MeV =
178MeV o
194MeV »
222MeV +
320MeV +
442MeV «
479MeV @
732MeV ©

r [fm];

01 02 03 04 05 06 07 08 09 1

1 FF4(r,T) [MeV]
05+
0 L
05 o
2
E‘.
A
T —
0.9 f Lren(T) #
!}!
0.8 o E }!,!
07 + ;%
0.6 iii
' ¥ HISQitres: N=6 %
05 F o N=8m ]
04 * . N=12m ]
stout, cont. «
03 # SU3) v ]
SU2)+
T [MeV]

150 200 250 300 350 400 450 500

o AtlowT,
P->0=>infinite
energy for a free Q
=» confinement

« AthighT,
P increases = finite
Fq =deconfinement

M. He
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Heavy quarkonium in QGP

141 x 1.4
@ ALICE (PD-PD {5, = 2.76 TeV), 2.5<y <4 global sys.=+ 12% C [ Porh [ Byp = 2,76 TeV and Au-Au |5, = 0,2 TeV
1.2 4| | @ PHENIX {Au-Au (51 =200 GeV), 1.2<|y|<2.2 global sys.=+9.2% 12 [ B ALICE Jy — wy, 2.5<yed, contrally D%—20% dloval sysi= £ 8%
[, © PHENIX (Au-Au |5, =200 GeV), [y|<0.35 global sys.=+ 12% - s e o
1 ® B #  PHENIX Jiw — p'w, 1.2<|yl=2.2, centrality 0%—20%  global syst, = £ 10%
] 1
0.8H Regeneration < o8|
- 4 } / /coalescence I
0.6 ] i I H / 0.6 -
oL B B0, § 4
02 @ 5 ) 0zl [T]
. ¥ 8 —1 5 Suppression | 5w O E{J
O_||||||||||||||||||||||||||||||||||||||| : tat M T T T T
0 50 100 150 200 250 300 30 4o0 dissociation T L
(N part ) 28 (GeVic)
How does the suppression of heavy quarkonium in QGP come about?
» static color screening? Classic paradigm, but probably insignificant from
state-of-the-art lattice studies
« dynamical inelastic collisional dissociation: inelastic reaction rate
» regeneration of charmonia from abundant near-thermalized charm &
anticharm quarks, in particular at the LHC energies
16
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Melting by static screening

Karsch-Satz seminar work  Karsch-Satz, Z.Phys.C37,617-622(1988)
vacuum ornell potential = screening of both Coulomb and confining part

Vir,0)—or — % V(r, T)=(o/u(TH(1—e 17 —(afr) e #Dr
2> V(r>o,T)=0o/u(T) = 2*°Amg(T) & mef(T)=mg® + Amqy(T)
Schrodinger equation for Q-Qbar with T-dependent potential

He, T)=2m-%vz+wr, T [H( )~ Epa(u)] o il 1) =0,

T T II L) L] T 1 :

Def: binding energy at screening mass y(T) x gT =
Ega(=2m+o/u—E, (1)

=> dissociation point: Eji(u)=0

H T T T

600~

bottomonium Eg(T)

riGev ™

400

(MeV )

n.d
dis
—

Tdiss(Y)~2'6Tc

E

200 -

I |
a5 1.O 1.5 20 1 1 1 1 | 1 1
p{GeV)
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" ey

Edis

Melting by static screenin

T F T
b T

v T
1o I LI
H i

S00 —

charmonium Eg(T)

400 [~

300D —

-I-diss('J/LlJ)N1 -7To

riGev™')

200

100 —
= -

'charmonium radius(T)

1

G2 <04 —Doe oz S 5a 08
el Gav plGev) T 17(r)
Karsch-Satz, Z.Phys.C37,617-622(1988) 450 MeV Y{15)
* sequential melting of heavy quarkonia in the order of % (1P)
vacuum binding energies I | | .
« athermometer to measure QGP temperatures o
200 MeV e (1P)

= But need to go beyond this too simple, purely static, old scenario
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Dynamical dissociation: LO

« Peskin’s OPE analysis in vacuum: Coupling of heavy quarkonium to external gluons
is a short-distance process Peskin, Nucl. Phys. B 156, 365 (1979)
1 a 1

A — ) —

r )
i 9s ER

color-octet QQbar can only persist over short space-time range At ~

[
=>»gluon emissions assemble into small I
singlet clusters: OPE local operators .

=

« This leads to gauge-invariant multipole expansion of the external soft gluons
around the small-size Q-Qbar bound state & NR Hamiltonian Yan, PRD22,1652(1980)

a \ia = 1 _,,}-“ Al

Hp :——I—l (|71) —I—Z——E | d 25.@3?‘[?—?1
) ) ) with w s A\ B Ea 7 B a'
H;:Q,-[;,u.[;l—d“-Eﬂqf.i;l—rﬁﬂ-m(f.[}—.... e P RAU IR

/ '\

color-electric dipole color-magnetic dipole
coupling (E1) coupling (M1)
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Deriving the gluo-dissociation cross section: g + y = ¢ + cbar

® Color E1 transition

o za = s b CE E}_,-_'l'rz
--- Weyl gauge Her=—d"-EA(L.0) = (5 -5 5
ith - . . Peskin’Coulomb
w "'lu rt 1| = Z ‘l||. 'f:— {IE}.{ !FL-J'_EWEE + h.f'.".] reproduced
A\
- Fermi’s golden rule: 1t order perturbation ° ©
Wr—r o Q' w v 3 — c:'r /2 . /
e A T Ey) = > < gEg{2w13 fﬂfjp g+ fo—etE gy _ 2 r6p (Eq —en)*/?
' o | 7 B4 . Coulomb { "J'J 0 9s m E&
P . 9 - e Q 'q
x| << (e€)s, p|rlJ/ i > |"o(E,
... A novel
® Color M1 transition contribution
_ _ma.fFap i — 98 *E_E”E_E_F*|.vxia'fﬁ
H_.u] = m B [f. []'\| EFFFQ 9 9 EE 9/ < [ O
- 1%t order perturbation L °
. S Tm E, V Coa 93 wE 1/2
oI/ ete gz ] d3p gt T et 2° ep” (Eg —€ep)™
M ! 2-3 }n [E’T}E | > J.-U-_.Cfonlurtlh E 1' _ 3 = s TH-J E.ﬂ
o 'q

p?_, Coulomb appro.

x| =< (e€)s|J/ /1 = |2i5I:E_r;, —EB —
o)

@® Selection rules
—E1: AL=1,AS=0; M1: AL =0, AS =1 from singlet to octet transition

--- P-wave states . & 7y, also derived
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In-medium potential Schrodinger

® In-medium potential model satz 88

V(r,T) = —"e-mp@r 7 (1 — o)
’ T mep ()

H(r,T) — Eni(1T)]tni(r,0,¢6) =0
® Vacuum/in-medium quarkonium wave func., binding £;(T)

wave function of J/y at different temperature

||||||||||||||||||||||| 4 Binding energy changing with temperature
e | ]
—T/T=13 . L Y
—T/T =15
E»; B 08 |-
= >
J/y S
00 05 10 15 20 25 r(i,i) 35 40 45 50 55 60
wave function of Y at different temperature gl . e, 0 . 4 L 1
50 vacuum | TIT, V )
: T/T=1.0
—TfT:=1.5 ]
o —-- higher T, stronger screening
t Y _ --- bound state size grows, binding energy
' decreases
— T (Jy)~1.7T,, T4(Y)~2.6T,

r(fim)
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Gluo-diss. g + v = ¢ + cbar cross section

o Vacuum Cross sectlons

g+ Jf\y ->C + cbar vacuum 12
3.0 E1, full pot. 10
E1, Coulomb pot. 8
=—==FE1, Coulomb pot. + full g
2.5 S
====M1, full pot. E
v 4
2.0 2
i)
150 0.0 0.2 0.4 0.6 0.8 1.0
E,(GeV)
1.0 ]
S-wave
0.5
-------------------
0.0 L L 1 EET™S
0.0 05 1.0 1.5 2.0 25

(G eV)

3.0

T T
! g + y_--> c + cbar, vacuum

w1, full pot.
i E1, Coulomb pot.
\ =—==F1, Coulomb pot. + ful

" == ==M1, full pot.

1, P-wave

\ 140
. 120
100
& 80
E &0
1<)
40
20

-
o T,

20 25

--- Coulomb wave func. + full g differs from the full potentlal result by ~50%
--- M1 overtakes E1 at low energies € AL= 0 s-wave isotropic scattering dominant

o In medlum cross sectlons

o (mb)

“ g+ qu -> ¢ + cbar, QGP

)

| i —E1, 11T, ——M1, 11T,

| 'l E1, 1.3T, M1, 1.3T
3 *| \ —-=—E1, 1.5T_ —==M1, 1.5T,

1.0 15

0.0 05
E, (GeV)

a(mb)

10

T T
g+ Y —> b + bbar, QGP

E1,
E1,

1 -_———F1,

—---E1, 2.

11T,
1.6T_
21T,

— 1,
M1,
—_—1,

1‘1TC_
1.6T ]
21T

E, (GeV)

--- as T increases, dipole size grows =» E1 increases, M1 most prominent at low T
--- more tightly bound Y(1S) much smaller cross section

M. He
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_(MeV)

Gluo-dissociation rates

® Heavy quarkonium (at rest) gluo-dissociation rate

‘ A3k
rclisa[-T} :d'g/ (2 J

14— —— —— —

g + Jiy —> ¢ + char

12|
[ E1
——M1

o —FE1 + M1

—
0 . I . I . [ el L T

1.0 1.1 12 1.3 14 1.5
TIT,

186

(MeV)

l_tli%

= fo(E(k))v

12 T

Chen & MH PRC96 034901 (2017)

10 -

g+Y->c+char F1+ M1 |

Y(2S)

1.8 20 2.2 24

TIT.

--- M1 most prominent for J/y at low T, accounting for ~10-25% of the
total (E1+M1) rate in T, --1.2T_=» could be significant as system stays long

--- at low T, &g large, tightly bound J/y or Y =» gluon sees the bound state
as a whole = LO gluo-dissociation sensible =» rate increases with T

--- at high T, ¢; decreases, ¢ [kz*fg(k)] shifts toward lower [higher] energy
=» phase space mismatched = rate drops off fast = calling for NLO

M. He
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Dynamical dissociation: NLO

LO, i.e. gluo-dissociation --- the incoming gluon sees the W as a whole, which is
reasonable for a tightly-bound state (and relatively low-energy, long-wavelength gluon)
=>» applicable at low temperatures, efficient when gluon wave-length ~ W size

At high temperatures, W binding energy drops off and radius grows, the incoming gluon
should see individual Q or Qbar in ¥, opening up new phase space Rapp et al., 2001 & 2011

q ‘“—EJ;-_E_Q_EI - q q
€ | c

i = g i
\ ¢

LO:g+W¥ - c +cbar '
NLO: g/g/gbar + ¥ - g/g/gbar + ¢ + cbar

Quasi-free: o(g+W—>g+c+cbar)=2*o(g+c—>g+c), with a spectator cbar:
off-shellness of Q & Qbar within W & bound state wave function effects are neglected

T ! if med 1 r Ihy quasifree (V=1 ]
2.5F T: {m\h quasifree (e, ) 3 L Iy gluo-diss (V=)
r v=u — = gluo-diss. (EI ] L - —.— ¥, quasifree (V=U)
[ RN ] 150 — — - Iy quasifree (V=F) .=
2r PN re g]uo diss. (E 3 [ -—-.- J, quasifree (V=F) A
= sk [~ N -—p thermal-dist. : % i
— °f = 1001
B ] . :,--"'}-"‘
L =7
-
: s0p="
- L
AT el O_——-r""'.""’.“ ]

0.2 %%%e'\f) %lao et %ﬁ?ZOlO
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NLO dissociation: going beyond quasi-free

® Quasi-free: effects of bound state wave func. completely ignored

* Landau
damping q—  __q
T F

"

. = C
i) /
ey ‘.r’fi
/ﬁ\ v c
“quasi-free” dissosciation

® Starting from the QCD Hamiltonian in Weyl gauge A"=(
T/ FVI[f = o - A AT . —
Hoco = [ &30t (t.5)(5m, — i - (3 — ig. A2(t.7) 5 (e, 7
d3_'1}§“t-_' L Bage. 7
“|_‘ I[§ {T)_'_E (t.T)]
= Hyin + I’Eq—g -+ Fb@g — 1‘{3}9 -+ 1[.1’:19

aﬂ'ﬂ
ot

with — d4”’
EEL _ (__}I v 43& 4 gsfabc 4DC .

B’a — VY % Ji'a gsfabc w 4-:
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Effective Hamiltonian

® (QCD multipole expansion for heavy quarkonium system Yan 80, Sumino 14
0og — Ho +Vso + Voo

Brambilla 05 pNRQCD
_E
Ho = 2

— + Vo(r) + Vs(r)
ey
® One is left with 4 interaction vertices at the order of O(g,)

g.b

Sj:()d

for the QQbar system bound by internal gluons

. . 1 _y AP b b 9s b cab
< 0,a|Vs0|S >=< O;a|§gsr(? - &) B8 >= —=E" < O[S > ¢

/N,
- 10s abe e With

g ﬁiO:{IDQQO,b}Z—d E° < OlFl0O > _ _
5 ! o Vool 2 10> jobe _ atrpre j200/2, /2

g

L 5 g - - -
r 3= a a __ ¢ <5y pabc 3= ay b &

& % o 3g’v'/d:ﬂ§B-B = ( Q)f /d:{:(?XA)(A x A°)

g

V4, is at the order of 0O(g,2) & thus neglected
Lo\®
Vigo = gs | d*Fgla- A°—
M. He

Heavy flavor probes lecture, Nov.2, 2022
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NLO: g+ % > g + ¢ + cbar diagrams

® s- & u-channel diagrams formed out of Vi, & V,, analogous to Compton

M. He Heavy flavor probes lecture, Nov.2, 2022 27



NLO: 2" order QM perturbation

® Transition amplitude for g + ¥ - g + ¢ + cbar

Tyi=3 = fIHr|m >< m|H1]i > Chen & MH, PLB786 (2018) 260267
— E; — B 4 i€ '

initial/final state: |i >= [J/¢.g(E.\a) > |f >=|(c2)s(p.b), g(R.0.c) >

® Intermediate states & amplitudes for diagrams (a) & (b)
- (a) |m >=|(co)s(q,d) >

igs | Wy 9s [WE scf gbdf =
< m|Vsoli >= 3942 1/31, (cB)s(Q)[F- &, | T /0 > <fVoolm >=3 \/ S0 "V &gy < (c)s(B)|7|(c0)s (@) >
—+ [:—
- mwr q —
:rﬁad{ g:) Ez 2 e3dri (qr)Rya(r
v 3 ‘A 7. Jl(@.') 10(7)
s
sty L) rio) - (Cigd)
J P(—Es+wk—ﬂ%+1£)’
Blp.k) = g | 7o drja(pr)Byo(r) [ rtdra(pr)Rio(r) X [-?‘3d-rj1(qr)Rm(r}
’ (—€p +wk—7f:2 + i€)? (—£B+w1—m—q+z£) )
bac 39'5
=d 2V

wave func., AL=2, dipole transition twice
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NLO: 2" order QM perturbation (cont.)

- (b) Im >= |(c2)s(q, d}eg(i‘fl?)\hdl)ﬂ{gz, Ag,dz) >
[ r3drji(pr)Rio(r)

;2
Cp.k) = = (b) bac s | TWEWR
(p h') p(_EB — Wg — _1% + EE) ( T i — _d e 21(:-' 61“,- m dabc
o [1drji(pr)Bao(r) [ pdrjy(pr)Rao(r) 7
Dip.) = ™ ~ rja(pr)Rio(r) - IC Nz = .52 p )
e (—EB—UJR—;%HE)Q (—EB—wa—‘ﬂ%Jr"ff) " EA Cp: K)ero + (€ ﬁjpg (. %)

® Intermediate states & amplitudes for diagrams (c¢) & (d)
= (©) |m  >= [(co)s(q.d), g(k1, A1, dr), g(F2, Ag. dy) >

{ a c(_igg) T - — — —y
T = fob {(E2o - P)(Ezy - F)

1% 6Vwpwi
. B2 KRR -p+ (R2—Fk-R)k-7
=+ (E’F{J . k)[:_’fc')\ f"'} - {E’fc')\ : EEJ}{ h)ﬁ(}—fjé;g } p}
L | , oc fabc
x fr drji(pr )Rw(r)_ng — 2 w(k —R) +ie
— (d) |m >= /¥, g(k1, M, d1), g2, A2, da) >

. 2
(d) __ abe tds — —s — T =
Ty =" 57 vagwg{(ﬁﬁa'ﬁ}( A" B) + (Ero - k) (€, - P)

—

_ g
_ (EE,‘\ - €ERo ;—C*

1 / 3 .
. — rodrij(pr)Rio(r — — )
p 1(2r) Rao( }w{k} — w(R) — w(k — R) + ie

. 7l C (d)
® d2beifabe=) => ng interference between T} + T}, & Iy
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NLO cross section: (a) + (b)

® 2nd transition rate

pleth - 27 Z T 4+ TORS(E, - E;)

1—>f

1 1 1 -
® Cross section= rate/ﬂux, using E / dS2y; 5 Z &xx - P12 = 3171

r:rf-“”?'(E)—Z“V [ Z 37 / 224“ /dﬂ~
2
52 Z|T“ﬂ 28(—ep +wp — —— — wr),

meg

H

2

2 2 N
‘316,995}5/ dp/ dkwg x {--- }d(—ep + E, o R

where {---} = [A%(p. k) + S B2 (0. ) + 2 A(p. k) B(p, )
+ [C2(p, k) + %D%p?rﬁ:) + §C-‘(p; w)D(p, k)]
— 2[A(p, B)C(p, 5) + %(A{p, k)D(p, )
+ B(p, k)C(p.x) + B(p,k)D(p, x))]- (21)

--- Infrared divergence from A(p, k) & B(p, k) X 1/ k if gluons are
massless, to be regularized by finite thermal gluon mass

%)
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NLO cross section: (¢) + (d)

'i .-I'..
® Cross section= rate/flux, using Z o i

— U _
c+d)
ol (E, }— J‘ [d’p fdh

RoSRo 2
[ / PBdr iy (pr)Raio(r)]? = g(7, P, k)

St ] 49 [ a0

w(R) — w(k) o e
= a 3(— Eg — — wgz
@R — @ —wyz e B :

mq
- soft-collinear divergence (the square bracket) for massless-k / / k gluons
® Vacuum cross section: assumlng a “constituent” gluon mass m,=600 MeV

T — T
vacuumJ;u

1.5

. 18 T T T T T T
——NLO, (aj+(b), full pot. ﬂlgr&)”(a}jm} full pot
NLO, (aj+(b), Coulomb pot. NLO: [a}+[h}: CaLIIorﬁb pot
a | NLO, {c)+(d), full pot. ——NLO, (c)#(d), full pot.
NLO, (c)+(d}, Coulomb pot. NLO: tC}+td}: Cauhr‘hh pot,
"_::g:g'" Dlm-h 10 .10, full pot. .
, Caulomb pat. : :
LO, Coulamb pot.
! ) Y(1S)
E E
& E
-]
05 L
1
a 1 1 1 1 \ 1 _ =
00 05 1.0 : e o5 18 15 20 25 30 35 40 45
E,(GeV) E (GeV)
—---NLO quickly takes over from LO; no tall-ott

--- NLO (a)+(b) increasing with E,, while (¢)+(d) leveling off
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NLO cross section: finite temperature

® In-medium cross section

- divergences regularized by gluons’ thermal mass m,(T) = \/3/4g.T

-]

a

L S B B (LR R R | — 1 — T T T 7 i TroroTrTTTeT
|y J/  Y(18)
| MLO, (a)+(b) LEy \Ilqm  NLC, _{ra_': -: _____ Y(ls)
—1:1;; -—---T=11T, NLO, (o) 4 150 ]
I =lhal, T=1.3T, 300 T=44T - NLO, fapnl /H
sy L=——T=15T, | .___ T=1/5T, ~ i [ - - Il
NLo, (o10) g0 oo of@r .
- I 1 ’ (=]
_ TR ® oo = [ 1diaT £
g T=13T, E ¢ b
& |——T=15T 0 ] Pat '
. . 0005 1.0 15 20 24 —e—TE2AT
T E [GeV) [ ——
' a 4
: l'l. I_: F J _!!.‘.-.
: . ] | _il!l.
R I '\-\.rl_h_ e + -u—- 5 ‘I =|
[+] Ll T e LW TR - o _—
a0 a.5 ] & i 25 00

. E,(GeV)

- NLO quickly takes over from LO; no fall-off
-- NLO (¢)*+(d): decreasing with T, expanding wave function overcome by decreasing &g
—--NLO (a)+(b): increases fast with T, due to expanding wave function

& decreasing gg
-- near T, dipole size blows up > gluon wave-length, dipole transition to be invalidated

=» near T, cross sections may not be quantitatively reliable

32
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NLO dissociation rate

® Heavy aunarkonium (at rest) NI.(O)-dissociation rate

| A3k
Caise(T) = dy [ 5z fa(BE)e T)
" Chen & MH, PLB786 (2018) 260267
m 77177 ] 50'""'|'"|"'|"'|"'|"'|"'
F Jhw ] 1
90 F e NLO g
- —n J/\|1 | Y(1S)
80 | 3 40 -
ok 5000 ]
: 4000 | ]
60 |- J 30 L
%‘ F %3000- ] %‘
= 505_ < 5000 | 1 2
& wf 8 1 52
=~ F 1000 | ] =
: :
202— ’ 3 10}
102_ E
01__0 - '171' - '1{2' - '1|3' 1141+5_1s 0 _2T2' ' '2? Y

--- The artifact of LO dropplng off toward high T: replaced by NLO increase

- Near T, I';;,,~ GeV: very fast break-up, conceptually consistent with static
dissociation by color screening

—- Quantitatively might be questionable as dipole approximation becomes
invalidated, but empirically supported/needed by phenomenological
transport study, e.g. Strickland ’15, I’ > 2 GeV needed for T>=T,

diss
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PNRQCD point of view: ¥ dissociation

+  pNRQCD: d.o.f. = singlet & octet QQbar states + light quarks & gluons

ny

LHNRQCD = —%Fﬁ'pFﬁ LN Gy + / d*r Tr {s- [ido — hs] S + O [iDy — h,) O
i=1 -

+V4 ((:)fr -gES + H.C.) + %BOT {r-gE.O}+ ... } (

Singlet-to-octet transition ~ gluo-dissociation, singlet 1-loop selfenergy=>»cutting: g+W->c-cbar octet

* Singlet-octet

Brambilla et al.,
transition

q ¢ 2008,2011
) ey

gluo-dissosciation

Landau damping (ImV) ~ parton inelastic collisional dissociation ~ quasi-free Brambilla et al., 2013

2 2 00 .
_ A0}/ _ A0) oy 9 TC_;:"m.Df dtt B sin(tr)
' (n, 1|2 Im V7 (r)|n, ) 2Im V3 (r) = ), @rmie 1 -
* Landau _
damping q—_ 94
. o z .
||- o interference term -0
X ® g’ )\ when r 0;
Singlet 2-loop /a\ L e =2 2*Tqwhen r>
selfenergy=>cutting: “quasi-free” dissosciation  Rapp et al., 2011
g+¥->g+c-cbar octet
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Dissociation rate from Schrodinger with ImV

» Solving the eigenstate Schrodinger equation with Q-Qbar complex potential
e Strickland et al., PRD97,016017(2018)

— FVR(T,r) +iV(T,r)ly, =Ew, = TI;=-2Im[E|]
b

complex potential taken from fitting lattice data: Coulomb + string ReV + ImV

i o g e
g Mo’ REV\(F) - F_D 2l_.u
V.(r) = —a, | mp . FiTgp(mpr) T
47 m
.D .
[HIV_.;(F) = —i J“r) —II‘I_.;TI,(I(}J!F)
JM
Real=part of the heavy=quark potential from the Gauss=Law 0.30 maginary=part of the heavy=quark potential from the Gauss=Law
1.0 '
0.25
= 05 5
[ 4]
& ) 0.20
a “a
o g0.15
£ 00 S
I E
T R — =il my=A00MeY 7010 =0 My=400MeV
a_s=0.504(29) . .
-0.5 I ey 1= 0OMEY e frp=500MaY mm mip=100MaY we mp=500MeY
yo=0 J‘-ﬁl 5)GeV o T=200MeV s M=B00MV 0.05 M 200MeV mm mps0ObeY
e=-0.177(21)CeV Mp=300MeV mp=300MeV
0.00
-1. s z L .
% i 5 5 Y0 1 3 3 3

r [fm)] r [fm]
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MeV]

Summary of dissociation rates

350 350 350
00 F o TAMU (pr=0-3 GeV) 300 TAM
L 1A U[ ={:I-1[]Ge1l.|r:| 300 | RAANN -,
77 Tsinghua (py=0-3 GeV) TsinqhugTipT-U-W GeV) p— %mﬁ:ﬁf&w X
250 250 | —— Kent State 250 ' —— Kent State X
200 > 200 1 5 200
3 3
150 | = 150 1B 150}
100 100 100 |
50 50 i
b A
u i i I i i [:I T e L PP PRI PRI PR BN R {:I 1 1 1 1 1 1 1 1
180 200 250 300 350 400 450 500 &R0 600 150 200 250 300 350 400 450 500 550 &00 {50 200 250 300 350 400 450 500 550 600

T[MeV]

TMeV] T[MeV]

MH, van Hees, Rapp, arXiv:2204.09299

+ TAMU: quasi-free with T-matrix binding energies; interference effect (1-sin(tr)/tr)

implemented for Y states

« Tsinghua: gluo-dissociation with geometric scaling with in-medium radius of bound states
+ .Kent: computed from Schrodinger eigen-energy with ImVqqpar

= Reasonable agreement in values for J/p and Y(2S) but differing considerably for Y(1S)
between different groups (although very different underlying assumptions)
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Semi-classical transport approaches

Boltzmann equation for W transport in QGP

—+ ) ‘ 3N
Ofu/0t+ Ty Vs =—aufu+ By fulep) - ColNe
loss term gain term

For 2 &>2 process: gluo-dissociation ¥ + g = ¢ + ¢,

g
g,
H?Q?ﬂ
\e _
7 ; G
1
ag(p,x) = 2E, d®(pg) d®s(pe, pe)

X (2'”)45{4)(?% +Pe — P — Pg) dg fy(pg) [IMugsee(s, t)|’

d? ) ..
= /{T_‘f}f& dy fo(pg) vre ow(s) =T(p,T) - dissociation rate
1 _ ) .
Bu(px) = 55— / d®, (py)d®s(pe, pe) (2m)* 6™ (p. + p: —p — p;) > regeneration via
v c-cbar recombination
X |J'Mcf—}lllg(sv t) |2 dc fc (pc) d‘E fﬁ(pfj (1 + fg (pg)) H
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Semi-classical Boltzmann

Boltzmann equation for W transport in QGP

Ofe/0t + Ty -Viy = —aufo + By fulep.t) = EN

d?*x d*p

loss term gain term
For 2 &>3 process: quasi-free/Landau damping dissociation § + W — § + ¢+ ¢ [:g':gjqj{j:}

KX K e

1 ) ]
ay(p,r) = EZ [d‘bl(pf)‘ba(pc,pa,p«;)(2ﬂ)45“)(pa +pe+Di—p—pi)

X |~"M\I!f—>céi(5:t)|2di filpa) (1 £ fi(ps))

d‘iﬁ
= /(Tf})gd dg fo(pg) vraow(s)=T(p,T) -> dissociation rate

Bu(p, ) Z [ﬂ"l’l Pi)d®s3(pe, pe, B:) (27) '8 (pe + pe + B — P — 3)
—-> regeneration via

X (Mo swa(s 0 de fulpe) de folpe) di £i(5) (L= fi(p,)) . C-CPar recombination
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Semi-classical Boltzmann: formal solution

Boltzmann equation for W transport in QGP

Ofu/0t+Tu-Viu = —aufe+ By fatrpn) — CELdNe

loss term gain term

Formation solution  A.Polleri, arXiv:nucl-th/0303065 (2003); Yan & Zhuang, PRL97, 232301 (2006)
— [f dt’ g (px—vg (t—t') t
fu(p,z,t) = fo(p.z —ve(t —to), to)e Jig dt'xapz=valt=t)1)

t
+ / At By(p, = — vy (t — 1), ¥)e™ Jo daveavalt=d)e)
o

1

1st term: describing the dissociation/loss of the initially produced heavy quarkonia,
at t;, known as primordial component

2"d term: increasing with time, describing the regeneration process of heavy quarkonia

from recombination of charm and anticharm quarks from t, to t', and their subsequent
dissociation from t' to t
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Reduction of Boltzmann to rate equation

When ¢ & cbar (as well as light gluons/quarks) are in full thermal equilibrium,

For 2 €>2 process: gluo-dissociation ¥ + g = c+¢,
Ey + Ew = Ee + Ex > e BT . n2 BefT _ o o~BelT o o~EefT

C
For 2 €>3 process: quasi-free/Landau damping dissociation i+ ¥ — i+ ¢+ ¢ (i=¢.9.9)
E,+ Ey = E; +E.+E: > /T 2B/l = BTy o BelT .y o= Ee/T
detailed balance condition at the level of scattering matrix element squared:

I-/“i--fl2 = (gl‘/gi)l-/“f—»ilz

D gainterm: 7 — Ugip. T) - f3 =, p)
dfgl(z.p. )

" —glp, T)|fe(z, p.t) — fiz, p)

This leads to (true even when including charm fugacity)

Assume a momentum average dissociation rate 'y (T) , and upon integration over x and p,
=>» kinetic rate equation for the integrated yield

N8 _ 1o )N (t) - N2
v </ \
reaction rate I',, regeneration toward equilibrium
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Kinetic rate equation

Eg/T[MeV]

can be decomposed into two equations for primordial and regenerated component

Ny(t) = N§™(0) + NyE(0)

. . prim
for primordial component: 9Ny _ | qiss pprim
- ' W

for regeneration component: JN*®

dt

dt

_ diss reg
__rlIJ (NLI! -

with initial condition:

with initial condition:

N\fg(r <1, vy =

Ny')

Two transport parameters: reaction rate & equilibrium limit

500
450
400
350
300
250
200
150
100
50
0

1 11 (vgnop VEB)

—YqMop VEB
e B T (e Top ViB)

Nyg =
qq 9

+ Y2nnia VFB

o' (T, vq) = Ve dg fQ{T}f

» Correction to the equilibrium limit, due to off-equilibrium distribution
Ny

of ¢ & cbar quarks with t.°9=3-5 fm/c:

Binding Energies

——— Jhy Med Eb
—— Jhw Quasi-free p=0GeV

T-matrix binding
vs quasifree rate

180 200 220 240 260 280 300 320 340 360

TiveV] Du&Rapp, NPA943(2015)147

— R(T )Nst{lt’

R(t)=1—exp(—

NL];rim(O) —

Ny (0)

T(zy')=Ty™

dp
(2m

108

T(1S)

PbPb (5.02TeV), [y| <09 B \1P1
0 — 90%Centrality ALY)
; T 5 g 10

o T)

r/rfq)

t (fm/c) Wu et al., 2209.13795
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Equilibrium limit: J/y vs y(2S)

3 r ‘I T T T T J

. | POPb @5.02 TeV 0-1 Y% |

15 ¢

Raa

05}

02455 1IIJI1I2I1.4I16
time[fm] Du&Rapp, NPA943(2015)147

 Forlarge-mass particle m>>T:  n o (mT)¥?e ™7

*  ButNy<<Np Nee == sV = ye oc (mpT) %% - e™0/T )V

* The charmonium equilibrium number

N3 = VA2 nf = VA2(meT)* e ™/ ch*m,l, 2 ) ImH T2V - eFe/T

where binding energy Ep = 2mp — myg
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Statistical production of charmonia

[Braun-Munzinger and Stachel, PLB 490 (2000) 196]
[Andronic, Braun-Munzinger and Stachel, NPA 789 (2007) 334]

» Charm quarks are produced in initial hard scatterings (mcz > T.) and production

can be described by pQCD (mcz > Aqcp)
» Charm quarks survive and thermalise in the QGP
» Full screening before Tcr
» Charmonium is formed at phase boundary (together with other hadrons)
» Thermal model input ( Tcg, ptp — n}?)

dir _ 1
NCI!=EgCV(Z:nE+nR?+---)+gC (Z%“ +- )

& 7

Open “charm Charmonia

» Canonical correction is applied to nth

th
With exact charm conservation, charm balance equation:  prdir _ 1 NthIl( geNo h) ENth
e oc I l: CNEC)

e _9::
Production yields Np = chn%‘IL-"ID Nj/q;,- = ggan;}ﬁ,j

Charm fugacity determined by the input charm cross section (subject to CNM/shadowing):
N cpar=<Tap>doccPar/dy

cchar

Oor — 1/2 [O‘D+ +op- +0opo +opo + ogp,. + (J‘__R(_...]
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SHM of charmonia

Typical charm fugacity at LHC energies

o = =
82~ SHM, T=156.5 MeV, do _ /dy=0.53 mb I o0 | Sn=5.02 TeV, 0-10% SHMc, T _=156.5 MeV ]
B 1 35 -
301~ pp-Pp S.=5.02 TeV . - do, /dy=0.532 + 0.096 mb ]
28 — L Iyl<0.5 ]
r B 30 — - —
26 — ] B ]
24 B E o5 :_ a _:
22 - - .
- 1 - - ]
20 - 20 * 4
[ a : - :
18| . B x
16 . Sl E
ST PSRN RSPV IFNUAFIN ST APUAPAFIN VPRI AP L. 00, ... Achr LK XeXe,  Phh, |

0 50 100 150 200 250 300 350 400 2 25 3 35 4 45 5 55 6 65
Noart AV

SHM charmonia: prediction of w(2S)/1/w~0.05, a factor 3 smaller than pp
integrated R,, sensitive to input charm cross section

=
= = 1.6
_'-?:) ® pA %n:ﬁ W [5,0=5.02 TeV (ALICE. 2 5<y<4.0, 8% systunc)
'05 Data & DD(FZ_)} 1.4 ism=0_2 TeV (PHENIX. 1. 2=y<2 2 0% syst.unc.) -
0.2 b d .
= PbPb 12 Lines: Statistical Hadronization .
I A\ 3
0.15 A rs 1§ .
*% :| ]
data 0-8 ) _:
0.1 average oclg; ~oan"EEm m Sy, ® W
S U Ky S04 20000 MD ]
L ] 0.4 ] —
0.05 Statistical model Bl ]
0= W -
0 L L 1 1 | 1 1 1 1 I Il L 'l 1 I 1 1 1 1 I l-
o 2 3 4 o 500 1000 1500 2000
10 10 10 10 dN l"d I
Vs (GeV) /ANl
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Quarkonium excitation function: R, , vs sqrt(s)

1

0-20% mid rapidity T
o Total MB mid-rapidity
%) ez Primordial ‘J/llf 08 [ 1 Y(19) total
M Regeneration ‘ Y(2S) total
0.6 3 Y(1S) reg
< 06 | Y(2S) reg
< 2
ol - - \\
' 04 1 ) NN
02 02t
L
0 - - L ————
10’ 102 10° 10° 102 108 10t
Vs[GeV] Vs(GeV)

MH, van Hees, Rapp, arXiv:2204.09299

« J/y: at SPS, T<=230 MeV (from dilepton data), J/@ suppression due to hot dissociation
of excited states (¥, & W(2S)) + nuclear absorption (CNM) [direct J/p not affected]

« J/y: at RHIC & LHC: higher T & hot suppression stronger, but regeneration from abundant
near-thermalized c-cbar becomes efficient =» R,, becomes larger toward LHC energies

* Y(2S) similar vacuum binding energy as J/y, but very different R,, , because b-bbar small
number and less thermalization = nearly no regeneration = Y(nS) sequential suppression
and stronger suppression toward LHC energies (higher T)
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J/y r, , to characterize regeneration

: ‘ :
(a) Mid-Rapidity

[
1.6 - n - . T - - .
L 1 (a) - %CD charm
1.4 — 1.2 — 2 i
1.2 :— —: 1.0 - PP
a 1.0PERG. |- - T T T —— — o ]
A - RHIC A 08 i
o - 7
o os| - N i ]
Vv : . B ]
~ - . VY o6 |
< 06 . ““g B ]
N C o NAS5O0 Data |y|<1 N NA|_ L ]
S 041 ¢ PHENIX Data |y|<0.35 LHC — o 04
v ; : | P = : | : | \ O . | | -
L — | ' I | |
"< 1.6~ (b) Forward-Rapidity — 1] T (b) .
B m T - ]
a T - | E = 121 1
1.4F d | . — B ]
B ° RHIC - i
1.2 | - 1.0 oo e ]
C ] with Shadowing |
1.0 g e —
- ] 0.8 —
0.8 — no Shadowing ]
0.6~ ® PHENIX Data 1.2<|y|<2.2 Lhe - = ALICE Data 2.5<]y|<4.0 i
- ™ ALICE Data 2.5<|y|<4.0 . 0.4 N
0.4? ] ) _I I I | -
| | L | L | L | - L L
0 100 200 300 400 0 100 200 300 400
Npat  Zhou & Zhuang, PRC89,054911(2014) Npart

o J/Yraa=1.5(SPS) 2 1 (RHIC) = 0.5 (LHC): transition from primordial production at SPS
to regeneration production from a nearly thermal source at LHC

« Stronger thermalization (lower mean p;) of c-cbar enhances regeneration of J/y
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J/y: suppression vs regeneration

RAA

L] T Ll I Ll T L L | T L] L] L I 14
[ ALICE Preliminary, Pb-Pb, {5, = 5.02 TeV ]
2r Inclusive Jiy, |y| < 0.9 e Data (2018 7
- p,>0.15GeVic V1 (Ou etal) i
[ ™2 (Zhou et al.)
i Comaver (Ferreiro et al.)
= SHM (Andronic et al.) -
N
i - L, = 19.4 nb” (pp)
o 1 - -
" X. Bai, NPA1005(2021) be = 91 (Po-PDI
1 1 L 1 I. L L L L I L 1 1 1 | 1 1 1 1
) 100 200 300 200

§2

g

1.5

i
IIIIIIIIIIIIIIIIII

regeneration Inclusive Jhy, y|<0.9

/ RAANI ® Data

SHM

TMA

ALICE i
Pb-Pb {[s,,, = 5.02 TeV .
Centrality 0-20% ]

PLB805{2020)135|434 : ]

LICE

1

X0

7 6 B 10

X3 suppression p_ (GeV/c)

2

semi-classical transport: regeneration component p-spectrum modeled with
a blast wave - falling off two fast

reg
dN v
pidp;

R m; cosh y;
oC 1y rdrK; | —— ) Iy
0 T

Du et al. ’15, Zhou et al. 14, Ferreiro et al. 14

pr sinh y;

)

T

SHMc: hydrodynamic blastwave spectrum + pp corona

AN (h],.)
dy

Andronic et al. ’19

=g2Vnih o g? & doccbar/dy

M. He
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JIy “v, puzzle”

0.25 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
: ALICE 20 - 40% :Db—F'b, HQIN - 5,02 Tev | . 0.20 -Pb + Pb, V= 5.02 TeV, 20-40%, Jhy 2.5<y<4 1
02FALICE, *]7 °20 el S T - = ALICE _
- ’ b e inclusive [with SMCs]
0.15F - global syst : 1% - 0.15+ [ Jinclusive [without SMCs] -
- ] ____]previous blast-wave ]
o 01F |+| -]
o E ™~ ST, | SM S
I;u: » 3 > 0 . 1 0 B .'.. s "-::.!2::».-. T
=" 0.05 | = ; : Y,
D R -] L ’f' T ,,@,‘\3% )
C | X.Duetal. K. Zhou et al. (2.5 <y <4) ] 0.05 i E,;-"'Langevin T BB
o Inclusive Jvy, |yl < Inclusive Jivs lective _T] 7
0.05 1 0 Cahe Iy s incusive iy wlo noncollectve 3 -,/ c¢-cbar RRM
L ------ Primordial Jly, 254y <4 Primordial J/y . I E,’"
C 1 | - 1 ' | Ll P L M| L | - ] L o 1 M 1 M 1 M 1 L 1 M
0'10 2 4 6 8 10 12 0000 2 4 6 8 10 12
o PGV b (Gev) MH,Wu & Rapp,
* regeneration via RRM PR1L.128,162301(2022)
3=
Ey(p) SdPp

Ju(Z,p) = Co——~

myl 'y

O TR BB % o) nal P~ 7 )

transported ¢ & ¢ quark spectra
constrained by D-meson observables

« off-equilibrium c¢/c spectra + space-momentum correlations (SMCs)
=>» regeneration up to p~8 GeV = v, enhanced quantitative connections open-
<> hidden-charm transport
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Latest SQM22: J/y vs y(25)

0.025 1 e
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. . s - Negw ]
=>» regeneration of Y(2S) is much later (at 1 :gggzg:g}:gg Jy, ™
T~150-160 MeV) | = oAl Iy
----------- primordial y" /
< !
. = 1 A 1
o Raa(J/w) > Raa(w(2S)): production of both S
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* ALICE data of y(2S)/J/y favors transport

calculation; SHM is disfavored 16

0 8
Du&Rapp, NPA943(2015)147 time(fm/c)
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Open quantum system approach to bottomonia

* Regeneration of bottomonia is insignificant =» more direct window on suppression mechanisms
semi-classical transport: ['(T) vs Eg(T ) = a potential much stronger than F is needed
Du,MH&Rapp, PRC96, 054901 (2017)
Strickland et al., PRD 97, 016017 (2018)
» semi-classicsl transport: well-defined eigenstates (bound states) during in-medium evolution
eigenstates being dissociated, but no quantum transition between them

« Evolution of a single b-bbar pair wave-packet: time-dependent Schrodinger equation
with complex in-medium Q-Qbar potential Vv (r) = Vg(r) + iV;(r)

V() = RV ()] = fl’kn.ls(r-) if Vims(r) < Viac(rsp) Vis(r) =U = —E(l Fmpr)e™o + 2_0 16 — gre™0"
' 1‘4%('1'53) if Vikms(r) > Viac(rsB) " D
Strickland et al., JHEP03(2021)235

Vi(r) =SV (r)] = —CrasTé(mpr)
Purely radial potential = angular momentum is conserved u(r. @, ¢,t) = ri(r, 0, 0,t)
u'{:"lf 9! @, t} - Z u‘fm{f"r t]}/E'm (E}= Cl)] Hf - ﬂ + T/':ﬂ"f{*?l’ t:l

fm

+  Independent time evolution of different | states:  we(r, t + At) = exp(—iH At )ug(r,t)

with initial wave-function w;(r, r = 0) o< " exp(—r°/A®) 3 finally projecting onto vacuum eigenstates

+ The total norm of a single b-bbar pair is conserved, but are being redistributed into different
bound eigenstates and unbound (dissociated) state due to ImV [if there’s only ReV, expansion
coefficient c,(t)=c,(0)exp(-iEt), probabilities not changing]
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0QS: reduced density matrix

* Db-bbar as an open quantum system interacting with the medium
described by a reduced density matrix: (n,q|ps(tp:tr)|n, q)

Raans) = = a0 @)

Probe = heavy-quarkonium state
. Medium = light quarks and gluons that comprise the QGP

* Can treat heavy quarkonium states propagating through QGP using an open
guantum system approach

Htot — Hprobe ® Irnedilun + Iprobe & Hmedium + Hint

* Total density matrix
Ptot — Z'pj
J

* Reduced density matrix Brambilla et al. 2018, 2019, 2021; Yao 2021; Akamatsu, 2021

d

— " 7 Ptot &= —i[Htot,Ptot]

dt

Vi) (Y

Pprobe = Trmedium [,Otc.t} —_— Evolution equation?
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OQS: pNRQCD + Lindblad equation

Non-relativistic bottomonium + medium scale hierarchy: marginally satisfied only by Coulombic Y(1S)

M > 1/ay> nT ~mp> E. Brambilla et al. 2017, 2018, 2019, 2021

environment correlation time 7. ~1/1T, . . .
Markovian approximation,

Tp =2 Ty " . .
k £ Insensitive to prior evolution

system/bottomonium intrinsic time 7s ~1/E, =

) ) 1 I : . bottomonium quantum
system relaxation time 1/I": 7z ~ YT Ts 2 TE- . 9
s ap(aT) Brownian motion

Non-relativistic bottomonium: pNRQCD, singlet & octet as d.o.f. + dipole coupling to medium gluons

1 2 -- ’
ﬁ — __ e puv.a +Tr {ST (L h — p_ — lh) S + ()| (J‘, h — p_ — ll”) ()}

4 KV m m

+ 1,1Tr {()| . QE S + S' - QE ()} — Singlfat and octet F-mter;tlials
O'r- gES Vs(r) = f'fff—:

L : Vo(r) = —=
T {O'r - gEO +0'0r gB} — — T N

(J'{r-;E_ 0}
Lindblad equation for the reduced density matrix (diagonal in color singlet & octet space)

, 1
—i[H,pl + > _(CipC] — 5{0302'3 P})

VB

+

ps 0O @_

p= —
0 Po dt
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OQS: pNRQCD + Lindblad equation

Lindblad equation for the reduced density matrix (diagonal in color singlet & octet space)

.‘I." g 0 2 o 1 D <( 1 ‘,1 . 0 l 5 <( 1 ‘.1 . O
H = . +%‘_-I'fll - c) = Y i , Cl =4/ MY i
0 No 0 i6 8 ‘\/g 0 16 O

Transport coefficient: heavy quark mom. diffusion coefficient & quarkonium mass shift = lattice QCD

g e i b b.i
v =T Re / ds (T E“"(s,0) " (s,0) E”"(0,0))

92 +oo . :
TTR Im/ ds (T E“"(s,0) @a'b(é'e 0) Eb"'z(oe 0))

* Reorganized into

d robe 5 .
pr()ﬁ = _?’Heﬂ'ﬂprobe + 3Ppr0beHgf-f + Z Ch Pprobe C;j;
" :2 ) =
with non-Hermitian effective Hamiltonian with total width '~ ImV &
=» no mixing between different color & L (1 0 ‘
5 = kr' Nz |7
Heg = Hprobc — §F 0 2(N2—1)
& 6 collapse operators =» mixing between different L by =1 —
color-dipole singlet-octet transition I
K 0 1 p_ [(N2=4)k (00
CE_VNE—IT(\/NE—IU) Cf_\/Q(N,_?—l)' (01) =0
singlet octet
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Open quantum system approach to Y states

. . Brambilla et al. ’17-21, Yao et al., °21, Blaizot 18
D + s s ’
» 0QS pNRQCD = Lindblad equatlon Akamatsu ’21, Rothkopf °20, Gossiaux et al. 21

1 | .
ﬁf;(;) = —i[H, p(1)] + Z( WP (1 —;{CEC”.,‘)(F)}*) M=z 1/ay> T ~mp>FE

« quantum transition between different states included, lacking in semi-classical

+ regeneration currently limited to diagonal bb

« Coulomb potential + transport coefficient kK encoded in C_

R e {Ru(T) Re(T).RulT)}, = -1.75 0.08 R e {R(T)Re(T).Ry(T)}, § = -1.75
5.02 TeV Pb-Pb ® ALICE-Y(1S) et S
ALICE: py <15 GeVand 25 <y <4 W ATLAS-Y(1S) ] [ A CMS 1 1N 1 I
1.0 B ATLAS:pF, <15GeVand|y <15 A CMS-Y(15) 0.04 | QT i ° Y(IS) In medlum Wldth
CMS: py < 30 GeV and |y| < 2.4 © ALICE - ¥(28) r n raj 1 — 24
08k QTraj: pr< 30 GeV and y=0 O ATLAS-Y(28) | L 1 l—‘Y(IS) 3a0 K 50 Mev at
‘11 A CMS—Y(28) D,OZT ) - T~250 Mev
— QTraj-Y(18) 5 F . 1 l;
EI%0.6 1 — QTraj-Y(2S) 1 1‘5 0.00 — e }
QTraj - Y(3S) L ]
y SEE | ] » values & results comparable
AT ] -0.02 8 . .
[ 5.02 TeV Pb-Pb ] to semi-classical approach
] [ pr < 50 GeV ] N )
[ QTraj: y=0 i 1
oo . g 008 ' ' ‘
0 100 200 300 400 10 30 50 90 10-90%

Centrality (%)

Npar‘t

Brambilla et al. °21
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Summary & outlook

% HFs: excellent probes of sQGP structure, transport properties,
in-medium force & hadronization

 a small open HF diffusion coefficient D,
» recombination/color neutralization important:|> h strong V(1,T)
 quarkonia melting by large reaction rates

=» connection between open- & hidden-HF, e.g. via J/y regeneration

+» HFs: outlook into Run3 & ALICES3 see ALICE Collab.: Letter of intent for ALICE 3

3 (some) ALICE 3 physics goals
LICE
Heavy quarks interact Heavy quarks “flow” Bound states are affected HF-hadron production modifiec
and lose energy with the medium by deconfined medium at high densities

¥ L
- adéd -
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(A2D) sse

coalescence model

€

¥

X(3872) production in HIC

¢ inner structure: compact tetraquark vs loosely bound molecule

D°® — D*° molecule

Cho et al. ’11
Ncnalmslat

= —_ — —
S @ o o ¢
(] = [=] = ]

p Q X(3872)
K A

Nmolecule > Ntetraquark by x10 or 100: yet no

N{X3IBT2)/ N event

Tetraquark (4q)

10
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104
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&6

coalescence within
AMPT zhang et al. °21
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|
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80

100

account of hadron phase reactions nX <-->DD*
=>to be better constrained

transport model
Wau et al. °21

4
Tetraquark
. Molecular
{IT:D 3 Eqinlt
- EQfinal
Sz
=
]
D
= 1
o
0
1] 100 200 300 400

Npart
Ntetraquark > Nmolecule by X2, molecule
regenerated in late hadronic phase,
tetraquark chem. freezeout at T,

M.
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