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Quarkonia: probes of QGP

% The suppression of the charmonium production can be a signature of the formation of the Quark

Gluon Plasma |[Matsui & Satz 86

Non-perturbative Vacuum

oo

Perturbative Vacuum

@7
V(r)=—— 4o V(r,T) = -2 oo
(A r

E(r) ot the ccbar system should have a minimum wrt r if a bound state 1s possible

No
The condition for an extremum of E(r) is solutions
9 ﬁ the bound state
r(l+xz)e ¥ = with = =71/\p will be “melted”
MeQef fAD / Ap < F

QGP thermometers
4 [26



Beyond color screening

Classic picture Effective-theory picture Lattice NRQCD

Vacuum QGP M > My > Mvz, T, my, - Integrate out the heavy scale M

- no thermal wrap-around of

° V(r,T) =Re V(r,T) + t1m V(r, T') heavy quarks

Tlow T T higher T Cr.T) = J+oo dow p(w. T) K(7)
° ; ;
. . N > =
™ I I
; 1\20 > ] M('T) > Kiz)=e¢", 7, . =1/T
Screening weakens binding thermal scattering broadens the spectral peak more Euclidean-time information

Laine et al., JHEP03(2007)054,
Brambilla et al., PRD 78 (2008 )014017,

Beraudo et al., NPA 806 (2008) 312,...
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Non-Relativistic QCD on the lattice

® DBottom quark on the lattice:
S. Meinel, PRD 82, 114502 (2010)

— Tree-level tadpole-improved NRQCD action, with O(v°®) corrections R. Larsen, et.al., PRD 100, 074506 (2019)
R. Larsen, et.al., PLB 800, 135119 (2020)

— Bare bottom mass tuning: matching kinetic mass Mkin’nb to its PDG value

® Background gauge fields with (2+1)-flavor dynamical sea quarks:

— HISQ/tree action

— Quark mass: mSphy/ml =20 (m_~ 160 MeV)

‘.‘
mu NuclearScience
Computing CenteratCCNU

— Temperature is increased by reducing the temporal extent: N € [16, 30], T € (133, 250) MeV

— Two fine lattice spacings used: a = 0.0493 fm and 0.0602 fm

HTD, W.-P. Huang, R. Larsen, S. Meinel, S. Mukherjee, P. Petreczky and Z. Tang, JHEP 05 (2025) 149
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Effective mass in the vacuum

M eff(’[) = log

C(t, T)

Cit+a,T)
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All vertical scales are calibrated with the spin-averaged mass of 1S bottomonium hereafter

¢Mild effects arise from different extended sources for ground states at T = 0

¢Plateau starts from t ~ 0.25 tm, but shorter for excited states with worse signal
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Mass spectra in the vacuum

Mass difference: AM = M — (M, + 3My)/4
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O A . wave-function optimized results ‘ : PDG values
at two lattice spacings

: Gaussian-smeared results : . lattice-predicted Mnb(3S)
: R. Larsen, et.al., PLB 800, 135119 (2020)
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Effective mass at nonzero temperature
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¢ Short distance: temperature independent
¢ T <170 MeV: weak T dependence

¢ Higher T: clear in-medium effect, more in excited states
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Effective mass at nonzero temperature
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¢ Short distance: temperature independent
¢ T <170 MeV: weak T dependence
¢ Higher T: clear in-medium effect, more in excited states
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Disentangle the medium effects

0.1 |

0 MeV =~

Continuum-subtracted correlator

Con,T) = C(z, T)— C_, (1)

Temperature indep.
Extracted from T=o0 as:
Ccont(T) — C(T, T = O) — Ae Mz

Sensitive to
thermal effects

»+00
C(r,T) = do p(w,T) e

J —00

Peonl(@) = p(w, T = 0) — As(w — M)

,Omed(a), T) = ,0(60, T) T pcont(a)a T)

Zero T limit: p_ . 4(w, T =0) = Ao(w — M)
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Continuum-subtracted effective mass of Y states

Coub(® T) 0.0 e :

i sub i
MSUb(T T) . 10 0.03 ¢ Mg v (15) [GeV] :
Csub(T +a,T) 0.02 - _
0.01 | % .
Pmed(@) = Ao(w — M) 0 %
€No thermal effects: 001 |
MSUb(T T): T indep. L ong
) —0.03 F T ; 189
¢ Thermal effects: —0.04 = = 194

—0.05
Pined(@, T) = s (@0, T) + A (T) 6 (0 = anoy (T)) 0 0

Msub(,[ T): z dependent Thermal effects start to enter in 1S state of Y
at 7 =2 200 MeV
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Continuum-subtracted effective mass of Y states
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‘Thermal effects start to enter 1n 1S state of Y

at T 2 200 MeV
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¢Short distance region: close to the case in the vacuum

¢Middle distance region: nearly linear decrease, stepper slope at higher T

¢Large distance region: sharp drop, obvious for higher T
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Parameterization of spectral functions
['(w, T)

pmed(a)a T) — AIOW(T)5 (a) — a)low(T)) T Amed(T)—2
(0) o Mmed(T)) + 1"2(60, T)

100
] ¢ Cut-Lorentzian Bazavov, et al., PRD 109 (2024) 074504
>
G, 0.0001 } o :
3 | ¢ Smooth-cut-Lorentzian  HTD, etal, JHEP 05 (2025) 149
=Y 6
1x10 © ¢
| ['(w) =T 0scut — (w — M)) O4(cut + (v — M))
1x10® Lorentzian - - - 3 - -
‘ smooth cut Lorentzian ----- : 1 X
g0 T-matrix, 1P —— Os(x) = > 1 + sgn(x)tanh (E)
X
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Smooth-cut-Lorentian: Better description of the peak tail motivated from the '1-matrix spt

Liu & Rapp, PRC 97 (2018) 034918, Tang et al,, Phys.Rev.D 112 (2025) 3, 034030
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Triangle: cut-Lorentzian; Pentagon: Smooth-cut Lorentzian

Green points:a=0.0602fm, others: a=0.0493fm

¢ AM: consistent with zero: almost no change in the in-medium masses

¢ Unscreened real part of HQ potential seems to be supported up to 250 MeV

HTD, W.-P. Huang, R. Larsen, S. Meinel, S. Mukherjee, P. Petreczky and Z. Tang, JHEP 05 (2025) 149
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In-medium thermal width of Y states
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*Modeling tail of main peak matters

*Significant increase with rising temperatures

*Sequential hierarchy appears in the magnitudes of the thermal widths
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HTD, W.-P. Huang, R. Larsen, S. Meinel, S. Mukherjee, P. Petreczky and Z. Tang, JHEP 05 (2025) 149
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In-medium thermal width of )(b() states
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*Modeling tail of main peak matters
*Significant increase with rising temperatures

*Sequential hierarchy appears in the magnitudes of the thermal widths
HTD, W.-P. Huang, R. Larsen, S. Meinel, S. Mukherjee, P. Petreczky and Z. Tang, JHEP 05 (2025) 149
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M[MeV]

What generates the hadron mass?

2000-
| -0
] 5 —s
1500 - =
| —— = | % N
] S —T— A
. —— /\
] 1P
500 1 K — e>.<periment
. —= width
| o input
1= n & QCD
0

Durr et al., Science 322:1224-1227,2008

Quarks

U,

~920 MeV

~1000 MeV

Most of the proton mass comes from

strong force
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s J/y simply two charm quarks ?

Current quark mass: mﬁ,‘TS(mc) ~ 1.27 GeV

Pole/Constituent-like mass:

_ 4
mP = S ) (1422 4.0 ) 1.5 Gev
/A

18/26



Energy-Momentum Tensor (EMT):
from QCD operator to hadron-mass sum rules

(H(p)| T" | H(p)) = 2p*p*

THY — (T””’ _ l ghT* ) T l ghT*

4 4
Traceless Trace
Quark part Gluon part
For QCD: TSED = Tg‘”+ Tg” =My + M, + M, + M,
quark  explicit
. gluon
kinetic  quark anomaly
energy

energy  mass
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Current status: partial EMT access from experiment and lattice QCD

Recent lattice QCD: Earler lattice QCD
Deeply virtual exclusive processes GFFs and spatial structure accessible proton mass decompositions:
=> partial GFF / traceless EM'T access but the trace sector remained difficult relied on partial EM'T input or
o indirect closure
(MS, y=2GeV)
L3715 o 03_@0%0 5 Z

g

$ u+d+s 027

Zaﬁa Q0O 50

s ~ 0.40-

< D
€ 0.35-
i)
g 030-
3 0.25- —
&
S 0.20-
v
2 0.15- H,

~ § 0.10 A He

= S Ha/4

Q | a
a 0.05 0

0.00 +— . . l . . . .
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175
— m2 (GeV)?
0.0 0.5 1.0 1.5 2.0
—t [GeV?]
See EXP extracted pressure distribution 1n e.g. Hackett et al., PRL. 132 (2024) 251904 Yang, et al.,[yQCD|, PRL 121 (2013) 212001
. :

Burkert, Elouadrhiri & Girod, Nature 557 (2018)396
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Current status: partial EMT access from experiment and lattice QCD

Deeply virtual exclusive processes
=> partial GFF / traceless EM'T access

e (1) —» / 7 (@)

Recent lattice QCD:

GFFs and spatial structure accessible
but the trace sector remained difficult

(MS, u=2GeV)

1.5 5 total 3o, s

% 2 0.3 7 %O%Q O u

$ u+d+s 027 %Oo c} § d

éam Q0 OOOOQ
1.0 13 0.1 A%é% . 1} 0050
KOTHS
= 0.0 : S
{ =8 . T T T T T
“ s 0.0 0.5 1.0 1.5 2.0
0.5_k$§ ) '».f"l\ %

Need all EM'T Componént, specially the trace sector,

Earler lattice QCD

proton mass decompositions:
relied on partial EMT input or
indirect closure

S 0.40 1

Q
© 0.35-

(o) in one common scheme and scal
// 7T P | s - H
~—_ ___— h . Y J 00 05 10 15 20 S 0.101 Hi
p—» £ T = ~ : ] I H,/4
N < v g £ 00s- "
' ~0.2 - | m
t on | BT t 0.00 . . l . . . .
n —4 - ' . 0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175
T ~0.6 W m?2 (GeV)?
00 0.5 1.0 1.5 2.0

See EXP extracted pressure distribution 1n e.g.
Burkert, Elouadrhiri & Girod, Nature 557 (2018)396

—1 [GeV?]

Hackett et al., PRL. 132 (2024) 251904

Yang, et al.,[yQCD], PRL 121 (2018) 212001
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What was difficult before

| | |
Tp(,(x) =0, pg(x) —-—0, pa(x) +—0; pg(x) -—=0, pa(x) — 04 pa(x)

-+ -+ 2
Gluon part: 7, Quark part: T,
2 ¢ - 0 - 0 O, . = ( 4 )
@1 po — —ZTI’C F,Oa)F(fa) ? @2 po = —25p0TrC Fa)cha)g e Z s Z fo Vp }’0 Vs
: )% _ _ | o
@4’p0 - P"Z wa/l//f’ @5,;00 - 5p02 MWWy

f
Tensor operators: O, ©O;  Pure-trace operators: 0,, 0,, O

¢ EM'I trace lies 1n the scalar channel under lattice hypercubic symmetry = mixing
with lower-dimensional operators

¢ power-divergent subtraction 1s required

¢ conventional RI/MOM-type renormalization: gauge dependent/IR sensitive/ noisy

Belinfante, Phys. Rev. 128 (1962) 2832; Belitsky & Radyushkin, Phys. Rept. 418 (2009) 1; Freese, Phys. Rev. D 106 (2022) 125012,...
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Our strategy: from gradient flow to a common MS EMT scheme

Gradient Flow (GF):
JB,(t,x) = DG, (1, X),

Flow time tfsmooth UV ftluctuations

over a radius of , / 8tf

flowed/smeared field

Operationally in this work

at fixed tf

.

( )
Flowed EMT

_/

)

-

\_

.
Takea — 0O

N

at each fixed tf
_J

_l/

Luscher et al., 10°,

Bﬂ((),x) = Aﬂ(x)

®
® ® __. o
®

rough field

11, 14

-

\_

2-loop matching
GF — MSbar

~N

Small-flow-time EMT reconstruction

TMS(x, ) = lim X.¢,(1, WO, (15, x)

=

Hlowed operators are matched to the physical EM'1;

subtractions

common framework

J

J\,

_Vk

Zero-Flow-time
extrapolation 7, — 0

2

the coethicients ¢; are known perturbatively

¢ controls mixing and avoids power-divergent

¢ puts traceless and trace sectors into one

All EMT ingredients
IN Onhe common
scheme

common scheme-and-scale determination of traceless and trace contributions

22/26



Lattice QCD closes the J/y & 1. mass budget across independent sum rules

Same EMT input; HRT / Lorcé: 2-part organization; MPR /Ji: explicit trace-sector split

J/y mass budget

HRT Lor MPR

J1

Gluon energy is sizable

About 15% in Lorce/MPR,
About 30% in HRT

The Ji anomaly term is visible
277 MeV in J/y , close to 9%

Forward-limit GFF tests close
A +A,=1C.+C,=0

First direct results for C

M,: charm energy ; M,: gluon; M, : explicit charm-mass term; M ;: trace-anomaly

Four Sum rules: J1, PRL 74 (1995) 1071; Hatta, Rajan, & Tanaka, JHEP 12 (2018),008 ; Lorcé, EPJC 78 (2018)120; Metz, Pasquini, & Rodini, PRD 102 (2020) 114042

D. Bollweg, T =, &5, &

}, S. Mukherjee, arXiv: 26001.13070 , to appear in PRL 23/26
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Lattice QCD closes the J/y & 1. mass budget across independent sum rules

Same EMT input; HRT / Lorcé: 2-part organization; MPR /Ji: explicit trace-sector split
J/y mass budget 17 mass budget

HRT Lor MPR Ji HRT Lor MPR

M,: charm energy ; M,: gluon; M, : explicit charm-mass term; M, trace-anomaly

Four Sum rules: Ji, PRL 74 (1995) 1071; Hatta, Rajan, & Tanaka, JHEP 12 (2018),008 ; Lorcé, EPJC 78 (2018)120; Metz, Pasquini, & Rodini, PRD 102 (2020) 114042

D. Bollweg, T =1, &#, ¥, S. Mukherjee, arXiv: 2601.13070 , to appear in PRL 24/26
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Summary

M Sequential thermal broadening & No significant changes in in-medium masses of
Y(15,28,3S5) and y,,(1P,2P,3P)
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Happy Birthday, Prot. Zhuang!

Wish you health, joy and many more inspiring moments!
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Energy-Momentum lensor (EM'1):

from QCD operator to hadron-mass sum rules

MU UV UV
TQCD =1, + 1,

(H(p)| T" | H(p)) = 2p*p*

1 1
TH = (T/’w — ZQWTO(C)) + Zg’“‘”TOfx

same EMT information— different organizations — different hadron-mass sum rules

Ji | HRT | Lorcé | MPR

Ji, PRL 74 (1995) 1071 ;Hatta, Rajan, & Tanaka, JHEP 12 (2018),008 ; Lorcé, EPJC 78 (2018)120; Metz, Pasquini, & Rodini, PRD 102 (2020) 114042
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Four sum rules

—\ P
Y A - (H| (135) " |H)
Mg =Y MYRT, with MYRT = YV
0.8 - :
=
< 0.6
S MS
E — Lor . Lor __ <H|TXaOO|H>
04- My Xé;,j\/fx , with M oMy
0.2 1
0.0 > ME, with M, = MMPR,
HRT Lor MPR X=q,9,m,a
M) = Mo — iMqHRT — %M})fPR,
MPR : MPR
MH — Z M . with Mm — Zaf7 i Lor 1 HRT
X=gq,9,m / My~ =M, _ZMQ ’
MMPR = MLt — N "oy MMPR = pler, ji _ L1 HRT HRT MPR
q q Xf: Ma1=Z[Mq + M, — M, ]

Ji, PRL 74 (1995) 1071 ;Hatta, Rajan, & Tanaka, JHEP 12 (2018),008 ; Lorcé, EPJC 78 (2018)120; Metz, Pasquini, & Rodini, PRD 102 (2020) 114042
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Challenges on the lattice

¢ Fine lattices spacing, a=' > m,, to accommodate
heavy quark on the lattice

¢ Inverse problem to extract spectral functions
from Euclidean two point correlation functions

G(T,T):/(;—: p(w, T) K(w,r,T); K(r,w,T) =
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Effective mass of y; 1P, 2P & 3P states at at nonzero temperature
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Correlators with extended sources

C(z) = ) (0(x,7)07(0, 0))

(Gaussian-smeared source

R. Larsen, et.al., PRD 100, 074506 (2019)

O(x,7) = ¢(x, ) (X, 7)

il
Bottomonium interpolators

il
Smeared quark and antiquark fields: g = Wqg

Width I

Tz
| O ) \N
Gaussian-shaped factor: W = | 1 4 A

!

Smearing step

Wave-function optimized source

R. Larsen, et.al., PLB 800, 135119 (2020)

O, (X,7) = Z VY (r)gx+r,70)lqg(x, 1)

v,

Solved from discretized 3D Schrodinger eq.

ny,

v

O(a™)-improved

+ V(r)

S. Meinel, PRD 82, 114502 (2010)

Y(r) = EY%Y(r)

discretized Laplacian

) 4

Cornell potential
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Correlators from lattice NRQCD

-

NRQCD formalism

® Scale separation: M, > My > My’

mass momenium

v
1 for bottomonium

energy

Heavy-quark velocity, v ~ 0.
E. Eichten, et.al., PRD 21 (1980) 203

® Hamiltonian expansionin v :

}

AQ@)

Leading order O(v?) : H, = 5,
b

Corrections up to O(v°) : spin-dependent terms included

B.A. Thacker, G.Peter Lepage, PRD 43 (1991) 196-208

G.Peter Lepage, et.al., PRD 46 (1992) 4052-4067
S. Meinel, PRD 82 (2010) 114502

\

/"

Temporal correlator calculation

® |nitial value problem: No gg pair creation

® Discrete evolution along Euclidean time:

GX, 7+ a) = K(7) G(X, 7)

v

Heavy-quark propagator: G(X, 7) ={{g(X, T)qT(O,O))

a&;b)(l )l (1) -

Lepage parameter: discretization time step

Evolution operator: K(7) = (1

® Meson two-point function:
C(r) = ) (0(x.1)07(0,0)) = ) Tr[G'(x, )I'G(x, )I"]

= ¢(x, DI'G(x, 7)

|

Wqg,G=WGW'

Meson operator with smeared field: O(X, 7)

Smeared (extended) field: g(X, 7) =

_/
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Correlators from lattice NRQCD
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NRQCD formalism

® Scale separation: M, > My > My’

mass momenium
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1 for bottomonium
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Heavy-quark velocity, v ~ 0.
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Temporal correlator calculation

® |nitial value problem: No gg pair creation

® Discrete evolution along Euclidean time:

GX, 7+ a) = K(7) G(X, 7)

v

Heavy-quark propagator: G(X, 7) ={{g(X, T)qT(O,O))

a&;b)(l )l (1) -

Lepage parameter: discretization time step

Evolution operator: K(7) = (1

® Meson two-point function:
C(r) = ) (0(x.1)07(0,0)) = ) Tr[G'(x, )I'G(x, )I"]
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|

Wqg,G=WGW'

Meson operator with smeared field: O(X, 7)

Smeared (extended) field: g(X, 7) =

J




