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Heavy Quarks in Heavy ion Collisions
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e Aim to understand the strongly coupled Quark Gluon Plasma (QGP)

e Heavy quarkonia produced in early stage heavy-ion collisions
e Described by transport coefficients

e Heavy quarks thermalize via diffusion (Focus of this talk)

Image by S. Bass
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e Nuclear modification factor Raa and el-
liptic flow vy described by spatial dif-

fusion coeflicient Dy

e Varying results for temperature depen-

dence across theoretical models

e Input for quarkonium production models

Figure: X. Dong CIPANP (2018)
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'y Quark diffusion: Langevin perspective

e Heavy quark energy changes only little when colliding with medium

Ex~T, p~VMT>T

e HQ momentum is changed by random kicks from the medium

— Brownian motion; Langevin dynamics can be used

dp; K
ditl - - 21\/1Tp1 + Sl(t) ) <§(t)€(t/)> - Hé(t - t/) :I\t\mi‘hlk\ %x\u\(lxlh())\l lR‘\lml)l(\'\ an Hees 05
Associated Fokker-Planck equation
ofq(p,t) 0 0?
QT = *a*p.[me(P)fQ(pat)] + @[ﬁij(P)fQ(Pat)]
i 1~]

e Single coefficient x gives access to multiple interesting quantities:
Dy =2T%/k  np =r/(2MT) TQ = N5
Spatial diffusion Drag coefficient Relaxation time
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Heavy Quark diffusion: Field theoretical view

e For Heavy quark vector current j define force F = Mdj / dt, — Kk becomes:

-3 [ (e o)

Expand the force in 1/M D}, D2 + B]
i _ 4 | _oFi ) Cpgo -
P ot [-ep+ D oer A

Note also Lorentz force

F(t) =p=q(E+v xB))(t)
e Switch to Euclidean space correlation function:

_ 1 i Re Tr [U B, )gEi(Ta O)U(T7 O)gE1(07 0)]>
3 (Re Tr [U(8,0)]) ’

i=1

°. (ReTr [U(1/T, 7)Bi(r, 0)U(r, 0)B;(0,0)])
12: 3(ReTrU(1/T,0))

Moore and Teaney PRC71 (2005), Caron-Huot and Moore JHEP02 (2008)

A. Bouttefeux and M. Laine JHEP 12 (2020) 150, M. Laine JHEP 06 (2021) 139 4/ 18



Heavy Quark diffusion: Perturbation theory

2T * dw
REB = M W pl) CGrp(7) /0 ™ pl) sinh 57

e Perturbatively known up to NLO

T 2T AT N,
KJE:g 2N (In— 4+ &) +N¢ [ In— +¢& +ﬂc
2771' mp mp T

e Total x up to (vZ) ~ O(4;) corrections
2 ........ LO
Ktot ™~ KE + §<V >KB —— NLO
1.0 e Mg = mé

e Perturbative series unreliable 232
—mme Moo = mg — 38°Tp

e HTL has too strict %05
assumption mg < T
e Non-perturbative 0.0
lattice simulations needed .
10° 10! 102 103 10*
T/T.

Moore and Teaney PRC71 (2005), Caron-Huot and Moore JHEPO02 (2008) 5/18



e Quarkonium in medium can be described by Limbland equation sece: presentations tomorrow
e Can be shown to depend on two parameters x and
e x is related to the thermal width and is similar to heavy quark diffusion
e v is related to the mass shift
e FEuclidean correlators similar, but with adjoint Wilson line (complicated on the lattice)
1o 2T 1 [ dw p(w)
-3 ; (ReTr [gEi(r, 0)0(7, 0)gE:(0,0))) , = lim T=p(w), v= =g~ | 375~
e v for normal heavy quarks expected to be zero
e Also related: Diffusion of an adjoint static quark
13
8.symm _ i,c i
GRE™ Ls = 3 D (O (NT, fube B (6)G (1, 0) g E(0))
i=1
Brambilla et.al. PRD96 (2017), Brambilla et.al. PRD97 (2018), Brambilla et.al. PRD100 (2019),

Eller et.al. PRD99 (2019), Scheihing-Hitschfeld & Yao PRD108 (2023), V.L. Lattice2023 6 / 18



: Fuclidean Correlator

e HQ current-current correlators hard on lattice:

. . Problem: Transport peak at zero
O Lo O 0 © O C e HQET inspired Euclidean correlator is transport peak free
=

3
1 (Re Tr [U(B, 7)gEi(7,0)U(7, 0)gE:(0,0)] _ (ReTr [U(1/T, 7)Bi(7,0)U(r,0)B;(0,0)])
Ge(T) = —3 ; [Re Tr [U(3, 0)]) . Go(r) = ; 3(Re Tr U(L/T, 0))
e Field strength tensor components need discretization
e Corner discretization most common choice, other discretizations also possible
e On lattice there is a self-energy contribution that has to be renormalized
e For chromomagnetic fields there is also a finite anomalous dimension and

renormalization is required

Caron-Huot et.al.JHEP04 (2009) 053, Christensen and Laine PLB02 (2016) 7/18



Gradient Flow

o o 0S
. © aB,—-5M_p .,
e o o o o o o o Gt)HV = a‘uBt’y — &,Bt’“ + [Bt#“ Btﬂj] o j*\/ 8{
e o o o o o o o \

Bo,, = Au <— the original gauge field

Diffusion equation along flow time ¢
towards stationary point of the action

e Smoothes the gauge fields with radius /87¢

Renormalizes gauge invariant observables /87 > a

o SN . e Avoid oversmearing/overlap /87 < 7/2

See e.g. M. Liischer JHEP 08 (2010) 8/18



Renormalization and spectral function: Gg

Normalize the data with perturbative LO result (also tree-level improve)
Gnorm _ 7T2T4 COS2(7FTT) + 1
BB sin*(77T) ' 3sin’(x7T)

e On Lattice E has non-physical self-energy contribution
Removed by the flow. Previous studies used the 1-loop result:
Zg =14 g3 x 0.137718569. ..+ O(gd) (Christensen and Laine PLBOZ (2016))

e Still need additional normalization, normalize to 1 at small 7T

e 1-loop GF behavior of Gg partially known a.. miter 2021, 1. Altenkort et.a1.2023
e Model the spectral function by connecting known IR and UV behavior with ansatz:

RW

pr(w) = oF

2 & 2 2 2

g Crw’ g w 149 8w
naive = 1 Nel = In— - =0
PQCD,naive(w) P { + )2 { ( I 3

e Set scale such that NLO UV contribution vanishes
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Renormalization and spectral function: Gg

e xp more complicated, requires renormalization
GV (7, 78) = (1 +708” In(1v/878))*Zaaow Gi> 7 (7, 1) + ho - (7/7),

e Normalize at finite flow time with GHow

e Assuming hy = 0 for simplicity. We see very little flow time dependence even with
this assumption.

e Zaow can be fit parameter, or literature result . Altenkort et.a1.2023

e Use same tree-level improvement as for E-correlator
e IR model the same:
RW
pe(w) = o

e UV now depends on flow time
2 3
PRV (0,75) = Zaow BV (1 1 g2(1)(B0 — 20) 122/ (A?)) + 8 ()0 In(B7wn”)
e Again, set the scale such that the second term vanishes

Banerjee et.al. JHEP08 (2022) 10/18



Inversion of the spectral function

step _ ——— plne
e p(w) known at IR and UV I h ey
103_ ...... SEP \/ﬁ/7703 ...... ine \/E/T—O?) /,/
e Connect IR and UV with i) step ii) line /
t & /
e Simple step function pf Cp( ,T) = K 102 ,/
PR (W, T) 0N — w) + pp g (w, T) 6(w — A) 3
101 /
e Physically motivated /
_____________________ ,’
p(w) = \/pfg + cpfjy, Francis et.al. 2015 102 Rttt
e Interpolate with line 1073 102 10! 10° 10! 102
w/T

P (0 T) = Bt 0, TIO™ — )+
{pngwR, 1) - PG, T)

E (=) + Al (™ T)] x 0w — )o@V — w) + o (@, T)O(w — WY,

w —w

e Either compare directly to data or do more advanced fit
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Raw (normalized*, tree-level improved) lattice data

¢ 483x24 T =11T,
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e Normalize and improve the data with LO perturbation theory
e Thermal effects dominant in forming the shape

_ Gg(Ny,8) /Gg(2N, B)
R2 (Nt) - GEOHH(Nt) Gﬁorm(QNt) .
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Limits

Gg, V8T1¢/1=0.231/0.299, T=1.5T,

Gg, T=1.5T,
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TF
Take limits in correct order:

1. Continuum limit to zero lattice spacing
2. Zero flow time limit
3. invert spectral function
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kg results

NLO ¢ Brambilla 2020 Bramila 22

30+ [0) Banerjee 2012 41 Banerjee 2022a
Francis 2015 Banerjee 2022b Banerjee 22b

(i Brambilla 2019 >  Brambilla 2022
Fm 20 A Altenkort 2021 - Barsssiazs

Q T —_—
(l\:‘ 9 Altenkort 21
S
10 Brambilla 20
+i "#’ 1% + Francis 15
01, . . . . . : : ‘ Banerjee 12
1.0 15 2.0 2.5 3.0 35 4 & st 8
T/T.

e Results of different groups agree very well
e Error dominated by the systematics from the p(w) inversion

e Matches well with NLO perturbation theory
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kg temperature dependence

e Can fit temperature dependence

51 -- | Brambilla 2020
Banerjee 2022b
e ‘CrN 2T
LD K= g HEiC +£+Cm7E g Brambilla 2020
™ 187
~ 31 -
~
© 2nTDs = « — —1 Banerjee 2022b
2 = (TC )
1,
07 T T T T T
10° 10! 102 10 104
T/T.

e Good agreement between the different approaches
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kg depend

e1ce o1n

lynamical fermions
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e Most studies have been in pure gauge
e Recent results from HOTQCD (atentors et.a1.2023)
e Main difference to pure gauge is different T

Figures from respective HOTQCD papers 16 / 18



kg Results

Altenkort 24 T=1.5

Brambilla 22 T=1.5

Banerjee 22a T=1.2

Banerjee 22a T=1.5

= = = = = Banerjee 22a T=2.0
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Good agreement between existing results, close to kg

Minor temperature dependence in the current measured range

Ktot =~ KE + §<V2>I€B

Using <V2> from (Petreczky et.al. Eur. Phys. J. C62 (2009))

<V3harm> ~ (.51 and <V%Ottom> ~ (.3, we get that the mass suppressed effects on the

heavy quark diffusion coefficient is 34% and 20% for the charm and bottom quarks

respectively.
pectively. 17/18



Conclusions and Future prospects

Transport coefficients can be measured on the lattice

Advancements in recent algorithms such as gradient flow help with calculations

Great agreement with results from different collaborations

Future prospects and ongoing work:
e Adjoint k being actively measured both with symmetric and asymmetric
formulations

e Measure v
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Conclusions and Future prospects

Transport coefficients can be measured on the lattice

Advancements in recent algorithms such as gradient flow help with calculations

Great agreement with results from different collaborations

Future prospects and ongoing work:

e Adjoint k being actively measured both with symmetric and asymmetric
formulations

e Measure vy

Thank you for your attention!
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