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energy-loss models describe the measured v2 reasonably well within uncertainties. However, a
simultaneous description of both v2 and RAA still represents a challenge for the models (for a
discussion see e.g.[11]).
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Figure 3: Average v2 of D0, D+ and D⇤+ mesons as a
function of pT compared with v2 of charged particles
[11].
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Figure 4: Average v2 of D0, D+ and D⇤+ mesons as a
function of pT compared with model calculations [11].

Fig. 5 shows the measurement of the average RpPb of D0, D+ and D⇤+ as a function of
pT for p-Pb collisions at

p
sNN =5.02 TeV. The RpPb is compatible with unity for pT > 2

GeV/c, which suggests that CNM e↵ects are small and that the suppression observed in Pb–Pb
collisions is dominated by the influence of the hot and dense medium. Models including CNM
e↵ects describe the data within uncertainties (for a more detailed discussion see e.g.[12]).

)c (GeV/
T

p

0 5 10 15 20 25

p
P

b
R

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6 *+
, D

+
, D

0
Average D

<0.04
cms

y-0.96<

CGC (Fujii-Watanabe)

pQCD NLO (MNR) with CTEQ6M+EPS09 PDF

 broad + CNM Eloss
T

Vitev: power corr. + k

ALICE =5.02 TeVNNsp-Pb, 

ALI−PUB−79415

Figure 5: Average RpPb of D0, D+ and D⇤+ as a function of pT [12], compared with model calculations [13, 14, 15, 16, 17].

3. ALICE upgrade studies
An upgrade of the ALICE experiment is planned for the next long shutdown of the LHC (2018-
2019). The heavy-flavour measurements will benefit in particular from the upgrade of the
Inner Tracking System (ITS) and the Time Projection Chamber (TPC). As one of the main
objectives, the resolution of the track impact-parameter measurement will be improved by a
factor of 3 in the plane transverse to the beam direction. This will largely enhance the rejection
of the combinatorial background in the heavy-flavour reconstruction. The upgrade of the readout
capabilities of the TPC and several other detectors will allow to record minimum bias Pb–Pb
collisions – which are used for open charm measurements at low momentum – at hundred times
the rate compared to the current detector.

The expected performance for the open charm and beauty measurements with the upgraded
ALICE detector was studied with simulations of Pb-Pb collisions at

p
sNN = 5.5 TeV. These
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Heavy quarks in   
(cf. SK, plenary talk at Lat2016, arXiv:1702.02297)
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1.Introduction



soor

33

αs(M)?

Leading order in  doesn’t have a scale αs

But  runs if we consider higher order αs



strong interaction  
coupling constant (PDG)



Heavy quarks are heavy!

•Quarkonium decays are similar to positronium decays 

•That is, decay rates is equal to (the probability to produce a heavy 

quark in quarkonium)  (the annihilation rate of quark into inclusive 

states) 

•Quarkonium is one of the first application of asymptotic freedom (cf. 

T. Appelquist and H.D. Politzer, PRL 34 (1974) 43 

•Quarkonium is “hydrogen atom” in QCD

×



Heavy quarks are heavy!

•Factorization theorem in decay/production of quarkonium : 

     E. Braaten, G.T. Godwin, G.P. Lepage, PRD51 (1995) 1125 

•In the rest frame of quarkonium, heavy quark and anti-heavy quark 

move slowly 

•Heavy quark behaves non-relativistically 

• ,  is the velocity of the heavy quark in the rest 

frame of quarkonium

M > > Mv > > Mv2 v



Heavy quarks are heavy!

•But  

•  for chamornium,  for bottomonium 

•NRQCD is different EFT from Heavy Quark Effective Theory 

(HQET), a EFT for heavy quark in heavy-light meson 

•  is not a parameter of Lagrangian (cf. A. Manohar, PRD56 (1997) 

230, M. Luke and A. Manohar, PRD55 (1997) 4129)

Mv2

r
∼

αs

r2
→ αs ∼ Mv2r → αs ∼ v from r ∼

1
Mv

v2 ∼ 0.3 v2 ∼ 0.1

v



Heavy quarks are heavy!

•If the scale  (heavy quark mass) is integrated out, this Effective 

Field Theory (EFT) is called Non-Relativistic QCD (NRQCD) 

•If the scale  (heavy quark momentum) is integrated out, this 

EFT is called potential-Non-Relativistic QCD (pNRQCD) (cf. 

N. Brambilla et al, Rev.Mod.Phys. 77 (2005) 1423, 

Nucl.Phys.B566 (2000) 275)

M

Mv



Heavy quarks are heavy!

•Power counting: operator ordering the power of heavy quark velocity,  

•Non-Relativistic QCD or NRQCD: Effective Field Theory of heavy quark in the quarkonium 

rest frame (caveat: “bound states”) 

•For example, inclusive (hadronic/electromagnetic) heavy quarkonium decays can be expressed in 

  is the factorization scale 

•  can be infinite but small  is “useful” 

•Quarkonium decay rates are sum of the long distance matrix elements  short distance "Wilson 

coefficients”

v

Γ = ∑
n

Cn(Λ) < H |𝒪n(Λ) |H > Λ

n n

×



Non-Relativistic QCD (continuum)

•Foldy-Wouthuysen-Tani transform 

•  is non-relativistic quark field,  is non-relativistic anti-quark field 

•  

•  

•  

ψ χ

ℒ = ℒ0 + δℒ

ℒ0 = ψ† (Dτ −
D2

2M ) ψ + χ† (Dτ +
D2

2M ) χ,

δℒ = −
c1

8M3 [ψ†(D2)2ψ − χ†(D2)2 χ] + c2
ig

8M2 [ψ†(D ⋅ E − E ⋅ D)ψ + χ†(D ⋅ E − E ⋅ D)χ]

−c3
g

8M2 [ψ†σ ⋅ (D × E − E × D)ψ + χ†σ ⋅ (D × E − E × D)χ] + c4
g

2M [ψ†σ ⋅ Bψ − χ†σ ⋅ Bχ]



2.Quarkonium on a Lattice



Lattice NRQCD: 
G.P. Lepage at el., PRD46 (1992) 4052

•Additional scale,  :  

•  

•  

•  

•

a Ma ∼ 1

Uμ(x) = eiAμ(x)a

aΔ+
μ ψ(x) ≡ Uμ(x)ψ(x + a ̂μ) − ψ(x)

aΔ−
μ ψ(x) ≡ ψ(x) − Uμ(x)†ψ(x − a ̂μ)

Δ± ≡
1
2

(Δ+ + Δ−), Δ2 ≡ ∑
i

Δ+
i Δ−

i = ∑
i

Δ−
i Δ+

i



Lattice NRQCD: 
G.P. Lepage at el., PRD46 (1992) 4052

• ,  

Clover term 

•  

•

Fμν(x) = −
1

4a2 ∑
Pμν(x)

ℐ[UPμν
(x)] ℐ[M] ≡

M − M†

2i
−

1
3

Im(TrM)

aΔ+
ρ Fμν(x) ≡ Uρ(x)Fμν(x + a ̂ρ)Uρ(x)† − Fμν(x)

aΔ−
ρ Fμν(x) ≡ Fμν(x) − Uρ(x − a ̂ρ)†Fμν(x − a ̂ρ)Uρ(x − a ̂ρ)



Lattice NRQCD: 
G.P. Lepage at el., PRD46 (1992) 4052

G(x, τ0) = S(x),

G(x, τ1) = (1 −
H0

2n
))

n

U†
4 (x, τ0)(1 −

H0

2n )
n

G(x, τ0)

G(x, τi) = (1 −
H0

2n
))

n

U†
4 (x, τi−1)(1 −

H0

2n )
n

(1 − δH)G(x, τi−1)

H0 = −
Δ2

2M
, δH = −

(Δ2)2

8M
+

i
8M (Δ± ⋅ E − E ⋅ Δ±) −

1
2M

σ ⋅ B +
a2Δ4

24M
−

a(Δ2)2

16nM



3. Quarkonium at  

on anisotropic lattices 

( )

T ≠ 0

T/M < < 1



T. Matsui and H. Satz, PLB 178(1986) 416

•Schroedinger eq.:  

•  Cornel potential:  

•  Debye screening: 

i
∂
∂t

ψ = ℋψ, ℋ = 2M −
1

2M
∇2 + V(r)

T = 0, V(r) = −
α
r

+ σr

T ≠ 0,

V(r) =
σ

μD(T)
(1 − e−μD(T)r) −

α
r

e−μD(T)r, μD(T) = 1/rD(T)



F. Karsch, M.T. Mehr,and H. Satz,  
 Z. Phys. C37 (1988) 617



Quarkonium as thermometer 
(A. Mocsy, arXiv:0811.0337)



Quarkonium as thermometer 
(A. Mocsy, arXiv:0811.0337)
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FASTSUM Characteristics
•Improved Gauge Action/Improved Wilson Quark 

Action 

•Anisotropic Lattices 

•QCD Thermodynamics:fixed lattice spacing, varying 

N_t 

•based on Chroma (Gen1), OpenQCD (Gen2, Gen2L, 

Gen2P, Gen3)



Generation 1 2 2L 2P 3

Gauge Action Symanzik improved

Fermion 
Action Hamber-Wu stout link Clover Clover Clover Clover

N_f 2 2+1 2+1 2+1 2+1

a_t [fm/Gev] 0.0268(1)/7.35(3) 0.03506(23)
/5.63(4)

0.032459(71)/
6.079(13)

0.032459(71)
/6.079(13) 0.01753/11.26

a_s [fm] 0.162(4) 0.1205(8) 0.11208(31) 0.11208(31) 0.12

xi=a_s/a_t 6.03 3.444(6) 3.453(6) 3.453(6) 6.85

N_s 12 24 32 32 24/32

T_c [Mev] 219 181 167 — —

M_pi [Mev] 490 384(4) 239(1) —



Gen1

N_t 16 18 20 24 28 32 80

MeV 458 408 368 306 263 230 90

T/T_c 2.06 1.86 1.68 1.40 1.20 1.05 0.42

N_cfg 1000 1000 1000 500 1000 1000 250



Gen2

N_t 16 20 24 28 32 36 40 128 (N_s = 12)

MeV 352 281 235 201 176 156 141 ~0
T/T_c 1.90 1.52 1.27 1.09 0.95 0.84 0.76 ~0
N_cfg 499 502 503 998 1001 1002 1000 1042

Gen2L

N_t 16 20 24 28 32 36 40 128 (N_s = 32)

MeV 380 304 253 217 190 169 152 47

T/T_c 2.27 1.82 1.51 1.29 1.13 1.01 0.91 0.284

N_cfg 1102 1030 1016 1031 1090 1119 1102 1042



NRQCD Quarknium correlators and 
spectral functions

 

   for  

 

•Spectral function is obtained by inverse Laplace transform 

•Euclidean correlators and the periodic boundary condition from the finite temperature 

condition

G(τ) = ∫0

∞
dω K(ω, τ)ρ(ω)

K(ω, τ) =
cosh(ωτ − ω/2T)

sinh(ω/2T)
→ e−ωτ M → ∞

G(τ)NRQCD ≃ ∫0

∞
dω e−ωτρ(ω)



Inverse Problem: 
A. Asakawa, T. Hatsuda, Y. Nakahara,  
Prog. Part. Nucl. Phys. 46 (2001) 459

•For given , obtaining  is one of the famous ill-

posed problems 

•The spectral function is a solution of integral equation 

•There are infinitely many solutions which satisfies the 

integral equation 

•Maximum Entropy Method (MEM) is one possibility

G(τ) ρ(ω)



FASTSUM NRQCD project

•Use NRQCD to calculate heavy quark propagator 

•Calculate the in-medium quarkonium correlators for 

various channel 

•Use Maximum Entropy Method (MEM) to calculate the 

spectral functions of given channels 

•Investigate the spectral functions as a function of 

temperature



Upsilon spectral function (Gen1): 
arXiv:1109.4496
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 spectral function (Gen1) 
arXiv:1310.5467
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Upsilon spectral function (Gen2): 
arXiv:1410.6210
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 spectral function (Gen2) 
arXiv:1402.6210
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Upsilon in  ?T ≠ 0
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•We can observe squential melting of 

quarkonium in nonzero temperature qualitatively 

•How crucial do the results depend on the 

MEM? 

•Gen 3 has larger anisotropy  larger number of 

  better MEM results

→

Nτ →



4.Discussion 



•Continuum limit? 

•Spectral function from MEM: method dependent result? 

 

•Is the pion light enough? 

•Is broadening of the peaks method dependent? (cf. P. 

Petreczky and collaborators)

SSJ[ρ] = α∑
l (ρl − ml − ρl log(

ρl

ml
)) δωl, SBR[ρ] = α∑

; (1 −
ρl

ml
+ log(

ρl

ml
)) δωl





Method dependence?
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•Effective field theory understanding of quarkonium in non-zero 

temperature is highly promising (better accuracy due to the scale 

separation 

•Quarkonium in Quark-Gluon Plasma (QGP) can be understood 

qualitatively through a modification of the spectral functions from 

NRQCD quarkonium correlators 

•Quarkonium melting via Debye screening or thermal width 

broadening? 

•Quantitative understanding of quarkonium melting is yet to come


