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QCD Thermodynamics and Hadron Spectrum Motivation
Hadron Spectrum
Symmetries in QCD: the Polyakov loop

Motivation

@ The

Zocp =Tr e Heoo/T — Z e B/T, Hoco¥n = Entn,
n

° = Thermodynamics
Hadron Resonance Gas Model
@ In the confined phase: Colour singlet states (hadrons + - - - ?77)

@ In the deconfined phase: quarks and gluons = quark-gluon
plasma.

° = Do we see quark-gluon
substructure BELOW the “phase transition?
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QCD Thermodynamics and Hadron Spectrum Motivation
Hadron Spectrum
Symmetries in QCD: the Polyakov loop

Hadron Spectrum (u,d,s)

@ Particle Data Group (PDG) compilation
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@ Relativized Quark Model (RQM), Isgur'85
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QCD Thermodynamics and Hadron Spectrum Motivation
Hadron Spectrum
Symmetries in QCD: the Polyakov loop

Cumulative number of states

@ Cumulative number = number of bound states below M.
N(M) =>"O(M - M,),
n

@ Which states count?
N(M) = Ngqg(M) + Nggg(M) + - - -,

Hadrons

1
00 0s 10 [ 20 25 30
M (GeV)

6 12 18 M/T,
Gg ~ M”, Nggg ~ M=, aaga ~ M'® and  Nhadrons ~ €M/

Ty ~ 150 MeV = Hagedorn temperature
@ Non-interacting Hadron-Resonance Gas works for T < 0.87.
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QCD Thermodynamics and Hadron Spectrum Motivation
Hadron Spectrum
Symmetries in QCD: the Polyakov loop

Symmetries in QCD

The chiral-deconfinement cross over is a unique prediction of lattice
QCD
@ Order parameter of chiral symmetry breaking (mq = 0)
Quark condensate SU,(Nf) @ SUr(Nf) — SUy(Ny)

(@q) #0 T<T,, (qq)=0 T,<T.
@ Order parameter of deconfinement (mq = oc)
: Center symmetry Z(N;) broken

Ly = Nl<trce’A°/T> =0 T<Tp, L3
C

Phase transition in QCD: T, ~ Tp at least when p = 0.

1\1, (tree®/Ty £0 Tp< T,

c

@ T < T;: confined phase @ T, < T: unconfined phase
7 x Sym ((qq) # 0) 3 x Sym ((qq) = 0)
3Z(3) Sym (Ls = 0) 7 Z(3) Sym (Ls #0)
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Issues

e Hadron Resonance Gas Model
@ Quantization of multiquark states
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Quantization of multiquark states
Hadron Resonance Gas Model Hadron Resonance Gas Model for the Polyakov loop
Higher representations: Casimir scaling

Chiral Quark Models at Finite Temperature

° — Suppose the non-vanishing of
chiral condensate. It cannot describe the QCD phase transition.

° — Dynamics of QCD at low energies (low
temperatures).

@ Mean field approximation. Minimal coupling of Polyakov loop
(analogy with chemical potential). Ogilvie and Meissinger PLB
(1995) K. Fukushima, PLB591, 277 (2004). W. Weise et al.
PRD73, 014019 (2006), N. Scoccola, D. G. Dumm (2008), S.K.
Ghosh et al. PRD73, 114007 (2006),

@ Quantum and local Polyakov loop. E.Megias, E.Ruiz Arriola and
L.L.Salcedo, PRD74: 065005 and 114014 (2006).
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Quantization of multiquark states
Hadron Resonance Gas Model Hadron Resonance Gas Model for the Polyakov loop
Higher representations: Casimir scaling

Polyakov-Constituent Quark and Gluon Model

[Fukushima ’04], [Megias et al. ’06], [Ratti et al. ’06], [Sasaki et al. "12]
° .

z:/pmmgamx S(T.Q) = Sa(T. Q) + So(T, Q).

with
d3Xd3P o\ —Ep/T
Sa(T, ) =-2T [ S5 5 log (1 —Qg(¥) e ) ,
a*xd®p

So(T, Q) = 2N, (tr log [1 + Qa(X) e %/T] + trlog [1 + Q}(¥) e/ T}) .

(2m)3
@ Assume [Megias et al. PRD74 *06]:

z= [Tldne =%, Sy =(V/T)cln).

[ n—r
<&&”‘{wm&» ntn
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Quantization of multiquark states
Hadron Resonance Gas Model Hadron Resonance Gas Model for the Polyakov loop
Higher representations: Casimir scaling

Expansion in the number of constituents

Polyakov loop Q(x) = e~ #%X) = degree of freedom.
° : Create/Annihilate a quark at point X
and momentum p (also gluons)
Qaey(x)e /T, Qa(x)Te E/T.

After a series expansion:

o0 )\ n
So(QT) =—gclcVY %JH(MC, Tw(Q2(x)) with  Jp(Mg, T) ~ e ™e/T
n=1
with ¢ = q, @, G. (¢ = £1 for bosons(fermions).
This is an expansion in the number of constituents.
@ Boltzmann factors =+ Multi-quark and multi-gluon states:

° : Zgg) ~ (r Qs trQ;) ~ @~ (Mq+Mg)/T

° : Zigaq) ~ (tr Qi) ~ @~ NeMa/T,

°  Zigg) ~ (tr Qg trQg) ~ e2Ma/T

° : Ziaqaq) = tetraquarks, Zjzqq = pentaquarks, - -
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Quantization of multiquark states
Hadron Resonance Gas Model for the Polyakov loop
Higher representations: Casimir scaling

Hadron Resonance Gas Model

Hadron spectrum and Trace Anomaly

@ Contributions [gq],[qqq], - . . to the partition function:
Z =~ Zigq 4999
— Gas of Non Interacting Hadrons —- Hadron Resonance Gas Model.

Hadron spectrum with light u, d, s quarks, and Trace Anomaly.

HRGM
wl Mesons s LatC:is tad N-=6
—— Baryons + Antibaryons 68 L l. qt dNT*S Yo ==
—— Total Hadrons T
o 1907 —— Fit; A M/ & LebpORYL
g :g.. = Lat. stout Ny 8/ AT
= 100 - |
<
10
1 . . . . . . -
0 500 1000 1500 2000 2500 3000 0= ;(;0 1;0 Zl‘w ";0
M[MeV ’ -
[MeV] T[MeV]
M/ T,
n(M) = § GaO(M — M,) ~ Ae"/ T

2km2 \ T T

I (20 ) L () ()
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Quantization of multiquark states
Hadron Resonance Gas Model Hadron Resonance Gas Model for the Polyakov loop
Higher representations: Casimir scaling

Issues

e Hadron Resonance Gas Model

@ Hadron Resonance Gas Model for the Polyakov loop
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Quantization of multiquark states
Hadron Resonance Gas Model Hadron Resonance Gas Model for the Polyakov loop
Higher representations: Casimir scaling

Polyakov loop and the HRG model, PRL 109 (2012)

@ For the Polyakov loop in the fundamental representation

L3(T) = <trQs> = 2N / d(32x;1)3p e B/T 1\1’ (trQ(Xo) tr Q" (X)) +

e~ o|X—X|/T

PIT 4 ..

. 2N / d®xad® pef,_,
N (2m)3
@ A single g Hamiltonian

H(X, ) = /B2 + M2 + Vy(r) " 2" Hypo = Datha

@ Hadron Resonance Gas Model for the Polyakov loop:
L3(T Z Olha]© —Ajpay/ T A[ha] = m/liLnoo(M[ha] = mh) .

|h, o) = Heavy-light system = Spectrum of mesons and baryons
with 1 heavy quark “h” + dynamical quarks “a”
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Quantization of multiquark states
Hadron Resonance Gas Model for the Polyakov loop

Hadron Resonance Gas Model
Higher representations: Casimir scaling

Polyakov loop and the HRG model, PRL 109 (2012)

[ha] = [ha] , [haq], [hqqq] ,
N~ N ——
Mesons Baryons Tetraquarks

Hadron spectrum with 1 heavy quark and several light quarks
(RQM Isgur model), and Polyakov loop.

—— PDG, c—Hadrons
—— c—Mesons L p
S — b-RQM, A < 1700 MeV y
100f —— c—Baryons 3 b-RQM, A < 5500 MeV i
s 5 /
—— Total Hadrons Bag Model, A <5500 MeV 3
~ ; x
@ ool — Fit: A &M & 1o ¢ Latice HISQ{(ree x
= — _5 k3 Lattice stout cont
10k 0.5 ;gY,g/
1 e, n .
g SO Ol 00 120 140 160 180 200 220 240
A[MeV] T[MeV]

n(A) = Z g[ha]@(A = A[ha]) ~ A eA/TH 9

L3(T) = (tree®/T) = / dAan e AT,
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Quantization of multiquark states
Hadron Resonance Gas Model Hadron Resonance Gas Model for the Polyakov loop
Higher representations: Casimir scaling

Issues

e Hadron Resonance Gas Model

@ Higher representations: Casimir scaling
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Quantization of multiquark states
Hadron Resonance Gas Model Hadron Resonance Gas Model for the Polyakov loop
Higher representations: Casimir scaling

Polyakov loop in higher representations
[E.Megias, E. Ruiz Arriola, L.L. Salcedo PRD89 °14]

(L) = / DQ e~ 5% tr(QR).

0.4

03

02

. : e . . 00
100 200 300 400 500 40 60 80 100 120 140 160 180

B T [MeV]
Casimir scaling [Karsch’85], [Schréder’99], [Kaczmarek’08], [Petreczky’15]:

La(T) ~ (LR(T))"/%  with  dg = C2(R)/Ca(3).

@ Good approximation at 7 > T..
@ Deviations at T < T..
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Quantization of multiquark states
Hadron Resonance Gas Model Hadron Resonance Gas Model for the Polyakov loop
Higher representations: Casimir scaling

Casimir scaling at low temperature

@ Heavy-light relativistic system:
Hamiltonian:

Hgp = p+ogr

@ Eigenvalues: Hgtn, = 65;‘1)1&,77@
@ Polyakov loop in representation R:

R
Lp=e"f/T = Zgne e ene/T
e

@ Eigenvalues sﬁfe) scale like (Cg = quadratic Casimir invariant )
R g 3 CF;
65775) = 0'7352}, and OR — ?30'3 5

@ Casimir scaling at low temperatures

Cr
Cs
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Quantization of multiquark states
Hadron Resonance Gas Model Hadron Resonance Gas Model for the Polyakov loop
Higher representations: Casimir scaling

Casimir scaling at low temperature
Lattice data from [Petreczky, Schadler, PRD92 (2015)].

1000 F

800

600 -

400 -

/Cr FRIT/yCr]

200

0 50 100 150 200 250 300
T [MeV]

@ Fitof F5 for T < 200 MeV.
@ Prediction for Fg by using Casimir scaling =» Good agreement!!!

@ Casimir scaling predicts universal behavior at low T = rescaled
lattice data meet thi(sR)curve.
@ Note: Hg leads to 2% = 1.88 = =) = 810MeV
(good agreement with the fit of lattice data!l!)
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Heavy QQ interaction
B Heavy QQ free energy
Heavy QQ free energy: hadronic representation Avoided crossing

Issues

e Heavy @Q_free energy: hadronic representation
@ Heavy QQ interaction
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Heavy QQ interaction
N Heavy QQ free energy
Heavy QQ free energy: hadronic representation Avoided crossing

Quark potential and String breaking

@ Transition QQ — Meson Meson

o'
e ’7 "
0 1l
-
>
v
Z ;

-500

~
t’ *

>

- e > —~1000

Il
.
00 05 L0 15
- - — F
1[fm]

@ Energy of two heavy quarks: E(r) = mq + mg + V(r).
@ Meson masses: Mog = Dgg + Ma, Myg=ADyg+ ma.
@ Uncoupled Born-Oppenheimer ( )

Voé(f) =or, V(Q(—])(qé)(l’) = AQC_I o Aq@ =2A.
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Heavy QQ free energy: hadronic representation

Excited states

Heavy QQ interaction
Heavy QQ free energy
Avoided crossing

@ Estimate of the string breaking distance

E(r) [MeV]

@ In general
(0,0)y _ (n (") (m)
Voé (r)=or, V(Qq) qo)(r) Ag Aqé .
2000 7 — 100
"
” =
P P
1500 e — 1500
ek — ""’,’ ?) =
1000 B E 1000
5
500 1 500
ol L : : : 0 . ; : :
0.0 03 1.0 1.5 20 0.0 0.3 1.0 L5 20
1| fm] r[fm]

Eugenio Megias

HRG Model, Thermodynamics of QCD and Heavy Quark Physics



Heavy QQ interaction
Heavy QQ free energy

Heavy QQ free energy: hadronic representation Avoided crossing

Avoided crossings

@ Transition potential , With coupled channels

0= v V)

@ After diagonalization = Avoided crossing with states having the
same quantum numbers as QQ:

4

3E

V [GeV]

L
0 1 2 3 4 b}

r [fm]
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Heavy QQ interaction
B Heavy QQ free energy
Heavy QQ free energy: hadronic representation Avoided crossing

Issues

e Heavy QQ free energy: hadronic representation

@ Heavy QQ free energy
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Heavy QQ interaction
B Heavy QQ free energy
Heavy QQ free energy: hadronic representation Avoided crossing

Heavy QQ free energy

@ In the confined phase, the
becomes:

e~Faalr /T — (TepQ(F)TerQ(0)1) = e Vaa )/ T3 g Vag (W T/,

Foa(r, T) = heavy QQ free energy.

1
e Faan /T — g=Vaa(n/T (2 Z eAn/T> 7 — Aoa _ A(n)
n

° is computed as:

L(T) := lim e faa(nN/(T) — Z e 2"/T = HRG for Polyakov loop

r—oo
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Heavy QQ interaction
B Heavy QQ free energy
Heavy QQ free energy: hadronic representation Avoided crossing

Heavy QQ free energ

Lattice data: Kaczmarek, Zantow, PRD71 °05. N; = 2

1.0 T T T T T T T
L0 T T T T T 2
Kaczmarek et al. data vs Isgur (cMesons + cBaryons) T, =202MeV, N;=2 )/
08l T.=185MeV, o = (0.40 GeV)*, N;=2 1 e /
: o & T=0.76T. 08 Kaczmarek data vs Isgur and PDG -
3
—  06f
> 06F ——— Isgur: c~Baryons, no strangeness ]
O o04f -
) T=0.967 £ —— Isgur: b-Baryons, no strangeness
S 02fF 1 | . «_Ba N T . i
& foos apameem e e o T_0T. 04 PDG: c—Baryons, no strangeness
00F ]
02 ]
-02f ]
0.0 05 10 L5 2.0 25 30 ook . . . . . .
100 120 140 160 180 200 220 240
r [fm]
T [MeV]
’ 2
e Faan /T = g=Vaa /T | N " g=an/T n= A0 = A
2 ) Qg qQ
n
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Heavy QQ interaction
B Heavy QQ free energy
Heavy QQ free energy: hadronic representation Avoided crossing

Heavy QQ free energy

Lattice data: Kaczmarek, Zantow, PRD71 °05. N; = 2

10 Kaczmarek ef al. data vs Tsgur (cMesons + cBaryons)
08k T, = 185 MeV, o = (0.40 GeV)>, Ny=2 1
o & T=0T6T,
ook Lot -
> >
S oaf g i
= T=0.967 =
) S 05 _ -
o 02F [oi o ammemen o & o T 027, 1Y —
00 ] —
00f 1
—02f ] ,
00 03 1o 13 20 23 30 0.0 0s ) s 20 25
r [fm] 5 t [fm]
1
—Faa(rT/T — g=Vaa(n)/T _ § —Bn/T A =AM _ A
e e aF 2 e 9 n= Bqg qQ
n
1 2
=~ Vga(r) = —Tlog | @ FealsT)/T _ 5 ) Jea/T
—_———
n

From lattice

From hadrom spectrum
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Heavy QQ interaction
B Heavy QQ free energy
Heavy QQ free energy: hadronic representation Avoided crossing

Heavy QQ free energy

Lattice data: Fodor et al. JHEP1504 °15. N; =2 + 1

i i i i i : L5 ! T . .
051 Borsényi et al. data vs Isgur (cMesons+cBaryons) 4

=(0.55GeV)’, Ny=2+1 T=150MeV - 0=(0.55GeV)>
e ] 1or v 1
_ o
> 0or askt 7 =(042GeV)*_}
© - _ -
= ost : 7T T=150MeV
ze T=175MeV
Y. ] =u|r // T=200MeV ]
/ = / T=225MeV
—10E . . . . = ~1.0
00 02 04 0.6 038 0.0 02 04 06 0.8 10
r [fm] r [fm]
1 2
~Foa(r1)/T — g~ Vaal)/T /T A =AM _ A
QQ\’> = QQ — = ] 2
e e + 5 E e , n=A0g; s
n
1 2
- _ —Fop(r,T)/T —Ap/T
» Vga(r)=—Tlog | g @@ |3 e o
n

From lattice

From hadrom spectrum
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Heavy QQ interaction
_ Heavy QQ free energy
Heavy QQ free energy: hadronic representation Avoided crossing

Issues

e Heavy QQ free energy: hadronic representation

@ Avoided crossing
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Heavy QQ interaction
_ Heavy QQ free energy
Heavy QQ free energy: hadronic representation Avoided crossing

Avoided crossing

@ Model with two states:

20 ’ P \
7 ~ . 0.6F N T=150MeV  ®
L5 T=(0.55GeV) .7 " r=(0.42GeVy ] lx
L, 05F
O E| s \“ T=200MeV 4
> . % : W= 1.03 0856V Gey — — — —
O 05 2 QO 03 9
= ) = p
> V. Z o2f o ]
00— ¥,
4 W=0GevV ~  ————- o1k "“;.)~.'4 iy
-05F | W= 1,03 e-0856Vr Gey q 4 Pt
i i 0.0
| L sEn@  e=-=a=
—1.0F. ¢ n 2 L L e L L L L
0.0 0.5 1.0 1.5 20 25 3.0 = ln‘n 02 04 06 08
r [fm] r [fm]

In qualitative agreement with lattice data of string breaking: [Bali et al. PRD71 *05].

W(r)=1.03e """ GeV, m=0.85GeV .
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Heavy QQ interaction
_ Heavy QQ free energy
Heavy QQ free energy: hadronic representation Avoided crossing

Avoided crossing

@ Mixing: ( string — lightest heavy-light meson)

07

0.6F \ T=150MeV 25
g &ﬂ 20
% W= 103 O8OV Gey ———— s
O o03f € 1o
R %}1":‘- g
01F e,
o 02 04 06 08 %0 05 1.0 15 20 25 30
f[fml r[fm]
@ Including more states — =
Mixing: string — heavy-light mesons with same quantum number
04
\ 25
03 \\‘ 0
_ _ 15
5 0.2 :i 1.0
05
o1 0.0

rifim]
© [fm]
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Heavy QQ interaction
Heavy QQ free energy

Heavy QQ free energy: hadronic representation Avoided crossing

Avoided crossing

@ What is the scale m = 0.85GeV?

@ With [Kaczmarek et al. ’05], N; = 2, it is not observed an
appreciable avoided crossing. Why?

1O+
L
\
08fy
\
= \
8 06 \
B \
\
04 \
\
\
\
02
EO Tl e
09 =TSO ol "
0.0 0.5 10 15 20 25 30

r [fm]

@ [Fodor] and [Kaczmarek] use different renormalization
prescriptions.

@ [Kaczmarek] does not consider physical pion masses:
m, ~ 770 MeV.

Eugenio Megias HRG Model, Thermodynamics of QCD and Heavy Quark Physics



Heavy QQ interaction
_ Heavy QQ free energy
Heavy QQ free energy: hadronic representation Avoided crossing

Thermodynamics of two heavy quarks

@ Internal energy

OFqp(r, T)
UQ(_D(rv T)= FQC?(rv T) - TQgiT
@ Entropy
_8Foo(r, T)

SOC_)(r7 T)=

@ Interaction measure (trace anomaly)

oT

OFa(r. T
AO@(rv T = UQD(ra T)+3Foé(l’, T)= 4FOC')(rv T)— T%

@ Specific heat (at constant volume)

Cv.aa= 3T y

Using Fpa(r, T) =+ HRG description of Uya, Spa, Aga and Cv.00-
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Heavy QQ interaction
Heavy QQ free energy
Heavy QQ free energy: hadronic representation Avoided crossing

Thermodynamics of two heavy quarks

20
20 T=200MeV
T=200Mev 15
15 _
= s
g w0 s 10
S T-150Mev @
05 T-omev - T=150MeV
05
05 00
00 02 04 06 08 10 00 0z 0% 06 08 19
r(fm) i
2
T=200MeV s
= ! T=200Mev
é T=150MeV z
o O 10
5 L)
ES 3
T=150MeV
1 5
-2
0o 02 04 08 08 1 00 02 04 06 08 10

T [fm] it

Results in qualitative agreement with [0.Kaczmarek, EPJC61 (2009)].



Heavy QQ interaction
Heavy QQ free energy
Heavy QQ free energy: hadronic representation Avoided crossing

Conclusions:

@ At low temperatures hadrons can be considered as a complete

basis of states in terms of a
. The HRG works at T < 0.8T,.

@ Close T; many hadrons are needed to saturate the sum rule =
What states are needed when approaching T, from below?

° have the right
properties to study the transition from quarks and gluons to the
hadronic degrees of freedom = Quark-Hadron duality.

@ In QCD: we derive a hadronic representation of the

and Polyakov loop in terms of hadrons, glueballs,
hybrid states, - -- =+ HRG model for the Polyakov loop writes in
terms of hadrons with 1 heavy quark.

@ Hadronic representation for the heavy QQ free energy leads to a
very good agreement with lattice data.

@ We studied the role played by

= in agreement with lattice data of string breaking.
More accurate lattice data and to lower T are welcomed.
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Heavy QQ interaction
Heavy QQ free energy

Heavy QQ free energy: hadronic representation Avoided crossing

Thank You!

Eugeni
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