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Introduction
QCD Thermodynamics
Hadron Spectrum

QCD Thermodynamics

@ The

Zocp = Tre~ oo/ T = Z e BT, Hocon = Entn,
n

° Thermodynamics
Hadron Resonance Gas Model

@ In the confined phase: Colour singlet states (hadrons + - - - ??7?)
Low temperature partonic expansion [EM, E. Ruiz Arriola, L.L.
Salcedo, Acta Phys. Pol. B45 ’14]:

Z= 4 - Zqg  Zeqq Zaag- Zaag - Zadaq
N~ e ——
Vacuum  Mesons Baryons Hybrids Tetraquarks

@ 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
Hadron Spectrum

Hadron Spectrum (u,d,s)

@ Particle Data Group (PDG) compilation 2016

MESONS Gev BARYONS
GeVv HADRONS

osf

ool

@ Relativized Quark Model (RQM), Isgur,

MESONS Gev BARYONS

GeV HADRONS

osf

ool
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Introduction

QCD Thermodynamics
Hadron Spectrum

Cumulative number of states

@ Cumulative number = number of bound states below M.
N(M) = >~ 6(M - M,),

@ Which states count? "

10

100

NO)
="

10

1
00

TiMev)

M (GeV)

Ngg ~ M8, Nggg~ M2, Ngggg~M"™ and  Niugrons ~ €M/ 7%
Z=Tre T — 0, Ty ~ 150 MeV = Hagedorn temperature
T—T,

@ Non-interacting Hadron-Resonance Gas works for T < 0.87.
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Q Entropy Shift and Missing States
@ Entropy Shift below T,
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Entropy Shift and Missing States Entropy Shift below T¢
Entropy Shift above T¢

Entropy Shift and Polyakov loop

° : Add to the QCD thermal vacuum one extra
heavy charge belonging to representation .
@ Charge is screened by dynamical constituents to form color

neutral states: [Qq], [Qqq], [Qqg], [Q9qq].[Qgqqqq], - --
@ Energy of the states changes under the presence of the charge

En— EAtm, -

A, remains finite in the limit m_, co.
@ In the static gauge 9yAy = 0 the Polyakov loop operator reads

“.Q(F)*“' EJAO\/’; o
@ Ratio of partition functions = AF

L= (tr

Enrique Ruiz Arriola Local Correlators in the hadron resonance gas



Entropy Shift and Missing States Entropy Shift below T¢
Entropy Shift above T¢

Polyakov loop and Hadron Resonance Gas model

@ Counting states Mesons and Baryons with 1 heavy quark (= 3)
HRG model for the Polyakov loop in the fund. rep.
[EM, E.Ruiz Arriola, L.L.Salcedo, PRL 109 (2012)]

1 [, 0on(A
(D) =S O(A— Ay ~ et Lg(T) = E/ dAT(A ) g-a/T
n

Hadron spectrum with one c-quark, and Polyakov loop: A, = M, — mq

TR PDG, c~Hadrons
SOns W — b-RQM, A < 1700 MeV .
100} —— c—Baryons b-RQM, A < 5500 MeV ,
—— Total Hadrons Bag Model, A <5500 MeV 3
A — Fit: A M £ 10f & Lattice HISQ/tree s
L) - = attice stout &
= 5 *  Lattice stout cont
10 05
1 o <,—/;L“,’T'f'{'fﬂ _
0 500 1w IS O 100 120 140 160 180 200 220 240
A[MeV] T[MeV]
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Entropy Shift and Missing States Entropy Shift below T¢
Entropy Shift above T¢

Entropy Shift and Missing States

[EM, E.Ruiz Arriola, L.L.Salcedo, PRD94 (2016)]
@ Polyakov loop renormalization ambiguity [S.Gupta, K.Hiibner,
0.Kaczmarek, PRD77 (2008)]:
LeT L
@ The ambiguity can be removed by computing the entropy shift
L_{trq(0))7 = e ART/T AS(T) = —%AF( T).
@ Third principle of thermodynamics for degenerate states
ASq(0) = log(2Ny) , ASqg(c0) =log N, .
@ Renormalization Group Equation:
dASq OASq OASq - OASq

1 T
an a9 Zq:m"( 19 5m, aT

0=p = B(9)
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Entropy Shift and Missing States Entropy Shift below T¢
Entropy Shift above T¢

Entropy Shift and Missing States

Lattice data for the Entropy Shift (N =3,Ni=2-+1)
[A.Bazavov et al., PRD93 (2016) 114502].

Bag-All 7 "RQM b+ Hag
RQM-b
,Bag-Hadrons .. .--cnzozzmnocs

1
]
I
]
1

R,

0 100 200 300 400 500

T(MeV)
° as a function of the temperature:

PDG not enough to describe lattice data.
[S.Godfrey, N.Isgur,
PRD32 ’85].
MIT Bag Model [A. Chodos et al., PRD9 °74] including
All = ([Qq], [Qqq], [Qqg] and [Qqqg]).



Entropy Shift and Missing States Entropy Shift below T
Entropy Shift above T

Q Entropy Shift and Missing States

@ Entropy Shift above T,
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Entropy Shift below T

Entropy Shift and Missing States
Entropy Shift above T

Power corrections above 7.

@ Polyakov loop at high temperatures:
<tr(eing/T)> ~ Nce_92<trAg)/2NcT2 +...

N

A =l0gN, +A Ger +<AZ-NP/2T;

<A2NPOT 2

e
KN I
< by
2
00 05 10 15 20 * 016 018 020 022 024
(Te/T)? A St

@ Left panel: Lattice data [A.Bazavov et al, PRD93 *16]. The straight
line is the fit using the dim-2 condensate.

@ Right panel: Correlation plot between the dim-2 condensate and
the perturbative entropy.

Enrique Ruiz Arriola Local Correlators in the hadron resonance gas




Fluctuations of Conserved Charges
Fluctuations of Conserved Charges in a Thermal Medium Fluctuations in the HRG model

Issues

© Fluctuations of Conserved Charges in a Thermal Medium
@ Fluctuations of Conserved Charges

Enrique Ruiz Arriola Local Correlators in the hadron resonance gas



Fluctuations of Conserved Charges
Fluctuations of Conserved Charges in a Thermal Medium Fluctuations in the HRG model

Fluctuations of Conserved Charges

o [Qa, H] = 0
@ In the uds sector the only conserved charges are:

Q = Electric charge, B = Baryon number, S = Strangeness.
@ In the hot vacuum (no chemical potential):
(Q)r=0, (Bt =0, (S)r=0.

) Susceptibilities:

Xab( T) <AQaAQb> AQy=Q;— <Qa>T

1
%

xes(T) o (B?)7 — 1/Ne
At high temperature xaa(T) x (@)1 — Z NG
xss(T) o< (§%)1 —
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Fluctuations of Conserved Charges
Fluctuations of Conserved Charges in a Thermal Medium Fluctuations in the HRG model

Fluctuations of Conserved Charges

[M.Asakawa, M.Kitazawa, Prog. Part. Nucl. Phys. 90 (2016)].

@ Fluctuations of conserved charges can be computed from the
grand-canonical partition function:

Z—Trexp [— (H—Zuaoa)/T} . Q=-TlogZ,
a

by differentiation

7 02Q
Opalpp

7 o0
Opa

= (AQaAQp)T = VT3 a(T)

a=0=pp

= <Qa>T»

1a=0

@ Q; €{Q,B, S}, or, in the quark-flavor basis, Q; € {u, d, s} where
B = %(u+d+s), Q= %(2u7dfs), S=-s.
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Fluctuations of Conserved Charges
Fluctuations of Conserved Charges in a Thermal Medium Fluctuations in the HRG model

Fluctuations in the HRG model

Q= > diNi, xa(T)= Y. G.a,(ANAN)r, abe{Q,B,S}

i€Hadrons i,jEHadrons

where ¢, € {Q;, B;, Si} = charge of the ith-hadron corresponding to
symmetry a.

@ Averaged number of hadrons of type i is

_v d3k gi
BT —¢,

with Ex j = /k? + M?, and ¢ = £1 for bosons/fermions.
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Fluctuations of Conserved Charges in a Thermal Medium

Fluctuations nthe HRG model
Fluctuations and Missing States

data for T < 160 MeV.

Good description of lattice
Lattice data of Fluctuations [A.Bazavov et al., PRD86 (2012)]

©  HotQCD

200

250
T [MeV]

Example:

150

T [MeV]
Fluctuations as a diagnostic tool to study missing states.

[E.Ruiz Arriola, W.Broniowski, EM, L.L.Salcedo, 1612.07091].
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Fluctuations of Conserved Charges
Fluctuations in the HRG model

Fluctuations in the HRG model

Xes(T)

Xss(T)
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Free particles of spin 1/2
Free particles of any spin
Correlations in the HRG model

Correlations in a Thermal Medium

0 Correlations in a Thermal Medium
@ Free particles of spin 1/2
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Free particles of spin 1/2
Free particles of any spin

Correlations in a Thermal Medium Coreistiensinthebincinese)

Current correlators of free particles of spin 1/2

@ Lagrangian density for Dirac fermions
L(x) =V(x)@+ m)¥(x)

where m is the mass and ) = +*D,,.
@ Partition function of the system

Z = /D\U(X)'DW(X)Q— S dxo [ d®xL(x)

@ Fermions are antiperiodic: W(xo + 3, X) = —W(Xp, X) with
B =1/T the inverse of temperature.
@ Vector currents
JH(x) = V(x)y"W(x).
@ Zero components are the conserved charges: p(x) = j°(x).
@ Retarded correlator

Enrique Ruiz Arriola Local Correlators in the hadron resonance gas



Free particles of spin 1/2
Free particles of any spin

Correlations in a Thermal Medium Coreistiensinthebincinese)

Current correlators of free particles of spin 1/2

@ Propagator of fermions of spin 1/2 in position space

d*k ik+m _;
S1/2(X)——/(27r)4 e L

@ The correlator writes
g (x)”(0)) = (S1/2(X)¥" Sy j2(=x)7")
@ Correlator at zero temperature:
(#(x0)]"(0)) = 4 [2(8" A(x))(8" A(X)) = ((9aB(X))? + M A(x)?)n*]

where

K; = Bessel function of the second kind.
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Free particles of spin 1/2
Free particles of any spin

ions in the HRG model
Correlations in a Thermal Medium Corsistiensinthe HRGinete

Free particles of spin1/2: T =0

@ Explicit result for the correlator at T = 0:

<K2(m|x|)>2[zxuxu ] < Ki(mix]) >2 ,7]

|x[2 x|

4
)2
@ Conservation of the current

9u (" (x)j*(0)) =0.

@ Behavior at small distances

007 O) = 373

1 m?

_2 . -
S—W+W+O(r ), with I':|X|.

Enrique Ruiz Arriola Local Correlators in the hadron resonance gas



Free particles of spin 1/2
Free particles of any spin

Correlations in a Thermal Medium Coreistiensinthebincinese)

Free particles of spin 1/2: T #£ 0

° . Using Poisson’s formula

/%F ko k) — i Z g”/—F:k k)ems/T

n=—oc

where £ = +1 for bosons (fermions).
@ n = number of thermal loops:

n=0 T =0 contribution, n# 0 finite T corrections.
@ Correlator at finite temperature:

(07 (0)) 1 = 4 [2(0" A7 (x))(9” A7(X)) = (OaBAT(X))? + m* Ar(x)?)i"]

@ At small distances finite T correction starting at O(r?)

(PEP0)) 7= (P (%)[°(0)) 70 = %% (i (F) +27ke 7))+

r
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Correlations in a Thermal Medium

0 Correlations in a Thermal Medium

@ Free particles of any spin
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Free particles of spin 1/2
Free particles of any spin

Correlations in a Thermal Medium CorslanensIntietRGInecs!

Current correlators of free particles of any spin

@ By using the formalism of [V.Bargmann, E.Wigner, Proc. Nat. Acad. Sci
34 (1948)], in Euclidean space

G100 = G (0iu(0) = @mP L (ki1 + an 1L 2L,L, ) A%(x)

for J > 1/2, where a, = 2'="("}?), (a = 0), n=2J, where J
is the spin,
Cp,(x) = mPL,L, A%(x),

and L are differential operators
1 1 2 7 1 2
Ly = 1—ﬁ8a8a, LH:m(m—au),
1 1 2 1 12 12
LHV S (SMV (1 ar mzaaaa> - ﬁ ((%ay ar 6,/8“) .
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Correlations in a Thermal Medium

0 Correlations in a Thermal Medium

@ Correlations in the HRG model
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Free particles of spin 1/2
Free particles of any spin

Correlations in a Thermal Medium Coreisticnsinithebincimede)

Current correlators in the HRG model

@ Within the HRG model the correlator writes

Cﬁﬁ( ) <jp Z g qbc;fz/ ) qla € {Qi7 B/a SI} .

@ / stands for any hadron, distinguishing between spin J;,
and particle-antiparticle.

@ Lowest lying states in the meson and hadron spectrum
corresponding to pions and protons/neutrons:

i€ {mt, 77, p oL, BB ntnL AT A L.

@ Small distance behavior: Cg,(r) ~ !
r—

o 7 e
@ After summation over hadrons of higher and higher spin
HRG A
C Y
Z 90 ] o0

—r

H

ry = Hagedorn distance +— Analogous to Ty at finite T.
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Correlations in a Thermal Medium Coreisticnsinithebincimede)

Current correlators in the HRG model

@ An equivalent expression:

C2(x) = (20 =
> @t NGAMCE) + Y (25 + 1)aBaRCE(X)

MeMesons BeBaryons>0

@ M and B run now over the spin multiplets of mesons and
baryons, each of them with degeneracy (2Jy + 1) and (2Jg + 1).

@ Lowest lying states: M € {r*,7~,7°} and B € {p, n}.
@ These correlators (in the static limit x° = 0) fulfill

s (T) = / ox CE(0, %).
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Correlations in the HRG model

Correlations in a Thermal Medium

Correlations in the confined phase of QCD

Static Cy, correlatorat 7 =0 Static Cyo correlatorat 7 £ 0

'S

10° 3

100 (%, 7% 7, p, P} === = 1000 {r*, 2% 77, p,nk --—  T=200
= <72 — = o _
£ 100 U g
o
5 1 < o001}
M o001} v .
m‘_ . == 10_

1074 & ;

1076 @ 1oL

0.0 02 04 06 08 1.0 1.2 14 i 00 02 04 06 08 1.0 1.2 14
r [fm] - r[fm]

@ Analogy:

CR(0.%) ~_e™ and xap(T) ~ e/
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Free particles of spin 1/2
Free particles of any spin
Correlations in the HRG model

Correlations in a Thermal Medium

Correlations in the confined phase of QCD

@ Correlations T =0
10° 10° 10°
{xt, 7% 7, ponp === (7% 7, pyon) === (7, 7% 7, p,n} ===+
10t <72 — 1 = 10t <72 — = 1ot J<72 _—
100|
1
001}
104

10°° 1076 10°°
02 04 06 08 10 12 14 02 04 06 08 10 12 14 02 04 06 08 10 12 14

r [fm] r [fm] r[fm]

—ol

ré|<u,u>T

@ Correlations T #£0

< < <

é’ \ , ”;‘ Pl === o %’ g 1000 A it A T b = 1-200

= 100}"= S - = 100 = M N T=100

< _ T=100] § B = 10| N T=50

5 10 5 10 o — O\ -

3 = & o Y

vl vt g

A 01 Y ; 4 04 A 0.001

7 001 ' 7 001 | 7 105

T 00 02 04 06 08 10 12 14 I 00 02 04 06 08 10 12 14 < 02 04 06 08 1.0 12 14
r [fm] r [fm] r[fm]
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Free particles of spin 1/2
Free particles of any spin

Correlations in a Thermal Medium Coreisticnsinithebincimede)

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?

° and Entropy shift due to a heavy quark suggests
that there are in the QCD spectrum: i) conventional missing
states (Qg and Qqq), and ii) hybrid states (Qgg and Qqqg).

@ This establishes a new tool for Polyakov loop spectroscopy of the
QCD spectrum including exotic states.

@ Fluctuations of conserved charges in the confined phase of QCD
allow to study missing states in three different sectors:

i) electric charge, ii) baryon number, and iii) strangeness.

@ We have obtained results for the correlations of conserved

charges at zero and finite temperature

Enrique Ruiz Arriola Local Correlators in the hadron resonance gas



Correlations in a Thermal Medium

Thank You!
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