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To count or not to count

@ The best way to look for missing states is to count them
1,2,3...

@ Thermodynamics is a way of counting
@ The partition function of QCD counts

Zoco =Y e 5T Hocotpn = Enthn
n

Spectrum of QCD — Thermodynamics

Colour singlet states (hadrons + ....??7)

Do we see quark-gluon substructure BELOW the “phase transition” ?
Completeness relation in Hilbert space #qcq

1= W) (Wo| = > 13q; n)(Ga; n| + > _ |aqq; n){(qqq; n| + > _ |3qg; n)(Gag; n| + . . .

n

mesons baryons hybrids

@ Given H, is there a sum rule involving ALL resonances ?.
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ADRONIC SPECTRUM AT ZERO
PERATURE
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The states in the Particle Data Group (PDG) book

G/ HADRONS MESONS Gev BARYONS
25 25r
20 20f
15 15F
10 of
05 osf
w —

@ No data (is a compilation)

@ No particles (resonances)

@ No book

@ Which particles enter PDG ?
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Hadron Spectrum (u,d,s)

@ Particle Data Group (PDG) compilation 2016

MESONS GeVv BARYONS eV HADRONS
25F 25
20 20
151 15
10f —_ 10
o5 05
ool 00

@ Relativized Quark Model (RQM) Isgur, Godfrey, Capstik, 1985
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Cumulative number of states

o Compare HQCD» HPDG7 HRQM with staircase function
N(M) = 37 6(M — M)
n

@ Which states count ?
@ Is Nocp (M) accessible ?

Mesons Baryons

Hadrons

030 050 070 100 150 200 300 15
M (GeV) M (GeV) M (GeV)
12 18 M/ T,
Ng ~ M Nygg ~ M Nyggq ~ M Noadrons ~ €/ TH

Ty ~ 150MeV= Hagedorn temperature
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Spectrum with one heavy quark

@ T, Hagedorn temperature for hadrons with ONE heavy quark

N(B) = >~ 0(A — Ap) ~ Ngg(A) + Nagg(B) + - - ~ &/

@ Missing states !!.

N(A)
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Hagedorn and The bootstrap

ol MIT BAG model // 1
10'F —— Fit; A &/ - 4,/*
——  Total s

g 10f —— Tetraquarks = o
= —— Baryons o

1ol —— Mesons ]

10 7 = k!

1k /L . . . . e

0 500 1000 1500 2000 2500 3000

A[MeV]

@ Which are the complete set of states in the PDG ?
@ Should X,Y,Z’s or the deuteron or 2°8Pb enter as multiquark states ?
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N(M)
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53

T

_osLs . . . . . . !
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@ The cumulative number in a given channel in the continuum with threshold My,

N(M) = 0(M — Mp) + [5(M) — 5(Mn)]/m

@ Levinson’s theorem
N(0) = ng + [6(c0) — §(Mw)]/m =0

@ Deuteron doesn’t count
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Quark-Hadron duality at zero temperature

@ In the confined phase we expect all observables to be represented by hadronic degrees of
freedom.

@ Gell-Mann—Oakes—Renner relation

2(qq)mq = — fzm’ , (1)
N—— N~
quarks hadrons

@ Transition form factor of the pion
@ Effective Chiral lagrangians with resonances
© Deep inelastic scattering

@ Are hadrons a complete set of states ?

@ Is the PDG complete or overcomplete ?

@ The “phase transition” is a smooth cross-over, so we expect to see departures from
quark-hadron duality below T,
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QUARKS AND GLUONS AT FINITE
PERATURE
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QCD at finite temperature

QCD Lagrangian:
Lacp = G LGy + D G (ivuDu — my)af
f

Partition function

ZQCD = Tre_H/T = Z G_En/T
n

/’DAmaexp [—%/d“x(Giu)z] Det(iy, D, — my)

Boundary conditions and Matsubara frequencies
q(X,8) = —q(X,0)  Au(X,8)=Au(X,0) p=1/T

[ 2 ten) TS itm)

wh=(2n+1)nT wn =2nmT
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Thermodynamic relations

@ Statistical mechanics of non-interacting particles

d® _
logZ = Vng,/#log [1+ne E”/T] Ep = +\/P? + m?

n = —1 for bosons ; n = —1 for fermions ; g;-number of species
OF
F = —TlgZ P=-T—
. av
O(TF)
S - E=F+TS
oT +

@ High temperature limit — Free gas of gluons and quarks

71 w2 4
P=|2(N2—1)+4N;Nj= | —T
(c )JF ci8 N

Interaction measure (trace anomaly)

e—3p
T4

— 0 (T — o0)
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Symmetries in QCD

Colour gauge invariance
q(x) — & 2a?d *ag(x) = g(x)q(x)
AL(6) = g7 (0)2,9(x) + g7 ()AL(X)g(x)
Only periodic gauge transformations are allowed:
9X. 0 +B) =9(X, %), B=1/T.
In the static gauge 9pAy = 0

g(x0) = €707,

where X = diag(ny,--- ,nn,), TrA=0.
Large Gauge Invariance: = periodicity in A with period 27 /3
Ao — Ao + 27 Tdiag(n;) Gribov copies

Explicitly Broken in perturbation theory (non-perturbative finite temperature gluons)
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Symmetries in QCD

In the limit of massless quarks (my = 0),

@ Invariant under scale
(x — Ax)

Broken by quantum corrections regularization (Trace anomaly)

_ B8

—3p= 5 (G #0,

@ Chiral Left <+ Right transformations.

. f : f
q(x) = & 2a0 vag(x)  g(x) - ¢ 2aPa) s g(x)
Broken by chiral condensate in the vacuum

(qq) #0
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Symmetries in QCD

Gluodynamics: In the limit of heavy quarks (m; — oo)
1,
Z— /DA“,aexp [7 / d4x(Giu)2} Det(—my)
Larger symmetry ('t Hooft) Center Symmetry Z(N;)

9X, % +B8) =29, x0), 2Z=1, (z€Z(N)).

2o X/ (NeB) 2nT

g(x) =e Ao — Ao + diag(ny)

c
The Poyakov loop
1 ) .
Ly = ﬁ(trcele/T) _efalT _gr/Ney g
c

Fq = oo means CONFINEMENT
At high temperatures Ay /T << 1

(trcA2)
2 _ 0
(treA) 4...=g 2NT2 T

2N, T2

Lr=1-—

In full QCD L7 = O(e~™a/T) = 0 Large Violation of center sym.
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Lattice results in full QCD

The chiral-deconfinement cross over is a unique prediction of lattice QCD

@ Order parameter of chiral symmetry breaking (mq = 0)
Quark condensate SU(Ns) ® SU(Nf) — SUy(Ny)

@9 #0 T<T. (qq)=0 T>T

@ Order parameter of deconfinement (mg = co)
Polyakov loop: Center symmetry Z(N;) broken

1 , 1 ‘
L = —(r”/Ty =0 T<T, Lr=—(rce®™Ty=1 T>T,
N Ne

@ In the real world my is finite. The chiral-deconfinement crossover (connected) crossed
correlator (never computed on lattice),

oLt

(@que o#/T) — (qq) (o 67077y = Z0-

; ()

Enrique Ruiz Arriola Entropy shifts and Missing States



QUARK-HADRON DUALITY AT FINITE
PERATUR
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QCD Spectrum and Trace anomaly

(e-3p)/T*

@ PDG is thermodynamically equivalent to RQM !!

e—3P o P Exp — P - VoEa(P)
Anra(T) = e T T Z/ (@n eEn( P/T + n, ’

En(p) = \/P2+MZ 1y =1

@ Non-interacting Hadron-Resonance Gas works for T < 0.87;
@ Spectrum — Thermodynamics
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Fluctuations of conserved charges

@ Conserved charges

(Ne)Tr =0  (No)r =0  (Ns)7=0
@ Vacuum Fluctuations

N,

1 f
xes(T) = (Ng)r = = xaa(T) = (Na)r = >

® i=1

Xss(T) = (NB)7 1 Cas(T) = —aiNslNB)T

STy

(N2) 1

‘""un

crery
...................... o et
STIIIIEES

xee(T)

7%
<%

T o 02
T[Gev]

;o
0 0 00 o1 [ 03 [

TGeY

02 03 ﬂ;
TIGeV]
@ CE2° < P (Missing states ?, Significant ?)
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Spectral representation

@ Two conjugate sources are placed in the medium at temperature T and a separation distance
r generate a Free energy shift

time

4 -~ B time
[ ? o :
i {
n
‘ ® ot @
[ ]
& s

Xy <
e~ 2FT) — (rpQ(r)trpQ(0)) 7

@ Standard representation (ratio of partition functions)

R
N Zrer(hT) _ X,e7n
Zo(T) >, e E0/T

@ Spectral r-representation

e 2D = 5™ |(n, TITraQ21 |0, T) (2 e~ ™D
n

@ Inequalities
OAF(r,T)>0  B2AF(r,T) <0
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Double heavy hadron spectrum and correlators

@ String breaking for the QQ — BB (level crossing)
Maq(re) = Voa(re) + mg + mg = Mg + Mg,

@ No mixing

2
()
e AF(NT/T _ o=Vo()/T | (Z o 2H /T)

n

@ Two modes model

—42 4 or  W(r)
V(r) = ( w24 ) . W) =ge ™
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Free energies
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Avoided crossing from thermodynamics

— —
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@ String tension is only defined in Quenched Approximation
@ String breaks. How determine string tension ?
@ Using thermodynamics WITH mixing

Vo = 0.424(14)GeV, g = 0.98(47)GeVm = 0.80(38)

@ Spectral representation — Quantum phase transition AT ZERO TEMPERATURE and
complex string tension as a pole in the second Riemann sheet
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ENTROPY SHIFTS
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Thermodynamic shifts

@ Add one extra heavy charge belonging to rep R to the vacuum
@ Energy of the states changes under the presence of the charge

EnaE,’:‘aAermRJr...
@ In the static gauge 9pAo = 0 the Ployakov loop operator
trQ(F) = e/ T
@ The ratio of partition functions — Free energy shift

—An/T
(tre /Ty = R _ gaFR/T _ >, e 2/
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Counting states (Hagedorn-Polyakov temperature)

N(&) = 32 0(8 = ) ~ &/ Tt o L(T) ~ [ N(2)e™/T dA

{ BW-data

— RQM-b
— RQM-c
— PDG-c

L L L L 0 T L L L L L L
1000 1500 2000 2500 100 120 140 160 180 200 220 240

A(Mev) T(MeV)

Figure: Left: N(A) as a function of the c-quark and b-quark mass subtracted
hadron mass A = M — mq (in ) with u, d and s quarks, computed in the RQM
vs PDG. Right: Polyakov loop as a function of temperature (in MeV).
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@ Polyakov loop ambiguity removed by entropy shift
(uQ(0))r = e~ "eN/T 5 AS(T) = —8rFo(T)
@ Third principle of thermodynamics for degenerate states
ASg(0) = log(2Ny),  ASg(c0) = log Ne

@ RGE equation for specific heat

Acg=T2% _ {/d [trﬂ@x» (@(X)>]}E%

@ Energy momentum tensor

dSq aso aso 7950
=pu— = = _ E mg(1 =< _
0=n du @3 - a(1+%)3 T5T

@ Entropy shift IS NOT a true entropy ¢ = T87S = (AH)?/T? > 0
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From Hadron resonance gas ...

@ TUM collaboration 125 < T6000MeV
@ Constituent Quark Model M = 300MeV, m, = 2.5MeV,my = 5MeV, ms = 95MeV.

—M~ /T M~ /T
L= > ge @+ > goge 9 4.
q=u.d,s q,q9’=u,d,s

@ All=(Qg, Qqq and Qgg) Hadron spectrum (missing states !!)

T(MeV)
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... to Power corrections

@ Dim-2 condensates

) a\2
(tr(eT)) ~ Np exp {—gz ﬁff,")rq -
_ (u(@)

So(T) = TV Spert(T) + log(Ne)
c

8 36F
6 A S=l0gN; +4 e +<AZP/2T2 as|
~
~ o
: 5
(ﬁ‘ at I S
t 4
< <
A v
33r
00 0 10 15 20 a2t s
0.16 018 0.20 0.22 0.24
(Te/T)? A Spert

Figure: Left panel: TUM lattice data for the entropy as a function of the
inverse squared temperature in unites of the critical temperature.
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ANATOMY OF HADRON RESONANCE GAS
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Limitations of the Hadron resonance gas

In the HRG Hadrons are taken STABLE, POINT-LIKE AND ELEMENTARY

@ Hadrons are composite
@ Hadrons have a size
@ Hadron Resonances have a finite width
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From chiral quark models to hadron resonance gas

@ Use local Wilson line Q(x) = %) as quantum variable
@ Quantization of Multiquark states: Create/Anhiquilate a quark at point X and momentum p

Q(x)e /T Qx)te EP/T

@ At low temperatures quark Boltzmann factor small e= /7 < 1.
The action becomes small

3,3
Sq12] = 2N / axip [tch(X) +trcsz(x)+] e BT o
(2m)?

Z:/DQe_S[Q] :/DQ (1 7S[Q]+%S[Q]2+.‘.)
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@ gq contribution

d®x d®p / d*xd®ps o—E1/Tg=E2/T

Zsg = (2N;)? / PR PR (treQ(Zy )t (%))

e~ X1 —X|/T
3
_ (2Nf)2/ d3x1d33p1 d3x2d3P2 o HOxt P1ixg p2) /T
(2m) (2m)

gqg Hamiltonian
H(x1, p1ix2, p2) = E1 + B2 + V1o

@ Quantization in the CM frame p;y = —p> = p

(2y/p2 v vqa(r)) n = Myt

@ Boosting the CM to any frame with momentum P

3 3
dRA°P —Enpy/T

Zaq = Z/ @n)

A GAS OF NON INTERACTING MESONS ! (valid to §qgq)
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Excluded Volume constraint

SoViN <V Z /( mg

MIT bag model
V,=M;/(4B) B = (0.166GeV)*
10 T T T T LOFT T u
L V=B
" — V=M
= 0§ o 06
z z
v 04 O 04
02 02
@ ‘ J ook = !
0.00 005 0.10 0.15 020 0 50 100 150 200
T (GeV) T [MeV]

When hadrons overlapp, excluded volume corrections are important — percolation
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width

Resonance spectrum

@ Resonances have a mass spectrum (what is the mass?)

1.0 1.0
08 mesons 08 baryons
g 06
c
5

>

O]

2

= mesons
o

% baryons

25 30

Enrique Ruiz Arriola Entropy shifts and Missing States



Resonance spectrum and the half-width rule

@ The half-width rule: AMg =T'g/2 or AMZ = Mglg
@ Then take a RANDOM mass (error estimate)
@ Hadronic Meson dominated form factors, ....

log,, N(M)
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Fluctuations of conserved charges

Xxee(T)

Xxss (T)

Enrique Ruiz Arriola Entropy shifts and Missing States

PDG PDG QCD QCD
Xap £ Axag ~ Xap + AXap
04 I 10
08 I
03 I g1 IITET I
‘: EG.G I.""""“’
02 1 o R
g 04
01 02 -
ook < ‘ ook, ‘
00 01 02 03 04 00 01 02 03 04
T[GeV] T[GeV]
— -
12 14
1 Py 12 lIr
TEEEE N II
08 = gIf ~ -
t 08
06 3= 3
O o8
04 04
02 02
- -
00F; -+ 00f; N . . A
00 01 02 03 04 00 01 02 03 04
T[GeV] T[GeV]



CONCLUSIONS
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Conclusions:

@ Quark Hadron Duality suggests that at low temperatures Hadrons can be considered as a
complete basis of states in terms of a hadron resonance gas. The HRG works up to relatively
large temperatures.

@ PDG states incorporate currently just gg or qqq states which fit into the quark model. What
states are needed when approaching the crossover from below ?

@ Saturating at subcritical temperatures requires many hadronic states, so the excited
spectrum involves relativistic effects even for heavy quarks.

@ Uncertainty estimates from the HRG may change our perception of what we understand by a
missing states.

@ Polyakov loops in fundamental and higher representations allow to deduce multiquark quark
states, gluelumps etc. containing one or several heavy quark states. Clear hints for missing
states.
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