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1. Introduction:
Mott-Anderson localization model for chemical freeze-out

2. Mott dissociation of pions in a PNJL model

3. Thermodynamics of Mott-HRG and lattice QCD data
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Mott-Anderson localization model for chemical freeze-out
DB, J. Berdermann, J. Cleymans, K. Redlich, Phys. Part. Nucl. Lett. 8 (2011) 811

The basic idea: Localization of (certain) multiquark states (“cluster”) = hadronization;
Reverse process = delocalization by quark exchange between hadrons

Freeze-out criterion:

Povh-Huefner law,
PRC 46 (1992) 990
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Mott-Anderson localization model for chemical freeze-out
DB, J. Berdermann, J. Cleymans, K. Redlich, Phys. Part. Nucl. Lett. 8 (2011) 811

Povh-Huefner law behaviour for quark exchange between hadrons
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Quark exchange model for charmonium dissociation in hot hadronic matter
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Mott-Anderson localization model for chemical freeze-out
DB, J. Berdermann, J. Cleymans, K. Redlich, Phys. Part. Nucl. Lett. 8 (2011) 811

Model results:

Collision time strongly T, mu dependent !

Texp{?: M) = Tl T, 1)

Schematic resonance gas: dp pions, dN nucleons

300

Expansion time scale from
entropy conservation:

s(T, p) Mity,) = const

gl Topt) = as (T, p),

Thermodynamics consistent with phenomenological

Freeze-out rules:
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Mott-Anderson localization model for chemical freeze-out
DB, J. Berdermann, J. Cleymans, K. Redlich, Few Body Syst. 53 (2012) 99

Model results: @q) _, mo [, f._f.rpp ﬂ[ c 1)
Full hadron resonance gas model (39) vac F2ml | <] T g lle e
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Mott-Anderson localization model for chemical freeze-out
DB, J. Berdermann, J. Cleymans, K. Redlich, Few Body Syst. 53 (2012) 99

Model results:

lgq!
Full hadron resonance gas model 99 vac
See also: S. Leupold, J. Phys. G (2006)
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Mott Dissociation of Hadrons in Hadron Matter
« Partition function as a Path Integral (imaginary time r=it, 0 <7 < 53=1/T)

g
ZIT,V,u| = f ‘Dﬂsﬂy‘ni};‘mﬁp{— f dT f d*x ﬂ{g{?.r_il_ft-}‘_.t'}‘_.fl}}

» QCD Lagrangian, non-Abelian gluon field strength:  F§,(A) = 9,4% — 3,45 +g fabe lf[ Az

v

- . T J‘ . Fr
Locp(v, ¥, A) = Y[in* (8, — igAu) —m — 2"l — 1 Tl A)F(A)

o Numerical evaluation: Lattice gauge theory simulations (hotQCD, Wuppertal-Budapest)
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Mott Dissociation of Hadrons in Hadron Matter

; i dE ¢ - o
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ctral function for hadronic resonances:
- Latfice data: Borsanyi et al. (2010) R Pe
121 e NG
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o Apparent phase transition at T, ~ 165 MeV
3l ' Hadron resonances present up to T ~ 250 MeV
Blaschke & Bugaev, Fizrika B13, 491 (2004)
L i R | Prog. Part. Nucl. Phys. 53, 197 (2004)
D‘ﬂ . 100 00 : 300 I A0 ! _Enﬁ" : RO0 Turko, Blaschke, Prorok & Berdermann.

T [Me‘ulu'] APPS 5, 485 (2012): ). Phys. Conf. Ser. 455, 012056 (2013)

Hadronic states above T, ! See also: Ratti, Bellwied et al.. arXiv:1109.6243 [hep-ph]



Mott Dissociation of Hadrons in Hadron Matter

Possible application: parton fraction in the EoS at the hadronization transition
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L. Turko et al. “Effective degrees of freedom in QCD ...”, EPJ Web Conf. 71 (2014) 00134

Compare:

M. Nahrgang et al. “Influence of hadronicbound states above Tc ...”, PRC 89 (2014) 014004



Mott Dissociation of Mesons in Quark Matter

J. Huefner, S.P. Klevansky, P. Zhuang, H. Voss, Ann. Phys. 234, 225 (1994)
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Mott Dissociation of Mesons in Quark Matter

D. Blaschke, M. Buballa, A. Dubinin, G. Roepke, D. Zablocki, Ann. Phys. 348, 228 (2014)

« Partition function as a Path Integral (imaginary time r =i ¢}

3
Z[T,\V,p] = f DgDqexp {— f dr f Ex(gin?d, — mg — v p)g + E qul'mq}?l}
g

M=wo
e Couplings: &, = (G, = G5 (chiral symmetry)
eVertices: I', =1p®1;® 1. ;I =ixs@7T® 1.

e Bosonization (Hubbard-Stratonovich Transformation)

7

17 g

exp [{?S{ql'nq]z] = {ruJ]Ht-chrL*xp [ + ql'nqa]

« Integrate out quark fields — bosonized partition function

f:r1'+fr3+ 1_1, i
TeR 5Tt InS™ o, )

ZIT,V,p] = f DoDn L‘:-:[}{—

« Systematic evaluation: Mean fields + Fluctuations

—Mean-field approximation: order parameters for phase transitions (gap equations)
- Lowest order fluctuations: hadronic correlations (bound & scattering states)



Mott Dissociation of Mesons in Quark Matter

e Separate the mean-field part of the quark determinant
Tr nS~Y[o, 7] = Tr ISy [m] + Tr In[1 + (o + iy577) Syp[m]|
« Mean-field quark propagator

"}'1]|;[f.-'.f-.1n + ,|'-£:| = "Trr . ]L_f-l— T

SME(P, iwn; m) =

e Expand the logarithm: In(1 + =)= =377 (—-1)"z"/n =7 — 2%/2 + ...

n=1

« Thermodynamic potential in Gaussian approximation

T, p) = —ThhiZ(T,p) = Oue(T, p) + Z 04 (T, ) + O[diy)

| Ny, d°p 1
(2), o M P ”"'r: o AT
HM ILT,}'.!:I — ? {ETT]EE 1lJlll.'_"_,",” |,r IL"H:I . _'H'i',;r =k

« Meson propagator Sy (g, ivy) = 1/ [1/(2G5) — (P, ivs )]

« Mesonic polarization loop

s, irm) = — 3 Z Lzuﬁm/

=Tr I wEw.m k, —its)U aSup(k + P, ity + ivn)



Mott Dissociation of Mesons in Quark Matter

« Polar representation of the analytically continued quark propagator

g '
Sm = |Sule™ = S +1i5;,

e Phase shift dy(w.q) = —ImIn Sy (w — pa + i, q)

o Thermodynamic potential for mesonic modes

Om(T, 1) = Trln Sy (iza, q) _dthZfr}r In Sii (izn, q) ,

d*q :
- _dMTgfL?}T ] IT iz, — W Im In Sy’ (w + in, q)

» Perform Matsubara summation  ((T’, i) = dy f[éliq: [ % (w)dy(w, q)

» Using symmetries of Bose function ny;(—w) = —[1 + n,(w)| and polarization loop

a_l

d3q -:L.r
f?[.,{llT_.,tﬂ d’ﬂf{}ﬂﬁ £ [ +.'rIqu.J] +n|.“.|'u_1 ]é[l,.‘[ll_w q]

« Partial integration gives field theoretic Beth-Uhlenbeck formula
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Mott Dissociation of Mesons in Quark Matter

« When polarization loop integral can be expressed in the form

[Im(z,q) = Mpoe + Hy2(z,q9)

« Factorization of two-particle propagator possible with  Ry(2.q) = (:ﬂlﬂ“ﬂ

1 1 ]
Gyt — Mo —My2(2,9)  Mara(z,q) Ru(z,q) — 1

Suiz,q) =

e Thisentails InSy(z,q)!' =Inlly.(z,q)+ In[Ry(z,q) — 1]
and thus a separation of the phase shift in two contributions

omlw,q) = dxc(w,q) + dx rlw,q)
« [hey correspond to continuum (state independent) and resonant phases

ImIy 2(w — pag + i, Q)
— arctan ( — M'El.‘m - I'Tlr.q")
Rellpra(w — pyr + i1, q)
ImBp{w — par + i, q)
| — ReRp(w — ppy + in, q)

Oy (w,q)

omplw,q) = Mﬂtem(



Mott Dissociation of Mesons in Quark Matter

gator shall have the representation with a complex pole at = = =y = wy + iy /2, where
'y is the width of the resonance.

« The position of the pole is found from the condition ReRy =y, q) = 1, where dy plw —
wyr) — m/2 siNCe tan dyy plw — wyy) — oo

« Expanding Rz, q) at the complex pole =y for small width, one obtains

dRy(z q)

) . dRyiz,q)
| — ReRp(zm,q) = —(w* — wiy) do? }z T e |

- (1)

Z=IM

ImBy(za,q) = wul'y

» The resonant shift becomes 4y p(w. q) = —arctan (_’* ‘

corresponding to a Breit-Wigner form of the sper::tr;il a;nsity in the Beth-Uhlenbeck EoS

ddy r B Zewangl 'y

dw (W —wi)P+wflh
» This takes the form of a bound state spectral density for ['y; — 0

. cf § e, " , i
J!HI!IE” Oy .p(w) =7 6w — wa) + Hw + war )]



Mott Dissociation of Mesons in Quark Matter

06 D. Blaschke, A. Dubinin, Yu. Kalinovsky,
osl Acta Phys. Pol. Suppl. 7 (2014)
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Hadron Resonance Gas with Mott Dissociation

Y B(T) + Ponan(T) + Poert(T))
i=M.B

(D) = [ 5 Tp /m@fiw)c&(wm

dpp
= d] f \/ ey
272 2w \/p? + s filyp* +8)i(5 T),
odpp? fodM M ,
P(T) — d.z-f (/02 + M2)S,(M2: T
() o 2T S n yEa Ve MOMME

By partial integration over M we obtain

o0 1 do;(M?*; T
PT) = d/ pp/ AM T'In(1 5 e~ VP M) - (dM )

when m(7T') — oo, I(T) — [_l so that 51-(4”;-{5; T)=m0(M — Tl;fz)

T dM

so that the M-integration becomes trivial and gives

0 d
P(T) = Fd; L (IIFE_V M fT)
0

— §(M — M),

272

Phys. Part. Nucl. 46 (2015); arxiv:1501.00485

D. Blaschke, A. Dubinin, L. Turko,



Hadron Resonance Gas with Mott Dissociation

D. Blaschke, A. Dubinin, L. Turko, Phys. Part. Nucl. 46 (2015); arxiv:1501.00485

2 I I | ‘_‘_,"" T m.
| 'J_.-*" m::s:n |
."‘"f - my
15 — !...-- - qu+ms |
- — m+m,
% i — 2m g
g — qu
& S -— 3[113%{_
Z
= _
0.5k - NG T
oL—
0 01 02 03 04 05
T [GeV]
‘Mrf{TMDtt.i} = mthr,i[TMDtt,i}:.

— M,(0) +Tu(T) ,

a (T — Thott.i )O(T — Thote,i)

mthr,M{T] — {2 - Ns}m{T:I + Nsma{T]
mipe B(1) = (3 —Na)m(T') 4+ Nam,(T')



Hadron Resonance Gas with Mott Dissociation

D. Blaschke, A. Dubinin, L. Turko, Phys. Part. Nucl. 46 (2015); arxiv:1501.00485

4= T,=270 MeV 4
[ T,=187 MeV

Pion channel in PNJL | Pion in effective model

Effective model for in-medium hadron phase shifts

T s—MZ(T) ; e + NPA? —s
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Hadron Resonance Gas with Mott Dissociation

D. Blaschke, A. Dubinin, L. Turko, Phys. Part. Nucl. 46 (2015); arxiv:1501.00485
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Hadron Resonance Gas with Mott Dissociation

D. Blaschke, A. Dubinin, L. Turko, Phys. Part. Nucl. 46 (2015); arxiv:1501.00485
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Towards Selfconsistence: Cluster Virial Expansion

D. Blaschke, PoS Baldin XXII (2014); arxiv: 1502.06279
Clusters in nuclear matter: Roepke et al., Nucl. Phys. A (2013)
Q=Y (-1 [Trin(—=G; ') + Tr(Z4 Ga)] + Y ®[G4.Gp.Ga 5] .
A A.B

_ 0! od
Gy' =Gy -4, Lol AV A 2) = g

Conserving approximation (Phi-derivable approach) for
Hadrons in Quark Matter

Q= Y (—1)%[Trln(=G; ') +Tr(Zi Gi)] + ®[Go,Gu,Gn,Gs] , 3, 2 ®lC0Cu.Gp.Crl
=0 M . D.B SGI




Towards Selfconsistence: Cluster Virial Expansion

D. Blaschke, PoS Baldin XXII (2014); arxiv: 1502.06279 8 9[Gy,Gy,Gp,Gy)

Mesons =

Quarks =

Diquarks =

Nucleons =




Summary
e Generalized Beth-Uhlenbeck approach as microphysical basis to account for hadron dis-
sociation (Mott effect) at extreme temperatures and densities

e Benchmark: pion and sigma Mott effect within NJL model, revised within nonlocal PNJL
model

e Nonlocal PNJL model calibrated with lattice quark propagator data, EoS at finite 7" and g,
Phase diagram with critical point

e Application of GBU to interprete chemical freeze-out as Mott-Anderson localization

e Effective GBU model description: Mott-Hagedorn resonance gas + PNJL model describes
Lattice QCD thermodynamics

Outlook

o« BMF (Walecka) model as limit of the PNJL model: chiral transition effects in nuclear EoS

e Prospects for HIC (CBM & NICA) and Supernovae:
color superconducting (quarkyonic) phases accessible!
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