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1. Mott dissociation of pions in a Polyakov - NJL model
2. Thermodynamics of Mott-HRG and lattice QCD data

3. Mott-Anderson localization model for chemical freeze-out
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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

Intuitive “guess”. Hadron gas with spectral broadeing (lifetime) + PNJL model for g-g sector

3 ——
Puot(T, {p15}) = Pernan(T', {p})+ ) ﬁrﬁ’r/dﬁ_ﬁ..{ .H-_.-r.';.:’f'_lf -fj:;?“]n {1 + 0y “:‘:”( - +TI$ #P)}
r=M. B

AT

I | I | 1 | 1 I 1 I 1 S . - .
_ _ ctral function for hadronic resonances:
- Latlice data: Borsanyi etal. (2010 ] Pe
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EE PoceFann*Fs | , .
O ¥ | e P 4 Ansatz motivated by chemical freeze-out model:
E .-"'I ' By )
; . G | 1 i —1y . 5 B 2 ;
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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)
. R | Prog. Part. Nucl. Phys. 53, 197 (2004)
D‘ﬂ ) 100 00 I 300 I A0 ! 5[]E|_ l R00 Turko., Blaschke. Prorok & Berdermann.

T[M.E'ulu'] APPS 5,485 (2012): J. 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

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 ¢}

g
Z[T,V,p] = f DqDgexp {— f dr f d[g(in*d, — mg — g+ Y Gulalyg }2]}

M=muo
e Couplings: &, = (¢, = G5 (chiral symmetry)
eVertices: I, =1p@R 1@l [ =is@7T® 1,

» Bosonization (Hubbard-Stratonovich Transformation)

7

17 g

exp [{}'S{ql‘ﬂq]z] = {runﬁt-fﬂcrtxp [ + ql'gq-ﬂf]

« Integrate out quark fields — bosonized partition function

i : e S
2T, V,ul = fﬂaﬂﬂ exXp {—J 1;;: - E'I'r InS~'[o, rr_}

« 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 InS~ Yo, 7] = Tr InSyp [m| + Tr In[1 + (o + iy577) Syp[m]|
« Mean-field quark propagator

’}'1][[;0.1;-1 + ,H] — "Trr . ]E'.-l- T
[_.E'-l.-"-'lﬂ + I—"*Jz -

SME (P, iwn; m) = >
P

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

n=1

« Thermodynamic potential in Gaussian approximation
T, p) = —TZ(T, ) = Onp(T, 1) + Z AT, 1) + O[]

:I'I M d’EP |

(2] o —_
E"['-‘[ {T"P:I 2 LETIT]E ﬁ'
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» Meson propagator Sy (p,iv,) = 1/ [1/(2Gs) — My(p, ivy)]

« Mesonic polarization loop

H.u Ib’ﬂJ . j Z L;u-'ﬁrﬁ'/ TI' FIF{E‘HFI: .Iii: —f&.;‘,‘:}r,l}j.':-l'jl.ﬂFI{E + f-",. fmnr + ib’ﬂ;'l



Mott Dissociation of Mesons in Quark Matter

« Polar representation of the analytically continued quark propagator

. B
Sy = |Su|e™ = Sp 4157,

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

o Thermodynamic potential for mesonic modes

(T, p) Trin Sy (izn. q) = ﬂ-’MTZf ) =In Syt (izn,q)

d*g 1
— —dMTZﬂ:f Zn ) ] or T _wlmln Sift(w +in, q)

» Perform Matsubara summation (T’ 1) d,ﬂfz—:% [ & (w)dy(w, q)

» Using symmetries of Bose function ny,(—w) = —[1 + n;,(w)| and polarization loop
f d*q
(T, p) = dy L [l + nyp(w) + ny(w)|dmlw, q)
" 0

« Partial integration gives field theoretic Beth-Uhlenbeck formula

d*q \/ r | ddy(w, q)
! — ' — = )T ! I 00 15X T ] MW, g,
(v = d‘ﬂf J}Ef uJ+T|u(l s )+Tlu(1 e ) _




Mott Dissociation of Mesons in Quark Matter

« When polarization loop integral can be expressed in the form

[z, q) = Myo+ Moz, q)

» Factorization of two-particle propagator possible with  Rj(z.q) = (:ﬂ:ﬂfﬂ

1 1 i
Gyt — Mo —ya(z.q)  Tarz(z,q) Rulz,q) — 1

Sulz,q) =

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

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

ImIT g 2(w — 7.9)
— arctan [ — M:EI.‘LJ i !.I}r_q.,
Rellya(w — py + i1, q)

Im By (w — py +in, q)
| — ReRpg(w — ppy +in, q)

Ot (w,q)

omplw,q) = m'etem(



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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Phase shifts
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Phase shifts
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Phase shifts
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Phase shifts

231 MeV
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Phase shifts

T= 241 MeV




Phase shifts

T= 251 MeV
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Phase shifts

4
T= 271 MeV
< .
2 - |
1L ]
& 0f
4L e ]
St e
'2 B n‘tﬂt ”..”'"”-n-,‘||||I||h _
- SC N
-3 - Om S =
I
-4 | M ! | |
0.0 0.5 1.0 1.5 2.0 2.5
s [GeV?]



Phase shifts
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Phase shifts
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Phase shifts

T= 301 MeV
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Phase shifts
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Phase shifts
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Phase shifts
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Summary: Levinson's Theorem & analytical properties
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Pion pressure

Role of scattering continuum (Levinson theorem!)

for pressure:
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Mott Dissociation of Mesons in Quark Matter

J. Huefner, S.P. Klevansky, P. Zhuang, H. Voss, Ann. Phys. 234, 225 (1994)

P. Zhuang, J. Huefner, S.P. Klevansky, NPA 576, 525 (1994)
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Mott Dissociation of Mesons in Quark Matter

J. Huefner, S.P. Klevansky, P. Zhuang, H. Voss, Ann. Phys. 234, 225 (1994) | Problem: _
No Quark Confinement !
R e e -
- (a) :
23F  PRESSURE DENSITY 0wt qvark gs _~::
2.0 |
T 1S5
L0 :
0.5 |
Q-l}ﬂ: —
P. Zhuang, J. Huefner, S.P. Klevansky, NPA 576, 525 (1994) B S
+0 TRl 1 T T
E B) porssune DENSITY
25 w0 —
daghed lima: pole or resonance BPErEOXIMBELOR -
2.0 '__ Soplid Limes wiEh H-hthr'bl.l'ld phlti shiFt

Tt

| TILTON

s 1 %1




CHIRAL MODEL FIELD THEORY FOR QUARK MATTER

e Partition function as a Path Integral (imaginary time 7 =i t)

ZIT,V,u| = /’D@’Dw exp {— / d'r/ Ez[Y[in*8, — m — (1 4 Aspis + iAaha]) — Ligy + U(ﬁ!)]}
Vv

Polyakov loop: ® = N 'Tr.[exp(iBA3¢3)] Order parameter for deconfinement

e Curreni-current interaction (4-Fermion coupling) and KMT determinant interaction

s

e Bosonization (Hubbard-Stratonovich Transformation)
2
Z[T‘ V :U] — fﬂMrHDﬂLﬂﬂD E_ZM:H %—%ﬂ+éﬂ 1.15—1[{.-\1’]1,1},{ig},¢]+ﬂg<ﬁrj+vﬁm

e Collective quark fields: Mesons (M) and Diquarks (Ap); Gluon mean field: @
e Sysiematic evaluation: Mean fields + Fluctuations

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



POLYAKOV-LOOP NAMBU—JONA-LASINIO MODEL (1)

SU(N.) pure gauge sector: Polyakov line

g
L (%) =Pexp if dTA4{:E'_,T]] : A4=1AD=A3¢3+AE¢E
0

Polyakov loop

1#) = TL(@) . (@) = P2,

Z ., symmetric phase: (I[(T)) =0 = AFy — oc: Confinement !
Polyakov loop field:
o(7) = (7)) = ?Trc (L(Z)))

Potential for the PL-meanfield ¢(z) =const., which fits quenched QCD lattice thermodynamics

U@ HT) b {T)

e o — — (q}?- + %) 4o (fbtb]

B To Ty Ty ag a s a3 by | by
MT)—’-"“”l(T)JF ?(T) +“3(T) ~ [6.75]-1.95|2.625|-7.44|0.75 | 7.5




POLYAKOV-LOOP NAMBU—-JONA-LASINIO MODEL (1)

Temperature dependence of the Polyakov-loop potential U(®, ®; T)

T A

= o= h @

R .
T 1T 17T 71T 1T 1T"71

T=10.26GeV< T, T=10GeV=T,
“Color confinement” “Color deconfinement”

Critical temperature for pure gauge SU.(3) lattice simulations: Ty = 270 MeV.
Hansen et al., Phys.Rev. D75, 065004 (2007)



POLYAKOV-LOOP VARIABLE ¢

Degeneracy in @ = Tr {explifA4}/N.; Ay = A3 + As¢s; Internal Z(3) Symmetry

Aj Ay
a2 2 & 00O WM 4
(—1/2+3,/9) (123 /%)
6) ()
ke °
(—1,0) 1,00
(2) ‘ ;) ,
@ ‘®
i=1/2,—J3 /%) (1/2—E/2)

Hell et al., 0810.1099 [hep-ph] Abuki et al., 0811.1512 [hep-ph]



POLYAKOV-LOOP NAMBU—-JONA-LASINIO MODEL (11I)

Lagrangian for N; = 2, N. = 3 quark matter, coupled to the gauge secior

Lpnin = q(i7" Dy —m+yp)g + Gy [{qq} + (qi57q) ] U (®[A], @A, T),
Dt =g+ — iA*; A* = §5 A" (Polyakov gauge), with A" = —iA,
Diagrammatic Hartree equation: = + O

So(p) =——=—(p—mo+"(k—iAy)) " Sp)==——=—(p-m+1 " (n—iAy))"
Dynamical chiral symmetry breaking ¢ = m — my # 0? Solve Gap Equation! (E = /p* + m?)

dp —1
2’."'_:];[' m—l—’}“{ —'1-14,-_1:]

_ 2G\N,N, f PN~ £ (B) — f5 (B

m — my

[
[+
0
~
=
'M
“"'--1

Modified quark distribution functions (® = ® = 0: “poor man’s nucleon™ Ey = 3E, py = 3p)
(d} + ELT}E_-H(EF:F“]) e B EFr) | o—38(EpFn)

1+3 ((Ts' - @E_EKEP:F“}) e BlEnFn) | o=38(En¥n)

1
1 + EE': EnFpy)

f5(E) = > fo'(E) =



POLYAKOV-LOOP NAMBU—-JONA-LASINIO MODEL (I1V)

08¢
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021

{W}f{$¢}r=ﬂ

D

Grand canonical thermodynamical potential

o’ d*p
6N
26~ {zfj

3
— ZNfT/{d {Treln |1+ Lo E/T]

T, ;®,m) = B0 (A —p7)

+ Tr,In [1+LT BT Y U (9,9, T)
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T [GeV]

Appearance of quarks below T, largely suppressed:

In det [1 - Le_{E_“”T] + Indet [1 + Lt e_{EJ“F‘”T]

— In [1 13 (@. 4 q}e—{E—pMT) o~ (E-m)/T . E—EEE—#HT]
b [143 (B4 e BT o EHIT BT

3 Accordance with QCD lattice susceptibilities! Example:

ng(T,p) 19T, p)
T3 T3 ap

|
0.5

2 Ratti, Thaler, Weise, PRD 73 (2006) 014019.



PHASES OF QCD @ EXTREMES: NO COLOR NEUTRALITY
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Phase diagram for the color superconducting PNJL model (with color neutrality)
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Phase diagram for the color superconducting PNJL model (with color neutrality)

Universal pressure at quark-hadron border?
Petran & Rafelski, Phys. Rev. C 88 (2013)

Instability, related to color neutrality
(confinement)

1.2 - — 7300
: ...................... e - “(NQM (ud.5)
o Lolea S a i
e - - NQM (ud) .. AR
08F ~<.gs5 97 ‘-?‘5 "$200
ﬁﬂﬁ \ H"
0.4 "3 =100
CEP
28C
02 A >0
ud
| L | 1 | 1
00 100 00 400 500 608
w[MeV] u[MeV]

A. Ayriyan, J. Berdermann, D. Blaschke, R. Lastowiecki, arxiv:1608.07875 [hep-ph]
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POLYAKOV-LOOP NAMBU—-JONA-LASINIO MODEL (V)

Mesonic currents

p(z) = qlz)isTq(z) (pion); Js(z) = g(z)q(z) — (g(z)q(z)) (sigma)

... and correlation functions

CEP () =1 f d'ze"= (O[T (Tp(z) 1 (0)) 10) = C™(q?)0u

C) =i [ aizeOIT (Js(a)240)) o)
Schwinger-Dyson Equations, T = u =0

CMM( H'rf'rf _I_ZHHM ZG CH'M{ }
M

One-loop polarization functions

Hﬂ.r.fﬂrf’[:qi)

ﬁ {jﬂd Tr (CarS(p+q)TarS(gq))

Hartree quark propagator S(p)



POLYAKOV-LOOP NAMBU—-JONA-LASINIO MODEL (VI)

Example of the pion channel:

PP, 5 Y d'ip mz—pz-l—qzﬂ
g) =4 N’-‘Nfﬁ @0 [(p+a/2% —mI[(p— ¢/2) — ]

— 4iN,N;I, — 2iN.N;* I(¢)

Loop Integrals:

d* 1 ] d* 1
h=| 5= 7 I?(Q}=/ 1 2 2 2
A 2m)ip? —m A (2m)[(p+ q)? — m?| [p? — m?
With pseudoscalar decay constant (fp) and gap equation for [,

m — My

8iGymN.N;’

One obtains I1""(¢%) = 5710 + fi(q ]izz  I1%(¢%) = S5 + f3( 2}LQ— In the chiral limit
(mg = 0), the correlation 1unc:1lnns

fA(q?) = —iNm’L(g%) ; I, =

HHH[Q :I
1 — 2G,IIMM(g2)

have poles at 4> = M3 = 0 (Pion) and ¢° = M2 = (2m)* (Sigma meson) — Check !

C‘HM{QE}I _ HMM{Q' } H’UH{ }I{EG :ICJHM{ :I M = P,S :




POLYAKOV-LOOP NAMBU—-JONA-LASINIO MODEL (VII)

Finite 7, i2 p = (o, P) = (iwn + p—iAsP) ; i [y ok = ~THTY, [ ke

I = —fg.f d’p 1— f(E, — p) — f(Ep+p)
l A (2m)3 2E,

1'2{,;,_; ;_ﬂ — 4 d3p 1 f[EP-I_Ju]-I_f(EP_J”’}_f{EPﬂ‘I_“}_f{Eﬁq_P’*J‘

’ A (273 2E2E,,, w—E,,+E,
i [ Lo 1—f(Ep—NJ—f(Ep+q+u)( S )

A (2m)3 2E2E, ., wH+En+E, w—-E,,—FE,
For a meson at rest in the medium (g = 0)
3 _— —_ J—
I, (UJ ﬁ) _ i [ @ - (Bt - (-
A (27)° Ep (w* — 4E3)

which develops an imaginary part

Sm (—ily(w,0)) = ﬁ (1-1 (g —n) - f (g 1)) \/ =4 ;fmi <O —4m?)B(4(A24+m?)—u?)

with the Pauli-blocking factor: N(w,pu) = (1— f (2 —p) — f (2 + p))



POLYAKOV-LOOP NAMBU-JONA-LASINIO MODEL (VIII)

Spectral function

l'[‘”‘”{u.: + i1, q)
1 — ZG]_HMM(M + 1?-';1 q_:]
MM (w) = m 1l 261 Sm M (w + i) .
2G, (1 — 2G, Re TTMM ()% + (2G,Sm ITMM (1 4 i))°

For w < 2m(T, u), Sm Il = 0: decay channel closed — bound state!

FMM{LLJ, q—-J — E}?TICMM{UJ 1 H:"* Eﬂ' _ O¥m

MM B m
§(1-2GRe 1" (w)) = 4@%‘53%“““ w —myy) .

m

MM, _ T
F ) = 2G,

)

W=y

The meson mass myy is the solution of
1—2G,Re T (my) = 0
The decay widih (inverse lifetime) is

[y = 2G,Sm HMM{mm)



NONLOCAL POLYAKOV-LOOP CHIRAL QUARK MODEL

_ 1
OT) = =U®.8) ~ TTrgy o {76 T} - 5208 T) - S/, T))
where the full quark propagator for the flavor f = u. d, s,
Sii (P, T) = Spolen,T) — 7' (p3, T)
= 7§ Ap((P2)", T) + iyawn Cr((£3)°,T) + B((p3)", T)
is defined by the DSE for the quark selfenergy X, see below. The Polyakov-loop potential is:

”E;ff'] = —%EET}‘I?*‘I' +b(T)In[1 — 60°0 + 4(2* + &%) — 3(* @) .

The Matsubara 4-momenta are defined as (p2)* = (w2)* + 5%, w® =w,+agy, o= —1,0,+1, and are coupled
to the Polyakov-loop variable ® = ® = 5- (1 s e‘*%l) =4 (1 + 2 cos (%)) . via the parameter ¢;.
Employing for the effective gluon propagator in a Feynman-like gauge, ¢°D5)(p — q) = 8, D(p*. ¢°, p - q). @ rank-2
separable ansatz

D(p*, % p - q) = DoFo(p*) Fola®) + DvFi(p)(p- @) Fi(q)

the propagator amplitudes are given by

By(p2,T) = g+ be(T)Fo(p})
Ap(p2,T) = 1+4ap(T)Fi(p2)
p



NONLOCAL POLYAKOV LOOP CHIRAL QUARK MODEL

3-flavor, rank-2, 4D separable

2-flavor, rank-1, 4D separable oo
susceptibilities:

order parameters:

1 I 1 1 1 I I 1 1 I 1 I 1 I 1 1 I 1 1
Lo LT o] | N=2+1 i
. 10 |
0.8 % =
S| - kS
M 2 -~ - - - E 30 |
lg_." 0.6 1 g ‘_."' - )
::E [ : ‘ .i'.'; E'T‘D
i) _
Ig 04 TE-._ - 7
W ] ¥ ]
02k ! d 10 .
. | I
."-ll't L "-“‘
.-f""'"h..,_'_' [ T N N NN NN TR NN N AN TN N AN TR TR AN TR NN SN N N B
e “'m-—ﬁ;; e hﬁ%ﬂ 0.18 0.19 0.20 0.19 02
temperature T[GeV] temperature T[GeV]
T (MeV)

D.B., Buballa, Radzhabov, Volkov,

Yad. Fiz. 71 (2008); arXiv:0705.0384 Horvatic, D.B., Klabucar, Kaczmarek, PRD

84 (2011)



PNJL vS. NJL MODEL: MASS SPECTRUM
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Quark + pion pressure
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A fantastic result !!

D.B., Agnieszka Wergieluk, Ludwik Turko



A fantastic result !!

Agnieszka Wergieluk, Aleksandr Dubinin, Pok Man Lo, .., Larry McLerran, ...



Mesons & Diquarks in PNJL Quark Matter

L=qid=my+yolp=iAs)lg + Loy —U(R.B:T), Lo =Gs[(Gq)> + (Girstq)?] +Gp Y. (Girstsiad)(@irststag).

A=257

a2

Qe = U(D, D; T}+E+Qq+ﬂm+ﬂn+ﬂn
S

1T o [lizg+@yo—y-p-m Anriystady )
————Trln S_I 3 S =( - . -
o el ’ Awriystady  (iza=jtJro=y-p-m

m = My + Oypp, ji = p—iAy = diag(p - iy — ighg, p + igh; — ighg, u + 2ichg) =diﬂgﬁ‘n.ug1ﬂh]

A
d3

d3
Qy = —2N_N; o !;3 E,- ENfoﬁ{“}ﬂ.g.h In[1+ e Errd/T] 4 tr,_, 5 In[1 4 e~ Ertud/T]},

A

d*p d*p : . :
=—-2N_N, | —=E_-2N.T In[(1 4 Ye #fldstdsl)(1 + Velfld—ds))(1 4 Ye?ifds

+In [{1 + }rﬂuﬁll-ﬁﬁ-ﬁs}](l + ?ﬂ—tﬁth—iﬁs}}{l + ?E—?tﬂﬁs)]L
A

d’p dp - _ - - _
= -2N.N; | =—=E, - ENfo—E{ln[l+3¢-}’+3¢-}’2+}’3]+I11[1 + 3®F + 30F% + 77},
2N.N; [ dp p* i 3
Ny PP . - (P +22Y)Y + ¥ (F
_ = E + E . T E = — . F = g I:-EF‘ p}"llr
3 fthp[f"{ P+ falEp)l f3(E) 1+3(@+2Y)Y + 1



Mesons & Diquarks in PNJL Quark Matter

|Sx(@. q)| exp iy (@, q)]

2u + i(ghs + ¢bg)

1T _
L}X =EFTrl-n [ﬁlzgil]i X= M1 D1D1 'S}_( {I'EH q} - = nx{lzﬂ' q} S}:{GJ + ”11{'} -
g [do dby (o, q)
= dwT —{In(1 — e~le—ma)/T _ o= l@-+u)/T L
QM M /{23]3'}23{ ( }+|11(1 g }} dw
Three color antitriplet diquark channels D, A=2, 5, 7; correspondingly, chemical potentials are:
po = i+ Hg = 2 — 2ighy Hs =y + pp = 2 —i(hs — oby) P =Byt g =
d dw diplw
Qp = /ﬁ/—{SﬂJ'F Ttry_s57In [1 —E_(m_ﬂ*"}"fr] + Ttry_1 57 ll'l[l - E_('IFI'F*‘}"'IT]} %1
3
- / % 2 {30+ Tl (1 - Xe-2)(1 - Xe-#b-))(1 - X9
S _ _ dép (@)
+Th[(1- Xeﬁ'ﬁ'ﬁ]{l _xelﬂl-ﬁs—'ﬁs}}{l - Xe ﬂ-ﬁﬁ-ﬁs}]]} ot
i
dﬁn( ))

da
=/ / = {30+ Tln[l - 30X + 30X2 - X*| + Th [l - 38 X 430X - X}

3 = gﬂm}hen:
.un=-3f {iﬁf 155 0) + G3(@)op(@). g (o) = S2PIXLX

g5 (o)

1-3(d- X)X -X°

3

1

exp[3(wF2u)/T] -
1

' expllwF2p)/T] - 1



Mesons & Diquarks in PNJL Quark Matter
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D.B., A. Dubinin, M. Buballa, Phys. Rev. D 91 (2015) 125040



Diquark phase shifts at finite temperature

(]

M e O =
N L L

Y e O =

Lo T

PNJL 7]
G/G=3/4




Polyakov-loop suppression

D.B., A. Dubinin, M. Buballa, Phys. Rev. D 91 (2015) 125040

of diquark pressure
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Partial pressures in a quark-meson-diquark system
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Rolf Hagedorn - Statistical model of particle production

- -

particles with  hadron quark-gluon
proper volume matter plasma
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Hadron Resonance Gas with Mott Dissociation

D. Blaschke, A. Dubinin, in preparation
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Hadron Resonance Gas with Mott Dissociation

D. Blaschke, A. Dubinin, in preparation

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

Pion channel in PNJL I Pion in effective model

Effective model for in-medium hadron phase shifts

T s—M2(T) (m?, .+ NZA® —s
6i(s;T) = [E + arctan (M,-(T)H[T])] {e[mghr.i — 5]+ Os — mi, ;|0[mi,, ; + N7A® — 5] [ = NZAZ




Hadron Resonance Gas with Mott Dissociation

D. Blaschke, A. Dubinin, L. Turko, arxiv:1612.09556 [hep-ph]

5 |

> LQCD
i P 0=0.5 T =187 MeV
— TINgl o
— P,
4 Y 2 —
w3 -
8
Z
52 i
—
al

P(T) = d,
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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

Teonl 7, 1)

z M,
Lj

oy = M) (r)

Tepl 15 1)

Tl T, 1)

ra( T, p) = JTTT 1y
2 _ 2 11[
ST, n) = —mylqq) ¢ /M,
3 /
A
2 ’*u"lrf — iy
(T, n) = (qq) A p Yt
4n” mq| g F| b () e 1y
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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

FHYSICAL REVIEW C VOLUME 51, NUMBER 5 MAY 1995

Quark exchange model for charmonium dissociation in hot hadronic matter

K. Martins® and [D. Blaschke?
Mazx- Planck- Gesellschaft AG “Theoretische Vielteilchenphysik, " Undversitdt Hostoek, D-180481 Rostock, Gertnony

E. Quack?
Gescllschaft fiir Schwerionenforachung mbH, Postfach 110552, D-64220 Darmstadt, Germany
(Reeeived 15 November 1094)
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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:

Te.l:p( Ip) =1l 1, p)

o : I
Collision time strongly T, mu dependent ! Expansion time scale from

Schematic resonance gas: dp pions, dN nucleons entropy conservation:

5(T, pu) V(ty,) = const

Top( T, 1) = as(T, p)

T [MaV)

.usasdEEEENE

Thermodynamics consistent with phenomenological
Freeze-out rules:
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T, ], a(T)

0,01k

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

Model results: G _,__mo I‘“ {ﬂlrmzﬂ i
Full hadron resonance gas model (G9) vac Fims| ) 2n% g 7® " 7O

N ) vy [OPP M
[‘]_IJ' = A "r_" f’f; - !H_Z. du(2 — N, / 72 f:'_ullf:':l"“lf'ul'f |

2 "dpp* m

2 ’ 3‘1‘." fe 1 + ]":.:“'--_"n',.l P—I:—H |T1I:f. (P 4+ Fo(Eg{pY)
(1, p) = 2 e |i'qq;'r-h| H-E_,__,Iﬁ )‘ 22 Eg(p) /5 (Es(p)) + f5 (E(p))]

4n m,

derg [ ,": —
- ip— fel(Ec :
z 4”_:}.[_;/:[ f'.r,llr’l't GiLpl)

G=n.K .5

rlf_-{ I n = 7 +r;:[ I, )

— i -
' I

Collision time follows a power law
t_coll ~ (T/Tc)*a
with a large exponent a ~ 20

I|1- 1]

.. ‘ — wiTifom fireo T " (T)={TT

1|e— 1 II'T ,1‘r.'l._|l'|'4."11..'_\' gy [ RiRIRLY o ]

See also: P. Braun-Munzinger, J. Stachel,
C. Wetterich, PLE (2004)
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(qq)
Full hadron resonance gas model G9)me
See also: S. Leupold, J. Phys. G (2006)
250
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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:

a

[MeV]

+ Z du(2 —

d 2
3 5 dm.\_ﬁ.‘;}f f_rp }_mfm

yELLT

H i, -
"-';rj {,’I: ;: — Ju(Eu(p))
L= f‘.,!,fl.l'i':l

M=o,

[f5 (Es(p)) + f5 (Es(p))]
B=N,A,.
dara
ArtF

If'—':l:' .94

.f'm.fﬁili’ill

[t

2 2 4 . 2 2. .
oy = M) ;5 rdTw = rn+r(Tp)

Irl
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inverse system size in the formula
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for the 3D expansion time scale
assuming entropy conservation



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!



Solving the Puzzles of Compact Star Interiors

David Blaschke (University of Wroclaw, Poland & JINR Dubna, Russia)

¥ g = - = ¥ ¥ ¥ & " ¥ ¥ w = = = = w T —

1. The Puzzles:
- Hyperon puzzle

- Reconfinement

- Masquerade
2. The Solution: ¥

Baryon finite size (compositenes: = Pl

—> Excluded volume Appr. (EVA) = _&6@; | ; \0737-3039 (B)
3. The Mechanism: Q@Qof:@@@&,;a ,

Quark Pauli Blocking &aﬂ‘f@a“‘
4. Outlook: b

- High-Mass Twins (next talk)
- Supernova explosion mechanis

11 12



Solving the Puzzles of Compact Star Interiors

David Blaschke (University of Wroclaw, Poland & JINR Dubna, Russia)
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. e L — 614

- Reconfinement —

- Masquerade
2. The Solution: 15

Baryon finite size (compositenes:= :

- Excluded volume Appr. (EVA) = | e
3. The Mechanism: ‘

. . With EVA:

Quark Pauli Blocking o e i

4. OUthOk: 0.5 - no reconfinement problem
. . - no masquerade problem
- High-Mass Twins (next talk)
- Supernova explosion mechanis
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2. The Solution: - | S
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- Excluded volume Appr. (EVA) o/
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4. Outlook: : 7
- High-Mass Twins (next talk) ' e

- Supernova explosion mechanism
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1. The Puzzles: . s 2o [
- Hyperon puzzle -8
- Reconfinement 7
- Masquerade

2. The Solution: —
Baryon finite size ((:ompositeness)za
- Excluded volume Appr. (EVA) = |

3. The Mechanism: > (s :ijg
Quark Pauli Blocking i

4. Outlook: . m,=200
- High-Mass Twins (next talk)
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