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* QCD-like effective model, Polyakov linear-sigma model:
* A novel estimation of the finite Isospin asymmetry
* The inclusion of finite magnetic field
* In-medium modifications of various meson states

e Statistical thermal model, Hadron resonance gas model:
* In-medium modifications of multiplicity and particle ratios

* Higher-order moments compared with experimental results

e (Conclusions
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Polyakov Linear-Sigma Model

In the mean-field approximation (MFA), the PLSM thermodynamic potential can be related the
to grand-canonical function Z, which is given in dependence of the temperatures T' and the chemical

potentials of f—th quark flavor pg,

T, 1) = L U0, 04, 0.) + Upua($,6,T) + Q3 (T, 1), (17)

The chemical potentials us are related to conserved quantum numbers of - for instance - baryon

number (B), strangeness (5), electric charge (€}), and isospin (/) of each quark flavors,

-
y = 18
KB  EQ  HI
_ _ _ 19
HB H
pe = =2 — 2 —ps. (20)

3 3

04/20/2023 11th MPD CM, 18-20 April 2023



Polyakov Linear-Sigma Model

In expression (17]), the first term U (o, 04, 05); the potential of the pure mesonic contributions, was

given Eq. (16}, while the second term UUpy (o, qg_._T]‘, the potential of Polyakov loop variables, was

elaborate - The last term refers to the quarks and antiquarks contributions to the PLSM
potential |
e dEP
Qpy(T,ps) = —2T >~ E,ﬂ_}g 14ng (T, pp)] +In[l +ng ¢ (T, py)l, (21)
f=u.d.s

where the number density distribution for particle is given as

ng +(T, nf) = 3 ({;:- + :;EE_EL;H) « et 4 e—ﬂﬂnﬁ, (22)

which is identical to that of anti-particle n, ¢(T', pts) with —p ¢ replacing +p ¢ and the order parameter
¢ by its conjugate ¢ or vice versa. By = {I_ﬂ + m?)” 2 is the energy-momentum dispersion relation

withamy being the mass of f th quark flavor.
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PLSM in Vanishing Magnetic Field

At vanishing magnetic field (eB = 0) but finite tem-
perature (7') and baryon chemical potential (g +),

<O d3—*
UTong) =T Y [
f=l,s
i Ee:—pn Er—p Ee:—pn 1
{m 143 (cf)-l-qﬁ*e__f’?_i) e T peTd T

E ¢+ B+ Eptpp
i () 2 ]
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PLSM in Finite Magnetic Field
FUTURE

At finite magnetic background (eB # 0) where the
magnetic field B = Bé,, all the spin directions should

.':I:i::j:'

Oue(T,11y,B) == 3 1 'Qf'BT 3

f=l,s v=0

E —H B — [ E — [
{m [1+3(¢>+¢5 e~ F i) em T e 3T i}

E + Ep ftuo Ep tt+u
-1-111{1—1—3(4?*-!-(?56_ ST f)e_ T e E L]}

(2 — 501,)/ dpz X
0
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PLSM: Quark Condensates at vanishing eB
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PLSM: Thermodynamics at finite eB
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PLSM: Magnetization
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PLSM: QCD Phase Diagram at finite eB
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QY PLSM: Chiral Phase Structure
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The masses are defined by the second derivative of the grand potential

—TnZ .
V :U(Umao-’y)_l_u(qbacb :!T)_I_QQQ(THUJJC)'

evaluated at its minimum with respect to the corresponding fields.

* Inthe present calculations, the minima are estimated by vanishing
expectation values of all scalar, pseudoscalar, vector and axial-vector fields.

 The pure strange and non-strange condensates are finite.

VeVl

i.ab — ¢

| 9C,a9Cib | min

where i stands for scalar, pseudoscalar, vector and axial-vector mesons

and a and b range fromO, .. ., 8.
* Inwacuum, mesonic sectors are foermulated: in non-strange and strange basis.

QT ) =

I



FUTURE Polyakov Linear-Sigma Model

v :;,: 1 4 \

The Lagrangian of L5M with N; =3 quark flavors and NV, = 3 color degrees of freedom, where the quarks couple
to the Polyakov-loop dynamics ®-field represents a complex (3 x 3)-matrix for the SU(3); x SU(3)z symmetric LoM
Lagrangian Lpirg = Ly + Ly, Where the fermionic part reads

Lo=0[i0 -9 T (0o +ivsma +7.V5 +7:745) ¢

with pt is an additional Lorentz index J ¢ is the flavor-blind Yukawa coupling of the quarks to the mesonic
contribution L, = Lsp + Ly 4+ Lint + Lu(1), represented to Lgp scalars (J PC = (™) and pseudoscalars (J PO

07), Ly 4 to vectors (J*¥ = 17) and a,}:ial-vectﬂrs (JPU = 1**) mesons and L, being the interaction between
them. Finally the Lagrangian of the anomaly term is given by Ly,
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FUTURE Polyakov Linear-Sigma Model
Lsp = Tr(8,dT0#® — m20T®) — M [Tr(T®)]? — A Tr(BT®)? + Tr[H (D + &T)],
1 2
Lav = —7Tr(Ly, +Bg,) +Tr [(% + &) (L2 + Rﬁ)]
+ %ﬁ (Tr{L,,[L*, L]} + Tr{R,, [R*, R*]})
+ ga[Te(L,L,L*L") + Tr(R,R,R*R")] + g4[Tx (L, L*L,L*) + Tr (R, R*R,R")]
+ g5 Tr (L, L") Tr (R, R") + go[Tr(L,L*) Tr(L, L") + Tr(R,R*) Tr(R,R")),
Ling = % Tr(®1®) Te(L2 + R%) + ha Tr[| LB + |®R,|*] + 2hs Tr(L,PR* 1),
Ly, = c[Det(®)+ Det(d1)] + co[Det(P) — Det(®)]? + e1[Det(P) + Det (D)) Tr[@DT].
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PLSM: Chiral Phase Structure

e Scalar meson masses are given as o
2) /3 T ab
2 2 =2, =2 2 572 4 2¢
mau = " —|—)|I.]_ (G’I—[—Jy)—]—Tﬂ' 5 Jy,
A
2 2 =2 , -2 A2 (o = = _2 C_ /
m, = m°+ A (::rI + Gr'y) + 5 (JI + \Ecrg:try + Ecry) + 50w
m2 = mim cos® @, + migﬁ sin” 0, + Qmi% sin @, cos 8,
m?fu — mim sin? #, + mgjgg cos® 0, — ng,ua sin 8, cos#,, !
with s (scalar) refers to 7 in

A 2c
mioe = m*+ 5 (702 +4v20.0, + 55, ) + X2 (52 +0}) - V2 (V20:+3y)
mi%:mjt—l(‘ﬁ 4\/_JIJy+'TJ + Ao (I Erg)—[—\/_c( 251,—&),

iy = 2 L (V302 — 5u5y — V352) + V3N, (; —Jg) + == (0~ V3,
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PLSM: Chiral Phase Structure

e Pseudoscalar meson masses read

2
Tre - _
1,ab
A 2c ’
A c
mir — m2+ A1 (Erg + 55) + ?? (ﬁg — \Eﬁmﬁy + 255) — Eﬁm;
m;?]; = mﬁjm cos” fp + mfhga sin” fp + Qming sin 8y cos Bp,
mﬁ — mim sin® 8, + mgjﬁg cos” O, — Zmi,jg sin @, cos #p,
: . 2?”1?,08 : ..
with  tan20; = — 7—,1=5,p p (pseudoscalar) refers toi in

A
m;m = m*+ A (G2 + 53) 4+ 22 (52 + 53) + g (251‘ + x@:‘ry) ,

3
9 _ Ao, _ _ e, _ _
m;EE = m?+ A\ (EFE + Jg) + o (Jﬁ —]—455] ~ 5 (-ﬂl{rﬂ: — \/icry) ,
27
miﬁug — \/_ﬁ 2 (5_ — 20 ) - = (\/_U—ﬂ: — Zﬁy) )
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PLSM: Chiral Phase Structure

e Vector meson masses are given as

1 h
m2 = m§+§(hl —]—flg—l—hg)ﬁi+?15§—l—251-,
9 5 02/ o TxTy 2 55 9
mie = mi+—F (91 +2h1 +ho) + 7 (hs — g7) + =" (g1 + ha + ha) + 8z + 0y ,
me, = mﬁ,
> _ oyt (P Y62 0s
My, = M1+ o0+ (5 theths 0y + 20y,
and vectors V# refer to 2 .
9?0 (T.
m2 ( J#J"’)

e 0Ci.a9Ci b
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PLSM: Chiral Phase Structure

e And finally the axial-vectors masses are
1 h
m2 = mi+ > (2¢2 + h1 + ho — ha) 72 + ?153 + 28,

1 1
ko = mi+ 7 (91 + 21+ ho)0p — —=028y (hs — 91) + 5 (97 + b1+ ho) 5y + 82 + 6,

3
=
|

1
V2
2 _ 2
m_flm = Mgy,

72 h
miy mi + ?ﬂ:hl + (29% + ?1 + ho — ;’13) Erg + 24,,.

and axialvector A* refer to 2

2 - ((‘}QQ(T'. Juf)

T

e 0Ci.a9Ci b
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PLSM: meson masses at T=0
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PLSM: In-medium meson masses
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PLSM: In-medium meson masses
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PLSM: In-medium meson masses
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FU‘@(VJRE PLSM: Phase Structure Conclusions

S
[ SR |

 We have studies the thermal, dense and magnetic in-
medium modifications of

ao, o, 1, 7T, fo, &, 1, K, p, w, k%, ¢, a1, fr, K* and f;
meson states

* This study shall be extended to charged meson states, e.q.,
K*, K, n*, 7, etc.

* The thermal and dense dependence of K*/r*, K/ 7, could be
predicted, as well.

 Extending PLSM to include baryons is planned in near future.
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Hadron Resonance Gas Model
FUTURE
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For an ideal gas of hadron resonances

pIN—H
Z(T,u, V) = Tr [D}{p T }

InZ(T,pi, V) = » InZNT, V)=

Vg [

92 / E*dkIn {1 + exp[(p: — :)/T)}
27T 0
where ¢;(k) = (k% +m?)1/? is the i—th particle dispersion relation, g; is spin-isospin degeneracy
factor and 4 stands for bosons and fermions, respectively.

At finite temperature T and baryon chemical potential u, the pressure of
the i-th hadron resonance reads

p(T, p;) = __Qf;T/Dm k*dkIn {1 & exp[(u; — ) /T)}
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Hadron Resonance Gas Model

EUIURE

[ SR |

Switching between hadron and quark chemistry is possible from the analytic
relations between the hadronic chemical potentials and the quark constituents;

Wi = 3ny Ly + Ns 1S,

* The chemical potential assigned to the light quarks is p, = (p, + u,)/2 and
the one assigned to strange quark reads pug = p, -l

* The strangeness chemical potential u; is calculated as a function of T and
U, under the assumption that the overall strange quantum number must

remain conserved in heavy-ion collisions.
e The number density or particle multiplicity can be estimated as

Hi—Eq

i © e k2 dk
ml(T?Mz) — :IZQ?TZT/U H;—e;
T

l+e T

04/20/2023 11th MPD CM, 18-20 April 2023




Hadron Resonance Gas Model

o The second” order moment is known as the varlance reads

i . 8 T kg dk i & 62 T k? dk’
mE(T? :U’t) — 22_2 / pi—e; erzT/ pi—es\ 2
0 1+e 7T 0 (1 + e-*T—t)
 The “third” order moment measures of the lopsidedness of the distribution
Li—E; Hi—E; 1y
; e~ T k2 dk ; 0 g2 k2 dk ; © AT k2 dk
ma(T, 1) = o / L 923Tf c - + 29221”/ il
2T 0 l4e7T 2m 0 (1:|:Ei TEE) d V0 (lie T )

 The “fourth” order moment compares the tallness and skinny or shortness
and squatness, i.e., it defined the shape of the distribution

© ST k2 dk g, © 25T k2 dk ; © 35T k2 dk

ma(T, ;) = — — Jior c + i j9r ¢
272 . 2m? pi—ei \2 T 272 pi—e )
0 1+ o (14 et7) Jo (1)
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Hadron Resonance Gas Model

* Now a general expression for the r-th order moment can be deduced

k2 d,

my (T, 1)

’ri

- 2?72

0 lﬁ:e Tt)

where the coefficients read

ar; = (ED)(-D)"*[lar_yy+(10—1) ar_1y-1],

my = ((6N)*) = 2(N),

SN = N — (N)
_ 3\ A~
m3 = ((5N) > ~ 4<JN> + CS: C3(p1, p2, ps) Z(plplpl )+ 3 Z pip2p2) + 6 Z {p1p2ps),
p1<pe P1<p2<p3
my = ((5N)4> — 6?‘}13 + Smg — 8m2 -+ 804? Cu(p1,p2, 03, 14) = Z (p1p2p2p2) + Z (pLp2p3ps) + 8 Z {(P1P2p3pa),
pL<p2 p1<p2<p3 pP1<p2<<p3<pa
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Hadron Resonance Gas Model

? By considering the particle multiplicities,
my = ((IN)*) ~ (N%) — (N)7,
ms = ((ON)?) =~ (N®) — (N*)(N) + 2(N")”,
ma = ((6N)") = 3((6N)*)* = ((N)") = 2({N")*) = 5{(N?))* + 6{(\)*) ((N?))

.

_ gi 4 n+1 _n %L T 2 —4 | E
P(T, ;) = ﬁT 2 (+) € (ﬂ T) n " Ks (n 7 )
i | : o\ 2
L) = 5T 2@ e (0 7)) n ke (n )
= n=1
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Hadron Resonance Gas Model
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e Chemical Freezeout

\ T - h | ==H] + 2 h k2 dk
02 S ) e (12) 0K (1) (xo?), = ST {h PR ) oo (i)
(N) B ntlgnit (pnmi\? -3 p (o) J5 (1= cosh [254]) ™" k2 dk
il Zu—l(j:) ! (n' T ) n 'FLE (T? T ) 3g; 1 oo R —1 ,
co? = V() Ko (n v i [ (e [EE) e
ic‘ l(:I:)”*’lf:'” T (n“}i) n—2K, (n%) (k0% = 1fn {cosh [22£] — 2} Sech[ _“‘] k% dk
1 nki mi\% _o m; ! 4 fn (th [_. “t] + 1) k? dk
- Z( )it e T (n—) n - Ky (n—) : , o 1
2 n=1 T r _ 29 L cosh |2 Hil 4q k% dk
472 T3 [J, T '
7 _ g, o 1 f5 (1 esch [Bg])
LY nT @ . —1
s ) W2 e (1) Rk

ko ~ 1 — % L4 exp ['”"'] (ﬂ) K5 (ﬁ)
272 T T T
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Hadron Resonance Gas Model
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* Chemical Freezeout Physics of vanishing xo° or equivalently my = 332
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Higher-Order Moments in PLSM

The higher-order moment of the particle multiplicity is defined is
- g p(T, i, B) p(T,p,B) = = TO W Z(T,pu, B)/OV
e ’ In Z(T, 1, B) = —V T, , B)/T
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Higher-Order Moments in PLSM
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* T-dependence of the third-order moment, at finite eB and u
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Higher-Order Moments in PLSM & Experiment
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Freezeout Temperatures in PLSM
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w Higher-Order Moments in PLSM & Experiment

With Non-Extensive Statistics (not necessarily of Tsallis-type)
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Conclusion: Higher-Order Moments
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We observe that HRGM excellently reproduces experimental multiplicity
and particle ratios, i.e., first-order, why not the higher-order cumulants!

The statistical nature seems to play an essential role

* Microcanonical (fixed energy), canonical (fixed temperature) or grand
canonical ensemble (fixed T and p)

* Extensive or nonextensive or generic (super) statistics

* ldeal static equilibrium or interacting dynamic nonequilibrium

Indeed, if statistical nature is essential for higher-order cumulants, it is as
well essential for multiplicity, as well!
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Thank you!
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