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QCD Phase Diagram

@ Lattice QCD is reliable at ppz = 0

® Extrapolations are limited to ppy ~ 3.5T
Talk by A. Abuali

® At finite baryon density (relevant for
neutron stars and mergers),
we rely on effective models
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Effective Models for Nuclear Matter

Effective Models for Nuclear Matter

Interpret data @m——) make predictions

Requirements: V(o, t=0)
® Chiral symmetry

® Broken scale invariance

® Nuclear matter degrees of freedom and
Interactions

® Constrained by first-principles results and/or --___

- —_ -
—
—_

experiments/observations
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Chiral Mean Field (CMF) Model

® CMF Lagrangian

Z CMF — Z kin T Z int T Z scal T Z vee T Zz esb UCD ° S G g g dd“—o‘—““p

. . . . -3/2\¢;d I/Z\udo/fxul(u/ ‘3/2 -1 ch2 \(;d o

The Polyakov loop-like potential is given by: RS ETX; \—A
Up = (agT* + ayujy + a,T?u2) @ + a;T3 In(1 — 60 + 80 — 30%) . N/ ;“

® Quarks and hadrons interactions are mediated via the exchange of scalar (o, { and 6) and
vector (w, @ and p) mesons.

N. Cruz-Camacho, et al., PRD 111 (2025) 9, 094030

CMEF++

Chiral Mean Field
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Chiral Mean Field (CMF) Model

® CMF Lagrangian
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The Polyakov loop-like potential is given by: RS z?>g; \_A_ ol
Up = (agT* + aypuy + a,Tu3) @ + a3 T In(1 — 60% + 80° — 30%) . N/ T 99

® Quarks and hadrons interactions are mediated via the exchange of scalar (o, { and 6) and
vector (w, @ and p) mesons.

N. Cruz-Camacho, et al., PRD 111 (2025) 9, 094030

CMEF++

Chiral Mean Field

® In this study, we restrict ourselves to the hadronic regime, ignoring quark degrees of

freedom, and use the redefined CMF model RCA.
R. Kumar, et al., PRD 109 (2024) 7, 074008
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Chiral Mean Field (CMF) Model

The mean field approximation (MFA)
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Chiral Mean Field (CMF) Model

The mean field approximation (MFA)

@® Mesons not dynamical degrees of freedom are

replaced by time and space independent
expectation value
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Chiral Mean Field (CMF) Model

The mean field approximation (MFA)

@® Mesons not dynamical degrees of freedom are
replaced by time and space independent
expectation value

® \We assume a dense, spatially isotropic, and
rotationally invariant system.

® Negative parity states («, K, 77) are neglected.
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The mean field approximation (MFA)

@® Mesons not dynamical degrees of freedom are
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Chiral Mean Field (CMF) Model

The mean field approximation (MFA)

@® Mesons not dynamical degrees of freedom are 0 — < 0> =0

replaced by time and space independent VE S5 < VES=<V.0>
expectation value 0

o . <m>=0
® \We assume a dense, spatially isotropic, and ’
rotationally invariant system. Sy
K° ] K*
® Negative parity states («, K, 77) are neglected. SO —t— Sy,
® Only mesons scalar/vector mean fields survive / \ >\(Q,
0
-1 1/2 UU /1/2 =5 1
— ud — = dd du —

Caveat = o 1,
A
® No interacting mesons affects the EoS X \ /

K- KU
Eﬁ\/ V. A. Dexheimer and S. Schramm, PRC 81, 045201 (2010)
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Formalism
Hadronic (H) grand canonical potential

@® For a thermal model with baryons and meson Ko S o .
3 su du
H B M A
Q_ — UM : ch : ch iﬁd/'li_\@iadiﬁl_. 1 dd/-lf?- \0
U ‘/_ L LV VL L W—X/ \ﬂo_n/ i r;g; 1
M = ~vec — ~scal — ~esb T Avac s = sd

K~ K° S

L J—
I
led

Sy

p A~ A° A v A

v
duo_zau_udt Q

+
: \|, X/
Q ? ' !
P 302 (ddy 112 fud” 12 fuu, 1302
5 /_1 <0 / Skt I3
0 +
,A > I3 sd __|  su
s 2 S
= k— X0
o \|/

S 85 ()
305

o
ned

Si
@® Theinclusion of thermal mesons with field-dependent masses influences the mean-field

equation of motion, as they introduce back-reaction terms
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Formalism
Hadronic (H) grand canonical potential

® For a thermal model with baryons and meson Ko S o . » .o N
S su dd'u, _o u(,iu céld ddu — %u_u&; /Q,
H B M \} N N
— | | —ud —— g dd ——du — . 12 - 12 M1 o A\ 2 €
U M — Lvec o Lscal o Lesb T 'C'vac K_"‘S i ‘731?“ sd L su N \/Q ) -
. Sy =9 ? :

® Theinclusion of thermal mesons with field-dependent masses influences the mean-field
equation of motion, as they introduce back-reaction terms

The feedback in CMF equation of motion

. % - : :
o (Q1IV)  o(QorEy m:*—in medium mass of particle i

) ,2 Mami>I<
39 08 &' Thg @ =0,0,0,w,p,¢

ieM
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Formalism
Hadronic (H) grand canonical potential

@® For a thermal model with baryons and meson Kndi‘_ K , ) o N
S su dd'u, _0 'udfu, %d ddu — ztiu —_—uu /Q,
H B M 3 . \
o e gs e P au s dgd 12l fud e munt 0 FT A S
A ROV e
Um = Lyec — ’Cscal — 'C’esb + Lvac K_"‘S = ‘73[?“ sd —— su N \/Q -

= S =0 ;
® Theinclusion of thermal mesons with field-dependent masses influences the mean-field

equation of motion, as they introduce back-reaction terms

The feedback in CMF equation of motion

. % - : :
o (Q1IV)  o(QorEy m:*—in medium mass of particle i

5 ) '2 M()mi>I<
39 08 &' Thg @ =0,0,6,0,p,¢

ieM

For non-interacting mesons:

s %
0 m*— constant o _ 0

. ; R. Kumar et al., PRD 111, 074029 (2025)
N N 6/14



Interacting mesons
In-medium meson mass

The spontanesous symmetry-breaking Lagrangian term in the CMF model is written as:-
| |
P = <—5m,720TrY2 - Tr A, (X + iV yu+ ' (X = iV’ )

The second derivative of the fZZSb at its minimum with respect to the respective mesons

@;, gives the in-medium mass
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Interacting mesons

In-medium meson mass
The spontanesous symmetry-breaking Lagrangian term in the CMF model is written as:-

I I
P = <—5m§0TrY2 - Tr A, (X + iV yu+ ' (X = iV’ )

The second derivative of the S,”Z‘Sb at its minimum with respect to the respective mesons

@;, gives the in-medium mass

- I > 2
m_ = — 11111
Pij - <> a(pia(pj esb

with ¢, = m,n,7n’, K, and for the vacuum expectation for the mesons we consider

< @ > = 0. Similarly, the in medium mass can be obtained for vector mesons (w, p, K*, @)
using £ ..

o

P p R. Kumar et al., PRD 111, 074029 (2025)
N N 714



In-medium meson mass

Pseudoscalar mesons Vector mesons
m. —m2Z
70/t o— — "im
£ m% = m? + 691 ( 52 )
r 0.5m% (2¢ + V2 (6 + o)) (V200 + 2¢p)
Mg+ / k- = 2
(00 T \/_Co) * 2 2 Z</> 2
m’ g = My +Gg4(Z—>w
2 0.5m% (2¢ + V2 (=6 + o) ) (V200 + 2{o) .
Mo/ go =
(00 + fCo)
2 mZoog + V2 (\/ﬁm%{ (\/500 + 2{0) — 2m72r00)
e = o2 + 4¢3
0 0

@ For interacting mesons the masses are not constant, they depend on T and uz through the mean fields

1 m¥ = m*((T, pp)) = m¥(p(T, py)) = m*(0,{, 8,0, p, h)
A
IH% 514 R. Kumar et al., PRD 111, 074029 (2025)



Meson Mean fields in isospin symmetric matter

2) 1.0 — T =50 MeV b) 1.00 —— T =50 MeV
— T —= 100 MeV — T —= 100 MeV
— ' =150 MeV 0.95 - —_— 7' =150 MeV
0.8
0.90- ® Increasing T or uB modifies mean
() (@)
L 0.6 o .
E CO.85 fleldS
0.47 0804 e
0.2 0.75 - =~
0 500 1000 1500 0 500 1000 1500
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. 207 1 50 Mev d) %
— T =100 MeV
| —— T =150 MeV —10-
_—90-
~
=
= =301 __0 cwr
< —— WCMF
_40_
—_— 7' =50 MeV
=301 — T = 100 MeV
| — T =150 MeV
| | | —60- . | |
NA 500 1000 1500 0 500 1000 1500
I'm\/ pp [MeV] up [MeV]

ML R. Kumar et al., PRD 111, 074029 (2025)
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pseudoscalar meson mass and particle population

In medium masses

600 S I 2300 7 )
I B e LT (i
:::::::--==::: :::: | T T 150 MoV /// R4 //
450 B S E S— 1900 - ‘ ] o
= e IlTETTa o ® Increasing T or uB modifies mean
© —— T =50 MeV T v .
2300- —— T = 100 MeV 21500- f|e|dS
*gj — ' = 150 MeV 78 x>
= - & =
150 M 1100 : :
—— ® Mean fields modify meson masses
0 - - - 700 - . .
0 500 1000 1500 0 500 1000 1500
pp [MeV] pp [MeV] ® Meson masses reveals the onset of

chiral symmetry restoration

R. Kumar et al., PRD 111, 074029 (2025)
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pseudoscalar meson mass and particle population

In medium masses

2300

a) =:=::::":f.:SEEEEE:::::::::::: b) 0tk ,// ////
450_:::::::::==::::::‘\ ''''''''''' o00d T T = 150 MeV /’ ,/ /7
n eI o ® Increasing T or uB modifies mean
= —— T =50 MeV 1 O .
2300- —— T = 100 MeV 21500 f|e|dS
*gj — T = 150 MeV T x>
= - K s
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pa—— ® Mean fields modify meson masses
' 500 1000 1500 003 500 1000 1500
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c) d) %2 .20
0'10_—/. 0.015 Mo /pt je— = mWU_O
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~ .  0.010 e :
L i — E; ® Modified masses change particle
w CMF .
Y N 0.005 populations.
0.02f =So-y- - ]
| | | 0.000 1 —
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R. Kumar et al., PRD 111, 074029 (2025)



Comparison with lattice QCD thermodynamics

2.01 up/T =0 —— WCMF up/T =0 —— WCMF
a) /T =1 — =+ CMF b) /T =1 —=+ CMF
ZE/TZQ ----- CMF noTM 0.8 ZE/TZQ ----- CMF noTM
1.5 pp/T =3 ® lattice QCD i us/T =3 ® lattice QCD -
/T = 3.5
< -7
B‘ 1 [} [ ]
e IR I e A ® Improved agreement with lattice data

for:

® Pressure

120 130 140 150 160 120 130 140 150 160
T iMev] T IMeV] ® Baryon density
12-
12 pp/T =0 —— mCMF up/T =0 — mCMF
C> B/1 = - d) 5/T = — M
O [ O : ol rr=t |17 o / ® [Energy density

pp/T =3 ® lattice QCD /

up/T =3 ® lattice QCD I § ,

/ ® Entropy density

® ValiduptoT=160 MeV

S. Borsanyi, et al. PRL 126 (2021)
R. Kumar et al., PRD 111, 074029 (2025)
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Comparison with HRG thermodynamics

a) 2.0

1.5+

0.0 F

HRG model

@® Reproduces HRG behavior at low to
intermediate temperature T

® The agreement can be further
improved by including quark degree

52 of freedom

pp =0
g = 500 MeV
up = 700 MeV
——mCMF
- - --HRGypw
............. HRGideal
20 40

T [MeV]

100

120 V. Vovchenko, et al. Comp. Phys. Com. 244, 295 (2019)
R. Kumar et al., PRD 111, 074029 (2025)
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Comparison with Partial Pressures

10_4 Total Pressure
B =0,[5=0
— Bl =0,5=1
—9 —— |B|=1,|5|=0
10 mCMF B L e
® lattice QCD —— |B|=1,|5]| =2
B =1,5=3
10_§35 140 145 150 155 160
S
Ij‘F‘,L, T [MeV
ML

13/14

Partial Pressures

® \/alidates hadronic content of CMF

® Good agreement across sectors:
® Baryonic
® Strange

P. Alba, et al. PRD 96 (2017)
R. Kumar et al., PRD 111, 074029 (2025)



Summary

Extended the CMF model by including pseudoscalar and vector meson interactions.

We achieved an unprecedented level of agreement with extrapolated lattice QCD and
HRG thermodynamics that could be improved by adding quark degrees of freedom

Our goal is to obtain a realistic equation of state for dense matter at finite temperature,
which will be useful in neutron stars and neutron star merger simulations.

Outlook:

Obtain the EoS at finite isospin fraction including neutron star matter. Talk by J. Grefa

Include quarks and a deconfinement potential On going work, Poster by M K

Improve the mean-field approximation or go beyond mean field approximation
On going work by J. Grefa
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Thank you for your attention!



APPENDIX



Multiplets

@ Baryon Octet

@ Ap matrix

Ap

o
V2

™m

7T

0
0

>t D
_ 50 A0
V2 v "
=0 9>
V6
5(1;—50' O O
—5%4o
0 NG 0
0 0 C
0 0
m%fﬂ 0
0 Zm%fK —m



Multiplets

9 . Ao -+
V2 ' V6 023 . p
_ — —x% | A
‘ Pseudoscalar Nonet £ = 2 o5+ 7 n O
= =0 _9A_

@ \Vector Meson Nonet : Mean Fields (w,p and ¢) (224w + g+

\/5 0
V = 0~ —l;/g'w K *O
K*— K*O ¢

@ Pscudoscalar Singlet

1 3 o n
Y:\/jno 0O 1 O
8 0 1



The CMF Lagrangian

LCMF — Lkin - Lint =+ Lscal - Lvec - Lesb
Liin = i Tr (ByuD*B) =i ) (%iv,0"¢:)

icB
e _lkoxz (0% + 2+ 6%) + k1 (0% + 2+ 62)° LR
> koXo 1 (0% 4+C*+6%)" + ko > - (* + 3(00)?
3 [ (2 -2
+ k3Xx0 o — 62 + k (0 | 3 2 31 _ 4 , € 4 (0 _5)<
( ) C 3N X0 \/i \/505 _I_C k4XO | 3X0 ln 0_840
1 L
Lo = 5 (mew? + migbz - mipz) + L3
Uu - ]' -
esb — — m72rf7f(7+ ( Qm%(fK \/ﬁmgrfﬂ) C

Lint = — Y ¥i [0 (giwtw + Gipp + Gio®) + Gico + 9icC + 9is0] ¥
1€B



Formalism: CMF thermodynamic potential

OH QIQ%
Vv Vv
V V

UM — Lvec — 'C’scal — Lesb =+ 'Cvac 9

O i 2 ' —L(EX(k)—p*) ' —L(E*(k)+ur)
D> zﬂz/dkk (m 1+e 7 (E; “z)_ +In{1+e 7 (7 (k)4 |

1Ebaryons

QM i 1 * %\ |
th =T Z 52 /dkk2 In 1—6_T(Ei (k)= .
70 i _

1Emesons




In-medium meson mass

m*?oz,j = lim
m;krzo/w+/7r— — m'?ro_i()
i e = 0.5m% (2¢ + V2 (6 + 0)) 2(\/500 + 2¢o)
(00 + \/§C0)
) 0.5m% (2¢ + V2 (=6 + 7)) (V200 + 2¢0)
Mo /go = 2
(Uo =+ \/§C0)
m*2 m?raao + \/§C ( Zm%{ (\/500 + 2(0) — 2m72T00)
ns —



