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- Lattice study in dense QCD? with N} = (even)
T three-color QCD (our world) two-color QCD (imaginary world)
@ o~
‘ L 4
. - Lattice sim. at density is not easy - Lattice sim. at density is possible!
o 73 X Ny O
<D, w Det(y-D—pya+m)eC <:> Det(y-D — pys +m)™F >0
£ W) sign problem disappears

\‘ sign problem

" thanks to SU(2), pseudoreality :
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- Lattice study in dense QCD? with N, = (even)

three-color QCD (our world) two-color QCD (imaginary world)

~

- Lattice sim. at density is not easy - Lattice sim. at density is possible!
,-O

22 J¢ p Det(y- D — pys +m) ECx <:> Det(y- D — pys +m)™r >0 O
» sign problem disappears |
‘ sign problem - thanks to SU(2). pseudoreality |

- Baryon is made of three quarks - Baryon is made of two quarks

some differences
@ nucleon <:> diquark baryon

_— \

[ - Two-color QCD is a useful laboratory to explore cold-dense medium with lattice simulations J
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i . »  schematically
- Phase diagram in two-color QCD (QC,D) |
4 -
. . . . o — e
- Examples of simulation results of phase diagram in QC,D s
§ @@ /deconfined-like
hadroniciaEy I paryon superfluid phase
250 I N T T T T 0.8 T T T r T W) =0 confined-like  (y%) #0
\\9912"‘ oo 0.7 '© °° © ° ] @ BEC ng/mg® <1 ’QBLSLi” /ng® =1
Voo <> . q @ /"
o ® |Ww 8
I \ 060 © o © o a2 Ha
Quark-gluon plasma
- & © ©
> 150 N _ o © ° o
= 100 e 5 | 8 8
i %ﬁ% @‘\\:'*-@ECS? | |
o Hadronic =L <yy> =0, <yy> # 0, diquark condensation
i / T 011 chsB  Diquark,L=24 —~— Chiral,L =30
i | Quarkyonic oL ChiralLi=24 —a— Diquark;Lg=30 =
ol S N : L ! o o5 1 15 2 25 3 35
0 200 400 600 800
u, MeV) p/m,
| Boz-Cotter-Fister-Mehta-Skullerud (2013) i | Buividovich-Smith-Smekal (2020)

- Currently at least four lattice simulation groups are active

- Ireland/UK group (Hands, Skullerud, ...) - Russian group (Bornyakoy, ...)
- UK group (Buividovich, ...) - Japanese group (lida-san, ltou-san, ...)
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schematically

» Phase diagram in two-color QCD (QC,D) P
- Examples of simulation results of phase diagram in QC,D @»@\;
) @ deconfined-like

B I baryon superfluid phase
hadronic phase /' ., fined-like () #0

250F L AL ' ' ' 0.8 " i ' ' ' () =0
\\\QGP 6o <> © © [¢] @ o T @ BEC / SB _ | _B_C_S / SB o1
. . e 0.7t Y @aa, M =
ool y ® o) LS
IR 06©@ © o © o M /2 Hq
Quark-gluon plasma
05tf©@ © o ©) o
5T & oo o o o
S =~ e ® o © 0
: = ® O © O
100 03/ 8 \ . A
: 02l ‘ diquark condensed phase
, < # 0, diquark condensation .
sof- o1l e _ (baryon superfluid phase)
i " | ChSB ark,L;=24 —v— Chiral,L,=30
I oL . =§24 —a— l?iquark,s!_s=30 <w¢> # O
ol 0 05 3.5

____________________________________

- Currently at least four lattice simulation groups are active

- Ireland/UK group (Hands, Skullerud, ...) - Russian group (Bornyakoy, ...)
- UK group (Buividovich, ...) - Japanese group (lida-san, ltou-san, ...)
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- Lattice results

- In addition to phase diagram, hadron mass spectrum, gluon propagator, transport coefficient,
EoS, sound velocity, (), (v), (L), etc. have been simulated

2 Japanese group

0912 rrrrrogr g rrrrrrrrereT 0-06 L L L L 3 L L L L L oY 1 PR L L D DL
Hadronic | BEC | BCS Hadronic | BECi  BCS E plucy A ] [ conformal bound : Talk by E. ltou on May 28

091} i + 25 3 elys” —o—+ o 7 08F T=80MeV —O— .

PR 0.04 [ + 7 2F Hadronic | BEC BCS 4 « : To4OMey ]

A0.908 \ 1A . F ' o ] "Oosf Hadonic | BEC L, I 1y

R [ ~ [ 1 AR ]

\ o + 15F - i i % Tee e o o

1@0.906 | N 1 v002r P 7 s o0 . Yeosf 5 t ty ]

T + + + ! 3 o A “ 1 © ; . i ]

0.904 T ) AN 05F of L& 02F ¢ | BCs

0.902 PEEFEEE PR SH B SE B SE Nrrar i S SR l...il...l...l..- O:m.n.r\n.n.llg.A.AlA...I-.-- O:..A.Al .l.'él...il.--l---:

0 025 0. o 075 1 125 0 025 0.5/ 075 1 125 0 025 05 075 1 125 0 025 05 075 1 125
Himps pimpg pimpg p/mpg

— (i) Regard QC,D lattice simulations as useful “numerical experiments” of cold and dense QCD,
and (ii) give interpretation from symmetry viewpoints based on effective models

_________________________________________________________________________________________________________________________________ Suenaga (2025) (Review paper) )
. My publications on QC,D g /

\ Gluon propagator: Suenaga-Kojo(2019), Kojo-Suenaga(2021), CSE effect: Suenaga-Kojo(2021), Sound velocity: Kojo-Suenaga(2022),
i Kawaguchi-Suenaga(2024), Topological susceptibility: Kawaguchi-Suenaga(2023), Hadron mass: Suenaga-Murakami-Itou-Iida (2023, 2024),
. FRG analysis: Fejos-Suenaga(2025, 2025), LSM with Nf=2+2: Sakai-Suenaga (2025), in preparations

T ,
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Lattice results on hadron masses  Murakami et al (2023) |
O+ mass eson (1=0,0* O- mass | ]
3.0 omeson (/=0,0") | 3.0 S -& nmeson (/=0,07) |
I Antidiquark (/=0,0%) % -AF Antidiquark (/=0,0")

2.5 ¥~ Diquark (1=0,0%) 250 == -¥- Diquark (1=0,07) |
o . 202%::_ """"" _@ -¥- mmeson (I=1,07) i B

¥ £y o ﬂ% « pion (I =1,07)

g 15 - Z15 i — - +
108 1L0B——— B % - I'=0,0" hadron
N o ‘35- ----- e — lighter than pion!

Roilaiiall= £ = 4

0800 0.25 0.50 0.75 1.00 -850 0.25 0.50 0.75 1.00
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Lattice results on hadron masses . Murakami et al (2023) |
3.0 0+ mass om;son (I=0,d+) . 3_0_0- maS_S -P- nme‘son (I=0,0_‘)
- Antidiquark (/=0,0%) % -AF Antidiquark (/=0,0")
2.5 -¥- Diquark I=0,0%) 2.5 & = -4~ Diquark (I=0,07)
o ! BT B -¥Y- mmeson (I=1,07) )
¥ St e s It i ?% « pion (I =1,07)
3 ’5_ jg\. ]/ﬁ__. ,,,,,
=15 —F =15 — g - -
g = g I X x _
10 Lop—8——B % % = I =0,0" hadron
o ol s iﬁ%‘“‘%wﬂ lighter than pion!
ks - S 5 &
0800 0.25 0.50 0.75 1.00 0-8.00 0.25 0.50 0.75 1.00
p/mg p/mg

- Pion is no longer light in superfluid phase (for m?2/2 < 1) !

ChPT is not the useful “low-energy model”

- ChPT is powerful but cannot treat 7 = 0,0~ hadron
P ’ in superfluid phase of QC,D!

_______________________

I$ { | constructed another model (linear sigma model) as a reasonable EFT in (dense) QC,D
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Q: What can we learn from QC,D?

- It is too naive to bring all obtained information to Nc=3 world

—» detailed dynamics is different eg C =3 c =2

baryon
- But we can get information on

4 )

- to what extent hadron model description can apply universal regardless of Nc

- Which representation of hadrons is useful in medium
hadron ® quark
- how to incorporate quark dof into hadron model — “unified model” matter matter

- deep understanding of quark matter in high-dense regime

low-density high-density;
- J
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- Linear sigma model (LSM) with SU(4)
- Pseudo reality of SU(2), means “blindness” of gluons: é 5

baryon mes
$ and can be treated in a unified way e |
| Pauli (1957), Gursey (1958)

[ SU(2)r, x SU(2)g chiral symmetry is extended to the Pauli-Gursey SU(4) symmetry }




- Linear sigma model (LSM) with SU(4)
- Pseudo reality of SU(2), means “blindness” of gluons: é 5

baryon meson
$ ‘ and ‘ can be treated in a unified way e |
| Pauli (1957), Gursey (1958)

[ SU(2)r, x SU(2)g chiral symmetry is extended to the Pauli-Gursey SU(4) symmetry }

@ LSM is constructed with SU(4)

chemical potintial quark mass

Lrsy = tr[D, ST DHS] — m2tr[2T8] — Ay (t2[S15])% — Aatr[(2T2)?] + r[HTS + STH] + ¢(detE + detSH)

U(1)aanomaly

0 _ B'-iB o—intad—ir’ al —irt Hadron | J¥ Quark number Isospin
2V/2 4 2v/2 o 0t 0 0
with = 2| 2 0 e w | 0F 0 :
= — ' ' o B B 0~ 0 ) = _
2 _a_m+zg—m0 _aoz—\/zg' 0 _32’;\/%3 Z 0 0 ) I =0,0" hadrons
_aj-int _o-in-aftir’  B_ip 0 B (L) | 07 +2(=2) 0 (mandatory from lattice)
W2 4 W2 B (B) |0 +2(-2) 0




Mean fields

- Mean field baryon superfluidity
—

H B —|_ B 0.06 —— T rr " rrrrrrrfrrrt
- The mean fields are g = (o) and A = Hadronic | BEC|  BCS
diquark condensate o.04} .
- by Iattlce /C\J' i (qq9) ::aé 0 + "
oo ~ (Y1) : chiral condensate s o .02} T ]
) i 11da et a ! — + 7
Z T 2 2 . - e ! <qq> _:'_ :
A~ —§<¢ CrsToTiip) 4+ he. s diquark condensate 0 it
0025 05 075 1 125
pi/mps

: . tree
oo and A vs pyg density p vs pg BEC : (ng)/ng* <1
1.5} Hadronic Baryon superfluid : 2.0} Hadronic Baryon superfluid BCS : <’I’Lq>/nzree ~1
phase phase 6l phase phase Input here \ Lo
ﬁ 1ol i ° Hadronic BES +_+B+CS+ —
< 1.0} oy = 250 MeV (put by hand) £l ; ]
205 osl A =c=0 (large Nc) E"zj: :
0.0}- | , , , 0.0}- . . . my¢ = 738 MeV lattice ’ O'z_ k]

0.0 : : : 2.0 0.0 0.5 1.0 15 2.0 MY /mYae = 2,18 | Murakami et al ¢ 0% im lg-s75 o125
g/ my® o0 T j

2nd order phase transition at 1q = my"°/2




Hadron masses

 Mass spectrum 4( U(1)g violation in the superfluid phase}

4 7
O+ O- :
n 3 /
s 2 3} 3 3} s
@ © .-t
(D E E ”,”‘
— c 2 1 <o : - |
o o : A—
2 E Ve - | _tc-% A §/
o Ape . | £ it
"""""""" : ceeet G0 : e T
~~~~~~ @) zero mode .——_9; B, Bmix % — .5 B mix
Of. , T — - . , ] Ot , @ suppressed ]
0.0 0.2 04 0.6 0.8 1.0 1.2 0.0 0.2 04 0.6 0.8 1.0 1.2
g/ my® pg/my2e
| | T
% 3.0 O+ omeson (/=0,0") | 3.0t O- _ -@ nmeson (I=0,07)
= -0} Antidiquark (/=0,0%) % ~@F Antidiquark (/=0,07)
— 2-5‘ ~¥- Diquark (/=0,0%) | 2.5 i'// = -¥ Diquark (/=0,0")
g | %\’_"'—'— -J~ mmeson (I=1,0")
< or 2.0f or 2.0r <
e g : g == e T - -
8 3 ! = i i\ g
= 215 —a 150 S = = +
2 g //B—” g I \i //Y
- L0 effect of diquark source 1.0 2 Can ~/ 2 suppresse
8 T l 05 s — e
= 0.5¢ T3¢ (D (approx.) zero mode : A - \
= YRR B = degeneracy by mixing
- 0-8.00 0.25 0.50 0.75 1.00 % 0'8-_00_ 0.25 0.50 . 0.75 1.00
fast transition due to w/my degeneracy by mixing Himy

diquark source



Hadron masses

- Mass spectrum

4( U(1)g violation in the superfluid phase}

4} O+

3 3 NOTE
= 2 3 2 3 Y
7 S ChPT does not treat n, B', B
_I c 2 c 2 ””” T T Tt T T T T T T T T T T |
.g ; _g PPt Rl ﬁ . Kogut et al (2000)
- R > N - A UNN-Y At Lol PP B’ N S !
2 2 1 - 2 e B q q q
5 S g 5 % ..... . linear rep. is essential!
~~~~~~~~~ I J,B,Bmix — 1, B, B’ mix
Of, . @zero moo!e . . - O, @ suppressed | ,
00 02 04 06 08 10 12 00 02 04 06 08 10 12

The lowest excitations are

qualitatively described by my LSM well!

é 2.3} ~f- Diquark 1=0,0%) | 250 ol T ¥~ Diquark (/=0,0")
T -~ mmeson (I=1,07)
< or 2.0 or 2.0% S ¥
e N i
= 3 3l
215 = 215} 4
§ g = S .
= 1L0fE - effect of diquark source LoB——8
g T I
= i i : 0.5 3]
S 0.5 . (D (approx.) zero mode aLe . \
=~ S e 5 generacy by mixing
— °-8.00 0.25 0.50 0.75 1.00 % %8.00 0.25 0.50 0.75 1.00
g g o
fast transition due to wm} degeneracy by mixing p/mg

diquark source




Hadron masses

 Mass spectrum 4( U(1)g violation in the superfluid phase}

ot Yoo 7
R E 2 af é ! il .=,
D o S ' ChPT does not treat , B", B
— 52 I N N | PP, :
3 3 . 5 Y T ,’; . Kogutetal (2000) ;
< - < R SPtan B
[ -~ . Pt B a 0 o
o A b 5 »& _____ . linear rep. is essential!
""""" I).zero mode .——_0; B, Bmix |5 B
Of. , T — - . , 1 Ot , @ suppressed , 1
00 02 04 06 08 10 1.2 00 02 04 06 08 10 12
Hqlmy® Hq/m3®
| | T
% 3.0—64% omeson (/=0,0%) 3.0} O' - -@ nmeson (I1=0,07) -~ ~
- -G} Antidiquark (I=0,0*) % ~fF Antidiquark (/=0,0") .
- 25 S Diquark(=0,0%) | 25, g - Diquark (1=0,0) Updated lattice data
g or 2.0 or 2 0%:’— —.Y—. 1 meson (l= 1' 0—) I i '
g 20 % is coming soon!
= 3 Sl
= 215 -8 2 150 4
s/l fF ] B o = Talk by E. ltou on May 28
— Lo@ET effect of diquark source 1Lo@
Q NV ! - /
S 0.5¢ e (D (approx.) zero mode 0.5 £ v\
= ~ s P = degeneracy by mixing
- 0850 035 050 0.75 1.00 % 0-8.00 0.25 0.50 0.75 1.00
fast transition due to wmg degeneracy by mixing Himg

diquark source



Sound velocity

- Sound velocity peak | «avaguchiSuenaga (2024)

| Lattice: Iida et al (2024)

_________________________ 5
o] == ChPT result (c; — 1) : no peak 1 e
: [ conformal bound
[ ChPT i
__________ 08} T=80MeV —O— -
o8 \./£ T TTm=—___ [ T=40Me\/ '_A_'. ]

. ' peak when m, < oo
b 0.4 : Tm—— " (Cg — 1/3)

--------------------------------------------
.

ChPT (m, = )

0.6:- Hadronic | BEC |
: | é%aé-
t

0.2 LSM w/ ms=20m,
= LSMw/ m,=5m,
0.0 = LSMw/ m;=2m,
i ) 5 g ; 6
7
) . . . : NG bosons + Chiral partners
- The peak structure is driven by contributions from parity partners J n , ( P )

LSM framework

- Any connection with crossover to quark matter?



How about finite T?

L 1= L
- The flow equation is 9,y = §8k;T1“ Log [T} + Rg], with 9, = 6,4%% a Tuv = Sa I
k
— Regulator R;, allows to include fluctuations of p 2 k T
3D Litim regulator Ry (p) = (k* — p*)0(k* — p?) S

\ FIR = Fquantuy

Py W, quark-gluon plasma
- W Fluctuations are hadronic (no quarks)
\““_) —

TR
-~
—
~

- To what extent can we adopt the hadronic model in medium ?
- How the anomaly couplings are modified in medium ?

deconfined-like

I baryon superfluid priase

hadronic phase /' fined-like (W) #0

() =0
@ nq/ngB 2 f;&inq/n? -1 anomaly is enhancement in hadronic medium?
@ Q&Q&QO [eg, Indication in QC,D: Suenaga et al (2023)

I FRG in three-color QCD: Fejos-Hosaka(2015)]
My




FRG analysis

Symmetry with g [Not SU(4)]
SU(2)L X SU(2)R X U(].)B

th kinetic term with fiq quark mass effect parity and time-reversal .
Wi

T nNon-anomalous oo .

 Ansatz of effective action in medium (

P / d*x(TY[D, S D*5] + em [ E"S + £1E] — (Vap + V)
X X

+ 7 (tr [ETBREBL] detZ}L\/I + tr [EEL EBR] detEM) )

2 : ;. s 0_ .0 at —ixt :

Var = m?vftr [21]-\/12]\/[] + sztI‘ [ETBREBR + ETBLZBL] + A <tI‘ [ZFMEM]) E 0 _BQ\_/%B o “7+Z0 i 02\/5 E
1 2 2 : 1 B'—iB 0 ag —im U—in—zg—i—iﬂ'o :

+ Aumotr [(21]_\42]\4 - itr[ETMZM]) + AB1 (tI‘ I:ZTBREBR + 21-BL ZBL]) ] X= U—i?)ﬁg—iﬂ'o ag —im 2\0/5 B'—iB 1

' SR N 55|

2 t : _a+—iﬂ'+ _U—in—ag—l—iﬂ-o B’ —iB 0 :

+ Aps <tr [zngBR - Z},LZBL]) +ytr [ELEM] tr [zngBR + EBLZBL] : v 1 22

anomalous R R R R R REEEE .,
Va = au (detSy +detSh, ) +aptr |2, T, + 2], Bs, | + ennr ((detTur)? + (dets)?)

+ cppofr ET EM detzM"‘detET +cp1 (tI‘[ET REBL])2+(tr[2TLEBR])2 ’ . 113 . ’”
[=hemu] ( ) (e N ) -We assume this “classical” form

at any flow momentum k

+ cpatr [zngBR + EELEBL] tr (25, 2s, + 3, T, | +ditr [ZLEM] tr [ETBREBL + ZIBLEBR]

+ dotr |, Ba, + 2], Bp, | (detTar + det], ) +ds (tr [, T, | detSas + tr [, T, | detzly )




FRG analysis

lattice data

- Phase diagram

250f ot T T
T O
| input/initial condition | Fejos-Suenaga (2025) | i 7 Bozetal
I : S1s0f hﬂi(ﬁ?)j ______ 1
M, ~0.14GeV | 3 i
| T M, ~0.3GeV — Set (I) (small anomaly) Z b h | |
: fr =0.093 GeV _|_ : _ % - BCS? |
" Jarge-Nc sup. at UV M, = 0.95GeV — Set (ll) (large anomaly) | of Mo L
. SU(4) relation at UV (kuv =1GeV, kir = 0.3GeV) | N i
08— ——F============c==========a - -
0.30 : 0.30 . © 0 o | R :
0sf 5t @ 0 st Set (D ; Buividovich et al (2020) ;
. 3 . 3 06f©@ © o © o
chiral restoration o o o Quark-gluon plasma
0.20} chiral restoration __ 0.20F o o . i
> B =z The & o
o 0.15 kTpc o 0.15 o g S
&~ 010 & 010 <W>¢o <yy> # 0, diquark condensation
0.1 iquark,L ;=24 —~— Chiral,L =
0.05F A — 0.05¢F A = (?hSB Bfﬁral,llf’;;52424 —a— glr:}uallrk?Lss:%O ——
h ] 0 0.5 1 1.5 2 25 3 35
0.00 . : . L . . s 0.00 . . . . L L e w/my
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Lq [GeV] tq [GeV]



FRG analysis

- Phase diagram

R fiietolisftitostetotisftuisttotisubeee | = Q(}l\,\ ‘
. input/initial condition | Fejos-Suenaga (2025) i . |Bozetal
' : S 1501 e (2013) 1
M. =~ 0.14 GeV | 3 I
i " M, ~0.3GeV — Set (I) (small anomaly) Z b h | |
: fr =0.093 GeV _|_ S N ( | : _ % BCS? |
I o~ 1 so[ Hadronic s
" large-Nc sup. at UV M, = 0.95GeV — Set (ll) (large anomaly) | | S
. SU(4) relation at UV (kuv = 1GeV, kir = 0.3GeV) i T e )
08— === ========== -~
Pl et o[ ® ° | Buividovich ctal (2020) |
0.25¢ 0.25¢f
chiral restoration
. 0.20} chiral restoration —. 0.20p w .
% LR T T T % Tpc
o 0.15 kTpc o 0.15
& 010 & 010 <W>¢o <yy> # 0, diquark condensation
017 chsB  Diquark,L =24 —~— Chiral,L =30
A=0 \ A = \ C Chiral,Li=24 —+— DiquarkiLe=30 &
0 05 go d 0 05 O go d 0 0.5 j 1.5 2q 25 3 35
0.00 el 0.00 /s
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
Lq [GeV] 1g [GeV]

- For T' < Ty, our treatment is reasonable
- Phase boundary at 7' 2 7}, is inconsistent with lattice data — explicit quark d.o.f. is necessary




FRG analysis

 Mean fields

Set (1): small anomaly
Set (Il): large anomaly

Mean fields [GeV]
o
S

Mean fields [GeV]
o
S

0.05} 0.05¢
0.00¢}- - - —t—— - - - 0.00¢- - - —— - - -
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
pq [GeV] 1q [GeV]
0.20f ' ' 0.20f ' ' e .
- Set (IT) - Set (1) : - Phase transition is
g o01sp T=0Gev & oasp T=020CeV always second order
= =
= 0.10f = 0.10
= =
5 005} 5 0.05}
= =
0.00¢- - - ——— - - - 0.00¢- - - —e—t! - - -
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

pq [GeV] tq [GeV]



FRG analysis

\
[ ]
Anomaly enhancement Va = onr (detDyy + et )
- ' iCi Q a
(Normalized) anomaly coefficients for meson and baryon: ajs andapg Lantr [EEREBL i EELEBR]
for meson
T x T T r . v a T=0GeV |, . . . i + - -- j
IS —7=vav 1 et (1) k 1041 - 1016 | g (1) ' S ——
o] ;igzgzz ] 1.03 T =0.3GeV i COI,M, COI,B . vacuum values i
o3 o3 ]
~ y < 1.02}
I s b e
S 4.05f. i ‘ S B S L
______________ o1 o1 Set (I): small anomaly
()] S ————— e N e B :
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 Set (Il): large anomaly
tq [GeV] 11q [GeV]
for baryon
R e R ] | —— T - At T=0, no anomaly enhancement
T =0GeV Set (1) 1.04H ol Set (I1)
o 1.03f - - Tt . in finite 1
o 1.10F = = 7oscev ] i St
o3 D§ """""""""""""""""""
S e 1 < 102}
S 05k ] S b
1.01 -
P 1 o~ ~ 1
1.00 : : : : : : | " 1.00 : - . . - . |
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

1q [GeV] tq [GeV]



FRG analysis

- Anomaly enhancement

- (Normalized) anomaly coefficients for meson and baryon:ajs andap

for meson
1.15} : T=0(l}eV Set iI) ' l 1
———= T =0.1GeV
........ T = 0.2CGeV d\
= 1.10 T =0.3GeV Ce .
% e““a“/ '/'
S 4L0Bh
loof T
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
tq [GeV]
for baryon
115 - ' '
T =0GeV Set (I)
——— T = (.1 GeV
........ T =0.2GeV
~ 1.10F| = - = 7=03Gev
S
e R
S
.05
--'»
.00

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

fg [GeV]

CLM/COLM

CLB/COLB

_| T =0GeV . .
1.04F —ccc7-01Gev Qet (H)
........ T = 0.2 GeV
1.03f T = 0.3GeV ]
Al
nce-.
1.02} e“haj -
101. """""""""""""""""""""" —"4.
LT S —
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
tq [GeV]
- T =0GeV T
1.04}f m——= T =0.1GeV Set (H)
........ T = 0.2 GeV
1.03F = - = 7=03Gev
1.02}
1.01F q """"""""""""""""""
1.00f=cmmmmzmmmm e

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

fq [GeV]

\
Va = ar (detEM + detzjw)

+aptr |2}, g, + 3, T, |

________________________________

Set (1): small anomaly
Set (Il): large anomaly

- At T=0, no anomaly enhancement
in finite L,
-Atfinite T

apr is enhanced
apB is not enhanced



FRG analysis

- Topological susceptibility

- Within our model, Xtop/MZf2 = (M2/4) [=Drr(0) + Dy (0)]

propagator with p = 0

Set (1): small anomaly
Set (Il): large anomaly
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0.25f Set (I) ==== T =02GeV | 0.25f
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- The topological susceptibility is suppressed simply following chiral restoration of 0o X /Lq_2

- Anomaly enhancement is not seen; it is hidden by chiral restoration effect
N J




FRG analysis

- Topological susceptibility

propagator with p = 0
Set (1): small anomaly
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Conclusions

- Constructed Linear sigma model (LSM) in QC,D to study spin-0 hadrons including parity partners at [iq
@ Succeeded in explaining lattice mass spectrum qualitatively!

- FRG analysis with LSM in finite T and density QC2 ’F'Ce sim.

Enhancement of anomaly effect to mesons in (hadronic) medium

Topological susceptibility is suppressed in medium with chiral restoration . . : ,
numerical experiments

- Next step: Inclusion of quark d.o.f.

4 )
From QC,D study we can learn universal regardless of Nc
- to v.vhat extent had.ron model desc.rlptlon cgn app!y hadron $ SR
- Which representation of hadrons is useful in medium matter matter
1 - how to incorporate quark dof into hadron model — “unified model” S
- deep understanding of quark matter in high-dense regime onseEmsly g Enely
. - J
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Thank youl!



Sound velocity ”

- Sound velocity at mean-field level within the LSM

o -

B 1 B D= _
ressure: p = f2 24+ = | +2m2 | ——(* — 1)? A= 1/ fher = 244/ Mg
P '“2 om 2 2 2\ / 2
i I 5m0 T (ma o mﬂ)/:ucr

ChPT result

________________________________

ooy - i [ e [ e

ChPT result

sound > _ (1—-1/p") +8(p* —1)/6m; @Q + QQ

velocity: |(1+3/M )+8(3u —1)/om;_, ChPT  parity partner

- ChPT result
Universal structure: (LSM result) = (ChPT result) + (1/dmZ2 _ contribution)

- Integrating out the parity partners (m, — oo) yields the ChPT results (1/6m2_, — 0)



Sound velocity

- Sound velocity peak | «avaguchiSuenaga 2024)

| Lattice: Iida et al (2024)

S =P ChPT result (¢2 - 1) : no peak I
— [ conformal bc?rl:g_clj_ !
________ 08F T=80MeV —O— h
o8 \./£ T TTm=—___ [ T=40MeV —A— % ]
s O 0.6 Hadronic BEC | i5£ I .
0.6 1 , peak when m, < oo ~ I | %1 L ]
- " ] (n
(‘\lbrq \.\.\. 2 O i
0.4 1 ‘ e r—— * (Cs — 1/3)
. ChPT (m,; =)
0.21 LSM w/ m;=20m,
« LSMw/ my=5m,
0.0 1 = LSMw/ m,=2m,
i ) 5 g ; 6
7
- The peak structure is driven by contributions from parity partners (NG bosons + n) (Chiral partners)

|
LSM framework

- Fluctuation and spin-1 hadron effect are needed for more quantitative comparison

- Any connection with crossover to quark matter?



FRG for anomaly effect

- Topological susceptibility at finite T

M52 (1 1 . V0o G v
Definition: Xtop = —i / d'z(0|TQ(2)Q(0)]0) = ”"0( - ) with Q = (g7/64n%)e*? G, G,
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0.00L" M, =03CeV .
0.0 0.1 0.2 0.3 0.4 NOTE: M; — M7 = —2a — (2c1 + c2)0; o (anomaly effect)
T [GeV]
4 M2 1 A

- Xtop IS suppressed at higher temperature followed by chiral restoration: xtop ~ TWW X 0

T

- No difference between Xtop and Xtop
= topological susceptibility is not suitable probe to see corrections of anomaly effects )




Hadron mass
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Hadron mass
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Hadron mass

- Mass degeneracies of chiral partners
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Determination of IR cutoff
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