U —v7 > 0%ZALzQCDHEEIDfFHT

MHARM (REPRF BB FA5Tr)

Based on
Phys. Rev. D 114, 036013 (2026)
J. Phys. Soc. Jpn. 95, 024002(2026)
Phys. Rev. Lett. 134, 162302 (2025)

ZDEFim & TDILA 2026 2026/09/04 @KEK

"Y ‘TP

m YUKAWA INSTITUTE FOR
THEORETICAL PHYSICS




QCDEDD%/\\\ o

QCDHHE

QCDEg5RE =
3d-Z,

QCDEEF*=(CP)

SVNBE=DIRDEFVI(CHIFEA M D
‘ = l_jcﬁt ﬁ*ﬁ__[
& — XIHEFROF1EDRIE

Temperature T'

QCDI(FEMA B IR
KT %)L+ —Eis (SIEIEEN AV AT

8 o ° °® S DVLZ\E '
® Color Superconductors
Q %Q G @ o °° S °®

>
Baryon chemical potential up



QCDERFF R DRI

REEFDOIESSEZ

L V/ZQCDEE R R EERR

> QCDIEFR 7z /RIZ2 9 BIFERFRIES T HEH

Dyson Schwinger/52T\ + NEEZ < D T HEF

HEFQCOBIBEE AR 3755

) ZHIVE 192325 —

Z£T1T> hOE—X
T V)R NDO—2  [9/3 8]

[Shah+ 2026, Borsa

[ REDNE

Y&, 1Ak, /Bl
U—Y>20/ITw S4FERA(LYZ / LYES) [Basar 2024, Clarke+ 2025, Adam+ 2026]

nyi+ 2025]

FUS..

Net-proton High Moments

o o -
®

o
.1;

=)
T

o
r

0 40F 7

(1) So | (2) xo? STAR
2 @ 0%-5%
3.0 O 70%-80% —
7 I Stat. uncertainty
B} mm Syst. uncertainty ]
| UrQMD 0%-5% 1 20}% i Projected BES-Il |
| mmHRG GCE } ’ stat. uncertainty
=== HRG CE
*HRG EV (r=0. 5fm) oy 1 10 .
A% o s e oamgmpalira nocaly - —
- Au+Au Collisions g }-h""i:'
| Net-proton ‘
Iyl <05, 04 <p <20 (GeV/c]
[ <05 04<p20Gev oold L * _________________
5 10 20 50 100 200 2 5 10 20 50 100 200

Coliision Energy sy (GeV) [STAR 2021]



) —y7> 10O/

150

60

T DI&TFQCD%Z )

~

vz~

U\ CERF R ODHERE T2 RASE D [G]38

R EAENETIO—F "

!
J

T

*

Adam et al. 2025
Cosh-Padé

Borsanyi

et al. (prelim.) - FEREEUEFERT > 2 v )L+ PadelT{d

Effective potential BN T> S )LD E

CIarke et al. 2024 .

multi-point Padé
Bagar 2024
two-cut map
Wan et al. 2024
DSE

uniformizing map

Basar 2024

Basar 2024 ) LYZ/ LYESODRTE

Padé
U—v>tO0=xVU—V>IvIiERIA

84% T<103 MeV or CP does not exist

P, V - oo

: BRV .

LYES(IEEFR R E (CE !

400

600

800
ps [MeV]

1000

1200 LML, BUBESTE(LE (Jﬁ_ PR{AtE
EDXDICHEEMRIENEZIND N ?



5/28

1. 1> ~O
2. U—v>otvO/ V-V ITvIHES
3. UJ— V/EIZIH:/E
i. A2 /JrER
i, 7w \WiREY
i. QCDBAINMEEL (A —TO XYV > 1E8Y)
iv. 274 —72QCD\DiEH
4. BELYZORT—Y> D

5. foom © FREE




: - W 6/28
REV|eW : IJ _—V/tlzl Lee, Yang 1952

Ex.)d-R7c 1> R8s = +1

U—yv>€0 | hﬁ
=Z=0&LTIRBER/I\SA—FZERID= Z(t,h,L) = Trexp (T Z SiSj T Z 573)
(4,9) U
A S IREDIER (d = 2) t < 0 :1:R1HEs%S
B t = (T —T.)/T, Im A
t=T-T)/T t : reduced temperature
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- = R DIRIF
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REV|eW : IJ _—V/tlzl Lee, Yang 1952

U—v> 0 Lee-Yang®DMEHE
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REV|eW : IJ _ —\7 /t |:I Lee, Yang 1952

U—v>€0
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TW, Kitazawa, Kanaya (2025)
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Eﬂﬂ% I_\I_\__I\ 17.3_T O) LYZ R TW, Kitazawa, Kanaya (2025)

LRt LY = X, + Y LVt + O(#)

) _ R L) X, 4+ YLt 4 O(t?)
R (t, L)
TR, L) X+ Yo LUt + O(12)

)) an(tv L) — (Tnm A G L A O(t2))
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> BARARTIREI DFE!

XA = R
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X, detAY, yr —yp = —0.894 for 3d-Z(2)
gI LY — © Ly57._|_(f)( ) Ay v
2 22 =75, (X2 B Xl)’ D= Zm(Yi v;)
(L) y : % . (147
Rpm (T, L) (1) (Trm + Crm (LY*67) + O(7%)) (1 + Dpm LY + O(L*))
I T,
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e L > oofiRfR, 32 = R |

T [SEEETRESBE PP ;Pffgf;ﬁ




= N 16/28
/]/ > 0 *; /\O)}’_II:T\}EH TW, Kitazawa, Kanaya (2025)

2nd/1st [YZR in 3d Ising model

2.47 1

new L-16 —L-3 Irrelevanti&®EBEFD#IR

—L=64 —L=96

—L=128 —L=192 2.435- T'91
2.45 — =256 3
: 24301 s
2a2s| T
L X*/d.of o= M
2.43 min 0.1
016  5.06 2.420
@ 24 1.68 — Intersection
© 32 1.26 24151 o T=T.(Eq.(2)) — Extrapolation
o T=T, (Intersection) | | 0 [, = 0o
2.41 1 ©48 121 2.410
411 @ 64 1.40 T 11 1 1 1
® 96 1.52 256 128 64 32 16
®128  1.65 ; 1/L
10 @192 248 Ferrenberg et:al. (2018) 0.83
451145 4511475 45115 4511525 4.51155 R21(TC, L) = 7“21(1 -+ cL™ )
| ry; = 2.4158(37)(5)
TW, Kitazawa, Kanaya (2026)



O ——- ~ 17/28
/_l_\ \y \\J *E;—jlg/\d)mﬂq TW, Kitazawa, Kanaya (2025)

2nd /15t LYZR in Potts model
R, (1, L) | |

TEiA CREDME(RA Z(2))
r,, = 2.4158(37)(5)

2.5

| 3d 3state Potts model w/ 915
I‘21 — 24‘08(12)

24 1

— ], =2 ] — 30

—] =40 =1 — 50 =0 e Zan QY Y
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O Ko o 5821,31,41

0.54930 0.54935 0.54940 0.54945
TW, Kitazawa, Kanaya (2025)
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*%? QC D t O)J:ISEX Wada, Kovacs+ (2026)

ug/T- FZF-QCD IClarke, et. al, 2024]
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Wada, Kovacs+ (2026)

Im /‘g} (T, L) 2 2 4y
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(by Tsukuba group (~2020))
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- 1RABERAE Kiyohara, et al. (2021)
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TW, Kitazawa, Kanaya (Ongoing)

e WilsonJ TIL=A>+ Ry ESTINS XA —SER > 2vak
ko~ 1/2am, Hopping parameter  iqs . mgstinf@inhialse!
. 4
A= 64Ny Nk = RREEQCDDT=HDRERIS

« IEFHAX: N, =6
VAN NG LT = N,/N, = 6,8,9,10,12,15,18

» AITEER ~ 10° > BEMITIE Sc: ~
o . = '—I—/__: ) J, —
Leading o_r_der:C@Eu_?ESZ’ciﬁD\ so~[ 1+ (T
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HPEDRIRIEDEA

TW, Kitazawa (+Claude code, Codex) (2026)
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TW, Kitazawa, Kanaya (Ongoing)

QCDRN\DH)DIEFE
2nd/1st LYZR

[Ashikawa+ 2024]§

[Wada+ 2025]

Data

— LT=18 |
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\ Z SR GV N
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0.02 107 Triple
S
| 1st order
<3, 0.00 ® ® 10-2
s
e
-0.02 1072
—0.04 - 10—4

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

Rej




p=piv (T, (LT)™") Th3isblERistiERE
(LT)¥» (LY 8T) = X, + Yy, (LT)Y 6T + O(8T?)

400

(1)

1st LYZ

R8s

—BirPar
—HotQCD
— Buddapest-Wuppertal

0 | |
110 120 130

140
T [MeV]

150

160

QCD

4.0x10%

EIDE..

=B
L lcEm

B FQCD COFEER (I3
T. =90 — 100 MeV?

—BirPar
—HotQCD
— Buddapest-Wuppertal




(iS5

n'‘Ano

+=A
nf

- [RE

/ LYZ =~ LYES DARGE (FBEAIE TR D IZ/Z/380)
T OLE (LYZR) JE =T IR E
> RE=lERR. XmDE 1, = ZiEiE [ RFRTE
2.4158(37)(5)

v FSSICEDLK U —y7>

v 3d Z(2) GDELg%mm
- Potts + QCDEXNRE
5 /) A —72QCDNA\Y)E

lmli

[[REE

R/;%}:E 1 =
AR
. TR EEFE

O BEZEE: #iEEZY 1 (Ongoing) : — RS

O - 2E u (Next)
O IREE=QCD: 7D

877

aJ J

FEF

HaDETE (Zipper tH515)

Zi=om Al

2nd LYZDNIHE



29/28

M Od e I Gyozo, et al. (2025)

Single component N, = 3 quark-meson model in 3d

Y : Quark

1 — . L
L=3 190" — Uct(¢) + ¥ (iv" 0, — Yorqg — gb) ¥ ¢ : Mesonic field |
Ug: quark chemical potential

2 A
Ua(9) = 5 + 76" — ho

Taking mesonic field constant, ¢(x ) ¢ and thermodynamic limit
Uzq(9, T, pg) = UZa(d) + Umat(ﬁb T, uB)

UV&C

E(p) = \/p? + 926

gil: — 1+ 6—(E(p):F,qu)/T

mat (. T, ——2NT/ P (logg* +1
Usd" (&: T, pim) 2m)? (log g™ +logg™)

Effective potential
U(Q_ﬁ, T, ,LLB) — Ucl(é) -+ Uégat (Q_ﬁ, T, ,LLB) We assume that the vacuum terms

is encoded in parameters of U
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Gyozo, et al. (2025)

Phase Diagram
-n * Dimensionful quantities are given in unis of MeV.

SetA 29.0 4.55 121.53 57997 158.46 m? = —0.155 GeV?
setB 46.0 4.35 40.04 890.84 158.38 h = 0.0018 GeV?

.............. Y = 4 anf(Tv B L)
180 e , T O(us/T)"
G b (T) = min xa(T, un)
%100- ¢ CPs belong to mean field universality class
z —> Mapping
~ T\ _ (a1 a2\ (1 —=dcp
501 Set A Set B 1 a1 G22) \ B — HCP
----- po (1) (T a;; are determined by effective potential.
0 — 1st order — 1st ‘?rder V| Zis calculable numerically
0 500 1000

g [MeV] ) We can calculate LYZ/LYES



How to obtain LYZ and LYES

& Lee-Yang edge singularity = critical point in complex-plane

O¢ ’ D2

)

For fixed T, the solution is (Re ¢, Im ¢, Re ugs(T), Im ugs(T))

& Lee-Yang zero

Z(T7 HB, L) — /dQEQ_LSU($7T’“B)/T 0.008

0.006

For numerical convenience, o~
we define normalized partition function Zy; § 0.004
Z(T7 HB L) h
ZN (T7 UB, L) — 0.002
Z(T, Re ug, L)

Im ZN(T ,LLB,L) 0

=0 incomplex ug plane

0.1926

0.1928  0.1930  0.1932
Re,uB




LYZ and LYES

Set A Set B
300 71T |3 - :
o L [fm] 300 1 "W @T=160 MeV L [fm]
11 \ "\ A
o\ -- 8 8
11\ \ .
— ‘'R T=160 MeV S | —
- 1\ +
> 2009 |00 --  16]| = 200
= =
M /M
< <
5 g 100-
| |
0_'. I I I I
0 200 400 600 800

Re g [MeV]




300

Set A

LYZ and LYES

11 \

-
-
-

R X

—160 MeV

Set A
L [fm] 6.0x104 {1 100 MeV L [fm]
- - 8 ® 150 .. g
= 12 5.0x10% - . 140 e 12
. . ---- 16
~. 130
TT 18 2 4 0xi0 . —LYES

2.50x10°
Re up [MeV?]

5.00x10°




LYZ and LYES

har nj ion
Charge co JL(Jgat)o syrrEmetry) ﬂ]23' olane
Z(ug) = Z(—Ugp
Set A
: : 2

) Z is expressed as function of ug 6.0x10¢ [= 160 MeV L [fm]
. L ® . 150 ---- 8
Mapping relation is replaced 5 0x10° - L - 15
<T> B <a11 a12> ( TI'—1cp ) L & 130 LY;S

= 4.0x10%- ; —
7 21 Q22 ) \MUB — UCP é) N " 120 o T,

v cl\]_ml 3.0x10% ‘~‘~~‘\ ‘\‘\110
= " -e. e *.

T\ _ (@1 a12/2pcp) (T =Top ) £ 20xi0°- el g P

M a1 ag2/2pce ) \ W — Hép . AR TR
.UX ~~‘~ ~*~~~ 3
| “~~+--:::;:::1
Modified scaling function of LYZ 0 . . .
- , ; (o - 0 2.50x10° 5.00x10°
. _
Re(pyy (T, L))" = pgp — 2pcp —0T + O(6T?, L*Y) Re i, [Me V]

a9



LYZ and LYES

Charge COﬂjl(Jgatl)OH syrrémetry) ﬂ]za' olane
Z(ug) = Z(—Ugp
Set A
) Z is expressed as function of u3 6.0x10¢ 17— 160 MeV L [fm]
M . lation laced ' ~‘~\}50 ---- 8
apping relation is replace 5 0104 - *.._ 10 e {2
T ajn a2\ (1 —1cp T ®.. 130 T 18
= > 4.0x10¢- ‘m —LYES
T a1 a22 UB — UCP = I *< 120 ¢ T
v cl\]_ml3.0><104‘ ~~~‘~‘~~‘ ‘\‘\110
= el e *.
(T) _ (an CL12/2MCP) T — TCP) £ 2.0x10%; el g P
o oA an /() I ~1m 12 — Ig,_ \\'*N \\\ \\\90
n a “! ' l : S \'\::\4& Ty
Crossing with 0 MeV? ~ T=158 MeV \‘\‘\_\‘ ~~-hfi::;:::!
Modified scaling Thjs value is close to Th© = 158.46 MeV 0 2 50%10° 5.00%10°

Re (,ué-} (T, 1 New crossover deflnltlon ? ) Re pup [MeV?]
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Crossover line defined LYES

Crossover ug by LYES

-ui(1) | ppg(T) = v/ Re pes(T)?

— 1st order

Crossover ug by LYZ

pry (T \/Re M%? (T, L))2

n
"
N
Iy
.
.
@
'y
e
Q

140+
Consistent with y, def.
—uns(T) - One of the crossover criterion
II- =Re T
120 5 is( 1) 4 Volume dependence of real part of LYZ
- MLY(T L Sfm) .
| | | is small.
0 100 200 300 400 500 600

—>This may be useful for tracing phase
p [MeV] boundaries.
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TW, Kitazawa, Kanaya (Ongoing)
logq0lZ|/6Z

-~

BMDLYZTTIX|Z]/6Z =0
n=3 CIIRIS—NMAREIFETETTLIRL)
=R |Z]/6Z =1

ERHEACDIMNEDH ?
BA UNUELYZZ 45 E BT fE |

Im A/Im Ag,)

n =3 LRI NEDEHREAT]
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u/T = in, Triple 1st orderfdl

A=0.02, B=5.678285, L =48 A=0.02, B=5.678035, L =48 A=0.02, B=5.677785,L =48
e r // ’_,‘

0.04 100
0.02 -

10-1

| 0.00 - 4 - i . i

3. . n /4 - ' 102
pgi —0.02 -

103

—0.04 - 1074

0.02 0.04 0.06 0.08 0.02 0.04 0.06 0.08 0.02 0.04 0.06 0.08

~

Reji




BinderF 1 /AT > DT -

TW+(Ongoing)

35 Y T T T T
\ 4 — 24
30 IL| — _Tstorder _ - 32| | Fixing the largest volume (60/L):
IR =301 | the largest-volume pairs (60/48)
t3 =40f | .
o5 [ _ 48| | show the steepest crossing -
- { @ Philipsen et al. c.Io§est to the thermodynamic
2 o limit.
20 |- Tricritical :
Larger volume size is important
- 2nd order — ford ,
15[ | 1 for detecting y;.
(The dependence of the smaller
volume size is weak.)
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