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- QCD phase diagram: lattice QCD aspect
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[- Two-color lattice simulations are valuable numerical experiments of dense QCD J

E> Pursue understanding of dense three-color QCD matter




1. Introduction

- Phase diagram in two-color QCD (=QC,D)

- Examples of simulation results of phase diagram in QC,D
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- Currently at least four lattice simulation groups are active

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




1. Introduction

« Lattice results

- In addition to phase diagram, hadron mass spectrum, gluon propagator,
transport coefficient, (), (vy), (L), etc. have been simulated 2 Japanese group
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— (i) Regard QC,D lattice simulations as useful “numerical experiments”
of dense QCD, and (ii) give interpretation based on effective models

' My publications on QC,D

Gluon propagator: Suenaga-Kojo(2019), Kojo-Suenaga(2021), CSE effect: Suenaga-Kojo(2021),
\ Sound velocity: Kojo-Suenaga(2022), Topological susceptibility: Kawaguchi-Suenaga(2023),

: Hadron mass: Suenaga-Murakami-Itou-Tida (2023), Suenaga-Murakami-Itou-Iida (in preparation)

N ),
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« Pauli-Gursey SU(4) symmetry

- Pseudo reality of SU(2), allows us to rewrite QC,D Lagrangian as

Lqc,p = Vighp — gop AT = ¥id, 0" ¥ — g, WT AT oW

In two-flavor: U = (¢, 1)" = (ur,dg,ir,dr)T with ¢ = o729}

Four-dimensional Pauli matrix: ¢* = (1,0")

- Lqc,p is invariantunder U — gW [g € SU(4)]

< -
- In QC,D, SU(2), X SU(2)k chiral symmetry is extended to SU(4) symmetry

——————————————————————————————————
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- Spin-0 hadron field

- Introduce the following spin- and color-singlet quark bilinear field

0 d£02'r2uR utLuR dTLuR Foooooomoes TTTTTTTooo ;

Z . \IJT 2 2\:[1 R —dgaszuR 0 UEdR dEdR : \II - (¢R7¢L) :
ig ~ *;0 T Fi = i t it o272t : -
—UpUuR —UrGRr 0 Lo Tug, 1 — (uRa dR7 ur, dL) 1

—d},UR —dEdR —d2027‘2u*L 0 e ettt

- Assignment of hadron fields
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Linear sigma model (LSM)
- (approximately) SU (4)-invariant LSM Lagrangian is given by

£ = tr[D, ST DPS] —m2tr[ST5] — Ay (0r[S75])% = Agtr[(275)?] + tr[H'S + STH] + ¢(detS + detXT)

explicit breaking  U(1) 4anomaly

. 1 0 . .
DX = 0% — ipigduotJ, X} with J = ( 0 —1 ) — chemical potential effect
H =hyE with E=< ol

1 0 ) «— current-quark mass effect
4

- = %(\IJTUQTEET\I! 4 \IITJQTEE\IJ*) is invariant under & — AW (' Eh = E)

[> “chiral” symmetry breaking pattern reads SU(4) — Sp(4)

r

- Advantage of LSM SETG [ PRlnilEl
, . B(B) ++ B'(B')
— We can see mass relation between parity partners i s g
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- Mean field

. _ _/B+B
- The mean fields are 0y = (o) and A = < 7% > diquark cond. by lattice
——
- o012 i
oo ~ (WM : chiral condensate o !
A~ —%<¢TCV5TETJ%¢> +h.c.: diquark condensate | A 1
: 141 lidaTiou-Lee 2019) |
g _w |
0.4 0.5 0.6
- g dependence of g and A, and number density p
1.5} Hadronic Baryon superfluid 2.0} Hadronic Baryon superfluid
phase phase ol phase phase Input here
8 1.0} ' vac
: - iy o3 = 250 MeV
2 o5} ol ?= 16 2mye M =c=0 (large Nc)
0.0}- | | | ool ? my =T38MeV | |attice
0.0 ; . : 2.0 0.0 05 10 15 20 My /mYee = 2.18 Murakami et al
Hal Mz ’

2nd order phase transition at pq = m;"°/2
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« Hadron mass

;T N m3 h

C
. = . :
- | take these three inputs :> large Ne @:{? 0 0 656 —(693MeV)> (364 MeV)

0 -7 656 —(206MeV)? (364 MeV)?
w/anom. — Set M) 15 0 581 —(495MeV)> (364 MeV)?
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« Hadron mass

P ¥ m3 h,

(4
: large N, —S 0 0 656 —(693MeV)? (364 MeV)?
- | take these three inputs ) & gﬁ'ﬁ? O -7 656 _(UGMVR (354 Mev)
w/anom. — Set M) 15 0 581 —(495MeV)> (364 MeV)?

4 At/
Set (I) Set (D)
» »
& 3t o 3l
? %)
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= S
5 2 ke
S = o]
s B 2
+ 1 “:-.: |
B TS N ag S
........... e o, B, Bmix
O-l L l~.. - A s L L O-l 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2
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« Hadron mass

P ¥ m3 h,

(4
: large N, —Set 0 0 656 —(693MeV)? (364 MeV)?
- | take these three inputs =) % i o g _gz% M:\,;z §364 sz§3
w/anom. — Set M) 15 0 581 —(495MeV)> (364 MeV)?

Set (D

0* hadron masses
N
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...... ao %— : 7/7,‘_3’ , B’ mix

@.Z.e:ro mode | — o, B, Bmix :
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vac vac
ol My Hql M

- Baryon number violation in superfluid phase

o BoB mixing (07) @) zero model (NG mode of U(1) s breaking)
n <> B’ <+ B'mixing (0) (2) suppression of “7] “ mass
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3 . H a d ron mass Phys.Rev.D 107,054001 (2023)

« Hadron mass
& & m} h,

C
. 1 N. — Set(D 0 0 656 —(693 MeV)? (364 MeV)?
- | take these three inputs =) % 0 o7 e _Em Mz\,;z EW sz§3
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- Baryon number violation in superfluid phase

o < B <> B mixing (0*)

n < B’ «+ B’ mixing (0") {@) mass splitting of (o, ao) induced by AlJ
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« Hadron mass

Suenaga-Murakami-Itou-lida
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c A As m% hy,
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- Baryon number violation in superfluid phase

@ mass splitting of (o, ag) and of (n, )
induced by anomaly
@ Anomaly makes the suppression milder

o <> B < B mixing (0)
n <+ B« B’ mixing (0)
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Comparison with lattice -Set (I)-
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- Comparison with lattice -Set (I)-

~
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- Comparison with lattice -focused on anomaly-

Lattice QCD (Murakami et al)
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3. Hadron mass

- Comparison with lattice -focused on anomaly-

My model

Lattice QCD (Murakami et al)
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- At zero density anomaly effect is suppressed, ol : D Pute
but at finite density anomaly would be enhanced 00 02 04 06 08 10 12



3. Hadron mass

Suenaga-Murakami-Itou-lida
Phys.Rev.D 107,

054001 (2023)
23/29

- Comparison with lattice -focused on anomaly-

My model
Lattice QCD (Murakami et al) . : ,
4t Set ()
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- LSM with spin-1 hadrons

- Introduce the following 4 x 4 matrix representing spin-1 hadrons

0_ 0 _ - B
et~ (hid) o+ _of  VEBEH  BE—Bug )
G e B S e
ol yhomy, - L] T w T A= BI04+ Bss  V2Bg
L~ ) .= — _ae _ _ 0 0 _
¥ J v2 V2B ™! BEO 4 Byg TN \4/-%"14-(11 —(p~ +ay)
_ _ . 0 _ 0
BI='-Bas V2Bt —(pt+af) —L\/glal ) ij
A
( | !
Sp|n'1 mesons Spln-1 'dlquarks Hadron |J¥ Quark number Isospin
wh ~ Py, 1~ sy, B W e —%TPTC’Y”TCZT}%b w 1- 0 0
0, 7.3 £, l - F ) B 5 9 :
Gt e T by R B~ —yTO (1 £ 1Y fio |1t 0 2
0, - +,1 1 - T .: ay i3 0 1
a;t ~ 1,/)7'?757“¢ , apt e~ Ewa:F%’Yﬂw Bl ~ —ET/)FC"/s’y“TET?’t// Bs (Bs) |1t +2 (-2) 1
B§=0,u _ (Bé=0=n)1‘ ’ Béfilvu _ (B§=?F1-M)T Bas (Bas)|1™ +2 (-2) 0

Bis = (BﬁS)T )
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- LSM with spin-1 hadrons
i cf, eLSM by Frankfurt group

B (I)M tranSformS as " — g(I)MgT [g S SU(4)] . <~ HLS, Harada-Nonaka-Yamaoka(2010)
S ey
Loasu = tr[D,SD#5) — m2tr[StR] — Ay (tr[75])° — Agtr[(BT)?] + tr[HTS + 2T H] + c(detS + det =)
- %tr[q)w@“”] + m3tr[@, "] + igstr [, [, @¥]] + hitr[ETE]tr[®@,8] + hotr[EXT®,3H]
+ h3tr[<I’ZET<I>“Z] + gatr[®, @, PHDY] 4 g5tr[®,PH P, D] + gatr[P,P¥]tr[®, D] + g7tr[P, P, |tr[PH PV

D, D,®, - D,®,
4 DY = X —-iGuE - iEGg — 191 PuX — igzZ)(I’Z and Gu — pqgduod with J = ( (1) _01 )
Dp.(I)u auq)u - i[Gﬂ-’ q)V]
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4. LSM with spin-1

- LSM with spin-1 hadrons
i cf, eLSM by Frankfurt group

B (I)M tranSformS as " — g(I)MgT [g S SU(4)] . <> HLS, Harada-Nonaka-Yamaoka(2010) i
S ey
Loasu = tr[D,SD#5) — m2tr[StR] — Ay (tr[75])° — Agtr[(BT)?] + tr[HTS + 2T H] + c(detS + det =)
- %tr[q)w,@‘“’] + m3tr[@, "] + igstr [, [, @¥]] + hitr[ETE]tr[®@,8] + hotr[EXT®,3H]
+ h3tr[(I>ZET<I>“Z] + gatr[®, @, PHDY] 4 g5tr[®,PH P, D] + gatr[P,P¥]tr[®, D] + g7tr[P, P, |tr[PH PV

®,, = D,®,—D,,
4 DY = X —-iGuE - isz — 191 PuX — igzZCDZ and Gu — pqgduod with J = ( (1) _01 )
DH(I)V = a“(PU == ’L.[G,J,, @V]
. pof Example of Hq dep. of mean fields |
- There are four possible mean fields sl ’ e COmSant,
0o

o9 = <O'> 0 = <w,UJ:0> P 1.0}
_ _ _ © 05}
A:<B+B> V = BiEO_BiSO & 0.0
V2 V2i = 0.5

o
— —
o o

05 1.0 15 2.0
vac

Uq/mw

or
o
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- LSM with spin-1 hadrons
' of ,€LSM by Frankfurt group

B (I)M tranSformS as " — g(I)MgT [g S SU(4)] . <~ HLS, Harada-Nonaka-Yamaoka(2010)
S ey
Loasm = tr[D,ETDES) — m2tr[STE] — Ay (6r[S72])? = Matr[(B12)?] + te[HTE + ST H] + (det S + detsH)
- %tr[q)w@‘“’] + m3tr[@, "] + igstr [, [, @¥]] + hitr[ETE]tr[®@,8] + hotr[EXT®,3H]
+ hgtr[(I)ZET@“Z] + gatr[®, @, PHDY] 4 g5tr[®,PH P, D] + gatr[P,P¥]tr[®, D] + g7tr[P, P, |tr[PH PV

¢, = D,®, —-D,P,
- Duz = auz = 'I,Guz = ZEGZ - iglq)ﬂz - ZQZZ(I)Z and GM — /‘l’q(s“OJ with J= ( :(l) —01 )
D,®, = 8,®, —i[Gu, ¥

| Example of g dep. of mean fields |

- There are four possible mean fields

oo = (o) o = (Wh=0)
B+ B _ BLSY — BLYY
A:< V2 > V_< V2i >

[ - Without & and V, critical 1+, does not read mTw ] -1.5}
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4. LSM with spin-1

« Spin-1 mass spectrum
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5. Conclusions

- | constructed Linear sigma model (LSM) in QC,D and studied masses of
spin-0 hadrons including parity partners at finite 1,

_________________________________________________

- The U(1), was found to be possibly enhanced at large 1,

< Need accurate information of f, and m,, to evaluate the anomaly
enhancement more quantitatively

________________________________________________________________________

Ongoing project

- Extension of LSM to study spin-1 mass spectrum at finite (44
— importance of vector-diquark mean field, possible (axial)vector condensate, etc.
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