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Introduction

- What is two-color QCD (QC,D)? = Strong interaction with N_ = 2

then -

- Diquarks turn to be color-singlet baryons — well-defined!

- _ N, = .
diguark (hadron for N, = 2) 1;2 3 - singly heavy baryon (SHB)
<:> (&OQW as a hadron
diquark (colorful)

- Diquark baryons and mesons are treated in a unified way

diquark ba mesor ¥ :
2 ~ 27 :pseudoreality of color SU(2
@) o ;) (2 ey

symmetric

— Chiral symmetry (flavor structure) is extended to SU(2Ny) from SU(N¢)r x SU(N¢)r



Introduction

- Why two-color QCD (QC,D)?

- Useful to extract information of singly heavy baryon (SHB) spectrum from the viewpoint of
chiral symmetry and U(1) anomaly

0t 1E, ... Ac(1/2%),5e(1/2%,3/27),A5(1/27,3/27)

‘ " Dynamics of only (9 IS important based
q on the heavy-quark effective theory (HQET)
= 2 world = 3 world

Ne = (“brown mock” picture)
- The extended SU(2Ny) symmetry doesn’t matter for the above motivation, since it just relates
couplings among diquarks and mesons

B - From the viewpoint of mass generation, only this coupling is
eg +/ important regardless of the couplings relations
B relat'on - U(1) anomaly universally exists regardless of # of colors



Introduction

- Why two-color QCD (QC,D)?

- The first-principles lattice simulation is straightforwardly applicable in cold and dense regime
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-
- Lattice QCD cannot apply due to

the sign problemfor N_.=3

$ frontier of QCD from
lattice simulation point of view

~

J

<:> In QC,D world, the lattice simulation is possible thanks to the pseudoreality of SU(2),

= noteworthy advantage of QC,D




Introduction

- Phase diagram in QC,D

- Examples of simulation results of phase diagram in QC,D
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Introduction

- Lattice results

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

2 eg, Japanese group results
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C My approach A

— (1) Regard QC,D lattice simulations as useful “numerical experiments” of cold and dense QCD, then
(1) give interpretation from symmetry viewpoints 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),
Kawaguchi-Suenaga(2024), Topological susceptibility: Kawaguchi-Suenaga(2023), Hadron mass: Suenaga-Murakami-Itou-Tida (2023, 2024),
\ and in-preparations.
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Q: What is your ultimate goal?

A: To provide information on NS physics

0@

A: To unveil SU(NYang-Mills theory in
many-body system of quarks/hadrons!

message of this talk:
— There is no reason to ignore fruitful QC,D numerical experiments!




- Pauli-Gursey SU(4) symmetry

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

Lqc,p = %Ezﬁlb - QSQEAGTCG@D - \I’Tiauau‘lj - gS\I!TAZTCaa“\IJ <[ pseudoreality: 0°c%0* = —(aa)*}

In two-flavor: ¥ = (¢g,¥)" = (ug, dg,ir,dr)” with ¢ = o725
Four-dimensional Pauli matrix: o" = (1, Oi)

é = gluons are blind

,00

- Lqc,p is obviously invariant under ¥ — gW |g € SU(4)]

__________________________________

enlarged

T

e

{ - All low-energy effective model of QC,D is constructed to satisfy this symmetry}

eg, Kogut-Stephanov-Toublan (1999), Kogut-Stephanov-Toublan-Verbaarschot-Zhitnitsky (2000)




- Linear sigma model (LSM)

- LSM is an effective model describing not only NG bosons (pions etc. ) but also their P-wave excitations

<:> extended model |nclud|ng all order of ChPT

___________________________________________

- Introduce a 4 x 4 Y, matrix

0 .0

cf, X =0+ in%7% for N, = 3

4

- Assignment of hadron fields

i 1
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____________________________________________________________

__B'-iB
22
0

_ag—z'ﬂ_

2v/2

a—in—ag-l-iﬁo

a—in—ag-l—iﬂ'o

N\IJJO'T\IJ

i

Quark number

Isospin

0

SO = O -

l mesons
} baryons




Model
10/17

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

£ = tr[D, ST DFS) —m2tr[STE] — Ay (tr[STE]) = Aotr[(ST2)?] + tr[HTS + ST H] 4 c(detS + det )

1 | | 1 0 | 1 0 1 U(1), anomaly
D, =0,%— z,uq(Sug{J,Z} with J = ( 0 1 ) H =hy,E with E = ( 1 0 )
chemical potential effect current-quark mass effect
) = I D/
- Advantage of LSM: W EE ey e
eg, Exploration of mass generation of parity (chiral) partners O Q U O Q
d in Ne = 3 world My hope

A1/ 2+ ) +02) Hints from QC,D analysis for the connection with
) — 9 unobserved HQS-singlet A.(1/27)? SHBin N, = 3

\_ (observed) (unobserved)




VEERRIES
- Mean field

- The mean fields are 09 = (¢) and A = <

B+ B
V2

)

oo ~ (Y1) : chiral condensate

A ~ —%<¢TC’)/5TC27'%¢> + h.c.: diquark condensate

oo and A vs p,
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(qg) = 0 : hadronic phase
(qq) # 0 : baryon superfluid phase

Input here

oy*¢ = 250 MeV (put by hand)
A =c=0 (large Nc)

My = 738 MeV

myo©/myc = 2.18

|

~

lattice

Murakami et al/




Hadron masses

- Results on hadron mass at finite (T=0) Input here

(normalized by m ¢ oy =250 MeV (put by hand)
A1 =c=0 (large Nc)
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- Baryon number violation in superfluid phase

o < B < B mixing (0+ sector) (D zero mode (NG mode of U(1) baryon-number breaking)
n < B’ + B’mixing (0- sector) (2 nonlinear suppression of “7] “ mass due to the mixing




Hadron masses

Comparison with lattice

f— +
= 3.0 , | Meson (1=0,07) 3.0 - -@- Meson (1=0,0")
2 -} Antidiquark (/=0,0%) % -FF Antidiquark (I=0,07)
. — 2.5¢ ’ | -4~ Diquark (/I=0,0") 2.50- f/,-*"’_._ — —X~ Diquark (/1=0,07)
g 2.0 3;5' """"" E
% !iEf . ”"4 OE: 20 E \\.\\i
o 3 -7 = i N
= 1.5 7 = r ‘
g LoR | - effect of diquark source| 1.0 %ﬁ% ﬂ}@ @ suppressed
8 TSl l \%k ........ e g
et 0.5 T ) (approx ) zero mode 0.5 \
+ %%% —)é I&I % 4 - .
© | . de%enetac by mixin
— %-8.00 0.25 0.50 0.75 1.00 \J 08.00 0.25 0.50 0.75 1.00 y Ry g
fast transition due to #/mg degeneracy by mixing u/m2
diquark source
4 Set (1) ’ 4r Set ()
[%2] [%)]
[} i (] i
© (]
(il) £ £
5 ° |8 e
= - o T b
= | E f
+C) 1 [ 1 |O 1 i ) .
........ @.zbro mode L——0.B. Bmix| ‘% _ 1, B, B i
ot [ e : : : ] O, (2 suppressed 1
00 02 04 06 08 1.0 1.2 00 02 04 06 08 1.0 1.2

,Uq/m\,'fc Hq / mvac



Hadron masses

- Comparison with lattice

/.s
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Succeeded in qualitative understanding!

mixing
— We are now ready to explore other quantities
of dense QC,D with my LSM
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Sound velocity 15

- Sound velocity at mean-field level within the LSM

1 4 _
pressure: p = frm; (u2 + §> +fam3 [ (1 - 1)2] i = /e = 20/ My
| ChPT result | o 5mc27—7r — (mg - m?r)/ﬂgr

energy: ¢ = fZm? [(ﬁz * 3;(2112 - 1)] + s [5 —i (3" + 1) (a* - 1)]

ChPT result

sound 2 _ (1—-1/p%) +8(p" —1)/6m2_,

velocity: *  (1+3/p%) +8(3u" —1)/om._,
! @aﬂner c@

Universal structure: (LSM result) = (ChPT result) + (1/dm7 contribﬁ

- Integrating out the chiral partners (m, — oo) yields the ChPT results (1/6m;_, — 0)



Sound velocity

cf, lattice: lida-Itou-
Murakami-Suenaga(2024)

—
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- The peak structure is driven by contributions from chiral partners [NGbosons +n)  (Chiral partners)

T
LSM framework

- Any connection with crossover to quark matter ?

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



Conclusions

- | constructed the LSM as an effective model of cold and dense QC,D study on SHB spectrum from

. : _ diquarks in QC,D
Not only NG bosons but also their chiral partners are described

N, = _
—s Extended model of ChPT 2 Ne=3

L . _ T eantora bourd
- Qualitative understanding of 0% hadron spectrum measured on the lattice osk Sggzz% % ;
[ T—40MeV '—A—' ]
— Good benchmark to explore dense QC,D O osf Hadonic | BEC 5 ]
Noo4f gL .
. . . (&) X 1
- The sound velocity peak is realized when v/3m.. < m, < oo 02} | T ees
- 7 . . . H H : A :él —_ 1 L.
— "Active” contribution from chiral partners is important 0 fr—aigie '()_7 T 25
U
- Q: Any connection with crossover to quark matter ? | Kojo-Suenaga (2022) | ol
4 N 06
- We are ready to explore other dense QC,D quantities with my LSM Y
________________________________________________________________________________ —— ChPT (m,=0)
Topologlcal susceptibility: Kawaguchi-Suenaga(2023), i i = v
Exten3|on with spin-1 hadrons: Suenaga-Murakami-Itou-lida(2024), .. 00 e LSMwlm =2,
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