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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!

diquark (hadron for N. = 2) for N. =3
d@@m
diquark (colorful)

singly heavy baryon (SHB)
as a hadron

— Exploring diquark in QC,D is expected to provide us with hints of unveiling SHB nature in our world

- Diquark baryons and mesons are treated in a unified way

diquark bar mesor * :
2 ~ 27 :pseudoreality of color SU(2
@ @) =T dees

symmetric

— Chiral symmetry (flavor structure) is extended to SU(2Ny)

from SU(Nf)L X SU(Nf)R



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 problem for N. = 3
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< Important for EoS of neutron stars
KB

<:> 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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- Ireland/UK group (Hands, Skullerud, ...) - Russian group (Bornyakoy, ...)
- UK group (Buividovich, ...) - Japanese group (lida-san, ltou-san, ...),
etc.




Introduction

- Lattice results

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

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

i My publications on QC,D

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-lida (2023, 2024),
\ and in-preparations.




Model construction

« Pauli-Gursey SU(4) symmetry

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

Lac,p = Yigp ! gAETEY = U100, o'W — g, WT AT oW <[ pseudoreality: ! #1812 =1 (1 2)’ }

{In two-flavor: ¥ = (¢g,¢r)" = (ugr,dg,ir,dr)” with & = o123

Four-dimensional Pauli matrix: o* = (1,0") . E i
! (@) gluons are blind

- Lqc,p is obviously invariant under U — W [g! SU(4)]

——————————————————————————————————

-9 = % L TTAZETL + 1 "22EL Y is NOT generally invariant under SU(4) transformation, but

only invariant under! ! h! satisfyingh' Eh = E [then h! Sp(4)] symplectic matrix
$[chiral symmetry breaking pattern reads SU(4) ! sp(4)] -0 1

E= 11 0




Model construction
- Spin-0 hadron field

- Let us introduce the following quark-bilinear 4! 4 matrix
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Model construction

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

L=t Dy! DHETEm2tf! L]0 Lytt P]20 totf(t 1)2J+t[H ! +1 H]+ c(det! +det! )

g g
: ' ' U(1)a anomaly
Dyl =1yl ! ifg"uofd !} witha =+ ° H=heE with E= | §

0O 11 11 0
chemical potential effect current-quark mass effect
- Advantage of LSM Daf'tv__ Liart;ego
— we can see mass relation between parity partners B (@) : B’!(B’!)
4 inNe = 3 world My hope A

ek @ 46 <1/ 2) Hints from QC,D analysis for the
) — @) unobserved HQS-singlet ! ((1/2' )?

_ (observed) (unobserved) Y,




Results of mean fields
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Results of hadron masses

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

(normalized by m}° ) | % = 250MeV (put by hand)
l;,=c=0 (large Nc)
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- Baryon number violation in superfluid phase

' 1 B! B mixing (0+ sector) (1) zero mode (NG mode of U(1) baryon-number breaking)
1 1 B'! B mixing (0' sector) (2 nonlinear suppression of “! “ mass due to the mixing




Results of hadron masses

- Comparison with lattice
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Results of hadron masses

« Comparison with lattice
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Succeeded in qualitative understanding!
— Usefulness of my LSM as a tool to explore QCD-inspired
symmetry aspects at density was proven

+ Possibility of enhancement of U(1), anomaly effects at density was discussed
[for detail: Suenaga et al. Phys. Rev. D 107, 054001 (2023)]
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Application 1: Top. susceptibility
* Topological susceptibility

- Lattice results of topological susceptibility by two groups look inconsistent even at qualitative level
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Definition of topological susceptibility
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[ We applied LSM to theoretically explore fate of * top in dense QC,D J
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Application 1: Top. susceptibility

- Theoretical background of * top

- QC,D generating functional with a 6-term is

~ 7

. . 1 2
Zoc.o = [0 JidATexp i d'x (D't mp)! | SGR GH A+ 63#23;“# G?, G,

@ U(1)a axial transformation ! ! exp(i"/4#s) !

- B dependence is absorbed into quark mass term via Fujikawa’s method
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[- Matching Zoc,p = Zism enables us to evaluate! ! and ‘! within LSM }




Application 1: Top. susceptibility

* Results

NO anomaly
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- Anomaly effect is absent (m** = m**) — ! top is always vanishing
- Anomaly effect is present (m®* >m**) ! top is positively induced

L> For Ug !~ , topological susceptibility asymptotically approaches zero

~N




Application 1: Top. susceptibility

- Asymptotic behavior

- Asymptotic behavior of ! top for m{®“/m:#¢ =1.05, 1.2, 1.5
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Application 1: Top. susceptibility

- Asymptotic behavior

- Asymptotic behavior of ! top for m{®“/m:#¢ =1.05, 1.2, 1.5
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Application 2: Sound velocity

- - cf, lattice
- Sound velocity peak from chiral partners
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[Sound velocity peak is induced thanks to the presence of ! meson}




Extension of my LSM

- Extension of LSM to incorporate spin-1 hadrons
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Conclusions

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

@ comparison with lattice (qualitatively good)
- My LSM can be regarded as a useful tool to explore cold and dense matter from symmetry viewpoint

[ (- Possibility of U(1), anomaly enhancement at large Hq)
- Theoretical indication of suppression of the topological susceptibility at large Hq

- The sound velocity peak from chiral-partner structure

- Model extension with spin-1 hadrons

Another direction/extension @ access den@

- Extension to 2+1 flavor at zero/finite temperature

E> Pursue nature of SHB in N. = 3 world via diquark analysis in N, = 2 world

MESSAGE: QC,D lattice is a useful numerical experiment to focus on! ]




