Two-color QCD as a laboratory
to explore diquark dynamics in medium




Introduction

« Chiral symmetry and hadron masses

- Mass difference of = -parity hadrons would be driven by chiral symmetry breaking
= chiral partner structure (chiral doubling)
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Introduction

- Diquarks in singly heavy baryons (SHBs)
- Chiral dynamics of SHBs (A, etc.) is derived by diquarks inside

controls interactions with “QCD vacuum”, pions, etc.

e

heavy quark
= spectator

(light) diquark

Chiral model, QCD sum rule approaches
Hong-Song (2012), Harada et al (2020), Azizi-Turkan (2020) etc.

- Lattice studies of diquarks
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« U(1), anomaly effects on HQS-singlet SHBs

- Mass hierarchy of HQS-singlet A.(1/27) and Z.(1/27) can be inverted | Harada-Liu-Oka- Suzuki, PRD(2020)

L Theoretical suggestion from chiral models of diquark

Ac(1/27),2.(1/27) (unobserved)
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« U(1), anomaly effects on HQS-singlet SHBs

- Mass hierarchy of HQS-singlet A.(1/27) and Z.(1/27) can be inverted | Harada-Liu-Oka- Suzuki, PRD(2020)
L Theoretical suggestion from chiral models of diquark

— Ac<1/2>,zc<1/
mass (1/27) —

EC ~ QS(] Ac ~ Qqq AC(1/2+>7EC(1/2+)
S >

Ac ~ Qqq \A E. ~ Qsq

anomaly effect @
I 8

inverse mass hierarchy

anomaly anomaly

eg, (Ss) cont. toud diquark

- Are there other testing ground to see those diquark properties? } (flavor mixing structure)
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- Two-color QCD (=QC,D) @teraction wit@

- In QC,D world diquarks become color-singlet

<:> ‘ Color-singlet HADRON (baryon)!
RS IV
colorfu|| well-defined!

for N.=3 for N, =2

$ [ QC,D world can be a useful testing ground to explore diquark dynamics with a solid argument
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- Two-color QCD (=QC,D) @teraction wit@

- In QC,D world diquarks become color-singlet

((% <:> Color-singlet HADRON (baryon)!
(@\@ well-defined!

colorful'

for N.=3 for N, =2

$ [ QC,D world can be a useful testing ground to explore diquark dynamics with a solid argument

Lattice computation on QCZD 1S stralghtforward eg, Hadron mass spectrum from lattice (at finite p)
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Murakami et al, PoS(2022) Hands et al, PLB(2007)
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« Chiral symmetry in QC.D

- Diquark baryons and mesons are treated in a unified way

diquark baryor mesop . _
@ @ﬁ ﬁ 2 ~ 27 :pseudoreality of color SU(2)
N

symmetric

— Chiral symmetry (flavor structure) is extended from SU(Ny). x SU(Ny)g to SU(2Ny)

- The extended SU(2Ny) symmetry doesn’t matter, since this symmetry just relates couplings
among diquarks and mesons

e ™
B B B - From the viewpoint of mass generation, only goBB 1s important
ol regardless of the coupling relations
9 VT*V 9o52 g
B B 2‘3 ;i}'l‘;?? B L - U(1), anomaly universally exists regardless of N, )

B~ qq
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- History of QC,D studies

- Lattice activities (with chemical potential)

— Phase diagram, thermodynamics, conductivity, hadron mass, HAL method, etc.

numerical experiments | Nakamura, PLB 149, 391 (1984) (currently)
Hands-Kogut-Lombardo-Morrison, NPB 558, 327 (1999) J apanese group

Muroya-Nakamura-Nonaka-Takaishi, PTP 110, 615 (2003) Ireland/UK group
Boz-Hajizadeh-Maas-Skullerud, PRD 99, 074514 (2019) UK group
Buividovich-Smith-Smekal, PRD 102, 094510 (2020) .
Astrakhantsev-Braguta-Ilgenfritz-Kotov-Nikolaev, PRD 102, 074507 (2020) Russian group

lida-Itou-Murakami-Suenaga, JHEP 10, 022 (2024)

- Model studies Kogut-Stephanov-Toublan-Verbaarschot-Zhitnitsky, NPB 582, 477 (2000)
_ Ratti-Weise, PRD 70, 054013 (2004)
- ChPT / LSM / NJL approach Sun-He-Zhuang, PRD 75, 096004 (2007)
- massive gluon model Suenaga-Kojo, PRD 100, 076017 (2019)
1 - pQCD approach Contant-Huber, PRD 101, 014016 (2020)
-Murakami-Itou-Iida, PRD 1 4001 (202
- FRG / DS approach Suenaga-Murakami-Itou-lida, 07, 054001 (2023)

Suenaga, Symmetry 17, 124 (2025) [REVIEW PAPER]
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» Pauli-Gursey SU(2Nf) symmetry in QC,D
- Pseudoreality of SU(2). leads to rewriting QC,D Lagrangian as 2g? — _(g4)"
B B pseudoreality: ° 7 7 ~ V7
Lqc,p = Vighp — g AT = ¥id, 0" ¥ — g, WTAST oW

TITET? = (2’

{ZNf-component vector: ¥ = (Y, Y1)t = (ur,dg,--- ,ar,dr, - ) with ¢ = o1}

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

- Lqc,p is obviously invariant under U — g [g € SU(2N¢)]

enlarged
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 Nf=2+1 linear sigma model (LSM)
- (approximately) SU (6)-invariant (INy = 3) LSM Lagrangian is given by

Lism = tr[@MET&‘Z] + tr[HTZ + ETH] — mgtr[ETE] — )\ (tr[ZTE])2 — Aaotr [(ETE)Q} —C€jiklmn (Zz‘jzklzmn - ELELELO

: -

H = émyE, + ém,E, with qu(_‘}q {;) E5:<_(}8 fg) and Iq(

current-quark mass effect

S O =
o = O
o O O
o O O
o O O
—_ o O

) U(1)a anomaly

0 —Blq +iBuay —Biy,) + By
B=| Bjg —iBug 0 — By + 1Bjsq) RERRREEERES T
Bl — B Bl —iBjsa 0 | parity (chiral) partner
1 B M ) 0 —Bl, 1 + iBug —B[Su] + zB[su] i m, ™, K a,+ ao, K |
= — MT B with 4 B= Bf q i Blyuql 0 Bf ]+ZB[sd] 9 i 0 meson 0™ meson |
\ Blud), Bsu), Bsd] < Bluap Blsu)» Blsay |
. . o -0 1 !
6 x 6 matrix UN_MJX/J%%_W CL(—)‘_ — T kT — KT : 0" diquark 0~ diquark :
. 0. . 0 ' :
M = aa — i 0'_”7N\;§Cbo_‘f’”T F(,O _ ’LKO el
: K™ — iK™ gV —iK° o5 — ins
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« Some technical

] 0 —Blyg +iBludg)  — Bl + 1Bjsu E
: B = Bfud] — iBJyq) 0 _std] + i Bsq) :
: stu] - ZB[SU] std] - iB[Sd] 0 :
" . 8 E 8 E : R/ - D R/ £ :
- Mean fields (on), (cs) determined by (Lrsm) =0, Lism) _ g | "/ B M (0 —Big+iBug ~Bly+iB \!
d{on) d{os) | = —( T 5 ) 1 8= Bha—iBua 0 By tiBug |
: 2 —M B stu] B ZB[SH] std] B iB[Sd] :
: A e L S S ) :
. 82£LSM ] V2 0 . !
- Diquark masses m7 = ———= , : M=| g lip-  emmvoaden® 0 po |
q Bigq) (01) 8B[ud] 8B[ud] 8,,—0 : /{E ik 0 fzﬂ_{o oo —ins )|
] / _ _|_
- Coupling for B;,,(07) — B4 (07) +n decay
a7 \ ( n ) _ ( cost), —sind, ) ( NN )
3 / o 1
gB/377 = = LSM ; = ——25'N COS 077 — 12¢sin 077 W]_th d d s 97] cos 077 s
8778B[ud] GB[ud] 2 92
tan 20, = — NS — 1’ mixin
_ (i (n—n g)
e B

insight into inverse mass hierarchy

hint for unobserved A.(1/27)
L main mode: A.(1/27) = Ac(1/2%) 41 )

- Let’s focus on diquark mass hierarchy and stability of B,,,(07) $




Results

- Mass and B5{,,(07) width

_ _ 2
- Parameters : cmg, cmg, my, A1, A2, C  E0e i T my = 100 MeV

- Choose anomaly effect C as a variable | ohysical fx ~12f, T ms_ =0 Me\;
(c ~ 163 MeV~)

large Nc: A = 0

m rum . :

. ass spect u . | of, Mgq(o+) = 738 MeV !
from lattice E
Murakami+ (2022) :
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@ The inverse mass hierarchy M B > Mp for larger C is derived « consistent with Nc=3 SHB analysis

@ This input makes By, stable for reasonable range of C stably measurable
[aq]



Results

- Mass and B5{,,(07) width

_ _ 2
- Parameters : cm,, cmg, mg, A1, A2, € | athee Jm ~ mg = 50 MeV

L '}f———' 1 2](’ + ms — 200 Mev
hysical: fx ~ 1.2fx
physical: JK (¢ ~ 163 MeV?)

large Nc: A = 0

- Choose anomaly effect C as a variable

mass spectrum
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- The inverse mass hierarchy MBf > MBf ., for larger C
qq S

- With this input B, is only stabilized for 0.07 GeV S ¢ < 0.45 GeV



Results

- Mass and B5{,,(07) width

- Parameters : émy, @ms, mg, A1, Az, C  E0e i T my = 100 MeV

- Choose anomaly effect C as a variable physical: fx & 1.2fx

large Nc: A = 0

mass spectrum
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quark mass and anomaly effect are key ingredients

- I I I / .
With this input B, is always unstable $ for qa(07) stability £ hints to the unobserved A.(1/2")




Conclusions

- | constructed N; = 2 + 1 linear sigma model in QC,D to examine ud, su, sd diquark nature

<

- The inverse mass hierarchy of O-diquarks is derived similarly to Nc=3 SHBs

- Stability of ¢q(0™) largely depends on quark mass and anomaly effect

|$ hints for unobserved A.(1/27) and more insights into SHB spectrum

{ - Looking forward to Ny = 2+ 1 QC,D lattice simulation with various quark masses! }

< NO NEED to access finite chemical potential!

- My message: QC,D 1s helpful to pursue diquark dynamics as a SOLID argument

color-singlet!
- Work in progress: FRG analysis to check mass degeneracies at finite T

————————————————————————————————————



