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Introduction
Diquarks in Heavy Baryons
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Diquarks in Heavy Baryons
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# For light baryons, the spin-spin force splits SU(3) 8 and 10.

# For heavy baryons, the diquark structure is dominant due to the
weak spin-spin force (heavy-quark spin symmetry).
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Diquarks in Heavy Baryons

® P-wave excited states from s — ¢ — b: the A and p modes are split.

Probabilities of the A and p modes
in the lowest P-wave Ag(1/2-) state

1 — AI 1/2 ——— A mode
/ A - mode o(1/2°)
>} L
£
2 | |
S
'g ! \Y% B M My -
=
= ‘range Charm Boftom |
: - mode -
0 i . . Mo
300 600 1200 2400 (MeV)

Quark model calculation by Yoshida, et al., PRD 92, 114029 (2015)
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Diquarks in exotic hadrons/matter

Too =0Q0Qqq
o\

# Diquarks may form BE condensate
in dense hadronic matter.
=> color-superconducting phase
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# Diquark may form doubly heavy tetraquark
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Diquarks in Heavy Baryons

® Scalar diquark S(0%)
L=0, S=0, color 3 — flavor SU(3)r 3 (antisym):
[ud]=(ud-du), [ds]=(ds-sd), [su]=(su-us)

= flavor 3 HQ baryons: Ay, E, Act

® Axial vector diquark A(17)
L=0, S=1, color 3 — SU(3)r 6 (sym)
uu, {ud}, dd, {us}, {ds}, ss =0 =+
= flavor 6 HQ baryons: o, Eg Qg ¥.0

® SUQ)rsymmetry breaking is suppressed
due to the isospin symmetry for A, — X,

2t
due to the HQ spin symmetry for Eo—Eo \/
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Diquarks in QCD

Local diquark operators J™ | color | flavor

Pseudoscalarl  €q.(ul Cdp) 0-| 3 |3(I=0)
Scalar ave (Ul C°dy) 0t 3 [3(I=0)
Vector Eape(UL CH~Sdy) - 3 [3(I=0)
Axial Vector|  €qpc(ul CyHdy) 1t 3 6(/=1)
Eabe(Ul CoH dp) 17,17 | 3 |6(I=1)

color 6 | (4 TCd,) + (a < b) 0-| 6 |6(=1)

(T C3dy) + (a < b) 0t | 6 |6(I=1)

(ul Cy*y5dy) + (a < b) 1I-| 6 |6(I=1)

(ul Cy*dy) + (a < b) 1™ 6 |3(=0)

(ulCo*dy) +(a+—b) |1T,17| 6 |3 (I =0)
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Diquark in Lattice QCD

B Hess, Karsch, Laermann, Wetzorke, PR D58, 111502 (1998)
quench, Landau gauge fixed
M(0*) ~ 694 MeV, M(17) ~ 810 MeV

B Alexandrou, de Forcrand, Lucini, PRL 97, 222002 (2006)
From Qqq system, quench, gauge invariant
M(1+) - M(0*) ~200-220 MeV, R(S) ~1 fm

B Babich, et al., PR D76, 074021 (2007)
quench, Landau gauge
M%) - M(0%) ~162 MeV, M(0F) - 2mq ~-200 MeV

B Yujiang Bi, et al., Chinese Physics C40 (2016) 073106
full QCD, Landau gauge
M(1+) - M(0*) ~290 MeV, M(0F) - mq ~ 310 MeV

B K. Watanabe, Phys. Rev. D105 (2022) 074510
quark-diquark potential and diquark mass
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Chinese Physics C Vol. 40, No. 7 (2016) 073106

Diquark mass differences from unquenched lattice QCD

Yujiang Bi(¥E £VL)5Y  Hao Cai(%4#4)%?  Ying Chen(f%)? Ming Gong (& )2
Zhaofeng Liu(Xl|#Hl§)%* Hao-Xue Qiao(F¥%£%*)" Yi-Bo Yang(#—3%)?3
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Chiral Effective Theory of Diquarks
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Chiral Effective Theory of Diquarks

® Goal: to explore properties of light diquarks under
SU(3)xSU(3) chiral symmetry and answer questions such as

What are the chiral partners of diquarks and their
implications to hadron spectroscopy?

How can we observe the chiral properties of diquarks?
What are the roles of U(1)a anomaly in diquark interactions?
How do diquarks decay strongly?

How do diquarks behave in matter, where chiral symmetry is
partially restored?

® Chiral effective Lagrangian based on the linear representation
of diquarks (and S+PS mesons)
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Chiral Effective Theory of Diquarks

M. Harada, Y.R. Liu, M.O., K. Suzuki, “Chiral effective theory of diquarks and
Ua(1) anomaly”, Phys. Rev. D 101, 054038 (2020)

Y. Kim, E. Hiyama, M.O., K. Suzuki, “Spectrum of singly heavy baryons from a
chiral effective theory of diquarks”, Phys. Rev. D 102, 014004 (2020)

Y. Kawakami, M. Harada, M.O., K. Suzuki, “Suppression of decay widths in singly
heavy baryons induced by the Ua(1) anomaly”, Phys. Rev. D 102, 114004 (2020)

Y. Kim, Y.R. Liu, M.O., K. Suzuki, “Heavy baryon spectrum with chiral multiplets
of scalar and vector diquarks”, Phys. Rev. D 104, 054012 (2021)

Y. Kim, M.O., K. Suzuki, “Doubly heavy tetraquarks in a chiral-diquark picture”,
Phys. Rev. D 105, 074021 (2022)

Y. Kim, M.O., D. Suenaga, K. Suzuki, “Strong decays of singly heavy baryons from
a chiral effective theory of diquarks”, Phys. Rev. D 107, 074015 (2023)

D. Suenaga, M.O., “Axial anomaly effect to the chiral-partner structure of diquarks
at high temperature”, ArXiv:2305.09730

H. Takada, D. Suenaga, M. Harada, A. Hosaka, M.O., in preparation
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Chiral Effective Theory of Diquarks

# Some previous works on ChET for diquarks:
D.K. Hong, Y.J. Sohn, I. Zahed, Phys. Lett. B596 (2004) 191, Int. J.
Mod. Phys. A27, 1250051 (2012), Non-linear chiral diquark effective
theory for penta/tetraquarks
T. Hatsuda, M. Tachibana, N. Yamamoto, G. Baym, Phys. Rev. Lett. 97,
122001 (2006), Phys. Rev. D76, 074001 (2007), Chiral effective theory
and the axial anomaly in dense QCD

# Chiral effective theories of single heavy baryons
D. Ebert, T. Feldmann, C. Kettner, H. Reinhardt, Zeit. Phys. C71, 329—-
335 (1996), Diquark model for single heavy baryons
Y. Kawakami, M. Harada, Phys. Rev. D97, 114024 (2018), Phys. Rev.
D99, 094016 (2019), Chiral effective theory of single heavy baryons
D. Suenaga, A. Hosaka, PR D104 (2021) 034009, Phys. Rev. D105,
074036 (2022), Pentaquark picture for singly heavy baryons
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Chiral Effective Theory of Diquarks

® Linear representation of chiral SU3)r x SUQ3)L
q2. a (color), a (Dirac), ¢ (flavor)

qu:PRQf, (IfLZPqu Pr1 = 9
gr = Urqr = (URr)ijqjr, Ur € SU(3)r
qr. > ULqr = (UL)ijqu, Uy € SU( )

# Scalar diquarks (color 3)
dip = ez-jk(q;‘rR C qu)f3 Right scalar diquark, chiral (3,1), color 3
% = eijn(g;, C grr)®  Left scalar diquark, chiral (1, 3), color 3

m Parity eigenstates: 01, 0- diquarks

S — d% — d% — ei(q¥ Cs g ) )
o idj O ey (3.1) + (1,3)
P dzR+dzL — e’ljk(qj qu)
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Scalar/Pseudoscalar Diquarks

# The effective Lagrangian with SU(3), X SU(3); symmetry

M. Harada, Y.R. Liu, M.O., K. Suzuki, PR D101, 054038 (2020)

L =D,dg,; (D“dR,z‘)T +Dudy, (DMdL,i)T /ZT
—m(z)(dR,idTR,i — dL,z-dTL,z.) chiral invariant X //L/L
o i : O et
—T(dR,iEijdL,j +dg,iXijdR ;)| Ua(1) anomalous AQs = +6 (= £2N})
2
m
—ﬁeijkefmn(d}?,kzéiEmdeL,n + dL,k‘EzizindeR,n) SCSB mass
1
+ZT1~ 0'219, 2] + V().

Scalar and PS nonets mesons
Eij — Uij + ZT('Z]
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Scalar/Pseudoscalar Diquarks

® For the SSB vacuum (3;;) = £4,,
the mass term of the right and left diquarks are given by

2 mg m3i + m3
M= = 2 2 2
mi + ms3 mg

® The mass eigenstates are

. D U
Scalar diquark 5o = \ﬁ( Bi—d7;)

Pseudo-scalar diquark

1
P = —(dg, +dr
\/i( g L’)
— M (0 \/m0+m1+m2,
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Scalar/Pseudoscalar Diquarks

® SU(3) breaking and inverse mass hierarchy
B fs ( M ) 5
A=14e= - + ~ 3

fr 9sfs 3
i=3 (ud)
M3(0%) = \/mo Am? —m2,  M;3(0 \/mo + Am3 + m3.
i=1,2 (ds), (us)
M, (0%) = My(0") = \/mg m2 — Am3, M;(07) = M5(0 \/mo + m? + Am3,

Inverse Mass Hierarchy due to Ua(1) anomaly

M;(0M)2 4+ M (07)% = M3(07)2 + M3(07)?

M;(07)? — M5(0M)? = M3(07)* = M,(07)2 >0

M3(07) > My (07)
(ds), (us)  (ud)

M. Harada, Y.R. Liu, M.O., K. Suzuki, Phys. Rev. D101, 054038 (2020)
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Axialvector/Vector Diquarks

Y. Kim, Y.R. Liu, M.O., K. Suzuki, Phys. Rev. D 104, 054012 (2021)

# The 17/1- diquarks in (3,3) representation

d' = €ape(qlf Cy* Air) = eabc(qJ »Cy"q5;) chiral (3,3) vector diquark

Ay = dij — dj; = = €ave(q)" Cv*7° ¢5) Vector 1~ diquark, flavor 3
d'yi (i} = =di; +dy; = = €ape(qF Cy* q¢j) Axial-vector 17 diquark, flavor 6

d* — ULd*UL, (3,3)  d"" — UL'd*UL  (3,3)
r— Lt pe Teld dl] + T I T i) - 2R sy g giT
__5 I'[ ,u]+m0 I'[ ] 2 I'[ ,u]+7r[ ,u]

T T

FM = Dt — D¥d

# All the terms are chiral and Ua(1) invariant.
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Spectrum of Single Heavy Baryons
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Diquark-Heavy-Quark model

® Single-Heavy-Baryon with a O-dq potential:

V(r):—%-i—)\r—i-c, 39_\/3

o MGeV?)  C.(GeV) Cy(GeV) M.(GeV) My(GeV)
(2/3)x90/p  0.165 —0.58418362 —0.58829590  1.750 5.112

B. Silvestre-Brac, C. Semay, Z. Phys. C 59, 457 (1993)
T. Yoshida, E. Hiyama, A. Hosaka, M. Oka, K. Sadato, PR D 92, 114029 (2015)
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Inverse mass hierarchy for Baryons

Y. Kim, E. Hiyama, M. O., K. Suzuki, Phys. Rev. D 102, 014004 (2020)

[GeV]
29r
charm baryons p mode % mode
280 1/2- 1/27,3/2~
— Ac(p mode) E.(Amode)
27 F (27591% (2748)
— Z.(p mode)
26 - —— A (Arlode) 1/27 (2047)
' 1/27,3/27 (2613)
p mode (1/2-) vs A mode (1/2-, 3/2-)
25
—— E.(ground) Inverse mass hierarchy for p mode
24 F / 1/2% (438)
23t
— A (ground
1/2% (2g€6) )
22
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Full Spectrum of Charm Baryons

[GeV]
33| - _
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ol (0 ) Ee(5/27.H— 0 CA)(3/2 2)
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— (2043) 5926)( / ) QcA(l/ 27, 4)
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Y. Kim, Y.R. Liu, M.O., K. Suzuki, Phys. Rev. D 104, 054012 (2021)
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Decays of Single Heavy Baryon

Resonances
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Strong decays of SHB resonances

® transition within a chiral representation: P— S (and V — A)

| PS
r i(m3 H m3) ; ; . .
TSP = f Tp(SAPT — PA,S")  octet + singlet
3 : RASN—
Z}n 7T0(S)\0PT P)\()ST) Slnglet P S
® transition across different chiral representations: A — S
EA—)Sﬂ' = _\/—ZGl [ {uu} (8N7T )SE‘ud] A,Eud} (a“WO)SEUd] A‘{de} (aﬂw+)s[1-u‘i]]
—iGa [y (Bum )Ly — Al () Sy PS
G2 .
TR [ sy Oum) Sy + Ay (Bm )S[Tds]
'_
G1 = g1 +|age G2 = g1 Hg2 A Ky
Meff = gsfﬂ'dia'g(]-a 1) Oé), a = ;_i (1 + gT;S)

o m12 and|g | terms are|Ua(1) anomalous.
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B3(1/2‘) — B3(1/2+) + PS

# The generalized Goldberger-Treiman relation determines the

coupling of PS, 9. Quark model
prediction .
800 / . Fom without anomaly
—— W anomaly w/ mixing S . o
700 4 == w/ anomaly w/o mixing / phy with mixing
—— Wj0 anomaly w/ mixing
600 w/o anomaly w/o mixing

g without anomaly
without mixing

N

S 500 /\Cn threshold
LY
-3
g 00 effect of anomaly ml2
°
= 300 -
200

with anomaly /
100 4 | pd __,,,/ g without mixing
; Jgphys W?th an.o'mﬂ
2820 2840 2860 2880 2900 292 with mixing

Unknown mass of the chiral partner Ac¢(1/2-)
Y. Kawakami, M. Harada, M.O., K. Suzuki, PR D102, 114004 (2020)

# The decay coupling constant is suppressed by the Ua(1) anomaly
as well as the mixing of 7; and 7.
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Bs (1/2+, 3/2+) — Bs (1/2) + PS

# U(1)a anomaly in diquark couplings % 3
dv L L di
£8) = g [0 il + 2,02l ] S

g RS2
£8) = Feiik |dn{Zin0Dm = 0uD)inTm}dhm /
m L

d
+dgi{2;[n(au2T)km — @uET)anLm}dTL,m] R E @‘% t L
U(1)a anomalous coupling "N\
# Coupling constant fitted to the decay widths ’P )
charm (g7, g5) = (30.26, —3.36)
bottom (g2, 95) = (32.78, —5.62) y S
# The anomalous term g2 is suppressed, because it has a higher

dimension.
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Tetra-diquark for U(1)a anomaly

® D. Suenaga, A. Hosaka, Phys. Rev. D 104, 034009 (2021), and Phys.
Rev. D 105, 074036 (2022)
“Pentaquark picture and U(1)a anomaly in Single-Heavy Baryon”

— tetra-diquark qpgrgrq;(QOs =+4) ~ q;q;(Qs = —2)
in the chiral representation

R/, S R/, 2
d r/_ d dv //
V L L ML L T Ra EL
="

RE 192} ‘EL _} Rj {J2

R R
L 3 L >
not anomalous

—

anomalous

# Further studies of the SHB spectrum and decay widths with
mixings of 3- and 5-quark structures
H. Takada, D. Suenaga, M. Harada, A. Hosaka, M.O., in preparation
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Diquarks and Heavy Baryons

for Restoration of Chiral Symmetry
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Scalar-Pseudoscalar Diquarks

® D. Suenaga and MO, ArXiv:2305.09730

Analysis of the chiral-partner structure of diquarks in the N, = 3

Nambu-Jona-Lasinio model

mesons % = (Vr);(Yr)]
(UL)? = GijkGGbc(wf)?C(wL)i
(UR)? = GijkGch(wg)?C(wRﬁ
Lag = 8Gtr[¢T¢] + 2H (nn}, + ngnk)
Laem: = —8K (detg + deto!) + K'(nf ¢nj + nko n})
1.0

$ 0.8}
% 0.6}
€ 0.4}

o
0.2}

diquarks

# Chiral order parameters at finite T

0.0 : : : : :
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T [GeV]
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Scalar-Pseudoscalar Diquarks

® Finite temperature behaviors of the diquark masses

without anomaly with anomaly
1.0 . . . . . .

Set (I) (w/o anomaly) (I i O Set (lI) (w/ anomaly) |
= 0.9} = | e p=0
g 812 N
»n 0.8 %)

o 0 1.0f 1
2] 2] [sq]+
© ©
S o7 = 0.8f [QM
0.6 - - - - - 0.6 - - - - -
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30
T [GeV] T [GeV]
B3.0f-mmmmmmee =70
S‘ Ac(l/z_) ~~~~~~~~~~~
® Expect significant effects of U(1) &28 77
) = Set (Il)
anomaly on the decay widths of 3 26| (w/ anomaly) |
o o 2]
the p-mode negative-parity states 2, | N .

2.2 : : : : :
0.00 0.05 0.10 0.15 020 0.25 0.30
T [GeV]
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Scalar and Axialvector Diquarks

Mud] = \/m2so — (z+a—1)mg;, —z°my,

# Masses of the 0+ and 1+ diquarks under chiral restoration

M{yu/ud/dd}y = \/m‘sz + z? (m‘z/l + 2m%/2)7 IS) ' y
1400+ = = S
V - P@O) _ __----
SI300(A — = _ == 77
mgy = (1031 MeV)? § -y
m%, = (606 MeV)? =, 12007 V)
2 _ 2 wn | ’1”
Mgy = (274 MeV) é 1100 UA(1) Anomaly //
2 2 1000 | ]
Mo = (708 MeV) 2 9 A ~Xq A
my, = —(760 Me\g) % 900 | -
mio = (714 MeV -
va = ( ) A sool B
700 ===t S (07) ~Ag |
6001 02 03 04 0'.’ 06 07 08 09

Y. Kim, Y.R. Liu, M.O., K. Suzuki, Phys. Rev. D 104, 054012 (2021)
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Decays of SHB in matter

# Decays of X _, 2* baryons under chiral symmetry restoration

2600 - - . - , - - ; ; 16
A (1/2%) mass — .. X,(1/27) = A (1/27) 7 decay ——a—
c(1/2%) mass -~~~ ©X(3/27) = Ac(1/2F) 7T decay ==
— 2550} ¥*(3/2%) mass - - - 114
> —
Sl e ¢
1] R S e e Pr T e 12
i S =3
- =
R S .. e 109
8 E
£ 3
B 8 S
T I
£ 2350 16 "<
fa] _ Q
I R BT S N <
23000 T S e 14 T
0 T T T e —
E X o
9 250} r, W
0

22005 0%8 00 002 T 004 T 096 098

Parameter x '

Chiral Symmetry Restoration
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Summary

Chiral effective theories of Scalar/Pseudoscalar diquarks and
Axialvector/Vector diquarks are formulated.

# Ua(1) anomaly is found to give the inverse mass 0-(ud)
hierarchy in the pseudoscalar diquark spectrum. 0-(su)

® Spectrum of Single Heavy Baryon (SHB) is calculated based on the
chiral picture of diquarks. Inverse mass hierarchy appears in p-
mode excited states, and make the Ag and Eq spectra largely
different.

m Effects of Ua(1) anomaly in the strong decays of excited SHB are
studied. The GT coupling is found to be suppressed by the
anomaly, while the anomalous coupling of 1+ and 0+ diquarks is
suppressed.

® Under chiral restoration, we find the mass crossing of the 1+ and 0*
diquarks, which may give significant effects on the behaviors of
SHB in hot/dense matter.
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