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Diquark

® Diquark: the simplest colorful cluster in hadrons

“bound” qq state 5
11 3
color 3®3{§)&96 spln!§®§:O@1

® S-wave color 3bar diquarks: S(0*) and A(1%)

# Spin dependent force from magnetic gluon exchange predicts
strong attraction in S(0%).
Color-Magnetic Interaction
Acu = (=Y (N X)(5i - 65))
1<J
S(0+) color 3bar Acy=-8 g g
A(1%) color 3bar Acmy =+ 8/3

G
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Diquark in Heavy Baryons

HQ spin symmetry [S,, H] =0 (
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states are degenerate in the HQ limit.
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Spectroscopy of Light Diquarks




Diquark in Heavy Baryons

® Scalar diquark S(0")
L=0, S=0, color 3bar — flavor SU(3)r 3bar(antisym) :

[ud]=(ud-du), [ds]=(ds-sd), [su]=(su-us) Act
= flavor 3bar HQ baryons: Aq, Z¢ =0 =t
® Axial vector diquark A(1%) X ot L
L=0, S=1, color 3bar — SU(3)r 6 (sym) /
uu, {ud}, dd, {us}, {ds}, ss = 20 = 4

= flavor 6 HQ baryons: Xo, Zo’, Qo \/
0.0
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Chiral Effective Theory

® Chiral symmetry SUQB)r x SUQG)L
q2. a (color), a (Dirac), ¢ (flavor)

dr = Praj, ¢y =Prqi PrL=—
qr = Urqr = (URr)ijqjr, Ur € SU@3)r
qr — Urqr = (Ur)ijqiL, Urp € SUQS)L

® Scalar chiral diquarks (color 3bar)
dip = Eijk(q;rR C qu)g Right scalar diquark, chiral (3,1), color 3
% = €ijn(g;, C grr)®  Left scalar diquark, chiral (1, 3), color 3

® Parity eigenstates: 0%, 0- diquarks

S8 = d% — d% = €;:(q Cs ) )
f L Jk( i V5 k) (3.1) + (1.3)
P dzR + dzL — ez_yk(qJ CQk)
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Chiral Effective Theory

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

L =Dudr,;(D"dr;)" + Dudp i (D dp ;)

—m%(dR,idL,i + dL,z'dTL,i) chiral invariant mass term
2
~ L (dpShd] ; + dpiSydh )| Ua(1) anomaly
f b b
5 CSB mass terms

m
—#ewem(dmzﬁzmjd’g,n +dp 252 dy )

1 .
+7 T [0"219, 2] + V(B). X = 0ij +im

# For the SSB vacuum (X) = f, the mass term of the right and
left diquarks are given by

2 2 2
M2 — ( mg my +2m2) for <Zij> _ fdz'j

9 9
mi + ms my
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Chiral Effective Theory

# The mass eigenstates are given by

Scalar diquark M2 — 2m(2) , mi +2m3
1 mi + ms mg
S — —(d% . — d% .
7 \/5( R,1 L,z)

— M(0%) = \/m3 —m3 —m3,
Pseudo-scalar diquark

1
P = —(dg,; +dy ,
\/5( R, L,)

— M(07) = \/m%—l-m%-I-m%,
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Ua(1) anomaly

mi

® Ua(1l) anomaly in the diquark effective theory

7 (dp,SLd} . +dp i Sidy )

7 ¥
3 left quarks and 3 right antiquarks
flavor antisymmetric

induces anomalous singlet current

R L
d 2 2 2 d
i Y © L
3m?
8, JH0 = TI(S)\OPT — PX\Sh)
®# non-anomalous term
2
my
- ﬁeijkeémn(dli,kzﬁiEmjdz,n + dL,kZL'E;rnjdk,n) 2
R
m% L
R
dr 2 ( ] 2 —
R

N L
L

R
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Chiral/Flavor symmetry breaking

® Masses of diquarks yeLl (1 L )N 5
I 9sfs 3
i=3 (ud)
M;(0") = \/mo Am? — m3, Ms(07) = \/mg + Am3 + m3.

i=1,2 (ds), (us)
M;(0%) = My(0") = \/mo m? — Am3, Mi(07) =Mz(07) = \/m(Z) +mf + Am3,

® Inverse mass hierarchy

(M, 2(0%))% = [M3(07)]% = [M3(07)]* = [M12(07)]= (A — 1)— m2). > ()

(ds), (us)  (ud) (ud) (). (M), (1) anomaly mass

Ml(O_) < Mg(o_)

(ds), (us) (ud)
M. Harada, Y.R. Liu, M.O., K. Suzuki, PR D101, 054038 (2020)
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Diquark-Heavy-Quark model

# Heavy baryon system as a bound state of Q +d

# Input parameters
From the masses of the ground state baryons
“M(A,,1/27) = 2286.46 MeV,
*M(Z.,1/2%) = %(M(Ej) + M(ZEY)) = 2469.42 MeV.
0+ diquark (ud) mass from lattice QCD *M(ud) (07) = 725 MeV
0- diquark (ud) mass from lattice " M(45)(07) = 1265 MeV

#® A linear + Coulomb potential between Q and diquark
V(r) = —% F A+ O
a A(GeV?)  Cc(GeV)  Cy(GeV) Mc(GeV) My(GeV)
(2/3)x90/p  0.165 —0.58418362 —0.58829590 1.750  5.112
I. Yoshida, E. Hiyama, A. Hosaka, M. Oka, K. Sadato, PR D 92, 114029 (2015)

Makoto Oka (ASRC, JAEA) 11




Inverse mass hierarchy

Y. Kim, E. Hiyama, M. Oka, K. Suzuki, PRD 102, 014004 (2020)

[GeV] [GeV]
29r 631
2.8 6.2+
— Ac(pmode) =.(1 mode)
(2759) 6548)
27 r 6.1
— A, (p mode) _
— E.(p mode) (6079) — Ep(Amode)
26 F AC?E?; ode) (2647) 6.0 - (6049)
o — Ezgé)( mode)
(5970)
— Ap(Amode
231 391 (%gz.z) )
— E.(ground)
24 (2438) 58k
E— Ebigground)
(5766)
231 — A (ground) 7T
(2286)
— Ay (ground)
221 5.6 (5620)
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Axialvector/Vector Diquarks

Y. Kim, Y.R.Liu, M.O., K. Suzuki, ArXiv. 2105.09087
# The 17/1- diquarks in (3,3) representation

dﬁ-‘j“ = eabc(qu C~* qJC-R) = eabc(q;% Cy"¢qi;) chiral (3,3) vector diquark

Ay = dij — dji’ = €ave(q)" Cv*2° ¢5)  Vector 1~ diquark, flavor 3

dff&ij} =di; +dy = €ape(q2T Cy* q¢j) Axial-vector 17 diquark, flavor 6

d* — ULd"UE, (3,3) a" — ULTd*Ul  (3,3)
1 m? 2m?2

L= —§Tr[FWF,jV] + mgTr[d"d!] + f—gTr[ETd“ZTdLT] - f22Tr[zfzzdﬂ’d;jf]
F™ = DHd” — D" d”

# All the terms are chiral and Ua(1) invariant.
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Axialvector/Vector Diquarks

# Using the masses of the 6-irrep single charm baryons, we

determine the diquark masses.

Y. Kim, Y.R. Liu, MO, K. Suzuki, ArXiv. 2105.09087

2
[Myq(1)]” = miy + miy + 2mirs,
M, (1 )] = miro + miry + 2mi, +e(mi + 2mi,)

[ ( +)] = mio +my + 2miy +2e(miry + 2miry)
2

1)
[ M, (1 )’

e=A—-1=

M,

=my,y — My + 2mi,,

my + 2mi, +e(—miy + 2miy)

[ 2
fw( +98f8> ! 3

= mvo

M,,(17) (MeV) 073.41
M,y (1) (MeV) | 1115.98
M, (17) (MeV) 1242.29
M,,(17) (MeV) 1446.72
M,s(17) (MeV) 1776.10
m3 (MeV?) (707.60)?
mf (MeV?) —(756.79)?
m2 (MeV?) (713.99)2

# The diquark masses satisfy the generalized “Gell-Mann-Okubo”

mass formula approximately.
MS28(1+) o Mq25(1+) — Mq28(1+) T Mq2q(1+)
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Spectrum of X, E.’, and €2

® The spin-spin, spin-orbit and tensor potentials are introduced.

> = p mode
J”=5/2 (3252)
32 F JP =3/2% a —_— (3209)
! A mode i V
—(3063) | S |The p modes
e (3033 |
30k Amode — L belong to
: — (2989 s
s, o) ~ pmode the 3bar baryons.
— (2926) (2943)
29 F A mode —(2902) = e (28944 )
Ap s (287 6) '
(2844) — (2845)
i e (2811) 1
2.8 e (278 1) ground :
— (275 1) (2755)
—(2717) :
2.7F s (2700) -
ground |
(2642)
26T As —oss) 1
round §
s g (2516) “Gell-Mann-Okubo” mass formula
(2452)
24 F — 2 _
2 S . | A; Sc
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Full Spectrum of Ag and Eq

® The spectrum of Ag and E¢ with S-P and A-V diquarks
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Chiral symmetry vs Diquarks

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

M((0T) = \/méo — (z 4+ eym%, — 22m?,,

M(1t) = \/m%/o + x2(m3 | + 2mi,,).
1500

1400t P ==~ P@O) e —a
m = (1031 MeV)? S SRS
m%, = (606 MeV)? R Iy
mz, = —(274 MeV)? S 1200} V)

oot | Ua(1) Anomaly d

_ m%/o = (708 MeV)?
mv1 —(760 MeV)
m3, = (714 MeV)?

1000 | -~ A (l)/

Diquark mass [

0 01 02 03 04 05 06 07 08 09 1
Parameter x

Y. Kim, Y.R.Liu, M.O., K. Suzuki, ArXiv. 2105.09087
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Goldberger-Treiman relation

B 7, (pseudo-scalar nonet) diquark couplings

i(m3 + m3)

Lrsp = 7 mp(SApPT — PA\,ST)  octet + singlet
- :
_32?2 To(SAo Pt — PAoST) singlet
# SUQ) “Goldberger-Treiman” relation for octet mesons
_mi+mi _ M?07)— M*(0") JAY
gnSP = f — 2f . .
grsSp .’
——
® For chiral partner of heavy baryons P S
_AM _ M(1/27) — M(1/27) B(1/2) B@1/2%)
g p— p—
2f 2f A: — A, + ns
= s A+ K
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Goldberger-Treiman relation

# Chiral effective theory for flavor 3bar Baryons
Y. Kawakami, M. Harada, PR D97 (2018) 114024, PR D99 (2019) 094016

L = Sg(iv"d,)Sk, + Sr,i(1v"8,)SL,i— Mpo (Sr,iSri + S1,:SL.i)
Mp,

f

M
2;2 €ijkElmn (SL kzgzzmj Sk + Sk kEZTZTT St n)

(SR iS55+ S SR,j) Ua(1) anomaly term

® SU(3) symmetry breaking thru the quark mass term
(Z) = () = (X) + diag{1, 1, A} P

-
L4

M:Z = MBO -+ MBl + AMBQ) ngP ",OO
MF = Mpo ¥ (AMp [+ Mp>)
_ Mpi+ My, AMg +AMs _ AMS B(1/2-p) B(1/2%)
N f  2f(A+1) 2f

®m Al — A.+n decay with 5, #’ mixing
(1/2-) (1/2%)

Y. Kawakami, M. Harada, M.O., K. Suzuki, PR D102, 114004 (2020)
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Decays of Chiral Partner

® Suppression of decay coupling constant due to the Ua(1) anomaly

Quark model
prediction .
00 T Gon without anomaly
=W/ anomaly w/ mixing S o .
700 1 = w/ anomaly w/o mixing / PRYS with mixing
— W/0 anomaly w/ mixing .
— w/o anomaly w/o mixing g‘ W!thOUt an.o.maly
< 500 Acny threshold without mixing
3 |
= 400 r
5
= 300 -
200 g with anomaly
- | —] without mixing
. Jphys With anomaly

2820 2840 2860 2880 2900 2920 with mixing
Unknown mass of the chiral partner Ac¢(1/2-)

Y. Kawakami, M. Harada, M.O., K. Suzuki, PR D102, 114004 (2020)
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Summary

We have constructed a chiral SU(3)xSU(3) effective theory of
diquarks. The S/P diquarks are paired in (3 1)+(1 3), while the A/V
diquarks are in (3,3) representations. Effects of SCSB and Ua(1)
anomaly to the diquark masses are studied.

We predict an inverse mass hierarchy for the pseudoscalar (0-)
diquarks.

The parameters of the effective theory are fixed by the use of lattice
QCD data and experimental data of heavy baryons.

Heavy baryon spectra are analyzed by a diquark-heavy-quark
potential model. The spectra of Ag and Z¢ look very different, while
the spectra of X, =2, 2¢ are similar with an energy shift.

We predict mass inversion of S(0+)-A(1*%) diquarks under chiral
symmetry restoration.

We have found that the Ua(1) anomaly (and the n-1’ mixing) strongly
suppress the decay of the 1/2- Ag to Ag(1/2%) + 1.
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Perspectives

® Use of Diquarks Dq

Dq quar = qq qbarqbar = Tetraquark

DqQ =qq Q =HQ Baryon
Dq Dq QPar = qq qq QP2r = Pentaquark
DqDqDq= qq qq qq = Hexaquark (Dibaryon)

# Diquarks may BE condensate in dense hadronic matter.
=> color-superconducting phase
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Perspectives

# Double Heavy Tetraquarks QQud (J==1*, I=0)

Qi Meng et al., Physics Letters B 814 (2021) 136095

MeV  bbiid betd cctd 0
BB* DB* Threshold  DD*
shallow —= a9 —23 01" o
S50 e .
BB l_ DB, ‘ ‘ ‘ 3.0 ‘ ‘ ‘
—100r — 37 0(0%) 5 5| (@): Eg=173MeV | (b): Ez=4MeV |
_20 deep a0 shallow .
—150F - 173 o1t £ 1.5/ — 49 | 15 — 49
v a — b3 — bg
deep ~ 10 I 10
0.5/ |05}
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