Chiral Effective Theory of Diquark

and
Heavy Baryon Spectroscopy

Makoto Oka
Advanced Science Research Center, JAEA

May 18, 2020
The 3rd Symposium on Clustering as a window on the
hierarchical structure of quantum systems (on Zoom)

Makoto Oka (ASRC, JAEA)



Contents

# Introduction — Diquarks
# Chiral Diquark Effective Theory
# Diquarks in Heavy Baryons

® Conclusion

M. Harada (Nagoya), Y.R. Liu (Shandong), MO, K. Suzuki (JAEA), Phys.
Rev. D101, 054038 (2020), “Chiral effective theory of diquarks and Ua(1)
anomaly”

Y. Kim (Kyushu), E. Hiyama (Kyushu), MO, K. Suzuki, arXiv.2003.03525
“Spectrum of singly heavy baryons from a chiral effective theory of
diquarks”

Makoto Oka (ASRC, JAEA) 2



Introduction

Diquark
as open (colored) clusters in hadrons



Diquark

# The simplest colorful cluster in hadrons is the diquark.

“bound” qq state

in: 1 1
color — 523-Gmpe PN S ® 5 =0p1

® Two color anti-triplet S-wave diquarks:
Scalar diquark S(0%) in color anti-triplet

Axialvector diquark A(1%) in color anti-triplet

® Color magnetic interaction (CMI) via magnetic gluon exchange
predicts a strong attraction in S(0*). A significant attraction

also comes from the instanton induced interaction (111).
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Diquark

® Scalar diquark S(0%)
L=0 (S), S=0 (A), color 3bar (A) strongly attractive
Flavor SU3)t 3bar(A) :
[ud]=(ud-du), [ds]=(ds-sd), [sd]=(sd-ds)

® Axial vector diquark A(1%)

L=0 (S), S=1 (S), color 3bar (A)
SUQB)r 6 (S): uu, {ud}, dd, {us}, {ds}, ss
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Diquark as a building block

® Light diquark Dq(=qq) in hadrons
DqQ =qq Q =HQ Baryon
Exotic hadrons < Di-neutron+alpha

Dq quar = qq qbarqbar = Tetraquark

DqDq QP2r = qq qq QP2r = Pentaquark
DqDqDq= Hexaquark (Dibaryon)

# BE condensate in dense hadronic matter
=> color-superconducting phase
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Chiral diquark effective theory



Diquark Effective Theory

Strategy

® Consider diguarks as *“colorful” clusters in hadrons and
hadronic matter. In order to describe their dynamics, write
down the diquark effective Lagrangian.

# Chiral symmetry SUQB)r x SUQG)L
Write down general forms of the chiral invariant Lagrangian
for the chiral diquarks with a background chiral meson field.

m Lattice QCD helps us to fix the parameters of the effective
Lagrangian.

Makoto Oka (ASRC, JAEA) 8



Diquark Effective Theory

# D.K.Hong, Y.J. Sohn, 1. Zahed, PL B596 (2004) 191.
D.K. Hong, C. Song, IJIMP A27 (2012) 1250051.
Non-linear chiral Diquark effective theory (for pentaquark/
tetraquarks)

® T. Hatsuda, M. Tachibana, N. Yamamoto, G. Baym,

PRL 97, 122001 (2006), PR D76, 074001 (2007).
Chiral/Diquark effective theory and the axial anomaly in dense
QCD

® Y. Kawakami, M. Harada, PR D97 (2018) 114024, PR D99 (2019)
094016.

Chiral effective theory of Single Heavy Baryons (HQ symmetry)
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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(%44)%?  Ying Chen(f:%)? Ming Gong (5 )2
Zhaofeng Liu(Xl|#{I§)%® Hao-Xue Qiao(F¥%£%%)' Yi-Bo Yang(#—3%)3
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Chiral Diquarks

® 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 Diquark Effective Theory

# Chiral meson field: X (scalar nonet + pseudo-scalar nonet)

Ez’j = 0,5 T+ ?:7'('2']' — UL,ikamU;{,mj (3,3)

Xij = (Ap)ij(op + imp)
Spontaneous symmetry breaking (Bij) = (0ij) = foij,
® The effective Lagrangian a la linear sigma model
L =Dydg,(D"dr;)" + Dydp i (D"dp ;) D, = 0, +igT* G ™"
—mi(dridy; + dpady, ;)

mi

7 (dp,Sld) 4 dp i Sidy )| U(1)a anomaly

mass terms

D)
my

— W@jkﬁemn(dlﬁk Zéi 2mjdz,n + dL,kE}tz 2anj d}?,,n)

+jITr (0"219,5] + V(%).
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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
R sR [\m/l' L™ L
3m?
8, JH0 = TI(S)\OPT — PX\Sh)
B 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 Diquark Effective Theory

Scalar diquark M2 — mg mf{ +m3
| m3i + ms3 m
Sa — (4% . — d° .
7 \/5( R,1 L,z)

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

1
P = —=(dg; + di
\/5( R, L,)

— M(07) = \/m%—l-m%-I-m%,
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SU(3) symmetry breaking

m Explicit chiral symmetry breaking and SU(3) breaking

Mg = M + gs(2) ~ (g5 fr) diag{1,1, A}, My ~ Mg ~ 0
- fs ( mg ) 5
= A=—"—=[1+ ~ =
E—>2_Z+M/gs f7r gsfs 3
m Mass of the diquarks
i=3 (ud)
My(0%) = y/m3 — Am? —m3, M;3(07) = \/m3 + Am? + m3.

i=1,2 (ds), (us)
M1(0+) M2 0+ \/mo ml Am2, Ml(O ) :MZ(O_) — \/m(z)_i_m%_i_Am%a

(M 5(07)]7 = [M3(01)]” = [M3(07)]” = [My2(07)]= (A — 1)(m? —m3). > ()

Mi(07) < M3(07)|  Inverse mass hierarchy
(ds), (us)  (ud)
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Effective theory for vector diquarks

® Vector (3,3) Diquarks

A" = €ae(q@. CY" @5g) = €anc(@ir CY* i) chiral (3,3) vector diquark

d’(,‘fz.j] =dy; —dy' = €ape(qTT Cytry® q;) Vector 1~ diquark, flavor 3

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

1 v
L= —§Tr[F“ FW]—I—m%/OTr[d“dL]

2 2 2
+ ”}gl Tr[nt d“szLTH%Tr[zT Sd*T i)

FM = Did” — D¥d"
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Effective theory for vector diquarks

® Masses of the Axial-vector and Vector diquarks

2m?
Linass = myoTr[d"d]] + fgl Tr[Sta* s dlT] + f2V 2Tr[Stsa dl]
~ mioTr[d*d}] + mi Te[Xd* Xd"] + 2mi, Te[X2d"" )]

. s 5
= di A —
X = diag(l,1,4) A= fw( +gsfs> 3

A(1+)

Mgy (17) = \/mvo +myy + 2my,

Myqsy(17) = \/mvo + Amiy + (1+ A%)mi,

Moy (17) = \/mvo + A?my, 4+ 24%mi,

Migq)(17) = \/mvo —miy + 2mi, V(1)

Mg (1) =\ miy — Ay + (14 A2)mid,
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Diquark-meson couplings

® diquark - pseudo-scalar nonet &, (p=0...8) couplings

i(m? + m3
Lrsp = ( lf 2)7Tp(5)‘pPT — PX\,ST)  octet + singlet

32m2
f

® The “Goldberger-Treiman” relation

mi+m3  M?*07)— M?*(0")

0 (S/\()})Jr P/\QST) singlet

for octet mesons

grSP = —
f 2f
PS
P A: — AC —|_ 778
InSP.- =f o A+ K
P A
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Diquark-meson couplings

® Scalar - Vector couplings
P-wave coupling
A1+, 6) +ms(0-) — S(0*, 3bar)
V(1-, 3bar) + 75 (0-) — P(0-, 3bar)
V(- 3b2r) + 1 (0-) — P(0-, 3bar)

Lint = —gNEijk [d“n o (dR);0,5%, + dls 1 0uE5n(d])k|  Normal

_gAEijk |: ’Lj)a an(dT) (g z)a Zchn(dT) (z n)a 23n<dT) nz)a ZT (dT)

Anomalous
= (gn + ga)eip Al i0,mS) 5]

gN — 394
— (9N + ga)€ijn \/;V[f]]zc? e PJr 5 Z]kvfﬂza )P);
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Diquarks in heavy baryons



Diquarks in Heavy Baryons

# From Heavy baryon spectroscopy
Aqg/Xq with S(0+)/A(1) diquarks

(21385 \ 2’1// A(1Y)
*. 2518 \
2av 13 225 Scav 2496 Spay 5826 = b 3833

194 / \6\51 Sc 2453 / SNITE

v 21193

A 1116 S0 L Ac2386  Ab5620

Diquarks
S(01) ud (8=0, 1=0)
A(1Y) (uu,ud,dd) (S=1, I=1)

>

21

200

unit: MeV
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Diquarks in Heavy Baryons (P-wave)

® Two P-wave separation modes are well separated.

1 — | 1/ o A mode
: A - mode AQ(I/Z )
z} L ]
% Ms Mc Mb |
= | 1
=)
P
2 \ -
I - d 1
ol 2T Mo
300 600 1200 2400 (MeV)

T. Yoshida, E. Hiyama, A. Hosaka, M. Oka and K. Sadato,
Phys. Rev. D 92, 114029 (2015)
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Fitting to the heavy baryon masses

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

® Inputs for an estimate of the heavy baryon masses
Observed masses of the ground state baryons
M(A,,1/2%) = 2286.46 MeV,

*

M(Z.,1/27) = %(M(Ej) + M(ZY)) = 2469.42 MeV.
0+ diquark (ud) mass from lattice QCD

* M3(0") = 725 MeV,
0- diquark (ud) mass from lattice

* M3(07) = 1265 MeV,

or a model prediction of the p mode baryon mass

*M (A, 1/27) = 2890 MeV.
T. Yoshida, et al., Phys. Rev. D 92, 114029 (2015)
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Fitting to the heavy baryon masses

B A potential model estimate
Y. Kim, E. Hiyama, M. Oka, K. Suzuki, arXiv.2003.03525
A linear + Coulomb potential between Q and d
(@3

Vir)= + Ar+ C,

r

o AGeV?)  C.(GeV) Cp(GeV) M.(GeV) My(GeV)
Yoshida (2/3)x90/p  0.165 —0.58418362 —0.58829590  1.750 5.112
Silvestre 0.5069 0.1653 —0.70694965 —0.69555101  1.836 5.227
Barnes (4/3)x0.5461 0.1425 —0.19063965 - 1.4794 -

T. Yoshida, E. Hiyama, A. Hosaka, M. Oka and K. Sadato,
Phys. Rev. D 92, 114029 (2015)
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Fitting to the heavy baryon masses

Y. Kim, E. Hiyama, M. Oka, K. Suzuki, arXiv.2003.03525

[GeV] [GeV]
2.9 6.3
— A .(pmode) .
(890) Inverse mass hierarchy
28 6.2 — A(lggﬁ)m"de)
=Z.(p mode) ” \
(2768)
2.7 6.1 2, (p mode)
Z.(4 mode) (%094)
(2667)
2.6 6.0
=, (A mode)
(5979)
25— — A.(Amode) 59—
(2496) Zc(ground)
(2469) A (Amod
24 [— 58 (%gm)mo €) Zp(ground)
(5799)
231 —— A (ground) 571
(2286)
— Ap(ground
22— 56— (%(Ei%) )
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Conclusion

B We construct a chiral effective theory of Diquarks.
Scalar and Pseudo-Scalar Diquarks are paired in (3,1)+(1,3).
Vector and Axial-Vector Diquarks are in (3,3) representation.

m Masses of the positive- and negative-parity diquarks are
parametrized. There contributes the Ua(1) anomaly couplings.
With the help of heavy baryon masses and lattice QCD, we may
determine the parameters of the chiral effective Lagrangian.

B We have found an inverse mass hierarchy of the 0- diquark. As a
result, we predict a low mass p-mode Z.(1/2-) state.

® The goals are to apply the effective theory to tetra-quarks, heavy
penta-quarks, diquarks in finite T/p matter and so on.
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