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Newly observed narrow (), excited states ~ ssc
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S low-lying (1. in the conventional quark model with HQSS

v' lowest-lying P-wave states > A-mode excitation

v Heavy quark spin symmetry (HQSS) [[S b Do )]j s J
ss» ¥1p os\PJ] cc]

J=]+s;

[ good quantum number )

light quark “spin” j = (S¢¢ + ;) conservation

S¢s = 1 (bad diquark) S =1
sS

S, = 1/2 charm spin
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S low-lying (1. in the conventional quark model with HQSS

v' lowest-lying P-wave states > A-mode excitation

v Heavy quark spin symmetry (HQSS) [[S b Do )]j s J
ss» ¥1p os\PJ] @’]

]:j+'§@

( good quantum number )

H I £; =1 N
ty =0 3/1:1/

light quark “spin” j = (S¢¢ + ;) conservation

S¢¢ = 1 (bad diquark)

Jj=0 j J =2

FA A

J=1/2 1/2 3/2 3/2 5/2
5 states for Q.(1P;)

S, = 1/2 charm spin



low-lying €. in the conventional quark model
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Difficulties of the Quark Model
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Problem-1:
spin assignment does not follow the data

Angular distribution
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Difficulties of the Quark Model

Problem-1: ©
spin assignment does not follow the data
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QM states concentrate in a narrow range
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Difficulties of the Quark Model
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Our strategy to obtaln Q baryon Ec(J=0,1/27)
S N - = g = @ E(’; =1, 1/2_)
We perform coupled-channel calculation for KZ, amplitude. .. £ =13/27)
K K K. . K
=, - Z, =, E¢

.. and see the poles appearing in the amplitude

Necessary diagrams

by the conventional quark model + quark-meson Lagrangian w/ xS

Yukawa vertex Weinberg-Tomozawa interaction
B K K
¢ (3 q ) :
bare Q. [1P;] ‘ ¢




baryon state
quarks ssc

d3 d3
")) = NZ [ 2 | G2l 525

(2m)?

same for ;
summing up to make the total spin J of ch

flavor and spin combination .
P
)
|'Q§q> = |ssc) @ [[Sssr lplp(’DEbOs(p)]]»Xc] m in
1 j J A
|Ec>~\/_7 (C[S + SC[)C X [[qu' 1/)OS(A)7~/)OS(,D)] rXc] M
Meson-quark coupling
L(x) = 5 q(xX)yuysq(x) 0  dp(x) —
ZfK
K
4 Yukawa vertex O o
- K
/// /]— > i >
§ ( :
: - :
~-c

_ Bare (0.[1P;] Y,




Quark-meson interactions :

Chiral Lagrangian

SU(3) meson matrix
+\/l§ V2t V2K
L=qglid,y* — U
CI( uY 9fn 5)C[ o=| Van 0+ ao
U5 — el(.b)/S/fn = 552 \/§ 2
V2K~ V2K° —ﬁn

Constituent quark field Y = é-¢q
L =pl(ia V”—gfnfs)fslp p(ia yﬂ+(€§ 0, Y*ED) — gf )Y
gla,yrel = ——6 V”cbys——(@ yhd - — - 0,7 ) + 0(¢3)

(- int = wﬂd)yslp——lﬁ'(aqb ¢—¢- ﬂqb)w]j

/
meson
. mesonw
Yukawa . j
q ——< Weinberg-Tomozawa
g —>— J

A model that accommodates both three-quark and molecular Q )



Systematic calculation for 2(2012) in a coupled-channel approach

Model containing the both of Q.(3q) and Q.(KZE,) molecule

Q:(3q) - I?Ec

=l

Meson-quark coupling : axial-vector type

Jda
L= oM
2Fe = qVuYsq0~ ¢

Yukawa

_ Yawgay
tYukawa = Cp
fK mg

Weinberg-Tomozawa interaction

L= —gqm(a“cquﬁ POt P)q
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Dynamically generated resonances : molecular Q.(KE,.) baryon

Q.. as K=, molecule

&3

Weinberg-Tomozawa interaction

K\\ // K
N 4
| — /'\
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Dynamically generated resonances : molecular Q.(KE,.) baryon

Q.. as K=, molecule

=l
|

[1]

. . . . C C
Summing up infinite number of diagrams
foo o = Vwr
KE.—»KE, —
¢ 1 —vyrG
N s N ’ N - s N N , 4 1

= /\+M+/&M+---=/¢v<r<rmn\=gR(s)S_5pgR(s)

dynamically generates
the molecular Q.
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q

: 3
_Formalism : bare Q)

%¢

contribution through additional interaction

mixed states of Q..(K=..) and bare Q.(39)

) 4 - Bare (.(3q) contributes as
LK an additional interaction vy,

Q.(39) pole term

full scattering amplitude of KE,. — KZ,

Vwr T Ubare

\\\ /// \\ //
lew om = + /=\ [
KRS 1- (vWT+vbare) G /\ e

\\ 14 \\ - = 14 \\ 14 \\ -~ = 14 \\ - = - = - = 14
14 N 7 7 N 7 N N N 7

= mixed physical (),
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Parameters :

Quark Model parameters for wave function

light quark mass m = 450 MeV
charm quark mass M = 1500 MeV

Gaussian range parameter a; = 387 MeV (H.O. wave function)

Interaction and cut-off Reproduces the decay width of )
A.(2595/2625) - .1
Decay constant fy = 111 MeV 2.(2455/2420) — A
. . tt 1L. [1
Axial coupling constant gZ = (0.75 pretty well. L11 J
[1] H. Nagahiro, S. Yasui, A. Hosaka,
Cut-off of the loop function A = 500 MeV M. Oka, H. Noumi, PRD95(17)014023
; [ natural as hadronic scale j
Bare masses of Q.?(1P,)
free parameters with conditions ng (0;1/27) 3020 MeV

v in the range 3020-3060  T—>  039(1;1/27) 3040 MeV
v" Mass-ordering for J© 039(1; 3/27) 3060 MeV
C )
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Coupled channels : Assume Heavy-Quark Spin Symmetry

3q
a; Q.

-

G.J) Three-quark state Meson-Baryon channel
0,127 02%0;1/27)
L1/27) @ @1/27)
1;3/27) (1 3/27)
(23/27  9(23/27)
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Coupled channels : Assume Heavy-Quark Spin Symmetry

-

3q -
2 em
G,J) Three-quark state Meson-Baryon channel
(0,1/27) 027(0;1/27) Ec(0;1/2%)K
(1;1/27) 029(1;1/27) Ec(1,1/2)K, Q.(1;1/2% )n
(1;3/27) 029(1; 3/27) Ec(1;3/2%)K, Q7(1;3/2% )n

[ (2;3/27)

029(2;3/27)

No coupling in s-wave

)

[ (2;5/27)

02%(2; 5/27)

No coupling in s-wave

)

15



Coupled channels : Assume Heavy-Quark Spin Symmetry

3q
2 Qﬁ

-
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Physical state = pure 3q
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Coupled channels : Assume Heavy-Quark Spin Symmetry

3q N
2 ew

-

G.J) Three-quark state Meson-Baryon channel
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Numerical Results : j = 0,J¥ = 1/27 system
Pole flow of the pure molecule (WT) pole
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Numerical Results : j = 0,J¥ = 1/27 system
Pole flow of the pure molecule (WT) pole

A=1.7GeV

er A

K=z, WTint. for j = 0,J° = 1/2~ is too small
to generate the bound state / resonance
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Numerical Results : j = 0,JF = 1/27 system
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Mixing process Yukawa vertex
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Mixing process Yukawa vertex
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Physical pole for j = 0,] P = 1/27 system : Bound state
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Physical pole for j = 0, ] P = 1/27 system : Bound state

After the mixing, only one bound state remains
at 2935.4 MeV below the K=, threshold

LHCb, PRL118(2017)182001
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Numerical Results : j = 1,J¥ = 1/27 system
This system does not couple to KZ.(j = 0) system with HQSS
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Numerical Results : j = 1,J¥ = 1/27 system
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Numerical Results : j = 1,J¥ = 1/27 system
This system does not couple to KZ.(j = 0) system with HQSS
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Numerical Results : j = 1,J¥ = 3/27 system
This system does not couple to KZ.(j = 0) system with HQSS
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Numerical Results : j = 1,J¥ = 3/27 system

K, threshold
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This system does not couple to KZ.(j = 0) system with HQSS

3029 MIeV J@' | | | |

0 M X =0
x=1 |
y 3060 MeV | .
i (input) E 3 i
—40| £ £
virtual state | & 2

—60 *‘

@@

R Resonance state

; 3306-98i MeV
—100 ! !
x =1

wide bump or backgrfound

—120 | | : | | | | !
3000 3050 3100 3150 3200 3250 3300

Re+/s MeV

3350

21



Numerical Results : j = 1,J¥ = 3/27 system
This system does not couple to KZ.(j = 0) system with HQSS
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Summary of our solutions , .
[ different origin ??]

3150
k= V
? Q,(3119)
3100 | (2,5/27) L 5277 0,.(3090)
Kz ]
“““““““““ (2,3/27) =777 232 ,(3065)
3050 | (1,3/2 ) — 372 Q.(3050)
— T 1/2)
% __
s (0,1/27) _
—. 3000 t —_— 172  Q.(3000)
%
S o
2 kK& Threshold enhancement
2950
2900
2850
Molecule Pure 3q Coupled-channel  Experimental data
(virtual state) (j, P?) final results
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Summary of our solutions
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Summary of our solutions
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Summary of our solutions , .
[ different origin ??]

3150
kE: V
? Q,(3119)
3100 | _ pure 3q states
(2,5/27) ;5272 Q.(3090)
Rz, i
C mmmaa  (23/2) TTIIIIIIIIINES -3 0.(3065)
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2900
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Conclusion

» We performed a systematic analysis of low-lying €. structures in a coupled-
channel approach, with the number of free parameters kept to a minimum

» by employing a unified framework that accommodates both three-quark and
molecular Q. states.

» We can solve the spin-assignment problem, demonstrating that the quark-
model states can be compatible with the experimental data.

» We found that the lowest-lying Q.(1P,) state is a bound state of K=,
which can make the threshold enhancement in the amplitude.

> Can be found Q;y ??

future work

» the origin or nature of 1.(3119) ??
» Components of the physical (1.’s = important d.o.f ?

» Decay properties etc.
— to support our interpretations.

23
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~A

Angular distribution LHCb, PRD104(21)L091102

12f 0 ' ' ] 0 '
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< ]
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FIG. 4. Distributions of the €*" helicity angle (¢) in the €2 decay. Solid, dashed, and dot-dashed lines indicate the expectations under
the spin hypotheses, J = 1/2, 3/2, and 5/2, respectively. The gray shaded area shows the cumulative distribution of the combinatorial
and nonresonant £/ K~ backgrounds.
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slide of Qi-Fang Lii

LHCb 2017
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Observation of five new narrow ﬂg states decaying to EC' K

LHCh Collaboration - Roel Aaij (CERN) et al. (Mar 14, 2017)
Published in: Phys.Rev.lett. 118 (2017) 18, 182001 = e-Print: 1703.04639 [hep-ex]

pdf & links ¢ DOI [= cite Ed reference search %) 271 citatiol

R. Aaij et al., (LHCb Collaboration),
Phys. Rev. Lett.118, 182001 (2017).
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slide of Qi-Fang Lii

Belle 2018

Combinations/2 MeV/c?

35 (a)
Zz | To conclude, of the five narrow resonances observed in
20 | || f I. ]l } the Ef K~ mass spectrum by LHCb, we strongly confirm
“El e VR R nas) '!'..u"hl: 4 the Q.(3066) and Q,.(3090) with very similar parameters
"!"I a1 By .-"-_ :ﬁ T Mf  and confirm two more—the ©Q,(3000) and Q (3050)—
& et Ll P LI T ¥ Gith less significance, but cannot confirm the ©,(3119). In
40 ®Y1 addition, we present indications that there is wide excess,
- } LR L1 } consistent with that found by LHCb, at higher mass.
25 . ||| II| :III | JI 1“ ||| I| ||II| | |' | Hj' I L

] .lniir!;' 'lll ey SR i "|"" ""“ A it :
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FIG. 3. Distribution of the reconstructed mass difference
between the ZF K~ invariant mass and the 2} and K~ masses.
The four peaking structures are consistent with being the
previously observed Q.(3000)%, ©.(3050)", ©.(3065)°, and
Q.(3090)° baryons. The distribution shows an enhancement at
the threshold, as seen in the previous analysis [16]. The total fit is
overlaid in red. The background distribution (gray shaded area) is
the combination of the combinatorial and nonresonant = K~
backgrounds.

Excluded by 3.60

7

IIII|14II|IIIIIII

LI | T LI B T T T L T T 1 T T J
32

Candidates / (1 MeV)
w
=

3000 3050 3100 :5 150
mE; K ) [MeV]

Adapred from Fig. 2 of arXiv:[1703.04639]
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FIG. 4. Disrributions of the Q* helicity angle (#) in the Q; decay. Solid, dashed, and dot-dashed lines indicate the expectations under
the spin hypotheses, J = 1/2,3/2, and 5/2, respectively. The gray shaded area shows the cumulative distdbution of the combinatorial

and nonresonant £ K~ backgrounds.

R. Aaij et al., (LHCb Collaboration), Phys. Rev. D 104, 091102 (2021).
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