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I Discovery of Q(2012): Strangeness =-3

In 2018, Belle reported a new state (2(2012) state: [Phys. Rev. Lett. 121, 052003 (2018)]
Mg(a012) = 2012.4 + 0.7 4 0.6 MeV
To(2012) = 6.47577 £ 1.6 MeV
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This prompted many theoretical studies on the issue
O Quark model pictures

O Molecular pictures based on the meson-baryon interaction
* Only K="(1530) state:
- Y. H. Lin and B. S. Zou, Phys. Rev. D 98, 056013 (2018). W R e o
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FIG. 2. The (a) 'K~ and (b) £~ K invariant mass distributions

e Cou pled channels 5 E*(1530), ’I’]Q, KE in data taken at the T(1S), T(2S), and T(3S) resonance energies.
- M. P. Valderrama, Phys. Rev. D 98, 054009 (2018).
- Y. Huang, M. Z. Liu, J. X. Lu, J. J. Xie, and L. S. Geng, Phys. Rev. D 98, 076012 (2018).
- R. Pavao and E. Oset, Eur. Phys. J. C 78, 857 (2018).
- M. V. Polyakoyv, H. D. Son, B. D. Sun, and A. Tandogan, Phys. Lett. B 792, 315 (2019). .....




I Recent Belle data

* In 2019, Belle showed a result of the (2(2012) decay: [Phys. Rev. D 100, 032006(2019)]
- Ratio R of the ZrnK width to the ZK width is smaller than 11.9%.

- B(Q(2012 =(1530 =1 )K | Q(2012) - zKE
gk _ B(2012) = S(130)(= En)K) ) o oo
= B(©(2012) — EK) - i
N
= In 2022, a recent reanalysis of data (different cut): \ K \ E
[arXiv:2207.03090 (2022)] - _
REK = 0.97 +£0.24 £0.07 ~97% ' \ ’
R

* In 2021, QO(2012) has been observed in the Q). decay [Phys. Rev. D 104, 052005(2021) ]
B(Q0 — 7z1Q(2012)7) x B(Q(2012)" — K~E9)
B(QE — JI+K_EO)

= (9.6 32+ 1.8)%




IOur study

We study the ©2(2012) state with the coupled channels approach:
(2012) is dynamically generated as a molecular state from the interaction of
the K=*and nQ coupled channels

=> We like to show the consistency of the molecular picture

. F o ex B(Q(2012) - E(1530)(— Ex)K) .
with Belle results REK — B201) = 2K <11.9% (2019 ver)

REEK = 0.97 £0.24 £0.07 (reanalysis: 2022 ver)

BQY — 7+Q(2012)7) x B(Q(2012)" — K-E)
- B(Q) - 7t K2

= (9.6+£32+1.8)%

v We calculate the mass, width, and decay ratio R of Q(2012)
v We also study a mechanism for Q. = n*Q2(2012) — n*(K-Z°) reaction




I Formalism: Coupled channels approach

R. Pavao and E. Oset, EPJC78(2018)
N. Ikeno, G. Toledo, E. Oset, PRD(2020)

3 channels:

(=% nQ) (s-wave), KZ (d-wave)

« Bethe-Salpeter equation:

- Transition potential: Q* JP=3/2-

K= nQ KE

V— 0 3F | ag?, K=*
3F 0 Bgd, | 9
ag?, Bgi, 0 K=
_ _L 0 0 )\1/2 (Sa mQ_ 5m25)
F= 4f2 (k +k ) Gon — 2\/5{

kO, k'9the energies of initial and final states

-the diagonal potential is null
-the non-diagonal potential is nonzero.

T=[1-VG] 'V

- s-wave potentials between K=*and nQ:
taken from chiral Lagrangian of

S. Sarkar, E. Oset, M.J. Vicente Vacas, NPA750(2005) 294
E.E. Kolomeitsev, M.F.M. Lutz, PLB 585 (2004) 243-252

- d-wave potential between K= and K=*or nQ:
described in terms of o, 3: free parameters

K K (MK K
b = > >
- T ' g’ &
- P > >
= = = Q) = =

A possible d-wave diagram for

> " ! We do not make a model
the K =*-> K= transition Estimates done by M. P. Valderrama,
y

PRD98,054009 (2018). 5 .




H*

IGK— -, function accounting for Z*— n= decay

Jmaye CUt Off parameter

« Meson-Baryon loop function G: For s-wave channel
Gi(V5) :/ dq¢ 1 M, 1
Gge(vs) 0 0 V) e @ () Bila) V5 — ) — Bila) e
G(\/E) = 0 G??Q(\/g) 0 for i = K=*, nf)
0 0 Gr=(1/5) For d-wave channel

__(/3) = dgq (Q/QOn)4 M= 1
Grelv? /|q|<q:nax (27)? 2wg(q) E=(g) Vs — wiz(q) — E=(q) + ie

K

« We take into account the E* mass distribution due to its width for Z*— = decay:
G-z, 1S convolved with the Z* mass distribution: (2012)— nKX= decay

5 1 ME* —l—AME* - 1 1 ~
Mg+ —AMz+ i

—
—
—

=> Comparison of the Q(2012) with/without convolution gives us the estimate of 2(2012) decay width
into K= and nK= decay channels :

3 Lo« ri= _ L'+ con — I'a* non [on @ Gy =, With convolution (accounts for KE and nKE decays)

R= | AN Co* non [on @ G =« Without convolution (only for K= decay )
? 6 .




ICaIcuIated Q(2012) mass, width, and decay ratio

We make a fit to the experimental data by changing the o, 3, 9., parameters.
Mo 2012) = 2012.4 4 0.7 4 0.6 MeV

with convolution
no convolution = —=

1960 1980

2000 2020 2040 2060
Minu(KZ) (MeV)

=> Good agreement with the latest Belle result RZZK =0.97 +0.24 £ 0.07

2080

To2012) = 64750 £ 1.6 MeV

« Result by R. Pavao and E. Oset, EPJC78(2018)

o (MeV—3) B (MeV—3) Gmax = Gha (MeV)
4.0 x 10-8 1.5 % 10-8 735
- Result with convolution

- Result without convolution
mo+ = 2012.37 MeV,

mae <™ =2013.5 MeV,
g+ = 6.24 MeV. Foe ™) = 3.2 MeV.
R = FQ*—HTKE o P8’2*,(3(;\11 — FQ*,non
Lo« k=

FQ"‘,non

= 0.95

d




I Limitation of calculated ratio R

We also find an acceptable solution in terms of natural values for the g,.,, o, B
parameters which reproduce fairly well the experimental data in 2019

Fo(rK=
R = omKZ) 1199
I'g k=

* Results by N. lkeno, G. Toledo, and E. Oset, PRD101, 094016 (2020)

Set 1 Set 2 Set 3 Similar results in J. Lu, C. Zeng,
Gma (KZ¥) [MeV] 735 775 735 E. Wang, J. Xie, and L. Geng,
Gmax (7€2) [MeV] 735 710 750 Eur. Phys. J. C, 361 (2020)
a [107% MeV—] —8.7 —8.7 ~11.0
f 11078 MeV—] 18.3 18.3 20.0
R 109% 104 % 109 %

=> The molecular picture was pushed to the limit and showed that the ratio R
could be made as small as 10%, but not smaller than 10%




I Couplings g; of different channels

» The couplings g; of the 3(2012) to the different channels are obtained from the residue of
the T-matrix of the pole in the second Riemann sheet. Close to the pole

T;; = Ji9; (z, complex energy; zp, complex pole position)
&~ — ZR
T. .
2 _ : . o 1]
g; — zl_lglR(Z - ZR)Tii: g; — 9i Ti@; Z=zpR-

* We also show the wave function at(;cge origin for the s-wave states, wf( ¢;,G,.), and

the probability of each channel —g? NG S () ?% 1
KZ* (2027) n€2 (2220) K= (1812)
q; 1.86 — i0.02 352 —i0.46 —0.42 +i0.12 D. Gamermann, J. Nieves, E. Oset, and E. R. Arriola, PRD 81, 014029 (2010).
. ' ' o ' ) ) «  F Aceti, LR Dai, LS. Geng, E. Oset and Y. Zhang, EPJA50, 57 (2014)
gi (Pavao, Oset) 2.01 + 70.02 2.84 - 10.01 -0.29 + 10.04 * S.Weinberg, Phys. Rev. 130, 776 (1963).
« T Hyodo, D. Jido and A. Hosaka, PRC85,015201 (2012).

f 1y . . . * T Hyodo, Int. J. Mod. Phys. A28, 1330045 (2013).
wli(9:Gi)  —34.05—1i1.10  —=30.66 + i3.67 « T Sekihara, PRC104, 035202 (2021), etc.

—2 96 0.57 4 :0.10 0.25 —i0.06

9i KNG

=> The strength of the wf and the probability dominates for the K=" state.

Note, however, that the nQ channel is required to bind Q* state since the diagonal potential of the K'=* channel is zero and
hence cannot produce any bound state by itself. 9 .




B The Q. - 7'Q(2012)

— H(K=Y) reaction

B(Q0 — 7+Q(2012)7) x B(Q(2012)~ — K~Z°)

* Belle data in 2021 [PRD104, 052005(2021)] : B = 7 K] — (9.6 +32+1.8)%

«  We study a mechanism for Q_ — n*Q2(2012) production through an external emission Cabibbo
favored weak decay mode, where the ©(2012) is dynamically generated from the interaction of

K=*and nQ, with K= as the main decay channel. N.lkeno, W. H. Liang, G. Toledo, and E. Oset, PRD 106, 034022 (2022).

Microscopic picture for the weak decay
Q. — m*sss through external emission

mechanism -

d
u

W+

Q

v

c !
S

— Our decay channels require three particles
in the final state
— Hadronization must occur to produce the

extra particle.

Hadronization of an ss pair
P 5585 — Zﬁﬁr!—q!—m = ZP-_;;{}!-.?.?
I ' i
d u bt L z K+
where pP= T~ _% t :’% | _:I.; K0
W K- I _:q_; | \/5; /
S
C = 2=
( : qq 558 — K™ uss - K”dn——ua
S > — —_— /3 —
S > ; ok =
=> We obtain K=*% K=, nQ2

- Weak interaction vertices:

Loye ~ Wb Lowy~ GaaW,r* (1 =75 K. Miyahara, et al., PRC95, 035212 (2017) :

oy o V. R. Debastiani, et al., PRD97, 094035 (2018)
Vp=C(g" +6-g) C:unknown constant .
10




IThe Q. - 1tQ(2012) — (K "E°) reaction

©KE* and tQ are produced
=> KE* and nQ interact and produce ©(2012)
=> Later ((2012) decays into K=

K.K
Qc 0(2012) )
The K= mass distribution for Q_decay:
:'U = drui'-'nal 1 ﬂ"f:' =12
== — = — PP K- r=,
dM (K-2)  (27) Mg ' "7K 2l
AmplitUde t: Al;"’{mi .FH M _Eﬂ))
| 1 1 Pr+ = oM
t = W(K"Z0)( M;,, — . _ 1 B Mg
( )G gz ( ]'( \/:) YR K= M. — Mp r%( \/EHR.K_) ) .
l l - l ,ﬁ :‘AU_{ mL{K_ ﬂ) "”K éﬂ)
FW(K°Z )G e (M, (- ); - (——r' :) . 2M;, (K~ E")
e WV L vy Y T N =
1 1
- W(nQ)Gya(Miny ) gr, ——=UJRK=
(192) Gy (Miny ) 9r 12 M — Mo rrzﬁ< 7 he.x-) R stands for Q(2012) resonance

YR.K="> YR4Q> YRKE : Couplings to Q(2012)

W: Weight for the matrix elements of €. 711

going to =+ and the different final states We use the same values of g, g,,,.,, obtained before




I Background for Q

. — T K72 without going through the Q(2012)
. . (1)
(1) Direct reaction: dlye 1 Mg PP ZL—,H}F
T dMinv(K_E{]j (EH:IE" Mﬂ,. roR bac
K~ (1) 2 » 4, AV (MG my M3, (KEY))
0. L Z |f533;|“ = C“gfi“- 9= Pz = M,
\
=0
- h hi di . dr., 1 Mz _(2)
(2) Reaction through intermediate states: ac P Pi- Z 722
+ dM,, (K7E°)  (27)° Mg, -
K 12 = W(K"E) - G- (Mipy) - (—%>“ﬁg(—%>
+ W(E{]EM_) ‘G!?E'(Minv) ) (_ ],j)aﬁzj{f (_ij>
=020 =0 . -
+ WnQ) - Guo(Miy) - f5% | -
KE* nﬂ KE . (}? ) ;SZ( ) ﬂpg( ﬁ)
0 3F og,)\ K= Viz k= = aqx. .
V= ton K=k K a, B : Potential parameters
3F 0 6qgn WQ 'Lf _ . )J—‘E
agt, Bgt, 0 K= nll—=K= _}(qﬁ'

We use the same values obtained before




I Calculated total ntK-Z° production R . P

Set 1 0.23 0.16 0.39
. . Set 2 0.21 0.12 0.33
e \We define ratios: Set 3 0.21 0.20 0.41
(1) (1) (1) @) 2) Set 4 0.45 0.17 0.62
Rl — rbac — rbac/rQ _ Bb ac R2 = rbac - b 1L/r - Bbac
rsi rnal r%i 11'1I/FQ£. Bm&nal r\i nal \l TN 1I/FQC. Bsignal Calculated rat|os W|th the parameter sets Of
— 1 _ ) , o, and B, obtained before
=> B bac — K1 B signal’ => Bh ac B“i&l-“ﬂ' 91 Gmax b N. Ikeno, G. Toledo, E. Oset, PRD(2020)

R. Pavao and E. Oset, EPJC78(2018)
« Total n*K-=° production stemming from the molecular picture

BQ. — 77K 2%y, = Bggna + BY 4+ BE denal (1 + Ry + R») <- Unknown constant C is implicitly

o included in B

de
signal

B[Qc — " K_E'O} h _.E.. Bsignal ‘
BIQ. — 7T K- =] | (IHR +Ry) =(9.64+32+1.8)(1+ Ry +Ry)% = 12.2-15.7%

ererenrarnrnnranns Q with 38% uncertainty
Ratio measured by Belle

=> Based on the molecular picture, we obtain only about 12-20% of the total production with
the three modes evaluated to produce n*K-Z2° one resonant and two nonresonant

exp

- There are two other sources we did not consider: . — Z°K*" — E'K~zT (PDG data)
~85% of the total production Q. = 77Q" - 77 K~=" (Quark model)

K. L. Wang, Q F. LG, J. J. Xie, and
v The consistency of the molecular picture with Belle data X. H. Zhong, arXiv: 2203.04458




ISummary

« We have studied the molecular picture for the 2(2012) state with the coupled
channels K=*, nQ, K=

« We also have studied the Q_— nQ2(2012) — n"K =" reaction

« We found that the obtained results are consistent with all Belle results

- (2012) mass, width, and the ratio R of the ZnK width to the EK width
- All three channels account for about (12-20)% of the total Q, — n"K"E° decay rate

« We should note that the molecular structure of 2(2012) is mostly a K=* bound state.

However, it requires the interaction with the nQ channel to bind, while neither the K=*nor
the nQ states would be bound by themselves.

* New information on experimental data is most welcome.

14.




ITwo other sources we did not consider

gzc s E[}Kf*[} s E[}K_?T+

(I'; I'g of PDG data)

[y B[EK* - 29K7t]  0.68+0.16

_ - _ —0.57 £0.16.
I, BIE°K 7] 1.20 £0.18

=> This means that about 60% of the Q. —» ©"K-E°
decay comes from the Z°K*~ - n*K-E° decay,
which is not a part of our calculation

We find a total fraction of

0.82 +0.16 ~ 66 — 98%.

Q. -1 Q" - gt K=

Q* are any kind of excited Q(sss) states

We can rely upon a theoretical Quark model calculation
K. L. Wang, Q F. LG, J. J. Xie, and X. H. Zhong, arXiv: 2203.04458
B[QC - E+Q(12P3/2—) — JE+K_EO]

~ ().08,
BlQ, —» nt K~EY]

B[QC — E+Q(12P1/2—) — JE+K_EO]

~0.11.
BQ. — T K~EY]

BQ. — E+Q(I4D]/2‘ ) = 7" K~EY]

~ 0.04
B[Q. - " K~2Y]

B[QC — JI+Q(14D3/2‘ ) — JI+K_EO]

~ (.02
BQ. —» ztK~EY]

Summing all these contributions, we find a fraction of

BQ, - 7TQ* - 7T K~EY]
— ~ ().25
BIQ, - 2T K~ E" —

g




W: Weight for the matrix elements of €. 711

going to =t and the different final states
1

K-E20(S. = 3/2): W =—C(q° + q.).
(S, =3/2) \/g(q q,)
I
KOZ*=(S. = 3/2): W =—C(q° + q.).
(S, =3/2) \/g(q q,)

K'Z (5. =1/2): W =
I
nQ(S. =1/2): W= -3Cas.

K-E0(S, = 1/2): W =~-Cq.

Vp=Clg" +5-7)

the matrix element of

G- =0.4_+0_qy+04,.
1 1

oL = E(Gx + ioy). 0. =3 (0, —ioy),

G+ = qx T 14y, q- = qx —1q,,

q° is the energy of the n* and q its three-momentum

We can take the z direction in the #™ direction, and when
integrating over the 7 angles, we get the angle averaged
values of ¢2, ¢"¢,, and |g_|*

?

2

qoqz — 0. ‘C]+|2:C]_%+CI§—>EC_]’2-

16.
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