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Introduction
Heavy baryons

« Heavy baryons are particles composed of one heavy quark (charm or bottom) and two light
quarks (up, down, or strange).

 Provide insights into the interplay between light-quark dynamics and heavy-quark symmetry
(HQS)

 The dynamics of light quarks are governed by chiral symmetry.

* |In the heavy-quark limit, the spin of heavy quarks decouples from these dynamics, which are
then governed by heavy-quark symmetry (HQS)

 This interplay of symmetries plays a crucial role in understanding the structure of heavy
baryons. heavy baryons exhibit a separation between orbital motions, such as A— mode
([, # 0) and p—mode (lp # (), and have relatively smaller widths that facilitate their analysis.

e The light quarks can form antisymmetric (s = 0)or symmetric (s = 1) spin configurations,
with orbital excitations in the A or p mode.

e The low-lying singly heavy baryons are expected to be dominated by the A—mode excitations

3




Background of study

Specifically, the strong decays of excited singly heavy baryons, especially through two-pion emission

processes.

Most A, and E, particles with Q) = ¢, b are observed in this decay mode.

In addition to total decay width or branching ratio, three-body decays contain more complex structures.

These structures are evident in the Dalitz plots and invariant mass distributions, providing additional

constraints on the structures of heavy baryons.

In our analysis, we will show that is invariant mass

distribution depends on the spin-parity, (JP ), assignment

which may suggest that they are possible radial excited
states by using non-relativistic quark model.
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Objective

Two-pion emission decays of negative parity singly heavy baryons

 Our primary objective is to investigate the decay processes of these
baryons, specifically looking at both sequential and direct processes.

« We aim to compare our theoretical predictions with experimental data,
particularly those from the Belle experiment.




Methodology

Three-body decays

 The decays we analyzed occur through sequential
processes involving intermediate states from the
symmetric flavor sextet or direct processes.

 Sequential processes are crucial for understanding the
contributions of intermediate states.

 The direct process is vital for comparing our theoretical
predictions with experimental data.

4 7(p2)
4 <4 + ‘—r'"'__-
o> o —5 44—
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(3) (4) (5)

Fig.1Two-pion emission decays of heavy baryons BS(J ~) where
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« Ihe Bg and B*QO are the intermediate states belonging to the

symmetric flavor sextet 6 of heavy baryon, and their mass
distribution is modeled by a Breit-Wigner function.



Three-body decays

« In general, due to the S—wave nature decay of the first vertex, it is expected that processes I(BQ) and 3(E’Q) will
dominate over processes Bg(l/ 2)” — Bprn.

. Bg(l/ 2) %2(32) and 4(32’) are suppressed by D—wave decay.

o 35(3/ 2) /%Z(BZ) and 4(33’) are expected to be dominated by S—wave decay.

* The total amplitude is a coherent sum of the amplitudes given by —

(6)

total

Mu]

1

l

 The three-body decay width ———» | = mﬂ dm B,

J1°d
32M3(2x)3 J 7 172 (7)



Methodology

Coupling constants

e Chiral Quark Model: Explain the use of the chiral quark model

T(q) in calculating coupling constants for sequential processes in
ra the two-pion emission decays.
. * Chiral-Partner Structure: Describe the chiral-partner scheme
B ] B o . . .
Q | Q for estimating the direct process couplings and its importance
In understanding decay asymmetry[1].
84
Fig.2 One-pi ission d f heavy b i _ ~
tr:g qua?l(erggodneﬁmISSIOn ecaysS O neavy paryons In gﬂqq — 2_qyﬂ}/5,tq . a'uﬂ (8)
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Coupling constants

 Decay amplitudes, expressed as helicity amplitudes A,, are
computed by sandwiching H,  between the initial and
final states of heavy baryon wave functions

. For P—wave decay of BS) — B the helicity amplitude,
A, are given by [1]

—iAp = q0,c7, (10)

. The helicity amplitude ofBS(J_) — Bg)ﬂ are given by [1]

—iA, = (Ofcy + q°O%cy)r. (11)

where @B, =G [ 24 F(g?)
1 a J )
2m, + mg
q

G =22

A
a qz) _ e—q%/4a%e—qp2/4ap2,

1Gya,w
O} = F(g*),
My
> a@(2m, + my) 2m,, + my,

F(g),



Numerical results




Dalitz boundaries and resonance bands

50 0 5 - m B¥(1/27) - B,(1/2x  S—wave,
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mZ; (A} ) [GeV?] m35(Agn ) [GeV?] — BQ(3/2+)JZ' S—Wave
=/0 =/*0 - — —% —
7.3 1— - 35.7 o =
7.2 35.6
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> v 35.5 . _ . . .
S 4, 2er 8 A¥(1/2), while the A¥(3/27) is well within the plots.
= 6.9 T':Q >
Eos F » The X*(3/27) is outside the plots.
67] | Tt oot 35.2 |
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66— PLT H: i #a Hs s » For Ay(1/27)and A,(3/27), the 21(9 ) resonance bands are
2 (=040 2 == . . . .
ms(Zem’) [GeV7] (S T HGEV outside the plot and appear non-resonant inside the Dalitz plot.

Fig.3 The Dalitz boundary for two pion emission decays.



Table 1 The total and partial decay width of A7 (2595) and A7 (2625).

-+ A.(2595)+ A.(2625)*
Decay mode
C Model Expt Model  Expt
(1) A7~ 0.399 0.325 50.7%
K /\l — Y0t 0.182 0.624(24 £7%) 0.029 5.19%
00950 0095 ', N ar 0.162 0.624(24 £ 7%) 0.028 5.13%
NE 0.0900 - ‘\; 0.090 - _ 22071"*' 1.05%¢ — 06 0.043
) - 2000
. 0.08754 | O
. & " — Yt 1.060e — 06 0.044
E;\‘ 0.0825 Cj% 0.080
. e / — Direct (3-body) | 0.004  0.468(18 £10%) 0.053 Large
0.075 500
0.077: ;375 5.900 5.925 5.950 5.975 6.000 6.025 . . . . — Interference 0.054 0.128
' ' mz'(/\:"_[_) [IGeVZI] ' 5.85 5.93 +5.93 6.0(; 6.05
23 ms3(AS ) [GeV<] (2) A, 7070 1.537 0.245
Fig.3 Dalitz plots and invariant mass distribution of /%C(O2595)as 1/2~ with _ ¥ q0 1 494 0.037
A—mode in the quark model to (a) A.z"z~and (b) A" .
— St q0 4.340e — 06 0.071
_ o — Direct (3-body) 0.004 0.039
 The decay of A_(2595) is also know to exhibit a large
iIsospin symmetry breaking. — Interference 0.038 0.098
Total 1.936 2.6 £0.6 0.570 < 0.52

BN n™) A

Our calculation
— ~ —_———
B(A+n07V)

» We note that the contribution from the 2* resonance is

approximately 10° due to its very being close to the
1 threshold.

K 3.85



A (2595)*

\__A

0.0950 -

0.0925 -

0.0900 -

0.0875 9 |

0.0850 A

0.0825 A

mi,(n*n~) [GeV?]

0.0800 -

0.0775 A

5.875 5.900 5.925 5.950 5.975 6.000 6.025
m2,(AF~) [GeV2]

Fig.4 Dalitz plots and invariant mass distribution of A _(2595)as 1/2™ with
A—mode in the quark model to (a) Az "z ~and (b) AcnOﬂO .

7

5.85

5.ISJO 5.195 6.bO
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6.05

3000
'—2500
- 2000
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The direct process is small and hindered by the dominant S—
wave resonance.

The width is around 2 MeV the finite width effect, where the
resonance bands near the Dalitz boundary and the
kinematical reflection (diagonal bands) are smeared.

Fig.4 shows some results of the Dalitz plot for
A (2595) —» Afrtn™ and A (2595) — Ataz® which
different positions of X .(1/2) resonance bands.

The convolution is evident in the smearing of the resonance
bands near the Dalitz boundary.



A (2625)* .

- r%'0.11
* In Fig.5, we present our calculated Dalitz and invariant o ol \
mass plots, which agree with those reported by Belle. I : \l
0.08 A ‘
« Since the width is small I',,, <0.52 MeV, the smearing Y e el
effect is relatively small; it only enlarges the plot as seen Fig.5 Dalitz plots and invariant mass distribution of
near the boundary. A_(2625)as 3/2”with A—mode in the quark model.
» OurcalculationI’,, . = 0.570 MeV.
1000 1000
m— Total
S zc*(2455)++ r E:ZLSSH
* Inthe upper and right sides of the Dalitz plot, we compare = v | F OO0 o s
— . . > * 0 5 0
the structure of the ATz" and 77z~ invariant mass 2 coo. SR ‘ - e
distributions with recent Belle data.[2]. < < | .
S 400 éﬂ 400- . :;'i .
2 3 O o
 Note that this is a simple comparison with the data, which 5 2w S 200- L
was not obtained by the fit. |
028 029 030 031 032 033 034 035
m12(n+n‘) [GeV] m13(/\c+l'[+) [GeV]

 The coupling constants are computed from the quark
model [1], and the ratio of the couplings is essential in Fig.6 The AT7" and 77~ invariant mass plot of A (2625)*
determining the structure in an invariant mass plot. ‘ ‘
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 Form Dalitz plot, we found that the effect of the
AC(2625) convolution is rather small.

 We compared the shape of the invariant mass distribution

2 2 -
my. .. andm, ., _Wwith recent Belle data

We can also express the ratio as follows.
» The contributions of X _(1/27) is larger than the Belle data.

R, = HB(N(2625)" — Zgﬂ_l_) ~—519+023%. « It is related to the branching ratio R; and R,.
RB(N(2625)T — Afratn—)
B(A(2625)T —» X 7n7)

R, =5.13+0.26%,

T BA(2625)F — Atrtao)

120 0.12 -
- 100

]

o
[
[

Our results have values of R, = 8.92% and R, = 8.61 %

mi(n*tn~) [GeV?

0.08 - k

5.'90 5.'95 6.;.')0 6.65 6.'10 6.'15 6.'20
miz (AN nt) [GeV?]

Which are slightly larger than the surrounding data. I
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Table 3. The total and partial decay width of A7(5912) and A}(5920).

A.(5912 0 A (5012) A (5920)
b Decay mode
Model Expt Model Expt
K \ (1) Ayt 0.0031 0.009
0.086 - | l2°~° — Eb_ﬂ‘+ 0.0005 7.907e — 07
0.086
N@ g — S 0.0006 9.960e — 07
— o L 12.5
be & 00801 — St 6.846e — 8 0.001
3 |
J:E Q. 0.078 .
NE‘J 0089 NE‘J 0.076 - | — ZZ+7T_ 7.764e — 8 0.001
0.078 - 0.074 1
| | | — Direct (3-body) | 0.0005 0.002
33.15 ;iIZZO(AOn?’E.)zS[Ge\;ZBfO 33.10 33.15 33.20 33.25 33.30 33.35 33.40 0.0
2 m33(Ao°) [Gev?] — Interference 0.0015 0.005
Fig. 7Dalitz plots and invariant mass distribution of A,(5912)as 1/27 with A—
mode in the quark model to (a) Abﬂ+7z_and (b) Abﬂ'oﬂ'o : (2) Apr'7” 0.0077 0.013
— X970 0.0028 4.376e — 06
« In the quark model, the calculated decay width with the A—mode is oo
consistent with the upper limit of the experimental data, as shown in =T D-008¢ =07 0.003
Table 3. s Direct (3-body) | 0.0012 0.003
: : c g — Interference 0.0036 0.007
« We observe that the direct process is significant partly because the 2,7
decay is unopened and, thus, Is suppressed. Total 00108 < 0.25 0.022 < 0.19

« Since it is closed, the ng) resonance will not be visible as a resonance
band on the Dalitz plot.
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A, (5920)°

20.0
I17.5
- 15.0
- 12.5

- 10.0

- 7.5

5.0

2.5
33.15 33.20233.25O 33.30 33.35233.40 33.45 ' 33.1 33.2 33.3 33.4 335 0.0
m33(Apr ™) [GeV?] m35(A2°) [GeV?]

Fig. 8 Dalitz plots and invariant mass distribution of A;(5920)as 1/2~ with
A—mode in the quark model to (a) A,z 7z ~and (b) Abﬂ'O]Z'O :
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The Ag(5920) baryon is expected to be very narrow and
have a spin of J© = 3/2".

The upper limit of the decay widthis I',,,, < 0.19 MeV.

The decays into A zz , with the non-resonant process
contributing significantly to this decays.

The threshold for ng) decay is closed.

The two-body decays of AZ<(5920) into ng) are closed.

Since it is closed, the ng) resonance will not be
visible as a resonance band on the Dalitz plot.

The 777z~ invariant mass distribution has an
asymmetric pattern.

The invariant mass distribution of 77z~ is more
pronounced towards the lower side.



Table 3. The total and partial decay width of A7(5912) and A}(5920).

A. (5920 0 A(5912) (5920
b Decay mode
Model Expt Model Expt
(1) Ayrtm™ 0.0031 0.009
— Syt 0.0005 7.907e — 07
_ _ _ _ o — T 0.0006 9.960e — 07
 The calculated decay width is consistent with the upper limit of
the experimental data. — ot 6.846¢ — 8 0.001
L L — Tt 7.764e — 8 0.001
 We note that the non-resonant contribution is significant in this
Process. — Direct (3-body) 0.0005 0.002
o _ _ _ _ _ — Interference 0.0015 0.005
* The finite contribution of the non-resonant contribution is due to
the chiral partner structure. (2) AprO7° 0.0077 0.013
_ _ _ _ — 2070 0.0028 4.376e — 06
 The coupling strength of the direct process is equivalent to the
vertex in the three-body decay. — 3070 9.608¢ — 07 0.003
— Direct (3-body) | 0.0012 0.003
— Interference 0.0036 0.007
Total 0.0108  <0.25  0.022 < 0.19
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Table 4. Total and partial decay widths of Z.(2780)" and

=.(2815)™ decays, the widths are given in units of MeV,
and a comparison with experimental data is also

= (2790)*

presented.
—\ AR AN i =
0110 . 0.110 Decay mode :.c(2790)+ :.c(2815)+
r% 0.105 g o < Zizz Our Expt. Our Expt.
Q, 0100 g 8 e (1) =t m® 2.3367 0.118
Lo £ ooso] . (2) =07+ 4.6244 0.215
B & oomg E ooss- (3) Efn—nt 0.0101 1.460
S , o \ . =3 k ; o
0.080 0.0751 . — =, 0.0002 1.453
o5 L L L _ Direct (3-body) 0.0098 0.038
M) [Geve] mis(=2 1) [Gev?] m3s(Zen°) [Gev?] — Interference 0.0001 —0.031
(4) EFnOx° 0.0045 0.472
— Bt a0 0.0003 0.475
® The E.(2790)" was observed in E‘CD '(1/27)z and E _y with a total — Direct (3-body) 0.0041 0.014
width of 89 + 10 MeV. — Interference 0.0001 —0.016
(5) 2t x° 0.0114 1.856
— Bt g0 0.0002 0.363
® |n PDG, E.(2790)7 it is assigned as a 1/2~ state from the quark — B0t 0.0003 1.507
model expectation, although the spin-parity has not been directly — Direct (3-body) 0.0108 0.041
measured. — Interference 0.0002 —0.055

® The decay =E.(2790)7 is consistent with the 1/2 and A— mode.
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Total

6.9871 8.9=+1.0

4.121 2.43 =0.26




Table 5. Total and partial decay widths of Z.(2780)" and

=.(2815)™ decays, the widths are given in units of MeV,
and a comparison with experimental data is also

= (2815)

l A l presented.
<o T Decay mode =.(2790)" =.(2815)"

& o < on Our Expt. Our Expt.
= o] & o (1) EFx° 2.3367 0.118
& oo & oos (2) EPnt 4.6244 0.215
g | E oo (3) Efr—nt 0.0101 1.460
I - I — =0t 0.0002 1.453
" ) Geve] M) [GeV?] " o) [Geve] _ Direct (3-body) 0.0098 0.038
— Interference 0.0001 —0.031
(4) X mon° 0.0045 0.472
" The decay occurs in a S—wave. = & 0.0003 0.475
—s Direct (3-body) 0.0041 0.014
— Interference 0.0001 —0.016
" The Dalitz plots show a pronounced Z/(2645) resonance band (5) 207+ 70 0.0114 1.856
with a very small nonresonant contribution. — B0 0.0002 0.363
— =Z2X0nt 0.0003 1.507
m  The decays are fascinating because the Dalitz plot shows — Direct (3-body) 0.0108 0.041
distinct cross-diagram structures, appearing as diagonal bands. — Interference 0.0002 —0.095

B |t should be noted that the direct coupling process is fixed Total 69371 890+10 4121 243+ 0926

according to the chiral-partner scheme.[3],[4]
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Table 6. Total and partial decay widths of Eb(6087)0 and

Eb(6095)0 decays, the widths are given in units of MeV,

and a comparison with experimental data is also
presented.

=, (6087)"

0.086
N, e N & oo § Decay mode =, (6087)° =, (6095)°

2 0.084 8 0.082 Our Expt. Our Expt.
= 0082 = (1) Egn 0.7440 0.1200
&0 e — gt 0.7467 0.0024

- =
S 0,076 R 0078 — Zrrt .8 0.1056
H . 0.074 1 ﬁ 0.076 H — Direct (3-body) 0.0005 0.0016
3520 3525 3530 3535 35.40 0.0723_;;.1 35.2 35.3 35.4 | 35.20 35.25 35.30 35.35 35.40 — Interference —0.0032 0.0103
m25(Z9n ) [GeV?] m2;(Z9n°) [GeV?] m35(; n°) [GeV?] (2) Epmon® 0.7070 0.2312
— Z2207° 0.7092 0.0032
o o 0 _ — Zg0n° e 0.2252
This 2,(6087)" was recently discovered by LHCb [5]. _ Direct (3-body)  0.0004 0.0010
— Interference —0.0027 0.0017
=t 0

®  The measured width of 2.4 = 0.51 £ 0.10 MeV is consistent with a (_3)),__“,3;; " g'ggiz 0218
— 2070 ® 0.1095
®  The two-pion emission decay is primarily dominated by the =, —E - 0-0973
_ _ b — Direct (3-body)  0.0004 0.0015
intermediate state. s Interference ~ —0.0037 0.0088

Total 2.0133 2.43+0.51 0.5701 0.50 +=0.33

B The decay via the E;f intermediate state is negligible since it occurs

virtually and through a D—wave.
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Table7. Total and partial decay widths of Eb(6087)0 and

Eb(6095)0 decays, the widths are given in units of MeV,

and a comparison with experimental data is also
presented.

=i 0 = 0
0.094 . Decay mode =, (6087) =,(6095)
— 0092 e 0088 Our Expt. Our Expt.
o 001 % > 086 ] (1) Epr—wt 0.7440 0.1200
O 0.088 - 8 O
= o = 0.085 — 0.084 - — E;_ﬂ'-}' 0.7467 0.0024
+': 0.084 - Z':' +': 0.0827 — E;*_ﬂ'_'_ L2 0.1056
= 0.082- =% & ooy Direct (3-body)  0.0005 0.0016
=0 = ool — Direct (3-body) : :
S 2282 € 075 SN — Interference —0.0032 0.0103
.078 - ' =0, 0,_0
35.2 35.3 35.4 35.5 351 352 353 354 355 MO 35.3 35.4 35.5 (2)_‘73 7!‘0 d 0.7070 0.2312
m§3(58n‘) [GeV2] m%3(38n0) [GeV2] m§3(5b— %) [GeV?] — = T 0.7092 0.0032
— =207 LR 0.2252
— Direct (3-body)  0.0004 0.0010
B This E,(6090)" was recently discovered by LHCb [4] via the (_33 Ift_erffr%nce _8'2232 8’(2)(1);;
g K e — . . . . — —; T T o .
:.Z (Egﬂ' )t decay and is possibly an isospin partner of =b(6100) found R -:./(l))ﬂ,o 0.0008 R
. u_ab . )
earlier by CMS. =t 0.5648 0.0018
— 2070 a 0.1095
®  The measured width of 0.50 MeV agrees with a 3/2  state with a A—mode — 2t LR 0.0973
excitation, as shown in Table 7. — Direct (3-body)  0.0004 0.0015
— Interference —0.0037 0.0088

B The decay is dominated by the S—wave =*'7 mode, which subsequently

b
decays into E,

22

Total

2.0133 2.43+0.51 0.5701 0.50 £0.33




Conclusion

- We have analyzed the two-pion emissions decays of the singly heavy baryons of A, and Z, with J¥ = 1/2 and J¥ = 3/2.

. We consider both sequential processes through intermediate states of the symmetric flavor sextet 6, ZQand E’Q with
j?P = 1/2+ and 3/27.

 The direct two-pion process is also included, which is essential for comparison with experimental data.

 The coupling for the sequential process is derived from the chiral quark model, while the direct process is assumed to follow
the chiral partner scheme.

 The convolution of the initial parent’s mass for the Dalitz plot is also considered to obtain a more realistic comparison with
the data.
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Conclusion

 QOur decay analysis, compared with the available experimental data, further supports the conclusion that these resonances

are consistent with a heavy quark symmetry (HQS) doublet with (1/27,3/27)a brown-muck spin j = 1 in the A—mode
excitation.

 We analysis of the Dalitz and invariant mass plots.

« For theA (2625)% and found a good description of the Dalitz plot and the z 1z~ invariant mass distribution.
C

« We also compared our results with some LHCb data for the /\,9(5920O decay; however, more data is needed to confirm the
observed asymmetry.

« The direct process is suppressed for decays involving baryons when the S—wave resonance contributes.

 The contribution of this nonresonant process predicted by the chiral-partner structure in heavy baryon sectors may provide
further tests that can be verified in experiments.

« Additionally, the Eb(6087)0and Eb(6095)0 decays may exhibit an isospin-breaking effect similar to that observed in the
A (2595)7.
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