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We study color allowed bottom baryon to s-wave and p-wave charmed baryon non-leptonic
decays in this work. The charmed baryons include spin-1/2 and spin-3/2 states. Explic-
itly, we consider A, — AE*’**)M_, =, — EE**)M_ and Q) — QE*’**)M_ decays with M =
,K,p,K*,ay,D,Dy, D", D, AL = Ac, Ac(2595), Ac(2625), Ac(2765), Ac(2940), E8) = =,
E.(2790), E.(2815) and QL") = O, ©,(2770), Q.(3050), ©,(3090), Q(3120). There are six
types of transitions, namely, (i) %, (3¢, 1/2%) to B.(3¢,1/27), (i) By (6¢,1/27) to B.(6¢,1/27),
(iii) By (6¢,1/27) to B.(6,3/27), (iv) By(6¢,1/27) to B.(6¢,3/27), (v) By(3,1/27) to
B.(3¢,1/27), and (vi) By (3¢,1/27) to PB.(6¢,3/27) transitions. Types (i) to (iii) involve spin
1/2 and 3/2 s-wave charmed baryons, while types (iv) to (vi) involve spin 1/2 and 3/2 p-wave
charmed baryons. The light diquarks are spectating in these transitions. The transition form
factors are calculated in the light-front quark model approach. All of the form factors in the
1/2 —1/2 and 1/2 — 3/2 transitions are extracted, and they are found to reasonably satisfy the
relations obtained in the heavy quark limit, as we are using heavy but finite m;, and m.. Using
naive factorization, decay rates and up-down asymmetries of the above modes are predicted and
can be checked experimentally. The study on these decay modes may shed light on the quantum
numbers of A.(2765), A.(2940), Q.(3050), Q.(3090) and Q.(3120).
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In year 2017 LHCb discovered A.(2864) and five Q. states, namely Q.(3000)°, ©.(3050)°,
Q.(3066)°, ©.(3090)° and Q.(3120)° [1, 2]. The first four states among the five newly discovered
Q. were confirmed by Belle later [3]. More than one third of charmed baryons have unspeci-
fied quantum numbers [4, 5]. Those include A.(2765)*, £.(2800)*++9, £.(2930)°, E.(2970)*°,
Z.(3055)*, £.(3080) ™", £.(3123)* and the above mentioned five Q. states. Various suggestions
on the quantum numbers of the newly discovered €. states were put forward after the discovery,
see, for example, [6] and references therein. Note that even for the one with specified quantum
number in PDG, it is still room for different assignments. Two possible quantum numbers of
A-(2940)" were proposed. LHCb and PDG preferred the %7 quantum number, but it is not cer-
tain [1, 4], while a %7 state was advocated by the authors of ref. [6]. It is timely, of great interest

and importance to identify the quantum numbers of these states and to study their properties.

The study of bottom baryon to charmed baryon weak decays may shed light on the quantum
numbers of some of the charmed baryons. Up to now only several color allowed A, — A P decay
rates were measured. These include the rates of A, — A.w™, Ac.K—, AcD™ and A D decays, which
were reported by LHCD several years ago [7, 8, 9]. Itis not unrealistic to expect that further progress
on the experimental side, either from LHCb, from Belle II or from elsewhere, will occur soon. In
[10] we studied the color allowed Ag — Ag*’**)M, &, — Eg**)M and Q; — Qg*)M decays with
M = m,K,p,K*,a1,D,Dy,D*, D, and AL = A., A(2595), A.(2765), A-(2940), ) = &,
E:(2790) and QE*) = Q., Q.(3090), which are spin-1/2 charm baryons. In [11] we extend the
study to s-wave and p-wave charmed baryons up to spin-3/2 states, these include AE*’**) = A,
A:(2595), A.(2625), A (2765), A:(2940)(spin-1/2), A.(2940)(spin-3/2), Eg**) = E., E:(2790),
E.(2815) and Q) = Q, ©,(2770), ©.(3050), Q.(3090), Q.(3120). This proceeding is based
on these two works [10, 11].

We consider the color allowed non-leptonic two body weak decays, where the light quarks are
spectating in the processes. These transitions are straightforward and easier to study. There are
six types of %), — 2. transitions, namely, (i) %,(3;, 1/27) to B.(3¢,1/27), (i) By(6¢, 1/27)
to B(6g, 1/21), (iil) Bp(6¢, 1/27) to B.(6¢, 3/27), (iv) By(6g, 1/27) to B.(6¢, 3/27), (V)
By(3¢, 1/27) to B.(3¢, 1/27), and (vi) By (3¢, 1/27) to B.(3, 3/27) transitions. Types (i) to
(ii1) involve spin 1/2 and 3/2 s-wave charmed baryons, while types (iv) to (vi) involve spin 1/2
and 3/2 p-wave charmed baryons. Since there are two possible quantum number assignments for
A+(2940), namely a radial excited p-wave spin-1/2 or a spin-3/2 state, it will be useful to consider
both possibilities and compare the predictions on rates and so on. The transition form factors are
calculated in the light-front quark model approach. All of the form factors in the 1/2 — 1/2 and
1/2 — 3/2 transitions are extracted, and they are found to reasonably satisfy the relations obtained
in the heavy quark limit, as we are using heavy but finite m; and m..

The predicted branching ratios for ), — %.P and B, — B.V,B.A decays using naive fac-
torization, are summarized in Tables 1 and 2, respectively. In Tables 3 and 4, we show the pre-
diction of up-down asymmetries for %, — %.M decays with M = P,V,A. As shown in Tables 5
and 6, overall speaking our results of rates and asymmetries agree well within errors with exist-
ing data and almost all of the results obtained in other works. For example, our results on A, —
A, AK™,A:D™,A.Dj rates can be compared to the following experimental results, Br(A, —
At ,AK™,AD™,AD;) = (4.940.4,0.359 +0.030, 0.46 +0.06, 11.041.0) x 1073 [4]. The
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Table 1: Branching ratios (in the unit of 10~3) of %, — %.P decays. Note that the asterisks denote the
transitions where the final state charmed baryons are radial excited.

Transition type Mode P=n P=K  P=D" P=D;
Q)" =17 Br(Ay—AP) 416738 0317018 0477030 119279
™ (T =17) BriAy = A(2595)P]  1.097076 0.08*3% 0.0770% 1727171
i) (AT 5 37) BriA, — A(2625)P] 24079 017939 0.13%922  2.88+472
G A7 =1") BrA, = A(2765)P] 170109 0131095 015097 3547173
AT =17 Br{A, — A(2940)P]  0.687921 0.0570%  0.0410%  0.879%
Vi (AT =37) Br{A, = A(2940)P]  1.0072%  0.070M 0071010 1.697730
G =1%  Br(E, 5E%P) 388728 0291015 04503 1154773
QAT =10 BrE - ErP) 36677 0287017 0431020 10877131
M T =17 BrE, - E2(2790)P] 1037072 0081996 0.0719% 170758
M T =1 BE) =B (2790)P] 097707 0071996 0.071997  1.607528
vi)( AT = 37) Br[E, - E9(2815)P] 3.53793 0267047 0201033 4657508
o)A = 37) B0 - EF(2815)P] 3.3278% 024104 0197033 434473
(" =5)  BrQ—QP) L1058 00800 005705 403537
Gi) (17— 37)  BriQ, —» Q.(2770)P]  1.37139% 0.1170% 0287938 7.46+283
(v) (37 =37) Br{Q, —Q.(3050)P] 3.4073% 0247931 0.09%015  1.78+316
G (A7 =17 BriQ, — Q.(3090)P] 0.85%93% 0.0670% 0.107997  2.43*172
Gi* (17— 37)  BriQ, — Q.(3120)P]  0.96*3%  0.0770%7 0.1079%  2.37¢18
Table 2: Same as Table 1 but for ), — B,V and B, — % A decays.
Type Mode M=p~ M=K" M=D" M =D;~ M=a;
(i) Br(Ap — AM) 12287110 0.63703)  0.847031  17.4971080 11,9174
(v)  BriAp— A(2595)M] 2997329 015708 01270 2.287320 2.577300
(i) Br[Ap — A(2625)M] 4387578 0.22708%  0.13f000 241138 350731
() Br[Ap — A(2765)M]  4.847F% 0.25T000 0261005 529735 44501
(V) Br[Ap — Ac(2940)M]  1.8575%% 0.097003  0.06003  1.1670%  1.57703)
(vi)*  Br[Ap — Ac(2940)M] 1937713 0.107005  0.067005 L1ty 1.58733¢
(i) Br(E, — M) 11.56752  0.60703, 0.82%033  17.2673L%  11.37743
@) Br(E) — EfM) 10.8879%  0.561035 0777032 16.2471%3* 10.707¢73
v)  Br[E, = E(2790)M] 286713 0.147003  0.1270 02 2257338 2487319
v)  Br[E) - EF(2790)M]  2.69733%  0.13%000 0.1t 2,178 2.3379%
i)  Br[E, —E2(2815)M] 6.497}%% 032703} 020703 3.74733% 52477192
vi)  Br[E) - EF(2815)M]  6.10752% 0307038 0.1970% 3517390 4.92778
(ii) Br(Q, — QM) 3.07114 0167008 0.16700 3.8 276713
(i)  BriQ, — Q.(2770)M] 2377188 0.13700  0.28%039  6.20%%)0  2.7871%3
(iv)  BriQ, — Q.(3050)M]  4.0973%%  0.20M0+7  0.08%002 1437078 2.84788
()" BriQ, — Q:(3000)M] 2297038 0.117007  0.097005  1.69759¢  1.927( 13
(iii)*  BriQ, — Q.(3120)M] 150737 0.08700; 0.117007  2.3705a  1.5577
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Table 3: The predicted up-down asymmetries (in the unit of %) of %), — Z.P decays. Note that the
asterisks denote the transitions where the final state charmed baryons are radial excited.

Type Mode P=n" P=K" P=D" P=D;
NSNS +4.70 +5.02 +17.94 +8.59
(i) (§+ ~3) a(Ay — A.P) —99.99+470  _99.97+>02 99 45F19 99194839
WM (3 =3 ) alhy—A2595)P] —98.3371%7  —98.127 1% —88.0571050  —86.49711%)
vi) (5 —3 ) oAy = A —97.7675%,  —97.6477%.0  —97.44707.°  —97.07755%
0D (37 =3) @A A(2625)P) 97761350 —97.6473%7  —97.44576° —97.07535
(5 — 5 a[Ap — Ac —99.93" 5 —99.87"y —98.037y —97.23"75
G (A= 17 Ap — A(2765)P 99.937165  _99.87+1%7  _98.03*7%4  _97.23+370
O (3T =17 oAy — A(2940)P]  —98.32728¢ 9810t} 11 _g6. 24 ILIT g4 0471219
: 1+ 3~ 65.88 61.14 31.59 30.72
(vi)* (§+ - §+) a[Ap — Ac(2940)P] —99.4155593 —99.06t0_69?0 —89.25;85 —86.81’:{(3).;3
o (1 1 - = Vi . . .
(i) (§+ — §+) a(E, — E0P) —99.9872 5 799.96:6).00 —99.29709)  —98.997 %7
(1 1 =0 _ = _ +5.73 - +6.10 - +9.61 +10.34
(i) (§+ —=17 a(E) — EFP) 99.98373  —99.961510  —99.291381  _98.99+103
1 1- —_— =0 _ +14.56 +1526 +28.66 +29.84
V) (§+ —=17)  alE, — E2(2790)P] 98.137148;6 97.887%%6 86.62752_28 84.8575_%2
1 1= o} m— 14. 5. .67 .
) (§+ -3 ) alE) —» E.(2790)P]  —98.1371%° —97.8870%1°  —86.607139) —84.83772F
o) (3T —=37) alE, > E2815)P] —97.6313%3% —97.487%)  —96.4813%36  —95.897 7810
N1t 3= ) = 42.27 42.03 38.31 38.26
(vi) (§+ — §+) alZ) — EF(2815)P]  —97.7073%57  —97.5675%0  —96.7113%31  —96.1673%]
i (3" =1 o (Qy — Q.P) 59.947TH3¢ 593973195 56.0478 70 55.167757%
ey 1t 3+ +97.40 +98.43 +55.88 +50.63
(iii) (§+ =3) alQ = Q(2770)P]  2.6045, 117888 —11.0273958  —11.701229
iv) (5 — 3 alQ, — Q. 0779 1370 1673 0972
W) 51 oo, @S0 BOTRE  1773RY 916 7097
N C N +14.13 +14.21 +16.49 +16.61
(ii)* (§+ - §+) alQp — Q:(3090)P) 597511413 59157132l 540171882 52737166
(i) (37 —37)  alQ — Q.(3120)P] 4.58745 3.81700 00 —3.74150%  —4.207303)
Table 4: Same as Table 3 but for B, — %4,V and B, — Z.A decays.
Type Mode M=p~ M=K"" M =D*" M =D}~ M=a,
@) a(Ap = AcM) —86.967 580 8296700 3685705 —32.697882  —70.0077%0
W) ald, = A(2595)M] —85.6%28%; —81.65%%@ —33.47%?1]@ —28.68%2:2% —68.66%;1';
Vi) afAp = A(2625)M]  —91.4813%04  —89.0173L35  —53.9273018 498013351 —80.527 8
W) afA, = A(2765)M]  —86.15T37)  —81.897)23 31547301 26877300 —67.997550
(v?* at[Ap, — A(2940)M] —84.01%‘36‘6;7‘ —79.56%‘;;;‘ —24.77%225‘3‘ —19.04%272‘1‘ —64.97%2%3
VD* oA, = Ac(2 040)M] —5;7.25j+7_62-%7 —84.14%_7484 —48.02j+1§;8g —45.281;1%% —73.90j+1§;?9
() a(E, — EM) ~86.617% ~82.527/: ~36.00"% ~31.85"1 ~69.3475
Q) a(3§ L sim) —8661%%2 —82.52ﬁ3§‘§ —35.98t§3§%g -31 .84f2%§ —69.33f§1§§
V) alE; = 70(2790)M} _85 14+13I71 _81 11+13?4o ) 40+16214 _27 57+16230 67 92+12118
=0y 5 (2700)M] 85137151 8100710 335l yyoriedd _gpggeizhs
) ofE) = Ef —85.137 % —81.097,% —32.357 —27.521 %> —67.90" %
(vi) (x[ES L E0(2815)M] 791.55&5@5 789.08%75?2 75:5.07?%3‘52‘;Zz 751.32j%‘91‘§§ 780.63f§‘3;§0
Vi) a[E0 - EF(2815)M]  —91.487408 8o 00ti00 548303037 510613018 _gp5otdids
(ii) a(Qy — QM) 61.6312203 00012222 qp15t2IL 735342150 gy 074224
(iii) alQ _ +82.03 _ +7852 +4594 +80282 +68.97
b — Qc(2770)M] 52248203 75100800 22247808 226210282 —13.647530)
(v)  afQ,— Q. (3050)M]  24.95789030 247272080 132279095 10.397409% 235370708
()" afQ— Q. (3090)M] 6151735 62.101 1393 7301500 746371380 643171293
(i) aQy — Q.(3120)M] LISTed —0317303%  —11.067315;  —11.4370900 4447355
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Table 5: Comparisons of data and theoretical results on the branching ratios (in the unit of 1073) of
Ap =AM, Ep — EM, Q) — QM and Q;, — Q. (2770)M decays.

Mode Data [4] This work [12] 3] [14,15] [16] [171 [8 [19] [20] [21]
Ap— AeTt™ 4.9:+04 4167795 462 46 562 391 — 175 496 - 5.67
Ap = AK™  0359£0.030 0317015 - - - - - 013 0393 - 0.46
Ap — AcD™ 0.46+0.06 0.47793° - - - - - 030 052 - 0.76
Ap — AcDy 11.0+1.0 11.927759 237 137 - 1291 223 770 124 1478 1994
Ap = Aep™ - 12287117 66738 129 - 1082 - 491  8.65 - 1671
Ap — AK*™ - 0.637037 - - - - - 027 0441 - 0.87
Ap — AD* - 0.84703% — - - — — 049  0.520 - 1.38
Ap — AD;™ - 17.4941980 173129 218 - 19.83 326 1414 105 2516 30.86
Ap = Acay - 11.917433 - - - - - 532 - - 1653
E) Bl - 3.66132 - 49  7.08 - - - - - -
g, = &8 - 3.88144 - 52 1013 - - - - - -
EE - E{D: - 0.43j+37;§5§’)1 - - - - - - - 0.45 -
i.g — iiDL — l().87+705:5(())3 - 14.6 - — — - - — —
== D™ - 0.771%3%4 - - - - - - - 0.95 -
) - B D; - 16.24+102 - 23.1 - - - - - - -
Q= Qe - 1.1070% — 4.92 5.81 — — - - 1.88 —
Q, — Q.D; - 4.03+312 - 17.9 - - - - - - -
Q, = Qp~ - 3.07754 - 12.8 - - - - - 5.43 -
Q= QD - 318159 - 115 - - - - - - -
Q, Qi - 1.377349% - 2.69 - - - - - 1.70 -
Q, — Q;D™ - 0.28703% - - - - - - - 0.16 -
Q, — Q:D; - 7.461283 - 3.53 - - - - - - -
Q — Qip~ - 2.37+H5E - 3.81 - - - - - 5.58 -
Qy — QD" - 0.28700 - - - - - - - 0.58 -
Qy — QD™ - 6.20%5 10 — 3.93 - - — - - — —

signs of asymmetries « are mostly negative, while those in Q, — Q.-M, Q;, — Q.(3050)M and
Qp, — Q.(3090)M decays can be positive (see Tables 3 and 4). These features are also support by
other works (see Table 6).

It will be interesting to comparing A, — A.(2940)M decays with two different assignments
of the configurations of A.(2940), a radial excite p-wave spin-1/2 or spin-3/2 particle. From
Tables 1 and 2, we have Br[Ap — A:(2940,3/27)P] ~ (1.5 ~ 2) x Br[Ap — A:(2940,1/27)P],
Br[Ap — A(2940,3/27)V] ~ Br[Ap — A.(2940,1/27)V] and Br[A, — A.(2940,3/27)A] ~
Br[Ap — A:(2940,1/27)A]. The enhancements of the rates of the 3/2 modes compared to those
of the 1/2 modes can be traced to the kinematics factor of mf\b / micm 40)° The asymmetries in
Ap — A:(2940,1/27 )M and Ay — A (2940,3/27 )M decays are similar in most cases, but have
larger deviations in the cases of heavy vector mesons. In A, — A.(2940)D*~ and A.(2940)D;~
decays, the predictions based on the spin-1/2 configuration, give —25% and —19%, respectively,
while the ones based on the spin-3/2 configurations are —48% and —45%, respectively.

The predictions on rates and asymmetries presented in Tables 1, 2, 3 and 4 can be verified
experimentally. These information may shed light on the quantum numbers of A.(2765), A.(2940)
Q.(3050), ©.(3090) and Q.(3120).

This work was supported in part by the Ministry of Science and Technology of R.O.C. under
Grant No. 106-2112-M-033-004-MY 3.
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Table 6: Various theoretical results on the up-down asymmetries (@ in the unit of %) of A, — AM,
Ep = EM, Qp — QM and Qp — Q. (2770)M decays are compared.

Mode This work [12]  [13] [4,151 [171 [18  [191 [20] [21]
Ap — ATt —99.997070 100 —99 —99 - 999 -9938 - —100
Ap— AK™ —99.9775:02 - - - - =100  —100 - -100
Ap — AD~ —99.457] % - - - -~ —987 -999 -989 983
Ap = ADy -99.197830  —99.1  —99 - -98 -984 —100 —98.6 —97.8
Ap = Acp™ —-86.9615%  —90.3  —88 - - 898 888 - —87.5
Ap = AK*™ —82.9670:01 - - - - -85 -859 - —83.6
Ap — AD*~ ~36.857 0% - - - — 459 478 - —37.1
Ap — AD;~ 32697882 —437 36 - —40 —419 —439 364 327
Ap — Acay ~70.007250 - - - - 758 - - ~70.9
—_ - — 5.73

BBl —99.98* 000 - —100  —100 - - - - -
g, = - —99.98 375 - —-100  -97 - - - - -
2) — EfD; —98.99+]034 - 99 - - - - - -
—_ —— ryk— 7.78

E) — &, D; —31.847178 - -36 - - - - - -
Q, = Q. 59.941343¢ - 51 60 - - - - -
Q, — Q.D; 55.167%8 - 42 - - - - - -
Q= Qp- 61.6372293 - 53 - - - - - -
Q, — Q.D;~ 73.53121-5¢2 - 64 - - - - - -
Q, — Q.(2770)n~ 2.60"90:49, - -38 - - - - - -
Q, — Q(2770)D;  —11.7073983 - -22 - - - - - -
Q= Q.(2770)p~  —5.227803 - ~75 - - - - - -
Q, — Q(2770)D;  —22.627335 - -31 — — - — — -
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