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D-wave heavy baryons of the SU(3) flavor 6, representation
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We use the method of QCD sum rules to study the D-wave charmed and bottom baryons of the SU(3)
flavor 6, and calculate their masses up to the order O(1/m) with m, the heavy-quark mass. Our results

suggest that the E.(3123) can be well interpreted as a D-wave Z.(6y) state, and it probably has a partner
state close to it. Our results also suggest that there may exist as many as four D-wave Q.. states in the energy
region 3.3-3.5 GeV, and we propose to search for them in the future LHCb and Bellell experiments.
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I. INTRODUCTION

In the past years, important experimental progress has
been made in the field of heavy baryons [1], and we refer
to reviews [2—7] for their recent progress. Especially, the
LHCb experiment observed as many as five excited .
states at the same time [8], which is probably related to the
fine structure of the strong interaction. Some of these
excited Q. states can be interpreted as P-wave states [9],
inspiring us to further study the D-wave heavy baryons.
Actually, in Ref. [10], we systematically studied the
D-wave heavy baryons of the SU(3) flavor 3, using the
method of QCD sum rules [11,12] in the framework of
heavy-quark effective theory (HQET) [13—15], and in the
present study, we shall follow the same approach to study
the SU(3) flavor 6 ones, including the D-wave Q.. states.

There have been lots of heavy baryons observed in
various experiments [1,16-18]. Among them, the =.(3123)
observed by the BABAR Collaboration [19] (but not seen in
the following Belle experiment [20]) is a good candidate of
the D-wave E.(6) state and has been investigated using
many phenomenological methods/models, including vari-
ous quark models [21-26], the Faddeev method [27], the
Regge trajectory [28], the relativistic flux tube model [29],
the heavy hadron chiral perturbation theory [30], QCD sum
rules [31,32], etc. More discussions can be found in

“hxchen@buaa.edu.cn
Thosaka@rcnp.osaka—u.ac.jp
“xiangliu@lzu.edu.cn
§zhusl@pku.edu.cn

2470-0010/2017/96(7)/074021(12)

074021-1

Refs. [33-37], and we again refer to Refs. [2-7] for the
recent progress.

We have studied the heavy baryons using the method
of QCD sum rules within HQET [9,10,38,39], and in the
present study, we shall further study the D-wave charmed
baryons of the SU(3) flavor 6. We shall take the O(1/m,))
corrections (mg is the heavy-quark mass) into account
during our QCD sum rule analyses and extract the
chromomagnetic splitting within the same baryon multi-
plet. More discussions on heavy mesons and baryons
containing a single heavy quark can be found in
Refs. [40-54].

This paper is organized as follows. In Sec. II, we briefly
introduce how we use the D-wave heavy-baryon interpo-
lating fields to perform QCD sum rule analyses, and we
suggest interested readers consult the discussion in
Refs. [9,10,38,39] for details. Then, we perform numerical
analyses in Sec. III and offer a short summary in Sec. IV.

II. QCD SUM RULE ANALYSES

In Ref. [10], we systematically constructed all the
D-wave heavy-baryon interpolating fields but just studied
the SU(3) flavor 3, ones using the method of QCD sum
rules in the framework of HQET. In this paper, we use the
same method to study the rest of the ones of the SU(3)
flavor 6, as briefly shown in Fig. 1. We suggest interested
readers consult the discussion in Ref. [10] for details.

Here, we briefly explain our notations: J3', "%
denotes the D-wave heavy-baryon field belonging to the
baryon multiplet [F, j;, s;, p — 4], where j, P, and F denote

© 2017 American Physical Society
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L =0/1: we do not study these two cases in this paper.

FIG. 1.
details.

its total angular momentum, parity, and SU(3) flavor
representation (37 or 6z); j, and s, are the total angular
momentum and spin angular momentum of its light
components, respectively; and there are three types
(p —4), the pp type (I, =2 and [, =0), A4 type ([, =0
and [; = 2), and pA type ([, = 1 and [, = 1), where we use
L, to denote the orbital angular momentum between the two
light quarks and /, to denote the orbital angular momentum
between the heavy-quark and the two-light-quark systems.
These parameters satisfy L =1, ® [, =2 (note that we
only investigate the D-wave heavy baryons in the present
study), j, =L ® s;, and j = j; ® sg = |j; £ 1/2|, with
so = 1/2 the spin of the heavy quark.

The explicit forms of JTI"',?{/T;.{\‘Z,,/)—A have been given in
Egs. (2-19) of Ref. [10]. We use them to perform QCD
sum rule analyses by assuming their coupling to the state
JsP.F,j;,s,,p—A) to be

<0|J7,1[‘",-(1:,jj_',1,{vzl,p—i|j’ P’ F’ jl’ Sp,P— ’1> = fF,j,,xl,p—iua]majil/z'
(1)

Again, we recommend interested readers consult
Refs. [9,10,38,39,55-57] for details but simply list here
the equation to evaluate the mass of the heavy baryon
belonging to the multiplet [F, j;, s;,p — A]:

(2)

Here, mg is the heavy-quark mass; Ap; , ;=

MjpFjsip—i = M+ NFj s p—3 F M pF s p-ir

Njji=1/21P.F jrsip—2 = Nji+1/2.PF jrsip-2 18 the sum rule

The notations for the D-wave charmed baryons of the SU(3) flavor 6. See Fig. 1 of Ref. [10] and discussions therein for

,,,,,

the sum rule result obtained at the O(1/mg) order,

1
5mj-P»F,J'l»Sl~ﬂ—/1 = _4mQ (KFﬁj,.sl,p—/l + dMCmang.j,,s,.p—/1>?

(3)

where Cmag(mQ/ﬂ) = [as(mQ)/as(/’l)P/ﬁo with ﬂO =
11 —2n,/3 and the coefficient dy, = d; ;, is defined to be

dj—12j, = 2j1+ 2,

(4)

which is directly related to the baryon mass splitting within
the same multiplet.

In Ref. [10], we systematically studied the D-wave
heavy baryons of the SU(3) flavor 35 using the method
of QCD sum rules with HQET. In this paper, we similarly
study the SU(3) flavor 6 ones and calculate the analytical
formulas for /_\F,jz,sl,p—/l’ Kpj s p-1> and Zp o ;. There
are altogether seven heavy-baryon multiplets of the SU(3)
flavor 6 as shown in Fig. 1,1i.e., [65, 1, 1, pp], [6£,2, 1, pp],
[67,.3,1,pp], [6£,1,1,24], [6£,2,1,24], [6£,3,1,24], and
[6/,2,0,pl]. Hence, there can be as many as two
j¥ = 1/2% D-wave excited X, states, five j* = 3/27 ones,
five j* = 5/2% ones, and two j¥ = 7/2% ones. The num-
bers of excited .. and Q.. states are the same. Recalling that
the LHCb experiment observed as many as five excited Q..
states [8], some of these D-wave heavy baryons may be

dj 10, = =2
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observed experimentally at the same time. Theoretically, in
the present study, we can only use five baryon multiplets to
perform sum rule analyses because in Ref. [10] we failed to
construct the currents belonging to the other two multiplets
[6£,2,1,pp] and [6,2,1,14].

For an example, we use the charmed baryon multiplet
[Z.(6£).1,1,pp] to perform QCD sum rule analyses. It
contains two charmed baryons, X.(1/2%) and X.(3/27),
and the relevant interpolating field is

€ape (D}, Djiyu” (x)]Crjd” (x)
= 2[Dj,u" (x)]Cr},[D;,d" (x)]
+u! (x)Cr},[D}, Dj,d” (x)])

Jl/2,+,2[.1,l,pp(x) =

X (g;llmg/tlzm + gltlzmg}tllm) % 7;1447/5h;(x)-

(5)

We can use this current to perform QCD sum rule analyses
and calculate Ay 1, Ks 11,y and Zy 1,

Uy 11, = f%ﬁ.1’1‘ppg—27\zc.l,l,,,,,/r
[oR 11 ]9<92GG>
= 9 _ S S| —wT
/0 [806407;460 307225 © }e dw,
(6)
f%c,l,l,ppKZC,l_l’ppe_ZAzc-l-l-ﬂﬂ/T
= / - 461)11 + <gs 4> o’ e—(u/Tda),
0 22176007z 1612807
(7)
f%ml,l,ppZZC,l,l,ppe_ZAZCv‘-L/I/I/T
®, 2
- / STGGO) 1) oot i, (8)
o 3225607

Sum rules for E. and Q. belonging to the same multiplet,
[67,1,1,pp], as well as sum rules for the other four
multiplets, [6x,3,1,pp], [6F,1,1,44], [6f,3,1,44], and
[67,2,0,p1], are listed in Appendix. In the next
section, we shall use these equations to perform numerical
analyses.

III. NUMERICAL ANALYSES

We use the following values for various condensates and
parameters to perform numerical analyses [1,58-65]:

PHYSICAL REVIEW D 96, 074021 (2017)

(Gq) = —(0.24 +0.01)3 GeV?,
(ss) = 0.8 x (qq),
(5GG) = (o 48 +£0.14) GeV*,
l9:q0Gq) = M < (qq).
(9,56Gs) = M% x (5s),
my = 0.125 GeV,
M3 = 0.8 GeV2. )

Besides them, we also need the charm-quark mass, for
which we use the Particle Data Group value m, = 1.275 &+
0.025 GeV [1] in the MS scheme.

There are two free parameters in Eqs. (6)—(8): the Borel
mass 7" and the threshold value w.. We follow Ref. [10] and
use three criteria to constrain them:

(i) The first criterion requires that the high-order

corrections should be less than 10%,

high-order (

Convergence (CVG) = ‘ Bt < 10%,
HF.jI,S,.p—/l oo,

(10)

where H?,‘%‘;; fie_ri( T) denotes the high-order cor-

rections, for example,
high-ord o. [ 19(2GG) Y
i) = [ | o e

(11)

(i) The second criterion requires that the pole contri-
bution (PC) should be larger than 10%:

HF,j,,s,,p—l (a)c’ T)
HF.j,.s,,p—/l(oo’ T)

We can use the first and second criteria together to
arrive at an interval T, < T < T, for a fixed
threshold value w..

(iii) The third criterion requires that the dependence
of mjppj - on the threshold value @, should
be weak.

Still use the baryon multiplet [X.(67),1,1,pp] as an
example. First, when we take w. = 3.2 GeV, the Borel
window can be evaluated to be 0.425GeV < T <0.487 GeV,
and the following numerical results can be obtained:

PC =

>10%.  (12)

As, 11,y = 1.425 GeV,

Ks 11, =—1372 GeV?,

ZZC,I,I,/}/) = 0.0091 GeVz. (]3)
Their variations are shown in Fig. 2 with respect to the

Borel mass 7. Inserting them into Egs. (2) and (3), we can
further obtain
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FIG. 2. Variations of /_\21.1,1./,/, (left), Ks_1,1,, (middle), and Zy , ; ,, (right) with respect to the Borel mass T, calculated using the
charmed baryon doublet [£.(6£), 1, 1, pp]. The short-dashed, solid, and long-dashed curves are obtained by fixing w. = 3.0, 3.2, and

3.4 GeV, respectively.

mzc<l/2+) =2.96 GCV,
Mms, (3/27) = 2.97 GeV,

Am, =11 MeV, (14)

2., 1,1,pp]

where ms (1,2+) and my 35+ are the masses of the
>.(1/2%) and £.(3/2") belonging to the baryon multiplet
[Z.(6£). 1,1, pp] and Amys_; ; ,, is their mass splitting. We
show the variation of my, (1/5+) with respect to the Borel
mass T in the right panel of Fig. 3.

Second, we change the threshold value @, and redo the
above process. We show the variation of my, (| /+) withrespect
to the threshold value w,. in the left panel of Fig. 3. There are
nonvanishing Borel windows as long as @. > 3.0 GeV, and
the @, dependence is weak and acceptable in the region
3.0 GeV < w, < 3.4 GeV. The results for o, < 3.0 GeV
are also shown, for which cases we choose the Borel mass T’
when the PC defined in Eq. (12) is around 10%.

Finally, we choose our working regions to be 3.0 GeV <
o, <34 GeV and 0425 GeV < T < 0.487 GeV and
obtain the numerical results for the baryon multiplet

[ZC(6F)7 1’ 1,,0,0],

4.0~ T 140
= 3.5+ 3.5
> .
<)
§
= 3.0

25! ! ! ! 2.5

2.5 3.0 3.2 34 4.0
o, [GeV]

FIG. 3.

my, (1/2+) = 2.961017 GeV,
mzy(3/2+) = 297J_r811§ GCV,

Ams_ 11,0 = 1157 MeV, (15)
where the central values correspond to w. = 3.2 GeV and
T = 0.456 GeV and the uncertainties come from the
threshold value w,., the Borel mass 7, the charm-quark
mass m,., and various quark and gluon condensates. We
note that there are large theoretical uncertainties in our
mass predictions, but the mass splitting within the same
doublet is produced quite well with much less theoretical
uncertainty because it does not depend much on the charm-
quark mass [9,10,38,39].

To study the charmed baryon multiplets [E..(6), 1, 1, pp]
and [Q.(6x), 1, 1, pp|, we fine tune the threshold value w,
to be

o ([E.,1,1,pp]) #3.7 GeV,

0.([Q, 1,1, pp]) 4.2 GeV (16)
so that

4.0 ] J T 4.0
>3350 S 135
[} [ 1 1
<) ]
z S~ — e .
=30 NI = -3.0

2.5 D 25

0.3 0425 0456 0.487 0.6

Borel Mass [GeV]

Variations of my_(/,+) with respect to the threshold value o, (left) and the Borel mass T (right), calculated using the charmed

baryon doublet [Z.(6x), 1, I, pp]. The shady band in the left panel is obtained by changing 7 inside Borel windows. There exist
nonvanishing working regions of 7" as long as w, > 3.0 GeV, while the results for w. < 3.0 GeV are also shown, for which cases we
choose the Borel mass 7 when the PC defined in Eq. (12) is around 10%. In the right panel, the short-dashed, solid, and long-dashed
curves are obtained by setting w,. = 3.0, 3.2, and 3.4 GeV, respectively.
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FIG. 4. Variations of mg (15+) (left) and mg (1 /,+) (right) with respect to the Borel mass T, calculated using the charmed baryon
multiplets [E,.(67), 1, 1, pp] and [Q.(67), 1, 1, pp]. In the left figure, the short-dashed, solid, and long-dashed curves are obtained by
setting w, = 3.5, 3.7, and 3.9 GeV, respectively. In the left figure, the short-dashed, solid, and long-dashed curves are obtained by setting

w. = 4.0, 4.2, and 4.4 GeV, respectively.

wc([gm I, Lpp]) - O)L([E/C, L, 1,pﬂ])

~ wc([EIL’ L, lvpp]) - wC([ZC’ L, l’pp])

~0.5 GeV, (17)

the value of which is the same as those used in our previous
studies on excited heavy baryons [9,10,39].

After fixing the threshold value w,([E., 1,1, pp]) to be
around 3.7 GeV, we can evaluate our working regions
to be 3.5 GeV <w, <39 GeV and 0.395 GeV < T <
0.574 GeV and obtain the numerical results for the charmed
baryon multiplet [E..(67), 1, 1, pp],

mz (1/2+) = 3.021837 GeV,
mz 321 = 3.031057 GeV,

Am; =718 MeV, (18)

=..1,1,0p]

where the central values correspond to @, = 3.7 GeV and
T = 0.485 GeV. We show the variation of mg (1 /,+) with
respect to the Borel mass 7 in the left panel of Fig. 4,
where these curves are stable inside the Borel window
0.395 GeV < T < 0.574 GeV. The masses of E.(1/27)
and E/(3/2%) are both consistent with the mass of the
E.(3123) observed by the BABAR Collaboration [19],

o0 =31229+£13+£0.3 MeV,

Mz (3123) (19)

=/
=

which supports it to be a D-wave E. state of J&' = 1/2F
or3/2%.

Similarly, after fixing w.([Q., 1,1, pp]) to be around
4.2 GeV, we can evaluate our working regions to be
4.0GeV <w,. <4.4GeV and 0421 GeV < T <0.655GeV
and obtain the numerical results for the charmed baryon

multiplet [Q.(65), 1,1, pp],
m96(1/2+) = 329t82157 GeV,
ma, 32y = 3.2910,¢ GeV,

Am[gc,l,l,pp] = 51_2 MeV, (20)

where the central values correspond to w. = 4.2 GeV and
T = 0.538 GeV. We show the variation of mgq (j/,+) with
respect to the Borel mass 7 in the right panel of Fig. 4,
where these curves are stable inside the Borel win-
dow 0.421 GeV < T < 0.655 GeV.

We list the above results in Table 1. Following the same
procedures, we study the charmed baryon multiplets,
[67,3,1,A4], [6£,2,0,p4], [6£,3,1,pp], and [6p,1,1,21]
and obtain the following:

(i) The baryon multiplet [67,3,1,44] contains
>.(5/2%,7/2%), E.(5/2%,7/2%), and Q.(5/27,
7/27). We use them to perform sum rule analyses
and obtain

mis, 31 ~ 3.32105 GeV,
miz; 3,102 ~ 3397050 GeV,

mig, 3,102 ~ 3495079 GeV. (1)

These values are also listed in Table I, and
their variations are shown in Fig. 5 with respect
to the threshold value @,. The masses of
E.(5/2%,7/2%) are not far from the mass of the
E.(3123) [19], suggesting that the E.(3123) may
also be interpreted as a D-wave ., state of J© = 5/2F
or7/2%.

We note that we can only evaluate their average

masses i (6m2(_(5/2+) + 8m20<7/2+)), ﬁ (6m52(5/2+)—|—
8mz(7/24)), and {5 (6mg (s)2r) + 8mg (7/2+))
because their mass splittings related to the chro-
momagnetic interaction (X, 3;,,) are difficult
to evaluate. More discussions can be found
in Ref. [10].
The baryon multiplet [67,2,0,p4] contains
>.(3/2%,5/2%), E.(3/27,5/2"), and Q.(3/27,
5/2%). We use them to perform sum rule analyses
and obtain

(i)

074021-5
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TABLE 1. Masses of the D-wave charmed baryons of the SU(3) flavor 6, obtained using the charmed baryon multiplets [6, 1, 1, pp],
[67,3,1,44], and [6f,2,0,pl]. For the charmed baryon multiplet [6¢,3, 1,44] containing X.(5/2%,7/2%), E.(5/2%,7/2"), and
Q.(5/2%,7/2%), we can only evaluate their average masses, i.e., ﬁ(6mz((5/2+) +8msz (7/2+)), 2 (6mz 55+ +8mz1(7)2+)), and
ﬁ(6mgr(5/r> +8mg (7/2+)), as discussed in Ref. [10]. For the baryon multiplet [6,2,0,pA] containing X.(3/2%,5/2%),
E.(3/2%,5/2%), and Q.(3/2",5/2"), the mass differences among ., E/, and Q. seem a bit large, so we do not use them to draw
conclusions.

Working region Baryons Mass Difference
Multiplets B @, (GeV) (GeV) A (GeV) f(GeV) K (GeV?) X (GeV?)  (j5) (GeV) (MeV)
[65.1.1,pp] X, 32 0.425<T <0487 1425 0.079 -1.372 0.0091 X .(1/2%) 2961917 1147
¥.(3/2%) 2971018
= 3.7 0395<T <0574 1561 0.146  —0.961  0.0057  E(1/2%) 302100 718
E.(3/2%) 3.03705
Q, 42  0421<T<0.655 1.761 0274  —1302 00042 Q.(1/2%) 32901 513
Q.(3/2%) 3.29%03¢
[67,3,1,40] X, 3.1 0.445<T <0459 1432 0.014  -3.139 - T.(5/2%) 332106 -
Z.(7/2%) ‘
E. 33  0458<T<0485 1509 0018  —3.064 - EL(5/2%) 3.3910% -
E(7/2)
Q. 35 0490<T<0509 1612 0024  —3.085 - Q.(5/2%) 3.495879 -
Q.(7/27)
[6£,2,0,p]] X, 3.0 0398<T <0457 1336 0022  -2156 00082 X.(3/2%) 3.0210% 16+
£.(5/2%) 3.04307
= 3.7 0.505<T<0.543  1.793 0076~ —2214 00055 E.(3/27) 3.501015 1112
2(5/2%) 351013
Q. 40 0561 <T <0575 1.986 0.115 —2.121  0.0046 Q.(3/2%) 367101 9+
Q.(5/2%) 368151

ms, 32+ = 302157 GeV. These values are also listed in Table I, and
mz((5/2+) = 304f812§ GeV, variations of m):‘_<3/2+>, mEQ(3/2+), and mgf(3/2+)
126 are shown in Fig. 6 with respect to the threshold
Amys 20, = 16275 MeV, value w,. However, the mass differences among
e (3720 = 3.501015 Gev, $.(3/2+,5/2%), EL(3/2+,5/2%), and Q.(3/2%,
+0.15 5/2") seem a bit large, and we shall not use them

mz;(s2+) = 3.512913 GeV, to draw conclusions.
Amg 20, = 11j912 MeV, (iii) We use the baryon multiplet [61, 3, 1, pp] to perform
+0.14 sum rule analyses, but there do not exist Borel
Mo, (3/27) = 3.67 514 GeV, windows when @, < 4.0 GeV. We also use the
Mg, (s)2) = 3.687013 GeV, baryon multiplet [6, 1, 1,14] to perform sum rule
analyses, but the obtained results depend significantly

_g+t9
Amig, 20,01 = 925 MeV. (22) on the threshold value w,... Hence, these results cannot

45r —— 14.5 45~ e -4.5 4.5r T -4.5

40 Lo 40
L i | ) [}
o S o
= 35 ] b ] = 35
30" L 130 30- 30 30- 3.0
25 29 3.1 33 4.0 45 25 31 33 35 4.0 45 25 30 33 35 37 40 45
o, [GeV] o, [GeV] o, [GeV]

FIG.5. Variations of ms_3 ) (Ieft), m(z 314, (middle), and mq_3 147 (right) with respect to the threshold value w,., calculated using
the charmed baryon doublet [6f, 3, 1, A4]. The shady bands in these figures are obtained by changing 7 inside Borel windows. There
exist Borel windows as long as w..([Z., 3, 1,44]) > 3.1 GeV (left), w.([E.,3, 1, 44]) > 3.2 GeV (left), and o ([Q., 3, 1, 44]) > 3.5 GeV
(right). Accordingly, we choose @, to be around 3.1, 3.3, and 3.5 GeV in the left, middle, and right panels, respectively.
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FIG. 6. Variations of my_(3/5+) (Ieft), mgz; (3/2+) (middle), and mgq _(s/5+) (right) with respect to the threshold value w,, calculated using
the charmed baryon multiplet [6, 2, 0, p4]. The shady bands in these figures are obtained by changing T inside Borel windows. There
exist Borel windows as long as @.([%,2,0,p4]) > 2.8 GeV (left), w.([Z],2,0,p]) > 3.6 GeV (middle), and w.([Q,,2,0,p4]) >
4.0 GeV (right). Accordingly, we choose @, to be around 3.0, 3.7, and 4.0 GeV in the left, middle, and right panels, respectively.

be interpreted well, and we shall not use them to draw
conclusions.

IV. SUMMARY

In this paper, we used the method of QCD sum rules
within HQET to study the D-wave charmed baryons of the
SU(3) flavor 6 and calculated their masses up to the order
O(1/mg). We investigated five charmed baryon doublets,
[6r,1,1,pp], [6£,3,1,pp], [6£,1,1,44], [6f,3,1,44], and
[67,2,0,pl] (we note that in Ref. [10] we failed to construct
the currents belonging to the other two multiplets,
[6£,2,1,pp] and [6,2, 1,14]). The results are summarized
in Table T for the charmed baryon multiplets [6, 1, 1, pp],
[6£,3,1,A4],and [6F, 2, 0, p4], and those obtained using the
former two multiplets ([6, 1, 1, pp| and [61, 3, 1, A1]) are

reasonable/better. We note that there are large theoretical
uncertainties in our mass predictions, but the mass split-
tings within the same doublet are produced quite well with
much less theoretical uncertainty.

Our results suggest that the E.(3123) observed by
the BABAR Collaboration [19] can be interpreted well as
a D-wave E. state, while its quantum numbers cannot be
determined. It may belong to either the charmed baryon
doublet [E.(67), 1,1, pp] or [E.(6F),3, 1, A4], but in both
cases, there would be a partner state close to it. Our results
also suggest that there may exist as many as four D-wave
Q. states in the energy region 3.3-3.5 GeV. They are the
D-wave Q, states of J© =1/2*%, 3/2%, 5/2%, and 7/2%;
the former two belong to the charmed baryon multiplet
[67,1,1,pp], and the latter two belong to [6;,3,1,14].
Recalling that the LHCb experiment observed as many as

TABLE II.  Masses of the D-wave bottom baryons of the SU(3) flavor 6, obtained using the bottom-baryon multiplets [6, 1, 1, pp],
[6,3,1,A2], and [61,2,0, pA].
Working . Baryons Mass  Difference
Multiplets B @, (GeV)  region (GeV) A (GeV) f(GeVS) K (GeV?) X (GeV?)  (j5) (GeV)  (MeV)
6/ 1.1pp] £, 32  0425<T <0487 1425 0079  —1372 00091 x,(1/2%) 6287018 21
T,(3/27) 6287515
B, 37 0395<T<0574 1561 0146  —0961 00057 = (1/2+) 639701 112
,(3/2%) 639151
Q, 42 0421<T <0655 1761 0274  —1302 00042 Q,(1/2) 661+012 1%
Q,(3/2%) 6.61101¢
63,1, %, 3.1  0445<T <0459 1432 0014  -3.139 2,(5/2) 638108
Z,(7/2%)
E, 33 0458<T <0485 1509 0018  —3.064 E,(5/2%) 645103
£,(7/27)
Q, 35 0490<T<0509 1612 0024  -3.085 e Q(5/27) 655502
Q,(7/27)
65.2.0.p4] %, 30  0398<T <0457 1336 0022  -2.156 00082 x,(3/2%) 623701 3+9
£,(5/2%) 623507
B, 37 0505<T<0543 1793 0076  —2214 00055 = (3/2%) 66970} 253
E,(5/2%)  6.69%500
Q, 40 0561 <T <0575 198 0115  -2121 00046 ©,(3/2+) 6.88+0% 212
Q,(5/2") 6.8870%
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production properties are useful in understanding the heavy

baryons [66], and J-PARC is planning an experimental

project of such studies [68]. In the near future, the joint APFENDIX: OTHER SUM RULES

efforts from experimentalists and theorists will be helpful in In this Appendix, we list the sum rules for other currents
identifying more and more charmed and bottom baryons.  with different quark contents.
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