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We systematically study mass spectra and decay properties of P-wave E., baryons of the SU(3) flavor
6, using the methods of QCD sum rules and light-cone sum rules within the framework of heavy quark

effective theory. Our results suggest that the three excited Z0 baryons recently observed by LHCb can be
well explained as P-wave /. baryons: the Z,(2923)° and Z,(2939)° are partner states of J© = 1/2~ and
3/27, respectively, both of which contain one -mode orbital excitation; the Z.(2965)° has J* = 3/2~ and
also contains one A-mode orbital excitation. We propose to search for another P-wave E. state of J© =

5/2" in the A.K /=7 mass spectral in future experiments. Its mass is about 5630 MeV larger than the

E.(2965)°, and its width is about 18.173%7 MeV.

DOI: 10.1103/PhysRevD.102.114009

I. INTRODUCTION

The light quarks and gluons circle around the nearly static
heavy quark inside the heavy baryon. This system is the QCD
analogue of the hydrogen, but bounded by the strong
interaction [1-3]. In three recent LHCb experiments [4—6],
its spectra are found to have beautiful fine structures: five
excited QY baryons were observed in the experiment [4];
four excited €2, baryons were observed in the experiment [5];
in the very recent experiment [6], three excited Z baryons
were observed simultaneously in the A K~ mass spectrum,
whose parameters were measured to be as follows:

5.(2923)%: M = 2923.04 + 0.25 + 0.20 + 0.14 MeV,
I'=7.1+08+1.8MeV, (1)

5.(2939)°: M = 2938.55 +0.21 +0.17 +0.14 MeV,
I'=102+08+1.1 MeV, (2)

B.(2965)°: M = 2964.88 4+ 0.26 4 0.14 & 0.14 MeV,
I'=14.1£0.9+ 1.3 MeV. 3)

These excited Q2/Q; /Z% baryons are good candidates of
P-wave charmed and bottom baryons, whose observations
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have proved the rich internal structure of (heavy) hadrons
[7-9].

The LHCDb Collaboration [6] further pointed out that the
E.(2923)% and Z.(2939)° baryons are probably the sub-
structures of Z,(2930)° [10,11], while the E.(2965)° and
E.(2970)° [12] might be different states. Various phenom-
enological methods and models have been applied to study
these baryons. In Ref. [13], the author uses the constituent
quark model to interpret the £.(2923)° and £.(2939)° as
the -mode P-wave = baryons of J© =3/2~ and 5/2",
and the Z.(2965)° as the J* =1/2% E.(2S) state. In
Ref. [14], the authors use the chiral quark model to interpret
them as the -mode P-wave E. baryons of J© =3/2",
3/27, and 5/27, respectively. In Ref. [15], the authors use
the method of QCD sum rules to interpret the Z.(2923)°
and Z.(2939)° as P-wave E. baryons of J” = 1/2~ and
3/27, and the Z.(2965)° as the J* = 1/2% E.(2S) or
E.(25) state. In Ref. [16], the authors use the molecular
picture to interpret the .(2923)° as a DA — DE molecule.

Besides, many phenomenological methods and models
have been applied to understand the E.(2930)° and
Z.(2970)° previously observed by BABAR [10] and
Belle [12], such as various quark models [17-29], various
molecular explanations [30-34], the chiral perturbation
theory [35,36], lattice QCD [37-39], QCD sum rules
[40-46], etc. We refer to the reviews [9,47-49] and
references therein for detailed discussions.

We have systematically studied mass spectra and
decay properties of P-wave heavy baryons in Refs. [50—
53] using the methods of QCD sum rules [54,55] and
light-cone sum rules [56-60] within the framework of
heavy quark effective theory (HQET) [61-63]. The results
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were combined in Ref. [53] so that a rather complete study
within HQET was performed on both mass spectra and
decay properties of P-wave bottom baryons. There we
predicted four Z, baryons, three of which have finite and
limited widths, while the rest one has a (nearly) zero width,

(2, (1/27),1,1,4]: M =6.21+0.11 GeV,
['=4753% MeV, (4)

[2,(3/27),1,1,4]: M =6.2240.11 MeV,
I'= 18", MeV, (5)

[2,(3/27).2.1,4]: M =623 +0.15 GeV,
I =273 MeV, (6)

[2(5/27).2.1,4]: M = 624 +0.14 MeV,
[ = 12753 MeV. (7)

Their mass splittings are

Mg 30000 =Mz 12000 = 7T+2 MeV,
Mg (5/27) 210 = Mg 3/27) 214 = 11 £5 MeV. (8)

The above notations will be explained later, and we refer to
Ref. [53] for their detailed decay channels. From our
previous results [53], we guess that the =.(2923)°,
2.(2939)°, and E.(2965)° are just the charmed partners
of the [E(1/27),1,1,4], [E,(3/27),1,1,4], and
[E,(3/27),2,1,4], respectively. To verify this, in this
paper, we follow the same approach used in Refs. [50-
53] to study the above excited Z) baryons recently
observed by LHCb [5]. We shall find that all of them
can be interpreted as P-wave Z| baryons of the SU(3)
flavor 65, so that both their mass spectra and decay
properties can be well explained.

This paper is organized as follows. In Sec. II, we
introduce our notations for P-wave E. baryons and
categorize them into four charmed baryon multiplets
[E.,1,0,p], [E.,0,1,4], [E.,1,1,2], and [E],2,1,4]. We
use them to perform QCD sum rule analyses within the
framework of heavy quark effective theory and calculate
their masses. Then, in Sec. III, we study their decay
properties, including their S-wave and D-wave decays into
ground-state charmed baryons and pseudoscalar mesons (z
or K) as well as their S-wave decays into ground-state
charmed baryons and vector mesons (p or K*). In Sec. IV,
we discuss the results and conclude this paper.

II. MASS SPECTRA FROM QCD SUM RULES

We follow Ref. [18] and use the same notations to
describe P-wave .. baryons of the SU(3) flavor 6. Each
baryon consists of one charm quark and two light quarks,

and contains one orbital excitation, which can be either
between the two light quarks (/, = 1) or between the charm
quark and the two-light-quark system (/; = 1). Hence,
there are p-mode excited Z baryons (I, = 1 and I, = 0)
and A-mode ones (I, =0 and [; = 1). Together with the
color, flavor, and spin degrees of freedom, its internal
structures are as follows:

(1) Color structure of the two light quarks is antisym-

metric, that is, the color 30-
(i1) Flavor structure of the two light quarks is symmetric,
that is, the SU(3) flavor 6.
(iii) Spin structure of the two light quarks can be either
antisymmetric (s; = s,, = 0) or symmetric (s; = 1).
(iv) Orbital structure of the two light quarks can be either
antisymmetric (/, = 1) or symmetric (/, = 0).
Considering that the total structure of the two light quarks is
antisymmetric due to the Pauli principle, we can categorize
P-wave Z. baryons into four multiplets, denoted as
[6F.ji,s;,p/A]. We show them in Fig. 1, where j; denotes
the total angular momentum of the light components
(=15 ®1[,® ;). Every multiplet contains one or two
E!. baryons, whose total angular momenta are j = j, ®
s. = |j; £ 1/2], with s, the charm quark spin.

To avoid confusions, we add a note here that the symbol
=. but not Z/, was used in the previous section to describe
the baryon states observed in the LHCb experiment [6].
This is because the flavor symmetry of the two light quarks
cannot be differentiated so that Z. and E. cannot be
differentiated neither in the experiment. However, theo-
retically this can be done, and we use =, and E.. to denote
baryons belonging to the SU(3) flavor 3; and 6,
respectively.

We have systematically studied mass spectra of P-wave
charmed baryons in Ref. [50] using QCD sum rules within
HQET. In this method, we calculate the baryon mass
through

My (7Y jsipfa = Me + Dap s pn + M 9y s (9)

where m, is the charm quark mass, /_\Ei-,jz.s/,ﬂ/i =
Agy (=112 usiols = DELGr1/2) jsip/a 18 extracted from
the mass sum rules at the leading order, and
Omszy (j#) j,.s,.p/4 18 extracted from the mass sum rules at
the O(1/m,.) order. We refer to Ref. [50] for their explicit
expressions.

Equation (9) tells that the =/, mass depends significantly
on the charm quark mass. Hence, there exists considerable
(theoretical) uncertainty in our results for absolute values of
baryon masses, and we cannot distinguish the three excited
ZY baryons observed by LHCb [6] only by using their mass
spectra. However, the mass splittings within the same
multiplets are produced at the O(1/m,) order with much
less uncertainty, giving more useful information.
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5;=0(A)—>» 65 S)—> ji=1 E(3,5) [651.0p]
l/; 1 (A)®
5;=1(8) —>3p (A)
3c(A)
5;=0(A)—> 35 (A)
1% e =0 Ea (1) 6,011
5;=1(8) —> 65 (S) Ji=1 E&(3,3) [6p1,1,4]
J1=2 Eo(5,3) [6.2,14]
FIG. 1. Categorization of P-wave E/ baryons.

We can extract even more valuable information from
decay properties of P-wave E.. baryons. Before doing this,
we fine-tune one of the two free parameters in mass sum
rules, the threshold value w,, to get a better description of
the LHCb experiment [6]. The other free parameter, the
Borel mass 7', can be determined by using two criteria: the
first is to require the high-order power corrections to be less
than 30%, and the second is to require the pole contribution
of P-wave E/ baryons to be larger than 20%. Note that
there may exist some lower state, making it not easy to get
an idea pole contribution at 50%. This is quite similar to the
QCD sum rule study on excited heavy mesons [64].
Besides, the small pole contribution is mathematically
due to the large powers of s in the spectral function, which
makes the suppression of the Borel transformation on the
continuum not so effective. For example, see Ref. [65]
where the pole contribution of the d*(2380) is only about
0.0002 due to the large power of s in its spectral function.
As a compensation, we need the third criterion, which
requires the mass dependence on the threshold value w, to
be weak.

After fixing these two parameters, all the other param-
eters can be calculated using the method of QCD sum rules
with HQET. We summarize the obtained results in Table I,
together with the parameters that are necessary to calculate

decay widths through light-cone sum rules. Note that they
are slightly different from those parameters for excited
bottom baryons [53]. Their uncertainties are due to various
QCD sum rule parameters [7,66—72] which are as follows:

my(1 GeV) =
(53GG) =
(qq) =

(5s) =
(9,0Gq) =
) =

2

0 —

(137 £ 27) MeV,
(0.48 + 0.14) GeV*,
—(0.24 4 0.01)* GeV?,
(0.8+0.1) x (gq),
—MG % (qq).

—M3 x (5s),

(0.8 £0.2) GeV>.

(9,50Gs

M (10)

Our results suggest that the p-mode excitation is lower
than the A-mode, a behavior which is consistent with
our previous results for their corresponding SU(3) flavor
3 multiplets [50], but in contrast to the quark model
expectation [26]. However, this is possible simply because
that the mass differences between different multiplets
have considerable uncertainties in our QCD sum rule
calculations, similar to the absolute values of baryon
masses, but different from the mass differences within
the same multiplet.

TABLEIL Mass spectra of P-wave E., baryons belonging to the SU(3) flavor 6, representation, evaluated using QCD sum rules within
HQET. Here we also list the parameters that are necessary to calculate their decay widths through light-cone sum rules.

Multiplets o, (GeV) Working region (GeV) A (GeV) Baryon ( i) Mass (GeV) Difference (MeV) f (GeV*)

=/ (1/2 ) 2.88+0'15 0.0594»0‘017

[6-(2.).1,0,p) 1.87 0.26 < T < 0.34 1363002 o) 043 1318 oo

0BG/ 28975 ’ 0.028 5005

[6£(E0),0,1,4] 1.57 027 <T <029 122408 B (1/27) 290703 0.04170 008

=/ (1/2 ) 2.91+0.13 0.041+0.008

6 11,2 1.72 T =0.34 114709 ) -0.12 3g+1s -0.007

[6-(Z0). ] 008 E/(3/27) 2.957012 -8 0.0195503

= (3/2 ) 2. 96+0 .24 0'057+0.020

6:(EL),2,1,2 1.72 027 < T <032 124300 27 05 66152 o5

[ F( ) } —-0.09 :/6(5/2 ) 3.02:())412: -25 0.0344_}())‘.8572
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III. WIDTHS FROM LIGHT-CONE SUM RULES

We have systematically studied decay properties of P-
wave heavy baryons in Refs. [51-53] using light-cone sum
rules within HQET, and the results are combined in
Ref. [53] to study P-wave bottom baryons. In the present
study, we replace the bottom quark by the charm quark, and
redo all the calculations. We summarized all the sum rule
equations in Appendix B. Their extracted results are given
in Table II, where we have investigated all the possible S-
wave and D-wave decays of P-wave E. baryons into
ground-state charmed baryons and light pseudoscalar
mesons.

Their uncertainties are due to the parameters given in
Table I as well as various light-cone sum rule parameters
[59,60]. Because there are many input parameters with
uncertainties (some of them are given in Appendix A), the

uncertainties of our results are not so small, that is, they can

be as large as Xfé?%%. Especially, the parameter a’zz/ K of

¢k 18 0.25+0.15 [59,60], which causes the major
uncertainties.
During the calculations, we have used the following
mass values:
(i) For the [6-(E..), 1,0, p] doublet, we use the follow-
ing mass values taken from their mass sum rules:

M[E’C(l/2'),1,0,p] = 288:())1135 GCV,
Mz 30,10, = 2-8970135 GeV. (11)

(i) Forthe [6-(E.),0, 1, 4] singlet, we use the following
mass value taken from its mass sum rules:

M[Eﬁ,(l/Z‘),O.l,,l] = 290j811§ GeV. (12)

(iif)

Forthe [6,(E.), 1, 1, 4] doublet, we use the masses of
2.(2923) and Z.(2939)° measured by LHCb [6],

Mz (1/2-)1.1.4) = Mz, (20230 = 2923.04 GeV,
M[EZ_(3/2—),]‘]M = MEc(2939>0 = 2938.55 GeV. (13)

For the [65(E.), 2, 1, 4] doublet, we use the mass of
E.(2965)° as well as their mass sum rules,

(iv)

Mz (32210 = Mz, 065 = 2964.88 MeV,

Mz (5/2-) 210 = Mz 3/2-) 2,10 + 56 MeV.  (14)

From Table II, we quickly find that the =.(2923)°,
E.(2939)°, and E.(2965)° may be interpreted as the
P-wave E, baryons [=.(1/27),1,1,4], [E.(3/27),1,1,4],
and [E.(3/27),2, 1, 4], respectively. However, there exist
three discrepancies between our theoretical results and the
LHCb measurements [6]: (i) the missing of the A K decay
channel for the former two baryons, (ii) the mass splitting
between the former two baryons, and (iii) the total widths
of the latter two baryons.

These discrepancies are possible and reasonable because
the HQET is an effective theory, which works well for
bottom baryons but not so well for charmed baryons.
Hence, the three J = 1/2~ E. baryons can mix together
and the three J = 3/2~ E. baryons can also mix together.
Especially, a tiny mixing angle 8; = 0° is enough to make it
possible to observe all of them in the A.K decay channel.

Since the two E.(3/27) baryons belonging to the
[65,1,1,1] and [61,2, 1, 4] doublets are very close to each
other, in this paper we consider their mixing explicitly,

( EQ(3/2‘)>1> - < cos 6, sin92>
|2.(3/27)),) \ —sinf, cosb,

2(3/27), 1,1, 4)
. < az<3/2->,2,1,z>)’ (13)

where 0, is the mixing angle. Fine-tuning it to be
6, = 37 £ 5°, we show the obtained results in Table III.
Very quickly, we find that this mixing mediates the widths
of [EL(3/27),1,1,4] and [E.(3/27),2,1, ] and decreases
the mass splitting within the 65, 1, 1, 4] doublet,

1 2.95%012 GeV — 2947012 GeV,

Dz 3201 ¢ 44133 MeV — 11.8173 MeV,
Mz 32210 & 296507 GeV — 2.97107 GeV,
2 30.71550 MeV — 19.47225 MeV,
: 38713 MeV — 27118 MeV,
66122 MeV — 56730 MeV.

M= /2).1.1.

Uiz 3/2) 2.1
AM = 11
AMig 21 ¢

Now the E.(2939)? and Z.(2965)° can be well explained
by using the two J¥ =3/27 baryons |Z.(3/27)), and
E.(3/27)),, respectively.

Our QCD sum rule results are similar to the quark model
calculations [14]. Besides, it is interesting to compare our
results with the SU(3) flavor symmetry. Take [E..(3/27),
2,1,4] as an example, its partial decay widths to the A K
and E.rz final states are evaluated to be 9.8777%° and
17.0735] MeV, respectively. Their ratio is about 0.58,
similar to following factor derived from the SU(3) flavor
symmetry:

R = I'(E. - AK) F(E’CO - AJK7)
TI(E. - Ex) 15xI(E0 - E )
gégﬂ—n\*l(-
1.5 x gé,p_)ﬁﬂ,
= 0.67. (16)

If considering that M + My = 2782 MeV is larger than
Mz, + M, = 2607 MeV, we can understand the above
diversity even better.
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TABLEII. Decay properties of P-wave Z,, baryons belonging to the SU(3) flavor 6, representation. Here the baryons are categorized
according to the HQET. In the fifth column, ['g and I"}, denote the relevant decay channel to be S-wave and D-wave, respectively. Their
possible experimental candidates are given in the last column for comparisons. Note that there exists considerable uncertainty in our
results for absolute values of baryon masses (the third column), but the mass splittings within the same doublets (the fourth column) are

produced quite well with much less uncertainty.

Baryon Mass  Difference Total width
Multiplet G" (GeV) MeV) Decay channel (MeV) Candidate
Ig(2.(1/27) = Elx) = 110t§%0231\4ev
[p(EL(1/27) - Ein) = 0.155)7 MeV
=/ - +0.15 D\=c ¢ 0.11 +170
2(1/27) 2.88%1;3 Tg(E.(1/27) > Ep — Eonn) =2x 104 Mev 110750
Ig(E.(1/27) » Elp - Elaz) = 5x 107 MeV
67, 1,0, p] 13'8 rp(EL(3/27) = BLr) = 0.63509 MeV
['4(E.(3/27) — Ein) = 5813 MeV
=.(3/27) 2.891015 Tp(EL(3/27) — Etx) = 0.0370% MeV 58.55554
[4(EL(3/27) = Ep = Eozm) = 5 x 1074 MeV
[4(E.(3/27) = Elp —» Elax) = 2 x 107 MeV
[g(EL(1/27) = A.K) = 40075]0 MeV
[6-,0,1,2] E.(1/27) 2907313 [g(E.(1/27) —» E ) = 360133 MeV 7607520
[4(2L(1/27) = ELp — Elax) = 0.03 MeV
[g(EL(1/27) = ELx) = 11.7733° MeV
Ip(EL(1/27) - Eix) = 0.127072 MeV
~ B [4(EL(1/27) = AK* = AKr) = 4 x 1078 MeV _
E.(1/27) 2911013 To(Z.(1/27) = Eup — Borr) = 17576 MeV 13.91168 2.(2923)°
[§(E.(1/27) = Elp - El.ax) = 0.38103 MeV
[(EL(1/27) = Eip —» Einr) =2 x 1077 MeV
67.1.1.7] 3813 Ip(EL(3/27) - Elx) = 0.6771% MeV
['4(EL(3/27) - Ein) = 33753 MeV
I'p(EL(3/27) = Eix) = 0.05700% MeV
E.(3/27) 295707 [5(E.(3/27) = AK* - A Kz) =2x 107 MeV 44733
[4(2L(3/27) = E.p — Eozx) = 021705 MeV
['4(EL(3/27) = ELp — Elax) = 0.1270]0 MeV
[4(E.(3/27) = Eip » Eiznx) = 1 x 1073 MeV - .
I'p(EL(3/27) = AK) =9.8717° MeV a;(fi(fgg 65)"
I'p(EL(3/27) = E.n) = 17.015] MeV o
I'5(E.(3/27) = Z.K) = 0.003100); MeV
Ip(EL(3/27) = Elx) = 23510 MeV
= - +0.24 D\=c ¢ =17 +35.0
E.(3/27) 2.96131% T§(2L(3/27) - Ein) = 2 x 10~ MeV 307542
[p(EL(3/27) = Eix) = 0.19103 MeV
['4(EL(3/27) = ELp — ELan) = 14772 MeV
[67.2,1,1] 6675 Tg(E.(3/27) = Eip — Etax) = 1 x 107> MeV
I'p(EL(5/37) = AK) = 637, * MeV
[p(EL(5/27) = B.x) = 9.67.%% MeV
. [p(EL(5/27) = Z.K) = 0.0275% MeV o
E.(5/27) 3.02%)7; [ (EL(5/27) — ELx) = 0707139 MeV 18.175%
[p(EL(5/27) - Zix) = 4 x 1073 MeV
p\=¢ 7)) oeer) = Lo e
I'p(EL(5/2 = 15126 MeV
[5(2.(5/27) = Efp — Eixr) = 0.02 MeV

Our results are obtained using light-cone sum rules
within HQET. It is also interesting to compare them with
the results of Ref. [15], which are obtained using full QCD

light-cone sum rule method. There the widths of the 1P =,
baryons with J¥ = 1/2~ and 3/2~ are calculated to be
72+£14 and 10.1 2.1 MeV, respectively, supporting
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TABLE III.

Decay properties of P-wave . baryons of the SU(3) flavor 6. The first column lists the baryons categorized according to

the HQET, and the third column lists the baryons after considering the mixing. The possible experimental candidates are given in the last

column for comparisons.

Mass Difference Width
HQET state Mixing Mixed state  (GeV) (MeV) Decay channel (MeV) (MeV) Candidate
T(2.(1/27) — AK) = 4007970
[E.(G7).0.1.4] [E6(37).0.1.4] 2.901573 Tg(EL(1/27) = E.n) = 360357 76057
I['4(E.(1/27) - E.p — E.ar) = 0.03
T(2.(1/27) > Eir) = 11.7533°
O ~0 Tp(E.(1/27) » Bix) = 0.12:%
_ _ [g(2.(1/27) = AK* = AKz) =4 x 1078 _
= (1 = (1 +0.13 S\=c c c +16.8 = 0
=G 114 [FeGT), 1.1, 2] 2910 3 T5(E.(1/27) = Bep —» Bem) = 1759 13:9%3" 8:(2923)
- _ - = '0.54
I[4(EL(1/27) - El.p — EL.ax) = 0.381'0.3(7)
[5(EL(1/27) = Eip — Efan) =2 x 107
e [o(EL(3/27) = AK) = 2311
27557 Tp(EL(3/27) — Berr) = 46131
Tp(E.(3/27) > Elx) = 2017
Ig(BL(3/27) - Ein) = 2.177¢
2.6 1.1.4] BT 294100 Tp(EL(3/27) > Bix) = 0.147° 3¢ 118233 £,(2939)°
Is(E.(3/27) = AK* — AKr) =2 x107°
['4(EL(3/27) = E.p = E.an) = 0.137073
[4(EL(3/27) = ELp - Elan) = 0570
[4(2.(3/27) = Eip = Einxn) = 1 x 1073
0, =37+5° Tp(E.(3/27) = AK) = 6315°
Ip(E.(3/27) = Eor) = 10.977%
Ip(EL(3/27) > Z.K) =4 x 1074
I'p(E.(3/27) - Elx) = 0.377)%
_ _ [4(2.(3/27) - Bin) = 1.35180
= (3 21,4 =/ (3 2.97+0.24 S\=c c 0.94 19'4+22.5 = (2965 0
[ 0(2 ) } c (2 )2 —0.15 FD(E‘IL(3/2_) N Ejﬂ') _ 0031—83? -9.1 (( )
Is(E.(3/27) = AK* = AKr) =2 x 107
[4(EL(3/27) = E.p — Ezx) = 0.121038
56130 Ts(E.(3/27) = Ep — Eian) = 0.371557
I4(2.(3/27) = Eip = Einxn) = 5 x 1073
[p(EL(5/27) = Bom) = 967038
I'p(EL(5/27) = Z.K) = 0.02129
[E.(5).2.1,] E(37),2,1,4] 3.0210% FD(~f ( /2-) SR o0 1814197
—=c\3 )»4 Ly —=c\73 )i 1y VZ_014 D(.’:C(S/ ) - .’:.CIT) = 0.70_0'54 1_g3
Ip(EL(5/27) = Zix) =4 x 1073
Tp(BL(5/27) = Ex) = 1.5137
[4(EL(5/27) = Eip — Eian) = 0.02

the interpretation of =.(2939)° and =.(2965) as such
states. These two values are consistent with our results
that F[E’((I/Z’),l,l,/l] = 139:%628 MeV and F[E’c(3/2’),1.l$i] =
11.87)% MeV, and our interpretations are the same for
the £.(2939)? and E.(2965)°.

IV. SUMMARY AND DISCUSSIONS

In the present study, we have investigated P-wave E.
baryons of the SU(3) flavor 6 by systematically studying

their mass spectra and decay properties using the methods
of QCD sum rules and light-cone sum rules within the
framework of heavy quark effective theory. The obtained
results are summarized in Tables II and III, from which we
can well understand the three excited 2% baryons recently
observed by LHCD [6] as P-wave E.. baryons of the SU(3)

flavor 6.
There can be as many as seven P-wave

belonging to the following four multiplets:

=/

—c

baryons,
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Ec(1/27).E:(3/27) € [6F.1.0.p],

Ec(1/27) € [6£,0,1, 4],
52(1/2‘),52(3/2')6[% 1,4,
Ec(3/27).8:(5/27) € [6£.2.1.4].

Our results suggest the following:

(i) The £,(2923)° and =Z,.(2939)° can be interpreted as
the P-wave E. baryons of J¥ =1/2~ and 3/27,
respectively, both of which belong to the [65(E.),
1,1, 2] doublet. The E.(2965)° can be interpreted as
the P-wave = baryon of J* = 3/2, belonging to
the [65(Z.), 2, 1, 4] doublet. It has a partner state, =,
of JP =5/27, whose mass is about 56*;2 MeV
larger and width about 18. 1+197 MeV. We propose
to search for it in the A K / 2.7 mass spectral in
future experiments.

(ii) The HQET is an effective theory, which works well
for bottom baryons but not so well for charmed
baryons. This suggests that the three J = 1/27 =,
baryons can mix together and the three J = 3/2~
ones can also mix together, making it possible to
observe all of them in the A.K invariant mass
spectrum. Especially, in this paper, we have explic-
itly considered the mixing between the two
E.(3/27) baryons belonging to the [6x,1,1,1]
and [67,2,1,4] doublets, which mediates their
widths as well as decreases the mass splitting within
the [61, 1, 1, 4] doublet. The obtained results can be
used to better describe the LHCb experiment [6].

(iii) The width of [E2(1/27),0,1,4] is too large for it
to be observed in experiments. The widths of
=.(1/27) and E.(3/27) belonging to the
[6F(Hc) 1,0, p] doublet are evaluated to be about
110 and 59 MeV, respectively, making them not so
easy to be observed. We notice that there is “an
additional component” observed by LHCb in the
energy region around 2900 MeV [6], which may be
due to these two states.

The above conclusions are obtained by combining our
systematical studies on mass spectra, mass splittings within
the same multiplets, and decay properties of P-wave =
baryons. Moreover, we have taken into account the five
excited Q2 and four excited Q; baryons observed by LHCb
[4,5], whose correspondences may be as follows [73]

[6:(2/27).1,0.p] : BL(?/27) ~ Q2(3000) ~ Q; (6316),
[65(1/27).1,1,4] : 82(2923) ~ Q0(3050) ~ Q; (6330),
[67(3/27).1.1,4] : B2(2939) ~ Q0(3066) ~ Q; (6340),
[67(3/27).2.1,4] : B2(2965) ~ Q0(3090) ~ Q; (6350),
67(5/27).2.1,4] : B.(5/27) ~Q2(3119) ~ Q;(5/27)

We shall discuss this in detail in our future work [74].

In the present study, we have investigated P-wave E,
baryons within the heavy quark effective theory. Because
the finite charm quark mass breaks this symmetry explic-
itly, we have also considered the mixing effect between
baryons having the same spin-parity quantum number, such
as the mixing between [2,.(37),1,1,4] and [E.(37),2.1,4).
One can study them within some other schemes. For
example, in Refs. [14,75], the authors studied excited =,
and Q, baryons in the j-j coupling scheme based on the
chiral quark model. However, there they also considered
the mixing effect, so the obtained “physical” basis can be
eventually the same.

To end this paper, we note that the conclusions of the
present study are just possible explanations, and there exist
some other possibilities for the three excited Z0 baryons
observed by LHCb [6]. Further experimental and theoreti-
cal studies are still demanded to fully understand them,
since the beautiful fine structures of the excited singly
heavy baryons observed in the three LHCb experiments [4—
6] have proved the rich internal structure of (heavy)
hadrons, and their relevant studies are significantly improv-
ing our knowledge of the strong interaction.
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APPENDIX A: INPUT PARAMETERS

We list masses of ground-state charmed baryons used in
this paper [7] which are as follows:

A (1/2%) © m =2286.46 MeV,
B.(1/2%) : m = 246934 MeV,
>.(1/2%) : m = 2453.54 MeV,
¥5(3/2%) : m = 2518.1 MeV,
B.(1/2%) : m = 2576.8 MeV,
E;(3/2%) : m = 2645.9 MeV,
Q,(1/2%) : m = 26952 MeV,
Q:(3/2%) : m =2765.9 MeV.

Their sum rule parameters can be found in Refs. [51,76].
We list masses and decay widths of pseudoscalar and
vector mesons used in this paper [7] which are as follows:
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-) 1 m = 138.04 MeV,
K(07) : m = 495.65 MeV,
p(17) © m = 77521 MeV,
I =1482 MeV, g, = 5.94,
K*(17) : m = 893.57 MeV, (A1)

I'=49.1 MeV, gg-x, = 3.20, (A2)

where the two coupling constants g,,, and g, are evaluated using the experimental widths of the p and K* [7] through the
Lagrangians

Lonz = Gpun X (POxT ¥ a™ — pln=¥at) + -,

L kz = gr kK" % (K=0n° — K= 7%) + - - -. (A3)

We also list the light-cone distribution amplitudes of the K meson, which are taken from Ref. [60]. We refer to Refs. [59,60]
for detailed discussions. The light-cone distribution amplitudes of the K meson used in this paper are

Olalelrrss (2K @) = ifxay [ due® 9% (el + )

i 1 1 .
4- d i2u=1)qzy, , Ad
S [ ey ) (Ad)
=(2\; frmy /1 i(Qu—1)g-
0 K _ JKTK d i(2u—1)g-z P , A5
O1aQirss(-2)IK (@) = % [ aueer-eg2 ) (43)
_ i fxmx 1 {u1)az 1o

055 (2K @) = =55 (g = qpze) [ due® g8, () (A6)

mg +my, 0

) 1
(01g(2)7,759Gap(v2)s(=2)|K(q)) = 4,(qazp — @pza) — fkPux (v, q - 2)
q-z
+ (qﬁg(Jl_y - qag;_ﬂ)leIu;K(v’ q- Z)’ (A7)

(017(2)7,4i9G up(v2)s(=2)|K(q)) = 4(quzs — dp7a) ﬁfﬂbzx;x(”’ q-2)

+ (2595 — 92950 kVax (v, q - 2), (A8)

(017(2)0,,759Gap(v2)s(=2)|K(q)) = if 3x(qadup = GaduGps — (@ <> B))

X / Dae~ i@ at1@m)@, (), ay, a3), (A9)

€,,,6G".

o1
where G, = 5 €6

APPENDIX B: SUM RULE EQUATIONS

In this appendix, we give the sum rule equations used to study S-wave and D-wave decays of P-wave E,. baryons into
ground-state charmed baryons and pseudoscalar mesons.

114009-8



EXCITED E? BARYONS WITHIN THE QCD RUM RULE ... PHYS. REV. D 102, 114009 (2020)

The sum rule equations for the Z}"[}7] belonging to (65, 1,0, p] are

gzpjza o fe
(/_\'—/0[1—] - C()/) (l_\’:*+ — C())

=011
=y

« ! i(1—u)o't yiuw fﬂ'msu fﬂu _
= /0 dt /0 due!!=0 el x 4 x (ugﬂz Pace(0) + 57 (55)2in ()

fﬂmsutz 3 o fﬂutz -
576(m, + mg) 195+ g (0

G2, (w,0) =

[%‘]—)Ef.*ﬂ

fﬂmsu fﬂmlzl'u Vi
8721 Pra(t) + 24(m, + my)m* 1> P3n

) 4
férgi (9:50GS) b (u1) + Jg”lzz <gx§0GS>¢4;ﬂ(”)>

— /oo dt/l du/'Daeim’t(az+ua3)eia}t(l—az—uog) Xl
0 0 B 2

if3,uv - q if3,00uv - q if3,03u0 - q if3,uv-q
Nl I A — = = - LA A N O -2 O,
< 472t 472t 472t 3a(2) 3(@)
if3,000 - q
472t

+ (u) +

+

(1)3;7[(@) + ¢)3;n(g) +

lf U q fzru
@urle) =L 0 (0) + L5 0(a) ). (B1)

9zry -z S ey

(Azop) — @) (Azr — @)

1—
2

© ! i(1—u)a't Hiuw. 3f”m’27 ifﬂmfzrv 4 4
:/0 dt/o due1-wat giuat o 4 5 (W¢§;n(”) +—t3¢3;n(”)

Géao[%%aﬁf (@, 0') =

m, + my) 872 (m, + my)
ey ) = 1 s pa) + () = 250Gyl
A ) ). i
The sum rule equations for the =}~ [%‘} belonging to [6f, 1,0, p] are
B o)~ R
=0 22
= /Ooo dt/o1 due'171e' ginat 5 4 x (% $rn(u) + 24(mfﬂ_:n,%:)”2t2 P (u1)
I )+ L 55 + 2 (55 1)+ L2 55
L 05060 2000) + 220 050G
B /;oo thl du/Dgeim’t(a2+ua3)eia)t(l—az—ua3) y % « <_%@3;”(g) +%¢3;n(@
m#q)m(g) + fracifs,o3uv - q47r2td>3;,,(g) - qun(ﬂ) + W#q)&”(g)
At 4nt 4nct
- ifi’;;t. 1 ®3;ﬂ(g)> : (B3)

114009-9



HUI-MIN YANG, HUA-XING CHEN, and QIANG MAO PHYS. REV. D 102, 114009 (2020)

g—vO 3 +n. fv—lO[? ]fr—
(Asp[{] - o')(Ag+ — )

o Lo Lo fomgu famau
— dt dueil—wa't piuwt < 4 z 'z 3
/ / ue e X4 X (24 272 ¢27Z( ) 72( ) d)ﬂztz ¢3,7[(M)

GLE)/OP |>Ert e (CU, 0)/)

fzrm u f?[ fﬂmsmﬂut2 - o fﬂutz -

384 "o 2 ¢47z( ) < >¢27z( ) 1728(1’1’!” I md) <SS> 3;7:(”) + 1152 <ss>¢4;ﬂ(u)

frut® Saut*
+ 1152 <gSSGGS>¢2 JT( ) 18432 <gSSO-Gs>¢4 ﬂ( )

/ dt/ du/Dae’“”“2+““3 ir(l—ay=uas) 5 743”6{3“ — @3, (a) + f—%mj'q@} (a)

2 1272%t " 127t 77
if3.00uv - g if3.03u0 - q if3.U0 - q if3:000 - q
127772l cD3;ﬂ (Q) + 12”2 3 ;z(,) 1277,'2[ q)3;ﬂ (Q) + 127[21 (1)3'7r (7)

lf =V q
- 132ﬂ2t ¢3;n(2)>, (B4)
g—~/0 + fv—IO[Z ]f-—

Goop oz (@) =

=

(AE?[{] — o)Az — )

i~ 1 A L fom> if ymiv-q
_ dt d i(1-u)a't Hiuwt 4 _ nn P _ T g
A A e e 6% (m, + my)t* P3inlt) 3672 (m, + my)t3 95(1)

f,,ms if. famg m if t B
TSy, . _ JATsTr I Gs\w .

lf,,m mitv - q

 864(m,, + my)n? 7p 3 H >> (B5)

The sum rule equations for the Z/[}”] belonging to [65,0, 1, 4] are

9eo 15t~ feop-)far
Gi/o[l—]_)w”_ (w,0) = = Ll-E :
=3 = (A-—~/0 1- -]~ [0) )([\,_Jr — )

3fm2 if ym2v - q
dt d i(1-u a)t ot w g _ # p. _ T g
/ / ue X X ( 4]1_ (mu +m ) 4¢3,ﬂ(u) 8 Z(mu + md)t3 ¢3,n’(u)

3
e (50 + g (05005 1) + T )
fzrmsmzzz - ifﬂmsmizr”j'q - o
S )~ ] 00 e

gf—/()[l ]—>A+K fv—/()[l ]fA+
(AH/()[I ] —w )(AA+ - )

3fxma ifgmsxv-q
dt d i(1-u (ul iuwt 4 _ K P_ __ JKTK” 1 g
= )], e - < axm, + m)f P "2 i,y P
ifx .

o (@) + 3ot (030G k() ) (87)

S
Gonponik- (

0, @) =
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The sum rule equations for the Zj[1~] belonging to [6,., 1,1, 1] are

g"‘/(’ + f-—/O[l ]fH
(AE?[;} — o' )(Agyr — )

o0 1 . L 7 j
:/ dt/ duez(l—u)(uteluwtxélx (_4f2t3¢2”( ) 48(‘]‘.#";1:)7”‘453”( ) ‘Z 2[¢4n’< )

_ famgut famaut s faomit®
9% (35) 2z (u) + m(”)%;”(”)— 1536 (585)a(u)

+ fﬂmizrt3 <g SUGS ¢ / dt/ du/,Daezwtaz+ua3 iot(1-oy—uas)
2304(m,, +my) 7* 3=

X <_ fﬂa?, u2 q>4;7[ (g) - fﬂaZu q)4;7r (Q) - fﬂaSu (1)4;” (g) - fﬂa3 . (i)4, (a) + o f (1)4 7[( )

D
GEP[{HEM

(w, @) =

87t 87t 167°t 167t 8n’t
- fg,fit Dyr(a) - {”:ft P4 7(a) + 75 Pu(@) + 1g;zt&>4;n(g) + &;;7”:_(]‘1’4;,[(2)
G Pl ~ gk Oule) — (o)
g Wanld) =l (). (B8)
Gaop oz o (@ @) = (iﬁ/oo[] — /)JE;\O ]:—H)
=05 T =

© 1 el s i difv-q 3if,v-q if ymav - q
— dt d i(1—u)a't ,iuwt 4 z z ' 'r o
A /) ue € X & X 3 2t4 ¢27r( ) 307 21‘2 ¢47[( ) 24(mu+md) 3,7:(”)

if,[m,z,v . qt2 _ if ;mgv - q zf,,m_ym,z,v - q
——=r = {g.56Gs)p3. _— - - = — %

/ t2 . ) 1 L, .
n lf]rms v-q <3‘S>¢4;ﬂ(l/t)) _/ dl‘/ du/Dge’“’ (o tue) piot(1-a—uas)
0 0

256
3l'fﬂuv-q if”uv.q if,;U'q 3lf”’l) q
X <_47z2t2 4n(g)+W 47[(_)_W (@) = Wq)“”( Q)
ifzv-q if,v-q
~amr Yan@) T Yaala )) (BY)

The sum rule equations for the =) [%‘} belonging to [6f, 1,1, 1] are

g—rop —/+ﬂ f—/o f—/+
(Agop) — ’)(A—/+— )

f/z if/tmsmfzzu
dt d i(1-u a)t iuwt x 4 % o
/ / ue <4 2[3 ¢2 7[( ) 48("’1“ + md)ﬂ2t¢3’”(u)
lfﬂ

64 2t

if ;miut®
_ ' G dt d Da i t(ay+uas) eiot(1-ay—ua) o
2304(m, 1 ) 950G 95 ) / / ”/ “

Gangr oz (0 @) =

if pmgut if ymaut if pmgut’
Par () + %6 (35)2r(u) — 144(”1—+md< )5, (u) + W@ 5) P4 (1)
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< (L5 0 0) + U 0 )+ L ) + L ) - L 0
R o (0) + 2B @) L Pal) — 1 Bul) + A W)
G Pale) = 0 (0) —
Sﬂzi;il;_q Pin(@) = Sﬂzj;—’;_q Wy, (g)) , (B10)
Congonex-(@ @) = (/g\:[[ ]r i;;zj\;fzw)
:/) dtll due'1=1e1 ot 5 4 <;f§; $ox (1) + éﬁkifﬁzu((”) —%@q)qﬁ?m(u)
- R (g, 40Ga) 50 )
- /oo dt/l du/Dc_w"“’/t(“ﬁ"%)eiw’(l_az_""3) X % X (chﬂ%uzq%x(@) + i];j:z(iu Dy (a)
PHBL g ) + KB G (0) ~ LK 0y 0) + T ER () + ER B (0)
_ %qh;x(@) — %&)4;3(2) + 87r2ft+:jq sx(@) + 87;];[;“_ p P, x(a) 87[2]:21; p sk (@)
- %@;K(g) + 87[52[;_61‘114;1((2) - %@4;1((@), (B11)
Cappoza (@ @) = 5{/00[ = )]Z;\_[ ]Jj )
=0 — @) (g
= Omthl duei(1-1e't giuat o 4 (J;”;2‘l‘4q¢2;n( )= ﬁgvggfmn( )
TR (515, )+ 5065, ) L ()
L 55 ) + s 2¢§;ﬂ<u>)
/ dr / du / Dageitloo-+uas) gion(1-a-uas) o 5 (% D, () —%‘H;ﬂ(g)
e () + () + L Bl + L D) - T D))

114009-12



EXCITED E? BARYONS WITHIN THE QCD RUM RULE ... PHYS. REV. D 102, 114009 (2020)

The sum rule equations for the /" [3~] belonging to [6,,2,1, 1] are
g—m)[z + f—-vo 3 f
(Agog) = )(Aar - o)

o 1 . o famgu famiu
_ dt d i(1-u)w't ,iuwt 4 z z ' o
/ / ue M XA | T s ho.n(u) + 20m, L P52 (u)

Gapfytozin () =

288(mu + md)

I ) + 15 (55) ) +
£ ut*

Sl g 50Gs) o) + L2 <gs5cfcs>¢4m<u>)

® i t(ay+uas) yiwt(1—o—ua f3ﬂ-' f37r
_A th du/Dge t(ay+ 3)8 t(1—a,—uaz) E (2 [2(1) (a)—zﬂztzq)g;ﬂ(g)

ifs3 u2a3v-q ifs:uav - q if3,uv-q
+ HQT‘DM(Q) +”2Tq)3;n(2) - ﬁ‘pan(g) ; (B13)

+

J=opl-nik-faopfar
(Agogr) = @) (As; - @)

0 1 , L fxmau f u
:/0 th due! 1710t pluat 5 4 5 (12(m K+:1) 22¢§;K(”> £ < q)Pa.x (1)

D
Gr—/O

:‘L[ ] A+K_ (CU w/) —

frut* fxu f
+ f92 (G9) Pack (u) +=—~ 192 <9s6]0G51>¢2k(”) 3072 <9sqf7GCI>¢4k(”)
« : io't(ay+uas) yiwt(1—ay—ua 1 f3Ku f3K
—/ df/ du/Dge Howtuds) glor(1~0;—ues) X5 X <2m2 ;¢ (a) _Wq)S;K(Q)
lf3K” asv - q if3guayv - gq if3guv-q
7(13 = D, - O, , B14
yp 21(( ) 2221 3,K(Q) 21 3,K(Q>> ( )

9epp-l-gr o Seop e
(Agop — @) (Agr — o)

0 1 . L | 2
_/ d[/ due!1=wo't ginat o 4 (3lfﬂ'3 4)2”( )_ 16(lfﬂm7rms“ . 453;;,,(”)

m, + mg)z-t

D N —
Oenppozpa (@ @) =

if ymgut’

(55)050(0) + L (55 ()

if ;mgut if ymaut
¢4n() n (38) (1) — 48(m, + my)

I3
lf;;m u <gSSGGS> s1gma(u)>

31f,,

-~ 768(m, + my)
/ dt/ du/Dae"‘”"‘ﬁ”“* iwr(1-ay—uas) ; X (87:22;—”:‘(1‘1’4;;:(2) _gg,;téi;z.q@“(g)
~ G Ouale) + g Ba(0) — A Wagl0) + Vi)
W ) + 2L () 4 D ) 1 B (a)
A 1) + 3 ) 4 R B (o) — e i) - 25 Bela) ). (BIS
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g1z k-Sepfxr

GQ/ K ) ) = —= =
rOP ]_>2 (a) w) (AEQO[%_] - a)/)(Az:r - Q))
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:/0 dt/o due'1=1e 1ot 5 4 <4 2K3 ¢2K( ) + 64K2t¢4k( u) — m@@ 3;K(”)
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if yosu® if ;onu if osu if josu -
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The sum rule equations for the Z/[37] belonging to [64,2, 1, 1] are
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