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Excited Z° baryons within the QCD rum rule approach
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We systematically study mass spectra and decay properties of P-wave =, 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 Z2 baryons recently observed
by LHCD can be well explained as P-wave Z. baryons: the Z.(2923)° and Z.(2939)° are partner
states of J© =1 /27 and 3/27 respectively, both of which contain one A-mode orbital excitation; the
Z.(2965)° has J© = 3/27, and also contains one A-mode orbital excitation. We propose to search
for another P-wave =/, state of JP = 5/27 in the Ac K/E.m mass spectral in future experiments. Its
mass is about 56752 MeV larger than the Z.(2965)°, and its width is about 18.17'9'F MeV.
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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 exper-
iments [4-6] its spectra are found to have beautiful fine
structures: five excited QY baryons were observed in the
experiment [4]; four excited €, baryons were observed in
the experiment [5]; in the very recent experiment [6] three
excited Z0 baryons were observed simultaneously in the
AT K~ mass spectrum, whose parameters were measured
to be:

2.(2923)° © M = 2923.04 + 0.25 £ 0.20 + 0.14 MeV
['=71+08+1.8MeV, (1)

Z.(2939)° : M = 2938.55+0.21 +0.17 + 0.14 MeV ,
I'=10.2+0.8=+1.1MeV, (2)

2.(2965)° : M = 2964.88 + 0.26 & 0.14 + 0.14 MeV
[=141+0.9+1.3 MeV. (3)

These excited Q0/9;, /2 baryons are good candidates
of P-wave charmed and bottom baryons, whose observa-
tions have proved the rich internal structure of (heavy)
hadrons [7-9].

The LHCDb Collaboration [6] further pointed out that
the =.(2923)° and Z.(2939)° baryons are probably the
sub-structures of Z.(2930)° [10, 11], while the Z.(2965)°
and =.(2970)° [12] might be different states. Various phe-
nomenological 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
Z.(2939)° as the A-mode P-wave =, baryons of J¥ =
3/27 and 5/27, and the Z.(2965)° as the JI = 1/27
=/(25) state. In Ref. [14] the authors use the chiral
quark model to interpret them as the A-mode P-wave
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Z! baryons of J¥ =3/27,3/27, and 5/27, respectively.
In Ref. [15] the authors use the method of QCD sum rules
to interpret the =.(2923)° and =.(2939)° as P-wave =/,
baryons of J¥ = 1/27 and 3/27, and the Z.(2965)° as
the JP = 1/2% Z/(29) or Z.(29) state. In Ref. [16]
the authors use the molecular picture to interpret the
2.(2923)° as a DA-DY. molecule.

Besides, many phenomenological methods and mod-
els have been applied to understand the Z.(2930)°
and Z.(2970)° previously observed by BaBar [10] and
Belle [12], such as various quark models [17-29], vari-
ous molecular explanations [30-34], the chiral perturba-
tion theory [35, 36], Lattice QCD [37-39], and 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 de-
cay 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 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 Zj baryons, three of which have finite and
limited widths, while the rest one has a (nearly) zero
width:

[Z1(1/27),1,1,A] :+ M =6.21+0.11 GeV,

['=4713% MeV, (4)
(=,(3/27),1,1,A] : M =6.22+0.11 MeV,
I'=18*{ MeV, (5)
[Z1(3/27),2,1,A] : M =6.23+0.15 GeV,
I'=27.3 7355 MeV, (6)
[5(5/27),2,1,\] : M =6.24+0.14 MeV,
[=12.7 7124 MeV. (7)

Their mass splittings are:

Mz 3/2-)0100 — Mzpa/2-)100 = 72 MeV, (8)
Mz (5/2-),20.0 — Mg (3/2-),2,1,0) = 11£5 MeV.
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The above notations will be explained later, and we re-
fer to Ref. [53] for their detailed decay channels. From
our previous results [53], we guess that the =.(2923)°,
Z.(2939)°, and Z.(2965)° are just the charmed part-
ners of the [E(1/27),1,1,)], [E,(3/27),1,1,}], and
[£5,(3/27),2,1, A], respectively. To verify this, in this pa-
per we follow the same approach used in Refs. [50-53] to
study the above excited Z0 baryons recently observed by
LHCb [5]. We shall find that all of them can be inter-
preted as P-wave =/, 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 intro-
duce our notations for P-wave =/, baryons, and categorize
them into four charmed baryon multiplets [Z/,1,0, p],
[£2,0,1, 7], [2.,1,1,A\], and [Z,2,1, A]. We use them to
perform QCD sum rule analyses within the framework of
heavy quark effective theory, and calculate their masses.
Then in Sec. IIT we study their decay properties, includ-
ing their S-wave and D-wave decays into ground-state
charmed baryons and pseudoscalar mesons (7 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 de-
scribe P-wave Z/, 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 (I, = 1) or between the
charm quark and the two-light-quark system (I, = 1).
Hence, there are p-mode excited Z/, baryons (I, = 1 and
Ix = 0) and A\-mode ones (I, = 0 and [y = 1). Together
with the color, flavor, and spin degrees of freedom, its
internal structures are:

e Color structure of the two light quarks is antisym-
metric, that is the color 3.

e Flavor structure of the two light quarks is symmet-
ric, that is the SU(3) flavor 6.

e Spin structure of the two light quarks can be either
antisymmetric (s; = sqq = 0) or symmetric (s; =

1).

e Orbital structure of the two light quarks can be
either antisymmetric (I, = 1) or symmetric (I, =
0).

Considering that the total structure of the two light
quarks is antisymmetric due to the Pauli principle, we
can categorize P-wave =/ baryons into four multiplets,
denoted as [6p,ji, s1,p/A\]. We show them in Fig. 1,
where j; denotes the total angular momentum of the light
components (j; = s; @, @ ly). Every multiplet contains

one or two =, baryons, whose total angular momenta are
j =71 ®s.= |51 £1/2|, with s, the charm quark spin.

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

Mz1 (5P, G1s00/3 = Me + D22 s o/x + 0Mz1 (7 Gisio/
9

where m. is the charm quark mass, KElcyjl-,Slyp/)\ =
Azin-1/20gis00/x = A=iGiv1/2).00,s.0/7 I8 extracted
from the mass sum rules at the leading order, and
Omzr (jPy jy,s1,p/x 18 extracted from the mass sum rules
at the O(1/m.) order. We refer to Ref. [50] for their
explicit expressions.

Eq. (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 can not distinguish the three
excited Z2 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 informa-
tion.

We can extract even more valuable information from
decay properties of P-wave Z/, 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 LHCDb experiment [6]. The other free parameter, the
Borel mass T', 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 Z/, 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
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FIG. 1: Categorization of P-wave Z., baryons.

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

ms(l GeV) = (137+27) MeV,
(’GG) = (0.48+0.14) GeV*,

(Gq) = —(0.24+0.01)> GeV?,

(ss) = (0.840.1) x (gq), (10)
(9sq0Gq) = —Mg x (qq),
(9s50Gs) = —M§Z x (3s),

MZ = (0.84+0.2) GeV?.

Our results suggest that the p-mode excitation is lower
than the A-mode, a behaviour 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 be-
cause that the mass differences between different mul-
tiplets 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.

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 I, where we have investigated
all the possible S-wave and D-wave decays of P-wave
=/ 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 param-
eters [59, 60]. Because there are many input parame-
ters with uncertainties (some of them are given in Ap-

pendix A), the uncertainties of our results are not so

small, i.e., they can be as large as X jzé)?%’. Especially,

the parameter a;/K of ¢r /K2 18 0.25+0.15 [59, 60], which
causes the major uncertainties.

During the calculations, we have used the following
mass values:

e For the [67(Z),1,0, p] doublet, we use the follow-
ing mass values taken from their mass sum rules:
Mz (172-),1,0,0) = 2885075 GeV, (11)
Mg (3/2-)1.0,0 = 2-89%513 GeV.

e For the [67(ZL),0, 1, A] singlet, we use the following
mass value taken from its mass sum rules:

Mz 12010 = 2:90%075 GeV. (12)

e For the [6r(Z.),1,1, \] doublet, we use the masses
of 2.(2923)° and Z.(2939)° measured by LHCb [6]:

M[E/C(l/2*),l,1,>\] = MEC(2923)0 = 2923.04 GeV, (13)
M[E/C(g/g—))Ll))\] = MEC(2939)0 = 2938.55 GeV .

e For the [67(Z.),2,1, A] doublet, we use the mass of
Z.(2965)° as well as their mass sum rules:

Mz, (3/2-).20.0 = Mz, (20650 = 2964.88 MeV, (14)
M[E’C(5/27),2-,17)\] = M[E;(B’/Q*),le-,)\] + 56 MeV .

From Table II we quickly find that the Z.(2923)°,
Z.(2939)°, and Z.(2965)" may be interpreted as the
P-wave Z/, baryons [2.(1/27),1,1, ], [E.(3/27),1,1, ],
and [2.(3/27),2, 1, \], respectively. However, there exist



TABLE I: Mass spectra of P-wave = 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.
. We Working region A Baryon Mass Difference f
Multiplets P 4
(GeV) (GeV) (GeV) ) (GeV) (MeV) (GeV?)
=(1/2 2.881015 0.05975-017
67(2.),1,0,p] | 1.87  0.26<T <0.34 1.3610:12 _,( / 7) —o15 1376 s
Ec(3/27) 2.897503 0.0287 005
[6£(2.),0,1, 1.57 0.27 < T < 0.29 1.227008 ZL(1/27)  2.90%513 - 0.04175-959
=2(1/27 2.9179-13 0.041+9-:008
6(2L),1,1,7] | 1.72 T =0.34 1147099 — ES; 2; T - 38115 S 01913‘881
e 99 911 U190 003
. =0(3/2” 2967021 0.05710:075
6r(2.),2,1,A] | 1.72  027<T <0.32 1.2410-15 _l( / 7) b 667122 o
20(5/27) 3.02192% 0.03415:912

three discrepancies between our theoretical results and
the LHCb measurements [6]: a) the missing of the A K
decay channel for the former two baryons, b) the mass
splitting between the former two baryons, and c¢) the to-
tal widths of the latter two baryons.

These discrepancies are possible and reasonable be-
cause the HQET is an effective theory, which works well
for bottom baryons but not so well for charmed baryons.
Hence, the three J = 1/27 =/ baryons can mix together
and the three J = 3/2~ EZ/ baryons can also mix to-
gether. Especially, a tiny mixing angle 6; =~ 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
[6r,1,1,)\] and [6F, 2, 1, \] doublets are very close to each
other, in this paper we consider their mixing explicitly:

[ZL(3/2 01\ cosfly sin b
=.(3/27))2 —sinfy cos by
((Es2 LN
2(3/27),2,1,)) )’
where 0, is the mixing angle. Fine-tuning it to be 6y =
37+ 5°, we show the obtained results in Table III. Very
quickly, we find that this mixing mediates the widths

of [2/(3/27),1,1,A] and [E.(3/27), 2,1, A], and decreases
the mass splitting within the [6#, 1, 1, \] doublet:

(15)

: 2.95%912 Gev — 2.947012 GeV
D 44755 MeV — 11.8755 MeV,

: 2.96192 GeV — 2.97702 GeV
: 30.773%9 MeV — 19.47%2% MeV
: 3871 MeV — 27718 MeV,

© 66120 MeV — 56730 MeV .

Mz, (3/2-)1.1.0
INEAET BTN
Miz,(3/2-).2.1.0
Dz 3/2-),2.10
AM=r 11,3
AMizr 2.1 3]
Now the Z.(2939)° and Z.(2965)° can be well explained

by using the two J¥ = 3/2~ baryons |Z.(3/27)); and
|Z2.(3/27))2, respectively.

Our QCD sum rule results are similar to the quark
model calculations [14]. Besides, it is interesting to com-
pare our results with the SU(3) flavor symmetry. Take
[E.(3/27),2,1, \] as an example, its partial decay widths
to the A.K and Z.m final states are evaluated to be
9.8717-9 MeV and 17.07257 MeV, respectively. Their ra-
tio is about 0.58, similar to following factor derived from
the SU(3) flavor symmetry:

T'(Z, - AK)
T(Z, > Eer)

IEP - AFKY)

R
15 xD(E0 - =f7m)

2
Iz At K-
2
DX
1.5 gE/CUHij*

= 0.67. (16)
If considering that My, + Mg = 2782 MeV is larger than
Mz, + M, = 2607 MeV, we can understand the above
diversity even better.

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
Z! baryons with J¥ = 1/27 and 3/2~ are calculated to
be 7.2 £ 1.4 MeV and 10.1 & 2.1 MeV respectively, sup-
porting the interpretation of Z.(2939)° and Z.(2965)°
as such states. These two values are consistent with
our results that I'iz/(1/2-)1,1,0 = 13.9flg:§ MeV and
Lizr3/2-)11.0 = 11.8f2:g MeV, and our interpretations
are the same for the Z.(2939)° and Z.(2965)".

IV. SUMMARY AND DISCUSSIONS

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



TABLE II: Decay properties of P-wave =, baryons belonging to the SU(3) flavor 65 representation. Here the baryons are
categorized according to the heavy quark effective theory (HQET). In the fifth column I's and I'p denote the relevant decay
channel to be S-wave and D-wave, respectively. Their possible experimental candidates are given in the last column for com-
parisons. 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.

Multiplet Baryon Mass Difference Decay channel Total width Candidate
4" (GeV) (MeV) (MeV)
Ts (2L(1/27) — Elm) = 11071 MeV
= 1/27) | 288701 I'p (53(1/2:) — Eim) = 0.1570% MeY 1107178 -
I's (E.(1/27) = Eep — Berrm) = 2-107* MeV
[6r,1,0,p] s (EL(1/27) = Elp — Elmm) = 5-107° MeV
139 Tp (EL(3/27) — Elr) = 0637592 MeV
T's (E.(3/27) — Eim) = 58155 MeV
2L(3/27) | 2.897015 I'p (E.(3/27) — Eim) = 0.0350 05 MeV 58.51 %4 -
I's (E.(3/27) = Eep — Eerrm) =5-107* MeV
I's (EL(3/27) = Elp — Elrr) =210 MeV
Ts (2L(1/27) = AcK) = 4007530 MeV
[6£,0,1,\]| =.(1/27) | 2.907013 - s (2L(1/27) = Serr) = 3607335 MeV 7607520 -
Ts (E.(1/27) = Elp — Elwr) = 0.03 MeV
Ts (EL(1/27) = Eim) = 11753 MeV
Ip (E.(1/27) — Zim) = 0.127322 MeV
=7 - * —4.10-8
=L(1/27) | 2917513 iz E;ﬁg; : gf —>_E>j7\r7rl)(7T—) 1_ ézéoMey v 13.97185 | 2.(2923)°
6r,1,1, ] I's (B.(1/27) = ELp — Elam) = 0.3810:50 MeV
38713 | s (BL(1/27) = Efp = Efrm) =2-1077 MeV
I'p (2L(3/27) — Elm) = 0.67 5% MeV
I's (2.(3/27) — Eim) = 3.3755 MeV
I'p (2.(3/27) — Eim) = 0.05700% MeV
E0(3/27) | 2.957012 Ts (EL(3/27) = AcK* — AcKm) =2-107% MeV | 44733
Ts (2L(3/27) = Ecp — Eerrmr) = 0.217050 MeV
I's (52(3/2: ) = Elp — Elnm) = 0.12t8;'}3 MeV =.(2030)°
I's (2.(3/27) = Eip — Efnm) =1-107% MeV and
I'p (2L(3/27) = AcK) = 9.8 MeV =.(2065)°
I'p (EL(3/27) — Eemr) = 17.07357 MeV
Ip (EL(3/27) = ScK) = 0.00370:065 MeV
=(3/27) | 2.96+924 Tp (E.(3/27) — Eemr) = 2.3577 MeV 30.7+35-0
Ze -90_0.15 — _ —x 4 l_14.2
65,2, 1, \ Ts (:6(3/2 )—).:cﬂ') =2-10 HMeV
Ip (EL(3/27) — Zim) = 019705 MeV
Ts (2L(3/27) — Elp — Elnm) = 14733 MeV
661352 Ts (2L(3/27) = Efp — Eirr) =1-107% MeV
I'p (2.(5/37) = AcK) = 6.3 MeV
I'p (2.(5/27) = Eemr) = 9.67'5°5 MeV
I'p (E.(5/27) — BK) = 0.0255:05 MeV
=0(5/27) | 3.0219% Tp (24(5/27) — Ebr) = 0.70753% MeV 18.1+197 -
I'p (2.(5/27) = Sim) =4-107% MeV
I'p (EL(5/27) = Eim) = 1.577% MeV
Ts (2.(5/27) = Efp — Einm) = 0.02 MeV




TABLE III: Decay properties of P-wave = baryons of the SU(3) flavor 6. The first column lists the baryons categorized
according to the heavy quark effective theory (HQET), and the third column lists the baryons after considering the mixing.
The possible experimental candidates are given in the last column for comparisons.

M Diff D hannel Width
HQET state Mixing Mixed state ass Herence ecay chatine ! Candidate
(GeV) (MeV) (MeV) (MeV)
Is (BL(1/27) = AcK) = 400750
=.(37),0,1, )] =.(17),0,1,A][2.905:13 - Is (2L(1/27) — Zcmr) = 3607520 7601520 -
I's (2.(1/27) = Z.p — Elwm) = 0.03
s (2L(1/27) = Etr) = 11.7H'50
61 ~0° Ip (2.(1/27) — Zim) = 0.1279 T
_ _ . EL(1/27) = AK* — AKn) =4-1078
ACRRR =), 11,2010 o (3e0727) 2 AT ) = 4107 i 01103 | =, aoms?
) Is (2.(1/27) = Bep — Berrm) = L7ETS
Ts (2L(1/27) = Elp — Einm) = 038705
27757 | s (2.(1/27) = Efp — Efnm) =2-1077
I'p (2.(3/27) = AcK) = 2.3773
= _(ﬂ' =
I (54(3/27) = Ser) = 4,675}
I'p (2L(3/27) = i) =2.0733
Is (EL(3/27) = Eim) = 21178
CACHRRIY cACRNN LT S I (E4(3/27) - Sir) = 014753 118795 | 2.(2930)°
Is (BL(3/27) = AK* — AKrm) =2-107°
Is (EL(3/27) = Ecp — Eerrm) = 0.1350:75
Is (EL(3/27) = Elp — Elrm) = 05105
By — 37 4 5° I's (2.(3/27) = Eip = Einm) =1-107°
I'p (2.(3/27) = AK) = 6.37152
I'p (EL(3/27) — Eemr) = 10.91'2:
Ip (EL(3/27) = LK) =4-10""
I'p (EL(3/27) = Emr) = 0.3774:53
_ _ I's (2.(3/27) = Zin) = 137550
ACRERD ACR ML TR s (Be(3/2 ) = Sim) = 1508 10,4727 =, (2065)"
. 56130 FD (52(3/2 ) — _Z7r) = 0-03t0,03 '
P TS (EL3/27) = AcK® = AcKm) =2-107°
Ds (EL(3/27) = Ecp — Eerrm) = 0.12F0:%5
Is (EL(3/27) = ELp — Zlrm) = 0.377 440
I's (2.(3/27) = Eip — Einm) =5-107°
I'p (2,(5/37) = AcK) = 6.31"]¢
I'p (EL(5/27) — Zem) = 9.67'55
I'p (EL(5/27) — ZK) = 0.0270:09
E/c(%i)’ll,)\] - [52(27)7117/\} 3021—8?2 I'p ( (5/2 ) - HCW) - 070+é jg 18'1t12:; -
I'p (BL(5/27) = Sim) =4-1077
Ip (EL(5/27) = Eim) = 15738
Is (2.(5/27) = Eip — Eiwm) = 0.02

IIT, from which we can well understand the three excited
=Y baryons recently observed by LHCb [6] as P-wave =/,
baryons of the SU(3) flavor 6.

There can be as many as seven P-wave =/ baryons,
belonging to four multiplets:

Ec(1/27),
Ec(1/27)
Ec(1/27),

Ee(3/27)
E(3/27)

E.(3/27),

Ee(5/27)

Our results suggest:

e The Z.(2923)°

as the
3/2~

3/27,

has a partner state, =
mass is about 56Jr

P-wave E.,

C

and =.(2939)°
baryons of J
respectively, both of which belong to the
[6r(=2L),1,1,\] doublet.
interpreted as the P-wave =
belonging to the [65(
! of J¥

The Z.(2965)°

can be interpreted

1/27 and

can be

baryon of JI =

=1),2,1,A] doublet. It
= 5/27, whose
MeV larger and width about



18.1719-7 MeV. We propose to search for it in the
A.K/=.m mass spectral in future experiments.

e 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 = 1/2~
=/ baryons can mix together and the three J =
3/27 ones can also mix together, making it pos-
sible to observe all of them in the A.K invariant
mass spectrum. Especially, in this paper we have
explicitly considered the mixing between the two
E/(3/27) baryons belonging to the [65, 1,1, \] and
[6r,2,1,\] doublets, which mediates their widths
as well as decreases the mass splitting within the
[6r,1,1,\] doublet. The obtained results can be
used to better describe the LHCb experiment [6].

e The width of [29(1/27),0,1,)] is too large for
it to be observed in experiments. The widths
of Z(1/27) and Z=.(3/27) belonging to the
[6r(ZL),1,0, p] doublet are evaluated to be about
110 MeV and 59 MeV respectively, making them
not so easy to be observed. We notice that there is
“an additional component” observed by LHCD 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 QY and four excited €2, baryons observed
by LHCD [4, 5], whose correspondences may be [73]:

67(?/27),1,0,p] : ZL(?/27) ~ Q2(3000) ~ Q, (6316),
67(1/27),1,1,A] : 2(2923) ~ Q2(3050) ~ ©, (6330),
[67(3/27),1,1,A] : 2(2939) ~ Q2(3066) ~ 2, (6340),
[67(3/27),2,1,\] : 22(2965) ~ Q2(3090) ~ ©, (6350),
67(5/27),2,1,\] : Z.(5/27) ~ Q2(3119) ~ Q, (5/27).

We shall detailedly discuss this in our future work [74].
In the present study we have investigated P-wave =/
baryons within the heavy quark effective theory. Be-
cause the finite charm quark mass breaks this symme-
try explicitly, we have also considered the mixing effect
between baryons having the same spin-parity quantum

=/(37),1,1, 7] and

[Z.(27),2,1,A]. One can study them within some other
schemes. For example, in Refs. [14, 75] the authors stud-
ied excited =, and €}, baryons in the j-j coupling scheme
based on the chiral quark model. However, there they
also considered the mixing effect, so the obtained “phys-
ical” 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 ZY
baryons observed by LHCb [6]. Further experimental
and theoretical studies are still demanded to fully un-
derstand them, since the beautiful fine structures of the

number, such as the mixing between |

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 signifi-
cantly improving 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]:

A(1/27) © m = 2286.46 MeV,
E.(1/2%) © m = 2469.34 MeV,
Y.(1/27) © m = 2453.54 MeV,
¥5(3/27) : m = 2518.1 MeV,
=L(1/27) © m = 2576.8 MeV,
Z5(3/27) ¢ m = 2645.9 MeV,
Q(1/27) © m = 2695.2 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]:

7(07) : m = 138.04 MeV, (A1)
K(07) : m = 495.65 MeV,
p(17) : m = 775.21 MeV ,
I = 148.2 MeV, gprr = 5.94,
K*(17) : m = 893.57 MeV,
I = 49.1 MeV, gx-xr = 3.20, (A2)

where the two coupling constants g,r» and gg-rr are
evaluated using the experimental widths of the p and
K* [7] through the Lagrangians:

Epmr = Gprr X (pﬂw*@“w* - pgﬂ'*(r“)“ﬂJr) 4o
x (K~9"x0 — gr K —x0) +

(A3)

*
Lrkn = gr-rnK)"

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 dis-
tribution amplitudes of the K meson used in this paper
are:
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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 =/, baryons

into ground-state charmed baryons and pseudoscalar mesons.

The sum rule equations for the Z; [ | belonging to [6x,1,0, p] are
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