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Identifying the Z,(6100) as the P-wave bottom baryon of J*=3/2-
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We study the Z,(6100) 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 5,(6100) can be well interpreted as
the P-wave bottom baryon of J* = 3/2~, belonging to the SU(3) flavor 3 representation. It has a partner
state of J* =1/27, labeled as E, (1/2"), whose mass and width are predicted to be sz, (1 /) = 6.087)17 GeV
and g, (10 = 4:%9 MeV, respectively, with the mass splitting AM = mz, (6100) — Mz, (1/2-) =9 =3 MeV. We
propose to search foritin the Z.(1/27) — E} z decay channel. Our results also suggest that the A, (5912) and
A, (5920) are their partner states with J© = 1/2~ and 3/2", respectively, and, moreover, the A.(2595),

A.(2625), E.(2790), and E.(2815) are their charmed partner states.

DOI: 10.1103/PhysRevD.106.036018

I. INTRODUCTION

A singly heavy baryon consists of a heavy quark and two
light quarks, where the light quarks together with gluons
circle around the nearly static heavy quark. In the infinite
m limit, the heavy quark is decoupled from the dynamics
of the light quarks, which greatly simplifies a triquark
system into a diquark system. This system is similar to the
deuterium atom [1-5]. It is well known that electromag-
netic interaction produces light spectroscopies with fine
splitting. Similarly, strong interaction also produces hadron
spectroscopies with fine splitting, and the singly heavy
baryon system provides an ideal platform to study this
effect [6-10].

In the past 50 years, much important experimental
progress has been made in the field of singly heavy
baryons. Since the lowest-lying charmed baryon A, was
reported by Fermilab in 1976 [11], a lot of singly heavy
baryons have been observed in experiments [12]; e.g.,

(i) The A.(2595), A.(2625), E.(2790), and E.(2815)

can be well interpreted as the P-wave charmed
baryons completing two flavor 3, multiplets of
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JP =1/27 and 3/2~ [13-16]. Their masses and
widths (or upper limits at 90% credibility level) were
measured to be [12]

A.(2595)F: M = 259225 +0.28 MeV,
I'=259+030+047 MeV; (1)

A.(2625)7: M = 2628.11 +0.19 MeV,
<097 MeV at90% C.L; (2)

2.(2790)°: M =2793.9 +0.5 MeV,
I'=10.0+07+0.8 MeV; (3)

E.(2815)%: M = 2819.79 £ 0.30 MeV,
I'=2.54+0.18+0.17 MeV. (4)
(i1)) In 2012, the LHCb Collaboration discovered two
narrow states, the A,(5912) and A,(5920), in the
Ay mass spectrum [17]. Their masses and widths
were measured to be [12]
A,(5912)°: M =5912.19 4+ 0.17 MeV,
' <0.25MeV at90% C.L.; (5)

A(5920)°: M = 5920.09 + 0.17 MeV,
I'<0.19 MeV at 90% C.L. (6)

(iii) Recently, the Z,(6100) was observed by the

CMS Collaboration in the Z;z "z~ invariant mass
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spectrum [18]. Its mass and width were measured
to be

2,(6100)": M = 6100.3 +0.2 + 0.1 + 0.6 MeV,
I'<19MeV at95% C.L. (7)

Experimental progress on the singly heavy baryons has
attracted a lot of theorists to study them. It is a challenging
issue to fully understand their internal structures. Various
theoretical methods and models have been applied in this
field, including various quark models [19-30], the chiral
perturbation theory [31,32], the chiral unitary approach
[33], various molecular interpretations [34-39], the Regge
trajectory [40], the 3P, model [41,42], the relativistic flux
tube model [43], QCD sum rules [44-48], and the lattice
QCD [49-51], etc. We refer to the reviews [9,10,52-55] for
detailed discussions.

In our previous works [56-65], we have studied the mass
spectra and decay properties of the P-wave charmed and
bottom baryons using the methods of QCD sum rules [66,67]
and light-cone sum rules [68—73] within the framework of
heavy quark effective theory [74-76], especially as follows.

(1) InRefs. [56,57], we have systematically investigated
the P-wave charmed and bottom baryons of the
SU(3) flavor 6, and studied their S- and D-wave
decays into the ground-state heavy baryons and light
pseudoscalar and vector mesons.

(i) In Ref. [62], we have investigated the P-wave
charmed baryons of the SU(3) flavor 3 and studied
their S-wave decays into the ground-state charmed
baryons and light pseudoscalar and vector mesons.

In the present study, we will further investigate the P-wave
charmed and bottom baryons of the SU(3) flavor 3 and
study their S- and D-wave decays into the ground-state heavy
baryons and light pseudoscalar and vector mesons. We shall
concentrate on the £, (6100) recently observed by CMS [18]
and study its mass and decay properties. We refer to
Refs. [77-83] for relevant quark model calculations.

Previously, in Ref. [62], we found that the A.(2595),
A.(2625),E.(2790), and E.(2815) can be well explained as
the P-wave charmed baryons of the SU(3) flavor 3, which
complete two flavor 3 multiplets of J© = 1/2~ and 3/2".In
this study, we shall find that the A,(5912), A,(5920), and
E,(6100), as the bottom partner states of the A.(2595),
A.(2625), and E,(2815), respectively, can be well explained
as the P-wave bottom baryons of the SU(3) flavor 3. Hence,
there is a P-wave bottom baryon still missing, which is the
bottom partner state of the E.(2790). We shall also study its
mass and decay properties.

This paper is organized as follows. In Sec. II, we briefly
introduce our notations and apply the QCD sum rule
method to calculate the mass of E,(6100) as a P-wave
bottom baryon of the SU(3) flavor 3. The obtained
parameters are further used to study its decay properties

through the light-cone sum rule method in Sec. IIL. In
Sec. IV, we discuss the results and conclude this paper.

II. MASS ANALYSES FROM QCD SUM RULES

A bottom baryon consists of a heavy bottom quark and two
light up, down, and strange quarks. It has a rich internal
structure with color, flavor, spin, and orbital degrees of
freedom. Especially, the orbital excitation of a P-wave
bottom baryon can be between the bottom quark and the
light quarks, or it can also be inside the two light quarks. We
call the former A-mode excitation with [; = 1 and l/, =0, and
the latter p-mode excitation with /; =0 and /, = 1.

When investigating the bottom baryon, we need to pay
attention to the two light up, down, and strange quarks.

(1) Their color structure is antisymmetric (30).

(i) Their flavor structure is either symmetric (6z) or

antisymmetric (35).
(iii) Their spin structure is either symmetric (s; = 1) or
antisymmetric (s; = 0).
(iv) Their orbital structure is either symmetric (4 mode)
or antisymmetric (p mode).
Applying the Pauli principle to the two light quarks, we can
categorize the P-wave bottom baryons into eight multiplets.
We denote them as [F(flavor), j;, s;, p/4], where j, = [; ®
l, ® s, is the total angular momentum of the light compo-
nents. Every multiplet contains one or two baryons with the
total angular momenta j = j, ® s, = |j; = 1/2|. Within
the QCD sum rule method, we can construct their corre-
sponding interpolating currents J 7‘13;’]’[‘6 ,/;» Which couple

to the bottom baryons belonging to the [F,j;, s;,p/4]
multiplet through

<O|J7110;/,;15,2,;//1|J P.F,j.s;.p/A) = S sy pjatt™ 4712,
(8)

with fr; s ./ the decay constant.

As shown in Fig. 1, there are four multiplets belonging to
the SU(3) flavor 3 representation. In this paper, we study
the Z,(6100) as the P-wave bottom baryon of J© = 3/2~
belonging to the [37,1,1,p] doublet. Accordingly, we
concentrate on this doublet and use the following currents
to study it [64]:

= q"'Cri[Diq")o" .

©)

J1/2.—.3p,l.1,/) = i€abc([D¢an]C}"{qb

a —
3/2,=3p.1.1p

= i ([Df g™ )Cri q" — q*"CyY[ D} ¢"))

) 1 1 ,
X <g§"m5 - 9"yiys — gﬂ)f’fﬂys + 37/?’7/?7/’%)%,

(10)
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5120 (A)—> 65 (S) —> i =1: T (4,8) Eg(4.3) Qg (4.4 [64.1,0,0]
o Me J=0 Age(F) Zge(d) 32.0.15]

5= 1) = 3pA) &> /=1 A (5,5) Zg(5,8) (3p.1,1]

3c(A) Ji=2 Mgy (3.5) Eq(#.5) [35.2,15]
$=0(A)—>3p (A) —> /1= 1: A (3,8) Eq(4,%) 3¢.1,01]

1%e B0 Ze(t) E() Qge(d) [6,.0,1.7]
5=18) = 65(S) & =1 (4, 8) Eg(5.8) Qqd.1) [65,1,1,]

=2 (3, 8) EQ(5,3) Qq(i,1) [65.2.1,1]

FIG. 1. P-wave heavy baryons belonging to the SU(3) flavor 3, representation.

where a...c are color indices, C is the charge-conjugation  dependence of the mass mz, on these two free parameters.
operator, D =D+ —v-DoH, y¥ =y¥ — vy¥, and %’/’ = We refer to Refs. [63,64] for detailed discussions, where
¢# — 0P, The covariant derivative operator has been  all the QCD sum rule calculations have been done for the
explicitly added to these currents, and we also refer to ~ P-wave charmed and bottom baryons. In the calculations,
Ref. [84], where we use this covariant derivative operatorto ~ We work at the renormalization scale 2 GeV and use the
construct the D-wave fully strange tetraquark currents with ~ following QCD parameters [12,85-91]:

the exotic quantum number J7¢ = 4+~

We employ QCD sum rules to investigate these two (Gq) = —(0.24 £ 0.01 GeV)?,
currents and calculate the mass of Z,(6100) through (55) = (0.8 4 0. 1) (@),
mg, = nmy + [_\Eh + 5m5h, (11) <qu6GQ> <Z]q>7
1 ) -
oM, = = o Kz, +d;,CinagZs, ). (12) Mg = 0.8 GeV2,

) (#2GG) = (0.48 £ 0.14) GeV*,

where m,, is the Pottom quark mass, /}Eh is the sum rule my, = 4.66 + 0.03 GeV,
result at the leading order, and émg, is the result at the
O(1/myg) order. my = 9573 MeV. (13)

The obtained results are summarized in Table I, where
we use three criteria to restrict the two free parameters: the ~ There are considerable uncertainties in our results for the
threshold value w, and the Borel mass 7'. The first criterion ~ absolute value of the mass. This allows us to fine-tune some
requires that the higher-order corrections be less than 30%, of the parameters in order to get a better description of the
the second criterion requires that the pole contribution be ~ E,(6100). However, the mass difference within the same
larger than 20%, and the third criterion requires a weak  doublet is produced quite well with much less uncertainty.

TABLE 1. Parameters of the P-wave bottom baryons belonging to the [3F, 1,1,p] and [3,;, 1,0, 4] doublets, calculated using the
method of QCD sum rules within the framework of heavy quark effective theory. Decay constants in the last column satisfy fE? =f =

w, Working region B Baryon Mass Difference Decay constant
Multiplets B  (GeV) (GeV) A (GeV) 4is) (GeV) (MeV) (GeV*H)
Br. 1. 1.4} Ay 1.63 027 <T <031 120£0.10 ﬁzgﬁ:; g:gi%g 10+£4 gggg i 8 8(1;71 Eﬁ%gg ;;
g, 1.83 027 <T <032 137+£0.10 iigﬁ:; 282%;1::; 9+3 8823 i 88(2)8 gégﬁ:g;
Brl04 om0 amer<on wneon PUTN S oL, OLE0N (/)
g, 1.83 033 <7 <035 1.28+0.09 EZE;Z:; 2?3%% 5+£2 88421411 i 888491 gégﬁ:;g
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Moreover, the decay constant fr ; , ,/; 1S an important
input parameter, which will be used to study the decay
properties of Z,(6100) in the next section.

Besides the [3p, 1,1,p] doublet, we have also inves-
tigated the [37,1,0,4] doublet through the following
interpolating currents:

J12— 3100 = i€ ([DfqTICrsq" + q*"Cys[Di "))

X yivshs, (14)
TS 3104 = t€anc([Dfq*"|Crsq” + q“ Cys[Diq"))
a1 :
X (9/‘?’?7’:‘)112. (15)

The obtained results are also summarized in Table I. We
find that the p-mode doublet [37,1,1,p] is lower than
the A-mode doublet [3F, 1,0, 4]. This behavior is consis-
tent with our previous QCD sum rule results for their

|

corresponding doublets of the SU(3) flavor 6, [56-58],
but in contrast to the quark model expectation [92,93].
However, this is possible simply because the mass differ-
ence between different multiplets have considerable uncer-
tainties within our QCD sum rule framework, so our results
for the mass spectra cannot distinguish the [35, 1, 1, p] and
[3 £ 1,0, 1] doublets. Therefore, we move on to investigate
their decay properties in the next section.

III. DECAY ANALYSES FROM LIGHT-CONE
SUM RULES

In this section, we study the decay properties of
E,(6100) as the P-wave bottom baryon of J¥ =3/2-
belonging to the [3;,1, 1, p] doublet. We shall apply the
method of light-cone sum rules to investigate all the bottom
baryons from this doublet and study their S- and D-wave
decays into the ground-state bottom baryons and light
pseudoscalar and vector mesons, including

(al) T[A,[1/27] = Ay + 7] =T[A)[1/27] = AY + 2°], (16)

(a2) TIA,[1/27] = = + 2] =3xTAY1/27] = = + 77 = A) + 7t 4+ 77, (17)

(@) TIA1/27 ] > S +ra >Ny +a+a] =3xTA1/27] > +727 > A+ 2t + 77, (18)
(a4) T[A[1/27] 5 Ay +p > Ay + 4+ 7] =T[AY1/27] > A) + 7" + 77], (19)

(a5) TIA1/27] > S +p > +a+7a =3xTA)1/27] > Z) + 727 +727], (20)

(a6) T[A[1/27] = s+ p > S+ n+a] =3 xT[A)1/27] - =0 + 7t + 27], (21)

(b1) T[A,[3/27] = Ay, + 7] = T[AY[3/27] = A) + 29, (22)

(b2) T[AL[3/27 ) = S+ 7= Ay + 7+ 7] =3xTAY3/27] = =f + 77 = A) + 2t +77], (23)
(b3) T[A[3/27] = Zp+ 7= Ay + 747 =3xTAY3/27 = =t +727 = A+ 2ta], (24)
(b4) T[A3/27] > Ay +p = A+ +a] =T[AY3/27] = A) + z" +77], (25)

(b5) T[A[3/27] > 2 +p > S+ +7) =3 xT[A)3/27] - =) + 7t + 77, (26)

(b6) T[A,[3/27] > = +p > % +a+a] =3xT[A)3/27] > &0 +z* + 7], (27)

(c1) T[E,[1/27] = A, + K] = T[E;[1/27] = AY + K7, (28)

() T[E,[1/2] = By + 7] = % < T[E;[1/27] — 20 + 7, (29)

(¢3) T[Ey[1/27] = =, + K] = 3 xT[8;[1/27] - 0 + K], (30)

(c4) T[E,[1/27] > B} + 7] = % xT[E;[1/27] - B + n7], (31)

(¢5) T[Ey[1/27] - = + K] =3 x [[E;[1/27] » =0 + K], (32)
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9
(c6) T[E,[1/27] > B+ > Ey+n+1a| = ke [E(1/27] = El+72 - B) + 2%+ 727], (33)
(c7) T[Ey[1/27] » Ay + K* = Ay + K + 2] =3 xT[E;[1/27] = A) + K~ + 2], (34)
3
c Zp o Eytp oyt =X R, B o o A ol A S
(c8) T[E,[1/27] - B = | =3 xTE[1/27] = E) + 7 + 7] (35)
) I[EN/27] =+ K >0+ K+ =9xT[E;[1/27] > % + K~ + 2], 36
b b b b
3
c = Tl E o Bt =X |5, Ty .
(c10) T[E,[1/27] = &} O J =3 xTE1/27] = B +2° + 77 (37)
(d1) T[B,[3/27] = Ay + K] =T[5 [3/27] = A) + K7, (38)
— — — 3 —— —_ Ll —
(d2) T[E,[3/27) = &y + 2] = 3 x T(E;[3/27] = B} + 77, (39)
(d3) T[B,[3/27) = Z, + K] =3 xTI[E;[3/27] - =0+ K], (40)
3
(d4) T[E,[3/27] > B} + 7] = 3% TE;[3/27] = EY + 7], (41)
(d5) T[E,[3/27] » = + K] =3 xT[E;[3/27] = 0 + K], (42)
9
(d6) T[E,[3/27] = B} +n > By +a+ 7| = 5 x TE"3/27] -804 > &) +2%+ 77, (43)
(d7) T[Ey[3/27] = Ay + K* > Ay + K + 7] =3 xT[E;[3/27] > A) + K~ + 27, (44)
3
(d8) T[Ey[3/27] > By +p = By + 1+ 7 =5 x [[5;[3/27] > &) + 2° + 2], (45)
2
(d9) T[E[3/27] = %+ K* > 0+ K+ 7] =9xTI[g;[3/27] - Z° + K~ + 29, (46)
3
(d10) T[B,[3/27] > By +p > E; +n+a] == xT[E[3/27] > El+ 2" + z7]. (47)
2

We shall calculate their partial decay widths through the following Lagrangians:

L3, (1)) r,(120yp = 9Xp(1/27)Y,(1/27)P, (48)

L3, 3o v, 3720 = 9Xbu(3/27) Y}, (3/27)P, (49)
E)S(h<1/z-)_>y,,(1/z+)v = gX,(1/27)y,ysY,(1/27) V-, (50)
‘cib(l/Z*)—»Yb(B/2+)v = gX,(1/27)Y,(3/27)V,, (51)
Lf{,,(3/2*)—»y,,(1/2+)v = gX}(3/27)Y,(1/2")V,,, (52)
ﬁ)s(h(3/2—)—>yb(3/2+)v = gXp*(3/27)r,rsYp (3/27) VA (53)
LY 1 jryor,620p = 9X6(1/27)1,r5Y 1, (3/27) 04 P, (54)
ﬁ)l?,,(3/2-)—>yb(1/2+)p = 9Xp,(3/27)y,7sY(1/27)0" 0" P, (55)
LY 3jyov, 3200 = 9Xpu(3/27)Y 5, (3/27)0 0 P. (56)

036018-5
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In the above expression, the superscripts S and
D denote the S- and D-wave decays, respectively;

(0.0) = [ de 005, o, 0200 (@)

the fields Xé”), Yé”), P, and V¥ denote the P—wgve 1+¢G"’ o (@,0), (57)
bottom baryons, ground-state bottom baryons, light 2 L 5=
gzczltli(‘i/(;ls}(]:alar mesons, and light vector mesons, res- .o k+qg, o=v-k and & =v K.
- ; o
We use the &, (3/27) from the [3f, 1, 1, p] doublet as At the hadron level, we write GE;[%_]—G;O/:‘ as
an example and study its S-wave decays into the o .
ground-state bottom baryon EZO and the light pseudo- GE;[%-]—E;;%- (@, @)
scalar meson z~. We note that the two-body decay is g f—— L fzo
insufficient due to the E;x threshold being close to the R S p— = N (58)
L B1-80n (AE; - /)( 20— ) )

mass of Z,(6100), so the sequential three-body decay
process E,(3/27) = E;(3/2%)n - B,(1/2")ax is cru-
cial for understanding the decay behavior of =,(6100).
To do this, we investigate the three-point correlation
function:

where - - - contains other possible amplitudes.

At the quark-gluon level, we calculate G‘Z—p—]_):w,r—
=2 b
using the method of operator product expansion:

Gaﬂ . /)

2
/ dt/ dx4(%< i) =L (55 0

famimyv - g Sifamout’ (v q)? Sifmut(v- q)?

R t2¢ ) = 2L I () () = 55) )
5; 2 . 22, .
St o
2. .

Sifﬂmzzz'ut3(v ) Q)z 5if”m,,ut(v ! Q) _ 51fﬂu(1) ! Q)z

< G 17' _J v N 1T O'. .
20736(’”” + md) <gsS6 S>¢3,n’(u) + 1296(”1“ T md) <SS> 3,7[(”) 5767[2t ¢4,7t(”)
5if,,u(v : q)2 fﬂ.’ Y
3628 P~ 3, q""“”(”) x g
© ! io't(a+uas) yiwt(1—a,—ua; 1 Sif”(l3142(1) ! q)2 frru
_A th du/Dge et S)XEX GT 4a(@) = 3¢ 55 Pain()
fruv-q Tfzuv-q fauv-q
1 _ T Ty, ¥,
1222 4.2(Q) 192212 4n(@) + AP sq(@)
S5if aau(v - q)? S5if azu(v - q)? Sif,oau(v-q)” -
-0y -t~ @, — D,
T 8 T g Pl T Pasl@)
Slfzr( ) flrU'q fﬂU‘CI~
—cb ()=, ()LD,
Ty Dan(@) = Pan(@) =T Punla)
szz Sfﬂvq ~ Sifﬂo"Z(v"I)2
‘P . - Y, - Dy,
72” [2 4,7;(2) 7271'21‘2 4,ﬂ<g) 14471_ P 4,Jr((_l)
S5if,a0(v-q)* S5if(v-q)* S5if,(v-q)*
=2 L I T g, = s, 59
dartr @ T Pl @) ey @) ) < (59)

Then we perform the double Borel transformation to both Eq. (59) at the hadron level and Eq. (59) at the quark-
gluon level:

036018-6
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gﬁ_ om0 S= 3-f~*0€ e T

; 7}
=4x (—/ du 13f7r T4f3< >ll’4a(”1) f’; T°fs <a;c> 67()(152;7:(”0”%:%—

lfﬂ

: 2

4 if pmzmg 4 w,\ 0
b, 4 JrTrTs o Te) 2
f3< )0140 ¢4‘”(u0)|u°%+36(mu—|—md)71'2 f3<T> auo

Sif w,\ 0 5if ,mm,

b4 T4 Ye ) - gttty

+576ﬂ'2 f3<T) 6u0 u()¢4,7[(u0)|u0_% 432(mu + my)mw
ifzm ifx

sy [° m

2
ST (‘”) % o)

62

_ ®\ d if,,m,zt - @,
(35)T2f, (?) g P22 (10)|uy=1 — 108(m, +my) (35)T2f, <7)

J Sifams P
Xa_u() g;ﬂ(u0)|uoz%_ 364 < > 2f1( )a 2M0¢27,(u0)| -
Slfﬂ 7 2 0% ifﬂms B
1296(m +md)< > fl< >au0u0¢3n( )‘u0:%+ 1152< > ¢47z( )|uo,
if ym> 0 5if,m, . 0
P vy a—— G
+ 1728("’1” +md) <ng6 s>a Uy 3;1( )|u0 I vy 13824 <ss>a (2) 0¢4n(u0)|uo,
Sif mz 0 1 if w !
— Tt = G _ T T4 T d
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In the above expressions, f,(x)=1-—e™* ZZ:O)}C(_,;;
the parameters @ and o' are transformed to be T
and T,, respectively; we choose T =T, = 2T so that
uolei‘T =1 we choose w, =1.62 GeV to be the
average threshold value of the E;(3/27) and E;°(3/2%)
mass sum rules; we choose 0.268 GeV < T < 0.322 GeV
to be the Borel window of the E;(3/27) mass sum
rule. The light-cone distribution amplitudes contained
in the above sum rule expressions can be found in
Refs. [72,73,94-99].

We extract the coupling constant from Eq. (60)
to be

S _ +0.01 +0.03 +003 +0.44 2
921z = 0082003 Z0.03 2003 “0.08 GeV™

= 0.087 053¢ GeV~2, (61)

where the uncertainties are due to the Borel mass, param-

eters of Z;°(1/27"), parameters of Z;(3/27), and various

(60)

|

QCD parameters given in Egs. (13), respectively. We depict

gg—[&—]_):*oﬂ_ in Fig. 2 as a function of the Borel mass 7.
b2 b

Its dependence on T is weak inside the Borel win-
dow 0.268 < T < 0.322 GeV.

0.15 : ; : 0.15
s i i E
[0 i 1 1
o i i i
K 0.10 10.10
* Q 1 1
] I T ]
X i i i
005 i i : 10.05
3, : : !
i : ! ]
= i i i
0.00 : ’ ’ 0.00

0.24 0.268 0.295 0.322 0.36

Borel Mass [GeV]

FIG. 2. The coupling constant g_0 03
Borel mass 7.

LE as a function of the
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For the three-body decay process Z,(3/27) - E; + 7 — &, + 7 + 7, we use the formula

r0—-4+43-3+1+2)=(5,(3/27) > 8 +n>E,+r+nx)

=————X
(27)* 32m3

1 1

—

2 2
Jo-3+4 X Gamo41 X /

1
x Tr |:(ﬂl + ml) (g/izaz - 77//}2},(12 -

1
X <ga1a2 - gyazyal -

1
X (ﬂo + m()) (ga]/}] - gyal ]//j] -

91

dmyydmy; 5 —

24

PapYa, — Paa Vs 2P4p, Py
3 3m4 3m4
Po.ayVa, = Po.ay¥ _ 2p0.a2p0,a1
3m0 3m0

Paa,Vp, — Pap7a

_ 2D4.a, Pap,

P2p P2,

P — mg + imyy*

3H’l4

3M4

)+

>(1/4 + m4)]

(62)

TABLEII. Decay properties of the P-wave bottom baryons belonging to the [3;, 1, 1, p] and [3, 1,0, 1] doublets, calculated using the
method of light-cone sum rules within the framework of heavy quark effective theory. Possible experimental candidates are given in the

last column.

Baryon Mass Difference S-wave D-wave Total
Multiplets G" (GeV) (MeV) Decay channels width (MeV) width MeV) width (MeV) Candidate
Br L Lpl AG) 592800 10} A7) > Sy > Apar - 4% 1073 4% 1073 A,(5912)
Ap(37) = Spm = Nprn 2x 1078
Ah(%‘) = App = Ny 1x107*
A7) 5935043 Ay() = > Aprr 5%x107° 3x 1078 I1x 107 A,(5920)
Ab(%_) - Zbﬂ' - Abﬂ'ﬂ' 5% 10_7
Ap(37) = App = Anr 7 x 1073
Ey(37)  6.08507 913 E() - B 3.6:3%¢ 477
Ey(37) > Ejn - Epnn 2x107°
E,(37) > Epp > Bonn 2x 1074
=,(7) 609101 =,() > B 2x10° 0150 E,(6100)
53) >8> Enr 00735 2x 1073
Ey(37) > Epp > Bpan 2x 1074
3r.1,0,2] A,(37) 5911 613 Ay(Y) > S > Ay 0927402, - 0.9%3 Ap(5912)
Ab(%_) - X;m = Apnn e 2 x 1077
Ab(%‘) - Npp = Nyrm 3x 1074
Ay3T) 592501 AyG) = T = A 0567073 2% 1077 0.6708 Ap(5920)
Ay(37) = Sy = Aprn 3x10°°
A,,(%‘) - App — Anrz 7 %107
By(37) 6097010 5% 8,(}) > B 120055° - 120055°
() > Ejnr = Epan 1 x107
= (1- = = —4
Ey(37) = Epp = Epaz 6x 10
E,3)  6.1050 53) -8 8x 1073 240120
E,(37) > Eyn > By 240170 8x 107
Ey(37) > Epp > Bpan 1 x1073
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to calculate its partial decay width to be

Fé;[%f]—ﬁ,ﬁofﬁigﬂ“nf = 0071_38"7‘ MeV. (63)

Similarly, we study the other decay channels for the
bottom baryons belonging to the [3;,1,1,p] and
[3£.1,0, ] doublets. Their partial decay widths are evalu-
ated and summarized in Table II. Our results suggest that
the E,(6100) can be well explained as the P-wave bottom
baryon of J¥ = 3/2~ belonging to the [3, 1, 1, p] doublet,
while the [3 7, 1,0, 4] doublet is disfavored.

IV. SUMMARY AND DISCUSSIONS

In this paper, we study the E,(6100) as a possible
P-wave bottom baryon of J¥ =3/2~ belonging to the
[37.1,1,p] doublet. This doublet contains four P-wave
bottom baryons: A,(1/27), A,(3/27), E,(1/27), and
E,(3/27). We calculate their masses using the QCD
sum rule method within the framework of heavy quark
effective theory. We also study their S- and D-wave
decays into the ground-state bottom baryons and light
pseudoscalar and vector mesons through the light-cone sum
rule method. The obtained results are summarized in
Table II, where the masses and total widths are evaluated
to be

M, 12y = 592151 MeV,
La,1/27) ~ 0,
M, 327 = 5931015 MeV,
La,3/2-) ~0,
My, 3/2-) — My, (1)2-) = 10 £ 4 MeV,
Ms, (1)) = 6.08107 MeV,
Iz, =477 MeV,
Ms, 3y = 6.09201F MeV,
Tz, 3/2) = 0.157 MeV,
Mz, 3/-) — Mz, (1)) = 9 £ 3 MeV. (64)

Our results suggest that the £, (6100) can be well explained
as the P-wave bottom baryon of J¥ = 3/2~ belonging to
the [37, 1,1, p] doublet. The A,(5912) and A,(5920) can
be explained as its partner states with J* = 1/27 and 3/2",
respectively. Besides, there is a P-wave bottom baryon still
missing, the E,(1/27), whose mass is AM =9 +3 MeV
smaller than the Z,(6100). We propose to search for it in
the E.(1/27) — &)= decay channel.

Besides the [3;, 1,1, p] doublet, the Z,(6100) may also
belong to the [3F, 1,0, 4] doublet. In the present study, we
have also investigated the latter doublet, and the obtained
results are also summarized in Table II. These results can

also be used to explain the Aj,(5912) and A, (5920), so our
QCD sum rule results cannot distinguish whether they
belong to the [3 r» 1, 1, p] doublet or the [3 r» 1,0, 4] doublet.
This is partly because their decays into the ZE,*) 7 channels
are kinematically forbidden so that their widths are limited.
However, our results for the [3 r» 1,0, 4] doublet cannot be
used to easily explain the E,(6100). We would like to note
that the above results are just possible explanations, and
there exist many other possibilities. Especially, our
QCD sum rule results for the E,(6100) seem to be not
consistent with the quark model expectation [92,93], so
further experimental and theoretical studies are crucially
demanded to fully understand them. There exists a relevant
question on how to explain the five excited €. baryons
observed by LHCb [100], given that at most four of them
can be explained as the P-wave excitations of the 4 mode
[56,101]. There are two possible assignments for the rest
of them: either the radial 2S-wave excitation or the orbital
1P-wave excitation of the p mode. The experimental
measurements on the quantum numbers of these excited
Q. baryons can be important and helpful to understand the
p-mode excitations.

For completeness, we have also investigated the
P-wave charmed baryons belonging to the [3;.1,1,p]
and [3p, 1,0, 4] doublets. The obtained results are summa-
rized in the Appendix, suggesting that the A.(2595),
E.(2790), A.(2625), and E.(2815), as the charmed partner
states of the A,(5912), A,(5920), E,(1/27), and
E,(6100), can be well explained as the P-wave charmed
baryons belonging to the 3, 1, 1, p] doublet.
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APPENDIX: P-WAVE CHARMED BARYONS
FROM [3;.1,1,0] AND [3;.1,0.1]

In this appendix, we study the P-wave charmed baryons
belonging to the [37,1,1,p] and [35, 1,0, 4] doublets. We
apply the QCD sum rule method to study the mass
spectrum, and the obtained results are summarized in
Table III. We apply the light-cone sum rule method to
study the decay properties, and the obtained results are
summarized in Table IV. These results suggest that the
A.(2595), E.(2790), A.(2625), and E.(2815), as the
charmed partner states of the A,(5912), A,(5920),
E,(1/27), and E,(6100), can be well explained as the
P-wave charmed baryons belonging to the [3;,1,1,p]
doublet.
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TABLE III.  Parameters of the P-wave charmed baryons belonging to the [3 r. 1,1, p] and [3F, 1,0, 4] doublets, calculated using the
method of QCD sum rules within the framework of heavy quark effective theory.

., Working region B Baryon Mass Difference

Multiplets B (GeV) (GeV) A (GeV) G (GeV) (MeV) Decay constant (GeV*)
Br11,p] A, 153 027<T<029 116£009 A,(1/27) 259701 5178 0.051 £0.012 (Af(1/27))
A(3/2 2.647013 0.024 £ 0.006 (A (3/27))
E. 178 027<T<032 133£010 E(1/27) 2788017  42+]7 0.076 £ 0.019 (E2(1/27))
E.(3/27) 282101 0.036 & 0.009 (22(3/27))
3;.1,0.4] A, 143 T =0.30 095+£0.07  Ay(1/27)  2.65:0% 3312 0.019 £ 0.004 (Af(1/27))
A.(3/2 2.687009 0.009 + 0.002 (Af(3/27))
E. 168 T =033 L15£009  E.(1/27) 2915012 27150 0.032 4+ 0.006(Z2(1/27))
Ec(3/27) 2947012 0.015 +0.003(29(3/27))

TABLE IV. Decay properties of the P-wave charmed baryons belonging to the [35, 1, 1, p] and [37, 1,0, 4] doublets, calculated using
the method of light-cone sum rules within the framework of heavy quark effective theory. Possible experimental candidates are given in

the last column.

Baryon Mass Difference S-wave width  D-wave width  Total width
Multiplets G" (GeV) MeV) Decay channels (MeV) MeV) MeV) Candidate
Be LLpl A(3) 2595913 5150 A(F) = Zr— Aaar 541392 e 510 A.(2595)
A7) = Zim > Aonr 6x 1078
AG7) > App = Anr 8 x 10~
AG7) 264505 AG) = Zn 4x1073 0.1192 A (2625)
A7) = Zir > A 0.061003 9 x 1077
AGT) = Aep = Acan 0.015007
() 278107 42fl] E () > Ex 9.015%8 e 9180 E.(2790)
E() - Ein— Buan : 1x1073
E.(3) > EBp—Euan 2x 1073
E.(G7) 2.8210% () - Ein — E.an 4.355° 1x 107 4130 E.(2815)
E.() > B : 0.03
E(T(%_) - EC/) - E:‘L'ﬂ:ﬂ’- 0'01
Br 10,4 A7) 265508 3315 A() = Zn > 560 : > 560
A7) = Zim > Aonr 2x 1078
AG) > App = Anr 2x 1073
AG) 268505 A57) = Zem 0.05 35135
AG) > Sin > Aan 3555 2% 107
A7) = Aep = Acrn 0.01
E(4) 290150 2750 E.(}7) - Elx > 1500 > 1500
E.(}) = Einr > Boan 1x107*
E()—Ep—Euan 5% 1073
E(G7) 2947018 E.() - Ein > Epnr > 230 9x 1074 > 230
E(G) > & 0.1610%
8.() —Ep - Ean 0.02
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