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Abstract: We study the A, (6146)° and A,(6152)° recently observed by LHCb using the method
of Quantum Chromodynamics (QCD) sum rules within the framework of heavy quark effective
theory. Our results suggest that they can be interpreted as D-wave bottom baryons of ] = 3/2* and
5/27" respectively, both of which contain two A-mode excitations. We also investigate other possible
assignments containing p-mode excitations. We extract all the parameters that are necessary to study
their decay properties when using the method of light-cone sum rules. We predict masses of their
strangeness partners to be mgz, (3/0+) = 6.26f8&}1 GeV and mg, (5/5+) = 6.26f8}}1 GeV with the mass
splitting AM = mg, (5/2+) — Mg, (3/2+) = 4.53:&9; MeV, and propose to search for them in future CMS,
EIC, and LHCb experiments.

Keywords: excited heavy baryons; QCD sum rules; heavy quark effective theory

1. Introduction

In the past few years important experimental progresses were made in the field of bottom
baryons. All the S-wave singly bottom baryons, except the Qf of J¥ = 3/27, have been well
observed in experiments [1]. However, no excited bottom baryons were established until the LHCb
Collaboration discovered the A;(5912)° and A (5920)° in 2012 [2], which were later confirmed by the
CDF Collaboration [3]. At that time, these were the only two excited bottom baryons well observed in
experiments, while in the past two years the LHCb and CMS Collaborations continuously observed as
many as nine excited bottom baryons:

o In 2018 the LHCb Collaboration reported their discoveries of two excited bottom baryons, the
%,(6097)* in the A(b) 7+ invariant mass spectrum and the E;(6227)~ in both the A(b)K’ and Egn’
invariant mass spectra [4,5];

e In 2020 the LHCb Collaboration discovered four excited (), states, (),(6316)~, 2;,(6330)~,
0,(6340)~, and 3, (6350) ~, at the same time in the ESK’ invariant mass spectrum [6];

e In2019 the LHCb Collaboration reported their discovery of two excited bottom baryons A, (6146)°
and A;(6152) in the A)7r* 71~ invariant mass distribution [7]:

Ap(6146)° : M = 6146.17 4+ 0.33 £ 0.22 4 0.16 MeV,

[ =29+13+03MeV, 1)
Ap(6152)° :+ M = 615251 +0.26 + 0.22 + 0.16 MeV,
I'=21+08+03MeV. @)
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During this experiment, they observed significant A,(6146)° — T 1T, A,(6152)° — ZErT,
and A,(6152)° — 77 signals, but no significant A,(6146)° — X 7T signals were observed.
The LHCb Collaboration suggested these two states to be the Aj(1D) baryons, by comparing with
the masses predicted by the constituent quark model [8-11].

Later in 2020 the CMS Collaboration confirmed the A;(6146)° and A, (6152)°, and measured their
masses to be [12]:

Ap(6146)° : M =61465+1.9+0.8+0.2 MeV, ®3)
Ap(6152)° © M =6152.74+1.1+04+02MeV. 4)

Besides, they further observed a broad excess of events in the Ag 7t 71~ mass distribution in the
region of 6040-6100 MeV, whose mass and width were later measured by LHCb to be [13]:

Ap(6072)° : M =6072.3 +2.9+0.6+0.2MeV,
[=72+1142MeV. (5)

Much earlier, the A,(5912)° and A(5920)° had been studied by Capstick and Isgur in 1986
as P-wave bottom baryons using the relativistic quark model [8], and their predicted masses are
in very good agreement with the LHCb and CDF results obtained in 2012 [2,3]. Besides, various
phenomenological methods and models were applied to study excited bottom baryons in the past
30 years, such as the constituent quark model [14-17], the relativistic quark model [9], the chiral
quark model [18-20], the heavy quark effective theory [10], the quark pair creation model [21-24],
the relativistic flux tube model [11], the color hyperfine interaction [25,26], the chiral perturbation
theory [27,28], and Lattice QCD [29-31], etc. These studies are all based on the traditional excited
bottom baryon interpretation, while there also exists the molecular interpretation [32—42]. We refer to
recent reviews for detailed discussions [43—48].

We have systematically investigated mass spectra of excited heavy baryons in [49-52] using
the method of QCD sum rules [53,54] within the framework of Heavy Quark Effective Theory
(HQET) [55-57]. More studies on heavy mesons and baryons containing a single heavy quark can be
found in [58-76]. Our results suggest that the eight excited bottom baryons, A;(5912)°, A;(5920)°,
¥,(6097)F, By, (6227)~, O (6316)~, ,,(6330)~, O)(6340) ~, and 0,(6350) ~, can be well explained as
P-wave bottom baryons [50,77,78].

In this paper we shall use the same approach to study D-wave bottom baryons. Some of these
studies have been done in our previous papers [51,52], but at that time: (a) We did not construct all the
bottom baryon interpolating fields, and (b) we did not complete all the sum rule calculations. In the
present study we shall finish these two steps and systematically study D-wave bottom baryons of the
SU(3) flavor 3. The obtained results will be used to examine whether the A,(6146)? and A, (6152)°
can be interpreted as D-wave bottom baryons. Before doing this, we note that this assignment has been
discussed and supported by several theoretical studies, using the chiral quark model [79], the quark
pair creation model [80,81], and QCD sum rules [82], etc.

This paper is organized as follows. In Section 2, we construct all the interpolating fields for
D-wave bottom baryons of the SU(3) flavor 3, which are used to perform QCD sum rule analyses in
Section 3. The obtained sum rule equations are further used to perform numerical analyses in Section 4.
In Section 5 we discuss the results and conclude this paper.

2. Interpolating Fields for the D-Wave Bottom Baryon

The D-waves heavy baryons have been systematically classified in [83], and their interpolating
fields have been partly constructed in [51,52]. In this section we further construct all the D-wave heavy
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baryon interpolating fields of the SU(3) flavor 3r. Note that some of them are different from those
given in [51,52], since we have explicitly used several projection operators in the present study.

First we briefly introduce our notations. A D-wave bottom baryon consists of one bottom quark
and two light up/down /strange quarks. We use I, to denote the orbital angular momentum between
the two light quarks, and [, to denote the orbital angular momentum between the bottom quark and
the two-light-quark system. There can be pp-mode excited D-wave bottom baryons (I, =2and [} =0
into L = 2), AA-mode ones (I, = 0 and I, = 2 into L = 2), and pA-mode ones (I, = 1 and [, = 1 into
L = 2). Altogether its internal symmetries are as follows:

e  Color structure of the two light quarks is antisymmetric (3¢);

e  Flavor structure of the two light quarks is either antisymmetric (3f) or symmetric (6r);

e  Spin structure of the two light quarks is either antisymmetric (s; = 0) or symmetric (s; = 1);

e  Orbital structure of the two light quarks is either antisymmetric (I, = 1) or symmetric (I, = 0/2);
o  Totally, the two light quarks are antisymmetric due to the Pauli principle.

Accordingly, we categorize D-wave bottom baryons into 12 multiplets, five of which belong to the
SU(3) flavor 3f representation, as shown in Figure 1. We denote them as [F(lavor), ji,s;, p/ A], where
Ji is the total angular momentum of the light components (j; = [} ® [, ® s;). Each multiplet contains
two bottom baryons, whose total angular momentum are j = j; ® s, = j; = 1/2, with s; the spin of the
bottom quark.

[pp] 1,=2(S), L,=0,3c(A)

3+ 5+

3p(A): L=2Q® 5=0A) — ji=2: A (57,5") Ep(3,5) (pp-a) [3,.2,0,00]

6p(S): L=2Q 5,=1(S)

[42] 1,=0(S), =2, 3c(A)

3t 5t

3pA): L=2®5=0A) —ji=2: A (3,3) Epn(3.3)  (a)[3,204]
6p(S): L=2Q@s5,=1(S)

Pl L,=1(A), L=1, 3c(A)

O S: L=2@5=00) ;-1 Ay (3.F) Eui(

1.3 (pA-b) B, 11,0
3pA) L=2Q s5;=1(S) Ji=2 A (3,5) En(355) (pio) [Bp.2.1,07]

Ji=3 A3 (3T,F) E(3L1) (pA-d) [3p,3,1,0]

Figure 1. Categorization of D-wave bottom baryons belonging to the SU(3) flavor 3 representation.

We use the notation ];{11?1:071;11/; /s, to denote the D-wave bottom baryon interpolating field,

and separately construct them for the [3f, 2,0, pp], [3F,2,0,AA], [35,1,1,pAl, [3£,2,1,0A], and [3F, 3,1, pA]
multiplets. Note that Equations (6), (7), (10), (11) and (18) are the same as those given in [51,52] except
for some overall factors; Equations (12), (13) and (17) are different since we have explicitly used some
projection operators in the present study; and Equations (15) and (16) were not constructed in [51,52].
Note that we need to use certain projection operators to distinguish the rich internal structures of D-wave
bottom baryons. In [51,52] we constructed some of them, but there we could only project baryons into
definite total angular momenta (spins). In the present study we constructed all operators to project
baryons into definite internal angular momenta (spins).
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e The bottom baryon doublet [3,2,0, pp] contains two bottom baryons of j* = 3/2% and 5/2%,
whose interpolating fields are:

J3/2,4.3: 20,00 (%) (6)
= € ([D;q D},9°" (x)]Cys5q” (x) — 2[D},, 4" (x)]C5[ D}, q" (x)] + 4°T (x)Cs[D}, D;ﬂb(x)})

x DRI ol sk (x),

oo

J 5/2,+,§p,2,0,pp(x) (7)
= e ([P}, D™ (0)]Cysq” (x) = 2[D}, 4" (x)]Cs (Dl 0" (x)] + 4" (x)Crs (D}, Dl (1))

X 1"?1:“527;1”2 x h5(x).

In the above expressions: 4, b, ¢ are color indices, and €, is the totally antisymmetric tensor; C is
the charge-conjugation operator; g(x) is the light up/down /strange quark field, and h,(x) is the

bottom quark field; 'y; =Yy — ¥y, Dy = 0y — igAy, DL =Dy, — (D-v)vy, g'"? = g% — vMo™,
and v is the velocity of the bottom quark; and F?ﬁ 7Y and T 3‘5 5”}/2 arethe ] = 2and | = 5/2
projection operators:

2

r = gt ratel -3 asl ®)
2

N, = atel et - ¢ afal" )

1 1 1 1
—s & — g e - g @it — 5 8l il

e  The bottom baryon doublet [3f,2,0, AA| contains two bottom baryons of ¥ =3/2" and 5/27,
whose interpolating fields are:

572,430,200 (%) (10)
eate (1D} Dpnd” (x)]Csq" (x) +2[D}, 47 (x)]C5[ Dl * (x)] + 4" (x)C5 (D}, D (1))

X PRSI sl sk (x),
]g}g,z+,3F,2,o,AA(x) (11)
= eae([D}, D} (x)]C5q" (x) +2[D}, 47 ()] Cy5 (D} " ()] + 4 () Cys (D}, D" (3)])

X F;q:asz/’glm x h5(x);

e  The bottom baryon doublet [3f, 1,1, pA] contains two bottom baryons of j” = 1/2% and 3/2%,
whose interpolating fields are:

J172,43:1,100(X) = €abc([Délpézan(x)](C')’;3qb(X) — q“T(x)(ny;3 [D;lD,ﬂqu(x)]) (12)
X TP 2 S s (),

]§/2,+,§,F,1,1,p/\(x) = €ubC ([D]tll D;zan(x)](C'Y;;;qb(x) - quT(x)Cr}/]t/lg, [D]t,ll D;{qu(x)]) (13)
X 1"?‘23/2#4 X F?i@“”“”z X h5(x),

where F?:V 32 is the | = 3/2 projection operator:

1
r?ig/z = giﬂl Y 7?7?? (14)



Universe 2020, 6, 86 50f 19

e The bottom baryon doublet [3F, 2,1, pA] contains two bottom baryons of j” = 3/2% and 5/2%,
whose interpolating fields are:

130 5021 pn(®) = €ane (DL Dhyg (0]CYLg" (x) = 4T ()T}, DL, Dhg® (1)) (15)
X 1"?:3/2,145 X Fl]‘iéwmz x (—2i) o3 Fhy(x),
]a};er 3r,2,1 p)\( ) = €apc ([Dill D]tlzan(x)}C'Y;%qb(x) - an(x)C’Y;% [D}t‘1 D;‘qu (x)D (16)
X 1";1“52/2 HsHe ri;ipésrmuz x elattatelts s oy sy (x)

e The bottom baryon doublet [3F, 3,1, pA] contains two bottom baryons of j* = 5/2% and 7/2*,
whose interpolating fields are:

o €gbc<[Dt D, 7 (x)]Cl gt (x) — 477 (x) T, [ thqb(x)]) (17)
o r?q:zézmrm#z% % 7#4 5hc( )
ey eabc([D%D;zqﬂ(x)](cﬁﬂh(ﬂ — 4" (x)C},,[D},, D}y ) (18)
X TpL7 M s (x),
- Falrxzrxs it g rrxlazﬂts #1125 are the | = 3 and | = 7/2 projection operators, with [ - -]

the symmetmzatlon (only symmetrlzatlon but no subtraction) of the trace terms in the sets (p1p213)
and (1/11/21/3)2

1_.]],11:;432}43,1/11/21/3 _ g {gﬂlmg?zvzgilsva _ 5 gilﬂqgﬂzmg;/zva} , (19)
1—'?1}‘72/}‘23 Ve g [gﬂﬂ/lgfzwgﬂy@ - gilﬂ/l gilzﬂsgvzvs (20)

pipo viva, H3, V3 M1V, Mo, Vo, M3 Va]

35 8 T8 T T 28 8t Ve N

3. QCD Sum Rule Analyses

In this section we use the D-wave bottom baryon interpolating field J; j p. F ]’ sll/ ; s, to perform QCD

sum rule analyses within the framework of heavy quark effective theory. Because identical sum rules

are obtained using both Jj ;1 /]2 Pl Ejnsip/A and ] o/A within the same multiplet, we only need

1+1/2,P,F,]1,S[,
to use one of them to perform QCD sum rule analyses. In the present study we study the [3f, 2,0, pp],
[83r,2,0,AA], [3r,1,1,pA], [3£,2,1,pA], and [3f, 3,1, pA] multiplets through the interpolating fields
N .
I3/2,4 352,000 3724 3620000 T2 4360000 30,4 5y 01,0 A0, 524, 303,101 Tespectively.
We assume that the interpolating field J. i P',F, ]’ ) Slf ; s, couples to the bottom baryon belonging to the

[F, j1,s1,p/A] multiplet through:

041 Rj-1/2 . .
< | ,p,F,]/l,Sl,pp//\/\/p)J]rP;P/]lrslrpp//\/\/p)\> fP,]l,sl,pp/)\)\/p/\u Tt vz, (21)

Then we can extract the baryon mass to be:

M pEjs,p/A = My + AEj s 0/A T 0MipEjs o/rs (22)

where A s 0/0 = Njj—1/2,0,8j,5,0/2 = Njj+1/2,8,Fj,5,0/2 iS the sum rule result at the leading order,
and 6m; pF i s,0/2 is the sum rule result at the O(1/my,) order:

1

O p Ejisip/n = g (Ke s/ + s Cmag®e i s,/2) - (23)
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Here Cyuag = [as(mb)/ocs(y)]?’/ﬁo with Bp = 11 — 2n¢/3, and the coefficient d; , is

dj 125, =21+2, dj125=-2j. (24)

Hence, the Xp j 5, /1 term is directly related to the mass splitting within the same multiplet:

AME j, 51,00/ AN /oA = My 41/2,P,F jis1,0/A — Mj;—1/2,P,F,ji,s1,0/A - (25)

As an example, we use the bottom baryon doublet [E,(3f), 3,1, pA] to perform QCD sum rule
analyses, through the field:

T, a0 = eane ([P, Dl (1)]Cs () — T ()T, [DL, Db (1)) (26)
X r‘}‘lz‘"gzmr#lﬂzm % 7;4,)/5}12(9() .

From this field, we obtain:

Mz, 31, A(we, T) = féb,&l,pA e 2Nz, 31 /T (27)
_ /“’°[ L9 3mi ;  63ms(3s) 5 21ms(qq) W 21<852GG>w5
Jom, 1280074 80074 80072 40072 320074
21m; (8540 Gy) 5 63mi(g3GG) 5 63m5<g§GG><§S>w}eﬂu/T deo,

80722 128078 ¢ 32072

—2Az T
2, 31,0 Kz, 31,000 03000 (28)

/wc[ 223 1, 1759m3 o 543ms(Ss) ,  17ms(qq) -

o, 98560007 120960074 T 1120072 ¢ T Te72m2
80147<g§GG>w7 ~ 181m(gsGoGq) W 1091m§<g§GG>w5

3870720077 80072 384007
RGN a) s TIOMECG)S) s, 9 (ECG) geloCa)
432072 345672 2830712 '
féh,:‘j,l,p/\ Z‘Ebﬁ,l,p/\e_ZAEbSJ ,pA/T (29)
we (g2GG) 5 Tm2(g3GG) 5  7ms(g2GG)(55) 31 /T
- dw.
/2m5[48007'c4w a0t Ot T oo Wk w

Sum rules for other multiplets are listed in Appendix A.

4. Numerical Analyses

We use the following values for the strange quark mass and various quark and gluon
condensates [1,84-91]:

ms(2GeV) = 9573 MeV,
() = —(0.2440.01)3 GeV?,
(8s) = 08x(q9),
(8sq0Gq) = MG x (4q), (30)
(gs50Gs) = M3 x (3s),
M3 = 08GeV?,
(2GG) = (0.4840.14) GeV*.

We also need the bottom quark mass. In the present study we use the PDG value my(m;) =
4.18f8:8§ GeV [1] in the MS scheme, instead of the pole mass m;, = 4.78 == 0.06 GeV [92]. By doing this,
we intend to verify whether the masses extracted from the [3f, 3,1, pA] multiplet can be consistent with
the LHCb and CMS experiments [7,12].
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There are two free parameters in Equations (27)-(29), the threshold value w, and the Borel mass
T, and we use three criteria to constrain them: (a) The convergence of the Operator Product Expansion
(OPE), (b) the Pole Contribution (PC), and (c) the mass dependence on Mp and sg. We refer to [51,52] for
detailed discussions, and here we just use the bottom baryon doublet [Z,(3F), 3,1, pA] as an example.

The first criterion is the OPE convergence, which is the cornerstone of a reliable QCD sum rule
analysis. In the present study we have calculated the sum rules at the leading order up to the eighth
dimension, as shown in Equation (27); we have calculated the sum rules at the O(1/m;) order up to
the tenth dimension, as shown in Equations (28) and (29). We investigate its convergence by requiring
the high-order corrections of Equation (27) (D = 4 + 6 + 8 terms) to be less than 10%:
S ot (o

CVG =
5,3,1,01(00,T)

<10%. (31)

We show its variation with respect to the Borel mass T in Figure 2 using the solid curve when setting
w = 4.6 GeV. We find that this condition is satisfied when T > 0.638 GeV. Besides, it is also important
to check the convergence of Equations (28) and (29). To see this, we show:

D=4+6-+8+10 (oo, T)

Ep3,1,0A
CVG = b2 , (32)
Kzy3,1,00(0, T)
D=4+6+8+10
po_ ZEpaen (T
CVG" = , (33)
Zg,31,00 (00, T)
in Figure 2 using the short-dashed and long-dashed curves. We find that their convergence is
even better.
50% ‘ 50%
< 30% } 130%
8 10% | 110%
S 0 | 0
S -10%¢ 1-10%
g
© 30% 1-30%
509" L -50%
0.4 0.5 0.638 0.7 0.8

Borel Mass [GeV]

Figure 2. Variations of CVGU"), defined in Equations (31)-(33), as functions of the Borel mass T, shown
as the solid, short-dashed and long-dashed curves, respectively.

The second criterion is requires the PC to be larger than 10%:

Iz, 31,01 (we, T)

PC =
Iz, 31,01 (00, T)

> 10%. (34)

This condition is satisfied when T < 0.685 GeV. Altogether, we choose w, = 4.6 GeV and extract the
Borel window to be 0.638 GeV< T < 0.685 GeV, from which we obtain:

/_\Eb(gP)z?),l,p)\ = 2117 GeV,
Kz, 33100 = —4483GeV?, -
S, 33000 = 0018 GeV2.
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Their variations are shown in Figure 3 as functions of the Borel mass T, where their T dependence is
weak and acceptable inside the Borel window 0.638 GeV< T < 0.685 GeV.

s L0 -6
0.40 050 055  0.6380.6620.685 0.75 0.40 050 0.55

Borel Mass [GeV]

L % o
0.638 0.662 0.685 0.75 0.40 0.50  0.55
Borel Mass [GeV]

- N
0.638 0.6620.685 0.75
Borel Mass [GeV]

Figure 3. Variations of nglg,,l,p ) (left), Kg, 31,0, (middle), and Ez, 31,) (right) as functions of the
Borel mass T, where the short-dashed, solid, and long-dashed curves are obtained by fixing w. = 4.4,

4.6, and 4.8 GeV, respectively. These figures are plotted for the bottom baryon doublet [5;(3f), 3,1, pA].

Then we use Equations (22) and (23) to further obtain:

mEh (5/2%) = 6.56 GeV,
Mg,z = 657GeV, (36)
Am[ab(gp)s’l’p)\] = 122 MeV ’

where mg, (5/5+) and mg, (7/5+) are the masses of the 5;(5/2%) and E,(7/2") belonging to the
[E4(3F), 3,1, pA] multiplet, with Amg, (5,)31,)) their mass splitting. The variation of mg,(5/+) is
shown in the left panel of Figure 4 as a function of the Borel mass T, where its T dependence is also
weak and acceptable inside the Borel window 0.638 GeV< T < 0.685 GeV.

We change the threshold value w, and redo the above procedures. The variation of mgz, (5/5+) is
shown in the right panel of Figure 4 as a function of the threshold value w.. We find that there exist
non-vanishing Borel windows as long as w, > 4.4 GeV, and the w, dependence is weak and acceptable
in the region 4.4 GeV< w, < 4.8 GeV. This is just the working region for w., where both the mass
Mg, (5/2+) as well as its uncertainty can be evaluated reliably.

; 75 75¢ 75
> =z
& 7.0 8 70
g 3
W 6.5 i 6.5
=
6.0" e 16.0 6.0 i | 1 6.0
0.40 050 055  0.6380.6620.685 0.75 4.0 44 46 48 5.2 5.5

Borel Mass [GeV] o, [GeV]

Figure 4. The variation of mg, (5/5+) as a function of the Borel mass T (left) and the threshold value
we (right). In the left panel, the short-dashed, solid, and long-dashed curves are obtained by setting
we = 4.4, 4.6, and 4.8 GeV, respectively. In the right panel the shady band is obtained by varying T
within the Borel window. These figures are plotted for the bottom baryon doublet [E,(3F), 3,1, pA].
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Hence, we fix our working regions to be 4.4 GeV< w, < 4.8 GeV and 0.638 GeV< T < 0.685 GeV,
and obtain:

mz,5/04) = 6567015 GeV,
mg,(7/2v) = 6577015 GeV, (37)
Amig, 33100 = 122753 MeV,

where the central values correspond to w, = 4.6 GeV and T = 0.662 GeV, and the uncertainties are
due to the threshold value w, the Borel mass T, the strange and bottom quark masses, and various
quark and gluon condensates.

Following the same procedures, we study the bottom baryon doublet [A,(3F), 3,1, pA], which
contains the A, (5/2%) and A,(7/2"). They are the partner states of the Z,(5/2") and E,(7/27)
belonging to the [E,(3F), 3,1, pA] multiplet, and their masses are extracted to be:

My s/2t) = 6425077 GeV,
mAh(7/2+) = 643t8%? GeV , (38)
A, 33100 = 14.688 MeV .

For completeness, we show the variation of m (5/,+) in Figure 5 as a function of the Borel mass T
(left) and the threshold value w, (right).

Similarly, we study the [3f,2,0,pp], [3r,2,0,AA], [3r,1,1,pA], and [3f,2,1,pA] multiplets.
The latter three lead to reasonable sum rule results, and the extracted masses are shown in Figure 6
as functions of the threshold value w.. We summarize all the above results in Table 1, which will be
discussed in the next section.

ST W 17 751 T 175

> 5 |
@ . é 7.0 / 7.0
=) = ==
Z 265
= =
6.0" L 6.0 6.0' —— 6.0
0.40 0.50 0.617 0.637 0.75 35 4.1 43 45 5.0 5.5
Borel Mass [GeV] o, [GeV]

Figure 5. The variation of 71, (5/5+) as a function of the Borel mass T (left) and the threshold value
we (right). In the left panel, the short-dashed, solid, and long-dashed curves are obtained by setting
we = 4.1, 4.3, and 4.5 GeV, respectively. In the right panel the shady band is obtained by varying T
within the Borel window. These figures are plotted for the bottom baryon doublet [A,(3F), 3,1, pA].
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Figure 6. Masses as functions of the Borel mass T, extracted from the bottom baryon
doublets: [A,(3F),2,0,AA] (upper-left), [E,(3F), 2,0, AA] (upper-right), [A;(3£), 1,1, pA] (middle-left),
[E5(3F),1,1,pA] (middle-right), [A,(3f),3,1,pA] (lower-left), and [E,(3F),3,1,pA] (lower-right).
The shady bands are obtained by varying T within the Borel window.

Table 1. Masses of the D-wave bottom baryons belonging to the SU(3) flavor 3f representation,
obtained using the bottom baryon multiplets [3f,2,0,AA], [3F, 1,1, 0], [3r,2,1, pA], and [3F, 3,1, pA].
There still exists one doublet, the [3f,2,0, pp] doublet, but its sum rule results are a bit strange (the
Borel windows become larger as the threshold value w, decreases), so we do not list it here. In the
third and fourth columns we list the two QCD sum rule parameters, the threshold value w. and the
Borel mass T; in the fifth, sixth, and seventh columns we list the QCD sum rule results, Kl:‘,jl’sl,p /A
at the leading order as well as K j 5 ,/2 and Zp g /1 at the O(1/my) order; in the ninth, tenth,
and eleventh columns we list the masses m;pr s, /), decay constants fr s 50/A1/p)1, and mass
splittings AME j, 5, 0p/AA/pA = Mj+1/2,P,F ji,s1,0/A — Mj—1/2,P,F j,5,0/A €Valuated within the QCD sum
rule method.

Multiplets B we Working Region A K z Baryons Mass f AM
(GeV) (GeV) (GeV) (GeV?)  (GeV?) G (GeV) (GeV)  (MeV)
+ +0.10 +0.029
Ay 40 0412<T<0632 16807003 —a398 ooz /20 6127gm  O01MTo;s 54423
i 0.10 0.012 :
35,2,0,\1] Ap(5/2%) 6137010 004810012

[
<

43 0414 < T <0678 1792709 —4846  0.0095 —0.14 0041 45717

-+0.11 -+0.016
6267011 0.06779918

(3/27)
(5/27)

(3/27) 6261011 0 158+0.038
(5/27)
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Table 1. Cont.

Multiplets B we Working Region A K z Baryons Mass f AM

(GeV) (GeV) (GeV) (GeV?)  (GeV?) i) (GeV) (GeV®) (MeV)
+ +0.10 +0.040

Ap 40 0483<T <0621 1732709 3555 —0.0050 M(1/27) 6137009 0159 00m -15%0¢
B3r,1,1,01] Ap(3/2%) 613755 0.0757 58
= + +0.09 +0.054

B, 43 0532<T<0661 1902400 3732 —0.0053 5(1/27)  631%000 0235 g0us -1510¢

' Ep(3/2%)  63179%  0.111+0938 '
+ +0.12 +0.059

Ay 39 0543 < T <0585  1772%09% 3819  0.0283 M(3/27) 617010 0219 00ss 135773
3r,2,1,0A] Ay(5/2%) 619703 0079705
= + +0.10 +0.078

B, 42 0576 < T <0626 193810078 —3.853  0.0247 5o(3/27) 6347009 032705 11.813%8

' Ep(5/27) 635404 01180928 '
+ +0.15 -+0.096

Ay 43 0617 < T <0637 198610122 —4336  0.0218 Ao(5/27) 6427011 0388 g7 146788
3£,3,1,pA] Ap(7/27) 643701 01437000
= + +0.12 +0.120

g, 46 0638 < T <0685 211740096 —4483  0.0182 %(5/27) 656201 05501 122143
E(7/27) 657705 02001555

5. Summary and Discussions

In this paper we apply the method of QCD sum rules within the heavy quark effective theory to
study D-wave bottom baryons of the SU(3) flavor 3. We investigate five bottom baryon doublets,
[83r,2,0,00], [3£,2,0,AA], [3£,1,1,pAl, [3£,2,1,pA], and [3F, 3,1, pA]. Their masses are calculated up
to the order O(1/my), and the results are summarized in Table 1, including the masses M} P, iy 50,0/ Ar
mass splittings AMF j, 5, 0o/11/p1, and decay constants fr s oo/11/p1 €Valuated in the present study.
Before discussing these results, we note that there is a considerable uncertainty in our results for the
absolute value of the mass, because it depends significantly on the bottom quark mass, as shown in
Equation (22) however, the mass difference within the same doublet does not depend much on the
bottom quark mass, so it is produced quite well with much less (theoretical) uncertainty and gives
more useful information.

Based on Table 1, we conclude the present study:

e  The masses of A,(3/2") and A,(5/2") calculated using the [3f, 2,0, AA] multiplet are:

— +0.10
Mm@ty = 612757 GeV,
ma, 520y = 6137010 GeV, (39)
Amip, 200 = 54775 MeV.

These two mass values as well as their difference are well consistent with the LHCb and CMS
measurements [7,12], so our results support the interpretation of the A,(6146)° and A,(6152)° as
D-wave bottom baryons of ] = 3/2% and 5/27 respectively, both of which contain two A-mode
excitations. We call it AA-mode in the present study, and its relevant multiplet is the bottom
baryon doublet [3f,2,0, AA].

This conclusion is the same as [79-82], so faces the same serious problem: The lower state
Ap(3/27%) would decay both into the P-wave ;7 channel and the P-wave X7t channel, while
the higher state A;(5/2") would dominantly decay only into the P-wave X} 7 channel, which
behaviors are just opposite to the A (6146)° and A,(6152)° observed by LHCb [7], as stated in
the introduction (in other words, “face a serious problem of mass reverse” [79]);

e  The masses of A,(5/2") and A,(7/2") calculated using the [3f, 3,1, pA] multiplet are:

Mp,5/2¢) = 6421010 GeV,

mp, ey = 643701 GeV, (40)
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= +8.8
Amp, 353100 = 146555 MeV,

These two mass values as well as their difference are all significantly larger than, but not too far
from, the LHCb and CMS measurements [7,12].

The advantage of this assignment is: The lower state A,(5/2") would dominantly decay only
into the P-wave Z; 7t channel, while the higher state A,(7/2") would decay both into the F-wave
¥ channel and the F-wave ¥; 7t channel, which behaviors are consistent with the Ay(6146)°

and Ay (6152)° observed by LHCb [7]. Note that \/Mf\b(él%)0 - M%b ~ \/Mib(6152)0 - M%b ~

\/ Mib (6152)0 ~ M%Z ~ 2 GeV, so that the F-wave decay widths might not be suppressed too much.
Anyway, we still need to explicitly study their decay properties to verify this possibility;
e  The masses of Ay(1/2") and A,(3/2") calculated using the [3f, 1,1, pA] multiplet are:

= +0.10
may(1/20) = 6137700 GeV,
Mp,3/20) = 6137000 GeV, (1)
Amip, Gp1,00 = —1-5j8:g MeV .

This mass difference is smaller (negative) than the LHCb measurement [7]. Moreover, the decay
behaviors of the A,(6146)° and A, (6152)° observed by LHCb [7] can not be well explained by
this multiplet. Hence, our results do not favor the interpretation of the A;(6146)? and A,(6152)°
as D-wave bottom baryons of J* = 1/2" and 3/2* belonging to the [3f, 1,1, pA] multiplet.

e  The masses of A,(3/2") and A, (5/2") calculated using the [3f, 2,1, pA] multiplet are:

May a2ty = 6177075 GeV,
M, s/2t) = 6197075 GeV, @)
Amin, 321,00 = 1351@:2 MeV.

This mass difference is a bit larger than the LHCb experiment [7]. Hence, our results do not favor
the interpretation of the A,(6146)? and A, (6152)° as D-wave bottom baryons of J” = 3/2* and
5/2% belonging to the [3f, 2,1, pA] multiplet;

e The sum rule results extracted from the [3f, 2,0, pp] multiplet are a bit strange, because the Borel
windows become larger as the threshold value w, decreases, which behavior has already been
found in Figure 9 of Ref. [51]. Hence, we do not use them to draw any conclusion.

Summarizing the above analyses, our results obtained using the method of QCD sum rules within
the heavy quark effective theory support to interpret the A, (6146)? and A, (6152)° as D-wave bottom
baryons of [’ = 3/2% and 5/2%, respectively. They both contain two A-mode excitations, and belong
to the bottom baryon doublet [3F, 2,0, AA]. This doublet contains two other bottom baryons, &,(3/2")
and E,(5/2"), whose masses are extracted to be:

mz,3/2+) = 626701, GeV,
Mg, 5/2+) = 626777; GeV, (43)
Amg, 32000 = 45712 MeV.

This conclusion is the same as [79-82], but it can not well explain the decay behaviors of the A} (6146)°
and A, (6152)° observed by LHCb [7], as discussed above.

To solve this problem, we investigate another possible assignment, that is to interpret the
Ay(6146)° and A,(6152)% as D-wave bottom baryons of J* = 5/2% and 7/2% respectively, both
of which belong to the [3f, 3,1, pA] multiplet. The advantage of this assignment is that the decay
behaviors of the A, (6146)° and A, (6152)° observed by LHCb [7] can be well explained, as discussed
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above. However, this assignment faces another serious problem: The masses of the A,(5/2%) and
Ay(7/27) as well as their mass splitting are calculated in the present study to be significantly larger
than, although not too far from, those of the A,(6146)° and A,(6152)° measured by LHCb and
CMS [7,12]. It is still required to explicitly study their decay properties to verify this possibility.

There exist many possible assignments for the A,(6072)° observed by CMS and LHCb [12,13],
such as the A;(2S) state, while another possible assignment is to interpret it as the D-wave A, state.
To verify this, one good choice is to further examine whether it has a nearby partner state in future
CMS, EIC, and LHCb experiments.

To end this paper, we note that just investigating the mass spectra is not enough, and in order
to well understand the Aj(6146)° and Ay (6152)° [7] as well as the A;(6072)° [12], we still need to
systematically study their decay properties. We have done this systematically for P-wave heavy
baryons using the method of light-cone sum rules with the heavy quark effective theory [77,78,93,94]
and are now doing this systematically for D-wave heavy baryons. The parameters obtained in the
present study are necessary inputs.
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Appendix A. Other Sum Rules

In this appendix we list the sum rules for the [3f, 2,0, pp], [3£,2,0,AA], [3¢,1,1,0A], [3F, 2,1, 7],
and [3f, 3,1, pA] multiplets. We refer to [51,52] for more discussions. Note that the sum rule equations
for the [3f,2,0, pp] and [3f,2,0, AA] multiplets are the same as those obtained in [51,52]; the equations
for the [3f, 1,1, pA] multiplet are different since we have explicitly used some projection operators in
the present study; the equations for the [3f,2,1,pA] and [3f, 3,1, pA] multiplets were not extracted
in [51,52].

The sum rule equations obtained using the interpolating field J3,, belonging to

3£.2,0,00
[3r,2,0,pp] are

_ 2
_ 2 —2Ap, 0000/ T we 5 975<gsGG> 51 —w/T
LA, 2000 = i, 20008 ~ 020 = /0 1 1A% ~ Troggd @ le=“/ Tdw, (A1)
_ 2
2 —2Rp, 2000/ T _ /wc 41 1, 59(g5GG) 7 o/t
K p-20,0p = — dw, (A2
SR 2000Kn02000¢ o T oseessi Tt oo7a0m @l w, (A2)
_ : 2
2 “2An0000/T [ $85GG) 7 /T
fRp2000E 0020000 AT = /0 DT L (A3)
and
Tz, 20,00 = f2 ¢ 2hz,2000/T A4
b:2,0P Ep,2,0,00

_ /wf 5  I_ m? w7_m5<‘7‘7>w5 ms(3s) s
2mg 14515274 67274 7272 48712

5(83GG) 5 Sm(g2GG) 5 5ms(g2GG)(ss)

w]e""/wa ,

172874 192714 7272
féb,z,o,pp Kablzlo/ppe—ZAzb,z/U,pp/T (A5)
B /wc[i 41 ol 197m?2 W° 37ms(Gq) W 277ms(3s) -
T Jamt 638668874 483840774 5040712 20160772
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1ms(gsq0Gq) 5 | 1921(g3GG) , 7169mZ(g2GG) 5 13ms(g2GG)(qq)
— w~ + w’ — w” —
18072 2903040774 552960774 21672

2381m5(2GG) (5s) 5 121ms(g2GG) (8540 Gy) wWle=/Tdeo
2073672 172872

2 —2Az /T
f: 5,,2,0,00 ZEh,Z,O,PPe 02060 (A6)

_ /wc (85GG) 7 mSCC) 5 5ms{&3GC)(SS) a1 /Ty,
2

o

m, 24192774 153674 86472

The sum rule equations obtained using the interpolating field J3,, AR2.0AA belonging to
[3r,2,0,AA] are
—2Ap, 2000 /T

(85GG) 51 /T
o+ 17984 le dw, (A7)

CUC
2
A, 2000 = fA, 20008 /0 1451527T4

. 2
2 —2Ap, 0000 /T /wc 11 <gsGG> 71 ,—w/T
K e p:20, = + 25— —L e dw, (A8
Fin2001Kap200 0 10644480n4 1728073 (A8)
5 27 /T “’C —w/T
p e 20N / =95 "~ (y'le dw, A9
fAb,Z,O,)\/\ Aer/Or/\)\ 0 2419271,4 ] ( )
and
Iz, 200 = fé,,,z,o,Me_ZAEb’z'o’M/T (A10)
_ _/“’f[ m3 W — 5 w9+5ms(g§GG><§s>w_5m§<g§GG)w3
Jom, 67274 14515274 21672 57674
($2GG) 5 ms(qq) 5 ms(5s) WBle—w/T
d
T 17t T " g “r
féb,z,o,MK”hzoAAe 2hey200/T (A11)
/“’f 307m3 127 1 13ms(g3GG)(7q) 5 67ms(g2GG)(5s) 4
= - - w” + w w” —
2ms 483840774 1064448074 64872 2304712
1019m2(g2GG) 5 (§2GG) , 37ms(qq) ;  233ms(5s) 7. 7
_ dw,
13202 ¢t 1780~ soa02 @ T 20160m2 ¢ @
féb,Z,O,A/\ 231”2,0//\)\e_ZAEb,Z,O,)\/\/T (A12)
we. 5ms(g2GG)(5s) 5  mi(g2GG) 5  ($3GG) 7 7
- [ - dw.
./st[ seiz Yt s @ 2410289 1° “

The sum rule equations obtained using the interpolating field ;5 3.11,1 belonging to
[B3r,1,1,pA] are

Tp, 1000 = faapne 2o/ T = — /Owc[* 16121871'4 w’ + (gifi) w’le™ Tdw, (A13)
f/th,1,1,p/\KAb,1,1,pA672[\“!’"'1"“/T = - /0.%[152026?107-[4 w — 4§§é§§§;> w7]e*“’/wa, (A14)
fiaipEa e e/ T = /0 wc[iiﬁ;ii Wl Tdw, (A15)

and
Hz, 11,00 = féb,l,l,pAfME”’l’l””/T (Al6)
- /2: N 161218714 @+ 3??2%#1 W' - m156<7i§> @+ @ﬁ? @+ <§§:4> i
- O - M 5y OGO e s

—2Az T
féb,l,l,pAKEbrlrLP/\e ~z7,1,1,m/ (A17)
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_ _/“’C 29 n_ 179mi o 443(gIGG) ; ms(qq) 7 167ms(Ss) ;

2m5[15206407r4w T 14515274 5806087t 4872 403272
2287m3 (83GC) s | 3ms(g:q0Ga) 5  25ms(g2GC){dq) 5  425ms(g2GC)(ss) 5
110592774 1672 432772 2592772
5mg(¢2GG){gsdoG _
_ 5ms(ss 288>7§§Sq 9 e/ Tdeo,
féblllllp/\ZEb,l,l,p/\E_ZAEIMLLM/T (A18)
we (82GG) 5  mi(g2GG) 5 5ms(g2GG)(5s) 31 /T
- . dw .
/zm 183840 T o304t @ e Wk “

The sum rule equations obtained using the interpolating field ;5 3.1,1 belonging to
[Br,2,1,pA] are

—2A T We < 2GG> 5 _
TIa, 2100 :flz\b,z,l,p/\e Ap2101/ _ _/0 [— %147-[4 W+ e w9]€ W/Tge, (A19)
) “2Ap i /T we 217453(g2GG) 163 11 —w/T
X s - A2
fa2nmKag 20008 70 /o 783800808 © oz ¢ dw, (A20)
) _2A /T @ 17(82GG) 71 _/T
fhv21ppZn, 20008 oAt = - /0 [Ww le“ "dw, (A21)
and
Tz, 21,00 = f2,21,00€ 2z 21 /T (A22)
_ /“’f _ 185ms(g3GG) (5s) N 185m3 (¢3GG) 5 | Bms(gsqoGa) 5 (83GG) 5
B 2mg 648712 2592774 5472 14474
5ms(qq) 5  5ms(ss) 5 5m: 4 5 91 —w/T
— — d p
sz @t Tae2 T 7 T 36088 “
féb,z,l,p/\ KEb,Zrlrp/\e—zAab,z,l/p,\ /T (A23)
- / we 385ms (g3GG) (gsq0Gy) 835ms(g2GG)(qq) 5 13693ms(g2GC)(5s)
o 777672 5832772 34992772
_ 9277m(giGG) 5 107ms(gsqoGq) 5 217453(3GG) . 6lms(4q) -
186624774 21672 78382080774 113472
170ms(3s) , =~ 5749m2 4 163 11 —w/T
- - d
170172 19595523~ 350051278 «r
féb,2,14]/\23[,,2[1[,0)[672/\517'2'1"0A/T (A2.4)
we 65ms(g2GG)(5s) 5 5mI(g3GG) 5 17(2GG) 1 i1
_ _ dw.
/zm 19442 ¢ 1296+ Sagza @ «

The sum rule equations obtained using the interpolating field J; 5 3,31, belonging to
[8F,3,1,pA] are

_ , 2
— 2 288,310 /T /wc 721<gsGG> 5 1 91,—w/T
Ha,31,00 = fR,31,008 b A [ 2002 “ T 128002% le dw, (A25)
- 2
2 —2An, 3100 /T  _ /“’f 80147(g5GG) 5 223 117,-w/T
K b3 = — dw, A26
IhanoKansnpne o ' 387072007 58560004 1¢ W (A26)
_2A we (2GG _
f/Z\b,B,l,pAEAb,3,l,p)\e 2/\/\h,3,1,pA/T — /0 [E;S;SOOHZ w7]e w/wa’ (A27)
and
Uz, 31,00 = f; é,,,3,1,pA€_2AEh/3’l’pA/T (A28)
- /w[[ Lo 3m3 o7 4 03ms (5s) 5 2Ims(Gq) 5 21(g2GG) 5 4 2lms (8s70Gq) 3
2ms - 12800774 80074 80072 40072 320074 8072
63m3 (g2GG) 53 63ms(g3GG) (ss)

+ wle ™ Tdw,

12807% ¢ 3207
—2Az T
féhﬁ,l,p?\KEb/?’rer/\e 231,01/ (A29)
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B /wc[_ 23 1759m2 W 543m(3s) , 17ms{Gq) , = 80147(¢2GG)
n oms 985600074 120960074 11200772 67272 3870720074
_ 18lms(gsG0Gq) 5 1091m3(g3GC) 5  307ms(giGG)(Gq) 5  779ms(giGG)(Ss) s
800772 3840074 432072 3456772
59ms(g3GG) (8570Gq) .+ /T
288072 wle™dw,
f_’%blj;,l,p)\ ZEb,S,l,p)\e_ZAEh/S/LM/T (A30)
w (§2GG) 5 7mi(g3GG) 5  7ms(g3GG)(55) 31 e/t
= — dw.
/2m5[48007r4w a0t Ot T 0 Wk “
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