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We determine the masses and residues of the ground and excited spin-% baryons consist of two heavy b or
¢ quark utilizing the QCD sum rule formalism. In the calculations, we consider the nonperturbative
operators up to ten mass dimensions in order to increase the accuracy compared to the previous
calculations. We report the obtained results for both the symmetric and antisymmetric currents defining the
doubly heavy baryons of the ground state (1S), first orbitally excited state (1P), and first radially excited
state (2S). We compare our results with the predictions of other nonperturbative approaches as well as

existing experimental data which is available only for the ground state of =.. channel. These predictions
can help the experimental groups in their searches for all members of the doubly heavy baryons in their

ground and exited states.
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I. INTRODUCTION

Investigation of the properties of the doubly heavy
baryons is an important and useful area in particle physics.
The quark model makes predictions about the hadronic
states containing single, double, and triple heavy quarks
[1]. All of the hadronic states with a single heavy quark
predicted by the quark model have already been observed
in experiments. For a while, scientists were unable to
observe baryons consisting of two heavy quarks, posing a
longstanding puzzle within the quark model. However, a
breakthrough was made in 2002 by the SELEX collabo-
ration with the discovery of Ef.(3520) in the pDTK~
decay channel [2]. This discovery was later confirmed by
the same experiment in 2005 [3]. In 2012, a calculation
showed that the mass of .. state may be greater than
the one measured by SELEX collaboration [4]. In 2017,
the LHCb collaboration announced the discovery of
EfF(3621) through the Ef;" - Af K-zt z" decay channel
[5], which was later confirmed by the same collaboration in
2018 with a statistical significance of 5.9¢ in the decay
channel ;" — EfzT [6]. As it is seen, the mass of Z/"
measured by LHCb was about 100 MeV greater than the
measured mass for the Zf. by SELEX, representing a
puzzle since a unit charge difference cannot produce such a
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large mass difference. Hence this subject became one of the
hot topics in hadron physics both from the experimental
and theoretical views. Following this, in 2019, a search for
= was performed through Ef, — AT K~ z" decay channel
also by the LHCb collaboration [7]. The results of this
search were combined with the results of another search
that was conducted in 2021 on the decay channel E}, —
Efa~z", leading to a maximum local significance of 4.0
standard deviations around the mass of 3620 MeV for the
=r, including systematic uncertainties [8]. This value does
not exhibit such a difference compared to E/’s mass.
Experimental groups also continued to discover other
members of these types of baryons, but so far it has not
led to the discovery of another new doubly heavy baryons
(for instance see Ref. [9]). Numerous theoretical researches
have been conducted based on these discoveries to deter-
mine the properties of the doubly heavy baryons such as
mass, lifetime, residue, decay widths, etc. within various
methods [4,10-76]. Nevertheless, triply heavy baryons are
still waiting to be found in the future experiments.

In this study, we calculate the masses and residues of the
doubly heavy spin-% baryons in their ground and exited
states. For calculation of these parameters, some non-
perturbative approaches are needed. One of these methods
is the QCD sum rule formalism which was introduced in
1979 by Shifman, Vainshtein and Zakharov based on
the fundamental QCD Lagrangian, considering the corre-
lation function including different interpolating currents
[77,78]. This method is a successful approach in hadron
physics and has many applications in the study of hadrons
[4,79-82] confirmed by different experiments. In various
approaches, like lattice QCD [68,69], relativistic quark
model [48], quark model [75], hypercentral constituent
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quark model [70,72], Faddeev method [73], Regge phe-
nomenology [83], Hamiltonian model [75], QCD sum rules
[4,10,13,49,50,74], Bathe-Salpeter equations [84], Salpeter
model [71] and hypercentral constituent quark model
[70,72], researchers studied the spectroscopic parameters
of the doubly heavy baryons. To investigate any type of
interaction/decay of the doubly heavy baryons, we need
their exact value of the mass and residue. For this purpose,
we compute the spectroscopic parameters with the aim of
increasing the accuracy in the calculations by applying the
higher dimensional nonperturbative effects in the ground,
first orbitally and radially excited states.

Calculations of the mass of the doubly heavy
baryons in the ground state have been done in different
approaches such as relativistic quark model [48], double
ratios of sum rules (DRSR) [85] and QCD sum rule
method [4,49,50,86]. With the aim of reducing the error
and increasing the accuracy by including the higher-
dimensional nonperturbative operators, we perform these
calculations up to 10 dimensions. In the previous work
done by sum rules [4], the calculations were done up to
5 mass dimensions and the reported error values are
relatively high.

Calculations of the mass of the doubly heavy baryons
for 1P excited state have also been done in various
methods such as relativistic quark model [48], quark
model [75,87], Faddeev method [73] and QCD sum rules
[13,74]. These calculations for 25 excited state have also
been done in different approaches such as relativistic
quark model [48], quark model [75], Salpeter model [71],
hypercentral constituent quark model [70,72], Faddeev
method [73] and QCD sum rule formalism [13]. For the
1P and 2S excited states, we calculate the mass of all the
members more accurately by including the higher dimen-
sional nonperturbative operators as discussed above.

The calculation of the residues of these baryons has
been performed for the ground states and their first radial
and orbital excitations in fewer references. For the ground
states, researchers studied this parameter using QCD sum
rule method [4,49,50]. These studies for the 1P excited
state have been done in QCD sum rules [13,50]. For the
2§ excited state the residue calculation has also been
done in Ref. [13]. We report the results of our calcu-
lations for the residue of these baryons in the ground, 1P
and 2§ states with the higher accuracy in the operator
product expansion (OPE) as well. The obtained results
can be used in the future experiments of particle
laboratories such as LHC, to research for these types
of baryons.

This work is organized as follows: Sec. II presents the
derivation of sum rules for masses and residues of the
doubly heavy baryons, while Sec. III reports the results of
numerical analysis of the sum rules and comparison of our
findings with the existing literature. Section IV includes
summary and conclusion and we move some expressions to
the Appendix.

II. CALCULATION OF THE MASS AND RESIDUE
OF THE DOUBLY HEAVY BARYONS

The QCD sum rule method follows a standard prescrip-
tion, where a correlation function is evaluated through two
distinct approaches. The first approach involves the use of
hadronic degrees of freedom, referred to as the physical or
hadronic side. This approach yields results that contain
physical quantities like the mass and residue of the
considered states. The second approach involves QCD
degrees of freedom, such as quark-gluon condensates,
QCD coupling constant and quark masses. This approach
gives the QCD side of the calculations. QCD sum rules
for the physical quantities are obtained by matching the
results of both sides and considering the coefficients of
the same Lorentz structures. To start the calculation, we
need to consider the two-point correlation function as
following form:

N(q) =i / d*xe'* (0T {n(x)7(0)}[0). (1)

where 7(x) represents the interpolating current of the
doubly heavy baryons and 7 is the time ordering opera-
tor. The interpolating current of symmetric and antisym-
metric (concerning the heavy quark exchange) of these
baryons are

1 . .
ns = ﬁeabc{(Qa Cq")ysQ + (0" Cq")ys0°

+ 107 Crsq®) Q' + 1(Q' Cysq®) 0°}, (2)

and

1 T T
't = 78€abc{2(Qa CO")rsq + (0 Cq")yrs Q"

—(Q" Cq")ysQ° + 21(Q” CysQ"*) g
+1(0% Cysq?) Q' — 1(Q"' Cysq”) Q°}, (3)

where Q and Q' represents heavy quark field (b or ¢); a, b,
and c are color indices, C is the charge conjugation operator
and ¢ is an arbitrary mixing parameter to be fixed from
the analysis. t = —1 corresponds to the loffe current. The
above interpolating currents are written considering all the
quantum numbers of the states under study. It should be
noted that the doubly heavy baryons including Z..., E..,
Eppr Qeer Qpe and €, are symmetric and =) and Q) are
antisymmetric with respect to the exchange of the two
heavy quarks.

For the physical side, the correlator is transformed into
its final form by inserting complete sets of hadronic states
in the relevant places:
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(Oln1Bog (4:5))(Bog (g 5)1710)

TPy (q) = " — g
<0|’7|BQQ’(Q’ )><BQQ’(%S)|77|0>
-q
N <0|’7|BQQ’(Q’ )>£ qQQ’( 5)1710) N @

The [Bpo(q.5)), |[Boo(g.s)) and By (g, 5)) are the one-
particle states of the ground (positive parity), first orbital
excitation 1P (negative parity) and first radial excitation 25
(positive parity) states of baryon, respectively. Here, m, i
and m' are their corresponding masses and - - - represents
the contributions of the higher states and continuum. The
matrix elements in Eq. (4) are defined as follows:

(Oln[Bog(q.s)) = Aul(q.s),
(Oln|Bog (g.$)) = Aysu(q.s).
(Oln|Byy (g.s)) = Aulq,s), (5)

where 1, 1 and A’ are the corresponding residues and u(q, s)
is the Dirac spinor. These matrix elements are used in
Eq. (4) and summation over spins of Dirac spinors, which is
given as

s)u(q,s) = (4 +m), (6)

> ula.

N

is performed. So, the physical side becomes

,12(;{+ m) N 2% (g — i)

m? — g - g

22 (g +m')
m?— &

™ (g) =

(7)

After the Borel transformation, the final result for the
physical side becomes

2

TIPS(q) = 2 (g + m)e 2 + 12 (g — e e

w2
A2 A m e (8)

where TT"(g) denotes the correlation function after the
Borel transformation.

To analyze the QCD side, we use Eq. (1) and substi-
tute the interpolating currents from Egs. (2) and (3) into it.
The calculations involve conducting possible contrac-
tions among the quark fields utilizing Wick’s theorem.
The contracted quark fields are substituted with heavy and
light quarks propagators expressed in coordinate space,
which have explicit forms as follows:

. . m (q9) m,(Gq) x?
qu (X) = léah 271_2)(4 - 5ah 471_23(2 - 5ah 12 + 5ah T - 5ab 192 <qgs0Gq>
xxim, 9,G% 2 qq)? . x"qq)(g2G?)

) oG i§ IS A5 T NAATNISTE T , 9

i s, (@9:0G4) = 32 3an22 P0as T 0ap] = 180y = T ©)
and
Sab(.x) — / d4 e—ikx 5ab(](+ mQ) gSGab Gaﬂ( + WlQ) + (k‘f’ mQ)Ua[)’
Q (2z)* K2 —m?, 4 (K —m3)?
202 2 303
g5G k + ka( 96 (K +myg) 2 2 2 2

where G, is the gluon field strength tensor, Gl =GP, A

=4/2, G* = G4,GY and G> = fABCGA GBI GSe. JA are

the Gell-Mann matrices and f45€ are the color structure constants of the SU, (3) group where the indices A, B, and C
take the values from 1 to 8. In the QCD side, the correlation function is evaluated in the deep Euclidean region by using the
OPE. After applying the Wick’s theorem and conducting all contractions of the quark fields for the symmetric part, we
obtain the subsequent expression in relation to the heavy and light quarks propagators:

15y (q) = iAcupecare / el —ys S SISt ys = rsSey S SE vs + vs S vsTe|S P |+ ysSgs ysTe |58 51
o 1( =S v SH St = 15 Sy ys S S = S S rsSt vs = Sg SV ys St v + 58y T S8 r5Sp |
ScL ]/STI‘ [Sub’ S/ba },5:| +7s SLL Tr |:Sab’ 7s S/Im } SLQLI ]/5Tr [Scéi/)’ S;ha’ 7’5} >

(=S8 v rsSy = SgvsSysSE + S5 Te[SysSEys] + S5 T [ShrsS vs ) ).
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where §' = CSTC. If Q' = Q, the value of constant A becomes 1 and when we have Q' # Q, this value becomes % We also

have the antisymmetric part as

Mo (4)

i ; / ! J c / a/ CI ! / L‘I / a/ !
= ¢ CabcCale / d4xe"ﬂ{2yssg’ SotSeys +rsSy g St vs = 2rsSey ST St vs +v5Sy SgUSE s

= 2155 B St v+ 258G B S5 vs + 4ys Sy ysTe [ SY'ShY | 4+ 758y ysTe 585 |

+ 7555 rsTr {SZ)?,S;M} + I(ZYSSCQb/75SS’(Z/SZC, + }’SSCQb’}’SS/qha’SZC// - 2}’5585/7555”520/ + YSSCQb/IYSS;ba/SaQC,

— 275857 ysSEY Sty + 2158 vsSob” SE + 28 S5 ysShvs + SG Sy vsSE s — 285 S5 s Sh s

+ U SPysSE vs — 285" SE vs Sty vs + 285 ShY ysSe vs + 4ysSg Tr [saQb’ s 5'5,“’}

A v T[S S ys |+ rsS Te S8 rs S| + S s Te[S8 S s + v Te Sl vsSpe |

S5y Te[Su 0 ys ] ) + (258 v S sS4 SY vsSEysSts = 255 1588 sSlY

+ 8D ysSy ysSl =285 ysSE vsSty + 285" ysSpl st + 4S5 Tr [S’gf’ vs S’gb’ys}

+ S T | Sh 75 S8 s | + S5 Tr | She v el ys

In order to obtain the result for the QCD side of the sum
rule, the above mentioned propagators are first used and the
calculations are followed by Fourier and Borel transforma-
tions. Finally, the process of continuum subtraction is
carried out, assisted by the quark-hadron duality assumption.
The result of the QCD side is presented in the form

~S(A 5o _s/M2 S(A S(A
4 () = /< s R SR o), (13
mo+me,

where subindex 1(2) corresponds to the coefficient of the
Lorentz structure ¢(I), s, demonstrates the continuum

threshold and pfg‘)) (s) is the spectral density that is achieved
by taking the imaginary part of the correlation function,
pfg)) (s) = %Im[ﬁfg)) (¢)]. In the Appendix, we present the
expressions of the spectral densities obtained after calcu-

lations up to 5 nonperturbative operators. Ff((%) (M?) is a
function that presents the calculations of the nonperturbative

part from the mass dimension 6 to 10. The ng; (M?)isavery

lengthy function, so we do not present its explicit form in the
present study.

The results obtained from performing computations
on both sides are compared using dispersion relations
that take into account the coefficients of the same
Lorentz structures that are ¢ and /. This yields the QCD
sum rules for the relevant quantities, which can be
expressed as:

P 4 e 4 2 = TEW (50, M7), (1)
= 4 0 ’

D) m

[
and

m2 ~ ﬁlz mlz ~
Pme it — e s + 12mle it = T (5. M), (15)

In the following, we show how one can derive QCD sum
rules for the masses and residues of the ground and excited
states for the g structure. To achieve this, one follows a
three-step procedure. First, the mass and residue for only
the ground state are derived. Hence, we follow the ground
state + continuum scheme, in which we treat the second
and third terms on the left-hand side of Eq. (14) as
components of the continuum. By this way, we choose
only the ground state contribution by adjusting the con-
tinuum threshold such that only the ground state is
produced in the physical side. Considering only the first
term on the left-hand side of Eq. (14), we obtain the
following sum rule for the mass

~S
Y o M) o
m? = 2 : 16
3% (50, M?)

where we applied the derivative with respect to — # to both

sides and divided the resultant equation by the original one.
The residue is obtained as

ﬂ12 ~
2 = e (50, M?). (17)

In the next step, having calculated the mass and residue of
the ground state, we increase the threshold parameter to
bring the first orbital excited state, 1P, to the physical side.
In this step we consider the first two terms on the left-hand
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side of Eq. (14), representing the ground and 1P states,
respectively. By this way, we considered the third term
representing the 2.5 state inside the continuum and applied
the ground state + first orbitally excited state 4+ continuum
scheme. Now, considering the results of the mass and
residue for the ground state, we have two new unknowns,
which are the mass and residue of the 1P state. We can
obtain them from the similar way as the ground state.
Finally, we follow the ground state 4 first orbitally excited
state + first radially excited state 4 continuum scheme to
achieve the mass and residue of the radially excited, 2.5,
state by increasing again the value of the continuum
threshold and using the parameters of the ground and
1P states as inputs. We will come back to these procedures
in next section considering the related numerical values.

III. NUMERICAL ANALYSIS

In this section, we present the numerical analysis of our
results for the masses and residues of the doubly heavy
baryons in their ground, first orbitally and first radially
excited states. We consider some inputs that are shown in
Table I. In the calculations, the masses of u# and d quarks are
assumed as zero, but we keep the s quark mass. As seen
from Table I, we display the values of condensates up to six
mass dimensions, but we perform calculations up to ten
mass dimensions. The nonperturbative operators with mass
dimensions greater than six (seven to ten) are written in
terms of low-dimensional operators using the QCD fac-
torization hypothesis. This is done when calculating the
expressions of the heavy and light quarks propagators
presented in the previous section. When the propagators
are multiplied through Eqs. (11) and (12) the higher
dimensional operators appear as the multiplications of
the operators with lower dimensions, whose values are
obtained via the numerical values presented in Table 1.

In addition to the parameters listed in Table I, there are
three extra parameters, namely Borel parameter M2, thresh-
old parameter s, and arbitrary mixing parameter ¢. They are
obtained from the analysis of results based on the standard
criteria of the QCD sum rule method. These criteria include

TABLE I. Some input parameters entering the calculations.
Parameters Values
m. 1.27 £0.02 GeV [88]
my, 4.18739% GeV [88]
m, 937! MeV [88]
(qq) (=0.24 4+ 0.01)> GeV? [89]
(s5) 0.8(gq) [89]
m} (0.8 £0.1) GeV? [89]
(a9,0Gq) m(qq)
(5:G?) 472(0.012 £ 0.004) GeV* [90]
(%=G?) (0.012 £ 0.004) GeV* [90]
(2G?) (0.57 £0.29) GeV® [91]

weak dependence of the results on auxiliary parameters,
pole dominance and convergence of the OPE. We deter-
mine the working regions of ¢ from the analysis by
considering a parametric plot of the results as functions
of cos @, where t = tan 0. The QCD side of calculations in
terms of cos @ is shown in Fig. 1, which is valid for all states
of the doubly heavy baryons. We select the regions that
show least variations with respect to the changes in cos 6,
which read

—1<cos@<-0.5 and 05<cosfd<1. (1I8)

Additionally, we determine the working region of Borel
mass through the following criteria. The upper bound for
M?, is set by ensuring that the pole contribution should be
larger than the continuum and higher states contributions.
To meet this requirement, we stipulate that the ratio PC,

H(S()?Mz’ t)

PC =
(oo, M?, 1)

, (19)

should surpass 0.50. In Fig. 2, we can see the satisfaction of
this condition for pole contribution of Z.. as a function of
the Borel parameter M? at fixed values of s,. The lower
bound for M? is set based on the condition that the OPE
series must be convergent, which means that the perturba-
tive contribution should be greater than the nonperturbative
one and the higher the dimension of the nonperturbative
operator, the lower its contribution. For this purpose, we
introduce the ratio:

HDimN(SO, MZ’ t)

R(M?) = )
( ) H(S(),Mz,t)

(20)

where DimN refers to the last three dimensions, i.e.,
DimN = Dim(8 4 9 + 10). To determine the minimum of
the Borel parameter, the ratio should not exceed 0.05 of the

0.010——m——— 71— §

0.008- 1

I
=
=1
>
T
L

d
o
o
5
T
1

QCD side (GeV®)

0.002- 1

0.000 1 1 n n 1 n n n n n n n n n n n n
-1.0 -0.5 0.0 0.5 1.0

cos 8

FIG. 1. I:[(qQCD as a function of cos @ at the central values of M?
and sg.
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11— 7

= = 50=15.00 (GeV?)

06y 5=16.50 (GeV?) ]
------ 50=18.00 (GeV?)
0.5- B
0.4 n n n n 1 n n n n 1 n n n n 1 n n n n 1 n n n n
3.0 3.5 4.0 4.5 5.0 5.5

M*(GeV?)

FIG. 2. Pole contribution of E.. as a function of the Borel
parameter M? at fixed values of s.

total contribution. As the final parameter, the continuum
threshold values s, which also depend on the energy of the
next first excited state, are chosen in such a way that the
integrals do not receive a contribution from the excited

TABLE II.
excited, and first radially excited states.

states during the ground state calculations. Table II presents
the working intervals for the Borel parameter M’ and
threshold parameter s, for all the channels.

Based on our analysis, we have observed that there is
only a weak dependence between the physical quantities
and the auxiliary parameters in the given windows for M?
and sy. To portray how the masses are affected by the
auxiliary parameters, we include Figs. 3-5. We draw these
figures at the average value of the arbitrary mixing
parameter, i.e., t = 0.75. The results demonstrate a high
level of stability in relation to the Borel parameter and
continuum threshold within their respective working
regions. It should be noted that our results for all baryons
show least dependence on auxiliary parameters. For this
reason, we include only the graphs for the E.. state. The
principal sources of uncertainties in our numerical out-
comes are due to the uncertainties with respect to the
auxiliary parameters and errors of other input parameters.

After determination of the range of auxiliary parameters,
we present the mass and residue of the doubly heavy baryons
with spin—%, obtained through numerical analyses in Table II.

The auxiliary parameters and the outcomes of the masses and residues for the ground, first orbitally

Baryon State M? (GeV?) 5o (GeV?) Mass (GeV) Residue (GeV?)
B E.(H)(18) 3.00-5.50 3.872—4.24 3.69 +0.10 0.16 +0.04
E..()(1P) 3.00-5.50 4.37%-4.74? 3.9110% 0.18 £0.03
E..(3)(2S 3.00-5.50 4.87%-5.24? 4.04 +0.08 0.19 +0.03
cc\2
Epe By (3)(15) 6.00-9.00 6.922-7.212 6.735013 0.29 +0.06
Epe(37)(1P) 6.00-9.00 7.42%-7.712 6.94 +£0.13 0.321006
Epe(11)(29) 6.00-9.00 7.922-8.212 7.12£0.14 0.33 £0.06
S B, (3)(18) 10.00-15.00 10.58%-10.86° 9.97 £0.19 0457009
() (1P) 10.00-15.00 11.082-11.367 10.25+£0.18 0.6010%
By (1) (25) 10.00-15.00 11.582-11.86° 10337018 0.7015%
Q. Q..(31)(18) 3.00-5.50 3.892-4.26 3.70 +0.09 0.17 +0.04
Q.)(p) 3.00-5.50 4.392-4.76 3.93501% 0.19+003
Q.(1)(28) 3.00-5.50 4.892-5.267 4075008 0.2050%
Qe Q,.(31)(18) 6.00-9.00 6.922-7.212 6.771013 0.30 +0.05
Qc(37)(1P) 6.00-9.00 7422771 7.07 +0.12 0.331005
Q. (34)(25) 6.00-9.00 7.922-8.212 7.20 £0.13 0.35 4+ 0.06
Qpp Q,,(3H)(1S) 10.00-15.00 10.582-10.867 9.98 £0.18 0.4675%
Q,,(3)(1P) 10.00-15.00 11.082-11.36 10.31 £0.19 0.63 £ 0.09
Q,,(19)(25) 10.00-15.00 11.582-11.86 10.45 +£0.18 0751005
B B, (3)(15) 6.00-9.00 6.922-7.212 6.81 £0.11 0.31 £0.05
g,.(3)(1P) 6.00-9.00 7.422-7.71? 6.9910:13 0.341004
g,.(31)(29) 6.00-9.00 7.922-8.212 7157013 0.36 +0.06
Q. @, (1)(18) 6.00-9.00 6.922-7.212 6.82 £+ 0.12 0.32 +0.06
Q. ()ap) 6.00-9.00 7.422-7.712 7035515 0.35£0.06
Q) (1)(25) 6.00-9.00 7.922-8.217 7.24101% 0.3820¢%
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5.0 T T T T 5.0 T T T T T
45 1 45¢ ~
s 40 1 s 40f ~
o T L LI LL L LLLCL L LELLLE s Bt
~: T ETETETE e e E E E e E m m ) \: %ll_llll‘llllllllllllll
@ 35 1 235 ]
|Fi [ ] 15
1S 30 — = 5;=15.00 (GeVd) & 5,0 o 300GV ]
$9=16.50 (GeV?) 1 —— M?=4.25 (GeV?)
250 e 50=18.00 (GeV?) 1 28 M2=5.50 (GeV?) b
2. I S S S gl e
g.o 3.5 4.0 45 5.0 5.5 15.0 15.5 16.0 16.5 17.0 17.5 18.0
M*(GeV?) s0(GeV?)

FIG. 3. Left: the variation of the mass of =, at 1S state as a function of the Borel parameter M? and at the various amounts of the
parameter s,. Right: the variation of the mass of E.. at 1§ state as a function of the threshold parameter s and at the various amounts of

the parameter M>.
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FIG. 4. Left: the variation of the mass of Z,, at 1P state as a function of the Borel parameter M? and at the various amounts of the
parameter s,,. Right: the variation of the mass of E_. at 1P state as a function of the threshold parameter s, and at the various amounts of

the parameter M?>.
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FIG. 5. Left: the variation of the mass of =, at 2S state as a function of the Borel parameter M? and at the various amounts of the
parameter s,. Right: the variation of the mass of E.. at 2§ state as a function of the threshold parameter s and at the various amounts of

the parameter M>.
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TABLE IIL
with other predictions.

The masses of the ground state 1 of the doubly heavy baryons in GeV and comparison of the results

Baryon This work Reference [4]  Reference [6] Reference [48] Reference [49] Reference [50]
Bee 3.69 £ 0.10 3.72+£0.20 3.62 £0.0015 3.620 426+0.19 3.57+0.14

Epe 6.737013 6.72 +0.20 e 6.933 6.75 4+ 0.05 -

Epp 9.97 +0.19 9.96 + 0.90 10.202 9.78 + 0.07 10.17 £0.14

Q.. 3.70 +0.09 3.73 £0.20 3.778 4.25 4+0.20 3.71 £0.14

Q. 6,77j8:113 6.75 +0.30 7.088 7.02 +0.08 e

Qup 9.98 +0.18 9.97 + 0.90 10.359 9.85 +0.07 10.32 £0.14

B 6.81 £0.11 6.79 + 0.20 6.963 6.95 +0.08 e

Q). 6.82 £0.12 6.80 £ 0.30 7.116 7.02 +£0.08

TABLE IV. The masses of 1P excitation of the doubly heavy baryons in GeV and comparison of the results with

other predictions.

Baryon This work Reference [13] Reference [48] Reference [73] Reference [74] Reference [75]
B 3-91j8.'?19 4.03 +£0.20 3.838 3.880 3.77 £0.18 3.947
Bpe 6.94 +0.13 7.14 +0.11

Epp 10.25 £0.18 10.32 +0.10 10.368 10.406 10.38 £ 0.15 10.476
Q.. 3,93j8_{)09 4.16 £0.14 4.002 . 391 +0.14 4.086
Qpe 7.07 +£0.12 7.20+0.11

Qpp 10.31 £0.19 10.37 £0.10 10.532 10.38 £0.15 10.607
B, 6,99j8:11§ 7.02 +£0.07 e e e

Q). 7~03f8.'1123 7.09 +0.07

Our approach involves analyzing the ground state,
first orbitally excited state, first radially excited state and
continuum, using Eq. (14) to progress step-by-step. As
previously said, firstly, we derive the mass and residue of
the doubly heavy baryons in the ground state using proper
threshold parameters based on the ground state +
continuum approach. We determine the appropriate range
for s, also listed in Table II. Second, we apply the same
method to determine the mass and residue of baryons for
the ground state, first orbitally excited state and continuum
scheme, using suitable threshold parameters. The outcomes
of this stage are likewise provided in Table II. Finally, we
include the radially excited 2 state using the ground state,

first orbitally excited state, first radially excited state and
continuum scheme and specify the appropriate threshold
parameter. The results for the 2§ states can be found in
Table IT as well. It is necessary to mention that the results of
two Lorentz structures have roughly the same values.
Therefore, we only report the results of g structure.

As we can see in Table II, for E,., the masses of the
excited states 1 P and 2§ are about 0.22 and 0.35 GeV more
than the mass of the ground state, respectively. These values
for other members are as follows: &, (0.21 and 0.39 GeV),
Epp (0.28 and 0.36 GeV), Q.. (0.23 and 0.37 GeV), Q,,.
(0.30 and 0.43 GeV), Q,;, (0.33 and 0.47 GeV), &} (0.18
and 0.34 GeV) and Q) (0.21 and 0.42 GeV).

TABLE V. The masses of 2§ excitation of the doubly heavy baryons in GeV and comparison of the results with other predictions.

Baryon This work Reference [13] Reference [48] Reference [70] Reference [71] Reference [72] Reference [75]
Bee 4.04 +£0.08 4.03 +£0.20 3.910 3.920 4.183 4.079
Epe 7.12 +0.14 7.14 £ 0.11 7.263 7.495

Eup 10,33j8:11§ 10.32 £0.10 10.441 10.609 10.751 e 10.571
Q.. 4_07j8_»8§ 4.16 = 0.14 4.075 4.268 4.041 4.227
Q. 7.20+0.13 7.20 +£0.11 e 7.559 7.480 e

Qup 10.45 +0.18 10.37 £0.10 10.610 10.830 10.736 10.707
/i 7'15f8.'11§1 7.02 4+ 0.07

Q. 7.24501% 7.09 + 0.07
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TABLE VI
results with other predictions.

The residues of the ground state 1S of the doubly heavy baryons in GeV? and comparison of the

Baryon This work Reference [4] Reference [49] Reference [50]
Bee 0.16 +0.04 0.16 +£0.02 0.042 +£0.026 0.115 £0.027
Zpe 0.29 + 0.06 0.28 +0.05 0.046 + 0.021 e

Epp 0,45j8:gg 0.44 +0.08 0.067 £ 0.057 0.252 £ 0.064
Q.. 0.17 £0.04 0.18 £ 0.03 e 0.138 £ 0.030
Q. 0.30 £ 0.05 0.29 4+ 0.05 e

Qpp 0.46f8:8§ 0.45 +0.08 0.311 £0.077
B 0.31 £0.05 0.30+0.05 e

Q). 0.32 £0.06 0.31 £ 0.06

Calculations of the mass of the doubly heavy baryons in
the ground state have been done in different approaches
[4,48-50,85]. To provide a comprehensive comparison,
Table III includes predictions for the mass of the doubly
heavy baryons obtained from various approaches. We
perform these calculations by including the nonperturbative
operators of the mass dimensions up to 10 to reduce the errors
and increase the accuracy. In the previous work done by QCD
sum rule method [4], the calculations were done up to 5 mass
dimensions. Our results for the ground states, except for
some channels, are overall in good agreements with the
predictions of different methods such as relativistic quark
model [48] and QCD sum rules [4,49,50] within the
presented uncertainties. Our result on the mass of the =,
state is consistent within the errors with the experimental data
of the LHCb collaboration available only for this channel.

The study of the mass of the doubly heavy baryons for
1P and 28 excited states have also been done in various
methods [13,48,70-74]. For these excited states, our
calculations are reported with higher accuracies as well.
As can be seen from Tables IV and V, our results for the 1P
and 2§ excited states, except for some channels, are overall
in good consistencies with the predictions of various
approaches such as relativistic quark model [48], quark
model [75], Salpeter model [71], hypercentral constituent
quark model [70,72], Faddeev method [73], and QCD sum
rules [13,74] within the presented errors as well.

TABLE VII. The residues of 1P excitation of the doubly heavy
baryons in GeV? and comparison of the results with other
predictions.

Furthermore, we studied the residues of the ground,
first orbitally and first radially excited states of the doubly
heavy baryons and reported our outcomes in Tables VI,
VII, and VIII. For the ground states, using QCD sum rules
[4,49,50], researchers have also studied the residue of the
doubly heavy baryons. These studies for the 1P excited
state have been done in QCD sum rules [13,50]. For the 2§
excited state, the residue calculation has also been done in
Ref. [13]. As mentioned before, our results are more
accurate for the residue calculations compared to the
previous predictions, since contributions of the nonper-
turbative operators up to dimension ten are taken into
account in the OPE. Although, we see overall good
consistencies (there are some differences on some chan-
nels) of the results for the masses among different
approaches and predictions within the presented uncer-
tainties, overall we see considerable differences in the
values of the presented residues for the ground and excited
baryons among different studies (there are some consist-
encies among the results in some channels). The presented
uncertainties for the residues are high compared to the
masses. This is well understood from the fact that the mass
is ratio of two sum rules that leads to killing of the
uncertainties in ratio, while the residue is obtained from
one sum rule. Our results on the residues can be used to
investigate different decay channels of the doubly heavy
baryons under study.

TABLE VIII. The residues of 25 excitation of the doubly heavy
baryons in GeV? and comparison of the results with other
predictions.

Baryon This work Reference [13] Reference [74]
Bee 0.18 +£0.03 0.099 +0.013 0.159 +0.037
Epe 0.3270:0¢ 0.242 +0.020 e

Eup 0.60f8:8§ 0.576 £ 0.046 0.365 4+ 0.089
Q.. 0_19j8;82 0.125 +£0.015 0.192 +0.041
Qe 0.3310% 0.241 +0.021 e

Qup 0.63 + 0.09 0.620 4 0.060 0.444 +0.101
B 0.34f8j8§ 0.176 4+ 0.084 e

Q). 0.35 £+ 0.06 0.174 £0.079

Baryon This work Reference [13]
Eee 0.19 +0.03 0.144 +0.064
Epe 0.33 +0.06 0.306 4+ 0.090
Eob 0,70jg:?3 0.764 +0.114
Qe 0.2070 03 0.205 + 0.085
Qp. 0.35 +0.06 0.361 +0.112
Qpp 0.7550:8 0.850 £ 0.160
B, 0.36 + 0.06 0.187 +0.05

Q. 0,38j8:g76 0.255 +0.125
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TABLE IX. Contributions of perturbative and different nonperturbative operators in the OPE side for the =, state
and g structure in the average values of auxiliary parameters. Note that 3d—10d stand for the nonperturbative

PHYS. REV. D 109, 054005 (2024)

operators with three to ten dimensions.

Operator Perturbative 3d 4d

5d 6d 7d 8d 9d 10d

Contribution 69.4% 20.5% 4.0%

0% 2.8% 0% 1.6% 1.0% 0.7%

At the end of this section, it is instructive to give the
contributions of perturbative and each nonperturbative oper-
ators in the OPE side of the calculations for the E,... state and g
structure as an example. These contributions are depicted in
Table IX. As is seen from this table, the main contribution
comes from the perturbative part and we see a good
convergence of the OPE: the higher the dimension of the
nonperturbative operator, the lower its contribution; and all
the requirements of the method discussed above are satisfied.

IV. SUMMARY AND CONCLUSION

The quark model makes predictions about the hadronic
states containing single, double, and triple heavy quarks.
The investigation of the properties of the doubly heavy
baryons represents a promising area in particle physics. To
study any type of interactions/decays of the doubly heavy
baryons, we need the exact values of the masses and
residues of these baryons. The values of the spectroscopic
parameters calculated from theory can also guide exper-
imental groups to search for the unseen baryon members
predicted by the quark model. For this purpose, we
determined the spectroscopic parameters of the doubly
heavy baryons with a higher accuracy in the ground, first
orbitally and first radially excited states. Among the non-
perturbative approaches, we used the QCD sum rule
formalism as one of the most powerful and predictive
methods based on the QCD Lagrangian. In order to
increase the accuracy, we included into the analyses the
nonperturbative operators up to dimension 10. After fixing
the auxiliary parameters, we extracted the masses and
residues of the ground, first orbitally and first radially
excited states of the doubly heavy baryons as shown in
Table II and compared our results with the predictions of

|
S(pert 1- u
P1 ~ 1287 / /

,~3D:16(D))
Z4Z2

— vZy(—6mym, Z3Zy + 5u(3D Z3 + 2suvZ,73))) + 2tuv(-3D, 23 Z,
- t2(—2mQuZ%(—mQ/v - 3mqu)Z3 - sz(—6mQ/mqZ%Z3 - SM(?)DIZ% + 2SI/HJZzZ3)))},

S(pert / /1 ” 3D @ Dl)
P2 P
6471 VAVA

+mgy (Smom,Z} = 3suv?Z,))Zs) —

+mgv) —m,Zy) — (=suvZy(=3mou — m,Zy) + my (5mom, 27 + 3su11222))Z3)},

2tm,(~D\Z3Z, —

other approaches and the existing data for the ground =,
state at different tables. Our result on the mass of the
ground E.. state is in a good consistency with the
experimental data of the LHCb collaboration. Our results
on the masses are overall consistent with the predictions
of other studies except for some channels. Regarding the
residue, we have inverse situation: Except for some
channels, we see considerable discrepancies of our results
with the previous predictions. Our predictions may help
experimental groups in the course of their search for the
unseen members of the doubly heavy baryons. They may
also be checked by other nonperturbative approaches in
future. As said, in the calculations of any physical quan-
tities related to the interactions/decays of these baryons, the
values of the residues are immediately required. Our results
that have been provided with higher accuracy can be served
as inputs to study the decay properties of the considered
doubly heavy baryons in their ground and excited states.
Such investigations are required to estimate the width and
lifetime of the doubly heavy baryons.
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APPENDIX: EXPRESSIONS OF SPECTRAL
DENSITIES

In this appendix, we present the explicit expressions of
the spectral densities obtained from the calculations:

{ (—ZmQuZIQ(mQ/U - 3mqZQ)Z3

—2(=momyZ3 + suvZ3)Zs)
(A1)

{(DIZ%(3(mQu +mgv) —myZy) — (=suvZ,(3mou — m,Z,)

(=mympZ3 + suvZ3)Zs) + (D Z3(=3(mgu
(A2)
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A(pert) 1= " D @ D )
P (» 2567[ / / Z4ZZ {(—ZmQuZ%(—l3mQrv — mqZZ)Z3
— 0Zy(=2mom,Z1Zs + 15u(3D, 23 + 25uvZ,yZ3))) — 2t(=2mouZi(mgov — 2m,Z,)Z,
—0Z,(9D uZ} — Amgm,Z3Zy 4 6suPvZyZ5)) + 2 (—2mouZi(—11my v — 5m,Z,)Z5

— 50Zy(=2mym, 737 — 3u(3D, 22 + 2s1wZzZ3)))}, (A3)
. = DOD
pg(p ) = 187 / / Z3(22 ) {(—DIZ%(—mQu —mgv —13myZ,) = (suvZy(-mou — 13m,Z,)

+ my (15mom,Z3 — suv*Z,))Zs) + 21(D1 Z3(2(mou + myv) — myZ,) — (—suvZy(2mou — m,Z,)
+ my (B3mom,Z3 = 25uv*Z,))Z3) + t*(D1 Z3(=5(mou + myv) — 11m,Z,)
— (=suvZy(=5mou — 11m,Z,) + 5my (3mom, 73 + suvzzz))Z3)}, (A4)

1- u
pf(w)(s) =0 / / qq)@)(Dz){ZmQu + 2mg + Smyu)Zy + 2t(myuZy)

+ 2 (=2mgu — (2my - quu)Z4)}, (A5)

S(3d A [l lmu
Pz( )(s) =167 du/o dv(qq)@(Dz){—(ZDz +5Smgmg + u(3momy + s — su) +3mgm,Z,)

+ 2t(2D2 - mQer + SMZ4) + tz(—2D2 — SmQer + 3QOqM + (3mQ/mq — SM)Z4)}, (A6)
AGd), 1 1 b
pr (s) === [ du dv(qq>®(D2){(2mQu + 2mgy +45myu)Zy)
1927 0 0
+ 2t(4mou + (4my + 9m,u)Zy) + 562 (=2mou — 2my — 9mqu)Z4)}, (A7)
AGd), 1 ! -
Py (s) = %67 , du ; dv(qq)@(Dz){(26D2 —mg(15mg +m, —myu) — u(mom, — 13sZ,))

—2t(2D, + 3mymgy + u(2mgm, + s — su) + 2mgym,Zy)

+ 12(=22Dy + Smomyu + Smy (=3mg + m, — myu) — 1 lsuZ4)}, (AB)

S(4d / /1 “anl % GG 3m)Z2®( 3)
P = 560

x {(3u2 Fu(=3+ 7o) = 30Z;) + 2t(u2 Fu(=1430) = vZ3) + (31 + u(=3 + Tv) — 3023)}, (A9)

S(4d A 1 1-u (ZSGG @(D3)
pz( >(s) = 12871:4/) dul dv<”> Zl {—[mQuZ](u2 +u(—1+5v) - 3vZ3)

+ v[(myu+ my (2 4 8u))v® = 3mgv* — ((4mgy + my)u(—1+2u)v + (2mu + my (=1 + 11u))v*)Z,
+ (B3mg + my)u*Z3]] — 2t(muvZ,Zy) 4+ PlmouZ, (u* + u(—1+ 5v) — 3vZs)

+ v(muZZy + my (2(1 + 4u)v® = 3v* = (4u(=1+ 2u)v + (=1 + 11u)v?)Zy + 3uzz§))]}, (A10)

A(4d / /1 “anl % GG usz(B( 3)
P1 ~ 514

{ (? — u(1 + 110) — vZ3) + 2¢(u? +u( 1+7v)—vZ3)—t2(u2—u(1+11v)—vZ3)}, (A1)
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A(4d
Py (s) =

where

1 1-u
1 / " / 1o %GG\ ©(Ds)
230471'4 0 0 T Z?

x { Imou(19ut + 263 (=17 + 80) = WX (=15 + 0)Z; + 12uPZy = 150°Z3) + v(33m,uZ, Zs
+mgy (2(=17 + 8u)v® + 19v* + 12u?vZy — (=15 + u)v*Z, — 15u*Z3))]

+ 2t2mou(u* + 2uZ5 — 6uv?Zy — u* (3 4 v)Z3 + 3v°Z3) + v(3muZ, Zy + 2my (v* — 6uvZ,
= B+ u)v?Zy + 20°Zy + 3u*Z3))| + P lmou(—23u* + u? (26 — 8v) + u* (=3 + (8 — 5v)v)

+ 12uv?Zy + 30*Z3) + v(=39muZ, Zy + mgy (2(13 — 4u)v® — 23v* + 12u%0Z,

and we have defined

+ (=3 4+ 5u)02Z, + 3u2242))}}, (A12)
1°9(s) =0, (A13)
S(5d) _ 5A 1 I—u _ 2
Py (8)=—— [ du dv(qg,0Gq)uZ,®(Dy)(1 — 2t + 1), (Al14)
64r 0 0
159(s) = 0. (A15)
A(5d) - 5 1 1-u B 5
y (s) = | du dv(qg,0Gq)uZs®(Dy) (=13 + 2t + 11¢%), (A16)
384z Jo 0
Dy =~ 2 (mdu + m,0)Z, + suvzy)
= _Z% (mgu + mgv)Zy + suvZy),
Dy = —myu — (myy — su)Zy,
V4
D; = Z_; ((mgu + mZQ,v)Zl + suvZ,),
1
Dy = —szu - (m%] — Su)Zy, (A17)
Zi =+ u(=1+v)+ (=1 + ),
Zry=1—-u-v,
Z3 =1- v,
Zi=1-u (A18)

[1] M. Gell-Mann, A schematic model of baryons and mesons,
Phys. Lett. 8, 214 (1964).

[2] M. Mattson et al. (SELEX Collaboration), First observation
of the doubly charmed baryon E/., Phys. Rev. Lett. 89,
112001 (2002).

[3] A. Ocherashvili et al. (SELEX Collaboration), Confirma-
tion of the double charm baryon E{.(3520) via its decay to
pDtK~, Phys. Lett. B 628, 18 (2005).

[4] T.M. Aliev, K. Azizi, and M. Savci, Doubly heavy spin—1/2
baryon spectrum in QCD, Nucl. Phys. A895, 59 (2012).

[5] R. Aaij et al. (LHCb Collaboration), Observation of the
doubly charmed baryon E/.", Phys. Rev. Lett. 119, 112001
(2017).

[6] R. Aaij et al. (LHCb Collaboration), First observation of the
doubly charmed baryon decay E/." — Efx ", Phys. Rev.
Lett. 121, 162002 (2018).

054005-12


https://doi.org/10.1016/S0031-9163(64)92001-3
https://doi.org/10.1103/PhysRevLett.89.112001
https://doi.org/10.1103/PhysRevLett.89.112001
https://doi.org/10.1016/j.physletb.2005.09.043
https://doi.org/10.1016/j.nuclphysa.2012.09.009
https://doi.org/10.1103/PhysRevLett.119.112001
https://doi.org/10.1103/PhysRevLett.119.112001
https://doi.org/10.1103/PhysRevLett.121.162002
https://doi.org/10.1103/PhysRevLett.121.162002

PROPERTIES OF DOUBLY HEAVY SPIN—%

PHYS. REV. D 109, 054005 (2024)

[7] R. Aaij et al. (LHCb Collaboration), Search for the doubly
charmed baryon E/., Sci. China Phys. Mech. Astron. 63,
221062 (2020).

[8] R. Aaij et al. (LHCb Collaboration), Search for the doubly
charmed baryon E}, in the Efz " final state, J. High
Energy Phys. 12 (2021) 107.

[9] R. Aaij et al. (LHCb Collaboration), Search for the doubly
heavy baryons Q) and Z)_ decaying to Afz~ and Ef 7™,
Chin. Phys. C 45, 093002 (2021).

[10] T.M. Aliev, K. Azizi, and M. Savci, The masses and
residues of doubly heavy spin-3/2 baryons, J. Phys. G
40, 065003 (2013).

[11] T. M. Aliev, K. Azizi, and M. Savci, Mixing angle of doubly
heavy baryons in QCD, Phys. Lett. B 715, 149 (2012).

[12] H. 1. Alrebdi, T. M. Aliev, and K. Simsek, Determination
of the strong vertices of doubly heavy baryons with
pseudoscalar mesons in QCD, Phys. Rev. D 102, 074007
(2020).

[13] T. M. Aliev and S. Bilmis, The mass and residues of radially
and orbitally excited doubly heavy baryons in QCD, Nucl.
Phys. A984, 99 (2019).

[14] T.M. Aliev and S. Bilmis, Properties of doubly heavy
baryons in QCD, Turk. J. Phys. 46, 1 (2022).

[15] S. Rostami, K. Azizi, and A.R. Olamaei, Strong coupling
constants of the doubly heavy spin-1/2 baryons with
light pseudoscalar mesons, Chin. Phys. C 45, 023120
(2021).

[16] A.R. Olamaei, K. Azizi, and S. Rostami, Strong vertices of
doubly heavy spin-3/2 baryons with light pseudoscalar
mesons, Chin. Phys. C 45, 113107 (2021).

[17] T.M. Aliev and K. Simsek, Strong coupling constants
of doubly heavy baryons with vector mesons in QCD,
Eur. Phys. J. C 80, 976 (2020).

(18] T.M. Aliev, T. Barakat, and K. Simsek, Strong By, , Boo'V
vertices and the radiative decays of By, — Bggy in the
light-cone sum rules, Eur. Phys. J. A 57, 160 (2021).

[19] K. Azizi, A. R. Olamaei, and S. Rostami, Strong interaction
of doubly heavy spin-3/2 baryons with light vector mesons,
Eur. Phys. J. C 80, 1196 (2020).

[20] A.R. Olamaei, K. Azizi, and S. Rostami, Strong coupling
constants of the doubly heavy E,, baryons with z meson,
Eur. Phys. J. C 80, 613 (2020).

[21] E.S. Yu, H. Y. Jiang, R. H. Li, C. D. Lii, W. Wang, and Z. X.
Zhao, Discovery potentials of doubly charmed baryons,
Chin. Phys. C 42, 051001 (2018).

[22] A.V. Luchinsky and A. K. Likhoded, Exclusive decays of
the doubly heavy baryon Z,., Phys. Rev. D 102, 014019
(2020).

[23] A.S. Gerasimov and A.V. Luchinsky, Weak decays of
doubly heavy baryons: Decays to a system of # mesons,
Phys. Rev. D 100, 073015 (2019).

[24] W. Wang, E. S. Yu, and Z. X. Zhao, Weak decays of doubly
heavy baryons: The 1/2 — 1/2 case, Eur. Phys. J. C 77, 781
(2017).

[25] L. Meng, N. Li, and S. 1. Zhu, Possible hadronic molecules
composed of the doubly charmed baryon and nucleon,
Eur. Phys. J. A 54, 143 (2018).

[26] T. Gutsche, M.A. Ivanov, J.G. Korner, and V.E.
Lyubovitskij, Decay chain information on the newly

discovered double charm baryon state E;", Phys. Rev. D
96, 054013 (2017).

[27] L. Y. Xiao, K.L. Wang, Q.f. Lu, X. H. Zhong, and S.L.
Zhu, Strong and radiative decays of the doubly charmed
baryons, Phys. Rev. D 96, 094005 (2017).

[28] Q.F. Lii, K. L. Wang, L. Y. Xiao, and X. H. Zhong, Mass
spectra and radiative transitions of doubly heavy baryons
in a relativized quark model, Phys. Rev. D 96, 114006
(2017).

[29] L. Y. Xiao, Q. F. Lii, and S. L. Zhu, Strong decays of the 1P
and 2D doubly charmed states, Phys. Rev. D 97, 074005
(2018).

[30] Z.X. Zhao, Weak decays of doubly heavy baryons: The
1/2 — 3/2 case, Eur. Phys. J. C 78, 756 (2018).

[31] Z.P. Xing and Z. X. Zhao, Weak decays of doubly heavy
baryons: The FCNC processes, Phys. Rev. D 98, 056002
(2018).

[32] U. Ozdem, Magnetic moments of doubly heavy baryons in
light-cone QCD, J. Phys. G 46, 035003 (2019).

[33] U. Ozdem, Magnetic dipole moments of the spin-3 doubly
heavy baryons, Eur. Phys. J. A 56, 34 (2020).

[34] L.J. Jiang, B. He, and R. H. Li, Weak decays of doubly
heavy baryons: B.. — B.V, Eur. Phys. J. C 78, 961 (2018).

[35] T. Gutsche, M. A. Ivanov, J. G. Korner, V. E. Lyubovitskij,
and Z. Tyulemissov, Ab initio three-loop calculation of the
W-exchange contribution to nonleptonic decays of double
charm baryons, Phys. Rev. D 99, 056013 (2019).

[36] N. Sharma and R. Dhir, Estimates of W-exchange contri-
butions to E.. decays, Phys. Rev. D 96, 113006 (2017).

[37] Z. G. Wang, Analysis of the doubly heavy baryon states and
pentaquark states with QCD sum rules, Eur. Phys. J. C 78,
826 (2018).

[38] T. Gutsche, M.A. Ivanov, J.G. Komer, and V.E.
Lyubovitskij, Novel ideas in nonleptonic decays of double
heavy baryons, Particles 2, 339 (2019).

[39] Q.X. Yu, J. M. Dias, W. H. Liang, and E. Oset, Molecular
=, states from meson-baryon interaction, Eur. Phys. J. C
79, 1025 (2019).

[40] T. Gutsche, M. A. Ivanov, J. G. Korner, V. E. Lyubovitskij,
and Z. Tyulemissov, Analysis of the semileptonic and
nonleptonic two-body decays of the double heavy charm
baryon states =", 2f. and QF, Phys. Rev. D 100, 114037
(2019).

[41] H. W.Ke, F. Lu, X. H. Liu, and X. Q. Li, Study on E... — E.
and =.. — E. weak decays in the light-front quark model,
Eur. Phys. J. C 80, 140 (2020).

[42] H.Y. Cheng, G. Meng, F. Xu, and J. Zou, Two-body weak
decays of doubly charmed baryons, Phys. Rev. D 101,
034034 (2020).

[43] X.H. Hu, R.H. Li, and Z.P. Xing, A comprehensive
analysis of weak transition form factors for doubly heavy
baryons in the light front approach, Eur. Phys. J. C 80, 320
(2020).

[44] R.H. Li, J. J. Hou, B. He, and Y. R. Wang, Weak decays of
doubly heavy baryons: B,. — BD™, Chin. Phys. C 45,
043108 (2021).

[45] J.J. Han, R. X. Zhang, H. Y. Jiang, Z.J. Xiao, and F.S.
Yu, Weak decays of bottom-charm baryons: B,. — B,P,
Eur. Phys. J. C 81, 539 (2021).

054005-13


https://doi.org/10.1007/s11433-019-1471-8
https://doi.org/10.1007/s11433-019-1471-8
https://doi.org/10.1007/JHEP12(2021)107
https://doi.org/10.1007/JHEP12(2021)107
https://doi.org/10.1088/1674-1137/ac0c70
https://doi.org/10.1088/0954-3899/40/6/065003
https://doi.org/10.1088/0954-3899/40/6/065003
https://doi.org/10.1016/j.physletb.2012.07.033
https://doi.org/10.1103/PhysRevD.102.074007
https://doi.org/10.1103/PhysRevD.102.074007
https://doi.org/10.1016/j.nuclphysa.2019.02.001
https://doi.org/10.1016/j.nuclphysa.2019.02.001
https://doi.org/10.55730/1300-0101.2688
https://doi.org/10.1088/1674-1137/abd084
https://doi.org/10.1088/1674-1137/abd084
https://doi.org/10.1088/1674-1137/ac224b
https://doi.org/10.1140/epjc/s10052-020-08553-z
https://doi.org/10.1140/epja/s10050-021-00471-2
https://doi.org/10.1140/epjc/s10052-020-08770-6
https://doi.org/10.1140/epjc/s10052-020-8194-1
https://doi.org/10.1088/1674-1137/42/5/051001
https://doi.org/10.1103/PhysRevD.102.014019
https://doi.org/10.1103/PhysRevD.102.014019
https://doi.org/10.1103/PhysRevD.100.073015
https://doi.org/10.1140/epjc/s10052-017-5360-1
https://doi.org/10.1140/epjc/s10052-017-5360-1
https://doi.org/10.1140/epja/i2018-12578-2
https://doi.org/10.1103/PhysRevD.96.054013
https://doi.org/10.1103/PhysRevD.96.054013
https://doi.org/10.1103/PhysRevD.96.094005
https://doi.org/10.1103/PhysRevD.96.114006
https://doi.org/10.1103/PhysRevD.96.114006
https://doi.org/10.1103/PhysRevD.97.074005
https://doi.org/10.1103/PhysRevD.97.074005
https://doi.org/10.1140/epjc/s10052-018-6213-2
https://doi.org/10.1103/PhysRevD.98.056002
https://doi.org/10.1103/PhysRevD.98.056002
https://doi.org/10.1088/1361-6471/aafffc
https://doi.org/10.1140/epja/s10050-020-00049-4
https://doi.org/10.1140/epjc/s10052-018-6445-1
https://doi.org/10.1103/PhysRevD.99.056013
https://doi.org/10.1103/PhysRevD.96.113006
https://doi.org/10.1140/epjc/s10052-018-6300-4
https://doi.org/10.1140/epjc/s10052-018-6300-4
https://doi.org/10.3390/particles2020021
https://doi.org/10.1140/epjc/s10052-019-7543-4
https://doi.org/10.1140/epjc/s10052-019-7543-4
https://doi.org/10.1103/PhysRevD.100.114037
https://doi.org/10.1103/PhysRevD.100.114037
https://doi.org/10.1140/epjc/s10052-020-7699-y
https://doi.org/10.1103/PhysRevD.101.034034
https://doi.org/10.1103/PhysRevD.101.034034
https://doi.org/10.1140/epjc/s10052-020-7851-8
https://doi.org/10.1140/epjc/s10052-020-7851-8
https://doi.org/10.1088/1674-1137/abe0bc
https://doi.org/10.1088/1674-1137/abe0bc
https://doi.org/10.1140/epjc/s10052-021-09239-w

M. SHEKARI TOUSI and K. AZIZI

PHYS. REV. D 109, 054005 (2024)

[46] W. Wang, Z.P. Xing, and J. Xu, Weak decays of doubly
heavy baryons: SU(3) analysis, Eur. Phys. J. C 77, 800
(2017).

[47] Y.J. Shi, W. Wang, Y. Xing, and J. Xu, Weak decays of
doubly heavy baryons: Multi-body decay channels, Eur.
Phys. J. C 78, 56 (2018).

[48] D. Ebert, R.N. Faustov, V.O. Galkin, and A.P.
Martynenko, Mass spectra of doubly heavy baryons in
the relativistic quark model, Phys. Rev. D 66, 014008
(2002).

[49] J.R. Zhang and M. Q. Huang, Doubly heavy baryons in
QCD sum rules, Phys. Rev. D 78, 094007 (2008).

[50] Z. G. Wang, Analysis of the %* doubly heavy baryon states
with QCD sum rules, Eur. Phys. J. A 45, 267 (2010).

[51] M. A. Ivanov, J. G. Korner, and V. E. Lyubovitskij, Non-
leptonic decays of doubly charmed baryons, Phys. Part.
Nucl. 51, 678 (2020).

[52] S. Rahmani, H. Hassanabadi, and H. Sobhani, Mass
and decay properties of double heavy baryons with a
phenomenological potential model, Eur. Phys. J. C 80,
312 (2020).

[53] H.S. Li, L. Meng, Z.W. Liu, and S.L. Zhu, Radiative
decays of the doubly charmed baryons in chiral perturbation
theory, Phys. Lett. B 777, 169 (2018).

[54] A.V. Berezhnoy, A.K. Likhoded, and A.V. Luchinsky,
Doubly heavy baryons at the LHC, Phys. Rev. D 98, 113004
(2018).

[55] Z.H. Guo, Prediction of exotic doubly charmed baryons
within chiral effective field theory, Phys. Rev. D 96, 074004
(2017).

[56] Y.L. Ma and M. Harada, Chiral partner structure of doubly
heavy baryons with heavy quark spin-flavor symmetry,
J. Phys. G 45, 075006 (2018).

[57] X. Yao and B. Miiller, Doubly charmed baryon pro-
duction in heavy ion collisions, Phys. Rev. D 97, 074003
(2018).

[58] D.L. Yao, Masses and sigma terms of doubly charmed
baryons up to O(p*) in manifestly Lorentz-invariant
baryon chiral perturbation theory, Phys. Rev. D 97,
034012 (2018).

[59] L. Meng and S.L. Zhu, Light pseudoscalar meson and
doubly charmed baryon scattering lengths with heavy
diquark-antiquark symmetry, Phys. Rev. D 100, 014006
(2019).

[60] Y.J. Shi, W. Wang, Z.X. Zhao, and U.G. Meilner,
Towards a heavy diquark effective theory for weak decays
of doubly heavy baryons, Eur. Phys. J. C 80, 398 (2020).

[61] P.C. Qiu and D.L. Yao, Chiral effective Lagrangian for
doubly charmed baryons up to O(g*), Phys. Rev. D 103,
034006 (2021).

[62] Q. Qin, Y.J. Shi, W. Wang, G. H. Yang, F. S. Yu, and R.
Zhu, Inclusive approach to hunt for the beauty-charmed
baryons Z,., Phys. Rev. D 105, L031902 (2022).

[63] X.H. Hu, Y.L. Shen, W. Wang, and Z.X. Zhao, Weak
decays of doubly heavy baryons: Decay constants, Chin.
Phys. C 42, 123102 (2018).

[64] R.H. Li and C. D. Lu, Search for doubly heavy baryon via
weak decays, Contribution to: Moriond QCD, 2018, https://
inspirehep.net/literature/1674558.

[65] Y.J. Shi, W. Wang, and Z. X. Zhao, QCD sum rules analysis
of weak decays of doubly-heavy baryons, Eur. Phys. J. C 80,
568 (2020).

[66] Y.J. Shi, Y. Xing, and Z.X. Zhao, Light-cone sum rules
analysis of o, — Ay weak decays, Eur. Phys. J. C79,
501 (2019).

[67] Q.A. Zhang, Weak decays of doubly heavy baryons:
We-exchange, Eur. Phys. J. C 78, 1024 (2018).

[68] M. Padmanath, Heavy baryon spectroscopy from lattice
QCD, arXiv:1905.10168.

[69] Z.S. Brown, W. Detmold, S. Meinel, and K. Orginos,
Charmed bottom baryon spectroscopy from lattice QCD,
Phys. Rev. D 90, 094507 (2014).

[70] Z. Shah and A. K. Rai, Excited state mass spectra of doubly
heavy = baryons, Eur. Phys. J. C 77, 129 (2017).

[71] F. Giannuzzi, Doubly heavy baryons in a Salpeter model
with AdS/QCD inspired potential, Phys. Rev. D 79, 094002
(2009).

[72] Z. Shah, K. Thakkar, and A.K. Rai, Excited state mass
spectra of doubly heavy baryons Q.., Q,;, and Q,., Eur.
Phys. J. C 76, 530 (2016).

[73] A. Valcarce, H. Garcilazo, and J. Vijande, Towards an
understanding of heavy baryon spectroscopy, Eur. Phys.
J. A 37, 217 (2008).

[74] Z. G. Wang, Analysis of the 1/27 and 3/2~ heavy and
doubly heavy baryon states with QCD sum rules, Eur. Phys.
J. A 47, 81 (2011).

[75] T. Yoshida, E. Hiyama, A. Hosaka, M. Oka, and K. Sadato,
Spectrum of heavy baryons in the quark model, Phys. Rev.
D 92, 114029 (2015).

[76] E. Ortiz-Pacheco and R. Bijker, Masses and radiative decay
widths of S- and P-wave singly, doubly, and triply heavy
charm and bottom baryons, Phys. Rev. D 108, 054014
(2023).

[77] M. A. Shifman, A. 1. Vainshtein, and V. 1. Zakharov, QCD
and resonance physics. Theoretical foundations, Nucl. Phys.
B147, 385 (1979).

[78] M. A. Shifman, A. 1. Vainshtein, and V. 1. Zakharov, QCD
and resonance physics: Applications, Nucl. Phys. B147, 448
(1979).

[79] T.M. Aliev, K. Azizi, and M. Savci, Analysis of the
A, = AZT¢~ decay in QCD, Phys. Rev. D 81, 056006
(2010).

[80] T. M. Aliev, K. Azizi, and A. Ozpineci, Radiative decays of
the heavy flavored baryons in light cone QCD sum rules,
Phys. Rev. D 79, 056005 (2009).

[81] S.S. Agaev, K. Azizi, and H. Sundu, Strong Z} (3900) —
J/wrt;n.pT decays in QCD, Phys. Rev. D 93, 074002
(2016).

[82] K. Azizi, Y. Sarac, and H. Sundu, Analysis of P/ (4380)
and P (4450) as pentaquark states in the molecular
picture with QCD sum rules, Phys. Rev. D 95, 094016
(2017).

[83] J. Oudichhya, K. Gandhi, and A.k. Rai, Investigation of
Q.. and Q_,;, baryons in Regge phenomenology, Pramana
97, 151 (2023).

[84] Z.Y. Li, G.L. Yu, Z. G. Wang, J.Z. Gu, and H. T. Shen,
Mass spectra of bottom-charm baryons, Int. J. Mod. Phys. A
38, 2350095 (2023).

054005-14


https://doi.org/10.1140/epjc/s10052-017-5363-y
https://doi.org/10.1140/epjc/s10052-017-5363-y
https://doi.org/10.1140/epjc/s10052-018-5532-7
https://doi.org/10.1140/epjc/s10052-018-5532-7
https://doi.org/10.1103/PhysRevD.66.014008
https://doi.org/10.1103/PhysRevD.66.014008
https://doi.org/10.1103/PhysRevD.78.094007
https://doi.org/10.1140/epja/i2010-11004-3
https://doi.org/10.1134/S1063779620040358
https://doi.org/10.1134/S1063779620040358
https://doi.org/10.1140/epjc/s10052-020-7867-0
https://doi.org/10.1140/epjc/s10052-020-7867-0
https://doi.org/10.1016/j.physletb.2017.12.031
https://doi.org/10.1103/PhysRevD.98.113004
https://doi.org/10.1103/PhysRevD.98.113004
https://doi.org/10.1103/PhysRevD.96.074004
https://doi.org/10.1103/PhysRevD.96.074004
https://doi.org/10.1088/1361-6471/aac86e
https://doi.org/10.1103/PhysRevD.97.074003
https://doi.org/10.1103/PhysRevD.97.074003
https://doi.org/10.1103/PhysRevD.97.034012
https://doi.org/10.1103/PhysRevD.97.034012
https://doi.org/10.1103/PhysRevD.100.014006
https://doi.org/10.1103/PhysRevD.100.014006
https://doi.org/10.1140/epjc/s10052-020-7949-z
https://doi.org/10.1103/PhysRevD.103.034006
https://doi.org/10.1103/PhysRevD.103.034006
https://doi.org/10.1103/PhysRevD.105.L031902
https://doi.org/10.1088/1674-1137/42/12/123102
https://doi.org/10.1088/1674-1137/42/12/123102
https://inspirehep.net/literature/1674558
https://inspirehep.net/literature/1674558
https://inspirehep.net/literature/1674558
https://doi.org/10.1140/epjc/s10052-020-8096-2
https://doi.org/10.1140/epjc/s10052-020-8096-2
https://doi.org/10.1140/epjc/s10052-019-7014-y
https://doi.org/10.1140/epjc/s10052-019-7014-y
https://doi.org/10.1140/epjc/s10052-018-6481-x
https://arXiv.org/abs/1905.10168
https://doi.org/10.1103/PhysRevD.90.094507
https://doi.org/10.1140/epjc/s10052-017-4688-x
https://doi.org/10.1103/PhysRevD.79.094002
https://doi.org/10.1103/PhysRevD.79.094002
https://doi.org/10.1140/epjc/s10052-016-4379-z
https://doi.org/10.1140/epjc/s10052-016-4379-z
https://doi.org/10.1140/epja/i2008-10616-4
https://doi.org/10.1140/epja/i2008-10616-4
https://doi.org/10.1140/epja/i2011-11081-8
https://doi.org/10.1140/epja/i2011-11081-8
https://doi.org/10.1103/PhysRevD.92.114029
https://doi.org/10.1103/PhysRevD.92.114029
https://doi.org/10.1103/PhysRevD.108.054014
https://doi.org/10.1103/PhysRevD.108.054014
https://doi.org/10.1016/0550-3213(79)90022-1
https://doi.org/10.1016/0550-3213(79)90022-1
https://doi.org/10.1016/0550-3213(79)90023-3
https://doi.org/10.1016/0550-3213(79)90023-3
https://doi.org/10.1103/PhysRevD.81.056006
https://doi.org/10.1103/PhysRevD.81.056006
https://doi.org/10.1103/PhysRevD.79.056005
https://doi.org/10.1103/PhysRevD.93.074002
https://doi.org/10.1103/PhysRevD.93.074002
https://doi.org/10.1103/PhysRevD.95.094016
https://doi.org/10.1103/PhysRevD.95.094016
https://doi.org/10.1007/s12043-023-02630-0
https://doi.org/10.1007/s12043-023-02630-0
https://doi.org/10.1142/S0217751X23500951
https://doi.org/10.1142/S0217751X23500951

PROPERTIES OF DOUBLY HEAVY SPIN—%

PHYS. REV. D 109, 054005 (2024)

[85] S. Narison and R. Albuquerque, Mass-splittings of doubly
heavy baryons in QCD, Phys. Lett. B 694, 217 (2011).

[86] D. B. Lichtenberg, R. Roncaglia, and E. Predazzi, Mass sum
rules for singly and doubly heavy flavored hadrons, Phys.
Rev. D 53, 6678 (1996).

[87] W. Roberts and M. Pervin, Heavy baryons in a quark model,
Int. J. Mod. Phys. A 23, 2817 (2008).

[88] P. A. Zyla et al. (Particle Data Group), Review of particle
physics, Prog. Theor. Exp. Phys. 2020, 083C01 (2020).

[89] V.M. Belyaev and B. L. Ioffe, Determination of baryon and
baryonic resonance masses from QCD sum rules. 1. Non-
strange baryons, Sov. Phys. JETP 56, 493 (1982).

[90] V.M. Belyaev and B.L. Ioffe, Determination of the
baryon mass and baryon resonances from the quantum-
chromodynamics sum rule. Strange baryons, Sov. Phys.
JETP 57, 716 (1983).

[91] S. Narison, Decay constants of heavy-light mesons from
QCD, Nucl. Part. Phys. Proc. 270-272, 143 (2016).

054005-15


https://doi.org/10.1016/j.physletb.2010.09.051
https://doi.org/10.1103/PhysRevD.53.6678
https://doi.org/10.1103/PhysRevD.53.6678
https://doi.org/10.1142/S0217751X08041219
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1016/j.nuclphysbps.2016.02.030

