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Abstract Within the framework of the QCD sum rules
method, the masses and pole residues of the excited states
25 and 1 P of the doubly-heavy spin-(3/2) baryons E},., &,
Eper S Qpp» and QF - are investigated. The excited state
masses and pole residues are predicted with reasonable accu-
racy. We expect that soon, the current predictions can be

tested against future experimental data.

1 Introduction

Over the past few years, LHCb has discovered multiple heav-
ily flavored baryons and many resonances containing one
heavy bottom quark, as well as, additional baryons having
one charm quark. The LHCb collaboration, for example, dis-
covered five new narrow Qg states, 25 (6097) excited state,
Ep(6227) bottom-strange state, A;(6146), and A,(6152)
resonances [ 1-8]. Additionally, the LHCb Collaboration has
also identified four narrow peaks of €2, excited states [9],
and the CMS Collaboration has recently discovered a new
state E;(6100) [10]. Moreover, many spin-(1/2) b-baryons
(A9, =50 8%, 2,7, Q0), and spin-(3/2) b-baryons (AY,
E;’i’o, EZ’O’_) were also discovered and their masses are
precisely measured [11-15].

The SELEX Collaboration, on the other hand, has observed
the doubly-heavy charmed baryon state Ef. with spin-(1/2)
and mass (3519 & 1) MeV in the pDTK~ decay chan-
nel [16], and then later was confirmed by the same exper-
iment in 2005 [17]. Whereas, the LHCb Collaboration have
recently reported that the ground state mass of EfT is
(3624.40 £ 0.72 4+ 0.14) MeV [2]. These findings stimu-
lated the search for a new class of long-lived baryons called
doubly-heavy baryons.

 e-mail: thabit.barakat@tedu.edu.tr (corresponding author)

The doubly-heavy baryons are hadrons containing two
heavy quarks of (c and/or b), and one light quark of (d or u or
s). The existence of such doubly-heavy baryons is considered
a natural consequence of the quark model of hadrons.

Meanwhile, the LHCb has already begun the searching
for the doubly-heavy bottom charmed baryon E.; and is still
working to improve its signal sensitivity [18].

The existence of such experiments has prompted theorists
and phenomenologists to investigate the structural features
of the doubly-heavy flavor baryons. The charmed and bottom
baryons, which are composed of one (two) heavy quark(s),
are of particular interest for studying the dynamics of light
quarks in the presence of heavy quarks and may provide an
exceptional platform for testing quark model estimations and
heavy quark symmetries.

Motivated by the possibility of observing these new
doubly-heavy baryons shortly, the theoretical study of such
baryons could shed light on the dynamics of the heavy quarks
at the hadronic scale, and hence might be represented as a
truthful investigation of the interaction between perturbative
and non-perturbative QCD pictures. In the theory, the study of
doubly-heavy baryons could provide crucial inputs for future
experimental discoveries, as well as possibly clarifying and
revealing secrets about the nature of other heavy baryons.

One of the most important physical properties of the
doubly-heavy baryons is their masses and residues, which
can be accessed experimentally. Based on this, many authors
have created and established various phenomenology meth-
ods and models to estimate the mass spectrum of doubly-
heavy baryons, such as the non-relativistic and relativistic
quark models [19,20], the three-body Faddeev method [21],
the QCD MIT bag model [22], effective field theory with
the non-relativistic QCD potential method [23], the heavy
quark spin symmetry method [24], the variational approach
method [25], the full QCD sum rules method [26], and the
lattice QCD method [27,28]. In addition to that, many other
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theoretical works inspired by the above mentioned discover-
ies also have been carried out to determine the characteristic
properties like the masses, lifetimes, and the strong coupling
constants of such baryons within various models [29-36].

Thus far, the QCD sum rules method is widely recog-
nized as one of the most essential nonperturbative analyti-
cal methods for estimating the ground state masses of the
heavy hadrons, and the numerical estimation of this method
is extremely accurate. The success of this method made it
as one of the most popular theoretical methods for testing
the various properties of doubly-heavy baryons. The masses
of spin-(1/2) doubly-heavy baryons, for example, were com-
puted using the QCD sum rules approach in [37—41], whereas
the ground state masses of spin-(3/2) doubly-heavy baryons
were computed in [38—45]. The masses and pole residues of
the ground state of spin-(3/2) doubly-heavy baryons E*QQ @
E*QQ,q, Q*QQq’ and Q*Q g0 the other hand, hav§ been the
focus of previous research [44]. Therefore, there is a lot of
work to be done to have a full spectrum of spin-(3/2) doubly-
heavy baryons.

Due to its numerical performance, we were tempted to
extend the calculations of the QCD sum rules in [44].
However, this time to understand how the QCD sum rules
method can be applied to derive the excited state masses and
the excited state pole residues of spin-(3/2) doubly-heavy
baryons. To do so, in the present work, we’ll use the most
common type of interpolation current for spin-(3/2) doubly-
heavy baryons.

With this in mind, the form of this paper is arranged as fol-
lows: Sect. 2 presents the formulation of the QCD sum rules
for spin-(3/2) doubly-heavy baryons. The analytical formula-
tions of the QCD sum rules are written in such a way that the
reader can use them without proceeding into their derivation.
Section 3, focuses on the numerical analysis of the QCD sum
rules for excited state masses and excited state pole residues
of spin-(3/2) doubly-heavy baryons; 25 and 1P of E},., &,
Eper Qs Q3. and Qp . Finally, in the last section of this
paper, we presented a summary of our findings and some
concluding remarks.

2 QCD sum rules for doubly-heavy spin-(3/2) baryon
states

One of the most important methods for non-perturbative
QCD is the QCD sum rules method. In this method, hadrons
are represented by their interpolating quark currents, and the
major object of this method is the so-called correlation func-
tion IT(p?), which can be expressed in terms of the interpo-
lating quark currents. The correlation function I1(p?) is an
analytic function of p? that can be defined at both negative
(space-like) and positive (time-like) values of p2. When p2
is shifted from large negative values towards positive values,
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the correlation function starts receiving contributions from
the long-distance quark-gluon interactions. In this region,
quarks start to form hadrons, and the phenomenological (or
hadronic) side of the correlation function is investigated, and
can be expressed in terms of hadronic degrees of freedom
by inserting a complete set of intermediate hadronic states
with the same quantum numbers as the current operators. In
this representation, the correlation function leads to a mass-
sum rule, which is in turn related to the physically observed
hadrons.

On the other hand, when p2 <« 0 (space-like), the correla-
tion function is studied in terms of the quarks and gluons and
their interactions with the QCD vacuum. This is referred to as
theoretical (or QCD) representation. In this representation,
the Wilson operator product expansion (OPE) method is usu-
ally used to separate the short-and long-distance quark-gluon
interactions, by expressing the correlation function in terms
of the QCD degrees of freedom, such as quark condensate,
gluon condensate, etc.

Finally, equating the two sides of these representations and
applying the double Borel transformations to the momen-
tum of the state to suppress the contribution of the higher
states and continuum, the QCD sum rules for the physical
observables such as masses and residues can be estimated
by matching the coefficients of the same structure in both
representations of the correlation function.

Consequently, we start the analysis of spin-(3/2) doubly-
heavy baryon states by taking into account the two-point
correlation function IT,,(p?) between vacuum states, with
no initial and final baryons:

M (p*) =i / d*xe'P*(0 | T {1, (x)77,(0)}] 0), (1

where 7 represents the time ordering operator, 7, is the
interpolating current of the doubly-heavy baryon with spin-
(3/2) that injects quarks into the QCD vacuum at point x, and
p is the four-momentum of the doubly-heavy baryon.

The conventional expression of the interpolating current,
which may be coupled to both the positive parity as well as
to negative parity spin-(3/2) doubly-heavy baryons is chosen
to be of the following form:

1
m= e @ o + @ T 0o

+0"T €y, 0"a’}. @)

where g denotes the light quark, Q and Q’ are the two heavy
quarks. T stands for transposition, C for charge conjugation,
a, b, and c are for color indices.

The systematic procedure of the QCD sum rules method
is started by saturating the above correlation function with
full sets of the baryon states with equal quantum numbers as
the interpolating current, and by summing on for the ground
state and associated excited states, we obtain the physical



Eur. Phys. J. C (2022) 82:450

Page 3 0of 12 450

part or phenomenological representation of the correlation
function as:

mHAD 2y = 3 (OIW(O)IBi(P))(Biz(P)\ﬁu(O)lm

2_
i=18, 28, and 1P pe =y,
+--, 3)

where the summation here only includes the required
hadronic states produced by the quark current n,, and...
includes contributions from higher states as well as the con-
tinuum.

The matrix elements of the interpolating current evolved
into Eq. (3), on the other hand, are parameterized in terms of
the three pole residues for the three different baryonic states,
15,25, and 1P,

(OO |Bis(p)) = Aguuas)(p,r),

(017, (0)[Bas(p)) = Aupas)(p, 1),

(017.(0)[B1p(p)) = Aysuucipy(p, 1), “)
where the A’s are the pole residues of spin-(3/2) doubly-heavy

baryon states, and u(p, r) is the Rarita—Schwinger spinor
satisfying the identity,

> uu(p. Niin(p.r) =Y _(p+mp;)

p

2pu Py
2

3my,;

PuVv — PvVu) (5)

1
X <g;w — FVYuVv — 3mB'
i

3
where, mpis = mg, mpys = m, and mgp = m are to be
the masses of spin-(3/2) doubly-heavy baryon states, as well
as, Agp1s = Ag, Apos = A, and Agjp = X are to be the pole
residues of spin-(3/2) doubly-heavy baryon states.

Before going further, a word of caution is in order. The
above-mentioned interpolating current 1, of Eq. (2) cou-
ples to both the spin-(1/2) and spin-(3/2) baryons with pos-
itive and negative parities. However, because we are only
interested in studying spin-(3/2) doubly-heavy baryon states
of both positive and negative parities in this work. There-
fore, the unwanted spin-(1/2) contributions of both parities
should be removed from this study. It is clear from Eq. (5)
that the unwanted spin-(1/2) structures are proportional to
either yu vy, pupv, and (puyy — puyu)-

Overall, Eq. (5) shows that there are only two independent
Lorentz structures left, pg,,,, and g, , which are coupled only
to spin-(3/2) doubly-heavy baryons with both positive and
negative parities. On the whole, the hadronic side (HAD)
therefore contains the (1S + 2S5 + 1P) spin-(3/2) doubly-
heavy baryonic states, and the excited states are considered
as (25) and (1P) states,

+m p+m
(P ) g mé . pz glLv + m2 — P2 gllv
(B
22 6
+ <n~12 — 172 guv t+ (6)

In this regard, the operator product expansion approach
(OPE) in the deep Euclidean region —p? <« m2Q on the other
hand is used to determine the QCD side of the correlation
function. The relevant correlation function in terms of the
heavy (light) quark propagator may be obtained by putting
the explicit expressions of the interpolating currents into the
correlation function of Eq. (1) and then, by doing some con-
tractions of all quark fields through the Wicks theorem, we
obtain:

1 i
2P (%) = 3eanceare / d*xeP* (0]
x| = 5935 vt — sg' 38 visy
~Sg SQ vuSy
— S8 S Y Sae — SeU S vu Sty
oTr [Slé“ y‘,S‘gb yu]

=S5 Tr[ S5 159

b/ ~ ’ b /
_S; Yv aQa V;LSQC/ -

_Sg'Tr[Sga’yUSg’yH]}|0>, )
where S‘z(q) =C Sg(Tq) C, Sin(q) is the heavy (light) quark

propagator in the coordinate space, and the explicit mathe-
matical expressions of the heavy (light) quark propagators
are,

m2 g — m2
So(x) = ﬁ mov—x?) _ Mot Ka(mov/ —x2),

«/—_xz 47T2)C2
X m (qq) .My
S = — 7 _ 1—i—2L
T s e ) ( "
x? 2= Mg
—@mo(qq) I- l?f ) (®)

where K| and K, are the modified Bessel functions of the
second kind, (gq) is the quark condensates, and m(z) is the con-
ventional parametrization constant in the quark-gluon con-
densates.

At this point, we make the necessary substitutions of
the heavy (light) quark propagators into Eq. (7), the two-
point correlation function can be then re-expressed in terms
of some spectral densities p(s)’s with the two independent
structures pg,» and g, respectively,

nol(p? =02 pguw + 012 PHg, 9
where,
50
p1(s)
¢ = [ s,
Smin s = p
50
2P (p2) = / &S)zds. (10)
Smin s = p

The spectral densities p; (s) and p2 (s) in Eq. (10) are obtained
from the imaginary part of the correlator function; p;(s) =

@ Springer



450 Page 4 of 12 Eur. Phys. J. C (2022) 82:450

s 77—
-o o =GV - Gt
2ullS) S Gy ZullP B v
—- - - 5=26GeV - - - 5=26GeV?
55¢ 1
]
======s=smmmmm-smcmomccoeeemesememoooI:
. s
> >
Y L]
C 45 ¢
£ ]
45¢
40
40F
3'5 1 n n n n 1 n n n n 1 n n n n 1 n n n n 1 3‘5 1 n n n n 1 n n n n 1 n n n n 1 n n n n 1
18 19 20 2 n 18 19 2 2 n
M (GeV?) M (GeV?)
T T T T T T T T T T T T T T T T T T T T T T T T
14F E'w(28) ---- g=135GeVy  114F E'w(IP) - - - - =135 GeVH
- - = 5=136 GeV? - -~ 5=136 GV
- == =137 GeV? - - = 5=137GeV?
12t 1 12t
5 S
] ]
O 110f v 119
g N
108+ 108}
106} 1 106t
1 n n n n 1 n n n n 1 n n n n 1 n n n n 1 1 n n n n 1 n n n n 1 n n n n 1 n n n n 1
18 19 2 2 n 18 19 20 2 2
M (GeV?) M (GeVh)

Fig. 1 The dependency of the excited states 25, 1 P masses of the doubly-heavy spin-(3/2) E7,, and Ej, baryons on the Borel mass M 2 at different
values of the continuum threshold sg

#Iml’[i (s), where i = 1(2) is related to the structures pg,,,
and g,,. Further, 5o is the continuum threshold, which is
not fully arbitrary and it is associated with the energy of the
exited states, $,,i, = (Mg + mQr)z, and finally, the spectral

<éq> Xmax
—mg(xyo + 3QOQ’)]} + ) dx

Xmin

><{(1 — x)|:2x(m% +B—s5)— QOq]

densities p1(s) and po(s) are written as (see also [44]): +(xmg +3mg)m Q/}, (12)
where,
1 Xmax Ymax 2 2
— m m,,
P (V) a 327[4 /xmin o ‘/;’rilin dy{al:3xy(x i y)a *= TQ + ; -
=4 —x —y)ymgmg —4mg(xmgy + me)]} sz sz’
GO [ T aem a4 P=% a7
“24n2 ) x[( =) Bxmg —4dmg) = me’]’ 2
(D) ypin = —2,
sx —my

1 Xmax Ymax
CORET=1 f}m dyfa|e+ patmg +ymg)
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Fig. 2 The dependency of the excited states 2.5, 1P masses, and pole residues of the doubly-heavy of spin-(3/2) E. baryon on the Borel mass

M? at different values of the continuum threshold sq

1
Xmin = Z[S + sz - mZQ/
—\/(s + sz - mZQ,)2 4m%2s ],
1
Xmax = gl:s +m2Q — sz/

After calculating both the HAD and QCD sides of the correla-
tion function, we matched the coefficients of the same struc-
tures from both sides of Eqs. (6) and (9), and finally applying
the Borel transformation to the variable p? to eliminate the
subtraction terms and suppress the contributions from higher
states and the continuum. As a result, the desired sum rules

for the states 1S + 2S5 + 1P are obtained:
Aée*’"é/’”z + AZefmz/Mz +5\267ﬁ12/M2 _ HlQCD(MZ)’
mg)é,e_mf'/Mz + maZe™m M _ 52—/ M

=P m?), (13)

where M? is the Borel mass parameter, and I1 IQCD (M 2) and
HzQCD(Mz) are the invariant functions of /pg,, and g,
structures, respectively.

The derived sum rules in Eq. (13) contain six unknown
parameters for the ground state and excited state baryons.
However, Eq. (13) is broken down into two sum rule equa-
tions, each containing six unknowns: three masses and three

pole residues. To solve this system of equations linearly,
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Fig. 3 The dependency of the excited states 25, 1P masses, and pole residues of the doubly-heavy of spin-(3/2) E}_ baryon on the Borel mass

M? at different values of the continuum threshold sq

we’ll need four more equations. The remaining four equa-
tions can be found by differentiating all sides of the sum

rules in Eq. (13) with respect to and

d d2
) . . A1/MY) P1MP)
thus the six equations with the six unknowns are obtained
simultaneously,

) 22 o~y 222
m({Z”)\ée mg /M +m2)\‘2€ m= /M +m2k26 m*/M

1QCD

=27 (M2,

2 2 202 2~ 522
;e MMy 353 2p—m?MP 5352 i (M

= PP ),

—m?2 2 _m2 2 ~ AT ;2 2
m;l)ée mg/M +m4k26 m~/M +m4)\2€ m- /M

3
mgk

= P ar),
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mgkée—mﬁ/w + mS)LZe—mZ/MZ _ n~15)~\26_r;'2/M2
= m2P 2, (14)
oCD o
where, /2P (M?) = %/%) and /2P (M?) =
a2 (m?)
2(—1/M2)

The whole set of six equations above makes the system’s
solution extremely difficult. Rather, to solve this system of
equations, we picked up an appropriate value of s¢ at which
the physical part of the correlation function is saturating only
the ground state, and the other states, 2S5 and 1P are still
remain in the continuum zoom. To put it differently, the initial
guess of s solved the system of equations and reproduced
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Fig. 4 The dependency of the excited states 25, 1P masses, and pole residues of the doubly-heavy of spin-(3/2) &}, baryon on the Borel mass

M? at different values of the continuum threshold sq

only the ground state masses and the pole residues of the
spin-(3/2) doubly-heavy baryons m, and A,.

In this regard, we chose the initial sy values: sog =
(22—-26) GeV? for the cc, sy = (68—72) GeV? for bc, and
so = (133—137) GeV? for bb doubly-heavy baryons. At
the same time, we allowed the Borel mass parameter M 2
to be varied from 5 GeV? up to 30 GeV2. From there, we
can see that the values of the ground state masses (mg) and
the corresponding pole residues (A,) of spin-(3/2) doubly-
heavy baryons E7., Ej,, E} ., 2., Q},,and F . have begun
to appear and converge quickly within 5 GeV? < M? <
30 GeV2. The obtained results for (m ¢) and (Ag) with the
corresponding so values are also given in [44].

By doing so, we reduced the number of equations and the
number of unknowns to four: two excited state masses m, n,

and two excited state pole residues A, X, while we are still
keeping the states 2S5 and 1P in the continuum zoom. To
put it differently, we will solve the resulting four equations
algebraically in terms (m,) and ().

While solving the remaining four equations algebraically,
we gradually increased the values of continuum zoom sg, and
we are still keeping the Borel mass parameter M? running
within the interval, 5 GeV?> < M? < 30 GeV?. Bearing in
mind, the results of the excited state masses and the excited
state pole residues of the spin-(3/2) doubly-heavy baryons in
Eq. (14) should also not depend on the Borel mass parameter
M?. In fact, within the interval, 5 GeVZ < M? < 30 GeV?2
we observed that there are different working regions where
the results are supposedly acceptable and depend only mod-
erately on the Borel mass parameter. For example, in Fig. 1,
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Fig. 5 The dependency of the excited states 2.5, 1 P masses, and pole residues of the doubly-heavy of spin-(3/2) Q7. baryon on the Borel mass

M? at different values of the continuum threshold sq

if we set the working region to be varied in the interval
18 GeV2 < M? < 22 GeV?, clearly from this figure, we
can still see that the excited state masses are rather stable
with the variations of the Borel mass parameter.

However, we noticed that the excited state masses and the
corresponding pole residues of the spin-(3/2) doubly-heavy
baryons began to appear and are rapidly converge within the
interval 25 GeV? < M? < 27 GeV2. The obtained results
for the excited states 25 and 1 P are presented in a series of
Figs. 2, 3, 4, 5, 6 and 7 with respect to M2, along with the
appropriate so values, so that the reader might, if so moti-
vated, repeat our calculations.
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3 Numerical analysis

Using the QCD sum rules Eqgs. (13) and (14), the masses
and pole residues of the excited states of spin-(3/2) doubly-
heavy baryons &%, EZ};’ EZC, QL sz, and QZC are cal-
culated. Usually, in numerical calculations, the QCD sum
rules approach involves a set of fixed input parameters.
We used MS values for the quark masses: my(imp) =
(4.16 £ 0.03) GeV, m.(m;) = (1.28 & 0.03) GeV, and
mg(2GeV) = (102+£8) MeV [46,47]. On the other hand, the
values of the quark condensates are taken as (uu)(1 GeV) =
(dd)(1 GeV) = —(246175 MeV)3, (55) = 0.8(iiu), and
m§ = (0.8 & 0.2) GeV? [48]. Moreover, the QCD sum
rules technique also includes two auxiliary parameters whose
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Fig. 6 The dependency of the excited states 25, 1P masses, and pole residues of the doubly-heavy of spin-(3/2) Q} . baryon on the Borel mass

M? at different values of the continuum threshold sq

working regions must be determined, specifically, the con-
tinuum threshold sp, and the Borel parameter M 2,

The physical working regions for these parameters should,
however, be managed in such a way that the involved physical
quantities are roughly independent of these parameters. The
working regions of so and M? are obtained by the sum rules
analysis using the conventional criteria of the QCD sum rules
approach, means that, the perturbative contributions must be
greater than the condensate contributions, and the pole con-
tributions must be greater than the continuum contributions.
As aresult, the bounds of M? are obtained such that M2 must
be large enough to satisfy the convergence criterion of OPE.
Therefore, the working regions of the continuum threshold
so and the Borel mass M2 must be found with the condition

that the masses and pole residues are stable with respect to
variations of these parameters.

In Figs. 2, 3,4, 5, 6 and 7, we showed our numerical find-
ings for the masses and the pole residues of spin-(3/2) doubly-
heavy excited state baryons. The masses and the pole residues
of the excited states 25 and 1P of spin-(3/2) doubly-heavy
baryons are represented as a function of M? for different val-
ues of sg. The expected masses and the pole residues of the
excited states 2.5 and 1 P showed good stability with respect
to the obtained physical working regions of M2, and s°.

As discussed in the previous section, according to our
findings, these requirements are met when M? is changed
from 25 GeV2 < M?<27 GeV? for all the considered spin-
(3/2) doubly-heavy baryons, while for example in Fig. 1, s
is modified in the range: so = (22 — 26) GeV? to saturate

@ Springer
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Fig. 7 The dependency of the excited states 2, 1 P masses, and pole residues of the doubly-heavy of spin-(3/2) 2, baryon on the Borel mass
M? at different values of the continuum threshold sq

Table 1 The masses m and m of the excited states (2S) and (1P) of spin-(3/2) doubly-heavy baryons Ef., Ej ., and Ej, (in units of GeV)

Baryons Cp Epe g5

J? 3 @s) 37ap 3@ 3ap) ites) 3 ap)

Our work 495+ 0.05 5.15+ 0.05 7.91+ 0.05 7.95+ 0.05 10.92: 0.025 10.95:+ 0.025
Ref. [49] 3.99 3.85 7.27 7.15 10.62 10.51

Table 2 The masses m and m of the excited states (2S) and (1P) of spin-(3/2) doubly-heavy baryons Q*., Q¥ , and 7, (in units of GeV)
P: y y y cc bc bb

Baryons Q. Q. Q5
+ - + - + -
JP 379) 37ap) 379) 37ap 37s) 37ap)
Our work 5.00 + 0.05 4.95 +0.05 7.90 + 0.05 7.85 4+ 0.05 10.90 =+ 0.025 10.85 + 0.025
Ref. [50] 4.10 3.97 7.48 7.37 10.74 10.64
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Table 3 The pole residues A and X of the excited states (2S) and (1P) of spin-(3/2) doubly-heavy baryons Ef., E} ., and Ej, (in units of GeV?3)

Ci

Baryons g%, Eje Epp
+ - + - + -
Jr 37@s) 37ap 37 @s) 37ap) 37 s) 37ap)
Our work 0.175 £ 0.025 0.185 £ 0.025 0.475 £ 0.025 0.480 £ 0.025 1.050 £ 0.05 1.060 £ 0.05

Table 4 The pole residues A and 7 of the excited states (2S) and (1P) of spin-(3/2) doubly-heavy baryons Q7 QZ > and 7, (in units of GeV?)

cc?

Baryons Q. Q. Q)
JP %08 3I7ap) 3% 0s) 3I7ap 3T s) 3I7ap
Our work 0.160 & 0.025 0.165 + 0.025 0.475 + 0.025 0.480 £ 0.025 1.080 + 0.05 1.075 + 0.05

the masses and the pole residues of E}.(25), and E%.(1P)
baryon excited states.

Also, for example in Figs. 2 and 3, considering the heavi-
est baryons, namely the doubly-heavy baryons including the
heavy quark (b), the values of the continuum zoom s¢ should
be increased to a sufficiently value in order to saturate again
the excited states 25 and 1P.

Finally, in Tables 1, 2, 3 and 4 we displayed our predictions
along with the other theoretical approaches for comparison.
Our findings are in line with the findings of other method-
ologies.

4 Conclusion

In the context of the QCD sum rules method, we numerically
calculated the excited state masses and the pole residues 2.5
and 1P of spin-(3/2) doubly-heavy E., Ezb, El’jc, Q. Q;b,
and Q7 baryons.

The originality of the present work is that the contributions
of 1§, 285, and 1P states in Egs. (13) and (14) are considered
simultaneously.

On the whole, there should be a total of six unknowns:
three masses and three pole residues. However, we only have
two equations for two independent Lorentz structures pg .
and g,,. So, we get the remaining four equations by doing
a differentiation for all sides of the sum rule equations with

respect to - ld/ W T (7"?2/ TBL and then we solve these equa-
tions simultaneously.

We have used a slightly different method to solve this sys-
tem of equations. We set a suitable value of s and then we
saturated the physical part of the correlation function with
ground state contributions only. The spectroscopic parame-
ters were then used as input parameters for the remaining
set of equations. As a result, we have worked out a system
of four equations as an alternative to six equations. Then,
we have calculated the masses and the pole residues of the
excited states 2S5 and 1P.

From figures, we have noticed that the masses of the 1P
states is slightly exceeding the masses of the 2§ states in the
doubly-heavy baryons that are containing one light (u or d)
quarks. Whereas, the masses of the 1P states is slightly less
than the masses of the 2§ states in the doubly-heavy baryons
that are containing the strange quark. On the other hand, from
figures, if one look at the values of the pole residues of the
28 states and that of the 1P states in the same region of sg
values, one can notice that the values of the pole residues are
of the same order to each other, and this is due to the reason
that we have mentioned in Sect. 2. That is, the interpolating
current in this work have been chosen in such a way that this
current can couple to doubly-heavy baryons of both positive
and negative parities.

By comparing the QCD sum rules results in this work
with the results of the hyper-central constituent quark models
[49,50], we have noticed that the 2.5 and 1 P mass states of the
doubly-heavy baryons are exceeding the mass states of the
doubly-heavy baryons obtained within the potential models.
Finally, we hope that future LHC experimental results can be
compared to the current estimates.
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