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abstract

We determine the masses and residues of the
cround and excited Spin—% baryons consist of
two heavy b or ¢ quark utilizing the QCD sum
rule formalism. In the calculations, we con-
sider the nonperturbative operators up to ten
mass dimensions in order to increase the accu-
racy compared to the previous calculations. We
report the obtained results for both the sym-
metric and antisymmetric currents defining the
doubly heavy baryons of the ground state (1S),
first orbitally excited state (1P) and first radi-
ally excited state (25). 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 ex-
perimental groups in their searches for all mem-
bers of the doubly heavy baryons in their ground
and exited states.

Introduction

Investigation of the properties of the doubly
heavy baryons is an important area in parti-
cle physics. For a while, scientists were un-
able to observe baryons consisting of two heavy
quarks, posing a longstanding puzzle within the
quark model [1|. However, a breakthrough was
made in 2002 by the SELEX collaboration with
the discovery of =1 (3520) in the pDTK~ de-
cay channel [2]|, confirmed by the same exper-
iment in 2005 [3|. In 2017, the LHCb collab-

P—
e

oration announced the discovery of Z1 1 (3621)
through the Zf* — ATK nTwTdecay chan-

nel [5|, confirmed by the same collaboration in

2018|6|. Researches have been conducted based
on these discoveries to determine the proper-
ties of the doubly heavy baryons within vari-
ous methods. In this study, we calculate the
masses and residues of the doubly heavy baryons
in their ground and exited states within the
QCD sum rule formalism. The QCD sum rule
method follows a standard prescription, where
a correlation function is evaluated through two
distinct approaches: physical side and QCD side
17, 8]. QCD sum rules for the physical quanti-
ties 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 func-
tion as following form:

(g) = i / et 0T {(2)i(0)}]0), (1)

where 7)(z) represents the interpolating current
of the doubly heavy baryons and 7 is the time
ordering operator. DBy inserting the interpo-
lating current of symmetric and antisymmetric
of these baryons and after applying the Wick’s
theorem and conducting all contractions of the
quark fields, we obtain the subsequent expres-
sion in relation to the heavy and light quarks
propagators. There are three auxiliary parame-
ters, namely Borel parameter M?, threshold pa-
rameter sg and arbitrary mixing parameter t.
They are obtained from the analysis of results
based on the standard criteria of the QCD sum
rule method. These criteria include weak de-

pendence of the results on auxiliary parameters,
pole dominance and convergence of the OPE.

Results

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 in table 1. The results
demonstrate a high level of stability in relation to the Borel parameter and continuum threshold
within their respective working regions for all baryons. The principal sources of uncertainties in our
numerical outcomes 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, obtained through numerical analyses in table 1.

Baryon State M? (GeV?) so (GeV?) Mass (GeV) Residue (GeV?)
Zee(2)(1S)  3.00—550  3.872—4.242 3.69+0.10  0.16 + 0.04
= e Z(7)(1P) 3.00-5.50 4372 —4.742 391700 0.18 + 0.03
Zee(37)(28)  3.00-5.50 4872 —5242  4.04+0.08  0.19=+0.03
The(2)(1S)  6.00—9.00  6.922—-7.212 673701 0.29 + 0.06
Ebe Ze(2)(1P)  6.00—9.00  7.422-7.712  6.94+0.13  0.3270%
= (L1)(25)  6.00—9.00  7.02° 8212 7124014  0.33%0.06
Zp(27)(1S)  10.00 —15.00 10.58%2 —10.862 9.97+£0.19  0.4579:0
=h Zp(2)(1P)  10.00 — 15.00 11.08% —11.36> 10.25+0.18  0.6075-09
=(L1)(25)  10.00 — 15.00 11.58% —11.862 10.337058  (.7070-0
Qee(17)(1S)  3.00-550  3.802 —4.262  3.70+£0.09  0.17 +0.04
Qee Qee(17)(1P) 3.00 -5.50  4.392 —4.76>  3.93751% 0.197053
Qee(17)(28)  3.00-550  4.892 —5.26>  4.077508 0.2075703
Me(L7)(1S)  6.00—9.00  6.922—-7.212 677701 0.30 & 0.05
Qe Qe (27)(1P) 6.00-9.00  7.422 771>  7.07+£0.12  0.33709
e (27)(28)  6.00-9.00  7.922-8212 7204013  0.35+0.06
Qp(L7)(1S)  10.00 —15.00  10.58%2 — 10.862 9.98+£0.18  0.46790
Oy Qup(L7)(1P)  10.00 — 15.00 11.08% —11.36> 10.31+0.19 0.63 +0.09
Qp(27)(2S)  10.00 —15.00 11.582 — 11.86% 10.4540.18 0.7570%5
= (27)(1S)  6.00—9.00  6.922—-7.212  6.81+£0.11  0.3140.05
—/ — (1 B 2 192 10.13 10.04
= = (27)(AP) 6.00-9.00  7.422 - 7.71 6.9919-13 0.3470-04
= (37)(25) 6.00-9.00  7.922-821>  7.15701% 0.36 & 0.06
0, (L7)(1S) 6.00—9.00 69227212  6.82+0.12 0.3240.06
Q O (£7)(1P) 6.00—-9.00  7.422-7.712  7.037915 0.35 + 0.06
2, (17)(28) 6.00-9.00  7.922-8212  7.247011 0.38+9:96

Table 1: The auxiliary parameters and the outcomes of the masses and residues for the ground, first orbitally
excited and first radially excited states.

Conclusion

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 experimental 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. 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.

References

1| Murray Gell-Mann. A Schematic Model of Baryons and Mesons. Phys. Lett., 8:214-215, 1964.

2| M. Mattson et al. First Observation of the Doubly Charmed Baryon =1.. Phys. Rev. Lett., 89:112001, 2002.

3] A. Ocherashvili et al. Confirmation of the double charm baryon Xi+(cc)(3520) via its decay to p D+ K-. Phys.
Lett. B, 628:18-24, 2005.

4] T. M. Aliev, K. Azizi, and M. Savci. Doubly Heavy Spin—1/2 Baryon Spectrum in QCD. Nucl. Phys. A, 895:59-70,
2012.

5] Roel Aaij et al. Observation of the doubly charmed baryon Z].7. Phys. Rev. Lett., 119(11):112001, 2017.

6] Roel Aaij et al. First Observation of the Doubly Charmed Baryon Decay =ZJ.07 — ZfxnT. Phys. Rev. Lett.,
121(16):162002, 2018.

|7] Mikhail A. Shifman, A. I. Vainshtein, and Valentin I. Zakharov. QCD and Resonance Physics. Theoretical Foun-
dations. Nucl. Phys. B, 147:385-447, 1979.

|8] Mikhail A. Shifman, A. I. Vainshtein, and Valentin I. Zakharov. QCD and Resonance Physics: Applications. Nucl.

Phys. B, 147:448-518, 1979.



