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analysis.
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1. Inroduction

The Q(2012) was first observed by Belle in 2018 via Y (nS) decays [1], and later confirmed
in Q. — 7tQ(2012)" — n*(KE)~ [2]. More recently, its observation was further supported by
results from BESIII [3] and ALICE [4]. Its mass and width are [5]:

M =2012.5+0.7+0.5MeV, T =64757 MeV. (D)

The conventional quark model interprets €(2012) as the first P-wave excitation of the Q
baryon with J¥ = 3/2~ [6-15]. This model predicts spin-orbit partners at J¥ = 1/2~ and 3/2",
and the 1/27 state is expected to be broad. Alternatively, a molecular interpretation has been
proposed due to Q(2012)’s proximity to the K=*(1530) threshold [16-26]. This approach suggests
that only the 3/2~ state is favored, and predicts a sizable contribution to the three-body decay
Q(2012) — EnK [16-19]. A hybrid model combining three-quark and molecular components has
also been proposed [27].

Given the uncertainties in these interpretations, we explore Q(2012) using QCD sum rules.
Unlike previous studies using local three-quark currents [6, 7], we use a covariant derivative to
enhance coupling to physical states especially to P-wave excitations, while in principle the currents
may couple to both negative and positive parity states. We analyze the four possible spin-parity
states J© = 1/2* and 3/2%*, and obtain the following masses for the negative parity states:

M- = 2,079 GeV,  Mjp- =2.0579% GeV, )

which agree well with experimental data. This suggest that ©(2012) is likely a three-quark state.

The paper is structured as follows: In Sec. 2, we construct the P-wave currents. In Sec. 3, we
present the QCD sum rule analysis. Numerical results are discussed in Sec. 4, and conclusions are
drawn in Sec. 5.

2. P-wave Q baryon currents

In this section we systematically construct the P-wave € baryon currents using three strange
quark field s, (x), with a = 1--- 3 the color index. Since the Q baryon system that contains three
identical strange quarks, it is not easy to differentiate the p-mode and A-mode orbital excitations.
Therefore, we can construct either the local P-wave € baryon currents containing either the p-mode
or A-mode orbital excitation, and we find it much easier to construct the currents of the p-mode,
which contains the P-wave ss diquark field.

Phenomenologically, the P-wave ss diquark with the color representation 3.. can only have the
total spin s1 = 0 and so the total angular momentum ji, = 1. Its corresponding diquark field is

€P¢[sTCysD sp] = 2P [(DusT)Cyssp] - 3)

We further adding another strange quark to obtain P-wave €2 baryon, whose total angular momen-
tum is either J = 1/2 or J = 3/2. Their corresponding P-wave Q baryon currents are

J = € [(Dush)Cyssp] vHse, (4)

1
Ju = €b[(DsI)Cyssp] (v = ZVu¥v)Se (5)

where P, = guy — A—lty#y,, is the spin-3/2 projection operator.
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3. QCD sum rule analyses

In this section, we outline the QCD sum rules using the current defined in Eq. (5). As an
example, the current J,, with J¥ = 3/2~ couples to the physical state |Q;3/27) via

(O1,1€;3/27) = fruu(q), (6)

where f_ is the coupling constant and u,(g) is the Rarita-Schwinger spinor. It also couples to the
opposite parity state [Q2;3/2%) as

(01J,19:3/2%) = fuysuu(q). (7

We consider the two-point correlation function,

(@) =i [ @ e 0T 12,0 70110), ®)
which can be decomposed as
qudv
H,uv(qz) = ( 22 _g,uv) H(q2)+"‘ > )

where the omitted terms correspond to spin-1/2 contributions and are neglected. The function
I1(4?) satisfies a dispersion relation:

M(¢*) = / —p(;) — ds, (10)
s. §S—q*—ig
with p(s) = ImII(s)/m and s- = 9m? as the OPE threshold.
At the hadronic level, inserting a complete set of intermediate states gives the spectral density:
pPeN(s) = fA(g+Mo)3(s = M2) + f(q ~ M)6(s = M3) (an
+0(s = 50) " (s), (12)
where M3 are the masses of the negative and positive parity states, and sy is the continuum threshold.

The corresponding correlation function becomes

2 g+ M- g M,

then(q2) — f_ + , (13)
M2 —q2 7 M? - g2
which can be decomposed as
P (¢%) = ™" (¢) ¢ + 115" (). (14)
Defining spectral densities for each structure, we have
h
PN (s) = f26(s - M2) + fE5(s — M), (15)
PN (s) = fPM_5(s — M?) - fAM.5(s — M), (16)
from which the parity-separated densities are
PR (5) = Vsp(5) £ pf " (5). (17)
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On the QCD side, we calculate the same correlation function using the operator product
expansion (OPE), which yields p?PE(s) and p(?PE( s) corresponding to the above structures.

By matching the spectral densities at the hadronic and quark-gluon levels and applying a Borel
transformation, we obtain the QCD sum rules:

S0
Tl (s0, Mp) = 2M= f2e™M2/Mis = / (VspOPE(s) £ p§PE(s))e >/ M ds. (18)
S<

Here, the upper limit s reflects the quark-hadron duality assumption, approximating the continuum
with the OPE above the threshold.
The masses and couplings are then extracted as

S (VspPPE(s) & p§FE(s)) s e~/ Misds

M2 (s0, M) = — (19)
SO EPE(s) % pPE () e Minds
/SSO(\/Ep?PE(s) + p(())PE(s)) e=5/Mp ds x ¢M2/M
F2 (50 M) = 2 0)

2M+
4. Numerical analysis

In this section, we present our numerical results. We begin with the J© = 3/2~ state. According
to Eq. (19), the extracted mass depends on the Borel mass Mg and threshold s¢. To determine their
optimal ranges, we apply three standard criteria: (a) good OPE convergence, (b) sufficient pole
contribution, and (c) stability of the mass with respect to Mg and sg.

To ensure OPE convergence, we impose:

HD=]I+IO+9+8

CVG, = m < 5%, 21
HD=7+6

CVGj =|m < 10%, 22)

CVGc :|% < 20%. (23)

the criterion CVGc¢ sets the lower bound M2 > 1.54 GeV?, with the others automatically satisfied.
For the pole contribution, we require:

I1_(s9, M2
pe = [T (s0: M) f) > 40%, (24)
IT_ (o0, M)
which leads to an upper bound M2 < 1.76 GeV? for so = 6.0 GeV2. We also find that sy must be
above a minimum s(r)“i“ = 5.3 GeV2. Thus, the Borel window is determined as 1.54 GeV? < Mé <

1.76 GeV? for 5.3 GeV? < s¢ < 6.7 GeV2. The resulting mass and coupling are:

M3 >-
f-

2.0579%% GeV, (25)
0.037*9%7 GeV?. (26)

Uncertainties stem from Mp, s¢, and the condensates .
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Table 1: Masses and coupling constants extracted from the currents J in Eq. (4) and J,, in Eq. (5).

Current state Mass[GeV] | Coupling constant[GeV?]

. 0.21 0.045

J |Q, 1/2+> 3'05t0_15 0‘168t0.040

. - 0.07 0.011

1Q:1/27) | 2.07*9%97 0.07975 011

T |1@:3/2%) | 313402 00745565

. - 0.09 0.007

|Q, 3/2 ) 2-054_-0.10 0‘0374——0.007

S. Summary

In this paper, we investigated the recently observed Q(2012) using QCD sum rules. We
constructed P-wave € currents with a covariant derivative and performed spin projections to obtain
spin-1/2 and 3/2 states. By applying parity-projected sum rules, we systematically analyzed the
four spin-parity channels 1/2* and 3/2*, and extracted their masses and couplings. The results are
summarized in Table 1. In particular, we obtained:

M- =2.07700 GeV, (27)
M- =2.05009 GeV. (28)

Both values are consistent with the observed Q(2012), suggesting it is a P-wave excited € baryon
with three strange quarks. However, due to the closeness of these masses, we cannot determine its
spin. Investigation of decay properties is needed to fix the spin, which will be a future study.
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