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We present the ground and excited state spectra of Q0 baryons with spin up to 7/2 from lattice quantum
chromodynamics with dynamical quark fields. Based on our lattice results, we predict the quantum

numbers of five QU baryons, which have recently been observed by the LHCb Collaboration. Our results
strongly indicate that the observed states ©,(3000)° and ©,(3050)° have spin-parity J* = 1/27, the states
©Q.(3066)° and ,.(3090)° have J© = 3/2~, whereas ©.(3119)" is possibly a 5/2" state.
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The study of heavy hadrons is passing through an
incredible era with the discovery of numerous heavy sub-
atomic particles [1]. As a result, there has been significant
resurgence in scientific interest to explore the spectrum
of strongly interacting heavy hadrons. To add to this
proliferated interest in hadron spectroscopy, the LHCb
Collaboration has recently reported its unambiguous obser-
vation of five new resonances in Ef K~ invariant mass
distribution based on pp collision data in the energy range
between 3000 and 3120 MeV [2]. These resonances have
been interpreted as the excited states of Q¥ baryon. While the
masses and widths of these resonances are known precisely,
their other important quantum numbers (J%), namely, spin
(/) and parity (P), are yet unknown. In this Letter, we predict
the quantum numbers of these five Q¥ resonances using
lattice quantum chromodynamics (lattice QCD).

On the theoretical side, potential models have been very
successful in describing regular heavy mesons. Using these
models, several results were also reported on heavy baryons
[3—10]. The spectra of heavy baryons were also studied by
other models, such as QCD sum rules [11-14] and heavy
quark effective theory [15]. In this aspect, this recent
discovery at LHCb provides a good opportunity for testing
predictions of these models.

On the other hand, lattice QCD methods provide a
unique opportunity to study hadronic physics from first
principles, particularly the energy spectra of hadrons.
Substantial progress has been made to extract the ground
and excited states of charm mesons [16—-18]. However,
most lattice studies on heavy baryons are confined mainly
to the ground states of spin-1/2% and spin-3/2" baryons
[19-26]. Following the successful programs in calculating
the excited state spectra of light hadrons by the Hadron
Spectrum Collaboration (HSC), recently we reported our
findings on the excited state spectra of triply charmed
baryons [27], doubly charmed baryons [28], and prelimi-
nary results on singly charmed baryons [29-31]. Here we
report for the first time our findings on the energy spectra of
QY baryons with spin up to 7/2 for both positive and
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negative parity in detail. By comparing our results with the
experimental findings, we give a prediction for the quantum
numbers of these newly observed subatomic particles.

We use a well-defined procedure that was developed
and utilized extensively by HSC in extracting excited
states of light mesons [32—-34], mesons containing charm
quarks [16—18], light and strange baryons [35,36], as well
as charm baryons [27-30]. This method has the following
important ingredients.

(A) Anisotropic lattice.—We use a set of anisotropic
gauge field configurations, where dynamics of light and
strange quarks are included. The extended time direction
and fine temporal lattice spacing (a,) are very helpful to
obtain better resolution of the correlation functions, which
is crucial for the reliable extraction of excited states. We
use the tree-level Symanzik-improved gauge action along
with an anisotropic clover fermion action with tree-level
tadpole-improved and three-dimensional stout-link smeared
gauge fields. Following are lattice details: size, 16> x 128;
a, ~0.035 fm with an anisotropy of 3.5; m, ~ 391 MeV;
and the number of configurations is 96. Further details of the
actions can be found in Refs. [37,38]. The charm quark mass
is tuned by equating the lattice mass of the meson 7.(15)
with its physical mass. Details of the charm quark action are
given in Ref. [17].

(B) Large set of interpolating fields.—Hadron spectros-
copy on the lattice proceeds through an investigation of
the two point correlation functions between the hadron
interpolating fields (operators). Because of the octahedral
symmetry, interpolating fields on the lattice are not the
same as their continuum counterparts, and one needs to
construct these interpolating fields according to the reduc-
tion of continuum fields into various lattice irreducible
representations (irreps), namely, G|, G,, and H for baryons
[39]. Physical states with spins 1/2 and 3/2 can then be
obtained only from the G| and H irreps, respectively, while
spin-5/2 states are accessible from both the H and the G,
irreps [39]. Following Refs. [35,40], we construct a large
set of baryonic operators, which is essential for the reliable
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extraction of excited states from lattice calculations. These 26
operators transform as irreps of SU(3), symmetry for Q =
flavor, SU(4) symmetry for Dirac spin of quarks, and 24 ‘o % %
double cover octahedral group O of the lattice. The flavor . | ) a
content of Q. (ssc) baryons is similar to that of Q..(ccs) 221 5 = . O S|
baryons with the role of ¢ and s quark exchanged. Hence, E | = [%J !
the operator details for Q¥ baryons used in this work follow S 2a & = |
from Sec. II B and Tables II and IIT of Ref. [28], with the r.q’s [ % !
interchange of ¢ and s quarks. 218 S Lt R =
(C) Distillation method—We employed a novel tech- I —— o
nique called “distillation” [41], which is a quark source SR 2 K: & |
smearing technique that enables one to compute large . |
correlation matrices (C;;) between a large basis of operators 1.4
including nonlocal ones, similar to those used in this a1
calculation. Here, we implement the method using the 12p1=___)
lowest.64 eigenvectors Qf the dis.cretized gapge—covariant T T I N TR ST s ITE
Laplacian. The correlation matrices are built from four
different source time slices. FIG. 1.  Spin identified spectra of Q2 baryons. Here, spectrum is

(D) Variational analysis and spin identification.—We
utilize a robust analysis procedure, developed by HSC,
which is based on the variational study of correlation
matrices, C;;. In this method, one solves a generalized
eigenvalue problem (GEVP) [42,43] of the form

Cij(0)v} = A, (2, 19) Cij(to) v, (1)

where 4,,(t, 1y) is the nth eigenvalue which is related to the
energy of the nth excited state E, by

lim A,(t, 1)) = e Ealt=10), 2)

t—ty—00

We choose an appropriate reference time slice 7, in solving
GEVP, such that it minimizes a y>-like quantity as defined
in Ref. [16]. To associate a spin to an extracted energy level,
we calculate the overlap factors Z7 of an operator O;

defined as Z" = (n|0]|0) to a state n with energy E,,. These
overlap factors carry a memory of the corresponding
continuum interpolating field from which O; was derived,
and these factors can be obtained from the nth eigenvector
v" of the GEVP. This procedure is being widely used by
HSC in all of its spectrum calculations.
Results.—Following the above procedures, we are able to
extract the energy spectrum of Q0 baryons with spin up to
7/2. In Fig. 1, we show our results in terms of energy
splittings of QU baryons from the mass of the 5,(1S)
meson. A factor 1/2 is multiplied with 7, mass to account
for the difference in the number of valence charm quarks in
the baryon and meson. In general, energy splittings with
valence charm content subtracted will have reduced uncer-
tainties originating from the systematics of the charm quark
mass parameter in the lattice action and from the ambiguity
in the scale setting procedure. Positive and negative parity
states are shown on the left- and right-hand sides of the
figure, respectively. The vertical height in each box

presented in terms of energy splittings of Q¥ baryons from 7, (1)
meson. Details of the plot are in the text.

represents 1o uncertainty, which includes statistical
and systematic uncertainties from different fit ranges.
Throughout this Letter, we follow the color coding for
extracted energy levels as follows: spin 1/2, red; spin 3/2,
blue; spin 5/2, green; and spin 7/2, black. The two relevant
scattering channels in this calculation are Z.K and Z.K in s
wave. Their lattice values are shown by horizontal black
lines and are obtained from E,, =, and K masses calculated
on these lattices. The states inside the magenta boxes are
those with dominant overlap to operators constructed
purely out of the upper two components of the quark
spinor. Those are referred to as the nonrelativistic operators.
All other operators are relativistic. It is interesting to see
that the number of low lying excitations for each spin
agrees with the expectations based on the nonrelativistic
quark spins, which implies a clear signature of SU(6) x
O(3) symmetry in the spectra. A similar SU(6) x O(3)
symmetric nature of the spectra was also observed in light
baryons [36] as well as for doubly and triply heavy baryons
[27,28]. It is to be noted that in our variational analysis
we have included both nonrelativistic as well as relativistic
operators, and still we observe the above symmetry in the
low lying spectra.

Next, we briefly describe the procedure followed in
assigning the spin of an extracted energy level leading to
the spin identified spectra shown in Fig. 1. To explain it,
we choose irreps H, H,, and Gy, (subscripts g and u refer
to positive and negative parity, respectively), and show
below how a particular energy level that is associated with
operators from any of these irreps can be assigned a spin.
In Fig. 2, we show a representative matrix plot of the
normalized overlap factors, Z = Z"/ max[Z!], for a few
selected operators on to a few of the lower energy levels in
the H, irrep, where the continuum 3/2%, 5/2%, and 7/2*
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Hy =777 _372_ ~or eramrs__sﬁ o __772 agreement with experiment. The most interesting observa-
A 12 tion from this comparison is the fact that we observe exactly
L9 five energy excitations in the same energy region above the
§ 2 3/27" state. Two other states are above the scattering levels
T/’ 1 and thus need to be studied with more rigor. It is also very
0

FIG. 2. “Matrix” plot of Z for a few selected operators onto a
few spin identified lower energy levels in H irrep.

states appear. We follow the same color coding as above,
while the darkness of the pixel is linearly related to the
magnitude of the normalized overlap. From this figure, one
can clearly associate the states labeled as 0, 1, and 2 with
spin 3/2, the state 9 with spin 5/2, and the state 12 with spin
7/2. In order to further demonstrate the robustness of the
procedure, in Fig. 3 we present a representative histogram
plot of Z values from two different irreps. In the top plot, on
the x axis we show various operators in the H, irrep with
their continuum spins, and the y axis shows their 7 values
to a particular energy excitation. This also shows that this
energy excitation represents a spin-3/2~ state as it is
saturated predominantly from operators that have spin
3/27 in the continuum. In the bottom plot, we show a
similar observation in the G, irrep for an energy excitation
that we found to be a spin-1/2~ state. For spin-5/2 and
—7/2 states, their Z values need to be compared among
different irreps [27,28,35,36]. Spin identifications for all
other energy excitations are performed with the same rigor.

With confidence in our procedure for the extraction of
energy levels and their spin identification, we finally
present our main result. In Fig. 4, we show a comparison
plot between the extracted lattice energy levels with those
from the recently observed Q¥ baryons [2] along with the
previously known two other Q2 baryons [1]. The relevant
continuum scattering thresholds are presented on the left-
hand side and the noninteracting scattering energies as
obtained on these lattices are shown on the right-hand side.
It can be seen that our lattice estimate for the hyperfine
splitting between spin-3/2 and spin-1/2 baryons is well in

03/2-03/2-03/2-03/2-05/2-05/2-05/2-07,2- 077~
1 1 1 1 1 1 1 1 1
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FIG. 3. Histogram plot of Z for the lowest levels in H . and Gy,
irreps for a few selected operators.

satisfying to see that among the five new excitations, four
are matching with our lattice results. The only remaining
excitation, which we assign to be a spin-5/2~ baryon, can
possibly be identified to the remaining higher lying exper-
imental candidate. We would like to point out that these
results are prediction and not postdiction, as preliminary
results of these were already presented at the Charm-2013,
2015, and Lattice-2014 conferences [29-31]. It is to be noted
that most other nonlattice calculations [3—15] on Q0 baryons
predicted seven levels in this region. In Table I, we
summarize the comparison between experiments and this
lattice calculation (called L1), where we denote the ith
energy level of Q0 by QY while AE is the energy difference
from the ground state (Q2°). From the results shown in
Fig. 4 and Table I, we conclude that the spin-parity quantum
numbers of these newly discovered particles are as follows:
©.(3000)° and ©.(3050)° have spin-parity J* = 1/27, the
states Q,(3066)° and ©Q.(3090)° have J* = 3/2~, while
Q.(3119)" is possibly a 5/2~ state. A similar assignment of
spin and parity has also recently been made in a potential
model calculation [44].

To strengthen our findings, we perform another lattice
calculation (called L.2) with a totally different set of lattice
parameters. We use three dynamical 2 4 1 + 1 flavors HISQ
lattice ensembles generated by the MILC Collaboration [45]:
243 x 64, 323 x 96, and 48> x 96 lattices with lattice spac-
ings ~0.12, 0.09, and 0.06 fm, respectively. For the valence
quark propagators, we use overlap action [46]. The details of
this lattice setup, charm, and strange mass tuning are given in

Q. 327
- 12” 8D
0.5} ED =, K(S)
527
3/2” =
04 gk —— 3 E.K©®)
> 1/2
O 03 — 1/27
+ E K
Q
)
0.2
53]
0.1
- 332" -l
oF----- —_—— it - - - - - -
Expt. Lattice

FIG. 4. Comparison plot between experimental and lattice
results of Q. baryons.
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TABLE I. Comparison of energy splittings of Q0 baryons

between experimental and lattice results. QO represents the
ith energy level.

Energy Experiment Lattice
splittings (AE)
AE MeV) JP [1] AE (MeV) JP

L1 L2

Eqoo — 1E, 1203(2)  1/2% 1209(7) 1200(10) 1/2*

Equi = Egoo 70.7(1)  3/2%  65(11) 68(14) 3/2*

Eqoa = Egoo 305(1) ? 0 304(17) 319(19) 1/2

Equs — Egoo 355(1) 7 341(18) 1/2-

Equs — Egoo 371(1) 7 383(21) 3/2-

Equs = Egoo 395(1) ? 409(19) 403Q21) 3/2

Equs — Egoo 422(1) 7 464(20) 5/2-

Refs. [22,23]. On these ensembles, we calculate two point
correlation functions of QY baryons using conventional local
spin-1/2 and —3/2 operators and extract the respective
lowest states for both the parities. In Fig. 5, we show results
from this calculation again as mass splittings from the
ground state (1/2%). We also perform continuum extrapo-
lations using O(a?) and O(a?) forms in lattice spacing, a.
The 1o error bars from O(a?) fittings are shown by the
shaded regions. In Table I, in the column L2 we show these
results which include both statistical as well as all systematic
errors. It is quite encouraging to see that lattice results from
two completely different setups are consistent with each
other, and this ensures again the robustness of the spin
assignment procedure utilized in the first calculation. It is to
be noted that the results obtained in the L2 calculation rely
on conventional single exponential fits of the two point
correlation function. Hence, while results for spin-1/2" and

600} * :AE(%Jr)L1 ° :AE(%*)L2 * : Expt
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FIG. 5. Mass splittings of the lattice energy levels from
the ground state of 1/2% Q2 baryon, where AE(J') = E(J') —
E(1/2%). L1 and L2 represent first and second lattice
calculations.

-3/27 states are reliable, it is difficult to extract energy levels
of states reliably whose energies are close by. In that case,
one obtains a single energy level as a mixture of the two.
This is indeed what we observed in the L2 results for 1/2~
states, which is in the middle of two states obtained in the L1
calculation.

We now discuss the scattering channels relevant to our
calculation. For the lowest three states, the only possible
strong decay channel is 2T K™, whereas the higher two
levels can decay into 2t K~ and EtK~. Owing to the
heavy pion mass (m, ~ 391 MeV), scattering levels EF K~
and E/" K~ in the s wave, as measured on our lattice, appear
at 373 and 488 MeV, respectively, above the ground state,
as shown in Fig. 4. Both of the extracted spin-1/2~ states
are below these energy thresholds. On the other hand, spin-
3/2~ and spin-5/2" states can decay into E} K~ only via d
wave. However, the corresponding noninteracting lattice
scattering energies lie significantly above these excitations.
Considering the narrow width of the observed resonances
[2] and lattice positions of the scattering channels, as
discussed above, we believe that the single hadron approxi-
mation in our calculation, where we have neglected multi-
particle operators, will have negligible effects on the energy
excitations that we have extracted.

We would also like to point out possible uncertainties
in this calculation. The main uncertainties are from the
discretization of the heavy charm quark mass. As mentioned
previously, we believe that this uncertainty gets reduced by
taking appropriate energy differences where the effects of the
valence charm quark content is subtracted out. The agree-
ment between lattice and experimental values in the hyper-
fine splitting between spin-3/2 and spin-1/2 baryons, which
is known for its strong discretization artifacts, also justifies
the above claim. Furthermore, consistency between our two
lattice investigations (L1 and L2) with entirely different
systematics confirms that the discretization effects on the
mass splittings in the first calculation are indeed under
control. The effects from the unphysical light quark mass
and small lattice volume are expected to be smaller in Q.
baryons than those for light baryons, as the former do not
have light valence u# and d quarks. Our lattice value of the
spin-1/2 ground state matches with its experimental value,
which further provides confidence to this view. The relative
spin ordering of these energy excitations that we assigned
here is expected to be unaffected by future lattice calcu-
lations with more realistic physical parameters.

Conclusions.—In this Letter, we present detailed results
from the first nonperturbative calculation on the excited state
spectroscopy of QY baryons with spin up to 7/2 and for
positive as well as negative parity. Results from this work
have direct relevance to the five QY resonances recently
discovered by the LHCb Collaboration. We predict the
quantum number of these energy excitations as the follow-
ing: Q,.(3000)° and Q.(3050)° have spin-parity J* = 1/27,
the states Q.(3066)° and €.(3090)° have J© =3/27,
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whereas Q.(3119)° possibly is a 5/2 state. An elaborate
and well-established lattice method is followed for extracting
these energy levels and in identifying their spins. We cross-
check these results by performing another lattice calculation
with a completely different setup and with better control over
systematics. The spin-parity quantum number assigned to
these newly observed states is expected to be unaffected by
any future lattice calculation with much improved control
over the systematic uncertainties.
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