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We present the most precise results for the ground state mass of the triply-charmed spin-3/2 baryon
using lattice quantum chromodynamics. The calculations are performed on six Ny =2+ 1+ 1 highly
improved staggered quark (HISQ) lattice ensembles generated by the MILC collaboration. Two different
lattice setups are employed: in the first one, a fully dynamical calculation with HISQ action is performed,
while in the second calculation, an overlap action is utilized for the valence charm quark dynamics.
Following the continuum extrapolation of our results, obtained at five different lattice spacings, two
different volumes, and two different actions, our prediction for the mass of the lowest triply charmed spin-
3/2 baryon, Q...(3/27), is 4793(5)(*s!) MeV. This is the most precise determination to date, fully
addressing the systematic uncertainties. We also predict the Q...(3/27) mass to be 5094(12)(*}7) MeV.
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The role of single-flavored baryons was paramount in
identifying the color degrees of freedom and the subsequent
development of quantum chromodynamics (QCD), the
theory of strong interactions. The discovery of the
Q(sss)(JP =3/2") baryon firmly established the quark
model as an effective phenomenological framework for
describing subatomic particles, which further led to many
key advancements in our understanding of nuclear and
particle physics. Although the single-flavored baryons have
only been discovered with light and strange flavors (A and
Q), the existence of their counterparts with charm and
bottom flavors—namely Q... and €,,,—is beyond any
doubt within QCD. The €, (Q = ¢, b) baryons, which
are baryon analogs of heavy quarkonia, offer a simplistic
system for studying quark-quark interactions and quark
confinement without the complexities of valence light
quark dynamics [1-3]. As pointed out by Bjorken, such
baryons may provide a new window for understanding the
internal parton level dynamics within baryons [1]. These
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baryons are expected to be discovered as experimental
facilities reach the required center-of-momentum energy
and luminosity, with Q. likely being the first to be
observed. Precise theoretical predictions using first prin-
ciples calculations of QCD can guide the experiments in
discovering the Q[ (3/2") baryon. In this work, we
present the most precise determination of the ground state
mass of the Q}.7(3/2%) baryon using the first-principles
lattice QCD methodology, carefully accounting both stat-
istical and all potential systematic uncertainties, which
ensures that the final mass prediction is reliable and
accurate.

Since the strong decay of the lightest spin-3/2 Q...
baryon is forbidden, it should have a relatively long
lifetime. Probable decay modes, where they could be
searched for, are semileptonic decay processes such as
among others ({l/} refers to lepton pair involved in the
decay). Direct detection of such long lived particles could
be difficult, unless the lighter hadrons to which they decay
are well understood. However, recent experimental reports
on tri-J /y production [4], and recent proposals of inclusive
search strategies [5,6] and extensions of new sensitive
timing based variables [7] to identify signatures for long
lived hadrons augment promising prospects for the dis-
covery of Q7.f baryons in the near future.

Considering the heavy quark constituents within, it is
expected that the phenomenological models would be able
to reliably predict the masses of Q... baryons. Indeed,
within model calculations, starting with early works of

Published by the American Physical Society


https://orcid.org/0000-0002-3133-6979
https://orcid.org/0000-0001-5815-4182
https://orcid.org/0000-0001-9357-1360
https://orcid.org/0000-0003-2422-7317
https://orcid.org/0000-0001-6877-7578
https://ror.org/05078rg59
https://ror.org/03ht1xw27
https://ror.org/02bv3zr67
https://crossmark.crossref.org/dialog/?doi=10.1103/9phq-k8pv&domain=pdf&date_stamp=2025-12-02
https://doi.org/10.1103/9phq-k8pv
https://doi.org/10.1103/9phq-k8pv
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

NAVDEEP SINGH DHINDSA et al.

PHYS. REV. D 112, L111501 (2025)

Bjorken [1], these baryons have been studied with non-
relativistic [8—14] and relativistic [15,16] quark models,
QCD sum rule [17-21], Faddeev equation [22-24], diquark
model [25,26], variational method [27,28], bag model
[29,30], hypercentral constituent quark model [31-33],
Regge theory [34], Bethe-Salpeter equation [35] and
renormalization group procedure for an effective particles
approach [36]. However, depending on the model param-
eters, these predictions are spread over 400 MeV
uncertainty.

In this context, first principles lattice QCD calculations
with controlled systematics can play a vital role in narrowing
the possible mass window for these baryons. Most impor-
tantly, lattice QCD calculations can rigorously incorporate
nonperturbative aspects that may be overlooked by potential
models and other phenomenological approaches. Several
lattice QCD studies of Q... baryons have also already been
performed, starting with studies using pure SU(3) gauge
theory [37], dynamical simulations with quenched charm
quarks [2,38-46], and those involving dynamical quarks up
to charm flavor [47-51]. Most of these calculations were
performed at a single lattice spacing, whereas addressing
lattice artifacts through continuum extrapolation with several
lattice spacings is essential to assess the systematic uncer-
tainties from cutoff effects, particularly considering the
presence of three heavy quarks in these baryons. The studies
in Refs. [38,40,47,49,51] have performed continuum
extrapolation with up to three lattice spacings, leading to
mass estimates for Q...(3/2") that are spread over a range
of 100 MeV. There are no continuum extrapolated results for
the mass of 3/2~ ground state, with existing predictions
scattered over a 250 MeV energy interval.

It is therefore important to perform a systematic lattice
QCD determination of the masses of low lying Q.
baryons, with an accuracy similar to the state-of-the-art
lattice determination of other hadrons, such as that in low-
lying charmonia and proton. In this work, we present such a
study utilizing up to six lattice QCD ensembles, five
different lattice spacings, two lattice volumes and N, =
2 4 1 + 1 highly improved staggered quark (HISQ) dynam-
ics [52], generated by the MILC Collaboration [53,54] (see
Fig. 1, and Table I in Ref. [55]). In the valence sector, we
employ two different approaches. In the first, a fully
dynamical evaluation of the Q. baryon masses is made
with HISQ action for the valence charm quark evolution. In
the second approach, an overlap action [71,72], which has
no O(ma) error, is employed for the valence charm quark
dynamics, similar to many of our previous publications
[73-77]. With such a diverse and state-of-the-art setup of
multiple lattice spacings, lattice volumes, and two different
valence charm quark actions, we predict the ground state
mass of QJ:f(3/2*) baryon to be 4793(5)(T3') MeV. The
mass for the lowest J© = 3/2 state is also predicted with
per mille precision. Below, we detail the methods and
procedures employed to obtain these results.
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FIG. 1. Six lattice QCD ensembles used in this work and are

labeled in the plot as S5 (96 x 288), S, (64> x 192), S,
(483 x 144), S, (32° x 96), S; (24° x 64), and L, (40° x 64).

We evaluate the hadron masses from the two point
correlation functions with a wall source and a point sink
smearing, where the correlators are fitted with an exponen-
tial form at large source-sink separation. Such a setup was
demonstrated to be robust and reliable for extracting
single-hadron masses, particularly for their ground states
[73,75,78-83]. We also observe that to be the case for the
Q... baryon masses studied in this work. The charm quark
mass, being heavy, leads to relatively clean and stable
signals. Further, to mitigate the excited state effects from the
extracted ground state hadron masses, we evaluate corre-
lation matrices that are analyzed variationally following the
solutions of a generalized eigenvalue problem [84,85].

Q... baryons with valence overlap fermions. In this
setup, we utilize only spatially local interpolators, (O,).
This is well justified considering the predicted smaller
charge radius of Q... [41]. The trivial flavor symmetry and
color antisymmetry imply the total spin structure for the
Q... baryon interpolator has to be symmetric. With a four
component fermion spinor in the Dirac-Pauli representation
of Dirac-y matrices [86] with y, = diag[l, 1, -1, —1] rep-
resenting the quark fields, one can have two embeddings of
finite volume irrep H (€ {Ay,}) possessing fully sym-
metric spin structure and with spin-3/2 being the lowest
contributing spin [2,87]. Here, A, refers to the irrep of the
Octahedral group O),. Correlation matrices are evaluated
using the operator basis composed of these two operators
and are then analyzed following variational techniques
[84,85]. The antisymmetry along the temporal extent in
baryon correlators can be utilized to average over the
forward and the time-reversed backward propagations thus
doubling the statistics for each parity [88-90]. Further
details on this are provided in Sec. II of Supplemental
Material [55].

Q... baryons with HISQ fermions. The Q,,(3/2") has
been studied with HISQ valence quark previously [91], and
following that we use the following interpolating field for
Qccc(3/2+)’

Og, () = €apeDyc?(X, 1)D,c?(x, 1) D5cc(x, 1), (1)

where ¢“(x, t) is the HISQ charm quark field with (a, b, ¢)
as the color indices, and D;s are the spatial derivative
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operators [92]. Note that the operator in Eq. (1) couples
with multiple tastes. However, the splittings between finite-
volume ground state energy of Q baryons of different tastes
are expected to be small as HISQ action removes all taste-
exchange effectively through one-loop order [52], and this
has been shown in Ref. [91]. To reduce the effects of
oscillating components of staggered correlators, the two-
point correlators are first smoothed and the procedure is
detailed in the supplement [55]. To determine the ground
state masses, we employ two methods. The first one
involves the standard large-time fit with a single exponen-
tial. We also use two-exponentials particularly for the spin-
3/2 state where the contamination from the excited states
may not be insignificant. In the second method, we utilize
the generalized eigenvalue problem (GEVP) [84,85], using
a matrix constructed from time-shifted correlation func-
tions, as described in Ref. [93], allowing a robust estima-
tion of the ground state.

Mass extraction and results. In Fig. 2, we present two
representative effective mass plots (mg = log[C(z + 1)/
C(7)], C(z) being the correlation function) for the lowest
energy level of the Q...(3/2%) state on ensembles with the
finest two lattice spacings. Further details are provided in
the caption. The horizontal bands represent the fit estimate
with 1o error. Further details of mass fits and results for
other lattices and other hadrons studied are shown in
Supplemental Material [55].

The large bare quark mass (mgpa) introduces significant
discretization effects, which can be a primary source of
systematic uncertainties in heavy hadrons, especially in
those containing multiple heavy quarks. The leading
discretization errors in the valence quark actions that we
employ (overlap and HISQ) are at O((ma)?). To further
mitigate these errors, instead of estimating the masses
directly, we follow the practice of studying mass splittings,
where the valence heavy quark content is subtracted out as
in Refs. [73-77,94]. Here we subtract out the valence
charm quark content with the following choice,

3
aAMgq, = [aMgm -5 aMﬁE] , (2)

where aMg and aM; are the finite lattice estimates for
the mass of Q... baryon and the reference charmonia
energy (cc), respectively. Two different choices for c¢ are
considered in our analysis: J/w and the spin averaged
1S state, 1 (5. + 3J/w). These choices are made consid-

ering that we tune the charm quark mass using 1S, while
J/w masses on the lattice are found to be closer to its
physical mass on each lattice. We perform the continuum
extrapolation on these mass splittings, owing to the expect-
ations of reduced cutoff effects on them. Here we prefer the
reference energy with respect to the J/y meson mass as the
estimation of the J/w mass on lattice is more accurate
compared to the spin-averaged 1S energy, potentially
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FIG. 2. Representative effective mass plots for the lowest
energy state of Q..(3/2") baryon. Top: overlap action, lattice
size: 64% x 192, Bottom: HISQ action, lattice size 96> x 288.

related to the dominant charm self-annihilation effects
expected and also observed in 7, meson mass [95].

In Fig. 3 we show the continuum extrapolation of the
mass splittings AMq__(3/2+) in physical units, with the top
two panes using c¢ =J/y (top figure) and cc = 1§
(second from the top). We consider two possible cutoff
dependences: (i) AM(a) = ¢; + c,a?, (i) AM(a) = ¢+
c,a” + cya*. The marker and coloring convention used are
explained in the figure and its caption. The bottom two
figures, with the same color-coding and fit forms, represent
the continuum extrapolation for the Q...(3/27) baryon.
Once the continuum extrapolated value of AMZ™ is

cce

obtained, we add that to the physical value of 3 My’ to
obtain the physical estimates for baryon mass, as in,

, 3
MY = [AMggj;j, + EM%P]. (3)
A clear agreement can be observed between the
Q..(3/27) estimates using the overlap as well as the
HISQ action across finer lattices leading to a consistent
continuum extrapolated value. Our final result, represented
by the red square at the continuum point, is a symmetrized
average of the HISQ (green star) and overlap (blue star)
results obtained from linear fits to the finest lattice points
(starting at a = 0.0888 fm), with the magenta and blue
bands representing the fitted results for the HISQ and
overlap actions, respectively. The associated fit error,
indicated by the thick red line, encompasses the fit errors
for both the overlap and HISQ actions and is quoted as the
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FIG. 3. Continuum extrapolations of the subtracted ground
state masses AM?{E,(“) [Eq. (2)]. Top two: Q...(3/2") and
bottom two: ,..(3/27). Subtraction of charm quark content is
done with both ¢¢ = J/y and 1S. Various fit forms with their
respective color schemes are shown in the legends and more
details on fits are provided in Supplemental Material [55]. The
shaded bands represent 1o uncertainties, estimated via the boot-
strap method. Symbol star: continuum extrapolated values. Red
solid square: final value by symmetrized averaging the linear fit
results of overlap and HISQ quarks, while the extended errors
include other fits results.

statistical error. The thin red line illustrates the range of fit
errors (bootstrap) arising from variations in lattice spacing

dependence and differences in actions (as shown in
Table III of Supplemental Material [55]). The deviations
of the thin red line from the thick red line are included in
our systematic errors. As previously discussed, using c¢ =
J/y provides a more reliable basis for continuum extrapo-
lation, and our final values are quoted accordingly. Our
final estimates are Mg (3/2%) = 4793(5)(%3') MeV, and
Mg (3/27) =5094(12)(*7) MeV, where the first error
is statistical and the second one accounts for all other
possible systematic errors, which we will discuss next. We
also estimate the mass splitting between these two baryons
tobe: Ag (3/2% —3/27) =301(13)(14) MeV. Note that
for reliable estimation of Q...(3/27) mass, one needs to
consider the presence of a nearby three hadron final state
Q..c(3/27)ax in P wave in the chiral limit [96-103].
However, investigating such contamination is beyond the
scope of this work. If the three quark Fock component of
the negative parity state were dominant and its coupling
with the three hadron state negligible, we anticipate our
estimate would be reliable.

A thorough estimation of systematic uncertainties is
crucial in any precision investigation. Below, we provide a
detailed account on systematics involved in this investiga-
tion covering several possible sources of errors.

Statistical. In this, we include bootstrap fit error, including
various possible choices of fit-windows, and the final value
includes the fit-error covering both overlap and HISQ results.

Discretization. Here, we include the difference in fit
values obtained using different fit forms with two different
discretized lattice actions.

Scale setting. Measurements of scale with Wilson flow
and r; parameter are found to be consistent for these lattice
ensembles. Including the scale setting errors we find the
uncertainty in mass difference [Eq. (2)] for Q to be ~3 MeV.

Charm quark mass tuning. After tuning the charm quark
mass on each lattice (as detailed in Supplemental Material
[55]), we calculate the mass splittings [Eq. (2)], at its
central value and at its variations. The effect on mass
splittings was found to be, at most, 2 MeV.

Unphysical sea quarks. The light sea-quark masses are
heavier than their physical values in the set of ensembles
that we utilize in this work (see Table 1 of Supplemental
Material [55]). Although it is naively expected to have only
small effects from unphysical light sea quarks to the mass
of an all charmed baryon [104—106], it is better to have an
estimate on it. In Sec. V of Supplemental Material [55] we
provide a detailed account of the associated systematics
estimation and we find this uncertainty to be about 5 MeV.

Taste splitting (HISQ). For HISQ valence quarks this
effect leads to a difference in masses at finite lattice spacing
with a O(a,(1/a)(m.a)*) mixing between two tastes of
Q... baryons. We account for that in the continuum
extrapolation, which leads to an error of 2 MeV.

Mixed action effect (Overlap). In the overlap setup,
unitarity violations arise for two reasons [107-109]. One is
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related to the difference in action used in the sea and valence
sectors, which is expected to die out in the continuum limit
[110]. In the same lattice setup (with @ = 0.0582 fm), we
found this effect to be small [110]. The second one is related
to the sea and valence charm quark mass difference, which
could survive in the continuum [109]. The difference in
estimates from the HISQ valence action and the overlap
valence action already reflects these systematics. Based on the
disagreement between the numbers from these two scenarios
in the common finest lattice, we assign a conservative
estimate of 2 MeV to account for this systematic.

TABLE I. Error budget in the calculation of the ground state
mass of QJ:f(3/2") baryon.

Source Error (MeV)
Statistical 5
Discretization 4
Scale setting 3

m, tuning 2
Unphysical sea-quark 5
Taste-splitting (HISQ) 2
Mixed action (Overlap) 2
Finite size 1
Electromagnetism I

Total 5 (stat) and T3' (syst)

1600 4700 4800 4900 5000

f}..

O
(]

4600 4700 4800 4900 5000
Mass (MeV)

Finite volume. The elastic strong decay threshold in the
Q...(3/2%) corresponds to the three particle decay mode
Q...wm. Assuming a nonrelavistic scenario, the leading
finite-volume correction in binding energy estimates was
found to scale ~e~** /L, where k = \/M B, is the binding
momentum [111,112]. Choosing M to be the mass of the
pion (lightest hadron involved in the Q....zx final state) and
the binding B, to be the same order of magnitude as the
binding By determined from the largest volume utilized,
one observes the corrections on the /:%(3/2") mass to be
less than 1 MeV. A similar naive estimate on the binding
energy of Q:f(3/27) mass turns out to be of the order of
15 MeV, which is included in the associated systematics.
We iterate that the naive finite volume systematics quoted
above for the positive parity is justified as it is significantly
below the elastic strong decay threshold; however the
uncertainty in the negative parity state should be addressed
with more involved finite-volume analysis in the future.

Electromagnetism. The presence of two units of charge is
expected to influence the mass of a QJ;f baryon. A leading
perturbative estimate, as shown in Supplemental Material
[55], yields a correction term <5 MeV. In Ref. [44] the
Coulomb repulsion in a dibaryon, made with six charm
quarks and having four units of charge, was found to be
about 5 MeV. Given the constituent composition of Qg
relative to that system, we anticipate that the mass correction
from Coulomb effects could be comparatively smaller.

1900 5000 5100 5200 5300

B
) 2 33]

) —0— [50]

43] e
o
4900 5000 5100 5200 5300
Mass (MeV)

FIG. 4. Summary of results on the ground state mass of Q...(3/2%) (left) and Q...(3/27) (right) baryons as obtained in various
calculations (references on the side panels can be tracked through the faint horizontal lines). The results below the thick horizontal
dashed line are from lattice calculations and above that are obtained using various models. Among the lattice results, those with orange
circles are obtained with continuum extrapolations, while others (blue circles) are obtained at a single lattice spacing. The deviation of
the results obtained in Refs. [38,49] are most possibly due to their errors in the charm quark mass tuning. Our results at the physical point

are shown by the red circles (at the bottom).
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Additionally, the magnetic moment of Q. has been
predicted to be about 1 uy [113] suggesting no large effect
on its mass. Since our estimation of Q. mass is based on
the subtracted mass, Mo:+ — 3/2M ;;,,, we also estimate the
electromagnetic corrections to M, and find it to be
24 MeV (details are in Supplemental Material [55]).
After accounting the electromagnetic mass corrections to
both Q% and J/y, we assign a uncertainty of (1/5) MeV
to the mass of Q7;F. However, a direct calculation with
Coulomb term within the gauge action would be necessary
for a more rigorous assessment of these effects, but that lies
beyond the scope of the present work.

Based on the above estimation, we summarize the error
budget in Table I below.

In Fig. 4, we summarize the results on the ground state
mass of Q...(3/2) baryons showing our results (red circles
at the bottom/vertical blue band) and compare it with
previous results, using the blue band as reference. A
horizontal dashed line is placed to separate lattice and
nonlattice results (see caption). Lattice results are also color
coded to distinguish those that include continuum extrapo-
lation from those that do not (cf. see Table X in
Supplemental Material [55] for more details). It is evident
this work clearly narrows down the broad range of
estimates from previous calculations, providing the most
precise lattice results to date while properly addressing the
associated systematic uncertainties. Note a few of the
earlier calculations deviate from the most recent ones. In
particular, estimations in Refs. [38,49] differ, despite

continuum and chiral extrapolations. We believe this is
due to charm quark mistuning, which was also reflected in
their estimation of Z,.. mass, when compared with other
lattice results and the experimental number from LHCb
[114]. Deviation in Ref. [2] is also potentially due to charm
quark mistuning and uncontrolled discretization errors. It is
also worth noting that some model results align closely
with the vertical line, suggesting it may be interesting to
explore possible commonalities in their interaction poten-
tials that lead to results near our lattice estimation.
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