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1. Introduction

The holy grail of lattice QCD is to simulate QCD at the physigaint, with sufficiently large
volume and fine lattice spacing, then to extract physics fittese gauge ensembles. Nevertheless,
the characteristics of a gauge ensemble depends on tlee kattion used for the simulation, which
in turn has significant impacts on the physics outcome.

Since quarks are Dirac fermions, they possess the chirahggn in the massless limit. Atthe
zero temperature, the chiral symme8y (N¢) x SUr(N¢) of N massless quarks is spontaneously
broken toSU, (Nt ), due to the strong interaction between quarks and gluortsiQICD vacuum
(with non-trivial topology). The quark condensdigy) constitutes the origin of hadron masses,
and resolves the puzzles such as “why the mass of a protondk hmavier than the sum of the
bare quark masses of its constituents". To investigatepbietaneous chiral symmetry breaking as
well as the hadron physics (e.g., the mass spectrum) frorfirgterinciples of QCD, it requires
nonperturbative methods. So far, lattice QCD is the mosinmsimg approach, discretizing the
continuum space-time on a 4-dimensional lattice, and caimgpyhysical observables by Monte
Carlo simulation.

However, in lattice QCD, formulating lattice fermion withxaet chiral symmetry at finite
lattice spacing is rather nontrivial. This is realized thgh domain-wall fermion (DWF) on the 5-
dimensional lattice [1] and the overlap-Dirac fermion oa #hdimensional lattice [2, 3]. Neverthe-
less, the computational requirement for lattice QCD witmdm-wall quarks on a 5-dimensional
lattice is 10-100 times more than their counterparts walitional lattice fermions (e.g., Wilson,
staggered, and their variants). This is one of the reasogshdne are only 3 lattice QCD groups
worldwide (RBC/UKQCD, JLQCD, TWQCD) using DWF for largeade lattice QCD simulations.

Since 2018, TWQCD has been performing the hybrid Monte C@ilglC) simulation of
Nt = 2+ 1+ 1 lattice QCD at the physical point [4] with the optimal domavall fermion [5],
on the 64 lattice with the extenNs = 16 in the fifth dimension, following our firf{f =2+ 1+1
simulation on the 32x 64 lattice [6]. It is interesting to point out that the entienulation on the
64* x 16 lattice can be fitted into one unit of Nvidia DGX-1, whichnsists of eight V100 GPUs
interconnected by the NVLink, with the total device memory 86 GB= 128 GB. In general, to
simulateN; = 2+ 1+ 1 lattice QCD on the 64lattice with any lattice Dirac operatd® requires
memory much larger than 128 GB, since each one-flavor pserudan action is expressed as the
rational approximation of™(D'D)~Y/2d, requiring a large number of long vectors (proportional
to the number of poles in the rational approximation) in cating the pseudofermion force in the
molecular dynamics. However, for domain-wall fermion, @am use the exact one-flavor pseud-
ofermion action (EOFA) with a positive-definite and HermitiDirac operator [7], thus avoiding
the rational approximation and saving a large amount ofc@ememory. Moreover, using EOFA
also enhances the HMC efficiency significantly.

The thermalization is performed with one unit of Nvidia D@X+unning for~ 8 months.
Then the thermalized configurations are distributed to @@udits of Nvidia DGX-1, each running
an independent HMC simulation fer 6 — 10 months, resulting a total ef 2050 HMC trajectories.
By sampling one configuration every 5 trajectories in eadependent HMC simulation, we obtain
400 gauge configurations. The lattice setup and simula@goarpeters have been given in Ref. [4].
Now the lattice spacing is updated 0! = 3.188+ 0.018 GeV for 400 gauge configurations.
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Also, the residual masses @i/d,s,c)
guarks are updated in Table 1 for 400
configurations.  Foru/d quark, the
residual mass isv 4.6% of its bare  duark  mga Mes?l Mes [MeV]

mass, amounting to.D78(5) MeV. For u/d 0.00125 577(17)x10°°  0.178(5)
s and ¢ quarks, the residual masses g 0.040 145(12)x10°°  0.045(4)

are even smaller, .0454) MeV, and c 0.550  021(4)x10™°>  0.006(1)
0.006(1) MeV respectively. This

demonstrates that the optimal DWF can
preserve the chiral symmetry to a high precision, for baghtland heavy quarks. In the following,
we present the first results of the topological suscepiyl@ind the hadron mass spectra.

Table 1: The residual masses ofd, s, andc quarks.

2. Topological Susceptibility

The vacuum of QCD has a non-trivial topological structurdwe Topological fluctuations of
the QCD vacuum can be measured in terms of the moments of théotpcal charge{Qtzp>, p=
1,2,---, whereQ is the (integer-valued) topological charge of the gaugé fiel

Q =22 [ dxtrlFu(WFao (), @)
and Fyy = gT?F], is the matrix-valued field tensor, with the normalizatiofiTfT®) = &ap/2.
Among all moments, the topological susceptibility

Xt = %, Q = 4-dimensional volume (2.2)
is the most crucial one, which plays the important role irekieg theUa(1) symmetry, and re-
solves the puzzle why the flavor-singlgt is much heavier than other non-singlet (approximate)
Goldstone bosons. In general, it can be shown that the tgpallosusceptibility and the quark
condensates are closely related, which in turn implies dhgéuge ensemble without the proper
topological susceptibility cannot give the correct hardoass spectrum (or any physical observ-
able) from the first principles of QCD.

In lattice QCD with exact chiral symmetry, the index of thesslass overlap-Dirac operator
is equal toQ, satisfying the Atiyah-Singer index theorem, ind@y,) = Q;. However, to project
the zero modes of the massless overlap-Dirac operator éo64hlattice is prohibitively expen-
sive. On the other hand, the clover topological ch&@®ggver = 3 x £uva ot [Fuv (X)Fao (X)] /(327)
is not reliable [where the matrix-valued field tensgy, (x) is obtained from the four plaquettes
surroundingx on the (1, V) plane], unless the gauge configuration is sufficiently simotever-
theless, the smoothness of a gauge configuration can heealtay the Wilson flow [8, 9], which is
a continuous-smearing process to average gauge field opbieaical region of root-mean-square
radiusR-ms = v/8t, wheret is the flow-time. Ast gets larger, the gauge configuration becomes
smoother, an@ciover(t) CONverges to its nearest integer, rol@ghver(t)], which hardly changes for
t/a? > 1. Consequently, thg(t) computed withQqover(t) behaves like a constant fofa® > 1.

In other words, applying the Wilson flow to an ensemble of gacgnfigurations for a sufficiently
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long flow-time can let them fall into topological sectorgngar to the gauge fields in the continuum
theory. Moreover, it has been demonstrated that the asyimptdue ofx; computed withQgjover IS
in good agreement with that computed with the index of oyebérac operator a@t= 0 [10]. Thus
the topological susceptibility in lattice QCD with exactireth symmetry can be obtained from the
asymptotic value of; computed withQgjover in the Wilson flow.

In this study, the flow equation is numerically integrateaiirt = 0 to 256 withAt = 0.01.
In Fig. 1, the histogram of the probability distribution @fjover(t) att/a? = 256 is plotted on the
left panel, while the topological susceptibility computsith Qgover(t) versus the flow-time/a?
is plotted on the right panel. Evidently, tiye becomes almost a constant fga? > 10. Fitting x;
to a constant for 3& t/a2 < 256 gives

X&' = (7.66+0. x 10~ i
* = (7.66+0.42) x 10~/ (2.3)

with x2/d.o.f.= 0.11. The systematic error can be estimated by changing tiye @i for fitting
as well as by replacin@ciover(t) with its nearest integer rouf@giover(t)] in computingx;. The
final result ofy; in the energy units is

1/4

x4 = (94.29+1.30+0.78) MeV, (2.4)

where the first/second uncertainty is the statisticalésystic one.
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Figure 1. (left panel) The histogram of the probability distributiohQgover att/a = 256. (right panel)
The topological susceptibility computed wiiover(t) versus the row—time/az. The horizontal line is the
constant fit for 30< t /a® < 256.

3. Hardon Mass Spectrum

One of the main objectives of lattice QCD is to extract the sregsectrum of QCD nonper-
turbatively from the first principles, and to compare it witte experimental data. To this end,
the first step is to extract the ground-state hadron massrapeom the time-correlation func-
tions of quark-antiquark meson interpolators and 3-quank/dn interpolators respectively, and
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to check whether the theoretical results are compatibla thie experimental mass spectra. If a
theoretical state can be identified with an experimentaé sig the samdP(© and the proximity
of mass, then we can infer that this hadron state behaveshié&eonventional quark-antiquark
meson or 3-quark baryon. On the other hand, if the mass ofa@dtieal state is incompatible
with any experimental state with the sadfé®, then there could be two possibilities. It could
be a state to be observed in the future experiments, thusssess/a prediction of lattice QCD.
Another possibility is that the targeted hadron is an exstiate. Thus the conventional quark-
antiquark or the 3-quark interpolator cannot overlap withcamponents of this exotic hadron
and gives a theoretical mass different from the experinheratae. In this case, further theoreti-
cal/experimental studies are required to clarify the reatdithis exotic hadron state. Theoretically,
for the exotic meson state, it requires to analyze the arogl matrix of interpolators consisting of
quark-antiquark, meson-meson, diquark-antidiquark, qurettk-antiquark-gluon operators; while
for the exotic baryon state, to study the correlation matfiinterpolators consisting of 3-quark,
meson-baryon, and diquark-diquark-antiquark operators.

In the following, the time-correlation functions of locaperators are measured with point-
to-point quark propagators computed with the same paras@le= 16, my = 1.3, Amax/Amin =
6.20/0.05) and massesi(, qa = 0.00125 msa = 0.04, m:a = 0.55) of the sea quarks, wheng, g,
ms andm. are fixed by the masses aff (140), ¢(1020 andJ/((3097) respectively. Then the
masses of any other hadrons containing, sandc quarks are predictions from the first principles
of QCD.
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Figure 2. The ground-state masses of the quark-antiquark mesondlaxthr contentsid, us, uc, ss, sc,
andcc, versus the experimental states [11].

3.1 Meson mass spectrum

The meson interpolators in this study anef’d, ul's, ulc, sI's, s'c, andcl'c, wherel =
{1,¥5, ¥, Y51, Eijk Vi Yk}, corresponding to scalaB), pseudoscalai), vector {/), pseudovectorA),
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and pseudovectoiT( respectively. Note thajysyq transforms likeJ*© = 1+, while qéijk yj kg
like JPC =1+,

In Fig. 2, the ground-state masses extracted from the tonelation fucntions of these meson
operators are plotted, versus the corresponding mesas $tahigh energy experiments. It turns
out that for each theoretical state, there is an experirhentanterpart with the sam&(©, and
the theoretical mass is in good agreement with the PDG massthe error bar (statistical and
systematic combined) less than 2% of its central value. Ajradhstates, the ground-state masses
of thecl"c operators are in very good agreement with their experinheptanterparts. This is also
the case for the pseudoscalar and vector mesons, as shoh finst and the third columns in
Fig. 2. Moreover, it is interesting to point out that the grdestate masses of the scalar operators
ud, us, ss, uc, andsc also agree well witHo/0o(500), K;(700), fo(980), D§(2300), andD%,(2317)
respectively. Similarly, the ground-state masses of thel-aector operatorsiysyd, UysYS, Sy,
uysyic, andsysyc also agree well witha; (1260, K1(1270), f1(1285, D1(2420, andDg; (2460
respectively. Likewise, for the ground-state masses ofpgeudovector meson operators with
I = &jkYj¥ (in the last column of Fig. 2), they are also compatible Wiili1170, K1(1400),
b1(1235), D1(2430, andDg (2536) respectively.

The details of all mesons in Fig. 2 will be presented in a farthing paper.

3.2 Baryon mass spectrum

The construction of
3-quark baryon opera-

tor and the extraction O
of ground-state masses 57 oo
from the time-correlation
function follow the pre- 4 Oy Qcon
scriptions in our pre- = g0 Q=
vious studies [12, 6]. = o
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; . = +
dictions for the masses Figure 3: The ground-state masses of 3-quark baryons Witk 1/2= and

i i 3/2%, for all (u/d,s,c) flavor combinations, versus the experimental states
(in units of MeV) of / (u/d,sc) D

the following charmed 11l
baryons:Z;(3/27)[298334)(10)],
Qc(1/27)[300932)(7)], Qc(3/27)[3040126)(5)], Qcc(1/21)[362412)(6)], Qcc(1/27)[401754)(11)],
Qce(3/27)[3721(10)(3)], Qec(3/27)[413926)(5)], Qeec(3/27)[4760(22) (11)], Qcec(3/2)[513862)(15)],
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where the first/second error is the statistical/systematie. Here we identifyQ:(1/2~) and
Qc(3/27) with Q¢(3000 and Q:(3050 of the five Q. states observed by LHCb [13] in 2017,
and predict theid® to be /2~ and 3/2~ respectively.

The details of all baryons in Fig. 3 will be presented in alfodming paper.

4. Concluding Remark

We have generated the first gauge ensembleNfor= 2+ 14 1 lattice QCD with physical
(u/d,s,c) domain-wall quarks, and determined the topological suguély (2.4) and extracted
the ground-state hadron mass spectra in Figs. 2-3. It isestiag to see that our theoretical hadron
mass spectra are in good agreement with the PDG masses, phaslioted states for charmed
baryons. This implies that these ground-state hadronsvbdha the conventional meson/baryon
composed of valence quark-antiquark/quark-quark-quatkracting through the gluons with the
quantum fluctuations ofu,d,s,c) quarks in the sea. Note that some hadron states in Figs. 2-3
are close to the threshold of strong decays, €g.(2536) is 32 MeV above thé®*K threshold,
Ds1(2460 is 44 MeV below theD*K threshold, and,(2317) is 41 MeV below theDK threshold.
This also suggests that the ground-state mesons/baryoRg)§. 2-3) couple predominantly to the
guark-antiquark/3-quark interpolators, and only wealdyafly) to meson-meson/meson-baryon
interpolators, not to mention diquark-antidiquark/didudiquark-antiquark interpolators.
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