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1. Introduction

Lattice QCD has a potential ability to quantitatively understand the nature ¢ginudose
characteristic feature is a hierarchical structure in the strong interadmanuclear binding en-
ergy is experimentally known to be about 10 MeV per nucleon, which is moailer than the
typical energy scale of hadrons. A measurement of the binding enésgiesrefore the first step
for direct investigation of nuclei in lattice QCD.

In this direction we carried out a first attempt to measure the binding eneffies*He and
3He nuclei in quenched QCD with a rather heavy quark mass correspotuding= 0.80 GeV,
thereby avoiding heavy computational cdst [1]. We followed this work bgr@wed investigation
of the bound state for the two-nucleon channel in quenched QCD at e gaark mass, which
found that not only the deuteron in t88; channel but also the dineutron in th& channel is
bound [B]. However, the bound state in tt& channel has not been observed in the experiment.

The situation of the two-nucleon channel is little complicated. There are twmagipes to
study the two-nucleon channel, such as direct calculation of the groatecemergy{[3]4]9] 6] 7, 8]
and indirect calculation using the effective potenfil [9]. The studies witér approach, which
is same as in our previous work, reported a possibility of the bound statehrthm channels at
my; = 0.39 GeV in 2+1 flavor QCD[]7], and the bound state formationsat= 0.81 GeV in 3-
flavor QCD [8]. The pion mass of the 3-flavor case is comparable to thefame quenched case,
but the binding energies in the 3-flavor are about twice larger than doitgnderstand the situation
of the two-nucleon channel, we need furthre investigations with less syttesmars.

In order to reduce systematic errors, such as the quenched eftebeawier quark mass, we
extend our previous works to the dynamical quark calculation with a lightes.niraghis report we
present our results of the binding energies of the helium nuclei, the dewded the dineutron on
2+1 flavor QCD with the degenerated quark mass correspondingig; = 0.51 GeV. The details
of this work have been already published in REf] [10].

2. Simulation details

We generate 2+1 flavor gauge configurations with the Iwasaki gauige §7] and the non-
perturbativeO(a)-improved Wilson quark action @ = 1.90 with csw = 1.715 [12]. The lattice
spacing isa = 0.899540) fm, corresponding t@ ! = 2.194(10) GeV, determined withmg =
1.6725 GeV [IB]. We take four lattice sizds’ x T = 323 x 48, 4G x 48, 48 x 48 and 64 x 64,
to investigate the spatial volume dependence of the ground state enetgyethiéen the multi-
nucleon system and the free nucleons. The physical spatial exter2Qa®6, 4.3 and 5.8 fm,
respectively. From the investigation we distinguish a bound state from actater scattering
state [T} 39, 1€, 17]. Since it becomes harder to obtain a good signalge-+atio at lighter quark
masses for multi-nucleon systenjs][{B, 4], we employ heavigrquark mass corresponding to
m; = 0.51 GeV andmy = 1.32 GeV. On the other hand, the strange quark mass is close to the
physical value. The hopping parameters @@, Ks) = (0.13733160.1367526 which are chosen
based on the previous results foy andms obtained by PACS-CS Collaboratidn J19] 13].
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Figure 1: The left panel shows effective energy siife" for “He channel on (5.8 frd)box in lattice units.
Fit result with one standard deviation error band is exg@ds/ solid lines. The right panel shows spatial
volume dependence A, in GeV units. Outer bar denotes the combined error of sizdisind systematic
ones added in quadrature. Inner bar is for the statisticar.eExtrapolated result in the infinite spatial
volume limit is shown by filled square symbol together witk fh line (dashed). Experimental value (star)
and quenched result (open diamond) are also presented.

We extract the ground state energies of the multi-nucleon systems and themstate from
the correlation function&,(t) = (0|€(t)0(0)|0) with & being appropriate operators foHe,
3He, two-nucleor’S; and'S, channels, and the nucleon state

We are interested in the energy shift between the ground state of the muéansystem and
the free nucleons on dr? box,

AEL:Eﬁ—NNlTN (2.1)

with E» being the lowest energy level for the multi-nucleon chanhglthe number of nucleon
andmy the nucleon mass. This quantity is directly extracted from the ratio of the muligarnic
correlation function divided by thiy-th power of the nucleon correlation function

Gy (t)
(Gn(t)™’

whent is large enough. The same source operator is chosen for the numectbealenominator.
We also define the effective energy shift as

eff _ R(t)
AEST =In (R(t+1)> , (2.3)

R(t) = (2.2)

from which we check the plateau region.

3. Resaults

3.1 “Henucleus

The effective energy shiﬂsEfff defined in Eq.[(2]3) is plotted in the left panel of Hip. 1. The
signal is clear up to = 12, beyond which the statistical error increases rapidly. The eneifjy sh
AE is extracted fronR(t) of Eq. (2.2) by an exponential fit. The fit result is denoted by the solid
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Figure2: Same as Fid] 1 fofHe channel.

lines with the statistical error band in the figure. Results with similar quality arénalotan other
volumes.

The right panel of Fig[]1 shows the volume dependenc&Efas a function of 1L3. The
inner bar denotes the statistical error and the outer bar representstibicateand systematic
errors combined in quadrature. The negative energy shifts are otbiain#t the four volumes. We
extrapolate the results to the infinite volume limit with a simple linear functiorybf1

AEL:AEOO+%. (3.2)
The systematic error is estimated from the variation of the results obtained magilte fits which
contain a constant fit of the data and a fit of the data obtained with a diffiresnge int, where
the minimum or maximum time slice is changed-b¥.

The non-zero negative value obtained for the infinite volume lik&s shown in the figure
leads us to conclude that the ground state is bound in this channel foraHermgass. The binding
energy—AE,, = 43(12)(8) MeV, where the first error is statistical and the second one is systematic,
is consistent with the experimental result of 28.3 MeV and also with the pregjoenched result
atm; = 0.80 GeV [2], although the error is still quite large.

A recent work in 3-flavor QCD atn,; = 0.81 GeV reported a value 110(20)(15) MeV for the
binding energy ofHe nucleus([8]. This is about three times deeper than our value. Whetber th
difference can be attributed to the quark mass dependence in ungderxadti@ations needs to be
clarified in future.

3.2 SHenucleus

The left panel of Fig[]2 shows the effective energy shEf" of Eq. (2.3). An exponential fit
of R(t) in Eq. (2.2) yields a negative value, which is denoted by the solid lines withtakistal
error band in the figure.

The volume dependence is illustrated in the right panel ofFig. 2 as a furaftigi. with the
inner and outer error bars as explained in the previous subsectionaiyeouit a linear extrapo-
lation of Eq. [3]L). The systematic error is estimated in the same way as thiehehannel. The
right panel of Fig[R shows that the energy shift extrapolated to the infipaéal volume limit is
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Figure 3: Same as Fid] 1 fotS; channel.
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Figure4: Same as Fi(ﬂ 1 fo¥Sp channel. There is no experimental value.

non-zero and negative. This means that the ground state is a bound $tédechmannel. The value
of —AE.,, = 20.3(4.0)(2.0) MeV is roughly three times larger than the experimental result, 7.72
MeV, though consistent with our previous quenched resuttat 0.80 GeV [2].

In 3-flavor QCD—AE.., = 71(6)(5) MeV was reported]8] at a heavier quark mass correspond-
ing tom; = 0.81 GeV. Here again future work is needed to see if a quark mass demenekplains
the difference from the experiment.

3.3 Two-nucleon channdls

In the left panel of Fig[]3 we show the time dependenceﬁﬁfﬁ of Eq. (2.3) in the®S;
channel. The signals are lost beydnd 14. We observe negative values beyond the error bars in
the plateau region. We extract the valueMg from an exponential fit foR(t) of Eq. (2.R).

The left panel of Fig[]4 shows the result #ES™ in the 'Sy channel. The value o&EFf is
again negative beyond the error bars in the plateau region, thoughdbleihvalue is smaller than
in the3S; case. The energy shifiE, is obtained in the same way as for tt# channel.

The volume dependences AE, in the 3S; and 'Sy channels are plotted as a function of
1/L3 in the right panel of Figd] 3 anfdl 4, respectively. There is little volume digrere forAE, ,
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indicating a non-zero negative value in the infinite volume and a bound sititey than the AL3
dependence expected for a scattering state, for the ground statéeHahlamnels.

The binding energies in the infinite spatial volume limit are obtained by fitting thevdtia
function including a finite volume effect on the two-particle bound sfate[[3F, 1

¥ Cy < exp(—yLviP)
AE, = mN{lerL; = } (3.2)

wherey andC, are free parameters is three-dimensional integer vector, ag¢ denotes the
summation withoutri| = 0. The binding energy-AE., is determined from

—AE, = rry; A 2my — 24/ M — Y2 (3.3)

The systematic error is estimated from the variation of the fit results choosfagedt fit ranges
in the determination oAE; and also using constant and linear fits as alternative fit forms. We
obtain the binding energiesAE,,=11.5(1.1)(0.6) MeV and 7.4(1.3)(0.6) MeV for ti8; and
15, channels, respectively. The result for t& channel is roughly five times larger than the
experimental value, 2.22 MeV. Our finding of a bound state in‘®gchannel contradicts the
experimental observation. These features are consistent with ouclepeenesults with a heavy
quark mass correspondingg; = 0.80 GeV [2].

The most recent study][8] at a heavier quark mass,pf= 0.81 GeV in 3-flavor QCD found
large values for the binding energies: 25(3)(2) MeV for ¥Be channel and 19(3)(1) MeV for the
15, channel. While all recent studidg [2,[J, 8] are consistent with a bounghgrstate for botAS;
and!Sy channels when quark masses are heavy, quantitative details still needlswified.

4. Conclusion and discussion

We have calculated the binding energies for the helium nuclei, the deuteddhedineutron
in 2+1 flavor QCD withm; = 0.51 GeV andny = 1.32 GeV. The bound states are distinguished
from the attractive scattering states by investigating the spatial volume dapmndf the energy
shift AE,. While the binding energy for thtHe nucleus is comparable with the experimental value,
those for théHe nucleus and the deuteron are much larger than the experimental artbgrifore
we detect the bound state in th& channel as in the previous study with quenched QCD, which
is not observed in nature. To understand the discrepancy from tlegimgmtal results we need
further study of systematic errors in our results, especially for the hegwégk mass employed in
the calculations.
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