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e QCDToru T. TakahashiGunma National College of Te
hnology, Toribama
hi 580, Maebashi, Gunma 371-8530, JapanYoshiko Kanada-En'yoDepartment of Physi
s, Kyoto University, Sakyo, Kyoto 606-8502, JapanAbstra
t. We study hadroni
 intera
tions from Bethe-Salpeter amplitudes in quen
hed two-
olor latti
e QCD, 
on
entrating on the intera
tions of two s
alar diquarks (uC
5d) in S-waves
attering states. Between two identi
al s
alar diquarks, we observe repulsive for
e in short-range region. By de�ning and evaluating the \quark-ex
hange part" in the intera
tion, whi
his indu
ed by quark-ex
hange diagrams, or equivalently, by introdu
ing Pauli blo
king amongsome of quarks, we �nd that the repulsive for
e in short-distan
e region arises purely from the\quark-ex
hange part" and that it disappears when quark-ex
hange diagrams are omitted. Itis qualitatively 
onsistent with the 
onstituent-quark model pi
ture that the origin of short-range repulsion is a 
olor-magneti
 intera
tion among quarks. We also �nd a novel long-rangedattra
tive for
e, whi
h enters in any 
avor 
hannels of two s
alar diquarks and whose intera
tionrange and strength are quark-mass independent.1. Introdu
tionHadroni
 intera
tions are of great importan
e in nu
lear and hadron physi
s, and baryon-baryonintera
tion is one of the most signi�
ant issues to be 
lari�ed in reliable nonperturbative manners.After the su

essful proposal by Yukawa, the long- and the intermediate-range intera
tions havebeen well des
ribed by one-boson-ex
hange potentials (OBEP), in whi
h key players for thehadroni
 intera
tions are mesoni
 modes. On the other hand, the short-distan
e part of hadroni
intera
tions has not been well 
lari�ed so far. Espe
ially, the origin of the strong repulsive 
ore innu
leon-nu
leon (NN) 
hannel [2℄, whi
h is responsible for the high-density nu
lear phenomena,has been one of the longstanding problems in nu
lear and hadron physi
s [3, 4, 5, 6, 7, 8, 9, 10℄.Whereas it has been long sin
e Quantum ChromoDynami
s (QCD), the fundamental theoryof strong intera
tions, was established as the fundamental theory, QCD-based des
ription ofhadroni
 dynami
s has not yet been su

essful. Re
ently, a nu
leon-nu
leon (NN) intera
tionwas evaluated from NN Bethe-Salpeter (BS) amplitudes on the latti
e [11℄, and the authorsobserved the short-ranged repulsive for
e and the attra
tion in the intermediate region. In orderto 
larify the essential stru
ture of hadroni
 intera
tions, we study hadroni
 potential usingSU(2) latti
e QCD [1℄, whi
h is simpler than SU(3) QCD and 
an be a testbed for understandinghadron intera
tions.2. Simulation SetupWe follow the strategy proposed by CP-PACS group [1, 12℄, where asymptoti
 Bethe-Salpeterwavefun
tions on the Eu
lidean latti
e are adopted to evaluate pion s
attering length. This
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method has been further developed and employed for various hadron-hadron 
hannels orinterquark potentials [13, 14, 15℄.We measure Bethe-Salpeter wavefun
tions between two s
alar-diquarks (qC�5q), and de�nean interhadron \potential" assuming a nonrelativisti
 S
hr�odinger-type equation. We fo
uson S-wave s
attering states of two s
alar diquarks by proje
ting BS-wavefun
tions onto A+1 -wavefun
tions, whi
h have overlap with l = 0 states. Simulations are performed in SU(2)quen
hed QCD adopting the standard plaquette gauge a
tion and the Wilson quark a
tion.The latti
e extent is 243 � 64 at � = 2:45 and the 
orresponding physi
al latti
e spa
ing isabout 0.1 fm, whi
h is determined to reprodu
e the string tension p� of 440 MeV. We use fourdi�erent hopping parameters (quark masses) � = 0.1350, 0.1400, 0.1450, 0.1500.We investigate two-s
alar-diquark s
attering between qiC�5qj and qkC�5ql, where i; j; k; ldenote the 
avors of quarks. We 
onsider two di�erent 
avor 
ombinations. One 
ombinationis (i; j; k; l) = (1; 2; 1; 2), where only two independent 
avors exist in four quarks. The other is(i; j; k; l) = (1; 2; 3; 4), where all the quarks have di�erent 
avors. We adopt the same hoppingparameters (quark masses) for all the quarks in both 
ases, and therefore all the s
alar diquarksdegenerate in mass. \Quark-ex
hange diagrams" in quark-propagator 
ontra
tion are in
ludedonly in the (i; j; k; l) = (1; 2; 1; 2) 
ase. The existen
e of quark-ex
hange diagrams are 
onsideredto be essential for the short-range intera
tions, sin
e any Pauli-blo
king e�e
ts among quarksare not in
luded without ex
hange diagrams. We expe
t that the origin of short-range hadroni
intera
tions 
an be a

essed by 
omparing these two 
avor 
ombinations.3. Latti
e QCD results
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Figure 1. Left: Potentials V12;34(R) 
omputed with the 
avor 
ombination, (i; j; k; l) =(1; 2; 3; 4), are plotted as fun
tions of relative distan
e R. Middle: Potentials V12;12(R) 
omputedwith the 
avor 
ombination, (i; j; k; l) = (1; 2; 1; 2), are plotted as fun
tions of relative distan
eR.Right: \Quark-ex
hange parts" of potentials, whi
h are de�ned as Vex(R) � V12;12(R)�V12;34(R),are plotted as fun
tions of relative distan
e R.3.1. Potentials : V12;34(R) and V12;12(R)Fig. 1 [left℄ shows the re
onstru
ted potentials V12;34(R;mq) as fun
tions of the interhadrondistan
e R, whi
h are extra
ted with the 
avor 
ombination (i; j; k; l) = (1; 2; 3; 4). Here, wein
lude no quark-ex
hange diagram and hen
e no Pauli-blo
king e�e
t among quarks is a
tivated.One �nds that the intera
tion in this 
hannel is always attra
tive, and that the strength of thisattra
tion depends on quark masses. V12;34(R;mq) rapidly redu
es with de
reasing � (in
reasingmq), and �nally the potentials at �=0.1350 and 0.1400 
oin
ide with ea
h other, whi
h impliesthe existen
e of a long-range quark-mass independent attra
tion.The interhadron potentials V12;12(R;mq) obtained with (i; j; k; l) = (1; 2; 1; 2) 
an be seen inFig. 1 [middle℄. The important di�eren
e from the previous (i; j; k; l) = (1; 2; 3; 4) 
ase is quark-

3rd International Conference on Hadron Physics (TROIA’11) IOP Publishing
Journal of Physics: Conference Series 348 (2012) 012013 doi:10.1088/1742-6596/348/1/012013

2



ex
hange diagrams newly in
luded, whi
h gives rise to Pauli-blo
king e�e
t among quarks. Wenow �nd strong repulsions in the short-distan
e region.3.2. Potentials : Quark-ex
hange part Vex(R)In the following, we de�ne a \quark-ex
hange part" Vex(R;mq) in V12;12(R;mq) asVex(R;mq) � V12;12(R;mq)� V12;34(R;mq); (1)whi
h is nothing but the di�eren
e between V12;12(R;mq) and V12;34(R;mq). Taking into a

ountthat quark-ex
hange diagrams are in
luded only in V12;12(R;mq) and that the diagrams neededfor V12;34(R;mq) are identi
al with the dire
t diagrams in V12;12(R;mq), it 
an measure \quark-ex
hange e�e
t" or Pauli-blo
king e�e
t among quarks in V12;12(R;mq). In pra
ti
e, it isequivalent to assumingV12;34(R;mq) = Vdir(R;mq); V12;12(R;mq) = Vdir(R;mq) + Vex(R;mq); (2)with a \dire
t part" Vdir(R;mq) measured only with dire
t diagrams and a \quark-ex
hangepart" Vex(R;mq) indu
ed by adding ex
hange diagrams. Su
h de
omposition of a diquark-diquark potential is 
on
eptually similar to the usual de
omposition pro
edure in RGM(Resonating Group Method) 
al
ulations in quark 
luster models [7, 16℄. Thus extra
tedpotential Vex(R;mq) � V12;12(R;mq) � V12;34(R;mq) shows a monotonous behavior as is seenin Fig. 1 [right℄, and therefore the de
omposition seems bene�
ial for our purpose to 
larifystrengths or ranges of potentials. One 
an now �nd that the short-range repulsion arises onlyfrom Vex(R;mq), whi
h implies Pauli-blo
king e�e
t among quarks is essential for the short-rangerepulsion.4. Dis
ussionsWe have found that V12;12(R;mq) and V12;34(R;mq) 
an be expressed as shown in Eq.(2). The keyproperty of the R-dependent potentials is twofold; intera
tion ranges and strengths. Hadroni
intera
tions are phenomenologi
ally in
orporated as one-boson-ex
hange-potentials (OBEP),whi
h are Yukawa-type and whose intera
tion ranges are dire
tly 
onne
ted to ex
hanged mesonmasses. Then, su
h OBE potentials should be sensitive to meson masses, i.e. quark masses.On the other hand, the short-range repulsive 
ore is often 
onsidered to arise from a 
olor-magneti
 intera
tion indu
ed by one-gluon-ex
hanges (OGE), whose strength is proportional tothe inverse square of (
onstituent) quark masses, � m�2Q . Su
hmQ-dependent intera
tions 
ouldbe 
lari�ed by monitoring the strengths of the potentials.We evaluate strengths and ranges of these de
omposed potentials, Vdir(R;mq) and Vex(R;mq),by �tting them with an exponential form, F (x) � Aexp �� xB �, whi
h have two parameters,strength A and range B. (We also tried several other fun
tions. See Ref. [1℄.) The �t results
an be all found in Fig. 2, in whi
h strengths A and ranges B for Vdir(R;mq) and Vex(R;mq) atea
h � are displayed.4.1. strengths and ranges : VdirIn Fig. 2, the �tted parameters, strength Adir and range Bdir of the attra
tive part Vdir(R;mq),are shown as fun
tions of a 
onstituent quark mass mQ, whi
h is de�ned by a half of axialve
tor-diquark mass in this paper. (Shown as \DIR" in Fig. 2.) Interestingly, both of the strengthand the range of Vdir(R;mq) exhibit 
attening in the heavy quark-mass region, whi
h indi
atesthat Vdir(R;mq) 
ontains a universal attra
tive potential V Uatt(R). \Universal" here means thatneither the strength nor the range of V Uatt(R) depends on quark mass and that V Uatt(R) alwaysappears in any 
avor 
hannels.
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We further de�ne a quark-mass dependent part V Datt(R;mq) asV Datt(R;mq) � Vdir(R;mq)� V Uatt(R): (3)We also �t V Datt(R;mq) with F (x), and the �tted parameters are shown in Fig. 2. We simplyadopt Vdir(R;mq) at � = 0:1350 as the universal part V Uatt(R), sin
e we observe almost no quark-mass dependen
e already at this �. The strength and the range of V Datt(R;mq) are shown as\ATT(D)". The intera
tion range BDatt no longer depends on quark mass. That is, Vdir(R;mq)is approximately des
ribed by two independent parts;Vdir(R;mq) � V Uatt(R) + V Datt(R;mq) = AUattfUatt(R) +ADatt(mq)fDatt(R): (4)First part represents a mq-independent weak long-range for
e, and the se
ond one does a short-range repulsive intera
tion that has an mq-dependent strength and an mq-insensitive intera
tionrange.4.2. strengths and ranges : Vex
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Figure 2. Left: The �tted strengths, Adir, Aex, and ADatt, of the potentials, Vdir(R;mq),Vex(R;mq), and V Datt(R;mq), are plotted as fun
tions of half of axialve
tor-diquark mass mQ.Right: The �tted intera
tion ranges, Bdir, Bex, and BDatt, of the potentials, Vdir(R;mq),Vex(R;mq), and V Datt(R;mq). The parameters for Vdir(R;mq), Vex(R;mq), and V Datt(R;mq) arerespe
tively shown as \DIR", \EX", and \ATT(D)".The �tted parameters for the quark-ex
hange part Vex(R;mq) are shown in Fig. 2. (Shownas \EX" in Fig. 2.) Let us �rst have a look at the range parameter Bex, whi
h are shown as\EX" in Fig. 2 [right℄. One 
an �nd that the range Bex in Vex(R;mq) is almost quark-massindependent. The 
onstituent quark-mass (half of AV-diquark mass) variation from 0.53 to 0.22gives rise to only 10% 
hange in the range Bex, whi
h is mu
h smaller than expe
ted from themeson-mass 
hange. Moreover, at two largest �'s (two lightest quark masses), the range Bexremains un
hanged. Vex(R;mq) 
an be approximately expressed asVex(R;mq) � Aex(mq)fex(R): (5)The quark-mass dependen
e appears only in the strength Aex. From these observations, we
onje
ture that the short-range repulsion observed here is not generated by meson poles asOBEP, but by some other origins.One most possible me
hanism for the short-range repulsion is a 
olor-magneti
 (CM)intera
tion among quarks as suggested by 
onstituent-quark models. A CM intera
tion
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a

ompanied by Pauli blo
king among quarks raises the energy of 
losely lo
ated two hadrons,whi
h results in strong repulsions. In the �rst-order perturbation, the 
ontributions from theCM intera
tion are proportional to its strength, whose mq-dependen
e is given by m�2Q .The strengths Aex are also shown in Fig. 2 [left℄. Aex in
reases in the light-quark-mass regionand it is qualitatively 
onsistent with the CM intera
tion as the origin of repulsion. In Fig. 2[left℄, two �t fun
tions, Cm�2Q and Cm�3Q , are plotted as a long-dashed and a dashed line. Thestrength Aex is well reprodu
ed by Cm�3Q rather than Cm�2Q , whi
h implies that the quark-massdependen
e of repulsion seems stronger than that of the strength of the CM intera
tion itself.However, 
onsidering that the Pauli blo
king among quarks is essential for the repulsion andthat the intera
tion range of the repulsive for
e has a very weak quark-mass dependen
e, thepresent results are 
onsistent with the quark-model interpretation that short-range repulsionbetween hadrons arises from CM intera
tion among quarks.5. Summary and OutlooksWe have evaluated inter-hadron intera
tions in two-
olor latti
e QCD. We have 
onsidered two-diquark s
atterings, whose 
avors are (i; j) and (k; l), and extra
ted its interhadron potentialVij;kl(R). We have found� The existen
e of universal attra
tion between two hadrons.� The measure of Pauli-blo
king e�e
t, Vex(R) � V12;12(R)�V12;34(R), always shows repulsive
ontribution at any �'s.� The quark-mass dependen
e of the strength of Vex is 
onsistent with or stronger than m�2Q .� The quark-mass dependen
es of the intera
tion ranges of dire
t and ex
hange parts ofpotentials (Vdir,Vex) are mu
h weaker than expe
ted from meson ex
hanges.Sin
e quark-mass dependen
e in intera
tion ranges does not appear, the origin of theintera
tions we observed so far would be all gluoni
 intera
tions and/or 
avor-ex
hangepro
esses, e.g. 
olor-magneti
 or 
olor-Coulomb intera
tions, and so on, rather than mesoni

ontributions. As was found in our analyses, attra
tive for
es are readily masked by the strongrepulsive for
e in V12;12 in the light quark-mass region. If the universal attra
tion in hadroni
intera
tion appears also in SU(3) QCD, they might be observed in a 
hannel with no or lessquark-ex
hange 
ontribution between hadrons, su
h as N� s
attering state. In the lighter quark-mass region, meson-ex
hange 
ontributions 
ould largely emerge and be predominant, whi
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