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Quark model analysis of the charge symmetry breaking in nuclear force
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In order to investigate the charge symmetry breaki@§B) in the short-range part of the nuclear force, we
calculate the difference of the masses of the neutron and the pmdidn,the difference of the scattering
lengths of thep-p andn-n scatteringsAa, and the difference of the analyzing power of the proton and the
neutron in then-p scattering AA(#), by a quark model. In the present model the sources of CSB are the mass
difference of the up and down quarks and the electromagnetic interaction. We investigate how much each of
them contributes tda M, Aa, andAA(6). It is found that the contribution of CSB of the short-range part in
the nuclear force is large enough to explain the obsedi&@6), while Aa is rather underestimated.
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. INTRODUCTION andl =1 mesons such as thew mixing [4]. A model based

) _ ) on such a picture was reported to explaia well [5]. But it
The charge symmetry is the invariance under the charggyas also pointed out that the effect of thew mixing to
reflection, i.e., the reflection about the 1-2 plane in the iSOSCSB may be suppressed by the off-shell effect of the

pin space. If this were an exact symmetry, the masses of the. . ; g
proton and the neutron would be the same, as well as tﬂg"x'”g [6]. Thus, this problem is still opefv]. A class IV

- . . . . Ihteraction[8] is also generated by the neutron-proton mass
binding energies of the mirror nuclei or the scattering lengthsdifference in the one-pion-exchange interactfél It was
of the p-p andn-n scatterings. The charge symmetry holds ™ . ted out that th f? : fOPEg o Mixi lai

only approximately in the real world. There are small pytPoInted out that the etfects o apew MiXing expiain

nonzero differences such as AA(0) fairly well. o
On the other hand, CSB appearing in the short-range part

AM=M,—M,=1.29 (MeV), should be investigated by introducing subnucleonic degrees
_ _ of freedom. One of the pioneering works to apply a quark
Aa=ayp—an,=1.5fm). (1) model to CSB is found in Refl10], where the isovector
These differences are a manifestation of the charge symm&2ass shifts of isospin multiplets and the isospin-mixing ma-
try breaking(CSB). trix elements in 30d-shell nuclei are investigated by using
CSB appears also in spin-dependent observables. For effie quark cluster modglQCM) [11-19. It was concluded
ample, thep-n system is the mirror of-p, wherep(n) is a that theu-d quark constituent mass difference produces sig-

polarized nucleon. There was found small difference in thehificant effects, which may explain the observed Okamoto-

. > - . . Nolen-Schiffer anomaly16] well.
([":ma]lyzmg powers gb andn in the medium energy scattering In the present work, we investigate CSBAM , Aa, and
1’2 , 7 L 1

AA(6) by employing essentially the same model for all these
AA(O)=An(0)—Ay(0). (2)  three observables: a quark potential model¥d4 and QCM
for Aa, andAA(6). The CSB sources are taken to(agthe
The study ofAA(6) is important because there is no Cou- difference of the masses of the up and down constituent
lomb interaction between andp. guarks andb) the electromagnetic interaction between the
It is important to understand CSB from the quantum chro-constituent quarks. Our aim is to estimate the effect of CSB
modynamics(QCD) viewpoint[3]. From QCD we find that sources(a) and (b) on nuclear force by investigating the
CSB has two origins(i) the difference of the masses of the above three observables simultaneously.
up and down quarks and@) the electromagnetic interaction. Chemtob and Yan{l7] (CY) calculatedAa using QCM,
Thus the study of CSB phenomena can be a good probe tuggesting that the quark mass difference contributesato
examine the behavior of the quarks and gluons in the lowsignificantly. Later, Braer et al. [18,19 studied Aa and
energy region. The ultimate goal of the CSB study may beAA(#) using QCM and concluded that the effects of CSB
understanding their effects on hadron spectra and hadron&ources(a) and (b) are too small to explain the observed
interactions directly from QCD, by, e.g., lattice QCD simu- value. However, their calculation &SA(#) suffers from a
lation. As the direct approach is not available up to nowwrongly chosen factor, from omitting the symmetric spin-
indirect approaches have been taken for the CSB study. orbit term and from inconsistent use of the operators and
An often used approach to CSB is based on the mesowave functiongSee Sec. IV.
exchange picture of the nuclear force. It was suggested that In the present paper, we extend CY’s and iBgnas works
CSB of the nuclear force is generated by mixingslef0  in order to obtain more integrated knowledge on CSB. We
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investigate CSB inAM, Aa, and AA(6) simultaneously.

Also, we introduce the instanton induced interactighh) Veu= >, eiejaem|i

[20—26, which comes from the nonperturbative effects of N Fij

QCD and explains they- " mass splitting. Since Ill does

not break the charge symmetry, its role in this study is | 77 2m a0 | ()
mainly to make the effective strength of the one-gluon- 2m? 2m? 3mm;' .

exchange interaction smaller. The strength becomes reason-
ably small, which fits to the picture that this term represents
the perturbative effect of the gluoSee Sec. Y. Moreover,
we include the symmetric spin-orbit term in the analysis of
AA(6), whose effect is as large as the antisymmetric one.
Furthermore, we solve QCM to obtain the relative wave —
function and use it to evaluate the matrix elementd afand
AA(6).

In Sec. Il, we show the Hamiltonian for quarks and the

. Oi— 0
Lij-——1 ()

. ; 3. - 9. - . . -
CSB sources. In Sec. lll, we explain the detail of the calcu- v, =V (1+ 25NN 5N Njoy oj) o(rij)
lations of AM, Aa, and AA(6). Results are discussed in i< 32 32
Sec. IV. Summary is given in Sec. V. 1 3
Il. HAMILTONIAN - - s
) ) 5(r”) - Ojt Oj
We employ the constituent quark model with quark X—Lij—— (8)

masses of ordem=300 (MeV) in this study. The Hamil- r

tonian is given by
Xi is the color SW3) Gell-Mann matrix andg; is the quark
electric charge in units of the proton chamgdn this study it
H=K+V. (3)  is assumed that the confinement potential does not break the
charge symmetry. This is a natural assumption based on the
confining potential obtained, for instance, from lattice QCD
K is the quark kinetic energy and considered as semirelativcalculation. Yet there may exist velocity dependent terms
istic in calculation ofAM (see Sec. Il Aand as nonrelativ-  associated with confinement which break the charge symme-
istic in calculations ofAa andAA(#) (see Sec. lll Bin this  try. We do not consider such terms in this study. Taking the
study. The quark-quark interactions are represented by Breit-Fermi interaction naively, non-Galilei invariant terms
static potential, which consists of the confinemé®@F), the  appear in the LS terms. But we consider only the Galilei
one-gluon-exchangeOGE) [27], the electromagnetiEM),  invariant terms such as the spin-orbit term in E®.and
and the lII's: (7). It should be noted that the Il is effective only on the
flavor singlet(isosinglej quark-quark state. In other words,
it works only on a pair of up and down quarks. Thus Il does
V=Veont Vocet Vem* Vi, (4)  not break the charge symmetry.
In this Hamiltonian the terms including the quark mass
and the electric charge may break the charge symmetry. In
. . order to show the CSB terms explicitly, we rewrite the quark
Ver= 2, —a(hi-N)rij, (5)  mass and the electric charge in terms of the isospin operator,

_md+ my B mg—my

A

m; =
. .« 2 2
VOGEIZ (N ?\j)f
i<j
:_ l——_’T(I)
x[l (W+7T+ **>5(*)
B \2mf o 2mf o Smimy —m(1-erd)), ©
1 ( Lot 4l gi+ 0]
153l 2" 2 (1)
2r3\m? mZ2 mm 2 3 1
e g=—+=, (10
- - 2 6
1 (1 L), ai—aj] ©
ari\m? m?/ |0 2 ) where
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— mgt+m, stituent quarks. Our approach is different in the following
m=-—5—, Am=mg—my, two points. First, we consider the semirelativistic kinetic en-
ergy term,

3
== (11) k=S Jm?+ P (15

Using the typical constituent quark mase=300 MeV and  Equation(15) can be divided into the charge symmetric part
the up and down quark mass differenden=6 MeV, e and the Charge symmetry breaking part,
=6/2X300=1/100 is as small as the electromagnetic cou-
pling constantee m, =1/137. So we divide the Hamiltonian K=K+ AKcsg, (16)
into the charge symmetric paft and the charge symmetry
breaking parAHcgg, and treatAH g perturbatively. I

The CSB part of the Hamiltonian is given, to the leading IZ m*+ piz, (17
order ine and a1, , by '

3 _
AVcsp=AVESE+AVEds, (12 ’ (i)
AKCSB: E \/?673 . (18)
I
OGE - o\ Ps (M) ) mp
AVESE=2 (Ni-Nj) e ——(T +73°)
1<l m? Equation(15) contains the kinetic energy of the center-of-

5 3 mass coordinate, which must be subtracted in order to calcu-

.. . Qe . . . . R ,

x| 1+ Zo, UJ_) 8(ri) — s Ly (1409 late the baryon mass. For the semirelativistic kinematics, the
3 center-of-mass energy cannot be treated exactly. Therefore

we use the following approximation:

M= (VH?—Pg)= <H>—§<HG>> (19

The relativistic effect is partially included as the convergence
of the expansion ifPg)/(H) is better than that iip; /m;).

ij
X (4 )~ =y (G- o) () - )
4mer
(13

D+ 7)) 1 = 2
73 3 > > -

.<J ' E m Then the nucleon mass can be written in termsHofand
AHcgg as
— L (0'+0') (149 2 2
amerd ] (PR ( (P3)
My={(H)— —+(AH 1+ —|, 20
n=(H) 2(H) (AHcsp 2(H)2 (20)

We ignore the second order terréX e aem €A m ). The
CSB terms from the tensor interaction are excluded becausghere
the tensor interactions between quarks are small. But we con-

sider them when solving the charge symmetric equation for H=H+AHcgg, (21)
the unperturbated wave function.
The Hamiltonian has five parameters,, m, a, V{?, and H=K+V. 22)
Am. The parameters are determined so as to reproduce the
single baryon properties and the results are shown in Sec. IV. AHcsg= AKcggt AVesg. (23
lll. CALCULATIONS H is the charge symmetric part of the Hamiltonian and

AHgg contains Eqs(18) and (12). The first two terms of
Eq. (20) give the average mass of the nucleon and the third
term contributes t&d M. The up-down quark mass difference
Am is determined so as to reprodus® by using Eq.(20).

The second difference from the Isgur’s work is that the Il
is considered in this study. Il has the contact spin-spin in-
) teraction and contributes to the difference of the masses of

A. The proton-neutron mass differenceAM the nucleon and\ (1232 just like the color magnetic inter-

The differences of the mass of the isodoublet hadrongction. We choose the coupling constant of the OGE,
were evaluated in the constituent quark model by 1$88t. and the 1lI,V{?), so as to reproduce the nucleAnmass
We also evaluate the neutron-proton mass difference in ordetifference in total. Soas becomes smaller effectively by
to determine the mass difference of the up and down coneonsidering IIl.

In this section we present the formulas of the neutron-
proton mass differencé\M, the difference of the scattering
lengths of thep-p andn-n scatteringAa, and the difference
of the analyzing power of the neutron and the proton of the
n-p scattering AA(6).
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B. CSB in the N-N scattering K2
In the calculation of the scattering lengths and analyzing E=Ma+ Mg+ o (32
powers, we employ the QCM1-15, which describes two- Kas
nucleon systems in terms of their quark coordinates. The 1 1 1
scattering wave functions, which are used as the unpertur- _—— (33
bated states, are calculated by solving the resonating group ras Ma Mg

method (RGM) equation. By mainly technical reasons the
kinetic energy term is treated purely in the nonrelativistic

way, i.e., the semirelativistic kinematics is not taken into MA(B):iE;(B) mi, (34
account contrary to the case of single baryon mass. This
approximation can be justified because the relativistic effect 1 1 1
on the kinetic energy term is smaller for the motion of the — ==+t =, (35
two baryons. Then the kinetic energy is given as Hag Ma Mg
6 ~
M . observed mass of the baryofa(B). 36
k=3 Ki—Ke, (24 A(B) yol(B).  (36)
' It should be noted here tht 5g, and|\7IA(B) may not agree
p? with each other completely. We take =313 (MeV) in our
Ki=| mi+ ﬁ) , (250  calculation so that the difference is small, but for the charge
' symmetry breaking we assume thahg=jag. The ob-
p2 served masses of the proton and neutron are given by
G
Ke=5, (26 .
7 Mg Ma= (1 eyrdY), @37
where ~
AM
6 6 NTom (39)
MG:Z m;, PG:Z p; - (27
- My+M,
The RGM equation for the baryoA and baryonB is as M=—->—=939 MeV, (39
follows:
AM=M,—M,=1.29 MeV. (40)

f ba(én) be(ép)(H—E)

Therefore we may rewrite the kinetic energy terms as

XAl da(ép) dp(£p) X(Rap)1dEadEp=0, (28) p2 2 PP G
AB AB 73 T T3
3/4 3/4 2 2 — == = 5 6N> (41
¢)(§)_( 1 ) ( 2 ) exp( Al AZ) 2up  2paB 2u
ASA T 2 2 T an2 ap2)”
2ab 3wb 4b  3b and the energy in Eq31) as
: . . (A) 4 (B) (A) . (B)
dae) and éxg) are the internal wave function and coordi- E—oftl 1- T3S e |+ k_2 14 T3 T Ty c
nates of the baryoA(B). R,g are the relative coordinates of 2 N 2; 2 N
the baryonsA and B. The parameteb is the Gaussian size
parameter, which represents a nucleon sizés the antisym- - k? - Kk? T(3A)+ 7(3'3)
metrization operator for six quarks and is written as follows: =2M+ ﬁ | —2M+ E L
A=1-A'=1- > P (30 =E+AEcss, (42)
ieAjeB
because
In the end, the following equation is obtained:
1 1 TgA)+ TgB)
PR . o) k? ey =—==|1l+———ea| (43
SRR~ | xR~ [ dRIKEIRRY) 2ine 20
AB 2pupB
+ (EX) " _ (EX) ’ 1 — ~ i\7|
VEIRR)-ENEIRR)IY(R)=0,  (31) =y (44)
whereP g is the momentum operator of the relative motion
of the baryonsA andB, and The RGM kernels/(D) NEX K (EX) \/(EX) gre defined by
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pP2__— K2/ A 4 (B
Vﬁg)(R):j déadésdRagPa(én) PB(ER) (CSB parj= AB~ s 273 fN)Xdist(R)
2
X V(S R_R ’ ’ ’ !
iegeB ij S(R—Rap) pal(é) ba(£p) —J RAKE(RR) + AVER(RR')
(45 _
—AEcseNEO(R,R) Ixais R). (48)
(EX)/ D
NFPRLR) C. CSB in the analyzing power
K(EX)(R/’R)

Ex There is a special CSB interaction in the neutron-proton
VEIR',R) system, which is called the class IV interaction, according to
the classification by Henley and Mill¢8],

f déadégdRagPa(én) Pa(€p) S(R'—Rap)

Viv (75— 75)(0p— 08) (49)
1 or
K ,
X — -~ - - -
y JA'[6(R=Rap) pa(éa) a(ép)] (FAX 7e) {OAX 0g). (50)
. One sees that the class IV interaction mixes spin-singlet
NEX(R' R) states and spin-triplet states. The spin singlet-triplet mixing
TEX) o , induces asymmetries of spin polarization observables such as
=| KEY(R,R)+AKcsg(R',R) | . (49 the analyzing power. At the level of the quark-quark interac-
VEI(R' R)+AVesyR',R) tion, CSB in the spin-orbit interactions is given [@ee Eqs.
(6) and(7)]
K andV are given by Eqs(24) and (4) and can be divided Vess= Vosist Voast VasLs. (51)
into the charge symmetric paftV and the charge symmetry .
breaking partAKcgsg,AVesg. Therefore RGM kernels are Bage Ljj -

reaking retore RGV VOSEZ _ S (xS XsE Kl a o)y ()
divided into the charge symmetric pa¢t®?,V(EX and the asts .§<:, N )\J)16m2 r [(oi+ o) (57501,
charge symmetry breaking pask &) , AVEY . (52)
In order to treat the CSB part perturbatively, we employ

the distorted wave Born approximatioidWBA) in this ocE Looage Lo L M0
study. We solve the following equation to obtain the distorted  Vgats= — 2 (\i'M)—=; 5 [(gi—0oy (73’ —7¢")],
wave: =) 16m= rjj
(53
Pis K — ey —Ex EM o Lij = =g
— — —|xa@is(R) — | dR[KEY(R,R")+VEIN(R,R) Vel — 2 —= 5 l(a+ o +4)]. (59
2pn 2p <) 16m? r}
—ENEY(R,R")]xgis R') =0. (47)  The first two terms of Eq(51) come from the one-gluon-

exchange interaction and the third term from the electromag-
) (D) ~netic interaction of quarks. It should be noted that the sym-
The direct kerneV,g’(R) comes from the electromagnetic metric spin-orbit interaction of quark&SLS induces the
interaction of quarks and corresponds to the electromagnetigass |V interaction of baryons as well as the antisymmetric
interaction of baryons. We are interested in effects of CSB apne (qALS). Brauer et al. calculatedAA(6) using a similar

the quark level, not at the hadron level. So we ignore thgnodel without including the qSLS tern{d9]. They con-
direct kernel. But we consider the exchange kernel of the

electromagnetic interaction of quarks. Using the distorted TABLE II. Contributions toAM for Am=6 MeV.
wave yqi(R), we estimate the following CSB parts:

Pu Kin OGE EM M,—M,

TABLE |. Parameters. 0 4.72 554 041 1923

P, Am ey b o a v 0.1 4.72 —5.54 —-0.41 —0.67
(Mev)  (fm) (MeV/im)  (MeV fm?) 0.2 4.72 —4.99 —0.41 —0.12

0.3 4.72 —4.43 —0.41 0.44

A 04 73 313 0.6 091 44.29 —177.2 0.4 4.72 —3.88 -0.41 0.99
B 05 52 313 0.6 0.76 40.34  —2215 0.5 4.72 —2.77 -0.41 1.54
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TABLE lll. Scattering length.

Pu Am (MeV) a (fm) Aa (fm) Tt (fm) Ar (fm)
A 0.4 7.3 -17.9 0.79 2.42 -0.39
B 0.5 5.2 -17.9 0.52 2.46 -0.25
Expt. [3] -18.1+0.5 1.5£0.5 2.80:0.12 0.16:0.12
B [18] 5.0 20.07 0.46
CY [17] 6.0 2~35

cluded that the contribution of quarks tHA(6) is very  MeV [29]. This effect may reduce the roles of OGE and lll,
small. But we will see that the contribution of quark spin- but it is not taken into account in this approach.

orbit interactions, Eq(51), to AA(#) is large enough to re- By increasingP,, , we reduceag accordingly so that the
produce the observetlA(6). N-A mass difference is fixed. FdP,;=0.4, «s becomes
Using DWBA, we calculate the following matrix ele- 0.91, whileag=1.52 is necessary to reproduce i\ mass
ments forJ=L<3: difference only by OGE. In order to show the effect of the
instanton induced interaction t®M, we show contribution
ATcse=(3Ly|Vesd'Ly)- (55  of each term taAM in Table I, for variousP,, . The Kin,
o OGE, and EM represent the contributions of the kinetic en-
Then the totall matrix is given as follows: ergy, the one-gluon-exchange interaction, and the electro-
— magnetic interaction taAM. It should be noted that when
T=Tcst ATcse: (56) P,;=0 we cannot reproduce theM because OGE gives a

— , ) . large contribution, which goes to the opposite direction. This
Tcsis obtained by solving the RGM equatichis regarded  shows the essential role of the Ill, which reduces the OGE
as a matrix based on the spin states and the analyzing POWEfrength.

is given by It is also found that the calculation of “strong hyperfine”
. for “p-n"in Table | of Ref. [28] is different from our cal-
Ay(0)= TT onT] (57) culation even if we use the same potential. This is because
N T{TT] Isgur considers distortion of the quark wave function from
theu-d quark mass difference. However, to be consistent the
ThenAA(6) is given in terms off cs and A Tcsg, distortion of the wave function should not contribute to the
energy in the first order of the perturbation thebfyhe con-
2 Re Tiﬁs(o'n_o-p)ATCSB] tribution of the “strong hyperfine” toAM should be

AA(O)=An(0)—Ap(0)= 1 5(Am/m) instead of2 S(Am/m) in Ref.[28], wheres is
the nucleomnA mass splitting.

Next we calculatéa using the parameters in Table I. The

We show the explicit forms of th& matrix and ofAA(#) in  results are shown in Table lla(r) and Aa(Ar) are the
the Appendix. average and the difference of the scattering lenggffective
range$ of the p-p andn-n scatterings,

T TEsTcsl
(58

IV. RESULTS
— app+ ann
; ; - a=———— Aa=a,,—a (59
The parameters in our calculation are determined so as to 2 ! pp  “nn»
reproduce the single nucleon property. In order to show ex-
plicitly how much the contribution of the Il to the nucleon- — Tpptran

A splitting is, we introduce a new parametgy,, which r=——5— Ar=rp=rnn. (60)
denotes the ratio of the contribution of Ill to the whole
nucleonA splitting. For example, wheR, = 0.4 the contri-  Qur results,Aa=0.79 and 0.53fm) for P;;=0.4 and 0.5,
bution of Il to the NucleonA splitting is 40% of the whole are somewhat smaller than the observed vaiuk5 (fm).
one.V) is determined so as to reproduce thand’ mass  We, however, point out thata is sensitive to the parameters
splitting. Our analysis shows thd&,,~0.4-0.5 gives the because it is given by a cancellation of positive and negative
right »-n’ splitting. Here we try two values?,;,=0.4 and terms.
0.5. Using the nucleon mass formula E20), we obtainAm In Table 1V, we show each contribution of CSB terms Eq.
for eachPy, . The results are given in Table I. The parameter(48) to Aa. NMD, Kin, OGE, and EM are contributions of
b is the Gaussian size parameter for the internal wave functhe first term of Eq(48), the quark kinetic energgincluding
tion of the nucleon, which represents the nucleon size.

Another possible source of thé-A splitting is contribu-
tion of pion cloud around the baryon. For instance, the Chemtob and Yang also point out the mismatch with Isgur in
cloudy bag model predicts the-A splitting of about 100 their papef17].

024006-6
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TABLE IV. The contributions toAa of CSB terms(fm).

NMD Kin OGE EM
A 0.3 —2.6 29 0.2
B 0.3 -1.7 1.7 0.2

the AEcgg term), the one-gluon-exchange interaction, and
the electromagnetic interaction, respectively.

We estimateAa in our formulation for the parameters of
Ref. [18] (B) and[17] (CY). The contributions of Kin and
OGE should be given by

Aayiy* =02 =Abyin (61)
aAm

Aa ——=Ab 62

OGE™ D3 OGE (62)

In Table V we showAby;, and Abggg for the parameters of
B and CY. Using the values of Tables IV and V, we find

4.6 5.2
—2.6X57+2.9X5-=—-1.5+2.0=0.5,

AaKiI’l_I—AaOGéB: 8.0 7.7

(63

5.6 8.9
AaKin+AaOGEIC: - 2.6X%+ 2.9><7—.7: —-1.8+3.4=1.6.
(64)

These estimates suggest that our results may become Iargfi

by changing the parameters. Ady;, is larger thamAbgge
in our parameter choice, the cancellation &fy;, and

Aagge is stronger than the other cases. On the other hanqj
n

Ar is too large and has the wrong sign. More investigatio
should be done foar, which reflects not only the strength
of the interaction but also its radial dependence.

Finally, we calculated\ A( 6) at two energy points, taking
P,1=0.4. The results & ,= 183 and 477MeV) are shown
in Figs. 1 and 2. The results &,=183 and 477 MeV are
large enough to reproduce the dpgte2], which disagree with
the conclusion of Braer et al. [19]. The difference mainly

comes from two points. The first point is that they consider

only the antisymmetric spin-orbit interaction of quarks
(gALS), not the symmetric spin-orbit interaction of quarks

(sSLS. The factor of qSLS is three times as large as that of

gALS [see Egs(52) and(53)]. The remaining discrepancy
might be attributed to their erroneous choice of the uniypf
in Eq. (3.6) in their papef19]. We convert their value of,

TABLE V. Aby;, andAbgge.

Abyi, (MeV) Abgge (Mev)
A 8.0 7.7
B 4.6 5.2
CY 5.6 8.9

PHYSICAL REVIEW (58, 024006 (2003

100x10™ T T T T

50

-50

-100

40 80

6[deg]

120 160

FIG. 1. AA(6) atE,=183 MeV.

in radian into that in degrees and obtaif\(#=96°)=5.4

x 1074, which is of the same order as our estimate. Our
result atE,=477 (MeV) is too large. It is not surprising
since we fit the phase shift of tHé-N scattering up tc,
=400(MeV) and may not apply QCM at higher energy and
we need higher partial waves.

Figures 3 and 4 show the contributions (3P4|T|*P;),
(*D,|T|°D,), and(*F;|T|°F;) to AA(6). Itis found that the
contribution of (*P;|T|®P;) is dominant in the observed
region. But the other mixings of partial wave become impor-
tant for the othem region.

We also investigate each contribution of the one-gluon-
exchange interaction and the electromagnetic interaction
(Figs. 5 and & It is found that the contribution of OGE
epends on the incident energy much strongly than that of
I . . . . -
e electromagnetic interaction does. This is because the
dominant contribution of the EM interaction is the direct
interaction, while OGE interaction contributes as the ex-
hange interaction. Therefore their energy dependences are
different from each other, which may be studied by future
experiment at various energy points.

V. CONCLUSION

We have calculated the difference of the masses of the
neutron and the protod M, the difference of the scattering

300x107# . . . .

o

-300

40 80 120 160
6[deqg]

FIG. 2. AA(6) atE,=477 MeV.
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100x10™ . .

100x10™#

50 50

0 0
= S
-50 -50
-100 - . -100 .
1 1 1 1 1 1 1 1
0 40 80 120 160 0 40 80 120 160
6[deg] 6[deg]
FIG. 3. The contribution of each partial wave mixing Bf FIG. 5. The contribution of OGE and EM &,= 183 MeV.
=183 MeV.

erroneous choice of the, in their paper. We also have in-
lengths of thep-p andn-n scatteringsAa, and the differ-  vestigated the importance of individual mixing matrix ele-
ence of the analyzing power of the proton and the neutron iments,(*P4| T|3P,), (*D,|T|®D,), and(F,|T|3F;) and also
then-p scattering AA(6), using the quark cluster model. In the relative importance of the OGE and EM interactions. It is
the calculation ofAM, we treated the kinetic energy in the found that the contributions of'P,|T|3P;) and OGE are
semirelativistic way and introduced the IIl. We have founddominant in the observed region. Future experiments for
that the contribution of the OGE interaction is suppressed byther angles as well as different energies may give us further
the introductior.] Of the 1l and haVe determined the Up'dOWninformation on the mixings Of Other partia' waves and prop_
quark mass differencdm=7.3 and 5.2(MeV) for Py erties of the spin-orbit parts of the OGE and EM interactions.
=0.4and 0.5. In fact, we have observed thatB&t=477 (MeV) the contri-

We have calculateda for the CSB parameters fixed by putions of the higher partial waves become more important
AM. Our results arda=0.8 and 0.5fm) for P;;=0.4 and  than atE,=183(MeV). The present quark model description
0.5, which are smaller than the observed value. It is founds found to account for the Short-range part of CSB. We
that the contribution of the u-d mass differenceda is  \would like to stress that the CSB for the single nucleon as
comparable with that from EM interaction because the conwell as the central and spin-orbit parts of the nuclear force
tributions of OGE and the quark kinetic energy cancel outare consistently described. There is a possible remaining
each other. It is pointed out thata is sensitive to the choice short-range contribution introduced by Goldmaet al.
of the quark model parameters because of this cancellationGms) in Ref.[30], which comes from interference between

The P-wave CSB observabldA(6) is calculated for the QCD and QED effects. GMS pointed out that such an
Py=0.4. It is found that CSB of the short-range part in interference is necessary to explain the mass difference of
nuclear force is large enough to explai\(6). This result  the neutral and charged pions. Its effect on k¢ scattering
is different from the conclusion of Buer et al. [19]. We  was studied by Kao and Yar{@1]. Because this effect has
have found that this discrepancy is attributed to the introducmuch ambiguity, we have not included it in the present study
tion of the quark symmetric spin-orbit interaction and thein order to see how the current data can be explained without

such complex effects.

300x107

300x10™
0

3 0

g
-300 -
-300 + E
1 1 1 1
0 40 80 120 160 ! ! ! !
6[deg] 0 40 80 120 160
O[deq]
FIG. 4. The contribution of each partial wave mixing Bf
=477 MeV. FIG. 6. The contribution of OGE and EM &,=477 MeV.
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Effects of longer range CSB may require further analysis. APPENDIX: THE DECOMPOSITION OF THE T
Approaches based on the chiral effective theory were per- MATRICES
formed in Refs[32]. Although the applicability of the chiral
perturbation theory at high-ener§§N scattering phenomena  The representations of tHe matrices in the basis of the
is not established, its extension to the spin-orbit interactiothucleon spins are shown explicitly in the Appendix. First we

mlght be interesting to pursue, which is a SUbjeCt for fUtUreexpand the wave function of the two nucleons as
works.

a, b_
s, +s,=S,

st s)=var 2 2 (LLSSPILIEL)YLLPIS ). (A1)

Using the wave function E¢A1), we calculate th@ matrix. For example, th& matrix of the 3Py,— P, scattering is given
by

Tspoﬂspozwr% (1,m,15,/0,0*(1,0,1,00,00 Y1 (K)* Y1 (( P)

<3PO|T|3PO><S; ,Sngg -S?>|s§+s§’=0,s§+sg=sz

0 -se'? —s el

1 C c

= §T3P0 , (A2)

wherep is the unit vector along the initial momentqfnand we take it along theaxis. We show thd matrix of each partial
wave in terms o=sin #,c=coséd, and ¢, where @, ¢) is the scattering angle in the center-of-mass system:

0
1 1 -1
Tlsoﬂlso: ETlSO -1 1 ’ (A3)
0
2
1 1
7351—»331= §T3Sl 1 ’ (A4)
2
0
3 1 -1
Tlplg,lp §T1P1C _1 1 ) (AS)
0
0 -se'? —s el
1 c c
T3p0*,3p0: §T3p0 c c y (AG)
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2C 0 0 0
3 sd? 0 0 —-sel?
Top,3p,= 7 Topy s 0 0 —sei?|’
0 0 O e
6c 2s e ¢ 25 e? 0
1 —3s d¢ 4c 4c 3s e !¢
Top,230,= 3 Tom, —3s €¢ 4c 4c 3s e ¢’
0 —2s d¢ —2s ¢ 6c
0
5 5 1 -1
TlDZ—»lD ZT1D2(3C _1) _1 1 y
0
(3c®>—1) —6sce ' —6sce'? 352 e 2¢
. 1 3scd? 2(3c?-1) 2(3c>-1) —3sce'?
01017 101 | 35cd? 2(3c2—1) 2(3c2—1) —3sce ¢ |’
3s? e??  Gscé? 6scé?  (3c¢?—1)
(3¢?—1) —s? g i2¢
5 scé 0 0 -—sce'?
Top, 30,7710, | scdt 0 0 —scei® |
~s? e¥? (3c2-1)
4(3c®-1) 6sce'® 6sce'? 252 e 2¢
. 1T —8scd?  3(3c?—1) 3(3c>—1) 8sce'?
°D3~D3™ 4 "D | _gscdd  3(3c2—1) 3(3c2—1) 8sce® |
2s? e?¢  —6scd? —6scd? 4(3c*-1)
0
7 3 1 -1
Tl|:3_> 1F3: ZT1|:3(50 - 3C) 1 1 ,
0
2_ _3 2_ —-i¢p _ 3 2_ —id 2 —2i¢
c(5¢°—3) 2s(5c2—1)e $s(5¢2—1)e 5s%c e
. 1 s(5c?—1)e'? 3 c(5c2-3) g ¢(5¢2—3) —s(5¢2—1)e i?
3. 3. = =13 ) )
o 2 | g(5c2-1)ei 3 c(5c2-3) 3 ¢(5¢%—3) —s(5c2—1)e1?
5ce?®  Is(5c2-1)e¢  is(5c?-1)e®  c(5c*—3)
Lc(5¢2-3) — 35g2ce 2
ls(5¢?—1)e'* 0 0 —Is(5¢?—1)e ¢
TSF3—>3F3= _T3|:3 . .
2 15(5c2—1)ei® 0 0 —1Is(5c2—1)e ¢

— 3252ce??
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3c®~1  3sce'? 3sce'? 352 e 1¢
V2 3scé? —(3c¢?-1) —(3c?-1) -—3scé?
T3g _.3p,= —— T3g _.3p ; 9 9 il (A16)
1P 4 ™| 3scd? —(3¢?-1) —(3c?—1) —3scé?
3s? e¥% —3scd?  —3scd? 3c?-1
1
J2 -1 -1
T3Dl~>351: 7T3D1~>381 -1 -1 ’ (A17)
1
c(5¢®—3) s(5c’—1)e "¢ s(5c’-1)e '? 5s?ce 2'¢
. _JET s(5c?—1)e'®  —c(5¢2—3) —c(5¢?—3)  —s(5c?—1)e '® a8
Pt g PR | g(5c2—1)ef® —¢(5c2—3) —c(5¢?—3) —s(5c?—1)e ¢ |’
55%ce??  —s(5c?—1)e'? —s(5c?—1)e'? c(5¢?—3)
2c -se'? —se'? 0
J6 -sd?  —2c -2c se'?
TSF2~>3P TTSFZHSPZ —Sé¢ —2d —2C Se_i¢ y (Alg)
0 sé? sd?¢ 2¢c
-se'? se'¢ 0
3.6 0
TlPlHSPl: 4 TlleISpl 0 y (AZO)
—se"” sé? 0
0
36 sé"’ 0 0 sel?
T3P1*,1P1: e Tsplﬂlpl —Sé¢ 0 0 —seli?] (A21)
0
—sce'® sce' 0
5\6 0
TlD2—>3D2= _4 1D2—>3D2 0 y (A22)
—scé‘f’ scé? 0
0
56 scé"S 0 0 sce'?
Tap,~10,= =2~ Top,~1n, —scé¢ 0 0 —scel?|’ (A23)
0
0 —s*(5c>—1)e '* s*(5c>—1)e ¢ 0
7.3 0 0
T1F3~>3F3= 8 -|—1[:3*>3|:3 O O f (A24)
0 -—s*(5c>-1)e'¢ s*(5c’—1)e'* 0
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0 0
73 s(5c’—1)e'® 0 0 s(5c®—1)e "¢
TBF HlF:_T3F _1F 2 i 2 —i (AZS)
s F g 3773 | —g(5c?—1)e'? 0 0 -—s(5¢>—1)e ¢
0 0

Substituting the abov& matrices into the denominator and the numerator of(E§), we obtain
Tr[TIT]=§|—2Tig,+2Tag —2V2Tag _3p +2C(—3T1p + Tap +2Tsp — 6Tap _ar ) +(3¢*~ 1)

X (—5Tip,+2Tap +3Tsp, —2Tas _ap ) +C(5¢%—3)(—7Tug, +3Tap,— V6Tap 3¢ )2+ §|2T1g +2Tsg,
—22Tsg _3p, +2C(3T1p + Tap,+2Tsp,~ V6T3p, 3¢,) + (362~ 1)(5T1p,+2Tsp +3Tsp, — V2Tas _3p,)
+C(5¢%=3)(7T1g, +3Tse,— V6Tap, 5p,)| 2+ 5 [4Tsg +212Tsg _3p +2C(3Tap +3Tsp,+ 6 Tsp, 3¢,
+(3¢%—1)(Tap +5Tap, +4Tap +\2Tas _ap ) +C(5¢%—3) (2T + 7Tap +\6Tap o )| 2+ 5 5*3Tap,
—5Tap, +2Tap, +3v2Tas _ap +C(10Ts, — % Tap +5V6Tep s )[?+ § 8%2Tep — 2Tap + 6Tap, _2¢ +3cC
X (2Tap, = 2Tap, = \2Tag _ap, ) + (567~ 1)(3Tap,~ V6Tap,3r,)|*+ § 5%(38Tap, —3Tap,— BT ap, .,

+C(3Tap, +5Tap,~8Tsp, +312Tsg _3p ) + (562~ 1)(2T 3, + 4 Tap, +V6Tsp 3¢ |2, (A26)

743

1 3
T[T (o= 0p)ATcsal= — 7 365 Tap,_1p, +5165CTap, . 1p,+ Ts(5c2— 1)Tap, 1, |{4T1s, +4Tas +2y2Tas _ap,

+2¢(8Tsp +3Tsp + 6T3p, 3¢ ) + (362~ 1)(10T1p, + Tap +5Tap +4Tap, +32Tss _3p))

+(5¢%=3)c(14T1g, + 2Tsp,+ TTap, + JETspstz) +8%(8Tsp, —5Tap,+2Tap, + 3\/§Tssl_,le)

+52C(10T s, — 3 Top, +56Tsp,3¢,)}. (A27)
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