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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 breaking~CSB! in the short-range part of the nuclear force, we
calculate the difference of the masses of the neutron and the proton,DM , the difference of the scattering
lengths of thep-p andn-n scatterings,Da, and the difference of the analyzing power of the proton and the
neutron in then-p scattering,DA(u), 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 toDM , Da, andDA(u). It is found that the contribution of CSB of the short-range part in
the nuclear force is large enough to explain the observedDA(u), while Da is rather underestimated.

DOI: 10.1103/PhysRevC.68.024006 PACS number~s!: 13.75.Cs, 12.39.Jh, 13.88.1e, 13.40.Ks
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I. INTRODUCTION

The charge symmetry is the invariance under the cha
reflection, i.e., the reflection about the 1-2 plane in the is
pin space. If this were an exact symmetry, the masses o
proton and the neutron would be the same, as well as
binding energies of the mirror nuclei or the scattering leng
of the p-p andn-n scatterings. The charge symmetry hol
only approximately in the real world. There are small b
nonzero differences such as

DM5Mn2M p51.29 ~MeV!,

Da5app2ann51.5~ fm!. ~1!

These differences are a manifestation of the charge sym
try breaking~CSB!.

CSB appears also in spin-dependent observables. Fo
ample, thepW -n system is the mirror ofnW -p, wherepW (nW ) is a
polarized nucleon. There was found small difference in
analyzing powers ofpW andnW in the medium energy scatterin
@1,2#,

DA~u!5An~u!2Ap~u!. ~2!

The study ofDA(u) is important because there is no Co
lomb interaction betweenn andp.

It is important to understand CSB from the quantum ch
modynamics~QCD! viewpoint @3#. From QCD we find that
CSB has two origins:~i! the difference of the masses of th
up and down quarks and~ii ! the electromagnetic interaction
Thus the study of CSB phenomena can be a good prob
examine the behavior of the quarks and gluons in the lo
energy region. The ultimate goal of the CSB study may
understanding their effects on hadron spectra and hadr
interactions directly from QCD, by, e.g., lattice QCD sim
lation. As the direct approach is not available up to n
indirect approaches have been taken for the CSB study.

An often used approach to CSB is based on the me
exchange picture of the nuclear force. It was suggested
CSB of the nuclear force is generated by mixings ofI 50
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andI 51 mesons such as ther-v mixing @4#. A model based
on such a picture was reported to explainDa well @5#. But it
was also pointed out that the effect of ther-v mixing to
CSB may be suppressed by the off-shell effect of ther-v
mixing @6#. Thus, this problem is still open@7#. A class IV
interaction@8# is also generated by the neutron-proton ma
difference in the one-pion-exchange interaction@9#. It was
pointed out that the effects of OPE andr-v mixing explain
DA(u) fairly well.

On the other hand, CSB appearing in the short-range
should be investigated by introducing subnucleonic degr
of freedom. One of the pioneering works to apply a qua
model to CSB is found in Ref.@10#, where the isovector
mass shifts of isospin multiplets and the isospin-mixing m
trix elements in 1s0d-shell nuclei are investigated by usin
the quark cluster model~QCM! @11–15#. It was concluded
that theu-d quark constituent mass difference produces s
nificant effects, which may explain the observed Okamo
Nolen-Schiffer anomaly@16# well.

In the present work, we investigate CSB inDM , Da, and
DA(u) by employing essentially the same model for all the
three observables: a quark potential model forDM and QCM
for Da, andDA(u). The CSB sources are taken to be~a! the
difference of the masses of the up and down constitu
quarks and~b! the electromagnetic interaction between t
constituent quarks. Our aim is to estimate the effect of C
sources~a! and ~b! on nuclear force by investigating th
above three observables simultaneously.

Chemtob and Yang@17# ~CY! calculatedDa using QCM,
suggesting that the quark mass difference contributes toDa
significantly. Later, Bra¨uer et al. @18,19# studied Da and
DA(u) using QCM and concluded that the effects of CS
sources~a! and ~b! are too small to explain the observe
value. However, their calculation ofDA(u) suffers from a
wrongly chosen factor, from omitting the symmetric spi
orbit term and from inconsistent use of the operators a
wave functions~See Sec. IV!.

In the present paper, we extend CY’s and Bra¨uer’s works
in order to obtain more integrated knowledge on CSB.
©2003 The American Physical Society06-1
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investigate CSB inDM , Da, and DA(u) simultaneously.
Also, we introduce the instanton induced interaction~III !
@20–26#, which comes from the nonperturbative effects
QCD and explains theh-h8 mass splitting. Since III does
not break the charge symmetry, its role in this study
mainly to make the effective strength of the one-gluo
exchange interaction smaller. The strength becomes rea
ably small, which fits to the picture that this term represe
the perturbative effect of the gluons~See Sec. IV!. Moreover,
we include the symmetric spin-orbit term in the analysis
DA(u), whose effect is as large as the antisymmetric o
Furthermore, we solve QCM to obtain the relative wa
function and use it to evaluate the matrix elements ofDa and
DA(u).

In Sec. II, we show the Hamiltonian for quarks and t
CSB sources. In Sec. III, we explain the detail of the cal
lations of DM , Da, and DA(u). Results are discussed i
Sec. IV. Summary is given in Sec. V.

II. HAMILTONIAN

We employ the constituent quark model with qua
masses of orderm.300 ~MeV! in this study. The Hamil-
tonian is given by

H5K1V. ~3!

K is the quark kinetic energy and considered as semirela
istic in calculation ofDM ~see Sec. III A! and as nonrelativ-
istic in calculations ofDa andDA(u) ~see Sec. III B! in this
study. The quark-quark interactions are represented b
static potential, which consists of the confinement~CF!, the
one-gluon-exchange~OGE! @27#, the electromagnetic~EM!,
and the III’s:

V5Vconf1VOGE1VEM1VIII , ~4!

VCF5(
i , j

2a~lW i•lW j !r i j , ~5!

VOGE5(
i , j

~lW i•lW j !
as

4

3H 1

r i j
2S p

2mi
2

1
p

2mj
2

1
2p

3mimj
sW i•sW j D d~rW i j !

2F 1

2r i j
3 S 1

mi
2

1
1

mj
2

1
4

mimj
D GLW i j •

sW i1sW j

2

2F 1

4r i j
3 S 1

mi
2

2
1

mj
2D GLW i j •

sW i2sW j

2 J , ~6!
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VEM5(
i , j

eiejaemH 1

r i j

2S p

2mi
2

1
p

2mj
2

1
2p

3mimj
sW i•sW j D d~rW i j !

2F 1

2r i j
3 S 1

mi
2

1
1

mj
2

1
4

mimj
D GLW i j •

sW i1sW j

2

2F 1

4r i j
3 S 1

mi
2

2
1

mj
2D GLW i j •

sW i2sW j

2 J , ~7!

VIII 5V0
(2)(

i , j
S 11

3

32
lW i•lW j1

9

32
lW i•lW jsW i•sW j D d~rW i j !

2
1

8 H S 211
3

16
l i•l j D 2

m̄2
1

9

8m̄2
l i•l jJ

3
d~rW i j !

r 2
LW i j

sW i1sW j

2
. ~8!

lW i is the color SU~3! Gell-Mann matrix andei is the quark
electric charge in units of the proton chargee. In this study it
is assumed that the confinement potential does not break
charge symmetry. This is a natural assumption based on
confining potential obtained, for instance, from lattice QC
calculation. Yet there may exist velocity dependent ter
associated with confinement which break the charge sym
try. We do not consider such terms in this study. Taking
Breit-Fermi interaction naively, non-Galilei invariant term
appear in the LS terms. But we consider only the Gal
invariant terms such as the spin-orbit term in Eqs.~6! and
~7!. It should be noted that the III is effective only on th
flavor singlet~isosinglet! quark-quark state. In other words
it works only on a pair of up and down quarks. Thus III do
not break the charge symmetry.

In this Hamiltonian the terms including the quark ma
and the electric charge may break the charge symmetry
order to show the CSB terms explicitly, we rewrite the qua
mass and the electric charge in terms of the isospin oper

mi5
md1mu

2
2

md2mu

2
t3

( i )

5m̄S 12
Dm

2m̄
t3

( i )D
5m̄~12et3

( i )!, ~9!

ei5
t3

( i )

2
1

1

6
, ~10!

where
6-2
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m̄5
md1mu

2
, Dm5md2mu ,

e5
Dm

2m̄
. ~11!

Using the typical constituent quark massm̄.300 MeV and
the up and down quark mass differenceDm.6 MeV, e
.6/2330051/100 is as small as the electromagnetic co
pling constant,ae.m..1/137. So we divide the Hamiltonia
into the charge symmetric partH̄ and the charge symmetr
breaking partDHCSB, and treatDHCSB perturbatively.

The CSB part of the Hamiltonian is given, to the leadi
order ine andae.m. , by

DVCSB5DVCSB
OGE1DVCSB

EM , ~12!

DVCSB
OGE5(

i , j
~lW i•lW j !

as

4
eH 2

p

m̄2
~t3

( i )1t3
( j )!

3S 11
2

3
sW i•sW j D d~rW i j !2

3as

4m̄2r i j
3
LW ij•~sW i1sW j !

3~t3
( i )1t3

( j )!2
as

4m̄2r i j
3
LW ij•~sW i2sW j !~t3

( i )2t3
( j )!J ,

~13!

DVCSB
EM 5(

i , j

t3
( i )1t3

( j )

12
ae.m.H 1

r i j
2

p

m̄2 S 11
2

3
sW i•sW j D d~rW i j !

2
3

4m̄2r i j
3
LW ij•~sW i1sW j !J . ~14!

We ignore the second order termsO(e2,ae.m.
2 ,eae.m.). The

CSB terms from the tensor interaction are excluded beca
the tensor interactions between quarks are small. But we
sider them when solving the charge symmetric equation
the unperturbated wave function.

The Hamiltonian has five parameters,as , m̄, a, V0
(2) , and

Dm. The parameters are determined so as to reproduce
single baryon properties and the results are shown in Sec

III. CALCULATIONS

In this section we present the formulas of the neutr
proton mass difference,DM , the difference of the scatterin
lengths of thep-p andn-n scattering,Da, and the difference
of the analyzing power of the neutron and the proton of
n-p scattering,DA(u).

A. The proton-neutron mass differenceDM

The differences of the mass of the isodoublet hadr
were evaluated in the constituent quark model by Isgur@28#.
We also evaluate the neutron-proton mass difference in o
to determine the mass difference of the up and down c
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stituent quarks. Our approach is different in the followin
two points. First, we consider the semirelativistic kinetic e
ergy term,

K5(
i

3

Ami
21Pi

2. ~15!

Equation~15! can be divided into the charge symmetric pa
and the charge symmetry breaking part,

K5K̄1DKCSB, ~16!

K̄5(
i

3

Am̄21pi
2, ~17!

DKCSB52(
i

3 m̄2

Am̄21pi
2
et3

( i ) . ~18!

Equation~15! contains the kinetic energy of the center-o
mass coordinate, which must be subtracted in order to ca
late the baryon mass. For the semirelativistic kinematics,
center-of-mass energy cannot be treated exactly. There
we use the following approximation:

MN5^AH22PG
2 &.^H&2

^PG
2 &

2^H&
. ~19!

The relativistic effect is partially included as the convergen
of the expansion in̂PG&/^H& is better than that in̂pi /mi&.
Then the nucleon mass can be written in terms ofH̄ and
DHCSB as

MN5^H̄&2
^PG

2 &

2^H̄&
1^DHCSB&S 11

^PG
2 &

2^H̄&2D , ~20!

where

H5H̄1DHCSB, ~21!

H̄5K̄1V̄, ~22!

DHCSB5DKCSB1DVCSB. ~23!

H̄ is the charge symmetric part of the Hamiltonian a
DHCSB contains Eqs.~18! and ~12!. The first two terms of
Eq. ~20! give the average mass of the nucleon and the th
term contributes toDM . The up-down quark mass differenc
Dm is determined so as to reproduceDM by using Eq.~20!.

The second difference from the Isgur’s work is that the
is considered in this study. III has the contact spin-spin
teraction and contributes to the difference of the masse
the nucleon andD~1232! just like the color magnetic inter
action. We choose the coupling constant of the OGE,as ,
and the III, V0

(2) , so as to reproduce the nucleon-D mass
difference in total. Soas becomes smaller effectively b
considering III.
6-3
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B. CSB in the N-N scattering

In the calculation of the scattering lengths and analyz
powers, we employ the QCM@11–15#, which describes two-
nucleon systems in terms of their quark coordinates. T
scattering wave functions, which are used as the unpe
bated states, are calculated by solving the resonating g
method ~RGM! equation. By mainly technical reasons th
kinetic energy term is treated purely in the nonrelativis
way, i.e., the semirelativistic kinematics is not taken in
account contrary to the case of single baryon mass. T
approximation can be justified because the relativistic ef
on the kinetic energy term is smaller for the motion of t
two baryons. Then the kinetic energy is given as

K5(
i

6

K i2KG, ~24!

K i5S mi1
pi

2

2mi
D , ~25!

KG5
PG

2

2MG
, ~26!

where

MG5(
i

6

mi , PG5(
i

6

pi . ~27!

The RGM equation for the baryonA and baryonB is as
follows:

E fA~jA!fB~jB!~H2E!

3A@fA~jA!fB~jB!x~RAB!#djAdjB50, ~28!

fA~jA!5S 1

2pb2D 3/4S 2

3pb2D 3/4

expS 2
jA1

2

4b2
2

jA2
2

3b2D .

~29!

fA(B) and jA(B) are the internal wave function and coord
nates of the baryonA(B). RAB are the relative coordinates o
the baryonsA and B. The parameterb is the Gaussian size
parameter, which represents a nucleon size.A is the antisym-
metrization operator for six quarks and is written as follow

A512A8512 (
i PA, j PB

Pij . ~30!

In the end, the following equation is obtained:

F PAB
2

2mAB
1Vrel

(D)~R!2
k2

2m̃AB
Gx~R!2E dR8@K (EX)~R,R8!

1V(EX)~R,R8!2EN(EX)~R,R8!#x~R8!50, ~31!

wherePAB is the momentum operator of the relative moti
of the baryonsA andB, and
02400
g

e
r-
up

is
ct

:

E5M̃A1M̃B1
k2

2m̃AB

, ~32!

1

mAB
5

1

MA
1

1

MB
, ~33!

MA(B)5 (
i PA(B)

3

mi , ~34!

1

m̃AB

5
1

M̃A

1
1

M̃B

, ~35!

M̃A(B) : observed mass of the baryonA~B!. ~36!

It should be noted here thatMA(B) andM̃A(B) may not agree
with each other completely. We takemi5313 ~MeV! in our
calculation so that the difference is small, but for the cha
symmetry breaking we assume thatmAB5m̃AB . The ob-
served masses of the proton and neutron are given by

M̃A5M̃ ~12eNt3
(A)!, ~37!

eN5
DM̃

2M̃
, ~38!

M̃5
M̃ p1M̃n

2
5939 MeV, ~39!

DM̃5M̃n2M̃ p51.29 MeV. ~40!

Therefore we may rewrite the kinetic energy terms as

PAB
2

2m̃AB

2
k2

2m̃AB

5
PAB

2 2k2

2m̃
S 11

t3
(A)1t3

(B)

2
eND ~41!

and the energy in Eq.~31! as

E52M̃ S 12
t3

(A)1t3
(B)

2
eND 1

k2

2m̃
S 11

t3
(A)1t3

(B)

2
eND

52M̃1
k2

2m̃
1S 22M̃1

k2

2m̃
D S t3

(A)1t3
(B)

2
eND

5Ē1DECSB, ~42!

because

1

2m̃AB

5
1

2m̃
S 11

t3
(A)1t3

(B)

2
eND , ~43!

m̃5
M̃

2
. ~44!

The RGM kernelsVrel
(D) ,N(EX),K (EX),V(EX) are defined by
6-4
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Vrel
(D)~R!5E djAdjBdRABfA~jA!fB~jB!

3 (
i PA jPB

Vi j d~R2RAB!fA~jA!fB~jB!,

~45!

S N(EX)~R8,R!

K (EX)~R8,R!

V(EX)~R8,R!
D

5E djAdjBdRABfA~jA!fB~jB!d~R82RAB!

3S 1

K

V
D ,A8@d~R2RAB!fA~jA!fB~jB!#

5S N̄(EX)~R8,R!

K̄ (EX)~R8,R!1DKCSB~R8,R!

V̄(EX)~R8,R!1DVCSB~R8,R!

D . ~46!

K andV are given by Eqs.~24! and ~4! and can be divided
into the charge symmetric partK̄,V̄ and the charge symmetr
breaking partDKCSB,DVCSB. Therefore RGM kernels are
divided into the charge symmetric partK̄ (EX),V̄(EX) and the
charge symmetry breaking partDKCSB

(EX) ,DVCSB
(EX) .

In order to treat the CSB part perturbatively, we empl
the distorted wave Born approximation~DWBA! in this
study. We solve the following equation to obtain the distor
wave:

F PAB
2

2m̃
2

k2

2m̃
Gxdist~R!2E dR8@K̄ (EX)~R,R8!1V̄(EX)~R,R8!

2ĒN̄(EX)~R,R8!#xdist~R8!50. ~47!

The direct kernelVrel
(D)(R) comes from the electromagnet

interaction of quarks and corresponds to the electromagn
interaction of baryons. We are interested in effects of CSB
the quark level, not at the hadron level. So we ignore
direct kernel. But we consider the exchange kernel of
electromagnetic interaction of quarks. Using the distor
wavexdis(R), we estimate the following CSB parts:

TABLE I. Parameters.

PIII Dm m̄
~MeV!

b
~fm!

as a
~MeV/fm!

V0
(2)

(MeV fm3)

A 0.4 7.3 313 0.6 0.91 44.29 2177.2
B 0.5 5.2 313 0.6 0.76 40.34 2221.5
02400
d

tic
at
e
e
d

~CSB part!5
PAB

2 2k2

2m̃
S t3

(A)1t3
(B)

2
eNDxdist~R!

2E dR8@DKCSB
(EX)~R,R8!1DVCSB

(EX)~R,R8!

2DECSBN̄
(EX)~R,R8!#xdist~R8!. ~48!

C. CSB in the analyzing power

There is a special CSB interaction in the neutron-pro
system, which is called the class IV interaction, according
the classification by Henley and Miller@8#,

VIV}~t3
A2t3

B!~sW A2sW B! ~49!

or

~tWA3tWB!z~sW A3sW B!. ~50!

One sees that the class IV interaction mixes spin-sin
states and spin-triplet states. The spin singlet-triplet mix
induces asymmetries of spin polarization observables suc
the analyzing power. At the level of the quark-quark intera
tion, CSB in the spin-orbit interactions is given as@see Eqs.
~6! and ~7!#

VCSB
LS 5VqSLS

OGE1VqALS
OGE 1VqSLS

EM , ~51!

VqSLS
OGE52(

i , j
~lW i•lW j !

3ase

16m̄2

LW i j

r i j
3 @~sW i1sW j !~t3

( i )1t3
( j )!#,

~52!

VqALS
OGE 52(

i , j
~lW i•lW j !

ase

16m̄2

LW i j

r i j
3 @~sW i2sW j !~t3

( i )2t3
( j )!#,

~53!

VqSLS
EM 52(

i , j

aem

16m̄2

LW i j

r i j
3 @~sW i1sW j !~t3

( i )1t3
( j )!#. ~54!

The first two terms of Eq.~51! come from the one-gluon
exchange interaction and the third term from the electrom
netic interaction of quarks. It should be noted that the sy
metric spin-orbit interaction of quarks~qSLS! induces the
class IV interaction of baryons as well as the antisymme
one ~qALS!. Bräuer et al. calculatedDA(u) using a similar
model without including the qSLS terms@19#. They con-

TABLE II. Contributions toDM for Dm56 MeV.

PIII Kin OGE EM Mn2M p

0 4.72 25.54 20.41 21.23
0.1 4.72 25.54 20.41 20.67
0.2 4.72 24.99 20.41 20.12
0.3 4.72 24.43 20.41 0.44
0.4 4.72 23.88 20.41 0.99
0.5 4.72 22.77 20.41 1.54
6-5
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TABLE III. Scattering length.

PIII Dm ~MeV! ā ~fm! Da ~fm! r̄ ~fm! Dr ~fm!

A 0.4 7.3 217.9 0.79 2.42 20.39
B 0.5 5.2 217.9 0.52 2.46 20.25
Expt. @3# 218.160.5 1.560.5 2.8060.12 0.1060.12
B @18# 5.0 20.07 0.46
CY @17# 6.0 2;3.5
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cluded that the contribution of quarks toDA(u) is very
small. But we will see that the contribution of quark spi
orbit interactions, Eq.~51!, to DA(u) is large enough to re
produce the observedDA(u).

Using DWBA, we calculate the following matrix ele
ments forJ5L<3:

DTCSB5^3LJuVCSB
LS u1LJ&. ~55!

Then the totalT matrix is given as follows:

T5T̄CS1DTCSB. ~56!

T̄CS is obtained by solving the RGM equation.T is regarded
as a matrix based on the spin states and the analyzing p
is given by

AN~u!5
Tr@T†sNT#

Tr@T†T#
. ~57!

ThenDA(u) is given in terms ofT̄CS andDTCSB,

DA~u!5An~u!2Ap~u!5
2 Re Tr@ T̄CS

† ~sn2sp!DTCSB#

Tr@ T̄CS
† T̄CS#

.

~58!

We show the explicit forms of theT matrix and ofDA(u) in
the Appendix.

IV. RESULTS

The parameters in our calculation are determined so a
reproduce the single nucleon property. In order to show
plicitly how much the contribution of the III to the nucleon
D splitting is, we introduce a new parameterPIII , which
denotes the ratio of the contribution of III to the who
nucleon-D splitting. For example, whenPIII 50.4 the contri-
bution of III to the Nucleon-D splitting is 40% of the whole
one.V0

(2) is determined so as to reproduce theh andh8 mass
splitting. Our analysis shows thatPIII;0.4–0.5 gives the
right h-h8 splitting. Here we try two values,PIII 50.4 and
0.5. Using the nucleon mass formula Eq.~20!, we obtainDm
for eachPIII . The results are given in Table I. The parame
b is the Gaussian size parameter for the internal wave fu
tion of the nucleon, which represents the nucleon size.

Another possible source of theN-D splitting is contribu-
tion of pion cloud around the baryon. For instance,
cloudy bag model predicts theN-D splitting of about 100
02400
er

to
x-

r
c-

e

MeV @29#. This effect may reduce the roles of OGE and I
but it is not taken into account in this approach.

By increasingPIII , we reduceas accordingly so that the
N-D mass difference is fixed. ForPIII 50.4, as becomes
0.91, whileas51.52 is necessary to reproduce theN-D mass
difference only by OGE. In order to show the effect of th
instanton induced interaction toDM , we show contribution
of each term toDM in Table II, for variousPIII . The Kin,
OGE, and EM represent the contributions of the kinetic e
ergy, the one-gluon-exchange interaction, and the elec
magnetic interaction toDM . It should be noted that when
PIII 50 we cannot reproduce theDM because OGE gives
large contribution, which goes to the opposite direction. T
shows the essential role of the III, which reduces the O
strength.

It is also found that the calculation of ‘‘strong hyperfine
for ‘‘ p-n’’ in Table I of Ref. @28# is different from our cal-
culation even if we use the same potential. This is beca
Isgur considers distortion of the quark wave function fro
theu-d quark mass difference. However, to be consistent
distortion of the wave function should not contribute to t
energy in the first order of the perturbation theory.1 The con-
tribution of the ‘‘strong hyperfine’’ to DM should be
1
3 d(Dm/m̄) instead of 5

24 d(Dm/m̄) in Ref. @28#, whered is
the nucleon-D mass splitting.

Next we calculateDa using the parameters in Table I. Th
results are shown in Table III.ā( r̄ ) and Da(Dr ) are the
average and the difference of the scattering lengths~effective
ranges! of the p-p andn-n scatterings,

ā5
app1ann

2
, Da5app2ann , ~59!

r̄ 5
r pp1r nn

2
, Dr 5r pp2r nn . ~60!

Our results,Da50.79 and 0.52~fm! for PIII 50.4 and 0.5,
are somewhat smaller than the observed value;1.5 ~fm!.
We, however, point out thatDa is sensitive to the parameter
because it is given by a cancellation of positive and nega
terms.

In Table IV, we show each contribution of CSB terms E
~48! to Da. NMD, Kin, OGE, and EM are contributions o
the first term of Eq.~48!, the quark kinetic energy~including

1Chemtob and Yang also point out the mismatch with Isgur
their paper@17#.
6-6
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the DECSB term!, the one-gluon-exchange interaction, a
the electromagnetic interaction, respectively.

We estimateDa in our formulation for the parameters o
Ref. @18# ~B! and @17# ~CY!. The contributions of Kin and
OGE should be given by

DaKin}
Dm

m̄2b2
[DbKin , ~61!

DaOGE}
asDm

m̄3b3
[DbOGE. ~62!

In Table V we showDbKin andDbOGE for the parameters o
B and CY. Using the values of Tables IV and V, we find

DaKin1DaOGEuB522.63
4.6

8.0
12.93

5.2

7.7
521.512.050.5,

~63!

DaKin1DaOGEuC522.63
5.6

8.0
12.93

8.9

7.7
521.813.451.6.

~64!

These estimates suggest that our results may become l
by changing the parameters. AsDbKin is larger thanDbOGE
in our parameter choice, the cancellation ofDaKin and
DaOGE is stronger than the other cases. On the other ha
Dr is too large and has the wrong sign. More investigat
should be done forDr , which reflects not only the strengt
of the interaction but also its radial dependence.

Finally, we calculatedDA(u) at two energy points, taking
PIII 50.4. The results atEn5183 and 477~MeV! are shown
in Figs. 1 and 2. The results atEn5183 and 477 MeV are
large enough to reproduce the data@1,2#, which disagree with
the conclusion of Bra¨uer et al. @19#. The difference mainly
comes from two points. The first point is that they consid
only the antisymmetric spin-orbit interaction of quar
~qALS!, not the symmetric spin-orbit interaction of quar
~sSLS!. The factor of qSLS is three times as large as tha
qALS @see Eqs.~52! and ~53!#. The remaining discrepanc
might be attributed to their erroneous choice of the unit ofg1
in Eq. ~3.6! in their paper@19#. We convert their value ofg1

TABLE IV. The contributions toDa of CSB terms~fm!.

NMD Kin OGE EM

A 0.3 22.6 2.9 0.2
B 0.3 21.7 1.7 0.2

TABLE V. DbKin andDbOGE.

DbKin ~MeV! DbOGE ~Mev!

A 8.0 7.7
B 4.6 5.2
CY 5.6 8.9
02400
ger

d,
n

r

f

in radian into that in degrees and obtainDA(u596°)55.4
31024, which is of the same order as our estimate. O
result atEn5477 ~MeV! is too large. It is not surprising
since we fit the phase shift of theN-N scattering up toEn
5400 ~MeV! and may not apply QCM at higher energy an
we need higher partial waves.

Figures 3 and 4 show the contributions of^1P1uT̂u3P1&,
^1D2uT̂u3D2&, and^1F3uT̂u3F3& to DA(u). It is found that the
contribution of ^1P1uT̂u3P1& is dominant in the observedu
region. But the other mixings of partial wave become imp
tant for the otheru region.

We also investigate each contribution of the one-gluo
exchange interaction and the electromagnetic interac
~Figs. 5 and 6!. It is found that the contribution of OGE
depends on the incident energy much strongly than tha
the electromagnetic interaction does. This is because
dominant contribution of the EM interaction is the dire
interaction, while OGE interaction contributes as the e
change interaction. Therefore their energy dependences
different from each other, which may be studied by futu
experiment at various energy points.

V. CONCLUSION

We have calculated the difference of the masses of
neutron and the proton,DM , the difference of the scatterin

-100

-50

0

50

100x10-4

0 40 80 120 160

∆A

θ[deg]

FIG. 1. DA(u) at En5183 MeV.

-300

0

300x10-4

0 40 80 120 160

∆A

θ[deg]

FIG. 2. DA(u) at En5477 MeV.
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lengths of thep-p and n-n scatterings,Da, and the differ-
ence of the analyzing power of the proton and the neutro
then-p scattering,DA(u), using the quark cluster model. I
the calculation ofDM , we treated the kinetic energy in th
semirelativistic way and introduced the III. We have fou
that the contribution of the OGE interaction is suppressed
the introduction of the III and have determined the up-do
quark mass differenceDm57.3 and 5.2~MeV! for PIII
50.4 and 0.5.

We have calculatedDa for the CSB parameters fixed b
DM . Our results areDa50.8 and 0.5~fm! for PIII 50.4 and
0.5, which are smaller than the observed value. It is fou
that the contribution of the u-d mass difference toDa is
comparable with that from EM interaction because the c
tributions of OGE and the quark kinetic energy cancel
each other. It is pointed out thatDa is sensitive to the choice
of the quark model parameters because of this cancellat

The P-wave CSB observableDA(u) is calculated for
PIII 50.4. It is found that CSB of the short-range part
nuclear force is large enough to explainDA(u). This result
is different from the conclusion of Bra¨uer et al. @19#. We
have found that this discrepancy is attributed to the introd
tion of the quark symmetric spin-orbit interaction and t

-100

-50

0

50

100x10-4

0 40 80 120 160

∆A

θ[deg]

p-wave
d-wave
f-wave

FIG. 3. The contribution of each partial wave mixing atEn

5183 MeV.

-300

0

300x10-4

0 40 80 120 160

∆A

θ[deg]

p-wave
d-wave
f-wave

FIG. 4. The contribution of each partial wave mixing atEn

5477 MeV.
02400
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erroneous choice of theg1 in their paper. We also have in
vestigated the importance of individual mixing matrix el
ments,̂ 1P1uT̂u3P1&, ^1D2uT̂u3D2&, and^1F3uT̂u3F3& and also
the relative importance of the OGE and EM interactions. I
found that the contributions of̂1P1uT̂u3P1& and OGE are
dominant in the observedu region. Future experiments fo
other angles as well as different energies may give us fur
information on the mixings of other partial waves and pro
erties of the spin-orbit parts of the OGE and EM interactio
In fact, we have observed that atEn5477 ~MeV! the contri-
butions of the higher partial waves become more import
than atEn5183~MeV!. The present quark model descriptio
is found to account for the short-range part of CSB. W
would like to stress that the CSB for the single nucleon
well as the central and spin-orbit parts of the nuclear fo
are consistently described. There is a possible remain
short-range contribution introduced by Goldmanet al.
~GMS! in Ref. @30#, which comes from interference betwee
the QCD and QED effects. GMS pointed out that such
interference is necessary to explain the mass differenc
the neutral and charged pions. Its effect on theNN scattering
was studied by Kao and Yang@31#. Because this effect ha
much ambiguity, we have not included it in the present stu
in order to see how the current data can be explained with
such complex effects.

-100

-50

0

50

100x10-4

0 40 80 120 160

∆A

θ[deg]

OGE
EM

FIG. 5. The contribution of OGE and EM atEn5183 MeV.

-300

0

300x10-4

0 40 80 120 160

∆A
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OGE
EM

FIG. 6. The contribution of OGE and EM atEn5477 MeV.
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Effects of longer range CSB may require further analys
Approaches based on the chiral effective theory were p
formed in Refs.@32#. Although the applicability of the chira
perturbation theory at high-energyNN scattering phenomen
is not established, its extension to the spin-orbit interact
might be interesting to pursue, which is a subject for futu
works.
02400
.
r-

n
e

APPENDIX: THE DECOMPOSITION OF THE T
MATRICES

The representations of theT matrices in the basis of the
nucleon spins are shown explicitly in the Appendix. First w
expand the wave function of the two nucleons as
upW ,sz
a ,sz

b&5A4p (
L,S,J

(
Lz1Sz5Jz

sz
a
1sz

b
5Sz

^L,Lz ,S,SzuJ,Jz&u2S11LJ&YL,Lz
~ p̂!usz

a ,sz
b&. ~A1!

Using the wave function Eq.~A1!, we calculate theT matrix. For example, theT matrix of the 3P0→3P0 scattering is given
by

T 3P0→3P0
54p(

m,sz

^1,m,1,szu0,0&* ^1,0,1,0u0,0&Y1,m~ k̂!* Y1,0~ p̂!

^3P0uTu3P0&^sz
c ,sz

dusz
a ,sz

b&us
z
a1s

z
b50,s

z
c1s

z
d5sz

5
1

2
T3P0 S 0 2s e2 if 2s e2 if

c c

c c

s eif s eif 0

D , ~A2!

wherep̂ is the unit vector along the initial momentumpW and we take it along thez axis. We show theT matrix of each partial
wave in terms ofs[sinu,c[cosu, andf, where (u,f) is the scattering angle in the center-of-mass system:

T 1S0→1S0
5

1

2
T1S0 S 0

1 21

21 1

0

D , ~A3!

T 3S1→3S1
5

1

2
T3S1 S 2

1 1

1 1

2

D , ~A4!

T 1P1→1P1
5

3

2
T1P1

cS 0

1 21

21 1

0

D , ~A5!

T 3P0→3P0
5

1

2
T3P0 S 0 2s e2 if 2s e2 if

c c

c c

s eif s eif 0

D , ~A6!
6-9
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T 3P1→3P1
5

3

4
T3P1 S 2c 0 0 0

s eif 0 0 2se2 if

s eif 0 0 2se2 if

0 0 0 2c

D , ~A7!

T 3P2→3P2
5

1

4
T3P2 S 6c 2s e2 if 2s e2 if 0

23s eif 4c 4c 3s e2 if

23s eif 4c 4c 3s e2 if

0 22s eif 22s eif 6c

D , ~A8!

T 1D2→1D2
5

5

4
T1D2

~3c221!S 0

1 21

21 1

0

D , ~A9!

T 3D1→3D1
5

1

4
T3D1 S ~3c221! 26sce2 if 26sce2 if 3s2 e2 i2f

3sceif 2~3c221! 2~3c221! 23sce2 if

3sceif 2~3c221! 2~3c221! 23sce2 if

3s2 e2if 6sceif 6sceif ~3c221!

D , ~A10!

T 3D2→3D2
5

5

4
T3D2 S ~3c221! 2s2 e2 i2f

sceif 0 0 2sce2 if

sceif 0 0 2sce2 if

2s2 e2if ~3c221!

D , ~A11!

T 3D3→3D3
5

1

4
T3D3 S 4~3c221! 6sce2 if 6sce2 if 2s2 e22if

28sceif 3~3c221! 3~3c221! 8sce2 if

28sceif 3~3c221! 3~3c221! 8sce2 if

2s2 e2if 26sceif 26sceif 4~3c221!

D , ~A12!

T 1F3→1F3
5

7

4
T1F3

~5c323c!S 0

1 21

21 1

0

D , ~A13!

T 3F2→3F2
5

1

2
T3F2 S c~5c223! 2 3

2 s~5c221!e2 if 2 3
2 s~5c221!e2 if 5s2c e22if

s~5c221!eif 3
2 c~5c223! 3

2 c~5c223! 2s~5c221!e2 if

s~5c221!eif 3
2 c~5c223! 3

2 c~5c223! 2s~5c221!e2 if

5s2ce2if 3
2 s~5c221!eif 3

2 s~5c221!eif c~5c223!

D , ~A14!

T 3F3→3F3
5

1

2
T3F3 S 7

2 c~5c223! 2 35
4 s2ce22if

7
8 s~5c221!eif 0 0 2 7

8 s~5c221!e2 if

7
8 s~5c221!eif 0 0 2 7

8 s~5c221!e2 if

2 35
4 s2ce2if 7

2 c~5c223!

D , ~A15!
024006-10
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T 3S1→3D1
5

A2

4
T3S1→3D1 S 3c221 3sce2 if 3sce2 if 3s2 e2 if

3sceif 2~3c221! 2~3c221! 23sceif

3sceif 2~3c221! 2~3c221! 23sceif

3s2 e2if 23sceif 23sceif 3c221

D , ~A16!

T 3D1→3S1
5

A2

2
T3D1→3S1 S 1

21 21

21 21

1

D , ~A17!

T 3P2→3F2
5

A6

4
T3P2→3F2 S c~5c223! s~5c221!e2 if s~5c221!e2 if 5s2ce22if

s~5c221!eif 2c~5c223! 2c~5c223! 2s~5c221!e2 if

s~5c221!eif 2c~5c223! 2c~5c223! 2s~5c221!e2 if

5s2ce2if 2s~5c221!eif 2s~5c221!eif c~5c223!

D , ~A18!

T 3F2→3P2
5

A6

4
T3F2→3P2 S 2c 2se2 if 2se2 if 0

2seif 22c 22c se2 if

2seif 22d 22c se2 if

0 seif seif 2c

D , ~A19!

T 1P1→3P1
5

3A6

4
T1P1→3P1 S 0 2se2 if se2 if 0

0 0

0 0

0 2seif seif 0

D , ~A20!

T 3P1→1P1
5

3A6

4
T3P1→1P1 S 0 0

seif 0 0 se2 if

2seif 0 0 2se2 if

0 0

D , ~A21!

T 1D2→3D2
5

5A6

4
T1D2→3D2 S 0 2sce2 if sce2 if 0

0 0

0 0

0 2sceif sceif 0

D , ~A22!

T 3D2→1D2
5

5A6

4
T3D2→1D2 S 0 0

sceif 0 0 sce2 if

2sceif 0 0 2sce2 if

0 0

D , ~A23!

T 1F3→3F3
5

7A3

8
T1F3→3F3 S 0 2s* ~5c221!e2 if s* ~5c221!e2 if 0

0 0

0 0

0 2s* ~5c221!eif s* ~5c221!eif 0

D , ~A24!
024006-11
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T 3F3→1F3
5

7A3

8
T3F3→1F3 S 0 0

s~5c221!eif 0 0 s~5c221!e2 if

2s~5c221!eif 0 0 2s~5c221!e2 if

0 0

D . ~A25!

Substituting the aboveT matrices into the denominator and the numerator of Eq.~58!, we obtain

Tr@ T̄†T̄#5 1
8 u22T1S0

12T3S1
22A2T3S1→3D1

12c~23T1P1
1T3P0

12T3P2
2A6T3P2→3F2

!1~3c221!

3~25T1D2
12T3D1

13T3D3
2A2T3S1→3D1

!1c~5c223!~27T1F3
13T3F2

2A6T3P2→3F2
!u21 1

8 u2T1S0
12T3S1

22A2T3S1→3D1
12c~3T1P1

1T3P0
12T3P2

2A6T3P2→3F2
!1~3c221!~5T1D2

12T3D1
13T3D3

2A2T3S1→3D1
!

1c~5c223!~7T1F3
13T3F2

2A6T3P2→3F2
!u21 1

8 u4T3S1
12A2T3S1→3D1

12c~3T3P1
13T3P2

1A6T3P2→3F2
!

1~3c221!~T3D1
15T3D2

14T3D3
1A2T3S1→3D1

!1c~5c223!~2T3F2
17T3F3

1A6T3P2→3F2
!u21 1

8 s4u3T3D1

25T3D2
12T3D3

13A2T3S1→3D1
1c~10T3F2

2 35
2 T3F3

15A6T3P2→3F2
!u21 1

4 s2u2T3P0
22T3P2

1A6T3P2→3F2
13c

3~2T3D1
22T3D3

2A2T3S1→3D1
!1~5c221!~3T3F2

2A6T3P2→3F2
!u21 1

4 s2u3T3P1
23T3P2

2A6T3P2→3F2

1c~3T3D1
15T3D2

28T3D3
13A2T3S1→3D1

!1~5c221!~2T3F2
1 7

4 T3F3
1A6T3P2→3F2

!u2 , ~A26!

Tr@ T̄†~sn2sp!DTCSB#52
1

4
i S 3A6sT3P1→1P1

15A6scT3D2→1D2
1

7A3

2
s~5c221!T3F3→1F3

D $4T1S0
14T3S1

12A2T3S1→3D1

12c~3T3P1
13T3P2

1A6T3P2→3F2
!1~3c221!~10T1D2

1T3D1
15T3D2

14T3D3
13A2T3S1→3D1

!

1~5c223!c~14T1F3
12T3F2

17T3F3
1A6T3P2→3F2

!1s2~3T3D1
25T3D2

12T3D3
13A2T3S1→3D1

!

1s2c~10T3F2
2 35

2 T3F3
15A6T3P2→3F2

!%. ~A27!
d
t.

.
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