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Charge asymmetry of the nucleon-nucleon interaction
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Department of Physics, University of Idaho, Moscow, Idaho 83844
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Based upon the Bonn meson-exchange model for the nucleon-nudliddnifteraction, we study system-
atically the charge-symmetry-breakit@SB) of the NN interaction due to nucleon mass splitting. Particular
attention is paid to CSB generated by the-2xchange contribution to tgN interaction,7p diagrams, and
other multimeson exchanges. We calculate the CSB differences itStheffective range parameters as well
as phase shift differences 8) P, and higher partial waves up to 300 MeV laboratory energy. We find a total
CSB difference in the singlet scattering length of 1.6 fm which explains the empirical value accurately. The
corresponding CSB phase-shift differences are appreciable at low energy ‘iBjtistate. In the other partial
waves, the CSB splitting of the phase shifts is small and increases with energy, with typical values in the order
of 0.1° at 300 MeV inP andD waves.[S0556-281®8)05609-X]

PACS numbe(s): 24.80+y, 11.30.Hv, 13.75.Cs, 21.30.Cb

I. INTRODUCTION rn=2.75-0.11 fm. (4)

Charge symmetry is the equality of proton-protgmpj It is thus evident that in théS, state, thenn strong interac-
and neutron-neutronnf) forces—after electromagnetic ef- tion is slightly more attractive than thgp one. From the
fects are removed. This symmetry, which is slightly broken,above semiempirical values, we see that charge symmetry is
has long been a subject of research in nuclear phyfits broken by the following amounts:
reviews see, e.g., Refdl—4]). Traditionally, empirical infor-

mation on the charge asymmetry of the nuclear force comes AaCSBEaEp—aE,F 1.5+0.5 fm, (5)
mainly from few-body systems. The nucleon-nuclediiN)
scattering length in thé'S, state plays a special role. As ArCSBErg‘p—rwnzo.lotO.lz fm. (6)

there exists an almost bound state in that partial wave, the

(negative scattering length is extremely sensitive to small Information about charge symmetry breaki(@SB) can
differences in the strength of the force. Thg effective  also be inferred from the binding energy differences of so-
range parameterScattering lengtla and effective range) called mirror nuclei. The most studied case is ftiée-*H

are obtained with very high precision from low-energp mirror pair. Experimentally it was found thatH is more
cross section data. However, since we are interested here dreeply bound thaiHe by 764 keV. Model-independent cal-
the strong force, electromagnetic effects have to be removedulations of the Coulomb energy difference and other subtle
which introduces model dependence. Using several realistielectromagnetic effects yield a binding energy difference of
NN potential models, the pure strong-interactipp effec-  about 68329 keV[5]. It has been shown that the remain-

tive range parameters are determined td e ing discrepancy can be explained by a charge-symmetry-
breaking nuclear force that is consistent with the empirical
a";'p: —17.3+0.4 fm, (1) asymmetry in the singlet scattering lend6j.

According to our current understanding, CSB is due to a
mass difference between the up and down quark and electro-
magnetic interactions. On the hadronic level, this has various
. consequences: mixing of mesons of different isospin but
where the errors state the uncertainty due to model depen;, . spin and parity, and mass differences between hadrons
den(_:e. . . . of the same isospin multiplet.

Sincenn scattering experiments are not yet feasible, the The difference between the masses of neutron and proton
nn effective range parameters are not measured direCtlye,, oqents the most basic cause for CSB. Therefore, it is

they are extracteid from few-body reactions, mainlyimportant to have a very thorough accounting of this effect.
D(n,nn)p andD (7, y)2n. Recent measurements of the?'eThis is the subject of the present paper.

reactions and their analysis have resulted in the following
recommended valud4,2]:

ryp=2.85+0.04 fm, 2)

The n—p mass difference, which is well known to be

1.2933 MeV[9], affects the kinetic energy of the nucleons.
N Besides this, it has also an impact on all meson-exchange

an,= —18.8+0.3 fm, (3 diagrams that contribute to the nuclear force.

In Sec. Il, we will briefly outline the formalism of the

Bonn model for theNN interaction that this study is based

*Present address: Department of Physics, SUNY, Stony BrookJpon. In Sec. Ill, we will go—step by step—through the
NY 11794. various meson-exchange contributions to the nuclear force
TElectronic address: machleid@uidaho.edu and calculate for each step the CSB effect due to nucleon
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mass splitting. In particular, we will present the effect on the n n
singlet effective range parameters and on phase shif{\bf

scattering up to 300 MeV laboratory energy and up to orbital
angular momenturh = 2. Section IV concludes the paper. 7 00w, b

Il. SKETCH OF THE MODEL

We base our investigation on the comprehensive Bonn n n
full model for theNN interaction. This model has been de-
scribed in length in the literaturig,7,8. Therefore, we will (a)
summarize here only those facts which are important for the
issue under consideration.

The Bonn model uses an effective, field-theoretic ap-
proach, in which the interaction between two nucleons is p p

created solely from the exchange of mesons, namely,
p(770), w(782), ay/5(980), and o'(550). Besides the
nucleon, theA (1232) isobar is also taken into account. In its 7%, o, 0" w, 4
original version[7], the Bonn model used averages for
baryon and meson masses and, thus, was charge indepen-
dent; it was fitted to the neutron-proton data. In this paper,
these subtleties will be treated accurately. P p
The interaction Lagrangians involving pions are (b)
faNN— " FIG. 1. One-boson-exchang®BE) contributions to@ nn and
Lann="" VY57 0"¢r, (7} () pp scattering.
; currently fashionable, prefer the pv coupling over the ps cou-
_ mNA— pling. Following this trend, we use the pv coupling.
Lona= Ty, *e,+H.c., 8 . ;
N . YT 0" x ® The couplings opp mesons to nucleons amdisobars are

m

described by the Lagrangians
with ¢ the nucleony, the A (Rarita-Schwinger spingrand f
¢, the pion fields.r are the usual Pauli matrices describing — pNN— vy
isospin 1/2 andr is the isospin transition operator. H.c. de- Lonn= 9o Yu T 6+ Wp‘p”w"‘p'(&ﬂ%_& ),
notes the Hermitian conjugate. (11)

The above Lagrangians are divided .+ to make the
coupling constantd dimensionless. Following established f oA
convennons{l(_)], we always usen_+ as the scalln_g mass. It Lona=1 p—i/fvfsmTll/y' (a#¢;—av¢ﬁ)+ H.c. (12
may be tempting to usm_o for 7° coupling. Notice, how- mp+
ever, that the scaling mass could be anything. Therefore, it is
reasonable to keep the scaling mass constant withi8)SU We have to draw attention to the fact that—no matter to
multiplets [10]. This avoids the creation of unmotivated which nucleon thep couples—in the second part of thé&IN
charge dependence. Langrangian, we always use the proton mislgsas the scal-

It is important to stress that—as evidenced by the abovéng mass. With this, we follow established conventions, as
7NN Langrangian—we use the pseudovediov) or gradi-  discussed above in conjunction with the pion Langrangians.
ent coupling for the pion. Alternatively, on can also use theWe note that disregarding this point would generate notice-
pseudoscalafps) coupling, able, but unmotivated CSB.

Finally, the Lagrangians fo® ando’ are

L N=Gannti ys T @ C) o
_ _ LoNNT NN Y u b @l (13
For an on-shell process, the two couplings yield the same
if the coupling constants are related b —
Ping Y Lo NNZ o NN Y@ - (14
My+M, Starting from th ians, irreducible di

gonn=| —— | f_ns (10) tarting from these Lagrangians, irreducible diagrams up
et to fourth order are evaluated using old-fashioned and time-

ordered perturbation theory. Some important diagrang
with M; and M, the masses of the two nucleons involved. not all) are shown in Figs. 1-4. The sum of all irreducible
This relationship is charge dependent due to the two nucleodliagrams included in the model is, by definition, the quasi-
masses. As a consequence, CSB effects will comgmast  potentialV. Mathematically, this quasipotential is the kernel
ticeably different depending on if the ps or the pv coupling of the scattering equation. For an uncoupled partial wave
is used. Nonlinear realizations of chiral symmetry, which arewith angular momentund, this equation reads
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with g, k, andq’ the magnitude of the relative momenta of p p D p b

the two interacting nucleons in the initial, intermediate, and

final states, respectively = JM?+g? and Ex= VMZ+K? (b)

with M the correct mass of the nucleon involved in the scat-

tering process under consideration. The principal value is FIG. 4. 2m-exchange contributions withA intermediate states
denoted byP, andR is commonly called th& matrix. By  to (8 nnand(b) pp scattering.

solving this equation, the kernel or quasipotential is iterated

infinitely many times. This is equivalent to solving the = From the on-shelR matrix, phase shifts for uncoupled

Schralinger equation. partial waves are obtained through
n 1 n n n n n n T
0 ot i X tan 8y(Tia) = — 5 AE4Ry(a,a), (16)
AO A~ AO { / A"" ( / .
2 " =~ |P N " /N P where q denotes the on-shell momentum in the center-of-
] - L * mass system of the two nucleons which is related to the
! - L I L ! L laboratory kine'gic energy t_)'yr,abz 20°%/M. . '
Further details concerning the formalism can be found in
(a) Appendixes A—C of Refl7].
Ill. CSB DUE TO THE NUCLEON MASS DIFFERENCE
It is the purpose of the present investigation to take the
P Pk P B P B P nucleon mass splitting accurately into account, which leads
’ * 0 . to CSB. Therefore, we use exact values for the proton mass
T ] 'y T M, and neutron maskl, [9]:
AT 0 pAtTt - n A P < p A P < n P "
— — 0 = M,=938.2723 MeV, (17)
P PP b P b P > M ,=939.5656 MeV. (18)
(b)

We start withpp scattering for which the one-boson-

FIG. 3. 2m-exchange contributions witNA intermediate states exchange contribution is depicted in Fig(bl and 2r-
to (a) nn and(b) pp scattering. exchange contributions are shown in Fig$b)2 3(b), and
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TABLE |. CSB differences of théS, effective range parameters as explained in the textd@notes the
sum of all 27 contributions andrp the sum of allrp contributions. TBEnoniterative two-boson exchange
is the sum of 2r, wp, and (o + Tw).

Kin. en. OBE 2r TP TO+ T TBE Total
Aacgg (fm) 0.246 0.013 2.888 -1.537 -0.034 1.316 1.575
Ar g (fM) 0.004 0.001 0.055 —0.031 —-0.001 0.023 0.027
4(b). Note that in all of these diagrams, the proton carries the App@nn
exact proton masMl , and the neutron, which occurs in some Aa=(a;—ay) a3, ’ (21)

intermediate states, carries the exact neutron riviss For
the A isobars, which are excited in some intermediate states . _ _ N
in Figs. 3 and 4, the average mads, =1232 MeV is used. With @,p=—17.3 fm anda,,=—18.8 fm. This will make

For the pp case, our model yields-17.20 fm for the Aa independent of the choice far,. The numberg given in
Tables | and Il forAacgg are all rescaled according to this

singlet scattering length and 2.88 fm for the CorreSpondin%rescription
effective range, consistent with Eq4) and (2). ’ .
d q4) @ To state the effects of CSB on tid¢N phase shifts, we

Switching now—step by step—fromp to nn scattering . e
will change the effective range parameters and the phaggtroduce for each. SJ state the CSB phase shift difference

LSJ :
shifts, in violation of charge symmetry. Aocy(Tian), defined by
The differences that occur for the effective range param-
eters are given in Tables | and II. Note that the relationship ASCSH Tiab) = O (Tian) = 355 Tian) (22)

between the CSB potential and the corresponding change of
the scattering lengthAacsg, is highly nonlinear. As dis-
cussed in Refd.11,12, when the scattering length changes
from a; to a, due to a CSB potentiaAV=V,;—V,, the
relationship is

where 5557 denotes thenn and 855 the pp phase shifts
(without electromagnetic effegtsrespectively.

The irreducible diagrams included in the quasipotential or
kernel can be subdivided into several groups. After discuss-
ing the effect from the kinetic energy, we will describe each

1 1 o i implicati
-t group of diagrams and the implications for CSB.
a, a MNL AVU,udr (19 (1) Kinetic energy(column “Kin. en.” in Tables | and
[l1). The kinetic energy is smaller for the neutron because of
or its larger mass. This reduces the magnitude of the energy

denominator in Eq(15) for nn scattering as compared to
" pp, thus enhancing théattractive integral term fornn. In
al_a2:a1a2MNf AVu,u,dr, (20 addition, the factorE, in Eq. (16) is larger for the larger
0 nucleon mass, which results in an overall enhancement of the
magnitude of thenn phase shifts. The combined effect yields
with u, andu, the zero-energy'S, wave functions normal- largernn phase shifts as compared pe if the nuclear po-
ized such thau(r—w«)—(1-r/a). Thus, the perturbation tential is attractive and vice versa if the nuclear potential is
expansion concerns the inverse scattering length. As clearkepulsive. This can be understood more easily in the frame-
evident from Eq.(20), the change of the scattering length work of the radial Schrdinger equation in which the effec-
depends on the “starting valued; to which the effect is tive potential isMV. Thus, no matter if the nuclear potential
added. In our calculations, CSB effects are generated step by is attractive or repulsive, its effect on the phase shifts is
step, which implies that the starting valag is different for  always enhanced for the larger nucleon mhks This ex-
different CSB effects. This distorts the relative size of theplains why in P, the CSB phase shift splitting, E422),
scattering length differences. To make the relative comparicomes out negativegrepulsive potential, negative phase
son meaningful, we have rescaled our resultsXagsg ac-  shift), while it is positive in all other partial waves listed in
cording to a prescription given by Ericson and Milldrl],  Table Ill (column “Kin. en.”) where the potentials are at-
which goes as follows. Assume that the “starting value” for tractive (positive phase shifisThe magnitude of the singlet
the scattering length ia; and a certain CSB effect brings it scattering length increases by 0.25 {of. Table I, column
up to a,. Then, the resulting scattering length difference“Kin. en.” ) for nn scattering as compared pp. This is, of
(a;—ay) is rescaled by course, well known, and the effect on the scattering length is

TABLE Il. CSB differences of the S, effective range parameters fromr2zandp diagrams as explained
in the text.

27NN 27NA 27AA wpNN mpNA mpAA Sum

Aacgg (fm) 0.374 1.852 0.662 —0.484 -1.184 0.130 1.350
Arcsp (fm) 0.005 0.036 0.014 -0.010 —-0.025 0.003 0.024
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TABLE lll. CSB phase shift difference@n degreesas defined in Eq(22). Notation as in Table I.

Tian (MeV) Kin. en. OBE 27 wp To+ T TBE Total
'S
1 0.287 0.015 3.417 -1.856 -0.041 1.520 1.822
5 0.162 0.010 1.850 -1.007 -0.022 0.810 0.982
10 0.104 0.006 1.409 -0.773 -0.018 0.618 0.727
25 0.066 0.004 0.995 -0.585 -0.014 0.396 0.466
50 0.053 0.003 0.778 -0.460 -0.011 0.291 0.347
100 0.036 0.004 0.585 -0.378 -0.008 0.199 0.239
150 0.019 0.006 0.567 -0.387 -0.006 0.174 0.198
200 0.015 0.021 0.565 -0.407 -0.004 0.154 0.190
300 0.005 0.029 0.562 -0.446 -0.001 0.116 0.149
3p,
5 0.004 0.003 0.001 0.000 0.000 0.001 0.009
10 0.010 0.006 0.001 0.001 0.000 0.002 0.019
25 0.020 0.014 0.003 0.003 0.001 0.007 0.042
50 0.025 0.018 0.006 0.006 0.002 0.014 0.057
100 0.025 0.014 0.008 0.010 0.003 0.021 0.060
150 0.016 0.017 0.007 0.012 0.004 0.023 0.057
200 0.008 0.022 0.006 0.014 0.005 0.024 0.054
300 0.004 0.023 0.002 0.016 0.005 0.022 0.050
3p,
5 -0.002 -0.001 0.002 -0.001 0.000 0.001 -0.002
10 -0.004 -0.001 0.006 -0.002 0.000 0.004 -0.002
25 -0.011 0.001 0.017 -0.006 0.000 0.011 0.000
50 -0.017 0.002 0.044 -0.019 0.000 0.025 0.010
100 -0.025 0.008 0.092 -0.046 0.000 0.045 0.028
150 -0.033 0.016 0.139 -0.081 0.000 0.058 0.041
200 -0.041 0.023 0.185 -0.112 0.001 0.074 0.056
300 -0.059 0.033 0.278 -0.195 0.001 0.084 0.058
p,
25 0.001 0.001 0.002 0.000 0.000 0.002 0.004
50 0.004 0.001 0.008 -0.001 0.000 0.007 0.012
100 0.007 0.002 0.031 -0.007 0.000 0.024 0.033
150 0.011 0.003 0.061 -0.018 0.000 0.043 0.057
200 0.012 0.003 0.095 -0.034 0.000 0.061 0.076
300 0.014 0.003 0.178 -0.078 0.000 0.100 0.117
3P2
5 0.001 0.000 0.002 0.000 0.000 0.002 0.003
10 0.002 0.001 0.006 -0.001 0.000 0.005 0.007
25 0.005 0.002 0.023 -0.006 0.000 0.018 0.025
50 0.014 0.002 0.054 -0.015 0.000 0.040 0.056
100 0.023 0.001 0.114 -0.036 0.001 0.079 0.102
150 0.026 0.001 0.154 -0.055 0.002 0.101 0.128
200 0.025 0.000 0.177 -0.068 0.003 0.112 0.137
300 0.023 0.000 0.237 -0.095 0.003 0.144 0.167

usually quoted to be 0.30 fril3]. Our value is slightly itly; cf. Figs. 2—4. Charge symmetry is broken by the fact
smaller which can be attributed to the use of relativistic ki-that for pp scattering the proton mass is used in the Dirac
netic energies in our model. spinors representing the four external 1¢g&y. 1(b)], while

(2) One-boson-exchand®BE), Fig. 1, contributions me- for nn scattering the neutron mass is applieiy. 1(a)]. The
diated by 7°(135), p°(770), w(782), a,/5(980), and CSB effect from the OBE diagrams is extremely sniafl
o’ (550). In the Bonn moddl7], the ¢’ describes only the Tables | and Ill, column “OBE’).
correlated 2r exchange inm7 S waves(and not the uncor- (3) 27 exchange with NN intermediate statggmNN),
relate 2r exchange since the latter is calculated explic-Fig. 2. Notice first that only noniterative diagrams are to be
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considered, since the iterative ones are generated by the scaf-all CSB effects on phase shifts is given in the last column
tering equatior(15) from the OBE diagrams. In our calcula- of Table Ill and plotted by the solid curve in Fig. 5. The
tions, we include always all time orderingexcept those largest total effect listed in Table Il is 1.8° it5, at 1 MeV.
with antibaryons in intermediate state$o save space, we In theS wave, the effect decreases with energy and is 0.15°
display, however, only a few characteristic graphs in Fig. 2at 300 MeV. InP and D waves the CSB effect on phase
(this is also true for all diagrams shown or discussed bglow shifts increases with energy and is typically in the order of
Part (a) of Fig. 2 applies tonn scattering, while partb)  0.1° at 300 MeV. We do not list our results for partial waves
refers topp scattering. Notice that when charged-pion ex-with L=3, since the CSB effect becomes negligibly small
change is involved, the intermediate-state nucleon differsor highL: less than 0.02° at 300 MeV and 0.01° or less at
from that of the external legs. This is an important subtlety200 MeV for F and G waves and even smaller for higher
that we account for accurately in our calculations; neglectingartial waves.
this effect causes a systematic error of the order of 100%. Since the pion is involved in almost all diagrams consid-
Numerical results for this class of diagrams are given inered in this study, the CSB effect depends on#heN cou-
Tables Il and IV, column “2rNN.” pling constant. In the present calculations, we follow the
(4) 27 exchange wittN A intermediate state§27NA), Bonn model7]: we assume charge independence of the cou-
Fig. 3. This class of diagrams causes by far the largest CSBling constant and udéNN/47r=O.0795 which, via E¢10),
effect on the scattering lengifTable 1) as well as on the  translates intog?y/4m=14.4. In recent years, there has
phase shiftsTable 1V). Again, it is important in all of these peen some controversy about the precise value ofrtRél
diagrams to take the intermediate-state nucleon mass cogoupling constant. Unfortunately, the problem is far from
rectly into account. being settled. Based upoNN phase-shift analysis, the
(5 27 exchange with\A intermediate state¢2mAA),  Nijmegen group [14] advocates the “small” charge-
Fig. 4. The effects are smaller than forrRIA because there jhgependent valug?/4m=13.51), while a very recent de-
are no nucleon intermediate states. Thus, the nucleon magsmination by the Uppsala groufd5] based upon high-
splitting affects only the outer legs which typically results in hrecisionnp charge-exchange data at 162 MeV seems to
a small effect. _ _ _ confirm the large “textbook” valueg’./4mw=14.53).
Gr;?))hiq::g Ilixfrr:::/?:\al IXIV g?aglrglrégtggr:ide'a;gtg:g?gyhl r,\é)blac- Other recent determinations are in between the two extremes:
’ The VPI group[16] quotesg?/4m=13.77(15) fromzN and

ing, in each diagram of Fig. 2, one pion byaneson of the o )
same charge statbecause of this simple analogy, we do not'\IN analy5|s_ with no e"_'degce for charge dependeznce. Bugg
and Machleidf17] obtaing’ ./47=13.69(39) andy’ /4w

show themrp diagrams explicitly hene In our calculations, ! X
the CSB effects of therp diagrams withNN intermediate  =13.94(24) from the analysis dfiN elastic data between
states are taken into account accurately. The effect is typR10 and 800 MeV. Because of this large uncertainty in the
cally opposite to the one from7\N exchange. 7NN coupling constant, |j[ is of interest to know how the
(7) mp exchange witiN A intermediate stategmpNA). CSB effects depend on this constant. Naturally, thec®n-
Concerning themp diagrams withA intermediate states a tributions are proportional tg;, [18] and themp ones tog? .
comment is in place. In the Bonn mod@l], the crossedrp  Since the two contributions caryn general opposite signs
diagrams withA intermediate states are included in terms ofand vary in their relative magnitude from partial wave to
an approximation. It is assumed that they differ from thePartial wave, there is no simple rule for how the total CSB
corresponding box diagranise., the diagrams on the left- effect depends ow,. The valuegZ/4w=13.6 is currently
hand side of Fig. 3 and the ones in the first row of Figa) 4 fashionable among the new generation of high-precisidh
and 4b), but with oner replaced by ong] only by the  potentials[19-21]. For that reason, we have repeated our
isospin factor. Thus, therp box diagrams withA interme-  CSB calculations using?/47=13.6 and find that the total
diate states are multiplied by an isospin factor that is equal tdacgg is reduced by about 15% as compared to the calcula-
the sum of the isospin factors for box and crossed box. Théon using ng/47-r= 14.4 (Table ). The phase-shift differ-
7pNA effect is in general substantial and typically of the ences are reduced by roughly the same percentage in most

opposite sign as compared terRA. partial waves. The exact numbers fgf/47=13.6 will be
(8) 7mp exchange witlAA intermediate state$mpAA). published elsewhere.

The effects are very small.
(9) Further 37 and 47 contributions (7o + 7w). The IV. SUMMARY AND CONCLUSIONS

Bonn potential also includes somer&xchanges that can be

approximated in terms of o diagrams and 4 exchanges of Based upon the Bonn meson-exchange model folNtNe

7w type. The sum of these contributions is small. Thesdanteraction, we have calculated the CSB effects due to
diagrams havé&\N intermediate statesimilar to Fig. 2, but  nucleon mass splitting on the phase shifta\dfl scattering
with one of the two exchanged pions replaced by an isospinand the singlet effective range parameters. We give results
zero bosojpand, thus, are of intermediate range. Except forfor partial waves up td. =2 and laboratory energies below
1s,, their effect is negligible. 300 MeV.

This finishes our detailed presentation of the relevant dia- A remarkable finding is that the experimental CSB differ-
grams and their CSB effects which are plotted in Figs. 5 aneénce in the singlet scattering length can be explained from
6. The total CSB splitting of the singlet scattering lengthnucleon mass splitting alone.
amounts to 1.58 fnfcf. last column of Table)lwhich agrees Concerning phase shift differences, we find the largest in
well with the empirical value 150.5 fm, Eq.(5). The sum the 1S, state where they are most noticeable at low energy;
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TABLE IV. CSB phase shift difference8n degreep as defined in Eq(22) from the various 2r and
mp-exchange contributions as defined in the text.

Tian (MeV) 27NN 27NA 27AA 7pNN mpNA mpAA Sum
'S
1 0.424 2.184 0.808 -0.592 -1.418 0.154 1.561
5 0.224 1.190 0.436 -0.317 -0.776 0.086 0.843
10 0.164 0.909 0.336 -0.242 -0.597 0.067 0.636
25 0.099 0.648 0.248 -0.182 -0.452 0.049 0.410
50 0.059 0.514 0.204 -0.138 -0.366 0.044 0.318
100 0.012 0.406 0.168 -0.105 -0.317 0.044 0.207
150 -0.005 0.392 0.180 -0.106 -0.331 0.049 0.180
200 -0.020 0.395 0.190 -0.108 -0.360 0.061 0.158
300 -0.065 0.405 0.223 -0.113 -0.413 0.080 0.117
3p,
5 -0.001 0.001 0.000 0.000 0.000 0.000 0.001
10 -0.003 0.004 0.001 0.000 0.001 0.000 0.002
25 -0.012 0.013 0.002 0.000 0.003 -0.001 0.006
50 -0.022 0.024 0.004 0.001 0.006 -0.001 0.012
100 -0.036 0.038 0.006 0.001 0.011 -0.002 0.018
150 -0.044 0.044 0.007 0.000 0.014 -0.003 0.019
200 -0.051 0.049 0.008 0.000 0.017 -0.003 0.019
300 -0.064 0.057 0.009 -0.003 0.022 -0.004 0.017
3p,
5 0.001 0.001 0.000 0.000 0.000 0.000 0.001
10 0.002 0.003 0.000 -0.001 -0.001 0.000 0.004
25 0.006 0.011 0.001 -0.002 -0.004 0.000 0.011
50 0.013 0.029 0.002 -0.006 -0.013 0.000 0.025
100 0.024 0.063 0.005 -0.014 -0.032 0.000 0.046
150 0.032 0.100 0.007 -0.024 -0.056 -0.001 0.059
200 0.038 0.139 0.009 -0.036 -0.074 -0.002 0.073
300 0.050 0.217 0.011 -0.051 -0.143 -0.001 0.083
1p,
25 0.001 0.001 0.000 0.000 0.000 0.000 0.002
50 0.003 0.005 0.000 0.000 -0.001 0.000 0.007
100 0.010 0.019 0.002 -0.002 -0.005 0.000 0.024
150 0.016 0.041 0.003 -0.004 -0.013 0.000 0.043
200 0.021 0.071 0.004 -0.005 -0.029 0.000 0.061
300 0.027 0.142 0.009 -0.011 -0.065 -0.001 0.100
3p,
5 0.000 0.001 0.000 0.000 0.000 0.000 0.002
10 0.001 0.004 0.001 0.000 -0.001 0.000 0.005
25 0.003 0.015 0.006 -0.002 -0.003 -0.001 0.018
50 0.005 0.035 0.014 -0.005 -0.007 -0.003 0.039
100 0.006 0.075 0.033 -0.013 -0.016 -0.007 0.078
150 0.005 0.102 0.047 -0.019 -0.025 -0.011 0.099
200 0.003 0.120 0.054 -0.022 -0.032 -0.014 0.109
300 -0.001 0.155 0.083 -0.031 -0.044 -0.021 0.142

e.g., at 1 MeV, the difference is 1.8°, indicating that tire  smaller than what is required phenomenologically to solve

nuclear force is more attractive than thp one. Thels, the so-callech, puzzle in elastic nucleon-deuteron scattering

phase-shift difference decreases with increasing energy arftl low energie$22].

is about 0.15° at 300 MeV. The major part of the CSB effect comes from diagrams of
The CSB effect on the phase shifts of higher partial wave®m exchange where those withA intermediate states make

is small; inP andD waves, typically of the order of 0.1° at the largest contribution. We also study the CSB effect from

300 MeV and less at lower energies. This is substantiallyrreducible diagrams that exchangerandp meson. To our
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FIG. 5. CSB phase-shift diﬁerencés&ééé (in degreesas defined in Eq(22) for laboratory kinetic energie§,,, below 300 MeV and
partial waves with.<2. The CSB effects due to the kinetic energy, OBE, the entiraribdel, andrp exchanges are shown by the dotted,
dash-triple-dotted, dashed, and dash-dotted curves, respectively. The solid curve is the sum of all CSB(®ddesxt for further

explanations.

knowledge, this class of diagrams has never before been cothat generates it. This is true for our result, which is why we
sidered in any calculation of the CSB nuclear force. We findhave confidence in our findings. In the Bonn model, a cutoff
that thewp diagrams give rise to non-negligible CSB con- mass of 1.2 GeV is used at the pion vertices, while Coon and
tributions that are typically opposite to ther2effects. In  Niskanen use 1 GeV. This may explain why our overall con-
most partial waves, thep effect reduces the CSB fromm2  tribution from 27 exchange is larger. On the other hand, our
exchange of the order of 50%. model also includes the importamtp diagrams(which are
Coon and Niskanef23] have investigated the CSB effect omitted in Ref.[23]), which reduce the overall CSB effect.
on the singlet scattering length from the diagrams of Figs. 2 It is interesting to note that thAacsg=0.37 fm which
and 3, using a nonrelativistic model. Their total resultwe get from 27NN compares well with theAacgg
Aacgg=1.56 fm(applying the de Tourreil-Rouben—Sprung =0.30 fm obtained by Coon and Scadrfi2b] using the
NN potential[24] and a cutoff mass of 1 GeV at the pion Partovi-Lomon model[26] which is a model for Z ex-
verticeg agrees well with our total. However, there are largechange that takes only nucleons into account in intermediate
differences in the details: from72NN and 2rNA, Coon and  states.
Niskanen obtain 1.28 fm and 0.24 fm, respectively, while we From the diagrams displayed in Figs. 3 and 4 it is evident
get 0.37 fm and 1.85 fm, respectively. Thus, the ratio of thethat additional CSB could be created fraxamass splitting.
two contributions is very different. From Réf7] it is known  Unfortunately, the charge splitting of th&(1232)-baryon
that the 2rNA contribution to the nuclear force is about 4 mass is not well knowf®]. Since our present investigation is
times the one from Z2NN. It is reasonable to expect that the restricted to reliably known baryon-mass splitting, we do not
CSB effect scales roughly with the size of the contributionconsider anyA-mass splitting and use the average value for
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FIG. 6. Similar to Fig. 5, but here the individual contributions from the &d 7p exchange are shown. The CSB effects due to the
27NN, 27NA, 27AA, wpNN, and @mpNA + mpAA) diagrams are shown by the dashed, solid, dotted, dash-dotted, and dash-triple-dotted

curves, respectivelySee text for further explanations.

the A mass(1232 Me\) throughout. It is, however, worth- titative model. Thus, current chiral models for ther 2x-
while to mention that our model includes everything neededthange are ndiyet) suitable for reliable calculations of CSB.
for a systematic investigation of CSB effects caused by ai©®ne may then raise an interesting question: What has to be
assumed\-mass splitting. This may be an interesting topic changed in the Bonn model to make it chiral? This question
for a future study. can be answered precisely. The diagrams in Figs). 2nd

In recent years, nuclear physicists have become increa®b) of Ref.[27] have to be added to the Bonn model; that is
ingly concerned with chiral symmetry which is an approxi- essentially all. These diagrams include the Weinberg-
mate symmetry of QCD in the light-quark sector. In the light Tomozawa==NN vertex which is a crucial ingredient of
of these new views, thBIN interaction should have a clear any nonlinear realization of chiral symmetry. However, it
relationship with chiral symmetry. The Bonn model that ourhas been found independently by different gro{ipg—29
investigation in based upon is, by construction, not a consisthat the 2r-exchange diagrams which include the Weinberg-
tently chiral model. Chiral models for thEN interaction = Tomozawa vertex make a very small, essentially negligible,
and, in particular, chiral models for ther2exchange have contribution to theNN interaction. One may then expect that
recently been constructed by various gro{ipg—29. How-  the CSB caused by these diagrams is also very sigll
ever, most of these models are applicable only for the peThus, there are reasons to believe that the results of this
ripheral partial waves ol N scattering and not fo waves, study may be of broader relevance than what(foemally)
and if there are predictions fd8 waves, they are only of nonchiral character of our model suggests. Of course, the
gualitative nature. The CSB effect in the singlet scatterindinal and reliable answer of the question under consideration
length is a very subtle effect and, therefore, requires a quaréan only come from a “perfect” and quantitative chiral
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model for theNN interaction that is applicable i8 waves nearly vanish ilNN. Our finding that the empirically known
and for the calculation of scattering lengths. In view of theCSB in the nuclear force can be explained solely from
problems raised concerning scattering length calculationaucleon mass splittinfeaving essentially no room for addi-
with chiral models[31,32 and in view of the continuing tional CSB contributions fronp®-w mixing or other sourcés
general controversy concerning cutoff versus dimensionafits well into this new scenario. However, since the issue of
regularization, it will take many years until a reliable calcu- the g2 dependence gf%w exchange and its impact diN

lation of this kind can be done. Thus, for the time being, itjs hy no means settletsee Refs[3,36] for critical discus-

may be comforting to have at least our present results.  gjong and more referendett is premature to draw any defi-
Traditionally, it was believed that™-» mixing explains e conclusions.

essentially all CSB in the nuclear force. However, recently
some doubt has been cast on this paradigm. Some research- This work was supported in part by the U.S. National
ers[33-39 found thatp®-w exchange may have a substan- Science Foundation under Grant No. PHY-9603097 and by

tial g° dependence such as to cause this contribution tthe ldaho State Board of Education.
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