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Determination of the chiral coupling constantscy and ¢, in new pp and np partial-wave analyses
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As a first result of two new partial-wave analyses, one ofgheand another one of thep scattering data
below 500 MeV, we report a study of the long-range chiral two-pion exchange interaction which contains the
chiral coupling constants,, c;, andc,. By using as input a theoretical value for we are able to determine
in pp as well as innp scattering accurate values fog andc,. The values determined from tlpgp data and
independently from thep data are in very good agreement, indicating the correctness of the chiral two-pion
exchange interaction. The weighted averagescre—4.78(10)/GeV andc,=3.96(22)/GeV, where the
errors are statistical. The value of is best determined from thep data and that o€, from thenp data.

DOI: 10.1103/PhysRevC.67.044001 PACS nuniderl3.75.Cs, 11.80.Et, 12.39.Fe, 21.38.

[. INTRODUCTION determined accurately in an energy-dependent PWA of the
pp data below 350 MeV. An analysis of thgp data, how-

It is beyond doubt that the longest-range strong two-ever, is much more difficult, because not only thel phase
nucleon (NN) interaction is the one-pion exchang®PE  shifts but also thé=0 phase shifts contribute. Moreover, the
force. Despite more than 50 years of research, the nature gfp data base, while extensive, is by far not as accurate and
the medium-rang®& N interaction is not so well understood. varied as thep data basé9]. In a PWA of only thenp data

What seems clear is that it contairis: A strongly attractive . X : .
central force(ii) an isospin-dependent tensor force oppositebeIOW 350 MeV, it has always been impossible to determine

in sign to OPE, andiii) a rather strongly attractive spin-orbit &/l the importantnp phase shifts. Therefore, the standard
force. It was discovered in the early 60s that all these feaPractice has been to take the=1 phase shifts, with the
tures follow naturally from the exchange of scalar and vectoexception of the'Sy phase shift, from thep PWA, with or
mesons, which led to the development of the one-boson exwithout corrections for the Coulomb interaction and/or the
change(OBE) model of theNN interaction. The role of the #"-7" mass difference in OPE. Since it has long been
two-pion exchangdTPE) interaction and its interplay with known that there is a sizable charge-independence breaking
the exchange of heavy mesons that decay into two pions hgg|B) in the 'S, phase shifts, the'S, np phase shift is

for a long time remained elusive. always fitted independently of thkS, pp phase shift.

In recent years, however, the situation has improved. The This approach toyp PWA was also followed in the past

derivation of at least the long- and medium-range nuclea I .
forces can be formulated in a model-independent manner bE)y the Nijmegen group. In 1993 the results of the first

; : . ; ijmegenpp andnp PWA's below 350 MeV were published
?1?7/]5_ t?rr]n gg(r:tic?lﬁg?ntsrzgnloﬁgra?ngg |rTaIIDé_ ?g{:ggclﬁgn O(Iagct:)[e)i’)f‘ Ref.[10]. An at.tempt at that time to extract all the impor-
derived unambiguously, where the effects of the exchange gRNtNP phase shifts, both=0 andl =1, from thenp data
broad heavy mesons are incorporated in effective low-energ§@se below 350 MeV failed, although it was possible to de-
chiral coupling constants. Most importantly, chiral symmetrytermine the*P np phase shifts when the=1 waves for¢
and its breaking are correctly implemented in this approach=>1 were taken over from thep PWA93[11].

In Ref. [7], we studied this long-range chiral two-pion It has been customary to perforliN PWAs without in-
exchange ¢ TPE) interaction in an energy-dependent partial-elasticities up to 350 MeV, although pion production starts
wave analysigPWA) of the proton-proton §p) scattering already at 280 MeV. It can be shown that the inclusion of
data below 350 MeV. The presence pTPE in the long- inelasticities in thepp PWA below 350 MeV improves the
rangepp force was demonstrated, and the chiral couplingy? .. slightly. Already some time agd 2], the Nijmegerpp
constantsc; andc, were determined from thpp data. In PWA was extended to energies far above the pion-production
this paper, we address the question whether the sghRE  thresholds, with the inclusion of inelasticities. When, in
force allows' also a good description of the neutron-protom gg4, thenp PWA was extended to 500 MeV, it turned out to
(np) scattering data below 500 MeV. Moreover, we presenfye possible, for the first time, to determine uniquely all the
new, precise determinations of the chiral coupling CO”Stamﬁnportantnp phase shifts, both=0 andl =1, from thenp
c; andc, from the pp and np data separately. Accurate gata alond13]. Such a separate PWA of the data, without
yalue_s of these_ chiral coupllng constants are an |mportar]];]put from thepp PWA for thel =1 waves, is, in principle,
input in calculations of, for instance, the two-pion exchang€nore model independent. A comparison between the phase
three-nucleon forcgs]. shifts from such an independenp PWA and the corre-
sponding phase shifts from thgp PWA provides informa-
tion about possible CIB in the=1 waves.

Because of the high quality of thep data base all thpp The Nijmegen energy-dependent PWA's can be used as a
phase shifts with orbital angular momentufs<4 can be tool to study the long-rangdIN interaction[7]. The long-
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range forces are included exactly, in order to ensure that thEomozawa seagull vertices. It contains isospin-independent
partial-wave amplitudes acquire the proper fast energy despin-spin and tensor terms and an isospin-dependent central
pendence from the nearby left-hand singularies due to thegerm.

long-range forces, while the short-range interactiomsre In subleading order, next to nonstatic corrections to the
remote left-hand singularitigs responsible for a much planar and box diagrams, additional triangle diagrams appear
slower energy dependence, are parametrized. This strategywsich contain three neW N 7 interactiong 2]. The corre-
implemented by solving the Schiinger equation with an sponding chiral coupling constants are denoted di
energy-dependent boundary conditidBC) at somer=>b =1,3,4). (Unfortunately, they are not scaled to obtain di-
and forr >b the long-range\NN interaction. This long-range mensionless numbers and their values are conventionally
force contains the electromagnetic interactipe., in thepp  given in GeV 1) They are defined by the following terms in
case the improved Coulonjt4], the magnetic-momefi5],  the chiral Lagrangian density:

and the vacuum-polarizatidi 6] interactions, and in thap

case the magnetic-moment interact{d®]), the OPE inter- L= —ﬁ[gch—lmi7}2/F§T+4C35M. DH
action, in thenp case also the pion-photonr{y) exchange o .
interaction[17], and the long-range part of theTPE inter- +2c¢40,,7-D*XD"]N, 1)

action[7]. The BC is parametrized as an analytic function of _ _

energy, and the parameters, representing “short-range phy#here F =185 MeV is the pion decay constanD=1
ics,” are determined from a fit to the data. The option also+ WZ/FET, and the chiral-covariant derivative of the pion
exists to fit simultaneously some of the parameters in thgg|q » is 5,u:D—l(9M7;/FW_ Thec, andc, terms are mani-

long-range interactions, viz. the pion-nucleon coupling COntestly chiral invariant. The, term, which is proportional to
stants[18-20 and/or the chiral coupling constants(i m2., violates chiral symmetry explicitly and is related to the

=1,3,4) inxTPE[7]. much-discussed pion-nucleen term [24]. Using the ratio-

The newpp andnp PWAS that we discuss here will be 51704 nseudovector pion-nucleon coupling consfarthe
referred to ag'PWAO3. They differ from the old PWA93, in relation Fr)ead$25] P ping

several aspects.

(i) The energy range is extended from 350 to 500 MeV.

Instead of the 178pp data and 2514 p data in PWA93, we ci=—
now have 5109 p data and 478@&p data[21].

(ii) All the np phase shifts can be determined from the
data alone, instead of taking the=1 phases from thep  Wherem,=138.04 MeV is the average pion mass, ang
PWA and correcting them. =m_,+ is the scaling mass conventionally introduced

(iii ) Inelasticities are taken into account. to makef dimensionless. Equatiof2) holds in orderO(g®)

(iv) For r>b a different non-OPE strong interaction is in the chiral expansion in small moment¢aand the pion
taken. In PWA93 the heavy-meson exchanges of thénass[25]. An additionalc, term is not given in Eq(1),
Nijmegen soft-core OBE potentif22] were used. Motivated Since it does not contribute to thel PE potential to sublead-
by the success of Refi7], where an excellent description of ing order. However, it does contribute to the isoscatéd
the high-qualityp p data base below 350 MeV was obtained, scattering amplitude at the same ordercasandcs.
we use inyPWAO3 theyTPE potential. In subleading order thg TPE potential gets contributions

(v) A minor difference between PWA93 and®WA03 is  to the central, spin-spin, tensor, and spin-orbit potentiztls
that we take herd=1.6 fm, while in PWA93b=1.4 fm  Table 1 in Ref[7]). Important components af@ A strong
was used; in Ref[7] we used bothb=1.4 fm andb isospin-independent central attraction due toahéerm, (ii)
=1.8 fm. an isospin-dependent tensor force opposite in sign to OPE

Details of yPWAO3 (data, phase shifts, efowill be pre-  due to thec, term, and(iii) an attractive isospin-independent
sented elsewherf23], here we focus on testing the long- spin-orbit force from nonstatic terms of the planar- and
rangey TPE interaction in the@p andnp systems below 500 crossed-box diagrams. The values of ¢iie are not fixed by
MeV. chiral symmetry and must be determined from the experi-
mental7N or NN scattering data.

The long-rangey TPE potential derived in the framework
of the effective chiral Lagrangian is completely model inde-

The xTPE potential can be derived by a systematic expendent. Any dynamicahodel[26,27] for the TPENN in-
pansion of the effective chiral Lagrangiah—7]. The form  teraction, containing, e.g., the(or “ ¢” ) ande mesons, the
that is appropriate for use in the relativistic Safirmer pomeron, and/oN andA isobars, has to reduce to this form
equation and that is consistent with our choice of includingfor larger. These models should also predict values for the
the minimal-relativity factorM/E in the OPE potential is c¢;’s consistent with the determinations from thé&l andNN
specified in Ref[7] (see also Ref.3]). scattering data.

The leading-ordery TPE potential consists of the static  The breaking of charge independence due totiesn®
planar- and crossed-box TPE diagrams, calculated with theass difference in the OPE potential is taken into account
derivative(pseudovectgrNN Lagrangian, and the triangle exactly, as it was already in PWA930]. In the YTPE po-
and football diagrams with the nonlineliN77 Weinberg-  tential, we include the terms linear in the"-7° mass dif-

o 9 f2
—+—=—m
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ference, following Ref[28]. One charge-independent pion-
nucleon coupling constaif0] is used in both the OPE and
the xTPE potentials. In the long-range interaction for b
only the chiral coupling constants (i=1,3,4) remain then
to be determined.

45 PP .

-1
c, (GeVv™)

IV. RESULTS

In our previous study7] of yTPE it turned out that;
could not be determined accurately from thp data base
below 350 MeV. When we fitted;, c3, andc, simulta- 4k np
neously, we founcc,;= —4.4(3.4)/GeV, where the error is
statistical. A strong correlation was obtained between the
values ofc; andcs. Therefore, we used E@2) to fix the

value of ¢;. Assuming that ther term has the low value
o=35(5) MeV [24,29, Eqg. (2) givesc,=—0.767)/GeV,
where the error is theoretical. We used the central value
=—0.76/GeV as input in the PWA, and determined
in Ref. [7] the values c;=—5.08(28)/GeV andc, 35 4
=4.70(70)/GeV, where the errors are statistical. One note
that from thepp data below 350 MeV the value af; could . .
be extracted rather precisely, whitg was pinned down less 5 45
accurately. ¢y Gev'Y

The value extracted far; from the data below 500 MeV
would also not be accurate enough to shed light on the value g 1. Ellipses of constang? in the (cs,c,) plane. Shown are
of the o term, since the statistical error fon obtained in  the y2=y2. +1 ellipses in thepp PWA and in thenp PWA. The
Ref. [7] would have to be reduced at least by a factor ofcenters of the ellipses correspond to the minima4n
about 20. We therefore decided to use also here the value
¢;=—0.76/GeV as input value, and to determmeandc,  (c3,c,) plane, both for thepp and thenp case.(These el-
from direct fits to thepp data and independently also from Jipses, of course, are determined with optimalization of all
fits to thenp data. the BC parameters.

We analyzed 5109 p data below 500 MeV using 33 BC  The values of; andc, determined from th@p and from
parameters, and we reachef;,=5184.3. The optimal val- the np data are in good agreement. The value dgrdeter-
ues forcz andc, and their(1 standard deviatiorerrors as  mined from thepp data is more than twice as accurate as the

determined from thespp data are value from thenp data, while forc, the situation is reversed:
the value from thenp data is twice as accurate as the value
ca=[—4.7811)+80(f*~0.0755]/GeV, from the pp data.
We also determined the weighted averages with errors.

c,=[3.9252)+26Qf*~0.0755]/GeV, (3 Wwe get

where also the dependence on M7 coupling constant? c3=[—4.7910)+84(f2—0.0755]/GeV,

is displayed. The correlation parametelpis- —0.47. These

values forc; andc, are consistent with and more accurate c,=[3.9622)+79f2—0.0755]/GeV. (5)

than those found in Ref.7] from the pp data below 350
MeV. The errors are statistically only. Systematic errors arerhese are our best values, following from all fhe andnp
difficult to assess and require further study. scattering data below 500 MeV, which amounts to a total of

For np scattering, we analyzed 4786 data below 500aimost 10,000NN data. In Table | we list our results fax
MeV. In this case, we needed 40 BC parameters and reacheghdc,, for f2=0.0755.

xZ:,=4806.2. The chiral coupling constants, their statistical
errors, a.nd their dependence on tiibl7r coupling constant V. DISCUSSION AND SUMMARY
are in thisnp case,
We have determined accurate values for the chiral cou-

cs=[—4.7722)+100f*~0.0755]/GeV, pling constants; andc, from thepp and thenp scattering
data below 500 MeV. The values for thgs (i=1,2,3,4) can
c,=[3.9724)+40(f>—0.0755]/GeV. (4) also be determined from PWA's of theN scattering data by

fitting the amplitudes predicted leavy-baryopchiral per-
The correlation parameter is=0.22. In Fig. 1, we show the turbation theory ¢PT) to thewN scattering amplitudes ob-
results forc; andc,, for f2=0.0755. Plotted are the posi- tained from these PWA'. In the several such determinations
tions of thex? minima and they?= x2,,+1 ellipses in the (for a discussion of the status, see H&D]) the value ofc,
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TABLE I. Comparison of the chiral coupling constamts(i =1,3,4) (in units of 1/GeVf from different
analyses. TherN results correspond to analyses to or@€0°) in xPT. The input values of the term are
in MeV. (For a discussion of the meaning of the errors, see the) text.

Reference o (o C3 Cy
N [31] 45(8) —-0.91(9) —5.16(25) 3.63(10)
N [32] 40(8) —-0.81(12) —4.70(1.16) 3.40(04)
pp [7] 35(5) —0.76(7) —5.08(28) 4.70(70)
pp This work 35(5) —0.76(7) —4.78(11) 3.92(52)
np This work 35(5) —0.76(7) —4.77(22) 3.97(24)
NN This work 35(5) —-0.76(7) —4.78(10) 3.96(22)
is found to lie in the range between4.70 and—6.19, and Our results correspond to a long-range interaction that

the value ofc, in the range between 3.25 and 4.12. Theincludes the leading and subleadig@PE diagrams. Higher-
values that are found for; andc, depend on the order in order corrections fory TPE and the leading three-pion ex-
xPT of the amplitudes, as well as on the specifid PWA  change diagrams have been calculated by Kdi38}, and
that is used. They also depend on what value is used for thean, in principle, be included as well. Work along these lines
o term, because this value fixes the valuecof In xPT the  js continuing.

isovector mN amplitudes can be predicted more accurately |n summary, the long-range part of theflPE potential
than the isoscalar amplitudes, because in leading order thgs included in energy-dependent PWA's of {he and the
latter are zero. Therefore, can probably be pinned down np scattering data below 500 MeV. Good fits to the data
better tharcs. The value oft; is, moreover, strongly corre-  were obtained. In thep PWA all the phase-shift parameters
lated with the values of, andc,. In Table I, we also listed  ¢coyid be determined without input from thEp system. We
the \éal_ues obtained for thg's intwo 7N analysegto order  .onclude that OPE plugTPE provides a high-quality long-
0O(q®) in xPT] that assume, like us, an acceptably low valuerange strong two-nucleon interaction. Accurate values for the
for the o term. (From Ref.[31], we list only thec;'s corre-  chiral coupling constants, and ¢, of chiral perturbation
sponding to one of the fits witf?=0.076) theory were obtained from thep and thenp data separately.

A problem with these determinations of thgs from the  The values agree very well with each other, and they are also
mN scattering data is that they are not determined directlyn good agreement with the range of values obtained from
from the data, but from fitting to the amplitudes of existing pjon-nucleon scattering amplitudes. We consider this agree-
PWAs that have no reliable errors. For instance, in severapent to be experimental evidence that §iEPE interaction,

Helsinki dispersion analysis were used. The amplitudes

of that PWA have no associated errors and, what is worse,

are in disagreement with the modern day data base. That

analysis produced the high valfé=0.079 for the pion- ACKNOWLEDGMENTS
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