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Isospin violation in the &N system at low energies
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The low-energymN interaction is investigated with the use of a relativistic isospin-symmethcmodel
based on scalar-isoscalar and vector-isovector exchanges in d¢hannel, and the nucleon ankisobar
contributions in thes andu channels; the small contributions from the well-establishaddp higher(baryon
resonances are also taken into account. In the region of elasticity, the model provides a firm basis for analyzing
the experimental data. The analysis of(adicentand old) 7N measurements betwegpion laboratory kinetic
energy of 20 and 100 MeV has been achieved with the implementation of robust statistics. Provided the
correctness of the bulk of the experimental data and the completeness of the electromagnetic corrections
applied to the scattering problem, this work provides overwhelming evidence for isospin-symmetry breaking of
the strong interaction in theN system[S0556-28137)03212-3

PACS numbgs): 13.75.Gx, 11.30.Hv, 25.80.Dj

I. INTRODUCTION the higher partial wave§.e., other thars and p) are tiny,
and, finally, there is no need for the introduction of form
The construction of the three meson factoriedMPF, factors.
PSI, and TRIUMF inaugurated a new era in the experimen- It was shown in Ref.[3] that a relativistic isospin-
tal and theoretical investigation of the pion-nucleomN)  symmetric model consisting of scalar-isoscalar and vector-
system. The existence of an abundance of measurementgyvectort-channel exchanges, along with the nucleon and
now permits one to delve into the question of the low-energythe A-isobars- and u-channel graphs could account for the
structure of the theory of the strong interactions, i.e., of the;N phase shiftgat least up to the energy of the 5 reso-
quantum chromodynamidQCD); one of the principle fea-  nance. The model also provided a method for the determina-
tures of QCD is that chiral and isospin symmetry are almosfion of the relevant low-energy hadronic constants; in that
exact properties of its Lagrangian. . work, the parameter values were obtained from fits to the
The quark masses are free parameters in QCD; at loWarisruhe-HelsinkiKH80) phase-shift solutiofd], which is
energies, only the lightu andd) quarks are important. The (aimost exclusively based on measurements conducted in
amount of breaking of isospin symmetry in the strong inter-the pre-meson-factory era.
action is expected to lead to a precise determination of the |n the present work, the principle aim is the investigation
light-quark massefl]. _ . of the isospin symmetry of the strong interaction in thi
The usefulness of an analysis of the low-enefgion  system at low energies. This goal will be achieved in the
laboratory kinetic energyl ;<100 MeV) =N data in this  following two steps.
context is twofold. (a) Atlow energies, QCD is highly non- () The internal consistency of the data in the three low-
perturbative. Due to this reason, an effective-field approac@nergy experimentally accessiotN channels, i.e., the two
(respecting the properties of the QCD Lagrangiaas been  g|astic-scattering processes-{p) and the single-charge-
put forward(for a recent review, see Refd]) to account for  gychange(SCX) reaction ¢r p— #°n), will be investi-
the (low-energy hadronic phenomena; the chiral-pertur- gated. Each of these reactions will be analyzegarately
bation theory(xPT). The lower the energy is, the bettéPT  Ropyst statistics will be implemented in the problem. With
is expected to workthe effective Lagrangian is expanded in the exception of a few measurements whiatmost entirely
a Taylor series in the momenta involyedThe physical pertain to ther*p set, the internal consistency of the data
quantities, describing the interaction at low energies, starfzse will be proven.
now to become accessible to calculations performed within () The hadronic amplitudes obtained at stap(as well
the framework ofyPT, e.g., see Ref2]. (b) The lower the a5 the one obtained from a combined analysis of the mea-
energy is, the more important the isospin-breaking effects arg,rements in the two elastic-scattering channeldl be
expected to become. This is due to the fact that(kieetic)  compared. The principle of isospin symmetry imposes a spe-
energies, associated with the interaction, become then comjsic restriction to these amplitudée.g., see the Appendix,
parable to the difference of the masses ofut@ndd quarks.  part 1), the fulfillment of which will be examined.
The advantages of axclusiveanalysis of the low-energy
7N data originate from the simplicity of the interaction there
[3]; the contributions from the higher resonandésat is,
. . i IIl. THE «N MODEL
other than thé\ 33) are small, the inelasticities are negligible, "
The extended tree-level model of RE3] exploits an im-
portant feature of therN dynamics, i.e.the weakness of the
*Electronic address: evangelos.matsinos@psi.ch; Fedl 56  interaction at low energiesHerein, it has been generalized
310 32 77, FAX:+41 56 310 43 62. with the inclusion of the derivative coupling of the scalar-
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FIG. 1. (@) The t-channel scalar-isoscalar exchangh) the
t-channel vector-isovector exchang&) the s- and u-channel
graphs with a nucleon in the intermediate state, @dhe s- and
u-channel graphs with A isobar in the intermediate state.

isoscalar to the pion field. The interaction Lagrangian, cor-

responding to therwo vertex, takes the form

TTo

AE(}'W: “OaneMy@: ﬂ¢+ m

d,m o . (D)

m

The ratio of the two coupling constants is denoted &y
(=h,6/9z5). Exempting the newly added coupling, all
details about the model may be found in Rf]. The (es-
sentia) contributions to thewN scattering amplitude are
shown (in the form of Feynman diagram# Figs. 1. Four

partial waveds, p, d, andf ) have been considered herein;

All other physical constants have been fixed at the values
recommended by the particle data grg6h m, was fixed at
the charged-pion mass. For reasons of compatibility with the
method incorporating the electromagnetic correcti¢sse
Sec. IV A), the proton massn is assigned to the nucleon.
The range of the scalar-isoscalar interactigpnwas obtained
from 7o phase shifts;m, =860 MeV/c? [6]. The small con-
tributions from the well-establishedfour-sta) s and p
higher (baryon resonancegwith masses up to 2 Gew#)
have also been taken into account; the states considered are:
P14(1440), S;1(1535), S;1(1650), P,5(1720), S;1(1620),
andP3;(1910). The higher resonances do not introduce any
free parameters.

The 7N model, thus constructed, contains the exchange
of | =J=0 andl =J=1 mesons in thé channel, and all the
well-established intermediate states below 2 GE\i the s
and u channels. Possible contributions from higher reso-
nances, other than the ones considered herein, are bound to
be negligible.

lll. THE EXPERIMENTAL DATA

The low-energymN data base consists of measurements
in three reaction channels, i.e., in the two elastic-scattering
processes and in the SCX channel. Measured are the follow-
ing physical quantities:

(a) Differential cross sectiondo/d()}.

(b) Partial-total cross sections,: Determined is the per-
centage of the projectileions, scattered between a mini-
mal laboratory scattering angig™" and 180°. Since the de-
termination of the beam attenuation involves the detection of
a charged pion in the final state, the total SCX cross section
is almost entirely included in the™ po,; measurements.

(c) Total nuclear cross sectiong : The raw partial-total
cross sectiongfor several values ob|"") are first corrected
for major electromagnetic effectghe contributions of the
Coulomb peak and the Coulomb-nuclear interfergnag is
defined as the extrapolated valueg8"=0°.

(d) Polarization or analyzing powek: Differential cross
sections on polarized targets are measured; the observable is
defined as the asymmetry rafidifference in the spin-up and
spin-down results divided by their sym

In the present analysis, included in the data baseatite
published7N experimental dat4737 data pointsbetween
20 and 100 MeV. The low-energy limit, assumed herein, is
dictated by the applicability region of the algorithm incorpo-

in the energy region assumed in the present analysis, only thating the electromagnetic corrections. Thep partial-total

s- and p-wave contributions are important.

The model parameterdo be determined from therN
datg are the following:

(@) G, and k., relating to the scalar-isoscaltichannel
exchange,

(b) G, (defined asG(" in Ref.[3]) and«,, (defined asc
in Ref. [3]), relating to the vector-isovectdrchannel ex-
change,

(c) g.nn @ndx, respectively, denoting theNN coupling
constant and the pseudoscalar admixture intheN vertex,
and

(d) g,na @ndZ, the former denoting therNA coupling

and total nuclear cross sectiofrsine entries in the energy
interval under consideratiorhave to be excluded, because
they contain thdlargep total SCX cross sectiofthus, min-
gling properties of two reaction channgls Let us now
come to a short description of the individual data sets com-
prising the data base.

The whole analysis was repeated with), fixed at 600 MeV£?2.
The changes, thus induced in the results, were found to be insig-
nificant.

20nly the six measurements dir/dQ of Ref.[7], which have

constant, the latter being associated with the spin-1/2 admiXseen taken close to 100 MeV, were excluded; they have not ap-

ture in theA-isobar field.

peared in a form permitting the{straightforwardl inclusion.
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A. The data in the elastic-scattering channels shifts 8N(e€). The nuclear phase shifts are used to construct

do/dQ: The data base consists of the recent measurdhe (partial-wave nuclear amplitudesthe Coulomb phase
ments (Refs. [8—15)), the data of Bertiret al. [16], Auld shifts are also taken into accounFinally, the spin-non-flip
et al. [17], and Ritchieet al. [18]. In order to treat all data (G) and the spin-flip ) amplitudes are obtaine@fter the
sets at the same footing, the individual contributions to thepure Coulomb contributions are addedll the interesting
normalization uncertainty in the measurements of Ref] physical quantitieqdifferential cross sections, partial-total
were summed quadraticallyt9]. and total nuclear cross sections, analyzing powers, and spin-
oy Data on theo, were published in Ref20]. Subse- rotation parametefsmay be easily determined in terms of
guently, the two lowest-energy entries were withdrd\&m] these amplitudege.g., see Refg37] and[3]).
and the results of a reanalysis, including the effects of a The 7N scattering amplitude, constructed on the basis of
beam-energy calibration at TRIUMF, became available rethe model, obeys the first principles of unitarity, analyticity,
cently[22]; herein, the values of Reff22] are used. The very | grentz invariance, and crossing symmetry. In the context of
recent measurements from LAMRES] have also been in-  he aim of the present work, the advantages of the method,

cluded. . implemented herein, over tHgaditionally usegl dispersion-
o Included are the data of Cartet al.[24] and Pedroni  (q|ation schemes are important
et al.[25]. '

(a) The values of the model parameters are obtained from
r]E)W—energy data exclusively.

(b) Separate analyses of the experimental data in any of
the three reaction channels are possible.

(c) The attribution of uncertainties to the important quan-
tities in this analysis is straightforward.

Analyzing power: The data base comprises the rece
measurements of Rd26] (at 68.34 MeV, and the measure-
ments of Refs[27] and[28] (at 98 MeV).

B. The data in the SCX channel

Measurements ofla/d{) have been published in Ref.
[29]; they have been taken in the region of tfe and
p-wave destructive-interference dip. Past measurements of B. The modeling of the data
do/dQ at 180° were published in Ref30]. The first three
coefficients in the expansion dio/d(Q) in a Legendre series
have been obtained at six energies in RE&.] and[32]. ) P :
The earlier measuremef83] of o at 90.9 MeV and the four [38]; they may be classified into two categories.

measurements of the analyzing power at 100 MeV from (a). True discrepancies, |nv0'IV|.ng measurgmentsor(g
TRIUMF [34] have also been included in the data base. reaction channel and taken at similar kinematical conditions.

Unfortunately, no results from the reanalysis of older ex-ggﬁgu;ieé:?rﬁéﬁi\ggglégf:g:%ec:g&; \s,\{:!gr:igg;%ec(tg:wo
perimental datgof do/d(}), taken at LAMPF(experiment ) €XP X Lo D
code number: 882 are yet availablé35]. Some additional provide the answer to this question; the outliédscrepant

measurements afo/dQ) (also from LAMPH at 27.5 MeV. measurementsare easily detected on the basis of their de-

are in a nearly-final stat86]. These values are expected to viation f“’m theb'ulk of the'datq. . . .
appear soon (b) Spurious discrepancies, involving experimental data in

differentreaction channels. Such effects may be physical if
the assumptions, underlying the data analysig., isospin
IV. THE ANALYSIS symmetry, are not valid.
A. The method In the present work, émaximum likelihood local M es-
timator, which emergeén a natural way from the features
of the experimental data, will be used. Let us introduce the
variablez (normalized residug| defined for thath entry of
a series oN measurements as

Inconsistencies among the low-energiN experimental
data have been discussed extensively over the past years

Followed is theK-matrix formalism[3]. The K-matrix
elements, obtained from the diagrams of Figgalso adding
the small contributions from the- and u-channel graphs
with the higher resonances in the intermediate state re-
lated to the corresponding hadronic phase shifie) via
the equation

3|t was recently stated by G. Hiter that a tree-level model cannot
k cot(d,(€))= K;l(e), 2 fully reproduce the properties afN amplitude in the unphysical
region. The remark relates to the cusp eﬁectammi (t is the
standard Mandelstam variapleindeed, thewN amplitude, con-
structed on the basis of the present model, is a smooth function of
two kinematical variables. However, fitting the model to the KH80
phase-shift solutiof4], one obtains a value for theN 3 term

where the indexa stands for the total isospin, orbital, and
total angular momentum of the particular chandeknd e
denote the pion center-of-ma@sm,) momentum and kinetic

energy, respectively. (tree-level approximationwhich is very close to what R. Koch

From the hadronic phase shifts to the level of il o, acted in 1982 based on thamephase shifts and using disper-
observables, the NORDITA algorithm has been strictly fol-gjon relations (in which the cusp effect is containgd62.5

lowed [37]. The corrections to the phase shifts and the+ g5 Mmev as compared to his 68 MeV, e.g., see Ref3]. This
(smal) inelasticities have been obtained from the tabulatedact might serve as an indication that the cusp effect in the unphysi-
values of Refs[37] via simple interpolations. The hadronic cal region does not substantially modify the extrapolation to the
phase shifts5,(€), obtained from th&-matrix elements of Cheng-Dashen point; its influence in the physical rediohich lies

the model via Eq(2), lead to the(so-called nuclear phase further away fromt=4m?) is expected to be negligible.
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yi—yi®
s (3)

Z=

wherey; is the optimal value estimated on the basis of the

parametric modely;”® denotes the measured value, and

1
analysis, the distribution of(y/(z)) for the measurements

involved is of great importance. Under the assumption that 5
the measurements are independent, the joint probability den § 75

sity function takes the form

N
J’f<|o)=i:H1 W(z), (4)

p denoting the parameter vector to be optimized. Sought is

the maximization ofF(p) or (equivalently of its natural
logarithm

N
In f(p>=i:21 In y(z). (5)

It is easy to verify that ifz is normally distributedas ex-

[}

T®is the uncertainty of the measurement. In a statistical § 100 |
B>
(5
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FIG. 2. The distribution ofz [see Eq.(3)] for the low-energy
7N measurement@ised as input The best Cauchgdashed curve

pected from the laws of statistics, i.e., from the central-limitand the best normatiotted curve fits are also shown.

theorem, then maximizing ItF(p) is equivalent to minimiz-
ing the standardy?® function (==\_;z%). However, in the
case of the low-energyrN measurementsg, was found to
follow a Cauchy distribution(see Fig. 2,

W(z)~ 172 (6)
dictating the minimization of the function
N
MF=> In(1+2%). (7)
=1

breakdown of the two components is lost, thus, disabling the
elaborate statistical analysis of Rp41] (which was recently
carried out for the case of the meson-factory™ p
differential-cross-section measuremeénts order to avoid
the introduction of bias in the present work, random and
systematic uncertainties were combin@piadratically for

all entries. It is true, of course, that the entries in one par-
ticular data set are all subject to the same treatment under
normalization(i.e., all have to be scaled upwards or down-
wards by the same amount in order to meet the optimal so-
lution). However, a reasonable assumption might be that the
effects of the normalization cancel out for a large number of

At this point, one has to remark that there is no theoreticallyata sets, especially so provided the diversity of the experi-

justified reason that the distribution nfshould be a Lorent-

mental techniques, groups, places, and times. In other words,

zian instead of a Gaussian; the deviation from the Gaussiatihe systematic uncertainties should behave like random un-
distribution signifies either an insufficient parametric modelcertainties for a large number of independent experiments.
or experimental flaws. It is also important to note that the

distribution ofz and the choice of the minimization function
are, in principle, linkedi.e., if ¢(z) is a Lorentzian, then one
should not minimize &? functiorf]. In reality, however, the
more robust a method is, the less crucial the choice of th
exact form of the estimator becomg29], e.g., there is no

C. The determination of the N amplitudes

Two isospin-breaking processes in thél system have,
ﬁp to now, been considered in the literat(iRefs.[42—44);
they are based on the’-w and »-7° mixing mechanisms.

danger in applying a robust technique in the modeling OfBoth are put to work in the vector-isovectochannel graph,

data with normally distributed. In the present analysis, the
standard MINUIT routineg40] of the CERN library have
been used throughout the optimization phase.

One word about the uncertainties in the experimental val
ues is promptThe uncertaintydy;*®, appearing in Eq. (3),
should, in principle, be the random uncertainty of the ith
entry. However, the uncertainties, relating to the majority of

the latter one also affects tlseandu channels. In both cases,
the scalar-isoscalar interaction is unaffectatius, enabling
the extraction of the three relevanfN hadronic amplitudes
To+p(€), f.-p(e), andfgcy(€) (for details, see the Appen-
dix, part 9 with the implementation of the following strat-
egy.

(a) Fits to thew ™ p scattering data are carried out varying

the old experiments, correspond to the quadratic combinatiopy panveen 30 and 60 GeV (a step of 5GeV? having
p

of random and systematic effects; the information about the

“Exceptions mark the domain of applicability of the Gauss-
Markov theorem.

een assumedthis interval corresponds to the extreme val-
ues found in the literaturée.g., see Ref3]). The # ™ p scat-
tering amplitudef .- ,(¢€) is constructed on the basis of 262
data points. The fits to the data involve the variation of seven
model parameter§.e., all, except forG ).
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(b) All attempts to obtain ther*p scattering amplitude have been obtained from the results of the separate fits to the
f-+p(€) from the data, following the procedure of cag  data[steps(a)—(c), see previous sectigriThe composition of
failed; the corresponding error matrices were not positivahe tails of these distributions, defined by the conditi
definite, thus, marking the results of the fits as unreliable~ 3 \as investigated.

This failure is due to the fact that only one isospin amplitude (a) =*p case: about 17% of the data occupy the tails of

. . 4 e o
is present in ther “p channel; this results in high correla- ., qictribution. 61% of the BERTIN76 dafa6] (i.e., 58%
tions among the model parameters. In order to enable a reli-

able extraction off .+,(€), one or more model parameters of all measurements satisfyirig|>3), along with the t.WO
had to be fixed. On the basis of the fact that the scalarCARTER71 measuremeni24], populate the lower tail of
isoscalar interaction is unaffected by tp8-w and 7-=° the distribution. The use of the data of Rdfk6] and[24] in
mixing mechanisms, the two parametds and x, were  nonrobustoptimizations certainly leads to very precarious
fixed, for each particula@, value, at the corresponding val- results. One-thirdeight entrie of the BRACK86 datg9]
ues obtained from ther~ p fits of case(a). Fits to thew*p belong to the upper tail of thedistribution. It should also be
scattering data were thus attempted for the se@givalues  mentioned that two of the recent data sétee BRACK90
and thew " p scattering amplitudé . +,(e) was successfully 66.8 MeV[12] and the JORAM95 32.7 MeY14] measure-
constructed from 428 data points. In the p case, the fits to  mentg have a shape which is in sheer contradiction with the
the data involve the variation of five model parameters foly |k of the measurements.

eachG, value. (b) 7 p case: 5% of the data base total of 13 entries

(c) Fits to the SCX scattering data were also .performedcorrespond to the tails of the distribution. The WIEDNER89
for the severG , values. Since the scalar-isoscalar interaction

cannot produce a neutral pion in the final st@tgrting from data se{11] yields more than ,h"’?” of these p.omts.

a charged projectile the two parameter§, and «, were (c) SCX case: no entry satlsfle_s the conditiaj™>3; the
fixed at zero. The SCX scattering amplitufigsy(€) is con- ~ SCX data base is internally consistent.

structed on the basis of 47 data points. The fits to the data In retrospect, the following conclusions may be drawn:
involve the variation of five model parameters for ed&h (a) The low-energyrN data base becomes internally con-
value. sistent in case that one rejects the true outliers which are

In all three case$a)—(c), healthy minima were obtained. present almost exclusively in the* p channel.

Combined fits to the measurements in the two elastic- (b) It may be easily deduced from Fig(i8 that, in the
scattering channels were also performed for the seven valuggse of the elastier_p channel, the measurements can be
of G,. In principle, one may blame any of the three reactionequally wel) described by both a Cauchy and a normal
channels for possible deviations from the principle of isospirygrm. With the exception of a few measurements, thep
symmetry. Hi)wsvert,)_thep;-w and 2[7"(;170 gnci:);i”gh mecrlla- Jata base is internally consistent.
nisms seem to be “biased” against the channel; only i ; )
one digrasee Rei(43 and{ i) for sospn beakng 1AM & SalSica analys of he SCx messure,
the eIasUc-scattgrlng channels has_ been put _for\ﬁlard,outliers were seen in this chanri@lig. 30)].
whereas at least five graphs are potentially present in the casée A th hi tiati f th qucti f the inout
of the SCX channel. The simultaneous description of the orough investigation of the reproduction ot the inpu
data in the two elastic-scattering channels was achieved arﬂf‘ta may be found elsewhelr5].
the amplitudef .- ,(€) was constructed on the basis of 690 _
data points. The fits to the data involve again the variation of B. Isospin symmetry
seven model parametefse., all, except forG,). In every Since the phase shifts vanish at thbl threshold, a more
case, a healthy minimum was obtained. useful representation of the reaction dynamictose to

In all the above cases, equally good descriptions of thghreshold is achieved in terms of the low-energy form of the
data are obtained for a5, values. N scattering amplitudésee the Appendix, part)2The re-

In the fO"OWing, the model predictions for the various sults for the real parts of the Correspond'm.gand p-wave
observables, amplitudes, etc., are determined via Montgoscalar and isovector coefficients are shown in Fig. 4 for
Carlo simulations, in which the results of the correspondinghree typical energies. The comparison of these values is
fits (i.e., parameter values, errors, and the correlation matripased on the philosophy put forward in R§#6]. Provided

ces are fully taken into account. that isospin is a good symmetry in theN system, then the
entire information, concerning the three low-energy reaction
V. RESULTS AND DISCUSSION channels, is contained isix (energy-dependentcomplex

functionsJi.e., in the coefficient®y(e€),...,d;(€)]. In such a
case,(a) the =" p process providegand is described Bythe
Shown in Figs. 3 are the distributions corresponding to combinations by(€)+b;(€), co(€)+ci(€), and dgy(e)
the measurements in each of the three reaction channels; theyd, () (in Fig. 4, the reaction is represented by the vertical
bands, (b) the =~ p process yields the combinatiobg( €)
—bs(e€), co(€)—cq(€), anddy(€) —d4(€) (in Fig. 4, the re-
SProvided that the assumptions of RE44] about thep®-w dy-  action is represented by the horizontal bandsid (c) the
namics are valid, the contributions from this mechanism to the amSCX is directly related td(€), c1(e€), andd,(e) (in Fig. 4,
plitudes at thresholdzero kinetic energy of the incident pipare  the reaction is represented by the diagonal bandis any
actually only abouhalf of what they are claimed to be in R¢#4]  energy, the principle of isospin symmetry necessitates a
due to a conversion error. common overlap of the three corresponding bands.

A. Reproduction of the data
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FIG. 3. Thez distributions corresponding to the measurements in the three low-energy experimentally acedésibbnnels(a) 7 p,
(b) 7~ p, and(c) SCX data. They have been obtained from the results of the separate fits to the measurements. The beglaSaedhy
curves and normal(dotted curvesdescriptions of the data are also shown. The dash-dotted lines mark the limits corresponding to the
condition|z|>3 (see Sec. V A

Figure 4 provides indications that the isospin symmetry oftirely) fixed from thew* p reaction, leaving only the isospin-
the strong interaction is broken in theN system. As easily 1 amplitude to be determined from the p data; thus, both
seen in this figure, the bands, resulting from the separatisospin amplitudes are accurately determined.
analyses of the data in the three reaction channels, are rela- The results of the combined fits to the elastic-scattering
tively wide; unfortunately, an isospin-breaking effect cannotdata are shown in Fig. 5 along with the results obtained from
be established beyond doubt on the basis of their comparthe SCX data. The lack of a common solution manifests a
son. It was found, however, that the combined fits to thestrong violation of isospin symmetry in ttewave part of
elastic-scattering data lead to smaller uncertainties. This ithe interaction. The relative difference in the real parts of the
understood on the basis of the following argumentation. Inwo s-wave amplitudes amounts to 6:4.4% (average over
the case of the exclusive™ p analysis, both isospin ampli- the three typical energigsThis is a clear and overwhelming
tudes are present in the scattering and, thus, have to be devidence that isospin symmetry of the strong interaction is
termined from single-channel data; the determination is nobroken in thewrN system around 50 MeV.
very precise due to their correlatideee the Appendix, part The sensitivity of this result to the existence of outliers
1). In a combined analysis of data in the two elastic-among the input data was carefully investigated. The whole
scattering channels, the isosgiramplitude is(almost en-  analysis was repeated after the measurements of Riefk.
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FIG. 4. The real parts of the- and p-wave isoscalar and isovector coefficients of the low-energy form ofrflescattering amplitude
(see the Appendix, part)Zor three typical energies. The*p process is represented by the vertical bands,#h@ process by the
horizontal bands, and the SCX reaction by the diagonal bands.

and[24] were removed from the data base. The changes, thusulting from the combined fits to the elastic-scattering mea-

induced, were found to be insignificant.
In order to examine the sensitivity of the effect to the larger(difference of one-and-a-half standard deviatjchan

electromagnetic corrections, the whole analysis was repeatdtle case where the NORDITA algorithm is strictly followed.
after the corrections to the hadronic phase shifts, the inelasrherefore, the main conclusion of the present work might

ticities, and the isospin-mixing amplitudésee Ref.[37]) only be affected in the case where the electromagnetic cor-

surements and from the ones to the SCX data, is now slightly

were omitted; thus, only the pure Coulomb amplitude andections of Ref[37] are largely erroneous.

the Coulomb phase shifts were taken into account. The dif-
ference in the real parts of the twswave amplitudes, re-

It should be noted that Gibbs, Ai, and Kaufma4v]
have also investigated the subject of the present analysis.
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FIG. 5. The real parts of the- and p-wave isoscalar and isovector coefficients of the low-energy form ofrflescattering amplitude
(see the Appendix, part) Zor three typical energies. The SCX reaction is represented by the diagonal bands which, in the case that isospin
symmetry is conserved in theN system, should have a common overlap with the ellipses resulting from the combined fits to the
elastic-scattering data.

Using a different approactand a different algorithm for the results will be compared either with experimental informa-
electromagnetic correctiopghe authors have come to simi- tion directly obtained there or with extrapolations based on
lar conclusions. Their results have been based on a smadingle-channehnalyses.

subset of the existingrN data base. (@ 7" p: by+b;=—0.0769-0.0026 m;l. The extrapo-
- lated value is identical to the one obtained in Refl]
C. Additional remarks (—0.0771-0.0033 m_ 1) with a different methodan ex-

Let us now investigate the extrapolation of the extractedended threshold expansion of tkematrix) and on the basis
amplitudesf +,(€), f,-,(€), andfscy(€) to threshold. The  of the recent measurements exclusively; this fact serves as a
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good indication that the model dependence of the results, TABLE I. The values of therNN coupling constant obtained in
obtained herein, is small. the present analysi&rom the combinedr™ p fits and from the SCX

(b) 7 p: by—b;=0.0826+0.0020 m-L. The extrapo- fits) in comparison with values obtained in other recent works. No-
lated value is about 7% below the exp;TerimentaIIy obtainedce that these values originate from analysesrtii, as well asNN
one in Ref[48] (0.0885=0.0009m_1); if not due to trivial 214NN data.

_eff;ahcts, ,ilhis difference might also manifest isospin breakingoference Data base 20 Vertex type
in the 7N system.

(c) SCX: by;=—0.0827+0.0015m_ . The experimental This work 7P (76.5-1.4)10°° 7pn
value, obtained in Ref48], is —0.096+0.007m_*. Siegel ~ This work SCX (73.3.5)10°° Mixed
and Gibbs[49] have also extracted b, value from low-  [4] 7N (79+1)10°° 7NN
energy SCX data; the authors have made use of a coupletfs! 7N (77.1+1.4)10°° 7NN
channel approach with nonlocal potentials. Their value54 7N (76+1)10°° NN
(—0.097+0.003m_1) is incompatible with the result of the [5°! np (74.8:0.3) 102 ™ obn
present work. However, a particular form for tfreal part of 22 pp (74.5+0.6) 103 PP
the) wN scattering amplitude is assumed in R&] for the [55] PP (73.221.1)10 5 m™ PN
extrapolation to thresholtfrom the energy corresponding to [2¢! np (75.70.8+1.3) o w b
the experimental dafathe p-wave component is considered [°¢! pp (77'110'%0'4:)310 PP
to be proportional t&? cos() (¢ denotes the c.m. scattering [57] PP (712)10 T pn

angle. This is equivalent to assuming that tpewave is-
ovector coefficientc; of the N scattering amplitude is a
constant in the low-energy regidp.g., below 50 MeV. As
deduced from Fig. 4 of Ref3], this assumption may not be
safe.

Provided that the isospin breaking, reported herein, is n

One should remark that these values originate from analyses
of 7N (Refs.[4,53,54, and the present woykas well adNN
and NN data(the current values from the Nijmegen group
55], and the values of Ref$56] and[57]). The result of

ef. [58] has not been included in Table | because it was

lcreat:ad by trivial ef:ec:$|.e., gro:?s expen;nenrl;tal errtlnrs or recently revised59] and the new value is still considered to
argely erroneous electromagnetic correctjorieen values be preliminary{60]; this value is in agreement with R¢#].

of the low-energy hadronic constants might not be meaningWith the exception of the values of Refd] and[57], gen-

ful, unless the type of the corresponding input data base i§rg| agreement is observed in the entries of Table .
adequately specified. A detailed accounting of all the model

parameters is in preparatid®0]; in the present work re-
ported are only values @y, due to the broad interest this VI. SUMMARY AND CONCLUSIONS

coupling constant receives also from other research domains The aim of the present analvsis was to test the principle of
in Physics. One may argue that what is determined in the P Y b P

5 . ) ?sospin symmetry of the strong interaction in thél system.
present approach froﬁmr p data is the couplmg.constant This was achieved by analyzing the low-ener@0—100
g”*’”‘f ;vrlﬁreas ther q p data Iegd t? ﬂ;e. d(t-:-r:ergg\;tmn of MeV) 7N data within the context of a relativistic isospin-
?W’P“_'I_ho gwo%,? ar:j %F{O““tare Ilnv? ve Itrt] 1€ q trea9'|dsymmetri07rN interaction model. Separate fits to the mea-
lon. The com Lne 'S,, 0 elastic-scattering data yi€llg, o ments in the three low-energy experimentally accessible
9-+pn, I-€., @n “average” value ofg,yy over the two

' ) . . channels were carried out and the corresponding scattering
elastlc—scatterlng_ channels. Strictly spe.aklng, one should reaImpIitudes were extracted. The present work leads to the
fer to one coupling constang,.ny, only if all these values

ible. It indeed found that I ¢ following conclusions:
are compatible. it was indeed found tha %N values for (&) The low-energywmN data base is internally consistent
the four classes of fits of Sec. IV C agréeithin the uncer-

" X in case where one rejects the true outliers mostly contained
taintie. The “average” valueg,=,, is equal to 13.18 ) y

A , . in the 7*p channel.
fg%i The fits to the SCX data yield a value of 12.95 (b) Isospin symmetry in therN system is clearly violated

A i ¢ ¢ | b at low energies; the three low-energy experimentally acces-
compilation of pre-meson-factonyyy values may be g reactions cannot be simultaneously described within the
found in Refs.[51]. The value, extracted in Ref52], was

. : framework of the parametric model.
found to reproduce therN experimental data in the KH80 (c) The effect pertains to the-wave part of the interac-
analysis[4]. Recent literature values for theNN coupling
constant are listed in Tablg@long with the values extracted
in the present workin the more familiar form:

On the basis of these findings, the following comments
are pertinent:

m_\2 g2 (8 The determination of the low-energy hadronic con-
fiNN:(_ﬂ) 7NN (8)  stants(including thewN X term) from #N data must be
2mj 4w carefully reconsidered.

(b) Dispersion-relation analyses in theN sector have to
be appropriately revised taking into account the results of the
5The g.+pn Value, obtained after the measurements of Réf§] present work.
and [24] were entirely removed from the data base, is equal to (C) Assuming that the calculations within the framework
13.19+0.09. of the chiral-perturbation theory will be extended to the en-
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ergies corresponding to the scattering data, then a new value 3 3 - 1 1
for theu- andd-quark mass difference may be obtained from 573 =|m"n)=|1-1) 573/
the #N measurements.
The validity of the present work relies on two basic as-Two states with total isospih= 1/2 exist; they correspond to
sumptions(a) The bulk of the low-energyrN experimental | =1/2 andl,= — 1/2. One may write
1 1
2 2

data is correct(b) The electromagnetic corrections of Ref.

[37] are not largely erroneous. 11 11
E E =a|10) E E +B|1 1>
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APPENDIX
1. Isospin symmetry in thearN system ‘1_ l> . \/g - 1>1 }> Ii 10 l_ }>
The notion of isospin symmetry originated from the ob- 2 2 3 22/ v3 2 2

servation that, as far as the nuclear forces are concerned, the ] )

proton and the neutron behave as degenerate states of opgentually, after selecting the upper sidifse results do not

entity, i.e., of the nucleon. A quantum number, called isoto-dePend on the sign conventjon

pic spin or isospinl (=1/2) was assigned to the nucleon; its

third componentl, distinguishes between the protom, ( 11— 1>‘1 E> =|7-r*p>=i ’%_E>+ \ﬁ ’3_3>

=1/2) and the neutron {= — 1/2) state. An isospin of 1 was 2 2 V3|2 2 3|12 2

assigned to the pion, since it comes in three charge states:

7t (1,=1), 7w (I,=—1), and#°(1,=0). and
Conservation of isospin in theN system means that the

strong-interaction component in theN scattering amplitude 1 1\ . \/E 3 1\ 111 1

depends only on the total-isospin valuéf the 7N systen). 2 2 =|m"n)= 312 2/ »312 2/

The direct implication is that, in such a case, all possible

low-energy 7N reactions can be described by two ampli-  As already mentioned, the assumption that the strong in-

tudes(per spin-parity channglthese amplitudes correspond teraction is isospin symmetric means that the strong ampli-

to the two possibilities of combining an isospin-1 and antyde finally depends only on the total isospin of thél

110)

isospin-1/2 field, thus, leading to total isosdir3/2 or | system. This implies that the isospin component of #i¢
=1/2. wave function obeys the forms
Let us consider thé= 3/2 states first. Evidently, the state
with 1,=3/2 corresponds to the*p system. Therefore, N 3 B 113 211
7 P)=l5). 7P =— 5]+ \33/)
38\ gt v3
5 3/=ImP=11D5 5). and
Applying the isospin-lowering operator on both sides, one
; 213 1|1
obtains | 7o) = \ﬁ e N e
312/ 3|2
31> \F|10>‘1 1>+1I11>1 1> L he hadroni litudes: (€
5 5/=\3 5 5/ t— 575/ et us now construct the hadronic amplitudés:(e),
22 3 22/ v3 2 2 f.—p(€), andfscy(€) corresponding to the two elastie”p,
Similarly 7~ p, and to the SCX reaction, respectivelydenotes the
' center-of-masgc.m) kinetic energy of the incident pion.
s 1 _i| - 1) 11 + \ﬁ |10) 11 frep(€)=(m p[H|7"p)=T3(e),
2 2/ 3 22 3 2 2

whereH is the Hamiltonian operator anid(e) denotes the
and amplitude in thel =3/2 channel. Similarly,
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fa(e)+2f4(e) are important; therefore, the most general form of the opera-
fv'r_p(e):<7T_p|H|7T_ p)= - 3 tor (from which the scattering amplitude for a particular re-
action may be constructgdrespecting parity conservation,
and rotational, and isospin symmetry, is given by the following
formula, introduced in Ref61]:
el €)= (mOn[H| - py=va 12O~ 2(O
sex 4 ™ P) 3 ’ fan(e)=[bo(€) +by(€) 7 t]+[Col€) +Ci(e) 7 t]K¢- K
wheref(€) stands for the amplitude in tHe=1/2 channel. +[do(€) +dy(€) 7 t]io- (kxKkj), (A1)

The values of the amplitudefg(e) and f1(€) at threshold
(e=0MeV) are thes-wave scattering lengtha; and a,,

respectively. wherek; andk; stand for the c.m. momenta of the incident
Combining the last three equations, one obtains the scand outgoing pion, respectively, analenotes the pion iso-
calledtriangle identity spin operator;z/2 and o/2 are the nucleon isospin and spin

operators. The coefficientby(€),...,d1(€) are complex;

1 their imaginary parts are small in the energy region consid-
fsex €)= v [Tr+p(€) = Tr-p(e)]. ered in the present work, and vanish at thi threshold.
The s-wave part of the interaction is contained in the coef-
ficientsbg(€) andb,(€); the remaining coefficients pertain
to the p-wave component. The quantitieg(e) andb,(e)
at threshold are, respectively, the isoscalar and isovector

At low energies, only the- and p-wave contributions to  s-wave scattering lengths and are simply denotedbwand
(the strong-interaction part pthe =N scattering amplitude b;.

2. Special features of thewN amplitude
in the low-energy region
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